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This work aims to investigate the reaction mechanism of lanthanum atom with formaldehyde in the gas phase
using density functional theory and coupled cluster calculations. The results indicate that the minimum energy
pathway, similar to the reactions of its neighboring yttrium with formaldehyde, is the formation gfthe
formaldehyde-metal complex followed by two €H insertions which leads to metal dihydrides and carbon
monoxide. The competing pathway producing a metalrbonyl compound and hydrogen molecule favors a
high-spin state and thus involves a spin conversion from doublet state to quartet state. The crossing region of
the doublet and quartet potential energy surfaces (PES) has been estimated by a simple approach as proposed
by Yoshizawa et al. Less favorable pathways leading to metal monoxide and carbene radic® lnys€rtion

as well as formyllanthanum by single-&1 insertion are also studied. Compared with the CCSD(T) method,

the BP86 method tends to overestimate the binding energies of the d-rich compounds, though the two methods
qualitatively agree well on the reaction mechanism. Finally, the-(1)d'ns’ to (n — 1)cPns' promotion

effect is proposed to account for the difference in the formation mechanism of the-testiabnyl compounds

LaCO and YCO, which may also extend to the reactions of formaldehyde with other “general” group Il rare
earth elements including Sc, Ce, Gd, and Lu.

1. Introduction involving both C-O activation and €H activation, together

with formation of a bimetallic bridged compound (MCH,O—

M), mainly takes place in three sorts of conditions: catalysis
on surfaces of a solid phase; organometallic reactions in a liquid
phase; radical reactions in a gas phase. In this paper we only
' discuss reactions in the gas phase, the simplest case. The study
in the gas phase can provide useful information on reaction
mechanisms toward a full understanding of the practical

Formaldehyde, the simplest carbonyl-containing organic
molecule, is one of the most important compounds in organic
reactions both for fundamental scientific reasons and for many
practical applications involving organic synthesis, catalysis
combustion, and atmospheric chemistry.

It is well-established that formaldehyde is the product of
carbon monoxide hydrogenation or methanol dehydrogenation. ti
As formaldehyde is the key intermediate of these catalytic reac |ons.. o . .
reaction chains, its possible transformations are catalytic reac- " Previous studies involving [M(CFO)] in the gas phase,
tions of interest.In addition, formaldehyde is a notorious health P°th €xperimental and theoretical work have paid much attention

hazarc To study its degradation via chemical reactions would (© the late transition metals (such as Ni, Co, Cu, Zn, Rh, Pd,
help us to design effective means of eliminating it from air. 1dAg); on the other hand, the reactions between formaldehyde

Compared to its activity in other common hydrocarbons, the and lanthanide belonging to early transition metals have not
C—H bond in formaldehyde is more active. For example drawn much attention. However, some lanthanides (such as La)

previous stud§has shown that its €H dissociation energy in ~ "ave been reported to function as a key prométénscatalytic
CH.0 is remarkably smaller than that for both unsaturated 'éactions of oxidation of methane and dehydrogenation of
species like ethylene and acetylene and saturated hydrocarbong€thanol. Thus, it is necessary to study LaOrand its related
like ethane. This may imply some new characteristics associatedifansformations. Recently, Stauffeet al. have reported the
with the ambientr-electron about the €0 double bond. reaction between formaldehyde and yttrium, which is lantha-
Herein we focus on reactions between formaldehyde and num’s neighbor in group I_II. The de_ta_|l_ed reactlo_n mechanism,
transition metals, since catalytic hydrogenation of carbon @ Proposed by Baysé,involves initial formation of the
monoxide as well as €H activation of aldehyde and ketone Y ~CH20 complex followed by two €H insertions which
are usually promoted by metal-bearing catalysts. It is well- Pranch out to competing pathways to decarbonyl products and
documented that metaformaldehyde complex&§V(CH-0)] dehydrogenated produc’Fs. B_ecagse the ex_tremely high rea(_:tlon
are of extensive existence in reactions involving metal com- barrier for dehydrogenathn is believed to hinder the production
pounds and small organic molecules (including methane, ©f YCOCID), an alternative pathway for the second-©8
methanol, formaldehyde, acetone, fatty acids, etc.). Furthermore,insertion which involves a weakyt-Hz)YCO complex and
M(CH;0) is a simplified yet important model for both catalytic ~SuPsequently direct dehydrogenation has also been pgoposed by
disassociation of formaldehyde and catalytic hydrogenation of Bayse. As for La, although the electron configuration€st)

carbon monoxide in the reverse directfol. Their chemistry is similar to that for Y (4d5), it is much easier for La to
promote an electron from thes to (0 — 1)d orbital (0.33 eV)

*To whom correspondence should be addressed. E-mail: knfan@ than for Y (1.36 eV}:3 The resulting i§ - l)c?n_sl configuration
fudan.edu.cn. Fax:86-21-65642978. has been regarded to be favorable in activation of hydrocar-
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Figure 1. Potential energy profiles for the reaction between La andCCEhlculated at the CCSD(T)/SDD/cc-PVTZ level.

bons!4 It is thus expected that the reaction between La and shell systems. Vibrational frequencies and corresponding zero-
CH,O may have some new features. What is more, the groundpoint energies (ZPE) were calculated with ADF for each

state of LaCO is assigned to béXstate rather thafi1 state!® stationary point. To further analyze reaction path characters,
indicating the dehydrogenation of La@Blwill be different from intrinsic reaction coordinate (IR&)calculations were carried
that of YCHO.

out in both forward and backward directions from transition
To the best of our knowledge, no studies on the reaction of states. Then, single point calculation was carried out for each

the neutral lanthanum atom and formaldehyde in the gas phasestationary point by the same DFT method with a larger GZ4P
have been reported. Here we present a computational study orbasis set for more accurate energies.

this important model reaction. This study could also help to  On the basis of the geometries obtained from DFT calcula-
depict a general trend on reactions of formaldehyde and tions at the ZORA-BP86/TZ2P level, single-point energy
“general” group Il elements (including Sc, Y, La, Ce, Gd, and calculations were performed with the GAUSSIAN 03 progfam
Lu).

using the CCSD(® method. Herein the relativistic effect for
La was described using a relativistic energy-consistent small-
2. Computational Details core pseudopotential (Dolg’s SC-ECP) developed by the Stut-
Density functional theory (DFT) has been proven to be a tgart—'Dresden'group (referred as.SDﬁ)The ,15_3d shells .
suitable choice for moderately accurate studies of small Wer® _|ncluded in the pseudopotential core, while all shells_V\_/lth
molecules in the gas phase at a low désthus, our scheme is a main quantum number larger than 3 were treated explicitly.
to sketch the reaction coordinate first at a DFT level, followed (}aus&an (l4sl$p10d8f6g)/ [10.s8p.5d4f3.g] segmented contrac
by accurate couple cluster calculations for energy correction. tion valence ba_S|s sétavere applied in conjunction with Dolg's .
All DFT calculations were performed using the Amsterdam SC'QECP' For light elements (C, H, and O), the cc-PVTZ basis
density functional (ADF 2006.01) prograthThe functional ~ SEt° Was used, as suggested by de g al.

employed in this study is BeckePerdew (BP86), which Energies of all stationary points in the reaction coordinate
combines Becke’s 1988 exchange functional{R)ith Perdew’s are relat?ve to the total energy of &) +. CH:O. Itis still a
1986 gradient corrected correlation functional (P883Ithough challenging issue to compute the atomic reference energy of

older than many other popular density functionals, it is well- La on the basis of a single-reference determinant wave function.
documented that BP86 performs well in transition-metal- Here we used Baerend’s mettiotb evaluate the ground state
containing system&. To reduce computing cost, a frozen core of La at the DFT _Ievel. At the CCSD(T) level, a symmetry-
approximation was applied to the 1s of C and O anddd of broken wave function w_as_used to evaluate the atomic reference
La. The valence orbitals of C, H, O, and La were represented €N€r9y- Energy data within the text below refer to the results
with a basis set of TZV quality and two polarization functidhs. of CCSD(T) calculations unless otherwise specified.
The scalar-relativistic corrections were carried out by the zero- 3 Results and Discussion
order regular approximation (ZORA) meth&Geometries of ’

all species were fully optimized, using restricted Ket8ham The energy profiles for the reaction between lanthanum and
orbitalg® for closed-shell systems and unrestricted ones for open-formaldehyde are shown in Figure 1. The energies (including
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TABLE 1: Relative Energies (in kcal mol~) of All
Stationary Points with Respect to Reactants L&) + CH,O

at Different Levels

ZORA-BP86/ ZORA-BP86/ CCSD(T)/SbD/
TZ2P Qz4P cc-PVTZ
species doublet quartet doublet quartet doublet quartet
B —-775 —47.6 -79.8 —494 —654 344
C -511 -165 -530 -—-182 -37.7 -0.9
D —-59.7 —-18.0 -61.7 —19.6 —45.8 4.7
E 25 0.60 16.5
G —34.9 -6.8 —37.6 -92 -211 13.8
I —-46.7 —21.1 -—-479 —22.7 -383 —6.4
T —419 —185 —43.1 —-20.1 -27.9 —-0.5
K —-52.6 —356 —53.7 —37.2 —-416 —202
L —27.4 —28.7 —7.6
N —28.4 —29.2 —26.6
F -19.2 -11.3 -212 132 -—1.8 10.4
R —-19.9 -—-229 -221 241 45 -8.8
S -19.0 -20.3 -21.0 —220 -—15 -0.8
J —-354 —-350 —-372 -—-358 -182 —20.7
M —22.7 —349 -238 —36.2 —-149 -214
o —55.4 —58.5 —38.4
P —84.5 —87.8 —-71.1
Q -49 -203 —8.7 —23.7 —-0.42 -10.2

aSmall core SDD basis set is used for La, and the cc-PVTZ basis

set is used for C, H, and O.

Zhang et al.

Table 2 for the doublet potential energy surface (PES) and Table
3 for the quartet PES. Geometries and selected parameters of
stationary points are presented in Figure 2.

As shown in Figure 1, the reaction betweend(+ CH,O
involves initial formation of the LaH,CO complex B)
followed by two C-H insertions to form carbonyldihydridola-
nthanum K) or carbonyl¢?-dihydrogen)lanthanumJj. Two
sets of products can be produced: one is lanthanum dihydride
(LaHy) formed by the loss of CO, and the other is lanthanum
carbonyl (LaCO) formed by the loss of K The former is
favorable in both thermodynamics and kinetics.

The above reaction mechanism for doublet PES is similar to
that of YD) + CH,0.12 However, the formation of LaCO may
be more complicated than that of YCO because YCO may only
involve a doublet state’[I), while LaCO involves a doublet
state {I1) as well as quartet stat¢X). Consequently, it is
necessary to analyze both doublet and quartet PES to rationalize
spin conversion from the former to latter, which leads to the
ground state of LaC®E). Besides, there are two possible
products of theoretical interest: one is complexCHaO ),
which can dissociate into carbene and LaO, and the other is
LaCHO () after loss of one hydrogen atom in complex
HLaCHO (). In the following two sections, we will discuss
them in detail.

ZPE correction at the DFT level) relative to EB) + CH,O

3.1. DFT vs CCSD(T): Comparison of Relative Energies.

are listed in Table 1. Mulliken charges, spin densities, and CCSD(T) results are generally regarded as benchmarks for
atomic orbital populations of each stationary point are listed in small-size molecule®¥. As shown in Table 1, bonding energies

TABLE 2: Mulliken Charges, Spin Densities, and Populations for LagD) + CH,O Stationary Points at the BP86/TZ2P Level

with All Values in au

Mulliken charge (spin densit¥)

atomic orbital populatn of La

species La C O H M 6s 6p 5d 4f
CHO 0.80 —0.51 —0.15 —0.15
B 0.59 (1.01) 0.41 —0.60 —0.19 —0.19 0.810 0.057 1.290 0.256
c 0.58 (0.87) 0.51(0.13)  —0.57 -0.24 -0.27 0.654 0.029 1.511 0.231
D 0.91 (0.38) 0.30 (0.54) —0.59 (0.13) —-0.24 —0.38 0.292 0.031 1.508 0.261
G 0.97 (0.35) 0.08 (0.58) —0.56 -0.14 —0.35 0.248 0.042 1.447 0.289
| 1.06 (0.41) 0.14 (0.52)  —0.46 -0.37 -0.37 0.261 0.116 1.360 0.208
T 0.99 (0.48) 0.14(0.40)  —0.42(0.14)  —0.35 -0.35 0.294 0.084 1.427 0.204
K 0.97 (0.53) 0.11 (0.36) —0.35(0.13) —0.37 —0.37 0.241 0.096 1.509 0.186
L 0.60 (0.64) 0.10 (0.23) —0.37 (0.13) —0.17 -0.17 0.255 0.049 1.924 0.167
M 0.14 (0.56) 0.19(0.33)  —0.33(0.11) 1.274 0.057 1.428 0.100
N 0.68 (1.00) —-0.34 —0.34 0.738 0.053 1.404 0.128
F 0.53 (0.85) 0.09 (0.13) —0.53 0.15 —0.25 0.211 0.062 2.009 0.188
R 0.51 (0.41) 0.08(0.44)  —0.51(0.11) 003  —0.10 0.413 0.054 1.828 0.192
S 0.46 (0.61) 0.14 (0.30) —0.49 0.02 -0.12 0.390 0.029 1.951 0.164
J 0.35(0.77) 0.17 (0.15) —0.42 (0.11) 0.07 —0.16 0.555 0.010 1.931 0.156
O 0.81 (0.59) 0.03 (0.42) —0.58 —0.13 —0.13 0.516 0.071 1.260 0.338
P 1.10 —0.13(0.92) —0.67 —-0.17 -0.14 0.115 0.000 1.435 0.356

2 Spin densities are in parentheses, and only absolute values larger than 0.1 are pre$éetéidst hydrogen atom that transfers.

TABLE 3: Mulliken Charges, Spin Densities, and Populations for La¢F) + CH,O Stationary Points at the BP86/TZ2P Level

with All Values in au

Mulliken charge (spin densit¥)

atomic orbital populatn of La

species La C ) H M 6s 6p 5d 4f
CH,O 0.80 —0.51 —0.15 —0.15

B’ 0.36 (2.18) 0.61 (0.85) —0.63 -0.17 -0.17 0.870 0.051 1.564 0.157
c 0.63 (1.40) 0.36(1.19) —0.57(0.28) —0.15  —0.27 0.700 0.071 1.405 0.195
D' 0.71 (1.32) 0.31(1.27) -055(0.29) —0.12  —0.34 0.701 0.098 1.300 0.196
F' 0.50 (1.61) 0.21 (1.12) —0.52 (0.22) 0.08 —0.27 0.715 0.078 1.456 0.247
R 0.30(2.20) 0.14 (0.62)  —0.47 (0.10) 0.02 0.02 0.749 0.127 1.703 0.126
s 0.37(217)  0.15(0.48) —0.45(0.18) —0.02  —0.03 0.53 0.110 1.843 0.149
J' 0.18 (2.39) 0.17 (0.37) —0.38 (0.20) 0.01 0.01 0.848 0.058 1.828 0.084
G 0.55 (1.70) 0.20 (0.84)  —0.51 (0.30) 001  —0.25(0.11) 0.651 0.124 1.447 0.233
I’ 0.32 (2.17) 0.12(0.62)  —0.46 (0.13) 0.02 0.00 0.792 0.160 1.571 0.130
T 0.30 (2.23) 0.12 (0.48) —0.44 (0.22) 0.04 —0.01 0.737 0.203 1.614 0.147
K’ 0.23 (2.30) 0.15 (0.40) —0.39 (0.22) 0.05 —0.04 0.772 0.078 1.803 0.120
M’ 0.22 (2.36) 0.17 (0.40)  —0.40(0.24) 0.898 0.044 1.736 0.098

a Spin densities are in parentheses, and only absolute values larger than 0.1 are pre$aetéidst hydrogen atom that transfers.
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Figure 2. Selected geometric parameters for stationary points on the reaction coordinate of lanthanum and formaldehyde. Bond lengths are given
in A, and the point group for each species is given in parentheses.

for open-shell species at the ZORA-BP86/QZ4P level are of 27.7 kcal mott. To facilitate the C-H insertion by La,
generally 15.0t 5.0 kcal mot? larger than those at the CCSD- the CHO moiety in IM D needs to be twisted by about °70
(T)/SDD/cc-PVTZ level. Since the error bar of the QZ4P basis around the €O bond, concerted by breaking of the-& bond
set is less than 1.0 kcal md|2! the basis set error does not (2.039 A in TSC) and forming of the La-H bond (2.093 A in
account for the error discussed here. Thus, the main error sourcel' S C). The Mulliken charge distribution as presented in Table
should be from the functional we used. It is well-documented 2 shows that electron continues to flow from La to C and the
that pure-DFT methods are prone to overestimate bondingtransferring H, causing the spin density on La to decrease
energies and underestimate barrier heightdeanwhile, it is remarkably.
notable that reaction trends are nearly the same for both DFT  There are three possible pathways fromIMsee Figure 1)
and CCSD(T) levels. The above two aspects indicate that initial leading to three types of products, which are dehydrogen product
geometric optimization at the DFT level followed by energy E, dedihydrogen produd#l, and decarbonyl produdt. Among
corrections at the CCSD(T) level is an appropriate choice for the three pathways, decarbonyl pathway is the most favorable
reactions discussed in this paper. one for it overcomes the lowest energy barriers and releases
3.2. Reaction Pathway to LaH + CO. At the initial reaction the most heat.
step, the doublet lanthanum atom attaches to formaldehyde Transforming fronD to M involves two transition state(
without an energy barrier, forming @-complexB which is andT) and two intermediated @ndK). Both TSC and TSG
—65.4 kcal mot? lower than the reactants. The high exother- |ead to H-transfer, but the patterns of-@ bond activation are
micity of the reaction may be due to the highly oxopHitic ~ much different. From the view of geometric change, the breaking
character of lanthanunB has the structure of the so-called C—H bond (2.039 A) in TSC is about two times the length of
“metallepoxide”, like its counterpart YC#.1? Because both  the normal G-H bond, while its counterpart (1.187 A) in TS
C and O have some bonding with La, the-O bond (1.459 A) G is just slightly longer than the normal-@H bond. From the
is weakened and becomes a single bond. The electron transfewiew of charge distribution, the former, involving a substantial
from La to C may also, to some extent, stabilize this complex increase of positive charge on La, can be considered as an
by decreasing the positive charge on C. However, the unpairedoxidative addition of metal, while the latter, resulting in little
electron still locates on La as indicated by spin density distribu- change of charge on La and some charge transfer from leaving
tion, which can facilitate the subsequent@ bond dissociation. H to C, can be considered as a hydride shift. The difference in
At the second step, La inserts into one-& bond forming natures of two G H insertions may be due to the deficiency of
intermediate (IM)D via transition stat€ with an energy barrier ~ 5d electrons of La, similar to ¥
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IM I, which has not been located in the previous study of Y is either HLa(32-CO) (1) if this H atom bonds with a La atom
+ CH0, is a direct product from IMD via TSG as confirmed or (7%-Hy)La(n?-CO) (R) if this H bonds with the other H atom.
by IRC analysis. The €0 bond inl is 1.204 A, slightly shorter IM R is a weakly bound complex between LaCO and Gur
than a typical side-on carbonyl ligand. It can easily convert to IRC calculatior® indicates that the two H atoms first rotate into
a terminal carbonyl ligand via TS, forming a more stable  the La-C—O plane before they approach each other. The
IM K. formation of the H-H bond (1.030 A) accompanies the breaking

IM K, formed from the Laki moiety and CO moiety, has a  Of the C-H the bond (1.683 A), first resulting in a planar
Ca, symmetry. Meanwhile, the geometry of the LaCO moiety complex ofp>-carbonylg?-dihydrogen)lanthanum. Due to the
(La—C, 2.504 A; C-0, 1.166 A) is close to that of isolated flexibility of the H, moiety, the complex can adopt a foldinglike
doublet LaCO (LaC, 2.495 A; G-0, 1.160 A). Thus, this ~ conformation R) by the swing of the K ligand before
complex may be viewed as either carbonyl dihydridolanthanum converting into IMJ. The side-on carbonyl ligand turns into
or carbonyllanthanum dihydride. Consequently, there are two @n end-on one, overcoming an energy barrier of only 3.0 kcal
competing ways of decomposition fé: loss of CO; loss of ~ mol™% The H-H distance (0.887 A) i) is close to that of
H.. The decarbonyl products are 26.6 kcal mobelow the  free H (0.749 A). Since His a good leaving group] can
reactants, more favorable in energy. The loss of carbonyl is ex- decompose into doublet LaCO and ehsily. In addition, the

pected to be barrierless, similar to that of therYCH,O reac- ~ Hz moiety inR may also leave directly, producing doublet La-
tion12 The resulting lanthanum dihydride is in tR&; state. (7*-CO). This side-on carbonyl complex will eventually convert
The calculated LaH stretching frequencies of Late 1330 into end-on carbonyl complex because the former is less stable
and 1365 cm, close to experimental vali¥of 1283 and 1321 than the lattet?

cm™L, 3.3.2. Quartet LaCOln this subsection we will discuss the

3.3. Reaction Pathways to LaCO+ H,. As mentioned loss of H on the quartet PES. The capital letters with a prime
above, the dehydrogenation pathways are more complicated ePresent the stationary points on the quartet PES.
since the quartet state rather than doublet state is the ground The Mulliken population data (in Tables 2 and 3) indicate
state of LaCO. In line with previous study,our calculation that, throughout the reaction, the 5d population of La is around
results also indicate that LaCtY]) is lower than LaCCHI) in 1.50 in both doublet and quartet states while the 6s popula-
energy by 12.4 kcal mot at the ZORA-BP86/QZ4P level while  tion is obviously higher in the quartet state than in the doublet
it is lower by 6.5 kcal mot! at the CCSD(T) level. In addition,  state. These trends reflect similarities and differences of reac-
the computed(CO) frequency in LaCGE) is 1799 cnt?, in tions in two spin states. On one hand, it is more likely that it is
excellent agreement with the experimental value of 1772.7 La(d’s!) rather than La(®?) that reacts with CkD on both
cm 1,3 while thev(CO) frequency in LaCG{I) is 1918 cnm?, doublet and quartet PES as suggested by the 5d population
remarkably larger than the observed value in the experiment.of La. The main reason is that-s d excitation can enhance
Therefore, we must investigate quartet PES as well as doubletthe bonding abilities of La. On the other hand, La shows a
PES to manifest a reasonable reaction mechanism for thehigher bonding capacity with other atoms in doublet species

production of LaCO. than in quartet species. As shown in Figure 2, the La atom in
3.3.1. Doublet LaCOThe first pathway leading to Hand the doublet specie_s can form as many as th_ree covalent bonds

LaCO (I1) is the decomposition df via TSL with an energy (such as IMP), while in the quartet species it can only form

barrier of 34.0 kcal mofL. L is still below reactants by-7.6 ~ ©One covalent bonds (such as IM). This is because the high-

kcal mol, and the barrier fronK to L is substantially lower ~ SPin state usually means more unpaired electrons and thus
than the corresponding barrier in theY CH;O reaction. The €SS bonding electrons, which often make the species in the
reason for the difference should be investigated through changedi9h-spin state less stable than their counterparts in the low-
in electronic structures underlined in geometric changes. It is SPIN state.

expectable that the similarity in the electron configuration of ~ The reaction on quartet PES also starts with comBéx
H,LaCO and HYCO can lead to the similarity in the electron between La and C#D, in which the La atom bonds with O
redistribution process when losing the Hoiety. Both Laand  atom via a head-on attachment. The formingBfhas no

Y bond with H atom via an sd hybrid orbital. When the- energy barrier, an®' lies 34.4 kcal mot! below the doublet

(M = La, Y) bond dissociates, the electron contributed by the reactantsA. In this process, some electrons transfer from
metal atom will flow back to itsis orbital. This is regarded by ~ La atom to carbonyl ligand, as indicated by the changes of
Baysé2 as a forbidden process since it involves jumping a pair both the charges and spin densities on La and C atoms (see
of electrons from az-type orbital too-type orbital on Y and ~ Table 3). At the same time, the formation of the-t@ bond

thus requires a high energy barrier (47.3 kcal mait the (2.132 A) substantially weakens the=© bond (lengthened to
CASPT2 level). In comparison, this energy barrier (friimo 1.327 A).

L) for La + CH,0 is 34.0 kcal mott. Since La has a much Then, La inserts into one-€H bond via TSC', forming IM
smaller promotion energy fans — (n — 1)d excitation, it is D'. In quartetC', the CG-H bond (2.512 A) is completely broken,
probable that interconversions betweéd'sand $d? subcon- accompanied by the formation of a+# (2.082 A) single bond.
figurations are much easier for La, leading to a lower barrier Compared to the doubld®, the LaH moiety bonds with the

for this “forbidden” process on #laCO. On the basis of this CHO moiety by a much weaker—dr interaction. InD’, the
inference, we argue that it is not impossible that the dehydro- La—O distance (2.317 A) is much shorter than the—iCGx
genation barrier for BLaCO is remarkably lower than the distance (2.630 A) owing to La’s oxophilicity. FroBif to D',
similar barrier for HYCO. We hope that our argument could the electron continues to flow from La to the carbonyl ligand
provide ground work toward full understanding of this com- as well as the H atom bonded to La. Therefore, this step can be

plicated dehydrogenation reaction. viewed as an oxidative addition, the same nature as the first
The second pathway is frof to R and then ta) and then ~ C—H insertion in doublet PES.
the loss of H. As mentioned above, the secone-B bond is If one starts from IMD’, there are two competing pathways

broken by La in terms of H-transfer. The resulting intermediate to form two more stable intermediatds'(andJ'), respectively,
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and both intermediates finally dissociate intg &hd quartet
LaCO.

D' converts toR' through TSF'. The barrier corresponding
to F' (15.1 kcal mot?) is much lower than that corresponding
to F (44.0 kcal mof?), but F' is still 12.2 kcal mot? higher in
energy tharF because the parebt is 41.1 kcal mot?® higher
thanD. F' is close toF in geometry, except that the- bond
in the former (1.235 A) is 36% shorter than that in the latter
(1.683 A), while the H-H bond in the former (1.337 A) is 30%
longer than that in the latter (1.030 A), indicating tiFatis an
early transition state whilE is a late transition state. FroF,

a stable compleR' is directly formed, which is a weakly bound
complex between LaCO and;kvith a side-on bonding of K
The planar structure, obtained by directly breaking theHC
bond in TSF', however, is not an intermediate but a TS with
an imaginary frequency of 132 crhfor the twisting of H
moiety. IRC analysis indicates th&' needs to adopt an
asymmetric conformatidfi before its isomerization to the end-
on carbonyl complex)’. As a weakly bound complex of the
side-on H moiety and the quartet LaCO moiety, can easily
decompose into Hand LaCOfZ). During the continuous
transformations fronD’ to M’, the La—H bond is gradually
weakened, causing electrons to flow back from H atom to La
atom. Besides the quartet end-on LaCO compalin@®' can
also form a quartet side-on LgCQO) compound via direct loss
of Hy; yet La?-CO) will ultimately convert into LaCO, similar
to its doublet counterpart.

D' can also convert td' through an asymmetric T&' in
which the dihydrogen group is nearly coplanar with La and C
by an 11.9 H—La—C—H'’ dihedral angle. The barrier froD'
to G' is 3.4 kcal mof? higher than that fronD’ to F' and the
resulting IM1" is 2.4 kcal mot? higher than IMR’, implying
that D' — I' is less favorable thab' — R’ for the second
C—H insertion. HoweverR' and |’ are both weakly bound
complexes between Lef-CO) and H, just differing in the
conformation of the dihydrogen group, and these weak com-
plexes all have similar energies. The side-on carbonyl ligand
in I can easily convert to a terminal ligand via TS A quartet
carbonyl?-dihydrogen)lanthanumk() is thus formed. As a
weak complex of Hand LaCOfZ), it is also easy foK' to
lose H directly.

3.3.3. Doublet-Quartet CrossingBecause quarteff’ and
doubletF have similar geometries and the resulting quartet
is 4.3 kcal mof! lower than doubleR, the F — R’ step is
most likely to be involved in spin crossing with tte— R
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Figure 3. Profiles of the potential energy surface crossing: (a) profile
based on the geometrical change along the doublet IRC; (b) profile
based on the geometrical change along the quartet IRC.

of 0.845 A. The doublet and the quartet PES cross at this point,
and thus, the reaction may jump from the doublet PES to the
quartet PES near CP1 resulting in a low-energy reaction pathway
toward products. Therefore, CP1 can be viewed as the energy-
minimum crossing point between the two potential energy
surfaces regarding the H atom transfer. Similarly, CP2 can be
found in the very vicinity of no. 3 poist along the quartet
IRC as shown in Figure 3b. This point s15.9 kcal mof?!
below the reactants at the ZORA-BP86/TZ2P level, with a
breaking C-H bond of 1.552 A and a forming HH bond of

step. To better understand the property of the crossing seam0.910 A. The estimated CP2 is the energy-maximum crossing
between the two potential energy surfaces, we employ the samepoint. Thus, there would be a crossing region between CP1 and

approach as proposed by Yoshizawa e’ dlhe main idea of
the approach is to evaluate energy-minimum and -maximum
crossing points by performing a series of single-point computa-

CP2 where the reaction system is most likely to jump from
doublet to quartet PES.
We also investigate some other possible crossing regions. It

tions in one spin state on the basis of the geometrical changess noticed that’ — K’ has similar geometric change Bs— J,
along the IRC in another spin state and vice versa. It should beand the former crosses with the latter twice in energy changes.

noted that the crossing points obtained in this way cannot tell

However, no crossing points are found in this region through

us the precise energy and structure of lowest energy crossingthe same approach as used above, suggesting that there may be
point though it provides a reasonable range of the crossingno spin conversion in this region from quartet state to doublet

seamg’
The solid and the dotted lines in Figure 3a depict the potential

state and vice versa. In addition, there is probably some spin
crossing in the region dk — L — M andJ' — M’ because

energy profiles of the doublet and the quartet PES, respectively,the weakly bound complexes of;land LaCO in both doublet

on the basis of the geometries located along the doublet IRC.sta
As shown in Figure 3a, the crossing point CP1 is located in the etrie

very vicinity of no. 6 point® with energy of—19.7 kcal mot?
relative to the initial doublet reactants at the ZORA-BP86/TZ2P
level. This point, whose geometry is close to thatRyfhas a
dissociating G-H bond of 2.098 A and a forming HH bond

state and quartet state are quite close in energies and geom-
536

Our discussion on the production of,ldnd LaCO can be
summarized as that reaction system may jump from doublet to
quartet states in the vicinity ofpf-Hy)La(#%-CO) to form
intermediates more stable toward bhd quartet LaCO.
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3.4. Reaction Pathway to H+ LaCHO. Besides a second
C—H insertion to form dihydro complexe&(andJ), IM D
can also directly form formyllanthanum by logira H atom.

TABLE 4: Comparison of the Electronic Ground State of
MCO in Which the Rare Earth Atom M All Have the Same
Valence Subconfiguration ds?

This reaction is highly endothermidAEpx = 61.0 kcal mot?), electronic confign PE electronic confign
and the products are 16.5 kcal mbhigher than the initial element  ofthe element  (kcal mol*)*  of the MCO compd
reactants; therefore, it is an unfavorable reaction pathway, Sc 3d4g 33.0 202201272
similar to the formation of formylyttriumd? It should be noted Y 4d's5¢ 31.4 171“20220?@
here that the electronic ground state of the product formyllan- ('-:‘1 54215?;2652 g-g iﬁfafgﬁzﬂz
thanum is in triplet state rather than in singlet state. In triplet 5 2475462 18.2 4174202201272
LaCHO, La has an electron population similar to that in the Lu 4145016 54.0 A8 7426220227

parent HLaCHO as indicated by the Mulliken population
analysis.

3.5. Reaction Pathway to LaO+ CH,. Due to the high
oxophilicity of La, insertion of a La atom into the=€D bond
is entirely possible. As shown in Figure 2, the-O bond can
be dissociated by La atom via T3 resulting in the most stable
complexP on the doublet PESAEar = —71.1 kcal mot?).
The barrier for the €O insertion is 27.0 kcal mot, slightly
smaller than that for the €H insertion. As shown in Table 2,
during the forming of the LaO and La-C bond as well as the
breaking of the €O bond, an electron transfers from La atom
to C atom, resulting in spin-paired La (spin density, 0.09) and
unsaturated C (spin density, 0.91). The-G distance irP is
2.515 A, indicating a single L-aC bond. The La-O distance
in P is only 0.026 A longer than that of the free LaO. Such
geometric characteristics indicate tRas more likely a complex
between LaO and Cithan a complex between O and LagH
Orbital analysis forP indicates that the L-aC single bond is

aPromotion energy fromn(— 1)d'ns? to (n — 1)cPnst.

their carbonyl complexes are different. The ground state of
ScCO() has been well-confirmed by electron spin resonance
(ESR) spectroscopy as well as highly accurate theoretical
calculation®? However, no clear ESR experimental evidence
for the ground state of YCO has yet been reported, and available
theoretical studies have not given a unified answer to the
question either. In the computational work of Jedhgnly the
high-spin state of YCO has been considered, while, in the work
of Siegbahrf? it only mentioned that “the yttrium atom also
uses its $state to form the bond of Y(CO)”". Meanwhile, our
own DFT calculations predict&CO) frequency for YCCI)

at 1930 cmi?, which is in line with the experimentally observed
frequencies (1874.1 and 1869 cthas assigned by Zhou et
al.*> In comparison, the computeqCO) frequency for YCO-

(*2) is 1809 cnrl. Thus, considering that DFT methods often
overestimate vibrational frequencies, te state is probably
formed by the SOMOd?) of LaO (027%01)%8 and the SOMO the most competitive candidate for the ground state of YCO
(1) of CH, (au?b2%a™hyY). Therefore, the resulting SOMO is  and highly accurate theoretical studies are needed to clarify this
located on the C atom rather than on the La atom; this bonding problem. To understand the difference between neutral Sc and
character is a feature distinctive from other intermediates and Y atoms, one can also look at their cationic carbonyl complexes
may be utilized for the elongation of carbon chain via reactions for some indirect evidence. The ground state of SE@Othe

of P with other organic molecules. Meanwhile, it is difficult  3A state derived from the 3ds'(®D) Sc" ground state, while

for P to dissociate into LaO and GHQ) because the process
is rather endothermicAEqr = 79.1 kcal mot?); thus, LaO+

CH, are also the minor products of the reaction between La
and CHO.

3.6. Electronic Structures of MCO (M = Sc, Y, La, Ce,

the ground state of YCOis the =" state derived from the
52(1S) Y+ ground staté® Although d-rich configurations are
favorable for the back-donation from metal to carbonyl ligand,
the Y* ion still adopts a roughly d-free configuration to interact
with CO, suggesting that the d electron is less favorable for

Gd, and Lu) and Their Implications on the Reaction back-donation in Y than in Sc. Anyhow, we raise some questions
Mechanisms between M and CHO. Since lanthanum and  here and hope that this work would provide ground for further
yttrium are both in group Il and both have the same valence studies.

electronic structuren(— 1)d'ns?, they are supposed to have

much in common in the reaction with formaldehyde, as has been4- Summary

discussed above. However, the huge difference imghe- (n Density-functional calculations, followed by correlation cor-
— 1)d promotion energy leads to two different reaction patterns rections at the CCSD(T) level, have been performed to explore
in the formation of a metaicarbonyl compound: For La, the  the decomposition of formaldehyde in the assistance of lantha-
ground state of LaCO is quartet state, while the ground state of num atom, and comparison is made to the-YCH,O reaction.

the reactants is a doublet state, suggesting a PES of high spinn summary, pathways leading to four groups of products have
state must be involved and thus spin conversion must occur inpeen studied in detail:

some region; for Y, the ground state of YCO is doublet state,

suggesting a high spin state may not need to be involved. La(®D) + H,CO—LaH,+ CO 1)
Moreover, the MCO compound (M Sc, Y, La, Ce, Gd, and
Lu) can be sorted into two groups since these elements have — LaCO(AZ) +H, )
the same #? valence electron configurations but differents
d promotion energies (see Table 4): one is in low-spin state —LaCHO+H 3)
(like YCO), including YCO and LuCO; the other is in high- —LaO+ CH, 4)

spin state (like LaCO), including ScCO, LaCO, Ce&Gnd

GdCO® Consequently, formation of MCO can also be grouped At the CCSD(T) level, group 1 products are predicted to be
into a YCO-like mechanism that may involves only low-spin  the most favorable products from both thermodynamic and
state and LaCO-like mechanism that involves hlgh-Spln State kinetiCS, followed by the Competing group 2 products ina h|gh_
as well as low-spin state. spin state. To explain the formation of quartet LaCO, a potential
Here we mention an interesting phenomenon that Sc and Y energy profile in the quartet state is also mapped and the possible
have similar s— d promotion energies but the ground states of spin-crossing region is estimated by a simple approach. Group
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3 products are the least favorable products because the products (7) (a) Stauffer, H.; Hinrichs, R.; Schroden, J.; Davis, H.Chem.

; ; Phys 1999 111, 10758. (b) Schroden, J. J.; Teo, M.; Davis, HIFChem.
have highest energies among all the four groups of products.Phys 2002 117, 9258,

Pathways leading to product groups3 have pre\(iously been (8) () Fisher, E. R.; Armentrout, P. B. Phys. Chen.99Q 94, 1674
studied for Y+ CH.O (except for the pathways in the quartet (b) Siegbahn, P. E. MOrganometallics1994 13, 2833. (c) Park, M. A.;
PES). In addition, a previously unexplored pathway leading to gﬁuge_, tR- ';-;d'\/'?(fgfave, é‘tmﬁnmoatfnaLA,CgOTSB%nCBek?\?kLSW Tem}gefatufe
. : emistry Znd, Kansas City, , AUQ , ) ress. Kansas
meta}l mpnoglde and a carbene radical (group 4) has also beerbit% MO, 1996, pp 203204. (d) Hoyau, S.; Ohanessian, Ghem. Phys.
studied in this work. Group 4 products are not major products Lett.1997 280, 266. (e) Saendig, N.; Koch, V@rganometallics1998 17,
since the parent complex OLaGHs quite stable and the é?F]M-_(f)V\llDalr?yanQVﬁ, '\E/»I-;INéomtcf#OHvS(,)(S:'-_;'El?\;\l;a(\)lg\zlaésgisélalggg H.;
: A H ristie, W.; Kaneti, JJ. Mol. Struct .
dissociation gnergy is also I_arge. . (g) Boutreau, L.; Toulhoat, P.; Tortajada, J.; Luna, A.; Mo, O.; Yanez, M.
The potential energy profiles obtained at the DFT level are J. phys. Chem. A002 106 9359. (h) Zhang, G.; Li, S.; Jiang, Y.
qualitatively in good agreement with those obtained at the Organometallics2004 23,6 3656. (i) Lu, W.; Abate, Y.; Wong, T.-H;

CCSD(T) level, except that group 2 products, instead of group glt;-:-ik\)(earr,] ; : El'f'HTyé'fh&g‘l: Aé?r?jtg?EH]éoggjﬁéjlzljsglogé ?'7% i‘ilel‘Sg'

1, are predicted to be the most stable products. The discrepanciegecaer, S.; Mestdagh, H.; Schroeder, D.; Zummack, W.; SchwartntH.
can be accounted by a previous conclu$ighat DFT methods J. Mass Spectrom2006 255-256, 239. (I) Wang, Y.; Chen, XChem.

ri i ; i i inc Phys. Lett2006 422 534. (m) Wyrwas, R. B.; Yoder, B. L.; Maze, J. T.;
favor d-rich species and overestimate their bonding energ|es.JarmId’ C.CJ. Phys, Chem' /2006 110 2157,

The major difference between L& CH,O reactions and Y (9) (a) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, .
+ CH,0 reactions, as mentioned above, is the involvement of Am. Chem. Sod982 104, 2019. (b) Gambarotta, S.; Floriani, C.; Chiesi-

; Villa, A.; Guastini, C.Organometallics1986 5, 2425. (c) Thiyagarajan,
the qu(?rtet PEhS foll’ the fo.rmer ang pOSSIbey Eone forl the t')atterl' B.; Kerr, M.; Bollinger, J.; Yound, V., Jr.; Bruno, WDrganometallics1997,
According to the electronic ground state of the metal carbonyl 16 1331. (d) Spera, M.: Chen, H.: Moody, M.; Hill, M.; Harman, .

compound, the rare earth elements bearitis? ground states ~ Am. Chem. Soc997, 119, 12772.
(N =0, for Sc:N=1, for Ce;N=7, for Gd, N = 14, for Lu) (10) (a) Mckee, M.; Dai, C.; Worley, S. Phys. Cheni988 92, 1056.

: . 3 : 2 (b) Mestdagh, H.; Rolando, C.; Sablier, M.; Billy, N.; Gouedard, G.; Vigue,
can be sorted into two groups: The first one involves’at d 5% "5 "Chem. 504992 114 771. () Maseras, F.. Lledos, A.: Glot, E..

subconfiguration bonding with CO, including Sc, La, Ce, and Ejsenstein, OChem. Re. 200Q 100, 601. (d) Wang, X.: Andrews, LJ.
Gd; the second one involves &s#isubconfiguration bonding ~ Phys. Chem. 00Q 104, 9892. (e) Vayssilov, G.; Roesch, BL.Am. Chem.

; ; ; ; Soc.2002 124, 3783. (f) Wang, Y.; Liu, Z.; Geng, Z.; Yang, XChem.
with CO, including Y and Lu. Therefore, the reaction between Phys. Lelt2006 427, 271,

elements in the first group with G involves high-spin {11) vannice, M. A.; Sudhakar, C.; Freeman, M.Catal. 1987, 108
potential energy surface and the cross between the high-sping7.

and low-spin PES, while the reaction between elements in the (12) Bayse, CJ. Phys. Chem. 2002 106, 4226.

; o h (13) Martin, W. C.; Zalubas, R.; Hagan, Atomic Energy Leels-The
second group and G may not need the involvement of high Rare Earth ElemenfsNatl. Stand. Ref. Data Ser. 60; Natl. Bur. Stand.

spin PES. (U.S.): Washington, DC, 1978. Retrieved from the following: http:/
In summary, our Study provides some new features of reac- physics.nist.gov/PhysRefData/Handbook/periodictable.htm.

tions between group Ill La atoms and formaldehyde, extending SOS}%&"HE%%}?'igéggllﬂ'rgog‘;r E. M. Svensson,JMAm. Chem.

the previous study of Y+ CH,O reactions. We hope these (15) Hong, G.; Lin, X.; Li, L.; Xu, G.J. Phys. Chem. A997, 101,
results will not just advance our understanding about how early 9314.

ransition metals aid the di iation of formaldeh I (16) Friesner, RProc. Natl. Acad. Sci. U.S./£2005 102, 6648.

tﬁ (?It'oht e:?s aid :1 € .d SSOfC.tato orto at(:je y.de bUttalsp (17) (a) te Velde, G.; Bickelhaupt, F. M.; van Gisbergen, S. J. A;;
shealig On € mechanism of 1 S reverse reac |0n,_ |..e., catalytic onseca Guerra, C.; Baerends, E. J.; Snijders, J. G.; Zieglér Comput.
hydrogenation of carbon monoxide by early transition metals. chem 2001, 22, 931. (b) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.;
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