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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 of theη2-
formaldehyde-metal complex followed by two C-H insertions which leads to metal dihydrides and carbon
monoxide. The competing pathway producing a metal-carbonyl 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 radical by C-O insertion
as well as formyllanthanum by single C-H 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 (n - 1)d1ns2 to (n - 1)d2ns1 promotion
effect is proposed to account for the difference in the formation mechanism of the metal-carbonyl compounds
LaCO and YCO, which may also extend to the reactions of formaldehyde with other “general” group III rare
earth elements including Sc, Ce, Gd, and Lu.

1. Introduction

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.1-3

It is well-established that formaldehyde is the product of
carbon monoxide hydrogenation or methanol dehydrogenation.
As formaldehyde is the key intermediate of these catalytic
reaction chains, its possible transformations are catalytic reac-
tions of interest.4 In addition, formaldehyde is a notorious health
hazard.5 To study its degradation via chemical reactions would
help us to design effective means of eliminating it from air.
Compared to its activity in other common hydrocarbons, the
C-H bond in formaldehyde is more active. For example,
previous study6 has shown that its C-H dissociation energy in
CH2O is remarkably smaller than that for both unsaturated
species like ethylene and acetylene and saturated hydrocarbons
like ethane. This may imply some new characteristics associated
with the ambientπ-electron about the CdO double bond.7

Herein we focus on reactions between formaldehyde and
transition metals, since catalytic hydrogenation of carbon
monoxide as well as C-H activation of aldehyde and ketone
are usually promoted by metal-bearing catalysts. It is well-
documented that metal-formaldehyde complexes8 [M(CH2O)]
are of extensive existence in reactions involving metal com-
pounds and small organic molecules (including methane,
methanol, formaldehyde, acetone, fatty acids, etc.). Furthermore,
M(CH2O) is a simplified yet important model for both catalytic
disassociation of formaldehyde and catalytic hydrogenation of
carbon monoxide in the reverse direction.9,10 Their chemistry

involving both C-O activation and C-H activation, together
with formation of a bimetallic bridged compound (M-CH2O-
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
reactions.

In previous studies involving [M(CH2O)] in the gas phase,
both experimental and theoretical work have paid much attention
to the late transition metals (such as Ni, Co, Cu, Zn, Rh, Pd,
and Ag); on the other hand, the reactions between formaldehyde
and lanthanide belonging to early transition metals have not
drawn much attention. However, some lanthanides (such as La)
have been reported to function as a key promoters11 in catalytic
reactions of oxidation of methane and dehydrogenation of
methanol. Thus, it is necessary to study LaCH2O and its related
transformations. Recently, Stauffer7 et al. have reported the
reaction between formaldehyde and yttrium, which is lantha-
num’s neighbor in group III. The detailed reaction mechanism,
as proposed by Bayse,12 involves initial formation of the
Y-CH2O complex followed by two C-H insertions which
branch out to competing pathways to decarbonyl products and
dehydrogenated products. Because the extremely high reaction
barrier for dehydrogenation is believed to hinder the production
of YCO(2Π), an alternative pathway for the second C-H
insertion which involves a weak (η2-H2)YCO complex and
subsequently direct dehydrogenation has also been proposed by
Bayse. As for La, although the electron configuration (5d16s2)
is similar to that for Y (4d15s2), it is much easier for La to
promote an electron from thens to (n - 1)d orbital (0.33 eV)
than for Y (1.36 eV).13 The resulting (n - 1)d2ns1 configuration
has been regarded to be favorable in activation of hydrocar-
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bons.14 It is thus expected that the reaction between La and
CH2O may have some new features. What is more, the ground
state of LaCO is assigned to be a4Σ state rather than2Π state,15

indicating the dehydrogenation of LaCH2O will be different from
that of YCH2O.

To the best of our knowledge, no studies on the reaction of
the neutral lanthanum atom and formaldehyde in the gas phase
have been reported. Here we present a computational study on
this important model reaction. This study could also help to
depict a general trend on reactions of formaldehyde and
“general” group III elements (including Sc, Y, La, Ce, Gd, and
Lu).

2. Computational Details

Density functional theory (DFT) has been proven to be a
suitable choice for moderately accurate studies of small
molecules in the gas phase at a low cost.16 Thus, our scheme is
to sketch the reaction coordinate first at a DFT level, followed
by accurate couple cluster calculations for energy correction.

All DFT calculations were performed using the Amsterdam
density functional (ADF 2006.01) program.17 The functional
employed in this study is Becke-Perdew (BP86), which
combines Becke’s 1988 exchange functional (B)18 with Perdew’s
1986 gradient corrected correlation functional (P86).19 Although
older than many other popular density functionals, it is well-
documented that BP86 performs well in transition-metal-
containing systems.20 To reduce computing cost, a frozen core
approximation was applied to the 1s of C and O and 1s-4d of
La. The valence orbitals of C, H, O, and La were represented
with a basis set of TZV quality and two polarization functions.21

The scalar-relativistic corrections were carried out by the zero-
order regular approximation (ZORA) method.22 Geometries of
all species were fully optimized, using restricted Kohn-Sham
orbitals23 for closed-shell systems and unrestricted ones for open-

shell systems. Vibrational frequencies and corresponding zero-
point energies (ZPE) were calculated with ADF for each
stationary point. To further analyze reaction path characters,
intrinsic reaction coordinate (IRC)24 calculations were carried
out in both forward and backward directions from transition
states. Then, single point calculation was carried out for each
stationary point by the same DFT method with a larger QZ4P21

basis set for more accurate energies.
On the basis of the geometries obtained from DFT calcula-

tions at the ZORA-BP86/TZ2P level, single-point energy
calculations were performed with the GAUSSIAN 03 program25

using the CCSD(T)26 method. Herein the relativistic effect for
La was described using a relativistic energy-consistent small-
core pseudopotential (Dolg’s SC-ECP) developed by the Stut-
tgart-Dresden group (referred as SDD).27 The 1s-3d shells
were included in the pseudopotential core, while all shells with
a main quantum number larger than 3 were treated explicitly.
Gaussian (14s13p10d8f6g)/[10s8p5d4f3g] segmented contrac-
tion valence basis sets28 were applied in conjunction with Dolg’s
SC-ECP. For light elements (C, H, and O), the cc-PVTZ basis
set29 was used, as suggested by de Jong30 et al.

Energies of all stationary points in the reaction coordinate
are relative to the total energy of La(2D) + CH2O. It is still a
challenging issue to compute the atomic reference energy of
La on the basis of a single-reference determinant wave function.
Here we used Baerend’s method31 to evaluate the ground state
of La at the DFT level. At the CCSD(T) level, a symmetry-
broken wave function was used to evaluate the atomic reference
energy. Energy data within the text below refer to the results
of CCSD(T) calculations unless otherwise specified.

3. Results and Discussion

The energy profiles for the reaction between lanthanum and
formaldehyde are shown in Figure 1. The energies (including

Figure 1. Potential energy profiles for the reaction between La and CH2O calculated at the CCSD(T)/SDD/cc-PVTZ level.
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ZPE correction at the DFT level) relative to La(2D) + CH2O
are listed in Table 1. Mulliken charges, spin densities, and
atomic orbital populations of each stationary point are listed in

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 between La(2D) + CH2O
involves initial formation of the La-H2CO complex (B)
followed by two C-H insertions to form carbonyldihydridola-
nthanum (K ) or carbonyl(η2-dihydrogen)lanthanum (J). Two
sets of products can be produced: one is lanthanum dihydride
(LaH2) formed by the loss of CO, and the other is lanthanum
carbonyl (LaCO) formed by the loss of H2. The former is
favorable in both thermodynamics and kinetics.

The above reaction mechanism for doublet PES is similar to
that of Y(2D) + CH2O.12 However, the formation of LaCO may
be more complicated than that of YCO because YCO may only
involve a doublet state (2Π), while LaCO involves a doublet
state (2Π) as well as quartet state (4Σ). 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 LaCO(4Σ). Besides, there are two possible
products of theoretical interest: one is complex H2CLaO (P),
which can dissociate into carbene and LaO, and the other is
LaCHO (E) after loss of one hydrogen atom in complex
HLaCHO (D). In the following two sections, we will discuss
them in detail.

3.1. DFT vs CCSD(T): Comparison of Relative Energies.
CCSD(T) results are generally regarded as benchmarks for
small-size molecules.16 As shown in Table 1, bonding energies

TABLE 1: Relative Energies (in kcal mol-1) of All
Stationary Points with Respect to Reactants La(2D) + CH2O
at Different Levels

ZORA-BP86/
TZ2P

ZORA-BP86/
QZ4P

CCSD(T)/SDD/
cc-PVTZa

species doublet quartet doublet quartet doublet quartet

B -77.5 -47.6 -79.8 -49.4 -65.4 -34.4
C -51.1 -16.5 -53.0 -18.2 -37.7 -0.9
D -59.7 -18.0 -61.7 -19.6 -45.8 -4.7
E 2.5 0.60 16.5
G -34.9 -6.8 -37.6 -9.2 -21.1 13.8
I -46.7 -21.1 -47.9 -22.7 -38.3 -6.4
T -41.9 -18.5 -43.1 -20.1 -27.9 -0.5
K -52.6 -35.6 -53.7 -37.2 -41.6 -20.2
L -27.4 -28.7 -7.6
N -28.4 -29.2 -26.6
F -19.2 -11.3 -21.2 -13.2 -1.8 10.4
R -19.9 -22.9 -22.1 -24.1 -4.5 -8.8
S -19.0 -20.3 -21.0 -22.0 -1.5 -0.8
J -35.4 -35.0 -37.2 -35.8 -18.2 -20.7
M -22.7 -34.9 -23.8 -36.2 -14.9 -21.4
O -55.4 -58.5 -38.4
P -84.5 -87.8 -71.1
Q -4.9 -20.3 -8.7 -23.7 -0.42 -10.2

a Small core SDD basis set is used for La, and the cc-PVTZ basis
set is used for C, H, and O.

TABLE 2: Mulliken Charges, Spin Densities, and Populations for La(2D) + CH2O Stationary Points at the BP86/TZ2P Level
with All Values in au

Mulliken charge (spin density)a atomic orbital populatn of La

species La C O H Hb 6s 6p 5d 4f

CH2O 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
I 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) 0.03 -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 (0.91) -0.67 -0.17 -0.14 0.115 0.000 1.435 0.356

a Spin densities are in parentheses, and only absolute values larger than 0.1 are presented.b The first hydrogen atom that transfers.

TABLE 3: Mulliken Charges, Spin Densities, and Populations for La(4F) + CH2O Stationary Points at the BP86/TZ2P Level
with All Values in au

Mulliken charge (spin density)a atomic orbital populatn of La

species La C O H Hb 6s 6p 5d 4f

CH2O 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) -0.55 (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 (2.17) 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) 0.01 -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 presented.b The first hydrogen atom that transfers.
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for open-shell species at the ZORA-BP86/QZ4P level are
generally 15.0( 5.0 kcal mol-1 larger than those at the CCSD-
(T)/SDD/cc-PVTZ level. Since the error bar of the QZ4P basis
set is less than 1.0 kcal mol-1,21 the basis set error does not
account for the error discussed here. Thus, the main error source
should be from the functional we used. It is well-documented
that pure-DFT methods are prone to overestimate bonding
energies and underestimate barrier heights.32 Meanwhile, it is
notable that reaction trends are nearly the same for both DFT
and CCSD(T) levels. The above two aspects indicate that initial
geometric optimization at the DFT level followed by energy
corrections at the CCSD(T) level is an appropriate choice for
reactions discussed in this paper.

3.2. Reaction Pathway to LaH2 + CO. At the initial reaction
step, the doublet lanthanum atom attaches to formaldehyde
without an energy barrier, forming aπ-complexB which is
-65.4 kcal mol-1 lower than the reactants. The high exother-
micity of the reaction may be due to the highly oxophilic33

character of lanthanum.B has the structure of the so-called
“metallepoxide”, like its counterpart YCH2O.12 Because both
C and O have some bonding with La, the C-O bond (1.459 Å)
is weakened and becomes a single bond. The electron transfer
from La to C may also, to some extent, stabilize this complex
by decreasing the positive charge on C. However, the unpaired
electron still locates on La as indicated by spin density distribu-
tion, which can facilitate the subsequent C-H bond dissociation.

At the second step, La inserts into one C-H bond forming
intermediate (IM)D via transition stateC with an energy barrier

of 27.7 kcal mol-1. To facilitate the C-H insertion by La,
the CH2O moiety in IM D needs to be twisted by about 70°
around the C-O bond, concerted by breaking of the C-H bond
(2.039 Å in TSC) and forming of the La-H bond (2.093 Å in
TS C). The Mulliken charge distribution as presented in Table
2 shows that electron continues to flow from La to C and the
transferring H, causing the spin density on La to decrease
remarkably.

There are three possible pathways from IMD (see Figure 1)
leading to three types of products, which are dehydrogen product
E, dedihydrogen productM , and decarbonyl productN. Among
the three pathways, decarbonyl pathway is the most favorable
one for it overcomes the lowest energy barriers and releases
the most heat.

Transforming fromD to M involves two transition states (G
andT) and two intermediates (I andK ). Both TSC and TSG
lead to H-transfer, but the patterns of C-H bond activation are
much different. From the view of geometric change, the breaking
C-H bond (2.039 Å) in TSC is about two times the length of
the normal C-H bond, while its counterpart (1.187 Å) in TS
G is just slightly longer than the normal C-H bond. From the
view of charge distribution, the former, involving a substantial
increase of positive charge on La, can be considered as an
oxidative addition of metal, while the latter, resulting in little
change of charge on La and some charge transfer from leaving
H to C, can be considered as a hydride shift. The difference in
natures of two C-H insertions may be due to the deficiency of
5d electrons of La, similar to Y.12

Figure 2. Selected geometric parameters for stationary points on the reaction coordinate of lanthanum and formaldehyde. Bond lengths are given
in Å, and the point group for each species is given in parentheses.
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IM I , which has not been located in the previous study of Y
+ CH2O, is a direct product from IMD via TSG as confirmed
by IRC analysis. The C-O bond inI is 1.204 Å, slightly shorter
than a typical side-on carbonyl ligand. It can easily convert to
a terminal carbonyl ligand via TST, forming a more stable
IM K .

IM K , formed from the LaH2 moiety and CO moiety, has a
C2V symmetry. Meanwhile, the geometry of the LaCO moiety
(La-C, 2.504 Å; C-O, 1.166 Å) is close to that of isolated
doublet LaCO (La-C, 2.495 Å; C-O, 1.160 Å). Thus, this
complex may be viewed as either carbonyl dihydridolanthanum
or carbonyllanthanum dihydride. Consequently, there are two
competing ways of decomposition forK : loss of CO; loss of
H2. The decarbonyl products are 26.6 kcal mol-1 below the
reactants, more favorable in energy. The loss of carbonyl is ex-
pected to be barrierless, similar to that of the Y+ CH2O reac-
tion.12 The resulting lanthanum dihydride is in the2A1 state.
The calculated LaH stretching frequencies of LaH2 are 1330
and 1365 cm-1, close to experimental values34 of 1283 and 1321
cm-1.

3.3. Reaction Pathways to LaCO+ H2. As mentioned
above, the dehydrogenation pathways are more complicated,
since the quartet state rather than doublet state is the ground
state of LaCO. In line with previous study,15 our calculation
results also indicate that LaCO(4Σ) is lower than LaCO(2Π) in
energy by 12.4 kcal mol-1 at the ZORA-BP86/QZ4P level while
it is lower by 6.5 kcal mol-1 at the CCSD(T) level. In addition,
the computedν(CO) frequency in LaCO(4Σ) is 1799 cm-1, in
excellent agreement with the experimental value of 1772.7
cm-1,35 while theν(CO) frequency in LaCO(2Π) is 1918 cm-1,
remarkably larger than the observed value in the experiment.
Therefore, we must investigate quartet PES as well as doublet
PES to manifest a reasonable reaction mechanism for the
production of LaCO.

3.3.1. Doublet LaCO.The first pathway leading to H2 and
LaCO (2Π) is the decomposition ofK via TSL with an energy
barrier of 34.0 kcal mol-1. L is still below reactants by-7.6
kcal mol-1, and the barrier fromK to L is substantially lower
than the corresponding barrier in the Y+ CH2O reaction. The
reason for the difference should be investigated through changes
in electronic structures underlined in geometric changes. It is
expectable that the similarity in the electron configuration of
H2LaCO and H2YCO can lead to the similarity in the electron
redistribution process when losing the H2 moiety. Both La and
Y bond with H atom via an sd hybrid orbital. When the M-H
(M ) La, Y) bond dissociates, the electron contributed by the
metal atom will flow back to itsns orbital. This is regarded by
Bayse12 as a forbidden process since it involves jumping a pair
of electrons from aπ-type orbital toσ-type orbital on Y and
thus requires a high energy barrier (47.3 kcal mol-1 at the
CASPT2 level). In comparison, this energy barrier (fromK to
L ) for La + CH2O is 34.0 kcal mol-1. Since La has a much
smaller promotion energy forns f (n - 1)d excitation, it is
probable that interconversions between s2d1 and s1d2 subcon-
figurations are much easier for La, leading to a lower barrier
for this “forbidden” process on H2LaCO. On the basis of this
inference, we argue that it is not impossible that the dehydro-
genation barrier for H2LaCO is remarkably lower than the
similar barrier for H2YCO. We hope that our argument could
provide ground work toward full understanding of this com-
plicated dehydrogenation reaction.

The second pathway is fromD to R and then toJ and then
the loss of H2. As mentioned above, the second C-H bond is
broken by La in terms of H-transfer. The resulting intermediate

is either H2La(η2-CO) (I ) if this H atom bonds with a La atom
or (η2-H2)La(η2-CO) (R) if this H bonds with the other H atom.
IM R is a weakly bound complex between LaCO and H2. Our
IRC calculation36 indicates that the two H atoms first rotate into
the La-C-O plane before they approach each other. The
formation of the H-H bond (1.030 Å) accompanies the breaking
of the C-H the bond (1.683 Å), first resulting in a planar
complex ofη2-carbonyl(η2-dihydrogen)lanthanum. Due to the
flexibility of the H2 moiety, the complex can adopt a foldinglike
conformation (R) by the swing of the H2 ligand before
converting into IMJ. The side-on carbonyl ligand turns into
an end-on one, overcoming an energy barrier of only 3.0 kcal
mol-1. The H-H distance (0.887 Å) inJ is close to that of
free H2 (0.749 Å). Since H2 is a good leaving group,J can
decompose into doublet LaCO and H2 easily. In addition, the
H2 moiety inR may also leave directly, producing doublet La-
(η2-CO). This side-on carbonyl complex will eventually convert
into end-on carbonyl complex because the former is less stable
than the latter.15

3.3.2. Quartet LaCO.In this subsection we will discuss the
loss of H2 on the quartet PES. The capital letters with a prime
represent the stationary points on the quartet PES.

The Mulliken population data (in Tables 2 and 3) indicate
that, throughout the reaction, the 5d population of La is around
1.50 in both doublet and quartet states while the 6s popula-
tion is obviously higher in the quartet state than in the doublet
state. These trends reflect similarities and differences of reac-
tions in two spin states. On one hand, it is more likely that it is
La(d2s1) rather than La(d1s2) that reacts with CH2O on both
doublet and quartet PES as suggested by the 5d population
of La. The main reason is that sf d excitation can enhance
the bonding abilities of La. On the other hand, La shows a
higher bonding capacity with other atoms in doublet species
than in quartet species. As shown in Figure 2, the La atom in
the doublet species can form as many as three covalent bonds
(such as IMP), while in the quartet species it can only form
one covalent bonds (such as IMD′). This is because the high-
spin state usually means more unpaired electrons and thus
less bonding electrons, which often make the species in the
high-spin state less stable than their counterparts in the low-
spin state.

The reaction on quartet PES also starts with complexB′
between La and CH2O, in which the La atom bonds with O
atom via a head-on attachment. The forming ofB′ has no
energy barrier, andB′ lies 34.4 kcal mol-1 below the doublet
reactantsA. In this process, some electrons transfer from
La atom to carbonyl ligand, as indicated by the changes of
both the charges and spin densities on La and C atoms (see
Table 3). At the same time, the formation of the La-O bond
(2.132 Å) substantially weakens the CdO bond (lengthened to
1.327 Å).

Then, La inserts into one C-H bond via TSC′, forming IM
D′. In quartetC′, the C-H bond (2.512 Å) is completely broken,
accompanied by the formation of a La-H (2.082 Å) single bond.
Compared to the doubletD, the LaH moiety bonds with the
CHO moiety by a much weaker d-π interaction. InD′, the
La-O distance (2.317 Å) is much shorter than the La-C
distance (2.630 Å) owing to La’s oxophilicity. FromB′ to D′,
the electron continues to flow from La to the carbonyl ligand
as well as the H atom bonded to La. Therefore, this step can be
viewed as an oxidative addition, the same nature as the first
C-H insertion in doublet PES.

If one starts from IMD′, there are two competing pathways
to form two more stable intermediates (K ′ andJ′), respectively,
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and both intermediates finally dissociate into H2 and quartet
LaCO.

D′ converts toR′ through TSF′. The barrier corresponding
to F′ (15.1 kcal mol-1) is much lower than that corresponding
to F (44.0 kcal mol-1), but F′ is still 12.2 kcal mol-1 higher in
energy thanF because the parentD′ is 41.1 kcal mol-1 higher
thanD. F′ is close toF in geometry, except that the C-H bond
in the former (1.235 Å) is 36% shorter than that in the latter
(1.683 Å), while the H-H bond in the former (1.337 Å) is 30%
longer than that in the latter (1.030 Å), indicating thatF′ is an
early transition state whileF is a late transition state. FromF′,
a stable complexR′ is directly formed, which is a weakly bound
complex between LaCO and H2 with a side-on bonding of H2.
The planar structure, obtained by directly breaking the C-H
bond in TSF′, however, is not an intermediate but a TS with
an imaginary frequency of 132 cm-1 for the twisting of H2

moiety. IRC analysis indicates thatR′ needs to adopt an
asymmetric conformation36 before its isomerization to the end-
on carbonyl complexJ′. As a weakly bound complex of the
side-on H2 moiety and the quartet LaCO moiety,J′ can easily
decompose into H2 and LaCO(4Σ). During the continuous
transformations fromD′ 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 compoundJ′, R′ can
also form a quartet side-on La(η2-CO) compound via direct loss
of H2; yet La(η2-CO) will ultimately convert into LaCO, similar
to its doublet counterpart.

D′ can also convert toI ′ through an asymmetric TSG′ in
which the dihydrogen group is nearly coplanar with La and C
by an 11.9° H-La-C-H′ dihedral angle. The barrier fromD′
to G′ is 3.4 kcal mol-1 higher than that fromD′ to F′ and the
resulting IM I ′ is 2.4 kcal mol-1 higher than IMR′, implying
that D′ f I ′ is less favorable thanD′ f R′ for the second
C-H insertion. However,R′ and I ′ are both weakly bound
complexes between La(η2-CO) and H2, 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 TST′. A quartet
carbonyl(η2-dihydrogen)lanthanum (K ′) is thus formed. As a
weak complex of H2 and LaCO(4Σ), it is also easy forK ′ to
lose H2 directly.

3.3.3. Doublet-Quartet Crossing.Because quartetF′ and
doubletF have similar geometries and the resulting quartetR′
is 4.3 kcal mol-1 lower than doubletR, the F′ f R′ step is
most likely to be involved in spin crossing with theF f R
step. To better understand the property of the crossing seam
between the two potential energy surfaces, we employ the same
approach as proposed by Yoshizawa et al.37 The main idea of
the approach is to evaluate energy-minimum and -maximum
crossing points by performing a series of single-point computa-
tions in one spin state on the basis of the geometrical changes
along the IRC in another spin state and vice versa. It should be
noted that the crossing points obtained in this way cannot tell
us the precise energy and structure of lowest energy crossing
point though it provides a reasonable range of the crossing
seam.37

The solid and the dotted lines in Figure 3a depict the potential
energy profiles of the doublet and the quartet PES, respectively,
on the basis of the geometries located along the doublet IRC.
As shown in Figure 3a, the crossing point CP1 is located in the
very vicinity of no. 6 point36 with energy of-19.7 kcal mol-1

relative to the initial doublet reactants at the ZORA-BP86/TZ2P
level. This point, whose geometry is close to that ofR, has a
dissociating C-H bond of 2.098 Å and a forming H-H bond

of 0.845 Å. 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 point36 along the quartet
IRC as shown in Figure 3b. This point is-15.9 kcal mol-1

below the reactants at the ZORA-BP86/TZ2P level, with a
breaking C-H bond of 1.552 Å and a forming H-H bond of
0.910 Å. The estimated CP2 is the energy-maximum crossing
point. Thus, there would be a crossing region between CP1 and
CP2 where the reaction system is most likely to jump from
doublet to quartet PES.

We also investigate some other possible crossing regions. It
is noticed thatI ′ f K ′ has similar geometric change asR f J,
and the former crosses with the latter twice in energy changes.
However, no crossing points are found in this region through
the same approach as used above, suggesting that there may be
no spin conversion in this region from quartet state to doublet
state and vice versa. In addition, there is probably some spin
crossing in the region ofK f L f M andJ′ f M ′ because
the weakly bound complexes of H2 and LaCO in both doublet
state and quartet state are quite close in energies and geom-
etries.36

Our discussion on the production of H2 and LaCO can be
summarized as that reaction system may jump from doublet to
quartet states in the vicinity of (η2-H2)La(η2-CO) to form
intermediates more stable toward H2 and quartet LaCO.

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.
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3.4. Reaction Pathway to H+ LaCHO. Besides a second
C-H insertion to form dihydro complexes (K and J), IM D
can also directly form formyllanthanum by losing a H atom.
This reaction is highly endothermic (∆EDK ) 61.0 kcal mol-1),
and the products are 16.5 kcal mol-1 higher than the initial
reactants; therefore, it is an unfavorable reaction pathway,
similar to the formation of formylyttrium.12 It should be noted
here that the electronic ground state of the product formyllan-
thanum is in triplet state rather than in singlet state. In triplet
LaCHO, La has an electron population similar to that in the
parent HLaCHO as indicated by the Mulliken population
analysis.

3.5. Reaction Pathway to LaO+ CH2. Due to the high
oxophilicity of La, insertion of a La atom into the CdO bond
is entirely possible. As shown in Figure 2, the C-O bond can
be dissociated by La atom via TSO, resulting in the most stable
complexP on the doublet PES (∆EAP ) -71.1 kcal mol-1).
The barrier for the C-O insertion is 27.0 kcal mol-1, slightly
smaller than that for the C-H insertion. As shown in Table 2,
during the forming of the La-O and La-C bond as well as the
breaking of the C-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 La-C distance inP is
2.515 Å, indicating a single La-C bond. The La-O distance
in P is only 0.026 Å longer than that of the free LaO. Such
geometric characteristics indicate thatP is more likely a complex
between LaO and CH2 than a complex between O and LaCH2.
Orbital analysis forP indicates that the La-C single bond is
formed by the SOMO (σ1) of LaO (σ2π4σ1)38 and the SOMO
(a1) of CH2 (a1

2b2
2a1

1b1
1). Therefore, the resulting SOMO is

located on the C atom rather than on the La atom; this bonding
character is a feature distinctive from other intermediates and
may be utilized for the elongation of carbon chain via reactions
of P with other organic molecules. Meanwhile, it is difficult
for P to dissociate into LaO and CH2 (Q) because the process
is rather endothermic (∆EQR ) 79.1 kcal mol-1); thus, LaO+
CH2 are also the minor products of the reaction between La
and CH2O.

3.6. Electronic Structures of MCO (M ) Sc, Y, La, Ce,
Gd, and Lu) and Their Implications on the Reaction
Mechanisms between M and CH2O. Since lanthanum and
yttrium are both in group III and both have the same valence
electronic structure (n - 1)d1ns2, they are supposed to have
much in common in the reaction with formaldehyde, as has been
discussed above. However, the huge difference in thens f (n
- 1)d promotion energy leads to two different reaction patterns
in the formation of a metal-carbonyl compound: For La, the
ground state of LaCO is quartet state, while the ground state of
the reactants is a doublet state, suggesting a PES of high spin
state must be involved and thus spin conversion must occur in
some region; for Y, the ground state of YCO is doublet state,
suggesting a high spin state may not need to be involved.
Moreover, the MCO compound (M) Sc, Y, La, Ce, Gd, and
Lu) can be sorted into two groups since these elements have
the same d1s2 valence electron configurations but different sf
d promotion energies (see Table 4): one is in low-spin state
(like YCO), including YCO and LuCO; the other is in high-
spin state (like LaCO), including ScCO, LaCO, CeCO,39 and
GdCO.40 Consequently, formation of MCO can also be grouped
into a YCO-like mechanism that may involves only low-spin
state and LaCO-like mechanism that involves high-spin state
as well as low-spin state.

Here we mention an interesting phenomenon that Sc and Y
have similar sf d promotion energies but the ground states of

their carbonyl complexes are different. The ground state of
ScCO(4Σ) has been well-confirmed by electron spin resonance
(ESR) spectroscopy41 as well as highly accurate theoretical
calculation.42 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 Jeung,43 only the
high-spin state of YCO has been considered, while, in the work
of Siegbahn,44 it only mentioned that “the yttrium atom also
uses its s2-state to form the bond of Y(CO)”. Meanwhile, our
own DFT calculations predict aν(CO) frequency for YCO(2Π)
at 1930 cm-1, which is in line with the experimentally observed
frequencies (1874.1 and 1869 cm-1) as assigned by Zhou et
al.45 In comparison, the computedν(CO) frequency for YCO-
(4Σ) is 1809 cm-1. Thus, considering that DFT methods often
overestimate vibrational frequencies, the2Π state is probably
the most competitive candidate for the ground state of YCO
and highly accurate theoretical studies are needed to clarify this
problem. To understand the difference between neutral Sc and
Y atoms, one can also look at their cationic carbonyl complexes
for some indirect evidence. The ground state of ScCO+ is the
3∆ state derived from the 3d14s1(3D) Sc+ ground state, while
the ground state of YCO+ is the 1Σ+ state derived from the
5s2(1S) Y+ ground state.46 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
back-donation in Y than in Sc. Anyhow, we raise some questions
here and hope that this work would provide ground for further
studies.

4. Summary

Density-functional calculations, followed by correlation cor-
rections at the CCSD(T) level, have been performed to explore
the decomposition of formaldehyde in the assistance of lantha-
num atom, and comparison is made to the Y+ CH2O reaction.
In summary, pathways leading to four groups of products have
been studied in detail:

At the CCSD(T) level, group 1 products are predicted to be
the most favorable products from both thermodynamic and
kinetics, followed by the competing group 2 products in a high-
spin state. To explain the formation of quartet LaCO, a potential
energy profile in the quartet state is also mapped and the possible
spin-crossing region is estimated by a simple approach. Group

TABLE 4: Comparison of the Electronic Ground State of
MCO in Which the Rare Earth Atom M All Have the Same
Valence Subconfiguration d1s2

element
electronic confign

of the element
PE

(kcal mol-1)a
electronic confign

of the MCO compd

Sc 3d14s2 33.0 1π42σ22σ12π2

Y 4d15s2 31.4 1π42σ22σ22π1

La 5d16s2 7.6 1π42σ22σ12π2

Ce 4f15d16s2 6.7 4f11π42σ22σ12π2

Gd 4f75d16s2 18.2 4f71π42σ22σ12π2

Lu 4f145d16s2 54.0 4f141π42σ22σ22π1

a Promotion energy from (n - 1)d1ns2 to (n - 1)d2ns1.

La(2D) + H2CO f LaH2 + CO (1)

f LaCO(4Σ) + H2 (2)

f LaCHO+ H (3)

f LaO + CH2 (4)
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3 products are the least favorable products because the products
have highest energies among all the four groups of products.
Pathways leading to product groups 1-3 have previously been
studied for Y+ CH2O (except for the pathways in the quartet
PES). In addition, a previously unexplored pathway leading to
metal monoxide and a carbene radical (group 4) has also been
studied in this work. Group 4 products are not major products
since the parent complex OLaCH2 is quite stable and the
dissociation energy is also large.

The potential energy profiles obtained at the DFT level are
qualitatively in good agreement with those obtained at the
CCSD(T) level, except that group 2 products, instead of group
1, are predicted to be the most stable products. The discrepancies
can be accounted by a previous conclusion47 that DFT methods
favor d-rich species and overestimate their bonding energies.

The major difference between La+ CH2O reactions and Y
+ CH2O reactions, as mentioned above, is the involvement of
the quartet PES for the former and possibly none for the latter.
According to the electronic ground state of the metal carbonyl
compound, the rare earth elements bearing fNd1s2 ground states
(N ) 0, for Sc;N ) 1, for Ce;N ) 7, for Gd;N ) 14, for Lu)
can be sorted into two groups: The first one involves a d2s1

subconfiguration bonding with CO, including Sc, La, Ce, and
Gd; the second one involves a d1s2 subconfiguration bonding
with CO, including Y and Lu. Therefore, the reaction between
elements in the first group with CH2O involves high-spin
potential energy surface and the cross between the high-spin
and low-spin PES, while the reaction between elements in the
second group and CH2O may not need the involvement of high-
spin PES.

In summary, our study provides some new features of reac-
tions between group III La atoms and formaldehyde, extending
the previous study of Y+ CH2O reactions. We hope these
results will not just advance our understanding about how early
transition metals aid the dissociation of formaldehyde but also
shed light on the mechanism of its reverse reaction, i.e., catalytic
hydrogenation of carbon monoxide by early transition metals.
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