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The rare-earth metal dialkyl complexes (k?-LYRE(CH,SiMes),-(THF), [RE = Lu(la), Yb(1b), Er(ic), Y(1d),
Dy(1e)] (L} = 1-(2-N-CsHioNCH,CH,)-3-(2,6-"ProCeHsN=CH)-CgH4N) and the rare-earth metal
monoalkyl complexes (KZ—Ll)zRE(CHZSiMe3)~(THF)n [n = 0, RE = Lu(2a), Yb(2b); n = 1, Er(2c), Y(2d),
Dy(2e)l, (k3-L?),RE(CH,SiMes)-THF [RE = Yb(3a), Er(3b), Y(3c), Dy(3d), Gd(3e)] (L> = 1-(2-N-
CsH1oNCH,CH,)-3-(AdN=CH)-CgH4N) (Ad = adamantyl, CioHis) have been synthesized and fully
characterized. These complexes feature chelate ligands having a conjugated system (—C=C-C=N) with
an sp? carbon, which enables both electrophilic and nucleophilic carbon centres to be directly
connected to the highly electrophilic rare-earth metal ions. The reactions of these complexes with
different pyridine derivatives have been systematically investigated with the discovery of reactivity
patterns distinct from those of previously reported transition metal complexes. These unusual reactivity
patterns include consecutive C—H activation/1,1-migratory insertion/C-N and C-H activation, C-H
activation/1,1-migratory insertion/C—N bond activation, C—H activation/1,1-migratory insertion, and
homolytic redox reactions. DFT calculation results together with experimental evidences support the key
mechanistic proposal that the indol-2-yl carbon of the ligands exhibits electrophilic carbene character
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Introduction

Pyridine and its derivatives, as an important class of pharma-
ceutical platform, are widely used in drug design and also play
crucial roles in organic synthesis, inorganic materials and
organometallic chemistry. Transformation of pyridine derivatives
is thus a great interest of current synthetic chemistry." Since the
initial report on cyclometallation reactions of titanium alkyl
complexes with pyridines in 1981,> a range of transition metal
and rare-earth metal alkyl or hydrido complexes have been
studied in such cyclometallation reactions (Scheme 1a),****? and
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accounting for the subsequent 1,1-migratory insertion reaction after C—H activation.

1,2- and 1,4-benzyl additions to the pyridine ring of 2-phenyl-
pyridine were occasionally observed (Scheme 1a).* After activa-
tion of the sp> C-H bond on the pyridine or the phenyl ring of 2-
phenylpyridine, the resulting three- or five-membered metalla-
cycles can react with hydrogen, Lewis bases, alkenes, alkynes,
selenium and carbon monoxide to produce various functional-
ized pyridine derivatives.>® However, to date, the migratory
insertion of the three-membered metallacycles to the electro-
philic carbon bonded to the rare-earth metal centre has not yet
been reported, and the sp® C-H activation of 2-N,N-dimethyla-
minopyridine followed by 1,1-migratory insertion and C-N bond
cleavage also remains elusive.

Meanwhile, the 2,2'-bipyridyl radical anion is commonly
obtained by the reactions of low-valent rare-earth metal
complexes with 2,2'-bipyridine (Scheme 2, method 1).” Alter-
natively, 2,2'-bipyridyl anionic radical rare-earth or actinide
metal complexes can also be obtained by treatment of the cor-
responding complexes with 2,2'-bipyridine in the presence of
KCg (Scheme 2, method 2).* Following these two methods,
a range of rare-earth metal and actinide complexes containing
the 2,2'-bipyridyl anionic radical have been reported,®=*** and
they showed unique reactivity towards various organic or inor-
ganic molecules.®”#%1* Notably, in the reaction of 1,3-buta-
diene Sc(u) complex with 2,2"-bipyridine,' it was proposed to
involve a Sc() to Sc(x) reaction pattern to produce the scandium
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Scheme 1 Reactivity of metal complexes with pyridine derivatives.
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Scheme 2 Prior methods for the preparation of 2,2'-bipyridyl and
6,6'-dimethyl-2,2’-bipyridyl anionic radical complexes.

bipyridyl anionic radical (bipy'~) complex. However, trans-
formation of Sc(m) to Sc(1) is unlikely under such conditions due
to the high reducing potential of Sc(m) to Sc(1) and the reactivity
of the corresponding bipyridyl anionic radical complex has not
been studied. Very recently, Zi and coworkers reported that the
reaction of (Cp*™*),Th™I, (Cp*™ = n°-1,2,4-(Me;Si);CsH,)
with a mixture of bipyridine and KCg afforded the thorium 2,2'-
bipyridyl metallocene (Cp**™),Th(bipy), in which the bipyr-
idine is a dianionic ligand and the thorium is in the oxidation
state of +4. This complex exhibited plenty of reactivities with

20316 | Chem. Sci, 2024, 15, 20315-20327

various molecules to generate one electron or two electron
reduction and C-C coupling products.*® In addition, it has been
reported very recently that the reaction of 1,3-bisfunctionalized
indol-2-yl rare-earth metal dialkyl complexes with 2,2’-bipyr-
idine produced the bipyridyl anionic radical complexes
(Scheme 2, method 3).** However, the reactivity of the corre-
sponding rare-earth metal 2,2"-bipyridyl radical anion
complexes has yet been underexplored.

On the other hand, various types of rare-earth metal alkyli-
dene complexes including bridged'” and mononuclear terminal
ones™ were synthesized since the proposed formation of rare-
earth alkylidene complexes by Schumann in 1979." These
alkylidene complexes, however, displayed mainly nucleophilic
properties. Meanwhile, rare-earth metal complexes with singlet
N-heterocarbenes (NHCs)* and cyclic (alkyl)(amino) carbenes
(CAACs)** as supporting ligands have also been reported.
However, reactivities like 1,1-migratory insertion and nucleo-
philic substitution reactions, which are common in traditional
late transition metal electrophilic carbenes, are rarely devel-
oped except for our recent reports by utilizing the 1,3-bisfunc-
tionalized indol-2-yl ligands (Scheme 3).>* Also, the synthesis of
high-oxidation state rare-earth metal complexes bearing both
electrophilic carbene and nucleophilic alkyls faces a great
challenge due to their extreme instability and reactivity, which
results from the lack of electrons in the d-orbital to form -
backbonding with the rare-earth metal ions to stabilize the
corresponding electrophilic carbene.

In view of these points, we designed the chelate ligands
bearing a conjugated system (-C=C-C=N), which can produce
an sp> carbon showing electrophilic character to bond with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Rare-earth metal electrophilic carbenes and their 1,1-
migratory insertion reactions from our previous studies.

rare-earth metal centre. Thus, a series of 1,3-bisfunctionalized
indol-2-yl rare-earth metal complexes bearing electrophilic and
nucleophilic carbon centres were synthesized, and their reac-
tivities towards pyridine derivatives were extensively studied
with findings of unusual reactivity patterns. Herein, we report
these results.

Results and discussion

Synthesis and characterization of the rare-earth metal
complexes

The stoichiometric (1 : 1) reactions of the proligand®* HL' (L' =
1-(2-N-CsH,oNCH,CH,)-3-(2,6-Pr,C¢H;N=CH)-C4H;N) (see the
ESI{) with RE(CH,SiMe,),-(THF), (RE = Lu, Yb, Er, Y, Dy) at

Q

1/2 RE(CH2SiMe3)s-(THF)2
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. R=Ad, RE = Yb(3a), Er(3b), Y(3c), Dy(3d), Gd(3e), Yield: 51-72%

Scheme 4 Synthesis of the rare-earth metal complexes 1-3.
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room temperature afforded the corresponding rare-earth metal
dialkyl complexes (k*-L')RE(CH,SiMe;),-(THF), [RE = Lu(1a),
Yb(1b), Er(1c), Y(1d), Dy(1e)] (Scheme 4 and Fig. 1).>* In addi-
tion, the stoichiometric (2 : 1) reactions of the proligand HL" (L*
= 1-(2-N-C5H;o,NCH,CH,)-3-(2,6-'Pr,C¢H;N=CH)-CgH;N) and
HL? (L> = 1-(2-N-CsH;(NCH,CH,)-3-(AdN=CH)-C4H;N) (Ad =
adamantyl, C;,H;5) (see the ESIT) with RE(CH,SiMes);-(THF),
(RE = Lu, Yb, Er, Y, Dy, Gd) at room temperature afforded the
corresponding rare-earth metal monoalkyl complexes (*L'),-
RE(CH,SiMe;)- (THF), [n = 0, RE = Lu(2a), Yb(2b); n = 1, Er(2c),
Y(2d), Dy(2e)] and (k*-L?),RE(CH,SiMe;)-THF [RE = Yb(3a),
Er(3b), Y(3c), Dy(3d), Gd(3e)] (Scheme 4 and Fig. 1). These
complexes are very sensitive to moisture and air. They are
soluble in THF and toluene, but slightly soluble in hexane. All
complexes were fully characterized by spectroscopic methods,
elemental analyses, and single crystal X-ray diffraction studies.
The diamagnetic complexes 1a, 1d, 2a, 2d and 3c were further
characterized by the NMR spectroscopic method (see the ESIT).
The methylene protons of the -CH,SiMe; moiety in 3¢ exhibited
a signal at —0.11 ppm. The methylene protons of the Y-CH,-
SiMe; (1d) gave doublet resonances at —0.20 ppm due to
coupling with the yttrium ion (*Jy.y = 5.0 Hz), which is
comparable with the results reported in the literature
(—0.43 ppm for the methylene protons of the Y-CH,SiMe;, *Jy_y
= 3.0 Hz in {[n"-pu-n"-3-(CyNCH(CH,SiMe;))Ind]Y(THF),(CH,-
SiMe;)},).>* The signals centred at 40.8, 50.7 and 55.1 ppm in the

i i
= =N Sii
Q RE(CH,SiMeg)s(THF), N \;zE/—
N N e
THF, RT, 2h ( (THF)2
8 - SiMey H
b R = Dipp @ S
RE = Lu(1a), Yb(1b), Er(1c), Y(1d), Dy(1e)

Yield: 50-72%

Fig.1 Representative molecular structures of 1d (left), 2d (middle) and 3c (right) with the thermal ellipsoid at 30% probability level. All hydrogen
atoms are omitted and the diisopropylphenyl (Dipp) group, the adamantyl (Ad) group and the carbon atoms of THF are drawn in wireframe style

for clarity.
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BC{'H} spectra for 1d, 2d and 3c were assigned to the methy-
lene carbons of the Y-CH,SiMe; coupled to the yttrium nucleus
with ‘Jy_c = 36.3 Hz, 37.5 Hz, and 37.5 Hz, respectively. In
addition, the signals centred at 204.1, 205.8, and 205.2 ppm for
the corresponding 1d, 2d and 3c in the *C{'H} spectrum were
assigned to the indol-2-yl carbon (C,.i,q) coupled to the yttrium
nucleus with 'Jy_c = 43.8 Hz, 50.0 Hz, and 50.0 Hz, respectively,
which correlate with previous results (202.0 ppm for the indol-2-
yl carbon (C,.ng)) With “Jy_c = 50.0 Hz,** but are shifted
downfield in comparison with the resonance at 197.1 ppm as
observed in the NHC carbene carbon ‘Jyc = 25.0 Hz in
LM®YCH,TMS(THF) (LM® = 1-(3-(2,6-'Pr,CsH;N=CH)CgH,N)-
CH,CH,-3-(2-CH,-4,6-Me,C¢H,)-(N(CH),NC)).*» The *°Y NMR
spectra of 1d and 3c have resonances at 6 = 1101.5 and
773.0 ppm, respectively, which are within the wide range of
reported organometallic yttrium complexes® (Fig. S14 and S22
in the ESIt). The 1,3-bisfunctionalized indol-2-yl ligands are all
bonded to the rare-earth metal ion in the «* form, which is
different from the k* bonding mode found in the dimeric
chloride complexes,* probably due to the coordination of THF
and steric effects.

Reactivity of the rare-earth metal complexes with pyridine
derivatives

Given the importance of pyridine derivatives as molecular
platforms in drug design and the motive to acquire meaningful
insights in understanding catalytic reaction mechanisms, we
performed stoichiometric reactions of the above-synthesized
complexes with pyridine derivatives.

Reactions of the rare-earth metal complexes with 2-N,N-
dimethylaminopyridine. Unique consecutive sp® C-H
activation/1,1-migratory insertion/C-N activation through
intramolecular redox. The stoichiometric (1:1) reactions of
the dialkyl complexes 1 with 2-N,N-dimethylaminopyridine in
toluene at room temperature afforded the complexes L"*RE(n>-
N,N-2-MeNPy)(THF) [RE = Lu(4a), Yb(4b), Er(4c), Y(4d)] (L*® =
1-(2-N-C5H;,NCH,CH,)-3-(2,6-'Pr,CcH;NCH)-2-(methinyl)-
CgH,4N) in good yields (Scheme 5 and Fig. 2). The *Y NMR
spectrum of 4d shows a resonance at 6 = 880.7 ppm, which is in
the range of reported yttrium complexes® (see Fig. S29 in the
ESIT). Single crystal X-ray structural analyses reveal that these
complexes are composed of an unusual 1,3-bisfunctionalized

CI:H3 DlppTHF QO

| Nx N\CHs N\RE/N
= V2N N
1 12 CH CH=
Tol, RT, 2 h N N/ )
-2 SiMe, N/RE\

A
RE = Lu(4a), Yb(4b), Er(4c),
Yleld 62-71%

Y(4d)

Scheme 5 Reactions of 1 with 2-N,N-dimethylaminopyridine.
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Fig. 2 Representative molecular structure of 4d. All hydrogen atoms
are omitted and the diisopropylphenyl (Dipp) group and the carbon
atoms of THF are drawn in wireframe style for clarity.

indol-2-methinyl ligand, and 2-N-methylamidopyridine. The
latter possibly originated from 2-N,N-dimethylaminopyridine
through consecutive sp®> C-H activation and C-N bond cleavage.
The unexpected 1,3-bisfunctionalized indol-2-methinyl ligand
is proposed to result from a unique sequence of sp> C-H acti-
vation of 2-N,N-dimethylaminopyridine/1,1-migratory inser-
tion/C-N bond cleavage through intramolecular redox, C-H
activation and dimerization (see Scheme S5 in the ESI}). To the
best of our knowledge, this reactivity pattern is unprecedented
in the reactions of transition metal complexes with pyridine
derivatives.

The reaction process of 1d with 2-N,N-dimethylaminopyr-
idine is then investigated by DFT calculations, which is in
agreement with experimental results. The calculations reveal
that the C1 (indol-2-yl carbon) of the indolyl shows electrophilic
character with a natural charge of —0.19823 owing to the lack of
electrons in the p-orbital, while the Y-C65 and Y-C80 bonds of
the Y-CH,SiMe; are strongly polarized with the natural charges
of —1.66362 and —1.64763 for the C65 and C80 (see the ESIf),
respectively, exhibiting strong nucleophilic properties. First, the
dissociation of two THF molecules provides the vacant site for
the coordination of the pyridine amine in B, in which the C1
(indol-2-yl carbon) of the indolyl displays even higher electro-
philicity (natural charge —0.15301). This indicates that the
coordination of the strongly electron-donating ligand with the
central metal facilitates the formation of the rare-earth metal
electrophilic carbene. The formation of intermediate B is
computed to be endothermic by 6.7 kcal mol . Second, the C-
H activation of the methyl group of the pyridine amine in TS(B-
C) results in the formation of tetramethyl silane. Intrinsic
coordinate calculation for this transition state yields methylene
(pyridine amine) connection to the yttrium (C) and dissociation
of silane, which is favoured by 21.5 kecal mol . The release of
silane and re-coordination of the THF molecule to the metal
centre in the next step leads to the formation of a stable inter-
mediate (D), in which the C1 (indol-2-yl carbon) is more elec-
trophilic than the one in 1d (natural charge: —0.15925 in D vs.
—0.19823 in 1d), and is exothermic by 12.2 kcal mol " In the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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next step, the barrier for the 1,1-migratory insertion of the
methylene group of the pyridine amine to the electrophilic
carbon C1 [TS(D-E)] is favoured over the 1,1-migratory insertion
of the CH,SiMe; group to the C1 [TS(D-E')] by 5.9 kcal mol .
This suggests that the coordination of a donor THF not only
promotes the formation of the electrophilic carbene, but also
stabilizes the intermediate thereby promoting the selective 1,1-
migratory insertion. The consecutive transition state [TS(E-F)]
via the Y-C1 (indol-2-yl carbon) bond cleavage leads to the C-N
bond breakage (intramolecular redox) giving a stable interme-
diate (F), exothermic by 44.2 kcal mol . Electron rearrange-
ment from F to G followed by C-H activation of the methylene
group [TS(G-H), barrier = 24.3 kcal mol '] leads to the forma-
tion of tetramethyl silane and H. The latter isomerizes and
dimerizes to form the final product, 4d (Scheme 6 and see more
details in the ESI}).

The above proposed and computed mechanism involved the
formation of the intermediate G, which bears a methylene
group being connected to the indol-2-yl carbon. Therefore, we
have carried out a VI-NMR test to track the reaction of complex
la with 2-N,N-dimethylaminopyridine from 263 K to 293 K
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(Fig. S25 in the ESIt). The formation and disappearance of
intermediate G can be clearly observed from the spectra as
indicated by the appearance and disappearance of H" of the
CH,SiMe; (see Fig. S25 in the ESIT), which provides support for
the results of DFT calculations and the proposed mechanism.
Unfortunately, our attempts to isolate the intermediate G from
the reaction of 1 with 2-N,N-dimethylaminopyridine were
unsuccessful. However, the stoichiometric (1:1) reactions of
the complexes 2 with 2-N,N-dimethylaminopyridine in toluene
at room temperature afforded a mixture of (L'"),RE(n>-N,N-2-
MeNPy) [RE = Lu(5a), Yb(5b), Er(5¢), Y(5d)] (L*® = 1-(2-N-C5-
H,,NCH,CH,)-3-(2,6-'Pr,C¢H;N=CH)indol-2-methylenyl)

(Fig. 3) and (L'),RE(n*-N,N-2-MeNPy) [RE = Lu(6a), Yb(6b),
Er(6c), Y(6d)]. Complexes 6 can also be directly obtained
through the reaction of complexes 2 with 2-methylaminopyr-
idine with improved yields (Scheme 7), which is similar to the
results reported recently.*® X-ray analyses reveal that complexes
5 contain a novel functionalized indol-2-methylenyl ligand,
which provides indirect support for the proposed intermediate
G in the formation of 4. The formation of the complexes 5 may
involve a sequence as follows: the interaction of the
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Fig. 3 Representative molecular structure of 5d. All hydrogen atoms
are omitted and the diisopropylphenyl (Dipp) group is drawn in wire-
frame style for clarity.

nucleophilic alkyl CH,SiMe; with the sp®> C-H bond of the 2-
N,N-dimethylaminopyridine through o-bond metathesis gives
the intermediate A2, which then undergoes 1,1-migratory
insertion to produce the intermediate A4 possibly driven by the
electrophilic character of the indol-2-yl carbon (see the ESIT).
Then the breakage of the Y-C bond leads to the cleavage of the
C-N bond (intramolecular redox), followed by electron rear-
rangement to afford the intermediate A5, which then interacts
with another molecule of A5 to deliver the final ligand redis-
tribution complexes 5 and 6 (Scheme 8).

The formation of complexes 5d and 6d from 2d has also been
investigated computationally (see Scheme S6 in the ESIT). The
reaction mechanism is quite similar to that presented in
Scheme 6, except that in the last step the lack of a second silyl
ligand stops the following C-H activation and dimerization and
favours the formation of complexes 5d and 6d (—57.8 kcal

View Article Online

Edge Article

mol ') (see the ESIf). Notably, the indol-2-yl carbon of 2d still
exhibits some electrophilic character (natural charge of —0.25)
as compared to the highly nucleophilic alkyl carbon (natural
charge of —1.69). This charge difference might explain why the
first step is the proton transfer from 2-N,N-dimethylaminopyr-
idine to the alkyl with a kinetically accessible barrier of 23.4 kcal
mol . After releasing the silane from the coordination sphere,
a C-C bond is formed via 1,1-migratory insertion between the
nucleophilic carbon of ortho-metallated 2-N,N-dimethylamino-
pyridine and the electrophilic carbon of the indol-2-yl ligand in
A3 (natural charge of —0.21) with an accessible barrier of 29.6
keal mol .

When complexes 3, which bear an adamantyl group on the
imino nitrogen, were reacted with 2-N,N-dimethylaminopyr-
idine in a 1:1 ratio in toluene at room temperature, different
complexes L’L>*RE(THF) [RE = Er(7a), Y(7b)] (L** = 1-(2-N-
C5sH;o,NCH,CH,)-3-(AdNCH)-2-(3-Me,NCsH;N)-CgH,N) (Ad =
adamantyl, C;,H;5) were isolated in moderate yields (Scheme 7
and Fig. 4). Comparison of the structures between 5 and 7
highlights the influence of the electronic and steric effects of
the ligands on the reactions. The formation of 7 involves the
activation of the sp> C-H bond of the ortho pyridine ring by the
nucleophilic alkyl CH,SiMe; via o-bond metathesis, forming
a three-membered ring intermediate B1, which then undergoes
a 1,1-migratory insertion reaction to the electrophilic carbon of
the indol-2-yl carbon to form the intermediate B2. Finally,
coordination of the 2-dimethylamino group to the metal centre
cleaves the Y-C (indol-2-yl carbon) bond accompanied by an
intramolecular redox reaction resulting in the reduction of the
pyridine ring, and the final complexes 7 bearing the dearomatic
pyridine and indolyl rings are obtained (Scheme 9). From the
structural parameters of 7b (Fig. 4), it can be seen that the imino
group of one of the ligands transforms into an amido group
with a bond length of Y-N(3) 2.250(3) A, which can be compared
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— 1R E
N CHZ/ \\ B \
O Nf/ N\ ;“
CH CH =
N e e O J/ Diep
Ad THF e Nor Ny Nor Ny
N / N | CHs | s RE = Lu(5a), Yb(5b), Er(5¢), Y(5d); Yield: 62-69%
~ = &
/ RET N
P, 2-3 +
S ‘\\ 7 Tol, RT, 2h Tol,RT,2h
N N ) 4
/J N\ )N | - SiMe4 - SiMey4 )
N /N R=Ad R = Dipp P'PP N
() S
H % N
N N L \ N\
RE = Er(7a), Y(7b); Yield: 59-62% S 112 N /RE\ g
= /J Ny ,\T‘ i
Tol, RT, 2 h N O Dipp
- SiMe, \
R = Dipp RE = Lu(6a), Yb(6b), Er(6c), Y(6d); Yield: 72-78%

Scheme 7 Reactions of 2—3 with 2-N,N-dimethylaminopyridine and 2-N-methylaminopyridine.
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Scheme 8 Possible mechanism for the reaction between 2d and 2-N,N-dimethylaminopyridine.

Fig. 4 Representative molecular structure of 7b. All hydrogen atoms
are omitted and the adamantyl (Ad) group is drawn in wireframe style
for clarity.

with the Y-N single bond distance (2.254(4) A) in the complex
[i*-(N,N,N)-2-(Me,NCH,CH,N=CH)CgHsN]Y[N(SiMe;),]** with
the same coordination number. In addition, the indol-2-yl
carbon of the ligand bonds with the ortho-carbon of pyridine
ring with a bond length of C(1)-C(53) 1.362(5) A, suggesting

| B Ad O ]
N N !
+
L
3c ——
- SiMey
C-H activation

insertion

1,1-migratory

_

a double bond character. Thus, dearomatization of the pyridine
ring forms a negative nitrogen bonding to the metal with a bond
length of Y-N(7) 2.296(3) A, which is quite shorter than that of
2.376(5) A found in 5, in which the bond between the rare-earth
metal centre and pyridine nitrogen is a coordination bond
(Scheme 7 and Fig. 4).

Besides, our efforts to effect the reactions of 2-N,N-dime-
thylaminopyridine with the rare-earth metal monoalkyl
complexes bearing 1-methyl (or benzyl)-3-(2,6-'Pr,CsH;N=CH)
indolyl ligands resulted only in unidentified mixtures, indi-
cating that the piperidyl moiety attached to the 1-indolyl motif
might render the indol-2-yl carbon more electrophilic.

Reactions of the complexes with 2-phenylpyridine. Tandem
sp> C-H activation, 1,1-migratory insertion and proton
abstraction reactions. Encouraged by the above findings, we
then studied the stoichiometric (1:1) reactions of the
complexes 2 with 2-phenylpyridine in toluene at room temper-
ature. To our surprise, two different kinds of complexes,
namely, (L'),RE(n’>-N,C-2-phenylpyridyl) [RE = Er(8a), Y(8b)],
and L'L““Dy(THF) (9) (L“¢ 1-(2-N-C5H;,NCH,CH,)-3-
(2,6-'Pr,CeH;NCH)-2-(2-phenyl-CsH;N)-CsH;N) were isolated in
moderate yields (Scheme 10). The formation of complexes 8

Y-C bond break/
intramolecular redox

7b

\N\
N
_U B2 B

Scheme 9 Possible mechanism for the reaction between 3¢ and 2-N,N-dimethylaminopyridine.
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Scheme 10 Reaction of 2 with 2-phenylpyridine.

involves only the activation of the sp> C-H bond, and this
reactivity pattern is similar to that in previous reports.’**# In
addition, the signal centred at 192.0 ppm for the complex 8b in
the "*C{'H} spectrum was assigned to the phenyl carbon
coupled to the yttrium nucleus with 'Jy_c = 37.5 Hz. This is
obviously located upfield as compared to those (203.2 to 205.8
ppm) of the indol-2-yl carbon observed in 1d, 2d, and 3¢, which
may be attributed to the electrophilic character of the indol-2-yl
carbon. But the resonance at 192.0 ppm for the carbanion in 8b
is comparable with the result reported in the literature
(190.8 ppm for the phenyl carbon and “Jy_¢ = 41.6 Hz in {N*O}
Y(n?-N,C-2'-phenylpyridyl),(THF), ({N’0O} = bis(imino)phe-
noxy)).* Compared to 1d and 3¢, the resonance of the *°Y NMR
of 8b (501.0 ppm, Fig. S43 in the ESI{) shifted high field possibly
due to the coordination of 2-phenylpyridine.** However, when
the rare-earth metal is dysprosium(m), which has a larger ionic
radius than Er** and Y**, the corresponding monoalkyl complex
reacted with 2-phenylpyridine in toluene at room temperature
to produce complex 9. This differs from not only the formation
of 8 but also the result reported recently,® and might be
attributed to the electronic and steric effects of the supporting
ligand. Specifically, we propose that the interaction of the ortho
sp> C-H bond of the 2-phenylpyridine ring with the nucleophilic
alkyl CH,SiMe; through o-bond metathesis forms a three-
membered ring C1, which is similar to that in the formation
of 7 and previously reported reaction process of rare-earth metal
alkyls or hydrides with pyridine derivatives.?**%* Then, a 1,1-
migratory insertion to the electrophilic carbon of the indol-2-yl
gives the tertiary carbon bonded to the metal centre C2, which
then activates the sp> C-H bond of the phenyl ring to afford the

20322 | Chem. Sci., 2024, 15, 20315-20327
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Fig. 5 The molecular structure of 9. All hydrogen atoms are omitted
and the diisopropylphenyl (Dipp) group is drawn in wireframe style for
clarity.

final complex 9 (Scheme 10). To our knowledge, this reactivity
pattern is also unprecedented in the reactions of transition
metal complexes with 2-phenylpyridine. From the structural
parameters of 9 (Fig. 5), it is found that the indolyl system was
dearomatized and the imino nitrogen was transformed to
amido with a Dy-N(3) bond length of 2.333(4) A, which can be
compared with the Dy-N distance of 2.250(3) A found in the
literature.??” Such a process is also different from that leading to
7, which involves an intramolecular redox reaction leading to
dearomatization of the pyridine ring.

Reactions of the complexes with 4-N,N-dimethylaminopyr-
idine (DMAP). Tandem sp> C-H activation and 1,1-migratory
insertion reactions. In the mechanism proposed above, there
are some important intermediates such as E, A4, B2, and C2
(Scheme 12), all of which bear a tertiary indol-2-yl carbon
bonding (RE-Crertiary bond) with the central metal ion. Cleavage
of the RE-Cgrtiary bond plays a crucial role in the formation of 4,
5 and 7 via intramolecular redox, and in the formation of 9 via
o-bond metathesis. In order to isolate these key intermediates
bearing the RE-Ctertiary bond to get more insights into the above
reaction processes, we next studied the reactivity of rare-earth
metal complexes bearing both electrophilic and nucleophilic
carbon centres with other pyridine derivatives like 4-N,N-
dimethylaminopyridine (DMAP), which is less sterically
demanding than 2-N,N-dimethylaminopyridine and has only
one coordination site to the central metal When
complexes 2 and 3 were treated with 2 equiv. of DMAP in
toluene at room temperature, the complexes L'L*YRE(DMAP)
[RE = Er(10a), Y(10b), Dy(10c)] (L*® = 1-(2-N-C5H;,NCH,CH,)-3-
(2,6-'Pr,C¢H;NCH)-2-(4-N,N-Me,NC;H;N)-CgH,N) and L*L*
PDy(DMAP) (11, L>® = 1-(2-N-C;H;(NCH,CH,)-3-(AdNCH)-2-(4-
N,N-Me,NCsH;3N)-CgHyN) (Ad = adamantyl, C;,H;5) were iso-
lated in moderate yields (Scheme 11). All of these complexes
were fully characterized by spectroscopic methods, elemental
analyses and single crystal X-ray analyses. From the crystal
structures of these complexes (Fig. 6), it can be seen that the
complexes 10 and 11 feature a tertiary indol-2-yl carbon con-
nected to the metal centre with a Y-C bond length of 2.565(6) A.
C(30)-C(44)-N(6) [C(30)-C(44) (1.386(8) A), C(44)-N(6) (1.392(7)

ions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 11 Reaction of 2 and 3 with DMAP.

Fig. 6 Representative molecular structure of 10b. All hydrogen atoms
are omitted and the diisopropylphenyl (Dipp) group is drawn in wire-
frame style for clarity.

A)] forms an aza-allyl (or amido-ene) conjugated system bonded
with the central metal with the Y(1)-C(30) distance of 2.656(6) A,
Y(1)-C(44) distance of 2.597(6) A, and Y(1)-N(6) distance of
2.229(5) A, which can be compared with the Y-N bond length
(2.242(5) A) in the literature.?® In addition, the C(29)-C(30) and
C(29)-C(57) distances are 1.491(8) A and 1.468(8) A, respectively,
which can be compared with the C-C single bond distance. The
formation of the ligand systems (L*® or L) in 10 and 11 is
proposed to involve the interaction of the nucleophilic alkyl
CH,SiMe; with the ortho sp> C-H of the pyridine ring through o-
bond metathesis to form a three-membered ring metallacycle
D1. This metallacycle would then undergo 1,1-migratory

D .
d }HF E,\:'pp P
/ \Y/\ . I\ N
N \ /SI\ i
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insertion to the indol-2-yl carbon to produce the final L' or L*
P (Scheme 11) after ligand exchange of DMAP with THF. The
driving force for the migration might be partly due to electro-
philic character of the indol-2-yl carbon as revealed by DFT
calculations of complex 2d. This reactivity pattern is different
from the cross-carbanion coupling reaction of the ortho
substituted pyridine derivatives at a rare-earth metal centre.”®
These results also contrast those in previously reported reac-
tions of rare-earth metal alkyls or hydrides with pyridine
derivatives, where only the three-membered ring
metallacycles**%** or the pyridine coupled products® were iso-
lated. While the 1,1-(2-pyridyl) migratory insertion is parallel to
the 1,1-alkyl migratory insertion reported previously,> this
reaction involves an aryl sp> carbon migratory insertion. These
results thus provide strong evidence for the existence of E, A4,
B2, and C2 (Scheme 12) as key intermediates in the formation of
complexes 4, 5, 7, and 9, as well as the ensuing proposed
mechanistic ways leading to these complexes.

Thus, three different reactivity patterns of the ortho-pyridine
C-H bond with the synthesized rare-earth metal alkyls were
found in this work. (1) The ortho pyridine C-H bond activation
and 1,1-migratory insertion followed by the intramolecular
redox provided complexes 7 when complexes 3 bearing an
adamantyl functionalized ligand were treated with 2-N,N-
dimethylaminopyridine. (2) The ortho pyridine C-H bond acti-
vation and 1,1-migratory insertion followed by abstraction of H
produced complex 9 when complex 2e was reacted with 2-phe-
nylpyridine. (3) The ortho pyridine C-H bond activation
accompanied by 1,1-migratory insertion delivered complexes 10
and 11 when complexes 2 and 3 were reacted with 4-N,N-
dimethylaminopyridine, indicating that steric, electronic and

Scheme 12 Structure comparison between important intermediates E, A4, B2, C2 and complexes 10-11.
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coordination effects of substrates, substituents of the ligands,
and ionic radii of the central metal have significant influence on
the reactivity patterns. The isolation and characterization of
some complexes structurally similar to the proposed key inter-
mediates provide important evidence in understanding the
reaction processes.

Reactions of the rare-earth metal monoalkyl complexes with
2,2'-bipyridine. The bipyridyl anionic radical complexes
produced by a homolytic redox reaction and their redox prop-
erties. As pointed out above, the reported methods for the
generation of the bipyridyl anionic radical complexes utilized
the reactions of low-valent metal complexes with 2,2'-bipyr-
idine” or treatment of a mixture of metal complexes and 2,2’
bipyridine in the presence of an alkaline metal or KCs.* We have
reported the coordination-promoted homolytic reactions of the
RE-X (RE = rare-earth metal, X = N, C) bonds to produce the
divalent rare-earth metal complexes* and homolytic cerium(iv)
alkyl and aryl complexes can also provide cerium(in) products.?
Therefore, we proposed a conceptual idea that the reaction of an
external, unsaturated and strong donor ligand such as 2,2’
bipyridine with rare-earth metal alkyls, where the RE**/RE*" has
high reductive potential, would promote the homolytic cleavage
of the RE-alkyl bonds while reducing the unsaturated 2,2’
bipyridine (Scheme 13). In line with this hypothesis, our recent
studies on the reactions of rare-earth metal dialkyl complexes
with 2,2'-bipyridine indeed delivered the bipyridyl anionic
radical complexes.* However, the reactivity of monoalkyl rare-
earth metal complexes with 2,2'-bipyridine and reactivity of
the resulting bipyridyl radical rare-earth metal complexes have
not been investigated. Then, we tried the stoichiometric (1:1)
reactions of the complexes 2 and 3 with 2,2"-bipyridine in
toluene at room temperature, the corresponding reactions
indeed afforded complexes (L'),RE(bipy’") [RE = Yb(12a),
Er(12b), Y(12¢), Dy(12d)] and (L?),Er(bipy ) (13) with bipyridyl
anionic radical ligation in moderate yields (Scheme 14 and
Fig. 7). The GC-MS analysis of the reaction mixtures after
hydrolysis shows an m/z peak at 174.25, which might be
attributed to the alkyl Me;SiCH, radical coupling product of
[(Me;SiCH,),]" (see the ESIt). Therefore, the reaction provides
a synthetic method for the generation of the bipyridyl radical

N
o N~
L[RE”',( Wt *CH,SiMe;
N
l =

reduction

LREHI

N/ \N
Ve

homolysis of the

SiMe;  RE-CH,SiMe;

2 °CH,SiMe; —————— Me;SiH,C—CH,SiMe;

Scheme 13 Proposed homolytic redox reaction (HRR) for the
generation of the bipyridyl radical anion.
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Scheme 14 Reactions of 2—3 with 2,2’-bipyridine and reactions of the
bipyridyl complexes with diphenyldiazomethane.

anions. Compared with the sterically induced reduction (SIR)
method proposed by Evans's group,** both methods release free
radicals and reduce unsaturated substrates. In the present case,
complexes 2 are inert to the addition of a weak coordination
substrate like chlorobenzene to the toluene solution (see
Fig. S50 in ESIY), while the homolytic redox reaction simulta-
neously happens upon the addition of 2,2'-bipyridine. This
implies that the coordination capacity of the substrate may play
a key role in the reaction while steric effects cannot be ruled out.
From the crystal structural parameters of complexes 12-13, it
can be seen that the bond lengths of the Cpipy — C;Jipy are
1.414(5) A, 1.413(8) A, 1.412(6) A, 1.407(9) A and 1.41(2) A,
respectively, which are consistent with the reported bond length
of bipy' ™ (1.43 A) in the literature,’*"**® but deviate from those
of bipy® and bipy®~ (1.49 A and 1.38 A).¥'%1328 The generation of

Fig. 7 Representative molecular structure of 12c. All hydrogen atoms
are omitted and the diisopropylphenyl (Dipp) group is drawn in wire-
frame style for clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Representative molecular structure of 14c¢. All hydrogen atoms
are omitted and the diisopropylphenyl (Dipp) group is drawn in wire-
frame style for clarity.

the bipyridyl anionic radical was further proved by EPR analysis
(see Fig. S98 in the ESIT) with a resonance at g = 2.004, which is
similar to that of (NN™)Y(bipy™) (NN™ = 1,1'-fc(NSi’BuMe,),) (g
= 2.0048) produced from the reaction of a corresponding
yttrium alkyl complex with 2 equiv. of 2-phenylpyridine.® The
UV/vis spectra of complexes 12-13 in THF solution have been
studied (see Fig. S99 in the ESIT). The strong absorption band at
200-400 nm can be attributed to the transition of the aromatic
ring's w-m* or the charge transfer of the ligand to the metal
center. The absorption band at 500 nm and several weak broad
absorption bands in the range of 700-1000 nm are due to the
characteristic absorption band of the bipyridyl radical anion,
which are consistent with the reported results.*7%84

Although the bipyridyl anionic radical rare-earth metal
complexes can be obtained with different methods, the reactivity
of the corresponding bipyridyl anionic radical rare-earth metal
complexes is rarely developed. Then, the reactivity of the bipyr-
idyl anionic radical ligated complexes were explored. The stoi-
chiometric (1:3) reactions of the rare-earth metal bipyridyl
anionic radical ligated complexes 12 with diphenyldiazomethane
afforded the redox complexes bearing an iminato group (L“
©),RE(N=CPh,) [RE = Yb(14a), Er(14b), Y(14c)] (L' = 1-(2-N-
CsH,(NCH,CH,)-3-(2,6-Pr,C¢H;N=CH)-2-(Ph,C=N,)-C¢H,N)
(Scheme 14 and Fig. 8). Similar to the formation of 7, the reac-
tions of diphenyldiazomethane with the indol-2-yl carbon may
follow a sequence of coordination, 1,1-migratory insertion and
RE-C,.inq bond cleavage with an intramolecular redox process.
This indicates that the bipyridyl ligated complexes show redox
properties to reduce the N=N double bond of the diphenyldia-
zomethane to produce the iminato ligated complexes 14, which is
parallel to the reported reactions of the bipyridyl actinide
complexes with unsaturated small molecules.®”#¥ However, the
reactivity of the bipyridyl anionic radical rare-earth metal
complexes with unsaturated substrates is rare.

Conclusions

In summary, a series of rare-earth metal complexes bearing
both electrophilic and nucleophilic moieties were synthesized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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by applying the conjugated system (-C=C-C=N) with an sp>
carbon being bonded to the metal centres. DFT calculations and
experimental results reveal that the indol-2-yl carbon displays
electrophilic character that can undergo a 1,1-migratory inser-
tion reaction as the late transition metal electrophilic carbenes
did, while the carbon of alkyls bonded to the metal centre
exhibits nucleophilic properties to activate sp® and sp> C-H
bonds of the pyridine derivatives via 6-bond metathesis. Studies
on the reactions of the synthesized complexes with pyridine
derivatives lead to disclosure of different reactivity patterns
including: (1) unprecedented consecutive C-H activation/1,1-
migratory insertion/C-N and C-H activation delivering the
1,3-bisfunctionalized  indol-2-methinyl rare-earth  metal
complexes when the dialkyl complexes were treated with 2-N,N-
dimethylaminopyridine; (2) the consecutive C-H activation/1,1-
migratory insertion/C-N bond activation producing the indol-2-
methylenyl rare-earth metal complexes when the monoalkyl
complexes were reacted with 2-N,N-dimethylaminopyridine; (3)
the tandem C-H activation/1,1-migratory insertion affording
the 2-(2-[4-N,N-dimethylamino]pyridyl)-indol-2-yl rare-earth
metal complexes when the monoalkyl complexes were reacted
with 4-N,N-dimethylaminopyridine, and (4) homolytic redox
reaction (HRR) generating the 2,2'-bipyridyl anionic radical
complexes when the monoalkyl complexes were treated with
2,2'-bipyridine. These reactions provide helpful insights in
understanding and designing relevant catalytic reactions. It is
also found that the coordination of the strongly electron-
donating ligand with the central metal facilitates the forma-
tion of the rare-earth metal electrophilic carbene. Isolation and
characterization of some intermediate equivalents provide
important evidence for understanding these multiple-step
reaction processes. The findings in this work provide useful
methods to access different dearomatic indolyl or functional-
ized indolyl complexes. Furthermore, the reactions of the rare-
earth metal monoalkyl complexes with 2,2"-bipyridine
provided a conceptually new route to bipyridyl anionic radical
ligated complexes, which show redox properties towards
diphenyldiazomethane delivering the iminato group by reduc-
tion of the N=N double bond of the diphenyldiazomethane. To
the best of our knowledge, the reactivity patterns found in this
paper are completely distinct from those of transition metal
alkyls or hydrides with pyridine derivatives previously reported,
highlighting the uniqueness of the rare-earth metal complexes
bearing both electrophilic and nucleophilic carbon centres.
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