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La atom reactions with 1,4-pentadiene and 1-pentyne are carried out in a laser-vaporization molecular
beam source. Both reactions yield a predominant La(CsHg) radical from ligand dehydrogenation and a
minor La(C3Hy) species from C—C bond cleavage. The metal-hydrocarbon radicals are characterized with
mass-analyzed threshold ionization (MATI) spectroscopy and quantum chemical computations. The
MATI spectra of each species formed by the two reactions are essentially identical and consist of a single
vibronic band system for La(CsHg) and two band systems for La(CsHy). Each band system exhibits a
strong origin band and several weak vibronic ones. Adiabatic ionization energies, metal-ligand vibra-
tional frequencies, and low-frequency ligand-based modes are measured for the two species. La(CsHg) is
identified as a six-membered lanthanacycle [La(CHCHCHCHCH;)] (Iso A, C;), whereas two isomers of
La(C3Hy4) are a four-membered metallacycle La(CHCHCH;) (Iso 1, C;) and a three-membered ring
La(CHCCH3) (Iso 2, Cg). The ground electronic state of each radical is a doublet and that of the singly
charged cation is a singlet. The remaining two electrons that are associated with the isolated La atom or
ion are spin paired in a molecular orbital that is bonding combination between a La 5d orbital and a 7*
antibonding orbital of the CsHg or C3Hy4 fragment. For the 1,4-pentadiene reaction, the formation of the
six-membered metallacycle La(CsHg) involves La addition to a C=C double bond, La insertion into two
C(sp3)fH bonds, and concerted H; elimination, whereas the formation of the three- and four-membered
La(C3Hy) rings involves two hydrogen migrations followed by C—C bond breakage to eliminate an
ethylene molecule. For the 1-pentyne reaction, the formation of each species requires isomerization of a
La(1-pentyne) adduct to a La insertion species and then proceeds with the same elemental steps as those
for the diene reaction.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

and geometric characteristics for efficient bond activation at metal
centers. Such measurements also provide benchmarks to test ac-

Hydrocarbon compounds are ubiquitous in nature and could be
used as low-cost stock for functionalized organic chemicals, but
many of which are too inert to participate in chemical reactions
under mild conditions. Transition metal-assisted C—H and C—C
bond activation stimulates inert hydrocarbons to react with other
molecules and may convert them into value added compounds.
Spectroscopic measurements probe state specific energies and
structures of short-lived species in the gas phase, which are vital for
gaining insight into intrinsic reaction mechanisms and electronic
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curacies of quantum chemical calculations that are complicated by
possibly multiple low-energy isomers of each transition metal-
containing species and high density of low-lying electronic states
of each isomer. Metal ion-hydrocarbon species are largely investi-
gated by infrared or ultraviolet—visible photodissociation or
photoelectron spectroscopy [1—15], whereas metal atom-
hydrocarbon radicals are mainly studied by resonant two-photon
ionization and dispersed fluorescence [16—19], and Fourier trans-
form microwave [20]. 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 or C—H bond activation of several small alkenes
and alkynes [21—31]. Our studies demonstrate that the
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combination of the MATI spectroscopic measurements with elec-
tronic structure calculations is a powerful approach to investigate
transient metal-hydrocarbon species.

1,4-pentadiene and 1-pentyne are two of CsHg common iso-
mers. We have recently reported a mass spectrometric and MATI
spectroscopic study of a La atom reaction with another CsHg isomer,
isoprene (2-methyl-1,3-butadiene) [31]. The mass spectrum of the
La + isoprene reaction showed the formation of La(CyHp,) (n =2, 3,
5, and 7; m=2, 4, 6, and 8) through primary and secondary re-
actions. The primary reactions included molecular association
[La(CsHg)], dehydrogenation [La(CsHg)], and C—C bond cleavage
[La(CaH3) and La(C3Hy), whereas the secondary reaction [La(C7Hg)]
involved the addition of a second isoprene molecule to one of the
C—C bond cleaved species La(CH;) followed by the loss of Hy.
Among these metal-hydrocarbon species, the adduct La(CsHg) was
by far the most predominant, all other species from the primary
reactions were relative minor, and the only species from the sec-
ondary reaction was even less. Both isoprene and 1,4-pentadiene
possess two C=C double bonds, two C—C single bonds, and eight
C—H bonds, but they are not strictly comparable. The former has
three C(sp®) —H bonds and five C(sp?)—H bonds, while the latter
has two and six, respectively. Also, the two single C—C bonds of the
1,4-diene are both sp-sp> bonds, while in isoprene one is sp*-sp>
and the other sp?-sp?. Therefore, La reactions with these two diene
molecules may yield different products or product distributions.
Previously, Peake and Gross studied the Fe™ reactions with a series
of alkynes and alkadienes with collision activated dissociation mass
spectrometry and suggested that the alkyne complexes rearranged
by insertion of Fe' into the propargylic C—C bond, followed by
abstraction of a f-H atom from the resulting alkyl fragment [32]. Ni
and Harrison investigated reactions of the first row transition metal
ions with six CsHg isomers using quadruple cell mass spectrometry
[33]. Although late transition ions (Cr™ -Cu™) reacted primarily by
clustering to give metal-hydrocarbon adducts, the early transition
ions (Sc*, Ti* and V') showed a high reactivity involving C—H and
C—C bond breakages and gave distinctively different mass spectra
with each of the CsHg isomers.

This work aims to investigate differences between 1,4-
pendadiene and isoprene reactions and possible isomerization
between 1,4-pentadiene and 1-pentyne in their reactions with La
atom. Photoionization time-of-flight (TOF) mass spectrometry is
used to identify masses of reaction products, MATI spectroscopy to
probe quantum-state specific energies and molecular structures,
and electronic structure calculations to search for possible path-
ways for the formation of the products. To our knowledge, this is
the first vibronic spectroscopic measurements of metal-
hydrocarbon radicals formed by any metal atom reactions with
1,4-pentadiene or 1-pentyne.

2. Experimental and computational methods
2.1. Experimental

The metal-cluster beam instrument used in this work consists of
reaction and spectroscopy vacuum chambers and was described in
a previous publication [34]. The La-hydrocarbon reactions were
carried out in a laser-ablation metal cluster beam source. La atoms
were generated by Nd:YAG pulsed laser (Continuum Minilite II,
532 nm, ~1.0 mJ/pulse) ablation of a La rod (99.9%, Alfa Aesar) in the
presence of a He (99.998%, Scott Gross) carrier gas (40 psi) deliv-
ered by a home-made piezoelectric pulsed valve (Physik Instru-
mente P-286.20). Vapor of 1,4-pentadiene (99%, Aldrich) or 1-
pentyne (99%, Aldrich) was introduced 3 cm downstream of the
laser ablation point, from which La atoms, He carrier gas, and the
hydrocarbon vapor entered a collision tube (2 mm inner diameter,

2 cm length) and were then expanded into the reaction chamber to
form a molecular beam. The molecular beam was collimated by a
cone-shaped skimmer (2 mm inner diameter) and passed through a
pair of deflection plates between which an electric field of
100 V.ecm™! was applied. lonic species in the molecular beam that
were formed by laser ablation were removed by this electric field,
and neutral molecules entered the spectroscopy chamber where
they were analyzed by photoionization TOF mass spectrometry.

Prior to the MATI measurements, photoionization efficiency
spectra of La-hydrocarbon radicals were recorded to locate an
approximate ionization threshold to guide MATI scans. In the MATI
experiment, the La-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 (355nm) of a Nd:YAG laser (Continuum
Surelite II). The laser beam was collinear and counter propagating
with the molecular beam. The ionization pulsed field (320Vecm™!),
which was also used for extracting and accelerating ions into the
field free region, was generated by two high voltage pulse generators
(DEI PVX-4140) and delayed by ~20 ps from the laser pulse by a
delayed pulsed generator (SRS DG645). A small dc field (6.0Vcm™)
from another power supply (GW INSTEK GPS-30300) was used to
separate the ions produced by direct photoionization from the MATI
ions generated by the delayed field ionization. The MATI ion signals
were 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 [35],
and the calibration was done after recording the MATI spectra. The
Stark shift on the adiabatic ionization energy (AAIE) induced by the
dc field (Ef) was calculated using the relation of AAIE = 6.1E}2, where
Erisin V.cm™! and E is in cm™! [36].

2.2. Computational

Geometry optimization and vibrational frequency calculations
were carried out using the Becke's three-parameter hybrid func-
tional with the correlation functional of Lee, Yang, and Parr (B3LYP)
and 6-311 + G(d,p) basis set for C and H atoms and the effective-
core-potential SDD basis set [37,38] for La. We have extensively
used DFT/B3LYP and found this method generally produced
adequate results for helping the spectral and structural assign-
ments of the metal-hydrocarbon complexes [39]. No symmetry
restrictions were imposed in initial geometry optimizations, but
appropriate point groups were used in subsequent optimizations to
help identify electronic symmetries. For each optimized stationary
point, a vibrational analysis was performed to identify the nature of
the stationary point (minimum or saddle point) and to help analyze
spectral profile. To refine the energies of the electronic states of
La(CsHg) and La(CsHg), single-point energy calculations were car-
ried out with the coupled cluster with single, double and pertur-
bative triple excitations (CCSD(T)) method. These calculations
involved the third-order Douglas-Kroll-Hess scalar relativistic
correction and were at the DFT/B3LYP optimized geometries. Basis
sets used in the CCSD(T) calculations were cc-pVTZ-DK [40,41] for C
and H and cc-pVTZ-DK3 [42] for La. In predicting reaction path-
ways, minima and transition states were located using the same
methodology that was used for geometry optimization. The
minima connected by each transition state were confirmed by
intrinsic reaction coordinate calculations. The DFT calculations
were performed with the Gaussian 09 software package [43],
whereas the CCSD(T) calculations were carried out with MOLPRO
2010.1 [44].
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To compare with the experimental MATI spectra, multi-
dimensional Franck-Condon (FC) factors were calculated from the
equilibrium geometries, harmonic vibrational frequencies, and
normal coordinates of the neutral and ionized complexes [45]. In
these calculations, the recursion relations from Doktorov et al. [46]
were employed, and the Duschinsky effect [47] was considered to
account for a possible axis rotation from the neutral complex to the
cation. Spectral simulations using our homemade software package
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 a
vibrational temperature where calculated intensities best repro-
duce observed ones. In comparing simulations with measured
spectra, the 0-0 transition in the simulation is aligned with the
experimental origin band, but the computed vibrational fre-
quencies are unscaled to directly compare with the measured
spectrum.

3. Results and discussion
3.1. TOF mass spectra and La-hydrocarbon species

Fig. 1 displays the TOF mass spectra from La reactions with 1,4-
pentadiene and 1-pentyne recorded at 240 nm (5.1660 eV) photo-
ionization. The mass spectra of the two reactions are essentially the
same and show a strong La(CsHg) peak and a weak La(C3H,4) peak.
La(CsHg) is presumably formed by the loss of a H; molecule, while
La(C3Hy4) by CoHy elimination from 1,4-pentadiene or 1-pentyne.
The observation of the same metal-hydrocarbon radicals suggests
that the formation of each species may proceed through a common
intermediate in the two reactions, or isomerization occurs before
the dehydrogenation or C—C cleavage takes place. The major dif-
ference between these two CsHg isomers and isoprene is that the
former reactions produce predominantly a dehydrogenated spe-
cies, while the latter yields primarily an association complex [31].
This observation may not be surprising because isoprene is ex-
pected to be less reactive due to its bond conjugation. Another
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Fig. 1. TOF mass spectra of La reactions with 1,4-pentadiene (a) and 1-pentyne (b)
recorded with 240 nm ionization.

difference is that only one C—C cleaved product La(C3Hg) is
observed in the 1,4-pentadiene and 1-pentyne reactions, while
two, La(CsH4) and La(CyHy), are produced from isoprene with a less
symmetric carbon skeleton. In addition to the metal-hydrocarbon
species, each of the mass spectra shows a strong LaO peak. LaO
could be formed by the La reaction with oxygen present in the
carrier gas as an impurity or by laser vaporization of LaO impurity
in the La rod [21-23,25—31].

3.2. MATI spectra and structural isomers

3.2.1. La(CsHg)

Fig. 2 shows the MATI spectra of La(CsHg) from the La reactions
with 1,4-pentadiene and 1-pentyne. The spectrum of La(CsHg) from
the 1,4-pentadiene reaction (Fig. 2a) displays the strongest origin
band at 37945 (5) cm~!; 321 and 420 cm™~! progressions, each with
two vibrational quanta, and a weak band at 547 cm~! on the higher
energy side of the origin band; and two hot bands at 275 and
362 cm~! below the origin band. Additionally, it exhibits combi-
nation bands in the higher energy region that are marked with “*1-
*3” and “#1-#3“. “*1” and “*2” are combinations of n x
321 + 420 cm™! bands (n = 1 and 2), “*3” is the combination of
321 + 547 cm~! bands, and “#1-#3" are combinations of n x
420 + 547 cm™! (n = 1 and 2) and 420 + 2 x 547 cm~! bands,
respectively. The strong origin band and short spectral profile
suggest that ionization has a small effect on the molecular geom-
etry. The spectrum of La(CsHg) from the 1-pentyne reaction
(Fig. 2b) is essentially identical to that from the 1,4-pentadiene
reaction in the range of 37800—39000 cm~! where stronger tran-
sitions are observed. On the other hand, due to poorer signal to
noise ratio, weaker transitions beyond this region was not resolved.
Nevertheless, the identical AIE and vibronic bands observed in the

37945
275/ ! 1321
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362 ] 420
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Fig. 2. MATI spectra of La(CsHg) from La reactions with 1,4-pentadiene (a) and 1-
pentyne (b) and the simulation of the 'A « 2A transition of La(CH,CHCHCHCH) (Iso
A) at 200 K (c). MATI bands marked with “*” and “#” are combination bands.
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two spectra indicate that the La(CsHg) radical formed in the two
reactions have the same structures.

Fig. 3 presents the structures of 1,4-pentadiene (a), 1-pentyne
(b) and four possible isomers of La(CsHg) (c-d). Without going
into detailed reaction pathways, Iso A [La(CH,CHCHCHCH)] may be
considered to be formed from the 1,3- or 3,5-dehydrogenation of
1,4-pentadiene and Iso B [La(CH,CHCHC(CH3))] from the 2,3- or
3,4-dehydrogenation of the diene molecule, while Iso C
[La(CHCCHCH(CH3))] and Iso D [La(CHCCHCH>CH>)] may be formed
from the 3,4- and 3,5-dehydrogenations of 1-pentyne, respectively.
We have also considered other possible isomers from de-
hydrogenations of 1,4-pentadiene or 1-pentyne, but our calcula-
tions predict that they are significantly higher in energy than the
aforementioned isomers. Table 1 lists the molecular point groups,
electronic states, and relative energies with vibrational zero-point
energy corrections of the two CsHg isomers and four isomers of
La(CsHg), while Table S1 in Appendix A lists their absolute energies
and atomic coordinates. The ground states of the free ligands are
singlets; 1,4-pentadiene is predicted to be more stable than 1-
pentyne by 9.3 kcal mol~! at the CCSD(T) level, in excellent agree-
ment with the experimental value of 9.1 kcal mol~! from calorim-
etry measurements [48,49]. The ground states of the four La(CsHg)
isomers are all doublets with the electron configuration of La 6s,
and those of the corresponding ions are singlets produced by
removing the La 6s-based electron. The remaining two electrons
that are associated with the isolated La atom or ion are spin paired
in a molecular orbital that is bonding combination between a La 5d
orbital and a ©* antibonding orbital of the CsHg fragment. Thus, the
formal oxidation states of La are +2 and + 3 in the neutral and
ionized complexes, respectively. To form a quartet state in the
neutral complex or a triplet state in the cation, an electron must be
excited from a La 5p orbital or a C 2p orbital, and resultant quartet

o ® »
(g Iso1

Fig. 3. Structures of 1,4-pentadiene (a), 1-pentyne (b), four isomers of La(CsHg) (c—f),
and two isomers of La(CsH,) (g and h). Relative energies of these isomers are listed in
Table 1.

(h) Iso 2

Table 1

Molecular point groups, electronic states, and relative energies (kcal mol™) of 1,4-
pentadiene, 1-pentyne, four isomers of La(CsHg), and two isomers of La(CsHy4)
from B3LYP and CCSD(T)//B3LYP calculations. All energies are relative to the energy
of the most stable isomers of the free ligand, La(CsHg), and La(CsHg) and include
vibrational zero-point corrections. Energies in parentheses are from CCSD(T)//B3LYP
calculations.

Complex Point Group State E33|_yp(cc5[)('r))
1,4-pentadiene G A 0(0)
1-pentyne Cs A 10.2(9.3)
La(CsHg), Iso A G 2A 0(0)

G A 110.3(107.4)
La(CsHg), Iso B G 2A 7.4(9.3)

C A 122.4(121.4)
La(CsHg), Iso C G 2A 11.6(11.6)

G A 129.4(126.5)
La(CsHg), Iso D G 2A 15.3(15.7)

G 2A 131.1(129.1)
La(CsHy), Iso 1 G 2A 0(0)

G A 118.7(116.3)
La(CsHy), Iso 2 Cs 2p 2.4(2.6)

Cs n 120.2(117.5)

or triplet states should have much higher energies than the doublet
or singlet. These have been confirmed by our previous studies on La
reactions with propene [26], butenes [29], and butynes [28].1s0 A is
a six-membered metallacycle with La binding to two terminal
carbons (C1 and C5) and more stable (by 9.3 kcal mol~!) than Iso B,
a five-membered ring with La binding to C2 and C5. The more
stable six-membered ring is likely due to its less strain energy as in
the case of cycloalkanes. The higher energy Iso C and Iso D may be
described as La(n*-allenylidene) and La(n>-allenylidene), respec-
tively. Iso C is slightly more stable (by 4.1 kcal mol~! at the CCSD(T)
level) than Iso D because La in Iso C contains one more La—C bond.

The observed MATI spectra in both reactions are assigned to the
TA « 2A transition of Iso A. This assignment is supported by the
excellent agreement between the calculated and observed AlEs,
vibrational frequencies, and spectral profiles (Table 2 and Fig. 2).
The 321 and 420 cm™! vibronic progressions are assigned to exci-
tations of a La—C1/C5 asymmetric stretch (v37) and a C1—-C2—C3 in-
plane bend (vJg) in the ion, while the 547 cm~! band is assigned to
the excitation of a La—C5 stretch coupled with a terminal CH;, rock
(vds) in the ion. The hot bands at 275 and 362 cm ! are due to
thermal excitations of the La—C1/C5 asymmetric stretch (v,7) and
the C1—-C2—C3 in-plane bend (v6) in the neutral state, respectively.
The vibrational temperature of the La(CsHg) is estimated to be
~200 K based on the intensities of the hot bands relative to that of
the origin band. The observation of a strong origin band and weaker
vibronic transitions is consistent with the theoretical predictions of
similar neutral and ion geometries (Table S2). We have also
considered possible contributions of Iso B, C, and D to the MATI
spectra, but they are excluded due to large errors in computed AlEs
of these isomers (Table 1) and mismatched spectral simulations
(Figure S1). The calculated AlEs of Iso B, C, and D at the CCSD(T)
level are 40246, 41251, and 40527 cm ™, each is considerably higher
than the measured value of 37945 cm™ .

3.2.2. La(CsHy)

Fig. 4 presents the MATI spectra of La(C3H4) formed from the
1,4-pentadiene and 1-pentyne reactions. The two spectra are
essentially identical to each other, indicating that the spectral car-
riers are the same in two cases. Previously, we studied MATI spectra
of La(C3H4) produced by La + propene and La + isoprene reactions
and identified two isomers from the propene reaction and one from
isoprene [26,31]. The current spectra are like that of the propene-
dehydrogenated La(CsH4) though the MATI signals are weaker
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Table 2

Adiabatic ionization energies (AlEs, cm~') and vibrational frequencies (cm~') of La(CsHg) (Iso A), and La(CsH,) (Iso 1 and Iso 2) from MATI spectra and B3LYP and
CCSD(T)//B3LYP calculations. v;; and v, are vibrational modes in the ionic and neutral states, and the energies in parentheses are from CCSD(T)//B3LYP calculations.

Complex MATI B3LYP [CCSD(T)] Mode description®

La(CsHg) (Iso A), C;, 'A < 2A

AIE 37945 38591(37571)

g, /va7 321/275 313/282 La—C1/C5 asymmetric stretch

e /v26 420/362 407/376 C1-C2—-C3 in-plane bend

v, 547 553 La—C5 stretch & CH; rock
La(CHCHCH3) (Iso 1), C;, 'A < 2A

AIE 40942 41540(40711)

vig 140 156 C—C—C out-of-plane bend

vle 362 362 La—C2/C3 stretch

vis 414 451 La—C1/C2 stretch & CH; rock
La(CHCCH3) (Iso 2), C;, 'A” < A’

AIE 40509 41214(40216)

vl 433 442 La—C2 stretch & C2—CHj3 in-plane bend
vio 572 570 La—C1 stretch & C1—H in-plane bend

@ Carbon atomic numbering is shown in Fig. 3.

40942
I140
1362
40509 |
I572
* 1 (a)
(b)
R 2
© g2, B @
_/L_L-¥ /\/\J _/\
40500 40800 41100 41400

Wavenumbers (cm'l)

Fig. 4. MATI spectra of La(C3H4) from La reactions with 1,4-pentadiene (a) and 1-
pentyne (b) and simulations of the 'A « 2A transition of La(CHCHCH,) (Iso 1) (c)
and the 'A’ « 2A’ transition of La(CHCCH3) (Iso 2) (d) at 300 K. MATI bands marked
with “*” are from ionization of LaO.

due to the low number density of the species produced in these
C—C cleavage reactions. Thus, the current spectra can easily be
assigned to two band systems from ionization of two isomers
(Fig. 3g and h) by comparing with spectral simulations (Fig. 4c and
d) and the MATI spectra of La(C3H,4) from the La + propene reaction.
The 40942 cm~! band system consisting of the origin band at
40942 cm™! and three weak bands at 140, 362 and 414cm™! is
assigned to the 'A — 2A transition of La(CHCHCH,) (Iso 1), while
the 40509 cm~' band system consisting of the origin band at
40509 cm~! and two weak bands at 433 and 572 cm ™! is attributed
to the 1A’ — 2A’ transition of La(CHCCH3) (Iso 2). Like La(CsHg), the
doublet state of each isomer of La(CsHg) has a La 6s! valence
electron configuration, and the singlet ion is formed by removing
the 6s! electron. The weaker signal of the 40509 band systems is

consistent with the predicted higher energy of Iso 2. The 140, 362,
and 414 cm™! bands are assigned to a C—C—C out-of-plane bend
(vig), a La—C2/C3 stretch (v{g), and a La—C1/C2 stretch combined
with a CHy rock (v{s) of Iso 1, while the 433 and 572 cm™ ! bands are
attributed to the La—C2 stretch combined with a C2—CHj3 in-plane
bend (v{;) and a La—C1 stretch mixed with a C1—H in-plane bend
(vio) of Iso 2. It is noted that the 433 and 572 cm~! bands from Iso 2
are overlapped with the origin and 140cm~' bands of Iso 1,
respectively. The observed AlEs and vibrational frequencies are
compared with computed values in Table 2. For the AIEs, the
CCSD(T) values are 200—300cm™ ' smaller than the measured
values, while the B3LYP values are 600—700cm~! larger. The
computed differences between the AIEs of the two isomers are
495cm~! at the CCSD(T) level and 326 cm~! at the B3LYP level,
while the measured AIE difference is 433 cm™~". For the vibrational
frequencies, a reasonable agreement also exists between the cal-
culations and measurements. In addition to the aforementioned
vibronic bands, the spectra also exhibit two other bands marked
with “*“, which are from the ionization of LaO as discussed previ-
ously [26,31].

3.3. Formation of La(CsHg) and two isomers of La(CsHy)

Figs. 5 and 6 present the DFT/B3LYP computed stationary points
for the formation of Iso A of La(CsHg) and two isomers of La(C3Hy)
from the La + 1,4-pentadiene reaction, whereas Fig. 7 illustrates the
stationary points for the formation of HLa(CH,CHCHCH) (IM3)
from La + 1-pentyne. These stationary points include reactants,
intermediates (IMn), transition states (TSn), and products in their
doublet spin states. Energies of the stationary points reported in
these figures are all electronic energies with vibrational zero-point
corrections, which are also reported in Tables S3 and S4 of
Appendix A. We have also carried out CCSD(T) singlet-point en-
ergy calculations for the stationary points for the formation of
La(CsHe) (Iso A) from the La + 1,4-pentadiene reaction. The CCSD(T)
energies are compared with those from the DFT/B3LYP calculations
in Table S5, and the comparison shows that the relative energies
from the two calculations are only slightly different (by
0.1-1.0 kcal mol~1). Because of the similarly relative energies and
high computational cost, the CCSD(T) calculations were not per-
formed for the stationary points for the formation of the two
La(C3H4) isomers from the La +1,4-pentadiene reaction and for the
formation of La(CsHg) and La(C3H4) from the La + 1-pentyne
reaction.
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3.3.1. Formation of La(CsHg) and two isomers of La(CsH4) from La +
1,4-pentadiene

The formation of Iso A of La(CsHg) from the La + 1,4-pentadiene
reaction (Fig. 5) involves La addition to a C=C double bond, La
insertion into two C(sp>)—H single bonds, and concerted H, elim-
ination. La addition to a C=C bond forms a w complex (IM1). Upon
the La addition, the C1C2 bond is elongated (from 1.331 to 1.513 A)
and the ethenyl plane of the ligand is bent. This structural change
suggests that the 7 bond is broken between the C1 and C2 atoms
and the two carbon atoms rehybridize from sp? to sp>. Thus, IM1
can be considered a three-membered metallacycle. The breakage of
the C—C w bond is over compensated by the formation of two La—C
bonds and the resultant metallacycle is more stable than the iso-
lated reactants by 32.6 kcal mol~! (Table S3). The stabilization en-
ergy of La addition to 1,4-pentadiene is similar to those of La
associations with other small alkenes (ethylene, propene, and bu-
tenes) [23,26,27,29]. The reaction could also begin by La addition to
two C=C double bonds of the ligand. However, the double addition
requires the trans-cis isomerization of the ligand, and the resultant
7 complex is less stable than IM1 by 6.7 kcal mol~L. The second step
is the activation of two C(sp>)—H bonds by La insertion (IM1-IM3).
Prior to La insertion, the CH,=CH— group rotates around the C3—C4
single bond to form IM2, which facilitates the § C—H bond insertion
and the formation of the inserted species IM3. Unlike IM2, the
carbon skeleton in IM3 is nearly planar, suggesting that carbon p
electrons are delocalized over all five carbons. The electron delo-
calization, the La 1> binding mode with the five carbons, and the
formation of the La—H bond makes IM3 more stable than IM2 even
though a C—H bond is broken from IM2 to IM3. Because of the
electron delocalization, The C—C bond lengths become very com-
parable (1.425 + 0.005 A), the carbons in all C—H bonds have similar
orbital hybridization characters, and IM3 possesses a reflection
plane (i.e., HLaC3H). The second La insertion occurs at a terminal
C—H bond (C1—H or C5—H) with H pointing inwards and yields a
dihydrogen complex (IM4). IM4 is a dihydrogen complex rather
than a dihydride species because the H—H distance (0.757 A) is
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Fig. 5. Reaction pathway and energy profile for the formation of La(CH,CHCHCHCH)
(Iso A) from the La + 1,4-pentadiene reaction calculated at the DFT/B3LYP level, where
IMn stands for intermediates and TSn transition states.

about the same as that in a free Hy molecule. The elimination of Hy
produces Iso A. The whole process La + 1,4-pentadiene — Iso + Hj
is exothermic by 42.6 kcalmol~! and has no energy barriers. We
have also considered possibilities of La insertion into the C3—H and
C2—H (or C4—H) bonds because all C—H bonds are comparable in
their bond strengths (Figure S2). However, our calculations show
that La insertions into either C3—H (blue trace) or C2—H (or C4—H)
(red trace) bonds are kinetically less favorable than La insertion into
the C1—H (or C5—H) bond (black trace) because of their higher
barriers. Moreover, the five-membered ring (Iso B) from La inser-
tion into the C2—H (or C4—H) bond and the four-membered ring
from La insertion into the C3—H bond are less stable than Iso A from
the C1—H (or C5—H) insertion.

The formation of the two isomers of La(C3Hg4) from La + 1,4-
pentadiene is illustrated in Fig. 6. Previously, we investigated La-
mediated C—C bond cleavage of propene [27], butadiene [25],
isoprene [31], and 1- and 2-pentene [30], and found that the C—C
cleavage could proceed via hydrogen migration followed by C—C
cleavage or vice versa. The formation of La(CH;) in the La + propene
reaction, La(CoH>) in La + 1,3-butadiene, and La(C;H3) and La(C3Hy)
in La + isoprene all follows the mechanism of hydrogen migration
prior to C—C bond cleavage, while the formation of La(C;H>) in the
La + 1- and 2-pentene reactions proceeds with an opposite order. In
the La + 1,4-pentadiene reaction, the formation of La(C3Hg) Iso 1 is
through hydrogen migration from C3 to C2, followed by C2—C3
bond cleavage and ethylene elimination, and that of Iso 2 requires
two hydrogen migrations from C3 to C5 and C4 to C2 prior to the
C2—C3 cleavage and ethylene elimination. In both cases, the reac-
tion begins with La addition to a C=C bond and insertion into the
C3(sp3)—H bond (i.e., La + 1,4-pentadiene — IM1—IM2—IM3) as
discussed in the previous paragraph. To form Iso 1, the La-bonded H
in IM3 is migrated to C2 to form a four-membered lanthanacycle
La(CH,CH,CHCHCHy) (IM5). In this four-membered ring, La is
bonded with C1 and C3, the two C—C bonds inside the ring are
single bonds (1.545 and 1.572 A), and the two C—C bonds outside
the ring are between single and double bonds (1.397 and 1.410 A).
IM5 is less stable than IM3 due to the partial loss of the C 2p
electron delocalization (from over 5 carbons to 3 carbons) and the
La—C bonding (from 1’ to n2). Because it is weaker than the C3=C4
double bond, C—C cleavage occurs preferably at the C2—C3 single
bond to form (CyH4)La(CHCHCH,) (IM6). Because the singlet C;Hy
molecule has much weaker bonding with La than the CHCHCH,
radical does, IM6 favors decomposition into La(CHCHCH3) + C;Ha.
The formation of Iso 2 requires several more steps as it involves two
H migration. The first H migration from the La-bonded H in IM3 to
C5 forms a five-membered ring, La(CH,CHCHCHCH3) (IM7). The
second H migration from C4 to C2 involves La insertion into a
C4(sp>)—H bond to form an inserted species (IM8) and the La-
bonded H migrates to C5 to form another five-membered ring
(IM9). Although both are five-membered rings, IM7 is considerably
more stable than IM9 (by 12.8 kcal mol~!). This stability difference
largely arises from their different conformations. IM7 is puckered as
an envelope shape that minimizes torsional strain compared to the
less puckered IM9 with higher strain energy. In IM9, C1-C2, C2—C3,
and C4—C5 are all single bonds, while C3=C4 is a double bond.
Although breaking any of the C—C single bonds would be possible,
the C2—C3 bond cleavage produces a singlet ethylene molecule and
a La(CHCCH3) radical (Iso 2), which is thermodynamically more
favorable than cleaving C1—C2 or C4—C5 bonds that would yield
two radicals (a hydrocarbon fragment and a metal-hydrocarbon
complex). We have also considered the formation of the two
La(C3Hy4) isomers in a reversed sequence (i.e. C—C cleavage prior to
dehydrogenation). However, the reversed reaction order is less
favorable because the C2=C3 bond in either IM3 or IM7 requires
more energy to cleave than the C2—C3 single bond in IM5 or IM9.
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Fig. 6. Reaction pathway and energy profile for the formation of La(CHCHCH;) (Iso 1) and La(CHCCH3) (Iso 2) from the La + 1,4-pentadiene reaction calculated at the DFT/B3LYP

level, where IMn stands for intermediates and TSn transition states.

The formation of the La(CsH4) two isomers from La + 1,4-
pentadiene are thermodynamically and kinetically favorable. The
formation of Iso 1 is predicted to be exothermic by 29.9 kcal mol~!
and that of Iso 2 by 27.4 kcal mol~. But both are significantly less
exothermic than the formation of La(CsHg) (42.6 kcal mol~1). The
computational predictions agree with the mass spectra that show a
much stronger La(CsHg) signal than La(CsHg4). Moreover, because
Iso 2 is less stable and produced through more reaction steps than
Iso 1, the number density of Iso 2 is lower as shown by its MATI
signal.

3.3.2. Formation of La(CsHg) and two isomers of La(C3H4) from
La + 1-pentyne

Unlike 1,4-pentadiene, simple dehydrogenation of 1-pentyne
could not produce La(CsHg) (Iso A) because the free ligand
(CHCCH2CH>CH3) and the hydrocarbon fragment (CHCHCHCHCH,)
in La(CsHg) have different atomic connectivity. To form the metal
complex, isomerization must occur through hydrogen migration
either before or after metal coordination. However, hydrogen
migration without metal assistance is expected to have a consid-
erable energy barrier. Isomerization of 1-pentyne to 1,4-pentadiene
is unlikely in our experiments for the ligand is introduce to the
collision chamber at ambient temperatures and without passing
through the laser ablation region. Our calculations show that the
isomerization proceeds via La addition to 1-pentyne to form La(1-
pentyne), which then converts to IM3. Upon the formation of
IM3, La + 1-pentyne — La(CsHg) (Iso A) + H; follows the same path
as that of the La + 1,4-pentadiene reaction discussed in Section
3.3.1. Thus, we will only describe the formation and isomerization
of La(1-pentyne) (Fig. 7).

La addition to the triple bond in 1-pentyne forms a w-complex
(IM11). Upon the La addition, the C=C triple bond is elongated
(from 1.20 to 1.35 A) and the C(sp)—H bond is bent away from the
H—C=C- linear configuration. Thus, the © complex may be consid-
ered a propyl substituted lanthanacyclopropene. The resultant
three-membered ring is lower in energy than the La + 1-pentyne
reactants by 54.4 kcal mol~! (Table S4). The stabilization energy

is similar to those of La additions to propyne (54.4 kcal mol~1) [21],
1-butyne (52.4kcalmol™!) [28], 2-butyne (51.1 kcal mol~1) [28],
but it is considerably larger than that of La + 14-pentadiene
(32.4 kcal mol™1). As a result, IM11 is more stable than La(1,4-
pentadiene) (IM1) even though 1-pentyne is less stable than the
diene molecule. Alkynes are generally better electrophiles due to
their lower-energy empty C pr orbitals and tend to have stronger
back electron donations than alkenes, which lead to shorter La—C
bonds (2.294/2.325A) in IM11 than those in IM1 (2.367/2.372 A).
Isomerization of IM11 to IM3 requires two H migrations, each fol-
lowed by the formation of a metallacycle. The first H migration
from C3 to C2 (IM11-IM15) forms La(CHCHCHCH,CHj3) (IM15), a
metal-carbene complex with La doubly bound to C1. To facilitate
the C3, C2—H migration, the propyl group in IM11 rotates to bring
one of the H atoms in the B position (i.e. C3) to the proximity of the
La atom (IM12) to enhance the La and H interaction. Such inter-
action weakens the C—H bond (as shown by the elongation of the
C—H bond from 1.100 A in IM11 to 1.271 A in IM12) and promotes
the La—H bond formation (IM13). IM12 is less stable than IM11 due
to the weakened C—H bond, while IM13 is more stable than IM12
due to the formation of new C2=C3 and La—H bonds, which over-
compensates the loss of a La—C bond. The La—H bond in IM13 ro-
tates to bring the H atom to the vicinity of the C2 atom (IM14) to
facilitate the H transfer from La to C2 (IM15). Therefore, the
C3,C2—H migration consists of two steps with H migration from C3
to La and then from La to C2. The second H migration from C4 to C1
is like the first H shift from C3 to C2. It begins with the formation of
a four-membered metallacycle (IM16), proceeds with H shift from
C4 to La (IM17), and completes with H migration from La to C1
(IM18). Finally, IM3 is formed via a five-membered lanthanacycle
intermediate (IM19). The La + 1-pentyne — IM3 process is
exothermic by 76.2 kcal mol~! and has no positive barriers.

We have also considered the possible isomerization of La(1-
pentyne) to other intermediates along the La + 1,4-pentadiene —
La(CsHg) (Iso A) + H; reaction coordinates and Iso Cor Iso D to Iso A.
However, all these alternatives are less favorable than La + 1-
pentyne — IM3 — La(CsHg) (Iso A) + Hy discussed above. For
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Fig. 7. Reaction pathway and energy profile for the formation of the H—La(CH,CHCHCHCH,) (IM3) from the La + 1-pentyne reaction calculated at the DFT/B3LYP level, where IMn

stands for intermediates and TSn transition states.

example, La + 1-pentyne — IM2 is predicted to have an energy
barrier of 5.9 kcal mol~! (Figure S3 and Table S4), while the
isomerization of Iso C and Iso D have barriers up to 33.0 and
28.8 kcal mol ™', respectively (Figure S4 and Table S4).

IM3 is the key intermediate for the formation of Iso 1 and Iso 2 of
La(CsHy) in the 1,4-pentadiene reaction and Iso A of La(CsHg) in
both 1,4-pentadiene and 1-pentyne reactions. It is also the most
stable intermediate in these reactions (Figs. 5—7). Thus, it is not
unreasonable to assume that IM3 could also be an intermediate for
the formation of the two La(C3H4) isomers in the La + 1-pentyne
reaction, and from IM3 the C—C cleavage of 1-pentyne follows
the same paths as those illustrated in Fig. 6. The main difference is
that the exothermicity in the formation of the two La(C3H4) isomers
is slightly larger for 1-pentyne (40.1kcalmol~! for Iso 1 and
37.6 kcal mol~"! for Iso 2) than for 1,4-pentadiene (29.9 kcal mol~!
for Iso 1 and 27.4 kcal mol~! for Iso 2).

4. Conclusions

La atom reactions with 1,4-pentadiene and 1-pentyne in the gas
phase show dehydrogenation to be the main reaction channel and
ethylene elimination the minor one. Both reactions produce
La(CsHg) from the dehydrogenation and La(C3H4) from the C—C
bond cleavage. La(CsHg) is identified as a six-membered metalla-
cycle in Cy point group. Two isomers of La(C3H,) are observed as a
four-membered metallacycle La(CHCHCH;) in C; pointe group and
a three-membered ring La(CHCCH3) in Cs. The ground electronic
state of each species is a doublet with a La 6s'-based electron
configuration, and ionization of the neutral state yields a singlet
state in a similar geometry. For the La + 1,4-pentadiene reaction,
La(CsHg) is formed via concerted H; elimination, whereas the for-
mation of the La(C3H,4) two isomers involves the two H migrations,
C—C bond cleavage, and ethylene elimination. For the La + 1-
pentyne reaction, the formation of La(CsHg) and La(CsHy) requires
the isomerization of a La(1-pentyne) adduct to a La inserted species
in addition to those for the La + 1,4-pentadiene reaction.
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