PRF-56558-ND3
Models for Heterogeneous Single Atom and Small Cluster Catalysts on Graphene: A Novel Gas Phase Approach
Scott Gronert, Virginia Commonwealth University (University of Wisconsin-Milwaukee also as of 8/1/18)
Overview
In this grant, we are using a novel gas-phase approach to study simple models of heterogeneous catalysts based on
single metal atoms supported on aromatic platforms. These systems offer the potential for very efficient catalysis
and are a natural progression from nano-based systems (Figure 1).
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Figure 1. Effect of catalyst size on specific activity.
Specifically, neutral metal atoms supported on charged polycyclic aromatics are being probed in the gas-phase with
an ion trap reactor. Our working hypothesis is that the studies will allow us to examine individual steps in catalytic
cycles, survey the reactivity of a broad set of metals and small clusters supported on model polycyclic aromatic
surfaces, and develop deep insights into the chemistry of the supported metal atoms. Our rationale is that by
carefully controlling the conditions and isolating specific complexes and intermediates, we will be able to make
links between reactants and products, and the factors that control reactivity, that would be very difficult to
accomplish in the mix of species and surfaces found in condensed-phase systems. The specific aims are:
Specific Aim #1. Develop and optimize synthetic methods to generate metal atoms supported on polycyclic
aromatic ions. Our working hypothesis is that oxalate decarboxylation or related approaches will offer pathways to
neural metal atoms on aromatic platforms.
Specific Aim #2. Characterize the reaction processes of metal atoms supported on polycyclic aromatic
ions. Our working hypothesis is that the complexes will act as suitable models for single atom catalysts and the
metals will engage in fundamental processes such as oxidations (via molecular oxygen activation) and oxidative
additions.
Results
In our initial studies, we have demonstrated that it was possible to generate cobalt and nickel atoms on a flourenyl
anion support via sequential decarboxylation reactions. The process begins with a two-electron reduction of an
M(II) metal by the fragmentation of an oxalate dianion and is followed by the decarboxlylation of the 9-fluorene
carboxylate ligand (Figure 2). We have extended these results along paths related to Specific Aims 1 and 2.

Figure 2. Gas-phase synthetic path to fluorenyl-supported neutral metal complexes.
We have established that the Co and Ni fluorenyl complexes are capable of 1- and 2-electron reductions of alkyl and
vinyl halide substrates.1 With allyl and alkyl halides (R-X), one electron reductions leading to M(I)-R and M(I)-X
complexes are observed. We also see the formation of oxidative addition products, but they are accompanied by the
loss of the fluorenyl ligand as a radical, producing R-M(I)-X products. In the last year, we discovered that the
fluorenyl-supported Ni(0) complex is capable of C-H activation processes with un-activated substrates such as
alkanes. This was unexpected, but greatly expands the potential utility and impact of catalytic processes
incorporating these model graphene-supported neutral metal complexes. With cyclohexane and the Ni(0) fluorenyl
complex, efficient dehydrogenation is observed, with the production of cyclohexene as well as dihydrogen metal
adducts. When collisionally-activated, the cyclohexene complex undergoes further dehydrogenations to produce
cyclohexadiene and benzene adducts (Scheme 1).

Scheme 1. Reaction of fluorenyl nickel complex with cyclohexane.
Similar processes are observed with other cyclic and acyclic (linear and branched) alkanes. We have completed
kinetic studies, including isotope effects. For cyclohexane-d12, the deuterium isotope effect, kH/k/D, is 2.2, which
aligns with the expected mechanism. We have also modeled the reactions computationally at the M06/6-311+G**
level. The computed barrier for cyclohexane is well below the reactant energy, which is consistent with the high
efficiency of the gas-phase reaction. The computed data suggests that the strong Ni(0) binding to the alkene pushes
the dehydrogenation to be substantially exothermic (~ -20 kcal/mol). The subsequent dehydrogenation of the
cyclohexene complex to give the cyclohexadiene complex is endothermic by about 20 kcal/mol, but nearly
thermoneutral with respect to the reactants.
Next Steps
During the last year, we devoted a good deal of time exploring the C-H activation chemistry of the nickel systems.
In the coming year, we plan to continue testing the scope of the C-H activation processes and include cobalt in the
work. In addition, we will examine the reactivity of the dihydrogen complexes that are formed as byproducts of the
dehydrogenations and determine if they are competent reducing agents. Our studies of oxidative additions with the
fluorenyl-supported metal systems are nearly done (survey systems are shown in Scheme 2), but we plan to explore
the chemistry of the metal alkyl species that we have produced to determine if they are capable of engaging in C-C
coupling processes.
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Scheme 2. Systems for surveying reactivity of M˚ systems.
The last remaining major goal of the project is to contrast anionic with cationic aromatic platforms. In these small
systems, this will have a major impact on the electronic properties of the metal atom. Our target is the acridinium
system shown in Scheme 2. We will explore its potential C-H activation capabilities with alkanes and survey its
oxidative addition reactivity with the set of substrates shown in Scheme 2.

Scheme 2. Acridinium platform for Mo systems.
Summary
The discovery of C-H activation processes with the single-atom catalyst models is a major step forward and adds to
the potential impact of the systems. We will use effort in the next year to fully explore the scope and mechanistic
characteristics of the C-H activations, including cobalt-based systems. We will also complete our studies of the
products of the oxidative additions of these single-atom catalyst systems. The final major step will be to reverse the
electronics of the platform and examine how it impacts the reactivity. This final piece is critical because current,
practical single-atom catalyst systems employ platforms with defects that alter the electronic properties.
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