#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

W) Checkfor updates Rare-earth metal ethylene and ethyne complexes+

Wen Jiang,® Thayalan Rajeshkumar,b Mengyue Guo,® Yuejian Lin,® Laurent Maron*®

and Lixin Zhang & *

Cite this: Chem. Sci., 2024, 15, 3495

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Guanidinate homometallic rare-earth ethyl complexes [LLn(uz-n"n?-EY(ED], (Ln = Y(1-Y), Lu(1-Lu)) and

heterobimetallic rare-earth ethyl complexes LLN(EY) (uo-n-:m2-E) (up-nt-EY)(ALEL,) (Ln = Y(2-Y), Lu(2-Lu))
have been synthesized by the treatment of LLn(CH,CgH4sNMe,-0), (L = (PhCH,),NC(NCgH3'Pr,-2,6)5)
with different equivalents of AlEts in toluene at ambient temperature. Interestingly, the unprecedented
rare-earth ethyne complex [LY(uz-n-Et)2(AE 2 (us-ntintin?m?-CoH,) (3-Y) containing a [CoHol* ™
was afforded from 2-Y. The formation mechanism study on 3-Y was carried out by DFT calculations.
Furthermore, the nature of the bonding of 3-Y was also revealed by NBO analysis. The reactions of
LLn(CH, CgH4NMe,-0), (Ln =Y, Lu) with AlEts (4 equiv.) in toluene at 50 °C produced firstly the non-Cp
rare-earth ethylene complex LY (us-ntmntn?-CoHa)l(us-nt-Et)(AIEL) (ua-nt-EX)(AIED] (4-Y), and the Y/Al
ethyl complex LY[(uo-n*-Et)o(AlEL)], (5-Y) as an intermediate of 4-Y was isolated from the reaction of
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Introduction

Impressive progress has been witnessed in the development of
the design and synthesis of new rare-earth alkyl complexes in
the last few decades owing to their high activity in a wide range
of stoichiometric and catalytic reactions.' However, studies on
the alkylidene and alkylidyne complexes are limited due to the
HOMO/LUMO orbital energy mismatch between the rare-earth
metal ions and carbon-centered orbitals,*** among which the
deprotonation of AlMe; and thermally induced methyl ligand
degradation have been proven to be effective ways for the
generation of CH,>” and CH®  moieties. However, to our
knowledge, compared to methyl congeners, only a few examples
of rare-earth ethyl complexes and their derivatives have been
isolated and structurally authenticated.’**® Particularly, the
rare-earth ethyl complexes engage in further degradation reac-
tions, as shown for B-hydrogen abstraction as well as B-alkyl
transfer, which are extremely limited,"” while the first ethylene
complex prepared by Kaminsky's group was identified as the Zr-
CH,CH,-Zr and Zr-CH,CH,-Al moieties generated by the
reaction of Cp,ZrCl, and AlEt; in 1974."® Bercaw et al. isolated
the first ethylene bridged binuclear scandium complex {(Cs-
Me,SiMe, N‘Bu)Sc(PMe;)},(u-CoH,)* (Scheme 1A). Anwander
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LY(CH,CegH4NMe;-0), with AlEts (4 equiv.) in toluene at

—10 °C.

and co-workers reported the lanthanum ethyl complex La
[(Et;Al)(u-CH,CH,)(AlEt,)(u-CH,CH,)(AlEt;)]  containing two
ethylene moieties'”” (Scheme 1B). So the study on the chemistry
of rare-earth ethylene complexes is still in its infancy; we
became intensely interested in the synthetic strategies and the
possible reactivity of the rare-earth ethylene complexes. In
addition, we are also curious about whether the rare-earth
ethyne complexes can be prepared from the rare-earth
ethylene complexes via the C-H bond activation or other path-
ways. To our knowledge, in contrast to the late-transition metal
ethylene and ethyne complexes,"*® the early-transition metal
ethylene analogues are less explored,"®* and no rare earth
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Scheme 1 Rare-earth ethylene and ethyne complexes.
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metal ethyne complexes have been reported. With this in mind,
we carried out the studies on the synthesis of rare-earth metal
ethylene and ethyne complexes.

In this paper, distinctive guanidinato-based rare-earth
ethylene and ethyne complexes were synthesized by control-
ling the molar ratio of the guanidinate dialkyl complexes® with
AlEt;. Moreover, the synthesis and bonding analysis (DFT) of
the first rare-earth metal ethyne complex were studied.

Results and discussion
Synthesis and structural characterization

Firstly, the homoleptic rare-earth ethyl dimers [LLn(uy-n":n*
Et)(Et)], (Ln = Y(1-Y, 71%), Lu(1-Lu, 78%)) were afforded when
two equivalents of AlEt; were added to a toluene solution of
dialkyl complexes at ambient temperature (Scheme 2). In the 'H
VT NMR spectra of 1, only one set of signals assigned to ethyl
groups was observed, evidencing the rapid exchange of the
ethyl-bridged and the terminal ethyl units in the solvent (Fig. S3
and S67). The peak at 6 = 0.59 ppm for 1-Y (0.86 ppm for 1-Lu) is
assignable to Ln—CH,CHj;, and the resonance of CH,CHj;
exhibits a peak at 6 = 1.49 ppm for 1-Y (1.51 ppm for 1-Lu). The
carbon atom signals of ethyl at 6 = 40.9, 13.1 ppm for 1-Y (46.8,
13.4 ppm for 1-Lu) in the "*C{'"H} NMR spectra can be consid-
ered. It is noteworthy that no hydrogen abstraction products
were isolated when 1 were heated in toluene up to 70 °C for 12 h.
The molecular structure of 1-Lu is also characterized by the
single-crystal X-ray diffraction (Fig. 1). The bridged ethyl units
of 1-Lu display the u-n":n*-ethyl bonding to the lutetium center.
This coordination mode has previously been observed in the
divalent Yb complex (CsMes),Yb(u-n":n*-Et)AlEt,(THF)* and the
trivalent Sm derivatives (CsMes),Sm(THF)(u-n":n>-Et)AlEt; (ref.
16a) and [(CsMes),Sml,[(u-n":n*Et)s(u-n"-Et),AljEte(13-0), .2
According to the relevant reports of heterobimetallic Y/Al
methyl complexes,” we might get a series of unique structural
rare-earth ethyl complexes and their derivatives by controlling
the amount of AlEt;. Thus, the treatment of LLn(CH,CsH,NMe,-
0), (Ln =Y, Lu) with AlEt; (3 equiv.) in toluene provided the
heterobimetallic mixed ethyl/tetraethylaluminate complexes
LLn(Et)(u-n":m>-Et)(uz-n"-Et)(AlEt,) (Ln = Y(2-Y for 83%), Lu(2-
Lu for 90%)) (Scheme 3). In the NMR spectra of 2, the distinct
differences of chemical shifts of [AlEt,]” moieties (1.30(CHs)
and 0.33(CH,) for 2-Y; 1.28(CH3) and 0.53(CH,) for 2-Lu) and
end-on-coordinated ethyl units (Ln-CH,CHj: 1.78(CH;) and

\
'|- 2AIEts, toluene cH, Me
rt,3h N\

\ -2 CeHaNMe,CHoAIEL, 2 LMLQ"’“CH‘Z“”VL"_L
@J //Nb Mé  CHj
Me
©\/© Ln=Y (1Y), 71%

/N\ Lu (1-Lu), 78%
L: N=5 N

Scheme 2 Synthesis of binuclear homometallic rare-earth ethyl
complexes 1.
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Fig. 1 Molecular structure of 1-Lu with thermal ellipsoids at 30%
probability. All hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (°): Lu(1)-C(1) 2.332(4), Lu(1)-C(3) 2.435(4),
Lu(1)-C(4) 2.848(5), C(1)-C(2) 1.531(6), C(3)-C(4) 1.528(6), Lu(1)-N(1)
2.275(3), Lu(1)-N(2) 2.296(3); Lu(1)-C(1)-C(2) 124.4(3), Lu(1)-C(3)-
C(4) 88.8(3), C(1)-Lu(1)-C(3) 113.83(17), C(1)-Lu(1)-C(4) 90.88(17).

0.85(CH,) for 2-Y; 1.84(CH3) and 0.86(CH,) for 2-Lu) are inves-
tigated based on a comprehensive analysis of the '*C DEPT-135
NMR and HMQC-NMR spectra. Additionally, the carbon atom
signals of tetraethylaluminate moieties (10.8(CH,), 10.5(CHs)
for 2-Y; 12.8(CH,), 10.9(CH3;) for 2-Lu) and end-on-coordinated
ethyl ligands (39.1(d, Jyc = 56 Hz, CH,), 14.1(CHj;) for 2-Y;
44.2(CH,), 14.4(CHj,) for 2-Lu) in the "*C{'"H} NMR spectra can
be detected. The ®*Y NMR spectrum of 2-Y has a resonance at
0 = 850.1 ppm that is within the wide range found for the re-
ported organometallic yttrium complexes (ESI, Fig. S11}).>*

Complexes 2 are stable under an inert atmosphere at room
temperature and sparingly soluble in n-hexane, however, they
readily dissolve in aromatic solvents. The solid-state molecular
structures of 2 were determined by X-ray diffraction analysis
(Fig. 2). The Ln-CH,CHj(terminal) bond length (2.335(7) A for
2-Y and 2.308(8) for 2-Lu) lies within the expected range.'*****?
Interestingly, the bridged ethyl units of [AlEt,]” display the u-n"-
Et and u-n":n*-Et bonding to the rare-earth center, and a Ln---
H;C agostic interaction (Y-C-C: 85.8(3)°; Lu—C-C: 85.0(2)°) is
likely to be present in the w-n":n?-Et bond mode. ¢
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Scheme 3 Synthesis of heterobimetallic rare-earth ethyl complexes 2
and ethyne complex 3-Y.
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Fig. 2 Molecular structures of complexes 2-Y (left) and 2-Lu (right)
with thermal ellipsoids at 30% probability. All hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (°): 2-Y:
Y(1)-C(1) 2.335(7), Y(1)-C(3) 2.512(4), Y(1)-C(4) 2.838(5), Y(1)-C(9)
2.534(3), C(1)-C(2) 1.506(4), C(3)-C(4) 1.517(7), Y(1)-C(4) 2.838(5),
Y(1)-Al(1) 3.043(10), Al(1)-C(3) 2.099(4), Al(1)-C(9) 2.087(3); Y(1)-C(1)-
C(2) 134.4(5), Y(1)- C(3)-C(4) 85.8(3), C(1)-Y(1)-C(9) 95.9(2), C(1)-
Y(1)-C(3) 110.0(2), C(3)-Y(1)-C(9) 84.88(12), C(1)-Y(1)-Al(1) 100.50
(16). 2-Lu: Lu(1)-C(40) 2.479(3), Lu(1)-C(48) 2.308(8), Lu(1)-C(42)
2.485(4), Lu(1)-C(43) 2.805(4), C(48)-C(49) 1.522(3), C(42)- C(43)
1.534(6), Lu(1)-C(43) 2.805(4), Lu(1)-Al(1) 2.988(10), Al1)- C( 0)
2.088(4), Al(1)-C(42) 2.102(4); Lu(1)-C(48)-C(49) 133. 3(6), Lu(1)-
C(42)-C(43) 85.0(2), C(40)-Lu(1)-C(4 )956(3) C(42)-Lu(1)-C(48)
109.9(3), C(40)-Lu(1)-C(42) 86.45(12), C(48)-Lu(1)-Al(1) 99.49(18).

Interestingly, the unexpected and unprecedented bridged-
ethyne heterobimetallic Y/Al complex {LY(u,-n"-Et),(ALEt)}(uy-
n"m":n*m>-CH-CH) (3-Y) was isolated when the treatment of the
yttrium dialkyl complex with AlEt; (3 equiv) in toluene at room
temperature for 72 h was carried out. However, attempts to
prepare the lutetium analogue by a similar synthetic process were
unsuccessful, even at reaction temperatures up to 60 °C. Certainly,
2-Y could be converted to 3-Y slowly through further hydrogen
abstraction reactions along with the release of ethane. The 'H, *C
{'"H} and "*C DEPT-135 NMR spectral analyses of 3-Y in C4Dg are
particularly informative. The one singlet signal at 6 = 2.66 ppm for
'H (89.8 ppm for "*C{'H}) is observed in the Y-bonded ethyne
ligand, integrating two hydrogens, in accordance with the
magnetic equivalency of the w,n":n"in”n>-CH-CH unit. This
implies high molecular symmetry and unhindered rotation of the
wantm'im*n>-CHCH moiety in the solvent. Meanwhile, only one
set of proton signals of all ethyl groups in the [Et;Al-C,H,-AIEt;]*~
moiety is observed with a broad peak (0.33 ppm for CH,) and
a triplet (1.40 ppm for CH3) with integral ratios of 12:18.

Red crystals of 3-Y were crystallized from a concentrated
toluene solution layered with hexane, and the X-ray structure
analysis reveals a dimeric structure (Fig. 3). The Y and Al atoms
are capped by the usn':n":n*:n*>-CHCH moiety. The character-
istic feature of 3-Y is an ethyne bridge that forms a perpendic-
ular bisector of the Y-Y axis. This is slightly different from the
osmium complex Os,(CO)g(u-1":n"'-C,H,) in which the ethyne
ligand is tetra-c bonded over a square face.**® The Y-C(u,-
CHCH) bond lengths, ranging from 2.371(3) to 2.432(3) A, are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular structure of 3-Y with thermal ellipsoids at 30%
probability. All of the hydrogen atoms (except for H1 and H2) are
omitted for clarity. Selected bond distances (A): Y(1)-C(1) 2.432(3),
Y(1)-C(2) 2.371(3), Y(2)-C(1) 2.377(3), Y(2)-C(2) 2.405(3), C(1)-C(2)
1550(5), AWD-C() 1.976(3), Al(2)-C(2) 1.977(4); C()-Y(1)-C(2)
37.62(11), C(1)-C(2)-Y(1) 73.36(16), C(1)-C(2)-Al(2) 134.0(2), C(2)-

C(1)-Al(1) 133.3(2).

available. Interesting, the C-C bond length of the ethyne-bridge
(1.550(5) A) is a longish single C-C bond. This may be attributed
to the generated steric hindrance of two AlEt; stabilization with
a highly polarized Y-CHCH-Y unit, which ultimately leads to
the long ws-n":n":n*m*-coordinated C-C bond. Until now, as far
as we are aware, 3-Y represents the first example of a well-
defined rare-earth ethyne complex.

Subsequently, when four equivalents of AlEt; were used in
the reaction with LY(CH,C¢H,;NMe,-0), in toluene at room
temperature, unfortunately, the isolation of major products was
unsuccessful. Unexpectedly, the mononuclear heterobimetallic
ethylene complex LY(uz-n":n":n*-CoHy)[(u2-n"-Et)(AIEty) (uz-n'-
Et),(AlEt)] (4-Y, 81%) was obtained while the reaction mixture
was treated at 50 °C for 24 h (Scheme 4). However, we just
separated out 2-Lu as a major product when the reaction of the
lutetium dialkyl complex with AlEt; (4 equiv) was treated under
the same conditions. To get more insights into the formation
process of 4-Y, the same reaction was carried out at —10 °C for
3 h which gave a heterobimetallic Y/Al complex LY[(uy-1"-Et),(-
AlEt,)], (5-Y, 92%). In the NMR spectra of 5-Y, only one set of

| 4 AIEt3, toluene, Me H //Y ,,,,,,, gz/Me
N7 50°C, 24 h Me— cH >
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Scheme 4 Synthesis of heterobimetallic rare-earth ethyl complex 4-Y
and ethylene complex 5-Y.
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signals of the tetraethylaluminate moieties is observed in C¢Dsg
at room temperature® (Fig. 523-S24+t), which is also similar to
the [AlMe,]~ ligands.”®** Crucially, 5-Y could be transformed
into 4-Y in toluene at 50 °C for 24 h with the release of ethane
through the B-hydrogen abstraction reaction® (Fig. S25%). It is
well established that 5-Y is a crucial intermediate in the
formation of 4-Y. A broad singlet at 6 = 0.81 ppm in the "H NMR
spectrum of 4-Y is assignable to the ethylene moiety of the type
Y-CH,CH,-Y, integrating to four hydrogens, which is compa-
rable to the ethylene resonance found for the lanthanum
complex (AIEt,)La{(u-Et)(AlEt,)}(1-CoH,)? ("H NMR: 0.81 ppm
in C¢Dg). However, these signals shifted markedly compared to
the ethyne resonance found for 3-Y, verifying the differences in
the core structural units. In the C{"H} NMR spectrum, the 6 =
13.3 (Jyc = 7 Hz) ppm is also observed as the carbon signal of
the Y-CH,CH,-Y moiety. Compared to 2-Y, the chemical shift of
the *°Y of 4-Y (326.4 ppm, Fig. S221) toward the higher field
might be attributed to the coordination of AlEt; and increased
electronegativity of the us-n"n":n*-C,H, moiety.*

4-Y was further characterized by X-ray diffraction analysis
(Fig. 4). From structural parameters, the Y-C(u,-C,H,) distances
(2.475(9) and 2.689(9) A) are slightly longer than in {(CsMe,-
SiMe, N‘Bu)Sc(PMe;)},(u-C,H,) (2.320(9) and 2.357(9) A) when
the difference between metallic radii is considered. Besides, the
C-C bond length of ethylene-bridged (1.533(13) A) is longer that
the bond length observed in {(CsMe,SiMe,N‘Bu)Sc(PMe;)},(u-
n*m?>-C,H,) (1.433 (12) A), and which is unlikely to the C=C
distance in free ethylene (1.34 A)*® while the length approaches
a value typical of a carbon-carbon single bond, such as 1.522(2)
A in ethane.” To our knowledge, 4-Y is the only well-defined
non-Cp rare-earth ethylene complex. The molecular structure
of 5-Y is also characterized by X-ray diffraction analysis (Fig. 5).
The bridged ethyl units of [AlEt,]” only display the u-n'-ethyl
bonding to the yttrium center, similar to previous Ln/Al heter-
obimetallic ethyl complexes containing [AlEt,]” moieties."*“*¢

Fig. 4 Molecular structure of 4-Y with thermal ellipsoids at 30%
probability. All of the hydrogen atoms (except for H1 and H2) are
omitted for clarity. Selected bond distances (A) and angles (°): Y(1)-C(1)
2.689(9), Y(1)-C(2) 2.475(9), C(1)-C(2) 1.533(13), Al(1)- C(2) 2.047(10),
Al(2)-C(1) 2.071(10); C(1)-Y(1)-C(2) 34.2(3), Y(1)- C(1)-C(2) 65.2(4),

Y(1)-C(2)-C(1) 80.6(5), Y(1)-C(1)-Al(2) 70.3(3), Y(1)-C(2)-Al(1) 84.4(3).
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Fig. 5 Molecular structure of complex 5-Y with thermal ellipsoids at
30% probability except for the 2,6-(Pr),CeHs groups and benzyl
groups in the guanidinate ligand. All hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°): Y(1)-C(1) 2.619(4),
Y(1)-C(3) 2.572(4), Y(1)-C(9) 2.564(3), Y(1)-C(11) 2.622(8), Y(1)-N(1)
2.336(2), Y(1)-N(2) 2.299(2), Al(1)-C(5) 2.008(5), Al(1)- C(7) 2.004(4),
Al(2)-C(13) 1.956(6), Al(2)-C(15) 2.024(5); C(1)-Y(1)-C(3) 78.12(12),
C(1)-Y(1)-C(9) 89.45(12), C(1)-Y(1)-C(11) 165.9(2), Y(1)-C(1)-Al(1)
85.17(13), Y(1)-C(9)-Al(2) 83.92(12).

DFT calculations

The formation of 1-Y, 2-Y, and 3-Y was investigated computa-
tionally at the DFT level (B3PW91 functional) including solvent
and dispersion corrections (Fig. 6). The reaction begins by the
electrophilic attack of the aluminum to the benzylic carbon, which
occurs with almost no barrier (2.7 keal mol ™) to form a stable
intermediate (Int2). Int2 isomerizes in order to have an ethyl group
in the bridging position between Y and Al. This isomerization
allows the formation of Int3 with an energy cost of 14.3 kcal mol ™.
This isomerization allows a kinetically facile Al-Et bond breaking
(barrier of 0.6 kcal mol™* from Int3, 14.9 kcal mol™* from Int2).
Following the intrinsic reaction coordinate, it yields an yttrium
aminobenzyl/ethyl complex Int5, which further reacts in a similar
fashion with a second triethylaluminium molecule. The same
sequence of reaction as described previously allows the formation
of a quite unstable monomeric guanidinato-yttrium diethyl
complex (Int8), that can either dimerize to form 1-Y, which is
thermodynamically favored by 69.1 kcal mol " or can further react
with a third molecule of triethylaluminium to yield 2-Y, which is
also thermodynamically favorable (—53.1 keal mol ).
Interestingly, 2-Y can undergo a C-H activation reaction with
a barrier of 26.3 kcal mol™" to yield Int9, which dimerizes to
form the most stable complex 3-Y accompanying C-C bond
cleavage (Me-CH) and new C-C bond formation (CH-CH)
(—90.2 kcal mol™). To gain more insights into the bonding
properties of the yttrium ethyne complex, DFT calculations on
3-Y were carried out. Scrutinizing the molecular orbitals indi-
cates that the HOMO-7 and HOMO-4 are Y-C ¢ bonding inter-
actions (Fig. 7). The bonding situation is further confirmed by
the Natural bonding orbital (NBO) analysis and the Wiberg
bond indexes (WBIs). The geometry optimization (B3PW91) of
3-Y revealed structural parameters in agreement with their
experimental counterparts: the C1-C2 (1.531 A) distance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Computed enthalpy pathway at the DFT level for the formation of 1-Y, 2-Y, and 3-Y at room temperature. Energy is given in kcal mol™.

Fig. 7 DFT computed MOs for the yttrium ethyne complex 3-Y: (a)
HOMO-7, (b) HOMO-4, (c) HOMO, (d) LUMO. Atom color code: green,
yttrium; blue, nitrogen; gray, carbon; and white, hydrogen.

© 2024 The Author(s). Published by the Royal Society of Chemistry

resembled the observed X-ray distances of 1.550(5) A. Indeed,
the Wiberg bond index (WBI) is 1.02 for the C1-C2, in line with
the lack of 7 interaction in the ethyne unit. The Y-C WBI values
are 0.36, 0.39, 0.41, and 0.42 respectively, further corroborating
the single bond character of the C1-C2 interaction. The polar-
ized nature of the bonds is further demonstrated and the
charges carried by the ethyne carbon are —1.40 and —1.41,
whereas those of the ethyne hydrogen are +0.29 and +0.29.

Conclusions

In summary, we have successfully isolated and structurally
characterized guanidinato-stabilized homo-metallic and heter-
obimetallic rare-earth ethyl complexes through transmetalation
reactions. To our excitement, not only the first example of
a non-Cp rare-earth ethylene complex through the B-H
abstraction was isolated successfully, but also a unique well-
defined rare-earth ethyne complex was obtained by the a-H
abstraction and C-C ¢ bond metathesis process based on the
mechanism studies by DFT calculations. Studies on the reaction
chemistry of these hitherto unexplored u,-CH,CH, and pu,-
CHCH moieties are underway.
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