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Abstract:  This chapter describes a personal journey through the periodic table in 
which an undergraduate starting research in boron hydride chemistry developed into 
a professorial researcher in rare earth chemistry.  The chapter details how the 
periodic table became a career guide through connections and developments that 
led the boron chemist into the rare earth field.  Also presented is the evolution of 
reductive rare-earth chemistry which started with just a few +2 lanthanide ions, 
Eu(II), Yb(II), and Sm(II), and now extends to +2 ions for all the rare earth metals, i.e. 
Sc, Y, and the lanthanides, La-Lu.  The special reactivity of Sm(II), which led to the 
first lanthanide-based dinitrogen reduction is described, as well as the rare earth 
dinitrogen reduction that led to the new Ln(II) ions.  Periodic trends in these 
developments are discussed and speculation on the future of the rare-earth 
elements in terms of periodic properties is also presented.   
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1 Introduction 
1.1 First Element.  All chemists start their research somewhere in the periodic 
table.  Usually, that first entry into chemical research and, therefore, the first element 
with which we become scientifically involved, arises from random circumstances 
rather than a deliberate choice.  This was certainly the case for me.    
 
As an undergraduate at the University of Wisconsin, I was heavily committed to the 
rowing program.  The crew team practiced year-round with long workouts on a daily 
basis.  When I had a chance to choose an organic research group for undergraduate 
research in my senior year, I was interested in the group with the minimum time 
requirements, because I was already heavily obligated with crew practice.  I had the 
opportunity to do research with numerous organic professors who required 12 hours 
per week in the lab.  However, that year the Chemistry Department also allowed one 
inorganic professor to be part of the options for “organic” research, Professor Donald 
F. Gaines, a boron chemist.  Since Professor Gaines required only 10 hours per 
week, I chose his group and that set my course in chemistry!  
 
Dropping into the periodic table at boron was wonderful, I fell in love with chemical 
research through my studies of boron in the Gaines lab and that passion for 
chemical discovery has never ebbed.  After a few weeks in the Gaines lab, I found 
myself spending 24 hours a week in the lab! The original decision to choose the lab 
with the lowest time requirement was completely overturned.  The research was 
fascinating even though it involved a colorless gas I never could see:  pentaborane.  
I learned to handle reactive gases using vacuum line techniques and develop glass 
blowing skills to make the specialized glassware necessary for my studies.  These 
lessons were of lifelong value.  
 
1.2 The Boron Pipeline.  Starting my research in a boron lab had even more 
profound consequences on my career.  Professor Gaines introduced me to 
Professor M. Frederick Hawthorne, a famous boron chemist at UCLA, when he 
visited Wisconsin for a seminar.  As a consequence, I applied to UCLA for graduate 
school and subsequently joined the Hawthorne group for my graduate research.  The 
focus of my research was the synthesis of metallocarboranes.  Four years later, after 



a most enjoyable PhD experience and some sixteen publications, I continued in the 
“boron pipeline.”     
 
One of Professor Hawthorne’s close friends was Dr. Earl L. Muetterties, also a boron 
chemist and the head of research at DuPont.  Dr. Muetterties was moving from 
DuPont to be a professor at Cornell just as I was finishing my PhD and he was 
looking for postdoctoral fellows.  On the basis of Professor Hawthorne’s 
recommendation, I accepted a postdoctoral appointment in the first Muetterties 
research group at Cornell.  Those were the days when students chose graduate 
schools and postdoctoral appointments without visiting, without video interviews, 
and, in my case, without ever meeting the new advisor. 
 
Although Professor Muetterties had made extensive contributions in boron 
chemistry, his choice of research at Cornell was transition metal cluster chemistry.  
Indeed, if he had continued doing boron research at Cornell, I would not have joined 
his group.  The boron pipeline connected me with him, but I wanted postdoctoral 
experience in a new area.   
 
1.3 A Move to Molybdenum.  Professor Muetterties took me into a new part of 
the periodic table.  With four new postdoctoral fellows in his group, Professor 
Muetterties suggested each initiate research in one of the triads of Groups 6, 7, 8 
and 9 of the transition series.  My assignment was Group 6 and my research 
concentrated on the chemistry of molybdenum.  Although I had made cobalt and iron 
metallocarboranes in graduate school, my horizons were broadened by this metal-
focused research.  My project involved the synthesis of molybdenum phosphite 
analogs of molybdenum carbonyls.  It was fascinating to me to do inorganic 
synthesis in a new part of the Periodic Table.   
 
Soon after starting my postdoctoral studies, I started to think about what part of the 
periodic table I wanted to study in my independent research if I was lucky enough to 
secure a faculty position.  I realized I loved to synthesize new molecules and began 
looking around the periodic system for an area that could benefit from an exploratory 
synthetic effort.  
 
1.4 Reaching the Rare Earths.  My choice of independent research area was 
significantly influenced by three young inorganic chemists who had started research 
several years before me and were becoming prominent in their fields.  Professor 
John E. Bercaw at Caltech was doing exciting research in Group 4 transition metal 
chemistry, Dr. Richard R. Schrock at DuPont was doing seminal work on carbene 
complexes of Group 5 metals, and Professor Tobin J. Marks at Northwestern was 
opening up organoactinide chemistry beyond that known for uranocene.  The trend 
was clearly to “go West” in the periodic table for exciting new chemistry.  One set of 
metals that was not being explored in the “western” part of the table was the rare 
earth metals, i.e. scandium, yttrium, and the lanthanides. 
 

2 The Lanthanide Elements 
2.1 A Less-studied Part of the Periodic Table.  I had been intrigued by the 
lanthanide elements since graduate school when I did my oral proposal on these 
metals.  The chemistry of the lanthanides had been largely ignored compared to that 



of the transition metals and actinides.  As I read more about these metals, I found 
out why they had received little attention: the limited radial extension of their 4f 
orbitals.  Unlike any of the other elements in the periodic table, the lanthanides’ 
valence orbitals, the 4f orbitals, do not have a significant radial extension from the 
nucleus beyond the xenon core of electron density present in each lanthanide metal.  
Since their valence orbitals were more core-like, they could not participate in 
covalent bonding and the chemistry was viewed as very limited.  The transition 
metals were obviously more attractive since they had d valence orbitals with good 
overlap for covalent interaction and activation of substrates such as CO, CO2, H2, 
and N2.  The bonding in lanthanide complexes was primarily ionic because overlap 
between the 4f orbitals and ligand orbitals was minimal.  Evidence for this was found 
in the optical spectra and magnetic moments of lanthanide complexes which 
resembled those expected for the “free-ion”, i.e. the spectra and magnetism of a 
given ion were similar from complex to complex regardless of the ligands present.  
Furthermore, there appeared to be little variation in their reactivities with 4fn electron 
configuration.  Ligands and substrates could not easily differentiate a 4f3 ion from a 
4f12 ion because the electrons were inside the xenon core.  The following 1970 
statement by Pimentel and Sprately [1] was frequently cited when describing the 
lanthanides:  “Lanthanum has only one important oxidation state in aqueous solution, 
the +3 state. With few exceptions, this tells the whole boring story about the other 
lanthanides.”  
 
The perceived “limited” chemistry of these metals presented a significant challenge 
to a synthetic chemist since it gave the possibility of overturning the current dogma.  
This seemed like an area in the periodic table that could benefit from exploratory 
synthesis.  Few people had worked in the area and most of the effort had been in 
polar solvents such as water and alcohols.  If new classes of complexes could be 
synthesized, new chemistry could develop.  This was a big “if,” however.   
 
I was excited to work in this part of the periodic table for another reason as I began 
my career as an assistant professor at the University of Chicago.  I had been told 
that to get tenure at Chicago, you had to be the best in the world in your area.  I 
joked that if I was the only one working in this area, I would naturally be the best.  
Although I did get tenure, it was not because of a solo effort.  Unbeknownst to me, 
others were simultaneously finding interest in the lanthanides including Professor 
Richard A. Andersen at UC Berkeley, Professor Herbert Schumann at the Technical 
University of Berlin, and Professor Michael F. Lappert at Sussex  
 
My decision to investigate synthetic lanthanide chemistry was not viewed positively 
by my research advisors.  They, like most other chemists, thought that there was 
little new chemistry to be learned in this part of the periodic table.  Professors 
Hawthorne and Muetterties later told me that they had multiple conversations about 
how to get me my next job, because they were convinced that I would not get tenure 
at Chicago working with the lanthanides.  I am indebted to them for not telling me 
their fears for my career!  I pursued this area without trepidation. 
 
2.2 In a New Part of the Periodic Table with No Prior Experience.  When I 
embarked on my studies of the lanthanides, I knew almost nothing about them.  I 
even had to learn the order of the lanthanide elements in the periodic table!  Given 





and isolation of complexes in which the lanthanide metal is in the low, formal 
oxidation states, +1 and 0.” [5]  
 
I was basically trying to extend the range of metal oxidation states well known in 
other parts of the periodic table to the lanthanides.  Although there is periodicity in 
the range of oxidation states found for metals, there was no periodic basis to assume 
that the lanthanides should have low oxidation states just because other elements 
do.  However, I felt that targeting the synthesis of these low oxidation states could 
lead to new chemistry:  
 
 “Admittedly, this goal was speculative, and we realized that the attainment of 
this particular objective was less important than the development of new lanthanide 
chemistry in the process.” [5] 
 
Part of the basis for these targets arose from examining the gas phase atomic 
spectra of the lanthanides:   
 
 “the atomic spectra of the elements show that in low valence states, the 5d 
orbitals of the lanthanides are close in energy to the 4f levels.  It is possible, 
therefore, that the valence electrons of a low valent lanthanide would possess some 
5d as well as 4f character.  Such an electronic situation would be unique…” [5] 
 
The rationale was to find chemistry that was different from both transition metal 
chemistry and known +3 oxidation state lanthanide chemistry.  The overall synthetic 
goal was summarized thus: 
  
 “The challenge in the lanthanide area, therefore, is to place the lanthanide 
metals in chemical environments which allow exploitation of their chemical 
uniqueness.” [5] 
 
This was a perfect goal for a synthetic inorganic chemist.  This turned out much 
better than I ever could have imagined!  
 
2.4 Metal Vapor Chemistry.  The next periodic trend that influenced my research 
career involved a popular experimental development that swept the periodic table.  
When I was starting my independent research, metal vapor reaction chemistry was 
being explored as a new synthetic technique by a variety of researchers including 
Professor Peter L. Timms at Bristol, Professor M. L. H. Green at Oxford, Dr. Steven 
D. Ittel at DuPont, and Professor Kenneth J. Klabunde at Kansas State University 
[6]. This proved to be an excellent method for making low oxidation state complexes.  
The method was being investigated across the periodic table…..except for the 
lanthanides.  So, we built both static and rotary metal vapor reactors following the 
literature designs shown in Figure 2, and began the search for lanthanide complexes 
with the metal in the zero oxidation state. 



 

Figure 2.  Published diagrams of static (left) and rotary (right) metal vapor reactors 
from reference 6. 
 
Initial studies of reactions between lanthanide metals and unsaturated hydrocarbons 
like alkenes, dienes, alkynes, and toluene produced non-crystalline paramagnetic 
materials that could not be definitively identified.  The only characterization methods 
were elemental analyses and infrared and optical spectroscopy, but these did not 
give us detailed structural information [4,5,7]. This was not a road to tenure.  
However, these materials functioned as hydrogenation catalysts [8,9] and we began 
to pursue the chemistry of lanthanide hydrides.   
 
Although hydrogen had been attached to almost every other element in the periodic 
table, no well-characterized molecular lanthanide hydrides were known.  So we 
decided to use +3 chemistry to deliberately make the first lanthanide hydrides [10].  
Equation 1 shows the initial syntheses.  Exploring the chemistry of lanthanide 
hydrides has continued to be a fruitful area of research even to this day [11].   
 

 
 

2.5 The Good Samarium.  After we made the first lanthanide hydrides by these 
hydrogenolysis reactions, we wondered if hydride complexes were also being formed 
in the metal vapor reactions.  This would explain their ability to catalyze 
hydrogenation reactions.  To test this, we examined the reaction of samarium and 
pentamethylcyclopentadiene to determine if we could isolate a hydride like 
(C5Me5)SmH.  C5Me5 metal chemistry, which had been dormant for years [12], was 
being investigated across the periodic table due to exciting discoveries of Professor 
Bercaw in group 4 [13,14].  Initially, I did not want to jump onto the C5Me5 
bandwagon, because I wanted to do unique chemistry.  However, I was glad I did, 
because the C5Me5 ligand has proved to be exceptionally important in developing 
lanthanide chemistry and this continues into the present day [15].  We used C5Me5 
hoping that the large steric bulk of the ligand would help stabilize the metal hydride in 
the absence of other ligands.  We chose Sm since it had a known +2 oxidation state 



and we had made unusual materials with it starting from unsaturated hydrocarbons 
[7].  
 
The reaction of Sm metal with C5Me5H did not make the (C5Me5)SmH product we 
were targeting.  However, it did provide a reaction product exceptionally important to 
my career.  The reaction generated (C5Me5)2Sm(THF)2 after extraction of the 
reaction residue with THF, eq 2 [16].   
 

 
 
(C5Me5)2Sm(THF)2 proved to be a highly reactive complex that opened up new 
horizons in lanthanide reaction chemistry.  This complex reacted in unusual ways 
with CO, NO, CO2, and unsaturated hydrocarbons, i.e. soft unsaturated substrates 
that were not supposed to react with the ionic lanthanides!   Scheme 1 shows two 
specific examples [17,18].  Reductive coupling of three CO molecules was observed 
in the first reaction and hydrocarbon reduction and CO insertion occurred in the 
second reaction.  This extensive new Sm(II) chemistry along with the trivalent 
hydride chemistry provided the results that formed the basis of a positive tenure 
decision for me at the University of Chicago.   
 

 
 Scheme 1.  Reaction chemistry of (C5Me5)2Sm(THF)2 with CO and 
diphenylacetylene/CO. 
 
Later, after I was recruited to join the faculty at the University of California, Irvine, we 
discovered that (C5Me5)2Sm(THF)2 could be desolvated under high vacuum, eq 3, to 







 
Scheme 3.  Reactivity of Sm(II) with various main group compounds. 
 
(C5Me5)2Sm also also displayed unusual reactions with unsaturated hydrocarbons as 
shown in Scheme 4.  
 



 
Scheme 4.  Reactivity of (C5Me5)2Sm with unsaturated hydrocarbons. 
   
2.7 Zero Valent Complexes.  The dinitrogen and hydride chemistry of the +3 ions 
as well as the Sm(II) chemistry was sufficiently productive that we stopped doing 
metal vapor chemistry.  However, many years later, this area was pursued by 
Professor Geoffrey Cloke at the University of Sussex. Professor Cloke showed that 
our initial ideas on zero valent lanthanides were reasonable, but that we just had not 
used ligands that had enough steric bulk.  Professor Cloke made the first complexes 
of the lanthanides in the zero oxidation state as the sandwich species Ln(C6H3

tBu3)2 
with Ln = Nd, Gd, Tb, Dy, Ho, Er, Lu, eq 5 [34].  In doing so, he achieved one of the 
early goals we had targeted.  We were delighted that this goal was finally reached 
even though it was not accomplished in our laboratory. 
 
 

 
 



2.8 Thulium, Dysprosium, and Neodymium.  Solid state chemists knew for 
years that Tm(II), Dy(II), and Nd(II) could be isolated as bulk solids like LnI2 from 
reactions of the metals with halogens in sealed tantalum vessels at high 
temperatures [35,36].  However, it was generally believed that these Ln(II) were so 
reducing that their compounds would decompose any solvents they would dissolve 
them [22,23].  The existence of Eu(II) and Yb(II) made periodic sense in that these 
ions had half-filled and filled shells, 4f7 and 4f14, respectively, that had quantum 
mechanical stabilization.  Since half-filled is more stabilized than filled, it made sense 
the Yb(II) was more reducing than Eu(II).  The existence of 4f6 Sm(II) and 4f13 Tm(II) 
could be similarly rationalized since they were approaching half-filled and filled 
shells, respectively.  These ions were less stable than the half- and filled-shell 
species and Tm(II) was more reducing than Sm(II).  However, the 4f10 and 4f4 
electron configurations of Dy(II) and Nd(II), respectively, did not follow such a 
periodic pattern. 
 
The myth that Tm(II), Dy(II), and Nd(II) could not exist in isolable molecular 
compounds was overturned by Professor Mikhail Bochkarev in Nizhny Novgorod, 
Russia.  He found conditions under which the molecular species, TmI2(DME)3 [37], 
DyI2(DME)3 [38,39], and NdI2(THF)5 [40], could be isolated and crystallographically 
characterized in collaboration with our group and that of Professor Herbert 
Schumann in Berlin, Scheme 5.   

 
Scheme 5.  Molecular complexes of LnI2 for Ln = Nd, Dy, Tm.  
 
With the isolation of these three additional Ln(II) ions as molecular species, it 
appeared in 2001 that the +2 oxidation state chemistry of the lanthanides was 
complete.  Solution syntheses matched solid state studies which showed that Ln + I2 
reactions made salts for Ln = Eu, Yb, Sm, Tm, Dy, and Nd (in order of decreasing 





this reductive reactivity.  The LaA3/M reaction with A = Cp” gave a La(II) complex, eq 
6 [41], but no N2 reduction; LnA3/M reactions with A = C5Me5, C5Me4H, N(SiMe3)2, 
and aryloxide ligands, gave reduced dinitrogen products, but no isolable Ln(II) 
complexes, eq 7.  
 
We sought to explore more LnA3/M reactions with silylcyclopentadienyl complexes 
like Lappert’s Cp”3Ln species.  To access the bis(silyl) Cp”H precursor, the 
mono(silyl) species, Cp’H (Cp’ = C5H4SiMe3) must be synthesized first.  Graduate 
student Matthew MacDonald cleverly decided to examine Cp’3Ln reduction to save a 
step in ligand synthesis.  This turned out to be a wonderful choice of ligand as 
Cp’3Ln/M reactions allowed us to synthesize crystallographically-characterizable 
molecular complexes of +2 ions of all the other lanthanides except radioactive 
promethium, eq 8 [46,47]!  This could not be accomplished with the larger bis(silyl) 
ligand, Cp”, due to problems of steric crowding:  to date, Cp”3Ln/M reductions have 
only given isolable Ln(II) complexes for the larger metals earlier in the series, Ln = 
La-Pr [41,48].  We also made the first molecular Y(II) complex [49], since Y is similar 
in size to Ho and Er and the +3 chemistry of yttrium is often indistinguishable from 
that of the late lanthanides.    
 

 
 
Hence by 2013, +2 oxidation states were known in molecular species for all the 
lanthanides and yttrium.  These oxidation states were always available in the 
periodic table!  However, no one pressed hard enough experimentally to get them 
since it was generally assumed they were too reducing to isolate [50,51].  A key 
aspect of the experimental discovery was that the syntheses were all initially done at 
–35 °C and completed in less than a minute to avoid decomposition in solution [52].  
These are highly reactive species that would not easily be “uncovered” in 
conventional syntheses and this is why it took so long to identify them.  
 
A second surprise, beyond the fact that complexes of these Ln(II) ions could be 
isolated, was revealed by the density functional theory (DFT) studies by the group of 
our colleague Professor Filipp Furche.  The calculations showed that reduction of the 
4fn Ln(III) Cp’3Ln precursors did not form 4fn+1 Ln(II) ions as previously observed for 
Eu, Yb, Sm, Tm, Dy, and Nd, but the new ions had 4fn5d1 electron configurations 
[46,47,53].  Apparently in the trigonal coordination environment of three Cp’ rings, 
the 5dz2 orbital becomes close in energy to the 4f orbitals such that 4fn5d1 
configurations are the ground state.  Hence, Lappert’s assessment of La(II) as a 5d1 
ion was correct not only for lanthanum, but across the whole series.  This was a 
most pleasing result for me personally since as quoted above, I had mused about a 
d orbital contribution to low oxidation state chemistry of the lanthanides:  “it is 
possible, therefore, that the valence electrons of a low valent lanthanide would 



possess some 5d as well as 4f character.  Such an electronic situation would be 
unique…”[5].  This was realized in the (Cp’3Ln)1− and (Cp”3Ln)1− series. 
 

3 Periodic Properties of Ln(III) vs Ln(II) Rare Earth Ions.   
The rare earth elements are defined as Sc, Y, and the lanthanides.  The most 
commonly described periodic property of the lanthanides is the gradual decrease in 
radial size, i.e. the lanthanide contraction.  Each metal has an ionic radius about 
0.013 Å smaller than the metal preceding it in the periodic table.  For complexes of 
+3 ions, the ionic radii can be used to predict bond distances from one complex to its 
analog with another metal just by considering the difference in ionic radii [54].   
 
Since yttrium is similar in size to Ho and Er, its complexes have structures and 
metrical parameters very similar to those of the late lanthanides.  The chemistry of 
yttrium had been associated with the lanthanides since Birmingham and Wilkinson 
made Cp3Y (Cp = C5H5) along with Cp3Ln complexes of the other lanthanides in 
1954 [55].  Professor Lappert used Y(III) most effectively to model late lanthanide 
chemistry as early as 1973 [56].  NMR studies could be done with complexes of the 
diamagnetic Y(III) and its 100% naturally abundant I = ½ nuclear spin provided 
added structural information.  In contrast, complexes of the similarly-sized Ho(III) and 
Er(III) ions, which had magnetic moments of 10.6 µB and 9.57 µB, were not amenable 
to NMR characterization.  
 
Although yttrium was a valuable mimic of lanthanide chemistry, scandium was not.  It 
often formed complexes of different composition and structure because it was so 
much smaller than the other rare earth elements.  Scandium would be the “23rd” 
lanthanide according to size based on the decrease of about 0.013 Å per element.  
 
The bond distances of yttrium and lanthanide complexes in the +2 oxidation state 
also decrease across the series, but there are two different groups of metals.  The 
distances of the traditional 4fn+1 Ln(II) ions of Sm, Eu, Tm, and Yb decrease following 
the radii of those ions and are 0.1 to 0.2 Å larger than those of their Ln(III) analogs.  
The distances in complexes of new 4fn5d1 Ln(II) ions also decrease across the 
series, but they are within 0.03 to 0.05 Å of the Ln(III) distances and form a different 
series than the traditional ions, Figure 3.    
 





Surprisingly, the Y(II) analogs of the Sc(II) compounds in Scheme 6 are much more 
reactive.  Neither [Y(NR2)3]1−  (R = SiMe3) nor [Y(OAr’)3]1−  ( OAr’=OC6H2

tBu2-2,6-Me-
4) can be isolated under similar conditions.  In contrast, [Ho(NR2)3]1− and [Er(NR2)3]1− 
are isolable [60].  So the periodic similarity of yttrium with the late lanthanides, so 
well-known in +3 chemistry since the early studies of Lappert [56], is not evident in 
the Ln(II) complexes.  Moreover, it seems there are more similarities between Sc(II) 
and the late lanthanides such as Ho(II) and Er(II) than with Y(II).  Since these 
complexes of the new Ln(II) ions have only recently been synthesized, it is too early 
to make long-term conclusions about the periodicity of the Ln(II) chemistry.  This 
shows that elaboration of all the properties of the periodic system is continuing to 
evolve.  
 

4 Expanding into Actinide Chemistry.  
4.1 Exploring 5f Elements due to Sterically Induced Reduction. For many 
years our efforts focused primarily on the rare earth elements because Professor 
Marks and others were adequately exploring the related 5f elements, thorium and 
uranium.  However, a desire to explore more of the periodic table and a reaction 
initiated by (C5Me5)2Sm led us into the actinide series.  The reaction of (C5Me5)2Sm 
with cyclooctatetraene was expected to be a straightforward reaction based on the 
reduction potentials of Sm(II) and C8H8.  However, the reaction provided a big 
surprise when it was found that the components of the byproducts came together to 
make the first tris(pentamethylcyclopentadienyl) complex, (C5Me5)3Sm, eq 9 [61].   
 

  
 
(C5Me5)3M complexes were not supposed to exist since the cone angle of a C5Me5 
ring was estimated to be 142°.  Three of these would exceed 360°.  However, 
(C5Me5)3Sm could be crystallographically identified and the ligands had 120° cone 
angles in this compound.  This large change in cone angle was possible because the 
ligands were located further from the metal than ever observed in C5Me5 complexes 
of Sm:  all 15 Sm−C bonds in (C5Me5)3Sm were about 0.1 Å longer than ever seen 
before!  It was very surprising to be able to synthesize a molecule in which all of the 
metal ligand distances are so much larger than ever previously observed. 
 
The long bond distances in (C5Me5)3Sm had important consequences.  The complex 
was highly reactive since the C5Me5 ligands were not effectively stabilized because 
of the longer M-C distances.  In this complex, C5Me5 does not behave just as a 
stabilizing ancillary ligand:  it is reactive.  (C5Me5)3Sm reacts like an alkyl complex, 
(C5Me5)2Sm(η1-C5Me5) with substrates such as hydrogen, ethylene, THF, CO, 
nitriles, and isocyanates [62].  With other substrates, it functions as a one electron 
reducing agent.  These reactions involved one (C5Me5)1–

 anion delivering an electron 
and forming the C5Me5 radical which was observed as the dimer, (C5Me5)2, Scheme 
7.  Hence, this Sm(III) complex was functioning like a Sm(II) complex.  Since the 
reduction was caused by the steric crowding, we called this sterically induced 





 
(C5Me5)3U allowed us to make even more crowded 
tris(pentamethylcyclopentadienyl) complexes.  We found we could make (C5Me5)3UX 
complexes with conventional f element ligands like X = halide, Scheme 8 [67].  We 
also found that we could make (C5Me5)3UL complexes with L = CO [68] and N2 [69], 
i.e. ligands that were traditionally limited to the transition metals.  The actinide 
research encouraged us to synthesize even more crowded lanthanide complexes 
and examples with two additional ligands, (C5Me5)3LnL2, were isolated with L = 
nitriles and isocyanides, Scheme 8 [70,71].  The pentamethylcyclopentadienyl 
actinide chemistry continues into the present as exemplified by the recent synthesis 
of (C5Me5)3Th [72]. 

 
Scheme 8.  Complexes of (C5Me5)3UX, (C5Me5)3UL, and (C5Me5)3La(CNCMe3)2. 
 

4.2 Sterically Induced Reduction and Bismuth.  To further explore SIR 
chemistry in the periodic table, we sought to synthesize (C5Me5)3Bi.  The rationale 
was that bismuth forms a +3 ion with a size similar to that of the rare earths.  
However, this project was not as productive as the expansion of (C5Me5)3M 
chemistry to the actinides, because bismuth has a higher electronegativity than the 
rare earths and actinides.  Chemistry analogous to that of the f elements does not 
occur for bismuth with cyclopentadienyl ligands because it is in a different part of the 
periodic table.  Periodic properties matter!  However, this study of bismuth drew our 
attention to this under-developed metal, just as the lanthanides were under-studied 
when we started working on them.  We have subsequently explored new bismuth 
chemistry [73,74] and expect there is much more to discover in this part of the 
periodic table. 
 
4.3 Low Valent Actinides Including Transuranics.  Although our initial plans 
did not involve the study of low oxidation state actinide species, our experience with 
(C5Me5)3U primed our interest in the actinide series.  However, when the new +2 
oxidation states of Y, Pr, Gd, Tb, Ho, Er, and Lu were discovered in our laboratory by 
reducing Cp’3Ln complexes (Cp’ = C5H4SiMe3), we did not immediately try reduction 
of the known uranium analog, Cp’3U [75].  We reasoned that uranium had multiple 
higher oxidation states not known with the rare earths and would not necessarily 
have analogous low oxidation state chemistry.  In addition, Cp’3U had been known 
since 1986 [75] and someone must have tried to reduce it.  We eventually attempted 
the reduction of this complex and, to my surprise, we made the first molecular 
complex of U(II), eq 12 [76].  This proved to be isomorphous with the rare earth 
complexes and even had a mixed 5f36d1 electron configuration.  It turned out to be 
analogous to its congener, (Cp’3Nd)1–, another triumph for Mendeleev’s table.  
 





complexes have already been crystallographically characterized [57,81,82].  Hence, 
Ln(I) species should be isolable under some conditions.  It is unclear if half-filled 
shell ions will be favored, e.g. 4f7 Sm(I) or 4f75d1 Eu(I), or if fnd2 configurations will be 
favored, e.g. 4f75d2 for Gd(I).  As described above, a 6d2 ion is known for Th(II) [78].   
 
The unexpected isolation of the +2 ions also raises the question of the possibility of 
isolating more Ln(IV) ions than the three currently known, Ce(IV), Pr(IV), and Tb(IV).  
Looking further west in the periodic table from the rare earths, the existence of 5d1 
La(II) raises the possibility of complexes of a 5d1 Ba(I) ion.  
 
5.2. Dichotomies:  La or Lu Under Y?   Commonly displayed periodic tables 
locate the lanthanide and actinide blocks below the other elements presumably to 
save space.  One of the interesting features of this arrangement is a question of 
which element, La or Lu, should be displayed in group 3 under Sc and Y.  In terms of 
periodic trends in size there are two reasonable answers that give opposite 
conclusions!  
 
(1) La should be under Y since it is most similar in size to barium on the left and  
(2) Lu should be under Y since it is most similar in size to hafnium on the right.   
 
The lanthanides are sometimes called the “inner” transitional elements because they 
form a transition between the alkali and alkaline earth metals to the “regular” 
transition metals that form a bridge to the main group elements.  The developments 
of the +2 oxidation state chemistry of the rare earths described in this paper indicate 
that the lanthanides can be more “transition-metal-like” by adopting electron 
configurations with d orbital character.   
 
Dichotomies are always interesting because they can suggest two different periodic 
trends.  The dual placement of hydrogen in both main group 1 and main group 7 in 
some periodic tables is a good example of that.  Hydrogen is unique since it can act 
like an alkali metal and lose an electron to form a +1 cation and it can act like a 
halide and gain an electron to form a –1 anion.  I expect there are more discoveries 
to be made in lanthanide chemistry from exploiting the dual character of the 
lanthanides as both alkaline earth and early transition metal analogs.   
 
One aspect of this dual nature of the lanthanides involves configurational crossover 
ions [53].  One of the details of the isolation of the (Cp’3Ln)1− ions not mentioned 
above is that two ions, Dy(II) and Nd(II), have 4fn5d1 electron configurations when 
surrounded by three silylcyclopentadienyl rings, but they have 4fn+1 electron 
configurations in other coordination environments.  These configurational crossover 
ions have the capacity to be like ionic lanthanides more similar to the alkaline earths 
or like d1 ions more similar to the early transition metals depending on the ligands.  
Previously, it was not possible to change the ground state of f element ions by 
changing the ligands since the 4f valence orbitals are shielded by the inert gas core.  
Interestingly, U(II) is also a configurational crossover ion like its Nd(II) congener.  
Hence, the Mendeleev periodicity carries over to this special aspect of the M(II) ions 
of the f elements.   
 
The identification of the two configurational crossover ions means that there are 
three classes of Ln(II) ions, i.e. the traditional 4fn+1 ions of Eu(II), Yb(II), Sm(II), and 



Tm(II), the configurational crossover ions of Dy(II) and Nd(II), and the new 4fn5d1 
ions of Pr(II), Gd(II), Tb(II), Ho(II), Er(II), and Lu(II).  The traditional ions are more like 
Ba(II).  The new ions are more like 5d1 Hf(III).  This is not the same dichotomy as H1+ 
and H1–, but it should lead to differences in reactivity depending on the electron 
configuration.  One future development that is likely to occur along these lines is that 
the borderlines between these three groups may change as new ligands 
environments are developed that change the relative stabilities of the 4f and 5d 
orbitals.  High pressure experiments should also cause the crossover [83].  
 

6 Summary.   
The periodic table has guided my entire career in chemistry.  Although my entry into 
the periodic table at boron was random, boron connections and friendships 
developed my interest to become a synthetic inorganic chemist.  Developments in 
early transition metal and actinide chemistry led me to an under-developed part of 
the periodic table, the lanthanides.  The desire to expand newly-found lanthanide 
chemistry took me to the other rare earths, yttrium and scandium, as well as to the 
actinides and bismuth.  Hence, the fascinating system developed long ago by 
Mendeleev and others has been a constant guide in my career in chemistry. 
 
I expect the periodic table to continue to guide us in the future.  I anticipate 
considerable future development of the oxidation state chemistry of the rare earths, 
since they have not been studied as intensively as the other metals in the periodic 
table.  As the new discoveries appear, it seems likely that valuable connections will 
be made with elements in the other parts of the periodic table that will deepen our 
understanding and lead to new perspectives.  Hence the visionary periodic table of 
Mendeleev continues to help us organize chemistry and to aspire to new goals. 
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