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Abstract

The increasing demands for fuels and scarcity of petroleum resources have generated
tremendous interest in the development of sustainable strategies that can convert biomass as well
as other renewable feed sources into fuels and chemicals. Plant-based sugars and other biomass
sources can be deconstructed into polyols and cyclic ether that contain excess oxygen which
must be removed in the synthesis of useful chemical intermediates. In this work we carry out ab
initio quantum chemical calculations to examine the plausible elementary reactions involved in
hydrogenolysis of tetrahydrofurfural alcohol (THFA). The results are used to distinguish the
possible mechanisms involved in the hydrogenolytic ring opening of THFA at the secondary
carbon to form 1,2-pentanediol (1,2-PDO) and at the tertiary carbon to form 1,5-pentanediol
(1,5-PDO). The results suggest that the C-H bonds of the methylene groups bound to the ether
oxygen need to be broken in order to activate the C-O bond and open the ring. Coadsorbed
hydrogen can assist in the activation of the C-O bond at the tertiary carbon center, however this
was not the case for the activation of the C-O at the secondary carbon. The overall reaction path
to form 1,5-PDO was calculated to be less favorable than the path to form 1,2-PDO, by about 20
kJ/mol, in agreement with experimental results of THFA hydrogenolysis on Rh/SiO,. The
mechanistic insights from this work may be generalized to hydrogenolysis of a range of other

cyclic ethers and polyols.
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Chapter 1 — Introduction

The increasing demand for fuels and scarcity of petroleum resources has generated tremendous
interest in the development of sustainable strategies that can convert biomass as well as other
renewable feed sources into fuels and chemicals.’® The most commonly studied biomass
feedstocks are plant-based sugars that can produce various polyols and cyclic ethers that contain
significant amounts of oxygen which make them unsuitable for fuels and undesirable as chemical
intermediates.™ The production of value-added chemicals from these feeds therefore requires
catalytic processes that can selectively activate specific C-O bonds. Supported metal catalysts
are often used in the hydrogenolysis of C-O bonds of alcohols.”*® For example, glycerol
hydrogenolysis to form a mixture of diols has been studied over various supported-metal

catalysts including Ru, Rh, Pt and Pd.***

While many studies have been presented on polyol hydrogenolysis, there are far fewer studies
focused on the ring-opening hydrogenolysis of cyclic ethers. Tetrahydrofurfuryl alcohol (THFA)
is an exemplary cyclic ether compound that can be easily produced from biomass.'” The
hydrogenolysis of THFA can proceed via the activation at the secondary C-O bond to form 1,2-
pentanediol (1,2-PDO) or at the tertiary C-O bond to form1,5-pentanediol (1,5-PDO), which are
important monomers used in the synthesis of various polymers. As shown in Fig. 1, ring-opening
at the secondary carbon leads to 1,2-PDO, whereas the ring-opening at the tertiary carbon leads
to 1,5-PDO. Koso, et al."® examined the hydrogenolysis of THFA on Rh/SiO; in the presence as
well as the absence of ReOx promoter and found that the ReOx promoter significantly increase

the reactivity as well as the selectivity of the reaction. On the pure Rh catalyst, 1,2-PDO is the



dominant product with 62% selectivity compared to 18% towards 1,5-PDO, while on ReOy-
modified Rh catalysts, 1,5-PDO was produced with 94% selectivity. It’s apparent that over
unmodified Rh, the metal-catalyzed hydrogenolysis of THFA appears to occur at the less-
substituted carbon, whereas the ReOx modifier shifts the selectivity towards activation at the
more-substituted carbon. Due to well-known trends in the stability of carbenium ions, this shift

suggests acid-catalyzed hydrogenolysis. In the recent publication by Chia, et al,*°

they showed
the selective ring-opening of THFA as well as the analogous C6 cyclic ether, 2-
(hydroxymethyl)tetrahydropyran, which also demonstrated a very high selectivity to activate at
the more-substituted carbon over Rh—ReO,/C catalysts. The presence of acid sites in the Rh—
ReO,/C catalysts was confirmed through ammonia TPD and the acid-catalyzed mechanism of
ring-opening of THFA was elucidated. In contrast, the ring-opening of 2-methyltetrahydrofuran
(MTHF) showed a rather different selectivity pattern with hydrogenolysis predominantly
occurring at the less-substituted carbon on the same Rh-ReO,/C catalysts. The reaction rate,
however, was found to be >30x lower than that of THFA. It was speculated that the low activity
towards the formation of the less-substituted carbon was evidence that metal sites, rather than
acid sites, were activating MTHFE This was supported by density functional theory (DFT)
calculations which demonstrated that MTHF selectively ring-opens at the less-substituted carbon.
While efforts continue to further understand the nature of acid sites of these ReO x-promoted
catalysts, the Rh metal can also still play a major role in the hydrogenolysis of the ether and, as
stated, various others have focused on the hydrogenolysis over unpromoted supported metal
catalysts. Thus, it becomes important to elucidate the mechanism of ring-opening hydrogenolysis

over pure metal catalysts, to further understand both areas of research.
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Figure 1. Schematic for the hydrogenolysis of THFA at different carbon centers leading to the

formation of characteristically different products.

The selective hydrogenolysis of THFA and MTHF at the less-substituted carbon on pure Rh
catalysts is similar to hydrogenolysis of cyclic hydrocarbons (such as methylcyclopentane and
1,2-dimethylcyclobutane) on Pt, Ni and Rh catalysts, which also favor activation at the less-
substituted carbon.”?® The hydrogenolysis of 1,2-dimethylcyclobutane on Rh film produces
91% 2,3-dimethyl-butane, which indicates the selective breaking of the less-substituted C-C
bond as shown in Fig. 2.° This selective C-C cleavage was reported to proceed by the initial
scission of the four hydrogen atoms to form the a,a,,p-tetra-adsorbed intermediate prior to C-C
bond activation.?*?” Although 1,2-dimethylcyclobutane primarily activates at the less-substituted
C-C bonds, the rate of C-C cleavage at the more-substituted carbon can be affected by the
stereochemistry of the C-C bond. It was found that higher yields of n-hexane and 3-
methylpentane were formed from the cis- isomer rather than from the trans- isomer as shown in
Fig. 2. Before cleavage of the substituted C-C bond, an o,B-diadsorbed species is believed to be
formed by elimination of two H atoms and the steric interaction of the substituted methyl group
with the surface hinders the dehydrogenation from the trans- isomer.”** Both of these examples
for the hydrogenolysis of cyclic hydrocarbon suggest that prior to C-C activation, C-adsorbed
species are formed by the elimination of H atoms, and the dehydrogenation across the C-C bond

is associated with the selectivity of the C-C activation.
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Figure 2. Hydrogenolysis of 1,2-dimethylcyclobutane on Rh catalysts towards 2,3-dimethyl-

butane and n-hexane.?® %

Similar dehydrogenation pre-requisites have also been reported for C-C and C-O bond
hydrogenolysis of monofunctional alcohols and polyols. The hydrogenolysis of glycerol over
supported Ru catalysts, for example, is thought to proceed by the dehydrogenation of glycerol to
glyceraldehyde prior to C-O or C-C scission.’*** Compared with the cyclic hydrocarbon
hydrogenolysis mechanisms, glyceraldehyde can be considered to be an a,p-diadsorbed species
formed via the dehydrogenation of C-O bond. Similar behavior has also been observed by
Gennari, et al. in a study of hydrogenolysis of MTHF over Pt catalysts in which chemisorption of
hydrogen from the ether carbon was detected by IR methods, and as well higher selectivity over

the less-substituted carbon of MTHF was found .33

Based on the previous insights into the hydrogenolysis mechanisms that control the C-C and C-O
activation of linear alcohols such as glycerol as well as cyclic ethers which include MTHF, we
propose that during the hydrogenolysis of THFA, one or more of the C-H or O-H bonds are

broken in order to form a dehydrogenated and more strongly bound intermediate which will
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readily go on to activate the C-O or C-C bond breaking. The resulting intermediate will likely
hydrogenate to form the final diol products. However, the exact nature of the mechanism and

what determines product selectivity is still rather unclear.

In this work we carry out first-principle density functional theoretical calculations to examine the
elementary steps and explore plausible reaction pathways for the hydrogenolysis of THFA over
the Rh (111) surface and thus gain insights into the mechanisms that control ring-opening

hydrogenolysis of cyclic ethers over noble metal catalysts.

1



Chapter 2 - Computational Methods

All of the calculations in this study were carried out using periodic plane wave gradient-
corrected density functional theory methods implemented in the Vienna ab initio Simulation
Package (VASP) codes developed by Kresse and Hafner.** A plane wave basis set with a cut off
energy of 400 eV was used to describe the electronic structure for each of the ions and to solve
the series of Kohn-Sham equations.®® The PW91 form of generalized gradient approximation
(GGA) exchange correlation functional was used to provide the non-local gradient-corrections to
exchange and correlation energies.** Ultrasoft pseudopotentials were used to describe the Kohn
Sham orbitals in the core region.® The wave functions and charge density were converged to
within 10 eV. The geometric structures for all calculations were optimized until the forces were
converged to within 0.05 eV/ A using a 3x3x1 k-point mesh to sample the first Brillouin zone.®
The energies of the optimized structures were then calculated with a 6x6x1 k-point mesh to
integrate over the first Brillouin zone. The convergence criteria of 0.05 eV/A was verified by
further optimizing a set of structures presented in this paper to a convergence criteria of 0.01
eV/A. This tighter convergence criteria resulted in changes to the overall energy of < 0.02 eV,

which is believed to be smaller than the intrinsic error in the method.

The nudged elastic band (NEB) method*"* was used to find reaction pathways by linearly
interpolating 16 images between the initial and final states and then minimizing the energy of the
string of images until the forces perpendicular to the reaction path converged within 0.25 eV/ A.
Then initial guess of the transition state and reaction mode were grabbed from the minimum

energy path for further locating the transition state by dimer method.** The dimer methods
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works with two images as the ‘dimer’ which are slightly displaced by a fixed distance. The
transition state was located by moving the ‘dimer’ uphill on the potential energy surface along
which the ‘dimer’ is rotated in order to keep the lowest curvature mode of the potential energy.
The dimer calculations were converged until the forces perpendicular to the reaction mode were
beneath 0.05 eV/ A, that geometry was then calculated at a 6x6x1 k-point mesh as described

above.

A 3x3 Rh (111) surface with four metal layers and 15 A of vacuum separating slabs in the z-
direction was used for all of the reported calculations. In order to establish the intrinsic reactivity
we examine the low coverage regime of 1/9 ML of adsorbed THFA and 1/9 ML of adsorbed
atomic hydrogen. The top two metal layers were allowed to relax in the calculations whereas the
bottom two layers were held fixed to their bulk position. The optimized bulk Rh lattice constant
is calculated to be 3.80 A which is in agreement with the experiments.* The energies of the

adsorbates in vacuum were calculated spin-polarized in an 18x18x18 A unit cell.

The binding energies of the surface species were calculated as:

Eads = Esurf++adss Esurf - Eads
where Egur+ads IS the total energy of the metal surface with the adsorbate bound to the metal, Egur
is the total energy of the bare metal surface and E.qs is the total energy of the adsorbate in gas

phase.

The activation barriers and reaction energies were calculated as:

Ejer = Ers — Eg

13



Erxw = Ep — Eg
respectively where Ers is the total energy of the transition state, Eg is the total energy of the
reactant state and Ep is the total energy of the product state. For Er and Ep, if more than one
species is adsorbed on the surface, they are calculated as:
Epor Ep = Equfisit Eurpesst = Esurposnim (N — 1) Eqypy
where Egr+1 IS the total energy of the metal surface with adsorbed species 1 and similarly Egyr+2
and Egu+n are the total energies of the metal surface with adsorbed species 2 and species n with

the assumption that there are no interactions between species .
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Chapter 3 - Results and Discussion

3.1 Overall Pathways

The various possible pathways for the ring opening and hydrogenolysis of THFA at both the
secondary and more-substituted tertiary C-O bonds are shown in Fig. 3. The secondary carbon
(represented by Cshere) of THFA has two H atoms and can therefore result in two potential C-
adsorbed dehydrogenated intermediates: RC;H-OR’ which results from breaking one of the C-H
bonds and RCs-OR” which occurs via the scission of both C-H bonds, while only one C-adsorbed
intermediate (RO-C{R’) results from the activation of the C-H bond on the more substituted

tertiary carbon (represented by C;here) as only one C-H bond is present.

The activation of the C-H bonds leads to more strongly held intermediates to the surface and
initial weakening of the neighboring C-O bonds which helps ring-opening C-O bond scission.
The activation of the C-O bond can occur directly on the surface or may be assisted by adsorbed
hydrogen which is present under hydrogenolysis conditions. As such we examine both the direct
and H-assisted C-O activation over the metal surface. The resulting C- and O- bound ring-opened
intermediates that form upon C-O activation are subsequently hydrogenated to form the 1,2-
PDO or 1,5-PDO products. Depending on the intermediate that forms upon ring-opening, two or
four hydrogen addition steps will be required to form the diol products. The order of the H-
addition steps will lead to the formation of different intermediates and as such different
pathways. The activation and reaction energy for all the elementary steps that make up these
paths were calculated and shown in Fig. 3. We discuss in more detail each of the different

pathways and mechanisms involved in the hydrogenolysis of THFA to 1,2 PDO and 1,5 PDO in

15



the two subsections that follow.

dehydrogenation steps @
hydrogenation steps @
H-assisted ring opening @
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Figure 3. Overall pathways for the hydrogenolysis of THFA to form 1,2-PDO and 1,5-PDO.

Energetics for every elementary step is listed in the unit of kJ/mol.
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3.2 Hydrogenolysis of THFA to form 1,2-PDO

THFA adsorbs on the Rh surface through its ether oxygen atop a metal center with the distance of
2.30 A and tilted away from the surface normal by an angle of 40 degrees. This mode is
characteristic for the adsorption of water and other alcohols as the binding involves the donation
of a non-bonding lone pair of electrons on the oxygen into the metal®* and results in an
adsorption energy here of -44 kJ/mol. It’s important to note that in this mode of adsorption the
hydroxyl group could not bind to the surface due to structural constraints. The initial, transition
and final state structures for the reaction involving the scission of the first C-H bond at the
secondary carbon to form RCsH-OR’ intermediate is shown in Fig. 4A (Rxn 1). The reaction
starts with a rotation around the ether oxygen of the adsorbed THFA, such that the C-H bond of
the secondary ether carbon is oriented toward a surface metal atom to allow for C-H activation.
The reaction proceeds via metal atom insertion into the C-H bond with the C-H distance
elongated from 1.10 A to 1.56 A in the transition state, which is characteristic for C-H activation
reactions for other hydrocarbons.*”*® The reaction is slightly exothermic with the reaction energy
of -4 kJ/mol. The activation energy is calculated to be 72 kJ/mol, which is consistent with the

terminal C-H activation barrier of 74 kd/mol reported for glycerol on Rh (111). ¥

At this point, the RCsH-OR’ intermediate can either ring open as discussed below, or continue to
dehydrogenate by activating the 2" C-H from the secondary carbon, forming a bridge-bound
carbon intermediate (RCs-OR’). As shown in Fig. 4B (Rxn 2), the 2™ C-H activation of RCsH-
OR’ also proceeds via the classic oxidative metal atom insertion into the C-H bond as the C-H
distance increases from 1.10 A to 1.19 A in the transition state. It is noted that the C-O bond

distance decreases from 1.48 A to 1.41 A as a result of the double bond that forms between the

17



two. The elimination of the 2™ H atom is exothermic at -35 kJ/mol and has an activation barrier
of 53 ki/mol. We can see that the elimination of the 2™ hydrogen atom is much easier than the 1%

hydrogen atom.

A: Rxn 1: THFA— RC;H-OR’ + H

“Encr =72 kJ/mol
B- Rxn 2: RC.H-OR’ — RC.-OR” + H

Eact =53 kd/mol
C: Rxn 4: RCH-OR’ — RC<H, OR’

.__"l\.

/.‘\

- L 48./‘.

223/ 208

EACT =85 kJ/moI
D: Rxn 7: RCsH-OR’ + H —» RCsH», OR’

Epcr =128 kJ/mol Ersny =11 kKJ/mol
E: Rxn 8: RC.H-OR’ + H — RC.H, HOR’

18



Eacr =109 kJ/mol

F: Rxn 5: RCs-OR” — RC;, OR’

Figure 4. Initial, transition and final state geometries for the dehydrogenation and ring opening

reactions of THFA over the secondary carbon.

The activation of the C-O bond is thought to proceed subsequent to the activation of the C-H
bonds. The direct activation of the C-O bond of the C-adsorbed intermediate RCsH-OR’
intermediate on the Rh (111) surface is shown in Fig. 4C (Rxn 4). We can see that the C-O bond
elongates from 1.48 A to 2.78 A in the transition state. And in the transition state geometry, the
three bonds that associated with the secondary carbon atom of the C-O bond are in the same
plane indicating that the carbon atom is sp® hybridized. The calculated barrier for this reaction is
85 kJ/mol which is higher than the barriers (53 and 72 kJ/mol) to activate the secondary C-H
bonds. The reaction energy for C-O activation was calculated to be slightly endothermic with a
reaction energy of 9 kJ/mol. The activation of the secondary C-O of RCsH-OR’ can also proceed
with the assistance of co-adsorbed hydrogen atoms via a concerted step where the C-O bond
breaks as hydrogen is added to the carbon or the oxygen. The H*-assisted ring-opening of RCsH-

OR’ that proceeds at the carbon of the C-O bond is shown in Fig. 4D (Rxn 7). The C-O distance
19



increases by 0.68 A from 1.48 A to 2.16 A in the transition state, which is significantly less than
1.32 A increase in the transition state reported for the direct C-O cleavage step. The H atom
inserts to form the classic three-center transition state complex shown in Figure 4D. The
activation energy for this reaction is 128 kJ/mol which is considerably higher than the two-step
activation barrier of 85 kJ/mol for the direct ring-opening of the RCsH-OR’ intermediate

followed by its subsequent hydrogenation, as shown in Fig. 3 (Rxns 4—15).

The H*-assisted ring-opening of RCsH-OR’ by concurrently hydrogenating the oxygen of the C-
O bond is shown in Fig. 4E (Rxn 8). We can see that the hydrogen inserts into the O-Rh bond and
the C-O bond elongates slightly from 1.48 A to 1.51 A. The activation energy for this reaction is
109 kJ/mol which is also considerably higher than that for the direct ring-opening reaction
followed by hydrogenation (in this case of the O atom) which was only 95 kJ/mol. The
hydrogenation of the strongly adsorbed oxygen atom resulted in the highest barrier in the two-
step process which is shown in Fig. 3 (Rxns 4—16).We can conclude that at low H* coverages
the direct ring-opening pathways are preferred to H-assisted pathways. However, under the
experimental conditions, it is likely that there are higher coverages of H* on the surface. Among
other effects, we would expect that the direct ring-opening pathways would become more
difficult, whereas H-assisted ring-opening would become more facile. As such, more detailed
studies of coverage effects are needed to establish the dominant path under working conditions.
Similar to the ring opening of the C-adsorbed RCsH-OR’ intermediate, there are three possible
paths associated with the activation of the C-O bond and ring opening of the RC-OR’
intermediate. In the direct ring-opening of RCs-OR’, the C-O bond elongates from 1.41 A to

2.01 A in the transition state and the carbon becomes sp®hybridized as is shown in Fig. 4F (Rxn

20



6) and similar to that which was found in the direct ring-opening of RC,H-OR’. The activation
barrier for the direct ring opening of RCs-OR’ was calculated to be 68 kJ/mol, which is 17 kJ/mol
lower than that of the direct ring-opening reaction of RCsH-OR’. The lower barrier for the path
through RCs-OR’ is the result of the much stronger binding of the alkylidyne group to the metal
that results in the transition state in the RCs-OR’ ring-opening reaction than the weaker binding
of the alkylidene group to the metal in the transition state for the ring-opening reaction of RCsH-

OR’ intermediate.

The H*-assisted ring-opening paths for the RC,-OR’ intermediate were also analyzed. The path
involving the ring-opening activation of the C-O bond and the concurrent addition of hydrogen
to the oxygen is shown in the Appendix. The activation energy for this step is 130 kJ/mol, which

is much higher than the overall activation energy of the two-step pathway (Rxns 5—14)

involving the direct ring-opening followed by hydrogenation which was calculated to be 70
kJ/mol. The transition state for the H*-assisted ring-opening of RCs-OR’ and concurrent addition
of hydrogen to the carbon could not be isolated or forced by NEB methods as the minimum path
always proceeded instead through a direct ring-opening step followed by the subsequent
hydrogenation, indicating that the two-step pathway is much more favorable. The calculated two-
step path was found to have an overall activation barrier of 71 kJ/mol as shown in Fig. 3 (Rxns
5—13). Similar to the ring opening of the RC;H-OR’, we can conclude that both H-assisted ring-
opening pathways for the RC,-OR’ are unfavorable compared to the direct ring-opening pathway

at low H* coverages.

The hydrogenation of the direct-ring opened RCs-OR’ products can proceed through various

21



routes to form the diol products. Both RCsH-OHR’ and RC-OR’ proceed through direct ring
opening followed by hydrogenation. To determine which of these paths is the most favorable
path, we compare the single direct ring-opening step of the RCsH-OR’” (Rxn 4) intermediates
(shown in red) to the three-step sequence required for the opening of the RCs-OR’ intermediate

(Rxns 2—5—13 shown in black) in Fig. 5. The dehydrogenation step and the ring-opening step

of the multi-step pathway are exothermic which offsets the somewhat higher activation energies
for hydrogenation step so that the overall activation energy for the multi-step pathway is 53
kJ/mol which is 35 kJ/mol lower than the one-step path at 85 kJ/mol. This indicates that the C-O
bond of the ring ether is completely dehydrogenated prior to the ring-opening C-O activation.
This is consistent with the results reported for the hydrogenolysis of cyclic hydrocarbons which
demonstrate that the activation of a -CH,-CH,- bond occurs after the adsorption and activation of

the four C-H bonds to form the a,a,B,B-tetra-adsorbed species.?

85 kJ/mol
80

60| 53 1 J/mol

40

20
RCH, OR’
0

RCsH-OR'

Energy (kJ/mol)

-20

-40 RC¢OR' +H

-60

RC5,OR +H
Figure 5. Reaction energy diagram comparing the direct single step ring-opening of the RCH-
OR’ (Rxn 3) shown in red to the three step path for the RCs-OR’ intermediate (Rxns 2—5—13)
shown in black; the energies are reported in kJ/mol.
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The ring opening of RCs-OR’ results in the formation of RC;,OR’ surface intermediates that can
be hydrogenated to form the final 1,2-PDO product via three C-atom hydrogen additions and a
single O-atom hydrogen addition. Four pathways can be constructed, by varying the sequence of
the different hydrogenation reactions as shown in Fig. 6. These are presented and discussed in
detail in the Appendix. The most preferred path involves the three C-Atom hydrogen additions
followed by the single and final O-atom hydrogen addition resulting in an overall barrier of 135

kJ/mol as shown in Fig. 6.

161 kJ/mol

160 160
147 kJ/mol

140 140

120 120

100| 100

Energy (kJ/mol)
Energy (kJ/mol)

RC¢H, HOR'
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i RCsH,, HOR'

60 60

1,2-PDO 1,2-PDO
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20 RCy, HOR' 20

o
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Figure 6. Energy diagrams for the four different pathways of the hydrogenation process from

RC;,0OR’to 1,2-PDO.
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We summarize the energetics for all of the elementary steps in the most favorable (lowest
energy) path for the hydrogenolysis of THFA to 1,2-PDO in reaction energy diagram shown in
Fig. 7. The overall activation energy for the hydrogenolysis of THFA to form 1,2-PDO is 72
kJ/mol in reference to the adsorbed THFA (Eags = -44 kJ/mol). The first step in this path which
involves the activation of the C-H bond of the secondary C of the C-O bond of THFA has the
highest energy, suggesting it is possible to be the rate-limiting step for this reaction. The potential
energy surface also shows that the ring-opened RC;,OR’ is very strongly held to the surface and
has an intrinsic barrier to hydrogenate that is 90 kJ/mol which would suggest that it can readily
build up on the surface. The surface coverages of RC;,OR’ or hydrogen that exist under operate
conditions are likely much higher than those examined here. This would suggest that the
dehydrogenation and ring-opening reactions would become more difficult whereas the

hydrogenation steps would become more feasible.
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Epp= 72 kJ/mol
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40
o 20
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=
e
> 0
2 THFA* \—01 RCsH,OR™=  RCeH,OR'*
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-40 RC,OR'*
+4H*
-60
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Figure 7. Most favorable potential energy path for the hydrogenolysis of adsorbed THFA at the

secondary carbon to 1,2-PDO over Rh(111).
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To further understand the Kinetics of the whole hydrogenolysis process, other methods such as
Kinetic Monte Carlo simulations® will be used and the energetics for the elementary steps we
showed here can be used as the inputs for the Kinetic Monte Carlo simulations, and will be

shown in the future publication.

3.3 Hydrogenolysis of THFA to form 1,5-PDO

The reactant, transition and product states involved in the activation of the C-H bond at the more
more-substituted tertiary carbon of THFA to form the C-adsorbed intermediate RO-CR’ is shown
in Fig. 8A (Rxn 3). While the transition state structure for the activation of this tertiary C-H bond
is quite similar to that for secondary C-H bond associated with the C-O ether linkage, the
activation barrier is 87 kJ/mol which is 15 kJ/mol higher than that for the activation of the C-H
bond of the secondary carbon due to the repulsive steric interactions that result from the —
CH,0OH substitute of the tertiary carbon. Similar substituent effects were also observed in
glycerol hydrogenolysis on Rh (111) surface in which the C-H activation over the more-
substituted carbon has a higher energy barrier than the less-substituted terminal carbon. *’ These
steric interactions also lead to a small elongation of the C-Rh bond in the transition state from
2.23 A for C-H activation at the secondary carbon to 2.36 A for the C-H activation at the tertiary

carbon.

The C-adsorbed RO-CR’ intermediate can undergo either direct ring-opening on the surface or
H*-assisted ring-opening, similar to RC;H-OR’ and RCs-OR’ activation, previously discussed.

The direct ring opening proceeds via elongation of the C-O bond from 1.48 A in the adsorbed
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state to 2.82 A in the transition state as is shown in Fig 8B (Rxn 6) which is very similar to the
structure for the direct ring-opening of RC;H-OR’ shown in Fig. 4C (Rxn 4). The activation
energy of this reaction is calculated to be 93 kJ/mol, which is ~8 kJ/mol higher than the barrier
for the direct ring-opening of RCsH-OR’. The higher barrier associated with activating the C-O
bond for RO-CiR’is likely also the result of steric constraints of the substituent on the binding of
C to the surface which is indicated by the longer C-Rh distance in the transition state for RO-

CR’ (1.93 A) than that for RC;H-OR’ (1.89 A).

A: Rxn 3: THFA— RO-C{R’+ H

------ - 2 s s s e s e

Eacr =87 kJ/mol : Erxny =6 kd/mol
:Rxn 6: RO-C{R’— RO,C:R’

[99)

Figure 8. Initial, transition and final state structures for the dehydrogenation and ring opening

reactions of THFA over the tertiary carbon.
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A comparison of the activation energies for direct ring-opening of RCs-OR’, RC;H-OR’ and RO-
C{R’ indicate that they are directly correlated to the energies of reaction in a classic Brgnsted-
Evans-Polyani (BEP) relationship as is shown in Figure 9A. The changes in the activation
energies between species are directly related to the changes in the adsorption energies of the RCs-
OR’, RCsH-OR’ and RO-CR’ structures which are directly tied to the binding of the RC-, RCH-
and RR’C- groups and the surface. The stronger the carbon group binds to the surface, the lower

the reaction and activation energies of the ring-opening reaction.

951 150+ m H-assisted ring opening at oxygen
140 4 A Direct ring opening
90+
= S 130+ m _ RCOR'
£ S N
35 851 S 120-
S g0 3 1104 el W RCH-OR'
S 2 T..
L @ 100 s
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S 754 -C:R'
g £ ol RO-C{R
£ =2 A
2 704 2 80
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65 T T T T T T T T T T T T T
-30 -20 -10 0 10 20 300 -280 -260 -240 -220 200 -180  -160
Reaction energy (kJ/mol) Binding energy (kJ/mol)
A B

Figure 9. Bransted-Evans-Polyani relationship between the activation barriers and the overall
reaction energies for the direct ring-opening of RCs-OR’, RCsH-OR’ and RO-CiR’ intermediates
(A) and the correlation of the of the activation energies for the direct ring opening and the H*-

assisted ring opening and the binding energies (B) of the three C-bound species RC;H-OR’, RCs-

OR’ and RO-CR’.

The H-assisted ring-opening of the RO-C{R’ intermediate was also examined and the resulting

reaction path associated with the addition of hydrogen to the carbon and ring opening at the
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tertiary C-O bond is shown in the Appendix. The activation energy for this path was calculated to
be 135 kJ/mol, which is much higher than the two-step path (Rxns 6—23). This is very similar to

results for H-assisted ring-opening reactions reported earlier. The H-assisted ring-opening of RO-
CiR’ by the concurrent addition of hydrogen to oxygen, however, was found to have a much
lower barrier, 93 kJ/mol, as shown in Fig 8C (Rxn 12). Similar to the previously discussed
hydrogen-assisted ring opening reactions, hydrogen inserts into the O-Rh bond which weakens
the C-O bond increasing the C-O distance from 1.48 A to 1.53 A in the transition state. Unlike
the previous cases, the direct ring opening two-step path (Rxns 6—24) has a higher overall
activation barrier (115 kJ/mol) than the H-assisted path (93 kJ/mole) which is the result of the
high endothermicity of the direct ring-opening reaction and the high barrier of the subsequent
hydrogenation. The barrier for the hydrogen assisted path is 22 kJ/mol lower than that for the
direct ring opening which indicates that H* assists in ring-opening hydrogenolysis of the RO-

C{R’ intermediate, even at the low H* coverage modeled in this work.

Examining all three H-assisted ring-opening reactions in which the oxygen is concurrently
hydrogenated, it was found that as the binding strength of the carbon-bound intermediate
decreases, the direct ring-opening path becomes more difficult and the H-assisted ring-opening
becomes more facile as shown in Fig. 9B. We can see from Fig. 9B that for the three C-adsorbed
species, the ring-opening of RO-C{R’ is the only path which proceeds more favorably by the H-
assisted ring-opening (via hydrogen addition to the oxygen) over the direct ring-opening path. It
is worth noting, however, that the calculations reported in this study were all carried out at low
H* coverage. As discussed earlier, high coverages will act to increase the barriers for

dissociation while decreasing the barriers for association reactions.”® Thus at higher H*
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coverages, it is very likely that the barriers for the direct ring-opening pathways will increase
while the barriers for the H-assisted ring-opening paths will decrease, thus making them more

favorable.

The ROH,CR’ that forms as a result of the H-assisted ring-opening subsequently undergoes two
hydrogen addition steps to hydrogenate the strongly bound secondary carbon at the bridging
metal site and form 1,5-PDO, (Rxns 27—29). The barriers for forming the first and second C-H
bond were calculated to be 59 and 69 kJ/mol, respectively. We examined various other possible
hydrogenation pathways for the C-bound intermediate, RO-CR’ as shown in details in the

Appendix, but all of these paths had higher overall energy barriers.

The lowest energy dehydrogenation, C-O bond breaking and the hydrogenation steps were
combined together to construct the most favorable path for the hydrogenolysis of THFA over the
tertiary carbon to form 1,5-PDO which is presented in Fig. 10. This path proceeds by the initial
C-H activation of the tertiary C-O carbon of THFA to form the C-bound RO-C:R’ intermediate,
which will then ring-opens via a H-assisted mechanism in which the C-O bond concertedly
breaks as hydrogen adds to the oxygen. The resulting ROH,CR’ intermediate undergo two
hydrogen additions to saturate the bound secondary carbon atom to the final product 1,5-PDO.
The overall activation energy for this path referenced to adsorbed THFA which is 92 kJ/mol is
the result of the final hydrogenation addition to the carbon-bound ROH, C:HR’ intermediate.
However, at higher H* coverages, it is expected that the hydrogen addition barriers would
decrease while the C-H and C-O activation reactions would increase. As such the overall

activation energy for the H-assisted ring opening reaction examined here which is governed by
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the final hydrogenation steps would decrease at higher H* coverages. Therefore, it is speculated
that under experimental conditions, the rate-limiting step may actually be the initial
dehydrogenation of the tertiary carbon, which, as was discussed, is 15 kJ/mol higher than the
initial activation of the secondary carbon, due to steric effects of the —CH,OH substituent. This is
consistent with experiments which indicate that the selectivity to form 1,2-PDO is slightly higher
than the selectivity forming 1,5-PDO on Rh/SiO, catalysts, although those selectivity
measurements are complicated by further hydrogenolysis of the diols to mono -alcohols and gas-

phase products (presumably alkanes and CO,).

100
EAPP: 92 kJ/mOl
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Energy (kJ/mol)

Figure 10. Most favorable potential energy path for the hydrogenolysis of adsorbed THFA at the

tertiary carbon to 1, 5-PDO over Rh(111).
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Chapter 4 - Conclusions

First principle density functional theory calculations were carried to systematically examine the
possible pathways that control the hydrogenolysis of THFA over a Rh (111) surface, and
determine the most plausible paths to form the 1,2-PDO and 1,5-PDO products. The results
indicate that all the C-H bonds on the ether carbon of THFA are broken before the corresponding
C-0O bond breaks. And the C-H bond activation at the less substituted secondary carbon is easier
than the more substituted carbon, which is consistent with the cyclic hydrocarbons reported.
Hydrogen adsorbed at the metal surface can assist the C-O activation of the intermediates after
C-H activations of THFA. At the secondary carbon, the direct C-O activation paths are preferred
to the H assisted C-O activation paths, while at the more substituted tertiary carbon, the H-
assisted C-O activation is more favorable via the H addition to the ether oxygen. The C-O
activation at the secondary carbon has lower energy barrier than at the tertiary carbon.
Comparison of the two different pathways of the hydrogenolysis of THFA towards 1,2-PDO and
1,5-PDO shows that the overall activation energy for the hydrogenolysis at the less substituted
secondary C-O bond to form 1,2-PDO is ~20 kJ/mol lower than the overall activation energy for
the hydrogenolysis at the more substituted tertiary carbon-O bond to form 1,5-PDO which can
help to explain the higher selectivity to 1,2-PDO rather than 1,5-PDO over Rh catalysts reported
experimentally. The results reported herein suggest that H* on the surface can influence the
barriers for C-H activation, C-O bond scission and the hydrogen addition reactions involved in
the hydrogenolysis of THFA, thus the effect of H* coverage in the hydrogenolysis of THFA is

currently being examined and will be the subject of a future publication.
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Appendix

In this chapter, the initial, transition and final state in the hydrogenolysis of THFA to form 1,2-
PDO and 1,5-PDO, which are not shown in Chapter 3 are shown here in Fig. Al, A2 and A3.
Reaction energy diagrams comparing the H assisted ring opening pathways and the direct ring
opening pathways in the ring opening of the C-adsorbed intermediates RCsH-OR’, RCs-OR’ and
RO-C:R’ are shown in Fig. A4. The reaction energy diagrams for the other two pathways of the

hydrogenation of RO, CR’ towards 1,5-PDO are shown in Fig. A5.

A: Rxn 10: RCs-OR” — RC;,HOR’

Figure Al. Initial, transition and final state of the H assisted ring opening of the C-adsorbed

species RCs-OR’ and RO-CR’ not shown in Chapter 3.
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A: Rxnl14: RCs,OR’+ H— RCs,HOR’

EACT =83 kJ/mol

D: Rxn21: RCsHs, OR’+ H — 1,2-PDO
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J: Rxn22: RCH,, HOR” + H — 1,2-PDO
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Figure A2. Initial, transition and final states of the reactions involved in the hydrogenation of

RC,, OR’ towards 1,2-PDO.
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A: Rxn24: RO,C{R’+ H—»> ROH,C{R’

Encr =97 kJ/mol
B: Rxn26: RO.CHR'+ H — ROH.CHR’

Eact =83 kJ/mol
C: Rxn28: RO,CiH,R’+ H— 1,2-PDO

-----------

Eact =76 kJ/mol
D: Rxn23: RO,C{R’+ H— RO,CiHR’

Eacr =72 ki/mol
E: Rxn27: ROH.CR'+ H— ROH.CHR’
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Eact =59 kJ/mol
F: Rxn25: RO,C{HR’ — RO,C{H,R’
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Eact =79 kd/mol
G: Rxn29: ROH,C{HR’+ H— 1,5-PDO

- - 9 - . @ -

Encr =69 kJ/mol Erxn =-21 ki/mol
Figure A3. Initial, transition and final state of the reactions involved in the hydrogenation of RO,

CR’ towards 1,5-PDO.
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Figure A4. Reaction energy diagrams comparing the H assisted ring opening pathways and the
direct ring opening pathways in the ring opening reactions of the C-adsorbed species: (A) H-
assisted ring opening of RC;H-OR’ with H addition to carbon; (B) H-assisted ring opening of
RCsH-OR’ with H addition to oxygen; (C) H-assisted ring opening of RCs-OR’ with H addition

to oxygen; (D) H-assisted ring opening of RO-C{R’ with H addition to carbon; (E) H-assisted
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Figure A5. Reaction energy diagrams for the two different paths for the hydrogenation of RO-

C{R’to form 1,5-PDO.
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