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Spectroscopy and formation of lanthanum-hydrocarbon
radicals formed by C−−H and C−−C bond activation
of 1-pentene and 2-pentene
Wenjin Cao, Yuchen Zhang, Silver Nyambo, and Dong-Sheng Yanga)
Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506-0055, USA

(Received 18 January 2018; accepted 26 June 2018; published online 16 July 2018)
La atom reactions with 1-pentene and 2-pentene are carried out in a laser-vaporization molecular beam
source. The two reactions yield the same metal-hydrocarbon products from the dehydrogenation and
carbon–carbon bond cleavage of the pentene molecules. The dehydrogenated species La(C5 H8 ) is
the major product, whereas the carbon–carbon bond cleaved species La(C2 H2 ) and La(C3 H4 ) are
the minor ones. La(C10 H18 ) is also observed and is presumably formed by La(C5 H8 ) addition to a
second pentene molecule. La(C5 H8 ) and La(C2 H2 ) are characterized with mass-analyzed threshold
ionization (MATI) spectroscopy and quantum chemical computations. The MATI spectra of each
species from the two reactions exhibit the same transitions. Adiabatic ionization energies and metalligand stretching frequencies are determined for the two species, and additional methyl bending
and torsional frequencies are measured for the larger one. Five possible isomers are considered for
La(C5 H8 ), and a C1 metallacyclopentene (Iso A) is identified as the most possible isomer. La(C2 H2 )
is confirmed to be a C2v metallacyclopropene. The ground electronic state of each species is a
doublet with a La 6s1 -based electron configuration, and ionization yields a singlet state. The formation of the lanthanacyclopentene includes La addition to the C==C double bond, La insertion into
two C(sp3 )−−H bonds, and concerted dehydrogenation. For the 2-pentene reaction, the formation
of the five-membered ring may also involve 2-pentene to 1-pentene isomerization. In addition to
the metal addition and insertion, the formation of the three-membered metallacycle from 1-pentene
includes C(sp3 )−−C(sp3 ) bond breakage and hydrogen migration from La to C(sp3 ), whereas its
formation from 2-pentene may involve the ligand isomerization. Published by AIP Publishing.
https://doi.org/10.1063/1.5022771

I. INTRODUCTION

Selective metal-catalyzed activation and functionalization of C−−H and C−−C bonds in organic molecules are a
grand challenge in chemistry. The goal of designing selective
and effective metal agents for such reactions has stimulated
extensive research activities in solution1–9 and gas10–23 phase
chemistry. Gas-phase studies of metal-mediated hydrocarbon
activation provide an efficient means to investigate fundamental reactivity patterns, reaction paths, and structure-reactivity
relationships without interferences from solvents and counterions. Such studies are also pertinent to recent studies on
single-metal-atom catalysis, which maximizes the atom efficiency of expensive metals and provides an alternative strategy
to tune the activity and selectivity of a catalytic reaction.24–36
Previous experimental studies in the gas phase were largely
focused on the measurements of reaction kinetics and thermodynamics obtained with mass spectrometry-based techniques,10–23 which are essential for understanding how metal
centers activate thermodynamically stable C−−H and C−−C
bonds. The other critical piece of information is the geometries
and electronic states of reaction intermediates and products.
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However, spectroscopic measurements of metal-hydrocarbon
species formed through bond cleavage and coupling meet
substantial challenges because the reactive species are often
produced with a low number density and in electronically
open shells. Although quantum chemical calculations can
be used to predict the structures and electronic states for
such species, a reliable prediction of low-energy electronic
states and molecular structures of transition-metal or f-block
organometallic species is complicated by multiple low-energy
structural isomers of each species and many low-energy states
or spin-orbit levels of each isomer. Therefore, a reliable identification of structural isomers and electronic states generally requires confirmation by spectroscopic measurements.
Metal ion-hydrocarbon species were largely investigated with
infrared or ultraviolet-visible photodissociation or photoelectron spectroscopy,37–57 whereas metal atom-hydrocarbon radicals were mainly studied through resonant two-photon ionization and dispersed fluorescence58–61 and Fourier transform microwave spectroscopy.62 We have recently reported
the mass-analyzed threshold ionization (MATI) spectroscopy
and formation of the metal-hydrocarbon radicals produced
by the lanthanide-mediated C−−C and C−−H bond activation of several small alkenes and alkynes.63–71 Our studies
have demonstrated that the combination of the MATI spectroscopic measurements with theoretical computations is a
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powerful approach to investigate transient metal-hydrocarbon
species.
In our previous MATI spectroscopic measurements of
La reactions with ethylene,65 propene,67,68 and butenes,70 we
investigated the structures and formation of La-hydrocarbon
radicals formed by dehydrogenation, metal insertion, and
C−−C bond cleavage and coupling reactions. For the La
+ ethylene reaction, we observed lanthanacyclopropene
[La(CHCH)] from dehydrogenation and lanthanacyclopentene [La(CH2 CHCHCH2 )] from C−−C bond coupling. For
the propene reaction, we identified two isomers of La(C3 H4 )
as methyl-lanthanacyclopropene [La(CHCCH3 )] and lanthanacyclobutene [La(CHCHCH2 )] from dehydrogenation,
La(C3 H6 ) as H−−La(η3 -allyl) from La insertion, La(CH2 )
as a Schrock-type metal carbene from C−−C bond cleavage, and two isomers of La(C4 H6 ) as lanthanacyclopentene
[La(CH2 CHCHCH2 )] and trimethylenemethanelanthanum
[La(C(CH2 )3 )] from C−−C bond coupling. For the butene
reactions, we identified the two isomers of La(C4 H6 ) from
the hydrogenation of 1-butene, which are the same as those
from the C−−C coupling of propene, but only a single isomer
from the dehydrogenation of either 2-butene or isobutene. In
this article, we report the MATI spectroscopy and formation
of La–hydrocarbon species formed by the dehydrogenation
and C−−C bond cleavage of 1-pentene and 2-pentene. Pentene reactions with transition metal ions have been extensively investigated with various mass-spectrometry based
measurements.10,72–79 The general observations from these
reactions are the preference of dehydrogenation, often multiple, by early transition or lanthanide ions (e.g., Sc+ , Ti+ , V+ ,
Nb+ , Mo+ , W+ , Gd+ , Pr+ ) and the inclination of losses of ethylene and propene by later transition ions (e.g., Fe+ , Co+ , Ni+ ).
Despite the extensive early studies, electronic spectroscopy
of metal-hydrocarbon species formed in such reactions is
unknown, which could be used to probe state-specific structures and energetics of these reactive species that are critical
for better understanding metal-mediated C−−H and C−−C bond
activation. To our knowledge, these are the first vibronic spectroscopic measurements of metal radicals formed by the C−−H
and C−−C bond activation of pentenes.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The metal-cluster beam instrument used in this work
consists of reaction and spectroscopy vacuum chambers and
was described in a previous publication.80 Metal-hydrocarbon
reactions were carried out in a laser-ablation metal cluster
beam source. 1-pentene (≥98.5%, Aldrich) or 2-pentene (cis
and trans mixture, 99%, Aldrich) was seeded in a He (99.998%,
Scott Gross) carrier gas with a pentene:He molar ratio of
∼1 × 10−3 in a stainless steel mixing cylinder. La atoms were
generated by pulsed-laser (Nd:YAG, Continuum Minilite II,
532 nm, ∼2.0 mJ/pulse) ablation of a La rod (99.9%, Alfa
Aesar) in the presence of the pentene/carrier gas mixture (40
psi) delivered by a home-made piezoelectric pulsed valve. The
metal atoms and gas mixture entered into a collision tube
(2 mm diameter and 2 cm length) and were then expanded
into the reaction chamber, collimated by a cone-shaped skimmer (2 mm inner diameter), and passed through a pair of
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deflection plates. Ionic species in the molecular beam that were
formed by laser ablation were removed by an electric field
(100 V cm−1 ) applied on the deflection plates, and masses
of neutral products were measured with photoionization TOF
mass spectrometry.
Prior to the MATI measurements, photoionization efficiency spectra were recorded to locate an approximate ionization threshold to guide MATI scans. In the MATI experiment,
metal-hydrocarbon radicals were excited to high-lying Rydberg states in a single-photon process and ionized by a delayed
pulsed electric field. The excitation laser was the frequency
doubled output of a tunable dye laser (Lumonics HD-500)
pumped by the third harmonic output (355 nm) of a Nd:YAG
laser (Continuum Surelite II). The laser beam was collinear
and counter propagating with the molecular beam. The ionization pulsed field (320 V cm−1 ), which was also used for
accelerating ions into the field free region, was generated
by two high voltage pulse generators (DEI, PVX-4140) and
delayed by ∼20 µs from the laser pulse by a delayed pulsed
generator (SRS, DG645). A small dc field (6.0 V cm−1 ) from
another power supply (GW INSTEK, GPS-30300) was used
to separate the ions produced by direct photoionization from
the MATI ions generated by delayed field ionization. The
MATI ion signal was obtained by scanning the tunable dye
laser, detected by a dual microchannel plate detector, amplified by a preamplifier (SRS, SR445), visualized by a digital
oscilloscope (Tektronix TDS 3012), and stored in a laboratory computer. Laser wavelengths were calibrated against
titanium atomic transitions in the MATI spectral region, and
the calibration was done after recording the MATI spectra.81
The Stark shift on the adiabatic ionization energy (∆AIE)
induced by the dc field (Ef ) was calculated using the relation of ∆AIE = 6.1Ef 1/2 , where Ef is in V cm−1 and ∆AIE
is in cm−1 .82
The density functional theory (DFT) method with the
B3LYP hybrid functional83 was used to calculate the equilibrium geometries and vibrational frequencies of La(C5 H8 ),
La(C2 H2 ), and the free ligands. The basis sets used in
these calculations were 6-311+G(d,p)84 for C and H and
the Stuttgart/Dresden (SDD)85 effective-core-potential basis
set with 28-electron core for La. We have extensively used
the DFT/B3LYP method and found that this method generally produced adequate results for spectral and structural
assignments of organometallic radicals.63–70,86 No symmetry
restrictions were imposed in initial geometry optimizations,
but appropriate point groups were used in subsequent optimizations to help identify electronic symmetries. The geometry of each stationary point was obtained through a relaxed
potential energy surface scan along the proposed reaction
coordinates. The relaxed scan involved the scanning of bond
distances for bond breakage or dihedral angles for atom or
group reorientation, and the structure of each point of the scan
was optimized using the Berny algorithm. For each optimized
stationary point, a vibrational analysis was performed to identify the nature of the stationary point (minimum or saddle
point). Energy minima connected by a transition state were
confirmed by intrinsic reaction coordinate calculations. All
calculations were performed with the Gaussian 09 software
package.87
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To compare with the experimental MATI spectra, multidimensional Franck-Condon (FC) factors were calculated
from the equilibrium geometries, harmonic vibrational frequencies, and normal coordinates of the neutral and ionized
complexes.88 In these calculations, the recursion relations
from the study of Doktorov et al.89 were employed, and the
Duschinsky effect90 was considered to account for a possible
axis rotation from the neutral complex to the cation. Spectral
simulations were obtained using the experimental line width
and Lorentzian line shape. Transitions from excited vibrational
levels of the neutral complex were considered by assuming
thermal excitation at specific temperatures.

III. RESULTS AND DISCUSSION
A. TOF mass spectra and La-hydrocarbon species

Figure 1 displays the TOF mass spectra of the ablated La
beam seeded in pure He (a) and La reactions with 1-pentene (b)
and 2-pentene (c). The mass spectrum with He shows a strong
LaO peak and a small La atomic peak. The weak atomic peak
is largely due to its IE (5.5769 eV) that is higher than the
single photon energy. Because of low ablation laser power,
no La clusters were produced except for very small amounts
of La2 , La2 C, and La2 O1,2 . La oxides could be formed by
La reactions with oxygen that is present in the carrier gas as
an impurity or by laser vaporization of La oxide impurity in
the La rod,63–69 whereas the La carbide could be associated
with La reactions with the vapor of diffusion pump oil. The
mass spectra from the two pentene reactions are essentially the
same and show a predominant product La(C5 H8 ), a significant
amount of La (C10 H18 ), and two minor species La(C2 H2 ) and
La(C3 H4 ). LaO is still present in the spectrum, but its intensity
is weaker than that with He only. The reduced amount of LaO
is likely due to the La reaction with pentene molecules, which
reduces the number of La atoms available for the La + O2 reaction to form LaO. La(C5 H8 ) is formed by the loss of H2 from
pentenes, and La(C2 H2 ) and La(C3 H4 ) are formed by the C−−C
cleavage of the pentene molecules with the loss of propane
or ethane. La(C10 H18 ) is presumably an adduct formed by
the reaction of La(C5 H8 ) with a second pentene molecule

FIG. 1. TOF Mass spectra of La + He (a), La + 1-pentene/He (b), and La +
2-pentene/He (c) recorded with 239 nm photoionization. The molar ratio of
pentene:He in each mixture is ∼1 × 10−3 .

J. Chem. Phys. 149, 034303 (2018)

[i.e., La(C5 H8 )(C5 H10 )]. The observation of predominating
H2 loss is similar to previous studies on pentene reactions with
early transition metal ions, except that the metal ion-mediated
reactions yielded two or more H2 losses.10,75,79 In Secs. III B
and III C, we will discuss the MATI spectra and formation of
La(C5 H8 ) and La(C2 H2 ). We also attempted MATI measurements on La(C3 H4 ) and La(C10 H18 ) but were not successful
in obtaining sharp spectra. The failure of the MATI measurement on La(C3 H4 ) is largely due to the extremely low number
density of this species, as sharp spectra were recorded for the
species of the same stoichiometry formed in the La reaction
with propene.67 The reason for the lack of the MATI spectrum of La(C10 H18 ) is less clear. But, it could be due to a
large geometry change upon ionization that leads to FC transitions with a weak origin band and weak vibronic bands at low
vibrational quanta, an unfavorable case for the MATI experiment. It could also be due to photon-induced dissociation of the
complex.
B. MATI spectroscopy, structure,
and formation of La(C5 H8 )

MATI spectra of La(C5 H8 ) formed by the La reactions
with 1-pentene and 2-pentene are essentially the same as
shown in Fig. 2, though the spectrum from the 1-pentene reaction [Fig. 2(a)] has a slightly better signal/noise ratio than that
from the 2-pentene reaction. Both spectra exhibit a strong origin band at 38 984 (5) cm−1 and several weak bands. The
weak transitions at the higher energy side of the origin band
consist of 410 and 290 cm−1 progressions, each with up to
two vibrational quanta, as well as 165 and 130 cm−1 bands,
and those at the lower energy side include 402, 268, 156, and
128 cm−1 bands. Transitions marked with “∗” and “#” are
combination bands of 410 + 130 cm−1 and 410 + 290 cm−1 ,
respectively.
Five low-energy isomers of La(C5 H8 ) (Fig. 3 and Table I)
are predicted by the DFT/B3LYP calculations. Iso A and
Iso B are both five-membered metallacycles with a methyl

FIG. 2. MATI spectra of La(C5 H8 ) produced from La reactions with
1-pentene [(a), blue] and 2-ptentene [(b), dark red] and the simulation of
the 1 A ← 2 A transition of La(C5 H8 ) (C1 ) (Iso A) at 300 K [(c), green]. Bands
marked with “∗” and “#” are combination bands.
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FIG. 3. Structures of five La(C5 H8 ) isomers. Relative energies of these
isomers are listed in Table I.

substitution of a H atom on terminal ring-C atoms. The main
difference between the two conformational isomers is the orientation of the CH3 group relative to the adjacent CH2 group,
which is staggered in Iso A but eclipsed in Iso B. Like an ethane
molecule, the eclipsed form is slightly less stable than the staggered form (by ∼2.0 kcal mol−1 ) because in the eclipsed form
the orbitals of the C−−H bonds in the methyl group has the
least amount of overlap with the C−−H (or C−−La or C−−C)
orbitals of the adjacent carbon. Iso C is a four-membered
metallacycle with an ethyl substitution, whereas Iso D is a
three-membered ring with a propyl substituent. Iso E is a sixmembered ring with La binding to two terminal carbon atoms
of pentene and is ∼14.5 kcal mol−1 higher in energy than Iso A.
The six-membered ring is more like a boat conformation with
the average C−−C bond distance of 1.484 Å, ∼0.05 Å longer
than the average bond distance (1.439 Å) in Iso A. These metallacycles may be considered hetero cycloalkenes in which the
heteroatom is the La atom. As expected from the viewpoint
of molecular strain energy, the five-membered rings are more
stable than the four-membered one, and the four-membered
TABLE I. Molecular point groups, electronic states, and relative energies
(cm 1 ) of La(C2 H2 ) and five isomers of La(C5 H8 ) from DFT/B3LYP calculations. The energies of Iso B, C, D, and E are relative to that of Iso A. All
energies include vibrational zero point energy corrections.

ring is more stable than the three-membered one. The hydrocarbon moiety in each of the metallacycles can be considered
as a diradical, with an unpaired C 2pπ electron on either of the
La-bonded C atoms. Because the ground electron configuration of La atom (5d1 6s2 ) is not reactive toward hydrocarbon
compounds, a La 6s electron is promoted to a 5d orbital to
yield a reactive La 5d2 6s1 configuration. The unpaired C 2pπ
electrons on the La-bonded C atoms are each paired with a La
5d electron to form two La−−C σ bonds. Thus, the ground electronic state of each lanthanacycle is expected to be a doublet
with a La 6s-based electron in the highest occupied molecular
orbital. Removal of the La 6s electron by ionization yields a
singlet ion.
Ionization of Iso A produces an singlet ion with its structure similar to that of the neutral species (Table S1 of the
supplementary material) and is responsible for the observed
MATI spectra of La(C5 H8 ) formed by both 1-pentene and 2pentene reactions. This assignment is supported by the good
agreement between the simulation of the 1 A ← 2 A transition of Iso A [Fig. 2(c)] and experimental spectra [Figs. 2(a)
and 2b]. The origin band in the simulation is aligned with
those in the experimental spectra, but the computed vibrational frequencies are unscaled in order to directly compare
with the experimental observations. Based on the spectral simulation, the 410/402 and 290/268 cm−1 bands are assigned
to the symmetric (ν30 + /ν30 ) and asymmetric (ν32 + /ν32 )
metal-ligand stretching excitations, and the 165/156 and
130/128 cm−1 bands are attributed to the CH3 torsional
(ν35 + /ν35 ) and bending (ν36 + /ν36 ) motions in the 1 A/2 A states,
respectively (Table II). We have also considered possible contributions from Iso B, C, D, and E to the observed spectra but
excluded them by the following considerations: The MATI
spectra would have shown a second band system if they had
contributions from any of these four isomers. However, the
spectra show no sign of an additional band system. Simulations of Iso B, C, D, and E are not consistent with the observed
spectra, as shown by Fig. S1 of the supplementary material.
These isomers are all predicted to be at higher energies, which
could either be quenched by supersonic expansions if they
were formed or would have different ionization energies.

TABLE II. Adiabatic ionization energies (AIEs, cm 1 ) and vibrational frequencies (cm 1 ) of La(C2 H2 ) and La(C5 H8 ) (Iso A) from MATI spectroscopy
and DFT/B3LYP calculations. νn + and νn are vibrational modes in the ionic
and neutral states.

Complex

Point group

State

Energy

La(C2 H2 )

C2v
C2v

2A
1
1A
1

0
42 107

La(C5 H8 ), iso A

C1
C1

2A

0
39 675

La(C2 H2 ), C2v , 1 A1 ← 2 A1

C1
C1

2A

694
39 099

AIE
v+4

C1
C1

2A

1 939
41 513

La(C5 H8 ) (iso A), C1 , 1 A ← 2 A

Cs
Cs

2 A0

La(C5 H8 ), iso B
La(C5 H8 ), iso C
La(C5 H8 ), iso D
La(C5 H8 ), iso E

C1
C1

1A

1A

1A

1 A0
2A
2A

3 172
42 836
5 068
44 450

Complex

AIE
v+36 /v36

v+35 /v35
v+32 /v32
v+30 /v30

MATI

41 174
522

B3LYP

Mode description

42 107
528

Symmetric La-ligand stretch

38 984
130/128

39 675
125/134

CH3 bend

156/165
290/268
410/402

158/158
288/278
405/385

CH3 torsion
Asymmetric La-ligand stretch
Symmetric La-ligand stretch
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FIG. 4. Reaction pathway and energy profile for the formation of La(C5 H8 )
(Iso A) from the La + 1-pentene reaction calculated at the DFT/B3LYP level,
where IMn stands for intermediates and TSn transition states.

The formation of Iso A is thermodynamically and kinetically favorable. Figures 4 and 5 present the DFT/B3LYP computed stationary points for the formation of the two isomers
from the H2 elimination of 1-pentene and 2-pentene, respectively. These stationary points include reactants, intermediates
(IMn), transition states (TSn), and products in their doublet
spin states. Tables S2 and S3 of the supplementary material
report electronic energies without and with vibrational zero
point energy corrections, enthalpies, and free energies of stationary points relative to those of reactants La + 1-/2-pentene.
As expected, the relative enthalpy of each stationary point is
close to the internal energy, which is the sum of the electronic
energy with the zero point correction plus a small thermal
energy at 298 K. The relative free energy is somewhat less
negative than the enthalpy because the entropy is reduced

FIG. 5. Reaction pathways and energy profiles for the formation of La(C5 H8 )
(Iso A) from the La + cis-2-pentene (blue) and trans-2-pentene (red) reactions
calculated at the DFT/B3LYP level, where IMn stands for intermediates and
TSn transition states.

J. Chem. Phys. 149, 034303 (2018)

from La + pentene to a local minimum or a transition state.
We consider the concerted H2 elimination because previous
studies have shown that step-wise dehydrogenation paths are
less favorable for the metal atom-mediated dehydrogenation
of small alkenes and alkynes.63,65–70,91–97
A plausible reaction mechanism for the formation of Iso
A from the La + 1-pentene reaction consists of La addition
to the C==C double bond, La insertion into two C(sp3 −−H)
bonds, and concerted H2 elimination (Fig. 4). The reaction
begins with La atom addition to the C==C bond to form
a π complex [La(CH2 CHCH2 CH2 CH3 ), IM1] at 30.5 kcal
mol−1 blow the reactants. Upon the La addition, the C==C
bond of 1-pentene is elongated by 0.177 Å (from 1.332 Å
to 1.509 Å) due to the cleavage of the π bond between the
carbon atoms. The change from the C==C to C−−C bond is
also evidenced by the bending of the H atoms in the ethenyl
group of the ligand. A molecular orbital analysis reveals that
the unpaired pπ electron on each of the two ethenyl carbon
atoms is paired with a La 5d electron to form a La−−σ bond.
Thus, the resultant π complex can be considered as a threemembered metallacycle. The exothermic energy from the La
addition to 1-pentene (30.5 kcal mol−1 ) is similar to those
from La additions to ethylene (32.4 kcal mol−1 ),65 propene
(29.7 kcal mol−1 ),67 and 1-butene (32.5 kcal mol−1 )70
but significantly lower than those from La additions to
propyne (52.3 kcal mol−1 )63 and 1- and 2-butynes (52.4 and
51.1 kcal mol−1 ).69 Alkenes are generally not as good electrophiles as alkynes due to their higher-energy empty C 2pπ
orbitals and tend to have weaker back electron donations
from metal d orbitals than alkynes, which lead to slightly
longer La−−C bonds in lanthanacyclopropanes than those
in lanthanacyclopropenes.69 The weaker bonding between
La and alkenes results in their lower exothermicity. The
second step is the activation of two C(sp3 )-bonds by La
insertion. The first insertion occurs at a C(sp3 )−−H bond of
the CH2 group in the β position to form inserted species
H−−La−−(η3 −−CH2 CHCHC2 H5 ) (IM2). IM2 is more stable
than IM1 (by 9.6 kcal mol−1 ) because La is in an η3 binding mode rather than a η2 mode. The La−−H bond (2.089 Å)
in IM2 rotates to form a slightly more stable IM3 (by
3.3 kcal mol−1 ) where La-allylic carbon distances are slightly
shorter (2.696 Å in IM2 and 2.667 A in IM3). The La−−H
rotation moves the H atom away so that it does not hinder the
path for a second La insertion. The second insertion occurs at
a C(sp3 )−−H bond of the CH2 group in the γ position to form
IM4, which is 12.2 kcal mol−1 less stable than IM3. This is in
contrast to the first insertion where the inserted species IM2 is
more stable than the precursor IM1. In the first La insertion,
the formation of the new La−−H and La−−C bonds in IM2 overcompensates the cleavage of a C−−H bond in IM1, making the
inserted species more stable. In the second La insertion, a new
La−−H bond is formed along with the shift of a La−−C bond
from β−−C to γ−−C in IM4. The resultant La−−H bond is weaker
than the cleaved C−−H bond in IM3, resulting in the less stable
IM4. IM4 may be considered as a dihydrogen complex because
the L-bonded H−−H distance (0.770 Å) is basically the same
as the equilibrium H−−H bond length (0.774 Å) in a free H2
molecule. The final step is the concerted H2 elimination from
IM4 to form Iso A. The whole process La + 1-pentene → Iso
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A is exothermic by 33.5 kcal mol−1 and has no overall energy
barriers. Along the reaction coordinates, the activation of the
C(sp3 )−−H bonds in the (β, γ) positions is preferred over those
in the (α, β) or (α,α0) positions because the later would lead
to less stable 4- or 3-membered metallacycles (e.g., Iso C or
Iso D). Because the transition states (TS1-TS3) are all considerably below the isolated reactants (La + 1-pentene) in
energy, all intermediates (IM1-IM4) have a tendency to convert to the product (Iso A). This may explain why no intermediates were observed in our experiments even though the
adduct (IM1) and inserted species (IM2, IM3) are more stable
than the product. This observation is similar to the previous
studies of La reactions with other small unsaturated hydrocarbons,63,65,69,70 except for propene where a La-inserted species
was identified.67
2-pentene dehydrogenation follows a similar path as
1-pentene. Because 2-pentene used in our experiment is a
mixture of trans and cis conformers, we have considered the
dehydrogenation of both conformers (Fig. 5: red for trans-2pentene and blue for cis-2-pentene). In each case, the dehydrogenation path consists of La addition to the C==C double bond
(IM5 or IM9), La insertion into a β C(sp3 −−H) bond in the
ethyl group (IM6 or IM10), La−−H bond rotation (IM7), La
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insertion into a β0 C(sp3 −−H) bond in the methyl group
(IM8), and finally H2 elimination. The main difference
between IM5 and IM9 is in the relative orientations of
the ethyl groups, whereas that between IM6 and IM10
is in the orientations of the La−−H bonds. Like the 1pentene dehydrogenation, the whole process of the cis- or
trans-2 pentene dehydrogenation is exothermic (by 29.5 or
28.0 kcal mol−1 ) and has no energy barriers. On the other
hand, the (β, β0) dehydrogenation is preferred over the
(β, γ) dehydrogenation for cis- and trans-2-pentene because
the (β, β0) carbon (sp3 ) are in the proximity of the La atom
and the γ carbon (sp3 ) is further away. For the La(1-pentene)
π complex, there is only one β position. After the cleavage of
the first C(sp3 )−−H bond in this position, the β carbon atom is
changed from sp3 to sp2 hybridization. Similarly, the carbon
atoms in the (α, α0) position are also in sp2 hybridization. Activation of a C(sp2 )−−H bond is generally less favorable than that
of a C(sp3 )−−H bond. Thus, a γ C (sp3 )−−H bond is favored
for the second La insertion of 1-pentene.
2-pentene may also undergo isomerization to 1-pentene
prior to dehydrogenation. Possible isomerization pathways
of trans- and cis-2-pentene are illustrated in Fig. 6 (red for
trans-pentene and blue for cis-2-pentene), and energies of

FIG. 6. Reaction pathways and energy profiles for the isomerization of La(CH3 CHCHCH2 CH3 ) (IM5 or IM9) to La(CH2 CHCH2 CH2 CH3 ) from the
La + cis-2-pentene (blue) and trans-2-pentene (red) reactions calculated at the DFT/B3LYP level, where IMn stands for intermediates and TSn transition
states.
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the stationary points are summarized in Table S3 of the
supplementary material. The trans-2-pentene to 1-pentene
isomerization begins with La addition to the double bond to
form La(2-pentene) π complex IM5, followed by La insertion
into a C(cp3 )−−H bond of the methyl group that is adjacent to
the double bond of 2-pentene to form inserted species IM11.
In this species, La is in an η3 -bonding mode with the allyl
fragment. With La−−H bond rotation via TS10, IM11 converts
into another inserted species, IM12. IM12 then undertakes H
migration from La to the carbon atom of the methine group to
form La(1-pentene) π complex IM13, which converts into IM1
by rotating the C−−C bond of the −−CLaH−−CH2 −− group. The
whole process is exothermic without any energy barrier. The
isomerization of cis-2-pentene to 1-pentene is largely similar
to the trans-2-pentene isomerization. The only difference is
that the cis-2-pentene isomerization does not involve the C−−C
bond rotation, and IM1 is formed directly from the inserted
species IM2 via the La-bonded H migration.
C. MATI spectroscopy, structure,
and formation of La(C2 H2 )

Even though the number density of La(C2 H2 ) is very low
from both 1- and 2-pentene reactions (Fig. 1), we were able to
obtain sharp MATI spectra for the species [Figs. 7(a) and 7(b)].
The spectra are a bit noisy but clearly show an origin band at 41
174 (5) cm−1 and a weak vibronic band at ∼522 cm−1 above
the origin band. The origin band position and the vibronic
transitions are the same as those observed for La(C2 H2 ) produced in the La reactions with ethylene and 1,3-butadiene.65,66
The spectra can easily be assigned to the 1 A1 ← 2 A1 transition of lanthanacyclopropene by comparing with the spectra of
La(C2 H2 ) from the ethylene and 1,3-butadiene reactions65,66
and the simulation in Fig. 7(c). The origin band corresponds
to the AIE of the complex, and the 522 cm−1 transition is due
to the symmetric La−−C2 H2 stretch. The second quantum of
the La−−C2 H2 stretch and the weak in-plane C−−H bending
transition around 832 cm−1 in the simulation are not clearly
present in the experimental spectra due to the low signal. The

FIG. 7. MATI spectra of La(C2 H2 ) produced from La reactions with
1-pentene [(a), blue] and 2-pentene [(b), dark red] and the simulation of the
1 A ← 2 A transition of La(C H ) (C ) at 300 K [(c), green].
1
1
2 2
2v
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short FC profile observed in the MATI spectrum is due to very
similar structures in the doublet and singlet states (Table S1 of
the supplementary material).
A possible reaction path for the formation of La(C2 H2 )
from the La + 1-pentene reaction is illustrated in Fig. 8. Like
the dehydrogenation of 1-pentene (Fig. 4), the first step is La
addition to the C==C bond to form a three-membered metallacyclopropane (IM1), which is the same species as the
adduct formed in the dehydrogenation of the ligand. The second step is La insertion into the terminal α C(sp3 )−−H bond to
form an inserted species (IM15) with the metal atom binding
only to the α carbon atom. IM15 is different from the insertion species IM2 formed in the dehydrogenation of 1-pentene
(Fig. 4), where La is in an η3 -binding mode with the allylic
group. The next step is the C(sp3 )−−C(sp3 ) bond cleavage leading to a tri-ligand La complex La(CHCH)(H)(CH2 CH2 CH3 )
(IM16). Upon H migration from La to the propyl group, IM16
becomes a di-ligand La complex La(CHCH)(CH3 CH2 CH3 )
(IM17), where the La binding with propane is very weak,
whereas the La binding with the vinylene group is strong. Due
to the weak propane binding, IM17 is easily decomposed to
the La(C2 H2 ) and C3 H8 products. Along the reaction coordinates, the inserted species IM15 is slightly less stable than the
three-membered metallacycle IM1 (by 3.4 kcal mol−1 ) due to
the replacement of a stronger La−−C bond in IM1 by a weaker
La−−H bond in IM15.12 Further down the reaction path, IM16
is even less stable than IM15 (by 9.2 kcal mol−1 ) due to the
cleavage of a C−−C bond and the weakening of the La−−H bond
(from 2.087 Å in IM15 to 2.148 Å in IM16). This stability trend
of the intermediates is reversed from IM16 to IM17, where the
latter is more stable (by 7.9 kcal mol−1 ). The lower energy
of IM17 is largely due to the substitution of a weaker La−−H
bond in IM16 by a stronger C−−H bond. The total energy of
La(C2 H2 ) + C3 H8 is almost the same as that of IM17, which
is expected as the La bonding with propane in IM17 is very
weak. The whole process from the reactants to the products
is exothermic by 33.5 kcal mol−1 . Kinetically, the reaction
encounters two small energy barriers (TS16 and TS17 at 6.4

FIG. 8. Reaction pathway and energy profile for the formation of La(C2 H2 )
(C2v ) from the La + 1-pentene reaction calculated at the DFT/B3LYP level,
where IMn stands for intermediates and TSn transition states.
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and 5.1 kcal mol−1 , respectively) associated with cleavages
of the C−−C and La−−C bonds. But, these barriers may be
overcome by the collision energy of the species seeded in the
carrier gas.
The formation of La(C2 H2 ) from the La + 2-pentene reaction may not follow a similar reaction path to that of the
1-pentene reaction. As discussed above, the reaction path for
the 1-pentene reaction includes La addition to the C==C double bond, La insertion to the α C(sp3 )−−H bond, C−−C bond
cleavage, and H migration. Unlike the C(sp3 )−−C(sp3 ) bond
cleavage and H migration from La to carbon in the 1-pentene
reaction, the C−−C bond breakage in the 2-pentene reaction
would occur at a much stronger C(sp2 )==C(sp2 ) bond and the
H migration would require the activation of the two C−−H
bonds of the methyl group at the β position in addition to the
La−−H bond. The requirement for breaking the stronger C==C
and multiple C−−H bonds makes the formation of La(C2 H2 ) by
the La + 2-pentene reaction very unfavorable. Thus, we envision that La(C2 H2 ) observed in Fig. 1(b) is likely formed via
2-pentene to 1-pentene isomerization, followed by the same
pathway as for the 1-pentene reaction.
We have also considered the formation of La(C2 H2 ) by
the La(C5 H8 ) → La(C2 H2 ) + C3 H6 secondary reaction but
found that this reaction is not favorable due to the high reaction endothermicity (32.4 kcal mol−1 ) and energy barriers
(30.4, 36.9, and 29.7 kcal mol−1 for TS18, TS19, and TS20,
respectively), as shown in Fig. S2 and Table S2 of the supplementary material. The reaction is endothermic because it
involves energy-costing C−−C bond cleavage but no new bond
formation. The high barriers arise from the activation of the
C−−H and La−−C bonds (TS18), the C−−C bond (TS19), or the
La−−C and La−−H bonds (TS20).
IV. CONCLUSIONS

We have reported the MATI spectra and formation of
La(C5 H8 ) and La(C2 H2 ) formed by the La-mediated dehydrogenation and C−−C bond cleavage of 1-pentene and 2-pentene.
The spectra of La(C5 H8 ) from the two reactions are the same
and exhibit a strong origin band and metal-ligand stretching and methyl group bending or torsional transitions. The
spectra of La(C2 H2 ) from the two reactions are also identical and display a strong origin band and a weak metal-ligand
stretching band. La(C5 H8 ) and La(C2 H2 ) are identified as
methyl-lanthanacyclopentene (C1 ) and lanthanacyclopropane
(C2v ), respectively. The ground state of each species is a doublet state with a La-based 6s1 electron configuration, and
the lowest-energy state of the corresponding ion is a singlet
state upon the removal of the La 6s1 electron. Because of the
non-bonding nature of the La 6s1 electron, ionization has a
small effect on the geometry of the neutral state. The formation of La(C5 H8 ) from the two reactions consists La addition
to the C==C double bond, La insertion into two C(sp3 )−−H
bonds, and concerted H2 elimination. For the 2-pentene reaction, the formation of La(C5 H8 ) may also involve 2-pentene
to 1-pentene isomerization. In addition to the La addition and
insertion, the formation of La(C2 H2 ) from the 1-pentene reaction includes the C(sp3 )−−C(sp3 ) cleavage and H migration
from La to C(sp3 ), whereas the metallacyclopropene from
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the 2-pentene reactions requires the ligand isomerization to
1-petnene.
SUPPLEMENTARY MATERIAL

See supplementary material for the geometries of the
La(C5 H8 ) and La(C2 H2 ), the electronic energies, enthalpies,
and free energies of the stationary points along the reaction
coordinates for the formation of the two species, simulations
of four higher-energy La(C5 H8 ) isomers, and the reaction pathway and energy profile for the formation of La(C2 H2 ) by the
La(C5 H8 ) decomposition.
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