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Abstract

Addition of [CyNC(R)NCy]Lithium (Cy = cyclohexyl, R = methyl, phenyl) to anhydrous lanthanide trichlorides in 3:1 molar
ratio yielded a series of homoleptic amidinate lanthanide complexes with the general formula [CyNC(R)NCy];Ln-nTHF (R =
methyl, Ln=Nd (1), Gd (2), Yb (3), n=0; R =phenyl, Ln=Nd 4), Y (5), Yb (6), n=2). The X-ray crystal structural
determination of 3 and 6 revealed that the ytterbium ions in both complexes are coordinated by three bidentate amidinate moieties
with a trigonal planar geometry. These amidinate lanthanide complexes showed extremely high activity for the ring-opening

polymerization of e-caprolactone at room temperature.
© 2002 Published by Elsevier Science B.V.

Keywords: Organolanthanides; Amidinate ligands; Polymerization; e-Caprolactone; Crystal structure

1. Introduction

Since Brookhart and his co-workers discovered that
late transition metal diimine systems could efficiently
suppress the B-H elimination and catalyze ethylene
polymerization [1], the application of nitrogen-contain-
ing bidentate ancillary ligands, such as guanidinates [2],
amidinates [3] and B-diketiminates [4] etc. in organome-
tallic chemistry of main and transition metals have
attracted much attention, and some of these complexes
were reported to have fascinating reactivity. For exam-
ple, copper (I) B-diketiminate ethylene complex can
activate dioxygen [4¢], Zn(II) B-diketiminate complexes
are effective catalysts for alternating copolymerization
of epoxide and CO, [4f], and Zr(IV) amidinate-based
complexes are precatalysts for living cyclopolymeriza-
tion of nonconjugated dienes [3f]. However, most of the
studies on the utility of such ancillary ligands in
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organolanthanide chemistry are centered on the synth-
esis and characterization of the corresponding com-
plexes [5—7]. Few papers reported in the literature
describe the catalytic activity of this kind of complexes,
and point out that some heteroleptic alkoxo or aryloxo
lanthanide complexes supported by these ligands are
active for the ring-opening polymerization of lactides
[8,9]. Recently, Mashima et al. also reported that
heteroleptic substituted pyrrolyl yttrium derivatives
were able to initiate the polymerization of e-caprolac-
tone, while the homoleptic yttrium species exhibited no
catalytic activity at all [10].

We have recently been interested in understanding the
chemistry of organolanthanide complexes with nitrogen-
based polydentate ligands, and have reported the
synthesis, structure and reactivity of organolanthanide
complexes with B-diketiminates [7b] and guanidinates
[11], etc. As an extension of our continuous study in this
area, we prepared a series of homoleptic amidinate
lanthanide complexes, [CyNC(R)NCy];Ln-»nTHF (R =
methyl, Ln =Nd (1), Gd (2), Yb (3), n =0; R = phenyl,
Ln=Nd 4), Y (5), Yb (6), n=2). Furthermore, we
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found that homoleptic amidinate lanthanide complexes
could efficiently initiate the ring-opening polymerization
of e-caprolactone. Here, we report these results.

2. Results and discussion

2.1. Synthesis and characterization of the amidinate
lanthanide complexes

The reaction of N,N’-dicyclohexylcarbodiimide with
an equivalent molar amount of MeLi (or PhLi) in THF
gives quantitative yield of N,N’-bis(cyclohexyl)methy-
lamidinate lithium, so in most cases freshly prepared
solution of amidinate lithium is directly used in the
following metathesis reactions. Thus, after N,N’-dicy-
clohexylcarbodiimide reacted with MeLi (or PhLi) in
THF for 30 min at room temperature, the resulting
solution was slowly added into a slurry of LnCl; in 3:1
molar ratio. After workup, the expected complexes
[CyNC(R)NCy];Ln:nTHF (R =methyl, Ln=Nd (1),
Gd (2), Yb (3), n=0; R =phenyl, Ln=Nd 4), Y (5),
YD (6), n =2) were isolated as shown in Eq. (1):

R
Cy~ _Cy
N.
i. 3RLi R LnCl; Cy: \ s o
i i . nCly ~ A
3 CyN=C=NCy ——3C»~ AN,Cy_> ”,,/ +3LiCl
ii. THF N/ THF % R
i R
VoL
Cy 4

Cy = cyclohexyl, R=Me, Ln=Nd (1), Gd (2), Yb (3)
R=Ph, Ln=Nd@),Y (5), Yb(6)
(1)

The formulation of these homoleptic amidinate
lanthanide species is supported by elemental analysis
and IR spectroscopy. In the IR spectra, there are strong
absorptions of C=N stretch at approximate 1640 cm ',
which are consistent with the delocalized double bond of
the N-C-N linkage [12]. Because these amidinate
lanthanide complexes are paramagnetic except for 5,
therefore, it is difficult to obtain acceptable NMR
spectra.

All these lanthanide complexes are air- and moisture-
sensitive, they are soluble in toluene, THF and diethyl
ether, but not soluble in hexane.

X-ray crystallographic analyses of 3 and 6 reveal that
the two complexes are both monomeric in the solid
state. The molecular structures of 3 and 6 are presented
in Figs. 1 and 2, respectively. Tables 1 and 2 give partial
lists of bond distances and angles of 3 and 6, respec-
tively. Details of the crystallographic analyses of 3 and 6
are listed in Table 3. The structures of 3 and 6 are
analogous, but they crystallize in different space groups
(3 in triclinic, 6 in orthorhombic). There is a plane of
symmetry along the line of Yb—C20-C21-C24 in 6. The
average bond distances of Yb to C on N-C-N in

Fig. 2. The molecular structure of 6.

Table 1
Selected bond distances (A) and angles (°) for 3

Bond distances

Yb-N2 2.300(8) Yb-NI
Yb-N6 2.346(8) Yb-NS5
Yb-N3 2.355(8) Yb-N4
Yb-Cl15 2.741(9) Yb-C29
Yb-Cl 2.769(10) N1-Cl1
N3-Cl15 1.353(10) N2-Cl
N6-C29 1.351(13) N5-C29
N4-C15 1.286(11)

Bond angles

N2-Yb-N 56.9(3) N6-Yb-NS5
N3-Yb-N4 57.5(3) CI5-Yb-C29
C29-Yb-Cl1 118.9(3) Cl-N2-Yb
CI-NI1-Yb 94.2(6) C15-N3-Yb
CI5-N4-Yb 92.7(5) C29-N5-Yb
N4-C15-N3 118.6(8) C29-N6-Yb
N5-C29-N6 116.0(9) NI-CI-N2

2.340(8)
2.349(9)

2.361(7)

2.764(10)
1.318(12)
1.331(11)
1.348(13)

58.3(3)
119.8(3)
95.7(6)
91.2(6)
92.8(7)
92.8(6)
113.1(9)




146 Y. Luo et al. | Journal of Organometallic Chemistry 662 (2002) 144—149

Table 2
Selected bond distances (A) and angles (°) for 6

Bond distances

Yb-NI1 2.333(5) Yb-N2 2.323(5)
Yb-N3 2.321(5) Yb-Cl1 2.739(6)
Yb-C 202.748(7) NI-C1 1.330(7)
N2-C1 1.329(7) N3-C20 1.337(6)
Cl-C2 1.515(8) C20-N3 1.337(6)
C20-C21 1.504(9)
Bond angles
N3-Yb-N3(A) 58.1(2) N2-Yb-NI1 57.98(17)
Cl-Yb-C20 119.44(13) N2-C1-N1 116.2(5)
N3-C20-N3(A) 114.9(6) CI-N2-Yb 93.1(4)
C20-N3-Yb 93.5(4) CI-N1-Yb 92.7(4)
Table 3
Experimental data for the X-ray diffraction study of 3 and 6
3 6

Empirical formula C42H75N6Yb C65H97N602Yb
Formula weight 837.12 1167.53
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Triclinic Orthorhombic
Space group P1 Pbcn
Unit cell dimensions

a (A) 11.354(3) 19.792(6)

b (A) 13.132(3) 17.467(5)

¢ (A) 16.942(4) 18.071(5)

o (%) 76.957(4) 90.00

B ©) 89.411(4) 90.00

y (°) 64.959(4) 90.00
V(A% 2219.1(9) 6247(3)
Z 2 4
Deate (2 cm™?) 1.253 1.241
Absorption coefficient 2.140 1.542
(mm ")
F(000) 878 2460
Theta range for data collec- 1.77-25.50 1.55-26.01
tion (°)
Reflections collected 11536 25739
Independent reflections 8128 6160

[Rine = 0.2140] [Rine = 0.0474]

Data/restraints/parameters 8128/0/445 6160/0/336
Goodness-of-fit on F 0.870 1.316
Final R indices [/ >20(I)]  0.0710 0.0433
Rw 0.1627 0.0819

amidinate moiety are 2.76 A for 1 and 2.74 A for 6,
which indicate an n’-allyl structure [13]. The ytterbium
ions are both ligated by three bidentate amidinate
moieties through nitrogen atoms with the Yb—N-C-
N units only deviating slightly from planarity (torsion
angles < 2.3°). The geometries about the ytterbium ions
for the two complexes are best described as trigonal
planars with each chelating bidentate amidinate ligand
to occupy one coordination vertex (in 3, C1-Yb-C29 =
118.9(3)°, Cl1-Yb-C15=121.2(3)°, Cl15-Yb-C29 =
119.8(3)°, sum of the angles, 359.9° in 6, C1-Yb-

C20 =119.44(3)°, C1-Yb-C1"=121.1(3)°, sum of the
angles, 359.9°). The C-N bond distances within the
chelating NCN unit are nearly equal and the average
value is 1.33 A for both complexes, which reflect the
delocalization of the m bond in the N-C—N unit [Sb].
Taking into account the difference in ionic radii of the
metals, the Yb—N distances, which range from 2.300(8)
to 2.361(7) A (average 2.34 A) in 3 and 2.321(5) to
2.333(5) A (average 2.33 A) in 6, are comparable with
those of the analogous homoleptic complexes, [4-
MeOC¢H,C(NSiMes),[sPr  (2.48 A) [6g], [Ph-
C(NSiMe3),],Yb-2THF (2.48 A) [6i].

2.2. The ring-opening polymerization of e-caprolactone

The catalytic behavior of [CyNC(Me)NCy];Ln for the
ring-opening polymerization of e-caprolactone in tolu-
ene was tested. The preliminary results are listed in
Table 4. The high catalytic activity of such kind of
homoleptic amidinate lanthanide complexes for the
ring-opening polymerization of g-caprolactone has
never been reported in the literature, and it is quite
different to that of the structural analogous homoleptic
pyrrolyl yttrium species, which exhibit no catalytic
activity at all [10]. For examples, [CL]:[I] =500:1 at
25 °C in the case of 1, 100% of conversion is obtained in
15 min; even the catalytic amount decreases to
[CL]:[1] =1000:1, the polymerization still gives the
conversion as high as 96.1%. When the polymerization
takes place at —5 °C, 1 also exhibits quite good activity
(entry 4). The effect of the central metals on the activity
can be observed. The active order under the present
polymerization conditions is Nd > Gd > Yb (entries 2, 5
and 6), which is consistent with that in the system with
the metallocene-based organolanthanide catalysts [14].
The catalytic activity of [CyNC(Ph)NCy]sLn is some-
what lower than that of [CyN(Me)NCy];Ln under the
same polymerization conditions; the lower activity
might be attributed to the fact that [CyNC(Ph)NCy]sLn
have a less open coordination environment around the
metals. The moderate polydispersities are identical to
those for the ring-opening polymerization of &-capro-
lactone by homoleptic Y[N(SiMes),]; as an initiator [15],
indicating that the number of Ln—N bonds significantly
affects molecular weight distributions.

3. Conclusion

Homoleptic amidinate lanthanide complexes, [Cy-
NC(R)NCy)sLn-nTHF, can be easily prepared in good
yield by the reaction of [CyNC(R)NCy]Li (R = methyl
or phenyl) with anhydrous lanthanide trichlorides in 3:1
molar ratio. Moreover, the homoleptic amidinate
lanthanide complexes were found to be able to initiate
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Table 4

Polymerization of e-caprolactone initiated by [CyNC(R)NCy];Ln-n THF *

Entry Initiator Temperature (°C) MY Yield ® (%) M, (x 10% MM, ©
1 1 25 500 100 4.41 1.81
2 1 25 1000 96.1 4.67 1.71
3 1 40 1000 100 3.34 1.81
4 1 -5 1000 64 3.47 1.79
5 2 25 1000 85.6 3.86 1.74
6 3 25 1000 78.8 3.97 1.79
7 4 25 500 94.2 21.74 1.90
8 4 25 1000 89.3 20.48 2.18
9 6 25 300 534 17.63 2.09

10 6 25 700 27.2 18.08 2.29

& General polymerization conditions: in toluene; 15 min; solvent/monomer = 25 v/v.

® Yield = weight of polymer obtained/weight of monomer used.
¢ Measured by GPC calibrated with standard polystyrene samples.

the ring-opening polymerization of e-caprolactone with
high activity to give moderate polydispersities polymers.

4. Experimental

All manipulations were performed under pure Ar with
rigorous exclusion of air and moisture using standard
Schlenk techniques. Solvents were distilled from Na/
benzophenone ketyl prior to use. Anhydrous LnCl; were
prepared according to the literature procedures [16].
N,N’-Dicyclohexylcarbodiimide was purchased from
Aldrich and used as received without further purifica-
tion. e-Caprolactone was purchased from Acros, dried
by stirring with CaH, for 48 h, then distilled under
reduced pressure. Melting points were determined in
sealed Ar-filled capillary tubes and are uncorrected.
Metal analyses were carried out by complexometric
titration. Carbon, hydrogen, and nitrogen analyses were
performed by direct combustion on a Carlo-Erba EA-
1110 instrument. The IR spectra were recorded on a
Magna-IR 550 spectrometer. Molecular weight and
molecular weight distributions were determined against
polystyrene standard by gel permeation chromatogra-
phy (GPC) on a Waters 1515 apparatus with three HR
columns (HR-1, HR-2 and HR-4); THF was used as an
eluent at 30 °C. '"H-NMR and "*C-NMR spectra were
measured on a Unity Inova-400 spectrometer.

4.1. Synthesis of [CyNC(Me)NCy];Nd (1)

A Schlenk flask was charged with N,N’-dicyclohex-
ylcarbodiimide (2.44 g, 11.8 mmol), THF (30 ml), and a
stir bar. To this solution was added MeLi (11.2 ml, 11.8
mmol, 1.05 M in Et,0) dropwise via syringe at room
temperature. The solution was stirred for 30 min and
then added slowly to a pale-gray slurry of NdCl; (0.99 g,
3.93 mmol) in THF (60 ml). The color of the solution

immediately changed to blue—purple. The resulting
solution was then stirred for another 24 h and evapo-
rated to dry in vacuo. The residue was extracted with
Et,0 and LiCl was removed by centrifugation. When
the extracts were concentrated and cooled to —20 °C for
crystallization, blue—purple crystals were formed. Yield:
2.5 g (79%). M.p. 175-178 °C. Anal. Calc. for
C4oH7sNgNd: C, 62.35; H, 9.37; N, 10.39; Nd, 17.85.
Found: C, 61.87; H, 9.47; N, 10.4; Nd, 18.27%. IR (KBr
pellet, cm ~1): 3445(s), 3290(s), 2932(s), 2854(s), 2588(s),
1643(s), 1452(s), 1103(m), 956(m), 891(s), 794(m),
659(s).

4.2. Synthesis of [CYNC(Me)NCy];Gd (2)

Following the procedure similar to the synthesis of 1,
using 20.7 mmol of [CyNC(Me)NCy]Li, 1.80 g of GdCl;
(6.90 mmol), and 60 ml of THF following by crystal-
lization from toluene yielded colorless cubic crystals of 2
(4.8 g, 85%). Anal. Calc. for C4oH75GdNg: C, 61.42; H,
9.22; N, 10.23. Found: C, 60.68; H, 9.29; N, 9.87%. IR
(KBr pellet, cm ') 3446(s), 3290(s), 2934(s), 2857(s),
2589(s), 1642(s), 1454(s), 1103(m), 958(m), 889(s),
795(m), 657(s).

4.3. Synthesis of [CYNC(Me)NCy];Yb (3)

This complex was prepared from 1.74 g of YbCl; (6.2
mmol), 18.6 mmol of [CyNC(Me)NCy]Li in 60 ml of
THF using the procedure described above. Bright yellow
crystals were collected from THF—toluene mixed solu-
tion. Yield: 4.3 g (83%). M.p. 161-164 °C. Anal. Calc.
for C4,H75NgYb: C, 60.26; H, 9.05; N, 10.04. Found: C,
59.94; H, 8.81; N, 10.17%. IR (KBr pellet, cmfl)
3447(s), 3291(s), 2935(s), 2858(s), 2583(s), 1647(s),
1451(s), 1102(m), 956(m), 891(s), 795(m), 658(s).
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4.4. Synthesis of [CyNC(Ph)NCy];Nd-2THF (4)

A Schlenk flask was charged with N,N’-dicyclohex-
ylcarbodiimide (3.42 g, 16.58 mmol), THF (30 ml), and
a stir bar. To this solution was added PhLi (11.4 ml,
16.58 mmol, 1.45 M in Et,O) dropwise via syringe at
ambient temperature. The solution was stirred for 30
min and then added slowly to a pale-gray slurry of
NdCl; (1.35 g, 5.39 mmol) in THF (60 ml). The color of
the solution immediately changed to blue—purple. The
resulting solution was then stirred for 8 h and removed
the solvent in vacuo. The residue was extracted with
toluene and LiCl was removed by centrifugation. After
the extracts were concentrated and cooled to —20 °C for
a day, blue—purple crystals formed. Yield: 4.4 g (82%).
M.p. 145 °C. Anal. Calc. for C4sHg7NgNdO,: C, 68.55;
H, 8.60; N, 7.38; Nd, 12.67. Found: C, 68.06; H, 8.59; N,
7.34; Nd, 13.08%. IR (KBr pellet, cm~'): 2924(s),
2851(s), 2665(w), 1636(s), 1601(m), 1481(s), 1447(s),
1346(m), 1315(m), 1257(m), 1072(m), 1026(m), 983(m),
891(m), 771(m), 762(s), 659(m).

4.5. Synthesis of [CyNC(Ph)NCy];Y-2THF (5)

This complex was prepared from 0.98 g of YCl; (5.01
mmol), 15.05 mmol of [CyNC(Ph)NCy]Li in 60 ml of
THF using the procedure described above. Colorless
crystals were collected from THF. Yield: 4.3 g (80%).
M.p. 153 °C. '"H-NMR (C¢Dg, d): 7.18 (m, 15H, Ar),
3.72 (m, 8H, THF-a-CH,), 3.19 (m, 6H, unique Cy-H),
2.15-1.14 (m, 60H, CsH), 1.11 (m, 8H, THF-B-CH>).
I3C-NMR (C¢Dg, d): 177.75 (s, NC(Ph)N), 128.50 (m,
Ce¢Hs), 68.84 (s, THF-a-CH;), 57.46, 36.70, 26.73, 26.10
(4s, Cg¢Hyy), 25.85 (s, THF-B-CH,). Anal. Calc. for
CssHo7NgO,Y: C, 72.06; H, 9.04; N, 7.76. Found: C,
71.68; H, 8.81; N, 7.52. IR (KBr pellet, cm ~'): 2928(s),
2854(s), 1635(s), 1574(m), 1450(m), 1361(m), 1211(s),
1153(s), 1068(m), 891(m), 775(m), 706(m), 669(m),
501(m).

4.6. Synthesis of [CYNC(Ph)NCy];Yb-2THF (6)

This complex was prepared from 1.60 g of YbCl;
(5.73 mmol), 17.01 mmol of [CyNC(Ph)NCy]Li in 60 ml
of THF using the procedure described above. Bright
yellow crystals were collected from toluene solution.
Yield: 5.2 g (78%). M.p. 138 °C. Anal. Calc. for
CesHo7NsO,Yb: C, 66.86; H, 8.39; N, 7.20. Found: C,
66.94; H, 8.61; N, 7.17%. IR (KBr pellet, cm ')
2989(s), 2851(s), 1639(s), 1481(m), 1153(m), 891(m),
789(m), 702(m), 501(w).

4.7. A typical procedure for polymerization reactions

The procedures for the polymerization of e-caprolac-
tone are the same (Table 4), and a typical polymeriza-

tion reaction is given below (entry 1, Table 4). A 50 ml
Schlenk flask equipped with a magnetic stir bar was
charged with a 4.5 mM solution of initiator in toluene.
To this solution was added 1 ml of e-caprolactone using
rubber septum and syringe. The contents of the flask
were then vigorous stirred for 15 min at 25 °C. The
magnetic stirring was ceased within a few minutes due to
the viscosity. The reaction mixture was quenched by the
addition of 1 M HCI solution and then poured into a
cold petroleum ether to precipitate the polymer, which
was dried under vacuum and weighed.

4.8. X-ray structural determination of 3 and 6

A suitable crystal was mounted in a thin-walled glass
capillary for X-ray structural analysis. Diffraction data
were collected on a Bruker SMART CCD area detector
using phi and omega scans. The structures were solved
by direct methods and refined by full-matrix least-
squares procedures based on |F|>. All non-hydrogen
atoms were refined with anisotropic displacement coef-
ficients. Hydrogen atoms were treated as idealized
contributions. The structures were solved and refined
using SHELXS-97 and SHELXL-97 programs, respectively.

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC nos. 186583 for complex 3, and
186584 for complex 6, respectively. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (Fax: +44-1223-336033; e-mail: deposit@ccdc.
cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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