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ABSTRACT 

The chemistry of compounds containing metal-metal bonds has attracted many 

inorganic chemists' interest. This research is based on reactions between metal 

carbonyl anions (Na2Fe(CO)4, Na2Cr(CO)5, and KFe(Tî -C5H5)(CO)2) and transition 

metal halides in an attempt to make polynuclear metal cluster compounds via salt 

elimination reactions. Except metal-metal compound synthesis in the reaction 

between metal carbonyl anion and metal halides, oxidation and reduction is also a 

reaction of importance in chemistry. As it devised to make a metal-metal bonded 

compound, it shows few trace of the metal-metal compound. After initial metal-metal 

bond formation, products mainly proceed to characteristic of red-ox reactions by 

electron transfer. Between the acceptor (metal halide cation) and donor (metal 

carbonyl anion) metal of intermediate mixed metals, rapid electron transfer occurs by 

the condition depending on the reactant and environment. 
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CHARTER I 

INTRODUCTION 

The chemistiy of compounds containing metal-metal bonds has attracted many 

inorganic chemists' interest and it is one of the most rapidly developing areas of 

modem coordination chemistry. Today, all of the transition metal elements are 

known to form homo, hetero, or poly-nuclear compounds having metal-metal 

bonds. Many research involving these metal-metal bonding compounds have 

interest on their synthesis and chemistry analysis, focusing on their structures, 

bonding, reactivity patterns, catalytic activity, and reaction mechanisms. 

F. A. Cotton defined compounds containing metal-metal bonding as a cluster. 

There are many classes of metal cluster compounds, such as metal carbonyls, 

nitrosyls, halides, oxides, chalcoganides and carboxylates.' Cotton'̂ '* conveniently 

grouped those metal cluster compounds having metal-metal bonds into two broad 

classes (I, 11). Metal atoms in class (1) have low formal oxidation states near zero, 

including negative ones. These are mainly polynuclear metal carbonyls, nitrosyls, 

and related compounds having long weak metal-metal bonds with a bond order of 

one. In class (11) metal cluster compounds, the metal atoms have higher positive 

formal oxidation states, and have ligands that are found in classical Wemer 

complexes, such as halide, sulfate, phosphate, carboxylate, and thiocyanate ions, 

as well as water, amines, and phosphines. Usually, these compounds have metal-

metal bonds with orders ranging from 1/2 to 4.0. 



Polynuclear compounds usually form a closed polyhedral stmcture called 

'cage' compounds containing four or more atoms of one element bonded to each 

other. The chemistry of organometallic cage compounds is also one of an 

extremely active research area. A great deal of recent work in organometallic 

chemistry has involved poly-nuclear metal compounds. These contain two or more 

metal atoms that have other groups bonded to them. The metals may be the same 

element or different elements and many examples of both types have been 

reported. A main driving force for the investigation of polynuclear 

organometallics is their role in catalysis. Multi-center coordination of metal cluster 

compounds on a neighboring metal atom or dispersion on a support can be 

developed as a catalyst. Many transition metal carbonyl clusters can be used in 

catalytic process such as the water gas shift reaction. This subject has been 

reviewed in a series of articles.*'~^ Moreover, interesting many mixed-metal cluster 

compounds of iron, cobalt, ruthenium and osmium^ have been reported. 

Polynuclear clusters can be subdivided into two groups based on metal-metal 

bond; first, those without direct metal-metal bonds and second, those with metal-

metal linkages. Compounds in the first group have the metal atoms held in 

position by bridging groups such as oxygen, or sulfur atoms, or other sigma-

bonded inorganic species. The second compounds with the metal-metal bonds may 

have direct sigma bonds or multiple bonds between metals. Compounds 

containing metal-metal multiple bonds frequently occur in clusters of four or more 

atoms, with delocalized electrons binding the metal; such compounds are currently 

the subjects of intense research investigation.^ In the early 1960s, Cotton and co-



workers started the study in the field of multiple bond by analyzing [ReX4]n 

compounds. [RC^CIK]-" and Re2Cl5(dth)2(dth:2,5-dithiahexane: CH3SCH2CH2S 

CH3) were respectively recognized as the first quadmple and triple metal-metal 

bond compounds. Since then, many publications covering multiple bonds from 2"'̂  

order to quadruple bond have been reported.'' Interestingly, the elements of 

rhenium (Re), molybdenum (Mo), rhodium (Rh), and tungsten (W) have been 

actively studied with multiple bond formation. Because of the relatively small size 

of d orbital, first row transition metals are generally thought that it is difficult to 

form multiple bonds, but recently (1970s), there have been several reports 

describing multiple bonds in chromium (Cr) and cobalt (Co). Hence, there is some 

conflict in explanation concerning the character of the first row elements in 

multiple bonding. In the other hand, compounds with metal-metal bonds may also 

have bridging ligands. Polynuclear organometals without direct bond between the 

metal atoms always have some sort of bridging ligand like carbonyls, inorganic 

species and hydrogen. Many compounds containing bridging organic groups have 

been obtained."'~" Polynuclear organometals with metal-metal bonds that have no 

bridging groups usually have single metal-metal sigma bonds. Dimanganese 

decacarbonyl, Mn2(CO)io has a structure with each manganese atom showing 

octahedral coordination geometry symmetry. Triosmium dodecacarbonyl, 

Os3(CO)i2, and its mthenium counterpart have triangular stmctures. All carbonyl 

groups are terminal, and the metals are bonded by sigma bonds. 



1. Synthesis of mixed metal clusters"'^' 

a. Pyrolysis or photolysis of mononuclear carbonyl complexes 

Ru(C0)5 -^(A)^Ru3(Co),2 and Fe(C0)5 ^(hv)^ Fe2(CO)9 

b. Nucleophilic attack of a carbonyl anion 

Mn(C0)5- + BrRe(CO), -^ (C0)5Mn—Re(C0)5 

c. Binuclear reductive elimination 

HMn(C0)5 + MeAuL -^ (C0)5Mn—AuL + MeH 

d. Addition of a coordinatively saturated cluster to an unsaturated one via 

a bridging group 

OS5(CO)i6 ^Me^NCMeCN)^ OS5(CO)i5(MeCN) ^(OsH2(CO)4)^ 

OS6H2(CO)i9 ^ (110°C)^ OS5H2(CO)i8 

e. Addition of an M-C multiple bond to a metal 

Cp(C0)2W=CAr ^(Pt(cod)2)^ (ArC)2Pt(W(CO)2Cp) 

f Addition of an M-M multiple bond to a metal 

(CO)CpRh=RhCp(CO) ^Pt(C:H4),^ Pt(RhCp)4 

g. The use of bridging ligands 

Rt(PPh2Cl)2 ^NaBH4;HCl^ {Pt(RPh2)2Cl}2 

h. Using main group elements to bring about cluster formation or 

expansion 

CpMn(C0)2(THF) + PbCU -^ Cp(CO)2Mn=Pb=Mn(CO)2Cp 

The majority of polynuclear compounds contain both metal-metal bonds and 

bridging ligands. The first and the most studied examples of such compounds are 



the polynuclear transition metal carbonyls.'̂ ~'** Divalent carbon species all have a 

lone pair of electrons on the carbon atom, which can be donated to a metal atom. 

The donation from carbon monoxide and other neutral derivatives of divalent 

carbon is considerably weak, and most of the complexes owe their stability to the 

n (pi) component of the metal-ligand bond. The carbon-oxygen n (pi) antibonding 

orbital receives the electrons from the metal, which is called 'backbonding'. The 

extent of 'backbonding' and the effect of other ligands on this phenomenon have 

interested many researchers. Since electron density is being transferred from the 

metal to a ligand antibonding orbital, the energy of the carbon-oxygen bond will 

be weakened by bonding theory. The infrared spectmm of free carbon monoxide 

has an intense absorbance at 2143 cm' for the carbon-oxygen stretching mode. 

When carbon monoxide bonds to a metal atom (Table 1.1), the resulting 'back-

bonding' weakens the carbon-oxygen bond, causing this absorbance to shift to a 

lower value; the extent of the shift is an indication of the degree to which this 

'backbonding' occurs. The carbon-oxygen stretching frequency occurs at 

1900-2100 cm"' for neutral terminal carbonyls (M-CO), 1700-1850 cm"' for 

bridging carbonyls (|l2-C0) and 1600-1700 cm"' for facial carbonyls (P3-CO). 

Infrared vibrational spectroscopy has long been used as a valuable tool for 

determining the presence of terminal and bridging carbonyls in a particular 

molecule.'' Charge of metal bonded to carbonyl group also affect the IR frequency. 

Examples include Fe3(CO)i2, the stmcture of which consists of three iron atoms 

arranged in a triangle with bridging carbonyl groups as well as iron-iron bonds. 

The anion Fe3(CO)i|H" has two of the iron atoms joined together by a bridging 



carbonyl group, a bridging hydride ion, and an iron-iron bond. Those two-carbonyl 

frequencies show particular CO bond information by the charge of metals. 

Table 1.1."'^' Effects of changing metal, net charge, and ligands on n basicity of a 
metal, as measured by the v(CO) values in the IR spectrum 

Changing Metal (cm"') 

V(CO)(, Ci-(CO)6 Mn2(CO),o Fe(C0)5 Co2(CO)s Ni(CO)4 

1076 2000 2013(av)' 2030(av)'' 2044(av)'' 2057 

Changing Net Ionic Charge in an Isoelectronic Series (cm") 

[Ti(CO),]-" [V(C0)6]" Cr(CO), [Mn(CO)5]" 

1747'̂ '' I860'' 2000 2090 

Replacing 7i-Acceptor CO Groups by Non-7i-Acceptor Amines (cm"') 

[Mn(C0)6]^ [(MeNH2)Mn(CO)5]^ [(en)Mn(CO)4]^ [(tren)Mn(CO)3]^ 

2090 2043(av) 2000(av) 1960 

"several bands are seen, average \'(C0) reported 
''of isomer without bridging CO groups 
•"This valud is extremely low, well into the bridging CO region 
''The IR bands of this species may be lowered by coordination of the counter cation to the CO oxygen 
*en=H2NCH2CH2NH,, tren=H2NCH2CH2NHCH.CH,NH2 

Metal atoms of cage compounds usually occupy the vertices of regular 

polyhedra. These atoms interact with each other to form delocalized bonds, and 

the electron density of such bonds lies within the boundaries of the polyhedral 

stmcture, making such stmctures less susceptible to chemical fragmentation or 

thermal decomposition.''* Bridging carbonyl groups are almost always present; 

facial carbonyl groups may likewise be present. The anion Ni5(CO)i2'" has the five 



nickel atoms at the vertices of a trigonal bipyramid. There are nine terminal 

carbonyl groups, and three bridging carbonyl groups in the equatorial positions. 

Similariy, the anion 00^,(00) i,'" has the cobalt atoms in the form of a distorted 

octaheron with terminal, bridging and facial carbonyl groups. 

Originally developed by Sidwick"" to explain the stoichiometry of covalent 

compounds, the effective atomic number (EAN) rule, also known as the 18-

electron mie is now used almost exclusively for organometallic and related 

compounds. Although there are occasional exceptions, the great majority of metal 

carbonyls and other low-valent transition metal complexes follow this mIe, and it 

is a useful tool for prediction and explanation of reaction products. 

Simple binary metal carbonyl ions are exclusively anions; carbonyl cations 

that have been reported have other ligands in addition to carbon monoxide."' 

Numerous anions of foimula M(CO)n''"(x=l or 2) have been reported and are most 

often prepared by reduction of a neutral carbonyl with an alkali metal in an 

appropriate solvent.''" The stable metal carbonyl anions all follow the E.A.N, rule, 

as can be seen in the iso-electronic series V(C0)6", Cr(C0)5"', Mn(CO)5", 

Fe(CO)4'", Co(CO)4", Cu(C0)3. In these species, the transition metals have 

formally negative oxidation states. Since they have relatively low 

electronegativities, these metals are quite reactive when present as carbonyl anions, 

and undergo a variety of substitution reactions, heterometallic insertions, oxidafive 

addition, reductive elimination, and salt elimination reactions.^^ This last saU 

elimination reacdon of electrophilic addition is widely used to synthesize 

compounds containing metal-metal bonds. 



2. Reaction of carbonly compounds--*"' 

a. Oxidative addition : L^M + A—B -> L^MAB 

CpIr(CO)L + Mel -^ [CpIr(CO)LMe]l 

b. Reducdve elimination : LnMAB -^ LJA + A—B 

ArC0Mn(C0)5 + HMn(CO)s -^ ArCHO + Mn2(C0)|„ 

CpCo(COMe)MeL -^ CpCo(CO)L + Me.CO 

c.Insertion 

L2(C0)Ir—OMe ^ ( C O ) ^ L2(C0)lr^-C0 + OMe" -^ L2(C0)lr(C0)0Me 

d. Nucleophilic addition 

[Cp(N0)(PPh3)ReC0]^ ^(LiBEt3)^ Cp(NO)(RPh3)Re(CHO) 

e. Electrophilic addition 

Cl(PR3)4Re—CO ^(AIMej)^ [CI(PR3)4Re-CO^AlMe3j 

A coordination compound can be formed when a Lewis base compound is 

attached to a Lewis acid (acceptor) compound by means of a 'lone pair' donation 

of electrons or ionic bonding. Reactive metal carbonyl anion compounds can act 

as good donors to form a coordination bond. The ability of carbonyl ligands to 

stabilize low oxidation states has allowed the synthesis of a number of complexes 

of metals with negadve oxidation states. The most widely used group of metal 

carbonyl anions are those based on iron; in particular the sodium 

tetracarbonylferrate dioxane complex (CoUman's reagent (Na2Fe(CO)4)) has been 

widely recognized as a valuable synthedc reagent in many research."'* This 

complex is sufficiently stable to be commercially available and is used for many 

mixed-metal syntheses. Despite of that relative stability, it is sdll very air-sensitive 



chemical requiring careful treatment. The potential of these anionic carbonyl 

complexes for synthesis arises from their ability to function as nucleophiles. 

Advantage can then be taken of other typical reactions of organo-transition metals 

to give the final, useful products. 

This research is based on reactions between metal carbonyl anions and 

transition metal halides in an attempt to make polynuclear metal cluster 

compounds via salt eliminadon reactions. Na:Fe(C0)4 and Na2Cr(CO)5 were 

prepared according to reference procedures.'^ ""̂  

MX, + NayM'(CO),, KFe(CO)2(r|̂ -C5H5) 

M= Ga, B, Ti, V, Cr, Mn, Fe, Co, Ni, Rd; X= CI, Br; 

M'=Cr, Fe x=2,3 y=l,2 z=2,4,5 

Scheme 1.1. Reactions between metal carbonyl anions and metal halides. 

For the cationic metal compounds, serial first-row transition metals halides and 

Group 13 metal halides were chosen. Because of the ease in preparation of the 

starting materials and high purity yield, the carbonyl anion compounds are easily 

used to make mixed metal compounds. However, when it was synthesized by the 

salt elimination method, byproduct, 'salt' separadon from products should be 

previously considered in the procedure. 

The electronic configuration of Group 13 elements is ns- np'. Based on that 

configuration, the elements from boron to thallium (B-Tl) have similar chemistry. 

Tri-halides of the Group 13 elements are good examples of Lewis acids and are 



often used as catalysts. Many group 13 metal and low-valent transition metal 

reactions have been prepared for mixed metal compounds. However, much of the 

work in B. R. Whitdesey's group has been concentrated on transidon metal-

indium and gallium complexes. Recendy, Gallium (Ga), Aluminum (Al) and 

Boron (B) are also used to make metal-metal bonded cluster. Among the Group 13 

elements, boron is unique in that it is the only non-metal. It shows many 

similarities to Us neighbor carbon and its diagonal reladve, silicon. Thus, like Si 

and C, it has a propensity to form covalent, molecular compounds, but it differs 

from them in having one less valence electron than the number of valence orbital, 

and hence it is said to be "electron deficienf. Boron chemistry is influenced 

primarily by its small size and high ionization energy, and these factors, coupled 

with the similarity in the electronegativities of B, C, and H, makes to an extensive 

and unusual type of covalent chemistry."'"^ 

Except metal-metal compound synthesis in the reaction between metal 

carbonyl anion and metal halides, oxidation and reduction is also a reaction of 

importance in chemistry^^~^^ and many theoretical and experimental studies have 

been done in order to understand this process. Among them, oxidation and 

reduction reaction, specially focused on electron transfer has also been reported in 

many areas of organometallic chemistry (synthetic or catalytic use).'*'̂ "*̂  Some 

methods for the synthesis are using this chemistry. Electron transfer between 

reactants can occurs in many chemical reactions and that is also a very interesting 

topic in the field of transition metal chemistry. During development of artificial 

electron radio-acdvation, many mechanism researches have showed successful 



results in their mechanism and reaction rate using that technique. Since the 

remarkable mechanisdc studies of H. Taube, the research concerning electron 

transfer reactions between transition metal compounds has become a new potential 

field of inorganic chemistry."^ Based on the discussion result of the early 1950s' 

11 

symposium, H. Taube suggested the distinction of the two electron transfer 

mechanisms; inner sphere and outer sphere electron transfer. In the late 1960s, 

Taube explained three different types of mechanism including inner sphere,^' 

outer sphere,-* '̂ "*"' and remote electron transfer process.*'' The distincdon depends 

on the involvement of specific parts of compounds during electron transfer. 

1.1. Outer sphere mechanism''̂  

The Frank-Condon principle states that electron transfer is much faster than 

atom movement. There are many compounds having rapid electron transfer before 

substitution. 

Mo, + M',ed ^ Mred + M'o^ 

M'o + M r « M ' o M r 

M'oM, -^ M'.Mo 

M'rMo -^ M',Mo(o :oxidant, r :reductant) 

*example 1. [Fe*(OH2)6]'̂  + [Fe(0H2)]'" o [Fe*(OH2)6]'' + [Fe(OH2)6]'' 

•example 2.Co(NH3)6^^ + Cr(bipy)3-^ o Co(NH3),-^ + Cr(bipy)3^^ 

(bipy=2,2'-bipyridyl) 

Scheme 1.2. Outer sphere electron transfer mechanism and examples. 

11 



In the outer sphere mechanism, electron transfer proceeds through the intact 

coordination spheres between the two reactants without intermediate formation of 

a chemical bond. When at least one of the complexes undergoing electron transfer 

is robust in subsdtution, and does not contain a ligand capable of acting as a bridge 

to the other reactant or if one of the reactants is substitution-labile, if the other 

reactant does not offer a suitable site to be engaged, the electron transfer proceeds 

via outer sphere pathway. In this mechanism, the rapid diffusion of the two 

reactants together foims the outer sphere adduct which then undergoes electron 

transfer to yield the product. A lot of electron transfer reaction take this 

mechanism and many researches with metal carbonyl anions ([Re(CO)5]", 

[Co(CO)4]", [Mo(rî -C5Hs)(CO)3]", [Fe(Tî -C5H5)(CO)2]", and [Mn(CO)4L]-(L=CO, 

or PR3)) are also reported. 

1.2. Inner sphere mechanism"^ 

In the inner sphere mechanism, a ligand on one of the reactants forms an 

intermediate bridge between the donor and the acceptor during the electron 

transfer. In the other for reactant penetration of coordination sphere through 

bridging foims, one of the reactant needs to coordinatively unsaturated or labile to 

dissociation. After transferring electrons, the bridged intermediate complex can 

dissociate to give two different products. Much research conceming these 

mechanisms has been reported. D. Atwood^° also described his research between 

metal carbonyl anions and metal cations(carbonyls, halides) as electron transfer 

reactions in his recent series of papers. This research of reactions between 



transition metal carbonyl anions (Na2Cr(CO)s /KFe(ri--C5H5)(CO)2), and metal 

halides also shows complicate results from the oxidation-reduction reaction. As it 

devised to make a metal-metal bonded compound, it shows few trace of the metal-

metal compound. After inidal metal-metal bond formadon, products mainly 

proceed to characteristic of red-ox reactions by electron transfer. Between the 

acceptor (metal halide cadon) and donor (metal carbonyl anion) metal of 

inteiTnediate mixed metals, rapid electron transfer occurs by the condition 

depending on the reactant and environment. A proposed mechanistic interpretation 

based on the product analysis suggests other interesting potentiality of this 

research in addition to mixed-metal cluster synthesis. 

M', + Mo-X«M'M- , -X 

M'.Mo o M'rX-Mo 

M',-X-Mo ^ M'o-X-M, 

M'o-X-Mr -^ M'o-X + M, or M'o + M,-X or M'^ + M'^ + X 

•example : [Cr(OH2)6]-^ + [CoCI(NH3)s]'^ « [(H20)sCr-'-Cl-Co^^(NH3)5] 

i 
[(H20)5Cr^^-Cl-Co(NH3)5]'^ 

i 
[CrCl(OH2)5]'^ + [Co(OH2)6]-" + SNHa^ 

Scheme 1.3. Inner sphere electron transfer mechanism and examples 

4+ 
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CHAPTER n 

EXPERIMENTAL SECTION 

2. 1. General Methods 

All manipulations for this research were done under a dry N2 atmosphere using 

standard Schlenk techniques. Every chemical was transfen-ed in a dry box under a 

purified argon atmosphere. All solvents were freshly distilled under dry N2 over 

sodium (for tetrahydrofuran (THF), dimethoxyethane (DME), and hexane), 

sodium-potassium (Na-K) alloy (for diethyl ether), and calcium hydride (for 

dichloromethane and acetonitrile) before use. Infrared spectra were obtained on a 

Perkin-Elmer 1600 series Fourier transform spectrophotometer with CaF2 cell 

windows for solution spectra. ' H N M R spectra were recorded on an IBM AF-300 

(300MHz) Fourier-trans form spectrometer. 

2. 2. Preparation of Starting Materials 

The syntheses of carbonyl anions (Na2Fe(CO)4,-'* Na2Cr(CO)5,̂ ^ KFe(ri^-

C5H3)(CO)2 '̂) followed literature methods by using previously purchased Cr(C0)6, 

Fe(C0)5, and Fe(r|'-C5H5)(CO)2)2- Transition metal halides were dehydrated 

according to the literature procedure before their use (MnCK, FeCl2l.5THF, 

CrCl3-3THF, NiCh, VCl3-3THF)^- and stored under N2. GaC^, BBr,, BF3, and 

TiCl4 were prepared as diethyl ether or THF stock soludons before the reaction. 

Cr(acac)3 (acac=acetylacetonate) was prepared and recrystallized from diethyl 
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ether according to the reference.̂ ^ To remove water, Fe(C0)5 and liquid NH3 were 

distilled under vacuum in a N2 atmosphere. 

2. 2. 1. PreparadonofCr^"'racac)Jso1ventURF/)-. 

Violet colored crystalline Cr(acac)3was prepared from CrCl3-6H20, urea, and 

acetyl-acetone in aqueous solution according to the literature procedure." The 

products of the reactions between Cr(acac)3 and HBF4 were recrystallized from a 

diethyl ether/toluene solution and stored under an N2 atmosphere. IR data of 

reacdons of Cr(acac)3 and HBF4 in different solvents are shown in Table 2.1. 

2.2.1.1. Preparadon of Cr̂ (̂acac)K2(thf),(BF4")y 

Cr(acac)3 were previously prepared. A soludon of Cr(acac)3 (1.0 mmol, 0.35g) 

in THF (30 mL) was mixed with HBF4Et20 (3.0 mmol, 0.44 mL) as 1:3 

stoicheometric ratio. (The strong acid HBF4Et20 should be handled carefully 

under N2.) When the solution of Cr(acac)3 and HBF4 was stirred, the THF solution 

was polymerized within I hour. The reaction was complete within less than 1 hour. 

When the solvent volume was reduced under vacuum, the solution turned to black-

violet colored oil. Diffusion of hexane into the oil produced needle crystals. Other 

reactions solution that treated with the same method and stirred over 24 hours, 

showed polymerization and the solution turned to a mbber-like solid polymer 

when dried under vacuum. The IR frequencies are listed in Table 2.1. 
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Table 2.1. IR frequency of products of reacdons between Cr(acac)3 and HBF4 in 
different solvents. 

Product 

Cr(acac)3 
(solid state KBr disk data) 

Cr ^(acac)x(solvent)y(BF4")/ 

Toluene 
(KBr) 

Diethyl-
Ether 
(KBr) 

DME 
(solution)" 

Ir frequency (cm" ) 

1574.59, 1519.34, 1429.10, 1283.06, 

1278.08, 1193.37, 1025.78,933.70, 

775.69, 793.37, 680.66, 659.67, 611.05, 

594.48, 460.77 

1572.74, 1523.02, 1430.94, 1372.01, 

1283.01, 1263.35, 1086.56, 1058.93, 

1033.15,934.81,802.21,687.29, 

659.67, 607.73, 533.70, 522.65, 482.87, 

460.77 

1697.97, 1570.90, 1524.86, 1425.41, 

1381.22, 1370.17, 1351.75, 1290.98, 

1263.35, 1193.37, 1174.95, 1086.56, 

1049.72, 1031.31, 937.02, 801.10, 

775.65, 692.82, 659.97, 623.20, 613.26, 

580.11, 537.02, 524.86, 482.87, 462.98 

1572.74, 1522.65, 1434.25, 1363.54, 

1286.92, 1085.82, 1036.46,942.17, 

812.52, 794.84, 700.55, 660.41, 620.99, 

537.49,523.76,485.45 

"Becuase this wasn't solidified, the IR data was given by the solution(DME)data 

2.2.1.2. Preparation of Cr̂  (acac)|.2(tol)x(BF4")y 

HBF4 (6.0 mmol, 0.88 mL) was added dropwise into a violet soludon of 

Cr(acac)3 (2.0 mmol, 0.70 g) in toluene (30 mL), and the soludon was sdn-ed at the 
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room temperature for 12 hours. During stirring, the violet color of the starting 

solution disappeared and the mixture was separated into two phases; a green 

colloidal precipitate and a coloriess soludon. After transferring the solvent and 

drying the green precipitate under vacuum, a KBr IR spectmm of the solid was 

taken (Table 2.1). Based upon the IR analysis, the IR spectmm showed peaks for 

chromium complexed acac and BF4 ion peaks. It was concluded that although the 

reaction produced a BF4" compound, the product still contained bonded acac 

groups. 

2.2.1.3. Preparadon of Cr '̂̂ (acac),.2(ether),(BF4")y 

The reaction was processed by the same way to the previous toluene reaction. 

Instead of using toluene, Cr(acac)3 (2.0 mmol, 0.70 g) was dissolved in an excess 

amount of diethyl ether solvent (150 mL) and HBF4Et20 (6.0 mmol, 0.88 mL) 

was added to give a white-blue colloidal precipitate and a colorless ether solution. 

The white-blue solid was also found to have both Cr-acac and BF4 peaks based on 

KBr-IR data. The colorless solution had a light violet color after a day setting on 

the bench, but with the addition of a few drops of HBF4, the soludon stayed 

colorless. 

Because of the improper usage of large amount of ether soludon, the reacdon 

was revised into toluene-ether stepwise treatment. At first, Cr(acac)3 (2.0 mmol, 

0.70 g) dissolved in toluene (30 mL) was reacted with HBF4 (6.0 mmol, 0.88 mL) 

to get green toluene-substituted solids, and then, the dried compound was re-

dissolved with diethyl ether (30 mL). When diethyl ether was added to the 
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toluene-substituted green solid, it immediately changed to a white-blue solid in 

light violet colored solution. The KBr IR spectmm of this white-blue solid was 

almost identical to the spectrum of the white-blue solid from the diethyl ether 

reaction. Interestingly when THF was, respectively, added to either the dried 

green solid from the toluene reacdon or the white-blue solid from diethyl ether 

reaction, both are immediately dissolved to give a violet solution that quickly 

polymerized within 1 hour in the same manner as the THF reacdon with HBF4. All 

of the reaction including toluene and diethyl ether after treating THF, the final 

THF solutions have showed the same result. 

2.2.1.4. Preparadon of Cr"^(acac)|o(dme),(BF4")y 

Cr(acac)3 (2.0 mmol, 0.70 g) was dissolved in DME (30 mL) to give a violet 

solution. To this was added HBF4 (6.0 mmol, 0.88 mL). However, differently with 

other reactions, this greenish brown solution was stayed without any precipitate 

formation even after the addition of excess amounts of HBF4 (30.0 mmol, 4.41 

mL). The solution IR data are listed in Table 2.1. At a low temperature treatment 

(at -30 "C), reflux (at 80 °C), and hexane (30 mL) diffusion, the products weren't 

solidified. Only oil was made by the hexane diffusion. After several steps for 

crystallization, the oil exposed in the air was dried to brownish violet needle 

crystals. Its IR data was similar with the solution data including acac and BF4" ions. 

Based upon this informadon, the product looks relatively stable to air. Because 

DME substitute compound is hard to make solid, the solution was used for starting 

material of the next reacdon with Na2Fe(CO)4. 



2.2.1.5. Cr^^(acac), 2(dme),(BF4"), + Na2Fe(CO)4 

HBF4 (6.0 mmol, 0.88 mL) was added to Cr(acac)3 (2.0 mmol, 0.70 g) DME 

(30 mL) solution. To this, Na2Fe(CO)4 (2.0 mmol, 0.43 g) in DME (20 mL, light 

orange solution) was slowly added. Immediately, the solvent was changed into a 

dark-red solution and the dark-red product soludon did not show any difference in 

the low temperature of freezer. Solution IR was measured. With hexane diffusion, 

sdcky oil was remained in the bottom of the solution. 

2.2.1.6. Cr^^(acac)|.2(ether),(BF4"),+ Na2Cr(CO)5 

White-blue ether-substituted solid from the reaction of Cr(acac)3 (1.0 mmol, 

0.35 g) in THF (30 mL) and HBF4Et20 (3.0 mmol, 0.44 mL) was dissolved in 

DME (30 mL). Then, Na2Cr(CO)5 (0.5 mmol, 0.12 g) in DME (20 mL) was 

carefully added to the solvent under sdrring. Solution IR was taken. 

2. 2. 2. Preparation of Cr(dme)v(BF/)y using Rieke Metal Cr 

2.2.2.1. Preparation of Cr(dme)x(BF4")y 

The literature method was used to make activated chromium metal (Rieke 

method)." CrCl33THF (0.62 mmol, 0.10 g) was dissolved in THF (30 mL) under 

N2. A THF solution of sodium naphthalide (by using CioH^ (1.86 mmol, 0.24 g) in 

THF (30 mL) and Na (1.86 mmol, 0.04g)) was transferred into the CrCl3-3THF 

solution using a fine cannula tube. After addition, a finely divided black powder 

was formed immediately in the soludon, giving a sub-micron size black colloidal 
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suspension that did not settle and could not be filtered well. After several careful 

washing steps with THF solvent using cannula tube, DME solvent (30 mL) was 

added, followed by the addition of HBF4 Et20 (1.86 mmol, 0.27 mL) as 1:3 ratios. 

After HBF4 Et20 addition, the black powder immediately changed into a brown 

clear solution and a small amount of brown-white solid precipitated in the flask. 

After reducing the solvent volume under vacuum, hexane was diffused over the 

solution to give brown oil and a coloriess solution. The coloriess solution was 

removed and the brown oil was kept. Even though further crystallizadon processes 

was tried, extra research did not show any result of the crystal or solid. The 

infrared spectmm of the product was consistent with a formula of Cr(dme)x(BF4")y, 

and the compound was used for reactions with transition metal carbonyl 

compounds. 

2.2.2.2. Cr(dme),(BF4")y + Na2Fe(CO)4 

Cr(dme)x(BF4")y was prepared as a brown solution from the reaction of 

CrCl3-3THF (0.62 mmol, 0.10 g) with sodium naphthalide (C.oHg (1.86 mmol, 

0.24 g) and Na (1.86 mmol, 0.04g)) in THF (30 mL) and HBF4 Et20 (1.86 mmol, 

0.27 mL). The left brown oil after hexane diffusion and a colorless solvent transfer 

was dissolved in DME (20 mL) and it was stirred for 20 minutes. Na2Fe(CO)4 (0.5 

mmol, 0.107g) dissolved in DME (20 mL) was transfen-ed into the flask 

containing the chromium compound by using a fine cannula tube. The reaction 

mixture was stirred for 24 hours and then filtered. After filtration, the infrared 

spectrum of the solution showed the presence of Fe(C0)5. When the solvent was 
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removed under vacuum, a yellow solution was obtained in the clod trap during 

solvent evaporation. The IR spectmm of this trapped soludon showed peaks due to 

Fe(C0)5 peaks. 

2.2.2.3. Cr(dme),(BF4")y + Na2Cr(CO)5 

Na2Cr(CO)5 (0.5 mmol, 0.12 g) in DME (20 mL) was added into a soludon of 

Cr(dme),(BF4")y from the reaction of CrCl3-3THF (0.62 mmol, 0.10 g) with 

sodium naphthalide (CujHg (1.86 mmol, 0.24 g) and Na (1.86 mmol, 0.04 g)) in 

THF (30 mL) and HBF4 Et20 (1.86 mmol, 0.27 mL). Then, the compound was 

kept sdrred for a day. The yellow-brown reaction color changed to yellow-green 

and its solution IR was taken. 

2. 2. 3. Preparation of PhC=CK using RhCsCH and KH 

PhC=CK was synthesized from the reaction of PhC=CH and KH before use as 

one of starting materials. Because KH is air-sensitive and was stored in the oil 

bottle, it was carefully transferred into a new Schlenk flask in a glove bag. First, 

KH was transferred to a hexane beaker. After washing with hexane 2-3 times 

under N2, then, it was transferred to the empty flask. After vacuum dry, KH was 

kept in the dry box. KH (0.1 mmol, 0.80 g) was stirred in the THF (20 mL) and 

PhC=CH (0.1 mmol, 2.20 mL) was added slowly into the KH solution. After the 

compledon of the reacdon, the reacdon solid was washed again with THF. For 

another synthesis of PhC=CK, Na-K alloy was used as a reactant in THF, 
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the reacdon between Na-K and PhC=CH goes to polymerization. Therefore, for 

the other way to synthesize PhC^CK, KH was used in the research. 

2. 3. Preparation of CrCU 

2.3. 1. CrCL + Na.Fe(CO)^ 

CrCl3-3THF (1.0 mmol, 0.38 g) in THF (20 mL) was reacted with KH (1.0 

mmol, 0.01 g) in THF (20 mL) solution as a starting material for the reaction with 

Fe(C0)4-", and Cr(C0)5-". The blue-violet CrCl3-3THF soludon and white KH 

solid changed into a green solution and small amounts of white precipitates after a 

day at room temperature. The green solutions were filtered and then transferred 

into the flask of Na2Fe(CO)4(1.0 mmol, 0.21 g) in THF (20 mL). After addition, 

the mixtures were sat for a day with stirring. The white colloidal solution of 

Na2Fe(CO)4 in THF changed into green and then finally into a dark red solution 

and a black-white solid. 

2. 3.2. CrCl2 + Na2Cr(CO)s 

The reaction mixture of CrCl3-3THF (1.0 mmol, 0.38 g) and KH (1.0 mmol, 

0.01 g) in THF (30 mL) soludon changed into a green solution and small amounts 

of white precipitates after a day at room temperature. The green solutions were 

filtered and then transferred into the flask of Na2Cr(CO)5 (1.0 mmol, 0.24 g) in 

THF (20 mL). After addition, the mixtures were sat for a day with sdrring. 

Na2Cr(CO)5 and CrCl2 solution gave a dark yellow solution. IR data of the soludon 

was obtained. 



2.AMXnjLNa2Fe(CO)4 and Na2Cr(C0)s^(M : Cr, Mn, Ti, Pd, X: CI, n: 2. 3, 4) 

2. 4. 1. CrCh- 3THF + Na.Cr^CO^. 

Na2Cr(CO)5 (0.7 mmol, 0.17 g) was dissolved in THF (20 mL) and stirred for 

several minutes. Same mole amount of CrCl̂  3THF (0.7 mmol, 0.26 g) was 

dissolved in THF (20 mL) to give a violet-blue soludon which was carefully 

transferred through a cannula tube into the Na2Cr(CO)5 dispersed THF solution in 

an ice bath. The mixture was stin-ed for 24 hours and then the solution was filtered 

into another flask. The remaining black-green solid was washed with hexane and 

analyzed with KBr-IR spectroscopy. The solid was washed with hexane, ether and 

then re-dissolved in THF. The filtered solution from each step was checked with 

IR. 

2. 4. 2. TiCL + Na2Cr(C0)s 

Na2Cr(CO)5 (0.7 mmol, 0.17 g) was dissolved in THF (30 mL) and TiCU (0.35 

mmol, 0.12 g) stock solution was added dropwisely into the Na2Cr(CO)5 solution. 

After stirring for 24 hours, it made a brown solid and a yellow dark-black solution. 

The solution and solid were analyzed with IR spectroscopy. 

2. 4. 3. PdCl, + Na2Cr(C0)s 

Na2Cr(CO)5 (0.7 mmol, 0.17 g) was dissolved in THF (20 mL) and PdCL (0.7 

mmol, 0.12 g) was added to THF (20 mL). After sdrring of two solvents for 20 

minutes, the Na2Cr(CO)5 soludon was added into the PdCl2 dispersion under N2. 

The soludon changed to greenish black color. When the sdrring was stopped after 
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one day, it showed black powder solids and a colorless soludon. The solution was 

filtered and where it put in the freezer, made coloriess crystals of Cr(C0)6. An IR 

analysis of the powder did not show any CO peaks. 

2. 4. 4. MnCl2_+ Na.CrfCO). 

Na2Cr(CO)5 (0.7 mmol, 0.17 g) was dissolved in THF (20mL) and sdrred for 

20 minutes. THF (20 mL) was added to MnCU (0.7 mmol, 0.12 g) flask and kept 

stiired to disperse the white solid well. Na2Cr(CO)5 solution was slowly 

transferred into MnCU using a large cannula tube. After 24 hours reaction under 

N2, light yellow solution was filtered. Left brown solid and filtered THF solution 

was analyzed by IR measurement. Because of poor solubility of MnCU in THF, a 

reaction was processed again in a distilled NH3 solution. NH3 gas was gathered in 

the second flask (dry-ice bath) using a vacuum connection as passing through the 

first Na flask tmder Nn. The disdlled NH3 soludon was added to dissolve MnCl2 

and it generated milky-white soludon under stirring. The Na2Cr(CO)5 soludon was 

transferred to MnCL under N2 in dry-ice bath. 

2. 4. S.FeCU + Na.CrtCOs 

Na2Cr(CO)5 (0.7 mmol, 0.17 g) in THF (20 mL) was added to FeClj 1.5THF 

(0.7 mmol, 0.16 g) in THF (20 mL). After reacdon, THF solvent was filtered and 

IR was taken. The products made very fine metal powder after the reaction. 
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2. 4. 6. CoCI. + Na.rrrro)^ 

Na2Cr(CO)5 (0.7 mmol, 0.17 g) in THF (20 mL) was added to CoCU (0.7 

mmol, 0.09 g) in THF (20 mL). After reacdon, THF solvent was filtered and IR 

was taken. Very fine metal powder was precipitated from the reacdon. 

2. 5. GaCU + Na2Fe(CO)4 

2 .5 .1 . GaCh/Et.O + Na2Fe(CO)yEt20 (1:1) 

Na2Fe(CO)4 (1.6 mmol, 0.35 g) was sdrred for 20 minutes in diethyl ether (30 

mL) at ice bath. Previously prepared GaCl3Et20 soludon (1.6 mmol, 1.76 mL) 

was dropwisely added into the white Na2Fe(CO)4 dispersion in Et20 and was 

stirred for 24 hours. The reaction made a dilute dark red solution and a white (light 

yellow) solid. The ether solution was fiUered and kept in the freezer for several 

days. There were colorless needle or orthorhombic type crystals in the red solution 

flask. The left solid was re-dissolved in the THF and then put in the freezer. Both 

solution and solid was analyzed with IR spectroscopy. 

2. 5. 2. GaCl2/Et20t̂ THE} + Na2Fe(CO)yEt20 (1:1) 

Na2Fe(CO)4 (3.3 mmol, 0.70 g) was sdrred for 20 minutes in diethyl ether (30 

mL) under N2. GaCl3Et20 (3.7 mmol, 4.00 mL) ether stock solution was 

transferred to an empty flask under N2 and was vacuum-dried to remove solvent. 

The residue was re-dissolved in THF (20 mL). The GaCf, THF soludon was 

slowly transferred into the Na2Fe(CO)4 solution by using a fine cannula tube and 

stirred for a day. After filtration, the solution was dried under vacuum and then 
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washed with hexane. After hexane washing, three solvents (toluene (I mL), THF 

(3 mL), CH2Cl2(5 mL)) were added as 1:3:5 rados following Cho's method^' for 

crystallization and put in the freezer for several days. Two types of colorless 

crystals (cubic and needle) were formed in the reaction flask. With the re-

crystallization process, the same crystals were reproduced. The infrared spectmm 

of the crystals was compared with Cho's data. '̂ Each filtered solvent was also 

analyzed with infrared spectmm. 

2. 5. 3. GaCl2/Et20,̂ THF) + Na2Fe(CO)4/THF (1:1) 

Na2Fe(CO)4 (3.3 mmol, 0.70 g) was stirred for 20 minutes in THF (30 mL) 

under N2. THF has better solubility and Fe2[|a-GaCl(THF)]2(CO)8 (Cho's 

compound) produced in THF; therefore, for this reproducdon of the same product, 

the same solvent was used. GaCl3Et20 stock soludon (3.7 mmol, 4.00 mL) was 

transferred to an empty flask under N2 and was vacuum-dried to remove diethyl 

ether. The residue was re-dissolved in THF. The GaCl3 in THF was slowly 

transferred through a fine cannula tube and stirred for 24 hours. This reacdon 

formed a dilute dark red soludon and a white solid. The solid was washed with 

hexane. To this, three solvents (toluene (1 mL), THF (3 mL), CH2CI2 (5 mL)) 

added as a 1:3:5 ratios. When CH2CI2 was transferred, unidentified gas was 

observed. Reduced solution was put in the freezer for several days. In the flask, 

small amount of black, white and tiny yellow crystals were observed. But U was 

not analyzed by X-ray analysis. 
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2. 6. BX, + Na2Fe(C0)a 

2.6. l.BBr2 

2.6.1.1. BBr3 + Na2Fe(CO)4 

Na2Fe(CO)4 (3.5 mmol, 0.75 g) was transferred inside of a dry box and then, 

THF (30 mL) was added to disperse the solid. While the white slurry was stirred 

under N;, a BBr3-THF stock solution (1.8 mmol, 1.00 mL) was slowly added 

dropwise. The white slurry immediately changed to a dark-red soludon, and it was 

then stirred for 24 hours. The reacdon mixture was filtered to give a dark red 

solution and a brownish white solid. The filtered THF solution was vacuum dried, 

and then washed with portions of hexane and diethyl ether, which were then 

removed by filtradon. The last ether filtered soludon was put in the freezer for 

several days. Though it was previously washed with hexane, the black needle 

Fe3(CO)i2 crystal was formed at the solution. The solids that remained after 

diethyl ether filtration step were re-dissolved in THF. An IR spectmm was 

obtained for each solid and soludon. 

2.6.1.2. BBr3 + Na2Fe(CO)4 + LiC(CH3)3 

Na2Fe(CO)4(1.6 mmol, 0.35 g) was added to freshly disdlled THF (30 mL). 

While the white solution was stirring under N2, a BBr3THF stock soludon (1.8 

mmol, 1.00 mL) was carefully added to Na2Fe(CO)4 soludon. After 20 minutes, a 

dark red soludon formed. Excess amount of LiC(CH3)3 (5.0 mmol, 0.50 mL), as a 

good bulky ligand group to avoid halide bonding, was added with extreme care. 

Because tert-butyllithium (LiC(CH3)3) is pyrophoric and moisture-sensUive, it 
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should be handled and be transferred carefully under N2. The reacdon mixture was 

sdrred for 24 hours, and then the resulting dark-red soludon was filtered. After 

drying under vacuum and then washing with hexane to remove Fe3(CO)i2 from the 

products, diethyl ether was added to dissolve the solid and filtered again. After 

reducing the solvent for crystallization, it was set in the freezer. Except small 

amounts of solid precipitation, there was no change in the solution. The remaining 

solid that did not dissolve in ether was analyzed with IR spectroscopy. 

2.6.1.3. BBr3 + Na2Fe(CO)4 + PhC=CK 

Na2Fe(CO)4 (1.6 mmol, 0.35 g) was dispersed and sdrred in freshly disdlled 

THF (30 mL). A BBrjTHF stock soludon (1.8 mmol, 1.00 mL) was carefully 

added over Na2Fe(CO)4 THF soludon. The reaction mixture changed into a dark 

red solution. After 20 minutes of sdrring, the dark red solution was separated by 

filtration. Then the filtrate solution was transferred into previously prepared 

PhC=CK (1.0 mmol, 0.23 g) in THF (10 mL), which can work as a good ligand to 

avoid additional halide bonding. After stirring for 24 hours, small amounts of 

white solids and dark red soludon were separated by filtration using cannula tube. 

The filtered solution was reduced and put in the freezer. IR was taken for analysis. 

2. 6. 2. BF. 

2.6.2.1. BF3/Et20 + Na2Fe(CO)4 

Na2Fe(CO)4(1.4 mmol, 0.35 g) was stirred in freshly disdlled diethyl ether (30 

mL). Under N2, a BF3-Et20 stock solution (1.4 mmol, 1.00 mL) was then carefully 
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added over Na2Fe(CO)4 soludon. The mixture changed into a dark-red solution 

and stimng was continued for 24 hours. The reacdon mixture was filtered to give 

a dark red solution and a white-brown solid. The solution was dried under vacuum 

and then, washed with hexane that was removed by filtration. The remaining solid 

was dried under vacuum and then re-dissolved in diethyl ether (20 mL). The 

solution was filtered and then put in freezer for several days. There was no crystal 

formadon in this solution. The solids that remained after the ether filtration step 

and the solution were analyzed with IR spectroscopy. 

2.6.2.2. BF3/Et20 + Na2Fe(CO)4/THF + LiC(CH3)3 

Na2Fe(CO)4 (1.4 mmol, 0.35 g) was stirred with freshly disdlled THF (30 mL). 

A BF3-Et20 stock solution (1.4 mmol, 2.00 mL) was carefully added. After 20 

minutes, a dark red solution formed, LiC(CH3)3 (5.0 mmol, 0.50 mL) was added 

with extreme care. The reaction mixture was stirred for 24 hours and then the 

dark-red solution was filtered. After washing with hexane to remove Fe3(CO)i2, 

diethyl ether (20 mL) was added to dissolve a portion of the solid, and this 

solution was removed by filtration. After reducing the solvent volume under 

vacuum, it was set in the freezer for several days. The remaining solid (after the 

last ether filtration) and filtered solutions were analyzed with IR spectroscopy. 



2. 7. MX. + KFe(Tî -C2H2VCO)2 

2J7U.VCl3TrHF + KFe(n^-C.H.VCO)2 

KFe(ri-'-C5H5)(CO)2(1.5 mmol, 0.32 g) in dry THF (20 mL) was slowly added 

to VCI3-3THF (0.5 mmol, 0.19 g) in THF (20 mL) that was cooled with a dry ice-

acetone bath (-78 "C). The mixture was stirred for 60 hours, and the reaction was 

checked frequendy with IR measurements. The reaction was complete after 24 

hours based on the IR analysis. The dark-red solution and black precipitate were 

separated by filtration. A KBr IR spectmm was taken of the black precipitate. The 

volume of filtration soludon was reduced under vacuum and then diffused with 

hexane. After 48 hours, dark red crystals had formed at the bottom of the flask. 

Because of the difficulty in filtering the black precipitate, it was not completely 

dried and this is reflected in the KBr IR data. 

2. 7. 2. CrC]2-3THF + KFe(n--CsHs)(C0)2 

KFe(n -̂C5H5)(CO)2 (1.5 mmol, 0.32 g) in dry THF (20 mL) was added to 

CrCl3-3THF (0.5 mmol, 0.19g) in THF (20 mL) that was cooled with a dry ice-

acetone bath (-78 °C). After transferring all of the KFe(Tî -C5H5)(CO)2 soludon, the 

mixture was stirred and IR data were obtained frequently during the reaction. 

After completion of the reaction based on IR analysis, the black solution was 

separated from the green solid by filtration. The volume of the filtered black 

solution was reduced under vacuum and the solution was diffused with hexane. 

The solution then separated into a dark-red solution, a green solid, and a small 

amount of white solid. After a week, two different kinds of crystals formed in the 
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flask a large black crystal and a blue crystal. The green solids left behind from the 

filtration of the reaction mixture and dried big black crystal were taken for KBr IR. 

2. 7. 3. MnCU+ KJe(Ti-'-C.H.)(COJ2 

KFe(r|̂ -C5H5)(CO)2 (1.0 mmol, 0.22 g) in dry THF (20 mL) was added to 

MnCL (0.5 mmol, 0.09 g) in THF (20 mL) in a dry ice-acetone bath (-78 T ) . 

After transferring the KFe(r|̂ -C5H5)(CO)2, the mixture was stirred and the soludon 

was monitored by IR spectroscopy After completion of the reacdon based on IR 

analysis, the red solution was separated from remaining solid by filtradon. U was 

reduced and diffused with hexane. After staying 24 hours at room temperature, 

black crystal was formed. The remaining brown solid was taken for the KBr IR. 

2. 7. 4. FeCLl.STHF + KFe(n--C.H0(CO)2 

KFe(r|-'-C5H5)(CO)2 (1.5 mmol, 0.32 g) in dry THF (20mL) was added to 

FeCl2-1.5THF (0.5 mmol, 0.12 g) in THF (20 mL) solution in a dry ice-acetone 

bath (-78 "C). After transferring the KFe(iî -C5H5)(CO)2, the mixture was stirred 

and the solution was frequently monitored by IR spectroscopy. After completion 

of the reaction based on IR analysis, the dark-red solution was separated from 

black solids by filtration. It was reduced and diffused with hexane for 

crystallization. After staying 24 hours at room temperature, black crystal was 

formed. The remaining black powder solid was taken for the KBr IR. 
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2. 7. 5. CoCI,+ KFe(Ti^C2H.)(CO)2 

KFe(tî -C5H5)(CO)2 (1.5 mmol, 0.32 g) in dry THF (20 mL) was added to 

CoCL (0.5 mmol, 0.07 g) in THF (20 mL) solution in a dry ice-acetone bath (-78 

"C). After transfen-ing the KFe(ri'-C5H5)(CO)2, the mixture was stirred and the 

solution was frequently monitored by IR spectroscopy. After completion of the 

reacdon based on IR analysis, the dark-red solution was separated from black solid 

by filtration. U was reduced and diffused with hexane. After staying 24 hours at 

room temperature, black crystal was formed. The remaining black solid was taken 

for the KBr IR. 

2. 7. 6. NiCl^+ KFe(Ti^-C,H0(CO)2 

KFe(r|̂ -C5H5)(CO)2 (1.5 mmol, 0.32 g) in dry THF (20 mL) was added to 

NiCL (0.5 mmol, 0.07 g) in THF (20 mL) soludon in a dry ice-acetone bath(-78 

°C). After transfeiring KFe(rî -C5H5)(CO)2, the mixture was sdrred and the 

solution was frequently monitored by IR spectroscopy. After completion of the 

reaction based on IR analysis, the dark-red solution was separated from black solid 

by filtration. It was reduced and diffused with hexane. After staying 24 hours at 

room temperature, black crystal was formed. The remaining black solid was taken 

for the KBr IR. 
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CHARTER III 

RESULTS AND DISCUSSION 

Metal carbonyl anions have been one of the most important reagents for the 

mixed-metal cluster synthesis, and many reactions for that research have been 

reported. This research mainly focused on the synthesis of the mixed metal 

clusters using salt elimination reactions between metal carbonyl anion and metal 

halide cation. Table 3.1 shows a summary about reactions between transition metal 

(Fe, Cr) carbonyl anions and transidon metal or Group 13 halides. 

Table 3.1. Reacdon summary between transidon metal (Fe, Cr) carbonyl anions 
and transition metal or Group 13 halides. 

Reaction : Carbonyl Anions + Metal Halides Group 13 Halides 

Na2Fe(CO)4 + EX, 

CrCl: 

Cr*'' (dme),BF4" 

Cr" (dme),(acac)BF4" 

BBr,, 

BF3 

GaCU 

Na2Cr(CO)5 + EX3 

TiCU CrCh MnCh 

CrCb, 

Cr**̂ ' (dme),BF4, 

Cr" (ether), (acac)BF4" 

FeCU CoCU PdCU 

KFeCp(C0)2+EX, 

VCI3 CrClj MnCU FeCf C0CI2 NiCl: 

BBr,, BF3 
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Even though not all of the intermediates were identified during the course of 

the reaction, by electron transfer between two metal compounds can explain well 

the chemistry of these processes. Table 3.1 summaries all reactions. Based on 

spectrum informadon of products, the formadon of mixed metal bond is 

considered as a potential intermediate step for some cases. 

3. 1. Na2Fe(C0)a + EX, (EX^: GaCU. BBr^. BF,) 

A variety of compounds containing bonds between low-valent transition 

metals and Group 13 elements have been prepared (Figure 3.1). 

(C0)4 (COU (COU 

THF//,, ^ ^ \ ,,,v\Cl TWO.. 7 \ ,,„x\Cl y ^ \ 

C \ ^ \ ^ " ^ T H F C\^'^\ / ^ ^ T H F ^r E ( ^ ^ B Br 
Fe Fe Fe 
(COU (C0)4 (COU 

(a) In, Ga - Fe Dimeric Compound (b) Proposed B-Fe Compound 

(COU <*̂ 0)4 

THP/,, / \ ,,,v\Cl / \ 
^,-^'Ga; GaC^„„p • "(0C)4Fe—Ga,^ Ga Fe(C0)4" 
C l ^ \ / ^ T H h \ / 

Fe Fe 
(CO)4 (COU 

(c) Proposed Ga-Fe compound 

Figure 3.1 Proposed Group 13 metal-Transidon metal carbonyl compounds 
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The recent interest in the chemistry of organometallic compounds with Group 

13 elements has led to research in the synthesis and characterization of new 

inorganic materials (Figure 3.1 a). The gallium(Ga) and indium(In) compounds 

({Fe(C0UGaCl(THF)}2, {Fe(CO)4lnCI(THF)|2) were previously made in B. R, 

Whitdesey's group in the 1990s by the reacdon of Na2Fe(C0U with ECI3 (E=Ga, 

In).5'-55 

Although Group 13 elements have much similarity in their chemistry due to 

their ns np valence electronic configurations, there are still significant differences 

between elements. Boron is always trivalent and does not lose electrons easily to 

form a cation. Instead boron forms covalent bonds, which makes boron a very 

interesting topic in inorganic research. In this research, the trihalide Group 13 

element compounds (EX3 : GaCU, BBr3, BF3) behave as Lewis acids, which can 

easily accept either neutral donor molecules or anions (Table 3.2 and Table 3.3). 

Table 3.2. IR frequency of the reaction between Na2Fe(CO)4 + GaCU in 3 different 
solvents. 

Reaction 

Na2Fe(CO)4/Et20 

+ GaCU/EtiO 

Na2Fe(CO)4/Et20 

+ GaCU/Et.O -^ THF 

Na2Fe(CO)4/THF 

+ GaCl3/Et20 -^ THF 

Observed IR Frequency (cm"') 

2097.61, 2080.66, 2025.41, 2016.57, 1993.74 

2089.50,2068.14, 1998.90, 1892.82, 1861.88 

2090.24,2074.03,2034.99, 1998.90, 1895.76, 

1861.88 
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Table 3.3. Reported IR frequency of Known Iron-Gallium Compounds. 

Known Iron-Gallium Compounds 

Fe2[H-GaCl(THF)]2(CO)8 

Fe2(|i-GaCl)2(CO)8-4NaCl 

Fe[GaCU(THF)]2(CO)4 

(a) 

(a) 

(b) 

Reported IR Frequency (cm"') 

KBr: 2101(w), 2080(m), 2033(s), 1993(s), 

1925(m, sh), 1890(m) 

THF: 2I02(w), 2079(s), 2016(vs), 1994(s), 

1933(s), 1893(vs) 

KBr: 2087(s), 2022(s), 1985(vs) 

THF: 2078(m), 2017(sh), 1994(s), 

1909(sh), 1892(s) 

KBr: 2995(w), 2899(w), 2098(w), 2082(s), 

2015(s), 1618(m), 1045(w), 879(w), 

745(w), 710(m), 618(s), 590(m) 

Ether: 2101(w), 2080(s), 2012(s) 

*a : reference 51, *b : reference 55 

By analogy with the syntheses of known iron-gallium compounds. With an 

expectation about the synthesis of the same serial group 13 compounds in this 

research, BBr3 and BF3 were used in an attempt to make Fe-B-Fe bonding (Figure 

3.1. b) with Na2Fe(CO)4,̂ ^̂ ^̂  in particular, the compound shown in Figure 3.1 (b). 

The IR analyses of Fe(C0)4"" reacdon mixture with BX3 mainly show Fe(CO)5, 

Fe3(CO)i2 and HFe3(C0)ii" peaks in the different solvent systems. Reported 

reference data for these compounds are listed in Table 3.4. Because no iron-boron 

compounds were isolated after many attempts, the investigadon was discontinued. 
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Table 3.4. IR frequency of the reacdon between Na2Fe(CO)4 and BX3 (X=Br, CI) 

Reaction 

Na2Fe(CO)4/THF + BBrj/THF 

Na2Fe(CO)4/THF + BBr3/THF + 

Li(CH3)3 

Na2Fe(CO)4/THF + BBrs/THF + 

PhC^CM (M=Na, K) 

Na2Fe(CO)4/THF + BF3/THF + 

Li(CH3)3 

IR Frequency'' (cm"') 

2064.46, 1993.63, 1994.48, 1976.06, 1953.22 

2026.52,2017.51, 1963.39, 1930.39, 1906.08 

2065.19, 2054.88, 2035.73, 2021.73, 2009.21, 

1976.80, 1952.49, 1896.50 

2000.00, 1986.74, 1958.01, 1920.44, 1877.35, 

1853.04, 1829.83 

*a : data taken in THF solution 

The Ga-Fe compound of Figure 3.1 (c) was previously synthesized in 

Whittlesey's research group. An attempt was made to prepare a larger iron-gallium 

cluster using (Fe2[)a-GaCI(THF)]2(CO)8) '̂ as starting material. The preparation of 

Fe2[^-GaCl(THF)]2(CO)8dimer was attempted. Although the infrared spectmm of 

the reaction mixture matched the reported spectmm,^'' ^̂  the yellow hexagonal 

crystalline product was not obtained. 

Table 3.6 shows IR spectra for reactions of transition metal anions with 

chromium cation compounds prepared by several ways. The interesting result of 

this study is that a similar reduction/oxidadon pattern is observed in which a 

neutral metal carbonyl compound (Fe(C0)5and Cr(CO)h) and a carbonyl Hydride 

compound (HFe(COU , HFe3(C0)i,", HCr2(CO)io"; Table 3.4, Table 3.5, and Table 

3.6) is obtained. 

37 



Table 3.5. Reported IR frequencies of Iron carbonyl compounds. 

Compound 

Fe(CO)5 

Fe3(CO),2 

Na2Fe(C0U 

NaHFe(COU 

HFe3(CO),, 

IR Frequency (cm"') 

2114.13(w), 2019.65(s), 1993.7 l(vs) in THF solution 

2045(vs), 20I5(m), 1850(br) in THF solution 

I77I(w). 1729(vs) in HMPA solution 

2000(w), 1915(m), 1880(s) 

2064(vw), 2045(w), I999(s), I993(s), I974(m), 

1953(w), I940(w), I747(w) 

Reference 

(b) 

(c) 

(d) 

(e) 

(0 

*a : solution spectrum data, *b : lab data, *c : lab data, *d : ref 56, *e : ref 57, *f: ref 58 

3. 2. Na2Cr(C0). + MXn (TiCU, CrCU, MnCU. FeCk CoCL, PdCU) 

In reactions Na2Cr(CO)5 and metal halides, the major products were 

HCr2(CO)io' and Cr(C0)6. The reactions with early transition metal halides (TiCU, 

CrCU, and MnCU) gave complicated results, and the reacdons with FeCU, CoCU, 

and PdCU produced black metal powder precipitates. Table 3.7 shows IR data for 

the reaction of Na2Cr(CO)5 and metal halides. Reference IR frequencies for 

Chromium carbonyls (NaHCr2(CO)io', Cr(C0)6, Cr(C0)5 THF, and Cr(C0)5"Cl) 

listed in Table 3.8 were used for the data analysis. The spectmm in Figure 3.2 and 

Figure 3.3 shows major product information in the reaction of Na2Cr(CO)5 with 

MnCU and CoCU. 
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Table 3.6. Infrared spectra of chromium cation reactions with transition metal 
anions. 

Reactant 

CrCU 

Cr(dme)x(BF4)v 

Cr(acac)x(solvent)y(BF4")z 

v(CO) of the reaction 

with Na2Fe(CO)4 

'^200.18(m), 1992.82(w), 

1975.32(vw), 1939.41(vw), 

1915.47(w), 1892.45"(s), 

1878.64(vs), 1858.73(m) 

''I998.34(m), 1971.82(w), 

1908.47(m), 1879.01(vs), 

''2114.45(vw), 2020.70(m), 

1998.44(vs), 1759.38(w), 

1730.08(m) 

'2064.64(w), 2021.02"(w). 

1999.2(s), 1995.09(s), 

I972.69(w), 1952.65(w), 

1940.86(w), 1907.86(m), 

1877.80(vs) 

v(CO) of the reaction 

with Na2Cr(CO)5 

'^2032.04(m), 

1982.32(sh), 

1941.80(vs), 1879.19(8) 

'^2032.41(8), 1982.14(vs), 

1939.59(vs), 1879.01(m), 

1957.83(vw), 

1730.76(w) 

'2031.04(w), 

1981.53(vs), 1940.67(8), 

1878.59(m), 1759.72(w), 

1726.13(w) 

*u : unidentified frequency 
*a : dme solvent *b : hexane solvent *c : ether solvent *d; thf solvent 
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Table 3.7. IR frequency of the reacdon between Na2Cr(CO)5 + EX^ and reference 
data of known chromium carbonyl compounds 

Reaction 

Na2Cr(CO)5 + 

TiCU 

Na2Cr(C0)s + 

CrCU 

Na2Cr(CO)5 + 

MnCU 

Na2Cr(CO)5 + 

FeCU- 1.5THF 

Na2Cr(CO)5 + 

CoCU 

Na2Cr(CO)5 + 

PdCU 

Frequency (cm"') in THF solvent 

2072.93,2029.83,2017.68, 1980.11, 1939.23, 1878.45, 

1835.36, 1780.11 

2074.03,2030.94,2017.68, 1981.22, 1939.23, 1889.50, 

1835.36 

2030.94,2011.05, 1980.11, 1959.12, 1940.33, 1918.23, 

1893.92, 1883.98, 1853.04, 1804.42, 1754.70 

2073.48,2016.90, 1981.53, 1939.10, 1884.28, 1836.54 

2072.30,2001.54, 1979.96, 1937.72, 1885.66, 1832.61, 

1645.97 

1979.01,2020.99 

Table 3.8. Reference IR frequency of known chromium carbonyl compounds 

Reaction 

NaHCr2(CO)io" 

Cr(C0)6 

Cr(C0)5- THF 

Cr(CO)5"Cl 

Na2Cr2(CO)io 

Frequency (cm" ) in THF solvent 

2032(w), 1942(vs), 1879(8) 

2021.73(w), 1980.48(vs)inTHF 

2073.00, 1937.50, 1895.50 

2058(w), 1932(8), 1864(m)inTHF 

19I0(sh), I885(vs), I820(m), I810(8h), 1740(m) in THF 

Ref 

(a) 

(b) 

(c) 

(d) 

(e) 

*a : ref 59, *b : lab data, *c : ref 60, *d : ref 61, *e : ref 59 
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Figure 3.3. IR spectmm of the reacdon of NaCr(C0)5 with CoCU 

Generally, 2" charged chromium loses electrons to form a Cr° or Cr", and some 

of the positive charged transition metals are reduced by transferred electrons. In 

the reaction of FeCU with Cr(C0)5,'" the major products were Cr(C0)6, 

HCr2(CO)io", and iron metal. In the reacdons of Cr(C0)5^" with CoCU and PdCU, 

the products are almost same as in the reaction of FeCU with Na2Cr(CO)5, except 

for changes in the relative intensities of IR frequencies of Cr(C0)6 and 

NaHCr2(CO)io or the reaction times for the two reactants. The electron transfer 

between CoCU or PdCU and chromium carbonyl anion was rapid. However, 

because the spectra for this reaction were not measured frequently as in the 

reaction with MnCU and Na2Cr(CO)5, and all KFeCp(C0)2 reactions, U is difficuU 
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to quantify the rate differences between different reactants. The slight differences 

in spectmm intensities could be caused by missing the exact time of reaction 

completion. 

The IR spectra of the reaction of Cr(CO)s-" with MnCU were obtained over 

short time intervals to obtain some information about the course of the reaction. 

The initial products were Cr(C0)6 and NaHCr2(CO),o,.with unidendfied at peaks 

at 1828.88, 1772.89, 1918.27 cm"'. Over a reacdon period of 10 to 30 minutes, 

though the Cr(C0)6 peaks showed a large decrease and peaks at 2073, 1937.5, 

1895.5 cm"' corresponding to Cr(CO).̂  THF increased in intensity, HCr2(CO)io 

peaks were mainly showed during all of the period. This reladve peak intensity 

and its change gives a hint as to the mechanism of the reacdon. Cr(C0)5 THF is 

assumed to be formed from Cr(C0)5-" and THF As U is mentioned in the 

references, Cr(C0)5 THF is not a stable compound, so it does not stay longer than 

a week at a room temperature. When the IR spectrum was taken again after some 

weeks, only NaHCr2(CO)io and Cr(C0)6 were observed. Two different types of 

crystals, colorless needles and orange orthorhombic crystals, were obtained by 

recrystallization from the reaction mixture. Because of their small size, the crystals 

were not suitable for analysis by X-ray diffraction. Although most of the reactions 

with transition metal halides gave the same products (NaHCr2(CO)io and Cr(CO)6) 

in the reactions with TiCU, CrCf̂  MnCU, there was not complete reducdon to the 

metals by the chromium carbonyl anion. These results are similar to the 

KFeCp(C0)2 and EX„ reacdons. It seems that the differences in solvent-metal ion 

affinity and reduction potentials caused incomplete reduction in the reacdons Ti,**̂  
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Cr, Mn- cations. Based upon the spot test analysis, it was very difficult to tell if 

Mn- was present in solution, because the spot test for Mn""̂  is very sensUive. The 

solutions in the 3rd and 4th experiments showed posidve test results, however, in 

5' experiment, Mn"̂  was not detected in the soludon of the products. Fe, Co, and 

Pd were reduced to metal powders by electron transfer from chromium carbonyl 

anions. CrCU and MnCU did not appear to accept electrons in a stoichiometric 

ratio. Each CrCU accepted one electron from the anion (Cr(C0)5-") to produce 

CrCU as a solid in the flask after reduction. The solid products in the reaction with 

MnCU weren't analyzed by elemental analysis, but it is also considered to have a 

type of reduced Mn compound in brown colored solids after electron transfer. The 

solid shows a strong posidve result in the Mn spot test. 

Boron has an unoccupied position that can accept electrons to make a new 

bond with transition metal carbonyl anions. As in the Na2Fe(CO)4 reaction, boron 

halides (BBr3, BF3) reacted with Na2Cr(CO)5 in a 1:1 rado. Based on the IR 

spectra, both reactions with boron halides mainly made NaHCr2(CO)io and 

produced colorless needle crystals that need further analysis. 

3.3. KFeCp(C0)2 (=KFp, Cp=cvclopentvl, (TI'-C.HO) + MXn (VCU, CrCU, 

MnCk FeCU. CoCU, NiCU) 

These reactions seem to proceed initially to foiTn bonds between two irons and 

metal halides. The suggested intermediate stage is represented in Figure 3.4. 
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P-^H Fp-M-^Fp ->) ̂ P" 

Fp-'^^Fp rV" 
Fp2 

Figure 3.4. Intermediate state having metal-metal bond 

The two reacdon pathways in Figure 3.4 explain the formadon of the observed 

products (Fe(n -̂C5H5)(CO)2H and [FeCp(CO)2]2) in most of the reactions. These 

unstable intermediates form either Fe(rî -C5H5)(CO)2H or [FeCp(CO)2]2, 

depending upon the affinity between the THF solvent and the metal cation. Rapid 

electron transfer from the Fe(r|̂ -C5H5)(CO)2"(=Fp") anions to CpFe(CO)2", 

CpMo(CO)3, CpCr(C0)3", Re(C0)5, Mn(C0)5", Co(CO)4 was well explained by 

Atwood's carbonyl anion kinetic studies."*̂  Generally, in Atwood's research of 

most electron transfer reaction, the product does not form the odd electron 

species. 

In the reactions of Fe(ri'*-C5H5)(CO)2 with MXn, even though there are some 

variable results depending on metal chemistry, most of the reacdons have [Fe(r|"''-

C5H5)(CO)2]2̂ "̂  and reduced metals as the major products. Those results are similar 

to those obtained in Atwood's study, however, based on IR analysis, the reactions 

initially pass through mixed-metal cluster formation. Largely, the reactions can be 

categorized into two groups depending on whether or not there is complete 

reduction of the metal, and the results are similar to the reactions between 

Na2Cr(CO)5 and EX„. Reactions of chromium and manganese chlorides with 

KFe(q'-C5H5)(CO)2 did not show any reduced metal powders after compledon of 

45 



the reaction. As can be seen in Table 3.9 of the standard reduction potentials, the 

resuUs of this research generally can be explained according to the value of 

standard reduction potential. On one hand, based on the general reduction 

potential values in Table 3.9, Pd'U Ni"", Co"", and Fe'^ can be easily reduced to 

the elemental metals of Pd", Ni", Co", and Fe". Therefore, they will receive 

electrons from CpFe(C0)2" anions, which then combine with each other to make 

[Fe(q--C5H5)(CO)2]2. On the other hand, Cr"*̂  and V "̂ are expected to undergo a 

partial reduction. (Cr̂ ^ -^ Cr\ V̂ ^ -^ V'^) Since Mn"̂  has an especially low 

reduction potential, it seems to remain as mixed metal cluster rather than being 

reduced to the metal. As shown in Figure 3.4, in this unstable metal cluster the 

iron carbonyl has more affinity to acidic hydrogen; therefore, it mainly forms the 

hydride compound, Fe(r|̂ -C5H5)(CO)2H. 

Table 3.9. Standard Reduction Potentials of U' row transition metals and palladium 
at 25 "C. (e° volts) 

Ti" 
/Ti 

-1.63 

3.3. 

V'" 

/v 

-1.20 

1. VCU 

Mn'" 
/Mn 

-1.18 

+ 3KF 

Cr" 
/Cr 

-0.91 

p ^ F p 

Ti" 
/Ti" 

-0.90 

)CI, FDI 

Cr" 
/Cr 

-0.74 

T , F p . 

Fe'" 
/Fe 

-0.44 

Cr" 
/Cr" 

-0.41 

Co' 
/Co 

-0.28 

V " 

-0.26 

Ni'" 
/Ni 

-0.25 

Pd'" 
/Pd 

0.99 

During the reaction of VCU with KFe(Tî -C5H5)(CO)2 at -78 T , FpCl(Fe(q^-

C5H5)(C0)2C1), was detected in the IR spectmm inidally, but its presence was not 

observed after one hour. After 24 hours, the reaction was complete and did not 

show any further changes in the IR spectmm. The dark-red soludon showed only 
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two peaks belonging to Fe(Tî -C5H5)(CO)2H, and [Fe(Ti-'-C5H5)(CO)2]2. After 

several days at room temperature, the solution showed the same peaks. Filtration 

of the finely powdered products was not easy The solids were dried under vacuum 

and the solid state IR spectmm was taken in a KBr pellet (Figure 3.5 and Table 

3.10). 

Fp-^Fp- +e"(ref53) 

VCU + e' ^ VCU + c r 

Fp- + Fp- -^ Fp2 

Fp- +Cl"-^FpCl + e" 

Fp"(Fp2M-THF) + H^(Fp2M-THF) 

Scheme 3.1. 

FpH 

-f-T 1 
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Figure 3.5. IR spectmm of the reacdon of KFe(Ti-'-C5H5)(CO)2with VCU 
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Electron transfer between Fp anion and V̂ ^ of the initial mixed metal 

compound proceeded within a few hours. The reduction potendal value for V̂ "" + 

e -^ V (Table 3.9) explains this partial reduction. During the reduction processes, 

FpH was observed as a product, similar to the other reacdons in which the metal 

was partially reduced. (C1CI3 and MnCU reaction) Based on the reducdon 

potential value of Table 3.9, the relative difference in the reduction of V "̂ to V""" 

and V- to V can be compared to explain this reaction. However, unlike the 

chromium and manganese reacdons, as time passed by, the intensity of IR 

frequency changed. The intensity of the peaks for the dimer compound increased 

and those of FpH decreased. Considering the previously reported decomposidon 

of FpH to Fp2 and H2'̂ ,̂ the relationship between FpH and Fp2 seems to be more 

complicated. Though generally, the decomposition was reported to be rapid, in 

most of these reactions between KFp and MXn, the decomposition was not 

observed in the absence of vacuum. Therefore, the transition from FpH to Fp2 

might be explained by decomposidon or it might be due to other reasons. Usually, 

the Fp2 dimer was expected to be a product in the reaction of seventeen-electron 

compounds, but the FpH initially obtained in the partial reduction of several metal 

halides seems to be a more competidve pathway, depending on the environments. 

In this research, most of the reactions have interesting hydride products. The 

source of the hydride is believed to be the acidic hydrogen on the coordinated 

solvent THF. As described at Figure 3.4, because of the weak donor bonding 

between the oxygen of the THF solvent and the metal cation, the hydrogen on the 

THF will be more acidic and labile. This suggests the potential for giving a 
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hydrogen to the Fp anion bonded to the vanadium metal. This mechanism was 

suggested to explain the existence of the hydride compound. There are some 

references about hydride fonnation from solvent THF. However, the possibility of 

an external source such as water coming from the metal halide reactant or the 

glassware cannot be excluded. The hydride source and the presence of radical 

species were not determined experimentally. However, several experiments were 

done to detect H in the reaction of MnCU with KFp. As expected from the 

reduction potendal values, the CrCU and MnCU reactions show a different pattern 

from the Fe, Co, Ni reactions. Chromium and manganese were not reduced to Cr" 

and Mn" metal, and additionally, FpH was a major product. Though the reaction 

was performed at -75 °C, the reduction-oxidadon occurred immediately after 

mixing the two reactants. Except for slight changes in peak intensities, generally 

the IR showed the same absorptions. 

3.3.2. CrCU + 3KFp -^ Fy. + FpH +FpCl + CrCl^+ unknown 

Fp" —> Fp- + e" 

CrCU + e" ^ CrCU + CI" 

Fp- + Fp- -^ Fp2 

Fp- + C r ^ F p C I + e" 

Fp"(Fp2M-THF) + H^(Fp2M-THF ) -> FpH 

Scheme 3.2. 

The IR spectmm was frequently measured to monitor changes. The IR 

information is presented in Table 3.10 and Figure 3.6. 
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Figure 3.6. IR spectmm of the reaction of KFe(rî -C5H5)(CO)2 with CrCU 

The reaction was completed after a day to produce the hydride compound and the 

dimer as the major products. When the reaction flask was allowed to stand over a 

week, there was no difference in the spectmm. The black solution was filtered and 

the volume of the solution was reduced under a vacuum, and hexane was carefully 

diffused over the solution. When the hexane was diffused, the black soludon 

showed a clear separation into green solids and a dark-red soludon. This is 

considered to be indirect evidence of the instability or intermediate character of 

the mixed-metal product formed initially The black solution may be composed of 

an unstable, weak metal-metal bonded inteimediate that can decompose only to 

CrCU and Fp2 similar to Atwood's result. In the analysis of the products in this 

reaction, there are two interesting observations to be considered. The first is the 
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question about the hydrogen source for the product hydride compound. The 

second question is about the solvent effect between hexane and THE Based on the 

experimental data, the two seem to be related to each other. At first, like the other 

transition metal halide reactions, the bonded Fp" anion will rapidly give an electron 

to the chromium cation. Because of the reduction potential, it undergoes partial 

reduction from Cr̂ "̂  to Cr""". The Fp anion then becomes a radical after giving an 

electron, and some CrCU will precipitate after accepdng the transferred electron. 

Chromium is a strongly oxophilic metal, so it possibly makes a bond between the 

halides and the oxygen on the THF. In the complex in which THF is bonded to the 

chromium, the hydrogen on the THF will be more acidic. That will make easier for 

Fp radical or anion to abstract the hydrogen from THF. Similar research was done 

in acetonitrile solutions by Atwood's group, but his research does not mention 

hydride compounds. Based on the comparison of these two studies, the bonding 

through oxygen on THF can give a very reasonable explanation for the difference 

in products. That also indirectly explains the significant amount of hydrides, 

especially in the reactions involving the oxophilic transidon metals (Cr, Mn). The 

separation of the mixed-metal compounds into CrCU, salt, and Fp dimmer is 

similar to Atwood's results. This can also explain the formadon of the inidal 

intermediate mixed metal cluster and the partial reduction of the metal halide. 

Generally, FpH is known to decompose easily to give Fp2 and H2."'* In the 

vanadium reactions, the FpH was expected to decompose over time. However, the 

hydride remained after several weeks without significant change, even after 

heating to over 70 °C. After the solvent volume was reduced under vacuum, the IR 
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spectmm showed an interesting change from almost FpH to only Fp2. Because 

FpH is a volatile compound, it is most likely removed under vacuum. In all of 

these reactions, because the filtered mixture soludon was reduced in the vacuum 

for the crystallization, U's possible to lose FpH and have most of Fp2 product in 

the filtered soludon. 

A big dark crystal in the solution flask showed different frequencies with Fp2 

dimer. Some amounts of green solids were separated at the first filtration and after 

hexane diffusion again. From the reduced solution, there were fine blue crystals 

that are still in growing. But there was not extra analytic experiment for crystals. 

3.3.3. MnCU+ 2KFp -^ Fp, + FpH + CUMn—THF 

Fp" -^ Fp- -I- e" 

Fp- + Fp- -^ Fp2 

Fp" (Fp2Mn-THF) + H^ (Fp2Mn-THF ) -> FpH 

Scheme 3.3. 

Like the CrCU reaction, the MnCU reaction does not produce any reduced 

metal powder. This is reasonable based on the reduction potential. The solid 

product may not be not a partially reduced compound but an intermediate mixed-

metal cluster. Like the other reactions, the mixed-metal cluster makes bonds with 

solvent THF. The solid was not analyzed further, but the final solid was a gel that 

can be considered a kind of polymer between THF and the transUion metal 

compounds or a ring-opened THF—MnCU compound. From the beginning, FpCl 
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and FpH were observed, together with the Fp2 dimer. Table 3.10 and Figure 3.7 

shows the IR infomiation for this reaction. 
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Figure 3.7. IR spectmm of the reaction of KFe(Tî -C5H5)(CO)2with MnCU 

The reaction was completed within an hour and showed a similar IR frequency 

pattern to the other reactions. After 30 hours, the reaction soludon showed a slight 

increase of Fp2 dimer peaks and a decrease of FpH peaks, which is expected for 

FpH decomposition. Comparatively the general decomposition was rapid. 

However, the decomposidon did not proceed completely similar to the CrCU 

reaction and the final solution has major peaks due to FpH. Even after a week, the 

IR data does not change. 
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Although the IR spectmm matched the reference data (2013, 1949) for FpH, the 

M-H stretch absorption was obscured by M-H frequency for about metal hydrides 

could not larger CO peaks. 

The presence of FpH in the reacdon of MnCU with Fp" was determined by 

instmmental methods and chemical tests. In order to obtain NMR data for metal 

bonded hydrogen (M-H), the sample was dried under vacuum prior to adding the 

deuterated solvent. Some of the dried sample was re-dissolved in THF and the IR 

spectmm was recorded for a comparison. However, the peaks due to FpH had 

disappeared and the IR spectmm showed only Fp2 peaks. Even though another 

sample was evaporated in a NaCI-ice bath at -16 "C, because FpH is characterized 

as a stable liquid below -10 "C, the hydride compound still could not be kept in the 

sample after vacuum process, so NMR spectmm was obtained. 

The chemical properties of transidon metal hydrides were then examined to 

determine a chemical test for FpH. Based on a search of the chemical properties, 

two reacdons showed the possibility to confirm hydrogen.; hydride reactions with 

ecu , and reacdons with conjugated olefin compounds such as isoprene. The 

reacdon with CCU produces CHCU, which can then be idendfied by its NMR or 

IR spectmm or by GC/MS. However, in this case the low concentration and 

solvent interference prevented the detection of the CHCI3. Similar problems 

existed for the hydrogenadon of the isoprene. However, in the reacdon with CCU, 

the e c u addition changed the peak intensities for the two representative peaks of 

FpH and FpCl. 
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A gradual decrease of the FpH peak at 22013.59 cm"' and an increase of the FpCl 

peak at 2048.62 cm"' indicated that the following reaction was taking place : 

CpFe(C0)2H + e c u ^ CpFe(eO)2Cl + CHCU 

Table 3.10. IR frequency of the reaction of KFeCp(C0)2 with MXn 

Reaction 

VCU + KFeCp(CO)2 

CrCU + KFeCp(CO)2 

MnCU + KFeCp(CO)2 

FeCU + KFeCp(C0)2 

CoCU + KFeCp(CO)2 

NiCU+KFeCp(C0U 

Infrared Spectmm (cm"') 

2045.97(vw:first 1 hour), 2012.57(m), 1991.94(v8), 

1951.67(8), 1782.71(v8) 

2048.62(vw), 2013.33(v8), 1993.00(m), 1952.33(s), 

1888.6l(m: within 3 hours), 1782.20(m) 

2048.62(vw), 2013.59(m), 1993.20(m), 1951.46(v8), 

1781.55(8) 

2048.62(vw), 20I2.77(m), 1993.12(vs), 1952.26(s), 

1782.51(v8) 

2012.45(vw), 1992.02(vs), 1952.14(8), 1886.96(8), 

1843.19(8). 1781.91(vs) 

1993.00(8), 1952.65(m), 1781.79(8) 

3.3.4. FeCf. eoCU. and NieL+ 2KFp -^ Fp^+ M (Fe. Co, Ni) 

Fp" —>• F p - -I- e" 

MCU + 2e" -> M (Fe, Co, Ni) + 201" 

Fp- + Fp- -^ Fp2 

Scheme 3. 4. 
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At the beginning of the reacdon of Fp" with FeCU, the IR spectmm shows small 

amounts of hydride compounds existing as a product. Within 2 hours, Fp2 dimer 

becomes the major product and the hydride peaks disappeared. After 6 hours, the 

reaction was completely done. The solid material contained powdered iron that 

was attached to the stirring magnet. The presence of iron metal was confirmed by 

a spot test using potassium thiocyanate. During the reacdon, a very weak peak due 

to FpCl was also detected. The reaction occurred very quickly. After filtradon, two 

unidentified small peaks were detected in the IR spectmm of the soludon (Figure 

3.8). The peak at 1972.55 cm"' appeared during the first 5 minutes as a shoulder. 
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Figure 3.8. IR spectmm of the reacdon of KFe(r|'-C5H5)(CO)2 with NiCU 

In the reaction between CoCU and KFp, the main product was Fp2 dimer and 

the reaction was finished within two hours. After twenty hours, the hydride peak 
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completely disappeared and the solid contained black reduced metal powder. 

Dimer, reduced metal, hydride, and salts were obtained as products of FeCU 

reacdon. The reacdon between NiCU and KFp was similar to those with CoCU and 

FeCU. The solution shows only Fp2 peaks in the IR spectmm after 38 hours. Even 

though it shows some hydrides peaks at the beginning steps, the reaction clearly 

progressed to give dimer products. This infomiation indicates that there was a 

stoichiometric electron transfer between NiCU and KFp. The Atwood group 

explained their similar results as being due to outer-sphere electron transfers. Ni 

metal powder remained in the solids, and there was no carbonyl compound data of 

Fp in the KBr IR spectmm. 

In the reactions between KFp and the early transition metal halides, MnCU and 

CrCU, FpH was a major product and there was no reduced metal. On the other 

hand, the VCI3, FeCU. CoCU, and NiCU reacdons gave Fp2 and reduced metal. As 

shown before in Figure 4, most of the reactions appear initially to make a metal-

metal bond between the cationic transition metal halides and iron carbonyl anions. 

The difference in products is caused by variables of solvent, reduction potendal 

and transition metal properties. 
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