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ABSTRACT 

The study of the salt elimmation reactions of transition metal chlorides with 

tetracarbonylferrate, tetracarbonylcobakate and pentacarbonylmanganesate to synthesize 

xenophilic complexes in which the Type A metal has neutral Ugands was carried out. The 

reduction-oxidation reactions in which electrons were transferred from the 

pentacarbonyl-manganesate and tetracarbonylferrate anions to the transition metal cations 

hindered the formation of the metal-metal bond between transition metals. In the 

reactions of transition metal chlorides with tetracarbonylcobaltate anion no reaction 

occurred unless tetracarbonylcobaltate anion yielded anionic carbonyl cobalt clusters 

when the less polar solvents replaced THF (THF = tetrahydrofuran). The exception was 

that the Group 4 metal chlorides reacted with tetracarbonylcobaltate anion to yield the 

hydrotetracarbonylcobalt. The introduction of pyrroUdine reduced the oxidation 

potentials of Group 7, 8 metal cations so that the synthesis of xenophilic complexes was 

possible. 

In the reaction of an equal molar mixtvire of trimethyl and triethyl indium with 

octacarbonylcobalt that generates ketone, the statistical distribution of ketone products 

was obtained. The pathways for such reaction are proposed. 

The compound Mn2(CO)8(C4H9N)2 (C4H9N = pyrrolidine) has been synthesized by 

placing Mn2(CO)io into hexanes containing pyrrolidine. A single crystal X-ray structure 

determination shows the pyrrolidine molecules attach to the manganese atoms in the 

equatorial position. The bond length between manganese atoms is 2.9415(7) A, longer 

IV 



than that in Mn2(CO)io and in diaxial substibuted Mn2(CO)io. This is the first 

disubstituted Mn2(CO)io by monodentate nitrogen ligand that has trans-equatorial 

geometry. 
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CHAPTER I 

INTRODUCTION 

LI Svnthesis of Xenophilic Compounds 

Transition metal clusters have been mvestigated kitensively since the 1960s. They 

are defined as complexes of two or more transition metals and their accompanying 

Ugands that contain at least one metal-metal bond. A major motivation for studying these 

compounds is "to provide new families of catalysts that may and do exhibit novel or 

unique catalytic capabilities and specificities."' Cotton and Wilkinson stated that "the two 

general types of metal cluster compounds, which may be loosely called the 'lower halide' 

type (Type A) and the 'carbonyl' type (Type B), differ from each other in many ways, 

and there is little in the way of chemical reactions to interrelate them"^ The "lower 

halide" clusters are generally made up of cationic early transition metals in moderately 

low formal oxidation states of 2+ or 3+ that are bound to anionic Ugands such as haUdes, 

alkoxides, or carboxylates that can act both a- and ;r-donors.^ The "carbonyl" type 

contain later transition metals with zero or negative oxidation states that are attached to 

;r-acid Ugands such as carbon monoxide, isocyanides, nitric oxide, phosphines, olefins (in 

particular cyclopentadienyl and benzene).^ The exceptional cases in which complex 

fragments of the two types are directly bonded to each other with a metal-metal bond 

"have attracted some attention but yet remained at the margin of an otherwise mature 

field of research."^ 



In an attempt to investigate the reactivity of an unusual transition metal cluster 

containmg two seven-metal-atom planes, [Mn{Mn7(THF)6(CO)i2}2] (I) / Dr. Harakas 

successfully isolated {//-Mn(THF)2Fe(CO)4}2 (II) in moderate yield from the reaction of 

[Mn{Mn7(THF)6(CO)i2}2] with Fe(C0)5.^ With the structural characterization of II, 

Mn3(THF)2(CO)io (III) and I, the term xenophile (stranger-lovmg) was proposed for this 

class of clusters in which both "carbonyl" type and "lower halide" type transition metal 

fragments are attached via direct metal-metal bonds. 

Xenophilic compounds have been defined as "a class of compounds containing 

polar metal-metal bonds in which two transition metals with open d-shells form a direct, 

unbridged bond between a metal center attached to ;r-acceptor Ugands and one which is 

boimd only to donor Ugands that have no ;T-acceptor capabilities."* Accordmg to this 

definition, the group of xenophilic compoimds includes both hetemuclear "early-late" 

transition metal clusters as well as homonuclear compounds in which two metal centers 

are the same element but differ in the type of Ugands attached. Transition metals of group 

11, 12 as type A metal center are excluded because these metal centers are more likely to 

have closed d-shells and are therefore to have more in common with the transition metal 

clusters containing main group elements. 

A great majority of the more than 60 known xenophilic clusters are the "early-late" 

transition metal clusters in which a group IV metal center boimded with alkyl, alkoxy, 

amido, and imido Ugands is attached to one or two fragments of carbonyl metaUates or 

derivatives of the late transition metal. Because early transition atoms generally have 

Lewis acidic character and have higher oxidation states, they require an appropriate 



group of Ugands that have hard a and/or n donor Ugands, e.g., alkoxy, amido, imido and 

oxo. "These chemically hard charged Ugands not only meet the electronic demands of the 

Lewis acidic center to which they are bound but at the meantime stabilized the oxidation 

state of this coordination center and thus suppress degradation by single-electron transfer 

process."^ The theoretical studies on the xenophilic model compovmd [(H2N)3Ti-

Co(CO)3(PH3)] showed that high partial charges assigned to the complex fragments of 

greater than 0.5e were estabUshed, which emphasized the highly polar character of the 

Ti-Co bond.'*^ 

The most common synthesis of this type of xenophilic compound is via sak 

elimination, the most widely used method that involves the reaction of an early transition 

metal halide with an alkali metal salt of an ionic late transition metal complex (mostly 

carbonyl metalates)."'^ The elimination of a less polar molecule, i.e., an alkane or an 

amine, is a useful alternative sjoithetic strategy in the reaction of tetraalkyl, tetraamido or 

tetraalkoxy transition metal species with a late transition metal complex containing 

hydride.'^'^ 

Some other xenophilic compounds, in which type A metals having neutral Ugands 

are directly bonded to carbonyl metalate fragments, have been synthesized, and their 

structures are shown in Figure 1.1. Besides the xenophilic complexes prepared by Kong^ 

and Harakas,' Dehand et al. synthesized complexes /ra«5-Pt(py)2[Co(CO)4]2 (IV) and 

/ra«5-Pt(py)2[Mn(CO)5]2 (V) (py = pyridine) in which contain metal-metal bonds 

between atoms that are attached to carbonyl groups and atoms that are bonded solely to 

pyridine Ugands.'^ An Italian research group lead by G. Fachinetti reported two very 



intriguing species, [(py)2FeFe(CO)4]2'* (VI) and [(OC)4CoCo(py)3][Co(CO)4]'' (VII), 

and reactions of these compounds indicated that they produce metal-pyridine cations and 

metal carbonyl anions in solution that are then held together by electrostatic attraction. 

For this reason, they were termed "homonuclear ion pair (HNIP)" clusters.'* A few years 

later, [(//-OEt)(py)CoCo(CO)4]2 (VIII) and (//-OEt)(//-02COEt)[(py)CoCo(CO)4]2 (IX) 

were synthesized.'^ An Extended Hiickel Molecular Orbital (EHMO) study of VI 

supported the notion of essentially covalent donor-acceptor metal-metal bonding with 

almost equal charge distribution between the [(py)2Fe] and [(C0)4Fe] centers.^'' In the 

same paper, it is interesting that an unstable species Fe4(CO)8(THF)4 (X), the THF 

analogue of Fe4(CO)8(py)4, was characterized by IR spectroscopy and was found to be 

paramagnetic with a magnetic moment corresponding to "two unpaired spins" while the 

pyridine complex had no EPR signal. 

This set of xenophilic complexes shows some different properties compared to the 

xenophilic "early-late" complexes. All the Type A metal centers are bonded with neutral 

Ugands or solvent molecules rather than anionic donor Ugands. This is probably due to 

their lower formal oxidation charges or weaker and softer Lewis acidity. The shorter 

metal-metal bonds and relatively lower carbonyl stretching frequencies, which are close 

to these observed for a carbonyl anion rather than the neutral species, indicate that "the 

direction of electron donation proceeds from the metal with odonor Ugands to the metal 

with ;r-acid Ugands."* This is opposite to the electron donation proceeding from low-

valent metal to high-valent metal in "early-late" xenophilic complexes. While aU these 

xenophilic complexes are highly electron-deficient on the type A metal center based upon 



the 18-electron rule, those complexes where the Type A metal is bonded to THF are 

paramagnetic due to the unpaired d-electrons ui Type A metal center. 

The syntheses of xenophilic complexes in which both metal centers are in low 

oxidation states are as not systematic as those of the "early-late" xenophilic complexes. 

However, they can be organized as foUows: 

i. Salt elimination reaction of a metal halide with a carbonyl metalate in the 

presence of a stoichiometric amount of pyridine.'^'^° The reactions are shown m 

Eq. 1.1. 

/ra«-Pt(py)2Cl2 + 2 NaCo(CO)4 -^ trans-Vt(py)2[CoiCO)4]2 (IV) 

/ra«-Pt(py)2Cl2 + 2 NaMn(CO)5 -^ /ra/w-Pt(py)2[Mn(CO)5]2 (V) 

2 FeCl2l.5THF + 2 Na2Fe(CO)4 + 4py -> [(py)2FeFe(CO)4]2 (VI) 

Eq. 1.1 Syntheses of Xenophilic Complexes by SaU EUmination 

ii. The reaction of a neutral metal carbonyl with an excess amount of pyridine 

(VII)," a strong Lewis acid, such as a trialkyl aluminum (I, III),^ or with another 

xenophilic complex (II).' The reactions are shovm in Eq. 1.2. 

iii. The reaction of neutral cobalt carbonyl with cobalt ethoxide in the presence of 

C0CI2, followed by the addition of pyriduie (VIII); and the absorption of CO2 by 

compound VIII (IX).'^ The reactions are shown in Eq. 1.3. 



py 
Co2(CO)8 • [(OC)4CoCo(py)3][Co(CO)4] (Vn) 

AIR 
Mn2(CHO)io 2 - ^ [Mn{Mn7(THF)6(CO),2}2] (I) + Mn3(THF)2(CO)io (HI) 

[Mn{Mn7(THF)6(CO),2}2] + Fe(C0)5 ^ [ /i-Mn(THF)2Fe(CO)4]2 (H) 

Eq. 1.2 Reactions of Neutral Metal Carbonyls with Different Reagents 

Co2(CO)8 + Co(OEt)2 + C0CI2 -^ [(//-OEt)(py)CoCo(CO)4]2 (VIII) 

[(//-OEt)(py)CoCo(CO)4]2 + CO2 -^ (/i-OEt)(/i-02COEt)[(py)CoCo(CO)4]2 (IX) 

Eq. 1.3 Syntheses of (//-OEt)(/i-02COEt)[(py)CoCo(CO)4]2 and [(//-
OEt)(py)CoCo(CO)4]2 

For compoimds FV and V, the short bond lengths (2.04 ± 0.04A) between platinum 

and the nitrogen in pyridine and the perpendicular orientation of pyridme rings to the Pt 

coordination plane might be considered as d-7r interaction of the d^y orbital of Pt with the 

n* molecular orbitals of coordinated pyridines in both compounds,'̂ "^ indicating that 

pyridine Ugands can act as ;r-acids the same way that carbonyl Ugands do (Scheme 1.1). 

Therefore, compounds VI and VII could be included in the xenophile category if 

pyridine Ugands act only as cr-donors and do not have ;r-acid effects. The crystal 

structures of I—IX are shown in Figure 1.1. The bond lengths and the selected bond 

angles of I—IX are listed in Table 1.1. 



Scheme 1.1 The Possible Interaction ofd^y of Pt and n* Orbital of Pyridines 

From Table 1.1, the bonding between pyridine and the metal show two different 

bond lengths, ~2.04A in IV, V and VH, and 2.14A in VI. The z* orbitals of three 

coordinated pyridines in VII may split into 02 and e orbitals, while the d orbitals of Co 

center split into one aj and two e orbitals under the C3V symmetry of the Co center. This 

suggests that the pyridines might have ;T-acceptor character due to the possible d-7r 

interaction in IV and V (vide supra), while in VI they might be a (T-donor because they 

have about the same M-N bond length range as the M-0 bonds to THF, which is a CF-

donor with no ;r-acid capabilities.'* Ab initio quantum chemical calculations have been 

used to study the xenophilic clusters as well as complex VI.^' Calculations show that the 

paramagnetic properties of the clusters are determined by coupUng among the metal 

centers bonded to ;T-donating Ugands, while the unpaired d electrons in II, III and IV are 

largely localized. Unlike the semi-empirical EHMO calculation reported by MealU et 

al.,̂ ** ab initio simulations show that the atomic charges on the two metal centers have 

differences of c.a. 0.5 in II and IV complexes and c.a. 1.0 in HI, indicating the polar 

nature of the covalent metal-metal bonding. The observed heterolytic dissociation of VI 



and the partial decomposition of III in solution seem to confirm this result. 

Unfortunately, ab intio calculations were unable to predict the properties of I, given its 

high-nuclearity, and they also missed the possibility of pyridine being an ;T-acid by the 

use of a (T-donor, NH3, as a replacement in the theoretical analysis. 

The synthesis of xenophilic metal clusters has become one of the major interests in 

our research group in order to explore the nature of metal-metal bonding between two 

different types of metals and their chemical and magnetic properties. Dr. Harakas 

successfully synthesized and characterized the first xenophilic anion 

[Mn{Fe(CO)4}2(THF)2]^", which was obtained from the reaction of MnCl2 with 

Na2Fe(CO)4.^^ Several attempts to synthesize xenophilic clusters have been carried out by 

other members of our research group. Mr. Senter used "Rieke" metals, a highly active 

form of an elemental metal, to react with Fe3(CO)i2, and Co2(CO)8, Mr. Pellam did sah-

elimination reactions with some Group 4, 5, and 6 transition metal chlorides (Ti, Zr, Hf, 

V, Cr, W) and Na2Fe(CO)4. However, their research resuhs were somewhat inconclusive. 

1.2 Reactions of Trialkylindiums with Cobah Carbonyl 

As shown by the remarkable review by Cintas in 1995, the study of mdium 

reagents has grown explosively, and this area is stiU being explored in organic chemistry 

research.^" Indium and its complexes have been used in various reactions, such as 

acylation, addition to carbonyls and imines, Diels-Alder reactions, Michael reactions, and 

reductions,^^ as well as Friedel-Crafts reactions^^ and Barbie-type reactions in aqueous 

solution. 



The synthesis of complexes containing transition metals and the heavier Group 13 

elements (Al, Ga, In, Tl) also has been of great interest in recent years.̂ *"̂ ^ One reason for 

synthesizing these mixed metal complexes is that they might serve as presursors for thin 

films produced via chemical vapor decomposition (CVD), e.g., CoGa2 or PtGa2, which 

are crystaUine and highly reflective.^*' Another use for Group 13 element transition metal 

complexes is in the field of catalysis. Catalysts containing titanium and aluminum are 

used for alkene polymerization^' and the Pauson-Khand reaction.^^ Furthermore, another 

motivation for synthesizing Group 13 element transition metal complexes is to study the 

possibility of multiple bonding. The availability of an empty p-orbital on Group 13 

elements introduces the possibility of multiple bonding in these complexes,^^ now that 

the double bond between Tl^* and the Cr(C0)5^' moity has been established. '̂* 

Dr. Gapgoung Kong in our research group isolated a compound from the reaction 

of InMea with Co2(CO)8 that contained acetone as a ligand.^^ This compound has the 

formula (Me2CO)In[Co(CO)4]3, and its structure (Figure 1.2) shows that acetone bonds to 

indium by the oxygen atom. A series of reactions of trialkyl- and chlorodialkylindium 

compounds with different transition metal carbonyls to produce ketones have been 

carried out,̂ -̂̂ ^ and the results are listed in Table 1.2. Based upon the experimental 

results obtained, Harakas stated some generalizations about this type of reaction:^^ 

i. The late first row transition metal carbonyls tend to react more readily than the 

early and middle first row carbonyls. In a series of reactions of lnMe3 with 

Co2(CO)8, and Mn2(CO)io the order of reactivity is Co » Mn, judging by the 



reaction conditions, while the order is Fe > Mn in the series of InPhs reactions 

with Fe3(CO)i2, and Mn2(CO)io; 

ii. The third row transition metals show much less reactivity towards Group 13 

trialkyls as compared with the reactivity of the first row metals, and this trend 

follows the order of metal-carbon monoxide bond strength; 

iii. The trend of reactivity as far as incorporating the Group 13 element into the 

transition metal cluster seems to be In > Ga > Al and Me « Et > Ph. This trend 

corresponds with the decrease in the strength of the metal-carbon bond of Group 

13 trialkyls, where Al > Ga > In. 

The mechanism of carbonyl insertion into metal-carbon bonds has been 

reviewed.^''^* Whether the carbonyl ligand is really inserted into the transition metal-

carbon bond or whether the Ugand R migrates to the carbonyl Ugand is stUl a matter of 

controversy, especially for Fe carbonyl complexes.^^ From a study of the stereochemical 

changes m the carbonylation of cw-[CH3Mn(L)(CO)4] (L= '^CO or phosphine), only cis 

migration of the methyl group could explain the observed product distribution. 

Recently, the term transmetallation has been used to describe the process by which main 

group metal substituents can be mcorporated into transition metal organometaUic 

complexes.'*' However, a leaving group such as a halide is needed in the transition metal 

complex so that the organic Ugand on the main group element can transfer to the 

transition metal complex. The leaving group from the transition metal complex migrates 

to the main group element because the mam group element has a lower electronegativity. 

However, the reactions of trialkylindiums with transition metal carbonyls do not seem to 

10 



fit this description. Because of the lack of mechanistic data, it is not clear how the 

ketones are formed in this reaction. 

Darensbourg et al. reported in a study of the nucleophilic attack of organolithium 

compounds on transition metal carbonyl complexes that the high infrared CO stretching 

frequencies of cobalt carbonyl (2066s, 2026s) indicated that a carbonyl carbon on 

Co2(CO)8 is a good electrophile.'* '̂'*^ Johnson has proposed a mechanism involving the 

initial heterolytic fission of the metal-metal bonds of the metal carbonyl cluster upon the 

approach of the nucleophile.'*'* Kong suggested a mechanism for the reaction of 

trialkylindium compounds with Co2(CO)8^^ (Scheme 1.2) that is based upon this 

information as well as a bimolecular mechanism proposed by Galamb and Palyi. 

In this mechanism, the initial stage is a heterolytic cleavage of the cobalt-cobah 

bond upon the approach of a nucleophile, in this case an alkyl group on indium. The 

nucleophilic attack occurs on the electrophilic carbon site of a carbon monoxide that is 

activated by coordination to InMe3, which results in the heterolytic metal-metal bond 

scission. After the cleavage, the acetyltricarbonyl cobalt, CH3COCo(CO)3 undergoes 

methyl migration to form CH3Co(CO)4, which reacts with another CH3Co(CO)3 to make 

a ketone, as suggested by Galamb and Palyi." Kong also implied that "Me2ln[Co(CO)4]" 

might form as an intermediate during the process, which resembles the proposed 

H2B[Co(CO)4]THF made by the reaction of Co2(CO)8 with BH3THF.''^ 

11 



Stepl 

Co(CO)4-
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o 
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H,0 OH, 

+ 002(00)7 

O 

Scheme 1.1 The Reaction Mechanism Suggested by Kong. (Reproduced from Ref 35) 

There are some arguments about the initial stage of this mechanism. First, the 

reactants that Daremboug used are strong Lewis bases, e.g., PhLi,'*^ HB(Et)3, and 

HCr(CO)5'.''^ On the contrary, trialkyl indium compounds are known as Lewis acids, and 

form etherate adducts, InR30Et2. Second, the mechanism proposed by Johnson'*'* in 

which the ligand attacks the 16-electron metal center caused by heterolytic fission of the 

metal-metal bond in the metal carbonyl dimmer seems more attractive. Since the 16-

electron center lacks 2 electrons to reach a noble-gas configuration, it could readily be 

attacked by an alkyl group from the trialkylindium. On the other hand, the 18-electron 

center could be easily bound to an indium atom that has an empty p-orbital to 

accommodate electron donation. 
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Furthermore, the mechanism stUl does not explain how the intermediate dialkyl 

indium cobah carbonyl complex releases the rest of the alkyl groups, especiaUy the 

second. A preUminary mechanistic study is required in order to understand how the 

trialkylindium compounds are involved in the reaction. The key question in this study is 

whether the reaction of a trialkylindium with a metal carbonyl can produce a ketone 

selectively, in other words, whether both alkyl groups in the product ketone are from the 

same mdium atom. A further question is whether the third alkyl group in the trialkyl 

indium is distributed randomly in the reaction, now that it is known that the reaction of 

diphenylindium halide with metal also produces benzophenone (see Table 1.2). 

1.3 Summary 

This dissertation describes attempts to synthesize xenophilic metal complexes in 

which the Type A metal has neutral Ugands via salt elimination reactions, and the 

"disportionation" of neutral metal carbonyls in polar solvents or the nonpolar solvent in 

the presence of pyrrolidine. The other project is to investigate the selectivity of ketone 

formation in reactions of alklyindium compounds with dicobalt octacarbonyl. 

13 



Table 1.1 Selected Bond Angles and Bond Lengths of Compounds I-IX 

I 

II 

m 

rv 

V 

VI 

vn 

vm 

IX 

Compounds 

[Mn{Mn7(THF)6(CO)i2}2] 

[//-Mn(THF)2Fe(CO)4]2 

Mn3(THF)2(CO)io 

/ran5-Pt(py)2[Co(CO)4]2 

/ran5-Pt(py)2[Mn(CO)5]2 

[(py)2FeFe(CO)4]2 

[(OC)4CoCo(py)3][Co(CO)4] 

[(//-OEt)(py) CoCo(CO)4]2 

(//-OEt)(//02COEt)[(py)CoCo(CO)4]2 

Bond angle of 
0(N)-M'-0(N) 
91.4-91.8° 

91.4° 

87.1° 

180° 

180° 

88.2°, 88.7° 

83.0° (0-Co-O) 

M'- 0(N) (A) 

2.117-2.170 

2.088,2.144 

2.152,2.114 

2.05 

2.02 

2.14 

2.035 

2.040(Co-N), 
1.950(Co-O) 
1.943-1.968(Co-0) 
2.007,2.04 l(Co-N) 

Table 1.2 Reactions of Trialkyindiums with Metal Carbonyls 

Alkylindium 

InMe3 

InEt3 

InMe3 

InPh3 

InPhs 

InPh3 

InPh2Br 

Mx(CO)y 

C02(CO)8 

C02(CO)8 

Mn2(CO)io 

Mn2(CO)io 

Fe3(CO)i2 

RU3(CO)i2 

RU3(CO)i2 

Reaction condition 

Toluene, -78°C 4hrs and RT 
16hrs 
Toluene, -78°C 3hrs and RT 
16hrs 
THF/hexanes, Reflux, 48hrs, 

THF, reflux, 70hrs 

THF, reflux, 12hrs 

THF, reflux, 18hrs 

THF, reflux, 14hrs 

Ketone identification 

x-ray, IR 

IR 

IR 

x-ray, IR 

IR 

IR 

IR 
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II 

Figure 1.1 The Molecular Structures of Compounds I-IX 
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VI VII 

vin IX 

Figure 1.1 (contmued) 
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0(32) 

0(14) 

01121 
C(22l 

0122) 

Figure 1.2 ORTEP Drawing of (MeCOMe)In[Co(CO)4]3 
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CHAPTER II 

SALT ELIMINATION REACTIONS 

2.1 Introduction 

Salt elimmation reactions are attractive in organometaUic synthesis because of the 

ease in makmg the starting materials and because the products of a salt elimination 

reaction are often isolated in high yield and purity. A number of xenophlic compounds 

are synthesized by salt eUmination reactions, especially, the "early-late" transition metal 

xenophilic complexes. The general route for such reactions is shown in Eq. 2.1, where 

MA is the "Type A" metal and MB is the "Type B" metal. 

MAX„ + [M'] [MB(CO)„L] > X„. /MA—MB(CO)„L + M'X Eq. 2.1 

X = CI, Br M' = Li, Na, K 

L = CO, PR3, Cp, etc. 

As mentioned m Chapter 1.1, the Umitation of this approach is the possibility of an 

electron transfer competmg with the formation of the metal-metal bond (vide supra). 

However, the target compounds have been successftiUy synthesized by Sartain and 

Selegue by substituting the halide Ugands with strong electron donating groups, e.g., 

amino, aUcoxy and alkyl groups.'^'"* A research group led by Gade in Germany has 

successfuUy synthesized a series of early-late transition metal xenophilic complexes by 

introducing tridentate amido Ugands to the Type A metal center (the early transition 
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metal center), especially Group 4 metals in which the trianionic stericaUy rigid Ugand 

reduces the electron-accepting ability of Ti'* .̂'* '̂*' With regard to the Type A metal 

havmg neutral Ugands, the sah eUmination reaction has also successfully been applied in 

the syntheses of compounds II and VI. Encouraged by this success as well as by the 

expectation that metal cations with low oxidation numbers such as Fe^ ,̂ Mn^ ,̂ and Co^^ 

may not be involved in electron transfer reactions, the synthesis of a series of xenophilic 

compounds in which the Type A metal contains neutral Ugands, especially the solvent 

molecules, was attempted by this route. 

2.2 Results 

The carbonyl stretching frequencies of the metal carbonyl reactants and possible 

products are given in Table 2.1. 

2.2.1 Reactions of transition metal chlorides with Mn(CO)s" 

The products of the reactions of transition metal chlorides with Mn(C0)5' (present 

as a Na^ and K^ sah mixture) within six hours were characterized by their IR spectra and 

are given in Table 2.2. 

Reactions of the transition metal chlorides (MA = Ti"*̂ , Zr"*̂ , Hf* )̂ with Mn(C0)5" 

gave clear solutions where HMn(C0)5 was the major product m the first sbc hours. 

Crystals with yellow and red colors could be obtained by means of diffusion of hexanes 

into the saturated THF solutions. IR spectra identified the yellow and red crystals as 

Mn2(CO)io and the Mn3(CO)i4' salts, respectively by comparing their spectra in THF 
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solution with those in Table 2.1. As shown m Table 2.1, HMn(C0)5 has only a single 

strong broad band at 2008 cm"' in the IR spectrum. The strongest of the three strong 

bands of Mn2(CO)io is also at that frequency (Table 2.1). During the reactions, as the 

band at 2008 cm"' appears, the fact that the third strong band of Mn2(CO)io at 1979 cm"' 

was absent and the second strong band at 2045 cm"' was lower in absorbance, compared 

to c.a. 50% of the absorbance of the strongest band of Mn2(CO)io, has made us beUeve 

that the band at 2010 cm"' should be assigned to the hydride. The observation of bands 

appearmg at 2139 and 2050cm"' which is attributed by MnCl(C0)5'** when the reaction of 

Mn(C0)5" with large excess of TiCU was treated with excess CCI4 also confirmed the 

existence of HMn(CO)5. 

Reactions of the transition metal chlorides (MA = V^ ,̂ Ta^*, Cr̂ ,̂ Mn^^ with 

Mn(C0)5" resuked in the production of both HMn(C0)5 and Mn2(CO)io, then Mn3(CO)i4' 

was formed. 

The reaction of RuCU with (Na/K)Mn(C0)5 resulted in the formation of ruthenium 

metal, Mn2(CO)io, and Mn3(CO)i4" salt was then formed in 5 minutes. 

The reactions of the transition metal chlorides (MA = MoO^^, Fe^^, Fe^^, Co^^ with 

(Na/K)Mn(C0)5 led to red solutions containing Mn2(CO)io and Mn3(CO)i4" was then 

formed within 5 minutes after Mn(C0)5' was added. 

The pathways of the reactions of these transition metals chlorides with Mn(C0)5" 

are summarized in Scheme 2.1. 
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+ TiCl4, ZrCl4, or HfC^ 

Mn(C0)5 
+ MC13-3THF (M=Cr or V), TaClj, 

or MnCL 

I ^ HMn(C0)5 

heat 
t -H2 

+ M0OCI3, FeClj, RUCI3, or CoClj, 
I t Mn2(CO),o 

heat 

-Mn(C0)5 

+C0 

Mn3(CO)i4 

+ Mn(C0)5' 

-CO 

Scheme 2.1 Pathways of the Reactions of Transition Metal Chlorides with Mn(C0)5" 

The reaction mixtures of Mn(C0)5" with MnCl2, FeCU and CrCl3-3THF were heated 

to reflux for 24 hours. In the presence of Mn(CO)5", the red color solution faded to 

yellow. The IR spectra revealed neither Mn3(CO)i4" nor HMn(C0)5 (for MnCh and 

CrCU) and an increased intensity for Mn(C0)5". The observation of band intensity growth 

of Mn2(CO)io may be positive, however, it is not as obvious as Mn(C0)5" because 

Mn2(CO)io is afready predominant m the spectra. Only Mn3(CO)i4" reappeared when the 

systems were cooled, and an off-white polymer-like precipitate was produced. The 

coUected precipitate was soluble in H2O. Unfortunately, the NMR structural 

determination of the precipitate in deuterium oxide solution was not successfiil due to the 

possible existence of paramagnetic transition metals. 

The reactions of MnCl2 and FeCU with (Na/K)Mn(CO)5 in the presence of 

pyrroUdine (4 molar equivalents per transition metal cation) resulted in an orange oU for 

MnCl2 and a dark brown oil for FeCl2. IR spectra of the THF solutions of both oUs 
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showed Mn(C0)5" only. However, attempts to obtain X-ray quality crystals of these 

compounds were not successfiil. The yellow Mn2(CO)io crystals and species contaming 

Mn3(CO)i4" were observed from the FeCl2 and MnCb oUs weeks after hexane was added, 

respectively. 

2.2.2 Reactions of transition metal chlorides with CofCO^/ 

The reaction pathway of the reactions of transition metal chlorides with 

(Na/K)Co(CO)4 is shown in Scheme 2.2. 

Co(CO)4 

+ MCI4 
(M=Ti, or Zr) 

HCo(CO)4 + Co(CO)4' 

+ MC13-3THF (M =V, or Cr), 
or MClx (M=Co, Ni, Pd; x = 2) 

(M=MoO; x=3) 
(M=Fe, Mn; x=2)* 

Co(CO)4' 

Vacuum 
>30min 

C03(CO)io +C06(CO),5^ 

Less polar solvent 

C06(C0),5' 

Co" + Co(CO)4' 

* In the presence of pyrrolidine 

Scheme 2.2 Pathways of the Reactions of Transition Metal Chlorides with Co(CO)4" 
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The reaction of transition metal chlorides (MA = V^*, Ta^ ,̂ Cr^^ MoO^^ Co^^ with 

Co(CO)4" (present as Na^ and K"̂  salts mixture) formed dark green solutions in which 

only Co(CO)4" was observed m the IR spectrum. After the volatile components of the 

solution were removed in vacuo, the black green solid residue was partiaUy dissolved in 

THF and the white solid ((Na/K)Cl) and black solid were left after the extraction. The 

black soUd was hard to identify by IR spectroscopy because the vco bands were too 

weak. The IR spectrum from the THF solution showed that Co6(CO)i5^" was another 

major product besides Co(CO)4". The black green solid residue could also be extracted 

with diethyl ether or toluene to give a dark purple solution. The clear solution in which 

the IR spectrum showed Co3(CO)io" and some other unidentified species soon turned into 

cloudy, and (Na/K)Cl and the black soUd whose vco bands were too weak too identify in 

the IR spectra precipitated. These species were converted to cobalt metal and Co(CO)4' 

when THF was added after the diethyl ether or toluene was removed after the solutions 

were filtered. 

X-ray quality black crystals grew from the black-green THF solution after the 

diffusion of diethyl ether or toluene into the saturated THF solutions. Crystals were 

successfully mounted in sealed capillary tubes under a nitrogen atmosphere. A single 

crystal X-ray diffraction study on one of the crystals showed the structure as 

K2[Co6(CO)i5]. The structure of this anionic cluster has been described in the 

literature.'*''^" 

The reaction of transition metal chlorides (MA = Ti'* ,̂ Zr"*̂  with (Na/K)Co(CO)4 

gave blue solutions in the first 30 to 120 minutes which then turned to deep green color in 
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which only tetracarbonylcobaltate anion was observed by IR. Only the black green oil 

formed from the saturated THF solutions diffused with hexanes or diethyl ether. 

2.2.3 Reactions of transition metal chlorides with Na^FefCOl^ 

For the reaction of transhion metal chlorides (MA = Ti'* ,̂ V^ ,̂ Cr^^ with 

Na2Fe(CO)4, HFe(CO)4" was the major product along with some unidentified species 

which were observed in the first six hours and were converted to HFe(CO)ir as the 

reactions continued. 

The reaction of C0CI2 with Na2Fe(CO)4 produced a black brown solution and large 

amounts of black precipitate that had no CO absorptions in the IR spectrum. The 

precipitate was filtered from the THF solution. Dark brown planar crystals which 

measured 0.1 x 0.1 mm were obtained after the brown THF solution was condensed to the 

saturation pomt and was diffused by hexanes. This black brown THF solution finally 

turned to red and converted to HFe3(CO)ii" and the cobalt and iron metals in six weeks at 

23°C. 

The reaction of FeCl2l.5TH[F with Na2Fe(CO)4 gave a dark brown solution 

instantly in the presence of a stoichiometric amount of pyrrolidine (4 tunes the number of 

moles of FeCl2) in an ice-water bath. The solution was stable at low temperature. After 

the solution was cannulated away from the white precipitate, a number of brown finely-

shaped microcrystals precipitated from the THF solution while it was concentrated in the 

ice-water bath. The brown X-ray quality crystals could be produced by concentrating the 
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THF solution to the about half volume and diffusing with the same volume of hexanes at 

-20°C. 

The reaction of FeCl2l.5THF with Na2Fe(CO)4 at 23°C yielded possible 

[(THF)4Fe2][Fe(CO)4]2 (X) whose vco bands were reported by MealU et al^°. However, 

this compound was not as stable as reported. Its Ufetime was only ~ 30 minutes at 23°C, 

and it converted to species that contained HFe3(C0)u". 

Pyrrolidine was introduced m the reaction, and the possible pyrrolidme analog of 

compound X was synthesized, based on the IR spectra of both the THF solution and the 

KBr pellet of the crystals. The pyrrolidine analog is more stable and makes it possible for 

crystaUization at lower temperature. Pyrrolidine was added to CrCl3-3THF and 

VC13-3THF before they reacted with Na2Fe(CO)4. Unfortunately, the presence of 

pyrroUdine caused both THF adducts to lose coordinated THF, and THF-insoluble CrCl3 

and VCI3 were formed. For C0CI2, the reaction produced an unidentified intermediate, 

and within two hours this intermediate converted to the stable species formed from the 

similar reaction without pyrrolidine. For MnCl2, the reaction might make the unstable 

compound n pyrrolidme analogue characterized by IR spectroscopy. The attempt for 

obtaining such compound has not been successful. 

2.3 Discussion 

The reactions of Mn(C0)5" with transition metal chlorides did not produce the 

expected xenophilic compounds as stable products. For aU reactions, the oxidized forms 

of manganese carbonyls, HMn(CO)5 and Mn2(CO)io, were produced, indicating that 
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Mn(C0)5" has lost electrons; The initial blue color for TiCU and green color for CrCU 

suggust that Ti*^ and Cr̂ ^ are reduced to Tî ^ ̂ ' and Cr̂ ^ , " respectively. Furthermore, 

the formation of metaUic ruthenium in the reaction confirms that the fransition metal 

cations were reduced to lower oxidation states, even zero oxidation state. It is unknown 

so far what exact lower oxidation states of the other transition metal cations are. But the 

facts that less than quantitative amount of (Na/K)Cl and no metal powder were collected 

from the reactions suggest that transition metal cations are partiaUy reduced. Therefore, it 

is plausible to beUeve that the oxidation-reduction reaction between the metal chlorides 

and the manganese carbonyl anions in which the electrons are transferred from the anion 

to the metal of the metal chlorides takes place. Because no xenophilic compounds are 

formed as the stable products, it seems that the electron transfer reactions hinder the 

formation of metal-metal bonds between the transition metals and the manganese 

carbonyl fragment by the electrostatic atfraction between the opposite ions. This 

deduction is also confirmed by the fact that there is no loss of Mn(C0)5" in the first 6 

hours of the reactions of FeCl2 and MnCk with Mn(C0)5" in the presence of pyrroUdine. 

This is because the pyrroUdine is known for a significant <T-donor, so that the oxidation 

capabUity of the metal cations is considerably reduced. 

The formation of Mn3(CO)i4' is fairly slow when Mn(C0)5" reacted with VCI3, 

CrCl3 and MnCl2 according to both the change of color of the solutions and the IR 

spectroscopy; it gets fester when the Group 8, 9 metal cations are present, however. In 

each case, both Mn(CO)5' and Mn2(CO)io must be present before the Mn3(CO)i4" anion is 

formed. This is also supported by the facts that no Mn3(CO)i4" was formed ui the 
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reactions of Group 4 metal chlorides with Mn(C0)5" in the first six hours and that 

Mn3(CO)i4" was then crystaUized from the THF saturated solutions when both Mn2(CO)io 

and Mn(C0)5" were observed by the IR spectra. It seems an equilibrium exists between 

Mn3(CO)i4" and a mixture of Mn(C0)5" and Mn2(CO)io (Eq. 2.2). It is interesting that it 

took four days to produce Mn3(CO)i4' when triphenylchlorosUane was mixed with 

Mn(CO)5' (Eq. 2.3, unbalanced)^^ while it only took a few hours to form Mn3(CO)i4" in 

the presence of transition metal cations, or even minutes when late transition metal 

cations are present. This suggests that the equilibrium could be catalyzed by the late 

transition metal cations. The formation of Mn3(CO)i4" (the right side of the equilibrium) 

favors the lower temperature, which indicates that formation of Mn3(CO)i4" be 

exothermic. 

Mn2(CO)io + Mn(C0)5' ^ Mn3(CO)i4" + CO Eq. 2.2 

Ph3SiCl + NaMn(C0)5 ^ Ph3SiSiPh3 + Mn3(CO)i4" Eq. 2.3 

It is also interesting to recognize the pattern of the manganese carbonyls as the 

redox product. HMn(CO)5 was the only product for the reactions of Group 4 metal (early 

transition metal) chlorides with (Na/K)Mn(C0)5, and Mn2(CO)io was the only product 

for the reaction of Group 8, 9 metal (late transition metal) chlorides with Mn(C0)5" while 

the transition metals in between can have both products. It is believed that the Mn(C0)5" 

has lost one electron to become the 17 electron species Mn(C0)5, followed by possible 

hydrogen extraction from THF when the Group 4 metal cations are present, or followed 
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by the dimerization of two Mn(C0)5 species to Mn2(CO)io in the presence of late 

transition metal cations, and Mn2(CO)io reacts with Mn(C0)5" to yield Mn3(CO)i4". A 

similar situation occurs in the reactions of first-row transition metal chlorides with 

cyclopentadienyldicarbonylferrate (Fp) salts as weU." The reactions of Fp" with FeCl2 

and C0CI2 resulted in the duneric (Fp)2 and metalUc iron and cobalt while HFp and (Fp)2 

were the products when Fp" reacted with VCI3, CrCb and MnC^. 

It seems that charges which the cations carry and oxophilicity which the transition 

metal presents may cause different metal carbonyls as the redox products. M*̂  (M = Ti, 

Hf, Zr), the ones having the most charges and the most oxophilicity, cause Mn(C0)5 and 

Fp intermediates to extract the hydrogen from the solvent THF. On the other hand, the 

late transition metal cations, Fê "̂  and Co^^, which have least oxophilicity and the least 

charges, may not help the 17-electron species Mn(CO)5 to extract hydrogen so the 

Mn(CO)5 reacts together to form Mn2(CO)io as the results. For the transition metal 

cations m between, there could be a competition between the hydrogen extraction and the 

dimerization of the 17-electron intermediates. Therefore, both dimer and hydride are 

observed in the reaction. For the reactions of Fp" with FeCl2l.5THF and C0CI2 that 

produce metaUic fron and cobalt, it can be explained that Fp" has more negative reduction 

potential (-1.186V) than Mn(C0)5" does (-0.400V).^'' 

In the reactions of transition metal chlorides with (Na/K)Co(CO)4, with a reduction 

potential of-0.100 V,̂ "* Co(CO)4" would be an excellent candidate for the salt elimination 

reactions in synthesis of xenophiUc compounds. However, the synthesis was not 

successful. Because the formal charge on cobah changes to -1/3 m Co3(CO)io" and 
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Co6(CO)i5^" compared to -1 on cobalt m Co(CO)4", it is believed that the oxidation-

reduction reaction occurs when a large amount of less polar solvents or a vacuum longer 

than 30 minutes is used. The anionic clusters formed by Co(CO)4" and the oxidized cobalt 

carbonyl species seems to hinder the formation of expected xenophilic compounds, such 

as [(OC)4CoCo(THF)3][Co(CO)4], the THF analogue compound VII, 

The Co3(CO)io" anion is stable in toluene and diethyl ether but decomposes in THF 

to yield Co metal and Co(CO)4". However, Fachinetti recently reported his study on the 

equilibrium between Co3(CO)io" and Co2(CO)8, Co(CO)4" in THF with Na^ or PPN^ as 

the countercations (Eq. 2.4).̂ ^ 

Co2(CO)8 + Co(CO)4' ^ Co3(CO)io" + 2 CO Eq. 2.4 

As mentioned before, pyrrolidine, as expected, appears to stabUize the possible 

xenophilic compound formed in the reaction of Na2Fe(CO)4 with FeCl2l.5THF and to 

prevent the chloride from oxidizing Na2Fe(CO)4 to HFe(C0)4", as Ti* ,̂ V^̂  and Cr̂ ^ do at 

low temperature. When Fe^^ and Mn^^ was coordinated with pyrroUdine, its capability to 

oxidize the Mn(C0)5' was reduced because pyrroUdine is a better cr-donor than THF. 

However, due to the preference for 0-donor Ugands over the N-donor Ugands, the 

xenophilic compounds m which the Type A metal center involves first-row elements m 

Group 5 and 6 cannot be stabilized by this method. 

It is interesting to point out that HCo(CO)4 is the product in the reaction of 

Co(CO)4" with TiCU and no HFe(C0)4" is formed in the reactions of Na2Fe(CO)4 vdth 
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FeChl.STHF and C0CI2 at low temperature. This observation could be also explained by 

the charges and the oxophilicity of transition metal cations (vide infra). 

Overall, in the attempts of synthesis of xenophilic compounds by means of the sah 

elimination reaction, we fmd that the electron transfer between the transition metal 

cations and metal carbonyl anions hmders the formation of metal-metal bonds by 

electrostatic atfraction when Mn(C0)5" and Fe(C0)4^" (except for FeCl2 and C0CI2) are 

used. For the metal cations having high positive charges, their electron affinities should 

be reduced by the anions that have strong odonation property by the means revealed in 

the "early-late" xenophilic complexes. For those cations having lower positive charge, 

e.g., 2+, the electron fransfer may be hindered by introducing strong neutral o=-donor 

Ugands. Although the introduction of strong neutral o^donor Ugands may cause 

competition with the metal carbonyl anions in the coordmation to the cationic transition 

metal center, the use of stoichiometric amount of such o--donor Ugands m the reactions of 

FeCl2l.5THF with metal carbonyl anions shows encouraging results. For Co(CO)4", a 

better experiment design which prevent the aggregation of cobalt carbonyls uito 

polynuclear cobah carbonyl anions is essential m order to synthesize xenophilic 

compounds. 
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Table 2.1 Infrared Data of Metal Carbonyl Complexes in THF* 

Compounds Vco, cm Solvent and 
Reference ̂  

Mn(C0)5" 

HMn(C0)5 

Mn3(CO)i4" * 

Mn2(CO),o 

Co(CO)4" 

Co3(CO),o"^ 

Co6(CO)i5'-'' 

C02(CO)8 

C04(CO)i2 

HCo(CO)4 

Na2Fe(CO)4 

HFe(CO)4" 

HFe3(CO)ir" 

Fe(C0)5 

Compound II 

Compound VI 

Compound X 

1896(s), 1862(s), 1830(m) 

2008(s, br) 

2073(w), 2037(m), 1973(vs), 1938(m,br), 1884(vw) 

2044(ms), 2009(s), 1978(m) 
2045(ms), 2015(s), 2002(m), 1983(ms), 1957(w), 
1951(w) 
1890(s), 1857(m) 

THF^^ 

THF" 

Me2C0^* 

THF 

hexanes 

THF^^ 

n-Bu20^' 
2071(w),2006(vs),1999(s), 1975(m), 1865(w), 
1584(m,br) 
2042(m), 1982(s), 1959(sh), 1778(s), 1737(s), 1685(m) THF^° 

2107(w), 2069(s), 2044(s), 2031(sh), 1857(m) 

2070(s), 2062(s), 2045(m) 2033(m), 1869(s) 

2066(vs), 2055(vs), 1858(s) 

2116(w), 2053(ms), 2025(s), 1893(w,br) 

1761(s,br) 

1997(m), 1903(sh), 1878(s), 1851(sh) 

2064(vw), 2045(w), 2013(m), 1999(s), 1993(s), 
1974(m), 1953(w), 1940(w), 1747(w) 
2115(w),2020(s), 1994(vs) 

1964(s), 1898(s), 1869(s) 

1968(s), 1909(s), 1890(s), 1606(w, vte-N) 

1970(s), 1916(s), 1890(s) 

THF 

61 pentane 
-pjjp62 

THF/hex. 

Nujol mull" 

THF^ 

THF 

THF 

-.64 

THF .7,36 

THF 16,20 

THF .20 

" AU anions are the Na* salts, unless it is mentioned otherwise. The cation is As(Ph)4*. 
" The cation is Li*. '' The cation is Cs*. ' The cation is Li*. ̂  solvents with no reference 
means the laboratory results. 
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Table 2.2 Product Characterization for the Reactions of Metal Chlorides with Manganese 
Pentacarbonyl Anion 

reactants products 

TiCU + 4 Mn(C0)5" 

HfCU + 4 Mn(C0)5. 

ZrCU + 4 Mn(C0)5" 

VC13-3THF + 3 Mn(CO)5" 

TaCls + 5 Mn(CO)5" 

CrCl3-3THF + 3 Mn(C0)5" 

MnCl2 + 2 Mn(CO)5" 

M0OCI3 + 5 Mn(CO)5" 

FeCU + 3 Mn(CO)5" 

RuCU + 3 Mn(CO)5" 

C0CI2 + 2 Mn(C0)5" 

MnCl2 + 2 Mn(C0)5" + 4 C4H9N 

FeCl2-l .5THF + 2 Mn(C0)5 + 4C4H9N 

HMn(CO)5, 

HMn(C0)5 

HMn(C0)5 

HMn(C0)5, Mn2(CO)io, Mn3(CO)i4" 

HMn(C0)5, Mn2(CO),o, Mn3(CO)i4" 

HMn(C0)5, Mn2(CO),o, Mn3(CO)i4" 

HMn(C0)5, Mn2(CO)io, Mn3(CO)i4' 

Mn2(CO)io, Mn3(CO)i4" 

Mn2(CO)io, Mn3(CO)i4" 

Mn2(CO)io, Mn3(CO)i4" 

Mn2(CO)io, Mn3(CO)i4' 

Mn(C0)5' 

Mn(C0)5" 
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CHAPTER III 

REACTION OF TRIAKYLINDIUM WITH 

OCTACARBONYLDICOBALT 

3.1 Infroduction 

Carbonylation reactions have achieved considerable importance in synthetic organic 

chemistry for introducing carbon monoxide to a wide variety of organic substrates. 

Accordmg to Tkatchenko, the term "carbonylation" is such that "any reaction mvolvmg 

CO and an organometaUic compound leads to the formation in the organic end-product of 

at least, one —C(0)Y fragment, the Y moiety coming from a reagent or another part of 

the substrate."^^ 

Carbonylation reactions usmg noble metal compounds, e.g., rhodium compounds, 

have been extensively studied and are the rhodium complexes still the most effective 

homogeneous catalysts that perform under very mild reaction conditions. Since Co2(CO)8 

was commercialized and became available at a much lower cost, it has been of interest 

for some synthetic chemists to establish reaction conditions that are mild enough for 

Co2(CO)8 to be used as the catalyst. One of the strategies is to utUize mam group 

organometaUic compounds so that the harsh conditions for activation of the 

corresponding organic substrate could be reduced or even avoided durmg the reaction. 

The main group organometaUic compounds for synthesizuig ketones or aldehydes 

have been reviewed. The most studied main group elements hi the organometaUic 

compounds mclude lithium, magnesium, boron, mercury, and tm.̂ '̂̂ ^ Among these 
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species, it is noted that "organomercuric compounds reacted with Co2(CO)8 m THF at 

room temperature to give symmetrical ketones m high yields under atmospheric pressure 

of carbon monoxide."^* A few months later, Seyferth and Spohn reported a novel ketone 

synthesis m which carbon monoxide was used hi stoichiometric amounts and Co2(CO)8 

was employed m only catalytic quantities.^^ However, the new catalytic reaction did not 

appear to be applicable to the synthesis of dialkyl ketones because of the well-known 

photolability of the alkyl-Hg bond.^° 

In his research on metal complexes containing Group 13 elements and transition 

metals. Dr. Kong synthesized (Me2CO)In[Co(CO)4]3 m moderate yields.^^ In later 

research. Dr. Harakas discovered that trialkylindium could react with Mn2(CO)io as weU. 

The In-Mn complex, [Mn2(CO)8{n-In(L)[Mn(CO)5]2}], where L is benzophenone was 

characterized by X-ray diffraction (Figure 3.1).̂ ^ More mterestmgly, all of these reactions 

were conducted at ambient temperature for Co2(CO)8 (solvent reflux for Mn2(CO)io) 

under N2 at atmospheric pressure. 

This chapter describes the synthesis of dialkyl ketones by the reaction of the 

trialkylmdiums with Co2(CO)8 and the distribution of ketone products when equunolar 

amounts of trunethylmdium and triethylmdium are employed. The mechanistic pathway 

of the reaction is also discussed m this chapter. 
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3.2 Resuhs 

3.2.1 Ouantification of Ketone Products bv NMR and IR 
Spectroscopy 

The NMR chemical shifts of In(CH3)3, In(C2H5)3 and the ketone products, along 

with the carbonyl stretching frequencies m the IR spectra of the ketones of interest are 

shown in Table 3.1. 

The measurements for calibration curves to determine ketone distribution were 

carried out. The peak intensities of vco in the uifrared spectra of acetone, butanone and 2-

pentanone were measured with regard to the different concentrations. As shown in Figure 

3.2, an excellent linear relationship between the ketone concentration and the peak 

intensities were observed. The straight lines in these calibrations did not pass through the 

origin because the deuterobenzene happens to have a small absorption in the range of 

1680-1750 cm"', probably caused by residual benzene. 

Each mdividual ketone peak exhibits an excellent lmear regression with respect to 

the mtegration of the peak vs. the concentration for carbon-13 NMR measurements, as 

shown m Figures 3.3 to 3.5. For the ' H NMR measurements, the calibration curves for 

the mdividual ketone peaks were highly lmear. Unfortunately, when the three ketones are 

mixed, the two quadruplets from butanone and 2-pentanone overlapped, and the 

separation of the triplets of the methyls ui the two ethyl groups from butanone and 2-

pentanone was very dependent upon the sensitivity of the NMR probe. This means that 

' H NMR spectroscopy is not reliable for the determuiation of the ketone concentrations. 

However, the '^C NMR calibration of each peak of the mdividual ketones in the mbrture 
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was successfiil due to the good separation of the '^C peaks. Therefore, m actual 

experiment the composition analysis of the ketones was determmed by use of '^C NMR. 

3.2.2 Reaction of an Equimolar Mixture of In(CH3)3 and 
In(C2Hs)3 with Co.fCO)^ 

Equal moles of In(CH3)3 and In(C2H5)3 were mixed m CeDe 14 hours prior to the 

reaction. The ' H NMR spectrum of this mixture showed that there was no alkyl exchange 

between the two trialkylindium compounds 8 hours after mixing. The reaction occurred 

vigorously as the trialkylindium was added to the Co2(CO)8 m CeDe solution at 23°C. 

Heat was generated. During the reaction, fine cobah metal particles deposited to form a 

imrror on the neck of the reaction flask. IR and NMR measurements were taken for the 

volatile components coUected in the coolmg trap after the addition of (CD3)2SO. The 

NMR showed that both symmetrical ketones (acetone and 2-pentanone) and the 

unsymmetrical ketone (butanone) were produced. The average concentrations calculated 

from each '^C NMR peak of the mdividual ketones were the foUowmg: acetone 0.109 M, 

butanone 0.233 M and 2-pentanone 0.125 M. The molar ratios for acetone, butanone and 

2-pentanone are 1:2.14:1.15. The calculated vco peak heights m absorbance units hi the 

mfrared spectra of the ketones were 0.606 for acetone, 1.139 for butanone and 0.594 for 

2-petanone, usmg the concentrations obtamed from NMR spectroscopy. The sum of these 

absorbances was 2.339, which matched the observed one (2.307), mdicathig the 

consistency of the calculated resuhs by either measurement. 
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3.3 Discussion 

We have calculated the distributions of the three possible ketone products accordmg 

to different pathways of alkyl dissociation of trialkylmdiums shown m Table 3.2. The 

product yields from the reaction do not deviate very far from the random pathway. 

For the reaction InR3 + Co2(CO)8 (R = CH3, C2H5) m benzene we propose the 

sequence of steps shown ui Scheme 3.1: the heterolytic cleavage of the cobah-cobah 

bond upon the approach of a trialkylindium (Eq. 3.1), the rearrangement of In-Co cluster 

to spUt off InR3 (Eq. 3.2 (a) to (c)), or the fest alkyl exchange among R2ln-Co(CO)4 hi 

yielding InR3, (Eq. 3.2(d)), the migration of the alkyl group from the cobah to carbonyl 

(Eq. 3.3), the ketone formation (Eq. 3.4) and the conversion of Co2(CO)7 to Co2(CO)8 

(Eq. 3.5). AU of these steps are quite reasonable in terms of observations made by the 

study or of the previous work by others in the Uterature. 

InR3 + Co2(CO)8 > R2ln-Co(CO)4 + RCo(CO)4 Eq.3.1 

2 R2ln-Co(CO)4 > Rsin + RIn-[Co(CO)4]2 Eq. 3.2(a) 

2 RIn-[Co(CO)4]2 > R2ln-Co(CO)4 + In[Co(CO)4]3 Eq. 3.2(b) 

R2ln-Co(CO)4 + RIn-[Co(CO)4]2 > Rain + In[Co(CO)4]3 Eq. 3.2(c) 

3 R2ln-Co(CO)4 > 2 R3ln + In[Co(CO)4]3 Eq. 3.2(d) 

RCo(CO)4^ RCOCo(CO)3 Eq. 3.3 

RCO(CO)3 + RCo(CO)4 > R2C=0 + Co2(CO)7 Eq. 3.4 

Co2(CO)7 + CO > C02(C0)8 Eq. 3.5 

Scheme 3.1 The Sequence of Steps of the Reaction of InR3 + Co2(CO)8 
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For the reactions of organomercuric halides whh Co2(CO)8 hi THF, Seyferth and 

Spohn proposed that the mtermediate, [(THF)Co(CO)4]*, was generated as the resuh of 

the solvent-mduced redox disproportionation of Co2(CO)8 because THF was considered 

as a Lewis base, even though h was weaker than ammes and phosphmes.^' However, this 

is not the case for our study. InR3 is a Lewis acid and ready to accept an electron pah 

from the ligand, based upon hs precursor, InR3Et20, and the solvent used m our study is 

benzene, which is not an electron-donating solvent. Johnson proposed a mechanism in 

which the heterolytic fission of the metal-metal bond was considered to be the key initial 

step in the substitution reactions of the metal carbonyl dimmers, such as Mn2(CO)io and 

Co2(CO)8.'*^ In this mechanism, the first step is the formation of (probably two) CO-

bridges and then the concerted heterolytic fission of the M-M bond to form an 

mtermediate which contams one 18-electron center and one 16-electron center. Co2(CO)8 

should be especially favored for this mechanism because h is knovm that Co2(CO)8 is 

found m the solid phase whh two CO-bridges,'^ and this structure "persists hi the solution 

and m the gas phase."^^ On the other hand, trialkyl compounds of the Group 13 elements 

are known to have polarizable R-M bonds m which negative charge can be localized on 

the alkyl group and the poshive charge can be localized on the Group 13 element. ' 

From the references mentioned above, we can speculate that the 16-electron cobah 

center of Co2(CO)8 which lacks 2 electrons to reach a noble-gas configuration will 

readUy be attacked by an aUcyl group that has a negative charge m a trialkylhidium, when 

the heterolytic fission of the Co-Co bond occurs. On the other hand, the 18-electron 

cobah center wUl be easily bound to an mdium atom that has an empty p-orbhal to 
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accommodate electron donation. Therefore, the mhial stage of the mechanism would be 

that InR3 attacks Co2(CO)8 with the hidium atom attachmg to the 18-electron Co(CO)4" 

fragment and the alkyl group attachmg to the 16-electron Co(CO)4* moiety, to give R2ln-

[Co(CO)4] and RCo(CO)4 as hitermediates. Scheme 3.1 shows the mechanism. 

InR-, + (OOaCo—Co(CO)3 

cy 

O 
o 

/A 
(0C)3Clf Cp{C0)3 

« Q 
Roln-

00/ , ''^'.. 
:Co—CO 

R. . R 

OC' 
CO Co(CO)4 

O 
O 

/ / 
( 00 )300^ Co(00)3 

Roln R 

^ : filled orbital; O : empty orbital 

Scheme 3.1 Pathways of Heterolytic Fission of the Co-Co Bond by InR3 

The NMR study of the equilibrium between the gallium complexes 

(CH3)xGa[M(CO)3Cp]3-x (M - Mo, W; x = 0, 1, 2, 3) has been known for some thne. The 

compound (CH3)2Ga[W(CO)3Cp] was successfiiUy synthesized and characterized 

crystaUographically.^^ Conway et al. found that the crystals "gave no resonance due to 

GaMe protons, suggestmg reorganisation reactions durhig recrystaUisation" after havmg 
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checked on the NMR spectrum of the crystals.^^ The authors also confirmed one of the 

product of the reorganization reaction, Ga[W(CO)3Cp]3 by the X-ray structure 

determination. The reactions suggested by the authors are given m Eq. 3.6 (M = W) and 

3.7. For the Ga-Mo complexes, (CH3)Ga[MoCp(CO)3]2 was observed as the predominate 

product m the NMR spectrm as the resuh of removmg the volatile Ga(CH3)3 when a 

sample of (CH3)2Ga[MoCp(CO)3] was heated at 50°C under a dynamic vacuum for a few 

mmutes.^^ That confirms the reaction shown in Eq. 3.6 where M = Mo. In the same 

Uterature, the equUibrium reactions also occurred to give the mixed transhion metal (M = 

Mo, W) alkyl gallium derivatives after Ga[MCp(CO)3]3 and Ga(CH3)3 were mixed 

together, as shown hi Eq. 3.8.'^ An NMR study of the thaUium complex 

(CH3)2Tl[M(CO)3Cp] (M = Mo, W) was also carried out. Walther et al. found that there 

were even resonances of T1(CH3)3 and Tl[W(CO)3Cp]3, besides (CH3)2Tl[W(CO)3Cp] 

even at -78°C m CD2CI2 (Eq. 3.9).̂ * It is mterestmg to pomt out that a ketone R2C=0 

(R= CH3, CeHs), reported by Haupt and Neumann, was formed as a product along whh 

NaCl and Tl[Mn(CO)5]3 m the reaction of R2TICI whh NaMn(CO)5 under carbon 

monoxide.^ 

2 (CH3)2Ga[MCp(CO)3] > (CH3)Ga[MCp(CO)3]2 + Ga(CH3)3 Eq. 3.6 

2 (CH3)Ga[WCp(CO)3]2 > (CH3)2Ga[WCp(CO)3] + Ga[W(CO)3Cp]3 Eq. 3.7 

Ga[MCp(CO)3]3 + Ga(CH3)3 ^ (CH3)2Ga[MCp(CO)3] + (CH3)Ga[MCp(CO)3]2 Eq. 3.8 

3 (CH3)2Tl[WCp(CO)3] ^ 2 T1(CH3)3 + Tl[(W(CO)3Cp)]3 Eq. 3.9 

(M = Mo, W) 
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In the preparation of (THF)R2ln[Co(CO)4] where R was the stericaUy demandmg 

group (CH2Si(CH3)3), Na[Co(CO)4]1.2THF reacted whh CUnR2 at -78°C and then at 

room temperature to give only (THF)RIn-[Co(CO)4]2 crystals along whh InR3 at room 

temperature hi n-pentane.*° An NMR study of the reaction revealed that there were 

equUibria between (THF)R2ln-Co(CO)4, (THF)RIn-[Co(CO)4]2, and In[Co(CO)4]3. The 

same equilibria were also reported among the gallium analogue complexes at 100°C.*' 

Recently, After {[(CO)4Fe]2-Ga(CH3)}^", a species isoelectronic whh [(CO)4Co]2-

Ga(CH3), was successfully synthesized and characterized Fischer proposed that a 

dianionic dimeric hitermediate, [|j,-GaR2Fe(CO)4]2^" was formed m the reaction, which 

then spUt off GaR3 as the resuh of an alkyl group migrating from one gaUium center to 

the other.*^ The proposed pathway and the hitermediate are given in Scheme 3.2. 

Fe(CO)4^" 
+ ClGaRj 

R - CH3, C2H5 

R 

1 R 
( O C ) 4 F e < ; ^ V ^ F e ( C O ) 4 

R \ 
R 

-GaR. 

R 

Ga 
(OC)4Fe' 'Fe(CO)4 

Scheme 3.2 Proposed Dianionic Dimeric Intermediate (Reproduced by Ref 82) 
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It has been established that the tendency of the metal-carbon bond strength for 

M(CH3)3 is Ga(CH3)3 > ln(CH3)3 > T1(CH3)3,*^ which is consistent with our experhnental 

resuhs regardmg trialkylgallium and -indium compounds (see Chapter 1.2). The 

requh-ement of higher temperature to estabUsh the equilibria among the alkylgaUium 

metal carbonyl clusters is consistent whh the fact that more energy is needed to cleave 

the stronger carbon-gaUium bond. The reaction of [CpMo(CO)3]2 with ln(C2H5)3, m 

which the (C2H5)xIn[Mo(CO)3Cp]3.x (x = 0, 1, 2) species were found by NMR,*"* makes 

us beUeve that trialkylindium compounds undergo the same pathways as alkylgaUium 

compounds do. The existence of the planar Mn2ln2 ring hi which Mn is coordinated by 

four carbonyls m the [Mn2(CO)8{Mn(PhCOPh)[Mn(CO)5]2}] (Figure 3.1) make the 

mdium analogue [n-InR2Co(CO)4]2 as the intermediate for alkyl Ugands reorganization to 

spUt InR3 plausible. Therefore, we think that while R2ln-Co(CO)4 is the one of the major 

mitial products of the heterolytic fission of Co2(CO)8, the derivative compounds Rln-

[Co(CO)4]2 and In[Co(CO)4]3 may form rapidly by equUibria that hivolve the 

triaUcylindium, which is consumed by the reaction and makes the equilibria hreversible. 

The weaker mdium-carbon bonds, small alkyl groups with less steric effects and the 

tendency of five coordmations on mdium center so favor alkyl exchanges at the mdium 

centers that (CH3COCH3)In[Co(CO)4]3 is the only complex observed after 15 mmutes of 

the reaction. However, we cannot exclude the possibiUty that the reaction could undergo 

the pathway as organothallium (Eq. 3.2(d)) because we do not have the experhnental 

evidence of the existence of RIn-[Co(CO)4]2 during the reaction at this thne. Although 

Fischer pohited out that "the behavior of organohidium transhion metal complexes whh 
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shnple aUcyl Ugands is more closely modeled by the respective organothaUium system",*" 

suggestmg that Eq. 3.2(d) is more favorable for mdium, we tend to thmk that both 

pathways are significant for the reaction accordmg to the esthnated dissociation energy of 

the first In-CH3 mdium (197 kJ mol"'), which lays m the middle between T1(CH3)3 (152 

kJ mol"') and Ga(CH3)3 (249 kJ mol"').*^ 

The rearrangement of RCo(CO)4 to RCOCo(CO)3 (Eq 3.3, shown as Step 2 m 

Scheme 1.1) is a well-known process and is considered to be one of the key steps of the 

cobah carbonyl catalyzed hydroformylation of olefms.*^*^ 

The proposed ketone formmg step (Eq. 3.4, shown as Step 3 m Scheme 1.1) also 

finds support in a study on the formation of ketones m the hydroformylation reaction by 

Jonassan et al. The authors reported that the ketone reaction could compete rather 

effectively whh the aldehyde reaction (Eq. 3.10) hi the presence of HCo(CO)4 when R in 

RCo(CO)4 was small in size, e.g., when R = C2H5. In one experiment, after gaseous 

HCo(CO)4 was bubbled into a large excess of 1-butene at -8°C for 2-3 hours and then the 

reaction mixture was heated between 120 to 130°C for 3 hours, only 10% of the product 

mixture was aldehydes while the other 90% were ketones, m which were identified as 

3,5-dhnethyl-4-heptanone, 3-methyl-4-octanone and 5-nonanone. However, the absolute 

yields and the molar ratio of these components were not given by the authors. The 

decomposhion of methyhetracarbonylcobah was found to give acetone by Hieber and his 

co-workers.** Therefore, the formation of ketones from RCo(CO)4 via Eq. 3.3 and 3.4 

seems to "be a well-established process, and h should be particularly effective m the 

absence of free HCo(CO)4."'' 
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HCo(CO)4 + RCOCo(CO)„ > RCH=0 + Co2(CO)4+„ Eq. 3.10 

A fast equUibrium between Co2(CO)7 and Co2(CO)8 (Eq. 3.5) was studied by 

Ungvary and Mark6.*^ The authors esthnated the presence of only about 0.1% of 

Co2(CO)7 based on Co2(CO)8 at 1 atmosphere of CO pressure m n-hexane. Ahhough our 

reaction was carried out under an N2 atmosphere whh no carbon monoxide m the reaction 

flask when the reaction inhiates, some of the cobah carbonyl decomposes to keep a 

partial pressure of CO in order to convert Co2(CO)7 to Co2(CO)8 so that the reaction can 

proceed. Cobah metal mirror formed on the neck of the reaction flask as the resuh. 

In summary, the reaction of Co2(CO)8 with a mixture of equal moles of In(CH3)3 

and In(C2H5)3 results in a random distribution of the organic groups in the ketones 

produced. The reaction sequence Eq. 3.1, 3.2(a), 3.2(b), 3.2(c), 3.3, 3.4, 3.5 and/or Eq. 

3.1, 3.2(d), 3.3, 3.4, 3.5 seem to provide the best explanation for the synthesis of ketones 

from InR3 and Co2(CO)8. Furthermore, we may make the foUowmg comments 

concerning the synthetic utUity of the reaction of InR3 whh Co2(CO)8. 

i. The reaction is rapid, completes m 3 hours by the end of the lnR3 addhion as 

monitored by IR spectroscopy, and h proceeds under very mild condhion. In one 

of the probe reactions m which In(C2H5)3 reacted with Co2(CO)8 m 56 mL of 

Ceih, ~ 90% yield of 2-pentanone was obtamed. Such good yield and the simple, 

rapid work-up procedure may provide advantages for the carbonylation reactions 

m the muhi-steps organic synthesis. 
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ii. Based upon the previous resuhs summarized in Table 1.2, diaryl ketone can also 

be produced by Mn2(CO)io or M3(CO)i2 (M = Fe, Ru) reactmg whh InPhs or even 

with InPh2Br. Therefore, the reaction of organoindium whh metal carbonyls 

should be applicable to the preparation of a wide variety of ketones by using a 

variety of metal carbonyls. 

iii. Now that both carbonylation reactions usmg organohidium and organomercury 

result hi the same distribution of the ketone products, the organohidium would be 

a better replacement for organomercury hi the synthesis of dialkyl ketone not only 

because dialkylmercury is known as extremely toxic but because the 

organoindium is more thermal and photo stable than organomercury as well. 
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Table 3.1 NMR and IR Data for Trialkylmdium and Ketone Compounds 

Compound 

In(Me)3 

In(Et)3 

MeCOMe 

MeCOEt 

EtCOEt 

HNMR(ppm) 

COCH3 CH2 CH2CH3 

-0.24(s,CH3) 

0.46(q) 1.37(t) 

1.62(s) 

1.58(s) 1.81(q) 0.85(t) 

1.87(q) 0.88(t) 

CO 

204 

206 

209 

CNMR (ppm) 

COCH3 CH2 CH2CH3 

30.1 

28.8 36.3 7.86 

35.1 7.92 

Vco 

(cm"') 

1716 

1719 

1718 

Table 3.2 The Product Distributions from the Reaction of a Mixture of Trialkylmdiums 
with Co2(CO)8 

Random 

2R from same In, 3"* R forms ketone randomly 

2R from same In, 3'" R does not form ketone 

MeCOMe 

1 

5/12 

1 

MeCOEt 

2 

2/12 

0 

EtCOEt 

1 

5/12 

1 
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Figure 3.1 ORTEP Drawmg of [Mn2(CO)8{Mn(PhCOPh)[Mn(CO)5]2}] 
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CHAPTER IV 

REACTIONS OF METAL CARBONYLS WITH 

NITROGEN AND OXYGEN BASES 

4.1 Infroduction 

Disproportionation reactions of metal carbonyls hi solvents that are Lewis bases 

were systematically studied by Waher Hieber's group m the early days of metal carbonyl 

chemistry by carefiil control of stoichiometry and reaction condhions.^^ In the retrospect 

of his forty years of pioneering research on metal carbonyls, Hieber summarized that "the 

tendency of metal carbonyls to react with Lewis bases with valency disproportionation of 

the metal atoms increases along the series Cr(C0)6 « Ni(C0)4 < Fe(CO)5 < Mn2(CO)io < 

Co2(CO)8 ~ V(CO)6... With carbonyl of elements of odd atomic number (V, Mn, Co) 

mononuclear, shigle charged carbonyhnetallate anions [V(V0)6]", [Mn(C0)5]" and 

[Co(CO)4]" are always formed."'^ In a review, Whittlesey pohited out that "the neutral 

hemoleptic carbonyl compounds of transhion metals whh even atomic numbers react 

with hard Lewis base Ugands to form the base-coordmated metal cation and an anionic 

metal carbonyl cluster."* 

One of Hieber's papers reports that a black compound whh the formula 

[Co(CH30H)i,87][Co(CO)4]2 was formed durmg the reaction of cobah carbonyl whh 

methanol, and a structure very shnilar to that of IH was proposed'^ that led us to 

remvestigate the chemical behavior of metal carbonyls m Lewis bases. Unfortunately, 

Hieber's resuh has not been repeated by other research chemists usmg the same reaction 
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condhions. Instead, a compound with the formula [Co(CH30H)6][Co(CO)4]2 was 

reported. Thhty years later, Fachmetti reported that compound VII was synthesized 

from Co2(CO)8 in a mixture of toluene and «-hexane whh a stoichiometric amount of 

pyridme (2:1 molar ratio vs Co2(CO)8).''' Our research group has synthesized compounds 

I and III from Mn2(CO)io m THF at the presence of the large excess of AUI3 (R = Me, 

Et).^ 

The disportionations of metal carbonyls m Et20 and THF, and the reactions of 

metal carbonyls with pyrrolidine in non-coordinating solvents are described m this 

chapter. The preparation and properties of a new compound Mn2(CO)8(C4H9N)2 are also 

discussed in this chapter. 

4.2 Resuhs 

Gas was evolved when Co2(CO)8 was dissolved m ehher diethyl ether or THF. The 

black brown diethyl ether solution produced black parallelepiped and square crystals after 

the solution sat for 3 to 5 days. Smgle-crystal X-ray diffraction analysis on one of these 

crystals determmed that the crystallographic parameters matched those of Co4(CO)i2. 

For the black-brown THF solution Co2(CO)8 remamed the dommant species m the IR 

spectrum, and the solution formed black parallelepiped and needle crystals after sitthig 5 

to 14 days. X-ray diffraction analysis of one of the needle crystal determmed that h had a 

cubic lattice whh a lattice parameter 16.4 A, ahhough the IR spectrum (KBr disk) of the 

crystals contammg both morphologies showed predommantly Co2(CO)8, which does not 
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crystallize m a cubic lattice. The data collection has finished and the crystal structure 

determmation is in process. 

The addhion of a hexanes solution of an equimolar amount of pyrroUdine to a 

solution of Co2(CO)8 m hexanes caused gas evolution and precipitation of a deep purple 

tar simuhaneously. The collected tar was fiirther treated whh three more molar 

equivalents of pyrroUdine in a toluene-hexanes mixture to give a black-green solution and 

the formation of black crystals after sitthig at ambient temperature for 3-5 days. In the 

KBr pellet IR spetrum of the black green crystals the bands hi vco range matches that of 

compound VII m Nujol mull.'' N-H stretching absorptions are also present. A smgle-

crystal X-ray diffraction study of the black crystals is in process. 

No reaction occurred when Mn2(CO)io was added either in non-coordinating 

solvents, e.g., hexanes or in coordhiathig solvents, such as THF or diethyl ether over a 

period of 14 days. However, a solution of Mn2(CO)io in hexanes changed color from 

yellow to orange-red m 4 days after five molar equivalents of pyorridine was added, and 

orange-red crystals were obtamed m 10-14 days. The crystals isolated from the reaction 

were identified as Mn2(CO)8(C4H9N)2 (Figure 4.1). Figure 4.2 shows the molecular 

packmg of Mn2(CO)8(C4H9N)2 m the unit cell. The crystallographic parameters, bond 

distances, and bond angles for this conq)lex are shown hi Tables 4.1, 4.3 and 4.3, 

respectively. 

The Mn2(CO)8(C4H9N)2 was soluble hi benzene and polar solvents. In benzene, two 

large broad bands (1907cm'', 1867cm"') were observed m the IR spectrum which are 5-

10 cm"' higher than those of Mn(C0)5" m THF. When dried benzene-d^ replaces benzene. 
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the solution becomes paramagnetic, as observed by NMR spectroscopy. The 

Mn2(CO)8(C4H9N)2 was unstable m polar solvents. The crystals finally converted to 

Mn2(CO)io, Mn(C0)5" and a small amount of yeUow solid within 30 mmutes (m THF) to 

4 hours (m CH2CI2). The identification of the yellow solid was not successfiil due to an 

msufficient amount for IR (KBr disk) and the presence of paramagnetic material made h 

difficuh to determme the structure by the NMR spectrum. 

4.3 Discussion 

Co2(CO)8 forms Co4(CO)i2 m diethyl ether, which is shnilar to hs behavior m 

hexane, as reported by Ungary and Marko.*^ Co2(CO)8 m THF is complicated because 

THF is a weak Lewis base and might not cause the complete disportionation of Co2(CO)8 

as the other strong Lewis bases do. Based upon the solution IR spectrum that shows 

Co2(CO)8 and the KBr disk IR spectrum of the black crystals, we think that the cubic 

crystals might be a cobah carbonyl cluster that has a higher ratio of Co to CO than 1:4. 

Although the crystal structure determination of the black green crystal obtained from the 

Co2(CO)8 with pyrrolidme in toluene-hexanes mixture is m process, the KBr pellet IR 

spectrum make us believe that the crystals are the pyrroUdine analogue of compound VII, 

[(OC)4CoCo(py)3][Co(CO)4], mdicatmg that pyrrolidhie has at least partially coordmated 

to the Cô "̂  center. 

There are eight Mn2(CO)8(C4H9N)2 molecules packed m the unit cell. The 

Mn2(CO)8(C4H9N)2 molecule possesses a 2-fold axis perpendicular to the Mn-Mn bond, 

with the pyrroUdme molecules attached to the manganese atoms m equatorial poshions 
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(Figure 4.1). Among the Mn2(CO)8L2 compounds whose crystal structures have been 

reported, only the compounds where L is AsPhMe2 have the same symmetry,^^ while all 

the monodentate nitrogen and phosphorus coordmated compounds are axial-axial 

coordmation.^^ The Mn-Mn bond length of 2.9415(7) A is ahnost identical whh the 

arsme analogue (2.94 A), and is longer than the bond length m Mn2(CO)io (2.9038 A)^'' 

and Mn2(CO)8(PPhMe2)2 (2.90 A) which has the diaxial geometry.^^ The reasons for the 

geometric preference are not obvious. While the trans-diequatorial substitution m the case 

of the arsine groups might be due to steric crowdmg in a diaxial geometry, the pyrrolidhie 

does not fit the crheria because pyrroUdine has less steric bulk. 

In the formation of Mn2(CO)8(C4H9N)2 a band at 1690 cm"' appears hi the IR 

spectrum, and hs mtenshy mcreases as the reaction lasts, suggesthig the formation of 

amide. A signal at 9.0 ppm due to N-formylpyrrolidme can be observed hi the ' H NMR 

spectrum of the benzene-d^ solution, hidicathig that the coordmated pyrroUdine can 

migrate to the CO ligand, even though the solution is papamagnetic for NMR 

spectroscopy. Due to the paramagnetism of the benzene-d^ solution, the '^C NMR for 

searching a urea compound as the product of migration of second coordmated pyrrolidine 

is not successfiil. The mechanism for amine migration to a metal carbonyl has been 

studied intensively and has been reviewed elsewhere. ' 

The chemical behavior of Mn2(CO)8(C4H9N)2 m the polar solvent is not clear so fer. 

In ehher CH2CI2 or m THF, Mn2(CO)9(C4H9N), a pyrrolidme analogue of 

Mn2(CO)9(py)'"" was observed along with Mn2(CO)io and the unidentified species whose 

Vco absorptions are 1951 (s), 1904 (m), 1892 (sh) cm"' hi the IR spectrum These vco 
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absorptions are low m frequency to be considered as the neutral carbonyl species, but 

higher than Mn(C0)5". It is mterestmg that one of two strong vco bands tentatively 

assigned to Mn3(THF)2(CO)io (compound II) is 1951 cm'. It seems that 

Mn2(CO)9(C4H9N) is first produced, converted to the unidentified species and then fmally 

to Mn(C0)5". Therefore, this unidentified species could be the hitermediate m the process 

of the "decomposhion" of Mn2(CO)8(C4H9N)2 to Mn(CO)5", and might have the 

xenophilic structure. 

Fmally, hi the reactions of metal carbonyls whh nitrogen and oxygen bases, we fmd 

that octacarbonylcobah forms cobah carbonyl clusters m weak Lewis base. The first 

trans-equatorial disubstituted Mn2(CO)io by pyrrolidhie, the neutral nitrogen cr-donor 

monodentate ligand was obtamed. Such disubsthuted Mn2(CO)io is not stable m the polar 

solvents, and the N-formylpyrrolidme as the product of the migration of pyrroUdhie to 

carbonyl was observed both from IR and NMR spectroscopy. 
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Table 4.1 Crystal Structure Parameters for Mn2(CO)8(C4H9N)2 

Structure Parameters 

Emph-ical Formula 

Color; Habh 

Crystal System 

Space Group 

Unit Cell Dimensions 

Descriptions 

Volume 

Z 

Formula Weight 

Diffractometor Used 

Radiation 

Temperature 

Solution and Refinement 

System Used 

Solution 

Refinement 

Final R Indices (obs. data) 

R Indices (aU data) 

Goodness-of-fit 

Data-to-Parameter Ratio 

C32H36Mn4N4 016 

Orange-red polyhedron 

Orthorhombic 

Fdd2 

a =19.5933(16) A 

b = 24.873(2) A 

c = 7.9872(7) A 

3892.5(6) A^ 

4 

952.41 

MoKa(?i = 0.71073 A) 

293 K 

Siemens SHELXL-97 

SHELXS-97 

SHELXL-97 

R = 2.53%, wR = 6.18% 

R = 2.72%, wR= 6.31% 

1.019 
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Table 4.2 Bond Distance for Mn2(CO)8(C4H9N)2 

Atoms Distances (A) 

Mn(l)-C(l) 1.798(2) 

Mn(l)-C(3) 1.798(3) 

Mn(l)-C(2) 1.840(3) 

Mn(l)-C(4) 1.852(3) 

Mn(l)-N(l) 2.139(2) 

Mn(l)-Mn(l') 2.9415(7) 

C(l)-0(1) 1.145(3) 

C(2)-0(2) 1.145(4) 

C(3)-0(3) 1.146(4) 

C(4)-0(4) 1.133(4) 

C(5)-N(l) 1.484(3) 

C(5)-C(6) 1.527(4) 

C(6)-C(7) 1.518(5) 

C(7)-C(8) 1.509(4) 

C(8)-N(l) 1.490(4) 
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Table 4.3 Bond Angles for Mn2(CO)8(C4H9N)2 

Atoms 

C(l)-Mn(l)-C(3) 

C(l)-Mn(l)-C(2) 

C(3)-Mn(l)-C(2) 

C(l)-Mn(l)-C(4) 

C(3)-Mn(l)-C(4) 

C(2)-Mn(l)-C(4) 

C(l)-Mn(l)-N(l) 

C(3)-Mn(l)-N(l) 

C(2)-Mn(l)-N(l) 

C(4)-Mn(l)-N(l) 

C(l)-Mn(l)-Mn(l') 

C(3)-Mn(l)-Mn(l') 

C(2)-Mn(l)-Mn(l') 

Angle (degree) 

89.81(12) 

99.08(13) 

88.67(14) 

93.91(14) 

89.51(15) 

166.87(12) 

91.13(10) 

178.50(13) 

90.03(10) 

91.59(11) 

173.58(9) 

83.86(9) 

81.87(8) 

Atoms 

C(4)-Mn(l)-Mn(l') 

N(l)-Mn(l)-Mn(l') 

0(1)-C(l)-Mn(l) 

0(2)-C(2)-Mn(l) 

0(3)-C(3)-Mn(l 

0(4)-C(4)-Mn(l) 

N(l)-C(5)-C(6) 

C(7)-C(6)-C(5) 

C(8)-C(7)-C(6) 

N(l)-C(8)-C(7) 

C(5)-N(l)-C(8) 

C(5)-N(l)-Mn(l) 

C(8)-N(l)-Mn(l) 

Angle (degree) 

85.01(9) 

95.23(5) 

175.8(3) 

176.5(3) 

176.7(3) 

176.8(3) 

106.7(3) 

105.0(2) 

105.7(3) 

106.9(2) 

102.5(2) 

118.12(18) 

115.80(16) 
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Figure 4.1 The Molecular Structure of Mn2(CO)8(C4H9N)2 
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Figure 4.2 The Molecular Packmg of Mn2(CO)8(C4H9N)2 m a Unit CeU 
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CHAPTER V 

EXPERIMENTAL SECTION 

5.1 General Methods 

All reactants were carried out xmder an atmosphere of dry nitrogen using standard 

Schlenk techniques or argon in a drybox. Solvents were freshly distUled under an 

atmosphere of dry nitrogen from sodium mehs (toluene), soUd sodium (THF), potassium-

sodium aUoy (hexanes, diethyl ether) and calcium hydride (CH2CI2). Deuterated solvent, 

benzene-t4 was obtamed from Cambridge Isotope Laboratories, and was usually 

dehydrated using 4A molecular sieves (8-12 mesh beads, EM Science). It can be distUled 

from the potassium-sodium aUoy for higher dehydration demands. 

Magnesium metal (tummgs, 98%), mdium metal (powder, 100 mesh, 99.99%), 

FeCl2 (anhydrous, 80 mesh, 98%), ZrCU (99.5%) were purchased from the Aldrich 

Chemical Co. Mn2(CO)io, Co2(CO)8, Fe(C0)5, and VCI3 (anhydrous) were obtamed from 

Strem Chemical Inc. M0CI5, UfCU, TaCls were obtahied from Pressure Chemical Inc. 

TiCU were purchased from J. T. Baker, a division of MaUmckrodt Baker Co. Anhydrous 

RuCU was obtamed from Johnson Matthey Catalog Co. Ahydrous CrCU was obtahied 

from Alfa Products. Sodium metal, potassium metal, Uthium metal, and hydrated MnCb, 

FeCh, C0CI2, NiCl2 were purchased from elsewhere. 

Infrared spectra were recorded as thm film (KBr pellet) or solution between CaF2 

plates with a Nicolet Magna-IR 550 FTIR spectrometer and were reported m 

wavenumbers (reciprocal centhneters). Varian UnityNOVA 500MHz and IBM NR/300 
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FTNMR spectrometers were used for NMR spectroscopy. The former was used for the 

calibration of ketones. ' H and '^C NMR spectra were referenced and corrected by 

residual benzene in benzene-d^. All samples for NMR spectroscopy mvolving the triaUcyl 

mdium and hs reaction were contained in vacuum-sealed NMR tubes. Shigle crystal X-

ray diffraction (four-cycle diffraction) was recorded and analyzed ushig Siemens P4 

diffiactometor and SHELXL-97 software. 

5.2 Salt Elimination Reactions 

5.2.1 Preparation of metal carbonyl anions 

The preparation of (Na/K)Mn(C0)5, (Na/K)Co(CO)4 and Na2Fe(CO)4 were 

synthesized accordmg to EUis et al.'*" and Cymbaluk et al.,'°^ respectively. 

5.2.2 Preparation of anhvdrous transhion metal chlorides 

The preparation was adopted from Pray et al.'"^ MCl„xH20 (5 g) was ground mto a 

powder (M = Fe(III), Co, Ni, Mn) and was placed hi a lOO-mL Schlenk flask. Freshly 

distUled SOCI2 (10 mL) was added at room temperature via an addhion fiinnel whh 

caution due to the evolution of large amounts of acidic gases. After the bubblhig stopped, 

the flask was heated to reflux for 1-2 hours. While the slurry was still hot, dried nitrogen 

was passed through the flask m order to evaporate the SOCI2. When the slurry was dry, 

approxhnate 30 mL of THF was added and heated to reflux for 2-4 hours before aU the 

volatile materials were removed under vacuum. 

67 



5.2.3 Preparation of transhion metal chloride THF adducts 

The preparation of CrCU^THF was adopted from CoUman et al.'°'' In a glovebag 

under N2 atmosphere a filter paper cup contahung the mixture of 5.5 g of CrCb and 0.8 g 

of zmc dust was placed m the thhnble of a Soxhlet extractor. The Soxhlet extractor was 

attached to a 100-mL Schlenk flask and a condenser xmder a steady stream of N2. THF 

(70 mL) was charged through the condenser. At the end of 4 hours of reflux the reaction 

was stopped and an addhional 1 g of zmc dust was added m the cup. The reflux was 

assumed and continued until the recycling liquid was colorless. The THF solution was 

sealed and placed for at least 12 hours after h was cooled to room temperature. THF 

supernatant was cannulated and the purple crystalline product was dried in vacuo at room 

temperature untU the weight remamed constant. The yield was 6.59 g (50.7%). The zinc 

composhion m the product was exammed as less than 0.6% m weight from the spot test 

provided by Feigl. 

The preparation of VC13-3THF was adopted from Manzer et al.'"^ a fiher paper cup 

contammg 2.16 g of VCI3 was placed m the thimble of a Soxhlet extractor that connected 

whh a 100-mL Schlenk flask m the drybox. A condenser was attached to the extraction 

apparatus under a steady stream of N2 and 40 mL of THF was charged though the 

condenser. The reflux was started and contmued untU the color of recyclhig liquid no 

longer changed. In a dry ice-acetone bath, the supernatant was cannulated and the 

precipitate was washed twice by the portion of 20 mL of hexanes. The dark pmk 

crystaUme product was dried in vacuo at room temperature untU the weight remamed 

constant. The yield was 4.28 g (84.6%). 
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FeCl2 was extracted with a mixture of THF and trimethyl orthoformate (10:1 m 

volume, trimethyl orthoformate was dried m CaH2) m the shnilar manner of the 

VC13-3THF preparation. FeCh (4.18 g) was extracted whh 50 mL of the solvent mixture 

until the recyclmg liquid was colorless. The yield was 4.34 g (55.9%). 

5.2.4 Reactions of transhion metal chlorides whh 
(Na/K)Mn(CO^s fexcludmp MoCU) 

For each reaction, an approxhnate 1:1 equivalent ratio (l:n molar ratio regardmg 

M"^:Mn(C0)5') of metal carbonyl anions was added to metal chloride 40 mL THF 

solution. The reaction was monitored by IR spectroscopy hnmediately and continually for 

6 hours or untU no fiirther reaction was observed. After fihration the volatUe components 

were removed in vacuo and the residue was extracted with 3-4 portions of 20 mL hexanes 

untU no more significant vco was observed from the hexanes solution by mfrared. The 

compound extracted hi hexanes was characterized by IR spectroscopy. The remahimg red 

orange soUd was dissolved m THF and also characterized by IR spectroscopy. The 

fihered THF solution was concentrated and diffused by hexanes. The diffusion mixture 

was placed mto freezer for 3-7 days and red crystals were formed. The yeUow crystals 

formed from the same mixture m a longer period, typically c.a. 4 weeks. The yellow and 

red crystals were identified as Mn2(CO)io and the sah contammg Mn3(CO)i4" by IR. 

Infrared spectrum of the red crystals (KBr disk): 2117 (vw), 2089 (w), 2046 (m), 2003 

(s), 1964 (s), 1949 (sh), 1909 (sh), 1630 (w, br), 1515 (w, br), 1385 (w, br), 1099 (vw), 

1039 (w, br), 861 (vw), 801 (w), 729 (vw), 653 (m), 635 (m), 535 (w), 495 (w), 470 (w) 

cm"'. Infrared spectrum of the red crystals redissolved hi THF (vco, THF solution): 2034 
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(m), 1973 (s), 1936 (m), 1990 (w, br), 1888 (w), 1872 (w), 1863 (w), 1830 (w) cm"'. 

Infrared spectrum of the yellow crystals (KBr disk): 2115 (w), 2047 (s), 1997 (s), 1978 

(sh), 1264 (w), 1101 (w, br), 1022 (w, br), 805 (w), 657 (m), 645 (s), 634 (sh), 471 (m) 

cm" . Infrared spectrum of the yellow crystals redissolved m THF (vco, THF solution): 

2045 (s), 2009 (s), 1978 (m,br) cm"'. 

For all the reactions the free Mn(CO)5" can be observed, mdicating that the sah 

eUmmation reaction is not completed. This deduction is also confirmed by the amount of 

the collected (Na/K)Cl which was various from c.a. 20% to 50% of the quantitative yield 

after the filtration. 

To confirm HMn(CO)5 was the product, a large excess of TiCU reacted whh 

(Na/K)Mn(C0)5 (5:1 in molar ratio). IR spectra showed that the band at 2010 cm"' was 

the only strong band. After the reaction mixture was added whh 2 mL of CCU and was 

sthred for 4 hours, bands appeared at 2139 and 2050 cm"' that can be attributed 

MnCl(CO)5.''* The reaction between HMn(C0)5 and CCU is shown m Eq. 5.1. 

HMn(C0)5 + e c u > MnCl(C0)5 + CHCI3 Eq. 5.1 

5.2.5 Reactions of transhion metal chlorides whh 
fNa/K)Co(CO)4 (excludmg Mods) 

For each reaction, an approxhnate 1:1 equivalent ratio (l:n molar ratio regardmg 

to M"^:Co(CO)4") of metal carbonyl anions was added to metal chloride 40 mL THF 

solution. The reaction was monitored by IR spectroscopy at 5 mmutes, 15 mmutes, 30 

mmutes, 1 hour, 3 hours and 6 hours and allowed to react fiirther for extra 12-96 hours. 
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The THF solution was fihered from the white preciphate, and the volatUe component was 

removed in vacuo. The residue changed from tar to solid as the vacuum lasted more than 

30 minutes. The solid residue could be extracted by toluene or diethyl ether first and then 

by THF. The components from both solutions were also characterized by mfrared 

spectroscopy. 

In all reactions, the white sah separated from the reactions mdicates that the yields 

of the reactions can be only 30-50%. 

5.2.6 Reactions of transhion MoCU with (Na/KlMntCOs 
and (Na/K)Co(CO)4 

In a 100-mL Schlenk flask 0.10 g M0CI5 was charged with 40 mL of THF and a 

dark brown solution was formed whh gas evolution and heat generation. The dark brown 

solution turned green whhm 30 minutes and M0OCI3 was produced.'"' The addhion of 

the metal carbonyl anions and the foUowmg procedures were shnUar to those described 

before. 

5.2.7 Reactions of transhion metal chlorides whh 
Na2Fe(CO)4 ^exclude FeCbl -STHF. and CoCb) 

For each reaction, an approxhnate 1:1 equivalent ratio (2:n molar ratio regardmg 

M" :̂Fe(CO)4^") of Na2Fe(CO)4 THF suspension (10 mL) was added to 40 mL of a metal 

chloride THF solution. The reaction was monitored by IR spectroscopy at 5 mmutes, 15 

mmutes, 30 mmutes, 1 hour, 3 hours and 6 hours or until no more reaction was observed. 

71 



5.2.8 Reactions of CoCL with NaoFefCO)^ 

A suspension of Na2Fe(CO)4 (0.36 g, 1.68mmol) m 50 mL of THF was added to a 

sthred solution of C0CI2 (0.21 g, 1.84mmol) m 20 mL of THF. The reaction mixture 

turned black brown simuhaneously while a black preciphate formed. The black brown 

THF solution was fihered away from the black preciphate which contamed Fe and Co 

and had no vco absorption m the IR spectrum after the mixture sthred for 24 hours and 

the volatile components was removed by vacuum. The dark brown soUd was redissolved 

in THF and was concentrated to ~ 5 mL. Hexane (15 mL) was added carefiiUy on the top 

of the THF solution. Another 20 mL of hexanes was added carefiiUy on the top of the 

homogeneous diffused mixture. Deep brown planar crystals along whh dark brown solid 

formed as the resuh of the diffusion. The crystals and soUd were coUected and weighed 

as 0.16 g. Infrared spectrum (vco, THF solution): 2014 (w), 1999 (w), 1945 (s), 1890 (s, 

br), 1855 (m), 1723 (w, br) cm'. Infrared spectrum of the deep brown crystals (KBr 

disk): 2964 (w), 2908 (vw), 2881 (vw), 2073 (w), 2000 (s), 1944 (m), 1889 (sh), 1871 

(sh), 1780 (m), 1700 (sh), 1529 (w, br), 1402 (w, br), 1262 (m), 1095 (m), 1042 (m), 

1026 (m), 864 (sh), 804 (m), 623 (w), 597 (w), 538 (w, br), 454 (w) cm"'. 

5.2.9 Reactions of FeCkl 5THF with Na.Fe(C0)4 hi 
presence of pyrrolidme 

The reaction and separation were operated m ice-water bath. A suspension of 

Na2Fe(CO)4 (0.21 g, 0.98mmol) m 20 mL of THF was added to a sthred clear, light green 

solution of FeCl2-1.5THF (0.23 g, 0.98nimol) and pyrrolidme (0.2 mL, 2.4mmol) m 20 

mL of THF. The reaction mixture turned deep brown simultaneously. The reaction 
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mixture stopped sthrmg after 15 minutes and the clear supernatant was cannulated to 

another flask. The deep brown solution was concentrated to c.a. 10 mL. A number of 

deep brown microcrystaUme preciphated at the bottom of the flask. The crystallhie was 

collected by filtermg away from the THF solution and dried under vacuum for 10 

mmutes. The crystalline weighed 0.24 g. Infrared spectrum (vco, THF solution): 2012 

(vw), 1997 (w, sh), 1966 (s), 1942 (sh), 1904 (s), 1892 (sh), 1877 (s), 1865 (s) cm"'. 

Infrared spectrum of the brown crystals redissolved m THF (vco, THF solution): 1961 

(s), 1905 (s), 1876 (s), 1860 (sh) cm"'. Infrared spectrum of the deep brown crystals (KBr 

disk): 3273 (w), 2968 (m), 2873 (m), 2065 (w), 1995 (m), 1954 (s), 1896 (sh), 1882 (s), 

1853 (sh), 1746 (w), 1524 (sh), 1503 (s), 1477 (s), 1456 (s), 1349 (m), 1253 (w), 1228 

(m), 1207 (w), 1145 (w), 1052 (w, br), 967 (vw), 907 (w), 872 (w), 796 (w), 702 (w), 644 

(sh),617(s),494(w)cm"'. 

In order to obtam the larger crystals that quaUfy for smgle crystal X-ray diffraction, 

the cannulated supernatant was concentrated to the volume just as the crystaUme started 

formmg. Hexanes (20 mL) was added on the top of the THF solution carefiiUy and the 

mixture was sealed and placed hito the freezer. The planar crystals with the size of c.a. 

O.lxO.lmm"^ were formed m 3 days. 

5.3 Reaction of Trialkvl Indiums whh CO7(CO)R 

5 3.1 Preparations of trhnethvl mdium and triethvl hidium 

InMe3 and InEt3 were synthesized accordmg to the procedures reported by Todt and 

Dotzer,'"" with 10-20% lower yields than reported. Both IrMcs and InEU were hi the 
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form as diethyl ether adducts determmed by NMR spectroscopy m which there were a 

triplet (-CH3, S: 0.83) and a quadruplet (-CH2O-, &. 3.20). The crude InMe3 and InEt3 

adducts were kept refluxmg and distUlmg with benzene which was freshly distUled from 

Na/K until no fiirther diethyl ether signals were observed by NMR spectroscopy. Purified 

InMe3 was obtamed from sublimation and coUected in drybox as purified InEts from the 

distillation under reduced pressure. 

5.3.2 Reaction of the mixture of equal molar ratio of InMe^ 
and InEtiwith Co2rCO)« 

A solution of InMe3 (0.20 g, 1.25 mmol) and InEt3 (0.25 g, 1.28 mmol) m 1.0 mL 

benzene-de was added to a Schlenk flask containmg a sthred solution of freshly 

sublhnated Co2(CO)8 (1.71 g, 0.5 mmol) m 4.2 mL of benzene-de. The Schlenk flask was 

equipped whh dry ice-acetone condenser. The solution was allowed to sth for 24 hours 

and (003)280 (0.56 mL, 7.2 mmol) was then added hi order to free the ketone products. 

The volatile components were carefiiUy removed from the reaction mixture and was 

coUected m the trap cooled m liquid nitrogen until the brown red substances was 

observed at the top of the trap. The '^C NMR determmed the concentrations of the 

ketones from the trap as 0.125 M for 2-pentanone, 0.233 M for butanone and 0.109 M for 

acetone. Esthnated yield based upon the alkyl groups: 69% for methyl and 72% for ethyl 

groups. 
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5.3.3 CaUbrations of acetone, butanone and 2-pentanone bv 
NMR and IR spectroscopy 

Acetone, butanone and 2-pentanone (80.0 îL) were added to 3 different 1.00 mL 

volumetric flasks respectively, and the flasks were filled with the solvent mixture of 

benzene-de and DMS0-d6 (10:1 (v/v)) to the mark. The three ketone solutions then were 

used as the stock solutions, and theh concentrations were 1.09 M for acetone, 0.893 M 

for butanone, and 0.792 M for 2-pentanone. To another 3 different 1.00 mL volumetric 

flasks different volumes of ketone stock solutions were added (vide hifra) then were 

filled whh the solvent mixture to the mark, and ready for NMR ( H and C) 

measurements. The volumes of each ketone solution and hs concentration hi the standard 

solutions were Usted hi Table 5.1. There were no ketone signals hi blank solvent mixture. 

For the preparation of ketone solutions for IR calibration 30.0 ^L and 20.0 \iL of 

ketone were added m 2 different 1.00 mL volumetric flasks. The flasks were filled whh 

the benzene-d6 to the marks. Botii solutions were diluted by half to obtam the other two 

standard solutions. The volumes of each ketone solution and hs concentration m the 

standard solutions were listed m Table 5.2. The frequency range was set as 1750-1680 

cm"' for the peak height measurements. The lmear regression did not go through the 

origm because there was a small absorption m the range even though the spectrum of 

blank benzene-d^ was subtracted from the ketone spectra. 
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5.4 Reactions of Metal Carbonyls whh Nitrogen and 
Oxveen Bases 

5.4.1 Disproportionation of Co f̂CO'tg hi THF and diethvl ether 

THF (5 mL) was added to a Schlenk flask which contahied Co2(CO)8 (0.2 g). The 

solution was black-brown m color after the Co2(CO)8 dissolved. The solution was 

allowed to stand for 4 days and black crystals whh square shape and needle were formed. 

Infrared spectrum of black crystals (KBr) disk: 2017 (w), 2078 (sh), 2067 (s), 2054 (s), 

2036 (s), 2025 (s), 2010 (sh), 1984 (w.sh), 1974 (w, sh), 1898 (w), 1853 (s), 1824 (sh), 

1506 (w,br), 1401 (w, br),847 (vw), 546 (w), 527 (w), 507 (w), 483 (w), 421 (w) cm"'. 

Et20 (20 mL) was added to a Schlenk flask which contahied Co2(CO)8 (0.2 g). The 

solution was black-brown m color after the Co2(CO)8 dissolved. The solution stood for 

one day and crystals were formed durhig removal of Et20 under vacuum. The volume of 

solution was reduced to ~ 5 ml before the flask was refilled to atmospheric pressure whh 

dried nitrogen. After 2 days, crystals with different shapes had crystaUized. The shapes 

were square, triangular prism and hexagonal. 

5.4.2 Reaction of Co9(CO)« with pvrroUdme m hexanes and 
toluene 

The reaction was adopted from Fachmetti et al.'^ A solution of pyrroUdme (0.15 

mL, 1.8 mmol) m 10 mL of hexanes was added dropwise to a sthred solution of 

Co2(CO)8 (0.66 g, 1.9 mmol) m 50 mL hexanes. Shnuhaneously whh gas evolution, a 

purple tar preciphated hnmediately. At the end of the addhion, the tar was coUected and 

washed whh 3 portions of 25 mL of hexanes or until no Co2(CO)8 was observed by IR 
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spectroscopy. A mixture of toluene and hexanes (10 mL, 1:1m v/v) was added to the tar 

and a solution of pyrrolidme (0.3 mL, 3.6 mmol) m 10 mL of the mixture of toluene/ 

hexanes mixture was then added. The tar evolved gas and turned to green when h 

contacted with pyrrolidine solution. The solution was sthred under the reduced pressure 

generated by a water asph-ator and was sealed imder reduced pressure when the volume 

was reduced to ~ 5 mL. Black green crystals were obtamed three days after the sealed 

flask was placed on bench at room temperature. Along the black crystals, there were 

some colorless and blue crystals formed hi the solution as well. However, these colorless 

and blue crystals disappeared m the solution during the period of mountmg the black 

crystals. The black crystals were washed with hexanes and coUected and weighed as 0.37 

g. Infrared spectrum of the black green crystals: 3253 (w), 3162 (vw), 3110 (vw), 2969 

(w), 2879 (w), 2054 (m), 1990 (s), 1974 (sh), 1963 (s), 1949 (m), 1889 (m), 1777 (w), 

1737 (m), 1705 (m), 1530 (m), 1514 (m), 1483 (m), 1458 (m), 1384 (w), 1350 (w), 1263 

(w), 1228 (w), 1203 (w), 1141 (w), 1096 (w, br), 1041 (w), 904 (w), 708 (vw), 618 (w), 

556 (w), 524 (w), 472 (w) cm"'. 

5 4 3 Svnthesis of Mn9(CO)8(C4H9N)2 

PyrroUdme (0.4 mL, 4.8 mmol) was added to a solution of Mn2(CO)io (0.37 g, 0.95 

mmol) m 40 mL hexanes. The solution was heated and mamtamed at 40-45°C m ak bath 

for three weeks. The red orange crystals formed from the solution. The crystals were 

separated from the solution via cannulation and washed whh hexanes. The yield: 0.26 g 

(57.4%). Infrared spectrum of the red orange crystals: 3299 (w), 2090 (vw), 2050 (m). 
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2026 (w), 2101 (w), 1976 (s), 1937 (s),1921 (m), 1907 (s), 1888 (s), 1869 (s), 1857 (sh), 

1849 (w), 1645 (w), 1538 (w, br), 1474 (w), 1458 (w), 1403 (w), 1385 (w), 1346 (w), 

1312 (w), 1209 (vw), 1076 (w), 1052 (w), 940 (w), 908 (m), 897 (w), 802 (w), 654 (m), 

946 (m), 630 (m), 564 (w), 538 (w), 482 (w) cm"'. 
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Table 5.1 Composhions of Standard solutions for NMR Calibrations 

Standard 

Solutions 

(ImL) 

1 

2 

3 

Acetone 

Volume 
(HL) 

80.0 

220.0 

360.0 

Concentration 
(M) 

0.0874 

0.240 

0.393 

Butanone 

Volume 
(HL) 

220.0 

360.0 

80.0 

Concentration 
(M) 

0.196 

0.248 

0.0714 

2-pentanone 

Volume 

360.0 

80.0 

220.0 

Concentration 
(M) 

0.285 

0.0634 

0.174 

Table 5.2 Concentrations of Ketone Standard Solutions for IR CaUbrations 

Solution 
(1 mL CeDfi) 

1 

2 

3 

4 

Volume taken 
(HL) 
30 

20 

15 

10 

Acetone Cone. 
(M) 

0.410 

0.273 

0.205 

0.137 

Butanone Cone. 
(M) 

0.335 

0.223 

0.168 

0.112 

2-Pentanone 
Cone. (M) 

0.297 

0.198 

0.149 

0.099 
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CHAPTER VI 

CONCLUSIONS 

In the attempts of synthesis of xenophilic compounds by means of the sah 

elimination reaction, we find that electron transfer between the transhion metal cations 

and metal carbonyl anions hinders the formation of metal-metal bonds by electrostatic 

attraction when Mn(CO)5" and Fe(C0)4^" (except for C0CI2) are used. For metal cations 

havhig high poshive charges, theh electron affinhies should be reduced by the anions that 

have strong odonation property by the means revealed in the "early-late" xenophilic 

complexes. For those cations having lower poshive charge, e.g., 2+, the electron transfer 

may be hindered by mtroducmg strong neutral cr-donor Ugands. Although the 

introduction of strong neutral cr-donor Ugands may cause compethion whh the metal 

carbonyl anions in the coordination to the cationic transhion metal center, the use of 

stoichiometric amounts of such cp-donor Ugands hi the reactions of FeCl2l.5THF with 

metal carbonyl anions shows encouragmg resuhs. For Co(CO)4", a better experhnent 

design which prevents the aggregation of cobah carbonyls mto polynuclear cobah 

carbonyl anions is essential hi order to synthesize xenophilic compounds. 

The reaction of Co2(CO)8 with a mixture of equal moles of In(CH3)3 and In(C2H5)3 

resuhs m the random distribution among acetone, butanone and 2-petanone. Reaction 

sequence Eq. 3.1, 3.2(a), 3.2(b), 3.2(c), 3.3, 3.4, 3.5 and/or Eq. 3.1, 3.2(d), 3.3, 3.4, 3.5 

seem to provide the best explanation for the course of the InR3 + Co2(CO)8 ketone 

synthesis. 
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In the study of the reactions of metal carbonyls with nitrogen and oxygen bases, we 

find that octacarbonylcobah in weak Lewis base forms cobah carbonyl clusters. The first 

trans-equatorial disubstition of Mn2(CO)io by pyrrolidme, the neutral nitrogen a-donor 

monodentate Ugand was obtahied. Such disubstituted Mn2(CO)io is not stable m polar 

solvents and the N-formylpyrrolidme (as the product of the migration of pyrroUdme to 

carbonyl) was observed both from IR and NMR spectroscopy. 
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