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The present work seeks to characterize, in the light of electronic structure calculations, the unusual metal-[(η1-NHC)2 :

(η6-arene)] bonding situation in a set of ruthenium(II) complexes containing the ortho-xylylene-linked-bis(NHC)cyclophane

ligand (NHC-cyclophane) (1), which binds to ruthenium center through two carbene carbons and one of the arene rings. The na-

ture of ruthenium(II)-[(η1-NHC)2 : (η6-arene)] bonding was investigated in the light of EDA-NOCV, NBO and QTAIM analyses

by adopting 1 as model compound. The interplay between the ortho-cyclophane scaffold in different families of five-membered

carbenes such as imidazole 1, triazole-based NHCs (Enders’ carbenes), 2, and P-heterocyclic carbenes, PHCs, 3, was investi-

gated. The metal-[(η1-NHC)2 : (η6-arene)] bonding situation was also extended to the heavier analogues such N-heterocyclic

silylenes (NHSi) and N-heterocyclic germylenes (NHGe), in order to address how the basicity of NHC, NHSi and NHGe is

affected by the cyclophane framework. The results reveal that the ruthenium(II)-[(η1-NHC)2 : (η6-arene)] are more covalently

than electrostatically bonded and the degree of covalence is larger in PHCs than in NHCs or Enders’ carbenes. They also reveal

that the covalent character in ruthenium(II)-[(η1-NHGe)2 : (η6-arene)] and ruthenium(II)-[(η1-NHSi)2 : (η6-arene)] bonds is

larger than in ruthenium(II)-[(η1-NHC)2 : (η6-arene)].

1 Introduction

Cyclophanes are defined as compounds containing two or

more aromatic rings held by saturated or unsaturated chains

as alternate components of a large ring (Figure 1).1 The cyclo-

phane chemistry has emerged as central field in chemistry,2–7

connecting different areas,5 such as organic, organometallic,

physical chemistry, supramolecular chemistry, catalysis, poly-

mer chemistry, conducting materials, and others.8–19 Cyclo-

phanes present unusual structural features especially due to

the electronic interactions between the aromatic rings.20–24

The most important characteristic of cyclophanes, as revealed

particularly from photoelectron and ESR studies,25,26 is the

interaction of the two aromatic decks to give one overall

π-electron system. This π-electron delocalization over the

whole molecular structure is also observed in multilayered

[2n]cyclophanes.27

Cyclophanes have attracted the interest of chemists for a

long time, specially due to their structural versatility and abil-

ity to form transition metal complexes through non-covalent
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Fig. 1 Examples of cyclophanes; (a) 2,2-Amino[6.4]ortho
-metacyclophane, (b) [2.2.0]metacyclophane, (c)

[2.2]paracyclophane, (d) [2]paracyclo-[2](2,6)pyridinophane.

cation-π interactions.25,26 A large number of cyclophane-

metal complexes including different kinds of metals such as

Cr, Mo, W, Fe, Ru, Os, Co, Rh, Ir, Ni, Cu, Ag, and others

is known.7,28–30 The discovery of Creutz-Taube31 compound

has spurred a large amount of work about electron transfer

properties of mixed-valence ions in bimetallic complexes. In

this scenario, Virgil Boekelheide2,32–38 provided an outstand-

ing contribution to the cyclophane chemistry, specially regard-

ing the systhesis of mixed valence ruthenophanes and their

structural and electronic properties.

Azolium-linked cyclophanes are compounds in which two

aromatic moieties are connected by two or more azolium

units. They are considered a sub-set of the cyclophane fam-

ily, in which azolium groups are part of the macrocyclic

structure (Figure 2).39–43 Azolium-linked cyclophanes have

attracted the attention in the scientific community for differ-
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Fig. 2 Examples of azolium-linked para-cyclophanes

Fig. 3 Examples of coordination modes of NHC-cyclophanes

ent reasons, including synthetic challenges, host-guest chem-

istry in anion recognition,44–46 conformational dynamics,42

and the outstanding potential to act as precursors of NHCs

(N-heterocyclic carbenes) metal complexes.47–55 The depro-

tonation of the corresponding azolium-linked cyclophane salts

by the use of suitable bases provides the corresponding N-

heterocyclic carbenes. NHC-cyclophane ligands can display a

large range of coordination modes, for instance (i) involving

only carbene carbons of the NHC components of the macro-

cycle (Figure 3a), (ii) leading to the formation of dinuclear

complexes (Figure 3b), (iii) presenting binding modes that in-

volve heteroatoms or donor groups belonging the cyclophane

structure (Figure 3c), (iv) or still presenting metal-arene in-

teractions, which are dependent on the cyclophane conformer

(Figure 3d). The properties of complexes containing NHC-

cyclophane ligands are many-sided, including catalytic be-

haviour, luminescent properties, and potential antitumor be-

haviour.47–56

Recently, Baker and coworkers56 synthesized a ruthe-

nium(II) complex containing an ortho-xylylene-linked-

bis(NHC)cyclophane ligand (NHC-cyclophane) (1), with a

very peculiar coordination mode, in which the two NHCs

and the arene that constitute the ortho-cyclophane macrocyclic

structure bind to the metal center simultaneously, (Figure 4).

According to Baker and coworkers,56 the Ru(II) ion in 1 is

four-coordinated to the chlorine atom, to the pair of carbene

donors, and to one of the bridging aromatic rings, in a coor-

dination mode like [(η1-NHC)2 : (η6-arene)], for which only

few examples have been reported.57–60 Complexes based on 1
can be employed to investigate the interplay between the ex-

tended π-system of cyclophanes and the σ -donating ability of

carbenes, by varying both the cyclophane scaffold and the sort

of heterocyclic carbene employed, for instance NHCs, PHCs,

CAACs, cyclopropenylidene, Enders’ carbenes,61 and others.

In this paper, the effects of different NHC-cyclophane

macrocyclic structures on the nature of the metal-

[(η1-NHC)2 : (η6-arene)] bonding are evaluated, by adopting

Baker’s complex, 1, (Figure 4) as prototype, by keeping

the same ortho-cyclophane structure and by changing

the family of five-membered carbene such as imidazole

(NHCs) 1, triazole-based NHCs (Enders’ carbenes), 2, and

P-heterocyclic carbenes (PHCs), 3. 62–67 The presence of

π-donating heteroatoms (N or P) attached directly to the

carbenic carbon yields a stable singlet ground state and

decreases the electron deficiency of the carbene center.

However, the π-donor capability of heteroatoms depends

on the planar configurations that they can exhibit. 62–68 For

instance, the phosphorus π-donation capability can be larger

than the nitrogen if planarity around the phosphorus atom can

be achieved.62–68 Similarly, such investigation is extended to

the isostructural analogues of NHC, N-heterocyclic silylenes,

NHSi,69–74 (4-6) and N-heterocyclic germylenes, NHGe,75–80

(7-9) in order to stand the differences in the metal-ligand

bonding between the carbene complexes 1-3, silylene 4-6 and

germylene 7-9 homologues, by addressing the stabilization

of the metal-ligand bonds of NHC, NHSi and NHGe in the

cyclophane framework (Figure 4). In the present paper, the

metal-ligand bonding of complexes 1-9 is investigated in the

light of the EDA-NOCV, QTAIM and NBO analyses.

2 Computational Methods

The geometries of complexes 1-9 (Figures 4 and 5) were

optimized without constraints at the non-local DFT level

of theory,81,82 with the exchange functional of Becke83

and the correlation functional of Perdew84 in conjunction

with the atom pairwise dispersion correction, BP86-D3,85–87

and the Ahlrichs triple-ζ -quality basis set, def2-TZVP,88,89

The BP86-D3/def2-TZVP model was employed with scalar

relativistic effects, the zero-order regular approximation,

ZORA.90–92 All geometry optimizations were performed em-

ploying the ORCA package.93 The model BP86-D3/def2-

TZVP used for geometry optimization has provided data in ex-

cellent agreement with available X-ray structure data of 1, 56

as shown in the supporting information (Table S1 and Fig-

ure S1). All reported structures, 1-9, were characterized as

minimum on the potential energy surfaces by the absence of

imaginary eigenvalues in the Hessian matrix. The nature of

the interactions between [RuCl]+ and the ligands, was inves-

tigated using the EDA-NOCV approach.94 The charge dis-

tribution in the complexes was calculated with NBO parti-

tion scheme.95–98 The bonding situation in the complexes was

also analyzed by means of the quantum theory of atoms in

molecules, QTAIM.99,100

The EDA-NOCV94 calculations were also performed us-

ing BP86-D3/TZ2P+ model,101 in conjunction with the zero-

order regular approximation, ZORA, as implemented in
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Fig. 4 Schematic representation of ortho-cyclophane-NHC complex (1), and ruthenium(II) model complexes containing ortho- cyclophane

with Enders’ carbenes (2) and PHCs (3). Silylenes (4-6) and germylenes (7-9) homologues are also represented.

ADF2013 software.102,103 The EDA-NOCV approach is a

combination of extended transition state method, ETS,104,105

with the natural orbitals for chemical valence scheme,

NOCV.106–109 The ETS scheme decomposes the interaction

energy, ΔE int, into different components, (1). ΔEele corre-

sponds to the classical electrostatic interactions between the

interacting fragments, ΔEPauli accounts for the repulsive Pauli

interaction between the occupied orbitals of the fragments,

and ΔEorb describes both the interactions between occupied

molecular orbitals of one fragment with the unoccupied or-

bitals of the other fragments and the inner-fragment polariza-

tion. The NOCV pairs (ψ−i,ψi) decomposes the differential

density, Δρ(r), into contributions Δρi(r), (2), where νi and

N stands for the NOCV eigenvalues and the number of ba-

sis functions, respectively. The deformation density, Δρi(r),
provides information about symmetry and the direction of the

flow of charge. In the EDA-NOCV scheme, the orbital com-

ponent, ΔEorb, is stated in terms of the eigenvalues νi, (2),

where FT S
i,i are the diagonal transition-state Kohn-Sham ma-

trix elements defined over NOCV eigenvalues. The compo-

nents ΔEorb
i provide the energetics estimation of the Δρi(r),

related with a particular electron flow channel for the bonding

between two interacting fragments. Since BP86-D3 functional

is employed, the dispersion correction, ΔEdisp, is added to the

ΔE int values to describe the total bond energy, (1) . Further

information regarding the fundamentals and applications of

EDA-NOCV can be found in the following literature.94,106–114

ΔE int = ΔEele +ΔEPauli +ΔEorb +ΔEdisp (1)

Δρ(r) =
N/2

∑
i=1

νi
[−ψ2

−i(r)+ψ2
i (r)

]
=

N/2

∑
i=1

Δρi(r) (2)

ΔEorb = ∑
i

ΔEorb
i =

N/2

∑
i=1

νi
[−FT S

−i,−i +FT S
i,i

]
(3)

The contributions of singlet, triplet and quintet states were

computed using CASSCF.115–117 All these ab initio calcula-

tions were performed using MOLPRO 2012.1 program pack-

age.118,119 Two structural motives were employed for the lig-

ands 1 and 3. On the one hand, the ligands as they are in the

complex have been computed YHC(big) and, on the other, the

small models where the EHC moieties were kept while the re-

maining atoms were erased YHC(small). Active space of the

CASSCF method included from the positive combination of

sp2 carbene lone pairs to the negative combination of the pz
carbene orbitals.

3 Results and discussion

3.1 Geometries

All complexes, 1-9, were calculated by considering

(NHC)cyclophane and (PHC)cyclophane ligands in the singlet

state.78 Since NHCs have four possible electronic states,78

and the NHC-cyclophane ligand contain two NHCs, the oc-

currence of a possible quintet state for this ligands was taken

into account. The singlet-quintet gap was evaluated by consid-

ering the NHC-cyclophane ligand in the geometry of the com-

plex. The singlet-quintet gap values NHC-cyclophane ligand

in 1 is 130.0 kcal.mol−1, while for homologues containing Si,

4, and Ge, 7, the values are 102.6 and 97.4 kcal.mol−1, re-

spectively ( Figure S1, supporting information). The presence

of triazole-based in the complexes 2, 5, and 8, increases even

more the singlet-quintet gap, with values 133.9, 112.6, and

118.2 kcal.mol−1, for 2, 5, and 8, respectively. This can be
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explained in terms of the relative energies of spn and p type

orbitals of the carbene and how their energies change in the

presence of different heteroatoms.78 CASSCF/def2-SVP cal-

culations of ligands 1 and 3 considering an active space which

includes the lone pairs sp2 until the pz carbene formally empty

orbitals (Tables S2 and S3), predict the singlet state to be the

lowest in energy for both compounds.

The geometry optimizations were performed by consider-

ing the structure of 1 as a prototypical test case for the evalu-

ation of structural parameters, since the crystallographic data

are available (Figure S2 and Table S1, supporting informa-

tion). The optimized structure (BP86-D3/def2-TZVP) repro-

duces the crystallographic parameters of 1 very well (Fig-

ures 5, S2 and Table S1), confirming that the ruthenium

atom is roughly four-coordinated by chlorine, the carbenes

(η1−NHC)2 and the centroid (Ru-X = 1.756 Å) of one of the

aromatic rings, (η6−arene) (Figure 5), as also observed by

Baker.56 The ruthenium atom is not equidistant from carbons

belonging to the bridging xylylene aromatic ring. In fact, it is

closer to the bridgehead carbons (2.096 Å (exp. 2.091 Å)) than

to the other carbons, in which the Ru-C distances range from

2.309 Å (exp. 2.274 Å) to 2.376 Å (exp. 2.330 Å). The cal-

culated ruthenium-carbene distances are equivalent and equal

to 2.008 Å, in agreement with the crystallographic distances

(2.034 and 2.038 Å). The calculated geometric parameters of

1-3 are presented in Figure 5 and the paremeters of 4-9 are

presented in Figure S3 (support information).

The calculations predict the following trend for bond dis-

tances Ru-Ge > Ru-Si > Ru-C, which is observed not only

in complexes with NHCs (1, 4, and 7), but also in those con-

taining Enders’ carbenes (2, 5, and 8), and PHCs (3, 6, and 9)

(Figures 5 and S3). For instance, in complexes 1, 4, and 7, the

Ru-C, Ru-Si, and Ru-Ge bond lengths are 2.008, 2.235, and

2.459 Å, respectively. On going from complexes containing

NHCs, 1, 4, 7, to those with Enders’ carbenes, 2, 5, 8, no sub-

stantial differences are observed in the Ru-C, Ru-Si, and Ru-

Ge bond distances. On the other hand, the smallest values of

Ru−C, Ru−Si, and Ru−Ge bond lengths are observed when

PHCs are present, 3, 6, and 9. Complexes containing NHCs

or Enders’ carbenes, 1-2, 4-5, 7-8, present planar coordination

around the nitrogen atoms, as can be observed by the sum of

the three bond angles around the nitrogen atom, ∑ΦN , which

present values close or equal to 360◦ (Figures 5 and S3). On

the other hand, structures of complexes 3, 6, and 9 display the

five-membered heterocyclic rings with anti-pyramidalization.

According to Schoeller and Eisner,63 it is characteristic of

singlet ground states. The syn-pyramidalization was not ob-

served for these structures. As it has been already observed by

Boehme and Frenking,120 a remarkable characteristic of the

NHCs and PHCs is the decrease of internal angles, Y-E-Z (E

= C, Si, Ge), at the donor atoms of 1-9 and the increase of E-Y

and E-Z (E = C, Si, Ge) bond distances on going from C to Ge

(Figures 5 and S3), which is a consequence of the increasing

atomic size of donor atoms. These findings are substantiated

by the Wiberg bond indexes (Figure 6). The E-Y and E-Z

(E = C, Si, Ge) bond length values are slightly different and

dependend on the nature of the carbene employed (diamino,

Enders’s or diphosphino). For instance, in complexes contain-

ing diamino (1, 4, 7) and diphosphino carbenes (6, 9) E-Y >
E-Z, while in complexes containing Enders’ carbenes (2, 5,

8) and diphosphino carbene 3 the opposite trend is observend,

E-Y < E-Z (Figures 5 and S3).

Geometry optimizations reveal that the spacial orientation

of PHC rings in 3 is opposite to the PHSi and PHGe orienta-

tion in 6 and 9 (Figures 5 and S3). The geometry optimiza-

tions of 3-6 were performed by mimicking the structure of

1 as starting geometry. Since the structures of 3-6 comprise

four phosphorus atoms, different degrees of pyramidalization

can be achieved, ending up different conformations. In fact,

a systematic conformational search was performed by varying

the degree of anti-pyramidalization of the phosphorus atoms,

and two local minima were found for complexes 3, 6, and

9. Figure S4 (supporting information) shows the difference

of energy between these conformers. Only the most stable

conformers of 3-9 were considered for the bonding analysis.

The degree of pyramidalization of phosphorus atom, ∑ΦP,

is directly related to the quintet-singlet gap of the ligands.

For instance, the nitrogen atoms in 1 are in a perfectly pla-

nar environment (Figure 5), ∑ΦN = 360◦, whereas the phos-

phorus centers in 3 present the largest anti-pyramidalization,

∑ΦP = 326.9◦ and ∑ΦP = 314.1◦. Consequently, the singlet-

quintet gap drops from 130 kcal.mol−1 to 33.7 kcal.mol−1

(Figure S1). The ligands of complexes 3, 6 and 9 present dif-

ferent quintet-singlet gaps, the smallest value is observed for

3 (33.7 kcal.mol−1) and the largest for 6 (80.2 kcal.mol−1),

while 9 presents an intermediate value (54.2 kcal.mol−1). The

largest quintet-singlet gap observed for 6 can be explained

with the presence of two phosphorus atoms in an almost per-

fect planar environment, ∑ΦP = 358.5◦, while an intermedi-

ate value is found in 9 ∑ΦP = 338.6◦. The other two phos-

phorus centers in 6 and 9 are considerably pyramidalized, pre-

senting ∑ΦP = 304.8◦ and ∑ΦP = 291.4◦, respectively (Fig-

ure S3). The results show that the cyclophane framework has

therefore a non-negligible effect on planarity of the phospho-

rus environment.

3.2 Bonding Analysis

Table 1 shows the EDA-NOCV results for complexes 1-9, in

which the interactions between the Ru(II)Cl+ ion (1) and dif-

ferent ortho-xylylene-linked-bis(YHE)cyclophane ligands (Y

= N, P; E = C, Si, Ge) (2) are evaluated. For complexes

1-9, it is observed that the Ru(II)-NHC bonds are stronger

than Ru(II)-NHSi and Ru(II)-NHGe. For instance, ΔEint val-
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Fig. 5 Optimized structures of complexes 1-3, employing BP86-D3/def2-TZVP as level of theory. Selected crystallographic parameters of 1
are presented in italics.

ues for complexes 1, 4, and 7 are -338.3, -280.9 and -250.4

kcal.mol−1, respectively. The strongest bond in 1 is also

manifested in the shortest ruthenium-carbene bond distance,

(Figure 5), in the largest bond orders (Figure 6) and in the

ρ(r) value at the bcp (Figure 8). The reduction in the metal-

ligand bond strength of 4, and 7 is due to the electrostatic

component, ΔEelstat , which decreases significantly on going

from 1 (-387.1 kcal.mol−1) to 4 (-269.1 kcal.mol−1) and 7
(-224.4 kcal.mol−1), while the orbital contribution, ΔEorb

tot , is

almost similar in these complexes (-440.7, -439.4 and -395.4

kcal.mol−1) (Table 1). These results are in full agreement with

the difference of charge between the interacting fragments, q1

and q2, which is larger in 1 than in 4 and 7 (Table 1). The NPA

atomic charges also support this trend (Figure 7a). On going

from complexes containing NHCs (1, 4, 7) to complexes with

triazolinylidene (Enders’ carbene) (2, 5, 8), the metal-ligand

bond strength is slightly decreased. For example, ΔEint val-

ues for complexes 1 and 2 are -338.3 and -326.7 kcal.mol−1,

respectively. The metal-ligand bond strength decrease is at-

tribbuted to both ΔEelstat and ΔEorb
tot , which diminish on going

from 1 to 2. Such trend is also observed in the heavier homo-

logues complexes, 4, 5, 7 and 8.

In comparison with complexes containing NHC, 1, or tri-

azolinylidene, 2, the complex with PHC, 3, presents the

strongest metal-ligand interaction (-345.0 kcal.mol−1), which

is due to the increase of the orbital term ΔEorb
tot and the de-

crease of the electrostatic contributions. This behaviour is

also confirmed by the shortest Ru-C bond lengths (Figure S3),

largest bond orders (Figure 6) and by the largest ρ(r) at the

bcp (Figure 8). In fact, the ratios between attractive interac-

tions (ΔEelstat / ΔEorb
tot ) show that the orbital interactions are

more pronouced in PHC (3) than in NHC (1 and 2) complexes,

while the electrostatic interactions are more important in NHC

(1 and 2) complexes. These findings are also supported by the

quantitative analysis of the frontier orbitals for the interacting

fragments (Figures 9 and S5). By comparing the left columns

in Figures 9 and S5, it is possible to observe that the HOMO-

LUMO gap is much smaller in 3 than in 1. In addition, the

LUMO in 1 does not have enough symmetry to support a Ru-

NHC π-back-donation, while the PHC has orbitals ready for

Ru-PHC π-back-donation, with adequate symmetry and lower

energy in comparison with the NHC frontier orbitals. These

observations are paralleled by the change in singlet-quintet

gaps when going from NHC (130.0 kcal.mol−1) to PHC (33.7

kcal.mol−1 ). These results are in agreement with the previous

work of Jacobsen,65 in which the author verified that PHCs

form bonds with transition metal complexes in strength com-

parable or large to those of NHC, and also observes that PHCs

are more likely to undergo π-back-donation when compared

with NHCs.

The EDA-NOCV results indicate that in 1-9 the interacting

fragments are more covalently than electrostatically bonded.

The high covalent character of Ru(II)-ligand bond, apparently

in disagreement with some previous works,121–123 can be eas-

ily understood in terms of the bonding situation in which the

metal-ligand bond involves the simultaneous interaction of a

Ru(II)Cl+ ion with to carbenic carbons and the aromatic ring

of the cyclophane, presenting a more covalent than electro-

static character. The Ru(II)Cl+-arene interaction is responsi-

ble for the increase of the covalent character, as we have re-
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Fig. 6 Wiberg bond indices (values obtained in the NAO basis) of complexes 1-9.

Fig. 7 Schematic representation of NPA atomic charge of the interacting fragments Ru(II)Cl+ (1) and η1-(NHE)2:(η
6-arene) (2), isolated (a)

and in the complexes 1-9 geometries (b).
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Fig. 8 Schematic representation of Ru-C, Ru-Si, and Ru-Ge bond critical points properties (a.u.) in the complexes 1-9.

Table 1 EDA-NOCV of complexes 1-9 (kcal.mol−1) at BP86-D3/TZ2P+, in which Ru(II)Cl+ (1) and η1-(carbene)2:(η
6-arene) (2) are the

interacting fragments.

C Si Ge
1 2 3 4 5 6 7 8 9

ΔEint -338.3 -326.7 -345.0 -280.9 -266.3 -273.1 -250.4 -231.9 -261.9

ΔEPauli 506.8 500.8 508.7 439.4 427.9 398.6 381.3 372.9 359.0

ΔEelstat -387.1 -375.8 -364.9 -269.1 -252.9 -240.8 -224.4 -211.3 -214.6

(46.8%)b (46.4%) (43.8%) (38.0%) (37.0%) (36.6%) (36.2%) (35.6%) (35.3%)

ΔEorb
tot -440.7 -434.7 -468.0 -439.4 -430.1 -416.6 -395.4 -382.0 -393.5

(53.2%) (53.6%) (56.2%) (62.0%) (63.0%) (63.4%) (63.8%) (64.4%) (64.7%)

ΔEorb
1 -148.5 -147.5 -166.6 -197.4 -190.9 -184.6 -172.1 -161.2 -172.9

ΔEorb
2 -92.7 -90.6 -88.2 -81.6 -80.8 -79.0 -77.3 -76.3 -72.7

ΔEorb
3 -54.7 -53.5 -46.7 -35.6 -33.1 -32.6 -30.6 -30.9 -36.0

ΔEorb
4 -27.5 -28.3 -39.6 -29.4 -30.2 -27.9 -29.4 -26.0 -27.3

ΔEorb
5 -21.3 -21.6 -21.6 -23.4 -23.4 -20.8 -16.6 -16.3 -16.0

ΔEorb
6 -13.0 -13.2 -16.8 -11.6 -11.5 -12.3 -14.0 -14.4 -11.8

ΔEorb
7 -9.8 -9.5 -14.9 -9.4 -9.9 -10.2 -10.2 -10.6 -10.3

ΔEorb
8 -9.5 -9.0 -10.9 -9.4 -9.8 -10.1 -9.9 -10.6 -9.8

ΔEorb
9 -9.1 -8.6 -8.8 -8.7 -7.6 -6.5 -4.5 -5.1 -5.9

ΔEorb
10 -8.9 -8.6 -7.4 -2.5 -2.3 -2.3 -3.8 -2.5 -2.7

ΔEorb
11 -7.3 -7.0 -4.8 -2.3 -2.0 -2.3 -2.3 -2.3 -2.1

ΔEorb
res -38.4 -37.7 -41.7 -28.1 -28.6 -28.0 -24.7 -25.8 -26.0

ΔEdisp -17.2 -17.0 -20.9 -11.7 -11.1 -14.4 -11.8 -11.5 -12.8

qa
1 0.735 0.735 0.838 0.605 0.607 0.605 0.568 0.601 0.620

q2 0.265 0.265 0.162 0.395 0.393 0.395 0.432 0.399 0.380
a (q1) and (q2) are the Hirshfeld charges for fragments.

bValues in parentheses give the percentage of attractive interactions (ΔEelstat and ΔEorb)
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Fig. 9 Quantitative diagram of the frontier orbitals for the interacting fragments in 1, 4, and 7.

Fig. 10 Contours of deformation densities , Δρi(r), describing the interaction between Ru(II)Cl+ and η1-(NHC)2:(η
6-arene) fragments in 1

and their corresponding energy , ΔEorb
i (kcal.mol−1), and charge estimation, Δqi = νi (a.u.). Red and blue surfaces indicate density outflow

and density inflow, respectively (contour value 0.003).
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cently reported,124 the nature of cation-π interactions in a set

of [Ru(η6−C16H12R4)(NH3)3]2+ is more covalent the elec-

trostatic as determined by two different energy decomposi-

tion schemes Su-Li EDA and EDA-NOCV. The results ob-

tained by both analyses are entirely in line, showing that in

ruthenium-arene interactions the covalent character is greater

than the electrostatic character and that the dominant density

deformations come from donation and back-donation between

the interacting fragments.124

For complexes containing carbenes, 1-3, the electrostatic

term contributes 43.8 - 46.8%, and it is still smaller in the

heavier analogues 4-9, contributing with 35.3 - 38.0% to the

attractive interactions. Therefore, the orbital contribution,

ΔEorb
tot , is much more significant in heavier analogs, silylenes

(4-6) and germylenes (7-9), than in carbenes (1-3). The

quantitative diagram of frontier orbitals of 1, 4, and 7 justi-

fies this trend (Figure 9). In NHC and PHC complexes (1-

3) the orbital contribution ranges from 53.2% to 56.2%, in

silylenes (4-6) and germylenes (7-9) it ranges from 62.0%

to 64.7%. Also in these cases, the largest orbital contribu-

tions are observed for PHSi and PHGe complexes (4 and 9)

(Table 1). The increase of the orbital contribution in detri-

ment of the electrostatic contribution results from the decrease

of the charge difference between the interacting fragments in

complexes containing silylenes (4-6) and germylenes (7-9),

(Figure 7a). The frontier orbital diagram (Figure 9) makes

clear that the heavier analogues, silylenes 4 and germylenes

7, have the LUMO locate at the NHSi anf NHGe portions of

the ortho-xylylene-linked-bis(NHE)cyclophane ligands, mak-

ing them more favorable to the metal-ligand π-back-donation,

while the LUMO and LUMO+1 of the corresponding car-

bene 1 belong to the aromatic moieties of the ortho-xylylene-

linked-bis(NHE)cyclophane ligand.

According to Figure 10, in complex 1 the dominant den-

sity deformation, Δρ1 arises from the ligand-metal donation

and comprises the donation (red surfaces denote density out-
flow, blue surfaces density inflow) from both the carbene and

the aromatic ring that directly interacts with the Ru(II)Cl+

fragment. The amount of charge transfered is Δq1 = 1.179

e. Such charge transfer corresponds to the highest energetic

stabilization ΔEorb
1 = -148.5 kcal.mol−1. The second more

stabilizing density deformation Δρ2 involves both a ligand-

metal donation and a density polarization of ruthenium atom

towards the chloride ion, providing ΔEorb
2 = -92.7 kcal.mol−1

as energetic stabilization. The tree following density defor-

mations Δρ3, Δρ3, and Δρ5 (Table 1, Figure 10) character-

ize the presence of metal-ligand back-donation, which provide

the following stabilization ΔEorb
3 = -54.7 kcal.mol−1, ΔEorb

4 =

-27.5 kcal.mol−1, and ΔEorb
5 = -21.3 kcal.mol−1, respectively.

These values clearly show that in 1 the ligand-metal donation

is more significant than the metal-ligand back-donation. The

other less significant orbital contributions ΔEorb
6 , ΔEorb

9 and

ΔEorb
res comprise density deformation channels Δρ6(r)-Δρ9(r)

related with the different sort of density polarization in the

structure of the complexes, specially due to the cyclophane

framework.

According to Table 1, the energetic estimation (ΔEorb
1 −

ΔEorb
9 ) of deformation densities, present a very similar pro-

file for all complexes, despite the small differences observed

between the complexes. According to Figure 10, the compo-

nents ΔEorb
1 and ΔEorb

2 are related to the ligand-metal dona-

tion, while the components ΔEorb
3 , ΔEorb

4 , and ΔEorb
5 with the

back donation. In fact, the sum of these contributions (ΔEorb
1 +

ΔEorb
2 ) and (ΔEorb

3 +ΔEorb
4 +ΔEorb

5 ) can be used to estimate

the total ligand-metal donation and metal-ligand backdona-

tion, respectively. The results indicate that the ligand-metal

donation is the dominant term of the M-(YHE)cyclophane (Y

= N, P; E = C, Si, Ge) complexes. The donation is slightly

larger in silylenes derivative (4, 5, 6) than in carbenes (1, 2, 3)

or germylenes (7, 8, 9). These findings are in agreement with

the electron density laplacian plots of complexes 1-9, which

show that the charge concentration areas (red lines) distorted

toward to the ruthenium atom are larger in silylenes (4, 5, and

6) than in carbenes (1, 2, and 3) or germylenes (7, 8, and 9)

(supporting information Figure S6). For the complexe con-

taining PHC (3), the ligand-metal donation is more stabilizing

than in 1 or 2. However this trend is not observed for silylenes

or germylenes. The influence of back-donation was found to

be a bit stronger in carbenes than in silylenes or germylenes.

4 Conclusions

The binding interactions between the Ru(II)Cl+ and ortho-

xylylene-linked-bis(YHE)cyclophane ligands (Y = N, P; E

= C, Si, Ge) (1-9) yield very strong bonds. The observed

trend of the metal-ligand bond strengths is that Ru(II)-NHC

bonds are stronger than Ru(II)-NHSi and Ru(II)-NHGe. The

strongest bond is predicted for the complex containing or-
tho-xylylene-linked-bis(PHC)cyclophane ligand (3), (ΔEint =
-345.0 kcal.mol−1), which is due to the increase of the

orbital ΔEorb
tot and the decrease of the electrostatic contri-

butions. In general, ligand-metal donation is the domi-

nant term of the Ru-(YHE)cyclophane (Y = N, P; E = C,

Si, Ge) complexes interactions. The role of metal-ligand

back-donation for Ru-(YHE)cyclophane bonding is smaller

than the ligand-metal donation, but it depends on the na-

ture of the donor atom and is slightly stronger in carbenes

than in silylenes or germylenes. The results reveal that the

ruthenium(II)-[(η1-NHC)2 : (η6-arene)] are more covalently

than electrostatically bonded and that the degree of covalence

is larger in complexes containing PHCs than in complexes

with NHCs or Enders’ carbenes. They also reveal that the co-

valent character in ruthenium(II)-[(η1-NHGe)2 : (η6-arene)]

and ruthenium(II)-[(η1-NHSi)2 : (η6-arene)] bonds is larger
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than in ruthenium(II)-[(η1-NHC)2 : (η6-arene)].
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The metal-ligand bonds in ruthenium(II) complexes of N-heterocyclic car-
benes derived from Imidazolium-linked cyclophanes with a remarkable covalent
character.
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