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ABSTRACT: Polyisobutenyl succinic anhydrides (PIBSAs) are an important class of
chemicals in the automotive industry due to their wide use in lubricant and fuel

formulations. However, the synthesis of these molecules takes place at elevated A ma mesA O

temperatures through the ene reaction between maleic anhydride (MAA) and
polyisobutylene (PIB). Lewis acid catalysts (e.g,, AlCl;) have been shown to facilitate §
PIBSA synthesis by lowering the activation energy of the reaction; however, the £y,
desorption of the final product (PIBSA) from the catalyst can be highly endergonic. 5o
Herein, we demonstrate ligand engineering strategies to optimize the performance of Al-  g2s0
and Ru-based catalysts by combining first-principles calculations with kinetic modeling. &

We discover that alkyl chlorides such as the EtAICl, retain relatively low activation &
barriers like AlCL;, while lowering the desorption energy of the final product (PIBSA). In
addition, we address metal oxidation state and ligand effects on the ene reaction
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performance of Ru-based catalysts. We demonstrate that depending on the metal

oxidation state and type of ligands there is a competition between concerted and stepwise mechanisms. We uncover a Ru(II)
catalyst, RuCl,-2H, 0, exhibiting enhanced activity but suffering from low stability. Overall, our work identifies catalysts of industrial
importance that can reduce the energy input required for intensified processes and highlights challenges associated with catalyst

performance.

1. INTRODUCTION

Polyisobutenyl succinic anhydrides (PIBSAs) and their
succinimide (PIBSI) derivatives are important chemicals in
the automotive industry due to their use as detergent-
dispersant additives in lubricant and fuel formulations." They
are commonly synthesized through the ene reaction between
maleic anhydride (MAA) and polyisobutylene (PIB).>’
However, the reaction conditions require elevated temper-
atures, making the overall process energy intense.” Lewis acids
are known to be effective catalysts for ene type reactions by
interacting with the enophile and making it more electron-
deficient.”® In our recent computational work,® based on
density functional theory (DFT) calculations, we demon-
strated that Lewis acids are potential catalyst for the ene
reaction between MAA and PIB, making the reaction
kinetically more favorable compared to the uncatalyzed
reaction. Detailed mechanistic studies revealed that the
reaction proceeds through a concerted mechanism (Scheme
1). In addition, turnover frequency (TOF) calculations from
kinetic modeling using the energy span model” revealed AICI,
(among other Lewis acids) to be the most active catalyst due
to its acidic strength. Importantly, this study also revealed that
even though stronger Lewis acids will favor adsorption (i.e.,
binding) of MAA and will lower the activation energy of the
reaction, the desorption (i.e., release) of PIBSA from the
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Scheme 1. Plausible Mechanism for the Lewis Acid (LA)
Catalyzed Ene Reaction between MAA and PIB as
Suggested by DFT Calculations®
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catalyst will be disfavored (Scheme 1) due to strong catalyst—
PIBSA interactions.

Aluminum-based Lewis acid catalysts have been shown to be
active for a variety of reactions of industrial importance. For
example, alumina has been shown to selectively activate C—H
bonds of alkanes due to its inherent Lewis acidity (metal
centers) and basicity (oxygen centers).” This nonoxidative
alkane dehydrogenation has been shown to be a promising
route to produce olefins that are commonly used as building
blocks in the chemical industry to produce commodity
chemicals such as polymers, plastics, and petrochemicals.” In
addition to aluminum oxides, alkylaluminum chlorides have
been shown to effectively catalyze ene type reactions.' The set
of RAICL,, R,AIC], and R;Al provides a series of Lewis acid
catalyst of gradually decreasing acidity.” EtAICL,, for example,
has been shown to catalyze the ene reaction involving a,f-
unsaturated esters as the enophile.'’ On the other hand,
Me,AlCl acts as catalyst in the ene reaction between a,f-
unsaturated aldehydes/ketones'” and saturated aldehydes.”"”

In addition to Al-based catalyst, Ru-based catalysts have
been also shown to catalyze ene reactions.'*™'* Ru(III)
catalyst (RuCly), for example, was reported to catalyze the
ene reaction between MAA and polypropylene containing a
vinylidene end group.'” For this reaction, a 9.7 mol % of MAA
incorporation was obtained at 240 °C, using 0.05% mol
catalyst/mol MAA and 2.7 mol MAA/mol vinylidene. On the
other hand, Ru(0) catalyzed the ene reaction between
maleimides and alkenes to form alkylidene succinimide
derivatives."” These reactions proceed with high yield
percentage of the desirable product. However, the reactions
require a,f-unsaturated carbonyl partners bearing electron
withdrawing groups. In addition, Ru(II) catalysts have been
shown to be active catalysts for cross coupling, hydrogen-
transfer, and Alder-ene reactions.'®'%*° Computational and
experimental studies have suggested that the ene reaction
catalyzed by Ru catalysts will proceed through a coordination,
stepwise mechanism involving oxidative addition, H-elimina-
tion, and reductive elimination steps as shown in Scheme
9, 1417,21,22

Despite the aforementioned studies, the effects of ligands
and oxidation state of the catalyst metal center on the ene
reaction involving MAA and PIB have not been well

Scheme 2. Proposed Stepwise Mechanism for the Ru
Catalyzed Ene Reaction between MAA and PIB“
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“RuLn denotes the catalyst, where L stands for ligand.

understood. This knowledge gap currently hinders the
discovery of novel ene-type catalysts that can effectively
incorporate MAA into PIB and thus limits any efforts to
optimize this energy intense industrial process. Herein, we
investigated how ligand engineering can optimize the perform-
ance of Al-based catalysts and alter catalytic behavior of Ru
catalysts through modulating the oxidation state of the active
center. We found that the selection of ligands in Al-based
catalysts can lower the desorption energy of the final product
(PIBSA) while keeping a reduced activation energy of the rate-
determining step. In addition, we demonstrated that the
mechanism can change from a concerted to a stepwise on Ru
catalysts with the Ru(II) complexes being more active.
However, the stability of Ru(II) catalysts under experimental
conditions may be a challenge. This computational work sheds
light into the complexity of ene reactions and can aid the
discovery of new Lewis acid catalysts for reactions of industrial
importance (i.e., PIBSA formation).

2. COMPUTATIONAL DETAILS

All calculatlons were performed with the program package
Gaussian 09. Images of the 3D molecular structures were
generated using CYLview.”* The geometries of all intermedi-
ates and transition states were optimized using the M06-2X
functional and the 6-31G(d) basis set. Single point energy
calculations were performed with M06-2X*> and the 6-
3114+G(d,p) basis set. The SDD pseudopotential basis set
was used for ruthenium atoms. Thermal corrections to the
Gibbs free energies and enthalpies were calculated using the
harmonic oscillator approximation at 423.15 K (simulating
experimental conditions). Frequency calculations were per-
formed to confirm that each stationary point is either a
minimum or a transition state. Intrinsic reaction coordinate®®
(IRC) calculations were used to confirm the path connection
between reactants, products, and transition states. All energies
in the reaction energy profiles are with respect to the reactants
in infinite separation. Each structure reported is the lowest
energy conformer as indicated by the calculations. Turnover
frequencies (TOF) of the catalysts were calculated using the
energy span model.” Distortion/interaction energy analysis was
performed to rationalize the catalytic activity behavior based
on ligand effects.””**

3. RESULTS AND DISCUSSION
3.1. Catalytic Activity of Different Al-Based Acid

Catalysts. In our previous computational work, we identified
AICI; to be the most active catalyst among a set of Lewis acid
catalysts. However, the desorption of the final product from
AICl; was found to be highly endergonic, potentially limiting
catalytic turnover due to poisoning.” We expand on our
previous study to explore ligand effects of Al-based catalysts as
a means to decrease the desorption energy of PIBSA in the ene
reaction between MAA and PIB. EtAICl, catalyst was first
explored taking in consideration the concerted mechanism as
shown in Scheme 1 (most favorable pathway as shown by
calculations). Due to its computational cost, PIB was simulated
with trimethylpentene (TMP), a smaller substrate exhibiting a
vinylidene double bond. The computed activation energies and
reaction energies are shown in Figure 1. The overall
exothermicity of the studied reaction is —9.3 kcal/mol in
Gibbs free energy. The first step of the reaction energy profile
(Figure 1) is the adsorption of MAA on EtAICl, (state 2)
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Figure 1. Reaction free energy profile (AG) of the concerted EtAlICI,-
catalyzed ene reaction mechanism between MAA and TMP. All
energies are reported in kcal/mol. The values in parentheses
correspond to reaction enthalpies (AH). Distances shown on the
TS complex are in A and correspond to bonds being broken or
formed at the TS along the reaction path.

followed by the formation of the reactant complex 3. The
activation Gibbs free energy for the concerted mechanism was
calculated to be 24.5 kcal/mol (energy difference between TS1
and state 2 in Figure 1). In our previous computational study,’

we reported that the uncatalyzed ene reaction between MAA
and TMP will proceed through a concerted mechanism
requiring an activation Gibbs free energy of 36.6 kcal/mol.
Thus, with EtAICl, requiring a barrier of AGF =245 keal/ mol,
it becomes clear that the EtAICl, catalyst will accelerate the
incorporation of MAA to TMP, making the reaction kinetically
more favorable. To further test the catalytic activity of EtAICL,,
TOF calculatlons were performed by applymg the energetic
span model,” obtaining a value of 1.10 X 107 s~ (Figure 1).

When this result is compared to the TOF of A1C13 (4.60 x
107" s7"), the most active Lewis acid catalyst reported in our
previous study,’ it can be observed that EtAICl, catalyst has
similar activity to AICl;. In addition, the desorption energy of
product S5 from EtAICl, is 10.3 kecal/mol (Figure 1), whereas
the equivalent desorption step on AICl; was calculated at 16.2
kcal/mol. Thus, EtAICl, exhibits comparable catalytic activity
to AICl; and additionally has lower desorption energy of the
final product. Altogether these results suggest that the EtAICI,
can be a potential catalyst for the ene reaction between MAA
and PIB with a catalytic activity similar to AICl; but with a less
endothermic desorption energy of the final product.

To further explore the catalytic activity of different Al-based
Lewis acid catalysts on the ene reaction between MAA and
PIB, we calculated the kinetic (AG*, AH¥, 6E, TOF) and
thermodynamic (AG,gsorption a0 AGyesorprion) data considering
the concerted mechanism (most favorable pathway as shown
by Morales-Rivera et al. ). The computed kinetic and
thermodynamic information is presented in Table 1. Different
alkylaluminum chloride (MeAICl,, Me,AICl, Et,AlCl) catalysts
were explored (see Supporting Information for energy
profiles). Calculations showed that all Al-based Lewis acids
studied will accelerate the incorporation of MAA into TMP by
lowering the activation energy when compared to the
uncatalyzed ene reaction (36.6 kcal/mol). Among the Al-

14464

Table 1. Activation (AG*), Adsorption/Desorption (AG*)
Free Energy, Energy Span (0E, for Energy Span Model
Analysis), and TOFs of the Ene Reaction between MAA and
TMP, Catalyzed by Different Al-Based Lewis Acid
Catalysts”

AG, AG,
Lewis acid ~ AG* adsorption desorption OE TOF (s7')
AICl, 22.7 —-13.2 16.2 258.7 4.60 x 107!
EtAICl, 24.5 -7.9 10.3 269 110 x 107!
MeAICl, 24.7 -85 11.0 27.2 7.72 X 1072
Et,AICI 26.8 -2.5 4.1 284 1.85 x 1072
Me,AlCI 29.1 -1.8 52 32.5 141 x 107*

“All energies are in kcal/mol. AICl; data are taken from literature.

based Lewis catalysts studied, EtAICl, and MeAICl, favor the
reaction the most with an activation Gibbs free energy of 24.5
and 24.7 kcal/mol, respectively. In addition, EtAICl, (1.10 X
107" s7!) and MeAIClL, (7.72 X 107* s7') exhibit similar
catalytic activity to AlCly (4.60 X 107" s™") in terms of TOFs.
However, even though EtAICl, and MeAICl, exhibit
comparable TOF to AICl;, there is a lower desorption energy
of the final product § from EtAICl, and MeAICl, (10.3 and
11.0 kcal/mol, respectively) when compared to AICl; (16.2
kcal/mol). Altogether these results suggest that alkylaluminum
chlorides can be alternative catalysts for the ene reaction
between MAA and PIB by making the reaction more
kinetically favorable. Specifically, EtAICl, and MeAlCl, where
shown to have catalytic activity similar to that of AICl; but with
a less endothermic desorption energy of the final product.
3.2. Origin of Catalytic Activity of Al-Based Catalysts.
To further understand the origin of the catalytic activity
difference between all Al-based Lewis acid catalysts studied,
the distortion/interaction energy analysis was performed on
the concerted TSs for the ene reaction between MAA and
TMP (Figure 2). This analysis examines the rigidity of the
original reactants and catalysts, the extent of their deformation
during the reaction, and their ability to interact as the reaction
proceeds. The AEgy.. (distortion energy) is the energy
required to distort the reactants and the catalyst from the
ground state geometries to the configuration they adopt at the
TS. On the other hand, the AE, (interaction energy) accounts

AICI; EtAICI, MeAICI, E(2A|C| Me,AICI
1o e 5'-1‘"" i :
3 ‘223f £ 21 182 183~ ‘M
A ‘\“‘wa * -1.13 —1.13 “N :Q *”5
' 7Tst 7eTSs2 Yy TS3 Y TS4
AEqma=23.9  AEgua=24.3 AEqqn = 24.2 AEumpa=244  AEqyaa=24.1
\Eypp = 10.7 \Egpp =121 \Eypp=12.0 \Eypis=13.8 \Egp=14.9
AEgcq=115 AEgcq=101 AE cq=10.2 AEqcu=87 AEgcu=81
AEg.totar = 46.2 \Egota = 46.4 AEg.qotal = 46.4 AEgota = 46.9 AE ot = 47.2
AE = -T4.4 AE = -69.0 AE = -69.1 AE, = 625 AE = 60.9
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TOF = 4.60x10" TOF =1.10x101 TOF =7.72x102 TOF =1.85x102 TOF =1.41x104

\Gyesomption = 16.2  AGyesorption = 10.3 \Ggesorption= 11.0 \Ggesomtion = 4.1 AGgesorption = 5.2

Figure 2. Distortion/interaction energy analysis on the concerted
transition states of the ene reaction between MAA and TMP catalyzed
by Al-based catalysts, with varying alkyl to Cl ligands. All energies are
reported in kcal/mol. Distances shown on the TS complexes are in A
and correspond to bonds being broken or formed at the TS along the
reaction path.
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for all chemical interactions between the distorted reactants
and the catalyst. The distortion energies of individual reactants
and catalysts, the total distortion (of formed complexes,
AEj 1), and the interaction energies for the different Al-
based Lewis acid catalysts are shown in Figure 2. We observe
that the AEy ., values of the concerted TSs catalyzed by
different Al catalysts are very similar. However, the AE;, can
vary. For example, by comparing AE,,, of AlCl; (—74.4 kcal/
mol) and EtAICl, (—69.0 kcal/mol), a more favorable
interaction energy is observed in AICl; resulting in lower
activation Gibbs free energy (22.7 vs 24.5 kcal/mol
respectively). If AE,,, of EtAICl, and MeAICl, are compared,
these are similar, resulting in a similar activation Gibbs free
energy (24.5 vs 24.7 kcal/mol, respectively). However, if we
replace one chlorine atom by an ethyl or methyl group as in
the cases of Et,AlC] and Me,AlC], a decrease in the interaction
energy is observed (values become less exothermic) resulting
in a higher activation Gibbs free energy (26.8 and 29.1 kcal/
mol, respectively). Thus, this analysis demonstrates that the
difference in catalytic activity between the Al-based catalysts is
due to the acid strength of the catalyst, which in turn is
depicted in the interaction energy (AE;, values).

As previously mentioned, replacing one chlorine atom by an
ethyl or methyl group will reduce the acidity of the catalyst,
reducing the catalytic activity of the ene reaction between
MAA and PIB. To explore possible steric effects that may
impact the catalytic activity of Al-based Lewis acid catalysts, we
investigated the (C(CHj;);)AICL, and (C(CH,);),AICI cata-
lysts as well. The distortion/interaction energy analysis was
also applied to compare the catalytic activity of (C(CHs),)-
AICl, and (C(CH;);),AICl to EtAICl, and Et,AlC],
respectively (keeping the number of chlorine ligands the
same but changing the size of the alkyl ligand). The distortion
energies of reactants and catalysts, the total distortion, and the
interaction energies are shown in Figure 3. The AEy ., values
of the concerted TS catalyzed by different Al-based catalysts
remain practically the same, indicating that the difference in
catalytic activity between the catalysts may not be due to steric
effects. However, when the AE; are compared, a significant
difference is observed indicating that the catalytic activity

EtAICI, (C(CH;);)AICI, EtAICI (C(CH;);),AICI

)
216 ™~
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Figure 3. Distortion/interaction energy analysis on the concerted
transition states of the ene reaction between MAA and TMP catalyzed
by Al-based catalysts with varying alkyl size. All energies are reported
in kecal/mol. Distances shown on the TS complexes are in A and
correspond to bonds being broken or formed at the TS along the
reaction path.

behavior is still due to the acid strength of the catalyst. We
note that the selection of TMP to simulate PIB (to reduce
computational cost) may underestimate steric effects. How-
ever, the relatively small size of the studied (molecular)
catalysts and the MAA, which directly coordinates with the
catalyst, as well as the systematic comparison of the catalysts,
give confidence that the acid strength, depicted in the AE, is
the driving descriptor for the observed catalytic trends. As we
show for the Ru(Il) complexes (vide infra), steric effects can
play an important role in the catalyst reactivity.

3.3. Effect of Oxidation State of Ru-Based Catalysts.
We next investigated the effect of oxidation state of Ru-based
catalyst on the ene reaction between MAA and PIB. The
stepwise mechanism involving an oxidative addition, H-
migration, and reductive elimination steps, catalyzed by
Ru(II) (RuCly)," was first studied (Figure 4, black path).
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Figure 4. Reaction free energy profile (AG) of the stepwise (black
path) and concerted (blue path) RuCl; catalyzed ene reaction
mechanism between MAA and TMP. All energies are reported in
kcal/mol. The values in parentheses correspond to reaction enthalpies
(AH). Distances shown on the TS complexes are in A and correspond
to bonds being broken or formed at the TS along the reaction path.

The first step on the reaction mechanism involved the
coordination of MAA and TMP with RuCl; to form the z-
coordinated complex 7. From 7, MAA and TMP couple to
produce intermediate 8 through an oxidative addition
transition state (TS7) with an activation Gibbs free energy
of 26.9 kcal/mol (energy difference between TS7 and state 7
in Figure 4). Next, intermediate 9 is obtained through a H-
elimination transition state (TS8) with an activation Gibbs free
energy of 7.5 kcal/mol (energy difference between TS8 and
state 8 in Figure 4). A reductive elimination transition state
(TS9) takes place to generate 10 with an activation Gibbs free
energy of 39.8 kcal/mol (energy difference between TS9 and
state 9 in Figure 4). Finally, product § can be released from 10
regenerating the catalyst. Since the activation Gibbs free energy
of the transition state TS9 is the highest among all the
transition states (39.8 kcal/mol), the reductive elimination
step was shown to be the rate-limiting step in the stepwise
mechanism.
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In addition to the stepwise mechanism proposed in literature
(Scheme 2),""'7*"** the concerted mechanism via a polar
transition state (Scheme 1) was taken in consideration for the
RuCl; catalyzed ene reaction (Figure 4, blue path). The first
step in the concerted mechanism is the adsorption of MAA on
RuCl; to form state 11 followed by the formation of the
reactant complex 12. The Gibbs activation free energy for the
concerted mechanism was 27.4 kcal/mol (energy difference
between TS10 and state 11 in Figure 4). When the concerted
(AG* = 27.4 kcal/mol) and stepwise (AG* = 39.8 kcal/mol)
mechanisms are compared, the concerted mechanism appears
to be kinetically more favorable. TOF calculations were
performed, applying the energy span model, confirming the
concerted mechanism to be the most favorable with a TOF of
2.09 X 1072 s7. To the best of our knowledge, this is the first
time that a Ru-catalyzed ene reaction is reported to proceed
through a concerted mechanism. However, if one gives a closer
look at the reaction profile of Figure 4, it is very likely that the
TS7 and TS8 of the stepwise mechanisms are accessible before
the TS10 of the concerted mechanism, leading to the highly
exothermic state 9 due to formation of HCI in the H-migration
step (TS2). In such a case, RuCl; will not be an active catalyst
since it could decompose due to the formation of HCI. We also
tried to locate a TS that involves H-migration to the Ru metal
center. However, we found that this H-migration step only
takes place involving the Cl atom to form HCI as shown by the
IRC calculations.

We next examine the ene reaction between MAA and TMP
catalyzed by Ru(Il) (RuCl,-2H,0) to further address the effect
of Ru oxidation state. The stepwise and concerted mechanisms
were once again considered. The computed activation and
reaction free energies are shown in Figure 5. As in the case of
RuCl, catalyst, the stepwise mechanism (Figure S, black path)
starts with the coordination of MAA and TMP with RuCl,
2H,0 to form the 7-coordinated complex 15. From 15, MAA
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Figure S. Reaction free energy profile (AG) of the stepwise and
concerted RuCl,-2H,O catalyzed ene reaction mechanisms between
MAA and TMP. All energies are reported in kcal/mol. The values in
parentheses correspond to reaction enthalpies (AH). Distances
shown on the TS complexes are in A and correspond to bonds
being broken or formed at the TS along the reaction path.

and TMP couple to produce intermediate 16 through an
oxidative addition transition state (TS11) with an activation
Gibbs free energy of 26.5 kcal/mol (energy difference between
TS11 and state 15 in Figure S). Next, intermediate 17 is
obtained through a H-elimination transition state (TS12). In
the energy profile state 16 is higher than TS12, in terms of
both Gibbs free energy and enthalpy due to thermal
corrections. However, in terms of electronic energies, state
16 is lower in energy than TS12. The nature of TS12 was
further confirmed by IRC calculations suggesting that states 16
and 17 are in fact reactant and product of TS12. Following H-
elimination, a reductive elimination transition state takes place
(TS13) to generate 18 with an activation Gibbs free energy of
20.1 kecal/mol (energy difference between TS13 and state 17
in Figure S). Finally, product 5 can be released from 18
regenerating the catalyst. Since the activation Gibbs free energy
of the transition state TS11 is the highest among all the
transition states (26.5 kcal/mol), the oxidative addition was
found to be the rate-limiting step.

The concerted mechanism (Figure S, blue path) was also
investigated. The Gibbs activation free energy for the
concerted mechanism was 32.4 kcal/mol (energy difference
between TS14 and state 19 in Figure S), which is higher than
that of the stepwise (AG* = 26.5 kcal/mol), making the latter
to be kinetically more favorable. TOF calculations confirmed
that the stepwise mechanism is the most favorable on RuCl,-
2H,0 catalyst with a TOF equal to 1.78 X 10~" s™! (Figure 5).

By comparing the energy profiles of the RuCl; (Figure 4)
and RuCl,-2H,0 (Figure S) catalyzed ene reaction, it can be
observed that the incorporation of MAA into TMP using
RuCl; will proceed through a concerted mechanism, while
RuCl,-2H,0 proceeds through a stepw1$e mechanism. In our
previous computational study,’ we reported that the
uncatalyzed ene reaction between MAA and TMP proceeds
through a Gibbs activation free energy of 36.6 kcal/mol. If we
compare this result with the results obtained for RuCly (AG* =
27.4 kcal/mol) and RuCl-2H,0 (AG* = 26.5 kcal/mol)
catalysts, it becomes clear that both catalysts will accelerate the
incorporation of MAA to TMP. TOF calculations further
revealed RuCl,-2H,0 (1.78 X 107 s7') to be a more active
catalyst than RuCl; (2.09 X 1072 s™"). Compared to the TOF
of AICI; Lewis acid (4.60 X 107" s7"), the RuCl,-2H,0 catalyst
has similar activity to AICl;. In addition, we reported a
desorption energy of product 5 from AICl; of 16.2 kcal/mol.
From Figure S, we observe that the desorption energy of
product § from RuCl,-2H,0 is 7.2 kcal/mol. Thus, even
though RuCl,-2H,0 exhibits comparable TOF to AICl;, there
is a more favorable (lower) desorption energy of the final
product.

Although these results point to the fact that RuCl,-2H,0
may be a potential catalyst for the ene reaction between MAA
and TMP, we note that there is a strong chance that this
catalyst decomposes under reaction conditions. This is
demonstrated in state 17 where the Ru—Cl distance is 2.83
A from the formation of HCI through the H-migration TS
(TS12). This Ru—Cl distance is larger than that of the RuCl,-
2H,0 (2.31 A) catalyst. As in RuCl,, we tried to locate a TS
that involved H-migration to the Ru metal center. However,
we found that the H-migration proceeds again through
involving a Cl atom to form HCI as suggested by the IRC
calculations. These results suggest that although the Ru(II)
catalyst can be a potential catalyst for the ene reaction between
MAA and PIB with a catalytic activity similar to AICl; Lewis
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acid, the catalyst may suffer from decomposition under
reaction conditions.

In addition to RuCl; (Ru(IIl)) and RuCl,-2H,0 (Ru(Il)),
we also considered Ru(0) with the Ru(CO)(P(CH;)),
catalytic complex.'” The stepwise and concerted mechanisms
were again investigated as shown in Figure 6. From the
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Figure 6. Reaction free energy profile (AG) of the stepwise and
concerted Ru(CO)(P(CHj;)), catalyzed ene reaction mechanism
between MAA and TMP. All energies are reported in kcal/mol. The
values in parentheses correspond to reaction enthalpies (AH).
Distances shown on the TS complexes are in A and correspond to
bonds being broken or formed at the TS along the reaction path.

stepwise mechanism (Figure 6, black path) it becomes
apparent that the rate-determining step is the oxidative
addition with a Gibbs activation free energy of 37.9 kcal/mol
(energy difference between TS1S and state 23 in Figure 6).
However, in the concerted mechanism (Figure 6, blue path) a
Gibbs activation free energy of 50.3 kcal/mol (energy
difference between TS18 and state 27 in Figure 6) was
obtained. The stepwise mechanism is clearly kinetically more
favorable than the concerted. Even though TS1S is under more
strain than TS18, as shown by the distortion energy
analysis®®*” (Figure S4), weaker favorable interactions are
observed on TS18 resulting in a larger activation energy when
compared to TS1S. Interestingly, the activation energy for the
Ru(CO)(P(CH,)), catalyzed (AG* = 37.9 keal/mol) is higher
than the uncatalyzed (AG* = 36.6 kcal/mol) ene reaction
between MAA and TMP, suggesting that the Ru(CO)(P-
(CH,;)), catalyst does not accelerate the reaction. In addition,
a very low TOF was obtained for Ru(CO)(P(CHj,)), (2.28 x
1077 s7') compared to RuCl; (2.09 X 107* s7!) and RuCl,-
2H,0 (1.78 x 107" s7'). Summarizing the computational
results on the effect of Ru oxidation state on the ene reaction,
we revealed Ru(Il) to be the most active catalyst with a
catalytic activity similar to AICl;. However, the stability of
RuCl,-2H,0 catalyst may be an issue under experimental
operation, as demonstrated by the significant elongation of the
Ru—Cl bond in the H-migration step. The aluminum chloride
catalysts will most likely be more stable catalysts than
ruthenium chloride. This is further supported by catalyst
formation free energy calculations which revealed AIC; to be a

more stable catalyst compared to RuCl; (comparison of
catalysts at the same oxidation state and type and number of
ligands). Specifically, the formation free energy (energy gain
considering the reaction: M + */,Cl, — MCl,, where M = Al
Ru) of AICl; was —207.2 kcal/mol, whereas that of RuCl; was
—157.3 kcal/mol at the experimental conditions of 423.15 K.

3.4. Ligand Effects on Ru(ll) Catalysts. In an effort to
potentially optimize the performance of Ru(II) catalysts on the
ene reaction between MAA and PIB, we investigated ligand
effects. CpRuCl'®*" (Cp = cyclopentadienyl anion) catalyst
was first taken into consideration. Again, both the concerted
and stepwise mechanisms were investigated. The computed
activation and reaction energies are shown in Figure 7. As
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Figure 7. Reaction free energy profile (AG) of the stepwise and
concerted CpRuCl catalyzed ene reaction mechanism between MAA
and TMP. All energies are in kcal/mol. The values in parentheses
correspond to reaction enthalpies (AH). Distances shown on the TS
complexes are in A and correspond to bonds being broken or formed
at the TS along the reaction path.

discussed above, the stepwise mechanism involved an oxidative
addition, H-migration, and reductive elimination steps (Figure
7, black path). From Figure 7, the rate-determining step is the
oxidative addition with a Gibbs activation free energy of 30.0
kcal/mol (energy difference between TS19 and state 30). On
the other hand, the concerted mechanism was shown to
require a Gibbs activation free energy of 31.6 kcal/mol (energy
difference between TS22 and state 35 in Figure 7). Although,
the stepwise mechanism appears to be kinetically slightly more
favorable based on the Gibbs activation free energies, TOF
calculations revealed the concerted mechanism to be slightly
more favorable pathway (Figure 7). This flipping in the
catalytic performance between the two pathways is due to the
fact that the energy span model takes into consideration the
contribution of states (rate-determining states) rather than
assuming that one reaction step (rate-determining step)
determines the efficiency of the catalyst.

In addition to CpRuCl catalyst, we considered the
Ru(P(CHj,);),CL.*° The computed activation and reaction
energies of the concerted and stepwise mechanisms are shown
in Figure 8. In the stepwise mechanism (Figure 8, black path)
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the rate-determining step is the oxidative addition with a Gibbs
activation free energy of 47.5 kcal/mol (energy difference
between TS23 and state 38 in Figure 8). On the other hand,
the concerted mechanism required a Gibbs activation free
energy of 28.5 kcal/mol (energy difference between TS26 and
state 43 in Figure 8), which is kinetically more favorable than
the stepwise mechanism as shown by the Gibbs activation free
energy and confirmed by the TOF calculations (Figure 8). The
large activation energy observed in the oxidative addition step
can be attributed to a larger strain on TS19 (AEy ., = 103.6
kcal/mol) compared to TS22 (AEg. . = 46.3 kcal/mol). This
is shown in the distortion/interaction energy analysis in
Figures SS and $6.28%°

Comparing all three Ru(1I) catalysts (RuCl,-2H,0, CpRuCl,
and Ru(P(CH,);),Cl,), we observe that RuCl,-2H,0 is the
most active catalyst as shown by the TOFs (Figure S, 7 and 8).
In addition, the ene reaction proceeds via the stepwise
mechanism on RuCl,-2H,0 (Figure S), whereas the concerted
mechanism is favored in CpRuCl and Ru(P(CH;);),Cl,
catalysts (Figures 7 and 8). To the best of our knowledge,
this is the first time that a Ru-catalyzed ene reaction is reported
to proceed through a concerted mechanism (i.e., cases of
CpRuCl and Ru(P(CHj;);),CL).

In order to further explore the origin of catalytic activity in
the different Ru(II) catalysts, the distortion/interaction energy
analysis””*” was performed (see Supporting Information). This
analysis revealed that the oxidative addition transition state
(rate-determining step on the stepwise mechanism) was
destabilized, in the case of CpRuCl and Ru(P(CH,);),CL,
due to larger distortion energies of the catalyst (AEy ., = 17.8
kcal/mol and AEi., = 27.6 kcal/mol respectively) when
compared to RuCl,-2H,0 (AE,. ., = 12.0 kcal/mol) as shown
in Figure SS. The larger distortion energies on the catalyst can
be attributed to the increase in the size of ligands. However, in
the case of the concerted mechanism (Figure S6), there is a
decrease in the distortion energy of the catalyst in the case of

CpRuCl (AE4e = 4.4 kcal/mol) and Ru(P(CHj;);),ClL,
(AE4 = 1.6 kcal/mol), stabilizing the concerted TS.
Although the distortion energies of the RuCl,-2H,0 catalyst
in the concerted (Figure S6) and stepwise mechanisms (Figure
SS) are comparable (AEg. ., = 12.5 kcal/mol and AE, ., = 12.0
kcal/mol, respectively), the stepwise mechanism is preferred
due to stronger interaction energy (AE,,, = —116.1 kcal/mol vs
AE,,, = —69.2 kcal/mol) in the oxidative addition TS. Taken
together, our computational study suggests that RuCl,-2H,0
catalyst kinetically favors the ene reaction between MAA and
PIB and the reaction proceeds through a stepwise mechanism
due to stronger interaction energy as suggested by the
distortion/interaction energy analysis. However, we reiterate
here that the stability of RuCl,-2H,O catalyst may be an issue
as demonstrated by the elongation of the Ru—ClI bond in the
H-migration step and the catalyst free energy of formation.
3.5. Catalytic Activity Relationship. In our previous
study we developed a catalytic activity relationship showing
that stronger adsorption of MAA on the Lewis acid catalyst
leads to a lower activation energy. ® This also leads to a more
endothermic desorption of the final product from the catalyst.
To elucidate if the correlation between the activation Gibbs
free energy and the adsorption energy is a general trend
(following a Brensted—Evans—Polanyi relationship), we
plotted the results for Al- and Ru-based catalysts against our
previous reported Lewis acid catalysts (i.e., AICl;, SnCl,, TiCl,,
GaCl, InCl,, SnCl,, and TiCl,). The correlation plot is shown
in Figure 9. We plotted the activation energies of the rate

-15 -10 -5 0 5 10
Adsorption energy (kcal/mol)

Figure 9. Correlation plot between the activation and the adsorption
free energies of the most favorable mechanism (stepwise or
concerted).

determining steps taking in consideration the most favorable
mechanism (stepwise or concerted). A good correlation (R* =
0.86) was obtained, suggesting that stronger adsorption of
MAA on the catalyst indicates stronger Lewis acidity, leading
to lower activation energy. A correlation plot considering the
activation and adsorption free energies only for the concerted
mechanism was also generated (Figure S7), with the
RuCl,(H,0) to be an outlier. This is due to the change in
the reaction mechanism in the case of RuCl,(H,0O) favoring
the stepwise mechanism instead of the concerted. Overall,
Figure 9 demonstrates a clear relationship irrespective of the
followed mechanism that governs activity in the Lewis acid
catalyzed ene reaction between MAA and PIB.

Relationships and engineering strategies (ie., ligand and
oxidation state modification) like the ones presented in this
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work can aid the discovery of industrial catalysts. In addition to
this molecular-level understanding of the reaction mechanism,
complementary efforts are needed to assess transport effects
and accessibility of the active sites to PIB under experimental
conditions. Furthermore, detailed microkinetic modeling in
concert with molecular dynamics simulations can potentially
elucidate the competition between concerted and stepwise
mechanisms. This first-principles computational study serves as
the first step toward this direction. As such, first-principles-
based multiscale modeling can provide insights that may not be
accessible by experiments as well as guide lab-scale
experimentation in industry.

4. CONCLUSIONS

First-principles calculations and kinetic modeling were
performed to explore the catalytic activity of different Al-
and Ru-based Lewis acid catalysts on the ene reaction between
MAA and PIB. Different alkylaluminum chlorides were taken
in consideration (EtAICl,, MeAICl,, Me,AIC], Et,AICl) by
exploring the concerted mechanism (most favorable pathway).
All Al-based catalysts were shown to catalyze the reaction, with
the EtAICl, showing an enhanced catalytic activity similar to
AICl, (most active Lewis acid catalyst as previously reported®).
However, desorption of the final product from EtAICl, was
found to be less endergonic (more favorable), establishing this
alkylaluminum chloride as a promising catalyst for PIBSA
formation.

Ru-based catalysts were also explored, with a focus on effects
from oxidation state and coordinating ligands on the overall
catalytic activity. Both concerted and stepwise mechanisms
were investigated. The Ru(II) catalyst (RuCl,-2H,0) was
revealed to be the most active when compared to Ru(III)
(RuCly) and Ru(0) (Ru(CO)(P(CHj;)),), with a catalytic
activity comparable to AICL; but with a lower (more favorable)
desorption energy of the final product (PIBSA). In addition,
our detailed mechanistic analysis unraveled a competition
between the concerted and stepwise mechanisms depending
on the oxidation state of Ru. In order to further explore the
effects of Ru(II) catalyst and address ligand effects on the ene
reaction between MAA and PIB, CpRuCl and Ru(P-
(CH,),),Cl, catalysts were considered and compared to
(RuCl,-2H,0). RuCl,-2H,0 was found to be the most active
catalyst among all three Ru(II) catalysts studied. Interestingly,
RuCl,-2H,0 was found to favor the stepwise mechanism,
whereas CpRuCl and Ru(P(CHj;);),Cl, favored the concerted
mechanism. To the best of our knowledge, this is the first time
that Ru-catalyzed ene reactions are reported to proceed
through a concerted mechanism (cases of CpRuCl and
Ru(P(CHs;);),CL,). Distortion/interaction energy analysis
revealed that larger ligands coordinating on Ru destabilize
the oxidative addition transition state, disfavoring the stepwise
and favoring the concerted mechanism. Although these results
suggest RuCl,-2H,0 to be a potential catalyst for the ene
reaction between MAA and PIB, we found that this catalyst
may decompose under reaction conditions.

A correlation between the activation and adsorption free
energies from the catalysts was obtained, with the latter
describing the Lewis acid strength of the catalyst. The activity
relationships once again revealed that stronger adsorption of
MAA on the Lewis acid catalyst leads to a lower activation
energy. Overall, this work demonstrates computational routes
to screen different catalysts through ligand engineering and

modification of oxidation states to facilitate energy intense
reactions for the chemical industry.
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