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Unique selective reactivity of the rare-earth metal ambiphilic
carbenes towards organic molecules and novel reactivity patterns
with isonitriles

Fuxiang Chai,® Weikang Wu,? Thayalan Rajeshkumar,® Zeming Huang,® Qingbing Yuan,® Yun Wei,?
Laurent Maron,*? and Shaowu Wang*b<

Studies on the chemistry of highly active rare-earth (RE) metal ambiphilic carbenes face challenges due to the lack of
appropriate model molecular platforms because the corresponding ambiphilic carbenes have empty p-orbital. Here, the
synthesis of novel multi-chelated amidate rare-earth metal pincer complexes bearing the ambiphilic carbenes is realized by
using the indol-2-yl-based ligands. The ambiphilic carbene (indol-2-yl carbon) of these complexes is extremely active and
shows unique selective reactivity towards various organic molecules including carbodiimides, imine, diphenyldiazomethane,
aluminum alkyls, 9-BBN and isonitriles, which demonstrate a range of unprecedented reactivity patterns such as formal
[2+2] cyclometallation, [3+3] annulation, and aza-[4+1] annulation. While, the unprecedented aza-[4+1+1] annulation
products were isolated from the reactions of the rare-earth metal complexes bearing electrophilic carbene and strongly
polarized metallacyclopropanes with 2,6-dimethylphenylisonitrile. Such reactivities differs sharply from those of common
transition-metal complexes with the corresponding substrates. The electronic and steric effects of the ligands and the effects

of central metal ions on the reactivity patterns were investigated both computationally and experimentally.

Introduction

The design and synthesis of new ligands for catalysis is among the
ever-green research areas in modern chemistry.! Particularly,
organometallic complexes containing pincer ligands are well known
for their exceptional thermal stability, distinctive reactivity and wide
applicability in catalysis.2 The reactivity of pincer complexes can be
manipulated through modulations of substituents on the donor
groups or introduction of diverse connections between the central
backbone and donor groups.? Thus, various symmetric pincer ligands
bearing different backbones such as phenyl,* pyridyl,> pyrrolyl,®
carbazolyl,” carbon or heteroatom-bridged diaryl® and all-carbon
carbolong pincer ligands® have been developed. Our group have
been engaged in the development of pincer-type rare-earth metal
complexes featuring non-symmetric indol-2-yl-based ligands with
development of new catalysis for the transformations of various
organic molecules.’® On the other hand, amidate metal complexes
demonstrated distinctive reactivity and catalytic performance,*! with
applications in olefin polymerization,’? copolymerization, ester
polymerization,’* and alkene hydroamination.’> Despite these
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advances, multi-chelated amidate pincer ligated complexes bearing
both ambiphilic carbenes and nucleophilic alkyls has so far been
unreported and their reactivity remains elusive.

Singlet carbenes in late transition-metal complexes are known to
have lone pair electrons donated to metal center and an empty p-
orbital to accept d-electrons from metal to form m-backbonding
(Scheme 1).%6 A recent study indicated that the p-orbital receptor
properties of these carbenes can be effectively harnessed.’” Given
that rare-earth metal ions have no d-electron to form =-
backbonding, rare-earth metal complexes bearing such electrophilic
carbenes might possess unique reactivity for application in catalysis
and activation of small molecules. However, the synthesis of rare-
earth metal electrophilic carbene complexes has just been realized
until very recently, and 1,1-alkyl or 1,1-H(D) migratory reactions, and
unique reactivity patterns towards pyridines derivatives were found
with these complexes (Scheme 1).11&18-19 The chemistry of the rare-
earth metal complexes bearing electrophilic carbene is far less
developed in comparison with those of late transition metals.

N-heterocyclic carbenes (NHCs), are one of the most widely used
ligands and catalysts for their strong electron-donating and Lewis
basic property, as well as stable bonding with metal, and easy
adjustment.? The cyclic (alkyl)(amino)carbenes (CAACs) are
receiving extensive attention due to their ambiphilic character.?!
CAACs have been also applied in various fields such as transition-
metal catalysis,?? and light emitting materials as CAAC-Cu
complexes.?3 Additionally, isolated CAACs had high thermal stability
that can be utilized in stabilizing paramagnetic substances and
activating small molecules (such as CO,?* P,4,% H,2° and NH32%) or
enthalpy strong bonds. Following these pioneering works of the
CAACs, other types of ambiphilic carbenes have been developed and
applied in catalysis or activation of small molecules.?’” However,
these carbenes have only be used as supporting ligands in rare-earth
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metal chemistry, and studies on the chemistry of rare-earth metal
complexes bearing both ambiphilic carbene and nucleophilic alkyl
have to overcome some challenges including the lack of model
molecular platform due to their high activity and instability.

The reactions of isonitriles with transition metal compounds have
been extensively studied with findings of cyclization reactions,
migration insertion and multi-component reactions.?® The insertion
of isonitriles into the metal-element o bond will result in the
formation of complexes having n- or n2-imidoyl (iminoacyl) (Scheme

2);2° or the n' or n? formyl complexes;3° or the bridged u2-CNR ligands.

The insertion of isonitriles into the multiple M=C carbon bond will
form metallacyclopropanes (n? ketenimine) or x' ketenimine;3% 32
insertion of isonitrile into the Sc-C bond of aryl rare-earth metal
complexes to generate imidoyls, these complexes participate in
further transformation reactions and then form an unusual indoline
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scandium with another isonitrile molecule.3232 These fipdings.earich
the methods for constructing chemical bon88inlGrgaRETYRthESS
However, the reactivity pattern of the rare-earth metal complexes
having both ambiphilic carbene and nucleophilic carbon with
isonitriles remains elusive.

Herein, we report the design, synthesis and reactivity study on the
homodinuclear pincer-type rare-earth metal alkyl complexes
featuring novel multi-chelated 1-amidate-3-imino functionalized
indol-2-yl ligands, and reactivity study on the rare-earth metal
complexes bearing electrophilic carbon and strongly polarized
metallacyclopropanes with 2,6-dimethylphenylisonitrile. The RE-
Cearbene bONds of these complexes exhibit unique selective reactivity
towards electrophiles and nucleophiles, which could be associated
with the ambiphilic carbene nature of the indol-2-yl carbon as
revealed by DFT calculations and experimental results.

Ar = 2,6- Pr206H3
R = Alkyl, H(D), 2-pyridyl
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complexes bearing carbene and
nucleophilic alkyl

The reactions of the ligand precursors H,LAd [LAd = 1-[(N-2,6-
iPryCeH3)NCOCH,]-3-(C1oH1sN=CH)-CgH4N, Ad = Adamantyl, CioHisl;
H,LPiPP [LPiPP = 1-[(N-2,6-Pr,CeH3)NCOCH,]-3-("Pr,CsH3N=CH)-CgH,N];
H,LPMA [IPMA = 1_[(N,N-Me,)NCOCH]-3-(Pr,C¢HsN=CH)-CgHaN] (see
the SI) with RE(CH,SiMe)s(THF), (RE = Gd, Dy, Y, Er, Yb, Lu) in a 1:1
stoichiometric ratio at room temperature in tetrahydrofuran (THF)
or toluene for 3 h produced the corresponding novel multi-chelated
amidate homodinuclear pincer rare-earth metal complexes [n*:n:(u-
nt:n2)-LARE(CH,SiMes)(THF)], [RE = Gd(1a), Dy(1b), Y(1c), Er(1d),
Yb(1e), Lu(1f)]; [nt:n:(u-n:n?)-LPPPRE(CH,SiMe;)(THF)], [RE = Y(2a),
Er(2b), Yb(2c), Lu(2d)]; [nt:nt:(u-nt:n?)-LPMARE(CH,SiMes)(THF)], [RE
= Y(3a), Er(3b), Yb(3c), Lu(3d)] in high yields (Scheme 3, Fig. 1, and
Figures S52-S65 in the ESI). All complexes were fully characterized by
spectroscopic methods and elemental analyses, and their structures
were confirmed by single-crystal X-ray diffraction.

The diamagnetic complexes 1c, 1f, 2a, 2d, 3a, and 3d were further
characterized by NMR spectroscopy. In the *H NMR spectrum of
complex 1c, the signal centred at -0.23 ppm could be assigned to the
resonances of the methylene protons of the CH,SiMe; group, and is
comparable with the resonance at —0.34 ppm (s, 2H) attributed to
the protons of the methylene of the CH,SiMe; in the 2-amidate
indolyl yttrium complex.*® Unlike complex 1c, the methylene protons
of the Y-CH,SiMejs in complex 2a gave doublet resonances centred

ambiphilic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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at -0.16 ppm (2Jy.4 = 8.0 Hz). Complex 3a exhibits morg.pronounced
coupling of yttrium ion nucleus with the pretdns0dP IR TILSINER
resulting in doublet resonances at -0.06 ppm (%y.4 = 15.0 Hz) and
-0.16 ppm (2Jy.4 = 15.0 Hz). In addition, the corresponding methylene
protons of the lutetium complexes were found to resonate at -0.37
ppm, -0.66 ppm (1f); -0.22 ppm, -0.37 ppm (2d); and -0.24 ppm,
-0.32 ppm (3d), respectively, suggesting that the substituents of the
ligands and coordinated THF might prevent the Lu—Ccyasimes bonds
from free rotation, thus showing different proton resonances for the
alkyls (-CH,SiMes). The signal centred at 200.4 ppm in the 3C{‘H}
NMR spectrum of 1c is attributed to the resonance of the carbon of
the indol-2-yl coupled with the yttrium ion nucleus with Jy.c = 40.0
Hz, which can be compared with previously reported data.1021118-13
The signal centred at 201.8 ppm assigned to the indol-2-yl carbon
(Caing) in the B3C{*H} spectrum of 2a is coupled to the yttrium ion
nucleus (Yy.c= 50.0 Hz), moving downfield as compared to that in 1c.
The signal centred at 201.3 ppm (Yy.c = 50.0 Hz) in the 3C{*H}
spectrum of 3a can be compared with the literature data (indol-2-yl
carbon of L*RE(CH,SiMe;),(THF), (L* 1-(2-C4H,0CH,)-3-(2,6-
Pr,C¢H3sN=CH)CgHsN) at 201.8 ppm).’®2 While the corresponding
carbon resonances in the lutetium complexes 1f, 2d, 3d shift even
more downfield to 206.7, 209.2, 210.9 ppm, respectively, these
resonances for the indol-2-yl carbon atoms fall in the range of
singlet metal carbenes.342
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i — 1/2 ~
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— | e RET THE { | RE = Y(2a), Er(2b), Yb(2c), Lu(2d)
1/2 N\—\‘\ % T ~N — — l_/
TN ' Ry=H;Ry=Ar=Dipp; N |, _si
Sgi | Oo. Ad R. = Ad (o) ﬁr N ~
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[ Scheme 3. Synthesis of the homodinuclear rare-earth metal alkyl complexes 1-3.
vt )
o4 J )

Fig. 1 Representative diagram for the complexes 1 (left), 2 (middle) and 3 (right) with thermal ellipsoids set at 30% probability level. All the hydrogen atoms

are omitted, the diisopropylphenyl (Dipp) group and adamantyl (Ad) group are drawn in wireframe style for clarity. Selected bond lengths (A) and selected

bond angles (deg) can be read in supporting information.

X-ray analysis reveals that the amidates in complexes 1, 2 and 3
adopt the p-n*:n? mode with the oxygen atoms of the amidates
bridging two rare-earth metal ions; the amidates bond with one of

This journal is © The Royal Society of Chemistry 20xx

the metal ions in n2 mode, and the imino-functionalized indol-2-yl
motifs bond with the central metal ions in a manner of n':n’. Thus,
the bonding modes of the ligands with the central metal ions can be

J. Name., 2013, 00, 1-3 | 3
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described as n:n':(u-n*:n?) on the basis of analysis of the structural
bond lengths (Tables S1-S3 in the ESI). The indol-2-yl carbon atoms,
imino, amidate groups and central metals are nearly coplanar in
these rare-earth metal complexes. Obviously, two alkyl groups and
two coordinated THF are present in trans-form in complexes 1 and 2.
In the formation of complexes 1 and 2, a sequence of indol-2-yl C-H
activation and deprotonation is involved, while in the formation of
complexes 3, the activation of the indol-2-yl C-H and a C-H of the
amide are involved to generate an amino-functionalized enolate
anion bonding with the central metal ions in pu-n':n? modes. This
difference highlights the influence of substituents on the reactivity
of the ligand precursors with RE(CH,SiMe)3(THF),. It is found that the
imino groups did not insert into the RE-C,yy, bonds, which was
different from previous results.'* It’s probably due to the stability of
the multiple-chelated amidate pincer structure, the steric hindrance
of the adamantyl or the aryl groups and electron isomerization
resulting in the enamido motifs (Scheme 3). Unlike complexes 1 and
2, the central metal ions in complexes 3 have six-coordination-
number due to the absence of THF coordination, and the two alkyl
groups present in trans-form.

The bond lengths of RE1-C,,q, RE1-0O1, RE1-N1, RE1-N3 and
RE1-01A in complexes 1la-1e, 2a-2e and 3a-3d decrease with the
decrease of ionic radius from Gd3* to Lu3* and Y3* to Lu3* (see Tables
S1-S3 in the ESI), which is consistent with the lanthanide
contraction.34 The distances of RE1-Cy.ing [2.388(5) A for 1c; 2.348(7)
A for 1d; 2.351(6) A for 1e; 2.320(6) A for 1f] in complexes 1c-1f are
shorter than those of RE1-Cy.ing [2.396(5) A for 2a; 2.367(3) A for 2b;
2.357(3) A for 2¢; 2.335(3) A for 2d] of complexes 2a-2d, probably
due to the steric effects of the substituents on the ligands. The RE-C,.
ind distances in 1 and 2 are shorter than those found in
L*RE(CH,SiMe3),(THF), [(RE = Y, x = 1, 2.452(6) A; RE = Er, x = 0,
2.387(4) A; RE = Dy, x = 0, 2.396(3) A; {L* = 1-(2-C4,H,0OCH,)-3-(2,6-
Pr,C¢H3sN=CH)CgH4N},*8 which can be attributed to coordination
number and steric differences.

The O-C-N angles of the amidates range from 115.0(3)° to
117.3(6)° in complexes 1 and from 116.3(3)° to 116.8(4)° in
complexes 2. These data are very close to those (115.3(9)° to
119.3(11)°) in the amidate-functionalized N-heterocyclic carbene
(NHC) rare-earth metal amido complexes.3* The N-C-0 angles of the
amidates (in the range of 107.7(4)° to 109.7(11)°) in complexes 3 are
significantly smaller than the corresponding angles in complexes 1
and 2, which can be attributed to the bonding differences between
the amidate in 1 or 2 and the amino-functionalized enolate in 3.

DFT calculations show that the indol-2-yl carbon atoms have a
natural charge of -0.253 in 1c and -0.260 in 2a, which are
substantially smaller than those of carbon atoms of the alkyl
(-CH,SiMe3) (natural charge of -1.711 in 1c and -1.716 in 2a) in the
corresponding complexes (Table 1). The natural charge of the indol-
2-yl carbon atoms in complexes 1 and 2 can be compared with that
of -0.228 found in 8a, which bears strongly polarized carboryne-
based metallacyclopropanes.’®® This suggests some difference in
reactivity and selectivity between the RE-C,.i,q and RE—Ccrasimes
bonds. The natural charges of the indol-2-yl carbon atoms in the
complexes 1c, 2a and 8a are also smaller than those of the sp?
carbanion (natural charge of —0.58) bonding with lutetium ion in the
pentamethylcyclopentadienyl supported lutetacyclopropene, which
displayed nucleophilic property according to the DFT calculations
and experimental results.3®> The natural charges of the indol-2-yl

4| J. Name., 2012, 00, 1-3

carbon atoms in complexes 1c, 2a and 8a are comparable, to.thaseiin
five-membered organometallic carbenes (F¥RgivklFraMR>S0017028
-0.29 for different metals), which exhibit ambiphilic reactivity as
indicated by the high values of protons and hydride affinities based
on DFT calculations.3¢ While the resonances for the indol-2-yl
carbon atoms (see above) of these complexes can be compared with
the resonances (~190-210 ppm) of the carbonyl carbon atoms of the
ketones and aldehydes, which were generally accepted as
electrophiles, demonstrating the electrophilic character of the
indol-2-yl carbon atoms. Taken together, the indol-2-yl carbon
atoms in these complexes can be described as ambiphilic carbon
atoms.

Table 1. Computed natural charges for 1c, 2a and 8a.

Atom label Natural charges in 1c | Natural charges | Natural charges in 8a
(Y) in 2a (Y) (Y)0

Y1 2.054 2.164 2.007

C1 -0.253 -0.260 -0.228

o1 -0.867 -0.901 -0.622(imino N)

0O1A -0.867 -0.901 -0.819(carboryne C)

N2A -0.662 -0.681 -0.816(carboryne C)

N3 -0.654 -0.667 _

02 -0.636 -0.665 _

C34 or C36 -1.711(C34 in 1c) -1.716(C36 in 2a) _

Selective reactivity of the RE-C,;,y bond towards organic
compounds containing electrophilic carbon or polar N=N double
bond. Unusual [2+2] cyclometallation and [3+3] annulation

DFT calculations reveal that the natural charge of the indol-2-yl
carbon of the complex 1c is -0.25 (Table 1) and the natural charges
of the carbon atoms of the alkyls (-CH,SiMe3) connected to the metal
center are around -1.71, implying that these different RE-C bonds
(RE—Cecarbene and RE-Cchasives) may show different reactivity towards
small organic molecules. To this end, the above-synthesized
complexes 1 were subjected to reactions with a range of
electrophiles (Scheme 4). Complexes 4a-4d (Figures S66-S69 in the
ESI) were crystallized from different solvents when 0.5 equiv. of
complexes 1 were treated with carbodiimides or an aldimine. To our
surprise, the RE-Cgpene bonds selectively reacted with these
electrophiles to generate novel [2+2] cyclometallation complexes 4a-
4d, in which the indol-2-yl carbon bonds with the central metal ions
in n! mode (RE-Cy.ing bond lengths: 2.803(4) A in 4a, 3.050(3) A in 4b,
3.062(3) A in 4c, 2.833(5) A in 4d, Scheme 4) due to m-electron
moving towards indol-2-yl carbon atoms after reaction. In contrast,
the RE-Ccasives bonds of the complexes 1, which have the more
nucleophilic carbon atoms as demonstrated by DFT calculations, did
not reacted with the corresponding substrates, but reacted with the
o C-H bond of the amidate to produce novel amido-functionalized
enolate functionality chelated with the central metal ions in u-n':n?
mode (complexes 4a-4d in Scheme 4). These results are completely
different from those of previous studies on the reactivities of rare-
earth metal alkyls with carbodiimides and imine, which only
produced the carbodiimides or imine insertion products with
amidinate or amido being bonded with central metal ions in n2 or o
bond ways.?’

When complexes 1b and 1le were reacted with 4 equiv. of
diphenyldiazomethane (Ph,CN,) at room temperature in THF for 0.5
h, complexes 4e and 4f were isolated (Figures. S70-S71 in the ESI).

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 18


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01502b

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Open Access Article. Published on 23 2025. Downloaded on 03/06/2025 8:51:36 .

== -Chemicat Sciencer- -1

Journal Name

While treatment of 1b with 4 equiv. of diphenyldiazomethane in THF
overnight or standing the THF solution of 4e overnight generated the
product 4g (Figure S72 in the ESI) via a rare formal [3+3] annulation
(Schemes 3 and 5, Fig. 2). The formation of complex 4g might involve
a sequence of insertion of polar N=N bonds of the Ph,CN, into RE—

ARTICLE

Cearbene and RE=Cyy1 bonds to afford the 4e, activation,of the o-GrH
bond of the amidate by the anionic [PhC=NNTH,$iMe3P/ReSpfridude
the amido-functionalized enolate and ring closure with C=N bond.
The final step is accompanied by transformation of the amidate
functionality to imine functionalized alkoxide type motif.
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Scheme 4. The reactions of complexes 1 with electrophiles.
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Scheme 5. A tentative pathway to complex 4g.

Selective reactivity of complexes 1 with Lewis acids

To further probe the selective reactivity of the RE-Ccapene bonds
of complexes 1 towards eletrophiles, we then tested their reactions
with Lewis acidic compounds such as aluminum alkyls and 9-BBN
(9-borabicyclo[3.3.1]nonane). It is interesting to find that the
RE—Ccarpene boOnds instead of the RE-Ccasives bonds, whose carbon
has larger natural charge, of complex 1e selectively reacted with the
aluminum alkyls AlMes; and AlEt; to generate novel complexes 5a and
5b (Scheme 6, Figures S73-574 in the ESI). These complexes bear
indol-2-Al,, motifs with two sp® C-H bond being ¢ donated to the
ytterbium center, which is reduced to vytterbium(ll) from
ytterbium(lll). Such a reduction is believed to proceed via the
homolysis of the Yb—Ccpasimes bond!1838 due to its lower redox couple
(-1.15 E,gs5/V) of Yb3*/Yb?*, which is supported by the identification
of the coupling product MesSiCH,—CH,SiMe; (m/z = 174.126) from

This journal is © The Royal Society of Chemistry 20xx

the reaction mixture. The reduction of ytterbium(lll) to ytterbium(ll)
by the aluminum alkyls is occasionally proposed in the
polymerization of olefin with a mixed ytterbium complexes and
aluminum alkyl catalytic system to explain their poor catalytic activity
compared with other rare-earth metal catalysts.1111%39 However,
the proposed ytterbium(ll) intermediate has seldom been isolated
and characterized. It is surprising to find that either the AlMe; or the
AlEt; exists on the same side to the ytterbium metal in the solid state
of the complexes 5a and 5b. Furthermore, the distances of 2.718(8)
A 'in 5a, and 2.733(4) A in 5b of the sp3 C-H interaction with the Yb
metal are significantly shorter than that of 2.86 A found in Sm'-Me
interaction in bis(MesSi-fluorene-AlMes3)Sm complex,*° indicating
strong ¢ donation in complexes 5a and 5b. This reactivity pattern is
different from the reactions of L'Ln(CH,C¢HsNMejy-0), (L' =
(PhCH,),NC(NCgH3'Pr,-2,6),) with AlMe; or AlEt; producing the
methyl bridged rare-earth metal-aluminum mixed metal

J. Name., 2013, 00, 1-3 | 5
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complexes*! or the ethylene and ethyne complexes.*? The Al-Cy.ing
bond length (2.071(9) A in 5a, and 2.086(5) in 5b) is within the
expected range compared with Al-Cqyorenyi (2.101(7) A).%0 The
average Yb'"-C(cyy2) bond length of 2.711 Ain 7-coordinate 5b is longer
than that found in 6-coordinate Yb'AlEts(THF), (2.633(2) A),%3 which
may be due to an electrostatic interaction.

H
: Ar
N /\"H \ H \
Ad. Al'H A
N /N,msfj'j
2 AlMe, ——YR—o M \N
NG oA
THF Lo oW
rt,3h ONT 1™y
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(53)(_7
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1 3 — N O\\/ N
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rt,6h 5 N/T\N/
-2 SiMey A O hg
(5b)
A +
'THF
4 AlMes Ad\N\:{ /N‘*\
2 (CoF5)3B ¢ 2RE—G3 | -
(TI‘-SIF5)3 %\N{,F{% _ohE .\@ 2[(CeFs)3=Me]
d ~._
rt,3h N LN
THF 5 /\ Ad

RE = Dy(5¢c), Y(5d)
Scheme 6. The Reactions of Complexes 1 with AIR;.

When the rare-earth metal complexes 1b and 1c with the central
metal having higher redox potential in comparison with Yb3*/Yb?*
were treated sequentially with AIMe3 and (CgFs)3B, the cationic rare-
earth metal complexes 5¢ and 5d were isolated from a mixed
solution of n-hexane and chlorobenzene (Scheme 5, Figure 5, and
Figures S75-576 in SI). In this process, the RE-Ccapene bond selectively
reacts with AlMe; to deliver the indol-2-yl carbon connected
aluminum intermediate, followed by activation of the C-H bond of
the AlMe; to generate the rare hetero-rare-earth metal-aluminum
four-membered metallacycles 5¢c and 5d. The RE-Cic2) bond lengths
of 2.353(6) A in 5c and 2.356(5) A in 5d are comparable to the ¢ bond
length of the Y-Ccuasives in 1c, and the Al-Ciqyz) bond lengths of
1.811(6) Ain 5c and 1.809(5) A in 5d are shorter than that of 1.986(19)
A'in 5a. This reactivity pattern is different from those of the reactions
of L'Ln(CHzC5H4NMe2-o)2 (LI = (PhCHz)ZNC(NC5H3iPr2-2,6)2) with
AlMe; producing the carbyne complex [(PhCH,),NC(NCgH3Pr,-
2,6),],Y2(u-Me)(AlMes),(us—CH)  and alkyl abstraction product
AlMe,(CH,CsHsNMe,-0) upon standing the reaction for 7 days or
running the reaction at 60 °C for 18 h.*! In the present case, one
methyl group was transferred to (CgFs)sB to produce the anionic
[(C6F5)sBMe]~ part of the complexes, which are also different from
the result of the reaction of [(CsMes)La(AlMe,),] with (CgFs)3B, which
afforded a CH3/CgFs exchange product

6 | J. Name., 2012, 00, 1-3

Journal Name

[{[(CsMes)La{(u-Me),AlMe(CeFs)}1[MeAl(CsFs)a112].# | The, . hresent
results are also different from those of themreactianswbatamminuan
alkyls with B(CgFs); in ether solvent producing the borate
[Me,Al(THF),]*[MeB(CsFs)s],*> indicating electronic and steric
effects of the ligands on the reactivity patterns.
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Scheme 7. The reactions of complexes 1 with 9-BBN.
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Scheme 8. The formation process of complex 5e.
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Fig. 2 Molecular structure of 4g (left), 5¢ (middle) and 5e (right) with thermal ellipsoid at 30% probability level. All hydrogen atoms were omitted
and the diisopropylphenyl (Dipp) group was drawn in wireframe style for clarity. Selected bond lengths (&) and selected bond angles (deg) can be

read in supporting information.

Encouraged by the above results, the reactivity of complexes
1 with Lewis acidic 9-BBN has been investigated. A rare
nonsymmetric dinuclear yttrium complex 5e (Schemes 6 and 7,
Fig. 2 and Figure S77 in the ESI) was obtained when complex 1c
was treated with 1 equiv. of 9-BBN at room temperature in THF.
X-ray analysis reveals that complex 5e is composed of a rare
Y-Cy.ing—-B-H four-membered bora-metallacycle with the
indol-2-yl carbon bonding to the metal in 7t way. The
formation of 5e might involve selective reaction of the Y=C¢,rpene
bond with 9-BBN, while the Y-CH,SiMe; bond of which the
carbon has larger natural charge remains intact. Complex 5e
contains a unique multi-chelate amidate pincer ligand bearing a
four-membered bora-metallacycle with the indol-2-yl carbon
bonding to the metal centre in 77 way in one part, and a multi-
chelate amido-functionalized enolate pincer ligand in the other

part (Schemes 7 and 8). The Y(2)-C(42),.inq bond length (2.741(9)

A) is significantly longer than Y(1)-C(1),.nq (2.381(10) A). This
suggests that the RE-C(42),.i,¢ bond might have transformed
from o bond to t bond (7') way due to electron-deficient bora
functionality to make the mt-electron of ligand move towards the
indol-2-yl carbon (Scheme 1). The Y-H bond length (2.3817(11)
A) was slightly long with those of the Sc-H (borate bridged)
(Sc-H = 2.01(3) A and 2.11(2) A) when the ionic radii differences
were taken into account.?® The reaction of complex 1e with 2
equiv. of 9-BBN in THF leads to the isolation of the central
symmetric dinuclear complex 5f bearing a four-membered
bora-metallacycle with the indol-2-yl carbon being 7* bonded
(Yb=Cs.ing bond length 2.650(7) A) to the metal centres (Scheme
7, Figure S78 in the ESI). The formation of 5f is believed to go
through selective reaction of the Yb-C,,q bond with 9-BBN to
afford the 2-borate indolyl, and the Yb-CH,SiMes; bond
activates the oo C-H of the amidate group to generate the multi-
chelate amido-functionalized enolate 2-borate indol-2-yl
ligated dinuclear complex. It is noted that while the four-
proposed as
intermediate in the metathesis reactions of the RE-C bond with
hydroborate or 9-BBN

membered bora-metallacycle has been

in the catalytic hydroboration of

unsaturated compounds,*”” however, to date, structural

information about this kind of four-membered ring is rare.

2R-NC

THF
rt,3h
-2 THF

R = 'Bu; RE = Dy(6a), Y(6b), Er(6c), Yb(6d)
R = Octyl; RE = Gd(6e),
R = Cy; RE = Y(6f)

Scheme 9. The reactions of complexes 1 with isonitriles.

Interestingly, when complexes 1 were treated with excess
9-BBN (6 equiv.) in THF, the THF coordinated mononuclear 2-
borate indolyl supported and 9-BBN bridged rare-earth metal
hydrides 5g and 5h were isolated (Scheme 7, Figures S79-S80 in
the ESI). Stepwise reactions of complexes 1 with excess 9-BBN
in THF followed by treatment with donor molecules as 4-N,N-
dimethylaminopyridine (DMAP) or N-isopropylimidazole (IPIMD)
provide DMAP- and IPIMD-coordinated complexes 5i-5k
(Scheme 7, Figures S81-S83 in the ESI). Similar to the formation
of complexes 5e and 5f, the RE-C.,,pene bond selectively reacted
with 9-BBN first, and then the RE-C,, bond reacted with
another equivalent of 9-BBN to split the dinuclear complexes
into mononuclear ones. An electrostatic C-H interaction (RE---
H bond distances 1.976(13) A to 2.439(18) A) of the 9-BBN with
the rare-earth metal center was found. It is interesting to find
that the amidate transforms to the imino-functionalized
alkoxide form. This prevents the a C-H of the original amidate
from being activated by either the RE-CH,SiMe;3 or the newly
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generated RE-H bonds to generate the amido-functinonalized
enolate, which are different from the formation of 5e and 5f.
The indol-2-yl carbon bonds with the central metal ion in 7!
way due to electron-deficient bora functionality to make the &-
electron of ligand move towards the carbon. The RE-H bond
distances found in 5g and 5h (Scheme 7) can be compared to
those found in the divalent ytterbium and europium 9-BBN

d:

1€
>

jence!: =i

Journal Name

(THF)4Eu[(—H),BCgH14]5,%82 the trivalent,;.,, a«YEtEim
tetrahydroborate, (MeOCH,CH,CsH.),YP(I—19),B1%,p38e 01438
(CsMes),Y(u-H),BCgH14.%8¢ It is noted that the oo C—H activation
has not been found in the formation of 5i-5k with the addition
of 4-N,N-dimethylaminopyridine (DMAP) or
N-isopropylimidazole (IPIMD), which is different from the
previous reports.11&
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Scheme 10. Computed enthalpy profile for the formation of 6b from 1c. The enthalpy is given in kcal-mol.

Selective reactions of the complexes with isonitriles.
Unique selectivity and ligands effects on the
reactivity patterns

The above results of reactions of the synthesized complexes
with electrophiles promoted us to investigate the reactivity of
these complexes towards nucleophiles such as isonitriles. It is
unexpectedly found that when the tert-butylisonitrile (‘BUNC, 2
equiv.) is selectively reacted with carbene carbon atoms
(indol-2-yl carbon atoms) of the complexes 1 in THF at ambient
temperature, generating the complexes 6a-6d in good yields,
and the highly polarized RE-Ccasivies bonds remain intact

8 | J. Name., 2012, 00, 1-3

(Scheme 9, Fig. 3, and Figures S84-S87 in the ESI). X-ray
crystallography confirms that complexes 6a-6d contain the aza-
metallacyclobutene motifs with the Y-C,.i,q distance of 2.757(6)
A, Cy.ina=Cimino bond length of 1.510(10) A, and Y-N4 bond length
of 2.459(6) A. The N4-C38 distance of 1.385(10) A reveals a C=N
double bond character. Complexes 6a-6d cannot undergo
further insertion reaction or C-C coupling in the presence of an
excess of ‘BUNC (> 2 equiv.) under the reaction conditions.
When other isonitriles such as tert-octylisonitile and
cyclohexylisonitrile were used, the corresponding rare-earth
metal complexes 6e and 6f (Scheme 9, and Figures S88-S89 in
the ESI) containing the aza-metallacyclobutene moiety were

This journal is © The Royal Society of Chemistry 20xx
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also isolated, and the RE-Cchasives bonds remained unreacted.
This reactivity pattern is consistent with the electrophilic nature
of the indol-2-yl carbon as revealed by DFT calculations (Table
1). However, aryl isonitriles seem incompatible in this reaction
system in that the reaction of 2,6-dimethylphenylisonitrile
(XyINC) with complex 1f gave an unidentifiable mixture.

It is proposed that the formation of complexes 6 involves
coordination of isonitrile to the electrophilic metal centre with
the release of THF to afford the intermediate A9Y1, which then
undergoes 1,1-migratory insertion to the electrophilic
indol-2-yl carbene carbon'8192.1% to produce the intermediate
AdY2. The Y-C,.ing bond cleavage with intramolecular redox to
afford the intermediate A4Y3, which then abstracts the proton
of the oo C-H of the amidate group to deliver the final product
(Scheme S30 in the ESI). This reactivity pattern is different from
the known reaction of a free singlet carbene with an isonitrile
to generate a ketenimine.*® To the best of our knowledge, the
selectivity and reactivity found in the above reactions have so
far been unreported.® It is noteworthy that the Y-N4 bonds
(2.459(6) A) in 6b is significantly longer than those in the
[(CsHs)Y(u,n?-HC=NCMes)], dimer (2.325(4) A),5%2 and in the
Cp*,Zr(iminoacyl)CHs(Cp* = CioHis) monomer (2.368(2) A)51b
respectively, due to different coordination numbers and/or
different central metal ions.

Y
R-NC N
THF
rt,3h
-2 SiMe4 L'

R =Bu; L' = THF; RE = Y(7a), Yb(7b)
R =L'= Octyl; RE = Yb(7c)
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2R-NC

/
2 — f N
THF 4 o/
rt,3h /
. 74

- 2 SiMey THF/ ;\‘ N |

A R /N
Ar

R =Bn; RE = Er(7d), Yb(7e)
r

A
/ N R Ar
N THF
VY , N
/Y< =/
4R-NC @%)j\ oiE//\
THF ] e\
rt,3h N /X
' THF / _
-2 SlMe4 Ar THF N\
R = Xyl; (7f) A

Scheme 11. The reactions of complexes 2 with isonitriles.
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Next, taking the reaction of 1c with ‘BuNC to preduce.6has
an example, DFT calculations were perforRfed ol iHéstigateothB
possible reaction pathways and reasonable energy profiles (see
the ESI for details). The results showed that the total reaction
was exergonic -42.4 kcal/mol, and the reaction barriers were
consistent with room temperature conditions. The formation of
complex 6b might proceed via a stepwise process at each metal
centre to accomplish the formation of aza-metallacyclobutene
moiety. After coordination of the !BuNC, the 1,1-'BuNC
migratory insertion accompanied by Y-C,.i,4 cleavage leads to
the reduction of isonitrile C=N triple bond to the imidoyl anion
(intramolecular redox). This process is preferred to the
1,1-CH,SiMe3 migratory insertion with a formation of relatively
stable intermediate A9B (-6.3 kcal/mol) vs A9B’ (8.4 kcal/mol).
The intermediate 9B transforms to the intermediate A4C (5.6
kcal/mol), which then undergoes another 1,1-‘BuNC migratory
insertion accompanied by Y-C,_;,4 cleavage leading to reduction
of isonitrile C=N triple bond to generate the intermediate AD
(-12.9 kcal/mol). The process of abstraction of the o C-H of the
amidate group to form intermediate A9E (-27.0 kcal/mol) is
favourable to the cycloaddition of the imino nitrogen of the
ligand to the ketenimine carbon. The AE then abstracts another
proton of the a C-H of the amidate group to deliver the final
product 6b (-42.4 kcal/mol) (Scheme 10).

To get more direct information of the substituents effects on
the reactivity, we then investigated the reactivity of different
complexes towards various isonitriles. It is surprising to find that
when complexes 2 bearing the ligand with diisopropylphenyl
substituent instead of the adamantyl substituent in 1 were
treated with different isonitriles (R-NC, R = 'Bu, tOctyl, Bn, Xyl)
under the otherwise same conditions, novel [4+1] annulation
products of 1-amido-functionalized enolate indolo-fused 2-
amido-pyrrolyl complexes 7 (Scheme 11, Fig. 3, and Figures S90-
S95 in the ESI) were isolated with moderate yields. In this
process, the carbene carbon atoms (indol-2-yl carbon atoms)
have displayed unexpected selective reactivity towards the
nucleophilic isonitriles, which is completely different from that
found in reactions of 1 with isonitriles. This suggests that the
substituents on the ligand, which may lead to changes in both
steric hindrance and electronic nature of complexes 1 and 2
(different natural charges of the central metal ion and the
bonding atoms, see Table 1), have profound effects on the
reaction pathways. The current results with isonitriles are also
completely different from those in recently reported reactions
of rare-earth metal monoalkyl complexes with isonitriles, which
provided multi-substituted fdiketiminato or multi-substituted
imidazolyl complexes.>? On the basis of the DFT calculations
results, it is proposed that coordination of the isonitrile to
complex 7a (as example) gives the intermediate PPPY1, which
then undergoes 1,1-migratory insertion to generate PiPPY2,
Isomerization of PPPY2 gives the ketenimine® intermediate
Diery3. Then the amido nitrogen of the ligand attacks the central
carbon of the ketenimine to finish the cyclization to form the
[4+1] annulation products of indolo-fused 2-amido pyrrolyl
fragments PPPY4, The RE-Cchzsives bonds activate the a C-H
bonds of the amidate to deliver the final 1-amido functionalized

J. Name., 2013, 00, 1-3 | 9
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Fig. 3 Molecular structure of 6b (left), 7d (middle) and 9a (right) with thermal ellipsoid at 30% probability level. All hydrogen atoms were omitted
and the diisopropylphenyl (Dipp) group was drawn in wireframe style for clarity. Selected bond lengths (&) and selected bond angles (deg) can be

read in supporting information.

It should be noted that when complexes 2 were directly
treated with excess tert-octylisonitrile (!OctyINC) (4 equiv.), the
C-C coupling or C-N coupling products through insertion of
RN=C to the RE-CcHssimes bonds or through insertion of RN=C to
the RE-N bonds as those reported in the literatures were not
obtained,*%>3 while the ‘OctyINC coordinated complex 7c was
isolated instead. Also of note is that the original bonding modes
of the ligand change from n*:n':(u-n*:n?) to o:r*:(u-n:n?) after
the cyclization, that is, the newly generated amido-
functionalized pyrrolyls bond with the central metal in o7
(RE=Capyr: 2.669(13) A to 2.793(13) A) and the amido-
functionalized enolates bond with central metal in u-n:n? ways
in complexes 7a-7c. When the substituents of isonitriles are
benzyl or xyl (7d-7f), the reactions are compatible with these
substrates, which are different from that of reaction of 1 with
xyl substituted isonitrile. It is found that the C=C double bonds
of the newly formed amido-functionalized enolates in 7d-7f
have bonding interaction with the central metal as indicated by
the RE-C bond distances of 2.685(7) A to 2.715(5) A.

In order to further understand the reaction process, the
formation of complex 7a from the reaction of complex 2a with
‘BuNC was calculated by DFT (Scheme 12, see the ESI for
details). It reveals that the replacement of THF by !BuNC,
followed by a stepwise 1,1-migratory insertion on each metal
centre to generate the intermediate PPPD are parallel to those
for the formation of 6b as discussed above. The transformation
of PPPD into the indolo-fused amido-functionalized pyrrolyl
motif (PPPE) is favoured over the transformation PPPD to aza-
metallacyclobutene (PPPE’) (4.0 Kcal/mol vs 4.6 Kcal/mol). The
intermediate PPPE then undergoes a stepwise C-H activation
with the RE-CH,SiMes; bond followed by coordination of THF to
deliver the final products. These results suggest that the
substituents on the ligands have influence on electronic
properties of the complexes and stability of the transition state
and intermediates, thereby determining the reaction pathways
of the complexes.

To prove the above results of ligands have profound
influences on the reactivity patterns of rare-earth metal
complexes with isonitriles, we then studied the reactivity of the
rare-earth metal complexes bearing both electrophilic carbene
and strongly polarized three-membered metallacycles with
isonitrile. Treatment of the carboryne-based strongly polarized
metallacyclopropane (x?-LY)RE(7?-C,B1oH10)(THF)3 [L' = 1-(2-N-

This journal is © The Royal Society of Chemistry 20xx

CsH1oNCH,CH,)-3-(2,6-Pr,CsHsN=CH)-CgH,N, RE = Y(8a), Er(8b),
Lu(8¢c)]*%® with 3 equiv. of XyINC afforded the unprecedented
selective reaction complexes 9 bearing a ¢/fdi(2,6-
dimethylphenyl)amido-j-(N-2,6-diisopropylphenyl)carboline (or
indolo-fused multi-functionalized pyridine)-based ligand (Scheme
13, Fig. 3 and Figures S96-598 in the ESI). It is surprising to find that
the highly strained and polarized metallacyclopropane moiety
remains intact in the process, while the formation of indolo-fused
multi-functionalized pyridine moiety involves the coupling of the
electrophilic carbene carbon and the nucleophilic nitrogen atom of
the ligand 1-(2-CsH1oNCH,CH,)-3-(2,6-"Pr,CgH3NCH)-CgH4N)-2-yl with
two molecules of 2,6-dimethylphenylisonitrile via unexpected aza-
[4+1+1] annulation, which is obviously different from the reactivity
of the zirconium-carboryne complex with isonitrile to produce the
zirconium complex having the ['BuN=C=C]- ketenimine moiety
functionalized carborane anion through the insertion of isonitrile
into the Zr-Ccg bond accompanied by the Zr-Cc,z bond cleavage.
1% The result is also different from those of the reactions of lutetium
metallacyclopropene with phenylnitrile followed by treatment with
2,6-dimethylphenylisonitrile to produce the functionalized pyrrolyl
moiety complex.3 This result is also obviously different from the
reactions of the rare-earth metal complexes 1 and 2 with isonitriles
to generate the multi-substituted aza-[4+1] annulation and the [2+2]
cyclometallation products as discussed above. These differences in
reactivity patterns towards isonitriles may probably be due to ligands,
central metal ions, coordination environments around the central
metals, and electrophilic property of the indol-2-yl carbon atoms
(comparison of the natural charge of the carbon about -0.253 in 1c
and -0.260 in 2a with that —0.228 in the corresponding carboryne-
based yttrium metallacycles 8a, see Table 1). It is found that the
average lengths of the RE-C,g. bond in 9 are shorter than those of
the corresponding rare-earth metallacyclopropane complexes (x*-
LY)RE(72-C,B1oH10)(THF)3, which may be attributed to the difference
in ionic radii between the different coordination numbers in
complexes (x?-LY)RE(7?-C,B10H10)(THF)s. It is noted that the coupling
of the imino nitrogen atom with unsaturated substrates is only
involved in the aza-Diels-Alder reactions, where the imine nitrogen
generally bears electron-withdrawing groups.

DFT calculations of complexes (x?-LY)RE(7?-C,B10H10)(THF)3 (RE =Y,
Lu) showed that the natural charges of the indol-2-yl carbon are
-0.228 in yttrium and -0.213 in lutetium complexes,!®® which are
comparable with those found in complexes 1 and 2, indicating that
the indol-2-yl carbon displayed as an electrophilic carbon because

J. Name., 2013, 00, 1-3 | 11
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the corresponding p-orbital is lack of electron. These results are
parallel to our previous findings of the indol-2-yl carbon exhibited
electrophilic property to make the 1,1-alkyl and 1,1-H (or D)
migratory insertion possible,'®1%¢ and findings of unique reactivity
patterns towards pyridine derivatives.!* Based on these results, the
formation of the jcarboline-based ¢,f-diamido moiety
functionalized complexes could be described as follows: Complex
(K2-LY)Y(72-C,B1gH10)(THF)3 was transferred into the intermediate A
through ligand substitution, in which the indol-2-yl carbon is more
electrophilic than that in (x2-L)Y(7?-C,B1oH10)(THF)s (natural charge:
-0.132in A vs —0.228 in (k2-LY)Y(72-C;,B10H10)(THF)3, Table S29 in the
ESI). The migratory insertion of the polarized coordinated isonitrile
to the enamido-functionalized carbene with Y-C¢,pene bond cleavage
produced the ketenimine intermediate B, which has been found in
the reaction of free singlet carbene with isonitrile,*® and is parallel to
the above results of reactions of complexes 2 with isonitriles
delivering intermediate 9PPD. Then B underwent isomerization from
cis-coordinated isonitrile to trans-coordinated isonitrile to give the
ketenimine intermediate C, which then reacted with the coordinated
isonitrile through insertion to afford the ketenimine intermediate D
of the five-membered metallacycle. The difference in reactivity
between the above formed rare-earth metal ketenimine
intermediate and the present rare-earth metal ketenimine
intermediate in the reactions with isonitriles can be attributed to the
existence of the electrophilic character carboryne motif, which may
make the central carbon of the ketenimine more electrophilic be
easily attached by the coordinated isonitrile. The amido group of the
enamido functionality attached the carbon of the C=N double bond
to produce the j-carboline-based ¢,famidoimino moiety E, which
then coordinates with two molecules of THF with release of one
isonitrile to produce the final product 9a (Scheme 14).
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Scheme 14 A possible reaction pathway for the reaction of indolyl rare-earth
carboryne-based metallacyclopropanes with XyINC.

To gain some insights into the formation of complex 9a from
complex 8a, the computational studies were carried out at the level

12 | J. Name., 2012, 00, 1-3

of B3PW91 including dispersion corrections (see the ESl for.details).
The first step of the reaction is the formati®f bf QHOYRIRGRT et
with three coordinated isonitrile molecules, which will give a more
stable A with corresponding indol-2-yl carbon more electrophilic
(natural charge from -0.228 to -0.132). Two isomers were found
(namely A and A’ in Scheme S32 in the ESI) that would allow two
different reactivity. The most stable isomer is A which is 4.8 kcal-mol
1 more stable than A’, so that the latter will never be formed,
preventing the red pathway in Scheme S32 in the ESI. The red
pathway, although kinetically accessible (barrier of 18.1 kcal-mol?),
is the insertion of isonitrile into the Y-Cc, bond. While the black
pathway, which is kinetically competitive (within the precision of the
computational method) with the red pathway (barrier of 23.3
kcal-mol?), is the insertion into the Y-Ccpene bond. Following the
intrinsic reaction coordinates for both pathways, it yields complex B’
and C where the latter is more stable than the former by 2.7 kcal-mol
1 so that only complex C will be observed. This completely ruled out
the reaction of isonitrile with the Y-Cc,ze bond. Complex Cis an amido
complex bearing a C=C=N group which is reminiscent of an anionic
aza-allyl group. This C=C=N cumulenic ketenimine system contain a
central sp-hybridized carbon atom that is electron-deficient. Thus, a
second molecule of isonitrile undergoes a nucleophilic addition to
the central carbon of the ketenimine at TS2 with an associated
barrier of 20.8 kcal-mol . Following the intrinsic reaction coordinate,
it yields another stable ketenimine intermediate D (-23.9 kcal-mol?),
that readily isomerizes through a ring closure reaction of the
nucleophilic addition of the Y-N bond to the central carbon of the
ketenimine (TS3). The associated barrier of this last step is 16.4
kcal-mol! and leads to the stable formation of intermediate E (-64.9
kcal-molt). The latter exchanges an isonitrile with two THF molecules
to yield the experimentally observed complex 9a. This ligand
exchange is very exothermic in line with the crystallization of
complex 9a (Scheme S32 in the ESI).

Our attempts to isolate the isonitrile coordinated
intermediates to prove the coordinative (or nucleophilic) ability
of the nitriles in the formation of complexes 6, 7 and 9 are not
successful. Then, the non-THF coordinated complexes 3 bearing
the amino-functionalized enolate chelate ligands were
synthesized, and their reactivity towards isonitriles was studied.
To our delight, the tOctyINC coordinated (Yb-Ccntoctyi bond
lengths of 2.656(9) A) complex 10a (Scheme 15, Figure S99 in
the ESI) was separated in a moderate yield from the reaction of
the dinuclear ytterbium complex 3c with 2 equiv. of ‘OctyINC in
toluene at ambient temperature. This result supports the
proposed coordination of isonitrile with Lewis acidic rare-earth
metal centers and provides insights into the proposed
intermediate equivalents A9A, PPPA and A in the formation of
complexes 6, 7 and 9. Complex 10a does not further react with
excess tOctyINC on either synthetic or NMR scale, indicating
ligand effects on the reactivity. However, when dinuclear
complex 3a was treated with XyINC, complex 10b (Scheme 15,
Fig. 4 and Figure S100 in the ESI) bearing an aza-
metallacyclobutene moiety was isolated. In 10b, the C=C double
bond (CZ-ind_Cisonitrile = 1383(6) '&: and Cisonitrile—Nisonitrile = 1388(6)
A) are different from the aza-metallacyclobutene having C=N
double bond (Cy.ind—Cisonitrile = 1.510(10) A: Cisonitrite=Nisonitrile =
1.385(10) A) in the four-membered ring in complexes 6. It is

This journal is © The Royal Society of Chemistry 20xx
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proposed that the formation of 10b involves coordination of the
isonitrile to the metal centre to give the intermediate 10a,
which then undergoes 1,1-migratory insertion to generate the
ketenimine intermediate. The ketenimine inserts into the
RE-Cchasives bonds to deliver the final products, which is also
different from that in the formation of 6 (Scheme S33 in the ESI).
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Scheme 15. The Reactions of complexes 3 with isonitriles.

This reactivity pattern is different from those in the formation
of complexes 6, 7 and 9 highlighting again the influence of
ligands on the reactivity patterns. Thus, four different reactivity
patterns were found in the reactions of the synthesized rare-
earth metal complexes with isonitriles: (1) Replacement of THF
of complexes 1 by isonitriles affords the isonitriles coordinated
intermediates, which then undergo a stepwise 1,1-isonitrile
migratory insertion to the carbene carbon to generate the
intermediates having imidoyl anion attached to the indol-2-yl
carbon via intramolecular redox. The imidoyl anion abstracts
proton of the oo C-H of the amidate to produce the final
complexes 6 containing the aza-metallacyclobutene with a C=N
double bond. (2) The stepwise coordination and 1,1-isonitrile
migratory insertion with subsequent isomerization with
complexes 2 produce the ketenimine intermediate, which then
was attached by the amido nitrogen to generate [4+1]
annulation products of the indolo-fused 2-amido-functionalized
pyrrolyl ligated complexes 7. (3) Coordination of the polarized
isonitrile to the metal centre to produce a more electrophilic
indol-2-yl carbon followed by 1,1-isonitrile migratory insertion
to give the ketenimine intermediate. A second molecule of
isonitrile undergoes a nucleophilic addition to the central
carbon of the ketenimine vyielding another ketenimine
intermediate which is attached by the amido nitrogen followed
by coordination with two molecules THF to form the
unprecedented aza-[4+1+1] annulation product 9. (4)
Coordination of the isonitrile to the metal centre followed by
1,1-isonitrile migratory insertion to give the ketenimine

This journal is © The Royal Society of Chemistry 20xx
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intermediate, which then inserts into the RE-Ccpasines h@nd t@
produce the complexes 10 with aza-metalldeyelslbatenefiotis
having a C=C double bond.

Fig. 4 Molecular structure of 10b with thermal ellipsoid at 30%
probability level. All hydrogen atoms were omitted and the
diisopropylphenyl (Dipp) group was drawn in wireframe style for clarity.
Selected bond lengths (A) and selected bond angles (deg) can be read
in supporting information.

Conclusions

In summary, three different types of novel rare-earth metal
complexes bearing 1-multi-chelated amidate-3-imino
functionalized indol-2-yl pincer ligands (complexes 1 and 2) or
1-multi-chelated amino-functionalized enolate-3-imino
functionalized indol-2-yl pincer ligand (complexes 3) were
synthesized with rationally designed ligands. DFT calculations
and experimental results reveal that the indol-2-yl carbon
atoms of the ligands in the complexes can be described as
ambiphilic carbene, which displays unprecedented selective
reactivity towards electrophiles and nucleophiles. The RE-C,_ g
bonds (or RE-Ccypene bonds) of these complexes exhibit
unexpected selective reactivity towards electrophiles like
carbodiimides or imine to generate unusual [2+2]
cyclometallation products of aza-metallacyclobutane moiety.
The reactions of these complexes with diphenyldiazomethane
Ph,CN, produce either insertion complexes or a rare complex
bearing indolo-fused six-membered ring via [3+3] annulation,
depending on the amount of Ph,CN,. The RE-C,/pene bonds also
show selective reactivity towards Lewis acidic compounds such
as AIR; (R = Me, Et) and 9-BBN to produce alumina- or bora-
four-membered metallacycles with short RE---H-C interactions.
The reactions of the newly synthesized complexes and
complexes bearing electrophilic carbene and
metallacyclopropane with isonitriles display four types of
unique selective reactivity patterns of the carbenes: (1) the
replacement of coordinated THF by isonitriles followed by 1,1-
isonitrile migratory insertion to the carbene carbon with
subsequent intramolecular redox and abstraction of proton of
the a C-H of the amidate to generate the formal [2+2]
cyclometallation products of aza-metallacyclobutene having a
C=N double bond; (2) the substitution of THF by isonitriles
followed by 1,1-isonitrile migratory insertion to the carbene
carbon and isomerization to ketenimine intermediate, which

J. Name., 2013, 00, 1-3 | 13
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was then attacked by the nitrogen of the ligands with
subsequent o C-H activation by the RE-CH,SiMej to deliver the
novel aza-[4+1] annulation products of 1-(amido-functionalized
enolate)-indolo-fused-2-amido-pyrrolyl ligated complexes; (3)
Coordination of the polarized isonitrile to the metal centre to
produce a more electrophilic indol-2-yl carbon followed by 1,1-
isonitrile migratory insertion to give the ketenimine
intermediate. A second molecule of isonitrile undergoes a
nucleophilic addition to the central carbon of the ketenimine
yielding another ketenimine intermediate which is attached by
amido nitrogen followed by coordination with two molecules
THF to form the unprecedented aza-[4+1+1] annulation
products. (4) the coordination of the isonitrile with subsequent
1,1-isonitrile migratory insertion into the carbene carbon and
isomerization to ketenimine intermediate, which then inserts to
the RE-Cchzsives bond to generate the multi-substituted [2+2]
cyclometallation products of aza-metallacyclobutene having a
C=C double bond. This work provides a plenty of insights into
the reactivity of rare-earth metal complexes bearing both
ambiphilic carbene and nucleophilic carbon atoms, and
demonstrates unique selective reactivity patterns of the rare-
earth metal ambiphilic carbenes, which may be applicable in
understanding and designing new catalytic reactions. Further
works in this field are in progress.
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Data availability

Experimental procedures, X-ray crystallographic details, NMR spectroscopy data, and
computational details are available in the ESI. CCDC nos: 2375710-2375719 contain
the supplementary crystallographic data for this paper.
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