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Origin of the Ir−Si Bond Shortening in Ir-NSiN complexes 
Pilar García-Orduña,a Israel Fernández,*,b Luis A. Oroa and Francisco J. Fernández-Alvarez*,a 

The Ir−Si bond distances reported for Ir-(fac-κ3-NSiNOPy) and Ir-(fac-κ3-NSiN4MeOPy) species (NSiNOPy = bis(pyridine-2-
yloxy)methylsilyl and NSiN4MeOPy = bis(4-methyl-pyridine-2-yloxy)methylsily) are in the range of 2.220-2.235 Å. These values 
are in the lowest limit of the Ir−Si bond distances found in the Cambridge Structural Database (CSD). To understand the 
origin of such remarkable shortening, a computational study of the bonding situation of representative examples of Ir-(fac-
κ3-NSiN) species has been carried out. It is found that the Ir−Si bond can be described as an electron-sharing (i.e. covalent) 
bond. Despite that, this bond is highly polarized and as a result, the contribution of the electrostatic attractions to the 
bonding is rather significant. Indeed, there exists a linear relationship (R2 = 0.97) between the Ir−Si bond distance and the 
extent of the computed electrostatic interactions, which indicates that the ionic contribution to the bonding is mainly 
responsible for the observed Ir−Si bond shortening. 

Introduction 
The chemistry of iridium and rhodium complexes with 
monoanionic tridentate ESiE-type ligands, where the central 
silicon atom and the peripheral donor atoms (E = P, N, S) are 
covalently interconnected by carbon or functionalized-carbon 
chains, has gained interest in recent years. Their reactivity, 
catalytic activity and selectivity depend on the nature of the 
donor groups, the linker chains and the substituents at the 
silicon atom, and therefore are easily tuneable.1 
Monoanionic κ3-PSiP ligands coordinate to iridium and rhodium 
either in mer-κ3 or fac-κ3-coordination modes (Figure 1).2-7 
Iridium and rhodium complexes with monoanionic κ3-NSiN-
type8,9,10 and κ3-SSiS-type11 ligands usually show a distorted 
octahedral geometry with the corresponding ligand in fac-κ3-
coordination mode (Figure 1). 
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Figure 1. Examples of mer-κ3 or fac-κ3-coordination of ESiE ligands to 
transition metal-complexes (E = P, N, S). 

The presence of the metal-silyl bond in the above-mentioned 
complexes labilizes the ligand trans located to the silicon atom 
as a consequence of the known strong trans-effect exerted by 
silyl ligands,12 which has proven to be a key feature for the 
reactivity and catalytic activity of such complexes.1a,3-11 
Rh-(fac-κ3-NSiN) and Ir-(fac-κ3-NSiN) complexes having 
bis(pyridine-2-yloxy)methylsilyl (NSiNOPy), bis(4-methyl-

pyridine-2-yloxy)methylsilyl (NSiN4MeOPy) and bis(8-
quinolyl)methylsilyl (NSiNQ) ligands (Figure 2) stand out for 
presenting short metal−Si bond lengths.8,9,10 Indeed, the Ir−Si 
bond distances found for Ir-(fac-κ3-NSiNOPy) and Ir-(fac-κ3-
NSiN4MeOPy) species, in the range of 2.22-2.24 Å,8 are among the 
shortest Ir−Si bond distances so far reported. 
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Figure 2. Bis(pyridine-2-yloxy)methylsilyl (NSiNOPy), bis(4-methyl-pyridine-2-
yloxy)methylsilyl (NSiN4MeOPy) and bis(8-quinolyl)methylsilyl (NSiNQ) ligands. 

The metal-silicon bond lengths in late or low-valent transition-
metal silyl complexes are frequently shorter than one would 
expect for a covalent σ-bond. This fact has usually been 
attributed to the occurrence of π-backbonding from d-metal 
orbitals to empty silicon orbitals.13,14 Alternatively, other 
authors have also invoked the contribution of an ionic 
component to explain the shortening of metal-silyl bonds.14,15 
On the other hand, the Ir−Si bond distances found for base-
stabilized iridium-silylene and iridium-silyl complexes are 
commonly in the range of ≈ 2.26–2.32 Å16-19 and ≈ 2.29–2.41 
Å,20 respectively. Thus, the Ir−Si bond distance is not an 
accurate criterion to distinguish between iridium-silyl and base-
stabilized iridium-silylene bonds. For example, the Ir−Si bonds 
in iridium complexes with monoanionic κ2-pyridine-2-yloxy-
dialkylsilyl ligands (NSiR2, R = Me, iPr, tBu; Scheme 1), which 
exhibit Ir−Si bond distances in the 2.25-2.29 Å range,21,22 have 
been proposed as intermediate between 2-pyridone-stabilized 
iridium-silylene and -silyl bonds.21c In particular, the Ir−Si bond 
distances found for Ir-(fac-κ3-NSiNOPy) species8 are below the 
range of distances so far reported for base-stabilized iridium-
silylene species. This might well be a consequence of the 
presence of two 2-pyridone moieties acting as bridges between 
the iridium and the two silicon atoms.21c 
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Scheme 1. Monoanionic κ2-pyridine-2-yloxy-dialkylsilyl ligands (NSiR, R = Me, 
iPr, tBu) and one example of an Ir-NSiiPr2 complex. 

 

To shed light on the actual reasons that cause the Ir−Si bond 
shortening in these complexes, we first present a statistical 
analysis of the bond distance in iridium complexes having a Ir−Si 
bond including Ir-(fac-κ3-NSiN) species. Then, the bonding 
situation of representative Ir-(fac-κ3-NSiN) species has been 
explored using state-of-the-art computational methods. As 
described below, our calculations suggest that the electrostatic 
interactions between the corresponding NSiN ligand and the 
iridium atom have a direct impact on the corresponding Ir−Si 
bond length. 
 

Results and Discussion 
Ir−Si bond length analysis (CSD Search) and structural 
comments on Ir-(fac-κ3-NSiN) species 
A statistical analysis of the Ir−Si bond lengths included in the 
Cambridge Structural Database (CSD)23 using ConQuest 
2020.3.0 program24 has been performed (Table S1). This 
analysis shows that the mean Ir−Si bond length is 2.34(5) Å, in 
good agreement with the median value (2.34 Å), indicating a 
symmetric distribution, with 2 high outliers. Figure 3 shows the 
statistical distribution of the Ir−Si bond distances (blue in Figure 
3) in comparison with those observed in Ir-(fac-κ3-NSiN) species 
(orange in Figure 3), the latter belonging to the lowest limit. 

 

Figure 3. Histogram of Ir−Si bond length reported in the Cambridge Structural 
Database (CSD). Blue: all the structures. Orange: structures with fac-κ3-NSiN 
coordination. 

According to the reported solid-state structures of Ir-(fac-κ3-
NSiN) complexes (Figure 4), the iridium atom typically possesses 

a distorted-octahedral geometry.8,10 However, an example of a 
compound exhibiting a distorted-square pyramidal geometry, 
complex 4 (Figure 4), has also been reported.10b 
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Figure 4. Ir-(fac-κ3-NSiNQ) and Ir-(fac-κ3-NSiNOPy) mononuclear species whose structure 
has been published. 

Geometrical parameters describing the facial coordination of 
the tridentate ligand in Ir-(fac-κ3-NSiN) are summarized in Table 
1. As a general trend, the deviation of the Si-Ir-N and N-Ir-N bite 
angles from the ideal 90° value can be observed. This feature is 
due to the formation of the two five-membered iridacycles, 
which greatly contribute to the stabilization of the molecular 
structure. This stabilization seems to be stronger in the Ir-(fac-
κ3-NSiNOPy) species, where shorter Ir−Si bond lengths (2.22-2.23 
Å) together with acuter N-Ir-N bite angles (N-Ir-N: 79.1-81.9°) 
are observed,8 compared to those reported for Ir-(fac-κ3-NSiNQ) 
complexes (2.25-2.30 Å and 84.1-83.8°, respectively).10 This 
may be illustrated when comparing the geometry of 
compounds 2 and 7, both containing a Si atom located trans to 
a chloride ligand. 
The data gathered in Table 1 also suggests that the presence of 
a triflate ligand instead of a chloride ligand in the apical position 
further contributes to the shortening of the Ir−Si bond. Indeed, 
the Ir-(fac-κ3-NSiNOPy) complex 6 exhibits the shortest Ir−Si 
bond length of the entire series (2.22 Å). A similar behaviour is 
found in the analogous complex 8, having the apical CF3CO2 
ligand (2.22 Å). Despite that, very little is known about the 
actual factors leading to this significant shortening of the Ir−Si 
bond distances, which prompted us to perform a computational 
study on the bonding situation of these particular Ir-(fac-κ3-
NSiN) species. 
 
 
 
 
 
 
 
 



 

 

Table 1. Ir−Si bond lengths (Å) and selection of angles (°) for Ir-(fac-κ3-
NSiN) complexes. 

Comp./(L) N-Ir-N (°) Si-Ir-N (°) Ir−Si (Å) ref 

1/(NSiNQ) 87.5(3) 83.2 (2); 83.3(2) 2.275(3) 10a 
2/(NSiNQ) 85.3(2) 84.1(2); 82.3(2) 2.278 (2) 10a 
3/(NSiNQ) 89.7(9) 82.82(7); 83.82(8) 2.3032(9) 10b 
4/(NSiNQ) 86.3(2) 83.0(2); 83.7(2) 2.252(2) 10b 
5/(NSiNOPy) 86.3(1) 80.6(1); 79.9(1) 2.236(1) 8d 

6/(NSiNOPy) 
85.7(1)a 

86.7(1)b 
79.8(1); 81.6(1)a 
80.7(1); 80.7(1)b 

2.219(1)a 

2.228(2)b 
8a 

7/(NSiNOPy) 85.7(1) 80.2(1); 79.1(1) 2.224(1) 8d 
8/(NSiNOPy) 84.9(3) 80.2(2); 81.2(2) 2.223(3) 8b 
a, b the crystal has two crystallographically independent molecules; L 
= the corresponding NSiN ligand 

 
Computational study of the Ir-Si bond in Ir-NSiN complexes. 
 
To understand the bonding situation of the above complexes, a 
computational study using state-of-the-art methods, namely 
Atoms In Molecules (AIM),25 Natural Bond Orbital (NBO)26 and 
Energy Decomposition Analysis-Natural Orbital for Chemical 
Valence (EDA-NOCV)27-28 methods, has been carried out. 
We first explored the bonding situation of complexes 6 and 8 as 
representative systems having a short Ir−Si bond (⁓2.22 Å, Table 
1). Figure 5 shows the Laplacian distribution of complex 6 in the 
O–Ir–Si plane. As expected, the AIM method confirms the 
occurrence of two five-membered iridacycles possessing one Ir–
Si and two Ir–N bond critical points (BCPs) together with their 
associated bond paths (BPs) running between these atoms. The 
topology of both iridacycles is further confirmed by the 
presence of a ring critical point (RCP) located approximately in 
the center of each metallacycle. In addition, there exist BCPs 
between the C−H bonds of the pyridyl and coe ligands and the 
highly electronegative oxygen and fluorine atoms of the OTf 
ligand which indicates the occurrence of stabilizing noncovalent 
C-H···X interactions in this species. Despite that, these 
interactions are relatively weak in view of the computed rather 
low Wiberg bond indices (WBIs < 0.015) and NBO-second-order 
perturbation theory energies (∆E(2) = 1.8 kcal/mol). A similar 
topology is found for complex 8 (see Figure S1 in the ESI).  
 
 

 

Figure 5. Contour line diagrams ∇2ρ(r) for complex 6 in the O−Ir–Si plane. The 
solid lines connecting the atomic nuclei are the bond paths while the small 
green and red spheres indicate the corresponding bond critical points and 
ring critical points, respectively. 

 
According to the data gathered in Table 2, it becomes evident 
that the nature of the Ir−Si bond is rather different from that of 
the Ir−N bonds. In particular, there is a noticeable difference in 
the computed values of the Laplacian of the electron density 
(∇2ρ(rc)) at the BCPs. Whereas positive values were computed 
for the Ir-N bonds, negative values were found for the Ir-Si. 
Typically, positive values of ∇2ρ(rc) indicate that the charge is 
locally depleted and, then, corresponds to “closed shell” 
(donor–acceptor or van der Waals) interactions while negative 
values reveal local charge accumulations, characteristic of 
covalent (electron-sharing) interactions. Therefore, our 
calculations indicate that whereas the Ir−N bond can be viewed, 
as expected, as dative N→Ir (donor-acceptor) bonds, the Ir−Si 
bond should be described as σ-covalent (electron-sharing) 
bond. Similar values were found by some of us in related Ir(III)-
silylene complexes.21c Not surprisingly, the computed 
delocalization index, δ, which has been suggested as a measure 
of the relative bond strength,29 indicates that the Ir–Si bond (δ 
= 0.93) is significantly stronger than both dative (i.e. donor-
acceptor) Ir–N bonds (δ = 0.62 and 0.50), which agrees with the 
expected higher bond strength of a covalent bond than that of 
a dative bond. A similar result is found by applying the NBO 
method as the computed Wiberg bond index (WBI) for the Ir–Si 
(0.76) is markedly higher than the values computed for the Ir–N 
bonds (WBI = 0.37 and 0.19, respectively). These findings are 
also in agreement with the observed reactivity of complex 1 
with excess of PMe3 (Scheme 2)10b which indicates that the Ir−N 
bond is more labile than the Ir−Si bond.  
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Table 2. DFT calculated properties for the Ir–Si and Ir−N bonds in Ir-(fac-
κ3-NSiN) complexes 6 and 8. Results of the topological analysis of the 
electron density distribution: density, ρ(rc), Laplacian, ∇2ρ(rc), total 
energy density, H(rc) and delocalization index, d.  

 6 8 

 Ir−Si Ir−N Ir−Si Ir−N 

ρ(rc) 0.1115 0.0771 
(0.0937) 

0.1105 0.0762 
(0.0932) 

∇2ρ(rc)) −0.1470 
+0.3545 

(+0.4172) 
−0.1470 +0.3488 

(+0.4150) 

H(rc) −0.0802 
−0.0083 

(−0.0149) 
−0.0741 −0.0079 

(−0.0147) 
δ 0.93 0.50 (0.62) 0.95 0.49 (0.61) 
WBI  0.76 0.19 (0.37) 0.74 0.19 (0.37) 
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Scheme 2. Reactivity of complex 1 with excess of PMe3. 

To further clarify the nature of the Ir−Si bond in these species, 
we applied the EDA-NOCV method. To this end, this bond was 
analyzed in two different partitioning schemes using the 
NSiNOPy ligand and [Ir(H)(coe)OTf] as fragments, namely (i) 
charged [NSiNOPy]− and [Ir(H)(coe)OTf]+, where the interaction 
consists of two dative N→Ir bonds and one dative Si→Ir bond, 
and (ii) neutral [NSiNOPy]• and [Ir(H)(coe)OTf]• fragments, which 
describes the bonding as two dative N→Ir bonds and one 
covalent (i.e. electron-sharing) Ir−Si bond. The calculation that 
gives the smallest orbital term ∆Eorb (i.e. involving the smallest 
change in the electronic structure of the fragments by the bond 
formation), is typically considered as the more reasonable 
description of the bond.30,31 Therefore, according to the 
numerical results gathered in Table 2 for complex 6, the 
bonding situation of this species is better described as 
possessing two dative N→Ir bonds and a covalent Ir–Si bond, 
which is fully consistent with the nature of the Ir–Si and Ir–N 
bonds initially suggested by the AIM and NBO methods (see 
above). 
Data in Table 3 indicates that, despite using neutral fragments, 
the electrostatic attraction between the fragments (measured 
by the ∆Eelstat term) is stronger than the orbital interactions 
(∆Eorb), which confirms that the ionic contribution to the 
bonding is remarkable (59% to the total attractive interactions). 
This is consistent with the Interacting Quantum Atoms (IQA)32 
approach which indicates that the ionic contribution to the Ir−Si 
bond is remarkable (71%).33 This is not surprising according to 
the computed highly positive NBO charge at the silicon atom (q 
= +1.68), which indicates that the Si−IrO bond is highly polarized 
(charge of the IrO group −0.81). This can easily visualized by the 

molecular electrostatic potential computed for 6, which clearly 
identifies the positivily charged silion atom (Figure 6). Despite 
that, three main orbital interactions are identified in complex 6 
using the NOCV extension of the EDA method,34 namely ρ1, 
which involves the covalent σ-Ir−Si bond, ρ2 and ρ3, which 
involve both dative N→Ir bonds, and ρ4, which consists of the 
π-backdonation from a double-occupied d(Ir) atomic orbital to 
a vacant pπ(Si) atomic orbital (see Figure 7). As clearly seen in 
Figure 6, the strength of the σ-Ir-Si bond (∆E(ρ1) = −95.2 
kcal/mol) is much higher than both dative N→Ir bonds (∆E(ρ2+ 

ρ3) = −57.5 kcal/mol), which is consistent with the AIM-
delocalization and NBO-Wiberg bond indices commented 
above. The Ir→Si π-backdonation is, not surprisingly, 
comparatively much weaker but not negligible (∆E(ρ4) = −13.0 
kcal/mol), which is in line with previous studies.13,14 

 

Table 3. EDA results (in kcal/mol) for complex 6 computed at the ZORA-
BP86-D3/TZ2P//BP86-D3/def2-SVP level. 

 3 dative bonds 
(2 N→Ir + Si→Ir) 

2 N→Ir dative bonds  
+ Ir–Si covalent bond 

Fragments [Ir(H)OTf]+ + [NSiN]– [Ir(H)OTf]• + [NSiN]• 

∆Eint –341.1 –185.9 

∆EPauli 406.8 376.6 

∆Eelstat –432.8 –331.7 

∆Eorb –294.7 –210.5 

∆Edisp –20.4 –20.4 

 
 
 

 

Figure 6. Plot of the molecular electrostatic potential computed for 6. 

 
 



 

 

 

Figure 7. NOCV-deformation densities and associated stabilization energies 
computed for complex 6. The charge flow takes place in the direction red → 
blue. 

Once the general bonding situation of the Ir-NSiN complexes 
has been described, we then applied the EDA-NOCV method to 
quantitatively investigate the influence of the NSiN ligand, 
transition metal and surrounding ligands on the bonding. To this 
end, we selected the complexes 1 and 11, and 6 and 10 having 
the NSiNQ or NSiNOPy ligands, respectively, in fac-κ3-
coordination mode and chloride or triflate as axial (to Si) ligands 
(see Table 3 and Figure 7). We also analyzed complex 8 having 
the axial CF3CO2 ligand and 7M, a model compound of 7 where 
the cyclohexyl groups of the phosphane ligand were replaced 
by methyl groups, to study the influence of a phosphane σ-
donor instead of the cyclooctene ligand. For completeness, the 
experimentally known rhodium(III)-complex [RhH(CF3SO2)(fac-
κ3-NSiNOPy)(coe)] (12)9 (Figure 8) has also been considered in our 
analysis to explore the influence of having a different group 9 
transition metal. 
 

 

Figure 8. M-(fac-κ3-NSiN) (M = Ir or Rh) complexes studied computationally. 

From the data in Table 4, it becomes evident that the 
interaction (∆Eint) between the [NSiN]• and [Ir(H)(coe)(X)]• (X = 
Cl or TfO) is stronger when a triflate (complexes 6 and 11) 
instead of a chloride (complexes 1 and 10) ligand is placed trans 
to the Si-moiety. This is supported by the corresponding Ir−Si 
WBIs, which are systematically higher in the OTf-complexes. 
The stronger interaction can be mainly ascribed to the higher 
electron-withdrawing nature of the OTf group, which further 
polarizes the Ir−Si bond resulting in a much stronger 
electrostatic attraction (∆∆Eelstat = 8.7 and 6.9 kcal/mol, when 
comparing 6 vs 10 and 1 vs 11, respectively). Not surprisingly, 
this enhanced Ir−Si bond polarization is also reflected in a 
higher positive charge at the silicon center in the OTf complexes 
(∆q = +0.1e when comparing 6 vs 10 and 1 vs 11). Although the 
effect of the Cl/OTf replacement on the total orbital 
interactions (∆Eorb) is not significant, the π-backdonation is 
slightly stronger in those complexes having the OTf ligand. 
Therefore, our EDA-NOCV calculations suggest that, regardless 
of the nature of the NSiN ligand, the axial OTf ligand mainly 
enhances the stabilizing electrostatic interactions, resulting in a 
clear shortening of the Ir−Si bond. Not surprisingly, a similar 
effect is found in complex 8, having the highly electron-
withdrawing CF3CO2 ligand in the apical position. According to 
the computed EDA and NBO data, the CF3CO2 is a slightly less 
electron-withdrawing group as compared to the CF3SO3 group 
(i.e. CF3CO2 leads to a lower interaction and electrostatic 
attraction, the charge on Si is also lower as well as the Ir−Si WBI 
as compared to the OTf group), which nicely agrees with their 
corresponding σp-Hammett constants (0.46 vs 0.53, for CF3CO2 
and CF3SO3, respectively).35 
The influence of the nature of the NSiN ligand on the Ir−Si 
interaction resembles that of the OTf ligand but is significantly 
more pronounced. Indeed, the electrostatic attractions become 
even much stronger in those complexes having the NSiNOPy 
instead of the NSiNQ ligand (∆∆Eelstat = 14.3 and 16.1 kcal/mol, 
when comparing 1 vs 10 and 6 vs 11, respectively). This effect is 
also reflected in the much higher polarization of the Ir−Si bond 
in the NSiNOPy-complexes, whose silicon atoms exhibit the 
highest positive charges of the entire series (∆q = +0.3, when 
comparing 1 vs 10 and 6 vs 11, respectively). As a result, 
complex 6 having the NSiNOPy and the axial OTf ligands exhibits 
the shortest Ir−Si bond length of the studied complexes, and, as 
expected, also the highest Ir−Si WBI (0.76). 
According to the computed lower interaction, the replacement 
of the cyclooctene ligand by the strong σ-donor PMe3 ligand 
(complexes 7M vs 10) makes the Ir−Si interaction slightly 
weaker. This is not because the key electrostatic interactions 
are lower (indeed, ∆Eelstat is 3 kcal/mol is higher in complex 7M 
and the silicon charge is nearly identical) but to a significant 
weakening of the total orbital interactions, and particularly, the 
strong σ-Ir−Si covalent bond (∆E(ρ1) = -4.3 kcal/mol) and dative 
N→Si bonds (∆E(ρ2+ρ3) = -8.6 kcal/mol).  
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Table 4. EDA results (in kcal/mol) computed at the ZORA-BP86-D3/TZ2P//BP86-D3/def2-SVP level. 

 1 6 7M 8 10 11 12 
∆Eint -173.5 -185.9 -170.6 -182.9 -176.8 -185.4 -160.0 

     ∆EPauli 356.5 376.6 371.8 376.4 374.3 358.2 308.2 
∆Eelstat -308.7 -331.7 -326.0 -328.8 -323.0 -315.6 -265.6 
∆Eorba -201.4 -210.5 -199.4 -210.8 -209.7 -205.5 -182.3 
∆E(ρ1) -92.6 -95.2 -93.6 -97.6 -97.9 -91.8 -91.3 

∆E(ρ2+ρ3) -53.1 -57.5 -45.3 -53.8 -53.9 -57.7 -42.8 
∆E(ρ4) -9.5 -13.0 -12.9 -12.7 -12.4 -9.7 -10.0 
∆Edisp -19.9 -20.4 -17.0 -19.7 -18.4 -22.5 -20.2 

r(Si−M)b 2.307 
(2.275) 

2.252 
(2.219) 

2.258 
(2.224) 

2.260 
(2.223) 

2.268 2.290 2.226 
(2.139) 

NBO q(Si) +1.31 +1.68 +1.60 +1.64 +1.61 +1.38  
NBO q(Ir−X)c -0.42 -0.81 -0.44 -0.55 -0.45 -0.76  
WBI (Si−M)) 0.66 0.76 0.70 0.74 0.67 0.73 0.67 

a Only the main orbital contributions (∆E(ρ)) to the total orbital interactions (∆Eorb) are given. b Bond lengths are given in angstroms. Values within parentheses 
indicate the experimental (X-ray) values. C X refers to the atom attached to iridium placed trans to silicon (X = Cl, O). 

Finally, we analyzed the effect of the transition metal by 
comparing the Ir(III)-complex 6 with its Rh(IIII)-counterpart 12, 
both having the NSiNOPy and the axial OTf ligands. From the data 
in Table 3, it becomes clear that the interaction between the 
neutral [NSiNOPy]• and [Rh(H)(coe)OTf]• fragments is 
comparatively weaker than that involving [Ir(H)(coe)OTf]•. 
According to the EDA-NOCV data, the replacement of Ir(III) by 
Rh(III) leads to a rather significant weakening of the key 
electrostatic interactions (∆∆Eelstat = 66.2 kcal/mol). The orbital 
interactions are also less stabilizing albeit to a much lesser 
extent (∆∆Eorb = 28.2 kcal/mol). This significant decrease of the 
electrostatic (and orbital) interactions makes the Rh−Si bond 
comparatively weaker than the Ir−Si bond, a result which is also 
supported by the corresponding WBIs (WBI = 0.76 and 0.67, for 
6 and 12, respectively). 
Results described above therefore suggest that the electrostatic 
interactions play a key role in the Ir−Si interaction and, 
consequently, have a direct impact on the corresponding bond 
length. This is confirmed by plotting the computed ∆Eelstat values 
versus the computed Ir−Si bond lengths, which indicates that 
both parameters are nicely correlated (correlation coefficient of 
0.97, Figure 9). The key role of the electrostatic interactions is 
further supported by the trend in the polarization of the Ir−Si 
bond, measured by the computed NBO charge at the silicon 
atom, which also exhibits a nice linear relationship with the Ir−Si 
bond lengths (R2 = 0.96, see Figure S2 in the ESI). Moreover, 
although a similar linear relationship was also found when 
plotting the π-backdonation (∆E(ρ4)) vs the Ir−Si distances (R2 = 
0.94, see Figure S3), the influence of this weak orbital 
interaction on the Ir−Si bond can be considered as almost 
negligible when compared to the much stronger electrostatic 
interactions. 

 

Figure 9. Plot of the computed electrostatic interactions (∆Eelstat) vs the Si−Ir 
bond length. 

To broaden the scope of the present study and rule out the 
influence of the pincer ligand on the bonding of the considered 
Ir-(fac-κ3-NSiN) complexes, and in particular, on the rather short 
Ir−Si distances, we also considered the complexes 13 and 14, as 
model complexes of the experimentally described 
[IrH2{Si(OTf)Ph2}(TFB) (PiPr3)]16 and [IrH2(SiEt3)(cod)(AsPh3)],36 
where the bulky iPr and phenyl ligands where replaced by 
methyl groups. Both non-pincer compounds exhibit much 
longer Si−Ir distances of 2.376 Å and 2.444 Å. Despite that, the 
corresponding EDA data (Table 5) confirms that, even in this 
non-strained species, the electrostatic term dominates over the 
orbital term, which fully support the key role of the electrostatic 
interactions in the bonding situation of these Ir-Si complexes. 
Not surprisingly, from a quantitative point of point, the ∆Eelstat 
term in these compounds (as well as the total interaction 
energy) is much lower than in the constrained Ir-(fac-κ3-NSiN) 
species, which mainly derives from the much longer Ir-Si 
distances in 13 and 14. 



 

 

 

Table 4. EDA results (in kcal/mol) for complexes 13 and 14 computed at 
the ZORA-BP86-D3/TZ2P//BP86-D3/def2-SVP level. 

 

 

13 

 

14 
∆Eint –104.1 –88.0 

∆EPauli 234.5 206.7 

∆Eelstat –184.2 –169.8 

∆Eorb –129.7 –107.9 

∆Edisp –24.7 –17.1 

r(Si−Ir) / Å 2.376 2.444 

 

Experimental Section 
Statistical analysis of the Ir−Si bond length 
The statistical analysis of the Ir−Si bond lengths has been carried 
out with the Cambridge Structural Database (CSD).23 The search 
of the Ir-Si fragment has been performed using ConQuest 
2020.3.0 program24 and the database version 5.42 (November 
2020). Polymeric, error-containing, powder structures and 
structures with R factor higher than 0.1 were removed from our 
dataset. The 235 results (334 Ir-Si fragments) are listed in the 
ESI. 
Computational details 
Geometry optimization of all complexes was performed without 
symmetry constraints using the Gaussian0937 suite of programs 
at the BP8638/def2-SVP39 level of theory using the D3 dispersion 
correction suggested by Grimme et al.40 This level is denoted 
BP86-D3/def2-SVP. All species were also characterized by 
frequency calculations and have positive definite Hessian 
matrices thus confirming that the computed structures are 
minima on the potential energy surface. Wiberg Bond Indices 
(WBIs) have been computed using the natural bond orbital 
(NBO) method.25 All AIM26 results described in this work 
correspond to calculations performed at the BP86-D3/6-
31+G(d)/WTBS (for Ir and Rh) level on the optimized geometry 
obtained at the BP86-D3/def2-SVP level. The WTBS (well-
tempered basis sets)41 have been recommended for AIM 
calculations involving transition metals.42 The topology of the 
electron density was conducted using the AIMAll program 
package.43 

The interaction between the selected fragments has been 
investigated with the EDA-NOCV method,27-28 which combines 
the energy decomposition analysis (EDA)27 with the natural 
orbitals for chemical valence (NOCV)28 methods. Within this 

approach, the interaction energy can be decomposed into the 
following physically meaningful terms: 

ΔEint = ΔEelstat + ΔEPauli + ΔEorb+ ∆Edisp 

The term ΔEelstat corresponds to the classical electrostatic 
interaction between the unperturbed charge distributions of 
the deformed reactants and is usually attractive. The Pauli 
repulsion ΔEPauli comprises the destabilizing interactions 
between occupied orbitals and is responsible for any steric 
repulsion. The orbital interaction ΔEorb accounts for charge 
transfer (interaction between occupied orbitals on one moiety 
with unoccupied orbitals on the other, including HOMO–LUMO 
interactions) and polarization (empty-occupied orbital mixing 
on one fragment due to the presence of another fragment). 
Finally, the ∆Edisp term takes into account the interactions which 
are due to dispersion forces. 
The EDA-NOCV method makes it possible to further partition 
the total orbital interactions into pairwise contributions of the 
orbital interactions. Details of the method can be found in the 
literature.  
The EDA-NOCV calculations were carried out using the BP86-
D3/def2-SVP optimized geometry with the program package 
ADF 2019.0144 using the same functional (BP86-D3) in 
conjunction with a triple-ζ-quality basis set using uncontracted 
Slater-type orbitals (STOs) augmented by two sets of 
polarization function with a frozen-core approximation for the 
core electrons.45 An auxiliary set of s, p, d, f, and g STOs were 
used to fit the molecular densities and to represent the 
Coulomb and exchange potentials accurately in each SCF 
cycle.46 Scalar relativistic effects were incorporated by applying 
the zeroth-order regular approximation (ZORA).47 This level of 
theory is denoted ZORA-BP86-D3/TZ2P//BP86-D3/def2-SVP 
and has been selected because of its good performance to 
describe the bond situation of transition metal complexes.48  

Conclusions 
A statistical analysis of the Ir−Si bond length of the structures 
deposited in the Cambridge Structural Database (CSD) using 
ConQuest program shows a median value for the Ir−Si bond 
distance of 2.34 Å. This analysis confirms that the Ir−Si bond 
lengths in Ir-(fac-κ3-NSiN) species are in the lowest limit of the 
reported bond distances. In particular, complex 6 having the 
fac-κ3-NSiNOPy ligand and a triflate ligand (axial to the silicon 
atom) exhibits the shortest Ir−Si bond length (2.22 Å). This 
remarkable bond shortening was initially attributed either to 
the occurrence of π-backbonding from d-metal orbitals to 
empty silicon orbitals, or alternatively, to the ionic contribution 
to the bonding.13-15 
Our calculations suggest that the Ir−Si bond in these complexes 
can be described as an electron-sharing (i.e. covalent) bond. 
Despite that, this bond is highly polarized which makes the 
contribution of the electrostatic attractions to the bonding 
rather significant. This contribution has a direct impact on the 
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corresponding bond length. Indeed, the computed ∆Eelstat 
values, which are a measure of the ionic contribution to the 
bonding, are nicely correlated with the computed Ir−Si bond 
lengths (R2 = 0.97). Our calculations also confirm the occurrence 
of the previously proposed π-backdonation (∆E(ρ4)).13 However, 
the contribution of this orbital interaction to the Ir−Si 
interaction is rather weak (around -9.5 and -13.0 kcal/mol) and 
can be therefore considered as negligible when compared to 
the much stronger electrostatic interactions (ranging from 
−308.7 to −331.7 kcal/mol). Both contributors, i.e. the 
electrostatic attractions and the orbital π-backdonation, are 
higher in Ir-(fac-κ3-NSiNOPy) species than in Ir-(fac-κ3-NSiNQ) 
derivatives, the former typically exhibiting shorter Ir−Si bonds.  
In short, our quantitative description of the bonding situation of 
Ir-(fac-κ3-NSiN) complexes allows us to conclude that the 
remarkable Ir−Si bond shortening in these species can be mainly 
attributed to the electrostatic (i.e. ionic) contribution to the 
bonding. 
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