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INTRODUCTION 

 

The indenyl ligand has been used for over 50 years in organometallic transition metal 

chemistry.1 In many cases, it may be regarded as a benzannulated derivative of the cy-

clopentadienyl ring (Cp), and is known to form sandwich complexes of iron(II) and co-

balt(III) as analogues of ferrocene and the cobaltocenium cation.2 

Early first row transition metal complexes with the indenyl ring have been used as 

propylene polymerization catalysts to produce specific tacticities of the polymer.3 These 

complexes are often in high oxidation states (such as TiIV) with a highly bent metallocene 

structure that accommodates the propylene monomers. The classic Cp sandwich frame-

work of 3d metals is not obtained in groups 3 or 4 (with the exceptions of 

[C5Me4(SiMe2tBu)]2Ti and [(P5)2Ti]2-),4,5 and yet vanadocene was crystallographically 

characterized 30 years ago.6 The difficulty in attaining Cp sandwich structures of scan-

dium and titanium extends to the indenyl ligand, but bis(indenyl)vanadium(II) has been 

known for over 20 years.7 Surprisingly, there have been no papers published on the effects 

of substitution on the indenyl rings of homoleptic vanadium and manganese complexes, 

although such complexes of chromium have been more recently examined.8-10  

The use of electron-donating substituents has proven to be an effective tool in ma-

nipulating the spin-state of manganocene.11-13 Large numbers of sufficiently bulky donor 

groups on Cp rings (specifically, the tetraisopropylcyclopentadienyl ring) have also been 
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shown to produce the high-spin state in chromocene and manganocene due to steric re-

pulsions of the substituents.14,15 The manipulation of the ligand field strength by variations 

in the electron donation and steric demand of the ligand can influence the electronic 

properties of transition metals in bis(indenyl) complexes that have readily accessible high- 

and low-spin states. This control of the spin-state of an organometallic complex then af-

fects the accessibility of the metal centers due to the adjustments in the average M–C 

bond lengths.  

When compared with transition metal complexes of the cyclopentadienyl ligand, the 

corresponding complexes formed with the indenyl ring offer reactivities that are often 

several-fold higher.16 This difference has been linked to the ability of the indenyl ring to 

undergo an aromatization of the C6 ring,16 while the 5-membered ring is only delocalized 

over C(1), C(2), and C(3), with a formal double bond between C(8) and C(9),17 yielding 

allylic bonding to a metal center. This η5 to η3 haptotropic slip, termed the “indenyl 

ligand effect” by Basolo and Rerek,18 opens a coordination site on the metal center, which 

is particularly useful for binding a two-electron donor.19 This same haptotropic slip is en-

ergetically disfavored by the Cp ligand due to the accompanying bend at the allylic posi-

tions (Figure 1) and decrease in aromaticity, leading to a much lower reactivity of metal 

complexes along with diminished lability of ancillary ligands.20  
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Fig ure 1 .  Comparison of the η5 to η3 haptotropic slip of the Cp ring (a) and the indenyl 
ring (b). 

 
 
 

The enhanced reactivity of transition metal complexes employing the indenyl ligand, 

along with their potentially tunable spin states, generates considerable interest in these 

molecules. In fact, the chromium derivatives have already been shown to exhibit high-

spin, low-spin, and spin-crossover behavior in both the solid state and in solution.8,21 But 

there are still unanswered questions as to the spin-state determining factors in these com-

plexes. Could similar principles be applied to other early 3d metals? If so, the induced 

variations in the spin state of the complexes may cause their reactivities to be markedly 

influenced.  

Throughout this text, references to calculations of various bond distances and bending 

angles will be used for comparison among relevant compounds. The average metal to car-
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bon distance (av M–C) is calculated from the average of the distances of the 5-membered 

ring carbons considered to be within bonding distance to the metal center (Figure 2). The 

slip parameter (ΔM–C) is defined as the difference in the average bond lengths of the metal 

to carbon atoms C(1), C(2), and C(3) and the metal to the adjacent carbon atoms C(8) 

and C(9). The hinge angle is the angle formed at the intersection of planes defined by 

carbon atoms C(1), C(2), C(3) and C(1), C(3), C(8), C(9). The fold angle is the angle 

formed at the intersection of planes defined by carbon atoms C(1), C(3), C(8), C(9) and 

C(4), C(7), C(8), C(9). The twist angle is the angle observed by the amount of rotation 

between two indenyl rings on a metal center.22 Finally, the angle between C5 rings is the 

angle measured from parallel 5-membered rings in sandwich complexes. 

 

 
 
 
 
 

Fig ure 2 .  Numbering scheme of the indenyl ring 
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CHAPTER I 
 

THE EFFECT OF BENZO-RING  SUBSTITUTION ON THE STERIC AND 
ELECTRONIC PROPERTIES  OF BIS(INDENY L)CHROMIUM(II) COM-

PLEXES 
 

 

Introduction 

Although chromocene was reported in 1953,23,24 bis(indenyl)chromium(II) remained 

undiscovered until 1977 when it was patented as a polymerization catalyst.25 It wasn’t 

fully structurally characterized until 1996, at which time it was reported as a dimer,26 in 

contrast to the earlier report of bis(1,2,3,4,5,6,7-heptamethylinenyl)chromium(II) which 

was found to be a monomeric, low-spin species like chromocene.27 This ligand behavior 

with chromium(II) is also found in homoleptic allyl complexes, where the unsubstituted 

molecule is dimeric in nature,28 but trimethylsilyl substituents prevent dimerization.29,30 

The ability of the indenyl ligand to adopt an η3 or η5 coordination in chromium com-

plexes led to the investigation of steric and electronic effects of indenyl ligand substitu-

tion. In 2002, the discovery of the influence of molecular symmetry on the spin-state of 

substituted bis(indenyl)chromium(II) species was reported.8 This achievement, in conjunc-

tion with the documentation of the influence on the spin-state by variations in number 

and location of methyl substituents, has effectively mapped the strength of electron dona-

tion from each position on the indenyl ring. However, the contribution of backside (C6) 

ring substituents alone has not been examined for their ability to disrupt dimerization or 
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donate to the metal center. Comparing the staggered high-spin (IndMe-2)2Cr and predomi-

nantly low-spin (Ind5Me-2,4,5,6,7)2Cr,9,10 it can be seen that the addition of backside methyl 

groups lowered the spin-state of the molecule, while not affecting its conformation. Al-

though it crystallizes with both staggered and eclipsed molecules in the unit cell, the stag-

gered (Ind3Me-2,4,7)2Cr molecule exhibits spin-crossover behavior in the solid state. The pre-

dominant conformation in solution is not known, but spin-crossover behavior is observed 

there as well.10 Thus the addition of methyl groups to the 5- and 6-positions in (Ind5Me-

2,4,5,6,7)2Cr is enough to increase the HOMO/LUMO gap to a level that increases spin-

pairing.  

That these four additional methyl groups (5,6 on both rings) tip the scale toward the 

low-spin state in an already hexamethylated complex is not surprising; however, the fact 

that they have an observable influence on the metal center given their distance from the 

metal makes the system ideal for characterizing the relative donor strengths of backside 

substitution. Along with the determination of a more comprehensive picture of the 

positional effects of methyl substitution on the entire indenyl ring, backside substituted 

indenyl ligands are the systems that will be investigated here. 

 

Experimental 

G en eral Con siderat ion s.  Unless otherwise noted, all manipulations were per-

formed with the rigorous exclusion of air and moisture using Schlenk or glovebox tech-
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niques. Proton (1H) NMR experiments were obtained on a Bruker DPX-300 spectrometer 

at 300 MHz, or a Bruker DPX-400 at 400 MHz, and were referenced to the residual pro-

ton resonances of THF-d8 (δ 3.58) and CDCl3 (δ 7.26). Elemental analyses were per-

formed by Desert Analytics (Tucson, AZ). Melting points were determined on a Labora-

tory Devices Mel-Temp apparatus in sealed capillaries. Mass spectra were obtained using a 

Hewlett-Packard 5890 Series II gas chromatograph/mass spectrometer.  

Materials.  Anhydrous chromium(II) chloride was purchased from Strem Chemicals 

and used as received. Aluminum(III) chloride, 4-methylindanone, p-xylene, 3-

chloropropanoyl chloride, acryloyl chloride, 3-p-tolyl propionic acid, carbon disulfide 

(CS2) and anhydrous tetrahydrofuran (THF), sodium iodide, 2-cyclopentenone, and 

α,α,α′α′-tetrabromo-o-xylene were purchased from Aldrich and used as received. 1,2,3,4-

Tetramethylbenzene (90%) was purchased from TCI and used as received. Hexanes, tolu-

ene, and diethyl ether were distilled under nitrogen from potassium benzophenone ketyl. 

Anhydrous pentane was purchased from Acros and used as received. Dimethylformamide 

was purchased from Aldrich, dried over an alumina column, and kept over 4A molecular 

sieves prior to use. CDCl3 (Cambridge Isotope) was dried with 4A molecular sieves prior to 

use. Toluene-d8 (Aldrich) and THF-d8 (Cambridge Isotope) were distilled under vacuum 

from Na/K (22/78) alloy and stored over 4A molecular sieves prior to use.  

Mag n et ic Measuremen ts.  Solution magnetic susceptibility measurements were 

performed on a Bruker DRX-400 spectrometer using the Evans’ NMR method.31-35 5–10 
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mg of the paramagnetic material was dissolved in toluene-d8 in a 1.0 mL volumetric flask. 

The solution was thoroughly mixed, and approximately 0.5 mL was placed in a NMR tube 

containing a toluene-d8 capillary. The calculations required to determine the number of 

unpaired electrons based on the data collected have been described elsewhere.36 

Solid state magnetic susceptibility data were obtained by Prof. Gordon T. Yee (Vir-

ginia Tech) on a Quantum Designs MPMS SQUID magnetometer in a field of 70,000 G. 

Control of the sample temperature ranges from 1.8 to 300 K. To handle the extremely air- 

and moisture-sensitive compounds, the previously described sample holder was used;14 the 

diamagnetic susceptibility of the sample holder was accepted as the average value of the 

measurements on several identical sample holders. The diamagnetic correction for each 

complex was estimated from Pascal’s constants.  

Sy n thesis of  4 ,5 ,6 ,7-Tetramethy lin den e,  HIn d4Me-4,5,6,7.  In a N2 flushed 500 

mL Schlenk flask, 28.86 g (0.2164 mol) of AlCl3 was added to a solution of 1,2,3,4-

tetramethylbenzene (18.08 g, 0.2164 mol) in 200 mL of CS2. The flask was chilled in an 

ice bath before acryloyl chloride (12.19 g, 0.2164 mol) was added and the reaction was 

allowed to warm to room temperature. With a drying tube attached, the reaction was 

brought to reflux for 2 h, during which time the color changed from orange to black, and 

the evolution of HCl was observed. The mixture was then stirred overnight at room tem-

perature. The reaction was brought to reflux for 2 h before it was cooled to room tempera-

ture, poured over 50 mL of HCl in 500 g of ice, and slurried for 3 h. The organic layer was 
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separated and neutralized with dilute NaHCO3, then dried over MgSO4. After filtration of 

the MgSO4, excess CS2 was removed by rotary evaporation resulting in a dark orange oil.  

The oil was kept at 4 °C overnight, and it formed a dark orange resin in the flask. A 

mixture of 10% hexanes in methanol (250 mL) was heated and added to dissolve the resin. 

The solution was filtered to remove undissolved material and the remaining solution was 

kept at -20 °C. Overnight, a light orange powder became suspended in the solution above 

a black tar. The solution and powder were kept while the black tar was discarded. This 

process was repeated twice to further purify the 4,5,6,7-tetramethylindan-1-one product 

(6.620 g, 16%) confirmed by GC/MS (m+ = 188). 

The indanone (6.620 g, 0.03516 mol) was dissolved in 125 mL of anhydrous diethyl 

ether and chilled to 0 °C in a 250 mL Schlenk flask under N2. Li[AlH4] (36 mL of 1.0 M in 

diethyl ether) was slowly syringed into the flask over 20 min with stirring. After the mix-

ture had been stirred overnight, a condenser was attached, and the reaction was refluxed 

for 2 h. The mixture was cooled to 0 °C, and the reaction was quenched by the dropwise 

addition of 10 mL of cold water and a subsequent 150 mL of dilute NH4Cl solution. Upon 

stirring, the mixture rapidly evolved a gas. Diethyl ether was added and a separation per-

formed. The ether layer was dried with MgSO4, filtered, and the ether was removed by ro-

tary evaporation to leave a waxy orange solid. This solid was dissolved in 250 mL of tolu-

ene and added to a 500 mL round-bottom flask fitted with a Dean-Stark trap and 

condenser. A few crystals of p-toluenesulfonic acid were added to the solution. The solu-
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tion was refluxed until approximately 0.5 mL of water was collected in the trap. After 

cooling to room temperature, the solution was dried over MgSO4, and the toluene was 

removed by rotary evaporation to yield dark brown crystals of 4,5,6,7-tetramethylindene 

(1.294 g, 0.007511 mol). Overall synthesis resulted in 3.5% yield. 1H NMR (400 MHz) in 

CDCl3: δ 2.30 (multiplet, 12H, 4 CH3); 3.35 (doublet, 2H, CH2); 6.50 (doublet, 1H, CH in 

1-position); 6.75 (multiplet, 1H, CH in 2-position). GC/MS characterization was consis-

tent with the expected molecular ion peak of this compound (m+ = 172).  

Sy n thesis of  4 ,7-Dimethy lin den e,  HIn d2Me-4,7.  In a N2-flushed 500 mL 

Schlenk flask, 31.40 g (0.2355 mol) of AlCl3 was added to a solution of p-xylene (25.00 g, 

0.2355 mol) in 200 mL of CS2. The flask was chilled in an ice bath before 3-

chloropropanoyl chloride (29.90 g, 0.2355 mol) was added and the reaction was allowed to 

warm to room temperature. With a drying tube attached, the reaction was brought to re-

flux for 2 h, during which time the color changed from yellow to red, and the evolution of 

HCl was observed. The mixture was then stirred overnight at room temperature. The reac-

tion was poured over 500 g of ice and slurried until it became yellow. The organic layer 

was neutralized with dilute NaHCO3 and dried over MgSO4. After removal of the MgSO4 

by filtration, excess CS2 was removed by rotary evaporation to afford a yellow oil of 3-

chloro-1-(2,5-dimethylphenyl)-1-propanone (40.0 g, 86%) confirmed by GC/MS (m+ = 

196). 
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The yellow oil was added dropwise to excess concentrated H2SO4 over 15 min with 

stirring to give an orange, then red, mixture that was subsequently heated to 80 °C for 2 

h, accompanied by the evolution of HCl. The mixture was poured on ice and slurried for 

20 min, yielding a light red aqueous layer. The product was separated with diethyl ether, 

neutralized with NaHCO3, and dried with MgSO4. Rotary evaporation of the solvent left a 

white waxy solid. For purification, the solid was redissolved in methanol and placed in a 

freezer overnight at –20 °C. White crystals precipitated and were filtered to yield 24.6 g 

(76%) of 4,7-dimethyl-1-indanone, as confirmed by GC/MS (m+ = 160).  

The indanone (24.6 g, 0.154 mol) was dissolved in anhydrous diethyl ether and chilled 

to 0 °C in a 500 mL Schlenk flask under N2. 100 mL of 1.0 M Li[AlH4] in diethyl ether 

was syringed into the flask over 20 min with stirring. After the mixture had stirred over-

night, a condenser was attached, and the reaction was refluxed for 5 h. The mixture was 

cooled to 0 °C, and the reaction was quenched by the dropwise addition of 2 mL of cold 

water, 4 mL of dilute NaOH solution, and 100 mL of cold water. A white solid precipi-

tated from solution. The mixture was filtered, separated from the water layer, and dried 

over MgSO4. After rotary evaporation, large opaque crystals of the 4,7-dimethyl-1-

indanol (19.34 g, 77%) formed and were confirmed by GC/MS (m+ = 162). 

The alcohol was redissolved in 200 mL of toluene and added to a 500 mL round-

bottom flask fitted with a Dean-Stark trap and condenser. A few crystals of p-

toluenesulfonic acid were added to the solution. The solution was refluxed until approxi-



     8 

mately 2 mL of water was collected in the trap. After cooling to room temperature, the 

solution was washed with dilute NaHCO3 solution and dried over MgSO4. The toluene was 

removed by rotary evaporation to yield 4,7-dimethylindene (15.4 g, 90%) as a tan liquid. 

1H NMR and GC/MS characterization of 4,7-dimethylindene were consistent with the 

expected spectra of the compound. Overall synthesis resulted in 45% yield.  

Sy n thesis of  5-Methy lin den e,  HIn dMe-5.  In a 250 mL round bottom flask, 10.0 

g (0.0609 mol) of 3-p-tolylpropionic acid was dissolved in excess thionyl chloride and 

heated to reflux for 4 h. The evolution of SO2 and HCl was observed. After cooling to 

room temperature, the reaction was stirred for an additional 14 h. The thionyl chloride 

solvent was removed under vacuum, and the resulting 3-p-tolylpropanoyl chloride was 

dissolved in 100 mL of CS2 and placed in a dropping funnel. In a 500 mL Schlenk flask 

purged with N2, approximately 10 g of AlCl3 was slurried in 200 mL of CS2. The flask was 

chilled to 0 °C before the dropwise addition of the 3-p-tolylpropanoyl chloride solution. 

The reaction immediately turned from a light green to a dark green and finally to a 

muddy brown. After stirring for 14 h at room temperature, the reaction was heated to re-

flux for 3 h. The flask was chilled to 0 °C, and the reaction was quenched by the addition 

of cold water. A separation was performed following the addition of 2 × 50 mL of dilute 

NaHCO3 solution and 100 mL of cold water. The CS2 layer was then separated from the 

water layer, and dried over MgSO4. After rotary evaporation, an orange oil of the 5-
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methyl-1-indanone was isolated and confirmed by GC/MS (m+ = 146) in 81% yield. 

Upon standing, large orange crystals of the indanone formed in the flask.  

5-Methyl-1-indanone (7.48 g, 0.0512 mol) was dissolved in anhydrous diethyl ether 

and chilled to 0 °C in a 500 mL Schlenk flask under N2. Li[AlH4] (34 mL of a 1.0 M solu-

tion in diethyl ether) was syringed into the flask over 20 min while stirring. Immediately 

a brown precipitate formed but was redissolved upon complete addition of the Li[AlH4]. 

After the mixture had stirred overnight, a condenser was attached, and the reaction was 

refluxed for 4 h. The yellow-orange mixture was cooled to 0 °C, and the reaction was 

quenched by the successive addition of 2 mL of cold water, 4 mL of dilute NaOH solution, 

and 100 mL of cold water. The ether layer was then separated from the water layer, and 

dried over MgSO4. After rotary evaporation, an orange oil of the 5-methyl-1-indanol was 

isolated and confirmed by GC/MS (m+ = 148). 

The full amount of 5-methyl-1-indanol was redissolved in 100 mL of toluene and 

added to a 500 mL round-bottom flask fitted with a Dean-Stark trap and condenser. A 

few crystals of p-toluenesulfonic acid were added to the solution. The solution was re-

fluxed for 3 h until slightly more than 0.5 mL of water was collected in the trap. After 

cooling to room temperature, the solution was washed with dilute NaHCO3 solution and 

dried under MgSO4. The toluene was removed by rotary evaporation to yield 5-

methylindene (6.51 g, 0.0500 mol, 98%) as a yellow oil. GC/MS characterization of 5-
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methylindene was consistent with the expected spectrum of the compound (m+ = 130). 

The overall yield was 82%.  

Sy n thesis of  4-Methy lin den e,  HIn dMe-4.  4-Methyl-1-indanone (5.00 g, 0.0342 

mol) was dissolved in anhydrous diethyl ether and chilled to 0 °C in a 500 mL Schlenk 

flask under N2. Li[AlH4] (30 mL of a 1.0 M solution in diethyl ether) was syringed into the 

flask over 20 min while stirring. After the mixture had stirred overnight, a condenser was 

attached, and the reaction was refluxed for 5 h. The mixture was cooled to 0 °C, and the 

reaction was quenched by the successive addition of 2 mL of cold water, 4 mL of dilute 

NaOH solution, and 100 mL of cold water. The ether layer was then separated from the 

water layer, and dried over MgSO4. After rotary evaporation, a light yellow powder of the 

4-methyl-1-indanol (5.02 g, 0.339 mol, 99%) was isolated and confirmed by GC/MS (m+ 

= 148). 

The full amount of 4-methyl-1-indanol was redissolved in 100 mL of toluene and 

added to a 500 mL round-bottom flask fitted with a Dean-Stark trap and condenser. A 

few crystals of p-toluenesulfonic acid were added to the solution. The solution was re-

fluxed until approximately 0.5 mL of water was collected in the trap. After cooling to 

room temperature, the solution was washed with dilute NaHCO3 solution, separated, and 

dried over MgSO4. The toluene was removed by rotary evaporation to yield 4-

methylindene (3.93 g, 0.0302 mol, 89%) as a yellow oil. 1H NMR and GC/MS characteri-
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zation of 4-methylindene were consistent with the expected spectra of the compound. 

The overall yield was 88%.  

Sy n thesis of  Ben z[f]in den e,  HIn dBzo-5,6.  This synthesis has been modified from 

a literature preparation.37 Sodium iodide (45.0 g, 0.300 mol) was slurried and partially dis-

solved in 250 mL of warm (80 °C), dry DMF in a 500 mL Schlenk flask. The solution was 

cooled back to room temperature before 25.0 g (0.0593 mol) of α,α,α′,α′-tetrabromo-o-

xylene was added to the DMF, and the resulting mixture turned light golden. Upon the 

dropwise addition of 5.00 g (0.0610 mol) of 2-cyclopentenone, the solution immediately 

turned dark orange and eventually black. The reaction was returned to 80 °C and stirred 

for 15 h. Water was added to quench the reaction and dissolve any remaining sodium io-

dide. Diethyl ether (6×50 mL) was added, and several extractions were performed. The 

diethyl ether layer was dried over MgSO4 before filtering and removing the solvent by 

rotary evaporation. The product that remained was a viscous dark brown substance that 

was redissolved in a minimum amount of hot ethanol. This solution was slowly cooled to 

near 0 °C and left for 12 h. A light brown powder precipitated from solution and was iso-

lated by vacuum filtration to leave 15.4 g (0.0845 mol, 25% yield) of the 

benz[f]indanone. The indanone was placed in a 250 mL Schlenk flask under N2 and was 

partially dissolved in 100 mL of dry diethyl ether. The flask was chilled to 0 °C before 20 

mL of 1.0 M lithium aluminum hydride was syringed into the flask. The reaction quickly 
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turned light orange and fully dissolved the remaining precipitate. It was allowed to warm 

to room temperature and stir for 6 h; no visible change occurred.  

The reaction was quenched with cold water, forming copious amounts of white pre-

cipitate. Extraction with diethyl ether, followed by drying over MgSO4 and removal of the 

solvent, yielded pure, white, crystalline benz[f]indanol in 94% yield (14.6 g, 0.0793 mol). 

Under N2, 5.0 g of this benz[f]indanol was dissolved in 200 mL of toluene in a 500 mL 

round bottom flask fitted with a stir bar and a Dean-Stark apparatus. A catalytic amount 

of p-toluenesulfonic acid was added and the mixture brought to reflux for 6 h. The tem-

perature of the reaction was further increased until slightly more than 1 mL of H2O was 

collected in the trap. The reaction was cooled before water was added and a separation was 

performed. The organic layer was dried over MgSO4, filtered, and the toluene was re-

moved by rotary evaporation. The remaining product (1.30 g, 13% yield) was a light 

brown power and confirmed to be benz[f]indene by GC/MS (m+ = 166). 

Sy n thesis of  Potassium 4 ,5 ,6 ,7-tet ramethy lin den ide,  K[4 ,5 ,6 ,7-

(CH3)4C9H3] (KIn d4Me-4,5,6,7).  4,5,6,7-Tetramethylindene (1.294 g, 7.511 mmol) was 

dissolved in 30 mL of toluene in a 250 mL Erlenmeyer flask. Potassium 

bis(trimethylsilyl)amide K[N(SiMe3)2] (1.199 g, 6.010 mmol) was dissolved in toluene and 

added dropwise to the indene while stirring. The reaction was stirred 12 h before adding 

150 mL of hexanes. A light red-purple precipitate formed and was filtered over a medium-

porosity glass frit. The precipitate was washed with hexanes (2 × 30 mL) and dried under 
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vacuum to yield 0.408 g (1.89 mmol, 31%) of potassium 4,5,6,7-tetramethylindenide. 

The product was confirmed to contain K[Ind4Me-4,5,6,7] (1H NMR in THF-d8); the crude 

product was used without further purification. 

Sy n thesis of  Potassium 4 ,7-dimethy lin den ide,  K[4 ,7-(CH3)2C9H5] 

(KIn d2Me-4,7).  4,7-Dimethylindene (5.00 g, 0.0347 mol) was redissolved in 80 mL of 

toluene in a 250 mL Erlenmeyer flask. Potassium bis(trimethylsilyl)amide K[N(SiMe3)2] 

(6.23 g, 0.0312 mol) was dissolved in toluene and added dropwise to the indene while stir-

ring. The reaction was stirred 24 h before adding 150 mL of hexanes. A bright yellow pre-

cipitate formed and was filtered over a medium-porosity glass frit. The precipitate was 

washed with hexanes (2 × 30 mL) and dried under vacuum to yield 4.89 g (86%) of the 

indenide salt. The product was confirmed to be K[Ind2Me-4,7] by 1H NMR (400 MHz) in 

toluene-d8: δ 2.34 (singlet, 6H, CH3 in 4,7-positions); 6.56 (multiplet, 3H, CH in 1,2,3-

position); 7.20 (doublet, 2H, CH in 5,6-positions).  

Sy n thesis of  Potassium 5-Methy lin den ide,  K[In dMe-5].  5-Methylindene 

(2.50 g, 0.0192 mol) was degassed and dissolved in 20 mL of toluene in a 250 mL Erlen-

meyer flask. Potassium bis(trimethylsilyl)amide K[N(SiMe3)2] (3.64 g, 0.0182 mol) was 

dissolved in toluene and added dropwise to the indene while stirring. The reaction was 

stirred 14 h before adding 150 mL of hexanes. A bright yellow precipitate formed and was 

filtered over a medium-porosity glass frit. The precipitate was washed with hexanes (2 × 30 

mL) and dried under vacuum to yield 2.05 g (67%) of the indenide salt as a yellow pow-
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der. The product was confirmed to contain K[IndMe-5] (1H NMR in THF-d8); the crude 

product was used without further purification.  

Sy n thesis of  Potassium 4-Methy lin den ide,  K[In dMe-4].  4-Methylindene 

(3.93 g, 0.0302 mol) was degassed and dissolved in 20 mL of toluene in a 250 mL Erlen-

meyer flask. Potassium bis(trimethylsilyl)amide K[N(SiMe3)2] (5.72 g, 0.0287 mol) was 

dissolved in toluene and added dropwise to the indene while stirring. The reaction was 

stirred 24 h before adding 150 mL of hexanes. A bright yellow precipitate formed and was 

filtered over a medium-porosity glass frit. The precipitate was washed with hexanes (2 × 30 

mL) and dried under vacuum to yield 3.83 g (67%) of the indenide salt. The product was 

confirmed to be K[IndMe-4] by 1H NMR (400 MHz) in toluene-d8: δ 2.24 (singlet, 3H, 

CH3); 6.54 (multiplet, 3H, CH in 1,2,3-position); 7.38 (multiplet, 3H, CH in 5,6,7-

position). 

Sy n thesis of  Potassium Ben z[f]in den ide,  K[In dBzo-5,6].  Dry, solid 

benz[f]indene (1.30 g, 7.82 mmol) was dissolved in 20 mL of toluene in a 250 Erlen-

meyer flask. Potassium bis(trimethylsilyl)amide K[N(SiMe3)2] (1.48 g, 7.42 mmol) was 

dissolved in toluene and added dropwise to the indene while stirring. A bright red solid 

immediately precipitated from solution and the reaction mixture was allowed to stir for 2 

h. For complete separation of the product, 150 mL of hexanes was added, and the mixture 

was filtered over a medium-porosity glass frit. The red precipitate was washed with hexanes 
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(2 × 30 mL) and dried under vacuum to yield 1.16 g (73%) of the potassium 

benz[f]indenide. 

At tempted Sy n thesis of  Bis(4 ,5 ,6 ,7-tet ramethy lin den y l)chromium(II),  

(In d4Me-4,5,6,7)2Cr.  Anhydrous CrCl2 (0.1192 g, 0.9703 mmol) was added to a 125 

mL Erlenmeyer flask along with a magnetic stirring bar and 30 mL of THF. Potassium 

4,5,6,7-tetramethylindenide (0.408 g, 1.89 mmol) was dissolved in 10 mL of THF and 

added dropwise to the flask while stirring. The mixture turned black, and it was allowed to 

stir for 3 h. The solvent was removed under vacuum, and 30 mL of hexanes was added to 

dissolve the residue. The mixture was filtered through a medium-porosity glass frit, and 

the filtrate was collected in a 250 mL Schlenk flask, which was placed in a -30 °C freezer. 

After 48 h, no crystals were observed so the solution was placed on the Schlenk line and 

pumped to dryness. A viscous black oil remained that was uncharacterizable by NMR 

methods, possibly the result of impurities in the potassium indenide.  

Sy n thesis of  Bis(4 ,7-dimethy lin den y l)chromium(II),  (In d2Me-4,7)2Cr.  

Anhydrous CrCl2 (0.500 g, 4.07 mmol) was added to a 125 mL Erlenmeyer flask along 

with a magnetic stirring bar and 30 mL of THF. Potassium 4,7-dimethylindenide (1.483 

g, 8.15 mmol) was dissolved in 10 mL of THF and added dropwise to the flask while stir-

ring. The mixture initially turned dark green, then black, and it was allowed to stir over-

night. The solvent was removed under vacuum, and 50 mL of hexanes was added to dis-

solve the residue. The mixture was filtered through a medium-porosity glass frit, and the 
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filtrate was collected in a 250 mL modified (via sidearm fused gas inlet and 14/20 ground 

glass joint) round bottom flask, which was placed in a –30 °C freezer. After 48 h, dark 

green crystals of (Ind2Me-4,7)2Cr were observed and isolated by cannulation of the mother 

liquor on a Schlenk line. The crystals were dried under vacuum and brought into the 

glovebox (0.283 g, 21%) mp 155–160 °C. Anal. Calcd. for C22H22Cr: C, 78.08; H, 6.55. 

Found: C, 77.84; H, 6.55. Solution magnetic susceptibility (μeff298K ): 3.4. 

At tempted Sy n thesis of  Bis(4-methy lin den y l)chromium(II),  (In dMe-

4)2Cr.  Anhydrous CrCl2 (0.864 g, 7.03 mmol) was added to a 125 mL Erlenmeyer flask 

along with a magnetic stirring bar and 20 mL of THF. Potassium 4-methylindenide (2.36 

g, 14.0 mmol) was dissolved in 15 mL of THF and added dropwise to the flask while stir-

ring. The mixture turned brown-black, and it was allowed to stir for 14 h. The solvent was 

removed under vacuum, and the remaining solid was divided into two portions. The first 

fraction was washed with hexanes (2 × 10 mL), filtered, and placed in the freezer at –40 

°C. No crystals were observed from this solution. The second fraction was washed with 

toluene (2 × 7 mL), filtered, and collected in two vials. The first vial was placed in the 

freezer –40 °C, and crystals too small for x-ray analysis formed. In the second vial, hex-

anes was allowed to diffuse slowly in over a period of 2 days at room temperature. Brown-

black needles formed that were suitable for x-ray crystallography, but they were unstable 

at room temperature over two days, depositing white and green powders. The crystals 

were found to be (IndMe-4)3Cr2Cl (0.274 g, 72.2%). 
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Sy n thesis of  Bis(ben z[f]in den y l)chromium(II),  (In dBzo-5,6)2Cr.  Anhy-

drous CrCl2 (0.0602 g, 0.490 mmol) was added to a 125 mL Erlenmeyer flask along with a 

stir bar and 10 mL of THF. Potassium benz[f]indenide (0.200 g, 0.979 mmol) was dis-

solved in 10 mL of THF and added dropwise to the flask while stirring. The mixture im-

mediately turned red-black, and it was allowed to stir overnight. The solvent was removed 

under vacuum, and 10 mL of toluene was added to dissolve the chromium complex. The 

mixture was filtered through a medium-porosity glass frit, and the filtrate was collected in 

a 125 mL Erlenmeyer flask. Upon evaporation of solvent, x-ray quality, long black nee-

dles formed in 66% yield (0.124 g). Once formed, the crystals were insoluble in organic 

solvents, preventing characterization by NMR methods. Anal. Calcd. for C26H18Cr: C, 

81.66; H, 4.74. Found: C, 80.84; H, 4.45. 

Computat ion al Details.  Geometry optimizations and frequency calculations were 

performed using the GAUSSIAN 03 suite of programs.38 Density functional theory was 

employed with the use of the TPSSh functional, which is based on the meta-generalized 

gradient approximation (MGGA) of Tao, Perdew, and Staroverov, with the admixture of 

10% exact (Hartree–Fock) exchange;39 it has been demonstrated to give good results with 

transition-metal systems.40 Calculations used the standard 6-31+G(d) Pople basis sets (for 

Cr, this is (23s, 18p, 5d, 1f)/[6s, 6p, 3d, 1f]41). In the case of the indenyl anions, some 

comparative calculations were conducted with the B3LYP functional42-44 and the aug-cc-

pVTZ basis set. 
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G en eral Procedures f or X-ray  Cry stallog raphy .  A suitable crystal of each 

sample was located, attached to a glass fiber, and mounted on a Bruker SMART Platform 

CCD diffractometer for data collection at 173(2) K or 100(2) K. Data collection and 

structure solutions for all molecules were conducted at the X-ray Crystallography Labora-

tory at the University of Minnesota by Dr. William W. Brennessel and Benjamin E. Kuc-

era, or at the University of California, San Diego by Dr. Arnold L. Rheingold. Data reso-

lution of 0.84 Å was considered in the data reduction (SAINT 6.01 and SAINT 6.35, 

Bruker Analytical Systems, Madison, WI). The intensity data were corrected for absorp-

tion and decay (SADABS). All calculations were performed using the current SHELXTL 

suite of programs.45 Final cell constants were calculated from a set of strong reflections 

measured during the actual data collection. Relevant crystal and data collection parame-

ters for each of the compounds are given in Appendix B. 

The space groups were determined based on systematic absences and intensity statis-

tics. A direct-methods solution was calculated that provided most of the non-hydrogen 

atoms from the E-map. Several full-matrix least-squares/difference Fourier cycles were 

performed that located the remainder of the non-hydrogen atoms. All non-hydrogen at-

oms were refined with anisotropic displacement parameters. All hydrogen atoms were 

placed in ideal positions and refined as riding atoms with relative isotropic displacement 

parameters.  
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X-ray  Cry stallog raphy  of  (In d2Me-4,7)2Cr.  Dark green crystals of (Ind2Me-4,7)2Cr 

were harvested by preparing a concentrated hexanes solution, which was cooled to –30 °C. 

The crystals were separated from the mother liquor via cannulation and dried under vac-

uum prior to data collection. An initial set of cell constants was calculated from reflec-

tions produced from three sets of 20 frames. These sets of frames were oriented such that 

orthogonal wedges of reciprocal space were surveyed. This produced orientation matrices 

determined from 40 reflections. The final cell constants were calculated from the xyz cen-

troids of 2603 strong reflections as described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 60 s and a detector distance of 4.83 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Ǻ. Three major 

sections of frames were collected with 0.30° steps in ω at four different φ settings and a 

detector position of –28° in 2θ. 

The space group Cc was determined as described in the general procedures. The space 

group was later confirmed with PLATON46 to be certain that space group C2/c was not a 

possibility. The refinement required modeling for inversion twinning (74:26). The final 

full matrix least-squares refinement converged to R1 = 0.0364 and wR2 = 0.0893 (F2, all 

data). 

X-ray  Cry stallog raphy  of  (In dMe-4)3Cr2Cl.  Dark brown crystals of (IndMe-

4)3Cr2Cl were harvested by preparing a concentrated toluene solution, into which hexanes 
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was allowed to diffuse at room temperature. The crystals were separated from the mother 

liquor and dried under vacuum prior to data collection. An initial set of cell constants was 

calculated from reflections produced from three sets of 20 frames. These sets of frames 

were oriented such that orthogonal wedges of reciprocal space were surveyed. This pro-

duced orientation matrices determined from 22 reflections. The final cell constants were 

calculated from the xyz centroids of 3284 strong reflections as described in the general 

procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 90 s and a detector distance of 4.920 cm. A randomly oriented region of recipro-

cal space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three ma-

jor sections of frames were collected with 0.30° steps in ω at four different φ settings and 

a detector position of –28° in 2θ. 

The space group P21/c was determined as described in the general procedures. The 

structure was modeled as disordered over two of the three indenyl positions (78:22) and 

the methyl indenyl ligand on Cr2 was modeled as disordered over two positions (87:13). 

There appears to be a THF molecule disordered over an inversion center; however, at-

tempts to refine it were unsuccessful, and the program SQUEEZE46 was used to model the 

electron density. The total solvent accessible void space was 334.1 Å3 per unit cell, con-

taining roughly 113 electrons. The THF molecule was included in the molecular formula 

in order to achieve a correct molecular volume. The final full matrix least-squares refine-

ment converged to R1 = 0.0849 and wR2 = 0.2190 (F2, all data). 
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X-ray  Cry stallog raphy  of  [(In dBzo-5,6)2Cr]2.  Dark purple crystals of [(IndBzo-

5,6)2Cr]2 were grown by preparing a concentrated toluene solution and allowing the sol-

vent to slowly evaporate at room temperature. The crystals were separated from the 

mother liquor and dried under vacuum prior to data collection. An initial set of cell con-

stants was calculated from reflections produced from three sets of 20 frames. These sets of 

frames were oriented such that orthogonal wedges of reciprocal space were surveyed. This 

produced orientation matrices determined from 40 reflections. The final cell constants 

were calculated from the xyz centroids of 2916 strong reflections as described in the gen-

eral procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 90 s and a detector distance of 4.83 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.30° steps in ω at four different φ settings and a 

detector position of –28° in 2θ. 

The space group C2/c was determined as described in the general procedures. The final 

full matrix least-squares refinement converged to R1 = 0.0789 and wR2 = 0.2043 (F2, all 

data). 

 

Results 

Lig an d sy n thesis.  Various alkylated and benzannulated indenes were prepared by 

modifications of standard procedures.27,37,47-49 These included HIndMe-4, HIndMe-5, HInd2Me-4,7, 
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HInd4Me-4,5,6,7, and HIndBzo-5,6. As opposed to methylation on the frontside (C5 ring) of the 

parent indene, substitution on the 4-,5-,6-, or 7-positions of the indene ring is only possi-

ble through the use of methylated starting materials. Friedel-Crafts acylation of a methy-

lated benzene ring is the C5 ring-closing step (Figure 3) or the frontside addition to the 

benzene ring prior to ring closure (Figure 4). Benzannulation of the 5- and 6-positions of 

the indene ring is achieved by the synthesis shown in Figure 5.  

 

 
Fig ure 3 .  Synthesis of 5-methylindene based on Friedel-Crafts acylation, followed by 
reduction and dehydration. 
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Fig ure 4 .  Synthesis of 4,7-dimethylindene based on Friedel-Crafts acylation, followed 
by reduction and dehydration. 

 

 
Fig ure 5 .  Synthesis of benz[f]indene. 
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Once the desired indene was synthesized and purified by vacuum distillation, the alkali 

metal indenide salt was prepared via deprotonation reaction with a strong base. Reactions 

with potassium bis(trimethylsilyl)amide were performed in toluene, followed by precipita-

tion of the potassium indenide salt by the addition of hexanes (eq 1). The indenides were 

isolated from the resulting bis(trimethylsilyl)amine by filtration and rigorous washing 

with additional hexanes. The potassium indenides were dried under vacuum prior to reac-

tions with chromium chloride.  

 

 

 

Sy n thesis of  Subst ituted Bis(in den y l)metal Complexes of  Cr(II).  Once 

the appropriate indenide salts were prepared, the corresponding bis(indenyl)chromium(II) 

complexes could be readily synthesized by salt metathesis elimination reactions. In each 

case, two equivalents of the appropriate alkali metal indenide salt were allowed to react 

with anhydrous chromium(II) chloride in THF (eq 2); the resulting mixtures were gener-

ally stirred overnight to ensure complete reaction. Following the removal of THF under 

vacuum, a less polar solvent (pentane, hexanes, or toluene) was added to extract the tran-

sition metal species, precipitating the alkali metal chloride in the process. The solubility of 

these bis(indenyl)chromium complexes in even the most non-polar solvents provides an 

(1) 
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efficient means by which to separate the desired materials from the rest of the reaction 

mixture.  

 

 

 

Solid S tate (SQUID) Mag n et ic Suscept ibility  Measuremen t  of  Bis(4 ,7-

dimethy l-in den y l)chromium(II).  A crystalline sample of (Ind2Me-4,7)2Cr was exam-

ined with a SQUID magnetometer, and complete data from that measurement can be 

found in Appendix C. Figure 6 shows the recorded magnetic moment (μeff) of (Ind2Me-

4,7)2Cr as a function of temperature. 

 

 

 

(2) 
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Figure 6.  SQUID data for (Ind2Me-4,7)2Cr showing the compound's spin-crossover behavior in the solid state.
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Solid State Structures 

(In dMe-4)3Cr2Cl.  Crystals of (IndMe-4)3Cr2Cl were harvested from a toluene and hex-

anes solution as dark brown needles. An ORTEP of the molecule is given in Figure 7, 

which indicates the numbering scheme referred to in the text; selected bond lengths and 

angles are shown in Table 1. 

Disorder in the indenyl ligands lowers the accuracy of the structure, but it is clear that 

the compound is isostructural with Ind3Cr2Cl.26 The Cr−Cr bond distance of 2.325(2) Å is 

slightly longer than that found for the nonmethylated compound (2.317(1) Å). There are 

two terminal η5-indenyl ligands, each one bound to a separate metal center. The molecule 

is completed by a μ,η3-indenyl ligand and a bridging chloride. The three indenyl ligands 

form a tripod-like arrangement around the two chromium centers, but are splayed out to 

accommodate the μ-Cl ligand. This arrangement leads to two of the methyl groups point-

ing toward each other, although the closest intramolecular Me···Me′ contacts are at 4.5 Å, 

outside the sum of van der Waals radii. These methyl groups are bent out of the C6 ring 

plane (4.44° and 2.76° for the methyl groups on C(19) and C(9), respectively) more so 

than the methyl without close contacts (0.51° for the methyl group on C(29)). Of the 

three indenyl rings, the bridging ligand unsurprisingly displays the largest hinge (6.46°) 

and fold angles (4.11°) due to its slipped η3 coordination. 
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Figure 7.  ORTEP of the non-hydrogen atoms of (IndMe-4)3Cr2Cl illustrating the numbering scheme used in the text. Thermal ellip-
soids are shown at the 50% level. 
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Table 1 .  Selected Bon d Distan ces an d An g les f or (In dMe-4)3Cr2Cl.  
 Bridging    Terminal  
Atoms  Distance (Å)  Atoms  Distance (Å) 
Cr(1)–C(12)  2.153(8)  Cr(1)–C(1)  2.331(8) 
Cr(1)–C(13)  2.377(9)  Cr(1)–C(2)  2.239(8) 
Cr(2)–C(13)  2.360(8)  Cr(1)–C(3)  2.246(8) 
Cr(2)–C(14)  2.149(8)  Cr(1)–C(4)  2.237(7) 
    Cr(1)–C(5)  2.343(8) 
 hinge = 6.46°      
 fold = 4.11°   hinge = 6.15°   
    fold = 2.04°   
    ΔM–C = 0.096 Å   
Cr(1)–Cl(1)  2.330(2)     
Cr(2)–Cl(1)  2.336(2)  Cr(2)–C(21)  2.357(8) 
Cr(1)–Cr(2)  2.3246(17)  Cr(2)–C(22)  2.256(9) 
    Cr(2)–C(23)  2.223(8) 
    Cr(2)–C(24)  2.260(8) 
    Cr(2)–C(25)  2.325(9) 
       
     hinge = 2.65°  
     fold = 2.80°  
     ΔM–C = 0.095 Å  

 

 

 (In d2Me-4,7)2Cr.  Crystals of (Ind2Me-4,7)2Cr were harvested from a hexanes solution as 

dark green plates. An ORTEP of the molecule is given in Figure 8, which indicates the 

numbering scheme referred to in the text; selected bond lengths and angles are shown in 

Table 2. 

There are two independent molecules in the asymmetric unit, both with very similar 

bond distances and angles. No intermolecular π-stacking is observed; however, the six-

membered rings are nearly eclipsed (twist angles of 8.6 and 9.0° for molecules Cr(1) and 

Cr(2), respectively) on each molecule. The Cr−C ring distances (average 2.18(1) Å for 
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Cr(1) and 2.17(1) Å for Cr(2)) are consistent with low-spin chromium(II) centers. The 

two indenyl ligands are bound to the chromium center in an η5 fashion; the slip parameter 

(ΔM−C = 0.078 Å for both independent molecules) is typical for low-spin Ind′2Cr com-

plexes (cf. the value for the low-spin (Ind7Me)2Cr, ΔM−C = 0.098 Å).21 Contact distances for 

the methyl groups (average 3.81(1) Å for Cr(1) and 3.73(1) Å for Cr(2)) are close enough 

to imply van der Waals attraction as an added source for stabilization of the eclipsed con-

formation. The indenyl planes of each molecule are nearly parallel, forming angles of 

3.2(1)° and 1.9(1)° for Cr(1) and Cr(2), respectively. 

 
Table 2 .  Selected Bon d Distan ces an d An g les f or (In d2Me-4,7)2Cr.  

    Atoms  Distance (Å)      Atoms  Distance (Å) 
Cr(1)–C(1)  2.219(3)  Cr(1)–C(12)  2.244(4) 
Cr(1)–C(2)  2.150(4)  Cr(1)–C(13)  2.178(4) 
Cr(1)–C(3)  2.128(4)  Cr(1)–C(14)  2.121(4) 
Cr(1)–C(4)  2.164(4)  Cr(1)–C(15)  2.145(4) 
Cr(1)–C(5)  2.251(4)  Cr(1)–C(16)  2.236(4) 
       
 ΔM–C    0.098 Å  
 hinge angles    1.007°, 2.023°  
 fold angles    2.458°, 3.766°  
 angle between C5 ring planes    6.021°  
 twist    8.561°  
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Fig ure 8 .  ORTEP of the non-hydrogen atoms of (Ind2Me-4,7)2Cr illustrating the number-
ing scheme used in the text. Thermal ellipsoids are shown at the 50% level. 
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 (In dBzo-5,6)4Cr2.  Crystals of (IndBzo-5,6)4Cr2 were harvested from a toluene solution as 

black needles. An ORTEP of the molecule is given in Figure 9, which indicates the num-

bering scheme referred to in the text; selected bond lengths and angles are shown in Table 

3. 

It is clear that the compound is isostructural with Ind4Cr2.26 There is one toluene mole-

cule in the lattice for every chromium dimer. The Cr−Cr bond distance of 2.113(2) Å is 

appreciably shorter than that found for the parent indenyl compound (2.175(1) Å). Just as 

in Ind4Cr2, there are two terminal η5-indenyl ligands, each one bound to a separate metal 

center, along with two μ,η3-indenyl ligands. The average Cr−C distance is 2.33(3) Å for 

the terminal ligands and 2.24(3) Å for the bridging ligands.  
 
 
 

Table 3 .  Selected Bon d Distan ces an d An g les f or (In dBzo-5,6)4Cr2.  
 Bridging   Terminal  
Atoms  Distance (Å)  Atoms Distance (Å) 
Cr(1)–C(21)  2.338(8) Cr(1)–C(1) 2.218(9) 
Cr(1)–C(33)  2.168(9)  Cr(1)–C(2)  2.249(8) 
Cr(2)–C(21)  2.379(9)  Cr(1)–C(3)  2.437(10) 
Cr(2)–C(22)  2.190(8)  Cr(1)–C(12)  2.440(11) 
    Cr(1)–C(13)  2.270(10) 
Cr(1)–C(41)  2.265(10)    
Cr(1)–C(53)  2.174(9) Cr(2)–C(61) 2.222(9)   
Cr(2)–C(41)  2.286(10) Cr(2)–C(62) 2.251(8)   
Cr(2)–C(42)  2.159(9) Cr(2)–C(63) 2.449(10)   
   Cr(2)–C(72)  2.495(10)  

hinge 13.09°, 8.39°  Cr(2)–C(73)  2.281(9)  
fold 2.63°, 6.21°      

   hinge 8.44°, 7.21°   
Cr(1)–Cr(2)  2.113(2) fold 2.27°, 1.51°   
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Figure 9.  ORTEP of the non-hydrogen atoms of (IndBzo-5,6)4Cr2 illustrating the numbering scheme used in the text. Thermal ellipsoids 
are shown at the 50% level. 
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Computational Results 

Consideration of the HOMO-n orbitals of the indenyl anion (Figure 10) makes it ap-

parent that substitution on the 4,7-positions should most strongly affect the energy of the 

LUMO (π6), HOMO (π5), and HOMO-2 (π3) orbitals. Although the last orbital is some-

times considered not to be substantially involved in bonding in transition-metal 

bis(indenyl) complexes,27 calculations on the [Ind2Me-4,7]– anion (TPSSh/6-31+G(d)) indi-

cate that the energy of the π3 orbital is raised by 0.30 eV relative to the unsubstituted an-

ion; in contrast, the energy of π4 is lowered, but by only 0.02 eV. This conclusion is rela-

tively insensitive to the level of theory employed. With the B3LYP functional and the 

larger aug-cc-pVTZ basis set, for example, the energy of the π3 orbital of the [Ind2Me-4,7]– 

anion is raised by 0.33 eV relative to the unsubstituted anion; the energy of π4 is again 

lowered by 0.02 eV. 

 

 

 

LUMO (π6)          HOMO (π5)  HOMO-1 (π4)  HOMO-2 (π3) 

 

Fig ure 10 .  Frontier π-orbitals of the indenyl anion. The πn notation is the same as that 
used by previous authors.50 
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To determine how these changes affect the molecular orbitals of a complex, calcula-

tions were performed at the TPSSh/6-31+G(d) level on high- and low-spin Ind2Cr and 

(Ind2Me-4,7)2Cr. The Ind2Cr diagrams are similar to that calculated at the 

B3PW91/LANL2DZ level for the unsubstituted complex.8 There are many closely spaced 

energy levels in the diagrams for (Ind2Me-4,7)2Cr (Figure 11), but no truly degenerate mo-

lecular orbitals (ΔE ≥ 0.04 eV). For the staggered (Ind2Me-4,7)2Cr complex that is calculated 

in the high-spin state, the π3-associated orbitals are raised to within 0.05 eV of those asso-

ciated with π4. This in turn affects the π4/dxz orbitals, raising the energy of the bonding 

combination and conversely lowering the energy of the antibonding combination, which 

is the HOMO. If the molecule is placed in the low-spin state, the π3 orbitals drop in en-

ergy, with a gap of 0.34 eV below the π4/dxz combination. The reduced electron repulsion 

has the effect of lowering the energy of the entire molecule by 2.4 kJ mol−1, a small 

amount consistent with spin-crossover effects.51-53 
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Fig ure 11 .  MO diagrams for the hypothetical high-spin (top) and low-spin (bottom) 
staggered (Ind2Me-4,7)2Cr complex. 

S = 2 

S = 1 
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Discussion 

Previous investigation into the substitutions necessary to break apart the dimeric na-

ture of bis(indenyl)chromium(II) revealed that a single methyl on the allylic portion of 

the ring was sufficient to prevent dimerization.9 Presumably, backside (C6 ring) methyla-

tion should be more likely to maintain the dimeric structure, rather than form monomeric 

species. Substitution on the 5- and 6-positions has been shown to be sterically undemand-

ing in the complex (IndBzo-5,6)4Cr2, with ligands that are more electron withdrawing than 

their parent indenyl counterparts, resulting in a shorter Cr–Cr bond distance. A single 

methyl in the 4-position of the indenyl ring would not be expected to donate enough 

electron density to break the Cr–Cr bond and form a monomer, and yet a dimeric species 

([Cr(IndMe-4)2]2) similar to the known bis(indenyl)chromium dimer26 is presumably pre-

vented by the steric hindrance of the 4 methyl groups. Rather, the dinuclear species 

formed does not undergo complete metathesis even upon the addition of excess potas-

sium 4-methylindenide.  

Addition of a second methyl group to the backside ring, forming the 4,7-

dimethylindenyl ligand, also yields a monomeric chromium compound. Increased steric 

effects from another methyl substituent, in conjunction with the discovery that the π3 in-

denyl orbital (see Figure 11) facilitates strong electronic donation from the 4- and 7-

positions of this ligand, add to the molecule’s preference for a monomeric state.  
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Molecular symmetry and electron donation from the ligands interact in complex 

ways in the monomeric compounds of bis(indenyl)chromium(II). Largely unpredictable 

crystal packing forces have a prominent effect on the former, and some instances of spin-

crossover behavior are observed only in the solid state, where intermolecular cooperative 

effects are operative. In this regard, it is notable that staggered and eclipsed conformations 

are the only arrangements found in the solid state with the methylated compounds; the 

gauche arrangements observed in [1,3-(t-Bu or SiMe3)2C9H5]2Cr appear to require the 

presence of groups more sterically demanding than methyl or even isopropyl.8  

The eight known bis(indenyl)chromium(II) compounds with methylated ligands 

comprise a set in which several trends involving ligand conformation, substitution and 

magnetic properties are evident. Owing to the compact size of methyl groups, in-

tramolecular steric interactions are not significant here. Instead, the two most clearly de-

fined patterns are the following: 

1) Symmetry is an important, but not completely determinant, influence on the spin state. 

There is now strong empirical and computational evidence that a staggered ligand con-

formation (specifically, one with Ci symmetry) supports a high-spin state in 

bis(indenyl)chromium(II) complexes (Figure 12), that an eclipsed conformation is less 

supportive (and associated with spin-crossover molecules), and that a twisted (gauche) 

conformation is associated with low spin molecules (Figure 13).8,9 That the symmetry re-

strictions are not absolute is indicated by (Ind7Me)2Cr, which is staggered in the solid state, 
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Fig ure 12 .  Qualitative MO diagram for high-spin, staggered Ind2Cr. Energy levels were 
derived from extended Hückel calculations. Nonbonding orbitals 44 and 42 are forbidden 
by symmetry from interacting with the metal d orbitals.8 
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Fig ure 13 .  Qualitative MO diagram for low-spin, gauche Ind2Cr. Energy levels were de-
rived from extended Hückel calculations.8 
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but at all measured temperatures is low spin. 

2) Increasing methylation supports a lower spin state. Apart from symmetry effects, it is 

apparent that more complete methylation is associated with lower spin state molecules. 

Between the extremes of (Ind7Me)2Cr and (IndMe-2)2Cr are molecules that undergo 

thermally induced spin crossovers. This phenomenon is reminiscent of that of mangano-

cene, Cp2Mn, and its ring-substituted derivatives. Although the parent compound is high-

spin (S = 5⁄2) at all measured temperatures, 1,1-dimethylmanganocene is high-spin (S = 

5⁄2; μB = 5.50) at 373 K, but converts to a low-spin species (S = 1⁄2; μB = 1.99) at lower 

temperatures (193 K).54 Alkylation of the cyclopentadienyl ring increases the d-orbital 

splitting and preference for spin pairing, so that (C5Me5)2Mn, for example, is low-spin 

(μB = 2.18) over a large temperature range.55 

In the case of the molecules discussed here, the exact type of behavior observed (i.e., 

whether the spin transitions are complete or not) is a function not only of the number of 

substituents but also of their location on the indenyl ligand. The way in which symmetry 

and the degree/location of methylation affects the magnetic properties can be summa-

rized as follows: 

(IndMe-2)2Cr: This is the most straightforward case, as the molecule is minimally substi-

tuted, adopts a staggered conformation in the solid state, and is high spin both in solution 

and the solid state at all temperatures.9 
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(IndMe-1)2Cr: Although the molecule exhibits spin-crossover behavior in the solid state, 

this is certainly the result of its eclipsed configuration, which is dictated by crystal packing 

forces. In solution, it is high spin, and likely adopts a staggered conformation.9 

(Ind3Me-1,2,3)2Cr: This molecule demonstrates the increasing effect of ligand methylation, 

as it displays spin-crossover behavior in the solid state, despite its staggered configuration. 

Nevertheless, it is high spin in solution, indicating that even with the front ring com-

pletely methylated, cooperative effects in the solid state are necessary to overcome the 

symmetry-imposed preference for a high-spin state. 

(Ind3Me-2,4,7)2Cr, (Ind2Me-4,7)2Cr: Conceptually, (Ind3Me-2,4,7)2Cr can be derived from 

(Ind3Me-1,2,3)2Cr by moving two methyl groups to the benzo ring. The fact that both 

eclipsed and staggered conformations are found in the solid state is a consequence of crys-

tal packing, but also indicates that they are essentially equienergetic. In solution, a mag-

netic moment not characteristic of either high spin or low spin is observed, suggesting 

that comparable populations of eclipsed and staggered conformations are present in spin 

equilibrium. (Ind2Me-4,7)2Cr has a similar magnetic moment in solution, indicating that 

the single methyl group on the five-membered ring plays a minor role in determining the 

magnetic behavior. The fact that the latter is eclipsed in the solid state produces its spin-

crossover behavior, which is similar to that of the eclipsed (IndMe-1)2Cr.9 

As the number of methyl groups is the same in (Ind3Me-2,4,7)2Cr and (Ind3Me-

1,2,3)2Cr, the former’s lower magnetic moment in solution is clearly related to the loca-



     43 

tion of the methyl groups on the ligands. The data suggest that substitution on the benzo 

ring has at least as strong an influence on spin state as when substitution occurs on the 

five-membered ring. Solid-state data are also consistent with this; to the extent that in-

creasing methylation supports a low-spin state, it can be noted that the average Cr–C dis-

tance in the staggered conformation of (Ind3Me-2,4,7)2Cr at 173 K (2.172(4) Å) is 3% 

shorter than that in the staggered (Ind3Me-1,2,3)2Cr (2.239(11) Å) at the same tempera-

ture. It should be pointed out that similar positional effects have not been observed in the 

UV/vis or cyclic voltammetry (CV) data of methyl-substituted bis(indenyl)iron(II) com-

plexes;56 the UV/vis data are relatively insensitive to the substitution pattern (a conse-

quence of an essentially constant HOMO/LUMO gap), and the CV data reflect the en-

ergy of the HOMO only, for which substitution on the benzo ring has less of an effect 

than methylation on the five-membered ring. 

 

Conclusion 

The bis(indenyl)chromium(II) system has proved to be an excellent framework for 

mapping the electronic effects of site-specific methylation along with how backside ring 

substituents affect the Cr–Cr bond in dinuclear complexes. The surprising amount of elec-

tronic donation derived from the 4- and 7-positions has been shown to be essentially 

equal to that from allylic positions of the C5 ring. The absence of available complexes with 

methylation solely on the 5- and 6-positions of the indenyl ligand leaves open the ques-
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tion of the ability of methyl groups in those locations to donate to the metal. However, a 

comparison of the known spin states of the known, staggered complexes ((Ind3Me-2,4,7)2Cr 

and (Ind5Me-2,4,5,6,7)2Cr) suggests that the methyl groups in the 5- and 6-positions have a no-

ticeable, yet smaller effect than those in the 4- and 7-positions. This is confirmed by the 

addition of an electron withdrawing benzo group in the 5- and 6-positions (as exists in 

the [(IndBzo-5,6)2Cr]2 complex); the resulting complex contains a shorter Cr–Cr bond than 

that in the parent indenyl complex. 

These results are applicable to transition metal indenyl systems where the electronic 

properties of the metal require adjustability without influencing its accessibility, such as in 

polymerization catalysis57,58 or the binding of small molecules.59,60 In cases where the one 

dimensional stacking of transition metal complexes is imperative, methyl substituents add 

a minimal increase in steric bulk while substantially manipulating the electron donor 

properties of the metal. This principle should be applicable to the design of magnetic ma-

terials with charge-transfer salt donors based on the bis(indenyl) transition metal frame-

work.61  
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CHAPTER II  
 

THE DESIG N OF METALLOCENE-LIKE ELECTRON DONORS FOR THE  
APPLICATION OF TUNABLE MOLECULAR MAG NETISM 

 

Introduction 

In the 1960s, H. M. McConnell developed the idea of an electron-transfer salt-based 

ferromagnetic material. He developed this concept from the discovery of ferromagnetic 

coupling reported in picrylaminocarbazyl (PAC) and Wurster’s blue perchlorate at very 

cold temperatures (1.5–4 K).62 These compounds, being free radicals, would be expected to 

have spins coupled antiparallel with respect to one another in the solid state. However, 

according to McConnell’s mechanism, if alternating regions of strongly positive spin 

density and weakly negative spin density63,64 are coupled, ferromagnetic exchange would 

result. The structure of PAC was shown to have atoms which would exhibit negative spin 

density and atoms with positive spin density, and together with proper overlap in the solid 

state, PAC does indeed produce ferromagnetic coupling.65 From here, McConnell evolved 

the idea of obtaining radicals that stack in one dimension with alternating regions of posi-

tive and negative spin density. The use of charge-transfer (CT) salts to produce this mag-

netic behavior was also proposed by McConnell and has had a lasting impact on the field 

of molecular magnetism.66 



     46 

Decamethylferrocene 7,7,8,8-tetracyanoquinonide, [FeCp*2]+[TCNQ]–, was the first 

CT salt compound discovered to exhibit ferromagnetic coupling.67-70 It and related com-

pounds are synthesized from electron-rich organometallic donors (e.g., FeCp*2) and elec-

tron-poor acceptors (usually an olefin or quinone substituted with electron withdrawing 

groups).71 These metallocene donors provide a suitable shape to be paired with the typically 

flat electron acceptors. The π-π interactions between donor and acceptor allow for stack-

ing in one dimension, which happens to be an excellent framework for promoting ferro-

magnetic spin coupling.65 The bulk of the charge from the radical electron on the donor 

remains localized in a metal orbital. This electron induces an antiparallel spin density on 

the Cp rings. The radical electron on the acceptor also couples to this Cp spin density, en-

suring the ferromagnetic coupling between the radicals on both the donor and acceptor. 

Long-range ordering between stacks, allowing for a bulk ferromagnetic material, results 

from the orthogonality of the radical orbitals in adjacent stacks.72  

Attempts to vary the donors in magnetic CT salts have been limited almost exclu-

sively to close analogues of the decamethylmetallocenes, such as decaethylferrocene73 and 

octamethylferrocene.74 It has only been more recently that the use of donors other than 

Cp*2M has been effective in retaining the desired magnetism.61 

The choice of an electron donor and acceptor pair is based principally on their reversi-

ble electrochemical characteristics. Although such considerations are important, we de-

scribe here the applications of an additional design principle derived from crystal engi-
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neering,75 i.e., the matching of the donor with an acceptor of roughly the same size, shape, 

and symmetry. Using this concept as a guide, we have produced the first non-metallocene 

CT salt in its class that exhibits long-range magnetic order. 

The first CT salts to be prepared from a bis(indenyl)metal complex were derived from 

bis(1,2,3,4,5,6,7-heptamethylindenyl)iron(II) and the acceptors tetracyanoethylene 

(TCNE), 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) and 2,3-dichloro-5,6-

dicyanobenzoquinone (DDQ).76 The TCNQ salt was crystallographically characterized, but 

no magnetic measurements were made for any of the three compounds that would estab-

lish if they were magnetically ordered materials (e.g., ferromagnets or antiferromagnets). 

Compared to the donor-acceptor centering often observed in Cp*-based molecular mag-

nets, the crystal structure of the bis(indenyl)iron/TCNQ compound displayed a mis- 

 

 

 

 

  

 
 
Fig ure 14 .  Projections perpendicular to the donor-acceptor planes in [FeCp*2]+[TCNQ]– 
(left) and in [Fe(Me7C9)2]+[TCNQ]– (right). The TCNQ (solid line) is on top, with the ad-
jacent ligand of the iron complex (dashed line) next. The iron centers (black dots) are in 
back. 
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alignment of the donor and acceptor units (Figure 14). The poor overlap of the donating 

5-member rings on the indenyl ligand with the organic polycyano molecule’s electron 

accepting region may be partially responsible for the lack of ordered magnetic behavior.  

The indenyl ligand has been used for over 40 years in organometallic transition metal 

chemistry. In many cases, it may be regarded as a benzannulated derivative of the cy-

clopentadienyl ring (Cp). Our group has previously investigated alkyl- and silyl-

substituted bis(indenyl)metal complexes that exhibit various magnetic properties includ-

ing spin crossover behavior.8-10 Unlike Cp′2M, the bis(indenyl) architecture should provide 

a tunable platform for new CT salt synthesis, directed at improving our understanding of 

the magnetic coupling in this class of compounds. 

 

Experimental 

G en eral Con siderat ion s.  All manipulations were performed with the rigorous ex-

clusion of air and moisture using Schlenk or glovebox techniques. Proton (1H) NMR ex-

periments were obtained on a Bruker DPX-300 spectrometer at 300 MHz, or a Bruker 

DPX-400 at 400 MHz, and were referenced to residual proton resonances of THF-d8 (δ 

3.58) and CDCl3 (δ 7.26). Elemental analyses were performed by Desert Analytics (Tuc-

son, AZ); however, the CT salt complexes analyzed consistently low in their C and H per-

centages, so these results are not discussed. Melting points were determined on a Labora-

tory Devices Mel-Temp apparatus in sealed capillaries. Melting points of CT salt 
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complexes were noted to be > 300 °C. Mass spectra were obtained using a Hewlett-

Packard 5890 Series II gas chromatograph/mass spectrometer.  

Materials.  Anhydrous iron(II) chloride and chromium(II) chloride were purchased 

from Strem Chemicals and used as received. Anhydrous manganese(II) chloride was pur-

chased from Alfa Aesar and used as received. 2,3-Dichloro-1,4-naphthoquinone, 7,7,8,8-

tetracyano-p-quinodimethane, tetracyanoethylene, 2-bromoindan-1-ol, tiglic acid, 

thionyl chloride, n-butyl lithium, potassium bis(trimethylsilyl)amide, and p-

toluenesulfonic acid were purchased from Aldrich and used as received. 2-

(Dicyanomethylene)indane-1,3-dione was donated by William Tyree (Virginia Tech). 

Hexanes, toluene, and diethyl ether were distilled under nitrogen from potassium benzo-

phenone ketyl. Benzene and anhydrous tetrahydrofuran (THF) was purchased from Ald-

rich and used as received. Chlorotrimethylsilane and anhydrous pentane were purchased 

from Acros and used as received. CDCl3 (Cambridge Isotope) was dried with 4A molecular 

sieves prior to use. Toluene-d8 (Aldrich) and THF-d8 (Cambridge Isotope) were vacuum 

distilled from Na/K (22/78) alloy and stored over 4A molecular sieves prior to use.  

Mag n et ic Measuremen ts.  Solid state magnetic susceptibility data were obtained 

by Prof. Gordon T. Yee (Virginia Tech) on a Quantum Designs MPMS SQUID magne-

tometer in a field of 70,000 G. Control of the sample temperature ranges from 1.8 to 300 

K. To handle the extremely air- and moisture-sensitive compounds, the previously de-

scribed sample holder was used;14 the diamagnetic susceptibility of the sample holder was 
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accepted as the average value of the measurements on several identical sample holders. 

The diamagnetic correction for each complex was estimated from Pascal’s constants.  

Sy n thesis of  2-Trimethy lsily lin den e,  HIn dSi-2.  In a 500 mL round bottom 

flask, 2-bromoindan-1-ol (10.0 g, 0.0469 mol) was dissolved in 250 mL of toluene, and 

the flask was fitted with a Dean-Stark trap and condenser. The solution was warmed to 50 

°C for full dissolution of the indanol. A few crystals of p-toluenesulfonic acid were added 

to the solution, and the solution was refluxed until slightly more than 0.5 mL of water was 

collected in the trap. After cooling to room temperature, the solution was washed with 

dilute NaHCO3 solution and separated into aqueous and organic layers. The aqueous layer 

was washed twice with 20 mL of toluene, and the organic layers were combined and dried 

over MgSO4. After filtration, the toluene was removed by rotary evaporation to yield 2-

bromoindene (7.96 g, 0.0408 mol, 87%) as orange crystals. 1H NMR and GC/MS charac-

terization of 2-bromoindene were consistent with the expected spectra of this compound.  

2-Bromoindene was brought into the glovebox and added to 35 mL of anhydrous 

THF in a 125 mL addition funnel. Magnesium turnings (4.0 g, 0.163 mol) and 50 mL of 

anhydrous THF were added to a 500 mL 3-neck round bottom flask fitted with the addi-

tion funnel, gas inlet atop a reflux condenser, magnetic stir bar, and a rubber septum. The 

flask was placed on a Schlenk line, and 2 mL of bromoethane was syringed into the flask 

to activate the magnesium turnings. After about 5 min, the THF began to boil, so this 

solution was syringed out of the flask and discarded. To avoid contamination with trace 
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amounts of ethyl magnesium bromide, the turnings were washed 3 times with 40 mL of 

anhydrous THF. Eighty mL of THF was added to the Mg0 turnings before 5 mL of the so-

lution of 2-bromoindene was quickly added to the flask to initiate the reaction. The re-

maining solution was added dropwise over 90 minutes while the reaction was cooled to -

15 °C. Upon complete addition of the 2-bromoindene solution, the reaction was warmed 

to room temperature, and 4.5 g (5.2 mL, 0.0414 mol) of trimethylsilyl chloride was added 

over 5 min. The reaction was refluxed for 1 h with constant stirring. After being allowed 

to cool to room temperature, the reaction was stirred for 14 h. Cold water was added to 

quench the reaction, and magnesium bromide chloride precipitated from solution. The 

mixture was decanted to remove any unreacted magnesium, and the mixture was washed 

with water until no more MgBrCl was noticeable. Diethyl ether (200 mL) was also added 

to the mixture to separate the organic and aqueous layers. The ether layer was dried over 

MgSO4 before filtration. The removal of solvent via rotary evaporation resulted in a yel-

low-orange oil. This product was purified to a clear, colorless liquid by vacuum distillation 

over 45–48 °C and 110 mTorr pressure. The overall product yield was 19% (1.71 g). It was 

confirmed to be 2-trimethylsilylindene by GC/MS (m+ = 188).  

Sy n thesis of  1 ,3-Dimethy l-2-t rimethy lsily lin den e,  HIn d2Me-1,3/Si-2.  2-

Trimethylsilyl-indene (3.14 g, 16.7 mmol) was dissolved in 50 mL of pentane and added 

to a 125 mL Erlenmeyer flask fitted with a stir bar. n-Butyl lithium (6.7 mL, 2.5 M) was 

slowly added to the flask. The reaction was allowed to stir overnight producing an ex-
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tremely viscous oil. Approximately 5 mL of diethyl ether was introduced to the flask. Af-

ter 10 minutes of stirring with a metal spatula, an off-white solid precipitated. This solid 

was collected by filtration over a medium-porosity glass frit, washed with pentane (2×20 

mL), and dried under vacuum to yield 2.65 g (82%) of lithium 2-trimethylsilylindenide, 

Li[IndSi-2].  

Li[IndSi-2] (2.65 g, 13.6 mmol) was dissolved in 100 mL of anhydrous diethyl ether in a 

250 mL Schlenk flask fitted with a stir bar and addition funnel. Methyl iodide (1.95 g, 

13.7 mmol) was dissolved in 10 mL of diethyl ether and added via syringe to the addition 

funnel. The MeI solution was added dropwise overnight. To quench the reaction, 20 mL 

of 0.1 M HCl was added to the flask. The organic layer was subsequently separated and 

washed with dilute NaHCO3 solution and deionized water. The organic layer was dried 

over MgSO4 and filtered before rotary evaporation left a clear, colorless oil in 77% yield 

(2.12 g).  

A second methyl group was added to the 3-position by this same process which pro-

duced 1.77 g of 1,3-dimethyl-2-trimethylsilylindene in 49% overall yield. The product was 

confirmed by GC/MS (m+ = 216). 

Sy n thesis of  4 ,7-Dimethy lin den e,  HIn d2Me-4,7.  Synthesis of this compound 

was described in Chapter 1. 

Sy n thesis of  1 ,2 ,3-Trimethy lin den e,   HIn d3Me-1,2,3.  Thionyl chloride (200 

mL) and tiglic acid (24.8 g, 0.248 mol) were introduced into a 500 mL round bottom 
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flask fitted with a stir bar and a reflux condenser. The solution was refluxed for 3.5 h. The 

pale yellow solution was transferred to a 500 mL round bottom flask fitted with a distilla-

tion head. Excess thionyl chloride was distilled, leaving tigloyl chloride (23.5 g, 80% yield) 

in the flask. 

Anhydrous AlCl3 (26.5 g, 0.199 mol) and benzene (200 mL) were introduced to a 500 

mL three-neck flask fitted with a reflux condenser, an addition funnel, and a stir bar. The 

mixture was cooled to 0 °C and tigloyl chloride (23.5 g, 0.199 mol) was slowly added via 

the addition funnel. The mixture was warmed to room temperature and stirred for 30 min 

before the reaction was brought to reflux for 48 h. The mixture was cooled to room tem-

perature and poured into a beaker of ice (400 g) and conc. HCl (90 mL). The organic layer 

was extracted 4 times with 100 mL portions of a sodium bicarbonate solution and dried 

over MgSO4. The excess benzene was removed by distillation to afford an orange oil. This 

oil was purified over a silica gel column using increasing concentrations of methylene 

chloride in hexanes. After removal of the solvents using rotary evaporation, 28.6 g (0.179 

mol, 90% yield) of 2,3-dimethyl-1-indanone was recovered.  

The indanone was dissolved in 100 mL of anhydrous ether and added to a 500 mL 

Schlenk flask fitted with a stir bar. After the flask was chilled to 0 °C, methyl lithium (100 

mL, 1.5 M in ether) was slowly syringed into the solution with stirring. The mixture was 

allowed to stir for 14 h at room temperature before being cooled to 0 °C and being 

quenched with a few mL of cold water. The organic layer was separated, dried over 
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MgSO4, and the solvent was removed by rotary evaporation. The resulting alcohol was 

redissolved in 250 mL of toluene and transferred to a 500 mL round bottom flask fitted 

with a Dean-Stark trap and a condenser. A catalytic amount of p-toluenesulfonic acid (50 

mg) was added, and the solution was refluxed until approximately 3 mL of water was col-

lected in the trap. The reaction was cooled to room temperature, and the toluene was re-

moved by rotary evaporation to afford a black oil. The oil was distilled under vacuum (65 

°C, 17 mTorr) to give a yellow fraction (2.48 g). The product was formed in 6.3% overall 

yield and confirmed to be 1,2,3-trimethylindene by comparison of its spectra (1H NMR 

and GC/MS) with literature values.48 

Sy n thesis of  Lithium 1 ,3-Dimethy l-2-t rimethy lsily lin den ide,  Li[In d2Me-

1,3/Si-2].  1,3-Dimethyl-2-trimethylsilylindene (1.77 g, 8.18 mmol) was dissolved in 50 mL 

of pentane and added to a 125 mL Erlenmeyer flask fitted with a stir bar. n-Butyl lithium 

(3.3 mL, 2.5 M) was slowly added to the flask. The reaction was allowed to stir overnight. 

Approximately 5 mL of diethyl ether was introduced to the flask. An off-white solid pre-

cipitated from the mixture. This solid was collected by filtration over a medium-porosity 

glass frit, washed with pentane (2×20 mL), and dried under vacuum to yield 1.52 g (84% 

yield) of lithium 1,3-dimethyl-2-trimethylsilylindenide, Li[Ind2Me-1,3/Si-2]. 

Sy n thesis of  Potassium 1 ,2 ,3-Trimethy lin den ide,  K[In d3Me-1,2,3].  1,2,3-

Trimethylindene (2.48 g, 0.0157 mol) was dissolved in 30 mL of toluene in a 250 mL Er-

lenmeyer flask fitted with a stir bar. Potassium bis(trimethylsilyl)amide (2.66 g, 0.0133 
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mol) was dissolved in toluene and added dropwise to the indene while stirring. The reac-

tion was stirred 14 h before adding 100 mL of hexanes. A bright yellow precipitate formed 

and was filtered over a medium-porosity glass frit. The precipitate was washed with hex-

anes (2 × 30 mL) and dried under vacuum to yield 2.34 g (90% yield) of K[Ind3Me-1,2,3]. 

Sy n thesis of  Potassium 4 ,7-Dimethy lin den ide,  K[In d2Me-4,7].  Synthesis of 

this compound was described in Chapter 1. 

Sy n thesis of  Potassium 2-Trimethy lsily lin den ide,  K[In dSi-2].  2-

Trimethylsilylindene (1.71 g, 9.10 mmol) was degassed and dissolved in 20 mL of toluene 

in a 250 mL Erlenmeyer flask. Potassium bis(trimethylsilyl)amide (1.72 g, 8.64 mmol), 

was dissolved in toluene and added dropwise to the indene while stirring. The reaction was 

stirred 14 h before adding 100 mL of hexanes. A white precipitate formed and the mixture 

was filtered over a medium-porosity glass frit. The precipitate was washed with hexanes (2 

× 30 mL) and dried under vacuum. The product was confirmed to be K[IndSi-2] by 1H 

NMR (400 MHz) in THF-d8: δ 0.34 (singlet, 9H, Si(CH3)3); 5.67 (singlet, 2H, CH in 1,3-

position); 6.31 (doublet of doublets, 2H, CH in 4,7-position); 7.09 (multiplet, 2H, CH in 

5,6-position). The product was formed in 88% yield (2.06 g). 

Sy n thesis of  Bis(2-t rimethy lsily lin den y l)iron (II),  (In dSi-2)2Fe.  FeCl2 

(0.256 g, 2.02 mmol) was added to a 125 mL Erlenmeyer flask along with 30 mL of THF 

and a stir bar. Potassium 2-trimethylsilylindenide (1.205 g, 4.04 mmol) was dissolved in 

10 mL of anhydrous THF. Upon the dropwise addition of K[IndSi-2] into the flask, the re-
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action mixture turned a dark green-blue and was allowed to stir overnight. The following 

day, the nearly black solution was placed under vacuum to remove the solvent. Extraction 

into hexanes (40 mL), followed by filtration of the solution over a medium-porosity glass 

frit, allowed for the isolation of the iron product from KCl. The deep blue-purple hexanes 

solution was red by transmitted light. After the hexanes solvent had been allowed to 

evaporate slowly, dark blue crystalline material formed (0.532 g, 46% yield); the crystals 

were acicular and unsuitable for x-ray crystallography. Anal. Calcd for C24H30Si2Fe: C, 

66.96; H, 7.02; Fe, 12.97. Found: C, 67.36; H, 7.68; Fe, 13.4. 1H NMR was consistent 

with the dark blue oil reported by Fern, et al.77 

Sy n thesis of  Bis(4 ,7-dimethy lin den y l)iron (II),  (In d2Me-4,7)2Fe.  FeCl2 

(0.2242 g, 1.77 mmol) was added to a 125 mL Erlenmeyer flask along with 30 mL of THF 

and a stir bar. Potassium 4,7-dimethylindenide (0.645 g, 3.54 mmol) was dissolved in 10 

mL of anhydrous THF. Upon the dropwise addition of the K[Ind2Me-4,7] to the flask, the 

reaction mixture turned a dark purple and was allowed to stir overnight. The following 

day, the nearly black solution was placed under vacuum to remove the solvent. Extraction 

into pentane (40 mL), followed by filtration of the solution over a medium-porosity glass 

frit, allowed for the isolation of the iron product from KCl. After the hexanes solvent had 

been allowed to evaporate slowly, a dark purple crystalline material was isolated (0.512 g, 

85% yield). Anal. Calcd for C22H22Fe: C, 77.21; H, 6.48. Found: C, 77.01; H, 6.17. 
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Sy n thesis of  Bis(1 ,3-dimethy l-2-t rimethy lsily lin den y l)iron (II),  (In d2Me-

1,3/Si-2)2Fe.  FeCl2 (0.1076 g, 0.849 mmol) was added to a 125 mL Erlenmeyer flask along 

with 30 mL of THF and a stir bar. Lithium 1,3-dimethyl-2-trimethylsilylindenide (0.3769 

g, 1.70 mmol) was dissolved in 10 mL of anhydrous THF. Upon the dropwise addition of 

Li[Ind2Me-1,3/Si-2] into the flask, the reaction mixture turned dark purple and was allowed to 

stir overnight. The following day, the nearly black solution was placed under vacuum to 

remove the solvent. Extraction into hexanes (40 mL), followed by filtration of the solu-

tion over a medium-porosity glass frit, allowed for the isolation of the iron product from 

LiCl. The deep purple crystals were obtained in 86% yield (0.357 g). Anal. Calcd for 

C28H38Si2Fe: C, 69.11; H, 7.87; Fe, 11.48. Found: C, 69.74; H, 8.56; Fe, 11.7. 

Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)iron (II),  (In d3Me-1,2,3)2Fe.  FeCl2 

(0.161 g, 1.27 mmol) was added to a 125 mL Erlenmeyer flask along with 30 mL of THF 

and a stir bar. Potassium 1,2,3-trimethylindenide (0.500 g, 2.55 mmol) was dissolved in 

10 mL of anhydrous THF. Upon the dropwise addition of the K[Ind3Me-1,2,3] to the flask, 

the reaction mixture turned a dark purple and was allowed to stir overnight. The following 

day, the nearly black solution was placed under vacuum to remove the solvent. Extraction 

into hexanes (40 mL), followed by filtration of the solution over a medium-porosity glass 

frit, allowed for the isolation of the iron product from KCl. The deep purple hexanes solu-

tion was added to a modified round bottom flask and placed in the freezer at -30 °C. Large 

purple crystals were grown from the solution and isolated by cannulation of the mother 
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liquor on a Schlenk line. The crystals were dried under vacuum and brought into the 

glovebox (0.348 g, 74% yield). The 1H NMR spectrum was consistent with the known 

compound.78 

Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)chromium(II),  (In d3Me-1,2,3)2Cr.  

Following the previously described synthesis,10 CrCl2 (0.200 g, 1.63 mmol) was added to a 

125 mL Erlenmeyer flask along with 30 mL of THF and a stir bar. Potassium 1,2,3-

trimethylindenide (0.5 g, 2.55 mmol) was dissolved in 10 mL of anhydrous THF. Upon 

the dropwise addition of the K[Ind3Me-1,2,3] to the flask, the reaction mixture turned a dark 

purple and was allowed to stir overnight. The following day, the nearly black solution was 

placed under vacuum to remove the solvent. Extraction into hexanes (40 mL), followed 

by filtration of the solution over a medium-porosity glass frit, allowed for the isolation of 

the iron product from KCl. The purple hexanes solution was added to a modified round 

bottom flask and placed in the freezer at -30 °C. Two large purple crystalline blocks were 

grown from the solution and isolated by cannulation of the mother liquor on a Schlenk 

line. The crystals were dried under vacuum and brought into the glovebox (0.125 g, 21% 

yield). The mp (233–236 °C) was consistent with the known compound.10 

Sy n thesis of  2 ,3-Dicy an o-1 ,4-n aphthoquin on e,  DCNQ. 2,3-Dichloro-1,4-

naphthoquinone (5.00 g, 22.0 mmol) was dissolved in 75 mL of ethanol in a 250 mL Er-

lenmeyer flask fitted with a stir bar and an addition funnel and surrounded by a water 

bath. Sodium cyanide (6.0 g, 122 mmol) was dissolved in 50 mL of ethanol and slowly 
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dropped into the flask via the addition funnel. The reaction mixture turned a deep red, 

and after 1 hour of stirring, 10 mL of cold conc. HCl was added to quench the reaction. 

The white product was isolated by filtration and thoroughly rinsed with H2O. After being 

dried, 5.3 g of the material was dispersed in acetic acid, heated to 100 °C, and 15 mL of 

30% nitric acid was added over 1 h. This solution was diluted with H2O and placed in the 

freezer for 1.5 h. A yellow solid was isolated by filtration and purified by recrystallization 

from dichloromethane to produce 1.5 g (33% yield) of yellow needles. Characterization of 

the product was consistent with the known literature.79 

Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)iron (III) 2-

(Dicy an omethy len e)in dan e-1 ,3-dion e,  [Fe(In d3Me-1,2,3)2]+[DCID]–.  Bis(1,2,3-

trimethylindenyl)iron(II) (115 mg, 0.31 mmol) was dissolved in 2 mL of THF in a 

Schlenk tube fitted with a stir bar. DCID (75 mg, 0.36 mmol) dissolved in 5 mL of THF 

was added to the solution, and the reaction was stirred for 1 h. Diethyl ether (15 mL) was 

slowly added to precipitate the charge transfer salt. The mixture was filtered over a me-

dium-porosity glass frit and washed twice with hexanes (10 mL). Dark red-purple mi-

crocrystals were obtained (102 mg, 57% yield).  

Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)iron (III) Tet racy an oethy len e,  

[Fe(In d3Me-1,2,3)2]+[TCNE]–.  Bis(1,2,3-trimethylindenyl)iron(II) (123 mg, 0.33 mmol) 

was dissolved in 2 mL of THF in a Schlenk tube fitted with a stir bar. TCNE (48 mg, 0.38 

mmol) dissolved in 5 mL of THF was added to the solution, and the reaction was stirred 
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for 1 h. Diethyl ether (15 mL) was slowly added to precipitate the charge transfer salt. The 

mixture was filtered over a medium-porosity glass frit and washed twice with hexanes (10 

mL). Deep purple microcrystals were obtained (138 mg, 83% yield).  

Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)iron (III) 7 ,7 ,8 ,8-Tetracy an o-p-

quin o-dimethan e,  [Fe(In d3Me-1,2,3)2]+[TCNQ]–.  Bis(1,2,3-trimethylindenyl)iron(II) 

(125 mg, 0.34 mmol) was dissolved in 2 mL of THF in a Schlenk tube fitted with a stir 

bar. TCNQ (67 mg, 0.33 mmol) dissolved in 5 mL of THF was added to the solution, and 

the reaction was stirred for 1 h. Diethyl ether (15 mL) was slowly added to precipitate the 

charge transfer salt. The mixture was filtered over a medium-porosity glass frit and washed 

twice with hexanes (10 mL). Black microcrystals were obtained (145 mg, 77% yield).  

Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)iron (III) 2 ,3-Dicy an o-1 ,4-

n aphthoquin on ide,  [Fe(In d3Me-1,2,3)2]+[DCNQ]–.  Bis(1,2,3-

trimethylindenyl)iron(II) (118 mg, 0.32 mmol) was dissolved in 2 mL of THF in a 

Schlenk tube fitted with a stir bar. DCNQ (68 mg, 0.33 mmol) dissolved in 5 mL of THF 

was added to the solution, and the reaction was stirred for 1 h. Diethyl ether (15 mL) was 

slowly added to precipitate the charge transfer salt. The mixture was filtered over a me-

dium-porosity glass frit and washed twice with hexanes (10 mL). Maroon microcrystals 

were obtained (160 mg, 86% yield). Decomp. > 300 °C. Anal. Calcd for C36H30FeN2O2: 

C, 74.75; H, 5.23; N, 4.84. Found: C (average of two determinations), 70.03; H (average 

of two determinations), 4.96; N, 4.81. Although the carbon analysis is low, the molar ratio 
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of C:H is 1.19:1 or 35.6:30, which is close to the expected value. X-ray quality crystals 

were obtained by slow diffusion of the reagents at –78 °C. Specifically, DCNQ (68 mg, 

0.33 mmol) was dissolved in a minimal amount of THF in a Schlenk tube. THF (2 mL) 

was slowly added on top of the DCNQ solution to separate the two reactants. A concen-

trated solution of bis(1,2,3-trimethylindenyl)iron(II) (121 mg, 0.33 mmol) in THF was 

gently layered above the mixture, which was subsequently kept at –78 °C for 24 h. Filtra-

tion yielded air stable, maroon needles.  

Sy n thesis of  Bis(2-t rimethy lsily lin den y l)iron (III) 2-

(Dicy an omethy len e)in dan e-1 ,3-dion e,  [Fe(In dSi-2)2]+[DCID]–.  Bis(2-

trimethylsilylindenyl)iron(II) (124 mg, 0.288 mmol) was dissolved in 2 mL of THF in a 

Schlenk tube fitted with a stir bar, and the solution was cooled to –30 °C. DCID (60 mg, 

0.288 mmol) dissolved in 5 mL of cold THF was added to the solution, and the reaction 

was stirred for 1 h. Hexanes (10 mL) was slowly added to precipitate the charge transfer 

salt. Immediately, an orange precipitate formed in a blue-green solution. The mixture was 

filtered over a medium-porosity glass frit and washed twice with hexanes (10 mL). An or-

ange powder (0.143 g) was collected in 78% yield. 

Sy n thesis of  Bis(1 ,3-dimethy l-2-t rimethy lsily lin den y l)iron (III) 2-

(Dicy an omethy len e) in dan e-1 ,3-dion e,  [Fe(In d2Me-1,3/Si-2)2]+[DCID]–.  Bis(1,3-

dimethyl-2-trimethylsilylindenyl) iron(II) (290 mg, 0.60 mmol) was dissolved in 2 mL of 

THF in a Schlenk tube fitted with a stir bar, and the solution was cooled to –25 °C. DCID 
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(132 mg, 0.63 mmol) dissolved in 5 mL of cold THF was added to the solution, and the 

reaction was stirred for 1 h. Pentane (15 mL) was slowly added to precipitate the charge 

transfer salt. The mixture was filtered over a medium-porosity glass frit and washed twice 

with pentane (10 mL). Black microcrystals (0.228 g) were collected in 54% yield. 

Sy n thesis of  Bis(4 ,7-dimethy lin den y l)iron (III) 2 ,3-Dicy an o-1 ,4-

n aphthoquin on ide,  [Fe(In d2Me-4,7)2]+[DCNQ]–.  Bis(4,7-dimethylindenyl)iron(II) 

(194 mg, 0.567 mmol) was dissolved in 4 mL of THF in a Schlenk tube fitted with a stir 

bar, and the solution was cooled to –25 °C. DCNQ (118 mg, 0.567 mmol) dissolved in 5 

mL of cold THF was added to the solution, and the reaction was stirred for 1 h. Pentane 

(15 mL) was slowly added to precipitate the charge transfer salt. The mixture was filtered 

over a medium-porosity glass frit and washed twice with pentane (10 mL). Black mi-

crocrystals (200 mg) were collected in 64% yield. 

Sy n thesis of  Bis(4 ,7-dimethy lin den y l)iron (III) 2 ,3-Dicy an o-1 ,4-

n aphthoquin on ide,  [Fe(In d2Me-4,7)2]+[DCID]–.  Bis(4,7-dimethylindenyl)iron(II) 

(194 mg, 0.567 mmol) was dissolved in 4 mL of THF in a Schlenk tube fitted with a stir 

bar, and the solution was cooled to –25 °C. DCNQ (118 mg, 0.567 mmol) dissolved in 7 

mL of cold THF was layered above the solution, and the reaction was kept in the freezer 

overnight. Pentane (15 mL) was slowly added to precipitate the charge transfer salt. The 

mixture was filtered over a medium-porosity glass frit and washed twice with pentane (10 

mL). Black microcrystals (200 mg) were collected in 64% yield. 
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Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)chromium(III) 2 ,3-Dicy an o-

1 ,4-n aphtho-quin on ide,  [Cr(In d3Me-1,2,3)2]+[DCNQ]–.  Bis(1,2,3-

trimethylindenyl)chromium(II) (60 mg, 0.16 mmol) was dissolved in 2 mL of THF in a 

Schlenk tube fitted with a stir bar at    –30 °C. DCNQ (34 mg, 0.16 mmol) was dissolved 

in 5 mL of THF at –30 °C, slowly added to the solution, and the reaction was stirred for 

30 min. Diethyl ether (5 mL) was added to precipitate the charge transfer salt. The mix-

ture was filtered over a medium-porosity glass frit and washed twice with diethyl ether (5 

mL). A yellow-brown powder was obtained (75 mg, 80% yield). 

Sy n thesis of  Bis(1 ,2 ,3-t rimethy lin den y l)chromium(III) 2-

(Dicy an omethy len e)in -dan e-1 ,3-dion e,  [Cr(In d3Me-1,2,3)2]+[DCID]–.  Bis(1,2,3-

trimethylindenyl)chromium(II) (60 mg, 0.16 mmol) was dissolved in 2 mL of cold THF 

in a Schlenk tube fitted with a stir bar. DCID (34 mg, 0.16 mmol) dissolved in 5 mL of 

cold THF was added to the solution, and the reaction was stirred for 30 min. Diethyl ether 

(5 mL) was slowly added to precipitate the charge transfer salt. The mixture was filtered 

over a medium-porosity glass frit and washed twice with diethyl ether (5 mL). A deep pur-

ple powder was obtained (68 mg, 72% yield). 

Sy n thesis of  Bis(4 ,7-dimethy lin den y l)man g an ese(III) 2 ,3-Dicy an o-1 ,4-

n aphtho-quin on ide,  [Mn (In d2Me-4,7)2]+[DCNQ]–.  Bis(4,7-

dimethylindenyl)manganese(II) (104 mg, 0.305 mmol) was dissolved in 2 mL of THF in 

a Schlenk tube fitted with a stir bar, and the solution was cooled to –25 °C. DCNQ (63 
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mg, 0.567 mmol) dissolved in 5 mL of cold THF was added to the solution, and the reac-

tion was stirred for 1 h. Pentane (15 mL) was slowly added to precipitate the charge trans-

fer salt. The mixture was filtered over a medium-porosity glass frit and washed twice with 

pentane (10 mL). An olive green powder (55 mg) was collected in 33% yield. 

Sy n thesis of  Bis(2-t rimethy lsily l)in den y l)man g an ese(III) 2 ,3-Dicy an o-

1 ,4-n aph-thoquin on ide,  [Mn (In dSi-2)2]+[DCNQ]–.  Bis(2-

trimethylsilyl)indenyl)manganese(II) (76.2 mg, 0.133 mmol) was dissolved in 2 mL of 

THF in a Schlenk tube fitted with a stir bar, and the solution was cooled to –25 °C. 

DCNQ (27.6 mg, 0.133 mmol) dissolved in 5 mL of cold THF was added to the solution, 

and the reaction was stirred for 1 h. Pentane (15 mL) was slowly added to precipitate the 

charge transfer salt. The mixture was filtered over a medium-porosity glass frit and washed 

twice with pentane (10 mL). A dark brown powder (27 mg) was collected in 26% yield. 

G en eral Procedures f or X-ray  Cry stallog raphy .  A suitable crystal of each 

sample was located, attached to a glass fiber, and mounted on a Bruker SMART Platform 

CCD diffractometer for data collection at 173(2) K or 100(2) K. Data collection and 

structure solutions for all molecules were conducted at the X-ray Crystallography Labora-

tory at the University of Minnesota by Dr. William W. Brennessel, or at the University 

of California, San Diego by Dr. Arnold L. Rheingold. Data resolution of 0.84 Å was con-

sidered in the data reduction (SAINT 6.01 and SAINT 6.35, Bruker Analytical Systems, 

Madison, WI). The intensity data were corrected for absorption and decay (SADABS). All 
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calculations were performed using the current SHELXTL suite of programs.45 Final cell 

constants were calculated from a set of strong reflections measured during the actual data 

collection. Relevant crystal and data collection parameters for each of the compounds are 

given in Appendix B. 

The space groups were determined based on systematic absences and intensity statis-

tics. A direct-methods solution was calculated that provided most of the non-hydrogen 

atoms from the E-map. Several full-matrix least-squares/difference Fourier cycles were 

performed that located the remainder of the non-hydrogen atoms. All non-hydrogen at-

oms were refined with anisotropic displacement parameters. All hydrogen atoms were 

placed in ideal positions and refined as riding atoms with relative isotropic displacement 

parameters.  

X-ray  Cry stallog raphy  of  [Fe(In d3Me-1,2,3)2]+[DCNQ]–.  A dark maroon crystal 

of [Fe(Ind3Me-1,2,3)2]+[DCNQ]– was grown from the slow diffusion of the electron donor 

and acceptor solutions kept at –78 °C for one day. The crystal was separated from the 

mother liquor via filtration and dried under vacuum prior to data collection. An initial set 

of cell constants was calculated from reflections produced from three sets of 20 frames. 

These sets of frames were oriented such that orthogonal wedges of reciprocal space were 

surveyed. This produced orientation matrices determined from 28 reflections. The final 

cell constants were calculated from the xyz centroids of 2566 strong reflections as de-

scribed in the general procedures.  
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Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 90 s and a detector distance of 4.83 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.30° steps in ω at four different φ settings and a 

detector position of –28° in 2θ. 

The space group Pbca was determined as described in the general procedures. The final 

full matrix least-squares refinement converged to R1 = 0.0580 and wR2 = 0.1664 (F2, all 

data). 

X-ray  Cry stallog raphy  of  (In d2Me-1,3/Si-2)2Fe.  Dark green crystals of (Ind2Me-1,3/Si-

2)2Fe were harvested by preparing a concentrated pentane solution which was allowed to 

slowly evaporate at room temperature. The crystals were separated from the mother liquor 

and dried under vacuum prior to data collection. An initial set of cell constants was calcu-

lated from reflections produced from three sets of 20 frames. These sets of frames were 

oriented such that orthogonal wedges of reciprocal space were surveyed. This produced 

orientation matrices determined from 40 reflections. The final cell constants were calcu-

lated from the xyz centroids of 7494 strong reflections as described in the general proce-

dures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 60 s and a detector distance of 4.83 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 
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sections of frames were collected with 0.30° steps in ω at four different φ settings and a 

detector position of –28° in 2θ. 

The space group Cc was determined as described in the general procedures. The final 

full matrix least-squares refinement converged to R1 = 0.0372 and wR2 = 0.0936 (F2, all 

data). 

 

Results 

Lig an d Sy n thesis.  Various alkylated and trimethylsilylated indenes were prepared 

by modifications of standard procedures.27,37,47-49 These included HInd3Me-1,2,3, HInd2Me-4,7, 

HInd2Me-1,3/Si-2, HIndBzo-5,6, HIndSi-2. The addition of a trimethylsilyl group to the 2-position 

of the indene ring was performed through a Grignard intermediate (Figure 15). Substitu-

tion on the C5 ring can also be achieved by Friedel-Crafts acylation of a benzene ring us-

ing a methylated chloropropenone as in Figure 16. 

Once the desired hydrocarbon ring was synthesized and purified by vacuum distilla-

tion, the alkali metal indenide salt was prepared via deprotonation reaction with a strong 

base. Reactions with potassium bis(trimethylsilyl)amide were performed in toluene, fol-

lowed by precipitation of the potassium indenide salt by the addition of hexanes. The in-

denides were isolated from bis(trimethylsilyl)amine by filtration and rigorous washing 

with additional hexanes. Reactions with n-butyl lithium were performed in a combination 

of pentane and hexanes, followed by precipitation of the lithium indenide salt by the ad-
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dition of a small volume of diethyl ether. The indenides were similarly isolated and washed 

prior to reactions with transition metal salts.  

 

 
Fig ure 15 .  Synthesis of 2-trimethylsilylindene, followed by deprotonation and methyla-
tion of the 1- and 3-positions of the ring. 
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Fig ure 16 .  Synthesis of 1,2,3-trimethylindene. 

 

Sy n thesis of  Subst ituted Bis(in den y l)metal Complexes of  Fe(II),  

Mn (II),  an d Cr(II).  Once the appropriate indenide salts were prepared, the corre-

sponding bis(indenyl)iron, manganese, and chromium complexes could be readily syn-

thesized by salt metathesis elimination reactions. In each case, two equivalents of the ap-

propriate alkali metal indenide salt were allowed to react with anhydrous iron(II), 

manganese(II), or chromium(II) chloride in THF (eq 3); the resulting mixtures were gen-

erally stirred overnight to ensure complete reaction. Following the removal of THF under 

vacuum, a less polar solvent (pentane, hexanes, or toluene) was added to extract the tran-

sition metal species, precipitating the alkali metal chloride in the process. The solubility of 

these bis(indenyl) transition metal complexes in even the most non-polar solvents pro-
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vides an efficient means by which to separate the desired materials from the rest of the 

reaction mixture.  

 

 

 

The CT salt synthesis is performed in THF at room temperature in the case of iron, 

and at –30 °C for manganese or chromium. A solution of the acceptor is added to a solu-

tion of the Ind′2M complex, typically producing a crystalline precipitate of the CT salt 

upon the addition of diethyl ether or in some cases a less polar solvent. The products were 

isolated by filtration and their magnetic properties analyzed with a SQUID magnetome-

ter. 

Solid State Structures 

(In d2Me-1,3/Si-2)2Fe. Crystals of (Ind2Me-1,3/Si-2)2Fe were harvested from a pentane solu-

tion as purple needles. An ORTEP of the molecule is given in Figure 17, which indicates 

the numbering scheme referred to in the text; selected bond lengths and angles are shown 

in Table 4. 

The average Fe-C ring distance observed for this species (2.073(6) Å) is only slightly 

lengthened from that observed in unsubstituted Ind2Fe (2.065(4) Å).22 Furthermore, the 

(3) 



     71 

M–C distances compare favorably to those observed in other substituted 

bis(indenyl)iron(II) complexes such as (Ind2i-1,3)2Fe (2.068(6) Å)80 and 

bis(heptamethylindenyl)iron(II) (2.074(4) Å).22 The range of Fe–C distances in the 5-

membered rings (2.048–2.100(2) Å) is consistent with η5 binding to the iron; the small 

amount of slippage (ΔM–C = 0.034 Å) observed in the complex is also comparable to that 

observed in other substituted bis(indenyl)iron(II) complexes. One notable feature is the 

trimethylsilyl groups are substantially bent out of the 5-membered ring plane (0.43 Å). 

This is probably due to the steric bulk of the ligand, since the closest contact to the other 

ring (C(12) to C(31)) is 3.67 Å—smaller than the sum of the van der Waals radii for two 

methyl groups. The methyl group nearest each opposing trimethylsilyl group is bent out 

of the C5 plane by 0.10 Å, while the other methyl groups lie in the plane. The degree of 

rotation of the ligands from eclipsed (112.3°) is unlike other bis(indenyl)iron(II) com-

plexes. Typically, the ligands are completely eclipsed,22,78 gauche (near 90°),77,80 or, in the 

singular case of the bis(heptamethylindenyl)iron(II), 151.3°.22 The hinge and fold angles 

observed are consistent with the known (Ind)2Fe and (Ind*)2Fe structures,22 so any steric 

crowding must be relieved by the amount of ligand rotation and the out-of-plane bend-

ing of the substituents.  
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Table 4 .  Selected Bon d Distan ces an d An g les f or (In d2Me-1,3/Si-2)2Fe.  
Atoms  Distance (Å)  Atoms  Distance (Å) 

Fe(1)–C(26)  2.048(2)  Fe(1)–C(6)   2.055(2) 
Fe(1)–C(27)  2.074(2)  Fe(1)–C(7)   2.074(2) 
Fe(1)–C(28)  2.054(2)  Fe(1)–C(8)   2.056(2) 
Fe(1)–C(29)  2.095(2)  Fe(1)–C(9)   2.097(2) 
Fe(1)–C(25)  2.100(2)  Fe(1)–C(5)   2.083(2) 

       
 ΔM–C    0.034 Å  
 hinge angle    3.73°  
 fold angle    0.020°  
 angle between C5 ring planes    0.898°  
 twist    112.3°  
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Figure 17. ORTEP of the non-hydrogen atoms of (Ind2Me-1,3/Si-2)2Fe illustrating the numbering scheme used in the text. Thermal ellip-
soids are shown at the 50% level. 
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[(In d3Me-1,2,3)2Fe]+[DCNQ]–.  Crystals of [(Ind3Me-1,2,3)2Fe]+[DCNQ]– were harvested 

from cold THF as maroon needles. An ORTEP of the molecule is given in Figure 18, 

which indicates the numbering scheme referred to in the text; selected bond lengths and 

angles are shown in Table 5. 

The average Fe–C distance (2.113(18) Å) is similar to the average Fe–C distance re-

ported in the complex bis(1,2,3,4,5,6,7-heptamethylindenyl)iron(III) 7,7,8,8-tetracyano-

p-quinodimethanide (2.108(8) Å);76 however it is slightly longer than the distance re-

ported for the known ferromagnet decamethylferrocenium tetracyanoethanide (2.086 

Å).69 As in the other two molecules selected for comparison, the indenyl rings are bound 

in a η5 fashion to the iron centers. The methyl groups are not substantially bent out of the 

C5 plane (0.05 Å), owing to the lack of steric congestion. The hinge and fold angles of 

4.56° and 4.61°, respectively, are similar to those found in the neutral 

bis(heptamethylindenyl)iron(II), indicating the oxidation of the metal complex has had 

little effect on the planarity of the ring. However, the rotation of the ligands at 102.5° is 

substantially closer to a gauche conformation than the (Ind*)2Fe complex (151.3°).22 This 

amount of rotation between ligands is tracked very well with the acceptor DCNQ– anions. 

As the indenyl rings are stacked along the z axis of the unit cell, the torsion angle be-

tween the two centroids of an indenyl ring and the two centroids of a DCNQ– anion is 

only 0.35°. This alignment is corroborated by the apparent π–π interaction between the 

donor and acceptor; the centroids of the two rings in the DCNQ– anion are 3.43 Å (front) 
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and 3.67 Å (back) from the plane of the indenyl ring. The distance between the least-

squares plane of the anion and the iron center is 5.09 Å, which is comparable to magneti-

cally ordered molecules.69,76,81 

Each one-dimensional CT salt stack is surrounded by six other salt stacks, allowing a 

single ion to have a total of eight nearest neighboring ions. Of these eight neighbors, two 

of them are of the same charge (see Figure 19), meaning that for every bis(1,2,3-

trimethylindenyl)iron(III) cation, there are six surrounding 2,3-dicyano-1,4-

naphthoquinonide anions and two cations.  

 

Table 5 .  Selected Bon d Distan ces an d An g les f or [(In d3Me-1,2,3)2Fe]+ 

[DCNQ]– .  

Atoms  Distance (Å)  Atoms  Distance (Å) 
Fe(1)–C(14)  2.067(6)  Fe(1)–C(16)  2.109(6) 
Fe(1)–C(4)  2.076(6)  Fe(1)–C(13)  2.134(6) 
Fe(1)–C(2)  2.093(6)  Fe(1)–C(5)  2.143(6) 

Fe(1)–C(15)  2.099(6)  Fe(1)–C(17)  2.153(5) 
Fe(1)–C(3)  2.099(6)  Fe(1)–C(1)  2.155(5) 

       
 ΔM–C    0.056 Å  
 hinge angle    4.56°  
 fold angle    4.61°  
 angle between C5 ring planes    1.115°  
 twist between Ind′ rings    102.5°  
 twist between D+ and A–    0.35°  
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Fig ure 18 .  ORTEP of the non-hydrogen atoms of a single ion pair of [(Ind3Me-

1,2,3)2Fe]+[DCNQ]–, illustrating the numbering scheme used in the text. Thermal ellipsoids 
are shown at the 50% level. 
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Fig ure 19 .  Cross-sectional view from above the c-axis of 7 CT salt ions showing 6 of the 
8 closest ions to the central cation (the other 2 anions are above and below the plane). The 
inset shows the hexagonal arrangement of stacks. Hydrogen atoms are omitted for clarity. 
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Magnetic Measurements 

[(In d3Me-1,2,3)2Fe]+[DCNQ]–.  A microcrystalline sample (50 mg) was analyzed by 

SQUID magnetometry to determine the type of magnetism (para-, ferro-, antiferro-, etc.) 

present in the CT salt. AC susceptibility data were acquired to determine if the sample was 

a spin-glass. The results of the experiments are plotted in Figures 20–22. All other com-

pounds proved to be simple paramagnetic species only (i.e., no ordering was observed 

down to 1.8 K). A plot of χT and 1/χ (Figure 23) for the complex                   [(Ind2Me-1,3/Si-

2)2Fe]+[DCID]– is shown as an example of simple paramagnetism.  

 

 
Fig ure 20 .  χT vs. T and inverse χ vs. T for [(Ind3Me-1,2,3)2Fe]+[DCNQ]– measured in 5000 
G applied field. 
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Fig ure 22 .  AC susceptibility data for [(Ind3Me-1,2,3)2Fe]+[DCNQ]–. 

Fig ure 21 .  Magnetization vs. applied field for [(Ind3Me-1,2,3)2Fe]+[DCNQ]– at 1.8 K. 
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Fig ure 23 .  χT vs. T and 1/χ vs. T for [(Ind2Me-1,3/Si-2)2Fe]+[DCID]– measured in a 5000 G 
applied field. 

 

Discussion 

Since the time when McConnell laid the groundwork for the theory of molecular 

magnetism, a great number of molecules exhibiting various forms of magnetism have 

been synthesized. Among the first were [Cp*2Fe]+[TCNE]– and [Cp*2Fe]+[TCNQ]–; how-

ever, broadening the range of materials that demonstrate this ordering has proven a diffi-

cult task, in part because the mechanism for long-range ordering remains controver-

sial.72,76,82 
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Almost all the compounds of this type that exhibit long-range order (i.e. ferromagne-

tism or antiferromagnetism) employ a decamethylmetallocene, MCp*2 (M = Cr, Mn, Fe 

or Ni), in the role of the donor, but there has been an effort to discover other effective 

examples. Although various other CT salts based on alkyl-substituted ferrocenes such as 

decaethylferrocene73 and octaethylferrocene74 have been examined, the most relevant to 

the present discussion is a report of the reaction of bis(permethylindenyl)iron(II) and tet-

racyanoethylene (TCNE), 7,7,8,8-tetracyano-p-quinodimethane (TCNQ), and 2,3-

dichloro-5,6-dicyanobenzoquinone (DDQ).76 Although none of these three compounds 

unequivocally orders magnetically (i.e., no AC susceptibility or low field DC data were 

reported), the TCNQ analogue is reported to exhibit ferromagnetic coupling with θ = 6(1) 

K.  

Here we describe the structure and/or magnetic properties of certain (Ind′)2M (M = 

Cr, Mn, Fe) compounds as electron donors in CT salt complexes. We have prepared elec-

tron acceptors that more closely match the geometry of the indenyl ligand than the tradi-

tional acceptors, TCNE and TCNQ. These multi-ring donors and acceptors should be 

more likely to exhibit π-π interactions, leading to long range, one-dimensional stacking. 

According to Olivier Kahn,72 this stacking in the solid state should lead to ferromagnetic 

ordering within a single D+A–D+A–… chain. The idea of alternating strongly positive and 

weakly negative spin densities (the McConnell I mechanism) along each stack in 

[Cp*2Fe]+[TCNE]– has recently been upheld by DFT calculations.83 However, coupling of 
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the spins between stacks is less easily controlled due to the unpredictability of nearest-

neighbor packing. One might expect the arrangement of ions around each positively 

charged donor to be only negatively charged acceptors, although in the plane orthogonal 

to each 1-D chain, this is not always the case (see Figure 19).  

Compared with [Cp*2Fe]+[TCNQ]–, the weaker magnetic ordering of 

[(Ind*)2Fe]+[TCNQ]– may be partially explained by the fact that there are widely varying 

distances between iron centers (8.74 Å to 12.98 Å) resulting from the canting of the 1-D 

chains. This canting is likely due to crystal packing forces, but it could be influenced by 

the mismatched sizes and shapes of the donor and acceptor molecules. Consequential to 

the wide range of ion–ion distances in nearby stacks, there is likely a mix of ferromag-

netic and antiferromagnetic coupling, decreasing the overall ordering of the bulk mate-

rial.76  

To attempt to address these interchain interaction problems observed in 1994 by 

Murphy and O’Hare, the choice of electron acceptor was varied. Bis(1,2,3-

trimethylindenyl)iron(III) 2,3-dicyanonaphtho-1,4-quinonide, [(Ind3Me-1,2,3)2Fe]+[DCNQ]– 

orders as a metamagnet below 4.1 K (Figure 15). (A metamagnet orders antiferromag-

netically in the absence of a field, and becomes a ferromagnet in the presence of a field.) 

We had targeted this particular compound because of the similarity between the footprint 

of an indenyl ring and the DCNQ acceptor. We do in fact observe π-π stacking, indicated 

by the donor–acceptor ring distance (3.43 to 3.67 Å) and the eclipsing of the rings, sup-
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porting favorable magnetic interactions. Other CT salts described in this work employing 

the (Ind3Me-1,2,3)2Fe cation with alternate acceptors, including TCNE, TCNQ, and DCID do 

not magnetically order. Although the critical temperature (Tc = 6.8 K) for [(Ind3Me-

1,2,3)2Fe]+[DCNQ]– is not particularly notable, the compound represents a proof of concept 

that efficacious non-metallocene donors exist as potential building blocks for CT salt 

magnets and that our ideas of crystal engineering and magnet design by pairing suitably 

geometrically matched donors and acceptors hold merit. 

 

 

Fig ure 24 .  2,3-Dicyanonaphtho-1,4-quinone (left) and 1,2,3-trimethylindenyl anion 
(right). 

 
 
 

The chosen molecule, 2,3-dicyanonaphtho-1,4-quinone (Figure 24), is a versatile one-

electron acceptor with a first reduction wave potential (+0.05 V vs SCE)84 only slightly 

less positive than TCNE or TCNQ (-0.11 and -0.07 V, respectively).85 DCNQ reacts read-

ily with decamethylferrocene to form the CT salt, FeCp*2[DCNQ],86,87 an unusual 

metamagnet that exhibits slight hysteresis centered on zero applied field due to canting of 

the moments in the nominally antiferromagnetic state. The basic shape of the Cp* anion 
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is very similar to the 1,2,3-trimethylindenyl anion, so we predicted an analogous stacking 

pattern in the crystal structure, as is observed. [(Ind3Me-1,2,3)2Fe]+[DCNQ]– crystallizes in the 

same orthorhombic space group (Pbca) as its decamethylferrocene analogue, consisting of 

alternating stacks of donors and acceptors. The indenyl rings are essentially parallel, and 

are neither eclipsed, nor staggered, but rather twisted at 102.4°. The DCNQ ring systems 

are aligned to within 0.35° of the indenyl rings both above and below.  

To further promote the ring alignment of the donor and acceptor in the solid state, 

the complex [(Ind2Me-1,3/Si-2)2Fe]+[DCID]– was synthesized. In conjunction with the π-π 

stacking, it was designed to fit a single methyl of each trimethylsilyl group in between the 

two cyano- portions of the acceptor. Given that the compound only produces a non-

crystalline black powder (microcrystalline at best), the actual arrangement of the radicals 

in the solid state is unknown. The compound exhibits no magnetic ordering down to 1.8 

K. The DCNQ analogue gives the same non-crystalline result, probably indicating the ex-

change of the methyl in the 2-position for a trimethylsilyl group is heavily diminishing 

the ability of the compounds to stack. 

 

Conclusion 

With the assumption that improved donor–acceptor alignment could enhance mag-

netic exchange in bis(indenyl)-based CT-salts, it seemed reasonable that an acceptor with 

two fused rings would provide better π-π stacking with (Ind′)2M complexes than could 
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single ring species such as TCNQ or DDQ. The constitutional isomers DCNQ and DCID 

were chosen for this purpose. We have found that the CT salts of [(Ind3Me-

1,2,3)2Fe]+[TCNE]– and [(Ind3Me-1,2,3)2Fe]+[TCNQ]– exhibit no evidence for magnetic order 

down to 1.8 K, consonant with previous data for [(Ind*)2Fe]+[TCNQ]–.76 Hence the pre-

sent results are consistent with the enhanced coupling in [(Ind3Me-1,2,3)2Fe]+[DCNQ]– being 

attributable to the geometric similarity of the DCNQ molecule and the 1,2,3-

trimethylindenyl anion. Efficacious non-metallocene donors clearly exist as potential 

building blocks for CT salt magnets, and large, multi-ring donor-acceptor combinations 

appear promising for this purpose. 

Attempts to vary the donor ring substituents without drastically altering the overall 

shape of the donor have been largely successful by the inclusion of a trimethylsilyl group 

in the 2-position of the ring, with or without the methyl groups in the 1- and 3-positions. 

Also, due to the recent mapping of the relative strength of electron donation to the metal 

center through substituent positions of the indenyl ligand,10 backside (4-, 5-, 6-, and 7-

position) substitution has been examined as a possible route to vary the shape of the donor 

without substantially affecting its oxidation potential. The ligands employed (Ind2Me-4,7, 

IndBzo-5,6, Ind2Me-1,3/Si-2, and IndSi-2) in CT salt complexes with DCID and DCNQ have not 

displayed magnetic ordering. Yet through this study we have discovered that variations in 

the donor should also be accompanied by a rematching of the acceptor if the goal is to 

achieve bulk magnetism. 
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While no ferro- or antiferromagnetic complexes have been observed for the CT salts 

containing donor molecules with variations in substituent type (SiMe3 or Me), number, 

and location on the ring, the McConnell II mechanism predicts a necessary magnetic or-

dering from the use of donors with two or more unpaired electrons in degenerate orbi-

tals.82 The simplest way to achieve this is to vary the metal center of the (Ind′)2M electron 

donors. Bis(indenyl)chromium(II) complexes have been shown to exhibit a variety of spin 

states both in solution and in the solid state.8-10 The combination of the [(Ind3Me-

1,2,3)2M]+[DCNQ]– or [DCID]– CT salt framework with the unpaired spins of a d4 chro-

mium center did not produce a magnetically ordered species. While the slightly longer 

metal–C5 ring distance may produce longer Cr…Cr distances in the 1-D chain structure, it 

should not affect the indenyl ring–acceptor distance, which is the critical component to 

coupling the positive and negative spin densities. Although this result appears to contra-

dict both McConnell mechanisms for magnetic ordering, the unfortunate lack of crystal-

linity of the compound provides no structural evidence by which the differing theories of 

Kahn and McConnell can be tested. 
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CHAPTER III 
 
 

MONO OR BIS(INDENY L)MANG ANESE(II) COMPLEXES AND THEIR              
REACTIONS WITH WEAKLY  COORDINATING  G ASES 

 

Introduction 

Homoleptic bis(indenyl) complexes of the first-row transition metals (Ind2M; M = V, 

Cr, Fe, Co, and Ni) have been known for decades. Most bis(indenyl) complexes of the 

first row transition metals have been known since shortly after the discovery of their re-

spective metallocenes, such as the discovery of bis(indenyl)iron(II) in 1954.2 Notably ab-

sent from the list of metals is manganese. Given the wide range of uses for derivatives of 

cyclopentadienyl manganese systems (from anti-knock agents in gasoline88 to CT salt 

magnets89), it is surprising that the typically more reactive90 indenyl analogue has not been 

synthesized. There has only been one reference to it: a 1958 patent that describes 

bis(indenyl)manganese(II) as a brown solid.91 Given the polymeric nature of Cp2Mn, 

bis(indenyl)manganese(II) would be of interest for both its structural and magnetic prop-

erties.  

Substituted bis(indenyl)manganese(II) complexes are also non-existent in the litera-

ture, suggesting possible inherent instability. This is consistent with prior investigations 

into the synthesis of such complexes.80 Bulky substituents that tend to reduce metal center 

reactivity, such as the trimethylsilyl group, have not been thoroughly examined in an in-
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denyl ligand framework for their ability to encapsulate and protect a manganese center. 

Once stable complexes are synthesized through the use of various substituted ligands, their 

reactivity with small molecules will be explored. 

Mon o-rin g  complexes of  man g an ese(II) an d their react ion s with H2 an d 

N 2.  Transition metal complexes that bind dinitrogen have been known since 1965,92 and 

the first complex of manganese with N2 was reported in 1967,93 although characterization 

demonstrating any metal–nitrogen interaction was wanting. The first verifiable complex 

was CpMn(CO)2N2,94 which exhibits a dinitrogen stretch at 2165 cm-1.95 Most of the man-

ganese complexes display a linear (end-on) dinitrogen ligand (i.e., a M–N–N bond angle 

of 180°), as would be expected based on the isoelectronic nature of N2 and CO. End-on 

complexes of dinitrogen with transition metals experience the same π-backbonding as 

with carbonyl complexes (Figure 25), and the stronger electron donating metal center 

produces a lower C–O stretching energy. More recently, there has been an effort to exam-

ine other coordination types of the N2 ligand, specifically side-on and bridging.96-99 In 

these coordination modes, the non-polarity of the N–N bond leads to the lack of a charac-

teristic stretching frequency in the IR spectrum. 15N NMR and x-ray crystallography are 

typical methods of characterization; however, the high lability of the N2 ligand along with 

the paramagnetism of the complexes limit the applicability of these techniques.  

In most transition metal complexes, the bis(indenyl) framework is much more reac-

tive than its cyclopentadienyl counterpart.16,18,22,90,100-102 Chirik, et al., has recently reported 
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the use of the indenyl ligand in zirconium complexes that bind dinitrogen.59,103 In these 

compounds, variations of the substituents on the 1- and 3-positions alter the ability of the 

compounds to bind N2. Certain substituted (Cp)(indenyl)zirconium(IV) dichloride com-

plexes, which are stable to N2 for weeks, react quickly to form dimeric systems through 

bridging N2 ligands once the metal centers are reduced to zirconium(II). We found the 

indenyl manganese(II) system attractive for its exposed metal center and small energetic 

differences between coordination modes of the ligands, supporting the weak binding as-

sociated with metal–N2 interactions.  

 

 
Fig ure 25 .  (a) Orbital interactions showing the bonding of an end-on dinitrogen ligand 
to a metal d orbital. Bridging (b) and side-on (c) dinitrogen ligands typically do not show 
IR stretching frequencies.  
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Transition metal complexes that bind H2 (without oxidizing to a metal hydride) are 

even more rare, with the first discovery in 1984.104 In this case, an agostic interaction to a 

hydrogen on a cyclohexyl or isopropyl group is interrupted by H2, then reengaged by the 

removal of the H2 atmosphere. This reversibility is characteristic of the binding of the neu-

tral H2 ligand. In one case of an indenyl ruthenium complex, the ring is protonated, 

forming a cationic ruthenium hydride with the indenyl ligand slipping to an η6-bound 

six-membered ring.105 To our knowledge there have been no reports of reversible binding 

of the H2 ligand in an indenyl complex. 

There have been relatively few paramagnetic species known to coordinate N2,106 but of 

the few, most tend to have only one or two unpaired electrons.107-110 Diphosphine ligands 

are often used in complexes known to bind N2,111,112 but there has also been some work 

with the Cp and indenyl ligands.59,103,113 Here we report on the first manganese(II) system 

to bind N2. 

 

Experimental 

G en eral Con siderat ion s.  All manipulations were performed with the rigorous ex-

clusion of air and moisture using Schlenk or glovebox techniques. Proton (1H) NMR ex-

periments were obtained on a Bruker DPX-300 spectrometer at 300 MHz, or a Bruker 

DPX-400 at 400 MHz, and were referenced to residual proton resonances of THF-d8 (δ 

3.58) and CDCl3 (δ 7.26). Elemental analyses were performed by Desert Analytics (Tuc-
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son, AZ). Melting points were determined on a Laboratory Devices Mel-Temp apparatus 

in sealed capillaries. Mass spectra were obtained using a Hewlett-Packard 5890 Series II gas 

chromatograph/mass spectrometer.  

Materials.  Anhydrous manganese(II) chloride (99.98%) was purchased from Alfa Ae-

sar and used as received. Indene, 2-methylindene, n-butyl lithium, potassium 

bis(trimethylsilyl)amide, p-toluenesulfonic acid, and anhydrous, unstabilized tetrahydro-

furan (THF) were purchased from Aldrich and used as received. Chlorotrimethylsilane, 2-

bromo-1-indanol, and anhydrous pentane were purchased from Acros and used as re-

ceived. Hexanes, toluene, and diethyl ether were distilled under nitrogen from potassium 

benzophenone ketyl. CDCl3 (Cambridge Isotope) was dried with 4A molecular sieves prior 

to use. Toluene-d8 (Aldrich) and THF-d8 (Cambridge Isotope) were vacuum distilled from 

Na/K (22/78) alloy and stored over 4A molecular sieves prior to use.  

Mag n et ic Measuremen ts.  Solution magnetic susceptibility measurements were 

performed on a Bruker DRX-400 spectrometer using the Evans’ NMR method.31-35 5–10 

mg of the paramagnetic material was dissolved in toluene-d8 in a 1.0 mL volumetric flask. 

The solution was thoroughly mixed, and approximately 0.5 mL was placed in a NMR tube 

containing a toluene-d8 capillary. The calculations required to determine the number of 

unpaired electrons based on the data collected have been described elsewhere.36  

Solid state magnetic susceptibility data were obtained by Prof. Gordon T. Yee (Vir-

ginia Tech) on a Quantum Designs MPMS SQUID magnetometer in a field of 70,000 G. 
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Control of the sample temperature ranges from 1.8 to 300 K. To handle the extremely air- 

and moisture-sensitive compounds, the previously described sample holder was used;14 the 

diamagnetic susceptibility of the sample holder was accepted as the average value of the 

measurements on several identical sample holders. The diamagnetic correction for each 

complex was estimated from Pascal’s constants. 

Sy n thesis of  1-Methy lin den e,  HIn dMe-1,  an d 1 ,3-Dimethy lin den e,  

HIn d2Me-1,3.  Indene (90%) was purified by vacuum distillation (150 mTorr and 25 °C) 

from a yellow oil to a clear, colorless liquid. In a 250 mL Schlenk flask under N2, 15.0 g 

(0.129 mol) of indene was dissolved in 100 mL of diethyl ether, and the flask was chilled 

to 0 °C. Dropwise addition of a 2.5 M hexane solution of n-butyl lithium (52 mL, 0.129 

mol) through an addition funnel led to the immediate formation of lithium indenide. Af-

ter stirring for 2 h, the reaction was maintained at 0 °C, and 20.1 g (0.142 mol) of methyl 

iodide was added dropwise into the flask. The reaction was then warmed to room tempera-

ture and was allowed to continue stirring for 4 h. The reaction was quenched via the addi-

tion of a cold, dilute solution of NH4Cl in water. The mixture was stirred to allow the 

complete dissolution of the precipitated lithium chloride in the aqueous layer. The aqueous 

layer was separated and washed with hexanes (2 × 20 mL). The hexanes layers were com-

bined, dried with anhydrous MgSO4, filtered, and the solvent was removed by rotary 

evaporation. The product, which was isolated in quantitative yield, was confirmed to be 

HIndMe-1 with GC/MS (m+ = 130) and 1H NMR.47  
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To add a second methyl group to the indene, a portion of the 1-methylindene was de-

gassed and returned to the glovebox. In a 250 mL Schlenk flask under N2, 7.00 g (0.0538 

mol) of 1-methylindene was dissolved in 100 mL of diethyl ether, and the flask was chilled 

to 0 °C. Dropwise addition of a 2.5 M hexane solution of n-butyl lithium (22.5 mL, 

0.0538 mol) through an addition funnel led to the immediate formation of lithium 1-

methylindenide. After stirring for 2 h, the reaction was maintained at 0 °C, and 7.64 g 

(0.0538 mol) of methyl iodide was added dropwise into the flask. The reaction was then 

warmed to room temperature and was allowed to continue stirring for 4 h. The reaction 

was quenched via the addition of a cold, dilute solution of NH4Cl in water. The mixture 

was stirred to allow the complete dissolution of the precipitated lithium chloride in the 

aqueous layer. The aqueous layer was separated and washed with hexanes (2 × 20 mL). The 

hexanes layers were combined, dried with anhydrous MgSO4, filtered, and the solvent was 

removed by rotary evaporation. The product, which was isolated in quantitative yield, was 

confirmed to be HInd2Me-1,3 with GC/MS (m+ = 144) and 1H NMR.114 

Sy n thesis of  1 ,3-bis(t rimethy lsily l)in den e,  HIn d2Si-1,3.  Indene (90%) was pu-

rified by vacuum distillation (150 mTorr and 25 °C) from a yellow oil to a clear, colorless 

liquid. In a 250 mL Schlenk flask under N2, 15.0 g (0.129 mol) of indene was dissolved in 

100 mL of diethyl ether, and the flask was chilled to 0 °C. Dropwise addition of a 2.5 M 

hexane solution of n-butyl lithium (52 mL, 0.129 mol) through an addition funnel led to 

the immediate formation of lithium indenide. Stirring was maintained as the solution 
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warmed to room temperature. After 14 hours, trimethylsilyl chloride (14.0 g, 0.129 mol) 

was slowly syringed into the flask. The reaction was quenched via the addition of a cold, 

dilute solution of NH4Cl in water. The mixture was stirred to allow the complete dissolu-

tion of the precipitated lithium chloride in the aqueous layer. The aqueous layer was sepa-

rated and washed with hexanes (2 × 20 mL). The hexanes layers were combined, dried 

with anhydrous MgSO4, and transferred to another 250 mL Schlenk flask under N2. n-

Butyl lithium (52 mL of a 2.5 M solution, 0.129 mol) in hexane was added dropwise at 0 

°C. The solution was refluxed for 2 h. On cooling to 0 °C, trimethylsilyl chloride (14.0 g, 

0.129 mol) was slowly syringed into the flask. The reaction was quenched via the addition 

of a cold, dilute solution of NH4Cl in water. The mixture was stirred to allow the complete 

dissolution of the precipitated lithium chloride in the aqueous layer. The aqueous layer was 

separated and washed with hexanes (2 × 20 mL). The hexanes layers were combined, dried 

with anhydrous MgSO4, and the solvent was removed with rotary evaporation. The prod-

uct (22.5g, 67% yield) was a light yellow oil that was confirmed to be 1,3-

bis(trimethylsilyl)indene with GC/MS (m+ = 260) and 1H NMR prior to further use.48  

Sy n thesis of  4 ,7-Dimethy lin den e,  HIn d2Me-4,7.  Synthesis of this compound 

was described in Chapter 1. 

Sy n thesis of  2-Trimethy lsily lin den e,  HIn dSi-2.  In a 500 mL round bottom 

flask, 2-bromoindan-1-ol (10.0 g, 0.0469 mol) was dissolved in 250 mL of toluene, and 

the flask was fitted with a Dean-Stark trap and condenser. The solution was warmed to 50 



     95 

°C for full dissolution of the indanol. A few crystals of p-toluenesulfonic acid were added 

to the solution, and the solution was refluxed until slightly more than 0.5 mL of water was 

collected in the trap. After cooling to room temperature, the solution was washed with 

dilute NaHCO3 solution and separated into aqueous and organic layers. The aqueous layer 

was washed twice with 20 mL of toluene, and the organic layers were combined and dried 

over MgSO4. After filtration, the toluene was removed by rotary evaporation to yield 2-

bromoindene (7.96 g, 0.0408 mol, 87% yield) as orange crystals. GC/MS characterization 

of 2-bromoindene (m+ = 194, 196) was consistent with the expected spectra of this com-

pound.  

The 2-bromoindene was brought into the glovebox, and added to 35 mL of anhydrous 

THF in a 125 mL addition funnel. Magnesium turnings (4.0 g, 0.163 mol) and 50 mL of 

anhydrous THF were added to a 500 mL 3-neck round bottom flask fitted with the addi-

tion funnel, reflux condenser, rubber septum, and magnetic stir bar. The flask was placed 

on a Schlenk line, and 2 mL of bromoethane was syringed into the flask to activate the 

magnesium turnings. After about 5 minutes the THF began to boil, so this solution was 

syringed out of the flask and discarded. To avoid contamination with trace amounts of 

ethyl magnesium bromide, the turnings were washed 3 times with 40 mL of anhydrous 

THF. Eighty mL of THF was added to the Mg0 turnings before 5 mL of the solution of 2-

bromoindene was quickly added to the flask to initiate the reaction. After the reaction was 

cooled to -15 °C, the remaining solution was added dropwise over 90 minutes. Upon 
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complete addition of the 2-bromoindene solution, the reaction was warmed to room tem-

perature, and 4.5 g (5.2 mL, 0.0414 mol) of trimethylsilyl chloride was added over 5 min-

utes. The reaction was refluxed for 1 h with constant stirring. After being allowed to cool 

to room temperature, the reaction was stirred for 14 h. Cold water was added to quench 

the reaction, and MgBrCl precipitated from solution. The mixture was decanted to re-

move any unreacted magnesium, and the mixture was washed with water until no more 

MgBrCl was noticeable. Diethyl ether (200 mL) was also added to the mixture to get a 

separation of the organic and aqueous layers. The ether layer was dried over MgSO4 before 

filtration. The removal of solvent via rotary evaporation resulted in a yellow-orange oil. 

This product was purified to a clear, colorless liquid by vacuum distillation over 45–48 °C 

and 110 mTorr pressure. The product (1.71 g) was formed in 19% overall yield. It was 

confirmed to be 2-trimethylsilylindene with GC/MS (m+ = 188).  

Sy n thesis of  Potassium 2-Trimethy lsily lin den ide,  K[In dSi-2].  2-

Trimethylsilyl)indene (1.71 g, 0.00910 mol) was degassed and dissolved in 20 mL of tolu-

ene in a 250 mL Erlenmeyer flask. Potassium bis(trimethylsilyl)amide, K[N(SiMe3)2] (1.72 

g, 0.00864 mol), was dissolved in toluene and added dropwise to the indene while stirring. 

The reaction was stirred for 14 h before adding 100 mL of hexanes. A white precipitate 

formed and was filtered over a medium-porosity glass frit. The precipitate was washed with 

hexanes (2 × 30 mL) and dried under vacuum to yield 2.06 g (88%). The product was con-

firmed to be K[IndSi-2] by 1H NMR (400 MHz) in THF-d8: δ 0.34 (singlet, 9H, Si(CH3)3); 



     97 

5.67 (singlet, 2H, CH in 1,3-position); 6.31 (doublet of doublets, 2H, CH in 4,7-

position); 7.09 (multiplet, 2H, CH in 5,6-position).  

Sy n thesis of  Potassium 1-Methy lin den ide,  K[In dMe-1].  1-Methylindene 

(5.00 g, 0.0384 mol) was degassed and dissolved in 20 mL of toluene in a 250 mL Erlen-

meyer flask. Potassium bis(trimethylsilyl)amide, K[N(SiMe3)2] (6.90 g, 0.0446 mol), was 

dissolved in toluene and added dropwise to the indene while stirring. The reaction was 

stirred 14 h before adding 100 mL of hexanes. A white precipitate formed and was filtered 

over a medium-porosity glass frit. The precipitate was washed with hexanes (2 × 30 mL) 

and dried under vacuum to obtain 4.81 g (83% yield). The product was confirmed to be 

K[IndMe-1] by comparison with the 1H NMR spectrum of the known Li[IndMe-1].115 

Sy n thesis of  Potassium 1 ,3-Dimethy lin den ide,  K[In d2Me-1,3].  1,3-

Dimethylindene (1.70 g, 0.0118 mol) was degassed and dissolved in 20 mL of toluene in 

a 250 mL Erlenmeyer flask. Potassium bis(trimethylsilyl)amide, K[N(SiMe3)2] (2.25 g, 

0.0113 mol), was dissolved in toluene and added dropwise to the indene while stirring. 

The reaction was stirred 14 h before adding 100 mL of hexanes. A bright yellow precipi-

tate formed and was filtered over a medium-porosity glass frit. The precipitate was washed 

with hexanes (2 × 30 mL) and dried under vacuum to yield 1.765 g (86%). The product 

was confirmed to be K[Ind2Me-1,3] by comparison with the 1H NMR spectrum of the known 

Li[Ind2Me-1,3].116 
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Sy n thesis of  Potassium 4 ,7-Dimethy lin den ide,  K[In d2Me-4,7].  Synthesis of 

this compound was described in Chapter 1. 

Sy n thesis of  Potassium 2-Methy lin den ide,  K[In dMe-2].  2-Methylindene 

(5.00 g, 0.0384 mol) was degassed and dissolved in 20 mL of toluene in a 250 mL Erlen-

meyer flask. Potassium bis(trimethylsilyl)amide, K[N(SiMe3)2] (6.90 g, 0.0446 mol), was 

dissolved in toluene and added dropwise to the indene while stirring. The reaction was 

stirred 14 h before adding 100 mL of hexanes. A light yellow precipitate formed and was 

filtered over a medium-porosity glass frit. The precipitate was washed with hexanes (2 × 30 

mL) and dried under vacuum to yield 5.37 g (92%). The product was confirmed to be 

K[IndMe-2] by 1H NMR (400 MHz) in THF-d8: δ 2.38 (singlet, 3H, CH3); 5.71 (singlet, 2H, 

CH in 1,3-position); 6.29 (doublet of doublets, 2H, CH in 4,7-position); 7.11 (multiplet, 

2H, CH in 5,6-position).78 

Sy n thesis of  Potassium 1 ,3-Bis(t rimethy lsily l)in den ide,  K[In d2Si-1,3].  1,3-

Bis(trimethylsilyl)indene (4.00 g, 0.0154 mol) was degassed and dissolved in 20 mL of 

toluene in a 250 mL Erlenmeyer flask. Potassium bis(trimethylsilyl)amide K[N(SiMe3)2] 

(2.92 g, 0.0146 mol) was dissolved in toluene and added dropwise to the indene while stir-

ring. The reaction was stirred 24 h before adding 150 mL of hexanes. A white precipitate 

formed and was filtered over a medium-porosity glass frit. The precipitate was washed with 

hexanes (2 × 30 mL) and dried under vacuum to yield 3.40 g (78%). The product was con-

firmed to be K[Ind2Si-1,3] by 1H NMR (400 MHz) in THF-d8: δ 0.23 (singlet, 18H, 6 CH3 
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on SiMe3); 6.53 (doublet of doublets, 2H, CH in 4,7-position); 6.95 (singlet, 1H, CH in 2-

position); 7.49 (doublet of doublets, 2H, CH in 5,6-position).80  

At tempted Sy n thesis of  1-Methy lin den y l Man g an ese(II) Chloride,  

(In dMe-1)Mn Cl.  MnCl2 (0.3033 g, 2.41 mmol) was added to a 250 mL Erlenmeyer flask 

fitted with a stir bar. THF (40 mL) was added and the flask was stirred at –25 °C for 1 h to 

disperse the MnCl2. Lithium 1-methylindenide (0.3281 g, 2.41 mmol) was dissolved in 

100 mL of THF and added to a 125 mL addition funnel. The Li[IndMe-1] was added drop-

wise into the flask containing MnCl2. The mixture became olive green and it was allowed 

to stir for 7 h. Inspection of the reaction revealed a large amount of unreacted MnCl2, so 

the reaction was brought to reflux for 30 min. The color changed to golden, and all the 

MnCl2 dissolved. After stirring at room temperature for 14 h, the solution had not visibly 

changed, so the THF was removed under vacuum over several hours, leaving a brown-

black solid. Upon stirring with pentane, the insoluble solid was dispersed into a fine, light 

brown powder. The pentane was decanted and the solid was collected in a Soxhlet extrac-

tion apparatus. An extraction was performed with 25 mL of toluene, yielding an orange 

solution. No crystals grew from toluene solutions at cold temperatures, or by the diffusion 

of aliphatic solvents into toluene solutions. Upon allowing the toluene solution to evapo-

rate over several days, yellow orange crystalline material formed in 7% yield (37 mg); 

however, it was acicular and unsuitable for x-ray crystallography. Satisfactory elemental 

analysis could not be obtained. 
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Attempted Sy n thesis of  2-Methy lin den y l Man g an ese(II) Chloride,  

(In dMe-2)Mn Cl.  MnCl2 (0.3800 g, 3.03 mmol) was added to a 250 mL Erlenmeyer flask 

fitted with a stir bar. THF (50 mL) was added and the flask was stirred for 1 h to disperse 

the MnCl2. Potassium 2-methylindenide (0.5100 g, 3.03 mmol) was dissolved in 100 mL 

of THF and added to a 125 mL addition funnel. The K[IndMe-2] was added dropwise over 2 

h into the flask containing MnCl2. The reaction was allowed to stir overnight before the 

removal of the solvent under vacuum left an orange oil. Pentane (30 mL) was added to 

the flask with stirring, causing the oil to precipitate a yellow powder. The pentane was de-

canted, and the yellow precipitate was collected in a Soxhlet extraction apparatus. An ex-

traction was performed with 30 mL of hexanes and resulted in an orange solution and a 

light yellow solid. The solution was placed in the freezer at 10 °C and gradually cooled to –

15 °C over the course of 2 days. A ring of white and orange solid had deposited around the 

inside of the flask, so the remaining solution was allowed to evaporate at room tempera-

ture. After 3 days, diamond-shaped orange crystals had formed above the orange and 

white material. The crystals were air and moisture sensitive, and the compound proved to 

be highly paramagnetic, as evidenced by the absence of detectable 1H NMR resonances. 

After crystals had been selected for structural characterization, the amount of product re-

maining was too small for further analysis. 

Sy n thesis of  Bis(2-methy lin den y l)man g an ese(II),  (In dMe-2)2Mn .  MnCl2 

(0.302 g, 2.41 mmol) was added to a 250 mL Erlenmeyer flask fitted with a stir bar. THF 
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(20 mL) was added and the flask was stirred at –25 °C for 1 h to disperse the MnCl2. Potas-

sium 2-methylindenide (0.810 g, 4.82 mmol) was dissolved in 10 mL of THF at room 

temperature and added dropwise into the flask containing MnCl2, yielding an orange so-

lution. After 1 d of stirring, the solvent was removed under vacuum to leave a light 

cream-colored solid in the flask. Pentane and hexanes (50:50 of 3 × 10 mL) was added to 

extract the organometallic product from KCl. A toluene extract (3 × 10 mL) was also col-

lected; however, no crystals grew from solutions at cold temperatures or by the diffusion 

of aliphatic solvents into the toluene solution. Removal of the toluene solvent under vac-

uum produced an orange oil that proved difficult to characterize. When the reaction was 

conducted in BHT-stabilized THF, the aryloxide product (IndMe-2)3Mn2(BHT) was isolated. 

Sy n thesis of  Bis(1-methy lin den y l)man g an ese(II),  (In dMe-1)2Mn .  MnCl2 

(0.302 g, 2.41 mmol) was added to a 250 mL Erlenmeyer flask fitted with a stir bar. THF 

(20 mL) was added and the flask was stirred at –25 °C for 1 h to disperse the MnCl2. Potas-

sium 1-methylindenide (0.810 g, 4.82 mmol) was dissolved in 100 mL of THF and added 

to a 125 mL addition funnel. The K[IndMe-1] was added dropwise into the flask containing 

MnCl2. The mixture became olive green and it was allowed to stir for 7 h. Inspection of 

the reaction revealed a large amount of unreacted MnCl2, so the reaction was brought to 

reflux for 30 min. The color changed to golden, and all the MnCl2 had dissolved. After 

stirring at room temperature for 14 h, the solution had not visibly changed, so the THF 

was removed under vacuum over several hours, leaving a brown-black solid. Upon stirring 
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with pentane, this insoluble solid was dispersed into a fine, light brown powder. A Soxhlet 

extraction was performed with 25 mL of toluene, yielding an orange solution. No crystals 

grew from solutions at cold temperatures or by the diffusion of aliphatic solvents into the 

toluene solution. Upon allowing the toluene solution to evaporate over several days, 

highly-branched, yellow-orange crystalline material formed in 37% yield. Satisfactory 

elemental analysis could not be obtained.  

Sy n thesis of  Bis(1 ,3-dimethy lin den y l)man g an ese(II),  (In d2Me-1,3)2Mn .  

MnCl2, (0.2066 g, 1.64 mmol) was added to a 125 mL Erlenmeyer flask fitted with a stir 

bar and 30 mL of THF. The flask was stirred at –30 °C for 1 h to disperse the MnCl2. Po-

tassium 1,3-dimethylindenide (0.5988 g, 3.28 mmol) was dissolved in 10 mL of THF and 

chilled to –30 °C. The K[Ind2Me-1,3] was added dropwise to the flask containing MnCl2. The 

reaction was allowed to stir overnight at –30 °C before the removal of the solvent under 

vacuum left an orange oil. The oil was insoluble in pentane and hexanes, but adding di-

ethyl ether precipitated KCl, leaving an orange solution. Upon filtration and evaporation 

of this solution, 0.414 g of an orange oil remained (74% yield). This oil was dissolved in 

toluene, and after several attempts at crystallization, the best result was a yellow-orange 

powder (mp 226–229 °C (dec)). Solution magnetic susceptibility measurements with 1H 

NMR showed highly paramagnetic material (μB = 5.47 for the assumed (Ind2Me-1,3)2Mn 

complex). 
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Sy n thesis of  Bis(4 ,7-dimethy lin den y l)man g an ese(II),  (In d2Me-4,7)2Mn .  

MnCl2 (0.1084 g, 0.864 mmol) was added to a 125 mL Erlenmeyer flask fitted with a stir 

bar and 30 mL of THF. The flask was stirred at –25 °C for 45 min. to disperse the MnCl2. 

Potassium 4,7-dimethylindenide (0.314 g, 1.72 mmol) was dissolved in 10 mL of THF 

and chilled to –25 °C. The K[Ind2Me-4,7] was added dropwise to the flask containing MnCl2. 

The reaction was allowed to stir overnight at room temperature before the removal of the 

solvent under vacuum left an orange residue. Three extractions with pentane (20 mL 

each) were performed yielding a colorless solution. This solution contained a colorless oil 

which was later determined to be coupled Ind2Me-4,7. The orange precipitate was extracted 

into 40 mL of toluene, and 30 mL of this solution was placed in the freezer at –20 °C for 3 

days. Dark orange crystalline blocks grew from the solution in 26% yield (0.0582g), mp 

260-265 °C. Magnetic susceptibility was not obtained due to the lack of solubility in tolu-

ene. Anal. Calcd. for C22H22Mn: C, 77.41; H, 6.50. Found: C, 78.86; H, 6.72.  

Sy n thesis of  2 ,4 ,7-Trimethy lin den y l Man g an ese(II) Chloride,  (In d3Me-

2,4,7)Mn Cl.  MnCl2 (0.3178 g, 2.53 mmol) was added to a 250 mL Erlenmeyer flask fitted 

with a stir bar. THF (50 mL) was added and the flask was stirred for 1 h to break up the 

MnCl2. Potassium 2,4,7-trimethylindenide (0.4976 g, 2.53 mmol) was dissolved in 100 

mL of THF and added to a 125 mL addition funnel. The K[Ind3Me-2,4,7] was added dropwise 

over 2 h into the flask containing MnCl2. The reaction was allowed to stir overnight be-

fore the removal of the solvent under vacuum left an orange oil. Pentane (30 mL) was 
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added to the flask with stirring, causing the precipitation of a yellow powder that was re-

moved by filtration. After several washes (5 × 10 mL), the bright-yellow pentane filtrates 

were combined in a 125 mL Erlenmeyer flask. The flask was slowly cooled from room 

temperature to –20 °C over 5 days. Long yellow crystalline rods grew from this solution, 

mp 130–133 °C. Anal. Calcd. for C12H13MnCl . THF: C, 60.10; H, 6.62; Mn, 17.18. 

Found: C, 60.10; H, 6.84; Mn, 17.2. Solution magnetic susceptibility (μeff298K ): 1.7 μB. 

Sy n thesis of  Bis(2 ,4 ,7-t rimethy lin den y l)man g an ese(II),  (In d3Me-

2,4,7)2Mn .  MnCl2  (0.4630 g, 3.68 mmol) was added to a 250 mL Erlenmeyer flask fitted 

with a stir bar. THF (50 mL) was added and the flask was stirred for 1 h to disperse the 

MnCl2. Potassium 2,4,7-trimethylindenide (1.45 g, 7.38 mmol) was dissolved in 100 mL 

of THF and added to a 125 mL addition funnel. The K[Ind3Me-2,4,7] was added dropwise 

over 2 h into the flask containing MnCl2. The reaction was allowed to stir overnight be-

fore the removal of the solvent under vacuum left an orange oil. Pentane (30 mL) was 

added to the flask with stirring, causing the precipitation of a yellow powder that was re-

moved by filtration. After several washes (5 × 10 mL), the orange pentane filtrates were 

combined into a 125 mL Erlenmeyer flask. The pentane solvent was allowed to evaporate 

at room temperature over 2 days, affording a dark orange crystalline solid. Anal. Calcd. 

for C24H26Mn: C, 78.03; H, 7.09; Mn, 14.87. Found: C, 78.64; H, 7.31; Mn, 14.9. Solu-

tion magnetic susceptibility (μeff298K): 5.68 μB. 
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Sy n thesis of  Bis(2-t rimethy lsily lin den y l)man g an ese(II),  (In dSi-2)2Mn .  

MnCl2 (0.154 g, 1.22 mmol) was added to a 125 mL Erlenmeyer flask fitted with a stir bar 

and 20 mL of THF. The starting material was pulverized into a fine powder by stirring at 

–30 °C for 30 min. Potassium 2-trimethylsilylindenide (0.554 g, 2.45 mmol) was dis-

solved in 30 mL of THF and was added dropwise over 15 min into the flask containing 

MnCl2. The reaction immediately turned bright orange, and it was allowed to stir over-

night before the removal of the solvent under vacuum. A dark orange solid remained, and 

pentane (30 mL) was added to the flask with stirring. The resulting orange solution was 

filtered to remove a yellow precipitate. After several washes (5 × 10 mL), the bright orange 

pentane filtrates were combined in a 125 mL Erlenmeyer flask. This flask was canted and 

placed under a slight vacuum, allowing the pentane solvent to evaporate at room tem-

perature over 2 h, affording red-orange crystalline rods, mp 118–122 °C. Anal. Calcd. for 

C24H30Si2Mn: C, 67.10; H, 7.04; Found: C, 68.87; H, 7.21. Solution magnetic suscepti-

bility (μeff298K ): 5.72 μB. 

Sy n thesis of  Bis(1 ,3-bis(t rimethy lsily l)in den y l)man g an ese(II),  (In d2Si-

1,3)2Mn .  MnCl2 (0.0424 g, 0.337 mmol) was added to a 125 mL Erlenmeyer flask fitted 

with a stir bar and 20 mL of THF. The starting material was pulverized into a fine powder 

by stirring at 0 °C for 30 min. Potassium 1,3-bis(trimethylsilyl)indenide (0.2011 g, 0.673 

mmol) was dissolved in 30 mL of THF and was added dropwise over 15 min into the flask 

containing MnCl2. The reaction immediately turned bright orange, and it was allowed to 
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stir overnight before the removal of the solvent under vacuum. A waxy white and orange 

solid remained, and pentane (20 mL) was added to the flask with stirring. A light orange 

solution was filtered to remove a yellow precipitate. After several washes (3 × 10 mL), the 

bright orange pentane filtrates were combined into a 125 mL Erlenmeyer flask. This flask 

was canted and the pentane solvent was allowed to evaporate at room temperature over 

24 h, affording orange crystalline plates, mp 170–174 °C. Anal. Calcd. for C30H41Si4Mn: 

C, 62.78; H, 8.08; Found: C, 61.79; H, 8.09. Solution magnetic susceptibility (μeff298K ): 

5.87 μB. 

Sy n thesis of  Bis(in den y l)man g an ese(II),  (In d)2Mn (thf )2.  MnCl2 (0.1574 g, 

1.25 mmol) was added to 30 mL of THF in a 125 mL Erlenmeyer flask fitted with a stir 

bar. This flask was kept at –25 °C for the duration of the reaction. Potassium indenide 

(0.3859 g, 2.50 mmol) was dissolved in 15 mL of THF and slowly added to the flask. The 

reaction turned yellow-orange and was allowed to stir overnight. The following day, the 

THF was removed under vacuum. Extractions with pentane, toluene, and diethyl ether 

yielded only lightly colored solutions, so a THF extraction was performed. Each extraction 

mixture was filtered over a medium-porosity glass frit. After no crystals had grown from 

several attempts with the individual solutions, the filtrates were combined. In three weeks, 

orange crystals had deposited on the sides of the flask (0.135 g, 19% yield). Anal. Calcd. 

for C26H30O2Mn: C, 72.72; H, 7.04; Mn, 12.79; Found: C, 71.65; H, 6.87; Mn, 12.12. 

Solution magnetic susceptibility (μeff298K ): 5.56 μB. 
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React ion  of  2 ,4 ,7-Trimethy lin den y l Man g an ese(II) Chloride with N 2.  

Solutions of approximately 0.015 M to 0.045 M (Ind3Me-2,4,7)MnCl(thf) in toluene or pen-

tane or a mixture of the two were prepared in a 300 mL pressure vessel. These yellow solu-

tions were degassed, chilled to 0°C, and kept under an evacuated atmosphere before the 

introduction of nitrogen. Upon pressurizing the flask to approximately 1 atm, the yellow 

solutions turned emerald green. Further cooling of the solutions to -78 °C produced deep 

blue solutions. Warming the solutions to room temperature rapidly caused the blue color 

to revert to yellow. Reaction vessels charged with 100 psi of N2 have yielded initially green 

solutions at room temperature, but the color fades to yellow over 2 minutes. After their 

formation at -78 °C and 1 atm of N2, deep blue solutions persist under vacuum if the 

temperature is not increased; however, the solid that is deposited from the removal of sol-

vent is yellow. Attempts to isolate this blue compound have been unsuccessful.  

React ion  of  2 ,4 ,7-Trimethy lin den y l Man g an ese(II) Chloride with H2.  A 

solution of approximately 0.015 M (Ind3Me-2,4,7)MnCl in a mixture of toluene and pentane 

was prepared in a 10 mL pressure vessel. The solution was degassed and cooled to -78 °C. 

Hydrogen gas was pressurized to 20 psi above the solution, and the yellow color quickly 

changed to a deep purple. This reaction was reversible by warming to room temperature; 

however, the compound was still O2-sensitive, as evidenced by the characteristic brown 

MnO2 precipitate observed upon exposure.  
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G en eral Procedures f or X-ray  Cry stallog raphy .  A suitable crystal of each 

sample was located, attached to a glass fiber, and mounted on a Bruker SMART APEX II 

CCD Platform diffractometer for data collection at 173(2) K or 100(2) K. Data collection 

and structure solutions for all molecules were conducted at the X-ray Crystallography Fa-

cility at the University of Rochester by Dr. William W. Brennessel or at the University of 

California, San Diego by Dr. Arnold L. Rheingold. Data resolution of 0.84 Å was consid-

ered in the data reduction (SAINT 7.53A, Bruker Analytical Systems, Madison, WI). The 

intensity data were corrected for absorption and decay (SADABS). All calculations were 

performed using the current SHELXTL suite of programs.45 Final cell constants were cal-

culated from a set of strong reflections measured during the actual data collection. Rele-

vant crystal and data collection parameters for each of the compounds are given in Ap-

pendix B. 

The space groups were determined based on systematic absences (where appropriate) 

and intensity statistics. A direct-methods solution was calculated that provided most of 

the non-hydrogen atoms from the E-map. Several full-matrix least-squares/difference 

Fourier cycles were performed that located the remainder of the non-hydrogen atoms. All 

non-hydrogen atoms were refined with anisotropic displacement parameters. All hydro-

gen atoms were placed in ideal positions and refined as riding atoms with relative isotropic 

displacement parameters.  
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X-ray  Cry stallog raphy  of  (In dMe-2)3Mn 2(BHT).  Bright yellow crystalline 

blocks of  (IndMe-2)3Mn2(BHT) (BHT = butylhydroxytoluene anion) were obtained by pre-

paring a concentrated hexanes solution at room temperature and allowing for the slow 

evaporation of the solvent. After some initial precipitation of amorphous solid, crystals 

grew along the walls of the flask. The crystals were dried under vacuum prior to data col-

lection. An initial set of cell constants was calculated from reflections produced from four 

sets of 20 frames. These sets of frames were oriented such that orthogonal wedges of recip-

rocal space were surveyed. This produced orientation matrices determined from 38 reflec-

tions. The final cell constants were calculated from the xyz centroids of 3861 strong re-

flections as described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 45 s and a detector distance of 3.98 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.50° steps in ω at four different φ settings and a 

detector position of –38° in 2θ. 

The space group P21/c was determined as described in the general procedures. One of 

the terminal 2-methylindenyl ligands is modeled as disordered over two positions (55:45). 

The final full matrix least-squares refinement converged to R1 = 0.0465 and wR2 = 

0.1270 (F2, all data). 
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X-ray  Cry stallog raphy  of  (In d2Me-4,7)2Mn .  Dark orange crystals of (Ind2Me-

4,7)2Mn were harvested by preparing a concentrated toluene solution, which was cooled to 

–30 °C. The crystals were separated from the mother liquor and dried under vacuum prior 

to data collection. An initial set of cell constants was calculated from reflections produced 

from three sets of 20 frames. These sets of frames were oriented such that orthogonal 

wedges of reciprocal space were surveyed. This produced orientation matrices determined 

from 40 reflections. The final cell constants were calculated from the xyz centroids of 

3353 strong reflections as described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 45 s and a detector distance of 3.98 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.50° steps in ω at four different φ settings and a 

detector position of –38° in 2θ. 

The space group C2/c was determined as described in the general procedures. The final 

full matrix least-squares refinement converged to R1 = 0.3547 and wR2 = 0.2960 (F2, all 

data). 

X-ray  Cry stallog raphy  of  [K(1 ,4-dioxan e)1.5][(In d2Me-4,7)3Mn ].  Bright or-

ange crystals of [K(1,4-dioxane)1.5][(Ind2Me-4,7)3Mn] were harvested by preparing a concen-

trated 1,4-dioxane solution. The crystals were separated from the mother liquor and dried 

under vacuum prior to data collection. An initial set of cell constants was calculated from 
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reflections produced from three sets of 20 frames. These sets of frames were oriented such 

that orthogonal wedges of reciprocal space were surveyed. This produced orientation ma-

trices determined from 40 reflections. The final cell constants were calculated from the 

xyz centroids of 4170 strong reflections as described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 45 s and a detector distance of 5.00 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.50° steps in ω at four different φ settings and a 

detector position of –38° in 2θ. 

The space group P63 was determined as described in the general procedures. There is 

one position for the Mn atom and one for the K atom that accounts for the major com-

ponent. The structure shows disorder from a minor component involving 6 additional 

Mn atom positions and 2 additional K atom positions. The disorder is such that the edge 

of each major component's indenyl five-membered ring is nearly co-linear with the edge 

of each minor component's five-membered ring in the same plane, and the six-membered 

rings are shared (although the fused carbon atoms are shifted by one atom). Although the 

R1 value decreases by nearly a percent if these peaks are refined, the overall model was not 

improved significantly. Ultimately, this minor disorder was not modeled. One of the ter-

minal dioxane solvent molecules is modeled as disordered over two positions (54:46). Pos-

sible non-merohedral twin laws were also examined, but without success. The final full 
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matrix least-squares refinement converged to R1 = 0.0758 and wR2 = 0.2191 (F2, all 

data). 

X-ray  Cry stallog raphy  of  (In d3Me-2,4,7)Mn Cl.  Yellow crystalline rods of (Ind3Me-

2,4,7)MnCl were harvested by preparing a concentrated pentane solution, which was slowly 

cooled to –30 °C. The crystals were separated from the mother liquor and dried under vac-

uum prior to data collection. An initial set of cell constants was calculated from reflec-

tions produced from three sets of 20 frames. These sets of frames were oriented such that 

orthogonal wedges of reciprocal space were surveyed. This produced orientation matrices 

determined from 37 reflections. The final cell constants were calculated from the xyz cen-

troids of 7683 strong reflections as described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 45 s and a detector distance of 3.98 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.50° steps in ω at four different φ settings and a 

detector position of –38° in 2θ. 

The space group P1̄  was determined as described in the general procedures. There are 

two independent molecules in the asymmetric unit, both centered on crystallographic in-

version centers; thus one half of each is unique. One of the THF ligands is modeled as dis-

ordered over two positions (58:42). The final full matrix least-squares refinement con-

verged to R1 = 0.0470 and wR2 = 0.1419 (F2, all data). 
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X-ray  Cry stallog raphy  of  (In dSi-2)2Mn .  Bright orange crystals of (IndSi-2)2Mn 

were harvested by preparing a concentrated pentane solution and allowing it to evaporate 

at room temperature. The crystals were dried under vacuum prior to data collection. An 

initial set of cell constants was calculated from reflections produced from three sets of 20 

frames. These sets of frames were oriented such that orthogonal wedges of reciprocal space 

were surveyed. This produced orientation matrices determined from 54 reflections. The 

final cell constants were calculated from the xyz centroids of 6014 strong reflections as 

described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 60 s and a detector distance of 3.98 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.30° steps in ω at four different φ settings and a 

detector position of –28° in 2θ. 

The space group P21/c was determined as described in the general procedures. There 

are two independent molecules in the unit cell, both centered on crystallographic inver-

sion centers; thus one half of each is unique. The final full matrix least-squares refinement 

converged to R1 = 0.0317 and wR2 = 0.0858 (F2, all data). 

X-ray  Cry stallog raphy  of  (In d2Si-1,3)2Mn .  Orange crystalline plates of (Ind2Si-

1,3)2Mn were harvested by preparing a concentrated pentane solution and allowing it to 

evaporate at room temperature. The crystals were dried under vacuum prior to data collec-
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tion. An initial set of cell constants was calculated from reflections produced from three 

sets of 20 frames. These sets of frames were oriented such that orthogonal wedges of recip-

rocal space were surveyed. This produced orientation matrices determined from 46 reflec-

tions. The final cell constants were calculated from the xyz centroids of 9917 strong re-

flections as described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 60 s and a detector distance of 3.98 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.30° steps in ω at four different φ settings and a 

detector position of –28° in 2θ. 

The space group Pna21 was determined as described in the general procedures. There 

are two independent molecules in the asymmetric unit; however, they appear to be 

chemically identical. The final full matrix least-squares refinement converged to R1 = 

0.0530 and wR2 = 0.1385 (F2, all data). 

X-ray  Cry stallog raphy  of  (In d)2Mn (thf )2.  Orange crystals of (Ind)2Mn(thf)2 

were harvested by preparing a solution of 2:2:2:1 pentane, toluene, diethyl ether, and 

THF. The solution sat undisturbed for 3 weeks at room temperature while crystals grew. 

The crystals were dried under vacuum prior to data collection. An initial set of cell con-

stants was calculated from reflections produced from three sets of 20 frames. These sets of 

frames were oriented such that orthogonal wedges of reciprocal space were surveyed. This 
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produced orientation matrices determined from 28 reflections. The final cell constants 

were calculated from the xyz centroids of 5278 strong reflections as described in the gen-

eral procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 60 s and a detector distance of 3.98 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Three major 

sections of frames were collected with 0.30° steps in ω  at four different φ settings and a 

detector position of –28° in 2θ. 

The space group P1̄  was determined as described in the general procedures. There are 

two independent but nearly identical molecules in the asymmetric unit. The final full ma-

trix least-squares refinement converged to R1 = 0.0308 and wR2 = 0.0819 (F2, all data). 

 

Results 

Lig an d Sy n thesis.  Various alkylated and trimethylsilylated indenes were prepared 

by modifications of standard procedures.27,37,47-49 These included HIndMe-2, HInd2Me-4,7, 

HInd3Me-2,4,7, HIndSi-2, HInd2Me-1,3, HInd2Si-1,3. Once the desired hydrocarbon ring was synthe-

sized and purified by vacuum distillation, the alkali metal indenide salt was prepared via 

deprotonation reaction with a strong base. Reactions with potassium 

bis(trimethylsilyl)amide were performed in toluene, followed by precipitation of the po-

tassium indenide salt by the addition of hexanes. The indenides were isolated from 



     116 

bis(trimethylsilyl)amine by filtration and rigorous washing with additional hexanes. The 

indenides were similarly isolated and washed prior to reactions with transition metal salts.  

Sy n thesis of  Subst ituted Bis(in den y l)man g an ese(II) an d In den y l Man -

g an ese(II) Chloride Complexes.  Once the appropriate indenide salts were prepared, 

the corresponding bis(indenyl)manganese(II) complexes could be readily synthesized by 

salt metathesis elimination reactions in THF. Butylhydroxytoluene (BHT) is a stabilizer 

found in small quantities (0.025%) in THF. The butylhydroxytoluene anion is likely 

formed from the deprotonation of BHT with the various potassium indenide ligands. In 

reactions where larger volumes of THF are used, this presents a problem, as noted in isola-

tion of a BHT/Mn aryloxide complex in the attempt to form (IndMe-2)2Mn. This small 

amount of K+[BHT]– reacted as an aryloxide with the MnCl2, becoming a bridging ligand 

between two manganese centers. As a result, all subsequent reactions were performed in 

unstabilized THF. In each case, one or two equivalents of the appropriate alkali metal in-

denide salt was allowed to react with anhydrous manganese(II) chloride in THF (eq 4); the 

resulting mixtures were generally stirred overnight to ensure complete reaction. Following 

the removal of THF under vacuum, a less polar solvent (pentane, hexanes, or toluene) was 

added to extract the manganese species, precipitating the alkali metal chloride in the proc-

ess. The solubility of bis(indenyl)manganese(II) complexes in most non-polar solvents 

provides an efficient means by which to separate the desired materials from the rest of the 

reaction mixture.  
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Solid State Structures 

(In d2Si-1,3)2Mn . Crystals of (Ind2Si-1,3)2Mn were harvested from a pentane solution as 

orange plates. An ORTEP of the molecule is given in Figure 26, which indicates the num-

bering scheme referred to in the text; selected bond lengths and angles are shown in Table 

6. 

The average Mn–C ring distance observed for this species (2.42(1) Å) is lengthened 

from that observed in other bis(indenyl) complexes of first row transition metal species. 

This particular ligand set (Ind2Si-1,3)2M is known and has been structurally characterized for 

vanadium (see Chapter 4), chromium,8 and iron77 which all have shorter M–C bond dis-

tances (av 2.30(1) Å, 2.20(2) Å, and 2.09(1) Å, respectively). This distance must be less of 

a function of the steric bulk of the ligand and more due to the ionic radius of each metal 

appropriate for the observed spin-state.  

Among the known (Ind2Si-1,3)2M complexes, there is a similar degree of rotation be-

tween the ligands that alleviates the steric strain. For these compounds, this twist occurs 

over the range of 86.3° to 94.3°, while the manganese complex lies outside this range at 

(4) 
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96.99°. The trimethylsilyl groups are bent out of the C5 planes by an average of 0.233 Å, 

with a maximum value of 0.265 Å. Each trimethylsilyl group that is situated between the 

two of the other ligand, Si(2) and Si(4), is pushed farther out of the plane than the less 

sterically hindered SiMe3 groups. This is consistent with other out-of-plane bending dis-

tances for SiMe3 of the known complexes, although (Ind2Si-1,3)2Cr has by far the largest at 

0.42 Å. As with the analogous complexes, the indenyl rings are bound in an η5 fashion to 

the manganese center and exhibit a range (ΔMn–C = 0.102 Å) that is also comparable. The 

molecule is moderately bent, with an angle of 7.99° between the two C5 planes, and yet 

the chromium analogue has an even more noticeable angle between the planes (11.5°).  

 
Table 6 .  Selected Bon d Distan ces an d An g les f or (In d2Si-1,3)2Mn .  

    Atoms  Distance (Å)      Atoms  Distance (Å) 
Mn(1)–C(1)  2.524(4)  Mn(1)–C(10)  2.474(4) 
Mn(1)–C(2)  2.424(4)  Mn(1)–C(11)  2.318(4) 
Mn(1)–C(3)  2.304(4)  Mn(1)–C(12)  2.307(4) 
Mn(1)–C(4)  2.340(4)  Mn(1)–C(13)  2.476(4) 
Mn(1)–C(5)  2.494(4)  Mn(1)–C(14)  2.545(4) 
       
 ΔM–C    0.102 Å  
 hinge angle    3.805°  
 fold angle    0.923°  
 angle between C5 ring planes    7.986°  
 twist    96.99°  
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Fig ure 26 .  ORTEP of the non-hydrogen atoms of (Ind2Si-1,3)2Mn illustrating the num-
bering scheme used in the text. Thermal ellipsoids are shown at the 50% level. 
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(In dSi-2)2Mn . Crystals of (IndSi-2)2Mn were harvested from a pentane solution as or-

ange blocks. Only half of the molecule is unique, as the manganese lies on an inversion 

center. An ORTEP of the molecule is given in Figure 27, which indicates the numbering 

scheme referred to in the text; selected bond lengths and angles are shown in Table 7. 

The average Mn–C ring distance observed for this species (2.41(3) Å) is virtually iden-

tical to that observed in (Ind2Si-1,3)2Mn. The ligands are bound in an η5 fashion to the man-

ganese center, and are staggered 180° with respect to on another. The trimethylsilyl group 

is bent out of the C5 plane by 0.277 Å, which is slightly longer than the distances found 

in (Ind2Si-1,3)2Mn. Given that the molecule could rotate to a gauche conformation to allevi-

ate some of this angle bending, this more sterically hindered molecule overcomes the 

SiMe3 bending by crystal packing forces. The inversion center necessarily removes any 

non-coplanarity between the C5 rings. This, as an adjunct to the small degree of ring slip-

page (ΔMn–C = 0.088 Å), suggests the core of the molecule is much like an η5,η5-

manganocene.  

 
Table 7 .  Selected Bon d Distan ces an d An g les f or (In dSi-2)2Mn .  

Atoms  Distance (Å)  Angle Degree 
Mn(1)–C(1)  2.4821(15)  hinge 2.650 
Mn(1)–C(2)  2.3257(15)  fold 0.526 
Mn(1)–C(3)  2.3131(14)  C5 ring planes 0 
Mn(1)–C(4)  2.3989(15)  twist 180 
Mn(1)–C(5)  2.5249(15)    
       
  ΔM–C = 0.088 Å   
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Figure 27. ORTEP of the non-hydrogen atoms of (IndSi-2)2Mn illustrating the numbering scheme used in the text. Thermal ellipsoids 
are shown at the 50% level. 
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(In dMe-2)2(μ-In dMe-2)Mn 2(μ-BHT).  Crystals of (IndMe-2)3Mn2(BHT) were harvested 

from a pentane solution as yellow plates. An ORTEP of the molecule is given in Figure 

28, which indicates the numbering scheme referred to in the text; selected bond lengths 

and angles are shown in Table 8. 

Deprotonated butylhydroxytoluene is found as a bridging ligand in the complex (see 

the Results section for a discussion of the provenance of this ligand). The average Mn–O 

distance is 2.045(3) Å.  

There are two terminal and one bridging 2-methylindenyl groups. The terminal 

groups appear to slip to an η3 coordination, yet the Mn(1)–C(8) and Mn(1)–C(9) dis-

tances (2.56 Å and 2.58 Å, respectively) are not significantly longer than the same posi-

tions of the (Ind2Si-1,3)2Mn molecule (2.55 Å). If all ten Mn–C distances are considered, the 

average distance is 2.48(2) Å, only slightly elongated from the accepted η5 coordination of 

the rings in the previously mentioned complexes. The amount of ring slippage (ΔMn–C = 

0.198 Å) suggests the ligands have shifted toward an η3 coordination, although this num-

ber typically approaches 0.3 Å before a C5 ring is considered η3-bound.117 The view of the 

(IndMe-2)Mn fragment orthogonal to the C5 plane shows the centering of the manganese 

atom as somewhat skewed toward the front portion of the ring. The hinge angles (4.36° 

and 4.97°) are also more noticeable in this complex than in the η5-bound ligands of the 

manganese complexes with trimethylsilyl substituents (Figures 26 and 27).  
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There is no question as to the hapticity of the bridging 2-methylindenyl ligand; it is 

η1-bound to both manganese atoms. The angle Mn(1)–C(19)–C5 ring plane is 108.3° and 

Mn(2)–C(21)–C5 ring plane is 102.8°, and both Mn–C(20) distances are greater than 2.95 

Å. The distances of the 1- and 3-positions to the metal centers are 2.259(1) Å and 

2.282(1) Å (C(19)–Mn(1) and C(21)–Mn(2), respectively), with a hinge angle of 4.33°. 

The Mn(1)–Mn(2) distance in the complex is 3.56 Å, well outside the range for metal–

metal bonding.118,119 

 
Table 8 .  Selected Bon d Distan ces an d An g les f or (In dMe-2)3Mn 2(BHT).  

 Bridging    Terminal  
Atoms  Distance (Å)  Atoms  Distance (Å) 
Mn(1)–O(1)  2.0373(9)  Mn(1)–C(1)  2.3892(14) 
Mn(2)–O(1)  2.0528(9)  Mn(1)–C(2)  2.3543(13) 
Mn(1)–C(19)  2.2589(13)  Mn(1)–C(3)  2.4151(14) 
Mn(2)–C(21)  2.2822(13)  Mn(1)–C(8)  2.5584(13) 
Mn(1)–Mn(2)  3.5574(7)  Mn(1)–C(9)  2.5773(13) 
    Mn(2)–C(10)  2.417(6) 
    Mn(2)–C(11)  2.386(5) 
    Mn(2)–C(12)  2.448(9) 
    Mn(2)–C(17)  2.624(4) 
    Mn(2)–C(18)  2.637(4) 
       
     ΔM–C = 0.198 Å  
 hinge = 4.33°    hinge = 4.36°, 4.97°  
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Figure 28. ORTEP of the non-hydrogen atoms of (μ-IndMe-2)(IndMe-2)2Mn2(μ-BHT) illustrating the numbering scheme used in the 
text. Thermal ellipsoids are shown at the 50% level. 
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((In d2Me-4,7)2Mn )8.  Crystals of the octameric ((Ind2Me-4,7)2Mn)8 were harvested from a 

toluene solution as dark orange blocks. Only a poor resolution structure could be solved 

for the molecule, so a connectivity structure is shown in Figure 29. As a result, bond 

lengths and distances will not be discussed.  

The structure is based on an octameric ring of manganese atoms. The structure con-

tains a crystallographic 2-fold axis to complete the octamer, making only four Mn atoms 

unique. Each manganese center has three 4,7-dimethylindenyl ligands around it. Only 

one of these ligands is terminal, with each one of these on the “circumference” of the oc-

tagon. The terminal ligands appear to be somewhat slipped, but η5-bound to the manga-

nese centers. Looking along the plane of the Mn8 ring, the terminal ligands alternate in 

their coordination above and below the ring.  

There are also four bridging ligands in the unique half of the molecule. Of the four, 

only one employs an η2-coordination to both manganese centers. The other three ligands 

are η2-bound to one metal atom and η1-bound to the other. These bridging ligands also 

alternate their positions above and below the Mn8 ring.  
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Fig ure 29 .  Ball and stick model of the non-hydrogen atoms of ((Ind2Me-4,7)2Mn)8. 
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[K6(dioxan e)9][(Mn (In d2Me-4,7)3]4[Mn (In d2Me-4,7)3]2.  Crystals were harvested 

from a concentrated 1,4-dioxane solution as yellow hexagonal plates. An ORTEP of the 

molecule is given in Figure 30, which indicates the numbering scheme referred to in the 

text; selected bond lengths and angles are shown in Table 9. 

There are six crystallographically different manganese atoms in the asymmetric unit; 

however, there are essentially only two distinct types. All six have very similar carbon 

bonding distances and arrangements of the indenyl ligands. The general coordination 

geometry around each manganese atom is a paddlewheel of η2-bound 4,7-

dimethylindenyl ligands. There are three ligands around each manganese center, similar 

to the octameric structure above. What makes half of the [Mn(Ind2Me-4,7)3] anions unique 

from the other half is the coordination to the cation, i.e., the indenyl ligands are involved 

in cation–π bonding to the potassium through either the 5-membered rings in one half of 

the molecules (K–C distances range from 3.00 Å to 3.24 Å), or the 6-membered rings in 

the other half (K–C distances range from 3.00 Å to 3.47 Å). Every potassium cation is co-

ordinated by a 6-membered ring, a 5-membered ring, and one oxygen atom on each of 

two dioxane molecules. This coordination extends in two-dimensions, forming a layer of 

cations and anions. One of the two dioxane molecules bound to the potassium cation is 

bridging to a separate potassium cation of another layer, essentially creating a bilayer sys-

tem held together with the bridging dioxane molecules, and no interactions between sepa-

rate bilayers.  



     128 

There is crystallographically imposed C3 symmetry relating the three indenyl rings on 

each manganese center. The propeller-like twist of the ligands is left handed in one half of 

the molecules and right-handed in the other half, but these halves are not specific to the 

η5- or η6-binding character of the indenyl ligands to the potassium atoms. The indenyl 

ligands are not significantly bent along the hinge (0.58° to 1.96°) or fold axis (1.63° to 

3.91°), as might be expected from the coordination to metals on both sides of the rings. 

The η2-coordination is evident from the range of manganese bond distances to C(1) and 

C(2) (Mn–C(1) = 2.29 Å to 2.34 Å, Mn–C(2) = 2.37 Å to 2.42 Å) which are significantly 

shorter than the distances to C(3) and C(8) (Mn–C(3) = 2.86 Å to 2.91 Å, Mn–C(8) = 

2.78 Å to 2.84 Å). There are a few other compounds known to exhibit η2-coordination of 

a Cp to a manganese center,120 and yet one of these is the manganocene polymer.121 Those 

distances reported for η2-coordination (2.44 Å and 2.62 Å) are much longer than the dis-

tances reported here.  

This particular structure is quite similar to that of [(η2-Cp)3MnK.1.5thf],120 in which 

three Cp ligands are arranged in a paddlewheel around each Mn center, and each Cp is 

cation-π bound to a potassium counter ion. With THF as the solvent molecule, this struc-

ture forms a single layer with ca. 9.5 Å between sheets. As a comparison, the thickness of 

a single sheet of the bilayer is ca. 8.1 Å, and the distance between bilayers is 16.0 Å, mak-

ing the crystals fragile in two dimensions. 

 



     129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 30. ORTEP of the non-hydrogen atoms of [K6(dioxane)9][(Mn(Ind2Me-4,7)3]4 [Mn(Ind2Me-4,7)3]2 illustrating the numbering 
scheme used in the text. Thermal ellipsoids are shown at the 50% level. 
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Table 9.  Selected Bond Distances and Angles for [K6(dioxane)9] 
[(Mn(Ind2Me-4,7)3]4 [Mn(Ind2Me-4,7)3]2.  

Atoms  Distance (Å)  Atoms Distance (Å) 
Mn(1)–C(1)  2.337(4)  Mn(1)–C(2) 2.404(5) 
Mn(2)–C(1)  2.330(5)  Mn(2)–C(2) 2.374(5) 
Mn(3)–C(1)  2.332(5)  Mn(3)–C(2) 2.419(5) 
Mn(4)–C(1)  2.298(5)  Mn(4)–C(2) 2.397(5) 
Mn(5)–C(1)  2.311(5)  Mn(5)–C(2) 2.418(5) 
Mn(6)–C(1)  2.285(5)  Mn(6)–C(2) 2.413(5) 
      
 (η5 to K):       hinge = 1.97°   fold = 1.63°  

 (η6 to K):       hinge = 0.58°   fold = 3.91°  

 

 

(Ind)2Mn(thf)2.  Crystals of (Ind)2Mn(thf)2 were harvested from a mixture of THF, 

diethyl ether, toluene, and pentane as orange blocks. An ORTEP of the molecule is given 

in Figure 31, which indicates the numbering scheme referred to in the text; selected bond 

lengths and angles are shown in Table 10. 

There are two unsubstituted indenyl ligands and two THF solvent molecules on each 

manganese atom. One of the indenyl ligands is σ-bound while the other is η3-bound to 

the metal. This can be observed from looking at their bond distances. In the η3-bound 

ligand, the Mn–C distances range from 2.3441(15) Å to 2.5503(16) Å for the 3 allylic 

carbons, and 2.827 Å to 2.854 Å for the bridgehead carbons. For the σ-bound ligand, the 

Mn–C(11) and Mn–C(18) distances are 2.793 Å and 2.824 Å, respectively, well beyond 

the Mn–C(10) bond distance of 2.2222(14) Å.  
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Figure 31. ORTEP of the non-hydrogen atoms of (Ind)2Mn(thf)2 illustrating the num-
bering scheme used in the text. Thermal ellipsoids are shown at the 50% level. 
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The small hinge and fold angles indicate the indenyl ligands are minimally distorted, 

and the amount of ring slippage (ΔMn–C = 0.375 Å) confirms the ligand is η3–bound. 

The coordination geometry around the manganese center appears to be pseudo-

tetrahedral, with 109(5)° as the average bond angle between ligands,122 although the actual 

bond angles range from 84.69(4)° to 134.28(5)°. The Mn–O distances of 2.16 Å are 

slightly longer than the Mn–O distances found in the BHT adduct, but this is expected 

given the ionic nature of the oxygen atom in BHT.  

Given the noticeably different bond distances of each indenyl ring to the manganese 

atom, it might be expected that the C–C bond distances would differ from each other and 

from those found in a typical η5-bound indenyl ring, owing to the localization of the 

charge in the former. In the σ-bound case,  a shortening of the C(11)–C(12) bond to a 

value (1.378 Å) that reflects some double-bond character is observed, and the rest of the 

front side bonds are slightly lengthened (Figure 32). Any affect on the aromaticity of the 

C5 ring in the η3-bound ligand is negligible. Both 6-membered rings exhibit subtle alter-

nating single and double bond character, which is very similar to the amount displayed in 

η5-bound ligands, e.g., as in (IndSi-2)2Mn shown at the top of the figure. 
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Figure 32. C–C bond distances in (Ind)2Mn(thf)2 showing the aromaticity differences in 
the C5 rings between the η3-bound and σ-bound ligands, also compared with the η5-
bound ligand in (IndSi-2)2Mn. 

 
 

Table 10. Selected Bond Distances and Angles for (Ind)2Mn(thf)2.  
Atoms  Distance (Å)  Atoms Distance (Å) 

Mn(1)–C(1)  2.5503(16)  C(1)–C(2) 1.411(3) 
Mn(1)–C(2)  2.3441(15)  C(2)–C(3) 1.414(2) 
Mn(1)–C(3)  2.5027(15)  C(3)–C(4) 1.423(2) 

Mn(1)–C(10)  2.2222(14)  C(4)–C(9) 1.440(5) 
Mn(1)–O(1)  2.1613(10)  C(9)–C(1) 1.422(2) 
Mn(1)–O(2)  2.1648(10)  C(10)–C(11) 1.4435(19) 

    C(11)–C(12) 1.378(2) 
    C(12)–C(13) 1.4298(19) 
    C(13)–C(18) 1.4337(18) 

     ΔMn–C = 0.375 Å    C(18)–C(10) 1.4501(18) 
       (η3 to Mn):      hinge = 2.82°  fold = 1.95°  
 (σ to Mn):       hinge = 3.23°  fold = 2.92°  
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[(Ind3Me-2,4,7)MnCl(thf)]2.  Crystals of [(Ind3Me-2,4,7)MnCl(thf)]2 were harvested 

from pentane as yellow rods. Only one-half of the molecule is unique, as there is an inver-

sion center between the two manganese atoms. An ORTEP of the molecule is given in 

Figure 33, which indicates the numbering scheme referred to in the text; selected bond 

lengths and angles are shown in Table 11. 

This structure is the first of the type [(Ind′)MnCl]2, although there are Cp analogues 

known, [(1,2,4-(tBu)3Cp)MnCl(thf)]123 and [(CH3C5H4)MnCl(PEt3)]2.124 The indenyl 

compound is dimeric through bridging chlorides. Though the Mn–Cl bond distances 

(2.483 Å and 2.424 Å) are slightly different from each other, their dissimilarity is chemi-

cally insignificant; the previously mentioned Cp complex shows an even smaller disparity 

(2.482 Å and 2.480 Å). Although outside of a bonding distance,118,119 the manganese atoms 

are noticeably closer (3.380 Å) than in the Cp complex (3.514 Å). The Mn–O distance of 

2.095 Å is slightly shorter than those in the (Ind)2Mn(thf)2 complex. These findings are 

consistent with a low-spin manganese(II) system.  

The indenyl ligand appears to have a blended η2- and η5-bonding character, i.e., the 

distances to C(1) and C(2) are much shorter (by av 0.19 Å), while the rest of the C5 ring is 

still within or very close to previously observed Mn–C bonding distances. Taking a view 

orthogonal to the C5 plane, the Mn atom is within the ring, but shifted toward the C(1) 

position rather than directly below the centroid. The 2-position methyl group is bent 
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Figure 33. ORTEP of the non-hydrogen atoms of [(Ind3Me-2,4,7)MnCl(thf)]2 illustrating the numbering scheme used in the text. Ther-
mal ellipsoids are shown at the 50% level. 
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0.109 Å out of the C5 plane. The hinge (3.108°) and fold angles (2.269°) are comparable to 

other complexes described in this chapter. 

 
Table 11. Selected Bond Distances and Angles for the                        
(Ind3Me-2,4,7)MnCl(thf) dimer. 

Atoms  Distance (Å) Angle Degree 
Mn(1)–C(1)  2.3250(18

) 
hinge 3.108 

Mn(1)–C(2)  2.3822(18
) 

fold 2.269 
Mn(1)–C(3)  2.525(2)   
Mn(1)–C(8)  2.4917(17)   
Mn(1)–C(9)  2.6241(19)   
Mn(1)–Cl(1)  2.4237(5)   

Mn(1)–Cl(1A)  2.4831(6)   
Mn(1)–O(1)  2.0945(14)   

     
    

  

 

Computational Results 

The lack of an unsolvated parent complex, as a reference to which other bis(indenyl) 

manganese(II) complexes could be compared, warranted an investigation into the pre-

ferred geometry and spin-state of the unsubstituted, homoleptic 

bis(indenyl)manganese(II). Similar to the calculations on bis(indenyl)chromium(II),78 the 

influence of the complex’s rotational conformation on the stability of the high-spin and 

low-spin states was examined via the use of density functional theory (DFT) calculations.  

The geometries were optimized with the use of the PW91 functional and the TZ2P 

basis set (TZ2P+ for the manganese atom) in ADF.125-127 After optimization, the frequen-
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cies and energies were calculated using the same functional and basis set. From Table 12, 

the gauche conformational isomers are the most stable, with less than 1 kcal/mol separat-

ing the high-spin and low-spin state. In all conformations, the high-spin state is favored, 

although never by more than 3 kcal/mol. Despite several attempts with various imposed 

symmetries (Ci, Cs, C2h), the staggered, high-spin molecule consistently gave 3 imaginary 

frequencies. Under no imposed symmetry, the molecule rotated to a gauche conforma-

tion, and was found to be a minimum. 

 
Table 12. Calculated Relative Thermodynamics of (Ind)2Mn. 
rotational  

conformation 
unpaired 
electrons 

Imaginary         
frequencies 

(cm-1) 

ΔH0 at 298 K/1 
atm (kcal/mol) 

ΔG0 at 298 K/1 atm 
(kcal/mol) 

eclipsed 5 1 (-51) 2.78 4.40 

gauche 5 0 0 0 

staggered 5 3(-20,-35,-68) 0.60 7.96 

eclipsed 1 0 3.24 7.22 

gauche 1 0 0.96 0.99 

staggered 1 1 (-19) 2.29 8.85 

 

Discussion 

In contrast to the low-spin or spin-crossover behavior observed in methyl substituted 

cyclopentadienyl manganese(II) compounds,15,128,129 methyl substituted 

bis(indenyl)manganese(II) complexes have been found to be high-spin (S = 5/2) at room 

temperature. As had been previously determined in the case of (Cp3i)2Mn, increasing the 
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steric bulk of the Cp ligands by adding isopropyl groups to form (Cp4i)2Mn forced longer 

Mn–C distances, making a high-spin heavily alkylated manganocene complex possi-

ble.14,15,130 This unexpected increase in number of unpaired d electrons from that of 

Cp*2Mn128 was obtained in spite of the extra electron donating groups. However, the use 

of sterically bulky groups to influence the spin-state may not translate favorably into the 

development of charge-transfer salt complexes due to their interfering with intermolecu-

lar π– π interactions and hence 1-D cation/anion stacks. To combat this problem, the in-

denyl ligand has been employed for its extended π system and its poorer electron dona-

tion to the metal. With this ligand being a slightly weaker electron donor than Cp, we 

may be able to fine tune the magnetic properties of the neutral bis(indenyl)manganese(II) 

system by site-specific substitution, as in the case of bis(indenyl)chromium.9,10 To get a 

sense of the magnetic properties of these complexes, the use of isopropyl,80 SiMe3, and 

methyl groups as substituents on the indenyl ligand has been studied; to date, all such 

complexes have displayed a high-spin state. 

The average Mn–C bond distances for high-spin Cp′2Mn complexes are typically 

around 2.4 Å, while low-spin complexes average around 2.1 Å, making the spin-state of 

similar species easily determined through a bond distance analysis of crystal structures.128 

The high-spin values are found in the homoleptic, η5-bound species (Ind2Si-1,3)2Mn and 

(IndSi-2)2Mn (2.42(1) Å and 2.41(3) Å, respectively). The spin-only value of an S = 5/2 

complex should equal 5.92 μB. Solution magnetic susceptibility measurements support the 
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presence of high-spin manganese centers (5.87 μB for (Ind2Si-1,3)2Mn and 5.72 μB for (IndSi-

2)2Mn). 

Other substituted bis(indenyl)manganese(II) complexes display varying hapticities 

among bridging and terminally bound ligands. The two homoleptic species formed from 

the 4,7-dimethylindenyl ligand show three ligands around each manganese center with 

Mn–C distances of ca. 2.3 Å to 2.4 Å, indicative of high-spin complexes. The high-spin 

nature of these complexes in the solid state at 100(2) K is intriguing, considering that this 

same ligand supports a low-spin chromium complex at 173(2) K that undergoes a low-

spin/high-spin equilibrium upon warming to room temperature. Of course, the coordina-

tion geometry around the manganese center, along with the energetic favorability of 5 

unpaired electrons, is likely strongly influencing its spin-state as well. The same arrange-

ment of Cp ligands into the paddlewheel configuration also leads to a high-spin com-

plex,120 even though the Cp ligand is typically considered a stronger donor ligand. How-

ever, this is not surprising considering the high-spin state of the manganese in Cp2Mn.131  

An increase in the donor character of the Cp ligand is afforded by the addition of al-

kyl donating groups, such as those in 1,1′-dimethylmanganocene132. This simple modifi-

cation from the parent Cp2Mn was enough to narrow the HOMO–LUMO gap to an en-

ergy that supports a spin-crossover state. As an adjunct to this work, methylation of the 

C5 ring on the indenyl ligand and the subsequent incorporation into manganese(II) com-

plexes were pursued. The tendency of these compounds to form orange to red oils that 
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show signs of decomposition after 1 d initially hindered characterization. However, more 

recently it has been discovered that the use of sources of higher purity MnCl2, solvents 

without added stabilizers, and less than two full equivalents of the methylated indenide 

per manganese atom, has produced complexes not subject to decomposition upon stand-

ing.  

In the case of (IndMe-2)3Mn2(BHT), each of the two terminal indenyl ligands have av-

erage Mn–C distances (2.48(2) Å if assumed to be η5-bound, or 2.40(1) if assumed to be 

η3-bound) that suggest a high-spin state. The certainty of the spin-state from the bridging 

indenyl ligand is more ambiguous due to its Mn–C distances (2.26(1) Å and 2.28(1) Å) 

that lie between the low-spin and high-spin values, although there are no known 

examples of an indenyl ligand bridging in this fashion. The discovery of this molecule 

also led us to the use of unstabilized THF to prevent any further adventitious 

contamination of our products.  

Given the need for a stronger donating ligand, the more heavily methylated indene, 

2,4,7-trimethylindene, was synthesized and deprotonated. The reaction of two equiva-

lents of the ligand to one equivalent of MnCl2 produced bright-orange, acicular crystals 

that were unsuitable for x-ray crystallography. Elemental analysis for C, H, and Mn con-

firmed the composition of (Ind3Me-2,4,7)2Mn, and this compound was established to be 

high-spin by solution magnetic susceptibility methods (5.68 μB). This result would suggest 

the need for stronger donor substituents such as isopropyl or t-butyl groups to promote a 
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spin-crossover or low-spin complex; however, there is evidence that compounds contain-

ing t-butyl groups favor a high-spin state due to the steric bulk of the substituents,8 and 

there has been a report of the high-spin complex bis(1,3-diisopropyl)manganese(II).80 It is 

feasible that the use of the Ind2tBu-1,3 ligand could force a suitable gauche arrangement 

around a manganese center that would accommodate a low-spin complex without the 

overriding intramolecular steric repulsion of the t-butyl groups. A second option would 

be to add methyl groups to the C5 ring as in the 1,2,3-trimethylindenyl ligand, but the 

thermal stability of manganese complexes formed with this ligand thus far have been too 

short for isolation.  

Bis(indenyl)manganese(II), which had previously eluded characterization and was de-

scribed in the patent literature as a brown solid,91 was isolated in this work as a THF-

solvate. In the solid state, it is a monomer having one η3-bound ligand, one σ–bound 

ligand, and two coordinated THF molecules, giving the manganese center an approxi-

mate tetrahedral arrangement of ligands. The combination of coordination modes of the 

indenyl ligands makes the molecule only the second of its kind.133 This compound has an 

average Mn–C bond length to the η3-bound indenyl of 2.466(3) Å, indicative of a high-

spin complex. Solution magnetic susceptibility measurements (5.56 μB) confirmed this 

observation. This is the expected spin-state given that the unsubstituted ligand is a weaker 

donor than other methylated ligands that also support the high-spin state. While the 

structure of the homoleptic base-free complex is yet to be determined, DFT calculations 
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have suggested the complex would energetically favor a gauche conformation by at least 4 

kcal/mol. Although efforts to synthesize this molecule are ongoing, the small calculated 

energy difference between conformations is unlikely to outweigh crystal packing forces, 

and so the solid state structure is not readily predictable. 

Mono-ring complexes of manganese(II) and their reactions with N2.  The 

indenyl ligand has been proven to exhibit a wide range of coordination modes and bond 

distances to manganese(II). This fact, paired with the high-spin d5 metal, leaves more of 

the metal exposed to coordination by some of the weakest electron donating ligands. 

Also, the structural variances among indenyl manganese complexes confirm the lack of 

LFSE associated with high-spin d5 complexes. Assuming the molecular orbital/geometry 

combinations are not tightly coordinated, a complex may have a low-energy ligand rear-

rangement available. Should the ligands rearrange around the metal due to the energy of 

solution, a coordination site on the manganese atom may open for a small molecule to 

bind. For the purpose of testing this hypothesis, molecules with little evidence for steric 

congestion and coordinative saturation were synthesized using the 2-methylindenyl, 4,7-

dimethylindenyl, or 2,4,7-trimethylindenyl ligands. Hydrocarbon solutions of one 

equivalent of the K+[IndMe-2]- or K+[Ind3Me-2,4,7]- ligands with MnCl2 were bright yellow at 

room temperature, however upon cooling to below -40 °C, the solutions became dark 

blue. This color change was initially investigated as a spin-state transformation, but the 

solution magnetic susceptibility was constant from 20 °C to -70 °C. The observed blue 
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color only occurred in the presence of a N2 atmosphere, and the solution remained yellow 

while cooled to -78 °C under vacuum, indicating that a simple thermochromic transfor-

mation was not occurring. When the manganese complexes were dissolved in a coordi-

nating solvent (i.e., THF), the color change did not take place even at low temperatures, 

suggesting that the N2 binding was blocked by the solvent.  

To attempt to characterize this Mn–N2 interaction, variable temperature solution 

magnetic susceptibility measurements were recorded for the complex under vacuum and 

also under a nitrogen atmosphere. No differences in the two spectra were observed, sug-

gesting the color change is not the result of a spin-crossover species, although the 

HOMO–LUMO gap must be affected to allow a new transition. A comparison of the blue 

and yellow solution IR spectra was also made, however there was no observable metal-

bound dinitrogen stretch. This strongly suggests the N2 is bound via side-on or bridging 

coordination modes, as either case would limit the visibility of the N–N stretch due to the 

lack of change in the molecule’s polarity. Molecules known to coordinate N2 in this fash-

ion have no reported N–N stretch.103,134,135 

Evacuated flasks containing pentane or toluene solutions of (2,4,7-

trimethylindenyl)manganese(II) chloride were bright yellow at -78 °C. Once the flask was 

pressurized with H2, the solution became deep purple, suggesting H2 binding. The H2 

ligand proved to be highly labile, as the solution reverted to bright yellow upon warming 

to room temperature.  
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Conclusions 

The parent bis(indenyl)manganese(II), albeit solvated with THF, has been prepared 

and structurally authenticated for the first time. The insolubility of potassium indenide in 

anything but strongly coordinating solvents makes the formation of the base-free man-

ganese species all but impossible via salt metathesis reactions. Characterization of the 

molecule revealed that it is in the high-spin state in solution, along with having Mn–C 

bond distances associated with high-spin manganese in the solid-state, consistent with its 

closest analogue, manganocene. DFT calculations have shown the gas phase homoleptic 

molecule would adopt a gauche conformation, with the HS case favored over the LS by 

only 1 kcal/mol. 

As anticipated from manganocene and its derivatives, bis(indenyl)manganese(II) 

complexes display a diverse range of Mn–C bond distances and hapticities of the indenyl 

ligand. The coordination environment around the metal center varies from distorted-

tetrahedral to the well known bis(indenyl) framework of pseudo-octahedral. Indenyl 

ligands with only methyl substituents do not provide enough steric hindrance to prevent 

access to the manganese center. The divergence from the typical sandwich compounds 

observed in transition metal complexes is unexpected, although not surprising due to the 

larger metal radius and the fact that in high-spin d5 complexes there is no ligand field sta-

bilization energy. Bulky substituents, such as SiMe3, tend to enforce η5,η5-bound ligands 
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due to their better encapsulation of the metal, which also blocks coordination of ancillary 

ligands.  

Manganese centers bonded to two or more indenyl ligands favor the high-spin state 

regardless of the coordination environment. In the cases of methyl substitution on the 

indenyl ring, the ease of ring slippage combined with the lack of steric bulk allows for 

more than two ligands (indenyl, solvent, or otherwise) to bind to the metal center. The 

promotion of low-spin or spin-crossover complexes would be more likely with the use of 

more heavily methylated ligands, however these have not been found to generate stable 

manganese complexes. Alternative substituents that have been investigated include ethyl 

and isopropyl groups.80  

Mono-ring complexes of manganese(II) chloride have been shown to bind reversibly 

dinitrogen and dihydrogen. These are the first examples of manganese(II) complexes with 

this capability, reversible or otherwise; however, the extreme lability of the ligands has 

made the interactions difficult to characterize.  
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CHAPTER IV 
 
 

STRUCTURAL CHARACTERIZATION AND REACTIVITY OF THE 
FIRST SUBSTITUTED BIS(INDENYL)VANADIUM(II) COMPLEXES 

 

Introduction 

All known bis(cyclopentadienyl)vanadium(II) complexes are high-spin (S = 3/2), even 

in the case of Cp*2V,136 which decreases the likelihood that a low-spin or spin-crossover 

complex could be synthesized based on the strong electron donation properties of ligands 

in a vanadium sandwich framework. However, the indenyl ligand is known to exhibit 

strong rotational conformation preferences in transition metal complexes through the use 

of sterically demanding substituents. In the case of substituted bis(indenyl)chromium(II) 

complexes, such changes in the ligand conformations, and hence the symmetry of the 

complex, result in spin-state modifications derived from the interaction of the 3d metal 

orbitals with the π3, π4, and π5 indenyl orbitals.8-10 The rotational modifications in these 

complexes produce spin states not observed in substituted chromocenes; these ligand 

substitutions will be employed in the formation of substituted bis(indenyl)vanadium 

complexes.  

The parent bis(indenyl)vanadium(II) has previously been synthesized, but lacks high 

quality structural characterization due to a mixture of staggered and eclipsed isomers pre-

sent in the crystal lattice.7 The structural confirmation of vanadium complexes with vari-
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ous methylated or trimethylsilylated indenyl rings should provide a picture of the substi-

tutions necessary to vary the rotational conformation of these complexes.  

Another advantage of varying the rotational conformation along with the steric bulk 

of the ligands is the possibility of exploring of the reactivity of the metal complexes. The 

parent Ind2V is a 15 e- complex that readily binds two carbonyl ligands to form a 17 e- 

complex with the aid of one indenyl ligand undergoing an η5 to η 3 haptotropic slip.7 

However, Cp2V and Cp*2V complexes only bind a single carbonyl ligand while maintain-

ing the η5 hapticity of both rings. Modifications that increase the steric bulk of the ligands 

should encumber the uptake of CO, so that the ability of substituted 

bis(indenyl)vanadium complexes to bind to multiple CO ligands cannot be confidently 

predicted. 

 

Experimental 

General Considerations. All manipulations were performed with the rigorous ex-

clusion of air and moisture using Schlenk or glovebox techniques. Proton (1H) NMR ex-

periments were obtained on a Bruker DPX-300 spectrometer at 300 MHz, or a Bruker 

DPX-400 at 400 MHz, and were referenced to residual proton resonances of THF-d8 (δ 

3.58) and CDCl3 (δ 7.26). Elemental analyses were performed by Desert Analytics (Tuc-

son, AZ). Melting points were determined on a Laboratory Devices Mel-Temp apparatus 

in sealed capillaries. Mass spectra were obtained using a Hewlett-Packard 5890 Series II 
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gas chromatograph/mass spectrometer. FTIR spectra were recorded using a Thermo 

Mattson Satellite Spectrometer. 

Materials.  Anhydrous vanadium(III) chloride was purchased from Strem Chemicals 

and used as received. Potassium nitrite, potassium nitrate, chromium(III) oxide, and t-

butyl isocyanide were purchased from Aldrich and used as received. Anhydrous pentane 

was purchased from Acros and used as received. Hexanes, toluene, and diethyl ether were 

distilled under nitrogen from potassium benzophenone ketyl. Carbon monoxide was pur-

chased from A-L Compressed Gases and passed through a drying column (anhydrous 

CaSO4) prior to use. Anhydrous tetrahydrofuran (THF) was purchased from Aldrich and 

dried over 4A molecular sieves prior to use. Toluene-d8 (Aldrich) was vacuum distilled 

from Na/K (22/78) alloy and stored over 4A molecular sieves prior to use.  

Magnetic Measurements.  Solution magnetic susceptibility measurements were 

performed on a Bruker DRX-400 spectrometer using the Evans’ NMR method.31-35 5–10 

mg of the paramagnetic material was dissolved in toluene-d8 in a 1.0 mL volumetric flask. 

The solution was thoroughly mixed, and approximately 0.5 mL was placed in a NMR tube 

containing a toluene-d8 capillary. The calculations required to determine the number of 

unpaired electrons based on the data collected have been described elsewhere.36  

Synthesis of 1,3-Bis(trimethylsilyl)indene (HInd2Si-1,3),  2,4,7-

Trimethylindene (HInd3Me-2,4,7),  2-Methylindene (HIndMe-2),  Potassium 

1,3-Bis(trimethylsilyl)indenide, (K[Ind2Si-1,3]),  Potassium 2,4,7-
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Trimethylindenide (K[Ind3Me-2,4,7]),  and Potassium 2-Methylindenide 

(K[IndMe-2]).  See Chapter 3. 

Synthesis of 4,7-Dimethylindene (HInd2Me-4,7) and Potassium 4,7-

Dimethylindenide,  (K[Ind2Me-4,7]).  See Chapter 1. 

Synthesis of Vanadium(II) Chloride, VCl2.  Following a known procedure,80 

anhydrous vanadium(III) chloride (5.00 g, 0.0318 mol) was added to 150 mL of THF in a 

250 mL Schlenk flask fitted with a stir bar and condensing column. This mixture was 

stirred and refluxed overnight to produce a salmon-colored powder that was isolated in 

quantitative yield by removal of the solvent under vacuum.  

The resulting VCl3.3THF (0.386 g, 1.03 mmol) was added to 30 mL of THF in a 125 

mL Erlenmeyer flask fitted with a stir bar. A slight excess of aluminum powder (0.0300 g, 

1.11 mmol) and a catalytic amount of KH (0.001 g) was added to the flask. After stirring 

overnight, the maroon mixture had turned blue-green. Filtration yielded a clear blue-

green solution of [VCl2] in THF, assumed to be formed in quantitative yield.  

Synthesis of Bis(2,4,7-trimethylindenyl)vanadium(II),  (Ind3Me-2,4,7)2V. 

A 40 mL solution of anhydrous VCl2 (1.03 mmol) in THF was added to a 125 mL Erlen-

meyer flask fitted with a magnetic stirring bar. Potassium 2,4,7-trimethylindenide (0.325 

g, 2.06 mmol) was dissolved in 10 mL of THF and added dropwise to the flask while stir-

ring. The mixture initially turned emerald green and continued to darken before it was 

allowed to stir overnight. The solvent was removed under vacuum, and 50 mL of hexanes 
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was added to dissolve the residue. The mixture was filtered through a medium-porosity 

glass frit, and the filtrate was collected in a 250 mL modified round bottom flask, which 

was placed in a –30 °C freezer. After 48 h, no crystals had grown, so the solution was con-

centrated to 20 mL and returned to the freezer. Dark green crystals of (Ind3Me-2,4,7)2V 

were observed and isolated by cannulation of the mother liquor on a Schlenk line. The 

crystals were dried under vacuum and brought into the glovebox (0.248 g, 66%) mp 142–

146 °C. Anal. Calcd. for C24H26V: C, 78.89; H, 7.17; V, 13.94. Found: C, 77.94; H, 6.73; V, 

13.88. Solution magnetic susceptibility (μeff298K ): 3.45. 

Synthesis of Bis(2-methylindenyl)vanadium(II),  (IndMe-2)2V. A 40 mL 

solution of anhydrous VCl2 (0.747 mmol) in THF was added to a 125 mL Erlenmeyer 

flask fitted with a magnetic stirring bar. Potassium 2-methylindenide (0.251 g, 1.49 

mmol) was dissolved in 10 mL of THF and added dropwise to the flask while stirring. The 

mixture initially turned emerald green and continued to darken before it was allowed to 

stir overnight. The solvent was removed under vacuum, and 30 mL of pentane was added 

to dissolve the residue. The mixture was filtered through a medium-porosity glass frit, 

and the filtrate was collected in a 125 mL Erlenmeyer flask, which was placed in the 

freezer and slowly cooled to –30 °C. After 48 h, large dark green plates had grown, so the 

solvent was removed under vacuum, affording more crystals of (IndMe-2)2V in 66% total 

yield (0.153 g), mp 129–131 °C. Anal. Calcd. for C20H18V: C, 77.66; H, 5.87; V, 16.47. 

Found: C, 76.59; H, 5.95; V, 16.1. Solution magnetic susceptibility (μeff298K ): 3.64. 
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Synthesis of Bis(4,7-dimethylindenyl)vanadium(II),  (Ind2Me-4,7)2V. A 

40 mL solution of anhydrous VCl2 (0.985 mmol) in THF was added to a 125 mL Erlen-

meyer flask fitted with a magnetic stirring bar. Potassium 4,7-dimethylindenide (0.359 g, 

1.97 mmol) was dissolved in 10 mL of THF and added dropwise to the flask while 

stirring. The mixture initially turned emerald green and continued to darken before it was 

allowed to stir overnight. The solvent was removed under vacuum, and 30 mL of pentane 

was added to dissolve the residue. The mixture was filtered through a medium-porosity 

glass frit, and the filtrate was collected in a 125 mL Erlenmeyer flask. The majority of the 

filtrate was a dark green solution, but a small amount of a dense brown oil also came 

through the frit, which seemed to dissolve as more filtrate entered the flask. Together in 

solution, the two substances were placed in a –30 °C freezer. After 48 h, no crystals had 

grown, so the solvent was slowly removed under vacuum to yield dark green crystals of 

(Ind2Me-4,7)2V (0.207 g, 62%) mp 152–155 °C. Anal. Calcd. for C22H22V: C, 78.33; H, 

6.57; V, 15.10. Found: C, 76.92; H, 6.91; V, 16.0. Solution magnetic susceptibility (μeff298K 

): 3.57. 

Synthesis of Bis(1,3-bis(trimethylsilyl)indenyl)vanadium(II),  (Ind2Si-

1,3)2V. A 40 mL solution of anhydrous VCl2 (1.13 mmol) in THF was added to a 125 mL 

Erlenmeyer flask fitted with a magnetic stirring bar. Potassium 1,3-

bis(trimethylsilyl)indenide (0.673 g, 2.26 mmol) was dissolved in 10 mL of THF and 

added dropwise to the flask while stirring. The mixture initially turned light brown and 
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continued to darken before it was allowed to stir overnight. The solvent was removed un-

der vacuum, and 50 mL of hexanes was added to dissolve the residue. The mixture was 

filtered through a medium-porosity glass frit, and the filtrate was collected in a 250 mL 

modified round bottom flask, which was placed in a –30 °C freezer. After 48 h, no crystals 

had grown, so the solution was allowed to slowly evaporate at RT. Large brown crystals of 

(Ind2Si-1,3)2V were obtained in 43% yield (0.274 g) mp 132–138 °C. Anal. Calcd. for 

C30H46Si4V: C, 63.22; H, 8.14. Found: C, 63.54; H, 8.43. Solution magnetic susceptibility 

(μeff298K ): 3.48. 

Attempted Reaction of Bis(1,3-bis(trimethylsilyl)indenyl)vanadium(II) 

with Carbon Monoxide. In a 50 mL Schlenk flask fitted with a stir bar, 0.061 g of 

(Ind2Si-1,3)2V was dissolved in a 60:40 mixture of hexanes:diethyl ether to give a light 

brown solution. Carbon monoxide was bubbled through the solution for 15 min at RT, 

but no reaction was observed. An IR spectrum of the solution under CO confirmed there 

was no coordination.  

Reaction of Bis(2,4,7-trimethylindenyl)vanadium(II) with Carbon 

Monoxide (CO). In a 50 mL Schlenk flask fitted with a stir bar, 0.124 g of (Ind3Me-

2,4,7)2V was dissolved in a 50:50 mixture of hexanes:diethyl ether to give an emerald green 

solution. Immediately upon bubbling carbon monoxide through the solution, a dark 

brown color was observed. The solution was saturated with CO for 5 min although no 

further color change was observed. An IR spectrum of the solution contained a single CO 
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peak at 1882 cm-1. Upon isolating the solid by slow evaporation of the solvents, dark 

green crystals grew and were reanalyzed by FTIR, but no CO peak was observed. Further 

experiments showed the binding of CO was reversible in solution by purging with N2 or 

Ar. Attempted crystal growth of CO adducts under a CO atmosphere at RT and -30 °C 

was unsuccessful.  

Reaction of Bis(4,7-dimethylindenyl)vanadium(II) with Carbon Mon-

oxide (CO). Under the same reaction conditions as the previous experiment, (Ind2Me-

4,7)2V was treated with CO, forming a brown-green solution that quickly (1 min) 

reversed to dark green upon standing in a N2 atmosphere.  

Reaction of Bis(2-methylindenyl)vanadium(II) with Carbon Monoxide 

(CO). Under the same reaction conditions as the previous experiment, (IndMe-2)2V was 

treated with CO, forming a dark brown solution that slowly (5 min) reversed to dark 

green upon standing in a N2 atmosphere.  

Reaction of Bis(2,4,7-trimethylindenyl)vanadium(II) with Nitric Oxide 

(NO). Excess nitric oxide was synthesized by the combination of 1.68 g of KNO2, 0.67 g 

of KNO3, and 1.00 g of Cr2O3. These solids were combined and ground to a uniform light 

green powder with a mortar and pestle. This mixture was added to one of two fused 125 

mL Schlenk flasks along with a glass stir bar. To the adjoining flask was added a solution 

of (Ind3Me-2,4,7)2V (0.120 g) in 40 mL of hexanes. The glassware was taken out of the 

drybox and placed on the Schlenk line. The entire apparatus was degassed to favor the 
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formation and dissolution of NO. The flask with the solids was placed in a 400 °C oil bath 

and the green mixture immediately grew pale. As the valve connecting the two flasks was 

opened, the green solution noticeably darkened to a coffee-black suspension. Under a N2 

purge, the compound did not revert to its green color, and further attempts to isolate and 

characterize the compound proved unsuccessful as the compound was insoluble in ali-

phatic, aromatic, and ethereal solvents.  

Reaction of Bis(2,4,7-trimethylindenyl)vanadium(II) with t-Butyl Iso-

cyanide (t-BuNC). In a 125 mL Erlenmeyer flask, 0.1523 g (0.417 mmol) of (Ind3Me-

2,4,7)2V was dissolved in 40 mL of diethyl ether. t-BuNC (0.0693g, 0.834 mmol) was dis-

solved in 10 mL of diethyl ether and added dropwise to the flask. The green solution im-

mediately darkened to brown and material precipitated from solution. Further attempts 

to isolate and characterize this compound proved unsuccessful as the compound was 

insoluble in aliphatic, aromatic, and ethereal solvents.  

Computational Details.  Geometry optimizations along with frequency calcula-

tions were performed using the GAUSSIAN 03 suite of programs.38 Density functional the-

ory was employed with the use of the PW91PW91 functional which incorporates the 1991 

gradient-corrected correlation and exchange functional of Perdew and Wang.137 The 

standard Pople basis set 6-31+G(d,p) was used,138 and, in conjunction with the 

PW91PW91 functional, has been shown to consistently predict carbonyl stretching fre-

quencies with good accuracy, approximately 15–25 cm-1 below experimental values. All 
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15 e- complex calculations were performed in the high-spin state with the relative ligand 

conformations geometrically optimized prior to frequency calculations.  

General Procedures for X-ray Crystallography. A suitable crystal of each 

sample was located, attached to a glass fiber, and mounted on a Siemens SMART Plat-

form CCD diffractometer for data collection. Data collection and structure solutions for 

all molecules were conducted at the X-ray Crystallography Laboratory at the University of 

Minnesota by Benjamin E. Kucera or at the University of California, San Diego by Dr. 

Arnold L. Rheingold. Data resolution of 0.84 Å was considered in the data reduction 

(SAINT 6.01 and SAINT 6.35, Bruker Analytical Systems, Madison, WI). The intensity 

data were corrected for absorption and decay (SADABS). All calculations were performed 

on computers using the current SHELXTL suite of programs.45 Final cell constants were 

calculated from a set of strong reflections measured during the actual data collection. 

Relevant crystal and data collection parameters for each of the compounds are given in 

Appendix B. 

The space groups were determined from unit cell parameters and intensity statistics. 

A direct-methods solution was calculated that provided most of the non-hydrogen atoms 

from the E-map. Several full-matrix least-squares/difference Fourier cycles were 

performed that located the remainder of the non-hydrogen atoms. All non-hydrogen 

atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

placed in ideal positions and refined as riding atoms with relative isotropic displacement 

parameters.  
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X-ray Crystallography of (Ind3Me-2,4,7)2V. Dark green crystals of (Ind3Me-2,4,7)2V 

were harvested by preparing a concentrated hexanes solution, which was cooled to –30 

°C. The crystals were separated from the mother liquor via cannulation and dried under 

vacuum prior to data collection. An initial set of cell constants was calculated from reflec-

tions produced from three sets of 20 frames. These sets of frames were oriented such that 

orthogonal wedges of reciprocal space were surveyed. This produced orientation matrices 

determined from 105 reflections. The final cell constants were calculated from the xyz 

centroids of 4056 strong reflections as described in the general procedures.  

Data was collected using MoKα radiation (graphite monochromator) with a frame 

time of 30 s and a detector distance of 4.9 cm. A randomly oriented region of reciprocal 

space was surveyed to the extent of 1 sphere, and to a resolution of 0.84 Å. Four major 

sections of frames were collected with 0.30° steps in ω at four different φ settings and a 

detector position of –28° in 2θ. 

The space group P21/n was determined as described in the general procedures. 

Despite a β angle near 90°, no valid solution could be obtained using an orthorhombic 

setting. Therefore a pseudo-merohedral twin law of the form [1 0 0 0 – 1 0 0 0 –1] was 

applied. The ratio of the twin components refined to 66:34. The final full matrix least-

squares refinement converged to R1 = 0.0487 and wR2 = 0.1029 (F2, all data). 

X-ray Crystallography of (Ind2Si-1,3)2V. Dark brown crystals of (Ind2Si-1,3)2V 

were harvested by preparing a concentrated hexanes solution and allowing it to slowly 
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evaporate at room temperature. The crystals were separated from the mother liquor and 

dried under vacuum prior to data collection. An initial set of cell constants was calculated 

from reflections produced from three sets of 20 frames. These sets of frames were ori-

ented such that orthogonal wedges of reciprocal space were surveyed. This produced ori-

entation matrices determined from 105 reflections. The final cell constants were calcu-

lated from the xyz centroids of 9401 strong reflections as described in the general 

procedures.  

Data was collected using a graphite monochromator with a frame time of 30 s and a 

detector distance of 4.9 cm. A randomly oriented region of reciprocal space was surveyed 

to the extent of 1 sphere, and to a resolution of 0.84 Å. Four major sections of frames 

were collected with 0.30° steps in ω at four different φ settings and a detector position of  

–28° in 2θ. 

The space group C2/c was determined as described in the general procedures. The 

final full matrix least-squares refinement converged to R1 = 0.0488 and wR2 = 0.0877 (F2, 

all data). 

X-ray Crystallography of (IndMe-2)2V. Dark green crystals of (IndMe-2)2V were 

harvested by preparing a concentrated pentane solution and allowing it to evaporate 

slowly at room temperature. The crystals were separated from the mother liquor and 

dried under vacuum prior to data collection. An initial set of cell constants was calculated 

from reflections produced from three sets of 20 frames. These sets of frames were ori-
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ented such that orthogonal wedges of reciprocal space were surveyed. This produced ori-

entation matrices determined from 105 reflections. The final cell constants were calcu-

lated from the xyz centroids of 2949 strong reflections as described in the general proce-

dures.  

Data was collected using a graphite monochromator with a frame time of 30 s and a 

detector distance of 4.9 cm. A randomly oriented region of reciprocal space was surveyed 

to the extent of 1 sphere, and to a resolution of 0.83 Å. Four major sections of frames 

were collected with 0.30° steps in ω at four different φ settings and a detector position of  

–28° in 2θ. 

The space group C2/c was determined as described in the general procedures. The 

final full matrix least-squares refinement converged to R1 = 0.0321 and wR2 = 0.0838 (F2, 

all data). 

X-ray Crystallography of (Ind2Me-4,7)2V. Dark brown crystals of (Ind2Me-4,7)2V 

were harvested by preparing a concentrated pentane solution and allowing it to slowly 

evaporate at room temperature. The crystals were separated from the mother liquor and 

dried under vacuum prior to data collection. An initial set of cell constants was calculated 

from reflections produced from three sets of 20 frames. These sets of frames were 

oriented such that orthogonal wedges of reciprocal space were surveyed. This produced 

orientation matrices determined from 105 reflections. The final cell constants were 

calculated from the xyz centroids of 5578 strong reflections as described in the general 

procedures.  
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Data was collected using a graphite monochromator with a frame time of 30 s and a 

detector distance of 4.9 cm. A randomly oriented region of reciprocal space was surveyed 

to the extent of 1 sphere, and to a resolution of 0.83 Å. Four major sections of frames 

were collected with 0.30° steps in ω at four different φ settings and a detector position of –

28° in 2θ. 

The space group Cc was determined as described in the general procedures. The final 

full matrix least-squares refinement converged to R1 = 0.0348 and wR2 = 0.0854 (F2, all 

data). 

 

Results 

Ligand Synthesis.  After the desired indene ring was synthesized and purified by 

vacuum distillation, the alkali metal indenide salt was prepared via deprotonation 

reaction with a strong base. Reactions with potassium bis(trimethylsilyl)amide were 

performed in toluene, followed by precipitation of the potassium indenide salt by the 

addition of hexanes. The indenides were isolated from bis(trimethylsilyl)amine by 

filtration and rigorous washing with additional hexanes. Reactions with n-butyl lithium 

were performed in a combination of pentane and hexanes, followed by precipitation of 

the lithium indenide salt by the addition of a small volume of diethyl ether. The indenides 

were similarly isolated and washed prior to reactions with transition metal salts.  
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Synthesis of Substituted Bis(indenyl)vanadium(II) Complexes.  Once the 

appropriate indenide salts were prepared, the corresponding bis(indenyl)vanadium(II) 

complexes could be readily synthesized by salt metathesis elimination reactions. The 

source of vanadium(II) was prepared via the reduction of vanadium(III) chloride with 

one equivalent of aluminum powder, and subsequently treated with two equivalents of 

the appropriate alkali metal indenide salt in THF (eq 5); the resulting mixtures were gen-

erally stirred overnight to ensure complete reaction. Following the removal of THF under 

vacuum, a less polar solvent (pentane, hexanes, or toluene) was added to extract the va-

nadium species, precipitating the alkali metal chloride in the process. The solubility of 

these bis(indenyl)vanadium(II) complexes in most non-polar solvents provides an effi-

cient means by which to separate the desired materials from the rest of the reaction mix-

ture.  

 

 

 

Solid State (SQUID) Magnetic Susceptibility Measurement of Bis(2-

methyl-indenyl)vanadium(II).  A crystalline sample of (IndMe-2)2V was examined 

with a SQUID magnetometer, and complete data from that measurement can be found in 

Appendix C. Figure 34 shows the recorded magnetic moment (μeff) of (IndMe-2)2V as a 

function of temperature. 

(5) 
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Figure 34. SQUID data for (IndMe-2)2V showing the compound's high-spin nature in the solid state.
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Solid State Structures 

(Ind2Si-1,3)2V. Crystals of (Ind2Si-1,3)2V were harvested from a hexanes solution as dark 

brown plates. An ORTEP of the molecule is given in Figure 35, which indicates the num-

bering scheme referred to in the text; selected bond lengths and angles are shown in Table 

13. 

The crystal structure has two independent (Ind2Si-1,3)2V molecules along with one n-

hexane molecule in the asymmetric unit. The two vanadium molecules are very similar in 

all bond distances and angles, so only one will be discussed. The molecule is in a gauche 

conformation with the ligands rotated 86.56° from eclipsed. Similar to other transition 

metal complexes of this ligand,8,77 the trimethylsilyl groups that lie between those of the 

opposing ligand are more sterically strained. Groups Si(2) and Si(3) are noticeably bent 

out of the C5 ring plane by an average distance of 0.273 Å, somewhat more than groups 

Si(1) and Si(4), which average 0.210 Å.  

The average V–C bond distance is 2.30(1) Å, which is the second longest metal–carbon 

distance known for this particular ligand set. Only the analogous manganese complex 

(see Chapter 3), with its 5 unpaired electrons, has longer distances, suggesting this mole-

cule must also possess a high-spin state (S = 3/2). The C5 rings in this compound have a 

smaller angle between them than the rings of the manganese analogue. This fact, in con-

junction with the lack of significantly increased bending along the hinge or fold angles, 

implies the molecule is not more strained than its manganese counterpart. As a final 
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point of comparison with the manganese molecule, (Ind2Si-1,3)2V possesses slightly shorter 

methyl–methyl contact distances (3.965 Å; cf. 3.992 Å for manganese) and shorter 

methyl–C6 ring contact distances (3.621 Å; cf. 3.772 Å for manganese). At metal–C5 ring 

distances shorter than about 2.3 Å, twisting of the ligands does not relieve all steric con-

gestion. In the case of (Ind2Si-1,3)2Cr, there is much more distortion of the ligands due to 

the shorter Cr–C bonds, significantly increasing the out-of-plane bending of the trimeth-

ylsilyl groups.8 

 

 
Table 13. Selected Bond Distances and Angles for (Ind2Si-1,3)2V. 

    Atoms  Distance (Å)      Atoms  Distance (Å) 
V(1)–C(1)  2.264(3)  V(1)–C(21)  2.255(3) 
V(1)–C(2)  2.310(4)  V(1)–C(22)  2.305(3) 
V(1)–C(3)  2.321(3)  V(1)–C(23)  2.327(3) 
V(1)–C(8)  2.316(3)  V(1)–C(28)  2.336(3) 
V(1)–C(9)  2.291(4)  V(1)–C(29)  2.287(4) 
       
 ΔM–C    0.040 Å  
 hinge angle    3.430°  
 fold angle    2.054°  
 angle between C5 ring planes    5.800°  
 twist    86.56°  
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Figure 35. ORTEP of the non-hydrogen atoms of (Ind2Si-1,3)2V illustrating the numbering 
scheme used in the text. Thermal ellipsoids are shown at the 50% level. 
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 (Ind3Me-2,4,7)2V. Crystals of (Ind3Me-2,4,7)2V were harvested from a hexanes solution as 

dark green blocks. An ORTEP of the molecule is given in Figure 36, which indicates the 

numbering scheme referred to in the text; selected bond lengths and angles are shown in 

Table 14. 

The crystal structure has four independent molecules in the asymmetric unit. The 

four molecules are very similar in all bond distances and angles, so only one will be 

discussed. The molecule possesses an eclipsed conformation with the ligands only slightly 

rotated from completely eclipsed (4.77°). The chromium analogue of this compound 

crystallizes with both eclipsed and staggered conformations in the unit cell,10 but only the 

eclipsed molecule will be examined for comparisons.  

The average V–C bond distance is 2.28(1) Å, similar to that found in (Ind2Si-1,3)2V, and 

expectedly longer than the low-spin (S = 1) chromium analogue (2.168(5) Å). Relative to 

the C5 ring plane, the methyl substituents at C(3) and C(15) are bent by 2.4° and 1.3°, re-

spectively. While not attributable to their proximity (3.992 Å, which is just at the van der 

Waal’s contact distance), this slight distortion observed in the vanadium complex is much 

more pronounced in the chromium species with the methyl groups bending out of the 

ring plane by 6.7°. The flexing of the methyl substituents in the vanadium complex is 

more noticeable on the C6 ring owing to the closer contact distances of 3.922 Å and 3.802 

Å. This oddity is caused by the unusually large fold angle (4.44°) in only one of the 

ligands which actually bends toward the other ring. This could be the result of a 15 e- 
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complex desiring more electron density around the metal. Bis(indenyl)zirconium(II) 

complexes are known to have η5-,η9-bound ligands, accommodated by much larger fold 

angles (37°) in the η9-bound ligand of (η9-1,3-diisopropylindenyl)-(η5-1,3-

diisopropylindenyl)zirconium.139 The extreme bending of the ligand in the zirconium 

case is attributed to the lack of C6 ring substituents in conjunction with a rotation to the 

gauche conformation. This configuration affords an 18 e- complex, rather than an ex-

tremely electron deficient η5,η5-bound complex. In (cyclopentadienyl)(pentalene) vana-

dium(III) complexes, the pentalene ligand is bent (≤ 43°) at the bridgehead atoms, also 

allowing for an 18 e- complex.140  

 
Table 14. Selected Bond Distances and Angles for (Ind3Me-2,4,7)2V. 

    Atoms  Distance (Å)      Atoms  Distance (Å) 
V(1)–C(1)  2.297(4)  V(1)–C(13)  2.286(4) 
V(1)–C(2)  2.265(4)  V(1)–C(14)  2.276(4) 
V(1)–C(3)  2.277(4)  V(1)–C(15)  2.298(4) 
V(1)–C(4)  2.264(4)  V(1)–C(16)  2.268(4) 
V(1)–C(5)  2.298(4)  V(1)–C(17)  2.269(4) 
       
 ΔM–C    0.002 Å  
 hinge angles    2.663°, 2.263°  
 fold angles    1.421°, 4.443°  
 angle between C5 ring planes    0.848°  
 twist    4.774°  
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Figure 36. ORTEP of the non-hydrogen atoms of (Ind3Me-2,4,7)2V illustrating the num-
bering scheme used in the text. Thermal ellipsoids are shown at the 50% level. 
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 (IndMe-2)2V. Crystals of (IndMe-2)2V were harvested from a pentane solution as dark 

green plates. Only half of the molecule is unique, as the vanadium lies on an inversion 

center. An ORTEP of the molecule is given in Figure 34, which indicates the numbering 

scheme referred to in the text; selected bond lengths and angles are shown in Table 15. 

The average V–C ring distance observed for this species (2.268(4) Å) is virtually iden-

tical to that observed in (Ind3Me-2,4,7)2V. The ligands are bound in an η5 fashion to the va-

nadium center, and are staggered 180° with respect to one another. The methyl group is 

bent out of the C5 plane by 0.035 Å (1.34°), which is similar to the out-of-plane bending 

angles found in (Ind3Me-2,4,7)2V. The inversion center necessarily causes the C5 rings to be 

perfectly parallel. This, in conjunction with the small degree of ring slippage (ΔMn–C = 

0.011 Å), suggests the core of the molecule is much like vanadocene.  

 
Table 15. Selected Bond Distances and Angles for (IndMe-2)2V. 

Atoms  Distance (Å)  Angle Degree 
V(1)–C(1)  2.256(2)  hinge 2.017 
V(1)–C(2)  2.274(2)  fold 3.793 
V(1)–C(3)  2.261(2)  C5 ring planes 0 
V(1)–C(8)  2.273(2)  twist 180 
V(1)–C(9)  2.277(2)    
       
  ΔM–C = 0.011 Å   
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Figure 37. ORTEP of the non-hydrogen atoms of (IndMe-2)2V illustrating the numbering scheme used in the text. Thermal ellipsoids 
are shown at the 50% level.
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 (Ind2Me-4,7)2V. Crystals of (Ind2Me-4,7)2V were harvested from a pentane solution as 

dark green plates. There are two independent molecules in the unit cell, however they 

have nearly identical bond lengths and angles, so only one will be discussed here. An 

ORTEP of the molecule is given in Figure 38, which indicates the numbering scheme re-

ferred to in the text; selected bond lengths and angles are shown in Table 16. 

The average V–C ring distance observed for this species (2.270(9) Å) is virtually iden-

tical to that observed in both (Ind3Me-2,4,7)2V and (IndMe-2)2V. The ligands are bound in an 

η5 fashion to the vanadium center, and are rotated 21.2° from perfectly eclipsed. This is a 

more noticeable twist than in the chromium analogue (8.6°, Chapter 1). The Me…Me 

contact distances of 3.884 Å and 3.925 Å are elongated from those in the chromium case, 

methyl groups range from 0.19° to 2.27°, which are similar to the out-of-plane bending 

angles found for the C6 ring methyl groups of (Ind3Me-2,4,7)2V.  

 
Table 16. Selected Bond Distances and Angles for (Ind2Me-4,7)2V. 

    Atoms  Distance (Å)      Atoms  Distance (Å) 
V(1)–C(1)  2.285(3)  V(1)–C(12)  2.268(3) 
V(1)–C(2)  2.258(3)  V(1)–C(13)  2.259(3) 
V(1)–C(3)  2.265(3)  V(1)–C(14)  2.274(3) 
V(1)–C(4)  2.263(3)  V(1)–C(15)  2.268(3) 
V(1)–C(5)  2.285(3)  V(1)–C(16)  2.279(3) 
       
 ΔM–C    0.015 Å  
 hinge angles    2.300°, 2.214°  
 fold angles    2.387°, 2.844°  
 angle between C5 ring planes    1.830°  
 twist    21.175°  
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Figure 38. ORTEP of the non-hydrogen atoms of (Ind2Me-4,7)2V illustrating the number-
ing scheme used in the text. Thermal ellipsoids are shown at the 50% level. 
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Computational Results 

The parent bis(indenyl)vanadium(II) has been known since 1986,7 and it was isolated 

as dark green crystals the following year.141 The crystal structure was not satisfactorily de-

termined due to the presence of both staggered and eclipsed ring conformations 

occurring in the lattice. For a basis of comparison, DFT calculations have been performed 

on this parent molecule in three conformations (staggered, eclipsed, and gauche). The 

functional and basis set PW91PW91/6-31+G(d,p) was used throughout this study, and 

was used here to determine the relative energies of the three conformations. As expected, 

only a very slight energy difference exists among rotational conformers, which is 

consistent with the lack of a preferred rotamer in the solid state. The energetic similarity 

among these calculated minima is not indicative of a low rotational barrier, as this barrier 

has been shown to be much higher than in Cp complexes.142 Results are listed in Table 17. 

The uptake of a single molecule of CO by (Ind)2V was studied by this method to de-

termine the preferred geometric conformation of the molecule, along with the energy 

 
Table 17. Calculated Relative Thermodynamics of (Ind)2V 
rotational  

conformation 
unpaired electrons Number of Imagi-

nary frequencies 
relative ΔG0 at 298 K 
and 1 atm (kcal/mol) 

eclipsed 3 0 +2.3 

gauche 3 0 0 

staggered 3 0 +2.0 
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change and stretching frequency of the monocarbonyl. While the variance of 20 cm-1 be-

tween calculated νCO values seems large, it corresponds to an energy difference of only 

0.06 kcal/mol, and is within the estimated accuracy of the functional and basis set used. 

Three geometric minima were found, with their ΔG0 values varying by only 1.4 kcal/mol. 

The conformations are depicted in Figure 39, and their corresponding carbonyl 

stretching frequencies and relative energies are presented in Table 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 39. Calculated geometric minima of (Ind)2V(CO), forming eclipsed (upper left), 
“inner gauche” (upper right), and “outer gauche” (lower) conformations. 
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Table 18. Calculated relative thermodynamics of (Ind)2V(CO) 
rotational  

conformation 
unpaired 
electrons 

Imaginary         
frequencies 

(cm-1) 

C–O stretching 
frequency (cm-1) 

ΔG0 at 298 K/1 atm 
(kcal/mol) 

Eclipsed 1 0 1910 0 

“inner gauche” 1 0 1905 +1.3 

“outer gauche” 1 0 1890 +1.4 

 

 

The carbonylation of bis(indenyl)vanadium(II) is known to form the dicarbonyl 

complex, which has been crystallographically characterized.7 While not imposed in the 

crystal structure, Cs symmetry was enforced to perform DFT calculations on this mole-

cule. The resulting minimum was in good agreement with the known compound for most 

V–C bond distances, as well as with the carbonyl stretching frequencies. Comparisons 

between the calculated and x-ray structures are shown in Table 19. 

 
Table 19. Calculated vs Real Bond Distances and Stretching Frequencies of 
(Ind)2V(CO)2 

 (η5-Ind)–V   dis-
tance (Å) 

(η3-Ind)–V dis-
tance (Å) 

V–CO         
distance (Å) 

carbonyl stretching 
frequencies (cm-1) 

calculated  
st ructure (Cs) 

2.412 
2.269 

2.363 
2.179 

1.916 1916 (asymmetric) 
1954 (symmetric) 

 2.239    

x -ray           
st ructure 

2.388, 2.387 
2.260, 2.272 

2.360, 2.379 
2.186 

1.946, 1.953 1926 (asymmetric) 
1978 (symmetric) 

 2.237    
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The calculated ΔG0 values at 298 K and 1 atm for (Ind)2V, (Ind)2V(CO), and 

(Ind)2V(CO)2 have been compared to assess the energetic favorability of the dicarbonyl 

formation. The binding of a single carbonyl has been determined to be spontaneous by 

11.5 kcal/mol, while uptake of the second carbonyl is favored by an additional 15.9 

kcal/mol, suggesting the monocarbonyl species to be a transient intermediate to the di-

carbonyl complex. This was verified by the unsuccessful attempts to isolate or even detect 

the presence of the monocarbonyl adduct.143 

 

FTIR Spectra 

In a study of the steric and electronic effects of various positions of methyl and 

trimethylsilyl substituents in bis(indenyl)vanadium(II) complexes, a carbonylation reac-

tion at 1 atm with each compound was carried out and the resulting infrared stretching 

frequencies were recorded. The reaction of CO with (Ind2Si-1,3)2V did not produce a color 

change, hence the observed spectrum (indicating the lack of a carbonyl stretch) is not 

shown. The methyl substituted compounds did undergo a color change from dark green 

to various shades of brown, and their IR spectra (Figure 40) confirm the presence of at 

least one V–CO bond in each case.  

The single peak at 1882 cm-1 of (Ind3Me-2,4,7)2V + CO (Figure 40) indicates a monocar-

bonyl complex was formed. In comparison with the calculated (Ind)2V(CO) stretching 

frequencies (1910–1890 cm-1), we observed a lowering of the (Ind3Me-2,4,7)2V(CO) carbonyl 
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peak due to the added electron donation of the methyl substituents. Upon the use of addi-

tional CO pressure (1.36 atm), the growth of dicarbonyl resonances was not observed.  

The reaction of (IndMe-2)2V + CO yields a classic dicarbonyl stretching pattern with 

the symmetric stretch registering at 1961 cm-1 and the asymmetric stretch at 1895 cm-1. 

This naturally suggests that the removal of the methyl groups in the 4- and 7-positions 

allowed one of the indenyl rings to slip to an η3-hapticity, accommodating the second 

carbonyl. To see what effect the 4- and 7-position methyl substituents have on carbonyla-

tion, the spectrum of (Ind2Me-4,7)2V + CO was recorded. The strong peak at 1909 cm-1 is 

suggestive of the formation of a monocarbonyl product; however, it is accompanied by a 

much less intense peak at 1965 cm-1. This anomaly might be explained by the presence of 

a small amount of the dicarbonyl species, in which case the asymmetric stretch is over-

lapped by the monocarbonyl peak. 
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Figure 40. FTIR solution spectra of (Ind3Me-2,4,7)2V, (Ind2Me-4,7)2V, and (IndMe-2)2V (from left to right) upon reaction with CO (1 atm).
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Discussion 

Vanadocene and decamethylvanadocene are both high-spin (S = 3/2) complexes, suggest-

ing the lowering of the spin-state to S = ½ in a bis(indenyl)vanadium(II) complex by the ad-

dition of electron donor substituents to the rings is unlikely. As observed in 

bis(indenyl)chromium(II) complexes, the symmetry of the molecules plays an important role 

in defining the spin states. This idea was investigated through the synthesis of the complexes 

(Ind2Si-1,3)2V and (Ind3Me-2,4,7)2V. The trimethylsilylated compound was expected to exist in a 

gauche conformation, while the less bulky ligands of the latter complex could more easily ro-

tate to an eclipsed or staggered arrangement, both of which happen to be present in the case 

of chromium.10 While neither molecule is centrosymmetric in the solid state (a requirement 

for high-spin complexes of bis(indenyl)chromium), this breaking of the symmetry did not 

produce low-spin molecules. Of course, in the case of (Ind2Si-1,3)2V, a low-spin molecule would 

force even greater steric repulsions due to the shortened V–C distances.  

One obvious difference between the two molecules is the relative accessibility of the vana-

dium centers. The gauche conformation in (Ind2Si-1,3)2V leads to a more highly encapsulated 

metal compared to the more accessible metal center provided by the less bulky rings of 

(Ind3Me-2,4,7)2V. This can be better understood by viewing the space filling models in Figure 41. 

This distinction was examined for its effect on the reactivity of each complex in the presence 

of carbon monoxide, as the parent (Ind)2V is known to form a stable dicarbonyl.  
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Figure 41. Space filling models of (Ind2Si-1,3)2V (top) and (Ind3Me-2,4,7)2V (bottom).
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The lack of reaction of (Ind2Si-1,3)2V with CO, even under increased pressure, was not 

as surprising as the formation of the monocarbonyl complex (Ind3Me-2,4,7)2V(CO). The 

three methyl substituents on each ring, along with the ligated CO, must provide enough 

steric congestion to prevent the rotation of the complex to the staggered conformation, 

inhibiting the binding of the second carbonyl. The formation of monocarbonyl 

complexes from Cp2V and Cp*2V is known.136,144 These 17 e- species are favored over the 

dicarbonyl complexes due to the large energy barrier of the η5 to η3 haptotropic slip of the 

Cp ligand required to bind a second carbonyl. The more heavily methylated 

bis(1,2,3,4,5,6,7-heptamethyl-indenyl)chromium(II) complex,21 with even shorter metal–

carbon bonds than those observed in the vanadium compound, forms a dicarbonyl,115 

suggesting steric hindrance of the three methyl groups alone is not the dominant factor 

preventing further carbonylation. The commonality between the structurally 

characterized dicarbonyl complexes of vanadium and chromium is the indenyl rings are 

staggered in the solid state, although it is unclear whether this conformation persists in 

solution. As noted in the crystal structure description, one of the indenyl rings in (Ind3Me-

2,4,7)2V is slightly bent toward the opposing ring, possibly due to a van der Waals 

attraction between the methyl groups. The rotation of the rings in (Ind3Me-2,4,7)2V from 

eclipsed to a staggered conformation necessary to accommodate both carbonyl ligands 

may simply be too high of an energy barrier to surmount. 
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As a test of this theory, the molecules (Ind2Me-4,7)2V and (IndMe-2)2V were synthesized. 

In the case of (IndMe-2)2V, the dicarbonyl was formed with CO peaks shifted to lower fre-

quencies than those in (Ind)2V(CO)2. This is expected given that the IndMe-2 ligand is a 

better electron donor, promoting stronger V–CO bonds due to more V–CO backbond-

ing. The carbonylation reaction of (Ind2Me-4,7)2V produces an unanticipated IR spectrum, 

which, earlier in this chapter, was suggested to be the overlap of the combination of a di-

carbonyl complex with a monocarbonyl complex. According to this interpretation, a 

higher ratio of eclipsed to staggered ligand conformations exists in solution. The symmet-

ric stretch of this dicarbonyl molecule at 1965 cm-1 is indistinguishable from the analo-

gous stretch of (IndMe-2)2V(CO)2 at 1961 cm-1 since the accuracy of the spectrometer was 

set to ± 2 cm-1. The stretch of the monocarbonyl (Ind2Me-4,7)2V(CO) at 1909 cm-1 is appro-

priately shifted to a higher frequency from that of (Ind3Me-2,4,7)2V(CO) (1882 cm-1). The 

only apparent inconsistency in these spectra is the dicarbonyl’s ((Ind2Me-4,7)2V(CO)2) hav-

ing slightly higher energy stretches than in (IndMe-2)2V(CO)2. 

We previously determined the Ind2Me-4,7 ligand to be a better donor than the IndMe-2 

ligand (see Chapter 1); however, the ability of the 4- and 7-positions to donate to a metal 

center on an η3 slipped ring may very well be compromised. The crystal structure of 

(Ind)2V(CO)2 shows the C(1)–C(8) and C(3)–C(9) distances of the η3–bound ring have 

elongated to 1.455(6) Å, as compared with the bond distances of the same bonds on the 

η5–bound ring (1.421(7) Å), thereby disrupting the delocalization of one C5 ring. This 

lowers the ability of the C6 ring substituents to donate electron density to the metal cen-
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ter, while the 1- and 3-positions would be less affected. The V–C(2) bond distance of the 

η3–bound ring is the shortest of any ring carbon, likely enhancing the electron donation 

from the 2-position substituent. This allows for overall better donation from the indenyl 

ligands in (IndMe-2)2V(CO)2, weakening the CO stretching energies relative to those of 

(Ind2Me-4,7)2V(CO)2. 

 

Conclusion 

Ligand-substituted molecules of bis(indenyl)vanadium(II) have been crystallographi-

cally characterized for the first time. These compounds exist in the high-spin state at all 

recorded temperatures regardless of substituent types, positions, or resulting rotational 

conformation of the ligands. Although still O2 sensitive, the reactivity of the vanadium 

center toward CO in (Ind2Si-1,3)2V has been blocked. By replacing the sterically demanding 

trimethylsilyl substituents with more compact methyl groups, carbon monoxide becomes 

a strongly coordinated ligand, as evidenced by the low IR stretching frequencies. It re-

mains, however, highly labile. The slight variations in methyl substitution patterns has 

unexpectedly led to tremendous carbonylation reactivity differences, the results of which 

are highly suggestive of large energetic barriers preventing conformational rearrange-

ments even in solution. This is not inconsistent with the calculated slight energy differ-

ence between rotamers, but it does suggest the presence of a high energy transition state.  
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CHAPTER  V 

 
 

SUMMARY AND FUTURE DIRECTIONS 

 

Although the ligand field of the cyclopentadienyl ring is stronger than that of the in-

denyl ligand, the ability of the indenyl ring to vary its hapticity more easily in transition 

metal complexes has allowed for a larger diversity in both the structure and reactivity of 

early to middle first row (metallocene-type) transition metal complexes. This has been 

accomplished through the use of methyl or trimethylsilyl substituted indenyl rings. 

Trimethylsilyl groups have been employed as sterically demanding substituents, with 

their placements on the ring designed to impose a specific rotational conformation of the 

ligands without substantially altering the electron donation of the ring. Substitution of the 

1- and 3-positions of the indenyl ring with SiMe3 groups, followed by complexation of 

two indenyl rings to a metal, has consistently produced gauche conformations. The 

average metal–carbon bond distances of the (Ind2Si-1,3)2M framework, where M = V, Cr,8 

Mn, or Fe,77 are shown in Table 20 and plotted in Figure 42. As can be seen from the rest 

of the data in Table 20, there are no correlations between other geometrical aspects with 

the spin-state of the molecules. 
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Table 20. Comparisons among (Ind2Si-1,3)2M, Where M = Fe, Cr,  V, and Mn. 

complex unpaired 
electrons 

average M–C    
distance (Å) 

angle between C5 
ring planes 

rotation from 
eclipsed 

(Ind2Si-1,3)2Fe 0 2.09(1) 5.8° 94.3° 

(Ind2Si-1,3)2Cr 2 2.20(2) 9.99° 86.3° 

(Ind2Si-1,3)2V 3 2.30(1) 5.8° 86.6° 

(Ind2Si-1,3)2Mn 5 2.42(1) 7.99° 97.0° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. Plot showing the linear relationship of the average M–C distance of (Ind2Si-

1,3)2M with the number of unpaired electrons in the molecules; M = Fe, Cr, V, and Mn. 
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Mn 
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The methylated indenyl rings IndMe-2, Ind2Me-4,7, and Ind3Me-2,4,7 have been studied in 

complexes of vanadium, chromium,9,10 and manganese. In the cases of vanadium and 

chromium, the rotational conformations of the complexes with the same ligands are con-

sistent, except with the Ind3Me-2,4,7 ligand set. For (Ind3Me-2,4,7)2Cr, there are both eclipsed 

and staggered conformations present in a 2:1 ratio in the solid state. As determined in 

Chapter 1, the inversion center of the staggered form leads to nonbonding combinations 

of orbitals 42 and 44 (Figures 12 and 13). This lack of interaction with a metal d orbital, 

allows orbital 48 to be sufficiently low in energy to be singly occupied, resulting in a high-

spin molecule.  

In the vanadium analog to (Ind3Me-2,4,7)2Cr, only the eclipsed conformation is present 

in the solid state. Assuming the Hückel calculations can be extended to the vanadium sys-

tem of one less electron, a prediction of the spin-state of the system can be made. Al-

though the symmetry has been relaxed to allow bonding interactions with orbitals 42 and 

43, one fewer d electron means the energy gap between orbitals 47 and 48 no longer de-

termines the spin-state. The relatively small difference in energy between orbitals 46 and 

47, regardless of symmetry, ensures a high-spin molecule (3 unpaired electrons). This is 

experimentally observed; both the eclipsed ((Ind2Me-4,7)2V and (Ind3Me-2,4,7)2V) and 

staggered ((IndMe-2)2V) molecules possess 3 unpaired electrons in solution as well as the in 

solid state.  
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Attempts to produce monomeric sandwich complexes of manganese with the methy-

lated indenyl ligands have been unsuccessful thus far. High-spin complexes of methyl-

substituted bis(indenyl)manganese(II) have been shown to possess a large degree of struc-

tural variations in the solid state not observed in substituted bis(indenyl)vanadium(II) or 

chromium(II) complexes. Bonding modes of the indenyl ligands include terminal η1-, η2-, 

η3-, and η5-, along with bridging η1,η1- and η1,η2-ligands.  

Efforts to produce monomeric, methyl-substituted bis(indenyl)manganese(II) com-

plexes are still underway. These sandwich frameworks are desirable as π-stacking, one-

electron donors for use in CT salts. Once oxidized to Mn(III) (a d4 system like Cr(II)), 

spin-crossover behavior may result. If magnetic ordering is also observed in the range of 

temperatures that produces the spin-state change, the system would likely possess 

bistability—a highly desirable property for magnetic materials involving hysteresis due to 

a system possessing two distinct low-energy states under the same conditions.  

Systems that could possess this kind of magnetism are under investigation at this 

time. To determine the type and degree of magnetism present in a sample over a nearly 

300° range of temperatures approaching absolute zero, a superconducting quantum inter-

ference device (SQUID) is used.  

Although the present methyl substituted indenyl manganese(II) complexes are not 

structurally suited for incorporation into CT salts, [(Ind')MnCl(thf)] has been shown to 

exhibit reactivity with select nonpolar gases such as N2, H2, and C2H4. Attempts to stabi-
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lize such interactions via indenyl ring substitutions have been mostly ineffective, although 

substituents other than methyl groups (i.e., trimethylsilyl, ethyl, and isopropyl) are yet to 

be studied. Because metal to ligand backbonding is crucial to the stabilization of the 

Mn…N2 interaction, strong σ-donors, such as alkyl phosphines, will be examined as re-

placements for the coordinated THF ligands. Finally, the bridging halides will be varied to 

produce [(Ind')MnF(L)] and [(Ind')MnI(L)]. By optimizing the complex with most suit-

able indenyl ring, halide, and σ-donor, the extreme lability of the nonpolar gases may be 

stabilized to produce an isolable and more easily studied product. The binding of such 

gases as N2 and C2H4 may be useful in the design of catalytic system for ammonia and 

polyolefin production. 
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Appendix A 

SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF INDENYL ZINC(II) 

COMPLEXES AND THEIR SUBSEQUENT ATTEMPTED REDUCTIONS TO ZINC(I) 
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The following work was undertaken in an attempt to extend the work of Carmona145 

on Zn(I)-containing cyclopentadienyl compounds to complexes with the indenyl ligand. 

The original goal was not achieved, owing to rapid formation of zinc metal when reduc-

tion of Zn(II) precursors was attempted. In the course of the project, the first crystal-

lographically characterized indenyl zinc iodide species was isolated.  

 

Experimental 

Synthesis and Attempted Reduction of Bis(indenyl)zinc(II),  (Ind)2Zn. 

1.23 g (3.85 mmol) of ZnI2 was added to a 125 mL Erlenmeyer flask along with a stir bar 

and 10 mL of THF. To the mixture was added 1.170 g (7.58 mmol) of potassium indenide 

dissolved in 20 mL of THF. After stirring overnight, the reaction mixture was colorless 

and was dried under vacuum before extracting with 20 mL of a 50/50 hexanes/diethyl 

ether mixture. 0.0204 g (0.509 mmol) of KH was added and the mixture continued stir-

ring at –30 °C for 2 h. The THF was removed under vacuum, and 7 mL of pentane was 

added to extract the organozinc complex. After filtering over a medium porosity glass frit, 

the filtrate was a faint yellow solution. Upon removal of the solvent at –30 °C over 12 h, a 

light yellow oil remained which decomposed with warming to RT. 

Attempted Synthesis of Bis(1,2,3-trimethylindenyl)dizinc(I),  (Ind3Me-

1,2,3)2Zn2 (route 1).  All chemicals, solvents, and glassware were chilled and kept at –30 

°C at all steps during this synthesis. ZnI2 (0.1626 g, 0.509 mmol) was added to a 10 mL 



     190 

vial along with a stir bar and 3 mL of THF. To the mixture was added 0.200 g (1.02 

mmol) of potassium 1,2,3-trimethylindenide in 3 mL of cold THF with stirring. The reac-

tion mixture lightened from a dark yellow in 5 min as KI precipitated from solution. After 

about 30 min of stirring, 0.0204 g (0.509 mmol) of KH was added, and the reaction was 

allowed to stir for 2 h. The THF was removed under vacuum, and 7 mL of pentane was 

added to extract the organozinc product. After filtering over a medium porosity glass frit, 

the filtrate was a faint yellow solution. Upon removal of the solvent at –30 °C, a light yel-

low oil was isolated which subsequently decomposed with warming to RT.  

Attempted Synthesis of Bis(1,2,3-trimethylindenyl)dizinc(I),  (Ind3Me-

1,2,3)2Zn2 (route 2).  All chemicals, solvents, and glassware were chilled and kept at –30 

°C during all steps of this synthesis. ZnI2 (0.1626 g, 0.509 mmol) was added to a 10 mL 

vial along with a stir bar and 3 mL of THF. To the mixture was added 0.200 g (1.02 

mmol) of potassium 1,2,3-trimethylindenide in 3 mL of cold THF with stirring. The reac-

tion mixture lightened from a dark yellow in 5 min as KI precipitated from solution. After 

about 30 min of stirring, 0.51 mL (1.0 M, 0.51 mmol) of diethyl zinc was added, and the 

mixture continued stirring for 2 h. The THF was removed under vacuum, and 7 mL of 

hexanes was added to extract the organozinc product. After filtering over a medium po-

rosity glass frit, the filtrate was faintly yellow, which upon removal of the solvent at –30 

°C over 12 h, left clear, colorless crystals. There were two distinct crystalline materials in 

the flask, one of which was stable enough to obtain an x-ray structure (Figure 43). The 
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larger crystals decompose instantly upon exposure to room temperature, depositing zinc 

metal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43. Ball and stick model of the non-hydrogen atoms of (Ind3Me-1,2,3)2Zn(Et2O). 
Poor crystallographic data prevent rigorous structural interpretations. 

 

Synthesis of 1,3-Bis(trimethylsilyl)indenyl Zinc(II) Iodide, (Ind2Si-

1,3)ZnI.  ZnI2 (0.1936 g, 0.607 mmol) was added to a 250 mL Erlenmeyer flask fitted with 

a stir bar. THF (50 mL) was added and the flask was stirred for 1 h to disperse the ZnI2. 
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Potassium 1,3-bis(trimethylsilyl)indenide (0.1811 g, 0.606 mmol) was dissolved in 100 

mL of THF and added to a 125 mL addition funnel. The K[Ind2Si-1,3] was added dropwise 

over 2 h into the flask containing ZnI2. The reaction was allowed to stir overnight before 

the removal of the solvent under vacuum left white precipitate and a colorless oil. Pentane 

(30 mL) was added to the flask with stirring, causing the oil to dissolve. The precipitate 

was removed by filtration. After several washes (4 × 10 mL), the pentane filtrates were 

combined into a 125 mL Erlenmeyer flask. The flask was slowly cooled from room tem-

perature to –20 °C over 5 days. Golden crystalline rods grew from the solution, mp 182–

190 °C. The structure was confirmed to be dimeric by x-ray analysis (Figure 44).  

Attempted Syntheses of Bis(1,3-bis(trimethylsilyl)indenyl)dizinc(I),               

[(Ind2Si-1,3)Zn]2.  To a solution of [(Ind2Si-1,3)ZnI(thf)]2 in 40 mL of THF was slowly 

added one equivalent of a reducing agent (NaK alloy, sodium naphthenide, C8K, or potas-

sium metal). After removal of the THF solvent under vacuum, an aliphatic solvent (pen-

tane or hexanes) was added to promote precipitation of the alkali metal iodide salt. Any 

indenyl zinc product was isolated by filtration, followed by the removal of the solvent by 

evaporation under reduced pressure. The product was often a mixture of starting material 

with zinc metal, and no zinc(I) species were isolated. 

Attempted Syntheses of 1,3-Bis(trimethylsilyl)indenyl)zinc(I) Hydride,              

[(Ind2Si-1,3)ZnH]2.  To a stirring solution of 0.160 g (0.153 mmol) of [(Ind2Si-1,3)ZnI]2 in 

40 mL of THF was slowly added one equivalent of potassium hydride (6.1 mg, 0.15 
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mmol). After typical workup of the reaction (removal of THF, extraction into hexanes, 

filtration, and evaporation of the hexanes), only an oil remained. 1H NMR showed the 

same characteristic peaks of [(Ind2Si-1,3)ZnI]2. 
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Figure 44. ORTEP of the non-hydrogen atoms of [(Ind2Si-1,3)ZnI(thf)]2. Thermal ellipsoids are displayed at the 50% level. 
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Appendix B 

CRYSTAL DATA AND ATOMIC FRACTIONAL COORDINATES FOR X-RAY 

STRUCTURAL DETERMINATIONS 
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Table 21. Crystal data and structure refinement for (Ind2Me-4,7)2Cr. 
________________________________________________________________________ 
 
Empirical formula  C22 H22 Cr 

Formula weight  338.40 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  Cc 
Unit cell dimensions  a = 15.3746(14) Å aα = 90° 
 b = 18.3542(16) Å bβ = 108.440(2)° 
 c = 12.656(1) Å gγ = 90° 
Volume 3388.0(5) Å3 
Z 8 
Density (calculated) 1.327 g/cm3 
Absorption coefficient 0.672 mm-1 
F(000) 1424 
Crystal color, morphology red-black, plate 
Crystal size 0.36 x 0.32 x 0.12 mm3 
Theta range for data collection 1.78 to 25.05° 
Index ranges -18 ≤£h ≤ 18, -21 ≤ k ≤ 21, -15 ≤ l ≤£11 
Reflections collected 10472 
Independent reflections 5033 [Rint = 0.0346] 

Observed reflections 4432 
Completeness to theta = 25.05°  99.8%  
Absorption correction Multi-scan 
Max. and min. transmission 0.9237 and 0.7939 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5033 / 2 / 424 
Goodness-of-fit on F2 1.042 
Final R indices [I>2σ(I)]  R1 = 0.0364, wR2 = 0.0835 
R indices (all data) R1 = 0.0458, wR2 = 0.0893  
Absolute structure parameter 0.26(2) 
Largest diff. peak and hole 0.251 and -0.194 e-/Å3 
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Table 22. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103 ) for (Ind2Me-4,7)2Cr. Ueq is defined as 1/3 of the trace of the orthogonalized Uij 

tensor. 
________________________________________________________________________  
atoms x y z Ueq 

________________________________________________________________________ 
Cr(1) 1000(1) 790(1) 988(1) 34(1) 
C(1) 787(3) 1956(2) 516(3) 31(1) 
C(2) 1675(3) 1705(2) 529(4) 39(1) 
C(3) 1536(3) 1141(2) -284(4) 49(1) 
C(4) 584(3) 1027(2) -777(4) 43(1) 
C(5) 111(3) 1541(2) -317(3) 36(1) 
C(6) -838(3) 1649(2) -486(4) 47(1) 
C(7) -1072(3) 2157(3) 154(5) 55(1) 
C(8) -406(4) 2558(2) 980(4) 59(1) 
C(9) 514(3) 2478(2) 1180(4) 41(1) 
C(10) 1238(4) 2895(2) 2050(4) 72(2) 
C(11) -1536(3) 1225(3) -1372(4) 78(2) 
C(12) 1003(3) 548(2) 2727(3) 34(1) 
C(13) 1812(3) 287(2) 2547(4) 42(1) 
C(14) 1545(4) -233(2) 1664(4) 53(1) 
C(15) 579(4) -284(2) 1288(4) 49(1) 
C(16) 225(3) 201(2) 1953(3) 38(1) 
C(17) -680(3) 390(2) 1931(4) 48(1) 
C(18) -770(3) 901(2) 2666(4) 53(1) 
C(19) -4(4) 1244(2) 3432(4) 53(1) 
C(20) 875(3) 1085(2) 3476(3) 42(1) 
C(21) 1703(4) 1436(3) 4287(4) 64(1) 
C(22) -1481(3) 16(3) 1104(4) 69(2) 
Cr(2) 4619(1) 1757(1) 1741(1) 28(1) 
C(23) 4792(3) 1997(2) 99(3) 33(1) 
C(25) 4138(3) 2787(2) 1044(4) 48(1) 
C(26) 5107(3) 2816(2) 1561(3) 46(1) 
C(27) 5525(3) 2334(2) 973(4) 38(1) 
C(24) 3952(3) 2270(2) 172(3) 37(1) 
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C(28) 6447(3) 2114(3) 1166(4) 54(1) 
C(29) 6595(4) 1580(3) 505(5) 65(2) 
C(30) 5881(4) 1243(3) -358(4) 58(1) 
C(31) 4988(3) 1435(2) -577(3) 41(1) 
C(32) 4211(4) 1105(2) -1487(4) 59(1) 
C(33) 7209(3) 2485(3) 2071(5) 85(2) 
C(34) 4737(3) 592(2) 2200(3) 33(1) 
C(35) 3841(3) 864(2) 2048(4) 35(1) 
C(36) 3906(3) 1427(2) 2844(3) 39(1) 
C(37) 4841(3) 1516(2) 3469(3) 38(1) 
C(38) 5362(3) 994(2) 3092(3) 33(1) 
C(39) 6325(3) 879(2) 3412(4) 45(1) 
C(40) 6623(3) 382(3) 2833(5) 58(1) 
C(41) 6038(4) -20(2) 1950(5) 62(2) 
C(42) 5082(4) 68(2) 1595(4) 47(1) 
C(43) 4423(4) -341(2) 653(4) 75(2) 
C(44) 6957(3) 1307(3) 4363(4) 68(1) 
________________________________________________________________________
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Table 23. Crystal data and structure refinement for (IndMe-4)3Cr2Cl. 
________________________________________________________________________ 
 
Empirical formula  C30 H27 Cl Cr2 

Formula weight  526.99 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions  a = 24.675(4) Å a α = 90° 
 b = 6.7882(10) Å b β = 95.473(2)° 
 c = 16.172(2) Å g γ = 90° 
Volume 2696.5(7) Å3 
Z 4 
Density (calculated) 1.387 g/cm3 
Absorption coefficient 0.926 mm-1 
F(000) 1168 
Crystal color, morphology brown, needle 
Crystal size 0.30 x 0.05 x 0.05 mm3 
Theta range for data collection 0.83 to 25.05° 
Index ranges -29£≤ h ≤ 29, -8 ≤ k ≤£6, -19 ≤ l ≤ 19 
Reflections collected 15782 
Independent reflections 4718 [Rint = 0.0921] 

Observed reflections 2425 
Completeness to theta = 25.05°  99.1%  
Absorption correction Multi-scan  
Max. and min. transmission 0.9552 and 0.7686 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4718 / 169 / 367 
Goodness-of-fit on F2 1.043 
Final R indices [I>2σ(I)]  R1 = 0.0849, wR2 = 0.1924 
R indices (all data) R1 = 0.1619, wR2 = 0.2190  
Largest diff. peak and hole 0.684 and -0.425 e-/Å3 
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Table 24. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103 ) for (IndMe-4)3Cr2Cl. Ueq is defined as 1/3 of the trace of the orthogonalized Uij 

tensor. 
________________________________________________________________________ 
atoms x y z Ueq 

________________________________________________________________________ 
Cr(1) 3231(1) 3069(2) 7956(1) 42(1) 
Cr(2) 2285(1) 3042(2) 7757(1) 42(1) 
Cl(1) 2759(1) 6004(3) 7676(1) 49(1) 
C(1) 4157(3) 2373(16) 7974(6) 70(3) 
C(2) 3832(4) 621(14) 7876(6) 71(3) 
C(3) 3532(3) 810(14) 7094(5) 65(3) 
C(4) 3621(3) 2669(14) 6774(5) 59(2) 
C(5) 4027(4) 3655(14) 7312(6) 68(3) 
C(6) 4275(4) 5593(16) 7273(7) 82(3) 
C(7) 4639(5) 6000(20) 7891(9) 112(4) 
C(8) 4802(4) 4777(19) 8563(7) 83(4) 
C(9) 4562(4) 2940(20) 8644(7) 110(4) 
C(10) 4713(5) 1580(20) 9269(7) 142(6) 
C(11) 2903(5) 4614(16) 9631(6) 49(2) 
C(12) 3171(4) 2919(15) 9274(5) 50(2) 
C(13) 2722(4) 1694(16) 8991(5) 49(2) 
C(14) 2219(4) 2675(16) 9064(5) 51(2) 
C(15) 2332(5) 4505(16) 9465(8) 53(2) 
C(16) 1957(5) 6102(16) 9702(5) 60(3) 
C(17) 2216(5) 7545(18) 10070(7) 77(3) 
C(18) 2779(5) 7850(30) 10252(16) 63(3) 
C(19) 3131(5) 6387(16) 9993(6) 63(3) 
C(20) 3701(5) 6580(20) 10102(8) 87(4) 
C(21) 1360(4) 2320(20) 7385(7) 81(4) 
C(22) 1690(4) 579(16) 7429(7) 62(3) 
C(23) 2040(4) 807(18) 6789(6) 53(3) 
C(24) 1955(4) 2650(19) 6415(6) 55(3) 
C(25) 1542(5) 3649(19) 6797(6) 67(3) 
C(26) 1272(5) 5490(20) 6735(10) 99(5) 
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C(27) 849(5) 5910(20) 7245(10) 102(5) 
C(28) 683(7) 4480(30) 7810(11) 104(6) 
C(29) 937(5) 2800(30) 7927(9) 103(6) 
C(30) 775(5) 1310(30) 8519(8) 112(7) 
________________________________________________________________________
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Table 25. Crystal data and structure refinement for [(IndBzo-5,6)2Cr]2. 
________________________________________________________________________ 
 
Empirical formula C55.5 H40 Cr2 

Formula weight 810.88 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 33.888(10) Å α= 90° 
 b = 16.944(5) Å β= 101.661(5)° 
 c = 15.386(5) Å γ = 90° 
Volume 8653(5) Å3 
Z 8 
Density (calculated) 1.245 g/cm3 
Absorption coefficient 0.540 mm-1 
F(000) 3368 
Crystal size 0.21 × 0.04 × 0.01 mm3 
Crystal color, habit purple blade 
Theta range for data collection 2.20 to 25.55° 
Index ranges -38 ≤ h ≤ 38, -19 ≤ k ≤ 19, -17 ≤ l ≤ 17 
Reflections collected 27973 
Independent reflections 6783 [Rint = 0.0230] 

Completeness to theta = 24.00° 99.5 % 
Absorption correction Empirical 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2169 / 2 / 528 
Goodness-of-fit on F2 0.951 
Final R indices [I>2σ(I)] R1 = 0.0789, wR2 = 0.2043 
R indices (all data) R1 = 0.2177, wR2 = 0.1771 
Absolute structure parameter 0.014 
Extinction correction none 
Largest diff. peak and hole 0.014 and -0.33 e-/Å3 



     203 

Table 26. Atomic coordinates and equivalent isotropic displacement parameters (Å2) 
for [(IndBzo-5,6)2Cr]2. Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________ 
 atoms         x        y        z      Ueq 
________________________________________________________________________ 
 
 Cr(1)   0.13929 (5) 0.04911 (9) 0.01408 (9) 0.0480 (5) 
 Cr(2)   0.20114 (5) 0.03497 (9) 0.01293 (9) 0.0458 (5) 
 C(1)   0.1240 (3) −0.0386 (7) 0.1091 (6) 0.064 (3) 
 C(2)   0.1331 (3) 0.0322 (7) 0.1557 (6) 0.055 (3) 
 C(3)   0.0989 (3) 0.0833 (7) 0.1228 (6) 0.043 (3) 
 C(4)   0.0904 (3) 0.1576 (6) 0.1488 (5) 0.040 (3) 
 C(5)   0.0559 (3) 0.1950 (7) 0.1052 (6) 0.051 (3) 
 C(6)   0.0432 (4) 0.2722 (8) 0.1304 (6) 0.068 (3) 
 C(7)   0.0098 (4) 0.3097 (8) 0.0860 (8) 0.081 (4) 
 C(8)   −0.0173 (4) 0.2698 (9) 0.0127 (8) 0.093 (5) 
 C(9)   −0.0067 (3) 0.1977 (10) −0.0112 (7) 0.079 (4) 
 C(10)   0.0283 (4) 0.1570 (8) 0.0313 (6) 0.055 (3) 
 C(11)   0.0377 (3) 0.0833 (8) 0.0054 (6) 0.060 (3) 
 C(12)   0.0727 (4) 0.0442 (7) 0.0512 (6) 0.052 (3) 
 C(13)   0.0896 (4) −0.0304 (7) 0.0429 (6) 0.065 (3) 
 C(21)   0.1550 (3) 0.0320 (6) −0.1259 (5) 0.037 (2) 
 C(22)   0.1875 (3) −0.0210 (6) −0.1180 (5) 0.040 (3) 
 C(23A)  0.1603 (4) −0.2407 (6) −0.1381 (5) 0.043 (3) 
 C(23)   0.1703 (3) −0.0992 (6) −0.1222 (5) 0.041 (3) 
 C(24)   0.1854 (3) −0.1735 (6) −0.1308 (5) 0.052 (3) 
 C(26)   0.1749 (4) −0.3185 (7) −0.1506 (6) 0.072 (4) 
 C(27)   0.1500 (5) −0.3816 (7) −0.1552 (7) 0.082 (5) 
 C(28)   0.1103 (5) −0.3723 (8) −0.1508 (7) 0.072 (4) 
 C(29)   0.0949 (4) −0.2987 (8) −0.1395 (6) 0.070 (4) 
 C(30)   0.1197 (4) −0.2315 (6) −0.1319 (5) 0.045 (3) 
 C(31)   0.1048 (3) −0.1571 (7) −0.1207 (5) 0.050 (3) 
 C(32)   0.1302 (4) −0.0906 (6) −0.1167 (5) 0.041 (3) 
 C(33)   0.1195 (3) −0.0075 (6) −0.1137 (5) 0.047 (3) 
 C(41)   0.1794 (3) 0.1562 (6) 0.0485 (6) 0.043 (3) 
 C(42)   0.2118 (3) 0.1596 (5) −0.0009 (5) 0.044 (3) 
 C(43)   0.1928 (3) 0.1939 (5) −0.0874 (6) 0.038 (2) 
 C(44)   0.2095 (3) 0.2076 (5) −0.1609 (5) 0.038 (2) 
 C(45)   0.1831 (3) 0.2315 (5) −0.2411 (6) 0.035 (2) 
 C(46)   0.1984 (3) 0.2417 (5) −0.3199 (6) 0.042 (3) 
 C(47)   0.1719 (4) 0.2616 (5) −0.3984 (6) 0.051 (3) 
 C(48)   0.1301 (3) 0.2773 (6) −0.4007 (6) 0.052 (3) 
 C(49)   0.1153 (3) 0.2688 (5) −0.3254 (6) 0.050 (3) 
 C(50)   0.1421 (3) 0.2448 (5) −0.2428 (6) 0.043 (3) 
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 C(51)   0.1251 (3) 0.2302 (5) −0.1659 (6) 0.040 (3) 
 C(52)   0.1508 (3) 0.2048 (5) −0.0901 (6) 0.036 (2) 
 C(53)   0.1412 (3) 0.1760 (5) −0.0059 (5) 0.046 (3) 
 C(61)   0.2252 (3) −0.0339 (7) 0.1350 (6) 0.059 (3) 
 C(62)   0.2312 (3) −0.0793 (5) 0.0634 (6) 0.042 (3) 
 C(63)   0.2640 (3) −0.0402 (6) 0.0314 (6) 0.049 (3) 
 C(64)   0.2845 (3) −0.0577 (6) −0.0360 (6) 0.052 (3) 
 C(65)   0.3144 (3) −0.0106 (6) −0.0538 (7) 0.052 (3) 
 C(66)   0.3343 (4) −0.0283 (7) −0.1239 (7) 0.071 (4) 
 C(67)   0.3624 (4) 0.0203 (8) −0.1418 (9) 0.088 (4) 
 C(68)   0.3741 (4) 0.0870 (10) −0.0931 (12) 0.110 (5) 
 C(69)   0.3550 (4) 0.1083 (7) −0.0248 (10) 0.093 (4) 
 C(70)   0.3242 (4) 0.0601 (7) −0.0014 (8) 0.065 (3) 
 C(71)   0.3037 (3) 0.0798 (6) 0.0657 (7) 0.058 (3) 
 C(72)   0.2741 (3) 0.0308 (6) 0.0839 (6) 0.044 (3) 
 C(73)   0.2480 (3) 0.0354 (6) 0.1423 (6) 0.053 (3) 
________________________________________________________________________
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Table 27. Crystal data and structure refinement for (Ind2Me-1,3/Si-2)2Fe. 
________________________________________________________________________ 
Empirical formula C28 H38 Si2 Fe 

Formula weight 486.61 
Crystal color, morphology deep purple, needle 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Orthorhombic 
Space group P212121 

Unit cell dimensions a = 10.9707(10) Å α = 90° 
 b = 14.9054(14) Å β = 90° 
 c = 15.9760(15) Å γ = 90° 
Volume 2612.4(4) Å3 
Z 4 
Density (calculated) 1.237 g/cm3 
Absorption coefficient 0.682 mm-1 
F(000) 1040 
Crystal size 0.34 x 0.11 x 0.10 mm3 
Theta range for data collection 1.87 to 28.25° 
Index ranges -14 ≤ h ≤ 14, -19 ≤ k ≤ 18, -20 ≤ l ≤ 20 
Reflections collected 22684 
Independent reflections 6023 (Rint = 0.0285) 

Completeness to theta = 25.00° 100.0 % 
Absorption correction None 
Max. and min. transmission 0.9349 and 0.8012 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6023 / 0 / 290 
Goodness-of-fit on F2 1.026 
Final R indices [I>2σ(I)] R1 = 0.0372, wR2 = 0.0915 
R indices (all data) R1 = 0.0403, wR2 = 0.0936 
Absolute structure parameter 0.014(13) 
Largest diff. peak and hole 0.597 and -0.297 e-/Å3 
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Table 28. Atomic coordinates and equivalent isotropic displacement parameters (Å2) 
for (Ind2Me-1,3/Si-2)2Fe. U(eq) is defined as 1/3 of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________ 

atoms x y z U(eq) 
________________________________________________________________________ 

Fe(1) 0.0850(1) 0.1342(1) 0.2087(1) 0.021(1) 
Si(1) 0.3929(1) 0.2019(1) 0.3876(1) 0.041(1) 
Si(2) 0.8880(1) 0.295(1) 0.2239(1) 0.046(1) 
C(1) 0.5609(3) 0.2904(2) 0.0735(1) 0.034(1) 
C(2) 0.6704(3) 0.3206(2) 0.0453(2) 0.045(1) 
C(3) 0.7747(3) 0.3223(2) 0.0976(2) 0.045(1) 
C(4) 0.7704(2) 0.2940(2) 0.1789(2) 0.036(1) 
C(5) 0.6562(2) 0.2637(2) 0.2121(2) 0.026(1) 
C(6) 0.6202(2) 0.2342(2) 0.2939(1) 0.028(1) 
C(7) 0.4914(2) 0.2156(2) 0.2921(2) 0.028(1) 
C(8) 0.4508(2) 0.2305(1) 0.2071(2) 0.025(1) 
C(9) 0.5511(2) 0.2620(2) 0.1591(1) 0.024(1) 
C(10) 0.7028(3) 0.2347(2) 0.3689(2) 0.051(1) 
C(11) 0.3237(2) 0.2201(2) 0.1745(2) 0.038(1) 
C(12) 0.4617(5) 0.1357(4) 0.4735(3) 0.108(2) 
C(13) 0.3615(4) 0.3183(2) 0.4242(2) 0.061(1) 
C(14) 0.2436(4) 0.1486(3) 0.3651(3) 0.102(2) 
C(21) 0.4462(3) 0.0309(2) 0.0615(2) 0.041(1) 
C(22) 0.3341(3) 0.0019(2) 0.0837(2) 0.049(1) 
C(23) 0.3074(3) -0.0260(2) 0.1670(2) 0.050(1) 
C(24) 0.3931(2) -0.0251(2) 0.2283(2) 0.035(1) 
C(25) 0.5135(2) 0.0035(1) 0.2069(2) 0.027(1) 
C(26) 0.6242(2) 0.0093(2) 0.2549(1) 0.026(1) 
C(27) 0.7212(2) 0.0381(2) 0.2003(1) 0.028(1) 
C(28) 0.6673(2) 0.0557(2) 0.1195(1) 0.029(1) 
C(29) 0.5413(2) 0.0321(2) 0.1237(1) 0.029(1) 
C(30) 0.7313(3) 0.0861(2) 0.0413(2) 0.043(1) 
C(31) 0.6358(3) -0.0220(2) 0.3440(1) 0.034(1) 
C(32) 0.9280(3) -0.0910(3) 0.2076(4) 0.100(2) 
C(33) 0.9859(3) 0.0969(2) 0.1532(2) 0.058(1) 
C(34) 0.9290(3) 0.0606(6) 0.3330(3) 0.144(3) 
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Table 29. Crystal data and structure refinement for [(Ind3Me-1,2,3)2Fe]+[DCNQ]–. 
________________________________________________________________________ 

 
Empirical formula  C36 H30 Fe N2 O2 

Formula weight  578.47 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pbca 
Unit cell dimensions  a = 17.020(1) Å a α = 90° 
 b = 15.989(1) Å b β = 90° 
 c = 20.364(2) Å g γ = 90° 
Volume 5541.8(7) Å3 
Z 8 
Density (calculated) 1.387 Mg/m3 
Absorption coefficient 0.581 mm-1 
F(000) 2416 
Crystal color, morphology maroon, needle 
Crystal size 0.40 x 0.12 x 0.04 mm3 
Theta range for data collection 2.00 to 25.05° 
Index ranges -18 ≤ h£≤ 20, -19£≤ k£≤ 19,-24 ≤ l ≤ 
24 
Reflections collected 34191 
Independent reflections 4896 [Rint = 0.1217] 

Observed reflections 2606 
Completeness to theta = 25.05°  99.8%  
Absorption correction Multi-scan 
Max. and min. transmission 0.9771 and 0.8008 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4896 / 0 / 376 
Goodness-of-fit on F2 1.055 
Final R indices [I>2σ(I)]  R1 = 0.0580, wR2 = 0.1174 
R indices (all data) R1 = 0.1472, wR2 = 0.1664  
Largest diff. peak and hole 0.465 and -0.544 e-/Å3 
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Table 30. Atomic coordinates (× 104) and equivalent isotropic displacement parameters       
(Å2 × 103) for [(Ind3Me-1,2,3)2Fe]+[DCNQ]–. U(eq) is defined as one third of the trace of the            
orthogonalized Uij tensor. 
________________________________________________________________________ 

atoms x y z Ueq 

________________________________________________________________________ 
Fe(1) 4239(1) 2361(1) 1209(1) 22(1) 
C(1) 4138(4) 1499(3) 2018(3) 27(1) 
C(2) 4857(4) 1974(4) 2044(3) 25(1) 
C(3) 4654(4) 2835(3) 2106(3) 27(1) 
C(4) 3820(4) 2911(4) 2063(3) 28(1) 
C(5) 3497(4) 2078(4) 2029(3) 27(1) 
C(6) 2722(4) 1770(5) 1957(3) 43(2) 
C(7) 2601(5) 931(5) 1901(3) 51(2) 
C(8) 3230(5) 368(5) 1902(3) 51(2) 
C(9) 3991(4) 635(4) 1939(3) 41(2) 
C(10) 5663(4) 1598(4) 2089(3) 40(2) 
C(11) 5224(4) 3542(4) 2177(3) 42(2) 
C(12) 3338(4) 3691(4) 2106(3) 44(2) 
C(13) 3619(4) 2685(4) 335(3) 26(1) 
C(14) 3904(4) 1834(3) 326(3) 27(1) 
C(15) 4737(4) 1861(3) 351(3) 24(1) 
C(16) 4986(3) 2712(4) 429(3) 24(1) 
C(17) 4284(4) 3226(3) 399(2) 22(1) 
C(18) 4174(4) 4108(3) 465(3) 30(1) 
C(19) 3425(4) 4404(4) 464(3) 39(2) 
C(20) 2768(4) 3872(4) 406(3) 43(2) 
C(21) 2853(4) 3034(4) 355(3) 35(2) 
C(22) 3389(4) 1074(4) 236(3) 43(2) 
C(23) 5282(4) 1124(4) 308(3) 37(2) 
C(24) 5804(4) 3032(3) 451(3) 32(1) 
O(1) 2802(2) 2974(2) 3699(2) 37(1) 
O(2) 5329(2) 902(3) 3776(2) 46(1) 
N(1) 4397(3) 4388(3) 3668(3) 39(1) 
N(2) 6205(3) 2922(4) 3751(3) 46(1) 
C(25) 3379(3) 2498(3) 3711(3) 26(1) 
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C(26) 4165(3) 2808(3) 3723(2) 22(1) 
C(27) 4821(3) 2263(3) 3745(3) 25(1) 
C(28) 4748(3) 1377(3) 3754(3) 28(1) 
C(29) 3807(4) 183(3) 3744(3) 36(2) 
C(30) 3071(4) -148(4) 3728(3) 41(2) 
C(31) 2421(4) 384(4) 3715(3) 40(2) 
C(32) 2532(3) 1235(4) 3716(3) 32(1) 
C(33) 3279(3) 1579(3) 3721(3) 23(1) 
C(34) 3934(3) 1039(3) 3742(3) 25(1) 
C(35) 4283(4) 3685(3) 3691(3) 28(1) 

C(36)       5597(3)      2614(4)      3751(3)          31(1)
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Table 31. Crystal data and structure refinement for (Ind2Si-1,3)2Mn. 

 
Empirical formula C30 H46 Si4 Mn 

Formula weight 573.98 
Crystal color, morphology orange, plate 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Orthorhombic 
Space group Pna21 

Unit cell dimensions a = 11.315(2) Å α = 90° 
 b = 16.399(3) Å β = 90° 
 c = 38.383(7) Å γ = 90° 
Volume 7122(2) Å3 
Z 8 
Density (calculated) 1.071 g/cm3 
Absorption coefficient 0.520 mm-1 
F(000) 2456 
Crystal size 0.30 x 0.20 x 0.10 mm3 
Theta range for data collection 2.19 to 27.18° 
Index ranges -13 ≤ h ≤ 13, -20 ≤ k ≤ 20,-47 ≤ l ≤ 46 

Reflections collected 53617 
Independent reflections 13864 (Rint = 0.0648) 

Completeness to theta = 25.00° 100.0 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13864 / 1 / 632 
Goodness-of-fit on F2 1.158 
Final R indices [I>2σ(I)] R1 = 0.0530, wR2 = 0.1385 
R indices (all data) R1 = 0.0612, wR2 = 0.1434 
Absolute structure parameter 0.014(2) 
Largest diff. peak and hole 1.388 and -0.332 e-/Å3 
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Table 32. Atomic coordinates and equivalent isotropic displacement parameters (Å2 × 
103) for (Ind2Si-1,3)2Mn. Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

atoms x y z    U(eq) 
Mn(1)  0.80907(5)  0.51016(4) 0.548702(17) 19.53(15) 
Si(2)  0.88804(9)  0.70102(6)  0.59872(3) 16.2(2) 
Si(4) 0.74354(10) 0.28818(7)  0.55990(3) 19.9(2) 
Si(3)  1.05532(11) 0.50179(7)  0.47614(3) 21.1(3) 
Si(1)  0.58178(10) 0.59303(7)  0.48280(3) 19.3(2) 
C(1)  0.6032(3)  0.5638(2)  0.55945(11) 18.2(8) 
C(2)  0.6514(3)  0.5966(2)  0.52717(10) 15.4(8) 
C(3)  0.7528(3)  0.6426(2)  0.53747(11) 17.1(8) 
C(4) 0.7757(3)  0.6373(2)  0.57454(10) 15.1(8) 
C(5) 0.6783(3)  0.5899(2)  0.58839(10) 15.0(8) 
C(6) 0.6468(3)  0.5682(2)  0.62304(11) 17.2(8) 
C(7) 0.5445(4)  0.5233(2)  0.62896(11) 20.4(9) 
C(8) 0.4737(4)  0.4954(2)  0.60065(12) 20.2(9) 
C(9) 0.5003(4)  0.5144(2)  0.56651(11) 19.0(9) 
C(10) 0.9447(3)  0.4049(2)  0.57183(11) 18.3(8) 
C(11) 0.8524(3)  0.3720(2)  0.54956(11) 16.9(8) 
C(12) 0.8787(3)  0.4039(2)  0.51509(10) 15.9(8) 
C(13) 0.9789(4)  0.4570(3)  0.51494(10) 18.4(8) 
C(14) 1.0206(3)  0.4577(2)  0.55105(11) 19.3(8) 
C(15) 1.1181(4)  0.4980(2)  0.56687(12) 21.8(9) 
C(16) 1.1401(4)  0.4851(2)  0.60206(12) 22.7(9) 
C(17) 1.0680(4)  0.4333(3)  0.62226(11) 24.7(10) 
C(18) 0.9709(4)  0.3931(3)  0.60801(11) 23.4(9) 
C(19) 0.4332(4)  0.6457(3)  0.48409(12) 27.2(10) 
C(20) 0.6810(4)  0.6474(3)  0.45109(12) 28.8(10) 
C(21) 0.5575(4)  0.4840(3)  0.46834(12) 27.3(10) 
C(22) 0.9419(4)  0.6497(3)  0.63937(11) 26.4(10) 
C(23) 1.0156(4)  0.7210(3)  0.56867(12) 23.4(10) 
C(24) 0.8188(4)  0.8015(3)  0.61149(14) 32.8(12) 
C(25) 1.2089(4)  0.4578(3)  0.47374(14) 36.9(12) 
C(26) 0.9699(5)  0.4756(3)  0.43586(13) 37.4(12) 
C(27) 1.0671(5)  0.6167(3)  0.47779(13) 36.0(12) 
C(28) 0.8259(4)  0.1895(3)  0.56313(16) 37.2(13) 
C(29) 0.6686(4)  0.3076(3)  0.60258(13) 31.6(11) 
C(30) 0.6318(4)  0.2823(3)  0.52365(13) 35.9(12) 
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Table 33. Crystal data and structure refinement for (IndSi-2)2Mn. 
________________________________________________________________________ 
Empirical formula C24 H30 Mn Si2 

Formula weight 429.60 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 11.826(4) Å α = 90° 
 b = 8.128(3) Å β = 113.469(5)° 
 c = 12.663(4) Å γ = 90° 
Volume 1116.4(7) Å3 
Z 2 
Density (calculated) 1.278 g/cm3 
Absorption coefficient 0.705 mm-1 
F(000) 454 
Crystal size 0.30 x 0.20 x 0.20 mm3 
Theta range for data collection 1.88 to 28.22° 
Index ranges -15 ≤ h ≤ 15, -10 ≤ k ≤ 10, -16 ≤ l ≤ 16 

Reflections collected 9217 
Independent reflections 2582 [Rint = 0.0246] 

Completeness to theta = 25.00° 99.9 % 
Absorption correction None 
Max. and min. transmission 0.8719 and 0.8164 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2582 / 0 / 124 
Goodness-of-fit on F2 1.024 
Final R indices [I>2σ(I)] R1 = 0.0317, wR2 = 0.0838 
R indices (all data) R1 = 0.0354, wR2 = 0.0858 
Largest diff. peak and hole 0.444 and -0.189 e-/Å3 
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Table 34. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103) for (IndSi-2)2Mn. U(eq) is defined as 1/3 of the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
atoms x y z U(eq) 
________________________________________________________________________ 
Mn(1) 5000 5000 5000 28(1) 
Si(1) 8124(1) 6792(1) 5962(1) 17(1) 
C(1) 4440(1) 7638(2) 3929(1) 18(1) 
C(2) 5497(1) 7768(2) 4994(1) 19(1) 
C(3) 6475(1) 6801(2) 4913(1) 18(1) 
C(4) 5998(1) 6012(2) 3811(1) 19(1) 
C(5) 4758(1) 6543(2) 3192(1) 18(1) 
C(6) 3866(1) 6181(2) 2072(1) 22(1) 
C(7) 2729(1) 6913(2) 1708(1) 25(1) 
C(8) 2420(1) 7987(2) 2435(1) 25(1) 
C(9) 3244(1) 8338(2) 3526(1) 23(1) 
C(10) 8966(1) 8556(2) 5652(1) 22(1) 
C(11) 8203(1) 7043(2) 7449(1) 25(1) 
C(12) 8852(1) 4821(2) 5808(2) 26(1) 

________________________________________________________________________
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Table 35. Crystal data and structure refinement for (μ-IndMe-2)(IndMe-2)2Mn2(μ -BHT). 
________________________________________________________________________ 
Empirical formula  C45 H50 Mn2 O 
Formula weight  716.73 
Temperature  100.0(1) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions  a = 19.8480(19) Å a α = 90° 
 b = 10.3790(10) Å b β = 110.487(2)° 
 c = 18.8577(17) Å g γ = 90° 
Volume 3639.0(6) Å3 
Z 4 
Density (calculated) 1.308 g/cm3 
Absorption coefficient 0.728 mm-1 
F(000) 1512 
Crystal color, morphology yellow, block 
Crystal size 0.32 x 0.24 x 0.20 mm3 
Theta range for data collection 1.10 to 37.78° 
Index ranges -33 ≤ h ≤ 34, -17 ≤ k ≤£17, -32 ≤ l ≤ 32 
Reflections collected 87504 
Independent reflections 19356 [Rint = 0.0595] 

Observed reflections 12301 
Completeness to theta = 37.78°  99.1%  
Absorption correction Multi-scan  
Max. and min. transmission 0.8681 and 0.8005 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 19356 / 38 / 484 
Goodness-of-fit on F2 1.008 
Final R indices [I>2σ(I)]  R1 = 0.0465, wR2 = 0.1063 
R indices (all data) R1 = 0.0896, wR2 = 0.1270  
Largest diff. peak and hole 0.720 and -0.599 e-/Å3 
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Table 36. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103 ) for (μ-IndMe-2)(IndMe-2)2Mn2(μ -BHT). Ueq is defined as 1/3 of the trace of the 

orthogonalized Uij tensor. 
________________________________________________________________________ 
atoms x y z Ueq 

________________________________________________________________________ 
Mn(1) 8517(1) 862(1) 2495(1) 18(1) 
Mn(2) 6816(1) -521(1) 2276(1) 25(1) 
O(1) 7506(1) 335(1) 1823(1) 16(1) 
C(1) 9077(1) 2845(1) 2372(1) 24(1) 
C(2) 9195(1) 1926(2) 1869(1) 25(1) 
C(3) 9656(1) 956(2) 2303(1) 25(1) 
C(4) 10333(1) 715(2) 3748(1) 27(1) 
C(5) 10428(1) 1282(2) 4435(1) 31(1) 
C(6) 10075(1) 2436(2) 4483(1) 31(1) 
C(7) 9621(1) 3036(2) 3844(1) 26(1) 
C(8) 9515(1) 2487(1) 3129(1) 22(1) 
C(9) 9877(1) 1311(1) 3082(1) 22(1) 
C(10) 5583(3) 203(5) 1754(3) 31(1) 
C(11) 5651(3) -921(5) 1365(2) 32(1) 
C(12) 5775(5) -1964(5) 1872(3) 30(1) 
C(13) 5829(7) -2165(10) 3290(4) 30(1) 
C(14) 5714(10) -1432(9) 3852(6) 40(2) 
C(15) 5582(7) -117(9) 3755(5) 38(2) 
C(16) 5530(7) 508(9) 3106(5) 33(1) 
C(17) 5591(9) -216(7) 2496(6) 23(1) 
C(18) 5747(1) -1578(1) 2593(1) 23(1) 
C(19) 8572(1) 100(1) 3636(1) 20(1) 
C(20) 7920(1) 496(1) 3715(1) 20(1) 
C(21) 7431(1) -536(1) 3550(1) 20(1) 
C(22) 7607(1) -2963(1) 3291(1) 24(1) 
C(23) 8100(1) -3841(2) 3215(1) 29(1) 
C(24) 8784(1) -3443(2) 3244(1) 29(1) 
C(25) 8991(1) -2169(2) 3363(1) 25(1) 
C(26) 8507(1) -1263(1) 3466(1) 19(1) 



     216 

C(27) 7805(1) -1662(1) 3418(1) 20(1) 
C(28) 8907(1) 1994(2) 1017(1) 34(1) 
C(29) 5526(3) -1005(7) 527(2) 61(2) 
C(30) 7796(1) 1787(2) 4000(1) 28(1) 
C(31) 7222(1) 514(1) 1047(1) 16(1) 
C(32) 7298(1) -490(1) 567(1) 16(1) 
C(33) 6986(1) -313(1) -211(1) 19(1) 
C(34) 6606(1) 791(1) -532(1) 19(1) 
C(35) 6555(1) 1755(1) -49(1) 20(1) 
C(36) 6851(1) 1661(1) 741(1) 18(1) 
C(37) 7726(1) -1739(1) 866(1) 19(1) 
C(38) 7669(1) -2691(1) 229(1) 26(1) 
C(39) 7468(1) -2455(2) 1429(1) 38(1) 
C(40) 8526(1) -1429(2) 1248(1) 35(1) 
C(41) 6263(1) 923(1) -1377(1) 25(1) 
C(42) 6766(1) 2887(1) 1171(1) 23(1) 
C(43) 7011(1) 2798(2) 2038(1) 29(1) 
C(44) 7200(1) 3977(2) 984(1) 34(1) 
C(45) 5972(1) 3309(2) 904(1) 33(1) 

________________________________________________________________________ 
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Table 37. Crystal data and structure refinement for [K6(dioxane)9][(Mn(Ind2Me-4,7)3]4 

[Mn(Ind2Me-4,7)3]2. 
________________________________________________________________________ 
 
Empirical formula  C234 H270 K6 Mn6 O18 

Formula weight  3934.74 
Temperature  100.0(1) K 
Wavelength  0.71073 Å 
Crystal system  Hexagonal 
Space group  P63 
Unit cell dimensions  a = 19.125(5) Å a α = 90° 
 b = 19.125(5) Å b β = 90° 
 c = 32.076(8) Å g γ = 120° 
Volume 10160(4) Å3 
Z 2 
Density (calculated) 1.286 g/cm3 
Absorption coefficient 0.549 mm-1 
F(000) 4164 
Crystal color, morphology yellow, hexagonal plate 
Crystal size 0.28 x 0.16 x 0.06 mm3 
Theta range for data collection 1.77 to 31.51° 
Index ranges -28 ≤ h ≤ 28, -28 ≤ k ≤ 28, -47 ≤ l ≤ 47 
Reflections collected 132350 
Independent reflections 22576 [Rint = 0.1435] 

Observed reflections 13455 
Completeness to theta = 31.51°  100.0%  
Absorption correction Multi-scan  
Max. and min. transmission 0.9678 and 0.8616 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 22576 / 14 / 822 
Goodness-of-fit on F2 1.012 
Final R indices [I>2σ(I)]  R1 = 0.0758, wR2 = 0.1770 
R indices (all data) R1 = 0.1425, wR2 = 0.2191  
Absolute structure parameter 0.21(2) 
Largest diff. peak and hole 4.709 and -0.541 e-/Å3 
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Table 38. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103 ) for [K6(dioxane)9][(Mn(Ind2Me-4,7)3]4[Mn(Ind2Me-4,7)3]2. Ueq is defined as 1/3 of 

the trace of the orthogonalized Uij tensor. 
________________________________________________________________________ 
atoms x y z Ueq 

________________________________________________________________________ 
Mn(1) 6667 3333 6577(1) 20(1) 
C(1) 5713(3) 3686(3) 6367(2) 21(1) 
C(2) 5682(3) 3676(3) 6813(2) 25(1) 
C(3) 5142(3) 2890(3) 6954(2) 22(1) 
C(4) 4292(3) 1544(3) 6558(1) 18(1) 
C(5) 4128(3) 1228(3) 6161(1) 21(1) 
C(6) 4462(3) 1718(3) 5801(1) 20(1) 
C(7) 4971(3) 2538(3) 5830(1) 18(1) 
C(8) 5163(3) 2885(3) 6231(1) 19(1) 
C(9) 4816(2) 2387(3) 6596(1) 18(1) 
C(10) 3957(3) 1029(3) 6940(2) 28(1) 
C(11) 5342(3) 3078(3) 5458(2) 26(1) 
Mn(2) 0 0 6016(1) 21(1) 
C(12) 1251(3) 1044(3) 6234(2) 23(1) 
C(13) 1251(3) 1097(3) 5788(2) 22(1) 
C(14) 1518(3) 595(3) 5621(2) 23(1) 
C(15) 1974(3) -337(3) 5960(2) 22(1) 
C(16) 2099(3) -573(3) 6339(2) 26(1) 
C(17) 1973(3) -269(3) 6719(2) 25(1) 
C(18) 1695(3) 268(3) 6727(2) 21(1) 
C(19) 1541(3) 522(3) 6335(2) 18(1) 
C(20) 1704(3) 228(3) 5954(1) 19(1) 
C(21) 2121(3) -651(3) 5562(2) 34(1) 
C(22) 1554(3) 594(3) 7124(2) 32(1) 
Mn(3) 3333 6667 3474(1) 21(1) 
C(23) 2969(3) 5357(3) 3676(2) 24(1) 
C(24) 2999(3) 5340(3) 3227(2) 26(1) 
C(25) 3786(3) 5595(3) 3100(2) 22(1) 
C(26) 5121(3) 6086(3) 3509(2) 20(1) 
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C(27) 5424(3) 6243(3) 3908(2) 22(1) 
C(28) 4916(3) 6080(3) 4263(2) 21(1) 
C(29) 4091(3) 5752(3) 4226(1) 20(1) 
C(30) 3766(3) 5604(3) 3818(1) 18(1) 
C(31) 4269(3) 5756(2) 3459(1) 18(1) 
C(32) 5637(3) 6262(3) 3132(2) 26(1) 
C(33) 3549(3) 5589(3) 4596(2) 27(1) 
Mn(4) 6667 3333 4079(1) 18(1) 
C(34) 5655(3) 3568(3) 3867(1) 20(1) 
C(35) 5579(3) 3523(3) 4306(2) 23(1) 
C(36) 6064(3) 4295(3) 4479(1) 18(1) 
C(37) 6984(3) 5690(3) 4141(2) 22(1) 
C(38) 7244(3) 6056(3) 3752(2) 27(1) 
C(39) 6979(3) 5617(3) 3381(2) 26(1) 
C(40) 6449(3) 4797(3) 3371(2) 22(1) 
C(41) 6185(3) 4413(3) 3763(2) 18(1) 
C(42) 6440(3) 4844(3) 4143(2) 19(1) 
C(43) 7243(3) 6160(3) 4544(2) 31(1) 
C(44) 6141(4) 4318(4) 2974(2) 32(1) 
Mn(5) 3333 6667 5998(1) 19(1) 
C(45) 3065(3) 5394(3) 6195(2) 22(1) 
C(46) 3063(3) 5361(3) 5749(2) 23(1) 
C(47) 2279(3) 5123(3) 5607(2) 24(1) 
C(48) 958(3) 4777(3) 5990(2) 24(1) 
C(49) 642(3) 4696(3) 6380(2) 29(1) 
C(50) 1113(3) 4822(3) 6747(2) 24(1) 
C(51) 1915(3) 5058(3) 6728(2) 20(1) 
C(52) 2266(3) 5141(2) 6327(2) 15(1) 
C(53) 1781(3) 4981(3) 5955(2) 20(1) 
C(54) 459(3) 4638(3) 5605(2) 36(1) 
C(55) 2433(3) 5228(3) 7110(2) 26(1) 
Mn(6) 0 0 4033(1) 25(1) 
C(56) 1306(3) 938(3) 3879(2) 33(1) 
C(57) 1324(3) 874(4) 4320(2) 41(1) 
C(58) 1507(3) 275(4) 4431(2) 38(1) 
C(59) 1815(3) -655(3) 3983(2) 27(1) 
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C(60) 1911(3) -819(3) 3580(2) 26(1) 
C(61) 1814(3) -408(3) 3242(2) 27(1) 
C(62) 1622(3) 191(3) 3300(2) 24(1) 
C(63) 1527(3) 379(3) 3712(2) 25(1) 
C(64) 1634(3) -46(3) 4054(2) 27(1) 
C(65) 1884(3) -1145(4) 4336(2) 40(1) 
C(66) 1472(3) 614(3) 2946(2) 31(1) 
K(1) 3079(1) 1980(1) 6056(1) 20(1) 
K(2) 4673(1) 4443(1) 3978(1) 20(1) 
O(1) 3554(2) 3303(2) 3536(1) 32(1) 
C(67) 3489(4) 2606(3) 3339(2) 44(2) 
C(68) 3378(4) 2647(4) 2877(2) 46(2) 
O(2) 2691(2) 2702(2) 2783(1) 36(1) 
C(69) 2753(4) 3393(3) 2988(2) 32(1) 
C(70) 2856(3) 3362(3) 3447(2) 27(1) 
O(3) 3583(2) 3647(2) 4596(1) 32(1) 
C(71) 3964(4) 4010(3) 4976(2) 39(1) 
C(72) 3396(5) 3620(3) 5334(2) 49(2) 
O(4) 3148(2) 2794(2) 5355(1) 39(1) 
C(73) 2744(3) 2416(3) 4976(2) 38(1) 
C(74) 3292(3) 2800(3) 4601(2) 36(1) 
O(5) 3200(2) 3221(2) 6448(1) 33(1) 
C(75) 2548(14) 3280(30) 6645(8) 50(5) 
C(76) 2636(13) 3329(17) 7105(8) 61(6) 
O(6) 3396(13) 4008(18) 7238(7) 45(3) 
C(77) 4051(12) 3960(20) 7038(8) 37(3) 
C(78) 3942(10) 3900(20) 6579(8) 29(3) 

________________________________________________________________________
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Table 39. Crystal data and structure refinement for (Ind)2Mn(thf)2. 
________________________________________________________________________ 
 
Empirical formula C26 H30 Mn O2 

Formula weight 429.44 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Triclinic 
Space group P1̄  
Unit cell dimensions a = 9.094(2) Å α = 80.539(4)° 
 b = 9.775(3) Å β = 72.620(4)° 
 c = 13.066(3) Å γ = 71.148(4)° 
Volume 1046.0(5) Å3 
Z 2 
Density (calculated) 1.363 g/cm3 
Absorption coefficient 0.651 mm-1 
F(000) 454 
Crystal size 0.30 x 0.30 x 0.20 mm3 
Theta range for data collection 1.64 to 28.31° 
Index ranges -12 ≤ h ≤ 11, -13 ≤ k ≤ 12, -16 ≤ l ≤ 17 
Reflections collected 12856 
Independent reflections 4735 [Rint = 0.0187] 

Completeness to theta = 25.00° 99.5 % 
Absorption correction None 
Max. and min. transmission 0.8809 and 0.8287 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4735 / 0 / 262 
Goodness-of-fit on F2 1.040 
Final R indices [I>2σ(I)] R1 = 0.0308, wR2 = 0.0810 
R indices (all data) R1 = 0.0320, wR2 = 0.0819 
Largest diff. peak and hole 0.481 and -0.485 e-/Å3 
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Table 40. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103) for (Ind)2Mn(thf)2. U(eq) is defined as 1/3 of the trace of the orthogonalized 
Uij tensor. 
________________________________________________________________________ 
atoms x y z U(eq) 
________________________________________________________________________ 
Mn(1) 3915(1) 5818(1) 2402(1) 14(1) 
O(1) 3462(1) 7721(1) 3221(1) 17(1) 
O(2) 5996(1) 6433(1) 1380(1) 18(1) 
C(1) 3383(2) 4343(2) 4202(1) 26(1) 
C(2) 5022(2) 4227(2) 3710(1) 29(1) 
C(3) 5595(2) 3327(2) 2846(1) 24(1) 
C(4) 4308(2) 2810(1) 2831(1) 19(1) 
C(5) 4178(2) 1885(2) 2159(1) 22(1) 
C(6) 2727(2) 1630(2) 2310(1) 24(1) 
C(7) 1365(2) 2272(2) 3129(1) 25(1) 
C(8) 1457(2) 3152(2) 3809(1) 23(1) 
C(9) 2927(2) 3445(1) 3675(1) 20(1) 
C(10) 2155(2) 5830(1) 1529(1) 17(1) 
C(11) 2868(2) 6527(2) 527(1) 19(1) 
C(12) 2101(2) 7996(2) 482(1) 19(1) 
C(13) 816(2) 8304(1) 1439(1) 16(1) 
C(14) -354(2) 9597(2) 1799(1) 20(1) 
C(15) -1534(2) 9545(2) 2749(1) 21(1) 
C(16) -1573(2) 8221(2) 3357(1) 21(1) 
C(17) -430(2) 6943(2) 3028(1) 18(1) 
C(18) 801(2) 6963(1) 2074(1) 15(1) 
C(19) 1895(2) 8387(2) 3928(1) 18(1) 
C(20) 2254(2) 8644(2) 4924(1) 20(1) 
C(21) 3859(2) 8998(2) 4478(1) 18(1) 
C(22) 4716(2) 8053(2) 3537(1) 19(1) 
C(23) 5824(2) 7843(2) 771(1) 20(1) 
C(24) 7428(2) 8126(2) 571(1) 21(1) 
C(25) 8591(2) 6609(2) 399(1) 21(1) 
C(26) 7709(2) 5680(2) 1250(1) 21(1) 
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Table 41. Crystal data and structure refinement for [(Ind3Me-2,4,7)MnCl(thf)]2. 
________________________________________________________________________ 
 
Empirical formula  C32 H42 Cl2 Mn2 O2 

Formula weight  639.44 
Temperature  173.0(5) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P1̄  
Unit cell dimensions  a = 9.5845(5) Å a α = 85.269(1)° 
 b = 9.6973(5) Å b β = 88.141(1)° 
 c = 17.1564(10) Å g γ = 83.660(1)° 
Volume 1578.99(15) Å3 
Z 2 
Density (calculated) 1.345 g/cm3 
Absorption coefficient 0.995 mm-1 
F(000) 668 
Crystal color, morphology yellow, block 
Crystal size 0.28 x 0.20 x 0.18 mm3 
Theta range for data collection 1.19 to 35.63° 
Index ranges -15 ≤ h ≤ 15, -15 ≤ k ≤ 15, -28 ≤ l ≤ 28 
Reflections collected 35286 
Independent reflections 14299 [Rint = 0.0303] 

Observed reflections 9523 
Completeness to theta = 35.63°  98.2%  
Absorption correction Multi-scan  
Max. and min. transmission 0.8412 and 0.7681 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 14299 / 10 / 356 
Goodness-of-fit on F2 1.031 
Final R indices [I>2σ(I)]  R1 = 0.0470, wR2 = 0.1246 
R indices (all data) R1 = 0.0762, wR2 = 0.1419  
Largest diff. peak and hole 1.015 and -0.428 e-/Å3 
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Table 42. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103 ) for [(Ind3Me-2,4,7)MnCl(thf)]2. Ueq is defined as 1/3 of the trace of the or-

thogonalized Uij tensor. 
________________________________________________________________________ 
atoms x y z Ueq 

________________________________________________________________________ 
Mn(1) 4312(1) 8590(1) 433(1) 41(1) 
Cl(1) 6286(1) 8858(1) -466(1) 51(1) 
C(1) 4865(2) 8096(2) 1743(1) 44(1) 
C(2) 5567(2) 6986(2) 1355(1) 46(1) 
C(3) 4577(2) 6165(2) 1109(1) 46(1) 
C(4) 1880(2) 6249(2) 1355(2) 56(1) 
C(5) 784(2) 7034(3) 1692(2) 67(1) 
C(6) 939(2) 8267(3) 2031(2) 60(1) 
C(7) 2221(2) 8748(2) 2074(1) 50(1) 
C(8) 3396(2) 7936(2) 1773(1) 39(1) 
C(9) 3234(2) 6707(2) 1386(1) 42(1) 
C(10) 7135(2) 6713(3) 1245(1) 64(1) 
C(11) 1712(3) 4939(3) 978(2) 87(1) 
C(12) 2391(3) 10079(3) 2437(2) 69(1) 
O(1) 2788(1) 8334(2) -375(1) 52(1) 
C(13) 2945(3) 7639(3) -1078(2) 68(1) 
C(14) 1510(3) 7790(4) -1423(2) 80(1) 
C(15) 518(3) 8173(3) -779(2) 71(1) 
C(16) 1348(2) 8953(3) -289(1) 58(1) 
Mn(2) 6246(1) 786(1) 4464(1) 33(1) 
Cl(2) 6324(1) -1315(1) 5345(1) 41(1) 
C(17) 8505(2) 524(2) 3600(1) 35(1) 
C(18) 7461(2) -280(1) 3379(1) 35(1) 
C(19) 6279(2) 623(2) 3129(1) 33(1) 
C(20) 5806(2) 3320(2) 2969(1) 35(1) 
C(21) 6464(2) 4498(2) 3041(1) 44(1) 
C(22) 7847(2) 4426(2) 3298(1) 47(1) 
C(23) 8639(2) 3194(2) 3505(1) 41(1) 
C(24) 8002(2) 1953(1) 3447(1) 32(1) 
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C(25) 6600(2) 2025(1) 3164(1) 30(1) 
C(26) 7599(2) -1838(2) 3395(1) 47(1) 
C(27) 4343(2) 3375(2) 2680(1) 45(1) 
C(28) 10143(2) 3120(2) 3742(2) 63(1) 
O(2) 6816(1) 2172(1) 5247(1) 44(1) 
C(29) 6138(11) 3608(8) 5181(5) 48(2) 
C(30) 7125(6) 4453(4) 5559(3) 68(1) 
C(31) 7861(6) 3389(4) 6153(3) 68(1) 
C(32) 8110(20) 2087(16) 5670(20) 71(1) 

________________________________________________________________________
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Table 43. Crystal data and structure refinement for (Ind2Si-1,3)2V. 
________________________________________________________________________ 
 
Empirical formula C31.5 H49.5 Si4 V 

Formula weight 591.51 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P21/c 

Unit cell dimensions a = 10.9860(11) Å α a= 90° 
 b = 16.3123(16) Å βb= 93.467(2)° 
 c = 38.234(4) Å γ = 90° 
Volume 6839.3(12) Å3 
Z 8 
Density (calculated) 1.149 g/cm3 
Absorption coefficient 0.448 mm-1 
F(000) 2540 
Crystal size 0.30 x 0.30 x 0.07 mm3 
Theta range for data collection 1.64 to 26.00° 
Index ranges -13 ≤ h ≤ 13, -20 ≤ k ≤ 20, -46 ≤ l ≤ 47 
Reflections collected 52657 
Independent reflections 13450 [Rint = 0.1154] 

Completeness to theta = 26.00° 99.9 % 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13450 / 0 / 658 
Goodness-of-fit on F2 0.798 
Final R indices [I>2σ(I)] R1 = 0.0488, wR2 = 0.0786 
R indices (all data) R1 = 0.1187, wR2 = 0.0877 
Largest diff. peak and hole 0.563 and -0.446 e-/Å3 
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Table 44. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103) for (Ind2Si-1,3)2V. U(eq) is defined as 1/3 of the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
atoms x y z U(eq) 
________________________________________________________________________ 
V(1) 753(1) 7055(1) 1405(1) 14(1) 
Si(1) 1641(1) 9264(1) 1515(1) 17(1) 
Si(2) -1815(1) 7171(1) 700(1) 20(1) 
Si(3) 2620(1) 6229(1) 690(1) 21(1) 
Si(4) 91(1) 5147(1) 1904(1) 16(1) 
C(1) 112(3) 8146(2) 1078(1) 16(1) 
C(2) 464(3) 8457(2) 1415(1) 14(1) 
C(3) -373(3) 8094(2) 1646(1) 13(1) 
C(4) -541(3) 8208(2) 2010(1) 18(1) 
C(5) -1495(3) 7827(2) 2155(1) 21(1) 
C(6) -2282(3) 7306(2) 1954(1) 21(1) 
C(7) -2156(3) 7170(2) 1612(1) 16(1) 
C(8) -1197(3) 7574(2) 1442(1) 14(1) 
C(9) -885(3) 7587(2) 1082(1) 16(1) 
C(10) -2062(4) 6039(2) 721(1) 27(1) 
C(11) -1031(3) 7420(2) 291(1) 28(1) 
C(12) -3337(3) 7694(2) 692(1) 31(1) 
C(13) 2477(3) 9090(2) 1946(1) 27(1) 
C(14) 861(3) 10277(2) 1530(1) 26(1) 
C(15) 2708(3) 9291(2) 1154(1) 28(1) 
C(21) 1143(3) 5738(2) 1272(1) 15(1) 
C(22) 2124(3) 6220(2) 1143(1) 16(1) 
C(23) 2741(3) 6558(2) 1455(1) 17(1) 
C(24) 3819(3) 7049(2) 1500(1) 20(1) 
C(25) 4269(3) 7221(2) 1833(1) 21(1) 
C(26) 3693(3) 6940(2) 2130(1) 20(1) 
C(27) 2636(3) 6495(2) 2097(1) 16(1) 
C(28) 2140(3) 6285(2) 1757(1) 13(1) 
C(29) 1102(3) 5783(2) 1642(1) 14(1) 
C(30) 1516(4) 5609(2) 410(1) 29(1) 



     228 

C(31) 2757(4) 7292(2) 518(1) 26(1) 
C(32) 4157(3) 5739(2) 687(1) 32(1) 
C(33) 874(3) 4170(2) 2038(1) 29(1) 
C(34) -327(3) 5669(2) 2311(1) 23(1) 
C(35) -1274(3) 4906(2) 1616(1) 22(1) 
C(102) 8239(5) -20(3) 89(1) 70(2) 
C(103) 9434(4) 210(3) -84(1) 70(2) 
C(101) 7059(5) 356(3) -89(1) 80(2) 

________________________________________________________________________ 
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Table 45. Crystal data and structure refinement for (Ind3Me-2,4,7)2V. 
________________________________________________________________________ 
 
Empirical formula  C24 H26 V 

Formula weight  365.39 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions  a = 20.069(3) Å aα = 90° 
 b = 15.620(2) Å bβ = 90.075(2)° 
 c = 24.618(4) Å gγ = 90° 
Volume 7717(2) Å3 
Z 16 
Density (calculated) 1.258 g/cm3 
Absorption coefficient 0.517 mm-1 
F(000) 3088 
Crystal color, morphology green, block 
Crystal size 0.30 x 0.25 x 0.20 mm3 
Theta range for data collection 0.83 to 25.07° 
Index ranges -23 ≤£h ≤£23, -18 ≤ k ≤ 18, -29 ≤ l ≤ 29 
Reflections collected 70501 
Independent reflections 13658 [Rint = 0.0694] 

Observed reflections 11215 
Completeness to theta = 25.07°  99.7%  
Absorption correction Multi-scan  
Max. and min. transmission 0.9037 and 0.8604 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13658 / 0 / 926 
Goodness-of-fit on F2 1.060 
Final R indices [I>2sigma(I)]  R1 = 0.0487, wR2 = 0.0965 
R indices (all data) R1 = 0.0659, wR2 = 0.1029  
Largest diff. peak and hole 0.384 and -0.412 e-/Å3 
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Table 46. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103 ) for (Ind3Me-2,4,7)2V. Ueq is defined as 1/3 of the trace of the orthogonalized Uij 

tensor. 
________________________________________________________________________ 
atoms x y z Ueq 

________________________________________________________________________ 
V1 9499(1) 8340(1) 2885(1) 26(1) 
C1 8795(2) 7852(2) 2218(2) 30(1) 
C2 8414(2) 8267(2) 2636(2) 31(1) 
C3 8597(2) 9139(2) 2645(2) 30(1) 
C4 9110(2) 9274(2) 2257(2) 31(1) 
C5 9230(2) 8485(2) 1982(2) 30(1) 
C6 9681(2) 8251(3) 1558(2) 35(1) 
C7 9680(2) 7420(3) 1399(2) 41(1) 
C8 9256(2) 6796(3) 1628(2) 40(1) 
C9 8813(2) 6987(2) 2037(2) 34(1) 
C10 8297(2) 9811(3) 3009(2) 43(1) 
C11 10112(2) 8918(3) 1289(2) 49(1) 
C12 8357(2) 6333(2) 2275(2) 42(1) 
C13 10105(2) 7321(2) 3334(2) 29(1) 
C14 9735(2) 7805(2) 3724(2) 31(1) 
C15 9965(2) 8665(2) 3713(2) 31(1) 
C16 10461(2) 8733(2) 3300(2) 30(1) 
C17 10555(2) 7908(2) 3069(2) 28(1) 
C18 10950(2) 7615(3) 2620(2) 35(1) 
C19 10889(2) 6783(3) 2473(2) 43(1) 
C20 10456(2) 6200(3) 2747(2) 40(1) 
C21 10064(2) 6455(2) 3170(2) 35(1) 
C22 9715(2) 9380(3) 4072(2) 41(1) 
C23 11405(2) 8236(3) 2332(2) 49(1) 
C24 9594(2) 5854(3) 3450(2) 46(1) 
V2 7031(1) 8173(1) 4920(1) 27(1) 
C25 7817(2) 7732(2) 4305(2) 30(1) 
C26 7300(2) 8187(3) 4024(2) 32(1) 
C27 7301(2) 9042(2) 4208(2) 32(1) 
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C28 7793(2) 9131(2) 4621(2) 29(1) 
C29 8125(2) 8327(2) 4683(2) 29(1) 
C30 8633(2) 8040(3) 5046(2) 35(1) 
C31 8813(2) 7202(3) 5010(2) 41(1) 
C32 8519(2) 6619(3) 4638(2) 42(1) 
C33 8025(2) 6862(3) 4288(2) 37(1) 
C34 6852(2) 9743(3) 4004(2) 41(1) 
C35 8942(2) 8654(3) 5443(2) 45(1) 
C36 7707(2) 6258(3) 3892(2) 47(1) 
C37 6536(2) 7147(2) 5449(2) 31(1) 
C38 6040(2) 7558(2) 5119(2) 31(1) 
C39 5998(2) 8429(2) 5273(2) 28(1) 
C40 6487(2) 8584(2) 5683(1) 29(1) 
C41 6816(2) 7786(2) 5797(2) 29(1) 
C42 7352(2) 7578(3) 6159(2) 37(1) 
C43 7569(2) 6745(3) 6148(2) 48(1) 
C44 7279(2) 6113(3) 5811(2) 46(1) 
C45 6769(2) 6288(3) 5459(2) 38(1) 
C46 5530(2) 9072(2) 5033(2) 37(1) 
C47 7636(2) 8247(3) 6531(2) 49(1) 
C48 6457(2) 5620(3) 5100(2) 50(1) 
V3 4760(1) 8293(1) 2734(1) 26(1) 
C49 5868(2) 8487(2) 2914(2) 32(1) 
C50 5516(2) 9273(2) 3004(2) 32(1) 
C51 5069(2) 9137(2) 3443(2) 32(1) 
C52 5107(2) 8264(3) 3603(2) 35(1) 
C53 5613(2) 7862(2) 3288(2) 33(1) 
C54 5852(2) 7001(3) 3269(2) 43(1) 
C55 6329(2) 6814(3) 2888(2) 52(1) 
C56 6578(2) 7429(3) 2525(2) 51(1) 
C57 6367(2) 8256(3) 2526(2) 41(1) 
C58 4612(2) 9798(3) 3682(2) 42(1) 
C59 5584(3) 6350(3) 3660(2) 59(1) 
C60 6651(2) 8922(3) 2149(2) 55(1) 
C61 4485(2) 7867(2) 1881(1) 29(1) 
C62 4171(2) 8674(2) 1990(2) 30(1) 
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C63 3708(2) 8547(2) 2424(2) 31(1) 
C64 3748(2) 7689(2) 2595(2) 29(1) 
C65 4215(2) 7250(2) 2261(2) 30(1) 
C66 4461(2) 6395(2) 2270(2) 34(1) 
C67 4965(2) 6204(3) 1918(2) 39(1) 
C68 5241(2) 6809(3) 1554(2) 41(1) 
C69 5021(2) 7631(3) 1525(2) 33(1) 
C70 3261(2) 9220(2) 2661(2) 40(1) 
C71 4159(2) 5751(3) 2644(2) 48(1) 
C72 5302(2) 8294(3) 1143(2) 48(1) 
V4 7800(1) 3228(1) 5559(1) 28(1) 
C73 8024(2) 3399(2) 4656(2) 30(1) 
C74 8126(2) 4199(2) 4925(2) 31(1) 
C75 8659(2) 4096(3) 5301(2) 34(1) 
C76 8876(2) 3239(3) 5283(2) 34(1) 
C77 8495(2) 2797(2) 4879(2) 32(1) 
C78 8511(2) 1933(3) 4695(2) 38(1) 
C79 8062(2) 1711(3) 4301(2) 45(1) 
C80 7585(2) 2298(3) 4090(2) 45(1) 
C81 7554(2) 3130(3) 4253(2) 36(1) 
C82 8958(2) 4796(3) 5650(2) 49(1) 
C83 9033(2) 1336(3) 4909(2) 55(1) 
C84 7060(2) 3760(3) 4027(2) 50(1) 
C85 6767(2) 2715(3) 5785(2) 32(1) 
C86 6864(2) 3530(3) 6038(2) 34(1) 
C87 7398(2) 3453(3) 6418(2) 34(1) 
C88 7655(2) 2614(3) 6379(2) 34(1) 
C89 7264(2) 2141(3) 5995(2) 35(1) 
C90 7310(2) 1289(3) 5802(2) 39(1) 
C91 6873(2) 1052(3) 5405(2) 45(1) 
C92 6390(2) 1617(3) 5193(2) 48(1) 
C93 6325(2) 2440(3) 5360(2) 41(1) 
C94 7647(2) 4148(3) 6789(2) 44(1) 
C95 7834(3) 694(3) 6026(2) 54(1) 
C96 5821(2) 3055(3) 5135(2) 53(1) 
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Table 47. Crystal data and structure refinement for (IndMe-2)2V. 
________________________________________________________________________ 
 
Empirical formula C20 H18 V 

Formula weight 309.28 
Temperature 107(2) K 
Wavelength 1.54178 Å 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 19.1705(19) Å αa= 90° 
 b = 10.7408(11) Å βb= 107.740(7)° 
 c = 7.8099(8) Å γ = 90° 
Volume 1531.6(3) Å3 
Z 4 
Density (calculated) 1.341 g/cm3 
Absorption coefficient 5.304 mm-1 
F(000) 644 
Crystal size 0.33 × 0.22 × 0.11 mm3 
Theta range for data collection 4.78 to 58.97° 
Index ranges -15 ≤ h ≤ 21, -11 ≤ k ≤ 11, -8 ≤ l ≤ 6 
Reflections collected 3487 
Independent reflections 1042 [Rint = 0.0263] 

Completeness to theta = 58.97° 94.5 % 
Absorption correction Multi-scan 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1042 / 0 / 98 
Goodness-of-fit on F2 1.091 
Final R indices [I>2σ(I)] R1 = 0.0321, wR2 = 0.0838 
R indices (all data) R1 = 0.0345, wR2 = 0.0852 
Extinction coefficient 0.00030(14) 
Largest diff. peak and hole 0.475 and -0.287 e-/Å3 
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 Table 48. Atomic coordinates (× 104) and equivalent isotropic displacement parame-
ters (Å2 × 103) for (IndMe-2)2V. U(eq) is defined as 1/3 of the trace of the orthogonalized 
Uij tensor. 
________________________________________________________________________ 
atoms x y z U(eq) 
________________________________________________________________________ 
V(1) 7500 7500 0 16(1) 
C(1) 7738(1) 7862(2) 2969(3) 20(1) 
C(2) 8129(1) 8760(2) 2291(3) 20(1) 
C(3) 7618(1) 9491(2) 983(3) 20(1) 
C(4) 6188(1) 9428(2) -239(3) 24(1) 
C(5) 5591(1) 8798(2) -89(3) 27(1) 
C(6) 5665(1) 7799(2) 1134(3) 26(1) 
C(7) 6335(1) 7424(2) 2220(3) 23(1) 
C(8) 6973(1) 8058(2) 2128(3) 18(1) 
C(9) 6895(1) 9083(2) 874(3) 18(1) 
C(10) 8945(1) 8895(2) 2854(3) 29(1) 

________________________________________________________________________ 
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Table 49. Crystal data and structure refinement for (Ind2Me-4,7)2V. 
________________________________________________________________________ 
 
Empirical formula C22 H22 V 

Formula weight 337.34 
Temperature 293(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group Cc 
Unit cell dimensions a = 15.642(5) Å α= 90° 
 b = 18.533(6) Å β= 110.758(4)° 
 c = 12.547(4) Å γ = 90° 
Volume 3401.2(19) Å3 
Z 8 
Density (calculated) 1.318 g/cm3 
Absorption coefficient 0.580 mm-1 
F(000) 1416 
Crystal size 0.33 × 0.22 × 0.10 mm3 
Crystal color, habit Green blade 
Theta range for data collection 1.77 to 27.71° 
Index ranges -20 ≤ h ≤ 16, -24 ≤ k ≤ 23, -16 ≤ l ≤ 16 
Reflections collected 13424 
Independent reflections 6148 [Rint = 0.0408] 

Completeness to theta = 25.00° 96.0 % 
Absorption correction Multi-scan 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6148 / 2 / 461 
Goodness-of-fit on F2 1.067 
Final R indices [I>2σ(I)] R1 = 0.0348, wR2 = 0.0854 
R indices (all data) R1 = 0.0432, wR2 = 0.0939 
Absolute structure parameter 0.471(18) 
Extinction coefficient 0.00058(16) 
Largest diff. peak and hole 0.386 and -0.519 e-/Å3 
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Table 50. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103) for (Ind2Me-4,7)2V. U(eq) is defined as 1/3 of the trace of the orthogonalized Uij 

tensor. 
________________________________________________________________________ 
atoms x y z U(eq) 
________________________________________________________________________ 
V(1) 3174(1) 1756(1) 9659(1) 19(1) 
C(1) 2431(2) 998(1) 8186(2) 19(1) 
C(2) 3005(2) 1476(2) 7844(2) 24(1) 
C(3) 3916(2) 1330(2) 8532(3) 27(1) 
C(4) 3936(2) 792(2) 9336(3) 26(1) 
C(5) 3021(2) 570(1) 9128(2) 21(1) 
C(6) 2626(2) 67(2) 9689(2) 24(1) 
C(7) 1690(2) 6(2) 9276(3) 31(1) 
C(8) 1126(2) 419(2) 8353(3) 28(1) 
C(9) 1463(2) 905(2) 7793(2) 23(1) 
C(10) 3242(3) -363(2) 10673(3) 37(1) 
C(11) 858(3) 1348(2) 6802(3) 35(1) 
C(12) 2281(2) 2245(2) 10553(2) 23(1) 
C(13) 2530(2) 2799(1) 9926(2) 27(1) 
C(14) 3487(2) 2886(2) 10405(2) 28(1) 
C(15) 3855(2) 2379(2) 11299(2) 24(1) 
C(16) 3115(2) 1986(1) 11416(2) 21(1) 
C(17) 3083(2) 1396(1) 12138(2) 22(1) 
C(18) 2238(2) 1108(2) 11987(2) 28(1) 
C(19) 1421(2) 1382(2) 11168(3) 29(1) 
C(20) 1418(2) 1928(2) 10440(2) 26(1) 
C(21) 3950(2) 1121(2) 13010(3) 31(1) 
C(22) 562(2) 2198(2) 9516(3) 37(1) 
V(1') 1826(1) 4199(1) 5367(1) 20(1) 
C(1') 2084(2) 3009(1) 5834(2) 20(1) 
C(2') 1194(2) 3199(2) 5805(3) 27(1) 
C(3') 1303(2) 3714(2) 6681(3) 28(1) 
C(4') 2235(2) 3870(2) 7218(2) 26(1) 
C(5') 2739(2) 3427(2) 6719(2) 23(1) 
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C(6') 3691(2) 3367(2) 6923(3) 28(1) 
C(7') 3952(2) 2902(2) 6252(3) 33(1) 
C(8') 3311(3) 2499(2) 5373(3) 35(1) 
C(9') 2389(2) 2540(1) 5136(3) 28(1) 
C(10') 4363(3) 3808(2) 7851(3) 44(1) 
C(11') 1696(3) 2120(2) 4196(3) 44(1) 
C(12') 1705(2) 4486(1) 3541(2) 21(1) 
C(13') 979(2) 4828(2) 3795(3) 26(1) 
C(14') 1381(2) 5323(2) 4682(3) 29(1) 
C(15') 2340(2) 5285(1) 5026(3) 27(1) 
C(16') 2555(2) 4772(1) 4301(2) 22(1) 
C(17') 3408(2) 4535(2) 4243(3) 27(1) 
C(18') 3366(2) 4035(2) 3433(3) 32(1) 
C(19') 2529(2) 3738(2) 2685(3) 30(1) 
C(20') 1700(2) 3946(2) 2722(2) 26(1) 
C(21') 4284(2) 4841(2) 5054(3) 38(1) 
C(22') 806(3) 3642(2) 1936(3) 38(1) 

________________________________________________________________________ 
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Table 51. Crystal data and structure refinement [(Ind2Si-1,3)ZnI(thf)]2. 
________________________________________________________________________ 

 
Empirical formula C38 H62 I2 O2 Si4 Zn2 

Formula weight 1047.78 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P21/c 

Unit cell dimensions a = 16.4885(10) Å aα = 90° 
 b = 16.0594(10) Å bβ = 
111.9010(10)° 
 c = 19.5253(12) Å gγ = 90° 
Volume 4797.1(5) Å3 
Z 4 
Density (calculated) 1.451 g/cm3 
Absorption coefficient 2.415 mm-1 
F(000) 2112 
Crystal size 0.30 x 0.30 x 0.20 mm3 
Theta range for data collection 1.69 to 28.19° 
Index ranges -21 ≤ h ≤ 21, -20 ≤ k ≤ 21, -25 ≤ l ≤ 25 
Reflections collected 39671 
Independent reflections 11069 [Rint = 0.0302] 

Completeness to theta = 28.19° 96.9 % 
Absorption correction None 
Max. and min. transmission 0.6438 and 0.5311 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11069 / 0 / 434 
Goodness-of-fit on F2 1.035 
Final R indices [I>2σ(I)] R1 = 0.0297, wR2 = 0.0672 
R indices (all data) R1 = 0.0471, wR2 = 0.0746 
Largest diff. peak and hole 1.032 and -0.454 e-/Å3 
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Table 52. Atomic coordinates (× 104) and equivalent isotropic displacement parameters 
(Å2 × 103) for [(Ind2Si-1,3)ZnI(thf)]2. U(eq) is defined as 1/3 of the trace of the orthogonal-
ized Uij tensor. 
________________________________________________________________________ 
atoms x y z U(eq) 
________________________________________________________________________ 
I(1) 6307(1) 687(1) 4666(1) 25(1) 
I(2) 8644(1) -532(1) 5687(1) 28(1) 
Zn(1) 7317(1) -477(1) 4393(1) 22(1) 
Zn(2) 7601(1) 587(1) 5982(1) 23(1) 
Si(1) 5589(1) -906(1) 1607(1) 27(1) 
Si(2) 6336(1) -2229(1) 4382(1) 24(1) 
Si(3) 8298(1) 2444(1) 5945(1) 28(1) 
Si(4) 9904(1) 837(1) 8621(1) 27(1) 
O(1) 7869(1) 217(1) 3814(1) 29(1) 
O(2) 7072(1) -189(1) 6523(1) 28(1) 
C(1) 6092(2) -1176(2) 3165(1) 21(1) 
C(2) 6300(2) -1236(2) 2551(1) 22(1) 
C(3) 7150(2) -1646(2) 2793(1) 22(1) 
C(4) 7684(2) -1860(2) 2409(2) 27(1) 
C(5) 8476(2) -2252(2) 2779(2) 29(1) 
C(6) 8745(2) -2425(2) 3528(2) 29(1) 
C(7) 8230(2) -2212(2) 3922(2) 25(1) 
C(8) 7428(2) -1825(2) 3558(1) 21(1) 
C(9) 6761(2) -1516(2) 3836(1) 21(1) 
C(10) 6168(2) -190(2) 1189(2) 48(1) 
C(11) 5223(2) -1842(2) 1004(2) 40(1) 
C(12) 4617(2) -363(2) 1652(2) 36(1) 
C(13) 7187(2) -2602(2) 5260(2) 41(1) 
C(14) 5467(2) -1671(2) 4595(2) 33(1) 
C(15) 5863(2) -3167(2) 3808(2) 41(1) 
C(16) 8980(2) 1290(2) 7099(1) 23(1) 
C(17) 8152(2) 1615(2) 6564(1) 24(1) 
C(18) 7649(2) 1786(2) 7038(1) 25(1) 
C(19) 6804(2) 2097(2) 6866(2) 31(1) 
C(20) 6478(2) 2176(2) 7420(2) 35(1) 
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C(21) 6978(2) 1950(2) 8146(2) 36(1) 
C(22) 7811(2) 1638(2) 8325(2) 30(1) 
C(23) 8153(2) 1555(2) 7771(1) 24(1) 
C(24) 8999(2) 1244(2) 7805(1) 25(1) 
C(25) 7260(2) 2995(2) 5402(2) 42(1) 
C(26) 8762(2) 1973(2) 5295(2) 38(1) 
C(27) 9072(2) 3237(2) 6531(2) 35(1) 
C(28) 9528(2) -114(2) 8973(2) 34(1) 
C(29) 10266(2) 1643(2) 9366(2) 44(1) 
C(30) 10842(2) 564(2) 8354(2) 41(1) 
C(31) 8734(2) 90(2) 3798(2) 38(1) 
C(32) 8857(2) 832(2) 3370(2) 50(1) 
C(33) 7968(2) 996(2) 2828(2) 46(1) 
C(34) 7391(2) 823(2) 3256(2) 34(1) 
C(35) 6188(2) -147(2) 6514(2) 37(1) 
C(36) 6132(2) -886(2) 6968(2) 37(1) 
C(37) 7032(2) -901(2) 7569(2) 39(1) 
C(38) 7618(2) -685(2) 7155(2) 39(1) 

________________________________________________________________________ 



     241 

 

 

 

 

 

 

 

 

 

Appendix C 

SQUID MAGNETOMETER DESCRIPTION AND SOLID STATE MAGNETIC DATA 
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To use this instrument, approximately 30 mg of sample is placed inside a supercon-

ducting sample holder that rests above the SQUID device. A biasing current is then ap-

plied to a superconducting loop possessing two Josephson junctions (each represented by 

× in the inset of Figure 45). The resulting magnetic field is then influenced by the mag-

netic character of the sample, inducing a measurable change in the magnetic flux. This is 

recorded in the form of impedance and later interpreted to yield the magnetic susceptibil-

ity (χ) of the sample. Plotted over a range of temperatures, χT vs T produces characteristic 

data curves that correspond to distinct magnetic ordering, such as ferro- or antiferro-

magnetism.
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Figure 45. Schematic for a SQUID magnetometer.
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Table 53. SQUID data for [(Ind2Me-4,7)2Cr 

temp (K) χm µeff 1/χm χmT 
2.00 0.37155 2.44 2.69 0.74 
2.50 0.33037 2.57 3.03 0.83 
3.00 0.28618 2.62 3.49 0.86 
3.50 0.25383 2.66 3.94 0.89 
4.00 0.22714 2.70 4.40 0.91 
4.50 0.20631 2.73 4.85 0.93 
5.00 0.18917 2.75 5.29 0.95 
5.50 0.17377 2.77 5.75 0.96 
6.00 0.16048 2.78 6.23 0.96 
6.50 0.14919 2.79 6.70 0.97 
7.00 0.13889 2.79 7.20 0.97 
7.50 0.13007 2.79 7.69 0.98 
8.00 0.12224 2.80 8.18 0.98 
8.50 0.11532 2.80 8.67 0.98 
9.00 0.10920 2.80 9.16 0.98 
9.50 0.10359 2.81 9.65 0.98 

10.00 0.09876 2.81 10.13 0.99 
12.00 0.08348 2.83 11.98 1.00 
14.01 0.07223 2.84 13.85 1.01 
15.99 0.06368 2.85 15.70 1.02 
18.00 0.05683 2.86 17.60 1.02 
19.99 0.05130 2.86 19.49 1.03 
21.99 0.04676 2.87 21.38 1.03 
23.99 0.04292 2.87 23.30 1.03 
26.00 0.03934 2.86 25.42 1.02 
28.00 0.03667 2.87 27.27 1.03 
30.00 0.03411 2.86 29.31 1.02 
35.00 0.02915 2.86 34.30 1.02 
40.01 0.02551 2.86 39.20 1.02 
45.01 0.02271 2.86 44.04 1.02 
50.01 0.02044 2.86 48.92 1.02 
55.05 0.01864 2.87 53.64 1.03 
60.06 0.01711 2.87 58.44 1.03 
65.08 0.01582 2.87 63.23 1.03 
70.09 0.01471 2.87 67.96 1.03 
75.09 0.01377 2.88 72.61 1.03 
80.13 0.01296 2.88 77.15 1.04 
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  Table 53 . , continued   
temp (K) χm µeff 1/χm χmT 

85.13 0.03501 7.30 28.57 6.67 
90.14 0.03445 7.34 29.03 6.73 
95.17 0.03390 7.37 29.50 6.79 

100.10 0.03339 7.41 29.95 6.86 
105.20 0.03285 7.44 30.44 6.91 
110.19 0.03235 7.47 30.91 6.97 
115.22 0.03186 7.50 31.39 7.02 
120.23 0.03138 7.52 31.87 7.07 
125.25 0.03091 7.55 32.36 7.12 
130.26 0.03045 7.57 32.84 7.17 
135.27 0.03001 7.60 33.33 7.22 
140.29 0.02957 7.62 33.82 7.26 
145.29 0.02915 7.64 34.30 7.30 
150.31 0.02874 7.66 34.79 7.34 
155.32 0.02834 7.68 35.29 7.38 
160.33 0.02794 7.70 35.79 7.42 
165.34 0.02756 7.72 36.29 7.45 
170.35 0.02718 7.74 36.79 7.49 
175.36 0.02682 7.76 37.29 7.52 
180.38 0.02646 7.77 37.79 7.55 
185.40 0.02612 7.79 38.29 7.59 
190.40 0.37155 2.44 2.69 0.74 
195.41 0.33037 2.57 3.03 0.83 
200.41 0.28618 2.62 3.49 0.86 
205.44 0.25383 2.66 3.94 0.89 
210.45 0.22714 2.70 4.40 0.91 
215.43 0.20631 2.73 4.85 0.93 
220.45 0.18917 2.75 5.29 0.95 
225.44 0.17377 2.77 5.75 0.96 
230.44 0.16048 2.78 6.23 0.96 
235.45 0.14919 2.79 6.70 0.97 
240.46 0.13889 2.79 7.20 0.97 
245.44 0.13007 2.79 7.69 0.98 
250.45 0.12224 2.80 8.18 0.98 
255.45 0.11532 2.80 8.67 0.98 
260.45 0.10920 2.80 9.16 0.98 
265.45 0.10359 2.81 9.65 0.98 

     



     246 

Table 53 . , continued 
temp (K) χm µeff 1/χm χmT 

270.45 0.09876 2.81 10.13 0.99 
275.45 0.08348 2.83 11.98 1.00 
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Table 54. SQUID data for [(Ind3Me-1,2,3)2Fe]+[DCNQ]- 

temp (K) χm µeff 1/χm χmT 
1.79 1.1476 4.06 0.87 2.06 
2.00 1.1388 4.27 0.88 2.28 
2.20 1.1306 4.46 0.88 2.49 
2.40 1.1218 4.64 0.89 2.69 
2.60 1.1123 4.81 0.90 2.89 
2.80 1.1016 4.97 0.91 3.08 
3.00 1.0904 5.11 0.92 3.27 
3.20 1.0767 5.25 0.93 3.44 
3.40 1.0612 5.37 0.94 3.61 
3.60 1.0431 5.48 0.96 3.75 
3.81 1.0218 5.58 0.98 3.89 
4.00 0.9996 5.66 1.00 4.00 
4.20 0.9747 5.73 1.03 4.10 
4.40 0.9483 5.78 1.05 4.17 
4.60 0.9202 5.82 1.09 4.23 
4.80 0.8956 5.86 1.12 4.30 
5.00 0.8678 5.89 1.15 4.34 
5.20 0.8379 5.90 1.19 4.36 
5.40 0.8074 5.91 1.24 4.36 
5.60 0.7765 5.90 1.29 4.35 
5.80 0.7440 5.88 1.34 4.32 
6.00 0.7132 5.85 1.40 4.28 
6.19 0.6845 5.82 1.46 4.24 
6.40 0.6551 5.79 1.53 4.19 
6.60 0.6278 5.76 1.59 4.14 
6.80 0.6020 5.72 1.66 4.09 
7.00 0.5777 5.69 1.73 4.04 
7.20 0.5541 5.65 1.80 3.99 
7.40 0.5320 5.61 1.88 3.93 
7.60 0.5112 5.57 1.96 3.88 
7.80 0.4914 5.54 2.03 3.83 
8.00 0.4728 5.50 2.12 3.78 
8.20 0.4552 5.46 2.20 3.73 
8.40 0.4386 5.43 2.28 3.68 
8.60 0.4229 5.39 2.36 3.64 
8.79 0.4083 5.36 2.45 3.59 
9.00 0.3943 5.33 2.54 3.55 
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  Table 54 . , continued   
temp (K) χm µeff 1/χm χmT 

9.20 0.3807 5.29 2.63 3.50 
9.40 0.3686 5.26 2.71 3.46 
9.60 0.3569 5.23 2.80 3.43 
9.79 0.3457 5.20 2.89 3.39 

10.00 0.3351 5.18 2.98 3.35 
14.99 0.1816 4.67 5.51 2.72 
19.98 0.1191 4.36 8.40 2.38 
24.98 0.0870 4.17 11.49 2.17 
30.00 0.0678 4.03 14.75 2.03 
35.00 0.0552 3.93 18.11 1.93 
40.00 0.0464 3.85 21.54 1.86 
45.01 0.0400 3.79 25.01 1.80 
50.03 0.0350 3.74 28.55 1.75 
55.05 0.0311 3.70 32.12 1.71 
60.07 0.0280 3.67 35.69 1.68 
65.08 0.0255 3.64 39.29 1.66 
70.08 0.0233 3.62 42.84 1.64 
75.13 0.0215 3.60 46.46 1.62 
80.13 0.0200 3.58 50.07 1.60 
85.16 0.0186 3.56 53.67 1.59 
90.15 0.0175 3.55 57.25 1.57 
95.16 0.0164 3.54 60.83 1.56 

100.22 0.0155 3.53 64.40 1.56 
105.18 0.0147 3.52 67.97 1.55 
110.23 0.0140 3.51 71.53 1.54 
115.25 0.0133 3.50 75.08 1.53 
120.23 0.0127 3.50 78.65 1.53 
125.22 0.0122 3.49 82.16 1.52 
130.28 0.0117 3.49 85.64 1.52 
135.29 0.0112 3.48 89.19 1.52 
140.31 0.0108 3.48 92.71 1.51 
145.33 0.0104 3.48 96.22 1.51 
150.35 0.0100 3.47 99.72 1.51 
155.34 0.0097 3.47 103.18 1.51 
160.36 0.0094 3.47 106.69 1.50 
165.37 0.0091 3.47 110.13 1.50 
170.40 0.0088 3.46 113.61 1.50 
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Table 54 . , continued 
temp (K) χm µeff 1/χm χmT 

175.39 0.0085 3.46 117.06 1.50 
180.40 0.0083 3.46 120.49 1.50 
185.42 0.0081 3.46 123.91 1.50 
190.42 0.0079 3.46 127.33 1.50 
195.44 0.0076 3.46 130.74 1.49 
200.45 0.0075 3.46 134.11 1.49 
205.45 0.0073 3.46 137.51 1.49 
210.47 0.0071 3.46 140.88 1.49 
215.47 0.0069 3.46 144.21 1.49 
220.47 0.0068 3.46 147.57 1.49 
225.47 0.0066 3.46 150.89 1.49 
230.39 0.0065 3.46 154.23 1.49 
235.45 0.0063 3.46 157.51 1.49 
240.48 0.0062 3.46 160.81 1.50 
245.45 0.0061 3.46 164.09 1.50 
250.48 0.0060 3.46 167.36 1.50 
255.47 0.0059 3.46 170.65 1.50 
260.48 0.0057 3.46 173.95 1.50 
265.48 0.0056 3.46 177.32 1.50 
270.50 0.0055 3.46 180.58 1.50 
275.51 0.0054 3.46 183.85 1.50 
280.50 0.0053 3.46 187.06 1.50 
285.50 0.0053 3.46 190.34 1.50 
290.51 0.0052 3.47 193.53 1.50 
295.48 0.0051 3.47 196.72 1.50 
300.48 0.0050 3.47 199.88 1.50 
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Table 55. SQUID data for [(Ind2Me-1,3/Si-2)2Fe]+[DCID]- 
temp (K) χm µeff 1/χm χmT 

1.80 0.2804 2.01 3.57 0.51 
2.00 0.2689 2.07 3.72 0.54 
2.20 0.2574 2.13 3.88 0.57 
2.40 0.2471 2.18 4.05 0.59 
2.60 0.2380 2.22 4.20 0.62 
2.80 0.2297 2.27 4.35 0.64 
3.00 0.2222 2.31 4.50 0.67 
3.20 0.2153 2.35 4.65 0.69 
3.40 0.2090 2.38 4.78 0.71 
3.60 0.2033 2.42 4.92 0.73 
3.81 0.1981 2.46 5.05 0.75 
4.01 0.1932 2.49 5.18 0.77 
4.20 0.1887 2.52 5.30 0.79 
4.40 0.1845 2.55 5.42 0.81 
4.60 0.1803 2.58 5.55 0.83 
4.80 0.1777 2.61 5.63 0.85 
5.00 0.1746 2.64 5.73 0.87 
5.20 0.1714 2.67 5.83 0.89 
5.40 0.1683 2.70 5.94 0.91 
5.60 0.1653 2.72 6.05 0.93 
5.80 0.1625 2.75 6.15 0.94 
6.00 0.1597 2.77 6.26 0.96 
6.20 0.1572 2.79 6.36 0.97 
6.40 0.1547 2.81 6.46 0.99 
6.60 0.1522 2.83 6.57 1.00 
6.80 0.1501 2.86 6.66 1.02 
7.00 0.1480 2.88 6.76 1.04 
7.20 0.1458 2.90 6.86 1.05 
7.40 0.1439 2.92 6.95 1.06 
7.60 0.1420 2.94 7.04 1.08 
7.80 0.1402 2.96 7.13 1.09 
7.99 0.1384 2.98 7.22 1.11 
8.19 0.1367 2.99 7.31 1.12 
8.40 0.1350 3.01 7.41 1.13 
8.60 0.1334 3.03 7.49 1.15 
8.79 0.1319 3.05 7.58 1.16 
9.00 0.1304 3.06 7.67 1.17 
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  Table 55 . , continued   
temp (K) χm µeff 1/χm χmT 

9.20 0.1289 3.08 7.76 1.19 
9.40 0.1275 3.10 7.84 1.20 
9.60 0.1261 3.11 7.93 1.21 
9.80 0.1248 3.13 8.01 1.22 

10.00 0.1235 3.14 8.10 1.23 
14.99 0.1019 3.50 9.81 1.53 
19.98 0.0859 3.71 11.64 1.72 
24.97 0.0737 3.84 13.57 1.84 
30.00 0.0643 3.93 15.56 1.93 
35.00 0.0559 3.96 17.88 1.96 
40.00 0.0485 3.94 20.60 1.94 
44.99 0.0441 3.98 22.70 1.98 
50.04 0.0404 4.02 24.78 2.02 
55.05 0.0373 4.05 26.84 2.05 
60.06 0.0346 4.08 28.89 2.08 
65.08 0.0323 4.10 30.95 2.10 
70.10 0.0303 4.12 32.99 2.12 
75.10 0.0285 4.14 35.03 2.14 
80.12 0.0270 4.16 37.06 2.16 
85.13 0.0256 4.18 39.06 2.18 
90.15 0.0240 4.16 41.59 2.17 
95.14 0.0232 4.21 43.04 2.21 

100.18 0.0222 4.22 44.97 2.23 
105.17 0.0213 4.23 46.92 2.24 
110.30 0.0205 4.25 48.86 2.26 
115.32 0.0197 4.26 50.80 2.27 
120.30 0.0190 4.27 52.71 2.28 
125.26 0.0183 4.28 54.64 2.29 
130.27 0.0177 4.29 56.54 2.30 
135.29 0.0171 4.30 58.44 2.32 
140.30 0.0166 4.31 60.32 2.33 
145.31 0.0161 4.32 62.15 2.34 
150.33 0.0156 4.33 64.01 2.35 
155.36 0.0152 4.34 65.85 2.36 
160.36 0.0148 4.35 67.68 2.37 
165.37 0.0144 4.36 69.53 2.38 
170.38 0.0141 4.39 70.81 2.41 
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Table 55 . , continued 
temp (K) χm µeff 1/χm χmT 

175.36 0.0137 4.38 73.17 2.40 
180.40 0.0133 4.39 74.97 2.41 
185.42 0.0130 4.40 76.75 2.42 
190.44 0.0127 4.40 78.54 2.42 
195.36 0.0124 4.41 80.34 2.43 
200.45 0.0122 4.42 82.07 2.44 
205.46 0.0119 4.43 83.80 2.45 
210.46 0.0117 4.44 85.56 2.46 
215.46 0.0115 4.44 87.30 2.47 
220.45 0.0112 4.45 88.98 2.48 
225.47 0.0110 4.46 90.72 2.49 
230.46 0.0108 4.47 92.46 2.49 
235.47 0.0106 4.47 94.17 2.50 
240.48 0.0104 4.48 95.92 2.51 
245.49 0.0102 4.48 97.64 2.51 
250.48 0.0101 4.49 99.35 2.52 
255.49 0.0099 4.50 101.05 2.53 
260.48 0.0097 4.50 102.73 2.54 
265.51 0.0096 4.51 104.40 2.54 
270.49 0.0094 4.52 106.05 2.55 
275.45 0.0093 4.52 107.73 2.56 
280.48 0.0091 4.53 109.50 2.56 
285.48 0.0090 4.53 111.13 2.57 
290.51 0.0089 4.54 112.79 2.58 
295.45 0.0087 4.55 114.40 2.58 
300.51 0.0086 4.55 116.03 2.59 
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Table 56. SQUID data for [(Ind3Me-2,4,7)MnCl(thf)]2 
temp (K) χm μeff 1/χm χmT 

5.00 0.02599 1.02 38.48 0.13 
10.00 0.03975 1.78 25.15 0.40 
14.99 0.04473 2.32 22.36 0.67 
19.99 0.04698 2.74 21.29 0.94 
24.98 0.04833 3.11 20.69 1.21 
30.00 0.04934 3.44 20.27 1.48 
35.00 0.05010 3.75 19.96 1.75 
40.00 0.05074 4.03 19.71 2.03 
45.00 0.05123 4.29 19.52 2.31 
50.02 0.05181 4.55 19.30 2.59 
55.06 0.05207 4.79 19.20 2.87 
60.08 0.05138 4.97 19.46 3.09 
65.08 0.05119 5.16 19.54 3.33 
70.10 0.05086 5.34 19.66 3.57 
75.12 0.05044 5.51 19.82 3.79 
80.13 0.04994 5.66 20.03 4.00 
85.14 0.04936 5.80 20.26 4.20 
90.15 0.04873 5.93 20.52 4.39 
95.18 0.04805 6.05 20.81 4.57 

100.21 0.04734 6.16 21.12 4.74 
105.21 0.04661 6.26 21.46 4.90 
110.20 0.04586 6.36 21.81 5.05 
115.24 0.04510 6.45 22.17 5.20 
120.24 0.04435 6.53 22.55 5.33 
125.24 0.04359 6.61 22.94 5.46 
130.27 0.04284 6.68 23.34 5.58 
135.28 0.04209 6.75 23.76 5.69 
140.30 0.04136 6.81 24.18 5.80 
145.31 0.04065 6.87 24.60 5.91 
150.33 0.03995 6.93 25.03 6.00 
155.33 0.03926 6.99 25.47 6.10 
160.35 0.03860 7.04 25.91 6.19 
165.36 0.03796 7.09 26.34 6.28 
170.37 0.03734 7.13 26.78 6.36 
175.39 0.03674 7.18 27.22 6.44 
180.40 0.03615 7.22 27.66 6.52 
185.41 0.03558 7.26 28.11 6.60 
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  Table 56 . , continued   
temp (K) χm µeff 1/χm χmT 

190.41 0.03501 7.30 28.57 6.67 
195.43 0.03445 7.34 29.03 6.73 
200.43 0.03390 7.37 29.50 6.79 
205.45 0.03339 7.41 29.95 6.86 
210.46 0.03285 7.44 30.44 6.91 
215.44 0.03235 7.47 30.91 6.97 
220.44 0.03186 7.50 31.39 7.02 
225.45 0.03138 7.52 31.87 7.07 
230.44 0.03091 7.55 32.36 7.12 
235.45 0.03045 7.57 32.84 7.17 
240.47 0.03001 7.60 33.33 7.22 
245.46 0.02957 7.62 33.82 7.26 
250.47 0.02915 7.64 34.30 7.30 
255.46 0.02874 7.66 34.79 7.34 
260.46 0.02834 7.68 35.29 7.38 
265.47 0.02794 7.70 35.79 7.42 
270.45 0.02756 7.72 36.29 7.45 
275.46 0.02718 7.74 36.79 7.49 
280.46 0.02682 7.76 37.29 7.52 
285.47 0.02646 7.77 37.79 7.55 
290.47 0.02612 7.79 38.29 7.59 
295.47 0.02578 7.81 38.79 7.62 
300.47 0.02545 7.82 39.30 7.65 
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Table 57. SQUID data for (IndMe-2)2V 
temp (K) χm µeff 1/χm χmT 

5.00 0.21714 2.95 4.61 1.09 
9.99 0.12064 3.10 8.29 1.21 

14.99 0.08309 3.16 12.03 1.25 
19.99 0.06314 3.18 15.84 1.26 
24.99 0.05100 3.19 19.61 1.27 
30.00 0.04277 3.20 23.38 1.28 
35.00 0.03686 3.21 27.13 1.29 
40.01 0.03241 3.22 30.86 1.30 
45.01 0.02889 3.23 34.62 1.30 
50.02 0.02624 3.24 38.11 1.31 
55.04 0.02387 3.24 41.89 1.31 
60.06 0.02191 3.24 45.64 1.32 
65.08 0.02024 3.25 49.40 1.32 
70.09 0.01883 3.25 53.10 1.32 
75.10 0.01762 3.25 56.77 1.32 
80.12 0.01656 3.26 60.40 1.33 
85.14 0.01561 3.26 64.07 1.33 
90.15 0.01478 3.26 67.68 1.33 
95.20 0.01403 3.27 71.28 1.34 

100.21 0.01336 3.27 74.87 1.34 
105.21 0.01275 3.28 78.44 1.34 
110.23 0.01219 3.28 82.03 1.34 
115.16 0.01170 3.28 85.47 1.35 
120.21 0.01123 3.29 89.06 1.35 
125.22 0.01080 3.29 92.56 1.35 
130.26 0.01041 3.29 96.06 1.36 
135.28 0.01005 3.30 99.54 1.36 
140.30 0.00971 3.30 102.99 1.36 
145.31 0.00939 3.30 106.47 1.36 
150.33 0.00909 3.31 109.96 1.37 
155.34 0.00882 3.31 113.40 1.37 
160.34 0.00855 3.31 116.90 1.37 
165.36 0.00831 3.32 120.37 1.37 
170.36 0.00808 3.32 123.81 1.38 
175.39 0.00786 3.32 127.26 1.38 
180.40 0.00765 3.32 130.71 1.38 
185.41 0.00746 3.33 134.12 1.38 



     256 

  Table 57 . , continued   
temp (K) Χm µeff 1/χm χmT 

190.41 0.00727 3.33 137.57 1.38 
195.41 0.00709 3.33 140.97 1.39 
200.44 0.00693 3.33 144.36 1.39 
205.44 0.00677 3.34 147.74 1.39 
210.43 0.00661 3.34 151.19 1.39 
215.44 0.00647 3.34 154.60 1.39 
220.46 0.00633 3.34 157.99 1.40 
225.43 0.00619 3.34 161.42 1.40 
230.44 0.00606 3.34 164.89 1.40 
235.29 0.00594 3.34 168.34 1.40 
240.42 0.00582 3.35 171.80 1.40 
245.45 0.00571 3.35 175.25 1.40 
250.46 0.00559 3.35 178.74 1.40 
255.46 0.00549 3.35 182.23 1.40 
260.45 0.00538 3.35 185.75 1.40 
265.49 0.00528 3.35 189.31 1.40 
270.46 0.00519 3.35 192.77 1.40 
275.45 0.00510 3.35 195.95 1.41 
280.47 0.00502 3.36 199.16 1.41 
285.46 0.00494 3.36 202.36 1.41 
290.46 0.00487 3.36 205.55 1.41 
295.47 0.00479 3.37 208.72 1.42 
300.48 0.00472 3.37 211.90 1.42 
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