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Abstract

One of the most rapidly changing frontiers in organometallic chemistry involves the reductive chemistry of organolanthanide and
organoactinide complexes. This contribution summarizes recent advances in this area arising from newly available divalent
lanthanide systems and the sterically crowded (CsMes);sM complexes as presented at the ‘Frontiers in Organometallic Chemistry
Symposium’ at the National Meeting of the American Chemical Society in Chicago in August 2001. © 2002 Published by Elsevier

Science B.V.
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1. Introduction

For decades, molecular divalent lanthanide chemistry
has involved just three ions, Eu>™, Yb? " and Sm*>* [1].
Despite the fact that only three of the 14 lanthanide
elements had readily accessible divalent chemistry in
solution, an extensive reduction chemistry has been
developed [2-5]. Recently, however, the opportunities
in reductive lanthanide chemistry have expanded dra-
matically. This is surprising since the available redox
chemistry of the lanthanide ions was previously thought
to be well established. A further surprise is that part of
this expansion has been based on (CsMes);sM com-
plexes, compounds thought to be too sterically crowded
to exist. The recent expansion in reductive f element
chemistry is detailed in Sections 3 and 4, which are
preceded by a background section that puts the results
in perspective.

2. Background

The three lanthanide elements with the most readily
accessible divalent oxidation states are the half-filled
shell 4f” Eu®*, the filled shell 4f'* Yb**, and Sm*>*,
which has a 4f° electron configuration which approaches
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a half filled shell. Their one electron Ln(IIT)/Ln(IT)
reduction potentials versus NHE are —0.35, —1.15 and
—1.55 V, respectively [6].

The chemistry of the most reactive of these, Sm>™,
has contributed broadly to the advancement of organo-
metallic lanthanide chemistry [2-5]. For example,
SmI,(THF), has become a widely used reducing agent
in synthetic organic laboratories with applications in
many types of transformations [5,7]. (CsMes),Sm-
(THF), [8], which is made from SmI,(THF),, and its
unsolvated analog, the surprisingly bent (CsMes),Sm
[9], have advanced lanthanide chemistry not only along
organic and organometallic lines, but also in the
inorganic and polymerization areas. These molecules
accomplish unusual small molecule transformations
[10], dinitrogen activation [11], and olefin [12] and polar
monomer [13,14] polymerizations, among others. Some
representative examples are shown in Egs. (1)—(3).
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/?\,S“‘ + H,C=CH, ——>

The impact of (CsMes),Sm(THF), and (CsMes),Sm
on f element chemistry can be seen from the fact that
samarium is often the metal of choice among the 14
lanthanides for new types of investigations using these
metals. Examples of the preference for samarium can be
found in areas as diverse as polymerization [12,14,15],
thermochemistry [16], C—H and Si—H activation [17],
and organometallic applications to organic synthesis
[18]. Samarium is the choice for two reasons: the
strongly reducing nature of Sm** provides convenient
synthetic access to trivalent complexes and
(CsMes),Sm(THF), and (CsMes),Sm have provided a
wide range of trivalent compounds with which to make
comparisons.

Although the Sm®*/Sm** redox couple has led to
many advances in lanthanide chemistry, one limitation
of Sm? " reduction chemistry is that metal size optimi-
zation has not been possible. This is unfortunate since
metal-based size optimization is one of the most power-
ful features of lanthanide reactivity [19]. Since the 4f
valence orbitals of the lanthanides have a limited radial
extension compared to the size of their core orbitals [20],
it is possible to choose the lanthanide with the optimal
radial size to accomplish a specific reaction without
concern for the specific 4f" electron configuration.
Hence, reactions involving trivalent lanthanides can be
optimized sterically not only with the ligand set, as is
traditionally done with all metals, but also by choosing
the best metal size from 15 choices, La—Lu plus
chemically similar Y excluding radioactive Pm. The
size of these metals varies gradually from 1.03 A La®*
(six coordinate radius [21]) to 0.86 A Lu®* with a 0.01—
0.02 A change from element to element. No other series
of metals in the periodic table has so many chemically
similar metals with such a selection of gradually chan-
ging radial sizes. Changing the size of the metal can have
major effects on the reactivity of trivalent lanthanides.
Small changes in metal radius can sometimes convert
unfavorable reactions into successful ones [19]. How-
ever, metal size optimization of Sm?* reduction chem-
istry has not been possible, since Sm>* was the only
divalent ion in the lanthanide series sufficiently reducing
to accomplish the unusual transformations of the type
described above.

However, recent synthetic advances now make size
optimization of Sm?* reduction chemistry possible.
Given the importance of Sm?* reductive reactivity to
lanthanide chemistry, this is an exciting prospect for the
field. Two aspects of these breakthroughs are discussed
in the next two sections.

polyethylene (3)

3. Newly accessible divalent oxidation states

Prior to 1997, the only molecular divalent lanthanide
complexes confirmed in the literature by X-ray crystal-
lography involved Eu?", Yb*™ and Sm?T[1-4].
Although a few other divalent lanthanides had been
reported in solution [22], no X-ray data were available
to confirm their existence. A variety of divalent lantha-
nide ions were known in the solid state [23], but no
molecular chemistry was reported for these species.
These solid state compounds were typically made via
metallothermic reductions, e.g. by lanthanide metal/
lanthanide trihalide reactions in tantalum crucibles at
600-1000 °C.

In 1997, the first molecular complex of Tm?",
TmI,(DME);, was identified by X-ray crystallography
[24], Eq. (4). Since the range of oxidation states of all

o
N |
2Tm +31, 2ME o TmoME), + Tm PME. 3 "'-,O/Ti1‘{\0>
| O\
i
TmL(DME);

(4)
of the elements in the periodic table has been thoroughly
studied, it is rare to find the first example of a new
oxidation state. The literature estimate of the reduction
potential of the 4f'* Tm?* jon was —2.3 V versus NHE
[6]. This strong reduction potential had suggested that
Tm?* complexes would not be isolable as molecular
species in solution.

Preliminary reactivity studies with TmIy(DME),
showed it to be so reactive that it was unlikely to have
a useful chemistry [25,26]. Indeed, for several years no
new Tm?* derivatives were isolated and the chemistry
appeared to be too difficult to control. These initial
results supported the earlier ideas that the only divalent
lanthanides useful for molecular solution chemistry were
Eu’", Yb*T and Sm>™.

However, recent efforts to use the highly reactive
Tm?>™ in situ showed how it can be used and why the
isolation of new complexes was so difficult. One major
advance [27] involved using Tml, in situ as a replace-
ment for SmI,/HMPA (HMPA = hexamethylphosphor-
amide) [28] in organic synthetic reactions. As shown in
Eq. (5), Tml, can be used to couple alkyl halides with

1. cyclohexanone 0
2 Tml, y H
X 2. NH4CI/H.
R 4CI/H,0 R ( 5)

X=1,Br, Cl THF

ketones. This can be accomplished with SmI,/HMPA
for iodides and bromides, but not for chlorides. Tml,
can accomplish the reductions even with chlorides at low

temperature and without the carcinogenic HMPA
additive [27].
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Once the in situ organic chemistry of Tml, was
established, in situ organometallic chemistry was exam-
ined [29]. This revealed why Tm?" chemistry was so
difficult to control: Tm* " reacts with the ‘inert’ nitrogen
atmosphere, Eq. (6). Hence, addition of cyclopenta-

E,0 \HT
2Tml, + 4KCsMes — > M\yl/“f

,-4 Kl

dienyl reagents to Tml, in solution under nitrogen forms
dinitrogen complexes as shown. The Tm?>™ ion is so
reactive that this can be accomplished without using the
ubiquitous CsMes ligand and even in the presence of
THF, Eq. (7). The structures of these thulium dinitrogen

CTHE N, & THF%
4K % THF/%
(7)

complexes have the unusual coplanar M,N, arrange-
ment found in [(CsMes)>,Sm],N, [11]. However, crystal-
lographic evidence shows that the NN bond in the
thulium dinitrogen complexes is significantly longer
than that in the Sm system, Eq. (2). Hence, by
expanding divalent lanthanide chemistry to Tm>™, there
are significantly more opportunities to study dinitrogen
reduction than were available with Sm?*

Since organometallic Tm>* complexes reduce nitro-
gen, reactions under argon were examined. In this case,
the Et,O solvent was attacked by Tm?>™ [29], Eq. (8).

%

% (8)
Tml, + 2KCsMes T> purple ——— Tm

Eqgs. (6)—(8) suggested that Tm2+ would not lead to a
stable organometallic complex. However, using the
proper combination of ligands and reaction conditions,
the first molecular organometallic complex of Tm?*
was isolated and structurally characterized [30], Eq. (9).

TMS,
Et,0 or THF &TMS

2 KCsHa(SiMes), + Tmiy(THF); — » TMS/Tm—(O 9)
Ar

2Kl ™S

2Tml,  + 4 KCsH(SiMey)

The success obtained with Tm** initiated efforts to
tame the next most accessible divalent lanthanide ion,
Dy?*, which has an estimated Dy® "/Dy** reduction
potential of —2.5 V versus NHE [6]. Indeed, the first
molecular complex of Dy(II) could also be isolated as a
diiodide with dimethoxyethane supporting ligands [31],

Eq. (10). Dyl is sufficiently reducing that it can reduce
naphthalene directly [31], Eq. (11). As might be ex-

I
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D

(C1oHg)Dyl(DME),

pected, in situ organometallic chemistry of Dy?* also
leads to reduction of dinitrogen [30], Eq. (12).

JMS ™S
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Recently, this list of new molecular divalent lantha-
nide diiodides has been extended to Nd>* by the
Bochkarev group [32] and preliminary data indicate it
will also be useful in organic synthesis [33]. Hence, in the
past four years the number of crystallographically
identified molecular divalent lanthanide halide starting
materials, Lnl,, has been doubled. This is exceptional
and unexpected progress considering that the molecular
divalent redox chemistry of the lanthanides had been
believed to be limited to Eu?>™, Yb>", and Sm?>* for
several decades. Recent results in alkali metal reduction
chemistry of the lanthanides suggest that even more
diversity is accessible [34].

Despite the dramatic increase in the number of
molecular divalent lanthanide halides, this still has not
allowed metal size optimization of Sm>* chemistry,
since these new divalent species have different reduction
potentials and gradual changes in metal size are still not
present. The opportunity to do metal size optimization
of Sm** reduction required a breakthrough of another
type as discussed in the next section.

4. Sterically induced reduction

An alternative approach to Sm>* reductive chemistry
was discovered in the course of investigating the
chemistry of the sterically crowded complex,
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(CsMes);Sm [35-37]. For many years it was believed
that it was impossible to make a metal complex of this
type containing three pentahapto CsMes ligands, since
the cone angle of a CsMes ligand was estimated to be
much greater than the 120° required for a tris ligand
structure. However, isolation of (CsMes);Sm showed
that this was possible [35]. The CsMes ligands have a
120° cone angle in (CsMes);Sm because they are further
away from the metal than in conventional CsMes
compounds: the Sm—C(ring carbon) distances are 0.1
A longer than normal [38].

Since the (CsMes) ~ ligands are farther from the metal
than their optimal distance, their electrostatic stabiliza-
tion is not likely to be as strong as in conventional
CsMes complexes. This may explain the high reactivity
observed for (CsMes);Sm. One pattern of reactivity is
for the complex to act as a bulky alkyl bis(cyclopenta-
dienyl) complex, (CsMes),Sm(n'-CsMes) [37,39]. In
attempts to get structural information on this mono-
hapto complex by addition of Lewis bases, a second
pattern of reactivity was observed.

It was discovered that (CsMes)3;Sm was capable of
one electron reductive reactivity even though the com-
plex contained trivalent samarium [37]. Moreover the
complex has reductive reactivity similar to that of the
divalent complex (CsMes),Sm [4,9,10]. This unusual
reactivity was observed in several sets of parallel
reactions, Egs. (13)—(14), (15)—(16) and (17)—(18), in
which the identical organosamarium products were
obtained from both trivalent (CsMes);Sm and divalent
(CsMes),Sm. A diverse group of substrates can be
reduced as shown here for the reduction of cyclooctate-
traene, triphenylphosphine sulfide and selenide (E =S,
Se) and tert-butyl nitrile [37].

E— + CgHy ——> ZCMegy é +  (CsMes);Sm (13)
=

+ CgHy ——— >

Em +  (CsMes);Sm (14)
(CsMes)z THF %IE‘ES,« ¥ )
@'Hfﬁ_

+ Phyp=E ——5%
E=S,Se hsP

[

e

(15)

z_gmi/\o%+l>hplz—> ’gi %* (16)

THF
E=S, Se

3(CsMes);Sm + 6Me,CNC ~/2GMe”
[(C;Me;),Sm(1-CNYCNCMe, ), (17)
3(C;Me;),Sm + 6Me,CNC
= [(CsMe;5), Sm(p-CN)(CNCMe; ) (18)

The fact that there is no net change in oxidation state
of the metal in reactions (13), (15) and (17) and the
isolation of (CsMes), as the byproduct in each case
suggested that (CsMes)3Sm reduces through a (CsMes)/
(CsMes) ™ redox couple, Eq. (19). Comparison of the

CsMe; - e~ + 1/2(CsMey), (19)

half reactions for (CsMes),Sm and (CsMes);Sm, Egs.
(20) and (21) respectively, shows why they give the same

(CsMes),Sm — e~ + [(CsMes),Sm] ™" (20)
(CsMey);,Sm — e™ + [(CsMe;),Sm] "
+ 1/2(C;Mey), 2D

product. In both cases, a one electron reduction occurs
with the formation of the same organosamarium cation,
[(CsMes),Sm] ™, to which the reduced substrate is
bound.

This type of reactivity has been labelled sterically
induced reduction [3] because its origin can be rationa-
lized by the steric crowding of the molecule. Indeed,
comparable reductive reactivity has not been observed
with any of the many previously reported classes of
tris(cyclopentadienyl)lanthanide complexes, (CsRs)sLn,
in which there is no significant steric crowding [2,40].
Similarly, none of the CsMes ligands in the scores of
trivalent (CsMes),L.nZ (Z = monoanionic ligand) com-
plexes in the literature act as reducing agents. These
complexes have conventional bond distances [38] and
apparently adequate electrostatic stabilization of the
cyclopentadienide ligands. Simple ionic (CsMes) ™ salts
also fail to have this reductive reactivity presumably
because they also are much better eclectrostatically
stabilized in their sterically uncrowded environments.
For example, the Se=PPh; reduction of Eq. (15) is not
found with KC5M65, (C5M65)MgCl or (C5M65)2Pb.

The fact that trivalent (CsMes);Sm can accomplish
one electron reductions like (CsMes),Sm was highly
significant for the expansion of lanthanide reductive
chemistry. The importance was not for samarium, since
good reducing agents such as (CsMes),Sm(THF), and
(CsMes),Sm were already available for this metal, but
for the other elements. If the (CsMes);Sm reductive
reactivity were due to steric crowding and if similar
sterically crowded (CsMes);Ln complexes could be
synthesized, this would allow an extension of the one
electron reduction chemistry of divalent (CsMes)>Sm to
other lanthanides. This would allow metal-based size
optimization in Sm** reductive chemistry, a situation
that had never been possible before. This would also
allow the synthesis via reductive methods of many types
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of trivalent lanthanide complexes previously accessible
only to samarium via its reductive chemistry. By this
route magnetic, electronic or optical properties could be
optimized for specific applications. In addition, if
extension could be made to La*™, Y>*, or Lu® ™, it
would be possible to do reductive lanthanide chemistry
with diamagnetic products for the first time. NMR
characterization of organosamarium chemistry has al-
ways been more difficult since both Sm?>* and Sm** are
paramagnetic [41].

To test the viability of extending sterically induced
reduction to other metals, new synthetic routes were
necessary since initially the only two synthetic routes to
(CsMes)3;Sm involved the special chemistry of divalent
(CsMes),Sm, Eq. (14) [35] and Eq. (22) [36]. Extending

this chemistry to other metals was also crucial to exclude
the possibility that the reduction was occurring via a
pathway that required Sm”> . Fortunately two syntheses
of (CsMes)3Sm from trivalent precursors were discov-
ered involving hydrides [42] and unsolvated cation
complexes [43], Eqgs. (23) and (24), respectively. This
allowed other (CsMes);Ln complexes to be made and
the concept of sterically induced reduction to be tested
with other metals.

ot

ot

0 O -
@%B o + KCsMe; -K—BPIL: ‘ﬁQ_SX%J}- (24)

Initial studies of (CsMes);sNd and (CsMes);La
showed that they do function as one electron reductants
with Se = PPh; [44—46]. The expected byproduct from
the sterically induced reduction half reaction, Eq. (19),
namely (CsMes),, was observed in both cases. However,
the selenium product isolated from the Nd and La
reactions, Eq. (25), was different from that isolated from
the (CsMes)sSm reduction [37], Eq. (15). Reduction of
Se=PPh; to a (Se,)>~ product, Eq. (25), was observed

_-2PPhy *&t/ f‘\%\
~(CsMey), ﬁ%iiﬁé_’l;?_

(25)

’é {)}_Jr 2 PhyP=Se

Ln= Nd La

instead of reduction to (Se)*~ as was found in Eq. (15).
Excess (CsMes);Ln (Ln = La, Nd) would not reduce the
(Se»)>~ product further. This result not only validated
the concept that sterically crowded (CsMes);Ln com-
plexes could act as reductants without a Ln=Sm
requirement, but it also suggested that the reduction
potentials of (CsMes);Ln would vary depending upon
the metal. (CsMes);La and (CsMes);Nd were evidently
not as reducing as (CsMes);Sm, since selenium was
reduced to a formal —1 oxidation state with La and Nd
instead of the —2 oxidation state with Sm.

The weaker reductive capacity of the Nd and La
complexes could be rationalized by the fact that Nd and
La are larger than Sm and hence their (CsMes);Ln
complexes are less crowded than (CsMes);Sm. If this
idea was correct, it seemed possible that (CsMes);Sm
should be able to make the (Se,)>~ product as well as
the (Se)>~ product. This was examined by conducting a
reaction using a 1:1 ratio of (CsMes);Sm:Se=PPh;, Eq.
(26), instead of the 2:1 stoichiometry used in Eq. (15).

5 ésmﬁ. + 2PhyP=Se —-2PPh, ?Sm ?5Sm§e

- (Cs Mes )7

(26)

As shown in Eq. (26), (CsMes);Sm does form the
(Se»)>~ product analogous to the Nd complex under
these conditions. Moreover, it was subsequently shown
that (CsMes);Sm would reduce the (Se,)>~ product to
the Se*~ product, Eq. (27), i.e. Eq. (15) could be done

L5 3%
THF \, THF\ /
o e
2 S
&

(27)

stepwise by (CsMes);Sm [44]. Hence, (CsMes);Sm can
effect both one and two electron reductions when used
in 1:1 and 1:2 ratios, respectively.

These results indicate that sterically induced reduction
can be used to bring the special chemistry of Sm*>* to
complexes of the other metals in the lanthanide series.
The Sm>™ reductive approach, which has formed so
many types of trivalent [(CsMes),Sm],(substrate) and
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(CsMes),Sm(substrate—substrate)Sm(CsMes), com-
plexes for samarium [2,4], can now be extended to the
other elements. These classes of samarium complexes
can be opened up to metals with other physical proper-
ties including diamagnetic La*", Y*" and Lu’",
luminescent Tb>*, and highly paramagnetic Gd**.
This should also allow the special chemistry of Sm>™
to be size optimized. In addition, since (CsMes);Sm
appears to be more reducing than (CsMes);Nd and
(CsMes)sLa, it appears that the reduction reactivity can
be varied within a series as a function of the degree of
steric crowding.

Extension of this one electron reduction chemistry to
the other lanthanides requires the synthesis of suitably
crowded molecules. Although this will be challenging, it
is encouraging to think that there are now some fourteen
separate syntheses of (CsMes);M complexes [35—
37,42,43,47-49], a class that for decades was thought
to be too crowded to exist. In addition, it does not seem
necessary to do such reduction chemistry only with
homoleptic (CsRs5);Ln compounds. Similar reductive
chemistry could be accomplished by complexes of
general formula (large ligand),Ln(CsMes) or even (large
ligand);Ln if that ligand will do reduction as is found
with (CsMes) . In fact it is possible that this type of
reduction has happened before in other systems, but has
gone undetected. Reactions designed to make sterically
crowded complexes which have ‘failed” because a com-
plex mixture of unisolable products is obtained, may
actually have involved formation of the desired sterically
crowded complex. However, the complex may have been
so reactive via sterically induced reduction pathways
that only a mixture of products was obtained. It may be
worth re-examining some of these reactions designed to
make crowded molecules in the presence of reducible
substrates to see if conventional reduction chemistry can
be mimicked.

Further advances in sterically induced reduction
chemistry have resulted by examining the U** analog
of (CsMes);Sm, namely (CsMes);U [48]. This molecule
provides the opportunity to combine one electron
sterically induced reduction chemistry with a conven-
tional metal redox U*"/U*" couple [50]. As a result,
(CsMes);U could be a monometallic two-electron re-
ductant, something rare in f element chemistry.

Examination of the two electron reduction chemistry
of (CsMes);U was initially tested with 1,3,5,7-cyclooc-
tatetraene, CgHg, since it could be reduced to a dianion.
Interestingly, (CsMes);U does not react cleanly with
CgHg in a 1:1 stoichiometry, but rather a 2:3 ratio is
found to be optimum [51]. The product expected from
the sterically induced reduction reaction, (CsMes),, was
identified along with a U*" product identified as
[(CsMes)(CgHg)U]L(CgHg), by X-ray crystallography,
Eq. (28). Hence, both sterically induced reduction

‘&( + > jég;m—cm—(u%>
: @ O s &y o

chemistry and a U™ to U*"T conversion occurred.
Examination of the final stoichiometry in Eq. (28) shows
that (CsMes);U is not a two electron reductant as
originally hypothesized, but rather a three electron
reductant. Two equivalents of (CsMes);U form three
(CsHg)?>~ dianions. The net reaction is accomplished via
two (CsMes)/(CsMes)~ couples as well as the U™
reduction. The net half reaction is shown in Eq. (29).

(CsMes),U — 3e™ +[(CsMes)UP' T + (CsMes), (29)

This result shows that sterically induced reduction
chemistry can be coupled to traditional metal based
redox chemistry to accomplish multi-electron reductions
previously not possible with the f elements. Hence,
coupling of low oxidation states of the f elements with
steric crowding should open even more opportunities for
new f element based reductive chemistry.

Eq. (28) above raised the question about which
reduction occurred first, sterically induced reduction or
reduction by U . Although this seemed like a difficult
question to answer, some information in this regard was
obtained using PhCI as a substrate. (CsMes);U reacts
with two equivalents of PhCl as a two electron reductant
to form primarily (CsMes),UCl,, as shown in Eq. (30).

(CsMeg);U +2PhCl > (C;Me;),UCl, (30)
~Ph-Ph B

This reaction occurs stepwise and the intermediate from
the one equivalent reaction could be isolated. If the first
equivalent of PhCl was reduced by sterically induced
reduction the product would be the known compound,
[(CsMes),UCI]; [52]. On the other hand, if the first
electron transfer was a result of a U?T/U*" redox
process, the composition of the product would be
(CsMes)3UCIL. Such a product would be most surprising,
since it would be much more crowded than (CsMes);U,
due to the extra ligand, and since U** is 0.135 A smaller
than U°" [21]. An X-ray diffraction study of the
intermediate showed that it was in fact the second
option, (CsMes);UCI [47], Eq. (31). This is the most

@+ T Qf@

crowded (CsMes)sM complex isolated to date. Since
U*" is similar in size to Tb> " [21], this suggests that
isolation of the (CsMes);Ln complexes of the smaller
lanthanides should be sterically possible. This result also
shows that reduction by U*™ occurs first in this case.
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5. Conclusion

Reductive f element chemistry is a rapidly expanding
frontier of organometallic chemistry. The number of
accessible divalent lanthanide diiodide starting materials
has been doubled from the traditional Eul,, Ybl,, and
Sml, systems to Tml,, Dyl,, and NdI,. The discovery
that tris(pentamethylcyclopentadienyl) metal complexes
could exist, a result which again overturned a long
standing assumption, revealed another method for
achieving divalent type reductive reactivity. Both results
are quite unexpected. One would have assumed that the
limitations on accessible divalent states, which were
adhered to for years, would have been correct. One
would also not expect a sterically crowded molecule to
lead to new reduction chemistry, since steric factors and
redox are not normally connected. These results suggest
that organometallic reductive lanthanide chemistry is
likely to expand more in the future. This will require
clever synthetic approaches, but recent discoveries
indicate that new and more reactive targets should be
accessible.
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