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Abstract: We have measured the initial probabilities of dissociative chemisorption of perhydrido and perdeutero
cycloalkane isotopomers on the hexagonally close-packed Ru(001) and Ir(111) single-crystalline surfaces for
surface temperatures between 250 and 1100 K. Kinetic parameters (activation barrier and preexponential factor)
describing the initial, rate-limiting €H or C—C bond cleavage reactions were quantified for each cycloalkane
isotopomer on each surface. Determination of the dominant initial reaction mechanism as either+r@ial C

or C—H bond cleavage was judged by the presence or absence of a kinetic isotope effect between the activation
barriers for each cycloalkane isotopomer pair, and also by comparison with other relevant alkane activation
barriers. On the Ir(111) surface, the dissociative chemisorption of cyclobutane, cyclopentane, and cyclohexane
occurs via two different reaction pathways: initia-C bond cleavage dominates on Ir(111) at high temperature

(T > ~600 K), while at low temperaturel (< ~400 K), initial C—H bond cleavage dominates. On the Ru-

(001) surface, dissociative chemisorption of cyclopentane occurs via initi@l libnd cleavage over the entire
temperature range studied, whereas dissociative chemisorption of both cyclohexane and cyclooctane occurs
via initial C—H bond cleavage. Comparison of the cycloalkareGCbond activation barriers measured here

with those reported previously in the literature qualitatively suggests that the difference in ring-strain energies
between the initial state and the transition state for ring-openin@ ®ond cleavage effectively lowers or

raises the activation barrier for dissociative chemisorption vi&C®ond cleavage, depending on whether the
transition state is less or more strained than the initial state. Moreover, steric arguments ancanetad

bond strength arguments have been evoked to explain the observed trend of decreadsibgnd activation

barrier with decreasing cycloalkane ring size.

I. Introduction mechanistic and kinetic data which describe finérinsic

Due to the enormous potential of hydrocarbons as fuel sourcesreaCtiVities of a v_ariely_of _catalytically active transition metal
and petrochemical building blocks, the design of catalysts for surfa_ces concerning thieitial C—H or C_(.: b(_)nd cleavage .
the commercial reforming of hydrocarbons with consistently reactions of alkanes. The accurate determination of the reaction

higher product yields and selectivities is a perpetual goal in the mechanisms and kllnetlc parameters desgnbm’gal a”“’?‘”e
field of heterogeneous catalydis successful catalyst for these bond cleavage reactions on these surfaces is extremely important

applications must be one that selectively activates the strong_Slnce the initial _e"?’_“e”tar-‘/ﬂ* or C_(.: bond cleavag_e step
C—C and G-H bonds in the alkanes used as process feed 'S usually rate limiting. Because of this, the mechanistic and
streams. Because of the economic and scientific importance 0fkinetic information obtained from these studies can be used in
such advances in catalysis, much attention has been devotetﬁhe de_tsign of _b(_et_ter ca;aly_sts for specific reactions of in_térest
over the past few decades to understanding the elementairy C involving the initial activation and subsequent conversion of
and G-C bond activation reactions of alkanes on catalytically alkanes.

important transition metal surfaces. One specific research areah To _datel, tze \_’ESt majpr;]ty (:]f L.JHV alka}nlel: zi)ctlvat;]or& S:Ed'es
that has provided particularly valuable contributions toward Nave involved either straight-chain or partially branched alkanes.

elucidating the initial elementary reaction mechanisms and A fg_W rzcent_ Stl_Jd'es]; hovlveﬁr, have énvoLIJv:\o/I the dt.“?‘pp'“g'
quantifying the kinetics of these individual reaction steps on M€ dlatef ﬁCt'Vat'o.n 0 cygloa dane§ under ¢ i:on itions.
catalytically important transition metal surfaces is the study of stucy of the trapping-mediated activation of cyclopropane on

the activation of alkanes on well-defined single-crystalline Ir(111) via in?tiaITC<—H ﬁ)onchlea\éage (dtc))mi(rj\anlt at low
transition metal surfaces under ultrahigh-vacuum (UHV) condi- temperature, 1.e., ~A400 K) and C-C bond cleavage

tions2 The goal of these studies has been to provide accurate(dominam at high temperature, i',@'? ~600 K) reactiong has
very recently been completed in our laboratbryrapping-
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Table 1. Comparison of Strain Energies and Activation Barriers
for C—C Bond Cleavage for Perhydrido Cyclopropaaed
Cyclobutané on Ru(001)

reactant  total strain (cal/mol) -€C activation barrier (cal/mol)
cyclopropane 28 300 9470
cyclobutane 27 400 10 090

aThe activation barrier for €C bond cleavage of unstrained
n-butane on Ru(001) is approximately 19 000 cal/fol.

Table 2. Ring-Strain Energies for Selected Cycloalkanes

strain per—CH,— group

reactant total strain (kcal/mol) (kcal/mol)
cyclopropane 28.3 9.4
cyclobutane 27.4 6.9
cyclopentane 7.3 1.5
cyclohexane 14 0.2
cycloheptane 7.8 1.1
cyclooctane 115 1.4

Hagedorn et al.

The high reactivity of cyclopropane toward ring-opening
C—C bond cleavage has been previously attributed in organic
synthesis studies to the thermodynamic driving force provided
by the release of the ring-strain enefdy! Some other
perspectives and additional information can be found in several
recent theoretical computational studies involving cycloalkane
ring-strain, including ring-strain energy calculatidfs!4 com-
putations involving carbdf and hydroge¥ bond acidity in
ring-strained molecules, and reactions involving ring-strained
hydrocarbond?:18 Particularly relevant to the experimental
results reported here for the activation of cycloalkanes by
transition metal surfaces are the computations by Siegbahn and
Blomberd’ involving the activation of GC bonds in ethane,
cyclopropane, and cyclobutane by transition metal atoms. These
authors concluded that when there is strain involved in th€C
bonds, the activation barriers for breaking these bonds are, as
expected, much lower. However, the reaction energy for the
C—C bond-breaking reaction is not as much larger for the

* The calculated strain energies are based on enthalpies of formationstrained compared to the unstrained case as the difference in

for a hypothetical, strainlessCH,— unit of —5.15 kcal/mol and on

the experimentally determined heats of formation for each gas-phase

cycloalkane molecule.

Ir(110)¢ and cyclobutane on Ru(001)which have been
performed recently in our laboratory as well, reveal that

C—C bond strength would indicate. The reason for this is that
there is strain involved also in the metallacycles that are formed
after the strained €C bonds have been brokéhThe experi-
mental data that are presented here concerning the activation
of cycloalkanes on transition metal surfaces will be used to

activation of these cycloalkane molecules on these two surfacesg*amine this principle for both-€C and C-H bond cleavage

occurs via initial C-C bond cleavage with surprisingly low

reactions of these strained cycloalkanes. To the best of our

activation barriers compared to their linear alkane analogues.knowledge, no experimental study of the initial dissociative
The measured activation energies describing the activation ofchemisorption of a series of unsubstituted cycloalkanes on a
cyclopropane and cyclobutane-C bonds on Ru(001), along  transition metal surface has been performed to date. We believe
with the ring-strain values for these two cycloalkanes, are that data of this type (presented here) will make a valuable
displayed in Table 1; the ring-strain energies for the entire series @xperimental contribution toward understanding the relationship
of C3—Cg cycloalkanes are listed in Table 2. The cyclopropane Petween the ring-strain energies of these model cycloalkane

and cyclobutane activation data displayed in Table 1 appear tomolecules and their reactivity.

indicate that relief of the ring-strain energy of the molecule via
ring-opening C-C bond cleavage effectively reduces the
activation barriers for €C bond cleavage. Understanding the
influence of ring strain on cycloalkane reactivity is the primary
motivation behind the present study involving the activation of
a number of cycloalkanes on the geometrically similar hexago-
nally close-packed (hcp) Ru(001) and Ir(111) surfaces. As a
point of clarification, the definition of the term “ring strain”
used in this article will include all components of ring strain:
bond angle strain (Baeyer strain), torsional strain (Pitzer strain),
and rehybridization effects (e.g.,<& bond strengthening), to

name a few. The general definitions, concepts, and the particular

contributions to ring strain are comprehensively reviewed by
Liebman and Greenbefg.

[I. Experimental Methodologies

The experiments were carried out in a stainless steel UHV chamber
(base pressure of X 107 Torr) equipped with high-resolution electron
energy loss spectroscopy (HREELS), Auger electron spectroscopy
(AES), low-energy electron diffraction (LEED), X-ray photoelectron
spectroscopy (XPS), a twice differentially pumped radical beam source,
and a differentially pumped quadrupole mass spectrometer for tem-
perature-programmed desorption (TPD) measureniéritsThe Ru-
(001) and Ir(111) single-crystalline samples were mounted on a home-
built cryostat that can cool the sample to 90 K using liquid nitrogen.
The sample temperature could be varied from 90 to 1700 K by resistive
heating and was monitored using a type-C thermocouple spot-welded
to the back of the crystal. Standard methods of Aputtering as well
as annealing to 1550 K in a background of oxygen were used to clean

These cycloalkane activation reactions are extremely interest-the Ru(001) surface; the Ru(001) sample was heated to 1650 K in order

ing due to the possible influence of ring-strain on reactivity;
however, they are of practical interest in hydrocarbon conversion
as well. For example, the conversion of cycloalkanes to aromatic
and straight-chain hydrocarbons, via=8 and C-C bond
cleavage reactions, is an important process in the catalytic
reforming of petroleum naphtha feedstoéRsTherefore, it is

hoped that the experimental results presented here will not only ggs4

illuminate the fundamental issues regarding reactivity and ring-
strain but also provide valuable mechanistic and Kkinetic
information regarding industrially important heterogeneously
catalyzed reactions involving strained hydrocarbons.
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to remove all chemisorbed oxygen. The Ir(111) surface was cleaned Auger measurements performed immediately after the oxygen titration
using standard methods of Asputtering as well as annealing to 1100 experiment was performed on both surfaces showed that no carbon
K in a background of oxygen, followed by heating to 1450 K in order remained on the surface.

to remove all chemisorbed oxygéiSurface cleanliness of both samples Since the reaction probability of each cycloalkane is proportional
was verified by HREELS, LEED, carbon monoxide TPD, and AES. to the surface coverage of carbon adatoms deposited on the surface for
The perhydrido cyclopentane (c#i0), cyclohexane (c-€H12), and a constant exposure, we may calculate the probability of read®ion,

cyclooctane (c-gH;¢) isotopomers were obtained from Sigma-Aldrich ~ at a given surface temperatui®, as

(Milwaukee, WI). The purities of these reagents as received from

Sigma-Aldrich were 99%, 99.5%, and 99%, respectively, for _ OcNg 1
c-CsHo0, c-GH1z, and c-GH16. The perdeutero cyclopentane (sBgy), re NFr @
cyclohexane (c-6D12), and cyclooctane (c+Di¢) isotopomers were

obtained from C/D/N Isotopes (Pointe-Claire, Quebec, Canada). As whereN; is the number of transition metal surface atoms per unit area
received, the purities of these reagents were 99.6% (99:5798.9% (Ru(001)= 1.58 x 10' atoms/crd, Ir(111) = 1.57 x 10'° atoms/

(99.6% d2), and 99.1% (98.6%¢), respectively, for c-6D1o, ¢-CeDi2, cm?),2” N is the number of carbon atoms in the cycloalkane molecule,
and c-GDse. These cycloalkane reagents were purified further in our F js the impingement flux of cycloalkane molecules onto the surface,
gas-handling manifold by performing multiple freezaump-thaw and 7 is the exposure time. The initial probabilities of dissociative

purification cycles on each reagent. After these purification cycles, the chemisorption, determined experimentally using eq 1 at various surface
purity of each reagent was checked using mass spectrometry; notemperatures, were used to construct an Arrhenius plot for each
contaminant species were detected in the background mass spectrungycloalkane/surface combination studied. The model presented next will
collected from each of the six cycloalkane reagents. Perhydrido (c- pe used as a tool with which to extract the relevant kinetic parameters
CsHe) and perdeutero (c+Ds) cyclobutane isotopomers were synthe-  which describe the rate-limiting steps in the dissociative chemisorption

sized via Wurtz coupling reactions described elsewhAdrie cyclo- of these cycloalkanes on Ru(001) and Ir(111).

butane was purified to greater than 99% purity (as verified by mass

spectrometry) by performing multiple freezpump-thaw cycles in Il Trapping-Mediated Dissociative Chemisorption
our gas-handling manifold. Model

The initial probabilities of trapping-mediated dissociative chemi- . » .
sorption of cyclopentane, cyclohexane, and cyclooctane on Ru(001) 1he experimental conditions of this study, namely, low
were measured by continuously flowing each cycloalkane into the pressure and low incident kinetic energy of the cycloalkanes,
chamber at a constant pressure between 107 and 1x 1076 Torr which is characterized by a MaxwelBoltzman distribution at
while holding the crystal at a constant temperature between 300 and300 K, enable quantification of the probability of trapping-
1000 K. For the Ir(111) surface, the initial probabilities of trapping- mediated dissociative chemisorpti#rinder these experimental
mediated dissociative chemisorption of cyclobutane, cyclopentane, andconditions, the contribution to the overall reaction probability
cyclohexane were measured by continuously flowing each cycloalkane y 4 girect dissociative chemisorption channel has been shown
into the chamber at a constant pressure betweenID ® and 1x to be negligible?82° Since the initial rate-limiting step in the

1077 Torr while holding the crystal at a constant temperature between . diated di iati hemi ti f loalk
250 and 1100 K. The exposures were selected such that the coveragérappmg'me lated dissociative chemisorption ot a cycloalkane

of carbon adatoms left on each surface following the dissociation of Molecule involves either €C or C-H bond cleavage, the
the cycloalkanes was between 4 and 10%. The lower limit was chosenindividual reaction steps describing cycloalkane dissociation may
to guarantee that activation at surface defect sites did not dominate thebe written a¥®

overall reaction probability, while the upper limit was selected in order R

to approximate a measurement of thitial probability of dissociative - = .

chemisorption. Immediately following each cycloalkane exposure, the ¢-GHx(9) ka C-GiHan(P) 2)
sample was flashed to 800 K to fully decompose the hydrocarbon ko

fragments produced by the dissociative chemisorption of the cyclo- c-CH,n(p) — C H,,(C) 3
alkanes. During decomposition, the hydrogen adatoms recombine and

desorb as H2, while the carbon adatoms remain on the surface. The K.ch

sample was then cooled to 90 K. For the experiments on Ru(001), the c-CHon(p) — ¢-CGH,,-4(c) + H(c) (4)
surface was then exposed to 100 L of molecular oxygen (Matheson,

99.9999%), and a TPD experiment was performed. This resulted in Where the molecular cycloalkane impinging from the gas phase
desorption of reaction-limited CO which was formed by the reaction with impingement rateR traps with probability& into the

of oxygen and carbon adatoms. Using this meth&dhe ratio of CO physically adsorbed state (p), and then either desorbs with rate
to CQ, production was-100. The surface coverage of carbon adatoms, coefficientky, reacts irreversibly via €C bond cleavage with

6c (number of carbon atoms per surface metal atom), deposited by rate coefficientk. cc to a dissociatively chemisorbed product
dissociation of the cycloalkane, was calculated by comparing the time- (), or reacts irréversibly via €H bond cleavage with rate

integrated area of the reaction-limited CO desorption in each eXpenmemcoefﬁCient k.cn to a dissociatively chemisorbed product. The

to the desorption of a saturation coverage of CO on Ru(Mb)sa= . -
0.672425 For the experiments on Ir(111), the surface was exposed to M€ rate of change of the fractional surface coverage of

10 L of molecular oxygen, after which a TPD experiment was Physically adsorbed cycloalkane can be expressed as
performed in the presence of a background oxygen pressurexof 1 0

107 Torr. This procedure also resulted in desorption of reaction-limited c—CiHanlP) R— _ 0 _

CO which was formed by the reaction of oxygen and carbon adatoms. dt =& kf,CCH c=CHzq(P) knCH ¢=CiHa(P)

Using this method, no COproduction was detected. The surface kd9 5 (5)
coverage of carbon adaton@, deposited by the dissociation of the ¢~ CaHtzr(P)

cycloalkane on Ir(111), was calculated by comparing the time-integrated (26) Schick, M.; Lauterbach, J.; Weinberg, W. HVac Sci Technol
area of the reaction-limited CO desorption in each experiment to the 1996 A14 1448, o '

desorption of a saturation coverage of CO on Ir(1Bth sa= 0.7128 (27) CRC Handbook of Chemistry and Physi€RC Press: Boca Raton,
FL, 1988.
(22) Hagedom, C. J.; Weiss, M. J.; Weinberg, W.JHVac Sci Technol (28) Jachimowski, T. A.; Hagedorn, C. J.; Weinberg, W.S4duf Sci
2000 A18 1497. 1997 393 126.
(23) Jachimowski, T. A.; Weinberg, W. Fsurf Sci 1997, 372 145. (29) Seets, D. C.; Reeves, C. T.; Ferguson, B. A.; Wheeler, M. C;
(24) Pfnur, H.; Menzel, DSurf Sci 1984 148 411. Mullins, C. B. J. Chem Phys 1997 107, 10229.

(25) Williams, E. D.; Weinberg, W. HSurf Sci 1979 82, 93. (30) Johnson, D. F.; Weinberg, W. H. Chem Phys 1995 103 5833.
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Since the fractional coverage of physically adsorbed cycloalkane Table 3. Thermal Desorption Results for Submonolayer
under our experimental conditions is always less thart,18 Cycloalkane Coverages on Ru(001) and Ir(11)
pseudo-steady-state assumption may be used (to set the left side Ru(001) Ir(111)

of eq 5 equal to zero) to _determlne a relationship for the reactant Te(K) Eg(cal/mol) Te(K)  Eq(cal/imol)
fractional coverage of physically adsorbed cycloalkane. The

cyclobutane 178 10 250

fractional coverage of physically adsorbed cycloalkane may now cyclopentane 185 10590 184 10 610
be expressed as cyclohexane 196 11280 203 11740
cyclooctane 244 14 140

<R ©)

0. = a - -
¢—CHayn(P) kr,CC T+ kr,CH Tk The TPD data were collected using heating rates of 16 and 18 K/s,

respectively, for the Ir(111) and Ru(001) surfaces. The activation
energies were computed using the Redhead method and assuming a
The reaction probability of a cycloalkane for a specific initial preexponential factor for desorption ofxl 10" s™%. The uncertainty
reaction channel is defined as the rate of reaction for the specificfor €ach reporteds value of £50 cal/mol represents one standard
activation channel, i.eR;cc for C—C bond cleavage, divided deviation in the measured value.

by the gas-phase impingement rak, Therefore, the initial

probability of trapping-mediated dissociative chemisorption via is based on molecular beam studies which have quantified the

initial C—C bond cleavage is given by trapping probability of various alkanék;3® including cyclo-
propané, on transition metal surfaces, and on recent work
R.cc kr,CCHC—CnHZH(p) involving the trapping-mediated dissociative chemisorption of
Prcc= R = R (7a) cyclopropane on Ru(002)The expressions given in eq 10 for

the initial probabilities of dissociative chemisorption for initial
and the initial probability of trapping-mediated dissociative C—C and C-H bond cleavage will be referred to later when
chemisorption via initial GH bond cleavage is given by the determination of kinetic parameters and identification of
reaction mechanisms are discussed in detail.
RI',CH kr'CHec_CnHZn(p)
Pen=—FQR = R (7b) IV. Results

Thermal desorption measurements of a submonolayer cover-
age of each physically adsorbed cycloalkane isotopomer were
used to determine the Kkinetic parameters associated with
desorptior?® The peak desorption temperatures measured for
each physically adsorbed cycloalkane isotopomer pair were
identical; these temperatures are displayed in Table 3. Using

Substitution of the expression for the fractional coverage of
physically adsorbed cycloalkane from eq 6 into eq 7 yields the
following expressions for the initial probability of dissociative
chemisorption of a cycloalkane via either initia-C or C—H
bond cleavage:

£k, these values and assuming a preexponential factor for desorption,
Pec=i———— (8a) k¥ =1 x 10® s 573036F, values were calculated for each
Kcet Kent kg of the cycloalkane/surface combinations using the well-known
Redheatf method. The calculatel values, listed in Table 3,
Eke.cn (8b) will be used below in the quantification of the kinetic parameters

Prn KccT Kentky associated with trapping-mediated dissociative chemisorption
by fitting eq 10 to the experimental data.
The reaction probability expressions displayed in eq 8 mustbe A, Cycloalkane Activation on Ru(001). The Arrhenius
used to fit the experimental data in order to extract the kinetic constructions of the experimentally determined initial prob-
parameters for trapping-mediated dissociative chemisorption. abilities of dissociative chemisorption of cyclopentane, cyclo-
Using the PolanytWigner form for each elementary rate  hexane, and cyclooctane on Ru(001) as a function of reciprocal
coefficient,k;, surface temperature are displayed in Figure8 Irespectively.
For each of these cycloalkanes, the reaction probability increases
k =k () ex;{;] ) substantially with increasing surface temperature, indicative of
kg Te an activation barrier for reaction that is much higher than the
activation barrier for desorption. The linear Arrhenius construc-
yields the following expressions for the reaction probabilities tions of the data for each cycloalkane provide compelling

for C—C and G-H bond cleavage when substituted into eq 8: €vidence for the existence of only one controlling reaction
mechanisi# over the entire range of temperatures studied here.

Prcc= Therefore, since one dissociation mechanism appears to domi-
£ exp(E, cJksTD) nate over the entire temperature range studied on this surface,

the rate of the other mechanism may be neglected in the
(0) - (0 - (0) -
(krcd expE, cdkgTy + (Kich) eXPEE, cifksT) + (ki) expC-Eyks Ty denominator of eq 10, to yield the following pair of expressions

(10a)

P = (31) Mullins, C. B.; Weinberg, W. HJ. Chem Phys 199Q 92, 3986.

rCH ™ (32) Mullins, C. B.; Weinberg, W. HJ. Vac Sci Technol 199Q A8,

© _ 2458,
exp(—E T,
. S(k"g‘) PCEa/ksTY _ (33) Kelly, D.; Weinberg, W. HJ. Chem Phys 1996 105, 271.

(k) exp—E, c ks T + (k%) expE, cifkaTd + (k?) exp—Eyks Ty (34) Kelly, D.; Weinberg, W. HJ. Chem Phys 1996 105 11313.

(10b) (35) Arumainayagam, C. R.; McMaster, M. C.; Schoofs, G. R.; Madix,

R. J.Surf Sci 1989 222 213.
. (36) Redhead, P. Avacuum1962 12, 203.
We can reasonably assume a value of unity&dor the gas (37) Levenspiel, OChemical Reaction Engineeringohn Wiley & Sons:

translational energies employed in this study. This assumption New York, 1972.
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for the probabilities of trapping-mediated dissociative chemi-
sorption via CG-C and C-H bond cleavage:

(kD) exp—E, cJksT)

" (K9 expEE, cdkeT) + (k) expEkgT)
(11a)

F>r,CC

E(k2) expE, ci/ksT

" (K9 expE, orfkeT) + (k) exp(-EgksT)
(11b)

Pr,CH

The Ru(001) activation data were fit (using a nonlinear curve-
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Figure 3. Initial probabilities of trapping-mediated dissociative chemi-
sorption of perhydrido and perdeutero cyclooctane as a function of
eciprocal surface temperature on Ru(001). The error bars represent
one standard deviation in the measured reaction probability at each

temperature.

activation data were fit with an equation of this general form,
and identification of the dominant reaction mechanism as either
initial C—C or C—H bond cleavage was determined afterward.
The kinetic parameters (preexponential factor and activation
energy for either €C or C—H bond cleavage) yielding the
best fit to the experimental data are displayed in Table 4. The
reaction mechanism assignment as either initialCCor C—H
bond cleavage for each cycloalkane on Ru(001) will now be
discussed.

The assignment of the initial trapping-mediated dissociation
mechanism as either-«H or C—C bond cleavage for these
cycloalkanes on Ru(001) was made possible by examination
of the kinetic isotope effect between perdeutero and perhydrido
cycloalkane isotopomer paif8.If the reaction mechanism
proceeds via initial €H bond cleavage, a relatively large
primary kinetic isotope effect should be observed due to ground-
state zero-point energy differences between the perhydrido and
perdeutero isotopomers. The relevant mode for alkane activation
via C—H bond cleavage has been shown to be the asymmetric
C—H (or C—D) stretching modé? The ground-state zero-point
energy difference between-@& and C-D bonds is ap-
proximately 3000— 2250= 750 cnt' &~ 1100 cal/moPk338.39
This value is the expected apparent activation barrier difference
for initial C—H bond cleavage between perhydrido and per-
deutero isotopomer pairs if no vibrational motion is retained
along the reaction coordinate; otherwise, a value slightly lower
than this would be expected. On the other hand, if the reaction
mechanism proceeds via initial<C bond cleavage, only a
slight kinetic isotope effect should be observed between
isotopomer pairs since secondary kinetic isotope effects are
generally smalf®

Examination of the activation barrier differences measured
here (and displayed in Table 4) for each cycloalkane isotopomer
pair enables determination of the initial rate-limiting reaction
step for dissociative chemisorption of each cycloalkane on Ru-
(001). For cyclopentane, the measured activation barriers for
c-GsHipand c-GD1p of 14 420 and 14 360 cal/mol, respectively,

fitting algorithm) using the reaction probability expressions are nearly identical. The lack of a significant kinetic isotope
given in eq 11. Only two parameters are unknown in each of effect between these cyclopentane isotopomers implies that the
these e.quatl.ons since the km?tlc parameters for desorption were (38) Laidler, K. J.Chemical KineticsHarperCollins: New York, 1987.
Qetermlned independently. Since the forms of t'hese. two equa-  (39) verhoef, R. W.; Kelly, D.; Mullins, C. B.; Weinberg, W. tsurf

tions for C-C and C-H bond cleavage are identical, the Sci 1994 311, 196.
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Table 4. Kinetic Rate Parameters Describing the Trapping-Mediated Dissociative Chemisorption of Cycloalkanes on?Ru(001)

reactant E:.cw (cal/mol) «2)k) E:cc (cal/mol) (SRS
c-CsHe n.o. n.o. 9 470k 120 0.0

c-GDs n.o. n.o. 947Gk 120 0.0P

c-CaHg n.o. n.o. 10 09@: 18C¢° 0.048+ 0.00%
c-CiDsg n.o. n.o. 10 186+ 190° 0.021+ 0.002
¢-CsHio n.o. n.o. 14 426+ 260 0.045+ 0.010
¢-GsD1o n.o. n.o. 14 360k 200 0.018+ 0.003
¢c-CeHaz 15 700+ 130 0.10+ 0.01 n.o. n.o.
¢-CeD1z 16 320+ 220 0.048+ 0.008 n.o. n.o.
c-CoHae® 16 390+ 150 0.16+ 0.02 n.o. n.o.

Cc-CgDs 16 630+ 160 0.066+ 0.007 n.o. n.o.

@ The reported activation barriers for«€ and C-H bond cleavage are referenced to the proper reference energy, the bottom of the physically

adsorbed well. The preexponential factor for desorptké?i, has been assumed to be equal t& 80! for all of the cycloalkanes. n.o.: reaction
channel not observed References 5, F.Reference 79 Tentative assignment as—&1 bond cleavage. See text for details.

trapping-mediated dissociative chemisorption of cyclopentane If it is assumed that €H bond cleavage will lead to a difference
on Ru(001) occurs via ring-opening<C bond cleavage over  of 600 cal/mol, and €C bond cleavage will lead to no
the entire temperature range studied. It should be mentionedactivation barrier difference, then, on the basis of the calculated
here that Hoffmann et &.reported that cyclopentane adsorption error associated with the measured cyclooctane activation
at low temperature on Ru(001), followed by a subsequent slow barriers, CG-C bond activation is the slightly more probable
anneal (0.1 K/s) in a TPD experiment, resulted irnkC bond reaction mechanism. This is based on the fact that, within the
cleavage to form cyclopentene below 200 K. Although this quoted uncertainties, it is possible for the perhydrido and
appears inconsistent with our results, the observation of a perdeutero cyclooctane activation barriers to have the same value
different reaction mechanism by Hoffmann et al. could be (or no activation barrier difference), while it is not possible for
attributed to reaction of a small coverage of cyclopentane via the activation barriers to have a difference of 600 cal/mol.
C—H bond cleavage at highly reactive defect sitesyr the However, reaction mechanism arguments concerning the strain
existence of a €H bond cleavage reaction pathway in the energy differences between the initial states and transition states
presence of adsorbatedsorbate interactions in the condensed for the reaction of cyclooctane on Ru(001) via initiat-C bond
layer at low temperatur®. Finally, even if this CG-H bond cleavage point to the conclusion that cyclooctane activation
cleavage reaction does occur to an appreciable extent in theoccurs via initial G-H bond cleavage. This point will be
low coverage limit, a €H bond cleavage mechanism with a discussed in detail in the Discussion section below. Therefore,
combination of a relatively small activation barrier and a small trapping-mediated dissociative chemisorption of cyclooctane on
preexponential factor may not appear in the Arrhenius plot of Ru(001) is tentatively judged to occur via initia—E& bond
Figure 3 as the dominant reaction pathway until very low cleavage, on the basis of arguments concerning reaction
temperatures (below the 350 K lower limit measured here). energetics. We should point out, however, that it is possible
Therefore, the explanation that-C€ bond cleavage dominates that the activation barriers and preexponential factors for both
over the temperature range studied here would still be valid. C—C and C-H bond cleavage are of the proper magnitudes so
Comparison of the measured cyclohexane activation barriersthat the sum oPy,cc and P, cH (eq 10) appears to be linear in
of 15 700 cal/mol for c-gH1» and 16 320 cal/mol for c-D1» the Arrhenius plot of Figure 3. However, for this to occur, the
results in a significant difference in activation barriers of 620 activation barriers for both€C and C-H bond cleavage must
cal/mol. On the basis of the relatively large kinetic isotope effect be rather close in magnitude to the measured “apparent”
measured here between cyclohexane isotopomers, dissociativectivation barrier; otherwise, a linear Arrhenius plot would not
chemisorption of cyclohexane on Ru(001) is judged to proceed be observed over the large range of temperatures studied here.
via initial C—H bond cleavage. The magnitude of the difference If the C—H and C-C bond activation barrier values are nearly
in activation barriers measured here for cyclohexan¢i®ond identical, the reported activation barrier in Table 4 for cyclo-
cleavage on Ru(001) (620 cal/mol) is similar to previously octane CG-H bond cleavage on Ru(001) would be a rather
reported C-H bond cleavage activation barrier differences for accurate value representing both initiatC and C-H bond
ethané? (590 cal/mol) and propaf&(480 cal/mol) on Ru(001), cleavage reactions.

and for propan® (600 cal/mol) and isobutaff(700 cal/mol) B. Cycloalkane Activation on Ir(111). Displayed in Figures
on Ir(111). 4—6 are the Arrhenius constructions of the experimentally
For cyclooctane, the determination of the dissociation pathway determined initial probabilities of dissociative chemisorption of
is not so obvious. Comparison of the measured activation cyclobutane, cyclopentane, and cyclohexane on Ir(111) as a
barriers for c-GH16 and c-GD16 Of 16 390 and 16 630 cal/mol,  function of reciprocal surface temperature. Unlike the activation
respectively, results in a moderate difference of 240 cal/mol. data for cycloalkanes on the Ru(001) surface, the Arrhenius
Because this value lies between the previously reported differ- constructions of the data for Ir(111) are nonlinear, indicating a
ences of~600 cal/mol for C-H bond cleavage and-0 cal/ shift in the rate-limiting reaction mechanism with changing
mol for C—C bond cleavage/ judgment of an initial disso-  temperaturé” Since only two initial rate-limiting reaction
ciation pathway is not straightforward. Since the data in Figure channels are possible for cycloalkanes, either initialHCor
3 are linear within experimental error, it seems likely that one C—C bond cleavage, clearly both initiaH¢4 and C-C bond
reaction mechanism dominates over the entire temperature rangecleavage reaction mechanisms are active over the temperature
range studied for each molecule. Extracting kinetic parameters
(40) Hoffmann, F. M.; O'Brien, E. V., Hrbek, J.; De Paola, R. &. from these activation data for Ir(111) is not as straightforward
Electon Spectrosc. Relat. Phenoh983 29, 301. . e
(41) Johnson, D. F.: Weinberg, W. H. Chem Phys 1994 101, 6289. as for the Ru(001) data, however, since both initial bond
(42) Fichthorn, K. A.; Weinberg, W. H.angmuir1991, 7, 2539. cleavage mechanisms must be considered in the extraction of
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. . - . . . - .~ Figure 6. Initial probabilities of trapping-mediated dissociative chemi-
Flgur_e 4. Initial prot_)abllltles of trapping-mediated dissociative ch_eml- sorption of perhydrido and perdeutero cyclohexane as a function of
sorption of perhydrido and perdeutero cyclobutane as a function of yaciprocal surface temperature on Ir(111). The error bars represent one
reciprocal surface temperature on Ir(111). The error bars represent oN€iandard deviation in the measured reaction probability at each
standard deviation in the measured reaction probability at each temperature.

temperature.

1000/T, (K™

four kinetic parameters were needed to fit eq 13 to the

107 5 experimentally measured initial probabilities of dissociative
] chemisorption for each cycloalkane. These four kinetic param-
Ir(111) eters are the activation barriers for initiaHC and G-H bond
o cCH, cleavage E cc and E,cn, and the preexponential factors for
Lo . «CD, initial C—C and G-H bond cleavagek Y. and k%, The
10 E - parameters yielding the best fit to the Ir(111) experimental data

for each cycloalkane isotopomer are listed in Table 5. The lines
plotted in Figures 46 represent the total reaction probabilities
that were calculated using eq 13 and the best-fit kinetic
parameters. The excellent fit of the initial probabilities of
trapping-mediated dissociative chemisorption of cyclobutane,
cyclopentane, and cyclohexane on Ir(111) with the reaction
probability expression shown in eq 13 allows us to conclude
o s e 2s 3 as ae v_vith confidence tha_t both initial €H and C—C_Z bond diss_(_)cia-
’ tion channels contribute to the overall reaction probability. The
1000/T; (K™ nonlinear curve-fitting algorithm yielded two sets of kinetic
Figure 5. Initial probabilities of trapping-mediated dissociative chemi- parameters for each cycloalkane isotopomer: one with a
sorption of perhydrido and perdeutero cyclopentane as a function of relatively low activation energy (which dominates at low
reciprocal surface temperature on Ir(111). The error bars represent ongemperature) and one with a relatively large activation energy
standard deviation in the measured reaction probability at each (which dominates at high temperature). The assignment of the
temperature. dissociation channel with the low activation barrier to initial
o ) o C—H bond cleavage and the dissociation channel with the high
the kinetic parameters. Because the reaction probabilities for ,ciyation barrier to initial €C bond cleavage is discussed next.
both C-H and C-C initial bond cleavage displayed in eq 10 Making the assignment of which mechanism dominates at
are separable by definition, their sum is equal to the total g4ch temperature extreme was relatively straightforward since

Initial Probability of Dissociative Chemisorption

measured experimental reaction probabilRy, where we were able to use kinetic isotope effects and past activation
. results on Ir(111) to make this judgment. Examination of the
P =Prcct Pren (12) Ir(111) activation data in Table 5 for cyclobutane, cyclopentane,

and cyclohexane shows the presence of an isotope effect in the

i o o activation energies for the dissociation pathway that dominates
£llkicd expCE cdkeT) + (ke eXPCE kTl at low temperature. For this reaction pathway, the activation
(k20 expCE, c kT + (D) eXPE, cifkgTY + (ki”) exp(-EqlkT))] barrier for the perdeutero isotopomer of each cycloalkane is

(13) consistently higher than that for the perhydrido isotopomer,
thereby allowing us to conclude that—&l bond cleavage

The eq 13 expression fd?: was fit to the measured Ir(111)  dominates at low temperature for each cycloalkane on Ir(111).
cycloalkane activation data using a nonlinear curve-fitting Initial C—C bond cleavage is thus implicated as the dominant
algorithm. Since we can reasonably assume a value of unity dissociation pathway at high temperatures. Further confirmation
for & for the gas translational energies employed in this study, of these assignments is possible by comparing the measured
and since the activation barriéy, and the preexponential factor,  activation barriers here with previously reported straight-chain
kd(o), for desorption have been independently measured, only alkane activation barriers on Ir(111). For instance, the measured
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Table 5. Kinetic Rate Parameters Describing the Trapping-Mediated Dissociative Chemisorption of Cycloalkanes of Ir(111)

reactant E:.cw (cal/mol) K2k E:cc (cal/mol) K2k
c-GgHs 8 620+ 280 0.0012+ 0.000% 14 3104 350 0.60+ 0.08
c-CsDs 9 1404+ 350 0.006+ 0.004 13 9304+ 450 0.31+£0.12
c-CyHs 10 370+ 250 0.025+ 0.001 14 850t 550 1.1+ 0.1
c-C4Dg 11 020+ 280 0.036+ 0.005 15 250t 500 0.7+ 0.1
c-CsHpo 10 680+ 160 0.0019%+ 0.0006 18 5506t 520 49+ 04
c-GsD1o 11170+ 180 0.0017 0.0002 18 880Gt 540 2.6+£0.1
c-CsHi2 12 600+ 350 0.013+ 0.006 19 180Gt 550 8.8+ 2.5
c-CD12 13 030+ 200 0.009+ 0.001 19 260t 530 7.7£15

aThe reported activation barriers for-€ and C-H bond cleavage are referenced to the proper reference energy, the bottom of the physically
adsorbed well. The preexponential factor for desorpﬂ@%, has been assumed to be equal t& %0' for all of the cycloalkanes’ Reference 4.

activation barriers for initial €H bond cleavage for propane activation barrier reported in this previous work represents an
and n-butane on Ir(111) were 11 300 and 11 400 cal/mol, apparent activation barrier for both types mbutane C-C
respectively?® These values compare well with the value bonds; however, we feel that this is the best standard at our
measured here for-€H bond cleavage of a relatively unstrained disposal for use in making comparisons to the cycloalkane
cyclohexane molecule of 12 600 cal/mol. Comparison of the activation barriers on Ir(111).

C—C bond cleavage activation barriers farbutané® and Comparison of the EC bond activation barriers for cyclo-
relatively unstrained cyclohexane on Ir(111) of 17700 and propane (14 310 cal/mol) and cyclobutane (14 850 cal/mol) with
19 180 cal/mol, respectively, allows us to conclude that the tnose fom-butane (17 70& 600 cal/mol) allows us to conclude
larger activation barrier values can be assigned with confidenceinat c—c bond cleavage of these two highly strained cyclo-
to C—C bond cleavage on Ir(111). These comparisons with gikanes is much easier than-C bond cleavage of unstrained
previously measured activation barriers fori@ and C-C bond n-butane. The activation of cyclopentane (18 550 cal/meljoC
cleavage on Ir(111) provide further confirmation of the accuracy ponds occurs with almost the same ease asdioutane since
of the reaction mechanism assignments displayed in Table 5.410 measured activation barriers are almost the same (the
activation barrier difference is within the experimental error).
Moreover, the cleavage of-6C bonds in relatively unstrained
A.1r(111). 1. C—C Bond Activation. The kinetic parameters  cyclohexane (19 180 cal/mol) is slightly more difficult than for
displayed in Table 5 for the activation of cycloalkanes on Ir- n-butane. We believe that the ring-strain energy initially present
(111) demonstrate that the activation energies ferGCbond in the molecule is, indeed, important in determining the@
cleavage follow the expected trend, i.e., the smaller, more hond cleavage activation barrier; however, we also believe that
strained rings are more readily opened by the surface. Forthe ring-strain energy present in the transition state for ring-
example, the relatively small 900 cal/mol difference in ring- opening G-C bond cleavage is crucial as well. The basic
strain energies between cyclopropane and cyclobutane correpremise of our hypothesis is that it is not the absolute value of
sponds to a €C activation barrier difference of 540 cal/mol,  ring-strain energy present initially in the cycloalkane reactant
while the relatively large ring-strain energy difference of 26 900 molecule that determines the activation barrier for cycloalkane
cal/mol between cyclopropane and cyclohexane corresponds tac—c pond cleavage, but rather thieg-strain energy difference

a C-C activation barrier difference of 4870 cal/mol. between the initial state and the transition state for ring-opening
In addition to the comparisons that can be made within the c_c pond cleavage.

series of cycloalkanes, we also may make comparisons to other
compounds using data previously reported for the activation of
unstrained alkanes on Ir(111). Recent work by Johnson and
Weinberd? involving the activation of short-chain alkanes on
Ir(111) reports activation barriers for-GC bond cleavage in
propane (18 200 cal/mol), isobutane (17 600 cal/mebutane

(17 700 cal/mol), and neopentane (15 900 cal/mol). The most
relevant unstrained alkane to use in comparison with the
cycloalkanes isn-butane since the barriers for<C bond
cleavage seem to be strongly related to the number of carbon
atoms bound to the carbon atoms being split during the bond
cleavage reaction. Analysis of the Ir(111) data above allows us
to conclude that the €C bonds in neopentane are significantly
easier to cleave than those in the linear alkanes. The ease o
C—C bond cleavage in neopentane would follow from the well-
known stability trend of alkanes; i.e., a tertiary radical is more e )
stable than a secondary radical, which in turn is more stable €N€'8Y compared to the initial state. Therefore, since the
than a primary radica¥ Since G-C bond cleavage in cyclo- activation barrier is the difference between the initial state and

alkanes involves the separation of carbon atoms that are initially fransition state energies, and thitferenceis lowered (com-
bound to two carbon atoms, a good comparison would be the Pared to that of an unstraineebutane molecule) by the release
cleavage of thew-butane central €C bond. Admittedly, the ~ ©Of ring-strain in the transition state, we would expect the
activation barrier for cyclobutane-&C bond cleavage to be
(43) Johnson, D. F.; Weinberg, W. H. Chem Soc, Faraday Trans lower than that fon-butane. Clearly, this proposed explanation

1995 91, 3695. . . X : '
(44) Wade, L. G., JrOrganic Chemistry Prentice-Hall: Englewood is consistent with experimental observations for cyclobutane and

Cliffs, NJ, 1991. n-butane activation on Ir(111).

V. Discussion

For example, initial &C bond cleavage of cyclobutane on
Ir(111) occurs with a much lower activation barrier than for
the unstrained-butane standard (14 850 versus 17 700 cal/mol).
In this case, the ring-strain energy of the initial state of molecular
cyclobutane is relatively high, while the ring-strain energy of
the transition state for €C bond cleavage is expected to be
lower since it involves opening of the ring to break the C
bond and subsequently form two1€ bonds. We must point
out that we are not making any claims here regarding the exact
nature of the metallacycle formed in this reaction (e.g., whether
the metallacycle includes a single surface metal atom or multiple
atoms); we are simply stating that in the process of cleaving a
£—C bond to open the ring, the cyclobutane ring must be
opened to some degree. This transition state ring-opening
mechanism most likely results in the relief of some ring-strain
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For this explanation to be correct, it must also be capable of Table 6. C-H Bond Strengths for Selected Cycloalkanes and
explaining the higher EC bond cleavage activation barrier ~Unstrained Linear Alkanes
measured for cyclohexane compared to thabfbutane (19 180
versus 17 700 cal/mol). For the case of C bond cleavage of

hydrocarbon molecule €H bond strength (kcal/mol)

A . _ v ) cyclopropane 106.3

cyclohexane, the initial state contains very little ring-strain cyclobutane 96.5
energy since the six-membered cyclohexane ring contains the  cyclopentane 94.5
lowest strain energy of thes€ Cg cycloalkanes. The transition cyclohexane 95.5
state for CG-C bond cleavage of cyclohexane likely involves cyctlﬁheptane 182'2
some ring-strain since this reaction would require that the gqtﬁanaéne 100.3
cyclohexane ring open to form a metallacycle containing atleast  propane (primary) 99.7
seven atoms. Opening the ring toward a “cycloheptane-like” propane (secondary) 95.9
carbon backbone structure would cause the ring-strain energy  n-butane (primary) 96.4
to increase compared to that of the initial state. Therefore, since ~ M-butane (secondary) 93.3
neopentane 100.0

the transition state contains more ring-strain energy than the
initial state, we would expect the activation barrier for cyclo-

hexane C-C bond cleavage to be higher than that for the cleavage, it affects the conformation of the entire cycloalkane
unstrainedh-butane standard. This reasoning is again consistentring. It can be argued for the smaller cycloalkanes, such as
with the experimental data. Similar discussions for cyclopropane cyclopropane, that this distortion results in only a slight increase
and cyclopentane activation on Ir(111) also lead to the conclu- in energy of the transition state since fewer carbon atoms (for
sion that this argument is consistent with the measured activationcyclopropane, only one, the bridge carbon atom connecting the
barriers for these molecules. This topic will be discussed again two carbon atoms being cleaved) are being perturbed by this

below for the C-C bond activation of cycloalkanes on Ru-
(001).
Clearly, the arguments involving ring-strain energy differ-

distortion. For the case of the larger cycloalkanes, such as
cyclohexane, this distortion likely results in a rather large
increase in energy of the transition state since the four remaining

ences between the initial and transition states presented aboveyclohexane carbon atoms are perturbed (and hence must adopt

provide a firm explanation for the observed trends in the
cycloalkane CG-C bond activation barriers on Ir(111). However,
we feel that it is necessary to mention two additional potential
contributions to the trend of decreasing-C bond cleavage
activation barrier with decreasing ring size. First, it is possible
that electronic considerations play a role in reducing the
activation barrier for €-C bond cleavage as well. For instance,
since the electron density maxima of the-C ¢ bonds in
strained cyclobutane lie outside of the-C internuclear axi4>
interaction of the €& C bond orbitals with the iridium orbitals

in the transition state for €C bond cleavage is sterically more

a new conformation) by this distortion. While we do not feel
that these two steric explanations have a greater influence on
the activation barrier trend than the ring-strain energy arguments
presented above, we do feel that these explanations could
contribute to the observed trend in-C bond activation barriers.
We should mention here that we do not wish to speculate

about trends in any of the preexponential ratios reported in this
paper due to the complexity of these cycloalkane reactions. It
is not obvious how one should expect the preexponential factors
to vary with the ring-strain energy difference between initial
and transition states and the geometry of the cycloalkane, since

favorable than for an unstrained alkane. On the basis of resultsyery few kinetic parameters have been reported in the literature

by Cremer and Gaussfor cyclopropane and cyclobutane, it is
expected that as the cycloalkane-C—C bond angles become
more acute, €C bond orbitals will extend further outside of

for the reaction of cycloalkanes with transition metal surfaces
under similar experimental conditions. Also, the influence of
the well-known compensation effect, in which the preexponen-

the lines joining the carbon atoms. This means that the tial factor varies commensurately with the activation barrier for

magnitude of the €C bond orbital extension outside of the
C—C internuclear axis increases with decreasirgd=-C bond

a given kinetic proces¥,makes such conclusions difficult since
a wide range of activation barriers are reported in this study,

angle (and thus decreasing ring size). Therefore, we concluderesulting in rather large expected compensation effects.

that the interaction of the €C bond orbitals with the iridium

2. C—H Bond Activation. In previous work by Johnson and

metal orbitals becomes more sterically favorable with decreasing\yeinberg involving alkane activation on Ir(11%),it was
cycloalkane ring size. Qualitatively, this explanation is consistent reported that for activation of methane, ethane, primary propane,

with the observed trend of decreasing activation barrier with
decreasing cycloalkane ring size.

A second potential contribution to the-@ bond activation

and secondary propane;-€l bonds were cleaved with activa-
tion barriers of 12 600, 10 400, 11 600, and 11 300 cal/mol,
respectively. Comparison of these activation barriers with the

barrier trend is also related to steric arguments. This explanationcorresponding €H bond strength energies displayed in Table
is slightly different than that mentioned above since it involves 627 allows us to conclude, at least for these four differept-C

the energies related to distortion of the shape of the ring in the bonds in unstrained alkanes, that the activation barriers for
transition state for €C bond cleavage. For instance, distortion cleavage of these bonds do not correlate very closely with the
of the two methyl groups contained in ethane is necessary duringC—H bond strengths (except possibly for methane, where the
C—C bond cleavage since the methyl carbons can only start to activation barrier and €H bond strength values are relatively
efficiently bind toward the metal when the methyl group is tilted large). For G-H bond cleavage of cycloalkanes on Ir(111),
toward the metal? If we carry this analogy forward to the case comparison of the activation barriers in Table 5 with the
of cycloalkanes, each of the pair of carbon atoms undergoing corresponding €H bond strengths in Table 6 allows us to
C—C bond cleavage is bonded to another carbon atom of the conclude that the activation barriers decrease with increasing
cycloalkane ring. Therefore, when each of the pair of carbon C—H bond strength. This result is superficially surprising since
atoms tilts toward the metal in the transition state fer@Cbond the CG-H bond strength in cyclopropane is about 10 cal/mol

(45) Stein, A.; Lehmann, C. W.; Luger, .Am Chem Soc 1992 114,
7684.

(46) Christmann, KSurface Physical Chemistrteinkopff, Darmstadt,
Germany, 1991.
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larger than for those of other cycloalkanes. On the basis of initial

Hagedorn et al.

The steric issues associated with the carbon atoms adjacent

bond strength considerations alone, we would have expectedto the carbon atom containing the—€l bond that is to be

cyclopropane to possess the largest barrier teHCbond

cleaved are quite straightforward. Since, in the transition state

cleavage rather than the smallest. Since this clearly is not thefor C—H bond cleavage, the adjacent carbon atoms in the larger
case, discussion of possible explanations for this observationcycloalkanes are much closer to the surface than in the smaller

are necessary.
We propose that this observation can be partially explained
by steric arguments concerning the transition state feiHC

cycloalkanes simply due to the cycloalkane geometries, steric
hindrance between the adjacent carbon atoms (more ap-
propriately, the adjacent GHyroups) is much greater for the

bond cleavage. These arguments can be separated into twdarger cycloalkanes than for the smaller cycloalkanes. Therefore,

contributions (although they are not independent of one

it is more difficult for the C-H bond and metal electron orbitals

another): steric issues associated with the carbon atom containto achieve the overlap necessary for & bond cleavage in

ing the C-H bond that is to be cleaved, and steric issues

the larger cycloalkanes than in the small ones. This steric

associated with the carbon atoms adjacent to the carbon atomargument is also consistent with the observedHCbond

containing the €&H bond that is to be cleaved. The former of
these two potential steric contributions involves the interaction
of the metal electron orbitals with the-&4 bond electron
orbitals, which is necessary to facilitate-€l bond cleavage.
Very recent density functional calculations by Ciobici efal.
indicate that the energetically favored transition state for the
dissociation of methane on the Ru(001) surface involves a
methane configuration with two of the H atoms pointing toward
the surface. The distortion of the bonds surrounding the
tetrahedrally coordinated carbon atom during this process
(similar in principle to the distortion of the methyl groups during

the C-C bond cleavage of ethane described above) costs a

significant amount of energy. This energy cost gives rise to a
relatively large activation barrier for dissociative chemisorption.

On the basis of these results, and on the basis of steric argument;
concerning cycloalkane geometries, a plausible transition state

for cycloalkane G-H bond cleavage on a transition metal
surface involves the cycloalkane molecule oriented with the
plane of the ring perpendicular to the surface, with both H atoms
of the CH group (containing the €H bond that is to be
cleaved) pointing toward the surface. Assuming that this
transition state configuration is correct for cycloalkane kC
bond cleavage, the ease of-8 bond cleavage in the small
cycloalkanes (g-Cs) may be due to a greater overlap between
the C-—H bond and metal electron orbitals afforded by the
already compressed-€C—C bond angles. For instance, the
molecular structure of cyclopropaffewhich possesses-€C—C
bond angles of 60 would allow relatively easy overlap of the
metal orbitals with the €H bond orbitals. Moreover, since
relatively little distortion of the bonds surrounding the tetrahe-
drally coordinated carbon atom would be required to facilitate
C—H bond and metal orbital overlap, little energy is required
to distort the cyclopropane molecule into the transition state
configuration for C-H bond cleavage. As this angle is increased
with increasing ring size, the accessibility of the-B bonds

activation barrier trend.

Another explanation for the observed decrease-oH®ond
cleavage activation barriers with decreasing cycloalkane ring
size is based on thermodynamic arguments. It is thought that a
principal constraint on the activation of~@1 bonds is thermo-
dynamic, reflecting the relative weakness of product M-
(metal)-C bonds compared with reactant-@ bonds?*® On the
basis of this idea, the-€H bond cleavage transition state energy
should be relatively low when strong MC bonds are being
formed rather than weak MC bonds.

Therefore, cycloalkyl groups that form the strongest®
bonds should, in theory, possess the smallest activation barrier
for C—H bond cleavage. Comparison of recently computed

—C bond strengths for a number of unstrained alkéheith

e C-H bond strength data in Table 6 shows that there is a
concomitant increase in MC bond strength with increasing
C—H bond strength. If we assume that the concomitant increase
in M—C and C-H bond strength occurs for cycloalkyH and
cycloalkyl-M bonds as well, then we would expect that the
cycloalkanes containing the strongesti& bonds would form
very strong cycloalkytM bonds in the transition state for-GH
bond cleavage. This would result in a lowering of the activation
barrier for C-H bond cleavage; however, this activation barrier
lowering would be offset by the increased strength of theHC
bonds to be broken. Therefore, it appears that there is a
compensation between these two effects in their influence on
the activation barrier for E€H bond cleavage. However, on the
basis of the experimental results reported here, it would appear
that the activation barrier is affected more by the influence of
the cycloalky-M bond strength than by the initial-€H bond
strength. The topic of MC bond strengths will be addressed
again below for the comparison of Ir(111) and Ru(001)
activation results.

One final discussion concerning-& bond cleavage on Ir-

by the metal orbitals becomes increasingly difficult due to the (111) involves comparison of the activation barriers observed
increasingly tetrahedral geometry of the carbon atoms. In orderhere for cycloalkanes with relative reaction rates observed for
for the larger cycloalkanes, such as cyclohexane, to achieve thecycloalkane G-H bond cleavage in homogeneously catalyzed
proper transition state for ©©H bond cleavage, significant photolysis experiments by Janowicz and Bergrifam this
distortion of the bonds surrounding the tetrahedrally coordinated study, the photoinduced activation of cyclopropane, cyclopen-
carbon atom is required. This significant distortion required at tane, cyclohexane, and cyclooctane K bonds by a #°>-Cs-

the transition state most likely results in a relatively high Mes)(PMes)IrH: catalyst was reported to occur with relative
transition state energy, thereby resulting in a higher activation reaction rates of 2.65, 1.6, 1.0, and 0.09, respectively. The trend
barrier for C-H bond cleavage. Therefore, these arguments are of increasing rate with decreasing cycloalkane size on this
consistent with the observed trend of decreasirngHChond homogeneous iridium catalyst is consistent with our observation
cleavage activation barrier with decreasing ring size. This here of decreasing-€H bond activation barrier with decreasing
discussion will be continued below for the case of cyclohexane cycloalkane size on Ir(111).

and cyclooctane €H bond activation on Ru(001).
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Table 7. Comparison of the Activation Energies for-C Bond for activation of cyclohexane and cyclooctane & bonds on
Cleavage and the Ring-Strain Energies for the Perhydrido Ru(001) as well. In particular, cyclooctane is a rather unwieldy
Cycloalkane Isotopomers cycloalkane®®54 therefore, we would expect a relatively large
~ C—Cactivation ~ C—C activation C—H bond cleavage activation barrier due to the necessary
eactant t‘(’ég'l /rség’}')” ba”'(ecracl’/’r‘nglt)‘(om) ba”('?;f/’r?]c')rlglll) distortion of the bonds surrounding the tetrahedrally coordinated
carbon atom (which contains the—® bond that is to be
cyclopropane 28 300 9470 14310 cleaved) in the transition state for-& bond cleavage. It should
gg:gggﬁgﬁe 2; ?),88 12 938 ig ggg be kept in mind that such a distortion will cause the entire
cyclohexane 1400 ~16 16G 19180 cyclooctane ring to strain, thus accounting for a large fraction

_ — of the transition state energy increase due to intramolecular steric
@ Since the activation channel for perdeutero cyclohexane on Ru(001) jhteractions between-€H bonds. A similar explanation is also

was judged to be €D bond cleavage, and only one reaction channel . . :
was observed for the temperature range studied here, the activationfound in & recent report concerning photoinducedHCbond

barrier for G-C bond cleavage in this relatively unstrained cycloalkane activation of G—Cs cycloalkanes with a homogeneous rhodium
is most likely greater than 16 160 cal/mol. catalyst® In this study, it was concluded that the remarkably

slow reaction rates observed for cycloheptane and cyclooctane
C—H bond activation might be due to transition states for
formation of cycloheptyl and cyclooctyl Rh hydride species that
are particularly conformationally demanding. This recent ex-

B. Ru(001). 1. C-C Bond Activation. The kinetic param-
eters for initial C-C bond cleavage of cyclopropane, cyclobu-
Eﬁ? : 'aizsa%ﬂc’g:rrr‘itgpsefgp CF:/lél((())Srlo)p;ee d(lgz%yiilmq;;bfy?'perimental observation is consistent with the activation results
clobutane (10 090 cal/mol), and cyclopentane (14 420 cal/mol) presenteq here. ) . .
also exhibit the expected trend of the smaller, more strained N Previous work by Jachimowski and We'”bé_?g;__H bond
cycloalkanes being more easily opened by the Ru(001) Sunc(,ﬂce._cleavage re_actlons were implicated as the activation pathways
Comparison of these activation barriers with the recently In the reactions of ethane (9310 cal/mol) and propane (10 430
measured €C bond cleavage activation energy fobutane cal/mol) W|th the Ru(001) surface. These results for small,
on Ru(001) of 19000 cal/m® suggests that the data for straight-chain alkanes on Ru(001) are much smaller_ (by about
cycloalkane activation on Ru(001) are consistent with the 6 kcal/mol) than those observed here for tht=T activation of
arguments presented earlier concerning steric effects and strairfyclohexane and cyclooctane-€i bonds. We believe that the
energy differences between the initial and transition states for large activation barrier differences between the small linear

C—C bond cleavage on Ir(111). Comparison of the@bond ~ @lkanes and these larger cycloalkanes on Ru(001) can be
activation barriers for each $£Cs cycloalkane on the two  dualitatively explained by the steric arguments discussed above.
different surfaces shows that the activation barrier fexGbond C. Overview. 1. C-H Bond Activation. The activation

cleavage on Ru(001) is approximatehy 3 kcal/mol lower than barriers for initial rate-limiting cleavage of a cycloalkgneﬂ
that on Ir(111). It is interesting to point out that Ru(001) seems bond on both the Ir(111) and Ru(001) surfaces exhibit a trend
to be much better at cleaving cycloalkane C bonds than Ir- of decreasing activation barrier with decreasing cycloalkane ring
(111), while Ir(111) seems to be better at cleaving unstrained size. We believe that this trend can be explained by steric
alkane C-C bonds (e.g., propana;butane) than Ru(002$:43 hindrance effects associated with the changing geometries of
These observations will be discussed in more detail in the the cycloalkanes with decreasing ring size. Specifically, distor-
Overview section below. tion of the bonds surrounding the tetrahedrally coordinated
2. C—H Bond Activation. The activation of cyclohexane on ~ carbon atom (on which the €H bond being cleaved is
the Ru(001) surface occurs via-&l bond cleavage with an ~ connected) is necessary to achieve the overlap betweeth C
activation barrier of 15700 cal/mol. Relatively unstrained Pond and metal electron orbitals which is necessary to promote
cyclohexane reacts via-€H bond cleavage rather than-C C—H bond cleavage. This distortion leads to a higher energy
bond cleavage since the transition state fer@bond cleavage ~ for the transition state for €H bond cleavage, which, in turn,
of cyclohexane is not lowered by the release of ring strain. In leads to a higher activation barrier. As the size of the cycloalkane
fact, as was discussed above for-C bond cleavage of decreases, the amount of distortion required to achieve this
cyclohexane on Ir(111), it is likely that the transition state for Nnecessary orbital overlap is thought to decrease due to the greater
ring-opening C-C bond cleavage of cyclohexane on Ru(001) accessibility of the €H bonds due to the decreasingC—C
contains more strain energy than the initial state. Moreover, the Pond angles. Any distortions of the bonds surrounding the
fact that cyclooctane appears to react viakChond cleavage,  tetrahedrally coordinated carbon atom will also affect the overall
with an activation barrier of 16 390 cal/mol, is consistent with conformation of the cycloalkane in the transition state. We feel
this argument as We”, since we would expect that ring_opening that this effect will result in an increase in conformational energy
C—C bond activation of cyclooctane would also be energetically With increasing ring size for the £through G cycloalkanes
disfavored since this transition state most likely possesses moreexamined here due to the increased steric effects associated with

ring-strain energy than the initial state. altering the conformations for the larger cycloalkanes; this may
Comparison of the activation barriers for-® bond cleavage ~ ©F may not be the case for cycloalkanes larger than those studied
in these two molecules shows that the activation ef-Coonds here since intramolecular steric effects may begin to diminish

in cyclooctane is slightly more difficult than that in cyclohexane. at some point with increasing ring size. Also, it is thought that
Since the activation barrier for €H bond cleavage for ~ carbon atoms adjacent to the central carbon (on which thid C

cycloalkanes on Ir(111) increased with increasing cycloalkane Pond being cleaved is connected) may introduce additional steric

fing size, this relsult' is not surprising. The above dIS.CUSSIon .Of (53) Dorofeeva, V. O.; Mastryukov, V. S.; Allinger, N. L.; Aimenningen,
C—H bond activation on Ir(111) presented possible steric o j phys Chem 1985 89, 252.
explanations for this observed trend which we believe are valid  (54) Rocha, W. R.; Pliego, J. R., Jr.; Resende, S. M.; Dos Santos, H. F.;
De Oliveira, M. A.; De Almeida, W. BJ. Comput. Chenil998 19, 524.

(52) Weiss, M. J.; Hagedomrn, C. J.; Weinberg, W. H., unpublished (55) McNamara, B. K.; Yeston, J. S.; Bergman, R. G.; Moore, CJ.B.
preliminary result. Am Chem Soc 1999 121, 6437.
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effects in the transition state for-4 bond cleavage due to  Obviously, the strength of the bond has to be higher than a
the closer proximity of these adjacent carbon atoms to the critical value so that activation of the-€C bond and formation
surface in the larger cycloalkanes. of the metallacycle product is thermodynamically possible.
Comparison of the €H activation barriers for the cyclo- However, if the M-C bond is too strong, we speculate that
alkanes on the two different surfaces studied here allows us tothis may result in an early transition state for the ring-opening
make the conclusion that Ir(111) is a more active catalyst for C—C bond cleavage reaction. In other words, the cycloalkane
the cleavage of cycloalkane ¢ bonds than is Ru(001). ring may not open as much in the transition state for a transition
Specifically, the activation barrier for cyclohexane-8 bond metal surface withextremelystrong M—C bonds as for a
cleavage on Ir(111) is 12 600 cal/mol, while on Ru(001) it is transition metal surface witimoderatelystrong M—C bonds.
15700 cal/mol. As mentioned above, it is thought that a If the ring does not open as far in the transition state for the
principal constraint on the activation of~& bonds is thermo- case ofextremelystrong M—C bonds compared to thmoder-
dynamic, reflecting the relative weakness of product® ately strong M—C bonds, then the difference in ring-strain
bonds compared with reactant-€l bonds?*® The average #C energies between the initial state and the transition state will
and Ru-C o bond strengths have been recently calculated to not be as large for thextremelystrong M—C bonds. This
be 46.0 and 33.3 kcal/mol, respectively, on the basis of the smaller difference in ring-strain energies for the surface with
adiabatic binding energy of Gi8Hz.50 Therefore, because these extremelystrong M—-C bonds would result in a higher activation
calculated values suggest that the cycloaldylbonds may be barrier on that surface. This argument is consistent with our
expected to be much stronger than the cycloat®ul bonds, experimental observations.
the transition state energy for-& bond cleavage should be
expected to be lower on Ir(111) than on Ru(001). This is indeed VI. Conclusions
observed for the comparison of cyclohexane activation on both

of these surfaces. Therefore, the approximately 3 kcal/mol . . .
difference between the activation barriers for cycloalkaréiC energies present in S”f‘a”er cyc_loalkgnes _effecnvely Ipwers_ the
activation barrier for ring-opening dissociative chemisorption

bond cleavage on Ir(111) and Ru(001) can be explained in thevia C—C bond cleavage. However, the ring-strain energy present
context of thermodynamic differences in the transition states . ge- ’ 9 gy p
for C—H bond cleavage. in the molecular cycloalkane precursor does not appear to be

2. C—C Bond Activation. The activation barriers for initial Lh;rr(i)grlyig%t\?vreig?jt w_;_frl]léer&(;?; thris?::ﬁg;tﬂgzl(ahemgrﬁtrlﬁgl?gat
rate-limiting cleavage of a cycloalkane-C bond on both the the difference in thé ring-strainpenergies between the initial state
Ir(111) and Ru(001) surfaces exhibit a trend of decreasing i ) .
activation barrier with decreasing cycloalkane ring size. The and the transition state for the ring-opening C bond cleavage

measured €C bond cleavage activation barriers indicate that ;ec?i\c/g?igr:i;?r(ieeﬁgoé ?%ﬁ;gst;g;\l/gei tits]?e?j)l:tfgc; (t)? “‘:"ggzgsgae
this trend on both surfaces can be attributed torthg-strain g

energy differencéetween the initial state and transition state compared to that for unstrained alkanes. For activation of
’ . ) - cycloalkane G-H bonds, the data demonstrate that the activation
energies for ring-opening -©C bond cleavage. Other steric

factors may also contribute to this trend, including larger ?slsrgg g?gf:ﬁ;ig:?ﬁ?ﬁﬁiﬁ?%rcicrlr?:rl::saifa?r\]ﬂ?oiﬁe' LZ?;G
distortions of the cycloalkane ring in the transition states for 9 P

the larger cycloalkane molecules, and enhanced overlap betweer' similar trend for the €H bond cleavage activation barriers.

the extended (outside the internuclear axis between adjacent Analysis of the cycloalkane activation data on both the Rg-
carbon atoms) €C bond orbitals for the smaller cycloalkanes (001) and Ir(111) surfaces allows us to conclude that Ir(111) is

and the metal electron orbitals in the transition state fecc & Selective catalyst for cycloalkane-&i bond cleavage at low

bond cleavage. However, we believe the effect of these Sterict(?mperatures'l'l( = 400h'K)h, while it is aéseltzcggl?(ecll: bor;d
contributions will be small compared to the effect of the ring- cleavage catalyst at high temperaturgs>( ). For the

strain energy differences on the activation barrier fer@bhond Cs—Cs cycloalkanes, the Ru(001) catalyst is selective fer@
cleavage. bond cleavage for the entire range of temperatures studied here.

Comparison of the activation barriers for ring-openingC On the basis of the measured activation barrier differences for
bond cleavage for £-Cs cycloalkanes on the two surfaces cycloalka'ne'ec and G-H bond cleavagg on the two surfaces,
results in lower activation barriers for-€C bond cleavage on Ru(001) is judged to be the more eff!ment cata!ys_t for the
Ru(001) compared to that on Ir(111) by about5tkcal/mol. cleavage of cyclo_al_kane{JC bonds, while Ir(111) is judged
While the lower activation barrier for cycloalkane-€l bond to be the more efficient catalyst for cleavage of i bonds in
cleavage on Ir(111) compared to that on Ru(001) of ap- these molecules.
proximately 3 kcal/mol was qualitatively explained by thermo-
dynamic differences between the-I€ and Ru-C bonds in the
transition state, the application of this reasoning to cycloalkane
C—C bond cleavage (and subsequent formation ef®/bonds
in the transition state) would be inconsistent with the observed
data. Therefore, we speculate as to whether a stronge€ M
bond is beneficial for the transition state forC bond cleavage.  JA002459Z

The results presented here demonstrate that the ring-strain
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