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The reaction of 2,6-diallyl-4-methylphenol (H-DALP) and 2-allyl-4,6-dimethylphenol (H-MALP) with Ln
[N(SiMe3);]3 affords dimeric {Ln[DALP],},[n-DALP], [Ln =La (3), Ce (4), Nd (5), Er (6), Yb (7), Y (8)] and
{Ln[MALP]2}2[u-MALP], [Ln = La (9), Sm (10), Y (11)] complexes, respectively. The solid state structures of
5, 6, 8,10 and 11 reveal the presence of two weak Ln—alkene interactions per lanthanide center involving
one o-allyl unit of each terminal aryloxide ligand. Variable temperature NMR studies reveal that the
dimeric structures remain intact in non-coordinating solvents with rapid bridge—terminal aryloxide
exchange taking place above about 275—295 K for all DALP complexes except erbium. In the case of
yttrium complex 8, evidence for a second dynamic process involving alkene exchange is observed at
temperatures below about 220 K. 13C NMR chemical shift data also supports a weak Ln—alkene inter-
action, although the magnitude of these shifts is small due to rapid averaging of free and bound alkene
resonances at higher temperatures. For all complexes, the addition of THF cleaves the dimeric structure
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and disrupts the Ln—alkene bond.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lanthanide—alkene complexes are assumed to be intermediates
in a number of catalytic processes mediated by these metals
including olefin [1-3] and diene [3—6] polymerization, hydroge-
nation [3], hydroamination [3, 7—10], hydrophosphination [1, 3]
and hydrosilation [1, 3]. Despite their importance, very few lan-
thanide—alkene complexes have been structurally characterized
even though there is ample evidence for their existence from
previous NMR studies. Marks showed convincing paramagnetic
shift evidence for ethylene coordination to base-free (CsMes),Eu
[11], and Casey reported extensively on the dynamic NMR behavior
of a yttrium alkyl-tethered alkene system of general type (CsMes )Y
(M':m°-CH,CH,CR,CR'=CH,) (R=H, Me; R’ =H, Me) [12—20]. The
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latter studies placed the upper limit of AG! for alkene dissociation
at ca. 40 k] mol~! indicating a weak lanthanide—alkene interaction,
as might be expected in the absence of any m-backdonation [13,14].

Given that the lanthanide—alkene bond is expected to be weak
and labile, it is not surprising that all structurally characterized
lanthanide—alkene complexes, with one exception, involve an
alkene that is tethered to another coordinating group. The one
exception is not a simple alkene at all but rather the Pt-coordinated
alkene complex of divalent ytterbium, (CsMes ), Yb(p-n2:1m%-CoH,)Pt
(PPhs),, reported by Andersen and Burns over 20 years ago [21].
This was the first lanthanide—alkene structure reported and
remains the only structurally characterized example without
alkene tethering. Evans et al. [22] and Schumann et al. [23,24]
reported the structures of several alkene-tethered cyclo-
pentadienyl complexes of divalent lanthanides (I, II, Chart 1) and
the closely related alkaline earths (III, Chart 1) that show alkene
coordination. In fact, other than the interesting alkyl—alkene
complex [Yb{n!:n?-C(SiMe3),SiMe;CH=CH,}{OEt2}]o(p-1)2,  (IV),
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Chart 1.

these represented the extent of structurally characterized lantha-
nide—alkene complexes prior to this work [25].

In this contribution, we discuss the synthesis, solid state struc-
tural features and solution behavior of dimeric lanthanide aryl-
oxides bearing one or two allyl groups in the o-aryl positions.
Alkene coordination to the Ln>* center from one allyl group of each
terminal aryloxide is observed crystallographically across the
lanthanide series. These complexes represent the first neutral,
trivalent lanthanide—alkene complexes that have been structurally
characterized and NMR evidence suggests that the structures
obtained in the solid state are maintained in non-coordinating
solvents.

2. Experimental
2.1. General procedures

All manipulations were carried out under an argon atmosphere,
with the rigorous exclusion of oxygen and water, using standard
glovebox (Braun MB150-GII) or Schlenk techniques. Tetrahydro-
furan (THF), hexane and toluene were dried by distillation from
sodium benzophenone ketyl under argon immediately prior to use.
The appropriate lanthanide tris(silylamides), Ln[N(SiMe3),]3, was
prepared according to a literature procedure [26].

All NMR spectra ('H, 360 MHz; '3C, 90 MHz) including variable
temperature experiments were recorded on a Bruker AMX-360 MHz
spectrometer and referenced to residual solvent resonances.
Deuterated solvents were dried over activated 4 A molecular sieves
and spectra were recorded using 5 mm tubes fitted with a Teflon™
valve (Brunfeldt). NMR data for diamagnetic complexes are given at
ambient temperature unless otherwise specified; data for para-
magnetic complexes are given at selected temperatures. In the 3C
DEPT-135 spectra, resonance phases are indicated by + or — in the
data below. Complete variable temperature NMR data for the para-
magnetic DALP complexes 4—7 including plots of 6 vs. 1/T, complete
listings of chemical shifts and peak widths at half height are given in
the Supplementary Material. Melting points were recorded using
a Biichi melting point apparatus and are not corrected. Elemental
analyses were performed by Canadian Microanalytical, Delta, B.C.
Mass spectra were recorded on a Kratos Concept H spectrometer
using electron impact (70 eV) or FAB methods. Only metal complexes
3, 5 and 7 gave high mass peaks in the mass spectrum under any of
the conditions used.

2.2. Ligand synthesis

2.2.1. 2,6-diallyl-4-methylphenol, H-DALP (1)

4-Methylphenol (75.6 g, 0.70 mol) was dissolved in 250 mL
toluene in a 1 L round bottom flask and 250 mL water was added.
Excess NaOH (29 g), tricaprylmethylammonium chloride (12 g) and
allyl bromide (93.2 g, 1.1 equiv) were added and the two-phase
mixture was heated at 70 °C overnight. After cooling, the organic
phase was separated and washed with a further 250 mL water,
followed by drying over anhydrous MgSQO,. Filtration and removal
of the solvent from the filtrate under reduced pressure afforded
crude 4-methylphenyl allyl ether (94.3 g, 91%). The allyl ether was
then heated as a neat oil at 180 °C for 24 h to afford the Claissen
product 2-allyl-4-methylphenol as a light yellow oil in 60% yield
(62.2 g) after column chromatography on silica gel (15% ether in
hexane). Repeating the above reactions with 2-allyl-4-methyl-
phenol (40g, 0.27 mol) afforded 32.3g (64%) of 2,6-diallyl-4-
methylphenol, H-DALP (1), after chromatography on silica gel
(hexane eluent). 'H NMR (CgDg) 6 6.73 (s, 2H, arylH), 5.90 (m, 2H,
CH=), 5.01 (d, 2H, trans- =CHy), 4.96 (m, 2H, cis- =CH>), 4.75 (s,
1H, OH), 3.23 (d, 4H, CHy), 2.12 (s, 3H, CH3); *C{'H} NMR (CgDs)
6 150.8 (arylCOH), 137.0 (CH=), 129.6 (p-arylC), 129.5 (m-arylC),
125.7 (0-arylC), 116.0 (=CH,), 35.4 (CHy), 20.6 (CH3). High Res. MS
(EI) Found (Calcd): M" 188.1208 (188.1201).

2.2.2. 2-Allyl-4,6-dimethylphenol, H-MALP (2)

2-allyl-4,6-dimethylphenol was prepared from 2,4-dimethyl-
phenol using a procedure analogous to that for 1 above. H-MALP (2)
was isolated as a yellow oil after chromatography on silica gel (15%
ether in hexane). Yield: 53% overall (4.20 g of 2 from 6.1 g starting
phenol). "H NMR (C¢Dg) 6 6.77 (s, 1H, arylH), 6.70 (s, 1H, arylH), 5.93
(m, 1H, CH=), 5.02 (m, 2H, =CH), 4.60 (s, 1H, OH), 3.20 (d, 2H, CHy,
3Jyn = 6.6 Hz), 217 (s, 3H, CH3), 2.14 (s, 3H, CH3); *C{'H} NMR
(CsDg) 6 150.3 (arylCOH), 137.0 (CH=), 129.9 (arylCH), 129.5 (p-
arylC), 128.5 (arylCH), 124.4, 124.0 (o-arylC), 116.2 (=CH,), 35.6
(CH3), 20.4 (CH3), 15.8 (CH3). High Res. MS (EI) Found (Calcd): M*
162.1043 (162.1045).

2.3. Complex synthesis

2.3.1. {La[DALP],},[u-DALP], (3)
A solution of 1(0.250 g,1.33 mmol) in 4 mL toluene was added to
a solution of La[N(SiMes),]3 (0.274 g, 0.442 mmol) in 16 mL toluene
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in the glovebox. An immediate pale green color developed but the
solution soon faded to very pale yellow on stirring at room
temperature. After stirring overnight, the solvent was removed
under reduced pressure and the pasty solid residue was redissolved
in hot hexane, filtered though a Celite pad and the filtrate was
allowed to cool slowly to room temperature. The cream colored
flaky plates of 3 that deposited from solution were collected by
suction filtration and dried under vacuum. Yield: 0.23 g (74%). Mp.
152—154°C; "H NMR (CgDg) & 6.86 (s, 12H, arylH), 6.09 (m, 12H,
CH=), 5.16 (m, 24H, =CH}, overlapping), 3.50 (d, 24H, CH,), 2.20 (s,
18H, CH3); 3C{'H} NMR (CgDg) 6 140.7 (CH=), 129.4 (m-aryIC), 117.0
(=CH,), 36.1 (CH3),20.7 (CH3); the quaternary aryl carbons were not
observed; *C{'H} NMR (CgDg:C4Dg0, 5:1) 6 160.0 (arylCO), 139.1
(CH=), 127.0 (m-arylC), 115.0 (=CHy), 35.5 (CH;), 20.8 (CH3); the
remaining quaternary aryl carbons were not observed; MS (EI) m/z
1214 ([Lay(DALP)2] + 1) amu; Anal. Calcd for C7gHggOgLay: C, 66.85;
H, 6.47%; Found: C, 66.03; H, 6.63%. The elemental analysis on this
compound was repeated several times but this is the best result that
was obtained.

2.3.2. {Ce[DALP]»}[u-DALP], (4)

Complex 4 was prepared using a procedure analogous to 3 from
Ce[N(SiMe3);]3 (0.250 g, 0.403 mmol) and 3 equiv of 1. Deep yellow
plates of 4 were isolated from hexane solution. Yield: 0.155 g (55%).
Mp. 120-122°C; 'H NMR (CsDs, 297K) 0 9.22 (24H, CHa,
v12=140 Hz), 2.66 (18H, CH3, v12=400Hz), 133 (12H, CH=,
v1/2 =160 Hz), —3.29 (12H, CH=, v12 =780 Hz), —7.19 (12H, CH=,
v12=900 Hz), arylH not observed; TH NMR (C7Dg, 377K) 6 6.28
(24H, CHy, v1j =60 Hz), 7.21 (12H, arylH, v1; = 56 Hz), 2.44 (12H,
CH=, v1/ =48 Hz), 2.35 (18H, CH3, v1)2 = 23 Hz), —0.65 (12H, CH=,
v12=38Hz), —2.42 (12H, CH=, vy, =40Hz); Anal. Calcd for
C78Hgp0gCey: C, 66.74; H, 6.46%; Found: C, 66.34; H, 6.71%.

2.3.3. {Nd[DALP],}2[u-DALP], (5)

Complex 5 was prepared using a procedure analogous to 3 from
Nd[N(SiMes),]3 (0.277 g, 0.443 mmol) and 3 equiv of 1. Deep blue
prisms of 5, suitable for X-ray crystallography, were isolated from
hexane solution. Yield: 0.211 g (68%). Mp. 158—160 °C; MS (EI) m/z
1226 ([Ndy(DALP)Z]+1) amu showing the extensive isotope
pattern of Nd; 'H NMR (C;Dg, 293K) & 16.76 (24H, CHa,
v1;2 =500 Hz), 3.7 (18H, CH3, v12=1300 Hz), —3.46 (12H, CH=,
v1j2 =250 Hz), remaining alkene H and arylH not observed, THNMR
(CsDg, 373K) & 10.04 (24H, CHa, v1j2 =96 Hz), 7.83 (12H, arylH,
v12=160Hz), 2.77 (18H, CH3, v12=64Hz), 0.18 (12H, CH=,
v12 =80 Hz), —3.39 (12H, CH=, 1) = 120 Hz), —6.46 (12H, CH=,
v1j2 =145 Hz); Anal. Calcd for C7gHgoOgNdy: C, 66.35; H, 6.42%;
Found: C, 65.84; H, 6.15%.

2.34. {Er[DALP]»},[u-DALP], (6)

Complex 6 was prepared using a procedure analogous to 3 from Er
[N(SiMes3),]3 (0.287 g, 0.443 mmol) and 3 equiv of 1. Well-formed,
bright pink cubes of 6, suitable for X-ray crystallography, were iso-
lated from hexane solution. Yield: 0.23 g (71%). Mp. 162—163 °C; 'H
NMR (C;Dg, 298K) 6 189.4 (16H, »ip=3500Hz), 117.3 (8H,
v1/2=1000 Hz), 108.6 (8H, v1)2 = 2300 Hz), 73.3 (8H, v =850 Hz),
453 (4H, v12=1200Hz), 84 (4H, v12=1000Hz), —11.0 (4H,
v1/2=1200 Hz), —28.0 (8H, v1)2 = 320 Hz), —47.1 (6H, v1/ =400 Hz),
—68.1 (12H, v12 =1200 Hz), —84.6 (8H, v1;2 > 5000 Hz), one reso-
nance of relative integration 4H was not observed; Anal. Calcd for
C78HgoOgET: C, 64.25; H, 6.22%; Found: C, 64.17; H, 6.22%.

2.3.5. {Yb|DALP],},[u-DALP], (7)

Complex 7 was prepared using a procedure analogous to 3 from Yb
[N(SiMes3)2]3 (0.290 g, 0.443 mmol) and 3 equiv of 1. Yellow—orange,
flaky plates of 7 deposited from hexane solution. Yield: 0.055 g (17%).

Mp.130—134 °C; MS (El) m/z 1469 (M isotopic cluster) amu; THNMR
(C7Ds, 297 K) 6 36.07 (12H, CH=, v1)2 =750 Hz), 25.14 (12H, CH=,
v1j2=>500Hz), 1344 (12H, arylH, v12=200Hz), 348 (18H, CHjs,
v1j2=15Hz), —12.46 (24H, CH>, v1; =540 Hz), one alkene H reso-
nance was not observed; 'H NMR (C;Dg, 377 K) 6 22.95 (12H, CH=,
v12 =42 Hz), 17.82 (12H, CH=, r1;p=56 Hz), 11.60 (12H, aryl H,
V12 =42 HZ), 2.78 (18H, CH3, V= 5 HZ), -3.99 (24[‘[, CHZ, ry
2=76Hz), —19.78 (12H, CH=, »1p=800Hz); Anal. Calcd for
C78HgpO6Yby: C, 63.75; H, 6.17%; Found: C, 63.24; H, 6.18%.

2.3.6. {Y[DALP]5}5[u-DALP]> (8)

Complex 8 was prepared using a procedure analogous to 3 from
Y[N(SiMe3)2]3 (0.252 g, 0.442 mmol) and 3 equiv of 1. Colorless
cubes of 8 were isolated from hexane solution. Recrystallization
from hot a hexane solution afforded crystals suitable for X-ray
diffraction. Yield: 0.275 g (95%). Mp. 163—164 °C; 'H NMR (CgDg)
0 6.87 (s, 12H, arylH), 5.98 (m, 12H, CH=), 5.08 (m, 24H, =CH,
overlapping), 3.50 (d, 24H, CH,), 2.15 (s, 18H, CH3); 'H NMR
(CeDg:C4HgO, 5:1) 0 6.85 (s, 12H, arylH), 5.97 (m, 12H, CH=), 4.92
(m, 24H, =CH, overlapping), 3.42 (d, 24H, CH>), 2.05 (s, 18H, CH3);
13C{H} NMR (CgDg) 6 140.1 (very broad, CH=), 128.9 (m-arylC),
116.5 (very broad, =CH3), 36.7 (CH;), 20.8 (CHs3); the quaternary
aryl carbons were not observed; *C{'H} NMR (CgDg:C4HsO, 5:1)
0 158.0 (arylCO), 139.1 (CH=), 124.7 (m-arylC), 114.9 (=CH,), 35.2
(CHy), 20.9 (CH3); the remaining quaternary aryl carbons were not
observed; >C DEPT-135 NMR (C;Ds, 298 K) 6 139.8 (+, very broad,
CH=), 128.9 (+, m-arylC), 116.7 (—, broad, =CHy), 35.8 (—, CHy),
20.7 (+, CH3); ®C DEPT-135 NMR (CsDg, 203K) 6 143.3 (+,
terminal-OAr CH=), 136.4 (+, bridge-OAr CH=),130.2 (+, terminal-
OAr m-arylC), 128.8 (+, bridge-OAr m-arylC), 119.9 (—, bridge-OAr
=(Hy), 117.6 (—, terminal-OAr =CH,), 37.6 (—, terminal-OAr CHy),
354 (—, bridge-OAr CHjy), 27.0 (+, bridge-OAr CHz), 219 (+,
terminal-OAr CHs3); Anal. Calcd for C7gHggOgY2: C, 71.99; H, 6.97%;
Found: C, 71.55; H, 6.92%.

2.3.7. {La[MALP]»},[u-MALP] (9)

Complex 9 was prepared using a procedure analogous to 3 from
La[N(SiMes),]3 (0.085 g, 0.14 mmol) and 3 equiv of 2. Colorless
crystals of 9 were isolated from hexane solution. Yield: 0.058 g
(67%). Mp. 144—147 °C; 'TH NMR (CgDs) 6 6.82 (s, 6H, arylH), 6.71 (s,
6H, arylH), 5.89 (m, 6H, CH=), 5.02 (d, 6H, trans- =CH>), 4.94 (m,
6H, cis- =CH>), 3.31 (br m, 12H, CHy), 2.43 (s, 18H, CH3), 2.15 (s, 18H,
CH3); 3C{"H} NMR (CgDg) 6 143 (very broad, CH=), 130.5 (arylCH),
128.6 (arylCH), 116.5 (broad =CHy), 36.4 (very broad, CH), 20.6
(CH3), 17.9 (CH3); Anal. Calcd for CggH780gLaz: C, 63.67; H, 6.31%;
Found: C, 64.24; H, 6.78%. This is the best elemental analysis
obtained from several trials.

2.3.8. {Sm[MALP],}2[u-MALP}> (10)

Complex 10 was prepared using a procedure analogous to 3
from Sm[N(SiMes),]3 (0.125 g, 0.200 mmol) and 3 equiv of 2. Small,
colorless crystals of 10 were isolated from hexane solution. Yield:
0.077 g (61%). Mp. 112—116 °C; 'H NMR (CgDg) 6 6.45 (br s, 6H,
arylH), 6.35 (br s, 6H, arylH), 4.74 (br s, 12H, =CH>), 4.23 (br s, 6H,
CH=), 3.27 (br s, 18H, CH3), 1.81 (br s, 18H, CH3); the allyl CH,
resonance was not observed but may lay under the 1.81 ppm
resonance based on integrated intensities; Anal. Calcd for
CesH7306Smy: C, 62.51; H, 6.20%; Found: C, 62.77; H, 6.40%.

2.3.9. {Y[MALP]»}5[u-MALP], (11)

Complex 11 was prepared using a procedure analogous to 3 from
Y[N(SiMe3)3]3 (0.115 g, 0.200 mmol) and 3 equiv of 2. Colorless
cubes of 11, suitable for X-ray crystallography, were isolated by
repeated crystallization from hexane solution. Yield: 0.038 g (33%).
Mp. 167—170°C; 'H NMR (CgDg) 6 6.82 (s, 6H, arylH), 6.71 (s, 6H,
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Table 1
Summary of crystallographic data.?
5 6 8 10 11

Formula C78Hgo06Nd> C78HgoO6Er2 C78Hg006Y2 CesH7806Sm; Ce6H7506Y2
fw 14121 1458.0 1301.3 1268.0 11451
Cryst syst Monoclinic Monoclinic Monoclinic Triclinic Triclinic
Space group P2;/n (No. 14) P2;/n (No. 14) P2;/n (No. 14) P—1(No.2) P—1(No.2)
a(A) 13.292(3) 13.178(2) 13.183(2) 10.689(3) 10.654(2)
b (A) 17.272(4) 17.357(3) 17.327(2) 12.237(4) 12.208(2)
c(A) 16.407(4) 16.233(3) 16.241(2) 12.806(4) 12.803(2)
a (deg) 90 90 90 114.441(5) 115.060(2)
8 (deg) 109.006(3) 109.265(3) 109.159(3) 95.824(5) 96.102(3)
v (deg) 90 90 90 93.432(5) 93.136(3)
V(A3) 3561.6(13) 3505.2(10) 3504.3(8) 1507.5(8) 1490.7(4)
Z 2 2 2 1 1
Peale (gcm™3) 1.32 1.38 1.23 1.40 1.28
u(mm) 1.49 243 1.70 1.98 1.99
20max (deg) 50 50 50 50 50
meas. refl. 18,483 18,299 18,486 11,228 11,132
unique refl. 6280 6184 6191 5289 5222
refl. I > 2a(1) 4727 4241 3177 4953 4255
Fooo 1452 1484 1368 646 600
RP Ry¢ 0.038, 0.100 0.030, 0.071 0.050, 0.110 0.023, 0.058 0.036, 0.092
R® (all data) 0.054 0.059 0.119 0.025 0.049
GOF 1.03 0.92 0.89 1.04 0.98

3 Collected using a Smart 1000 CCD system (graphite-monochromated Mo K, A =0.71073 A at 223 K).

P R=3(|Fo| — [Fe|)/2IFol.
€ Ru=[EW(|Fo| — [Fe2)[Ew(|F,|)2]"2.

arylH), 5.89 (m, 6H, CH=), 5.01 (m, 6H, trans- =CHy), 4.95 (m, 6H,
cis- =CH3y), 3.31 (broad m, 12H, CH>), 2.42 (s, 18H, CH3), 2.14 (s, 18H,
CH3); 3c{'H} NMR (CgDs) 6 156.2 (broad, arylCO), 143.4 (broad,
CH=), 130.6 (arylCH), 128.7 (arylCH), 126.1 (broad, arylC), 116.5
(broad, =CH,), 36.4 (CHy), 20.7 (CH3), 18.0 (CH3); Anal. Calcd for
CseH7806Y2: C, 69.22; H, 6.87%; Found: C, 68.88; H, 6.73%.

2.4. X-ray crystallographic studies

Crystals suitable for X-ray diffraction were grown from a hot,
saturated hexane solution by slow cooling to room temperature in
the glovebox. Crystals were mounted on a glass fiber and sealed in
epoxy prior to analysis. Data was collected at 223(1) K using
a Bruker SMART 1000 instrument (Mo Ka radiation, A =0.71073 A).
Data reduction and correction for Lorentzian polarization and
decay were performed using the SHELXTL software [27]. Absorp-
tion corrections were applied using SADABS [28]. The structure was
solved by direct methods and refined by least squares method on F2
using SHELXS-97 [29]. All non-hydrogen atoms were refined
anisotropically and hydrogen atoms refined isotropically using
a riding model. Disorder was observed in some of the non-coor-
dinating allyl groups in each structure. This was modeled using
major and minor fragments in approximately 80:20 ratio. Details of
the data collection and refinement are given in Table 1.

OH
= a

= H-DALP

Ln[N(SiMe),], 1/2 {Ln(DALP),},[1i-DALP],

Ln =La (3), Ce (4), Nd (5),
Er (6), Yb (7), Y (8)

- 3 HN(SiMe,),

-3 HN(SiMe,),

3 H-MALP
1/2 {Ln(MALP),},[u-MALP],

Ln=La(9), Sm (10), Y (11)

Scheme 1.

3. Results and discussion
3.1. Complex syntheses and solid state structures

Reaction of 3 equivalents of 2,6-diallyl-4-methylphenol (H-
DALP) or 2-allyl-4-methylphenol (H-MALP) with Ln[N(SiMe3)]3
afforded the dimeric tris(phenoxide) complexes {Ln[DALP],}2[p-
DALP], (Ln=La (3), Ce (4), Nd (5), Er (6), Yb (7), Y (8)) or {Ln
[MALP]2}2[n-MALP]; (Ln=La (9), Sm (10), Y (11)), respectively
(Scheme 1). In the case of the colorless complexes of yttrium and
lanthanum, initial mixing of the phenol with Ln[N(SiMes);]3
resulted in a green colored solution that faded to colorless after

Fig. 1. ORTEP3 plot (30% probability) of {Nd[DALP],},[i-DALP], (5) [30].
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Fig. 2. ORTEP3 plot (30% probability) of {Sm[MALP],},[u-MALP], (10) [30].

about 15 min, possibly suggesting the formation of transient DALP
or MALP phenoxyl radicals [30]. The complexes were recrystallized
from hot hexane to afford crystals suitable for X-ray crystallography
in most cases. However, crystals of 4 (Ce) and 7 (Yb) were of lower
quality. This may indicate the presence of some impurities as these
two complexes also gave consistently lower melting points than the
rest of the series.

The DALP complexes of Nd (5), Er (6) and Y (8) are isostructural in
the monoclinic space group P2i/n; a representative structure is

Table 2
Selected bond lengths and bond length differences (A) for complexes 5, 6, 8,10 and
112

5 (Nd) 6 (Er) 8(Y) 10 (Sm) 11 (Y)

Ln—Ceerm” 3.122(6) 3.122(6) 3.128(5) 3.120(4) 3.090(3)
Bound alkene 3.024(5) 2.928(5) 2.970(5) 3.099(3) 3.140(4)
Ln—Cjp© 3.185(6) 3.186(6) 3.187(5) 3.149(4) 3.123(3)
Bound alkene 3.256(5) 3.126(5) 3.153(5) 3.252(3) 3.288(4)
Difference —0.063 —0.060 —0.059 -0.029 —0.033

4 =(Ln—Ceerm) —0.232 -0.198 -0.183 -0.153 —0.148

- (Ln*cint)
Coordinated C=C  1.311(2) 1.314(7) 1.323(2) 1.279(5) 1.296(5)

1.331(7) 1.314(7) 1.310(6) 1.294(5) 1.297(5)

Free C=C 1.274(2) 1.275(4) 1.263(2) 1.267(7) 1.272(7)
Terminal-OAr 1.294(2) 1.272(2) 1.289(2)
Free C=C 1.300(2) 1.295(2) 1.293(2) 1.271(10) 1.287(11)
Bridging OAr 1.262(8) 1.255(8) 1.256(2)
Ln-OAr 2.147(3) 2.065(3) 2.064(3) 2.121(2) 2.066(2)
Terminal-OAr 2.160(3) 2.076(3) 2.075(3) 2.135(2) 2.074(2)
Ln-p-OAr 2.345(3) 2.244(3) 2.273(3) 2.319(2) 2.260(2)
Ln-p-O’'Ar 2371(3) 2.256(3) 2.254(3) 2.319(2) 2.248(2)
Bridge asymmetry  0.026 0.012 0.019 0.0 0.012

|(Ln-OAr)

— (Ln-O'Ar)|

¢ Complete tables of bond lengths including specific labels can be found in the
Supplementary Material.

P Cierm refers to the terminal =CH, carbon of the allyl chain.

€ Cin¢ refers to the internal CH= carbon of the allyl chain.

Table 3
Bond angles around Ln (deg) for complexes 5, 6, 8, 10 and 11.%
5 (Nd) 6 (Er) 8(Y) 10 (Sm) 11(Y)

Or-Ln-Op® 135.77(3) 137.49(13) 136.51(12) 134.82(8) 135.51(9)
Or-Ln-Op  103.64(11) 101.34(12) 112.36(11) 108.27(7)  107.57(8)
Or-Ln-Og'  111.00(11) 111.32(12) 101.68(11) 105.99(7)  110.57(8)
Or-Ln-Og  110.10(11) 11020(11) 104.89(11) 107.55(8)  109.19(7)
Op-Ln-0g  106.87(11) 104.53(12) 110.63(11) 111.31(6)  105.60(7)
0p-Ln-0g’ 70.19(10)  72.45(13)  72.44(12) 70.48(7)  72.01(7)
Ct1-Ln-Ct2¢ 106.73 105.25 105.57 103.08 101.89
Ct1-Ln-Otq 73.35 74.00 73.69 73.55 70.70
Ct1-Ln-O, 77.22 76.22 76.14 78.45 82.15
Ct1-Ln-Og 92.79 93.62 93.28 95.26 91.95
Ct1-Ln-Og’ 162.94 165.55 165.13 165.67 163.67
Ct2-Ln-O1q 86.17 85.12 84.88 89.69 77.27
Ct2-Ln-O1;, 71.57 74.23 73.88 82.92 73.44
Ct2-Ln-Og 160.07 161.10 161.21 161.31 166.16
Ct2-Ln-Op’ 90.17 88.66 90.55 91.23 94.15
Ln-Op-Ln’  108.81(10) 107.55(13) 107.56(12) 109.56(12) 107.99(7)

2 Complete tables of bond angles including specific labels can be found in the
Supplementary Material.

b Or; and Or; refer to the terminal aryloxide-O; Og and Og’ refer to the symmetry-
related bridging aryloxide-O pair.

€ Ct1 and Ct2 refer to the centroids (midpoints) of the two unique bound alkene
carbons.

shown for 5 in Fig. 1 [31]. Similarly, the MALP complexes of Sm (10)
and Y (11) are isostructural and crystallize in the triclinic space group
P — 1; arepresentative structure of this type is shown for 10 in Fig. 2.
Selected bond lengths and angles for all five complexes are given in
Tables 2 and 3, respectively. The solid state structures of the DALP
and MALP complexes are quite similar and are probably best
regarded as displaying a distorted octahedral geometry at the metal
center with the alkene centroids occupying positions trans to one
bridging aryloxide-O (Ct-Ln-Op_trans angle range: 160.07—166.16°,
Table 3). However, this geometry is obviously highly distorted as the
angle between the terminal aryloxide-O atoms deviates greatly from
180° (range: 134.82(8)—137.49(13)°) and the angle between the
terminal and bridging aryloxide-O is far wider than 90° (range:
101.34(12)—112.36(11)°). The distortion may be viewed as from
octahedral towards tetrahedral with the alkene ligands being forced
out of the inner coordination sphere. That being said, the distance
between the alkenyl carbons of one allyl group of each terminal
aryloxide and the metal center (Ln—Cierm, range: 2.928(5)—3.140(4)

A; Ln—Cinc range: 3.123(3)—3.288(4) A, Table 2) are far shorter than
the sum of the Ln and carbon van der Waals radii in all five structures
(van der Waals Ln---C distances range from 3.6 to 3.7 A for Y to La,
assuming rypw for Cis 1.5 A) [32]. The carbon atoms of the other allyl
group on the terminal aryloxide of the DALP complexes (5, 6 and 8)
are not within the sum of van der Waals radii and the same is true of
all allyl group carbons on the bridging aryloxides in both the DALP
and MALP structures. The lanthanide 2,6-diisopropylphenoxide ate
complexes, [La(OAr)y(THF)(u-OAr),] [M(THF)n]" (M=Li, n=1;
M =Na,n=2)and [Ln(OAr)4] " M*(Ln=Nd,M =K; Ln = La,M =Cs),
are interesting in this regard because the saturated isopropyl group
is similar to an allyl group yet in this case, the distance from the
lanthanide ion to all three isopropyl carbons lies well outside the
sum of the van der Waals radii (Ln---C distance > 3.65 A in all cases
and usually >4 A) [33,34]. Interestingly, these ate complexes do
feature w-interactions but these are between the arene rings and the
alkali metal cations not the lanthanide ions.

The interaction between the allyl alkene carbons and the metal
is distinctly asymmetric with the terminal =CH, group approach-
ing the metal center more closely than the internal CH= group by,
on average, 0.12 A (range: 0.029—0.232 A, Table 2). It is interesting
to note that in all five structures the coordinated alkene C=C
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distance is slightly longer than the non-coordinated alkene units,
whether part of the bridging or terminal aryloxide ligand, in the
same molecule (Table 2). The difference in coordinated and free
alkene bond lengths is much more pronounced in the case of the
DALP complexes compared with those containing the MALP ligand.
It is not obvious why this should be the case and the fact that there
is some disorder in the free allyl groups of some structures suggests
that these differences should be viewed with caution.

The aryloxide bonding is largely unexceptional. As expected, the
Ln—O0 bonds for the terminal aryloxide are about 0.2 A shorter than
the bridging aryloxide Ln—O bonds (Table 2). The aryloxides bridge
the two lanthanide centers in a symmetrical fashion (asymmetry
range: 0.00—0.026 A). Both the bridging and terminal Ln—O bond
distances are somewhat shorter than the distances normally
observed in 6-coordinate lanthanide aryloxide dimers. For example,
when all distances are corrected to an equivalent 6-coordinate Y3+
radius of 0.90 A [35], the terminal and bridging Ln—0O distances in
the DALP and MALP complexes fall in the ranges 2.063—2.086 and
2.248-2.288 A, respectively, while the literature complexes span
the ranges 2.103—2.138 and 2.272—2.426 Afor bridging and
terminal Ln—O distances [36—40]. The only complexes with
comparably short distances are [Yb(ONaph)(THF)(NCCH3)]a[p-
ONaph], (ONaph = 1-naphthoxide) and [Ln(0O-2,6-
C6H3(CH2Ph)2)2]2[].1—0—2,6—C6H3(CH2P11)2]2 (Ln:La, Yb) [41,42]. In
the former complex, the shorter Ln—0 distance is explained by the
smaller CH3CN ligand. However, the latter pair of complexes possess
secondary Tr-arene interactions between one of the bridging aryl-
oxide benyzl groups and the lanthanide centers (n®-arene in the
case of La and both 13 and 1? in the case of Yb) [42]. As observed in
this work, these 7 interactions are weak and the bonds long,
resulting in less steric crowding at the lanthanide ion and a closer
approach of the aryloxide ligands.

There are very few structurally characterized lanthanide-
—alkene complexes with which to compare the complexes reported
here. The majority of these involve divalent lanthanide complexes
containing Cp ligands with pendant alkene groups (I and II) [22,23],
although there is one example of an alkyl complex with a coordi-
nated tethered alkene (IV, Chart 1) [25]. A series of alkaline earth
alkene complexes (IIl) that are closely related to the divalent
lanthanide derivatives II have also been reported (Chart 1) [24]. The
bridging ethylene derivative (CsMes),Yb(u-CoHg)Pt(PPhs); was
reported several years ago but since backbonding from Pt clearly
dominates the structural parameters, this complex is not compa-
rable to those reported here [21]. There are also two reports of
lanthanide 1,4-diphenylbutadiene complexes but in both cases, the
diene ligand is clearly reduced and cannot be compared with the
neutral alkene complexes discussed here [43,44]. The only trivalent
lanthanide—alkene complex that has been structurally character-
ized is the [(CsMe4SiMe,CH,CH=CH,),Sm|]" cation of Id (Chart 1)
[22]. All of these complexes, with the exception of IV, also show
shorter terminal vs. internal Ln—C distances by ca. 0.2 A on average
compared with an average value of 0.12 A here. In contrast, the
alkyl—alkene complex IV shows a significantly closer internal vs.
terminal Yb—C distance (4 = (Yb—Cterm)— (Yb—Cint) = +0.30 A).
Given the very different type of tethering group, it seems likely that
whether the internal or terminal carbon approaches the metal most
closely is a function of the nature of the tether rather than any
intrinsic preference of the metal.

The terminal Ln—C distances in the DALP and MALP complexes
described here differ considerably from those found in complexes ],
II and IV. When the metal ionic radii are corrected to that of six-
coordinate Y3+ according to Shannon [35], the divalent complexes I
and II, and the trivalent cationic complex Id, predict Ln—Ceerm
distances in the range 2.73—2.82 A [22,23]. In fact, the corrected
distances in the aryloxide tethered alkene complexes discussed here
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Fig. 3. Observed and simulated 'H NMR (360 MHz) spectra for the m-aryl proton
region of {Y[DALP],},[u-DALP], (8) between 333 and 255 K in dy4-methylcyclohexane.

range from 2.94 to 3.14 A, more than 0.2 A longer. Similarly, the Sr?*
and Ba?* complexes (Illb—c) predict comparable distances (range:
2.71-2.76 A) [24]. However, the Ca®* complex (Illa) predicts
somewhat longer distances of 2.85—2.95 A and the Mg?* complex
shows no alkene coordination in the solid state at all. These results
suggest that steric pressure plays a role and it seems likely that the
longer Ln—C distances observed in the MALP and DALP complexes is
a reflection of weaker alkene bonding due to increased steric
crowding for the smaller trivalent lanthanide ions with a larger
aryloxide ligand. It is noteworthy that the Ln—arene m-interactions
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Fig. 4. Eyring plot for the bridge—terminal aryloxide exchange process of {Y
[DALP],},[n-DALP], (8) in dq4-methylcyclohexane.
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Fig. 5. Eyring plot for the bridge—terminal aryloxide exchange process of {La
[DALP],},[n-DALP], (3) in di4-methylcyclohexane.

observed in [LD(O—2,6—C6H3(CHzPh)z)2]2[H—O—Z,G—C6H3(CH2Ph)2]2
(Ln = La, Yb) give similar Ln-m-arene C distances after correction for
differences in radii (estimated range 2.9—3.2 A) [42].

The median bond C=C bond length in complexes I-IV is 1.32 A,
very similar to the 1.31 A found in the present work, but in both the
literature structures and those reported here, the coordinated C=C
bond length covers a very wide range (1.267(11)-1.361(2) A[22—25];
Table 2). This variability makes it difficult to state with confidence
whether the small increase in average C=C bond length for the
coordinated vs. non-coordinated alkenes is real but it is clear that any
changes in bond length that do occur on coordination are minor.

3.2. Solution behavior of the diamagnetic complexes

In view of the alkene coordination observed in the solid state,
we sought evidence for alkene bonding in solution by NMR spec-
troscopy. At room temperature, the diamagnetic complexes 3 and 8
show a single set of resonances for the DALP ligands in deuterated
benzene, toluene or methylcyclohexane. This suggests either that
the complexes exist as monomers or are undergoing rapid
bridge—terminal aryloxide exchange. On cooling below room
temperature in either dg-toluene or dy4-methylcyclohexane, the 'H
NMR resonances of either 3 or 8 broaden and eventually decoalesce
into two sets of DALP resonances in 2:1 ratio, clearly indicating that
these complexes are dimeric in non-coordinating solvents at room
temperature. No concentration effects are observed over at least
a five-fold concentration range, consistent with an intact dimer.
However, the addition of a small amount of dg-THF (5:1 dg-tolu-
ene:dg-THF) results in sharp spectra with a single set of DALP
resonances down to at least 200 K, clearly indicating that THF
cleaves the dimeric structure into a monomer (Eq (1)).

{Ln(DALP),},[u-DALP], i o Ln(DALP)5(THF),
Ln = La (3), Ce (4), Nd (5), (1

Er (6), Yb (7), Y (8)

3.2.1. Dynamic bridge—terminal aryloxide exchange
Bridge—terminal aryloxide exchange was examined in more

detail for 8 in d14-methylcyclohexane. The dynamic behavior of the

m-aryl proton resonance was the most easily followed. Fig. 3 shows

the observed and simulated spectra for this resonance between 333
and 255 K [45]. An Eyring plot for this resonance, shown in Fig. 4,
yielded AH'=40+1kjmol!, AS'=-59+4]Jmol 'K! and
AGhog =58 + 3 kj mol~L. The Eyring plot for the same process and
resonance of 3, shown in Fig. 5, gave AH!=37.8+0.6kmol™',
ASt=-51+£3]mol 'K~ ! and AGheg =53+ 2 kJmol~\. The nega-
tive entropy term for bridge—terminal aryloxide exchange is
noteworthy since it argues against cleavage of the bridge during
exchange. One possible explanation for the negative entropy term
is that exchange occurs by way of a crowded, triple aryloxide bridge
like that shown in Eq (2). This would no doubt involve alkene
dissociation (see evidence for this below) which would make
a positive entropy contribution, but the crowding of such an
intermediate would likely prevent aryloxide rotation and the
increased rigidity would be expected to result in an overall negative
entropy term. The marginally lower barrier to bridge—terminal
aryloxide exchange for the La complex 3 vs. Y complex 8 could also
be taken as evidence for the process shown in Eq (2) given the
considerably larger size of La>*

Ar Ar
\

ArO OAr OAr
N B e o Ln/o\Li 2)
/ \ / \ }o/

\Ar Ar/ \Ar

3.2.2. Evidence for weak alkene binding

On further cooling below 255 K, the TH NMR of 8 in dq4-meth-
ylclohexane again begins to broaden and the terminal DALP reso-
nances eventually decoalesce just before the solubility limit of the
complex at 188 K. While there is significant broadening of all reso-
nances at this temperature due to viscosity effects, the larger m-aryl
proton resonance observed at 255 K splits into two resonances of
equal intensity by 188 K. This is consistent with the solid state
structure and indicates that at this temperature alkene exchange is
slow. The observed and simulated spectra for this process and the
corresponding Eyring plot are shown in Figs. 6 and 7, respectively.
Values of AH'=50+4kjmol~!, AS'=+446+15]mol~'K~' and
AGhog =36 +15K] mol~! were obtained from Fig. 7. Although these
activation parameters are prone to considerable error, the entropy
term obtained for this process is so substantially positive that we
believe it is significant. If so, it indicates a dissociative alkene
exchange process and the barrier observed would represent the sum
of the barrier to alkene dissociation and aryloxide rotation.

It might be expected that alkene bonding would be detectable by
chemical shift differences between alkene proton or carbon reso-
nances in the complex relative to free alkene by NMR spectroscopy.

| T k
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Fig. 6. Observed and simulated 'H NMR (360 MHz) spectra for the m-aryl proton
region of {Y[DALP],},[u-DALP], (8) between 255 and 188 K in di4-methylcyclohexane.
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Fig. 7. Eyring plot for the terminal aryloxide alkene exchange process of {Y
[DALP],},[1-DALP], (8) in dq4-methylcyclohexane.

Casey et al., for example, have shown that the "H NMR chemical shift
difference, A8, between the terminal =CHj protons in Cp,Y(n':n?-
CH,CH,CR,CR'=CH;) (R=H, Me; R’ = H, Me) is between about 0.6
and 1.5 ppm in the coordinated alkene complex but <0.1 ppm for
either the free alkene equivalent or the complex in the presence of
ds-THF (where alkene displacement by THF is assumed) [12—17].
However, in the diamagnetic complexes 3, 8, 9 and 11 at room
temperature in dg-toluene, Aé is <0.1 ppm. Similarly, other lantha-
nide—alkene complexes I, Il and the alkaline earth complexes Il also
show A< 0.1 ppm in non-coordinating solvents [22—24]. The
alkene carbon *C NMR chemical shifts, however, are more sensitive
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Fig. 9. '"H NMR Chemical shift 6 vs. 1/T for {Nd[DALP],},[u-DALP]; (5) in 5:1 dg-tolu-
ene:dg-THF (360 MHz).

to alkene coordination with the terminal carbon shifting upfield and
the internal carbon downfield by several ppm. For example, the Cp,Y
(nl:nZ—CHZCH2CR2CR’:CH2) (R=H, Me; R =H, Me) complexes
reported by Casey et al, show an increase in the coordinated alkene
internal—terminal '>C chemical shift difference of, on average, ca.
17 ppm (AAd. range: 13.8—25.0 ppm) relative to the free ligand
[12—16]. The divalent Yb complexes I and Il show AAd, values of 9.6
and 18.1 ppm, respectively, while the related alkaline earth
complexes III have an average AA¢. value of 9.7 ppm (range:
8.9—-10.9 ppm) [22—24]. At room temperature, the diamagnetic
DALP complexes of La (3) and Y (8) show smaller AAj. values of 2.7
and 2.5 ppm, respectively, while this difference is somewhat larger
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Fig. 8. "H NMR Chemical shift 6 vs. 1/T for {Nd[DALP],},[u-DALP], (5) in dg-toluene (360 MHz).
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Fig. 10. 'H NMR Chemical shift 6 vs. 1/T for {Er[DALP],},[u-DALP]; (6) in 5:1 dg-tolu-
ene:dg-THF (360 MHz).

in the corresponding MALP complexes (9, 5.7; 11, 6.0 ppm). The 3C
NMR spectrum of 8 recorded at 203 K shows two distinct sets of
resonances in 2:1 ratio for the terminal and bridging aryloxides,
respectively. At 203 K, the alkenyl carbon AA¢, value for the terminal
aryloxide increases by 4.7 ppm while that for the bridging aryloxide
decreases by —4.6 ppm. At this temperature, alkene exchange is still
rapid in the ®C NMR spectrum, so the observed AAd. value is an
average of that for free (by definition AAd.=0) and coordinated
alkene. In order to properly compare this parameter to that observed
in other alkene complexes mentioned above, it therefore must be
doubled to 9.4 ppm, a value that is very similar to that observed for I
and III [22,24], but smaller than those observed in the tethered
alkyl—alkene complexes [12—16].

3.3. Paramagnetic complexes: variable temperature '"H NMR

The paramagnetic DALP complexes4(Ce),5(Nd),6 (Er)and 7 (Yb)
were studied by variable temperature 'H NMR in both dg-toluene
and 5:1 dg-toluene:dg-THF between about 210 and 380 K. Plots of
0 vs. 1/T in dg-toluene and 5:1 dg-toluene:dg-THF are shown for
Nd,(DALP)s (5) in Figs. 8 and 9, respectively; complete tables of NMR
chemical shifts including line widths at half height and  vs.1/T plots
are given for 4, 6 and 7 in the Supplementary Material. In the case of
5, decoalescence for bridge—terminal aryloxide exchange occurs
between ca. 275 and 295 K, depending on the separation of the
resonances involved (Fig. 8). There is no evidence for decoalescence
due to the alkene exchange process at lower temperatures but the
extremely broad line widths, in some cases >2000 Hz, below about
250 K make it impossible to discern the onset of this second process.
Addition of dg-THF simplifies the spectra to 6 resonances and
completely alters the variable temperature behavior (Fig. 9). The
resonances in Fig. 9 follow fairly linear ¢ vs. 1/T behavior consistent
with formation of a monomeric Nd(DALP)3(THF), complex at all
temperatures. The behavior of Ce complex 4 is very similar to 5 with
approximately the same decoalescence temperature for bridge-
—terminal aryloxide exchange. The variable temperature 'H NMR
behavior of Yby(DALP)g (7) was only examined at room temperature
and above (297—377 K) but a maximum of 6 resonances was
observed indicating that this complex too is in the fast bridge-
—terminal aryloxide exchange region in this temperature range.

In contrast to 4 and 5, Ero(DALP)g (6) shows evidence for up to
12 distinct resonances throughout the temperature range studied
(253—357 K) indicating that bridge—terminal aryloxide exchange
remains slow on the NMR timescale. This is a reflection of the large
pseudo-contact shifts observed for Er’* as evident from the total
chemical shift range of >250 ppm at 298 K. In the presence of dg-
THF, the spectra again simplify to only 6 resonances indicating
formation of a monomeric THF adduct, Er(DALP)3;(THF), (Fig. 10).
Interestingly, the resonances of this THF adduct show distinct
curvature between 293 and 353 K. This may be due to an equilib-
rium between species with different numbers of coordinated THF
molecules, Eq (3).

Er(DALP)(THF),

ENDALP),(THF),  (3)
THF

4. Conclusions

The ortho-allyl substituted aryloxide ligands DALP and MALP
form dimeric complexes with trivalent lanthanides and yttrium
that contain weak Ln—alkene bonds in the solid state with allyl
groups on the terminal aryloxides. The Ln—alkene structural
parameters indicate, in common with the small number of reported
lanthanide and alkaline earth alkene complexes, that the terminal
alkene carbon approaches the metal more closely than the internal
alkene carbon. However, bond length comparisons clearly indicate
that the Ln—C distances observed in our work are significantly
longer than those reported in I-IV after correction for differences
in ionic radii.

The dimeric complexes undergo bridge—terminal aryloxide
exchange at room temperature in solution for all complexes except
that of Er. In the case of the diamagnetic complex Y2(DALP)g,
a second dynamic process consistent with alkene exchange was
observed at very low temperature. This fact, coupled with the
observation of a significant increase in the chemical shift difference
between the terminal and internal alkene carbons relative to free
alkene for the terminal but not bridging aryloxide ligands, strongly
suggests that the Ln—alkene interaction persists in non-coordi-
nating solvent such as toluene or methylcyclohexane. In contrast,
the complex is completely cleaved to a monomer in the presence of
THF and shows no evidence for alkene coordination in this solvent
as might be expected.
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Appendix A. Supplementary material

Part 1: Tables of atomic coordinates, bond distances and angles
and anisotropic thermal parameters for 5, 6, 8, 10 and 11.

Part 2: Variable temperature 'H NMR data for paramagnetic
complexes 4—7 in dg-toluene and dg-toluene:dg-THF (5:1).

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jorganchem.2010.09.004.
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