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ABSTRACT: Formulating insightful questions and experiments is crucial to the advancement of science. The purpose of this
Perspective is to encourage scientists in all areas of chemistry to ask more “What if?” questions: What if we tried this experiment?
What if we used these conditions? What if that idea is not correct? To stimulate this thinking, a retrospective analysis of a specific
field, in this case rare-earth metal chemistry, is presented that describes the “What if?” questions that could have and should have
been asked earlier based on our current knowledge. The goal is to provide scientists with a historical perspective of discovery that
exemplifies how previous views in chemistry were often narrowed by predominant beliefs in principles that were incorrect. The same
situation is likely to exist today, but we do not realize the limitations! Hopefully, this analysis can be used as a springboard for posing

important “What if?” questions that should be asked right now in every area of chemical research.

B INTRODUCTION

This Perspective was inspired in part by a passage from Advice to
a Young Investigator by Santiago Ramén y Cajal:'
What a wonderful stimulant it would be for the beginner if
his instructor, instead of amazing and dismaying him with
the sublimity of great past achievements, would reveal
instead the origin of each scientific discovery, the series of
errors and missteps that preceded it.

Ramon y Cajal is referring to the fact that young people can be
intimidated by reading the current literature about one amazing
discovery after another because it leads to the expectation that
they, too, should be able to immediately make such discoveries.
However, descriptions of recent breakthroughs do not tell the
whole story. The discoveries are often the result of years of
developments and missteps within that field.

Students will also read review articles on their new research
area that typically cover the advances since the last review article.
This is appropriate, but it also means that a multi-decade analysis
of the development of a field is rarely available. As a result,
younger scientists do not have the perspective to fully appreciate
how many substantial opportunities may currently exist for them
to make new discoveries.

Even for researchers with years of experience, it is worthwhile
to reflect on the bigger picture. It is easy to get so immersed in
the details of a project that the broader “What if?” questions do
not get asked. It is hoped that this Perspective will stimulate both
new and experienced researchers to ask more “What if?”
questions across all disciplines.

Whitesides has pointed out that developing insightful
questions is critical to making new discoveries.” Scientist do
this routinely. However, it is necessary to have a historical
perspective to realize that not only can small challenges to the
status quo be made which will lead to incremental advances, but
major paradigms may also be wrong and should be tested with
the appropriate “What if2” questions.
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The decision to write this Perspective was prompted by the
realization that the students in our research group had no idea
how much progress has been made in rare-earth metal chemistry
since the 1960s, when it was viewed as an uninteresting and
extremely limited area. When W.J.E. (co-author of this paper)
started working in the rare-earth metal area in the 1970s, both
his doctoral and postdoctoral advisors thought he was crazy and
had no future. He was even told by a funding agency to find a
more productive part of the periodic table to explore! Reviews in
the rare-earth metal area do not capture this perspective.

The students in our group also were unaware that many of the
current advances could have been made decades earlier if the
appropriate “What if?” questions had been asked. The goal of
recounting this rare-earth metal history, of course, is to stimulate
the application of the appropriate “What if?” questions to our
current state of knowledge.

We hope that this Perspective will be useful to scientists in all areas
of chemistry; it is not intended just for rare-earth metal chemists.
The lessons that can be gleaned from analyzing this specific set
of rare-earth metal anecdotes are general, and similar stories
exist in other areas. The new “What if?” questions, both in rare-
earth metal chemistry and in other areas, will not be the same as
those in the past. However, researchers in all areas should
consider that knowledge in their area currently may be as
primitive as rare-earth metal chemistry was in 1960. Hence, this
retrospective has the potential to stimulate big ideas in any area
of chemistry.

Note that this is neither a review of rare-earth metal chemistry
nor a chronology of its development. Rather, it is a collection of
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retrospective vignettes describing specific instances when the
appropriate “What if?” questions could have made a big
difference in the development of the field. Also note that the
symbol Ln will be used to represent the 17 rare-earth metals
which are defined as scandium, yttrium, and the lanthanides.

Background on Early Rare-Earth Metal Chemistry:
Boring. The classic quote on the limited nature of rare-earth
metal chemistry comes from Understanding Chemistry by
Pimentel and Spratley in 1971:°

Lanthanum has only one important oxidation state in
aqueous solution, the +3 state. With few exceptions, that
statement tells the whole boring story about the other 14
elements.

The initially reported coordination chemistry of the rare-earth
metals reflected this view. The +3 oxidation state was
predominant, and the 14 elements after La displayed chemistry
similar to that of La.” This similarity arose because the 4f valence
orbitals have a limited radial extension.” Unlike the other
elements in the periodic table, the valence electrons of the
lanthanides do not extend beyond the electron density of the
inert gas core and cannot engage in significant covalent bonding,
as shown in Figure 1.

° w2 4spd ~
(arbitrary units) 3p. 4'3
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Figure 1. Plot of the radial extension of Nd(III) atomic orbitals,® along
with a cartoon of a 4f and 5d orbital extension from the nucleus. The
circles represent the radial extent of the core electron density.

Hence, the number of 4f valence electrons in the 4f" electron
configuration did not affect the reaction chemistry in the
primarily ionic rare-earth metal complexes. This was very
different from transition metal chemistry, in which there are big
differences in chemistry when the electron count is changed by
one. For example, moving from Fe to Co in the metallocene
series changes the stable (CsH;),Fe into the highly reducing
(CsHs),Co.

The main difference in the chemistry of the rare-earth metals
was caused by the decreasing ionic radius of these metals as the
series is traversed from La to Lu, i.e,, the lanthanide contraction,
Figure 2.

The ionic radius of each metal is about 0.015 A smaller than
the previous one.’ This change was so small that the properties

1.216A La <e Pr [Nd Pm ‘Sm Eu Gd [Tb QHO@ 1.032A

Figure 2. Plot of the six-coordinate ionic radius of the rare-earth metals.
Each sphere is drawn to scale relative to each other.®

of adjacent elements were very similar and therefore thought to
be “boring”.

Further evidence of this view was found in the chemistry of
4d°® Y(III), which has an ionic radius similar to that of 4f'°
Ho(I11).° Y(IIT) displays chemistry like Ho(III) since a 4d°
electron configuration is equivalent to a 4f'° configuration
buried in the inert gas core, Figure 1. Furthermore, the small
ionic radius of 3d° Sc(III) would place it 23rd in the series in
Figure 2, assuming a 0.015 A decrease in size per element. As a
result, Sc(I11) often forms complexes with lower coordination
numbers than the other rare-earth metals, but the reaction
chemistry is similar.

The “boring” nature of the rare-earth metals in the early days
also arose because the diversity of known compounds was very
limited. This resulted from the belief outlined in the first vignette
below.

B VIGNETTES ON THE LIMITATIONS OF RARE-EARTH
METAL CHEMISTRY

1. The Belief That Stable Lanthanide Complexes Exist
Only with Anionic Oxygen-Donor-Atom Ligands. The
following quote sums up the situation for rare-earth metal
complexes prior to 1963:

The complex chemistry of the lanthanides has so far been

limited, with rather few exceptions, to ligands containing

anionic oxygen as a donor atom. There was an especial lack

of information about complexes with ligands having

nitrogen as the donor and because of this it has been

often assumed that such compounds are relatively unstable.

It seems unbelievable now, in 2021, that in the 1960s it was
widely believed that lanthanide complexes would only form
stable complexes with oxygen donor atom ligands.”® Even
nitrogen donor ligands were not expected to form stable
complexes! However, as a calibration, it should be noted that in
the 1950s, it was thought that transition metal carbon bonds
were inherently unstable.”

The view that Ln—N bonds were weak was derived from
studies in aqueous solution. In water as a solvent, weak nitrogen
donor ligands did not displace solvated water and strong
nitrogen donor ligands generated enough hydroxide in solution
to precipitate insoluble lanthanide hydroxides."

Simply changing the solvent to ethanol or acetonitrile made it
possible to synthesize lanthanide complexes of nitrogen donor
ligands, i.e., the Ln—N bond is not inherently weak, eq 1M

CH4CN
Ln(NOs); + 4 H;NCH,CHNH, ———>  [Ln(H;NCH,CHoNH INOs]; (1)

The narrow view of solvents in the 1960s is particularly
striking when it is realized that Gilman was examining
lanthanum reactions in Et,O as early as 1945,"> and Wilkinson
used tetrahydrofuran (THF) in 1954 to make the first
cyclopentadienyl rare-earth metal complexes, (CH;);Ln,
where Ln = Sc, Y, La, Ce, Pr, Nd, Sm, and Gd, eq 2.1

.
LnCl, + 3 NaCsHy ———>» %Lnﬂ +3NaCl (2

What if a change in your current research as simple as going from
water to non-aqueous solvent would mimic the advance in 1963 that
overturned the belief that only Ln—0 bonds were stable?

https://doi.org/10.1021/jacs.1c08288
J. Am. Chem. Soc. 2021, 143, 18354—18367


https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
Enzo
Evidenziato

Enzo
Evidenziato

Alessio
Evidenziato


Journal of the American Chemical Society

pubs.acs.org/JACS

2. The Belief That Rare-Earth Metals Are Just +3
Extensions of Alkali and Alkaline-Earth Metals. To
examine the chemistry of the rare-earth metal cyclopenta-
dienides in eq 2, Wilkinson reacted these with FeCl,, eq 3. These

N —

& ,
e 3

+2LnCly @)

=

reactions formed ferrocene and showed that the (C;Hg);Ln
complexes had reaction chemistry like alkali and alkaline-earth
metal complexes such as NaCiH; and Mg(CHy),. "™
Although this was a good comparative reaction, it led to the
view that the rare-earth metals were just +3 versions of the ionic
+1 alkali metals and the +2 alkaline-earth metals. This did not
help improve the popularity of the rare-earth metals. This was a
periodic extension that was reasonable at the time, but proved to
be wrong.

What if a periodic trend in your current research could be
misguiding the whole field?

3. The Belief That Ln—C Single Bonds Are Unstable.
After his 1954 communication on the reaction in eq 2, Wilkinson
published a full paper on (CsH;);Ln complexes that added Dy,
Er, and Yb to the list of examples.'* The first sentence of that
paper stated the following view on the instability of Ln—C alkyl
and aryl bonds:

It seems fairly certain that alkyl and aryl derivatives of

scandium, yttrium, lanthanum and the rare earth elements

either do not exist or have an existence so transitory that
they cannot be isolated.

In retrospect, we know that an extensive selection of rare-
earth metal alkyl and aryl complexes, both homoleptic, LnR;,"
and heteroleptic, (CsRs),LnR'® (R = alkyl, aryl), can be
synthesized and crystallographically characterized.'” However,
in the 1950s this was not thought possible. In support of this
view, a 1955 review by F. A. Cotton discounted the few previous
claims of organometallic rare-earth metal complexes.'®

What if a generalization in your current research, such as you
cannot synthesize a certain type of element—element bond, is not
accurate and when this is overturned, it could lead to an entire new
field of chemistry?

4. The Belief That Organometallic Rare-Earth Metal
Chemistry Was Limited Primarily to the Smaller Metals,
Sm—Lu. Most of the early contributions to organometallic rare-
earth metal chemistry supported this belief even though
Wilkinson had made (C¢H;),Ln complexes from La to Yb via
eq 2."%"* Several examples are detailed here.

[(CsH5),LnCl],, Ln = Sm—Lu. Nine years after Wilkinson’s
report of the (CsHs);Ln complexes in 1954, eq 2, compounds
formulated as [ (CsH;),LnCl],, eq 4, were published by a group

2LNnCl3 + 4 NaCsHs f / \ E
Ln = Sm, Gd, Dy, Ho, Er, Yb, Lu %

at the Ethyl Corporation in Detroit in search of a better octane
booster than tetraethyllead.'” However, this paper reported
results only for the later lanthanides, Ln = Sm, Gd, Dy, Ho, Er,
Yb, and Lu.

+4 NaCl (4)

(CsH5)LnCly(THF)3, Ln = Sm—Lu. A subsequent paper was
published by the Ethyl Corporation group in the same year on
compounds formulated as (CsH;)LnCL (THF),, again for the
smaller lanthanides, Ln = Sm, Eu, Gd, Dy, Ho, Er, Yb, and Lu, eq
5.%° In this paper the authors wrote:

THF THF,, | . wCl

—_—— ‘Ln? + NacCl (5)
cY | VTHF
Ln = Sm, Gd, Dy, Ho, Er, Yb, Lu THF

LnCl; + NaCsHs

Although the cyclopentadienyl dichlorides of the lanthanides

from samarium to lutetium are readily prepared, all

attempts to isolate similar complexes with lanthanum,
praseodymium, and neodymium have failed. This same
behavior of the lanthanide series was encountered with the
lower lanthanides during the preparation of the dicyclo-
pentadienyllanthanide chlorides. As suggested then, the
lanthanide contraction may be playing some subtle role in
defining the stability of the mixed cyclopentadienyl chloride
derivatives. Such a behavior is not present with the
tricyclopentadienyllanthanides, as all members of the series
readily yield this complex. As yet, a thorough explanation
for these observations cannot be offered.

These papers led to the belief that certain classes of

organometallic complexes were not accessible for the larger

early lanthanides.

[Li(THF) J[Ln(C4H;Me,-2,6),], Ln = Lu Only. This focus on
the smaller lanthanides persisted in 1972, when Hart and
Hursthouse published the first X-ray crystal structure of a
complex containing a Ln C single bond in [Li(THF),][Lu-
(C¢H;Me,-2,6),], eq 6.”" Only the Lu complex was isolated, and
the authors reported that:

Our attempts to prepare analogous compounds of lighter

lanthanides have so far failed.

[Li(THF)4] [

THF
-78°C

LuCl; + 4 LiCgH;Me,-2,6 ———> ity +3LiCl (6)

(CsHs),LnR, Ln = Gd—Yb. The suggestion that organometallic
complexes of the larger early lanthanides could not be prepared
was reiterated in 1975 in a paper by Tsutsui on “(CsH;),LnMe”
and “(CgH;),LnPh” complexes of Ln = Gd, Er, and Yb, and
“(C¢Hg),Ln(C=CPh)” complexes of Ln = Gd, Ho, Er, and Yb,

22
eq7.

(CsHs),LnCl + LIR —— >  (CsHs)LnR + LiCl (7)

R=C=CPh
Ln=Gd, Ho, Er, Yb

R = Me, Ph
Ln = Gd, Er, Yb

The authors wrote:

https://doi.org/10.1021/jacs.1c08288
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It has been suggested that the size of the lanthanides
influenced the success or failure of a particular reaction.
Smaller (heavier) lanthanides seem to favor o-bond
formation as attempts to prepare 2,6-dimethylphenyl
derivatives for lanthanides larger than Yb have been
unsuccessful. It was also noted that cyclopentadienyl-
lanthanides chlorides could not be prepared with elements
larger than samarium. This was attributed to some subtle
effect of the lanthanide contraction.

As late as 1982, the large early metals, La—Nd, were not
viewed as being favorable candidates for forming stable
complexes.”” Hence, throughout the 28 years after Wilkinson
reported the (CsH;);Ln complexes, eq 2, it was incorrectly
believed that the larger lanthanides would not form other classes
of complexes analogous to their smaller analogs! No one asked
the appropriate questions about how early rare-earth metal
complexes could be stabilized.

What if in your research area there are twice as many substances
available for successful research, but the current view is that half
aren’t viable for some reason?

Recognizing the Importance of Steric Saturation. With the
benefit of hindsight, the limitation of the organometallic
chemistry in eqs 4—7 to the later smaller lanthanides, Sm—Lu,
was an issue of steric saturation. We now know that complexes
can be made for all the lanthanides regardless of the size of the
metal if the steric bulk of the li§and set is large enough to
sterically saturate the metal center.”” The lanthanide contraction
was involved, because it was easier to sterically saturate the
smaller, later metals with the ligands that were being used at that
time.

The importance of steric saturation was realized when the
pentamethylcyclopentadienyl ligand was introduced to rare-
earth metal chemistry. The C;Me; ligand was initiallgr used in
organometallic chemistry by R. B. King in 1966, but this
ligand did not become popular, possibly because it had to be
synthesized rather than purchased. In 1971, Brintzinger and
Bercaw employed CsMeg to overcome problems previously
encountered with the C—H activation chemistry of “titanocene”,
i.e.,, “(CsHs),Ti”.”” The early transition metal chemistry of the
C;Me; ligand flourished in the Bercaw lab during the 1970s***’
with the discovery of molecules like (C;Me;),(N,)Zr—N=N-—
Zr(N,)(CsMe),.*" Later, the ligand was introduced to the
actinides when the Bercaw Ph.D. student Juan Manriquez began
postdoctoral study in the Marks group.”’ Several groups
subsequently made the first CsMe; complexes of the rare-earth
metals in the early 1980s.%*~*"

The C;Me; ligand allowed heteroleptic bis(cyclopentadienyl)
complexes, [(CsMe;),LnA], (A = anionic ligand), to be
synthesized across the lanthanide series. This provided the
data that led to an analysis of rare-earth metal chemistry based
on steric saturation which continues to be used to this day.** For
example, the [(CsH;),Ln(u-Cl)], complexes in eq 4 were not
isolated with the large metals like La because these formally
eight-coordinate ionic complexes were unstable with respect to
ligand redistribution. This combination of metals and ligands
forms the more sterically saturated nine-coordinate (CsH;);Ln
and LnCl,, which is nine-coordinate in the solid state, eq 8.”

—12 NaCl
6 LnCl; + 12 NaCsHs ——>

" 3 [(CsHs)oLn(~Cl)2 "
— > 2LnCl3 +4 (CsHs)sLn (8)

[(CsMe;),LnA], complexes did not engage in this ligand
redistribution because the analogous product, (CsMes);Ln, is so

sterically oversaturated that it does not form by ligand
redistribution. In fact, it is difficult to synthesize (C;Mes);Ln
complexes in general.’® The increased size of C;Meg provided
steric saturation to the early metals such that heteroleptic
[(CsMeg),LnA], complexes could be isolated for all the
lanthanides, La through Lu. These compounds proved to be
very useful for developing productive Ln—C and Ln—H
reactivity through compounds like [(C;Mes),LnR], (R =
alkyl, aryl) and [(CsMe;),LnH],." "’

Since the C;Mes ligand was available as early as 1960 and
both the Ethyl Corporation and Tsutsui groups recognized that
the lanthanide contraction was important, asking the “What if2?”
question of using a larger cyclopentadienyl ligand with larger
metals would have led to a breakthrough 20 years earlier. In fact,
Tsutsui had investigated the indenyl ligand, a larger cyclo-
pentadienyl ligand with a benzo substituent, in 1968 and
synthesized the tris(cyclopentadienyl) species, (CoH,);Ln, of
Ln = La, Sm, Gd, Tb, Dy, and Yb.** However, this larger
cyclopentadienyl was not used to make bis(cyclopentadienyl)
halides, alkyls, and hydrides.

What if the introduction of just one ligand could completely erase
a long-held concept that was incorrect?

5. The Belief That Rare-Earth Metal Redox Chemistry
Was Limited to One-Electron Reactions. Although it
became established by 1985 that all of the lanthanides were
available for organometallic reaction chemistry,”””” rare-earth
metal chemistry was still viewed as very limited. The following
paragraph in a prominent organometallic textbook of the time
showed the narrow view of rare-earth metal chemistry in 1987:*°

The organometallic chemistry of the f-block elements
(lanthanides and actinides) is not discussed. Although the
high ionic character, oxophilic character, high coordination
number, and coordinative unsaturation of these f-block
metals has given rise to distinctive complexes and
reactivity—especially in insertion reactions—these elements
lack the variable oxidation states, backbonding ability, and
orbital extension which are crucial to reactivity of d-block
transition metals.

The “lack of variable oxidation states” referred to the fact that
the only rare-earth metal ions accessible in molecular complexes
useful for reaction chemistry beyond the stable Ln(III) ions
were Eu(Il), Yb(II), Sm(II), and Ce(IV). This meant that there
were only four redox couples in rare-earth metal chemistry and
all were only one-electron couples. Since much of the power of
transition metal-based catalysis comes from two-electron
oxidative addition/reductive elimination combinations, the
application of rare-earth metal complexes to catalysis looked
very limited.

In addition, the two most accessible +2 rare-earth metal ions,
Eu(1I) and Yb(II), were not strong reductants, with generic
Ln(IIT)/Ln(1I) reduction potentials of —0.35 and —1.15 V vs
SHE, respectively.“’42 The more reducing Sm(II) (—1.55V vs
SHE) was considered a difficult element with which to do
research prior to 1982, since it was the largest lanthanide that
gave isolable organometallic complexes from eqs 4-—7.
Samarium complexes were believed to be on the borderline of
being unstable species.

The advent of the C;Me; ligand helped develop the reaction
chemistry of +2 rare-earth metal jons. Efforts to synthesize
complexes of lanthanides in oxidation state zero by metal vapor
chemistry,%_45 i.e,, the reaction of elemental metal vapor, Ln,
with neutral ligands, L, to form LnL, (:omplexesfm’47 led to the
reaction of Sm metal with CsMegH, eq 9.

https://doi.org/10.1021/jacs.1c08288
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THF THF
Sm+2HC;Me; —>» —» Sm (9)

This provided the soluble Sm(II) organometallic species,
(CsMes),Sm(THF),,** that expanded rare-earth reduction
chemistry considerably due to its combination of solubility
and significant reducing power. This complex reacted with
CO," olefins,” and alkynes,”" Scheme 1, all of which were
previously thought to be too soft to react with the very ionic,
hard, rare-earth metals.

Scheme 1. Reactions of (CsMe;),Sm(THF), with CO and

Unsaturated Hydrocarbons
S Sm(CsMes), o
i et
Z ‘0 @
// (.[/ _<C—O,,,

ol CJ@?

((IsMes)szj:’
0— SM(THF)(C5Mes),

(CsMeg)(THF)Sm—0,

E 5 “NTHF
Pnczy

z" Sm-o\cu
\Q \C = ﬁ, / m

(CsMe;),Sm(THF), was initially discovered by metal vapor
methods rather than by ionic metathesis from KCsMe; and
Sml,*” because Sml, was not yet known as a common reagent in
1981. The metallocene was subsequently made from Sml,,*’
and now SmIZ is a common reagent in organic synthesis
laboratories.”*

It was subsequently found that (C;Me;),Sm(THF), could be
desolvated to form decamethylsamarocene (CsMe;),Sm,” eq
10. Surprisingly, this complex was bent, in contrast to the neutral

& E TS

+2 transition metallocenes like ferrocene that have parallel rings,
eq 3. (CsMes),Sm was more reactive than (C;Mes),Sm(THF),
and showed that rare-earth metal complexes could even react
with dinitrogen,56 eq 10, another soft substrate that was thought
to have no chemistry with these hard ionic metal ions.

Many unusual reactions subsequently were found with
(CsMes),Sm, Scheme 2”7’ The reactions of (CsMes),Sm-
(THF), and (CsMes),Sm disproved the myths in the paragraph
from the organometallic textbook™ at the beginning of this
section. These reactions demonstrated that the lanthanides
could accomplish unusual activation of small molecules and

(10)

——

Scheme 2. Unusual Reactions with (C;Mes),Sm

i : .\\\BI ”//, 5 ;

2 BlPh;

- 2 Ph-Ph
-2 (CsMes),SmPh

+*
<&

PhCH=CHPh

could accomplish two-electron reduction chemistry even though
only one-electron redox couples were available.

As this chemistry expanded, it became clear that the
appropriate stoichiometry for reactions of these one-electron
reductants with substrates was 2:1. In retrospect, this type of
chemistry makes sense, as the one-electron reduction of a
substrate forms a radical. This radical species will try to spin pair
by dimerizing or reacting with another source of one electron.
Since the Sm(II) reagent is a source of an electron, this leads to
bimetallic complexes with the substrate activated by a two-
electron reduction.

What if simply changing the reaction stoichiometry from 1:1 to
2:1 could overcome generalizations believed to limit the development
of your field?

6. The Belief That the Lack of Backbonding Prevents
Reactivity with Unsaturated Small Molecules. The rare-
earth metal-based activation of CO, N,, and unsaturated
hydrocarbons in Schemes 1 and 2 showed that the other
limitation described in the 1987 organometallics textbook,*°
namely lack of “backbonding ability and orbital extension”, was,
in fact, not a limitation “crucial to reactivity” if reductive
chemistry was involved. It was well established in transition
metal chemistry that backbonding via the Chatt— Dewar—
Duncanson model was important for binding substrates.”” This
backbonding was not expected to be possible with the ionic rare-
earth metals due to the limited radial extension of the 4f orbitals,
Figure 1.

However, the ionic rare-earth metals do function as Lewis
acids that can interact with small molecules and can facilitate
reduction by Ln(II) ions. Once the small molecules are activated
by reduction, they are converted into dianions by another
equivalent of the previously denigrated one-electron reductants.
These reduced-substrate dianions are now in the presence of
Ln(III) ions that can trap and stabilize them via strong
electrostatic interactions. Many unusual activations and unusual
structures were isolated by this route.*”*%*¢~%

The statement about the lack of “variable oxidation states,
backbonding ability, and orbital extension”*’ was not incorrect.
This is an accurate assessment. However, the assumption that
these metals did not have interesting organometallic chemistry
because they were not like transition metals was the wrong
conclusion. In general, different is not bad. In this case, it just
meant that small-molecule activation reactions would occur in a

https://doi.org/10.1021/jacs.1c08288
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different way, i.e., through reduced substrate anionic inter-
mediates.

What if simply changing the charge on one component of your
reaction system, e.g,, from a neutral ligand to an anion, could lead to
new opportunities for reaction chemistry?

7. The Belief That Only Eu(ll), Yb(ll), and Sm(ll) Would
Form Molecular Complexes of Ln(ll) lons. Examples of
Eu(II), Yb(II), and Sm(II) complexes were discovered as early
as 1906.°7°* They were all reductants since their Ln(III) ions
were more stable. Their existence was rationalized based on the
quantum mechanical stabilization of half-filled and filled 4f
shells. Complexes of the 4f” Eu(II) ion were more stable, i.e., less
reducing, than those of 4f'* Yb(II), as shown by their generic
—0.35 and —1.15 V vs SHE reduction potentials, respec-
tively.*"** The 4f° Sm(II) ion (—1.55 V vs SHE) was the most
reactive since its configuration was only approaching a half-filled
shell. The next most likely Ln(II) ion to exist, 4> Tm(II), had
an estimated reduction potential of —2.3 V,*** which was
thought to be too reducing to exist in any solvent. All other
lanthanides had estimated Ln(III)/Ln(1I) reduction potentials
more negative than —2.7 V and were assumed to be inaccessible
in solution,**>%*

However, through solid-state studies, Nd(II) was identified in
1959,°* Tm(II) in 1960,°° and Dy(1l) in 1966.°° These +2 ions
were identified in metal dihalides, LnX, (X = halide), that were
synthesized under solvent-free conditions, typically from the
metal and iodine in sealed tantalum vessels at high temperature,
eq 11. Lnl, compounds could be made for the other lanthanides

L)), ~——— Lntl, —> (Ln*)()gle) (1)

Ln =Nd, Sm, Eu,
Dy, Tm, Yb

Ln =La, Ce, Pr, Gd,
Tb, Ho, Er, Lu

as well, such as La, Ce, Pr, and Gd, but in these cases the
compounds were not the salt-like Ln**(I7), compounds of Tm,
Dy, and Nd but instead black, metallic, or semiconducting
Ln(III) compounds (Ln*")(I7),(e”), with an electron delo-
calized in the lattice.”°® It was assumed that the lattice electron
was in a band formed by the Sd orbitals since the 4f orbitals had
too little radial extension to form a delocalized band structure.
Hence, even under the extreme reducing conditions of eq 11,
Ln(II) ions would not form for the other metals. Although
Tm(II), Dy(II), and Nd(II) were known in the solid state, their
very negative calculated reduction potentials suggested that
extension of their chemistry to soluble molecular species was not
possible since these ions would react with solvents. Attempts to
make these species in solution were consistent with this view,
and only fleeting intense colors from transient species were
observed.””~7* Claims of Tm(II) being stable in THF were
made as early as 1983,”%7* but were not substantiated by X-ray
crystallography.

In 1991, Cloke reported a Sc(II) complex obtained by
decomposition of a zero-valent Sc(0) complex made by metal
vapor methods, eq 12.”° In 1996—1998, Sc(I) and Sc(II)

‘Bu,
'Bu QIUH By
Bu® 'Buf wH
= i 'Bu : se L(:n, (12)
N [ /
By Bu “.\C{”\Me
Me

‘Bu,

‘Bu '‘Bu

'Bu

complexes were reported from metal vapor syntheses, eq 13,7
X-ray crystal structures were reported for the Sc(0) and Sc(I)
complexes, but not for the Sc(II) complex.”’

. | p>/gj->>/‘su

>

P @ P sc
>—< 'Bu
196 °C BuT | Teu 7 _P>
sc+'Buc=Pp ——» sc + P, 'Bu (13)
t-Bu 1 »p
TASG |
2 P Sc
_ 'Bu
'‘BuU /P

These results should have prompted rare-earth metal chemists
to study more oxidation states. Indeed, the early results of Cloke
on the formally Ln(0) complexes, Ln(arene),, eq 14,”*”" made

Bu
Ln+ /@\ —_— ey (14)
N\
Bu Bu 'Bu@

by metal vapor chemistry should have provided the stimulus.
This did not happen, perhaps because these low oxidation state
complexes were made by metal vapor methods and viewed as
some exotic trapped species not accessible by solution synthetic
methods. In this sense, these compounds were like the unusual
species observed in gas-phase studies and cryogenic co-
condensations in liquid helium and appeared to be accessible
only with highly specialized vacuum equipment.

Earlier unsubstantiated reports of possible Ce(I1)* and
Nd(11)*"** complexes stimulated Lappert to try reductions of
Cp”;Ln with Ln = Ce and Nd in 1995 [Cp” = C;H;(SiMe,),].
These reactions formed methoxide complexes, eq 15, by C—O

SiMe; SiMe; Me;Si

SiMey
MeSi U
28 MeOCH;CH;OMe ~ MesSi

2 n—f) /T TN e

MesSi _— Ln: L
— CHy=CH, Me, Si S~o—" SiMey
SiMes i
SiMes

SiMes MesSi

(15)

Ln = Ce, Nd

cleavage of the dimethoxyethane (DME) solvent.*> He
attributed this to a Ln(II) intermediate that could not be
isolated. This was consistent with the earlier view that Ln(II)
ions other than Eu, Yb, and Sm would decompose solvents.

In 1997—1998, Lappert reported EPR evidence for La(11)**
and a [K(18-crown-6)(C¢Hy),][(Cp™,La),(CsHy)] (Cp™ =
Cy'Bu,H;) complex™ that could be formulated as a La(II)
(C¢Hs)™ species. However, there was ambiguity in the oxidation
state assignment because the complex could also be a La(III)
complex of a benzene trianion.

At this same time, Bochkarev was also thinking about Ln(II)
complexes beyond Eu, Yb, and Sm, but he was focused on the
Tm, Dy, and Nd examples known in the solid state.52¢7% 1n
1997, Bochkarev synthesized Tml, from Tm and I, in
dimethoxyethane, but he was not able to crystallize it. He
asked our group to collaborate to get crystals. We agreed,
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although we were skeptical that Bochkarev had made the
compounds because we believed it was not possible. Bochkarev
sent us samples, but they did not diffract and we were not
surprised. However, when we made a fresh batch and tried
recrystallization, much to our amazement, single crystals of
TmL,(DME), were isolated, eq 16.5¢

MeOCH,CH,0Me o

Tm+1, \o/ ’\OJ
|

Bochkarev subsequently made Dyl, and NdI, directly from
the elements,”” and crystallographic confirmation of molecular
Ln(II) complexes of Dy(II) and Nd(II) was obtained on
Dyl,(DME),*® and NdI,(THF);."” Even though these
complexes decompose in minutes in THF at room temperature,
which is consistent with earlier views on these Ln(II) ions, they
were soluble, isolable, molecular species with solution chemistry
that could be pursued at low temperature.

In retrospect, as early as 1959,%* the existence of these Tm(II),
Dy(11), and Nd(II) oxidation states in solid-state materials
should have been pursued more vigorously by the molecular
community. Clearly the solid-state systems had lessons for the
molecular chemists that were not heeded. The fact that these
oxidation states existed in a crystal field of halides in the solid
state should have been taken as a lead to find other crystal fields
that would stabilize them in molecular species.

What if that there are twice as many oxidation states available as
you currently use in your chemistry? Imagine that the exotic species
formed in the gas phase, in the solid state, in biological matrices, in
nanoparticles, under high pressure, or in some extreme environments
could also be accessible in solution with the right “What if?”
experiment.

8. The Belief That Only Eu(ll), Yb(ll), Sm(ll), Tm(ll),
Dy(ll), and Nd(Il) Would Form Molecular Complexes of
Ln(ll) lons. By 2001, following the Bochkarev breakthroughs, it
was established by X-ray crystallography that six members of the
rare-earth metal series could form soluble molecular complexes
containing Ln(II) ions.””*’! At this point the molecular
chemistry was fully consistent with the solid-state chemistry in
this regard. Lnl, compounds of Eu, Yb, Sm, Tm, Dy, and Nd
were salt-like (Ln®>*)(I"), compounds, whereas the Lnl,
compounds of the other metals existed as trivalent species,
(Ln**)(17),(e”) species with the (e”) in a delocalized band
originating from 5d orbitals, eq 11.

A convergence of several studies overcame the belief that
there were only six Ln(II) ions available in solution as detailed in
the following sections.

A La(ll) Complex. In 2008, 13 years after his first attempt to
make Ce(II) and Nd(II) compounds, Lappert published the X-
ray crystal structure of a complex that was clearly an isolable
La(II) species, eq 17.”% However, the structure of the La(II)

SiMey SiMes

SiMey K SiMes
i 2.2.2-cryptand
MesSi iy Me;Si
-

La \a )

Me;Si / MeSi

SiMe, SiMey

complex was unusual in that the bond distances were very similar
to those of the La(IIl) precursor, Cp”;La. All previous data on

Ln(II) complexes showed bond distances for Ln(II) complexes
that were 0.1-0.2 A larger than their Ln(III) analogs,93 a
situation that followed their ionic radii.’

Lappert explained this discrepancy by that fact that La was at
the beginning of the lanthanide series, where the 5d and 4f
orbitals were similar in energy, such that La(II) was 5d' not
4f1.°% He also reported a Ce(II) analog, but this co-crystallized
with a Cp”;Ce complex that had similar bond distances.

The 2008 Lappert report was a major breakthrough, but
extensions to the rest of the series were not immediately
reported. Perhaps this was because it was thought that this was
possible only with the metals at the beginning of the series. It is
also possible that other metals were investigated, but did not
crystallize,” or that other research groups, in deference to
Professor Lappert, did not want to duplicate research already in
progress in his laboratory.

What if an odd result in your area of chemistry that does not quite
fit with the norm is the harbinger of a major new development in the
field?

Reduced Dinitrogen Chemistry. Information on Ln(II)
oxidation states beyond Eu, Yb, Sm, Tm, Dy, and Nd was also
collected from reactivity studies involving the reduction of
dinitrogen. Although the recently discovered Tml,*® Dyl,,*
and NdL"*’ did not reduce N,, addition of certain anionic
ligands, A, to the diiodide complexes under N, led to

[A,(THF),Ln],N, complexes containing (N=N)>" ions, eq
189596

THF THF, A
N N
2Lnl, +4KA ——2 » A\\\“..>Ln-"“\“ “‘/ Ry (18)
\
A N THF,

Ln =Nd, Dy, Tm
A = C5Hs(SiMe;),, N(SiMe;),, OCgH;'Bu,-2,6; x =0, 1

Subsequently, it was found that these reduced dinitrogen
Ln, (u-n*:1*-N,) complexes could be made by reduction of LnA;
complexes without the difficult requirement of isolating Lnl,
starting materials, as shown for Tm in eq 19.”

THF THF. N(SiMe;),
N, \ \\\\\ wNy,, &S
2 Tm[N(SiMe;);]; +2K ——————» (Me;Sl)zN\“";m\ /VTmi—N(SIMEJ), (19)
(Me; Si),N N THF

These results suggested that not only Tm(II), Dy(II), and
Nd(II) chemistry, but also lanthanide-based dinitrogen
activation discovered in 1988 with Sm (II), eq 10, could
have been accessed decades earlier in 1973 if the makers of the
Ln[N(SiMe;),]; complexes”® had just tried to generate Tm(II),
Dy(1I), or Nd(II) complexes by reducing their trivalent
compounds under N,.

However, the belief that these ions were not accessible in
solution was perhaps too strong such that these “What if?”
reactions were never done. It is also possible that reductions
were done, but because the intense colors of Ln(II) did not
persist, it was assumed that decomposition had occurred, and
the reactions were not pursued further. Indeed, if someone had
investigated these reactions, they probably made the first rare-
earth metal complexes of the (N=N)" ligand, and these could
have been isolated in 1973!

What if new classes of complexes or new reaction types could be
discovered in your area of chemistry if you just investigated why a
reaction did not go as planned based on a fading color?

https://doi.org/10.1021/jacs.1c08288
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LnAsy/M Reactions. Although the Tm[N(SiMe;),];/K siMe, . Messi
reaction in eq 19 gave a reduced dinitrogen (N=N)?~ product, @ KCa 0(\ ﬁ sibtes
the intense color of Tm(II) expected to be the active species was y R [ N v
not observed. To probe the intermediacy of Ln(II), reactions % e
Me,Si

with other rare-earth metals that had no known +2 oxidation
states, i.e., Y, Gd, Tb, Ho, Er, and Lu, were tried and found to
form similar Ln, (u-17*:7*-N,) complexes with a variety of anionic
ligands, A, eq 2077297105

THF

THE A
2LnA;+2M N2 \ oM, S 20
nA, o A\\\n‘/ \/V ——A (20)
A THF

Ln = Sc, Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Lu
A = CsMeg, CsMe4H, N(SiMe3),, OC¢H5'Bu,-2,6, CsH5'Bu,

The 2004 paper on these reactions stated that if Ln(II)
intermediates were involved, this was the first evidence of Y(II),
Gd(II), Th(II), Ho(II), Er(1I), and Lu(11).”” However, it was
not believed that they could exist in solution due to their very
negative Ln(III)/Ln(II) reduction potentialsf”’42 Hence, the
mechanism of N, reduction was unknown, and reactions by
combinations like GA[N(SiMe;),];/K were a mystery, since the
Gd(IIT)/Gd(II) 4f to 4f° reduction potential was calculated to
be —3.9 V vs SHE*"** and K had a generic redox potential of
only —2.9 V vs SHE.'**'%’

Investigations of the LnA;/K/N, chemistry continued and led
to the first examples of complexes of the radical trianion, (N,)*",
eq 21."9%"% Investigation of the reactivity of the (N,)*~ ligand
led to the first isolation of the (NO)?~ radical dianion, eq 22.'%

THF. N(SiMes), KCs [k(THF) | THE N(SiMe;);
o S F ' ! woNy,
(MeaSiN"™ L"\ Ln—=aN(SiMe;); - (Mc,Sl);N'-""/ n Lri—=N(SiMes); (21)
N \
(Me;Si);N N THE (Me3Si):N THF
Ln =Y, La, Gd, Tb, Dy, Lu
. THE, N(SiMe,)
e - 1.5NO 2 3l
(Me, Si)N- N(SiMe,), toluens P — 7
e Si),Nm=Ln 0 " LN  SiMes), (22)
THF —¥. N(SiMe,), - 0:/
\ (Me Si),N THF
(MesSi),N THF

+ other products

Despite decades of research on reduction of dinitrogen and
nitric oxides in bioinorganic, catalytic, and industrial chemistry,
these ions were never observed in isolated complexes. The
identification of these simple diatomic radical anions was
probably possible because of the ionic nature of the rare-earth
metal complexes: this did not allow the trapped radical to
communicate with the external environment and spin pair.
Hence, this ionic nature of the rare-earth metal ions, originally
viewed as a limitation, proved to offer new opportunities in
small-molecule activation.

What if one of the main limitations in the chemistry you presently
study is actually the basis for a major breakthrough in another area?

Evidence for Ln(II) intermediates in the N, reduction in eq
20 was not obtained until 2011, when the first EPR spectrum of
Y(II) was obtained from a Y[N(SiMe;),];/K reduction under
argon.''” In that same year, the first molecular complex of Y(II),

[K(18-crown-6)][(C; H451Me3) 3Y], was crystallographically
characterized, eq 23.""

This synthesis was published as a stand-alone result because
the authors did not anticipate that there would be analogous
chemistry with other lanthanides. When analo§ous chemistry
was found for Er(II) and Ho(II) in 2012,'"* this too was
published on its own, because again it was not anticipated that

18361

(4 ﬁ

this reaction chemistry would apply to the whole lanthanide
series. However, in 2013, it was found that these
(CsH,SiMe;);Ln/K reactions would make molecular Ln(II)
complexes for all the rest of the lanthanides, eq 24.""*

[K(chelate)] SiMe
Me,Si Me,Si E}

SiMe,
Me;Si

SiMe;

<

SIMB;

KCy

chela(e

Ln (24)

SiMe;

Ln =Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu
chelate = 18-crown-6, 2.2.2-cryptand

The isolation of Ln(II) complexes across the lanthanide series
via potassium reduction was surprising because the estimated
Ln(II1)/Ln(11) redox potentials for 4f' to 4f"*! reac-
tions* ! *!1° were more negative than the generic value of
—2.9 V (vs SHE) for potassium. The new reductions were
possible because the redox reaction involved a 4f' to 4f'Sd'
reduction based on structural, spectroscopic, magnetic, and
theoretical analyses. Recently, the Ln(III)/Ln(II) reduction
potentials for the entire series of (CsH,SiMe;);Ln complexes
have been determined experimentally via electrochemistry'*'
and are between —2.55 and —2.74 V (vs SHE) for the 4'5d"
Ln(II) complexes, which is well within the range for potassium
reduction (—2.9 V vs SHE). Hence, the very reasonably
calculated Ln(II1)/Ln(II) redox potentials that had been used as
a guide to Ln(II) chemistry with Eu, Yb, Sm, Tm, Dy, and Nd
were calculated for the “wrong” redox reaction for the other
lanthanide metals.*"*>" %13

The possibility of a 4f" to 4f'Sd"' reduction was actually
foreshadowed by the solid-state Lnl, chemistry."%> As
described above, Lnl, complexes were known for the entire
series, but only Eu, Yb, Sm, Tm, Dy, and Nd had 4f*"' Ln(1I)
configurations. The rest were 4f' Ln(III) complexes with a
delocalized electron in a band formed by the 5d orbitals; i.e.,
they were 4f'5d" compounds. The presence of a 5d electron in a
Ln compound in the solid state was not controversial as early as
the 1960s, probably because many electronic configurations are
possible in the solid state.

In retrospect, one can connect the dots and see the
relationship between the solid-state results and the new 4f'5d"
Ln(II) ions, but it would have taken a big leap of imagination to
suggest molecular 4f'Sd" species on the basis of the solid-state
results. The discovery by Lappert”” that La(II) was 5d' could
have been linked to the solid-state results. Likewise, if someone
had examined the f to d promotion energies for Ln(II) ions,
known for decades in gas phase literature,'*” this would have
suggested that reduction of 4f’ Gd(III) species should be tried
since this could form half-filled shell 4f’5fd' Gd(II) ions. We
now find that Gd is one of the best rare-earth metals for formin
a wide variety of isolable 4£'Sd" Ln(II) complexes.'' "' **~'*> A
hint of the 4f"5d series was also in the 3d' Sc(II) species
reported in 1991,”° but this species was not isolable in pure form
for crystallographic characterization, and the chemistry was
thought to be more transition-metal like.
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What if other types of electron configurations could be accessed in
the chemistry you do? What if there were other features in your
chemistry as fundamental as new oxidation states and valence
electron configurations that were accessible if only the proper
experiment was done?

When this Perspective was initially conceived, the plan was to
end at this point. However, recent developments have added
another section!

9. The Belief That Only Ce(IV) Would Form Molecular
Complexes of Ln(IV). During the decade during which new +2
oxidation states were being found for the rare-earth metals and
the actinides,'** 71" the idea arose that a similar breakthrough
should be possible on the higher oxidation state side.”’
However, it was not clear how to achieve that. Extensive efforts
by many groups explored exotic oxidants to expand Ce(IV)
chemistry,”*' but extension to other metals was not published.
The single molecular example of Tb(IV), the half-filled shell
equivalent of Ce(IV), was from Hobart and Petersen in 1980 in
5.5 M carbonate solution.'**

Then in 2017, two groups reported the first crystal structures of
Tb(IV) complexes! In one case the special nature of
alkoxysiloxide ligands used by Mazzanti seemed to be the
reason for this breakthrough, along with a particular oxidant,
magic blue, eq 25."°% In the other case, a ligand carefully

R3SiO, [N(CgH4Br)3][SbClg] R3SI0 By

0x’ o
R3S10 aiy MeCN R3S10

Tb—O0SiR; ————— ™ \SiRz (25)
K- \o/

R8I0 R3SI0"

R=0'Bu

designed by La Pierre with just the right electronic and steric
profile to stabilize Tb(IV) was developed, eq 26,"** and the
simple oxidant, Ag®, was sufficient.

1
Bu/’N 'B"/, /)
ELN_ N N
>l’—‘” RN,
ST N
3 %) Buu Agl % 1
N\ / I /N; E60 N /NEl; ‘ Buiy
P T =Pl - Ny e (26)
yd =N l "N | N I§N/Ib "'”N;‘\N
N BN N s { WY
./ N Bu N EtN
hd \ ol N Bu
K- W _NEY B N\ Net
Et,0 /P\ . p—
N-a'Bu N B
'I!u“"N «N N~
\—d Bu™ | /

Subsequently it was found that the triphenylsiloxide ligand,
OSiPh,, could stabilize Tb(IV) in a simple octahedral complex,
q27."% Ln(OSiPh;); complexes were known in 1991,"*° so the

R3Si0 [N(CgH4Br)3][SbClg] OSiRy
R3S10 iy MeCN MeCNy,, | wOSIR;
Ln—OSiRy — et (27)
K. MecN™ | “NOSIR,
R;SI0 OSiR;y

Ln=Tb, Pr;R=Ph

potential to make Tb(IV) was present 20 years earlier if the
appropriate “What if?” questions had been asked. The chemistry
of the siloxides has since been extended to Pr(IV) with OSiPhs,
eq 27.1%7

It should be noted that, long before the molecular species
were isolated, the existence of both Tb(IV) and Pr(IV) was
known in over 30 solid-state examples, including commercially
available mixed-valent PrsO,, and Tb,0,."*® Hence, this
parallels the discovery of molecular complexes of Tm(II),

Dy(1l), and Nd(II), which had solid-state species known
decades before.

What if results or compounds seemingly available only under
special conditions, as simple as using strongly basic conditions, could
be accessed using the methods of your current chemistry?

B SUMMARY

It is worth repeating that many things become clear in a
retrospective analysis that are difficult to realize in real time. The
purpose of this Perspective is not to fault any of the previous
researchers in the field. Those scientists, including our group,
were doing the cutting-edge research they thought to be most
important. In many cases, the “What if?” experiments described
here that would have led to breakthroughs were outside the
primary areas of interest.

For example, Wilkinson and co-workers could have identified
the first Y(II) complex when they made (CsH;);Y in 1954,"
simply by adding a reducing agent to a solution of this
compound and observing the intense dark color that forms.""'
However, they were interested in developing the chemistry of
the cyclopentadienyl ligand across the periodic table and were
much more interested in expanding transition metal chemistry
than finding new oxidation states in rare-earth metal chemistry.
Similarly, Dubeck and co-workers were interested in octane
boosters for %asoline and not organometallic rare-earth metal
chemistry.'””" Tsutsui was most interested in transition metals
and catalysis and just dabbled in rare-earth metal chemistry.*”

In fact, the general belief that the rare-earth metals had limited
chemistry meant that few groups were focused specifically on
these elements until the 1980s. The experimental difficulty of
studying these air-sensitive complexes also contributed to the
dearth of activity in the area. Professor Schumann, who
published a prodigious amount of organometallic rare-earth
metal chemistry,'® once told W.J.E. that he had tried to do rare-
earth metal chemistry many years before his first rare-earth metal
publications,*” but he gave up the effort because the chemistry
was too difficult experimentally for his group at that time.

However, if someone had been interested in expanding
organometallic rare-earth metal chemistry in 1966, when the
first organometallic complexes of CsMes were published,***°
they could have discovered most of modern rare-earth metal
chemistry in the 1960s with the 1950s methods used by
Wilkinson!

What if currently there is an underdeveloped area that could be
opened up just by combining decades-old technology with something
as simple as a highly substituted ligand?

So perhaps one lesson from this retrospective is to look for
underdeveloped areas that have potential and consider the
“What if2” questions needed to develop them. Whitesides
suggests “to start by identifying areas where change would
matter, and then ask if imaginable science might cause this
change.”

It should also be realized that some breakthroughs in science
have no obvious prior results that could have allowed them to
have been discovered earlier. In the rare-earth metal area, the
metalation of methane by Watson at DuPont, eq 28,"*" is one
example.

This reaction, which provided the first homogeneous
activation of methane, was unexpected by the entire organo-
metallic community and was only found by careful kinetic
analysis. The results came out of a project to compare Lu and Hf,
not a plan to study methane reactivity.'*' Another example is the
zero-valent complexes described by Cloke, eq 14.”” These metal

https://doi.org/10.1021/jacs.1c08288
J. Am. Chem. Soc. 2021, 143, 18354—18367


https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq25&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq25&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq25&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq25&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq26&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq26&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq26&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq26&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq27&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq27&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq27&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08288?fig=eq27&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
Enzo
Evidenziato

Enzo
Evidenziato


Journal of the American Chemical Society

pubs.acs.org/JACS

|

(2]

- S
&

Lu—Me

=

vapor reactions were extensions of transition metal chemistry,"**
but there was no precedent for the compounds isolated. Another
unexpected synthetic discovery involved the sterically crowded
(CsMeg);Ln complexes, Scheme 2.%91%% There was no basis to
expect that an entire series of complexes could be synthesized
that had metal-ligand bond distances 0.1 A longer than
previously observed. The isolation of the first examples of
(N,)*7,'" eq 21, and (NO)>7,'" eq 22, with rare-earth metals,
was also unexpected. The fact that there were no clear
forerunners for some of these advances in rare-earth metal
chemistry suggests that much is still to be learned in this area.

B OUTLOOK

Going forward in the rare-earth metal area, there seem to be
several new targets involving oxidation states. Ln(0) chemistry is
still limited to metal vapor chemistry, and Ln(I) complexes have
only been realized with Sc, although Sm(I) was identified by
Fong in 1966'** by radiolytic methods in solid-state KCl
matrices.* The discovery of methods to make Tb(IV) and
Pr(IV) complexes suggests that it is only a matter of time until
more Ln(IV) states are isolated. Even Pr(V) has been postulated
in the literature."** Multiple bonding remains to be developed,
and it seems likely that complexes containing ligands like CO
should be accessible with the “right” ligand environment.'*”'**
Although the rare-earth metals are effective in catalytic olefin,
diene, and ring-opening polymerization and in the “hydro-
elementation” reactions'*’ such as hydrogenation, hydro-
silylation, and hydroamination, it seems that developing catalysis
more broadly with these elements should be possible with the
proper systems. For example, the oxophilicity of the f elements is
often suggested as a barrier to catalysis with oxygen-containing
substrates, since strong M—O bonds will form that will end the
catalytic cycle. Eisen and co-workers have shown this is not true
for uranium,">>"*" and rare-earth metal analogs probably exist.
Conducting reactions under more unusual conditions also
seems like a promising area. For example, new realms of rare-
earth metal chemistry could be accessed by stopped-flow
spectroscopy in microfluidic reactors or by conducting reactions
in mini-reactors made of graphene or metal—organic frame-
works. Roald Hoftmann has made a strong case to look at
chemistry under extreme conditions such as high pressure to
guide us to new chemistry.">” Recent results in single-molecule
magnet chemistry'>*~">* and the use of organometallic rare-
earth metal compounds as quantum bits, i.e., qubits,"*° suggest
that these are also promising areas for the utilization of the
special properties of the rare-earth metal ions.

However, the most important breakthroughs that will occur in
rare-earth metal chemistry and in chemistry in general in the
next decade are probably not definable right now. Although we
may not be able to envision these breakthroughs at present, they
are there, waiting to be discovered. The dots are there in front of
us, if we can figure out how to connect them. We just need to
formulate the proper “What if?” questions.
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