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ABSTRACT 

This dissertation probes the electronic structure of formally 

high oxidation state (Schrock type) metal-carbon triply bonded 

complexes via photoelectron spectroscopy (PES). The electronic 

characteristics are related to the observed chemical reactivity, 

such as their known ability to effect the catalysis of the alkyne 

metathesis reaction. In order to understand some of the 

relationships between alkylidyne complexes and complexes that 

contain other types of multiple bonds a study was also conducted on 

a series of analogous metal-nitrogen triply bonded species. 

An ultraviolet photoelectron spectroscopic (UPS) investigation 

on a series of increasingly catalytically reactive molybdenum 

complexes along with Fenske-Hall molecular orbital calculations and 

symmetry considerations gives compelling evidence as to the 

mechanism of the alkyne metathesis reaction. The initial step 

appears to favor attack of the free alkyne at the metal center in a 

parallel fashion with respect to the M-C triple bond. This then 

readily leads to formation of a metallacyclobutadiene intermediate 

followed by expulsion of a differently substituted alkyne and a new 

elkylidyne complex. In addition, the available evidence suggests 
. 

that when the HOMO dx y and dx2-y2 orbitals on the alkylidyne 

complex are filled, as for example in higher d electron systems or 



when additional electron donor ligands are coordinated, the attack 

by a free alkyne will lead to the formation of a cyclopropenyl 

complex. UPS data on some stable cyclopropenyl complexes was shown 

to be consistent with this interpretation as well. 

Later investigations in this study look at charge distribution 

via X-ray photoelectron spectroscopy (XPS) amongst the most 

important atomic centers within a large series of metal-heteroatom 

multiply bonded complexes. The most significant observations were 

found to be that the alkylidyne carbon in these complexes is very 

electron rich. In addition, the metal center in these formally 

high oxidation state complexes was also shown to be relatively 

electron rich as well. In fact the results of this study caution 

strongly against attempting to assign formal oxidation states based 

upon core ionization potentials. 

15 



CHAPTER 1 

INTRODUCTION 

During.the past twenty years there has been an ever-growing 

interest in meta1-heteroatom multiply bonded complexes. The 

primary interest in these compounds has been in the area of cataly

sis although they are also becoming increasingly important in the 

rapidly growing field of high technology ceramics. There is a very 

large variety of meta1-heteroatom mUltiply bonded compounds. These 

compounds consist of both early to late and first row to third row 

transition metals. There is also a large variety of heteroatoms to 

choose from with oxygen, carbon, nitrogen and silicon currently 

being the most important. Metal-heteroatom multiply bonded species 

have been known or suspected for some time to be important in 

several catalytic processes such as the Fischer-Tropsch,1,2 ole

fin3 ,4 or alkyneS - 10 metathesis, and olefin polymerizaton reac

tions11 ,12. It has also been shown that dime tal molybdenum and 

tungsten compounds can be cleaved by alkynes to yield a variety of 

alkylidyne complexes,13-16 and dimetallacyclobutadienes. 17 Addi

tional interesting aspects are the noted ability of some alkylidyne 

complexes to add alkynes to form metallacyclobut~~ienyl,18,19 

cyclopropeny120-22 and cyclopentadienyl19,21 species. The recent 

preparation and isolation of many such mUltiply bonded and mono

meric compounds (several of which have demonstrated high catalytic 

16 



17 

activity) has only served to heighten this interest. In contrast 

to zeolite supported or heterogeneous catalysts the isolation of 

monomeric and stable catalytically active compounds allows for an 

easier and more thorough ability to characterize and "control" 

their chemical reactivity and structure. 

One of these particularly important catalytic processes is the 

alkyne metathesis reaction. The general reaction scheme for this 

process is shown: 

. , 
R' R' R R 

I I 
M ) 

I I 
C C C C 
III + III III + III 
c c c C 
I I , J I 
R R R R 

A number of metal-alkylidynes have shown the ability to effect 

the metathesis reaction, i.e. 

R R' R' R 
I I I I 
C + C ) C + c 
III III III III 
M C M C 

I I 
R' R 



Possible mechanisms for the process involve intermediate 

metallacyclobutadienes and metallatetrahedranes. 

~ 

/R 
C 

I I 
M-C 

'R' 

Metallacyclobutadiene 

~ 

R 

6, 
R~~-R "/ , 

M 

Metallatetrahedrane 

The metallacyclobutadienes are currently the favored inter-

mediates, based primarily upon NMR and chemical reactivity data, 

for systems employing the Schrock type, high oxidation state, 

complexes. Although the metallacyclobutadienes have been estab-

lished as viable intermediates, the existence of stable cyclo-

propenyl complexes and the ability to generate them starting from 

alkylidyne complexes precludes them from being automatically 

excluded as potential intermediates under the proper set of reac-

tion conditions. 

Most of the previous work performed on these systems has only 

concentrated on their physical characterization, chemical reac-

tivity and ge~metric structure. This is especially true for the 

metal-heteroatom triply bonded complexes. Direct experimental 

evidence concerning the electronic structure of metal-heteroatom 

18 



triply bonded systems is especially sparse. The experimental means 

necessary to characterize their electronic structure exists in the 

form of photoelectron spectroscopy. Ultraviolet PES (UPS) of a 

closely r.elated series of complexes has been shown to provide a 

direct measure of the combined changes in bonding, local charge 

density and relaxation effects occurring in the valence levels of 

molecules. The application of this powerful technique of high 

resolution photoelectron spectroscopy using ultraviolet helium(I) 

and helium(II) as well as high precision X-ray MgKa radiation 

provides significant information that is not available from each 

technique alone. The UPS using a He(I) source produces detailed 

valence ionization information for the molecules. This is the 

direct experimental indication of the valence orbital interactions 

in the molecule. The He(II) UPS evaluates the metal/ligand char

acter of valence ionizations from organometallic molecules. 

Ionizations which are high in metal character generally increase in 

relative intensity when the ionizing source changes from He(I) to 

He(II) because there is a tendency towards an increase in the 

relative ionization cross-section. 23 . 24 The X-ray photoelectron 

spectroscopy experiment (XPS) determines precisely the core ioniza

tion energies which are related to the electron distribution in the 

molecules. A~ an aid to understanding the extent of orbital 

interactions, the trends produced from theoretical molecular 

orbital calculations, such as the Fenske-Hall method,2S can be 

utilized. These calculations may also shed some additional insight 

19 



into the make-up of the LUMO's on these complexes as well. The 

information obtained can then be compared to the structural and 

chemical reactivity data and allow correlations to be drawn. To 

this end, this dissertation undertakes a photoelectron spectro

scopic investigation into characterizing some of these metal

heteroatom triply bonded systems. 

Chapter 3, the first data chapter in this dissertation, 

describes the PES of the first of a series of metal-heteroatom 

triply bonded systems. This series consists of a collection of 

molybdenum alkylidyne alkoxides which have displayed a varying 

degree of catalytic reactivity with respect to the alkyne meta

thesis reaction. The electronic structures of the compounds, as 

determined by the photoelectron experiment, are correlated with 

their corresponding catalytic activity and associated chemistry. 

The resulting trends lead to significant conclusions concerning the 

mechanism of the alkyne metathesis reaction and the role of the 

metallacyclobutadiene versus the cyclopropenyl intermediate. 

Chapter 4 ey.pands many of the principles of Chapter 3 via an 

investigation of stable metallatetrahedral (cyclopropenyl) com

pounds. This series is related to the alkylidynes by way of being 

a potential intermediate in the alkyne metathesis reaction. Since 

the cobalt cyclopropenyl comp~ex studied here was the final member 

of a series of cobalt metallatetrahedranes to be investigated, 

comparisons amongst the compounds comprising this series are also 

made. The results suggest very significant differences between the 

20 



monocobalt metallatetrahedrane and the di-, tri- and tetracobalt 

analogs. 

Chapter 5 branches out into a different area of metal-hetero

atom mUltiple bond chemistry. The PES results of a series of 

molybdenum nitrides are discussed. Two of the complexes have not 

previously been prepared and were synthesized exclusively with this 

investigation in mind. This collection of nitrides is very closely 

related to the molybdenum alkylidynes in Chapter 4 with the differ

ence being replacement of the neopentylidyne ligand with a lone 

nitrogen atom. 

Chapter 6, the last data chapter in this dissertation, com

pares some UPS and XPS results on some metal-heteroatom multiply 

bonded compounds in an attempt to relate charge distribution in the 

complexes as a function of the ancillary ligand, metal center and 

"R" group attached to the heteroatom. Attributes such as the bond 

polarity and covalency and the ~-bond orbital energy should clearly 

be important in determining the chemical reactivity of such species 

and a combined UPS and XPS investigation can answer some of these 

aspects. 

21 



CHAPTER 2 

EXPERIMENTAL 

The study of the compounds described in this dissertation 

involves the preparation of complexes containing metal-heteroatom 

mUltiple bonds. Most of the complexes are extremely air and 

moisture sensitive and thus require rigorous care in handling. In 

addition. a few of these complexes have been prepared for the first 

time in this work. The compounds for this study were chosen based 

upon an orderly perturbation of the ligand environment which 

results in observable and quantifyable differences in their 

electronic structure and corresponding chemical behavior. The 

conditions for preparation of the new complexes have not been 

optimized and thus significant improvements in yield should be 

possible. 

Preparation and Handlin~ of Compounds 

All transition metal complexes described herein are highly 

air and moisture sensitive. Syntheses were routinely conducted 

under a scrubbed nitrogen (Catalyst R3-ll. Chemical Dynamics 

Corporation) atmosphere using Schlenk techniques or in a Vacuum 

Atmospheres drybox. Non-halogenated solvents w~re dried and 

distilled from alkali metals under nitrogen prior to use. Pentane 

was scrubbed with concentrated H2S04 containing 5% HN03. distilled 

from anhydrous Na2S04 and then from Na/K alloy prior to use. 

22 



Unless described below, all compounds were prepared according to 

reported methods. The literature references for these syntheses 

are given in Table I. 

Ligands 

The butoxide and fluoro-substituted butoxide ligands utilized 

in this investigation were prepared by slow addition of the corre

sponding alcohol to the sodium or potassium alkali metal suspended 

in diethyl ether. The resulting solutions were filtered to remove 

any unreacted alkali metal and any other insolubles and then the 

ether stripped and white alkali metal alkoxide dried under vacuum. 

~CC)Mo(CH2CMe3lJ 

Although this compound was synthesized basically according to 

the literature preparation24 there are a few details to this 

procedure which make it worth describing more completely. The 

first comment concerns the preparation of the neopentyl-Mg-chloride 

(Grignard). The neopentyl chloride received from commercial 

sources was distilled from P20S under dinitrogen and stored in a 

desicator. The Mg ribbon used in the reaction was "surface 

cleaned" using a razor blade and then dried under vacuum at 200-250 

°C just prior to use. The diethyl ether was distilled from Na/K 

alloy and all glassware used in this reaction was thoroughly oven 

dried. In contrast to most Grignard solutions the reaction between 

neopentyl chloride and Mg is not nearly as vigorous. In fact, in 

this reaction it is best to add all of the neopentyl chloride to 
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Table I: Sample preparations 

Sample Reference 

Mo02 C12 26 

(Me3CC)Mo(CH2CMe3)3 26, this work 

(Me3CC)Mo(OCMe3)3 26 

(Me3CC)Mo(OCMe2CF3)3 26 

(Me3CC)Mo(OCMe(CF3)2)3 26 

(Me3CC)Mo(Cl)3'DME 26 

(t-buty13C3)Co(CO)3 27 

(t-buty13C3)Fe(CO)2(NO) 27 

(N)l-Io(OCMe3 h 28 

(N)Mo(OCMe2CF3)3 this work 

(N)Mo(OCMe(CF3)2)3 this work 

(N)Mo(Cl)3 29 

Mo(Cl)4(CH3CN)2 30 

(N)W(OCMe3)3 15 

(Me3CC)W(CH2CMe3)3 31 

(MeC)W(OCMe3)3 15 

(CsHsC)W(OCMe3)3 32 

(N)W(OCHMe2)3 28 

(N)Mo(OCHMe2)3 28 

(CsHsN)W(OCMe3)4 33 

Any other compounds utilized in this research were purchased 

directly from commercial sources. 
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the Magnesium in ether at once followed by refluxing for 24 to 48 

hrs., depending on how difficult it is to get the reaction 

initiated. Another helpful way to initiate the reaction is to add 

10 ml of neopentyl Grignard left from a previous preparation if you 

are so fortunate to have some. 

A second feature worth noting in this preparation concerns 

the isolation of the crude alkylidyne product as a red-brown oil. 

Since these preparations were done using a Schlenk line, as opposed 

to a drybox, the use of celite filter aid (thoroughly oven dried, 

evacuated for a few hours and stored in a drybox) and oven dried 

glass wool (as a retainer for the celite filter aid) are necessary 

to successfully filter the THF/ether solution containing the 

desired product through the coarse fritted filter. 

A third comment concerns the extraction of the product from 

the tar left by the removal of the THF/ether solution. After 

cannulating 75-100 ml of pentane into the "tar" with stirring, the 

resulting mixture was carefully filtered. The literature procedure 

calls for several extractions with pentane however I found it best 

to utilize the same 75-100 ml of pentane which was already added. 

This was done by applying a static vacuum to the reaction vessel 

and then wrapping an absorbent towel around the top flask of the 

apparatus which should contain the remaining crude product not 

extracted the first time. Liquid nitrogen is t~en slowly poured 

onto the towel, and the cooling of the flask "boils" the pentane up 

from the lower flask, through the crude product on the filter. 

After approximately 30 ml of pentane is drawn up the pentane is 
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allowed to warm back to room temperature and to slowly filter its 

way back to the lower flask, thus resulting in a new extract. This 

procedure is repeated until it is decided that most of the 

extractable product has been removed (usually 2 to 3 times). 

The final aspect of this preparation worth detailing concerns 

the transfer of the crude product left after removal of the pentane 

to the sublimation apparatus. Since the product remaining in the 

flask is still a thick oil, a very good way to get most of the 

product out of the flask is by using small portions of glass wool 

as a sponge, or a wipe if you prefer. The glass wool, containing 

the crude product, is then transferred to the sublimation vessel. 

The glass wool has the additional advantage of minimizing the 

"bumping" which can sometimes occur when subliming liquid samples. 

These techniques allow for the isolation of the pure product in 

yields commensurate with that reported in the literature (34% based 

upon Mo). 

With these aspects now in mind a typical preparation was as 

follows: Using a dropping funnel, a solution of Mo02 Cl2 (2.65g, 

13.33mmo1) in THF (25m1) is added dropwise with vigorous stirring 

to a 250m1 Sch1enk flask containing a solution of NpMgCl 

(Np-neopenty1) (=IM, 80mmo1) in ether at -90°C. The reaction 

mixture quickly turned red-brown and a light colored solid 

precipitated. After the addition of the Mo02 Cl2 was complete the 

reaction was then stirred at -78°C for several hours and then 

allowed to slowly warm to room temperature with continued stirring 

throughout. The dropping funnel is then replaced by a coarse 
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fritted filter containing celite filter aid and glass wool, as a 

retainer, with a new 250ml flask opposite the side containing the 

filter aid. The solution was then carefully filtered through the 

celite into the new flask. The MgCl2 and other insolubles 

remaining on the frit were extracted once with solvent which can be 

drawn back up through the filter as discussed earlier. The THF and 

ether were then removed under vacuum leaving a dark red-brown tar. 

The used flas~ and fritted filter were replaced by a clean coarse 

fritted filter connected to a clean 250ml flask equipped with a 

stirbar. Pentane (75-l00ml) was cannulated into the product flask 

with stirring. After 30 minutes of stirring the apparatus was 

carefully inverted and the solution filtered. Second and third 

extracts of the crude product were obtained by pulling off pentane 

from the lower vessel up through the filter as mentioned earlier. 

The pentane solution was stripped under vacuum and the resulting 

tar/oil was taken into the drybox along with oven dried glass wool 

and the sublimation apparatus which was built especially with this 

preparation in mind. (In fact, 1 designed and constructed an 

entire high vacuum (10- 6 -10- 7 torr) sublimation line primarily for 

the isolation and purification of these "Schrock" alkylidyne 

complexes.) The crude product was wiped out of the flask using the 

glass wool and transferred to the sublimation vessel whereupon the 

pure yellow, crystalline product was sublimed at ~70 DC (10- 6 torr) 

onto a 0 0 C coldfinger. Typical yield was 1.8 to 2.0 grams. 

Purity was also established by lH NMR. 
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nl_(Cl(CMe~)Co(CO)l 

This compound was graciously prepared and provided by 

Professor R. P. Hughes (Dartmouth) and Professor J. L. Hubbard 

(Vermont). The compound provided was nicely crystalline and white 

in color. The compound was assumed to be pure, as evidenced by its 

uniform and crystalline nature, and no further purification and/or 

characterizations were conducted prior to the PES analysis. 

nl-(C~(CMel13)Fe(CO)2lNQl 

This compound was also provided by R. P. Hughes and J. L. 

Hubbard. It too was crystalline but was orange in color. It also 

was analyzed as received. 

(N)Mo(OCMe2(CF111l 

MoC14(CH3CN) 2 , 0.96 g (3.0 mmol) (orange brown solid), along 

with 15 ml of acetonitrile was added to a 50 ml Schlenk flask 

equipped with a stirbar. NaN3, 0.24 g, was weighed into a solid 

additions tube. The solid additions tube was connected to the 

flask being careful to exclude air. The NaN3 was added, at room 

temperature, over a period of a couple minutes with stirring. A 

slow evolution of N2 occurred with a concomitant change in color of 

the solution to a more burgundy color. The solution was stirred an 

additional 2.5 hours, whereupon the solvent was-removed under 

vacuum to give a very thick paste. Toluene, 15 ml, was cannulated 

into the flask with stirring followed by 1.55 g KOCMe2(CF3) in 

small portions over 15 minutes. A slight warming of the solution 
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was noticed. The solution was stirred an additional 2 hours and 

then 15 ml of THF was added. The solution at this point was very 

dark brown in color with a slight tinge of orange. The mixture was 

stirred 16 hours, filtered and solvent removed under vacuum. The 

dark brown, somewhat oily solid was sublimed under vacuum (10- 5 

torr) at 40°C to a 0 °C cold finger to give long white needles. 

Yield was 0.39 g or 27% based upon'molybdenum. IR spectra: vMo N 

1033 cm- 1 (nujol). This compares with the values of around 1020 

cm- 1 and 1045 cm- 1 found for tris-t-butoxy and trichloro complexes 

respectively., The IR spectrum of this compound from 1600-600 cm- 1 

is presented in Figure 1. 

A preliminary single crystal X-ray structure determination of 

the compound confirmed it to be in the same Laue group as was found 

for the analogous molybdenum and tungsten tris-t-butoxide nitride 

complexes. 28 The systematic absences of: hOl l-2n + 1, Okl l-2n + 

1, h(-h)l l-2n + 1 give the possible space groups to be either 

P6 3 cm (#185), P6c2 (#188), or P63 /mcm (#193). This observation 

itself is significant in that compounds having these possible space 

groups are extremely rare. However, due to some as of yet unsolved 

problems, the precise space group for this compound has not been 

unequivocally determined from among these three possibilties. In 

addition to having the same Laue symmetry, the unit cell size 

determined for this fluoro analog was nearly eq~ivalent to the 

nitrido molybdenum tris-t-butoxide complex as well. 

The photoelectron spectrum of the compound was also consistent 

with the formulation of the complex as given as it was very similar 
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to that obtained for the previously known tris-t-butoxide complex 

with the only differences being those expected by substitution of 

fluorine for hydrogen, i.e. a shift of the HOMO to lower binding 

energy and a concommitant decrease in intensity in the C-H 

ionization region. These effects were noted in the photoelectron 

spectra of the molybdenum a1ky1idyne a1koxide series as well 

leaving no doubt as to the identity of the trif1uoro and hexaf1uoro 

nitrido molybdenum compounds. 

(N)Mo(OCMe( CF31z11 

MoC14(CH3CN) 2 , 0.68g (2.13 mmo1) (orange brown solid), along 

with 15 m1 of acetonitrile was added to a 50 m1 Sch1enk flask 

equipped with a stirbar. NaN3, 0.17 g, is weighed into a solid 

additions tube. The solid additions tube was connected to the 

flask being careful to exclude air. The NaN3 was added, at room 

temperature, over a period of a couple minutes with stirring. A 

slow evolution of N2 occurred with a concomitant change in color of 

the solution to a more burgundy. The solution was stirred an 

additional 2.5 hours, whereupon the solvent was removed under 

vacuum to give a very thick paste. Toluene, 15 m1, was cannulated 

into the flask with stirring followed by 1.41 g KOCMe(CF3)2 in 

small portions over 15 minutes. A slight warming of the solution 

was noticed. The solution was stirred an additional 2 hours and 

then 15 m1 of THF was added. The solution at this point was very 

dark brown in color with a slight tinge of orange. The mixture was 

stirred 16 hours, filtered and solvent removed under vacuum. The 
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dark brown, somewhat oily solid was sublimed under vacuum (10- 5 

torr) at 35 DC to a 0 DC cold finger to give a white solid. Yield 

was 0.19 g (14% based upon molybdenum). IR spectra: vHo R - 1037 

cm- 1 (nujol). The IR spectra of this compound and of the "free" 

hexafluoro alcohol from 1600-600 cm- 1 are presented in Figure 2. 

The IR spectrum of this nitrido complex reveals the presence of the 

hexafluoro ligand beyond any reasonable doubt. Also, the 

observations noted about the trends in the photoelectron spectra of 

the trifluoro compound were seen in this hexafluoro compound as 

well; The trend in decreasing sublimation temperatures in Table II 

[(N)Mo(OCMe3)3' 51 DC; (N)Mo()CMe2CF3)3' 41 DC; (N)Mo(OCMe(CF3)3)3' 

30 DC] is consistent with expectations for increased fluorinations. 

Photoelectron Spectroscopy 

All PES data were measured using an extensively modified 

McPherson ESCA 36 photoelectron spectrometers as described 

elsewhere. 34 ,3s 

HeCI) Photoelectron Spectra 

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 collectipn to ensure that spectral drift w~s less than ±.Ol eV 

during time-averaging of repetitive scans. The resolution of the 

argon reference line was maintained generally to less than 0.030 eV 

FWHM with typical resolution 0.018-0.023 ev. The kinetic energy 
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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 

50 ±20 mg which gave several hours of useful data collection. The 

liquid samples (solvents and some of the free ligands) were run 

from the outside and admitted into the sample cell via a fine 

metering valve. The sublimation temperatures for the compounds in 

this investigation are listed in Table II. Compounds for which 

other than "routine" conditions are required in order to obtain the 

photoelectron spectrum will be mentioned invdividually in their 

corresponding data chapters. 

HeCII) Photoelectron Spectra 

Sampling handling in the He(II) studies was very similar. 

However, for most of the complexes in this investigation a newly 

designed differential pumping chamber, outfitted with a new 

turbomolecular pump, was utilized for the He(I)/He(ll) lamps. This 

new chamber demonstrated a significant increase in the signal-to

noise ratio (SIN) in the He(lI) mode. The redesigned pumping 

chamber and the addition of a turbomolecular pump has improved the 

isolation of the lamp from the sample chamber and has increased the 

ultimate vacuum obtainable in the sample chamber which is most 

likely the reason for it's enhanced operation. .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. 
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Table IIi Vaporization Temperatures 

Sample Temperature °C 

(Me3CC)Mo(CH2CMe3)3 55 

(Me3CC)Mo(OCMe3)3 39 

(Me3CC)Mo(OCMe2CF3)3 37 

(Me3CC)Mo(OCMe(CF3)2)3 25 

(Me3CC)Mo(Cl)3oDME 67 

(Me3 CC)Mo(Clh 80 

(t-buty13C3)Co(CO)3 49 

(t-buty13C3)Fe(CO)2(NO) 52 

(N)Mo(OCMe3 h 51 

(N)Mo(OCMe2CF3)3 41 

(N)Mo(OCMe(CF3)2)3 30 

(N)Mo(Clh 95 

(N)W(OCMe3 h 69 

(Me3CC)W(CH2CMe3)3 60 

(MeC)W( OCMe3 h 30 

(CsHsC)W(OCMe3)3 63 

(N)W( OCHMe2)3 73 

(N)Mo(OCHMe2 h 67 

(C6HsN)W(OCMe3)4 72 



Gas Phase XPS 

All samples were examined by UPS prior to XPS data collection 

in order to fully characterize the running conditions. The Ne 1& 

(870.31 eV) and the Ar 2P3/2 (248.55 eV) ionizations were used as 
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calibrants in the XPS experiment. All XPS data collections were 

repeated several times, alternating reference scans in between 

data collection scan. The C and N ls and the W 4 f7 /2 ionizations 

were collected in between Ar2p3/2 ionizations as a reference. Each 

individual datum collected was then referenced to the average of 

the reference signal positions run just before and after the data 

collection. The standard deviations for the metal and oxygen 

ionizations are usually less than ±0.04 eV. The C Is ionizations 

often involve significant overlapping of chemically different 

carbon atoms. In these cases, the standard deviations can be as 

high as 0.10 eV. 

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 transmission function by computer techniques based 

on the experimentally determined ESCA 36 transmission function. In 

addition, all of the He(II) spectra have a He(II) beta satellite 

excitation line with 12% the intensity of the He(II) alpha 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. 

An analytical representation of the ionization data is 

obtained by an asymmetrical Gaussian curve-fit with the functional 

form: 

2 
C(E) - Ae-k[(E-P)!W] 

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

Molecular Orbital Calculations 

Orbital eigenvalues were calculated by the Fenske-Hall 

method. 2s The calculations were performed on an IRIS 2400 TURBO 

computer system. The calculations involved a fragment analysis 

approach, where independent calculations were performed on the 

various ligands in their appropriate geometry for the complex. The 

resjults of the individual fragment analyses were then transferred 

to a full calculation on the overall complex, with the resulting 

molecular orbital description being in terms of the ligand orbital 

basis set. The molecular geometries were obtained from the results 

of X-ray crystallographic studies done on the actual complex or on 

complexes very closely related. The final coordinates used were 

typically idealized so that chemically equivalent groups were 

identical and molecular symmetry is maintained. The more detailed 
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information concerning the actual parameters used for each class of 

compounds is presented below and is arranged according to the 

corresponding chapters in this dissertation. 

MiC Complexes - Chap. 3 

Orbital eigenvalues were calculated by the Fenske-Hall method 

for the following compounds: (H3CC)Mo(CH2C3)3' (H3CC)Mo(OCH3)3, 

(H3CC)Mo(OCF3)3 and (H3CC)Mo(C1)3' Atomic basis functions were 

generated from Herman-Skillman atomic calculations using programs 

Herski and Basis according to the method of Bursten, Fenske and 

Jensen. 2S The Mo basis functions generated were for the +1 (4ds ) 

species. The Mo functions were single zeta functions for the 1s 

through 4p atomic orbitals, double zeta for the 4d orbitals, and 

single zeta for the 5s and 5p orbitals. The C, 0 and F atoms 

utilized single zeta functions while the hydrogen possessed a 

single zeta function with an exponent of 1.2. The symmetry of the 

complexes was idealized to C3v ' Bond angles and distances were 

based on the X-ray structure determination of an analogous tungsten 

complex, (MeC)W(O-t-Bu)336 . The a1ky1idyne-Mo-1igand angles were 

set to 102°. The molybdenum-oxygen distance was set at 1.890 A and 

the molybdenum-carbon (a1ky1idyne) distance was set at 1.759 A. 

For the calculations involving formation of the meta11acyclobuta

dieny1 intermediate the geometry of the a1ky1idyne trichloride was 

converted to a distorted square-planar shape (C2v symmetry) based 

on the crystal structure of the corresponding tungsten analog, W[C

t-BuCMeCMe]C13 . 37 The Mo-C1 distances were set at 2.33 A, the 
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Mo-C (beta) distance was set at 2.115 A and the Mo-C (alpha) was 

set at 1.863 A. The Mo-C-C angle was set at 77.9° and the Cl-Mo-Cl 

angle at 166°. 

Cyclopropenyl Complexes - Chap. 4 

Orbital eigenvalues were calculated by the Fenske-Hall method 

for the following compounds: (C3H3)Co(CO)3 and (C3H3)Fe(CO)2(NO). 

The symmetry of the cyclopropenyl complexes was idealized to C3v ' 

The bond angles and distances were based on a single crystal X-ray 

determination of a related cobalt cyclopropenyl complex, 

(Ph3C3)Co(CO)3.38 The M-C (CO) distance was set at 1.80 A, the M-C 

(ring) distance set at 2.01 A, the C-C (ring) at 1.42 A and the c-o 

distance at 1.13 A. The bond angle from the carbonyl to cobalt to 

centroid was set at 109° in accordance with crystal structure. The 

bond distance for the Fe-N distance in the corresponding nitrosyl 

complex was set at 1.74 A based on the structure of the analogous 

compound, Fe(C3Ph2-t-Bu)(CO)2(NO).39 Atomic basis functions for Co 

and Fe were also generated from Herman-Skillman atomic calculations 

using Herski and Basis. The Fe and Co atoms utilized single zeta 

functions for the Is through the 4s with the exception of the 3d 

orbital which was a double zeta function. 

MeN Complexes - Chap. 5 

Orbital eigenvalues were calculated by the Fenske-Hall method 

on the following compounds: (N)Mo(OCH3)3' (N)Mo(OCF3)3 and 

(N)Mo(Cl)3' The symmetry of the complexes was idealized to C3v ' 

39 



In addition, in order to simplify the calculation, the t-butoxy 

ligands of the actual compounds were substituted with methoxy and 

trifluoromethoxy moieties. Selected bond distances for use in the 

calculation were 1.55 A for Mo-N, 1.89 A for Mo-O, and 1.44 A for 

C-O, with an N-Mo-O bond angle of 102°. These distances were based 

upon the single crystal structure determinations of the analogous 

tris-t-butoxy molybdenum and tungsten nitride complexes. 4o The 

selected bona distances for the trichloride complex were 2.30 A for 

the Mo-Cl, 1.55 for the Mo-N and a bond angle of 108° for the N-Mo

Cl unit. In addition to the atomic functions previously listed 

these calculations involved N functions with double zeta for the 2s 

and 2p orbitals. 
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CHAPTER 3 

CHARACTERIZATION OF METAL-CARBON MULTIPLE BONDS OF ACTIVE 
ALKYNE METHATHESIS CATALYSTS. THE PHOTOELECTRON SPECTRA OF 

A SERIES OF MOLYBDENUM ALKYLIDYNg COMPLEXES. 

Introduction 

Following the discovery in 1980 of dO a1ky1idene complexes of 

tungsten that will metathesize olefins41 - 43 the interest in the 

corresponding metathesis of alkynes by dO alkylidyne complexes has 

been steadily increasing. The majority of these investigations 

have emphasized the synthesis, structure, and reactivity associated 

with this chemistry. Possible mechanisms and various factors 

influencing the rate of metathesis and survivability of the 

catalyst complex have been proposed. After the discovery by 

Schrock44 - 48 of a series of iso1ab1e and characterizable tungsten 

complexes that are metathesis active it became especially important 

to find iso1able Mo complexes since the only known "classical" 

homogeneous catalytic systems employed non-iso1ab1e molybdenum 

species rather than tungsten. 26 

Recently it has been shown by Schrock that a series of stable, 

dO, molybdenum alky1idynes also demonstrate a varying degree of 

catalytic activity with respect to a1kyne metathesis. 26 This 

catalytic activity was shown to be dependent upon the type of 

a1kyne metathesized, i.e. an internal or external a1kyne, and the 

solvent employed by the catalytic system. The rate of metathesis 
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and indeed, even the product of the reaction between catalyst 

complex and alkyne is very sensitive to the ligand environment 

around the metal center.6.10.26 

In order to determine more about the nature of the metal-

alkylidyne mUltiple bond and the electronic environment of the 

metal center, photoelectron spectroscopic information is of vital 

importance. To date, no photoelectron spectroscopic information on 

these Schrock-type complexes has been published. To complement the 

growing body of solution and crystallographic evidence concerning 

factors which influence the catalytic activity of a complex, the 

results of one such photoelectron spectroscopic study on a formally 

dO molybdenum-alkylidyne series is presented. This series includes 

(Me3CC)Mo(OCMe(CF3)2)3 and (Me3CC)Mo(Cl)3' The common structural 

core of these molecules is shown below. 

The tris-neopentyl complex shows very litt~e catalytic 

activity while the alkoxide complexes show increasing reactivity 

with increasing fluorine content. This result was ascribed to 

increasing electrophilicity of the metal center upon successive 



substitution of the ancillary 1igands. 26 The trichloride complex, 

however, reacts irreversibly in an apparently complex fashion with 

internal acetylenes. 

The description of the orbital interactions between the metal 

and the ligands in these complexes is reasonably straightforward 

because of the simple symmetry of the complexes. However, 

fundamental questions remain concerning the electron distributions 

in the a and ~ bonding interactions, the sites of electron 

"richness" and "poorness" in the complexes, and the extent that 

the~e features are perturbed with chemical substitutions in the 

ligand environment. The ionization information reported here 

reveals important features of these properties and assists in 

understanding the trends in reactivity of these complexes. 

Results 

Photoelectron Spectroscopy. Except for the (Me3CC)MoC13 complex, 

the collection of data for these complexes was "routine" with no 

special problems encountered during the analysis. The samples 

sublimed cleanly at low temperatures with no detectable 

decomposition and without change in spectral features from the 

beginning to the end of the analysis. In order to obtain the 

photoelectron spectra of the (Me3CC)MoC13, special techniques were 

required in order to obtain a spectrum free from the characteristic 

ionization of dimethoxyethane (DME) at 10 eV. DME is a good 

coordinating solvent utilized during the preparation of the 
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complex. After loading the sample cell with compound and mounting 

it in the instrument with absolute minimal exposure to the 

atmosphere, heating of the cell commenced. Normal procedures for 

collection of He(l) data on most compounds (with our instrumenta

tion) call for maintaining the temperature at 1 to 3 degrees above 

the "appearance" temperature. The appearance temperature is the 

temperature at which the spectrum of the compound just becomes 

discernab1e above the background ionizations. With the chloride 

complex however, DME is strongly coordinated to the molybdenum 

center and does not begin to appreciably dissociate from the 

complex until the "appearance" temperature is reached. In order to 

obtain the spectrum of the complex free from DME, the best 

technique was to rapidly raise the temperature 10 to 12 degrees 

above the appearance temperature. This resulted in the first half 

of the possible data collection being heavily contaminated with 

free DME but since the dynamic equilibrium favors loss of DME, the 

last half of the data collection was essentially DME free. 

The He(l) valence photoelectron spectra of (Me3CC)Mo

(CH2CMe3) 3 , (Me3CC)Mo(OCMe3)3, (Me3CC)Mo(OCMe2CF3) 3 , (Me3CC )Mo

(OCMe(CF3)2)3 and (Me3CC)Mo(C1)3 are shown in Figure 3. The 

spectrum of the tris-neopenty1 complex has a broad set of over

lapping peaks from approximately 10-16 eV which are assigned to 

primarily C-C, C-O and C-H a ionizations. The ~lkoxide complexes 

also show ionizations in this region except with a concomitant 

decrease in relative as intensity expected due to loss in C-H a 

ionizations upon fluorine substitution. In addition, the 
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Figure 3 He(l) photoelectron spectra of the molybdenuc 
alkylidynes. 
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ionization envelopes in this region, as well as all low valence 

ionizations, are shifted to higher binding energy (more stable) 

upon fluorine substitution. The broad band from about 8 to 9.5 eV 

in the spectrum of the alkyl complex corresponds primarily to the 

metal-carbon (neopentyl) q bonds. The occurrence of these 

ionizations in this region is consistent with observations of M-C 

single bond ionizations in other complexes. 49 This region is 

examined in greater detail below. In traversing from the alkyl to 

the alkoxide complexes,the metal-carbon (neopentyl) ionizations 

disappear and are replaced by a different set of ionizations in the 

range of 8.5-11 eV. By comparison to the spectra of the free 

alcohols, these ionizations are assigned to the primarily oxygen p~ 

lone-pair and Mo-O q bonding electrons. This region is most 

clearly resolved in the non-substituted tris-t-butoxide complex and 

is shown in greater detail in Figure 4. Band A is assigned to the 

"a" symmetry combination of the oxygen 2px orbitals and band B to 

the "e" symmetry combination. Band C is assigned to the "e" 

symmetry Mo-O q bonding orbitals and band D to the "a" symmetry Mo

O q bonding orbital. The band centered near 10.8 eV is assigned to 

the higher binding energy set of primarily oxygen lone-pair 

electrons50 while the remaining higher binding energy bands from 

11-14 eV are assigned to the ligand based q bonding framework. 

The full valence spectrum of the trichlor~de complex is 

significantly different from the others. Ionizations from chlorine 

lone-pair and from Mo-Cl q and ~ orbitals dominate the spectrum 

from 11-14 eV with one of the Cl lone pair "e" combinations and the 
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Mo-Cl a "a" and "e" set occurring around the 13 eV area. The sharp 

peak at 11.1 eV is assigned to an "a" orbital of almost entirely Cl 

Px lone-pair character, as determined by the coordinate system used 

in the M.O. calculation which has the Cl pz orbitals pointing 

directly at the Mo center and the Px orbitals parallel to the 

"master" xy plane. The peak at 11.8 eV is assigned as an "e" 

combination of the Cl Px and Py orbitals and probably has a 

chlorine lone-pair of "a" type symmetry coincident with it. The 

intensity and broadness of the base of this chlorine ionization 

band indicates there are other additional ionization bands which 

are coincident with it as well, the most probable being primarily 

the molybdenum-carbon (alkylidyne) a bond. The molybdenum-carbon 

(alkylidyne) a bond will be discussed in greater detail later. 

The most significant area of these spectra is assuredly in 

the low binding energy region between 7-10 eV. Figure 5 shows 

"close-up" spectra of this region for these complexes. The 

important ionization data for this region is collated in Table III. 

The spectrum of the tris-neopentyl complex contains two broad 

ionization envelopes, one centered at 7.86 eV and the other around 

8.7 eV. The ionization at 7.86 eV binding energy is represented 

very well by a single asymmetric Guassian peak and is assigned to 

the Mo-C ~ bond ionization. The second broad ionization near 8.7 

eV is not represented well by a single asymmetr~c Gaussian peak. 

The shape and broad width of this band indicate that it contains at 

least two ionizations states, and the band is represented well by 

two Gaussian peaks of equal shape. These ionizations are assigned 
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Table III. HeCI) Ionization Data for H9-C U and ~ Bonds 

Complex Band I.E. (eV) 

(Me3CC)Mo(CH2CMe3)3 a - ~ 7.86(1) 0.56 0.38 

b - Ua 8.46(2) 0.54 0.39 

c - ue 8.85(2) 0.54 0.39 

(Me3CC)Mo(OCMe3)3 a - ~ 7.89(1) 0.62 0.51 

(Me3CC)Mo(OCMe2CF3)3 a - ~ 8.54(1) 0.67 0.56 

(Me3CC)Mo(OCMe(CF3)2)3 a - ~ 9.21(1) 0.75 0.54 

(Me3 CC)Mo(C1h a - ~ 9.41(1) 0.62 0.37 



to the "a" and "e" combinations of the metal-carbon (neopentyl) C1 

bonds, and it is worth noting that the analysis of the band profile 

indicates the "a" ionization envelope occurs at lower binding 

energy than the "en ionization, consistent with the results of 

approximate calculations (vide infra). 

Interestingly, upon exchange of the alkyl ligands for non

substituted alkoxide ligands the ionization band assigned to the 

Mo-C n bond shifts an insignificant amount to 1.89 eV binding 

energy. The peak is still fit well by a single Gaussian indicating 

that it may be arising solely from the degenerate Mo-C n orbital. 

The full width at half-maximum intensity, however, increases 

significantly indicating stronger interaction between the alkyli

dyne carbon and the molybdenum center. 

As expected, the peak assigned to the Mo-C (neopentyl) C1 bonds 

in the tris-neopentyl complex disappears in the alkoxide analog. 

Substitution of three hydrogens by fluorines per alkoxide ligand 

causes a relatively large 0.65 eV shift in the Mo-C n bond 

ionization to 8.54 eV. An additional similar shift of 0.61 eV, to 

9.21 eV binding energy, is found upon further substitution to six 

fluorine atoms per ligand. In both of these last two complexes the 

ionization envelope is fit nicely with a single asymmetric Gaussian 

peak just as before. Also observed in the M-C (alkylidyne) n 

ionization is a continual increase in the width. of the envelope as 

the fluoro-alkoxide substitutions are made. In the final complex 

in this series, the trichloride complex, the Mo-C (alkylidyne) n 

bond ionization is only shifted an additional .20 eV to 9.41 eV 
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binding energy. In agreement with the other four alkylidyne 

complexes is the observation that the ionization event is still fit 

well by a single Gaussian. It should also be noted that the half

width decreases again in the trichloride complex. The relevance of 

these observed shifts and changes in band widths in this series of 

complexes will be discussed later. 

One final aspect concerning the results is the inability to 

positively identify a peak in the spectra of these molybdenum 

neopentylidynes associated with ionization from the Mo-C 

(alkylidyne) q bond. Possible reasons for this and an educated 

guess as to where it lies will be given in the discussion section. 

Molecular Orbital Calculations. Fenske-Hall molecular orbital 

calculations performed on the model complexes (H3CC)Mo(CH2CH3) 3 , 

(H3CC)Mo(OCH3)3, (H3CC)Mo(OCF3)3 and (H3CC)Mo(Cl)3 are consistent 

with the assignment of the spectra, at least in the upper valence 

region. The purpose of these calculations is not to provide a 

theoretical basis for the assignment of the ionizations, but to use 

the indications from the calculations with respect to general 

orbital interactions and perturbations with ligand substitution in 

conjunction with the experimental observations to help guide the 

discussion of the nature of these complexes. In order to 

facilitate the discussion of the photoelectron ~pectra and the 

representative M.O. diagram, the photoelectron spectrum of the 

tris-t-butoxide complex has been plotted vertically along the side 

of Figure 6 with dashed lines tying the ionization bands to the 
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molecular orbitals. Although the figure is drawn for the tris-t

butoxide compound the important features which can be drawn from 

the Fenske-Hall calculations will be described for each individual 

complex. 

Starting with the tris-alkyl complex the calculation shows the 

highest occupied molecular orbital is the Mo-C (alkylidyne) ~ set 

followed by the Mo-C (alkyl) a "a" and "en set. The calculated 

order of "a" before "e", consistent with the ionization band 

profile analysis, follows from the greater overlap and bonding 

interaction of the "e" combination with the metal d orbitals. The 

calculations do not indicate any significant mixing of these 

orbitals with the "a" and "en orbital symmetry interactions of the 

metal with the alkylidyne. The LOMO in the complex is calculated 

to be primarily a metal localized "e" set generated from a 

combination of the metal dx y and dx2_y2 orbitals. 

The tris-alkoxide complex calculation agrees with the tris

alkyl complex in having M-C (alkylidyne) ~ as the HOMO. The 

quantitative trends in orbital energies between the model 

(H3 CC)Mo(CH2 CH3 )3 and (H3 CC)Mo(OCH3 )3 calculations do not agree 

with the actual observed trends in ionization energies of the 

neopentyl and t-butoxide complexes. This may be due to the 

simplification of the ligands for the calculations, limitations of 

the approximate method, or a host of other reasons. However, the 

calculations on these complexes do give an orbital ordering that 

agrees with the empirical assignment of the ionizations. Also in 

agreement with the assignment of the alkoxide complexes is the 
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relative position of the oxygen lone pair envelope which was 

determined to be the next set of ionizations following the Mo-C 

(alkylidyne) ~ bond. These correspond to peaks A and B in Figure 4 

with band A comprising the nan and band B the ne n combination. 

Bands C and D are assigned to the Mo-O u's and also comprise an e 

and a set respectively (Fig. 4). There is evidence of additional 

intensity on the region labeled band E in Figure 4. Data from 

other related complexes indicate that this is a likely region for 

the metal-carbon (alkylidyne) u ionization of this complex. The 

ionization profile in this region does not conclusively prove the 

precise assignment of this region but it is not crucial to the 

primary conclusions of this investigation. 

Substitution of the normal methoxides by trifluoro-methoxide 

ligands doesn't change the order of the upper valence levels as 

determined by the calculation but it does stabilize the highest 

occupied molecular orbitals significantly. Probably most 

importantly, for reasons that are apparent in the discussion 

section, it also stabilizes the LUMO which is again an "en 

combination of the Mo dx2_y2 and dx y orbitals. The calculated 

interaction between the oxygen lone-pairs and the molybdenum center 

is greatly reduced. This calculated effect is undoubtedly over

emphasized due to the choice of ligand chosen to simplify the 

calculation. Throughout the alkoxide series and including the 

tris-neopentyl complex, the calculated character of the HOMO and 

LUMO remain fairly constant. Table IV presents some calculated 

results on the character of the HOMO and LUMO orbitals. 
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Table IV. Calculated Character of HOMO's and LOMO's 

Model Complex HOMO I.E· calc LUMO I.E· calc 

(H3CC)Mo(CH2 CH3)3 40% metal -13.3 eV 80% metal -6.9 eV 
40% carbon 1[' 8% carbon 1[' 

(H3 CC)Mo(OCH3 h 30% metal -11.4 eV 62% metal -2.1 eV 
48% carbon 1[' 5% carbon 1[' 

(H3 CC,Mo(OCF3 h 33% metal -13.7 eV 75% metal -4.8 eV 
46% carbon 1[' 5% carbon 1[' 

(H3 CC)Mo(C1h 23% metal -12.2 eV 78% metal -7.2 eV 
36% carbon 1[' 4% carbon 1[' 

38% chlorine 1[' 13% chlorine 1[' 



Considering all the ligand approximations and the nature of the 

molecular orbital calculations, little should be made of the 

differences in the HOMO's or in the LUMO's between the tris

neopentyl and the alkoxide complexes. This may not the case for 

the trichloride complex however. 

The Fenske-Hall calculation on the trichloride complex is very 

enlightening. As is suspected from the photoelectron spectrum the 

character of the HOMO is changed. The calculations indicate a 

substantial amount of Cl 3p w character in this orbital. In 

addition to the HOMO, there then becomes another orbital which may 

play a role in bonding the neopentylidyne ligand to the complex. 

This orbital is the "en combination of the Mo-Cl q bonding 

framework and this could explain why the trichloride complex of 

molybdenum is not a metathesis catalyst, as will be shown shortly. 

Discussion 

These high oxidation state, formally dO, alkylidyne complexes 

are coordinatively unsaturated. As such, they are expected to be 

very receptive to electron donor molecules. These donor molecules 

could be solvents such as dimethoxyethane or more importantly, an 

alkyne. In addition to the oxidation state and coordinative 

unsaturation arguments, the variation of the ligand environment can 

serve to enhance the electron accepting properties of the complex. 

Substitution of more electronegative ligands for the neopentyl 
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alkyl ligands would be expected to lead to an increase in electro

philicity at the metal center. Electronegativity considerations of 

the substituting ligand unfortunately aren't the only aspects that 

must be considered. Substitution of the alkyls by alkoxides also 

means replacing a u-only ligand with one capable of ~-donation from 

ligand to metal. It is this second effect which leads to only a 

very small shift of the Mo-C ~ binding energy in the (Me3CC)Mo

(OCMe3)3 complex in comparison to (Me3CC)Mo-(CH2CMe3)3 (7.89 vs 

7.86 eV). The essence of this is the net electrophilicity at the 

Mo center, as felt by the alkylidyne carbon, is little changed. 

Consistent with this interpretation is the relatively low affinity 

for additional donor ligands by the complex as evidenced by the 

ease of isolation of the "solvent-free" complex in the solid state. 

The ability of the complex to engage in alkyne metathesis is also 

low, although it will react with some terminal alkynes. 26 

Substitution of three hydrogens by three fluorines (per 

ligand) now allows for substantial charge transfer from the metal 

center out onto the alkoxide ligands by a strong inductive effect. 

The apparent ~ interaction of the oxygen lone-pairs with the metal 

may also be decreasing as noted by the slight coalescence of the 

ionization envelope to which they are assigned. This result should 

also be expected since the presence of the flourines is pulling 

electron density away from the oxygen atom thro~gh a strong 

inductive effect. These effects result in a substantial shift of 

the Mo-C ~ bond to higher binding energy from 7.89 to 8.54 eV. 

Substitution by six fluorines by the same arguments leads to an 
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additional shift of the Mo-C ~ to 9.21 eV. At this point the 

electrophilicity at the metal center has increased to an extent 

where complexes employing the hexafluoro-alkoxide ligand are easily 

isolated with coordinated solvent molecules, such as dimethoxy

ethane, intact. The trichloride complex has even more highly 

electronegative substituents attached directly to the metal center 

which one might expect to lead to a much more electrophilic metal 

center. However, the chloride ligands are effective enough ~ 

donors that only a small increase to 9.41 eV binding energy is 

found for the Mo-C ~ bond. On the other hand, the complex has 

become electrophilic enough that getting it into the gas phase to 

record its spectra, free from dimethoxyethane, is a chore in 

itself. The calculations show a substantially more stable LUMO, 

which is also consistent with the blue color of the chloro complex 

in comparison to the white color of the alkoxide complexes. 

Another important factor revealed in the He(I) spectra about 

the bonding between the molybdenum and the alkylidyne carbon 

concerns the width of the M-C ~ ionization band. The tris-t

butoxide complex shows a substantial broadening in the M-C ~ 

ionization with respect to the tris-neopentyl complex, indicative 

of increased change in bond order with ionization. This effect 

continues to increase as additional fluorines are substituted on, 

implicating increasingly strong metal-alkylidyne bonding. This 

effect correlates nicely with the probable mechanism as shall be 

shown shortly. The M-C ~ ionization of the trichloride complex is 

more narrow than this ionization in the alkoxides. Because this 
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is the most stable of M-C (alkylidyne) ionizations in this series, 

the narrowing is apparently due to a significant change in the 

character of this orbital. One possible reason is the M-C ~ bond 

has taken on a significant contribution of Cl lone-pair character. 

Another observation supporting the contribution of chlorine 

character to this ionization is the substantial cross-section of 

this ionization relative to the ionizations in the region of the 

chlorine lone-pairs and u bonds. Cross-sections of chlorine 3p 

based ionization with He(I) radiation are approximately twice as 

great as cross-sections of carbon 2p based ionizations. 51 The 

comparable cross-sections of the first ionization and ionizations 

in the chlorine lone-pair region (normalized for the approximate 

number of electrons) indicates delocalization among these orbitals. 

This conclusion is also supported by the chemistry of the complex 

with respect to alkyne metathesis. The trichloride complex reacts 

readily with many alkynes but does not generate the expected 

metathesis products. 26 Instead, the reaction terminates with the 

formation of unidentified products. It should be noted though, 

that the corresponding tungsten complex is a catalyst for the 

alkene metathesis reaction. 52 In addition, the tungsten 

trichloride complex has also been shown to generate metallacyclo

butadiene, cyclopropenyl and cyclopentadienyl complexes. 1S - 22 

A final aspect concerning the interpretation of the photo

electron spectra is the location of the molybdenum-carbon 

(alkylidyne) u bond. The total disappearance of the peak assigned 

to the Mo-C u bonds in the alkyl complex upon substitution of the 
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alkyl ligands with alkoxides shows that the Mo-C q of the 

alkylidyne carbon was not among this group of ionizations. One 

might not expect to find this Mo-C q bond at lower binding energy 

than the Mo-O q bonds thus leading to speculation that it is 

accidently degenerate with the Mo-C ~ band. However, in all cases 

seen here the Mo-C ~ band was fit well by a single peak suggesting 

that it is not degenerate. This unfortunately does not prove that 

the Mo-C q ionization is not degenerate with the Mo-C ~ band. More 

data is needed than was obtained in this set of molybdenum 

complexes in order to ascertain its probable location with a high 

degree of confidence. The available evidence observed so far 

indicates it lies 1.5 eV or more higher in binding energy than the 

Mo-C ~ band since it was not observed in the photoelectron spectrum 

of the molybdenum tris-c-butoxide complex. Additional evidence to 

support this hypothesis is found in the assignment of a series of 

nine pentacarbonyl-chromium-carbene complexes by Block and 

Fenske. 53 The Cr-C q bond in the carbene was observed at 9.89 eV, 

which is over 1 ev more stable than the Mo-C q bonds observed here. 

Additional support for this hypothesis is found through analysis of 

the corresponding nitrido complexes (chapter 5) and analysis of 

some tungsten containing alkylidyne complexes (chapter 6). 

Two possible mechanisms have been suggested for the metathesis 

of acetylenes by metal-alkylidyne complexes. 54 ,One mechanism 

involves formation of a cyclopropenyl intermediate, generated via 

perpendicular attack of the free alkyne across the M-C triple bond. 

The other mechanism involves formation of a metallacyclobutadienyl 
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intermediate generated via parallel attack of the free alkyne with 

respect to the M-C triple bond. One mechanism, (a), has already 

gained acceptance as being the primary pathway for alkyne 

metathesis. The results of this study confirm the currently 

accepted mechanism utilizing Schrock type compounds. 

R# 
# I # R R # 

# C· R R 
I I 

R ...... C/O,C...Jl I I 
C + C ---;) ~ C + C 

(a) III III "M~ IU III 
C M M C 
'# I 
R R 

, , 
R' R' R R R R 

I I I I 
(b) . C + C --+ ~ C + c 

III III III III C M M M C I I R# 
R 

In special cases however, the alternate mechanism, (b), can 

become involved. An example of this is seen in some recently 

synthesized carboxylate complexes of molybdenum of the type 

M(CCMe3)(02CR)3.18 which were shown to form ~3-cyclopropenyl 

complexes with the addition of an acetylene. 

The inductive effects resulting from substitution by 

increasingly more electron withdrawing substituents is clearly 

evident in the shifts of the photoelectron bands. For similar 

ligands the LUMO is expected to track to lower binding energy as 

well, as illustrated by the calculations. Therefore, utilizing the 



shift of the M-C ~ region as an indicator of the electrophilicity 

of the metal center it is seen that the tris-t-butoxide complex is 

not significantly more electrophilic than the alkyl complex. The 

increased width of the M-C ~ ionization in the tris-t-butoxide 

complex does suggest more metal (i.e. bonding) character in the 

HOMO than in the original alkyl compound. The M-C ~ region in the 

fluoroalkoxides show a substantial, and essentially equivalent, 

higher binding energy shift for each successive increase in the 

number of fluorines on the alkoxide ligand. This observation fits 

nicely with the concept of ligand additivity as originally proposed 

by BurstenSS and recently applied to the valence photoelectron 

spectroscopy of phosphine-substituted molybdenum carbonyls.s6 This 

model proposed originally for evaluating the energetics of the 

three primarily dn orbitals of low-spin octahedral d6 transition 

metal co~plex~s of mixed-ligand types postulates that the orbital 

energies are comprised of linear contributions from each ligand, 

i.e. 

e = a + bn + ex 

where x is the number of ligands which can interact with a given d~ 

orbital, and a, b, and c are empirically determined parameters. A 

similar concept of ligand additivity was found to be true in the 

core X-ray photoelectron spectroscopic studies of Feltham and 

Brandt as well. s7 
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This shift of the M-C ~ region to higher binding energy also 

correlates very well with the observed tendency to coordinate donor 

solvent molecules and is thus consistent with a dramatic increase 

in the electrophilicity of the molybdenum center. The trichloride 

complex only shows a small shift to higher binding energy in the M

C ~ region (relative to the hexafluoro compound) and also agrees 

with the observed tendency to strongly coordinate electron donor 

molecules. Alkynes can be an excellent source for a complex 

desiring an electron donor. It is reasonably certain that the 

first step in the alkyne metathesis reaction utilizing these 

Schrock type complexes is the coordination of the free alkyne to 

the metal center. The attack at the metal center is most assuredly 

at the LUMO which is principally the formally empty "en combination 

of the dx y and dx2_y2 orbitals. Figures 7 and 8 show molecular 

orbital diagrams illustrating the two possible mechanisms with 

Figure 7 shows the early stages of the reaction (the M to alkyne 

triple bond distance is 2.6A in the metallacyclobutadiene and 2.6A 

from the M-C triple bond to the C-C triple bond in the metalla

tetrahedrane). Figure 8 is the final result of the two pathways. 

Based on the observation that the W[C-t-BuCMeCMe]C13 geometry in 

the solid state is a distorted trigonal bipyramidal structure 

(Figure 9) the Fenske-Hall calculations were performed on the 

modified geometry for determining the orbital positions in the 

final metallacyclobutadiene product as shown in Figure 8. 

Analysis of the symmetry of the orbitals of the "attacking" 

alkyne and the symmetry of the HOMO and LUMO e orbital of the 
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Figure 9 

CI3 

Ortep diagram of (Me3CMeCMeC)WC13 showing the 

distorted TBP structure. 
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starting alkylidyne (Figure 7) shows that the pathway leading to 

formation of the metallacyclobutadiene is favored over the pathway 

leading to the metallacyclopropenyl intermediate. In the parallel 

attack position the symmetry of the C~ orbitals of the alkyne 

comprise an antisymmetric (a) and symmetric (s) combination 

(Symmetry is with respect to a mirror plane containing the 

alkylidyne and the reaction coordinate). The LUMO of the starting 

alkylidyne complex also consists of an "a" and an "s" symmetry 

combination and is ideally set up for interaction with the HOMO (C. 

C~) of the alkyne from this configuration. Attack from the 

perpendicular orientation, which would lead to formation of the 

metallacyclopropenyl complex, is not as advantageous since the 

symmetry of the HOMO of the alkyne and the LUMO of the alkylidyne 

no longer correlate. 

The bonding of the alkyne molecule to the metal center would 

be expected to be enhanced by increasing electrophilicity at the 

metal center since the alkyne is the electron donor molecule. As 

was just shown the molecule is set up perfectly to generate the 

metallacyclobutadiene intermediate from the parallel orientation 

and it thus not surprising to find a number of examples of 

isolable, Schrock type, metallacyclobutadiene complexes. 10 ,18 

The final ste~ of the alkyne metathesis reaction then flows 

smoothly from the metallacycle with the generation of the new 

substituted alkyne and the formation of a new alkyidyne complex. 

It is probably at the point of donation of electron density from 

the HOMO of the complex into the alkyne ~. where the trichloride 
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complex fails. Due to the significant contribution of Cl lone-pair 

to this orbital as supported by the decrease in the band width of 

the M-C ~ ionization and the Fenske-Hall calculations, the 

subsequent, expected, metallacycle formation does not occur but 

instead the formation of a compound involving the chlorines ensue. 

Another interesting point which arises from symmetry 

considerations and the Fenske-Hall calculations concerns what 

happens when the LUMO is filled. This would be the case in low 

oxidation state complexes or with Schrock type complexes with 

additional donor ligands, such as dimethoxyethane remaining 

coordinated to the complex. In these cases the LUMO is most likely 

~z' dyz or dz 2 in character. The bonding of the incoming alkyne 

would then be. expected to attack perpendicular to the M-C ~ bond 

with the subsequent generation of an ~3-cyclopropenyl complex. 

In light of this study, reasons for the inability of the 

Schrock type complexes containing three chloride ligands, such as 

(Me3CC)W(Cl)3(dme), to act as metathesis catalysts are exposed. 

These same reasons may also be responsible for their frequent 

ability to yield cyclopropenyl or cyclopentadienyl complexes. 

However, these possibilities are beyond the current scope of this 

research and as such will have to await for further investigations. 

Synopsis 

The HOMO in the complexes (Me3CC)Mo(CH2CMe3)3, (Me3CC)Mo

(OCMe3)3, (Me3CC)Mo(OCMe2CF3)3, (Me3CC)Mo(OCMe(CF3)2)3 and 
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(Me3CC)Mo(Cl)3 is assigned as primarily the Mo-C ~ bond. The tri

chloride complex also has the Mo-C ~ bond as HOMO however the 

increase in the relative intensity and the narrowing of the 

ionization envelope are indicative of very significant contribu

tions of electron density from the chlorine atoms to this orbital. 

Fenske-Hall molecular orbital calculations on model complexes are 

essentially in agreement with the assignment of the upper valence 

orbitals for this series of molybdenum complexes. The Fenske-Hall 

calculation on the trichloride complex shows ~40% chlorine 

character in the Mo-C (alkylidyne) ~ band. It is therefore 

suggested that this explains the apparent inability of the 

trichloride complex to undergo alkyne metathesis reactions. The 

Fenske-Hall calculations for all of the complexes determines the 

LUMO as primarily an "en combination of the dz y and dz2-y2 

orbitals. Utilizing these results along with the assignments of 

the HOMO and symmetry considerations then gives compelling evidence 

for metallacyclobutadiene complex to be the intermediate formed in 

the alkyne metathesis reaction. In addition, the available 

evidence suggests that when the dz y and the dz2-y2 combination are 

no longer the LUMO, as for example in higher d electron systems or 

when the Schrock type alkylidyne complex already has additional 

donor ligands coordinated, the attack by a free alkyne will lead to 

the formation of a cyclopropenyl complex. 
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CHAPTER 4 

UPS INVESTIGATION OF [~3-(t-B~C3)CO(CO)3] 
AND [~3 - (t-BUTYL:3C3 )Fe(CO)z (NO)]: 

METALLATETRAHEDRANES AND METALLACYCLES. 

Introduction 

The role of metallacyclobutadienes in alkyne metathesis 

reactions has been extensively investigated primarily via crystal-

lographic and solution chemistry. Ultraviolet photoelectron 

spectroscopic' (UPS) studies are just now beginning to complement 

this body of evidence. It is now well established that high 

oxidation state low d electron count alkyne complexes generate 

metallacyclobutadiene intermediates in the process of alkyne 

metathesis. On the other hand, the proliferation of isolable 

cyclopropenyl and cyclopropenyl type complexess8 - 66 for low oxida-

tion state, higher d electron count systems suggests that metalla-

tetrahedrane species become the predominant, geometrically pre-

ferred configuration as the number of d electrons formally associ-

ated with the metal atom increases. An elaborate theoretical 

investigation into the bonding interactions of MLs , ML4 , ~ and 

~ complexes with the cyclopropenium ring has been presented. 67 

To complement this theoretical investigation there exists a sub-

stantial array of experimental, primarily cryst~llographic, data on 

complexes where the cyclopropenyl ring is bound in an ql , ~2 or 

an ~3 fashion. 68 - 79 As previously was the case with the metal-

lacyclobutadiene complexes, however, no ultraviolet photoelectron 
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spectroscopic data concerning the molecular orbital constituency of 

cyclopropenyl complexes exists. This paper presents the results of 

a UPS investigation of the metallatetrahedrane complexes [(t-

Some photoelectron spectroscopic studies on related complexes 

have been published which include [Co(CO)3(NO)] ,69 [Fe(CO)2-

(NOh] ,69 [Co4 (COh2] .' 0 [Co3 (CO)9 CR], 71 [Co2 (CO)6 C2R2 ] 4 9 and the 

pure organic tetrahedrane (t-butyl)4C4.72 The nitrosyl complexes 

are related to the cyclopropenyl complexes via an isolobal analogy. 

The ~ orbitals of the cyclopropenyl ring responsible for the 

primary interaction with the metal center (~a and ~.*) are isolobal 

with the Su and 2~* orbitals of the nitrosyl ligand. 

Comparisons to the other members in the cobalt metallatetrahe-

drane series (diagramed below) and the related complexes are made 

and the factors concerning the relevance of the metallatetrahedrane 

versus metallacyclobutadiene geometry are discussed. 

~ 
CO 

L~ 
Co-to 

C 

id~ CO-CO 

/ 
C 
/~ 

~C~ 
Co Co 
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Results 

Photoelectron Spectroscopy. The He(I) and He(II) photoelectron 

spectra of [(t-buty13C3)Co(CO)3] are shown in Figure 10 and the 

corresponding photoelectron spectrum of [(t-buty13C3)Fe(CO)2(NO)] 

is shown in Figure 11. The full valence spectra from 6-16 eV 

binding energy of the iron and cobalt complexes are nearly super

imposable from 10 eV and higher binding energy. The most useful 

information found in this primarily ligand based (CO Su and 1 ~, C

C and C-H u) region are the shoulders located from 10-11 eV. By 

comparison to· the spectra of other cobalt carbonyl complexes80 • 81 

these ionizations can be assigned to the u. and ~a orbitals of the 

cyclopropenyl rings. 

The major differences between the spectra of the two complexes 

occur in the upper valence region. Figures 12 and 13 show the 

closeup spectra of the title complexes in the primarily metal 

region. In the spectrum of the cobalt complex, band A is assigned 

as primarily the cobalt filled dzz and dyz orbitals donating into 

the ~. e set of the cyclopropenyl ring, forming the primary bonding 

interaction between the ring and the cobalt center. Band B is 

mostly dz2 stabilized by back-bonding to the CO ligand, consistent 

with its' excellent ~-acceptor properties, and is somewhat desta

bilized by interaction with the filled ~a molecular orbital of the 

cyclopropenyl ring. Band C is therefore assigned to the remaining 

metal d orbitals (dz2_ y 2 and dz y e set) stabilized by strong back

bonding to the CO ~* orbitals. Evidence consistent with these 
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IONIZATION ENERGY (eV) 

16.0 12.0 B.O 

Figure 11 He (I) tHe (11) valence spectra of the cyc1opropenyl 
iron nitrosyl dicarbonyl complex. 
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Figure 12 Fitted closeup spectra of the upper valente region 
for the cyclopropenyl cobalt tricarbonyl complex. 
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Figure 13 Fitted closeup spectra of the upper valence region 
for the cyclopropenyl iron dicarbonyl nitrosyl complex. 
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assignments is seen in the He(I) to He(II) comparison. The sub

stantial loss in intensity of band A relative to band Band C indi

cates substantial carbon character in this ionization. The broad 

high binding energy side on band A is also consistent with sub

stantial bonding interaction between the interacting orbitals. The 

intensity ratio of band C to B and the relative increase in band B 

in the He(II) spectra indicates that this is an a type orbital with 

mostly metal d character and therefore supports the assignment of 

band B as primarily the dz2 orbital on the cobalt atom. 

The assignment of the Fe complex is essentially the same as 

that of the cobalt complex. This is not surprising since the 

complex is isoelectronic and structurally very similar to the 

cobalt compound. The NO ligand however, being a better ~ acceptor 

than CO, brings about a relative stabilization of the d orbitals 

which are suitably orientated to interact with it. A consequence 

of replacing the CO by NO is a reduction in symmetry to Cs which 

results in splitting the two e type orbitals into four of single 

degeneracy. The two highest binding energy orbitals were not 

sufficiently resolved in the Fe complex and thus they were fit with 

a single asymmetric Gaussian peak. The greater width of this peak 

compared to the three Gaussian components used to represent the 

band between 7 to 8 eV suggests a possible splitting of about 0.1 

eV. A minimum of three Gaussian peaks was required to obtain a 

reasonable representation of the band between 7 and 8 eV with 

realistic halfwidths for the peaks. However, because the three 

ionizations are not independently observed, the Gaussian peaks were 
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constrained to have equal shapes, and the actual ionization 

energies represented by these peaks are only known to be within the 

bounds of the overall band. The He(II) spectrum shows a slight 

fall-off in relative intensity on the low ionization energy side of 

this band, consistent with the interpretation that this level is 

partially delocalized to the ~* of the cyclopropenyl ring. The 

electronic assignment of the cyclopropenyl complexes as presented 

above are summarized in Table V. 

Molecular Orbital Calculations. Fenske-Hall molecular orbital 

calculations performed on the model complexes are in very good 

agreement with the assignment of the spectra, at least in the upper 

valence region. A basic molecular orbital diagram for these 

complexes is presented in Figure 14. There are several important 

features which can be drawn from the calcul~tions. Since the 

cyclopropenyl nitrosyl complex is only a perturbation of the higher 

symmetry cyclopropenyl cobalt complex the following features 

discussed will accordingly be drawn from the less complex, higher 

symmetry calculations. Beginning with the filled orbitals the 

highest occupied molecular orbital (HOMO) is the filled ~z,dyz e 

symmetry orbital interacting with the cyclopropenyl ~.*. The 

calculated character of the HOMO is over 40% metal d and approxi

mately 25% cyclopropenyl ~.*. This orbital alsa has substantial a 

antibonding interaction with the carbonyls. The calculated energy 

separation between the HOMO and SHOMO is approximately 1 eV and the 

observed separation in ionization energies is closer to 0.5 eV. 
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Table v. Ionization Data Parameters 

(t-buty13C3)Co(CO)3 

Relative Area 

Peak Position (eV) H.till He(II) Wh W1 

A 7.40 0.89 0.76 0.67 0.46 

B 7.87 0.81 1.03 0.67 0.46 

C 8.20 1.00 1.00 0.67 0.46 

(t-buty13C3 )Fe(CO)2(NO) 

A 7.21 0.46 0.31 0.41 0.39 

B 7.52 0.47 0.36 0.41 0.39 

C 7.78 0.50 0.41 0.41 0.39 

D 8.30 1.00 1.00 0.62 0.45 
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The SHOMO, according to the calculation, is comprised mostly of the 

dz 2 orbital at nearly 70% in composition and is destabilized 

slightly by a filled-filled interaction with the Wa orbital of the 

ring. 

Discussion 

Metallacycles and/or metallatetrahedrane species have been 

suspected as possible intermediates in alkyne metathesis reactions. 

While it has been well established that in high oxidation state 

complexes, such as the Schrock type molybdenum and tungsten neopen

tylidynes, the favored route is clearly the formation of metalla

cyclobutadiene intermediates, it is currently much less understood 

when and why cyclopropenyl intermediates may become significantly 

important. Through the characterization of the electronic 

structure of these cobalt and iron complexes and utilization of the 

previous results on a series of metathesis active molybdenum

neopentylidyne alkoxide complexes and Fenske-Hall molecular orbital 

calculations,. the factors influencing the stability of a 

metallatetrahedrane versus a metallacyclobutadiene become more 

clear. 

The qualitative description of these complexes is in terms of 

a formally d10 metal center with the cyclopropenyl ring acting as 

an ~3 W system which occupies one coordination site of a tetra

hedral complex. The evidence for the qualitative description of 
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these complexes as tetrahedral dlO systems is exhibited in several 

different ways: 

1. The method of synthesis, i.e. the complexes are synthesized 

by addition of the cyclopropenium ion to a solution of the 

corresponding Co or Fe carbonyl anion. Thus the pre

complex fragments start from the formally dlO metal system 

and the positive 1 charged cyclopropenyl ring. 

2. The angles between the carbonyls is very close to the 

perfect tetrahedral angle of 109 0 as is expected for a 

typical dlO complex. 

3. The l3C NMR of several of these cyclopropenyl-iron 

dicarbonyl-nitrosyl complexes27 showed only a single 

resonance for the three cyclopropenyl ring carbons when 

more than one should have been observable if the ring were 

more "metallatetrahedrane" like in structure. The NMR 

demonstrated that the cyclopropenyl ring was fluxional in 

nature and readily equilibrated on the NMR time scale even 

at -80 °C. 

In comparing the He(I) spectra of the cobalt complex to the 

remainder of the cobalt metallatetrahedrane series66.8o-82 a defi

nite and substantial break was noted in the observed trend of 

increasing binding energy of the HOMO as the number of cobalt atoms 

decrease. Table VI compares the ionization onset values for the 

lowest binding energy bands of this series showing this trend. 
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TABLE VI Comparison of the onset Energy of the Cobalt Series 

Complex Approximate Onset of the HOMO 

7.5 eV 

7.7 eV 

7.8 eV 

7.0 eV 



This trend, along with the intensity and shape of the d orbital 

valence band, is more consistent with the cobalt in the title 

complex described as being a d10 tetrahedral system instead of as 

an octahedral system like the other cobalt metallatetrahedranes 

have been described. 

Although the formal description of the complex is in terms of 

a d10 complex, there is substantial delocalization of metal density 

to the cyclopropenyl ring. This is evidenced by the results of the 

detailed analysis of the metal region of the cobalt and iron 

complexes which was collated in Table V. A very substantial loss 

in intensity of the low binding energy band (HOMO) relative to the 

higher binding energy bands (within the metal region) is observed 

in the He(II) spectra of both complexes. This is indicative of the 

strong interactions between the cyclopropenyl ring and the metal 

center and correspondingly these orbitals are the principle ones 

effecting the bonding of the cyc1opropeny1 ring to the complex. 

In comparison to the iso1obal nitrosyl complexes «NO)Co(CO)3 

and (NO)2Fe(CO)2)83 where the Sa and 2~* orbitals are analogous to 

the ~a and ~8* of the cyc1opropenyl ring, the metal d orbitals of 

the cyc1opropeny1 complexes are destabilized by zl.S eV. This 

would indicate that the nitrosyl ligand is much better than the 

cyc1opropenyl ring in removing (accepting) electron density from 

the metal center. This effect was already observed in the 

assignment of the iron cyclopropeny1 spectrum and is not surprising 

since the nitrosyl ligand is known to be a very strong ~ back

bonding ligand and is more electronegative as well. 
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The metal orbitals involved with the cyclopropenyl ring 

( ~ n) are also intimately involved in the formation of the M-C WXZ ,-yz 

~ bond in the alkylidyne complexes. However, when talking about 

the alkylidyne complex it is really the LUMO which is initially the 

most important orbital to consider as will be shown. Before we 

compare the stability of metallatetrahedrane versus metallacyclo-

butadiene geometry it is informative to first look at the relative 

stability of transition metal alkylidyne complexes as a function of 

the number of metal d electrons (Figure 15). The location of the 

occupied orbitals in this diagram are based upon the results of a 

UPS investigation of [(Me3CC)Mo(OCMe(CF3)2)3] while the ordering of 

the corresponding LUMOs rely on the results of Fenske-Hall 

molecular orbital calculations. The LUMO e set on the alkylidyne 

complex is not significantly involved in the metal-alkylidyne bond 

and thus population of this orbital should have only a small effect 

on the stability of the M-C multiple bond. This LUMO e orbital is 

also ideally oriented for very favorable interaction with an 

incoming a1kyne (parallel to the metal-carbon triple bond) leading 

to the formation of metallacyc10butadiene intermediates. On the 

other hand, complexes having more than 4 d electrons should not 

form stable alkylidyne complexes since the cixz, dyz and dz2 (in 

this geometry) are required to be empty in order to facilitate the 

formation of the M-C triple bond. In accordanc& with this, the 

only known stable mononuclear a1kylidyne complexes formally have 4 

or less metal d electrons. The Osmium carbyne complex [Os(CR)

C1(CO)(PPh3)21 84 is one example of a stable d4 system. It might 
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Figure 15 Stability of the alkylidyne complex as a function of the 
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also be pointed out that the syntheses of all of the later transi

tion metal cyclopropenyl complexes, such as the Co and Rh species, 

do not utilize an alkylidyne complex as one of the starting 

materials. 

While it has clearly been shown that the metallacyclobutadiene 

intermediate is the preferred one in alkyne metathesis reactions, 

the existence of several stable cyclopropenyl complexes indicates 

that cyclopropenyl intermediates may be of importance under proper 

circumstances. It is very informative to compare the general elec

tronic structure of the metallacyclobutadiene and the cyclopropenyl 

geometries. Figure 16 diagrams the important molecular orbitals 

for a transition metal metallacyclobutadiene and a cyclopropenyl 

complex. This diagram shows that in forming the cyclopropenyl 

complex no high energy anti-bonding orbitals are populated as the d 

orbitals are filled whereas this is not the case for the metalla

cyclobutadiene d7 - d10 systems. In the metallacyclobutadiene 

configuration, increasing population in the d orbital results in 

increasing electron density in the strongly antibonding M-C ~* 

orbital thus destabilizing this configuration. The cyclopropenyl 

ring erstwhile has the advantage of better stabilizing high d 

electron systems through the accepting of electron density from the 

metal into the relatively low-lying p~. orbitals of the cyclopro

penyl ring. 

On the other hand, the metallacyclobutadiene complexes would 

appear to be more stable than the cyclopropenyl complexes for low 

to moderate d electron systems. The reason for this enhanced 
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stabilization being the formation of more stable M-C u bonds and a 

less strained C-C framework. The stability of metallacyclobuta

diene complexes was studied previously on the early transition 

metals via Fenske-Hall molecular orbital calculations and the 

important bonding interactions stabilizing this configuration were 

presented. as 

The molecular orbital diagram as shown in Figure 16 is only 

qualitative in nature however and could be significantly different 

depending upon the actual metal center, the geometry, and the other 

ancillary ligands attached. Nevertheless, some important aspects 

can be drawn from this diagram. The most important being that it 

should be possible to convert a metallacyclobutadiene complex into 

a cyclopropenyl one and vice-versa by altering the electronic 

and/or geometric environment at the metal center. There are 

already several examples published which support these conclusions. 

One example is seen in the metallacyclobutadienyl complex, W(C(

CMe3)C(Me)C(Me»CI3.37 Addition of two u-donor ligands such as 

pyridine, or a bidentate ligand like tetramethylethylenediamine 

(TMEDA) causes a change in the configuration to the cyclopropenyl 

geometry. If we instead go a step earlier in this process and 

start with the W(CCMe3)(CI)3 complex in solution with good donor 

ligands which would presumably tie up the lumo e (dx y , dx2_y2) 

orbital, addition of an alkyne to this solution. may then lead to 

direct attack of the alkyne across the metal-carbon ~* with 

resulting direct formation of a cyclopropenyl complex. 

90 



Another example is the oxidative addition of the cyclopro

penium ion to Rh and Ir analogs of the Vaska (M(CO)(Cl)(PR3 )2) 

compoundsS8 ,86 to generate metallacyclobutadienyls. Interest

ingly, the Rh complexes readily lose co upon coordination of the 

cyclopropenium ion and add a chloride ligand in its' place, indi

cating that these complexes prefer good sigma donor ligands over ~ 

acceptors. In these latter examples the final complexes are d6 

systems which would suggest that the metallacyclobutadiene geometry 

is generally the preferred one for intermediate d orbital species 

except when the complex is already coordinatively saturated as was 

the previous tungsten chloride system. 

To summarize, the Co and Fe cyclopropenyl complexes are most 

suitably described as d10 systems, alkylidyne complexes are not 

expected to be very stable for greater than d4 complexes and for 

moderate to low d electron compounds the metallacyclobutadiene 

geometry is the favored one due to the increased stability of the 

M-C bonds. The exception to this is when the complex is already 

coordinatively saturated. When this occurs then the formation of 

cyclopropenyl complexes may be expected to be the dominate geometry 

such as was seen in the coordinatively saturated tungsten chloride 

compounds. For d7 - d10 systems the cyclopropenyl geometry is 

expected to become the more dominant due to the populating of 

relatively high energy anti-bonding orbitals irr the metallacyclo

butadienyl configuration. 
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Synopsis 

The HOMO in the cobalt cyclopropenyl complex is assigned as 

primarily the antibonding ~-e orbital of the cyclopropenyl ligand 

interacting with the appropriate d orbitals on the cobalt center. 

In addition there is significant contribution of metal-CO back

bonding character in the highest occupied valence orbitals. The 

HOMO in the Fe cyclopropenyl complex is essentially the same as in 

the cobalt analog except the metal d orbital stabilized by back

bonding to the nitrosyl ligand is shifted to higher binding energy 

in accordance with the increased ability of NO, with respect to CO, 

to engage in back-bonding. 

In comparison of the title complexes with the remainder of the 

cobalt metallatetrahedranes there is a definite break in the 

observed trend of increasing binding energy of the HOMO as the 

number of cobalt atoms decrease. This, along with the intensity and 

shape of the d orbital valence band is more consistent with the 

cobalt described as being a d10 tetrahedral system instead of as an 

octahedral system like the other cobalt metallatetrahedranes in 

this series. Also supportive of the assignment as a d10 system is 

the large d orbital character of the HOMO's as determined from the 

He(l) to He(ll) comparison. 

The He(l) comparison between the cobalt cyclopropenyl complex 

and the d10 tetrahedral cobalt nitrosyl complex shows them to be 

significantly different. The lowest ionization from the nitrosyl 

complex is approximately 1.5 eV more stable in addition to having a 
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larger splitting between the metal orbitals interacting with the CO 

ligands and the metal orbitals interacting with the cyclopropenyl 

ligand or the NO ligand. The comparison between the cobalt 

nitrosyl and the cyclopropenyl complexes also suggests that NO is a 

better delocalizer of metal electron density than the cyclopropenyl 

group. Observations to support this include: 

1. The general shift of the HOMO's to higher binding energy 

in the nitrosyl complex. 

2. The observation that the metal orbitals that are back

bonding to the cyclopropenyl ligand lie lower in binding 

energy than those primarily back-bonding into the CO lig

ands. 

3. In the nitrosyl complex the opposite is true, The 

orbitals back-bonding into the NO ligand lie higher in 

binding energy than those back-bonding with the CO ligands. 

The photoelectron spectra of the cobalt cyclopropenyl 

complex and the iron cyclopropenyl complex are nearly 

superimposab1e upon one another from 9 eV to 16 ev. The 

only significant differences occurs in the metal region 

where the d-orbitals donating into the nitrosyl are 

stabilized relative to the others. 

Fenske-Hall molecular orbital calculations agree very well 

with the upper valence region. The ordering of the highest occu

pied orbitals according to the calculations appear to confirm the 
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assignments based on the He(II) to He(I) comparisons and also the 

comparisons between the Co and Fe cyclopropenyl complexes. The 

spectra are also, as expected, in agreement with the theoretical 

work presented by Jemmis And Hoffman when treating the Co(CO)3 

fragment as a neutral d9 system. 

The final analysis seems to show that alkylidyne complexes 

greater than d4 are not expected to be very stable and that for low 

to moderate d electron systems the metallacyclobutadiene geometry 

is the favored one due to the increased stability of the M-C q 

bonds. The exception to this is when the complex is already 

coordinatively saturated. When this occurs then the formation of 

cyclopropenyl· complexes may be expected to be the dominant 

geometry such as was seen in the coordinatively saturated tungsten 

chloride compounds. For d9 or d10 systems the cyclopropenyl 

geometry is expected to dominate due to the populating of rela

tively high energy anti-bonding orbitals in the metallacyclo

butadienyl configuration. 
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CHAPTER 5 

CHARACTERIZATION OF METAL-NITROGEN MULTIPLE BONDS. THE 
PHOTOELECTRON SPECTRUM OF A SERIES OF MOLYBDENUM 

NITRIDE COMPLEXES. 

Introduction 

The interest in transition metal complexes containing multi-

pIe metal-carbon bonds is well documented. This interest is 

primarily related to the discovery of metal-alkylidyne complexes 

active as catalysts for the alkyne metathesis reaction. Although 

the ability to generate metal-nitride complexes via the metathesis 

of tungsten-tungsten triple bonds by nitriles1S and the suitability 

of several molybdenum nitride complexes as active metathesis 

catalyst precursors30 is documented. comparatively little is known 

about these corresponding transition metal-nitride complexes. In 

order to increasing our understanding of these complexes an 

investigation of the electronic structure of a series of molybdenum 

nitride complexes (N)Mo(Cl)3' (N)Mo(OR)3 (R - OCMe3. OCMe2CF3. 

OCMe(CF3)2) and (N)W(OCMe3)3 is presented. One final thought about 

these organometallic nitride complexes concerns the potential 

future of these nitride complexes. If the electronic structure 

could be modified enough via proper ligand substitutions it might 

be possible to do for nitrogen chemistry what the organometallic 

alkylidynes have done for carbon chemistry. 
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Results 

Photoelectron Spectroscopv. The He(I) full valence spectra of the 

nitride complexes are shown in Figure 17. The spectra of the 

alkoxide complexes can essentially be divided into two regions, A 

and B. Region B contains primarily ligand based ionizations. The 

well resolved leading, low binding energy ionization of this band 

is assigned to the higher binding energy set of primarily oxygen 

lone-pair electrons followed by the C-H, C-C, C-O and fluorine 

based ionizations. The assignment for this region is well 

supported by the valence ionization spectra of the free alcohols 

(Figure 18) where the leading low binding energy ionization band is 

the oxygen p~ orbital lone-pair. Region A of Figure 17 in the 

alkoxide complexes contains the oxygen based and the M-N ~ and 

possibly the Mo-O q ionizations as well. Since this band is 

significantly complex the M-N ~ ionization is not readily assign

able without additional information. By comparison of the nitride 

spectra to an analogous molybdenum alky1idyne complex spectrum 

where the M-C ~ system is well separated from the oxygen lone pairs 

(Figure 19), and through comparison of the He(I» and He(II) 

spectra of region A of the nitrides (Figures 20 and 21), it is 

possible to give a reasonable guess as to the location of the M-N ~ 

band. Inspec- tion of Figure 19 reveals an increase in intensity 

at approximately 9.2 eV binding energy for the nitride complex 

revealing the position of the M-N ~ and/or N lone-pair ionizations. 

The He(II) to He(I) comparisons also support this assignment with a 
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Figure 17 He(l) spectra of the molybdenum nitrides. 
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Figure 18 
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He(l) spectra of various fluoro substituted tertiary 
alcohols. 
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19 Comparison of the oxygen lone-pair region in the 
He(l) spectra of tris-t-butoxy molybdenum nitride and 
tris~t-butoxy molybdenum neopentylidyne. 
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Figure 20 He(l) spectra of the upper valence region of the 
molybdenum nitride complexes. 
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Figure 21 He(ll) spectra of the upper valence region of the 
molybdenum nitride complexes. 
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relative increase in intensity in this same area of region A. As a 

final piece of conclusive evidence as to the location of the M-N ~ 

band, the photoelectron spectrum of (N)W(OCMe3)3 was also collected 

and is displayed in Figures 22 and 23. Close inspection of the 

tungsten spectra reveal the presence of two sharp ionization peaks 

(located at =9.3 and 9.4 eV binding energy) under the leading low 

binding energy edge of the first ionization band. The initial 

thought was to assign this splitting to the spin-orbit coupling of 

the W-N ~ bond. However, the rather large value of .15 eV suggests 

this may actually be the W-N ~ band since this would imply that the 

W-N ~ band is =75% tungsten in character. 

The location of the Mo-N a bonding electrons could not be 

positively ascertained for these alkoxide complexes. However there 

is a sharp peak centered near 10.8 eV on the low binding energy 

side of the higher binding energy oxygen lone-pair envelope in the 

He(!) spectrum of both the molybdenum and tungsten tris-t-butoxide 

compounds. The close-up spectrum of this region is shown in Figure 

24. Based on the shift in binding energy of the Mo-N ~ region 

(approximately 2.2 eV) as ligand substitutions are made in 

traversing from the trichloro to the tris-t-butoxide, and assuming 

the Mo-N a bond would follow this same trend, this sharp peak would 

correspond to ionization from the principly Mo-N a bonding orbital 

since the Mo-N a bond is assigned to the 13.1 eV ionization band in 

the trichloro complex (vide infra). However, the reason as to why 

this sharp peak is not observed in either the trifluoro or 

hexafluoro substituted complex is not apparent. Therefore this 
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Figure 23 
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He(I) closeup spectra of the-upper valence region 
of tris-t-butoxy tungsten nitride. 
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assignment as the Mo-N q bonding orbital is not beyond some 

reasonable doubt. The ability to completely assign the full 

valence spectra of the trichloride complex (presented next) 

substantiates these assignments of the alkoxide compounds. 

The photoelectron spectra of (N)Mo(Cl)3 (Figure 25) is much 

less complex as is to be expected. Through comparison of the 

He(II) to the He(I) spectrum, since the calculated atomic 

photo ionization cross section of Cl 3p electrons drops by a factor 

greater than 20,89 and the utilization of the He(I) assignments of 

related compounds, such as trichlorosilane (Figure 26), methyl 

cyanide,87 chloroform88 and the analogous molybdenum alkylidyne 

trichloride (chapter 3) it is possible to completely assign the 

full valence region in the molybdenum nitride trichloride complex 

with a high degree of confidence. Beginning with the high binding 

energy side (Figure 27). the peak near 14.3 eV (band A) is assigned 

to a Cl lone pair "en type orbital with appreciable backbonding to 

the molybdenum center. The shoulder on the low binding energy side 

of this band is assigned to the primarily Mo-Cl a Hal" symmetry 

orbital (band B). The band near 13.7 eV (band C) is assigned to 

the Mo-Cl a "e" symmetry combination. This assignment is supported 

by the He(II) spectrum which indicates substantial metal character 

in· these bands and also shows that band C has more metal character 

than band A as evidenced by the increase in the"relative intensity 

upon changing the source energy to He(II). The ionization near 

13.1 eV is assigned to the primarily Mo-N a bonding orbital and is 

supported by the He(II) spectrum which exhibits a relatively large 

106 



16.0 

Hel 

He II 

IONIZATION 

14.0 

ENERGY (eV) 

12.0 

[(N)Mo(Cl)31 

10.0 

Figure 25 He(l)/He(ll) valence spectra comparison for h~oC13· 
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Figure 27 Fitted He(I) valence spectrum of NMoCl3 • 



photo ionization cross section and thus indicates no significant 

chlorine lone pair character in this band. The ionization peaks 

near 12.7 and 11.8 eV are assigned to non-bonding chlorine lone 

pair electrons and is confirmed by the near total collapse of tbp.se 

bands in the He(II) spectrum. As was found in chloroform and 

trichlorosilane the peak near 12.7 eV is an accidently degenerate 

"e" and "a" combination and is supported by the 3 to 1 area ratio 

found between these two bands in both the He(I) and He(II) spectra. 

The final and probably the most significant ionization band is all 

that remains. The only valence electrons left unaccounted for are 

those from the Mo-N ~ bond and the nitrogen lone pair electrons. 

Accordingly. the band near 11.5 eV is attributed to these. The 

fitted spectra for the upper valence region of the trichloride 

complex (Figure 28) indicates the high binding energy side of this 

leading band is due to the M-N ~ electrons and the N lone pair 

electrons are thus the HOMO. Additional support for this 

assignment is observed in the He(I) photoelectron spectrum of 

methyl cyanide77 • where the HOMO was assigned to the C-N ~ band and 

the SHOMO to the primarily N lone-pair electrons at 12.21 and 13.14 

eV respectively. The results of the fitted spectra of the full 

valence region of (N)Mo(Cl)3 is tabulated in Table VII. 

The assignment of the photoelectron spectrum of the tungsten 

tris-t-butoxide nitride complex is essentially identical to that of 

the corresponding Mo compound but there are a couple of differences 

worth pointing out. One difference primarily arises from the much 

larger spin-orbit coupling parameters associated with substituting 
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TABLE VII He(I) (N)Mo(Clh SPECTRUM ASSIGNMENT 

Peak Assignment B.E.(eV) Wb Wl Rel. Area 

A Mo-Cl 1r 14.28 .40 .30 1.00 

B Mo-Cl Uo 14.06 .36 .26 0.68 

C Mo-Cl Ua 13.71 .40 .30 1.20 

D Mo-N U 13.01 .28 .17 0.64 

E Cl 1.p. 12.69 .23 .27 1.80 

F Cl 1.p. 11. 95 .15 .15 0.61 

G Mo-N 1r (Px. Py) 11.54 .29 .21 0.97 

H N 1.p. (pz) 11.36 .21 .24 0.68 



tungsten for molybdenum. The determination of the magnitude of the 

spin-orbit splitting of the W-N ~ ionization gives a fairly large 

value of .15 eV. The higher binding energy side of the "oxygen" 

envelope also shows a change in the relative intensity pattern 

indicative of spin-orbit splitting of the w-o a. orbital as well. 

On the other hand, this may not be a result of the spin-orbit 

effect since there was no ~oupling readily observable in the 

tungsten alkylidyne compounds and tungsten complexes quite 

frequently give "sharper" spectra than does molybdenum. 

Molecular Orbital Calculations. Fenske-Hall molecular orbital 

calculations were performed on the model complexes (N)Mo(OCH3)3. 

(N)Mo(OCF3)3 and (N)Mo(Cl)3' The calculated results on the 

alkoxide complexes were consistent with the assignment of the 

spectra, at least in the upper valence region. A basic molecular 

orbital diagram for these type of molecules is presented in Figure 

29. Table VIII presents the calculated character of HOMO's and 

LUMO's for the nitrides. In addition, the important features which 

can be drawn from the Fenske-Hall calculations will be described 

for each individual complex. Beginning with the normal alkoxide 

compound the calculation shows the highest occupied molecular 

orbital to be mainly nitrogen (75% 2pz) in character, i.e. 

essentially nitrogen lone-pair, and is calculated to lie at -12.16 

eV. The second highest occupied orbital (SHOMO) comprises the Mo

N ~ bond and is calculated to lie about .9 eV higher in binding 

energy and is also high in metal and nitrogen character. Following 
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TABLE VIII 1 Calculated Character of HOMO's and LOMO's 

Model Complex SHOMO HOMO 

NMo(OCH3 )3 

NMo(OCF3 >a 

NMo(Clh 

Mo-N 1[' 

(14% Mo, 40% N) 

Mo-N 1[' 

(20% Mo, 48% N) 

N lone-pair 

(75% N 2pz) 

N lone-pair 

(77% N 2pz) 

N 2pz, C13py N 2px,py; C13py 

(75% N, 20% Cl) (27% N, 66% Cl) 

LUMO 

metal dz y , dz2_y2 

(72% Mo) 

metal dz y , dz2-y2 

(74% Mo) 

Mo dzY' dz2_y2 

(73% Mo) 
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the Mo-N ~ band at an additional .5 eV binding energy are the 

oxygen lone-pair and Mo-O a bonding orbitals which, according to 

the calculations, should be spread out over a range of about 3 eV. 

The Fenske-Hall analysis of the trifluoromethoxide substituted 

model gives the same ordering of the upper valence orbitals but 

determines the upper valence orbitals to be stabilized by about 2.5 

eV. In addition the separation between bands in the upper valence 

region were determined to be much larger with the separation 

between the HOMO and SHOMO being 1.2 eV and the separation of the 

SHOMO from the oxygen band to be 1.3 eV. The LUMO's for the 

alkoxide substituted models were determined to be the e symmetry 

combination of the principally dz y and dz2_ y 2 orbitals of the metal 

center. Following this slightly higher in energy are the 

principally metal dz 2 and M-N ~* orbitals. This, not surprisingly, 

is correspondingly the same as that found for the related 

alkylidyne complexes. 

The Fenske-Hall calculations on the (N)Mo(Cl)3 compound were 

not in agreement with the orbital ordering assignment of the 

spectrum. The calculated HOMO (an e symmetry orbital at -13.36 eV) 

was determined to be 66% Cl lone-pair and 27% N~. In addition, 

the principle metal-N ~ band was calculated to be at -17.5 eV. 

This is not in aggreement at all with the spectrum and would appear 

that the chlorine contribution to the upper val~nce orbital has 

been greatly exaggerated. 
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Discussion 

The expected simplification of the photoelectron spectra 

(nitride vs alkylidyne) based upon replacement of a neopentylidyne 

group by a lone nitrogen atom was clearly evident in the 

trichloride complex allowing for a complete assignment of the full 

valence spectra. On the other hand the upper valence region of the 

nitride alkoxides unfortunately became more complex since the 

excellent separation between the oxygen lone pairs and M-~ system 

as seen in the alkylidynes vanished in the nitrides. 

The observation that nitride complexes can be active alkyne 

metathesis catalyst precursors leads to inevitable comparisons 

between the nitrides and the alkylidynes. In a comparison of the 

electronic structure of these Schrock type nitrides with the 

corresponding high oxidation state alkylidynes a few of the obvious 

but noteworthy differences between the electronic structure of the 

nitrides and the alkylidyne complexes concerns the metal-heteroatom 

~ bonding and the metal-heteroatom u bonding regions. Whereas in 

the alkylidyne complexes the M-C ~ ionization band was well 

separated from the oxygen lone pair region (for the alkoxides) and 

fairly broad in terms of peak half-widths, the nitride M-N ~ 

ionizations were significantly higher in binding energy and were 

buried within the oxygen lone pair envelope. This result 

complicated any efforts to make any detailed comparisons between 

the M-N ~ bands themselves or between the M-N ~ and M-C ~ of the 

alkylidyne species. This problem was eliminated in analyzing the 
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photoelectron spectrum of the trichloride however since the 

chlorine lone pairs were significantly higher in binding energy 

than those of oxygen allowing for excellent separation from the M-N 

~ band. In stark contrast to the rather broad M-C ~ band in the 

spectra of the neopentylidyne complexes the photoelectron spectrum 

of the molybdenum nitride trichloride indicates the Mo-N ~ band 

(located at 11.54 eV binding energy) is extremely narrow (only .25 

eV FWHM). The Mo-N q bond ionization, centered at 13.01 eV binding 

energy, is also very narrow (.24 eV). These results suggest there 

is not a very large bond length change within the Mo-N fragment 

upon ionization of one electron from these orbitals. 

Another feature observable in comparing the alkylidyne and 

nitride spectra is that the nitrogen atom is better able to 

withdraw electron density from the metal center than is the 

alkylidyne. This is evident by a shift of the leading low binding 

energy band from 9.2 eV in the neopentylidyne trichloride complex 

to =11.4 eV in the nitride analog. Also supportive of this 

interpretation is the observation that the nitrogen lone-pair at 

13.14 eV in methyl cyanide is shifted 1.78 eV lower in binding 

energy to 11.36 eV. Additional evidence is also observed in the 

XPS studies which are the topic of chapter 6. 

Another very interesting feature of these spectra is the 

location of the nitrogen lone-pair electrons for the nitride 

complexes. They appear to be very nearly degenerate with the M-N ~ 

electrons (as determined from the (N)Mo(Cl)3 spectrum). Moreover, 

in the molybdenum nitride trichloride complex they are assigned to 
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the HOMO and therefore might be expected to be reactive. To some 

extent this is supported by the observation of strong inter

molecular interactions in the solid state structures of transition 

metal nitride trichlorides which exhibit a polymeric type structure 

with alternating long and short metal-nitrogen bonds. This strong 

intermolecular interaction is probably responsible for the rather 

high sublimation temperature required for the trichloride complex 

in comparison with the alkoxides. The sublimation trend of the 

alkoxides is also interesting. The order of increasing sublimation 

temperature is (N)Mo(OCMe(CF3)z)3 < (N)Mo(OCMez(CF3»3 < 

(N)Mo(OCMe3)3 which is in direct contrast to the rapidly decreasing 

molecular weight (162 a.u. per molecule). The reason for 

decreasing intermolecular interactions upon fluorine substitution 

is probably not due to the increasing binding energy or 

"contraction" of the nitrogen lone pair electrons. Instead it is 

almost assuredly steric in nature especially since the trichloride 

complex exhibits the highest binding energy nitrogen lone pair 

electrons but appears to have the strongest intermolecular 

interactions. An additional argument for steric factors being 

responsible is the molybdenum center is expected to be more 

electrophilic as fluorine substitutions are made thereby enhancing 

electron density donation from potential nucleophiles into the LUMO 

which is presumably a metal "d" dominated "en type orbital. 

However, this increasing steric bulk should not preclude the 

possible catalytic activity of the nitride alkoxide complexes since 
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the analogous alkylidyne complexes have already demonstrated very 

exceptional catalytic activity with respect to alkyne metathesis. 

One of the products in the generation of an alkylidyne complex 

from addition of an alkyne to a nitrido complex is a nitrile. 

Based on the results of this investigation and drawing on the 

results of a previous investigation on some molybdenum alkyidyne 

complexes the mechanism of this reaction seems fairly certain. The 

first step in the reaction is the coordination of the free alkyne 

to the metal center. The attack at the metal center is most 

assuredly at the LUMO which is mainly the formally empty "en 

combination of the dx y and dx2-y2 orbitals. Utilizing symmetry 

considerations the attack of the alkyne parallel with respect to 

the M-N ~ bond is clearly preferred leading to the formation of a 

four membered metallacycle analogous to the metallacyclobutadiene 

intermediae discussed in chapter 3. The final step of the reaction 

then flows smoothly from the metallacycle with the generation of 

the nitrile and the new alkyidyne complex. 

Some novel and potentially interesting chemistry might be 

accessible starting with nitride complexes other than just as an 

alkyne metathesis catalyst precursor. An example might be the 

generation of the isoelectronic trinitrogen analog of the 

cyclopropenyl ring or metallacyclobutadienyl complexes. Fenske

Hall molecular orbital calculations on the model complex 

(N)Mo(OCF3 )3 suggest the formation of these complexes to be quite 

reasonable. The HOMO was calculated to be a Mo-N(ring) bonding "e" 

orbital at -12.53 eV formed from the ~. e set of the nitrogen ring 
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and the dxz,dyz orbitals of the metal, analogous to that observed 

in the cyc1opropeny1 complexes. In addition the LUMO (dz2) was 

c1aculated to be at -5.95 eV followed by th metal "en set at -5.74 

eV. However,. in reality to stabilize a complex such as this would 

probably require the metal center to be very highly electrophilic, 

apparently even more electrophilic than that acquired by direct 

attachment of three chloride ligands. The azido- molybdenum and 

tungsten chloride complexes are fairly stable intermediates in the 

preparation of the nitrido complexes which suggests if the metal 

center can be made more electrophilic then these other geometries 

may be made more favorable. Ligands which may work but for which 

the complexes have never been prepared are the nonafluoro-t

butoxide or the simple fluoride to form the complexes 

(N)Mo(OC(CF3 )3»3 and (N)Mo(F>3 respectively. If these reactions 

leading to the activation of N-N triple bonds can be brought about 

then the preparation of a catalyst capable of generating RCN 

compounds directly from N2 and RCCR may not be far behind. 

Synopsis 

The preparation of two new molybdenum nitride complexes was 

accomplished in order to complete the series of compounds chosen 

for this investigation. The assignment of the photoelectron spectra 

of this series of molybdenum nitrides is then described. The 

assignment of the photoelectron spectra is based principly upon 

He(Il) to He(l) comparisons and through comparisons to related 
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molecules. The expected simplification of the photoelectron 

spectra (nitride vs a1ky1idyne) based upon replacement of a 

neopenty1 group by a lone nitrogen atom was clearly evident in the 

trichloride complex allowing for a complete assignment of the full 

valence spectra. The spectral assignments of the nitrides agreed 

well with the Fenske-Hall molecular orbital calculations for the 

alkoxide compounds but not with the trichloride complex. 

Comparisons between the nitrides and the analogous alkylidyne 

complexes were also made and were shown to be very similar in most 

respects. One particularly significant difference between the 

alkylidynes and the nitrides is seen in comparing the peak widths 

of the M-C ~ to the M-N ~ ionizations. The M-C ~ band, at full

width half maximum, is seen to be approximately twice that of the 

M-N ~ in the corresponding nitrides. Considering that these 

ionizations are from essentially bonding orbitals, these have to 

rank among the most narrow ever observed. Final comments 

concerning the future of nitrides as related to some of their 

potential chemistry is also presented. 
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CHAPTER 6 

CHARGE DISTRIBUTION IN METAL-HETEROATOM 

MULTIPLE BONDS. AN XPS AND UPS INVESTIGATION. 

Introduction 

Questions concerning the charge distribution, bond polarity and 

covalency have arisen recently with respect to the metal-heteroatom 

mUltiple bond. Attributes such as these should clearly be important 

in determining the chemical reactivity of such species. Direct 

experimental evidence concerning the electronic structure of metal-

heteroatom mUltiply bonded systems, especially triply bonded systems, 

is sparse. The experimental means necessary to characterize their 

electronic structure exists in the form of photoelectron spectroscopy 

(PES). Ultraviolet PES (UPS) of a closely related series of 

complexes has been shown to provide a direct measure of the combined 

changes in bonding, local charge density and relaxation effects 

occurring in the valence levels of molecules. The X-ray 

photoelectron spectroscopy experiment (XPS) determines precisely the 

core ionization energies which are related to the electron 

distribution in the molecules. Utilizing these techniques this 

investigation attempts to address these questions concerning metal-

heteroatom mUltiple bonds. 

The expression for the binding ener~ (EB) is: 

EB - 1""Sv +!:Qa IRA + ER + Eo 

Qv - charge in valence orbital V 



Kv - electrostatic repulsion between the core and valence 

orbitals 

QA charge on atom A 

RA distance from core atom to atom A 

ER relaxation energy 

Eo "unperturbed" binding energy 
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If systems chosen for study are carefully selected so that the 

relaxation energy is expected to be relatively constant and where the 

tQA/RA term is expected to be very similar from one complex to the 

next, such as in the complexes (N)Mo(OCMe3)3 and (N)W(OCMe3)3' then 

direct comparison of the experimentally measured core binding 

energies should give a very good sense of relative charge distribu

tion within the complex. Although not all of the complexes in this 

investigation are as closely matched as the example just given, they 

are for the most part quite similar in many respects and therefore 

many of the trends observed are expected to be quite valid. In many 

instances the trends noted in this investigation are supported by 

additional evidence. With this in mind, the results of this combined 

UPS and XPS investigation now follow. 

Results 

UPS and XPS data were collected on the following metal

heteroatom multiply bonded species: (N)Mo(OCMe3)3' (N)W(OCMe3)3' 

(PhN)W(OCMe3)4' (Me3CC)W(CH2CMe3)3' (MeC)W(OCMe3)3 and 



(PhC)W(OCMe3)3' For comparison purposes, spectroscopic data were 

also collected on a variety of other compounds, such as the free 

ligands, as well. 

The He(l) photoelectron spectra of the M-N multiply bonded 

complexes is shown in Figure 30. The He(l) and He(ll) spectra of the 

molybdenum and tungsten nitrido tris-t-butoxide complexes were 

recorded and discussed previously in chapter 5. The valence 

photoelectron spectrum of the remaining nitrogen containing complex, 

(CsHsN)W(OCMe3)4' as seen in Figure 30, is reasonably complex. The 

most important region, 10 eV binding energy and lower, contains 

ionization from oxygen based orbitals, the phenyl ring ~'s and the 

tungsten nitrogen ~ bond. The HOMO of this complex is assigned to 

ionizations from an orbital which is principally W-N ~ in character 

(with some mixing of phenyl ~ elK) and is centered at 7.7 eV. The 

next peak on the low binding energy edge of this complex envelope, 

centered at 8.7 eV, is attributed to ionizations arising from the el g 

~ orbitals on the phenyl ring. This orbital is also split due to 

interaction with the N lone-pair~ The remaining ionizations in this 

complex region are arising from the OR lone-pair electrons. 

The valence photoelectron spectra of some of the analogous 

metal-carbon multiply bonded systems are shown in Figure 31. The 

leading ionization of these complexes is assigned to the M-C ~ band, 

similar to the assignment of the spectra of the-corresponding 

molybdenum complexes as discussed in chapter 3. The location of the 

M-C ~ band in the tungsten neopentylidyne alkyl complex remains at 

very nearly the same binding energy as in the tungsten neopentylidyne 
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a1koxide complex. This observation was noted previously in the 

molybdenum complexes as well. The 8.5-10 eV region in the neopenty1 

alkyl complex is assigned to the W-C q bonding framework. The oxygen 

lone-pair and W-O q bonding ionizations of the a1koxide complexes 

appear in the 9-10.5 eV region compound followed by the higher 

binding energy oxygen lone-pair envelope near 10.7 eV. The remaining 

ionization bands at higher binding energy arise from the C-C and C-H 

q bonding framework. 

The valence photoelectron spectrum of the tungsten benzylidyne 

complex is particularly interesting. The W-C ~ ionizations are shown 

as a closeup in Figure 32. The degeneracy of the W-C ~ band is 

removed by strong preferential interaction of one of the W-C ~ 

orbitals suitably orientated with respect to the phenyl ring ~ 

system. The phenyl ring ~e system is also split by this interaction 

resulting in one band near 8.7 eV and the other pushed under the 

primarily oxygen envelope at around 9.2 eV. The remainder of the 

spectrum to 11.0 eV is typical of oxygen based and C-O q bonding 

orbitals as seen in the other alkoxide complexes. A more detailed 

discussion of this complex will be presented in the discussion 

section. 

The XPS results, utilizing Mg Ka radiation, for these complexes 

. and related compounds are presented in Table IX. The XPS spectra are 

presented together at the end of this chapter. As seen in the table 

the core binding energies of the tungsten atoms cover an extremely 

wide range for a single oxidation state. The metal core binding 

energies of the tungsten compounds range from 37.6 eV in the tris-



neopentyl tungsten neopentylidyne to 43.59 eV in tungsten 

hexachloride. The value of 37.6 eV found in the tungsten alkylidyne 

complex is even at lower binding energy than that in Y(CO)s (Y 

4f7 / 2 -37.8 eV). This strongly cautions against assigning formal 

oxidation states based upon core binding energies. The core binding 

energies of alkyne carbons found in this investigation range from 

288.2 eV in the tungsten alkylidyne complexes to 291.3 in 2-butyne. 

The range of nitrogen core binding energies found here varies from 

401.0 eV in the molybdenum nitride tris-t-butoxide to 411.6 eV in 

nitrobenzene. One especially noteworthy difference is seen in the 

nitride versus the phenyl substituted nitride where the values range 

from 403.0 eV for (N)Y(OCMe3)3 to 409.7 eV for (PhN)Y(OCMe3)4' 
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The ls binding energies of the oxygen atoms in these complexes 

were significantly less varied than the nitrogen and ranged from a 

low binding energy of 535.9 in (CsHsN)Y(OCMe3)4 to a high of 537.0 in 

(N)Y(OCMe3)3' This is nice since it helps to hold the expectations 

as discussed in the introduction to a high degree of confidence. 

Discussion 

Metal-nitrides The He(I) photoelectron spectrum of the tungsten 

nitride tris-t-butoxide is nearly identical to that of the analogous 

molybdenum compound. One difference between the two occurs in the 

leading low binding energy envelope. In the molybdenum compound the 

metal-nitrogen ~ bond ionizations were deduced to lie in this region. 

The spectrum of the tungsten compound substanciates this as the spin

orbit coupling of this e orbital to the tungsten center results in an 



Table IX. Core Binding Energy Data 

Bindin~ Ener~ies (eV) 

Compound C 1s o 1s N 1s 

(N)Mo(OCMe3 h 236.82(4) 290.23(1)b 536.59(4) 401.2(1) 
291. 90(5)C 

39.4(1) 290.23(3)b 536.8(1) 403.0(1) 
291.93(5)C 

(C6HSN)W(OCMe3)4 40.9(1) 289.0-292.0 535.91(6) 409.70(4) 

(Me3CC)W(CH2CMe3)3 

(MeC)W( OCMe3 h 

(C6Hs C)W(OCMe3 h 

37.56(5) 

38.77(4) 

39.06(4) 

288.0(1)4,290.01(3)b 

288.3(1)8,290.09(1)b, 291.71(4)C 

289.5-291.8 536.50(6) 

WC16 

W(CO)s 

Mo(CO)6 

Me3CCH2C1 

C2H6 

MeC CMe 

Me3COLi 

43.59(9) 

37.8! 

234.6! 

290.84(3)· 

290.7! 

292.23(5)C 
290.54(4)b 

290.0(1)b 
291.4(1)C 

(a) C 1s ionization for the a1ky1idyne carbon .. 
(b) C 1s ionizations for the primary carbons. 
(c) C 1s ionizations for the tertiary carbons. 
(d) Mo 3ds / 2 or W 4f7/2 ionizations. 

538.23(3) 

535.06(5) 

(e) C 1s ionization for the carbon bonded to the chlorine. 
(f) From reference #91. 

409.9' 
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observable splitting of approximately .15 eV (Fig. 23). This rather 

large splitting value indicates a very high degree of metal character 

in the ~ bond. Assuming the atomic spin-orbit coupling value of Y is 

0.21 eV,90 this indicates approximately 75% metal character in the 

ionization. On the other hand, this may not be spin orbit splitting 

at all but may instead be the metal-nitrogen ~ and nitrogen lone pair 

electrons. Additional information is needed in order to answer this 

question fully. Another significant observation between the 

molybdenum and tungsten spectra is the low binding energy edge of the 

higher binding energy oxygen lone-pair envelope. As was seen in the 

molybdenum complex there is a rather sharp peak on the leading edge 

of this band which is possibly due·to ionization of electrons from 

the Y-N q bonding orbital based upon its location relative to where 

it was observed in the NMoC13 complex .. The very small intensity of 

this band however, suggests that this "feature" is really related to 

some fine structure on the oxygen lone-pair envelope. Overall, the 

photoelectron spectra between them are so closely matched there 

appears to be only small electronic differences between them. 

A comparison of the core binding energies of the metal center, 

oxygen atoms and the nitrogen atoms between the molybdenum and 

tungsten nitrides is consistent with a more positively charged metal 

center in the molybdenum complex than in the tungsten. Evidence to 

support this is noted in the core binding energ~es of all three 

different atomic centers. The value of the N 1s binding energy in 

the tungsten complex is 403.0 eV and 401.0 eV in the corresponding 

molybdenum one. This is indicative of a higher negative charge on 
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the nitrogen atom in the molybdenum containing species. The 0 ls 

binding energies are much closer between the two complexes (536.6 for 

Mo, 537.0 ev for W) but still consistent with higher electron density 

on the oxygen atoms in the molybdenum compound suggesting somewhat 

greater n donation from the oxygen atoms to the metal center in the 

tungsten complex. If we use the values of the metal core orbital in 

the hexacarbonyls as a starting point· in comparing the metals, a 

change of approximately 1.6 eV binding energy (37.8 to 39.4 eV for 

the Wf7 / z ) is seen for the tungsten complex whereas a change of 2.2 

eV (234.6 to 236.8 eV) is observed in the molybdenum analog. This 

also is consistent with a higher positive charge on the molybdenum 

center than the tungsten. 

In analyzing the final nitrogen containing complex, 

(CsHsN)W(OCMe3)4, some very interesting trends were observed relative 

to the tungsten tris-c-butoxide complex. 

1) The nitrogen center in the tetra-a1koxide complex is very 

electron poor. As evidenced by the very high binding energy 

of the N ls electron. The N ls binding enrgy for the 

tetraalkoxide was observed at 409.7 eV while it was observed 

at 403 eV in the tris complex. These values may also be 

compared with the dinitrogen ls binding energy of 409.9 eV. 

2) The oxygen atoms in the tetra-alkoxide complex are slightly 

more electron rich as supported by the d~crease in the 0 ls 

binding energy in traversing from the tris alkoxide to the 

tetra alkoxide complex. 
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3) The tungsten center is more electrophilic in the tetra

alkoxide as supported by a 0.5 eV shift of the Y 4f7/2 

ionization to higher binding energy. 

Observation number one can be explained to a large extent by the 

presence of the phenyl ring bonded to the nitrogen atom. The lone

pair electrons of the nitrogen are most likely extensively 

delocalized into the e2u ~. as well as being delocalized into the 

metal d orbital which is normally utilized in forming the M-N triple 

bond. Additional evidence to support this is seen in the photo

electron spectrum of (CsHsC)Y(OCMe3)3 where the M-C ~ ionization and 

the elg ~ orbitals of the phenyl ring are split by several tenths of 

an eV. 

The second observation can partially be explained by the change 

in geometry and coordination number. The increase in the number of 

oxygen containing ligands means there are now four fighting for a 

limited supply of electron density from the metal center via the Y-O 

a bonding framework. Correspondingly the ~ donation of electrons 

from oxygen to tungsten is also not as effective in terms of unit 

charge transfer per oxygen atom. The net result is thus a lower 

effective nuclear charge felt at the oxygen center and easier removal 

(lower binding energy) of the core electrons. 

The third observation then follows from the above explanations. 

Less electron density is being donated to the tungsten center via the 

nitrogen atom in the presence of the phenyl group than without it. 
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Also the effect of four directly bonded oxygen atoms has a tendency 

to deplete the electron density as felt by the tungsten core. 

The Mo-C(alkylidyne) u bond. In Chapter 3 of this dissertation 

the question concerning the location of the Mo-C (a1ky1idyne) u bond 

ionization was not unequivocally ascertained. Drawing upon results 

from Chapter 3 and Chapter 5, as well as this chapter, nearly 

conclusive evidence placing the Mo-C (a1ky1idyne) u bond at ~2 eV 

more stable than the Mo-C (a1ky1idyne) ~ bond is obtained. This 

evidence is: 

1. In none of the a1ky1idyne complexes investigated was a peak 

assignable to the Mo-C (a1ky1idyne) u bond found within the 

Mo-C (a1ky1idyne) ~ band, not even in the closeup spectrum 

of the w-C ~ band of the tungsten ethy1idyne complex (Fig. 

33), nor in the tungsten benzy1idyne analog (Fig. 32). 

2. In the simple molybdenum nitride trichloride complex the Mo

N q band was found to be close to 1.7 eV more stable than 

that of the Mo-N ~. 

3. The M-C (carbene) u bond in the pentacarbony1 chromium 

complexes, assigned by other authors as mentioned ear1ier,53 

was found to be close to 9.9 eV, significantly more stable 

than the Mo-C ~ bonds in this investigation (~8 eV). 

Utilizing this above information as evidence the Mo-C 

(a1ky1idyne) u and Mo-C (a1ky1idyne) ~ bands are not degenerate the 

134 



en -c: 
::J 
o 
o 

9.0 

He{l) 

Fir,ure 32 

IONIZATION ENERGY (eV) 

8.0 7.0 

(CsHsC)tJ(OCMe3 h 

He (I) upper valence spectra of the (C
6
"SC)W(OCMe

3
) 3 complex. 

6.0 

..... 
w 
VI 



most probable location can now be determined. The full valence 

spectrum of the neopentylidyne-molybdenum trichloride complex (Fig. 

3) shows the minimum possible separation between the Mo-C u and Mo-C 

~ is ~ 2 eV. Assuming the Mo-C u band is responsible for the broad 

base of the chlorine lone-pair band near 11.5 eV yields an 

approximate separation of 2.3 eV. Applying this 2.3 eV shift to the 

spectrum of the neopentylidyne-molybdenum-tris-t-butoxide analog 

yields an approximate expected Mo-C (alkylidyne) u position near 10.3 

eV, precisely where it had been tentatively assigned in Chapter 3. 

W-alkylidyne complexes. In analyzing the He(l) UPS results of the 

tungsten alkylidynes the neopentylidyne and the methylidyne spect~~ 

appear vety similar to the previous molybdenum compounds as described 

in chapter 3. Briefly, the leading low binding energy ionization of 

both are assigned to the M-C ~ band followed by the W-C u bonds in 

the alkyl complex and the 0 lone-pair and W-O u bonding framework in 

the alkoxide analog. 

However the He(l) UPS spectrum of the (CsHsC)W(OCMe3)3 complex 

has a couple of very interesting and telling new features. The most 

obvious feature being the splitting of the M-C ~ band by 0.53 eV 

The second being the large splitting of the el& ~ orbital of the 

phenyl ring as well. This observation is very strong evidence for 

considerable interaction of the metal-C ~ bond with the HOMO of the 

phenyl ring, which is the el& ~ orbital. This effect undoubtedly is 

responsiple for the proliferation of stable phenyl imido tungsten 

complexes,33 one of which was discussed just previously. Utilizing 
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these results, some conclusions concerning the relative charge 

distribution and bond covalency/polarity for these systems can be 

drawn. 

First of all, the relative trend between these molybdenum and 

tungsten a1ky1idyne compounds suggest that in the molybdenum complex 

the metal center is just slightly more e1ectrophi1ic. Based on 

e1ectronegativity considerations this suggests that the tungsten 

center must be more effective in accepting ~ back donation of 

electron density into the formally empty metal d orbitals from the 

available orbitals around it, such as from oxygen lone-pairs. This 

increased n avai1abi1ity" of the metal d orbitals in the tungsten 

complexes can result in significant advantages in catalytic systems 

employing tungsten rather than molybdenum. In chapter 3 it was shown 

that the e1ectrophi1icity of the molybdenum center was very important 

in determining its effectiveness as an a1kyne metathesis catalyst. 

However, the increased accessibility of the tungsten metal d orbitals 

allows the tungsten complexes, such as (Me3CC)W(OCMe3)3, to engage in 

the a1kyne metathesis reaction with a less e1ectrophi1ic metal center 

than in the corresponding molybdenum complexes. 

In analyzing the charge distribution of the metal heteroatom 

mUltiply bonded complexes we see that in the a1ky1idyne complexes 

where the ancillary ligands are alkyl groups, both the metal center 

and the a1ky1idyne carbons are electron rich. The metal center in 

the alkyl complex is so electron rich, in a relative sense, that the 

core binding energy of the metal center is less the that observed in 

the formally zero oxidation state hexacarbony1 complexes. 
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corresponding~y, the binding energy of the a1ky1idyne carbons are 

seen to be among the lowest binding energies observed in carbon 

atoms. On the other hand, the electron rich metal center in the 

a1ky1-a1ky1idyne complexes is somewhat depleted upon substitution of 

the alkyl ligands by t-buty1 a1koxides. The electron density at the 

metal center is further depleted by substitution of the a1kylidyne 

ligand with a nitride. Although there were no XPS studies on 

alkylidynes containing the fluoro-alkoxide ligands it is fairly 

certain that the metal center would rapidly become even more 

electrophilic as increasing numbers of fluorine substitutions are 

made. 
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Turning to the alky1idyne carbon, these experiments suggest it 

is also relatively easy to significantly vary the effective electron 

density at this site as well by varying the R group. In exchanging 

the alkyl group on the a1kylidyne carbon for a phenyl the suitability 

of the ~ orbitals on the ring to engage in very effective inter

action with the M-C ~ orbitals resulted in a large decrease in 

electron density at the alkylidyne carbon. The effectiveness of this 

interaction is also clearly observed in the XPS of the phenyl imido 

complexes as shall be discussed next. 

The most straightforward comparison for the nitrogen containing 

complexes is seen between (N)W(OCMe3)3 and (CsHsN)W(OCMe3)4' In the 

nitride the nitrogen is observed to be very electron rich with a N ls 

binding energy of 403.0 eV. This compares with the value of 409.9 eV 

for Nz , where the net charge must equal zero. The Nls binding energy 

in the phenyl imido complex (CsHsNW(OCMe3)4 is observed at 409.7 eV, 



indicating a very substantial loss of electron density from the 

nitrogen atom. This effect readily observable on the nitrogen atom 

is assuredly occurring on the alkylidyne carbon as well and is 

supported by the He(l) valence UPS of the (CsHsC)Y(OCMe3)3 complex 

showing a large splitting of the Y-C ~ band. 

In a comparison of the relative charge distribution between the 

alkylidynes and the nitrides the XPS data shows the nitrides to be 

more effective in pulling electron density fwom the metal center. 

This was noticed by comparing the metal binding energy between the 

two classes which showed a general 1-2 eV shift to higher binding 

energy in the nitrides. In summary, this experiment demonstrates how 

the valence ionization experiment (UPS) and the core ionization 

experiment (X?S) can work in tandem to uncover many important 

attributes associated with molecules, such as bond covalency and 

charge distribution. 

Synopsis 

Several important features about these metal-heteroatom 

complexes where uncovered. The first was that one should not attempt 

to assign formal oxidation states based solely upon the core binding 

energies. This was illustrated by the Y(CO)s - "(Me3CC)Y(CH2CMe3)3 

comparison. The +0 oxidation state hexacarbonyl complex exhibited a 

Y 4f7/2 binding energy of 37.8 eV while the formally +6 

neopentylidyne was observed at 37.6 eV. 
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A second important feature concerned a comparison between the 

molybdenum and tungsten systems. The molybdenum center was observed 

to be slightly more electrophilic than the corresponding tungsten 

system. However this result is ascribed to the better availability 

of the tungsten d orbitals to engage in interactions with substrate 

orbitals. 

A third feature uncovered concerned electron density distribu

tions. Although the metal center was observed to be relatively 

electron rich in the alkyl-alkylidyne systems, the electron density 

is significantly depleted upon substitution by more electronegative 

substituents. The electron density on the multiply bonded hetero

atom was observed to be very high as evidenced by the very low core 

binding energies. However, it was seen to be possible to remove a 

very large portion of the excess electron density by attaching a 

suitable group, i.e. the phenyl group, to the heteroatom. Both the 

He(l) UPS and XPS investigations of the associated complexes support 

this conclusion. 

In finality, the use of UPS and XPS in tandem proved to be a 

valuable tool for investigating the electronic properties of these 

systems. 
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Figure 35 W 4f7/2 XPS of tungsten containing complexes. 
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Figure 36 0 Is XPS data of pertinent complexes. 
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Figure 37 C Is XPS data of some Mo and W containing 
mUltiply bonded complexes. 
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