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ABSTRACT: The carbazole-bis(oxazoline) ligand 1,8-bis(4’,4'-dimethyloxazolin-2'-yl)-
3,6-di-tert-butylcarbazole (H-Czx, 14) was prepared and reacted with Ln(CH,SiMe;);-
(THE)j to afford the five-coordinate dialkyl complexes (Czx)Ln(CH,SiMe;), (Ln =Y, 15;
Er, 16; Yb, 17) in high yield. Deprotonation of 14 with NaN(SiMe3),, followed by reaction
with LnCl;(THF),, affords the six-coordinate dichloride complexes cis,mer-(Czx)Ln(Cl),-
(THF) (Ln =Y, 18; Er, 19; Yb, 20). Dialkyl complexes 15—17 were also prepared by
reaction of the dichloride complexes 18 —20, respectively, with 2 equiv of LiCH,SiMes.
Complexes 16—20 were characterized by X-ray crystallography. The dialkyl complexes 16
and 17 display a five-coordinate trigonal-bipyramidal geometry with the Czx ligand
spanning both axial and one equatorial site with the CH,SiMe; rotated such that the
SiMe; groups sit over the carbazole ring system. The solution structure for 15—20 was
found to be consistent with that in the solid state by NMR spectroscopy. However,
paramagnetic dichloride 20 was shown by variable-temperature 'H NMR studies to undergo

rapid THF exchange by a dissociative process in toluene-d solution (AH' =98 & 101J mol ', AS* = +185 425 Jmol ' K™ '). Treatment
of dialkyl 18 with [PhyC]*[B(C4Fs)4] ™ cleanly produces the alkyl cation [(Czx)Y(CH,SiMe;)]"[B(CgFs),]~ (21) by 'H NMR

spectroscopy, but this species does not insert 2,3-dimethylbutadiene.

B INTRODUCTION

Oxazolines ligands have been extensively used in transition metal
coordination chemistry for many years." Easy access to these ligands
by condensation of amino alcohols with carboxylic acid derivatives
or nitriles allows straightforward modification of the ligand archi-
tecture including the incorporation of chirality when chiral amino
alcohols, derived from readily available amino acids, are used. Enantio-
selective synthesis based on pybox ligands (Chart 1, 1) is one
particularly well-established example of oxazoline-derived ligand
systems in current use.” In contrast to their extensive use in
transition metal chemistry, relatively few lanthanide complexes
containing coordinated oxazoline rings have been reported, and
most of these are neutral ligand systems (e.g.,, 1—4, Chart 1) that
are not especially suited to these metals. Despite this, lanthanide
and group 3 complexes of 1—4 have proven successful as asym-
metric catalysts in many reactions.’ A few lanthanide complexes
of anionic ligands containing oxazolines as part of the architec-
ture (5—7, Chart 2) have been reported,* but only ligand 7* has
been applied to lanthanide organometallic chemistry.

Our interest in these ligands stems from the fact that oxazoline
rings coordinate almost exclusively as hard o-donors through the
imino nitrogen, but the C=N linkage remains inert to attack by
strong nucleophiles such as carbanions. The fact that the steric
bulk of the oxazoline is readily tunable is an important advantage
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in lanthanide chemistry. Despite its obvious attractions, the oxazo-
line ring system is neutral and therefore likely to suffer from high
lability when coordinated to a lanthanide metal center. However,
attaching two oxazolines to a carbazole-based core gives a triden-
tate, monoanionic carbazole-bis(oxazoline) (Czx) chelate that
should be well suited to organolanthanide chemistry. In addition
to being strongly anchored through the carbazole amido nitrogen,
the rigid, planar nature of the chelate array should enforce a well-
defined mer coordination geometry at the metal ion.

Chiral carbazole-bis(oxazoline) ligands (8, Chart 3) were orig-
inally developed by Nakada and Inoue for use in the asymmetric
Nozaki—Hiyama allylation, allenylation, and propargylation of
aldehydes using Cr** complexes of these ligands formed in situ as
catalysts.” More recently, Connell has extended this chemistry to
the synthesis of butadien-2-ylcarbinols, also using Cr** Czx
complexes as catalysts. It should also be noted that transition
metal complexes of related carbazole-bis(imino)” and carbazole-
bis(pyridine)® ligands have been previously reported (Chart 3,9
and 10, respectively). To our knowledge, Czx ligands have not
been previously used in lanthanide chemistry, but a Y>* dialkyl
complex of a carbazole-bis(phosphine), 11, and a Lu*" dialkyl
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complex of the closely related carbazole-bis(phosphinimine), 12,
have very recently been reported.9 In this contribution, we show
that the carbazole-bis(oxazoline) ligand allows easy access to
five-coordinate lanthanide dialkyl and six-coordinate lanthanide
dichloride complexes that exhibit remarkable stability to thermal
degradation and ligand redistribution.

B EXPERIMENTAL SECTION

General Procedures. All reactions were done under an argon or
nitrogen atmosphere using glovebox (Braun MB150-GII) or Schlenk
methods. Tetrahydrofuran (THF) was dried by distillation from sodium
benzophenone ketyl under argon immediately before use; other solvents
were used directly from an MBraun solvent purification system. Toluene
and hexane were stored in the glovebox for prolonged periods over
activated 4 A sieves. Carbazole, CuCN, and N-methyl-2-pyrrolidone
were purchased from Aldrich and used as received. Anhydrous LnCl;
salts (Ln =Y, Er, Yb) were purchased from Aldrich and used as received
or converted to their THF solvates, LnCl;(THF),, by extraction with
anhydrous THF. 3,6—Di-tert—butylcarbazole,7 1,8-dibromo-3,6-di-tert-
butylcarbazole,” Ln(CH,SiMes);(THE), (Y, Er, Yb),"® ¢ and NaN-
(SiMe;),"* were prepared according to literature procedures.

NMR spectra were recorded on a Bruker AMX-500 ( 'H, 500 MHz;
3¢, 125 MHz) or Bruker AMX-360 (1H, 360 MHz) spectrometer.
Benzene-dg and toluene-dg were dried over activated 4 A sieves, and
THF-dg was distilled from sodium benzophenone and stored in the
glovebox. Air-sensitive samples for NMR analysis were sealed using a
S mm tube fitted with a Teflon valve (Brunfeldt). NMR assignments,
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where specified, were confirmed by 2D "H—"*C COSY (HMQC, HMBC)
experiments on diamagnetic compounds. Mass spectra were recorded
on a Kratos Concept H spectrometer using electron impact (70 eV)
ionization. Elemental analyses were conducted by Canadian Microana-
Iytical, Delta, BC, or the Department of Chemistry, University of British
Columbia. Although repeated attempts were tried, satisfactory analyses
of 17, 18, and 20 were not obtained. Melting points were carried out in
sealed capillary tubes using a Buchi melting point apparatus and are not
corrected. Infrared spectra were obtained using KBr discs on a Perkin-
Elmer Spectrum One FTIR spectrometer.
1,8-Dicyano-3,6-di-tert-butylcarbazole, 13.

1,8—Dibromo—3,6—di—tert—butylcarbazole6 (10.02 g, 22.92 mmol)
was dissolved in 180 mL of N-methyl-2-pyrrolidone in a foil-
covered flask. CuCN (5.33 g, 60 mmol) was added, and the
solution was refluxed at 180 °C overnight. After cooling, the
solution was poured into a beaker containing 400 mL of ammo-
nium hydroxide and 200 mL of ethyl acetate, and the resulting
suspension was stirred for 30 min. The precipitate was filtered
through Celite, and the filtrate was extracted with ethyl acetate
(5 x 300 mL). The combined organic extracts were washed with
concentrated brine (2 X 300 mL) and dried over anhydrous
MgSO,. Filtration, removal of the solvent from the filtrate, and
recrystallization of the crude product from ethyl acetate afforded
pure 13. Yield: 6.04 g (80%). Mp: 287—290 °C. "H NMR
(500 MHz, CDCl;, 298 K): 0 9.92 (s, 1H, NH), 8.29 (d, ] = 1.8
Hz, 2H, 4,5-arylH), 7.82 (d, ] = 1.8 Hz, 2H, 2,7-arylH), 1.43 (s,
18H, C(CHjs)3). *C{'H} NMR (125 MHz, CDCl;): 6 144.02
(3,6-arylC), 139.36 (92,9d-arylC), 128.70 (2,7-arylC), 123.99
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(9b9c-arylC), 122.33 (4,5-arylC), 117.24 (CN), 94.33 (1,8-arylC),
35.12 (C(CHs;);), 31.92 (C(CHj;);). EI-MS: m/z 329 (M").

1,8-Bis(4’,4’-dimethyloxazolin-2'-yl)-3,6-di-tert-butyl-
carbazole (H-Czx), 14.

1,8-Dicyano-3,6-di-tert-butylcarbazole, 13 (2.00 g, 6.07 mmol),
was dissolved in 100 mL of chlorobenzene along with 2-methyl-
2-aminopropanol (1.62 g, 18.2 mmol) and anhydrous ZnCl,
(2.08 g, 15.3 mmol). The reaction mixture was refluxed for 72 h
and then cooled to room temperature. The reaction mixture was
poured into a solution of ethylenediamine (10 mL) and water
(100 mL) and stirred for 1 h. The resulting biphasic solution was
extracted with CH,Cl, (3 X 100 mL), and the combined organic
layers were washed with brine (2 x 100 mL) and dried over
anhydrous MgSO,. After the filtration, the organic layer evapo-
rated to dryness and the residue was purified by column chroma-
tography on silica using CH,Cl, as eluant. Pure H-Czx, 13, was
isolated as a white powder (1.15 g, 40%). Mp: 278—280 °C. 'H
NMR (500 MHz, CDCls, 298 K): 6 11.87 (s, 1H, NH), 8.19 (d,
J=1.8 Hz, 2H, 4,S-arylH), 7.89 (d, ] = 1.8 Hz, 2H, 2,7-arylH), 4.16
(s,4H, CH,), 1.47 (s, 12H, 4'-(CH3),), 1.45 (s, 18H, C(CHj)3).
BC{'H} NMR (125 MHz, CDCL;): 6 161.27 (C=N), 141.34
(3,6-arylC), 137.61 (9a,9d-arylC), 123.18 (9b,9c-arylC), 122.65
(2,7-arylCH), 119.56 (4,5-arylCH), 109.66 (1,8-arylC), 78.32 (CH,),
67.55 (4-C(CH;)5)), 34.68 (C(CH3)3), 32.26 (C(CHj;)5), 28.84
(4-C(CH3),). IR (KBr): v 3336 (brs), 2961, 1648, 1490, 1363,
1286, 1152, 727, 668 cm™ . EI-MS: m/z 473 (M*). Anal. Calcd
for C3oH39N30,: C 76.08, H 8.30, N 8.87. Found: C 75.66,
H 828, N 8.77.

(Czx)Y(CH,SiMe3),, 15. In the glovebox, Y(CH,SiMes);(THF),
(0.49 g, 1.0 mmol) was dissolved in 10 mL of toluene in a SO mL
Erlenmeyer flask. A solution of H-Czx (0.47 g, 1.0 mmol) in S mL of
toluene was added by pipet, resulting in an immediate color change to
neon yellow. After 2 h at room temperature, the solvent was removed
under reduced pressure using a rotary evaporator, and the solid residue
obtained was recrystallized from a mixture of toluene and hexane to
afford 15 as pale yellow crystals (0.66 g, 90%). Mp: 196 °C (dec).
"HNMR (500 MHz, C¢D¢, 298 K): 0 8.65 (d, ] = 2.2 Hz, 2H, 4,5-arylH),
8.51 (d, J = 1.8 Hz, 2H, 2,7-arylH), 3.72 (s, 4H, CH,), 1.56 (s, 12H,
4'-(CH,),), 1.39 (s, 18H, C(CHs;);), 0.04 (s, 18H, Si(CHs;)3), 0.00 (s,
Jyu = 2.6 Hz, 4H, CH,Si(CH3)3). *C{'H} NMR (125 MHz, CDCl,):
0 170.28 (C=N), 148.05 (9a,9d-arylC), 140.78 (3,6-arylC), 127.84
(9b,9c-arylC), 126.46 (2,7-arylCH), 123.31 (4,5-arylCH), 109.76 (1,
8-arylC), 79.09 (CH,), 69.14 (4#-C(CHa),)), 37.46 (Jyc = 38.5 Hz,
CH,Si(CH;)3)), 35.01 (C(CHj)s), 32.30 (C(CHj)3), 27.89 (4-
C(CH,),), 4.76 (Si(CH3)3). IR (KBr): v 2956, 1634, 1596, 1472, 1362,
1176, 861, 776, 668 cm™". This compound decomposed after several
hours at room temperature in the glovebox so an elemental analysis was
not obtained.

(Czx)Er(CH,SiMes),, 16. This complex was prepared on the same
scale and using the same procedure reported for 15 above. Yellow cubes
of 16 were isolated by recrystallization from a toluene—hexane mixture.

Yield: 0.77 g (929%). Mp: 206 °C (dec). "H NMR (360 MHz, C¢Dy, 298 K):
8812 (s, 12H, v, , = 567 Hz, 4-(CH3),), 76.5 (s, 4H, v, , = 158 Hz, CH,),
42.9 (s, 2H, vy, = 75 Hz, 2,7-arylH), 7.26 (5, 2H, v, » = 20 Hz, 4,5-arylH),
645 (s, 18H, v, = 17 Hz, C(CH3)3), —62.2 (s, 18H, v,/, = 154 Hz,
Si(CH3)3), —185.0 (s, 4H, v/, = 2360 Hz, CH,Si(CHs)5). IR (KBr):
v 2955, 1635, 1576, 1476, 1363, 1176, 852, 730, 668 cm . Anal. Caled for
CisHgoN30,81,Er: C 56,05, H 743, N 5.16. Found: C 56.52, H 7.38, N 5.29.

(Czx)Yb(CH,SiMes),, 17. This complex was prepared on the same
scale and using the same procedure reported for 15 above. Orange-red
cubes of 17 were isolated by recrystallization from a toluene—hexane
mixture. Yield: 0.75 g (91%). Mp: 250 °C (dec). "H NMR (360 MHz,
CeDe 298 K): 8 69.2 (s, 16H, v, /» = 59 Hz, 4'-(CH;), and CH,), 33.5
(s, 2H, vy, = 18 Hz, 2,7-arylH), 2.61 (s, 18H, v, , = 6 Hz, C(CH,)3),
—1.60 (s, 2H, v/, = 9 Hz, 4,5-arylH), —39.9 (s, 18H, v/, = 26 Hz,
Si(CHs);), —174.8 (s, 4H, v/, = 54 Hz, CH,Si(CHs);). IR (KBr):
v 2954, 1634, 1575, 1476, 1363, 1176, 852, 730, 668 cm . Anal. Caled
for C35HgoN30,8i,Yb: C 55.65, H7.37, N 5.12. Found: C 52.60, H 6.28,
N 5.60. The crystals changed color from orange-red to yellow when
exposed to high vacuum.

(Czx)Y(CI),(THF), 18. YCI;(THF), (0.45 g, 1.0 mmol) was par-
tially dissolved in 10 mL of THF in a 50 mL Erlenmeyer flask in the
glovebox. A solution of NaCzx (0.50 g, 1.0 mmol) in S mL of THF was
prepared in situ by deprotonation of H-Czx, 14 (0.48 g, 1.0 mmol), with
1 equiv of Na[N(SiMe;),] (0.18 g, 1.0 mmol). The NaCzx solution was
added to the YCI3(THF), suspension dropwise by Pasteur pipet,
resulting in an immediate color change to neon yellow-green. After 1
h at room temperature, the reaction mixture was filtered through Celite
to remove NaCl, and the solvent was removed from the filtrate under
reduced pressure using a rotary evaporator. Crude 18 was recrystallized
from benzene to afford yellow-green crystals of pure 18.Yield: 0.63 g
(90%). Mp: 272 °C (dec). "H NMR (500 MHz, C¢Dy, 298 K): 6 8.54
(d,J=2.2Hz,2H, 4,S-arylH), 8.48 (d, ] = 2.1 Hz, 2H, 2,7-arylH), 3.53 (s,
4H, CH,), 3.38 (t,4H, a-CH, THF), 1.76 (s, 12H, 4-(CHj;),), 1.45 (s,
18H, C(CH,)3), 0.72 (t, 4H, 8-CH, THEF). *C{'H} NMR (125 MHz,
CeD): 0 169.04 (C=N), 147.58 (9a,9d-arylC), 140.57 (3,6-arylC), 127.57
(9b9c-arylC), 126.77 (2,7-arylCH), 123.31 (4,5-arylCH), 110.23 (1,
8-arylC), 79.85 (CH,), 69.34 (4-C(CH3),)), 35.05 (C(CHjs)3), 32.43
(C(CHs,)s), 2845 (4-C(CHs),). Anal. Caled for C,¢HesCLNO5Y: C
64.25, H 6.75, N 4.89. Found: C 64.45, H 6.87, N 4.98.

(Czx)Er(Cl)5(THF), 19. This complex was prepared on the same
scale and using the same procedure reported for 18 above. Yellow
crystals of 19 were isolated by recrystallization from a toluene—hexane
mixture. Yield: 0.74 g (95%). Mp: 270 °C (dec). "H NMR (360 MHz,
CeDg, 298 K): 0 41.9 (s, 16H, v, s, = 2730 Hz, 4'-(CH;), and CH,), 20.2
(s, 2H, v,/, = 1080 Hz, 2,7-arylH), 0.80 (s, 18H, v,/, = 60 Hz,
C(CH;)3), —2.44 (s, 2H, vy, = 34 Hz, 4,5-arylH), —14.1 (s, 4H, vy,
, =114 Hz, B-THF), —30.6 (s, 4H, v, ), = 578 Hz, -THF). Anal. Calcd
for C4sHssCLN;O;Er: C, 58.96, H 6.20, N 4.49. Found: C 57.80, H
5.86, N 4.66.

(Czx)Yb(CI),(THF), 20. This complex was prepared on the same
scale and using the same procedure reported for 18 above. Yellow-green
crystals of 20 were isolated by recrystallization from a toluene—hexane
mixture. Yield: 0.73 g (93%). Mp: 270 °C (dec). "H NMR (360 MHz,
CeDg, 298 K): 0 49.3 (s, 4H, v, » = 670 Hz, CH,), 43.8 (s, 12H, v, ), =
680 Hz, 4/-(CHs),), 20.0 (s, 2H, v, » = 102 Hz, 2,7-arylH), —0.97 (s,
18H, v,,, = 6 Hz, C(CH3)3), —8.63 (s, 2H, v, = 26 Hz, 4,5-arylH),
—9.6 (s, 4H, v, ), = 42 Hz, f-CH, THF), —26.0 (s, 4H, v, » = 266 Hz,
0-CH, THF). Anal. Calcd for C,gHsCLN;05Yb: C 58.46, H 6.14, N
4.45. Found: C 58.23, H 6.39, N 4.41.

[(Czx)Y(CH,SiMe3)I"[B(CeF5)al ~, 21. Treatment of a solution of
15 (0.012 g, 0.016 mmol) dissolved in toluene-dg (0.6 mL) with 1 equiv
of Ph,C" [B(C4Fs),4] ™ (0.015 g, 0.016 mmol) resulted in an orange-brown
solution. This complex decomposed during attempted isolation. The prod-
uct was characterized in situ by NMR spectroscopy in toluene-dg. "H NMR
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(360 MHz, 298 K): 0 8.53 (d, ] = 1.9 Hz, 2H, 4,5-arylH), 8.48 (d, ] =
1.9 Hz, 2H, 2,7-arylH), 7.25—7.28* (m, 6H, o-arylH Ph,CCH,Si-
(CHa;)3), 7.00—7.11* (m, 9H, m,p-arylH Ph;CCH,Si(CH3;)3), 3.65 (s,
4H, CH,), 2.04* (s, 2H, Phy,CCH,Si(CHs);), 1.42 (s, 18H, C(CH;),),
1.10 (s, 12H, 4-(CH;),), 0.07 (d, >Jy;; = 2.8 Hz, 2H, YCH,Si(CHj)3),
—0.23 (s, 9H, Si(CH;)3), —0.25 (s, 9H, Si(CH;);). *C{'H} NMR
(90.6 MHz): 6 172.32 (C=N), 149.57 (9a,9d-arylC), 142.96 (3,
6-arylC), 148.8 (dm, 'Jcg = 238 Hz, o-arylC C4Fs), 138.5 (dm, YJcg =
246 Hz, p-arylC C¢Fs), 137.0 (dm, Ycr = 247 Hz, m-arylC C4Fs),
129.01* (0-arylCH, Ph;C), 127.52* (m-arylCH, Ph;C), 127.39 (9b,9c-
arylC), 126.50 (2,7-arylCH), 125.86* (p-arylCH, Ph;C), 124.58 (4,
S-arylCH), 108.46 (1,8-arylC), 78.86 (CH,), 67.67 (4-C(CHaj),)),
47.80 (d, 'Jyc = 48.8 Hz, YCH,Si(CHs);)), 35.04 (C(CHj)3), 32.11*
(Ph3CCH,), 31.49 (C(CH3)3),27.13 (4-C(CHj),), 3.01* (Ph; CCH,Si-
(CH,)3), 047 (YCH,Si(CH;);). "F NMR (282.4 MHz): 0 —131.6 (brs,
o-arylF), —160.4 (t, *Jpr = 21 Hz, p-arylF), —164.8 (br s, m-arylF). *
indicates resonances due to the reaction byproduct, Ph;CCH,Si(CHj)5.

X-ray Crystallographic Studies. Crystals for analysis were at-
tached to a glass fiber, and data were collected at low temperature (90 K
for 16; 193 K for 17—20) using a Bruker/Siemens SMART APEX (16) or
SMART 1000 (17—20) instrument (Mo Ka radiation, A = 0.71073 A).
Data were measured using omega scans 0.3° per frame for 20 s, and a full
sphere of data was collected. Data reduction and correction for Lorentz
polarization and decay were performed using SAINTPlus software.""
Absorption corrections were applied using SADABS."” The structures
were solved by direct methods and refined using least-squares on F as
implemented in the SHELXTL program package.'> All non-hydrogen
atoms were refined anisotropically. No significant decomposition was
observed during data collection. A summary of the data collection and
refinement parameters is given in Table 1. Further details are provided in
the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis. Reaction of 1 equiv of H-Czx, 14, with the lanthanide
tris(alkyls) Ln(CH,SiMe;);(THF), afforded the corresponding

THF-free bis(alkyls) (Czx)Ln(CH,SiMes), (Ln = Y (15),
Er (16), Yb (17)) in good yields by direct protonolysis
(Scheme 1). While this reaction works efficiently for the smaller
lanthanides, it does not allow access to the larger members of the
series because the tris(alkyl) precursors are unstable for metals
larger than samarium. However, the salt metathesis reaction
between 1 equiv of Na"Czx~ and LnCl;(THF), cleanly affords
the six-coordinate THF solvates (Czx)LnCl,(THF) (Ln =
Y (18), Er (19), Yb (20)), and these can in turn be converted
to the corresponding bis(alkyl) complexes 15—17 in good yield
(Scheme 1).

Scheme 1
H-Czx o
14

(S Ot
\' R
LnR3(THF), N_Lnu\‘\
N —_— I \R

N

0\ H /~0 toluene
N NV R = CH,SiMe; & _7\
“, N 0

. Ln=Y (15), Er (16), Yb (17)
1) NaN(SiMe3), / toluene

2) LnCl3(THF), / THF

2 LiCH,SiMe; / toluene
- 2 LiCl, - THF

Ln=Y (18), Er (19), Yb (20)

Table 1. Summary of Crystallographic Data

16" 17°
formula C33HeoErN30,Si, C3sHgoYbN302Si,
fw 814.33 820.11
cryst syst orthorhombic triclinic
space group Pna2; (No. 33) PI (No.2)
a (&) 10.983(4) 14.6863(9)
b (A) 18.0056(6) 15.5101(10)
¢ (A) 20.1636(7) 18.6074(12)
o (deg) 90 80.2013(8)
B (deg) 90 89.0033(9)
7 (deg) 90 89.1795(9)
V (A%) 3987.5(2) 4175.8(5)

z 4 4

Peate (g cm ™) 1.356 1.305

u (mm™) 2.199 2.329

20 s (deg) 55 S5

measd reflns 52288 36696
unique reflns 9149 18922
RRY 0.024, 0.049 0.033, 0.090
GOF 1.03 1.0S

18° 19° 20"
Ca6HesCLN,05Y CaHssCLEN, 05 Ca6HssCLN,05Yb
860.76 939.11 944.89
orthorhombic orthorhombic orthorhombic
Pbca (No. 61) Pbca (No. 61) Pbca (No. 61)
13.5915(12) 13.5749(7) 13.5448(7)
17.7957(15) 17.7904(9) 17.7920(9)
37.215(3) 37.247(2) 37.249(2)

90 90 90

90 90 90

90 90 90
9001.2(13) 8995.4(8) 8976.7(8)
8 8 8

1.270 1.387 1.398
1.456 2.026 2.244

S1 5§ 5§

61378 75551 75251
8438 10321 10282
0.050, 0.118 0.033, 0.080 0.034, 0.084
1.03 1.15 1.15

“ Collected using a Bruker/Siemens Smart APEX CCD system (graphite-monochromated Mo Ko y = 0.71073 A) at 90 K. ? Collected using a Bruker
Smart 1000 CCD system (graphite-monochromated Mo Koty =0.71073 A) at 193 K. ° R = X(|F,| — |E|)/Z|Fo|- IR, = [Zw(|F,| — |FC|2)/ZW(|FD|2)1/2.
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Figure 1. ORTEP3"* plot (40% probability ellipsoids) of (Czx)Er-
(CH,SiMe;), (16).

Figure 2. ORTEP3"* plot (25% probability ellipsoids) of (Czx)Yb-
(C1),(THF) (20).

Structural Studies. The solid-state structures of dialkyl com-
plexes 16 and 17, as well as the dichloride complexes 18, 19, and
20, were determined by X-ray crystallography. Although erbium
dialkyl 16 and ytterbium dialkyl 17 are not isostructural, the
coordination geometry is essentially identical in both cases. All
three dichloride complexes are isostructural. Table 1 summarizes
the crystallographic data for all five structures, while representa-
tive ORTEP plots for the dialkyl and dichloride complexes are
shown in Figures 1 and 2, respectively. Selected bond lengths and
angles for the dialkyl and dichloride complexes are collected in
Tables 2 and 3, respectively.

Dialkyl complexes 16 and 17 adopt a monomeric, five-coordi-
nate geometry at the lanthanide center. The geometry at the metal
is best described as a distorted trigonal bipyramid with the anionic
carbazole N and the alkyl C atoms in the equatorial plane (N¢p,—
Ln—C: 117.9(1)°, 121.49(9)° for 16 and 118.54(12)—125.87-
(11)° for 17; C—Ln—C: 120.6(1)° for 16 and 109.35(12)°,
117.8(2)° for the two independent molecules in 17) and the
oxazoline N donors in the axial positions (No,—Ln—Ng,: 160.55(8)°
for 16; 160.91(9), 160.93(10)° for 17). Somewhat surprisingly,
both alkyl groups in each complex are rotated away from the
oxazoline methyl substituents so that they sit over the carbazole
ring plane in a “folded wing” geometry. The bend angles at
the alkyl C of 16 are among the smallest ever observed in
alanthanide trimethylsilylmethyl complex, and those in 17, while
not quite as acute, are also among the most bent known (Ln—C—Si:
16, 113.5(2)°, 115.9(1)%; 17: 117.4(2)°, 118.4(2)°, 118.7(2)°,

Table 2. Selected Bond Lengths and Angles for
(Czx)Ln(CH,SiMe;), (Ln = Er, 16; Yb, 17)°

17 (Yb)

16 (Er) molecule A molecule B
Ln—Noy 2.428(2) 2.409(3) 2.404(3)
Ln—Noy 2.423(2) 2.416(3) 2.410(3)
Ln—Ngy, 2.312(2) 2.308(2) 2.278(2)
Ln—C, 2.398(3) 2.343(3) 2.353(4)
Ln—C, 2.404(3) 2.355(3) 2.364(4)
Noxi—Ln—No 160.55(8) 160.91(9) 160.93(10)
Noxi—Ln—Nc¢yp, 80.64(8) 80.73(9) 80.81(9)
Noy—Ln—C, 95.93(9) 95.49(10) 94.47(14)
Nox —Ln—C, 94.60(9) 95.40(12) 94.80(14)
Nox—Ln—Nc¢y, 80.23(8) 80.29(8) 80.13(9)
Now—Ln—C,; 96.11(9) 93.64(10) 95.29(13)
Nox—Ln—C, 92.35(9) 97.34(11) 95.08(14)
Ngp,—Ln—C; 117.9(1) 124.78(10) 118.54(12)
Nep,—Ln—C, 121.49(9) 125.87(11) 123.70(13)
C,—Ln—C, 120.6(1) 109.35(12) 117.77(15)
Ln—C;—Si; 113.5(2) 120.11(16) 117.36(19)
Ln—C,—Si, 115.9(1) 118.72(17) 118.35(19)

“Nox1, Noy2y Nep,, Cy, and C, refer to the following atom labels
for 16: N(1), N(32), N(34), C(36), and C(40); for 17 these labels
refer to atoms labeled N(10), N(20), N(1), C(1), and C(2),
respectively. Si; and Si, refer to atoms labeled Si(1) and Si(2) in
both structures.

Table 3. Selected Bond Lengths and Angles for
(Czx)LnCl,(THF) - 2C4Hg (Ln = Y, 18; Er, 19; Yb, 20)"

18 (Y) 19 (Er) 20 (Yb)
Ln—Noy, 2.418(3) 2.404(3) 2.391(3)
Ln—Noy 2.431(3) 2.418(3) 2.405(3)
Ln—Ngp, 2.331(2) 2.321(3) 2.289(3)
Ln—Cl1 2.6031(10) 2.5911(8) 2.5635(9)
Ln—CI2 2.5592(10) 2.5442(9) 2.5233(10)
Ln—Oryr 2.391(2) 2.390(2) 2.363(2)
Nogi—Ln—Nog 159.59(10) 160.25(9) 161.53(10)
Noxi—Ln—Ne¢yp, 80.14(9) 80.60(9) 81.18(10)
Noy—Ln—Cl1 99.32(7) 99.03(6) 98.55(7)
Noy —Ln—CI2 92.20(7) 92.11(6) 91.91(7)
Nox—Ln—Oryr 82.78(9) 82.86(8) 83.23(9)
Now—Ln—Ngy, 80.03(10) 80.21(9) 80.89(10)
Noyx—Ln—Cl1 98.75(7) 98.47(7) 97.91(7)
Now—Ln—CI2 96.01(8) 95.78(7) 95.40(8)
Now—Ln—Orpr 89.87(9) 90.05(9) 90.22(10)
Nep,—Ln—Cl1 166.13(7) 166.04(7) 166.92(7)
N¢p,—Ln—CI2 100.10(7) 100.09(7) 99.57(7)
Nep,—Ln—Oqyp 82.52(9) 82.49(8) 82.98(9)
Cl1—Ln—CI2 93.76(4) 93.87(3) 93.50(3)
Cll—Ln—Oryp 83.67(6) 83.62(6) 84.00(7)
C2—Ln—Oryg 173.89(7) 173.93(6) 174.13(7)

“Nox1, Nox2, Ncpy, and Oy refer to the following atom labels
for 18, 19, and 20: N10, N20, N1, and O30; CI1 and CI2 refer
to the chlorine atoms trans and cis to the carbazole nitrogen,
respectively.

4962 dx.doi.org/10.1021/0m200588y |Organometallics 2011, 30, 4958-4967



Organometallics

O_nlb _ NQQ
Me33|--.,:,,

/~Ln SiMes N—Ln"
MesSi | :

(a) front view (b) side view

Figure 3. Schematic view showing the disposition of the 4’,4'-dimethyl
groups of the Czx ligand in the solid-state structure of complexes 16
and 17.

120.1(2)°; literature:"> mean = 127°, range 114.4—139.7°).
Close inspection of the orientation of the methyl groups on
the two oxazoline rings shows that the 4’-carbon is rotated so that
one methyl group is about 30° out of the Ln—N—C4’ plane
(31.9—35.9°), while the other is nearly perpendicular to this
plane (88—93°). This allows a staggered arrangement of methyl
groups on the two oxazoline rings, but it also forces the
trimethylsilylmethyl groups to rotate back over the carbazole
plane to avoid strong steric repulsions with the perpendicular
methyl groups. The relative arrangement of the oxazoline methyl
groups and trimethylsilylmethyl ligands is shown schematically
in the cartoon in Figure 3. The small Ln—C—Si angle observed
in 16 and 17 places a hydrogen of one methyl group on each
trimethylsilyl unit close to the Ln center (Ln- - - H distance: 3.3
A). While this is a relatively close contact, it is still outside the
sum of the van der Waals radii (3.2 A),'® and the "Jcy couphng
constant for this CHj is identical to that in Si(CH;), (YJcy =
118 Hz), so there is no evidence to support a y-agostic interac-
tion. The Ln—C bond distances fall well within the normal
range for five-coordinate lanthanide trlmethylsﬂyl complexes
(distances arbitrarily corrected to reflect Y** in five-coordination:
16: 2.408, 2.414 A; 17: 2.383, 2.393 A; literature:'”'® mean =
2.39 £ 0.03 A).

In contrast to the five-coordinate dialkyl complexes 16 and 17,
dichlorides 18 —20 all coordinate one THF molecule and adopt a
six-coordinate, distorted octahedral geometry (Figure 2). Not
surprisingly given its rigid, planar structure, the Czx ligand is
coordinated in mer fashion with the two oxazoline N atoms in
trans, axial sites (Noy—Ln—Ngy 159.59—161.53°) and the
anionic carbazole N in an equatorial position. In all three
dichloride structures (18—20), only the cis-dichloride isomer is
observed with one chloride trans to the carbazole N (N¢p,,—Ln—Cl:
166.04—166.92°) and one trans to the THF O (Opyp—Ln—Cl:
173.89—174.13°). The Ln—N distances for the Cbz ligand are
very similar to those observed in the five-coordinate dialkyls 16
and 17. Given the fact that the average decrease in effective jonic
radii across the lanthanide series on going from six- to five-
coordination is 0.06 A,'® we conclude that the dialkyl complexes
are more crowded than the dichlorides, an observation also
supported by the absence of coordinated THF in the dialkyls.
The terminal Ln—Cl distances fall within the range normally
observed for six-coordinate lanthanide dichlorides (2.52—2.62 A)."”
It is noteworthy, however, that the Ln—Cl bond trans to the
carbazole N is significantly longer than that trans to the THF O in
all three cases (A in A: 18, 0.044; 19, 0.047; 20, 0.040). This
apparent trans influence of the carbazole N could be attributed
to steric effects, but the observation that the difference A is
essentially the same for all three metal ions argues against this and

t-Bu
i SiMe,
4,5-
aryl H
4’,4’-CMe,
5'-CH 2,7-aryl H
2 Yb-CH,
T T T T T T T T T T T T T T T T T 1
100 0 100 -200

ppm
Figure 4. '"H NMR spectrum (360 MHz, toluene-ds) of (Czx)Yb-
(CH,SiMes),, 17, at 250 K (*residual solvent resonances; X denotes an
impurity).
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Figure S. Variable-temperature "HNMR (360 MHz, toluene-dg) 6 vs T~
plot over the temperature range 200—340 K for (Czx) Yb(CH,SiMes),, 17.

supports an electronic effect. Krogh-Jespersen and Brennan®

have examined a number of mixed ligand, mer-octahedral lantha-
nide complexes and shown conclusively that anions exert a
stronger trans influence than neutral donors in all cases.

Solution Behavior. The variable-temperature 'H NMR spec-
tra of the paramagnetic (Czx)Ln(CH,SiMe;), complexes, 16
(Er) and 17 (Yb), show seven resonances in toluene-dg between
210 and 380 K, as illustrated for 17 at 250 K in Figure 4. The
corresponding O versus 1/T plot for 17 is shown in Figure S. The
observation of only seven resonances and reasonable straight line
behavior in the O versus 1/T plots is consistent with the five-
coordinate, monomeric structure observed in the solid-state
X-ray structures.

There is some minor curvature evident in the lines for the
more shifted resonances at low temperature in Figure 5. This may
be due to hindered rotation about the Ln—C bonds as the
temperature is lowered since slow rotation on the NMR time
scale would not result in decoalescence, assuming that the
approximately C,, geometry found in the X-ray structure repre-
sents the thermodynamically most favored conformation. This
may also explain why the alkyl CH, resonance for the diamag-
netic complex (Czx)Y(CH,SiMe3),, 15, shows a small, but
noticeable, temperature-dependent chemical shift (Figure 6).

The dichloride complexes 18 —20 also show seven resonances
at room temperature (cf. Figure 7). This is inconsistent with the cis,
mer-geometry observed in the X-ray structures of 18—20, suggesting
that THF dissociation/reassociation is fast on the NMR time scale at

4963 dx.doi.org/10.1021/0m200588y |Organometallics 2011, 30, 4958-4967



Organometallics

t-Bu SiMe,
4',4"-CMe~__
5'-CH, ) 7-CH.
_1 330 K i xJ |

/
W
e, ] /

TR
ppm
Figure 6. Variable-temperature "H NMR spectra (360 MHz, toluene-

dg) showing the upfield region for (Czx)Y(CH,SiMe;),, 15 (*residual
solvent resonance; X denotes impurity growing in above room temperature).

t-Bu
4,5-aryl H
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4',4’-CMe, 2,7-aryl H o-CH, THF

5'-CH, n x
10x

50 40 30 20 10 0 -10 -20 -30
ppm

Figure 7. "H NMR spectrum (360 MHz, benzene-dg) of (Czx)Yb-
(CI),(THF), 20, at 293 K (*residual solvent resonance; X denotes an

impurity).

this temperature for all of these complexes. However, on cooling
20, the resonances due to the oxazoline CMe, and CH,, groups
each decoalesce into two new resonances with a coalescence
temperature (T.) of 272 K, as shown in Figures 8 and 9,
respectively. The remaining carbazole (Figure 10) and THF
(Figure 11) signals show the expected linear O versus 1/T
behavior down to 190 K but do not undergo decoalescence.
These observations are entirely consistent with slow THF
exchange from a thermodynamically favored cis,mer geometry
(C, symmetry) as observed in the solid-state X-ray structure. The
Eyring plot for the THF exchange process, shown in Figure 12,2
yielded values of AH" =98 4 10kJ mol ' and AS* = +185425]
mol ' K™', while a value of AG* = 48 + 3 kJ mol " was
calculated directly from T..**** The observed AS" is so large and
positive that even recognizing the large error associated with its
determination, there is little doubt the THF exchange process is
dissociative. This is not entirely surprising, given the fact that we
have isolated the stable five-coordinate Yb dialkyl 17. Assuming
this is a dissociative process, the measured AH" value reflects the
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Figure 8. 0 vs 1/T plot for the oxazoline CMe, "H NMR resonances of
20 (360 MHz, toluene-dgs, A = coalesced resonance).
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Figure 9. 0 vs 1/T plot for the oxazoline CH, "H NMR resonances of
20 (360 MHz, toluene-dg, O = coalesced resonance).

combined THF dissociation energy and the solvent and complex
reorganization energies. The previously reported Ln—THF bond
strengths from experimental and theoretical studies are smaller
than the AH* value observed here, although they do span a very
large range from 50 to 80 kJ mol . >4%

Reactivity. The dialkyl complexes 15—17 were initially exam-
ined as possible catalysts for the polymerization of ethylene,
isoprene, and 2,3-dimethylbutadiene using PhyC*B(CFs),~
(1 equiv) as activator. No polymer was observed with ethylene
or isoprene, but a small amount of polymer was observed in all
three cases with 2,3-dimethylbutadiene. However, since
Ph3;C*"B(C4Fs), is capable of catalyzing the ‘})olymerization
of 2,3-dimethylbutadiene in its own right,***” the polymeri-
zation experiments on this monomer were repeated using just
slightly less than 1 equiv of Ph3C* B(CFs),  as initiator. In
these experiments, no poly-1,3-dimethylbutadiene was pro-
duced, confirming our suspicion that it was the trityl cation
that was polymerizing 2,3-dimethylbutadiene and not any
cationic alkyls derived from 15—17.

Two possibilities for the lack of polymerization activity suggest
themselves: either 15—17 do not form cationic alkyls on treatment
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Figure 10. 0 vs 1/T plot for the carbazole '"H NMR resonances of

20 (360 MHz, toluene-ds, A = 2,7-carbazole H, @ = t-Bu, ¢ = 4,
S-carbazole H).
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Figure 11. Ovs 1/T plot for the THF 'H NMR resonances of 20
(360 MHz, toluene-ds, ® = 5-THF, % = o-THF).

with Ph3C"B(CgFs),  orthe alkyl cations fail to insert 2,3-dimethyl-
butadiene at a reasonable rate. Examination of the reaction mixture
formed when 1 equiv of PhyC'B(C4Fs), is added to 15 in
toluene-dg by NMR shows very clean generation of the alkyl
cation 21. The "H NMR spectrum is surprisingly uninformative,
but the resonance for the remaining CH,SiMe; group on Y now
integrates to two protons (*Jy; = 2.8 Hz vs 2.6 Hz in 15) and the
oxazoline CMe, group has shifted upfield to 6 1.10 ppm from
1.56 ppm in 15. The >C NMR is more definitive however, as
the CH, carbon directly bonded to Y shifts downfield by almost
10 ppm and the coupling constant increases by ca. 10 Hz (21:
0 47.80, 'Jyc = 48.8 Hz; 15: 0 37.46, Jyc = 38.5 Hz). The change
in 'Jyc is consistent with a stronger and shorter Y—C bond in the
alkyl cation as might be expected. Examination of the '’F NMR
spectrum for the B(C¢Fs),  anion shows a difference in chemical
shift between the meta- and para-F resonances of A0, = 4.4
ppm. Differences in Ad,;, , of more than 3.5 ppm have been taken
as evidence of cation—anion association for [ (PhCH,)B(C¢Fs);]
anions,”® but this criterion does not appear to hold very well for

4 slope = -11800 +/- 500
i intercept = 46.0 +/- 2.0
3

In (k/T)

R?=0.987
-1 4
2 T T T T T T T T T T !
0.0035 0.0036 0.0037 0.0038 0.0039 0.0040

UT (K
Figure 12. Eyring plot for THF exchange in complex 20.

Figure 13. Crowding in the four-center o-bond metathesis transition
state for alkene insertion (R = CH,SiMes; R’ = C(Me)=CH,).

[B(CgFs)4] ™~ complexes since Ad,, , values of ca. 4 ppm has been
observed both in systems where this anion is, and is not, coor-
dinated.”®>* Despite the ambiguity of the A0, values, the
observation of some broadening in the '’F resonances for the
ortho- and meta-F of the C¢Fs groups suggests that the anion is
interacting with the cation in 21.>* Complex 21 is stable for at
least a week at room temperature in toluene-ds, although it
decomposes on attempted isolation. We have also observed that
21 rapidly polymerizes THF when dissolved in that solvent,
suggesting that the “free” alkyl cation is highly reactive.*®

The observations above unambiguously establish that alkyl cation
formation occurs when 15 is treated with Ph;C"B(C4Fs), , thus
implicating slow alkene insertion as the reason 21 is inactive as a
diene polymerization catalyst. The extent to which strong anion
coordination is responsible for this slow insertion has not been
established, but it is reasonable to assume that this is part of the
problem. The failure of alkenes to insert into Ln—C bonds in these
complexes may also be due to the coordination geometry of the Czx
ligand. Evidence presented earlier suggests that the methyl substit-
uents on the oxazoline ring force the alkyl ligands in complexes
15—17 to orient themselves over the carbazole group. It seems
reasonable to assume that these substituents also limit access of an
alkene substrate to the metal and interfere with the four-center,
0-bond metathesis transition state since the inserting alkene must
straddle the site directly opposite the carbazole N in the transition
state and this region is the most crowded by the methyl groups
(Figure 13). Finally, it should be noted that the NNN-donor set
of the anionic carbazole-bis(oxazoline) ligand framework is strongly
electron donating, and this could reduce the Lewis acidity of the
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metal center and inhibit monomer coordination for electro-
nic reasons.”*

Preliminary experiments have also shown that 15—17 under-
go hydrogenolysis with H, under pressure to afford complex
hydrides, which may also serve as polymerization or hydrogena-
tion catalysts. Despite the low-reactivity catalytic activity
observed so far, we have established that the carbazole-bis-
(oxazoline) ligand system is an attractive ancillary for orga-
nolanthanide chemistry, providing a well-defined mer geom-
etry, appropriate steric saturation, and low susceptibility to
participate in chemical reactions with either strong nucleo-
philes or electrophiles.

B ASSOCIATED CONTENT

© Supporting Information. Tables of atomic coordinates,
bond distances and angles, and anisotropic thermal param-
eters for 16—20 as well as tables summarizing comparative
X-ray structural data are available free of charge via the Inter-
net at http://pubs.acs.org.
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