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Abstract: The energy required to activate the-H bond in the entire series of @mH complexes has been
calculated by DFT (B3PW91) methods. The activation energies have been calculated to vary from 0.5 to 8.0
kcalmol™1, indicating an overall facile reaction. The electronegativity of the lanthanide in its most stable
oxidation state is suggested to be a leading factor for interpreting the trends in activation energy. The geometry
of the transition state is best viewed as an almost linear Ilgand with short H-H distances and strong

M—H interaction, through the wingtip H centers, with Ln. The exchange reaction is thus established to be a
o bond metathesis reaction.

Introduction through a four-center transition state and leads to the exchanged
Z—H adduct. The activation energy has been found to depend
strongly on the nature of the-RH bond. Recently, the bond
metathesis of acetylene with ZkH* and CpZrCHs* was
studied with all-electron HF and MP2 ab initio calculatidns.
From the available studies, it appears that metathesis is easier
for Sc than for Lu but the influence of the nature of lanthanide
has not been understood.
In this study, we have thus used DFT calculations to study
the reaction shown in eq 1 for the entire series of lanthanide
Cp*,LuH + D, — Cp,LuD + HD (1) elements. We have considered thatefcts with the monomeric
biscyclopentadienyl hydride species even if this is not the usual
Cp*,Lu(Me) + CH,— Cp,Lu(CH,) + Me — H  (2) structure of the reactaf. In agreement with experimental
evidence, the HH exchange process has been found to have a
Since no electrons are available on the metal, the activation |oW activation energy. However, differences between the various
of the inert H-H or C—H bonds must necessarily occur without  lanthanides have emerged from the calculations. A discussion

change of oxidation state at the metal. An alternative mechanismOf the results permits a better understanding of the factors that

involves ac bond metathesis involving the electrons of the control metathesis reactions witf knthanide centers.

Ln—R and H-H or C—H bonds. Since the electrons of the _ )

M—R bond as well as those of the-HH or C—H bond are in ~ Computational Details

relatively low-lying occupied orbitals, it seems surprising that  |n previous studie&l*2we have shown that Large core Relativistic

the reaction occurs with very little activation energy. Effective Core Potentials (RECPs) optimized by the Stuttg@resden
Theoretical methods have been used with great success tdGroup®* are well adapted to the calculation of the geometries of

understand the activation of inert borffsin most cases that  lanthanide complexes since 4f electrons do not participate inX.n

have been studied by theoretical methods, activation has beerPonding. The basis sets adapted to the different RECPs augmented by

initiated by an oxidative cleavage of the bond. Theoretical a polarization function (f function for the lanthanide) were used. Carbo_n

studies of metathesis reactions have also been reviéEe: and hydrogen have been treated with an all-electron 6-31G** basis

. A ’ set. Calculations were carried out at the DFT level by using the hybrid

studies of activation O.f H.H a’?d C—H_bonds by 8_comple>_(es functional B3PW915:17 with the Gaussian 98 suite of prografis.

suggest that the activation is feasibléletathesis reactions  Geometry optimization was carried out without any symmetry restric-

involving late transition metals in high oxidation states and

hydrogenolysis reactions have also been calcufatBdrT (6) Steigerwald, M. L.; Goddard, W. A., Ill. Am. Chem. Sod 984

: ; P 106, 308.
calculations of R-H (R = H, C, Si) bond activation by Gp ?7) Ziegler, T.: Folga, EJ. Am. Chem. S0d993 115 636.

The activation of an inert XY bond usually occurs through
an oxidative addition process in which electrons from the metal
are transferred into the antibonding orbital of the-X bond.

For this reason, fcenters cannot be a candidate for bond
activation by oxidative addition. In this sense, the discovery
that Cp%Lu—R (R = H, Me) could activate HH or CH, (eq
s1-2) was thus a landmark in mechanistic understanding as
well as leading to new catalysts.

ScZ, CbScz8 and ChLuZ (Z = H, CHs)"® have shown that (8) Folga, E.; Ziegler, TCan. J. Chem1992 70, 333.
the initial step is the formation of an-/H adduct that passes 1959;) 1H1yéa-1|§g8pin, I.; Silverio, S. J.; Niu, S.; Gleiter, R. Mol. Catal. A
(1) Watson, P. L.; Parshall, G. WAcc. Chem. Redl985 18, 51—-56. (10) Ephritikine, M.Chem. Re. 1997, 97, 2193.
(2) Niu, S.; Hall, M. B.Chem. Re. 200Q 100, 353. (11) Maron, L.; Eisenstein, Ql. Phys. Chem. 200Q 104, 7140.
(3) Bosque, R.; Fantacci, S.; Clot, E.; Maseras, F.; Eisenstein, O.; Perutz, (12) Maron, L.; Eisenstein, O. Submitted for publication.
R. N.; Renkema, K. B.; Caulton, K. @. Am. Chem. So&998 120, 12634. (13) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Hheor. Chim. Actd 989
(4) Musaev, D.; Morokuma, KAdvances in Chemical PhysicRice, S. 75, 173.
A., Prigogin, I., Eds; John Wiley and Sons: New York, 1996; Vo.l XCV, (14) Dolg, M.; Fulde, P.; Kuechle, W.; Neumann, C.-S.; Stoll, H.
p 61. Chem. Phys1991, 94, 3011.
(5) RabaaH.; Saillard, J.-Y.; Hoffmann, RJ. Am. Chem. Sod.986 (15) Dolg, M.; Stoll, H.; Preuss, HTheor. Chim. Actal993 85, 441.
108 4327. (16) Becke, A. D.J. Chem. Phys1993 98, 5648.
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Figure 1. DFT(B3PW91) optimized geometry for @mH for Ln =
La, Ce, Yb, and Lu.

tions. The nature of the extrema (minimum or transition structure) was
verified with analytical frequency calculations.

Results

Structure of Cp,LnH. These complexes do not exist in
general as monomet& However, the structure of the mono-
meric species is on its own right. For the lighter lanthanides,
CpLnH has aCs structure in which the LaH direction is not
along theC, axis of the Cp-Ln—Cp moiety (Figure 1). The
plane that is defined by the centroidg &And X of the two
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Table 1. Geometrical Parametens, (A) and X—Ln—X, Angle
(see text, deg), and Pyramidalizatian, deg; see text) for GhnH
at the B3PWO91 Level

metal oxidation state o re{(M—H) Xi1—Ln—X;
La 3 336.8 2.142 134.3
Ce 4 317.8 1.959 130.0
Pr 3 343.3 2112 136.9
Nd 3 346.1 2.099 137.9
Pm 3 349.9 2.088 138.9
Sm 3 353.0 2.078 139.6
Eu 2 360.0 2.331 131.3
Gd 3 359.9 2.059 1411
Tb 3 360.0 2.045 140.9
Dy 3 360.0 2.031 140.7
Ho 3 360.0 2.018 140.6
Er 3 360.0 2.005 140.4
Tm 3 360.0 1.994 140.2
Yb 2 360.0 2.225 131.6
Lu 3 360.0 1.972 140.1

moves without any noticeable energy cost into the bisector plane
of the Cp-Ln—Cp group (1.26 kcammol™! for La to 0.26
kcalmol~ for Lu). The above results highlight some similarities
between CgLnH and LnX (X = H, CHs, F, Cl)2 where Ln
prefers a pyramidal geometry. For any of these systems, Ce,
Eu, and Yb tend to deviate significantly from the trends show
by the other lanthanides. The extend value of pyramidalization
has however been calculated to be larger fo= X, CHz , and

F than in CpLnH. From this work, it seems that Cl best
represents the geometrical pattern of biscyclopentadienyl com-
plexed®2%and we are in the process of comparing further the
Cp and Cl as ligands in lanthanide compleXe§he molecular
orbital interpretations of the geometries &f @GpMR (M =
transition metal comple®j and of LnX; lanthanidé? are in fact
similar. A pyramidal structure at the lanthanide makes better
use of the d orbitals for Lnligand bonds.

The Cp-Ln—Cp angle is an important factor in the behavior
of biscyclopentadienyl complexes. This angle varies from £34.3
for La to 140.2 for Lu but has a minimum value of 130.@or
Ce. In this case, this angle is in part determined by the steric
hindrance of the two Cp ligands and thus cannot be compared
to the angles with substitued cyclopentadienyl groups. The Ln

cyclopentadienyl ligands and the hydride center does not containCP distances are also well reproduced quantitatively. Thus the

the metal center. Thus Ln,XX,, and H define a pyramidal

average Lr-Cp distance is close to the average value deter-

geometry at the metal center, as illustrated by the fact that theMined experimentally for the Yb and Lu complexes (calcd 2.587

suma of the three bond angles is less than 3glable 1). The
value ofa, which is the smallest for Ce, otherwise increases
from La to Eu (360). Thus the pyramidalization is largest for

A vs exptl 2.505 A for Yb and calcd 2.325 A vs exp 2.383 A
for Lu).22 The Ln—H distance cannot be compared directly to
any experimental value. An appropriate test for the validity of

Ce and a trigonal p|anar geometry is preferred for Eu as well the method of calculations is the lanthanide Contracﬂig(rh.lﬂ—

as for the heavier lanthanides.

H) — re(La—H)), which is equal to 0.170 A in close agreement

Even when the lanthanide center has a preference for awith the accepted value of 0.179 A. As has been previously
nonplanar structure, the potential energy surface for the inversionobtained for LnH, the Ln—H ligand is especially short for Gp
at the metal has been found to be very soft and thus the hydrideCeH" and long for CpEuH™ and CpYbH™. On the basis of

(17) See, for example: Burke, K.; Perdew, J. P.; Yang, V\El&ttronic
Density Functional Theory: Recent Progress and New Directibabson,

J. F., Vignale, G., Das, M. P., Eds.; Plenum: New York, 1998.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

these results, the calculations with large core RECPs’ therefore
seem appropriate for these systems.

Path for H—H Exchange.No H, adduct could be located
on the potential energy surface for any,CpH complex. B is
too weak a base and Ln is too weak an acid to make the gonor
acceptor interaction energy sufficiently large to stabilize an

(19) Barthelat, J. C.; Daudey, J. P.; De Loth, J. P.; Poilbland. Rm.
Chem. Soc1991 113 9896.

(20) Camanyes, S.; Maseras, F.; Moreno, M.; Lkedd.; Lluch, J. M.;
Bertran, J.J. Am. Chem. S0d.996 118 4617.

(21) Maron, L.; Eisenstein, O.; Alary, F.; Poteau, R. To be submitted
for publication.

(22) Lauher, J. W.; Hoffmann, Rl. Am. Chem. Sod. 976 98, 1729.

(23) Orpen, G. AJ. Chem. Soc., Dalton Tran%989 S1
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Table 2. DFT Optimized Geometrical Parameters(A) and Angles (deg), for the Hydrogen Exchange Transition Statg, )

metal re(M—HA) I’e(M_HB) re(M_Hc) I’e(HA_HB) re(HB_Hc) HA_HB—HC X1—Ln—X2
La 2.276 2.262 2.294 1.015 1.043 156.2 141.1
Ce 2.149 2.148 2.099 0.897 1.214 149.1 138.3
Pr 2.239 2.220 2.254 1.023 1.035 156.2 141.6
Nd 2.229 2.202 2.230 1.028 1.030 156.1 141.8
Pm 2.212 2.183 2.213 1.029 1.031 156.1 141.8
Sm 2.196 2.166 2.197 1.029 1.031 156.0 141.8
Eu 2.427 2.327 2.427 1.047 1.047 165.3 133.7
Gd 2.169 2.134 2.170 1.030 1.031 156.0 141.8
Th 2.153 2.117 2.154 1.031 1.031 156.0 141.8
Dy 2.140 2.102 2.141 1.031 1.032 156.0 141.8
Ho 2.127 2.087 2.128 1.031 1.032 156.0 141.8
Er 2.114 2.073 2.115 1.032 1.032 156.0 141.8
Tm 2.103 2.060 2.104 1.032 1.032 156.0 141.8
Yb 2.350 2.237 2.350 1.049 1.050 165.7 134.2
Lu 2.083 2.037 2.084 1.033 1.033 156.0 141.9

Table 3. DFT Calculated Activation BarrierAE, kcakmol=?) for
the Hydrogen Exchange Reaction

metal oxidation state AE metal oxidation state AE
La 3 1.41 Th 3 1.28
Ce 4 5.05 Dy 3 1.54
Pr 3 0.96 Ho 3 1.81
Nd 3 0.85 Er 3 2.09
Pm 3 0.67 ™m 3 2.45
Sm 3 0.69 Yb 2 7.20
Eu 2 5.03 Lu 3 3.06
Gd 3 1.21

expected elongation of the bH distances. The two HH
distances are remarkably short for most lanthanides (around 1.03
A) and hardly longer than 1.05 A for the anionic Eu and Yb
systems. All the Lr-H distances are short and remarkably the
shortest is the central LrHg distance (g(Ln—Ha) — re(Ln—

Hg) reaches 0.1 A for Eu and Yb). This could suggest the
formation of a Lr-Hg bond. Due to the highly ionic character

of the lanthanide ligand interaction, the formation of a krH

bond would mean that the three hydrogens would have hydridic
character. However, a charge analysis shows that this is not the
case. According to a Mulliken charge distribution, Eind H:

have equivalent hydridic character, with an atomic charge of
—0.15 for the whole series of lanthanide complexes, whereas

TS exchangeH CpyLuH TS exchangeil CppV B Hg is sightly electron deficient, with an atomic chargetd.03.
Figure 2. DFT(B3PW91) optimized geometry of the transition state  Moreover, the Mulliken overlap populations also support the
for hydrogen exchange for L# La, Ce, Yb, and Lu. existence of two wingtip LarHa (Hc) bonds (0.13 for any Ln)

and the absence of a kHg central bond (0.04). Although the
adduct. The absence of any electrons on Ln to back-donate intoahsolute Mulliken overlap population values should be consid-
o* (H2) also contributes to decreasing the stability of any adduct. ered with caution, relative values are known to be reliable. This
This result contrasts with that of Folga et al., where an adduct description suggests that the transition state should be viewed
of H, was obtained.The use of a different functional and of as an H~ ligand bonded to the metal through the wingtip
Cl in place of Cp are two factors that could contribute to the hydrogen centers. The short £kl distance is a result of the
different results. Transition states for-Hl exchange have been  short H,—Hg and Hs—Hc distances but not of an interaction
located for each Ln center. The vector associated with the with Ln.
negative eigenvalue of the Hessian (around 800cfor all The transition state for GEeHs™ is very different from those
Ln) is associated with the central H moving toward one of the of the other lanthanides. Its geometry is that of anligand
two wingtip hydrides. With the exception of Ce (to be discussed attacking the CeH bond. At the transition structure, thexH
later), the transition state has a diamond shape compressed alonglg distance of the attacking His only 0.897 A and the

the Ln—Hg direction (H\—Ln—H¢ average 58 Hao—Hg—Hc Hg---Hc distance is the longest of all calculated systems (1.214
average 159 with a shorter central LrnHg distance and longer  A) in this work.

wingtip Ln—Ha and Ln—Hc distances (Figure 2). The €p The trend in activation energy, calculated as the difference
Ln—Cp angle is constant for the whole series (}4dnd thus in energy between the separated reactants and the transition state,
differs from that in the reactents (Table 2). For early Ln centers follows a nonmonotonic behavior (Table 3). With the exception
(La and Pr), La-Ha is slightly different from Lr-Hg. A Cy, of Ce, Eu, and Yb, the activation energy decreases from 1.4 to

structure is obtained for heavier lanthanides. The—Hn 0.7 kcal/mol before increasing to 3.06 kcal/mol (Lu). These
distances decrease from La to Lu with the exception of Eu and values are thus of the same order of magnitude as that fer Cl
Yb where the total negative charge on the complex causes theScH (5.5 kcal/molY. The highest barriers have been calculated
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for Cp,CeHs™ (5.05 kcal/mol), CpEuH;™ (5.03 kcal/mol), and discussion of this point. The bond metathesis involved in the
Cp2YbH3~ (7.20 kcal/mol). For any lanthanide, the barrier is H—H exchange process is thus a facile process in these species
thus either small or very small and H exchange should occur due to the presence of a hydridic ligand and to low-lying d
easily or even very easily. orbitals available to stabilize thesH ligand. These combined
The H-H exchange reaction is a metathesis involving the 4 properties are characteristic of darly transition metal com-
electrons of the LarH and H-H bonds. At the transition state  plexes and also of the lanthanide series.
the 4 electrons are mostly located on the wingtip H centers of
the K~ ligand. The metal center stabilizes this anionic ligand Conclusions
at the TS and thus makes the exchange energetically facile. Why
is the activation energy therefore dependent on the nature of
the metal even though the f electrons of Ln play no role in the
Ln—ligand interactiok! and all these complexes are calculated
as isoelectronic? We suggest that the electronegativity of the
lanthanide plays two opposite roles in this reaction. As
mentioned earlier, a metathesis reaction uses the electrons o
the Ln—H bond for the reactivity. It is most likely that reactants
(CpzLnH) in which the Ln—H bond is more polarized toward
the hydride would be reactive toward metathesis. In the present
systems, the lanthanide contraction can give some information.
The longer La-H bond (in comparison to Lu) suggests that

This study shows that it is possible to study the structure
and reactivity of lanthanide complexes containing cyclopenta-
dienyl ligands with large core ECP and DFT calculations. The
calculations reproduce in a qualitative way the main character-
istic of the reactants as well as the lanthanide contraction for
{he Ln—H bond distance. The calculations also highlight that
he geometries of GhnH and LnX; (X = H, CHjs, halides)
have some strong similarities. In both systems, there is a
preference for a non-trigonal-planar coordination at the metal
center, especially in the case of early lanthanide members. The
chlorine ligand is probably a reasonable model for Cp for the
geometrical aspects of the complexes. It remains to be demon-

thetetlﬁctr_ons of tt.he Lt?Ht bt%nd ma%/_ade rr|1_|ore |nvolve:j '[IE & strated whether Cl is also a good model of Cp for representing
metathesis reaction that these o . _However, at the energy changes associated with reactivity.

e e e a7 4 actvation by Cptn has been found 10 be a facle
3 y 9 : ’ 9 reaction for all lanthanides. The reaction involves a tightly

centers, which have lower d orbitals, would be more efficient bonded H- ligand with short H-H distances characteristic of

gcflg(\;\t/gr?fgtthh: ;rgaglycgfnttzer téigls(;t'g?( Slt;tr?v-\[r? eiﬁ;"";ﬁggﬁéﬁe a bond metathesis reaction. The activation energy depends on

eneray qoes in a nonmonotonic manngr and Wﬁ' the calculationsthe lanthanide center in a subtle way. Electropositive (early)
w9 Y lanthanides make the electron density of the metal hydride more

Inﬂcgtﬁil'[:realr?;\l/essits?effl\llgitrllosntr?;girf?grgr?f?er:u\?t"sﬂ:);ghe d with available for reactivity but are also less efficient at stabilizing
Y P an anionic H- ligand in the TS.

Ce, Eu, and Yb. The cationic g@eH” would have the electrons The lanthanide contraction suggests that the electron of the
of the Ce-H bond least available for reactivity. The lack of bond is less available far b%%d metathesis reaction for
availability of the electrons of the CGeH bond also results in . .

late lanthanide centers but may better stabilize tbe ligand

the different structure of the TS: the incoming Kmains an in the TS. These opposite effects result in the lowest activation
intact dihydrogen ligand. The higher activation barriers for the : PP . - .
energy for lanthanides occurring near the middle of the series

anionic Eu and Yb complexes cannot be due to the lack of . ; .
- : . .~ (Nd, Pm, or Sm) for which there is probably a good compromise
hydridic character in the reactant (always higher for an anionic i .
. . between the ability for the hydride to donate electrons and for
system) but to the associated high energy level of the d block the metal to stabilize the anioniczHligand. Other reactions
of Ln caused by the same negative charge that is less efficient . sttligand.
such as that shown in eq 2 should occur through the same

in stabilizing H~. The same negative total charge is responsible : ;
for the longer H—Hg and H—Hc distances in the transition process. This present study suggests that lanthanide centers can
9 B ¢ activate inert bonds. It is known that-& bond activation is

states. S o .
. . o . intrinsically more difficult than that of HH.2 It is thus of great
There has been much interest in the directionality of approach interest to determine the ability of the various lanthanide

of the substrate to a Gl —R systen® In the present case, the . . .
extreme softness of the potential energy surface for motions of complexess o activate the-¢l bond. This study is in progress.

atoms in the bisector plane of €an—Cp prevents any  JA0033483



