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ABSTRACT. The analysis of crystal structures deposited in the Cambridge Structural Database 

showed that indenyl ligands of transition metal complexes prefer to form stacking interactions 

with one of the three geometries: two of them (types 1 and 2) at small horizontal displacements 

and one (type 3) at large horizontal displacements. DFT calculations on several model molecules 

showed that types 1 and 2 are minima at potential energy surfaces, with substantial interaction 

energies that surpass -8.0 kcal/mol. Type 3 has small energy contribution (around -2.0 kcal/mol) 

to the stability of supramolecular structures, however, it is combined with simultaneous stronger 

stacking or aromatic C-H/π interactions. Stacking of indenyl ligands is significantly stronger than 

the stacking of corresponding cyclopentadienyl ligands (-3.0 kcal/mol), due to larger size of 
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indenyl ligand. The strength of stacking interactions depends on electrostatic potential surface of 

indenyl ligands, depending on the nature and number of the other ligands of the transition metal.

INTRODUCTION

Stacking interactions are ubiquitous in a variety of chemical and biological systems.1,2 Their 

importance ranges from the structure of biomolecules such as proteins3,4 and nucleic acids,5,6 to 

the applications in crystal engineering,7–9 materials science1,10 and drug design.11 

Stacking interactions are usually related to aromatic molecules, and typically studied on benzene 

dimer.12–14 The strongest stacking interaction between two benzene molecules has the energy of -

2.73 kcal/mol, and it is only slightly weaker than the strongest (T-shaped C-H/π) interaction in 

benzene dimer (-2.84 kcal/mol).13 Important type of stacking interactions are stacking 

interactions with large horizontal displacements (r > 4.5 Å), where two benzene molecules 

almost do not overlap.14 They are recognized as the dominant stacking arrangement in crystal 

structures deposited in the Cambridge Structural Database,14 and their energy is substantial, -2.01 

kcal/mol, which is more than 70% of the strongest stacking interaction.14,15 

Stacking interactions can be strengthened by introducing heteroatoms16 or by adding substituents 

to aromatic rings.17 However, even stronger stacking interactions are formed by nonaromatic 

rings containing transition metals, most notably metal-chelate rings.9 Another way for transition 

metals to strengthen stacking interactions is by coordinating aromatic moieties through their π-

electrons, forming metal-arene sandwich and half-sandwich compounds. Mutter and Platts first 

determined that stacking between coordinated benzene and uncoordinated benzene is 
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significantly stronger than stacking between two uncoordinated benzenes.18,19 These interactions 

are particularly important in the field of medicinal chemistry;20–23 metal-arene complexes (in 

particular of ruthenium) are known to exhibit anticancer activity by disrupting the structure of 

DNA through stacking interactions.19,24–26 The works of our group later showed that stacking 

interactions between two coordinated benzenes27 and between two coordinated Cp anions28 are 

also stronger than stacking between uncoordinated benzenes. 

The strength of stacking interactions of aromatic ligands of transition metal complexes depends 

on the other ligands in the complex, since they cause different electrostatic potential surfaces of 

aromatic ligands.27–29 Ferrocene, perhaps the most well-known Cp complex, a sandwich 

compound with two Cp ligands, has negative electrostatic potential above the Cp ring and 

positive electrostatic potential at the hydrogen edges, similarly to electrostatic potential surface 

of uncoordinated benzene. Stacking interactions between two Cp ligands of ferrocene, as well as 

between two uncoordinated benzenes, are therefore the strongest in parallel-displaced geometry 

(horizontal displacement of about 1.5 Å), because of favorable electrostatic interactions. The 

increased dispersion interactions due to transition metal coordination make ferrocene dimer 

(-4.01 kcal/mol) more stable than benzene dimer (-2.76 kcal/mol).28 If the other ligands of the Cp 

complex are electron-withdrawing (as CO and CN-), electrostatic potential surface above the Cp 

ring in a half-sandwich compound becomes positive, causing very strong stacking interaction 

between Cp half-sandwich and benzene (-4.46 kcal/mol) and stacking between two Cp half-

sandwich compounds significantly weaker (-2.87 kcal/mol).28 

Stacking with large offsets also depends on both transition metal coordination and electrostatic 

potential surface of the Cp ligand. It was shown that stacking at large offset is relatively strong if 

the overlapping edges of molecules have a gradient of electrostatic potential, so that the opposite 
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ends of the potentials overlay.28,29 For that reason, large offset stacking is quite substantial for 

two Cp sandwich compounds, and even more than for two benzene molecules, while in the case 

of two Cp half-sandwich compounds, large offset stacking is weak.28 

An interesting case of aromatic moiety forming metal-arene complex is indenyl, ligand with 

fused 5-membered and 6-membered rings, which usually coordinates to transition metal via 5-

membered ring. Indenyl is an important ligand in synthetic chemistry, due to its ability to 

enhance the rates of substitution reactions in comparison to Cp ligand (“indenyl effect”).30,31 In 

this paper, we studied stacking interactions between indenyl ligands of transition metal 

complexes. Since it contains both coordinated and uncoordinated ring, studying its stacking 

interactions can indicate if coordinated aromatic rings prefer to stack with other coordinated 

rings or with the uncoordinated ones, as well as how the fusion of the rings influences stacking. 

We have performed the search of Cambridge Structural Database in order to find the most 

common stacking geometries of this ligand with fused rings, and performed density functional 

calculations to estimate the strength of these interactions. Also, we investigated how other 

ligands in the complexes influence the electrostatic potential surfaces of indenyl ligands, and 

their impact on stacking geometries and energies. To the best of our knowledge, this is the first 

study of stacking interactions between the ligands with fused aromatic rings in metal-arene 

complexes. 

METHODOLOGY

Cambridge Structural Database (CSD)32 was searched in order to find stacking interactions 

between indenyl ligands of transition metal complexes. ConQuest 2.0.0 program33 was used to 
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5

search among the CSD single crystal, non-polymeric structures with error-free coordinates and 

crystallographic R factor lower than 0.10. 

It was considered that two indenyl ligands form stacking interaction if the angle between their 

mean planes is less than 10° and if centers of any two non-fused rings of the observed ligands 

belong to the ellipse defined by the horizontal displacement of 7.5 Å and normal distance of 4.0 

Å, with the ellipse center being the center of one of the rings (Figure 1). The stacking geometries 

were characterized by the torsion angle T, horizontal displacement of coordinated ring centers 

(r), and normal distance between the coordinated ring planes (R, Figure 1). 

Figure 1. Model system for the CSD search of stacking interactions between indenyl ligands of 

transition metal complexes. Ωc1 and Ωc2 are the centers of coordinated 5-membered rings, while 

Ωuc1 and Ωuc2 are centers of uncoordinated 6-membered rings of indenyl ligands. Ωc2’ is the 

projection of the center Ωc2 onto the plane of the aromatic ring of Ωc1. The mutual orientation of 

the rings of indenyl ligands was determined by torsion angle T: Ωuc1-Ωc1-Ωc2-Ωuc2. Normal 

distance R is the distance between Ωc2 and Ωc2’, while horizontal displacement (offset) r is the 

distance between Ωc1 and Ωc2’. Contact is considered a stacking interaction if angle between 
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mean planes of indenyl ligands is less than 10°, and if centers of any two non-fused rings of 

these ligands belong to the ellipse defined by the offset of 7.5 Å and normal distance of 4.0 Å, 

with center of the ellipse being center of one of the rings. 

Stacking interaction energies were calculated for several model systems based on the molecules 

from the CSD crystal structures (explained in further text). The optimizations of monomer 

geometries of the complexes, as well as the calculations of interaction energies, were done using 

the B97 density functional34 with Grimme D2 empirical dispersion34 and def2-TZVP basis set,35 

with effective core potentials for ruthenium and rhenium atoms.36 This level of theory was 

previously used to calculate the interactions between uncoordinated benzene and benzene 

coordinated to ruthenium,19 as well as for the calculations between two p-cymene molecules 

coordinated to ruthenium.37 Also, this level of theory gives good results on stacking energies 

between uncoordinated benzene and coordinated benzene/Cp, and also between two coordinated 

benzenes and between two coordinating Cp anions (see Table S1, Supporting Information). For 

interaction energy calculations, basis set superposition error was removed via counterpoise 

procedure of Boys and Bernardi.38 The electrostatic potential maps of the indenyl complexes 

were calculated from B97-D2/def2-TZVP wave functions and plotted at the outer contour of 

electron density of 0.003 a.u., as suggested by Murray et. al. 39 All calculations were performed 

in Gaussian 09 (version D.01) program package.40 Electrostatic potential surfaces were plotted in 

gOpenMol program.41 
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RESULTS

The CSD search 

We have found 390 crystal structures in the CSD containing transition metal complexes with 

indenyl ligands, while in 164 of these crystal structures (42%) we have found stacking 

interactions between indenyl ligands of transition metal complexes. Since in one crystal structure 

there is possibility for more than one stacking contact, the search yielded 243 stacking 

interactions between indenyl ligands of transition metal complexes. The analysis of torsion angle 

T showed very large preference for antiparallel orientation, since 228 interactions had torsion 

angle between 170° and 180° (Figure S1, Supporting Information). Further analysis was 

performed on interactions with antiparallel orientation. 

In order to obtain the preferred geometries of stacking interactions, offset values for all contacts 

were decomposed into two components (rx and ry, Figure 2). The obtained density map has three 

areas of high population (Figure 2), which indicates three dominant stacking geometries of 

indenyl ligands. The additional density map was constructed in order to determine typical normal 

distances for the preferred geometries (Figure 3). 
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Figure 2. Density map of horizontal (rx) and vertical (ry) components of offset values for the 

stacking interactions between the indenyl ligands found in the CSD crystal structures. 
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Figure 3. Density map of normal distance (R) versus horizontal displacement (r) for the stacking 

interactions between indenyl ligands of transition metal complexes found in the CSD crystal 

structures. 

The most populated area (type 1 stacking) is somewhat wide area in the range rx = 0.0 – 2.0 Å 

and ry = 0.5 – 2.0 Å (Figure 2). This area represents the parallel-displaced stacking of indenyl 

ligands, with direct contacts between two coordinated 5-membered rings, and between 

coordinated 5-membered and uncoordinated 6-membered; in this type of stacking two 

uncoordinated 6-membered rings are not in direct contact. Normal distances typical for this type 

of stacking are between 3.0 and 3.5 Å (Figure 3). Several examples of this type 1 stacking are 

given in Figure 4,42–47 and they include complexes with various types of other ligands, which 

affect their electrostatic potentials (Figure 4). 
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Figure 4. Examples of type 1 stacking geometries between indenyl ligands of transition metal 

complexes found in the CSD crystal structures. The CSD refcodes of corresponding crystal 

structures are given. The presented electrostatic potential surfaces of the indenyl faces were 

calculated at B97-D/def2-TZVP level of theory and plotted at the outer contour defined by the 

electron density of 0.003 a.u.

The second most typical stacking geometry (type 2 stacking) is with rx = 1.0 – 1.5 Å and ry = 3.0 

– 3.5 Å (Figure 2), with typical normal distances between 3.0 and 3.5 Å (Figure 3). Type 2 is 

parallel-displaced stacking of indenyl ligands with direct contact between two uncoordinated 6-

membered rings, and between uncoordinated 6-membered and coordinated 5-membered rings, 

while two coordinated 5-membered rings do not have direct contact (Figure 5). The examples of 

the type 2 stacking are given in Figure 5.48–51 It was interesting to notice that, indenyl sandwich 

compounds do not form type 2 stacking interactions in crystal structures.
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Figure 5. Examples of type 2 stacking geometries between indenyl ligands of transition metal 

complexes found in the CSD crystal structures. The CSD refcodes of corresponding crystal 

structures are given. The presented electrostatic potential surfaces of the indenyl faces were 

calculated at B97-D/def2-TZVP level of theory and plotted at the outer contour defined by the 

electron density of 0.003 a.u.

The third most populated area (type 3 stacking) is the one with stacking at large horizontal 

displacements of uncoordinated 6-membered rings (Figure 6), with rx = 4.5 – 5.0 Å (Figure 2). 

This stacking can be with ry = 7.0 – 7.5 Å (Figure 2) and normal distances of R = 2.0 – 2.5 Å 

(Figure 3), as in the crystal structure AGONER0152 (Figure 6). However, it can also be with 

larger offset ry = 8.0 – 8.5 Å (Figure 2) and even smaller normal distances of R = 1.0 – 1.5 Å 

(Figure 3), as in the crystal structure GACTAG53 (Figure 6). In both cases, indenyl faces forming 

Page 11 of 41

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

large offset stacking are engaged in additional simultaneous interactions, such as small offset 

stacking (usually of type 2) and aromatic C-H/π interaction (Figure 6). 

Figure 6. Examples of type 3 stacking geometries between indenyl ligands of transition metal 

complexes found in the CSD crystal structures. The CSD refcodes of corresponding crystal 

structures are given. The complexes forming type 3 stacking are presented in ball and stick style, 

while neighboring molecules forming additional simultaneous interactions (type 2 indenyl 

stacking for GACTAG and aromatic C-H/π interactions for AGONER01) are presented in stick 

style. Top view of large offset stacking dimers is also shown. The presented electrostatic 

potential surfaces of the indenyl faces were calculated at B97-D/def2-TZVP level of theory and 

plotted at the outer contour defined by the electron density of 0.003 a.u.

Electrostatic potential surfaces of indenyl ligand in transition metal complexes

Transition metal coordination can influence electrostatic potentials of aromatic moieties, but the 

greatest influence actually comes from the other ligands in the complexes. For example, 
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uncoordinated benzene and coordinated benzene in bis(benzene)chromium have very similar 

electrostatic potential surfaces, while benzene in (benzene)tricarbonylchromium has much 

different electrostatic potential surface.27 Namely, carbonyl ligands withdraw large amount of 

electron density, leaving coordinated benzene with very positive electrostatic potential surface.27 

The same case was with Cp ligand in ferrocene (electrostatic potential surface similar to that of 

uncoordinated benzene) an in [Fe(Cp)(CN)(CO)2] (positive electrostatic potential).28 

It can be seen that electrostatic potential surfaces of the indenyl faces are also significantly 

influenced by the other ligands (Figures 4-6). In all cases, uncoordinated 6-membered rings have 

more negative electrostatic potentials than coordinated 5-membered rings, since metal and the 

remaining ligands withdraw more electron density from coordinated ring. Similarly to Cp 

sandwich compounds, indenyl sandwich compounds have negative electrostatic potentials above 

the coordinated 5-membered ring (structure EDUCOV,43 Figure 4), since the other indenyl 

ligand does not withdraw much of the electron density. However, the presence of carbonyl 

ligands leads to stronger withdrawal of electron density, and the inclusion of these ligands makes 

electrostatic potential above the 5-membered ring less negative to neutral (Figures 4-6). Among 

the complexes for which we calculated electrostatic potentials (Figures 4-6), positive potential 

above the coordinated 5-membered ring was found in two cases, with highly fluorinated ligand 

(GEVCIT,50 Figure 5) and with two carbonyl and one phenyl ligand coordinated to another 

transition metal (VUNDAJ,51 Figure 5), which are able to withdraw large amount of electron 

density from indenyl 5-membered ring. 

It can be noticed that indenyl faces with very negative electrostatic potentials above 5-membered 

rings typically form type 1 stacking, since this arrangement is the one where the overlay of very 

negative areas is the smallest. Indenyl faces with positive electrostatic potentials above the 5-
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membered rings form type 2 stacking, since it is the way to avoid the overlay of areas with 

positive electrostatic potentials above the coordinated 5-membered rings. The faces with slightly 

negative or neutral potentials can form both types of stacking.

The interesting examples are two crystal structures where indenyl complexes form stacking 

interactions of both type 1 and type 2. In the first one (GEVCUF,50 Figure 7), the complex 

contains two indenyl ligands with different electrostatic potentials; the indenyl with negative 

electrostatic potentials is coordinated to ruthenium which has carbonyl ligands, while the indenyl 

with positive electrostatic potentials is coordinated to a metal with highly fluorinated ligand. As 

we noticed before, the indenyl with negative electrostatic potentials forms type 1 stacking, while 

the indenyl with positive potential above the coordinated 5-membered ring forms type 2 stacking 

(Figure 7). 

The other crystal structure with both types of stacking contains only one type of indenyl ligand 

(PUYGUM,54 Figure 7). This ligand has positive electrostatic potentials above the coordinated 5-

membered ring, and neutral potentials above the uncoordinated 6-membered ring (Figure 7), 

since boron cluster coordinated to transition metal withdraws a large amount of electron density. 

These potentials typically lead to the formation of type 2 stacking (Figure 5), however in this 

crystal structure type 1 stacking is also formed (Figure 7). 
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Figure 7. Examples of CSD crystal structures containing both type 1 and type 2 stacking 

geometries between indenyl ligands of transition metal complexes. The CSD refcodes of the 

crystal structures are given. Ligands forming the denoted type of stacking are presented in ball 

and stick style, while ligands forming other interactions are presented in stick style. The 

presented electrostatic potential surfaces of the indenyl faces were calculated at B97-D/def2-

TZVP level of theory and plotted at the outer contour defined by the electron density of 0.003 

a.u.

Potential energy surfaces of stacking interactions between indenyl ligands

In order to estimate the strength of stacking between ligands with fused aromatic rings, we have 

calculated potential energy surfaces for stacking between indenyl ligands in several complexes. 
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We have chosen as models three complexes with different electrostatic potential surfaces of 

indenyl faces, since we have shown that electrostatic potentials of indenyl faces can be quite 

different (Figures 4-6) because of the influence of the other ligands. Since the complexes found 

in crystal structures are rather large for quantum chemical calculations and they contain 

transition metals, we have modified other ligands in them in order to perform faster calculations. 

Moreover, since previous work of Merino et al. showed that stacking energies of Cp sandwich 

complexes of 3d, 4d and 5d metals are significantly different,55 we have modified the metals in 

selected complexes by always using the metals of the same transition row. We have chosen 4d 

metals, since majority of indenyl complexes forming stacking interactions are with 4d metals 

(see Figure S2, Supporting Information). Sandwich complex from the crystal structure 

EDUCOV43 (Figure 4) was modified by replacing cobalt with ruthenium and by replacing the 

non-interacting indenyl with cyclopentadienyl (the obtained molecule was named EDUCOV*, 

Figure 8). Half-sandwich complex from the crystal structure SUYGUP46 (Figure 4) was modified 

by replacing the benzoyl ligand with acetoyl ligand (the obtained molecule SUYGUP*, Figure 

8). Finally, half-sandwich complex from the crystal structure GEVCIT50 (Figure 5) was modified 

by replacing iridium with rhodium (the obtained molecule GEVCIT*, Figure 8). After 

optimizing the structures of modified complexes, it was determined that the electrostatic 

potentials of their indenyl faces were very similar to those of original complexes (Figure 4, 

Figure 5 and Figure 8), which justified our usage of modified complexes for the calculations. 
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Figure 8. Structures of transition metal complexes containing indenyl ligands that were used for 

calculations of stacking energies. These complexes were made by modifying complexes found in 

the CSD crystal structures of indicated refcodes. Electrostatic potential surfaces of indenyl faces 

are also shown; they were calculated at B97-D2/def2-TZVP level of theory and plotted at the 

surface defined by electron density of 0.003 a.u. 

Potential energy surfaces were calculated at B97-D2/def2-TZVP level of theory, using effective 

core potentials for Ru and Rh atoms. The geometries of monomers were kept rigid, while the 

position of one indenyl complex was fixed and the other was displaced along various directions 

(Figures 9-12), according to the geometrical preferences in the CSD. The surfaces were then 

calculated by changing the normal distances for a series of offset values. The results are 

presented as potential energy curves, showing the energy of the strongest stacking interaction at 

each offset value (Figures 9-12).  
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In the model system A, the molecules were displaced along the line connecting the centers of 

indenyl rings (direction y, Figure 2), starting from the position with center of one coordinated 5-

membered ring above the center of the other coordinated 5-membered ring (A(0), Figure 9). For 

all three indenyl complexes, two potential curve minima were obtained. The first one was with r 

= 0.5 Å in the case of EDUCOV* and SUYGUP*, and r = 1.0 Å in the case of GEVCIT* 

complexes (A min1, Figure 9). In these minima, the closest contact was between coordinated 5-

membered ring of indenyl ligands, i.e. these minima correspond to the type 1 stacking between 

indenyl ligands found in crystal structures (Figure 4). The second minimum on the curve A is at r 

= 3.5 Å for EDUCOV* and r = 3.0 Å for SUYGUP* and GEVCIT* complexes (A min2, Figure 

9). This geometry has the same ry displacement as the type 2 stacking found in crystal structures, 

i.e. the closest contact is the one between uncoordinated 6-membered rings of the indenyl ligands 

(Figure 5). 
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Figure 9. Potential energy curves for model system A for stacking between indenyl ligands of 

various transition metal complexes (Figure 8), calculated at B97-D2/def2-TZVP level of theory, 

using the effective core potentials for Ru and Rh atoms. The curves were calculated by changing 

the normal distances for the series of offset values, and they represent the energies of the 

strongest interactions at given offsets. For reasons of simplicity, only indenyl ligands of the 

complexes are shown. 

Model system B has diagonal displacement of indenyl ligands, starting from the position with rx 

= 0.0 Å and ry = 1.0 Å (B(0), Figure 10), which corresponds to type 1 stacking (Figure 2 and 

Figure 4). The curves B show that the starting position has the strongest interaction, however, 

only a small amount of energy is lost when the molecules are displaced from that position, in 
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particular for offsets up to 1.5 Å (geometry B 1.5, Figure 10, Table 1). This can explain the large 

number of stacking interactions with this diagonal displacement (type 1, Figure 2 and Figure 4). 

Figure 10. Potential energy curves for model system B for stacking between indenyl ligands of 

various transition metal complexes (Figure 8), calculated at B97-D2/def2-TZVP level of theory, 

using the effective core potentials for Ru and Rh atoms. The curves were calculated by changing 

the normal distances for the series of offset values, and they represent the energies of the 

strongest interactions at given offsets. For reasons of simplicity, only indenyl ligands of the 

complexes are shown.

Starting from the geometry where center of 6-membered ring of one indenyl ligand is above the 

center of fusing bond of the other indenyl ligand (C(0), Figure 11), we have constructed the 

model system C, by displacing the indenyl rings along the direction x (Figure 2 and Figure 11). 

The curve C for all studied indenyl complexes has minimum at r = 1.0 Å (C min, Figure 11), 

which corresponds to the type 2 stacking found in crystal structures (Figure 5). Therefore, both 

type 1 and type 2 stacking geometries found in the CSD crystal structures are minima at potential 

energy curves. 
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Figure 11. Potential energy curves for model system C for stacking between indenyl ligands of 

various transition metal complexes (Figure 8), calculated at B97-D2/def2-TZVP level of theory, 

using the effective core potentials for Ru and Rh atoms. The curves were calculated by changing 

the normal distances for the series of offset values, and they represent the energies of the 

strongest interactions at given offsets. For reasons of simplicity, only indenyl ligands of the 

complexes are shown.

Starting from the geometry with total overlapping of uncoordinated 6-membered rings (D(0), 

Figure 12), we have displaced the indenyl rings diagonally in order to obtain the geometries of 

type 3 stacking (Figure 2 and Figure 12). The geometry corresponding to stacking in crystal 

structure AGONER01 (Figure 6) has the offset r = 5.0 Å (D 5.0, Figure 12), and it has the 

stacking energies in the range from -2.07 kcal/mol to -2.26 kcal/mol (Table 1). The geometry 

corresponding to stacking in crystal structure GACTAG has even larger horizontal displacement 

(Figure 6), and weaker stacking interaction (Figure 12). Since these energies are not significant 

portions of the strongest stacking energies (Table 1), it can be assumed that large offset stacking 

of type 3 is not a major stabilizing effect in crystal structures. Moreover, indenyl faces forming 
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this type of stacking are engaged in additional simultaneous (small offset) stacking and aromatic 

C-H/π interactions (Figure 6), which are significantly stronger interactions than type 3 large 

offset stacking. 

Figure 12. Potential energy curves for model system D for stacking between indenyl ligands of 

various transition metal complexes (Figure 8), calculated at B97-D2/def2-TZVP level of theory, 

using the effective core potentials for Ru and Rh atoms. The curves were calculated by changing 

the normal distances for the series of offset values, and they represent the energies of the 

strongest interactions at given offsets. For reasons of simplicity, only indenyl ligands of the 

complexes are shown.

The presence of fused ring significantly strengthens stacking interactions of 5-membered 

aromatic ring. The strongest calculated type 1 ruthenium indenyl stacking, which has the 

overlapping of 5-membered coordinated rings, has the energies of -7.55 kcal/mol and -8.01 

kcal/mol for EDUCOV* and SUYGUP* molecules (Figure 9), which is significantly stronger 
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than stacking between two ruthenocene molecules (-3.0 kcal/mol).55 This increase in interaction 

strength comes from the additional contacts between coordinated and uncoordinated rings.

The strongest stacking for all molecules has the A min1 geometry (Table 1), which corresponds 

to type 1 geometry found in crystal structures, with overlapping of coordinated 5-membered 

rings. This can be ascribed to stronger dispersion interactions, since the closest contact in this 

geometry is between aromatic rings coordinated to transition metals.18 Stacking energies are 

different for molecules studied in this work (Table 1) due to differences in their electrostatic 

potential surfaces (Figure 8). The strongest stacking was found in the case of GEVCIT*, which 

has rings of different electrostatic potentials (positive 5-membered and slightly negative 6-

membered, Figure 8), enabling attractive electrostatic interaction in parallel-displaced geometry 

of type 1, which has two overlaps between 5-membered and 6-membered rings (Figure 4). Type 

1 stacking is the weakest in the case of EDUCOV* molecule, since it has negative electrostatic 

potentials above both rings of indenyl ligand (Figure 8). 
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Table 1. Selected interaction energies (Figures 9-12) for stacking between indenyl ligands of 

several transition metal complexes (Figure 8), calculated at B97-D2/def2-TZVP level of theory, 

given in kcal/mol. 

curve A curve B curve C curve Dmodel

A(0) A min1a A 

min2b

B(0) B 1.5 C(0) C minc C 5.0d D(0) D 5.0

EDUCOV* -7.26 -7.55 -6.24 -7.33 -6.86 -6.26 -6.62 -4.32 -5.22 -2.26

SUYGUP* -7.73 -8.01 -7.12 -7.93 -7.46 -7.18 -7.38 -3.88 -5.36 -2.07

GEVCIT* -7.95 -8.41 -7.54 -8.42 -7.71 -7.61 -7.81 -3.98 -5.62 -2.14
a r = 0.5 Å for EDUCOV* and SUYGUP*, r = 1.0 Å for GEVCIT*

b r = 3.5 Å for EDUCOV*, r = 3.0 Å for SUYGUP* and GEVCIT*

c r = 1.0 Å for all model molecules 

d geometry of model system C with r = 5.0 Å, which has strongest large offset stacking

If we want to compare type 1 and type 2 stacking in terms of interaction energies, we should 

compare the energies of A min1 and C min geometries, respectively (Table 1). A min1 always 

has stronger interaction; however, it is possible for molecules to inhibit somewhat less favorable 

geometry in order to achieve more stable overall packing.56 In the case of EDUCOV* the 

difference between the two is the largest (Table 1), making it less probable to have type 2 

stacking. Indeed, all indenyl complexes with electrostatic potential surface like the one of 

EDUCOV* have type 1 stacking. On the opposite, indenyl complexes with electrostatic potential 

surface like GEVCIT* can have both type 1 and type 2 stacking, as well as the ones with surface 

like SUYGUP*, since the differences in the energies of A min1 and C min for these molecules 

are smaller (Table 1). 
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In spite of large offset stacking of type 3 found in crystal structures is not substantial in terms of 

energy (geometry D 5.0, Figure 12, Table 1), large offset stacking with different geometries can 

be stronger. If we look at the curve C, it can be seen that the strongest large offset stacking is 

found for EDUCOV* molecule, since it has electrostatic potential gradient at the edges of both 

rings (Figure 8). Stacking energy at r = 5.0 Å for this molecule is quite substantial, -4.32 

kcal/mol (C 5.0, Table 1), which is 65% of the energy of C min. For SUYGUP* and GEVCIT* 

molecules, large offset stacking is weaker, but it is still more than 50% of the energy of C min 

(Table 1). The confirmation of importance of this large offset stacking can be seen on density 

map of CSD geometries for indenyl stacking, where it can be seen that there is mildly populated 

area with rx = 5.0 – 5.5 Å and ry = 3.0 – 3.5 Å (Figure 2), corresponding to large offset stacking 

of model system C. 

Large offset stacking can also be substantial in orientation involving contact only between 

coordinated 5-membered rings (see model system C’, Figure S3, Supporting Information), which 

is also encountered in CDS crystal structures (mildly populated area on density map with rx = 5.0 

– 5.5 Å and ry = 0.0 – 0.5 Å, Figure 2). Large offset stacking could also exist in the case of two 

contacts between coordinated 5-membered and uncoordinated 6-membered rings (model system 

C’’, Figure S4, Supporting Information). 

Optimized geometries of stacking interactions between indenyl ligands

The geometries from potential energy curves that are related to CSD geometries for indenyl 

stacking were optimized at the B97-D2/def2-TZVP level of theory. For all three model 

molecules, EDUCOV*, GEVCIT* and SUYGUP* (Figure 8), we have optimized the curve 
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minima A min1 (Figure 9) and C min (Figure 11), which correspond to type 1 and type 2 

stacking in CSD crystal structures, respectively, as well as the D 5.0 geometries (Figure 12), 

which correspond to type 3 stacking. By optimizing the A min1 geometries, the same type of 

stacking was obtained for all three model molecules (Figure 13). This is the most stable stacking 

that we have found in this study – it is at least 0.5 kcal/mol more stable than type 1 stacking 

(Tables 1 and 2). However, differently than the indenyl stacking found in CSD crystal structures 

(Figure S1, Supporting Information), these geometries are not antiparallel, since they have T 

torsion angles between 110° and 140° (Figure 13, Table 2). This stacking is not typical for 

crystal structures probably to its lower symmetry in comparison to stacking of types 1-3. The 

indenyl ligands forming this non-CSD stacking (Table 2) have direct contact of coordinated 5-

membered rings, with very small horizontal displacements, but they are not coplanar, since their 

interplanar angles are different than 0° (Figure 13, Table 2). 

Page 26 of 41

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27

Figure 13. B97-D2/def2-TZVP optimized geometries of A min1 (Figure 9), C min (Figure 11) 

and D 5.0 dimers (Figure 12) for indenyl stacking for model molecules EDUCOV*, SUYGUP* 

and GEVCIT* (Figure 8). 

By optimizing the C min geometries, for all three model molecules very similar optimized 

geometries were obtained, and they are all type 2 indenyl stacking (Figure 13, Table 2). The 

increase in interaction strength after the optimization is very small in all three cases (0.10 – 0.15 

kcal/mol, Tables 1 and 2). Indenyl ligands in these optimized geometries are almost coplanar, 

with the exception of EDUCOV* C min opt, which has somewhat larger interplanar angle of 

2.13° (Table 2). 
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Table 2. B97-D2/def2-TZVP interaction energies (ΔE) and geometrical parameters (torsion T, 

offset r, normal distance R) of optimized geometries for indenyl stacking (Figure 13). 

model geometry interaction
ΔE

[kcal/mol]

interplanar 

angle [°]

T

[°]

r

[Å]

R

[Å]

A min1 opt non-CSD stacking -8.10 8.51 114.08 0.408 3.312

C min opt type 2 stacking -6.72 2.13 178.61 3.328 3.354EDUCOV*

D 5.0 opt aromatic C-H/π -7.42 58.36 - - -

A min1 opt non-CSD stacking -8.81 5.63 130.41 0.602 3.271

C min opt type 2 stacking -7.49 0.05 179.51 3.286 3.349SUYGUP*

D 5.0 opt type 1 stacking -8.15 0.01 179.98 0.986 3.304

A min1 opt non-CSD stacking -8.95 5.41 137.65 0.624 3.272

C min opt type 2 stacking -7.95 0.03 179.67 3.291 3.320GEVCIT*

D 5.0 opt type 2 stacking -7.95 0.03 179.99 3.291 3.320

By optimizing the D 5.0 geometries, we have obtained very different structures for all three 

model molecules (Figure 13). The optimized structures have aromatic C-H/π, type 1 stacking and 

type 2 stacking interaction for EDUCOV*, SUYGUP* and GEVCIT*, respectively (Figure 13, 

Table 2), and these interactions are all much stronger than type 3 stacking (Tables 1 and 2). 

Different optimized geometries for D 5.0 for different model molecules are probably a 

consequence of different electrostatic potentials of indenyl complexes, small starting overlap of 

molecular surfaces, and the fact that starting D 5.0 geometries were not curve minima (Figure 

12).

Page 28 of 41

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



29

CONCLUSIONS

In this paper, we have studied stacking interactions between indenyl ligands of transition metal 

complexes, by analyzing crystal structures from the Cambridge Structural Database, electrostatic 

potentials of indenyl faces of these complexes, and by calculating the energies of their stacking 

interactions. 

The analysis of the CSD crystal structures showed that stacked indenyl ligands have antiparallel 

orientation, with three preferred stacking geometries: type 1 is parallel-displaced stacking with 

the closest contact of coordinated 5-membered rings and contacts between coordinated 5-

membered and uncoordinated 6-membered rings, type 2 is parallel-displaced stacking with the 

closest contact of uncoordinated 6-membered rings and contacts between coordinated 5-

membered and uncoordinated 6-membered rings, and type 3 is large offset stacking of 

uncoordinated 6-membered rings. 

The analysis of electrostatic potential surfaces of indenyl ligands showed that the surfaces 

depend greatly on the nature of the other ligands coordinated to transition metals. Ligands that 

withdraw much of the electron density make electrostatic potential surface of indenyl positive, 

and these complexes mostly form type 2 stacking. Aromatic ligands do not withdraw much of the 

electron density, making electrostatic potential surface of indenyl ligands negative, so they form 

type 1 stacking. 

DFT calculations of interaction energies on model molecules based on the complexes from 

crystal structures showed that type 1 is the strongest stacking, with interaction energy reaching 

-8.42 kcal/mol. Type 2 stacking is also a minimum on potential energy curve, reaching the 

interaction energy of -7.81 kcal/mol. Type 3 large offset stacking is a minor energy contributor, 
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with energy not surpassing -2.26 kcal/mol, and it is combined in crystal structures with 

simultaneous, much stronger, small offset stacking or C-H/π interactions. 

This study showed that ligands with fused rings stack stronger than corresponding ligands 

without fused rings (-8.0 kcal/mol for indenyl and -3.0 kcal/mol for Cp) due to large size of the 

system. It also showed how electrostatic potential surface of indenyl face modulates the strength 

and geometries of stacking interactions between indenyl ligands. In the crystal structures, indenyl 

ligands prefer to stack in the geometry with strongest interaction, but if the energy difference is 

not large, they can stack in the geometry with somewhat weaker stacking, in order to achieve 

more stable overall crystal packing. 
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Stacking interactions between indenyl ligands of transition metal complexes: crystallographic 

and density functional study

Dušan P. Malenov, Snežana D. Zarić

Indenyl ligands of transition metal complexes in CSD crystal structures dominantly form 

stacking interactions with small offsets, with interaction energies that surpass -8.0 kcal/mol. 

Indenyl ligands can also form stacking with large horizontal displacements, which is 

significantly weaker (-2.0 kcal/mol), but it is combined with simultaneous stronger interactions. 

Strength of indenyl stacking depends on electrostatic potential surfaces of indenyl ligands.
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