
 

 

 
 
 

 
 
 
 

ABSTRACT 
 

Synthesis and Characterization of Some Novel Iridium-, Iron-, and Cobalt-
Monocarborane Complexes 

 
Robin A. McCown, M.S. 

Mentor: F. Gordon A. Stone, Ph.D. 
 
 

Reaction of the fragments {Ir(PEt3)n}+ with the monocarborane anion [closo-1-

CB7H8]– causes an oxidative insertion to occur, and the iridium moiety to become a 

cluster vertex. This reaction provides two distinct, neutral, 9-vertex {IrCB7} products, 

depending on the ratio of iridium and phosphine reactants used.  The iridium centers in 

these products have differing oxidation states, illustrating the exceptional ability of the 

smaller anionic monocarborane ligands to stabilize metals in higher oxidation states. 

Although salts of the 11-vertex anionic species [1,1,1-(CO)3-closo-1,2-

FeCB9H10]–   have resisted synthesis in the past, its analogue [1,1,1-(CO)3-2-Ph-closo-

1,2-FeCB9H9]–  has now been prepared.  Moreover, two reactions demonstrating the 

derivative chemistry of this compound have been discovered.   

Previously, 10- and 12-vertex dicobalt monocarboranes were prepared and studied 

by treating monocarboranes with [Co2(CO)8].  This produced several poly-cobalt anions.  

New derivatives of these anions have been synthesized, using protocols developed since 

their discovery.
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CHAPTER ONE 
 

Introduction 
 

 
The Origin of Boron Chemistry 

 
When Alfred Stock began researching the boron hydrides in the early 20th 

century, he opened up a whole new world of research for inorganic chemists.1  This 

research revealed bonding that could not be explained by the commonly accepted two-

electron two-center models.  It was not until several decades later that the bonding of 

these compounds was finally understood.2-5 

 
Bonding and Structural Principles 

 
The bonding of carboranes and boranes is unique, because the atoms involved 

participate in two-electron three-center bonding.  This may seem unlikely, but it is in fact 

a very stable form of bonding that allows the atoms involved to make better use of fewer 

electrons.  This peculiar form of bonding has given rise to a new naming system to allow 

the clusters formed to be more accurately described.  There are three common 

classifications for clusters of the type that will be discussed in this thesis: arachno, nido, 

and closo.  These are used as prefixes to aid in the formal naming of the clusters. 

The closo form is based on a closed deltahedron which has no vertices missing 

and has 4n+2 electrons involved in the skeletal bonding (where “n” is the number of 

vertices).  The nido form has one vertex missing when compared to the closo form and 

has 4n+4 electrons involved in the skeletal bonding. The arachno form has two missing 
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vertices and has 4n+6 electrons involved in the skeletal bonding.  Some examples of 

compounds bearing these labels are given in Figure 1.1. 

 

 

Figure 1.1  Examples of closo, nido, and arachno clusters. 
 

 

When looking at clusters of any type, the number of vertices is of particular 

importance.  Some numbers seem to be almost “magical,” in that they are particularly 

stable. Sometimes metallacarboranes demonstrate very interesting chemistry in order to 

obtain one of these particular numbers.  One of these numbers, is, undoubtedly, twelve.  

An icosahedron demonstrates particular stability.  

 
Naming System for Metallacarboranes 

 
 Since the synthesis of the first metallacarborane, naming these compounds has 

been a challenge.  However, there is now a relatively standardized system that makes the 

naming of metallacarboranes predictable and methodical, if not necessarily simple.   

When a new closo-metallamonocarborane is discovered, it is compared to the 

closo monocarborane with the same number of vertices.  The numbering system is kept 

parallel between the two molecules, and these numbers are used to describe the 

placement of heteroatoms and substituents on the cluster compound. The closo 
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monocarboranes analogous to the metallacarboranes that will be discussed in this thesis 

are numbered in Figure 1.2.   

To number the closo monocarborane, one first looks for the highest axis of 

rotation in the molecule, assuming all atoms are equivalent.  Starting with an atom on that 

axis of rotation, the atoms are then numbered consecutively in planar “rings” around the 

axis of rotation.  If the atoms on the highest axis of rotation are not equivalent, the 

heteroatom with the highest priority according to a standardized list is numbered as 1.  

The numbering can go in either direction, with the heteroatoms given priority.  The 

direction of numbering must be kept consistent within a molecule.  

 
History of Metallacarboranes 

 
Since their discovery, carboranes have provided a fascinating opportunity for chemists to 

study their unique electronic characteristics.  Certain carboranes are isolobal with 

cyclopentadienyl rings, a very common ligand in organometallic chemistry.   The ions 

[nido-7,8-C2B9H11]2-, [nido-7-CB10H11]3-., and [C5H5]- all  act as pentahapto, six-π-

electron donor ligands to transition-metal centers.  Of the many organometallic 

compounds that have been made with cyclopentadienyl rings, many similar compounds 

have been formed using one or more carboranes as ligands.  Because there are more 

synthetic methods available for preparing dicarboranes, for many years these have been 

combined with various transition metals to form numerous compounds.  

Hawthorne and coworkers were the first to combine carborane chemistry with 

organometallic chemistry.6  They recognized that the dicarborane ion  [nido-7,8-

C2B9H11]2-, among others, would serve as an admirable ligand in the formation of 

transition metal complexes reminiscent of metallocenes.   
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Figure 1.2 Numbering systems for monocarboranes with 9, 10, 11, and 12 vertices 
 
 

One of the first of these was [3-(η5-C5H5)-closo-3,1,2-FeC2B9H11] (Figure 1.3). 

Since then, the field of metalladicarboranes has been vigorously explored, yielding many 

compounds that pushed the limits of understanding of bonding and synthetic  inorganic 

chemistry. 
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Figure 1.3 Drawing of [3-(η5-C5H5)-closo-3,1,2-FeC2B9H11]. 
 

 
Methods of Synthesizing Metallacarboranes 

 
The first metallacarboranes were produced by the degradation and deprotonation 

of ortho-carborane [closo-1,2-C2B10H12] with base to give [nido-7,8-C2B9H11]2– and 

subsequent reaction with an appropriate metal halide.  For example, CoCl2 was used to 

give the cobalt sandwich compound [3,3΄-Co(1,2-C2B9H11)2]– (Figure 1.4).7 This method 

and its variations have been used to produce many metalladicarboranes over the years. 

Another method of producing metalladicarboranes begins with a metal in a 

neutral oxidation state, perhaps a metal carbonyl, which is heated with some variant of 

the dicarborane cages until an oxidative insertion occurs.8  In an oxidative insertion, the 

metal is oxidized while the ligand is reduced.  In the case of carborane clusters, the 

electrons transferred to the carborane ligand  cause the cage to open up to give space for 

the incoming metal center. 
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Figure 1.4 Synthesis of [3,3’-Co(1,2-C2B9H11)2]– 

 

 

History of Metalla-Monocarboranes 
 

While a great deal of research has been done on the insertion of metal fragments 

into dicarboranes due to their ready availability,9-10 the synthesis of monocarborane 

ligands presented a formidable synthetic challenge for many years. The Brellochs 

reaction and subsequent manipulations (Figure 1.5) have revolutionized monocarborane 

chemistry by simplifying the production of monocarboranes on a larger scale and also 

giving improved yields.11-16  These syntheses have given rise to a resurgence of the 

chemistry of monocarborane cages. Many compounds involving various transition metals 

and a range of monocarborane ligands have been synthesized in the recent past.17-28  The 

metalla-monocarborane compounds presented in this thesis, primarily involving cobalt, 

iron, and iridium, reveal behavior quite different to that of seemingly similar dicarborane 

compounds. 



 

7 

Preparation of Monocarborane Species 
 

All monocarboranes used in these experiments were synthesized with decaborane 

(nido-B10H14) as the starting material, using the “Brellochs reaction” as a starting point   

(Figure 1.5).11 

 

Figure 1.5 Preparation of various monocarborane starting materials from decaborane. 
 

Brellochs et al discovered that slowly treating decaborane with formaldehyde in basic 

solution inserts a carbon vertex into the boron cage, along with the loss of a boron 

vertex.11  Upon addition of [NEt4]Cl to the solution, the product [NEt4][arachno-6-
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CB9H14] precipitates out.  The latter can then be treated with HCl and FeCl3 to give 

[arachno-4-CB8H14], which in turn reacts with I2 and NEt3, followed by aqueous KOH to 

give the anion [closo-1-CB7H8]–.    Solid [NBun
4]Br precipitates the reagent 

[NBun
4][closo-1-CB7H8].  These reactions are summarized in Figure 1.5. 
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CHAPTER TWO 
 

Iridium-Monocarborane Chemistry 
 
 

History of Iridium(V) 
 

Iridium is commonly found in its +1 and +3 oxidation states, as a d8 and d6 metal, 

respectively. However, it is more rarely found in the +5 oxidation state.  Some examples 

of compounds that have iridium with a formal oxidation state of +5 are IrF5, [IrH5(PR3)2], 

and [IrMe4(η5-C5Me5)]. 

 
Compounds Containing Iridium(V) 
 

IrF5, one of the first iridium(V) compounds, was originally misidentified as an 

iridium(IV) species.  However, the resemblance of its physical properties to those of the 

pentafluorides of its neighboring elements – rhenium, osmium, and platinum – as well as 

other identifying characteristics such as magnetic susceptibility, finally allowed it to be 

definitively identified.   In 1965 it was determined to be iridium pentafluoride, having a 

non-linear fluorine bridged tetrameric structure, with each iridium having an octahedral 

geometry (Figure 2.1).29 

In 1981, Peter Maitlis and colleagues developed the first organometallic 

iridium(V) compound, [IrMe4(η5-C5Me5)] (Figure 2.1).30  To form the pentahydride 

phosphine compound, [IrCl3(PR3)3] was oxidized with LiAlH4 or NaBH4 to give 

[IrH5(PR3)2].  The iridium center has a pentagonal bipyrimidal orientation.  Two 

hydrogens are easily displaced by Lewis bases.31 
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Figure 2.1 Models of [IrF5]4 and [IrMe4(η5-C5Me5)] 
 

 
Theoretical Studies Examining Iridium(V) 

 
In 2003, Hall and coworkers reported their findings using DFT calculations to analyze the 

ability of various systems to support an iridium(V) center.32  One of the possibilities 

examined was the use of a carborane ligand.  However, only dicarboranes were analyzed.  

It was concluded that the large dicarboranes probably would not support iridium(V), but 

that some of the smaller dicarboranes may be able to do so.   

 
Experimental Methodology and Procedures 

 
 
General Considerations 
 

All reactions were carried out under an atmosphere of dry, oxygen free nitrogen 

using standard Schlenk line techniques.  Solvents were stored over and distilled from 

appropriate drying agents under nitrogen prior to use.  Petroleum ether refers to that 

fraction of boiling point 40–60°C.  Chromatography columns (typically ca. 2 cm in 

diameter) were packed with silica gel.  NMR spectra were recorded at the following 

frequencies (MHz):  1H, 360.1; 11B, 115.5; and 31P, 145.8.  The compounds 
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[NBun
4][closo-1-CB7H8]11 and [Ir(μ-Cl)(η2:η2-cod)]2

33 (where cod is cyclooctadiene) 

were prepared according to the literature; all other materials were used as received.   

 
Synthesis of [7,7-H2-7,7-(PEt3)2-closo-7,1-IrCB7H8] (2.1)  
 

The solids [Ir(μ-Cl)(η2:η2-cod)]2 (167 mg, 0.25 mmol) and TlPF6 (180 mg, 0.51 

mmol) were added to a Schlenk flask under nitrogen and placed under vacuum for ca. 1 h 

to ensure dryness of reagents.  After nitrogen was readmitted to the flask, CH2Cl2 (5 mL) 

was added, followed by PEt3 (145μL, 1.0 mmol) with stirring.  Solid [NBun
4][closo-1-

CB7H8] (160 mg, 0.47 mmol) was added. The mixture was stirred for 4 h, at which time 

NMR analysis was used to determine reaction completion.  Solvent was removed in 

vacuo and the reaction mixture chromatographed on silica gel under nitrogen.  Elution 

with CH2Cl2–petroleum ether (3:2) gave a green band which, after evaporation of solvent 

in vacuo, gave 2.1 as green microcrystals (47 mg, 19% yield) (Figure 2.2). 

 
Synthesis of [7,7,7-(PEt3)3-closo-7,1-IrCB7H8] (2.2) 
 

The solids [Ir(μ-Cl)(η2:η2-cod)]2 (167 mg, 0.25 mmol) and TlPF6 (180 mg, 0.51 

mmol) were added to a Schlenk flask under nitrogen and placed under vacuum for ca. 1 

h.  After nitrogen was readmitted to the flask, CH2Cl2 (5 mL) was added, followed by 

PEt3 (1.5 mmol, 215 µL) with stirring.  Solid [NBun
4][closo-1-CB7H8] (160 mg, 0.47 

mmol) was added. The mixture was stirred for 4 h, at which time an NMR analysis was 

used to determine reaction completion.  Solvent was removed in vacuo and the reaction 

mixture chromatographed on silica gel under nitrogen.  Elution with CH2Cl2–petroleum 

ether (3:2) gave a yellow band which, after evaporation of solvent in vacuo, gave 2.2 as 

yellow microcrystals (65 mg, 20% yield) (Figure 2.2). 
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Synthesis of [7,7-(PMe2CH2CH2PMe2)-6,7-σ:η2-C8H13-closo-7,1-IrCB7H7] (2.3) 
 

The solids [Ir(μ-Cl)(η2:η2-cod)]2 (167 mg, 0.25 mmol) and TlPF6 (180 mg, 0.51 

mmol) were added to a Schlenk flask under nitrogen, and placed under vacuum for ca. 1 

h.  After nitrogen was readmitted to the flask, CH2Cl2 (5 mL) was added, followed by 

1,2-bis(dimethylphosphino)ethane (150 μL, 1.0 mmol) with stirring. Solid [NBun
4][closo-

1-CB7H8] (160 mg, 0.47 mmol) was added. The mixture was stirred for 4 h., at which 

time an NMR analysis was used to determine reaction completion.  Solvent was removed 

in vacuo and the reaction mixture chromatographed on silica gel under nitrogen.  Elution 

with CH2Cl2–petroleum ether (3:2) gave a yellow band which, after evaporation of 

solvent in vacuo, gave 2.3 as yellow microcrystals (yield <10 mg) (Figure 2.3). 

 
Structure Determinations 
 

Diffraction quality crystals were obtained by slow diffusion of petroleum ether or 

diethyl ether into CH2Cl2 solutions at –30 °C.  Experimental data for compounds 2.1, 2.2, 

and 2.3 are presented in Table 2.5.  X-ray intensity data were collected at 110(2) K on a 

Bruker-Nonius X8 APEX CCD area-detector diffractometer using graphite 

monochromated Mo Kα X-radiation (λ = 0.71073 Å).  Several sets of narrow data 

“frames” were collected at different values of θ for various initial values of φ and ω, 

using 0.5° increments of φ or ω.  The data frames were integrated using SAINT;44 the 

substantial redundancy in data allowed an empirical absorbtion corrections (SADABS)44 

to be applied, based on multiple measurements of equivalent reflections. 

All structures were solved using conventional direct methods and refined by full 

matrix least squares on all F2 data using SHELXTL version 6.12,45 with anisotropic 

thermal parameters assigned to all non-H atoms.  The location of the cage-carbon atoms 
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were verified by examination of the appropriate internuclear distances and the 

magnitudes of their isotropic thermal displacement parameters.  All aliphatic and cluster 

hydrogen atoms were set riding in calculated positions, while methyl  hydrogens were 

refined using “rotating group” models;45 all H atoms had fixed isotropic thermal 

parameters. 

 
Results and Discussion 

 
The solid [Ir(μ-Cl)(η2:η2-cod)]2 was treated with 4 equivalents of PEt3 and 2 

equivalents of TlPF6, giving the metal species {Ir(PEt3)2}+ in situ. Upon the addition of 8-

vertex [closo-1-CB7H8]–, an oxidative insertion occurs and iridium is inserted into the 

cage, giving the 9-vertex neutral product [7,7-H2-7,7-(PEt3)2-closo-7,1-IrCB7H8] (2.1).  

Similarly, when [closo-1-CB7H8]– was added to the metal species {Ir(PEt3)3}+, the 9-

vertex neutral product [7,7,7-(PEt3)3-closo-7,1-IrCB7H8] (2.2) was formed (Figure 2.2). 

Since 2.1 has a mirror plane through one boron atom, the 11B NMR spectrum 

should give a 2:2:2:1 pattern, as was observed.  Moreover, as 2.1 has two hydrides 

connected to an iridium that bears two equivalent phosphines, it should show a triplet in 

the hydride region.  Again, the 1H NMR spectrum shows a clear triplet around -10 ppm.  

This multiplet integrates to two when compared to the other signals in the spectrum.   

An X-ray diffraction study upon 2.1 (Figure 2.4 and Table 2.1) shows the two 

hydrides and two PEt3 groups connected to the iridium, and the study for 2.2 shows three 

PEt3 groups. These studies also allow for a comparison of the phosphine orientation 

differences between 2.1 and 2.2.   



 

 

  

Figure 2.2 Synthesis of 2.1 and 2.2. Cations omitted. 
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Figure 2.3 Synthesis of 2.3. Cations omitted. 
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Since 2.2 also has a mirror plane through one boron atom, the 11B NMR spectrum 

also shows a 2:2:2:1 pattern.  However, the 1H NMR spectrum of 2.2 as expected does 

not show the distinctive peaks in the high field region that would indicate the presence of 

a hydride bonded to a metal.  The 31P NMR spectrum gives a 2:1 intensity pattern, 

confirming that the plane of symmetry also passes through one of the 3 phosphorus 

atoms; the other two phosphorus atoms are equivalent. 

The interconversion of these two species is of particular interest. In solution, 

green 2.1 can be easily converted to the yellow 2.2 by adding a few drops of PEt3.   When 

exposed to the conditions of a SiO2 column, the characteristic yellow color of 2.2 begins 

to degrade into green.  This is somewhat mitigated by making the column very dry by 

passing nitrogen gas through it for several minutes before beginning the column, as well 

as performing the separation under nitrogen.  Oxidation number changes in metal centers 

are often accompanied by color change, as they are here. 

Compound 2.3 is obtained by taking advantage of the weak bonds which already 

exist between cyclooctadiene and iridium in the starting material [Ir(μ-Cl)(η2:η2-cod)]2.  

These bonds are retained in the product [7,7-(PMe2CH2CH2PMe2)-6,7-σ:η2-C8H13-closo-

7,1-IrCB7H7] 2.3. 

Sample 2.1 was very unstable and decomposed even if kept cold under nitrogen 

for a few hours.  Compound 2.3 was obtained only in very low yields.  It is likely that 

there were other products present, but 2.3 crystallized well enough to perform an X-ray 

diffraction study (Figure 2.5 and Table 2.2).  Crystallographic data for 2.1, 2.2, and 2.3 

are contained in Table 2.5. 
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Figure 2.4 Perspective view of compound 2.1 showing the crystallographic labeling 
scheme 
 
 

Table 2.1 Selected Internuclear Distances and Angles for 2.1 
          
Internuclear Distances (Å) Bond Angles(°) 
          
Ir(6) –H(62) 1.56(3)  P(1)-Ir(6)-P(2) 109.69(3) 
Ir(6)-H(61) 1.38(3)  P(1)- Ir(6)-H(62) 76(1) 
Ir(6)-P(1)  2.3200(7)  P(1)- Ir(6)-H(61) 75(2) 
Ir(6)-P(2) 2.3501(8)  P(2)- Ir(6)-H(62) 74(1) 
Ir(6)-B(7) 2.1610(4)  P(2)- Ir(6)-H(61) 71(2) 
Ir(6)-B(9) 2.174(3)    
Ir(6)-B(8) 2.298(4)    
Ir(6)-B(2) 2.417(3)    
Ir(6)-B(3) 2.446(4)       
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Figure 2.5 Perspective view of compound 2.3 showing the crystallographic labeling 
scheme 
 

Table 2.2 Selected Internuclear Distances and Angles for 2.3 
          
Internuclear Distances(Å) Bond Angles(°) 
          
Ir(9)-P(1) 2.308(1)  P(1)-Ir(9)-P(2) 81.32(4) 
Ir(9)-P(2) 2.314(1)  Ir(9)-P(2)-C(6) 108.2(1) 
Ir(9)-C(10) 2.338(4)  Ir(9)-P(1)-C(7) 111.7(1) 
Ir(9)-C(9) 2.372(4)  Ir(9)-P(1)-C(6) 108.2(1) 
C(8)-C(9) 1.502(5)  Ir(9)-P(1)-C(7) 111.7(1) 
C(8)-C(15) 1.526(5)  C(7)-P(1)-C(6) 109.6(3) 
C(9)-C(10) 1.393(5)  P(2)-C(6)-C(7) 107.0(3) 
C(10)-C(11) 1.393(6)    
C(11)-C(12) 1.512(5)    
C(12)-C(13) 1.520(7)    
C(13)-C(14) 1.511(7)    
C(14)-C(15) 1.511(7)    
B(6)-C(8_ 1.560(7)    
C(9)-Ir(9) 2.372(4)    
C(10)-Ir(9) 2.338(4)       



 

 

    

 

 

Table 2.3: Physical and Analytical Data for Compounds 2.1-2.3 
            
 Compound Yield(%) Color Analytical (%)a

        C H 

2.1 [7,7-H2-7,7-(PEt3)2-closo-7,1-IrCB7H8] 19% green - - 

2.2  [7,7,7-(PEt3)3-closo-7,1-IrCB7H8] 20% yellow 34.1 (34.2) 7.9 (7.9) 

2.3  [7,7-(dmpe)-6,7-σ:η2-C8H13-closo-7,1-IrCB7H7] trace yellow  - -  
 
a calculated values are given in parentheses     
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Table 2.4 Selected NMR Data for Compounds 2.1-2.2 
          

 Compound  31P/δ 11B/δa 1H/δa 

          

2.1 
[7,7-H2-7,7-(PEt3)2-
closo-7,1-IrCB7H8] -1.44 (s, 2P) 

41.2 (d, 2B), -3.7 (d, 1B), -25.8 (d, 
2B), -31.6(d, 2B) 

1.71 (m, 12 H), 1.55 (m, 18 H),  
-10.17 (t, 2 H, J = 15) 

     

2.2 
 [7,7,7-(PEt3)3-closo-
7,1-IrCB7H8] 

-6.9 (s, 2 P), -24.0 
(s,1P)  

23.9 (d, 2B), -2.2 (d, 2B), -25.2 (d, 
2B), -35.6 (d, 1B) - 

 
a Chemical shifts (δ) in ppm, coupling constants (J) in Hz, measurements in CD2Cl2 at ambient temperatures. 
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Table 2.5 Crystallographic Data for Compounds 2.1 – 2.3 

 
 
 

 2.1 2.2a 2.3 
        
Formula C13H40B7IrP2 C20H55B7P3IrCl2 C15H31B7P2Ir 
fw 526.30 642.44 541.25 
space group P2(1)2(1)2(1) P-1 P2(1) 
a, Å 7.8655(7) 9.5047(6) 8.8475(19) 
b, Å 16.3068(15) 17.838(13) 9.2653(20) 
c, Å 17.4721(16) 18.5063(10) 13.0138(29) 
α, deg 90 100.478(2) 90 
β, deg 90 100.583(2) 92.046(11) 
γ, deg 90 93.688(2) 90 
V,  Å3 2241.0(4) 3017.3(3) 1066.1(4) 
Z 4 2 2 
ρ calc, g/cm3 1.5597 1.505 1.686 
mu, mm-1 6.09 4.68 6.41 
reflns measured 40875 17311 23763 
indep reflns 6826 11259 8303 
Rint 0.0526 0.0325 0.039 
wR2 (all data), R1 0.0458, 0.0188 0.1265, 0.0621 0.0582, 0.0247 
    
aco-crystallizes with 1/2 molecule CH2Cl2 
  



 

22 

 
 

CHAPTER THREE 
 

Iron-Monocarborane Chemistry 
 
 

Introduction 
 
 
History of Iron Monocarboranes 
 

In recent studies of metal-monocarborane complexes, a series of compounds have 

been produced with one or sometimes two {Fe(CO)3} groups inserted into a polyhedral 

carborane cage.34-36  However, one important anionic complex of this type had until the 

present study eluded isolation. Salts of the 11-vertex anionic species [1,1,1-(CO)3-closo-

1,2-FeCB9H10]–  have resisted synthesis for many years.  The compounds that had been 

prepared before the present work was begun are shown in Figure 3.1.  Since synthesizing 

[1,1,1-(CO)3-closo-1,2-FeCB9H10]–  had proved so difficult, it was decided to use a 

phenyl-substituted carborane substrate [NEt4][6-Ph-nido-6-CB9H11] (3.1), as a starting 

material, in the hopes of obtaining [N(PPh3)2][1,1,1-(CO)3-2-Ph-closo-1,2-FeCB9H9] 

(3.2). 

 
Experimental Methodology and Procedures 

 
 
General Considerations 

All reactions were carried out under an atmosphere of dry, oxygen free nitrogen 

using standard Schlenk line techniques.  Solvents were stored over and distilled from 

appropriate drying agents under nitrogen prior to use.  Petroleum ether refers to that 

fraction of boiling point 40–60 °C.  Chromatography columns (typically ca. 2 cm in  



 

 

  
Figure 3.1 Previously Synthesized Iron Monocarboranes. Names simplified
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diameter) were packed with silica gel.  NMR spectra were recorded at the following 

frequencies (MHz):  1H, 360.1; 11B, 115.5; and 31P, 145.8.  The compounds [NEt4][6-Ph-  

nido-6-CB9H11]11 (3.1) and [FeI2(CO)4]34
 were prepared according to the literature; all 

other materials were used as received.   

 
Synthesis of [N(PPh3)2][1,1,1-(CO)3-2-Ph-closo-1,2-FeCB9H9] (3.2) 
 

 A sample of 3.1 (0.160 g, 0.50 mmol) was dissolved in THF (10 mL).  The 

solution was cooled to –78° C and BunLi in hexane (0.4 mL, 2.5 M, 1 mmol) was added, 

turning the solution yellow.  The latter was warmed to –40° C, turning pale cloudy 

yellow in color.  The suspension was then returned to –78° C; [FeI2(CO)4]  (1.0 g, 6.0 

mmol) in Et2O (10 mL) or CH3CN (10 mL) was added, and the mixture was stirred and 

warmed to room temperature overnight.  The salt [N(PPh3)2]Cl (0.400 g, 0.78 mmol) was 

added, and solvent was evaporated.  The mixture was dissolved in CH2Cl2–petroleum 

ether (4:1) and chromatographed on a column.  Elution with the same solvent mixture 

gave an orange band, which after evaporation of solvent in vacuo, yielded a mixture of 

3.2 (Figure 3.2) and [N(PPh3)2][6-Ph-nido-6-CB9H11] as well as [1-Ph-closo-1-CB9H9] as 

judged by 11B NMR spectroscopy.   

The use of Gaussian’s optimization and NMR prediction capabilities proved very 

useful in identifying products of the reaction in the synthesis of 3.2.  Two peaks 

distinctive of the [1,1,1-(CO)3-2-Ph-closo-1,2-FeCB9H9]– ion were predicted to appear at 

around δ 34 ppm and 18 ppm in the 11B NMR spectrum.  The starting carborane has no 

peaks in this region.  By identifying these peaks in the product mixture, it could be seen 
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that the desired product had been formed and thus obtain an idea of its yield by 

comparison of the peaks’ relative integrals. 

 
 
Synthesis of [1,1-(CO)2-1,6-(PHPh2)2-2-Ph-closo-1,2-FeCB9H8]  (3.3) 
 

A sample of 3.2 containing [N(PPh3)2][6-Ph-nido-6-CB9H11] as an impurity was 

dissolved in CH2Cl2 (10 mL), and PPh2Cl (0.5 mL, 0.13 mmol) and TlPF6 (0.100 g, 0.29 

mmol) were added.  The mixture turned from clear orange to cloudy red.  After 15 min, 

solvent was removed in vacuo and the residue chromatographed using CH2Cl2–petroleum 

ether (1:1) as elutant. This gave an orange band which, after evaporation of solvent in 

vacuo, gave 3.3 (Figure 3.3). The product was not pure, but it was the only colored 

product present and therefore upon crystallization a suitably colored crystal could be 

manually chosen for an X-ray diffraction study.  

Synthesis of [N(PPh3)2][1,3,6-{Fe(CO)3}-1,1-(CO)2-2-Ph-3,6-(μ-H)2-closo-1,2-FeCB9H7] 
(3.4) 
 

A sample known to contain 3.2 was dissolved in THF (15 mL) and [Fe(CO)5] (0.6 

mL, 4.5 mmol) was added.  The mixture was heated to reflux temperature overnight, then 

the solvent was evaporated and the mixture dissolved in CH2Cl2–petroleum ether (4:1), 

and chromatographed.  A brown fraction was eluted using CH2Cl2–petroleum ether (4:1) 

and the solvent evaporated to afford was compound 3.4 (Figure 3.3). 

 
Structure Determination 
s 

Diffraction quality crystals were obtained by slow diffusion of petroleum ether or 

diethyl ether into CH2Cl2 solutions at –30 °C.  Experimental data for compounds 3.3 and 

3.4  are presented in Table 3.1.  X-ray intensity data were collected at 110(2) K on a 
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Bruker-Nonius X8 APEX CCD area-detector diffractometer using graphite 

monochromated Mo Kα X-radiation (λ = 0.71073 Å).  Several sets of narrow data 

“frames” were collected at different values of θ for various initial values of φ and ω, 

using 0.5° increments of φ or ω.  The data frames were integrated using SAINT;44 the 

substantial redundancy in data allowed an empirical absorbtion corrections (SADABS)44 

to be applied, based on multiple measurements of equivalent reflections. 

All structures were solved using conventional direct methods and refined by full 

matrix least squares on all F2 data using SHELXTL version 6.12,45 with anisotropic 

thermal parameters assigned to all non-H atoms.  The location of the cage-carbon atoms 

were verified by examination of the appropriate internuclear distances and the 

magnitudes of their isotropic thermal displacement parameters.  All aromatic and cluster 

hydrogen atoms were set riding in calculated positions with fixed isotropic thermal 

parameters. 

 
Results and Discussion 

 
The 11-vertex Fe(II) complex 3.2 was successfully synthesized in THF (tetrahydrofuran) 

by deprotonation of 3.1 with 2 equivalents of BunLi followed by addition of a solution of 

[FeI2(CO)4].  The reaction sequence is shown in Figure 3.2. After stirring overnight, the 

salt [N(PPh3)2]Cl was added.  However, for unknown reasons, the intended reaction to 

insert an {Fe(CO)3} fragment did not proceed to completion, even in the presence of an 

excess of [FeI2(CO)4] and/or BunLi.  A substantial fraction of the reaction mixture 

consistently reverts back to the starting ion [6-Ph-nido-6-CB9H11]–, rather than accepting 

the iron fragment as an additional vertex. Moreover, we have not been able to separate  

  



 

 

 
 
 

 
 
 

Figure 3.2 Synthesis of Compound 3.2. Cations omitted. 
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Figure 3.3 Synthesis of Compounds 3.3 and 3.4. Cations omitted.
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the starting carborane and the anionic product effectively.  Both have the same charge, 

cation, and solubility, and very similar chromatographic properties. 

As a result, different reactions were attempted in order to make 3.2 and its 

derivatives more easily separable from the 3.1 and byproducts. The ligand SMe2 will 

often replace a hydride of a BH group on a boron cage if the hydride has been removed 

with strong acid.22  Since the hydride has a charge of –1 and the SMe2 group is neutral, 

this renders the product neutral and zwitterionic.  This neutral cage complex should then 

be easily separable by column chromatography from any charged products.  Therefore, 

the mixture containing 3.2 and [N(PPh3)2][6-Ph-nido-6-CB9H11] was dissolved in SMe2 

and triflic acid (CF3SO3H) was added to remove a hydride and replace it with an SMe2 

group.  Unfortunately, no new product was observed. 

Another way of producing a neutral product is to add a source of a cationic 

transition metal fragment, such as [CuCl(PPh3)]4, and TlPF6 to an anionic cage 

complex.20 The {Cu(PPh3)}+ group generally bonds with boron in an anionic boron cage.  

However, no such product could be obtained by reaction with 3.2.  The iridium complex 

[IrCl(CO)(PPh3)2] often behaves similarly to the copper reagent and so the complex and 

TlPF6 were added to a sample of 3.2 containing the carborane salt  as an impurity, but 

again no new product was observed. 

However, when an excess of PPh2Cl was added with TlPF6 to a sample of impure 

3.2 in CH2Cl2, a reaction occurred to give the neutral complex 3.3 in which PHPh2 groups 

are attached both to a boron atom and to an Fe atom in the cage. The Cl is abstracted 

from the phosphorus by the thallium cation to form the insoluble salt TlCl.  This salt 

precipitates out of solution, allowing the {PPh2
+} moiety to abstract a hydride from the 
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boron cluster.  The new PHPh2 group then bonds to the boron cluster in place of that 

hydride.  Since a neutrally charged substituent is replacing a negatively charged one, the 

charge of the overall complex changes from -1 to 0.  This allows the compound to be 

easily separated from charged species via column chromatography. The molecular 

structure of the product (Figure 3.3) was established by X-ray crystallography. 

When a sample of impure 3.2 was dissolved in THF and treated with [Fe(CO)5], 

and the solution heated to reflux, a second iron carbonyl fragment became bonded to the 

side of the cage, giving a new binuclear iron complex 3.4 (Figure 3.3).  The compound 

was definitely identified and its structure determined via X-ray crystallography.  Both 3.3 

and 3.4 proved very difficult to purify.  Upon crystallization in an NMR tube, orange 

colored crystals were obtained and manually separated from unknown colorless crystals 

and used for the X-ray diffraction experiments.  

 Compound 3.4 is analogous to [N(PPh3)2][1,3,6-{Re(CO)3-3,6-(µ-H)2-1,1-(CO)2-

2-Ph-closo-1,2-IrCB9H7], another dimetal-monocarborane cage complex.39 Both have a 

monocarborane cage with nine borons and 2 metal carbonyl moieties.  In each case, one 

metal center is incorporated into the cage while the other is bonded to the side. 
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Table 3.1 Crystallographic Data for 3.3 and 3.4 
   
  3.3 3.4 
      
Formula C33H35B9O2P2Fe C48H44B9NO5P2Fe2 
fw 678.73 985.81 
space group P-1 P-1 
a, Å 11.3831(29) 10.1961(10) 
b, Å 12.6444(31) 14.4712(12) 
c, Å 13.7761(34) 17.2622(15) 
α, deg 75.176(13) 104.067(4) 
β, deg 79.079(13) 103.889(5) 
γ, deg 63.255(12) 93.396(5) 
V,  Å3 1705.4 (7) 2379.7(5) 
Z 2 2 
ρ calc, g/cm3 1.3215 1.3756 
mu, mm-1 0.56 0.72 
reflns measured 28044 39680 
indep reflns 6238 8651 
Rint 0.074 0.0457 
wR2 (all data), R1 0.1762, 0.0627 0.0874, 0.0338 
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CHAPTER FOUR 
 

Cobalt-Monocarborane Chemistry 
 
 
Dicarborane Complexes 
 

As discussed in Chapter One, the first cobalt dicarboranes were synthesized in 

1965.  Since then, the ready availability and relatively low price of cobalt in its various 

forms has made it a common metal to use with carborane ligands.40 

In 1997, Hendershot published a thesis entitled “Synthesis and Characterization of 

Some Novel Cobalta- and Ferracarboranes.”41  This thesis explored the reactions of 

octacarbonyl dicobalt with the classic dicarborane [nido-7,8-C2B9H13].  Subsequent 

reactions were also performed, giving various products such as [Co2(CO)2(η5-7,8-

C2B9H11)2], [Co2(CO)(PMe2Ph)(η5-7,8-C2B9H11)2], and [CoCl(PMe2Ph)2(η5-7,8-

C2B9H11)]  (Figure 4.1). 

 
Monocarborane Complexes 

In 2006, Stone and coworkers reported the synthesis and reactivity of 10- and 12-

vertex cobalt monocarborane anions.42  The experiments described therein involved 

treating various monocarboranes with [Co2(CO)8].  The treatment of [closo-1-CB7H8]–  

with [Co2(CO)8] produced the dicobalt-monocarborane 10-vertex anion [6,10-(µ-CO)-

6,6,10,10-(CO)4-closo-6,10,1-Co2CB7H8] – , isolated as the [N(PPh3)2]+ salt (4.1).  This 

complex has two adjacent cobalt atoms inserted into the cage, with a cobalt-cobalt bond 

between them.  There is one bridging carbonyl ligand and each metal atom has two  



 

 

 

 

 

 

 

Figure 4.1 Various cobalt-dicarborane species 
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terminal carbonyls bonded to it.  A similar complex results from the treatment of 

[NMe4][arachno-6-CB9H14] with [Co2(CO)8].  This complex is [N(PPh3)2][2,3-(μ-CO)-

2,2,3,3-(CO)4-closo-2,3,1-Co2CB9H10] (4.2).  The two adjacent cobalt atoms are again 

linked by a metal-metal bond, with a bridging carbonyl and four terminal carbonyls.  The 

syntheses of both 4.1 and 4.2 are shown in Figure 4.2.  

The fact that 4.1 and 4.2 are 10- and 12- vertex clusters, respectively, makes them 

surprisingly stable and therefore more difficult to derivatize.  In the original research 

upon these two compounds, one product obtained involved replacing a boron-bound 

hydride with a THF molecule bound through its oxygen.  Another method of producing a 

derivative involved the addition of the monocationic fragment {Cu(PPh3)}+ 
.
  Other 

attempts to produce derivatives of these dicobalt monocarboranes failed or produced 

products that could not be thoroughly characterized. 

 

Figure 4.2  Previously synthesized dicobalt monocarborane complexes 4.1 and 4.2. 
Cations omitted 
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Relevant Iron Chemistry 

In 2007, Stone et al reported the reaction of the ferracarborane 

[N(PPh3)2][6,6,6,10,10,10-(CO)6-closo-6,10,1-Fe2CB7H8] with 3 molar equivalents of 

AgPF6 to give [N(PPh3)2][7,8,9-F3-6,6,6,10,10,10-(CO)6-closo-6,10,1-Fe2CB7H5] as a 

product.43  The fluorides were thought to add sequentially, one at a time.  This product 

proved to rearrange when heated in refluxing toluene to give the new product 

[N(PPh3)2][8,9,10-F3-6,6,6,7,7,7-(CO)6-closo-6,7,1-Fe2CB7H5] (Figure 4.3). 

Since 4.1 has a very similar structure to [N(PPh3)2][6,6,6,10,10,10-(CO)6-closo-

6,10,1-Fe2CB7H8], it was hoped that it would react similarly with AgPF6.  

 
Experimental Methodology and Procedures 

 
 
General Considerations 
 

Photochemical reactions were carried out in a water-cooled photolysis cell under 

an atmosphere of dry, oxygen-free nitrogen, using a 350 W mercury vapor arc lamp for 

irradiation.  All other reactions were carried out under an atmosphere of dry, oxygen free 

nitrogen using standard Schlenk line techniques.  Solvents were stored over and distilled 

from appropriate drying agents under nitrogen prior to use.  Petroleum ether refers to that 

fraction of boiling point 40–60 °C.  Chromatography columns (typically ca. 2 cm in 

diameter) were packed with silica gel.  NMR spectra were recorded at the following 

frequencies (MHz):  1H, 360.1; 11B, 115.5; 19F, 282.38, and 31P, 145.8.  4.1 and 4.2 were 

prepared according to the literature,39 and all other materials were used as received. 

   



 

 

 

Figure 4.3 Previously synthesized ten-vertex diiron monocarboranes.  Cations omitted.
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Synthesis of [N(PPh3)2][7,8,9-F3-6,10-(μ-CO)-6,6,10,10-(CO)4-closo-6,10,1-Co2CB7H5] 
(4.3) 
 

Compound 4.1  (300 mg, 0.57  mmol) was dissolved in CH2Cl2 (10 mL) and 

AgPF6 (300 mg, 1.19 mmol) was added.  The  mixture was allowed to stir 3 h, and 

analysis by infrared spectroscopy confirmed reaction had occurred. White fumes were 

observed when the flask was opened.  Solvent was removed in vacuo and CH2Cl2 (3 mL) 

was added. The mixture was separated via column chromatography and elution with neat 

CH2Cl2 gave a bright violet band.  Solvent was removed in vacuo and to give 4.3 as a 

purple powder (95 mg, 30% yield) (Figure 4.4). 

Synthesis of [N(PPh3)2][7,8,9-F3-6,10-(μ-CO)-6,10,10-(CO)3-6-PEt3-closo-6,10,1-
Co2CB7H5] (4.4) 
 

Solid 4.3 (95 mg, 0.10 mmol) was dissolved in CH2Cl2 (10 mL).  

Triethylphosphine (0.10 mL, 0.7 mmol) was added in excess, followed by  

trimethylamine N-oxide  (10 mg, 0.13 mmol). The mixture was stirred for 1 h and the 

reaction monitored via infrared spectroscopy.  Solvent was removed in vacuo, CH2Cl2 (3 

mL) was added to flask, and the reaction mixture was chromatographed.  Elution with 

neat CH2Cl2 gave a blue fraction that upon evaporation of solvent gave 4.4 (<10 mg 

yield) (Figure 4.4). 

 
Synthesis of [8-SMe2-6,7-(μ-CO)-6,6,7,7-(CO)4-closo-6,7,1-Co2CB7H7] (4.5) 
 

Compound 4.1 (200 mg, 0.22 mmol) was dissolved in CH2Cl2 (10 mL) and liquid 

SMe2  (0.5 mL, 6.7 mmol) was added, followed by CF3SO3H (0.2 mL, 2.3 mmol). Gas 

was evolved.  Solvent was removed in vacuo and CH2Cl2-petroleum ether (3 mL, 3:2) 

was added and the reaction mixture was chromatographed.  Elution with CH2Cl2–
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petroleum ether (3:2) gave a purple band.  Further elution with neat CH2Cl2 gave another 

purple fraction, which was determined via infrared spectroscopy to be starting material 

4.1.  Evaporation of the volatile components of the first purple band gave purple 

microcrystals of 4.5. (<10 mg) (Figure 4.5). 

 
Synthesis of [N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(PHPh2)2-closo-2,3,1-Co2CB9H10]. 
(4.6) 
 

Solid 4.2 (1.00 g, 1.09 mmol) was placed to a photolysis cell.  THF (40 mL) and 

PHPh2 (1.0 mL, 5.34 mmol) were added.  The mixture was irradiated for 4 h and then 

solvent was removed in vacuo.  The residue was dissolved in CH2Cl2 (5 mL) and 

chromatagraphed.  Elution with CH2Cl2 gave a long red fraction which was shown via 

infrared spectroscopy to be starting material 4.2.  Further elution with CH2Cl2-THF (4:1) 

gave a dark red fraction, which upon evaporation and crystallization was shown to 

contain 4.6. (0.80 g) (Figure 4.6).                                                                                                                   

 
Synthesis of [2,3-(μ-CO)-2,3-(CO)2-2,3-(PPh2H)2-7-SMe2-closo-2,3,1-Co2CB9H9] 
 (4.7) 
 

Compound 4.6 (200 mg, impure) was dissolved in SMe2 (4 mL) under nitrogen. 

Liquid CF3SO3H (0.3 mL, 3.3 mmol) was added and reaction was allowed to stir 

overnight.  Solvent was removed in vacuo.  The reaction mixture was dissolved in 

CH2Cl2-petroleum ether 3:2 (2 mL) and chromatographed.  One red fraction was eluted 

using  CH2Cl2-petroleum ether (4:1), from which were obtained red microcrystals of 4.7 

(Yield: <10 mg) (Figure 4.6). 
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Synthesis of [N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(µ-dppm) closo-2,3,1-Co2CB9H10] 
(4.8) 
 

Solid compound 4.2 (570 mg, 0.62 mmol) was placed in a photolysis cell.  THF 

(40 mL) and dppm (1.6 g, 4.16 mmol) were added and the mixture was irradiated for 2 h.  

Solvent was removed in vacuo and the reaction mixture was dissolved in CH2Cl2 (5 mL) 

and chromatagraphed.  Elution with CH2Cl2 gave a broad red fraction.  This was shown 

via infrared spectroscopy to be mainly starting material 4.2.  Elution with CH2CH2-THF 

(9:1) gave a dark red fraction, which upon evaporation and crystallization was shown to 

contain approximately 80% 4.8 via NMR analysis (yield: 600 mg impure material) 

(Figure 4.7). 

 
Synthesis of [2,3-(μ-CO)-2,3-(CO)2-2,3-(μ-dppm)-12-PHPh2-closo-2,3,1-Co2CB9H9] 
(4.9) 
 

Material containing 4.8 (600 mg, <0.50 mmol) was dissolved in CH2Cl2 (5 mL) 

under nitrogen. Liquid PPh2Cl (0.2 mL, 1.09 mmol), TlPF6 (100 mg, 0.29 mmol ), and 

Me3SiSO3CF3 (0.2 mL) were added and the reaction mixture allowed to stir 1 h, while 

being monitored via infrared spectroscopy.  Solvent was removed in vacuo and the 

reaction mixture was dissolved in CH2Cl2-petroleum ether (3:2) and chromatographed.   

An orange band was eluted with the same solvent mixture.  Solvent was removed in 

vacuo and 4.9 was isolated as orange microcrystals (yield: <10 mg) (Figure 4.7). 

 
Structure Determinations 
 

Diffraction quality crystals were obtained by slow diffusion of petroleum ether or 

diethyl ether into CH2Cl2 solutions at –30 °C.  Experimental data for compounds 4.3, 4.4, 

4.5 and 4.9 are presented in Table 4.8.  X-ray intensity data were collected at 110(2) K on 
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a Bruker-Nonius X8 APEX CCD area-detector diffractometer using graphite 

monochromated Mo Kα X-radiation (λ = 0.71073 Å).  Several sets of narrow data 

“frames” were collected at different values of θ for various initial values of φ and ω, 

using 0.5° increments of φ or ω.  The data frames were integrated using SAINT;44 the 

substantial redundancy in data allowed an empirical absorbtion corrections (SADABS)44 

to be applied, based on multiple measurements of equivalent reflections. 

All structures were solved using conventional direct methods and refined by full 

matrix least squares on all F2 data using SHELXTL version 6.12,45 with anisotropic 

thermal parameters assigned to all non-H atoms.  The location of the cage-carbon atoms 

were verified by examination of the appropriate internuclear distances and the 

magnitudes of their isotropic thermal displacement parameters.  All aromatic, methylene, 

and cluster hydrogen atoms were set riding in calculated positions, while methyl  and 

hydrogens were refined using “rotating groups” models;45 all H atoms had fixed isotropic 

thermal parameters. 

Results and Discussion 
 

Synthesis and Characterization of Compounds 4.3-4.5 

As was the case in the diiron monocarborane complex discussed previously, when 

4.1 was combined with AgPF6, three fluorides replaced three boron hydrides.  The 

starting material 4.1 has four strong terminal carbonyl stretching bands (2045, 2014, 

1987, and 1975 cm-1) in its infrared spectrum, along with a medium intensity band (1828 

cm-1) for the bridging carbonyl. The infrared spectrum of 4.3 displays three strong 

terminal carbonyl stretching bands (2055, 2024, and 1994 cm-1), due to the high  



 

 

 

  
Figure 4.4 Synthesis of 4.3 and 4.4.  Cations omitted. 
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Figure 4.5 Synthesis of 4.5.  Cations omitted. 
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Figure 4.6 Synthesis of 4.6 and 4.7.  Cations omitted. 
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Figure 4.7 Synthesis of 4.8 and 4.9.  Cations omitted. 

 

44
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electronegativity of the fluorides which have replaced the hydrides on the boron cage.  

The fluorides pull electron density away from the cage and the cobalt center, weakening 

the Co-C bond and strengthening the C-O bond, giving it a higher bond order and a 

higher νmax. 

When 4.2 reacts with PEt3 to substitute a PEt3 group for a carbonyl, forming 4.3, 

the carbonyl peaks shift downwards (2017, 1965, 1945 cm-1).  This is due to the electron 

donating ability of the PEt3 group.  More electron density is shifted onto the cobalt 

center, strengthening the Co-C bonds and weakening the C-O bonds, giving them a lower 

bond order and their peaks in the infrared spectrum a lower higher νmax.  

When 4.1 reacts with SMe2 so that a negatively charged boron hydride is replaced 

by a neutral SMe2 substituent, the product becomes neutral and the νmax values increase.  

This is due to the decreased electron density around the metal center, which decreases the 

strength of the Co-C bonds and correspondingly strengthens the C-O bonds.  

Compound 4.3 has a plane of symmetry through one boron, one cage carbon, and 

one fluoride.  Therefore, it is expected to give a 2:2:2:1 pattern in the 11B NMR spectrum, 

as was observed.  When looking at the coupling pattern, all the peaks in the 11B NMR are 

doublets.  This is expected as both 1H and 19F nuclei have I = 1/2 , splitting the boron 

atoms to which they are connected into doublets.  In the proton decoupled 11B NMR 

spectrum, it is of note that two of the peaks (with a 2:1 integration ratio) remain doublets 

while the other two (2:2) become singlets.  This is due to the fact that three cage borons 

(2 of which are equivalent) have fluorides responsible for their splitting, while the other 

four borons split due to hydrogens.  
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The fluorine NMR of 4.3 showed two quartets with a 2:1 integration.  This is due 

to the fact that boron has I = 3/2 and therefore produces a quartet. 

In compounds 4.4 and 4.5, the plane of reflection is broken by the addition of a 

PEt3 and SMe2 group, respectively.  Therefore, we expect seven individual peaks, all of 

equal intensity.  Although unfortunately an NMR spectrum was not able to be obtained 

for 4.4 due to its low yield, compound 4.5 does show the expected pattern. Its 11B NMR 

spectrum consists of seven peaks of equal integration, with 6 doublets and 1 singlet.  The 

doublets are due to the hydrogens bonded to the borons, while the singlet is due to the 

substitution of sulfur, which does not produce splitting, at one boron vertex. 

  
Synthesis and Characterization of Compounds 4.6-4.9 
 

It was discovered that when 4.2 was exposed to UV light in the presence of excess 

phosphine, two phosphine ligands replaced two carbonyls.  The compound 4.6 was 

synthesized using PHPh2. If dppm (1,2-bis(diphenylphosphino)methane) was used, the 

phosphine ligand formed a bridge between the two cobalt vertices, displacing two 

carbonyls, forming 4.8  The purification of these two compounds was performed via 

column chormatography, by washing with CH2Cl2, then flushing the product out with a 

9:1 CH2Cl2:THF mixture.  This was required to separate unreacted starting material 4.2 

and side products from 4.6 or 4.8.   The products 4.6 and 4.8 were difficult to separate 

completely from unreacted 4.2 that did not react via photolysis.  A longer reaction time 

and various molar equivalents of phosphine ligands were tried, but did not produce better 

results.  Compounds 4.6 and 4.8 have the same charge and cation, differing from 4.2 only 

in the replacement of two carbonyl groups with phosphine groups.  Since these could not 

easily be physically separated, X-ray diffraction data was not obtained.  However, a 
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boron hydride on 4.6 could be easily substituted by a neutral SMe2 group, producing 4.7.  

This replacement of a negatively charged substituent with a neutrally charged one gave 

the entire molecule a neutral charge.  This neutral charge caused 4.7 to behave quite 

differently during chromatography than anionic complexes do.  Therefore, it was easily 

isolated, although in a low yield.  An X-ray diffraction study was performed on 4.7, and 

by deduction, the probable structure of 4.6 was determined. 

A similar strategy was adopted to determine the structure of 4.8. Liquid PPh2Cl 

and TlPF6 were added to a solution of 4.8, and a boron hydride was replaced with a 

PHPh2 substituent.  This produced a neutral product 4.9 which was easily separable from 

the starting material 4.2 as well as any other anionic complexes.  Again, the yield was 

low, but enough material was available to obtain a crystal structure of 4.9, which allowed 

the probable structure of 4.8 to be deduced. 

Due to the large size of these molecules and their presumably slow rotations in 

solution, peaks in the NMR spectra were often broad and poorly resolved.  Sometimes it 

was not possible to tell if a particular peak was a singlet or a doublet.  The lack of purity 

in 4.6 and 4.8 and the small amounts available of 4.7 and 4.8 also contributed to this 

problem. 

The infrared spectra of all these compounds revealed useful, if expected, results.  

The starting compound 4.2 has three strong carbonyl stretching peaks (2071, 2046, 2020 

cm-1) and one of medium intensity (1842 cm-1).  The first three peaks are due to the 

terminal carbonyls on the cobalt centers, and the last results from the bridging carbonyl.   

When two carbonyls are replaced with diphenylphosphines to give 4.6, the peaks appear 

at 1989, 1969, and 1749 cm-1.   There are fewer stretches because there are fewer 
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carbonyls in 4.6 than in 4.2.  The frequencies shift downward because the two phosphines 

donate additional electron density to the cobalt centers.  This in turn strengthens the Co-C 

bonds, which weakens the C-O bonds, giving them a lower bond order and therefore a 

lower frequency.  A similar downward shift occurs when bis(diphenylphosphino)methane 

replaces two carbonyls to form 4.8.  These peaks appear at 1962, 1980, and 1773 cm-1. 

 When 4.6 reacts with SMe2 and triflic acid to afford the neutral complex 4.7, the 

result of changing from an anion to a neutral complex is an upwards shift in νmax of the 

relevant peaks.  This can be thought of as a loss of electron density from the cobalt 

center.  This weakens the Co-C bond, which in turn strengthens the C-O bond, giving 

their corresponding peaks a higher νmax.  The compound 4.7 shows strong infrared peaks 

at 2006, 1988, and 1809 cm-1.  Similarly, when a PHPh2 group replaces a boron hydride 

in 4.8 to give 4.9, the resulting product is neutral, and therefore the corresponding νmax is 

higher: compound 4.9 shows strong infrared peaks at 2000, 1982, and 1792 cm-1. 
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Figure 4.8 Perspective view of compound 4.3  showing the crystallographic labeling 
scheme 

 
 

Table 4.1 Selected Internuclear Distances and Angles for 4.3 
          
Internuclear Distances(Å) Bond Angles(°) 
          
Co(10)-C(101) 1.779(3)  Co(10)-C(64)-(64) 149.4(2)
Co(10)-C(102) 1.774(3)  Co(6)-C(64)-O(64) 133.2(2)
Co(10)-C(64) 1.826(3)  Co(6)-C(62)-O(62) 176.5(3)
Co(10)-Co(6) 2.4231(5)  Co(10)-C(102)-O(102) 178.5(3)
Co(6)-C(63) 1.766(3)  Co(10)-C(101)-O(101) 178.4(3)
Co(6)-C(61) 1.773(3)    
Co(6)-C(64) 2.038(3)    
Co(6)-B(2) 2.137(3)    
B(9)-F(9) 1.373(3)    
B(8)-F(8) 1.380(3)    
B(7)-B(7) 1.381(4)    
C(101)-O(101) 1.134(3)    
C(102)-O(102) 1.149(3)    
C(62)-O(62) 1.132(3)    
C(61)-O(61) 1.142(3)    
C(64)-O(64) 1.180(3)       
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Figure 4.9 Perspective view of compound 4.5  showing the crystallographic labeling 
scheme 
 

Table 4.2 Selected Internuclear Distances and Angles for 4.5 
          
Internuclear Distances(Å) Bond Angles(°) 
          
Co(6)-C(61) 1.777(2)  O(63)-C(63)-Co(6) 140.9(1)
Co(6)-C(62) 1.783(2)  O(63)-C(63)-Co(7) 139.6(1)
Co(6)-C(63) 1.927(2)  O(61)-C(61)-Co(6) 177.5(2)
Co(6)-Co(7) 2.4703(3)  O(72)-C(72)-Co(7) 178.3(2)
Co(7)-C(72) 1.778(2)  O(71)-C(71)-Co(7) 178.4(2)
Co(7)-C(71) 1.781(2)    
Co(7)-C(63) 1.937(1)    
B(8)-S(1) 1.919(2)    
C(72)-O(72) 1.140(2)    
C(62)-O(62) 1.138(2)    
C(71)-O(71) 1.134(2)    
C(61)-O(61) 1.132(2)    
C(63)-O(63) 1.160(2)       
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Figure 4.10 Perspective view of compound 4.9 showing the crystallographic labeling 
scheme 
 
 

Table 4.3 Selected Internuclear Distances and Angles for Compound 4.9 
          
Internuclear Distances(Å) Bond Angles(°) 
          
Co(3)-C(3) 1.737(3)  O(4)-C(4)-Co(2) 140.5(2) 
Co(3)-C(4) 1.892(3)  O(4)-C(4)-Co(3) 140.9(2) 
Co(3)-C(1) 2.133(3)  O(3)-C(3)-Co(3) 179.1(2) 
Co(3)-P(3) 2.2020(7)  O(2)-C(2)-Co(2) 179.6(3) 
Co(3)-Co(2) 2.3953(5)  P(2)-C(5)-P(3) 115.0(1) 
Co(2)-C(2) 1.733(3)  C(5)-P(2)-Co(3) 112.41(9) 
Co(2)-C(4) 1.901(3)  C(5)-P(3)-Co(2) 112.41(9) 
Co(2)-C(1) 2.143(3)  P(2)-Co(3)-Co(2) 99.56(2) 
Co(2)-P(2) 2.2109(8)  P(3)-Co(2)-Co(3) 99.79(2) 
P(2)-C(21) 1.819(3)    
P(2)-C(22) 1.831(3)    
P(2)-C(5) 1.853(3)    
P(1)-B(12) 1.913(3)    
P(3)-C(32) 1.826(3)    
P(3)-C(31) 1.827(2)    
P(3)-C(5) 1.869(3)       
     
     



 

 

 

  

 
 
 

Table 4.4 Physical and Analytical Data for Compounds 4.3 – 4.5 
       
 Compound Yield(%) Color Analysis (%)a

    C H N 

4.3 
[N(PPh3)2][7,8,9-F3-6,10-(μ-CO)-6,6,10,10-(CO)4-
closo-6,10,1-Co2CB7H8] 25 dark purple 53.4 (53.3) 3.5(3.7) 1.6 (1.5) 

4.4 
[N(PPh3)2][7,8,9-F3-6,10-(μ-CO)-6,10,10-(CO)3-6-
PEt3-closo-6,10,1-Co2CB7H8] trace blue - - - 

4.5 
[8-SMe2-6,7-(μ-CO)-6,6,7,7-(CO)4-closo-6,7,1-
Co2CB7H7] 31 purple 23.3 (23.2) 3.1 (3.1) - 

       
acalculated values are given in parentheses 
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Table 4.5 Selected NMR Data for Compounds 4.3-4.5 
     
 Compound υmax(CO)a/cm-1 11B/ δb 19F/ δb

     

4.3 
[N(PPh3)2][7,8,9-F3-6,10-(μ-CO)-6,6,10,10-
(CO)4-closo-6,10,1-Co2CB7H8] 

2055, 2024, 
1994 

57.3c(d, 1B), 32.4c (d, 2 
B), 11.2 (2B), -13.4(2B) 

71.9c (q, 1F) 135.4 
(q, 2F) 

4.4 
[N(PPh3)2][7,8,9-F3-6,10-(μ-CO)-6,10,10-
(CO)3-6-PEt3-closo-6,10,1-Co2CB7H8] 2017, 1965 - - 

4.5 
[8-SMe2-6,7-(μ-CO)-6,6,7,7-(CO)4-closo-
6,7,1-Co2CB7H7] 

2093, 2073, 
2040 

19.5(1B), 13.2(1 B)d, 
6.6(1B), -3.1(1B), -
3.5(1B), -15.8(1B), -
17.9(1B) - 

     
a Measured in CH2Cl2; a broad, medium intensity band was observer at ca. 2500-2550 cm-1 in the spectra of all compounds due to B-H 
absorbtions. 
b Chemical shifts (δ) in ppm, coupling constants (J) in Hz, measurements in CD2Cl2 at ambient temperatures. 
c JB-F and JF-B values were between 80 and 120 Hz. 
d Peak was a singlet in the hydrogen-coupled boron NMR, indicating the presence of an SMe2 substituent. 
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Table 4.6: Physical Data for Compounds 4.6-4.9   
    
 Compound Yield 

(%) 
color 

   

4.6 
[N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(PHPh2)2-closo-2,3,1-
Co2CB9H10] 40 dark red 

4.7 
[N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(PHPh2)2-7-SMe2-closo-2,3,1-
Co2CB9H9] 14 dark red 

4.8 
[N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(μ-dppm)-closo-2,3,1-
Co2CB9H10] 38 dark red 

4.9 
[2,3-(μ-CO)-2,3-(CO)2-2,3-(μ-PPh2CH2PPh2)-12-PHPh2-closo-2,3,1-
Co2CB9H9] 53 

dark 
orange 
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Table 4.7: Selected NMR and IR Data for Compounds 4.6-4.9 
 

    
 Compound Vmax(CO)a/cm-1 11B/ δb 
    

4.6 
[N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(PHPh2)2-
closo-2,3,1-Co2CB9H10] 1989, 1969, 1749 

10.2 (2 B), 6.2(2 B), -6.8 (2 B), -
14.3 (2 B), -19.5 (1 B) 

    

4.7 
[N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(PHPh2)2-7-
SMe2-closo-2,3,1-Co2CB9H9] 2006, 1988, 1809 - 

    

4.8 
[N(PPh3)2][2,3-(μ-CO)-2,3-(CO)2-2,3-(μ-dppm)-
closo-2,3,1-Co2CB9H10] 1962, 1980, 1773 

6.3 (4 B), 5.5 (2 B), -11.6 (2 B), -
24.1(1 B) 

    

4.9 
[2,3-(μ-CO)-2,3-(CO)2-2,3-(μ-dppm)-12-PHPh2-
closo-2,3,1-Co2CB9H9] 1982, 2000, 1792 

2.6 (2 B), -6.9 (2 B), -6.8 (2 B) -
18.3 (2 B), -19.4 (1 B)c 

    
a Measured in CH2Cl2; a broad, medium intensity band was observed at ca. 2500-2550 cm-1 in the spectra of all compounds due to B-H 
absorptions. 
b Chemical shifts (δ) in ppm, coupling constants (J) in Hz, measurements in CD2Cl2 at ambient temperatures. 
c Peak was a singlet in the hydrogen-coupled boron NMR, indicating the presence of an SMe2 substituent. 
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Table 4.8 Crystallographic data for Compounds 4.3, 4.4, 4.5, and 4.9a 

  4.3 4.4b 4.5 4.9a

      

Formula 
C42H35B7- 
Co2F3O5N 

C48H51B7Cl2Co2-
F3NP3 C8H13B7Co2O5S1 

C42H41B9Cl2-
Co2O3P3

fw 946.22 1120.3 414.79 972.77 
space group P-1 P-1 P21/n P-1 
a, Å 11.4793(8) 10.5832(21) 8.0100(3) 11.174(5) 
b, Å 13.13961(1) 15.5702(33) 22.1026(1) 13.1778(6) 
c, Å 14.2339(11) 31.4698(67) 9.8985(4) 15.7991(7) 
α, deg 109.997(4) 98.459(12) 90 92.196(3) 
β, deg 90.657(4) 90.221(11) 112.628(2) 105.962(2) 
γ, deg 98.599(3) 90.252(12) 90 90.676(3) 
V,  Å3 2130.1(3) 5129.2(2) 1617.6(1) 2234.5(2) 
Z 2 4 4 2 
ρ calc, g/cm3 1.475 1.41 1.703 1.446 
mu, mm-1 0.91 0.90 2.19 1.01 
reflns 
measured 32726 61041 26644 31548 
indep reflns 13471 15394 2969 8071 
Rint 0.0409 0.0532 0.0329 0.0354 
wR2 (all data), 
R1 0.1760, 0.0501 0.1407, 0.0498 0.0511, 0.0204 0.0976, 0.0347 
 

a The structure determination for 4.7 was only of modest quality as only poor crystals could be 
obtained.  Nonetheless, it was sufficient to establish the heavy-atom connectivity pattern and the 
site of the boron substitution. 
bco-crystallizes with one molecule CH2Cl2 
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CHAPTER FIVE 

 
Conclusions and Future Work 

 
 

When this work was initiated, significant advances had been made in redressing 

the historical imbalance that existed in the literature between the well-studied chemistry 

of metal-dicarborane complexes and the much less well-explored field of metal-

monocarborane chemistry. Much of this progress was due to the work of Stone and 

coworkers, much of which has been cited throughout this thesis. In particular, Stone’s 

group had over recent years made great strides in expanding the very poorly represented 

area of metal-monocarborane complexes of less than twelve vertices. Much of this work 

was made possible by synthetic advances in the preparation of the small monocarborane 

precursors that became more readily available within the last decade.  

However, much work remains to be done in this area.  In particular, little has been 

done in investigating the ability of the smaller monocarborane ligands to stabilize metal 

centers in higher oxidation states. The iridium chemistry reported in Chapter Two details 

an example of a highly unusual iridium(V) dihydride complex, 2.1, whose chemistry 

remains largely unexplored. The formation of this species, and the related compound 2.3, 

is yet to be fully understood and both compounds (as well as their analogues and 

derivatives) might have relevance in – for example – catalysis. 

The eleven-vertex {FeCB9} system reported in Chapter Three fills a hole in the 

series of iron-monocarborane compounds, from nine-vertex {Fe2CB6} to twelve-vertex 

{FeCB10}, which were otherwise quite easily prepared and is perhaps the best studied 

series of metal-monocarborane clusters. Here, too, we have only scratched the surface 
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and it is clear that further effort is required to understand and improve the synthesis, 

purification and characterization of the parent cluster, and to expand its derivative 

chemistry. 

Likewise, much more work is yet to be done in the cobalt-monocarborane area 

discussed in Chapter Four. The new compounds that are presented herein add to our 

knowledge of the {Co2CB7} and {Co2CB9} systems, but it is evident that yields must be 

improved and the reactions better understood.  Other products and intermediates remain 

to be discovered, identified and characterized, and will surely provide examples of new 

and interesting behaviors in this remarkable area of chemistry.  
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