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I. Introduction

The huge interest of the hydride complexes of the
d-transition metals is expressed by the thousands of
articles, reviews, and books devoted to their synthe-
sis, structure, and reactivity.! In comparison, the
domain of the lanthanide and actinide hydrides
seems to be excessively limited. As an illustration,
only a few molecular dihydrides of the f-elements
have been reported, opposed to the hundreds of
transition metal polyhydrides; the sole example of a
dihydrogen compound, Cp*;Eu(Hy), could be detected
by NMR,? whereas the number of such “nonclassical”
transition metal hydrides is increasing rapidly since
a decade. However, the hydride complexes are far
from not having played any role in the spectacular
growth of f-element chemistry, during the last 20
years, showing that their underdeveloped situation
was not only the result of a chemical necessity but
also reflected a disfavored historical background.
Today, lanthanide and actinide hydrides are more
attractive with their unique structural features and
their catalytic activity which is often very much
higher than that of d-transition metal catalysts.

The objective of this review is to draw up a first
assessment of the syntheses, structures and reactions
of molecular f-element hydrides; the hydride com-
plexes of scandium, yttrium, and lanthanum will be
included because of their close similarity. This
review will also present the properties of the boro-
hydride, aluminohydride, and alane compounds of
these metals; being generally more stable than their
analogues in the d-transition series, these complexes
are interesting for studying the coordination modes
and the chemical behavior of the BH,, AlH,, and AlH3
ligands. The complexes with agostic C—H bonds will
not be treated here, nor the poly(pyrazolyl) borate
compounds which were the subject of a recent re-
view.® The hydride, borohydride, and aluminohy-
dride complexes of the f-elements have been consid-
ered in some more general reviews or monographs
covering the chemistry of lanthanides and actinides;
the most recent are those of Edelmann,* Schumann,®
Soloveichik,® Schaverien,” Bochkarev,® and Ephri-
tikhine.®

I Synthetic Routes to Homonuclear Lanthanide
Hydrides

While reaction of lanthanide elements with hydro-
gen afforded the metal-like solids of general formula
LnHyx which can be regarded as interstitial com-
pounds,*® no molecular lanthanide hydride was pre-
pared by oxidative addition of H, to the metal center.
Coordination of H; to Cp*;Eu in CsD1, was detected
spectroscopically;? in that case, oxidation of Eu(ll) is
unlikely. The lanthanide hydrides LnHy have not
been used for the preparation of molecular complexes.
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A. Insertion of Zerovalent Metals into
Carbon —Hydrogen Bonds

Reactions of zerovalent samarium and erbium with
neutral unsaturated hydrocarbons provided the first
evidence for the existence of organolanthanide hy-
drides. The various products, which were quite
unstable, could not be properly characterized, and the
presence of hydride ligands was revealed only by
decomposition reactions with CCl,; or H,O. Thus,
cocondensation of samarium metal vapor with pen-
tamethylcyclopentadiene afforded, after extraction in
THF, a solid which analyzed for Cp*SmH(THF),, the
product expected from simple oxidative addition of
CsMesH to samarium; the latter was readily trans-
formed in THF into Cp*,Sm(thf),.}! Samarium and
erbium also reacted with 1-hexyne to form trivalent
alkynide hydrides, the formula of which might be
better represented as [Ln(CgHg)2-x(CsHsg)xH1-x]n (0 <
X < 0.5) to account for the increased amount of
dimetalation with these metals; similar reaction of
ytterbium gave the divalent hydride [Yb(CsHo)1.5Ho5]n
as the primary product.’? Reactions of the above
metals with ethylene, propene, or 1,2-propadiene are
even more complicated; the presence of hydride
moieties indicates that metal insertion into C—H
bonds is an important reaction, but cleavage of
carbon—carbon multiple bonds, homologation, oligo-
merization, and dehydrogenation are also observed.*®
This approach to organolanthanide hydrides, envis-
aged about 1980, has not been developed.

B. Reactions of Halide Complexes with MAIH 4 (M
= Li or Na) or NaH

Reactions of transition metal halide compounds
with MBH, (M = alkali metal) constitute a classical
route to hydride derivatives. This way was not used
for the synthesis of f-element hydrides because the
first formed borohydrides are generally quite stable,
being resistant to BH; elimination. Aluminohydrides
dissociate AlH; more easily and a few organolan-
thanide hydrides have been synthesized by treating
chloride precursors with LiAIH,; or NaAlH, (eqs 1—4).

With the exception of [(1,3-'Buz-CsHs),LuH], which
was readily obtained by decomposition of (1,3-Bu,-
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LiAIH,
t in Et,0—pentane
2(1,3-'Bu,-CgHy),LuCl —————
[(1,3-'Bu,-CsH,),LuH], (1)

NaAlH,, NEt,
in THF

2(1,3-'Bu,-CsH,),LnCI
[(1,3'tBU2'C5H3)2Ln H], (2)

Ln = Ce, Sm
(1) LiAIH,
(2) NEt;, 50 °C
[(CsH,CH,CH,0Me),YCl], --oHere-pemane,
[(CsH,CH,CH,0Me),YH], (3)

LiAIH,, NEt,
in CgHg—E

t,0
3Cp,LuCl ———— (Cp,LuH), (4)

CsHas),LUAIH, (eq 1),** the other hydrides synthesized
according to egs 2—4 could be isolated only by using
an excess of triethylamine.’®% Treatment of the
chlorides [(CsH4CH,CH,OMe),YCI],*®* and (1,3-'Bu,-
CsH3),LnCl (Ln = Ce, Sm)'*® with LiBH4; gave the
corresponding borohydrides which were not trans-
formed into the hydrides in the presence of NEts.
Formation of the trimer (Cp,LuH)s; in benzene—
diethyl ether was not reproducible and was ac-
companied with that of [Cp,LUH-NEt;],.'’

The THF adduct [Cp,LuH-THF], was obtained by
treating Cp,LuCI(THF) with NaH in tetrahydrofuran
(eq 5).18'19 The hydrides [{(C5H4CH2CH2)20} LnH]2
(Ln =Y, Gd, Er, Yb, Lu)® and [(CsH4CH,CH,-
OMe),LnH]; (Ln =Y, La, Pr, Ho)?! were similarly
synthesized from their chloride precursors (egs 6 and
7). Itis interesting to note that [Me;Si(CsH,).YbCI],
was transformed into the hydrido-chloride complex
[{ Me2Si(CsH4)2Yb(THF)} 2(u-H) (u-Cl)] which was inert
towards an excess of NaH (eq 8).%?

NaH, THF

2Cp,LUCI(THF) [Cp,LUH-THF], (5)

NaH, THF

[{(CsH,CH,CH,),0} LNnCl],
[{(CsH,CH,CH,),0}LnH], (6)
Ln=Y, Gd, Er, Yb, Lu

NaH, THF

[(CsH,CH,CH,OMe),LnCl],
[(CsH,CH,CH,OMe),LnH], (7)

Ln=Y, La, Prand Ho

[Me,Si(CgH,),YbCI], e

[{Me,Si(CsH,), Yb(THF)} 5(u-H)(u-Cl)] (8)

C. Other Syntheses of Organolanthanide
Hydrides by Using NaH, Na, or AlH 3

The following are three examples of preparations
(depicted by eqs 9—11) each one appears to be unique
in its type:
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AlH, NEt,

2(1,3-'Bu,-C4H5),Sm(THF)
[(1,3-'Bu,-CsH,),SmH], (9)

2Cp,Lu(THF) 22 THE

[Na(THF)g][CpsLuHLUCp,] (10)

3Cp,LuCl(THF) =T

[Na(THF)6][(Cp,LuH);H] (11)

The oxidation reaction (eq 9) has been shown to
involve samarium(l11) aluminohydride intermedi-
ates.'® Formation of the anion [CpsLUHLUCPps]™ by
addition of NaH to CpsLu(THF) was straightfor-
ward?® and it is surprising that such an approach to
lanthanide hydrides has not been further developped,
in view of the easy formation of anionic “ate” com-
plexes in f-element chemistry. The synthesis of the
neodymium analogue [CpsNdHNdCp;z]~, by treat-
ment of Cp,NdCI,Li with sodium methylnaphtalide
has been briefly reported;?* the mechanism of this
reaction, and also that of eq 11 leading to the
trinuclear anion [(Cp.LuH)3H]™ 22 have not been
clarified.

D. B-Hydrogen Elimination Reactions of Alkyl
Compounds

The p-hydride elimination is a transformation of
great importance in organometallic chemistry, being
an essential step in many catalytic cycles and a
practical route to a number of transition metal
hydrides. However, this reaction appeared much less
facile with alkyl compounds of the f-elements. Ther-
mochemical studies indicated that for lanthanides
and actinides, S-hydride elimination would be sig-
nificantly more endothermic than for middle or late
transition metals.?®> While tert-butyl compounds of
the transition metals are rare because of their
instability towards $-H elimination, such complexes
of the lanthanides could be more easily isolated.

Thermal decomposition of the lutetium complex
Cp2Lu(*Bu)(THF) required 75 °C in toluene, whereas
the erbium and yttrium analogues decomposed at 20
°C overnight (eq 12); this different behavior can be
correlated with the metallic radius and hence coor-
dinative saturation.?® These transformations were
not clean, the yields of the hydrides being about half
those of the hydrogenolysis reactions (vide infra); in
particular, it was shown that [Cp,LuH]; reacted with
its tert-butyl precursor to give CpsLu and tertiobu-
tane.!®

2Cp,Ln(‘Bu)(THF) —
[Cp,LNnH], + 2CH,=CMe, (12)

Ln=Y,Er, Lu

The solvent plays an important role in these
reactions. Thus, treatment of Cp,LuCl with '‘BuL.i
in diethyl ether instead of THF readily afforded the
trinuclear anion [(Cp.LuH)sH]~, isolated in 12% yield
(eq 13);%¢ the diethyl ether molecule in Cp,Ln('Bu)-
(Et20) is more labile than THF and its dissociation
provides a free coordination site for 5-H elimination.
The yttrium complex [Li(THF)4][(Cp.YH)sH] was
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Scheme 1. Transition State for the f-Hydrogen
Elimination Reaction

T

Hp

.C R

+ T TINL 8t
Cp*zssci:‘ 57\’:0(
\\H,' "'/,H

subsequently synthesized in 75% yield by treating
[Cp2YH(THF)], with ‘BuLi, with Cp,Y(‘Bu)(THF) and
CpsY(THF) as byproducts.?” However, reaction of
[Cp2YD(THF)], with 'BuLi gave the perdeuterio
product [Li(THF)4][(Cp2YD)sD], indicating that the
tert-butyl group did not provide an H™ ion for the
trimer. Formation of the trimetallic hydride could
be explained by the reaction of [Cp,YH(THF)], with
the anionic dihydride intermediate [Cp.YH2] ™.

(1) tBuLi in Et,0
(2) THF

3Cp,LuCl
[LI(THF),][(Cp,LuH);H] (13)

The course of the 5-hydrogen elimination reaction
can also be modified by the presence of small amount
of LiCl, which is the byproduct of the synthesis of
the alkyl complex. The trinuclear anion [(Cp.-
ErH);Cl]~ was formed by heating Cp.Er(‘Bu)(THF)
in toluene in the presence of LiCl (eq 14).25
3Cp,Er(‘Bu)(THF) =

[LiI(THF),I[(Cp,ErH);Cl] (14)

The isobutyl derivatives Cp,Ln(Bu)(THF) also
decomposed into the corresponding hydrides;?® in the
case of Cp*,Lu(Bu),>®>% the rate constant of -H
elimination (5 x 1075 s7) is much less than that of
B-alkyl elimination (1.5 x 1074 s71).

The anionic scandium hydride [Li(THF)s3][Cp*-
(C2BgH11)ScH] was isolated in 30% yield from the
reaction of Cp*(C,BgH11)Sc(THF); with n-butyllithi-
um (eq 15); here again, the hydrogenolysis route is
more interesting, giving the product in quantitative
yield.3!

nBuLi
Cp*(C;,BgH,1)Sc(THF); ——

[Li(THF);][Cp*(C,BgH;;)ScH] (15)

It should be noted here that scandium alkyl com-
plexes of general formula Cp*,ScCH,CHR reacted
with 2-butyne to give the alkenyl product Cp*,-
ScCMe=CMeH, resulting from addition of the hy-
dride Cp*,ScH to the alkyne. These reactions al-
lowed measurement of the $-hydrogen elimination
rates and determination of the activation parameters.
The data are on agreement with a four-centered
transition state (Scheme 1), with partial positive
charge at the S carbon; the hydrogen would be
transferred to the metal as H™ and its transfer would
precede Sc—C bond cleavage.®?

E. Synthesis of Hydrocarbyl —Hydride and
Alkoxy —Hydride Complexes from Their Hydride
Precursors

A series of complexes with both bridging Et,Si(Cs-
Me,)(CsHy), alkyl, and hydride ligands, Ln,[u-Et,Si-

Ephritikhine

(CsMes)(CsHa)l2(u-H)(u-R) (Ln = Lu and R = Et, "Pr
or "Hex; Ln =Y and R = Et or "Pr) were synthesized
by reacting the corresponding dimeric hydrides with
a-olefins.®3

The yttrium hydride [Cp*(O-2,6-'Bu,-CeH3)YH]2
was similarly transformed into a series of u-alkyl
derivatives [Cp*(O-Z,6-‘Bu2-C6H3)Y]2(,u-H)(u—CHZCHZR)
(R =H, Me, Et, "Bu) and the u-acetylide [Cp*(O-2,6-
tBu2-C5H3)Y]2(,u-H)(‘u-CECSiM63).34’35

Hydride complexes can undergo o-bond metathesis
with C—H bonds to give either H/H exchange or
metalation (vide infra). Thus were synthesized the
internally metalated compounds Cp*;Ln(u-H)(u-
CH,CsMe,)LnCp*, by thermolysis of the bispentam-
ethylcyclopentadienyl lanthanide hydrides [Cp*»-
LnH]; (Ln =Y, Sm).36-38

The three u, hydrides of the yttrium complex
[LI(THF)4][(Cp2YH)sH] were successively substituted
with methanol, with eventual formation of [Li(THF);].-
[(szYOMe)3H]2.39

These syntheses will be presented again in the
paragraphs concerning the reactions of the hydrides.

F. Hydrogenolysis of Alkyl Complexes

Hydrogenolysis of alkyl compounds is by far the
most common route to lanthanide hydrides and all
those which will be presented from here have been
synthesized by this method. The hydrogenolysis
reaction, a particular case of o-bond metathesis
reaction, has been the subject of many experimental
and theoretical studies;* it is generally recognized
that this process is concerted and involves a four-
center heterolytic transition state (eq 16).

H H H

N /

M  *+ H (16)

N /

R R R

The first isolated molecular lanthanide hydrides
[(CsH4R):LNH(THF)], (Ln =Y, Er, Lu; R =H or Me)
were synthesized according to eq 17.4!

2(CsH,R),Ln('Bu)(THF) + H, —
[(CsH,R),LNH(THF)], + 2'BuH (17)
Ln=Y, Er, Lu

The reaction is very dependent on small changes
in the size of the metal, the size of the ligands, in
particular that of the alkyl group, and the coordinat-
ing ability of the solvent.**#? These effects can be
explained by the more or less difficult access to a
monomeric, unsolvated, and coordinatively unsatur-
ated species. For example, Cp,Y(*‘Bu)(THF) did not
react with H, in THF but was transformed into the
corresponding hydride in toluene; in this solvent,
dissociation of THF occurred more easily, to give the
active species Cp,Y(‘Bu). In contrast, the bridged
dimer [Cp.YMe], was inert toward hydrogen in
toluene, whereas Cp,Y(Me)(THF) was hydrogeno-
lyzed in THF and even more rapidly in mixed 1:10
THF/alkane or 1:10 THF/arene solvents; in this case,
the presence of a small amount of THF would effect
a bridge cleavage leading to Cp.Y(Me)(THF) and
Cp.Y(Me) which is the more active species. Replace-
ment of the Me ligand by CH,SiMej3, which is not as
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bulky as 'Bu, did not stop the hydrogenolysis reac-
tion. The reactivity of Cp,Ln(Me)(THF) also differs
markedly with Ln since the complexes of Y and Er
are hydrogenolyzed in THF but not those of Lu and
Yh.4?

The presence of alkali salts has also an influence
on the hydrogenolysis reaction; thus, (Cp.YMe),
reacted with H; in the presence of LiCl to give the
trinuclear compound [Li(THF)4][(Cp2YbH)sH].#?

After these first observations, most of the lan-
thanide hydrides have been synthesized by hydro-
genolysis of [Ln]-CH,TMS or [Ln]-CH(TMS), com-
plexes in alkane or arene solvents. These sterically
bulky and highly lipophilic alkyl groups prevent the
undesirable coordination of ether molecules or halide
ligands during the preparation of the alkyl com-
plexes; they also impede some possible decomposition
reactions via -H or g-alkyl elimination.

lll. Classification and Structure of the
Homonuclear Lanthanide Hydrides

With the exception of [YbH,(THF)],*® and [{p-X-
CeH4C(NSiMe3)2}2YH]2 (X =H, OM€)44’45 the molec-
ular lanthanide hydrides are cyclopentadienyl com-
plexes. These have been characterized by the classical
spectroscopic methods (IR, RMN, RX). Infrared
bands in the region 1350 and >1400 cm™! were
assigned to Ln—uH—Ln and terminal Ln—H vibra-
tions respectively, by evaluating the isotope shift of
deuterated analogues. The nuclear spin momentum
of yttrium (I = 1/,, monoisotopic) is a very important
tool in the interpretation of the NMR spectra since
first and second order couplings with the nuclei
bonded to the metal are observed. The &Y NMR
spectra of [(CsHsMe),YH(THF)], and [Li(THF)4][(Cp2-
YH)3;H] exhibited signals at —92 and —67 ppm
relative to YCl;z in H,0.46 The complexes have been
widely studied by crystallography, despite the prin-
cipal difficulty to locate hydrogen atoms by this
method.

The homonuclear lanthanide hydrides and their
characterization are listed in Table 1.

A. Lanthanide Hydrides without Cyclopentadienyl
Ligands

The exact structure of [YbH2(THF)], is not known;
a few broad bands at ca 1250 cm~* were attributed
to stretching of Yb—H—Yb bridges.*®

The only well-characterized molecular lanthanide
hydrides without cyclopentadienyl ligand are the bis-
(trimethylsilyl)benzamidinate yttrium compounds
[{ p-X-C6H4C(NSiM63)2}2YH]2 (X =H, OME);44’45 the
dimeric crystal structure (X = H)* (Figure 1) is
retained in solution, as shown by the triplet hydride
resonance in the *H NMR spectra.

B. Monocyclopentadienyl Hydrides

Only a few monocyclopentadienyl lanthanide hy-
drides have been described.

The crystal structure of the scandium complex
[Me;Si(CsMeg)(n*-N'Bu)Sc(PMesz)H], has been briefly
reported.”*® This dimer is partially dissociated in
solution, as shown by the 3P NMR spectrum.

The dinuclear structures of [Cp*(O-2,6-'Bu,-
CsH3)YH]. and of its derivatives [Cp*(O-2,6-'Bu,-
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Figure 1. Crystal structure of [{PhC(NSiMes),},YH]..
(Reprinted from ref 45. Copyright 1996 American Chemical
Society.)

CsH3)Y]2(u-H)(u-CH.CH2R) (R = H, Me, Et, "Bu) and
the u-acetylide [Cp*(0-2,6-'Buy-CeH3s)Y]2(u-H)(u-
C=CSiMe;) were, here again, indicated by the diag-
nostic triplet *H NMR signal of the hydride ligand.3435

The scandium hydride [Li(THF)],[Cp*(C.BgH11)-
ScH], was characterized by its crystal structure
which indicates that the two anionic [Cp*-
(C2BgH11)ScH]™ fragments held together by reciprocal
pB-H dative bonding from the dicarbollide ligand to
the electron deficient scandium.3!

C. Biscyclopentadienyl Hydrides

1. Mononuclear Compounds

While the complexes Cp*,LnH(THF) can be simply
prepared by dissolving the dimers [Cp*;LnH]; in
THF, only the scandium?#®~1 and yttrium®? deriva-
tives have been reported; none was characterized by
crystallography. The scandium complex is more
convenient to use than [Cp*,ScH], which is unstable
in solution in the absence of an atmosphere of H;
(vide infra). In the 'H NMR spectrum of Cp*,YH-
(THF), the hydride signal appears as a doublet with
Jvn = 81.74 Hz. The two scandium hydrides (Cs-
MeS)(C5H2M83)SC(PMe3)H and MGQSi(C5ME4)zsC-
(PMes3)H have been reported in a review.5!

2. Dimeric Complexes

The dimeric complexes in which each metal is
surrounded by two bridging hydrides and two cyclo-
pentadienyl ligands are the most common in the
series of lanthanide hydrides. The compounds [Cp*,-
LnH], are known for Ln = Y,375253 | g5 Ce,5%
Nd,5*57 Sm,54%859 and Lu.>* The exact molecularity
of the unstable scandium derivative [Cp*,ScH], is
unknown; this compound is however a valuable
synthetic reagent when prepared in situ.*®% The IR
spectra of the complexes [Cp*,LnH], exhibit Lh—H—
Ln vibrations between 1120 and 1270 cm™, typically
1140 cm~. Only the samarium derivative was crys-
tallographically characterized, but the hydride ligands
were not located (Figure 2); one Cp*;Sm unit is
rotated with respect to the other such that the
molecule possesses a pseudo S, axis coincident with
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Table 1. Homonuclear Lanthanide Hydrides and Their Characterization

infrared X-ray diffraction
complexes analyses? dataP IH NMR datac¢ datad ref(s)
Complexes without Cyclopentadienyl Ligands
[YbH2(THF)], C,H,Yb 1250 (890) 43
[{PhC(NSiMes).} 2YH]2 CH)Y 1300, 1257, benzene-ds: 8.26 (t, 27.6) Y—H 2.19(3), 2.17(3) 45
1246
[{ p-MeOCsH4C(NSiMe3)2} 2 YH]2 benzene-ds: 8.31 (t, 27.8)
Monocyclopentadienyl Complexes
[Me;Si(CsMes)(51-NBu)Sc(PMesz)H]2 C,HN 1152 (~815) toluene-ds: 4.45 (br) H---H' 2.13(4) 47,48
[Cp*(O-2,6-Bu,CsHz)YH]: CH)Y benzene-ds: 5.64 (t, 35.2)
[Cp*(O-2,6-Bu>CsH3)Y]2(u-H) (u-CH2CH2R) 34
R=H CH benzene-de: 5.35 (t, 41.2) 34
R = Me C,H 5.30 (t, 39.5) 34
R=Et 5.27 (t, 40) 34
R ="Bu CH 5.33(t, 40.2) 34
R = C=CSiMe; C,H 5.09 (t, 37) 34
[Li(THF)]2[Cp*(C2BgH11)ScH]2 CH benzene-ds: 5.23 (br) Sc—H(B) 2.19, 2.17 31
Biscyclopentadienyl Complexes
Cp*,ScH(THF) C,H 1390 (990) toluene-dg (—95 °C): 49
73 (calculated)
Cp*2YH(THF) CH 1295 (920) benzene-ds: 6.17 52
(d, 81.74)
[Cp*2ScH]n unstable 49
[Cp*2YH]2 CH 1272 (920), toluene-dg: 5.45 (t, 37.5) 37,52
655 (465)
[Cp*.LaH]> CH,La 1120 (800), benzene-ds: 10.21 54
940 (660),
750 (510)
[Cp*.CeH]> C,H,Ce 1120 (795), cyclohexane-diz: 168 (br) 55
940 (660),
770 (540)
[Cp*2NdH], C,H,Nd 1135 (810) not located 54
[Cp*2SmH]> Sm 1140 (820) benzene-ds: 15.61 (br) Sm---Sm 3.905 (3) 54,58
[Cp*2LuH]2 cryoscopy 1345 (970), cyclohexane-dip: 9.11 54
1100 (860),
650 (420)
[(1,3-'Bu2CsH3),CeH]» Ce 1130 Ce—H 2.52,2.64 16
[(1,3-'Bu2CsH3),SmH]. Sm 1150 Sm—H 1.80, 2.75 16
[(1,3-BuzCsH3)LuH]» Lu 1280 (930), Lu—H 2.27,2.32 14,16
1090 (785),
820 (590)
[Me,Si(CsMeas).NdH]» C,H,Si,Nd 1122 (830) not located 61
[Me2Si(CsMes)>.SmH]; C,H,Si,Sm 1125n toluene-dg: 5.34 (br) 61
[MezSi(CsMeg)2LuH]; CH 1120 (820) toluene-dg: 9.25 61
[Me2Si(CsH3-3-'Bu),ScH]. CH not located 62
[Me2Si(CsMea)2Y12(u-H)2 unstable benzene-ds: 5.29 (t, 33.3) 63
Y2[u-(CsMes)SiMey(CsMes)]o[u-H]2 CH benzene-ds: 3.87 (t, 34.4) 63
[MezSi(CsH2-2-TMS-4-1Bu),YH]» 4.87 (t, 31) 64
[Me;Si(CsMes)(CsH3R*)YH], benzene-ds: 4.28 (t, 32) 65
R* = (+)-neomenthyl
[(R,S)-(BnBp)Y]2(u-H). and CH benzene-ds: 4.98 (t, 31.4) 66
enantiomer homochiral dimer
[(R,S)-(BnBp)Y](u-H)2[Y(S,R)-(BnBp)] CH benzene-ds: 5.97 (t, 31.4) 66
and enantiomer homochiral dimer
Luz[u-Et:Si(CsMes)(CsHa)][u-H]2 CH 1230 (882), toluene-dg: 5.87 Lu—H 2.13(4), 33
926 (661), 2.16(4)
650 (480) Lu---Lu 3.390(1)
Luz[u-MezSi(CsMey)(CsHa)][u-H]2 CH,Lu superimposable benzene-ds: 5.92 33
Yo[u-Et:Si(CsMes)(CsHa)][u-H]2 superimposable benzene-ds: 3.03 (t, 35.3) 33
[Cp2YH(THF)]2 Y 1315 (945) THF-dg: 2.02 (t, 27) 41
[Cp2ErH(THF)]> Er 1330 (960) 41
[CpoLUH(THF)]2 Lu 1345 (970), THF-dg: 4.69 Lu—H 1.99(21), 41,19,23
945 (677), 2.10(21)
687 (485)
[Cp2YDH(THF)]2 Yb 1350 (920) not located 42
[(CsHaMe)2YH(THF)]2 1240 (900) THF-dg: 2.31 (t, 27.2) Y—H 2.17(8), 2.19(8) 41
[(CsH4Me)ErH(THF)], 1300 41
[(CsHaMe):LUH(THF)]2 Lu 1340 (960) THF-dg: 4.99 41
[(1,3-MezCsH3).YH(THF)]2 Y 1100—-1300 THF-dg: 2.82 (t, 28) Y—H 2.03(7), 2.27(6) 68
[(CH2)3(CsHa4)2YH(THF)]2 CH,Y 1302 THF-dg: 2.16 (t, 23.8) 69
[(CH2)3(CsH4).DyH(THF)]2 C,H,Dy not assigned 69
[(CH2)3(CsH4)2ErH(THF)]2 C,HEr not assigned 69
[(CH2)3(CsH4)2LUH(THF)] C,H,Lu not assigned THF-dg: 4.02 69
[O(CH2CH,CsH4)2YH]2 CH)Y not assigned THF-dg: 2.57 20
[O(CH2CH2CsH4)2GdH], C,H,Gd not assigned 20
[O(CH2CH,CsHa4)2ErH], C,H,Er not assigned 20
[O(CH2CH,CsH4),LuH], C,H,Lu not assigned THF-dg: 4.50 20
[(MeOCH,CH>CsH.)2YH]2 CH,Y not assigned benzene-de: 1.85 (t, 28) Y—H 2.02(6)—2.15(6) 21
[(MeOCH,CH,CsH4),LaH]. CH,La not assigned benzene-ds: 6.86 21
[(MeOCH,CH,CsHa)2PrH]. C,H,Pr not assigned 21

[(MeOCH,CH,CsHa),HoH]2 21



Hydride Compounds of f-Elements Chemical Reviews, 1997, Vol. 97, No. 6 2199

Table 1. (Continued)

infrared X-ray diffraction
complexes analyses? dataP 1H NMR data® datad ref(s)
[Me2Si(CsHa)2Yb(THF)]2(u-H)(u-Cl) Yb—H 1.903(4), 2.10(3) 22
Luz[u-EtoSi(CsMes)(CsHa)lo(u-H) (u-Et) CH 1273 (920) toluene-dg: 5.02 Lu---Lu 3.392(1) 33
Luz[u-Et,Si(CsMes)(CsHa)]2(u-H) (u-"Pr) 33
Luo[u-EtoSi(CsMes)(CsHa)lo(u-H)(u-"Hex) C,H 1282 toluene-dg: 5.19 33
Y2[u-Et:Si(CsMes)(CsHa)]o(u-H) (u-Et) toluene-dg: 2.34 (t, 38.4) 33
Yz[ﬂ-Etzsi(C5M84)(C5H4)]2(‘M-H)(,Ll-nPI’) 1275 toluene-dg: 2.40 (t, 382) 33
Cp*.Y (u-H)(u-CH2CsMes) YCp* CH)Y 1260 cyclohexane-dsz: Y—H 2.10(7), 2.14(7) 37
3.66 (dd, 29 and 48)
Cp*2Sm(u-H)(u-CH2CsMe4)SmCp* C,H,Sm 1160 not located Sm—H 2.05(11), 2.11(9) 36
[(1,3-MezCsH3)2YH]3 Y 1450 (1015) benzene-de: 1.98 (overlap) Y-+-Y 4.10(2) 68

[CpzLuH]s Lu—u-H 1.56(5), 2.13(5) 17
Lu—us-H 1.86(5), 2.22(5)
[Li(THF)][(Cp2YH)sH] C,H,Y Li 1305(930),  THF-dg: 0.75 (M, up-H), 27
1170 (835),  —1.03 (M, uz-H)
850 (605),
667 (475)
[Li(THF)4][(Cp2YbH)3H] CH,Yb,Li 1210 (850) not located 42
[Li(THF)s][(CpoLuH)sH] CHLulLi 1205 THF-dg (500 MHz): 1.83 26
(0, 7.8, uz-H), 3.93
(d, 7.8, ua-H)
[Na(THF)s][(CpoLuH)3H] C.H,Lu 1245 THF-dg (80 MHz): 3.95 (d, 7) 23
[Li(THF)3]2[(Cp2YOMe)sH], Y 1335,1170  THF-dg: 0.30 (q, 18.4, us-H) ~ Y++-Y 3.75(1)—3.78(1) 39
MICp2Y (u-H)]2[Cp2Y (u-OMe)] [uz-H], Y 1305,1175  THF-dg: —0.45 (m, us-H), 39
M = Li(THF), 0.99 (td, uo-H)
MICp2Y (u-H)[Cp2Y (u-OMe)]2[us-H], Y 1320,1160  THF-dg: —0.46 (qd, us-H), 39
M = Li(THF), 1.13 (td, uo-H)
[Li(THF)4][(Cp2ErH)sCl] 1250, 1200 Er—uz-H 1.99-2.54 26

Er—us-H 2.02-2.39

Triscyclopentadienyl Complexes
[Na(THF)s][CpsLUHLUCp3]-2THF not assigned not located Lu—H 2.09 23

[Li(DME)3][CpsNdHNdCps] Nd—H 2.190 24

a Elements which have been analyzed. ® Ln—H (Ln—D) IR vibrations in cm~2. ¢ Chemical shifts § (multiplicity, coupling constants
in Hz, assignment) of the hydride signal. ¢ Distances in A.

Figure 2. Crystal structure of [Cp*,SmH],. (Reprinted
from ref 58. Copyright 1983 American Chemical Society.)

Figure 3. Crystal structure of [(CsH3'Buy),CeH],. (Re-

the crystallographic C, axis.>® These complexes are
supposed to have a symmetric structure A in solution,
as shown by the triplet NMR signal (Jyn = 37.5 Hz)
corresponding to the hydride ligand in [Cp*,YH],.%’
However, the IR spectrum (v-Lu-H = 1345 cm1)%4
and the low temperature NMR spectra®® revealed
that the lutetium complex would adopt the asym-
metric configuration B.

Cp‘\Ln/H\Ln/Cp' Cp’\LU/H\LU/CW'
o’ N N o’ [ Ner

A B

The hydrides [(1,3-'Bu;-CsH3),LnH], (Ln = Ce, Sm,
Lu) which, in contrast to their bis(pentamethylcy-

printed from ref 16. Copyright 1992 Elsevier Science S.A.)

clopentadienyl) analogues, do not form adducts with
Lewis bases such as THF, have been crystallographi-
cally characterized. The three centrosymmetrical
dimers are isostructural. However, unlike the ce-
rium® and lutetium?®* derivatives (Figure 3), the
bridging hydride atoms in [(1,3-Bu,-CsH3).SmH];
protrude out of the bisector plane of the bent sand-
wich (1,3-'‘Bu,-CsH3),Sm and the SmH,Sm bridge is
asymmetric;'® the reasons for these differences are
not clear.

Theoretical calculations using the extended Hiickel
method indicated that in the compounds [Cp*,LnH]s,
symmetric hydride bridges are more stable than
asymmetric ones. When the Cp,Ln planes coincide,
the LnyH, plane is perpendicular to the Cp.Ln
planes; when the Cp,Ln planes are orthogonal, the
LnyH; plane bisects them.®°
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Figure 4. Crystal structure of Lu,[u-Et,Si(CsMes)(CsHa)]2-
[u-H]2. (Reprinted from ref 33. Copyright 1990 American
Chemical Society.)

The hydride compounds of general formula [Me,-
Si(CsH4—xRx)(CsHs—xR'x)LNH], with chelating bis(cy-
clopentadienyl) ligands were expected to be more
reactive than their [Cp*,LnH], analogues, because
of the opening of their coordination sphere. The
dimeric structure of the complexes [Me;Si(CsMey),-
LnH]> (Ln = Nd, Sm, Lu)®* was demonstrated by
cryoscopy and mass spectrometry, and that of [Me,-
Si(CsHs-3-1Bu),ScH],, by ebulliometry.5162 The yt-
trium hydride [Me;Si(CsMeg),Y]2(u-H),, initially formed
by hydrogenolysis of Me,Si(CsMe,),Y CH(SiMes),, was
unstable with respect to ligand redistribution and
was slowly isomerized into Y;[u-(CsMes)SiMe,(Cs-
Mes)]z[u-H]2, in which both the hydride and Me;Si-
(CsMey), ligands are in bridging position.’® The
yttrium complexes [Me;Si(CsH»-2-TMS-4-1Bu),Y H],%
and [Me;Si(CsMe,)(CsH3R*)YH], (R* = (+)-neomen-
thyl)® are also dimers, as shown by the diagnostic
triplet hydride signal (Jyn = ~30 Hz) in the *H NMR
spectra. The chiral hydrido species [Me;Si(CsMey)-
(CsH3R*)LnH]; (Ln =Y, Nd, Sm, Lu) are, unlike the
achiral compounds [Cp*,LnH], and [Me;Si(CsMey),-
LnH],, thermally unstable in solution at ambient
temperature; structure A has been assigned to these
hydrides.®> The new linked bis(cyclopentadienyl)
Iigand (C5H3-2-SiMe3-4-tBu)Si(OC10H6C10H50) (Bn-
BpH,) was designed to coordinate to transition metals
to afford a single enantiomeric C,-symmetric ansa-
metallocene.®® Steric interactions between the 3 and
3" methyne positions of the 1,1'-binaphth-2,2'-diolate
ring of the chiral linker with the o-SiMe; substituents
on the cyclopentadienyl rings force enantioselective
metalation of this ligand. Thus, the (S)-yttrocene
(R,S)-(BnBp)YCI(THF) was obtained with the ligand
prepared from (R)-(+)-1,1'-bi-2-naphthol. Hydro-
genolysis of rac-(BnBp)YCH(SiMe3s), gave a Kinetic
mixture of both heterochiral and homochiral dimers
(R,S)-(BnBp)Y(u-H).Y(S,R)-(BnBp) and (R,S)-(Bn-
Bp)Y (u-H).Y(R,S)-(BnBp) which was converted after
several hours into the pure homochiral dimers. The
racemic dimer was characterized by its crystal struc-
ture.%6

Ephritikhine

Figure 5. Crystal structure of [(1,3-Me;CsH3),YH(THF)]..
(Reprinted from ref 68. Copyright 1987 American Chemical
Society.)

(Reprinted from ref 41. Copyright 1982 American Chemical
Society.)

Figure 7. Crystal structure of [Cp,LUuH(THF)],. (Re-
printed with permission from ref 23. Copyright 1986
Elsevier Science S.A.)

In order to further open the metal coordination
sphere, the properties of lanthanide complexes based
upon R;Si(CsMe4)(CsH4) supporting coordination have
been explored. Hydrogenolysis of the monomeric
alkyls R;Si(CsMe4)(CsH4)LNCH(TMS), (Ln = Lu and
R = Me or Et; Ln = Y and R = Et) afforded the
corresponding hydrides.®® The IR and NMR data
supported a symmetric Ln(u-H).Ln arrangement but
the crystal structure of Lu,[u-Et,Si(CsMey)(CsHa)lz-
[u-H]. revealed that redistribution of the cyclopen-
tadienyl ligands has occurred to give the unusual
spanning ligation pattern (Figure 4). The central
core is of approximately rhombic geometry with each
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Figure 8. Crystal structure of [(MeOCH,CH,CsH,),YH],. (Reprinted with permission from ref 21. Copyright 1994 Elsevier

Science S.A))

hydride ligand bridging the two metal centers in a
symmetrical fashion; the short Lu---Lu distance,
3.390(1) A is likely a consequence of the bridging
ligation environment.

The complexes [(CsHxRs—x).LnH(THF)]. constitute
another important family of organolanthanide hy-
drides. Their IR spectra generally contain a strong,
broad absorption centered at 1300—1350 cm™1. The
complexes [Cp,LNH(THF)], are known for Ln = Y4167
Er,442 Lu,18192341 and Yb.*2 The ring-substituted
derivatives [(CsHsMe),LNnH(THF)], (Ln =Y, Er,
Lu)*t67 and [(1,3-Me,CsH3),YH(THF)].%8 have also
been isolated. The latter compound was character-
ized by crystallography (Figure 5), as well as [(CsH4-
Me),YH(THF)],*! (Figure 6) and [Cp,LUH(THF)],123
(Figure 7). The structures, which are quite similar,
indicate that the four cyclopentadienyl ring centroids
do not adopt the tetrahedral geometry found in [Cp*,-
SmH]; but are closer to the square-planar configu-
ration. The LnyH, core, which is located in the
bisector plane of the (CsH4R);Ln sandwiches, is
symmetrical with practically equal Ln—H bond dis-
tances in [(CsHsMe),YH(THF)], (2.17 and 2.19 A) but
the Ln—H bridging bonds seem to be asymmetric in
[(1,3-Me,CsHa3), YH(THF)]» (2.03 and 2.27 A).

The compounds [Me;Si(CsH4).LNH(THF)]. (LN =Y,
Yb), which are much less stable than [Me;Si(CsMey)-
(CsH4)LNH], could not be isolated; high-resolution
mass spectrometry studies suggested that they are
dimeric with the ligands Me;Si(CsHa,). in a chelating
mode.??

The complexes [(CH.)3(CsH4).LNH(THF)], are known
for Ln =Y, Dy, Er, and Lu.®® Their dimeric structure
is indicated by the triplet hydride signal in the *H
NMR spectrum of the yttrium compound.

Lanthanide hydrides with cyclopentadienyl ligands
bearing a donor-functionalized side chain have been
considered because of the possible stabilization of
m-complexes by intramolecular coordination of the
functional group and participation of the side arm
in catalytic processes. The complexes [O(CH»-
CH,CsHy),LnH],; have been described for Ln =Y, Gd,
Er and Lu.?® The presence of an intramolecular bond
between the metal and the oxygen atom of the 1,1'-
(3-oxapentamethylene) bridge is inferred from the IR
spectra. The complexes [(MeOCH,CH,CsH,),LnH],
are known for Ln = Y52 La, Pr, and Ho.?* The
centrosymmetric crystal structure of the yttrium
derivative shows that only one pending ether function
is coordinated to the metal center (Figure 8).%

Figure 9. Crystal structure of [Me;Si(CsH4)Yb(THF)],-
(u-H)(u-Cl). (Reprinted with permission from ref 22. Copy-
right 1993 Elsevier Science S.A.)

3. Dinuclear Chloro—Hydride and Alkyl—Hydride
Compounds

The chloro—hydride derivative [Me;Si(CsH,).Yb-
(THF)]2(u-H)(u-Cl) decomposed above —20 °C; its
crystal structure could, however, be determined
(Figure 9) and revealed the bridging ligation mode
of the cyclopentadienyl ligands.??

In the crystal structure of Lu,[u-Et,Si(CsMey)-
(CsH4)]2(u-H)(u-Et), the Lu---Lu distance (3.392(1) A)
is identical to that determined in the dimeric hydride
and the u-Et fragment is bound very unsymmetri-
cally.®® The complexes Lny[u-Et,Si(CsMe4)(CsHa)]o(u-
H)(u-R) (Ln =Y and R = Etor "Pr; Ln = Lu and R
= "Pr or "Hex) would have a similar structure from
the NMR spectra.3® The crystal structure of the
complexes Cp*,Ln(u-H)(u-CH2CsMes)LNCp* (Ln =Y,
Sm) (Figure 10) revealed that the hydride ligand is
bridging symmetrically with Sm—H distances equal
to 2.05(11) and 2.11(9) A% and Y—H = 2.10(7) and
2.14(7) A%

4. The Trimeric Complexes

Two compounds of this class have been isolated and
characterized by their crystal structure. The yttrium
hydride [(1,3-Me,CsH3),YH]s is seen as a trimer with
three equivalent (1,3-Me,CsHs3),Y units connected by
ux-H bridges (Figure 11).58 The hydride ligands in
[Cp2LuH]; could be located (Figure 12); one of those
was found to occupy the central position of the
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Figure 10. Crystal structure of Cp*,Sm(u-H)(u-CH,Cs-
Me,)SmCp*. (Reprinted from ref 36. Copyright 1991 Ameri-
can Chemical Society.)

Figure 11. Crystal structure of [(1,3-Me,CsH3),YH]s.
(Reprinted from ref 68. Copyright 1987 American Chemical
Society.)

Figure 12. Crystal structure of [Cp,LuH]s. (Reprinted
with permission from ref 17. Copyright 1991 Elsevier
Science S.A))

triangular metal core with a 3 ligation mode and this
situation would explain why the Lu---Lu distances
are 0.4—0.5 A shorter than the Y---Y distances in
[(1,3-Me,CsHz3),YH]; while the difference between the
metal covalent radii is only 0.06 A.7

5. The Trinuclear Complexes M[ (CsHxRs—x)oLnH} sH] [M
= Li(THF)4 or Na(THF)s] and Their Derivatives

The trinuclear anions [(Cp,LnH)sH]™ (Ln = Lu,326
Y,?” and Yb*) and [{(1,3-Me,CsH3),YH}3H]~ 8 have
been characterized by their NMR spectra which

Ephritikhine

Figure 13. Crystal structure of the anion of [Li(THF)3z],-
[(Cp2YOMe)sH],. (Reprinted from ref 39. Copyright 1988
American Chemical Society.)

Figure 14. Crystal structure of the anion of [Li(THF)4]-
[(Cp2ErH);Cl]. (Reprinted from ref 26. Copyright 1982
American Chemical Society.)

exhibit two signals corresponding to the inequivalent
hydride ligands. In particular, the central us-hydride
in the yttrium complexes gives rise to a 10-line
multiplet, resulting from coupling with the three
equivalent uz-hydrides and the three equivalent Y
nuclei.

The us-hydride ligand was not located in the crystal
structure of [Li(THF)s]2[(Cp2YOMe)sH]. (Figure 13)
but it was characterized by its quartet '"H NMR
signal (Jyn = 18.4 Hz). The other alkoxy—hydride
anions [Cp.Y (u-H)I[Cp2Y (u-OMe)]s—x[us-H]~ (x = 1,
2) were also characterized by NMR spectroscopy.3°

The crystal structure of the complex [Li(THF)4][(Cp2-
ErH);Cl] was determined; the us-hydride is located
at 0.06 A out of the plane of the metal atoms whereas
the u,-hydrides were found to be 0.49 and 0.14 A out
of this plane (Figure 14).%¢

D. Triscyclopentadienyl Hydrides

Only two complexes of this type have been re-
ported: [Na(THF)g][CpsLUHLUCP3]:2THF? and
[Li(DME)3][CpsNdHNdCp3].2* Their crystal structure
was determined (Figure 15). The Ln—H—Ln bridge
is linear, the Lu—H and Nd—H bond distances being
respectively equal to 2.09 and 2.190 A. The lutetium
hydride ligand was not detected by NMR.
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Figure 15. Crystal structure of the anion of [Na(THF)g]-
[CpsLUuHLUCPp;3]-2THF. (Reprinted with permission from
ref 23. Copyright 1986 Elsevier Science S.A.)

IV. Synthesis and Structure of Heteronuclear
Lanthanide Hydrides

Mixed-metal polyhydride compounds associating
4f-elements and d-transition metals are not common;
these are listed in Table 2.

The mechanism of formation of the trinuclear anion
[(Cp2YH)sH] ™ (vide supra) suggested that a variey of
reagents similar to [Cp,YH2]~ would react with [Cp,-
YH(THF)], to give mixed-metal compounds. Indeed,
reaction of [(C5H4M€)22|’H2]2 with [(C5H4ME)2YH-
(THF)], afforded the neutral heterometallic tetrahy-
dride [(CsHiMe),YH]2[(CsH4Me)2ZrH]H (eq 18).27 As
observed in the case of [(Cp2YH)sH] -, the us-H NMR
resonance is a 10-line multiplet.

A series of heterometallic polyhydride complexes
of rhenium with yttrium or lutetium have been
synthesized by using the bimetallic alkane elimina-
tion reaction M—Me + M'—H — CH,; + M—M'. Thus,
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0.5 [(CsHzMe),ZrH,], + [(CsH4Me), YH(THF)], >

H
(MeC5H4)2Y< >Y(C5H4Me)2
H (18)
H _H
Zr(CsHyMe),

Cp2LnMe(THF) (Ln =Y, Lu) reacted with (PPhs),-
ReH- or (PMe,Ph)sReHs according to egs 19 and 20.7°

Cp,LnMe(THF) + (PPh;),ReH, —
Cp,Ln(THF)H Re(PPh,), + CH, (19)

Ln=Y, Lu

Cp,LnMe(THF) + (PMe,Ph);ReH; —
Cp,Ln(THF)H,Re(PMe,Ph), + CH, (20)

Ln=Y, Lu

The crystal structure of Cp,Y(THF)HsRe(PPhs3),
(Figure 16) revealed the presence of two Re—H-Y
bridges and four hydrides terminally bound to rhe-
nium. The hydride ligands could not be located in
the crystal structure of Cp,Y(THF)H;Re(PMe,Ph);
but the coupling constant of their doublet {3'P}H
NMR resonance (Jyy = 14.7 Hz) suggested that two
are in bridging positions.

The complexes Cp.LnMe(THF) (Ln =Y, Lu) also
reacted with Re;Hg(PMe,Ph), to give trinuclear hy-
drides (egs 21 and 22).7071a

Cp,YMe(THF) + Re,Hg(PMe,Ph), —
Cp,Y(THF)Re,H,(PMe,Ph), + CH, (21)

Cp,LuMe(THF) + Re,Hg(PMe,Ph), —
Cp,LuRe,H,(PMe,Ph), + CH, (22)

Table 2. Heteronuclear Lanthanide and Actinide Hydrides and Their Characterization

infrared X-ray
complexes analyses? dataP 1H NMR data® diffraction data® ref(s)
[(CsHsMe),YH]2[(CsHaMe)2ZrHIH C,H,Y,Zr 1299 benzene-ds: —1.57 (m, uo-H), 27

—2.99 (M, us-H)

Cp.Y(THF)HsRe(PPhs3), Y not assigned benzene-ds: —5.65 (td, 13.4 and 8.3) Re—H 1.50(8)—1.57(8) 70

Re—u-H 1.48(8), 1.59(8)

Y—u-H 2.28(9), 2.44(6)
CpzLu(THF)HsRe(PPhs), Lu not assigned benzene-ds: —5.30 (t, 13.8) 70
Cp2Y(THF)Hs;Re(PMezPh); Y not assigned benzene-ds: —7.90 (M) Re---Y 3.108(5) 70
CpzLu(THF)Hs;Re(PMe,Ph); Lu not assigned benzene-ds: —7.36 (g, 16) 70
Cp.Y(THF)Re,H;(PMe,Ph), Y not assigned benzene-ds: —8.87 (br) Re-:-Y 3.090(2), 71

Re---Re 2.576(1)

CpzLuRe;H7(PMezPh), Lu not assigned benzene-ds: —8.62 (br) Re---Lu 3.068(1), 71

Re-:-Lu 3.025(1),
Re---Re 2.561(1)

Cp*,Y (u-nt,n°-CsHa)(u-H),WCp * benzene-ds: —14.25 (d, 6.3) 72

Cp*2Sm(u-n*,n°>-CsHa)(u-H),WCp  * not visible Sm---W 3.402(1) 72

[(PMe3)sWHs],Yb(diglyme) THF-dg (=20 °C): —3.63 (q, u-H), W---Yb 3.2253(5), 73
—4.75 (g, W—H) 3.2595(5)

[Cp.NbH,],Yb(diglyme)

THF-dg: —9.3 (br)

Nb-uH 1.77(7), L.71(7) 73
Yb-uH 2.32(8), 2.33(7)

[PhsGeH].Yb(THF), CH 2030, 1300 Ge—H 1.48,15 43
Yb—H 1.64, 1.67
CpsUHsRe(PPhs), CH,P 1860, 1810 THF-dg: —30.89 (t, 13) 142
CpsUHsRe(P[CsH4F]3). CH,P 1860, 1810 benzene-ds: —36.72 (t, 13.5) 142
(CsH4'Bu)sUHeRe(PPhg), CH,P THF-dg: —25.65 (t, 12) 143
(CsH4SiMeg)sUHgRe(PPh3), CH,P THF-dg: —24.40 (t, 14) 143
[K(18-crown-6-)] CH,P THF-dg (—80 °C): —36.5 and 23.0 Re---U 3.255(8) 144
[Cp*2(Cl)UHeRe(PPhs),]
Cp*,(Cl)UHsRe(PPhs), C,H,P.CI THF-dg (=70 °C): —61.0 and —114.7 143
K[Cp*2(BH4)UHsRe(PPhs),] CH,P THF-dg: 13.3 (br, 180) 143
Cp*Cp.UHsRe(PPhs), CH,P THF-dg: —35.6 (t, 14) 143

a Elements which have been analyzed, except when not precised (%). ® IR vibrations in cm~2. ¢ Chemical shifts 6 (multiplicity,
coupling constants in Hz, assignment) of the hydride signal. ¢ Distances in A.
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Figure 16. Crystal structure of Cp,Y(THF)HsRe(PPhs)s,.
(Reprinted from ref 70. Copyright 1992 American Chemical
Society.)

a3
c44

C45

Figure 17. Crystal structure of Cp,Y(THF)Re,H;(PMe,-
Ph),. (Reprinted from ref 71. Copyright 1990 American
Chemical Society.)

Figure 18. Crystal structure of Cp,LuRe,H7;(PMe,Ph)s,.
(Reprinted from ref 71. Copyright 1990 American Chemical
Society.)

The two complexes have been crystallographically
characterized. The yttrium—rhenium compound is
a fluxional molecule which contains an open L-
shaped YRe, unit (Figure 17). Reversible dissociation
of THF from this complex gave the yttrium analogue
of Cp.LuRe;H;(PMe,Ph), which contains a closed
triangular LuRe; core (Figure 18).

The complexes [Cp*;LnH], (Lh = Y, Sm) reacted
with Cp,WH; to give Ln—W heterobimetallic com-
pounds, by dehydrocoupling between the Ln—H bond
and the C—H, but not the weaker W—H bond, of the
tungsten compound (eq 23).72

Reaction of Ybl, with K[(PMe3);WHs] in the pres-
ence of diglyme gave the trinuclear compound

Ephritikhine
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Figure 19. Crystal structure of [(PMe3)sWH;s],Yb(diglyme).
(Reprinted with permission from ref 73. Copyright 1993
The Royal Society of Chemistry.)

Figure 20. Crystal structure of [Cp,NbH,],Yb(diglyme).
(Reprinted with permission from ref 73. Copyright 1993
The Royal Society of Chemistry.)

Figure 21. Crystal structure of (Ph3GeH),Yb(THF),.
(Reprinted with permission from ref 43. Copyright 1989
Elsevier Science S.A))

0.5 [Cp*,LnH], + Cp,WH, —
Cp*,Ln(u-1",7°-CsH,)(u-H),WCp + H, (23)

[(PMe3)sWHs],Yb(diglyme) (eq 24) which was char-
acterized by crystallography (Figure 19).72 The NMR
spectra are in agreement with the presence of three
hydrogens bridging from each tungsten to the ytter-
bium. Similar reaction of Ybl, with K[Cp,NbH;]
afforded [Cp.NbH;],Yb(diglyme) (eq 25), the crystal
structure of which showed the two Yb(u-H),Nb bridges
(Figure 20); the average Nb—H and Yb—H distances
are 1.74 and 2.32 A respectively.
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2K[(PMe;);WH] + Ybl, =

[(PMe,),WH,],Yb(diglyme) + 2KI (24)

2K[Cp,NbH,] + Ybl, 2ME-dioyme,

[Cp,NbH,],Yb(diglyme) + 2KI (25)

The Yb—Ge complex (PhsGeH),Yb(THF)4 has been
prepared from naphthalene—ytterbium, according to
eq 26; the crystal structure indicates that the hydride
ligands form u,-bridges between Yb and Ge atoms
(Figure 21).43

THF
(CioHg)Yb(THF); + 2Ph,GeH ——

[Ph;GeH],Yb(THF), + C,,Hg (26)

V. Synthesis and Structure of Borohydride,
Aluminohydride, and Alane Compounds of the
Lanthanides

A. Borohydride Compounds

The BH,~ ion forms a variety of covalent complexes
with transition metals and f-elements. The general
aspects of the synthesis, characterization and proper-
ties of these compounds have been described’* and
only some essential features will be presented here
for the understanding of this review.

Coordination of BH;~ occurs through bridging
hydrogen atoms. The mononuclear complexes in-
variably adopt a tridentate (C) or bidentate (D)
structure; the BH, moiety can also link two metal
centers in a dimeric or polymeric compound (E).
When accurate X-ray analysis is not possible, infra-
red spectroscopy is the straightforward method of
recognizing these distinct ligation modes; bidentate
complexes are characterized by a strong broad band
centered at around 2415 cm~* and a sharp singlet at
~2125 cm™!, whereas tridentate complexes exhibit a
sharp band at 2420 cm™! and a strong broad band
centered at ~2230 cm™. 'H NMR spectroscopy is
very useful for detecting the borohydride ligand
which exhibits a broad quartet (J = 80—90 Hz) due
to the nuclear spin quantum number of 3/, of B.
However, this method does not allow the bidentate
and tridentate coordination modes to be distin-
guished, because of the rapid interchange of the
bridging and terminal hydrogens.

Hy, H

\ ANV ANDZN
MZH,~B-H, M B M B M
ANIVZZRN N/ N/
H, H, H, H, H,
C D E

1. The Trivalent Complexes Ln(BH,)s and Their
Derivatives

These complexes have been reported in previous
reviews’ and will be briefly described here.

The series of complexes Ln(BH,)s(THF), (Ln = La
to Nd® and Y to Lu’) were first synthesized by
treating the corresponding alkoxides Ln(OMe); with
diborane in THF (eq 27).

Ln(OMe), + 2B,H, ——

Ln(BH,);(THF), + B(OMe), (27)
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However, the most usual route to these lanthanide
borohydrides is the metathesis reaction of LnCl; with
LiBH4 or NaBH,4 (eq 28).7777° Similar reaction in
pyridine afforded the adducts Ln(BH4)s(py). (M = La,
Ce, Nd).”® The ammoniac complexes Ln(BH,):6NH3;
(Ln = Sc, Y, La) and La(BH,4)s*4NH3; were obtained
by condensation of NH3 on Ln(BHy)3(THF),.&°

LnCl, + 3LiBH, ——
Ln(BH,),(THF), + 3LiCl (28)

The complexes Y(BH4):(THF)38 and Sc(BH4)s-
(THF),”® have been characterized by their crystal
structure. In both compounds, one BH, ligand is
bidentate and two are tridentate; this structure was
found to be the most stable from ab initio calculations
on the model compound Sc(BH4)3(PH3),.82 The M-+-B
distance is significantly shorter for tridentate coor-
dination than for bidentate coordination (Y-*B =
2.58(1) and 2.68(2) A). The three M—H bond dis-
tances for the tridentate BH, groups are different
(Y—Hp = 2.20(11), 2.41(12), and 2.48(12) A) whereas
the M—B—H; angle is not linear (Y—B—H; = 161-
(20)°); this coordination geometry supports the mech-
anism proposed for the exchange between bridged
and terminal hydrogens in solution.®3 The structure
of Y(BH4)3(THF), is built up from [Y(BH4)(THF)4]"
cations and [Y(BH,)4]~ anions; all the BH, groups are
tridentate from the Y---B distances (2.52 A in the
cation and 2.41 A in the anion).8*

The methylborohydride compounds Ln(BHz;Me)s-
(OEty) (M = Lu, Yb, Ho) have been prepared by
reaction of LnCl; with LiBHzMe in diethyl ether and
were transformed into Ln(BH3;Me)s(THF) or Ln(BHs-
Me)s(L). (L = THF and Ln = Ho or Yb; L = py and
Ln = Ho).85 The tridentate coordination of the BHz-
Me ligands was established by IR spectroscopy and
confirmed by the crystal structures of Yb(BH3;Me)s-
(OEt,) and Ho(BH3sMe)s(py)2; the Ln—B—C angles are
close to 180° with the average Yb---B and Ho---B
distances equal to 2.45 + 0.04 and 2.50 + 0.02 A,
respectively.

Treatment of the anhydrous trichlorides LnCl; with
2 equiv of LiBH, afforded the chloro bisborohydrides
of Y,®8 Sm, Gd, Tb, Dy, Er and Yb;® the europium
complex EuBr(BH,),*2.4THF was prepared in a simi-
lar way.%8

It is noteworthy that the above complexes did not
serve to prepare a series of derivatives. The bisben-
zamidinate compound [PhC(NSiMes).].Y(BH4)(THF)
was obtained by treatment of the corresponding
chloride with LiBH,.%°

2. The Divalent Complexes Ln(BH,), and Their
Derivatives

The sole lanthanide(l1) borohydrides so far reported
are the europium and ytterbium compounds
(MeCN)4Ln(BH,), (Ln = Eu, Yb), (CsHsN),Yb(BH,),-2
CsHsN and (CsHsN); sEu(BH4), which have been
prepared by treating the corresponding dichlorides
with NaBH, in acetonitrine or pyridine. The pseu-
dooctahedral crystal structures of the two ytterbium
compounds revealed the tridentate coordination of
the BH, ligands which are relatively cis in the
acetonitrile adduct and trans in the pyridine adduct
(Figures 22 and 23).8°
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Figure 22. Crystal structure of (MeCN),Yb(BH,),. (Re-
printed from ref 89. Copyright 1991 American Chemical
Society.)

Figure 23. Crystal structure of (CsHsN)sYb(BH,),:
2CsHsN. (Reprinted from ref 89. Copyright 1991 American
Chemical Society.)

3. Organolanthanide Borohydrides

The organolanthanide borohydrides have been
synthesized by reaction of a halide precursor with
LiBH, or NaBHjy; as in the case of the hydrides, most
of them are biscyclopentadienyl compounds (Table 3).

The only triscyclopentadienyl lanthanide borohy-
dride is the cerium complex Cps;Ce(BH,); another
Ce(1V) borohydride, (indenyl).Ce(BHy,)., has also been
reported.®® The IR spectra indicated that in both
compounds, the BH, groups are bidentate.

The BH, group was found to be tridentate in Cp,-
Sc(BH,),°t as shown by IR and multinuclear magnetic
resonance spectroscopy studies, whereas it is biden-
tate in the ring substituted compound (CsH3;TMS;),-
Sc(BHy,), characterized by its crystal structure (Sc—H
=2.03(4) A and Sc-+*B = 2.52(2) A) (Figure 24).92 The
crystal structure of [(1,3-'Bu,-CsH3),Ce(BH,)]. re-
vealed the novel ligation mode of the BH, ligand (F)
which is tetradentate, with cerium and boron bonded
through triple hydrogen bridges (Figure 25);% the
samarium analogue is isostructural.'® By compari-
son of their broad and intense IR absorption bands
at 2250—-2280 cm™%, it was suggested that all the
unsolvated biscyclopentadienyl lanthanide borohy-
drides have the same dimeric structure with the u-7*:
n® BH,4 groups; the molecular nature of these com-

Ephritikhine

Figure 24. Crystal structure of (CsH3TMS;),Sc(BH,).
(Reprinted with permission from ref 92. Copyright 1983
The Royal Society of Chemistry.)

Figure 25. Crystal structure of [(CsH3!Bu,).Ce(BHy)]..
(Reprinted with permission from ref 93. Copyright 1991
Elsevier Science S.A.)

Figure 26. Crystal structure of (CsH,CH,CH,OMe),Y-
(BHy). (Reprinted with permission from ref 15. Copyright
1993 Elsevier Science S.A))

plexes would be in agreement with their solubility
in hydrocarbons.
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Table 3. Organolanthanide Borohydride Complexes and Their Characterization

X-ray
complexes analyses? infrared data® 1H NMR data® diffraction data®  ref(s)
CpsCe(BHy) C,H,Ce 2505, 2380 90
(indenyl),Ce(BH.). C,H,Ce 2530, 2385 90
Cp2Sc(BH.) 2490, 2180, 2130 toluene-ds (100 °C): 91
0.65 (g, 86)
(CsH3TMS,).Sc(BH.4) * ~2415, ~2125 Sc—H 2.03(4) 92
Sc---B 2.52(2)
[(1,3-'Bu,-CsH3).Ce(BH.)]2 C,H,Ce 2400, 2250, 2290, 2180 Ce—H 252-2.85 93
Ce---B 2.93(2)
[(1,3-'Bu,-CsH3)2Sm(BH4)]2 Sm 2420, 2280 Sm---B 2.833(6), 16
2.882(6)
Cp2Sm(BH4)(THF) Sm 2428 (1800), 2279 (1661), 95
2223 (1640)
Cp2Er(BH4)(THF) Er 2380, 2290, 2230, 2175 95
Cp2Yb(BH4)(THF) CH 2393 (1797), 2353 (1735), 95
2238, 2171 (1589)
Cp2LU(BH,)(THF) C,H,Lu 2400, 2360, 2180, 2140 benzene-ds: 1.07 (g, 84) 18,94
(CsH3TMS,).Ln(BH4)(THF) * ~2415, ~2125 92
Ln=Y,Yb
(CsH3TMS,),Ln(BH.)(THF) * ~2420, ~2140 92
Ln = La, Pr, Nd, Sm
(CsH4CH2CH>0Me),Y (BH.) 2419, 2367, 2294, 2226 benzene-ds: 0.62 (g, 83) 15
(CsH4CH,CH,OMe),La(BHa,) 2421, 2300, 2207 not visible 96

(C5H4CH2CH20MG)2PF(B H4)
(C5H4CH2CH20Me)sz(BH4)
(C5H4CH2CHZOMe)ZSm(BH4)

2404, 2254, 2190
2404, 2260, 2184
2364, 2212, 2200

(CsH4CH,CH,0Me),Gd(BH.)

Pr--B2.757(18) 96
Nd---B 2.664(25) 96

2364, 2217, 2186, 2161 96

2 Elements which have been analyzed except when not precised (*). ® Ln—H (Ln—D) and B—H (B—D) IR vibrations in cm™.
¢ Chemical shifts 6 (multiplicity, coupling constants in Hz, assignment) of the BH, signal. ¢ Distances in A.

Ln “““m..--- H T, iy,
B "l Ln
\ /B —

In the complexes Cp,Ln(BH,)(THF), the borohy-
dride ligands are bidentate for Ln = Lu'®% or Yb,%
and tridentate for Ln = Sm,® reflecting the contrac-
tion in ionic radius; the THF ligand can be removed
for Ln = Lu, Yb, and Er to give the compounds [Cp.-
Ln(BH4)]» which were supposed to be polymeric with
Ln(uz-H)2B(uz2-H).Ln bridges. Other complexes of
general formula (CsH3TMS,);Ln(BH,)(THF) have
been isolated;% these are tridentate for Ln = La, Pr,
Nd, and Sm, and bidentate for Ln =Y and Yb.

The complexes (CsH4CH,CH,OMe),Ln(BH,) (Ln =
Y, La, Pr, Nd, Sm, Gd) adopt a monomeric structure
with the ether functions of both cyclopentadienyl
ligands coordinated to the metal. The crystal struc-
ture of the yttrium derivative clearly shows the
bidentate ligation of the BH, ligand (Figure 26).%°
From the IR spectra, the Sm and Gd analogues would
also be bidentate while the La, Pr, and Nd derivatives
would be tridentate, in agreement with the crystal
structures (Pr-+-B = 2.757(18) A, Nd---B = 2.664(25)
A) (Figure 27).9

In the bis(pentamethylcyclopentadienyl) series, it
is surprising that the only compounds with Ln—u-
H—B bridges are Cp*;Ln(H,BMes,) (Ln =Y, Sm)
which were prepared by addition of (Mes,BH), to the
corresponding hydride.%”

B. Aluminohydride and Alane compounds

The AlH, and AlH; ligands may adopt a variety of
coordination modes in mononuclear and polynuclear
compounds; the structure of the complexes, most
generally prepared by reaction of a lanthanide chlo-

Figure 27. Crystal structure of (CsH,CH,CH,OMe),Pr-
(BHy). (Reprinted with permission from ref 96. Copyright
1994 Elsevier Science S.A))

ride with LiAlH, or AlHj3, depends markedly upon
the experimental conditions.

Reaction of [Cp,LnCl], with LiAlIH, in the presence
of a Lewis base L gave the dimeric compounds [Cp,-
Ln(AlH4-L)], which adopt either the structure G or
H represented below

L
H L
Al w(
: VAN
N H i« H
N AN
/
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Figure 28. Crystal structure of [Cp,Yb(AIH;-NEt3)],CsHs.
(Reprinted with permission from ref 17. Copyright 1991
Elsevier Science S.A.)

The bridging hydrogen atoms could be located in
the type G crystal structures of [Cp.Yb(AlIH,
NEt3)]2°CeHe'” (Figure 28) and [Cp.Y (AlH, THF)],;%
the geometrical parameters are listed in Table 4.
Similar structures would be adopted by [Cp.Y-
(A|H4’NEt3)]299 and [szLU(A|H4‘L)]2 (L =THF, Et,0O
or NEt;3].1° The two etherate complexes [Cp.Y-
(AlH4-OETt,)], and [Cp.Y(AIH4)].OEt, were isolated
from the reaction of [Cp,YCI], with LiAIH, in ben-
zene—diethyl ether;% their formation seems to be
related to changes in crystallization conditions. The
hemietherate was characterized by its crystal struc-
ture but the hydrogen atoms were not located;
structure H was assigned to the monoetherate, on
the basis of IR analysis. Accurate X-ray structure
determination revealed that configuration H is
adopted by the samarium complexes [Cp>Sm(AIH,-
NEt3)],'%* and [(CsH4Bu),Sm(AIH,THF)], (Figure
29);192 the latter was obtained by oxidation of Na-
[(CsH4Bu)3;Sm] with AlH; in THF. In these com-
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Figure 29. Crystal structure of [(CsH4;Bu),Sm(AIH,-
THF)].. (Reprinted with permission from ref 102. Copyright
1990 Elsevier Science S.A))

pounds, the Al—us-H distance is rather long and this
bond should be treated as secondary rather than
covalent. It is noteworthy that the lutetium complex
[CpzLu(AlH4NETt;)], was obtained under the form H,
as a benzene solvate, when its preparation from [Cp,-
LuCl], was performed with an excess of triethyl-
amine.'” This solvate was resistant to X-ray irradia-
tion, in contrast to the benzene-free compound which,
after exposition to hard X-rays, was dissociated into
the monomer Cp,Lu(u,-H)AIH3-NEt;, a unique ex-
ample of aluminohydride with a monodentate AlH,
group.1o°

The ring-substituted derivatives [(1,3-'Bu,-CsH3),-
Lu(AlHs-L)], (L = Et,0, NEt;) were unstable in
diethyl ether and decomposed into the octanuclear
Compound [(1,3-tBU2-C5H3)2LUH]4[A|H4'Et20]2[A|H4]2;

Table 4. Lanthanide Aluminohydride Complexes and Their Characterization

X-ray diffraction data®

complexes analyses? infrared dataP Lne-Ln  Ln--:Al  Ln-us-H Ln-u>-H Al-uz-H Al-ux-H ref(s)

[Cp2Y(AIH4THF)]2 ALY 1813, 1650, 1288 3.75 3.24,40 22 2.2 20 16 98,99

[Cp2Y(AIH4-NEt3)]2 ALY 1816 (1308), 1661  3.70 33,41 99
(1200), 1275 (910

[Cp2Y(AIH4-OEL,)]2 ALY 1863 (1345), 1662 99
(1207), 1301 (945)

[Cp2Y (AIH.)].0EL, ALY 1835, 1780, 1660, 4.38 3.21,3.55 99
1580, 1365

[Cp2Sm(AIH4-NEts)]2 4.07,4.10 3.3 17,24 1.7-1.9 101

[(CsH4Bu)2.SM(AIH4 THF)]2 4.23 3.28 24 2.3 18 1.6 102

[(CsH4Bu)2SM]o(u-H)(u-AlH4s - TMEDA) Al 371 3.04 21 1.7 101

(1,3-'Buz-CsH3)2Sm(u2-D),AID(TMEDA) 2.29 1.6,2.0 1.8,2.0 104

[Cp2Yb(AIH4-NEt3)]2-CsHe ALY 3.62 3.26,3.73 2.1 2.2 23 16 17

[Cp2Lu(AlH4THF)]2 Al,Lu 1830, 1675, 1255 isostructural with the Y analogue 100

[CpoLu(AlH4-Et20)]2 Al,Lu 1885, 1670, 1320 100

[Cp2Lu(AlH4-NEt3)]2 Al,Lu 1810 (1305), 1660 isostructural with the Y analogue 100
(1200), 1305 (930)

[Cp2Lu(AlH4NEt3)]2:CsHe 3.61 3.26,4.09 24,17 26 27 17,19 17

[CpoLu(uz-H)AIH3-NEts 3.64 3.23 1.8 1.8 100

[(1,3-Buy- Al Lu 3.35 2.9-32 14

CsHs)2LuH]J4[AlH4-Et20]2[AlH4)2
(1,3-'Bu,- Al,Sm 3.75 29-32 103
C5H3)5SI'T]4H3(A|H4)4'2TMEDA

[Cp2YCI(AIH3-NEts)]2 ALY,CI 4.38 3.62 2.1 1.8 105

[Cp2Y]2(u-Cl)(u-AlH4*NEts]-CsHs AlLY,ClI  1700—1900 3.95 3.24 21 24 19 15-1.7 106

(Cp2Y)2(AIHACI)-2THF C,H,ClY 1580, 1155 106

[Cp2YCI(AIH3-Et,0)]n 4.38 3.63 2.3 15 107

a Are given the elements which have been analyzed.  v(Al—H) and v(Ln—H) in cm~! (the values in parentheses correspond to

the deuterated analogues). ¢ Distances in A.
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Figure 30. Crystal structure of [(CsH4'Bu),Sm],(u-H)(u-AlH, TMEDA). (Reprinted with permission from ref 101. Copyright

1991 Elsevier Science S.A.)

Figure 31. Crystal structure of (CsH3!Buy)>Sm(u,-D),AlID-
(TMEDA). (Reprinted with permission from ref 104. Copy-
right 1992 Elsevier Science S.A.)

the mechanism of this reaction is not elucidated. The
crystal structure indicated that the four Lu atoms,
which form a tetrahedron, are bound by bridging
hydrogens and tridentate AlH, and tetradentate
(AlH4-Et,0) groups.**

Treatment of (CsH4'Bu),SmCI with LiAlH, in the
presence of TMEDA afforded the trinuclear complex
[(CsH4'Bu),Sm]z(u-H)(u-AlH,» TMEDA) in which the
AlH,4 group adopts the u-%%%° ligation mode (Figure
30).191 It is likely that this reaction proceeds by the
formation of the “normal” aluminohydride [(CsH4%-
Bu),Sm(AIH,-TMEDA)], which would decompose in
the presence of the strong Lewis base. If the Lewis
base is in large excess, further decomposition of the
complexes (CsH4R).Ln(AIH,4-L) would occur to give,
depending on Ln and CsH4R, the corresponding
hydrides [(CsH4R).LnH],, as depicted by eqs 1—4. The

Figure 32. Crystal structure of [Cp,Y]a(u-Cl)(u-AlH,-
NEts]-CeHs. (Reprinted with permission from ref 106.
Copyright 1987 Elsevier Science S.A.)

strength of bonding of AlIH; in the compounds
(CsH4R)2LN(AIH4-L) could be related to the length of
Ln—u,-H and Al—us-H bonds which decrease in the
order Y, Sm > Yb > Lu; as a result, the lutetium
aluminohydrides were easily transformed into the
hydrides with an excess of triethylamine.

The reactions of the two complexes (1,3-'Bu,-CsHs),-
Sm and Cp,YCI with AlH; have been studied; the
nature of the products is, here again, dependent on
the experimental conditions. The octanuclear com-
plex (1,3-'Buz-CsH3)sSmyH3(AlH,) 4 2TMEDA was iso-
lated from the reaction of (1,3-‘Bu,-CsH3),Sm with
AlH; in the presence of TMEDA,; the exact number
of hydrogen atoms could not be determined by the
crystal structure and was fixed by assuming that all
the Sm atoms were in the +3 oxidation state.®3
When AlH; was replaced by AlDj3, oxidation of sa-
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Figure 33. Crystal structure of [Cp,YCI(AIH3-NEt3)],. (Reprinted with permission from ref 105. Copyright 1983 Elsevier

Science S.A))

marium did not occur and the product was the alane
adduct (1,3-Bu,-CsH3),Sm(u,-D),AID(TMEDA) (Sm—D
= 1.6(1) and 2.0(1) A) (Figure 31).104

Reaction of Cp,YCI with AlH3-NEt; gave the dimer-
ic adduct [Cp,YCI(AIH3-NEt;3)], when the alane was
added to the yttrium complex solution!® whereas the
chloro—aluminohydride complex [Cp2Y]2(u-Cl)(u-AlH,-
NEt3]-CsHs was formed by reversing the order of
addition;1% this latter compound was alternatively
prepared by treatment of Cp,YCI with 0.5 equiv of
LiAIH, in the presence of NEt;. The crystal struc-
tures showed that in [Cp,Y]2(u-Cl)(u-AlH4-NEt;]-CsHs
(Figure 32), the fragment Cp,YHCIYCp; is linked to
the AlH;-NEt; moiety via two u, and one u3 hydrogen
atoms, whereas in [Cp.YCI(AIH3-NEt3)], (Figure 33),
the AlH3;-NEt; moiety is attached to the (Cp,YCI),
fragment by one Y—H—AI bridge and a weak second-
ary Al—CI bond. In the etherate analogue [Cp,YCI-
(AlH3-Et,0)],, another AlI-H-Y bridge ensures the
polymeric structure.!®” The structure of the THF
adduct (Cp2Y)2(AIHLCI)-2THF would be different
from that of [Cp,Y]2(u-Cl)(u-AlH4NEt;]-CsHe, accord-
ing to the IR data.'

VI. Synthesis of the Homonuclear Uranium and
Thorium Hydrides

The binary hydrides ThH; and UH3, obtained by
reaction of H, with the metals,'®® are not practical
reagents for synthetic purposes, in particular because
of the low solubility of these polymeric compounds.
The uranium hydride was used for the reduction of
PhX (X = CI, Br, 1) and oxygenated organic mol-
ecules.1%®

A. p-Hydrogen Elimination Reactions of Alky!
Compounds

In contrast to the lanthanide hydrides, no hydride
of a 5f-element could be isolated from a 8-H elimina-
tion reaction of an alkyl precursor.

Thermal decomposition of the unstable and not
characterized alkyl compounds formed in the reaction
of UCI, with RLi gave comparable amounts of alkane
and alkene. These results were explained by the
reaction of a U(1V) or U(I11) hydride, resulting from
B-H elimination, with an alkyl species according to
eq 29a,b.11°*112

[U]-CH,CH,R — [U]-H + CH,=CHR (29a)

[U]-H + [U]-CH,CH,R — 2[U] + RCH,CH,
(29b)
Photolysis of the thorium alkyls CpsThR would
occur by the same mechanism.? It is noteworthy
that the complexes CpszAnR are thermally very
stable, indicating that g-H elimination is not a
favored process in organo f-element chemistry.'14

B. Substitution Reactions of Halide Complexes

The  bis(trimethylsilyl) amide complexes
[N(TMS);]sAnH have been prepared by reaction of
the corresponding chlorides with LiBEtsH.*'> These
hydrides were also obtained by treating AnCl, with
4 equiv of NaN(TMS),; in this case, THF is the source
of the hydrogen atom.16

The complexes (CsHsR)sUH (R = 'Bu or TMS),117.118
(C4Me4P)3UH, 119 (CsH4PPh,)3UH, 120 (CsH,TMS)3ThH,
and (CoHsTMS)sThH?! were synthesized from their
chloride precursor, by treatment with LIiBEt;H or
NaBEt;H. It is noteworthy that these reagents were
not used for the preparation of lanthanide hydrides.

C. Formation of Anionic Hydrides by Addition of
NaH

Addition of NaH to the triscyclopentadienyl U(I11)
complexes (CsH;4R)3U afforded the hydrido-bridged
anions [(CsH4R)sUHU(CsH4R)3]~ (R = H or Me) or the
monomeric anions [(CsHsR)sUH]™ (R = 'Bu or TMS);
these latter were alternatively prepared by sodium
amalgam reduction of (CsH4R)3UH.122:123

D. Synthesis of Cp* ,Th(X)H Complexes from
[Cp*zTth]z

The compounds Cp*; Th(OCH'Buy)H and Cp*,Th-
(0-2,6-'Bu,CsHs)H have been prepared by reaction of
[Cp*zTth]z with tBUQCO and 2,6-tBUZCGH3OH re-
spectively,'?* whereas [Cp*,Th(CI)H], was obtained
by comproportionation of [Cp*,ThH;], and [Cp*,-
ThCl,]x!?% (vide infra the reactions of [Cp*,ThH],).
The chloro—hydride complex was alternatively syn-
thesized by hydrogenolysis of Cp*,Th(CH,TMS)(CI).

E. Hydrogenolysis of Alkyl Complexes

As for the lanthanide hydrides, hydrogenolysis of
alkyl precursors is the most straightforward route to
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actinide hydrides and with the exceptions presented
above, all have been synthesized by this way. Also
in this case, the alkyl ligands are generally CH,TMS
and CH(TMS),, and the hydrogenolysis was per-
formed in noncoordinating solvents. Thus were
synthesized the hydrides [Cp*,AnH,], which were
very important for reactivity studies; in contrast,
An—C bond hydrogenolysis has never been observed
for alkyl CpsAnR compounds, presumably for steric
reasons.

Kinetic studies showed that hydrogenolysis of the
complexes Cp*,An(X)(R) exhibits a first-order rate
law at constant H; pressure. The rate constants
depend markedly on the nature of the R ligand, the
metal, and ancillary ligands; they correlate qualita-
tively with the An—R bond disruption energies. It
is noteworthy that z-donating alkoxide ligands effect
a marked decrease (~10°) in the rate of hydrogenoly-
sis. The small enthalpies of activation and the large
negative entropies of activation are in agreement
with a concerted mechanism involving a polar “het-
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erolytic” four-center transition state with significant
H—H bond cleavage.!?%

VII. Classification and Structure of the
Homonuclear Actinide Hydrides

Most of these complexes, which are listed in Table
5, are cyclopentadienyl derivatives; with the excep-
tion of the anions [(CsH4R);UH]™ and [(CsH4R)s-
UHU(CsH4R)3]~ and of the neutral compounds [Cp*;-
UH], and Cp*;UH(DMPE), they are found in the +4
oxidation state.

A. Metalloorganic Hydrides

The bis(trimethylsilyl) amide compounds [(TMS),-
N]zAnH are monomeric in the solid state.!'>!1¢ The
dimeric compound [(DME)U(BH,)sH], is the sole
actinide hydride to have been prepared from the
corresponding borohydride; the distance between the
uranium atoms (4.12 A) is similar to that found
between the thorium atoms in [Cp*,ThH,]>.*?” In the
trimeric hydrido aryloxide complex [Th(O-2,6-'Bu,-

Table 5. Actinide Hydrides and Their Characterization

X-ray
complexes analyses? infrared dataP 1H NMR data® diﬁ‘ractionydatad ref(s)
Metalloorganic Complexes
[(TMS);N]sThH C,H,N 1480 (1060) benzene-dg: 0.63 115,116
[(TMS),N]sUH C,H,N 1430 (1020) not visible 115,116
[(DME)U(BH,)sH]- C,H,B 2140, 1195, 1170 not visible U---U 4.12 127
U---B 2.53(6), 2.64(4)

[Th(O-2,6-Bu,-CeH3)2H2]3 C,H 1336 (954), 975 (705), benzene-dg: 20.54 Th—H 2.0-2.6 128

795 (560)

Monocyclopentadienyl Complexes
[Cp*Th(0-2,6-'Bu,-CsH3)Hz2]3 C,H benzene-ds: 18.54 129
[(Cp*)(COT)ThH]x 1147 (843) not visible 130
Biscyclopentadienyl Complexes

[Cp*,ThH:], CH 1404 (1002), 1370 (979), benzene-ds: 19.2 Th—H 2.03(1), 2.29(3) 125,132

1215 (873), 1114 (803),

844 (609), 650 (465)

Th---Th 4.007(8)

[Cp*2UH2]2 1335, 1180 benzene-ds: 316.8 125
[Me2Si(CsMey),ThH:], 125(356(2%18)5'3 1155, 654 benzene-ds: 18.36 Th---Th 3.632(2) 134

462), 481
Cp*;,UH(dmpe) C,H,P 1219 (870) not visible H not located 136
Cp*;Th(O'Bu)H CH 1359 (981) benzene-ds: 17.4 125
Cp*2Th(OCH'BuU2)H CH 1355 (971) toluene-dg: 17.1 124
Cp*2Th(0-2,6-'Bu,CeH3)H CH 1365 benzene-ds: 19.1 124
Cp*,Th(OSiMe,'Bu)H benzene-dg: 18.0 126
Cp*,Th{(1S)-endo-bornoxide}H CH 1348 benzene-ds: 17.7 137
Cp*2U(O'Bu)H CH 1363 benzene-ds: 267.1 137
Cp*2U(OCH'BuUy)H benzene-ds: 276.7 126
Cp*,U(OSiMe,'Bu)H C,H,Si 1395 (988) not visible 138
Cp*2U{(R)-2-butoxide}H 1339 benzene-dg: 265.9 137
Cp*;U{(1R,2S,5R)-menthoxide} H CH 1420, 1292 benzene-ds: 267.9 137
Cp*,U{(1S)-endo-bornoxide} H CH 1363 benzene-ds: 269.6 137
Cp*,U{(1S,2S,5R)-neomenthoxide} H CH 1370 benzene-ds: 269.2 137
[Cp*>.Th(CI)H]2 1229, 1152, 829, 672 benzene-ds: 19.0 125
[Cp*>,ThH][Co(BsC2H11)2] CH benzene-ds: 19.04 139

Triscyclopentadienyl Complexes

(CsH4'Bu)3UH CH toluene-dg: 276.1 H not located 117,118
(CsH4SiMe3z)sUH CHU 1395 (1015) toluene-ds: 290.5 117,118
(CsH4SiMes)sThH C,H,Si,Th 1460 benzene-ds: 12.94 121
(CsH4PPhy)sUH benzene-ds: 305 120
(CoHeSiMe3)sThH C,H,Th 1485 (1055) toluene-dg: 14.73 121
(CsMesP)sUH C,H,P toluene-dg: 333.4 H not located 119
[Na(18-crown-6)][(CsH4'Bu)sUH] C,H,Na THF-dg: 521.3 123
[Na(18-crown-6)][(CsH4SiMes)sUH] C,H,Na 1405 (1020) THF-dg: 547.1 123
[Na(THF)2][(CpzU)2(u-H)] C,H,Na,u THF-dg: 293 U-H2 24 122,123
[Na(THF)2][{ (CsHaMe)sU} 2(u-H)] C,H,Na THF-dg: 302.2 123
[Na(18-crown-6)][{ (CsH4SiMes)sU} 2(u-H] THF-dg: 319.2 U---U 4.4638(4) 123

a Elements which have been analyzed. ® An—H (An—D) IR vibrations in cm~2. ¢ Chemical shifts ¢ of the hydride singlet signals.

d Distances in A.
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Figure 34. Crystal structure of [Th(O-2,6-'Bu,-CsHz).H>]s.
(Reprinted from ref 128. Copyright 1995 American Chemi-
cal Society.)

CsHs)2H2]s, each face of the trimetallic core is capped
by a us-H ligand, two sides are each bridged by a u,-H
ligand while the third side is bridged by two u,-H
ligands (Figure 34);'?8 this central Ma(us-H)(u2-H)4
core appears to be structurally unprecedented among
metal hydride complexes.

B. Monocyclopentadienyl Complexes

Only two compounds of this class have been
reported. The mono(pentamethylcyclopentadienyl)-
thorium complex [Cp*Th(O-2,6-'Bu,-CsH3z)H:]s, which
is a trimer from molecular weight determination,
would have a structure similar to that of [Th(O-2,6-
Buy-CsH3)2H2]3.12° The mixed-ring complex [(Cp*)-
(COT)ThH]y, supposed to be oligomeric, was charac-
terized by its broad IR band at 1147 cm~! which was
shifted to 843 cm™! upon deuteration.3

C. Biscyclopentadienyl Hydrides

The bis(pentamethylcyclopentadienyl) complexes
[Cp*,AnH;], were the first organoactinide hydrides
to have been isolated.'?41?5131 The dimeric crystal
structure of [Cp*;ThH], was determined by neutron
diffraction (Figure 35);1%2 the two Cp*,;ThH fragments
are linked by two hydrogen bridges and the Thy(u-
H). core is nearly planar. In the ring-bridged com-
pound [Me;Si(CsMe,), ThH;],, the Me;Si ligation sig-
nificantly opens the thorium coordination sphere and
the short Th---Th distance (3.632(2) A), in combina-
tion with infrared spectra, suggests a Th(u-H)sTh
structure (Figure 36).133134 The uranium compound
[Cp*;UH;], was stable under H; pressure, being
otherwise transformed into the U(I11) hydride [Cp*,-
UH],;125135 the diphosphine adduct Cp*;UH(DMPE)
was characterized by X-ray analysis (Figure 37).1%6

A large series of monomeric compounds of general
formula Cp*,An(OR)H have been reported. The OR
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Figure 35. Crystal structure of [Cp*,ThH;],. (Reprinted
with permission from ref 132. Copyright 1979 American
Association for the Advancement of Science.)

Figure 36. Crystal structure of [Me;Si(CsMes),ThH>],.
(Reprinted from ref 134. Copyright 1988 American Chemi-
cal Society.)

Figure 37. Crystal structure of Cp*;UH(DMPE). (Re-
printed from ref 136. Copyright 1982 American Chemical
Society.)

groups are O'Bu,'?®> OCH!BuU,,*** 0-2,6-'Bu,CsH3,?*
0OSiMe,'Bu,'?® and (1S)-endo-bornoxide®” for the tho-
rium complexes and O'Bu,'¥” OCH'Bu,,'?® OSiMe,!-
Bu,'3® (1R,2S,5R)-menthoxide, (R)-2-butoxide, (1S)-
endo-bornoxide, and (1S,2S,5R)-neomenthoxide for
the uranium complexes.’3” All these complexes ex-
hibit a band at ~1360 cm™! in their infrared spectra;
the hydride *H NMR resonances are visible near 17
and 270 ppm for the thorium and uranium com-
pounds, respectively. From the IR spectrum, it is
likely that the chloro—hydride complex [Cp*,Th-
(ChH], adopts a dimeric structure analogous to that
of [Cp*,ThH;], with terminal CI ligands in place of
the terminal hydride ligands.'?®

The thorium compound [Cp*,ThH][Co(BoC2H11)2]
is a unique example of a cationic actinide hydride; it
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was characterized by the *H NMR signal at 19.04
ppm but its exact structure awaits further elucida-
tion.13°

D. Triscyclopentadienyl Hydrides

The three neutral compounds (CsH;R)sUH (R =
Bu, TMS)17118 and (CsH,TMS);ThH?! have been
isolated. Substitution of the cyclopentadienyl ligand
is essential for the stability of these complexes, since
CpsUH could neither be prepared or even detected;
it seems likely that the steric bulk of the cyclopen-
tadienyl ring prevents the bimolecular H; elimination
process which, from thermochemical data, would be
closed to thermoneutrality to be entropically driven.140
The uranium hydrides give rise to very shifted
paramagnetic *H NMR signals at ~280 ppm, and the
compound (CsH4PPh,);UH could be detected in solu-
tion by its resonance at 305 ppm.*?® The crystal
structure of (CsH4'Bu)sUH was determined; the geo-
metrical parameters are quite similar to those of the
trigonal planar compound (CsH,TMS)sU. The tris-
(indenyl) complex (CgHs TMS);ThH!?! and (C4Me4P)s-
UH, the first tris(phospholyl)—metal compound,*®
are also very stable; the latter is isostructural to (Cy-
Me4P)3UCI.

The anionic uranium(l11) hydrides [Na(18-crown-
6)][(CsH4R)3UH] could be isolated for R = ‘Bu and
TMS; the hydride NMR signals are visible at 521 and
547 ppm.’? For R = H or Me, these complexes are
not stable and the hydrido-bridged derivatives [Na-
(THF),][(CsH4R)3UHU(CsH4R)3] were obtained.1?2123
This difference is due to both steric and electronic
effects; if the anion [(CsH4;Bu);UHU(CsH,Bu)s]~
could not be detected, [Na(18-crown-6)][CsHs-
TMS);UHU(CsH4,TMS)3], which is partially dissoci-
ated in solution, was isolated and crystallographically
characterized (Figure 38).122 The structure is com-
posed of discrete cation—anion pairs (U---U = 4.4638-
(4) A), in contrast to that of [Na(THF),][CpsUHUCp3]
which consists of infinite puckered chains of Cps-
UHUCp; and Na(THF), fragments linked by Na—Cp
bonds (Figure 39); the bent U—H—U bridge is similar
to that invariably found in the series of the bridged
monohydride transition metal complexes, which was
explained by back-bonding from M(dp) to the M—H
o*-orbital 14!

Figure 38. Crystal structure of the anion of [Na(18-crown-
6)][(CsH4TMS)sUHU(CsH,TMS)3]. (Reprinted with permis-
sion from ref 123. Copyright 1992 Elsevier Science S.A.)
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Figure 39. Crystal structure of [Na(THF),][CpsUHUCPp;].
(Reprinted with permission from ref 122. Copyright 1989
The Royal Society of Chemistry.)

VIIl. Synthesis and Structure of the Heteronuclear
Actinide Hydrides

The complexes are listed in Table 2.

The bimetallic uranium—rhenium hexahydrides
CpsUHsRe(PPh3), and CpsUHsRe(P[CsH4F]s). were
prepared by the metathesis reaction 30.142

Cp,UCI + [K(THF),][ReH4(PArs),] —
CpsUHRe(PAr,), + KCI (30)

Ar = Ph, C,H,F

However, the ring-substituted derivatives (CsH4R)s-
UHgsRe(PPhs), could not be isolated from (CsH4R)s-
UCI and [K(THF);][ReHs(PPh3),] because of their
reverse cleavage by KCI which led to an equilibrium
mixture.’*3 These complexes were cleanly synthe-
sized by using the cationic precursor [(CsH4R)sU]-
[BPh4] (eq 31).

[(CsH4R)sUIBPN,] + [K(THF),][ReHg(PPhy),] —
(CsH,R);UHgRe(PPhy), + KBPh, (31)

R = 'Bu, TMS

At 30 °C, the six hydride ligands were apparently
equivalent in the NMR spectrum and a slow limiting
spectrum could not be obtained; in view of the
tridentate configuration of the borohydride ligand in
CpsU(BH,) (vide infra) and the structure of several
rhenium—transition metal polyhydrides, it is as-
sumed that at least three hydrogens are bridging in
these compounds.

Reaction of Cp*;UCI(THF) and [K(THF);][ReHe-
(PPh3);] did not afford the metathesis product with
elimination of KCI but gave the addition compound
[K(THF),][Cp*2(Cl)UHRe(PPhs),] (eq 32);143144 the

Cp*,UCI(THF) + [K(THF),][ReHg(PPh,),] —
[K(THF),I[Cp*,(CI)UHRe(PPh;),] (32)
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Figure 40. Crystal structure of [K(18-crown-6)]-
[Cp*2(Cl)UHsRe(PPhs),]. (Reprinted with permission from
ref 144. Copyright 1994 The Royal Society of Chemistry.)

borohydride was similarly prepared. These com-
plexes are unique examples of anionic heterobime-
tallic polyhydrides and are also the first compounds
in which a transition metal and a trivalent actinide
are maintained in close proximity. The hydrogen
atoms could not be located in the crystal structure
of [K(18-crown-6)][Cp*,(Cl)UHsRe(PPhs),] (Figure 40)
but the NMR spectra indicated the presence of three
bridging hydrogens in a U(u-H)sRe fragment and
three terminal rhenium hydrogens. The neutral
complex Cp*;(Cl)UHgRe(PPhg), was prepared by
oxidation of the corresponding anion and its treat-
ment with KCp afforded the triscyclopentadienyl
derivative Cp*Cp,UHsRe(PPhjz),.143

IX. Synthesis and Structure of the Actinide
Borohydrides and Aluminohydrides

The tetraborohydride complexes An(BH3R)4 (R =
H, alkyl), generally prepared from AnCl,, served as
precursors to a number of organoactinide derivatives,
by substitution of their BH3R ligands; their reduction
led to the formation of stable uranium(l1l) borohy-
drides. As in the case of the lanthanide borohydrides,
the ligation mode of the BH, groups was determined
by IR spectroscopy and X-ray diffraction analysis; the
An---B distances are respectively equal to ca. 2.5 and
2.9 A for tridentate and bidentate ligands.

A. The Tetravalent Complexes An(BH 3R)s (R = H,
Me) and Their Derivatives

The actinide tetraborohydrides, in particular those
of uranium, were extensively studied during the
period of the Manhattan project. These volatile
compounds were synthesized by treating AnF, or
ANCl, with Al(BH,); or LiBH,. Thus, U(BH,),'*° and
Th(BH,) ¢ were first prepared according to the
solvent-free reaction depicted by eq 33. The Pa, Np
and Pu analogues were also obtained by this way.4

ANF, + 2AI(BH,); — An(BH,), + 2AI(BH,)F,
(33)

The synthesis of U(BH,), by reaction of finely
powdered UCl, and LiBH,4 (eq 34) must be performed
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in a vacuum vibration ball mill**® but the thorium
analogue can be prepared in diethyl ether since in
that case, the solvent can be completely removed by
vacuum distillation.#®

ANCI, + 4LiBH, — An(BH,), + 4LiCl (34)

The crystal structure of U(BH,)4 was determined
by neutron diffraction. Each uranium atom is sur-
rounded by six BH,4 groups in a pseudooctahedral
configuration; two are tridentate in a cis position,
whereas the four others are attached to the metal
by two hydrogen atoms and use their remaining two
hydrogen atoms to bridge neighboring uranium at-
oms in a helical polymeric structure.’® The thorium
and protactinium borohydrides are isomorphous with
U(BHy)4 but Np(BH,4), and Pu(BH,4)4 have a mono-
meric tetrahedral structure with tridentate BH,
ligands.1#6151 A second crystalline form of U(BH,)4
has been obtained by condensation of the vapors at
low temperature.’52153 |n that case, the tridentate
BH, ligands are in trans position and the equatorial
bridging BH,4 groups ensure the two dimensional
polymeric structure. The infrared and Raman spec-
tra showed that the molecular tetrahedral structure
of the gaseous molecules is maintained in aromatic
solvents; the electronic spectrum can also be assigned
in Tq symmetry.154155

Treatment of U(BH,4)s with excess BMe; gave the
methyl derivative U(BHsMe),.2% However, the com-
plexes An(BHzMe); (An = Th, U, Np,’*” and Pa'%8)
were best synthesized by reacting AnCl, or PaCls
with LiBHz;Me (eq 35).

ANCI, + 4LiBH;Me — An(BH;Me), + 4LiCl (35)

X-ray diffraction analysis revealed that these mon-
omeric compounds adopt a tetrahedral configuration
with tridentate BH3;Me ligands. Other U(BH3R),4
compounds (R = thexyl, isopinocampheyl) were syn-
thesized by reaction of U(BH,), with substituted
alkenes (eq 36);*° it is noteworthy that only tetra-
and trisubstituted alkenes could be thus hydrobo-
rated, less substituted olefins being unreactive.

U(BH,), + 4Me,C=CMe, —
U(H,BCMe,CMe,H), (36)

The complexes An(BH3R), (R = H, Me) give ad-
ducts with Lewis bases; most of these have been
characterized by their X-ray crystal structure (Table
6). The monoetherates [U(BH4)4(OMey)], and
[U(BH,)4(OEL)]n (Figure 41) form infinite linear
chains in which the U and B atoms are attached by
double-hydrogen-bridge bonds and the other BH,
groups are tridentate; the Me,O and Et,0 ligands are
relatively in trans and cis positions along the chain.®
The n-propyl ether adduct [U(BH,4)4(O"Pry)]. forms
an unsymmetrical dimer bridged with one bridging
BH, group, the terminal borohydride ligands being
tridentate; the two ether molecules are coordinated
to the same uranium atom (Figure 42).181 The two
complexes U(BH,)4(OPPhj3),%2 and U(BH4)4(OPPh3),:
2C¢He'® are monomeric with trans triphenylphos-
phine oxide ligands; in the solvated compound, two
BH, are bidentate and the two others are tridentate,
whereas in the nonsolvated product (Figure 43), three
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Table 6. X-ray Diffraction Data of the Lewis Base Adducts of the Actinide Borohydrides An(BHsR), and

An(BHzR): (R = H, Me)

complexes X-ray diffraction data? ref(s)
[U(BH4)4(OMey)]n U-*B,, (bridging) 2.87(2), 2.90(2) 160
U---B: 2.49(4), 2.53(2)
[U(BH4)4(OEL)]n U-*B,, (bridging) 2.89(1) 160
U---B: 2.52(1), 2.55(1)
U—H(By) 2.26(6)—2.55(5)
U—H(By) 2.19(6)—2.48(6)
[U(BH4)4(O"Pr)]2» U—B,, (bridging) 2.84(5), 2.90(4) 161
U---B; 2.49(6), 2.55(5)
U(BH.)4(THF), U---B; 2.52(2), 2.60(2) 164,165
U—H(By) 2.16, 2.39, 2.70
U(BH.)4(OPPhs); U---Byp 2.84(5) 162
U---B; 2.51(5), 2.58(5), 2.65(6)
U—H(Bp) 2.1
U—-H(By) 2.0, 2.5, 2.8
U(BH4)4(OPPh3)2'2C6H6 U"'Bb 275(3) 163
U---B; 2.55(3)
[Th(BH3:Me)4]2(OEty) av Th-+-B (bridging) 2.96 167
av Th---B; 2.57
av Th—H (bridged) 2.5
[Th(BH3Me)4(THF)]2 av Th---B; (bridging) 3.08 167
av Th---B; 2.62
av Th—H (bridged) 2.5
U(BH3Me)4(THF), U---B; 2.554(15), 2.583(17) 168
[U(BH3Me)4(THT)]2 U--+B; 2.47—2.59 168
U(BHsMe)4(Me,PCH,CH,PMe,) U---B; 2.56(1), 2.58(1) 169
U(BH3Me)4(MeOCH,CH,0OMe) U---B; 2.52(2)—2.58(2) 170
U(BH3Me)s(Me.NCH,CH;NMe,) U---B; 2.51(2)—2.56(2) 170
U-+By 2.72(2)
U(BH;3Me)s(MeSCH,CH,SMe) U---B; 2.54(1), 2.57(1) 170
U(BH.)3(THF); U---B; 2.63(2), 2.64(2), 2.69(1) 179
U(BH4)3(Me,PCH,CH,PMe,), U---B; 2.68(4) 177
U-+-By 2.84(3)
U(BH.4)3(Ph2Ppy). U---B; 2.61(2), 2.656(8) 178
U(BH3M€)3(M€2PCH2CH2PM€2)2 U"'Bt 262(1), 266(1) 169

a Distances in A; B and By, are the boron atoms of tridentate and bidentate BH,4 ligands.

Figure 41. Crystal structure of [U(BH,)4(OEt,)].. (Re-
printed from ref 160. Copyright 1978 American Chemical
Society.)

tridentate and one bidentate BH, groups are present.
The tetrahydrofuran adduct U(BH,)4(THF), is also
monomeric with trans THF ligands (Figure 44); all
the BH, groups are tridentate.'641%5 |t is interesting
to note that in these complexes, the tridentate BH,
ligands are not symmetrically oriented, one of the
bridging hydrogen atoms being closer to the uranium
center (2.0—2.1 A) than the other two (2.4—2.8 A) and
the value of the angle U—-B—H; is around 160°; these
geometrical parameters suggested that some ura-
nium borohydrides can be regarded as uranium
hydrides coordinating to a BH3; molecule.’®® The
solid-state structure of U(BH4)4(THF); is retained in

Figure 42. Crystal structure of [U(BH4)4(O"Pry)].. (Re-
printed from ref 161. Copyright 1978 American Chemical
Society.)
solution but in dichloromethane, the trans octahedral
complex U(BH,)4(OPPh3), is in rapid equilibrium
with its most abundant cis isomer.%¢

In contrast to the BH,4 group, the methylborohy-
dride ligand cannot form bidentate hydrogen bridges
between two metal centers. In the compounds [Th-
(BH3Me)4]2(OEt,) and [Th(BH3Me)4(THF)]2, the tho-
rium atoms are linked by two Th—H-BH(Me)—H-—
Th bridges, in which the unique H atom bridges the
two Th atoms; the other BH;Me ligands are triden-
tate.'®” The THF adduct is centrosymmetric (Figure
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Figure 43. Crystal structure of U(BH,),(OPPh3),. (Re-
printed with permission from ref 162. Copyright 1987
International Union of Crystallography.)

Figure 44. Crystal structure of U(BH4)4(THF),. (Reprinted
from ref 164. Copyright 1978 American Chemical Society.)

Figure 45. Crystal structure of [Th(BHzMe)4(THF)]..
(Reprinted from ref 167. Copyright 1985 American Chemi-
cal Society.)

45) while only one Et,O molecule is coordinated to
one Th atom (Figure 46); this difference was ex-
plained by steric factors. The structure of the tet-
rahydrothiophene adduct of U(BH3Me),, [U(BH:Me)4-
(THT)]. (Figure 47), is different from that of the THF
adduct, U(BH3Me)4(THF), (Figure 48);'68 the two U
atoms are bridged by the sulfur atoms of the tetrahy-
drothiophene ligands, whereas the crystal structure
of U(BH3Me),(THF), is very similar to that of
U(BH4)4(THF),. Addition of the chelating ligands

Ephritikhine

Figure 46. Crystal structure of [Th(BH3z;Me),]2(OELt,).
(Reprinted from ref 167. Copyright 1985 American Chemi-

cal Society.)
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Figure 47. Crystal structure of [U(BHzMe)4(THT)].. (Re-
printed with permission from ref 168. Copyright 1987

Elsevier Science S.A.)
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Figure 48. Crystal structure of [U(BH3Me)4(THF)],. (Re-
printed with permission from ref 168. Copyright 1987
Elsevier Science S.A))

Me,PCH,CH,PMe,, MeOCH,CH,0OMe, Me;NCH,CH_-
NMe,, and MeSCH,CH,SMe to U(BHs;Me), gave the
corresponding monomeric octathedral adducts;6%17°
all the BHzMe ligands are tridentate, except in the
Me,NCH,CH,;NMe, complex where one B atom is
coordinated to the metal center through a bidentate
hydrogen bridge (Figure 49).

The anionic complexes LiTh(BH,)s and Li; Th(BH,)s
were prepared by addition of LiBH,4 to Th(BH,),; the
IR spectra indicate that the BH, ligands are triden-
tate.1#?

A series of complexes U(BH,)3(OR)(THF), and
U(BH4)2(OR)(THF), (R = Pr, Cy, CHPh,) were
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Figure 49. Crystal structure of U(BH3Me),(Me,NCH,CH,-
NMey). (Reprinted from ref 170. Copyright 1987 American
Chemical Society.)

Figure 50. Crystal structure of U(BH,)3(OCHPh,)(THF).,.
(Reprinted with permission from ref 171. Copyright 1993
Editions Gauthier-Villars.)

isolated from the reactions of U(BH,), with acetone,
cyclohexanone, and benzophenone. The crystal struc-
tures showed that in U(BH,)3(OCHPh,)(THF),, the
two equatorial THF ligands (and the two equatorial
BH, groups) are in relative cis positions (Figure 50),
whereas they are trans in U(BH,)2,(OCHPh,),(THF),
(Figure 51); all the BH, ligands are tridentate.'’*
These alkoxyborohydrides could also be formed by
treating U(BH,), with the corresponding alcohol.
Thus was prepared (‘BusCO)U(BH,)s(THF) which
adopts a pentagonal bipyramidal configuration in the
solid state, with the tridentate BH, ligands lying in
the equatorial plane (Figure 52).172 However, (‘Bus-
CO),U(BHy,), was synthesized by reaction of (‘Bus-
CO),UCI,(THF), with TIBH, and its further treat-
ment with 'BuzCOL. afforded the trisalkoxide complex
(‘BusCO)3U(BH,).17?  The trisamide compound
[(TMS);N]sTh(BH,) was synthesized from the chlo-
ride precursor (Figure 53).17% In both compounds, the
distances U-+-B (2.58(2) A) and Th---B (2.61(3) A) are
characteristic of tridentate BH, ligands.

The complex LU(BH,4); (L = CpCo[P(O)(OELt).]s)
was prepared by treating U(BH,4)4 with NaL.*™*

Chemical Reviews, 1997, Vol. 97, No. 6 2217

Figure 51. Crystal structure of U(BH,4),(OCHPh,),(THF),.
(Reprinted with permission from ref 171. Copyright 1993
Editions Gauthier-Villars.)

Figure 52. Crystal structure of (‘BusCO)U(BH,)3(THF).
(Reprinted with permission from ref 172. Copyright 1991
Elsevier Science S.A.)

B. The Trivalent Complexes An(BH 3R); (R = H,
Me) and Their Derivatives

The first Lewis base adducts of U(BH4)s, U(BH4)s-
(THF),,'® and U(BH4)3(18-crown-6),276 which were
made by treating UCI3(THF)x or UCI3(18-crown-6)
with LiBHy,4, could not be well characterized. Treat-
ment of U(BH,)3(THF)x with DMPE gave the phos-
phine adduct U(BH,)3(DMPE), which adopts a pen-
tagonal-bipyramidal crystal structure with two
tridentate and one bidentate BH, ligands.'”” Similar
reaction of U(BH,)3(THF)x with 2-(diphenylphosphi-
no)pyridine (Ph,Ppy) afforded U(BH,)s(Ph,Ppy); in
which all the borohydrides are tridentate (Figure
54)_178
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Figure 53. Crystal structure of [(TMS),N]sTh(BH,). (Re-
printed from ref 173. Copyright 1979 American Chemical
Society.)

Figure 54. Crystal structure of U(BH4)3(Ph2Ppy).. (Re-
printed with permission from ref 178. Copyright 1984 The
Royal Society of Chemistry.)

Figure 55. Crystal structure of U(BH,)3(THF)s. (Reprinted
with permission from ref 179. Copyright 1986 Huthig
GmbH.)

Reaction of UH3 and BH3 in THF gave the complex
U(BH,)3(THF)3; the facial octahedral crystal struc-
ture (Figure 55) revealed the tridentate coordination
of the borohydride ligands. Reaction 37 represents
a unique transformation of UH; into a molecular
compound.t”®

Ephritikhine

Figure 56. Crystal structure of U(BH3;Me);(DMPE)s.
(Reprinted from ref 169. Copyright 1984 American Chemi-
cal Society.)

Figure 57. Crystal structure of the cation of [U(BH4),-
(THF)s][BPhy]. (Reprinted with permission from ref 186.
Copyright 1994 The Royal Society of Chemistry.)

UH, + BH, =~ UBH,)(THF);  (37)

Thermal or photochemical decomposition of U(BH,)4

led to the formation of U(BH,)s, according to eq
38.145,1807182

2U(BH,), — 2U(BH,); + B,Hs + H, (38)

The complexes U(BH,)3(PEt3), and U(BH,)3(PEt,-
Ph), were synthesized by reducing U(BHy,), in the
presence of the phosphine; their structure was not
determined with precision.'® The diphosphine com-
pound U(BH3;Me)4(DMPE) was heated in toluene in
the presence of DMPE to give the U(l1I) derivative
U(BH3Me);(DMPE),; the pentagonal-bipyramidal crys-
tal structure showed that the three BH;Me ligands
are tridentate (Figure 56).16° Reduction of U(BH,),
in the presence of 18-crown-6 or dicyclohexyl-(18-
crown-6) (dcc) gave the complexes Us(BH4)9(18-crown-
6), and U3(BH4)o(dcc),, the *H NMR spectra of which
indicated that the uranium was inserted into the
macrocycle.’® Partial oxidation of Uz(BH,)e(dcc) in
CH,CI; gave crystals of [U(BH4)2(dcc)][UCIs(BH,)].18°
Protonation of U(BH,)s3(THF); by means of NEts-
HBPh, afforded the cationic complex [U(BH,4)2(THF)s]-
[BPhy4] (eq 39) which adopts a pentagonal-bipyrami-
dal structure with the tridentate borohydride ligands
in apical positions (Figure 57).186
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U(BH,)s(THF); + NEt;HBPh, —
[U(BH,),(THF)s][BPh,] + BH, + NEt, + H, (39)

Addition of LiBH,4 to U(BH4)3(THF); in the pres-
ence of 18-crown-6 ether gave the anionic compound
[Na(18-crown-6)][U(BH,),].18"

C. Organoactinide Borohydrides

Tetravalent organoactinide borohydrides were gen-
erally prepared by the two classical metathetical
reactions represented by egs 40 and 41. The other
routes (eqgs 42 and 43), i.e. insertion of BH; into a
An-X bond or treatment of a borohydride ligand with
a proton acidic molecule, are less usual.

[AN](BH )11 + R — [AN](BH,),(R) + BH, (40)

[An](CI),(R) + nBH,” — [An](BH,),(R) + nCI~
(41)

[An](BH)n+y + RH —
[An](BH,),(R) + BH; + H, (42)

[An](X)(R) + 2BH; — [An](BH,)(R) + BH,X (43)

Reactions 40 and 41 were also useful for the
preparation of trivalent compounds, which were
alternatively synthesized by reduction of their U(IV)
precursors. A number of these compounds were
synthesized from the arene complex (mesitylene)U-
(BH4)3. The organoactinide borohydride compounds
are listed in Table 7.

1. Arene Complexes

Thermal decomposition of U(BH,)4 in mesitylene
afforded red crystals of (mesitylene)U(BH,)s;18818 the
NMR spectra in toluene revealed the reversible
dissociation of the arene ligand, in competition with
the aromatic solvent. Displacement of the mesitylene
molecule by hexamethylbenzene gave (CsMeg)U-

Figure 58. Crystal structure of (CsMeg)U(BH4)s. (Re-
printed with permission from ref 189. Copyright 1989
Elsevier Science S.A.)
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(BH4); which did not undergo arene exchange with
benzene. This monomeric complex adopts a tetra-
hedral crystal structure, with tridentate BH, ligands
(Figure 58).189

2. Cyclopentadienyl Complexes

The monocyclopentadienyl complex CpU(BH,)s was
isolated from the reaction of U(BHj)4 or (mesity-
lene)U(BH,); with TICp or cyclopentadiene in toluene
or pentane;166.187.189.190 it was also obtained in diethyl
ether from UCI,, by successive treatment with NaBH,
and TICp.'% Whatever its mode of preparation, this
complex was purified by sublimation; its remarkable
volatility and solubility in nonpolar solvents can be
accounted for by the covalent and monomeric crystal
structure (Figure 59) in which the BH,4 ligands are
terminal and tridentate.’®® The pentamethylcyclo-
pentadienyl derivative Cp*U(BH,); was prepared by
treatment of U(BH,), with KCp*.1%2 The phosphi-
docyclopentadienyl complexes (CsR4PPh2)U(BH,)s (R
= H, Me) could not be isolated from their solution,
being easily transformed into the borane adducts
(C5R4PPh2'BH3)U(BH4)3.193

In the presence of the Lewis base L (L = THF,
DME, HMPA), the sterically unsaturated compound
CpU(BH,); was readily converted into an equimolar
mixture of Cp,U(BH,), and U(BH,)4L, (eq 44); the

2CpU(BH,); + 2L — Cp,U(BH,), + U(BH,),L,
(44)

intermediates CpU(BH,)sL could be detected by low-
temperature *H NMR spectroscopy.'® The peculiar
behavior of these adducts is in striking contrast to
that of the chloride analogues CpUCIs;L, which are
quite stable in solution. The distinct stability of CpU-
(BH4)sL, and CpUCIsL, cannot be explained by steric
factors since the Cl and BH, ligands are isosteric.
This difference can be accounted for by the higher
electron donating ability of the borohydride ligands;
the adducts CpU(BH,)sL, should be destabilized
because of the too much important electron density
on the metal 17219 |n contrast to CpU(BH,)3, Cp*U-
(BH,)s was perfectly stable in tetrahydrofuran;'°? the
NMR spectra revealed that this complex does not
coordinate the free Lewis base molecule, certainly a

w__ 8(2")
Figure 59. Crystal structure of CpU(BH,)s. (Reprinted
with permission from ref 190. Copyright 1985 The Royal

Society of Chemistry.)
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Table 7. Organoactinide Borohydrides and Their Characterization

X-ray
complexes analyses? !H NMR dataP® diffraction data® ref
Arene Complexes
(CsHsMe3)U(BH.)3 C,H,B toluene-ds: 150 (br, 480) 189
(CsMeg)U(BH4)3 C,H,B benzene-ds: 150 (br, 530) U---B; 2.49(4), 2.54(3), 2.69(3) 189
Cyclopentadienyl Complexes
CpU(BH4)3 CH,B toluene-ds: 53.2 (g, 78) U---B; 2.45(5), 2.56(5) 166,187
Cp*U(BHJ)s3 CH,B toluene-ds: 42.5 (q, 82) 192
Na[Cp*U(BH.)3] CH,B THF-ds: 96.6 (br, 415) 192
[Na(THF)s][Cp*U(BH4)3]2 U-++B; 2.57(2)—2.68(2) 196
(CsH4PPh2)U(BH4)3 benzene-ds: 61 193
(CsMe4sPPh3)U(BH4)3 benzene-ds: 50.9 193
(C5H4PPh2‘BH3)U(BH4)3 benzene-dsz 73 193
(CsMesPPhy:BH3)U(BH.)3 CH benzene-ds: 67.6 193
(Cp)(COT)U(BH,)(OPPhy) CH,B,P toluene-ds: —13.71 (q, 75) 197
(Cp*)(tmp)U(BH4): CH,P toluene-ds: —48.14 (q, 80) 192
[Na(THF)]J[(Cp*)(tmp)U(BH4),] C,H,B,Na,P THF-ds: 49 (br, 320) 192
[(Cp*)(tmp)(U(BH4)]2 toluene-ds: 138 (br, 270), 198
109 (br, 360) (minor isomer)
(CsHs),Th(BH.)2 CH 191
(CsHs)U(BH4)2 C,H benzene-ds: —19.3 (q) U---B; 2.58—2.63 199
[Na(18-crown-6)][Cp:U(BH4),]  C,H,B,Na THF-dg: 61.1 (g, 78) 187
(CsH4Me),U(BH,): U benzene-ds: —21.15 (q) 191
(CsH4SiMes),U(BH4): U benzene-ds: —18.07 (q) 191
(CsH4PPh2),U(BH,). benzene-ds: —12.0 (br, 260) 193
(C5M€4PPh2)2U(BH4)2 benzene-ds: —53 193
(C5H4PPh2‘BH3)2U(BH4)2 C,H,B,P benzene-ds: —20.2 (br, 270) 193
(CsMEAPth‘BH3)2U(BH4)2 not visible 193
Cp*:U(BH4)2 CH,B toluene-ds: —62.58 (q, 80) U---B; 2.58(3) 192
[Na(THF),][Cp*.U(BH.),] THF-dg: 33.5 (br, 240) 192
CpsTh(BH,) CH toluene-ds: 6.70 (g, 86) 203
CpsU(BH,) mass spectrum benzene-ds: —60.0 (q) U---B; 2.48 191,204,205
[Na(18-crown-6)][CpsU(BH.)] C,H,B,Na THF-dg (—80 °C): 12.4 (br, 350) 210
(CsH4SiMes)sU(BH,) C,H,Si,B toluene-ds: —56.42 (q, 88) 206
CpsU(BH3EY) CH benzene-ds: —66.4 (q) 205
CpsU(BHsPh) CH benzene-ds: —76.8 (q) 205
CpsU(HBBN) CH,B benzene-ds: —55 (br, 300) U---B; 2.78(3) 209
Indenyl, Pentadienyl, Cyclohexadienyl, and Phospholyl Complexes
(CoH7)sTh(BH,) Th 211
(dmpd)U(BH,)3 CH,B toluene-dg: 110.4 (q, 85) U---B; 2.50(3), 2.52(3), 2.54(3) 187
(dmch)U(BH.)3 CH,B toluene-ds: 76.9 (q, 85) 213
(tmp)U(BH,)3 C,H,B,P toluene-ds: 58.7 (q, 81) 215
[Na(15-crown-5)][(tmp)U(BH,);] C,H,B,P THF-ds: —109 (br, 540) 215
(dmpd),U(BH,). CH,B toluene-ds: 0.53 (q, 85) 187
[K(18-crown-6)][(dmpd),U(BH4);] C,H,B,K THF-dg: 72.5 (br, 320) 187
(dmch),U(BH4)2 CH,B toluene-ds: 69.9 (q, 85) 213
[K(18-crown-6)][(dmch),U(BH,),] C,H,B,K THF-dg: 72.7 (q, 82) 213
[(dmch),U(BH4)]x CH,B toluene-ds: 30 (br, >1000) 213
(dmch),U(BH.)(THF) CH,B toluene-dg: 90 (br, 900) 213
(dmch),U(BH,)(OPPhj3) C,H,B,P toluene-dg: 122.5 (br, 380) 213
(tmp)2U(BH.), C,H,B,P toluene-ds: —36.7 (g, 86) U---B; 2.55; U—H 2.29 214,215
[Na(15-crown-5)][(tmp).U(BH.),] C,H,B,P,Na THF-ds: 68.8 (br, 320) 215
[(tmp)2U(BHJ)]2 C,H,B toluene-ds: 165 (br, 300) U---B; 2.59(1) 198,215
Cyclooctatetraene and Cycloheptatrienyl Complexes

(CgHs)Th(BH,)2 benzene-ds: 3.11 (q, 85) 216
(COT)U(BH4)2(PPhg) toluene-ds: 140 (br, 800) 197
(COT)U(BH4)2(THF) CH,B toluene-ds: 126.2 (q, 83) 197
(COT)U(BH4)2(OPPh3) CH,B,P THF-dg: 71.6 (q, 83) U---B; 2.57(1), 2.66(1) 197
[K(18-crown-6)][(COT)U(BH,);] C,H,B THF-dg: 56.7 (g, 80) 217
[(COT)U(BH4)(OEY)], CH,B THF-ds: —84.8 (br, 280) U---B; 2.594(8) 217
[(COT)U(BH4)(OPI)], CH,B THF-ds: —88.3 (q, 85) 217
[(COT)U(BH,)(O'BU)], THF-dg: —88.8 (q, 85) 217
[CsH6-1,4-(SiMes)2]U(BH4)2 * benzene-ds: 122.5 (br) 218
M[(BH.)sU(C7H7)U(BH,)3] THF-ds (M = K): 63.4 (q, 85) av U---B; 2.58 186

(M = [U(BH4)2(THF)s)

a Elements analyzed, except when not specified (*). 6 of the BH, signals (multiplicity, coupling constant or half height width
in Hz). ¢ Distances in A.

result of its more important electron richness, Cp* of U(BH,)3(THF), with Cp*,Th(PPhy),. In the crystal

being more electron donating than Cp. structure, the geometrical parameters are not sig-
Sodium amalgam reduction of Cp*U(BHy,)3 gave the nificantly different in the independent Cp*U(BH,)3

anionic U(111) complex Na[Cp*U(BHy)3s].1®> The mixed- moieties; the BH, ligands are tridentate.!®®

valent charge-transfer compound [Na(THF)g][Cp*U- The mixed-ring complex (Cp)(COT)U(BH4)(THF)

(BHa)3]2 was unexpectedly isolated from the reaction was made by reaction of (COT)U(BH,)(THF) with
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Figure 60. Crystal structure of Cp*,U(BHy,).. (Reprinted with permission from ref 192. Copyright 1994 Elsevier Science

S.A)

TICp and was transformed into (Cp)(COT)U(BH,)-
(OPPh3).197 Reaction of Cp*U(BH,); with Ktmp (tmp
= tetramethylphospholyl) gave (Cp*)(tmp)U(BH,).
which was reduced into the corresponding U(III)
anion'®? or the neutral dimeric compound [(Cp*)-
(tmp)U(BH,)]>**® by means of sodium amalgam in
diethyl ether or toluene, respectively.

The biscyclopentadienyl complexes (CsH4R).AN-
(BH)2 (An=Thand R=H;®* An=Uand R =H,'®
Me, TMS,*®! PPh,'%3) were synthesized by treating
ANCl, successively with LiBH, or NaBH, and the
thallium salt of the cyclopentadienyl anion. Cp,U-
(BH,), was more conveniently prepared by treatment
of Cp.U(NEt,), with BH3-Me,S.2%° The phosphidocy-
clopentadienyl derivatives were alternatively ob-
tained by reaction of U(BH,)4 or U(BH,4)3(THF); with
TICsH4PPh,; (CsMeyPPh,),U(BH,), was similarly pre-
pared from U(BH;); and KCsMe4PPh,.1% These
complexes, which were characterized in solution,
were easily converted into the borane adducts (CsRas-
PPh,-BH3);U(BH,)., (R = H, Me). The two com-
pounds (CsHsz{ TMS} 2)2U(BH4)2201 and Cp*zU(BHA,)zlg2
were prepared from the corresponding chlorides; the
latter was characterized by its crystal structure
(Figure 60) which indicates the tridentate coordina-
tion of the BH, group, with a U---B distance (2.58(3)
A) similar to those found in Cp,U(BH,),.1%

The anionic U(IIl) complexes [Na(18-crown-6)]-
[szU(BH4)2]187’202 and [Na(THF)X][Cp*ZU(BH4)2]192
were synthesized by sodium amalgam reduction of
their neutral tetravalent precursors. The neutral
compound (CsH3{ TMS},).U(BH4)(THF) was obtained
from the corresponding chloride,?°* whereas Cp*,U-
(BH,4)(THF) was prepared by hydrogenolysis of an
equimolar mixture of Cp,U(BH4), and Cp*;UMe,.192

The triscyclopentadienyl compounds CpsAn(BHy,)
(An = Th,203 U204) and (C5H4PPh2)3U(BH4)120 have
been prepared from the corresponding chlorides. The
crystal structure of CpsU(BH,) revealed the triden-
tate coordination of the BH, ligand,*! in agreement

with the IR spectra.?®®> The !'B-decoupled NMR
spectrum, which exhibits collapse of the BH,4 reso-
nance at low temperature, revealed for the first time
in a metal borohydride, slowing of the dynamic
intramolecular rearrangement process.?%

The ring-substituted complex (CsH,TMS)sU(BH,)
was isolated from the insertion reaction of BHj3 into
the U—H bond of the corresponding hydride.2%¢
Insertion of borane into the U—X bond of the com-
plexes CpsUX (X = Me, Et, Ph, NEt,, OMe, F,
CONETt;, COBuU) led to the formation of CpsU(BH,)
according to eq 45; in some cases (X = Me, Et, Ph),
the intermediate CpsU(BH3X) was detected.207:208

BH; BH;
Cp3;U(BH,) + BH,X (45)

Reaction of CpzU(BH,) with BR; (R = Et, Ph)
afforded the substituted derivatives CpsU(BH3R) in
which the BH3R groups are tridentate.?%

Treatment of CpsUCI with Na(HBBN) (BBN =
9-borabicyclo(3.3.1)nonane) gave CpsU(HBBN), the
first metal complex with a HBBN ligand; the IR
spectrum and crystal structure indicate that the
boron hydride ligand is coordinated to the metal
center through two hydrogen bridges.?%®

The uranium(111) compound [Na(18-crown-6)][CpsU-
(BH,)] was synthesized by reduction of CpsU(BH.)
with sodium amalgam in the presence of 18-crown-6
ether_202,210

3. Indenyl, Pentadienyl, Cyclohexadienyl, and Phospholyl
Complexes

The tris(indenyl) compound (CgH7)sTh(BH,4) was
prepared from the corresponding chloride; the BH,
ligand is tridentate from the IR spectrum.?!!

A series of uranium borohydride complexes with
2,4-dimethylpentadienyl (dmpd),87:188212 § 6-dimeth-
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Figure 61. Crystal structure of (dmpd)U(BH,)s. (Re-
printed with permission from ref 187. Copyright 1989
Elsevier Science S.A))
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Figure 62. Crystal structure of (tmp),U(BH,).. (Reprinted
with permission from ref 214. Copyright 1990 VCH.)

ylcyclohexadienyl (dmch),188212.213 g tetramethylphos-
pholyl (tmp) ligands!®8214215 have been prepared from
U(BH,4)4 and (mesitylene)U(BH,)s. The volatile ura-
nium(lV) derivatives LU(BH,); (L = dmpd, dmch,
tmp) are, like CpU(BH,)3, unstable in coordinating
solvents; the crystal structure of (dmpd)U(BH,)s has
been determined (Figure 61).187 In contrast to Cp,U-
(BH4)2 and (tmp),U(BH,),, the pentadienyl and cy-
clohexadienyl analogues were not stable in THF,
being reduced into U(IIl) borohydrides.'®":213 The
crystal structure of (tmp),U(BH,)?'* (Figure 62) is
very similar to that of Cp*;U(BH,),, confirming that
the tetramethylphospholyl group is a steric mimic of
the ubiquitous pentamethylcyclopentadienyl ligand.
With the exception of [Na(15-crown-5)][(tmp)U-
(BH,)3],%*® the anionic U(I111) complexes [Na(crown-
ether)][LU(BH,4)s] (L = Cp, dmpd, dmch) could not
be isolated because of their ready disproportionation
(eq 46).

Ephritikhine
2[LU(BH,);] — [LU(BH,),] + [U(BH,),] (46)

The complexes [M(crown-ether)][LU(BH,)2] (M =
Na or K; L = dmpd, dmch, tmp) are stable and
extraction of the dmch and tmp derivatives with
pentane or toluene gave the neutral compounds
[(dmch),U(BH4)]** and [(tmp).U(BH4)]..1%2% The
latter, which is fluxional in solution, was character-
ized by its crystal structure (Figure 63); the two
uranium metals are bridged by two u-7°,1*-phospholyl
ligands and the tridentate BH, ligands are cis to the
(UP), ring.1%8

4. Cyclooctatetraene and Cycloheptatrienyl Complexes

The monocyclooctatetraene thorium complexes
(CsH;R)Th(BH,4), (R = H, "Bu) were prepared by
treating Th(BH,)4(THF), with (CgH-R).Th or K,COT
in THF.2'6 Reaction of U(BH,), with (COT),U or
cyclooctatetraene in toluene afforded the polymeric
compound [(COT)U(BHy,)], which was converted into
the anionic complex [K(18-crown-6)][(COT)U(BH,)s]?*"
or the Lewis base adducts (COT)U(BH,)2(L) (L =
PPhs;, THF, OPPh3).1®” The crystal structure of
(COT)U(BH,4)2(OPPh3) shows it to have a three-
legged piano stool configuration with tridentate BH,
ligands (Figure 64). The alkoxoborohydrides [(COT)U-
(BH4)(OR)]: (R = Et, 'Pr, '‘Bu) were synthesized by
reaction of [(COT)U(BH4).], with the corresponding
alcohol;?2'" in the crystal structure of [(COT)U(BH,)-
(OEt)],, the two uranium atoms are linked by two
OEt bridges (Figure 65). The complex [CgHe-1,4-
(SiMej3);]JU(BH,), was prepared by treating UCI, with
LiBH,4 and the lithium salt of the cyclooctatetraene
dianion.2'®

The first cycloheptatrienyl complex of an f-element,
[U(BH4)2(THF)5][(BH4)3U(C7H7)U(BH4)3] was isolated
from the reaction of U(BH,); and KC;Hg;'® the
crystal structure shows that the two U(BH,); frag-
ments are bridged by a u-",5’-C;H- ligand (Figure
66). Such inverse sandwich compounds containing
an M(u-n",n"-C,H,)M" unit were known for n = 5, 6,
and 8, and the above complex is the first example
with n = 7. Treatment of U(BH.), with 4 equiv of
KC;Hq afforded the first cycloheptatrienyl sandwich
compound K[U(y-C;H5),].2*°

D. Actinide Aluminohydrides

By comparison with the lanthanide series, a very
few actinide aluminohydrides have been reported.
Reaction of UCI; with 3 equiv of LiAIH, gave a gray
powder, formulated as U(AlIH,)s, which decomposed
above —20 °C.?2° The cyclopentadienyl compounds
CpsU(AIH,)??1222 and CpU(AIH,),2%° were obtained
by treatment of the corresponding borohydrides with
LiAIH, in diethyl ether. These complexes are pre-
sumably polymeric; the IR spectra exhibit broad
bands at 1750 and 705 cm™%, characteristic of bridg-
ing and terminal AlH, groups. Treatment of Cp,U-
(NEt,), with LiAlIH,4 led to the formation of the ate
complex LiCp,U(AlIH,)2(NELy).2%0
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Figure 63. Crystal structure of [(tmp),U(BH,)].. (Reprinted with permission from ref 198. Copyright 1994 Elsevier Science

S.A)

c2s5'g

Figure 64. Crystal structure of (COT)U(BH,)2(OPPh3).
(Reprinted with permission from ref 197. Copyright 1990
Elsevier Science S.A))

X. Reactions of the Lanthanide Hydrides
A. Stoichiometric Reactions

The classical addition reactions to unsaturated
molecules will be examined first, followed by the
o-bond metathesis reactions, which are more typical
of d° and d°f" complexes.

1. Addition Reactions

Addition of lanthanide hydrides to alkene C=C
bonds, a most important elementary step in the

Figure 65. Crystal structure of [(COT)U(BH,)(OEYD)]..
(Reprinted with permission from ref 217. Copyright 1992
The Royal Society of Chemistry.)

Figure 66. Crystal structure of the anion of [U(BHy),-
(THF)s][(BH4)3U(C7H7)U(BH,)3]. (Reprinted with permis-
sion from ref 186. Copyright 1994 The Royal Society of
Chemistry.)

catalytic hydrogenation or polymerization of olefins,
has been extensively studied. The scandium hydride
[Cp*,ScH], reacted with ethylene, propene*® and a
series of substituted styrenes CH,=CHCgH-p-X (X
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Scheme 2. Reactions of [(Cp*SiNR)(PMe3)ScH].
with Alkenes

(Cp*SiNR)(PMe3)ScCH,CH(Me)R’

CH2=C(Me)R’\

[(Cp*SiNR)(PMe3)ScH],

CH,=CH, /

[(Cp*SiNR)(PMe3)Scly (1,12, 112-CoHyl

(Cp*SiNR)(PMe3)ScCH(Ph)CH,CH,CH,Ph

CH,=CHPh

CH,=CHMe

[(Cp*SiNR)Scl,[u-"Pr],

= H, Me, NMe,, CF3)32223 to give the corresponding
alkyls (eq 47).

1/n[Cp*,ScH],, + CH,=CHR —
Cp*,ScCH,CH,R (47)

R = H, Me, C4H,-p-X

The dimeric yttrium hydride [(CsH4R).YH(THF)]2
(R = H, Me) was similarly transformed into
(CsH4R),Y(CH,CH,R)(THF) (R = H, Me).5” The
isobutyl complex Me,Si(CsMe,),Sc(PMes)(IBu) was
prepared by addition of the parent hydride to
CH,=CMey; it slowly decomposed into the methyl
derivative Me;Si(CsMe,),Sc(PMes)(Me), implicating
B-Me elimination of propene.??* Monomeric alkyl
complexes were obtained by treating [(Cp*SiNR)-
(PMe3)ScH]; ((Cp*SiNR) = (°>-CsMeg)Me,Si(:-NtBu))
with 2-methyl-1-pentene or isobutene (Scheme 2);
reaction with styrene gave a unique double insertion
product resulting from sequential 1,2- and 2,1-
styrene insertion.*® Treatment of [(Cp*SiNR)(PMes)-
ScH], with 2 equiv of CH,=CH; produced an unusual
ethylene bridged dimer and 1 equiv of ethane,
whereas the same reaction with propene afforded a
phosphine-free, alkyl-bridged scandium dimer.*®

The bis(pentamethylcyclopentadienyl)lanthanide
hydrides [Cp*,LnH], (Ln = La, Nd,>* and Sm?25-2%7
reacted with 2 equiv of terminal alkenes to give #°-
allyl complexes, according to eq 48.

0.5[Cp*,LnH], + 2CH,=CHCH,R —
Cp*,Ln(3°*-CH,CHCHR) + CH,CH,CH,R (48)

Ln=La, Ndand R =H, "Pr;
Ln=Sm and R = H, Ph, CH,CH,NMe,

The samarium hydride was similarly transformed
into the crotyl derivative by treatment with cis- or
trans-2-butene.??®® These reactions certainly proceed
by initial addition of the hydride to the C=C bond,
followed by metalation of the alkene.

In contrast to [Cp*;LnH]; and [Me;Si(CsMey),-
LnH], which readily reacted with a-olefins to give
allyl compounds or polymerization products (vide
infra), the ring-bridged dinuclear lanthanide hy-
drides [Et,Si(CsMe4)(CsH4)LNH], (LN =Y, Lu) were
slowly transformed into u-hydridoalkyl derivatives
(eq 49).%

Terminal alkenes also reacted with [Cp*(O-2,6-
‘Bu,-CsH3)YH], to give the corresponding u-alkyl
species (eq 50).342?8 Reaction of the corresponding

Ephritikhine

[Et,Si(C;Me,)(CH,)LnH], + CH,=—CHR —
[Et,Si(CsMe,)(CsH,)Ln],(u-H)(u-CH,CH,R) (49)

Lhn=Yand R=H, Me; Ln=Lu
and R = H, Me, "Bu
[Cp*(0-2,6-'Bu,-C4H,)YH], + CH,=CHR —

trans-[Cp*(0-2,6-'Bu,-CqH,) Y1,(u-H)(u-CH,CH,R)
(50)

R =H, Me, "Bu

deuteride with propene afforded selectively trans
[Cp*(O-2,6-Bu,-CsH3) Y]2(u-D)(u-CH,CHDME), con-
firming the non reversibility of olefin insertion.

Here should be noted the reactions of 1-hexene
with [szLLIH(THI:)]z,l9 [(CH2)3(C5H4)2LHH(THF)]2
(Ln =Y, Dy, Er, LU),69 and [O(CH2CH2C5H4)2LHH]2
(Ln =Y, Gd, Er, Yb and Lu)?®® which afforded
n-hexane after hydrolysis. Moreover, 1-hexene and
1-octene were also reduced into the corresponding
alkanes by using NaH in the presence of great variety
of lanthanide complexes, in particular CpzLn (Ln =
Y, La, Pr, Nd, Sm, Th, Er, Yb, Lu),??>2®0 (CsH4R),-
YCI (R =H, Me), O(CH,CH,CsH,),YCI, (CH2)n(CsH,)-
YCI (n = 3, 5),22%231 MeN(CH>CH,CsH,),LnClI (Ln =
Y, Sm, Nd).2* The reactivity of the hydrides gener-
ated in situ is determined largely by the “cone angle
of reaction” formed by the two cyclopentadienyl rings
in the bent metallocenes and can be adjusted by
varying the ligands on the metal; metal tuning of
reactivity can also be achieved by taking advantage
of the well-known lanthanide contraction, early lan-
thanide hydrides being more reactive than the later
ones.

The reactions depicted by egs 51 and 52 are the
sole examples of lanthanide hydride additions to
olefins with ether5! and thioether?3? functions.

Me,Si(C;Me,),Sc(PMeg)H + (CH,=CHCH,),0 —
Me,Si(CsMe,),Sc(CH,CH,CH,OCH,CH=CH,)
(51)
[Cp*,YH], + 2CH,=CHCH,SMe —
2Cp*,YCH,CH,CH,SMe (52)

The samarium hydride [Cp*,SmH], reacted with
4 equiv of methyl methacrylate to give a keto enolate
compound (eq 53).233 The reaction is likely to proceed
by initial 1,4-addition of the hydride to the conjugated
ester, vyielding the intermediate Cp*,SmOC-
(OMe)=CMe;, which would add a second molecule of
methacrylate to afford the eight-membered ring
product.

[Cp*,SmH], + 4 CH;=CMeCO,Me

OMe
—
(¢]
/ (53)
Cp*,Sm
\O
OMe

Stoichiometric reactions of lanthanide hydrides
with dienes are also rare. The 53-allyl compounds
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Scheme 3. Reactions of
meso-[Me,;Si(CsH3-3-'Bu),ScH], with Dienes?
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2 All reactions at 80 °C in CgDe.

Cp*2Sc(i73-C3Hs)*95051223 and (CsH4R),Y (73-CsHs)-
(THF) (R = H, Me)%” were synthesized by reaction of
the parent hydrides with 1,2-propadiene (eq 54).
Treatment of [Cp*;SmH], with 1,3-butadiene af-
forded the crotyl derivative.??6

1/n[Cp*,ScH],, + H,C=C=CH, —
Cp*,Sc(i>-C3Hs) (54)

The scandium hydride meso-[Me,Si(CsH3-3-
Bu),ScH], reacted with 1,4-butadiene, 1,4-pentadi-
ene, 2-methyl-1,4-pentadiene, and 3-methyl-1,4-pen-
tadiene to give the allyl derivatives (Scheme 3) which
were alternatively obtained by treatment of the
hydride with methylenecyclopropane, isoprene, 2,3-
dimethylbutadiene, and 1,4-hexadiene; 3C-labeling
experiments showed that these skeletal rearrange-
ments would proceed by a mechanism involving
B-alkyl elimination.®?

Some addition reactions of lanthanide hydrides
with alkynes have been reported (eqs 55—58).

[(CsH,R),YH(THF)], + 2R'C=CR’' —
2(CsH,R),Y(THF)(R'C=CHR') (55)
R =H, Me; R = Et, Ph

1/n[Cp*,ScH],, + MeC=CMe —
Cp*,Sc(MeC=CHMe) (56)

H,O
[O(CH,CH,C.H,),YH], + 2PhC=CPh —
trans-stilbene (57)

[Cp,LUH(THF)], + 2HC=CPh —
2Cp,LUCH=CHPh (58)

cis-Olefins were formed by hydrolysis or hydro-
genolysis of the alkenyl complexes isolated from
reactions 55% and 563%25! and it is surprising that
trans-stilbene was obtained by reaction 57 between
diphenylacetylene and [O(CH,CH,CsH,).YH], (made
in situ from its chloride precursor).?’ In contrast to
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[Cp2YH(THF)], which reacted with terminal alkynes
to give alkynide derivatives (vide infra), [Cp.LuH-
(THF)], was transformed into the alkenyl complex
by treatment with phenylacetylene (eq 58).%°

Addition of lanthanide hydrides to the C=N bond
of nitriles and isonitriles gave alkylideneamido and
N-alkylformimido complexes, as shown with reac-
tions 59,57 60,23 61,2%% and 62.236.237

[(CsH,R),YH(THF)], + 2R'CN —
[(CsH,R),Y(N=CHR")], (59)
R = H, Me; R' = Me, 'Bu

[{PhC(NSiMe,),},YH], + MeCN —
[{PhC(NSiMe,),},Y(u-N=CHMe)], (60)
1n[Cp*,ScH],, + RCN — Cp*,Sc(N=CHR) (61)

R = 'Bu, p-C¢H,OMe, p-C4H,Me

[(CsH,R),LNH(THF)], + 2'BUNC —

[(CsH,R),Ln(HC=N'Bu)], (62)
Lh=Yand R=H,Me;Ln=ErandR=H

The yttrium hydride [(CsH4R).YH(THF)]. also re-
acted with pyridine in polar solvents to give the 1,2-
addition product which rearranged into the 1,4-
isomer (eq 63);%” the 1,2-inserted product of reaction
64 did not suffer subsequent isomerization.?%3

0.5 [(CsH4R), YH(THF)], + NCsH; = ———>
(CsH4R),Y-N /> —— (GsH4R),Y-N ) (63)
0.5 [{PllC(NSlMC3)2}2YH]2 + NC5H5 —

[PhC(NSiMe;),],Y-N /> (64)

Reactions of lanthanide hydrides with ketones and
aldehydes received little attention. Addition of [Cp*,-
LaH], to di-tert-butyl ketone (eq 65)%%® and addition
of [Cp2.LUH(THF)]; to benzaldehyde (eq 66)>*° af-
forded the corresponding alkoxide derivatives.

[Cp*,LaH], + 4'Bu,CO —
2Cp*,La(OCH'BuU,)(OC'Bu,) (65)

[Cp,LuH(THF)], + 2PhCHO —
2Cp,Lu(OCH,Ph)(THF) (66)

Some reactions of lanthanide hydrides with carbon
monoxide were reported (egs 67—69). Treatment of
[Cp*2SmH], with CO led to the formation of a cis
enediolate complex, isolated as its OPPh; adduct,
which isomerized to the trans isomer; both isomers
have been crystallographically characterized.?*® Ad-
dition of the scandium hydride Cp*,ScH(THF) to the
carbonyl ligand of Cp,M(CO) (M = Mo, W) or CpCo-
(CO), afforded scandoxycarbene compounds.?*!
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[Cp*,SmH], + 2CO —
[Cp*,SM(THF)],(u-OCH=CHO) (67)

Cp*,ScH(THF) + CpCo(CO), —
Cp*,ScOCH=Co(CO)Cp (68)

Cp*,ScH(THF) + Cp,M(CO) —
Cp*,ScOCH=MCp, (69)

M = Mo, W

2. Deoxygenation of Organoheteroatom Oxides and a
Reaction of "BuzP=Te

The system CpzSm/NaH or LiAIH, was able to
deoxygenate triphenylarsine oxide, diphenyl sulfox-
ide, azoxybenzene, pyridine N-oxide, and triphen-
ylphosphine oxide;?*? no lanthanide complexes were
isolated from these reactions. Treatment of [Me,Si-
(CsH3'Bu),ScH], with "BusP=Te gave a u-telluride
complex (eg 70).2** The mechanism of these reactions
has not been studied.

[Me,Si(C;H,'Bu),ScH], + "Bu,P=Te —
[Me,Si(CsH;Bu),Scl,(u-Te) + H, + P"Bug (70)

3. o-Bond Metathesis Reactions

The lanthanide hydrides [Ln]—H are extremely
reactive toward a great variety of A—B o-bonds and
are transformed into the derivatives [Ln]—A (or
[Ln]—B), with liberation of B—H (or A—H). The
mechanism of these og-bond metathesis reactions was
studied by several experimental and theoretical ap-
proaches;* it is generally accepted that this formal
2s + 2s process occurs via a four-center transition
state.

It is likely that activation of H—X and C—X bonds
(X=0, N, S, halogen) is favored by initial coordina-
tion of the heteroatom ligand to the metal complex,
thus leading to the formation of the [Ln]—X bond.
Activation of C—H bonds can produce either H/H
exchange or metalation reactions; extended Huckel
calculations showed, in agreement with the reactions
observed between the complexes Cp*,LnH (Ln = Sc,
Y, Lu) and hydrocarbons RH, that H/H exchange is
easier for R = aryl than for R = alkyl because an sp?
carbon can better stabilize the [H-R-H]™ moiety in
the transition state.?*

Reactions of lanthanide hydrides with water or
alcohols have not been studied much, although they
are convenient routes to hydroxides and alkoxides.
The holmium hydroxide [(MeOCH,CH,CsH,),Ho-
(OH)]. was obtained by partial hydrolysis of the
parent hydride and was crystallographically charac-
terized.?> Treatment of the trinuclear anionic hy-
dride [(Cp2YH)sH]~ with methanol, giving the alkoxy—
hydride anions [[Cp,Y (u-H)IK[Cp2Y (u-OMe)]s—x(us-H)]~
has already been mentioned.?® The samarium hy-
dride [Cp*,SmH], reacted with alcohols and also with
"PrSH, Et,PH, and Me,NH, according to eq 71; these
reactions were useful for the determination of abso-
lute metal—ligand bond disruption enthalpies.??> A
series of amide compounds were synthesized by
reaction of [Cp*;ScH], with primary amines (eq
72).234

Ephritikhine
[Cp*,SmH], + 2REH — 2Cp*,SmER + 2H, (71)

REH =
'BUOH, 'Bu,CHOH, "PrSH, Et,PH, and Me,NH

1/n[Cp*,ScH],, + RNH, — Cp*,ScNHR + H, (72)
R = H, Me, Ph, 'Bu, p-C4H,OMe

Lanthanide hydrides [Ln]—H were invariably trans-
formed into the corresponding halides [Ln]—X by
reaction with the organic halides RX. lodinolysis of
(Cp*.LnH), allowed the determination of the absolute
bond disruption enthalpies D(Ln—H) which are equal
to0 66.6 (La), 56.5 (Nd), 52.4 (Sm), and 66.7 (Lu) Kcal/
mol.?*> These values, which showed no apparent
trend, may be compared to those of ~60 Kcal/mol for
the Ln*-H bond dissociation energies determined by
mass spectroscopy.?*® The hydrides [Cp*,LnH], (Ln
= S¢,%0 Sm,?*> Ce®) reacted with Mel to give the
corresponding iodides; formation of Cp*,LnMe was
not detected while both alkyl exchange and alkyl
coupling were observed in the reactions of Cp*,ScR
with organic halides.??> For these reactions, radical
pathways are likely alternatives to the o-bond me-
tathesis mechanism. Reactions of [Cp*,SmH], with
n-amyl chloride and n-butyl bromide permitted the
disruption enthalpies of the Sm—Cl and Sm—Br
bonds to be calculated.??> Reductive dehalogenation
of organic halides was performed with the systems
CpsLn/NaH (Ln =Y, La, Sm, Gd, Lu)?*” and [O(CH-
CH2C5H4)2YH]2/NaH.20

The C—0 bonds of ethers could be activated by the
complexes [Cp*,LnH],. The ethoxide compounds
Cp*;LNOEt (Ln = Lu,>® Sm,%® Y, La, Ce?*®) were thus
obtained by cleavage of diethyl ether (eq 73); they
further reacted with [Cp*;LnH], to give the u-oxo
complexes [Cp*2Ln]2(«-O) (Ln =Y, La, Ce) according
to eq 74).2%2 Asymmetric substituted dialkyl ethers
ROR’ were cleaved by [Cp*,LnH], (Lh =Y, La, Ce)?*?
to give a mixture of Cp*,LnOR and Cp*,LnOR’ (eq
75) in proportions which were strongly dependent on
the alkyl substituents but were relatively insensitive
to the nature of the metal; similarities with both Sy1
and S\2 type substitution reactions were observed.
The order of reactivity Et,O, "BuOEt > ‘BuOMe >
'BUOETt reflected the increasing steric bulk of the
ethers and suggested that the first step of the
reaction was formation of the adduct Cp*,LnH-
(ROR).

[Cp*,LnH], + 2Et,0 —

2Cp*,LnOEt + 2EtH (73)
Ln=Y, La, Ce, Sm, Lu
[Cp*,LnH], + 2Cp*,LNOEt —
2[Cp*,Ln],(u-O) + 2EtH (74)
Ln=Y, La, Ce

[Cp*,LNH], + 2ROR' —

Cp*,LNOR + Cp*,LNOR’' + R'H + RH (75)
Ln =Y, La, Ce; R ='Bu and
R' = Me, Et; R = "Bu, R' = OEt

Reaction of [Cp*,YH], with vinyl ethyl ether and
allyl ethyl ether afforded the yttrium ethoxide Cp*,-
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YOELt, with elimination of ethylene and propene,
respectively.?%?

Ring opening of tetrahydrofuran by [Cp*,LnH], (Ln
= Sm?3®¢ and Y?2*? |ed to the formation of the butoxide
derivative (eq 76). Similar reactions of 1,4-dioxane
with [Cp*,YH]2?%? or hexamethylcyclotrisiloxane with
[Cp*>SmH],%¢ gave bimetallic compounds in which
the Cp*,Ln(THF) moieties are bridged by a OCH,-
CH;0 or OSiMe,0SiMe,0 fragment (egs 77 and 78).

[Cp*,LnH], + 2THF — 2Cp*,LnO"Bu  (76)
Ln=Sm,Y
[Cp*,YH], + dioxane —
Cp*,Y(THF)OCH,CH,OY(THF)Cp*, (77)

Cp*,SmH)], + hexamethylcyclotrisiloxane —
2 2
Cp*,Sm(THF)OSiMe,0SiMe,OSm(THF)Cp*,
(78)

Diethyl sulfide reacted with [Cp*,YH], in a manner
similar to that of Et,0, giving the thiolate derivative
(eq 79).

[Cp*,YH], + 2Et,S — 2Cp*,YSEt + 2EtH  (79)

However, other organic sulfides were activated
predominantly by CH activation to form the corre-
sponding metalation products (eq 80); thiophene and
furan are metalated at the a-position (eq 81).%%2

p + e—
Cp*,YH], + 2RCH,SM
2Cp*,YCHRSMe + H, (80)

R =H, Ph
[Cp*,YH], + Z/ \X CP*ZY—Z/ \> + H (81)
E E
E=0,S

The complexes [Cp*2LnH], (Ln = Y,?*° Lu?*8) and
Cp*2ScH(THF)*9%0 reacted with pyridine to give the
orthometalated compound (eqs 82 and 83); reaction
of the scandium hydride was reversible. The meta-
lation reaction 82 seems different from the addition
reaction 63, but Cp*,Ln(C,N-°CsH4N) reacted with
H (1 bar) to give the 1,4 hydride addition product
Cp*2Y(NCsHg), presumably via the intermediate
Cp*zY(NC5H5)H

[Cp*,LnH], + 2NC.H; —
2Cp*,Ln(C,N-7°CzH,N) + H, (82)
Ln=Y, Lu
Cp*,ScH(THF) + NC.H; —
Cp*,Sc(C,N-°CsH,N) + H, + THF (83)

Treatment of [Cp*,SmH], with 2-phenyl-1-pyrro-
line afforded the orthometalation product (eq 84);
such C—H bond activation reactions were also ob-
served with acyclic aromatic ketimines and aldi-
mines.20
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N

\—
2 Cp*,Sm +H, (84

The yttrium hydride [{PhC(NSiMej3),}.YH]. re-
acted with a-picoline to form the a-picolyl derivative
(eq 85).%%4

N

[{PhC(NSiMes),},YH], + 2 Q _
—
N

N
2 [PhC(NSiMe;)z]z\(C Q +H, (85

\
H,

H/D exchange between lanthanide hydrides and
deuterium ([Ln]—H + D, — [Ln]—D + HD) is an easy
process, whereas arene CH bonds are also readily
activated to give H/H exchange or metalation. The
facile H/D exchange of [Ln]—H with D, or CsDg was
used for the catalytic deuteration of a variety of
organic molecules (vide infra). In benzene solution,
[Cp*2ScH], is in equilibrium with Cp*,ScPh and H,
(eq 86); the Sc—H bond dissociation energy (BDE) is
1.5(4) kcal mol~?! higher than the BDE of the Sc—Ph
bond.*® In deuterated benzene or toluene, [Cp*,YH],
was immediately transformed at 20 °C into the
corresponding deuteride, whereas its thermolysis
afforded the binuclear complex Cp*,Y (u-H)(u-n*,n°-
CH,CsMe, ) YCp*. In addition to the fast nonproduc-
tive H/H exchange and the slow intramolecular CH
activation of the Me group of a Cp* ligand, metalation
of solvent molecules was observed when the H; gas
generated was removed quickly (eq 87).3 In contrast
to toluene, the derivatives PhX (X = OMe, SMe,
NMe,, CH,NMe,, PMe,, PPh,=CH,) were metalated
preferentially at the ortho position. The yttrium
hydride was also efficient for the metalation of
2-butyne (eq 88).25!

1/n[Cp*,ScH],, + PhH — Cp*,Sc-Ph + H,  (86)
[Cp*,YH], + 2RH — 2Cp*,YR + 2H, (87)
R = Ph, CH,Ph

[Cp*,YH], + 2MeC=CMe —
2Cp*,YCH,C=CMe + H, (88)

The lutetium hydride [Cp*;LuH], reacted with
benzene, the ylide CH;PPhs, and tetramethylsilane
to give stable metalation products (Scheme 4).248252

The samarium hydride [Cp*,SmH], was trans-
formed in toluene into a mixture of the self-metala-
tion product and the benzyl complex Cp*,SmCH,Ph;
in contrast to the other [Cp*;LnH], compounds,
[Cp*.SmH], showed no appreciable reactivity with
benzene.3®

Metalation of terminal alkynes is also a facile
reaction. Alkynide complexes were synthesized from
[(CsH4R)YH(THF)]2,57 Cp*,ScH,* [Cp*Y (0O-2,6-Bu,-
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Scheme 4. C—H Bond Activation Reactions of

[Cp*:LuH],
Cp*zL\n——@—LuCp*z

[Cp*;LuH],
/I\V wm
/N PPh,

Cp*,LuCH,SiMe; Cp*ZLl:

C6H3)H]2,34’228 [O(CHzCH2C5H4)2YH]z,20 and [{ PhC-
(NSiMes),}YH]2%3* according to eqs 89—93.

Cp*,LuPh

[(CsH,R),YH(THF)], + 2HC=C'Bu —
[(CsH,R),Y-C=C'Bu] , + 2H, (89)
R =H, Me

Cp*,ScH + HC=CMe — Cp*,Sc-C=CMe + H,
(90)

HC=CSiMe,

[Cp*Y(OANH];,
C=CSiMe,

[CP*Y (OAN)],(u-H)(4-C=CSiMe,) —— .

—H,
2Cp*Y(OAr)(C=CSiMe,)(THF), (91)
Ar = C¢H,'Bu,
[O(CH,CH,C:H,),YH], + 2HC=CPh —
O(CH,CH,C¢H,),Y(C=CPh) + 2H, (92)
[{PhC(NSiMe,).} ,YH], + 2HC=CR —

R = H, Me, "Pr, '‘Bu, SiMe,, Ph

Reaction of phenylacetylene with [Cp*,SmH], did
not give the alkynide compound [Cp*,SmC=CPh],,
as previously reported??® but afforded the coupling
diyne product (eq 94).?5® Other alkynes reacted
differently and with HC=C'Bu (eq 95), two products
were isolated and identified by their crystal struc-
ture: the uncoupled alkynide complex and the buta-
dienyl compound, the formation of which is not well
understood.?%

[Cp*,SmH], + 2HC=CPh —
(Cp*zsm)z(ﬂ'ﬂz:’?z'PhC4Ph) (94)
[Cp*,SmH], + 2HC=C'Bu —
[Cp*,Sm-C=C'Bu], +
Cp*,Sm['BUCH=CC('Bu)=CH,] (95)

B. Catalytic Reactions

1. H/D Exchange Reactions

Exchange of hydrogen for deuterium between D,
or C¢De¢ and the Cp* ring is common for the [Cp*,-

Ephritikhine

LnH], hydrides and was reported for Ln = La, Nd,>
Sm,5%8 and Lu.54248252 The hydride ligands of [Cp*,-
YH], were very rapidly exchanged for deuterium at
room temperature in C¢Dg and in the presence of CH-
(SiMej),, catalytic H/D exchange was observed be-
tween the Me groups of the SiMe; fragments and
CesDs, the methylene group being not affected. The
methyl group of toluene was also deuteriated by
[Cp*.YH], in CsDs but the phenyl ring was affected
at a much lower rate, showing the preference for sp?
CH bonds. Deuteriation of the Cp* ligands occurred
at higher temperatures and was complete within 4
h at 100 °C.%?2 The scandium hydrides [Cp*,ScH]n
and Cp*,ScH(THF) catalyzed the intermolecular H/D
exchange between CgDs and a variety of organic
molecules. The order of reactivity of CH bonds: aryl
CH > Cp*, a-THF, PMe; > CHy4, SiMe,, cyclopropane,
PhCH; > CH3CH,CH3; > g-THF, cyclopentane, cy-
clohexane, cyclooctane, CH;CH,CH3; indicated that
steric factors and s character of the CH bond correlate
more closely with reactivity than does the CH bond
dissociation energy.*%° [Cp*,ScH], was an efficient
catalyst for the large-scale synthesis of Cs(CD3)sH
([?H30]Cp*H); 10 turnovers per day were observed at
145 °C under 1 atm of D, with 0.1 equiv of the
scandium hydride and the typical isotopic purity was
95% after 4—5 week reaction times.?%°

2. Isomerization Reactions

Terminal alkenes were isomerized into cis- and
trans-2-alkenes by using the systems CpsLn/NaH,
when the ratio CpsLn/1-alkene was less than 0.25 (Ln
=Y, La, Pr, Nd, Sm, Tb, Er, Yb, Lu). The catalytic
activities could be related to the ionic radii of the Ln
metals; CpsY and CpzLu were the best catalysts for
the isomerization of 1-hexene.?302% QOther organoyt-
trium complexes were efficient for the isomerization
of 1-octene, in the order: Cp,YCI, CpsY > MeN(CH,-
CH2C5H4)2YC|, (MEOCH20H2C5H4)2YC| > YC|3.256

Stoichiometric reactions of the scandium hydride
[Me;Si(CsH3'Bu),ScH], with 1,4-pentadienes gave 73-
allyl complexes but when used in excess, these dienes
were catalytically isomerized via C—C ¢-bond activa-
tion (egs 96 and 97).52 The scandium hydride cata-
lyzed the cyclization of o,w-diolefins (eq 98), a par-
ticular example of a-olefin dimerization (vide infra).5!

R R R R
/\/\_,/\K+/\/\+/\) 96)

R =H, Me

M*&é NN

Methylenecycloalkanes were also formed in excel-
lent yields and under milder conditions with Me,Si-
(CsMey,).Sc(PMes)H; methylenecyclohexane was thus
obtained in 97% yield at 25 °C by using this catalyst
which was also quite efficient for the cyclization of
diallyl silanes, sulfides and amines (eq 99).5! Neither
1,3-butadiene nor 1,4-pentadiene could be cyclized,
due to the endothermicity of this transformation;
inversely, methylenecyclopropane and methylene cy-
clobutane were catalytically opened by the scandium
hydrides (eqs 100 and 101).51.2%3
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y . ©8)

E E
I . ©99)
PN

E = Me,Si, S, NMe

A - NS (100)

&

3. Hydrogenation Reactions

a. Hydrogenation of Alkenes and Alkynes. The
first homogeneous catalytic hydrogenation of unsat-
urated hydrocarbons was performed by using the
alkynide hydride complexes formed by cocondensa-
tion of lanthanide metals with internal alkynes.
Thus, 3-hexyne was transformed into 3-hexene (>96%
cis); the rates of these reactions were low, typically
3 x 1072 turnovers/min.'2257 [nitial experiments
revealed the catalytic activity of [Cp*,SmH].%® and
(CsH4R)2YH(THF)® in the hydrogenation of diphen-
ylacetylene and 3-hexyne; slow rates were again
observed. The biscyclopentadienyl lanthanide hy-
drides were subsequently found to be in fact very
efficient catalysts for the hydrogenation of C=C and
C=C bonds. Hydrogenation of 1-hexene catalyzed by
[Cp*.LnH]; or [Me,Si(CsMe4),LnH], (Ln = La, Nd,
Sm, Lu) in cyclohexane or toluene solutions was first
order in catalyst and first order in H, pressure,
V(1-hexene) = Ks[LN][H], in agreement with the cata-
lytic cycle (Scheme 5) and the sequence shown in eqgs
102—104 where k; and K; are very large and Ln—C
bond hydrogenolysis (ks) is rate-limiting.258

The activity was inversely proportional to the metal
ionic radius (Lu > Sm > Nd > La), suggesting that
higher charge/radius ratios accelerate the heterolytic
activation of H; in the o-bond metathesis process (eq
104); for constant Ln, the [Cp*,LnH], hydrides are
more reactive than [Me;Si(CsMe,),LnH],. With [Cp*,-
LuH]z, 120 000 turnovers/h were measured (ks = 7
700 M~ s71); these performances should be compared
with those of RUHCI(PPhs); (3000 turnovers/h) or
[(COD)Ir(PCys3)(NCsHs)][PFe] (6400 turnovers/h).

P X (101

{[Ln]-H}, % 2[Ln]-H K, (102)

[Ln]-H+R(-H)kk<——’f2[Ln]-R K, (103)

ks
[Ln]-R + H, — [Ln]-H + RH (104)

For all catalysts except [Cp*;LuH];, the rate law
for hydrogenation of cyclohexene was Vyciohexane) =
kops[LN]¥?[0lefin], indicating that addition of the
lanthanide hydride to the sterically shielded C=C
bond (kz) is now rate-limiting. In this case, the
reaction was much slower, the sensitivity of the rate
to ionic radius was reversed and the more “open” Me,-
Si(CsMey),Ln moieties were more reactive. For [Cp*,-
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Scheme 5. Catalytic Cycle for the Hydrogenation
of Olefins

0.5 {[Ln] H},

[Ln
R R
H H
H,
[Ln]/\/R

Scheme 6. The Chiral Catalyst Precursors
Mezsi(C5M94)(C5H3R*)LﬂE(SiMeg)z [Ln =Y, La, Nd,
Sm, Lu; E = CH, N; R* = (+)-Neomenthyl,
(—)-Menthyl, (—)-Phenylmenthyl]

B
‘m,,, LnE(SnMe;)z ! (Mes Sx)zELn
ifgé 3 g >

) (R)

LuH]y, the rate law was first order in olefin and first
order in catalyst, suggesting that the dimer is largely
dissociated or reacts directly with the olefin. Reac-
tion of 1-hexene and cyclohexene with D, afforded,
in a non-mass-transport-limited regime, hexane-1,2-
d, and cyclohexane-1,2-d, respectively; these hydro-
genations were much less rapid in the presence of
THF. Hydrogenation of 3-hexyne occurred in two
stages; the rate laws corresponding to the first stage
(3-hexyne — cis-3-hexene) were reminiscent of the
1-hexene system, whereas for the second stage (3-
hexene — hexane), they parallel those for cyclohex-
ene.

The complexes Cp*,LnCH(SiMe3), (Ln = Sm, Yb)
are efficient precatalysts for the diastereoselective
hydrogenation of chiral exo-methylene-substituted
cyclopentanes and cyclohexanes; the cis diastereo-
isomer is the major product.?>®

The lutetium hydrlde [EtzSi(CsMe4)(C5H4)LU]z(‘M-
H), catalyzed the hydrogenation of 1-hexene with
initial turnover frequencies of ~21 h%, but its activity
slowed down dramatically as it was transformed into
the inert isomer Lu,[u-(CsMey)SiEty(CsHa)]2(u-H)2. 33

The chiral hydrides [Me,Si(CsMe4)(CsHsR*)LnH].,
formed in situ by hydrogenolysis of the amide or alkyl
precursors (Scheme 6), are very efficient for the
catalytic asymmetric deuteration or hydrogenation
of styrene and 2-phenyl-1-butene;?6%251 they are more
reactive than the parent [Cp*,LnH], complexes,
presumably reflecting lessened steric constraints.

Hydrogenation of 2-phenyl-1-butene with (S)-, (R)-,
and (S,R)-[Me;Si(CsMe,)(CsHsR*)LNCH(SiMe3), (R*
= (+)-neomenthyl) obeys the rate law v = k[Ln]"?[H.],
indicating that the olefin insertion, the step in which
stereochemistry is fixed, is rapid and irreversible
while hydrogenolysis of the Sm alkyl intermediate

ot
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Scheme 7. The Pseudo meso-Me,Si(CsH3R)(CsH3R*)
Ancillary Ligation [Ln =Y, Lu; R* = (—)-Menthyl]

SiMe; | MesSi

-

~
*
ol
*

SR) § RS)

i
"meso"

is rate limiting, with kH,/kD, = 1.5—2.3 at 25 °C. The
(S) catalyst induced the selective formation of the (S)
product and the (R) catalyst selects for the (R)
product; (S) and (R) phenylbutanes were formed at
25 °C under 1 atm of H, with enantiomeric excesses
of 19 and 73% and with turnover frequencies of 4000
and 5700 h™%, respectively; no major nonlinear effects
were observed with (S) + (R) mixtures (eq 105). The

Ph Ph
=< —_— —*<v|ﬂ H (105)
R R

ee values are the highest yet reported for the hydro-
genation of these alkenes; they vary with the size of
the lanthanide (La > Nd > Sm > Y > Lu). Enanti-
oselection in these reactions is best explained by the
frontal approach of the olefin along the ring cen-
troid—metal—ring centroid angle bisector.

In order to reduce the reactivity and to increase
the selectivity of the catalyst, [Cp*,YH],, which has
a small “cone angle of reaction”, has been chosen for
the selective hydrogenation of substituted dienes. A
series of a,w-dienes were thus transformed into
internal alkenes, disubstituted C=C bonds being not
affected. For example, 4-vinylcyclohexene was hy-
drogenated into 4-ethylcyclohexene after 2 h at 20
°C, with 1% of the precatalyst Cp*,YMe(THF) in
benzene or toluene solution under 1 atm. H; pres-
sure (eq 106).262

o — O
—_— (106)

The yttrium and lutetium complexes having pseudo
meso-Me,Si(CsH3R)(CsH3R*) ancillary ligation (R =
SiMe;, R* = (—)-menthyl) (Scheme 7) were effective
precatalysts for asymmetric hydrogenation or deu-
teration of styrenic and nonstyrenic olefins (eqs 107—
110).2%3 They were however less reactive than the
Me,Si(CsMey)(CsHsR*)Ln-based systems, the appar-
ent rate constant for 2-phenyl-1-butene hydrogena-
tion being ~1 order of magnitude lower and reflecting
lower Ln—C bond hydrogenolytic reactivity. The
highest enantioselectivities were obtained with the
Lu complex in hydrogenation of 2-phenyl-1-butene
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Scheme 8. Catalytic Cycle for the Hydrogenation
of 'BuCN
H,NCH,'Bu

Cp*,ScH
2 \< '‘BuCN
H

Cp*,Sc-N=CT

Nt

B
H, }HZ

Cp*,Sc-NHCH,'Bu

(45% ee) and deuteration of styrene (10% ee) and

1-pentene (30% ee).
Ph)l\/ catalyst Ph)\/ 107)

—_—
H,
// catalyst N D
Ph Ph (108)
D, D
catalyst %
- . (109)
H,
D
catalyst (110)
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Other systems were found to have a low catalytic
activity for 1-hexene hydrogenation: [(CH2)3(CsHy)2-
Ln(H(THF)], (Ln =Y, Dy, Er, Lu),* CpsSm/NaH,3!
and [O(CH,CH,CsH,4),YCI/NaH.?3® Thus, 1-hexene
was hydrogenated in 75% yield in the presence of
10% of this latter system at 45 °C under 4 atm H;
pressure.

b. Hydrogenation of tert-Butyl Cyanide. Hydro-
genation of C=X bonds catalyzed by lanthanide
hydrides have not been reported, except that of
'BUCN in the presence of [Cp*,ScH]n; the catalytic
cycle is represented in Scheme 8. The reaction was
carried out at 80 °C under 4 atm. H; but the number
of turnovers was limited because of irreversible
insertion of the nitrile into the Sc—N bond of the
amide intermediate.5%.23%

4. Polymerization Reactions

a. Alkenes. The generally accepted mechanism for
lanthanide hydride-catalyzed alkene polymerization
involves olefin insertion into the Ln—H bond, fol-
lowed by sequential insertion of the olefin into the
resulting Ln—C bond; termination and chain transfer
would occur by -hydrogen elimination, by S-alkyl
elimination, by olefin metalation, and in some cases,
by hydrogenolysis of the Ln—C bond. It is clear that
alkyl complexes [Ln]—R would be also active for these
reactions.%?

The hydrides [Cp*;LnH], (Ln = La, Nd, Lu) were
found to be highly active catalysts for the polymer-
ization of ethylene.>*%” The reaction was extremely
rapid, producing voluminous quantities of polyeth-
ylene within seconds of contacting the two reagents;
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the catalysts were active for at least 2 weeks. These
activities are comparable to or in excess of those
reported for the most active homogeneous ethylene
polymerization catalysts so far described and ap-
proach those of heterogeneous “third generation”
Ziegler—Natta catalysts. The turnover frequencies
was higher than 1800 s™! at 25 °C under 1 atm H,
pressure for Ln = La (product M, = 227000—676000);
activities were in the order La > Nd > Lu. The
kinetics of the reaction and the molecular weight
characteristics of the polymer, which are much af-
fected by mass-transport effects, suggest that the
“living polymer” regime is operative for these sys-
tems; the least active and less mass-transport influ-
enced Lu catalyst exhibited polydispersities M,/Mp,
consistently below 2.0. Chain transfer by -hydride
elimination was not important. The Cp*,Ln coordi-
nation sphere is apparently too constricted to support
the rapid polymerization of bulkier olefins; allylic
C—H activation and #3-allyl formation were found to
compete with olefin insertion into the Ln—C bond.
However, some formation of 2-methylundecane was
observed by hydrogenation of 1-hexene with [Cp*,-
NdH], at 20 °C under a deficiency of hydrogen.

The [Me;Si(CsMey),LnH]; hydrides were ~10 times
more active than the corresponding [Cp*,LnH]; hy-
drides under the same conditions.5* Oligomerization
of propene with [Me;Si(CsMe,),LuH], at 66 °C gave
a complex mixture with greater than 20 components
having carbon contents at least as high as C21.
Reaction of 1-hexene with [Me,Si(CsMe,),LuH],; un-
der 1 atm of ethylene afforded a rubbery copolymer
in which the ratio ethylene/l-hexene was ~3:1,
indicating, not surprisingly, that ethylene was more
easily inserted into the Ln—C bond than the bulkier
1-hexene.

The hydride generated in situ from (R,S)-(BnBp)-
YCH(SiMe3s), polymerized 1-pentene to highly iso-
tactic poly-1-pentene (M, = 119 000, M,/M,, = 1.44).55

Ethylene was rapidly polymerized with [Cp*,-
ScH]n,%° but the alkyl complexes obtained from other
a-olefins (eq 47) were further transformed into the
trans alkenyl products with elimination of alkane.*%5°
The less sterically unencumbered scandium hydrides
[SiMeg(C5Me4)28CH]2, [SiMeZ(C5H3-3-tBU)zsCH]z, (Cp)-
(Cp*)ScH(PMe3), and (Cp*)(CsH.Mez)Sc(PMesz)H rap-
idly and selectively (> 98%) catalyze the dimerization
of a-olefins to the “head-to-tail” dimers (eq 111).51.223

2CH,=CHR — CH,=C(R)CH,CH,R (111)
R = Me, Et, "Pr, p-C¢H,Me

In the presence of [{ (CsMe4)Me,Si(1-N'Bu)} (PMes)-
ScH],, propene, 1-butene, and 1-pentene were slowly
polymerized into linear, atactic products of low mo-
lecular weight (M, = 3000—7000) with polydispersity
index My/M, of 1.7—2.1; all Sc centers were active
during the polymerization. Selectivity for “head-to-
tail” insertion was > 99%; chain transfer was rela-
tively slow and appeared to occur by g-H elimina-
tion.*”#8 Similar results were obtained by using the
yttrium hydride [Me,;Si(CsH,-2-TMS-4-1Bu),YH]. as
the catalyst.5

The benzamidinate yttrium hydride [{PhC-
(NSiMes),}2YH],, which did not react with propene
and 1-hexene, was modestly active in ethylene po-
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lymerization (65 °C, 4 atm H,); the polyethylene
obtained (M, = 46 300) had a broad molecular weight
distribution (M,/M,, = 5.2).48234 The alkoxy hydride
[Cp*(0-2,6-Bu,-CsH3)YH], exhibited similar perfor-
mances for polymerization of ethylene, was also
inactive toward propene and 1-butene, but surpris-
ingly, its dissolution in neat 1-hexene, giving the
u-hydride-u-hexyl derivative (eq 50), induced slow
formation of poly(1-hexene) with M, = 9400 and M,/
M, = 1.67.3%4 The low reactivity of these yttium
complexes, in a comparison with their biscyclopen-
tadienyl analogues, was explained by their higher
electropositive character which would not favor the
initial interaction with the olefin.

b. Alkynes. While reaction of the benzamidinate
yttrium hydride [{PhC(NSiMes),}.YH], with small
1-alkynes HC=CR (R = H, Me, "Pr) was stopped with
the formation of the dimeric acetylides (eq 93),
catalytic dimerization of the bulkier acetylenes (R =
‘Bu, SiMes;, Ph) was observed at room tempera-
ture.*+234 The “head-to tail” dimers were selectively
obtained from HC=C'Bu and HC=CPh (eq 112) but
the regioselectivity was reversed for HC=CSiMes;,
yielding exclusively the “head-to-head” coupled prod-
uct (eq 113); the origin of this change was proposed
to be of an electronic nature. The same results were

2HC=CR — RC=C—CR=CH,  (112)

R ='Bu, Ph
2HC=CSiMe; —
trans Me;SiC=C—CH=CHSiMe; (113)

obtained with the alkyl compounds { PhC(NSiMes),} »-
YR, in contrast to the Cp*,LnR-catalyzed coupling
of HC=CSiMe; and HC=CPh which gave either
mixtures of “head-to tail” and “head-to-head” isomers
(Ln =) or formation of higher oligomers (Ln = La,
Ce).264

¢. 1,5-Hexadiene and Methylenecyclopropane. The
yttrium hydride [Cp*(O-2,6-'Bu,-C¢H3) YH], catalyzed
the cyclopolymerization of 1,5-hexadiene to poly-
(methylene-1,3-cyclopentanediyl) (eq 114),** in con-
trast to meso-[Me,Si(CsHs-3-'Bu),ScH], or Me,Si(Cs-
Me,).Sc(PMes)H which induced the cyclization of o, w-
dienes into methylenecycloalkanes (eq 98). In the
cyclopolymerization process, the insertion of 1,5-diene
into an Y—CH,—cyclopentane intermediate, which is
favored over -H elimination and formation of the
cyclized product, would be characterized by a large
negative AS value.

AN

(114)
n

The lutetium hydride [Cp*,LuH], catalyzed the
homopolymerization of methylenecyclopropane into
[CH,CH,C(CHy)]n at room temperature (eq 115).26%

n A . M (115)
n

The catalyst was rapidly deactivated due to forma-
tion of a Lu—allyl species but could be regenerated
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Scheme 9. Mechanism of the Polymerization of
Methylenecyclopropane Catalyzed by [Cp*;LuH].

,\‘ H PN
Cp*LuH + A — Cp*,Lu —> Cp*,Lu PN H

" A
— —> Cp*Lu ’e\)‘j‘H —— H
n+l n

=

Cp*,Lu /\/U\F, — =>\P +Cp*,LuH — Cp*,Lu %ﬁP

by brief exposure of the reaction mixture to hydrogen.
The mechanism of this polymerization would involve
a (-alkyl shift-based ring-opening reaction (Scheme
9); the diene species obtained from -H elimination
would undergo 1,4-reinsertion into the Ln—H bond
to give the deactivation allyl product.

The samarium and lanthanum compounds [Cp*,-
LnH]; reacted quite differently with methylenecyclo-
propane, yielding the dimer 1,2-dimethylene-3-meth-
ylcyclopentane (eq 116).2%° This catalytic trans-
formation was explained by initial dimerization of
methylenecyclopropane into the triene 3-methylene-
1,6-heptadiene (n = 1 in Scheme 9) which would be
further cyclized by the lanthanide hydride into the
final product.

A

The lanthanide hydrides [Cp*,LnH], (Ln = La, Sm,
Lu) were also able to catalyze the copolymerization
of methylenecyclopropane and ethylene into high
molecular weight (M,, = 7000—42000) [CH,CH_][CH>-
CH,C(CHy)]y having an exclusively ring-opened mi-
crostructure; with [Cp*;LaH];, more than 50% of the
methylenecyclopropane was located at the chain ends
in a dienyl structure. The activity of the catalysts
in incorporating methylenecyclopropane into the
polymer followed the orded Lu > Sm > La.

d. Methyl Methacrylate. The samarium hydride
[Cp*.SmH], was very efficient for the homogeneous
polymerization of methyl methacrylate. Complete
conversion was observed in 1 h at 0 °C with 200 equiv
of the substrate; the keto enolate complex of eq 53 is
an intermediate in this reaction. ldeal living polym-
erization prevailed throughout the catalytic process,
as shown by the very narrow polydispersity (My/Mpy
= 1.02—1.04) for high molecular weight polymer (M,
> 50 000) and the high syndiotacticity (>95% at —95
°C).2® Stereoregular polymerization of methyl meth-
acrylate could be achieved by using the chiral C;
symmetric hydride Me;Si(CsMey)(CsH3R*)YH (R* =
(+)-neomenthyl).266

The complexes [Cp*;LnH], (Ln = Sm, Yb, Lu) also
catalyzed the block polymerization of ethylene with
alkyl methacrylates or lactones (eqs 117 and 118); a
two-step procedure was occurring: rapid homopo-
lymerization of ethylene with 3% catalyst followed
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Scheme 10. Catalytic Cycle for the
Dehydrogenation of Silanes
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by slower copolymerization with methacrylate or
lactone. The AB-type copolymers were obtained in
high yields; the relative molar ratio of polyethylene
to polymethacrylate or polylactone could be controlled
in the range 100:1 to ~100:100 when M, of the initial
polyethylene was ~10 300.2¢7

mCH,=CMeCO,Me

Cp*,Sm(CH,CH,),R
Cp*,SmOC(OMe)=C(Me)CH,([C(Me)-
(CO,Me)CH,]),1(CH,CH,) R (117)

R=H, Me
1
m[O(CH,),CO]
Cp*,Sm(CH,CH,),R

Cp*,Sm-[OCH,(CH,),CO],,(CH,CH,),R (118)
R=H,Me; x=3,4

5. Dehydrogenative Oligomerization of PhSiH3

The complexes [Cp*,LnH], catalyzed the rapid
dehydrogenative oligomerization of PhSiH; (eq 119).2%8
Typical substrate/catalyst ratios were >100:1 and at
25 °C, the relative order of reactivity (Ny, h™): Lu
(5200) > Y (3310) > Sm > (2140) > Nd (1010) > La
(80). The kinetic data reveal no parallels with
lanthanide 111/11 redox characteristics and support
the catalytic cycle shown in Scheme 10, which
involves four center bond-scission/bond-forming se-
guences.

nPhSiH,; — H[Si(Ph)(H)],H + (n—1)H, (119)

This M—Si/M—H transposition process is supported
by the characterization of several group 4-centered
stoichiometric model reactions?®® and thermochemical
results?’® which indicate that the steps in Scheme 10
possess no major thermodynamic impediments.

6. Hydrocyclization of Dienes

The catalytic cycle for the hydrocyclization of o,w-
dienes is represented in Scheme 11.

The yttrium hydride [Cp*,YH],, made in situ from
Cp*.YMe(THF) was active for the hydrocyclization
of 1,5-hexadienes and 1,6-heptadienes (eqs 120—
122);?"* thus, 1,5-hexadiene was totally converted into
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Scheme 11. Catalytic Cycle for the
Hydrocyclization of a,w-Dienes

H
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(Ln]-H 3
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methylcyclopentane within 45 mn at 25 °C with 5
mol % of the catalyst under 1—2 atm of H..

R
/Y\/ Q/Me+ RWQ/ Me (120)
R

R = H; OCPh,, Ph

,\

OCPh
OCth OCPh3
/ N — \ (121)
Me
70% 25%

{0 - X

85%

The remarkable regioselectivity can be explained
by initial addition of the yttrium hydride to the least
sterically hindered and most electron-rich C=C bond
with subsequent cyclization leading to 1,2-disubsti-
tuted cyclopentanes. In spite of its Lewis acidity, the
catalyst was also active with olefins having functional
groups such as ethers, acetals, and dithioacetals.
Cyclization of 1,6-dienes was also efficient but com-
plicated by reduction of the olefins to form acyclic
alkanes.

Reductive cyclization of 1,5-hexadienes was also
performed at 22 °C under 1 atm of H, with 0.5% of
Me;Si(CsH3SiMes)(CsH3R*)LnH (R* = (—)-menthyl)
(eq 123);?53 the catalyst was however deactivated in
the presence of any Lewis base.

R R
S Q( (123)

R =H, Me

The scandium hydride Me;Si(CsMey).Sc(PMes)H
cleanly catalyzed (25 °C, 4 atm H,) the hydrocycliza-
tion of trans,trans-1,6-dideuterio-1,5-hexadiene into
a mixture of cis- and trans-dideuterio-methylcyclo-
pentane (eq 124).272 The excess of trans product
probed for an a-C—H interaction in the transition
state for olefin insertion and provided a good evidence
for the modified Green—Rooney pathway for chain
propagation in Ziegler—Natta polymerization of ole-
fins.?”® A 60:40 mixture of methylcyclohexane and
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Scheme 12. Catalytic Cycles for the
Hydrosilylation of Alkenes

[Ln]-SiH,R
s SiH,R I
H-SiH,R

Ln] SiH,R

H (Lol-H
M Gl
H-SiH,R
[Ln]

n-heptane was obtained from 1,5-heptadiene, whereas
1,7-octadiene was totally converted into n-octane.

CH,D

DA P (124)

7. Hydrosilylation of Alkenes

The two catalytic cycles represented in Scheme 12
are feasible from thermochemical data.?”®

Hydrosilylation of styrene was performed in ben-
zene at 80 °C in the presence of 4% [Cp*;NdH)]. (eq
125).274 The regioselectivity was very sensitive to the
nature of the silane; in the case of PhSiHj, the
branched compound was formed with unusual selec-
tivity (69%), whereas the linear isomers were the
major products with PhMeSiH, or n-CsH;3SiH; (91
and 77% regioselectivity, respectively). Linear iso-
mers were obtained with 100% regioselectivity in the
reactions of 1-decene and 2-heptene, whatever the
nature of silanes.

RCH=CH, + R'PhSiH, —
RCH,CH,SiR'PhH + RCH(SiR'PhH)CH, (125)

R = Ph, n-CgH,5; R' = H, Me

The yttrium hydride [Cp*,YH], was also active in
the hydrosilylation of alkenes; 1,1- and 1,2-disubsti-
tuted olefins were much less reactive than monosub-
stituted alkenes (eqs 126 and 127), and as a conse-
guence, excellent chemoselectivities could be achieved
with dienes containing a terminal olefin and any
internal olefin (eq 128).275 This system was tolerant
of various functional groups, such as halides, ethers,
and acetals.

/\)</ /\)</\ SiH,Ph  (126)

+ PhSiH, ,
/\(\( + PhSiH, /Y\(\ SiH,Ph  (127)
AN+ PhSiH; AN SHPR - (128)

Hydrosilylation of chiral exo-methylene-substituted
cyclopentanes and cyclohexanes was performed with
PhSiH; in the presence of Cp*,LNnCH(SiMe3), (Ln =
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Scheme 13. Catalytic Cycle for the Cyclization of
Aminoolefins

[Ln]-H

o

N L
ARG (Ln] /\QN)

Sm, Yb) as precatalysts; the reaction was diastereo-
selective, giving the cis product preferentially, and
regiospecific, the silane being placed exclusively at
the terminal position of the double bond.?>°

8. Cyclization of Aminoolefins

The biscyclopentadienyl lanthanide hydrides [Cp*,-
LnH], (Ln =Y, La, Nd, Sm, Lu) are efficient catalysts
for the regiospecific cyclization of various aminoole-
fins (Scheme 13).227.276.277

The reactions were carried out in hydrocarbon
solvents, the rates being significantly slower in donor
solvents such as THF; the products were isolated in
>85% yield and were >95% pure. Representative
examples are depicted by eqgs 129—132.

R
HZN - . \Q (129)

R'=R?=H;R'=R’=Me;R' =Hand R*=

NH,

H
N
W —_— \Q/ (130)

i
N
HN _ "N\ F —— U (131
F
@(\/ m (132)
NH, N

The complexes Cp*;LaR (R = H, CH(TMS),,
N(TMS),, 73-C3Hs) exhibited similar activities in the
cyclization of H;N(CH,),CH=CH,, suggesting the
presence of the common amido intermediate Cp*,-
LnNH(CH;);sCH=CH, in the catalytic cycle (Scheme
13). In fact, mechanistic observations (kinetic isotope
effects, diastereoselection in the formation of 2,5-
dimethylpyrrolidine) revealed that amine ligands
were coordinated to the catalytic species and that
these had a marked influence on the stereoselectivity
of the ring-closure process.

Kinetic studies indicated that the turnover-limiting
step is olefin insertion/cyclization; reactions were zero
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order in substrate whereas AH* and AS* values
suggest a highly organized transition state. In accord
with this picture are the product selectivities, the
wide variation of cyclization rates with substrate
architecture, in particular the Thorpe—Ingold effect
of gem-dimethyl groups on cyclization of H,N-
(CH2)3C=CH;, and the ordering of precatalyst
activities: Cp*;LaR > Cp*;SmR > Cp*;LuUR > and
EtzSi(CsH4)(C5ME4)LUR > MeZSi(CsMe4)2LuR > Cp*z-
LuR (R = CH(TMS),) which parallels the olefin
insertion reactivities. The secondary amine MeNH-
CH,CH,;CH=CH; could be cyclized with Me,Si(Cs-
Me4),NdCH(TMS), (25 °C, N = 11 h™1) (eq 133) but
remained intact in the presence of Cp*;LaCH(TMS)s.

Me

N
O e

The chiral complexes Me;Si(CsMey)(CsHsR*)LnR
(Ln = La, Sm; R* = (—)-menthyl, (+)-neomenthyl; R
= N(TMS),, CH(TMS),) were used for the enantiose-
lective cyclization of aminoolefins (eq 134).2® Turn-

R=HorMeandn=1;R=Meandn=2

M~

over frequencies were ~10x those of Cp*.Ln cata-
lysts; the % ee (~50—70%) increased with decreasing
temperature and decreasing metal ionic radius; (S)
and (R) precatalysts led to the formation of products
of net opposite configuration. These chiral complexes
should also mediate the diastereoselective cyclization
of aminoolefins; thus, (R)-Me,;Si(CsMe,)(CsHzR*)SmR
(R* = (+)-neomenthyl) effected the cyclization of
2-aminohex-5-ene to yield trans-2,5-dimethylpyrro-
lidine with >95% diastereoselectivity (eq 135).

H : H
NH,

N H N
. E R\ 135
Sy e

9. Dehalogenation of Organic Halides

Organic halides were dehalogenated by sodium
hydride in the presence of 5—10% of CpsLn (Ln =Y
La)?”® and various bis(cyclopentadienyl)lanthanide
chlorides.?%231  Aryl bromides and benzyl chloride
were reduced easily but so was 1-bromohexadecane;
m-bromochlorobenzene and p-chloroiodobenzene were
transformed into chlorobenzene. The likely catalytic
cycle for these transformations is represented in
Scheme 14.

10. Hydroboration of Olefins

The complexes [Cp*;LnH], (Ln = La, Sm) catalyzed
the anti-Markovnikov addition of catecholborane to
a variety of olefins, in the order terminal > terminal
disubstituted > internal disubstituted > trisubsti-
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Scheme 14. Catalytic Cycle for the Dehalogenation
of Organic Halides
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Scheme 15. Catalytic Cycle for the Hydroboration
of Alkenes
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tuted and La > Sm; this trend parallels the steric
demands at the metal center. With 5% [Cp.LaH].,
1-hexene, cyclohexene, and 1-methylcyclohexene were
hydroborated at room temperature with turnover
frequencies of 200, 50, and 10 h™* respectively; no
reaction was observed for tetrasubstituted 2,3-di-
methyl-2-butene.?8® A catalytic cycle for this trans-
formation is represented in Scheme 15; the alkyl
complexes Cp*,;LnR, which react with catecholborane
to give the hydride, may be used as precatalysts.

The benzamidinate compound [{ PhC(NSiMej3),}»-
YH]. exhibited a modest activity in hydroboration of
1-hexene with catecholborane.?8!

Xl. Reactions of the Actinide Hydrides and
Borohydrides

A. Stoichiometric Reactions of Actinide Hydrides

1. Addition Reactions

Stoichiometric addition reactions of actinide hy-
drides to C=C and C=C bonds are relatively scarce.
The thorium hydride [Cp*,;ThH(u-H)]. reacted with
ethylene to give the corresponding diethyl complex
(eq 136);'%°> no reaction was observed with (CsHy-
SiMe3)UH.208

[Cp*,ThH(u-H)], + 4CH,=CH, — 2Cp*2Th(Et2 )
136

Olefin insertion into the An—H bond of Cp*,An-
(OR)H complexes has been studied in details, provid-
ing additional insight into ancillary ligand effects on
the kinetics of organo f-element-catalyzed olefin
hydrogenation.’3 The rate law for the reaction of
Cp*, Th(O'Bu)H with cyclohexene was v = kJ[olefin]-
[Th-H] with kTHF/ktoluene =0.59, kTth/kTth =1.4 and
ku/kth = 1.5; the parameters AH = 9.0(5) kcal/mol
and AS = —47.2(1) eu suggest a highly ordered
transition state. The rate was very sensitive to the
nature of the alkoxide ligand and was decreased by
a factor ~10% when O'Bu was replaced with OCH?*-
Bu,. Olefins reacted in the order: ethylene > 1-hex-
ene > 4-methoxy-styrene > styrene > cyclohexene;
reaction of cis-2-butene gave the sec-butyl derivative
which slowly rearranged into the n-butyl isomer.
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Reactions of complexes having chiral OR* ligands
with prochiral olefins or ketones showed that dias-
tereoselectivity roughly parallels increasing steric
demands of the OR* groups and substrates. From
molecular mechanisms/graphics analysis, it appears
that the olefin would approach toward the metal
center between the U—H and U—0O bond rather than
from the side.

Reactions of [Cp*,ThH(u-H)],1?4125282 and (CsH,-
TMS)3UH?% with ketones giving alkoxide derivatives
are depicted by eqs 137—139.

[Cp*,ThH(u-H)], + 4Me,CO —
2Cp*,Th(OCHMe,), (137)

[Cp*,ThH(u-H)], + 2'Bu,CO —
2Cp*,Th(OCH'Bu,)H (138)

(CsH,TMS),UH + Me,CO —
(CsH,TMS),U(OCHMe,) (139)

The thorium hydrides Cp*,Th(OR)H reacted with
carbon monoxide to give the binuclear cis enediolate
compounds (eq 140).124281.283 At 25 °C, the reaction
required a few minutes for R = 'Bu and several hours
for R = CH'Bu, but did not occur with R = 2,6-'Bu,-
CeHs. Kinetic studies revealed that the initially

2Cp*,Th(OR)H + 2CO —
[Cp*, Th(OR)],(u-OCH=CHO) (140)

formed »2-formyl complex Cp*,Th(#?-CHO)(OR) would
attack, in a rate-limiting step, the hydride to produce
a [Th]JOCH,[Th] species; the latter would undergo
subsequent carbonylation and rearrangement to yield
the diolate compound. When reaction 140 was car-
ried in the presence of hydrogen, the major product
was Cp*,Th(OMe)(OR), resulting from hydrogenoly-
sis of the intermediate [Th]JOCH,[Th]. The formyl
complexes could be characterized by IR and NMR
spectroscopy at low temperature; it was found that
CO insertion was reversible.

The hydride [Cp*,ThH(u-H)]. reacted with CO; to
give unidentified products but Cp*,Th(OCH'BuU,)H
was transformed into the formate compound Cp*,-
Th(O,CH)(OCH!BU,).?®* Treatment of (CsH,TMS);UH
with carbon dioxide afforded the monodentate for-
mate derivative (eq 141) which further reacted with
the uranium hydride to give a dioxymethylene com-
plex (eq 142); this transformation 2 [M]—H + CO, —
[M]—O—CH,—0—[M] had been proposed as an im-
portant step in the catalytic reduction of CO,.2%

(C;H,TMS),UH + CO, — (C;H,TMS),U(OCHO)
(141)

(CsH,TMS),UH + (C;H,TMS),U(OCHO) —
(CsH,TMS),UOCH,0U(C,H,TMS), (142)

The uranium hydride (CsH4,TMS)3;UH also reacted
with MeCN and BH3 to give the insertion products
(eq 143 and 144).2%
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(CsH,TMS),UH + MeCN —
(CsH,TMS),U(N=CHMe) (143)

(CsH,TMS),UH + BH, —
(CsH,TMS),U(BH,) (144)

2. 0-Bond Metathesis Reactions

Classical alcoholysis of metal hydride bonds were
observed with the complexes [Cp*;ThH(u-
H)],,%5124125.281 Cp*,An(OR)H, 138 and (CsH4TMS)sUH
(egs 145—148);118206 the latter were converted into
the thiolate derivatives by treatment with thiols.?8

[Cp*, ThH(u-H)], + 4'BUOH —
2Cp*,Th(O'Bu), + 4H, (145)

[Cp*,ThH(u-H)], + 2ArOH —
2Cp*,Th(OAr)H + 2H, (146)

Ar = 2,6-'Bu,CH,

Cp*,An(OR)H + MeOH —
Cp*,Th(OMe)(OR) + H, (147)

An = Th and R = 2,6-'Bu,C4H, or CH'Bu,;
An = U and R = SiMe,'Bu

(CsH,TMS),UH + REH —
(CsH,TMS),UER + H, (148)

ER = OEt, O'Pr, S"Bu, S'Pr

Reactions 145 and 147 served for the calculation
of the relative Th—H and U—H bond disruption
enthalpies, equal respectively to ~93 and 82 kcal/
mol, by using D(Th—0) = 124 kcal/mol and D(U—0)
= 115 kcal/mol.?5138

The first hydroxide complexes of a 5f-element were
prepared by hydrolysis of the corresponding hydrides
(eq 149). Reaction of (CsH4sR)UOH with (CsH4R);UH
gave the u-oxo derivative [(CsH4R)U]2(u-O) (eq 150).286

(CsH,R);UH + H,0 — (C;H,R);UOH + H, (149)
R ='Bu, SiMe,

(CsH,R);UOH + (C{H,R);UH —
[(CsH4R);UL,(u-O) + H, (150)

R = SiMe,

The hydrides [Cp*,AnH(u-H)], reacted with chlo-
roform to give the corresponding dichlorides,?5131
whereas the chloro—hydride [Cp*,ThCl(u-H)], was
obtained by the metathesis reaction depicted by eq
151; similar reaction with the uranium analogues led
to the formation of the U(I11) chloride [Cp*,UClI]s.

[Cp*,ThH(u-H)], + 2Cp*,ThCI, —
2[Cp*,ThCl(u-H)], (151)
The monohydrides [(MesSi)oN]sAnH,*® (CsH4R)s-

UH (R ='Bu, SiMe3),**"118 and [Na(18-crown-6)][(CsH4-
TMS)3;UH]** were transformed into the correspond-
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ing chlorides by reaction with CCl,, CHCI3 and "BucCl,
respectively.

The iodonolysis reactions of eqs 152 and 153 were
used for the determination of the absolute bond
disruption enthalpies D(U—H) = 60 kcal/mol?®” and
D(Th—H) = 64 kcal/mol;*?* these values are less than
those determined by alcoholytic titration and are
similar to the small number of available D(M—H)
data for transition metal complexes.®

2(CsH,R);ANH + I, — 2(C;H,R);ANI + H,  (152)

An=U and R = TMS, '‘Bu; An = Th and
R=TMS

2(CHgTMS),ThH + I, — 2(CoHTMS),Thi + H,
(153)

The hydride ligands of [Cp*,ThH(u-H)],, Cp*,Th-
(O'Bu)H,*?® and (CsH4R)3UH?%6 were exchanged with
D,. Complete exchange of all 55 hydrogen atoms of
[(MesSi),N]sAnH?8 was observed at room tempera-
ture under 1 atm D, (40 equiv, five cycles); the
metallocycle compound which is formed by thermoly-
sis of the hydride is a likely intermediate in this
process (eq 154).

[(Me;Si),N];AnH —

[(Me,Si),NJ,ANN(SiMe,)(SiMe,CH,) + H, (154)

Only one reaction of an actinide hydride with an
alkyne has been reported (eq 155).29

(CsH,TMS),UH + HC=CPh —
(CgH,TMS),U(C=CPh) + H, (155)

3. Other Reactions of Actinide Hydrides, Including
Protonation and Deprotonation

The reactions reported here have not been de-
scribed with lanthanide hydrides.

Protonation of (CsH4R)sUH with NEt;HBPh, af-
forded the triscyclopentadienyl U(1V) cations (eq
156),117118 whereas the neutral complexes (CsH4R)3U-
(THF) (R = H, TMS) were obtained by similar
treatment of the anionic U(111) hydrides (eq 157).123

(CsH,R);UH + NEt,HBPh, —
[(CsH,R),U][BPh,] + H, + NEt, (156)

R = 'Bu, TMS

[Na(THF),][Cp;UHUCP,] + NEt,;HBPh, —
2Cp,U(THF) + H, + NEt, + NaBPh, (157)

The hydrides [(MesSi).N]sAnH possess some pro-
tonic character, as shown by their treatment with
butyllithium followed by addition of methyl bromide
(eq 158).115

(1) nBuLi
(2) MeBr

[(Me;Si),N];AnH [(Me;Si),N];AnMe

(158)
Treatment of the hydrides [Cp*;AnH;], with tri-

methyl phosphite gave the corresponding methoxide
compounds and phosphinidene-bridged products (eq
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159); reaction is much more rapid for An = U than
for An = Th.2®0

5[Cp*,AnH,], + 4P(OMe); — 2Cp*,An(OMe), +
4[Cp*,An(OMe)],PH + 8H, (159)

Photochemistry of lanthanide and actinide hy-
drides has not been considered. Only the UV ir-
radiation of (CsH4R)3UH, yielding to quantitative
formation of (CsH4R)3U (eq 160),'*® was reported.

2(C¢H,R);UH — 2(CsH,R),U + H,  (160)
R = '‘Bu, TMS

B. Stoichiometric Reactions of Actinide
Borohydrides and Aluminohydrides

The synthesis of uranium borohydrides from
U(BH4)n (n = 3, 4) and their derivatives have been
described in IX.C. Subsequent substitution of BH,
ligands by reaction with alkali metal salts of anionic
reagents was useful for the preparation of various
organouranium compounds. Selected examples are
depicted by eqs 161—163).192:2%1

(tmp)U(BH,), + 3LiCH,Ph —
(tmp)U(CH,Ph), + 3LiBH, (161)

(tmp),U(BH,), + 2LIR —
(tmp),UR, + 2LiBH, (162)

R = Me, CH,TMS

(COT)U(BH,), + 2NaSR —
(COT)U(SR), + 2NaBH, (163)

R ="Bu, 'Pr

Alcoholysis or thiolysis reactions of borohydride
precursors were interesting for the preparation of the
complexes (COT)U(OR),?72%2 and U(SPh),%* (eqs 164
and 165) since treatment of (COT)UX; or UX, (X =
Cl or BH,;) with NaOR or NaSPh gave the “ate”
compounds Na[(COT)U(BH,)>(OR)]?*” and [Na(THF)s],-
[U(SPh)e]. >

(COT)U(BH,), + [2(1+n)]ROH —
(COT)U(OR), + 2B(OR), H,_, + [2(1+n)]H, (164)

R = Et, 'Pr, 'Bu
U(BH,), + [4(1+n)]PhSH —
U(SPh), + 4B(SPh),H,_, + [4(1+n)]H, (165)

The uranium aluminohydrides CpsU(AIH,)??1222
and CpU(AlH,)°nEt,0° behaved as if they were
the hypothetical corresponding hydrides in their
addition reactions with Me,CO, Me,CHO, MeCN,
'‘BuNC, 'BUNCO, BH3, pyridine, and their metathesis
reactions with alcohols or methyl iodide. Treatment
of Cp,U(AIH,).-nEt,0 with acetic acid afforded the
cluster [Cp(CH,CO,)sU,0],. These aluminohydrides
were more reactive than the borohydride analogues;
for example, CpsU(BH,) did not react with MeCN,
tBUNC or pyridine.
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Scheme 16. Catalytic Cycle for the Hydrogenation
of Alkenes with Cationic Thorium Hydrides
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C. Catalytic Reactions of Actinide Hydrides,
Borohydrides, and Aluminohydrides

1. Hydrogenation Reactions

The actinide hydrides [Cp*,AnH;], catalyzed the
hydrogenation of 1-hexene in toluene solution at 24
°C under 0.9 atm H, with turnover frequencies N; of
0.5 (Th) and 7.0 h™! (U); diphenylacetylene was
hydrogenated under the same conditions into 1,2-
diphenylethane.'?>2% The activity of [Cp*Th(O-2,6-
Bu,-CeH3)H,]3 was comparable in the hydrogenation
of 1-hexene with Ny =10 h=%.12® The thorium hydride
with the chelating bis(tetramethylcyclopentadienyl)
ligand [Me;Si(CsMey),ThH2], was much active; it
catalyzed the hydrogenation of 1-hexene at a rate 103
faster than [Cp*,ThH;]».2°¢ As in the case of the
(Cp*.LnH), catalysts, the rate was zero order in olefin
and first order in catalyst, hydrogenolysis rather than
olefin insertion being rate limiting.

The complexes Cp*;AnMe, were supported on
dehydroxylated alumina and activated by hydrogen
and the resulting surface species exhibited very high
catalytic activity for the hydrogenation of propene;
the turnover frequencies were as high as 0.5 s™* at
—63 °C, 10 times greater than those observed with
typical Pt/SiO, catalysts under the same condi-
tions.2%297  High-resolution solid-state 3C NMR
studies revealed that methyl transfer occurred from
Th to Al on the surface of the support.2®® A two-step
mechanism was then proposed for the hydrogenation
of olefins on supported Cp*,ThMe, catalyst, which
is analogous to that established for Cp*,LnR cata-
lysts (Scheme 16).2%7

Kinetic data were in agreement with this scheme.
Hydrogenations were essentially zero order in olefin;
for isobutylene, the activation enthalpies for olefin
insertion and alkyl hydrogenolysis were comparable.
With supported Cp*,;ThMe,, the olefins reacted in the
order: cis-2-butene > trans-2-butene > propylene >
isobutylene. Other organoactinides were supported
on alumina and their relative activities for propylene
hydrogenation followed the order: Cp*,ThMe, > Me,-
Si(C5Me4)2ThBUZ > [Mezsi(C5Me4)2ThH2]2 > Cp*z-
ThMe(038CF3) > [MEZSi(C5M94)2UH2]2 > (C8H7-
"Bu),U. These results, which are different from those
obtained in homogeneous solution, showed the role
of the surface in modulating catalytic activity. The
activity of Cp*,ThMe(O3SCF;3) confirmed that Cp*,-
ThMe™ sites would be formed on the alumina sup-
port.2%

The complexes Cp*Th(CH,Ph)sz;, Th(1,3,5-CH2CsH3-
Me,)4, and Th(n3-allyl)4, when supported on alumina,
were found to be very active catalysts for olefin and
arene hydrogenation.?®® With the allyl complex,
benzene was hydrogenated (90 °C, 180 psi H,) with
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N¢ = ~25 000 h71, by following the rate law N; =
k[benzene]’[PH;] with N¢(H2)/N¢(D,;) = 3.5 + 0.3.
These performances are better than those of the
known homogeneous catalysts and rivil or exceed
those of the most active heterogeneous catalysts. The
different arenes reacted in the order: benzene >
toluene > p-xylene > naphthalene. Here again, it is
likely that cation [Th-H]" and [Th-R]" species are the
active sites; their characterization using D,O poison-
ing, hydrogenolysis, and CHCI; dosing indicated that
a maximum of 8 &+ 1% of the Th surface sites are of
catalytic significance.

A series of cationic complexes of the type Cp*,-
ThMetX~ (X = Bph4,300 B(C6F5)4,301 and [B(C5F5)2]2-
(CHCH,'Bu)(H)3%) were considered as models for the
active surface species. For 1-hexene hydrogenation,
the reactivity of [Cp*,ThMe][B(C¢Fs)4] was approach-
ing the reactivity of supported Cp*;ThMe,/Al,O3
catalyst.303

The thorium hydride [Cp*,ThH,], was a catalyst
for the hydrogenation of #?-acyl compounds into
alkoxide derivatives (eq 166).3%4

Cp*,An(5*-COR)(CI) + H, —
Cp*,An(OCH,R)(CI) (166)

An=Thand R =CH,Bu; An=U and R = Ph

In the absence of hydrogen, the thorium acyl
complex was transformed into the trans-enolate
isomer (eq 167).

Cp*,Th(COCH,'Bu)(CI) —
Cp*,Th(O-CH=CH'Bu)(CI) (167)

Reactions 166 and 167 can be explained by forma-
tion of the common intermediate Cp*,(CI)[OCH(CH,-
Bu)]ThHCp*; resulting from insertion of the carbene-
like acyl complex into the Th—H bond, followed by
hydrogenolysis or 5-H elimination.

2. Polymerization Reactions

The hydrides [Cp*,AnH;], were marginally active
(An = U) or inactive (An = Th) for the catalysis of
ethylene polymerization in solution. When supported
on alumina, [Cp*;ThH;], exhibited some catalytic
activity but was much less efficient than Cp*,AnMe,.
With the hydride, conversion in the first pulse of
ethylene was 49% and conversion fell to zero by the
14th pulse, whereas with Cp*,ThMe;, initial adsorp-
tion of ethylene was ~100% and at the 45th pulse,
adsorption was 30%.2%7

3. Hydroalumination and Hydroboration of Olefins

Terminal alkenes reacted with LiAIH, in THF at
20 °C in the presence of 1% UCI; (or U(AlH,)3) to give,
after hydrolysis, the corresponding n-alkane in al-
most quantitative yield (eq 168).22° The olefin hy-
droalumination is regiospecific and involves anti-
Markovnikov addition.

Alkenes were hydroborated with LiBH, in the
presence of 1% UCI, and were transformed, after
oxidation of the reaction mixture with alkaline
hydrogen peroxide, into the anti-Markovnikov alco-
hols (eq 169).1%° Most striking was the order of

Ephritikhine

. ucl,
RCH=CH, + LiAIH, —~
H,O
LiAI[(RCH,CH,)] H, , — RCH,CH, (168)
R=H, C H,,,, withn=1-6

reactivity of the alkenes: tetramethylethylene >
1-methylcyclohexene, 2-methyl-2-pentene > 2-meth-
ylpropene or 1-hexene (no reaction); this sequence is
opposite to that invariably observed so far in hy-
droboration reactions. This reaction is likely to
proceed by addition of uranium borohydride species
to the C=C bond.

. ucl,
Me,C=CMe, + LiBH, —
H,0,/0H-

LiBH4(CMe,CMe,H)
Me,C(OH)CHMe, (169)

XlI. Conclusion

The chemistry of the hydride, borohydride, and
aluminohydride compounds of the f-elements did not
enjoy a harmonious development and exhibits today
both backward steps and significant advances. This
state is particularly evident by regarding the boro-
hydride and aluminohydride complexes. If the An-
(BH3R),4 derivatives were considered in the 1950's,
during the period of the Manhattan project, for their
possible utility in isotope separation processes, it is
only 30 years after that their interest in organome-
tallic chemistry was assessed, with the synthesis of
a series of uranium compounds which proved to be
often more stable and more easily handled than their
chloride analogues. A number of cyclopentadienyl
derivatives have been isolated, as well as their
pentadienyl, cyclohexadienyl, and phospholyl coun-
terparts, in the oxidation states +3 and +4. By
comparison, the chemistry of the organolanthanide
borohydrides has been neglected and it is surprising
that the potential of the Ln(BH,); compounds, which
also have been known since the 1950’s, has not been
exploited. The chemistry of the aluminohydride
complexes seems actually to follow an opposite course,
due to the activity of only one research group on the
synthesis of biscyclopentadienyl lanthanide deriva-
tives. As it is often the case in the growth of
emerging areas of chemistry, these first studies were
mainly concerned with the preparation and structure
of new compounds; they revealed in particular the
flexibility and the novel ligation modes of the BH,
and AlH, groups. The bridging ability of these
ligands favor the building of stable polynuclear
compounds, when the experimental conditions are
well controlled. It is likely that subsequent efforts
will be devoted to the reactivity of these complexes
and their use in catalysis, in particular in hydrobo-
ration and hydroalumination reactions.

It has been less than 20 years since the first
organo-f-element hydrides were isolated and since
this date, their chemistry did not cease undergoing
spectacular development, encouraged by the discov-
ery of remarkable structural and chemical features.
Although neutral hydrides are generally and ef-
ficiently prepared by hydrogenolysis of alkyl precur-
sors, other routes using alkali metal hydrides should
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be considered for the synthesis of anionic compounds.
Like the other lanthanide and actinide complexes
which have been so far synthesized, most of these
hydrides contain the ubiquitous bis(cyclopentadienyl)
ligand set. A rich and versatile body of structures
and reactions could be built up by tuning the lan-
thanide metal center and/or modifying the cyclopen-
tadienyl ring substituents. It is likely that other
types of hydrides will be prepared in the future, with
ligands such as cyclooctatetraene or allyl; a special
attention would be paid to sterically unsaturated and/
or cationic hydrides which are expected to be more
reactive. Lanthanide and actinide hydrides are use-
ful starting materials for the preparation of a number
of compounds, obtained by addition or o-bond me-
tathesis reactions. Such hydrides are particularly
efficient in the activation of CH bonds of various
organic molecules, including alkanes. The excep-
tional performances of the catalysts, especially those
of hydrogenation and polymerization of unsaturated
organic substrates, clearly promoted the outstanding
qualities of the f-element complexes which, being not
duplicated by compounds of the d-transition series,
become more and more attractive. One of the most
important and promising advances in catalysis was
the design of chiral complexes which were efficient
in the asymmetric hydrogenation of alkenes or enan-
tioselective cyclization of aminoolefins. If the work
on actinide complexes suffered from the difficulties
in using radioactive products, their immobilization
on the surface of metal oxides has offered many
advantages, with a unique and enhanced catalytic
activity and a better characterization of the adsorbed
species.

The chemistry of the hydride complexes of the
f-elements is a young discipline which has reached a
first determining stage in its maturity. The peculiar
properties of these hydrides, which should not be
missed any longer beside those of the d-transition
metals, contribute significantly to the knowledge of
the metal—hydrogen bond.

XIll. List of Abbreviations

An actinide metal (thorium or uranium)

Ln lanthanide metal

R organic group

Me methyl, CH;

Et ethyl, CoHs

Pr propyl, CsH7

Bu butyl, C4Ho

Hex hexyl, CeHis

TMS trimethylsilyl, SiMes

Ph phenyl, CsHs

Mes mesitylenyl, C¢H,-2,4,6-Me;

Ar aryl

Cp cyclopentadienyl, CsHs (usually 7°)

Cp* pentamethylcyclopentadienyl, CsMes, (usually
7°)

dmpd 2,4-dimethylpentadienyl, C;H;;
dmch 6,6-dimethylcyclohexadienyl, CgH;

tmp tetramethylphospholyl, C,Me,P

COoT cyclooctatetraene, CgHg (usually %)

noit normal, iso, tertiary

0, m, p ortho, meta, para

7" hapticity (n = number of atoms participating in
a bond)

Un bridging (n = number of atoms participating in

a bond; u = )
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THF tetrahydrofuran, C,HsO

THT tetrahydrothiophene, C4HgS

py pyridine, CsHsN

DMPE (dimethylphosphino)ethane, Me,PCH,CH,PMe,
TMEDA tetramethylethylenediamine, Me;NCH,CH;NMe,
HMPA  hexamethylphosphoramide, (Me,N);PO

NMR nuclear magnetic resonance

uv ultraviolet

IR infrared
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