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C—H Activation

M ost homogeneous catalysis relies on the design of metal complexes
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to trap and convert substrates or small molecules to value-added

products. Organometallic lanthanide compounds first gave a tanta-
lizing glimpse of their potential for catalytic C—H bond trans-
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bis(permethylcyclopentadienyl)lanthanide methyl [(n’-CsMes),Ln-
(CH;)] complexes some 25 years ago. Since then, numerous metal
complexes from across the periodic table have been shown to selec-
tively activate hydrocarbon C—H bonds, but the challenges of closing
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catalytic cycles still remain; many f-block complexes show great

potential in this important area of chemistry.

1. Introduction

The selective oxidation of inert C—H bonds of hydro-
carbons is a challenging topic in modern catalysis, but offers
considerable benefits in the production of fine chemicals and
pharmaceuticals. It also provides the opportunity to process
hydrocarbons instead of generating energy solely by their
combustion.!"

The major processes for the direct conversion of alkanes
into more valuable products are the energy-intensive cracking
and thermal hydrogenation processes.”) Consumption of
methane, the main constituent of natural gas, as a fuel is
rapidly growing, yet a direct conversion of methane to
methanol would represent a much greater environmental
and economic benefit.”! The selective C—H bond functional-
ization of more exotic substrates is also highly desirable for
fine chemicals and pharma production.”! Controlled, metal-
mediated C—H functionalization reactions remain difficult for
the following reasons:

1. Lone pairs or low-lying empty orbitals on the hydrocarbon
with which a metal could interact are absent.

2. Alkane hydrogens have a low acidity.

3. The C—H bond is thermodynamically more stable (90—
110 kcalmol™") than the targeted C—M bond for the
majority of metals.

4. A reaction with the C—H bond of an added substrate is
entropically disfavored with respect to the nearby C—H
bonds already present in the ligand framework.

5. The C—H bonds of alkanes are all very similar.

6. The initial product of C—H activation is often more
reactive than the alkane itself, thus hampering chemo-
selectivity.

While no viable metal-catalyzed C—H functionalization
system has yet been developed for alkanes, f-block metal
complexes exhibit promising reactivity with regard to this
goal. The lanthanide metals form a series of Ln™ cations that
are large and Lewis acidic and offer the possibility to strongly
activate more than one coordinated small molecule. Early
actinides, which are also large and Lewis acidic, are less well
understood. The use of carefully structured organic ligands
that enable the solubilization of metal cations in the reaction
medium (usually an organic solvent) and control substrate
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access (especially in an asymmetric manner) is significantly
more complicated for these large cations.

It is notable that the earliest reactivity studies that are
described below usually feature a bis(Cp*) (Cp* = pentame-
thylcyclopentadienyl, CsMes ™) supporting ligand set to kineti-
cally stabilize the complexes and intermediates. However,
alternative supporting ligands are increasingly showing great
utility. Improved characterization technologies, particularly
paramagnetic NMR spectroscopy and single-crystal X-ray
diffraction, are reducing the technical challenges associated
with the study of paramagnetic complexes.

The principal mechanisms by which a C—H bond may be
activated by a homogeneous metal catalyst are shown in
Figure 1. Routes A-C can currently be envisioned for a rare-
earth-metal or actinide complex. Oxidative addition (D) is
also possible for uranium complexes with low oxidation states
(+1II or +1V), but no examples have yet been reported.

Currently, the best understood reactions of f-block
elements in the context of hydrocarbon C—H bond activation
is 0-bond metathesis (A in Figure 1). It relies on a four-center
transition state with no change in the metal oxidation state;
indeed it has been suggested that this can be a lower energy
mechanistic pathway than oxidative addition, even when the
latter is available.”) The majority of cyclometalation-based
ligand decomposition at f-block metal centers proceed
through this mechanism.®

Activation through the addition of a C—H bond across an
M=E bond (B) has been demonstrated for in situ generated
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A) o-bond metathesis

R
LM-R+RH —> LM H—> L,M-R+RH LM
‘R
B) 1,2 addition
R H

|
L,M=E + RH —> L M—E

E=0,NR, CR,

C) H-atom abstraction

L,M*=E + R-H —> L ,M*"-E—H +R
E=0O,NR N

Figure 1. The types of C—H bond activation available to metal complexes.

Group 4 imido complexes. For example, [(Bu;SiO),Ti(=
NSirBu;)] reacts with methane to reform the [Ti(CH;)-
(HNSIitBus)]-containing complex from which it was originally
derived.”” This has encouraged the targeting of f-block
complexes with metal-element double bonds either as
terminal or bridging ligands, or as part of a ligand chelate.

Homolytic C—H bond scission by a metal oxo (C) group
proceeds for d-block L,M(O) complexes when H-abstraction
by the oxo group can form an intermediate L,M(OH)-~ and
the -CHj; radical. Depending on the local environment, the
intermediates then normally collapse into metal hydroxide,
alkoxide, or L,M products and the alcohol if complete oxo
transfer occurs. This mechanism is also available for uranium
oxo groups.”®

Uranium is the only potential candidate for organome-
tallic C—H activation by oxidative addition (D) to a single
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D) oxidative addition

E) electrophilic activation

LM-X +R-H —> LM H—> L,M-R +HX

F) metallo-radical activation

- +RH
[ LM o= LMX ——> [ M*-R + L,MX—H
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metal center. Com-

2/R plexes of U™ and

H — X+. .

*RH LM potentially U™, could
X = number of valence electrons prOVlde future entry

points.

The final two
reactions in Figure 1
% (E and F) are cur-
rently not considered
possible for these
electropositive
metals. However, the
widespread use of
simple Ce'" salts to
generate carbon-cen-
tered radicals has
been used to form C—C bonds between a range of activated
substrates, such as (3-keto esters and diones, using an oxidative
methodology.”!

This review describes the first key results in the area, and
surveys some of the most recent advances in C—H activation
with f-block complexes. Although the selective functionaliza-
tion of methane remains a fundamental goal in the field,
pertinent information can be obtained by the study of its more
reactive relatives, such as dihydrogen, silanes, strained or
cyclic hydrocarbons, and heteroatom-containing molecules
that contain either more acidic C—H bonds, or adjacent
ligating atoms that can enhance reactivity.

R

X = halide, hydroxide, triflate, etc.
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2. 0-Bond Metathesis
2.1. [(Cp*),LnMe] and Related Complexes

The reaction in which [(Cp*),Ln(CH;)] (M=Sc, Y, Lu,
that is, smaller rare-earth metals) was demonstrated to
activate methane (CH,) for the first time is shown in
Scheme 1a.'"! Treatment with *C-labeled *CH, resulted in
methane exchange via a o-alkane complex, then the unde-

(@)
E 13CH4

Lhn—CH; =—> Ln H| === Ln—"3CH,
" CHa
- %ﬁ : - %g :CH3 ‘ﬁ\
1-Ln; Ln=Sc, VY, Lu 2 ['3cH1

Ln  "tuck-in"

(b) 10 mol%

Ph,SiH, +CH, _CP2ScCHal |
cyclohexane
150 atm

Ph,HSICH;3 + H-H

Scheme 1. Methane activation and silylation chemistry.

tected four-center transition state 2. This reactivity is notably
different to other organometallic carbanions such as Grignard
reagents, whose reactivity is strictly dominated by pK, values.
This is due to the accessibility of metal-based f and d orbitals
and the suggested accessibility of the 4f"5d" configuration for
these metal ions."! While ethane and propane were also
observed to react with 1, no material was isolable and the
metal products were assumed to decompose through f-
hydrogen elimination. The absence of redox reactivity of the
metal center, the strongly bound and sterically protecting Cp*
ligands, and the strong M—C bond makes o-bond metathesis
a straightforward reaction in these rare-earth-metal com-
plexes. As o-bond metathesis plays a critical role in certain
olefin polymerizations and reactions of dihydrogen and
silane, these and related reactions were studied intensely in
the following years.['”)

A transition state in which H** is transferred between two
metal-coordinated methyl groups [M°*-CH,°~] was described
by Bercaw and co-workers for the heterolytic cleavage of the
C—H bond by the electrophilic metal center, in wide ranging
studies of [Cp*,ScR] complexes (R=H, hydrocarbyl).!'¥!
Backed up by DFT calculations,"™¥ these studies explain
why the methyl group cannot take the central position in the
four-center-four-electron intermediate, and no C—C bond
formation should be possible. However, using the same
[Cp*,Sc—CH;] (1-Sc), Tilley and Sadow showed that the
silicon atom of a silane can occupy this f3-position. They also
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demonstrated a catalytic conversion of methane to methyl-
silane (Scheme 1b) using 150 atm pressure of methane and
achieved five turnovers after one week. The formation of
a stronger Si—C bond makes this reaction possible. The rate
limiting step is the C—H bond activation.” The traditional
description of the d® Sc™ center as “electrophilic” has been
revisited more recently by Periana et al. in a computational
study of the charge-transfer stabilization energies (HOMO to
LUMO) between the metal-ligand fragment and the coordi-
nated C—H bond in the transition state of the C—H bond
cleavage reaction. They suggested a nucleophilic classification
for the C—H activation by [Cp*,ScCH;] and a nucleophilic
attack from the negatively polarized carbon atom of the
highly polarized Sc—CH; bond.%)

Scheme 1a also shows the potential, undesired (but often
reversible) C—H activation of the ligand, namely the forma-
tion of a “tuck-in” metallacycle. Despite the repeated
invocation of “tuck-in” complexes in mechanistic schemes
involving f-block elements, they have only recently been
spectroscopically and crystallographically confirmed for f-
block complexes. Evans reported the crystal structure of
a “tuck-over” complex 3 and a vinyl complex 4 of Lu'™, which
was unexpectedly obtained through C—H activation of
tetramethylfulvene (Scheme 2a).["”

Many Cp-supported f-block “tuck-in” and “tuck-over”
complexes have now been reported. Other interesting exam-
ples (shown in Scheme 2) are the “tuck-over” zwitterionic
complex [(1’:x-CsMe,-CsH,N)Sc(thf){u-n’n'":x-CsMe;(CH,)-
CsH,N}Sc(CH,SiMe;);] (5) formed through spontaneous C—
H activation of a pyridyl-functionalized Cp ligand,"® and
a “tuck-in” [(n’m'-CsMe,SiMe,CH,)Ln(CsMe,SiMe;)(thf)]
(6; Ln=Y, Nd, Sm, Dy, Lu)."!

Many of these molecules show interesting C—H activation
chemistry. For example, storage of a solution of [(Cp*,MH),]
(M =Sm, Y) in benzene/alkane results in H, elimination to
give the  “tuck-over”  complex [(Cp*,M(u-H)(p-
CH,CsMe, )MCp*)] (Scheme 2a) significantly more rapidly
for Y.?*2!1 Analogously when the complex (Cp*,MR) (M =
Ce, La; R = CH(SiMe;),) was left in a solution of cyclohexane
or methylcyclohexane, RH was eliminated to give the doubly
metalated complexes 7-Ce (Scheme 2d). Compound 7-Ce
reacted with deuterated toluene to give
[Cp*(CsMe,CH,D)Ce(CD,C¢Ds)] (8-Ce),” but in situ stud-
ies showed no generation of CHD(SiMe;),, which suggested
that the reaction proceeds not by a direct o-bond metathesis
mechanism, but via the doubly metalated product.

Solutions of the cerium complex [(n>-CsH,(C(CH,);)5)Ce-
(CH,Ph)] in cyclohexane were reported by Andersen et al. to
form a “tuck-in” complex 9 (Scheme 2e) through the
elimination of toluene. They also found that 9 shows further
reactivity with MeX (X =halide) to give [(n>-CsH,(C-
(CH,););)Ce(R)]X. The alkyl groups in the compound were
found to be readily exchangeable, allowing deuteration
studies to confirm the nature of the C—H bond activation
reactions.!

Examples of the many actinide “tuck-in” and “tuck-over”
complexes (Scheme 3) include: a bimetallic uranium complex
that exhibits both “tuck-in” and “tuck-over” Cp* metalation;
[Cp*U(p-n’m'm'-CsMes{CH,},) (p-H),UCp*,] (10) formed by

www.angewandte.org
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Loir

Lu—C
"tuck-over"
3-Ln; Ln=8Sm, Y, Lu 4
(b)
W
7 [Se(CH,SiMeg)s(thflsl  \=N__ /]
N n-hexane, 0°C,1h| Sc_thf
0.5 equiv N=
[SC(CHzSIMea)g(thf)zl @ \ /
n-hexane, 0 °C, 1 h |
rR3C
R R
5R= CstiMes

c )
© SiMe3 éi/
CH,SiMe C/H
i
Ln: 2 3 - SiMe, Ln/ 2
THF s Y THE
# :SiMeS #SM%

Ln =Y, Nd, Sm, Dy, Lu 6-Ln
«
(d) ? ?CHZD
E = 4 Ce-CD,CgDs
8-Ce
(e)
Me3C Me3C

CMe;
Meso% MeaC@\r
MesC \ _*CHsPh VoG \

Ce
/ 4@ —CHgzPh /
CMej CMej3

Me;C Me3C

Scheme 2. Rare-earth-metal “tuck-in” and “tuck-over” complexes.

heating a mixture of the uranium hydrides [{Cp*,UH,},] and
[{Cp*,UH},] to 110°C in toluene;?! [(n’:n'-CsMe,CH,)U-
(CsHg)] (11) formed by o-bond metathesis elimination of
C¢Hj by heating [(CsMes)(CsHg)UPh] in toluene;™! “tuck-in”
[(Wm'-CsMe,CH,)U(CsH ™)  (12; TIPS = triisopropyl-
silyl) formed by a loss of RH through o-bond metathesis at
70°C (RH = CH,, CH;Ph, SiMe,, CH,(SiMe,),);?* the double
alkylsilyl “tuck-in” U" complex [(n’n'-CsMe,SiMe,CH,),U]
(13) was formed from methane elimination in refluxing
toluene (Scheme 3b);?" and polyhydride 14 formed from
[(CsMe,H),Th(Me),] under an 80 psi hydrogen overpressure
(Scheme 3c¢).”*

A thorium “tuck in” complex [(W’:1'-CsMe,CH,)(n’-
C;Me;)Th{iPrNC(Me)NiPr-k>-N,N'}] has recently been
made from the ion pair [(CsMes),Th{iPrNC(Me)NiPr-1*

www.angewandte.org
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TIPS

Uéﬁ\;f@\ @\ @\HPS
éﬁ ‘@ \i%i\cm \é{cm

"tuck-in, tuck-over"

\/
U _Me _2CH, ﬁ/CHz
- \é;;:m
\ii&ms Si__
13

© ==

+ [(CsMe4H);ThMe]

Scheme 3. Actinide “tuck-in” and “tuck-over” complexes.

N,N'}][BPh;Me]. Interestingly, the analogous reaction with
uranium did not give the anticipated U analogue.

Marks and co-workers undertook a detailed mechanistic
study on the highly regioselective thermally induced cyclo-
metalation of sterically congested thorium dialkyl complexes
[Cp*,Th(CH,EMe;),] (15-E) (E =C, Si), the driving force of
which is the production of the unreactive small organic
molecules EMe,.”! Two competing concerted mechanisms
were identified for 15-E, proceeding through a transition state
similar to that observed in o-bond metathesis. The first
involves vy-hydrogen abstraction from the dialkyl group
(Scheme 4a) and the second involves hydrogen abstraction
from the Cp* ring to afford a “tuck-in” complex (Scheme 4b).
The use of CD, shows a large kinetic isotope effect (ku/kp =
6.6(2) at 85°C), which suggests that the activation of methane
is the rate-determining step for the overall reaction. The most
interesting reactivity in this system comes from the metal-
lacyclobutane 16-C, which combines non-negligible ring
strain (ca. 15 kcalmol™), steric interactions, and/or weak
Th—C o-bonds, to give a negative AG for the reaction with
methane, affording 17 in cyclohexane as solvent.®” Further,
once deposited onto dehydroxylated alumina, these organo-
thorium complexes are catalysts for the deuteration of C—H
bonds with D, in a range of alkanes.P!

A more unusual route to C—H activation is accessible
from [Y(Cp*);], which was traditionally considered too
sterically congested to be isolable. [Y(Cp*);] has long Ln—C
bonds and the ligand is sufficiently weakly bound that it can
metalate the solvent, toluene (Scheme 5), affording 18 and
CsMe;H. The analogue [Sm(Cp*);] reacts through the homol-

Angew. Chem. Int. Ed. 2015, 54, 82—100
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y-H abstraction

,éf s —%
a
-CH,. CH
Tho U2~ CHy, 773
1 — CH,EMe; CH; H T Eme, Th,CHZr'E\
/ “~CH,EMe, kl CH2 “cp,
EMe3
16-C E=C
15C E=C b Cp*ring H abstraction 16-Si E=Si
15-Si E = Si
: ! + CH,
(E=C)
Th
\CHzEMe:;
~§£_i +h—CH2CMes

“CH,4
Sk,

Scheme 4. Use of ring strain to enhance the C—H activation reactivity

of thorium complexes.
y——CH;

s ©

Scheme 5. Toluene activation by a sterically crowded Y complex.

CH3CgH5
—_—
- CsMEsH

18

ysis of one Sm—Cp* bond (in a sterically induced reduction
mechanism) to afford the isolable Sm" complex [Sm(Cp*),]
and the reactive hydrocarbyl radical.*”

The unusual heterobimetallic “tuck-over” complex 19 is
formed from [Cp,Ln(CH,SiMe;)(thf)] (Ln=Y, Lu) and
[HRu(dmpe)Cp] in toluene at —40°C with the loss of
tetramethylsilane (Scheme 6). Complex 19-Y undergoes fur-
ther Y—C bond insertion.

==
& oo e i

Ln: Lne——Ru~p_—
SNTHE \p— -THF A i
e -SiMe,4 p—
/\Q s
Ln=Y, Lu 19-Ln

Scheme 6. Formation of a “tuck-over” complex with a metal-metal
bond.

2.2. Post-Metallocene Complexes with C—H Interactions and
Their Reactions

The Cp* complexes show a variety of “bitten-in” forms,
highlighting a major potential problem for the design of
supporting ligands for these reactive metals, although often
the reversibility allows for intermolecular C—H activation
processes to take place. The development of “post-metal-
locene” ligands, polydentate, anionic ligands that are suffi-
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N C_.
/ /SIM62
N"‘yAn\N\
D N" 20 SiMe3
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N N DN\ /D HC
| SiMe, D) 1\
N”""'A“\N/ o /SlMez
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N SiMe; /
N SiMe,
(c) o CeHsR . v . o reame :

for benzene toluene biphenyl
21-O X =ODtbp, Ph-SiH;

HBBN 21-N X=N"
V “H, V& ,  B-H" 1.319
x 5 X B/_H.H1 B-HZ 1.319
\ ) L C-H" 1.420
X X 1 2
u— u U)oy H-HZ 1.071
4 \ v “y B-C: 1.725
X X X X R

R 22 22-TS
X = N(SiMes), (N"), 0-2,6-tBu,CgHz (ODtbp)

Scheme 7. Actinide amides and aryloxides that undergo reversible
deuteration (An = U, Th) and spontaneously reductively activate and
C—H functionalize arenes.

ciently large, soluble, and robust to support new C—H bond
activation chemistry, has increasingly focused on nitrogen-
donor ligands. While many are excellent supporting scaffolds,
examples of unanticipated metalation, albeit sometimes
reversible, are still a major factor in their reactivity.

The thermal decomposition of [{(Me;Si),N};AnX] (An=
U, Th; X =H, Me, Et, or CH,SiMe;) results in the formation
of the metallacycle [{(Me;Si),N},An{(CH,SiMe,)N(SiMe;)}]
(20; Scheme 7b), without a change in oxidation state, as
a result of the metalation of one SiMe; CH group. This
metallacycle reversibly reacts with dihydrogen or deuterium
(as does the hydride [{(Me;Si),N};AnH]), and the molecule
can be perdeuteriated, most likely through sequential o-bond
metathesis steps (Scheme 7b).5!

We recently developed a new insitu arene C—H bond
functionalization methodology to convert C—H to C—B bonds
(Scheme 7c¢). When stored at elevated temperatures for a few
days, or ambient temperature for up to a month, arene
solutions of simple uranium complexes UX; (X=bulky
aryloxide, amide) spontaneously disproportionate, transfer-
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ring an electron and X ligand and generating a “UX,” unit
that binds and reduces the arenes. The two products are
“inverse sandwich” compounds [X,U(p-n’n’-arene)UX,]
(21) and UX,. Calculations and kinetic studies suggest
a mechanism of cooperative small-molecule activation involv-
ing spontaneous arene reduction, which allows functionalized
arenes to be incorporated, and reagents such as boranes to be
introduced, for example affording 22. An unusual mechanism
is also suggested from calculations in which the strongly
reduced arene undergoes a form of electrophilic aromatic
substitution in which the C—B and H—H bonds form at the
transition state 22-TS with very little perturbation of the U-
bound arene. This behaviour differs substantially from
previously found mechanisms for both main group and
transition-metal reagents.

A comparison with related 4f-arene complexes is of value:
Lappert and co-workers observed no C—H bond activation in
the benzene radical anion complexes such as [K([18]crown-
6)I[Ln(Cp")s(ron’m*CeHg)]  (Cp'=13-(1Bu),CsHy).* but
spontaneous C—C aryl coupling was observed by Fryzuk
etal. from the intermediate [{(P,N,)Y},(n-CsHy-pMe),]
(P,N, =PhP(CH,SiMe,NSiMe,CH,),PPh), which  forms
during the dissolution of [(P,N,)Y(CH,SiMe;)] in toluene,
resulting in [{(P,N,)Y},(u-n°m°*-CsH,-pMe-CH,-pMe),] b7

Giambastiani and Kempe and their respective co-workers
used amidopyridinate ligands to stabilize hydrocarbyl com-
plexes of rare-earth metals: 23, 25, and 27 undergo reactions
with PhSiH;, which proceed through o-bond metathesis to
give hydrido complexes, including 24 and 26 (Scheme 8).0%%!

Intramolecular C—H o-bond metathesis of bis(phosphini-
mine)carbazole adducts [LP"Lu(CH,SiMe;),] (30) and
[LPPPLu(CH,SiMe,),] (31) (L™ =28, L"""=29; Pipp = para-
isopropylphenyl, Scheme9) first affords singly metalated
products 32 and 33, then doubly metalated products 34 and 35
upon heating to reflux in toluene or THF.""

PhSiH,

PhSiH3
n-hexane
0°C

: .‘\\‘NAI‘

R = CH,SiMe;
iPr
I
Ar= —E
iPr

27-Ln (La, n=2)(Nd, Lu,n=1)

Scheme 8. Amidopyridinate complexes.
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28: Ar=Ph 30.Ar—Ph
A toluene/thf : ;
29: Ar=Pipp R = CH,SiMe; - SiMe, 1: Ar = Pipp
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Q reflux Ar
Ars " r toluene/thf Ar sR 4
// \Lu /y\Lu/\\ Ph
P\ = sive, Ph~p l P
i i N Ph
34: Ar= 32: Ar = Ph
35:Ar= Plpp 33: Ar = Pipp
Scheme 9. Loss of SiMe, through complexation of [Lu(R);(thf),] with

a bis(phosphinimine)carbazolate ligand.

Both the groups of Scott and Liddle synthesized interest-
ing “tuck-in” and “tuck-in-tuck-over” uranium complexes 36
and 37, using silylated tren ligands tren™"™S (R = SiMe,/Bu)
or tren™S (R = SiMe;), respectively (tren = N(CH,CH,NR);;
Scheme 10).4Y The former has a very long U—C bond (2.75 A)
and is selectively deuterated by deuterium gas at just the CH,
position.[*”l The unusual U™ analogue was also isolated as the
potassium salt. The ligand in 37 is partially recovered by
protonation with Et;NHBPh,, but also incorporates one BPh,
group into the uranium metallacycle 38.1

Okuda showed an interesting reversible H, activation in
the Lu complex [(Me,TACD)Lu(CH,SiMe;),|[A] (39; A=
B(3,5-C¢H3(CF;),)4; Me, TACD =1,4,7,10-tetramethyl-
1,4,7,10-tetraazacyclododecane). Treatment of 39 with four
equivalents of PhSiMe; in diethyl ether eliminates
PhSiH,CH,SiMe; and H, to form the dicationic trihydrido
complex [(Me;TACD-CH,)Lu(p-H);Lu(Me, TACD)][A],
(40; Scheme 11). Interestingly, and of potential synthetic
use, is the reversible and controllable H, addition that is
possible across the new Lu—CH, bond to give the tetrahydrido
species [(Me,TACD)Lu(pu-H),Lu(Me,TACD)][A],, as the
reaction is reversed in vacuo at high temperatures. Reactions
with D, and H, confirm the reversible C—H activation, with an
inverse isotope effect suggesting a critical pre-equilibrium
step in the reaction.™”

2.3. Chelation-Assisted or Directed C—H Activation

The fact that C—H activation at the ligand is the entropi-
cally favored reaction has been used extensively to develop
C—H bond functionalizations catalyzed by late transition
metals. Substrates are chosen/designed such that prior
coordination of a nearby heteroatom, often a pyridyl group,
places the targeted C—H bond next to the metal, facilitating
regiospecific ortho metalation.[*”)
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Scheme 10. “Tuck-in" and “tuck-in-tuck-over” complexes of uranium.
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Scheme 11. Formation of a dicationic trihydrido lutetium complex.

The pK, value of the H atom in ortho position of pyridine
is 43.6 in DMSO (44.7 in benzene),*® and the H atom
therefore less acidic than the other H atoms bound to the
pyridine ring, thus stressing the fact that acidity is not
generally an important issue in metalation reactions directed
by d- or f-block metals, and that the pre-coordination of the
heteroatom is the key step. Functionalization with catalytic
turnover is usually achieved with cyclometalated palladium
complexes through the addition of a stoichiometric amount of

e
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base, but this has been less widely explored for f-block
systems so far. These coordination-directed reactions unfortu-
nately exclude the simplest aliphatic hydrocarbons, but have
led to a range of coupling and ring-opening reactions of
pyridines and methylimidazoles.

Teuben’s group reported that [(Cp*),Y (x*-C,N-pyridyl)]
is formed from the hydride [(Cp*),Y(H)], through the
selective metalation of pyridine.*”? The addition of a further
equivalent of pyridine gives the adduct [(Cp*),Y(n?-C,N-
pyridyl)(NCsHs)] (41), which upon heating first forms the
non-aromatic C—C coupled product [(Cp*),Y{x'-2,2'-NC;sH,-
(2-NC,Hs)}] (42) by insertion, then eliminates hydrogen, and
upon quenching 2,2-bipyridine. This noncatalytic pyridine
functionalization was extended to alkylated pyridines by the
subsequent insertion of alkenes. The use of ethene at high
pressure enabled a catalytic cycle with 44 % conversion of
pyridine to 2-ethyl pyridine, although the original hydride
complex was not a good intermediate in the catalytic cycle, as
it can form other metalation products.

The Hou group extended this reaction of insertion into the
C—H bond of alkenes with [(Cp*),LnR,]/B(C4Fs); (Ln=Sc,
Y) to give over twenty functionalized examples,* and with
[(Cp*),LnR,]/(CPh;)(B(C4Fs),) (Ln=Sc, Y, Gd) to benzylic
ortho groups of functionalized pyridines and anisoles.!*]

Both solvent and stoichiometry control the single or
double metalation of the N-heterocyclic carbene to form 43 or
44, respectively, when an NHC is coordinated to [LuR;(thf),]
(R=CH,SiMe;, NHC =1,3-dimesitylimidazole-2-ylidene;
Scheme 12b). The faster metalation of the yttrium analogue
was ascribed mainly to the electrophilicity of the metal center.
The tricarbene analogue was not accessible, probably because
of steric congestion.

One of the most surprising and interesting examples of
directed C—H activation is shown in Scheme 13: Coordina-
tively unsaturated 45-U binds pyridine-N-oxide as an O-
donor in solution, rather than transferring the oxygen atom,
which is the conventional mode of reactivity. Boiling the
solution for four hours evolves methane and forms the n’-
O,C-pyridyl-N-oxide complex 46. The thorium analogue 45-
Th reacts with 2,6-dimethylpyridine-N-oxide to readily form
the C(sp*)—H activation product 47, but 46 is unreactive even
after 12 h of boiling. It is very rare for Th'Y and U complexes

N

N
Y \ pyridine v 4 '\{ A\
\N Vs EEEE—" ~_ L _— ~ L —_—
N | -05H, N H* __ —
N
M 42
(b) J—
-
/\ R -NN R = CH,SiMe;
R -Ny 1 IMes excess IMes \( R' = 2,4,6-trimethylphenyl
\( : LnRs(thf), - n = 2,4,6-trimethylpheny
R:In 1. THF, 25 °C, - SiMey 1. toluene, 25 °C, - 2 SiMe, AR R AR
R Yt 2. THF/pentane, - 30 °C 2. pentane, - 30 °C NN-R IMes = \N\;N'
43 Ln=Lu,Y Ln=1Lu \—/

Scheme 12. Formation of a) 2,2"-bipyridine and b) alkyl-N-heterocyclic carbene complexes.
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(a) by the scandium methyl precursor.”!! Teuben had originally
) ,éf suggested that sterically less demanding complexes (e.g. of
_R N toluene e R o larger metals) might allow the development of better catalytic
An + [~ —_— An =" .

Nk @ _RH N cycles. The use of yttrium or lanthanum analogues of the
‘% \(J (NN) ligand generally show very little difference in the
X reactivity compared to the much smaller scandium complexes.

45 An=U, Th 46 An=U, Th . . ..
R = Me, CH,Ph The use of the simple mono- and dicationic methyl
N R complexes of lanthanides, [Ln(Me),(thf)s]" and [Ln(Me)-
+ U/ Th{,_ o (thf)s]*", offers an elegant new way to tune the reactivities of
S N organolanthanides.”™ The complexes all metalate pyridine,
‘ﬁ 7\ the reaction proceeding after the initial coordination of the
47 = pyridine molecule, forming for example [Y (n>C,N-CsH,N)-
(b) (NGCsHs)s]*" [BPh,],” (50), which retains the cationic charge
(Scheme 14).5°! Calculations on the monocation [Y(1?-C,N-
he CsH,N),(NC;sHs);][BPh,] suggest that a C—C bond-formation
H 50 °C (NfCN)—\'(“R step that would convert the coordinated pyridyl ligands into
(NN -y =N CeHs \N X neutral bipyridine could occur through a single-electron
i N 4 H L~ reductive C—C coupling; forming a bound bipyridyl radical

Scheme 13. a) A new mode of reactivity for pyridine N-oxide, C—H
activation. b) C—H activation of 2-phenylpyridine.

to show such different reactivities. According to studies of the
mechanism, the C(sp’)—H activation product is the kinetic
product, and the C(sp*)—H activation product is the thermo-

anion.F”)

Shen and co-workers reported the activation of the
quinoline ligand at the 2 position in yttrium and ytterbium
bis(3,5-di-tert-butylsalicylidene)-8-aminoquinoline (Lavin)
complexes. (L™™Ln(N(SiMe,),) (52-Ln: Ln=Y, Yb) was
accessible at low temperatures, while higher temperatures
afforded 51-Ln and 53-Ln, with 53-Ln as the proposed

dynamic product. Scrambling of the incorporated deuterium  intermediate.”®
label was not observed, thus suggesting that no
alkylidene intermediate was formed.”” The Th/U
differences are even more pronounced in the (@ — 2+
Zpalotio?s rf:ggti()[l;? between 45 and pyridine/2,6- y 'Y' y o4 excess 'Y' 94 \ ’\1
imethylpyndine. thfl ) At ridine | PY.] _PY

Diaconescu and co-workers reported the for- |thf T\tthhff (BPhaI pye thf py T ;?y (BPhal" —CH, Zz\/T/\iE’Z}’ (BPha]
mation of the ortho-metalated pyridyl adduct Py Py
of the ferrocenyldiamido-supported Y complex 49 50
[(NN™)Y (n*-N,C-6-phenylpyridyl)(thf)] (48, .
NN =1,10-fc(NSirBuMe,),; Scheme 13b), formed ®) Bu

from a routine alkane elimination reaction between
[(NN*)Y(CH,Ph)(thf)] and 2-phenylpyridine.’?
The product is however an isomer of the ortho-
phenyl-metalated phenylpyridine ligands that are
widely obtained from oxidative addition reactions
of 2-phenylpyridine in Pd"-catalyzed C—H func-
tionalizations.*”! The reaction relies on the hemil-
ability of the pyridine N atom. It proceeds very

\

Ln[N( SlMe3 2ls . 0\ __\tﬁN
T 40°C. thf °C, thf T
e

-50°C | _ 5 HN(SiMes),

slowly (over 14 days) and exclusively in an intra- toluene

molecular manner, through a stepwise pathway fBu

involving a proton transfer to the pyridyl N atom By

from the phenyl ring, then a 1,2-H shift, and re-

coordination of the pyridine N atom to the Y cen- Bu — Bu
ter. The five-membered metallacyclg: has not \ 5 N .
previously been observed in d’f'-complex

C—H activation.*! \\Ln/ ' N\\\Ln/

The analogous pyridine C—C coupling is possi- N/ , \\N M / \\N
ble in scandium complexes of the 1,1'-ferrocenyl- \ N o \ A N o \
diamido ligand NN, but the reaction stops at the Me33i/3iM63 _\
non-aromatic [(NNF9)Sc{x'-2,2-NCsH,(2-NC;sHjs))]. Bu By
N-Heterocycles with lower aromaticity than pyri- tBu L tBu

52-Ln 53-Ln

dine, such as methylpyrrole, are coupled, in some
cases reversibly, after initial ortho-C—H metalation
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Scheme 14. a) Metalation of pyridine. b) Activation of quinoline-based ligands.
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3. Addition of a C—H Bond Across an M=E Bond

Since Wolczanski’s studies of the addition of a methane
C—H bond across the M=N bond in early-transition-metal
complexes, a number of groups have sought to isolate a rare-
earth-metal complex containing a terminal, and thus reactive,
metal-imido M=N bond or a metal-alkylidene M=C bond.””!
In contrast to the extensive number of reports on imido and
carbene chemistry of d-block metals, such compounds with
Group 3 metals and lanthanides still remain rare. Because of
their increased Lewis acidity, f-block metal complexes should
exhibit even more reactive M=E moieties compared to their
d-block analogues. The lack of examples of isolated imido and
alkylidene complexes is attributed to the mismatch in the
ligand-metal orbital energy.”” Most of the reported lantha-
nide-imido complexes exhibit bridging or capping amido or
imido functionalities and accordingly lower reactivity./*”

Convincing evidence of the transient existence of a termi-
nal imidoscandium compound was presented in 2008.°!
[{PNP}Sc{NH(Ar)})(CH;)] (54, PNP=N(2-P-(CHMe,),-4-
methylphenyl),, Ar=2,6-iPr,CsH;; Scheme 15) readily
reacts with pyridine to afford a transmetalated pyridyl anilide
complex [(PNP)Sc(NHAT)(#*>-NCsH,)]. Using a combination
of isotopic labeling and reactivity studies with Al(CHj;);, the
authors excluded a o-bond metathesis mechanism and
postulated a terminal imido intermediate 54a, produced by
a-hydrogen abstraction prior to the ortho metalation of
pyridine by the 1,2 addition of a C—H bond across a Sc=N
bond. The use of isotopically labeled CsD; supported this
hypothesis.*"

The postulated transient scandium imido complex 54a can
also functionalize pyridine with isonitriles CENAr (Ar=2,6-

( P\ \CHs
NQ7SC‘\

QPIPI’Z F Py AT

N = 'Q@ vy
§j>—P/F>r2 P ~CH,
J

QP—\SC"“N\

/

N .
X S NAr N
Ef s Shar

54a
IMPy Py
P

(N .~IMPy
N—sc;. Ar=2,6-iPr,CeHs

%

N & NHAr
54d 54b
\ Ar ﬁNAr

P
ALY
N—=Sc N\ //

/

&P \NHAr

54c

Scheme 15. Proposed catalytic cycle for C—H activation and functional-
ization of pyridines with isonitriles.
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iPr,C¢H; (DIPP) or 2,6-(CH;),CH; (DMeP)) to afford mono-
and disubstituted imino pyridines.® The proposed mecha-
nism is shown in Scheme 15. A complete conversion to mono-
substituted imido pyridines (IMPy) was achieved at 90°C
after 45 hours, that is, a TOF of 0.11 h (ca. 5.5 turnovers) was
achieved./”

Extensive kinetic and mechanistic studies presented
convincing evidence for the formation of the Sc™-imido
complex 54a.1”! The results suggested that pyridine binding
occurred prior to the formation of the imido species, and the
enforced proximity of anilide and methyl ligands facilitates
the proton transfer. The a-hydrogen abstraction is the rate-
determining step. Notably, 54 can also activate the C(sp*)—H
bonds of 2-picoline and 2,6-lutidine.

Chen and co-workers first isolated the terminal scandium—
imido complex 55. Reactivity studies showed that elemen-
tal selenium formally undergoes an insertion into the Sc—C
bond,®! produced through prior C—H bond activation on Sc=
N to afford 55a. A catalytic turnover for this system can be
imagined through a Se—H bond formation by elimination of
the aminoselenol to reform the Sc=N bond, but thermody-
namic arguments may preclude such a reaction. The C(sp*)—H
bonds in related systems can also be metalated and function-
alized with selenium to afford, for example, 55b, but only at
the side chains of the ligand. The authors suggest a mechanism
that starts with a 1,2 cycloaddition of a selenium atom across
the Sc=N bond (Scheme 16).

N N Se N N, N N
\ / Ar \/ Ar \/ Ar
N SSNo otuene) | AN N
~Ar (toluene ~Ar ~Ar
7\ \N 7\ N /e \ N_Se
7\ - | Q
—_ X S
55 /N— N NG 55a
Ar = 2,6-iPr206H3 \(_\\Nl/
\/ Ar
( sc. H
AN
/
k,N\/Se

55b

Scheme 16. The first terminal rare-earth-metal imido complex 53 and
products of the formal selenium addition through C(sp?)—H and
C(sp®)—H bond activation in the ligand.

Compound 55 can also activate Si—H bonds through a 1,2
addition to afford the scandium anilide hydride 55¢, which
efficiently catalyzes the hydrosilylation of N-benzylidenepro-
pan-1-amine with PhSiH,.[*! With 5 mol % of the catalyst, the
conversion of N-benzylidenepropan-l-amine was complete
within 12 h at 20°C; the proposed mechanism is shown in
Scheme 17.

Cui and co-workers isolated the first cyclopentadienyl
ligand supported scandium-imido complexes 56 and 57 using
a phophazene ligand (Scheme 18a,b).”! Compound 56 is
stable for a week at —30°C, but undergoes intermolecular
C—H activation to give the anilide complex 56a at room
temperature. Intermolecular hydrocarbon activation was not
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Scheme 17. Proposed catalytic cycle for the conversion of N-benzylide-
nepropan-1-amine to its hydrosilylated derivatives.
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Scheme 18. |solable Sc=NR complexes that activate intramolecular
C(sp®)—H and intermolecular C(sp)—H bonds.

observed. No reactivity studies for 57 have been published to
date. Piers and co-workers isolated the terminal imido (-
diketiminato complex 58 (Scheme 18b), which activates the
C—H bond of phenylacetylene.'*®

Nucleophilic carbene complexes have been stabilized by
coordination of an additional Lewis acid, such as a rare-earth-
metal cation,®® or AI'®! (see 59, Scheme 19a). These
stabilized complexes showed “Schrock-type” carbene char-
acter. A second series of rare-earth-metal complexes, in which
a central CH, group of a bidentate N,N or S,S chelating ligand,
H,C(PPh,NSiMe;), or H,C(PPh,S),, respectively, is doubly
deprotonated to form a highly polar, formally doubly bonded
M=C group. These complexes are exemplified by 60 in
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Scheme 19. A masked Sc=C bond, an ylid-stabilized Sm=C bond, and
a proposed mechanism for Y=C-promoted rearrangement and C—H
bond abstraction from benzophenone.

Scheme 192a.""! The addition of Ph,C=O to 61 leads to the
reprotonation of the C*~ center through the selective ortho-
metalation of one Ph group, directed by prior yttrium
coordination of the O atom (Scheme 19b).7Y Subsequent
C—C and C-O bond formations led to isobenzofurans and
hydromethylbenzophenones.”!

Many imido uranium complexes have been reported
based on UY, UY (most often), and UY' complexes.™
Although a few of them can show intramolecular [3+2]
cycloaddition of ligand C—H bonds across M=N bonds to
afford C—H bond cleavage,™ none show reactivity toward
intermolecular C—H bond activation. For example, thermol-
ysis of 62 in benzene or hexane leads to intramolecular C—H
bond activation of a Cp* methyl group across the two imido
functional groups.” The authors did not investigate the
mechanism of this reaction, which presumably proceeds
through the formation of an amine, which subsequently
tautomerizes to 60b. Complex [Cp*,U(NAd),] (62) can also
be reduced by H, to form the corresponding bis(amide)-U"
complex (Scheme 20).]
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Scheme 20. Bis(imido)-U"' complex 62 displaying reactivity toward H,
and intramolecular C—H activation by thermolysis forming a new

“tuck-in” compound.
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Scheme 21. A proposed transient uranium nitride, which undergoes
instantaneous intramolecular C—H bond activation.

An unstable terminal uranium(VI) nitride complex was
implicated as the product of N, release upon the photolysis of
azide 63.”) The transient U=N fragment (Scheme 21) was
suggested to be so reactive that it undergoes rapid insertion
into a C—H bond of the ligand to form an N—H bond and the
“tuck-in” complex 63a. DFT calculations on this proposed
transient U=N nitrido moiety reproduce the reactivity very
well, including the requirement of photolysis, rather than
thermolysis, to generate the reactive intermediate. Under
photolytic conditions, both singlet and triplet configurations
are accessible, and two potential energy surfaces were
therefore computed for the reaction of the methyl group
with the nucleophilic nitride unit, depending on the spin state.
The calculated lowest energy pathway for C—H activation by
the uranium nitride intermediate was deprotonation for the
singlet surface, and H atom abstraction for the triplet surface.
Subsequent 1,2 migration or radical recombination (for the
singlet or triplet forms, respectively) lead to the observed
CNH-containing product. This mechanism operates similarly
to C-H bond oxidation by the Fe=O unit of the enzyme
cytochrome P450.06!

Liddle and co-workers isolated the first terminal UY and
U nitrido complexes 64 and 65, respectively (Scheme 22).17)
The photolysis of 65 leads to C—H activation of one isopropyl
group in the Si(iPr); side chains and 1,1 insertion of the nitride
to give amide 65a. The proposed mechanism (Scheme 23)
shows similarities to the H abstraction displayed by the uranyl
ion,™ and requires electron transfer to uranium followed by
homolytic C—H and U=N bond scissions. The authors agree
with Kiplinger™ that photolysis of uranium(VI)-azide gen-
erates a transient UYnitride, which cannot be trapped in the
photolysis reaction. Contrary to 65, the photolysis of UY—
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Scheme 22. A terminal UY'-nitride complex that undergoes an intra-
molecular ligand C—H activation.

Scheme 23. Proposed mechanism for the conversion of 65 into 65a.

nitride 64 does not result in C—H activation, probably because
of the inherently lower oxidizing and polarizing nature of UY
compared to UYL

In contrast to numerous reports on uranium-imido
complexes, thorium—-imido complexes are extremely scarce:
the imido-metallocene complexes [Cp,Th=NR] (Cp=n-
1,2,4-(Me;C),CsH,, R=p-tolyl 66 or Cp=Cp*, R=2,6-
dimethylphenyl 67; Figure 2) undergo [242] cycloaddition
reactions with nitriles”™ and alkynes>*" and concomitantly
activate C—H bonds®™! of alkynes to form mono(acetylide)
thorium amido complexes.

Examples of actinide complexes with an M—C bond with
multiple-bond character are limited to ligand systems with
additional heteroatom stabilization. For example, the nucle-
ophilic carbon atom in Gilje’s phosphoylide compounds
[Cp;U = CHP(Me),R] (68; Scheme 24)B! shows high reac-
tivity toward nitriles,*” isocyanates,® and CO.* The closely
related complex [U=CHPPh;(NR;);] (69) is in equilibrium
with free PhsP=CH, and the U"Y metallacycle
[U(CH,SiMe,NR)(NR;),] (69a). This reversible C—H activa-
tion is highly temperature dependent, because it is endother-
mic and entropically driven.®
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Figure 2. Examples of thorium imido complexes. 67 can activate
C(sp)—H bonds of alkynes.

68 R =Ph, Me

(b) Ph

3
@ oh |-|2c—|sn\/|e2

“““ |L|J —_ L_N + PhsP=CH,

RN /" SNR, RN™ “SsiMe;
RoN RoN
69 69a

Scheme 24. Ylid complexes that contain a nucleophilic carbene unit:
a) first reported, and b) in equilibrium with free Ph;P=CH, and the U"
metallacycle.

The most popular ligand systems used to stabilize the
formal U=C and Th=C bonds with nucleophilic carbene
atoms are Dbis(iminophosphorano)methandiide (Ph,P=
NR),C*>~ and bis(phosphorano)methandiide (Ph,P=S),C*"
pincer ligands described above. A wide range of these
complexes are now known for UMW UQ B vl
UVl (Scheme 25), and Th™.%¥! However, reactivity
studies of these complexes remain limited. Cavell’s group

PPh,—S, BHq PPh2 -s, |
No—zyv—thf C:U|\<py
PPH,< tf PPh2=s
2=S BH, 0]
70 71
/\ | Me _SiMe;
g ®N-0~  PPh=N cl
—/ \ %
—_— C u<_o
SiMe;

PthtM/ al PPh/2 N/ c
c—ui—ci 72 SiMes
/ Nci-inn, .
PPh,=N _SiMe;
_ PPh,=N

SiMe; 2 |
051, g
L— > c=u'—cl
72a / / \
) cl
PPh,=N
73 SiMe;

Scheme 25. Uranium carbene complexes stabilized by heteroatom
ligands.
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described U" complexes that undergo [2+2] cycloaddition of
nitriles to the carbon—metal bond,®*! but to date no reports of
C—H activation by these complexes have been observed.®!

4. H-Atom Abstraction from Hydrocarbons

Lanthanide alkyl complexes show a much greater resist-
ance toward f3-hydrogen elimination reactions compared to
transition-metal alkyl complexes, in spite of the fact that many
of these organometallic compounds are coordinatively unsa-
turated and generally have highly polarized M—C bonds as
a result of the combination of strongly Lewis acidic centers
and strongly basic ligands. In comparison to organometallics
of d-block elements, many organolanthanides require more
forcing conditions to induce the elimination of the olefin.
For example, [U(n’-CsH;s);R] and [Th(n>-CsHs);R] (74, R =
hydrocarbon functionality) complexes strongly resist ther-
mally induced $-hydrogen elimination. Instead, they undergo
an intramolecular stereospecific hydrogen atom abstraction
from cyclopentadienyl rings to produce the corresponding
alkane and an organometallic product.”’! For thorium com-
plexes, this compound could be identified as bimetallic n°:n'-
cyclopentadienylthorium(IV) compound 74a (Scheme
26).°™ Thorium compounds are generally more thermally

Z6 WO D
SO < % g

Scheme 26. Thermal decomposition of cyclopentadienylthorium(IV)
compounds.

R-H

stable than their uranium analogues and the stability within
one actinide series varies with the R substituent (primary >
secondary > tertiary). Kinetic studies, deuterium labeling,
and cross-over experiments strongly support the unimolecu-
larity of the reaction. As nearly complete retention of
configuration is observed at the o-bonded carbon atom of
the alkane, a radical mechanism can be ruled out. It is
uncertain whether the hydrogen atom of cyclopentadienyl is
transferred directly to the hydrocarbon ligand by a concerted,
four-centered process, or whether it is first transferred to the
actinide center and then to the R moiety.”"!

In comparison to the thermally induced decomposition of
cyclopentadienyl Th" complexes 75, a photochemical excita-
tion of the same compounds in benzene at wavelengths
shorter than 350 nm results in a comparable mixture of
alkane/alkene and complex [Cp;Th] (75a).”?! On the basis of
deuterium-labeling experiments, a mechanism involving {3-
hydrogen elimination followed by the reaction of thorium
hydride complex with another thorium alkyl complex could
be postulated (Scheme 27).*) This explains a nearly constant
1:1 mixture of alkene to alkane for most of the tested
compounds. Interestingly, a slight excess of alkane for some
hydrocarbyl ligands strongly correlates with the incorporation
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Scheme 27. Proposed two-step mechanism for the photochemical
decomposition of tris(cyclopentadienyl)thorium(IV) hydrocarbyl
complexes 75.

of the deuterium atom from cyclopentadienyl or solvent
molecules, thus suggesting that a minor C—H activation
process, possibly radical in nature, may be operative.

For [Th(n’-CsH;);CH;], which does not have a B-hydro-
gen atom, the formation of methane proceeds much slower
and the incorporation of deuterium from the Cp rings and
solvent molecules occurs substantially more often. The
substitution of cyclopentadienyl to indenyl ligands completely
preclude the B-hydrogen elimination pathway, leading to the
production of an alkane by intramolecular hydrogen abstrac-
tion. In comparison to the photochemistry of thorium alkyl
compounds, analogous uranium complexes produce upon by
photoexcitation predominantly the alkane with an incorpo-
rated hydrogen atom from cyclopentadienyl rings and solvent
molecules, although a f-hydrogen elimination pathway cer-
tainly also exists. As the U™ oxidation state is more readily
accessible than Th', the authors suggested a homolytic bond
scission to alkyl radicals as a possible reaction mechanism for
the photoinduced decomposition of uranium analogues.”!

A prolonged thermolysis of [Y{C(SiHMe,);};] and [Yb{C-
(SiHMe,)3},(thf),] (76) gives CH(SiHMe,); as the only
product, probably as a result of the inhibition of a classical
B-hydrogen elimination by the sterically hindered ligand.
However, the introduction of external Lewis acids results in
the abstraction of the B-hydrogen and the extrusion of
disilacyclobutane, a dimer of the silene Me,Si=C-
(SiHMe,),.****! Sadow and co-workers studied this reactivity
with THF and TMEDA adducts of M{C(SiHMe,);}, (M =Yb,
Ca) and found two competing reaction pathways: ligand-
group transfer and B-hydrogen abstraction. The followed
pathway is strongly dependent on the identity of the metal,
Lewis acid, and ancillary ligands. For example, the alkylation
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pathway is more likely to occur when the partners are less
bulky, and the use of B(C4Fs); results exclusively in f3-
hydrogen abstraction (Scheme 28). Interestingly, the source
of hydrogen in the thermally induced decomposition of the
ytterbium complexes to CH(SiHMe,); is not clear, but
labeling experiments with [Yb{C(SiDMe,);}] rule out the
Si—H group as a source.”™ An intermolecular C—H activation
of one of the two methyl groups in the ligand and subsequent
H atom abstraction could possibly explain these observations,
but would require further isotopic labeling experiments.

The photochemistry of the uranyl ion has been studied
since the beginning of the nineteenth century."""! Irradiation
by laser flash photolysis at wavelengths in the region of 350 to
490 nm is routinely used to generate the *[UO,]*" ion (77,

Scheme 29). This ion is strongly oxidizing (E°=2.6 V) and
o hv o} O 4
1] —"T1 P no || .
u a ’L’J — h’ + H* + OH
Cc
I I i
77
H—C/—
H
b
1/, Hy0,
X\
O -y Q42+ -/
1/2 02 “ "- CH:_
11l
o loz H,0
+ H*
/ oxidized substrate
H—ﬁ— = substrate + H,0/H,0,

Scheme 29. Steps in the photocatalyzed H-atom abstraction from
hydrocarbons by the uranyl dication.

can be considered a reactive oxygen-centered radical coordi-
nated to UY.®! A range of different decay routes are available
for the long-lived *[UO,]*" ion, depending on the identity of
nearby substrates. However, substrate activation reactions are
generally carried out in water, so any hydrocarbon will have
limited solubility, and be competing directly with the solvent
water molecules in the reaction.

Waltz et al. described the competition between water
oxidation and the abstraction of an H atom from isobutene in
an acidified aqueous uranyl perchlorate medium (Scheme 29)
activated by a 347 nm laser (ca. 70 mJ of energy per flash).””
The abstraction from the weakest, tertiary C—H bond (rather
than from a primary C—H bond) by the uranyl species in its

FF
F F
SiHMe M i "
L SiHMe, _ & o
Me,SiZ. o\ | _~=SHMez  B(CeFs), MezSit. T F Me,HSi,, /Siz SiHMe;
MeyHSin-y—Y2 " SiMe, o (MeHSICTYh--H-B + /“c\ >’
F i i SiHM
MeHSI L (CeDs) Me28|\H \|: F Me,HSi |\S/|I92 iHMe;
F
76 F 76a

Scheme 28. A Lewis acid mediated B-hydride abstraction reaction of [Yb{C(SiHMe,);},(L)
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excited state is assumed; the resulting tert-butyl radical does
not react further with the UY uranyl [UO,]" according to
kinetic analyses. The *[UO,]*" ion can also indirectly quench
a substrate by reaction with water, forming the OH radical in
a competitive reaction (Scheme 29c), and this radical can
then also cleave the C—H bond of isobutane, thus forming the
same products.

Bakac et al. surveyed a range of linear and cyclic hydro-
carbons as quenchers for the *[UO,]*" ion, finding the same
mechanism for all, which involves H atom abstraction by the
metal oxo species to form [UO,H]*" (which transforms to
[UO,]* +H") and the alkyl radical.”™ In the presence of O,,
the latter rapidly forms an alkyl peroxyl radical, which is then
transformed to the oxygenated complex, for example cyclo-
pentane is converted to cyclopentanone. The [UO,]" ion is
automatically converted back to [UO,]*" by dioxygen. The
reaction is product specific, that is, only cyclopentanone and
H,0, and no cyclopentanol (which would quench faster than
the alkane) are formed, which led the authors to suggest that
the peroxyl radical ¢-CsH,OO" behaves as a ligand for U in
subsequent reactions.

With aqueous solutions of arenes, such as benzene or
toluene, the oxidation to phenol or benzyl alcohol (and
benzaldehyde) is catalytic in *[UO,]*". Quantum yields of
70 % for the conversion of benzene to phenol can be achieved
under conditions in which the excited state *[UO,]*" is
quenched in equal measures by H,O, and benzene. Kinetic
isotope studies involving the deuteration of either benzene or
water show only a pronounced decrease in the rate for water
deuteration. This and other studies show that two pathways
are available for the arenes: the productive one through H-
atom abstraction, and the nonproductive one through the
aromatic portion (which is the major path observed here).”!

The lack of product specificity has recently led to an
increased interest in the use of uranyl-based photocatalysis
for the destruction of organic pollutants in the environ-
ment.'"! Ideally, catalysts with narrow band gaps that can use
visible light and are photochemically stable in water would be
employed. Current research efforts on catalytic systems are
focused on methods to keep the ions away from the aqueous
phase, for example through heterogenization.!'!

A thermally activated analogue of this oxo species has
only recently been discovered. We reported asymmetric
uranyl complexes with a polypyrrolic ligand. In these
complexes, a uranyl species is held within a sterically pro-
tected environment (“Pacman” shape). Deprotonation of the
two remaining pyrroles with two equivalents of base is
suggested to disrupt the strong U—O bonding arrangement
and results in oxo reactivity that is more reminiscent of dioxo
catalysts of transition-metal complexes. Thus, H-atom
abstraction from substrates containing weak C—H bonds,
such as dihydroanthracene, is observed (Scheme 30).01%%!
However, mechanistic studies did not distinguish between
reactions in which the intermediate [UY'O,(Li,L)] (78) can
cleave a C—H bond. The uranyl oxo group either undergoes
an intermolecular H-atom abstraction to form a U-OH
species, or the C—H bond is cleaved by a pyrrolyl radical
generated through an internal reduction process.
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(a)
C-H bond cleavage

by U=0 oxo HH
Llees
H-atom
—~/ abstraction

‘0 a:{d
00

C-H bond cleavage
by pyrrolyl radical

79

Scheme 30. a) Proposed mechanisms for C—H bond cleavage of

a weak C—H bond-containing substrate by a doubly lithiated uranyl
macrocyclic complex. b) Oligomers that contain U¥ and U"' uranyl ions
formed as a result of a combination of H-abstraction from the solvent
and SiMe; group abstraction from coordinated N (SiMe;), groups.

Previously reported reactions with potassium bases in the
presence of E=SiR; compounds resulted in the silylation of
the E-oxo group (E=N, C) and the formation of O=U"~—
OSiR; complexes.'™ The similarities between these two
systems might lend weight to the involvement of the uranium
oxo group in the C—H bond activation. In reactions using the
same Pacman macrocyclic ligand and an excess of uranyl
silylamido reagent, that is, 2.5equivalents of [UO,{N-
(SiMe;),},(thf)] to every equivalent of H,L, oligomers that
contain a 2:1:1 ratio of UY0,/UY'O,/L were formed as a result
of a combination of H-abstraction from the solvent and SiMe;
group abstraction from coordinated N(SiMe;), groups, 79.11%4
The symmetrical doubly silylated oxo-siloxy product
[(Me;SiOUO),(L)] was the most soluble, and readily isolated
component of the oligomer.

5. Oxidative Addition and Reductive Elimination

The few f-block elements that have more than one readily
accessible oxidation state characteristically show single-
electron redox processes, in contrast to the two-electron
oxidative-addition pathways through which late transition-
metal ions will insert into a C-—H bond. Of the f-block
elements, only uranium has suitably accessible redox couples
as UMY or UM although the latter couple would result in
the formation of presumably highly unstable alkyl hydride
complexes of UY'. Much current research is focused on the
incorporation of redox-active ligands to access multi-electron
redox processes.
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The formation of an agostic interaction between a C—H
bond of a hydrocarbon and an f-block metal center in a low
oxidation state is a good starting point in the study of
oxidative additions. Even though metal-alkane complexes are
presumed key intermediates in alkane o-bond metathesis,
only a handful of examples have been characterized. Meyer
etal. used a ligand that is sufficiently resistant toward
metalation to support the formation of the U™ complex 80
(Figure 3). A crystallographic characterization of 80 shows

Bu g tBu

tBu o\ !

tBu

tBu
80

Figure 3. A U" complex that is kinetically robust enough to allow the
isolation of 80 with an n?-bound hydrocarbon.

that a hydrocarbon molecule of the solvent was bound in the
sterically protected pocket at the electron-rich metal cation.
Precise location of the electron density was possible using
ultralow temperature X-ray diffraction studies. The dis-
parity in electron density between H and U, the smallest and
largest naturally occurring elements, precluded the location of
the position of hydrogen atoms from the structural study.
However, density functional theory (DFT) calculations
suggested an 1’-H,C coordination of the alkane, as has been
observed in transition-metal complexes, with a o-based U-R
interaction and the main orbital contribution coming from the
U(t,?) orbital. The U—C bond distances (3.731 A-3.864 A) are
within the sum of the van der Waals radii for U-CH,/U-CH;
contacts. The complex is extremely reactive toward other
small molecules, with immediate loss of the alkane.

The U" bis(benzyl) complex [(dab)U(Bn),] (81, dab=
ArN =C(Me)C(Me) =NAr, Bn=CH,Ph; Scheme 31) was
synthesized by Bart, in a process suggested to be akin to
a formal C—C reductive elimination, and not seen previously
for uranium. However, it must be stressed that this reaction
does not occur with a change in oxidation state of uranium,
but of the redox-active diazo ligand, which was originally used

Ar

ﬁ» /%U/CHzPh
-

N “NCH,Ph

N
\
L PhCHCHpPh I

Z->

U(CH,Ph), +

81

Scheme 31. Extrusion of bibenzyl from the U" complex 81, supported
by the redox-active DAB ligand that can reversibly store up to two
electrons.
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to great effect with Zr'¥ by Abu-Omar et al."® The benzyl
ligands were introduced through standard salt elimination
procedures and are the only substrates reported so far.

We recently showed that C—H activation of a range of
substrates with relatively acidic C—H bonds was possible with
cerium and yttrium complexes of N-heterocyclic carbenes
(NHCs).""" Terminal alkynes (R =Me;Si, Ph) reacted with
[Cp,Ce(L)] (82, L = ({1-C(NiPr-CH,CH,N)}CH,CMe,0)) to
give the zwitterionic intermediate [Cp,Ce(HL)(C=CR)] (83),
which then undergoes ligand rearrangement to afford
[Cp;Ce(HL)] (84, HL = ({1-CH(N:Pr-CH,CH,N)}-
CH,CMe,0); Scheme 32a). The highly crystalline nature of
[CpsCe(HL)] and the steric protection afforded by the Cp
groups favor the isolation of this ligand redistribution
product. The reaction of [Cp,Ce(L)] with cyclopentadiene
gave the same C—H cleavage product [Cp;Ce(HL)]. Neither
the yttrium nor scandium analogues reacted with cyclo-
pentadiene, possibly because of the smaller size of the metal
cation. However, [Cp,Y(L)] (85) did react with diphenylace-
tone at 60°C to give the C—H activation product
[Cp,Y(HL)(OC(Me)C(Ph),)] (86, Scheme 32b). The bis-
(NHC) complex [CpY(L),] (87) also reacted with two
equivalents of cyclopentadiene to afford an unusual C-H
cleavage product, polymeric [Cp,Y(HL),(Cp)].. (88) in which
one of the newly formed cyclopentadienyl ions coordinates to
the two imidazolium C—H groups rather than the Y cation
(Scheme 32¢).

6. Summary and Outlook

In recent years, C—H bond activation with f-block metal
complexes has moved well beyond C—H metalation, with
complexes from across the rare-earth-metal series showing
that a tunable size and Lewis acidity can deliver interesting
new chemistry. The improved ability to handle the various
oxidation states, particularly for uranium, and the use of non-
innocent ligands suggests that there are many new C—H bond
activation catalysts yet to be discovered.

There is still much scope for isolation and study of o-
alkane complexes, for example, the protonation of a metal-
bound Rh'-methyl complex, which recently allowed the
retention of o-bound methane to the metal for long enough
for the product to be studied at low temperatures by NMR
spectroscopy.'” The identification of the first isolated
terminal Sc=N complexes, and most recently, a Ce=O
containing complex,"™ and uranium nitrides, and evidence
of their reactivity should encourage further ligand design to
support reactive polar Ln=F and An=E bonds. More work on
the anaerobic chemistry of the uranyl oxo groups is already
suggesting that a wider variety of bond activations may be
accessible even in the absence of photolysis, for example,
Lewis base assisted reduction, or activation with iodosi-
lanes.['"!

Chemists are increasingly engaged in the design of
supporting ligands with metalation-resistance in mind.'"
Finally, our ability to manipulate and analyze the catalytic
reactivity of isolated metal complexes deposited onto surfaces
is dramatically improving; it may be this heterogenization
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that prevents new very reactive species from aggregation,
avoiding the need for reactive solvents to interfere.'"?!
Another possibility is that new two-phase systems may help
overcome overoxidation problems by selective removal into
the secondary phase.
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