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Abstract: Reactions of Tt and V* with CsHg, CHsCD,CHs, CDsCH,CD3, and GDg are studied to characterize

the rate-limiting transition states and determine the factors that control the branching betwaed 6H,
elimination. For ground-state Tireacting with propane, dehydrogenation and demethanation both occur at
thermal energy with reaction efficiencies of 17% and less than 1%, respectively. For ground-state V
dehydrogenation occurs at thermal energy with an efficiency of less than 1% whereas demethanation occurs
with a 0.70+ 0.06 eV threshold. Deuterium-labeling studies indicate fhBi{D) transfer to form the metal
ethene dihydride complex or a multicenter elimination of il the rate-limiting step for dehydrogenation,
while reductive elimination of methane is shown to be rate limiting for demethanation. The product kinetic
energy release distributions (KERDs) fos ldss from Ti"(C3Hg) and Vf(CsHg) are both statistical. Modeling

the experimental KERDs using statistical phase space theory yig!@&i*—CsHg) = 34.5+ 3 kcal/mol and
Do°(Vt—C3sHe) = 30.7 + 2 kcal/mol. To explain differences in the reactivity oftTand V*, the potential
energy surfaces of the reactions are discussed in some detail with an emphasis on the importanee of spin
orbit-coupled crossings between surfaces of different spin.

Introduction

Studies of first-row transition-metal ions reacting with simple
alkanes in the gas phase have given insight into the mechanis
and energetics of €H and G-C bond activatiod=13 In our
studies of F&, Co', and Ni reacting with propane and
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deuterated propanes, the results were shown to be consistent
with a rate-limiting step associated with initiaHE(D) bond

pfctivation for both H and CH, elimination?® Recent experi-

mental* and theoreticaP work suggests that late multicenter
transition states can also play an important role in these reactions
and may in fact be rate limiting. In either case, these studies
have concentrated on learning about the rate-limiting step in
the reaction, but little could be ascertained about the factors
that govern the branching ratios betweenand CH, loss.
Reactions of early metal ions, including*Tand V*, with
propane are substantially less exothermic and give dramatically
different branching ratios than those of the late metal ions. They
are therefore good candidates for probing the portion of the
potential energy surface where the branching ratios are deter-
mined. In the high-pressure environment of a flow tube, Tonkyn
et al12 found that V* primarily forms the M —propane adduct.
The only bimolecular reaction observed at thermal energy was
a small (6%) elimination of B even though CHelimination
is the more exoergic channel. By comparison, Tonkyn et al.
found that Tt is more reactive, with kelimination the primary
reaction channel and theFpropane adduct and Glelimina-
tion channels are observed to be relatively small (16%aiib,
respectively}2 Similar results were also obtained by MacTaylor
et al.2® also in a high-pressure, flow tube environment. Under
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low-pressure, single-collision reaction conditions, Sunderlin et tube sourc is used to generate bothTand V. Metal ions are
alloa found that Ti reacts with propane primarily by H produced by Ar ion (generated in a +8.0 keV dc discharge)
elimination with small amounts of CHelimination and even sputtering of a cylindrical rod (1.25 cm in diameter and 2.5 cm in
smaller 24 and H + CH, elimination channels observed at length) made of titanium or vanadium. The ions are Fhen swept down
thermal energies. Aristd®finds similar behavior for reactions 2 1 ™M 10ng flow tube by He and Ar flow gases maintained at pressures

of V* and propane with Helimination exceeding CHelimina- of 0.50 and 0.05 Torr, respectively. Under these conditions, the ions
. prop . 9 . are calculated to undergel(® collisions with He anc~10* collisions
tion by over 2 orders of magnitude at thermal energies.

with Ar before exiting the flow tube. Small amounts of methane were

State-selected studies of\and GHg by Sanders et &have added to the flow gases to quench residual excited states. Diagnostic
shown that théF, 3cf4s excited state of Vreacts with propane  experiments indicate that the*Vand Ti* beams comprise-97%
to eliminate H a factor of 80 times faster than tk®, 3d* ground-state ion& The ions are focused into a magnetic sector for
ground state of V. The excited state also eliminates £ Hut mass analysis, decelerated to a desired kinetic energy, and injected into

this channel comprises less than 1% of the total products formed.an octopole ion guide. The octopole passes through a static gas cell
It is understandable that the excit¥félstate of \ reacts more into which the reactant gas is introduced. Pressures are maintained at
efficiently with propane to eliminate #than the’D ground state a sufficiently low level €0.1 mTorr) that multiple iorrmolecule

of V' because it is the correct spin to form the-M*—C3H- collisions are improbable. Product and unreacted metal ions are

inserted intermediate and because astate of - has more contained in the guide until they leave the gas cell. The ions are then
focused into a quadrupole mass filter for product mass analysis and

energy available for reaction. However, an explanation of Why getected by means of a scintillation ion counter. Raw ion intensities
CH4. e“m'nat'oln IS so |nelff|(.:|.ent for t_hé': state Is not SO gare converted to absolute cross-sections as described previdusly.
obvious. Nor is the rate-limiting step in these reactions, hoW  The apsolute energy and the energy distribution of the reactant metal
the branching ratios are determined for both ground- and excited-jons are measured by using the octopole as a retarding field analyzer.
state V*' reacting with propane, and why ground-state” Ti  The full width at half-maximum of the energy distribution is generally
eliminates both Hand CH, but primarily H, at thermal energy. 0.5 eV in the laboratory frame for these reactions. Uncertainties in
To address these questions, we have measured the absolutée absolute energy scale at€.05 eV lab. Translational energies in
cross-sections for Hand CH, loss for both T and V" reacting the laboratory frame of reference are related to energies in the center
with propane as a function of kinetic energy. Labeling studies ©f mass (CM) frame bfew = Em/(M + m), whereM andm are the
using the selectively deuterated speciesCBbCHs, CDsCH,- masses of the incident ion Iand neutral rgactant, respgctlvely.
CDs, and GDg were performed to gain insight into the rate- All compounds were obtained commercially and admitted to the mass
limiting transition state for the dehydrogenation and demeth- spectrometer after several freezmimp-thaw cycles to remove

fi h ls. We al d the kineti | noncondensable gases. The deuterated hydrocarbons were obtained
anation channels. VvVe also measure € Kinetic energy releasg,,, Merck, Sharpe, and Dohme. The stated minimum isotopic purities

distributions (KERDs) for Hloss from Ti"(CsHs) and V(GHs)* were 98% for all the labeled propanes except forsCD,CDs which

and modeled them using statistical phase space tRéétfhis was 99% pure.
experiment probes the potential energy surface in the region of
the exit channel and allows a determination of th&-TC3Hs Results

and Vr—CgHg bond energies.
Absolute cross-section measurements were obtained using a
Experimental Section guided ion beam apparatddor reactions of Tt and V" with

The metastable KERDs were measured at UCSB using a reverseP'oPane, propan2;2-d, propanet,1,1,3,3,3-ds, and propane-

geometry double focusing mass spectrometer (VG Instruments ZAB- ds. The results as a function of kinetic energy are shown in
2F)9 with a home-built variable temperature EI/Cl source. Metalions Figure 1. The total cross-sections measured at the lowest
were formed by electron impact (150 eV) on V@@&hd TiCl. Typical energy, 0.05 eV, are listed in Table 1 along with the reaction
source pressures were “£0Torr, and source temperatures were 300 efficiencies i/oLcs), whereo, s is the Langevir-Gioumou-

K. The nascent M—CsHs collision complexes were formed in the  sis—Stevenson capture theory cross-seéfi@md oy, the total

ion source by reaction of the bare metal ions with propane. The ion reaction cross-section. The efficiencies are clearly low; 11
source was operated at near field free conditions to prevent kinetic 19o4 for Ti* and less than 1% for ¥ For both metals
excitation of the ions. The ions were accelerated to 8 kV after leaving

the source and mass analyzed using a magnetic sector. Metastable ions (20) (a) Even though electronically excited-state metal ions dfavd
decomposing in the second field free region between the magnetic andTi* will be formed by electron impact on VOg€and TiCl, only ground-
electric sectors were energy analyzed by scanning the electric sectorstate V and Ti" contribute to the K loss KERDs from Ti(CgHg) or

The metastable M-CsHs reactant ions contributing to the KERD are Y (CaHs). The cross-section data indicate ground-statelehydrogenates

. o . C3Hg exothermically. In modeling the KERD forHoss assuming ground-
those which decompose between 5 andu&5after exiting the ion state V' reacts with GHg, we obtain a reaction exothermicity of 3 kcal/

source. lons decomposing in this time window correspond to-M mol. Even the lowest lying excited state of"\is 8.37 kcal/mol above
CsHg complexes formed from ground-state ¥nd Ti* reactant iong? ground-state V. Thus, this or any higher lying states of\tannot be
The metastable peaks were collected with a multichannel analyzer andcontributing substantially to theHoss KERD observed. Similar arguments
differentiated to yield kinetic energy release distributidhdntegrated hold for Ti* reacting with GHs. Modeling the H loss KERD assuming

; fetrib it round-state Ti reacts with GHg yields a reaction exothermicity of 7 kcal/
peak a_r eas were “S?‘d to obtain the pr_o_duct dlstrlb_u tions. The ent_argy?nol_ Thus, all the excited states of'Tabove the first excited state are too
resolution of the main beam was sufficient to avoid any substantive high in energy to be contributing substantially to the ldss KERD

contribution to the metastable peak widths. o observed. lon chromatography has shown the first excited state" ¢fF;i
The ion beam results were obtained on the Utah guided ion beam 3cf) rapidly deactivates to ground-state  Eiven on collision with heliurd?®
apparatus, which has been described in detail previdask.flow This result is consistent with rapid deactivation of (*F, 3cf) to ground-

state Tf, in its reaction with propane, especially when competing with the
(16) MacTaylor, R. S.; Vann, W. D.; Castleman, A. W.,JrPhys. Chem. tight transition state needed for product formation. (b) Kemper, P. R.;

1996 100, 5329. Bowers, M. T.J. Phys. Chem1991, 95, 5134.
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794. (b) Nikitin, E.Theor. Exp. Chem. (Eng. Transllp65 1, 285. 65, 19. (b) Kirchner, N. J.; Bowers, M. T.. Phys. Chenml987, 91, 2573.
(18) (a) Chesnavich, W. J.; Bowers, M. I.Am. Chem. Sod976 98, (22) Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166.
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Table 2. Branching Ratios for Reactions of Tand V" with
Isotopically Substituted Propanes under Single-Collision Condiions

neutral
products GHs CHsCD.CHjs

CH, 2 5
CHsD 2
CDsH

CDs

H> 98 4 4

HD 87 90

D> 2 6 98

v+ H> 100 2 2
HD 93 91
D> 5 8

M+
Tit

CDsCHCDs  C3Hg

100

a8 Measurements taken at 0.05 eV. Demethanation was not observed
at this energy for V.

contrast, selective deuteration at the central carborsCDH#

CHs, enhances demethanation. Dehydrogenation appears to
favor 1,2-elimination with small but nonnegligible amounts of
the other processes. For the /gropane system, only dehy-
drogenation is observed at low energies, while demethanation
is observed to have an apparent threshold near 0.5 eV (Figure
1b). Deuterating the end carbons, {&IH,CD3, has no effect

on the dehydrogenation cross-section relative to that observed
for V* reacting with GHs. However, deuterating the central
carbon, CHCD,CHjs, as well as complete deuterationsOig,
reduces the dehydrogenation cross-section. Even though demeth-
anation is not observed at low energies, an H/D isotope effect
is observed for this channel. The cross-section for methane loss
is highest for GHg through most of the energy range examined
and lower for the deuterated propanes (Figure 1b). FbfsC
and CHCD,CHg, analysis of the demethanation thresholds
yields 0 K measurements of 0.790.06 eV, whereas for Cp
CH,CD3; and GDsg, they are both found to be significantly
higher, 0.82+ 0.06 eV?6 At the highest energies, the cross-

Figure 1. Variation of total cross-section for dehydrogenation and sections for different propanes diverge strongly in several cases.
demethanation as a function of kinetic energy in the center-of-mass These differences can be explained by alternate products having

frame for the reaction of (a, top) Tiand (b, bottom) V with propane
(squares), propar2-d, (diamonds), propang:l,1,3,3,3-ds (triangles),
and propanels (circles).

Table 1. Total Cross-Sections and Reaction Efficiencies for Ti
and V" Reacting with Isotopically Substituted Propanes under
Single-Collision Conditions

the same mass or similar mads.

Experimental KERDs for K loss from Ti"(propane) and
V*(propane) complexes are shown in Figure 2. The KERDs
peak at low energy and fall off smoothly at higher energies,
suggestive of statistical processes with no reverse activation
energy in the exit channels. Statistical phase space theory is

Ti \% used to model the experimental KERDs for HD loss from

system O'tol(Az)a (Utot/OLGs)b Otot (AZ)a (otot/ULGS)b Ti+(CH3.CD2CH3) .and Fb Ioss_from VF(C.:?’HS)' (See .the
Appendix for details.) The resulting theoretical and experimental
gﬁéDﬁHs ggéig 8:1?& 8:83 8:2% 8:% 8:88%i8:88% KERDs are compared in Figure 2. The experimental and
CD,CH,CD; 36.2+3 0.19+0.02 1.25-0.2 0.006=+ 0.001 theoretical average kinetic energy releases for HD loss from
CsDs 21.44+3 0.114+0.02 0.49+0.2 0.003+ 0.001 TiT(CH3CD,CHg) are 0.067 and 0.065 eV, respectively, and

for H, loss from V"(C3Hg), they are 0.049 and 0.048 eV,
respectively. The theoretical KERDs shown in Figure 2 include
a tight transition state along the reaction coordinate somewhere
between the electrostatic well (associated with the(G4Hs)
deuteration at the central carbon decreases the total reactiorfomplex) and the exit channel. These fits are not sensitive to

efficiencies while deuteration at the terminal carbons has little the energies of the transition states, their frequencies, or other
eff.e(.:t (p.OSSIbly a slight enhancement) on the total reaction (26) Analysis of these thresholds is performed as detailed in many
efficiencies. previous papers. See for example: Tjelta, B. L.; Armentrout, R. Bm.
Branching ratios at the lowest energy, 0.05 eV, for methane ghgmpr?oclgﬁan}llgigel%% ngggs, C. L.; Fisher, E. R.; Armentrout, P.
T ; ; : . J. Phys. Che .
find hydrogen elimination are, “Ste,d in ,Table 2 for various (27) In the demethanation channels for both metals, the high-energy
isotopomers of propane. ForTieacting with GHg and GDs, features in the M(C,HzD,) products observed for thes8,Ds system are
dehydrogenation is favored over demethanation, with methaneattributable to a '\:,I(Cﬁm% product fhavmg the rs]a%(t% masi- In Lhé ki
elimination accounting for only 2% of the products. Selective CsHeD2 system, the high-energy feature in the"(@zH2Do) product is
deuteration at the e%d carbyons gﬂHZCFE)g results in a probably T (CHD,) and that for TF(CaHsD) is probably Tf (CHzD2),

) ! . ' one mass unit lower. Data acquired for this latter system were taken at
decrease in demethanation relative to dehydrogenation. Insomewhat lower mass resolution than those for the other systems.

aTotal cross-section for methane and dihydrogen elimination
measured at 0.05 eV. Propane adduct not incluBe&S is the
Langevin-Gioumousis-Stevenson collision cross-section.
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Figure 2. Kinetic energy release distribution for metastable loss of
H. from nascent (a, top) T(CsHs) and (b, bottom) V(CsHs) collision
complexes. The solid line labeled “experiment” results from analysis
of the laboratory peak shape using standard techniuBse circles
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us to determineDg°(TiT—C3He) = 34.5 &+ 3 kcal/mol and
Do°(Vt—C3Hg) = 30.7 & 2 kcal/mol.

Discussion

A. Energetics of the Dehydrogenation and Demethanation
Reactions. The Tit—C3Hg and VF—CsHg bond energies (at 0
K) of 34.5+ 3 and 30.7+ 2 kcal/mol, respectively, obtained
by modeling the experimental KERDs with statistical phase
space theory can be compared with recent experimentally
determined M—C,H, bond energies of 34.& 2.5 and 29.7
1.8 kcal/mol, respectivel§#2° The latter are expected to be
slightly lower because the polarizability obid, is smaller than
that of GHs. Theoretical studié8yield metal ion-ethene bond
energies De values) of 24.2 and 25.2 kcal/mol for TiC;Hy)
and V"(C;Hy), respectively. The authors note that these values
are expected to be too low and suggest corrections-8fktal/
mol for the covalently bound T{(C;H4) and 3-5 kcal/mol for
the electrostatically bound™{C;H,). This gives final theoreti-
cal values 80 K of 31+ 1 and 28+ 1 kcal/mol, respectively,
in reasonable agreement with experiment.

The metal ion-propene bond energies measured here indicate
that the H elimination reactions from propane are only modestly
exothermic at 0 K: 7 3 kcal/mol for Ti" + CsHg and 3+ 2
kcal/mol for V* + C3Hg.3! Methane elimination is considerably
more exothermic on the basis of the metal-+@thene bond
energies measured in CID studies: & kcal/mol for Ti +
CsHg and 11+ 2 kcal/mol for V¥ + C3Hg.28

B. Reaction Cross-Sections for Ti and V* Reacting with
Propane. As discussed in the previous section, dehydrogenation
and demethanation of propane by Eire exothermic processes.
The shapes of the energy dependent cross-sections for both
product channels (Figure 1a) indicate that no barriers along the
reaction coordinate exceed the asymptotic energy of the
reactants. Despite this, the reactions are clearly inefficient. For

are the results of statistical phas space calculations as described in thd i~ + CsHs, the absolute cross-section fog kbss at 0.05 eV

text.

parameters in the calculations. In fact, the average kinetic
energy release calculated is identical to that calculated without
the tight transition state. However, if the tight transition state
is not included in the model, slight changes in the shape of the
distribution are observed. Specifically, the model distributions
peak at slightly higher energies and fall off more quickly as
energy increases. Previous studieave shown that including
a tight transition state in the model induces a significant angular
momentum restriction (reducing the average kinetic energy
released) for methane elimination frontighropane) complexes
when M= Fe, Co, and Nf-> However, inclusion of the barrier
does not significantly restrict the angular momentum fetdss
from the M"(C3Hg) complex because this process is already
restricted to low angular momenta, due to the low mass and
polarizability of H,. Hence, only minor changes in the KERD
are observed by inclusion of the barrier. In the present study,
we were unable to measure the KERD for methane loss from
Ti™(CsHg) due to the low efficiency for this reaction.

In the calculation of the model KERDs, the only parameter
allowed to freely vary waa\nHo® of reaction 1. The optimal

M™ 4 CHg — MTC;Hg + H, 1)

enthalpies of reaction, which yield the fits shown in Figure 2,
are —7 £ 3 and — 3 £ 2 kcal/mol for M = Ti and V,
respectively. As all species in reaction 1 have known heats of
formation except M—C3Hs, the optimum values found allow

corresponds to a rate constant of 22D.4 x 1010 cm?/s. This
value is lower than the dehydrogenation rate constants of 6.4
+ 2 x 107%and 6.24- 1.9 x 1071°cm?®/s obtained under high-
pressure multicollision conditions by Tonkyn et aland
MacTaylor et al18 respectively. The reaction efficiency under
single collision conditions at 0.05 eV (reported here) is 17%
for Hy loss and less than 1% for GHbss. Thus, 82% of the
collision complexes formed go back to reactants. In the high
pressure of the flow tube, only 63% of the collision complexes
return to reactant® Thus, it appears that some of the
transiently formed (TiC3Hg)* complexes collide with He before
dissociating back to reactants or going on to products. These
collisions can stabilize these complexes, eliminating the back-
reaction but allowing some of them to react to form products.
The observation that a higher rate of adduct formation was

(28) Sievers, M. R.; Jarvis, L. M.; Armentrout, P. B.Am. Chem. Sac.
submitted for publication.

(29) Armentrout, P. B.; Kickel, B. L. lfDrganometallic lon Chemistry
Freiser, B. S., Ed.; Kluwer Academic Publishers: The Netherlands, 1996;
pl
(30) (&) Sodupe, M.; Bauschlicher, C. W.; Langhoff, S. R.; Partridge,
H. J. Phys. Cheml992 96, 2118. (b) Sodupe, M.; Bauschlicher, C. W.
Phys. Chem1991, 95, 8645. (c) Bauschlicher, C. W. I@rganometallic
lon ChemistryFreiser, B. S., Ed.; Kluwer Academic Publishers: Dordrecht,
The Netherlands, 1996.

(31) Literature thermochemistry for stable hydrocarbons is taken from
the following: (a) Pedley, J. B.; Naylor, R. D.; Kirby, S. Phermochemical
Data of Organic Compound2nd ed.; Chapman and Hall: New York, 1986.
Correction b 0 K values is achieved using information in the following:
Chase, M. W., Jr.; Davies, C. A.; Downey, J. R., Jr.; Frurip, D. J,;
McDonald, R. A.; Syverud, A. NJ. Phys. Chem. Ref. Daf085 14 (No.

1). (b) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.
D.; Mallard, W. G.J. Phys. Chem. Ref. Date088 17, Suppl. 1.
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observed at 0.75 Torr (12 0.4 x 10719 cm?¥/s)2than at 0.2- Scheme 1
0.6 Torr (0.54 0.2 x 10710 cm?/s)® is consistent with this T
hypothesis. Note also that the initial energy distribution for H MJ

the reactants under the high-pressure conditions of the flow tube

; |
N / Cl—/[3CH\CHz \

(a Boltzmann distribution at 300 K) differs somewhat from that \C/v\f H‘M_> ~
of the ion beam work at 0.05 eV. This could also affect the v+, c.x, LN .
relative efficiencies observed for the forward reaction. Ly Wl M (Cafte)” + Ha
For V* reacting with propane, dehydrogenation and demeth- HM* ~ H j*/
. . . Mty
anation channels are both exothermic but slightly less so than Ey
for TiT. Again no sign of a barrier exceeding the reaction CHy  CH,

threshold energy is found in the cross-section data for dehy-

drogenation. However, as shown in Figure 1b, the threshold ground state) do not react withsis to eliminate methane at
observed in the cross-section for methane elimination (the morethermal energy. The presence of a significant barrier is also
exothermic reaction) indicates a barrier of about 0.7 eV above consistent with the inefficient reaction observed by Sanders et
the energy of the reactants. Even though exothermic and al8 for the3F, 3cP4s state of ¥ with C3Hg. This state lies 1.1
barrierless, the absolute cross-section forléss at 0.05 eV eV above ground-state "Vand conserves spin to activate

corresponds to a rate constant of only £0.2 x 107! cm?/s. propane, as discussed further below.
In the high-pressure, floyv tube environment, Tonkyn et al. D, 1,2-Hydrogen Elimination. The Rate-Limiting Tran-
measure a dehydrogenation rate constant 021811 cm?/s, sition State. The observation of a single-component, statistical

again somevyhat larger than the value o_Iete_rmined _in this study.KERD for H; loss from Tit(CsHg) and VH(CsHg) is consistent
In the vanadium system, adduct formation in the high-pressure with a single dissociation process occurring for both metals and

flow tgbe is even more efficient than in the +Tisy§tem, indicates that there is no reverse activation energy barrier present
occurring at a rate of 4.4 1.3 x 101°cm?¥/s. Under single-  in either exit channel. Further, the fact that the cross-sections
collision conditions, 99.5% of the collision complexes return (Figure 1) smoothly and monotonically decrease with energy

to reactants, while at 0.75 Torr of He, only 76% do. indicates that no other significant channels arise over the energy

The observations of inefficient reactions without energetic range sampled (65 eV CM). These results indicate,Hbss
restrictions point to a potential energy surface in which there is comes dominantly from a @lg)M*(Hz) complex (in which
a rate-limiting transition state along the reaction coordinate. The the H is electrostatically bound) as the last significant feature
closer in energy this transition state is to the asymptotic energy along the reaction coordinate.
of the reactants, the less efficient the reaction should be. There are two primary mechanisms for dehydrogenation that
Alternatively, when the reactants do not conserve spin with the have evolved in previous work and are shown in Scheme 1.
intermediates or products, the efficiency of reaction could be Both mechanisms involve initial primary or initial secondary
limited by the coupling between surfaces of different spin C—H bond activation to form hydridopropylmetal cation
multiplicity. Finally, a combination of these effects could be intermediates. In the classic “stepwise” mechanism, this
occurring either independently or in a situation where surface oxidative addition step is followed h§H migration to the metal
coupling is efficient but the required surface crossing energy is to form a dihydride propene metal ion complex which can
high enough that it corresponds to the rate-limiting point along reductively eliminate bl More recently, theoretical studi€s?
the potential energy surface. These options will be discussedhave indicated that the dihydrig@ropene intermediate may

below. not exist for late first-row transition metals and suggest that
C. Reaction Efficiencies for Ti* and V* Reacting with elimination occurs through a multicenter transition state (MCTS),

Labeled Propanes. The cross-sections for dehydrogenation of bypassing the dihydride intermediate.

CH3CD,CHs and GDg by both Tit and V* are substantially Evidence for a mechanism like Scheme 1 was presented in

less than that for @ds. In contrast, the cross-section for previous studies of Fe Co*, and Ni* reacting with propané?
dehydrogenation of CELH,CDj is essentially equivalent to that A bimodal KERD for H loss and an H/D isotope effect on the
for CsHg in both systems. The selective deuteration results two components of the bimodal KERD in these systems
indicate that breaking a secondary-B bond is a primary indicated two distinct dissociation processes: one a statistical

contributor to the dehydrogenation transition state in both metal process and one a higher energy direct process. The statistical
systems. process was assumed to result from a dihydride intermediate

Likewise, the demethanation channel is strongly affected by €2ding to a (GHgM(Hz) complex which then dissociated.
deuteration. In the titanium system, the cross-section for 1h€ high-energy process was assumed to result from H
demethanation from CfEH,CD; is reduced by a factor of about ~ €limination via a MCTS leading directly to products.

5 relative to that from gHs. Deuteration at the central carbon .Alth.oug.h recent Ca'lculatlons' bring the stability of. the
enhances methane elimination by a factor of abet8 elative dihydride intermediate into question for_ the late metaf&this

to that from GHs. In the vanadium system, the magnitudes of Pathway may be energetically accessible for early metals and
the cross-sections for methane loss are more similar but doWill be considered in this work. One simple way of understand-
exhibit different thresholds. Here, the thresholds measured for "9 Why the dihydride propene intermediate is unstable for late
methane loss from s and CHCD,CHs are lower than those  transition metal ions is to recognize that the metajdrogen

for CDsCH,CDs and GDg by 0.12 + 0.08 eV. These bonds in the (H)M(H) species uF|I!ze 4s53d hybnds. For Iatg
observations point to activation of a termina-8(D) bond as ~ Metals (Mn-Cu), the four remaining 3d orbitals are occupied
being involved in the rate-limiting step for demethanation. The With one or two electrons such that there are no empty orbitals
observation of a threshold for demethanation in the reaction of {0 acCept electron density from the propene ligand. For early
ground-state V + CsHs (Figure 1b) is consistent with the results metals, the 4s3d hybridization is more efficient, such that the
of Sanders et &. They observed that tH®, 3d* ground state (32) Holthausen, M. C.; Fiedler, A.; Schwarz, H.; Koch, Wagew.
and the’F, 3c?4s first excited state of ¥/ (~0.34 eV above the Chem., Int. Ed. Engl1995 34, 2282.
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Figure 3. Schematic reaction coordinate diagrams for the reaction of
Ti™ with propane to eliminate (a, top).+and (b, bottom) CH The
overall reaction exothermicity for Hoss was determined in this study
by modeling the experimental ;Hoss KERD using statistical phase
space theory. The exothermicity for GHoss is based on the metal
ion—ethene bond energy measured in CID stuéfieEnergies of
intermediates were estimated. For example, tH€CEHg) bond energy
estimate is based on the measuretiTH,) bond energy? and the
(H)Ti*(C3Hy) inserted intermediate bond energy was estimated from
Tit—H, Ti—CHs, and CHTi*—CH; bond energies (see the textfs
The structures for the multicenter transition state (MCTS) are shown
in Scheme. 1.

(H)M™*(H) species is more stable, and not all of the remaining
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Figure 4. Schematic reaction coordinate diagram for the reaction of
V*(®D, 3d") and V"(°F, 3cf4s) with propane to eliminateénd CH.
The triplet surface is dashed, and the quintet surface is solid. X and Y
correspond to the energies of the tripteuintet splitting for (GHe)-
V+--H, and (GH4)V*- -CH,, respectively. The overall reaction exo-
thermicity for H; loss was determined in this study by modeling the
experimental Hloss KERD using statistical phase space theory. The
exothermicity for CH loss is based on the metal ieethene bond
energy measured in CID studigsEnergies of intermediates were
estimated. For example, the (H){CsH-) inserted intermediate was
estimated from V—H, V*—CHjs, and CHV*—CHs; bond energies (see
the text)?%:36

H, elimination step associated with an—H(D) coupling
transition state is probably not rate-limiting; otherwise we would
expect to observe more extensive H/D scrambling (Table 2).
On the other hand, if initial secondary-&l bond activation is
occurring, then the rate-determining step must be the initial
insertion in order to explain the observed isotope effects. Itis
likely both primary and secondary-€H bond activation are
occurring, but both statistical factors (six primary-8 bonds
versus two secondary) and the data for methane loss (see below)
indicate primary G-H bond insertion dominates the observed
reactivity.

The question of how spin might affect the reaction is
addressed as follows. Both metal ions have high-spin ground
states: *F, 4s3d for Tit and®D, 3d* for V™. The initial step
in all mechanisms involves formation of a-HAT—CzH-
intermediate. Both the M-H and Mf—CsH; bonds are
covalent and presumed to be formed with-&sl hybrid orbitals
on the metal ion. The remaining unpaired electron(s) on the
metal occupy the remaining four 3d orbitals such that, for Ti

3d orbitals are occupied, such that a strong dative bond betweerand \/*, the spins of the HM*—CzH; ground-state intermedi-

the metal ion and propene can be formed. Thus, explicit

ates are doublet and triplet, respectively. Thus, formation of

consideration of both the stepwise and multicenter mechanismsthe initial H—M+—C3H; intermediate for both Ti and V*

is needed for the early-transition-metal systems.

requires a spirrorbit-coupled crossing from the surface of the

In the present study, neither the cross-sections nor KERDS separated ground-state*M+ CsHg reactants. Because both

provide any indications of multiple routes for dehydrogenation.
Both primary and secondary-€4 bond activation can oc-
curl0.12.28.33 |f injtial primary C—H bond activation is the
dominant contributor to the dehydrogenation reactions for Ti
and V' reacting with propane, the observed H/D isotope effect

systems eliminate jHat thermal energies and there is no
evidence for a barrier in the cross-section data, these crossings
must occur below the reactant asymptotic energies as shown in
Figures 3 and 4.

In the case of Ti, the most stable products are doubféts,

in the cross-section data indicates that the I’ate-llmltlng transition so no further Spin Changes are |mp||ed during thqa-md CHO

state is associated with tiieH(D) transfer step or multicenter

elimination steps. Significant isotope effects are observed in

elimination step of Scheme 1. In the stepwise mechanism, thethe Ti* cross-section at low energies, while sporbit crossings

(33) Tolbert, M. A.; Beauchamp, J. LJ. Am. Chem. Sod 986 108
7509.

are expected to have little or no isotopic dependence. This
indicates that the energy of the transition state plays an important
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role in determining the overall reaction efficiency. At present Scheme 2
the role of spir-orbit coupling in determining reaction ef-
ficiency cannot be assessed.

CH.

Similar arguments apply to Hoss in the V/C3Hg reaction. ’ u
In this instancethere are two surface crossings required because
the reaction starts on the quintet surface, crosses to the triplet
surface on initial G-H insertion, and then returns to the quintet
surface because only the quintet products yield an overall
exoergic reaction. Here too, the isotope effects clearly indicate
that the energy of the transition state plays a critical role in the
observed reaction efficiency. Even though there is no direct
evidence regarding the role of the two spiorbit crossings in
determining the reaction efficiency, it is plausible that these are
in part responsible for the lower reaction efficiency of V
relative to that of Tt.

g HX
M*+ CjHg H—M"—> —  M“CH, —>= M“C,H, + CH,

.
CH;~M®C,H;

a common intermediate followed by transition states where the
branching ratios are determined. The only common intermediate
among the various possible pathways considered for dehydro-
genation and demethanation is the-M*—1-CH; species
formed by initial primary C-H(D) bond activation. We have
already concluded the Hoss rate-limiting transition state is
B-H(D) transfer or a MCTS; hence, deuterating the secondary
hydrogens increases the barrier for either of these processes and

. . could lead to increased methane loss.

The effect of spin on reaction rates has been obsetvid. In the case of V reacting with probane. the 0.820.06 eV
the system is initiated on excited-state surfaces with the same, - hold observed for der%ethan%tign oféCH le) an'd GD
spin as the products, then rates can be enhanced. Forexample,’ o e Lo o s 00 0 062 eV3 threshosld
electronically excited low-spin Tiand V" are 10-100 times 9 y hig i ' :

. . o . observed for demethanation ogldz and CHCD.CHs;. The
more reactive with propane than their high-spin ground sfates, . : . -
N " - 0.124 0.08 eV difference in thresholds is reasonably consistent
but in this instance it is not clear whether favorable spin or the . - . o
Do . . with the maximum difference of 0.05 eV in the transition-state
substantial increase in energy or both are responsible for the . d . diff df
increased reaction efficiency. However, the fact thafPEhstate energies (due to zero-point energy di erencgs)_ expected for
of V* does not show enhanced reactivity relative todDestate primary C_—I—_|_versus C_D bond cleavage_. This |mpI|e§ that
of V* reacting with proparfedespite its 0.34 eV greater enetyy the rate-limiting transition state must involve breaking or

suggests some factor other than energy must be involved intheformlng a C-H(D) bond. Because #iloss is observed at

rate determination. Conservation of spin is a likely candidate thermal energies and involves initiaHE1(D) bond activation,
L p' . y . " the 0.70 eV threshold observed for demethanation cannot be
E. Methane Elimination. The Rate-Limiting Transition

. ; : associated with this transition state. Considering that demeth-
State. We consider several possible mechanisms for the ,5tion of CRCH,CD; and GDg involves G-D coupling and
react.io.n.s of Tt and V+ with propane to eliminate methane. 4t of GHs and CHCD,CH; involves G-H coupling, a rate-
The initial steps can involve either primary-€i(D) or C—C limiting C—H(D) coupling transition state from a §B)M*-
bond activation. If the first step in this reaction is initial primary (H)(CHs) intermediate or a MCTS from HM+—1-CsH; near
C—H(D) bond activation, then tTe rate-limiting St?ﬁ Lor the exit channel can explain the observed H/D isotope effect.
demethanation of propane by"\ould be assomatgd with the The final observation that can help elucidate the mechanism
methyl transfer step, the subsequent methane elimination stefy, methane elimination is the observation of H/D scrambling

involv_ing C—H(D) coupling, or a MC'_I'S that would involve for demethanation of both GIBH,CD; and CHCD,CHs by
coupling the methyl group with the primary H(D) atom on the 1+ * Nejther mechanism (stepwise or MCTS) can explain

metal ion. We dismiss the methyl transfer step as rate limiting scrambling without invoking some additional spedesf it is

becau_se it involves only €C bond clea_vage and MC bond presumed that the mechanism is stepwise, then H/D scrambling
formation such that no strong deuterium Isotope _‘?ffeCt_S are can be explained by reversible hydrogen transfers between
expected. Isotope effects are expected for e|the_r |n|t!al PriMary (c,H,M+(H)(CHs) and (CH)M+*(C;Hs) intermediates (Figure
CH(D) activation followed by C_H(JFD) coupl|ng In thg 3b, Scheme 2). Complete scrambling in the ethyl group predicts
methane elimination step from afd,)M (H)((.:H3) |nter_med|- CH4/CH3D and CD/CHD; product ratios of 3/2 if movements
ate or through aMCTs f.fom ?‘_(H)Ml'CSH?) |n_terrr_1ed|ate. If of H and D are energetically equivalent. Because breaking a
demethanation starts with initial€C bond activation, strong  ~_p pond is energetically more difficult than breaking a8
deuterium isotope effects are not expected if this insertion step bond, these ratios shift in favor of the less deuterated products,

is rate limiting. However, if the subsequefitH(D) transfer in line with the experimentally observed values of 5/2 for
step to form (GH4)M™(H)(CHs) or a multicenter elimination CaHeDs and 1/1 forF()gHzDe. y

g ; L .
of methane from (CEIM™(CzHs) is rate limiting, then isotope Overall, the mechanism for demethanation most consistent

effects are expecFed. ) ) with all observations is initial primary €H bond activation,

In the case of Ti reacting with propane, we observe a 5-fold  fg|jowed by methyl transfer and a rate-limiting transition state
depression of the demethanation process for;@HRCDs associated with reductive elimination of methane (Scheme 2).
relative to GHs. This points to the involvement of a primary  The final step in Scheme 2 is rate limiting. It seems likely that
hydrogen in the rate-limiting step, which is consistent with any 5 similar mechanism is followed for both Tand V*.
of the pathways mentioned above. However, the mechanism

must also indicate why deuteration at the central carbon (35) AMCTS mechanism cannot be completely ruled out. The 2%0CH

. product (Table 2) could arise from initial formation of-Ti*—2-CsHeD
enhances demethanation by a factor ef32 None of the from CHyCD;CHs followed by CHD loss via an MCTS to form

mechanisms for demethanation involve the secondary hydrogensri+=CcbDCH,. While the overall energetics of this process are not well
directly, such that competition with dehydrogenation must be characterzed, it is possible that the ethylidene product can be formed

; ; ; ; ; ; exothermically from Ti and propan@é?3¢If this process were occurring,
responsible. This H/D isotope effect is most easily explained however, one would expect a significant loss of 80irom CD:CH,CDs

if the dehydrogenation and demethanation channels go throughyhich is not observed (Table 2). In fact the very favored overall loss of
methane from CECD,CHjs relative to GHg, CsDs, and CRRCH,CDjs points

(34) (a) Moore, C. EAtomic Energy Leels Circ. 467; U.S. National to initial primary C-H insertion as the dominant process for methane loss
Bureau of Standards: Washington, DC, 1952. (b) Sugar, J.; Corlisk, C.  (Table 2), as previously discussed in the text. No isotope effect is expected
Phys. Chem. Ref. Dati981 10, 197, 1097. (c)bid. 1982 11, 135. from initial primary insertion if a MCTS is involved.
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The question remains as to why elimination of methane vanadium system because these reactions are spin-allowed from
exhibits a barrier for V and not for Ti. The answer requires  the H-M*™—CgsH; intermediate for the former but not the latter
that we consider the electronic states of the products. Theoreti-metal.
cal studies of the bonding of first-row transition-metal ions to G. Product Branching Ratios. To understand the observed
ethené® show that TiC;H4 has a?A; ground state in which  H,/CH, branching ratios, consider the reverse reaction€,

Ti* inserts into ther-bond of the ethene. There is a high-spin, + CH,; and M"CsHg + H, for both titanium and vanadium
electrostatically boundB, excited state lying 5.2 kcal/mol  systems. In the vanadium system, the initiaJHeV/*- -H,
higher in energy. For vanadium, the high-spin, electrostatically interaction may be substantially greater for tripletG4He than
bound®A; state is the ground state of"Z,H,4, and the low- for quintet V*C3Hg due to the possibility of better back-bonding
spin,3A; state lies 14.8 kcal/mol higher in energy, as shown in from the metal ion to the Kligand for triplet VGHe". For
Figure 4. Thus, for ground-state T{*F, 4s3d) reacting with example, Co—H, and V"*—H; are bound by 18 kcal/m#&i3°
propane, a spinorbit-coupled crossing to the doublet surface and 10 kcal/mof? respectively, and the difference is due in
occurs to insert into the €€H bond, and subsequently the large part to the better back-bonding for #ite 3 ground state
reaction remains on the doublet surface. For the reaction of of Co" compared to theéD, 3d* ground state of V. The binding
ground-state V (°D, 3d*) with propane, an analogous spin  of triplet and quintet VC,H. to CHs, however, will be similar
orbit-coupled crossing to the triplet surface occurs to insert into because the €H antibonding orbital of Cllis too high in
the G-H bond, but a subsequent crossing to the quintet surfaceenergy for significant back-bonding to occur. As a result, the
must occur to access the low-energy GsH4/CH, products, triplet—quintet splitting for GHeV*- -Hz (X in Figure 4) may
although formation of triplet YC;H, can occur with an  be substantially smaller than for@,V*--CH, (Y in Figure
estimated threshold of 3.5 kcal/mol (0.15 eV), well below the 4), facilitating H activation in the reverse reaction. This results
0.7 eV barrier observed for methane elimination. Hence, the in @ much lower transition-state energy fos élimination than
barrier observed for demethanation of propane bycdn be for CH, elimination, possibly explaining the dominance of the
attributed to either the transition state for methane elimination less exoergic klloss channel.

on the low-spin triplet surface or the energy where the quintet  For Ti reacting with propane, the #CH, branching ratio
and triplet surfaces cross in the exit channel. Because H is dominated by H loss even though CHelimination is
elimination does not show a barrier and it must form quintet substantially more exothermic. The reason is again found in
products to be exoergic, it is likely the observed barrier the energy of the €H coupling transition state to eliminate
associated with Cldelimination is due to the EH(D) coupling methane relative to the energy of the-H coupling to eliminate
transition state on the triplet surface and not to a triplet/quintet Hz. In this case, a spiforbit-coupled crossing is not involved
surface crossing, although participation of a MCTS cannot be because both Hand CH, elimination occurs on the doublet
ruled out. surface, increasing the efficiency of both of these reactions

F. Relative Reactivities of Ti" and V* with Propane. The relative to those of V/CaHs.
greater reactivity of Ti relative to V" with propane is partially )
due to greater stability of intermediates and products for the Conclusion
titanium system. The energies of the inserted Mit—C3H;
intermediates are determined by several factors: the 3d to 4s
promotion energy (including the energies of the excited states,
the energy of the Ti(*F, 3cf) and V*(°F, 4s34d) states, and the
loss in d-d and s-d exchange energies) and the energies of
the bonds being formed. Forysd hybridization is energeti-
cally less favorable than for Tj partly due to the fact that the the H-M*—C3H; intermediate correlates to a component of
s and d orbitals are closer in energy for titanium than for gecronically excited, low-spin, 3dstates which are 1.12 and
vanadium, as shown by the lower lying electronic excited states 1 45 oy apove ground-state ‘Tand V*, respectively. Even
of titanium relative tq vanalldi.um (see Figures 3 and 4). From so, ground-state Ti (*F) is observed to dehydrogenate and
experimental bond dissociation energ#$ of M*—H, M*— demethanate propane at thermal energy. Ground-staéDy
CHg, and MCH"—CHs, Do(H—M*—CHs) was estimated tobe  j5 gpserved to dehydrogenate propane at thermal energy but
115 6 kcal/mol for M= Ti and 95 4 kcal/mol for M= V. requires a barrier of 0.7 eV to demethanate propane. These

These results are in line with those of a recent theoretical study yeactions involve spirorbit-coupled crossings to form doublet
of the stability of H-M*—CHs complexes of first-row transition  (_Tj+—_C;H, and triplet H-V+—CsH- species.

metals where HTi*—CHs; was found to be 17 kcal/mol more
stable than H-V*™—CHj relative to their respective M+ CHy

Reactions of first-row transition-metal ions with propane
provide substantial insight toward understanding the factors that
underliec-bond activation. Activation of €H bonds requires
mixing of the ground and excited electronic states of the metal
ion to form the molecular orbitals of the inserted intermediates.
In the case of the early metals'Tand V' reacting with propane,

One difference between the Tiand V" systems is that
. ! covalent bonding is energetically more favorable for @ue
7 — —
asymptotes” Thus, HTT'+ C_:%H7 is more stable th?n HV* to facile sd hybridization. This results in greater stabilization
CsH7, and the formation of TiC;Hs + CHs and Ti"CsHe + of inserted intermediates along the reaction coordinate for Ti
H, products is more exothermic than formation of G4H4 + and for the products formedd°(Ti*—CaHe) = 34.5+ 3 kcal/
CH,4 and V*C3Hg + H products. Both of these factors should mol and D°(V*—CsHg) = 30.7 + 2 kcal/mol. A further
increase the efficiency of reaction of Twith propane relative  onsequence of the stabilization of reaction intermediates and

to V* by decreasing transition-state energies along the reactionyoqycts for T is that transition-state energies are reduced and
coordinate. In addition, the efficiency ofldnd CH, elimina- consequently the efficiency for Ti+ propane reactions is
tion in the titanium system can be enhanced relative to the

(38) Kemper, P. R.; Bushnell, J. E.; vanKoppen, P. A. M.; Bowers, M.
(36) See: Organometallic lon ChemistryFreiser, B. S., Ed.; Kluwer T. J. Phys. Chem1993 97, 1810.

Academic Publishers: Dordrecht, The Netherlands, 1996; Méigand (39) Kemper, P. R.; Bushnell, J. E.; vanHelden, G.; Bowers, MJ.T.
Bond Dissociation Energies table. Phys. Chem1993 97, 52.
(37) Hendrickx, M.; Ceulemans, M. Gong, K.; Vanquickenborne].L. (40) Bushnell, J. E.; Kemper, P. R.; Bowers, MJT Phys. Chenl993

Phys. Chem. A997, 101, 2465. 97, 11628.
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Table 3. Input Parameters Used in Phase Space Calculdtions
Tit--CsDHg®  TitCeHsD V™ -CgHg®  VTCsHs
AHo® © 243 256
B 0.2¢ 0.17 0.26 0.17
of 1 1 1 1
9 2973 3090 2978 3090
2968(2) 3013 2968(2) 3013
2967 2991 2967 2991
2962 2954 2962 2954
2887(2) 2932 2887(2) 2932
1476 2871 1476 2871
1472 1650 1472 1650
1464 1470 1464 147
1462 1443 1462 1443
1451 1420 1451 1420
1392 1378 1392 1378
1378 1299 1378 1299
1338 1171 1338 1171
1278 1045 1192 991
1192 991 1192 991
1158 963 1158 963
1054 920 1054 920
940 912 940 912
922 578 922 578
869 428 869 428
748 300 748 300
369 250 369 250
268 200 268 200
250 150 250 150
216 216
200 200
150 150

@ |nput parameters for 51 HD, CsHs, and CHCD,CH; have been
published (ref 4a)? C—H(D) bond activation transition-state complex.
¢Heat of formation 80 K (kcal/mol). ¢ Rotational constant (cnd).
¢ Rotational constant assuming the metal ion coordinates with primary
hydrogens in the plane of propad&ymmetry numberd Vibrational
frequencies (cmt) (ref 41)." One G-H(D) frequency becomes the
reaction coordinate, breaking the-€l(D) bond. Hence, the number
of frequencies; = 3N — 7 whereN is the number of atoms in the
molecule.

greater than that for ¥+ propane reactions. In addition, the
relative reaction efficiencies might be affected by the fact that

van Koppen et al.

Ti™ demethanates propane at thermal energy (where the rate-
determining step is spin-conserved) whereas éxhibits a
barrier to demethanation suggests the rate-determining transition
state for Vi may occur on the higher energy triplet surface
before eventual Cldelimination. In this case, a multicenter
elimination mechanism cannot be ruled out.
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Appendix

Statistical phase space theory used to model the experimental
KERDs has been previously outlinéfl. Three transition states
are included in the calculations; two are loose orbiting transition
states, one for the reactants and one for the products. The third
is a tight transition state due to-& bond activation,5-H
transfer, or H-H coupling. The tight transition state provides
competition for the M(C3Hsg) adduct to either go on to products
or dissociate back to reactants. The probability of thgGiHs)
complex with energye and angular momentudhgoing on to
products is given by

+
P(EJ) = FEJ)

= Al
FO®(E,J) + F(EJ) (A1)

where FY"(E,J) and F*(E,J) are the microcanonical fluxes
through the orbiting transition state back to reactants and through
the tight transition state to go on to products, respectively.

Averaging over the energy and angular momentum distribu-
tion of the collision complex, the probability for forming
products with translational enerdgy is given by

[ dE & T [0y 20FY(E,) P(EJ) PEJE)
[ dE & K [y 20FY(E,J)

P(E) =
(A2)

whereP(E,J;E) is the fraction of molecules at ener@yand

Ti* reactions require only a single crossing between surfacesangular momenturd decaying through the orbiting transition

of different spin while the formation of ground-state products
in the V¥ system requires two such crossings.

Labeling studies were done to probe the nature of the rate-

limiting transition states along the reaction coordinate. For
ground-state Ti and V' reacting with propane, H/D isotope
effects on the cross-section data indicate that eith@t#D)
transfer step or a multicenterldlimination step is rate limiting
for dehydrogenation. The reductive elimination of methane
from a (GH4)Ti™(H)(CHs) intermediate is argued to be rate
limiting for demethanation of propane byTi The fact that

state to yield products with translational energ§ The
parameters needed for the calculations are given in Table 3.
Rotational constants, polarizabilities, and vibrational frequencies
were taken from the literature where possible or estimated from
literature values of similar speciés.
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