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Density Functional Studies of the Reactions of Lanthanide Monocations with
Fluoromethane: C—F Bond Activation and Electron-Transfer Reactivity
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The reactivity of lanthanide monocations with fluorinated hydrocarbons has been investigated for the first
time by using density functional theory. The potential energy surfaces of [Lng&]H(Ln = Ce, Pr, and

Yb) were explored in detail. A direct abstraction mechanism of fluorine atom bywas revealed, and the

related thermochemistry data were determined. The electron-transfer reactivities of the reactions were analyzed
by the two-state model, and a strongly avoided crossing behavior on the transition state regions for all the
three systems was shown. The present results support the reaction mechanism inferred from early experimental
data, and the related thermochemistry data given here can provide a guide for further experimental research.

Introduction It is well-known that theoretical research for systems involv-
ing lanthanide is very difficult to deal with in ab initio Hartree
Fock theory since a relatively large number of electrons is
bonds and that €F bond activation is a formidable task in  PreSentin theosl? systems. As an alternative, density functional
: . L theory (DFT}%!1has recently attracted considerable attention
organometallic chemistryyln recent years, €F bond activation . . . .
and has been widely applied to electronic structure calculations

by metal centers has attracted a great deal of intéréstnd L " -

. ) - for systems containing transition metals. The electron correlation
many theoretical and experimental studies have shown that bareeffect in these svstems is expected to play an important role in
metal monocations are able to activate the FC bond determinin theys stem engr etics ag valell as ILt)he electronic
selectively?=° Ridge and co-workefgeported the first case of 9 y g

C—F bond activation by Fein its reaction with fluorobenzene conflguratlons. The DFT me;hod has_ _been shown to _be
in the gas phase. Recently, Schwarz and co-wobldesion- particularly useful and computationally efficient for systems with

strated the gas-phase reactions of several bare lanthanidé relatively large number of electrons that are difficult to deal
monocations L (Ln = Ce, Pr, Sm, Ho, Tm, Yb) with various with in ab initio Hartree-Fock theory:?13In the present study,

: ; : tructure optimizations and energetics evaluations for the
fluorinated hydrocarbons. The main reaction pathway proposed® . . :
in all cases zvas €F bond activation to formp LnE azdpthFe) intermediates and first-order saddle point on the PESs [Ln, C,
+ — ; At
corresponding neutral radicals of various hydrocarbons. They Hs, FI" (Ln = Ce, Pr, and YD) are carried out by the grgdlent
proposed a “harpoonlike” mechanism with a [Ln-—-F{Htype corrected DFT method under the generalized gradient ap-
i i 14
intermediate and a [L41---F---CHg]-type transition state. proximation (GGAY).
As a supplement to the experimental studies reported by .
Schwarz and co-workers, we present here further theoretical Computational Method
study of the reactivity of lanthanide monocations with fluori-
nated hydrocarbons. The systems selected here dre-IOH;F
(Ln = Ce, Pr, and Yb). Where three lanthanide cations are

It is well-known that the &F bond in organic compounds
is significantly stronger than the correspondingi€and C-C

The present calculations employ all electrons in the system,
and the DFT method used in our calculations is provided by
[the Dmol3 program&2 We first optimized the structures of all
the stationary points (reactants, products, intermediates, and
' transition states) on the PESs [Ln, Cg, HF]* (Ln = Ce, Pr,

and Yb) at the GGA level. Then the vibrational frequencies are
is to give a qualitative model that explains how the lanthanide ©Ptained at the same theoretical level to determine the nature
monocations L activate the €&F bond in fluorohydrocarbons. ~ ©f these stationary points and the zero-point vibrational energy
In addition, we also calculated related thermochemistry data of (ZPE)- The stationary points on the PES have been identified
the reaction, which can act as a guide for future experimental for minima (number of imaginary frequencies NIM& 0) or
research. Our focus in this work is to learn more details about te first-order saddle points (NIM& 1) from the analytically
the reaction mechanism for the tr- CHF cationic systems computed force-cor_lsta_nt matrix. To ensure good accuracy, the
and to analyze the electron-transfer reactivities of the reactions,KOh_r‘_Sham equation is solve(_:i b)_/ using a double numen(_:al
The theoretical predictions presented here for the reactions of2asis set augmented with polarization functions and employing
selected Lfi with CHsF can provide a template for further the “finegrid” option for the atomic integration grids. Since the

comprehension of the reactions of lanthanide monocations with 'elativistic effects are expected to be significant for heavy
fluorohydrocarbons. elements, so in the present calculation this effect has been taken

into account for all electrons, which is more accurate than an
* Corresponding author: Tet86-531-8378718; fax-86-531-8364464;  €ffective core potential calculation. The PW9gxchange and
e-mail cbliu@sdu.edu.cn. correlation functionals are used in the GGA calculations. The

reactive lanthanides, Pr is a more reactive element of 4f row
and Yb was found to be the element of the general “onset” in
reactivity of the hole seriésThe main aim in the present study

10.1021/jp015557v CCC: $22.00 © 2002 American Chemical Society
Published on Web 03/23/2002



4154 J. Phys. Chem. A, Vol. 106, No. 16, 2002 Zhang et al.

I
oo 338
(s 27231,
HES o7 >\ 204
1 105.8 \ 2010
1189 4, 1???\1.966
%7 84.6
H H F
1.093
1,093
1100
M2
H
2019 |1.087
2064 C
1949
Ln F H™ 1200 H
+
TS LaF CH,

Figure 1. Optimized structures for the stationary points on the potential energy surface of [Lr, E"HLn = Ce, Pr, and Yb). The geometrical
parameters are arranged in the order Ce, Pr, and Yb from the top down. The values in italic type are experimental results. Distances are in angstroms
and angles are in degrees.

spin-polarized computational scheme was utilized throughout TagLE 1: Relative Energies of the Species Involved in
this work to deal with the electronically open-shell systems. Reaction of Ln* + CHsF (Ln = Ce, Pr, and Yby

Results and Discussion Ce” + CHdF Pr’ + CHsF Yb" + CHsF
Calibration. To check whether DFT can be used successfully :_I\DE + CHsF _23-28 L g-gf . goé%o
for the selected fluorine-containing systems and to estimate the TS —51.00 _12.08 _10.84
level of accuracy that can be expected from our computational 2 —56.22 —36.11 —20.63
strategy, we commence our study with a comparison of LnF++ CHs —38.20 —26.34 —11.55

experimentally known data to the relevant species of Hn
CHsF systems.

For CHsF, the optimized geometry parameters are shown in  Geometries and EnergiesFor the [Ln, C, H, F]* (Lnh =
Figure 1, where the €F bond length is 1.400 (1.382) A and Ce, Pr, and Yb) systems, very similar structures of the
relevant vibration frequencies are 1018 (1049), 1149 (1182), intermediates and transition states are found in the corresponding
1149 (1182), 1434 (1464), 1454 (1464), 1454 (1467), 3033 PESs. The optimized geometry parameters are shown in Figure
(2938), 3121 (3006), 3126 (3006) ch respectively. Further- 1, and relevant energies are collected in Table 1.
more, the bond energy of GHF is 115.33 (112t 0.3) kcal/ IM1s are reactant-like intermediates, which are initially
mol. The values in parentheses are the experimental results. lformed as LA and CHF approach each other. The electronic
is found that our calculated results are in good agreement with ground states of these initially formed ion/molecule complexes
the experimental findings. For the Laliatom species and the  are found to be quartet, quintet, and doublet for the systems of
complexes of Li with CHzF, however, neither geometries nor Ce", Pr", and Yb" with CHzF, respectively. The relative
the precise experimental values of thermochemistry data areenergies are computed to be 27.19, 22.84, and 19.86 kcal/mol
available. Kaledin et al’ however, estimated the bond dis- more stable, respectively, than the corresponding £rCHzF
sociation energies for all LnX(where X=F, Cl, Br, or |) by entrance channels. Both the-€ bond lengths and HC—H
combining thermochemical data for the lanthanide monohalides angles in these complex are slightly larger compared to these
with ligand theory calculation®® It was found in their work in free CHF. Ln—F distances and LAF—C angles in IM1s
that the values of bond dissociation energies are 146.38, 146.09are 2.464 A and 175°7for Ce*—FCHs, 2.499 A and 1788
and 133.23+ 3.43 kcal/mol for Ceé—F, Pri—F, and Yb —F for Prr—FCHs, and 2.339 A and 180°0for Ybt—FCHs.
species, respectively. Recently, Schwarz and co-wdtldss Mulliken population analysis (MPA) shows that the charge
estimated the bond dissociation energies of £& diatomic distributions and spin densities are 0.924 and 2.999 for Ce, 0.893
species from the experimental data, where a lower bound of and 3.991 for Pr, and 0.919 and 0.989 for Yb, respectively (see
123 kcal/mol was proposed. The theoretical values of the bond Table 2). The results indicate that the unpaired electrons are
energies of L—F species obtained in the present work are mostly located on the metal ions in IM1s and that the
151.20, 138.34, and 123.68 0.3 kcal/mol for Ce—F, Prf— interactions between 'nand CHF are electrostatic in nature,

F, and Yb'—F species, respectively. These values are compa- as shown by the long L-aF bond distances and the results of
rable with the experimental values estimated from the relevant the MPA. The calculated bond dissociation energies of-£n
thermochemistry data. FCH; are 27.19 kcal/mol for Ce-FCH;s, 22.84 kcal/mol for

The above results lead us to conclude that the theoretical levelPr —FCHs, and 19.86 kcal/mol for Yb—FCHs. This fact
used in this work is capable of describing the basic electronic indicates that the electrostatic interactions betweeh &and
characteristics of the species of interest. CHgF are weak. The early experimental findifgsoposed that

aEnergies are given in kilocalories per mole.
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TABLE 2: Mulliken Charges and Spin Densities for the IM1s and TSs Involved in the Reactions of Lir with CH3F (Ln = Ce,
Pr, and Yb)

Ce' + CHsF Prt + CHsF Yb* + CHzF
charge spin charge spin charge spin

M1 Cc 0.098 0.001 C 0.079 0.011 C 0.086 0.020

F —0.476 —0.004 F —0.418 —0.005 F —0.450 —0.009

H 0.150 0.002 H 0.149 0.001 H 0.148 0.000

H 0.153 0.001 H 0.149 0.001 H 0.148 0.000

H 0.151 0.002 H 0.149 0.001 H 0.148 0.000

Ce 0.924 2.999 Pr 0.893 3.991 Yb 0.919 0.989
TS C 0.001 0.208 C —0.035 0.234 C —0.122 0.551

F -0.521 —0.011 F —0.443 —0.017 F —0.532 —0.026

H 0.164 —0.006 H 0.164 —0.006 H 0.160 —0.019

H 0.167 —0.006 H 0.167 —0.007 H 0.160 —0.019

H 0.164 —0.006 H 0.167 —0.007 H 0.160 —0.019

Ce 1.025 2.820 Pr 0.979 3.802 Yb 1.174 0.532

SCHEME 1: Experimentally Inferred Reaction

the initial ion/molecule complexes of lanthanide monocation h ) .
P Mechanism for the Reaction of Ln" with CH sF

with fluorohydrocarbons could be the rate-determining step of

the C-F bond activation. This suggestion is in good agreement ) . /Ln|=*+éH3
with weak electrostatic interactions betweenland CHF. |/«[CH3'F"' Ln] —=[CHy - F---Ln]

The structures of transition states (TSs) in Figure 1 correspond CHsF + '-n+\ A | TS . [
to the first-order saddle points of the-€ bond activation on n CH,—F CH,---F CH
the potential energy surfaces of [Ln, CgHF]", which were ST T i
characterized by the presence of one imaginary frequency and ';; 1'_-;‘2 Lg_':

one negative eigenvalue in the corresponding Hessian matrixes.
The ground-state energy of the TS for'Cé CHsF systemis  manta| result, two alternative reaction mechanisms could be

6.19 kcal/mol above the corresponding IM1 and 21.00 kcal/ jnferred for the reactions of Lnwith CHsF, as shown in Scheme
mol below the entrance channel, and those for frCHsF 1

system are 9.56 and 12.28 kcal/mol, and those for ¥CHzF

system are 9.02 and 10.84 kcal/mol. For [Ce,O@,FF]* system, by Ln*, where CH—F could first coordinate to Lhthrough
the C-F bond in the TS is elongated by 15% and the-€e  h¢ electronegative fluorine atom to form a initial ion/molecule
bond is shorted by 7%, compared to those in the correspond|ngcomp|ex (A) of the linear type; then this complex crosses a

IM1. For [Pr, C, H, F]" and [Yb, C, H, F]" systems, €F barrier (TS1) to form the LaF species and methyl radical.
bonds are elongated 15% and 40%, anetErbonds are shorted  pjechanism 11 is an insertiorelimination process, in which a

by 8.4% and 12%, respectively. Obviously, the transition states ree-membered cyclical initial complex (B) and a three-center

are tightly bonded structures. In all three TSs, the-Er-C transition state (TS2) were postulated to insert into the CG-F
angles are almost unchanged compared to the structures of IM1sy 54

The corresponding transition vectors indicated by the vibration oy, present theoretical studies, both the reactant-like
analysis correspond to the breaking of thefebond and the  jyiermediates and transition state are found to be of the linear
formmg of the Ln-F bond. In Table 2, the charge_d|str|but|ons type, and the cyclic precursors B and the corresponding
and spin densities for each TS are compared with those of theyansition states TS2 proposed early in Scheme 1 are not found
corresponding IM1. It is very clear that the electron transfer o, g)| three systems. Despite numerous attempts to locate the
has occurred from Lhto CHF, as indicated by the tight  cyciic precursors and transition states, no state mimima were
transition-state structures and MPA. The electron transfer from ¢5,nd. However. the formal insertion intermediates IM2. as

the 6s orbital of LA to the o* orbital of CHzF favors the shown in Figure 1, which is denoted as C in Scheme 1, are
homolytic clgavage of the €F bond to form the LnF species found surely on the potential energy surfaces of [Ln, G, H
and CH radical. F]* for all the three systems. This fact suggests that the reactions
The other minima on the PESs are formally the insertion of Ln* (Ln = Ce, Pr, and Yb) could proceed according to
products of Lrt into the C-F bond, denoted as IM2s, and their  mechanism |, and mechanism Il appears to be not available;
energies are calculated to be 56.22 kcal/mol more stable thanj e, the G-F bond activation of CkF is the direct abstraction
the respective entrance channels for the @eCHgF system,  reaction of fluorine atom by Lh This reaction mechanism is
36.11 kcal/mol for the Pr+ CHzF system, and 29.63 kcal/  easily understood, since all the ground states of cerium,
mol for the Yb" + CHzF system. These formal insertion praseodymium, and ytterbium monocations have only one non-f
products, in which the €F bond has already ruptured and electron and cannot easily undergo insertion. The formal
Ln*~F bonds have formed, are global minima on the PESs of insertion intermediates of Lninto the G-F bond, IM2s,
[Ln, C, Hz, F]*. The Ln—F lengths and the geometry parameters however, are located along the reaction coordinate after the TSs.
of CHs units in these complexes have resembled those of the The intermediates are product-like complexes and are overall
free Ln—F species and Ciifree radical. Obviously, its exit  minima of the potential energy surfaces of [Ln, Cs, H]".
channel is to form LnF diatomic species and GHree radical.  Although we also tried to locate a product-like complex of the
Reaction Mechanism.Now let us analyze the mechanism linear type, [Ln-F---CHs]™, no such minima were found for
of the reactions of Lh with fluoromethane. Recently, it was  all three systems after careful seeking. Thus, according to present
observed that Lh can selectively activate the-&= bond to calculations, we conclude that the TSs either directly dissociate
yield LnF* and methyl radical in the reactions of several into products, LnE + CHs, or further convert into IM2. In
lanthanide cations with fluoromethane. In light of the experi- terms of the clue given in this work, the reaction mechanism

Mechanism | is a direct abstraction reaction of fluorine atom
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SCHEME 2: Proposed Reaction Mechanism for the
Reaction of Yb™ with CH 3F from the Present

Calculations
+ + [ + CH ¢ o
CHyF + L' =[CH;F - Ln]"=[CHy - F - Ln"~%™ | nE cpyy g
. =
Ln-F §
M1 TS M2 ‘é
]
=
w

for the three systems studied here is proposed as shown in
Scheme 2.

If the mechanism is similar along the 4f row elements, we
conclude that the ability of Lhto abstract an F atom from
CHs-F should be related to the second ionization energy of the
lanthanide monocations. Schwarz and co-workers observed the
different reactivities of six lanthanides with GHand found
that the lower the second ionization energy of the lanthanide,
the higher its abstraction reactivity on the fluorine atom irgEH
Hence, they also proposed that these reactions are direct
abstraction reactions of F atom by t.nThis conclusion is in
line with our suggestion.

The reaction mechanism proposed for the selected three
systems is very similar to that given by Schwarz for the reaction
of Ca" with CHsF 8

The potential energy surface profiles of the reactions of Ln
with CHsF are shown in Figure 2.

Heat of Reaction and Bond Dissociation EnergyAs far
as we know, no precise thermochemical information is available
for the reactions Lh + CHzF — LnF™ + CHa. In the present
work, the calculated heats of reaction are exothermic by 38.20
kcal/mol for the C& + CHsF system, by 26.34 kcal/mol for
the Pr + CHsF system, and by 11.63 kcal/mol for the Yb-
CHgF system. If the theoretical values are used, together with
a value of 112+ 0.3 kcal/mol for the bond dissociation energy
(BDE) of the C-F bond in fluoromethane, the BDE of diatomic
species LA~F are determined to be 151.20 kcal/mol for'Ge
F, 138.34 kcal/mol for PrF, and 123.63t 0.3 kcal/mol for
Yb*—F. These values are comparable with those estimated by
Kaledin et al'” and also with a lower bound of 123 kcal/mol,
proposed by Schwarz and co-workeérs.

Potential Energy Surface Crossing Behavior on the
Transition-State Area. To study the electron-transfer reactivity
in the reactions of Lh with CH3F, we now analyze the potential
energy surface crossing behaviors on the transition-state areas
by using a two-state model of the electronic structure. Since
both the wave functions of IM1 and IM2, which correspond
respectively to a reactant-like species and a product-like species
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and clearly differ by a single electron transfer from the 6s orbital Figyre 2. Potential energy surface profile of the reaction of it

of Ln™ to theo* orbital of CHzF, they should in principle mix
and avoid the crossing. IM1 is an electrostatic complex between
Ln* and CHF and a 6s electron is basically located on the

CHaF.

To study the electron-transfer reactivity of the crossing

metal ion. Along the reaction coordinate, the electron transfer regions on the potential energy surfaces of [Ln, G, ", we
occurs from Ln to F, which favors the homolytic cleavage of denote the electronic state energies of the reactantlike and
the C—F bond to form IM2. Consequently, IM1 correlates with  productlike species b andE,, respectively, whetd,, = 0.

an excited state of IM2 and the corresponding excited energy The two-state electronic secular equation at any geometry can
approximately equals the difference between the second ioniza-be expressed as

tion energy (IE) of lanthanide and the electron affinity (EA) of
CHgF. Similarly, IM2 correlates with the excited state of IM1,
and the excited energy can be approximated by the difference
between the ionization energy of the @tddical and the electron

E—E
Hy — ESp

H, — ES,

E,—E

0

@)

affinity of the LnF* species. In present calculations, vertical whereS, is the overlap of the two states. The difference between
excited energies of the reactant-like and product-like speciesthe two eigenvalues at the avoided crossing poirif= 0, is

are 325.50 and 103.45 kcal/mol for the'C¢& CHsF system,
372.03 and 113.5 kcal/mol for the P CH3F system, and
375.35 and 87.66 kcal/mol for the Yb+ CHsF system,
respectively.

A=E, —E,=2H )

P

whereH,, is the matrix element coupling these two electronic
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the fluorine takes place, and then theEbond homolytically
ruptures to form the formally inserted species, which exits by
forming LnF" diatomic species and methyl radical.

2. The reactions are substantially adiabatic, and the state split
energies between the ground state and the first excited state
were calculated to be 10.61 kcal/mol for theCé CHsF

IE(CH,)-EA(YDF") system, 3.57 kcal/mol (1248 cr for the Pr~ 4+ CHsF system,
and 3.15 kcal/mol (1101.62 cr#) for the Yb" + CHzF system,
=315 87.66 respectively.

M2 3. The calculated heats of reaction for all three reactions Ln
+ CH3F — LnF" + CHz (Ln = Ce, Pr, and Yb) are exothermic,

Reaction Coordinade by 38.20 kcal/mol when Lr= Ce, 26.34 kcal/mol when Li
Figure 3. State correlation diagram for the reaction of"vhith CHsF. Pr, and 11.55 kcal/mol when L# Yb. The BDEs for Ln—
FCHs ion/molecule complex and Ir-F diatomic species are

states. The magnitude &f,, determines whether the reaction 27.19 and 151.20 kcal/mol when Lz Ce, 22.84 and 138.34
proceeds adiabaticaliHg, > RT) or nonadiabaticallyH, < kcal/mol when Ln= Pr, and 19.86 and 123.63 kcal/mol when
RT).1° Instead of calculatindgd,, directly, we have calculated Ln = Yb, respectively.
the state splitting at the transition state using the simple
Koopmans’ theorem (KT) in the Hartreé-ock method. The
Hartree-Fock orbital energies correspond to the negative o
IE for occupied orbitals and to the negative of the electron ; . .
affinities forpunoccupied orbitals. KT agpplies to the orbital the Science Foundation of Shandong Province (under Grant
energy difference between HOMO-1 and HOMO of the neutral Z2000B02).
system [Ln---F---CH)], which has the geometrical parameters ~ Note Added after ASAP Posting.This paper was posted
of the TS, and then gives the energy difference between the ASAP on 3/23/02 with an error in Ln-F bond energies in
first excited state and the ground state. Our calculated state splithe Results and Discussion. The corrected paper was posted
energies are 10.61 kcal/mol (3710 tihfor the Ce& + CH3F 3/27/02.
system, 3.57 kcal/mol (1248 cr for the Pr™ + CH3F system,
and 3.15 kcal/mol (1102 cm) for the Yb"™ + CHzF system.

IE(Yb")-EA(CH,F)

Energy (in Kcal/mol)

M1 TS
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