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The Cambridge Structural Database search for stacking interactions between p-cymene (1-methyl-4-isopropylbenzene) 

ligands of transition metal (mostly ruthenium) complexes revealed three preferred interaction geometries, all with 

antiparallel orientation. The most frequent one involves both stacking of aromatic rings and C-H/π interactions of methyl 

substituents with aromatic rings, while the second most frequent has stacking of aromatic rings and C-H/π interactions of 

methyl groups of isopropyl substituents with aromatic rings. The results of CSD search are in agreement with DFT 

calculations of interaction energies, since all the preferred CSD geometries correspond to minima on potential energy 

curves. The strongest calculated interaction between p-cymene ligands of model complexes [Ru(p-cym)Cl2(NH3)] 

corresponds to the most frequent geometry found in crystal structures, and it has the B97-D2/def2-TZVP interaction 

energy of -7.56 kcal/mol. This is significantly stronger than interaction between benzene ligands of [Ru(benzene)Cl2(NH3)] 

complexes (-3.93 kcal/mol), revealing that substituents increase interaction strength substantially. All interaction 

geometries and their relative strengths are in agreement with electrostatic potentials of the monomer complex. 

Introduction 

Stacking interactions are omnipresent in many chemical and 

biological systems.
1,2

 They stabilize structures of nucleic 

acids
3,4

 and modulate the structure of proteins,
5,6

 but they are 

also important in the fields of materials science,
2
 crystal 

engineering
7,8

 and drug design.
9
 Although they are usually 

related to aromatic moieties,
10–12

 they can also be very 

important in the systems containing nonaromatic systems, 

most notably hydrogen-bridged rings
13

 and metal-chelate 

rings,
8,14

 where they can be significantly modulated by the 

metals in terms of both geometry and energy.
15,16

  

Another way for metals to modulate the stacking interactions 

of aromatic compounds is by the means of coordination to 

their π-electrons (η-coordination). It was determined that 

stacking interactions between coordinated and uncoordinated 

(-4.40 kcal/mol),
17,18

 as well as between two coordinated 

benzenes (-4.01 kcal/mol)
18,19

 are stronger than stacking 

between two uncoordinated benzenes (-2.73 kcal/mol).
10

 

Stacking interactions of coordinated cyclopentadienyl (Cp) 

anions are also stronger than stacking between uncoordinated 

benzenes.
18,20

 The searches of Cambridge Structural Database 

crystal structures revealed the dominance of strong (up 

to -2.95 kcal/mol)
18,19

 stacking interactions at large offsets 

(more than 4.5 Å) for sandwich compounds, while significantly 

weaker stacking at large offset of half-sandwich compounds 

can also be very frequent if it is supported by simultaneous 

interactions of other ligands of half-sandwich compounds.
18

  

Stacking interactions of aromatic rings are in all cases 

strengthened by the presence of substituents on aromatic 

rings, regardless of the substituent types.
21–24

 This is ascribed 

to local, direct interactions of substituents of one ring with the 

closest part of the other aromatic ring, with substituent effects 

being additive and transferrable.
23

    

The topic of this work are stacking interactions between p-

cymene (1-methyl-4-isopropylbenzene) molecules coordinated 

to transition metals. Transition metal (mostly ruthenium) 

complexes that have p-cymene ligands are among the very 

important metal-arene complexes in the field of medicinal 

chemistry.
25–29

 Moreover, they were shown to have certain 

catalytic activity.
27,30

 Apart from that, since p-cymene is 

substituted benzene, it is a good model system to study the 

influence of substituents on stacking interactions of 

coordinated aromatic molecules.  

In this work we have performed the search of Cambridge 

Structural Database crystal structures in order to find stacking 

interactions between two p-cymene ligands and to describe 

their preferred geometries. We have also performed quantum 

chemical calculations in order to determine the strength of 

these interactions, as well as to assess the influence of 

substituents on interaction energies. To the best of our 

knowledge, this is the first study on stacking interactions 

between substituted aromatic ligands with η-coordination to 

transition metals.  

Methodology 

Cambridge Structural Database (v. 5.40, November 2018)
31

 

was searched using the ConQuest (v. 2.0.2)
32

 program in order 

to find stacking interactions between p-cymene ligands of 

transition metal complexes. The search included only the 

crystal structures with error free coordinates and 

crystallographic R factor lower than 0.10, while polymer and 

powder structures were excluded. p-cymene ligands were 

considered forming stacking interaction if the angle between 

the mean planes of their aromatic rings was less than 10° and 

the centres of the rings belong to the ellipse defined by the 

horizontal displacement (offset) of 7.5 Å and normal distance 
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of 6.0 Å, with the ellipse centre being the centre of one of the 

rings (Figure 1).  

 
Figure 1. Model system for CSD search of stacking interactions between p-cymene 

ligands. Ω1 and Ω2 are centres of aromatic rings of p-cymene ligands, while Ω2’ is the 

projection of centre Ω2 onto the plane of aromatic ring of Ω1. Normal distance R is the 

distance from Ω2 to Ω2’, while horizontal displacement or offset is the distance from Ω1 

to Ω2’. 

We have used several additional parameters to determine the 

mutual orientation of p-cymene ligands. Torsion angle T was 

used to determine the orientation of methyl groups of 

isopropyl substituent of one p-cymene relative to the aromatic 

ring of the other p-cymene (Figures 2a). Torsion angle T’ was 

used to determine the mutual orientation of p-cymene 

substituents (Figures 2b).  

 
Figure 2. a) Torsion angle T is defined as the absolute value of torsion Cip’-Cip-Ω1-M1, 

where Cip is the 3° and Cip is the 1° carbon of isopropyl substituent. Since there are two 

1° carbon atoms and therefore two torsion angles of this type, torsion T is the one with 

the larger value; b) torsion angle T’ is defined as the absolute value of torsion Cm1-Ω1-

Ω2-Cm2, where Cm1 and Cm2 are methyl substituents of p-cymene ligands. 

In order to determine the strength of the interactions between 

p-cymene ligands, quantum chemical calculations were 

performed on [Ru(p-cym)Cl2(NH3)] complex, since the vast 

majority of the complexes found in crystal structures were of 

ruthenium, with chloride and nitrogen ligands. This complex 

was optimized using the B97 density functional
33

 with D2 

dispersion correction by Grimme
33

 and def2-TZVP basis set,
34

 

using the effective core potentials for ruthenium.
35

 The same 

level of theory was used for the calculations of stacking 

interaction energies between two of these complexes, which 

included the BSSE removal according to the counterpoise 

procedure.
36

 This level was used since it was previously shown 

to give good results on interactions between uncoordinated 

benzene and benzene coordinated to ruthenium.
29

 

Electrostatic potential map of the [Ru(p-cym)Cl2(NH3)] 

molecule was also calculated at B97-D2/def2-TZVP level. It was 

mapped on the surface defined by the electron density of 

0.004 a.u.
37

 In order to estimate the influence of substituents 

on the interaction energies, additional calculations were 

performed on dimer of [Ru(benzene)Cl2(NH3)] complex, using 

the same level of theory. All calculations were performed in 

Gaussian 09 (version D.01) program package.
38

 

Results and discussion 

Cambridge Structural Database Search 

The CSD search gave a total of 679 stacking interactions 

between p-cymene ligands satisfying the given geometrical 

criteria. As expected, the vast majority of these interactions 

(612, or 90.1%) was between p-cymene ruthenium complexes, 

since p-cymene is a typical ligand for ruthenium; the 

ruthenium complexes were mostly of half-sandwich type (576, 

or 94.1%), which is also typical for p-cymene organometallic 

compounds. The rest of the complexes were with osmium.  

In the 617 of structures with stacking interactions (or 90.9%) 

the torsion angle T has values larger than 150° (Figure 3a), 

which indicates that one methyl group of isopropyl substituent 

of p-cymene has tendency to be pointed towards the plane of 

aromatic ring of the other p-cymene. Vast majority of the 

stacking interactions (660, or 97.2%) has torsion angle T’ in the 

range 170-180° (Figure 3b), which indicated preference for 

antiparallel orientation of p-cymene ligands. Further analysis 

of stacking interactions in crystal structures was therefore 

conducted on contacts with antiparallel orientation. 

 
Figure 3. Distributions of torsion angles T (a) and T’ (b). The angles are described at Figure 2.  



  

  

Please do not adjust margins 

Please do not adjust margins 

In order to obtain the mutual orientation of antiparallel p-

cymene ligands, offsets for all the contacts were decomposed 

into horizontal and vertical component (rx and ry, Figure 4). 

The obtained density map has three highly populated areas 

(Figure 4), indicating preference for three stacking geometries. 

 
Figure 4. Density map of horizontal (rx) and vertical (ry) component of offset values for 

stacking interactions between p-cymene ligands found in CSD crystal structures.  

The first area on the map (1, Figure 4) has rx = 0.0 – 0.5 Å and 

ry = 2.5 – 3.0 Å and normal distances R = 4.5 – 5.0 (Figure 5), 

which indicates the displacement along the substituents of 

aromatic ring, with isopropyl group of one p-cymene above 

the aromatic ring of the other p-cymene, and vice versa. The 

example of type 1 geometry was found in the crystal structure 

of (N-(2-Aminoethyl)methanesulfonamidato)-chloro-(η
6
-1p-

cymene)-ruthenium(II) (refcode UDUDOO, Figure 6).
39

 Since 

the majority of the structures has large values of torsion angle 

T (Figure 3), one methyl group of isopropyl substituent of each 

p-cymene is pointed towards the aromatic ring of the other p-

cymene forming two C-H/π interactions, and, consequently, 

very large normal distances, which probably lowers the 

strength of stacking between aromatic rings.  

The area on the map denoted as 2 (Figure 4) is the most 

populated one. The largest number of geometries belonging to 

this area are with rx = 0.0 – 0.5 Å and ry = (-3.0) – (-2.5) Å 

(Figure 4) and normal distances R ≈ 3.5 Å (Figure 5). These 

values indicate that p-cymene ligands are displaced along the 

substituents of aromatic ring, with methyl substituent of one 

p-cymene above the aromatic ring of the other p-cymene, and 

vice versa. These methyl substituents form C-H/π interactions, 

which support the stacking of aromatic rings, which should be 

substantial at these normal distances. The example of type 2 

geometry was found in the crystal structure of (η
6
-p-cymene)-

(N-methoxycarbonylmethyl-α,N-didehydroalaninato-O,N)-

chloro-ruthenium(II) (refcode YIXNOI, Figure 6).
40

 

The populated area 3 (Figure 4) and the geometries this area 

represents have rx = 4.0 – 4.5 Å and ry = 0.0 – 0.5 Å (Figure 4), 

with normal distances of R = 2.5 – 3.0 Å (Figure 5). These 

parameters indicate the displacement along the line normal to 

the substituents, and stacking interaction with large horizontal 

displacement is formed. Additionally, substituents of aromatic 

rings interact with each other, as well with edges of aromatic 

rings. The example of this geometry was found in the crystal 

structure of chloro-(η
6
-p-cymene)-(2-methyl-N-((1H-pyrrol-2-

yl)methyl)propan-2-aminato)-ruthenium(II) (refcode PUJYEA, 

Figure 6).
27

   

 
Figure 5. Density map of normal distance (R) versus horizontal displacement (r) for 

stacking interactions between p-cymene ligands found in CSD crystal structures 

Quantum Chemical Calculations 

In order to explain the tendencies towards certain stacking 

geometries found in the CSD crystal structures, we have 

performed the calculations of interaction energies between 

complexes with p-cymene ligands. Since we determined that 

the vast majority of the interacting p-cymene complexes from 

the CSD are ruthenium(II) complexes with chloride and 

nitrogen ligands, model molecule for the calculations was 

[Ru(p-cym)Cl2(NH3)]. The geometry of this molecule optimized 

at B97-D2/def2-TZVP level of theory has the absolute value of 
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torsion angle T of 174.71°, which is in agreement with the values of this angle in the CSD crystal structures (Figure 3).  

 Figure 6. Three typical geometries of stacking interactions between p-cymene ligands. The numbers above them indicate the position of the geometry on the offset density maps 

(Figures 4 and 5), while the letters below indicate their CSD refcode.  

Starting from the sandwich orientation of aromatic rings, the 

p-cymene-containing ruthenium complexes were displaced 

along the substituents (model system Y, Figure 7) and along 

the line normal to the substituents (model system X, Figure 8). 

For the model system Y we have distinguished the positive 

offsets (isopropyl substituents getting closer) and negative 

offsets (methyl substituents getting closer, Figure 7). In a 

series of single point B97-D2/def2-TZVP calculations, we have 

kept the monomer geometries rigid and for certain offset 

values we have changed the normal distances in order to find 

the ones with the strongest interactions.  The results of the 

calculations are presented in Figures 7 and 8 as potential 

energy curves. 

Potential energy curve for model system Y shows two minima. 

More stable minimum has horizontal displacement of -2.5 Å 

and normal distance of 3.4 Å (Figure 7), which corresponds to 

the most frequent interaction geometry found in crystal 

structures (2, Figures 4-6). The frequency of this geometry can 

therefore be explained by the fact that this is the most stable 

interaction between p-cymene complexes we have calculated, 

with interaction energy of -7.56 kcal/mol. In order to assess 

how much the substituents are strengthening the interactions, 

interaction energies were also calculated between 

[Ru(benzene)Cl2(NH3)] complexes, keeping  the offset and 

optimal normal distances between p-cymene complexes (r = -

2.5 Å ad R = 3.4 Å). The interaction energy for stacking 

between benzene complexes, is -3.93 kcal/mol, which implies 

that substituents are strengthening the overall interaction 

almost twice by forming two C-H/π interactions. Therefore it 

can be said that in the geometry of type 2 the overall 

interaction is a combination of π-π stacking and C-H/π 

interactions.  

It is interesting to notice that the stacking energy between 

[Ru(benzene)Cl2(NH3)] molecules at 2.5 Å is -3.93 kcal/mol, 

while our previously calculated stacking energy at the same 

offset between two Cr-benzene half-sandwich compounds 

[Cr(benzene)(CO)3] is -3.11 kcal/mol and between two Cr-

benzene sandwich compounds [Cr(benzene)2] is -3.63 

kcal/mol.
18

 This is in agreement with the calculations by 

Merino et al. that showed that aromatic rings coordinated to 

4d metals stack stronger than aromatic rings coordinated to 3d 

metals.
20

 

 Figure 7. Model system Y (left) for calculations of stacking interaction energies between two p-cymene ligands in [Ru(p-cym)Cl2(NH3)] (for the reasons of simplicity, only p-cymene 

ligands are shown). Potential energy curves (middle) were calculated at B97-D2/def2-TZVP level of theory, using the effective core potentials for ruthenium atoms, and they 

represent the energies of the strongest interactions at given offsets. For the same optimal normal distances (right), interaction energies between two [Ru(benzene)Cl2(NH3)] 

complexes were calculated (middle). 
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The other minimum on Y potential energy curve has horizontal 

displacement of 1.5 Å, with interaction energy of -5.34 

kcal/mol. However, interaction energies are very similar for 

displacements between 2.0 and 3.5 Å as well (between -5.03 

and -5.31 kcal/mol, Figure 7); optimal normal distances for 

these offsets are 4.6-4.7 Å. This area on the curve therefore 

corresponds to the second most frequent geometry found in 

crystal structures (1, Figures 4-6). The effect of the 

substituents in this geometry is quite large. Namely, if p-

cymene ligand is replaced with benzene, the stacking between 

complexes is significantly weaker; interactions are weaker than 

-1.5 kcal/mol for the offsets between 2.0 and 3.5 Å (Figure 7), 

since normal distances between the rings are quite large due 

to C-H/π interactions of methyl groups of isopropyl 

substituents and aromatic rings. It can be sad that isopropyl 

substituents quite significantly strengthen the overall 

interaction in type 1 structures, which are therefore 

dominated by the C-H/π interactions, while stacking is only a 

minor stabilizing effect. 

Potential energy curve for model system X has a minimum at 

larger horizontal displacement of 3.5 Å (Figure 8), with the 

optimal normal distance of 3.1 Å and interaction energy 

of -6.14 kcal/mol. This minimum has very similar geometry as 

the third most frequent interaction type in crystal structures 

(3, Figures 4-6). The interaction energy between corresponding 

benzene complexes in this geometry is -3.10 kcal/mol (Figure 

8), which suggests that substituents are strengthening the 

overall interaction at least twice by their mutual interactions 

and by interacting with edges of aromatic rings. 

The preferred interaction geometries between p-cymene 

ligands can be explained by observing the electrostatic 

potential map of [Ru(p-cym)Cl2(NH3)]. The map shows that 

potentials are slightly negative above aromatic ring, positive at 

the aromatic edges, and positive at the hydrogen atoms of 

methyl groups (Figure 9). Therefore, it can be said that the 

geometries of types 1 and 2 (Figures 6) are consequences of 

overlaying of positive potentials of methyl hydrogens and 

negative potentials above aromatic rings (Figure 9). The 

geometry of type 3 (Figures 6) is the consequence of 

overlaying of negative potential above aromatic ring of one p-

cymene and positive potential at the aromatic edges of the 

other p-cymene, and vice versa (Figure 9). 

 
Figure 8. Model system X (left) for calculations of stacking interaction energies between two p-cymene ligands in [Ru(p-cym)Cl2(NH3)] (for the reasons of simplicity, only p-cymene 

ligands are shown). Potential energy curves (middle) were calculated at B97-D2/def2-TZVP level of theory, using the effective core potentials for ruthenium atoms, and they 

represent the energies of the strongest interactions at given offsets. For the same optimal normal distances (right), interaction energies between two [Ru(benzene)Cl2(NH3)] 

complexes were calculated (middle). 

 
Figure 9. Upper and side views of the electrostatic potential map of 

[Ru(p-cym)Cl2(NH3)]. The potentials were mapped on the surface defined by the 

electron density of 0.004 a.u. using the B97-D2/def2-TZVP Gaussian wave functions.  

Conclusions 

Stacking interactions between p-cymene ligands of transition 

metal complexes were studied by searching the crystal 

structures deposited in the Cambridge Structural Database and 

by performing DFT calculations. The CSD search found three 

preferred interaction geometries between coordinated p-

cymenes, which were majorly ligands in ruthenium half-

sandwich compounds with chloride and nitrogen ligands. The 

most frequent interaction geometry had stacking interaction 

between aromatic rings, as well as two C-H/π interactions 

between methyl substituents and aromatic rings. The second 

geometry had stacking between aromatic rings and two C-H/π 

interactions between aromatic rings and methyl groups of 

isopropyl substituents, while the third one included stacking at 

large offsets (around 4.0 Å), as well as interactions between 

substituents and between substituents and aromatic ring 

edges.  

DFT calculations of interaction energies on model complex 

[Ru(p-cym)Cl2(NH3)] showed that the geometries derived from 

the CSD crystal structures are so frequent because they all 

correspond to potential energy curve minima. The strongest 

interaction was calculated for the geometry corresponding to 
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the most frequent one in the CSD, with B97-D2/def2-TZVP 

interaction energy of -7.56 kcal/mol. The energy of interaction 

between benzene ligands in [Ru(benzene)Cl2(NH3)] for the 

same geometrical parameters is -3.93 kcal/mol, which implies 

that methyl substituents of p-cymene rings strengthen the 

stacking interaction twice by forming two C-H/π interactions 

with aromatic rings. This effect is even more pronounced if 

methyl groups of isopropyl substituents interact with aromatic 

rings, since their C-H/π interactions can strengthen the 

stacking five times. 

The preference for certain interaction geometries can be 

explained by observing the electrostatic potential surface of 

[Ru(p-cym)Cl2(NH3)] complex, which is negative above 

aromatic ring and positive at the ring edges and at hydrogen 

atoms of methyl groups.  

This work shows that the presence of substituents on 

coordinated aromatic rings can lead to large changes in the 

geometries of stacking interactions and can significantly 

strengthen the overall interactions by providing additional 

contacts with aromatic rings. 
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