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ABSTRACT 

___________________________________________________________________________ 

Following the synthesis of [Zn2(2-C5Me5)2] (in short [Zn2Cp*2]) many complexes of the 

directly bonded Zn-Zn unit were prepared and characterized, leading to the recognition of an 

isolobal analogy between the Zn-Zn bond and the molecule of dihydrogen. Prompted by these 

results, we have investigated 2-Zn2-coordination of [Zn2Cp2] and [Zn2Ph2] (Cp = C5H5, Ph = 

C6H5) to several selected transition metal fragments and report herein the results of a QTAIM 

study of complexes [(ZnR)2Fe(CO)4], [(2-Zn2R2)M(CO)5] and [(2-Zn2R2)Pd(PR’3)2] (for R 

= Cp, Ph; M = Cr, Mo, W; and R’ = F, H, Me). A decrease of ρBCP, 2ρBCP and delocalization 

indexes δ(Zn,Zn), relative to corresponding values in the parent molecules of [Zn2Cp2] and 

[Zn2Ph2], accompanied dizinc coordination. In most cases the computed δ(Zn,Zn) parameters 

were indicative of significant electron density sharing between the two Zn atoms. 

Nevertheless, the interaction with [Fe(CO)4] resulted in oxidative cleavage of the coordinated 

Zn-Zn bond, due to high  backdonation to the * Zn2 MO as deduced from the δ(M,OCO) 

index. The Zn-Zn bond critical points identified in our study are discussed. The computed 

Zn-Zn contacts concentrate in the range 2.44-2.58 Å, and we propose that this interval 

corresponds to elongated dizinc bonds.  

___________________________________________________________________________ 

Keywords: zinc; DFT; QTAIM; dizinc; organometallic complexes; cyclopentadienyl 
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1. Introduction 

 

 The isolation and characterization of complex [Zn2Cp*2] 1 (Cp* = η5-C5Me5) [1,2] 

displaying a directly bonded dizinc Zn(I)-Zn(I) unit, opened a new chapter in the chemistry of 

this element [3,4]. A good number of theoretical and experimental studies followed the 

synthesis of this compound [5,6,7], providing a clear picture of the, until then, unknown Zn-

Zn bond [8], and expanding significantly the number of well-defined complexes of this sort 

[9,10,11]. In general, the Zn(I)-Zn(I) moiety of these molecules is kinetically stabilized 

toward disproportionation to Zn(0) and Zn(II) by the presence of substituted cyclopentadienyl 

rings [2], bulky terphenyl groups [9], or a variety of chelating N-donor ligands [12]. A notable 

exception is the isolation of the dication [Zn2]2+ containing only substituted pyridines as 

ligands [13] or GaCp* fragments [14]. Comparatively less attention has been paid to disclose 

the chemical reactivity of these molecules, though complex 1 has been used precursor for 

other Zn-Zn bonded compounds [15], in catalytic hydroamination reactions [16], as well as 

for the synthesis of metal-rich compounds and clusters [17,18]. Fischer, Frenking and 

coworkers have identified a variety of M-ZnCp* and M-Zn-ZnCp* fragments and have 

highlighted the isolobal analogy of ZnCp* and ZnR with the H atom. The use of ZnCp* and 

other organozinc ligands in transition metal chemistry has also been reviewed [19].  

 In accordance with the quantum theory of atoms in molecules (QTAIM) [20], the 

topological analysis of the electron density (ρ) estimated at the bond critical point (BCP) 

provides fingerprints revealing the nature of the atomic interactions. Bonds between atoms 

may be divided into two categories on the basis of the sign of laplacian 2ρBCP: shared and 

closed shell interactions have negative and positive 2ρBCP, respectively. In shared 

interactions the bond electronic charge concentrates in the internuclear region and ρBCP has a 

high value, whereas closed shells are characterized by low ρBCP values in the interatomic 

surfaces. On the basis of this simple classification, the first type refers to covalent or covalent 

polar bonds, while the second is associated with ionic bonds, hydrogen bonds and van der 

Waals interactions. In addition, it has been proposed [21] that local energetic parameters like 

the kinetic energy density G(r), the potential energy density V(r) and the total energy density 

H(r) = G(r) + V(r), also play an important role in the characterization of atomic interactions. 

In this way, when comparing closed shells and shared interactions, it is advisable to use the 

kinetic energy per electron GBCP/ρBCP. Closed shells interactions generally exhibit GBCP/ρBC > 

1, while shared interactions have GBCP/ρBCP < 1.  
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 As already pointed out [22], interpretation of bonds when heavy atoms (those with 

more than three atomic shells) are involved is not straightforward. Heavy atoms are 

characterized by diffuse electron densities, giving rise to low electron densities and 

concentrations in the bonding region. This usually complies with very low ρBCP and 2ρBCP 

values which rules out the use of 2ρBCP for a bonding classification. Espinosa et al. [23] 

proposed a classification based on the adimensional |VBCP|/GBCP ratio, introducing the concept 

of bond degree (BD) as BD = HBCP/ρBCP, for the characterization of bond types. They divided 

atomic interactions into three categories. Region I corresponds to pure closed shells, where 

|VBCP|/GBCP < 1, implying that 2ρBCP > 0 and HBCP > 0. Region III refers to pure shared 

shells, with |VBCP|/GBCP > 2 and therefore 2ρBC < 0 and HBCP > 0. Region II is then a transit 

region, with 1 < |VBCP|/GBCP > 2 and 2ρBCP > 0 and HBCP < 0. In region I, the BD parameter 

is positive and gives an idea of the non-covalent interaction, such that the larger its value, the 

more closed and weaker in nature is the interaction. Conversely, in regions II and III the BD 

parameter is negative and measures covalency. Hence, the greater its magnitude, the more 

covalent and stronger the bond is. This classification was followed by Gervasio et al. to 

describe metal-metal bonding in polynuclear complexes [24]. The bond ellipticity (εBCP) is 

another interesting parameter to be analyzed. The ellipticity measures the extent to which 

electron density is preferentially accumulated in a given plane containing the bond path. It is 

calculated as suggested by Bader et al. [25] for the quantitative description of the electron 

density deviation from the cylindrical symmetry in the BCP. In fact, the value of εBCP is a 

measure of the π-component of the bonding [25].  

 Macchi et al. [22a,26] proposed to consider in addition the integrated properties within 

atomic basins. The most interesting clues are the delocalization index for a pair of atoms, 

(A,B), and the electronic density integrated over the whole interatomic surface, ∫A∩Bρ. The 

former hints the number of electron pairs that are exchanged or shared between two atomic 

basins and can be interpreted as the covalent bond order if identical atoms are considered. 

These basins need not have a common interaction surface, so that the index may be computed 

for any pair of atoms, regardless of whether or not they are formally bonded. Delocalization 

indexes are typically related to bonding mechanism and only indirectly to the interaction 

strength, which is revealed by the value of ∫A∩Bρ. Bonds between heavy atoms are now 

classified in: (i) open (or shared) shells, when ρBCP is small, 2ρBCP  0, GBCP/ρBCP < 1, 

HBCP/ρBCP < 0 and (A,B) is the formal bond order (unless bond delocalization occurs); (ii) 

donor-acceptor, if ρBCP is small, 2ρBCP > 0, GBCP/ρBCP  , HBCP/ρBCP < 0 and (A,B) < 
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formal bond order. In both cases ∫A∩Bρ has a medium/large value, despite ρ being one order of 

magnitude lower than for covalent interactions between light atoms. When heavy atoms are 

involved the distinction between shared and donor-acceptor bonds is subtler than between 

corresponding light atom interactions [27].  

 On the basis of these considerations, to gain theoretical information on the bonding 

capabilities of compounds [Zn2Cp2] (as model for [Zn2Cp*2] [1]) and [Zn2Ph2] (as model for 

Zn2Ar’2 with Ar’ = C6H3-2,6-(C6H3-2,6-iPr2)2 [9]) towards several MLn metal fragments, a 

QTAIM study was undertaken. An analysis of the preservation of the Zn-Zn interaction after 

coordination of the dizinc compound as a ligand was carried out. While our work was in 

progress, an experimental and theoretical study of the Zn-Zn interactions in nickel and 

palladium complexes in which the dizinc unit act as a ligand was published [28].  

 

 

2. Computational details.  

 

 Quantum chemical optimizations on the basis of the density functional theory (DFT) at 

the BP86 [29]/ Def2TZVPP [30] level of theory together with the D3(BJ) [31] correction by 

Grimme were carried out. Mo, W and Pd atoms were described with the LANL2DZ 

pseudopotential basis set [32]. The need for dispersion corrections has already been 

demonstrated by previous results on similar compounds [14]. The optimized geometries of all 

the compounds were characterized as energy minima either by non-existent imaginary 

frequencies (NImag = 0), or by very low vibrational frequencies (< 20 cm-1) in the 

diagonalization of the analytically computed Hessian (vibrational frequencies calculations). 

These very low vibrational frequencies that do not lead to energy minimum optimization have 

been reported in other cases, and seem to be associated to numerical errors in the DFT 

integration grid. They could be eliminated by much more expensive calculations with a better 

grid [33]. Electronic calculations were performed using Gaussian09 rev. D01 program [34] 

and topology parameters were studied within the framework QTAIM method as implemented 

in AIMALL program [35]. Cartesian coordinates of all optimized compounds are collected in 

the Supplementary Material (Table S1).  
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3. Results and Discussion 

 

3.1. Some qualitative considerations on the Zn-Zn bond 

 

 From an experimental point of view, the existence of a zinc-zinc bond is deduced from 

the Zn-Zn distance obtained by X-ray crystallography. For this reason, a CSD search [36] of 

X-ray characterized complexes containing Zn-Zn bonds was carried out. Fig. 1 shows the 

resulting histogram, in which Zn-Zn bond distances span the range 2.29-2.48 Å, with a mean 

value of 2.38 Å. It can, therefore, be anticipated that Zn-Zn lengths higher than 2.48 Å would 

correspond to weak interactions. Additionally, with a zinc metallic radius of 1.34 Å, Zn-Zn 

distances larger than 2.68 Å should denote very weak or negligible interactions. Besides these 

experimental considerations, the available theoretical tools will doubtless aid to define the 

features of weak Zn-Zn interactions.  

 

 

Fig. 1. Histogram of the Zn-Zn distances found in structurally characterized dizinc 

complexes.  

 

 The existing knowledge on the nature of the Zn-Zn bond [5-7] in these d10s1 

complexes allows for comparison of CpZn and RZn fragments with the H atom by means of 

the isolobal analogy [17]. Therefore, dizinc compounds would be isolobally related to the H2 

molecule (Scheme 1) [28]. As dihydrogen can act as a -ligand in transition metal chemistry, 

we decided to explore theoretically the behaviour of [Zn2Cp2] and [Zn2Ph2] model compounds 
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as 2-Zn2 ligands against some representative metal fragments, MLn, and to analyze whether 

or not the Zn-Zn interaction would be preserved on coordination (Scheme 2).  

 

 

Scheme 1 

 

 The bonding scheme for the electronic interaction between a 2-Zn2 ligand and a 

transition metal (I in Scheme 2) is analogous to that well known for the dihydrogen ligand. 

For  bonding electron density would be transferred from the filled  molecular orbital (MO) 

of the dizinc compound (for instance, the HOMO-4 for [Zn2Cp2]), that features large 

contribution of the Zn s orbitals [5], to the metal (donation). A second interaction could 

involve the empty * MO of the dizinc compound (the LUMO for [Zn2Cp2], again with major 

contribution of s orbitals), accepting by  backbonding electron density from filled M d 

orbitals. To accomplish this classical donation-backdonation scheme, the metal fragment must 

posses two electrons in MOs ( and  hybrid orbitals) topologically suited to maximize 

overlap. This qualitative fragment molecular orbital (FMO) description is illustrated in 

Scheme 3 for [Zn2Cp2].  

 

 

 

 

Scheme 2 Scheme 3 
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 On the basis of this description and in parallel to dihydrogen complexes, sufficiently 

strong backdonation would populate the * MO of the dizinc compound triggering cleavage 

of the Zn-Zn bond (II in Scheme 2). The corresponding M-Zn-Cp or M-Zn-Ar moieties in II 

are characterized by approximately linear M-Zn-Ct (Ct = centroid of Cp) and M-Zn-C bond 

angles [17-19]. By contrast, the 2-Zn2 coordination of [Zn2Cp2] or [Zn2Ph2] to a metal centre 

in I entails a concomitant bending of the Zn-Zn-Ct or Zn-Zn-C bond angles, respectively, 

from the original ca. 180º value. While our work was in progress, Fisher, Frenking and 

coworkers reported three examples that fit well with situation I. Thus, they studied 

[Zn3Cp*3]+ and [Zn2CuCp*3] complexes [37], which show bending angles around 150º and 

Zn-Zn bond lengths of 2.430(1) (average) and 2.357(1) Å, respectively, besides complex 

[(Zn2Cp*Me)Ni(PMe3)3] [28], characterized by a Zn-Zn distance of 2.525(1) Å and a Zn-Zn-

Ct angle of 118.76º. Although detailed theoretical calculations for these complexes were 

provided by these authors [28,37], a qualitative FMO description of the bonding scheme can 

be easily presented, assuming that the existence of the 2-Zn2 ligand is compatible with the 

found Zn-Zn distances. The electronic portrayal implies the interaction of the d10-MCp 

fragment (ZnCp*+ and CuCp*), or the isolobal d10-ML3 one (Ni(PMe3)3), with the 2-Zn2 

ligand (see Scheme S1 in the Supplementary Material). This interpretation was previously 

proposed by Fisher, Frenking and coworkers with alternative formulations for these 

complexes of type [(2-Zn2Cp*2)MLn] [28,37].  

 To gain information about the effect of the bending on the  and * frontier orbitals, 

single point calculations were carried out with [Zn2Cp2] and [Zn2Ph2] complexes at fixed 

Zn-Zn-Ct and Zn-Zn-C bond angles, respectively, of 170º, 160º and 150º. Fig. 2 shows the 

energy variation found for the  and * MOs of [Zn2Cp2]. Bending of the dizincocene implies 

a very small stabilization of the  MO (HOMO-4) and a higher energy stabilization of the 

antibonding * MO. The distortion improves the -acidity of * MOs thus favoring the 

interaction of the 2-Zn2-[Zn2Cp2] ligand with the metal. For the related bis(aryl) dizinc 

complex [Zn2Ph2], a slight energy variation of the  MO (HOMO) is computed upon bending 

and there is also a major stabilization of the antibonding * MO (Fig. 3). This stabilization is 

higher than that observed for [Zn2Cp2] and, in contrast with the latter, the precise constitution 

of * MO changes with bending. At 160º there are two MOs with antibonding * character 

(LUMO+2 and LUMO+5), so that the corresponding point in Fig. 3 is an energy average of 

the two MOs. These * orbitals, one with mainly s character, the other with large p 

contribution can be found in Fig. S1 (Supplementary Material). The bending induces 
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hybridization of the * MO, with an increase of the p character which affords well suited 

topology for the backdonation interaction (Fig. 3). The higher energy stabilization of the 

antibonding * MO observed for [Zn2Ph2] would predict a better -acceptor behaviour of 

[Zn2Ph2] as ligand than that expected for [Zn2Cp2]. Additionally, the higher  MO energy of 

[Zn2Ph2] would anticipate a better donor behaviour of this complex as ligand than that of 

[Zn2Cp2].  

 

 

Fig. 2. Energy variation of the  and * MOs of complex [Zn2Cp2], upon bending of the 

Zn-Zn-Ct angles (Isovalue of 0.04 for the MO drawings).  
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Fig. 3. Energy variation of the  and * MOs of complex [Zn2Ph2], upon bending of the 

Zn-Zn-C angles (Isovalue of 0.04 for the MO drawings). For details about the * MOs at 160º 

see Supplementary Material (Fig. S1).  
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3.2. QTAIM analysis of the Zn-Zn bond 

 

 With these precedents, we have theoretically analyzed the coordination of the model 

2-Zn2 ligands [Zn2Cp2] and [Zn2Ph2] to selected d8-ML4, d6-ML5, and d10-ML2 metal 

fragments. In all cases, the fragment frontier MOs are an empty  hybrid and a filled  hybrid 

orbitals, topologically matched for the -bonding/-backbonding interactions with the 2-Zn2 

ligand, as sketched in Scheme 3. Model complexes [(ZnR)2Fe(CO)4], [(2-Zn2R2)M(CO)5] 

and [(2-Zn2R2)Pd(PR’3)2] (R = Cp, Ph; M = Cr, Mo, W; R’ = F, H, Me) were optimized 

without symmetry restrictions. For comparative purposes the dizinc model compounds 

[Zn2Cp2] and [Zn2Ph2] were also computed. Our results for [Zn2Cp2] are in agreement with 

those already in the bibliography [2,3a,5]. Figs. 4 and 5 show the resulting optimized 

structures, while selected structural data for these complexes are collected in Table S2. Values 

of topological properties for selected bonds can be found in Table 1. Topological graphs 

showing bond paths (BPs) and critical points (CPs) are collected in Fig. S2 (Supplementary 

Material).  

 As can be seen in Table 1, the values of ρBCP, 2ρBCP and δ(Zn,Zn) delocalization 

indexes for all [(Zn2Cp2)MLn] and [(Zn2Ph2)MLn] complexes are lower than in the parent 

dizinc compounds [Zn2Cp2] and [Zn2Ph2], respectively, evidencing the weakening of the 

Zn-Zn bond upon coordination to MLn fragments, which is expected in accordance to the 

donation/backdonation scheme previously outlined. Concerning M-Zn interactions, M-Zn 

bonds were clearly found with BCP located at roughly the midpoints of the M-Zn vectors. 

Calculated parameters ρBCP and 2ρBCP are small and positive, as expected for heavy atom 

interactions, whereas the positive, smaller than unity values obtained for GBCP/ρBCP ratios 

imply the presence of open-shell M-Zn interactions. This is also supported by the values of 

the |VBCP|/GBCP ratio found in the transient region. The negative, albeit small values of the BD 

parameter can be taken as indicative of covalency of the bond, although the degree must not 

be very high. The δ(M,Zn) delocalization index alludes to the number of electron pairs shared 

between the M and Zn atoms. It is in the range 0.367-0.729, suggesting the presence of polar 

rather than pure covalent bonds. Although the ρBCP value is not a decisive factor in predicting 

the nature of the bond when heavy atoms are present, it always follows the same trend in our 

calculations, viz. ρ at M-Zn BPC is larger for Zn2Ph2 fragments than for Zn2Cp2 analogues. 

Likewise, GBCP/ρBCP and HBCP/ρBCP ratios are lower than expected for pure covalent bonds 

between non metal atoms [26].  
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[Zn2Cp2] [(ZnCp)2Fe(CO)4] [(2-Zn2Cp2)Cr(CO)5] [(2-Zn2Cp2)Mo(CO)5] 

 
  

[(2-Zn2Cp2)W(CO)5] [(2-Zn2Cp2)Pd(PF3)2] [(2-Zn2Cp2)Pd(PH3)2] [(2-Zn2Cp2)Pd(PMe3)2] 

Fig. 4. Optimized structures for model complexes [(Zn2Cp2)MLn].  
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[Zn2Ph2] [(ZnPh)2Fe(CO)4] [(2-Zn2Ph2)Cr(CO)5] [(2-Zn2Ph2)Mo(CO)5] 

 
 

 
 

[(ZnCp)2W(CO)5] [(ZnPh)2Pd(PF3)2] [(ZnPh)2Pd(PH3)2] [(ZnPh)2Pd(PMe3)2] 
Fig. 5. Optimized structures for model complexes [(Zn2Ph2)MLn].   
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Table 1. Topological properties for selected bonds of [(ZnR)2Fe(CO)4], [(2-Zn2R2)M(CO)5] and [(2-Zn2R2)Pd(PR’3)2] (R = Cp, Ph; M = Cr, 

Mo, W; R’ = F, H, Me) complexes.a  

Complex A-B Distance ρBCP 2ρBCP δ(A,B) εBCP |VBCP|/GBCP GBCP/ρBCP VBCP/ρBCP HBCP/ρBCP ∫M∩Znρ 

[Zn2Cp2] Zn-Zn 2.303 0.065 0.069 0.960 0.000 1.530 0.564 -0.863 -0.299 0.701 
[Zn2Ph2] Zn-Zn 2.403 0.062 0.019 0.882 0.000 1.805 0.398 -0.718 -0.320 0.644 

[(ZnCp)2Fe(CO)4] 
Fe-Zn 2.367 0.058 0.075 0.562 0.078 1.475 0.608 -0.898 -0.288 1.023 

Zn···Zn 2.945   (0.120)       

[(ZnPh)2Fe(CO)4] 
Fe-Zn 2.372 0.059 0.072 0.543 0.140 1.488 0.591 -0.879 -0.288 0.883 

Zn···Zn 3.187   (0.075)       

[(2-Zn2Cp2)Cr(CO)5] 

Cr-Zn 2.547 0.044 0.044 0.367 0.242 1.534 0.542 -0.831 -0.290 0.714 
Zn-Zn 2.450 0.051 0.035 0.467 0.309 1.633 0.470 -0.767 -0.298  

Zn-Cr-Zn  0.039 0.035        

[(2-Zn2Ph2)Cr(CO)5] 

Cr-Zn 2.516 0.048 0.042 0.407 0.232 1.588 0.524 -0.832 -0.308 0.725 
Zn-Zn 2.556 0.044 0.015 0.360 1.146 1.775 0.378 -0.671 -0.293  

Zn-Cr-Zn  0.042 0.014        

[(2-
Zn2Cp2)Mo(CO)5] 

Mo-Zn 2.677 0.044 0.044 0.405 0.176 1.519 0.520 -0.790 -0.270 0.668 
Zn-Zn 2.447 0.052 0.034 0.509 0.253 1.543 0.464 -0.761 -0.297  

Zn-Mo-Zn  0.038 0.040        

[(2-
Zn2Ph2)Mo(CO)5] 

Mo-Zn 2.643 0.048 0.042 0.458 0.204 1.584 0.499 -0.791 -0.292 0.675 
Zn-Zn 2.570 0.044 0.015 0.393 0.987 1.803 0.359 -0.647 -0.288  

Zn-Mo-Zn  0.042 0.019        

[(2-Zn2Cp2)W(CO)5] 

W-Zn 2.673 0.064 0.087 0.522 0.222 1.463 0.441 -0.645 -0.204 0.858 
Zn-Zn 2.462 0.053 0.032 0.413 1.302 1.677 0.414 -0.694 -0.280  

Zn-W-Zn  0.044 0.021        

[(ZnPh)2W(CO)5] 
W-Zn 2.649 0.068 0.089 0.565 0.179 1.492 0.447 -0.668 -0.220 1.150 

Zn···Zn 2.573   (0.304)       
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[(2-Zn2Cp2)Pd(PF3)2] 

Pd-Zn 2.508 0.055 0.096 0.601 0.264 1.348 0.672 -0.907 -0.234 0.595 
Zn-Zn 2.488 0.050 0.028 0.491 0.414 1.671 0.436 -0.729 -0.293  

Zn-Pd-Zn  0.046 0.040        

[(ZnPh)2Pd(PF3)2] 
Pd-Zn 2.495 0.058 0.088 0.674 0.214 1.405 0.628 -0.882 -0.254 0.905 

Zn···Zn 2.672   (0.347)       

[(2-
Zn2Cp2)Pd(PH3)2] 

Pd-Zn 2.478 0.057 0.104 0.651 0.174 1.346 0.704 -0.948 -0.244 0.646 
Zn-Zn 2.522 0.048 0.025 0.475 0.466 1.686 0.422 -0.711 -0.290  

Zn-Pd-Zn  0.044 0.042        

[(ZnPh)2Pd(PH3)2] 
Pd-Zn 2.463 0.061 0.099 0.729 0.155 1.393 0.668 -0.931 -0.262 0.927 

Zn···Zn 2.690   (0.354)       

[(2-
Zn2Cp2)Pd(PMe3)2] 

Pd-Zn 2.460 0.060 0.107 0.699 0.140 1.364 0.705 -0.962 -0.257 0.648 
Zn-Zn 2.583 0.044 0.021 0.412 0.796 1.699 0.399 -0.679 -0.279  

Zn-Pd-Zn  0.043 0.036        

[(ZnPh)2Pd(PMe3)2] 
Pd-Zn 2.450 0.062 0.106 0.726 0.140 1.380 0.696 -0.961 -0.265 0.988 

Zn···Zn 2.731   (0.371)       
a All dimensioned quantities are in atomic units (a.u.) except distances which are in Angstroms (Å). The subscript BCP implies that the value is reported at the 
bond critical point. A-B and A···B denote bonded and non bonded distances according to the QTAIM analysis. δ(A,B) denotes the delocalization index 
between atoms A and B, values in parenthesis imply non bonded atoms. εBCP denotes ellipticity at the BCP. |VBCP|/GBCP is an adimensional ratio (see text). 
GBCP/ρBCP, VBCP/ρBCP and HBCP/ρBCP are the potential, kinetic and total energy ratios at the BCP, respectively. ∫M∩Znρ accounts for the integrated electron 
density over the whole M-Zn interatomic surface. Zn-M-Zn corresponds to RCPs.  
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 Table 1 shows that Zn-Zn bonds are not preserved after MLn coordination in all the 

complexes under study. Only those with a Zn-Zn distance smaller than 2.583 Å present a 

bond path (Zn-Zn range: 2.447-2.583 Å). This is also in agreement with the qualitative 

prediction previously proposed. A more detailed analysis indicates that the absence of a Zn-

Zn bond for the iron [(ZnR)2Fe(CO)4] (R = Cp, Ph) complexes, that feature calculated 

Zn···Zn separations close to 3 Å. The Fe-Zn-Ct and Fe-Zn-C angles are close to 180º (Table 

S1) and the Fe-Zn distance is similar to those found in related X-ray characterized complexes 

[38]. The Zn-Zn bond is however preserved for the Cr and Mo interacting [M(CO)5] 

fragments. In these cases, δ(Zn,Zn) and δ(M,Zn) (M = Cr, Mo) delocalization indexes are 

larger and smaller, respectively, for the [(2-Zn2Cp2)M(CO)5] (M = Cr, Mo) structures than 

for the [(2-Zn2Ph2)M(CO)5] (M = Cr, Mo) analogues, indicating that the higher Zn-Zn bond 

order, the more reduced electron sharing between the metal and zinc atoms becomes. The 

computed Cr-Zn and Mo-Zn distances are in agreement with the experimental values found 

for complexes containing Cr-Zn [39] and Mo-Zn [39,40] bonds. Moving down the group in 

the Periodic Table to consider the [W(CO)5] fragment reveals that the Zn-Zn bond is only 

present for the cyclopentadienyl complex [(2-Zn2Cp2)W(CO)5]. Although this result may be 

surprising bearing in mind the similar Mo(W)-Zn and Zn-Zn distances calculated for the 

molybdenum and tungsten complexes [(Zn2R2)M(CO)5], it can be understood in terms of the 

larger M-L overlap expected for the tungsten fragment that would increase backdonation to 

the Zn-Zn bond ultimately abating the Zn-Zn interaction. To estimate the metal-to-CO 

π-backdonation in these [(ZnR)2M(CO)n] complexes, we have calculated the δ(M,OCO) 

delocalization index, as it involves significant M···OCO interaction [26]. In fact, the values of 

δ(M,OCO) when there is no π-backdonation are very low (< 0.1), while those found in 

complexes with important backdonation are much larger, ranging from 0.15 to 0.25 

[22b,26,41]. Average δ(M,OCO) delocalization indexes for the carbonyl computed derivatives 

are collected in Table 2. Their magnitude evidences significant backdonation in all cases, in 

the order Fe(CO)4 > W(CO)5 > Cr(CO)5 > Mo(CO)5. The combined consideration of Tables 1 

and 2 shows that the importance of backdonation is inversely proportional to the δ(Zn,Zn) 

delocalization indexes, that is to the Zn-Zn bond order, and this trend is shown in Fig. S3 

(Supplementary Material). The tungsten fragment [W(CO)5] appears to be in the limiting 

situation in which backdonation to the Zn-Zn bond causes the disappearance of CP in the 

[(Zn2Ph)2W(CO)5] complex.  
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Table 2. Average M··OCO and Pd-P delocalization indexes.  

Complex δ(M,OCO) Complex δ(M,OCO) 

[(ZnCp)2Fe(CO)4] 0.207 [(ZnPh)2Fe(CO)4] 0.216 

[(2-Zn2Cp2)Cr(CO)5] 0.168 [(2-Zn2Ph2)Cr(CO)5] 0.170 

[(2-Zn2Cp2)Mo(CO)5] 0.150 [(2-Zn2Ph2)Mo(CO)5] 0.151 

[(2-Zn2Cp2)W(CO)5] 0.177 [(ZnPh)2W(CO)5] 0.179 

Complex δ(Pd,P) Complex δ(Pd,P) 

[(2-Zn2Cp2)Pd(PF3)2] 1.055 [(ZnPh)2Pd(PF3)2] 1.036 

[(2-Zn2Cp2)Pd(PH3)2] 0.988 [(ZnPh)2Pd(PH3)2] 0.964 

[(2-Zn2Cp2)Pd(PMe3)2] 0.962 [(ZnPh)2Pd(PMe3)2] 0.952 

 

 Integration of the electron density over the entire Zn-Zn interatomic surface, ∫Zn∩Znρ, 

can be used to ascertain the strength of the bond. Unfortunately, the method to integrate 

atomic surface properties in AIMALL fails for complex surfaces, so that the estimation of this 

integral cannot be done [42]. Notwithstanding, ∫M∩Znρ can be computed for M-Zn surfaces, 

thereby shedding light on the characteristics of M-Zn bonds and indirectly on those of the 

Zn-Zn interactions. ∫M∩Znρ has values in the range 0.646-1.150 e·bohr-1 that are similar to 

those found for metal-metal bonds in other organometallic compounds [26,27] and smaller, 

though comparable in magnitude, than those of pure covalent bonds [26]. Except for 

complexes derived from the [Fe(CO)4] fragment, this parameter is lower for [(Zn2Cp2)MLn] 

derivatives than for the related [(Zn2Ph2)MLn]. This is also reflected in the HBCP/ρBCP ratio, 

which is more negative for M-Zn bonds when the Zn2Ph2 unit is involved. The different 

behavior of [(ZnR)2Fe(CO)4] complexes is due to the absence of Zn-Zn interaction.  

 When [Pd(PR3)2] (R = F, H, and CH3) fragments are considered, δ(Pd,Zn) 

delocalization indexes are larger than δ(M,Zn) values for CO containing [M(CO)n] fragments. 

The reduced -acidity of the PR3 ligands, except for PF3, can explain this observation. 

δ(Pd,Zn) values roughly correlate with the Pd-Zn bond distance (see Fig. S4). As for the 

[W(CO)5] fragment, Zn-Zn BCPs are only found for complexes of the Zn2Cp2 molecule. 

Consequently, when the [Zn2Ph2] unit is considered the absence of Zn-Zn bond gives rise to 

larger Pd-Zn interactions. This is nicely illustrated by the values of ∫Pd∩Znρ. The tendency of 

the bond strength is in agreement with the donor/acceptor electron properties of the 

[Pd(PR3)2] fragments, which can be also analyzed on the basis of the delocalization index 

δ(Pd,P). The values collected in Table 2 are in agreement with those anticipated, i.e. they are 
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higher for the PF3 ligand, followed by PH3 and PMe3. Moreover, these values are higher than 

those found forr the M···OCO interaction since the Pd and P atoms are directly bonded. The 

lowest δ(Pd,P) values correspond to PMe3, in consonance with its good -donor and bad 

-acceptor properties, that additionally result in a reduced δ(Zn,Zn) for Cp and no Zn-Zn 

bond for Ph. By contrast, the highest δ(Pd,P) obtained for the excellent -acceptor ligand PF3 

in the [Zn2Cp2] complex results in higher δ(Zn,Zn) value and shorter Zn-Zn distance, relative 

to PH3 and PMe3. As already stated, the decrease in the Zn-Zn bond order implies a 

concomitant increase in the strength of the M-Zn bond, such that for Pd complexes there is a 

fair correlation between the Zn···Zn separation and the Pd-Zn bond distances (see Fig. S5). 

Taking this fact into account, the δ(Pd,P) values can also be related to the Pd-Zn bond 

distances, to the point that, as shown in Fig. 6, there exists a good correlation between these 

parameters.  

 

 

Fig. 6. Relationship between the delocalization index δ(Pd,P) and the computed Pd-Zn bond 

distances for [(Zn2R2)Pd(PR’3)2] complexes.  

 

 In complexes containing M-Zn and Zn-Zn bonds, Zn-M-Zn ring critical points (RCPs) 

can also be identified, proving the delocalization of electron density among the three centres. 

The bond path lengths are similar to the interatomic distances for M-Zn bonds, and larger for 
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Zn-Zn interactions. The latter present inwardly curved Zn-Zn bond paths (see the topological 

graphs in Fig. S2). The εBCP values associated to the Zn-Zn bond paths in [(Zn2R2)MLn] 

complexes are greater than zero in all cases, implying the existence of a π-component of the 

bonding that was absent in the parent molecules of [Zn2Cp2] and [Zn2Ph2]. The bond 

ellipticity decreases when going from [(Zn2Cp2)MLn] to [(Zn2Ph2)MLn] complexes. This 

observation can be interpreted as a tendency to break the Zn-Zn bond, consequently opening 

the Zn-M-Zn ring. The sensitivity of the structure to ring opening is quantitatively described 

by the bond ellipticity value εBCP, which becomes larger for the more unstable structures [25]. 

Structure instability means that small energy is required to cause the migration of RCP to 

BCP with high ellipticity, which inevitably leads to a bifurcation catastrophe (the formation of 

degenerate critical points) and disappearance of the ring [43]. It is reasonable to believe that 

the closer the ring and bond critical points, with high ellipticity, the potentially more unstable 

the structure will become. The analysis of the position of Zn-M-Zn RCPs and Zn-Zn BCP 

shows that the bonds with high εBCP are very close to one another (Fig. S2), once again 

manifesting the higher stability of complexes [(Zn2Cp2)MLn] compared to [(Zn2Ph2)MLn].  

 The δ(Zn,Zn) delocalization indexes can also be estimated for the non-bonding 

Zn···Zn interactions (in parenthesis in Table 1), contributing additionally to clarify the main 

features of these interaplays. Although smaller than for bonded atoms, their estimated values 

are by no means negligible, except for the iron complexes [(ZnR)2Fe(CO)4] (R = Cp, Ph). 

Rather, they are comparable in magnitude to values found for bonded Zn-Zn atoms and for 

metal-metal interactions in other organometallic compounds [26,27,41a,b]. This means that, 

although very delocalized, there exists a Zn-Zn interaction in all cases studied except for 

[(ZnR)2Fe(CO)4] (R = Cp, Ph) complexes, where the long Zn-Zn distances, along with the 

important Fe-CO -backbonding preclude any possible interaction.  

 

 

4. Conclusions 

 

 A QTAIM study of the bonding capabilities of model complexes [Zn2Cp2] and 

[Zn2Ph2], when they act as 2-Zn2-ligands in selected metal fragments, has been carried out. 

The studied metal fragments are [Fe(CO)4] (d8-ML4), [M(CO)5] for M = Cr, Mo, W (d6-ML5) 

and [Pd(PR’3)2] for R’ = F, H, Me (d10-ML2). They are characterized by an empty  hybrid 

and a filled  hybrid orbitals, topologically matched for synergic bonding-backbonding 
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interactions with the [Zn2R2] complex. An analysis of the preservation of the Zn-Zn 

interaction after coordination of the dizinc moiety to the transition metal fragment has been 

undertaken. In all the cases, the values of ρBCP, 2ρBCP and of the delocalization indexes 

δ(Zn,Zn) decrease in comparison with their original values in the parent [Zn2Cp2] and 

[Zn2Ph2] molecules. The combination of the different fragments introduces asymmetry and 

polarity within the Zn-Zn bonds, along with a variation of the electronic environment at the 

two Zn centres that alters the Zn-Zn interaction. Nevertheless, the delocalization indexes 

δ(Zn,Zn) indicate significant electron pair sharing between Zn centres for all but the 

[Fe(CO)4] fragment, where the high backdonation (computed through the δ(M,OCO) index) to 

the * dizinc MO produces the oxidative cleavage of the dizinc bond. The dizinc complexes 

that show a critical point in the Zn-Zn path have distances within the 2.44-2.58 Å range. In 

analogy with the dihydrogen molecule, we suggest this as a new range for elongated dizinc 

bonds. The δ(Zn,Zn) delocalization index is larger for [(Zn2Cp2)MLn] than for [(Zn2Ph2)MLn] 

complexes, and the opposite variation was observed for δ(M,Zn). This is a general trend that 

correlates the decrease in the Zn-Zn bond order with the concomitant increase in the M-Zn 

bond order (measured by ∫M∩Znρ). The influence of the donor/acceptor properties of the 

coligands is clearly observed when complexes [(Zn2R2)Pd(PR’3)2] are analyzed, for the 

excellent -acceptor PF3 (measured by the δ(Pd,P) index) affords higher δ(Zn,Zn) values and 

shorter Zn-Zn distances than the better donnors PH3 and PMe3. None of the investigated 

[(Zn2R2)MLn] complexes have been experimentally synthesized. However, after the report by 

Fisher, Frenking and coworkers of examples in which the dizinc unit act as a ligand, 

particularly the complex [(Zn2Cp*Me)Ni(PMe3)3], some of the computed models could be 

considered rational experimental targets. It is reasonable to believe that the present 

computational study will provide theoretical insights for future preparations of 2-Zn2-

complexes in which the dizinc ligand resembles the dihydrogen ligand.  
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