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The reactions of ground state Y?[) with H,CO and CHCHO were studied at a range of collision energies

in crossed molecular beams. For reaction witd€CB, three product channels were observed: formation of
YH; + CO, YCO+ H,, and YHCO+ H. Reaction with CHCHO led to three analogous product channels
involving formation of HYCH + CO, YCH,CO + H,, and YCHCO + 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.

. Introduction acetaldehydé? acetoné? and ketené? The calculated energet-

The large number of experimental and theoretical studies of IcS of the Y+ H,CO reaction, as determlngd by Bayse using
reactions of neutral, gas-phase transition metal atoms with single-reference and multireference techniques, are shown in

hydrocarbon molecules has led to a better understanding ofFigure 11 The calculations predicted that CO elimination

fundamental aspects of elementary transition metal reactionsShould be_the most gxoergic channel, \.Nitb Blimination
initiated by G-H bond insertiort: 5 The combinatioh? of ab products lying slightly higher in energy. A third product channel,

initio calculations at the PCI-80 level with kinetics measure- involving H a_toin eIimination, was calculated to_be 15.7 keal/
ments and RiceRamspergerKasset-Marcus theory (RRKM) mol endoergid! Experimentally, all three reaction channels
for the reactions M+ CHs, CoHs, c-CsHes, and GH (where M were observed?12A large fraction of the available energy was
is each of the second-row transition metal atoms) provided found to be deposited into product translational energy for H

.. H 0,12 P . .
insight into the trends in the heights of potential energy barriers and C_:O e||m_|nat|or4r. Ir_1 the case of Izl_ehr_mnanon,_thls was
for C—H and C-C bond insertion, as well as for subsequent consistent with the prediction of a barrier in the exit charifiel.

steps leading to elimination of molecular products. The agree- It was found experimentally that the dominant channel was CO

mi i 10,12 H H i H -
ment between thab initio calculations and the kinetics data €limination;®*# consistent with this channel being thermody

: . ically favored?
suggested that the calculated energetics were accurate to withif!2™M'ca
2—3 kcal/mol? Subsequent experimental studies in our labora- _Although results for Y+ H,CO and Y+ H,CCO have been

) . ¥ ;
tory on the Y+ CH28 Y + CoHe,” and Zr+ CoH.E reactions discussed in some detdf;** a previous study of Y+ CHs-

have shown that following €H insertion, several competing CHO focused only on the CO elimination chanfelThe
reaction pathways may occur. In cases whergddnsertion is purpose of the present paper is to present new DF Bérinitio

competitive, such as in the M cyclopropane reaction (where calculat_ions focgsing on the detailed mechanisms for the
M =Y, Zr, Nb, Mo), the measured branching ratios between COMPEting reaction pathways, as well as a more complete
MCH, + C,Hs and MGH4 + H, products were found to account of t.he Y+ CH3CHO exper]mental study. The CCSD-
correlate with the relative €C and C-H insertion barrier () energetics and DFT geometries for bo_th thet YH,CO
heights predicted theoretically. a_md Y + CH3;CHO reactions are employe_d in RRKM calcula-
Weisshaar and co-workers have combined kinetics studiestions of the branqhmg ratios between various product channels
with density functional theory (DFT) to examine thé ¥nd from thesg reactlons: The calculateq values are compgred to
Zr34 + C,H4 reactions in detail. In the Zr calculations, the role those obtained expenme_ntally, aIIOW|_ng us o test the ab|!|ty of
of the singlet excited state surface was considered explititly, thgory to accurately predict the energies of important stationary
and a number of different reaction mechanisms for elimination Pints for these model neutral transition metal atom reactions.
of H, were explored. Several functionals were compared, with
the conclusion that the popular functional B3LYP consistently
overestimated the energies of key transition statest l&cal/ The experiments were carried out using a rotatable source
mol, whereas the mPW1PW91 functional gave results in closer crossed molecular beams appardfuhe atomic metal beam
agreement with experimental resuifs. was prepared by focusing the 532 nm output (15 mJ/pulse, 1
We have investigated reactions of ground state yttrium atoms mm diameter) from a Nd:YAG laser (Continuum Surelite) onto
with carbonyl-containing molecules, mostnotably formaldeAdé, a 0.25 in. diameter yttrium rod (Alfa Aesar, 99.9%). The ablated
- metal atoms were entrained in a pulse of inert carrieffgas
. d*lgc(‘;‘;ﬂgﬂ.‘eggfrgsg.ogdig‘;iszh@g’g('jdu.ggu.""ddressed- E-mail: H.F.D., gelivered by a piezoelectric pulsed valVeThe resulting metal
t Cornell University. beam was collimated via a skimmer, defining aperture, and
*0ld Dominion University. chopper wheel before being crossed at a fixed right-angle
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Figure 1. Energetics for the Y @) + H,CO reaction as calculated
using single-reference and multireference techniques. Adapted from
ref 11.
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Figure 2. Lab angular distributions for YCHO (solid triangles) and
YCO (open circles) products from the ¥ H,CO reaction at (alEcon

= 30.3 kcal/mol and (blEcoi = 27.0 kcal/mol. Distributions have been
scaled to the same number of scans. Product branching ¢atigo:
¢vco, included in upper right corners.
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lational energy release distributioR(E), and the CM angular
distribution, T(0). These two input functions were iteratively
adjusted until optimal agreement was reached between the
simulated and experimental data.

[ll. Computational Details

a. Electronic Structure Calculations. Theoretical calcula-
tions were performed in two basis sets using the Gaussian 03
software packag®. Multicenter transition states (MCTS) were
found using the partitioned rational function optimization
procedure in GAMESS-UR? Basis set | (BSI) uses the Dunning
cc-pVDZ basis sefd on carbon, hydrogen, and oxygen and the
relativistic ECP basf@ of Lajohn et al. (EC-RECP) on yttrium
(5s5p4d)/[3s3p3d]. The metal basis set includes Couty and Hall's
improved (+1)p coefficients® BSII uses the Dunning cc-pVTZ
basig* 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 functior?§ contracted 21 are also added to
the metal for a final representation of (6s6p5d3f)/[5s5p5d2f].
Geometries were optimized using unrestricted B3E3#bhn—
Sham orbitalg? Vibrational frequencies and zero point energy
(ZPE) corrections were calculated in BSI and BSII. Energies
were recalculated at the coupled cluster level (CCSBfTm
the B3LYP/BSII geometries.

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

W (E,J)

kuni(E:‘]) = hp(E,J)

9)

whereW' is number of open rovibrational states at the transition
state, p is the density of rovibrational states of the bound

geometry by a molecular beam. This beam was generated bySPMPIex, andhis Planck’s constarft The energyF, is equal

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!® Relevant beam parameters can be found in Table
1. The yttrium beam has been characterized previously,
consisted only of ground state Y2{2y,, and &D3j;) atoms?
The intersection of the two beams at right angles under high-
vacuum conditions €1 x 1076 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 Eexcimer laset® 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 .
+ to model the crossed molecular beams experiment.

of the beams with respect to the fixed detector allowed produc

TOF spectra to be taken at different laboratory angles. Integra-

tion of these spectra led to a laboratory angular distribution,
N(®). The TOF spectra and lab angular distribution were
simulated using a forward-convolution methi§ayhich required

the input of two center-of-mass (CM) distributions, the trans-

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 reactantsf.e.,
= Econ + Dg). Although there is some vibrational energy in the
formaldehyde and acetaldehyde react@nfmost notably for
acetaldehyde, with its low-frequency torsional mé#le,= 50
cm™Y), this is not expected to contribute more than2lkcal/

mol of energy for reaction and was neglected. The total angular
momentum of the collisiony, is assumed to be conserved

angdthroughout 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
programi2 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'1-33 Dissociation 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 ternh2J(J+1)/872uR2. A
distribution of angular moment®(J) = 2J/Jma?, Was assumed

IV. Experimental Results

a. Y(a2D) + H,CO. Results of the Y4+ H,CO reaction have
already been publishé@1?New data were taken & = 27.0
and 30.3 kcal/mol with the focus of the present study being the
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TABLE 1: Experimental Conditions for Y + H,CO, CH;CHO Reactions

J. Phys. Chem. A, Vol. 111, No. 45, 200171423

Y + H,CO
Y carrier Y beam Y beam H,CO carrier H,CO H,CO beam H,CO beam
Ecoi® gas velocity? fwhm gas temp velocity? fwhmP
27.0 He 2350 305 H 98 2000 203
30.3 50% He/50% ki 2700 346 H 98 2000 203
Y + CH;CHO
Y carrier Y beam Y beam CH3CHO carrier CH;CHO CH3CHO beam CH;3;CHO beam
Ecol® gas velocity’ fwhm® gas temp velocity? fwhm®
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%H —28 1600 184

a|n kcal/mol.In m/s.¢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 TSucH —29.55 —28.78 —28.77
E MeYHCO —39.90 —40.87 —42.32
F  HYMeCO —42.16 —40.57 —42.02
G TS —14.52 —14.96 —15.65
H TScn —21.66 —23.52 —24.43
I TSchr —5.55 —6.06 —6.15
J  MCTS- 7.86 7.17 6.61
K MeHYCO —41.15 —42.41 —42.41
L  HxY(OCCH,) —36.70 —36.39 —37.38
M  Hz+ Y(OCCHy) —26.03 —29.25 —28.90
N HYCHs;+ CO —23.26 —24.41 —30.01
O H+YMeCO 18.67 21.18 13.13
P TSsen —33.77 —35.10 —35.32
Q HY(OCHCH,) —57.13 —57.77 —58.24
R TSch~ —19.06 —19.64 —15.76
S MCTS-I —22.86 —24.87 —23.90
T H+ Y(OCHCH,) —4.62 —-3.15 —8.97

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

kco ki K, RRKM experimental
Eca® (108sY) (10°s ) (1S  ¢vcroigved®  ¢vcroidvco
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

21n kcal/mol.; P Calculated ay:k,.

determination of the product branching ratios for the competing
channels (Tables 1 and-5). Four processes were observed:

Y + H,CO— YCHO (m/e 118)+ H 1)
— YCO (me117)+ H, )
— YH, (e 91)+ CO 3)
— Y (m/e89)+ H,CO 4)

The TOF spectra for all four processedsad = 27.0 and 30.3
were qualitatively similar to those shown previou¥ly? The
H:H, elimination product branching rati@gycno:¢yco, was

branching ratios. The observed signal levels for the ¥HCO
channel were approximately 50 times greater than for the YCO
+ Hz channel. However, due to the small mass eftHe 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 YR + CO yield is 1006-2000 times greater than for
YCO + Hy, i.e,, that the YCO+ H, and YHCO++ H channels
each account fox0.05% of the products.

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

Y + CH,CHO— YCH,CO (We132)+H  (5)

— YCH,CO (e 131)+ H, ©

— HYCH, (We105)+ CO  (7)
— Y (/e 89)+ CH,CHO (8)

The CO elimination channel, which is again the dominant
reaction at all collision energies, has been discussed in detail
previously!?2 The TOF spectra for each process looked quali-
tatively similar at each collision energy, so representative data
are shown only foEq = 11.0 kcal/mol. The TOF spectra for
YCH3CO and YCHCO products at this collision energy are
shown in Figure 3. The spectra corresponding to H elimination
are much narrower than those fos &limination, largely because

H, 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
YCH,CO. Some fragmentation (23.5%) of the YEZIO product
(m/e 132) to the mass of the YGEO product (e 131) was
observed. The degree of fragmentation was determined at the
highest collision energy studieHg, = 27.7 kcal/mol, at which

the data taken atve 131 were observed to be identical in shape
to the data taken ave 132, but at 23.5% of the signal intensity.
This indicated that the signal atve 131 was a result of
fragmentation of YCHCO products and overflow of signal from
m/e 132 to m/e 131 due to imperfect mass resolution of the

measured at each collision energy and is given in Table 3. detector. To correct for this, 23.5% of the Y@ED product
Product fragmentation patterns and factors related to thesignal has been subtracted from the corresponding X3TH
transformation of data from the lab frame to the CM frame were data at all collision energies. The laboratory angular distributions
explicitly taken into consideration when determining the product for YCH3;CO and YCHCO products are shown in Figure 4,
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Figure 3. Time-of-flight spectra for YCHCO (solid triangles) and 100 | E
YCH,CO (open circles) products from the ¥ CH;CHO reaction at
indicated lab angles fd£.oi = 11.0 kcal/mol. Spectra have been scaled
to the same number of scans. Solid-line fits generated using the CM 0k ]
distributions shown in Figure 5. sol ® 0. 047 1.00 1
along with the lab angular distributions for the same products
at several other collision energies. At each collision energy,
YCH,CO products were spread over a wider range of laboratory ol
angles than YCLCO products, for the same reasons as 2
discussed above for the TOF spectra. The experimentally
determined branching ratiogiych.codvcr,co are given in Lab Angle, @(degrees)
Figure 4 for each collision energy. Figure 4. Lab angular distributions for YC¥O (solid triangles) and

The solid-line fits to the data in Figure 3 and Figure 4d were YCH,CO (open circles) products from the ¥ CH;CHO reaction at
generated using the CM distributions shown in Figure 5. The (&) Ecoi = 26.8 kcal/mol, (b)Ecor = 15.9 kcal/mol, (C)Ecor = 13.1
CM angular distributions were symmetric abo@it= 90°, kcal/mol, (d) Ecar = 11.0 kcal/mol, (e)Ecar = 9.3 kcal/mol, and (f)

? A . Econ = 7.1 kcal/mol. Distributions have been scaled to the same number

suggesting that both the H and Elimination reactions proceed  t'c .- " boquct branching ratibycsco:évereo, included in upper
via long-lived complexes, i.e., complexes that survived for right corners.
several rotational periods. The CM angular distributions are
isotropic, as expected from angular momentum consideratfons. YCH,CO YCH,CO
Also shown in Figure 5 are the translational energy release 1.OF ' ' 9 F ' ' ' i
distributions. TheP(E) for H, elimination peaks further away VAN
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 YGEO products than for
YCH3CO.

The TOF spectra for nonreactively scattered yttrium atoms
from the Y + CHsCHO reaction aE.y = 26.8 kcal/mol are L R I

0 5 10 150 10 20 30 40
Trans. Energy, E (kcal/mol)

shown in Figure 6. At small lab angles, there is only one peak & I I T o

in the spectra, but at larger angles a second, slower peak appears. = 052 I B T

The corresponding lab angular distribution is shown in Figure Y R | S ]
7. To fit these data, it was necessary to use a combination of 0 60 120 180 0 60 120 180
two sets of CM distributions, which are shown in Figure 8. One CM Angle, 0 (degrees)

set of CM distributions (Flgulre .8’ l.eﬁ panels) contamed a sharply Figure 5. Center-of-mass distributions used to fit the Y& and
forward-peaked’(@), Wh'_ch is indicative of gIancmg (or Iarg_e YCH,CO data from the Y+ CH;CHO reaction shown in Figures 3
impact parameter) collisions. The other set (Figure 8, right and 4d forE., = 11.0 kcal/mol. Dashed lines indicate the range of

panels) contained a forwardackward symmetrid(6), which distributions that give acceptable fits to the data (analogous to error
is indicative of formation of a long-lived complex. THREE)'s bars).

for each set were similar in shape, witP(E) (= 14.0 kcal/mol

for the P(E) corresponding to the forward-scatter&b) and nonreactive processes transfer approximately 50% of the initial

P(E)[= 13.1 kcal/mol for that corresponding to the forward reactant energy into acetaldehyde rotational and vibrational
backward symmetricT(6). These values indicate that both degrees of freedom.
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acetaldehyde, CiTDO, at a collision energy of 24.6 kcal/mol,
leading to production of DYCp+ CO with a measured yield
of ~50%.

V. Comparison with Theoretical Results

a. Y(a2D) + H,CO. A theoretical study of the Y&) +
H,CO reaction has been published previolis{Figure 1). The
reaction was assumed to proceed via initial formation of a
s-complex followed by G-H insertion to HYHCO. Branching
to the three products (CO loss; léss, 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 species1$.6 kcal/
mol below the reactant asymptote10 kcal/mol below the TS
reported in ref 11. This new TS, shown &sin Figure 9, is
also significantly lower than those for the H and tbss

N(t)

200 300 100 200
Flight Time, t (us)
Figure 6. Time-of-flight spectra for nonreactively scattered Y atoms pathways. .
from the Y + CH;CHO reaction at indicated lab angles fBg = The RRKM rates for for_matlon of the ¥- HCO products _
26.8 kcal/mol (open diamonds). Solid-line fits generated by summing Were calculated on the basis of the TS for the three steps, starting
the dotted line and dash-dot line contributions. Dotted lines generated from the intermediate HYHCO using theoretical data from ref
using the CM distributions shown in Figure 8, left panels. Dash-dot 11. The hydride shift TS{16.6 kcal/mol in Figure 1) was used
lines generated using the CM distributions shown in Figure 8, right {5 determine the RRKM rate constant for CO loss because the
panels. product, HYCO, decomposes to YH+ CO in a barrierless
process. A loose transition state was assumed for H atom
dissociation. The RRKM rate constants and branching ratios
N—_— ] are listed in Table 3. The low barrier for the hydride shift gives
Z a rate constarkgy 4 orders of magnitude greater than those for
H, and H loss. This very large predicted preference for CO loss
is in excellent agreement with the experimental measurements,
which predicted that the Y#IYCO 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

100

300

~10000f
@

(I) 1I0 20 30 40 SIO
Lab Angle, © (degrees)
Figure 7. Lab angular distribution for nonreactively scattered Y atoms

from the Y + CH;CHO reaction atE.,y = 26.8 kcal/mol (open
diamonds). Solid-line fit generated using the CM distributions shown

in Figure 8. absolute ionization cross sections for the two channels are not
accurately known and were assumed to be unity. In light of
LOF 7 1.0F these uncertainties, we believe that the calculated:YEO
~ 1 e = branching ratio of 1®is in reasonable agreement with the
’f/ 0.5 {osp 7/ N measured value of 12) x 10°. The RRKM rates and branching
A ; o ratios for H to b loss are shown in Table 3. These values,
0.0k . L 0.0k P 0.48:1 and 0.59:1 & .o = 27.0 and 30.3 kcal/mol are also in
0 10200 30 40 0 102003040 reasonable agreement with experiment, with the H loss channel
Trans. Energy, E (kcal/mol) increasing at higher collision energies.
1.OF T T 7 1.0F b. Y(a?D) + CH3CHO. The proposed mechanism for the
> F \ i reaction of Y+ acetaldehyde (Figure 10) involves three reactive
— 05 105 -‘-.\ /1 pathways originating from ther-complex B: initial C—C
&= _ . . ! insertion (path 1), initiabi-C—H insertion (path 1), ang-C—H
0~00 ” s 1800-00 % 30 20 insertion (path 1ll). The energies of the intermediates and

Figure 8. Center-of-mass distributions used to generate the fits to the
nonreactive scattering data shown in Figures 6 and 7. Dashed line an
dash-dot line distributions correspond to dashed line and dash-dot line

CM Angle, 0 (degrees)

fits in Figure 6, respectively.

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
ero point energy. The potential energy curves for the three
pathways are shown in Figures-113. Selected geometric data
(B3LYP/BSII) are shown in Figure 9.
Initial C—C insertion (Figure 10 (path 1), Figure 11) leads to

the major product HYCEl+ CO in a series of steps analogous
monitored as a function of collision energy for both thetY to CO loss in Y+ H,CO. A p-hydride shift from the formyl
H,CO and Y + CH3;CHO reactions. The branching ratios group of the CC insertion produét gives the methyl hydride
between these product channels for each collision energy areK, which decomposes in a barrierless process to HY€KO.
shown in Figure 2 for Y+ H,CO and in Figure 4 for Y+ The CC insertion transition stat€ is the largest barrier
CH3CHO and listed in Tables-35. It would have been desirable  encountered along this reaction pathway and is the highest
to measure the HYC#H CO vyield as a function of collision  barrier found at the entrance of any of the three pathisl.|
energy. Unfortunately, YO impurity in the beam, which appears  The initial a-C—H insertion, Figure 10 (path Il) and Figure

at the samem/e ratio as HYCH, made this impossible. 12, forms acetyl hydridé-, from which a subsequent methyl
Therefore, experiments were carried out using deuteratedshift givesK to form the CO elimination products, thus partially

The competition between elimination of H and, Was
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Figure 9. Selected geometric parameters for stationary points and transition states for the reaction of yttrium and acetaldehyde. Bond lengths are

given in Angstroms.
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Figure 10. Competing pathways following formation af-complex (B).

paralleling path I. The transition state for init@CH insertion

D is lower than that of €C insertion, but the products of each
are similar energetically and slightly more stable than HYCHO
(—39.29 kcal/mol). Tgcy D is similar structurally to its
counterpart in the ¥4+ H,CO mechanism although its barrier
is ~9 kcal/mol lower and the €H bond being cleaved is shorter

issB T

(1.748 A vs 1.841 A). Whereas the CH bond dissociation
energies are similar for #£0 and MeHCO, the activation
barriers foro-C—H insertion by Y are lower for MeHCO due

to the donation of electron density from the methyl group to
the carbonyl carbon. The-C—H insertion produck in path Il

can undergo several processes other than the reaction to form
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Figure 13. Energetics of path IlI5-C—H insertion.

K. The simplest of these is the cleavage of theHY'bond of
F forming YMeCO + H (O), a highly endothermic process
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TABLE 4: RRKM Rate Constants Calculated from the
CCSD(T)/BSII Energies and B3LYP/BSII Frequencies

kCC k(xCH kﬁCH I(CH”’ kMCTS*II kdiSSB

Ecot (1s?) (1Ps?) (10°sh) (1FfshH (10°sy) (1Ps))

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
159 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

6.61 kcal/mol above the reactant asymptote) because the ketene
ligand is being formed in a high energy state as its SHwisted

by ~90° relative to the product conformation. FormationLof

has been modeled as an equilibrium process, because the barrier
to direct reductive elimination of fHfrom L is likely to involve

a rather high barrier, as in the case oféfimination from H-

YCO in the formaldehyde reactida.

The methyl group of acetaldehyde can also facilifate—H
insertion fromB (Figure 10 (path Ill) 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 I, and 12.9 kcal/
mol below that for path I. An increasing-YCco bond distance
and a decreasing CC bond strength fordiSP is consistent
with the formation of produc@, a hydride-enol species, the
lowest point on the Y+ CH3;CHO potential energy surface,
~8 kcal/mol below ther complex B. The geometry ofQ
indicates a weak interaction between the £@rbital and the
metal. Like the first insertion intermediate in pathH)(Q can
further react by several pathways. A hydride shift to the metal
through TSy R or through MCTgS S occurs from the
o-carbon and leads to the ketene spetiesdM, respectively,
but the ordering of these two barriers is reversed relative to
their counterparts in path Il. Dissociative hydrogen atom loss
is substantially endoergic and leads to the yttritemol species
T with a linear Y-O—C bond. In contrast to produ@ from
path II, which is overall endoergic from ¥ MeHCO by 13.13
kcal/mol, the H atom elimination produ@tlies 8.80 kcal/mol
belowthe reactant asymptote, making it accessible at all collision
energies.

c. RRKM Branching Ratios for Pathways |, II, and III.

The major products, HYCH + CO, are produced from
pathways | and Il. In addition, these products may result from
H,Y(ketene) produced via channel Ill, followed by crossing to
channel Il. The minor products YGEO + H and YCHCO

=+ Ha occur only through pathways Il and Ill. 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 the-complexB as the reactant, ar@, D,
andP each as tight transition states. Use of theomplexB

as the reactant is a reasonable assumption in light of the large
w-complexB well depth and substantial barriers for subsequent
reaction. At a collision energy of 7.1 kcal/mol, the branching
ratio for pathways I:11:[ll was calculated to bec:KacH:ksch =
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

requiring 13.13 kcal/mol above the reactant asymptote. Shift rapidly than for IlI; the product ratio reached 1:3.25:5.19, at
of a hydrogen atom from the acetyl ligand to the metal can 26.8 kcal/mol.
occur throughB-hydride transfett to Y(H)z(ketene)L. Alter-

natively, a multicentered TS (MCTS) yields the products
Y (ketene)+ H,. Attempts to model the Y (kJ(ketene) product

i. CO Elimination. Due to interference from YO impurity
present in the beam, which has the samie as HYCH;, the
absolute yield for this channel was only measured at one

expected from the MCTS were unsuccessful and resulted in collision energy where deuterated acetaldehyde was used and
dissociation toM. The TS forg-hydride transfer T&y | is
lower than MCTS$ J, but both of these are high (MCT$es

the product detected was DY@DThe RRKM calculations
provide insight into the relative importance of the three pathways
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TABLE 5: Calculated CO Percent Yields and H:H,
Elimination Branching Ratios for Y + CH3;CHO Reactiong

%CO (CC) %CO ¢CH) total %CO RRKM exp
7.1 5.2 22.4 27.6  0.24:1.00 0.047:1.00
9.3 5.8 23.9 207  0.34:1.00 0.049:1.00
11.0 6.3 25.1 314  0.44:1.00 0.11:1.00
13.1 6.9 26.6 335  0.56:1.00 0.21:1.00
15.9 7.8 27.4 352  0.73:1.00 0.46:1.00
268  10.6 34.4 450  2.34:1.00 7.34: 1.00

2 The RRKM H:H, branching ratios were calculatediagsgkucTs-ii-
b Calculated askc + kach)/(Kee + Koot + Kscr).

in producing HYCH + CO. Although pathway | leads solely
to CO elimination, the relatively high €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 1l is dominant at all collision

Schroden et al.

are independent of the product internal energy. This assumption
has been found to be reasonable in a previous study of the
reaction of Y+ propené®® 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
Econ = 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 channeD}, which is energetically open at
Econ > 13.1 kcal/mol. According to the RRKM calculations,

energies, it cannot be a significant source of CO, as this channeleven at the highest collision energy))(is not expected to

would require initial formation of kY (ketene) L) followed

by C—H insertion vial producingF (i.e., by reversal of pathway
I). Because the energy of(pathway 1) is substantially higher
than that forR (pathway 1), and because of the high barrier
for direct H, elimination, HY (ketene) should primarily isomer-
ize toQ, followed by H or H elimination. Although the barrier
(D) for initial a-CH insertion on pathway Il is higher thaR)(
for initial 5-CH insertion on pathway lll, pathway Il primarily
leads to HYCH + CO due to the relatively low barrier height
for subsequent €C insertion ). For path Il, the low energy
for TS (G) leads to RRKM rate constants fkgc, which were
orders of magnitude larger thécrs—i. The rate constarktssa

is nonzero only abovEg, = 15.9 kcal/mol. Thus, the fraction
of m-complexes that produce HYGH- CO at 7.1 kcal/mol is
given by the ratio of rate constantscy + kco/kach + kec +
kscn = 0.224+ 0.052= 0.276. From the RRKM calculations,
this yield is expected to increase to 0.44%ad; = 26.8 kcal/
mol. As already noted, experimental CO yields are only
available atE.,i = 24.6 kcal/mol for Y+ CDsCDO. 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 H, Elimination. As noted
above, paths | and Il only lead to CO elimination products,
except at high collision energies where path Il should also lead
to the H atom channelQ), which is endoergic by 13.1 kcal/
mol. Therefore, aEqo < 13.1 kcal/mol, path Il must be the
sole source of H and flimination products, and the branching
ratio for production of Y(OCHCH + H (T) to that for
production of Y-ketener H, (M) is simply the ratio of RRKM
rate constants for H atom loss fro@ yielding T to that for
passage of intermediat@ to M over MCTSS, along pathway
Ill. At Econ = 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

contribute significantly, despite the fact th@tC—H insertion
increases relative t8-CH insertion with increasing energy. It
remains possible, however, that the calculations underestimate
the importance of this channel. Clearly, the H elimination
channels @) and () both proceed with no barrier in excess of
the product endoergicity, whereas elimination ofikvolves a
barrier in the exit channel. Therefore, at low collision energies,
H, 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 Y2[) with H,CO and with
CH3;CHO were studied at a range of collision energies in crossed
molecular beams. For both molecular reactants, three product
channels were observed, forming CO;, ldnd H. The experi-
mentally measured branching ratios for competing pathways
were compared to those predicted using RRKM theory, assum-
ing competing reaction pathways following formationogs-
sociation complexes involving the=€D bond. For acetaldehyde,
reactions could proceed via three primary pathways,CC
insertion,a-C—H insertion, ang-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 HYCH + CO. Thea C—H insertion pathway
also led to dominant formation of HYGH+ CO via a
subsequent €C insertion step. The.-C—H pathway also led
to H atom production, but only at high collision energies. The
dominant source of H andzproducts at all collision energies
involved r-complex formation followed by;-C—H insertion.
Analysis of the3-C—H insertion pathway revealed a low-energy
mechanism involving unimolecular rearrangement leading to
production of Y-ketene+ H, or production of the enol
Y(OCHCH,) + H. In general, branching ratios calculated from
RRKM rate constants were in reasonable agreement with the
experimentally measured values.
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