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Methane Activation by Naked Rh* Atoms. A Theoretical Study
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The potential energy surface of the endothermic reactioh RICH; — RhCH§ + H; is calculated using
high-accuracy quantum chemical methods. The results agree with recent results from ion beam mass
spectrometry, indicating that there is no barrier in excess of the endothermicity of tiertthation reaction.

All structures on the potential surface are optimized at the density functional theory level, using the empirically
parametrized hybrid functional B3LYP. Relative energies are calculated both at the B3LYP level, using
large basis sets, and at the parametrized configuration interaction (PCI-80 (MCPF)) level.

1. Introduction 2. Computational Details

Methane activation by transition metal centers is an important ~ The calculations were performed in two steps. First, all
step in the transformation of the inert methane molecule to more stationary points of interest were localized at the B3LYP level,
useful products. €H activation in saturated hydrocarbons was a density functional theory (DFT) type of calculation based on
first observed to occur for transition metal complexes some 15 hybrid functionals, and with the use of douldebasis sets. In
years agd> To obtain a more detailed picture of the reaction a second step the energy was evaluated for the optimized
mechanism, a large number of experiments have been performedyeometries using large basis sets with polarization functions.
on the gas-phase reaction between methane and naked metdlhe final energy evaluation was performed both at the B3LYP
cations, see, for example, refs-8. Also many theoretical level®22 and at the PCI-80 (parametrized configuration interac-
studies have been performed on the reaction of methane andion with parameter 80) levéf:

naked metal cations, see, for example, refsl . The ab initio calculations were performed using the modified
In the present study the endothermic reaction coupled pair functional (MCPF) meth&8 which is a size-
consistent, single reference state method. The zeroth order wave

@ function was determined at the Hartreleock level. If standard
doublet plus polarization (DZP) basis sets are used, it has been
o ) ) ~ shown that about 80% of the correlation effects on bond
is investigated. There have been several experimental StUd'e%trengths are obtained irrespective of the system studied. A
performed on the Rhplus methane systefd:*’ Byrd and good estimate of a bond strength is obtained by simply adding
Freiser reported in 1982that Rh does not react with methane  he missing 20% of the correlation effects, and this is what is
at thermal energies. This was confirmed by Beauchamp et al. ygne in the PCI-80 schem@. The parameter 80 is thus an
in 198614 The reverse reaction was investigated by Jacobson empirical parameter chosen to give agreement with experiment
and Freiser in 1985 They found that RhCHi reacts easily  for a standard benchmark t&tconsisting of 32 first-row
with H, at thermal energies to form Rht- CHs. In 1993, molecules used in reference ref 26. The present ab initio
Musaev et al. presented theoretical results for the RN@H  calculations were performed using the STOCKHOLM set of
H reaction® based on MR-SDCI-CASSCEF calculations, which  programs’
were partly in contradiction to the experimental results. The |n the B3LYP calculations a relativistic ECP (Hay and
reaction RhCH + H, — Rh* + CH, was indeed calculated to ~ Wadt?®) was used for the rhodium atom. In the geometry
be exothermic, in agreement with the experimental results. optimizations, the 4s and 4p core orbitals are described by a
However, they obtained an+H activation barrier of about 10  single<{ contraction while the valence 4d, 5s, and 5p orbitals
kcal/moll8in contradiction to the fast reaction of RhC;M/ith are described by a doublebasis and the outermost 4d basis
H, in the gas phase. A few years later, in 1995, Armentrout function is diffuse. The rest of the atoms are described by a
and Che?f used guided ion beam mass spectrometry to study standard doublé&-basis sets. At the same level force-constant
the reaction of Rh and CH, in detail. Their results definitely matrices were calculated in all optimized stationary points, and
show that for the Klelimination reaction there is no barrier in  the zero-point vibrational corrections are added to all relative
excess of the endothermicity, which is thus in disagreement with energies. Thermal corrections are expected to be very small
the theoretical results in ref 18. In the present study the B3LYP and are therefore not considered. In one single case, the singlet
and PCI-80 methods are used to investigate the potential energystate of the Rh(CkJ™ molecular complex, the B3LYP method
surface for the Rh + CH, reaction. The purpose with this  could not be used in the geometry optimization. For that case,
study is 2-fold. The first goal is to describe in detail the the methane geometry was frozen from the corresponding triplet
methanism for the activation of methane by'Rhrhe second state and the RRC distance was optimized pointwise at the
goal is to assess the accuracy of the theoretical methods usedPCI-80 level. The final B3LYP energy calculations were
by the comparison to accurate experimental information on the performed using the large 6-316G(2d,2p) basis set for
same processes. hydrogen, carbon, and oxygen. This basis set has two polariza-

Rh" + CH,— RhCH, + H,
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TABLE 1: Relative Energies in kcal/mol

] Exp:RhCH, +H
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tion functions on all atoms and also diffuse functions. For N B *
rhodium, the valence basis set used for the geometry optimiza- o Reaction Coordinate >

tions was expanded by uncontracting one s, one p, and one trjgyre 1. (a, top) The potential energy surface for the reactiori Rh
function, and by adding one more d function (even tempered) + CH; — RhCH. + H, using PCI-80. (b, bottom) The potential
and two f functions contracted from three primitive ffunctions.  energy surface for the reaction R CH; — RhCH; + H, using

The PCI-80 energy calculations were performed using a Becke3LYP and the large basis set.

modified Huzinaga all electron basis set for rhoditfrgielding

a (17s,13p,9d,3f) primitive basis, contracted to [7s,6p,4d,1f]. MR-SDCI-CASSCF calculations with doubfgplus polarization
The core orbitals are all totally contracted, except for 4s and basis set. The initial CH-insertion step of the reaction has been
4p. The 4s, 4p, 5s, and 5p orbitals are described by a dduble- studied theoretically by Blomberg et al., using the single
basis set, and the 4d orbital by a triff@ontraction. For carbon  reference MCPF method with a doulfiglus polarization basis
the primitive (9s,5p) basis of Huzinaga was used, contracted setl® Below we will discuss the different steps in the reaction
according to the general contraction scheme to [3s,2p], and oneand make comparisons to experiment and previous calculations.
d function was added. For hydrogen the primitive (5s) basis  The first step on the reaction path is the formation of an
from Huzinaga was used augmented with one p function and electrostatically bound complex, Rh(GQH (Figure 2a). The
contracted to [3s,1p]. The energies are calculated relative totriplet state of the molecular complex lies 14.2 kcal/mol below
the atomic state of the metal ion that is considered to be mostthe reactants at the PCI-80 level and 11.5 kcal/mol at the B3LYP
important in forming the chemical bond¥-(4d’ 55Y)), and the level. These results agree well with the results in ref 10, 13.0
correction to thé’F ground state is obtained using the experi- kcal/mol, and the results in ref 18, 6:46.8 kcal/mol, depending
mental splitting. This procedure has previously been found to on the method used. The molecular complex was found to have
give accurate results, partly canceling errors in calculated atomica tilted 3 coordination withC-symmetry (see Figure 2a), 0.9

spectra® kcal/mol lower than they? coordination. A frequency calcula-
tion on thex? structure results in two imaginary frequencies,
3. Results with eigenvectors clearly indicating symmetry breaking to the

] _ tilted #° coordination. In ref 10 they? coordination Cs,

The calculated relative energies at both the PCI-80 and symmetry) was found to be 3.4 kcal/mol lower thah (Cs,
B3LYP levels for aI.I stationary points are given in Table 1, _ symmetry), and also in ref 1 coordination was found to be
and the corresponding potential energy surfaces are shown ine ground-state structure. The coordinated hydrogen closest
Figure 1. to Rh has an optimized -€H distance of 1.13 A (Figure 2a),

The Rh cation has &F ground state, and the initial steps of as compared to 1.10 in free GHindicating an agostic
the reaction with methane occur on a triplet potential surface. interaction. The RkC distance obtained is 2.54 A, which can
A spin crossing occurs in the region of the RhH{Hinsertion be compared to 2.65 A in ref 10 and 2.83 A in ref 18. The
product, and the singlet state becomes lowest in energy. Theresinglet state of the Rh(CHt™ complex was found to have a
is no further spin crossing on theiélimination surface, and  Rh—C distance of 2.49 A. The energy for the singlet lies 23.8
the end RhCI%l product has a singlet ground state. Following kcal/mol below RH(*A;) + CH, at the PCI-80 level. The low-
the lowest points on the potential energy surface, there is nospin (singlet) state of Rhthus forms a more bound complex
potential barrier in excess of the endothermicity for the H than the high-spin (triplet) state, in agreement with previous
elimination reaction. This result is in agreement with experi- resultd%3132for other transition metal complexes. Inthe B3LYP
mentl® The Rh~ + CH; — RhCH{ + H» reaction path has  calculations on the excited singlet state, the ground-state triplet
previously been studied theoretically by Musaev et&lising was mixing in for both the Rh atom and the Rh(CH
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] state by 13.0 kcal/mol. Pei¥/finds the triplet state to lie 1.4
gk B kcal/mol below the singlet state. The R& distance of 2.01
"'2,536A--%

a

A obtained for the singlet insertion product can be compared
to 2.06 A in ref 18. The HRh—C angle was found to be
108.6, compared to 113°3in ref 18.

On the singlet surface, the next step in the reaction chain is
a migration of a second hydrogen from carbon to the metal,
leading to a carbene dihydride (see Figure 2c¢,d). ©héim-
ination has an activation energy of 3.1 kcal/mol at the PCI-80
level and 3.2 kcal/mol at the B3BLYP level. The dihydride
lies 5.1 kcal/mol below the singlet insertion product according
to PCI-80 and 6.5 kcal/mol below according to B3LYP. The
Rh—C bond distance was found to be as short as 1.84 A, which
is an indication of a RRC double bond. According to the
Mulliken population analysis, there is some 5s character (0.47)
on the metal. The metal still has close to eight 4d electrons
and thus does not have a futll charge. The charge distribution
given by the Mulliken population indicates a small charge
transfer from the metal to the hydrogens, leaving a charge of
insertion product RhH(CH* (singlet). (c) Transition state leading to -+O'32- on the metal, which can_be comparedti.58 for the
the carbene dihydride (singlet). (d) Carbene dihydride HRhHjcH ~ nSertion product. The electronic structure of the metal can be
(singlet). (€) Four-center transition state leading directly to the H SE€N as a mixing of the excited&d state of R, having two
molecular complex (triplet). (f) Molecular complex fRh(CH)* unpaired electrons to form a double bond with C, besides the
(singlet). two hydride bonds, and the neutral Rh §8sl) forming a single

covalent bond with C. In the next step the two hydrogens

molecular complex, and those results have therefore beenrearrange easily to form amtholecule electrostatically bound
excluded. . o ) to the metal (Figure 2f). The activation energy is 0.5 kcal/mol

The next step in the reaction is the cleaving of thetCbond at the PCI-80 level and 1.2 kcal/mol at the B3LYP level. This
(oxidative addition), resulting in the insertion product, Figure equctive elimination step is exothermic by 0.2 kcal/mol
2b. Insertion products were localized for both the triplet and according to PCI-80 and endothermic by 1.2 kcal/mol according
the singlet states and were found to ha&eesymmetry, with to B3LYP. In the last step Hcan be eliminated in an
the two hydrogens defining the symmetry plane together with angothermic reaction, by 19.3 kcal/mol at the PCI-80 level and

the metal, trans to each other with respect to the-Rtbond. by 19.0 kcal/mol at the B3LYP level. This last step leaves
In ref 18 these hydrogens were found to be cis to each Other-RhCI—g in its ground singlet state.

For the triplet state, the energy for the insertion product increases

Egg;;ﬁgﬁggfgg%ﬁ?g éokégf,nflﬁ?é%ﬂ%ﬁ ngqrplﬁ:,s?rzl Izeztj important difference between the present study and the one in
' : 9 ref 18 occurs. In ref 18, no dihydride was found for the singlet

zgar;eélgz t;ri c:::ﬁ;hsailr?]cijlgrhﬁ\lgiirrt;/n %??#gtg gﬁé%elggle t(;]uelarstate.' Therefore, the tran.sition state for.thelir.nination on
i tion product is 1.5 kcal/mol beIoW the electrostatic complex the s!r)glet surfac_e fpund in ref 18 s a high-lying fqur-center
%?i(:asrdiffgrence betWeen the singlet and triplet states inp thé transition state, similar to the one found for the tnpl?F state
. . . = 7 discussed below and shown in Figure 2e. Such a transition state
stability of different structures leads to a spin crossing in this . . .
region of the potential surfaces (see further below). The triplet leads directly to I_?_hCIZf| with Ho elect_rogtat[cally bound_. The
transition state optimized with the douhlebasis set actually four-center transition state for theelimination on the sm_g_let
disappears when the larger basis set is used in the single-poin urface resultssln a barrler_m. excess of the er_ldothermlcny, by
energy calculations (B3LYP). Atthe PCI-80 level the energy 1'.3 k_cal/moll, |n_contrad|ct|on to the experlmental results
for the transition state is very close to the insertion product, indicating no ba_rrler IN excess of the endothermicity for the
only 0.3 kcal/mol higher. The geometry obtained for the methane_actlvann regctlon by R ] ) ]
transition state is also very close to the insertion product. These Following the potential surface for the triplet state instead it
results are in agreement with the results in reference ref 18 andc@n be seen in Figure 1 that the energy increases considerably

10, where no true minimum was found for the insertion product after the first C-H insertion product. In the triplet state the
on the triplet surface. On the singlet surface, on the other hand,rhodlum cation cannot at the same time form two covalent bonds

there is a minimum for the insertion product with an elimination 0 the carbene and another two covalent bonds to the hydrides.
barrier of 7.2 kcal/mol at the PCI-80 level and 3.1 kcal/mol at A doubly bound carbene with thezttolecule electrostatically
the B3LYP level. As mentioned above there is a spin crossing Pound was found to be the energetically most favorable
occurring in this region, making the singlet state lowest for the Structure, 20.0 kcal/mol above the-@l insertion product at
later parts of the reaction path. According to PCI-80, in the the PCI-80 .Ievel and 15.7 kcal/r_nol apove at the B3LYP level.
region of the insertion product the energy for the singlet state To regch this structure from the insertion product, a four-center
is 2.0 kcal/mol lower than the triplet state, while at the-l€ transition s_tate is passed, see Figure 2e, 40.4 or 38.4 kcal/mol
insertion transition state the singlet state is higher by 4.9 kcal/ @0ve the insertion product at the PCI-80 and B3LYP levels,
mol. B3LYP, on the other hand, gives the triplet state lower respectively. In the last endothermic reactlon_step, by 8.8 kcal/
than the singlet state for both the transition state, by 9.6 kcal/ M0l (PCI-80) or 8.9 kcal/mol (B3LYP)), His eliminated

mol, and the insertion product, by 6.5 kcal/mol, indicating that Yielding RhCH in the excited triplet state.

the spin crossing occurs after the insertion product region. In  Starting with the triplet ground state of Rt- CH, and going

ref 18, the insertion product is found to have a triplet ground to the singlet ground state of the Rhg‘H— H, end product,

4 v \
7 1457A
N

X
‘@ 1.875A

A\

1859A 7 N
i
) 1.584A

1.961A=@

Figure 2. (a) Structure for the molecular complex Rh(gH (b) CH

For the reaction step described in the previous paragraph an
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the overall reaction is endothermic by 20.5 kcal/mol (PCI-80) Correlation Effect On The Binding Energy
or 28.0 kcal/mol (B3LYP) with no barrier in excess of this.
Both these results are in reasonably good agreement with the
experimentdP endothermicity of 22.6 kcal/mol. The RIC
bond energies in the singlet ground state of RQLCIHarived
from these reaction energies are 87.0 kcal/mol (PCI-80), 79.3
kcal/mol (B3LYP), and 85.1 kcal/mol (experiment). Thus, this
bond energy is in very good agreement with experiment for
PCI-80, and at the B3LYP level the agreement with experiment
is reasonably good. The triplet excited state of RI§CibI
calculated to lie 16.8 kcal/mol above the ground-state singlet
at the PCI-80 level and only 4.4 kcal/mol up at the B3LYP
level. This large difference between PCI-80 and B3LYP is &
somewhat surprising, and there is no experimental information o0 N Mo ¢ Rr Aw Rd
available on this Sp'lttlng to compare with. Previous theoretical Figure 3. Correlation effect on the binding energy for second-row
results for this singlet triplet splitting are 4.6 kcal/mol obtained metal complexes (relative to thé state on the metal ion).
from the MR-SDCI-CASSCEF calculations in ref 18, 15.0 kcal/
mol obtained from the DFT calculations in ref 34, and 17.3 energies are calculated relative to tAestate on the metal ion
kcal/mol obtained in ref 33. The RIC distance is 1.80 A for for all the metals. The correlation effect becomes larger when
the singlet state and 1.90 A for the triplet. The singlet state going from left to right in the periodic table, owing to the
has a clear #character, with two d-electrons contributing to  increasing number of d electrons. Also, the correlation effects
the metat-carbon double bond. The triplet state has consider- in the MCI—Q complexes are larger than in MQHand MH"
able character of'd mixed in (0.33 s, 7.82 d), which is needed owing to the metatcarbon double bond. Both these effects
in order to form the double bond. For the triplet state, the metal are expected. For the correlation effects on the *Méhd
contributes with one s and one d electron to the double bond. |\/|(:|—|;‘L ComplexeS, there is a sudden Jump in the increase of
The sd overlap is poor on the metal, which results in a longer the correlation effects in going from Ru to Rh and Pd. This
metal-carbon distance for the tl’lplet Compared to the Singlet. can be taken as an indication that MCPF, and hence PCI-80,
As can be seen from Table 1 and the Figure 1, the potential gverestimates the correlation effects in the RhHRhCH;,
surfaces calculated at the B3LYP and PCI-80 levels are quite pqr- and PACH systems. Actually, also the binding ener-

parallel. For the singlet surface there is a rather constant Shiftgies in PdH and PdCI-;[ are found to be considerably larger
of about 7 kcal/mol between the two methods, with the PCI-80 o, experimental values, while for the rest of the second-row

results IOW‘E: in enotlargﬁi.eb, thg Pﬁl-sohmethod gives iorg‘?v"hattransition metals reasonable agreement with available experi-
stronger RR-C and Rk-H bonds than the B3LYP method for mental results is obtaineéd. In most cases this kind of

this state. For the triplet surface on the other hand, the B3LYP ). oo down of the MCPE method can be detected from large
method gives the lowest energy, in particular during the later qqetficients in the configuration expansion. In a few cases,

s e, e S otecer nclucing R and RCH. however here are 10 parc-
the results obtained in the present étud is that the PCI-80 andIarly large coefficients, and the reason for this is that a
P y configuration mixing of valence bond type is present between

:EE Isgtl_en?iarle:ﬁ;cz%rice)rf?rllrtlay t\\//vv?)”lspﬁovsvtz\;sg ;rr'g gﬁ;tg&a?n states that_ require very different o_rbitals. Since_ a common set
. N . . of orbitals is used for these states in the calculations, the effects

opposite _dlrectlons Ieads_ t_o the rather large difference in the are spread out among a large number of configurations and no

RhCH, singlet-triplet splitting calculated by the two meth- single large coefficient stands out. A similar situation occurred

ods, as mentlongd abovg. ) ) ) for the Ni atom in a recent study of-€H activation in methane
Experimental information is available for two other reaction by naked first-row transition metal ator#f.

paths following the €&H insertion, H atom elimination, leaving
RhCI—Q + H as end products, and GHlimination, leaving
RhH* + CHs. The reaction Rh + CH; — RhCH; + H is
endothermic by 69.4 kcal/mol according to experiméniThe For the reaction Rh+ CH; — RhCH; + H,, the experi-
B3LYP energy, 66.1 kcal/mol, is in good agreement with menia| valué for the endothermicity is 22.6 kcal/mol. The
experiment. It turns out that the PCI-80 method overestimates iheoretical value obtained in the present study is 20.5 kcal/mol
the correlation effect in the RAC bond (see below), yielding 5t the PCI-80 level and 28.0 kcal/mol at the B3LYP level. Both
an endothermicity of only 57.6 kcal/mol. The alternative e singlet and triplet surfaces for the Elimination reaction
reaction path, Rh+ CH; — RhH" + CHs, is endothermic by paye been studied, and the results of the two methods agree
65.0 kcal/mol according to experimeiit. B3LYP gives an well with each other. On the triplet potential surface there is a
er_1dotherm_|C|ty of 58.1 kcal/mol, in somewhat better agreement high barrier, 11.6 kcal/mol (PCI-80) or 13.8 kcal/mol (B3LYP)
with experiment than the PCI-80 result of only 55.9 kcal/mol. - 5p6ve the endothermicity of the reaction, corresponding to a

As mentioned in the preceding paragraph the PCI-80 method myticenter transition state leading directly from the-i&
overestimates the RR binding energy in Rhtiand RhCH|, insertion product to the Rh(Gi{H,)™ molecular complex. On
while the RhCH binding energy is in good agreement with  the singlet potential surface, which is the ground state after the
experiment. To investigate the source of this problem, the C—H insertion product has been passed, there is no barrier in
correlation effects on the binding energy of a series of'MH  excess of the endothermicity, neither at the PCI-80 nor at the
MCH;’, and MCI—§ systems were calculated. In Figure 3 the B3LYP level, in agreement with the experimental information.
variation of the correlation effect in the %R bond energy is In this case the reaction goes via attlimination step leading
shown for a number of second-row metals. The binding to the Rh(CH)H," dihydride.
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4. Conclusions
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For the alternative reaction paths Rk CH; — RhH" +
CHz and Rit + CH, — RhCH; + H, the B3LYP results agree
fairly well with experiment. The experimental endothermitity
for the reaction Rh + CH; — RhH" + CHjz is 65.0 kcal/mol,

and the B3LYP calculations give a value of 58.1 kcal/mol. For

the reaction Rh + CH, — RhCH; + H, the experimental
endothermicity® is 69.4 kcal/mol, and the B3LYP calculations
give 66.1 kcal/mol. For these two reaction products, REiCH

and RhH, the MCPF method, and thus also PCI-80, is found

to exaggerate the correlation effects, yielding too large-Rh

bond energies. This problem with the PCI-80 is quite unusual

but has occurred in a few other cases, e.g. in the NigICH
system?®
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