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1. General considerations 

 Theoretical chemistry can be defined as the mathematical description of chemistry, and 

the term computational chemistry is generally used when a mathematical method is sufficiently 

well developed that it can be implemented in a computer. Aspects that can be investigated 

computationally include, among others, molecular geometry (bond lengths, angles, dihedrals), 

molecular energies (the most stable isomer at equilibrium), transition states, chemical reactivity 

(nucleophilic sites, electrophilic sites), IR/UV/NMR spectra, the interaction of a substrate with 

an enzyme (useful for example in the development of new drugs), physical properties of 

substances (useful in materials science). This thesis uses computational chemistry to solve 

problems in metal carbonyl chemistry. 

 

2. Binuclear pentalene titanium carbonyls involved in the deoxygenation of carbon 

dioxide 

 Pentalene titanium complexes have recently become of interest owing to their reactivity 

towards small molecules. Such small molecules include CO2 of current concern relative to 

anthopogenic climate change. Thus Pn†
2Ti2 (Pn† = 1,4-(iPr3Si)2C8H4) readily deoxynates CO2 to 

give the oxide Pn2Ti2(μ-O)2 fixing the CO by-product as the dicarbonyl Pn†
2Ti2(CO)2

2,3
 (Figure 

1). This reaction represents the first example of CO2 as the carbon source for the carbonyl group 

in the synthesis of a metal carbonyl derivative. The pentalene titanium dialkyls Pn*TiR2 (Pn* = 

C8Me6; R = Me, CH2Ph) are also reactive towards CO2, but in a different manner to give the 

corresponding carboxylates Pn*Ti(CO2R)2 rather than to form titanium carbonyl derivatives4. 
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Figure 1. Reaction of bis(1,4-triisopropylsilylpentalene)dititanium, Pn†
2Ti2, with carbon dioxide. 

The triisopropylsilyl substituents are omitted for clarity. 

 

 Both mononuclear and binuclear homoleptic pentalene-titanium derivatives are known 

(Figure 2). The mononuclear derivative (η8-C8H6)2Ti has two unusual folded octahapto pentalene 

ligands with distorted tetrahedral orientation of the four ring centroid-titanium linkages and is 

formally a derivative of Ti(IV)20. The binuclear derivative Pn2Ti2 (Pn = complexed pentalene)21 

is formally a titanium(II) derivative but has a short Ti=Ti distance suggested to be a formal 

double bond22. Because of their low titanium oxidation states and titanium multiple bonds, 

Pn2Ti2 derivatives are reactive towards small molecules. Of particular interest is the reductive 

deoxygenation of CO2 by Pn†
2Ti2 to give the oxide Pn†

2Ti2(μ-O)2 and the dicarbonyl 

Pn†
2Ti2(CO)2

2,3
 (Figure 1). A monocarbonyl Pn†

2Ti2(CO) has also been obtained from the 

reaction of Pn†
2Ti2 with CO en route to the dicarbonyl Pn†

2Ti2(CO)2. In addition a tricarbonyl 

Pn†
2Ti2(CO)3 is obtained by reaction of   Pn†

2Ti2(CO)2 with excess CO at low temperatures and 

was obtained as orange crystals in a CO atmosphere. However, it was found to be too unstable 

for a determination by X-ray crystallography. 

 

Figure 2. The homoleptic pentalene titanium complexes η8-Pn2Ti and η5,η5-Pn2Ti2. 
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 According to our DFT results, each C5 ring in each pentalene ligand in the Pn2Ti2(CO)n 

(Pn = pentalene (C8H6); n = 0, 1, 2, 3, 4) functions as a pentahapto ligand to a titanium atom and 

thus can be considered as a five-electron donor so that each pentalene ligand contributes 10 

electrons to the central Ti2 unit. However, this bonding model has the two carbon atoms common 

to both titanium atoms functioning as a bridge. This leads to multiple center Ti2C2 bonding that 

creates difficulties in assigning a formal titanium-titanium bond order. Thus the short predicted 

Ti‒Ti distance of 2.286 Å in the carbonyl-free lowest energy singlet Pn2Ti2 structure with an 

associated high Wiberg Bond Index (WBI) of 1.57 would suggest the formal quadruple bond 

leading to the favored 18-electron configuration for both titanium atoms. However, this 

contradicts the previously reported analysis22 of this system using derivatives molecular orbital 

and fragment analysis to indicate a Ti=Ti double bond in these systems.  

 Density functional theory optimization of the carbonyl-free Pn2Ti2 system in singlet, 

triplet, and quintet spin states shows the singlet structure to lie 22.5 kcal/mol and 18.5 kcal/mol 

in energy below the isomeric triplet and quintet structures, respectively. However, for the 

experimentally known Pn†
2Ti2 system (Pn† = 1,3-(iPr3Si)2C8H4) the singlet, triplet and quintet 

spin state structures have essentially equal energies within 0.3 kcal/mol. This suggests the 

possibility of complicated magnetic behaviour. The Ti-Ti distance of 2.399 Å found in 

crystalline Pn†
2Ti2 by X-ray crystallography is closest to the 2.415 Å Ti-Ti distance predicted for 

the triplet spin state structure. 

 Carbonylation of Pn2Ti2 results in successive lengthening of the Ti-Ti distance with a 

corresponding decrease in the Ti-Ti WBIs as CO groups are added. Three CO groups are the 

maximum number that can be introduced into a viable Pn2Ti2(CO)n derivative as indicated both 

by experimental and by the exothermic predicted CO dissociation energy of the tetracarbonyl 

Pn2Ti2(CO)4. The lowest energy structure for the monocarbonyl Pn2Ti2(CO) has a four-electron 

donor bridging η2-μ-CO group in accord with the experimental Pn†
2Ti2(CO) structure. However, 

the lowest energy structure for the dicarbonyl Pn2Ti2(CO)2 has exclusively terminal CO groups 

in a cis configuration in accord with the experimental Pn†
2Ti2(CO)2 structure obtained from 

reaction of Pn†
2Ti2 with carbon dioxide. Two terminal CO groups are accompanied by a third 

highly unsymmetrical semibridging CO group in the lowest energy structures for the tricarbonyl  
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Pn2Ti2(CO)3. However, the lowest energy structures for the tetracarbonyl Pn2Ti2(CO)4 have 

exclusively terminal CO groups.  

 The data discussed in this chapter have been published in the Journal of Organometallic 

Chemistry58.  

 

3. Binuclear pentalene titanium carbonyls: comparison with related 

cyclopentadienyltitanium carbonyls 

 Titanium is the earliest transition metal known to form isolable metal carbonyl 

derivatives. However, since a neutral titanium atom has only four valence electrons, seven 

carbonyl groups are required to provide the 14 additional electrons for the titanium atom in a 

neutral binary carbonyl to have the favored 18-electron configuration of most stable metal 

carbonyl derivatives59,60,61,62,63. The resulting species, titanium heptacarbonyl, Ti(CO)7, does not 

appear to be stable under ambient conditions but appears to be isolated in low temperature 

matrices9. However, stable seven-coordinate substitution products of Ti(CO)7, including 

(Me2PCH2CH2PMe2)Ti(CO)5 and [MeC(CH2PMe2)3]Ti(CO)4, have been synthesized10 in which 

two to four CO groups are replaced by highly basic chelating phosphines. In addition, the 

experimentally known and structurally characterized seven-coordinate titanium carbonyl anions  

[R3SnTi(CO)6]
- (R = Ph)11 and [R3PAu → Ti(CO)6]

- (R = Et)12 may also be considered as close 

relatives of Ti(CO)7. The stable binary dianion Ti(CO)6
2-, in which the central atom has the 

favored 18-electron configuration, is also known7. 

 Another structural feature of unsaturated binuclear carbonyl derivatives of relatively 

oxophilic early transition metals, such as titanium, is a four-electron donor carbonyl group η2-μ-

CO bridging  the central M2 unit. Such a structural feature was first found in the stable binuclear 

manganese carbonyl complex (Ph2PCH2PPh2)2Mn2(CO)4(η
2-μ-CO), which has been structurally 

characterized by X-ray crystallography70,71 (Figure 3). The η2-μ-CO ligand is found to exhibit a 

short bonding Mn-O distance of 2.29 Å, indicating interaction of the oxygen atom as well as the 

carbon atom of the carbonyl group with the central M2 unit. The bonding of a bridging carbonyl 

group to a central M2  unit through its oxygen atom as well as through its carbon atom occurs 

mainly with the relatively oxophilic early transition metals. However, such four-electron donor 
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bridging η2-μ-CO groups are relatively rare, considering the large number of binuclear metal 

carbonyl derivatives. Nevertheless, theoretical studies on unsaturated binuclear early transition 

metal carbonyls such as Cp2V2(CO)n (n = 3, 2, 1)72, Cp2Nb2(CO)n  (n = 6, 4, 3, 2, 1)73 and 

Cp2Ti2(CO)n (n = 7, 5, 4, 3, 2)64 have provided additional examples of four-electron donor 

bridging η2-μ-CO groups. The theoretical studies on PnM2(CO)n (M = Mn67, Fe68, Co69) of the 

central to late transition metals predict the absence of low-energy structures having four-electron 

donor bridging η2-μ-CO groups.  

 

Figure 3. Structure of (Ph2PCH2PPh2)2Mn2(CO)4(
2-µ-CO) showing the four-electron donor 

bridging 2-µ-CO group. 

 

 According to our DFT results, the major differences between PnTi2(CO)n and 

Cp2Ti2(CO)n structures with the same number of carbonyl groups relate to the constraints 

imposed by the pentahapto bonding of each pentalene ring to a titanium atom in the η5,η5-PnTi2  

structural unit. For the carbonyl-richest system PnTi2(CO)n/Cp2Ti2(CO)n (n = 8, 7), the relatively 

long Ti‒Ti bonding distances found in the  Cp2Ti2(CO)n derivatives are not found in the 

corresponding PnTi2(CO)n derivatives because of this constraint. Thus the lowest energy 

Cp2Ti2(CO)8 structures have all terminal CO groups with a very long Ti‒Ti single bond of ~ 3.9 

Å to give each titanium atom the favored 18-electron configuration64. Such long Ti‒Ti bonds are 

not feasible in the corresponding PnTi2(CO)8 structures if pentahapto bonding of each pentalene 

ring to a titanium atom is maintained. The singlet PnTi2(CO)8 structure PnTi28-2S, lying only ~ 

3 kcal/mol above the lowest energy PnTi2(CO)8 structure PnTi28-1T, also has exclusively 

terminal CO groups but a necessarily much shorter Ti-Ti bonding distance of ~ 3.0 Å. Other 

(Ph2PCH2PPh2)2Mn2(CO)4(η
2-μ-CO) 
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PnTi2(CO)8 structures have a four-electron donor bridging η2-µ-CO group despite the carbonyl-

richness of this system. This, as well as the general prevalence of four-electron donor bridging 

η2-µ-CO groups in most of the low-energy PnTi2(CO)n structures (Table 4), suggests that the 

most favorable Ti‒Ti distances in the η5,η5-PnTi2 structural unit are also favorable Ti‒Ti 

distances for bridging by a η2-µ-CO group. 

 The low-energy structures for the heptacarbonyl Cp2Ti2(CO)7 are of two types, namely a 

structure with a four-electron donor η2-µ-CO group and a Ti‒Ti single bond of lenght ~ 3.8 Å 

and a structure with exclusively terminal CO groups and a Ti=Ti double bond of lenght ~ 3.4 

Å64. Even the shorter ~ 3.4 Å Ti=Ti distance in the latter structure appears to be too long to be 

incorporated into a η5,η5-PnTi2 system while maintaining the favorable pentahapto bonding to 

both pentalene rings. The lowest energy PnTi2(CO)7 structure PnTi27-1T by a margin of ~ 5 

kcal/mol is a triplet structure with a bridging η2-µ-CO group but with a bonding Ti‒Ti distance 

of only ~ 3.0 Å. 

 The two lowest energy structures for the hexacarbonyl Cp2Ti2(CO)6 have all two-electron 

donor carbonyl groups and reasonable Ti≡Ti distancess of ~ 2.8 Å for the formal triple bonds 

required to give each titanium atom the favored 18-electron configuration. However, all of the 

low-energy PnTi2(CO)6  structures have a single four-electron donor η2-µ-CO group albeit with 

similar Ti=Ti distances close to ~ 2.8 Å. However, the WBI’s of these Ti=Ti interactions are 

consistent with formal bond orders no greater than two. Note that each titanium atom in a 

PnTi2(CO)6 structure with a four-electron donor η2-µ-CO group and a formal Ti=Ti double bond 

has the favorable 18-electron configuration. 

 The low-energy structures of the carbonyl-poorer Cp2Ti2(CO)n/PnTi2(CO)n (n = 5, 4, 3, 

2) systems all have at least one η2-µ-CO group. The lowest energy PnTi2(CO)n (n = 5, 4, 3, 2) 

structures by margins of at least ~ 10 kcal/mol are singlet structures with two η2-µ-CO groups 

and Ti≡Ti triple bond distances of ~ 2.5 Å or even less as the number of CO groups is reduced 

(Table 4). Thus the lowest energy structure PnTi23-1S for the tricarbonyl PnTi2(CO)3 has two 

η2-µ-CO groups and one terminal CO group. However, in the lowest energy Cp2Ti2(CO)3 

structure all three carbonyl groups are η2-µ-CO groups.  This suggests that the maximum number 

of four-electron η2-µ-CO groups that can bridge the Ti‒Ti bond in a η5,η5-PnTi2 unit is two.  
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 The data discussed in this chapter have been published in International Journal of 

Quantum Chemistry78.  

 

4. Reversible complexation of ammonia by breaking a manganese-manganese bond in 

a manganese carbonyl ethylenedithiolate complex: a theoretical study of an unusual type of 

Lewis acid 

 The chemistry of organosulfur derivatives of metal carbonyls dates back to the 1937 

synthesis of derivatives of stoichiometry RSFe(CO)3 (R = alkyl or aryl) by Hieber and Spacu 

using reactions of Fe3(CO)12 with thiols or disulfides64. Subsequent work by Hieber and Beck in 

196079 showed these species to be the (RS)2Fe2(CO)6 dimers and indicated all CO groups to be 

terminal groups from their ν(CO) frequencies. One of us (RBK) in 1962 used proton  NMR to 

demonstrate the presence of two stereoisomers of the methyl derivative (CH3S)2Fe2(CO)6 (R = 

CH3) (Figure 4) and then separated the two isomers by column chromatography80. Shortly 

thereafter Dahl and Wei81 used X-ray crystallography to show the presence of an Fe‒Fe bond of 

lenght 2.537 Å and two bridging ethylthiolate ligands in the axial-equatorial (C2H5S)2Fe2(CO)6 

isomer. Recently, both stereoisomers of (CH3S)2Fe2(CO)6 were both structurally characterized by 

X-ray crystallography82. Each iron atom in the (RS)2Fe2(CO)6 complexes with an Fe‒Fe single 

bond has the favored 18-electron configuration since the bridging RS ligands, considered as 

neutral species, donate two electrons to one iron atom and a single electron to the other iron 

atom.  

 The iron atoms in the binuclear ethylenedithiolate complex H2C2S2Fe2(CO)6 have the 

favored 18-electron configuration with an Fe‒Fe formal single bond and coordination of the 

ethylenedithiolate ligand through only the sulfur atoms. In order for the manganese atoms in the 

apparently corresponding manganese complex  H2C2S2Mn2(CO)6 to have likewise the favored 

18-electron configuration, either the coordination of the ethylene double bond as well as the 

sulfur atoms of the ethylenedithiolate ligand or the formation of a formal Mn=Mn double bond 

must occur. The 1968 paper91 suggested the coordination of the ethylene double bond as well as 

the sulfur atoms of the ethylenedithiolate ligand to provide both manganese atoms in 

H2C2S2Mn2(CO)6 with the favored 18-electron configuration. This suggestion was subsequently 

confirmed by the structure of the diphenyl derivative Ph2C2S2Mn2(CO)6 by X-ray 



11 
 

crystallography92. The rapid reactions of  H2C2S2Mn2(CO)6 with bases such as ammonia might 

either involve the displacement of the coordinated double bond or rupture of the manganese-

manganese bond by the base (Figure 5). We now use density functional theory to show this 

explanation of the reactivity of  H2C2S2Mn2(CO)6 with Lewis bases to involve the rupture of the 

manganese-manganese bond rather than the displacement of the coordinated C=C double-bond. 

Thus H2C2S2Mn2(CO)6 represents a rare type of Lewis acid functioning by the displacement of a 

metal-metal bond. 

. 

 

Figure 4. The  two known stereoisomers of the  (RS)2Fe2(CO)6 derivatives. 

 

Figure 5. Comparison of the originally proposed H2C2S2Mn2(CO)6·NH3 structure involving the 

displacement of the coordinated C=C double bond with the structure  suggested by this 

theoretical study involving the breaking of the Mn‒Mn bond. 
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 According to our DFT studies, the structure of the binuclear ethylenedithiolate 

manganese carbonyl complex H2C2S2Mn2(CO)6 with a complexed C=C double bond of the 

ethylenedithiolate ligand suggested when its original synthesis was reported in 196891 is now 

supported by our theoretical study. However, the reversible complexation of H2C2S2Mn2(CO)6 

with ammonia or trimethylphosphine to form adducts of the type H2C2S2Mn2(CO)6⸱L does not 

involve displacing the complexed C=C double bond by the Lewis base as originally suggested.  

Instead the formation of such adducts involves a reversible rupture of the Mn-Mn bond in 

H2C2S2Mn2(CO)6 upon complexation with Lewis bases. Thus H2C2S2Mn2(CO)6 represents an 

unusual type of Lewis acid where complexation with Lewis bases involves the reversible rupture 

of a metal-metal bond.   

 The thermodynamics of CO dissociation in the series H2C2S2Mn2(CO)n (n = 8 – 5) 

accounts for the formation of the hexacarbonyl H2C2S2Mn2(CO)6 upon the reaction of 

Mn(CO)5Br with sodium ethylenedithiolate. Thus the octacarbonyl H2C2S2Mn2(CO)8 is not a 

viable species since its CO dissociation is actually exothermic at ~ 7 kcal/mol. Even the resulting 

heptacarbonyl H2C2S2Mn2(CO)7 is a marginal species since its CO dissociation is only slighly 

endothermic at ~7 kcal/mol. The resulting hexacarbonyl H2C2S2Mn2(CO)6 however appears to be 

the thermodynamic sink in this system since its CO dissociation energy is considerable at ~ 32 

kcal/mol. 

 The data discussed in this chapter have been published in Dalton Transactions95. 

 

5. The group 9 cyclopentadienylmetal cis-ethylenedithiolates as metallodithiolene 

ligands in metal carbonyl chemistry: analogies to benzene metal carbonyl complexes 

 The initial organosulfur metal carbonyl derivatives were iron derivatives of the type  

(RS)2Fe2(CO)6 first prepared by Hieber and Spacu64 from reactions of Fe3(CO)12 with thiols or 

disulfides and later demonstrated by Hieber and Beck79 to be dimers (Figure 6).  R. B. King80 

first separated two stereoisomers of (CH3S)2Fe2(CO)6 by column chromatography. Dahl and 

Wei81 reported the first crystal structure determination of an (RS)2Fe2(CO)6 derivative, namely 

(C2H5S)2Fe2(CO)6. Recently both stereoisomers of (CH3S)2Fe2(CO)6 were structurally 

characterized by X-ray crystallography82. The experimental Fe‒Fe  distance of 2.537 Å in  
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(C2H5S)2Fe2(CO)6 suggested the iron-iron single bond required to give each iron atom the 

favored 18-electron configuration since each bridging RS ligand, considered as neutral species, 

donates two electrons to one iron atom and one electron to the other iron atom.  

 

Figure 6. Conversion of (RS)2Fe2(CO)6 to Cp2Co2(SR)2 by successive replacement of Fe(CO)3 

units with isoelectronic and isolobal CpCo units.  Only one stereoisomer type is shown. 

 

 Heterometallic CpCoS2C2H2⸱M(CO)n complexes can be dissected into a CpCoS2C2H2 

ligand and a metal carbonyl fragment. The CpCoS2C2H2 ligand is a stable species which has 

been synthesized by reaction of CpCo(CO)I2 with disodium ethylenedithiolate91. Nuclear 

Independent Chemical Shift (NICS) studies show the CoS2C2 ring in CpCoS2C2H2 to be 

aromatic97. This aromaticity can be related to two possible canonical structures for a group 9 

metal CpMS2C2H2 (M = Co, Rh, Ir) derivative, namely the ethylenedithiolate structure with a 16-

electron metal configuration with the neutral H2C2S2 ligand as a two-electron donor and the 

dithioglyoxal structure with an 18-electron metal configuration (Figure 7). In addition, 

considering a ring sulfur atom to be analogous to a ring ‒CH=CH‒  unit (e.g., the thiophene-

benzene analogy) and a CpCo moiety to be analogous to a BH unit makes CpCoS2C2H2 an 

analogue of borepine (Figure 8). Thus a neutral pentahapto η5-(CpCoS2C2H2) ligand is a six-

electron donor to a transition metal ligand so that the heterometallic species {η5-

(CpCoS2C2H2)}Cr(CO)3 with a Co‒Cr bond, analogous to benzene-chromium tricarbonyl, (η6-

C6H6)Cr(CO)3 with the favored 18-electron chromium configuration, would be expected to be 

favorable species. 
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Figure 7. The ethylenedithiolate and dithioglyoxal canonical structures for the Group 9 metal 

complexes CpMS2C2H2 (M = Co, Rh, Ir). 

 

Figure 8. Analogy between the cobalt ethylenedithiolate complex and borepine through the 

isoelectronic CpCo  BH and S  -CH=CH- relationships. 
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 The C=C double bond of the CpMS2C2H2 ligands (M = Co, Rh, Ir) is not involved in the 

trihapto bonding to the central chromium and iron atom in the lowest energy  

CpMS2C2H2⸱Cr(CO)4 and CpMS2C2H2⸱Fe(CO)3 structures in which the central chromium or iron 

atom requires only four electrons from the CpMS2C2H2 ligand to attain the favored 18-electron 
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configuration. Instead the CpMS2C2H2 molecules are trihapto ligands bonding to the central 

chromium or iron atom through a heterometallic M‒M′ (M′ = Cr, Fe) bond and two metal-sulfur 

bonds. Such structures are closely related to the originally synthesized iron carbonyl complexes  

(RS)2Fe(CO)6 (R = Me, Et, Ph, etc.) by replacing one of the Fe(CO)3 units by an 

isoelectronic/isolobal CpM (M = Co, Rh, Ir) unit. Higher energy CpMS2C2H2⸱Cr(CO)4 and 

CpMS2C2H2⸱Fe(CO)3 structures involve the C=C double bond at least one of the sulfur atoms in 

the CpMS2C2H2 ligands in the ligand-metal bonding but have metal-metal distances too long to 

suggest heterometallic metal-metal bonding.  

 The CpMS2C2H2⸱Cr(CO)5 and CpMS2C2H2⸱Fe(CO)4 structures require only two 

electrons from the CpMS2C2H2 ligand for the central chromium and iron atoms to attain the 

favored 18-electron configuration. Since there are a number of subsets of the atoms in the MS2C2 

ring that can provide two electrons, the potential eneregy surfaces of these systems are the most 

complicated of the systems studied in this work. In the lowest energy CpMS2C2H2⸱Cr(CO)5 and 

CpMS2C2H2⸱Fe(CO)4 structures the CpMS2C2H2 ligand is a dihapto ligand that is bonded to the 

chromium or iron atom through a heterometallic M‒M′ (M′ = Cr, Fe) bond and a metal-sulfur 

bond. Other types of dihapto ligand-metal bonding found in higher energy CpMS2C2H2⸱Cr(CO)5 

and CpMS2C2H2⸱Fe(CO)4 structures include bonding only the C=C double bond of the 

ethylenedithiolate ligand to the chromium or iron atom as in a simple (olefin)M(CO)n  complex 

or bonding of adjacent carbon and sulfur atoms in the CpMS2C2H2 ligand to the chromium or 

iron atom. The latter mode of dihapto C,S bonding of the CpMS2C2H2 ligand can be interpreted 

as a π-bond from a C=S double bond in the dithioglyoxal structure for CpMS2C2H2 (Figure 7). 

 The data discussed in this chapter have been published in New Journal of Chemistry103. 

 

 

 

 

 

 

 

 



16 
 

 

6. Bibliography 

 

1. E. G. Lewars, Computational Chemistry - Introduction to the Theory and Applications of 

Molecular and Quantum Mechanics, Springer, Peterborough, ON, Canada, Third Edit., 2016. 

2. A. F. R. Kilpatrick and F. G. N. Cloke, Chem. Commun., 2015, 50, 2769–2771. 

3. A. F. R. Kilpatrick, J. C. Green and F. G. N. Cloke, Organometallics, 2015, 34, 4816–

4829. 

4. R. T. Cooper, F. M. Chadwick, A. E. Ashley and D. O’Hare, Chem. Commun., 2015, 51, 

11856–11859. 

5. J. G. Murray, J. Am. Chem. Soc. Chem. Soc., 1959, 81, 752–753. 

6. B. A. Kelsey and J. E. Ellis, J. Am. Chem. Soc., 1986, 108, 1344–1345. 

7. K. M. Chi, S. R. Frerichs, S. B. Philson and J. E. Ellis, J. Am. Chem. Soc., 1988, 110, 

303–304. 

8. R. Busby, W. Klotzebucher and G. A. Ozin, Inorg. Chem., 1977, 16, 822–828. 

9. Q. Luo, Q. S. Li, H. Y. Zhong, Y. Xie, R. B. King and H. F. Schaefer, J. Am. Chem. 

Soc., 2008, 130, 7756–7765. 

10. K. M. Chi, S. R. Frerichs, B. Kelsey Stein, D. W. Blackburn and J. E. Ellis, J. Am. Chem. 

Soc., 1988, 110, 163–171. 

11. J. E. Ellis and P. Yuen, Inorg. Chem., 1993, 32, 4998–4999. 

12. P. J. Fischer, V. G. Young and J. E. Ellis, Chem. Commun., 1997, 6, 1249–1250. 

13. X. Zhang, Q. S. Li, Y. Xie, R. B. King and H. F. Schaefer, Inorg. Chem., 2010, 49, 1961–

1975. 

14. F. G. N. Cloke, Pure Appl. Chem., 2001, 73, 233–238. 

15. O. T. Summerscales and F. G. N. Cloke, Coord. Chem. Rev., 2006, 250, 1122–1140. 

16. T. J. Katz, M. Rosenberg and R. K. O’Hara, J. Am. Chem. Soc., 1964, 86, 249–252. 

17. A. E. Ashley, A. R. Cowley and D. O’Hare, Chem. Commun., 2007, 1512–1514. 

18. A. E. Ashley, R. T. Cooper, G. G. Wildgoose, J. C. Green and D. O’Hare, J. Am. Chem. 

Soc., 2008, 130, 15662–15677. 

19. F. G. N. Cloke, M. C. Kuchta, R. M. Harker, P. B. Hitchcock and J. S. Parry, 

Organometallics, 2000, 19, 5795–5798. 



17 
 

20. K. Jonas, P. Kolb, G. Kollbach, B. Gabor, R. Mynott, K. Angermund, O. Heinemann and 

C. Kruger, Angew. Chemie Int. Ed. English, 1997, 36, 1714–1718. 

21. A. F. R. Kilpatrick, J. C. Green, F. G. N. Cloke and N. Tsoureas, Chem. Commun., 2013, 

49, 9434–9436. 

22. A. F. R. Kilpatrick, J. C. Green and F. G. N. Cloke, Organometallics, 2015, 34, 4830–

4843. 

23. W. B. Schneider, G. Bistoni, M. Sparta, M. Saitow, C. Riplinger, A. A. Auer and F. 

Neese, J. Chem. Theory Comput., 2016, 12, 4778–4792. 

24. C. Riplinger, P. Pinski, U. Becker, E. F. Valeev and F. Neese, J. Chem. Phys., 2016, 144, 

24109–24118. 

25. F. Pavošević, P. Pinski, C. Riplinger, F. Neese and E. F. Valeev, J. Chem. Phys., 2016, 

144, 144109–144113. 

26. A. Kubas, D. Berger, H. Oberhofer, D. Maganas, K. Reuter and F. Neese, J. Phys. Chem. 

Lett., 2016, 7, 4207–4212. 

27. M. Isegawa, F. Neese and D. A. Pantazis, J. Chem. Theory Comput., 2016, 12, 2272–

2284. 

28. Y. Guo, K. Sivalingam, E. F. Valeev and F. Neese, J. Chem. Phys., 2016, 144, 94111–

94116. 

29. A. K. Dutta, F. Neese and R. Izsák, J. Chem. Phys., 2016, 145, 34102–34108. 

30. D. Datta, S. Kossmann and F. Neese, J. Chem. Phys., 2016, 145, 114101–114118. 

31. P. Pinski, C. Riplinger, E. F. Valeev and F. Neese, J. Chem. Phys., 2015, 143, 34108–

34117. 

32. B. Mondal, F. Neese and S. Ye, Inorg. Chem., 2015, 54, 7192–7198. 

33. D. G. Liakos, M. Sparta, M. K. Kesharwani, J. M. L. Martin and F. Neese, J. Chem. 

Theory Comput., 2015, 11, 1525–1539. 

34. D. G. Liakos and F. Neese, J. Chem. Theory Comput., 2015, 11, 2137–2143. 

35. D. G. Liakos and F. Neese, J. Chem. Theory Comput., 2015, 11, 4054–4063. 

36. O. Demel, J. Pittner and F. Neese, J. Chem. Theory Comput., 2015, 11, 3104–3114. 

37. F. Weinhold and C. R. Landis, Valency and bonding: a natural bond order doonor-

acceptor perspective, Cambridge University Press, Cambridge, U.K., 2005. 

38. H. Wang, Y. Xie, R. B. King and H. F. Schaefer, J. Am. Chem. Soc., 2006, 128, 11376–

11384. 



18 
 

39. I. Silaghi-Dumitrescu, T. E. Bitterwolf and R. B. King, J. Am. Chem. Soc., 2006, 128, 

5342–5343. 

40. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, 

G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. Marenich, J. 

Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ort and D. J. Fox, 

2009. 

41. F. Neese, Wiley Interdiscip. Rev. Comput. Mol. Sci., 2012, 2, 73–78. 

42. R. Izsák and F. Neese, Mol. Phys., 2013, 111, 1190–1195. 

43. R. Izsák and F. Neese, J. Chem. Phys., 2011, 135, 144105–144111. 

44. S. Kossmann and F. Neese, J. Chem. Theory Comput., 2010, 6, 2325–2338. 

45. S. Kossmann and F. Neese, Chem. Phys. Lett., 2009, 481, 240–243. 

46. F. Neese, F. Wennmohs, A. Hansen and U. Becker, Chem. Phys., 2009, 356, 98–109. 

47. F. Neese, J. Comput. Chem., 2003, 24, 1740–1747. 

48. A. K. Dutta, F. Neese and R. Izsák, J. Chem. Phys., 2016, 144, 34102–34113. 

49. G. J. Christian, F. Neese and S. Ye, Inorg. Chem., 2016, 55, 3853–3864. 

50. J. M. B. G. Wilkinson, J. Am. Chem. Soc., 1954, 76, 4281–4284. 

51. A. Clearfield, D. K. Warner, C. H. Saldarriaga-Molina and R. Ropal, Can. J. Chem., 

1975, 53, 1622–1629. 

52. U. Thewalt and T. Wöhrle, J. Organomet. Chem., 1994, 464, 17–19. 

53. J. D. Zeinstra and J. L. De Boer, J. Organomet. Chem., 1973, 54, 207–211. 

54. G. G. Tairova, O. N. Krasochka, V. I. Ponomaryov, E. F. Kvashina, Y. A. Shvetsov, E. 

M. Lisetsky, D. P. Kiryukhin, L. O. Atovmyan and Y. G. Borod’ko, Transit. Met. Chem., 1982, 

7, 189–190. 

55. J. C. Green, M. L. H. Green and G. Parkin, Chem. Commun., 2012, 48, 11481–11503. 

56. R. Ponec, G. Lendvay and J. Chaves, J. Comput. Chem., 2008, 29, 1387–1398. 

57. L. S. Sunderlin, D. Wang and R. R. Squires, J. Am. Chem. Soc., 1993, 115, 12060–

12070. 

58. L. F. Radu, A. A. A. Attia, A. Lupan and R. B. King, J. Organomet. Chem., 2018, 867, 

201–207. 

59. I. Langmuir, Science (80-. )., 1921, 54, 59–67. 

60. D. M. Bose, Z. Phys., 1926, 35, 219. 



19 
 

61. F. Reiff, Z. anorg. Allgem. Chem., 1931, 202, 375. 

62. N. V. Sidgwick and R. W. Bailey, Proc. R. Soc. Lond. A, 1934, 144, 521. 

63. P. Pyykkö, J. Organomet. Chem., 2006, 691, 4336–4340. 

64. W. Hieber and P. Spacu, Z. anorg. Allgem. Chem., 1937, 233, 353–364. 

65. W. Weidemuller and K. Hafner, Angew. Chemie Int. Ed. English, 1973, 12, 925. 

66. S. C. Jones, T. Hascall, S. Barlow and D. O’Hare, J. Am. Chem. Soc., 2002, 124, 11610–

11611. 

67. H. Li, H. Feng, W. Sun, Q. Fan, Y. Xie, R. B. King and H. F. Schaefer, Mol. Phys., 2012, 

110, 1637–1650. 

68. H. Li, H. Feng, W. Sun, Y. Xie, R. B. King and H. F. Schaefer, Eur. J. Inorg. Chem., 

2011, 2, 2746–2755. 

69. X. Chen, Q. Du, R. Jin, H. Wang, L. Wang, H. Feng, Y. Xie and R. B. King, Inorganica 

Chim. Acta, 2014, 415, 111–119. 

70. R. Colton and C. J. Commons, Aust. J. Chem., 1975, 28, 1673–1680. 

71. C. J. Commons and B. F. Hoskins, Aust. J. Chem., 1975, 28, 1663–1672. 

72. Q. S. Li, X. Zhang, Y. Xie, R. B. King and H. F. Schaefer, J. Am. Chem. Soc., 2007, 129, 

3433–3443. 

73. X. Zhang, Q. S. Li, Y. Xie, R. B. King and H. F. Schaefer, Organometallics, 2009, 28, 

6410–6424. 

74. M. Saitow, U. Becker, C. Riplinger, E. F. Valeev and F. Neese, J. Chem. Phys., 2017, 

146, 164105–164135. 

75. J. V. Caspar and M. Thomas J., J. Am. Chem. Soc., 1980, 102, 7794–7795. 

76. A. F. Hepp, J. Paw Blaha, C. Lewis and M. S. Wrighton, Organometallics, 1984, 3, 174–

177. 

77. J. P. Blaha, B. E. Bursten, J. C. Dewan, R. B. Frankel, C. L. Randolph, B. A. Wilson, S. 

Results, W. result with site Links and M. S. Wringhton, J. Am. Chem. Soc., 1985, 107, 4561–

4562. 

78. L. F. Radu, A. A. A. Attia, A. Lupan and R. Bruce King, Int. J. Quantum Chem., 2018, 

118, 1–11. 

79. V. W. Hieber and W. Beck, Z. anorg. Allgem. Chem., 1960, 305, 265–273. 

80. R. B. King, J. Am. Chem. Soc., 1962, 84, 2460–2460. 

81. L. F. Dahl and C.-H. Wei, Inorg. Chem., 1963, 2, 328–333. 



20 
 

82. Y. C. Shi, Z. D. Wu, X. L. Hou, Z. W. Li and Y. Wang, J. Coord. Chem., 2016, 69, 

3603–3618. 

83. R. Eisenberg and J. A. Ibers, J. Am. Chem. Soc., 1965, 87, 3776–3778. 

84. E. I. Stiefel and H. B. Gray, J. Am. Chem. Soc., 1965, 87, 4012–4013. 

85. S. Sproules, Prog. Inorg. Chem., 2014, 58, 1–144. 

86. G. N. Schrauzer, V. P. Mayweg and W. Heinrich, Inorg. Chem., 1965, 4, 1615–1617. 

87. G. N. Schrauzer, V. P. Mayweg, H. W. Finck and W. Heinrich, J. Am. Chem. Soc., 1966, 

88, 4604–4609. 

88. D. Seyferth and G. Womack, Organometallics, 1986, 5, 2360–2370. 

89. A. Lagadec, R. Dabard and Boguslaw Misterkiewicz, J. Organomet. Chem., 1987, 326, 

381–387. 

90. W. Schroth and J. Peschel, Chimia (Aarau)., 1964, 18, 171–173. 

91. A. Eggers and R. B. King, Inorg. Chem., 1968, 7, 1214–1218. 

92. E. Lindner, I. P. Butz, S. Hoehne, W. Hiller and R. Fawzi, J. Organomet. Chem., 1983, 

259, 99–117. 

93. R. D. Adams, O.-S. Kwon and M. D. Smith, Isr. J. Chem., 2001, 41, 197–206. 

94. F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005, 7, 3297–3305. 

95. L. F. Radu, A. A. A. Attia, R. Silaghi-Dumitrescu, A. Lupan and R. B. King, Dalt. Trans., 

2019, 48, 324–332. 

96. R. B. King, P. M. Treichel and F. G. A. Stone, J. Am. Chem. Soc., 1961, 83, 3600–3604. 

97. Y. H. Cui, W. Q. Tian, J. K. Feng, Z. Z. Liu and W. Q. Li, J. Mol. Struct. THEOCHEM, 

2007, 810, 65–72. 

98. H. Gao, J. Huang, L. Chen, R. Liu and J. Chen, RSC Adv., 2013, 3, 3557–3565. 

99. M. E. Carroll, J. Chen, D. E. Gray, J. C. Lansing, T. B. Rauchfuss, D. Schilter, P. I. 

Volkers and S. R. Wilson, Organometallics, 2014, 33, 858–867. 

100. S. Takemoto, D. Shimadzu, K. Kamikawa, H. Matsuzaka and R. Nomura, 

Organometallics, 2006, 25, 982–988. 

101. C. Adamo and V. Barone, J. Chem. Phys., 1999, 110, 6158–6170. 

102. M. K. Assefa, J. L. Devera, A. D. Brathwaite, J. D. Mosley and M. A. Duncan, Chem. 

Phys. Lett., 2015, 640, 175–179. 

103. L. F. Radu, A. A. A. Attia, R. Silaghi-Dumitrescu, A. Lupan and R. B. King, New J. 

Chem., 2019, 43, 12711–12718. 


