
 

 1 
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ABSTRACT: In most catalytic applications graphene is either functionalized or acts as the catalyst support. DFT calculations show 
on the example of the racemizations of binaphthyl compounds that pure unmodified graphene can directly catalyze chemical pro-
cesses through stabilizing non-covalent π-π interactions resulting from shape complementarity between transition structures and 
catalyst.

Graphene, a purely carbon-based two-dimensional material 
consisting of a honeycomb lattice of six-membered rings, has 
been extensively studied for its numerous exceptional proper-
ties such as its conductivity and mechanical strength.1 While 
its ability to non-covalently bind and stabilize ground state 
molecules through non-covalent π-π interactions has been well 
studied and led to applications in sensors and extraction devic-
es,2-5 this principle remains surprisingly unexplored for the 
stabilization of transition structures. Given the current interest 
in metal-free catalysis,6-7 expanding the application of this 
concept to transition structures has the potential to open up 
new opportunities for applications of graphene in catalysis. 

Although graphene itself is not an entirely new material in 
the field of catalysis, its role has largely been limited to that of 
a catalyst support. When directly involved in catalysis, the 
graphene lattice is generally modified and activation barrier 
reductions are achieved through interactions of reactants with 
substituents, defects, or dopants.8-11 The application of pure 
unmodified graphene as a catalyst is in its infancy. Examples 
are currently limited to two theoretical studies examining its 
effect on the barriers towards inversions in polycyclic aro-
matic hydrocarbon fragments, most notably the bowl-to-bowl 
inversions of corannulene and sumanene.12-13 

π-π Interactions have recently gained recognition as an im-
portant part of the catalyst design toolbox for enhancing reac-
tion selectivity.14-19 Nevertheless, they generally play a sup-
porting role in catalysis, typically providing small additional 
stabilizations alongside stronger non-covalent interactions.  

Applying the simple concept of disproportionate shape com-
plementarity between transition structure and catalyst com-
pared to reactant and catalyst, we herein explore the possibility 
to lower the activation energy of a chemical process through 
stabilizing non-covalent π-π interactions between transition 
structure and graphene nanoflake. To this end we turn to the 
simple exemplary chemical transformation of the racemization 
of binaphthyl derivatives catalyzed by a circumcircumcoro-
nene graphene flake (C96H24). We find a significant catalytic 
effect originating from π-π interactions and shape complemen-

tarity between transition structure and catalyst indicating a 
potential for applications of unmodified graphene in catalysis 
beyond its typical use as a catalyst support.  

Being one of the most common motifs in the backbones of 
asymmetric metal and organocatalysts,20-22 the racemizations 
of biaryl compounds have been studied extensively both com-
putationally and experimentally.23-39 Here, we focus on the 
racemizations of 1,1’-binaphthyl (1) and its synthetically high-
ly relevant derivative 1,1’-binaphthyl-2,2’-diol (BINOL) (2) 
which forms the starting material to a myriad of chiral cata-
lysts.20-22 Table 1 gives experimentally determined rotational 
barriers for compounds 1 and 2. 

 
Table 1 Experimental racemization Gibbs-free reaction 
barrier heights for compounds 1 and 2 (kJ mol–1). 

Comp. Solvent T (°C) DG‡ Ref. 

1 benzene 44 100.7 24 

1 DMF 50 98.5 25 

2 diphenyl 
ether 

220 158.0, 
165.4 

31, 32 

 

The transition state geometries of binaphthyl inversions have 
been the focus of a number of computational mechanistic stud-
ies and a total of four general pathways have been 
proposed.23,25-26,28-33,36,39 These include two anti-type pathways 
with passage of the substituents in the 2 and 8 positions, and 
two syn-type routes corresponding to the passage of the 2 and 
2’ and 8 and 8’ substituents. For both the syn and anti path-
ways, transition structures of two different symmetries, name-
ly anti-Ci, anti-C2, syn-C2 and syn-Cs are conceivable. The first 
study investigating the racemization of binaphthyl compounds 
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using density functional theory (DFT) methods by Meca et al.31 

 

Figure 3. Schematic potential energy profiles for the racemization of 1 (a) and 2 (b) illustrating the catalytic effect of the graphene flake.

found that of those four possible transition structures two, the 
anti-Ci and the syn-C2-type transition structures, could be lo-
cated in the case of the 1,1’-binaphthyl inversion. For BINOL 
three transition structures, namely those of anti-Ci, syn-C2 and 
anti-C2-geometry, were located. For both compounds the low-
est activation energy was reported for racemization via the 
anti-Ci pathway.31 These results are in general agreement with 
subsequent DFT studies of the uncatalyzed process.32,36,39 Fig-
ure 1 gives the molecular geometries as well as energies rela-
tive to the free compounds 1 and 2 obtained here at the 
PW6B95-D3(BJ)/Def2-TZVPP level of theory40-42 for all five 
possible transition structures for the chirality inversions of the 
binaphthyl systems of interest. 

 

Figure 1. Transition state geometries (optimized at the PBE-
D3(BJ)/6-31G(d) level of theory) for the uncatalyzed racemiza-
tions of 1 and 2. Gibbs free activation energies at 298 K 
(PW6B95-D3(BJ)/Def2-TZVPP, kJ mol–1) relative to free 1 and 2 
are given in parenthesis.  

 

In agreement with previous computational results,31,32,39 we 
find the racemization pathways via the anti-Ci-type transition 
structures to be favorable and the resulting energy barriers of 
106.0 (1) and 168.5 (2) kJ mol–1 are in good agreement with 
the experimental results presented in Table 1. 

Compared to the respective equilibrium structures, all transi-
tion structures feature distinctly distorted phenyl rings. The 
anti-Ci and syn-C2-type transition structures assume near-
planar geometries with C2-C1-C1’-C2’ dihedral angles of 180.0° 
(1, anti-Ci), 28.0° (1, syn-C2) 164.8° (2, anti-Ci) and 31.6° (2, 
syn-C2). An exception is the anti-C2-type transition structure 
which assumes a tub-like geometry.  

In order to examine the catalytic effect of adsorption onto 
graphene we optimized the complexes between all transition 
and equilibrium structures and a circumcircumcoronene flake. 
In each case, a systematic search of orientations of the sub-
strates on the graphene flake was carried out to ensure that the 
lowest energy complex was located. Figure 2 displays top-
down geometries for the catalyzed anti-Ci and syn-C2-type 
transition structures located for BINOL (for top-down geome-
tries of all equilibrium and transition structures see Figure S5 
of the Supporting Information). Compared to the transition 
structures of the free racemizations no significant changes in 
the optimized geometries were observed with bond lengths in 
the transition structures of the catalyzed process all being 
within less than 0.01 Å of those observed for the uncatalyzed 
process (for further details see Figures S1-4 of the Supporting 
Information). An exception forms the tub-shaped anti-C2-type 
transition structure pertaining to the racemization of BINOL 
which for the catalyzed process converged to a near-planar 
anti-Ci-geometry. 
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Figure 2. Transition state geometries (optimized at the PBE-
D3(BJ)/6-31G(d) level of theory) for the catalyzed racemizations 
of 2. Gibbs free activation energies are given in Table 2.  

Figure 3 gives schematic potential energy surfaces (PESs) 
comparing the free and graphene-catalyzed chirality inversions 
via the anti-Ci-type transition structures of 1 and 2. Table 2 
summarizes the energy barriers and barrier reductions upon 
catalysis for both racemization pathways of 1 and 2. 

 
Table 2 Reaction barrier heights for the uncatalyzed 
(∆G‡

uncat) and catalyzed (∆G‡
cat) racemizations, stabilization 

energies (∆Gstabilization), and catalytic enhancements 
(∆∆G‡

catalysis) (PW6B95-D3(BJ)/Def2-TZVPP, kJ mol–1) for 
both racemization pathways of 1 and 2. 

Structure ∆G‡
uncat ∆G‡

cat ∆∆G‡
catalysis

a ∆Gstabilization
b 

1 TS anti-Ci 106.0 69.4 36.6 79.8 

1 TS syn-C2 140.9 106.0 34.9 78.1 

2 TS anti-Ci 168.5 120.4 48.1 79.1 

2 TS syn-C2 184.8 142.1 42.7 73.7 

a∆∆G‡
catalysis = ∆G‡

uncatalyzed – ∆G‡
catalyzed. bEstimated as the differ-

ence in Gibbs-free energy between the complexed transition struc-
ture (TS) and free nanoflake and TS. 

 

Similar to molecular geometries, pathway preferences do not 
change upon catalysis and the racemizations via the anti-Ci-
type transition structures remain favorable, resulting energy 
barriers of 69.4 and 120.4 kJ mol-1 for the racemizations of 1 
and 2, respectively. Compared to the uncatalyzed racemiza-
tions the presence of the graphene flake catalyst significantly 
reduces the activation energies of all catalyzed inversions. In 
particular, barrier reductions of 36.6 and 48.1 kJ mol–1 are 
observed for the racemizations of 1 and 2 via the favored anti-
Ci-type pathways, respectively. As a result, at a calculated 
half-life of 163 ms the racemization of 1 is expected to occur 
readily at room temperature in the presence of graphene.43  

Since the transition structures remain nearly identical when 
adsorbed onto the graphene flake, the observed reaction barrier 
reductions are not expected to be due to geometric changes 
reducing strain or steric interactions but rather the differential 
abilities of equilibrium and transition structures to form stabi-
lizing interactions with the catalyst. In order to examine this 
further we calculate the single point energies of the transition 
and equilibrium structures of the catalyzed process with the 
catalyst removed. As expected from molecular geometries, we 
observe only a minimal increase in energy of 1.5 kJ mol–1 in 
the favored anti-Ci type transition structures for both 1 and 2 
compared to the structures pertaining to the uncatalyzed pro-
cess.43 In contrast, comparably larger destabilizations of 6.8 
(1) and 10.0 (2) kJ mol–1 are observed for the equilibrium 
structures. Thus, disproportionate stabilizing interactions be-
tween substrate and graphene flake catalyst at the transition 
states compared to the reactants and, to a small extent, ground 
state destabilization can be identified as the driving forces of 
catalysis here. 

As illustrated in Figure 3, the equilibrium structures of 1,1-
binaphthyl and BINOL are stabilized by 43.2 and 31.0 kJ mol–

1, respectively in the reactant complexes with the graphene 

flake compared to the free optimized biaryl and catalyst. The 
favorable anti-Ci type transition structures, on the other hand, 
are stabilized by 79.8 (1) and 79.1 (2) kJ mol–1 in their com-
plexes with the catalyst compared to the free inversion transi-
tion structures and catalyst (Table 2). The origin of these large 
differences in stabilization energies between equilibrium and 
transition structures lies in simple shape complementarity be-
tween the near-planar transition structures and the two-
dimensional catalyst which becomes apparent upon inspection 
of the adsorption complexes illustrated in Figure 3. In the re-
actant complexes unfavorable C2-C1-C1’-C2’ dihedral angles of 
125.5° (1) and 115.5° (2) mean that only one naphthyl group 
can interact with the graphene nanoflake via π-π interactions 
whereas the second naphthyl group is rotated such that only 
two CH-π interactions are possible. In the transition structures 
of the preferred anti-Ci-type C2-C1-C1’-C2’ dihedral angles of 
177.4° and 160.6° for 1 and 2, respectively give the molecules 
near-planar geometries. This allows for both naphthyl groups 
to be stabilized by the graphene flake via π-π interactions, 
partially compensating for the destabilizing strain energy as-
sociated with the distortion of the phenyl rings at the transition 
states. 

In summary, while modified graphene has been used for cat-
alytic applications and π-interactions are commonly exploited 
for selectivity enhancement in organocatalysts, both graphene 
and π-π interactions generally play supporting roles in cataly-
sis. Here, we provide an example of an organic transformation 
substantially accelerated by unmodified graphene in which 
extensive π-π interactions act as the main driving force of 
catalysis. The observed catalytic effect results from applica-
tion of the simple concept of shape complementarity: The 
catalyst geometry closely matches the transition state geome-
try allowing for extensive non-covalent interactions, whilst the 
reactant, being “ill-fitted” for interactions with the catalyst, is 
stabilized to a significantly lesser extent. This disproportionate 
stabilization of the transition structure over the reactant brings 
down the overall activation energy of the chemical process. In 
the case of the chirality inversions of binaphthyl compounds 1 
and 2 here, the twisted reactant has to pass through a near-
planar transition structure in order to undergo racemization. 
Containing two aromatic naphthyl units, the near-planar transi-
tion structures of 1 and 2 are well suited for extensive π-π 
interactions with a 2D graphene flake. This affords barrier 
reductions of 36.6 (1) and 48.1 (2) kJ mol–1.  

Graphene, being purely carbon-based, is an attractive cata-
lyst material for economic and sustainability considerations. 
We hope that the catalytic racemizations presented here will 
inspire further explorations into catalysis by unmodified 
nanocarbon materials and will find applications (e.g., in dy-
namic kinetic resolution) utilizing non-covalent π-π interac-
tions to accelerate chemical processes.  

COMUTATIONAL METHODS 
The geometries of all structures in this study were optimized at the 

PBE-D3(BJ)/6-31G(d) level of theory41,45 and equilibrium and transi-
tion structures were verified through vibrational frequency calcula-
tions at the same level of theory. Intrinsic reaction coordinates were 
calculated to confirm the connectivity of transition structures to the 
relevant equilibrium structures. In order to obtain more accurate ener-
gies single point energy calculations were carried out on the opti-
mized structures using the PW6B95-D3(BJ) density functional in 
combination with the Def2-TZVPP basis set.40-42 All calculations were 
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carried out using the Gaussian16 software package.46 3D structural 
representations were generated using CYLview.47 
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