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ABSTRACT Monocationic complexes of yttrium with various bis-alkyl and bis-allyl ligands
Y (CH2SiMezPh)2(THF)4][B(CeFs)a], [Y(CH2CeHaNMe2)2(THF)2][B(CeFs)a] and  [Y[1,3-
(SiMe3)2C3Hs]2(THF)2][B(CeFs)s] have been prepared by protonolysis of the corresponding
homoleptic tris-alkyl or -allyl complexes using the anilinium borate salt [PnNMe2H][B(CsFs)4].
The resulting ion-pair complexes have been isolated and characterized by different techniques such
as elemental analysis, (*H, 3C, Y) NMR and EXAFS for the allyl cationic complex, [Y[1,3-
(SiMes)2CsHs]2(THF)2][B(CsFs)4]. More specifically, a *H coupled 8Y INEPT sequence has been
developed in order to quantify the metal / alkyl ligand stoichiometry of both synthetized neutral
tris-alkyl and cationic bis-alkyl yttrium complexes. The activity of the cationic complexes towards
ethylene and isoprene homopolymerization has been assessed. In presence of TiBA, polyethylene
was produced with activities ranging from 6 to 26 kgee moly™ h™* bar?. The molar mass of the
yielded polymers shows a bimodal distribution. Using similar conditions, polyisoprene was
produced up to full conversion of the monomer. The microstructure of the yielded polyisoprene
displays mainly cis-1,4 units (ca. 60 to 70%) and 3,4 units (ca. 20 to 30%). Only few percent of

trans-1,4 units were revealed.

INTRODUCTION

Since the first synthesis of homoleptic alkyl rare earth complexes by Lappert et al. in 1973,%?
numerous tris-alkyl or tris-allyl rare-earth complexes have been characterized and isolated.® These
complexes are used as precursors for the preparation of mono- and di-cationic alkyl or allyl
molecular complexes via protonolysis-based ligand exchange reactions (see for example ref*). In

the aim of exploring the structure and activity of new electrophilic organometallic complexes,>®



the synthesis of cationic bis-alkyl or bis-allyl rare-earth complexes was initially exemplified in
2003.”® Cationic complexes are usually prepared by reacting neutral tris-alkyl or tris-allyl
complexes with a borate salt such as trityl borate [CPhs3][B(CeXs)s] or anilinium borate
[PhNMe2H][B(CesX5)a] (X = H or F). Among these families of cationic complexes, cations
associated to [BPhs]" as a counter-ion (see for additional examples refs*%10.1112.13.14.1516y e
preferred as they do not initiate THF polymerization. The synthesis and characterization of cationic
complexes associated to [B(CsFs)s] as a counter-anion (see for additional examples refs'’1%)
appears more challenging due to their lower stability in solution and poor ability to crystallize.
This could explain why, to our knowledge, only three homoleptic bis-allyl cationic complexes

were isolated with [B(CsFs)4] as a counter-anion: [M(CsHs)2(THF)3][B(CsFs)s]; M =Y, La, Nd.*®

Among rare earth elements, yttrium is of specific interest aside its availability and relatively low
cost; it is one of the few rare earth elements to have a common nuclear spin | of -1/2 for the &Y
nucleus which is of 100 % natural abundance. Additionally, with a shift range of more than 1300
ppm and a high sensitivity to the coordination sphere around the metal, Y NMR appears as a
powerful tool to characterize yttrium complexes and to monitor the structural changes induced by
cationization. These characteristics were exploited in order to develop specific €Y NMR
sequences to finely characterize both neutral and cationic complexes. It is worth mentioning that
8Y NMR analyses are classically long lasting due to a t; relaxation time that is typically of the
order of 60 s and a low receptivity that is roughly 0.66 that of 13C. This is probably at the origin of
the limited number of reported studies in which this technique is used, though assignment of &Y
chemical shifts by DFT calculations is suggested to adequately complement experimental

investigations.?°



Generally, cationization of neutral bis- or tris-alkyl/allyl rare earth complexes is performed in
situ in order to prepare cationic catalysts active towards ethylene or 1,3-diene polymerization
though only few cationic rare earth complexes have been directly used for 1,3-diene
polymerization.*®212?

In order to gain in structure-activity relationship and mechanism understanding, the isolation of
proposed cationic species formed during the activation process is thus of high interest. In this
communication paper, we report the synthesis of three original cationic bis-alkyl/allyl yttrium
complexes. These yttrium complexes have been characterized by %Y NMR. %Y INEPT and
proton-coupled INEPT 8%Y sequences have been developed as rapid and valuable method for
characterization of yttrium complexes. These new cationic complexes have been used as catalyst
precursors for ethylene and isoprene polymerization. Due to its poor ability to crystallize, the
characterization of bis-allyl cationic complex has been also extended by EXAFS study at Y K-

edge.

RESULTS AND DISCUSSION

Synthesis and characterizations of yttrium cationic complexes. Neutral complexes
Y (CH2SiMezPh)s(THF)2 1a,2 Y(CH2CsHsNMe2)s 1b,% and Y[1,3-(SiMes).CsHs]s 1¢,2 were
synthesized as described in the literature. The synthesis of cationic complexes 2a, 2b and 2c was
performed in THF as described in Scheme 1. Complexes 2a and 2b are rare examples of isolated
cationic complexes with [B(CeFs)4] as counter-anion. They have been characterized by elemental
analysis and *H, 3C, B, 1°F and %Y NMR. As mentioned above, the monoisotopic 8Y nucleus

which has an abundance of 100% and nuclear spin | of -1/2 couples with other NMR sensitive



atoms. This property has been fruitfully derived to characterize the synthesized monocationic

complexes.
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Scheme 1. Synthesis of monocationic bis-alkyl and -allyl yttrium complexes. TMS = SiMes.

For complex 2a, the *H NMR spectrum displays a doublet at -0.45 ppm with a Jyn coupling
constant of 3 Hz characteristic of the coupling between yttrium and the methylenic protons of the
-CHzSiMezPh ligand. This coupling with yttrium is also confirmed by the *C-{*H} NMR
spectrum that displays a doublet at 32.0 ppm. The Jyc coupling constant has been measured to 42
Hz and is characteristic of the coupling between yttrium and the o carbon of the -CH,SiMezPh
ligand. For complex 2b, the coupling of yttrium with the protons of the methylene of the -
CH2CsHsNMe; ligand cannot be identified in the *H NMR spectrum due to the overlap with THF
signals. However, the 3C NMR spectrum displays a doublet at 48.3 ppm for which the Jyc
coupling constant is measured to 25 Hz. These complexes have been subject to further

characterization by #Y NMR spectroscopy, and more precisely by the *H-8Y HMBC experiment



(Figure S21). For complex 2b, this NMR experiment highlights couplings between yttrium and
both methylene bound to Y and methyl protons of the NMe2 group though no doublet is apparent

for the NMez in the *H NMR spectrum (Figure S18).
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Figure 1. H-8Y HMBC NMR of [Y[1,3-(SiMe3)2C3Hs]2(THF)2][B(CsFs)4] 2¢ (black) in THF-ds

at 298 K in equilibria with Y[1,3-(SiMe3)2CsHz]s 1c (red).

The cationization of the homoleptic tris-allyl complex 1c yielded the cationic complex 2¢ which
has been also characterized by NMR spectroscopy though this complex is not stable at room
temperature. *H NMR analysis shows a triplet of doublets of at 7.05 ppm corresponding to the

proton Me3SICHCHCHSIMes of the allyl ligand. A coupling constant Jyn of 1.5 Hz is measured.



Nevertheless, after several hours in solution at room temperature the spectrum features the
appearance of characteristic signals of the neutral species revealing the low stability of the cationic
species in these conditions. As indicated in Figure 1, the 3Y-'H HMBC NMR spectrum reveals
the presence of both the neutral precursor 1c and its corresponding cation 2c. No other product is
detected by NMR though the formation of insoluble dicationic derivatives could be assumed.
Only few examples of Y NMR spectroscopy have been reported in the literature due to the
long relaxation times (t1) of more than 60s and a low receptivity, as mentioned in the introduction.
In order to take advantage of this technique for characterization of yttrium complexes, the
resolvable 2Jyy coupling was efficiently exploited via Insensitive Nuclei Enhanced by Polarization
Transfer (INEPT) experiment. Interestingly, the %Y INEPT sequence greatly enhances the
sensitivity and thus raises the data accumulation rate. Regarding the tris-alkyl complex 1a, the
transfer of nuclear spin polarization from *H to #Y enabled to reduce analysis time from 24 hours

to 30 minutes (Figure S3 and S4).
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Figure 2. 8Y chemical shift of Y(CH.SiMezPh)s(THF), (1a) in THF-ds as a function of the

temperature.



Thanks to the reduced time of analysis, the influence of temperature on the 8Y chemical shift
can be studied. As displayed in Figure 2, temperature has a significant influence on the chemical
shift: a temperature increase of 27 K induces a downfield shift of 54 ppm (876 ppm at 296 K vs.
930 ppm 323K). This temperature dependence of the yttrium chemical shift has been fitted by a
second-order polynomial function as shown in Figure 2. This phenomenon may originate from the
fluctuation of the dynamics of the complex 1a?° that is partly related to the variation of the density

of the solvent.?®
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Figure 3. *H coupled Y INEPT spectrum of complex Y (CH2SiMezPh)s(THF)2 in Ce¢Ds at 298 K

(left) and [Y(CH2SiMezPh)a(THF)4][B(CsFs)a] in THF-ds at 298 K (right).

The multiplicity of the Y signal determined by the *H coupled 8Y INEPT experiment enables

to attribute the number of ligands coordinated to the metal center in homoleptic neutral and cationic



complexes. It is worth mentioning that a consequence of INEPT NMR sequence is the reduced
intensity displayed by the central peak of the signal. Concerning the tris-alkyl complex 1a, the
spectrum of the *H coupled 8Y INEPT experiment displays a heptuplet as shown in Figure 3. This
signal results thus from the coupling with six protons and agrees with the coordination of three
CH2SiMe2Ph ligands. The quintet observed for complex 2a confirms the loss of alkyl ligand and
thus supports the efficiency of the cationization reaction (Figure 3) leading to the cationic complex

[Y(CH2SiMe2zPh)2(THF)4][B(CsFs)a].

Table 1. Solvent dependence of 3Y NMR chemical shifts at 298 K of yttrium complexes.

run complex solvent 89y Chemical shift (ppm)
1 la CeDs 1109.6
2 la THF-ds 879.5
3 2a THF-ds 664.5
4 1b CeDs 389.5
5 1b THF-dg 408.5
6 2b THF-dg 434.42
7 1c CeDs 480.7
8 1c THF-dg 302.9
9 2C THF-ds 263.7

aDetermined by 2D H-8®Y HMBC experiment, 440.4 ppm was measured via the ®Y INEPT
sequence at 328K.

Finally, we showed that the solvent has a significant influence on 8Y chemical shifts of
complexes la-c, as shown in Table 1. This may originate from the coordination of a THF molecule

to the metal. As well, for cationic complexes, an important chemical shift between 26 ppm and



215 ppm could be observed depending on the analysis solvent. This point is addressed by
molecular modeling in the following section.

8Y NMR Modelling. White and Hanusa have reported a computational strategy that enables
the prediction of 8Y chemical shifts for a large set of organometallic complexes. This strategy
relies on GIAO calculations performed using the O3LYP density functional on geometries
preliminarily optimized at the B3PW91 level.’® As we have faced issues using this specific
approach, we have considered an alternative combination of density functional and basis sets.
Accordingly, to the procedure previously reported by White and Hanusa,?® a set of 14 Y-based
complexes (Table 2, column 1) that shows a large diversity in terms of charges, coordination

numbers and type of ligands has been selected and optimized at the B3PW91 level.?’8
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Figure 4. Plot of calculated ®Y shielding against experimental Y chemical shift of Yttrium
complexes.

In these calculations, non-metal elements have been represented by all electrons polarized triple-

¢ 6-311G(d,p) basis sets,* and Y by a Godbout DGDZVP (18s12p9d)/[6s5p3d] basis set.** Then

10



GIAO NMR calculations have been performed using the B3LYP density functional.?’** Non-metal
elements have been represented by all electrons 6-311+G(3df,3pd) basis set basis sets,***>% and
Y by an all-electrons x2c-TVZPall-2¢ basis set.>” This level of calculation offers a good fit of the
experimental chemical shifts (5*°) vs computed shielding constants (6% as indicated in Table 2

and Figure 4.

Table 2. Simulated and experimental #Y NMR chemical shifts of a set of yttrium complexes.

experimental calculated exp. vs calc.
shift? shift? difference
complex
3% (solvent) 3P Rk Ad° Ad®
(ppm) (ppm)  (ppm)  (ppm)  (ppm)
Y (CsHsMe)3(THF) 3 -371 (THF-dg)  -339.3 -352.8 31.7 18.2
Y (CsMes)2(OPh) 7 -129 (CeDe) -91.4  -85.2 37.9 44.1
Y (CsHaMe),CI(THF) 1 -103 (THF-dg)  -108.2 -1184 -5 -15.4
[Y(CsHsMe)2(u-Cl)]2 4 -97 (tol-ds) -108.3 -123.8 -11.3 -26.8

[Y(CsHsMe)o(u-H)(THF)]2 6 -92 (THF-dg)  -1188 -89.5  -26.8 25

[Y(CsHaMe)a(u-Me)]2 5 -15 (tol-dg) ~ -485  -81  -335  -66.0
Y (CsMes)(OPh), 8 21 (CoD) 115 427 95 21.7
Y (CsHaMe)z(Me)(THF) 2 40 (THF-ds) 220 84  -180  -316
Y (CsMes)2{CH(SiMes)} 9 79 (CsDs) 929 241 140  -54.8

[Y(CH2SiMes)(THF)4]2"13 409 (THF-ds) 4638 4631 546 53.9
[Y (CH2SiMes)2(THF)]* 12 662 (THF-ds)  621.4 6056  -40.8  -56.6

Y(CH,SiMes)3(THF); 11 883 (THF-ds)  908.9 8819 262 1.1
Y(CH,SiMes)3(THF)3 14 883 (THF-ds) 7589 7577 -123.8"  -125
Y[CH(SiMe3)z]s 10 895 (tol-ds) 8756 905  -19.4  10.0

3Extracted from references[29, 30, 5]; PCalculated by our methodology; Reported by White and
Hanusa[20]; 9A5 = &° — §5; eAS = &¢ - 5°°; "Excluded for the fit.
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The quality of the correlation is similar to the one reported by White and Hanusa.?® The scaling
method initially reported by Forsyth and Sebag*® and also used by White and Hanusa? allows to

relate calculated chemical shifts to computed shielding constants accordingly to Equation 1.

5% = 0.7463 c%° + 1973.1 (Eq. 1)

Table 3 summarizes computed Y chemical shifts of both neutral and cationic complexes
depending on the number of THF molecules bound to the metal center. In parallel, Gibbs energy
variations associated to the binding of THF molecules relatives to the non-solvated or least
solvated complex and free THF (zero value) are reported as well. Regarding neutral complex 1la,
the &Y chemical shift could be simulated in fair agreement with the experimental value of 879.8
ppm determined in THF-ds if the metal is coordinated by two THF molecules. This is also in line
with the computed binding affinity of THF molecules. Regarding the modeling of complex 1b, the
binding of a THF molecule is computed thermodynamically unfavorable. This most likely result
from the loss of an Y..N interaction upon coordination by THF. In terms of NMR calculation, the
computed chemical shift of the non-solvated complex is closer to the experimental value but the
difference of 75 ppm between computed and experimental shifts remains high. A similar
discrepancy is obtained for the modeling of the neutral complex 1c for which the binding of a THF
molecule is computed slightly favorable by 1.4 kcal mol™. Regarding the cationic complex 2a, the
most stable solvated complex comprises four THF molecules and the two alkyl chains occupy cis-
positions within the octahedral geometry. For this complex, the difference between computed and

experimental 8Y chemical shift of 75 ppm is also high.
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Table 3. Experimental vs predicted Y chemical shifts.

complex %P (solvent) model complex eale ArG®bing®
(Ppm) (ppm)  (kcal mol™)
la 1109.6 (CsDs) Y (CH2SiMezPh)s 891.7 0.0
879.5 (THF-ds) Y (CH2SiMezPh)3(THF) 1012.6 -11.8
Y (CH2SiMezPh)3(THF)2 888.1 -22.6
1b 389.5 (CeDs) Y (CH2CsHsNMe2)3 482.6 0.0
408.5 (THF-ds) Y (CH2CsHsNMe2)3(THF) 492.6 8.2
1c 480.7 (CsDs) Y[1,3-(SiMe3)2C3zH3]3 409.8 0.0
302.9 (THF-dg) Y[1,3-(SiMes3)2CsHs]s(THF) 238.8 -1.4
2a 664.5 (THF-dg) [Y(CH.SiMezPh)2(THF)3] "2 737.2 0.0
[Y(CH2SiMezPh)2(THF)4]*® 588.9 71
[Y(CH2SiMezPh)2(THF)4] ¢ 443.0 -1.2
2b 434.4 (THF-ds) [Y(CH2CsHsNMe2)2(THF)]* 372.3 0.0
[Y(CH2CsHsNMe2)2(THF)2]* 274.9 -15.9
[Y(CH2CsHaNMe2)2(THF)s]* 404.3 -14.9
2¢C 263.7 (THF-ds) [Y[1,3-(SiMe3)2C3Hz]2(THF)]* 687.4 0.0
[Y[1,3-(SiMe3)2C3H3]2(THF)2]* 396.1 -18.8
[Y[1,3-(SiMe3)2C3H3]2(THF)s]* 439.0 -21.1

3Bipyramid trigonal geometry, alkyls chains in the equatorial plain; ®Alkyl chains in cis; CAlkyl
chains in trans; YDifference in Gibbs energy associated to the binding of THF to Y relative the
least solvated complex (0.0 value).

A better agreement is obtained concerning the cationic complex 2b if three THF molecules are
bound to the metal center. From this complex the loss of a THF molecule is computed thermo-
neutral, suggesting lability of the third THF molecule. Finally, the 8Y chemical shift of the cationic
complex 2c is poorly reproduced even if the metal center binds two or three THF molecules. The
difference in Gibbs energy of 2.3 kcal mol between these two most stable structures suggests that

they are most likely in equilibrium. This peculiarly illustrates the difficulty in computing the

13



chemical shifts of such complexes in ether solvent, especially cationic ones for which a solvent

ligand dynamic exchange is expected in solution.
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Figure 5. 3D representation of optimized structures of cationic fragments
[Y(CH2SiMezPh)2(THF)4]*, ['Y(CH2CsHaNMe2)2(THF)s]*, [Y[1,3-(SiMes)2CsHs]2(THF)2] ", most

likely representative of complexes 2a, 2b and 2c, respectively, in THF solution.

As an illustration of the structure of the synthetized cationic complexes, the 3D representation
of the optimized structure of cationic fragments [Y(CH2SiMe2Ph)2(THF)4]",
[Y(CH2CsHsNMe2)2(THF)3]" and [Y[1,3-(SiMe3)2CsHs]2(THF)2]" that are respectively and most
likely representative of complexes 2a, 2b and 2c in THF solution, is given in Figure 5. In these
three cationic complexes, Y..O(THF) distances are ranging from 2.33 to 2.53 A. For the complex
[Y(CH2SiMezPh)2(THF)4][B(CeFs)s] in which the two alkyl groups are cis, the Y..C bond
distances are ranging from 2.35 to 2.37 A. Depending on the number of THF molecules

coordinated to the metal center, the phenyl ring develops either n-CH weak interaction with a THF

ligand, or cation-r interaction with the metal. This highlights the specific role of the PhSiMe,-CH>

14



ligand in stabilizing this type of complex. In the ortho-toluidinyl complex
[Y(CH2CsHaNMe2)2(THF)3][B(CsFs)a], Y..N distances of ca. 2.6 A reflect a strong secondary
interaction. In the complex [Y[1,3-(SiMes)2C3Hs]2(THF)2][B(CsFs)4], both allyl groups remains
n°-bonded with Y..C bond distances ranging from 2.47 to 2.56 A. The binding of an additional
THF molecules leading to the complex [Y[1,3-(SiMes)2C3Hs]2(THF)3][B(CsFs)4] induces an 1 to
o haptotropic shift of one allyl ligand. This induced shift is slightly exergonic by 2.3 kcal mol™.
This reveals the fluxional character of this complex in a THF solution and could account for the
difficulty of modelling the NMR signature of the complex and of determining experimentally the
number of THF molecules bound to the metal center.

This phenomenon (n3- to - haptotropic shift of one allyl ligand) can explain the instability of
this cationic complex in THF solution (vide supra) by transfer of one allyl ligand with the

formation of a neutral and dicationic species.
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Figure 6. Y K-edge k3-weighted EXAFS (left) and Fourier transform (modulus and imaginary
part, right) of complex 2c. Solid lines: Experimental; Dashed lines: Fit using the spherical wave

theory.

The cationic molecular complex 2c with the presumed formula [Y[1,3-
(SiMes)2CsH3]2(THF)«][B(CsFs)a] was also studied by X-ray absorption spectroscopy (Figure 6)
in order to specify its structure and in particular the amount of THF molecules coordinated to Y in
the solid state. The fit of the EXAFS signal allowed to precise several structural parameters as

indicated in Table 4.

Table 4. EXAFS parameters obtained from the fit of the k® y(k) signal of the yttrium molecular
complex 2c. The error intervals generated by the fitting program “RoundMidnight” are indicated

between parentheses.?

type of neighbor number of distance A o? A?
neighbor

Y-C 6.1(5) 2.57(1) 0.0091(9)

Y--O (THF) 2.1(3) 2.32(2) 0.0091(9)°

Y--C (THF) 4.2b 3.18(5) 0.042(17)

Y--Si 4.1° 4.01(3) 0.021(6)°

aAk: [2.2 - 14.8 A1) - AR: [0.6 - 4.0 A]; So? = 0.95; AEo = 4.7 + 1.1 eV (the same for all shells);
Fit residue: p = 3.8 %; Quality factor: (Ay)*v =2.95 (v=17/29); "Shell constrained to a parameter
above. °One type of multiple scattering pathway (Y-C-O, 3 legs) has also been considered in the
fit but not mentioned in this table.

The parameters thus extracted from the fit of the k® y(k) and k*y(k) EXAFS signals are in

agreement with a [Y[1,3-(SiMes3)C3H3]2(THF)2]" structure, with ca. two oxygen atoms at 2.32(2)
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A and ca. six carbon atoms at 2.57(1) A, as represented in Figure 5. The Y-C distance is close to
those observed for [Y(n°:n'-CsMesSiMe:NCMes)(PMes)(u-H)]2 (2.542(6)-2.729(7) A) by XRD*’
or calculated by DFT for the average Y-C distance in a series of Y(1°>-Me3SiCHCHCHSiMes)x
complexes (2.574-2.614 A).?° The Y-O contribution has been attributed to two THF ligands,
though the distance, in the 2.30 - 2.34 A range, seems a bit short. For instance it is shorter than
2.35(1) A,*" smallest Y--THF bond length observed by XRD for [Y3(OCMe;3);CI(THF);][BPhs]
cationic molecular complex but it is in agreement with the 2.33 - 2.35 A range found by DFT
calculation in this study for the Y-O(THF) distances of 2¢ cationic complex in THF solution
(Figure 5). Besides, a contribution of second neighbors greatly improved the fit, with ca. four
carbon atoms at 3.18(5) A, most probably due to two carbon atoms of each THF and ca. four
silicon atoms at 4.01(3) A, which can be attributed to the silicon atoms of the (n°-
Me3SiCHCHCHSiMes) allyl ligands. From these results, it can then be concluded that in complex
2¢, two THF molecules seem coordinated to Y, either in the solid state (EXAFS) or in THF solution

(DFT calculation).

Catalytic Assays. Ethylene polymerization. Ethylene polymerization experiments were
performed at 30 °C in toluene under 5 bars. The polymerization is not initiated if the neutral
homoleptic complexes 1a or 1b are reacted with the activator [CPh3][B(CeFs)4] in the presence of
10 equivalents of TiBA (Table 5, runs 1-2). Conversely, cationic complexes 2a-c are active in
ethylene polymerization in the presence of 10 equivalents of Al(iBu)s (TiBA) (Table 5, runs 3-5).
This contrasts, for example, with Y benzamidinate complexes that are catalytic active towards
ethylene polymerization upon in situ cationization.** In absence of TiBA, the cationic catalysts are

not active suggesting that TiBA can act as THF scavenger and possibly alkylating agent.
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The produced polyethylene by these catalysts has a high dispersity (D >10.8, Table 5, run 3-5)
that results from a bimodal distribution as shown in Figure 7. These two molar mass distributions
could result from chain transfer between organo-yttrium cations and tris-alkyl-aluminum via the
formation of transient or stable heterobimetallic complexes as reported for example for Nd / Mg
based catalytic systems.*? In the present case, we can think up the following scenario: (i) chain
transfer efficiently takes place between organoyttrium cations and aluminum in the first stage of
the polymerization;* (ii) co-precipitation of insoluble PE chains stored on aluminum; (iii) release
of monometallic cationic species that have an enhanced activity till deactivation. In this last stage,

high molar mass PE is produced and characterized as the second molar mass distribution.*>**

Table 5. Results of the polymerization of ethylene using complex la-b or 2a-c in combination

with TiBA as co-catalyst and with [CPhs][B(CsFs)4] in the case of 1a-b.

run® complex  mass of polymer yielded activity M, (g mol?) (D)°
(9) (kgee moly ht bar?)

1 1a° 0 - -

2 1bP 0 - -

3 2a 0.50 13.3 5000 (10.8)¢

4 2b 0.96 25.6 4900 (11.8)¢

5 2¢ 0.23 6.2 5300 (13.4)

&Conditions: 60 mL of toluene, 50 °C, 15 umol of complex, [Al]/[Y] = 10, p =5 bars, t = 30 min.;
bAddition of 4 mL of a solution containing [CPhs][B(CsFs)4] on the solution containing Al and Y
compounds at 50 °C under ethylene pressure; “Determined by size exclusion chromatography;
dBimodal distribution

As in situ cationization of the precursor does not initiate polymerization, this set of ethylene

polymerization tests demonstrates the interest in isolating cationic species. Additionally, it
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provides hints on the catalytically active species. However, since cations 2a, 2b and 2c feature
THF molecules in the coordination sphere, TiBA was required as an activator in order to trap THF

in order to favor the coordination of the monomer to the metal center during the polymerization.
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Figure 7. High temperature SEC (150 °C) of polyethylene obtained from 2a/TiBA (Table 5, run

3).

In order to illustrate this point, the thermodynamics of the following chemical equation has been

computed using AlEtz as a model of TiBA.

[{PhSi(Me)2CH2}2Y (THF)a]* + 2 Al:Ets = [{PhSi(Me).CHz}2Y]* + 4 EtsAl(THF) (1)

Though the bis-alkyl cation of yttrium [{PhSi(Me).CH}.Y]" is poorly stabilized, reaction (1) is

computed exergonic by 20.2 kcal mol. The driving force of this reaction appears to be the binding

of THF molecules to the aluminum dimer AlzEts to yield EtsAl(THF) adducts that is computed
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exergonic by ca. 32 kcal mol™?. Further reactions of aggregation and transmetalation between
[{PhSi(Me).CH2}.Y]" and Al:Ets have been considered in order to probe dormant and active
species. Among all the considered structure, the most stable one is a trimetallic YAlI2 species in
which one PhSi(Me).CH: has been displaced by an Et group. In that structure depicted in Figure
8, one AlEtz is bridging the Y-PhSi(Me)>CH bond and the second AlEtz is bridging the Y-Et bond.
Additional stability is brought by the Ph ring that is capping the metal center. The loss of this
cation-rt interaction is unfavorable by ca. 11 kcal mol™. Attempts to optimize transition state for
ethylene insertion either lead to the dissociation of the complex, or to energy barrier that are above
40 kcal molt. From YAlq, the release of one AIEt; unit lead either top the formation of the
bimetallic complex Y_AIl or Y_AI2 (Figure 8). The formation of these bimetallic complexes is
endergonic by 11.0 and 14.9 kcal.mol? respectively. Regarding ethylene insertion, the most
reactive bond is Y-Et in YAI_2. Relative to YAI2, the overall Gibbs energy barrier is computed to
24.1 kcal mol™. In comparison to the (CsMes)2NdCl,Li(OEt2)2/R.Mg* catalytic system, for which
activities are ranging from 200 to 800 kgre molng™ h™t and for which an overall Gibbs energy
barrier has been computed 20.6 kcal mol™, the energy barrier of 24.1 kcal mol™ computed for the
Y/Al system is in fair agreement with activities of ca. 10 kgee molyt ht.

Interestingly, though not catalytically competent, the structure of [{DMPS-CH2}YEt(AIEts)]*
share similarities with Hf/Al cationic heterobimetallic complexes as characterized by NMR and
recently reported.*® As shown in Figure 8, [{DMPS-CH2}YEt(AIEts)]" displays two B-C-H agostic

bonds and a short Y..Al distance of 2.727 A.
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Figure 8. 3D representation of optimized structures of cationic heterobimetallic complexes YAl,

Y_AlLl, Y_Al2and Y_AI2_TS.

Isoprene polymerization. Complexes la-c and 2a-c have been evaluated for isoprene
polymerization. In contrast with the ethylene polymerization case, neutral complexes are active
for isoprene polymerization upon in situ activation by [CPh3][B(CsFs)4] and in presence of 10
equivalents of TiBA. The same activation protocol, in which the borate is injected in a mixture of
neutral precatalyst, TIBA and monomer, was used for both ethylene and isoprene polymerizations.
We can assume that the presence of isoprene and its insertion are required to stabilize the cationic
active species formed during the activation step. Note that in absence of alkylaluminum, the

combination of 1a-c with [CPhs][B(CeFs)4] does not provide an active species.
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Cationic precursors 2a-c also require TiBA to initiate isoprene polymerization. Under such
polymerization condition, the produced polyisoprenes by all the tested and active catalysts show a
similar microstructure mainly composed of cis-1,4 units (66 to 71 %). The fact that the homoleptic
precursors (neutral and cationic) provide similar polyisoprene microstructure, suggests the
formation of the same active species in the presence of TiBA. The efficiency of initiation is
obtained from the number of chains per yttrium (n(chains) = m(PI) / My). For catalysts obtained
with 1a, 1c, 2b and 2c, approximatively one polymer chain growths per yttrium center in
agreement with a controlled polymerization. However, only 38% of yttrium initiated a polymer
chain for 2a. In addition, a conversion of 92% are obtained with this complex while full conversion
is observed for 2b and 2c. These results could be explained by the presence of four THF molecules
in the coordination sphere of yttrium. Surprisingly, in the case of the tris(aminobenzyl)yttrium
complex 1b, 2.2 chains are formed per yttrium in agreement with the initiation of two chains per
yttrium. The dispersity is ranged from 1.57 to 2.31 suggesting a slow initiation.

In order to better understand the polymerization mechanism, a kinetic studies was carried out
with the complex [Y(CH2CsHsNMe2)2(THF)2][B(CeFs)4] (2b) in presence of TiBA ([Al] / [Y] =
10) (Table 6, runs 6-10). An increase in molar mass as a function of the conversion is observed as
shown in Figure 9. This result agrees with a living character of the polymerization of isoprene.
Such a living character has already been characterized for yttrium cationic complexes supporting

a bis(phosphinophenyl)amido ligand.*’

Table 6. Polymerization assays of isoprene using compounds 1a-c and 2a-c in combination with

TiBA as a co-catalyst, and [CPh3][B(CeFs)4] in the case of 1a-b.
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run® complex time conversion Mn® Chains/Y  3,4/cis-1,4/trans-1,4

(min) (%) (g mol) (B)

1 1aP 60 90 122300 (L.9)  1.12 2716617
2 1bP 60 88 79 000 (1.7) 2.20 25/70/5
3 1c? 60 95 160000 (2.3)  0.86 25/71/4
4 2a 60 92 477000 (16)  0.38 25/71/4
5 2¢ 60 100 193000 (1.6)  1.03 27/68/5
6 2b 60 100 173000 (1.6)  1.16 26/69/5
7 2b 2 6 48 000 (2.3) 0.20 nm

8 2b 5 29 106000 (1.8)  0.56 2717211
9 2b 10 82 132000 (1.9)  1.25 2717112
10 2b 30 97 172000 (1.9)  1.14 2717013

&Conditions: 40 mL toluene, 30 °C, 10 umol of complex, [isoprene]/[Y] = 3000, [TiBA]/[Y] =
10; PAddition of [CPhs][B(CsFs)4] after precontact of the complex with TiBA ([B]/[Y] = 1);
°Determined size exclusion chromatography with triple detection; YDetermined from *H and *3C
NMR spectrum of polyisoprene. nm: not measured.

For our system, the dispersity remains high and the molar masses are greater than the theoretical
molar mass at the start of polymerization (Figure 9). For a higher conversion, it is noted that the
average number molar mass approaches the model with a chain per yttrium. In addition, the
number of chains per yttrium stabilizes around 1. Compared to these observations, we believe that
the initiation of the polymerization is slow but that the propagation is fast. This would explain the

shift from 0.20 to 1.16 chains/Y over time.
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Figure 9. Molar mass curve vs conversion for isoprene polymerization catalyzed by 2b / TiBA (Al
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M isobutyl.

CONCLUSION

In conclusion, new cationic bis-alkyl/allyl yttrium complexes have been synthesized, isolated
and fully characterized by different techniques such as elemental analysis, NMR (*H, *C, #Y) and
EXAFS for the allyl cationic complex, [Y[1,3-(SiMe3)2C3Hs]2(THF)2][B(CsFs)4]. In addition, an
original 8Y INEPT sequence has been developed permitting the fast analysis of yttrium complexes
by 8Y NMR. In complement, GIAO NMR calculations have been performed at the DFT level in
order to corroborate experimental data. Cationic complexes when combined with TiBA are active
in polymerization of both ethylene and isoprene. In the latter case, high conversions have been
obtained in one hour and the living character of polymerization has been highlighted for catalyst
2b/TiBA (AllY = 10). The microstructure of the yielded polyisoprenes displays mainly cis-1,4
units (ca. 60 to 70%) and 3,4 units (ca. 20 to 30%). Only few percent of trans-1,4 units are

observed.
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EXPERIMENTAL SECTION

General procedures

All experiments were performed under a controlled atmosphere by using Schlenk and glovebox
techniques for organometallic syntheses. THF (and THF-ds) was purified by distillation from
sodium / benzophenone and degassed by freeze pump. Hexane pentane, toluene and CeDs Were
purified by distillation from NaK and degassed by freeze pump. Reagents:
Y (CH2SiMezPh)s(THF)2,2® Y (CH2CsHisNMez)s,* and Y[1,3-(SiMes).C3Hs]3,”° were prepared
according to published procedures. [PhNMe2H][B(CeFs)s] from Strem and TiBA from Aldrich
was used as received. Isoprene from Aldrich was dried by stirring over CaH; for 48 hours and
distilled under reduced pressure before use.

Characterization techniques

Elemental analysis. Elemental analyses of the products were performed at the Mikroanalytisches
Labor Pascher, Remagen (Germany).

Nuclear Magnetic Resonance analysis. NMR spectra were recorded on Bruker Advance 111 HD
400 MHz spectrometers in NMR tubes equipped with Teflon (Young) valve. *H NMR spectra
were referenced to resonances of residual protons of deuterated solvents. 3C NMR spectra were
referenced to carbon resonances of deuterated solvents and reported in ppm relative to TMS. 8%y
NMR were externally referenced to 2 M YCls in D2O. INEPT experiment example: spectra were
acquired at 24.51 MHz with a 5 s relaxation delay, with accumulation times of about 30 min (256
scans) in THF-dg at 293 K. HMBC experiment example: spectra were acquired at 24.51 MHz with
pulse prog: hmbcgpndqgf in THF-dg at 293 K. A total of 256 t; increments were collected. Two

transients were averaged for each increment and the recycling delay was 1.5 s. The experiment
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was optimized for 2Juy = 2.5 Hz. Overall experiment time was 15 min. *H coupled %Y INEPT
experiment example: spectra were acquired at 24.51 MHz with a 5 s relaxation delay, with
accumulation times of about 1 h (512 number of scan) in CsDs at 293 K.

EXFAS analysis. The cationic bis-allyl yttrium complex 2c was mixed with dry BN in a mortar
within an argon filled glovebox and a pellet of known chemical composition was prepared. This
pellet was placed in a double air-tight sample holder equipped with Kapton windows. EXAFS
spectra were acquired at ESRF, using BM23 beam-line, at room temperature at the yttrium K-edge
(17.04 keV). A pair of Si(111) crystals was used as monochromator and a system based on a total
reflection through a double X-ray mirror with an incidence angle variable from 2 to 5 mrad allowed
harmonic rejection to better than the 10 level.*® The spectra were recorded in the transmission
mode between 16.8 and 18.15 keV. Four scans were collected for the sample. Each data set was
collected simultaneously with a Y metal foil reference (17038.4 eV), and was later aligned
according to that reference (maximum of the first derivative of the first peak of the Y foil). The
data analysis was carried out using the program “Athena™*® and the EXAFS fitting program
“RoundMidnight”, from the “MAX” package,’*°! using spherical waves. The program FEFF8 was
used to calculate theoretical files for phases and amplitudes based on model clusters of atoms. The
refinements were carried out by fitting the structural parameters Nj, Ri, 6i and the energy shift, AEo
(the same for all shells) for k® x(k) and k? y(k) spectra.

Size Exclusion Chromatography (SEC) analysis. Analyses were performed using a Viscotek
system (from Malvern Instruments) equipped with pre-column (PLgel Olexis Guard 7.5x50mm)
then three columns (PLgel Olexis Guard 7.5x300mm i.e. from Agilent Technologies). Detector
are composed of a refractometer, RALS (Right-Angle Light Scattering), LALS 7° (Low Angle

Light Scattering) and viscometer. Portions (100 puL) of sample solutions with concentrations of 3
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mg mL* were eluted in THF using a flow rate of 1 mL min? at 35 °C. The mobile phase was
stabilized with 2,6-di-tert-butyl-4-methylphenol (200 mg L1). The OmniSEC software was used
for data acquisition and data analysis. The molar mass distributions were calculated with a
calibration curve using a triple calibration.

Syntheses

Synthesis of [Y(CH2SiMe2Ph)2(THF)4][B(CsFs)4] (2a). A solution of [PhNMe2H][B(CsFs)4]
(234 mg, 0.29 mmol) in 5 mL of THF was added to a solution of Y(CH2SiMe2Ph)3(THF). (200
mg, 0.29 mmol) in 5 mL of THF. The reaction mixture was stirred at room temperature for 30 min.
Part of THF was evaporated (% of the volume) and 8 mL of pentane were added. The suspension
was cooled for 1h at -30 °C and two phases appeared, the upper phase was discarded, and 8 mL of
pentane was added. The mixture was cooled for 1h at -30 °C, the solvent was discarded and the
solid/oil yellow was dried under vacuum to give [Y(CH2SiMe2Ph)2(THF)4][B(CeFs)4] (260 mg,
0.19 mmol, 66% yield). *H NMR (400 MHz, THF-ds, 298K): 7.54 ppm (m, 4H, H-Ar), 7.3-7.2
ppm (br, 6H, H-Ar), 3.63 ppm (m, 16H, THF), 1.79 ppm (m, 16H, THF), 0.25 ppm (s, 12H, SiMe),
-0.45 ppm (d, Jy-ch2 = 3 Hz, 4H, YCHy>); *C NMR (75.4 MHz, THF-ds, 298K): 143.4 ppm (SiC
,Ar), 131.2 ppm (C Ar), 125.7 ppm (C Ar), 125.3 (C Ar), 32.0 ppm (d, Jyc = 42 Hz, Y-CH>), -0.2
ppm (SiMe); F NMR (THF-ds, 298K): -134.6 ppm (br, 2F), -166.8 ppm (t, J = 20 Hz, 1F), -170.4
ppm (t, J = 18 Hz, 2F); 1B NMR (THF-ds, 298K): -16.5 ppm; 8°Y NMR (19.6 MHz, THF-ds,
298K): 664.5 ppm. Anal. Calcd for CsgHsgsBF2004Si2Y: C, 51.41; H, 4.31; Y, 6.56. Found: C,
50.25; H, 4.19; Y, 7.09.

Note that the resonances of CsFs carbons are too weak to be identified by *C NMR.

Synthesis of [Y(CH2CsHaNMe2)2(THF)2][B(CsFs)4] (2b). A solution of [PhNMe2H][B(CeFs)a]

(326 mg, 0.4 mmol) in 7 mL of THF was added to a solution of Y(CH2CsHsNMez)3 (200 mg, 0.4
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mmol) in 4 mL of THF. The reaction mixture was stirred at room temperature for 30 min. Part of
THF was evaporated (%2 of the volume) and 8 mL of pentane were added. The suspension was
cooled for 1 h at -30 °C and two phases appear, the upper phase was discarded, and 8 mL of
pentane was added. The mixture was cooled for 1 h at -30 °C, the solvent was discarded, and the
orange solid / oil was dried under vacuum to give [Y(CH2CsHsNMe2)2(THF)2][B(CsFs)4] (318 mg,
0.27 mmol, 68% yield). *H NMR (400 MHz, THF-ds, 298K): 7.42 ppm (d, Jun = 8 Hz, 2H, H-Ar),
7.16-7.07 ppm (br, 4H, H-Ar), 6.95 (m, 2H, H-Ar), 3.65 ppm (m, 8H, THF), 2.89 ppm (s, 12H,
NMez), 1.81 ppm (m, 8H, THF), 1,81 and 1.76 ppm (s, 8+4H, THF and YCH,); 1*C NMR (75,4
MHz, THF-ds, 298K): 140.4 ppm (CN, Ar), 138.1 ppm (C, Ar),, 130.4 ppm (CH, Ar), 128.1 ppm
(CH Ar), 121.1 ppm (CH, Ar), 121.0 ppm (CH, Ar), 48.3 ppm (d, Jyc = 25 Hz, YCH>), 44.3 ppm
(NMey); °F RMN (THF-ds, 298K): -132.8 ppm (br, 2F), -165.0 ppm (t, J = 20 Hz, 1F), -168.5
ppm (t, J = 18 Hz, 2F); 1B NMR (THF-ds, 328K): -16.5 ppm; 8°Y NMR (19.6 MHz, THF-ds,
328K): 440.4 ppm; Anal. Calcd for CsoH40BF20N202Y: C, 50.87; H, 3.42; Y, 7.53. Found C, 50.61;
H, 3.44; Y, 7.90.

Synthesis  of  [Y[1,3-(SiMe3)2C3sHz]2(THF)2][B(CsFs)4] (2c). A solution  of
[PhNMe2H][B(CeFs)4] (248 mg, 0.4 mmol) in 5 mL of THF was added to a solution of Y[1,3-
(SiMes)2C3zHs]z (200 mg, 0.4 mmol) in 5 mL of THF. The reaction mixture was stirred at room
temperature for 30 min. Part of THF was evaporated (% of the volume) and 8 mL of pentane were
added. The suspension was cooled for 1 h at -30 °C and two phases appeared, the upper phase was
discarded, and 8 mL of pentane was added. The mixture was cooled for 1 h at -30 °C, the solvent
was discarded, and the orange solid/oil was dried under vacuum to give [Y][1,3-
(SiMe3)2C3H3]2(THF)2][B(CeFs)4] (2¢) (204 mg). *H NMR (300 MHz, THF-ds, 298 K): 7.05 ppm

(td, Jun = 16 Hz and Jyn = 1.5 Hz, 2H, CHCHCH), 3.56 ppm (m, THF), 2.96 ppm (dd, Ju+ = 16Hz
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and Jyu = 1.5 Hz, 4H, CHCHCH), 1.81 ppm (m, THF), 0.18 ppm (s, 36H, SiMes); *H NMR (400
MHz , THF-ds, 298K, 12h after the first analysis): [Y[1,3-(SiMe3)2CsHs]2(THF)n][B(CsFs)4]: 7.05
ppm (td, Jun = 16 Hz and Jvn = 1.5 Hz, 2H, CHCHCH), 3.56 ppm (m, THF), 2.96 ppm (dd, JHH
= 16Hz and Jyn = 1.5 Hz, 4H, CHCHCH), 1.81 ppm (m, THF), 0.18 ppm (s, 36H, SiMes); Y[1,3-
(SiMes)2CsHs]s: 7.00 ppm (td, Jun = 16 Hz and Jyn = 1.5 Hz, CHCHCH), 3.16 ppm (dd, Jun =
16Hz and Jvn = 1.5 Hz, CHCHCH), 0.14 ppm (s, SiMe3); 1*C NMR (75.4 MHz, THF-ds, 298K,
12 h after the first analysis): 163.0 and 160.2 ppm (CHCHCH neutral and cationic complexes),
89.8 and 86.4 ppm (d, Jyc = 4Hz, CHCHCH neutral and cationic complexes), 67.3 ppm (THF),
25.4 ppm (THF), 0.7 and 0.4 ppm (SiMes, neutral and cationic complexes); *°F NMR (THF-ds,
298 K, 12 h after the first analysis): -132.7 ppm (d, J = 10 Hz ,2F), -164.9 ppm (t, J = 20 Hz, 1F),
-168.5 ppm (t, J = 18 Hz, 2F); 1'B NMR (THF-ds, 298K, 12 h after the first analysis): -16.6 ppm;
8Y RMN (19.6 MHz, THF-ds, 298K, 12 h after the first analysis): 263.6 ppm for [Y[1,3-
(SiMes3)2C3H3]2(THF)2][B(CsFs)4] and 302.8 ppm for Y[1,3-(SiMes)2CzHs]a.

Typical ethylene polymerization procedure

Cationic precursor (representative example). For ethylene polymerization, an autoclave semi-
batch reactor from Top Industry was used. Reactions were carried out in a 200 mL reactor equipped
with a mechanical stirrer. In a glove box, the reactor is filled with 57 mL of toluene, then 3 mL of
a 50 mM solution of TiBA are added. 23 mg (15 pmol) of the [Y(CH2SiMe2Ph)2(THF)4][B(CsFs)4]
complex (2a) are finally added. The reactor is taken out of the glove box and then put under
ethylene pressure at 50°C for 30 minutes, overall time of the polymerization reaction. The reactor
is allowed to cool down to room temperature, then volume 10 mL methanol is added to stop the

reaction. The precipitate is collected and dried by vacuum distillation.
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Neutral precursor (representative example). For ethylene polymerization, an autoclave semi-
batch reactor from Top Industry was used. Reactions were carried out in a 200 mL reactor equipped
with a mechanical stirrer. In a glove box, the reactor is filled with 53 mL of toluene, 0.6 mL of a
50 mM solution of TiBA are added. 2.4 mg (3 pmol) of the [Y(CH2SiMe2Ph)3(THF)2] complex
(1a) are added. In the airlock of the reactor, a solution of 4 mL of toluene containing 3 pmol of
[CPh3][B(CeFs)4] is added. The reactor is taken out of the glove box and then put under ethylene
pressure (3 bars) at 50 ° C. Once the temperature is stabilized, the solution of trityl borate is injected
under a pressure of 5 bars of ethylene. The solution is stirred for 30 minutes. The reactor is allowed
to cool down (to room temperature) and then 10 ml methanol is added to stop the reaction. The
precipitate is collected and then dried by vacuum distillation.

Typical isoprene polymerization procedure

Cationic precursor (representative example). In glovebox with argon atmosphere 2 mL of a 50
mM TiBA solution was diluted in 38 mL of toluene, then 2g (30 mmol) of isoprene were added.
The solution was stirred overnight. This solution was added to a Schlenk tube containing 15 mg
(0.01 mmol) of ion paired complex [Y(CH2SiMe2Ph)2(THF)4][B(CeFs)s] (2a). The mixture was
stirred at 30 °C for one hour. After the designated time, the reaction was terminated by adding
methanol, and the polymer was precipitated and collected in a large amount of methanol. The
polymer was then dried under dynamic vacuum at 70 °C for 3 hours.

Neutral precursor (representative example). In glovebox with argon atmosphere 2 mL of a 50
mM TiBA solution was added in 33 mL of toluene, then 2g (30 mmol) of isoprene were added.
The solution was stirred overnight. This solution was transferred to a Schlenk tube containing 7.5
mg (0.01 mmol) of Y(CH2SiMe2Ph)3(THF). (1a). A solution of 5 mL of toluene is prepared

containing 9 mg (0.01 mmol) of trityl borate salt [CPhs3][B(CsFs)4]. This solution is poured onto
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the solution containing the yttrium complex. The mixture was stirred at 30 °C for one hour. After
the designated time, the reaction was terminated by adding methanol, and the polymer was
precipitated and collected in a large amount of methanol. The polymer was then dried under
dynamic vacuum at 70 °C for 3 hours.

Computational details.

All calculations were performed using the Gaussian 09 D.01 suite of programs.>?

Structure and reactivity. Electronic structure calculations were performed at the DFT level using
the APFD* functional. The Stuttgart-Cologne small-core quasi-relativistic pseudopotential
ECP28MWB>* and its available basis set including up to the g function was used to describe
yttrium.>® Similarly, silicon and phosphorus were represented by a Stuttgart—Dresden—Bonn
pseudopotential®® along with the related basis set augmented by a d function of polarization (c.(P)
= 0.387; aq(Si) = 0.284). Other atoms were described by a polarized all electron triple-C 6-
311G(d,p) basis set.>* Bulk solvent effect of toluene or THF were simulated using the SMD
continuum model.>” Transition state optimization was followed by frequency calculations to
characterize the stationary point. Intrinsic reaction coordinate (IRC) calculations were performed
to confirm the connectivity of the transition states. Gibbs energies were estimated within the
harmonic oscillator approximation, and estimated at 298 K and 1 atm.

NMR Calculations. NMR calculations were performed on geometry optimized at the level
described above unless specified. Shielding calculations were estimated according to the gauge-
including atomic orbitals (GIAO) method®®°°° using the B3LYP?"*3 functional in conjunction
with the 6-311+G(3df,3pd)>*3>2° basis set for all atoms except yttrium, which was represented by

the triple-{ basis set of Ahlrich (x2c-TVZPall-2¢).%’
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