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ABSTRACT: The reactions of neutral ground-state yttrium (Y) atoms with 1,3- and
1,4-cyclohexadiene (CHD) were studied using crossed molecular beams. Formation of
YC6H6 + H2 and YH2 + C6H6 was observed for both isomers at collision energies
(Ecoll) of 31.3 and 13.0 kcal/mol. Measured product branching ratios at Ecoll = 31.3
kcal/mol indicated that YH2 + C6H6 was the dominant channel, accounting for >97%
of the products. An additional minor product channel, YC4H4 + C2H4, was observed
for 1,3-CHD at the higher Ecoll. The reaction threshold for YC4H4 formation was
determined to be 29.5 ± 2.0 kcal/mol based on fits to the data.

I. INTRODUCTION
The reactions of neutral gas-phase transition-metal atoms with
hydrocarbons have been an active area of study due to their
ability to act as simple models for reactions important in
catalysis. Much of the earliest experimental work focused on the
smallest saturated hydrocarbons, namely, methane1−5 and
ethane,2,5,6 but several larger (and unsaturated) hydrocarbons
have also been studied.7−11 We have studied reactions of
ethylene,11 acetylene,11 cyclopropane,12 propene,12 four butene
isomers,13 propyne,14 and 2-butyne.14 In our studies of the
methane and ethane reactions, only products from cleavage of
C−H bonds were observed,5,6 while reactions with the larger
hydrocarbons also yielded product channels resulting from
cleavage of C−C bonds.12−14 Experimentally measured
branching ratios for these reactions have, in some cases,
shown the C−C bond cleavage products to be dominant.12a

In the current study, we look at reactions of yttrium, the
simplest second-row transition-metal atom, with 1,3- and 1,4-
cyclohexadiene (CHD), thereby extending the size of the
hydrocarbon reactant to six carbons. These reactions have not
been studied previously, although there have been studies
involving niobium clusters,15 aluminum atoms,16 and metal
cations.17 Also, photodissociation of 1,4-CHD leading to H2
elimination has been studied.18 On the basis of available
binding energies19,20 and heats of formation,21 a schematic
reaction coordinate for the Y + 1,3-CHD reaction can be drawn
(Figure 1).22 Two possible product channels, corresponding to
elimination of H2 and C6H6, should be exoergic. A third
reactive channel, corresponding to elimination of C2H4, may
also be accessible, particularly at higher collision energies.
There have been no previous computational studies of the
reactions of transition-metal atoms with 1,3- and 1,4-CHD.

II. EXPERIMENTAL SECTION
The experiments were conducted using a rotatable source
crossed molecular beams apparatus.23 The 532 nm output (10
mJ/pulse) of a Nd:YAG laser (Continuum Surelite) operating
at 30 Hz was focused onto a 0.25-in. diameter yttrium rod (Alfa

Aesar, 99% purity). The ablated yttrium atoms were
subsequently entrained in a supersonic inert gas pulse23,24

(He or Ne, 5 psig), forming the metal beam that was then
skimmed, collimated, and chopped by a slotted chopper wheel
spun at 210 Hz. The CHD beams were generated by passing an
inert carrier gas (He, 5 psig) through a glass bubbler containing
pure liquid 1,3- or 1,4-CHD (Aldrich) held at room
temperature. The resulting mixture was sent to a second
pulsed valve. The CHD beams were also skimmed before
crossing the yttrium beam at 90°. Electron impact ionization
was used to measure the velocity distributions of both beams,
using the time-of-flight (TOF) method.23 Parameters relevant
to the beam profiles are given in Tables 1 and 2. The yttrium
beam has been shown to consist only of two spin−orbit states
of the ground electronic state, Y(a2D3/2) and Y(a2D5/2).
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Figure 1. Schematic potential energy diagram for the Y + 1,3-CHD
reaction. Product thermodynamics were calculated based on known
binding energies19,20 and heats of formation.21,22 Other stationary
points are estimated by analogy to other Y reactions. A possible second
mechanism for YC4H4 formation involving concerted elimination of
C2H4 from the π-complex has been omitted for the sake of clarity.
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Yttrium-containing products from reactive and nonreactive
collisions drifted 24.1 cm to the detector, where they were
ionized at 157 nm using a F2 excimer laser (∼1 mJ/pulse).23 By
scanning the delay time of the excimer trigger with respect to a
time zero for reaction, product TOF spectra were obtained.
Integration of these spectra at different angles yielded the lab
angular distribution, N(Θ). Using a forward-convolution
program with instrumental and experimental parameter inputs
(aperture sizes, flight distances, beam velocities, etc.), along
with two center-of-mass (CM) input functions (the transla-
tional energy release distribution, P(E), and the CM angular
distribution, T(θ)), TOF spectra and lab angular distributions
were calculated and compared with experimental data. The two
CM functions were iteratively adjusted until calculated angular
distributions and TOF spectra matched those from experiment.

III. RESULTS
A. Ecoll = 31.3 kcal/mol. Reactions of neutral yttrium atoms

with 1,3- and 1,4-CHD at Ecoll = 31.3 kcal/mol resulted in
signal at four m/e ratios
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A Newton diagram25 in velocity space is shown in Figure 2
for the Y + 1,3-CHD reaction. The rings (Newton circles)
correspond to the maximum range of scattering for each
product, assuming that all available energy (Eavail) is channeled
into translational energy. These circles were calculated using
the thermodynamics shown in Figure 1, along with
conservation of energy and linear momentum. Although the
YC6H6 + H2 channel is quite exothermic, because of the light
counterfragment (H2), linear momentum conservation con-
strains the YC6H6 products to a small range of lab angles. The
YH2 products recoil from a much heavier counterfragment
(C6H6), enabling them to scatter over a very wide range of lab
angles. The YC4H4 + C2H4 channel is substantially endoergic,
making the YC4H4 constrained to a very small range of
laboratory angles.
Laboratory TOF spectra for the YC6H6, YH2, and YC4H4

products from the Y + 1,3-CHD reaction at Ecoll = 31.3 kcal/

mol are shown in Figures 3−5, respectively. Spectra for the
YC6H6 and YH2 product channels from the reaction with 1,4-

CHD look quite similar to those shown in Figures 3 and 4,
respectively, and are not shown. Upon inspection of the m/e
141 (YC4H4

+) data from 1,4-CHD, it was evident that the
TOFs and lab angular distribution were identical to those for
the YC6H6 products, but at 6.5% of the signal intensity. It was
concluded that the signal at m/e 141 from 1,4-CHD was
actually due to fragmentation of the YC6H6 product channel,
rather than genuine YC4H4 reactive signal. Accordingly, 6.5% of
the YC6H6 signal has been subtracted from the YC4H4 data for
1,3-CHD as well. The lab angular distributions for the reactive
product channels from both isomers are shown in Figure 6.
The solid-line fits shown in Figures 3−6 were generated

using the CM distributions shown in Figure 7. The YC6H6 and
YH2 data for both 1,3- and 1,4-CHD could be fit using the same
CM distributions. The translational energy distributions, P(E),
for YC6H6 and YH2 products peaked slightly away from zero,
with ⟨P(E)⟩ = 4.97 and 8.83 kcal/mol, respectively. Using the
thermodynamics shown in Figure 1, one can calculate the

Table 1. Experimental Conditions for Y + 1,3-CHD
Reactions

Ecoll
a

Y
carrier
gas

Y beam
velocityb

Y
beam
fwhmb

1,3-CHD
temperature

1,3-CHD
beam

velocityb

1,3-CHD
beam
fwhmb

13.0 Ne 1090 150 room temp. 1183 104
31.3 He 2180 261 room temp. 1183 104

aUnits: kcal/mol. bUnits: m/s.

Table 2. Experimental Conditions for Y + 1,4-CHD
Reactions

Ecoll
a

Y
carrier
gas

Y beam
velocityb

Y
beam
fwhmb

1,4-CHD
temperature

1,4-CHD
beam

velocityb

1,4-CHD
beam
fwhmb

13.0 Ne 1090 150 room temp. 1280 106
31.3 He 2180 261 room temp. 1280 106

aUnits: kcal/mol. bUnits: m/s.

Figure 2. Newton diagram in velocity space for the Y + 1,3-CHD
reaction at Ecoll = 31.3 kcal/mol. Circles represent the maximum CM
velocity constraints on the indicated metal-containing fragment from
the various product channels based on reaction thermodynamics as
shown in Figure 1 and momentum conservation.

Figure 3. Sample TOF spectra at indicated lab angles for YC6H6
products from the 1,3-CHD reaction at Ecoll = 31.3 kcal/mol. Solid-line
fits are generated using CM distributions shown in Figure 7.
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average fraction of Eavail appearing as translational energy to be
⟨f T⟩ = 0.089 and 0.152 for YC6H6 and YH2 products,
respectively. The P(E) for YC4H4 products peaked very close
to the zero of translational energy, with ⟨P(E)⟩ = 0.32 kcal/
mol, and only extended to 1.5 kcal/mol. The CM angular
distribution, T(θ), for YC6H6 products was isotropic.26 The
T(θ) for YH2 products was quite strongly peaked in the
forward and backward directions (θ = 0° and 180°,
respectively), with T(0°)/T(90°) = 6.32. The T(θ) for
YC4H4 products was slightly forward−backward peaked, with
T(0°)/T(90°) = 2.00.
In order to fit the widths and arrival times of the TOF

spectra for the YC4H4 products from the 1,3-CHD reaction, it
was necessary to assume a reaction threshold of 29.5 ± 2.0
kcal/mol.27 This threshold corresponds to a step-like cutoff,
such that any reactants with a collision energy below this
threshold cannot lead to products. More will be said about this
shortly.
Determination of the branching ratios for the competing

reactive channels required consideration of the photoionization
cross sections, fragmentation patterns, and Jacobian factors for
each reaction. In this study, the product fragmentation patterns

and Jacobian factors were explicitly included in the analysis.
The photoionization cross sections were assumed to be
identical for each product.12 The branching ratios were
ϕYC6H6/ϕYH2/ϕYC4H4 = 1.00:44.9:0.054 for 1,3-CHD and
ϕYC6H6/ϕYH2/ϕYC4H4 = 1.00:57.0:0.00 for 1,4-CHD (upper-
right corners of Figure 6). Thus, the reaction forming YH2 +
C6H6 was by far the dominant process at Ecoll = 31.3 kcal/mol,
accounting for >97% of the products from reactions of both
CHD isomers.

B. Ecoll = 13.0 kcal/mol. The reactions of Y with 1,3- and
1,4-CHD were also studied at a collision energy of 13.0 kcal/
mol. Only YC6H6 and YH2 products were observed at the CM
angle for both isomers, in addition to nonreactive scattering.
The signal for both reactive products was too weak at this
collision energy to allow full data sets to be taken.

IV. DISCUSSION
Because there have been no electronic structure calculations
carried out on the reaction of yttrium with either CHD isomer,
the thermodynamics and barrier heights must be estimated
from similar systems studied previously. All of the reactive
scattering channels for both isomers exhibited CM angular
distributions with forward−backward symmetry, indicating that
the reaction coordinates contain at least one intermediate that
is long-lived with respect to its picosecond rotational period.26

This is consistent with a mechanism that involves initial
formation of a donor−acceptor complex between Y and the π-
bonds of CHD. As shown in Figure 1, following π-complex

Figure 4. Sample TOF spectra at indicated lab angles for YH2
products from the 1,3-CHD reaction at Ecoll = 31.3 kcal/mol. Solid-
line fits are generated using the CM distributions shown in Figure 7.

Figure 5. Sample TOF spectra at indicated lab angles for YC4H4
products from the 1,3-CHD reaction at Ecoll = 31.3 kcal/mol. Solid-line
fits are generated using CM distributions shown in Figure 7.

Figure 6. Lab angular distributions for all reactive product channels
from the reaction of Y with both CHD isomers at Ecoll = 31.3 kcal/
mol. Products are, from top to bottom, YC6H6 (open circles), YH2
(open triangles), and YC4H4 (open squares). Solid-line fits are
generated using CM distributions shown in Figure 7. Corresponding
product yields are indicated in the upper-right corner of each graph.
Each distribution is scaled to the same number of scans (2).
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formation, there is possibly a competition between C−H and
C−C bond insertion. Insertion into a C−H bond yields H−Y−
C6H7. This complex can undergo H migration to yttrium to
give a (H)(H)Y(C6H6) intermediate that can decay to form
YH2 + C6H6. In previous studies of Y atom reactions with
C2H6

6 and H2CO,
28−30 YH2 was found to be the dominant

product, as is the case in the present study. This behavior,
which has been discussed in considerable detail previously, is a
consequence of the fact that H atom migration following C−H
insertion is facile in these systems, producing LYH2 (L = C2H4
or CO).6,29 The same situation is expected in the present case,
where L = C6H6. Unimolecular decomposition by simple loss of
L from LYH2 proceeds with little or no potential energy barrier
in excess of the reaction endoergicity. Note that because LYH2
is a true dihydride with metal hydrogen bonds (rather than a
σ−H2 complex) and because of the limited capacity for Y to
undergo multicenter bonding (due to the presence of only
three valence electrons), H2 elimination from LYH2 will
encounter significant potential energy barriers and is not
expected to be competitive with L loss. Instead, the most
dynamically favorable mechanism for H2 elimination starts from
the H−Y−C6H7 complex followed by H migration to the H
atom attached to yttrium (rather to Y), subsequently
eliminating H2 over a multicentered transition state
(MCTS).9b,30

The CM angular distributions for the different product
channels observed in this study are quite similar to those
reported earlier in studies of Y + C2H6

6 and Y + H2CO.
28,29

The forward−backward symmetry in T(Θ) has been observed
in nearly all transition-metal hydrocarbon reactions studied to
date, and, as already noted, is a direct consequence of one or
more reaction intermediates having lifetimes exceeding their
rotational periods.25,26 For the YH2 + C6H6 channel, the sharp
peaking of T(Θ) at Θ = 0 and 180° is a consequence of angular
momentum conservation in a reaction where product rotational
excitation is small.6,28,29 In contrast, the isotropic nature of the
T(Θ) for the H2 elimination channels results from the
significant angular momentum constraints imposed by the
small product reduced mass μ. In this case, the exit orbital
angular momentum, L′ = μvb′ (where b′ is the exit impact
parameter) is constrained to be much smaller than the total
angular momentum of the reaction intermediate; therefore, a
substantial fraction of angular momentum must be channeled
into rotational angular momentum of the products, leading to
an essentially isotropic T(Θ).6,28

Insertion of Y into a C−C bond of CHD is also possible,
leading to a seven-member ring intermediate (Figure 8), which

could subsequently undergo intramolecular rearrangement and
dissociate to form YC4H4 + C2H4. It is quite interesting that
C2H4 elimination is observed for 1,3-CHD but not for 1,4-
CHD. Analysis of the seven-member ring intermediates formed
upon C−C insertion for each of the two isomers (Figure 8)
shows that for 1,3-CHD, elimination of ethylene requires very
little molecular rearrangement because there is essentially an
ethylene moiety already present in the ring (Figure 8a).
Elimination of ethylene from the seven-member ring formed
upon C−C insertion for 1,4-CHD would require substantial
rearrangement because the carbons with two hydrogens
attached are now no longer adjacent to one another (Figure
8b).
It is also possible that for 1,3-CHD, the YC4H4 + C2H4

products are formed directly from the π-complex and via
concerted elimination of C2H4 with concurrent formation of a
metallacyclopentadiene complex (see below). In this case, the
reaction occurs without explicit insertion of Y into a C−C
bond, as has been proposed for other large hydrocarbons.12−14

On the basis of our experimental data, it is not possible to
determine whether C2H4 elimination involves a concerted
process directly from the π-complex or from a C−C insertion
intermediate. Theoretical calculations would be very valuable in
this regard.
Elimination of molecular hydrogen from either CHD isomer

should result in formation of a YC6H6 complex. Although the
binding energy of Y to C6H6 (benzene) is not known, the
binding energies of benzene to several first-row transition-metal
atoms have been determined.19 In constructing Figure 1, a
binding energy of 19.5 kcal/mol was assumed for Y.31 Using
this value, formation of YC6H6 should be exoergic (−24.7 kcal/
mol). It is interesting that despite the large amount of available
energy for the YC6H6 products (Eavail = 56.0 kcal/mol at Ecoll =

Figure 7. CM distributions used to fit TOF data for YC6H6, YH2, and YC4H4 products shown in Figures 3−5, respectively, as well as for lab angular
distributions shown in Figure 6. Dashed lines correspond to the range of distributions that give acceptable fits to the data.

Figure 8. Schematic structures for the C−C insertion intermediate
from the (a) 1,3-CHD and (b) 1,4-CHD reactions.
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31.3 kcal/mol), a relatively small fraction (⟨f T⟩ = 0.089) is
deposited into translational energy. This is most likely due to
the large number of vibrational degrees of freedom of the
YC6H6 complex. On the basis of energetic considerations of
C6H6 isomers,32 the counterfragment to formation of YH2 is
benzene, which makes this product channel quite exoergic as
well (−26.8 kcal/mol). Again, there is a relatively small fraction
of the Eavail appearing in translation (⟨f T⟩ = 0.152), presumably
due to the large number of vibrational modes of benzene.
As mentioned above, it was necessary to include a reaction

threshold of 29.5 kcal/mol in order to accurately fit the YC4H4
data from 1,3-CHD. Without detailed ab initio calculations, it is
difficult to say to what this threshold corresponds with absolute
certainty. However, consideration of possible product struc-
tures may help in this regard. Figure 9 shows four possible

product structures for YC4H4, corresponding to a metal-
lacyclopentadiene (Figure 9a), a Y−cyclobutadiene complex
(Figure 9b), a Y−(C2H2)2 complex (Figure 9c), and a Y−
butatriene complex (Figure 9d). If we take the measured
threshold to be the reaction endoergicity, we can use known
heats of formation21 to determine the bond energies of Y in
each complex. For the metallacyclopentadiene complex, each
Y−C bond would have D0 = 75.0 kcal/mol, while the Y−
cyclobutadiene complex would be bound by 60 kcal/mol. For
the Y−(C2H2)2 complex, assuming that the first acetylene
moiety is bound by 48.6 kcal/mol33 gives D0 = 17.8 kcal/mol
for the second acetylene unit. Finally, the Y−butatriene
complex would be bound by 41.0 kcal/mol.
Although we cannot explicitly rule out any of these structures

based on our data, we can make arguments against some of
them. The Y−(C2H2)2 complex seems unlikely for three
reasons. First, assuming that the reaction threshold corresponds
to the endoergicity leaves the second acetylene unit bound by
only 17.8 kcal/mol, which seems weak for a Y−(CC) bond.
Second, formation of this product requires cleavage of an
additional C−C bond, a requirement not shared by the other
structures. Third, it seems likely based on our past experience14

that a Y−(C2H2)2 complex would fragment upon ionization to
form Y(C2H2)

+ + C2H2, but the fragmentation pattern for Y +
1,3-CHD showed no signal at m/e 115 (YC2H2

+). The Y−
butatriene complex seems unlikely because taking the reaction
endoergicity to be 29.5 kcal/mol makes this complex bound by
41.0 kcal/mol, which seems large compared to the 28.0 kcal/
mol binding energy calculated for the Y−C2H4 complex.8b The
Y−cyclobutadiene structure seems quite unlikely because
cyclobutadiene is antiaromatic. It therefore seems that the
metallacyclopentadiene structure is the most likely candidate.
Assuming 29.5 kcal/mol to be the reaction endoergicity yields
reasonable bond energies for this structure, and its formation

requires the least amount of molecular rearrangement from
either the seven-member ring intermediate or the π-complex.
If the metallacyclopentadiene is formed via the stepwise C−

C insertion mechanism (Figure 1), the equation of the
measured reaction threshold to the reaction endoergicity
seems reasonable because the dissociating intermediate would
have a structure similar to that shown in Figure 9a but with an
additional C2H4 unit bonded to yttrium. The final dissociation
step would then be simple bond fission and loss of C2H4, which
should proceed without a barrier in excess of the reaction
endoergicity. If, on the other hand, the dominant mechanism is
one involving concerted loss of C2H4 from the initially formed
π-complex, the measured reaction threshold may correspond to
a MCTS that lies above the reaction endoergicity. Detailed ab
initio calculations would be useful in providing more insight
into the reaction mechanism(s) for production of YC4H4 +
C2H4.

V. CONCLUSION
The reactions of neutral yttrium atoms with 1,3- and 1,4-CHD
were studied at two different collision energies. At the higher
collision energy, formation of YC6H6, YH2, and nonreactive
scattering was observed for both isomers. An additional product
channel, forming YC4H4, was observed only for 1,3-CHD. At
the lower collision energy, only YC6H6, YH2, and nonreactive
scattering products were observed for both isomers. A
mechanism for formation of YC6H6 and YH2 is proposed
involving initial π-complex formation followed by insertion of Y
into a C−H bond. Subsequent H migration steps lead to these
two product channels. Two possible mechanisms for YC4H4
formation are discussed, corresponding to formation of a π-
complex followed by either concerted C2H4 loss or insertion of
Y into a C−C bond to form a seven-member ring intermediate
that subsequently undergoes intramolecular rearrangement to
form YC4H4 + C2H4. Several possible structures are considered
for the YC4H4 product, with the most likely corresponding to a
metallacyclopentadiene complex. A reaction threshold of 29.5
± 2.0 kcal/mol was measured for this product channel, which
may correspond to the reaction endoergicity or a MCTS above
the product asymptote, depending on the mechanism of YC4H4
formation.
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