Open Access Article. Published on 28 June 2016. Downloaded on 8/15/2025 4:40:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

ROYAL SOCIETY
OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

Five different types of n8-cyclooctatetraenyl-
lanthanide half-sandwich complexes from one
ligand set, including a “giant neodymium wheel"}

CrossMark
& click for updates

Cite this: Dalton Trans., 2016, 45,
13332

Farid M. Sroor,? Cristian G. Hrib,” Phil Liebing,® Liane Hilfert,” Sabine Busse® and
Frank T. Edelmann*®

The lithium-cyclopropylethynylamidinates Li[c-CsHs—C=C-C(NR),] (1a: R = 'Pr, 1b: R = cyclohexyl (Cy))
have been used as precursors for the preparation of five new series of half-sandwich complexes. These
complexes contain the large flat cyclooctatetraenyl ligand (CgHg®~, commonly abbreviated as COT), and
were isolated as solvated, unsolvated and inverse sandwich complexes. Treatment of the halide precur-
sors [(COT)Pr(p-CUO(THF),], with 1b and [(COT)Nd(p-CU(THF),l, with 1a and 1b in THF ina 1: 2 molar ratio,
respectively, afforded (COT)Ln[p-c-CsHs—C=C-C(NR),l,Li(L) (2: Ln = Pr, R = Cy, L = Et,O; 3: Ln = Nd,
R="Pr,L=THF 4 Ln=Nd R = Cy, L = THF). Treatment of the dimeric cerium(i) bis(cyclopropyl-
ethynylamidinate) complexes [{c-CsHs—C=C—-C(NR),},Ce(u-CO)(THF), (5: R = 'Pr; 6: R = Cy) in situ with
KoCgHg in @ 1:1 molar ratio in THF at room temperature afforded the inverse-sandwich complexes
(p-l’]e:ﬂs‘COT)[Ce{C'C3H5—CEC—C(NR)2}2]2 (72 R = 'Pr; 8 R = Cy). This reaction represents a new
method for encapsulation of a planar (CgHg)?™ ring in lanthanide complexes containing amidinate ligands
in the outer decks. Novel unsolvated dinuclear lanthanide half-sandwich complexes were prepared by
using the precursors 1a, 1b and COT?~. Unlike the complexes 2—4, the reaction of [(COT)Pr(u-Cl)(THF),l,
with 1a afforded the unsolvated centrosymmetric complex [(COT)Pr(u-c-CsHs—C=C-C(N'Pr),)l, (9).
These dimeric structures could be also accessed by reaction of LnCls (Ln = Ce or Nd) with 1a or 1b and
K>,COT ina 1:1:1 molar ratio as a one-pot reaction to give novel [(COT)Ln(p-c-CsHs—C=C-C(NR),)l»
complexes (10: Ln = Ce, R = 'Pr; 11: Ln = Ce, R = Cy; 12: Ln = Nd, R = 'Pr). Similar treatment of HoCls
with 1a or 1b and K,COT as three-component reactions in a 1:1:1 molar ratio afforded the solvated half-
sandwich complexes (COT)Ho(c-CsHs—C=C—-C(NR),)J(THF) (13: R = Pr; 14: R = Cy). A unique muilti-
decker sandwich complex [(u1—n%n8-COT)H{Nd(c-C3Hs—C=C—-C(NCy),)(u-Cl)}»l4 (15) was prepared by
reaction of anhydrous NdClz with K,COT and 1b in a one-pot reaction. The solid state structure of 15
revealed the presence of an unprecedented macrocyclic sandwich compound (“giant neodymium
wheel") consisting of four COT rings sandwiched between eight Nd** ions, and each Nd** ion is bonded
to one amidinate ligand and bridged by two chlorine atoms with the neighbouring Nd** ion.
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current interest. Anionic amidinate ligands of the type
[RC(NR'),]” (R = H, alkyl, aryl; R’ = alkyl, cycloalkyl, aryl, SiMe3)

Introduction

In organolanthanide chemistry, steric saturation of the coordi-
nation sphere of the large rare-earth metal cations is generally
more important than the electron count. Thus, the investi-
gation of new spectator ligands which satisfy the coordination
requirements of the lanthanides continues to be of significant
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are now well-established as highly useful and versatile specta-
tor ligands in that respect. These readily available N-chelating
ligands are generally regarded as steric cyclopentadienyl
equivalents." In the case of rare-earth metals, mono-, di- and
trisubstituted lanthanide amidinate and guanidinate com-
plexes are all accessible, just like the mono-, di- and tricyclo-
pentadienyl complexes. Over the past ca. 25 years, lanthanide
amidinates have undergone an impressive transformation
from laboratory curiosities to highly active homogeneous cata-
lysts as well as valuable precursors in materials science.
Numerous rare-earth metal amidinates have been reported to
be very efficient homogeneous catalysts e.g. for ring-opening
polymerization reactions of lactones, the guanylation of

This journal is © The Royal Society of Chemistry 2016
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amines or the addition of terminal alkynes to carbodiimides.”
In materials science, certain homoleptic alkyl-substituted
lanthanide tris(amidinate) complexes are often highly volatile
and can be used as promising precursors for ALD (atomic layer
deposition) and MOCVD (metal-organic chemical vapor depo-
sition) processes, e.g. for the deposition of lanthanide oxide
(Ln,03) or lanthanide nitride (LnN) thin films.?

The introduction of alkynyl groups to the central carbon
atom in amidines leads to alkynylamidines of the type R-
C=C-C(=NR')(NHR'). In organic synthesis, alkynylamidines
have been frequently employed in the preparation of various
heterocycles.”” More recently, alkynylamidines have attracted
considerable attention due to their diverse applications in bio-
logical and pharmacological systems.® Moreover, transition
metal and lanthanide alkynylamidinate complexes have been
shown to be efficient and versatile catalysts e.g. for C-C and
C-N bond formation, the addition of C-H, N-H and P-H bonds
to carbodiimides as well as e-caprolactone polymerization.”
Thus far, only few lanthanide complexes containing alkynylami-
dinate ligands have been described.”® Previously used alkynyla-
midinate ligands include e.g. phenylethynyl derivatives [Ph-
C=C-C(NR),]” (R = 'Pr, ‘Bu)’*® and the trimethylsilylacetylene-
derived anions [Me;Si-C=C-C(NR),]” (R = cyclohexyl (Cy), 'Pr).’

In the course of our ongoing investigation of lanthanide
amidinates we recently initiated a study of alkynylamidinates
derived from cyclopropylacetylene. The cyclopropyl group was
chosen because of the well-known electron-donating ability of
this substituent to an adjacent electron-deficient center.'® This
would give us the rare chance to electronically influence the
amidinate ligand system rather than altering only its steric
demand. The resulting anions, [¢-C;Hs-C=C-C(NR),]” (R =
iPr, Cy), represent a potentially useful addition to the current
library of amidinate ligands. In a first contribution, we
described the synthesis and full characterization of the
lithium-cyclopropylethynylamidinates Li[¢c-C;Hs-C=C-C(NR),]
(1a: R = 'Pr, 1b: R = cyclohexyl (Cy))."" These precursors are
easily available on a large scale and in high yields using com-
mercially available reagents (cyclopropylacetylene, n-butyl-
lithium,  N,N-diorganocarbodiimides). In  subsequent
contributions we described the first trivalent rare-earth metal
complexes comprising the new cyclopropylethynylamidinate
ligands and their use as guanylation, hydroacetylenation, and
hydroamination catalysts."**

On the other hand, the large, flat cyclooctatetraenyl ligand
(CsHg>~, commonly abbreviated as COT) is one of the carbocyc-
lic ring systems which play an eminent role in organolantha-
nide chemistry for more than five decades. Streitwieser et al.
reported the first anionic sandwich complexes of the type
[Ln(COT),]"," as well as the dimeric mono(cyclooctatetraenyl)
lanthanide(m) chlorides, [(COT)Ln(p-Cl)(THF),], which are still
important starting materials in the organolanthanide chem-
istry involving COT ligands.'® In 1995, Schumann and Edel-
mann et al. described a series of monomeric
(cyclooctatetraenyl)lanthanide(m) benzamidinates of the type
(CsHg)Ln[4-RCeH,C(NSiMe;),|(THF)."” Until now, these half-
sandwich complexes remained the only organolanthanide
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compounds which combine COT and amidinate ligands in the
coordination sphere of Ln** ions. We report here that the use
of the recently discovered cyclopropylethynylamidinate ligands
[c-C3H5-C=C-C(NR),]” (R = 'Pr, Cy) in combination with COT
allows for the synthesis and full characterization of no less
than five different types of (COT)Ln half-sandwich complexes.

Results and discussion
Synthesis and structure of (COT)Ln[p-c-C3H5-C=C-C(NR),],Li

(L) (2-9)

The starting materials for the present study, the lithium-cyclo-
propylethynylamidinates Li[c-C;H;~C=C-C(NR),] (1a: R = 'Pr,
1b: R = Cy) were prepared using the published straightforward
protocol shown in Scheme 1."* In situ deprotonation of com-
mercially available cyclopropylacetylene with "BuLi followed by
treatment with either N,N'-diisopropylcarbodiimide or N,N’-
dicyclohexylcarbodiimide afforded solutions of 1a or 1b which
were used directly for subsequent reactions with rare-earth
metal halide precursors.

In a first set of experiments, new heterobimetallic (Li/Ln)
(COT)Ln-amidinate half-sandwich complexes were accessed by
treatment of selected [(COT)Ln(p-Cl)(THF),], derivatives with
1a and 1b. The starting materials [(COT)Ln(p-Cl)(THF),], (Ln =
Pr, Nd) were prepared from anhydrous LnCl; and K,COT
according to the reported methods.'® Treating a solution of
the halide precursor [(COT)Pr(p-Cl)(THF),], with 1b as well as
[(COT)Nd(p-Cl)(THF),], with 1a and 1b in a 1:2 molar ratio,
respectively, at room temperature afforded the new “ate” com-
plexes (COT)Ln[p-c-C3H5—~C=C-C(NR),],Li(L) (2: Ln = Pr, R =
Cy, L = Et,0; 3: Ln = Nd, R = 'Pr, L = THF; 4: Ln = Nd, R = Cy,
L = THF) according to Scheme 2. Compounds 2 and 4 were iso-
lated as pale green crystals by extraction and recrystallization
from n-pentane at 5 °C, while 3 was extracted with toluene and
recrystallized as bright yellow crystals using diethyl ether
(Et,0) at 5 °C. The isolated yields were good (3: 64%) to moder-
ate (2: 53%, 4: 41%).

All three compounds 2-4 were investigated by IR, mass
spectra, elemental analysis, and NMR spectra. Crystals of 2
and 3 were found to be suitable for single-crystal X-ray diffrac-
tion. In the IR spectra, a strong band in the range of
2217-2226 cm™ ' could be assigned to the C=C stretching
vibration,'® while bands in the range of 1593-1635 cm™" can
be attributed to the C=N vibration in the NCN units of the
amidinate moieties."® All protons and carbons in the com-

_ 1. "BuLi, THF
>—c=c-H ——
2.R-N=C=N-R

R
N
Li D—czc—c(
N
R

1a: R = Pr; 1b: R = c-CgH44 (= Cy)

Scheme 1 Synthesis of the lithium-cyclopropylethynylamidinates 1a
and 1b.
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4:Ln=Nd, R= c-CgHy (Cy), L = THF

Scheme 2 Synthesis of (COT)Ln[u-c-C3sHs—C=C-C(NR),l,Li(L) (2—4).

plexes 2 and 4 could be detected in the NMR spectra. Due to
the paramagnetic nature of the Nd*" ion, the NMR resonances
of 3 could not be assigned. 2D experiments of 2 and 4 showed
that the protons of n®CgH;g ligand appear as multiplet in 2 at
é = 5.50-5.90 ppm, while in 4 they appear at high field as
singlet at § = —11.56 ppm."” The CH protons of the cyclohexyl
groups were observed at § = 3.40 ppm in 2 and at § =
32.80 ppm in 4. The signals of the cyclopropyl group are
shifted to high field in 4 compared to those were observed in
the lithium salt of amidinate 1b (6 = 7.56 ppm for CH, § = 6.15
and 4.55 ppm for the CH, groups).'" In the ">C NMR spectra,
the signals of the COT ligand appear at 6 = 128 ppm for 2,
while for 4 they appear at § = 161 ppm. The CH carbon signals
of the cyclohexyl groups appear at a similar value at § =
61 ppm in the spectra of both complexes 2 and 4. The mole-
cular structures of the complexes 2 and 3 were verified by
single-crystal X-ray diffraction. The molecular structures of 2
and 3 are shown in Fig. 1 and 2, respectively. Tables 1 and 2
summarize the crystallographic data for all new compounds.
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The crystal structures of 2 and 3 confirmed the presence of
solvated half-sandwich complexes containing a COT ligand
and two amidinate ligands, as well as a lithium ion co-
ordinated by three nitrogen atoms of the amidinate ligands
and one neutral ligand (Et,O in 2 and THF in 3). Complex 2
crystallizes from diethyl ether in the orthorhombic space
group Pbca with one molecule in the asymmetric unit. The
praseodymium ion has a pseudo-tetragonal pyramidal coordi-
nation sphere consisting of one n®-coordinated COT ring and
four nitrogens of the amidinate ligands. The average Pr-N dis-
tance is 2.633(2) A which is significantly longer than that
found in [4-MeOCgH,C(NSiMe;),];Pr (2.487(4) A)*® and (COT)
Tm[CeH;C(NSiMe;),](THF) (2.344(4) A)."” The Pr-C distances
to the n®-coordinated COT are within a range from 2.697(3) to
2.743(3) A. The Pr-(COT ring-centroid) distance is 2.016 A.*"**
The lithium ion is coordinated by three nitrogen atoms of the
amidinate moieties with an average bond length of 2.129(5) A,
whereas the distance between the lithium atom and the fourth
nitrogen atom Li-N3 is 3.435 A, indicating the absence of a
bonding interaction. The Li-O bond length is 1.894(5) A.
The N1-Pr-N2 and N3-Pr-N4 angles are 49.79(7)° and
52.39(7)°, respectively. The (COT ring-centroid)-Pr-Li angle is
161.1°. Despite the fact that complex 2 is insoluble in n-
pentane, complex 3 was found to be soluble in n-pentane.
Complex 3 crystallizes from n-pentane with two nearly identi-
cal crystallographically independent molecules in the ortho-
rhombic space group P2,2,2,. Similar to 2, the neodymium
ion in 3 has a pseudo-tetragonal-pyramidal coordination
sphere consisting of one n®coordinated COT ring and four
nitrogen atoms of the amidinate ligands. The average Nd1-N
bond length of 2.619 A is significantly longer compared to that
found in (COT)Nd[Ph,P(NSiMe;),](THF) (2.473(3) A)."” The
bond length between the neodymium atom and the carbons of
the n®-coordinated COT ring are in the range from 2.684(7) to

Fig.1 Molecular structure of

(COT)Pr[p-c-C3sHs—C=C-C(NCy),l,Li
(Et,0) (2) in the crystal. Ellipsoids of the heavier atoms and Li with 50%
probability, H atoms omitted for clarity. Selected bond lengths [A] and
angles [°]: Pr=N(1) 2.771(2), Pr=N(2) 2.569(2), Pr—N(3) 2.595(2), Pr—N(4)

2.599(2), N(1)-Pr—N(2) 49.79(7), N(3)-Pr—N(4) 52.39(7), N(1)-Pr-N(3)
116.65(7), N(1)-Pr—N(4) 74.53(7), N(2)-Pr—N(3) 88.49(7), N(2)-Pr—N(4)
83.43(7), Pr—C(COT) 2.697(3)-2.743(3), Pr—centroid(COT) 2.016, Li—N(1)
2.152(6), Li—N(2) 2.130(6), Li—-N(4) 2.106(5), N(1)-Li—N(2) 63.56(16), N(1)—
Li—=N(4) 99.7(2), N(2)-Li—N(4) 108.5(2), N(1)-Li-O 128.1(3), N(2)O-Li-O
114.9(2), N(4)-Li-O 125.5(3), N(1)-C(1) 1.326(3), N(2)-C(1) 1.338(3),
N(3)-C(21) 1.305(3), N(4)-C(21) 1.362(4), N(1)-C(1)-N(2) 115.7(2), N(3)-
C(21)-N(4) 118.5(2).

13334 | Dalton Trans., 2016, 45, 13332-13346

Fig. 2 Molecular structure of (COT)Nd[p-c-C3H5—CEC—C(NiPr)Z]2-
Li(THF) (3) in the crystal (molecule 1 of 2 in the asymmetric unit). Ellipsoids
of the heavier atoms and Li with 50% probability, H atoms omitted for
clarity. Selected bond lengths [A] and angles [°l: Nd(1)-N(1) 2.603(4),
Nd(1)-N(2) 2.555(5), Nd(1)-N(3) 2.549(5), Nd(1)-N(4) 2.771(5), Nd—-C(COT)
2.684(7)-2.724(7), Nd-centroid(COT) 2.002, N(1)-Nd(1)-N(2) 52.3(1),
N(3)-Nd(1)—-N(4) 49.8(2), N(1)-Nd(1)-N(3) 84.6(2), N(1)-Nd(1)-N(4) 75.6(2),
N(2)-Nd(1)-N(3) 82.7(2), N(2)-Nd(1)-N(4) 112.8(2), Li—-N(1) 2.05(1), Li-N(3)
2.18(1), Li-N(4) 2.15(1), N(1)-Li—N(4) 103.4(6), N(3)-Li-N(4) 62.6(4), N(1)-
Li-N(3) 110.4(5), N(1)-Li-O 121.1(7), N(4)-Li-O 130.6(7), N(3)-Li-O
114.0(6), N(1)-C(1) 1.319(8), N(2)-C(1) 1.331(7), N(3)-C(21) 1.315(8), N(4)-
C(21) 1.335(8), N(1)-C(1)—N(2) 118.3(6), N(3)-C(21)-N(4) 116.1(6).

This journal is © The Royal Society of Chemistry 2016
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Table 1 Crystallographic data and structure refinement parameters of complexes 2, 3, 7 and 8
2 3 7 8
Molecular formula C4gH,LiN,OPr C36H;5,LiIN,NdO Cs¢HgsCe,Ng CgoH116Ce,Ng
Formula wt. 868.95 710.01 1149.55 1470.05
Crystal size/mm?® 0.46 x 0.35 x 0.14 0.36 X 0.31 x 0.16 0.57 x 0.18 x 0.17 0.48 x 0.34 x 0.33
Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic
Space group Pbca P2,2.24 C2/c Pn
alA 21.425(4) 17.592(3) 21.938(4) 21.084(4)
b/A 20.113(4) 20.156(4) 17.320(4) 13.758(3)
c/A 21.502(4) 20.206(4) 16.644(3) 26.383(5)
al® 90 90 90 90
pl° 90 90 112.97(3) 102.71(3)
7/° 90 90 90 90
Cell volume V,/A* 9266(3) 7165(2) 5823(2) 7465(3)
Molecules per cell z 8 8 4 4
Pealey Mg M2 1.246 1.316 1.311 1.308
u/mm™ 1.089 1.481 1.584 1.251
Fooo 3664 2952 2368 3072
Index ranges —26 <h<26 -21<h<21 —29<h <30 —-25<h<25
—25<k<21 —25<k<23 —23<k<23 -16<k<16
—24<[<26 -23<1<25 —21<1<22 -32<1<32
Data/restraints/parameters 9346/0/496 14 633/0/775 7841/0/299 23 075/2/1622
GooF (F?) 1.014 0.917 1.155 0.972

R, (all data, I > 20(1))
WR, (all data, I > 20(I))

0.0515, 0.0355
0.0839, 0.0790

0.0641, 0.0442
0.0815, 0.0771

0.0367, 0.0333
0.0821, 0.0806

0.0324, 0.0268
0.0624, 0.0604

Largest diff. peak and hole, e A 0.887, —1.490 0.834, —1.068 1.347, —1.886 0.845, —0.748
Table 2 Crystallographic data and structure refinement parameters of complex 10, 11, 12, 14 and 15
10 11 12 14 15-6 PhMe
Molecular formula C4oHs54Ce,N, Cs,H;0Ce,Ny C4oHs54N,Nd, C;0H,43HON,O C190H264CIN; (Ndg (6-C,Hg)
Formula wt. 871.11 1031.36 879.35 612.59 4209.69 + 552.82
Crystal size/mm?® 0.28 x 0.08 x 0.06  0.14 x0.11 x0.03 0.12 x0.10 x0.06 0.44 x0.38 x0.22  0.18 x 0.12 x 0.11
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/n P2,/c P2,/n C2/c
alA 19.2388(2) 14.8710(1) 19.1172(1) 12.872(3) 44.794(9)
b/A 19.8763(2) 20.0176(1) 19.8054(1) 14.491(3) 21.617(4)
c/A 9.9758(1) 15.5860(1) 9.9578(1) 15.056(3) 32.326(7)
al°® 90 90 90 90 90
Bl 99.8124(9) 93.5556(6) 99.550(1) 100.37(3) 125.03(3)
7/° 90 90 90 90 90
Cell volume V,/A® 3758.90(6) 4630.72(5) 3718.01(5) 2762(1) 25 631(9)
Molecules per cell z 4 4 4 4 4
Pealey Mg m™> 1.539 1.479 1.571 1.473 1.091
,u/mm’l 18.699 15.273 21.293 2.888 1.712
Fooo 1752 2104 1768 1248 8528
Index ranges —24<h<24 -18<h <18 —24<h<24 -17<h<17 —55<h <56
—24<k<24 —-23<k<25 —24<k<24 -19<k<19 26 <k<27
-12<[<12 -19<1<19 -10<[<12 -18<1<20 —40<[<40
Data/restraints/parameters 7809/54/441 9629/38/599 7724/48/443 7466/48/307 26 581/0/1001
GOOF (F?) 1.130 1.100 1.113 1.036 1.056
R, (all data, I > 20(1)) 0.0462, 0.0442 0.0407, 0.0379 0.0398, 0.0395 0.0461, 0.0362 0.0554, 0.0478
WR, (all data, I > 20(1)) 0.1091, 0.1077 0.0939, 0.0921 0.0962, 0.0960 0.0881, 0.0843 0.1205
Largest diff. peak and hole, e A= 1.229, —1.555 1.097, —1.122 2.307, —2.782 1.899, —2.651 2.533, —1.664

2.724(7) A. The distance Nd1-(COT ring-centroid) is 2.002 A,
whereas in the second molecule it is 1.991 A. The average
bond length between lithium and the three nitrogen atoms of
the amidinate ligands is 2.125(12) A, whereas the distance
between the lithium ion and the uncoordinated nitrogen atom
Li1-N2 (Fig. 2) is 3.247 A. The bond length Li1-01 is 1.875(13)
A. The N1-Nd1-N2 and N3-Nd1-N4 angles are 52.32(14)° and
49.78(16)°, respectively, and the angle (COT ring centroid)-Nd-
Li is 163.7°.>" In both complexes 2 and 3, the bond length of

This journal is © The Royal Society of Chemistry 2016

C1-N1 (1.326(3) A in 2 and 1.319(8) A in 3) and C1-N2
(1.338(3) in 2 and 1.331(7) A in 3) indicate the negative charge
delocalization within the NCN fragments. The bond angles of
N1-C1-N2 unit are 115.7(2)° in 2 and 118.3(6)° in 3.

Synthesis and structure of (u-1°*m?-COT)[Ce{c-C;H;-C=C-C
(NR)2}>]2 (7, 8)

In the case of trivalent cerium, the combination of COT with
cyclopropylethynylamidinate ligands in the coordination

Dalton Trans., 2016, 45, 13332-13346 | 13335
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sphere of Ce*" led to formation of novel inverse sandwich com-
plexes. Inverse sandwich complexes containing a planar
(CsHg)*™ ring sandwiched between two rare-earth metal atoms
are quite rare. A prominent early example was reported by
Schumann et al. in 1993. The dinuclear samarium(ur) complex
(r—n®n®-COT)[SM{N(SiMe3),},], (Scheme 3A) was prepared by
treatment of the dimeric mono(COT) precursor [(COT)Sm(p-Cl)
(THF),], with an excess (molar ratio 3 : 8) of NaN(SiMe3),.> A
closely related divalent samarium complex, (p—n®n°-COT)-
[Sm{N(SiMe;),}(THF),], (Scheme 3B), was prepared by Evans
et al. by reaction of [(Me;Si),N]|,Sm(THF),, SmI,(THF), and
K,CgHg.>® Encapsulation of a (CgHg)®™ ring by twelve-mem-
bered Si O¢Li, inorganic rings was found in the unusual
complex  (p-n%n®-COT)[Nd{(Ph,SiO),0},{Li(THF),H{Li(THF)}],
(Scheme 3C).>*

An unprecedented synthetic route to unsolvated inverse
sandwich bimetallic Ln(COT) complexes has now been discov-
ered in the course of the present study. The complexes
(u-n*:n®-COT)[Ce{c-C3H5-C=C-C(NR),},], (R = 'Pr or Cy) were
prepared by treatment of the dimers 5 and 6, respectively, with
K,CgHg in a 1:1 molar ratio at room temperature to afford
(n-n*:n®-COT)[Ce{c-C3H5-C=C-C(NR),},], (7: R = 'Pr; 8: R = Cy)
as illustrated in Scheme 4. Both compounds 7 and 8 were
extracted using n-pentane affording bright yellow, exceedingly
air-sensitive crystals at 5 °C in 45% (7) and 49% (8) yields. The
spectroscopic data and elemental analysis were consistent with
the structures. Both complexes 7 and 8 were structurally
characterized by single-crystal X-ray diffraction.

In the "H NMR spectra of 7 and 8, the influence of the para-
magnetism of the Ce®” ion on the protons of COT and the ami-
dinate ligands is evident. Thus, the CgHg protons in THF-dg
solution show a chemical shift of § = 1.15 ppm in 7 and at § =
0.91 ppm in 8. The CH protons of isopropyl groups in 7 appear
at § = 10.01 ppm, likewise, the CH protons of cyclohexyl
groups in 8 appears at 6 = 9.70 ppm. The CH protons of cyclo-
propyl groups were observed in the range 6 = 0.81-1.04 and
1.27-1.35 ppm in 1a and 1b, respectively, and were found to

o
Me3Si),N N(SiMes), Me3Si),N O
(Me3Si))l N / (Me3Si),l N //O
Sm— Sm _-Sm-— Sm
/ AN ¢ o7/ A
(Me3Si)oN N(SiMe3), 0 N(SiMej3),
A L s
o "thI—liF THF Ph o
g Li—THF Li_ g~
F,h\ ) ¢ le\Q ph
Ph~5i77pn [ /Phorsi-Ph
Ph-| S Nd— Nd_ _Si|-pn
o] / 0
T s
71 |
Ph™ ph |_|i THF—L\i ph Ph
THF THF
c

Scheme 3 Previously reported inverse sandwich complexes of rare-
earth elements.
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Scheme 4  Synthesis of (u—n®n®-COT)[Ce(c-CsHs—C=C—-C(NR),),], (7, 8).

appear at 6 = 3.15 and 3.21 ppm in 7 and 8, respectively. The
carbon signals of the COT ligand are observed at 6 =
107.7 ppm in 7 and at § = 104.1 ppm in 8. The CH carbons of
the isopropyl groups are found at § = 50 ppm in 1a, whereas
they are observed at 6 = 58 ppm in 7. Likewise, the CH carbons
in cyclohexyl groups found at § = 59 ppm in 1b, whereas they
are observed at § = 67 ppm in 8. Single-crystals of both 7 and 8
were found to be suitable for single-crystal X-ray diffraction.
These were obtained by cooling a saturated n-pentane solution
at 5 °C. The compounds 7 and 8 crystallize in the monoclinic
space groups C2/c and Pn with one molecule of 7 and two
molecules of 8 in the unit cell (¢f. Tables 1 and 2). The crystal
structure determinations of 7 and 8 confirmed the presence of
unsolvated inverse sandwich structures in which a COT ligand
is sandwiched between two trivalent cerium ions, and each of
the cerium ions is attached to two bidentate amidinate ligands
as shown in Fig. 3 and 4. The coordination geometry around
the cerium atoms can be described as distorted pseudo-tetra-
gonal pyramidal. The Ce-C(COT) distances range from 2.862(3)
to 2.905(3) A in 7 and from 2.872(4) to 2.908(4) A in 8. These
values are well comparable to those found in (u-n®n*-COT)[Sm
{N(SiMes),}.]» (2.798(5) to 2.857(5) A)*? and in (u—n*n®-COT)[Sm
{N(SiMe;),}(THF),], (2.863(2) to 2.929(2) A).>> In 7, the bond
lengths Cel—-(COT ring-centroid) and Ce2—(COT ring-centroid)
are 2.220 and 2.244 A, respectively.>*** Due to the symmetry
found in the complex 7, the bond lengths of Ce1-N1 and Cel-
N1A have the same value of 2.521(2) A, and likewise Ce1-N2
and Cel-N2A are 2.478(2) A. Similarly, the distances Ce2-N3,
Ce2-N3A are 2.530(2) A and Ce2-N4, Ce2-N4A are 2.453(2) A
(Fig. 5 (left)). The Ce-N bond lengths are in good agreement
with those found in complex 5. As illustrated in Fig. 5 (left), the
distance between Cel and Ce2 is 4.465 A. The Cel-(COT ring
centroid)-Ce2 angle is 100.0°. The bond lengths N1-C1 and N2-
C1 are 1.327(4) A and 1.331(4), respectively, indicating negative
charge delocalization within the NCN units.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Molecular structure of (u—n%n®-COT)[Ce{c-CsHs—C=C—
CIN'Pr)a}.l, (7) in the crystal. Ellipsoids of the heavier atoms with 50%
probability, H atoms omitted for clarity. Selected bond lengths [A] and
angles [°]: Ce(1)-N(1) 2.521(2), Ce(1)-N(2) 2.478(2), Ce(2)-N(3) 2.530(2),
Ce(2)—-N(4) 2.453(2), N(1)-Ce(1)-N(2) 54.03(8), N(1)-Ce(1)-N(1)' 128.3(1),
N(1)-Ce(1)-N(2)" 91.9(1), N(2)-Ce(1)-N(2)" 101.0(1), N(3)-Ce(2)-N(4)
54.25(8), N(3)-Ce(2)-N(3)" 128.1(1), N(3)-Ce(2)-N(4)" 92.2(1), N(4)-
Ce(2)-N(4) 102.9(1), Ce(1)-C(p-COT) 2.862(3)—-2.888(3), Ce(1)—centroid
(u-COT) 2.220, Ce(2)-C(p-COT) 2.882(3)-2.905(3), Ce(2)—centroid(p-
COT) 2.244, N(1)-C(1) 1.327(4), N(2)-C(1) 1.331(4), N(3)-C(13) 1.331(4),
N(4)-C(13) 1.331(4), N(1)-C(1)-N(2) 117.4(2), N(3)-C(13)-N(4) 117.3(2).
Symmetry operator to generate equivalent atoms: "1 - x, y, 1.5 — z.

COT)[Cefc-CsHs—C=C-

(p—n°m?-
C(NCy),}2l2 (8) in the crystal (molecule 1 of 2 in the asymmetric unit).
Ellipsoids of the heavier atoms with 50% probability, H atoms omitted
for clarity. Selected bond lengths [A] and angles [°]: Ce(1)-N(1) 2.504(4),
Ce(1)-N(2) 2.470(4), Ce(1)-N(3) 2.528(4), Ce(1)-N(4) 2.438(4), Ce(2)-

Fig. 4 Molecular structure of

N(5) 2.484(3), Ce(2)-N(6) 2.527(4), Ce(2)-N(7) 2.504(4), Ce(2)-N(8)
2.502(4), Ce(1)-C(u-COT) 2.872(4)-2.950(4), Ce(l)-centroid (u-COT)
2.247, Ce(2)-C(u-COT) 2.852(4)-2.905(4) Ce(2)—centroid(u-COT) 2.229,
N(1)-Ce(1)-N(2) 53.9(1), N(3)-Ce(1)-N(4) 54.5(1), N(1)-Ce(1)-N(3)
125.8(1), N(1)-Ce(1)-N(4) 92.2(1), N(2)-Ce(1)-N(3) 96.7(1), N(2)-Ce(1)-
N(4) 112.2(1), N(5)-Ce(2)-N(6), 53.9(1), N(7)-Ce(2)-N(8) 54.0(1), N(5)-
Ce(1)-N(7) 94.6(1), N(5)-Ce(1)-N(8) 121.3(1), N(6)-Ce(1)-N(7) 121.0(1),
N(6)-Ce(1)-N(8) 97.6(1), N(1)-C(1) 1.290(6), N(2)-C(1) 1.336(6), N(3)-

C(19) 1.333(6), N(4)-C(19) 1.323(6), N(5)-C(37) 1.329(5), N(6)-C(37)
1.324(5), N(7)-C(55) 1.331(6), N(8)-C(55) 1.334(6), N(1)-C(1)-N(2)
118.3(4), N(3)-C(19)-N(4) 117.8(4), N(5)-C(37)-N(6) 117.8(4), N(7)-

C(55)-N(8) 117.0(4).

In compound 8, the bond lengths of Cel-(COT ring cen-
troid) and Ce2—(COT ring centroid) are 2.242 and 2.234 A,
respectively.>>** The Ce-N bond lengths are in the range from
2.438(4) to 2.528(4) A, which is in good agreement with those

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

ce2

&“\M

(S

N3 N3A

Ne N7
Naa c13a

Fig. 5 Capped-sticks views of the unit {(u—n8-COT)[Ce{C(N),},],} of
7 (left) and 8 (right).

found in compound 6. Complex 8 has a somewhat different
symmetry than that found in complex 7 as illustrated in Fig. 5
(right). The distance between Cel and Ce2 is 4.511 A. The
angle Cel-(COT ring-centroid)-Ce2 is 177.9°, whereas in the
second molecule the Ce3-(COT ring-centroid)-Ce4 angle is
178.7°. In both complexes 7 and 8 no agostic interaction has
been observed between Ce®* and the outer amidinate ligands,
although such interaction was found in (p-n%n®-COT)[Sm{N
(SiMes),}5]5.>

Synthesis and structure of [(COT)Ln(p-¢c-C3H5;—~C=C-C(NR),)]»
complexes

The preparation of unsolvated half-sandwich complexes con-
taining COT ligands is not always straightforward. In the
course of the present study we discovered that unsolvated com-
plexes of the type [(COT)Ln(p-c-C3Hs—~C=C-C(NR),)], can be
accessed via two complementary synthetic routes. Unlike the
reaction of [(COT)Pr(p-Cl)(THF),], with 1b, which afforded a
solvated complex as shown in Scheme 2, treatment of [(COT)Pr
(u-Cl)(THF),], with 2 equiv. of 1a in THF at room temperature
afforded the unusual complex [(COT)Pr(p-c-C3H5-C=C-C
(N'Pr),)], (9) in 47% yield as shown in Scheme 5.

The new unsolvated binuclear half-sandwich complex 9 has
been fully characterized by spectroscopic and elemental analy-
sis studies. Only on one occasion the well-formed crystals of 9

R
0 !
0
Co“' “““CI/ o +2l [>—c=c— c/<
@ EY b
R
1a, R =Pr

R / /)/ o= <]

Scheme 5 Synthesis of [(COT)Pr(u-c-CsHs—C=C—C(N'Pr),)] (9).
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Fig. 6 H NMR spectrum (toluene-dg, 25 °C) of [(COT)Pr(p-c-CsHs—
C=C-C(N'Pr),)], (9).

obtained from a saturated solution in toluene could be suc-
cessfully subjected to X-ray diffraction, which provided the
structure of 9 as a dimer as illustrated in Scheme 5. Unfortu-
nately, the crystal quality was too poor to allow full refinement
of the crystal structure. The NMR spectra in toluene-dg clearly
indicated the absence of coordinated THF in the unsolvated
half-sandwich complex 9 as shown in Fig. 6. The CH protons
of the isopropyl groups are shifted to § = 10.57 ppm, which
can be attributed to the paramagnetic nature of the Pr*" ion.
The singlet of n®-CgHj is shifted to high magnetic field and is
observed at § = —4.63 ppm. Likewise, the CH; protons which
were observed at § = 0.65 ppm in 1a, are strongly shifted to
higher magnetic field at § = —10.24 ppm.'”>> All proton
signals of the cyclopropyl groups show a marked downfield
shift as compared to 1a. The CH protons of the ¢-C3;Hs groups
were found at a chemical shift § = 0.81-1.04 ppm in 1a, while
they were observed at § = 1.94 ppm in 9. Likewise, the CH,
protons were observed at § = 0.34-0.49 and 0.28-0.32 ppm in
la and at 6 = 1.70 and 1.22 ppm in 9.

The *C NMR and HSQC spectra of a 9 are shown in Fig. 7.
The influence of the paramagnetism of the Pr*" ion on the
carbons of complex 9 is evident. The COT carbons exhibit a
chemical shift of § = 186.1 ppm, and the CH carbons of the
isopropyl groups are observed at § = 33.5 ppm, while the CH;
carbons are observed at § = 15.6 ppm.

In the course of this work, novel unsolvated lanthanide
half-sandwich complexes like compound 9 have also been pre-
pared by reaction of anhydrous LnCl; with K,COT and 1a or 1b
via a straightforward one-pot synthetic protocol. A mixture of
the cyclopropylethynylamidinates 1a or 1b and K,COT, dis-
solved in THF, was added to a suspension of LnCl; (Ln = Ce or
Nd) in THF in a 1:1:1 molar ratio as illustrated in Scheme 6.
The reaction mixture was stirred for 12 h at room temperature.
After evaporation of the solvent, the product was extracted by
using toluene to give the novel complexes [(COT)Ln(p-c-C3Hs—
C=C-C(NR),)], (10: Ln = Ce, R = 'Pr; 11: Ln = Ce, R = Cy; 12:
L = Nd, R = 'Pr). Saturated solutions of compounds 10-12 in
toluene were kept at 5 °C affording 10 as dark-green crystals
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Fig. 7 HSQC (H,C-correlation via *J (C, H)) spectrum in (toluene-dg,
25 °C) of [(COT)Pr(u-c-C3sHs—C=C-C(N'Pr),)] (9).

/

LnCly + K,COT + Li [>—<:Ec—c

N

2—2z7 Nz—=2

1a,R="Pr
1b,R = c-CgHy (Cy)

THF /rt.

—-4KCl
—2LiCl

10;Ln =Ce,R=Pr
11;Ln =Ce, R = ¢ - CgHyy (Cy)
12;Ln=Nd, R="Pr

Scheme 6 Synthetic route to [(COT)Ln(p-c-C3sHs—C=C-C(NR),)]>
(10:Ln=Ce, R=Pr; 11: Ln = Ce, R = Cy; 12: L = Nd, R = 'Pr).

(57% yield), 11 as green crystals (17% yield) and 12 as green
crystals (43% yield). The unsolvated complexes are readily
soluble in THF, Et,O or toluene and insoluble in n-pentane.
The new complexes 10-12 have been fully characterized by
elemental analysis, spectroscopic methods and single-crystal
X-ray diffraction.

The 'H and ">C NMR spectra of 10-12 indicated the pres-
ence of one COT and one cyclopropylethynylamidinate ligand
per Ln atom. The protons of n®-CgHg were observed at § =
0.91-1.53 and 0.93-1.87 ppm in 10 and 11, respectively,"’
whereas the n%-CgHg protons in 12 appear as singlet at § =
—11.75 ppm.'”*® The COT carbons appear at § = 108.6 and
115.3 ppm in 10 and 11, respectively, while they appear at § =
132.7 ppm in 12.*”7>° Suitable single-crystals of 10, 11 and 12
for X-ray diffraction studies were obtained from saturated solu-
tions in toluene at 5 °C. The compounds 10 and 12 crystallize
in the monoclinic space group P2,/c and 11 in the monoclinic
space group P24/n (¢f. Tables 1 and 2). Compounds 10 and 12
were found have two molecules in the asymmetric unit,

This journal is © The Royal Society of Chemistry 2016
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whereas 11 was found to crystallize with one molecule in the
asymmetric unit. The crystal structures of 10 and 12 showed a
centrosymmetric dimeric structure in which each lanthanide
ion is coordinated to one n*-COT ring and three nitrogens of
the two amidinate ligands. The coordination geometry around
the cerium or neodymium atoms in 10 and 12 can be
described as distorted pseudo-tetrahedral as shown in Fig. 8
and 10. Unlike the complexes 10 and 12, the X-ray diffraction
study of 11 showed that the cerium atom in 11 is coordinated
to one n°-COT ring and four nitrogen atoms of the two amidi-
nate ligands. Thus, the coordination geometry around the
cerium atom in 11 can be described as distorted pseudo-tetra-
gonal-pyramidal as shown in Fig. 9. In 10, the Ce-C(COT) dis-
tances range from 2.694(6) to 2.713(6) A (average 2.704 A) in
good agreement with (u-n°n®-COT)[Sm{N(SiMe;),},], (2.798(5)
to 2.857(5) A)** and with (u-—n%n*-COT)[Sm{N(SiMe;),}(THF),],
(2.863(2) to 2.929(2) A).>* The distances Ce~(COT ring-centroid)
have the same value of 1.992 A. The Ce-N bond lengths are in
the range between 2.625(5) and 2.647(5) A (average 2.641 A),
whereas the distance of Ce-N2 (N2 is the fourth nitrogen atom
which is not attached to the cerium atom) is 3.188 A as illus-
trated in Fig. 11 (left). The Ce---Ce distance is 4.219 A. The C1-
N1 and C1-N2 bond lengths are 1.350(8) and 1.321(8) A,
respectively, indicating negative charge delocalization within
the NCN fragments. The N-Ce-N and Ce-N-Ce bond angles
are collected in Fig. 11 (left). Interestingly, compound 10 is a
centrosymmetric dimer of the type [(COT)LnL], with a planar
four-membered Ce1N1Cel'N1’ ring as the central structural
unit with angles of 90.07° (Ce-N-Ce) and 89.93° (N-Ce-N), so
that the Ce,N, moiety has a slightly rhomb-shaped geometry.
The Nd-C(COT) distances in 12 are in the range between
2.658(5) to 2.679(5) A (average 2.670 A), in good agreement
with the 2.852(3) to 2.928(3) A range found in (p-n®n°-COT)
[Nd{(Ph,SiO),0},{Li(THF),H{Li(THF)},.>* Similar to 10, the
Nd—(COT ring-centroid) distances have values of 1.936 A and

Fig. 8 Molecular structure of [(COT)Ce(u-c-CsHs—C=C-C(N'Pr),)],
(10) in the crystal (molecule 1 of 2 in the asymmetric unit). Ellipsoids of
the heavier atoms with 50% probability, H atoms omitted for clarity.
Selected bond lengths [A] and angles [°]: Ce(1)-N(1) 2.664(4), Ce(1)-N(2)
3.187(7), Ce(1)N(1)' 2.634(4), Ce(1)-N(2)" 2.625(5), N(1)-Ce(1)-N(2)
44.50(1), N(1)-Ce(1)—-N(1)" 89.9(1), N(1)-Ce(1)-N(2)" 81.4(2), N(2)-Ce(1)-
N(1)" 71.9(1), N(2)-Ce(1)-N(2)' 100.3(2), Ce(1)-C(COT) 2.694(7)-2.713(6),
Ce(1)-centroid(COT) 1.992, N(1)-C(1) 1.350(8), N(2)-C(1) 1.321(9), N(3)—
C(21) 1.342(7), N(4)-C(21) 1.342(6), N(1)-C(1)-N(2) 116.2(5), N(3)-C(21)—
N(4) 114.1(4). Symmetry operator to generate equivalent atoms: ' 1 — x,
l-y2-z

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Molecular structure of [(COT)Ce(u-c-CsHs—C=C-C(NCy),)], (11)
in the crystal. Ellipsoids of the heavier atoms with 50% probability,
H atoms omitted for clarity. Selected bond lengths [A] and angles [°]:
Ce(1)-N(1) 2.731(3), Ce(1)-N(2) 2.767(3), Ce(1)-N(3) 2.700(3), Ce(1)-N(4)
2.648(3), Ce(2)-N(1) 2.642(3), Ce(2)-N(2) 2.666(3), Ce(2)-N(3) 2.814(7),
Ce(2)-N(4) 2.704(3), N(1)-Ce(1)-N(2) 48.3(1), N(3)-Ce(1)-N(4) 50.0(1),
N(1)-Ce(1)-N(3) 79.2(1), N(1)-Ce(1)-N(4) 94.4(1), N(2)-Ce(1)-N(3)
97.2(1), N(2)-Ce(1)-N(4) 72.7(1), N(1)-Ce(2)-N(2) 50.2(1), N(3)-Ce(2)-
N(4) 48.3(1), N(1)-Ce(2)-N(3) 78.6(1), N(1)-Ce(2)-N(4) 95.2(1), N(2)-
Ce(2)-N(3) 96.8(1), N(2)-Ce(2)-N(4) 73.4(1), Ce(1)-C(COT) 2.693(4)—
2.721(4), Ce(1)—centroid(COT) 1.988, Ce(2)-C(COT) 2.686(5)-2.715(5),
Ce(2)-centroid(COT) 1.988, N(1)-C(1) 1.349(5), N(2)-C(1) 1.334(5), N(3)—
C(21) 1.332(5), N(4)-C(21) 1.348(5), N(1)-C(1)-N(2) 114.1(3), N(3)-C(21)—
N(4) 115.1(3).

Fig. 10 Molecular structure of [(COT)Nd(u-c-CzHs—C=C-C(N'Pr),)l»
(12) in the crystal (molecule 1 of 2 in the asymmetric unit). Ellipsoids of
the heavier atoms with 50% probability, H atoms omitted for clarity.
Selected bond lengths [A] and angles [°]: Nd(1)-N(1) 2.610(4), Nd(1)-
N(1)" 2.581(4), Nd(1)-N(2)" 2.570(4), N(1)'-Nd(1)-N(2)" 51.8(1), N(1)-
Nd(1)-N(1)" 85.3(1) N(1)-Nd(1)-N(2)" 85.9(1), Nd(1)-C(COT) 2.658(5)-
2.679(5), Nd(1)-centroid(COT) 1.936, N(1)-C(1) 1.361(6), N(2)-C(1)
1.329(6), N(1)-C(1)-N(2) 116.9(4). Symmetry operator to generate equi-
valentatoms: 1 —-x,1-y, 2 —z.

1.949 A. The Nd-N bond lengths range from 2.570(4) to
2.610(4) A (average 2.587 A), while the distance Nd-N2 (N2 is
the fourth nitrogen atom which is not attached to the neody-
mium atom) is 3.494 A (Fig. 11 (right)). The Nd.--Nd distance
is 3.817 A. The N-Nd-N and Nd-N-Nd bond angles in 12 are
collected in Fig. 11 (right). Similar to the structure of 10,
dimeric 12 has a planar four-membered Nd1N1Nd1'N1’ ring as
the central structural unit with angles of 94.67° (Nd-N-Nd)
and 85.33° (N-Nd-N) and a rhomb-shaped Nd,N, unit. The
torsion angles of (COT ring-centroid)-Ce-Ce—(COT ring-cen-
troid) and (COT ring centroid)-Nd-Nd-(COT ring-centroid) in
both complexes 10 and 12 are 180.0°.
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Fig. 11 Capped-sticks views of the unit [(COT)Ln(u-C(N),)], of 10 (Ln =
Ce; left) and 12 (Ln = Nd; right).

Due to the difference in ionic radii of Ce®" and Nd*',
slightly shorter bond distances are observed in 12 than in 10.
Interestingly, compared to the analogous complexes 10 and 12,
complex 11 which has cyclohexyl groups on the nitrogen
atoms comprises a different geometry. As shown in Fig. 11, the
cerium atoms are coordinated to the COT ring and four nitro-
gen atoms of amidinate ligands to give a distorted pseudo-
tetragonal pyramidal geometry. In 11, the Ce-C(COT) distances
range from 2.693(4) to 2.721(4) A (average 2.704 A).>** The
Ce—~(COT ring centroid) distance is 1.988 A. The Ce-N bond
lengths are in the range from 2.648(3) to 2.767(3) A (average
2.711 A). In comparison with 10, the (COT ring centroid)-Ce-
Ce—(COT ring centroid) torsion angle is 166.4°, which is
smaller to that found in 10. This can be traced back to the
difference in the coordination mode in 11 as compared to that
found in 10. Surprisingly, the Ce---Ce distance in 11 (3.625 A)
is shorter than that observed in 10 (4.219 A) with a difference
of 0.594 A. This can attributed to the difference in the substitu-
ents on the nitrogen atoms.

Synthesis and structure of (COT)Ho[¢-C3H;—~C=C-C(NR),]
(THF) (13, 14)

In contrast to the formation of compounds 10-12, use of the
smaller Ho>* ion gave a different result. Treatment of a mixture
of K,COT and 1a or 1b with anhydrous HoCl; in a 1:1:1 molar
ratio in THF in a one-pot reaction afforded the solvated half-
sandwich complexes (COT)Ho[c-C;H;—~C=C-C(NR),|(THF) (13:
R = 'Pr; 14: R = Cy) as shown in Scheme 7. The monomeric com-
plexes 13 and 14 were extracted with n-pentane or toluene and
isolated in 48% and 30% yield, respectively.

The new complexes 13 and 14 have been fully characterized
by El/mass, IR, and elemental analyses. In addition, single-
crystals of 14 were found to be suitable for an X-ray diffraction
study. The effect of the paramagnetism of Ho>" ion prevented
the measurement of NMR data. Both complexes 13 and 14
were characterized by an EI mass spectrum. The EI mass spec-
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Scheme 7 Synthesis of (COT)Ho[c-C3sHs—C=C-C(NR),I(THF) (13: R =
iPr; 14: R = Cy).

trum showed the molecule ion of 13 and its characteristic frag-
mentation. An EI mass spectrum of 14 showed the molecular
ion of 14 without the coordinated THF molecule.'”*° Suitable
single-crystals of 14 were obtained by recrystallization from
n-pentane. The molecular structure of 14 was established by
single-crystal X-ray diffraction as shown in Fig. 12. Compound
14 crystallizes in the monoclinic space group P2,/n with one
molecule in a symmetric unit. The holmium ion is coordinated
to an n°-COT ring and two nitrogen atoms of the amidinate
ligand as well as the oxygen atom of a neutral THF ligand. The
coordination sphere around the Ho** ion can be described as
distorted pseudo-tetrahedral.

The Ho-C(COT) distances, which range from 2.552(5) to
2.598(4) A (average 2.568 A) are in good agreement with those

A

e
N L
T <

Fig. 12 Molecular structure of (COT)Holc-CzHs—C=C-C(NCy),l(THF)
(14) in the crystal. Ellipsoids of the heavier atoms with 50% probability,
H atoms omitted for clarity. Selected bond lengths [A] and angles [°]:
Ho-N(1) 2.349(3), Ho-N(2) 2.342(3), N(1)-Ho-N(2) 57.2(1), Ho-O
2.397(2), N(1)-Ho—-0 84.6(1), N(2)-Ho-0O 84.1(1), Ho—-C(COT) 2.552(5)—
2.598(4), Ho-centroid(COT) 1.821, N(1)-C(1) 1.324(4), N(2)-C(1)
1.329(4), N(1)-C(1)-N(2) 115.5(3).

7

— e
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reported  for  (COT)Tm[CeHsC(NSiMes),|(THF) (average
2.558 A)' and [{n®1,4-(Me;Si),CsHg}Y{('Pr),ATI}(THF)] (ATI =
N-isopropyl-2-(isopropylamino)troponiminate) (average
2.623 A).** The difference in the distances can attributed to
the difference in the ionic radii according to Y > Ho > Tm. The
Ho—(COT ring-centroid) distance is 1.821 A."”*%! Due to the
smaller size of Ho®', the distance Ho~(COT ring-centroid) is
significantly shorter than that observed in the compounds
7-11. The bond lengths Ho-N1, Ho-N2 and Ho-O are 2.349(3),
2.342(3) and 2.397(2) A, respectively.** The C1-N1 and C1-N2
distances are 1.324(4) and 1.329(4) A, respectively, indicating
negative charge delocalization in the NCN unit. The N1-Ho-
N2 57.15(9)° angle is identical with that found in (COT")Yb
(°™PForm)(THF) (P Form = N,N'-bis(2,6-diisopropylphenyl)
formamidinate) (57.70(14)°).>* The bond angle (COT ring cen-
troid)-Ho-C1 is 149.3°. The N1-Ho-O and N2-Ho-O angles
are similar to each other 84.63(10)° and 84.13(9)°, respectively.
The N1-C1-N2 bond angle is 115.5(3)°.

Synthesis and structure of [(p-n*1®-COT}{Nd(c-C;H5;-C=C-C
(NCy),)(n-CD)}2]4 (15)

Finally, a unique cyclic multidecker sandwich complex was pre-
pared by reaction of anhydrous NdCl; with K,COT and 1b in a
one-pot reaction. According to Scheme 8, treatment of a mixture
of K,COT and 2a with anhydrous NdCl; in THF afforded the un-
precedented cyclic sandwich compound [(u-n®m5-COT)-
{Nd(c-C3H5-C=C-C(NCy),)(u-Cl)},]s (15) (Scheme 8).

The new compound 15 was extracted using toluene and iso-
lated in the form of blue, needle-like crystals in 20% yield.
Complex 15 was fully characterized by elemental analysis, spec-
troscopic methods and single-crystal X-ray diffraction. In the

Cy
|
N

/
8NACI3 + 4 K,COT + 8 Li [>—CEC—C\<

THF /rt.

—_——
- 8KClI
—8LiCl

15

Scheme 8 Synthesis of [(u—1®n2-COT){Nd(c-CsH5s—C=C-C(NCy),)

(u-Cl)}ol4 (15).
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'H NMR spectrum, the protons of the n®-CgHg ligands appear
at high field as singlet at 5 = —11.34 ppm."” The CH protons of
the cyclohexyl groups include the appearance of two sets of
resonances of equal intensity at 6 = 3.61 and 3.35 ppm, which
can be attributed to the paramagnetic nature of the Nd** ion.
However, in comparison with the free ligand 1b, the influence
of the paramagnetism of the Nd** ion on the protons of the
cyclopropyl protons is only weak. The CH protons of the
¢-C3H; are observed at 6 = 1.35 ppm, and the CH, groups at § =
0.84 and 0.71 ppm. The "*C NMR spectrum of 15 shows a reso-
nance at § = 133.7 due to the COT rings. Blue, needle-like

Fig. 13 Molecular structure of [(u—1®n®-COT){Nd(c-CsHs—C=C-C
(NCy)2)(p-Cl)},l4 (15) in the crystal. Ellipsoids of the heavier atoms with
50% probability, H atoms and peripheral C atoms of the cyclohexyl
groups omitted for clarity. Selected bond lengths [A] and angles [°]:
Nd(1)-N(1) 2.424(4), Nd(1)-N(2) 2.403(4), Nd(2)-N(3) 2.434(4), Nd(2)-
N(4) 2.380(4), Nd(3)-N(5) 2.439(4), Nd(3)-N(6) 2.404(3), Nd(4)-N(7)
2.395(3), Nd(4)-N(8) 2.418(4), Nd(1)-Cl(1) 2.829(1), Nd(1)-Cl(2) 2.790(1),
Nd(2)-Cl(1) 2.768(1), Nd(2)-Cl(2) 2.832(1), Nd(3)-Cl(3) 2.808(2), Nd(3)-
Cl(4) 2.777(1), Nd(4)-Cl(3) 2.766(1), Nd(4)-Cl(4) 2.838(2), N(1)-Nd(1)-
N(2) 56.0(1), N(3)-Nd(2)-N(4) 56.2(1), N(5)-Nd(3)-N(6) 56.0(1), N(7)-
Nd(4)-N(8) 55.6(1), N(1)-Nd(1)-Cl(1) 126.4(1), N(1)-Nd(1)-Cl(2) 86.9(1),
N(2)-Nd(1)-Cl(1) 85.0(1), N(2)-Nd(1)-Cl(2) 112.9(1), N(3)-Nd(2)-Cl(1)
83.0(1), N(3)-Nd(2)-Cl(2) 127.3(1), N(4)-Nd(2)-Cl(1) 108.0(1), N(4)-
Nd(2)-Cl(2) 85.5(1), N(5)-Nd(3)-Cl(3) 124.6(1), N(5)-Nd(3)-Cl(4) 83.2(1),
N(6)-Nd(3)-Cl(3) 83.5(1), N(6)-Nd(3)-Cl(4) 110.4(1), N(7)-Nd(4)-Cl(3)
108.7(1), N(7)-Nd(4)-Cl(4) 86.5(1), N(8)-Nd(4)-Cl(3) 84.5(1), N(8)-
Nd(4)-Cl(4) 129.3(1), Cl(1)-Nd(1)-Cl(2) 75.44(4), Cl(1)-Nd(1)-Cl(2)
75.72(4), Cl(3)-Nd(3)-Cl(4) 77.36(3), Cl(3)-Nd(4)-Cl(4) 77.05(3), Nd(1)-
C(u-COT) 2.815(5)-2.844(6), Nd(1)-centroid(COT) 2.162, Nd(2)-C(u-
COT) 2.819(5)-2.851(5), Nd(2)-centroid(COT) 2.164, Nd(3)-C(u-COT)
2.804(5)-2.875(5),  Nd(3)-centroid(COT) 2171, Nd(4)-C(u-COT)
2.812(5)-2.858(4), Nd(4)-centroid(COT) 2.161, N(1)-C(1) 1.331(6), N(2)—
C(1) 1.341(6), N(3)-C(23) 1.327(6), N(4)-C(23) 1.343(6), N(5)-C(49)
1.339(6), N(6)-C(49) 1.335(6), N(7)-C(67) 1.328(6), N(8)-C(67) 1.331(6),
N(1)-C(1)-N(2) 116.2(4), N(3)-C(23)-N(4) 116.3(4), N(5)-C(49)-N(6)
116.4(4), N(7)-C(67)—-N(8) 115.0(4). Symmetry operator to generate equi-
valent atoms: " —x, y, 0.5 — z.
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single-crystals, grown by slow cooling of a saturated solution in
toluene to 5 °C, were found to be suitable for X-ray diffraction
study. These crystals were found to contain two molecules of
toluene per formula unit. Compound 15 crystallizes in the
monoclinic space group C2/c with half a molecule in the asym-
metric unit (¢f Tables 1 and 2). The unit cell also contains six
molecules of toluene of crystallization. The solid state struc-
ture of 15 revealed the presence of an unprecedented macro-
cyclic sandwich compound of the composition [(u-n*n°-COT)
{Nd(c-C3H5-C=C-C(NCy),)(p-Cl)},]4, as shown in Fig. 13.

The molecule consists of four COT rings sandwiched
between eight Nd** ions, and each Nd*" ion is bonded to one
amidinate ligand and bridged by two chlorine atoms with the
neighbouring Nd** atom (Fig. 13). All four COT rings are
p-n®m®-coordinated to neodymium. The coordination sphere
around the Nd*' ion can be described as distorted pseudo-
tetragonal-pyramidal. The average Nd-C(COT) distances range
from 2.826 A to 2.835 A, similar to those found in (u—n®mn®-
COT)[Sm{N(SiMe;),},], with a range from 2.798(5) to 2.857(5) A
(ref. 22) and in the triple-decker sandwich-complex (n®-COT")
Nd(p—n®n®-COT")Nd(n®-COT") with a range from 2.815(3) to
2.922(3) A.** The Nd-(COT ring-centroid) distances are ranging
from 2.162 to 2.171 A in good agreement with those found in
(n®-CcOT")Nd(p-n%n°-COT")Nd(n®-COT") (2.126 to 2.156 A).**
The Nd-Cl bond lengths are between 2.7655(11) and
2.8377(15) A, similar to Nd-Cl (from 2.822(1) to 2.8463(12) A)
in [(COT")Nd(p-Cl)(THF)].>> The Nd-N bond lengths are
ranging from 2.395(3) to 2.439(4) A [147]. The Nd—(COT ring-
centroid)-Nd (178.9°, 178.6° and 179.8°) angles are almost
linear. The N-Nd-N angles range from 55.57(13)° to 56.19(12)°
[147]. The unit NCN angles are between 115.0(4)° and
116.4(4)°. The CI-Nd-Cl angles are ranging from 75.44(3)° to
77.36(3)°, and the Nd-CI-Nd from 101.96(3)° to 104.02(4)°.*?
Although compound 15 is quite unique, it should be noted
that a few wheel-shaped organolanthanide complexes of com-
parable size have previously been reported by Roesky et al.
However, these compounds differ from 15 in that lanthanide
and potassium ions are bridged by cyclopentadienyl rings or
n®-coordinated phenyl substituents.**

Conclusions

The results reported here further underline the utility and ver-
satility of cyclopropylethynylamidinate ligands, [c-C3H5;~C=C-
C(NR),]” (R = 'Pr, Cy), in organolanthanide chemistry.
Although these amidinate ligands my seem exotic at the first
glance, they offer significant advantages. First of all, the pre-
cursors Li[c-C3H;~C=C-C(NR),] (1a: R = 'Pr, 1b: R = cyclohexyl
(Cy)) are readily available in large quantities and in high yields
using commercially available starting materials (cyclopropyl-
acetylene, n-butyllithium, N,N-diorganocarbodiimides). A
second important aspect is the well-known electron-donating
ability of the cyclopropyl substituent to an adjacent electron-
deficient center. This offers the rare chance to electronically
influence the amidinate ligand system rather than just altering
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its steric demand. The exceptional position of the cyclopropyl-
ethynylamidinate ligands was manifested by the results of the
present study. In combination with COT in the ligand sphere
of Ln’" ions, these ligands allowed for the successful synthesis
and full characterization of no less than five different type of
(COT)Ln half-sandwich complexes, namely:

1. heterometallic complexes of the type (COT)Ln[u-c-C3Hs-
C=C-C(NR),J,Li(L) (L = Et,O, THF),

2. inverse sandwich complexes of the type (u-n%n°-COT)[Ce
{c-C3H5-C=C-C(NR),},]>,

3. binuclear complexes of the type [(COT)Ln(u-c-C3Hs-
C=C-C(NR),)],,

4. the mononuclear solvated complexes (COT)Ho[c-C3Hs-
C=C-C(NR),|(THF), and

5. the unique “giant neodymium wheel” [(u—n*n°-COT){Nd
(¢-C3H5-C=C-C(NCy),)(p-CD)}2]a-

Together with the previously reported synthetic and cata-
lytic studies,"*™* these results clearly demonstrate the syn-
thetic value of the cyclopropylethynylamidinate ligands
[c-C3H5~C=C-C(NR),]” (R = 'Pr, Cy). Thus, further investi-
gation of the use of these ligands in organolanthanide (and
perhaps organoactinide) chemistry appears highly desirable.
Future studies in this area should also address the question if
the same variety of products can also be achieved when the
cyclopropyl substituents are replaced by more common groups
such as phenyl.

Experimental section
Materials and methods

All manipulations were performed using glovebox (<1 ppm O,,
<1 ppm H,0) and standard Schlenk line techniques under an
inert atmosphere of dry argon. THF, Et,O, n-pentane and
toluene were distilled from sodium/benzophenone under
nitrogen atmosphere prior to use. All glassware was oven-dried
at 120 °C for at least 24 h, assembled while hot, and cooled
under prior to use. Lithium-cyclopropyl-
ethynylamidinates 1a and 1b were prepared according to the
literature method."" The starting materials LnCl;,>> K,COT,*®
[(COT)Nd(THF),(p-Cl)],, [(COT)Pr(THF),(u-Cl)], *** and com-
pounds 5 and 6'* were also prepared according to known
literature procedures. 'H NMR (400 MHz) and “C NMR
(100.6 MHz) were recorded in C¢Dg, THF-dg or toluene-dg solu-
tions on a Bruker DPX 400 spectrometer at 25 °C. Chemical
shifts were referenced to TMS. Assignment of signals was
made from "H-">C HSQC NMR experiments. IR spectra were
recorded using KBr pellets on a Perkin Elmer FT-IR spectro-
meter system 2000 between 4000 cm ™' and 400 cm™". Microa-
nalyses of the compounds were performed using a Leco CHNS
932 apparatus.

Synthesis of (COT)Pr{p-c-C;H5-C=C-C(NCy),],Li(Et,0) (2).
A solution of [(COT)Pr(p-Cl)(THF),], (1.0 g, 1.15 mmol) in
20 mL THF was added to a solution of 1b (0.8 g, 2.3 mmol) in
50 mL THF. The resulting orange reaction mixture was stirred
over night at room temperature. After evaporation to dryness,

vacuum
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the residue was extracted with 30 mL of toluene. After fil-
tration, the toluene was replaced by 10 ml of Et,O to give a
bright yellow solution. Crystallization at 5 °C afforded 2 as
bright yellow crystals in 53% yield (0.85 g). "H NMR (THF-dy):
§ (ppm) 5.50-5.90 (m br, 8H, CgHjy), 3.45 (s br, Et,0), 3.36 (m
br, 4H, CH, Cy), 1.39 (m, 2H, CH, ¢-C3Hs), 1.05-1.61 (m br,
40H, CH,, Cy), 0.84 (s br, 4H, CH,, c-C3Hs), 0.69 (s br, 4H, CH,,
¢-C3Hs), 0.89 (s br, Et,0). C{'H} NMR (THF-dg): § (ppm)
141.3 (NCN), 127.8 (CgHg), 94.9 (C=C-C), 61.9 (CH,, Et,0),
60.5 (CH, Cy), 35.5 (CH,, Cy), 27.1 (CH,, Cy), 25.5 (CH,, Cy),
14.4 (CH;, Et,0), 8.6 (CH,, c¢-C3H;), —0.3 (CH, c¢-C;Hs).
IR (KBr): 3677w, 3440w, 3096w, 3015w, 2961s, 2865s, 2697m,
2217s (C=C), 1593vs (NCN), 1495m, 1384m, 1333w, 1263w,
1169m, 1090w, 965w, 918w, 870w, 812w, 715w, 687w, 529w,
436w cm™'. Anal. Calcd for C,5H,,LiN,OPr (868.95): C, 66.24;
H, 8.28; N, 6.42. Found: C, 65.93; H, 8.14; N, 6.34%. EI-MS: m/z
(%) 515.5 (10) [Pr(COT)(c-C;H5~C=C-C(NCy),)], 378.4 (83)
[(COT)(¢c-C3H5—C=C-C(NCy),)]", 272.2 (87) [¢-C3H5-C=C-C
(NCy),], 243.2 (36) [Pr(COT)]".

Synthesis of (COT)Nd[p-c-C;H;~C=C-C(N'Pr),],Li(THF) (3).
A solution of [(COT)Nd(p-Cl)(THF),], (1.0 g, 1.16 mmol) in
20 mL THF was added to a solution of 1a (0.62 g, 2.3 mmol) in
50 mL THF. The resulting blue solution was evaporated to
dryness under vacuum, followed by extraction with n-pentane
(30 mL) to give a clear pale blue solution. The filtrate was con-
centrated in vacuum to ca. 10 mL. Crystallization at 5 °C
afforded 3 in the form of pale blue crystals in 64% yield
(0.4 g). IR (KBr): 3678w, 3439w, 3011w, 2932w, 2850s, 2664w,
2592w, 2219s (C=C), 2074w, 1890m, 1818w, 1598s (NCN),
1447m, 1390m, 1361w, 1309w, 1255m, 1159m, 1116m, 1067w,
1027w, 971s, 858m, 728m, 593w, 499w, 439w cm™'. Anal.
Caled for Cs6Hs5,LiN,NdO (710.01): C, 60.90; H, 7.67; N, 7.89.
Found C, 60.84; H, 7.10; N, 7.75%. EI-MS: m/z (%) 701.5 (28)
M - Li], 677.4 (17) [M — 2CH;]", 524.3 (100) [Nd(c-CsHs-
C=C-C(N'Pr),),]" or [(COT)Nd(c-C;H5-C=C-C(N'Pr)) + 2'Pr]",
482.2 (15) [M — (c-C3H;~C=C-C(N'Pr),Li(THF))]", 398.1 (34)
[(COT)Nd(C=C-C(N'Pr),)]".

Synthesis of (COT)Nd[p-c-C;H;-C=C-C(NCy),],Li(THF) (4).
A solution of [(COT)Nd(p-Cl)(THF),], (1.0 g, 1.16 mmol) in
20 mL THF was added to a solution of 1b (0.8 g, 2.3 mmol) in
50 mL THF, following the procedure for 3. Compound 4 was
isolated as a pale blue solid in 41% yield (0.65 g). 'H NMR
(THF-dg): § (ppm) 32.78 (s br, CH, 4H, Cy), 7.56 (s, 2H, CH,
¢-C3Hs), 6.15 (s, 4H, CH,, ¢-C;Hs), 4.55 (s, 4H, CH,, ¢-C;H;),
3.32-3.64 (m br, 4H, CH,, Cy), 1.30-1.40 (m br, 16H, CH,, Cy),
—1.33 (s br, 4H, CH,, Cy), —4.63 (s br, 16H, CH,, Cy), —11.56 (s
br, 8H, CgHg). *C NMR (THF-dg): § (ppm) 183.5 (NCN), 160.8
(CgHy), 115.5 (C=C-C), 92.2 (H-C-C=C), 60.6 (CH, Cy), 40.7
(CH,, Cy), 27.2 (CH,, Cy), 26.0 (CH,, Cy), 14.9 (CH,, ¢-C3H3),
6.6 (CH, ¢-C;Hs). IR (KBr): 3437w, 3225w, 3091w, 2928s,
2853m, 2536w, 2226vs (C=C), 1635s (NCN), 1607m, 1479w,
1449w, 1366m, 1313m, 1254w, 1180w, 1157w, 1106m, 1030m,
975s, 890m, 841w, 700w, 566w, 465w cm™'. Anal. Caled for
C,5H,(LiN,NdO (870.30): C, 66.20; H, 8.04; N, 6.43. Found: C,
66.08; H, 7.98; N, 6.10%. EI-MS: m/z (%) 517.3 (98)
[M — (c-C3Hs—~C=C-C(NCy),Li(THF))], 476.2 (37) [Nd(COT)
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(C=C-C(NCy),)], 270.2 (43) [(c-C3H5-C=C-C(NCy),)]’, 248.0
(59) [Nd(COT)]*™.

Synthesis of (u-n®:1®-COT)[Ce(c-C;H5-C=C-C(N'Pr),),], (7).
A solution of [{c-C;H;~C=C-C(N'Pr),},Ce(u-Cl)(THF)], (0.4 g,
0.33 mmol) in 50 mL THF was injected with K,COT (0.6 mL of
a 0.6 M solution in THF). The reaction mixture was stirred for
12 h at room temperature. THF was removed under vacuum
and the residue was extracted with 30 mL of n-pentane. The fil-
tered solution was concentrated to 10 mL and then kept at
5 °C to afford 7 as yellow, needle-like crystals in 45% yield
(0.17 ). 'H NMR (THF-dy): § (ppm) 10.01 (s br, 8H, CH, 'Pr),
3.15 (s br, 4H, CH, ¢-C;Hs), 2.22 (s, 8H, CH,, ¢-C;Hs), 1.87 (s,
8H, CH,, ¢-C3H3), 1.15 (s br, CgHg), —0.32 (s br, 48H, CHj, 'Pr).
BC{"H} NMR (THF-dg): § (ppm) 161.2 (NCN), 108.1 (C=C-C),
107.7 (CgHyg), 77.1 (H-C-C=C), 58.7 (CH, 'Pr), 25.9 (CH,), 10.4
(CH,, ¢-C3Hs), —0.4 (CH, ¢-C3H;). Anal. Caled for CsHg,Ce,Ng
(1149.58): C, 58.51; H, 7.37; N, 9.75. Found: C, 58.59; H, 7.94;
N, 9.72.

Synthesis of (j-n®n®-COT)[Ce(c-C3H;—~C=C-C(NCy),),]» (8)-
The reaction of [{¢-C;H5-C=C-C(NCy),},Ce(n-Cl)(THF)], (0.5 g,
0.32 mmol) with K,COT (0.6 mL of a 0.6 M solution in THF)
was carried out as described for 7 and afforded 8 as yellow
crystals in 49% yield (0.23 g). "H NMR (THF-dg): § (ppm) 9.67
(s br, 8H, CH, Cy), 3.22 (s br, 4H, CH, ¢-C3Hs), 2.28 (s br, 8H,
CH,, ¢-C3Hs), 1.92 (s br, 8H, CH,, ¢-C3H;), 0.97-1.60 (m br,
82H, CH,, Cy, CgHg), —0.45 (s br, 6H, CH,, Cy). *C{'"H} NMR
(THF-dg): 56 (ppm) 163.2 (NCN), 114.5 (C=C-C), 106.9 (CgHg),
94.8 (C=C-C), 67.1 (CH, Cy), 36.0 (CH,, Cy), 33.5 (CH,, Cy),
26.0 (CH,, Cy), 10.6 (CH,, ¢-C3Hs), 2.4 (CH, ¢-C;Hs). Anal.
Caled for CgoH;,6Ce,Ng (1470.10): C, 65.36; H, 7.95; N, 7.62.
Found: C, 62.61; H, 7.81; N, 7.91.

Synthesis of [(COT)Pr(p-c-C;H;~C=C-C(N'Pr),)], (9). A solu-
tion of [(COT)Pr(p-Cl)(THF),], (1.0 g, 1.15 mmol) in 20 mL of
THF was added to a solution of 2a (0.31 g, 1.15 mmol) in
50 mL of THF. The resulting orange reaction mixture was
stirred for 12 h at room temperature. Work-up as described for
8 using toluene (30 mL) for extraction gave 9 as yellow solid in
47% yield (0.3 g). "H NMR (toluene-dg): § (ppm) 10.57 (s, 4H,
CH, 'Pr), 1.94 (m, 2H, CH, ¢-C3H;), 1.70 (s br, 4H, CH,, c-C3H;),
1.22 (s br, 4H, CH,, ¢-C3H;5), —4.63 (s br, 16H, CgHg), —10.24 (s
br, 24H, CHj, 'Pr). *C{'"H} NMR (toluene-dg): § (ppm) 186.1
(CsHsg), 33.5 (CH, 'Pr), 15.6 (CHj, 'Pr), 9.7 (CH,, ¢-C3Hj), 0.9
(CH, ¢-C5H;). TR (KBr): 3833w, 3621w, 3221w, 3013w, 2964s,
2930m, 2537w, 2215 vs (C=C), 1836w, 1701w, 1612s (NCN),
1466w, 1381w, 1244m, 1179m, 1133m, 1080w, 1052w, 1032w,
983s, 966m, 946m, 841w, 732w, 702w, 646w, 587w, 442w cm ™.
Anal. Caled for C,Hs,N,Pr, (872.14): C, 55.04; H, 6.19; N,
6.42. Found: C, 55.14; H, 6.24; N, 6.29%.

General procedure for the synthesis of the complexes [(COT)Ln
(p-c-C3H5;—~C=C-C(NR),)], (10-12) or (COT)Ho(c-C;H5-C=C-C
(NR),)(THF) (13, 14)

Anhydrous LnCl; (2 mmol) (Ln = Ce, Nd or Ho) in 40 mL THF
was added to a mixture of the relevant cyclopropylethynyl-ami-
dinate (1a or 1b) (2 mmol) and K,COT (3.3 mL, 0.6 M solution
in THF), dissolved in 50 mL of THF. The reaction mixture was
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stirred over night at room temperature. The solvent was
removed under vacuum followed by extraction of the residue
with 40 mL toluene (n-pentane in the cases of 13 and 14), the
solution was concentrated to 20 mL and then kept at 5 °C to
afford 10-14.

[(COT)Ce(p-¢-C3H5-C=C-C(N'Pr),)], (10). Compound 10 was
isolated as deep green, needle-like single-crystals suitable for
X-ray diffraction in 57% yield (0.96 g). "H NMR (THF-dg):
5 (ppm) 12.32 (s br, 4H, CH, 'Pr), 3.43 (s br, 2H, CH, ¢-C3Hs),
2.60 (s br, 4H, CH,, ¢-C3Hs), 2.11 (s br, 4H, CH,, ¢-C3Hs;),
0.91-1.53 (m, 40H, CHj;, 'Pr, CgHg). *C{*"H} NMR (THF-dy):
& (ppm) 183.2 (NCN), 109.9 (C=C-C), 108.6 (CsHg), 81.1 (H-C-
C=C), 60.8 (CH, 'Pr), 27.3 (CH3, 'Pr), 10.6 (CH,, ¢-C3Hs), 3.4
(CH, ¢-C3H;). IR (KBr): 3852w, 3743w, 3436w, 3224w, 3091w,
2965m, 2930m, 2870w, 2609w, 2533w, 2328w, 2318w, 22265
(C=C), 2029m, 1976w, 1959w, 1634s (NCN), 1613w, 1560w,
1504w, 1449m, 1375w, 1307m, 1244m, 1180w, 1157w, 1029w,
985s, 945w, 895w, 878m, 844w, 813w, 747w, 700w, 667w, 615w,
588m, 555w, 504w, 466w, 458w cm~'. Anal. Caled for
C,0Hs4Ce,N, (871.13): C, 55.15; H, 6.25; N, 6.43. Found: C,
54.73; H, 6.25; N, 6.62.

[(coT)Ce(p-c-C3H5—~C=C-C(NCy),)]> (11). Compound 11 was
obtained in the form of green, needle-like single-crystals suit-
able for X-ray diffraction in 17% yield (0.35 g). '"H NMR (THF-
dg): 6 (ppm) 12.22 (s br, 4H, CH, Cy), 0.93-1.87 (m br, 58H,
CH,, Cy, CgHg, CH, ¢-C3Hg), 0.73 (m br, 8H, CH,, ¢-C3Hs).
BC{'H} NMR (THF-dg): 6 (ppm) 140.7 (NCN), 115.3 (CgHg),
94.7 (C=C-C), 61.5 (CH, Cy), 35.8 (CH,, Cy), 33.9 (CH,, Cy),
26.8 (CH,, Cy), 8.7 (CH,, ¢-C3Hj), 1.37 (CH, ¢-C3Hj;). IR (KBr):
3833w, 3747w, 3435w, 3247w, 3090w, 2926s, 2853m, 2530w,
2356w, 2318w, 22255 (C=C), 1959w, 1633vs (NCN), 1448m,
1310m, 1238w, 1180w, 1154w, 984s, 890w, 864w, 809w, 745w,
717w, 667w, 638m, 626w, 554w, 505w, 466w, 450w cm™ . Anal.
Caled for Cs,H,oCe,N, (1031.36): C, 60.50; H, 6.78; N, 5.42.
Found: C, 59.82; H, 6.63; N, 5.38.

[(COT)Nd(p-c-C3H;-C=C-C(N'Pr),)], (12). Compound 12
was isolated as purple, needle-like single-crystals suitable for
X-ray diffraction in 43% yield (0.74 g). "H NMR (THF-dg):
& (ppm) 3.96 (s br, 2H, CH, 'Pr), 3.71 (s br, 2H, CH, 'Pr), 1.40 (s
br, 2H, CH, ¢-C;Hj;), 0.72-0.81 (s br, 8H, CH,, ¢-C;H;), 1.08 (s
br, 12H, CHj, 'Pr), 1.00 (s br, 12H, CHj, 'Pr), —11.75 (s br, 16H,
CgHg). C{'H} NMR (THF-dg): 6 (ppm) 158.0 (NCN), 132.7
(CsHg), 52.2 (CH, 'Pr), 42.3 (CH, 'Pr), 22.7 (CH3, 'Pr), 8.8 (CH,,
¢-C3H;), 0.4 (CH, ¢-C3Hg). IR (KBr): 3852w, 3438w, 3282w,
3222w, 3093w, 3012w, 2964m, 2929s, 2868s, 2610w, 2350w,
2350w, 2227s (C=C), 1614vs (NCN), 1466w, 1375m, 1361m,
1315w, 1259w, 1179w, 1168m, 1133m, 1053w, 1031w, 984s,
9665, 944w, 880w, 845w, 812w, 774w, 745w, 701w, 668m, 607m,
506w, 467w, 450w cm™ . Anal. Caled for C,oH5,N,Nd, (879.38):
C, 54.63; H, 6.19; N, 6.37. Found: C, 54.39; H, 6.26; N, 6.49.
EI-MS: m/z (%) 435.5 (20) [(COT)Nd(c-C3H;~C=C-C(N'Pr),)]".

(COT)Ho(c-C3H;~C=C-C(N'Pr)(THF) (13). Compound 13
was obtained as a pale yellow solid in 48% yield (0.84 g).
IR (KBr): 3800w, 3571w, 3436w, 3317w, 3222w, 3091w, 3015w,
2960w, 2928s, 2865m, 2605w, 2221s (C=C), 2108w, 1959w,
1843w, 1741w, 1718m, 1611s (NCN), 1464w, 1402m, 1373m,
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1356w, 1330w, 1262w, 1220m, 1186m, 1140w, 1121w, 1079w,
1053w, 1029w, 968s, 891s, 843w, 811w, 788w, 745w, 712w,
702w, 644w, 595w, 530w, 472w, 453w, 440w cm*. Anal. Calcd
for C,4H35HON,O (532.49): C, 54.14; H, 6.63; N, 5.26. Found: C,
56.02; H, 6.00; N, 5.46. EI-MS: m/z (%) 460.35 (8) [M — THF],
531.46 (30) [M]', 547.51 (80) [M + CH3)]".

(COT)Ho(¢-C3H5-C=C-C(NCy)(THF) (14). Compound 14 was
isolated as bright yellow, needle-like single-crystals suitable for
X-ray diffraction in 30% yield (0.65 g). IR (KBr): 3436w, 3224w,
3092w, 3011w, 2927s, 2852s, 26668, 2225vs (C=C), 1959w,
1821w, 1603s (NCN), 1476w, 1449s, 1402w, 1363w, 1310w,
1253w, 1209m, 1180m, 1156m, 1123w, 1075w, 1053w, 1029w,
974s, 9225, 890m, 858w, 810w, 775w, 701w, 680w, 642w, 612w,
589w, 504w, 465w cm™'. Anal. Caled for C;yH,3HON,O
(612.62): C, 58.82; H, 7.08, N; 4.57. Found: C, 58.87; H, 6.53; N,
6.21. EI-MS: m/z (%) 269.12 (86) [M — (THF + (¢-C;H5-C=C-C
(NCy)o))]” or [c-C3H5;-C=C-C(NCy),)]*", 433.28 (10) [M -
(THF + COT)]*", 501.26 (33) [M — (THF + ¢-C3H;)]**, 540.42 (31)
[M — THF].

[(r-1*m®-COT)Nd,(p-Cl),(c-C3H5-C=C-C(NCy),):]4 (15).
Anhydrous NdCl; (1.0 g, 4 mmol) in 30 mL of THF was added
to a mixture of 1b (1.10 g, 4 mmol) and K,COT (3.3 mL, 0.6 M
in THF) in 50 mL of THF. The reaction mixture was stirred over
night at room temperature. THF was removed under vacuum,
followed by extraction the residue with 40 mL of toluene, the
solution concentrated to 20 mL and then kept at 5 °C to afford
15 as blue crystals in 20% yield (1.9 g). "H NMR (THF-dy):
5 (ppm) 3.61 (s br, 8H, CH, Cy), 3.35 (s br, 8H, CH, Cy), 1.35 (s
br, 18H, CH, ¢-C3Hs), 0.84 (s br, 16H, CH,, ¢-C3Hs), 0.71 (s br,
16H, CH,, ¢-C3Hs), 1.01-2.01 (m br, 160H, CH,, Cy), —11.34 (s
br, 32H, CgHg). ">C{"H} NMR (THF-dg): § (ppm) 140.8 (NCN),
133.7 (CgHg), 61.1 (CH, Cy), 50.3 (CH, Cy), 36.1 (CH,, Cy), 33.7
(CH,, Cy), 26.7 (CH,, Cy), 8.9 (CH,, ¢-C5Hj), 0.1 (CH, ¢-C5Hy).
IR (KBr): 3221w, 3091w, 3009w, 2929s, 2854s, 2668m, 2230s
(C=C), 1959w, 1627s (NCN), 1478w, 1450w, 1405(w), 1365w,
1345m, 1310m, 1247w, 1190w, 1151m, 1001m, 1075m, 1030w,
974s, 959s, 926w, 891w, 862w, 842w, 811w, 793w, 754w, 697w,
668w, 628w, 588w, 502w, 466w cm . Anal. Caled for
C190H,64ClgN; ¢Ndg (15-6C,Hg) (4209.69 + 552.82): C, 58.45; H,
6.55; N, 4.70. Found: C, 57.28; H, 6.45; N, 5.20. EI-MS: m/z (%)
229.3 (100) [C=C~C(c-CeH1;N),]", 272.4 (83) [¢-C3H5~C=C~C(c-
CeH11N),]", 363.5 (75) [(COT) Nd (u-Cl)(c-CeHy4)]', 446.6 (20)
[Nd(p-Cl)(c-C3H5-C=C~C(c-CeH11N),)*".

Crystallographic details

The crystallographic data of compounds 2, 3, 7, 8 and 14 were
collected on a STOE IPDS 2T diffractometer at —140 to —120 °C
using graphite monochromated Mo-K, radiation. Data collec-
tion, data reduction, space group determination and spherical
absorption correction were performed with the STOE software
X-AREA and X-RED32.?” The intensity data of compounds 10,
11, 12 and 15 were registered on Xcalibur Atlas Nova diffracto-
meter using mirror-focussed Cu-K, radiation. Data collection,
data reduction and space group determination were performed
with the Agilent software CrysAlisPro.*® Absorption corrections
were applied using the multi-scan method. The structures
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were solved by direct methods (SHELXS-97)*° and refined by
full matrix least-squares methods on F> using SHELXL-97.*
Data collection parameters are given in Tables 1 and 2.
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