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A DFT study of the catalytic properties of €cCH; and CpLuUCHjs in the hydromethylation of propene
has been performed. The catalytic behavior of&CH; is confirmed, and the formation of secondary
products is rationalized. It is shown that £pCH; cannot exhibit catalytic behavior and that only
stoichiometric conversion of propene to isobutane could be observed. The difference in reactivities between
the two metallocenes has been investigated, and an electronic explanation is given based on differences
in the coordination of propene. However, the intrinsic reactivities of the two metallocenes is proposed to
be driven by both electronic and steric effects.

Introduction of isobutane for 1 equiv of catalyst. However, a part of the
. . ) . . . catalyst was transformed into [Sc]-@EHMe, (isobutyl com-
.The problem of functlonallzmg olef.lns V|a.select|ve reactions plex; [Sc] = Cp*Sc) and [Sc]-CH-CHMe (vinyl complex).
with saturated hy(_jro_carbor)s IS St.'” an important research Heating the mixture led to decomposition of the catalyst to
area.'2 Some st0|ch|ome_tr|c reactions have been _pr_oposed, unknown products and a yield of 4 equiv of isobutane. More-
but the number of catalytic processes are rather Ilnﬂtéél over, the authors found that there is no evidence for,SpH
Recently, a s'gudy by Sadow ar}d Tillkéyeported the possibility formation and, thus, have concluded that the methyl complex
of thz catalytic r;li/dlrometr}ylatlloré of dprotpene b%’ a perrrt1ethyl- js the active species. In addition, the lack of detected isobutene
s;:tan Sogene rrfle y tg:omp ex. tn eef, atroom en(;per?hure ar; mplies thatg-hydride elimination does not represent a major
ater © days ot reaction, a mixiure of propene and methane ( decomposition pathway. Thus, the catalytic cycle given in Figure
and 10 equiv, respectively) was transformed to isobutane in the 1 i ¢ red. However, experimental observations suggested the
* — 1 H ) ’

presence of CpiScCHs (Cp* = CsMes). The yield was 3 equiv occurrence of several secondary processes that are competitive
with this cycle, including degradation of the catalyst.

* Corresponding author. E-mail: odile.eisenstein@univ-montp2.fr.
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Figure 1. Experimentally postulated mechanism for the hydro-
methylation of propene.

(RECPs) that include the 4f electrons in the éérallowed

systematic studies of bond activatiéfig® and bond insertions. s~ +CHy 807
Investigation of catalytic hydromethylation by theoretical 1 [S"]/}/

methods appears to be an interesting problem since a numbef # 4 s~
of competitive reactions should be considered and compared. +¢cH. +CH, '

Moreover, on the basis of analysis of electron densities, such

as with the natural bonding orbital (NBO) analy&ishe origin Figure 2. Free energy profile AG) in kcal mol* for the
of the difference between scandium and lutetium can be hydromethylation of propene with @Bc—CHs; [Sc] = Cp,Sc.
addressed. Differences in reactivities between complexes of
scandium and lutetium are usually attributed to steric effects
steming from the difference in ionic radius between these two
metals.

In this paper, the productive and competing reactions of the
proposed catalytic cycle have been investigated by DFT
methods, for both Gi$cCH; and CpLuCHs (Cp = CsHs). In
particular, the potential catalytic behavior of £SgCH; is
predicted, and the formation of side products is rationalized. In
the case of CfLuCHj, it will be argued that hydromethylation
cannot be catalytic and that the reaction can only release 1 equiv Validation of the Experimentally Proposed Mechanism.
of isobutane per equiv of catalyst. The formation of allyl and (a) Energetic Profile. The experimentally proposed mechanism
vinyl complexes appears to be the most likely competing for propene hydromethylation was first investigated for the
reactions. Moreover, the differences in reactivities between Sc scandium-based compound/SpCH;. The assumed mechanism

Geometry optimizations were carried out without any symmetry
restrictions. The nature of the extrema (minimum or transition state)
was verified with analytical frequency calculations. ZPE and
entropic contributions were calculated using the approximation of
harmonic frequencies. The free enerdgare given forT = 298.15

K. All of the calculations have been carried out with the CpH§}
ligands.

Results and Discussion

and Lu will be addressed. consists of two elementary reactions. In the first one, the propene
inserts into the SeC bond of CpScCH, to give the isobutyl
Computational Details complex CpScCHCH(CHs),. The second step is the activation

of methane byo-bond metathesis with the isobutyl complex,
to regenerate G$cCH; and release isobutane. The computed
free energy profileAG), relative to the separated reactants-Cp
ScCH; and propene, is shown in Figure 2.

Propene insertion is exergonidG® = —3.22 kcal mot?).
It begins with the formation of a-bonded adduct of propene

In previous studié§~8 we have shown that large core relativistic
effective core potentials (RECPs) optimized by the Stuttgart
Dresden grouff-2> are well adapted to the calculation of geometries
of lanthanide complexes, as 4f electrons do not participate in a
lanthanide-ligand bond. A basis set adapted to the RECP aug-

mented by a polarization f function was used for lutetium. Similarly, . h th di & This add h ; f
the scandium atom has been treated with a RECP optimized byWIt the scandium centél. This adduct has a free energy o

the Stuttgart groud and the corresponding optimized basis set, formation of 11.50 kcal mot, which is principally caused by

augmented by a set of f polarization functions. Carbon and hydrogen the 10ss of entropy associated with coordination of free propene.
have been treated with an all-electron 6-31G(d,p) basi€®set. The adduct then proceeds to a four-membered transition state

Calculations were carried out at the DFT level using the hybrid for insertion,3. The latter is 13.31 kcal mot above the adduct.

functional B3PW94728with the Gaussian 98 suite of prografis. The activation energy for insertion is calculated to be 24.81
kcal mol! above the separated reactants, which corresponds

(16) Maron, L.; Eisenstein, Ql. Phys. Chem. 200Q 104, 7140. to a kinetically accessible process.
88 'F\f'srfr(i’r?’ty'\'/:T;g’r‘ftﬁ'ﬁé%n@gincxméégﬁg%gggg A3 s ~ The second step in the catalytic cycle (methane activation)
(19) (a) Sherer, E. C.: Cramer, C.Qrganometallics2003 22, 1682 is exergonic with a free energy of reaction-e4.85 kcal mot?

(b) Woodrum, N. L.; Cramer, C. Drganometallics2006 25, 68.
(20) Maron, L.; Werkema, E. L.; Perrin, L.; Eisenstein, O.; Andersen, (29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

R. A. J. Am. Chem. So@005 127, 279. M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
(21) Perrin, L.; Maron, L.; Eisenstein, ®lew J. Chem2004 10, 1255. R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
(22) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

899. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
(23) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Hheor. Chim. Actd989 Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;

75, 173. Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
(24) Dolg, M.; Fulde, P.; Kuchle, W.; Neumann, C. S.; StollJHChem. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;

Phys.1991, 94, 3011. Gomperts, G.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
(25) Dolg, M.; Stoll, H.; Preuss, HTheor. Chim. Actal993 85, 441. C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
(26) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
(27) Becke, A. D.J. Chem. Phys1993 98, 5648. Replogle, E. S.; Pople, J. ASaussian 98revision A.9; Gaussian, Inc.:

(28) Perdew, J. P.; Wang, Yhys. Re. 1992 45, 13244. Pittsburgh, PA, 1998.
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Figure 3. Optimized geometries (distances in A) of the extrema for the hydromethylation of propene w8h-@Hs. The number of
imaginary frequencies is given in parenthesis (0 for a minium and 1 for a transition state). The hydrogen atoms have been omitted from the
CsHs ligands for all structures excefit

with respect to the separated isobutyl complex and methane.a slight charge difference between the two carbons (a NBO
Despite a considerable computational search, nq &dtluct analysis gives charges 6f0.03 on GH, and+0.07 on GH-

was located as a minimum on the potential energy surface. The(CHs)). However, the propene molecule is little affected by the
transition stat& leads directly to Cg5cCH; and isobutane. No  coordination: the €&C double bond distance is hardly modified
isobutane adduct was located as a minimum. Since the activation(C.—Cy, length= 1.34 A) and no pyramidalization is observed
energy, relative to the separated isobutyl complexand at G or G,. In the same way, the methyl group coordinated to
methane, for this reaction is 31.27 kcal mblthis process is Sc is not distorted. The Sanethyl distance is equal to 2.23 A,
also kinetically accessible. The-bond metathesis process and theCs axis is still pointing toward scandium. In the adduct
appears to be the rate-determining step. The two-step mechanisn2, the geometry of the metal moieties and of the coordinated
proposed for the hydromethylation of propene with.8¢CH; propene is essentially that of the separated reactants, and the
catalyst is therefore calculated to have accessible transition stategeometry of2 is therefore far from that of the transition state.
and could be catalytic since the initial complex is regenerated. In other words, the coordination of the propene to Sc does not
However these activation energies are not negligible and otherprepare the two species to cross the transition state. The higher
reactions can compete with any of these two elementary steps.energy of the adduct compared to the separated reactant is
Thus, the possibility of competing reactions should be inves- essentially associated with the loss of entropy upon the formation

tigated for both steps in the catalytic cycle. of one molecule from the union of two molecules.
(b) Geometries.The geometries of the minima and transition Adduct?2 leads to the transition staBein which the scandium
states are presented in Figure 3. For the catdlygte Se-C and the three carbon atoms are coplanar in a four-membered-

distance is 2.22 A. Th&; axis of the methyl group, corre-  ring transition state. The ScC. distance is equal to 2.35 A,

sponding to the direction of the %prbital involved in bonding and the double bond of propene is elongated to 1.41 A. Both

to the metal, points toward the metal center. ThkeGCdouble olefinic carbons are slightly pyramidalized. The-82; bond,

bond distance is equal to 1.33 A for free propene. which is to be cleaved, is equal to 2.31 A (0.09 A longer than
In the precursor addu@, the & orbital of the propene is in the reactant). The methyl group, now interacting with the

oriented toward the scandium center. The-Sgdistance (2.90 propene, has tilted so that i@ axis (and thus its Sporbital)

A) is shorter than the SeC;, distance (3.10 A), which is due to  is oriented toward ¢ The distance between,Qpropene) and
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Table 1. Geometric Data for the Transition State 3 and provide a stronger interaction with the alkyl group. How-
[Sc]CH,CH(CHe), part [SC]CH part ever, an NBO analysis indicated that the ion_ic_cha_racter of the
Se_C, 237 Se-Cy 239 Sc-C bond remains constant. Thu;, thg variation mnSCc—X
Co—He 1.48 Gi—He 1.41 angles for the two alkyl complexes is principally caused by the
Sc—He 2.38 Se-Hqg 2.48 steric hindrance of the alkyl group.
Ce—Hc 1.10 G—Hy 1.10 Investigation of Possible Competing Reactiong\part from
Sc=Ce—He 76.6 Se-Co—He 815 the productive steps described in the previous section, a number
aDistances are in A and angles in deg. The [ScJCH(CHg), and of competing secondary reactions may occur for the species
[Sc]CHs parts refer to the right- and left-hand sides of spesjesspectively, involved in the catalytic cycle of Figure 1. The aim of this

as shown in Figure 3, where the atomic labels are given. section is to determine which of these might compete with the

Ca (methyl) is 2.18 A. A consequence of the tilt of the methyl patalytic process and potentially_ prevent the formation of
group is that one of its hydrogens is closer to the metal (2.19 iSobutane and/or lead to the experimentally observed secondary
A) and the SeC,—Ha angle is close to 70 The slight prodL_Jcts. Ir_] the foIIo_Wlng, two th_erm_odynam|cally_ _favgred
elongation of G—H, indicates a weak agostic interaction. The rgactlons will be conS|d_ered _to b_e k|net|ca_1lly (_:ompetltlve if the
NBO analysis of3 showed that Hcarries the same charge as dlfference_ between their activation energies is less than 5 .kcal
the other hydrogen atoms of the methyl group. However, at the MoI"*. This corresponds to the precision of the computing
level of second-order perturbation theory, there is a charge method.

delocalization between the-y bond and an empty d orbital of Among all possible reactions, some can be easily eliminated,
the metal center, which indicates a stabilizing interaction. To Such as activation of thec—c bond of propene, which is unlikely
go from the propene addu@ to the transition stat@, it is to occur for steric reasons. Consequently, this reaction has not

necessary to pyramidalize the propene carbons and change th@€en considered. The-bond metathesis reactions that would
orientation of the methyl group&s axis. These two distorsions  involve a four-electron, four-center transition state with carbon

are energy-demanding, which explains the high activation energyt the-position are known to have a high activation enefgy.
from 2 to 3. This has been confirmed in the case of methane activation by

The transition stat8 gives the isobutyl compound gpcCH- Cp2ScCh (forming Cp:ScH and releasing ethane); the calcu-
CH(CHs)2, 4, in which the G—C. bond distance is equal to  lated activation energy is over 90 kcal_mbl These types of
1.53 A. The Se-C, distance is 2.26 A (0.04 A longer than the ~ réactions have therefore not been considered. Finfalhydro-
Sc—C. bond) in reactant, and the Se Cc—Cy, angle is about ~ 9€n elimination has been experimentally and theoretically found

127. The hydrogen His far from scandium, the SeCa—Ha to be strongly disfavored as a termination process in polymer-
angle is equal to 103and there is no evidence fonaagostic ~ 1Zation (energy barriers around 70 kcal myl** which is
interaction, which is consistent with the absencaxedigostic =~ consistent with the observation by Sadow and Tiffethat
assistance in the transition state. neither Cp%ScH nor isobutene was observed during hydro-

In the second step of the catalytic cycle, the-Ele bond of methylation. ThefS-hydrogen elimination from the isobutyl
methane is broken in@bond metathesis process. The transition COmMplex was, however, calculated as a benchmark test for the
state5 has the four-membered-ring geometry formed by Sc, calculations. An endergonic formation of o—-H and isobutene
Ce, He, and G, with the three atoms & He—Cq nearly collinear definitely rules out this reaction, which will not be considered
(Co—He—Cq = 179.T). Similar geometrical features have been further in the following discussion. _ .
found in manyo-bond metathesis reactions with early and ~ Reactions that may compete with the first catalytic step
lanthanide metal¥’18 This transition state, with a SdHe (propene insertion) include activations of the vinylic or allylic
distance of 1.88 A, can be viewed as involving a proton transfer €—H bonds of propene and the 2,1-insertion of propene into
between the methyl and isobutyl groups, as it was found for the M—C bond of1. Figure 4 provides a schematic representa-

relatedo-bond metathesis reactions with lanthanide méfg. ~ tion of these reactions. Reactions that may compete with the
Other geometric features are summarized in Table 1. The C Sécond catalytic step{bond metathesis between methane and
axes of both alkyl groups are directed towarg Bo that H 4) also include activations of vinylic or allylic €H bonds of

and H are close to scandium. The.-€H. and G—Hgy bonds propene as well as 1,2- and 2,1-insertions of propene, and
are not significantly elongated and the NBO charges of the /-hydrogen angi-methyl transfers (see Figure 6). In addition,
hydrogens on €and G, are not significantly modified, although ~ Methyl exchange between £&§eChs and CH, (methane activa-
second-order perturbation theory indicates some charge delocallion) was also studied. . o
ization between the two CH bonds and empty Sc d orbitals. ~ AS the geometries are very similar to those described in the
This is indicative of weaki-agostic interactions. Comparirsg previous section, we will fogus on the energetics of the reactions.
with the perfectly symmetric transition state for Watson’s For all reactions, the entire pathways have been computed.
methyl-exchange reactidfi it appears thab is similar to the ~ However, to simplify the analysis, only the free energy of
latter but is slightly less symmetric due to the difference in the reaction AG°) and the activation energied\G*), using the
nature of the two organic groups involved in the proton transfer Separated GiScCH and propene as reference, are presented
reactions. for each reaction considered. The results are summarized in
During the reaction, the distance between the metal and theTables 2 and 3. .
centroids of the Cp groups (X) is little affected (ranging from  All reactions are nearly thermoneutral except for the allylic
2.17 to 2.20 A). The X Sc—X angle decreases slightly from ~ activation of propene, which is significantly exergonic. This
the reactant (137.4) to the more crowded isobutyl compound ~réaction leads to a-allyl compound, which is very stable
4(134.7). This could be explained by either electronic or steric Pecause of electronic delocalization (cf. Figure 5). Since all
effects. Indeed, the decrease of the-Sc—X angle would reactions are thermodynamically favorable or almost thermo-

increase the permanent dipole moment of theSep fragment neutral (2,1 propene insertion), the selectivities must be under
kinetic control. The 1,2 propene insertion has the lowest barrier,

(30) Maron, L.; Perrin, L.; Eisenstein, . Chem. Soc., Dalton Trans.
2002 534. (31) Margl, P.; Deng, L.; Ziegler, T1. Am. Chem. S0d.998 121, 154.
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Hs complex for comparison. All energy values are given relative
CH, / \H o [SHCHy+ CH to the separated GBcCHCH(CHs), and organic molecules.

(Sekte lscl\\ / methane All reactions are exergonic. The vinylic activation is the most
c kinetically favored, with an activation energy of only 26.50 kcal
mol~t. The productive methane activation is nevertheless
naartion ™ competitive AG* = 31.26 kcal motl). Consequently, the
[S”/\F hydromethylation of propene is among the most favorable
- pathways with the postulated catalytic mechanism. It is impor-
tant to note that, if both competing reactions release isobutane,
2.1 propene only the methane activation regenerates the catalyst. Indeed,
insertion [sq)\/ the vinylic activation destroys the catalyst, as the latter cannot
be regenerated by-€H activation of methane, since this reaction
is found to be endergonic by 3.72 kcal mbiith an activation
energy of 32.02 kcal mol. This result may explain the
relatively low turnover that is experimentally observed.

It should also be noted that on the basis of these calculations,
insertion reactions involving the isopropyl complex are not
competitive. This is also in agreement with the fact that group
[l metallocene complexes do not efficiently polymerize pro-

[Scl-Me vinylic
propene

activation e Y4 +CH,
—> [Sc]

Hs allylic R
/C\ Sotvation  —» [8c1—> +CH, pene; the main secondary products were vinyl and allyl
sc] H ’ complexes, and poly(propene)s were not obsetve@ur
K \CH2 calculations agree with this observation. Moreover, the theoreti-
\\ cal data are in line with experimental observations of Thompson
Figure 4. Reactions competing with propene insertion with a etal.}*that, in the absence of methane, the vinylic product,Cp*
schematic representation of the transition states; $S€p,Sc. ScCH=CH—CHjs is preferentially formed from reaction of the

isobutyl complex with propene.

Results with the Lutetium Complex Cp,LuUCH 3. (a) Ener-
getic Profile. A similar theoretical study was carried out with
the lutetium-based catalyst g&puCHSs, 6. The free energy profile
of the catalytic cycle, which could form isobutane, is given in
Figure 7. Propene insertion is slightly exergom¢3°? = —3.84
kcal mol?). This reaction begins with the coordination of
propene to form ar-adduct of propeney. Structure? is
calculated to be 7.05 kcal mdiabove the separated reactants,
which is roughly 4 kcal mot! less than for Sc. As the loss of
entropy is similar, it means that propene interacts more strongly
Figure 5. Optimized geometries (distances in A) of the transition with Lu than with Sc. The subsequent propene insertion has an
state (left) for allylic propene activation with €8cCh and the iy ation energy of 22.66 kcal ndi (transition state) with
correspondingr-allyl complex (right). The hydrogen atoms have . .
been omitted from the s ligands. rgspect to the separatgd reac.tant.s. Thus, this rea&itm9

via 8, has an accessible activation energy. As for Sc, the

but the vinylic activation of propene is also competitive with n-addu_ct 0!093 not adequa_tely prepare the transition state, and
an activation energy of 27.94 kcal mé| Insertion errors could e activation energy relative to the propene adducts is found
also occur, as the 2,1-insertion activiation energy is only 28.81 t be similar for Sc and Lu (around 13.5 kcal mbl

kcal molL. Other reactions, i.e., the allylic activation of propene ~ The second catalytic step (methane activation) is exergonic
and methane activation, have higher activation energies and ardAG® = —4.22 kcal mot?). In contrast to scandium, this process
less likely to occur. In the case of the allylic activation, the begins by coordination of methane to the lutetium center. The
geometry of the transition state is presented in Figure 5. The free energy of formation of the resultingadduct,10, is 12.13
w-allyl group is nearly formed, corresponding to a late transition kcal mol above the separated isobutyl complex and methane.
state. However the activation energy is rather high, which may It is followed by the four-membered-ring transition stdté

be due to the considerable geometrical and electronic reorga-which is 19.01 kcal mol* above the adduct. The total activation
nization from reactants to transition state. Thus, according to energy for the reaction fror@ to 11is thus 31.14 kcal mot.

the calculations, the isobutyl complex is the major product of The released isobutane then stays in the coordination sphere of
the reaction ofL with propene. This is in agreement with the the metal to form the~adductl2, which is 7.49 kcal mol* (in
experimental data for the Cgc systent3 However, two minor free energy) above the separated isobutyl complex and methane.
products may be formed with comparable activation energies, This is also a difference between the Lu and Sc systems, since
namely, the propenyl complex, resulting from vinylic activation, no alkane adducts were identified for the Sc reactions.

and the 1-methylpropyl complex, resulting from 2,1-insertion. (b) Geometries.The geometries of GBcCH; and CpLUCH;

For the processes competing with the second catalytic stepare very similar. In the latter, the EtC bond distance is 2.35 A,
(methane activation), only reactions starting from the isobutyl which is 0.13 A longer than that in the scandium compound.
complex, which is the major product of the reactionlofvith This difference is comparable to the difference of ionic radii
propene, have been investigated. These are listed in Table 3petween the two metals (0.11 A). The same conclusion can be
along with values for the reaction of methane with the isobutyl drawn for the distance between the lutetium and the centroids
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Figure 6. Representation of the reactions competing with methane activation with schematic representation of the transition states; [Sc]
Cp.Sc.

Table 2. Free Energies (in kcal mat?) for Reactions with Table 3. Free Energies (kcal moi') for Reactions with
Cp.ScCH; Described in Figure £ Cp2ScCH,CH(CH 3), Described in Figure &
reaction AGP AG* reaction AG® AG
1,2 propene insertion —3.22 24.81 methane activation —4.85 31.26
2,1 propene insertion 3.64 28.81 1,2 propene insertion —6.50 35.59
methane activation 0.00 32.49 2,1 propene insertion —4.67 40.69
vinylic propene activation —3.72 27.94 vinylic propene activation —8.57 26.50
allylic propene activation -12.72 31.69 allylic propene activation —-17.57 32.51
. . . -hyd t f —-1.61 43.26
a All energies are given relative to the separatedSgiCH; and propene. g_myetrhoygljttarr;nr;r; er 0.00 88.32

X of the Cp rings (2.35 A), which is about 0.15 A longer than an?lﬁllgzr;?égrﬁ;gags“./en relative to the separatedSeEHCH(CHy),
for the scandium coumpound. The-Xu—X angle is equal to
136.2.

In the propener-adduct?, the Lu—C; and Lu—C,, distances agreement with the lower free energy of theadduct for Lu
are equal to 2.93 and 3.10 A, respectively, which are similar to vs Sc (by roughly 4 kcal moF) compared to corresponding
corresponding distances for the scandium adduct. As in the caseseparated reactants. This stronger interaction is also confirmed
of Sc, the metatC(propene) bond distance is shorter with the by an NBO analysis. The interaction between thsystem of
methylene carbon, which has the higher negative charge (NBO propene and the lowest vacant orbital of the metal (mainly d),
charges are equal t60.04 on GH, and equal to+0.06 on evaluated by second-order perturbation theory, is stronger by
CoHCHj). The larger ionic radius for Lu compared to Sc should 2.5 kcal mot™ for Lu. However, this stronger interaction does
have led to longer metalpropene distances in the case obCp  not significantly modify the geometry of the propene, which is
LUCHs(172-CHsCH=CH,). As this is not the case, this suggests planar with a G-C double bond equal to 1.34 A in gp
that lutetium interacts more strongly with propene. This is in LUCHz(172-CH3;CH=CH,).
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Figure 7. Free energy profileAG), in kcal mol?, for the hydromethylation of propene with @uCHs; [Lu] = Cp,Lu.

Table 4. Energetics for Reactions of the Lu-Based Catalyt

Lu reactant reaction AGP AG*

1,2 propene insertion —3.84 22.66
2,1 propene insertion 0.58 26.16

Cp,LUCHjs methane activation 0.00 33.11
vinylic propene activation —4.67  26.21
allylic propene activation —15.82  24.07
methane activation —4.22 31.14
1,2 propene insertion —4.42 29.41

CpLUCH,CH(CHg),  vinylic propene activation  —8.01  24.98
allylic propene activation —19.80 25.39
B-hydrogen transfer —2.17 34.72

Figure 8. Optimized geometries (distances in A) of the-Dp- 2 Free energies (kcal mol) are given relative to the separated reactants.
isobutyl-methane complex (left) and the LLp-methyl-isobutane  see Figures 4 and 6 for definition of the reactions.

complex (right). The hydrogen atoms have been omitted from the
CsHs ligands. respectively. In both cases, two hydrogens of the coordinated
alkane are oriented toward the metal, such that the-Hu

The geometries of the transition state for 1,2 propene insertiondistances are around 2.70 A. The relatively short-iHi

(8) to yield the isobutyl compounfl and of the transition state  distances do not result in elongatee-8 bonds. To determine

for methane metathesi&) are essentially equal for scandium  the nature of these adducts, NBO analyses were performed. The

and lutetium. The Lu-C and Lu-H distances are about 0.12 A interacting carbon is negatively charged((96), whereas the

longer than the corresponding-SC and Se-H distances, and  hydrogens are positively charge#t@.23 to+0.26). Therefore,

the C-C and C-H distances are very similar. The difference in these adducts, the lutetium interacts only with the carbon.

in stabilization energies for thre-adducts for Sc2) and Lu () (c) Competing Reactions.The calculations show that the

is translated to the transition statéss 8. The transition state hydromethylation of propene is thermodynamically accessible

8 is calculated to be more stable for Lu than for Sc by because the free energies of the products (GpCHs +

approximately 2.5 kcal mot, showing that the interaction  sobutane) are lower than those of the reactantsl(@GpCHs

between the metal and propene is stronger for Lu than for Sc. + propenet CHj) by 8 kcal mot2, and the activation energies

Consequently, as the free energy necessary to go from thealong the postulated pathways are not too high. However, to

m-adduct to the transition state is the same for both metals, thedetermine if this reaction may occur, it is necessary to compare

more stable adduct leads to a lower activation energy for the the energy profiles of competing reactions to that of the hydro-

propene insertion step. methylation of propene. The reactions that have been considered

For the activation of Cl going through transition stat, for scandium have also been considered for Lu. Only the
the activation energies relative to the isobutyl compound are g-methyl transfer, which has been shown to have a very high
similar for Sc (27.93 kcal molt) and Lu (28.61 kcal mott). activation energy, has been ignored. The free energies of reaction
The presence of a-adduct between GM(CH>-CH(CHg),) and and the activation energies are shown in Table 4.

CHy, in the case of Lu only, does not lower the activation energy ~ For CpLuCHs, all reactions are nearly thermoneutral or
because the bonding interaction between the Lu fragment andexergonic. The vinylic and allylic activations of propene have
methane is weak, as evidenced by the high free energy of thesimilar activations energies (26.21 and 24.07 kcal Thol
methaner-adduct, which is 12 kcal mot above the separated  respectively) and are therefore competitive. The 2,1-insertion
reactants. The bonding energy between these two species beingf propene has an activation energy of 26.16 kcalthdrhe
small, the free energy of the Grhdduct is mostly controlled  1,2-insertion of propene, which has the lowest activation energy
by the entropy. In other words, the energy of thadduct is (22.66 kcal mot?), still corresponds to the favored path. All of
not low enough to pull down the energy of the transition state. the reactions involving propene are competitive. The calculations
In the adducts of Gihu(CH,-CH(CH;),) with methane 10) show that ther-propene adduct is the starting reactant for all
and isobutanel(), the Lu—C distances are 3.20 and 3.13 A, reactions (the 1,2 and 2,1 propene insertions, the vinylic and
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Figure 9. Optimized geometry (distances in A) of the transition
state for allylic activation with CpuCH;. The hydrogen atoms
have been omitted from thesB8s ligands.

the allylic propene activations) and that all reactions involving
propene have lower activation energies for Lu than for Sc. In
particular, the more stable-propene adduct in the case of Lu
lowers the activation energies associated with propene reactions
The interaction of the metal center with thesystem of the
olefin is thus a key factor for determining the reactivity of the
lutetium complex. Other reactions such as methane activation
(Table 4) are less favorable.

The transition state for allylic propene activation is shown
in Figure 9. Its geometry is very close to that found for the Sc
case. Thus, the difference in activation energies between Sc an
Lu (7 kcal mol® lower for Lu) is in large part due to the
difference in energy of the precurseradducts (4 kcal moft
lower for Lu). As in the Sc case, the isobutyl complex is the
major product of the interaction of @puCHs with propene,
since it is associated with a lower activation energy. However,
three minor products should also be observed, namely, the
propenyl, ther-allyl, and the 1-methylpropyl complexes.

Similar reactions involving GihuCH,CH(CHz); in place of
Cp.LUCHs have been considered. All reactions are exergonic
(Table 4). The two reactions with the lowest activation energies
are the vinylic AG* = 24.98 kcal mot) and allylic AG* =
25.39 kcal mot?) activations of propene. Both reactions yiel
isobutane but destroy the catalyst by forming CpL&&EHCH;
and thes-allyl complex, respectively. The methane activation
has a higher activation energgG* = 31.14 kcal mot?). Thus,
as in the reactions with GpuCHs, processes initiated by
formation of a propene adduct have lower activation energies.
As a consequence, the favored first step for reaction of Cp
LuCHgz in the presence of a mixture of propene and,@the
insertion of propene. This yields the isobutyl complex, which
also prefers to react with propene. The catalyst @Q@Hs; can-

d
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of methane by Cp¥MCH3 complexe¥®32 and for the poly-
merization of ethylene by CpdCH,CHs.2! Calculations show
that methane activation has a higher activation energy with Cp*
(vs Cp) ligand$?-32but the replacement of Cp by Cp* increases
the activation energy for Sc (4 kcal mé) more than for Lu
(~1.5-2 kcal mol1), since a reaction at the smaller Sc atom
is more sensitive to the steric influence. Related results obtained
by Perrin et al. reveal that the increase in the activation energy
to ethylene insertion into the NeCH,CH3 bond is attributed
to the steric influence of the cyclopentadienyl methyl groups
and not to an electronic factét.On the basis of these results,
it is expected that all the activation energies calculated in this
study should be higher with Cp* than with Cp. In the case of
Lu, the methyl cyclopentadienyl groups should have only
moderate influence because of the large ionic radius of the metal
and the relative activation energies of all reactions should be
similar for Cp and Cp*. For the scandium systems, the
replacement of Cp by Cp* should increase relatively more the
activation energies for the reaction involving the propene
compared to those involving the small €hiolecule. Notably,
the vinylic activation of propene should still be competitive with
methane activations because the activation energies involving
Cp complexes are lower by around 5 kcal molTherefore, all
activation energies should be higher with Cp* (vs Cp), but the
elative results found for propene and methane should be similar
or these two cases. We believe that the trend calculated with
the Cp ligand should also apply in the case of Cp*.

Comparison of Reactivities for Scandium and Lutetium
Complexes.The activation energies for the- bond activa-
tion of several alkanes (methane, propane, isobutanejdond
metathesis with Gi5cCH; and CpLuCHs; are shown in Figure
10. The vinylic and allylic activations for propene are included
for comparison. The lutetium catalyst favors the activation of a
C—H bond of propene over that of any alkane since the activa-
tion energies with propene are lower by at least 6 kcal "ol
On the contrary, for Cf8cCH;, the preference for activation
of a C—H bond of propene is less pronounced since this differ-
ence in activation energy is smaller than 4 kcal MoWe also
note that the activation energies increase for a given metal with
the size of the alkane and that the activation energies for a given
alkane are close for Sc and Lu. We discuss first the relative
activation energies for alkanes, and second, we discuss the
propene.

(a) Influence of the Alkane. As can be seen from Figure
10, for a given metal, the activation energies for alkyl group
exchange between @@CH; and HR to give CgMR and CH,

not be regenerated and, consequently, the hydromethylation reacdepend on the size of the alkane. Larger alkanes give higher
tion cannot be a catalytic reaction with the lutetium complexes. activation energies. It ha; been s_hown that the activation energies
In contrast, it can produce a stoichiometric amount of isobutane ©f thesés-bond metathesis reactions can be related to the charge
from the reaction of C.uCHs and one molecule of propene.  edistribution that occurs from reactant to prodtfcfTwo
Influence of the Nature of the Cyclopentadieny! Ligand. parameters have been usedq (charge difference for the
A few comments should be made concerning use of the Cp metallic fr_agment betwgen th_e reactant and the TS) and “pol”
ligand (Cp= CsHs) as a model for the Cp* ligand (Cp* (the polarization of the incoming alkane moIecuIe).lThe values
CsMes), which was employed in the experimental studies on for 'Fhese parameters are identical for propane and |s'obutane for
the hydromethylation reaction. This is particularly relevant given & 9iven metal fragment (Table 5). Therefore, the higher acti-
the small differences in activation energies (ca. 5 kcal®ol ~ Vation energies for isobutane relative to propane (Table 5) do
for competitive reactions examined in this study (e.g., methane, N0t originate from different charge redistributions during the
vinylic, and allylic activations). Calculations with Cp* ligands ~ réaction. The larger size of the isobutane is most likely
are computationaly demanding, and only a few examples can"@SPonsible for the higher activation energies.
be found in the literatur&®334 |ndeed, the influence of The activation energies for alkyl group exchange in the
modeling Cp* with Cp has been considered for the activation reaction of propane with GBcCH; and CpLUCHs are similar

(32) Barros, N.; Maron, L.; Eisenstein, @alton Trans.2006 3052.
(33) Burckhardt, U.; Casty, G. L.; Tilley, T. D.; Woo, T. K.; Rothlis-
berger, U.Organometallics200Q 19, 3830.

(34) Zachmanoglo, C. E.; Docrat, A.; Bridgewater, B. M.; Parkin, G.;
Brandow, C. G.; Bercaw, J. E.; Jardine, C. N.; Lyall, M.; Green, J. C,;
Keister, J. B.J. Am. Chem. So2002 124, 9525.
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Figure 10. Activation energiesAG), in kcal mol1, for the C-H activation of alkanes and alkenes with #fCHz (M = Sc, Lu).
Table 5. Calculated Activation Energies and Parameters\q stabilized by the electron-deficient metal center, as shown by
and “pol” for Alkane Activation in the Reaction Cp ;M —CHj the second-order perturbation theory in the NBO analysis. This
+ HR to Give Cp:MR + CHy4 stabilizing interaction does not exist with an alkane because
reaction AG* Ag “pol” the electron density of a -€H bond is significantly less
CpScCH propane activation 3435 —-020 —0.06 perturbed by the metal even in an agostic interaction. There is
isobutane activation 36.12 -021  -0.05 therefore no methane adduct for Sc and no significant ones for
CpeLuCHs Pfogatne aCt“{_a“?_n gggg :8-28 :g-g Lu. Thus, in the case of GBCR, there is no preference for the
Isobutane activation ' : ' propene (vs methane) to interact with the metal. In contrast,
@ See ref 32 for definitions. CpLuR prefers to interact with propene when R is either methyl

or isobutyl. These stabilizing interactions between the Lu
fragment and the propene are maintained in the transition states,
which results in CRLUR having lower activation energies for

all reactions involving propene. Therefore, LLpR reacts
preferentially with alkene over alkane. It also accounts for the

(34.35 kcal mot?! for scandium and 33.38 kcal mdl for
lutetium), as shown in Figure 10. Earlier studies have shown
that the smaller ionic radius of Sc (75 pm) compared to Lu (86

pm) makes a reaction at Sc more sensitive to steric effécts. |5\ a1 activation energy for the allylic propene activation
Therefore the activation energies will increase more for Sc (vs compared to the vinylic activation because the interaction
Lu) with the Cp-to-Cp* replacement. The relative activation between ther orbital of propene and Lu is more efficiently
energy for the alkyl exchange reaction between the scandocenqyaintained at the transition state for the former. Thus, the
reactant and HRis therefore under significant steric control. successive reactions of propene and alkane in the hydromethyl-
The reaction is hampered for large alkanes and probably MOre4tion of the propene are possible for Sc but less favored for
for Sc than Lu. o Lu. The reactivities of Cg5cR and CELuR are determined by

(b) Reactions with Propene.The main difference between  the relative coordination energies@fandzr-bonded substrates,

Sc and Lu is the stability of ther-adduct of propene. The  \hich are partly determined by electronic factors reinforced by
a-complex is more stable with Lu, although it has not been gieric effects.

isolated. In the absence of back-donation, the alkene ligand is

only weakly bonded to the metal and the interaction between ] )
the metal and the propene is essentially electrostatic, as shown Conclusion and Perspectives
by the NBO analysis in the case of LLpCHs(172-CH,=HCH), . . . . .
7. The electrostatic interaction between the metal and propene, " thiS paper, it has been possible to rationalize some exper-
is most conveniently analyzed in terms of the charge on the imental observations on the catalytic properties of a scandocene

entire metallocene fragment. The charge on thg Gfragment complex. In particular, in agreement with the observations of
in CpLUCH; is equal to+0.69. In CpScCH;, the bonds Sadow and Tille}2 and Thompson et al4 it has been possible

between Sc and the ligand have a stronger covalent charactert® demonstrate that, in the presence of scandocene, propene can

which decreases the positive charge on the metal; the chargebe converted into isobutane, With a relatively good yielq, in
on the CpSc fragment is equal te-0.56. In CpYCHsa, the the presence of CHMoreover, it has been shown that, mainly

charge on the GiY fragment is+0.68 and the ionic radius is for _the_ second step of the catalytic cyc_:le, vin)_/lic and allylic
larger than that of Lu (1.019 vs 0.97%This is consistent with activations of propene become competitive, which accounts fF’r
the alkene adducts observed for GPR (R = primary alkylf® the secondary products. These reactions, although releasing

and the absence of an observable propene adduct in the case d¢foPutane, destroy the catalyst since no regeneration, frof C
Cp.ScCHs. The propene adduct should be even less favored in 8ctivation of methane, is possible.
Cp*,ScCH; because of the larger steric hindrance between the  In the case of the lutenocene catalyst, even though propene
metal fragment and the olefin. insertion is the major reaction for the methyl complex, all
Although the geometry of the propene is hardly modified by reactions.ir.\volving propene are poss_ible, which is disfavorable
coordination to the metal, the-electron density is slightly ~ for selectivity. The reactivity pattern is even less favorable for
the second catalytic step, since methane activation is not

(35) Casey, C. P.; Tunge, J. A.; Lee, T. Y.; Fagan, MJAAm. Chem. competitive with the vinylic and allylic activation of propene.
S0c.2003 125, 2641. Thus, the reaction cannot be catalytic and the highest possible
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yield of isobutane would correspond to one molecule of electronic and steric effects change relative to the ®I€H;
isobutene for one molecule of catalyst. analogues. Indeed, the metal should be more electron deficient

The difference in reactivity between the scandocene and and the coordination site less crowded than iBNbpHs3. These
lutenocene complexes has been investigated. Rather than theffects have in fact been observed in recent studies of$ide
classical steric explanation, based on the differences in sizes of(CsMey),]ScR ansacomplexes’
the two metals, we have proposed an electronic argument. This
is based on a difference in the stabilities of properedducts
for the two metals. This difference, which is found to be around f

; . . el

4 kcal mol?® in favor of lutenocene, is also observed in the do
activation energies. This stronger interaction withAheystem 3442 for collaboration with Berkeley for financial support.
is more stabilizing for the more electron-deficient Lu center. 1 p 1 acknowledges support from the Director, Office of
Thus, the lutenocene favors all reactions with propene over gpergy Research, Office of Basic Sciences, Chemical Sciences

reactions with alkanes, sineeadducts of alkane are not so  pjyision of the U.S. Department of Energy under Contract No.
stabilizing. Steric factors cannot be neglected, however, and it pg.AC03-76SF000098.

was found that they mostly influence the relative reactivity of
alkanes. In order to gain more insight into the influence of
electronic and steric factors, similar studies with tesa
(silylene)metallocenes are being carried out. In this system, both
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