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ABSTRACT OF THE DISSERTATION 

 

Unique Properties and Reactivity of Electrophilic Metal Centers  

Supported by Ferrocene Diamide Ligands 

 

by 

 

Kevin L. Miller 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2014 

Professor Richard B. Kaner, Chair 

 

 The work reported herein represents various studies of group 3 metal complexes 

supported by ferrocene diamide ligands. Chapter 1 is a brief introduction and survey of relevant 

literature, and it outlines the reasoning behind the study of these compounds. Chapter 2 details 

the synthesis of Sc, Y, Lu, and La benzyl complexes supported by a ferrocene diamide ligand, 

and their reactions with aromatic N-heterocycles. The group 3 metal complexes facilitate an 

alkyl migration to the N-heterocycles, as well as their dearomatization. Chapter 3 describes the 

use of these group 3 metal complexes to couple N-heterocycles, specifically two 1-

methylbenzimidazole molecules. Furthermore, a second product is also isolated in which one of 

the imidazole rings has been cleaved. Chapter 4 represents a body of unpublished work, in which 

group 3 and group 4 metals are used to mediate electron transfer between two ferrocene diamide 

ligands. Finally, chapter 5 is a study of the effect of different ferrocene diamide ligands on the 

reactivity of lutetium metal complexes toward aromatic N-heterocycles. 
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CHAPTER 1: Introduction 

Historically, the chemistry of the group 3 metals has been relatively unexplored 

compared to transition metal chemistry.
1
 For many years, it was assumed that the group 3 metals 

lacked the capacity to interact with organic compounds in the same way as many of the transition 

metals. For the lanthanides, the 4f orbitals have a limited radial extension compared to the d 

orbitals, and consequently also have limited orbital interaction with attached ligands. This is 

supported by numerous studies, both theoretical and experimental in nature.
2-5

 Even when 

compared to the actinides, the 4f orbitals of the lanthanides are considered less important than 

the more controversial 5f orbitals for the purposes of molecular bonding.
6-13

 

The difficulty of working experimentally with group 3 metals is another factor limiting 

research. Organometallic complexes involving these metals are almost always extremely air and 

moisture sensitive. The sensitivity of these complexes also often prevents the use of traditional 

purification techniques, such as sublimation or column chromatography. Finally, many of the 

group three metals are paramagnetic, which complicates characterization through NMR 

spectroscopy.
4
  

Keeping this in mind, our lab has always strived to discover new and interesting 

reactivity mediated by group 3 metals, early transition metals, and the actinides.
14-40

 My own 

research, in particular, has focused on group 3 metals, which includes the lanthanides. These 

metals are most often, though not always, found in their trivalent oxidation states. Other 

oxidation states are available, but they are much less common.
4,41,42

 This prevents interactions 

and processes that are important to other areas of organometallic chemistry research, including 

oxidative addition and reductive elimination. Furthermore, due to the limited influence of the 4f 

orbitals upon reactivity, reaction pathways are often highly dependent on electrostatic effects, 



2 

 

rather than orbital effects such as π-backbonding. The limited participation of 4f orbitals also 

makes the reactivity of the 4f metals comparable to that of the normally trivalent group 3 metals 

Sc and Y, which lack f orbitals entirely.
1,4,5

 

Consequently, steric effects are increased in relative importance when studying the 

chemistry of group 3 metals. Indeed, since the limited effects of the 4f
n
 orbitals often lead to 

similar reactivity for all the group 3 metals, size optimization of the metal center is 

commonplace.
1,3,4,43-46

 This is done by exploiting the so-called “lanthanide contraction”, which 

refers to the fact that the radial size of the lanthanides gradually decreases across the series from 

lanthanide to lutetium.
47

 One further consequence of the electrostatic interactions of the group 3 

metals is that there is no 18 electron rule for the chemistry of these metals. Instead, the number 

of ligands that coordinate to the group 3 metals is often limited by sterics alone.
1,4

  

 To stabilize these group 3 metals, our lab has utilized a ferrocene diamide ligand (NN
fc

) 

in much of our research (Scheme 1.1). The synthesis of the NN
fc

 ligand precursor was adapted 

from the synthesis of a close analogue,
48

 and several reports involving the same or similar 

ligands have been made.
48-60

 It had been found that a rich variety of reactions took place with 

these complexes.
16,61

 In fact, the NN
fc

 ligand offers several advantages: it effectively blocks one 

side of the metal center it coordinates to, while leaving the other side open for reaction. The 

geometry around the iron center may also vary to accommodate changes in the electron density 

of the metal center. Lastly, the iron center may act as a weak electron donor toward the metal 

center, possibly influencing its reactivity. Much of the work presented in this dissertation was 

done using the NN
fc

 ligand coordinated to various group 3 metals. Furthermore, it is shown that 

variance of the groups attached to the amido moiety can result in varying reactivity (see Chapters 

4 and 5).
29
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Scheme 1.1. The (NN
fc

) ligand, and its use as a supporting ligand in group 3 metal alkyl 

complexes. 

 

With the NN
fc

 ligand as a support, group 3 metal alkyl complexes were synthesized and 

used as the basis for much of the research presented. For example, my own research initially 

focused on a lutetium alkyl complex, (NN
fc

)Lu(CH2Xy-3,5)(THF), 1.1
Lu

-THF (Scheme 1.1). 

Analogous lanthanum, yttrium, and scandium complexes were prepared by my coworkers Kevin 

Ogilby, Bryan Williams, and Colin Carver, respectively. For this purpose, a suitable lutetium 

starting material had to be used. Thus, LuCl3 was prepared (Eq 1.1).
18,62,63

 

 

Although it would have been possible to combine LuCl3 with the potassium salt of the 

NN
fc

 ligand precursor (K2NN
fc

) , previous studies suggested that salt metathesis of LuCl3 with 

K2NN
fc

 would result in an “-ate” complex, so named because two dianionic ligands coordinate to 

the M
3+

 metal center (Scheme 1.2).
18

 Initially, this was an undesired result, for “-ate” complexes 

often occlude further reactivity.
18,64

 However, this simple pathway to formation of the “-ate” 

complex was exploited in later research (see Chapter 4). 
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Scheme 1.2. General formation of lanthanide “-ate” complexes utilizing the NN
fc

 ligand. 

 

Since LuCl3 could not be directly reacted with (K2NN
fc

) to achieve the desired results, the 

next step was to prepare a lutetium trialkyl compound from LuCl3. Following in the footsteps of 

the analogous scandium compound, the reaction of LuCl3 with K(CH2Xy-3,5) was carried out in 

THF to obtain Lu(CH2Xy-3,5)3(THF)2 (Eq 1.2). This reaction can easily be performed on a scale 

of one or more grams. An acid-base reaction of Lu(CH2Xy-3,5)3(THF)2 with the ligand precursor 

fc(NHSi
t
BuMe2)2 cleanly and easily resulted in the isolation of compound 1.1

Lu
-THF, in yields 

of up to 92%. Compound 1.1
Lu

-THF readily crystallizes and is able to be synthesized on a gram 

scale, both of which are important properties for a starting material in synthetic chemistry. 

Complexes of other group 3 metals, using Sc, Y, and La, were isolated in a similar manner.
15,18
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These starting materials were used as the basis for the majority of the chemistry presented 

in this dissertation. With these group 3 metal complexes, one of the major focuses was research 

with applications toward hydrodenitrogenation processes. Hydrodenitrogenation refers to the 

decomposition of nitrogen-containing impurities from fuels, and has become increasingly 

important as limited oil supplies dictate a shift towards hydrocarbon sources containing larger 

amounts of N-heterocycles.
65-70

 Throughout the presented research, a large focus was also placed 

on exploring the fundamental mechanisms behind these processes. This was often done through 

both experimental mechanistic studies and computational studies. Further research is also 

directed towards exploration of the chemistry of the NN
fc

 ligand, and how it influences the 

reactivity of the group 3 metals. Finally, emphasis is placed on exploring electron transfer 

processes involving the NN
fc

 ligand, and how different group 3 metals affect and mediate these 

processes.  

Through all this research, the main aim was always to gain a more thorough 

understanding of the relatively unexplored group 3 metal chemistry. Hopefully, this goal is made 

clear throughout the course of this dissertation.  
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CHAPTER 2: Dearomatization Reactions of N-Heterocycles 

Mediated by Group III Complexes 

2.1 Preface  

This chapter is adapted from work that was published in the Journal of the American 

Chemical Society. (Reprinted (adapted) with permission from Miller, K. L.; Williams, B. N.; 

Benitez, D.; Carver, C. T.; Ogilby, K. R.; Tkatchouk, E.; Goddard, W. A.; Diaconescu, P. L. J. 

Am. Chem. Soc. 2010, 132, 342-355. Copyright 2009 American Chemical Society.) I performed 

the main body of research as well as the writing, while Colin Carver (working with Kevin 

Ogilby) and Bryan Williams performed analogous work with Sc and Y, respectively. 

Calculations were done in collaboration with Diego Benitez and Ekaterina Tkatchouk of Dr. 

William Goddard III’s group. Dr. Paula Diaconescu performed the X-ray crystallography work, 

with some help from Dr. Saeed Khan. Professor James Mayer at the University of Washington, 

Seattle, and Dr. Rober Taylor at UCLA also contributed helpful suggestions. Mr. Samuel Roth, 

of Harvard-Westlake school, helped with the synthesis of some starting materials.  

This work was supported by UCLA, the Sloan Foundation, and the NSF (Grant CHE-

0847735). The MSC computational facilities were funded by grants from ARO-DURIP and 

ONR-DURIP. This paper was the first paper on which I was the main author, and it represents 

the culmination of a year and a half of research and experimental work.   

 

2.2 Abstract 

Group III (Sc, Y, Lu, La) benzyl complexes supported by a ferrocene diamide ligand are 

reactive toward aromatic N-heterocycles, often mediating their dearomatization, coupling, and, 

in a few cases, cleavage of their C−N bonds. When these complexes reacted with 2,2’-bipyridine 
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or isoquinoline, they facilitated the alkyl migration of the benzyl ligand onto the pyridine ring, a 

process accompanied by the dearomatization of the N-heterocycle. The products of the alkyl 

transfer reactions act as hydrogen donors in the presence of N-heterocycles, ketones, and 

azobenzene. Experimental and computational studies suggest that the hydrogen transfer takes 

place through a concerted mechanism. An interesting disproportionation reaction of the 

dearomatized, alkyl-substituted isoquinoline complexes is also reported.   

 

2.3 Introduction 

Early transition metal alkyl or hydride complexes often react with aromatic N-

heterocycles to produce ortho-metalated complexes.
1-19

 Such ortho-metalation reactions take 

place through a -bond metathesis mechanism,
16,20-22

 in which the alkyl group on the metal 

engages the hydrogen atom on the α-carbon of the heterocyclic ring and is eliminated as the 

corresponding hydrocarbon. Less commonly, alkyl ligands of early transition metal complexes 

will undergo a 1,3-alkyl migration, when they are transferred to the α-carbon of the coordinated 

N-heterocycle.
23-25

 Alkyl migration may occur occasionally to other positions of the 

heteroaromatic ring.
19

 In some instances, the alkyl migration
26

 is followed by the C−N bond 

cleavage of the aromatic heterocycle,
27-29

 a reaction relevant to the study of hydrodenitrogenation 

processes.
30-35

 The cleavage of aromatic C−N bonds is relatively rare
27,36-52

 and the 

dearomatization of N-heterocycles may be the first step in developing a methodology for their 

C−N bond cleavage.
1,42,53

  

Our group has previously reported several reactions mediated by the scandium, yttrium, 

and lutetium alkyl complexes (NN
fc

)M(CH2Ar)(THF), 2.1
M

-THF (NN
fc

 = fc(NSi
t
BuMe2)2, fc = 

1,1’-ferrocenylene; M = Sc, Lu: Ar = 3,5-Me2C6H3; M = Y: Ar = C6H5), in which pyridines have 
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been C−H activated at the α-carbon (Scheme 2.1).
51,54,55

  These ortho-metalated complexes were 

supported by the silylated ferrocene diamide ligand NN
fc

 
51,54-58

 and underwent subsequent 

coupling and isomerization reactions (Scheme 2.1).
51,55

 The isomerization reaction involved the 

migration of a hydrogen atom within a single pyridine ring. Based on DFT computational 

studies, we proposed that the mechanism involved a transition state in which the pyridine ring 

adopted a boat-like conformation, allowing the hydrogen to migrate between the two carbon 

atoms involved in the process.  

 

Scheme 2.1. Reactions of 2-phenylpyridine mediated by the alkyl complexes 2.1
M

-THF (M = Sc 

/ Y / Lu). 
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In addition to the C−H activation of aromatic N-heterocycles, we have found that an alkyl 

migration takes place when substrates such as iso uinoline and 2,2’-bipyridine are employed in 

reactions with group III (scandium, yttrium, lutetium, and lanthanum) benzyl complexes. Herein 

we report the synthesis and characterization of these products and their subsequent reactivity 

with unsaturated substrates. These reactions also involve hydrogen transfer; however, in contrast 

to the previous isomerization process, the hydrogen is transferred between two separate rings and 

the mechanism involves metalocycles as intermediates. DFT computational studies were 

undertaken to provide insight and support the proposed mechanism. The present report 

represents the first combined experimental and computational systematic study of alkyl 

migration to aromatic N-heterocycles involving group III complexes and of the subsequent 

reactions of these products. These results complement those reported for transition-metal olefin 

polymerization catalysts supported by derivatized aromatic N-heterocyclic ligands.
25,26,59,60

 

 

2.4 Results and Discussion 

Synthesis and characterization of complexes. The complexes 2.1
M

-THF had been 

previously characterized for scandium, yttrium, and lutetium.
51,55,56

 In the present work, this 

chemistry is extended to lanthanum, (NN
fc

)La(CH2Ph)(THF) (2.1
La

-THF), which allows a 

comparison of the reactivity behavior of the group III benzyl complexes across a wider range of 

atomic radii than before. In addition, the complex La(CH2Ar)3(THF)3 (Ar = 3,5-Me2C6H3) was 

prepared and characterized as a precursor to 2.1'
La

-THF (Ar = 3,5-Me2C6H3). The 3,5-Me2C6H3 

group was chosen initially since it improved the solubility of the corresponding scandium and 

lutetium complexes; however, La(CH2Ar)3(THF)3 (Ar = 3,5-Me2C6H3) was more difficult to 

prepare and store than its scandium and lutetium counterparts. Therefore, most reactivity studies 
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presented in this work were carried out with 2.1
La

-THF (Ar = Ph), for which La(CH2Ph)3(THF)3 

was used as a precursor. 

 

  

In order to test the scope of the aromatic N-heterocycle ortho-metalation reaction,
51,54,55

 a 

biheterocyclic substrate, 2,2’-bipyridine, was mixed with the alkyl complexes 2.1
M

-THF (M = 

Sc, Lu). However, instead of the C−H activation reaction encountered with pyridines, the 

product of alkyl transfer was observed (Eq 2.1, 2.2
M

). The concomitant dearomatization of one 

of the pyridine rings was indicated in the 
1
H NMR spectrum of the scandium product 2.2

Sc
 by the 

upfield shift of the hydrogen resonances of the 4 and 4'-positions, from 7.20 ppm in free 2,2’-

bipyridine (C6D6, 25 ºC) to 4.08 ppm (4-position, dearomatized ring) and 6.90 ppm (4'-position) 

in the dearomatized complex. The protons on the 3 and 5-positions showed an upfield shift as 

well, to the olefinic region of the 
1
H NMR spectrum: a doublet of doublets at 5.54 ppm (3-

position) and a doublet of triplets at 4.76 ppm (5-position) were assigned to these protons. The 

protons on the 3 and 5-positions showed an upfield shift as well, to the olefinic region of the 
1
H 

NMR spectrum: a doublet of doublets at 5.54 ppm (3-position) and a doublet of triplets at 4.76 

ppm (5-position) were assigned to these protons. These splitting patterns were caused by 

coupling of the 3C and 5C protons across two sigma bonds. The 
1
H NMR spectrum of the 

lutetium product was analogous to that of 2.2
Sc

. A 
1
H-

1
H COSY experiment (25 °C, C6D6) was 
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performed on 2.2
Lu

, confirming the assignments of the 
1
H NMR spectra, as well as confirming 

the presence of coupling between the 3C and 5C protons (see Appendix A for details).  

X-ray crystallography indicated that the alkyl transfer occurred to the 4-position of one of 

the pyridine rings to give 2.2
M

 (Figure 2.1, M = Sc).
19

 It is likely that an initial 1,3-alkyl transfer 

to the 2-position takes place to give 2.2
M

-1,3, which is similar to the product of the 1,3-alkyl 

transfer from Lu(CH2SiMe3)3(THF)2 to terpyridine,
23

 and then an isomerization leads to 2.2
M

, 

likely to be the thermodynamically stable product. Similar behavior has been reported for the 

reactions of group III hydride complexes with pyridine.
61-65

 Metrical parameters were consistent 

with the dearomatization of one of the pyridine rings. For example, the C−C distances in the 

aromatic ring are 1.3774(41), 1.3729(44), 1.3841(45), and 1.3961(42) Å, while in the 

dearomatized one they are 1.3458(44), 1.5008(50), 1.5058(49), and 1.3354(45) Å, with the two 

longest distances to the sp
3
-carbon atom. Also, the Sc−N distance to the dearomatized pyridine 

ring, 2.1397(25) Å, is shorter by 0.15 Å than the Sc−N distance (2.2827(24) Å) to the aromatic 

ring. The CCC angles around the sp
3
-carbon atom of 107.5(3), 109.89(33), and 110.52(34)° are 

in agreement with the above structural assignment.  

Since the reaction of 2.1
Sc

-THF with 8-methylisoquinoline led to the expected ortho-

metalated product,
55

 a study of the reactivity behavior of the alkyl metal complexes 2.1
M

-THF 

with isoquinoline (iqn) was undertaken next. The reaction of 2.1
M

-THF with isoquinoline first 

led to THF displacement by the N-heterocycle (2.1
M

-iqn, Scheme 2.2). Upon further reaction, 

inspection of the 
1
H NMR spectrum of the product revealed neither free mesitylene nor toluene, 

which would have appeared due to C–H activation of the heterocycle. Rather, a 1,3-alkyl 

migration of the ben yl group onto the α-carbon of isoquinoline took place at room temperature 

(M = Y, Lu, La) or 50 °C (M = Sc), resulting in the formation of 2.3
M

-THF (Scheme 2.2). 
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Figure 2.1. ORTEP representation of 2.2
Sc

 (left) and 2.3
Y
-iqn

Me
 (right) with ellipsoids drawn at 

the 50% probability level (irrelevant hydrogen atoms were removed for clarity). 

 

This migration was accompanied by the appearance in the 
1
H NMR (500 MHz, C6D6) spectrum 

of the lutetium complex 2.3
Lu

-THF (the other complexes show analogous NMR characteristics) 

of a doublet at 5.98 ppm, as well as a doublet of doublets at 5.20 ppm. The appearance of these 

signals was concomitant with the disappearance of aromatic isoquinoline peaks. By using 

deuterium-labeled isoquinoline in which deuterium incorporation at the 1 and 3-positions was 

36% and 54%, respectively, an investigation of the 
2
H NMR spectrum for the corresponding 

product was possible. Its examination allowed the assignment of the peak at 5.20 ppm to the C1 

proton of the dearomatized isoquinoline as well as the peak at 7.58 ppm to the C3 proton. These 

assignments were corroborated by a 
1
H-

1
H COSY experiment (25 °C, C6D6) that revealed that 

the resonances at 5.98 ppm and 7.58 ppm belong, indeed, to the adjacent C4 and C3 carbons, 

respectively. The methylene protons of the benzyl group were found at 3.38 and 2.83 ppm as two 

doublets of doublets that integrated to one proton each. Furthermore, each methylene proton and 
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the C1 proton were found to be related by the 
1
H-

1
H COSY experiment. The 

1
H NMR 

spectroscopy assignment was confirmed by 
13

C NMR spectroscopy as well: two peaks, at 108.9 

and 98.8 ppm, were assigned to C3 and C4 on isoquinoline, respectively, since those carbons are 

olefinic. Five sharp peaks were found in the aliphatic region of the spectrum from 40.2 ppm to 

20.6 ppm. These peaks were assigned to the methylene carbon, C1 of isoquinoline, the two 

methyl carbons of the benzyl moiety, and the remaining carbons of the NN
fc 

ligand (see the 

experimental section for the full assignment). 

 

Scheme 2.2. Reactions of isoquinoline mediated by the benzyl complexes 2.1
M

-THF (M = Sc / 

Y / Lu / La). 
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An X-ray diffraction study of 2.3
Lu

-THF confirmed the identity of the product; 

unfortunately, the data collection was of poor quality and only connectivity information could be 

gathered. However, the analogous yttrium complex, 2.3
Y
-iqn

Me
, in which isoquinoline and THF 

were replaced by 3-methylisoquinoline (iqn
Me

), provided good quality data. X-ray 

crystallography (Figure 2.1) confirmed that the alkyl transfer occurred to the 1-position of 

isoquinoline. Although an argument could be construed that for 2.3
Y
-iqn

Me
 the 3-position bears 

the methyl group and, therefore, steric hindrance would prevent transfer of the benzyl group to 

that position, the NMR spectroscopy data support the preferred transfer to the 1-position for both 

isoquinoline and 3-methylisoquinoline, as does the connectivity information obtained from the 

structure of 2.3
Lu

-THF. Metrical parameters are consistent with the dearomatization of the 

pyridine ring. For example, the N−C distances in the coordinated isoquinoline are 1.3272(47) 

and 1.3830(048) Å, while in the dearomatized one they are 1.3761(48) and 1.4693(44) Å, with 

the longest distance to the sp
3
-carbon atom. In addition, C−C distances also reflect the 

dearomatization of one isoquinoline ligand: the values for the pyridine ring of the coordinated 

isoquinoline are 1.3990(50), 1.4140(55), 1.3693(52), and 1.4191(52) Å, while in the 

dearomatized one they are 1.4204(53), 1.5186(51), 1.4395(52), and 1.3690(53) Å, with the 

longest distance involving the sp
3
-carbon atom. The Y−N distance to the dearomatized 

isoquinoline (2.2770(31) Å) is shorter by almost 0.2 Å than the Y−N distance (2.4675(32) Å) to 

the aromatic, coordinated one.  The angles around the sp
3
-carbon atom of CCC − 109.77(28)° 

and NCC − 110.15(27), 113.08(32)° also support the above structural assignment.   

During the course of the reaction of 2.1
M

-THF with isoquinoline, it was noticed that 

employing an excess of the substrate led to the formation of a new product. Consequently, the 

reaction of three equivalents of isoquinoline with 2.3
Y
-THF for six hours or with 2.3

Lu
-THF for 
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thirty hours, at 50 °C, allowed the isolation of 2.4
M

-(iqn)2 (Scheme 2.2). The 
1
H NMR (300 

MHz, C6D6) spectrum of 2.4
Lu

-(iqn)2 showed the appearance of two doublets corresponding to 

one proton each, at 6.43 and 5.69 ppm, assigned to the C3 and C4 protons, respectively, of the 

dearomatized isoquinoline ligand. A singlet at 4.56 ppm, which integrated to two protons, was 

also identified and assigned to the protons on the 1-position of the dearomatized isoquinoline. 

Integration of the remaining peaks supported the presence of two additional coordinated 

isoquinoline ligands. The 
1
H NMR spectrum of the yttrium product was analogous to that of the 

lutetium one. 

The compound 2.4
Lu

-(iqn)2 was also characterized by single-crystal X-ray diffraction 

(Figure 2.2), which confirmed that two isoquinoline ligands were coordinated in 2.4
Lu

-(iqn)2 

instead of the one found in 2.3
Y
-iqn

Me
. It is likely that less steric crowding is present in 

2.4
Lu

-(iqn)2 because of the absence of the benzyl group in the proximity of the metal center. 

Metrical parameters are similar to those observed for 2.3
Y
-iqn

Me
, with long C−C and N−C 

distances of 1.5110(40) and 1.4721(36) Å, respectively, and an NCC angle of 113.17(24)° at the 

sp
3
-carbon atom. 

Inspection of the crude reaction mixture by 
1
H NMR spectroscopy revealed that there 

was a second product present, 2.5
Ar

 (Scheme 2.2). The two products, 2.4
M

-(iqn)2 and 2.5
Ar

, were 

separated by fractional crystallization from hexanes. The comparison of the 
1
H NMR spectrum 

of 2.5
Ar

 with spectra reported for 1-(3,4-dimethylbenzyl)isoquinoline and 1-(4-

methylbenzyl)isoquinoline
66

 allowed its identification as 1-benzylisoquinoline or 1-(3,5-

dimethylbenzyl)isoquinoline. Also, the identity of 2.5
Ar

, Ar = Ph (1-benzylisoquinoline), was 

verified by the X-ray crystal structure of another reaction product, in which 1-benzylisoquinoline 

was coordinated to the metal center (see below, Figure 2.3).   
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Figure 2.2. ORTEP representation of 2.4
Lu

-(iqn)2 (left, 50% probability) and 2.4'
Y
-1,5-(py)2 

(right, 35% probability); irrelevant hydrogen atoms were removed for clarity. 

 

The mixture of 2.4
M

-(iqn)2 and 2.5
Ar

 can also be accessed directly from the reaction of 

2.1
M

-THF with four equivalents of isoquinoline. In order for 2.4
M

-(iqn)2 to be produced, a 

hydrogen must migrate from the benzyl-substituted isoquinoline to one of the coordinated 

isoquinoline ligands, resulting in the dearomatization of the latter along with the concurrent 

rearomatization of the former. A hydrogen migration of this type can take place through one of 

several different mechanisms, which will be discussed below in conjunction with the results from 

computational studies. After rearomatization, the coordinated 2.5
Ar

 is likely replaced by 

isoquinoline. 
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The reaction of 2.1
M

-THF with pyridine has always given a mixture of products that 

proved intractable. In one instance though, when the yttrium complex 2.1
Y
-THF was employed, 

a product reminiscent of 2.4
Y
-(iqn)2 was isolated (Eq 2.2). However, instead of identifying 

2.4'
Y
-1,3-(py)2, in which the dearomatized pyridine bears the additional hydrogen atom at the 

2-position, as was the case for isoquinoline, the product of the hydrogen migration to the 

4-position, 2.4'
Y
-1,5-(py)2, was identified by X-ray crystallography (Figure 2.2). Unfortunately, 

this reaction suffered from poor reproducibility and attempts to characterize 2.4'
Y
-1,5-(py)2 by 

other methods were thwarted by its contamination with other products. As will be discussed in 

the computational-study section, both the alkyl and hydrogen-transfer reactions have high 

activation barriers in the case of pyridine that are similar in value. Furthermore, the product of 

the hydrogen-transfer reaction is not as stabilized with respect to the starting material as in the 

case of isoquinoline. When these considerations are taken into account, along with the possibility 

that other reactions between 2.1
Y
-THF and pyridine could also occur,

54,55
 it is not surprising that 

the product 2.4'
Y
-1,5-(py)2 could not be obtained reproducibly.  

It was reasoned that the hydrogen migration from 2.3
M

-THF may also occur in the 

presence of other substrates. Indeed, the reaction of 2.3
M

-THF with 2-adamantanone or 

benzophenone led to the formation of new products, 2.6
Lu

-iqn
Ar

 and
 
2.7

M
-iqn

Ar
 (M = Sc, Y, La), 

respectively (Scheme 2.3). Although 
1
H NMR spectroscopy showed that the alkoxide formation 

had indeed taken place in the presence of the ketone substrate alone, the addition of two 

equivalents of isoquinoline was necessary to facilitate the crystallization of the products as 

2.6
Lu

-(iqn)2 and
 
2.7

M
-(iqn)2 (M = Y, La). 

Analysis of the 
1
H NMR (500 MHz, C6D6) spectrum of 2.6

Lu
-(iqn)2 showed a new peak 

at 4.55 ppm corresponding to the hydrogen on the newly sp
3
-hybridized carbon, the adamantyl 
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C2. This proton displayed the expected downfield shift relative to the other adamantyl protons, 

which were located significantly more upfield, in the region from 2.32 to 1.39 ppm. The 

complexes 2.7
M

-(iqn)2 were characterized by 
1
H and 

13
C NMR spectroscopy and elemental 

analysis. Their structural assignment was based upon comparison of their 
1
H NMR spectra to 

that of 2.6
Lu

-(iqn)2.  

 

Scheme 2.3. Hydrogen transfer to ketones from 2.3
M

-THF (M = Sc / Y / La / Lu). 

 

 

X-ray crystallography of 2.6
Lu

-(iqn)2 confirmed the solution structure (Figure 2.3): the 

Lu−O distance of 2.0368(51) Å is similar to other Lu−O distances in alkoxide complexes.
67-69

 

Also, the C−O distance of 1.4160(75) Å and the OCC / CCC angles of 111.07(53), 112.97 

(0.55), and 108.11(52)° involving the former ketone carbon are consistent with the presence of 

an sp
3
-hybridized carbon atom. 
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Figure 2.3. ORTEP representation of 2.6
Lu

-(iqn)2 (left) and 2.8
Y

 (right) with ellipsoids drawn at 

the 50% probability level (irrelevant hydrogen atoms were removed for clarity). 

 

Another substrate used to probe the hydrogen transfer from 2.3
M

-THF was azobenzene. 

The reaction between 2.3
Y
-THF and azobenzene gave the product 2.8

Y
, in which a hydrogen 

atom had been transferred from the dearomatized 1-benzylisoquinoline moiety to one of the 

nitrogen atoms of azobenzene (Eq 2.3). The single-crystal X-ray structure of 2.8
Y
 (Figure 2.3) 

allowed the unambiguous assignment of 1-benzylisoquinoline, formed by the rearomatization of 

the N-heterocyclic fragment, as mentioned earlier. Furthermore, the metrical parameters of the 

newly formed hydrazide fragment are consistent with the reduction of azobenzene: the N−N 

distance of 1.4626(61) Å is similar to N−N distances in other [
2
-(PhNH−NPh)]

−
 complexes,

70-72
 

while the Y−N distances are significantly different from each other (2.2525(48) and 2.4359(45) 

Å). 



27 

 

 

Since different types of mechanisms can be envisioned for the hydrogen transfer, -

hydride elimination and direct transfer from one ligand to another (see computational studies 

below), it was reasoned that if hydride transfer operates then it should also occur to non-polar 

substrates, such as alkenes and alkynes.
73

 Therefore, reactions of 2.3
M

-THF
 
with 2-butyne, 

diphenylacetylene, and ethylene were carried out. Initially, a transformation of the starting 

material was observed, but since the same outcome was identified in all of those reactions, it was 

reasoned that no reaction took place with any of the substrates. Indeed, when 2.3
M

-THF was 

heated in C6D6 by itself (Eq 2.4), the previous reaction mixture was also obtained. Interestingly, 

either toluene (M = Y, La) or mesitylene (M = Sc, Lu) was produced as a byproduct in the 

reaction, suggesting a possible -alkyl elimination of the benzyl moiety as a reaction pathway. -

Alkyl elimination on group III metals is not without precedent and is as common as β-hydride 

elimination as a decomposition pathway for organo-f-element complexes.
74,75

 However, 

inspection of the 
2
H NMR spectrum of the reaction products showed that the toluene / mesitylene 

observed did not contain deuterium, so the deuterated solvent was not involved in its formation.  
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The work-up of the reaction mixture revealed that two products, 2.4
M

-(THF)2 and 2.9
M

, 

were formed in a 1 : 1 ratio (Eq 2.4). The two products were separated by fractional 

crystallization giving red and orange crystals. Because of differing solubility properties, the 

orange crystals were characterized by X-ray crystallography for the yttrium complex and the red 

crystals for the lanthanum one. For scandium and lutetium, analogous reaction mixtures were 

formed based on their 
1
H NMR spectra, but the products could not be isolated. X-ray 

crystallography indicated that the orange crystals corresponded to 2.4
Y
-(THF)2, while the red 

ones to 2.9
La

 (Figure 2.4). The reaction stoichiometry is wrong for the number of THF molecules 

involved, but it is possible that an additional molecule of THF is necessary only during the 

crystallization of 2.4
M

-(THF)2 and the decomposition of 2.9
M

 may provide it. The X-ray crystal 

structure of 2.4
Y
-(THF)2 is similar to that of 2.4

Lu
-(iqn)2, with long C−C and N−C distances of 

1.5092(47) and 1.4749(41) Å, respectively, and an NCC angle of 112.79(28)° at the sp
3
-carbon 

atom. The X-ray crystal structure of 2.9
La

 shows the formation of a lanthanum pseudo-
3
-allyl 

fragment and the rearomatization of the pyridine ring; the La−Callyl distances of 2.8832(55), 

2.9489(53), and 3.0622(55) Å and La−Niqn distance of 2.5827(44) Å are consistent with this 

formulation. It is proposed that the longer La−Callyl distances than those found in other 

lanthanum-allyl complexes
76-81

 are a consequence of the charge delocalization over four bonds to 

include the N−C bond of the isoquinoline fragment. This delocalization is supported by the 

shorter La−Niqn distance than those found in other lanthanum-pyridine complexes.
82-84

 The two 

C−C distances of 1.4032(71) and 1.4687(73) Å and the N−C distance of 1.3720(65) Å are 

consistent with this interpretation. 
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It is likely that two molecules of 2.3
M

-THF are required to form the two reaction 

products 2.4
M

-(THF)2 and 2.9
M

. Although an in-depth mechanistic study of this process is 

beyond the scope of the present article, the reaction of 2.3
La

-THF-d (for the formation of 2.3
La

-

THF-d, isoquinoline deuterated at the 1 − 36% − and 3 – 54% − positions was used) showed the 

formation of deuterated toluene (Eq 2.5). The integration of the methyl-deuterons from the 

toluene obtained (ca. 30%) was consistent with toluene formation from the benzyl and the 

deuteron on the C1 carbon, but given that a substrate that was 100% deuterium labeled at this 

position could not be obtained, other possibilities cannot be excluded. The reaction in Eq 2.4 is 

somewhat similar to that reported by Cronin et al. for phenanthridinium salts:
85

 in the presence of 

amines, the phenanthridinium salt was dearomatized and a product corresponding to 2.3
M

-THF 

was formed. In the presence of a base, the dearomatized phenanthridinium transferred one proton 

to a molecule of the initial phenanthridinium salt, leading to the formation of a product 

corresponding to 2.4
M

-(THF)2, and underwent rearomatization, giving a product corresponding 

to 2.9
M

. 
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Figure 2.4. ORTEP representation of 2.4
Y
-(THF)2 (left) and 2.9

La
 (right) with ellipsoids drawn 

at the 50% probability level (irrelevant hydrogen atoms were removed for clarity). 

 

It was observed that the reaction in Eq 2.4 was significantly cleaner with the yttrium and 

lanthanum complexes than with those of scandium and lutetium, an observation supporting the 

proposal that the reaction is bimolecular in nature. The larger lanthanum and yttrium centers 

would allow the two coordination spheres to come into closer proximity than the scandium and 

lutetium ones would.
86

 As further support for this proposal, the lanthanum reaction proceeded 

faster than the yttrium one. Another factor that may influence the outcome of the reaction is the 

fact that both the yttrium and lanthanum complexes 2.3
M

-THF liberate toluene, while the 

scandium and lutetium complexes eliminate mesitylene. It is possible that the electron-donating 

properties of the two methyl groups disfavor the formation of mesitylene. Other factors may also 

be responsible, given the complex nature of the reaction outcome.  
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2.5 Computational studies   

Calculations at the B3LYP/LACV3P++**(2f) level were performed to gain insight into 

different pathways for the reactions studied.  For consistency, all calculations employed yttrium 

complexes, using the full NN
fc

 ligand. First, the electronic nature of the benzyl transfer from 

yttrium to the 2-position of pyridine (to simplify computer effort) was investigated (Scheme 

2.4a) as a model for the transformation 2.1
Y
-THF to 2.3

Y
-THF (Scheme 2.2).  By using one 

molecule of pyridine as a model substrate, the barrier for alkyl transfer for 2.1
Y
-py was found to 

be 29.8 kcal / mol (Scheme 2.4a).  When an additional molecule of pyridine was coordinated to 

the yttrium center, the barrier for alkyl transfer was slightly lower, at 25.4 kcal / mol (Scheme 

2.4b), than in the previous case, and the transformation led to 2.3'
Y
-py, which was 12.3 kcal / 

mol more stable than 2.3'
Y
. An extra molecule of pyridine lowered the energy of the product 

further, by 7.7 kcal / mol, consistent with the experimental observations since the isolated 

complexes were analogous to 2.3'
Y
-(py)2. 

 In order to understand the details of the alkyl-transfer reaction, a natural bond orbital 

analysis on 1TS3'
Y
-(py)2 was performed.  A negative charge buildup was observed at the 

migrating benzyl carbon (−0.68) and at the N atom (−0.77) of the heterocycle undergoing 

dearomatization. The natural localized molecular orbital / natural population analysis
87,88

 bond 

orders showed a bond order of 0.08 for Y–C
Bz

 (2.697 Å distance) and a bond order of 0.55 for 

C
Bz
–C

py
 (2.126 Å distance). These values indicate a late transition state where the benzyl carbon 

migrates as a carbanion and has almost completely detached from yttrium, while the receiving 

pyridine is partially dearomatized at the potential energy saddle point. Our results suggest that 

the activation barriers in the dearomatization of heterocycles will likely correlate with the lost 

aromatic stabilization energy.
89
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Scheme 2.4. Potential free energies (G) at 298 K for the alkyl transfer from (a) 2.1
Y
-py to 2.3'

Y
 

and (b) 2.1
Y
-(py)2 to 2.3'

Y
-py, showing selected bond distances for the transition structure 

1TS3'
Y
-(py)2. 

 

 

Next, the transformation from 2.3
M

-THF to 2.4
M

-(iqn)2 (Scheme 2.2) was studied. Two 

types of mechanisms were envisioned (Scheme 2.5): (1) -hydride elimination and (2) direct 

transfer from one heterocyclic ligand to another. Both types of mechanisms have been proposed 

to explain the Meerwein-Ponndorf-Verley reduction of ketones by various metal catalysts,
90-104

 a 

reaction similar to the transformation of 2.3
M

-iqn to 2.4
M

-(iqn)2. In addition to the two 

mechanisms considered by us, a radical mechanism had also been proposed for the Meerwein-

Ponndorf-Verley reduction of ketones.
105

 The first mechanism, the hydridic route, is often 

invoked when explaining the behavior of transition-metal catalysts and involves the formation of 

a metal hydride followed by hydride transfer from the metal to the substrate.
106-108

 The second 

mechanism, the direct-hydrogen transfer, used mostly for aluminum-group complexes, implies a 

concerted-hydrogen transfer, where both the hydrogen-donor and the hydrogen-acceptor are held 
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in close proximity by the metal center, and involves a cyclic transition state. Recently, a 

combined computational and experimental study presented evidence supporting the direct 

hydrogen-transfer mechanism for catalysis by aluminum complexes.
104

   

 

Scheme 2.5. Proposed mechanisms for the transformation of 2.3
M

-THF to 2.4
M

-(iqn)2. 

 

 

β-Hydride elimination is not common for group III metals, although it can take place.
109-

112
 Past studies have found that, in general, β-hydride elimination mechanisms for lanthanide and 

actinide metal complexes would be much more endothermic than their counterparts in the late 

transition metals.
113

 The lack of reactivity towards olefins and alkynes points to the direct 

hydrogen transfer as being the viable route. Accordingly, when the β-hydride elimination 

pathway was evaluated, no saddle point on the pathway where the hydrogen was transferred 

from the ligand to yttrium was found. All attempts led to a step-wise process, where the acidic 

hydrogen detached first, leading to rearomatization of the heterocycle, followed by the formation 
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of an yttrium hydride species, with an activation barrier of ~56 kcal / mol in toluene. The large 

activation barrier is not surprising since the migrating hydrogen carries a partial positive charge 

(as a consequence of the nature of the rearomatization process) while the metal is also positively 

charged (+2.0). 

In the case of the direct-transfer pathway to the 2-position of pyridine, a transition state 

was found at 25.2 kcal / mol starting from 2.3'
Y
-(py)2 and leading to 2.4'

Y
-(py)2, which was 6.2 

kcal lower in energy than 2.3'
Y
-(py)2 (Scheme 2.6a). Given that the product 2.4'

Y
-1,5-(py)2 was 

observed experimentally, a pathway for the direct transfer to the 4-position of pyridine was also 

studied and was found to have an activation barrier 15.4 kcal/mol higher in energy than that 

calculated for the transfer to the 2-position, albeit the products were virtually isoenergetic. The 

value of 40.6 kcal / mol for the direct transfer to the 4-position suggests that the transfer to the 2-

position is likely to occur first, giving 2.4'
Y
-(py)2, which possibly isomerizes to 2.4'

Y
-1,5-(py)2. 

It was anticipated that the barrier for the direct transfer from pyridine to isoquinoline 

would be considerably lower than for pyridine-to-pyridine transfer because the relative 

magnitude of the lost (aza-ring in isoquinoline) vs. regained (pyridine) aromatic stabilization 

energy is higher for pyridine than for isoquinoline (the total aromatic stabilization energy for 

isoquinoline is higher than that for pyridine, however, the aromatic stabilization energy of the N-

containing ring of isoquinoline is lower than that of pyridine).
89

 In order to evaluate this, the 

direct transfer from a dearomatized benzylpyridine to isoquinoline was studied. It was found that 

the activation barrier was indeed much lower than for the pyridine case (only 13.0 kcal / mol 

versus the starting material).  
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Scheme 2.6. Potential free energies (G) at 298 K for the a) pyridine-to-pyridine, b) pyridine-to-

isoquinoline, and c) isoquinoline-to-isoquinoline H-transfer, displaying the natural charge on the 

N atoms of the heterocycles and on the migrating H atom (b). 
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The direct transfer from isoquinoline to isoquinoline (Scheme 2.6c) was also studied: a 

barrier of 20.6 kcal / mol was found, consistent with a six-hour reaction time at 50 °C.  In 

addition, our hypothesis, that the energetic profile of H-transfer is dependent on the net aromatic 

stabilization energy, was supported by the relative free energies (G) of the three reactions 

analyzed (Scheme 2.6):  transformations where both reacting heterocycles were the same (small 

changes in the aromatic stabilization energy, Scheme 2.6a and 2.6c) were less exergonic (-6.2 

and -4.2 kcal / mol, respectively) than the reaction where the participating heterocycles were 

different and there was a gain in the aromatic stabilization energy (-16.5 kcal / mol in the case of 

H-transfer from pyridine to isoquinoline, Scheme 2.6b).   

Natural population analyses
87,88

 on the N atom of both reacting heterocycles showed an 

inverted charge profile for each reaction. The charges at the N atom on the isoquinoline ligand 

changed from −0.59 in 2.3'
Y
-(iqn)2, to −0.75 in the transition state 3'TS4'

Y
-(iqn)2, and −0.92 in 

2.4'
Y
-(iqn)2 (Scheme 2.6b), while the charges at the N atom on the substituted pyridine ligand 

vary in the reverse order (−0.91, −0.75, and −0.59, respectively). The charge at the migrating H 

was almost constant from +0.15 in 2.3'
Y
-(iqn)2, to +0.18 in the transition structure, and +0.17 in 

2.4'
Y
-(iqn)2; the charge of the metal center underwent a negligible change (~0.01 e) throughout 

the transformation. All these data suggest that the hydrogen atom migrates more as a proton than 

as a hydride, while a significant electronic reorganization is happening at both ligands that, 

regardless, does not affect their bonding with the metal center. The reacting ligands were 

localized at the transition structure in a displaced face-to-face arrangement with the H atom at 

1.32 Å from the benzylpyridine carbon and 1.49 Å from the isoquinoline carbon, resembling a 

chair-like, six-member metalocycle (computational details are available in the supporting 

information of the online published version of this article). 
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2.6 Conclusions 

The reactivity behavior of the benzyl complexes 2.1
M

-THF towards 2,2’-bipyridine (M = 

Sc, Lu) and isoquinoline (M = Sc, Y, Lu, La) was investigated. The observed alkyl transfer to 

these substrates is in contrast to ortho-metalation reactions observed for a variety of other 

substituted pyridines and metal complexes. In addition, the products of the 1,3-alkyl-transfer 

reaction to isoquinoline undergo subsequent transformations. The reactions with polar 

(isoquinoline, ketones, azobenzene) and non-polar (olefins, alkynes) unsaturated substrates were 

investigated and it was found that a hydrogen transfer occurred from the dearomatized 

isoquinoline ring to polar unsaturated substrates. Olefins and alkynes did not react and, instead, a 

disproportionation reaction of the dearomatized, benzyl-substituted isoquinoline complexes 

2.3
M

-THF was observed. Both types of reactions, the alkyl transfer to isoquinoline and the 

hydrogen transfer from one isoquinoline to another, were investigated computationally. It was 

found that the hydrogen transfer occurred through a concerted mechanism akin to that proposed 

for the Meerwein-Ponndorf-Verley reduction of ketones by aluminum alkoxide complexes. The 

reactions reported herein add to and contrast the list of reactions observed for group III alkyl 

complexes with aromatic N-heterocycles, a statement of the rich reactivity behavior of these 

metal centers when they are supported by a ferrocene diamide ligand.  

 

2.7 Experimental Section 

All experiments were performed under a dry nitrogen atmosphere using standard Schlenk 

techniques or an MBraun inert-gas glove box. Solvents were purified using a two-column solid-

state purification system by the method of Grubbs
114

 and transferred to the glove box without 

exposure to air. NMR solvents were obtained from Cambridge Isotope Laboratories, degassed, 
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and stored over activated molecular sieves prior to use. Scandium, yttrium, and lutetium oxides 

were purchased from Stanford Materials Corporation, 4 Meadowpoint, Aliso Viejo, CA 92656, 

and used as received. LaBr3, K(CH2Xy-3,5), KCH2Ph, La(CH2C6H5)3(THF)3,
115

 2.1
Sc

-THF, 

2.1
Y
-THF, and 2.1

Lu
-THF were prepared following published procedures.

51,56
 The aromatic 

heterocycles were distilled or recrystallized before use; deuterium-labeled isoquinoline was 

synthesized by modifying a literature procedure.
116

 All other materials were used as received. 
1
H 

NMR spectra were recorded on Bruker300, Bruker500, or Bruker600 spectrometers (work 

supported by the NSF grants CHE-9974928 and CHE-0116853) at room temperature in C6D6 

unless otherwise specified. Chemical shifts are reported with respect to internal solvent, 7.16 

ppm (C6D6). CHN analyses were performed by UC Berkeley Micro-Mass facility, 8 Lewis Hall, 

College of Chemistry, University of California, Berkeley, CA 94720 and by Midwest Microlab, 

LLC, 7212 N. Shadeland Avenue, Suite 110, Indianapolis, IN 46250. 

Synthesis of La(CH2-3,5-Me2C6H3)3(THF)3, La(CH2Ar)3(THF)3. A slurry of 

LaBr3(THF)3 (1.5 g, 2.52 mmol) in 1 : 1 THF : hexanes (50 mL) was cooled to -78 °C and 2.4 

equiv of KCH2Ar (0.958 g, 6.05 mmol) was added as a solid. The reaction mixture was warmed 

to 0 °C and stirred for 3 h. The pale yellow slurry was filtered through Celite and the solvent was 

removed under vacuum. The resulting reddish-orange, oily solid was dissolved in THF and 

layered with pentane. Yield: 0.676 g, 38% as yellow crystals from THF : n-pentane. 
1
H NMR 

(500 MHz, C4D8O): δ, ppm: 5.96 (s, 3H, p-C6H3), 5.74 (s, 6H, o-C6H3), 3.54 (br s, 4H, 

OCH2CH2), 2.02 (s, 18H, C6H3-(CH3)2), 1.69 (br s, 4H,  OCH2CH2), 1.47 (s, 6H, CH2). 
13

C 

NMR (126 MHz, C4D8O): δ, ppm: 151.8, 139.9, 129.1, 119.6, 118.1, 68.2, 26.4, 22.1.  nal. (%) 

for C39H57LaO3: Calcd. C, 65.71; H, 8.06; N, 0; Found: C, 65.37; H, 8.14; N, <0.2. 
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Synthesis of 2.1'
La

-THF. La(CH2Ar)3(THF)3 (600 mg, 0.849 mmol) was divided into 

two equal portions and each was dissolved in 1 : 1 THF : Et2O (8 mL) and cooled to -35 °C. 

Each solution was combined with 1 equiv of fc(NHSi
t
BuMe2)2 (190 mg each, 0.850 mmol total), 

as a cooled solution in Et2O and stirred for 3 h at 0 °C. The solvent was removed under vacuum, 

the resulting orange solid was washed with hexanes (0.5 mL), extracted with a 1 : 1 solution of 

toluene : hexanes, and filtered through Celite. The volatiles were removed under vacuum, the 

resulting solid was dissolved in a minimum amount of Et2O that was layered with n-pentane, and 

the solution was placed in a -35 °C freezer. The product was collected as crystals by decanting 

the mother liquor. Yield: 600 mg, 92.3%. 
1
H NMR (500 MHz, C6D6): δ, ppm: 6.36 (s, 2H, 

o-C6H2), 6.10 (s, 1H, p-C6H), 4.01 (br s, 4H, fc-CH), 3.71 (br s, 4H, OCH2CH2),  3.23 (s, 4H, fc-

CH), 2.60 (s, 2H, La-CH2), 2.17 (s, 6H, C6H3-(CH3)2), 1.35 (br s, 4H, OCH2CH2), 0.99 (s, 18H, 

SiC(CH3)3), 0.18 (s, 12H, Si(CH3)2). 
13

C NMR (126 MHz, C6D6): δ, ppm: 154.1, 142.6, 118.6, 

118.1, 106.5, 70.3, 66.8, 65.7, 65.0, 27.5, 25.4, 22.3, 20.3, -2.9. Anal. (%) for 

C35H59FeLaN2OSi2; Calcd.: C, 54.40; H, 7.43; N, 3.60; Found: C, 54.29; H, 7.62; N, 3.70. 

Synthesis of 2.1
La

-THF. 2.1
La

-THF was prepared analogously to the preparation of 

2.1'
La

-THF, using La(CH2C6H5)3(THF)3:
115

 La(CH2C6H5)3(THF)3 (1.236 g, 1.97 mmol) was 

divided in 4 equal portions, dissolved in a 1 : 1 mixture of THF : Et2O  (8 mL) and cooled to -35 

°C. This solution was combined with 1 equiv of H2(NN
fc

) (219 mg each, 1.97 mmol total), as a 

cooled solution in Et2O and stirred for 3 h at 0 °C. The solvent was removed under vacuum, the 

resulting orange solid was washed with hexanes (1.5 mL), extracted with a 1:1 solution of 

toluene : hexanes, and filtered through Celite. The volatiles were removed, the solid was 

dissolved in a minimum amount of Et2O that was layered with n-pentane and the solution was 

placed in a -35 °C freezer. The product was collected as crystals by decanting the mother liquor. 
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Yield: 950 mg, 64.8% as two crops of crystals. 
1
H NMR (500 MHz, C6D6): δ, ppm: 7.14 (m, 2H, 

C6H5), 6.65 (d, 2H, C6H5), 6.32 (t, 1H, C6H5), 4.02 (s, 4H, fc-CH), 3.63 (br s, 4H, OCH2CH2), 

3.20 (s, 4H, fc-CH), 2.65 (s, 2H, La-CH2), 1.31 (br s, 4H, OCH2CH2), 0.99 (s, 18H, SiC(CH3)3), 

0.15 (s, 12H, Si(CH3)2). 

Synthesis of 2.2
Sc

. 2.1
Sc

-THF (200 mg, 0.295 mmol) was dissolved in toluene (10 mL) 

and 1.3 e uiv of 2,2’-bipyridine (60 mg, 0.383 mmol) was added as a solid. The reaction mixture 

turned dark brown immediately and was allowed to stir for 1 h at room temperature. The solvent 

was removed under vacuum and the resulting brown solid was washed with hexanes, extracted 

with toluene, and filtered through CeliteCelite, and the solvent was removed under vacuum. 

Yield: 198.8 mg, 80.8%. 
1
H NMR (500 MHz, C6D6): δ, ppm: 8.52 (d, 1H, bipy 6'-H), 7.40 (d, 

1H, bipy 3'-H), 7.06 (s, 2H, o-C6H3), 6.90 (t, 1H, bipy 4'-H), 6.83 (s, 1H, p-C6H3), 6.61 (d, 1H, 

bipy 6-H), 6.46 (t, 1H, bipy 5'-H), 5.54 (dd, 1H, bipy 3-H), 4.77 (dt, 1H, bipy 5-H), 4.25-4.22 

(m, 2H, fc-CH), 4.08 (m, 2H, fc-CH), 4.08 (m, 1H, bipy 4-H), 4.06 (br s, 4H, OCH2CH2), 3.53 

and 3.52 (s, 1H, fc-CH), 3.14 (s, 2H, fc-CH), 3.10 (t, 2H, CH2-Ar), 2.23 (s, 6H, C6H3-(CH3)2), 

1.29 (br s, 4H, OCH2CH2), 0.93 and 0.90 (s, 9H, SiC(CH3)3), 0.41, 0.32, -0.24, and -0.26 (s, 3H, 

Si(CH3)2).
 13

C NMR (126 MHz, C6D6): δ, ppm: 156.3, 143.7, 142.9, 138.4, 135.9, 135.7, 135.3, 

133.8, 127.4, 126.4, 123.7, 118.6, 117.6, 101.9, 99.2, 99.1, 97.1, 70.8, 66.7, 66.6, 66.0, 65.9, 

64.3, 64.2, 63.7, 63.6, 47.9, 36.1, 26.0, 25.9, 22.9, 19.6, 19.5, 18.6, 18.5, -4.7, -4.8, -5.1, -5.3. 

Anal. (%) for C45H65FeN4OScSi2: Calcd.: C, 67.36; H, 7.93; N, 6.04; Found: C, 67.40; H, 8.31; 

N, 6.16. 

Synthesis of 2.2
Lu

. 2.1
Lu

-THF (107.4 mg, 0.133 mmol) and 1 e uiv of 2,2’-bipy (20.7 

mg, 0.133 mmol) were dissolved in toluene (6 mL). The dark-brown solution was heated and 

stirred in a Schlenk flask for 2 d at 85 °C. The solvent was removed by vacuum. The dark-brown 
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solid was then taken up in hexanes and filtered through a fiber-glass filter. The solution was 

concentrated under vacuum and stored at -35 °C to afford brown crystals. A second crop of 

crystals was also obtained from the mother liquor in the same manner. Yield: 104.2 mg, 81.3%. 

1
H NMR (600 MHz, C6D6): 8.43 (d, 1H, bipy 6'-H), 7.43 (d, 1H, bipy 3'-H), 7.05 (s, 2H, o-

C6H3), 6.90 (t, 1H, bipy 4'-H), 6.83 (s, 1H, p-C6H3) 6.53 (d, 1H, bipy 6-H), 6.51 (t, 1H, bipy 5'-

H), 5.54 (dd, 1H, bipy 3-H), 4.80 (dt, 1H, bipy 5-H), 4.17 (br m, 2H, fc-H), 4.12 (br m, 1H, bipy 

4-H), 4.03 (br s, 4H, OCH2CH2), 4.02 (br s, 2H, fc-H) 3.56 (br m, 2H, fc-H) 3.12 (br m, 2H, fc-

H), 3.12 (br m, 2H, CH2Ar), 2.23 (s, 6H, C6H3-(CH3)2), 1.27 (br m, 4H, OCH2CH2), 0.94 and 

0.91 (s, 9H each, SiC(CH3)3), 0.31, 0.21, -0.08, -0.11 (s, 3H each, Si(CH3)2).
 13

C NMR (151 

MHz, C6D6): δ, ppm: 159.3, 145.6, 145.1, 140.3, 137.61, 137.58, 135.7, 120.7, 120.2, 104.6, 

104.3, 104.2, 99.1, 72.4, 67.8, 67.7, 67.01, 66.94, 65.7, 65.6, 65.4, 65.3, 49.9, 38.1, 35.0, 34.9, 

29.4, 27.8, 27.7, 25.6, 25.1, 21.5, 20.9, 20.64, 20.58, -2.5, -2.6, -3.3, -3.4, -4.0. 

Synthesis of 2.1
Sc

-iqn. 2.1
Sc

-THF (300 mg, 0.442 mmol) was dissolved in toluene (10 

mL) and combined with a solution of 1 equiv of isoquinoline (57 mg, 0.442 mmol) in toluene (1 

mL). The reaction mixture immediately turned orange and was stirred for 30 min at room 

temperature. The solvent was removed by vacuum and the resulting orange solid was washed 

with hexanes, extracted with toluene, and filtered through Celite, and the volatiles were removed 

under vacuum. Yield: 203.3 mg, 62.5%. 
1
H NMR (500 MHz, C6D6): δ, ppm: 8.92 (s, 1H, iqn-

CH), 8.22 (s, 1H, iqn-CH), 7.52 (d, 1H, iqn-CH), 7.23 (s, 2H, o-C6H3), 7.13-7.10 (m, 2H, iqn-

CH), 7.05 (t, 1H, iqn-CH), 6.62 (s, 1H, p-C6H3), 4.22 (s, 2H fc-CH), 3.88 (s, 2H fc-CH), 3.56 (s, 

4H, fc-CH), 3.01 (s, 2H, CH2-Ar), 2.37 (s, 6H, C6H3-(CH3)2), 0.93 (s, 18H, SiC(CH3)3), -0.05 

and -0.13 (s, 6H, Si(CH3)2). 
13

C NMR (126 MHz, C6D6): δ, ppm: 153.9, 150.5, 140.3, 138.2, 

136.7, 133.0, 128.9, 128.7, 126.7, 124.7, 121.6, 121.5, 106.0, 70.3, 68.5, 66.5, 55.1, 27.8, 21.9, 
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20.5, -2.4, -3.1. Anal. (%) for C40H56FeN3ScSi2: Calcd.: C, 65.49; H, 7.67; N, 5.71; Found: C, 

65.48; H, 7.59; N, 5.65. 

Synthesis of 2.3
Sc

-THF. 2.1
Sc

-THF (200 mg, 0.295 mmol) was dissolved in C6D6 (1.5 

mL) and combined with 1 equiv of isoquinoline (38 mg, 0.295 mmol) and a small amount (2.5 

mg) of THF. The reaction mixture immediately turned orange and was heated to 50 ºC for 36 h. 

The solvent was removed under vacuum, hexanes was added to the resulting orange solid and 

filtered through Celite. The solution was concentrated and placed in a -35 °C freezer. The 

product was collected as crystals by decanting the mother liquor. Yield: 155 mg, 72.9%. 
1
H 

NMR (300 MHz, C6D6): δ, ppm: 7.87 (d, 1H, iqn C3-H), 7.17 (m, 2H, iqn-CH), 7.01-6.93 (m, 

2H, iqn-CH), 6.80 (s, 2H, o-C6H3), 6.89 (s, 1H, p-C6H3), 5.87 (d, 1H, iqn C4-H), 5.47 (t, 1H, iqn 

C1-H), 4.22 (s, 1H, fc-CH), 4.11 (s, 1H, fc-CH), 3.88-3.60 (m, 7H, fc-CH and OCH2CH2), 3.52, 

3.37, and 3.28 (s, 1H, fc-CH), 3.12 (dd, 2H, iqn-CH2), 2.18 (s, 6H, C6H3CH3), 1.16 (br s, 4H, 

OCH2CH2), 1.05 and 1.02 (s, 9H, SiC(CH3)3), 0.27, 0.23, 0.16, and 0.12 (s, 3H, SiCH3). 

Synthesis of 2.3
Y
-THF. 2.1

Y
-THF (229.0 mg, 0.335 mmol) and isoquinoline (43.5 mg, 

0.337 mmol) were combined in a capped 20-mL scintillation vial and stirred for 2 h in toluene at 

room temperature. The solvent was removed under vacuum, the resulting crude mixture was 

dissolved in hexanes and left at -35 °C overnight to precipitate 2.3
Y
-THF.  The yield was 74.9% 

(206.8 mg, 0.251 mmol) of a yellow-orange powder. 
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1
H NMR (500 MHz, C6D6): δ, ppm: 7.62 (d, 1H, a), 7.17 (br d, 4H, c, d, e, f), 7.08 (t, 2H, 

k), 7.01 (s, 2H, j), 6.96 (t, 1H, l), 5.88 (d, 1H, b), 5.20 (br s, 1H, g), 3.93 and 3.87 (br d, 4H, fc-

H), 3.59 (br s, 4H, OCH2CH2), 3.32 (s, 4H, fc-H), 3.18 (br d, 1H, h), 2.92 (br d, 1H, i), 1.09 (br s, 

4H, OCH2CH2), 1.02 (s, 18H, SiC(CH3)3), 0.17 and 0.12 (d, 12H, Si(CH3)2). 
13

C NMR (126 

MHz, C6D6): δ, ppm: 140.3, 140.2, 134.9, 130.4, 130.2, 128.1, 127.0, 126.8, 126.4, 125.5, 125.2, 

122.8, 121.4, 108.2, 97.2, 70.6, 67.0, 61.9, 40.7, 27.7, 25.2, 20.5, -2.0, -2.2. Anal. (%) for 

C42H60N3OFeYSi2:  Calcd.: C, 61.23; H, 7.34; N, 5.10.  Found: C, 61.61; H, 7.54; N, 5.27. 

Synthesis of 2.3
Lu

-THF. In a typical reaction, 2.1
Lu

-THF (177.9 mg, 0.220 mmol) was 

combined with 1 equiv of isoquinoline (28.4 mg, 0.220 mmol) in a vial and dissolved in about 5 

mL of toluene. The solution became transparent red immediately. The reaction mixture was 

stirred for about 24 h at room temperature, after which it took on an orange hue. The solution 

was then filtered through Celite and dried under vacuum.  The resulting orange solid was taken 

up in n-pentane. The n-pentane solution was then concentrated under vacuum and stored at -35 

°C to afford yellow crystals. The mother liquor was removed, further concentrated under 

vacuum, and stored at -35 °C to afford a second crop of crystals.  Total yield: 206.3 mg, 69.8%.  

Average yield for this reaction, over the course of 6 separate reactions, was 61.2%. 
1
H NMR 

(500 MHz, C6D6): δ, ppm: 7.58 (d, 1H, iqn 3-H), 7.23, 7.21, 7.20, 7.14, 7.11, 7.10, 7.08, 7.07, 
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7.05, 7.02, 7.00 (m, 4H, iqn 5-H, 6-H, 7-H and 8-H), 6.87 (s, 2H, xylyl CH), 6.67 (s, 1H, xylyl 

CH), 5.98 (d, 1H, iqn 4-H),  5.20 (dd, 1H, iqn 1-H), 3.87 (br s, 4H, fc-H), 3.64 (br s, 4H, 

OCH2CH2), 3.42 (s, 2H, fc-H), 3.38 (dd, 1H, methylene-H), 2.83 (dd, 1H, methylene-H), 2.19 (s, 

6H, xylyl-Me), 1.10 (br s, 4H, OCH2CH2), 1.04 (s, 18H, SiC(CH3)3), 0.18 and 0.12 (s, 6H each, 

Si(CH3)2).  
13

C NMR (126 MHz, C6D6): , ppm: 141.3, 140.4, 137.1, 135.2, 131.6, 128.9, 127.5, 

126.8, 125.9, 123.4, and 122.0 (aromatic C and Cp C-N), 108.9 (iqn 3-C), 98.8 (iqn 4-C), 71.3 

(Cp C-H), 67.5 (OCH2CH2), 62.6 (Cp C-H), 40.2, 27.8, 25.3, 21.5, and 20.6 (methylene CH2, iqn 

1-C, SiC(CH3)3, Si(CH3)2, and C6H3-(CH3)2), -2.2 (OCH2CH2 and SiC(CH3)3). Anal. (%) for 

C44H64N3OSi2FeLu: Calcd.: C, 56.34; H, 6.88; N, 4.48. Found: C, 56.41, H, 6.91, N, 4.57. 

Synthesis of 2.3
La

-THF. A toluene (8 mL) solution of 2.1
La

-THF (300 mg, 0.389 mmol) 

was combined with a toluene (1 mL) solution of isoquinoline (5 mg, 0.389 mmol) and the 

reaction mixture was stirred for 15 min at room temperature. The solvent was removed under 

vacuum, the resulting red solid was washed with hexanes, extracted in toluene, and filtered 

through Celite. The solution was concentrated, layered with n-pentane, and placed in a -35 °C 

freezer. The product was collected as crystals by decanting the mother liquor. Yield: 263 mg, 

75%. 
1
H NMR (500 MHz, C6D6): δ, ppm: 7.43 (d, 1H, iqn 3-H), 7.17 (m, 2H, iqn-CH), 6.88 (t, 

1H, iqn-CH), 6.77 (s, 2H, o-C6H5), 6.72 (s, 1H, p-C6H5), 6.70 (d, 1H, iqn-CH), 5.79 (d, 1H, iqn 

4-H), 5.21 (dd, 1H, iqn 1-H) 4.06 (s, 4H, fc-CH), 3.70, (br s, 8H, OCH2CH2), 3.51 (dd, 1H, CH2-

Ph), 3.14 (s, 4H, fc-CH), 2.88 (dd, 1H, CH2Ph), 2.20 (s, 6H, C6H3(CH3)2), 1.28 (br s, 8H, 

OCH2CH2), 1.04 (s, 18H, SiC(CH3)3), 0.33 and 0.27 (s, 6H, Si(CH3)2). 
13

C NMR (126 MHz, 

C6D6): δ, ppm: 140.7, 140.6, 137.1, 136.6, 128.7, 127.6, 127.0, 126.6, 121.3, 120.8, 105.4, 93.6, 

70.4, 66.4, 66.1, 66.0, 63.5, 40.6, 27.7, 25.3, 21.5, 20.5, -2.3, -2.4. Anal. (%) for 

C44H64FeLaN3OSi2: Calcd.: C, 58.59; H, 7.15; N, 4.66; Found: C, 58.81; H, 6.84; N, 4.42. 
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Synthesis of 2.3
Y
-iqn

Me
. 2.1

Y
-THF (117.2 mg, 0.172 mmol) and 3 equiv of 3-

methylisoquinoline (75.5 mg, 0.527 mmol) were combined in toluene in a capped 20-mL 

scintillation vial and stirred for 2 h, at room temperature.  The solvent was removed under 

vacuum and the resulting crude mixture was dissolved in hexanes and left at -35 °C overnight, 

precipitating the desired product. The yield was 60.5% (94.6 mg, 0.104 mmol) of a red powder. 

 

1
H NMR (500 MHz, C6D6): δ, ppm: 8.88 (s, 1H, n), 7.37 (d, 1H, s), 7.33, 7.26, 7.20, 7.10, 

7.02, 6.98, 6.85 (m, 13H, c, d, e, f, j, k, l, o, p, q ,r), 6.01 (s, 1H, b), 5.57 (dd, 1H, g), 4.25 (s, 1H, 

fc-CH), 4.11 (s, 1H, fc-CH), 3.85 (s, 1H, fc-CH), 3.75 (s, 1H, fc-CH), 3.68 (s, 1H, fc-CH), 3.63 

(s, 1H, fc-CH), 3.60 (s, 1H, fc-CH), 3.54 (m, 1H, fc-CH), 2.81 (overlapped s, 2H, h, i), 2.72 (s, 

3H, m), 2.71 (s, 3H, a), 0.94 (s, 9H, SiC(CH3)3), 0.92 (s, 9H, SiC(CH3)3), 0.11 (s, 3H, Si(CH3)2), 

-0.20 (s, 3H, Si(CH3)2), -0.41 (s, 3H, Si(CH3)2), -0.59 (s, 3H, Si(CH3)2).
13

C NMR (126 MHz, 

C6D6): δ, ppm: 155.0, 149.5, 148.8, 140.1, 136.8, 135.8, 132.6, 130.9, 130.4, 129.1, 126.8, 126.4, 

125.6, 125.3, 125.0, 122.7, 121.0, 120.9, 110.4, 109.4, 96.5, 69.7, 68.9, 68.6, 68.2, 66.4, 66.2, 

65.7, 62.9, 61.0, 40.2, 34.5, 28.9, 27.7, 27.5, 26.8, 25.2, 20.6, 20.3, 11.2, -1.2, -2.8, -3.8, -4.1. 

Anal. (%) for C49H63N4FeYSi2:  Calcd.: C, 64.75; H, 6.99; N, 6.16. Found: C, 64.46; H, 7.02; N, 

6.17. 
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Synthesis of 2.4
Y
-(iqn)2. 2.3

Y
-THF (95.1 mg, 0.115 mmol) and 3 equiv of isoquinoline 

(44.8 mg, 0.347 mmol) were combined in a Schlenk tube and stirred in toluene for 6 h at 50°C.  

The solvent was removed under vacuum and the resulting crude mixture was dissolved in 

hexanes and left at -35 °C overnight, precipitating the desired product.  The yield was 72.0% 

(76.5 mg, 0.0831 mmol) of blood-red crystals and powder. 

 

1
H NMR (500 MHz, C6D6): δ, ppm: 9.90 (s, 2H, i), 8.98 (s, 2H, o), 7.65 (d, 2H, n), 7.32, 

7.23 through 7.18, 7.14 through 7.01, and 6.85 through 6.82 (m, 12H, c, d, e, f, j, k, l, m), 6.50 (d, 

1H, a), 5.69 (d, 1H, b), 4.66 (s, 2H, g, h), 3.97 (s, 4H, fc-H), 3.20 (s, 4H, fc-H), 1.03 (s, 18H, 

SiC(CH3)3), 0.37 (s, 12H, Si(CH3)2). 
13

C NMR (126 MHz, C6D6): δ, ppm: 154.7, 148.2, 142.5, 

138.7, 136.6, 132.2, 128.7, 126.9, 126.7, 124.7, 122.0, 121.7, 120.3, 105.2, 95.4, 67.2, 66.7, 53.4, 

28.1, 20.9, -1.8. Anal. (%) for C49H60N5FeYSi2:  Calcd.: C, 63.97; H, 6.57; N, 7.61.  Found: C, 

63.67; H, 6.28; N, 7.46. 

Synthesis of 2.4
Lu

-(iqn)2. 2.3
Lu

-THF (101.6 mg, 0.126 mmol) and 4 equiv of 

isoquinoline (65.1 mg, 0.502 mmol) were combined in a Schlenk tube with 5 mL of toluene. The 

solution immediately turned red. A stir bar was added and the solution was stirred at 50 °C for 30 

h. The solution was next filtered through a fiberglass filter and dried under vacuum, resulting in a 

red oil. The oil was triturated once with hexanes. The solid was then taken up in hexanes and 

concentrated under vacuum. The solution was stored at -35 °C, affording analytically pure red 
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crystals. A second crop of crystals was also obtained after further concentration of the mother 

liquor. Total yield: 105.2 mg, 83.2%. 

 

1
H NMR (300 MHz, C6D6): δ, ppm: 10.02 (s, 2H, d), 9.10 and 9.08 (d, 2H, e), 7.70 and 

7.68 (d, 2H, f), 7.27 through 7.19, 7.14 through 7.01, and 6.86 through 6.81 (m, 11H, g),  6.45 

and 6.42 (s, 2H, b), 5.71 and 5.68, (d, 1H, c), 4.56 (s, 2H, a), 3.93 (m, 4H, fc-H), 3.23 (br s, 4H, 

fc-H), 1.03 (s, 18H, SiC(CH3)3), 0.37 (s, 12H, Si(CH3)2). 
13

C NMR (126 MHz, C6D6): δ, ppm: 

155.1, 148.6, 142.9, 138.5, 136.7, 132.4, 128.8, 126.90, 126.87, 126.7, 124.8, 122.2, 121.7, 

120.3, 104.4, 96.3, 67.4, 66.7, 53.7, 28.2, 21.2, -1.6. Anal. (%) for C49H60N5Si2FeLu: Calcd.: C, 

58.50; H, 6.01; N, 6.96. Found: C, 57.76, H, 5.51, N, 6.80. 

Characterization of 2.5
Ar

.  
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1
H NMR (300 MHz, C6D6): δ, ppm: 8.58 and 8.56 (d, 1H, a), 8.04 and 8.02 (d, 1H, f), 

7.37 and 7.34 (d, 1H, b), 7.08 (m, 3H, c, d and e), 6.99 (s, 2H, h), 6.64, (s, 1H, j), 4.64 (s, 2H, g), 

2.02 (s, 6H, i). 

Synthesis of 2.6
Lu

-(iqn)2. 2.3
Lu

-THF (133.0 mg, 0.142 mmol) and 2 equiv of 2-

adamantanone (42.6 mg, 0.284 mmol) were combined in about 5 mL of toluene. The orange 

solution was stirred at room temperature for 3.5 h, after which it was dried under vacuum. The 

reaction was triturated once with hexanes, resulting in a foamy, orange oil, which weighed 175.9 

mg. All attempts to crystallize the oil failed. 
1
H NMR spectroscopy showed the product to be 

2.6
Lu

-iqn
Ar

, for which a molecular weight was calculated to be 1016.093 g/mol. Based upon this 

observation, 2 equiv of isoquinoline was added (44.7 mg, 0.346 mmol) and the reactants were 

dissolved in ~3 mL of toluene. The solution was stirred for 2 h at room temperature, after which 

it was filtered through a fiberglass filter. The vial was washed with hexanes and the hexanes 

wash was also filtered through the fiberglass filter. The solvent was then removed under vacuum, 

and the solid was taken up in n-pentane and stored at -35 °C, affording an orange powder.  Total 

yield: 56.7 mg, 38.9%. 
1
H NMR (500 MHz, C6D6): δ, ppm: 10.25 (br s, 2H, iqn 1-H), 9.24 (d, 

2H, iqn 3-H), 7.86 and 7.84 (d, 2H, iqn 8-H) 7.30 and 7.29 (d, 2H, iqn 5-H), 7.26 and 7.24 (d, 

2H, iqn 4-H), 7.20 (t, 2H, iqn 6-H) 7.11 (t, 2H, iqn 7-H) 4.55 (s, 1H, O-CH), 4.05 and 3.53 (s, 4H 

each, fc-H), 2.32 and 2.30 (d, 2H, ad-H), 2.02 (s, 2H, ad-H), 1.85 through 1.67 (m, 8H, ad-H), 

1.41 and 1.39 (d, 2H, ad-H), 1.12 (s, 18H, SiC(CH3)3), 0.22 (s, 12H, Si(CH3)2). 
13

C NMR (126 

MHz, C6D6): δ, ppm: 154.6, 142.7, 136.5, 132.1, 126.8, 121.6, 105.3, 80.8, 67.1, 65.6, 38.6, 

38.0, 37.7, 32.1, 28.7, 28.2, 28.1, 21.1, -2.0. Anal. (%) for C50H67N4OSi2FeLu: Calcd.: C, 58.47; 

H, 6.58; N, 5.46. Found: C, 58.42, H, 6.45, N, 5.51. 
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Synthesis of 2.7
Sc

-iqn
Ar

. 2.3
Sc

-THF (280 mg, 0.380 mmol) was combined with 1.05 

equiv of benzophenone (72.8 mg, 0.400 mmol) in toluene (10 mL) and stirred for 1 h at room 

temperature. The solvent was removed by vacuum and the resulting yellow solid was washed 

with hexanes (1 mL), extracted with toluene and filtered through Celite. Yield: 349 mg, 99%, as 

a solid obtained after the removal of the volatiles. 
1
H NMR (500 MHz, C6D6): δ, ppm: 8.95 (s, 

1H, iqn-CH), 8.21 (d, 1H, iqn-CH), 7.96 (d, 4H, o-C6H5), 7.48 (d, 1H, iqn-CH), 7.32 (t, 4H, m-

C6H5), 7.10 (t, 2H, p-C6H5), 7.05 (t, 1H, iqn-CH), 6.85 (s, 2H, o-C6H5), 6.70 (s, 1H, p-C6H5), 

4.26 (br s, 2H, fc-CH), 4.18 (s, 2H, CH2-Ar), 3.82 (br s, 4H, fc-CH), 3.75 (br s, 2H, fc-CH), 2.09 

(s, 6H, C6H3-(CH3)2), 0.93 (s, 18H, SiC(CH3)3), -0.18 (s, br, 12H, Si(CH3)2). Limited solubility 

prevented the collection of the 
13

C NMR spectrum. Anal. (%) for C53H66FeN3OScSi2: Calcd.: C, 

69.34; H, 7.25; N, 4.58; Found: C, 69.10; H, 7.18; N, 4.58. 

Synthesis of 2.7
Y
-(iqn)2. 2.3

Y
-THF (51.0 mg, 0.0619 mmol) and benzophenone (11.6 

mg, 0.0637 mmol) were combined in a capped 20-mL scintillation vial and stirred in toluene (3 

mL) for 5 min at room temperature.  A toluene solution (2 mL) with 2 equiv of isoquinoline 

(16.0 mg, 0.124 mmol) was added and the mixture was stirred for an additional 30 min at room 

temperature.  The solvent was removed under vacuum and the resulting crude mixture was 

dissolved in hexanes and left at -35 °C overnight, precipitating the desired product. The yield 

was 62.3% (37.5 mg, 0.0386 mmol) of a pale yellow powder. 
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1
H NMR (500 MHz, C6D6): δ, ppm: 9.78 (s, 2H, h), 8.92 (s, 2H, b), 7.57, 7.22, 7.08, 6.95 

(m, 16H, Ar, d, e, f, g), 6.84 (br s, 2H, c), 6.64 (s, 1H, a), 4.07 (s, 4H, fc-CH), 3.42 (s, 4H, fc-

CH), 1.10 (s, 18H, SiC(CH3)3), 0.33 (s, 12H, Si(CH3)2). 
13

C NMR (126 MHz, C6D6): δ, ppm: 

154.2, 149.6, 141.7, 136.0, 131.3, 128.2, 126.9, 126.1, 125.4, 120.8, 105.7, 82.7, 66.3, 65.4, 27.5, 

20.4, -2.4. Anal. (%) for C53H63N4OFeYSi2: Calcd.: C, 65.42; H, 6.53; N, 5.76. Found: C, 65.36; 

H, 6.32; N, 5.74. 

Synthesis of 2.7
La

-(iqn)2. A toluene (10 mL) solution of 2.3
La

-THF (263 mg, 0.291 

mmol) was added to a toluene (1 mL) solution of 1.1 equiv of benzophenone (58 mg, 0.321 

mmol) and the reaction mixture was stirred for 15 min at room temperature. The solvent was 

removed by vacuum and the resulting yellow solid was extracted with hexanes and filtered 

through Celite. After an unsuccessful attempt at crystallization as the THF solvate from hexanes, 

2 equiv of isoquinoline (75 mg, 0.583 mmol) was added and the isoquinoline solvate was 

crystallized from hexanes. Yield: 168 mg, 56%. 
1
H NMR (500 MHz, C6D6): δ, ppm: 9.53 (s, 2H, 

iqn-CH), 8.71, (d, 2H, iqn-CH), 7.70 (d, 4H, C6H5 or iqn-CH), 7.50 (d, 2H, C6H5 or iqn-CH), 

7.22 (d, 2H, C6H5 or iqn-CH), 7.16 (t, 1H, C6H5 or iqn-CH), 7.09-7.05 (m, 8H, C6H5 or iqn-CH), 

6.97 (t, 2H, C6H5 or iqn-CH), 6.71 (s, 1H, OCH), 4.13 (s, 4H, fc-CH), 3.40 (s, 4H, fc-CH), 1.03 

(s, 18H, SiC(CH3)3), 0.39 (s, 12H, Si(CH3)2).
13

C NMR (126 MHz, C6D6): δ, ppm: 153.8, 151.0, 
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141.8, 136.5, 131.7, 129.3, 128.6, 128.5, 127.5, 126.6, 126.1, 121.5, 107.4, 84.3, 65.7, 65.6, 27.6, 

20.7, -2.5. Anal. (%) for C53H63FeLaN4OSi2: Calcd.: C, 62.22; H, 6.21; N, 5.48; Found: C, 

61.85; H, 6.25; N, 5.18. 

Synthesis of 2.8
Y
. 2.3

Y
-THF (171.9 mg, 0.209 mmol) and azobenzene (40.0 mg, 0.220 

mmol) were combined in a Schlenk tube and stirred in toluene for 24 h at 50°C.  The solvent was 

removed under vacuum and the resulting crude mixture was dissolved in n-pentane and left at -

35 °C overnight, precipitating the desired product. The yield was 36.0% (73.9 mg, 0.0791 mmol) 

of a brown powder. 

 

1
H NMR (300 MHz, C6D6, includes 1 equiv free toluene): δ, ppm: 9.11 (br s, 1H, a), 7.72 

(d, 1H, b), 7.33 - 7.37, 7.21, 7.11, 7.07, 7.03, 6.93, 6.88, 6.85 (m, 24H, Ar, toluene, c, d, e, f, j, k, 

l), 6.22 (d, 1H, i), 5.04 (s, 2H, g, h), 4.15 (br s, 1H, fc-CH), 4.08 (br s, 1H, fc-CH), 3.97 (br s, 

1H, fc-CH), 3.74 (br s, 1H, fc-CH), 3.66 (br s, 1H, fc-CH), 3.40 (br s, 1H, fc-CH), 3.16 (br s, 1H, 

fc-CH), 2.99 (br s, 1H, fc-CH), 2.11 (s, 3H, toluene), 0.88 (s, 18H, SiC(CH3)3), 0.13 (s, 6H, 

Si(CH3)2), -0.03 (s, 6H, Si(CH3)2).  Note: Because of its solubility properties, 2.8
Y
 could not be 

obtained pure enough for an elemental analysis study. As a result, 2.8
Y
 was transformed into 

2.8
Y
-(iqn)2, which was fully characterized (see below). 
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Synthesis of 2.8
Y
-(iqn)2. 2.8

Y
 (73.9 mg, 0.0791 mmol) and 2 equiv of isoquinoline (20.5 

mg, 0.159 mmol) were combined in a capped 20-mL scintillation vial and stirred for 2 h in 

toluene at room temperature.  The solvent was removed under vacuum and the resulting crude 

mixture was dissolved in n-pentane and left at -35 °C overnight to precipitate the product. The 

yield was 55.2% (42.5 mg, 0.0437 mmol) of a beige powder. 

 

1
H NMR (500 MHz, C6D6): δ, ppm: 9.60 (br s, 2H, g), 8.88 (br s, 2H, a), 7.56, 7.21, 7.03, 

6.89, 6.66, 6.58, 6.52, 6.21 (m, 20H, Ar, b, c, d, e, f), 6.27 (s, 1H, h), 4.12 (s, 2H, fc-CH), 3.87 (s, 

2H, fc-CH), 3.60 (s, 2H, fc-CH), 2.90 (s, 2H, fc-CH), 1.12 (s, 18H, SiC(CH3)3), 0.52 (s, 6H, 

Si(CH3)2), 0.35 (s, 6H, Si(CH3)2). 
13

C NMR (126 MHz, C6D6): δ, ppm: 154.7, 148.8, 135.8, 

131.1, 128.8, 126.0, 121.0, 115.9, 114.9, 113.4, 105.4, 67.3, 67.0, 66.7, 65.4, 64.2, 61.3, 27.8, 

26.2, 20.6, -1.5, -2.3. Anal. (%) for C52H63N6FeYSi2:  Calcd.: C, 64.19; H, 6.53; N, 8.64. Found: 

C, 63.45; H, 6.15; N, 8.31. 

Disproportionation reaction of 2.3
Y
-THF. 2.3

Y
-THF (127.8 mg, 0.154 mmol) was 

dissolved in benzene in a Schlenk tube and heated without stirring for 3 d at 70 °C.  The solution 

was then moved to a 20-mL scintillation vial, the solvent was removed, and a minimal amount of 

n-pentane was added to the crude mixture. The vial was left at -78 °C for one hour and the 

resulting liquid and solid were separated, dissolved in minimal n-pentane and left overnight at -
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35 °C, resulting in a orange powder (2.4
Y
-(THF)2) and a red compound, 2.9

Y
, that could not be 

fully separated before its decomposition. The yield for 2.4
Y
-(THF)2 was 94.4% (58.7 mg, 0.0728 

mmol). 

 

1
H NMR (300 MHz, C6D6): δ, ppm: 7.25 (overlap m, 2H, a, c), 7.10 (overlap m, 3H, d, e, 

f), 5.76 (d, 1H, b), 4.75 (s, 2H, g), 4.03 (s, 4H, fc-CH), 3.86 (s, 8H, O(CH2CH2)2), 3.13 (s, 4H, 

fc-CH), 1.31 (s, 8H, OCH2CH2), 0.99 (s, 18H, SiC(CH3)3), 0.28 (s, 12H, Si(CH3)2). Note: 

Because of solubility properties, the complex 2.4
Y
-(THF)2 could not be obtained pure enough for 

an elemental analysis study. As a result, 2.4
Y
-(THF)2 was transformed into 2.4

Y
-(iqn)2, which 

was fully characterized (see below). 

Reaction of 2.4
Y
-(THF)2 with isoquinoline to form 2.4

Y
-(iqn)2.  23.4 mg (0.0291 

mmol) of 2.4
Y
-(THF)2 and 2.1 equiv of isoquinoline (7.9 mg, 0.0612 mmol) were dissolved and 

combined in C6D6 in an NMR tube fitted with a Teflon stopper.  The solution was monitored and 

the reaction was determined to be complete after 2 h.  The solution was moved to a 20-mL 

scintillation vial and the solvent was removed.  A minimal amount of hexanes was added to the 

crude reaction mixture and the resulting solution was kept overnight at -35 °C, yielding a blood-

red powder.  Yield: 36.6% (9.8 mg, 0.0107 mmol). 

Disproportionation reaction of 2.3
La

-THF. 2.3
La

-THF was prepared in situ by the 

reaction of 2.1
La

-THF (200 mg, 0.269 mmol) with 1 equiv of isoquinoline (34.7 mg, 0.269 
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mmol) in C6D6 (1.5 mL). This reaction mixture was heated to 50 ˚C for 96 h. The solvent was 

removed by vacuum; a red product, identified as 2.9
La

, was extracted with hexanes, and filtered 

through Celite. An orange product identified as 2.4
La

-(THF)2 was extracted with toluene and 

filtered through Celite. Yield: 45 mg of 2.9
La

, 38.4%, as crystals from n-pentane, and 30 mg of 

2.4
La

-(THF)2, 26.1% as crystals from toluene : n-pentane. Crystals of 2.9
La

 suitable for X-ray 

diffraction were obtained from the analogous reaction of the 3,5-dimethylbenzyl complex from 

toluene : n-pentane. 2.4
La

-(THF)2 was not characterized because it could not be obtained in 

sufficient amount, as a consequence of its solubility properties and its decomposition to 

intractable products. 2.9
La

:
 1

H NMR (500 MHz, C6D6): δ, ppm: 8.13 (d, 1H, iqn-CH), 7.94 (s, 

1H, iqn-CH), 7.89 (s, 2H, iqn-CH), 7.31-7.20 (m, 4H, C6H5 or iqn-CH), 6.77 (t, 1H, C6H5 or iqn-

CH), 6.43 (s, 1H, C6H5 or iqn-CH), 6.02 (s, 1H, La-CH), 4.01 (s, 4H, fc-CH), 3.57 (s, 4H, 

OCH2CH2), 3.09 (s, 4H fc-CH), 1.28 (s, 4H, OCH2CH2), 0.96 (s, 18H, SiC(CH3)3), 0.01 (s, 12H, 

Si(CH3)2). 
13

C NMR (126 MHz, C6D6): δ, ppm: 154.2, 143.4, 140.6, 137.0, 132.3, 130.1, 126.5, 

125.9, 125.1, 121.9, 121.2, 106.9, 79.8, 70.0, 66.5, 27.6, 25.4, 20.5, -2.8. Anal. (%) for 

C42H58FeN3LaOSi2: Calcd.: C, 57.86; H, 6.70; N, 4.82; Found: C, 57.92; H, 6.69; N, 4.86. 

Disproportionation reaction of deuterium-labeled 2.3
La

-THF. 2.1
La

-THF (100 mg, 

0.134 mmol) was combined with 1 equiv of isoquinoline-d (17.5 mg, 0.134 mmol) in C6H6 (1.5 

mL). A portion of the reaction mixture (0.5 mL) was separated and the solvent removed under 

vacuum. The resulting red-orange solid was dissolved in C6D6 (0.75 mL) and placed in a 

J-Young NMR tube. The remaining C6H6 solution was also placed in a J-Young tube. The two 

samples were heated to 50 °C and monitored by 
1
H and 

2
H NMR spectroscopy, respectively. 

After 48 h a peak at 2.08 ppm was observed by 
2
H NMR spectroscopy that was attributed to 

deuterium incorporation in the liberated toluene. 
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X-ray crystal structures. X-ray quality crystals were obtained from various 

concentrated solutions placed in a -35 °C freezer in the glove box. Inside the glove box, the 

crystals were coated with oil (STP Oil Treatment) on a microscope slide, which was brought 

outside the glove box. The X-ray data collections were carried out on a Bruker AXS single 

crystal X-ray diffractometer using MoK radiation and a SMART APEX CCD detector. The data 

was reduced by SAINTPLUS and an empirical absorption correction was applied using the 

package SADABS. The structures were solved and refined using SHELXTL (Brucker 1998, 

SMART, SAINT, XPREP AND SHELXTL, Brucker AXS Inc., Madison, Wisconsin, USA).
117

 

All atoms were refined anisotropically and hydrogen atoms were placed in calculated positions 

unless specified otherwise. Tables with atomic coordinates and equivalent isotropic displacement 

parameters, with all the bond lengths and angles, and with anisotropic displacement parameters 

are listed in the cifs. 

X-ray crystal structure of 2.1'
La

-THF. X-ray quality crystals were obtained from a 

concentrated toluene : n-pentane solution placed in a -35 °C freezer in the glove box. A total of 

33077 reflections (-25 ≤ h ≤ 25, -23 ≤ k ≤ 22, -15 ≤ l ≤ 14) were collected at T = 100(2) K with 

2max = 56.54°, of which 9094 were unique (Rint = 0.0613). The residual peak and hole electron 

density were 0.67 and -0.51 eA
-3

. The least-squares refinement converged normally with 

residuals of R1 = 0.0364 and GOF = 1.006. Crystal and refinement data for 2.1'
La

-THF: formula 

C35H57N2Si2FeOLa, space group Pna21, a = 19.018(3), b = 17.284(3), c = 11.281(2),  = β =  = 

90°, V = 3708.1(11) Å
3
, Z = 4, μ = 1.620 mm

-1
, F(000) = 1600, R1 = 0.0437  and wR2 = 0.0657 

(based on all 9094 data, I > 2(I)). 

X-ray crystal structure of 2.2
Sc

. X-ray quality crystals were obtained from a 

concentrated toluene : n-pentane solution placed in a -35 °C freezer in the glove box. A total of 
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22432 reflections (-14 ≤ h ≤ 15, -19 ≤ k ≤ 19, -21 ≤ l ≤ 21) were collected at T = 100(2) K with 

2max = 56.52°, of which 12025 were unique (Rint = 0.0463). The residual peak and hole electron 

density were 1.85 and -0.69 eA
-3

. The least-squares refinement converged normally with 

residuals of R1 = 0.0581 and GOF = 1.024. One molecule of toluene solvent was found in the 

unit cell. Crystal and refinement data for 2.2
Sc

: formula C52H73N4Si2FeScO, space group Pī, a = 

11.4536(19), b = 14.490(2), c = 16.233(3),  = 97.870(2)°, β = 98.337(2)°,  = 106.382(2)°, V = 

2512.0(7) Å
3
, Z = 2, μ = 0.511 mm

-1
, F(000) = 992, R1 = 0.0926 and wR2 = 0.1530 (based on all 

12025 data, I > 2(I)). 

X-ray crystal structure of 2.3
Y
-iqn

Me
. X-ray quality crystals were obtained from a 

concentrated hexanes solution placed in a -35 °C freezer in the glove box. A total of 41770 

reflections (-18 ≤ h ≤ 19, -21 ≤ k ≤ 22, -26 ≤ l ≤ 26) were collected at T = 125(2) K with 2max = 

56.59°, of which 11372 were unique (Rint = 0.0749). The residual peak and hole electron density 

were 0.53 and -0.43 eA
-3

. The least-squares refinement converged normally with residuals of R1 

= 0.0469 and GOF = 0.961. Crystal and refinement data for 2.3
Y
-iqn

Me
: formula 

C49H63N4Si2FeY, space group Pna21, a = 14.3694(13), b = 16.5282(14), c = 19.6525(17),  = β 

=  = 90°, V = 4667.5(7) Å
3
, Z = 4, μ = 1.636 mm

-1
, F(000) = 1912, R1 = 0.0708 and wR2 = 

0.0979 (based on all 11372 data, I > 2(I)). 

X-ray crystal structure of 2.4
Lu

-(iqn)2. X-ray quality crystals were obtained from a 

concentrated hexanes solution layered with n-pentane and placed in a -35 °C freezer in the glove 

box. A total of 22108 reflections (-18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -19 ≤ l ≤ 19) were collected at T = 

100(2) K with 2max = 56.70°, of which 12008 were unique (Rint = 0.0282). The residual peak 

and hole electron density were 1.18 and -0.80 eA
-3

. The least-squares refinement converged 

normally with residuals of R1 = 0.0316 and GOF = 1.004. Crystal and refinement data for 
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2.4
Lu

-(iqn)2: formula C52H64N5Si2FeLu, space group Pī, a = 13.908(2), b = 13.942(5), c = 

14.914(3),  = 95.659(2), β = 116.825(2),  = 98.466(2)°, V = 2507.6(10) Å
3
, Z = 2, μ = 2.333 

mm
-1

, F(000) = 1072, R1 = 0.0408 and wR2 = 0.0694 (based on all 12008 data, I > 2(I)). 

X-ray crystal structure of 2.4'
Y
-1,5-(py)2. X-ray quality crystals were obtained from a 

concentrated n-pentane solution and placed in a -35 °C freezer in the glove box. A total of 23359 

reflections (-36 ≤ h ≤ 36, -17 ≤ k ≤ 17, -19 ≤ l ≤ 19) were collected at T = 100(2) K with 2max = 

56.53°, of which 6404 were unique (Rint = 0.0563). The residual peak and hole electron density 

were 1.05 and -0.52 eA
-3

. The unit cell contains one molecule of n-pentane or hexane, which is 

very disordered. A good model could not be obtained for the solvent because of its disorder and 

of the fact that some of the atoms sit in special positions. After successive failed attempts to find 

a proper solvent model, no carbon atoms were fitted to the electron density corresponding to the 

solvent molecule. The least-squares refinement converged normally with residuals of R1 = 

0.0627 and GOF = 1.196. Crystal and refinement data for 2.4'
Y
-1,5-(py)2: formula 

C37H54N5Si2FeY, space group C2/c, a = 27.282(3), b = 13.0297(15), c = 14.8077(17), β = 

99.407(1)°, V = 5192.9(10) Å
3
, Z = 4, μ = 1.461 mm

-1
, F(000) = 1616, R1 = 0.0927 and wR2 = 

0.2318 (based on all 6404 data, I > 2(I)). 

X-ray crystal structure of 2.6
Lu

-(iqn)2. X-ray quality crystals were obtained from a 

concentrated hexanes solution placed in a -35 °C freezer in the glove box. A total of 43149 

reflections (-32 ≤ h ≤ 32, -15 ≤ k ≤ 15, -22 ≤ l ≤ 22) were collected at T = 101(2) K with 2max = 

56.63°, of which 11870 were unique (Rint = 0.0964). The residual peak and hole electron density 

were 0.72 and -0.88 eA
-3

. The least-squares refinement converged normally with residuals of R1 

= 0.0454 and GOF = 0.978. One of the t-butyl groups was disordered over two sites (40 and 60% 

occupancy). One of the disordered counterparts was only refined isotropically. Crystal and 
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refinement data for 2.6
Lu

-(iqn)2: formula C50H67N4Si2FeOLu, space group Pna21, a = 

24.396(10), b = 11.830(5), c = 16.723(7),  = β =  = 90°, V = 4826(4) Å
3
, Z = 4, μ = 2.423 mm

-

1
, F(000) = 2112, R1 = 0.0668 and wR2 = 0.0789 (based on all 11870 data, I > 2(I)). 

X-ray crystal structure of 2.8
Y
. X-ray quality crystals were obtained from a 

concentrated toluene : Et2O solution placed in a -35 °C freezer in the glove box. A total of 41841 

reflections (-49 ≤ h ≤ 49, -58 ≤ k ≤ 59, -14 ≤ l ≤ 14) were collected at T = 101(2) K with 2max = 

52.80°, of which 10820 were unique (Rint = 0.1027). The residual peak and hole electron density 

were 1.94 and -0.61 eA
-3

. The least-squares refinement converged normally with residuals of R1 

= 0.0579 and GOF = 1.001. Crystal and refinement data for 2.8
Y
∙C7H8: formula C57H70N5Si2FeY, 

space group Fdd2, a = 39.536(4), b = 47.303(4), c = 11.3457(10),  = β =  = 90°, V = 21218(3) 

Å
3
, Z = 16, μ = 1.448 mm

-1
, F(000) = 8640, R1 = 0.0807 and wR2 = 0.1336 (based on all 10820 

data, I > 2(I)). 

X-ray crystal structure of 2.4
Y
-(THF)2. X-ray quality crystals were obtained from a 

concentrated n-hexane solution placed in a -35 °C freezer in the glove box. A total of 36317 

reflections (-13 ≤ h ≤ 13, -38 ≤ k ≤ 38, -18 ≤ l ≤ 18) were collected at T = 109(2) K with 2max = 

56.50°, of which 9909 were unique (Rint = 0.0978). The residual peak and hole electron density 

were 0.56 and -0.42 eA
-3

. The least-squares refinement converged normally with residuals of R1 

= 0.0521 and GOF = 0.983. Two methyl groups were disordered over two sites (50% occupancy 

each). Crystal and refinement data for 2.4
Y
-(THF)2: formula C39H62N3Si2FeO2Lu, space group 

P21/c, a = 10.065(3), b = 29.126(7), c = 14.029(4), β = 100.204(3)°, V = 4047.4(18) Å
3
, Z = 4, μ 

= 1.880 mm
-1

, F(000) = 1704, R1 = 0.1070 and wR2 = 0.1082 (based on all 9909 data, I > 2(I)). 

X-ray crystal structure of 2.9
La

. X-ray quality crystals were obtained from a 

concentrated toluene : n-pentane solution placed in a -35 °C freezer in the glove box. A total of 
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30464 reflections (-54 ≤ h ≤ 53, -11 ≤ k ≤ 11, -23 ≤ l ≤ 24) were collected at T = 100(2) K with 

2max = 50.07°, of which 7562 were unique (Rint = 0.1188). The residual peak and hole electron 

density were 0.50 and -0.52 eA
-3

. The least-squares refinement converged normally with 

residuals of R1 = 0.0497 and GOF = 0.991. Crystal and refinement data for 2.9
La

: formula 

C44H62N3Si2FeOLa, space group C2/c, a = 45.634(13), b = 9.376(3), c = 20.379(6), β = 

99.243(3)°, V = 8606(4) Å
3
, Z = 8, μ = 1.408 mm

-1
, F(000) = 3728, R1 = 0.0982 and wR2 = 

0.0907 (based on all 7562 data, I > 2(I)). 

Computational details.  Density functional theory (DFT) calculations were performed 

using the B3LYP functional (as implemented in Jaguar 7.6, release 110).  Main group atoms 

were described using the 6-311++G** basis set,
118

 while the LACV3P++**(2f), a small core 

effective potentials (angular momentum projected pseudopotentials) including a double-ζ f-type 

shell, was used for all metals.
119-122

 Structures were optimized in the gas phase (starting with 

geometries obtained from the X-ray crystal structures where available) using the LACVP** and 

6-31G** basis sets.
119,123

 For stationary points and transition structures, the analytic Hessian was 

calculated to obtain vibrational frequencies, which in turn were used to obtain zero-point and 

vibrational thermodynamic corrections (ZPE, H(T), and S). Solvent corrections were based on 

single point self-consistent Poisson-Boltzmann continuum solvation calculations for benzene ( 

= 2.284 and R0= 2.60 Å), toluene ( = 2.379 and R0= 2.76 Å) or tetrahydrofuran ( = 7.6 and R0= 

2.52 Å) as noted using the PBF module in Jaguar.
124,125

 

 

Supporting Information Available. Experimental details for compound 

characterizations, structural representations indicating a full atom-labeling scheme, DFT 
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calculation details, and full crystallographic descriptions (as cif) are available in the online 

published version of this work, at http://pubs.acs.org. 

 

2.8 Appendix A 

Preparation of deuterated isoquinoline, adapted from Calf, G. E.; Garnett, J. L. J. 

Phys. Chem. 1964, 68, 3887-3889. 

1. Pt oxide must be activated first: 100 mg of Pt oxide was measured into a round bottom 

flask. 50 mL of water was added. While stirring, 400 mg of NaBH4 was slowly added. 

The solution bubbled. The solution was then heated at 70 °C while open to the 

atmosphere for 30 min. The water was decanted off. The remaining black solid was 

washed with 5 mL of water and then 5 mL of D2O. 

2. 1 mL of isoquinoline, 6 mL of D2O, a stir bar, and the activated Pt oxide were combined 

into a high-pressure glass vessel, which was then flame-sealed under vacuum. The 

solution was stirred overnight at 130 °C behind a blast shield.  

3. Diethyl ether was used to extract isoquinoline from D2O; this extraction was repeated 5 

times. NaOH was added to help polarize the water and to help the extraction. The ether 

portion was dried over NaSO4 and then filtered through a Buchner funnel. The volatiles 

were then removed by using a rotovap, until a yellow oil remained. 

The deuterated isoquinoline was distilled over sodium, under vacuum. A clear oil resulted from 

the distillation. 
1
H NMR spectroscopy showed deuterium incorporation at the 1-position (36%) 

and the 3-position (54%). 

 

 

 

 

http://pubs.acs.org/
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Figure A1. 2.2
Lu

,
 1

H NMR (600 MHz, C6D6): Peaks for hexanes (1.78, 1.69, 1.59, 1.47, 1.23, 

and 0.88) and free ligand (3.83, 0.92, and 0.16 ppm) are present in this spectrum. 
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Figure A2. 2.2
Lu

,
 13

C NMR (151 MHz, C6D6): Peaks for hexanes (14.4, 23.1, and 32.0 ppm) and 

free ligand (26.7, 61.8, and 64.7 ppm) are present in this spectrum. 
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Figure A3. 2.2
Lu

,
 
H-H COSY (500 MHz, C6D6): 
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Figure A4. 2.3
Lu

-THF, 
1
H NMR (500 MHz, C6D6): Peaks for hexanes (1.78, 1.69, 1.59, 1.47, 

1.23, and 0.88) are present in this spectrum. 
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Figure A5. 2.3
Lu

-THF, 
13

C NMR (126 MHz, C6D6): Peaks for hexanes (35.0, 34.9, 32.0, 29.4, 

25.7, 23.1, 20.9, 14.4, and 11.7 ppm) are present in this spectrum. 
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Figure A6. 2.3
Lu

-THF, H-H COSY (500 MHz, C6D6): 
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Figure A7. Thermal-ellipsoid (50% probability) representation of 2.1’

La
-THF. Hydrogen atoms 

were omitted for clarity. 
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Figure A8. Thermal-ellipsoid (50% probability) representation of 2.2
Sc

. Hydrogen atoms were 

omitted for clarity. 
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Figure A9. Thermal-ellipsoid (50% probability) representation of 2.3

Y
-iqn

Me
. Hydrogen atoms 

were omitted for clarity. 
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Figure A10. Thermal-ellipsoid (50% probability) representation of 2.4

Lu
-(iqn)2. Hydrogen 

atoms were omitted for clarity. 

 

 

 

 

 

 

 

 

 



71 

 

 

 
Figure A11. Thermal-ellipsoid (50% probability) representation of 2.4’

Y
-1,5-(py)2. Irrelevant 

hydrogen atoms were omitted for clarity. 
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Figure A12. Thermal-ellipsoid (50% probability) representation of 2.6

Lu
-(iqn)2. Hydrogen 

atoms and disordered counterparts were omitted for clarity. 
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Figure A13. Thermal-ellipsoid (50% probability) representation of 2.8

Y
. Hydrogen atoms were 

omitted for clarity. 

 

 

 



74 

 

 
Figure A14. Thermal-ellipsoid (50% probability) representation of 2.4

Y
-(THF)2. Hydrogen 

atoms were omitted for clarity. 
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Figure A15. Thermal-ellipsoid (50% probability) representation of 2.9

La
. Hydrogen atoms were 

omitted for clarity. 
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CHAPTER 3: Reactions of Imidazoles with Electrophilic Metal 

Alkyl Complexes 

3.1 Preface 

 This chapter is adapted from work that was published Organometallics (Reprinted 

(adapted) with permission from Miller, K. L.; Carver, C. T.; Williams, B. N.; Diaconescu, P. L. 

Organometallics 2010, 29, 2272-2281. Copyright 2010 American Chemical Society). 

Experimentally, this work presented quite a challenge, due to the equilibria in solution of several 

of the different presented compounds. This made characterization of these compounds rather 

difficult using conventional methods, such as elemental analysis. I performed the main thrust of 

the research presented in this chapter, while Colin Carver and Bryan Williams contributed 

greatly through analogous reactions with Sc and Y, respectively. Dr. Paula Diaconescu 

performed all X-ray crystallography. Dr. Robert Taylor of UCLA also gave helpful advice 

regarding the NMR spectroscopy experiments. This work was supported by UCLA, the Sloan 

Foundation, and the NSF (Grant CHE-0847735). 

 

3.2 Abstract 

 The C−C coupling of two molecules of 1-methylbenzimidazole was effected by neutral 

yttrium and lutetium benzyl complexes supported by a 1,1’-ferrocene-diamide ligand. This 

transformation involves C−H activation and coupling of one 
2
-N,C-imidazolyl fragment with a 

coordinated 1-methylbenzimidazole ligand. The coupled product can be transformed into a 

mono- or a dinuclear product in which one of the imidazole rings is cleaved. Variable-

temperature 
1
H and 

2
H NMR spectroscopy data support the reversibility of the C−C coupling 

event and explain the formation of the dinuclear product. 



84 

 

3.3 Introduction 

Alkyl or hydride complexes of d
0
f
n
 elements often react with aromatic N-heterocycles to 

produce ortho-metalated complexes.
1-19

 Further functionalization of the ortho-metalated 

heterocycles has been reported, especially by the insertion of unsaturated substrates.
19-29

 A 

different goal in this area is the cleavage of heteroaromatic C−N bonds,
1,30-48

 a reaction relevant 

to the study of hydrodenitrogenation processes.
49-54

   

We have previously reported the ring opening of 1-methylimidazole (Scheme 3.1)
45,48,55

 

mediated by scandium and yttrium alkyl complexes supported by a ferrocene-diamide ligand, 

(NN
fc

)M(CH2Ar)(THF) (3.1
M

-THF, NN
fc

 = fc(NSi
t
BuMe2)2, fc = 1,1’-ferrocenylene; M = Sc, 

Ar = 3,5-Me2C6H3; M = Y, Ar = C6H5).
56-68

 Those examples added to the series of homogeneous 

systems that mediate the ring-opening of N-heterocycles and involve tantalum,
30-35,46

 

niobium,
36-39

 titanium,
40,41

 rhenium,
42,43

 and uranium complexes.
45

 

The proposed mechanism for the ring opening of 1-methylimidazole involved an 

intermediate in which two imidazole rings are coupled, 3.3
Sc

-mi (Scheme 3.1). The existence of 

this intermediate was supported both by DFT calculations
69

 and by the isolation and 

characterization of pyridine-coupling products.
70

 However, while the complexes 3.1
Sc

-(mi)2 and 

3.4
Sc

-mi were characterized, the intermediates 3.2
Sc

-(mi)2 and 3.3
Sc

-mi could not be isolated. 

The yttrium analogue of 3.2
Sc

-(mi)2, 3.2
Y
-(mi)2, was structurally characterized. However, since 

no analogue of 3.3
Sc

-mi had been isolated, we became interested in extending the scope of the 

imidazole ring-opening reaction to lutetium complexes. Previous studies have shown that while 

analogous scandium, yttrium, and lutetium complexes often show similar reactivity in terms of 

the thermodynamic products obtained, their reactivity often differs and changes in reaction rates 

and in the nature of the product mixtures obtained have been observed.
69,71
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Scheme 3.1. Reaction of 1-methylimidazole with 3.1
Sc

-THF. 

 

 

Herein, we report the reactions of a lutetium benzyl complex, (NN
fc

)Lu(CH2Ar)(THF) (3.1
Lu

-

THF, Ar = 3,5-Me2C6H3) with 1-methylimidazole. This reaction proceeded analogously to the 

scandium and yttrium reactions, but did not allow the isolation of 3.3
Lu

-mi. However, we also 

studied the reactivity of the benzyl complexes 3.1
M

-THF (M = Sc, Y, Lu) with the closely 

related substrate 1-methylbenzimidazole. Products analogous to 3.3
Sc

-mi, 3.3
M

-mbi (M = Y, Lu), 

were isolated and characterized. It is also shown that for the reaction with 1-

methylbenzimidazole, a switch from scandium to yttrium or lutetium was warranted, as there 

was a clear difference in the reactivity of the scandium complex and that of the yttrium or 
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lutetium complex. Furthermore, the experimental results support a reversible C–C coupling event 

of the imidazole rings in 3.3
M

-mbi. 

 

3.4 Results and discussion 

Synthesis and solid-state characterization of complexes. In order to test the generality 

of the heterocycle ring-opening reaction reported for scandium or yttrium and 1-

methylimidazole, the reaction between 3.1
Lu

-THF and 1-methylimidazole was carried out (Eq 

3.1). The formation of 3.4
Lu

-mi was slower than the formation of 3.4
Sc

-mi, an observation that 

was attributed to a more crowded coordination environment around the scandium than the 

lutetium center that forces the reacting ligands into closer proximity with each other. This 

observation also supports our earlier proposal that steric pressure is important in driving the 

reaction, consistent with the fact that when three, instead of two, equivalents of 1-

methylimidazole were used in the reaction with 3.1
Sc

-THF, the product formation was observed 

after five hours instead of days. For all compounds, as the transformation from 3.1
M

-THF to 

3.4
M

-mi (M = Sc, Y, Lu) takes place, a color change from yellow to deep purple occurs, likely 

due to the conjugated imidazole-imine-olefin-amide fragment (see below).  

The complex 3.4
Lu

-mi was characterized by elemental analysis and NMR spectroscopy. 

The comparison of its 
1
H NMR spectrum to that of 3.4

Sc
-mi or 3.4

Y
-mi

48
 supports the structural 

drawing shown in Eq 3.1. All three compounds exhibit similar proton resonances throughout 

their entire 
1
H NMR spectra; on a peak-by-peak comparison, no two peaks are more than 0.1 

ppm apart.
 
The complex 3.4

Lu
-mi features five peaks in the region from 7.00 to 5.77 ppm, 

corresponding to the aromatic and olefinic protons of the imidazolic fragments. Additionally, the 

13
C NMR spectra for 3.4

Sc
-mi and 3.4

Lu
-mi are analogous. Each spectrum exhibits carbon 
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resonances in the same pattern and on a peak-by-peak comparison of the two spectra, no two 

peaks are more than 2 ppm apart. 

 

Since no intermediates could be isolated for the reaction between 3.1
Lu

-THF and 

1-methylimidazole, the reactivity behavior of 3.1
M

-THF (M = Sc, Y, Lu) toward 

1-methylbenzimidazole was investigated. The product of the reaction between 3.1
Sc

-THF and 

1-methylbenzimidazole, 3.2
Sc

-mbi, showed that the C–H activation of the imidazole ring 

occurred (Eq 3.2). Although DFT calculations have established that the complex 3.2
Sc

-(mi)2 

favors the coordination of two imidazole ligands rather than just one,
69

 3.2
Sc

-mbi contains only 

one coordinated 1-methylbenzimidazole ligand (Figure 3.1), likely a consequence of steric 

crowding. DFT calculations carried out on a model of 3.2
Sc

-mbi (3.2
Sc

-mbi’, the SiMe2
t
Bu 

groups were replaced by SiMe3) indicate that 3.2
Sc

-mbi’ + mbi is more stable by 6.4 kcal/mol 

than 3.2
Sc

-mbi)2’. 
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The complex 3.2
Sc

-mbi features a long Sc−N(5) distance of 2.2793(12) Å, corresponding 

to the bond between scandium and the coordinated 1-methylbenzimidazole ligand, and a short 

Sc−N(3) distance of 2.1438(12) Å, corresponding to the bond between scandium and the 

nitrogen atom of the 
2
-N,C-imidazolyl ligand. The latter distance is longer by ca. 0.06 Å than 

the Sc−Nfc distances of 2.0786(12) and 2.0806(12) Å. The Sc−C(1) distance is 2.2200(15) Å and 

is shorter than the Sc−Cmi distance of 2.3098(26) Å in a scandium 
2
-N,C-imidazolyl complex 

supported by the same ancillary ligand, but the latter complex features the imidazolyl ligand 

bridging two metal centers.
70

 

 

 

Figure 3.1. Thermal-ellipsoid (50% probability) representation of 3.2
Sc

-mbi (hydrogen atoms 

were removed for clarity). 

 

In order to determine whether 3.2
Sc

-mbi undergoes a transformation similar to that of 

3.2
Sc

-(mi)2, the prolonged heating of 3.2
Sc

-mbi was attempted. Although the color of the solution 
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changed from yellow to vibrant green, only miniscule amounts of product (~3%) were detected 

by 
1
H NMR spectroscopy. This transformation was surpassed by the decomposition of 3.2

Sc
-

mbi. It was reasoned that a defining factor in the slow transformation of 3.2
Sc

-mbi was the small 

size of scandium, which would prevent the coordination of a third molecule of 

1-methylbenzimidazole (as mentioned earlier, such an event was necessary for the reaction with 

1-methylimidazole).
69

 Additionally, the reaction of a uranium dialkyl complex with 

1-methylbenzimidazole led to the coordination of three substrate molecules, as well as the 

isolation of the product resulting from the coupling of two imidazole rings.
45,72

 Therefore, a 

change from scandium to the analogous yttrium and lutetium benzyl complexes was made, since 

the larger metal centers were expected to allow the coordination of a third substrate molecule and 

therefore facilitate further reactivity. When 3.1
M

-THF (M = Y, Lu) reacted with 1-

methylbenzimidazole, the formation of 3.2
M

-mbi was observed by 
1
H NMR spectroscopy. Free 

toluene (M = Y) or mesitylene (M = Lu) was initially formed, consistent with the C−H activation 

of the substrate. It was confirmed that the compound formed initially was 3.2
M

-mbi by the 

comparison of 
1
H NMR spectra of reaction mixtures with that of 3.2

Sc
-mbi. All spectra displayed 

no peaks in the olefinic region as well as similar proton resonances with analogous splitting 

patterns for the peaks in the aromatic region. However, 3.2
M

-mbi (M = Y, Lu) transformed 

rapidly to 3.3
M

-mbi (M = Y, Lu; Scheme 3.2) and could not be isolated. To our knowledge, this 

represents the second isolated example of C-C coupling of imidazoles, the first being the 

coupling of imidazoles by the uranium dialkyl complex mentioned previously.
45,72

 A complicated 

reaction, in which an N-heterocyclic carbene was used as a precursor, gave a rhodium complex 

with a structure relatively similar to that of 3.3
M

-mbi, but a procedure for the synthesis of this 
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complex had not been presented, likely because of the complicated nature of the reaction from 

which it was separated.
73

 

Notably, the 
1
H NMR spectrum of 3.3

Lu
-mbi displays a singlet at 6.16 ppm that 

integrates to one proton and corresponds to the C2 proton of the newly dearomatized 

methylbenzimidazole ring. The assignment of the 
1
H NMR spectrum was confirmed by 

1
H-

1
H 

correlation spectroscopy (COSY). Interestingly, a doublet corresponding to an aromatic proton 

appears at 5.14 ppm, which is farther upfield than usual for an aromatic proton. This analysis 

was verified by a 2D heteronuclear multiple bond coherence-gradient pulse (HMBC-gp) 

experiment, which correlated the peak at 5.14 ppm with a carbon resonance located at 108.8 

ppm, which is in the normal range for an aromatic carbon resonance. The
 1

H NMR spectrum of 

3.3
Y
-mbi was analogous to that of 3.3

Lu
-mbi. 

 

Scheme 3.2. Reactions of 1-methylbenzimidazole with 3.1
M

-THF (M = Y, Lu). 

 

 

The complex 3.3
Lu

-mbi was isolated and characterized both in solution (see below) and 

the solid state (Figure 3.2). The solid-state structure showed that the coupling of two imidazole 
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rings led to the dearomatization of one of them; a molecule of 1-methylbenzimidazole was also 

coordinated to the lutetium center and did not dissociate in solution at room temperature, 

according to 
1
H NMR spectroscopy (500 MHz, C6D6, 25 °C). Three separate N-methyl proton 

resonances were observed at 2.48, 2.78, and 3.10 ppm. No line broadening was observed at room 

temperature, indicating no exchange between free and coordinated 1-methylbenzimidazole. The 

complex 3.3
Lu

-mbi features a short Lu−N(5) distance of 2.2634(27) Å, corresponding to the 

bond between lutetium and the amide nitrogen of the dearomatized heterocycle, and a long 

Lu−N(4) distance of 2.3807(28) Å, to the other nitrogen donor of the biheterocyclic fragment. 

Metrical parameters were also consistent with the dearomatization of one of the imidazole rings 

in 3.3
Lu

-mbi. For example, the N−C distances in the heteroaromatic ring of the biheterocyclic 

structure are 1.3275(43), 1.3953(44), 1.3611(44), and 1.3799(48) Å, while in the dearomatized 

one they are 1.4056(45), 1.4620(43), 1.4096(51), and 1.4648(44) Å, with the two longest 

distances being to the sp
3
-carbon atom. The NCN angle of 105.67(29)° and the NCC angles of 

109.26(27) and 115.32(30)° around the sp
3
-carbon atom also support the above structural 

assignment.  

Heating a toluene or a C6D6 solution of 3.3
Lu

-mbi for ten days at 85 °C (Eq 3.3) led to 

the formation of 3.4
Lu

-mbi, which is analogous to 3.4
Sc

-mi. In addition, a color change was 

observed, from yellow to vibrant green, similar to the color change observed for the 

transformation of 3.1
M

-THF to 3.4
M

-mi, indicative of the ring opening of one of the imidazole 

rings. It is likely that the vibrant color is associated with the presence of conjugated double 

bonds in the imidazole-imine-olefin-amide fragment. Both the 
1
H NMR spectrum and the solid-

state structure of 3.4
Lu

-mbi (Figure 3.3) confirm that one molecule of 1-methylbenzimidazole 

was lost from 3.3
Lu

-mbi during the formation of 3.4
Lu

-mbi. Heating a toluene or a C6D6 solution 
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of 3.3
Y
-mbi for two days at 85 °C resulted in the formation of the analogous 3.4

Y
-mbi, as shown 

by 
1
H NMR spectroscopy. The ring-opened product 3.4

M
-mbi (M = Y, Lu) can also be obtained 

directly from the reaction of 3.1
M

-THF with 1-methylbenzimidazole. The direct reaction of 

3.1
Y
-THF with two equivalents of 1-methylbenzimidazole was much slower than the reaction 

with three equivalents, but it led to the cleanest formation of the product, 3.4
Y
-mbi. Compound 

3.4
Y
-mbi was isolated in 73% yield and was characterized by 

1
H NMR and 

13
C NMR 

spectroscopy.  

 

 

Figure 3.2. Thermal-ellipsoid (50% probability) representation of 3.3
Lu

-mbi (irrelevant 

hydrogen atoms and methyl and t-butyl silyl groups were removed for clarity). 
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The complex 3.4
Lu

-mbi features metrical parameters analogous to those of 3.4
Sc

-mi. For 

example, a long Lu−Nimine distance of 2.4147(54) Å, an intermediate Lu−Nmbi distance of 

2.3612(51) Å, and a short Lu−Nimide distance of 2.2900(58) Å were found for 3.4
Lu

-mbi. The 

Lu−Nimide distance is longer by ca. 0.1 Å than the Lu−Nfc distances of 2.1705(50) and 2.1801(48) 

Å. The same trend was observed in 3.4
Sc

-mi: a long Sc−Nimine distance of 2.3199 (0.0033) Å, an 

intermediate Sc−Nmi distance of 2.2704(30) Å, and a short Sc−Nimide distance of 2.2165(32) Å 

that is longer by ca. 0.15 Å than the Sc−Nfc distances of 2.0638(30) and 2.0765(30) Å.
48

 The 

other distances studied are consistent with the structure proposed in Eq 3.3 for 3.4
Lu

-mbi. For 

example, the Nimine=C distance is 1.3178(78) Å, the Nimine−C distance is 1.3970(79) Å, and the 

Cmbi−C distance is 1.4668(86) Å. These values are similar to those found for 3.4
Sc

-mi: Nimine=C, 

1.3211(50) Å; Nimine−C, 1.3480(53) Å; Cmi−C, 1.4174(62) Å.
48
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Figure 3.3. Thermal-ellipsoid (50% probability) representation of 3.4
Lu

-mbi (hydrogen and 

solvent atoms were removed for clarity).  

 

The complex 3.4
M

-mbi (M = Y, Lu) can also be obtained directly from the reaction of 

3.1
M

-THF with 1-methylbenzimidazole. Several attempts were made to optimize the yield of 

3.4
M

-mbi. Interestingly, although an increased reaction temperature or an increased 

concentration of the reactants resulted in an increased rate for the production of 3.4
M

-mbi, it also 

resulted in the formation of a new compound, 3.5
M 

(M = Y, Lu, Eq 3.4). The compound 3.5
Lu

 

was isolated and characterized. Although the formation of 3.5
Y
 was observed, it could not be 

isolated because 3.4
Y
-mbi and 3.5

Y
 always cocrystallized. The correct stoichiometry indicates 

that only five equivalents of 1-methylbenzimidazole are required for product formation, 
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however, the use of seven equivalents led to  better yields of 3.5
Lu

 and faster reaction times than 

when the stoichiometric amount was used. An X-ray crystal structure of 3.5
Lu

 (Figure 3.4) 

indicated that the new compound, although it does not have the crystallographic symmetry 

required for a dimer, contains two similar lutetium centers. A 1-methylbenzimidazole fragment is 

coordinated to each metal center through the sp
2
-nitrogen atom and is connected to a ring-opened 

imidazole fragment through a methylene unit.  

 

The complex 3.5
Lu

 features short Lu−Nimide distances of 2.3608(39) and 2.4212(40) Å to 

one of the lutetium centers and of 2.4300(40) and 2.4416(42) Å to the other lutetium center and 

the ortho-phenylenediamide ligand. These distances are longer than the Lu−Namide distances to 

the ferrocene diamide ligand (2.2084(42) and 2.2715(42) Å for the first metal center and 

2.2114(44) and 2.2291(43) Å for the latter), but shorter than the Lu−Nmbi distances of 2.3599(41) 

and 2.3753(42) Å, however, the latter are distances to ligands coordinated to only one metal 

center and containing an sp
2
-nitrogen donor, as opposed to the former, which are distances 

between lutetium and a bridging ligand that contains sp
3
-nitrogen donors. The methylene units 

were considered similar on the basis of their respective N−C and C−C distances: 1.4602(62) and 

1.5054(67) Å for one unit and 1.4669(60) and 1.4954(67) Å for the other unit. The structure of 



96 

 

3.5
Lu

 also shows a short Lu−Lu distance of 3.8480(5) Å and short Lu−Fe distances of 3.1487(9) 

and 3.1731(9) Å (covalent radii: Lu, 1.87 Å; Fe, 1.32 Å).
74

  

 

Figure 3.4. Thermal-ellipsoid (50% probability) representation of 3.5
Lu

 (irrelevant hydrogen 

atoms, ferrocene and silyl groups were removed for clarity).  

 

Since 3.5
Lu

 contains a ring-opened imidazole unit, it was hypothesized that it was formed 

directly from 3.4
Lu

-mbi. However, heating a solution of pure 3.4
Lu

-mbi did not lead to the 

formation of 3.5
Lu

. Instead, decomposition of 3.4
Lu

-mbi occurred, indicated by the appearance of 

peaks for the free ligand in the 
1
H NMR spectrum. Given its dinuclear nature, it was also 

attempted to form 3.5
Lu

 from mononuclear 1-methylbenzimidazole complexes. Interestingly, the 

combination of 3.3
Lu

-mbi and 3.4
Lu

-mbi led to the formation of 3.5
Lu

. In order to explain this 

result, we propose that the C−C bond connecting the two heterocycles in 3.3
Lu

-mbi has to be 

broken to form 3.2
Lu

-mbi before the reaction with 3.4
Lu

-mbi can take place (Scheme 3.3). A 

complicated deprotonation / protonation must ensue in order to lead to 3.5
Lu

. It is hypothesized 

that the two methylene units originate from the CH and CH3 groups of the 1-

methylbenzimidazole ligand. It is likely that, in the direct reaction from 3.1
Lu

-THF and 1-
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methylbenzimidazole, the formation of 3.4
Lu

-mbi from 3.3
Lu

-mbi is competitive with its 

reaction with 3.3
Lu

-mbi, leading to the synthesis of 3.5
Lu

.  

 

Scheme 3.3. Direct formation of 3.5
Lu

 from 3.3
Lu

-mbi and 3.4
Lu

-mbi. 

 

As mentioned earlier, the formation of 3.3
Lu

-mbi from 3.2
Lu

-mbi was observed (Scheme 

3.2). In order to test that the reverse is also true, variable-temperature (VT) 
1
H NMR 

spectroscopy studies were undertaken (Figure 3.5). In the presence of excess 

1-methylbenzimidazole, the formation of 3.3
Lu

-mbi is favored over the formation of 3.2
Lu

-mbi, 

and 
1
H NMR spectroscopy indicates the presence of only trace amounts of 3.2

Lu
-mbi. However, 

upon removal of excess 1-methylbenzimidazole through crystallization, the compound 3.2
Lu

-mbi 

is still present in 5 – 10%, as shown by the integration of the 
1
H NMR spectrum of 3.3

Lu
-mbi. 

Upon heating of 3.3
Lu

-mbi, it was observed that 3.2
Lu

-mbi formed, as indicated by 
1
H NMR 

spectroscopy. The integration of the 
1
H NMR spectrum at room temperature showed an initial 

mixture of 93% 3.3
Lu

-mbi and 7% 3.2
Lu

-mbi. Upon heating, the 
1
H NMR spectrum showed an 

increase in the amount of 3.2
Lu

-mbi present that was accompanied by a decrease in the amount 
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of 3.3
Lu

-mbi. At 84 °C, a mixture of 24% 3.3
Lu

-mbi and 74% 3.2
Lu

-mbi, along with the 

formation of 3.4
Lu

-mbi in about 2% yield, was observed. Additionally, line broadening of the 

3.3
Lu

-mbi N-methyl peak (2.78 ppm) was observed as the temperature was raised, indicating an 

increased lability of the 1-methylbenzimidazole ligand. The sample was then cooled back to 

room temperature, resulting in the conversion of 3.2
Lu

-mbi back to 3.3
Lu

-mbi. At room 

temperature, a mixture of 3.3
Lu

-mbi (89%) and 3.2
Lu

-mbi (9%), along with 3.4
Lu

-mbi (2%), was 

observed. 

Figure 3.5. Variable-temperature 
1
H NMR spectra of C6D6 solutions of 3.3

Lu
-mbi and 3.2

Lu
-mbi 

from 298 K to 357 K, in the region from 0.4 to -0.7 ppm (full spectra are available in online 

published version of this article).  
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  van’t Hoff analysis based on information from the VT 
1
H NMR spectra for the reaction 

of 3.3
Lu 

to 3.2
Lu 

and free 1-methylbenzimidazole indicated that ∆H is 18(2) kcal/mol and ∆S is 

46(8) cal/(mol∙K). Such values agree with the fact that 3.3
Lu

-mbi is mainly present at room 

temperature and 3.2
Lu

-mbi is favored at higher temperatures since the entropic factor plays a 

larger role at higher temperatures than at room temperature.  

DFT calculations carried out with ADF2008.01 on model compounds support the 

conclusions of the VT 
1
H NMR spectroscopy experiments. Calculations were performed on 

model compounds, in which the SiMe2
t
Bu substituents of the amide donors were replaced by 

SiMe3 for economy. Geometry optimizations were carried out with relativistic corrections and 

the results indicated that the models showed similar metrical parameters to those obtained from 

the X-ray crystal structures for 3.2
Sc

-mbi and 3.3
Lu

-mbi (Table 3.1).  

Once the validity of the calculations was established, calculations were carried out such 

that two comparisons can be made: (1) between 3.3
Lu

-mbi’ and 3.2
Lu

-(mbi)2’ and (2) between 

3.2
Lu

-(mbi)2’ and 3.2
Lu

-mbi’ + mbi. DFT calculations indicate that 3.3
Lu

-mbi’ is more stable by 

9.3 kcal/mol than 3.2
Lu

-(mbi)2’ and that 3.2
Lu

-mbi’ + mbi is more stable by 8.1 kcal/mol than 

3.2
Lu

-(mbi)2’. The first result explains why the coupled product is isolated in the solid state and 

why it is observed mainly in solution at ambient temperature. The second result corroborates the 

observation that once 3.3
Lu

-mbi’ transforms into 3.2
Lu

-(mbi)2’, the complex with only one 

coordinated 1-methylbenzimidazole, 3.2
Lu

-mbi’, is favored versus the complex with two 

coordinated mbi ligands. In addition, the thermodynamic parameters calculated for the 

transformation of 3.3
Lu

-mbi’ to 3.2
Lu

-mbi’ + mbi (∆H = 25 kcal/mol, ∆S = 50 cal/(mol∙K)) 

compare relatively well with those obtained from the van’t Hoff analysis, considering that model 

compounds were used for calculations. Together, the VT NMR experiments and the DFT 
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calculations explain the formation of the dinuclear complex 3.5
Lu

 directly from 3.1
Lu

-THF and 

1-methylbenzimidazole. 

 

Table 3.1. Comparison of metrical parameters from calculated (ADF) and X-ray crystal 

structures (experimental) for 3.2
Sc

-mbi and 3.3
Lu

-mbi. 

Complex Parameter ADF Experimental 

3.2
Sc

-mbi  

 

Sc−N1 

Sc−N2 

Sc−C1 

N1−C1 

C1−N3 

Sc−Nfc 

Sc−Nfc 

N1ScN2 

NfcScNfc 

2.19 Å 

2.30 Å 

2.28 Å 

1.38 Å 

1.39 Å 

2.09 Å 

2.09 Å 

89.0° 

129.4° 

2.14 Å 

2.28 Å 

2.22 Å 

1.35 Å 

1.37 Å 

2.08 Å 

2.08 Å 

92.7° 

138.9° 

3.3
Lu

-mbi 

 

Lu−N1 

Lu−N2 

Lu−N3 

C1−C2 

N1−C1 

N2−C2 

Lu−Nfc 

Lu−Nfc 

N1LuN2 

N1LuN3 

N2LuN3 

NfcLuNfc 

2.28 Å 

2.42 Å 

2.43 Å 

1.50 Å 

1.49 Å 

1.34 Å 

2.23 Å 

2.21 Å 

71.3° 

92.4° 

160.7° 

126.5° 

2.26 Å 

2.38 Å 

2.37 Å 

1.51 Å 

1.46 Å 

1.33 Å 

2.20 Å 

2.20 Å 

71.3° 

90.0° 

161.2° 

133.4° 

 

 

3.5 Conclusions 

In conclusion, the reactions of 3.1
M

-THF and imidazoles were carried out with the 

purpose of isolating intermediates analogous to those proposed for the transformation of 

3.1
Sc

-THF and 1-methylimidazole. By using 1-methylbenzimidazole, the complex corresponding 

to the C−C coupling of two imidazole rings was isolated and characterized as 3.3
M

-mbi. 
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Interestingly, besides 3.4
M

-mbi, which is the benzimidazole analogue of the imidazole ring-

opened product reported earlier, another product, 3.5
Lu

, a dinuclear complex containing a ring-

opened imidazole, was isolated. It was proposed that the formation of 3.5
Lu

 is a consequence of 

the reaction between the C−C coupled compound, 3.3
Lu

-mbi, and the ring-opened one, 

3.4
Lu

-mbi. In order for that hypothesis to be true, it was also necessary to propose that 3.3
Lu

-mbi 

can form the C−H activated product 3.2
Lu

-mbi under the reaction conditions through the 

breaking of the C−C bond between the two coupled-imidazole rings. Variable-temperature 
1
H 

NMR spectroscopy studies and DFT calculations support the existence of an equilibrium 

between 3.2
Lu

-mbi and 3.3
Lu

-mbi and validate the proposed mechanisms.  

 

3.6 Experimental 

All experiments were performed under a dry nitrogen atmosphere using standard Schlenk 

techniques or an MBraun inert-gas glove box. Solvents were purified using a two-column solid-

state purification system by the method of Grubbs
75

 and transferred to the glove box without 

exposure to air. NMR solvents were obtained from Cambridge Isotope Laboratories, degassed, 

and stored over activated molecular sieves prior to use. 3.1
Sc

-THF,
76

 3.1
Y
-THF,

76
 and 

3.1
Lu

-THF
69

 were prepared following published procedures. The aromatic heterocycles were 

distilled or recrystallized before use; all other materials were used as received. 
1
H NMR spectra 

were recorded on Bruker300, Bruker500, or Bruker600 spectrometers (work supported by the 

NSF grants CHE-9974928 and CHE-0116853) at room temperature in C6D6 unless otherwise 

specified. Chemical shifts are reported with respect to internal solvent, 7.16 ppm (C6D6). CHN 

analyses were performed by UC Berkeley Micro-Mass facility, 8 Lewis Hall, College of 
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Chemistry, University of California, Berkeley, CA 94720 and by Midwest Microlab, LLC, 7212 

N. Shadeland Avenue, Suite 110, Indianapolis, IN 46250. 

Synthesis of 3.4
Lu

-mi. 3.1
Lu

-THF (163.7 mg, 0.202 mmol) was combined with 3 equiv 

of 1-methylimidazole (49.9 mg, 0.607 mmol) in toluene (3 mL) and heated to 70 °C for 16 h. 

The volatiles were removed under reduced pressure and the resulting solid was dissolved in 

hexanes. The hexanes solution was subsequently filtered through Celite and concentrated under 

vacuum. Cooling to -35 °C afforded deep-purple crystals. Yield: 158.2 mg, 72.1%. 
1
H NMR 

(500 MHz, C6D6), δ (ppm): 7.00 (d, 1H, J = 1.2 Hz, mi-H), 6.69 (d 1H, J = 0.8 Hz, mi-H), 

6.46(s, 1H, mi-H), 6.35 (s, 1H, mi-H), 5.77 (d, 1H, J = 1.2 Hz, mi-H), 4.18 (br s, 2H, fc-CH), 

4.09 (br s, 2H, fc-CH), 3.57 (br s, 2H, fc-CH), 3.55 (br s, 2H, fc-CH), 3.01 (s, 3H, mi-CH3), 2.30 

(s, 3H, mi-CH3), 0.99 (s, 18H, SiC(CH3)3), 0.17 and 0.14 (d, 12H, Si(CH3)2). 
13

C NMR (126 

MHz, C6D6), δ (ppm): 162.1, 152.6, 127.3, 119.3, 110.9, 110.1, 104.0, 67.4, 67.2, 67.0, 65.5, 

43.2, 31.5, 27.7, 20.5, -3.2. Anal. (%): Calcd. for C30H49FeN6LuSi2: C, 46.15; H, 6.33; N, 10.77. 

Found: C, 46.49; H, 6.38; N, 10.61. 

Synthesis of 3.2
Sc

-mbi. 3.1
Sc

-THF (200 mg, 0.292 mmol) was combined with 2 equiv of 

1-methylbenzimidazole (78 mg, 0.589 mmol) in toluene (10 mL) and heated to 70 °C, while 

stirring, for 16 h. The solvent was removed under vacuum and the resulting yellow solid was 

washed with hexanes (ca. 1 mL), extracted in toluene, and filtered through Celite. Yield: 130.3 

mg, 58.9% as the first crop of crystals from toluene : n-pentane. 
1
H NMR (500 MHz, C6D6), δ 

(ppm): 8.81 (s, 1H, mbi-H), 8.55 (d, 1H,  J = 8.6 Hz, mbi-H), 7.80 (d, 1H, J = 7.9 Hz, mbi-H), 

7.31(t, 1H, J = 6.9 Hz, mbi-H), 7.27 (t, 1H, J = 7.4 Hz, 7.20 (t, 1H, J = 7.2 Hz, mbi-H), 6.81 (d, 

1H, J = 8.3 Hz, mbi-H), 4.32 (s, 1H, fc-CH), 4.19 (s, 1H, fc-CH), 3.97 (s, 1H, fc-CH), 3.67 (s, 

1H, fc-CH), 3.62 (s, 3H, mbi-CH3), 2.67 (s, 3H, mbi-CH3), 0.81 (s, 18H, SiC(CH3)3), -0.10 and -
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0.16 (s, 6H, Si(CH3)2). 
13

C NMR (126 MHz, C6D6), δ (ppm): 146.3, 142.8, 142.7, 141.3, 133.5, 

124.5, 123.7, 121.9, 121.3, 121.2, 116.5, 110.3, 68.7, 68.3, 67.6, 66.4, 33.5, 30.4, 27.6, 20.2, -

2.5, -3.0. Anal. (%): Calcd. for C38H53Fe2N6ScSi2: C, 60.79; H, 7.11; N, 11.19; Found: C, 60.37; 

H, 7.12; N, 11.10. 

Synthesis of 3.2
Lu

-mbi. 3.1
Lu

-THF (17.6 mg, 0.022 mmol) was combined with 1.9 equiv 

of 1-methylbenzimidazole (5.4 mg, 0.041 mmol) in C6D6 in a J-Young tube and heated to 70 °C 

for 1 h. A 
1
H NMR spectrum was taken at this time that showed the formation of 3.2

Lu
-mbi with 

small amounts of 3.3
Lu

-mbi present. 
1
H NMR (500 MHz, C6D6), δ (ppm): 8.64 (br s, 1H, mbi-

H), 8.60 (d, 1H, J = 8.1 Hz, mbi-H), 7.80 (d, 1H, J = 7.7 Hz, mbi-H), 7.34 to 7.19 (m, 3H, mbi-

H), 7.12 (m, 1H, mbi-H), 6.78 (d, 1H, J = 8.2 Hz, mbi-H), 4.17 (br s, 4H, fc-CH), 3.82 (br s, 4H, 

fc-CH), 3.63 (s, 3H, mbi-CH3), 2.61 (s, 3H, mbi-CH3), 0.86 (s, 18H, SiC(CH3)3), -0.07 (s, 12H, 

Si(CH3)2). Any attempt to isolate or crystallize 3.2
Lu

-mbi resulted in its conversion to 3.3
Lu

-mbi 

along with its decomposition. 

Addition of 1-methylbenzimidazole to 3.2
Lu

-mbi. In order to test the conversion of 

3.2
Lu

-mbi to 3.3
Lu

-mbi, first 3.2
Lu

-mbi was prepared as described above: 3.1
Lu

-THF (19.6 mg, 

0.024 mmol) was combined with approximately 1.9 equiv of 1-methylbenzimidazole (6.0 mg, 

0.045 mmol) in C6D6 in a J-Young tube and heated to 70 °C for 1 h. A 
1
H NMR spectrum was 

taken at this time to confirm the presence of 3.2
Lu

-mbi. Next, approximately 1 equiv of 

1-methylbenzimidazole (3.0 mg, 0.023 mmol) was added to the reaction and a second 
1
H NMR 

spectrum was acquired to confirm the transformation of 3.2
Lu

-mbi to 3.3
Lu

-mbi. Finally, 

approximately 2 equiv of 1-methylbenzimidazole (6.0 mg, 0.045 mmol) was added to the 

reaction and a third 
1
H NMR spectrum was acquired to observe any further conversion of 

3.2
Lu

-mbi to 3.3
Lu

-mbi. 
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Synthesis of 3.2
Y
-mbi. 3.1

Y
-THF (17.3 mg, 0.025 mmol) was combined with 2 equiv of 

1-methylbenzimidazole (6.7 mg, 0.051 mmol) in C6D6 in a J-Young tube and left at room 

temperature for 1 h. A 
1
H NMR spectrum was taken at this time that showed the formation of 

3.3
Y
-mbi with small amounts of 3.2

Y
-mbi present. 

1
H NMR (500 MHz, C6D6), δ (ppm): 8.18 (br 

s, 1H, mbi-H), 8.05 (d, 1H, J = 8.0 Hz, mbi-H), 7.50 (br s, 1H, mbi-H), 7.32 to 7.19 (m, 3H, mbi-

H), 7.05 (m, 1H, mbi-H), 6.85 (br s, 1H, mbi-H), 4.10 (br s, 4H, fc-CH), 4.00 (br s, 4H, fc-CH), 

3.74 (s, 3H, mbi-CH3), 2.59 (s, 3H, mbi-CH3), 1.02 (s, 18H, SiC(CH3)3), 0.15 (s, 12H, Si(CH3)2). 

As with 3.2
Lu

-mbi, all attempts at isolation and separation were unsuccessful. 

Synthesis of 3.3
Lu

-mbi. 3.1
Lu

-THF (331.3 mg, 0.410 mmol) was combined with 3 equiv 

of 1-methylbenzimidazole (162.4 mg, 1.229 mmol) in toluene (6 mL). The solution was split into 

two scintillation vials. Each solution was then stirred at room temperature for 24 h. The solutions 

were filtered through Celite and then the volatiles removed under reduced pressure. The resulting 

yellow solid was then dissolved in THF layered with n-pentane. Cooling to -35 °C afforded 

yellow crystals. Yield: 405.0 mg, 97.6%. The compound 3.3
Lu

-mbi could not be sufficiently 

purified for elemental analysis due to its conversion to 3.2
Lu

-mbi (see Scheme 3.3).  

 

1
H NMR (500 MHz, C6D6), δ (ppm): 8.97 (d, 1H, J = 8.2 Hz, c), 8.90 (s, 1H, y), 8.46 (d, 

1H, J = 8.2 Hz, a), 7.39 (t, 1H, J = 7.7 Hz, d), 7.27 (t, 1H, J = 7.7 Hz, b), 6.89 (d, 1H, J = 8.1 Hz, 
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a or c), 6.83 (d, 1H, J = 8.3 Hz, a or c), 6.65 (t, 1H, J = 7.3 Hz, f), 6.59 (d, 1H, J = 7.2 Hz, e), 

6.40 (t, 1H, J = 7.5 Hz, f), 6.16 (s, 1H, x), 5.14 (d, 1H, J = 7.7 Hz, e), 4.24 (m, 2H, fc-CH), 4.14 

(br s, 1H, fc-CH), 3.85 (br s, 1H, fc-CH), 3.77 (br s, 1H, fc-CH), 3.74 (br s, 1H, fc-CH), 3.10 (s, 

3H, mbi-CH3), 3.05 (br s, 1H, fc-CH), 3.01 (br s, 1H, fc-CH), 2.78 (s, 3H, mbi-CH3), 2.48 (s, 3H, 

mbi-CH3), 1.07 (s, 9H, SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 0.37, 0.36, 0.17, -0.51 (s, 3H each, 

Si(CH3)2), 0.06 (s, 12H, SiCH3),
13

C NMR (126 MHz, C6D6), δ (ppm): 158.8, 151.3, 148.4, 

146.0, 141.3, 140.2, 136.6, 133.9, 124.7, 124.2, 124.0, 123.7, 122.5, 120.8, 120.3, 115.5, 110.4, 

110.1, 108.8, 108.2, 105.0, 103.7, 87.3, 68.7, 68.5, 67.2, 67.1, 66.7, 66.4, 65.9, 65.6, 65.3, 64.9, 

36.9, 30.9, 30.4, 28.4, 27.9, 27.6, 21.2, 20.9, 15.6, -0.8, -2.6, -2.8, -3.5. 

Synthesis of 3.3
Y
-mbi. 3.1

Y
-THF (172.0 mg, 0.252 mmol) was combined with 3 equiv 

of 1-methylbenzimidazole (101.6 mg, 0.769 mmol) in toluene (6 mL). The solution was then 

stirred at room temperature for 24 h, after which it was filtered through Celite and the volatiles 

removed under reduced pressure. The resulting yellow solid was dissolved in toluene layered 

with n-pentane. Cooling to -35 °C afforded a yellow powder. Yield: 201.5 mg, 86.3%. The 

compound 3.3
Y
-mbi could not be sufficiently purified for elemental analysis due to its 

conversion to 3.2
Y
-mbi.  
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1
H NMR (500 MHz, C6D6), δ (ppm): 8.85 (d, 1H, J = 8.7 Hz, c), 8.79 (s, 1H, y), 8.29 (d, 

1H, J = 8.2 Hz, a), 7.38 (t, 1H, J = 7.8 Hz, d), 7.26 (t, 1H, J = 7.8 Hz, b), 6.90 (d, 1H, J = 7.8 Hz, 

a or c), 6.82 (d, 1H, J = 8.2 Hz, a or c), 6.65 (t, 1H, J = 7.3 Hz, f), 6.59 (d, 1H, J = 6.9 Hz, e), 

6.45 (t, 1H, J = 7.8 Hz, f), 6.24 (s, 1H, x), 5.40 (d, 1H, J = 7.3 Hz, e), 4.28 (br s, 1H, fc-CH), 4.15 

(br s, 2H, fc-CH), 3.90 (br s, 1H, fc-CH), 3.79 (br s, 1H, fc-CH), 3.63 (br s, 1H, fc-CH), 3.58 (br 

s, 6H, free THF [1.5 equiv]), 3.12 (s, 3H, mbi-CH3), 2.99 (br s, 1H, fc-CH), 2.96 (br s, 1H, fc-

CH), 2.74 (s, 3H, mbi-CH3), 2.48 (s, 3H, mbi-CH3), 1.42 (br s, 6H, free THF [1.5 equiv]), 1.07 

(s, 9H, SiC(CH3)3), 0.86 (s, 9H, SiC(CH3)3), 0.37, 0.36, 0.21, -0.45 (s, 3H each, Si(CH3)2). 
13

C 

NMR (126 MHz, C6D6), δ (ppm): 150.8, 147.2, 145.3, 145.0, 143.1, 140.7, 139.7, 136.0, 133.3, 

124.1, 123.7, 123.5, 123.2, 121.7, 121.0, 120.5, 120.1, 119.5, 114.7, 110.0, 109.7, 107.9, 107.8, 

106.7, 105.4, 104.2, 99.0, 86.8, 67.6, 67.0, 66.4, 66.2, 66.0, 65.4, 65.3, 64.5, 36.6, 33.1, 30.3, 

29.9, 27.8, 27.3, 20.5, 20.2, 20.0, 15.1, -1.4, -2.7, -3.2, -3.3, -4.0. 

Synthesis of 3.4
Lu

-mbi. 3.3
Lu

-mbi (294.9 mg, 0.291 mmol) was dissolved in toluene 

(31.9 mL) to obtain a 9.13 mM solution. The solution was then stirred and heated at 85 °C for 

ten days and the reaction progress monitored by 
1
H NMR spectroscopy. The color of the solution 

was carefully monitored as well – a change of color from yellow to green marked the appearance 

of the green compound 3.4
Lu

-mbi. However, a change of color from green to yellow marked the 

transformation of 3.4
Lu

-mbi to 3.5, as well as the decomposition of the products, indicated by the 

appearance of free ligand in the 
1
H NMR spectrum. After ten days, the toluene solution was 

concentrated under reduced pressure. Cooling to -35 °C afforded green crystals of 3.4
Lu

-mbi. 

Yield: 172.7 mg, 67.3%. 
1
H NMR (300 MHz, C6D6), δ (ppm): 8.24 (d, 1H, J = 8.0 Hz, mbi-H), 

7.64 (s, 1H, mbi-H), 7.08 (q, 3H, J = 7.5 Hz, mbi-H), 6.97 (t, 1H, J = 7.6 Hz, mbi-H), 6.63 (t, 

2H, J = 8.8 Hz, mbi-H), 6.29 (t, 1H, J = 7.2 Hz, mbi-H), 4.25 (m, 2H, fc-CH), 4.14 (m, 2H, fc-
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CH), 4.88 (m, 2H, fc-CH), 4.72 (m, 2H, fc-CH), 3.12 (s, 3H, mbi-CH3), 2.55 (s, 3H, mbi-CH3), 

0.84 (s, 18H, SiC(CH3)3), 0.02 and -0.02 (s, 6H each, Si(CH3)2). 
13

C NMR (126 MHz, C6D6), δ 

(ppm): 163.4, 153.2, 141.2, 135.33, 135.26, 132.4, 125.3, 124.5, 124.2, 118.8, 117.8, 115.5, 

113.4, 110.1, 102.8, 68.4, 68.1, 66.5, 66.2, 34.9, 29.1, 27.4, 20.2, -3.27, -3.34, -4.0. Though 

purification of 3.4
Lu

-mbi for elemental analysis was attempted several times, its rapid 

decomposition, indicated by the appearance of free ligand in the 
1
H NMR spectrum, prevented us 

from obtaining analytically pure samples. 

Synthesis of 3.4
Y
-mbi. 3.1

Y
-THF (199.5 mg, 0.292 mmol) was combined with 2 equiv 

of 1-methylbenzimidazole (59.4 mg, 0.449 mmol) and dissolved in toluene (8 mL). The solution 

was then stirred and heated at 85 °C for four days, after which it was concentrated under reduced 

pressure. Cooling to -35 °C afforded green crystals of 3.4
Y
-mbi. Yield: 168.7 mg, 72.7%. 

1
H 

NMR (300 MHz, C6D6), δ (ppm): 8.01 (d, 1H, J = 8.1 Hz, mbi-H), 7.70 (s, 1H, mbi-H), 7.08 (q, 

3H, J = 7.9 Hz, mbi-H), 7.00 (d, 1H, J = 7.7 Hz, mbi-H), 6.94 (t, 1H, J = 7.7 Hz, mbi-H), 6.61 

(d, 2H, mbi-H), 6.30 (t, 1H, mbi-H), 4.25 (m, 2H, fc-CH), 4.14 (m, 2H, fc-CH), 3.73 (m, 2H, fc-

CH), 3.58 (m, 2H, fc-CH), 3.04 (s, 3H, mbi-CH3), 2.50 (s, 3H, mbi-CH3), 0.83 (s, 18H, 

SiC(CH3)3), 0.02 and -0.01 (s, 6H each, Si(CH3)2). 
13

C NMR (126 MHz, C6D6), δ (ppm): 162.7, 

152.3, 140.6, 134.6, 134.5, 132.2, 128.9, 126.7, 125.2, 124.7, 123.9, 118.1, 117.0, 114.7, 112.7, 

109.6, 103.6, 67.3, 67.1, 66.3, 66.0, 61.3, 33.8, 28.6, 26.9, 26.2, 21.0, 19.6, -3.7, -3.8. Though 

purification of 3.4
Y
-mbi for elemental analysis was attempted several times, its rapid 

decomposition, indicated by the appearance of free ligand in the 
1
H NMR spectrum, prevented us 

from obtaining analytically pure samples. 

Synthesis of 3.5
Lu

. 3.1
Lu

-THF (268.8 mg, 0.332 mmol) was combined with 2.3 equiv of 

1-methylbenzimidazole (101.0 mg, 0.764 mmol) in toluene (5 mL). The solution was then stirred 
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and heated at 85 °C and the reaction progress monitored by 
1
H NMR spectroscopy. The color of 

the solution was carefully monitored as well – a change of color from yellow to green marked 

the appearance of the green compound 3.4
Lu

-mbi. However, a change of the color from green to 

yellow marked the transformation of 3.4
Lu

-mbi to 3.5
Lu

, as well as the decomposition of the 

products, indicated by the appearance of free ligand in the 
1
H NMR spectrum. After 79 h, the 

solution was green with a faint yellow hue and the reaction was stopped. The volatiles were 

removed under reduced pressure and the resulting solid was triturated four times with diethyl 

ether and twice with n-pentane. The solid was then washed with n-pentane and hexane, extracted 

into diethyl ether and the resulting solution filtered through Celite. The green filtrate was then 

concentrated and stored at -35 °C to afford yellow crystals (3.5
Lu

) along with a few green 

crystals (3.4
Lu

-mbi). The crystals were separated as best as possible through the Pasteur method. 

The yellow crystals were then dissolved in toluene and the solution was filtered through Celite. 

The filtrate was then dried under vacuum and the yellow solid was dissolved in diethyl ether. 

The ether solution was concentrated under vacuum and storage at -35 °C afforded yellow 

crystals. Crystallization was repeated until the compound was analytically pure. Yield: 122.6 mg, 

34.0%. 
1
H NMR (300 MHz, C6D6), δ (ppm): 8.43 (d, 2H, J = 8.0 Hz, mbi-H), 7.29 (t, 2H, J = 7.6 

Hz, mbi-H), 7.11 (m, 2H, mbi-H), 6.96 (m, 2H, mbi-H), 6.78 (d, 2H, J = 8.1 Hz, mbi-H), 6.75 

(m, 2H, mbi-H), 5.48, 5.43, 5.27, 5.22 (s, 1H each, methylene-H2), 4.27 (m, 6H, fc-CH), 4.16 (br 

s, 2H, fc-CH), 4.09 (br s, 2H, fc-CH), 3.97 (br s, 4H, fc-CH), 3.87 (br s, 2H, fc-CH), 2.91 (s, 6H, 

mbi-CH3), 1.06 and 0.89 (s, 18H each, SiC(CH3)3), -0.01, -0.09, -0.52, -0.88 (s, 6H each, 

Si(CH3)2). 
13

C NMR (126 MHz, C6D6), δ (ppm): 161.0, 140.1, 136.5, 135.8, 124.1, 123.2, 122.7, 

122.5, 116.0, 112.2, 109.4, 108.8, 71.2, 71.1, 69.2, 67.4, 66.6, 66.1, 64.3, 63.8, 47.9, 34.4, 30.3, 



109 

 

29.1, 28.8, 22.7, 21.22, 21.17, 14.3, 0.7, -1.8, -3.2, -3.4. Anal. (%): Calcd. for 

C68H98Fe2N10Lu2Si4: C, 50.12; H, 6.06; N, 8.60. Found: C, 50.39; H, 6.26; N, 8.35. 

Variable-temperature (VT) NMR experiment. The compound 3.3
Lu

-mbi was isolated 

and purified as described above; 21.9 mg of 3.3
Lu

-mbi was dissolved in 0.35 mL of C6D6 in a J-

Young tube. The sample was heated from room temperature to 84 °C in increments of 

approximately 5 or 10 °C. At 84 °C, the originally yellow solution took on a slightly greenish 

hue and a small amount of 3.4
Lu

-mbi was observed in the 
1
H NMR spectrum. The sample was 

then cooled down back to room temperature, using the same temperature increments. 
1
H NMR 

spectra were obtained at each temperature interval. Temperatures were calibrated with neat 

ethylene glycol. 

X-ray crystal structures. X-ray quality crystals were obtained from various 

concentrated solutions placed in a -35 °C freezer in the glove box. Inside the glove box, the 

crystals were coated with oil (STP Oil Treatment) on a microscope slide, which was brought 

outside the glove box. The X-ray data collections were carried out on a Bruker AXS single 

crystal X-ray diffractometer using MoK radiation and a SMART APEX CCD detector. The data 

was reduced by SAINTPLUS and an empirical absorption correction was applied using the 

package SADABS. The structures were solved and refined using SHELXTL (Brucker 1998, 

SMART, SAINT, XPREP AND SHELXTL, Brucker AXS Inc., Madison, Wisconsin, USA).
77

 

All atoms were refined anisotropically and hydrogen atoms were placed in calculated positions 

unless specified otherwise. Tables with atomic coordinates and equivalent isotropic displacement 

parameters, with all the bond lengths and angles, and with anisotropic displacement parameters 

are listed in the cifs. 
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X-ray crystal structure of 3.2
Sc

-mbi. X-ray quality crystals were obtained from a 

concentrated toluene : n-pentane solution placed in a -35 °C freezer in the glove box. A total of 

23520 reflections (-17 ≤ h ≤ 17, -18 ≤ k ≤ 19, -20 ≤ l ≤ 20) were collected at T = 100(2) K with 

2max = 60.63°, of which 13088 were unique (Rint = 0.0192). The residual peak and hole electron 

density were 0.54 and -0.34 eA
-3

. The unit cell contains one and a half molecules of toluene 

solvent. Because the half solvent molecule sits in a special position, and one carbon atom 

belongs to the benzene ring and the methyl group at the same time, no hydrogen atoms were 

calculated for it. The least-squares refinement converged normally with residuals of R1 = 0.0359 

and GOF = 1.026. Crystal and refinement data for 3.2
Sc

-mbi: formula C97H122N12Si4Fe2Sc2, 

space group Pī, a = 12.4814(7), b = 13.6985(8), c = 14.3011(9),  = 90.475(1)°, β = 90.728(1)°, 

 = 103.782(1)°, V = 2374.4(2) Å
3
, Z = 1, μ = 0.538 mm

-1
, F(000) = 938, R1 = 0.0448 and wR2 = 

0.0953 (based on all 13088 data, I > 2(I)). 

X-ray crystal structure of 3.3
Lu

-mbi. X-ray quality crystals were obtained from a 

concentrated THF solution, into which n-heptane was allowed to slowly diffuse, and placed at 

room temperature in the glove box. The solution was also allowed to slowly evaporate. A total of 

53457 reflections (-21 ≤ h ≤ 21, -32 ≤ k ≤ 33, -22 ≤ l ≤ 22) were collected at T = 100(2) K with 

2max = 59.34°, of which 15220 were unique (Rint = 0.0488). The residual peak and hole electron 

density were 2.16 and -0.80 eA
-3

. The unit cell contains two molecules of tetrahydrofuran 

solvent. The least-squares refinement converged normally with residuals of R1 = 0.0373 and 

GOF = 1.024. Crystal and refinement data for 3.3
Lu

-mbi: formula C54H77N8Si2FeLuO2, space 

group P21/c, a = 15.518(3), b = 24.031(5), c = 16.449(3), β = 117.953(2)°, V = 5418.6(19) Å
3
, Z 

= 4, μ = 2.170 mm
-1

, F(000) = 2392, R1 = 0.0584 and wR2 = 0.0886 (based on all 15220 data, I > 

2(I)). 
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X-ray crystal structure of 3.4
Lu

-mbi. X-ray quality crystals were obtained from a 

concentrated diethyl ether : n-pentane solution placed in a -35 °C freezer in the glove box. A 

total of 39754 reflections (-14 ≤ h ≤ 14, -20 ≤ k ≤ 21, -35 ≤ l ≤ 35) were collected at T = 95(2) K 

with 2max = 56.49°, of which 10865 were unique (Rint = 0.0681). The residual peak and hole 

electron density were 4.35 and -1.21 eA
-3

. The unit cell contains one molecule of n-pentane 

solvent. The least-squares refinement converged normally with residuals of R1 = 0.0544 and 

GOF = 1.023. Crystal and refinement data for 3.4
Lu

-mbi: formula C43H65N6Si2FeLu, space group 

P21/c, a = 10.645(3), b = 15.924(4), c = 26.736(7), β = 100.649(3)°, V = 4454(2) Å
3
, Z = 4, μ = 

2.619 mm
-1

, F(000) = 1960, R1 = 0.0873 and wR2 = 0.1397 (based on all 10865 data, I > 2(I)). 

X-ray crystal structure of 3.5
Lu

. X-ray quality crystals were obtained from a 

concentrated toluene : n-pentane solution placed in a -35 °C freezer in the glove box. A total of 

62435 reflections (-31 ≤ h ≤ 31, -25 ≤ k ≤ 25, -40 ≤ l ≤ 40) were collected at T = 100(2) K with 

2max = 55.00°, of which 16705 were unique (Rint = 0.0607). The residual peak and hole electron 

density were 3.56 and -1.64 eA
-3

. The least-squares refinement converged normally with 

residuals of R1 = 0.0413 and GOF = 1.023. The unit cell contains half a benzene solvent 

molecule that is disordered; this disorder was not modeled. Some of the silyl groups were 

disordered; this disorder was modeled for only two of them. Crystal and refinement data for 

3.5
Lu

: formula C71H101N10Si4Fe2Lu2, space group C2/c, a = 24.013(4), b = 19.951(3), c = 

30.915(5), β = 98.393(2)°, V = 14652(4) Å
3
, Z = 8, μ = 3.172 mm

-1
, F(000) = 6776, R1 = 0.0637 

and wR2 = 0.0986 (based on all 16705 data, I > 2(I)). 

DFT calculations. The Amsterdam Density Functional (ADF) package (version 

ADF2008.01) was used to do geometry optimizations on Cartesian coordinates of the model 

compounds specified in the text. For the scandium, yttrium, and iron atoms, standard triple- 



112 

 

STA basis sets from the ADF database ZORA TZP were employed with 1s-2p (Si), 1s-3p (Fe), 

1s-3p (Sc), and 1s-5p (Lu) electrons treated as frozen cores. For all the other elements, standard 

double- STA basis sets from the ADF database ZORA DZP were used, with the 1s electrons 

treated as a frozen core for non-hydrogen atoms. The local density approximation (LDA) by 

Becke-Perdew was used together with the exchange and correlation corrections that are 

employed by default by the ADF2008.01 program suite. Calculations for the lutetium model 

compounds were carried out using the scalar spin-orbit relativistic formalism. A solvent 

correction for benzene was also applied using the defaults implemented in the ADF2008.01 

program suite. Frequency calculations were carried out using the same functional and methods as 

for the geometry optimizations in order to obtain entropy values.  

Supporting Information Available. Details for the NMR spectroscopy experiments, 

DFT calculations and full crystallographic descriptions (as cif) are available in the online 

published version of this work, at http://pubs.acs.org. CCDC numbers for 3.2
Sc

-mbi, 3.3
Lu

-mbi, 

3.4
Lu

-mbi, and 3.5
Lu

 are 756846, 756847, 756848, and 756849, respectively. 

 

  

http://pubs.acs.org/
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3.7 Appendix B 

Figure B1. 3.2
Lu

-mbi, 
1
H NMR (500 MHz, C6D6): Free mesitylene (6.72 and 2.16 ppm) and 

THF (3.63 and 1.42 ppm) are also present. 
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Figure B2. 3.3
Lu

-mbi, 
1
H NMR (500 MHz, C6D6): 
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Figure B3. 3.3
Lu

-mbi, 
13

C NMR (126 MHz, C6D6): 

 
 

Figure B4. 3.3
Lu

-mbi, 
1
H-

1
H COSY (500 MHz, C6D6): 
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Figure B5. 3.3
Lu

-mbi, HMQC (500 MHz, C6D6): 
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Figure B6. Thermal-ellipsoid (50% probability) representation of 3.2

Sc
-mbi. Hydrogen and 

solvent atoms were omitted for clarity. 
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Figure B7. Thermal-ellipsoid (50% probability) representation of 3.3

Lu
-mbi. Hydrogen and 

solvent atoms were omitted for clarity. 
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Figure B8. Thermal-ellipsoid (50% probability) representation of 3.4

Lu
-mbi. Hydrogen and 

solvent atoms were omitted for clarity. 
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Figure B9. Thermal-ellipsoid (50% probability) representation of 3.5. Hydrogen and solvent 

atoms were omitted for clarity. 
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Chapter 4: Electronic communication between discrete iron 

centers mediated by various metal bridges 

4.1 Preface  

This chapter represents a body of work which was unfinished at the time I concluded my 

experimental research. As such, some of the results are preliminary, based on available data, and 

several compounds are lacking complete characterization. This work remains unpublished. Kevin 

Ogilby, an undergraduate student at UCLA at the time of this work, assisted in several of the 

syntheses. The lanthanum complex 4.1
La

, K[La(fc(NSi
t
BuMe2)2)2], was previously characterized 

by Colin Carver in an unpublished study. X-ray crystallography was performed by Paula 

Diaconescu. 

 

4.2 Introduction 

Single-electron transfer processes have long been of interest to chemists, especially 

where metals are concerned. Electron transfer is important to a variety of fundamental biological 

processes, such as photosynthesis and respiration. The study of single-electron transfer processes 

is also vital for developing and improving new technologies, such as solar energy conversion and 

energy storage.
1-3

  Inner-sphere or intramolecular charge transfers are in general the quickest 

electron transfers. These often involve electron transfer from one metal to another metal in a 

dinuclear molecule. In dinuclear or multinuclear mixed-valence organometallic complexes, 

electrons often have varying degrees of localization on the metal centers. These mixed-valence 

complexes can be classified according to parameters set by Robin and Day.
4
 Classification of 

electronic communication within multinuclear mixed-valence complexes is a topic that has long 

been discussed among scientists.
1,5-7
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Mixed-valent multinuclear metal complexes can be classified as class I, class II, or class 

III complexes, as defined by Robin and Day.
4
 Compounds with no electron delocalization 

between mixed valent metal centers can be assigned as class I compounds. On the other hand, if 

complete electronic delocalization occurs between the metals, the compound can be classified as 

a class III compound. Class II compounds have an intermediate level of electronic delocalization 

between these two extremes. The study of mixed-valent systems not only reveals much about the 

basic principles of electron transfer, but it also has implications for studies of photoswitchable 

mixed-valent systems and long-range electron transport efficiency.
8
  

Our lab utilizes a ferrocenyl-based diamine ligand, fc(NHR)2, (fc = 1,1’-ferrocenylene, R 

= SiMe3, Si
t
BuMe2, or 3,5-dimethylphenyl). Utilization of this ligand affords several advantages, 

such as the ability to tune the substituent groups on the amine moieties. The ferrocenyl moiety 

also opens up the possibility of redox non-innocence of the ligand. We surmised that these 

properties would allow us to make a detailed study of the factors that can affect intramolecular 

metal-metal communication. Towards this end, we hypothesized that attaching two of the 

ferrocenyl ligands to a metal center would potentially allow electronic communication between 

the two iron centers mediated by a bridging central metal (Figure 4.1). It would then be possible 

to measure the impact of varying central metals and amine moieties upon the level of 

communication between the two iron centers. This type of study is not without precedent. In the 

past, charge transfer between the remote iron centers of intramolecular ferrocenyl moieties has 

been studied by several groups, including ours.
9-25
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Figure 4.1. Single electron transfer between mixed-valent iron centers, mediated by a central 

metal. 

 

  The degree of electronic delocalization between ferrocenyl moieties on separate ligands 

can greatly depend on mediating metal centers.
11,17,20-24

 For example, in compounds that 

incorporated two ferrocene-based tris(1-pyrazolyl)borate ligands on a single late transition metal 

center (Mn, Fe, Co, Ni, Cu, Zn), electronic communication between the ferrocenyl moieties was 

seen only in the copper complex and none of the other complexes.
13

 Other late transition metals, 

such as Pt,
23,24

 Co,
17

 Fe,
21

 and Ru
20,26

 have been successfully used to mediate electronic 

communication between intramolecular ferrocenyl moieties. Another study focused on 

interaction between ferrocenes mediated by a digold, tetrarhenium core.
22

 However, most 

currently published studies involving metal bridges have focused on later transition metals. 

Studies involving early transition metals, the lanthanides, or the actinides are comparatively 

scarce. One study focused on the communication between ferrocenyl moieties of tripodal 

triamine ligands, which were complexed by Eu or Y.
11

 However, those complexes were not 

structurally characterized. Another study on ferrocene-substituted calixarene ligands bound to 

La, Lu, and Gd concluded that the greater charge : ionic radius ratio for the smaller lanthanides 

caused greater polarization close to the ferrocene.
27

 In effect, the greater positive charge density 
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of the smaller lanthanides caused the redox potential of the ferrocenyl ligand to shift more 

anodically vs. ferrocene (i.e. the ligand became more difficult to oxidize due to the proximity of 

the denser electropositive metal center).  

In another study, two ligands, with two ferrocenyl moieties each, were attached to various 

lanthanides (for a total of four ferrocenyl moieties per compound). Electronic communication 

between the ferrocene centers was demonstrated by measuring the separation of two consecutive 

Fe
2+

/Fe
3+

 oxidation events with cyclic voltammetry. Six different lanthanides were used to 

mediate communication between the Fe centers (in order of largest to smallest): La, Nd, Sm, Gd, 

Yb, and Dy. The peak separations for the two distinct oxidation events were 0.34, 0.32, 0.34, 

0.29, 0.31, and 0.27 V, respectively. The larger lanthanides tended to have larger peak 

separations. However, the differences in the peak separations were small and were clearly 

affected by other factors besides size of the lanthanides, making it difficult to draw 

conclusions.
28

 

Overall, few studies have drawn direct comparisons between differing mediating metal 

bridges. With this in mind, our goal was to study the fundamental properties of group 3 and 

group 4 metals which might affect the intramolecular electron transfer process. Furthermore, 

there is much debate in the scientific community about the degree of participation of f orbitals in 

bonding for the lanthanides and actinides. The 4f orbitals of the lanthanides, especially, are 

traditionally thought to participate minimally in bonding due to the fact that they do not extend 

past the radius of the 5d orbitals.
29-33

 In contrast, for the actinide series the degree of participation 

of the 5f orbitals is somewhat more nebulous.
34-41

 We hope to shed some light on the differences 

between the 4f and 5f orbitals by studying their role in electronic communication.  
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For the compounds studied in this work, electronic delocalization between the Fe metal 

centers is mainly assessed using cyclic voltammetry. Little or no electronic communication 

between the two Fe metal centers would result in a single, 2e
-
 redox event, corresponding to the 

oxidation of both Fe
II
 centers. Greater interaction between the two Fe metal centers would result 

in distinct 1e
-
 redox events for each Fe center, signifying a degree of delocalization between the 

two metals (Figure 4.2). The presence of two distinct redox events can signify that a mixed 

valent Fe
II
/Fe

III 
compound is thermodynamically stable and possibly isolable. Moreover, the 

potential difference between the two redox events can be used to determine the strength of the 

interaction between the two iron centers.
42

   

 

Figure 4.2. (a) Electronic communication between the two Fe metal centers results in discrete 

1e
-
 redox events visible in the cyclic voltammogram, with the possibility of isolating a mixed 

valent compound (counterions  are not shown). (b) Compounds with little or no electronic 

communication between two similar metal centers will only have a single 2e
- 
redox event visible 

in the cyclic voltammogram (counterions are not shown). 
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4.3 Results and Discussion 

It was previously determined by our group that a group 3 metal trihalide precursor, 

MX3(THF)n (X = Cl or Br, n = 0-3), can be combined with two equivalents of the proligand salt 

K2[fc(NSi
t
BuMe2)2] to give an anionic compound in which two ligands are attached to the group 

3 metal, K[M(fc(NSi
t
BuMe2)2)2]. Previous work utilized Sc as the central metal.

43
 A similar U

IV
 

analogue, U(fc(NSi
t
BuMe2)2)2, UTBS2, has also been studied.

10
 For this work, this chemistry 

was expanded to include the metals La, Ce, Gd and Lu, giving compounds 4.1
La

, 4.2
Ce

, 4.3
Gd

, 

and 4.4
Lu

, respectively (Scheme 4.1). Often, these so-called “ate salts” are undesired byproducts 

of salt metathesis reactions, as they often occlude further reactivity.
43,44

 In our case, the 

formation of the K[M(fc(NSi
t
BuMe2)2)2] “ate salts” presented a uni ue opportunity to study 

electrochemical communication between the two separate iron centers. Thus, compounds 4.1
La

, 

4.2
Ce

, 4.3
Gd

, and 4.4
Lu

 were prepared for this purpose.  

 

Scheme 4.1. Synthesis of compounds 4.1
La

, 4.2
Ce

, 4.3
Gd

, and 4.4
Lu

. 

 

 

Attempts were also made to synthesize the neodymium analogue. However, single 

crystals could not be obtained for X-ray crystallography studies, and the paramagnetic properties 
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of Nd(III) prevented any characterization through 
1
H NMR spectroscopy. There was also no 

visible signal present in EPR spectroscopy, at least at temperatures reachable by using liquid 

nitrogen. Nevertheless, the cyclic voltammogram of the neodymium analogue is presented, for 

comparison purposes.  

The Sc analogue has been previously prepared by our group, but difficulties in synthesis 

prevented its timely study for this work.
43

 In general, it was more difficult to synthesize the 

K[M(fc(NSi
t
BuMe2)2)2] “ate salts” utili ing the group 3 metals that possess smaller covalent 

radii. The smaller group 3 metals, Lu and Sc, required longer reaction times in their syntheses, 

and the products exhibited more rapid decomposition into intractable materials. On the other 

hand, the synthesis involving the largest group 3 metal, La, often went smoothly and cleanly. 

The product 4.1
La

 was relatively much more stable, as well. These properties were attributed to 

increased steric crowding around the smaller metal centers. It has been shown that especially in 

lanthanide metal chemistry, steric crowding is often a major contributing factor to potential 

reactivity or stability.
29

 Monitoring of the reactions presented in the work through 
1
H NMR 

spectroscopy was used to reach this conclusion.  

K[La(fc(NSi
t
BuMe2)2)2], 4.1

La
, was synthesized through salt metathesis of La(Br)3·THF3 

with 2 equiv of the K2[fc(NSi
t
BuMe2)2] proligand salt in THF. Work-up of the reaction yielded 

orange crystals, which were isolated in 72.0% yield. Compounds 4.2
Ce

, 4.3
Gd

, and 4.4
Lu

 were 

synthesized using similar procedures, in 64.8%, 76.0%, and 46.5% yields, respectively. 

Compounds 4.1
La

, 4.3
Gd

, and 4.4
Lu

 were all analyzed through cyclic voltammetry and UV-

Vis/NIR spectroscopy. Compounds 4.1
La

, 4.2
Ce

, and 4.4
Lu

 were characterized by 
1
H NMR 

spectroscopy, although these compounds were not sufficiently soluble in the deuterated C6D6 
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solvent for any signal to be obtained in 
13

C NMR spectroscopy. Compound 4.3
Gd

 was NMR 

silent. 

Compound 4.4
Lu 

was characterized by X-ray crystallography (Figure 4.3). Although 4.1
La

 

was characterized by X-ray crystallography at the time of this writing, full structural details were 

not available. Single crystals of 4.3
Gd

 were obtainable, and preliminary results showed that the 

structure of 4.3
Gd

 was similar to those of 4.1
La

 and 4.4
Lu

. However, the structure of 4.3
Gd

 was 

not fully solved at the time of this writing. Single crystals of 4.2
Ce 

could not be obtained for 

X-ray crystallography. 

 

Figure 4.3. Representation of 4.4
Lu 

obtained through X-ray crystallography. Green = Lu; Orange 

= Fe; Dark blue = N; Light blue = Si; Purple = K; Red = O; Grey = C. Hydrogen atoms were 

removed for clarity. 
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Analysis of the structures of 4.1
La

 and 4.4
Lu

 reveals that the lanthanide metals are 

approximately equidistant from each of the Fe
II 

centers, which is expected given the similar 

electronic environments for each Fe
II 

center. The Fe-Ln distance is approximately 3.51 Å in 4.1
La

 

and 3.94 Å in 4.4
Lu

. It is notable that the Lu-Fe distance is longer than the La-Fe distance, 

especially given the smaller covalent radius of Lu (1.56 Å for Lu and 1.69 Å for La). This could 

be due to the greater Lewis acidity of La compared to Lu, which could lead to an increased 

donor-acceptor type interaction between the iron and lanthanide metals.
45

 

Comparisons can also be drawn between the cationic group 3 metal compounds and a 

similar neutral Zr compound with trimethylsilyl amide moieties, Zr(fc[NSiMe3]2)2, 4.5
Zr

, 

previously synthesized by our group (Scheme 4.2).
10

 Since the cationic group 3 and the neutral 

group 4 metal complexes are isoelectronic at the metal center, a reasonable comparison can be 

made between them. Compound 4.5
Zr

 can also be compared to the corresponding U
IV

 analogue 

UTBS2, which will reveal to some extent what effect the 5f orbitals have on electronic 

communication. For the current work, attempts were also made to synthesize the direct analogue 

of the lanthanide compounds with tert-butyldimethylsilyl amide moieties, Zr(fc[NSi
t
BuMe2]2)2. 

This was done through the acid/base reaction of Zr(CH2Ph)4 and the fc[NHSi
t
BuMe2]2 proligand. 

Unfortunately, these attempts were unsuccessful. The salt metathesis reaction of ZrCl4 with 2 

equiv of K2[fc[NSi
t
BuMe2]2] was also attempted; this was unsuccessful as well. 

Zirconium was successfully coordinated to 2 equivalents of another variant of the ligand, 

fc[N(3,5-dimethylphenyl)]2 (Scheme 4.2). The resultant compound, Zr(fc(N[3,5-

dimethylphenyl])2)2, 4.6
Zr

, was isolated in 44.8% yield and characterized by
 1

H NMR 

spectroscopy. However, 4.6
Zr

 proved to be somewhat more prone to decomposition than the 

analogous compound 4.5
Zr

.  
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Scheme 4.2. Synthesis of 4.5
Zr 

and 4.6
Zr

. 

 

 

With the group 3 and group 4 metal complexes in hand, cyclic voltammetry experiments 

were performed. All cyclic voltammograms (CVs) in this work were taken in THF solvent using 

[
n
Bu4N][PF6] as the electrolyte. A Pt working electrode, Ag reference electrode, and a glassy 

carbon auxiliary electrode was used. As a reference, cyclic voltammetry was first used to analyze 

the fc[NHSi
t
BuMe2]2 proligand (Figure 4.4). The results of this experiment show one reversible 

oxidation event taking place, which was assigned to the Fe
II
/Fe

III 
redox couple. The oxidation 

wave appears at E1/2 = -0.66 V (vs. Fc/Fc
+
).  

Cyclic voltammetry was also performed on the fc[NSiMe3]2 and fc[N(3,5-

dimethylphenyl)]2 proligands. As expected, each compound displayed one reversible oxidation 

event. These events were assigned to the Fe
II
/Fe

III 
redox couple for each ligand. For the 

fc[NSiMe3]2 proligand, the oxidation wave appears at E1/2 = -0.69 V (vs. Fc/Fc
+
). For the 

fc[N(3,5-dimethylphenyl)]2  proligand, the oxidation wave appears at E1/2 = -0.52 V (vs. Fc/Fc
+
). 

For all three of the amido-substituted ferrocenes, the oxidation wave values of the Fe
II
/Fe

III 
redox 

couple versus the Fc/Fc
+ 

reference are negative (i.e. the amido-substituted ferrocenes are more 

easily oxidi ed than ferrocene). This result is expected for 1,1’-ferrocene diamines, due to the 

electron-donating nature of the amine groups.
46,47

     



135 

 

 

Figure 4.4. Cyclic voltammogram of the fc[NHSi
t
BuMe2]2 proligand. Conditions: THF, 10

-4 
 M 

fc[NHSi
t
BuMe2]2, 0.1 M TBA PF6, -15 ° C, and scan rate = 0.050 V/s. 

 

Although the redox properties of 4.5
Zr

 have been previously studied by our group using 

cyclic voltammetry,
10

 CVs of 4.5
Zr

 were retaken for the current work.
10

 These CVs were 

significantly improved over the previous work, ostensibly due to their collection at -15 °C, rather 

than at room temperature (Figure 4.5). Notably, the quality of the majority of the CVs in this 

work significantly improved when they were taken at low temperatures (down to -40 °C). This 

was in large part due to the decomposition of the target compounds at room temperature, which 

is apparent due to the appearance of free ligand in the CVs during the course of the experiments.   
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Compound 4.5
Zr

 showed two separate reversible peaks in the CV (Figure 4.5b). Two 

reversible one-electron oxidation waves were visible at approximately E1/2 = 0.04 V (assigned to 

the Fe
II
/Fe

II
 to Fe

II
/Fe

III 
oxidation) and E1/2 = 0.22 V (assigned to the Fe

II
/Fe

III 
to Fe

III
/Fe

III
 

oxidation) versus Fc/Fc
+
. No identifiable reduction wave was present for the Zr

IV
/Zr

III 
process 

within the scope of the spectrum.  

 

(a) 
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Figure 4.5. (a) Previously published cyclic voltammogram of 4.5
Zr

 vs. Fc/Fc
+
.
10

 Conditions: 

THF, 10
-4 

 M 4.5
Zr

, 0.1 M TBA PF6, room temperature, and scan rate varies from 0.050 V/s to 

1.000 V/s. (b) Cyclic voltammogram of 4.5
Zr

 vs. Fc/Fc
+
, at lower temperature than previous 

work. Conditions: THF, 10
-4 

M 4.5
Zr

, 0.1 M TBA PF6, -15 °C, and scan rate = 0.050 V/s. 

Additional scan rates were utilized and gave similar E1/2 values, but are not shown for clarity. 

 

Compound 4.6
Zr

, Zr(fc(N[3,5-dimethylphenyl])2)2, was also studied for comparison. The 

compound was first characterized by 
1
H NMR spectroscopy (Figure 4.6). Two singlets appeared 

in the 
1
H NMR spectrum at 6.91 and 6.40 ppm, which were assigned to the protons on the ortho 

and para positions of the phenyl moieties, respectively. A multiplet at 4.20 ppm was assigned to 

the ferrocenyl protons, while a third singlet at 2.07 ppm was assigned to the methyl protons.  
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Figure 4.6. 
1
H NMR spectrum of 4.6

Zr 
(300 MHz, C6D6).  

 

The CV of 4.6
Zr 

showed two separate reversible oxidation events. These peaks were 

assigned in a manner similar to 4.5
Zr

. The first oxidation event, at E1/2 = -0.50 V vs. Fc/Fc
+
, was 

assigned to the Fe
II
/Fe

II
 to Fe

II
/Fe

III 
oxidation. The second event, at E1/2 = at -0.13 V vs. Fc/Fc

+
,
 

was assigned to the Fe
II
/Fe

III 
to Fe

III
/Fe

III
 oxidation. Interestingly, compound 4.6

Zr 
shows a third 

reversible reduction event at -2.86 V (vs. Fc/Fc
+
), which has been assigned to the Zr

IV
/Zr

III
 

reduction. It is notable that the separation between the two peaks for 4.6
Zr

 (0.37 V) was greater 

than the peak separation for 4.5
Zr

 (0.18 V), which is indicative of greater electronic 

communication in 4.6
Zr

. The lower oxidation potentials measured for compound 4.6
Zr 

also 

indicate that the iron center on the fc[N(3,5-dimethylphenyl)]2 ligand has greater electron density 
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than the iron center on the fc[NSiMe3]2 ligand.   Unfortunately, 4.6
Zr

 showed a tendency to 

decompose in solution over the course of each CV experiment. This manifested as the 

appearance of an oxidation wave for free ligand at E1/2 = at -0.52 V vs. Fc/Fc
+
, which interfered 

with the measurements of the compound. 

  

Figure 4.7. CV of 4.6
Zr

. Conditions: THF, 10
-4 

M 4.6
Zr

, 0.1 M TBA PF6, room temperature, and 

scan rate = 0.050 V/s. 

 

The group 3 metal complexes 4.1
La

, 4.2
Ce

, 4.3
Gd

, and 4.4
Lu

 were analyzed as well. The 

1
H NMR spectra of the diamagnetic complexes 4.1

La
 and 4.4

Lu 
are rather similar. 4.1

La
 has two 

broad peaks at 4.02 and 3.79 ppm, which can be assigned to the ferrocenyl protons. The 

corresponding peaks for 4.4
Lu 

are at 4.40 and 3.95 ppm. A second broad peak in each compound 
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was assigned to the 
t
Bu protons, with the peak for 4.1

La 
at 0.98 ppm and the peak for 4.4

Lu
 at 

1.26 ppm. The two compounds each also had a broad peak assigned to the Me protons, with the 

peak for 4.1
La 

at 0.56 ppm and the peak for 4.4
Lu

 at 0.67 ppm. Both 4.1
La 

and 4.4
Lu

 showed 

evidence of coordinated THF molecules, which are slightly shifted from the values of free THF 

in C6D6, which normally appear at 1.40 and 3.57 ppm. Analysis of the structure of 4.4
Lu

 by X-

ray crystallography shows that the THF molecules preferentially coordinate to and surround the 

potassium countercation (Figure 4.3).  

The paramagnetic compound 4.2
Ce 

displayed only three peaks in the 
1
H NMR spectrum, 

with one very broad peak at 5.61 ppm and two narrower peaks at 4.01 and -3.91 ppm. Compound 

4.3
Gd 

was completely NMR silent.  

The redox properties of 4.1
La

, 4.2
Ce

, 4.3
Gd

, and 4.4
Lu

 were studied by cyclic voltammetry. 

Each compound was dissolved in dry THF to form a 0.1 mM solution. The electrolyte used was 

0.1 M [
n
Bu4N][PF6]. All potentials were referenced to the Fc/Fc

+ 
redox couple. Several of the 

cyclic voltammograms were taken at low temperature to help stabilize the compounds (Table 

4.1). Even so, 4.2
Ce

 was still somewhat unstable under the conditions needed for cyclic 

voltammetry.  

The CV of 4.2
Ce 

was markedly different from the other three compounds. Compound 

4.2
Ce

 showed three reversible oxidation waves at E1/2 = -0.02, -0.66, and -1.33 V (vs. Fc/Fc
+
). 

The redox wave at -0.66 V was assigned to the Fe
II
/Fe

III
 oxidation of free fc(NHSi

t
BuMe2)2 

ligand. The presence of free ligand was likely due to rapid decomposition of 4.2
Ce

 in solution. 

This was corroborated by the fact that the intensity of the -0.66 V redox wave steadily and 

visibly increased over the course of the experiment, which took a minimum of approximately 1 

hour to perform. The addition of fc(NHSi
t
BuMe2)2 ligand to the solution used in the CV 
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experiment also caused an increase in intensity of the redox wave at -0.66 V, supporting its 

assignment as free ligand (Figure 4.8).  Furthermore, subsequent 
1
H NMR analysis of the

 
4.2

Ce
 

used during the experiment showed that the compound had decomposed. The stability of 4.2
Ce

 

was tested in several hydrocarbon solvents, but even at low temperature it showed signs of 

decomposition in its 
1
H NMR spectrum.  

 

Figure 4.8. CV of 4.2
Ce

, with the addition of free fc(NHSi
t
BuMe2)2. Conditions: THF, 10

-4 
M 

4.2
Ce

, 0.1 M TBA PF6, -15 °C, and scan rate = 0.050 V/s. The oxidation wave at E1/2 = -0.066 V 

was attributed to free fc(NHSi
t
BuMe2)2 ligand. 

 

For 4.2
Ce

, the first oxidation wave at E1/2 = -1.33 V was assigned to the Ce
III

/Ce
IV

 redox 

couple, rather than the Fe
II
/Fe

III
 couple. The second oxidation wave at E1/2 = -0.02 V was 

assigned as the oxidation of the Fe centers, although it was unclear whether one or both Fe 
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centers were oxidized. In order to support this assignment, a separate experiment was performed 

in which chemical oxidation of 4.2
Ce

 was attempted by addition of ½ equivalent of molecular 

iodine (Scheme 4.3). This reaction resulted in the isolation of large black crystals of 4.2
Ce+

. The 

1
H NMR spectra of the black crystals of 4.2

Ce+ 
showed a diamagnetic compound, which 

corresponds to the electronic structure of a diamagnetic Ce(IV) center, rather than a 

paramagnetic Fe(III) center. Singlet peaks for the coordinated fc(NSi
t
BuMe2)2 ligand were found 

at 1.33 and 0.14 ppm in the 
1
H NMR spectrum, which were assigned to the tert-butyl and methyl 

moieties, respectively. Broad peaks at 4.37 and 4.01 ppm were assigned to the ferrocenyl 

hydrogens. Therefore, compound 4.2
Ce+ 

was assigned as 

[fc
II
(NSi

t
BuMe2)2]Ce

IV
[fc

II
(NSi

t
BuMe2)2]. Furthermore, compound 4.2

Ce+ 
also proved to be 

unstable in solution, as it decomposed over the course of a day even when kept in storage at -35 

°C. Due to this instability, and to the fact that the isolation of a mixed valent Fe
II
/Fe

III
 complex 

was the overarching goal of this research, further characterization of compounds 4.2
Ce

 and 4.2
Ce+

 

was not pursued.  

 

Scheme 4.3. Reaction of 4.2
Ce 

with ½ equiv I2 resulted in the oxidation of the Ce metal center, 

rather than either of the Fe metal centers. 
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Compounds 4.1
La

, 4.3
Gd

, and 4.4
Lu 

each displayed two reversible peaks in the cyclic 

voltammogram (Figures 4.9, 4.10, and 4.11), which were assigned as consecutive stepwise one-

electron oxidations of the two iron centers (i.e. first Fe
II
/Fe

II
 to Fe

II
/Fe

III 
oxidation, then Fe

II
/Fe

III
 

to Fe
III

/Fe
III 

oxidation). For 4.1
La

, the reversible one-electron oxidation waves occurred at E1/2 = 

-0.99 V and E1/2 = -0.80 V (versus Fc/Fc
+
). For 4.3

Gd
, the oxidation waves took place at E1/2 = 

-0.91 V and E1/2 = -0.52 V (versus Fc/Fc
+
), and for 4.4

Lu
, the oxidation waves took place at E1/2 

= -0.72 V and E1/2 = -0.39 V (versus Fc/Fc
+
). The trivalent La, Gd, and Lu metal centers do not 

have accessible oxidation states beyond Ln
3+ 

under normal conditions, which precludes the 

isolation of a tetravalent central metal as in the case of the 4.2
Ce+

.
29

 Importantly, the CV 

experiments indicated that the mixed-valent Fe
II
/Fe

III
 compounds should be isolable. 

 

Figure 4.9. CV of 4.1
La

. Conditions: THF, 10
-4 

M 4.1
La

, 0.1 M TBA PF6, room temperature, and 

scan rate = 0.050 V/s. 

-9.00 

-8.00 

-7.00 

-6.00 

-5.00 

-4.00 

-3.00 

-2.00 

-1.00 

0.00 

1.00 

2.00 

-2.6 -2.4 -2.2 -2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 

C
u

rr
e

n
t 

(μ
A

) 

Potential (V) 

E 
1/2 = -0.99 

E 
1/2 = -0.80 

← 



144 

 

 

Figure 4.10. CV of 4.3
Gd

. Conditions: THF, 10
-4 

M 4.3
Gd

, 0.1 M TBA PF6, -40 °C, and scan rate 

= 0.050 V/s. 

 

Figure 4.11. CV of 4.4
Lu

 Conditions: THF, 10
-4 

M 4.4
Lu

, 0.1 M TBA PF6, -40 °C, and scan rate 

= 0.050 V/s. 
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The uncharacterized Nd analogue of compounds 4.1
La

, 4.3
Gd

, and 4.4
Lu

 also displayed 

two reversible oxidation waves in the CV (Figure 4.12). At scan rates less than 0.800 V/s, the 

oxidation waves became irreversible. These were located at E1/2 = -0.92 V and E1/2 = -0.43 V 

(versus Fc/Fc
+
). Assuming that the compound was K[Nd(fc(NSi

t
BuMe2)2)2]·THF6, these 

oxidation waves were assigned to the stepwise one electron oxidations of the Fe centers (Fe
II
/Fe

II
 

to Fe
II
/Fe

III 
oxidation, then Fe

II
/Fe

III
 to Fe

III
/Fe

III 
oxidation, respectively). 

 

Figure 4.12. CV of the Nd analogue. Conditions: THF, 10
-4 

M Nd compound, 0.1 M TBA PF6, -

40 °C, and scan rate = 0.800 V/s. 

 

Utilizing the data acquired by cyclic voltammetry, equation 4.1 can be used to calculate 

the comproportionation constant, Kc.
48-51

 For 4.5
Zr

, equation 1 gave a value of Kc = 3.3 x 10
3
.   

(Eq. 4.1)   Kc = exp[(ΔE1/2n1n2F)/RT] 
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Greater values of Kc for a given mixed valent compound correspond to greater electronic 

delocalization. The calculated values can be found in Table 4.1. ΔE1/2 is the difference between 

the first and second oxidation potentials. The variables n1 and n2 are the number of electrons 

transferred in each redox process (for this chapter, n1 = n2 = 1 in all cases). F is the Faraday 

constant, R is the gas constant, and T is temperature in Kelvin. It should be noted that 

measurements of CVs using different solvents and electrolytes will affect the value of Kc.
52

 

 

Redox potential vs. Fc/Fc+ 

   Compound E1/2 1 (V) E1/2 2 (V) ΔE1/2 (V) temperature (K) Kc 

4.1
La

 -0.99 -0.80 0.18 298 1.2E+03 

4.2
Ce

 -1.33     258   

4.3
Gd

 -0.91 -0.52 0.39 233 2.7E+08 

4.4
Lu

 -0.72 -0.39 0.33 233 1.4E+07 

4.5
Zr

 (TMS ligand) 0.04 0.22 0.18 258 3.3E+03 

4.6
Zr

 (Xy ligand) -0.50 -0.13 0.37 298 1.8E+06 

Nd analogue -0.93 -0.43 0.50 233 6.5E+10 

UTBS2, U(fc(NSi
t
BuMe2)2)2  -0.35 0.72 1.07 298 1.2E+18 

 

Table 4.1. Calculated Comproportionation Constants 

 

Calculation of the comproportionation constants for 4.1
La

, 4.3
Gd

, and 4.4
Lu 

gives an idea 

of the relative levels of electronic interaction between the iron centers in each compound. Using 

equation 4.1, the comproportionation constants for 4.1
La

, 4.3
Gd

, and 4.4
Lu 

are 1.2 x 10
3
, 2.7 x 10

8
, 

and 1.4 x 10
7
, respectively. The uncharacterized Nd analogue has a Kc value of 6.5 x 10

10
. The 

separation of the redox waves in the CVs, as well as the resultant Kc values, indicate that there is 

a moderate amount of communication between the two iron centers in each of these compounds. 
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The U
IV

 analogue, U(fc(NSi
t
BuMe2)2)2, UTBS2, has a calculated comproportionation constant of 

1.2 x 10
18

, which is significantly larger than any of the lanthanide analogues.
10,53

 Perhaps more 

importantly, the Kc value of UTBS2 is more than ten orders of magnitude greater than either of 

the isoelectronic Zr
IV

 compounds, 4.5
Zr

 or 4.6
Zr

. The Kc values for the group 3 metal complexes 

seem unrelated to the covalent radii of the metals (in order of decreasing covalent radii, La > Nd 

> Gd > Lu). The Kc values can be related to the possible participation of the 4f and 5f orbitals in 

intramolecular bonding. The much larger Kc value for UTBS2, especially, may indicate that the 

5f orbitals play a role in intramolecular bonding, which is lacking in the other compounds. 

The presence of separate Fe
II
/Fe

II
 to Fe

II
/Fe

III 
and Fe

II
/Fe

III
 to Fe

III
/Fe

III
 oxidation waves in 

the CVs indicated the possibility of isolating a mixed valent Fe
II
/Fe

III
 compound. Therefore, 

chemical oxidation of 4.1
La

 was attempted with ½ equiv iodine, 1 equiv of fc[PF6], 1 equiv of 

fc[BPh4], or 1 equiv of fc[BArF] (BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate). 

Through these experiments it was determined that the chemical oxidation using ½ equiv iodine 

was the cleanest and most easily purified reaction. The reactions gave the oxidized compound, 

[fc
II
(NSi

t
BuMe2)2]La[fc

III
(NSi

t
BuMe2)2], 4.7

La
 (Figure 4.13). Using iodine as the oxidant, 

compound 4.7
La

 was isolated in 46.4% yield as dark red crystals. The somewhat low yield was in 

part due to the formation of several unidentified byproducts upon oxidation, as shown by 
1
H 

NMR spectroscopy experiments. The 
1
H NMR spectrum of 4.7

La
 displayed two broad peaks at 

5.21 and -3.10 ppm, and two very broad humps at 15.69 and 9.92 ppm. 4.7
La

 was structurally 

characterized using X-ray crystallography (Figure 4.14).   
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Figure 4.13. La-Fe distances in 4.1
La 

and 4.7
La

. 

 

Figure 4.14. ORTEP representation of 4.7
La

. Irrelevant hydrogen atoms were removed for 

clarity. It should be noted that the line between La1 and Fe1 merely represents a weak 

interaction, rather than a bond.  
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Close examination of the structure of 4.7
La

 reveals that the two ferrocenyl moieties in the 

molecule are non-equivalent (Table 4.2). This is in contrast to the structure of compound 4.1
La

, 

in which each of the iron centers are formally divalent, and the ferrocenyl moieties are quite 

similar. This is also in stark contrast to the uranium mixed-valent analogue, UTBS2
+
, in which 

the U center is equidistant to the formal Fe
II 

and Fe
III

 centers.
53

 In 4.7
La

, the La-Fe(1) distance is 

3.450 Å, while the La-Fe(2) distance is 3.758 Å (Figure 4.13). This constitutes a difference of 

0.308 Å. This can be compared to the Fe
II
/Fe

II 
compound 4.1

La
, in which the two La-Fe

II
 

distances are almost equivalent, at 3.513 and 3.505 Å. The facts that the La-Fe
II
 and La-Fe

III
 

distances in 4.7
La

 differ by 0.308 Å, while in the structure of UTBS2
+ 

the U-Fe
II
 and U-Fe

III 

distances are nearly equal, are further evidence that the iron centers in UTBS2
+ 

experience a 

much larger degree of electronic delocalization than in their lanthanide counterparts. 

 

Fe(II) - C bond distances (Å) Fe(III) - C bond distances (Å) 
   on ferrocenyl moiety:    on ferrocenyl moiety: Selected distances (Å): 

Fe - C - H 2.037 Fe - C - H 2.102 Fe(II)-La 3.450 
Fe - C - H 2.065 Fe - C - H 2.091 Fe(III)-La 3.758 
Fe - C - H 2.046 Fe - C - H 2.059 La-N1 2.381 
Fe - C - H 2.060 Fe - C - H 2.059 La-N2 2.384 
Fe - C - N2 2.146 Fe - C - N3 2.153 La-N3 2.484 
Fe - C - H 2.026 Fe - C - H 2.089 La-N4 2.522 
Fe - C - H 2.037 Fe - C - H 2.055 

  Fe - C - H 2.070 Fe - C - H 2.034 
  Fe - C - H 2.061 Fe - C - H 2.057 
  Fe - C - N1 2.128 Fe - C - N4 2.210 
  average Fe(II)-C distance: average Fe(III)-C distance: 
  2.068   2.091   
   

Table 4.2. Selected Bond Distances in 4.7
La
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For 4.7
La

, given the shorter La-Fe(1) distance and the highly electrophilic nature of La
III

, 

Fe(1) was assigned as the Fe
II
 center and Fe(2) was assigned as the Fe

III
 center.

29,54
 Previous 

studies performed by our group have proposed that the Fe center in the fc(NSi
t
BuMe2)2 ligand 

donates electron density to the group 3 metal center.
43,55

 As a result, the oxidation from Fe
II
 to 

Fe
III

 should result in decreased interaction between the Fe
III

 and La centers. This is shown 

through the large increase of the Fe-La distance by approximately 0.250 Å, going from 4.1
La 

to 

4.7
La

. Although Fe
III

 has a slightly smaller covalent radius as compared to Fe
II
, the change in 

radius has been found to be at most -0.01 Å, which is not nearly enough to account for the 

change in La-Fe distance. In the unlikely case of a transition from a low spin to a high spin iron 

center, the iron center would have an increased covalent radius, at about +0.20 Å for octahedral 

complexes, which would result in a decreased La-Fe distance.
56

 

Following the successful isolation of 4.7
La

, chemical oxidation of 4.3
Gd

 was attempted 

with ½ equiv of iodine. The reaction successfully yielded dark red crystals in 66.5% yield, which 

were characterized by X-ray crystallography as the mixed valent compound, 

[fc
II
(NSi

t
BuMe2)2]Gd[fc

III
(NSi

t
BuMe2)2], 4.8

Gd
 (Figure 4.15).  

Examination of the structure of 4.8
Gd

 reveals that the Gd-Fe(1) and Gd-Fe(2) distances 

differ greatly. The Gd-Fe(1) distance is 3.795 Å, while the Gd-Fe(2) distance is 3.421 Å. The 

difference between the two distances is 0.374 Å. Using the same reasoning as for 4.7
La

, Fe(2) 

can be assigned as Fe
II
 and Fe(1) can be assigned as Fe

III
.  

The structural characterization of the mixed valent compounds 4.7
La

 and 4.8
Gd

 

corroborates the assignment of the oxidation events in the CVs as belonging to the iron centers. 

The large difference in geometry around the Fe
II
 and Fe

III
 centers can be attributed to some 

localization of the electron density around the iron centers, providing evidence that the 
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compounds are not class III compounds. However, the geometry differences around the iron 

centers can also be attributed to other factors, such as crystal packing, so characterization as class 

III compounds cannot be ruled out from structural data alone. Furthermore, it is possible that the 

solution state structures of the compounds differ from the solid state structures. 

 

Figure 4.15. ORTEP representation of 4.8
Gd

. Irrelevant hydrogen atoms were removed for 

clarity. It should be noted that the line between Gd1 and Fe2 merely represents a weak 

interaction, rather than a bond. 

 

To further explore the electronic communication between the iron centers, UV/Vis/NIR 

experiments were performed on 4.7
La

 and 4.8
Gd

 (Figure 4.16). The presence of electronic 
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communication in mixed-valent compounds should produce an inter-valence charge transfer 

(IVCT) band in the near IR region of the spectrum.
57,58

 

 

Figure 4.16. UV/vis/NIR spectra of 4.7
La

, 4.8
Gd

, and 4.9
K

.   

 

Indeed, compounds 4.7
La

 and 4.8
Gd 

each display a broad band in the near IR region, from 

approximately 700 to 1300 nm, with a molar absorptivity characteristic of IVCT bands (4.7
La

 

εmax = 1114 M
-1

 cm
-1

 at 937 nm; 4.8
Gd 

εmax = 974 M
-1

 cm
-1 

at 868 nm and εmax = 897 M
-1

 cm
-1 

at 

1047 nm). These bands were attributed to an inter-valence charge transfer between the Fe
II
 and 

Fe
III 

centers.  

Solution UV/vis/NIR absorption spectra were also taken for compounds 4.1
La

 and 4.3
Gd

. 

The corresponding spectra of 4.1
La

 and 4.3
Gd

 display much lower absorbance in the near IR 
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region than their oxidized counterparts (Figure 4.17). Compound 4.1
La

 showed an absorbance 

maximum at 910 nm (ε = 142 M
-1

 cm
-1

), while 4.3
Gd

 showed an absorbance at 788 nm (ε = 51.7 

M
-1

 cm
-1

). 

 

  

Figure 4.17. UV/vis/NIR spectra of 4.1
La

 and 4.3
Gd

.  

 

Unfortunately, the near IR spectra of 4.7
La

 and 4.8
Gd

 are complicated by the presence of 

absorption bands that overlap with the IVCT bands. To elucidate the source of some of these 

bands, the oxidized version on the proligand, K[fc(NSi
t
BuMe2)2], 4.9

K
, was characterized and 

studied (Scheme 4.4). Compound 4.9
K 

was originally synthesized in an attempt to make the 

neutral compound Ce
IV

[fc(NSi
t
BuMe2)2]2, 4.2

Ce+
,
 
through the addition of 1 equiv of Ce(NO3)4 to 

2 equiv of the iron(II) compound K2[fc(NSi
t
BuMe2)2]. Single crystals were obtained from the 
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reaction, revealing that 4.9
K 

was the major product. The structure of 4.9
K 

in the solid state was a 

dimer, with one THF molecule coordinated to each potassium center (Figure 4.18). Subsequent 

reactions gave 4.9
K

 in 62.2% yield. 4.9
K

 was also characterized through 
1
H NMR spectroscopy. 

  

Scheme 4.4. Synthesis of 4.9
K

. 

  

It was reasoned that 4.9
K

 could provide insight into the nature of some of the near IR 

bands, since the potassium cation is highly Lewis acidic, much like the lanthanide metals. 4.9
K

 

should have some structural similarities to the mixed valent compounds, while eliminating the 

possibility of an IVCT band. Thus, comparison of the spectra of 4.9
K

 and the mixed-valent 

compounds 4.7
La

 and 4.8
Gd

 should allow identification of the IVCT bands. 

Compound 4.9
K 

shows bands in the near IR region of the UV/Vis/NIR absorption 

spectrum at 860 nm (ε = 1403 M
-1

 cm
-1

) and 750 nm (ε = 2133 M
-1

 cm
-1

) (Figure 4.16). For 

future work, comparison of the spectrum of 4.9
K

 with those of 4.7
La

 and 4.8
Gd

, as well as 

deconvolution of the spectra, may be necessary to determine the exact nature of the IVCT bands 

in 4.7
La

 and 4.8
Gd

. 
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Figure 4.18. Representation of 4.9
K 

obtained through X-ray crystallography. Orange = Fe; Dark 

blue = N; Light blue = Si; Purple = K; Red = O; Grey = C. Hydrogen atoms were removed for 

clarity. 

 

4.4 Conclusions 

The presence of at least some communication between the iron centers, as indicated by 

the CVs and near IR spectra, precludes the classification of 4.7
La

 and 4.8
Gd

 as Robin-Day class I 

compounds. On the other hand, the moderate comproportionation constants and the geometrical 

differences between the Fe
II
 and Fe

III
 centers in 4.7

La
 and 4.8

Gd
 prevent the assignment of these 

compounds as class III compounds. It was also shown that these compounds, which lack the 5f 

orbitals of uranium, have a much smaller degree of electronic communication than the 

corresponding uranium compound. Therefore, the presence of moderate electronic 
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communication between the iron centers allows the assignment of both mixed-valent compounds 

as Robin-Day class II compounds.  

 

4.5 Experimental 

All experiments were performed under a dry nitrogen atmosphere using standard Schlenk 

techniques or an MBraun inert-gas glove box. Solvents were purified using a two-column solid-

state purification system by the method of Grubbs
59

 and transferred to the glove box without 

exposure to air. NMR solvents were obtained from Cambridge Isotope Laboratories, degassed, 

and stored over activated molecular sieves prior to use. fc(NSi
t
BuMe2)2,

10
 fc(NSiMe3)2,

60
 

fc[N(3,5-dimethylphenyl)]2,
61,62

 K2[fc(NSi
t
BuMe2)2]·THF2,

10
 Ln(X)3·THFn,

63
 4.5

Zr
,
10

 

benzylpotassium,
64

 tetrabenzylzirconium,
65,66

 and Ce(NO3)4
67

 were prepared following published 

procedures. The aromatic heterocycles were distilled or recrystallized before use; all other 

materials were used as received. 
1
H NMR spectra were recorded on Bruker300 or Bruker500 

spectrometers (work supported by the NSF grants CHE-9974928 and CHE-0116853) at room 

temperature in C6D6 unless otherwise specified. Chemical shifts are reported with respect to 

internal solvent, 7.16 ppm (C6D6). CHN analyses were performed in lab. 

 
Synthesis of 4.1

La
. LaBr3·THF3 (87.8 mg, 0.148 mmol) and 2 equiv of 

K2[fc[NSi
t
BuMe2]2]·THF2 (196.0 mg, 0.295 mmol) were each dissolved in about 1 mL of THF. 

The THF solutions were then frozen. Upon thawing, the K2[fc[NSi
t
BuMe2]2]·THF2 solution was 

added to the GdCl3 while stirring. An additional 2 mL of cold THF was used to wash the vial of 

K2[fc[NSi
t
BuMe2]2]·THF2. The solution was stirred in a sealed vial overnight at room 

temperature. Afterwards, the volatiles were removed under reduced pressure. The resulting 

orange solid was taken up in toluene and filtered through Celite, in order to remove salt 
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byproducts. The solution was subsequently concentrated in toluene. Cooling to -35 °C afforded 

orange crystals. Yield: 108.7 mg, 72.0%. 
1
H NMR (300 MHz, C6D6), δ (ppm): 4.02 (m, 8H, fc-

CH), 3.79 (m, 8H, fc-CH), 0.98 (s, 36H, SiC(CH3)3), 0.56 (s, 24H, Si(CH3)2). 

Peaks at 3.56 and 1.41 ppm correspond to the solvent THF, which may loosely 

coordinate to the potassium ion, making its removal somewhat difficult. 

 

Synthesis of 4.2
Ce

. CeCl3·THF (35.6 mg, 0.112 mmol) and K2[fc[NSi
t
BuMe2]2]·THF2 

(148.4 mg, 0.223 mmol) were each dissolved in about 1 mL of THF. The THF solutions were 

then frozen. Upon thawing, the K2[fc[NSi
t
BuMe2]2]·THF2 solution was added to the CeCl3·THF 

while stirring. An additional 2 mL of cold THF was used to wash the vial of 

K2[fc[NSi
t
BuMe2]2]·THF2. The solution was stirred in a sealed vial overnight at room 

temperature. Afterwards, the volatiles were removed under reduced pressure. The resulting 

orange solid was taken up in toluene and filtered through Celite, in order to remove salt 

byproducts. The solution was subsequently concentrated in toluene, and layered with hexanes. 

Cooling to -35 °C afforded orange crystals. Yield: 118.9 mg, 64.8%. 
1
H NMR (300 MHz, C6D6), 

δ (ppm): 5.61, 4.01, -3.91. Anal. (%): Calcd. for C48H84CeFe2KN4OSi4 (including one 

coordinated THF molecule): C, 50.73; H, 7.45; N, 4.93. Found: C, 50.90; H, 7.00; N, 5.01. 

 

Synthesis of 4.2
Ce+

. 4.2
Ce

 (66.5 mg, 0.59 mmol) and I2 (7.4 mg, 0.029 mmol) were each 

dissolved in about 1 mL of toluene. The toluene solutions were then frozen. Upon thawing, the I2 

solution was slowly added drop-wise to the 4.2
Ce

 solution while stirring. An additional 1 mL of 

cold toluene was used to wash the vial of I2. The solution was stirred in a sealed vial for 10 

minutes at room temperature. The resulting black solution was filtered through Celite, in order to 
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remove salt byproducts. Afterwards, the volatiles were removed under reduced pressure. The 

solution was subsequently concentrated in hexanes. Cooling to -35 °C afforded black crystals. 

Yield: 64.2 mg, 34.6%. 
1
H NMR (300 MHz, C6D6), δ (ppm): 4.37 (br m, 8H, fc-CH), 4.01 (br m, 

8H, fc-CH), 1.33 (s, 36H, SiC(CH3)3), 0.14 (s, 24H, Si(CH3)2). 

 

Synthesis of 4.3
Gd

. GdCl3 (20.4 mg, 0.077 mmol) and 2 equiv of 

K2[fc[NSi
t
BuMe2]2]·THF2 (102.7 mg, 0.155 mmol) were each dissolved in about 1 mL of THF. 

The THF solutions were then frozen. Upon thawing, the K2[fc[NSi
t
BuMe2]2]·THF2 solution was 

added to the GdCl3 while stirring. An additional 2 mL of cold THF was used to wash the vial of 

K2[fc[NSi
t
BuMe2]2]·THF2. The solution was stirred in a sealed vial for 4 hours at room 

temperature. Afterwards, the volatiles were removed under reduced pressure. The resulting 

orange solid was taken up in toluene and filtered through a glass frit, in order to remove salt 

byproducts. The solution was subsequently concentrated in toluene and layered with hexanes. 

Cooling to -35 °C afforded orange crystals. Yield: 63.6 mg, 76.0%. NMR spectra of the complex 

show no signals due to the paramagnetic nature of the complex. Anal. (%): Calcd. for 

C52H92Fe2GdKN4O2Si4 (including two coordinated THF molecules): C, 50.96; H, 7.57; N, 4.57. 

Found: C, 51.14; H, 7.04; N, 4.87. 

 

Synthesis of 4.4
Lu

. LuBr3·THF3 (67.7 mg, 0.161 mmol) and K2[fc[NSi
t
BuMe2]2]·THF2 

(101.7 mg, 0.153 mmol) were each dissolved in about 1 mL of THF. The reaction seemed to 

work better when excess LuBr3·THF3 was used. The THF solutions were then frozen. Upon 

thawing, the K2[fc[NSi
t
BuMe2]2]·THF2 solution was added to the LuBr3 while stirring. An 

additional 2 mL of cold THF was used to wash the vial of K2[fc[NSi
t
BuMe2]2]·THF2. The 
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solution was stirred in a sealed vial for 22 hours at room temperature. Afterwards, the volatiles 

were removed under reduced pressure. The resulting orange solid was taken up in toluene and 

filtered through a glass frit, in order to remove salt byproducts. The solution was subsequently 

concentrated in THF in a small open vial, which was then placed into a larger scintillation vial 

filled with about 1 mL of pentane. The solution was then cooled to -35 °C, allowing the pentane 

to diffuse into the THF solution, which afforded yellow crystals. Yield: 54.6 mg, 46.5%. 
1
H 

NMR (300 MHz, C6D6), δ (ppm): 4.40 (br, 8H, fc-CH), 3.95 (br, 8H, fc-CH), 0.98 (s, 36H, 

SiC(CH3)3), 0.56 (s, 24H, Si(CH3)2). Anal. (%): Calcd. for C44H76Fe2KLuN4Si4 (including one 

toluene molecule): C, 51.42; H, 7.11; N, 4.70. Found: C, 50.94; H, 6.99; N, 4.43. 

 

Synthesis of a Nd analogue. The Nd analogue of compounds 4.1
La

, 4.3
Gd

, and 4.4
Lu

 was 

synthesized in a similar fashion to those compounds, utilizing NdCl3·THF2 as a starting material. 

However, no meaningful characterization data for this compound were obtained at the time of 

this writing, other than by cyclic voltammetry. NdCl3·THF2 (25.1 mg, 0.053 mmol) and 

K2[fc[NSi
t
BuMe2]2]·THF2 (71.4 mg, 0.107 mmol) were each dissolved in about 1 mL of THF. 

The THF solutions were then frozen. Upon thawing, the K2[fc[NSi
t
BuMe2]2]·THF2 solution was 

added to the NdCl3·THF2 while stirring. An additional 2 mL of cold THF was used to wash the 

vial of K2[fc[NSi
t
BuMe2]2]·THF2. The solution was then stirred in a sealed vial for 3 hours at 

room temperature. Afterwards, the volatiles were removed under reduced pressure. The resulting 

solid was taken up in toluene and filtered through Celite, in order to remove salt byproducts. The 

solution was subsequently concentrated toluene and layered with hexanes. Cooling of the 

solution to -35 °C afforded crystals. Yield, assuming product is K[Nd(fc(NSi
t
BuMe2)2)2]·THF6: 

36.3 mg, 45.0%. 
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Synthesis of 4.6

Zr
. Zr(3,5-dimethylbenzyl)4 (30.0 mg, 0.059 mmol) and fc[N(3,5-

dimethylphenyl)]2 (50.0 mg, 0.117 mmol) were each dissolved in a small amount of benzene, 

then added together. The solution was heated at 70 °C for one day. Analysis of the product by 
1
H 

NMR spectroscopy showed a small amount of unreacted fc[N(3,5-dimethylphenyl)]2. A 

quantitative amount of Zr(3,5-dimethylbenzyl)4 (7.5 mg, 0.015 mmol) was then added to the 

benzene solution. The solution was then heated for another day at 70 °C. The solution was then 

stored at room temperature, which afforded crystals over the course of a few days. Yield: 24.6 

mg, 44.8%. 
1
H NMR (300 MHz, C6D6), δ (ppm): 6.91 (s, 8H, o-C6H), 6.40 (s, 4H, p-C6H), 4.20 

(m, 16H, fc-CH), 2.07 (s, 24H, CH3).  

 

Synthesis of 4.7
La

. 4.1
La

 (102.4 mg, 0.096 mmol) and 1/2 equiv of I2 (12.2 mg, 0.048 

mmol) were each dissolved in about 1 mL of ether. The ether solutions were then frozen. Upon 

thawing, the I2 solution was added to the 4.1
La

 while stirring. An additional 2 mL of cold THF 

was used to wash the vial of I2. The black solution was then stirred for 20 minutes at 0 °C. The 

solution was stirred in a sealed vial overnight at room temperature. Afterwards, the volatiles 

were removed under reduced pressure. The resulting orange solid was taken up in toluene and 

filtered through Celite, in order to remove salt byproducts. The solution was subsequently 

concentrated in toluene. Cooling to -35 °C afforded orange crystals. Yield: 45.7 mg, 46.4%. 
1
H 

NMR (300 MHz, C6D6), δ (ppm): 15.69, 9.92, 5.21, -3.10. 

 

Synthesis of 4.8
Gd

. Compound 4.3
Gd

 (38.8 mg, 0.36 mmol) and I2 (4.5 mg, 0.018 mmol) 

were each dissolved in about 1 mL of toluene. The toluene solutions were then frozen. Upon 

thawing, the I2 solution was slowly added, drop-wise, to the solution of 4.3
Gd

 while stirring. An 
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additional 1 mL of cold toluene was used to wash the vial of I2.  The solution was stirred in a 

sealed vial for 2 hours at room temperature. Afterwards, the toluene solution was filtered through 

Celite, in order to remove salt byproducts. The toluene was then removed under reduced 

pressure, and the resulting red solid was taken up in hexanes. The solution was then cooled to 

-35 °C, which afforded dark red crystals. Yield: 12.5 mg, 66.5%.  

 

Synthesis of 4.9
K

. Ce(NO3)4 (29.6 mg, 0.076 mmol) and K2[fc[NSi
t
BuMe2]2]·THF2 

(101.2 mg, 0.152 mmol) were each dissolved in about 1 mL of toluene. It was found that 1:2 

stoichiometry of Ce(NO3)4 : K2[fc[NSi
t
BuMe2]2]·THF2 gave better yields than 1:1 stoichiometry. 

This is possibly due to impurities in the Ce(NO3)4, which could not be properly characterized in 

the published synthesis.
67

 The toluene solutions were then frozen. Upon thawing, the Ce(NO3)4 

solution was slowly added to the solution of K2[fc[NSi
t
BuMe2]2]·THF2 while stirring. An 

additional 1 mL of cold toluene was used to wash the vial of Ce(NO3)4.  The solution was stirred 

in a sealed vial for 2 hours at room temperature. The toluene was then removed under reduced 

pressure. The purple solid was then taken up in hexanes and filtered through Celite, to remove 

excess salts. The hexanes solution was then cooled to -35 °C, which afforded purple crystals. 

Yield: 26.2 mg, 62.2%.  
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4.6 Appendix C 

Figure C1. 4.1
La

,
 1
H NMR (300 MHz, C6D6): 
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Figure C2. 4.2
Ce

,
 1

H NMR (300 MHz, C6D6):
 

 Peaks for 4.2
Ce 

are located at 5.54, 4.04, and -3.91 ppm. Solvent peaks for free diethyl 

ether are located at 3.26 and 1.11 ppm. Solvent peaks for free toluene are located at 6.99 and 

2.11 ppm. Due to the decomposition of 4.2
Ce

, peaks for free fc(NHSi
t
BuMe2)2 ligand are located 

at 0.92 and 0.16 ppm.  
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Figure C3. 4.2
Ce+

,
 1

H NMR (300 MHz, C6D6):
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Figure C4. 4.4
Lu

, 
1
H NMR (300 MHz, C6D6): 

 
Figure C5. 4.7

La
, 

1
H NMR (300 MHz, C6D6): 
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CHAPTER 5: Reactions of aromatic N-heterocycles with a lutetium 

benzyl complex supported by a ferrocene-diamide ligand 

5.1 Preface 

This chapter is adapted from work that was published volume 39, page 6726, of Dalton 

Transactions in the year 2010, with permission from The Royal Society of Chemistry. A large 

amount of the experimental work in this chapter was performed by undergraduate student 

Allison Wong, who was under my mentorship. Dr. Paula Diaconescu performed all X-ray 

crystallography. Selma Duhovic, although not a direct contributor, was also extremely helpful 

with many of the issues involved in this research. While the structure of the ligand was 

previously published, we adapted it to suit our own research. The actual reactivity studies herein 

were all based on the reactivity studies presented in previous chapters. These studies were meant 

to highlight the effects of a new ligand structure on previously known reactions.  

This work was supported by UCLA, the Sloan Foundation, and the NSF (Grant CHE-

0847735), as well as the Amgen Foundation. 

 

5.2 Abstract 

A comparison between the reactivity behavior of two lutetium benzyl complexes 

supported by different ferrocene-diamide ligands towards aromatic N-heterocycles, such as 

1-methylimidazole, isoquinoline, and pyridines, is presented. The two ferrocene-diamide 

ancillary ligands differ in their nitrogen-donor substituent: adamantyl for one and t-

butyldimethylsilyl for the other. The synthesis and characterization of the adamantyl-derived 

complex 5.1
Ad

-DME are reported. The ring opening of 1-methylimidazole by the THF analogue 

of 5.1
Ad

-DME, 5.1
Ad

-THF, was observed, analogously to the ring opening of the same substrate 
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by the lutetium benzyl complex supported by the silyl-substituted ligand. Also, analogous 

products were observed in the reactions with isoquinoline. 

 

5.3 Introduction 

The reactivity of non-cyclopentadienyl group 3 metal complexes has been intensely 

explored in recent years
1-4

 with the goal of activating and derivatizing challenging substrates, 

such as saturated
5
 or unsaturated

6,7
 hydrocarbons and polar molecules.

8-10
 Neutral alkyl 

complexes of these elements engage readily in σ-bond metathesis reactions.
11-15

 The design of 

new coordination environments is crucial in tuning the balance between the stability and the high 

reactivity of the resulting complexes.
3,5,15

 

Our group has been studying the reactivity of d
0
f
n
 complexes supported by chelating-

ferrocene ligands
16-21

 towards aromatic N-heterocycles and a substrate-dependent behavior was 

observed. Benzyl complexes were found to mediate the ring opening of 1-methylimidazoles,
16,21-

23
 C–C coupling of pyridines,

20,21,24
 and alkyl transfer to isoquinoline (Scheme 5.1).

25
 In order to 

understand such behavior we became interested in varying the architecture of the supporting 

ligand to determine the most important factors influencing the reactivity of the resulting 

complexes.  
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Scheme 5.1 Reactions of aromatic N-heterocycles mediated by group 3 metal benzyl complexes 

supported by chelating-diamide ligands. 
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For the alkyl complexes supported by NN
Si

 = 1,1′-fc(NSi
t
BuMe2)2 (Scheme 5.1) we 

proposed that a weak donor–acceptor interaction between iron and the metal takes place in the 

resulting d
0
f
n
-metal alkyl ferrocene-diamide complexes.

26,27
 We have also investigated the 

extreme where the ferrocene-diamide was replaced by a pyridine-diamide ligand, NN
py

 (Scheme 

5.1).
28

 If iron in the ferrocene-diamide ligand is considered a donor, the two ligands are related 

by the fact that they both coordinate exclusively in a meridional fashion to the metal center as a 

consequence of the high rigidity of their backbone. The change to pyridine diamide increases the 

interaction between the middle donor (nitrogen versus iron) and the metal center of interest. 

Subtle changes in the reactivity behavior of the pyridine-diamide complexes were observed 

versus that of the ferrocene-based complexes.
28

 In order to evaluate the importance of the 

interaction with the middle donor and the metal center, we decided to increase the electron-

donating ability of the nitrogen substituent of the ferrocene diamide such that the iron center 

would have a decreased propensity to engage in an interaction with the d
0
f
n
 metal. Herein we 

report the synthesis of a lutetium benzyl complex bearing an adamantyl-derived, ferrocene-

diamide ligand NN
Ad

 = 1,1′-fc(NAd)2 (Ad = 2-adamantyl) and its reactivity towards aromatic N-

heterocycles. 

 

5.4 Experimental 

All preparations were carried out under an inert nitrogen atmosphere, using standard 

Schlenk or glove box techniques unless mentioned otherwise. Solvents were purified using a 

two-column solid-state purification system by the method of Grubbs
24

 and transferred to the 

glove box without exposure to air. NMR solvents were obtained from Cambridge Isotope 

Laboratories, degassed, and stored over activated molecular sieves prior to use. Lutetium oxide 
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was purchased from Stanford Materials Corporation (Aliso Viejo, CA) and used as received. 

1,1′-Bis(adamantylamino)-ferrocene
29

 and Lu(CH2Xy-3,5)3(THF)2
20

 were prepared following 

published procedures. Other chemicals were used as received. 
1
H NMR spectra (this material is 

based on work supported by NSF grant CHE-9974928) were recorded on Bruker 300 or Bruker 

500 spectrometers at room temperature in C6D6 unless otherwise specified. Chemical shifts were  

reported with respect to internal solvent, 7.16 ppm (C6D6). CHN analyses were performed by 

Midwest Microlab, LLC (Indianapolis, IN), and UC Berkeley Micro-Mass Facility (Berkeley, 

CA). 

 

Preparation of fc(1,1′-bis(adamantylamido))2Lu(CH2Xy-3,5)(THF)2, 5.1
Ad

-THF 

A vial was charged with an orange solution of H2(NN
Ad

) (0.1720 g, 0.3478 mmol) and 1 

equiv. of Lu(CH2Xy-3,5)3(THF)2 (0.2352 g) in 15 mL of toluene. The mixture was allowed to 

stir for 5 min, filtered through a medium-porosity frit, and washed with hexanes resulting in 

0.2542 g of a yellow powder (86% yield). For X-ray analysis, crystals of the analogous 

compound 5.1
Ad

-DME were obtained by the slow crystallization of the compound from DME; 

however, for reactivity studies the complex 5.1
Ad

-THF was used because of its higher solubility. 

1
H NMR (500 MHz, C6D6), δ (ppm): 6.87 (s, 2H, o-C6H3), 6.43 (s, 1H, p-C6H3), 4.08 (s, 4H, 

C5H4), 3.85 (s, 8H, OCH2), 3.49 (s, 4H, C5H4), 3.46 (s, 2H, Ad-2-CH), 2.16 (s, 6H, CH3), 1.96 (s, 

2H, CH2C6H3), 2.47, 2.32, 2.29, 2.01, 1.98, 1.87, 1.84, 1.67, 1.34 (m, 36H, Ad-CH, Ad-CH2, and 

OCH2CH2). 
13

C NMR (126 MHz, C6D6), δ (ppm): 122.1, 83.9, 66.1, 65.8, 38.8, 38.4, 33.6, 32.6, 

28.9, 25.4, 22.0. Note: The low solubility of this compound prevented multiple recrystallizations 

and a sample pure enough for elemental analysis could not be obtained. 
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Preparation of 5.2
Ad

 

A Schlenk flask was charged with 5.1
Ad

-THF (0.0665 g, 0.077 mmol) and 10 mL 

toluene. To this flask, 0.0195 g of 1-methylimidazole (3 equiv., 0.2322 mmol) was added and the 

reaction mixture was heated at 70 °C while stirring for 7 h. The volatiles were removed under 

reduced pressure yielding a purple oil, which was crystallized by layering a THF solution of it 

with n-pentane to form 0.0578 g of dark purple crystals (91% yield). 
1
H NMR (500 MHz, C6D6), 

δ (ppm): 6.97 (s, 1H, imidazole-CH), 6.95 (s, 1H, imidazole-CH), 6.52 (s, 1H, NCH), 6.35 (s, 

1H, MeNCH), 5.76 (s, 1H, N CH), 4.29, 4.18, 4.00, 3.92 (s, 2H each, C5H4), 3.62 (t, 2H, Ad-

NCH), 3.24 (s, 3H, imidazole-NCH3), 2.27 (s, 3H, NCH3), 2.38–1.53 (m, 24H, Ad-CH and Ad-

CH2). 
13

C NMR (126 MHz, C6D6), δ (ppm): 161.6, 152.7, 119.4, 110.6, 109.8, 104.2, 70.3, 67.8, 

67.6, 67.2, 66.8, 65.3, 43.2, 38.9, 38.5, 38.3, 33.7, 33.1, 33.0, 32.3, 31.5, 29.1, 28.9, 25.8. Anal. 

(%) Calcd. for 5.2
Ad

: C, 55.62; H, 6.02; N, 10.24. Found: C, 56.17; H, 6.30; N, 9.54. 

 

Preparation of 5.3
Ad

-(iqn)2 

A vial was charged with an orange solution of 5.1
Ad

-THF (0.0803 g, 0.2072 mmol) in 5 

mL toluene. A toluene solution of isoquinoline (0.0803 mg, 0.6544 mmol, 3 equiv.) was added to 

this vial. Upon the addition, the solution immediately turned dark red. After 10 h of stirring, a 

red precipitate had formed. The reaction mixture was then filtered and washed thoroughly with 

hexanes. 0.1242 g of an analytically pure orange solid was obtained (41% yield). 
1
H NMR (500 

MHz, C6D6), δ (ppm): 10.16 (s, 2H, iqn-NCH), 9.21 (s, 2H, iqn-NCH), 7.79 (s, 2H, iqn-

NCHCH), 7.28 (d, 4H, iqn-C6H4), 7.20 (m, 4H, iqn-C6H4), 7.10 (m, 3H, C6H4), 6.72 (s, 1H, 

C6H4), 6.53 (s, 1H, p-C6H3), 6.23 (s, 1H, NCHCH), 5.87 (s, 2H, o-C6H3), 5.77 (s, 1H, NCHCH), 
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4.76 (dd, 1H, CH2C6H3), 4.06 (s, 2H, C5H4) 3.91 (s, 2H, C5H4) 3.85 (t, 1H, NCHCH2), 3.60 (s, 

2H, C5H4), 3.51 (s, 2H, C5H4), 3.24 (s, 2H, Ad-NCH), 2.78 (d, 2H, Ad-CH2), 2.64 (d, 2H, Ad-

CH2), 2.58 (t, 2H, Ad-CH), 2.47 (dd, 1H, CH2C6H3), 2.41 (t, 2H, Ad-CH), 1.99 (t, 2H, Ad-CH), 

1.98–1.70 (m, 18H, Ad-CH and Ad-CH2), 1.69 (s, 6H, CH3C6H3). 
13

C NMR (126 MHz, C6D6), δ 

(ppm): 142.2, 139.7, 136.0, 135.6, 131.9, 125.9, 121.3, 120.3, 95.1, 70.5, 67.0, 66.7, 65.7, 62.5, 

39.2, 38.2, 38.0, 37.9, 34.4, 33.7, 33.6, 32.4, 31.4, 28.4, 28.3, 22.5, 20.6, 13.8. Anal. (%) Calcd. 

for 5.3
Ad

-(iqn)2 with one equivalent toluene as shown in the 
1
H NMR spectrum of the solid: C, 

67.54; H, 6.02; N, 6.15. Found: C, 67.83; H, 6.18; N, 6.06. 

 

Preparation of 5.4
Ad

-(iqn)2 

A Schlenk flask was charged with an orange solution of 5.1
Ad

-THF (0.2011 g, 0.2375 

mmol) in toluene. A clear solution of isoquinoline (0.1227 g, 0.9500 mmol, 4 equiv.) in toluene 

was added to the reaction mixture. Upon its addition, the solution immediately turned dark red. 

The mixture was then heated to 50 °C. After 16 h, a color change to brown-red was observed, 

along with the formation of a red solid. The solid was collected on a medium-porosity frit and 

washed thoroughly with hexanes. After recrystallization of the solid from a solution of toluene 

layered with n-pentane, 0.1277 g of an analytically pure solid was obtained (51% yield). 
1
H 

NMR (500 MHz, C6D6), δ (ppm): 10.06 (s, 2H, iqn-NCH), 9.14 (d, 2H, iqn-NCH), 7.70 (d, 2H, 

iqn-NCHCH), 7.26–7.00 (m, 11H, C6H4), 6.88 (t, 1H, C6H4), 6.49 (d, 1H, NCHCH), 5.72 (d, 1H, 

NCHCH), 4.64 (s, 2H, NCH2), 4.01 (s, 4H, C5H4), 3.46 (s, 6H, C5H4 and Ad-NCH), 2.66–1.71 

(m, 28H, Ad-CH and Ad-CH2). 
13

C NMR (126 MHz, C6D6), δ (ppm): 148.1, 142.6, 136.6, 126.8, 

124.8, 122.0, 120.2, 96.1, 71.3, 67.2, 66.7, 52.8, 38.8, 38.5, 34.1, 32.8, 32.0, 29.0, 28.9, 23.1, 
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14.3. Anal. (%) Calcd. for 5.4
Ad

-(iqn)2 with one equivalent pentane as shown in the 
1
H NMR 

spectrum of the solid: C, 66.54; H, 6.57; N, 6.26. Found: C, 66.84; H, 6.16; N, 6.47. 

 

X-Ray crystal structure of 5.1
Ad

-DME 

X-Ray quality crystals were obtained from a DME solution placed in a −35 °C freezer in 

the glove box. Inside the glove box, the crystals were coated with oil (STP Oil Treatment) on a 

microscope slide, which was brought outside the glove box. The X-ray data collections were 

carried out on a Bruker AXS single crystal X-ray diffractometer using Mo-Kα radiation and a 

SMART APEX CCD detector. The data was reduced by SAINTPLUS and an empirical 

absorption correction was applied using the package SADABS. The structure was solved and 

refined using SHELXTL (Brucker 1998, SMART, SAINT, XPREP AND SHELXTL, Brucker 

AXS Inc., Madison, Wisconsin, USA).
30

 All atoms were refined anisotropically and hydrogen 

atoms were placed in calculated positions unless specified otherwise. Tables with atomic 

coordinates and equivalent isotropic displacement parameters, with all the bond lengths and 

angles, and with anisotropic displacement parameters are listed in the cif (cif data is available in 

online publication).  

A total of 31 136 reflections (−26 ≤h≤ 26, −20 ≤k≤ 20, −30 ≤l≤ 30) were collected at T = 

100(2) K with 2θmax = 54.12°, of which 8207 were unique (Rint = 0.0663). The residual peak and 

hole electron density were 1.21 and −0.82 e A
−3

. The least-squares refinement converged 

normally with residuals of R1 = 0.0364 and GOF = 0.994. Crystal and refinement data for 5.1
Ad

-

DME: formula C43H59N2O2Lu, space group C2/c, a = 20.580(2), b = 16.204(2), c = 23.747(3) Å, 

β = 108.573(2)°, V = 7506.7(15) Å
3
, Z = 8, μ = 3.040 mm

−1
, F(000) = 3552, R1 = 0.0666 and wR2 

= 0.0826 (based on all 8207 data, I > 2σ(I)). 
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DFT calculations 

The Amsterdam Density Functional (ADF) package (version ADF2008.01)
31-33

 was used 

to do geometry optimizations on Cartesian coordinates for full molecules. All structures were 

optimized in the gas phase starting with geometries obtained from the X-ray crystal structures. 

For the lutetium, silicon, and iron atoms, standard triple-ζ STA basis sets from the ADF database 

ZORA TZP were employed with 1s-2p (Si), 1s-3p (Fe), and 1s-4p (Lu) electrons treated as 

frozen cores. For all the other elements, standard double-ζ STA basis sets from the ADF database 

ZORA DZP were used, with the 1 s electrons treated as a frozen core for non-hydrogen atoms. 

The local density approximation (LDA) by Becke-Perdew was used together with the exchange 

and correlation corrections that are employed by default by the ADF2008.01 program suite. 

Calculations for all compounds were carried out using the spin-unrestricted, scalar spin–orbit 

relativistic formalism.  

 

5.5 Results and discussion 

 

Synthesis and characterization of lutetium benzyl complex 

 The benzyl ferrocene-diamide complex (NN
Ad

)Lu(CH2Ar)(THF)2 (5.1
Ad

-THF; Ar = 3,5-

Me2C6H3) was prepared by alkane elimination from H2(NN
Ad

) and Lu(CH2Ar)3(THF)2
20,21

 in 

toluene, analogously to the route described for NN
Si

-supported complexes (eqn (5.1)).
20,21
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The reaction proceeded spontaneously at room temperature and the immediate precipitation of a 

yellow powder (5.1
Ad

-THF) evinced the coordination of the ferrocene-diamide ligand to the 

metal center. It was noticed that 5.1
Ad

-THF had poorer solubility in hydrocarbon solvents than 

the silyl analogue, (NN
Si

)Lu(CH2Ar)(THF) (5.1
Si

-THF), probably because of the decreased 

hydrophobicity of the adamantyl when compared to the silyl group. 

The 
1
H NMR spectrum of 5.1

Ad
-THF in C6D6 at ambient temperature showed peaks in 

the aromatic region at 6.87 and 6.43 ppm, corresponding to the aromatic protons of the 3,5-

dimethylphenyl fragment. The integration of the broad peaks at 3.85 and 1.89 ppm suggested 

that two THF ligands were coordinated to the metal center. Finally, the presence of 28 protons in 

the adamantyl region and 2 protons shifted downfield by their proximity to the amido group to 

3.46 ppm indicated that both ligand arms had coordinated to the metal. This observation was 

further corroborated by two peaks at 4.08 and 3.49 ppm corresponding to the ferrocene protons, 

suggesting that a Cs-symmetry is maintained in solutions of 5.1
Ad

-THF. 

The thermal stability of the lutetium benzyl complex 5.1
Ad

-THF was investigated by 

heating a C6D6 solution gradually to 70 °C for three days; under these conditions, 5.1
Ad

-THF 

began to decompose after several hours. Total decomposition was only observed upon prolonged 

heating at 85 °C (3 d); attempts to identify the products were unsuccessful. The solid and 
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solutions of 5.1
Ad

-THF could be stored at −35 °C in the glove box for several weeks without 

decomposition. 

The DME analogue, 5.1
Ad

-DME, obtained by recrystallization from DME instead of 

THF, was characterized by single-crystal X-ray diffraction (Fig. 5.1). The most important 

difference between the structure of 5.1
Ad

-DME and that of 5.1
Si

-THF is the fact that two oxygen 

donors are coordinated to the metal center. This feature is retained in solution since two THF 

ligands are coordinated to lutetium in 5.1
Ad

-THF, while only one THF ligand is usually found in 

5.1
Si

-THF. The coordination of two oxygen donors in the adamantyl-derived complex points to 

the existence of a more open metal center in 5.1
Ad

-THF than in 5.1
Si

-THF. 

 

Fig. 5.1 Thermal-ellipsoid representation (50% probability) of 5.1
Ad

-DME; hydrogen atoms 

were omitted for clarity. 
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The benzyl ligand coordinates in an η
1
-fashion in 5.1

Ad
-DME: the distance to the aryl 

carbon is 2.3951(45) Å and the LuCC angle is 116.84(29)°. This coordination is different than in 

5.1
Si

-THF, which contains an η
2
-benzyl ligand (Lu–C distances: 2.3803(23) and 2.7473(23) Å 

and LuCC angle: 87.71(14)°). The orientation of the aryl groups is also different in the two 

lutetium complexes (Fig. 5.2): in 5.1
Ad

-DME, the phenyl group points away from the nitrogen 

substituents and towards the ether ligand; in 5.1
Si

-THF, it points away from the ether ligand. The 

benzyl ligand coordinates trans to the iron center in 5.1
Ad

-DME; if iron coordination is 

considered, the geometry around lutetium is pseudo-octahedral. The geometry at the nitrogen 

donors is noteworthy: the CAdNLu angles are 129.75(27) and 133.30(28)°, the CfcNLu angles are 

101.44(26) and 101.63(26)°, and the CAdNCfc angles are 114.44(35) and 112.34(36)°. The two 

adamantyl groups point to the same side of the nitrogen atoms and the FeLuNCfc torsion angles 

(17.20(24) and 17.38(24)°) are larger than the analogous angles in 5.1
Si

-THF (2.98(12) and 

6.78(13)°), likely to avoid interactions with the DME ligand and the phenyl group. Such a 

preference could also be attributed to π donation from the nitrogen donors, as has been observed 

previously with chelating-diamide ligands,
34,35

 although the Lu–N distances are longer in 5.1
Ad

-

DME (2.2199(38) and 2.2331(36) Å) than in 5.1
Si

-THF (2.1784(19) and 2.1791(19) Å). 

 

Fig. 5.2 Space-filling models of 5.1
Ad

-DME (left) and 5.1
Si

-THF (right). 

javascript:popupOBO('CHEBI:22744','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=22744')
http://www.chemspider.com/Chemical-Structure.22371.html
http://pubs.rsc.org/en/content/articlehtml/2010/dt/c001927e#fig2
javascript:popupOBO('CHEBI:30396','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=30396')
javascript:popupOBO('CHEBI:25555','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=25555')
javascript:popupOBO('CHEBI:22744','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=22744')
http://www.chemspider.com/Chemical-Structure.22368.html
http://www.chemspider.com/Chemical-Structure.22371.html
javascript:popupOBO('CHEBI:25555','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=25555')
javascript:popupOBO('CHEBI:24433','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=24433')
javascript:popupOBO('CHEBI:25555','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=25555')
javascript:popupOBO('CMO:0002394','C001927E')
javascript:popupOBO('CHEBI:30396','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=30396')
javascript:popupOBO('CHEBI:25555','C001927E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=25555')
http://pubs.rsc.org/en/content/articlehtml/2010/dt/c001927e#cit34


182 

 

 

The solid-state structure of 5.1
Ad

-DME is also informative with respect to the lutetium–

iron distance of 3.3424(7) Å. This distance is longer than the analogous distance in 5.1
Si

-THF 

(3.2472(5) Å),
20

 consistent with the presence of more electron-donating adamantyl versus silyl 

groups and DME versus THF. Therefore, the present complex, 5.1
Ad

-DME, does show a longer 

lutetium–iron distance than 5.1
Si

-THF and, therefore, a weaker metal–iron interaction. In both 

complexes, the iron–lutetium distance is slightly larger than the sum of the covalent radii for the 

two elements (3.19 Å).
36

 

In order to probe the lutetium–iron interaction, geometry optimizations for 5.1
Ad

-DME 

and 5.1
Si

-THF were performed (Table 5.1, further computational details are available in the 

online supporting information for the published version of this article). Calculations were carried 

out on the full molecules using Cartesian coordinates obtained from the X-ray crystal structures. 

The agreement between the lutetium–iron distances in the optimized structures and those 

obtained from crystal structure data was very good for 5.1
Ad

-DME, but the calculated iron–

lutetium distance was 0.11 Å longer than the experimental distance for 5.1
Si

-THF. Using 

different basis sets and/or functionals did not improve this agreement. 

 

Table 5.1 Bond orders for the Fe–Lu interaction and lutetium charges.  

Complex 

Lu–Fe distance/Å 

DFT (X-ray) 

Mayer 

bond order 

NM
a
  bond 

order 

Lu Hirshfeld 

charge 

5.1
Ad

-DME 3.34 (3.34) 0.11 0.18 0.68 

5.1
Si

-THF 3.36 (3.25) 0.16 0.21 0.68 

a NM is Nalewajski–Mrozek bond order calculated from two-electron valence indices (3-index 

set). 
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Bond multiplicity calculations were also performed in order to characterize the lutetium–

iron interaction. Both Mayer
37,38

 and Nalewajski–Mrozek
39

 bond multiplicity indices have been 

used to describe metal–metal interactions and correlate well with chemically intuitive 

descriptions of bonding. The values of both bond multiplicity indices (Table 5.1) show that the 

iron–lutetium interaction is weak, as expected since the iron–lutetium distances are larger than 

the sum of the covalent radii of the two elements. Although the two calculated iron–lutetium 

distances are very close, the bond orders are slightly larger for 5.1
Si

-THF than for 5.1
Ad

-DME. 

This small difference between the two lutetium benzyl compounds is also reflected in the 

contributions of the atomic orbitals of iron and lutetium to the molecular orbital that shows the 

iron–lutetium interaction (Fig. 5.3). 

 

Fig. 5.3 Molecular orbitals showing contributions from both iron and lutetium: left, HOMO-5 of 

5.1
Ad

-DME; right, HOMO-3 of 5.1
Si

-THF. 

 

Calculated metal charges were also investigated (Table 5.1) because they might be used 

as an indication of the electrophilicity of the metal center.
40

 Although Mulliken charges have 

been found to be dependent on the calculation method, Hirshfeld values are considered to yield 
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information reliably.
41

 The values calculated for the lutetium centers in 5.1
Si

-THF and 5.1
Ad

-

DME are the same, consistent with the other parameters discussed herein. The fact that the 

Hirshfeld charges are equal is consistent with the experimental observations described below that 

indicate a similar reactivity of the two lutetium benzyl complexes towards aromatic N-

heterocycles. 

 

Reaction with 1-methylimidazole 

We reported recently the unprecedented ring opening of 1-methylimidazole by scandium 

and yttrium complexes supported by NN
Si

.
21

 We decided to employ this reaction to compare the 

reactivity of the NN
Si

 and NN
Ad

 complexes. The reaction of an orange toluene solution of 5.1
Ad

-

THF with three equivalents of 1-methylimidazole resulted in the formation of a purple solution 

that, after heating at 70 °C for seven hours, led to the isolation of a purple solid (5.2
Ad

, Scheme 

5.2). The product was analogous to that obtained for the NN
Si

-based complexes and we propose 

that a similar mechanism operates.
20,21

  

The complex 5.2
Ad

 was characterized by 
1
H and 

13
C NMR spectroscopy and elemental 

analysis. A singlet at 5.76 ppm in the 
1
H NMR spectrum of 5.2

Ad
 was assigned to the proton of 

the imine carbon; two doublets at 6.52 and 6.35 ppm were assigned to the olefinic protons in the 

ring-opened imidazole. Additionally, the analogous peaks corresponding to the former 

imidazolic fragments were found in the 
13

C NMR spectra of 5.2
Ad

 and 5.2
Si

. 
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Scheme 5.2 Ring opening of 1-methylimidazole mediated by 5.1
Ad

-THF and proposed 

mechanism. 

 

Reactions with pyridines 

The reactions of 5.1
Ad

-THF with pyridines were investigated next since the ferrocene-

diamide group 3 metal benzyl complexes can C–H activate substituted pyridines and effect their 

coupling.
20,21,24

 The reaction between 5.1
Ad

-THF and three equivalents of pyridine at 70 °C gave 

a mixture of products. The investigation of that mixture by 
1
H NMR spectroscopy indicated the 

presence of olefinic peaks, similarly to what was observed when the group 3 NN
Si

 complexes 

were employed. Based on the reactivity behavior reported by us for substituted pyridines and 

isoquinoline,
20,21,25

 we propose that multiple, competitive pathways are operative when pyridine 

is involved, leading to a mixture of products that proved intractable. When pyridine was replaced 
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by 2-phenylpyridine in the reactions with NN
Si

 complexes, the products of the C–H activation 

reaction could be isolated and characterized.
20,21

 Therefore, the reaction between 5.1
Ad

-THF 

with 2-phenylpyridine was targeted; that reaction resulted in a mixture of products that proved 

intractable. It is possible that the different steric properties of the adamantyl groups (see Fig. 5.2) 

change some reaction profiles and make multiple pathways competitive; however, other factors 

may be operative. 

 

Reactions with isoquinoline 

When the above pyridine substrates were replaced by isoquinoline, C–H activation did 

not occur and instead, alkyl migration took place with the NN
Si

-based group 3 metal complexes 

(Scheme 5.1).
25

 The complex 5.1
Ad

-THF also reacted with three equivalents of isoquinoline in 

toluene at room temperature; a dark-red solution was obtained, from which an orange solid was 

isolated (5.3
Ad

-(iqn)2, Scheme 5.3). The reaction is analogous to that previously reported for  

NN
Si

 complexes.
25

 According to 
1
H NMR spectroscopy in C6D6, the benzyl group was 

transferred to the 1-position of isoquinoline with its concomitant dearomatization. Two other 

isoquinoline molecules were coordinated to the lutetium center to form 5.3
Ad

-(iqn)2. In the 
1
H 

NMR spectrum of 5.3
Ad

-(iqn)2, two doublets, at 6.22 and 5.76 ppm, were assigned to the protons 

of the CH CH bond in the dearomatized heterocycle. Because of the C1-stereogenic center, two 

distinct resonances for the CH2 protons of the benzyl group were found, at 4.75 and 2.41 ppm, as 

two doublets of doublets. A triplet at 3.85 ppm revealed the presence of the proton on the newly  

sp
3
-hybridized carbon in the dearomatized heterocycle.  
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Scheme 5.3 Reactions of isoquinoline mediated by 5.1
Ad

-THF. 

 

When toluene solutions of 5.1
Ad

-THF and four equivalents of isoquinoline were heated at 

50 °C, their color changed gradually from dark red to brown (Scheme 5.3). After work-up, a new 

product, 5.4
Ad

-(iqn)2, was identified together with 1-benzylisoquinoline (5.5).
42

 The formation of 

5.4
Ad

-(iqn)2 was confirmed by the appearance in its 
1
H NMR spectrum of a singlet at 4.64 ppm 

corresponding to the two protons of the methylene group in the dearomatized isoquinoline and 

by characteristic olefinic peaks at 6.60 and 5.70 ppm. The complexes 5.3
Ad

-(iqn)2 and 5.4
Ad

-

(iqn)2 were also characterized by 
13

C NMR spectroscopy and elemental analysis. 

Given the similarity of the complexes obtained from 5.1
Ad

-THF and 5.1
Si

-THF and 

isoquinoline we propose that the same mechanism operates. This mechanism involves the initial 
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benzyl transfer from the lutetium center to an isoquinoline ligand. Further exposure to 

isoquinoline determines a hydrogen transfer from the dearomatized benzyl isoquinoline ligand to 

a coordinated isoquinoline.
25

 This last step is reminiscent of the hydrogen transfer proposed to 

take place in Meerwein–Ponndorf–Verley transformations.
43

 

 

5.6 Conclusions 

We have isolated a new lutetium benzyl complex, 5.1
Ad

-DME, supported by a chelating-

ferrocene ligand containing adamantyl-substituted amide donors. The characterization of this 

complex by X-ray crystallography indicates that there are subtle differences between its 

parameters and those of the silyl-substituted ferrocene-diamide lutetium complex, 5.1
Si

-THF. 

The electronic parameters obtained from DFT calculations indicate that, overall, the two 

complexes are similar, an observation supported by the analogous reactivity of 5.1
Ad

-DME and 

5.1
Si

-THF towards representative aromatic N-heterocycles such as 1-methylimidazole and 

isoquinoline.  
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5.7. Appendix D 

  

Figure D1. Thermal-ellipsoid (50% probability) representation of 5.1
Ad

-DME. Hydrogen atoms 

were omitted for clarity. 
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