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The reactions of ground state Y (a2D) with H2CO and CH3CHO were studied at a range of collision energies
in crossed molecular beams. For reaction with H2CO, three product channels were observed: formation of
YH2 + CO, YCO+ H2, and YHCO+ H. Reaction with CH3CHO led to three analogous product channels
involving formation of HYCH3 + CO, YCH2CO+ H2, and YCH3CO+ H. The calculated CCSD(T) energetics
and DFT geometries for key intermediates in both reactions, together with RRKM theory, are used to calculate
a priori the branching ratios between various product channels. These calculated values are compared to
those obtained experimentally.

I. Introduction

The large number of experimental and theoretical studies of
reactions of neutral, gas-phase transition metal atoms with
hydrocarbon molecules has led to a better understanding of
fundamental aspects of elementary transition metal reactions
initiated by C-H bond insertion.1-5 The combination1,2 of ab
initio calculations at the PCI-80 level with kinetics measure-
ments and Rice-Ramsperger-Kassel-Marcus theory (RRKM)
for the reactions M+ CH4, C2H6, c-C3H6, and C2H4 (where M
is each of the second-row transition metal atoms) provided
insight into the trends in the heights of potential energy barriers
for C-H and C-C bond insertion, as well as for subsequent
steps leading to elimination of molecular products. The agree-
ment between theab initio calculations and the kinetics data
suggested that the calculated energetics were accurate to within
2-3 kcal/mol.1 Subsequent experimental studies in our labora-
tory on the Y+ C2H2,6 Y + C2H6,7 and Zr+ C2H4

8 reactions
have shown that following C-H insertion, several competing
reaction pathways may occur. In cases where C-C insertion is
competitive, such as in the M+ cyclopropane reaction (where
M ) Y, Zr, Nb, Mo), the measured branching ratios between
MCH2 + C2H4 and MC3H4 + H2 products were found to
correlate with the relative C-C and C-H insertion barrier
heights predicted theoretically.9

Weisshaar and co-workers have combined kinetics studies
with density functional theory (DFT) to examine the Y5 and
Zr3,4 + C2H4 reactions in detail. In the Zr calculations, the role
of the singlet excited state surface was considered explicitly,4

and a number of different reaction mechanisms for elimination
of H2 were explored. Several functionals were compared, with
the conclusion that the popular functional B3LYP consistently
overestimated the energies of key transition states by 6-9 kcal/
mol, whereas the mPW1PW91 functional gave results in closer
agreement with experimental results.4,5

We have investigated reactions of ground state yttrium atoms
withcarbonyl-containingmolecules,mostnotablyformaldehyde,10-12

acetaldehyde,12 acetone,12 and ketene.13 The calculated energet-
ics of the Y+ H2CO reaction, as determined by Bayse using
single-reference and multireference techniques, are shown in
Figure 1.11 The calculations predicted that CO elimination
should be the most exoergic channel, with H2 elimination
products lying slightly higher in energy. A third product channel,
involving H atom elimination, was calculated to be 15.7 kcal/
mol endoergic.11 Experimentally, all three reaction channels
were observed.10,12A large fraction of the available energy was
found to be deposited into product translational energy for H2

and CO elimination.10,12In the case of H2 elimination, this was
consistent with the prediction of a barrier in the exit channel.10

It was found experimentally that the dominant channel was CO
elimination,10,12 consistent with this channel being thermody-
namically favored.11

Although results for Y+ H2CO and Y+ H2CCO have been
discussed in some detail,10-14 a previous study of Y+ CH3-
CHO focused only on the CO elimination channel.12 The
purpose of the present paper is to present new DFT andab initio
calculations focusing on the detailed mechanisms for the
competing reaction pathways, as well as a more complete
account of the Y+ CH3CHO experimental study. The CCSD-
(T) energetics and DFT geometries for both the Y+ H2CO
and Y + CH3CHO reactions are employed in RRKM calcula-
tions of the branching ratios between various product channels
from these reactions. The calculated values are compared to
those obtained experimentally, allowing us to test the ability of
theory to accurately predict the energies of important stationary
points for these model neutral transition metal atom reactions.

II. Experimental Section

The experiments were carried out using a rotatable source
crossed molecular beams apparatus.15 The atomic metal beam
was prepared by focusing the 532 nm output (15 mJ/pulse, 1
mm diameter) from a Nd:YAG laser (Continuum Surelite) onto
a 0.25 in. diameter yttrium rod (Alfa Aesar, 99.9%). The ablated
metal atoms were entrained in a pulse of inert carrier gas16

delivered by a piezoelectric pulsed valve.17 The resulting metal
beam was collimated via a skimmer, defining aperture, and
chopper wheel before being crossed at a fixed right-angle
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geometry by a molecular beam. This beam was generated by
passing 5 psig of an inert carrier gas through a bubbler
containing the molecular reactant, either solid paraformaldehyde
(Aldrich, 95%) or liquid acetaldehyde (Aldrich, 99%). The
bubbler containing the molecular reactant was held at a fixed
temperature using either a silicon oil or methanol bath. The
velocity distributions of both beams were measured by modulat-
ing the beams using a slotted chopper wheel and monitoring
their time-of-flight (TOF) to the detector using electron impact
ionization.15 Relevant beam parameters can be found in Table
1. The yttrium beam has been characterized previously, and
consisted only of ground state Y (a2D1/2 and a2D3/2) atoms.6

The intersection of the two beams at right angles under high-
vacuum conditions (<1 × 10-6 Torr) resulted in single,
bimolecular collisions between the metal atoms and the mo-
lecular reactant. These collisions either led to reaction or to
nonreactive scattering. In either case, the products of the
collisions drifted 24.1 cm to the triply differentially pumped
detector, where they were ionized with the 157 nm output from
a pulsed F2 excimer laser.15 Product TOF spectra were obtained
by scanning the delay time of the excimer laser pulse with
respect to a time zero, defined by the chopper wheel. Rotation
of the beams with respect to the fixed detector allowed product
TOF spectra to be taken at different laboratory angles. Integra-
tion of these spectra led to a laboratory angular distribution,
N(Θ). The TOF spectra and lab angular distribution were
simulated using a forward-convolution method,18 which required
the input of two center-of-mass (CM) distributions, the trans-

lational energy release distribution,P(E), and the CM angular
distribution,T(θ). These two input functions were iteratively
adjusted until optimal agreement was reached between the
simulated and experimental data.

III. Computational Details

a. Electronic Structure Calculations. Theoretical calcula-
tions were performed in two basis sets using the Gaussian 03
software package.19 Multicenter transition states (MCTS) were
found using the partitioned rational function optimization
procedure in GAMESS-UK.20 Basis set I (BSI) uses the Dunning
cc-pVDZ basis sets21 on carbon, hydrogen, and oxygen and the
relativistic ECP basis22 of Lajohn et al. (EC-RECP) on yttrium
(5s5p4d)/[3s3p3d]. The metal basis set includes Couty and Hall’s
improved (n+1)p coefficients.23 BSII uses the Dunning cc-pVTZ
basis24 on carbon, hydrogen, and oxygen minus the f polarization
functions on the heavy atoms and the d polarization functions
on hydrogen. The metal is represented in BSII by the EC-RECP
basis set uncontracted slightly for additional flexibility. Even-
tempered diffuse s, p, and d functions and a set of STO-3G
f-type polarization functions25 contracted 21 are also added to
the metal for a final representation of (6s6p5d3f)/[5s5p5d2f].
Geometries were optimized using unrestricted B3LYP26 Kohn-
Sham orbitals.27 Vibrational frequencies and zero point energy
(ZPE) corrections were calculated in BSI and BSII. Energies
were recalculated at the coupled cluster level (CCSD(T))28 from
the B3LYP/BSII geometries.

b. RRKM Calculations. Rice-Ramsperger-Kassel-Marcus
(RRKM) theory defines the microcanonical unimolecular rate
constant as

whereW† is number of open rovibrational states at the transition
state, F is the density of rovibrational states of the bound
complex, andh is Planck’s constant.29 The energy,E, is equal
to the total amount of energy available to the complex, which
is taken to be the sum of the collision energy and the dissociation
energy of the complex relative to ground state reactants (i.e.,E
) Ecoll + D0). Although there is some vibrational energy in the
formaldehyde and acetaldehyde reactants30 (most notably for
acetaldehyde, with its low-frequency torsional mode,31 V ) 50
cm-1), this is not expected to contribute more than 1-2 kcal/
mol of energy for reaction and was neglected. The total angular
momentum of the collision,J, is assumed to be conserved
throughout the reaction and results exclusively from the orbital
angular momentum of the collision because the rotational
energies of the molecular reactants are negligible for jet-cooled
reactants. Reaction rate constants are calculated using a standard
program.32 The inputs for RRKM calculations include the
CCSD(T) energies, and DFT/BSII vibrational frequencies and
moments of inertia of both the intermediates and transition
states.11,33Dissociation to YRCO+ H was modeled as a loose
transition state; all other barriers were modeled as tight. The
potential for H loss was approximated using a Morse potential
including a repulsive centrifugal term,h2J(J+1)/8π2µR2. A
distribution of angular momenta,P(J) ) 2J/Jmax

2, was assumed
to model the crossed molecular beams experiment.

IV. Experimental Results

a. Y(a2D) + H2CO. Results of the Y+ H2CO reaction have
already been published.10,12New data were taken atEcoll ) 27.0
and 30.3 kcal/mol with the focus of the present study being the

Figure 1. Energetics for the Y (a2D) + H2CO reaction as calculated
using single-reference and multireference techniques. Adapted from
ref 11.

Figure 2. Lab angular distributions for YCHO (solid triangles) and
YCO (open circles) products from the Y+ H2CO reaction at (a)Ecoll

) 30.3 kcal/mol and (b)Ecoll ) 27.0 kcal/mol. Distributions have been
scaled to the same number of scans. Product branching ratio,φYCHO:
φYCO, included in upper right corners.

kuni(E,J) )
W†(E,J)

hF(E,J)
(9)
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determination of the product branching ratios for the competing
channels (Tables 1 and 3-5). Four processes were observed:

The TOF spectra for all four processes atEcoll ) 27.0 and 30.3
were qualitatively similar to those shown previously.10,12 The
H:H2 elimination product branching ratio,φYCHO:φYCO, was
measured at each collision energy and is given in Table 3.
Product fragmentation patterns and factors related to the
transformation of data from the lab frame to the CM frame were
explicitly taken into consideration when determining the product

branching ratios. The observed signal levels for the YH2 + CO
channel were approximately 50 times greater than for the YCO
+ H2 channel. However, due to the small mass of H2, the YCO
products are constrained to appear over a narrow angular range,
enhancing our ability to observe this channel at laboratory angles
near the CM angle. Assuming that the 157 nm photoionization
cross-sections for each product were equal, our analysis indicates
that the YH2 + CO yield is 1000-2000 times greater than for
YCO + H2, i.e., that the YCO+ H2 and YHCO+ H channels
each account fore0.05% of the products.

b. Y(a2D) + CH3CHO. The reaction of Y with acetaldehyde
was studied at seven collision energies (Table 1); the following
four processes were observed:

The CO elimination channel, which is again the dominant
reaction at all collision energies, has been discussed in detail
previously.12 The TOF spectra for each process looked quali-
tatively similar at each collision energy, so representative data
are shown only forEcoll ) 11.0 kcal/mol. The TOF spectra for
YCH3CO and YCH2CO products at this collision energy are
shown in Figure 3. The spectra corresponding to H elimination
are much narrower than those for H2 elimination, largely because
H2 elimination is exothermic and H elimination is endothermic.
The factor of 2 increase in the mass of the recoiling counter-
fragment also contributed to the larger scattering sphere for
YCH2CO. Some fragmentation (23.5%) of the YCH3CO product
(m/e 132) to the mass of the YCH2CO product (m/e 131) was
observed. The degree of fragmentation was determined at the
highest collision energy studied,Ecoll ) 27.7 kcal/mol, at which
the data taken atm/e131 were observed to be identical in shape
to the data taken atm/e132, but at 23.5% of the signal intensity.
This indicated that the signal atm/e 131 was a result of
fragmentation of YCH3CO products and overflow of signal from
m/e 132 to m/e 131 due to imperfect mass resolution of the
detector. To correct for this, 23.5% of the YCH3CO product
signal has been subtracted from the corresponding YCH2CO
data at all collision energies. The laboratory angular distributions
for YCH3CO and YCH2CO products are shown in Figure 4,

TABLE 1: Experimental Conditions for Y + H2CO, CH3CHO Reactions

Y + H2CO

Ecoll
a

Y carrier
gas

Y beam
velocityb

Y beam
fwhmb

H2CO carrier
gas

H2CO
tempc

H2CO beam
velocityb

H2CO beam
fwhmb

27.0 He 2350 305 H2 98 2000 203
30.3 50% He/50% H2 2700 346 H2 98 2000 203

Y + CH3CHO

Ecoll
a

Y carrier
gas

Y beam
velocityb

Y beam
fwhmb

CH3CHO carrier
gas

CH3CHO
tempc

CH3CHO beam
velocityb

CH3CHO beam
fwhmb

7.1 Ar 1000 103 50% He/50% Ne 0 990 166
9.3 Ne 1250 132 50% He/50% Ne 0 990 166

11.0 Ne 1250 132 He -10 1200 196
13.1 50% He/50% Ne 1515 159 He -10 1200 196
15.9 50% He/50% Ne 1515 159 He -28 1470 162
26.8 He 2290 316 He -28 1470 162
27.7 He 2290 316 50% He/50% H2 -28 1600 184

a In kcal/mol. b In m/s. c In °C.

TABLE 2: Energies of B through T Relative to the Reactant
Asymptote for Y + Acetaldehyde

B3LYP/BSI B3LYP/BSII CCSD(T)/BSII

B Y(MeHCO) -49.17 -50.55 -51.95
C TSCC -18.84 -20.76 -22.42
D TSRCH -29.55 -28.78 -28.77
E MeYHCO -39.90 -40.87 -42.32
F HYMeCO -42.16 -40.57 -42.02
G TSCC′ -14.52 -14.96 -15.65
H TSCH -21.66 -23.52 -24.43
I TSCH′′ -5.55 -6.06 -6.15
J MCTS-I 7.86 7.17 6.61
K MeHYCO -41.15 -42.41 -42.41
L H2Y(OCCH2) -36.70 -36.39 -37.38
M H2 + Y(OCCH2) -26.03 -29.25 -28.90
N HYCH3 + CO -23.26 -24.41 -30.01
O H + YMeCO 18.67 21.18 13.13
P TSâCH -33.77 -35.10 -35.32
Q HY(OCHCH2) -57.13 -57.77 -58.24
R TSCH′′′ -19.06 -19.64 -15.76
S MCTS-II -22.86 -24.87 -23.90
T H + Y(OCHCH2) -4.62 -3.15 -8.97

TABLE 3: Experimental and Simulated Branching Ratios
between CO, H and H2 Elimination for Y + H2CO,
CH3CHO Reactions

Ecoll
a

kCO

(1013 s-1)
kH

(109 s-1)
kH2

(109 s-1)
RRKM

φYCHO:φYCO
b

experimental
φYCHO:φYCO

27.0 1.70 1.71 3.60 0.48:1.00 0.48:1.00
30.3 6.18 2.86 4.82 0.59:1.00 0.72:1.00

a In kcal/mol.; b Calculated askH:kH2.

Y + H2CO f YCHO (m/e118)+ H (1)

f YCO (m/e117)+ H2 (2)

f YH2 (m/e91) + CO (3)

f Y (m/e89) + H2CO (4)

Y + CH3CHO f YCH3CO (m/e132)+ H (5)

f YCH2CO (m/e131)+ H2
(6)

f HYCH3 (m/e105)+ CO (7)

f Y (m/e89) + CH3CHO (8)
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along with the lab angular distributions for the same products
at several other collision energies. At each collision energy,
YCH2CO products were spread over a wider range of laboratory
angles than YCH3CO products, for the same reasons as
discussed above for the TOF spectra. The experimentally
determined branching ratios,φYCH3CO:φYCH2CO, are given in
Figure 4 for each collision energy.

The solid-line fits to the data in Figure 3 and Figure 4d were
generated using the CM distributions shown in Figure 5. The
CM angular distributions were symmetric aboutθ ) 90°,
suggesting that both the H and H2 elimination reactions proceed
via long-lived complexes, i.e., complexes that survived for
several rotational periods. The CM angular distributions are
isotropic, as expected from angular momentum considerations.34

Also shown in Figure 5 are the translational energy release
distributions. TheP(E) for H2 elimination peaks further away
from the zero of kinetic energy than that for H elimination,
indicating that a greater amount of the available energy is
deposited into kinetic energy of the YCH2CO products than for
YCH3CO.

The TOF spectra for nonreactively scattered yttrium atoms
from the Y + CH3CHO reaction atEcoll ) 26.8 kcal/mol are
shown in Figure 6. At small lab angles, there is only one peak
in the spectra, but at larger angles a second, slower peak appears.
The corresponding lab angular distribution is shown in Figure
7. To fit these data, it was necessary to use a combination of
two sets of CM distributions, which are shown in Figure 8. One
set of CM distributions (Figure 8, left panels) contained a sharply
forward-peakedT(θ), which is indicative of glancing (or large
impact parameter) collisions. The other set (Figure 8, right
panels) contained a forward-backward symmetricT(θ), which
is indicative of formation of a long-lived complex. TheP(E)’s
for each set were similar in shape, with〈P(E)〉 ) 14.0 kcal/mol
for the P(E) corresponding to the forward-scatteredT(θ) and
〈P(E)〉 ) 13.1 kcal/mol for that corresponding to the forward-
backward symmetricT(θ). These values indicate that both

nonreactive processes transfer approximately 50% of the initial
reactant energy into acetaldehyde rotational and vibrational
degrees of freedom.

Figure 3. Time-of-flight spectra for YCH3CO (solid triangles) and
YCH2CO (open circles) products from the Y+ CH3CHO reaction at
indicated lab angles forEcoll ) 11.0 kcal/mol. Spectra have been scaled
to the same number of scans. Solid-line fits generated using the CM
distributions shown in Figure 5.

Figure 4. Lab angular distributions for YCH3CO (solid triangles) and
YCH2CO (open circles) products from the Y+ CH3CHO reaction at
(a) Ecoll ) 26.8 kcal/mol, (b)Ecoll ) 15.9 kcal/mol, (c)Ecoll ) 13.1
kcal/mol, (d)Ecoll ) 11.0 kcal/mol, (e)Ecoll ) 9.3 kcal/mol, and (f)
Ecoll ) 7.1 kcal/mol. Distributions have been scaled to the same number
of scans. Product branching ratio,φYCH3CO:φYCH2CO, included in upper
right corners.

Figure 5. Center-of-mass distributions used to fit the YCH3CO and
YCH2CO data from the Y+ CH3CHO reaction shown in Figures 3
and 4d forEcoll ) 11.0 kcal/mol. Dashed lines indicate the range of
distributions that give acceptable fits to the data (analogous to error
bars).

11424 J. Phys. Chem. A, Vol. 111, No. 45, 2007 Schroden et al.



The competition between elimination of H and H2 was
monitored as a function of collision energy for both the Y+
H2CO and Y + CH3CHO reactions. The branching ratios
between these product channels for each collision energy are
shown in Figure 2 for Y+ H2CO and in Figure 4 for Y+
CH3CHO and listed in Tables 3-5. It would have been desirable
to measure the HYCH3 + CO yield as a function of collision
energy. Unfortunately, YO impurity in the beam, which appears
at the samem/e ratio as HYCH3, made this impossible.
Therefore, experiments were carried out using deuterated

acetaldehyde, CD3CDO, at a collision energy of 24.6 kcal/mol,
leading to production of DYCD3 + CO with a measured yield
of ≈50%.

V. Comparison with Theoretical Results

a. Y(a2D) + H2CO. A theoretical study of the Y(a2D) +
H2CO reaction has been published previously11 (Figure 1). The
reaction was assumed to proceed via initial formation of a
π-complex followed by C-H insertion to HYHCO. Branching
to the three products (CO loss, H2 loss, and H loss) occurs from
this intermediate. Over the course of the present study, a new
transition state for the second hydride shift leading to CO loss
was found. The activation energy for this species is-16.6 kcal/
mol below the reactant asymptote,∼10 kcal/mol below the TS
reported in ref 11. This new TS, shown asZ in Figure 9, is
also significantly lower than those for the H and H2 loss
pathways.

The RRKM rates for formation of the Y+ H2CO products
were calculated on the basis of the TS for the three steps, starting
from the intermediate HYHCO using theoretical data from ref
11. The hydride shift TS (-16.6 kcal/mol in Figure 1) was used
to determine the RRKM rate constant for CO loss because the
product, H2YCO, decomposes to YH2 + CO in a barrierless
process. A loose transition state was assumed for H atom
dissociation. The RRKM rate constants and branching ratios
are listed in Table 3. The low barrier for the hydride shift gives
a rate constantkâH 4 orders of magnitude greater than those for
H2 and H loss. This very large predicted preference for CO loss
is in excellent agreement with the experimental measurements,
which predicted that the YH2:YCO branching ratio was 1000-
2000:1 Because the signal levels from these two channels differ
greatly, it is difficult to ensure that our detection sensitivity is
linear over many orders of magnitude. Also, the ratio of the
absolute ionization cross sections for the two channels are not
accurately known and were assumed to be unity. In light of
these uncertainties, we believe that the calculated YH2:YCO
branching ratio of 104 is in reasonable agreement with the
measured value of (1-2) × 103. The RRKM rates and branching
ratios for H to H2 loss are shown in Table 3. These values,
0.48:1 and 0.59:1 atEcoll ) 27.0 and 30.3 kcal/mol are also in
reasonable agreement with experiment, with the H loss channel
increasing at higher collision energies.

b. Y(a2D) + CH3CHO. The proposed mechanism for the
reaction of Y+ acetaldehyde (Figure 10) involves three reactive
pathways originating from theπ-complex B: initial C-C
insertion (path I), initialR-C-H insertion (path II), andâ-C-H
insertion (path III). The energies of the intermediates and
transition states of these three pathways relative to the reactant
asymptote are listed in Table 2. The energies stated within the
text are at the CCSD(T)/BSII//B3LYP/BSII level corrected for
zero point energy. The potential energy curves for the three
pathways are shown in Figures 11-13. Selected geometric data
(B3LYP/BSII) are shown in Figure 9.

Initial C-C insertion (Figure 10 (path I), Figure 11) leads to
the major product HYCH3 + CO in a series of steps analogous
to CO loss in Y+ H2CO. A â-hydride shift from the formyl
group of the CC insertion productE gives the methyl hydride
K , which decomposes in a barrierless process to HYCH3 + CO.
The CC insertion transition stateC is the largest barrier
encountered along this reaction pathway and is the highest
barrier found at the entrance of any of the three paths I-III.

The initial R-C-H insertion, Figure 10 (path II) and Figure
12, forms acetyl hydrideF, from which a subsequent methyl
shift givesK to form the CO elimination products, thus partially

Figure 6. Time-of-flight spectra for nonreactively scattered Y atoms
from the Y + CH3CHO reaction at indicated lab angles forEcoll )
26.8 kcal/mol (open diamonds). Solid-line fits generated by summing
the dotted line and dash-dot line contributions. Dotted lines generated
using the CM distributions shown in Figure 8, left panels. Dash-dot
lines generated using the CM distributions shown in Figure 8, right
panels.

Figure 7. Lab angular distribution for nonreactively scattered Y atoms
from the Y + CH3CHO reaction atEcoll ) 26.8 kcal/mol (open
diamonds). Solid-line fit generated using the CM distributions shown
in Figure 8.

Figure 8. Center-of-mass distributions used to generate the fits to the
nonreactive scattering data shown in Figures 6 and 7. Dashed line and
dash-dot line distributions correspond to dashed line and dash-dot line
fits in Figure 6, respectively.
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paralleling path I. The transition state for initialR-CH insertion
D is lower than that of C-C insertion, but the products of each
are similar energetically and slightly more stable than HYCHO
(-39.29 kcal/mol). TSRCH D is similar structurally to its
counterpart in the Y+ H2CO mechanism although its barrier
is ∼9 kcal/mol lower and the C-H bond being cleaved is shorter

(1.748 Å vs 1.841 Å). Whereas the CH bond dissociation
energies are similar for H2CO and MeHCO, the activation
barriers forR-C-H insertion by Y are lower for MeHCO due
to the donation of electron density from the methyl group to
the carbonyl carbon. TheR-C-H insertion productF in path II
can undergo several processes other than the reaction to form

Figure 9. Selected geometric parameters for stationary points and transition states for the reaction of yttrium and acetaldehyde. Bond lengths are
given in Ångstroms.

Figure 10. Competing pathways following formation ofπ-complex (B).
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K . The simplest of these is the cleavage of the Y-H bond of
F forming YMeCO + H (O), a highly endothermic process
requiring 13.13 kcal/mol above the reactant asymptote. Shift
of a hydrogen atom from the acetyl ligand to the metal can
occur throughâ-hydride transferI to Y(H)2(ketene)L. Alter-
natively, a multicentered TS (MCTS)J yields the products
Y(ketene)+ H2. Attempts to model the Y(H2)(ketene) product
expected from the MCTS were unsuccessful and resulted in
dissociation toM . The TS forâ-hydride transfer TSCH′′ I is
lower than MCTSI J, but both of these are high (MCTSI lies

6.61 kcal/mol above the reactant asymptote) because the ketene
ligand is being formed in a high energy state as its CH2 is twisted
by ∼90° relative to the product conformation. Formation ofL
has been modeled as an equilibrium process, because the barrier
to direct reductive elimination of H2 from L is likely to involve
a rather high barrier, as in the case of H2 elimination from H2-
YCO in the formaldehyde reaction.11

The methyl group of acetaldehyde can also facilitateâ-C-H
insertion fromB (Figure 10 (path III) and Figure 13). The TS
for this stepP has the lowest of the three entrance barriers,
lying 6.55 kcal/mol below the entrance to path II, and 12.9 kcal/
mol below that for path I. An increasing Y-CCO bond distance
and a decreasing CC bond strength for TSâCH P is consistent
with the formation of productQ, a hydride-enol species, the
lowest point on the Y+ CH3CHO potential energy surface,
∼8 kcal/mol below theπ complex B. The geometry ofQ
indicates a weak interaction between the CCπ orbital and the
metal. Like the first insertion intermediate in path II (F), Q can
further react by several pathways. A hydride shift to the metal
through TSCH′′′ R or through MCTSII S occurs from the
R-carbon and leads to the ketene speciesL andM , respectively,
but the ordering of these two barriers is reversed relative to
their counterparts in path II. Dissociative hydrogen atom loss
is substantially endoergic and leads to the yttrium-enol species
T with a linear Y-O-C bond. In contrast to productO from
path II, which is overall endoergic from Y+ MeHCO by 13.13
kcal/mol, the H atom elimination productT lies 8.80 kcal/mol
belowthe reactant asymptote, making it accessible at all collision
energies.

c. RRKM Branching Ratios for Pathways I, II, and III.
The major products, HYCH3 + CO, are produced from
pathways I and II. In addition, these products may result from
H2Y(ketene) produced via channel III, followed by crossing to
channel II. The minor products YCH3CO + H and YCH2CO
+ H2 occur only through pathways II and III. The RRKM rate
constants (Table 4) for each principal pathway were calculated
from the CCSD(T)/BSII energies corrected for ZPE (BSII) and
the B3LYP/BSII frequencies. The RRKM calculations were
performed by using theπ-complexB as the reactant, andC, D,
andP each as tight transition states. Use of theπ-complexB
as the reactant is a reasonable assumption in light of the large
π-complexB well depth and substantial barriers for subsequent
reaction. At a collision energy of 7.1 kcal/mol, the branching
ratio for pathways I:II:III was calculated to bekCC:kRCH:kâCH )
1:4.30:13.92. As the collision energy is increased, the contribu-
tion from pathway I, and to a lesser extent, II, increased more
rapidly than for III; the product ratio reached 1:3.25:5.19, at
26.8 kcal/mol.

i. CO Elimination. Due to interference from YO impurity
present in the beam, which has the samem/e as HYCH3, the
absolute yield for this channel was only measured at one
collision energy where deuterated acetaldehyde was used and
the product detected was DYCD3. The RRKM calculations
provide insight into the relative importance of the three pathways

Figure 11. Energetics of path I, C- C insertion.

Figure 12. Energetics of path II,R-C-H insertion.

Figure 13. Energetics of path III,â-C-H insertion.

TABLE 4: RRKM Rate Constants Calculated from the
CCSD(T)/BSII Energies and B3LYP/BSII Frequencies

Ecoll

kCC

(108 s-1)
kRCH

(109 s-1)
kâCH

(1010 s-1)
kCH′′′

(106 s-1)
kMCTS-II

(106 s-1)
kdissB

(106 s-1)

7.1 8.28 3.56 1.15 4.47 7.95 1.93
9.3 10.81 4.43 1.30 7.18 10.4 3.48

11.0 12.89 5.13 1.40 10.4 12.9 5.64
13.1 16.04 6.16 1.54 15.2 16.8 9.42
15.9 21.38 7.50 1.77 26.4 23.6 17.31
26.8 52.63 17.10 2.74 12.9 65.0 152.3
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in producing HYCH3 + CO. Although pathway I leads solely
to CO elimination, the relatively high C-C insertion barrier
makes this route unfavorable, particularly at low collision
energies, where only 5.2% of the reactions follow this pathway
(Table 5). Although pathway III is dominant at all collision
energies, it cannot be a significant source of CO, as this channel
would require initial formation of H2Y(ketene) (L ) followed
by C-H insertion viaI producingF (i.e., by reversal of pathway
II). Because the energy ofI (pathway II) is substantially higher
than that forR (pathway III), and because of the high barrier
for direct H2 elimination, H2Y(ketene) should primarily isomer-
ize toQ, followed by H or H2 elimination. Although the barrier
(D) for initial R-CH insertion on pathway II is higher than (P)
for initial â-CH insertion on pathway III, pathway II primarily
leads to HYCH3 + CO due to the relatively low barrier height
for subsequent C-C insertion (G). For path II, the low energy
for TScc′ (G) leads to RRKM rate constants forkCC′, which were
orders of magnitude larger thankMCTS-I. The rate constantkdissA

is nonzero only aboveEcoll ) 15.9 kcal/mol. Thus, the fraction
of π-complexes that produce HYCH3 + CO at 7.1 kcal/mol is
given by the ratio of rate constantskRCH + kCC/kRCH + kCC +
kâCH ) 0.224+ 0.052) 0.276. From the RRKM calculations,
this yield is expected to increase to 0.449 atEcoli ) 26.8 kcal/
mol. As already noted, experimental CO yields are only
available atEcoli ) 24.6 kcal/mol for Y + CD3CDO. The
experimental value of 50.3% at this collision energy is in
reasonably good agreement with the RRKM value (45.0%)
calculated to be 26.8 kcal/mol.

ii. Branching Ratios for H and H2 Elimination. As noted
above, paths I and II only lead to CO elimination products,
except at high collision energies where path II should also lead
to the H atom channel (O), which is endoergic by 13.1 kcal/
mol. Therefore, atEcoll < 13.1 kcal/mol, path III must be the
sole source of H and H2 elimination products, and the branching
ratio for production of Y(OCHCH2) + H (T) to that for
production of Y-ketene+ H2 (M ) is simply the ratio of RRKM
rate constants for H atom loss fromQ yielding T to that for
passage of intermediateQ to M over MCTSS, along pathway
III. At Ecoll ) 7.1 kcal/mol, this ratio is 1.93:7.95) 0.24:1.00,
which is about a factor of 5 times larger than that observed
experimentally. At a collision energy of 13.1 kcal/mol, this ratio
is 9.42:16.8) 0.56:1.00, which is a factor of 2.7 larger than
the experimental value of 0.21:1.00. Thus, although the theoreti-
cal calculations reproduce the increase in relative H atom yield
as the collision energy is increased, the RRKM calculations
substantially overestimate the contribution from H atom fission
at all collision energies except the highest. The discrepancy
between the calculated and experimental H atom yield could
be a result of either an underestimation of the endothermicity
of H atom loss, or an overestimation of the theoretical barrier
heightS. It is also important to keep in mind the fact that the
absolute branching ratio assumes that the photoionization cross
sections are the same for both metal-containing products and

are independent of the product internal energy. This assumption
has been found to be reasonable in a previous study of the
reaction of Y+ propene,35 based on comparisons with data
taken using electron impact ionization detection, which may
be calibrated. However, in the present work the signal levels
are simply not large enough to allow for the use of electron
impact detection. A calculation of the branching ratio at a
collision energy of 26.8 kcal/mol yields a ratio of 71.6:65.0)
2.34:1.00. At this collision energy, which is the highest studied
experimentally, a very dramatic increase in H atom yield was
observed, with the branching ratio increasing from 0.46:1.00 at
Ecoll ) 15.9 kcal/mol to 7.34:1.00 at 26.8 kcal/mol. Thus, the
theoretical calculations actually underestimate the H atom yield
at the highest collision energy. In principle, this might be
because the calculations have not explicitly included the
endoergic H atom channel (O), which is energetically open at
Ecoll > 13.1 kcal/mol. According to the RRKM calculations,
even at the highest collision energy, (O) is not expected to
contribute significantly, despite the fact thatR-C-H insertion
increases relative toâ-CH insertion with increasing energy. It
remains possible, however, that the calculations underestimate
the importance of this channel. Clearly, the H elimination
channels (O) and (T) both proceed with no barrier in excess of
the product endoergicity, whereas elimination of H2 involves a
barrier in the exit channel. Therefore, at low collision energies,
H2 elimination is dominant, but as the collision energy is
increased, the rate constant for the H elimination channel should
rise rapidly. The precise magnitude of this rise is very strongly
dependent on the precise thermodynamics and on the details of
the potential energy surfaces for the competing channels.

VI. Conclusions

The reactions of ground state Y (a2D) with H2CO and with
CH3CHO were studied at a range of collision energies in crossed
molecular beams. For both molecular reactants, three product
channels were observed, forming CO, H2, and H. The experi-
mentally measured branching ratios for competing pathways
were compared to those predicted using RRKM theory, assum-
ing competing reaction pathways following formation ofπ-as-
sociation complexes involving the CdO bond. For acetaldehyde,
reactions could proceed via three primary pathways, C-C
insertion,R-C-H insertion, andâ-C-H insertion. It was found
that C-C insertion, a minor channel at all collision energies
due to a relatively high-energy barrier, led exclusively to
formation of HYCH3 + CO. TheR C-H insertion pathway
also led to dominant formation of HYCH3 + CO via a
subsequent C-C insertion step. TheR-C-H pathway also led
to H atom production, but only at high collision energies. The
dominant source of H and H2 products at all collision energies
involved π-complex formation followed byâ-C-H insertion.
Analysis of theâ-C-H insertion pathway revealed a low-energy
mechanism involving unimolecular rearrangement leading to
production of Y-ketene+ H2 or production of the enol
Y(OCHCH2) + H. In general, branching ratios calculated from
RRKM rate constants were in reasonable agreement with the
experimentally measured values.
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