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ABSTRACT: The kinetic relevance and rates of elementary
steps involved in C—C bond hydrogenolysis for isobutane,
neopentane, and 2,3-dimethylbutane reactants were systemati-
cally probed using activation enthalpies and free energies
derived from density functional theory. Previous studies showed

JC_JC

that C—C cleavage in alkanes occurs via unsaturated species 2H vt Transition Sinte 2CH
formed in fast quasi-equilibrated C—H activation steps, leading s._1c +4H, +4H, +4H,
to rates that decrease with increasing H, pressure, because of a

concomitant decrease in the concentration of the relevant \_) g

transition states. This study, together with previous findings for c‘f"’

n-alkanes, provides a general mechanistic construct for the  3u X e e
analysis and prediction of C—C hydrogenolysis rates on metals. van, e f;z e T i an,

C—C cleavage in alkanes is preceded by the loss of two H atoms

and the formation of two C-metal (C—M) bonds for each 'C and *C atom involved in the C—C bond. Metal atoms transfer
electrons into the 'C and 2C atoms as C—C bonds cleave and additional C—M bonds form. 3C and *C atoms of isobutane,
neopentane, and 2,3-dimethylbutane, however, do not lose H atoms before C—C cleavage, and thus, transition states cannot bind
the *C and *C atoms in the C—C bond being cleaved to surface metal atoms. C—H activation occurs instead at 'C atoms vicinal
to the C—C bond, which lose all H atoms and form three C—M bonds. These transition states involve electron transfer into the
metal surface, leading to a net positive charge at the *C and *C atoms; these atoms exhibit sp* geometry and resemble carbenium
ions at the C—C cleavage transition state, in which they are not bound to the metal surface. These mechanistic features accurately
describe measured H, effects, activation enthalpies, and entropies, and furthermore, they provide the molecular details required
to understand and predict the effects of temperature on hydrogenolysis rates and on the location of C—C bond cleavage within a
given alkane reagent. The result shown and the conclusions reached are supported by rigorous theoretical assessments for C—C
cleavage within about 200 intermediates on Ir surfaces, and the results appear to be applicable to other metals (Rh, Ru, and Pt),
which show kinetic behavior similar to Ir.
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1. INTRODUCTION

Metal-catalyzed C—C hydrogenolysis is used to decrease the
chain length of acyclic alkanes and to open cycloalkane
~% it is also an undesired side reaction in reforming and
isomerization processes.”~ The relative rates of C—C rupture
in substituted and unsubstituted C—C bonds of alkanes depend
on temperature and H, pressure, as well as on the identity and
size of metal particles.” """ The reactive intermediates
involved and the activation energies for C—C rupture depend
also on the degree of branching at the C atoms involved in the

. 1
rings;

ing orbitals of C—C bonds.'”*” These dehydrogenations also
form H, (from H* recombination) that increases activation
entropies and lower activation free energies (thus increasing
rates). The structure and H-content of the reactive
intermediates involved, however, can only be inferred indirectly
from the effects of H, pressure on C—C rupture rates,"”~">*!
because such species exist at low surface concentrations during
catalysis, making them inaccessible to spectroscopic probes. As

a result, their identity and structure can be discerned only

cleaved C—C bond.* ®°™'! C—C activation occurs after through theoretical methods.”” ™’
extensive dehydrogenation of the reactant alkanes,”™'® a

process that weakens C—C bonds on catalyst surfaces by Received: September 2, 2015
replacing C—H bonds with C—M bonds (where M is a surface Revised:  November 19, 2015

metal atom) and concomitantly placing electrons in antibond-
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Previous theoretical studies on n-alkanes’>*® and methyl-

cyclopentane®®™® concluded that bonds containing only
primary ('C) and secondary (*C) C atoms cleave via /-
bound RC*C*R’ intermediates (where * indicates the previous
C atom is bound to the surface). The extensive dehydrogen-
ation that occurs before forming these transition states is
consistent with the strong inhibition effects of H, on alkane
hydrogenolysis reactions.'”'¥™'¥227>%3973¢ Eor example, turn-
over rates for hydrogenolysis of 'C—'C bonds in ethane are
proportional to (H,)™® ((H,) denotes H, pressure) on H*-
saturated Ir surfaces;””*" a similar exponent was reported for
cleaving 2C—'C and 2C—>C bonds in longer n-alkanes,®
branched alkanes,'” and cycloalkanes.'”*® Their similar H,
dependences'”*>***® suggest that C—C bonds with only 'C
and 2C atoms cleave via a,f-bound RC*—C*R'# transition
states (indicated by the * symbol) resembling those prozposed
to mediate the hydrogenolysis of methylcyclopentane™®™* and
ethane.”” Recent theoretical studies”® on propane and butane
have confirmed that these n-alkanes also cleave via a,f-bound
RC*—C*R'# transition states (as was observed for ethane®?).

The hydrogenolysis of C—C bonds containing one or more
tertiary carbon atoms (*C—*C) exhibits higher activation
enthalpies and entropies than for C—C bonds with only 'C
and *C carbons.'” These 3C—*C cleavage rates also are more
strongly inhibited by H, (r ~ (H,)"%*%) than for 2C—2C
cleavage (r ~ (H,)™*), even though the C atoms in the *C—*C
bonds being cleaved contain fewer H atoms. These findings
suggest that *C—"C bonds cleave only after the additional
activation of C—H bonds at C atoms away from the C—C being
cleaved."” These data contradict previous proposals based on
theoretical treatments that concluded that *C—>C bonds in
methylcyclopentane cleave via @,f-bound intermediates that are
less dehydrogenated than those involved in *C—>C cleavage in
n-alkanes and methylcyclopentane.”*™** It seems implausible
that o,f-bound intermediates are required for all C—C cleavage
reactions, because such structures cannot explain the rupture of
*C—*C bonds, such as the *C—'C bonds in neopentane, for
which the *C atom remains coordinatively saturated and cannot
bind onto metal surfaces prior to C—C cleavage. Thus,
neopentane hydrogenolysis must proceed via metallacyclic
(i.e, ay- or a,y,06-bound) intermediates that undergo
subsequent C—C cleavage. Both a,y- and @,6-bound metalla-
cycles have been inferred from isotopic exchange measurements
during alkane hydrogenolysis (of linear and branched
species),”'””’~* but their involvement as intermediates in
C—C cleavage reactions remains unconfirmed by theoretical
study.

Here, we use density functional theory calculations (DFT) to
systematically examine the cleavage of C—C bonds in
isobutane, neopentane, and 2,3-dimethylbutane (Scheme 1),
including C—C activation in @- and @,f-bound intermediates,
a,y- and a,0-bound metallacyclic intermediates, and inter-
mediates with 3—4 C atoms bound to the surface (a,8,y-, a,5,5-,
a,y,6-, and a,f,7,6-bound intermediates). Through contrast with
previous studies on n-alkane activations of ethane, propane, and
butane, we are able to demonstrate the effects of methyl-
substitution on C—C cleavage mechanisms. We find that
3C—"C bonds in isobutane and 2,3-dimethylbutane activate via
a,y- and a,6-bound intermediates that form via dehydrogen-
ation at 'C atoms not involved in the *C—"C bond being
cleaved. These findings contrast the a,f-bound species involved
in cleaving C—C bonds with only 'C and >C (e.g,, in n-alkanes),
which involve dehydrogenation only at the C atoms in the

470

Scheme 1. C—C Bond Activation Reactions Examined in
This and Previous Studies,””*> Which Include n-Alkanes
Containing C—C Bonds Composed of Only Primary ('C)
and Secondary (*C) C Atoms, and Branched Alkanes
Containing Tertiary (3C) and Quaternary (*C) C Atoms

H,C H,C CH;
N N/
H;C—+-CH, HC—-CH, CX
H, H;C/ CH;
ethane isobutane neopentane
1c_1c 3c_ic [TeRle
H,C H,C CHj;
AN AN 7
H;C—é—C{z HZC—§—C<2 HC—+-CH
CH; CH; H, CH;,
propane n-butane 2,3-dimethylbutane
'c-*c ’c-c 3cc

cleaved C—C. The inability of *C—"C bonds to bind their *C
atoms (through C—H activations) to the extent required for
C—C cleavage imposes enthalpy barriers that can only be
compensated via the activation of C—H bonds at ancillary
positions and the resulting entropic gains via the concomitant
evolution of H, prior to the formation of the transition state.

2. METHODS

2.1. Computational Methodology and Catalyst Mod-
els. Periodic plane-wave density functional theory (DFT)
calculations were performed using the Vienna ab initio
simulation package (VASP)*™* as reported elsewhere.”””*
Plane waves were constructed using projector augmented-wave
(PAW) potentials with an energy cutoff of 396 eV."”*® The
revised Perdew—Burke—Ernzerhof (RPBE) form of the
generalized gradient approximation (GGA) was used to
determine exchange and correlation energies.”’ ™" Select
calculations were repeated with the (nonrevised) PBE func-
tional and showed that the conclusions herein were not
dependent upon the revisions made in the RPBE functional
(Figure S1, Supporting Information, SI). Wave functions were
converged to within 107 eV and forces were computed using a
fast Fourier transform (FFT) grid with a cutoff of twice the
planewave cutoff. A 3 X 3 X 1 Monkhorst-pack sampling of the
first Brillouin zone (k-point mesh) was used.”” Structures were
relaxed until all forces on unconstrained atoms were <0.05 eV/
A. After geometric convergence, single-point calculations with a
6 X 6 X 1 k-point mesh were performed to estimate the
energies of the reactants, products, and transition states.

The energies of gaseous species were calculated by placing
them in 18 X 18 X 18 A unit cells. The Ir(111) surface was
modeled as a 4 X 4 lattice using an experimentally measured
lattice parameter of 3.84 A.>* Four layers were present in the z-
direction (orthogonal to the (111) surface); the bottom two
layers were fixed in their bulk positions, and the other two were
relaxed to their minimum energy locations.

Transition-state structures were obtained for each elementary
reaction using dimer’® methods which were initialized by
nudged elastic band (NEB)***> methods. NEB calculations
were carried out using 16 images, and wave functions were
converged to within 10™* eV using a 3 X 3 X 1 k-point mesh
and a FFT grid size of 1.5 times the planewave cutoff. The
maximum force on each atom was converged to <0.3 eV/A.
These NEB calculations provide an estimate of the reaction
path and a starting point for the structure and the mode along
the reaction coordinate for each transition state. The dimer
algorithm was then used with wave functions converged to
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within 107 eV using a 3 X 3 X 1 k-point mesh and an FFT grid
size of two times the planewave cutoff. For dimer calculations,
the maximum force on each atom was converged to <0.05 eV
A7'. As in the case of the optimization of reactant and product
states, the energy of the transition state was determined using a
single-point calculation with 6 X 6 X 1 k-point mesh.
Vibrational frequency calculations confirmed the presence of
a single imaginary mode for all transition states studied herein.

Frequency calculations were performed on all optimized
states to determine zero-point vibrational energies (ZPVE),
vibrational enthalpies (H,;,), and free energies (G,g). These
terms were then used, together with electronic energies (E,
provided by VASP), to estimate enthalpies:

H= Eo + ZPVE + Hvib + Htrans + Hrot (1)
and free energies:
G= EO + ZPVE + Gvib + Gtrans + Grot (2)

for all reactants, products, and transition states at 593 K (the
temperature at which H, dependence was studied for isobutane
and 2,3—dimethylbutanew). For gaseous molecules, translational
and rotational enthalpies and free energies were also computed
from statistical mechanics. Equations for ZPVE, H,, and G,
from vibrational frequencies and Hy,,,,, H,oy Gyany and G, for
gas-phase molecules are reported in the SI (eqs SI—S11). The
sum of these corrections in eqs 1 and 2 are used throughout to
determine the enthalpies and free energies of all states
(including transition states).

The RPBE functional used lack any terms for dispersive
interactions, leading to overestimates of activation enthalpies
and free energies for the C—C cleavage reactions reported
herein. The differences between barriers for similarly sized
transition states, which matter in assessing the relative
contributions of competing routes, are, however, unlikely to
be altered by the inclusion of such dispersive interactions,
because they differ only in the number of H atoms which
contribute very weakly to dispersive interactions. It is such
differences that lead to the presented conclusions about the
preferred routes for C—C cleavage in isobutane, neopentane,
and 2,3-dimethylbutane.

DFT-derived intrinsic enthalpy and free energy barriers
(AH, or AG,, respectively) denote differences in enthalpy or
free energy between a transition state and the precursor
reactant for that elementary step. Reaction enthalpies and free
energies (AH,, or AG,,, respectively) denote differences
between the products and reactants for an elementary step.

2.2. Mechanistic Connections between Measured
Rate and DFT-Derived Reaction Energetics. Scheme 2
shows a sequence of steps that leads to the cleavage of C—C
bonds in alkanes. These steps lead to a rate equation that
accurately described the effects of alkane and H, pressure on
the hydrogenolysis rates of ethane,"”~'>*****7°! larger n-
alkanes (C;—C,0),”**>** branched alkanes (C,—Cy),'**>**
and alkyl cyclohexanes.'”*® Equilibrated mixtures of alkanes
and their unsaturated homologues (alkenes, arenes) indicate
that dissociative H, adsorption (2.1), alkane adsorption (2.2),
alkane dehydrogenation (2.3), and alkene desorption steps are
all quasi-equilibrated durin(g alkane hydrogenolysis on Ir, Ru,
Rh, and Pt clusters.'>***>** C—C bond cleavage occurs within

partially dehydrogenated intermediates (CHH:::_;V)IZ_18 which

bind to / number of sites all which are quasi-equilibrated with
the gaseous alkane reactants.
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Scheme 2. Mechanism for Alkane Hydrogenolysis on Metal
Catalysts”

Ky, .
H2+ 2x<==2H

2.1)

K, i
C.Hy, + *==CH, 2.2)

% KCH,y I
C.Hy + (J-1)* == CnHm,y + 0.5y H, 2.3)

Jx kCC,y cx d%

C”Hm—y—> CHp + Cn—aHm—y—b (2.4)
CaHg* + x H =s= CHypin + (c+x)* (2.5)

“<e= denotes a quasi-equilibrated reaction, * an unoccupied surface
site; /* an adsorbate occupying / surface sites, K, and k, are
equilibrium and rate constants for individual steps.

C—C bond cleavage occurs in these partially dehydrogenated
intermediates at rates described by

ke JCHT
[L] CCyL™~n""m—y (3)
where r,/ [L] is the turnover rate (ie, rate normalized by

exposed metal atoms [L]), kcc, is the C—C cleavage rate
constant for an intermediate that has undergone y C—H
activations, / is the number of sites required for the transition
state that mediates the C—C cleavage of that intermediate.
Chemisorbed hydrogen atoms (H*) are the most abundant
surface intermediate (MASI) at high H,:C,H,, ratios (>100), as
shown by hydrogenolysis rates that depend linearly on alkane
pressure and inversely on H, pressure for C,—C,, n-alkanes,
C,—Cg branched alkanes, and alkyl cyclohexanes.'”*****® The

pseudo steady-state hypothesis for C"Hl*m_y on the H*-
saturated surface then leads to the rate equation:
i=1
Vy (Hy I<CH,i)KCn(CnHm)
1 ~ Kcc,
[L] ’ (K, Hy)* @)

where the ([, ; Kcy,) term represents the product of the
equilibrium constants for the y number of C—H activations that
occur before C—C cleavage. The dependence of the rate on
(H,), given by 4, depends on the identity and size of the active
metal clusters and on the degree of substitution at the C atoms
in the C—C bond cleaved."” The value of 1 equals the number
of H,(g) molecules evolved in forming the kinetically relevant
transition state via rupture of y C—H bonds and desorption of /
H* atoms (to free up sites on a H*-saturated Ir surface, this
was referred to as y in previous publications'”*****® by our
group but is changed here to avoid ambiguity as y is used to
refer to the binding of a species at its third C atom); these steps
are required to form the C—M bonds that bind the transition
state to metal surfaces. Bond-order conservation then suggests
that the value of 4 equals:

2=1/2(y +1) (s)

where / is the number of C atoms that bind to the surface
during C—C cleavage.

Taken together, the thermodynamic foundations of tran-
sition-state theory and the quasi-equilibrated nature of steps

DOI: 10.1021/acscatal.5b01950
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2.1-2.3 dictate that gaseous alkanes and / H* atoms are quasi-
equilibrated with the C—C cleavage transition state (C,H,,/*)
and the 4 H, molecules formed:

K#
C,H,, + IH =e=[C,H. ]} + ) H, (6)

where K* is the equilibrium constant for the formation of the
transition state (and stoichiometric amounts of gas-phase H,)
from a gas-phase alkane and a H¥*-covered surface. Con-

sequently, K* is related to the measured activation free energy
(AG") by

i=1
s (IT, Ken K, _ kb_Te(—AG*/RT)

K = kce,y 7

(KHZ) h (7)
Here, AG* denotes the sum of the reaction free energies
(AG,,) for all intervening steps involved in forming the
reactive intermediate that immediately precedes the formation
of the transition state in the kinetically relevant step (from the
gas-phase alkane and a H*-covered surface) and the intrinsic
free energy barrier (AG,) for the elementary step that cleaves
the C—C bond.

For instance, ethane hydrogenolysis involves C—C activation
within CH*CH¥*: this process requires the desorption of two
H* atoms, the adsorption of C,Hy, and the activation of C—H
bonds to form the CH*CH* species that undergo C—C
cleavage.”” The AG* value for this reaction include the
adsorption free energies of H, (AG 4,51, Step. 2.1) and C,H,
(AG, 4o Step. 2.2), the reaction free energies for four C—H
activation steps that form CH*CH* from C,Hg* (Z-
(AGpuci,), Step. 2.3) and the intrinsic free energy barrier
for C—C activation of CH*CH* (AG,cco Step. 2.4):

act

AGi = AGact,CC,Z + ZAern,CH,i + AGads,CZ - 3AGads,HZ
(8)
Substituting the free energies of individual adsorbed and gas-
phase species leads to

AG* = G[CH* — CH*']+3G[H,(g)]—-2G[H*]
—G[C,H,(g)] )

which does not depend on the free energies of any reactive
intermediates. Analogous equations for AH* and AS* values
through their relation to AG*:

AG* = AH* — TAS* (10)

The general form of eq 9:

AG* = G[TS"™*]+1G[H,(g)]-/G[H*]—G[Alkane(g)]
(9a)
can be rewritten in terms of the free energy for dissociative H,
adsorption (AG,4.3):
AG* = G[TS*#]+0.5yG[H,(g)] — 0.5/AG 4}, — G[Alkane(g)]
(11)
AG,41, was modeled by desorbing 2 H* as H, from H*-
saturated Ir(111) surfaces (1 H*/Ir,,) to give enthalpies and
free energies for dissociative H, (AH,43, = —34 kJ mol™" and
AG, 4.y, = —10 kJ mol™) consistent with high H* coverages at

>500 kPa H,.”” Here, enthalpies and free energies of all states
are obtained via eqs 1 and 2 (at 593 K, the temperature at
which 1 values were measured for isobutane and 2,3-
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dimethylbutane'>**). AH* and AG* values (and eqs 4 and 7)
are then used to determine relative rates of C—C cleavage of
intermediates derived from isobutane, neopentane, and 2,3-
dimethylbutane, thus allowing theory to discriminate between
C—C hydrogenolysis routes.

3. RESULTS AND DISCUSSION

3.1. Isobutane Hydrogenolysis. Isobutane has three
equivalent *C—'C bonds; these bonds rupture at rates
described by eq 4, which also describes the hydrogenolysis
rates of n-alkanes. Isobutane hydrogenolysis turnover rates are,
however, more sensitive to H, pressure (4 = 4.0 + 0.2) than are
rates for n-alkanes (4 = 3.0 + 0.2), indicating that their
transition states require the removal of more hydrogen atoms
from reactants (y) and/or from H¥-saturated surfaces (/)"
than those for n-alkane cleavage (y = 4,7 = 2, 4 = 3). The
rupture of *C—'C bonds in isobutane must proceed via C—C
cleavage of an intermediate that differs from the a,3-bound (7%,
17?) RC*C*R’ structures implicated for n-alkanes, because *C
atoms contain, and therefore can lose, only one H atom and
thus can form only one C—M bond. Here, we consider the
energetics of C—C bond activation steps in the complete set of
80 distinct isobutane-derived intermediates, formed by
dehydrogenation to form eight possible permutations of surface
attachments (Figure 1).

A A A
A A A

Partially dehydrogenated and bound C-atoms

H-atoms removed from 3C

Figure 1. Forms of partially dehydrogenated isobutane intermediates
organized by the total number of partially dehydrogenated C atoms
and the number of H atoms (0 or 1) removed from the central *C.
Dots indicate an attachment position where a C atom has lost one or
more H atoms, and binds to the metal surface. Numbers near each
structure indicate the number of different C—C cleavage transition
states formed from intermediates with those surface attachments. *C—
C cleavage within molecular isobutane not calculated. *Only C—C
cleavage of partially dehydrogenated C—C bonds (indicated by dashed
lines) was calculated.

C—C ruptures in a- and o,f-bound intermediates on Ir
surfaces were considered by determining their effective
enthalpy (AH*) and free energy (AG?) barriers using DFT;
the latter are directly responsible for measured rate constants
for C—C activation (eqs 4 and 7). C—C cleavage in
(CH;),C*CH* mediated by (CH,),C*—CH** exhibits the
lowest AH* (224 kJ mol™') and AG* (190 kJ mol™") values
among all C—C cleavage steps in a-bound or a,f-bound
intermediates (Figure 2, Table S1, structures in Figure 3A), but
its A value (2.5, y = 3,/ = 2) is significantly smaller than
measured values (4.0 + 0.2). Isobutane activation via a- or a,f3-
bound intermediates would lead to values of A (1.5—3) that are
much smaller than those measured (4.0). These observations
lead us to conclude that isobutane must activate via either ,y-
or a,f,y-bound species.

Intermediates with a,y-coordination to surfaces (e.g.,
CH,*CH(CH;)CH*) form by C—H activation at a —CHj,
group in (CH;),CHCH*. These species can undergo
subsequent C—C bond cleavage via an a,f,y-bound transition
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a,y-bound intermediates (£ = 3)

Crg Ci“‘s Ci"a Ci"a
CH_, CH_. CH_. CH_.
PN N s 7
cH¥ cw  cH TcHr ¢ e ¢ e
cH CH 274 31 310 360
I " / 59 124 192 257
oH, o, 239 238 196 207
CH; TCHf CHy TchHr
=
AGK 297 236 €% % PR P P
cHy TcH  cHf chr  cHf Cew ¢ e o o
o el A R
mt(—,z%me%?tes 190 196 210 191 258
- a,B,y-bound intermediates (£ = 3)
1 2 3 4 5 6 7

H-Atoms Removed from Isobutane, y

Figure 2. AH* (black, bold), AS* (red, italics), and AG* (593 K, blue, bold italics) for the most favorable C—C cleavage reactions of various
isobutane-derived intermediates. Site occupancies (/) are shown for C—C cleavage transition states for @,f-, @,y-, and @,f,y-bound intermediates.

Transition State Products

Reactants

(CHs),C*CH* (CHa),C*~CH*# CH,C*CHj + CH*

AH 165 224 164 y=3
AS 54 57 58 (=2
AG 134 190 130 21=2

Products

Reactants Transition State

CH,*C*(CH,)CH"* CH,*C*(CHy)-CH*#
205 269 y=4
AS 132 124 125 (=3
5 AG 127 196 137 2=35

-
o 15088
» -»
1450 " W

CH*C*(CH,)CH* CH*C*(CH,;)-CH*#

AH 244 325 185 y=5
AS 191 193 202 (=3
AG 130 210 65 i=4

AH 251 310 179 y=5
AS 191 193 201 ¢=3
AG 138 195 59 1=4

C*CH(CH,)CH* C*CH*(CH;)-CH*#

C*C*(CHy)CH* C*C*(CHy)-CH* CH,C*C* + CH*

AH 239 351 263 y=6
AS 244 269 285 (=3
AG 94 191 94 /=4

C*CH(CH)C* C*CH¥(CH,)-C*# CH,CHC* + C*
AH 322 360 300 y=6
AS 259 258 269 ¢=3
5 AG 168 207 141 =45

Figure 3. Reactant, product, and transition state structures for C—C cleavage of isobutane via (A) (CH;),C*—CH**, (B) CH,*C*(CH;)—CH**,
(C) CH*C*(CH;)—-CH**, (D) C*CH*(CH,)—CH**, (E) C*C*(CH,;)—CH**, and (F) C*CH*(CH,)—C**. Enthalpies (AH, k] mol™'),
entropies (AS, J mol™ K™) and free energies (AG, kJ mol™") for forming each state (and stoichiometric amounts of H,) from isobutane and a H*-
covered surface are shown. Notable C—C bond distances shown in pm.

state (CH,*CH*(CH,)—CH?**). Although C—C bond rupture
via CH,*CH*(CH,)—CH** gives a AH" value (274 kJ mol™")
that is 39 kJ mol™ larger than for (CH,),CH*—CH** (235 kJ
mol™!, Figure 2), these AH* differences are largely
compensated by a concomitant increase in AS* values (by 60
J mol™ K™"), rendering AG* values for these two routes similar
(236 and 239 kJ mol™) at 593 K. CH,*CH(CH,)CH*
intermediates can further dehydrogenate to form CH*CH-
(CH;)CH*, which can undergo C—C bond cleavage via
CH*CH(CH,)—CH** transition states with a AH* value of
311 kJ mol™". This AH* is larger (by 37 kJ mol™) than for the
route mediated by CH,*CH*(CH;)—CH**, but a similar
compensation by a larger AS* value (by 65 J mol™ K™') leads
once again to similar AG* values (239 and 238 kJ mol~’,
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respectively, 593 K; Figure 2) for CH,*CH*(CH,)—CH** and
CH*CH*(CH;)—CH**. C—C cleavage mediated by C*CH-
(CH,)—CH** (Figure 3D) has essentially the same AH* value
as that mediated by CH*CH(CH,)—CH** but a larger AS*
(by 68 J mol™' K™"), leading to AG? values (195 kJ mol™) that
are smaller (by 43 kJ mol™") than those for CH,*CH(CH;)—
CH** or CH*CH(CH,)—CH** and which rank among the
smallest AG* values for isobutane activation (Figure 2). C—C
cleavage via C*CH(CH,;)—C** (Figure 3F) has a slightly
higher AG* value (207 kJ mol™') than C—C cleavage via
C*CH(CH;)—C**. Other C—C cleavages in a,y-bound
intermediates have larger AG* (303—375 kJ mol™) than
those shown in Figure 2 (196—239 kJ mol™), as shown in
Figure 4 and Table S2. C—C cleavage via C*CH(CH,)—CH**
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Figure 4. (A) AH, and (B) AG* (593 K, 1 bar H,) for C—C bond activation routes in isobutane-derived intermediates via C—C cleavage in ,f-
bound intermediates via *CH,—*CH,(CH,)," (a = 0-3, b = 0—1) (®, orange) and *CH,*CH,(CH,)—CH,** (a = 0—2, b = 0—1) (O) transition
states; a,y-bound intermediates via *CH,CH*(CH,)—CH,** (a = 0~2, b = 0—2) (M, blue); @,f,y-bound intermediates via *CH,C*(CH,)—CH,**
(a=0-2,b=0-2) (A, green) and *CH,C*(CH,*)—CH;** (a = 0-2, b = 0-2) (A); a,y,6-bound intermediates via *CH,CH*(CH_*)—CH,** (a
=0-2,b=0-2,c=0-2) (# brown); a,f,6-bound intermediates via *CH,C*(CH_*)—CH,** (a = 0-2, b = 0—2, ¢ = 0-2) (4, red). Tables S1—
S5 in the SIshow y, 1, 4, AH,, AH*, AS*, and AG* for all transition states shown above. Color version (to add contrast between symbols) available
online.

has the lowest AG* (195 kJ mol™") among activations of a,y- stable than the C—C cleavage via a,f-bound (CH;),C*—CH**

bound species, and it occurs without activation of the *C—H (AH* of 224 and AG* of 190 kJ mol™).

bond. The cleavage of C—C bonds in ,f,y,6-bound intermediates
Dehydrogenation of —CHj groups in a,y-bound intermedi- was also examined (Figure 4, Table SS). They give AH* values

ates forms a,y,5-bound species, such as CH,*CH(CH,*)CH*. ranging from 352 to 747 kJ mol™' and also large AG* values

Eighteen C—C activation steps of these a,y,6-bound (244—432 kJ mol™"). These AH* and AG* values rule out

intermediates were examined; C—C bonds cleave with AH* activation routes involving a,f3,7,0-bound intermediates,

values between 360 and 639 kJ mol™" and AG* values from 261 because of the much smaller AH* and AG* values for C—C
to 361 k] mol™" (Figure 4 and Table S3). These large AH* and activation routes mediated instead by (CH,),C*—CH** (AH*
AG* values show that these ,y,6-bound intermediates undergo and AG* of 224 and 190 k] mol™’, respectively).

C—C rupture at rates much lower than for a,f-coordinated C—C bond cleavage via CH;C*(CH;)—CH** has the lowest
CH,C*(CH,;)CH* intermediates, which can cleave C—C via AH* and AG* values (224 and 190 kJ mol™, respectively)
CH,C*(CH,)—CH** with AH* and AG* values of 224 and among the 71 distinct isobutane-derived intermediates

190 kJ mol™", respectively. examined (Figure 3b). The A value for C—C bond cleavage

Isobutane may also activate via @,f,y-bound intermediates, via CH;C*(CH;)—CH** (Figure 3A) is 2.5 (y = 3, 1 = 2),
after C—H activation at the °C atom in a,y-bound however, is much smaller than measured values (4 = 4.0 +
intermediates, or via successive C—H activations of the 0.2)."" This comparison suggests that hydrogenolysis of
—CH,; group in @f-bound CH;C*(CH,;)CH* (Figure 2). isobutane may also cleave via other parallel pathways, whose
AH* values increase from 224 to 351 kJ mol™ with more AG* values may be similar within uncertainties of our methods
extensive dehydrogenation of the —CH; group in routes (e.g, for C—C rupture via CH,*C*(CH;)—CH** (196 kJ
mediated by CH,*C*(CH;)—CH?** transition states (from x = mol™!, Figure 3B), CH*CH(CH;)—CH** (195 kJ mol™,

0—3). The concomitant increases in AS* values (caused by the Figure 3D), and C*C*(CH;)—CH** (191 kJ mol™, Figure
evolution of a larger number of H, molecules) from 57 to 269 J 3E) are similar to that via CH,C*(CH,)—CH** (190 kJ mol~*,
mol™ K" lead to AG* values that are similar for activations via Figure 3A). These four plausible routes involve transition states
all transition states of the CH,*C*(CH;)—CH** type (190 to formed by removing 3—6 H atoms from isobutane (y) and
210 kJ mol™" at 593 K, Figure 3B,C,E). C—C cleavage via bound on 2—3 exposed metal atoms (/), therefore, the resulting
C*C*(CH,;)—C**, however, has much larger AH* (by 103 kJ A values range from 2.5 to 4.5 (measured 4 = 4.0 + 0.2), and
mol™) and AG* (by 67 kJ mol™) values than C—C cleavage thus their relative contributions differ with H, pressure (eq 4).
via C*C*(CH,;)—CH**, reflecting the aversion toward C—C deavage via CH;C*(CH;)—CH** (1 = 2.5) has the
producing atomic C* on Ir surfaces. AH* (287 to 594 kJ highest DFT-predicted rate (eqs 4 and 7, 10 kPa isobutane, 593
mol™!) and AG* values (223 to 447 kJ mol™!) for the 11 other K) at relevant H, pressures (1—20 bar), but its contribution
possible C—C rupture pathways in @,f,y-bound intermediates ranges from ~40% (1 bar H,) to 98% (20 bar H,), indicating
that were also calculated (Figure 4, Table S4) are much less that multiple pathways are present. The sum of DFT-predicted
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rates for all transition states in Figure 4 varied from 5.5 X 1075
st to 12 x 107® s7' from 1 to 20 bar H,, with a H,-
dependence consistent with a A value of 2.8 (Figure S),

107%
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Figure 5. DFT-predicted hydrogenolysis rates (s™') for isobutane (10
kPa) cleavage via transition states shown in Figure 4 at 10 bar H,, up/
down arrows represent S and 20 bar H,, respectively (the size of the
bars depend only on /, so they are omitted from most points for
clarity. (Inset) Total rate of pathways from all 71 transition states from
1 to 20 bar H,, showing a DFT-predicted A value of 2.74.

significantly lower than measured values (4 = 4.0 + 0.2)."° C—
C cleavage via C*CH*(CH;)—CH** (Figure 3D) has a 1 value
of 40 and a AG* (195 kJ mol™") comparable to that of
CH,C*(CH,)—CH** (190 kJ mol™, Figure 3A); these AG*
values are within the uncertainty associated with DFT methods,
indicating that DFT alone cannot distinguish between these
two pathways (Figure 3A and 3D) or others with similar AG*
values (Figure 3B and 3E). Measured A values (4.0 + 0.2) must
then become the arbiter among these remaining plausible
options; they indicate that C—C bonds cleave via C*CH*-
(CH,;)—CH** transition states (4 = 4, Figure 3D). The DFT-
derived AH* value for this route (310 kJ mol™) is larger than
measured values (256 kJ mol™),"" perhaps as a result of the
neglected dispersive interactions in the DFT functionals used;
such interactions stabilize the bound transition states but not
the gaseous molecules or chemisorbed H atoms that determine
AG* (eq 9). DFT-predicted AS* values (193 J mol™ K™) for
C—C cleavage via C*CH*(CH;)—CH**, in contrast, agree
with measured values (209 J mol™' K™'), because AS¥ is
predominantly determined by the entropy of gaseous
molecules, which are unaffected by dispersive forces.

We conclude that 'C—3C bonds in isobutane cleave via a,y-
bound C*CH(CH;)CH* species that cleave in a step mediated
by C*CH*(CH,)—CH** (Figure 3D). These conclusions are
based on the small AG* value for this step and the agreement
between the predicted and measured A and AS* values for
isobutane hydrogenolysis on Ir surfaces nearly saturated with
chemisorbed hydrogen.'” The 3C atom in C*CH(CH,)CH*
does not undergo C—H cleavage during C—C hydrogenolysis,
and thus is not bound to the surface preceding C—C cleavage.
The distance between the *C atom and the metal surface (264
pm) in the transition state is significantly longer than in the
product state (240 pm), which are both significantly longer
than 'C—M bonds (210 pm) (Figure 3D). These long *C—M
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distances indicate that the metal surface interacts weakly with
the *C atom upon C—C cleavage, in contrast to C—C cleavage
of n-alkanes as further discussed in Section 3.4.

3.2. Neopentane Hydrogenolysis. Neopentane has four
indistinguishable *C—'C bonds and undergoes hydrogenolysis
by cleaving these bonds to form methane and isobu-
tane.'**%"7% The *C atom lacks a H atom, thus precluding
its dehydrogenation and binding, at least without intervening
skeletal isomerization. Also, the presence of the 4C atom
requires that any H atoms removed from the CH; groups must
lead to the formation of C-M bonds, because C=C cannot
form. As a result, *C—'C rupture in neopentane must occur via
transition states that form from a-, a,y-, or a,y,0-bound
intermediates. We examine next the complete set of 30 distinct
*c-IC rupture transition states that can form from the 18
possible a-, a,y-, or a,y,0-bound intermediates.

The three possible a-bound intermediates can undergo C—C
cleavage via transition states that bind the *C atom to the
surface at the (CH,);C*—CH,** transition state after removing
1—3 H atoms from one CHj group (x = 0—2). These transition
states have AH* values of 266, 258, and 309 kJ mol™" for
—CH,*, —CH*, and —C* terminal groups in (CH,);C*—
CH,**; these trends provide evidence for a significant enthalpy
barrier when a C* moiety forms upon C—C cleavage, as also
observed for C—C activation in a-bound n-alkanes™ and
isobutane. The AG* values for transition states with —CH,¥,
—CH*, and —C* terminal groups show that (CH;),C*—CH**
transition states mediate the most favorable path, with a AG*
value (253 kJ mol™!) that is smaller than for activation routes
mediated by (CH;);C*—CH,** or (CH;);C*—C** complexes
(279 and 296 kJ mol™") (Figure 6, Table S6).

Neopentane-derived a,y-bound intermediates can undergo
C—C rupture via nine distinct transition states with the
structure and stoichiometry of CH,*C*(CH,;),—CH,** (a =
0-2, b = 0—2); their DFT-derived AH* and AG* values are
shown in Figure 6 and Table S2. C—C cleavage via a
CH*C*(CH,),—CH** (y = 5,1 = 3, 1 = 4) is the most
favorable pathway; its AG* value of 182 kJ mol™" is 11 kJ mol™
lower than the next-lowest value (for C—C cleavage via
CH,*C*(CH,),—C**). The *C atom in CH*C*(CH,),—
CH** is weakly interacting with the metal surface (*C—M
distance of 276 pm in contrast to 'C-M bonds 210 pm long),
and this C—C cleavage is homologous to *C—'C cleavage in
isobutane via CH*CH*(CH,)—CH** (Figure 3D), which
involves a *C atom weakly interacting with the metal surface
(*C—M distance of 264 pm in the transition state).

Neopentane-derived a,y,0-bound intermediates CH,*C*-
(CH,*)(CH;)—CH** (a = 0-2, b = 0-2, ¢ = 0-2) can
undergo C—C rupture via 18 distinct transition states with
structure and stoichiometry given by CH,*C*(CH,*) (CH;)—
CH_**. Their AH* (368—604 kJ mol™!) and AG* (239—375 kJ
mol™") values (Table S3) are much larger than for C—C
cleavage in the a,y-bound intermediates described in the
previous paragraph (AH® = 308 kJ mol™; AG* = 182 kJ
mol™!). Therefore, these a,y,0-bound intermediates are not
likely to contribute to measured neopentane hydrogenolysis
rates, as similar calculations have also indicated in the case of
isobutane hydrogenolysis.

The AH* and AG* values for C—C cleavage mediated by the
30 neopentane-derived transition states are shown in Figure 6.
C—C cleavage in a,y-bound C*(CH;),CCH* via C*-
(CH,),C*—CH** transition states proceeds with the lowest
activation free energy barrier (AG* = 182 kJ mol™}; Figure 6B;

476

593 K, 1 bar); the structure of this transition state is shown in
Figure 7. The difference between its AG* value (182 kJ mol™,

Transition State Products

Reactants

*C(CHy),CH* C*C*(CHy)-CH*#

AH 255 308 177 y=5
AS 209 213 231 =3
AG 131 182 40 i=4

Figure 7. Reactant, product and transition state structures for C—C
cleavage of neopentane via C*C*(CH,),—CH*. Enthalpies (kJ
mol™"), entropies (J mol™" K™') and free energies (kJ mol™') for
forming each state (and stoichiometric amounts of H,) from
neopentane and a H*-covered surface are shown. Notable C—C
bond distances shown in pm.

A = 4) and that of the next most facile route (194 kJ mol™" for
C—C dleavage via C*(CH;),C*—C**, 1 = 4.5) indicates that
the a,y-bound C*(CH,),C*—CH** transition state accounts
for the products formed in neopentane hydrogenolysis. This
conclusion is supported by calculated rates (determined using
eq 4 and DFT-predicted values of 4 and AG*) that are more
than 10 times larger than for all other C—C cleavage transition
states at >1 bar H, (Figure 8), thus accounting for the majority
(>95%) of the total neopentane hydrogenolysis rate (593 K).
In contrast, four distinct transition states for Ic-3¢ cleavage in
isobutane gave similar AG* values (190—196 kJ mol™'; Figure
3b), and therefore, the observed isobutane C—C hydro-
genolysis rates contain comparable contributions from multiple
pathways and give a reactivity-averaged value for 4 (2.7). The
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Figure 8. DFT-predicted hydrogenolysis rates (s™') for neopentane
(10 kPa) cleavage via transition states shown in Figure 6 at 10 bar H,,
up/down arrows represent S and 20 bar H,, respectively (the size of
the bars depend only on 4, so they are omitted from most points for
clarity. (Inset) Total rate across all 30 transition states from 1 to 20 bar
H,, showing a DFT-predicted 4 value of 4.02.
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central “C atom in neopentane has no H atoms to lose, thus
preventing the formation of - or a,f,y-bound intermediates
that form and undergo C—C cleavage during isobutane
hydrogenolysis.

3.3. 2,3-Dimethylbutane Hydrogenolysis. 2,3-Dimethyl-
butane contains a *C—>C bond that cleaves at rates also
described by eq 4 but with a A value of 4.3 + 0.3 (0.7 nm Ir
clusters); these 4 values are slightly larger than those measured
for 3C—'C bond cleavage in isobutane (4.0 + 0.2) or 'C—'C,
!C-2C’' or >C—?C bonds cleavage of n-alkanes (3.0 +
0.2).10’22’30 A A value of 43 + 0.3 is consistent with the
combined removal of 8—9 H atoms from 2,3-dimethylbutane
and the H*-saturated surface to form the kinetically relevant
transition state. The 3C—3C bond being cleaved, however,
contains only two H atoms, indicating that C—C activation of
2,3-dimethylbutane must occur after H-removal from ancillary
C atoms with the concomitant formation of C—M bonds.

2,3-Dimethylbutane molecules can form 289 dehydrogenated
intermediates (bound at 1—6 points at the surface through
many combinations of C atoms, Figure 9). Such diversity of

Partially dehydrogenated and bound C-atoms

H-atoms removed from 3C—3C bond

Figure 9. Forms of partially dehydrogenated 2,3-dimethylbutane
intermediates. Dots indicate a C atom that has undergone C—H
activation and is bound to the metal surface. Numbers within each
backbone indicate the number of different intermediates with those
surface attachments. Shaded sets indicate intermediates with
homologues previously examined for n-alkane and/or isobutane
activations. *Both cis and trans isomers are counted here, only the
cis isomer is shown.

intermediates renders the full analysis of their energetics and
reactivity inefficient and computationally arduous. These
3C—3C cleavages form C; intermediates on the Ir surface:

CeH,, + IH* — C,H,™* + C,H,"* + AH, (12)

and the complete set of C; intermediates have been isolated on
Ir surfaces in previous work examining propane hydro-
genolysis.”” 3C—>C cleavage transition states are less stable
than the product state shown in eq 12 (as reverse free energy
barriers are >0 kJ mol_l). Thus, we first calculate reaction
enthalpies and free energies to form the C; products of *C—>C
cleavage and stoichiometric amounts of H, from 2,3-
dimethylbutane (AHp and AGp):

AH, = H[C,H,**] + H[C,H,"*] + AH[H,]

— H[CH,,] — /H[H*] (13)

477

AG, = G[C;H,™*] + G[C,H,"*] + 1G[H,]
- G[C¢H,,] — IG[H¥] (14)

which represent lower bounds for AH* and AG*. AH,, values
(Figure 10A) increase with increasing extents of dehydrogen-
ation in reactive intermediates, such that the minimum AH,
value (98 kJ mol™') is for direct activation of 2,3-
dimethylbutane, and this trend reflects the endothermic nature
of C—H activations. AGp values (Figure 10B), in contrast,
reflect the entropic benefits associated with H, formation
during quasi-equilibrated dehydrogenation and are smallest
(and similar) for three intermediates which are formed from
the removal of 6 H atoms from 2,3-dimethylbutane (14, 20, and
27 kJ mol™! for C*CH(CH,)CH(CH,)C*, C*CH(CH,)C*-
(CH;)CH*, and CH*C*(CH,;)C*(CH;)CH*). The AGp
values for these isomeric intermediates increase from 14 to
27 kJ mol™ as the number of C—M bonds increases from 2 to
4. The transition states for *C—>C cleavage in these three
intermediates were isolated (Figure 11) and cleavage steps
mediated via C*CH*(CH,)—CH*(CH,)C** complexes (y =
6,1 =4, 1 =5) gave the lowest AH* (286 kJ mol™') and AG*
(119 KJ mol™") barriers. This AG* barrier (119 kJ mol™) is
lower than the AG, values for 172 of the 289 distinct
intermediates (Figure 10B), which therefore must exhibit AG*
barriers larger than for routes mediated by C*CH*(CH;)—
CH*(CH,)C**; we conclude that such intermediates cannot
significantly contribute to measured 2,3-dimethylbutane hydro-
genolysis rates. The structures of all bound intermediates with
AGj values lower than 100 kJ mol™ were determined and used
to calculate reaction enthalpies and free energies for their
formation (with stoichiometric amounts of H, from 2,3-

dimethylbutane) (AHy and AGy).

CHy, + IH* — CgHy,_)* + AH, (15)
AHy = H[CgH(y,_)"*] + AH[H,] — H[CH,,]

— IH[H*] (16)
AGy = G[CH(y,_)*] + AG[H,] — G[C4H,,]

— IG[H*] (17)

These AHy and AGy values also represent the lower bounds
for AH* and AG*. AGy, values ranged from 16 to 302 kJ mol™*,
and 16 of them were smaller than 110 k] mol™ and transition
states for *C—>C cleavage were isolated for the C—C cleavage
reactions of these 16 intermediates. In addition, 71 transition
states for C—>C cleavage were isolated which share
homologous transition states with isobutane or butane
activations to determine the effects of branching on AH* and
AG? values (to be presented separately).

AH?* and AG?* values for 80 3C—3C cleavage reactions of 2,3-
dimethylbutane are shown in Figure 12. Reactions occurring
through a,f-bound (CH,),C*C*(CH;), and a,6-bound
C*CH(CH,)CH(CH,)C* species have AH* values of 284
and 286 kJ mol™'; these AH* values are much smaller than for
all other *C—>C cleavage reactions (>307 kJ mol™"). These
a,f-bound and a,6-bound (CH,),C*—C*(CH,), transition
states bind onto two sites (/ = 2) and require that two H atoms
be removed from 2,3-dimethylbutane (y = 2), thus leading to 4
values (A = 2), which are much smaller than measured values
(43 + 03) [10]. C*CH*(CH,;)—CH*(CH,)C** transition
states (Figure 11A), in contrast, require four sites (/ = 4) and
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CH*C*(CH,)C*(CHy)CH*  CH*C*(CHy)-C*(CH)CH'# 2 CH,C*CH*
AH 243 356 293 y=6
AS 258 253 245 r=4
AG 90 206 148 1=5

*(CHy)-CH*(CH,)C*#
AH 257 332 225 y=6
AS 253 266 273 r=4
AG 107 174 63 1=5

C*CH(CH)CH(CHs)C*  G*CH*(CHy)-CH*(CHy)C*# 2 CH,CH'C*
AH 204 286 227 y=6
AS 265 282 287 r=4
AG 47 119 57 =5

Figure 11. Reactant, product, and transition state structures for C—C
cleavage of 2,3-dimethylbutane via (A) CH*C*(CH,)—C*(CH,)-
CH*, (B) CH*C*(CH,)—CH*(CH,)C**, and (C) C*CH*(CH,)—
CH*(CH,)C**, Enthalpies (k] mol™"), entropies (J mol™ K™'), and
free energies (kJ mol™') for forming each state (and stoichiometric
amounts of H,) from 2,3-dimethylbutane and a H*-covered surface
are shown. Notable C—C bond distances shown in pm.
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the loss of six H atoms from 2,3-dimethylbutane, thus giving a A
value of S, which is slightly larger than those measured (4.3 +
0.3). These larger A values also lead to much larger AS* values
for C*CH(CH,;)CH(CH,)C* activation (283 J mol™ K™)
than for C*(CH,),(CH,),C* activation (=2 J mol™ K™),
which leads to AG? values that are much smaller for C—C
cleavage via C*CH*(CH;)—CH*(CH;)C* (119 kJ mol™)
than for cleavage via (CH;),C*—C*(CH;), (285 kJ mol™).
This AG? barrier for C*CH(CH,;)CH(CH,)C*-mediated
routes (119 kJ mol™) is also much smaller than for any
other C—C cleavage route of 2,3-dimethylbutane-derived
species (=171 kJ mol™") (Figure 12), thus rendering all other
routes kinetically irrelevant, as shown by rates several orders of
magnitude higher for cleavage via C*CH*(CH,)—CH*(CHj)-
C* at >1 bar H, and 593 K (Figure 13). 2,3-Dimethylbutane
thus activates solely via C*CH(CH;)CH(CH;)C* activation,
which gives a 4 value of S at high H*-coverage if the transition
state requires four sites.

The A value for C*CH(CH,;)CH(CH,)C*-mediated routes
(5) is slightly larger than measured values (4.3 + 0.3). DFT-
derived AG* values indicate a single dominant route for C—C
cleavage pathways. Consequently, these differences in 4 suggest
that the relevant transition state displaces fewer than the four H
atoms indicated by the number of C atoms bound in the
product state. Such differences may reflect either C*CH*-
(CH;)—CH*(CH,)C** species that require fewer than four
“sites” or that H* coverages are below 1 ML during 2,3-
dimethylbutane hydrogenolysis even at H, pressures above 1
MPa in the experiments.'” Neither 3C atom in the cleaved
3C—3C bond is interacting with the metal surface in the
C*CH*(CH,)—CH*(CH,;)C** transition state, as further
discussed in Section 3.4, so just the two IC atoms are
interacting strongly with the metal surface (Figure 11C),
indicating that / may be two (instead of four). Rigorous
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determination of / requires calculating AG* as a function of /
on a fully covered H* Ir(111) surface and is outside of the
scope of this work. A / value of 2 lowers the A value predicted
for activation via C*CH(CH;)CH(CH,)C* to 4, similar to the
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measured value of 4.3 + 0.3. DFT-predicted AH* depends on /
(as Hy-desorption is endothermic) and varies from 286 kJ
mol™" (I = 4) to 253 k] mol™) (J = 2); the latter of which is in
good agreement with the measured value (257 kJ mol™")."
Similarly, DFT-predicted AS* (243 J mol™' K™!) and AG* (109
kJ mol™") values (when / = 2) are also in good agreement with
measured values (AS* of 247 J mol™ K™! and AG* of 111 kJ
mol™"), indicating that / = 2 for this reaction.

A/ value of 2 indicates that the *C atoms directly involved in
3C—C cleavage do not interact with the metal surface during
transition-state formation, a C—C cleavage pathway very
different from those described for activations of ethane®” and
larger n-alkane® which occur via a,f-coordinated (1%, )
complexes in which both C atoms in the cleaved bond are
strongly bound to the metal surface both prior to and in the C—
C cleavage transition state. These two pathways for C—C
cleavage are directly compared with charge analysis methods
(QUAMBO)® in the following section.

3.4. C—C Bond Cleavage at or Away from Bound C
Atoms: Contrasting n-Butane and 2,3-Dimethylbutane
Hydrogenolysis. In this section, we examine the evolution of
charge along the reaction coordinate in order to contrast the
details of the cleavage of *C—>C bonds within n-butane with
that of *C—>C bonds within 2,3-dimethylbutane. n-Butane and
other n-alkanes undergo C—C cleavage after each of the C
atoms in the C—C bond loses two H atoms and forms two C—
M bonds, leading to the formation of RC*C*R’ intermediates
that then cleave the C—C bond in the sole kinetically relevant
step. C—C cleavage proceeds via RC*—C*R'* transition states
in which each C atom in the cleaved bond binds at a 3-fold
hollow site through three C—M bonds (Figure 14A) as two
CH;C* species form. These RC*—C*R'* transition states
require two sites on the Ir surface (1 = 3; y = 4,7 = 2)).”° The
RC*C*R' reactant state acquires 0.176 e~ from the Ir surface in
forming this transition state, which, in turn, gains an additional
0.128 ¢~ as it forms the two CH;C* products (Figure 14A).
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and of (B) 2,3-dimethylbutane via C*CH(CH,)—CH(CH,)C** transition states. Total partial charge on the Ir

surface shown in blue and that on Ir atoms directly bound to hydrocarbon fragments in pink (ligand Ir) in the online version. Furthermore, charges
on the hydrocarbon are shown in gray, charges on the CH;— fragments are shown in orange, those on the —C* fragments are shown in red, and
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illustrations displaying reactant, transition state, and product structures as well as the charge transfer (in ¢~ X 10°) to/from the surface and between

hydrocarbon fragments for each C—C cleavage reaction.

Table 1. Effects of C-Atom Substitution on C—C Cleavage Mechanisms

*C atom leaves alkane chains in

alkane 'C 1 T C
ethane 'c-'c - 2 CH* — — —
propane, butane 'c-C - CH* RC* — —
isobutane 'c-3c — CH* — RCH*C* —
neopentane 'c-*C - CH* — — RC*R'C*
ethane 'c-Ic - 2 CH* — — —
butane c-C - — 2 RC* — —
2,3-dimethylbutane 3c-3C - — — 2 RCH*C* —
This monotonic transfer of charge from the metal to the these *C atoms reside more than 308 pm away from the nearest
organic moiety is reminiscent of that observed in metal-atom- Ir atom at the transition state. These *C—’C cleavage steps
insertion reactions;”’ in these reactions, bonds cleave via involve electron transfer into the metal as the C*CH(CHj,)-
electron donation from the metal atom into the antibonding CH(CH;)C* species form the transition state (Figure 14B), in
orbitals of reactants as C—M bonds form. These n-butane contrast with the findings for 2°C—>C bond cleavage in n-butane.
hydrogenolysis pathways are common to all n-alkanes that The evolution of charge for *C—>C cleavage is not monotonic
contain only 'C- and *C atoms (e.g., ethane, Figure S2). along the reaction coordinate; the formation of the C*CH-
The evolution of charge differs markedly for *C—*C bond (CH;)—CH(CH,)C** transition state involves the transfer of
cleavage steps in 2,3 dimethylbutane. C—C cleavage occurs 0.051 ¢~ into the metal, while its decomposition into two
after all H atoms are removed from one of the 'C atoms vicinal CH,;CH*C* moieties removes 0.130 ¢~ from the metal. The
to each *C atom in the *C—>C bond (at @,6 positions of the total charge on the two —CH— groups is +0.14 e~ at the
2,3-dimethylbutane), which then bind onto 3-fold surface sites C*CH(CH;)—CH(CH,)C** transition state. Similar pathways
(Figure 11C, 14B). The two *C atoms do not lose their H atom and intermediates are involved in 'C—>C cleavage in isobutane
or bind to the Ir surface and the *C—>C bond cleaves without and 'C—*C cleavage in neopentane (Figures 3 and 7). The
contact between each of its *C atoms and the metal surface; positive charge and sp*like geometry of the *C atoms (and *C
480 DOI: 10.1021/acscatal.5b01950
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atoms) during the cleavage of highly substituted bonds are
reminiscent of carbenium-like C atom centers. The higher
degree of substitution on these C atoms prevents the formation
of two C—M bonds (thus preventing the coordination
preferred by ethane (and other n-alkanes)) and provides stable
carbenium-like intermediates that facilitate this novel C—C
cleavage mechanism for *C—>C activation in 2,3-dimethylbu-
tane.

Theoretical treatments of the activation of !C—!C, '\C-2C,
1C=3C, 'C—*C, and 2C—2C bonds in linear’*** and branched
alkanes (this study) lead to some important guidance and
broadly applicable concepts about the essential requirements
for H-removal (and C—M bond formation) before C—C
cleavage in alkanes. These are discussed next with the assistance
from the entries in Table 1, which show the intermediates
formed by C atoms of varying substitution upon C—C cleavage.
IC- and 2C atoms (present in !C-1C, 'C-*C, 2C-*C, 'c-3C,
and 'C—*C bonds) lose two H atoms before C—C cleavage,
resulting in two C—M bonds and thus forming CH* or RC*
intermediates upon decomposition of the C—C cleavage
transition state (Table 1). These mechanistic conclusions for
the cleavage of a variety of C—C bonds lead us to infer that 'C-
and *C atoms will always form CH* or RC* intermediates
upon C—C cleavage, irrespective of the degree of substitution at
the other C atom in the cleaved C—C bond. The evolution of
charge during C—C cleavage in ethane (Figure S2) and butane
(Figure 14) shows that electrons transfer from the metal surface
into antibonding C—C orbitals as the C—M bonds form at
these 'C and *C atoms during C—C cleavage. *C and “C atoms
(present in 'C—3C, 'C—*C, and *C—3C bonds), in contrast to
!C- and ’C atoms, do not lose any H atoms before C—C
cleavage. Instead, 1C atoms vicinal to the 3C and *C atoms lose
all of their H atoms as these bonds are cleaved in isobutane,
neopentane, and 2,3-dimethylbutane to form RCH*C* or
RC*R'C* products in the C—C cleavage elementary step
(Table 1). The loss of three H atoms from 'C atoms vicinal to
the C—C bond increases the AS* (through the evolution of H,
molecules) and connects *C- and *C atoms through C—C
bonds to the metal surface. These indirect linkages allow charge
to delocalize in *C and *C atoms, which adopt carbenium-like
properties, such as a net positive charge and sp*-like geometry
(Figure 14), at their C—C cleavage transition states. These
mechanistic considerations, supported by theory and experi-
ment, lead to consistent trends and to predictive and general
guidance for the effects of substitution on the rates, activation
energies, and H, inhibition effects for n-alkanes and isoalkanes.
These concepts are expected to extend to cycloalkanes, for
which mechanistic resemblance to acyclic alkanes has been
clearly established.'”*

4. CONCLUSIONS

Hydrogenolysis of 'C—'C and 'C—2C bonds of n-alkanes
proceed via C—C cleavage of a,f-bound (7%, 7*) RC*C*R’
intermediates. These transition states require two sites on the
catalyst surface and have four fewer H atoms than their n-alkane
reagents, resulting in three H, molecules formed with each
transition state formation. This formation of H, leads to rates
inhibited by (H,)? and such a dependence is observed for
!C—!'C and 'C—?C bond cleavage of n-alkanes, branched
alkanes, and cycloalkanes. Bonds of branched species (such as
isobutane or 2,3-dimethylbutane) containing *C atoms,
however, cannot form these a,f-bound (7% #?) RC*C*R’
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intermediates. These species sacrifice additional H atoms in the
form of C—H activations at 'C atoms vicinal to the bond being
broken, resulting in an increase in entropy, which decreases free
energies for transition state formation and leads to greater
inhibition by H, (rates proportional to (H,)™* for isobutane
and (H,)™3 for 2,3-dimethylbutane hydrogenolysis).'® Iso-
butane and neopentane form a,y-bound (1, #*) C*C(CH;)-
(R)CH* intermediates which C—C cleave via form C*C*-
(CHz‘)(R)—CH*i transition states. 2,3-Dimethylbutane forms
a,6-bound (1%, n*) C*CH(CH,)CH(CH,)C* which cleaves
C—C via C*CH*(CH,)—CH*(CH,)C** transition states.
These @,y- and ,6-bound transition states are consistent with
increased H, inhibition for hydrogenolysis of branched
species'’ and involve C—C activations in which one or both
C atoms are not bound to the surface prior to cleavage (and
either interact weakly or do not interact with the surface during
C—C activation), in direct contrast with observations from -
alkane hydrogenolysis.
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