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Running title head: Cationic and Zwitterionic Rh Complexes 

 

SYNOPSIS 

Low temperature synchrotron X-ray diffraction and high level of theoretical calculations were 

used to determine accurate electron density distributions of two structurally related cationic ([(κ2-

3-PiPr2-2-NMe2-indene)Rh(COD)](CF3SO3), [1c](CF3SO3)), and formally zwitterionic ([(κ2-3-

P
iPr2-2-NMe2-indenide)Rh(COD)], 1z) complexes, (COD = η4-1,5-cyclooctadiene). Both 

experiment and theory show a striking similarity of charge distribution and of the molecular 

electrostatic potential, V(r), in the region of the Rh catalytic center. These observations confirm, 

for the first time, that appropriately designed zwitterionic complexes can effectively emulate the 

charge distribution found within cationic platinum-group metal catalyst complexes, in keeping 

with recent catalytic investigations.  

 

                                                 
1 This paper is dedicated to the memory of Professor Richard F. W. Bader (1931-2012) the pioneer who has 
developed the quantum theory of atoms in molecules (QTAIM) and of the topological analysis of molecular scalar 
and vector fields. 
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ABSTRACT 

The molecular electron densities of structurally related cationic ([(κ2-3-PiPr2-2-NMe2-

indene)Rh(COD)](CF3SO3), [1c](CF3SO3)), and formally zwitterionic ([(κ2-3-PiPr2-2-NMe2-

indenide)Rh(COD)], 1z) complexes were accurately determined using synchrotron bright source 

X-ray radiation at 30K followed by multipolar refinement (COD = η4-1,5-cyclooctadiene). The 

densities were also obtained from density functional theory (DFT) calculations with a large, 

locally dense, basis set. A 28 electron ([Ar]3d
10) core of the Rh atom was modeled by an 

effective core potential to obtain a density which was then augmented with relativistic cores 

according to the Keith-Frisch approximation. Calculations were performed at the experimental 

geometry and a after vacuum-phase geometry optimization starting from the experimental 

geometry. Experimental and calculated geometries and electron density distributions show that 

the electron density and the electronic structure in the region of the Rh center is not significantly 

altered by the protonation of the aromatic ring, and that formal removal of CF3SO3H from 

[1c](CF3SO3) affords a complex 1z possessing substantial zwitterionic character (with a charge 

separation of ca. 0.9 electronic charge) featuring a negatively charged aromatic indenide 

framework. Further, the molecular electrostatic potentials of 1c and 1z exhibit a similar 

topography around the metal, despite being drastically different in the vicinity of the indene or 

indenide portion of the cation (1c) and zwitterion (1z), respectively. Collectively, these 

observations obtained from high-level experimental and theoretical electron density analysis 

confirm, for the first time, that appropriately designed zwitterionic complexes can effectively 

emulate the charge distribution found within ubiquitous cationic platinum-group metal catalyst 

complexes, in keeping with recent catalytic investigations.  
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1. INTRODUCTION 

 

Cationic platinum-group metal complexes (i.e., [LnM]+X-) figure prominently in modern 

organometallic chemistry research, owing to the ability of such species to mediate challenging 

substrate transformations in a manner that in some cases cannot be achieved by the use of simple 

neutral complexes.1-5 Although the study of cationic platinum-group metal complexes continues 

to enable breakthroughs in metal-mediated transformations, incompatibility with low- and high-

polarity solvents can limit the effective operational scope of such salts.3,6 Furthermore, the design 

of reactive cationic complexes is complicated by the fact that the outer-sphere counteranion (X-) 

can influence profoundly the behavior of the complex via ion pairing, often in a manner that 

cannot be predicted easily.7,8  

In an effort to combine the desirable reactivity properties of cationic species with the 

broad solvent tolerance of neutral complexes, the rational design of formally zwitterionic 

platinum-group metal complexes has garnered widespread attention within the field of 

organometallic chemistry.9 While formal atom charges (e.g., on the basis of Lewis 

representations) do not represent true charges within a complex, it is plausible to envision that a 

zwitterionic motif which effectively emulates the charge distribution featured in a cationic 

complex might indeed be established if formal charge separation between the ancillary ligand and 

the coordinated cationic platinum-group metal fragment can be achieved. Several unique classes 

of formally zwitterionic platinum-group metal species that appear to meet such design criteria 

have emerged, owing to recent advances in ancillary ligand design.9 Notably, comparative 

reactivity studies of structurally related cationic and zwitterionic platinum-group metal species 

reveal that the reactivity of such zwitterions is in many instances reminiscent of, and in some 
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cases superior to,10-12 related cationic complexes.9 Notwithstanding these recent synthetic and 

reactivity advances, no comprehensive experimental/computational analysis comparing the 

charge density within structurally analogous cationic and zwitterionic platinum-group metal 

complexes has appeared in the literature. Such investigations are critically needed in order to gain 

a better understanding of the electron distribution in conventional cationic platinum-group metal 

species, as well as to quantify the extent to which charge separation exists within a given 

zwitterionic framework.  

Herein we report the first low temperature (30(1) K) synchrotron crystallographic study of 

the electron density13,14 combined with a theoretical analysis of the topology of the electron 

density within two structurally analogous cationic and zwitterionic platinum-group metal 

complexes. The analysis of the electron density is based on the quantum theory of atoms in 

molecules (QTAIM).15-17  

 Overarching goals of this study include: (a) Evaluating the extent to which commonly 

invoked organometallic bonding formalisms can represent experimentally 

observed/computationally predicted electron density distributions; and (b) assessing the capacity 

of a formally zwitterionic platinum-group metal complex to emulate the charge distribution 

featured within a structurally analogous cationic complex via formal charge separation. The 

cationic and zwitterionic complexes selected for this study are derived from 3-PiPr2-2-NMe2-

indene (Chart 1); both the cation [(κ2-3-PiPr2-2-NMe2-indene)Rh(COD)](CF3SO3) 

([1c](CF3SO3)) and the zwitterionic species [(κ2-3-PiPr2-2-NMe2-indenide)Rh(COD)] (1z) have 

proven useful in a range of catalytic applications involving σ-bond activation (COD = η4-1,5-

cyclooctadiene).18,19 In contrast to conventional η5-indenyl species,20-25 platinum-group metal 

zwitterions such as 1z can be viewed as comprising a formally cationic metal fragment (i.e., 
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(COD)Rh+ in 1z) whose charge is counterbalanced by a sequestered, formally anionic, 10 π-

electron indenide unit that is incorporated into the backbone of the associated κ2-P,N-ligand. This 

paper demonstrates that this approach is, indeed, a viable one given the nearly identical charge 

distributions within the Rh coordination sphere of 1z and 1c. 

 

2. SYNCHROTRON X-RAY CRYSTALLOGRAPHIC EXPERIMENT 

 

2.1 X-Ray Diffraction Data Collection and Reduction 

To investigate the charge density distribution of the cationic and zwitterionic Rh(I) species (1c 

and 1z), accurate high resolution single-crystal X-ray diffraction experiments at 30(1) K were 

performed at the CRISTAL beamline at SOLEIL Synchrotron (Saint Aubin, France). Good 

quality single crystals of suitable size (typically 0.1 × 0.1 × 0.1 mm) were used for the data 

collection. They were fixed with silicon grease onto a short and thin microfabricated polyimide 

film attached to a solid non-magnetic stainless steel pin (MicroMounts, MiTeGen) to avoid any 

unsteady motion due to the He flow and mounted on the goniometer head of the high resolution 

Newport four-circle diffractometer equipped with an Oxford Atlas two-dimensional CCD 

detector (135 mm). To decrease thermal smearing effects, the samples were cooled from ambient 

temperature to 30(1) K over a period of 2 h using a Helium Cryoindustry cooling device. The 

temperature was calibrated beforehand using a K-type Chromel-Alumel thermocouple positioned 

at the same place on the crystal. The temperature stability was found to be within ±0.5 K during 

the duration of the measurements. It is worth noting that this is the first experiment at 

Synchrotron Soleil devoted to charge density modelling. 
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 In order to ensure high redundancies, the intensity data were accurately collected using ω 

oscillation scans of 1° per frame repeated at eight different ϕ positions at 2θ of 0°, 40 ° and 70°. 

The low and high resolution reflections were measured with a radiation exposure time of 1 s and 

3 s respectively. The shorter exposure times were used to accurately record the intense low-order 

data, avoiding pixel overflow or integration failure, while the high-angle sets utilized the longer 

exposure times to improve the measurements statistics. The sample-to-detector distance was 100 

mm and the wavelengths of the radiation used were 0.54737 Å and 0.54856 Å for 1z and 

[1c](CF3SO3) respectively. These short wavelengths (close to the K edge of Rh (λ=0.53428 Å)) 

were chosen in order to minimise the absorption effects. Five different data sets were collected: a 

low-angle data set, using no attenuator, was collected first; then the same data collection was 

performed with an attenuator factor of 4; then very low-angle strong reflections were measured 

using an attenuator factor of 30; finally, two high-angle data sets were collected with and without 

an attenuator. 

X-ray data were integrated using the Crysalis-Red program.26 The absorption was small 

(due to the choice of the radiation wavelengths), but the data were nevertheless corrected by an 

empirical absorption correction. The different sets of measured reflections were subsequently 

merged and scaled using SORTAV.27 A total of 1 355 281 and 812 400 reflections intensities 

collected up to the maximum resolution of sinθmax/λ = 1.403 Å-1 and 1.366 Å-1 were merged into 

57 136 and 42449 unique reflections for the cation ([1c](CF3SO3)) and the zwitterion (1z), 

respectively. Data were 98% complete to sinθ/λ = 1.08 Å-1, with all of the missing data above 

sinθ/λ = 0.96 Å-1. The internal agreement factors for all data are RInt(I) = 0.068 and 0.058 with an 

average redundancy of 24 and 19 for [1c](CF3SO3) and 1z, respectively. 
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2.2 Spherical Atom Refinement 

The structures of the cationic and zwitterionic complexes [1c](CF3SO3) and 1z (Figure 1) were 

solved using direct methods (SHELXS97)28,29 and refined by full-matrix least-squares on F2 using 

the spherical-atom model (SHELXL97),28,29 with no constraints applied. All of the calculations 

were carried out using the WinGX package of crystallographic programs.30,31 All of the non-

hydrogen atoms were allowed anisotropic thermal motion. All hydrogen atoms were located in 

Fourier difference maps and refined initially with isotropic thermal displacement parameters. The 

full experimental details and refinements results for [1c](CF3SO3) and 1z are summarized in 

Table 1. 

 

2.3 Multipolar Refinement and Electronic Properties Calculations 

The multipole electron density model of Hansen and Coppens32 as implemented in the program 

package MoPro33,34 was used. It allows for modelling of the valence electron density using atom-

centred multipole functions (Equations 1 and 2): 

 )r()()()r( multipolar
sph
val

3
valcoreatom

rr
ρκρκρρ ++= rPr     (1) 

where 

 .),()'(')r(
00

3
multipolar

max

∑∑
=

±±
=

=
l

m

lmlm

l

l

l YPrR ϕθκκρ
r

     (2) 

As a starting point of the refinement the independent atom model (IAM) was used. The multipole 

refinement was undertaken using all positive unique reflections. Several models were tried, but 

the best results were obtained with a treatment that proceeded as follows. The multipole 

expansion was truncated at the hexadecapole level for all non-hydrogen atoms, while only bond-

directed dipoles were applied for H atoms. The relativistic Dirac-Fock atomic wavefunctions35,36 
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were used to describe both the core and the valence-electron shells. The electronic configuration 

(5s
14d

8) was used for rhodium with the 5s
1 scattering contribution fixed as part of the core 

contribution. In the initial stages of refinements, constraints were applied to chemically 

equivalent atoms. These were released progressively at the end of the refinement. The κ 

coefficients of H atoms were restrained to the value 1.160(1).37 The κ’ coefficients of the H 

atoms bound to C were restrained to the values reported previously,38 namely, 1.18 with an 

allowed standard deviation of 0.001. The total number of electrons was kept constant to ensure 

electroneutrality of the complexes. The C—H bond lengths were restrained to their average 

neutron diffraction distances.39 The anisotropic displacement parameters for the H atoms were 

estimated by using the SHADE2 web server40 and fixed throughout the refinement.  

 The refinement resulted in featureless residual density maps (Figure S1) and converged 

with a final agreement factor of wR(F) = 2.10% and 1.70 % for [1c](CF3SO3) and 1z respectively 

(Table 1), reflecting the better crystal quality for the 1z complex. These low values demonstrate 

the high quality of the synchrotron data and refinement model. The Hirshfeld rigid-bond test41 

carried out after the multipole refinement was satisfactory. For all C—C bonds the greatest 

difference between mean squared displacements amplitudes never exceeds (∆Z
2 = 5(1) × 10-4 Å2), 

indicating an excellent deconvolution of thermal motion and electron density. As expected, the 

Rh1—C had significantly higher mean-squares displacement amplitudes along the bond 

directions (∆Z
2 = 18(2)–30(3) × 10-4 Å2) exceeding the limit proposed by Hirshfeld (1 × 10-3 Å2) 

for organic molecules. This is a consequence of the significant difference in atomic masses 

between Rh and C atoms and of the nature of the metal-to-ligand bonding (Rh1—C=C). A 

successful rigid bond test may be expected only for a metallocyclic system as previously alluded 

by Macchi et al.42 

Page 8 of 56

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

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

http://reference.iucr.org/dictionary/Refinement


 

 9 

 The topological analysis of the experimental electron density and the bond critical points 

(BCP) localization and properties was performed using the VMoPro
34 and MoProviewer 34 

Programs The experimental atomic properties (atomic volumes and charges) were obtained by 

numerical integration over the atomic basins using the program WinxPRO 2009.43
 

 

3. COMPUTATIONAL METHOD 

 

3.1 Datasets and Labeling Conventions  

Six sets of data are analyzed and compared in this paper, three for each of 1c and 1z. Two sets of 

data are generated from the X-ray crystallographic experiment. The experimental sets of data for 

1c and 1z are referred to as C-Xry and Z-Xry, respectively.  

 Four sets of data are obtained from quantum chemical calculations, two for each of 1c and 

1z. One set is obtained from a single point calculation at the crystalline geometry, and the second 

set is obtained after a full (unconstrained) geometry optimization in the vacuum-phase starting 

from the crystalline geometry. The first set will be labeled "sp" (i.e., single point), the second set 

as "opt" (i.e., fully optimized). These calculations in reference to 1c (1z) are labeled C-sp (Z-sp) 

and C-Opt (Z-Opt), respectively. 

 

3.2 General Approach and Electronic Structure Methods 

All electronic structure calculations were performed on single isolated molecules (i.e., in vacuo) 

without the counterion (present in the crystal of [1c](CF3SO3)) or solvents. To balance accuracy 

and the cost of the calculations, the chosen electronic structure method is the density functional 

theory (DFT)44,45 hybrid functional B3LYP46,47 along with a locally-dense basis set (LDBS)48-51 
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being the most dense at the Rh atom and its immediate surroundings, followed by a smaller (but 

still large) basis set for the intermediate surroundings, and finally by the smallest atomic basis set 

centered on atoms that are remote from the Rh1 atom (vide infra, Section 3.3).  

 The calculation of an electron density that is both accurate and continuous in the region 

surrounding the Rh atom represents a challenge. First, the size of this system is relatively large 

(66/65 atoms for 1c and 1z, respectively, and 254 electrons counting all the electrons of Rh). 

Given this size, a basis set is chosen to best represent the region surrounding the Rh atom while 

minimizing the computational effort spent on the less-relevant organic moities that are distal to 

Rh in 1c and 1z (vide infra). A practical approximation to account, implicitly, for relativistic 

effects is the representation of the core electrons of the metal by an effective core potential (ECP) 

(also termed pseudopotential, PP).52-54 While a formally non-relativistic Hamiltonian is 

employed, the ECP employed in this work, aug-cc-pVDZ-PP,54 captures relativistic effects 

empirically, in addition to being correlation consistent.54,55 The second difficulty is associated 

with the topological analysis of electron densities obtained from calculations omitting core 

electrons due to the use of the ECP.56 Such densities lack nuclear maxima at the nuclear positions 

of heavy atoms treated by the ECP approximation. Consequently, the densities so obtained 

exhibit pathological topologies around the boundary(ies) of the core(s) replaced by the ECP. 

 These problems have been solved in an approximate manner by the recent pioneering 

work of Keith and Frisch.57 Their approach essentially restores back the missing electron density 

after the electronic structure calculation converges and the density (ρECP), missing the core, is 

generated. This is achieved by augmenting ρECP by the missing corresponding closed-shells 

obtained from an all-electron scalar-relativistic density of the ground state isolated atom.57 Keith 

and Frish calculated the atomic densities of all the elements of the periodic table using the 
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DFT/B3LYP hybrid functional46,47 with the (large) universal Gaussian basis set (UGBS)58 and 

with the incorporation of scalar-relativistic effects through the use of a Douglas-Kroll-Hess 

second-order Hamiltonian (DKH2).59-62 The algorithm for augmenting the calculated ρECP with 

the missing cores has been implemented in the latest version of the Gaussian program63 which 

was used in all electronic structure calculations and geometry optimizations.  

 Upon geometry optimization convergence, the residual maximum force and residual root-

mean square forces on the nuclei of 1c were 2.8×10-5 and 5×10-6 and those of 1z were 3.1×10-5 

and 5×10-6 hartree/bohr (atomic units (au)), respectively. The analysis in accordance with the 

QTAIM15-17 was performed on the densities generated at the same level of theory of the 

optimization and of the single point calculations by the use of AIMAll/AIMStudio suite of 

programs.64 

 In total, 262 atomic integrations were performed. The average magnitude of the 262 

atomic Lagrangians is 0.00014±0.00018 au, with no single value exceeding 0.00109 au in 

magnitude. 

 

3.3 Basis Set for Atoms other than Rhodium 

As mentioned above (Section 3.2), the electronic structure calculations were performed using a 

basis set that is densest at and in the immediate vicinity of the Rh atom. This locally dense basis 

set approach has been shown to provide an excellent balance between accuracy and practical 

feasibility of the calculation.48-51  

 Correlation-consistent polarized atom-centered triple-ζ quality basis functions augmented 

with diffuse functions (aug-cc-pVTZ) are placed on all atoms (except P) that are formally bonded 

and/or in the immediate vicinity of the Rh atom (dRh–FAL ≤ 2.3Å). These atoms (N1, C12, C13, 
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C16, and C17), along with the P atom, will be referred to as the "first atomic layer (FAL)". For 

the phosphorus atom, the basis aug-cc-pV(T+d)Z that includes tight d functions65 has been used 

and was obtained from EMSL basis set exchange website.66 The inclusion of tight d functions on 

second row atoms is highly recommended for accurate work and is known to alter bond lengths 

and energetics significantly even at the Hartree-Fock level of theory.65,67 Next, atoms that are 

directly bonded to any of the atoms of FAL will be labeled "SAL" (i.e., second atomic layer). 

The SAL atoms (C2, C3, C8, C9, C10, C11, C14, C15, C18, and C19) are described by a 

correlation-consistent polarized atom-centered double-ζ quality basis functions augmented with 

diffuse functions (aug-cc-pVDZ). Finally, all remaining atoms are described by the same basis set 

but without the diffuse functions, i.e. by the cc-pVDZ atom-centered basis set. 

 

3.4 Basis Set and Effective Core Potential for the Rhodium Atom 

The aug-cc-pVDZ-PP54 ECP was used to replace 28 core electrons ([Ar]3d
10) of Rh. This core 

size has been recommended by Peterson et al. as it has been shown to achieve a good spatial and 

energetic separability of core and the explicitly treated 17 valence electrons of Rh (electrons: 

4s
2,4p

6,4d
8,5s

1). This ECP has been optimized for Y-Pd 4d transition elements and has been 

shown to reproduce atomic valence spectra obtained from four-component all-electron multi-

configuration Dirac-Hartree-Fock calculations.54 

 

 

4. RESULTS AND DISCUSSION 
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Figure 1 shows the crystal structure of the two studied complexes, the cationic complex 

[(C25H38NPRh)]+(CF3SO3)
- ([1c](CF3SO3)) and the zwitterionic analogue (C25H37NPRh) (1z), 

along with the numbering scheme. Selected bond lengths and angles for both complexes are listed 

in Table S.1 while Tables S.2 and S.3 list their experimental and optimized Cartesian 

coordinates (see the Supporting Information).  

 

4. 1 Crystal Packing 

A view of crystal packing of the two complexes is displayed in Figure 2. The crystal structures 

of the two compounds are similar and both form monoclinic crystals as described in Table 1.  

 Salt of the Cationic Complex [1c](CF3SO3). The crystal packing of [1c](CF3SO3) is built 

from chains of (C25H38NPRh)+ cations running along the crystallographic a axis and alternating 

with the (CF3SO3)
- anions (Figure 2). The cationic chains and the anionic moieties are connected 

via anion-cation electrostatic forces and through eight C—H⋅⋅⋅O intermolecular interactions and 

two C—H⋅⋅⋅F weak contacts (C9—H9⋅⋅⋅F1 and C18—H181⋅⋅⋅F2) (Table 2). Each (C25H38NPRh)+ 

cation interacts with five (CF3SO3)
- neighbouring anions. All oxygen atoms of the (CF3SO3)

- 

anionic group are involved in hydrogen bonds: O2 acts as an acceptor four times, O1 three times, 

while O3 is acceptor only once. There are no π-π interactions between the aromatic rings in the 

crystal packing. The molecular structure can be viewed as a donor-acceptor adduct, in which the 

(CF3SO3)
- group plays an important role in the observed intermolecular interaction pattern. 

 Zwitterionic Complex 1z. The molecular crystal packing of 1z is composed of zigzag 

chains along the c axis (Figure 2) by the means of two categories of intermolecular interactions: 

two C—H⋅⋅⋅C interactions and three C—H⋅⋅⋅π system contacts (Table 2). Each molecule is 

surrounded by four symmetry-related molecules. The zigzag chains along the crystallographic c 
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axis are linked through the weak C18—H182⋅⋅⋅C3A interaction between the cyclooctadiene 

group and the aromatic rings. These zigzag chains are interconnected through another weak 

hydrogen bond C7—H7⋅⋅⋅C23 (Figure 2). As clearly depicted in Figure 2, the nearly 

perpendicular orientation of the cyclic group explains the absence of π⋅⋅⋅π interactions between 

the aromatic rings in the crystal packing. 

 

4. 2 Molecular Geometries in the Vicinity of the Rhodium Atom 

The rhodium atom is tetra-coordinated in both complexes, considering each olefin as a single 

ligand. On the basis of the bond path connectivity, however, the Rh atom can be considered as 

hexa-coordinated since it is normally linked to an olefin ligand by two, rather than one, bond 

path. The metal atom is bonded to the two alkene groups of the COD ligand (Cn, n = 12, 13, 16, 

17), as well as to phosphorus P1 and nitrogen N1 of a P,N-bidentate ligand. (See Figure 1). 

 The four alkene carbon atoms of the COD ligand are not symmetrically linked to the Rh 

atom. Indeed, one can observe that, firstly, in both complexes the Rh1—C13 bond distance is 

approximately 0.04/0.05 Å (Xry/Opt) shorter than the Rh1—C12 even though both are trans to 

the P1 atom. On the other hand, in 1c the Rh1—C16 bond is significantly longer compared to the 

Rh1—C17 bond (by 0.04/0.04 Å (Xry/Opt)); however, it is only slightly longer by only 0.01/0.01 

Å (Xry/Opt) in 1z. These differences in the Rh–C bond lengths are consistently reproduced in the 

optimized and experimental geometries and therefore can be reasonably attributed to the internal 

electronic structure of the molecules rather than crystal packing effects. Secondly, the Rh—C 

(COD) bond lengths trans to the phosphorus atom P1 are significantly longer than those trans to 

the nitrogen atom N1 in both 1c and 1z. These observations are in keeping with the greater trans 
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influence of phosphorus over nitrogen, and are similar to what has been found in other related Rh 

complexes.68 

The detailed examination of the square-planar arrangement around the rhodium atom 

reveals two significant imperfections: First, the Rh1 atom is closer to the centers of the double 

bonds (C12=C13 and C16=C17) than to the nitrogen (N1) and phosphorus (P1) atoms, and the 

P1–Rh1–N1 bond angle deviates from 90°: Its value in 1c is 86.5/83.4º (Xry/Opt), and in 1z it is 

85.8/83.2º (Xry/Opt) and in both cases is likely attributable to the geometric requirements of the 

bidentate P,N ligand. The deviations from 90º are thus quite similar in the two compounds and 

reasonably well-reproduced computationally.  

As alluded to above, the distance between the mid-point (centroid) of the coordinated 

C12=C13 bonds (trans to P1) and the Rh1 atom is ~ 0.1 Å longer than those between the Rh1 

atom and the C16=C17 bonds (trans to N1), in keeping with the greater trans influence of 

phosphorus over nitrogen. Specifically, the Rh-alkene distance is longer by 0.09/0.11 Å 

(Xry/Opt) in 1c, and 0.13/0.12 Å 1z (Xry/Opt). Further, the nitrogen (N1) atom, the phosphorus 

(P1) atom, the rhodium (Rh1) atom and the centroids of the double-bonds are not strictly 

coplanar. Whereas the double bond centers do not deviate significantly (0.00/0.05 and 0.12/0.07 

Å, Xry/Opt) from the mean plane defined by the rhodium, phosphorus and nitrogen atoms in 1z, 

their deviations are more important in 1c (0.56/0.50 and 0.37/0.40 Å (Xry/Opt)). Again, the close 

agreement between experimental and optimized deviations from the plane suggests that these 

geometrical differences are characteristics of the molecules themselves rather than being a result 

of crystal packing. 

An important point to note in the above geometrical comparisons is that the agreement 

between the optimized and the experimental geometry is slightly, but consistently, better for the 

zwitterionic compound (1z) than it is for the cationic compound (1c). This is probably due to the 
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fact that while there are no counterions in the crystal of 1z, the presence of the polar counterion in 

the crystal of 1c is not addressed in the vacuum-phase optimization of the cationic portion of 1c 

(carried out without the counterion).  

Striking differences in the interatomic distances within the five-membered ring (5-MR) of 

the indene-derived fragment distinguish the cationic complex 1c from its zwitterionic analogue 

1z. Thus, in the cationic form the (5-MR) ring exhibits bond length alternation that characterizes 

non-aromatic rings; bonds C1—C7A (1.5109(5) Å), C1—C2 (1.5116(5) Å) and C3—C3A 

(1.4886(4) Å) are formally single bonds, whereas C2—C3 (1.3643(3) (Å) and C3A—C7A 

(1.4161(5) Å) are formally double bonds. In the zwitterionic form 1z, the indenide unit possesses 

a highly delocalized ring structure with the accompanying equalization of bond lengths in the 5-

MR, consistent with a Hückel aromatic (4n+2) 10π–electron indenide anion (see Table S.1 of the 

Supporting Information for selected geometrical parameters). 

 

4. 3 Molecular Graphs 

A molecular graph consists of the network of bond paths69-71 defining the chemical structure in 

real three-dimensional space.15-17 A bond path is found to link the nuclei of atoms considered 

bonded on the basis of chemical and spectroscopic evidence, with no counter example(s) known 

to us. In other words, the molecular graph recovers the chemical structure. The presence or 

absence of a bond path is an all-or-none feature that does not distinguish, by itself, between the 

bonds of different order, strengths, or modes.  

 Weak and border-line interactions are generally more ambiguously assigned on the basis 

of empirical evidence. In these cases, the bond path is a definitive indicator of chemical bonding 

when it exists, however, the absence of a bond path does not always negate an imminent bonding 

interaction. This is so because, in contrast to strong interactions, the presence or absence of a 
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bond path of a weak bond can be highly sensitive to small electronic and/or geometrical changes. 

In these cases, an invaluable indicator of bonding is the delocalization index (DI or δ(A,B)),72 

also defined within QTAIM. This index is a continuously varying indicator of bonding that has 

been shown to be elevated between atoms sharing a bond path.73,74 The DI constitutes a measure 

of the bond order that is exponentially correlated with the density at the bond critical point when 

a bond path exists.75 An extensive description of the usage of DI in organometallic chemistry is 

given by Macchi and Sironi.76 

 The molecular graphs for the two complexes obtained from the theoretical densities after 

full energy minimization in the vacuum phase are displayed in Figure 3. (The molecular graphs 

obtained from the experimental densities and those calculated at the experimental geometries can 

also be found in Fig. S2). The bond paths of strong interactions (arbitrarily defined as exhibiting 

values of ρb ≥ 0.05 au) are displayed as solid gray lines linking the nuclei of the interacting 

atoms. Bond paths of weak interactions (ρb < 0.05 au) are plotted as pink solid lines in the 

experimental graphs, and as dotted lines in the calculated graphs. The weak interactions found in 

these complexes are exclusively of the hydrogen–hydrogen (or H–H) bonding type where two 

closed-shell neutral (or similarly charged) hydrogen atoms share a bond path H Hδ δ± ±
L .77-80 

(The H–H bonding is distinct from the dihydrogen bonding H Hδ δ ±m
L , a hydrogen bond 

whereby the proton acceptor is a hydridic hydrogen atom).81 While the pattern of H–H bonding in 

these complexes is very interesting and contributes to their overall structural stability, a detailed 

discussion of such phenomena is beyond the scope of this manuscript and will be described in 

detail elsewhere. 

 The sub-molecular graphs that include only strong bonding interactions of the two 

complexes are similar, whether obtained from the X-ray density or calculated at the experimental 
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or optimized geometries. The similarity is not only across the three molecular graphs of 1c or 1z 

but also between these two complexes (with the exception of the additional covalent C1–H2 bond 

present in the 5-MR of 1c). A difference between the calculated and experimental molecular 

graphs is that, in all four theoretical densities, the bond path linking the nuclei of Rh1 and C13 is 

not observed, as is also the case in the experimental graph of 1z. It is also noteworthy that the 

high ellipticity of the Rh1—C13 bond, which reflects the flatness of the density in this region, is 

such that a small perturbation in the charge density can lead to its disappearance and a 

"catastrophic" change of structure.15 Similarly unstable bond paths have already been observed in 

numerous transition metal complexes.82,83 

 

4. 4 Bond Properties at Rhodium 

The properties of the bonds surrounding Rh are collected in Table 3. In the following discussion, 

and when quoting numerical values from Table 3, data will be quoted in the order (Xry/sp/opt). 

All three sets of numerical entries are generally different with the exception of bond lengths, 

since their values from the Xry and sp sets are identical. Finally, there are no entries for the 

delocalization index in the Xry data set since this quantity is only available from theoretical 

calculations, as it necessitates the atomic overlap matrix of spin orbitals.  

 The three datasets entered in Table 3 exhibit a remarkable quantitative agreement 

(especially between Xry and sp values), not only among themselves for a given complex, but also 

and importantly, between the two different complexes. The similarity of the bonding descriptors 

of 1c and 1z is consistent with a largely unaltered catalytic Rh center in the zwitterion 1z which 

is, therefore, anticipated to have a similar activity to the parent compound, namely, the cationic 

complex 1c. All listed bond properties, including those known to be particularly sensitive such as 
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the Laplacian at the bond critical point (BCP), generally exhibit this relatively close similarity. 

Further, a given bond exhibits similar properties in both compounds, whether by comparing the 

experimental or both sets of calculated properties.  

 Bonds involving the Rh atom, generalities. The experimental static deformation density 

map around the Rh metal center for 1z is shown in Figure 4(a) (plane Rh1-P1-N1). A similar 

plot is found for the corresponding plane in 1c (not shown). The typical 4d electron density for 

Rh1 atom is clearly revealed by the aspherical density accumulation near the Rh1 atom directed 

towards the metal-ligand bisectors and by the charge depletion pointing towards the ligand. 

Figure 4(b) illustrates the map of the negative Laplacian function of the experimental density 

through the same plane (Rh1-P1-N1). As expected from ligand field theory, the pronounced 

regions in which the valence density is locally depleted are observed along the Rh1-ligand 

directions, whereas the valence electron concentrations bisect the ligand directions.  

 We remark first that all six bonds involving the Rh atom are characterized by a relatively 

low electron density at the BCP (ρb), reaching a maximum of only ~ 0.10-0.11 au in the case of 

bonding to the phosphorus and the carbon atoms (Table 3). In all cases, bonds with the Rh1 are 

all characterized with a positive Laplacian (∇2ρb). This is a reflection of the minimal 

accumulation of density near the interatomic surfaces involving that atom, as can be gleaned from 

the small magnitudes of the negative curvatures (λ1 and λ2) compared to the magnitude of the 

positive curvature (λ3).  

 The low magnitude of ρb and the positive ∇2ρb are both characteristics of closed-shell 

interactions. On the other hand, all bonds involving Rh1 also exhibit a significant degree of 

electron sharing or "covalency". The electron sharing (or delocalization) index (DI or δ(A,B)),72 

which provides a counting of the number of electron pairs shared between two given atomic 
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basins A and B, shows that all the bonds involving the Rh1 atom have a significant level of 

sharing with δ(Rh1,X) falling in the range of 0.51–0.89 pairs. This degree of electron sharing is 

far greater than that of a closed-shell interaction, whereby the DI can fall to less than ~ 0.1 pairs, 

since there is no significant exchange between the two closed-shell atoms. 

 An independent measure of the covalency of a bond is the sign and magnitude of the total 

energy density at the BCP (Hb = Gb + Vb).
84 In covalent bonds, Hb is typically negative and of a 

non-negligible magnitude. Table 3 shows that Hb values are negative for all interactions 

involving Rh1, but that their magnitudes are generally small, reaching a maximum magnitude of 

only 0.05 au in the case of Rh1–P1 only. This criterion indicates some covalency, but that it is not 

pronounced, thereby confirming the conclusions drawn on the basis of ρb, ∇
2ρb, and δ(Rh1,X). 

 Moreover, and according to the classification of Macchi et al.,42 the nature of the Rh1—

Cn bonds clearly differs from that of purely ionic bonds (closed-shell): Firstly, the Rh1—C=C 

bond path topologies clearly show two independent endocyclic curved bond paths (Figure 5). 

This is in clear contrast to the purely closed-shell interactions that would have resulted in a T-

shaped structure, as previously reported by Scherer and co-workers in their experimental electron 

density analysis of scandium carbide complexes.85 These inward curvatures are consistent with 

the classical Dewar-Chatt-Duncanson (DCD) model86,87 as discussed earlier by Macchi et 

al.
42,88,89 and in other recent electron density studies.90 There has been some recent interest in this 

type of bent bond paths occurring, for example, in the case of bonding between Co and a C=C 

double-bond.91 

 On the other hand, the bond paths for Rh1—Cn interactions are longer than the 

interatomic distances (see Table 3), reflecting that these interactions are not those of an ideal 

metallacycle characterized by a straight M—C bond paths. Thus, not all the bonds involving the 
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Rh1 can be simply classified into one category, since they have some of the characteristics of 

both closed-shell and covalent bonding. We now discuss each bonding interaction occurring in 

the vicinity of the metal center. 

 Rh1–N1 bond. This bond is slightly longer in 1z compared to 1c in the optimized 

geometries (by 0.002 Å) and have the same tendency in the experimental data with a difference 

of 0.013 Å. The optimized bond length is longer than the experimental one by 0.047 Å and 0.036 

Å for 1c and 1z, respectively. The electron density at the bond critical point, ρb, in the case of 1c 

is (0.078/0.075/0.068) and is (0.075/0.075/0.069) for the 1z complex, indicating a very similar 

bond order/strength. The electron density at the Rh1-N1 BCP is relatively low (ρb ≈ 0.07-0.08 au) 

when compared to a (polar) covalent bond such as N1-C2 (ρb ≈ 0.25-0.28 au), as may be 

expected (Table 3). The sharing index in both complexes indicates a very similar sharing of ~ 0.5 

pairs between Rh1 and N1. 

 Rh1–P1 bond. Experimentally, this bond is of equal length in both 1c and 1z within 

experimental uncertainties. In the optimized geometries, however, this bond in 1z is slightly 

longer than its counterpart in 1c by 0.034 Å. Further, the optimized bond length is longer than the 

experimental one by 0.029 Å and 0.062 Å for 1c and 1z, respectively. For 1c, ρb has the values 

(0.095/0.103/0.098) which are close to those in 1z (0.103/1.06/0.095). These values of the 

electron density at the Rh1–P1 BCP are slightly higher than any of the other Rh–X bonds in the 

two complexes (Table 3). The particularly good agreement between all the Rh1–P1 bond 

properties obtained from the experiment and the single-point calculation adds further support to 

the quality of the basis set and the underlying level of theory including the recommended addition 

of a set of tight d functions.65 
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 Rh1–Cn (n = 12, 13, 16, 17) bonds. The bond paths associated with these interactions are 

all observed in the six datasets, with the exception of the Rh1–C13 bond path which is only 

observed in the experimental density of the 1c complex. The elevated ellipticity of the Rh1–C13 

bond path is indicative of a topologically unstable interaction (vide supra). In the calculated 

densities, this bond critical point has coalesced with the ring critical point, annihilating the 

corresponding (unstable) bond path. It is unsurprising that they are not observed in any of the 

four calculated densities. Once again, experiment and theory yield a consistent picture.  

 Comparing the two arms of the Rh1–C12–C13 triangle, the Rh1–C12 distance is shorter 

in both compounds and in both the calculated and experimental geometries than the Rh1–C13 

distance. The differences (dRH1–C12 – dRH1–C13, in Å) are: –0.042 (C-Xry/sp), –0.054(C-opt), –

0.036 (Z-Xry/sp), and –0.047(Z-opt). In the optimized geometry of 1c, Rh1–C13 is also longer 

than Rh1–C12 by 0.0536 Å, with this difference being very similar to that found in the optimized 

geometries of 1z (0.0471Å). These geometrical comparisons indicate that the two interactions are 

very similar in the two complexes. The lack of the Rh1–C13 bond path represents an exemplary 

case whereby the DI is invaluable in quantifying an incipient bonding interaction.  

 The strength of the Rh1–C13 interaction, as measured by the DI, shows very little 

discrepancy for both 1c and 1z relative to the DI for Rh1–C12 in both complexes. The values of 

the DI in both compounds and both bonds, whether from the sp or opt calculations compare very 

well. Thus, to two decimals, we have: [1c]/[1z], δ(Rh1,C12) = [0.55/0.52]/[0.52/0.53], and 

δ(Rh1,C13) = [0.51/0.48]/[0.50/0.50]. The corresponding differences (δ(Rh1,C12) – δ(Rh1,C13)) 

are: 0.04 (C-sp), 0.04 (C-opt), 0.02 (Z-sp), and 0.03 (Z-opt). The magnitudes of these differences 

indicate an insignificant variation in the extent of electron delocalization between the Rh1 and 
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both carbon atoms, which can be taken as 0.5 pairs. The two bonds, Rh1–C12 and Rh1–C13, can, 

thus, be expected to be of comparable strength in both complexes.  

 All descriptors of bonding indicate that the Rh1–C16/Rh1–C17 bonding interactions (ρb 

ranging from 0.091–0.104 au; trans to N) are significantly stronger than the Rh1–C12/Rh1–C13 

pair (ρb ranging from 0.073–0.082 au; trans to P) in both complexes. The ρb values listed in 

Table 3 indicate that the two bonds (Rh1–C16 and Rh1–C17) have very similar values in all 

datasets, with a modestly stronger Rh1–C17 interaction in both complexes. Even this subtle 

difference appears to be reproduced quite faithfully in the two complexes 1c and 1z. The sharing 

index ranges from 0.65 to 0.71, and therefore both bonds in the two complexes engender a 

delocalization of ~ 0.7 pairs between the rhodium and the carbon atoms.  

 Remaining bonds around Rh1. There is nothing unusual in the topological properties of 

the remaining bonds: N1–C2, P1–C3, C12–C13, C16–C17, and C2–C3. All of these bonds in 

both compounds and in all data sets exhibit, without exception: a negative Laplacian at the BCP; 

a negative total energy density Hb with a magnitude and order higher than the bonds involving 

the Rh1 atom; high values of ρb; and an elevated δ(A,B). The properties of these bonds listed in 

Table 3 also indicate that experiment and theory are in good agreement and that the bond 

properties in the zwitterionic complex 1z are very similar to their counterparts in the cationic 

complex 1c. 

 

4.5 The Properties of the Atoms Proximal to Rhodium 

Table 4 provides a listing of some basic QTAIM topological properties for both complexes: 

Atomic charges q(Ω), atomic electron populations N(Ω), atomic volumes Vol(Ω), and atomic 

energies E(Ω). The values of q(Ω), N(Ω), and Vol(Ω) are for the three data sets. The listing of 
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E(Ω) in the table is exclusively for the "opt" dataset since only in this case are the virial-based 

atomic energies defined without the necessity of a heuristic partitioning of the term arising from 

virial of non-vanishing forces on the nuclei. The table lists the individual atomic properties of Rh 

and its immediate surrounding atoms only, namely, the six atoms sharing a bond path with Rh. 

The properties of the remaining of the atoms are included in the sum of the group to which they 

belong (Table 4 and Figure 6). Figure 6 depicts the summed atomic properties on five chosen 

groups that represent the different regions surrounding Rh. The groups include PiPr2, COD, 

NMe2, the indene/indenide moiety, and the Rh center itself. 

 Precision of the numerical atomic integrations. As can be seen at the bottom of Table 4, 

the sum of all the atomic charges for 1z is (0.023/0.002/0.003) au for the three datasets. For a 

system with 254 electrons, this constitutes a numerical integration error of (0.01/0.00/0.00) %, 

respectively. In the case of 1c, the sum of atomic charges is 0.999 and 1.000 au for the "sp" and 

"opt" datasets, with an error of 0.00% in both cases. In the crystal, each molecule of 1c (254 

electrons) is accompanied by counterion molecule (CF3SO3
–) bearing 74 electrons. The number 

of electrons in the neutral salt (i.e., [1c](CF3SO3)) is, thus, 328 electrons. The sum of all charges 

for a neutral pair (1c featuring its counterion) is 0.488 au instead which yields a global relative 

error of 0.15% (0.488/328), higher than in the case of Z-Xry but still acceptable and in line with 

other experimental results. This error is probably due to the more diffuse density in the inter-ions 

region and larger integration volume of the cation-anion pair compared to the more compact 

single-component molecular species in the case of the zwitterions 1z. The quoted experimental 

atomic electron populations N(Ω) that are listed in Table 4, thus, can be considered as having an 

uncertainty of ~ 0.2% of their quoted value due to this integration error. 
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 The Rh1 atom. All three datasets for both the cation 1c and the zwitterion 1z indicate a 

net charge on Rh of ca. +0.3–0.4 au. The net charge on this atom seems to be very slightly higher 

in 1z, in keeping with the conceptual view that the design of the zwitterionic complex 1z 

succeeds in emulating the characteristics of the cationic species 1c with respect to the net charge 

at Rh. In all cases qopt(Rh1) > qsp(Rh1) > qXry(Rh1), where the magnitude of the difference 

|qopt(Rh1) – qXry(Rh1)| equals to 0.063 au in 1c and 0.074 au in 1z. These results are consistent 

with the lower level calculations carried out on truncated models (Level 2, 1c′ and 1z′; Chart 1), 

whereby the charge on the Rh1 was found to be +0.33au in 1c′ and +0.36 au in 1z′; for 

comparison, at the higher level (Level 1), q(Rh1) ≈ +0.35 au 1c and ≈ +0.37 au in 1z.  

 The volume of the Rh1 atom is consistently slightly larger in 1z than in 1c (by 0.2/4.6/4.2 

au) despite the atom's slightly lower electron population in the former complex. The lower energy 

of the Rh1 in 1c indicates a higher stability (by 24 kcal/mol) of the outer-shell electrons (treated 

explicitly) compared to 1z. A more stable Rh1 in 1c is consistent with its slightly higher electron 

population than in 1z. However, these observations regarding the stability of the Rh1 atom do not 

take into account core polarization, which is nonexistence in the present calculations. 

Furthermore, there is no evidence in experimental maps of any core polarizations (see Figure 2). 

Again, at least within the selected atomic properties, the characteristics of the Rh1 atom appears 

to be very similar in the nearly isostructural complexes 1c and 1z, and as such would be expected 

to have a similar chemistry, perturbed to some extent by the differing electronic environments in 

the two related complexes. 

 The P1 atom. This atom is consistently more positively charged in the theoretical model 

(by 0.138/0.116 au) in the zwitterionic complex 1z than it is in the cationic relative 1c. Of 

particular interest with regard to the conventional organometallic representations that are 

employed for such complexes is the observation that in both cationic 1c and neutral 1z the P 
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atom, not the Rh atom, bears the greater net positive charge. This P atom is more compact in 1z 

(its volume being smaller by 4.8/4.8/2.7 au) and considerably less stable than in 1c (by 57.8 

kcal/mol).  

 The N1 atom. This atom is more negatively charged in the calculated densities (by 

0.155/0.023 au) in the zwitterionic complex 1z than it is in the cationic complex 1c, in keeping 

with the electronegative nature of N, and pointing to “leakage” of electron density from the 

indenide unit in 1z. This atom, however, bears an equally negative charge in the two complexes 

within experimental uncertainties. This atom is smaller in size in 1z (by 1.0/0.5/0.4 au) but almost 

isoergic with respect to its counterpart in 1c (less stable by 1.9 kcal/mol). 

 The Cn (n = 12, 13, 16, 17) atoms. The carbon atoms bonded to Rh1 are all negatively 

charged (with q(Cn) ≈ – 0.1 to – 0.4 au) without exhibiting striking trends in atomic properties. 

 

4.6 Comparison of Group Properties in 1c and 1z 

Figure 6 displays the net charge (q) and the volume (Vol.) of five regions in 1c (in atomic units) 

obtained from the "opt" set of calculation. The changes in these properties, ∆q and ∆Vol., 

respectively, as well as the changes in the energies ∆E (in kcal/mol) for these five groups are 

given for 1z. 

 The group properties and their changes upon the formal removal of the C1–H2 proton 

from 1c to give 1z are revealing (Figure 6). First, the total complex energy rises considerably by 

the removal of this proton, with the overall change in the energy of the reaction (i.e., 1c → 1z + 

H+ = 273 kcal/mol) being primarily due to the loss of more electron-nuclear attractive (negative) 

energy than the reduction in the nuclear-nuclear repulsion. The loss of the H2 proton also causes 

the total electron density of the system to be slightly more diffuse, thus the volume increases by ~ 
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28 atomic units in 1z compared to 1c (despite of having one less atomic basin in 1z). In 

percentage terms, however, the change in the volume due to the removal of the proton is only ca. 

–0.8%. This energetic destabilization also overwhelms the necessarily stabilizing increase in the 

magnitude of the quantum exchange between the basins of the indenide fragment with its 

extended aromaticity in 1z (two fused aromatic rings), relative to an isolated aromatic (benzene) 

ring in 1c. Along with the bond lengths equalization, the indenide ring system becomes 

considerably more aromatic in 1z compared to the indene unit in 1c (the nucleus independent 

chemical shift (NICS)92,93 calculated at the centroids of the 6-MR and 5MR for the two 

compounds are: –13.7 and –1.8 ppm for 1c, and –14.8 and -21.7 ppm for 1z, respectively (Table 

S.4)).  

 The destabilization of 1z with respect to 1c is associated primarily with the indenide 

framework (+285 kcal/mol), but also from the Rh1 atom itself (+24 kcal/mol), when compared to 

their counterparts in 1c. In 1z (compared to 1c), electronic charge is transferred from Rh1 to all of 

its neighbouring groups. Thus, the RP group gains 0.06 electrons, increases in volume by 3.3 au, 

but is destabilized by 16 kcal/mol; the RN group gains 0.08 electrons, increases in volume by 1.9 

au, and is stabilized by 22 kcal/mol; and the COD group gains 0.14 electrons, increases in volume 

by 6.0 au, and is stabilized by 30 kcal/mol. Together, the three groups attached to Rh1 acquire 

0.28 electrons, expand in size by 11.2 au, and are stabilized, as a result, by a total of 

approximately 36 kcal/mol. When the changes of the all groups except those associated with the 

indene (1c)/indenide (1z) fragment are summed together, this subsystem gains a total of 0.27 

electrons, increases in size by 19.6 au, and is stabilized by only 12.4 kcal/mol; when summed 

with ∆E(indenide–indene) the energy difference between the two complexes is obtained. 

 These observations indicate that the response of complex 1c to the loss of proton H2 

(thereby transforming the indene structure in 1c into an indenide fragment in 1z) results in a 
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drastic electronic structure reorganization, primarily within the incipient indenide framework, 

leaving the essential features of the Rh1 and its immediate surroundings relatively unchanged in 

1z relative to 1c.  

  

4.7  Topography of the Molecular Electrostatic Potential (ESP) (V(r))  

The molecular electrostatic potential (ESP), V(r), is defined: 

  '
)(

)( r
rr'

r'

rR
r d

Z
V

A A

A ∫∑ −
−

−
=

ρ
       (3) 

where ZA is the charge of nucleus A at the position RA, and ρ(r') is the electron density obtained 

from theoretical calculations or from multipolar modelling.94
 

 The evidence presented in the previous sections suggests that the primary region of 

interest with regard to stoichiometric and catalytic reactivity involving 1c and 1z, namely, the 

Rh1 atom and its immediate surroundings, remains unaffected by the formal removal of the 

proton H2 in 1c to afford 1z. The most drastic changes in the bond, atomic, and group properties 

that accompany this deprotonation are relegated to the carbocyclic backbone of the ancillary P,N-

ligand. As can be seen from Equation 3 the ESP is determined by the total charge density that 

results from two contributions: (a) The discrete distribution of the point-like nuclear charge (first 

term) and (b) the continuous diffuse electronic charge (second term). The first term is completely 

determined by the geometry {RA} (and the nature of nuclei) while the second is determined by 

the density ρ(r). The similarity of both the geometry and the electron density in the Rh 

coordination sphere surrounding Rh1 in 1c and 1z is tantamount to a similarity of the 

corresponding region in their respective molecular electrostatic potential. On the other hand, the 

indene and indenide backbones of the ancillary P,N-ligands in 1c and 1z (respectively) are 
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expected to exhibit marked differences given that their geometries, electronic charges, and 

nuclear potentials are drastically different in the two complexes.  

 The anticipated similarity of the shape of the ESP in the two complexes, irrespective of 

the orientation can be visually appreciated from Figure 7 which gives two side views of the 

calculated ("sp") ESP for the two opposite "faces" of each of 1c and 1z. Furthermore, Figure 8 

compares the experimentally determined ESP of the two complexes; in this case, the ESP of the 

1c complex is determined in the presence of its counteranion. Despite this significant 

perturbation, the displayed (representative) isosurfaces of the ESP around the Rh centers in 1c 

and 1z do no differ significantly. 

 Thus the general topography of the ESP of 1z around the Rh1 atom bears a striking 

similarity to that around the Rh1 atom of 1c. Indeed, the differences that arise can be attributed 

entirely to the differing carbocyclic backbone frameworks in 1c and 1z. The ESP in the 1z 

complex exhibits a clear demarcation nodal surface (a surface whereby the ESP = 0) that splits 

the molecule into two parts: A quasi-intact Rh fragment and an indenide moiety that carries the 

burden of most of the changes (i.e., added negative charge) induced by the formal removal of a 

proton from C2 in 1c. Figures 9 and 10 show a clear demarcation between the two regions of 1z 

as can be seen from the shape of the nodal surface in V(r).  

 Since it is the electric field E(r) that determines the trajectory of an approaching charged 

reactant, and since E(r) is uniquely determined by the ESP (E(r) = –∇V(r)), the shape of the 

potential determines the direction of approach and then demonstrates the similarity of the metal 

centered reactivity of both complexes. 

  

5. CONCLUD ING REMARKS 
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Highly accurate electron density distributions of structurally analogous cationic (1c) and 

zwitterionic (1z) organometallic complexes were determined from accurate synchrotron X-ray 

diffraction experiments and a high level of computational theory. The strong agreement found 

between experimental and theoretical results provides considerable support to the conclusions 

summarized herein.  

 A comparison of the geometries, electron distributions, electron delocalization, and 

molecular electrostatic potentials in these two complexes reveals a striking feature: The two 

complexes are very similar within the Rh1 coordination sphere, and differ (quite significantly) 

only with regard to the properties associated with the indene (1c) and indenide (1z) frameworks. 

These similarities and differences are equally important with regard to confirming the postulate 

that appropriately designed zwitterionic platinum-group metal complexes (such as 1z) can serve 

as charge-neutral variants of more conventional cationic species (such as 1c) in reactivity 

applications. Indeed, in keeping with the results of our catalytic experiments,18 1z is predicted to 

exhibit metal-centered reactivity behaviour that is reminiscent of 1c due to the minimal steric and 

electronic perturbation that is observed in the metal coordination sphere on going from 1c to 1z. 

Furthermore, the reasonably efficient sequestration of charge on the conjugated carbocyclic P,N-

ligand backbone in 1z enforces considerable zwitterionic character in this species (the indenide 

fragment carries a charge (in au) of –0.754 (experiment), –0.924 and –0.918 (theory: single point 

at the experimental geometry and after geometry optimization, respectively) and the rest of the 

molecule carries an equal and opposite distributed positive charge). We envision that having 

confirmed herein that donor-substituted indenide ligands can support genuinely zwitterionic 

(charge-separated) platinum-group metal organometallic complexes that exhibit properties 

reminiscent of their cationic counterparts will encourage the further development and study of 

this and other classes of zwitterionic platinum-group metal complexes. 
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SUPPORTING INFORMATION: Includes: (1) X-ray crystallographic "cif" files of the two 

complexes 1c and 1z. (2) Four Gaussian09 extended wavefunction files of the two complexes, 

calculated at the experimental and optimized geometries, augmented with Rh core densities. 

These text-files can also be read by AIMAll/AIMStudio. (3) A pdf file containing: A tabulation 

of selected experimental and optimized bond lengths and angles (Table S.1), tables of 

experimental and optimized cartesian coordinates (Tables S.2 and S.3, for 1c and 1z, 

respectively), a table listing the correspondence of the experiment atomic numbering/labeling 

schemes to the serial atomic numbering as in the theoretical wavefunction files calculated from 

Gaussian09 (Table S.4), a listing of the calculated nucleus independent chemical shifts (NICS) at 

the three ring centers of 1c and 1z (Table S.4), and finally, comparative plots of the Laplacian of 

the electron density in three planes containing the rhodium metal from the three data sets for the 

two complexes (Figure S3). 
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Table 1 Main crystallographic features, X-ray diffraction data collection parameters and  
  final results for 1c and 1z.(a) 

 

Crystal data Cationic Complex (1c) Zwitterionic Complex (1z) 

Chemical formula (C25H38NPRh)+, (CF3SO3)
- C25H37NPRh 

Formula weight (g mol-1) 635.53 485.46 
Cell setting, space group Monoclinic, P21/n Monoclinic, P21/c 
Temperature (K) 30 (1) 30 (1) 
a, b, c (Å) 9.9971(1), 20.1773(3), 14.1321(2) 9.6410(1), 16.8404(1), 14.3917(2) 
β (°) 103.452(1) 109.269(1) 
V (Å3) 2772.44(6) 2205.71(4) 
Z 4 4 
Dx (Mg m–3) 1.523 1.462 
Radiation type, Wavelength (Å) Synchrotron, 0.54856 Synchrotron, 0.54737 
µ (mm–1) 0.335 0.458 
Crystal form, colour Plate, orange Plate, brown 
Crystal size (mm) 0.130 × 0.120 × 0.100 0.125 × 0.125 × 0.100 
Diffractometer Newport-Oxford Newport-Oxford 
Data collection method ω ω 
Absorption correction Empirical (Sortav) Empirical (Sortav) 
Tmin, Tmax 0.953, 0.988 0.934, 0.972 
No. of measured, independent 
and observed reflections (I > 
2σ(I)) 

1 355 281, 57136, 47301 812 400, 42449, 37162 

Rint 0.068 0.058 
θmin, θmax (°) 1.56, 50.32 1.48, 48.38 

Sin(θmax)/λ (Å
-1

) 1.403 1.366 
Spherical Refinements 

Refinement on F
2 F

2 
R[F2 > 2σ(F2)], wR(F2), S 0.041, 0.119, 1.11 0.033, 0.094, 1.12 
No. of reflections 47301  37162 
No. of parameters 478 401 

Weighting scheme 
Calculated w = 1/[σ2(Fobs

2) + 
(0.0900P)2 + 0.0052P] where P = 
(Fobs

2 + 2Fcal
2)/3 

Calculated w = 1/[σ2(Fobs
2) + 

(0.0612P)2 + 0.0294P] where P = 
(Fobs

2 + 2Fcal
2)/3 

(∆/σ)max 0.01 0.004 
∆ρmax, ∆ρmin (e Å–3) 2.676, –2.750 3.879, –2.299 

Multipole Refinements (MoPro refinement method) 
Refinement on F F 
R[F > 0σ(F)], wR(F), S 0.029, 0.021, 1.97 0.026, 0.017, 1.73 

No. Data & Restraints 57136, 84 42449, 80 
No. of parameters 1791 1490 
Ω Weighting scheme w = 1/[σ2(Fobs

2)  w = 1/[σ2(Fobs
2) 

∆ρmax, ∆ρmin  (e Å–3) 0.113, –0.120 0.227, –0.160 
R(F) = Σ[Fobs- k |Fcal |] / Σ Fobs 
wR

2(F) = [ Σ w [ Fobs - k |Fcal| ]
2 / Σ w Fobs

2 ]1/2 

S = [ Σ w [Fobs-|Fcal|]
2 / (n-p) ]1/2 

n is the number of reflections and restraints, and p is the total number of parameters refined 
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Table 2 Geometric characteristics of intra- and inter-molecular hydrogen bonds: Distances 
  and angle between donor, hydrogen and oxygen acceptor atoms. Interaction  
  involving the fluorine atoms in 1c (H⋅⋅⋅F) are also listed.* 
 
D—H  ⋅⋅⋅ A D—H H⋅⋅⋅A D⋅⋅⋅A D—H⋅⋅⋅A 
    (Å) (Å) (Å) (degrees) 
Cationic complex 1c 

C1-H1 ⋅⋅⋅  O2  1.083(2) 2.322(2) 3.3811(3) 165(1) 
C10-H102 ⋅⋅⋅  O2  1.066(2) 2.507(1) 3.5637(6) 174(1) 
C19-H191 ⋅⋅⋅  O2  1.092(2) 2.606(14) 3.5060(1) 142(1) 
C21-H211 ⋅⋅⋅  O2  1.063(7) 2.389(11) 3.4113(6) 160(1) 
C12-H12 ⋅⋅⋅  O1  1.099(2) 2.607(12) 3.461(1) 134(1) 
C15-H151 ⋅⋅⋅  O1  1.092(2) 2.627(13) 3.649(1) 155(1) 
C20-H201 ⋅⋅⋅  O1  1.057(2) 2.534(13) 3.545(1) 164(1) 
C12-H12 ⋅⋅⋅  O3  1.099(2) 2.466(13) 3.4631(7) 146.6(9) 
C9-H9  ⋅⋅⋅  F1 1.099(2) 2.473(5) 3.509(1) 160(1) 
C18-H181 ⋅⋅⋅  F2 1.092(2) 2.556(8) 3.544(7) 150(1) 
Zwitterionic complex 1z 

C7-H7 ⋅⋅⋅  C23  1.083(3) 2.804(2) 3.5412(8) 125(3) 
C23-H232 ⋅⋅⋅  C16  1.059(3) 2.843(2) 3.4250(9) 123(3) 
The C-H…π intermolecular interactions *: 

C18-H182 ⋅⋅⋅  C3A  1.092(3) 2.587(1) 3.6449(8) 163(2) 
C14-H141 ⋅⋅⋅  C6  1.091(3) 2.723(2) 3.7853(7) 164(2) 
C14-H141 ⋅⋅⋅  C7  1.091(3) 2.754(3) 3.7761(7) 156(2) 
______________________________________________________________________ 
 

* In the C18-H182…π interaction, the ring carbon atom closest to the hydrogen H182 is C3A with a distance of 
2.587(1) Å and an angle between C18, H182 and C3A of 163(2)°. 
The geometric characteristics of the C14-H141…π interactions show that the atoms which are closest from the 
hydrogen atom H141 are C6 and C7 at respectively 2.723(2) Å and 2.754(3) Å. The atoms C14, H141 and C6 
form an angle of 164(2)° while the C14, H141 and C7 angle is 156(2)°. 
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Table 3 Bond properties within the rhodium coordination sphere.(a) 
 

Bond 
System- 

Method(b) 
BL(c) 

BL- 
BPL(d) δ(A,B) ρb ∇2ρb  λ1 λ2 λ3 ε Vb Gb Hb Gb/ρ Hb/ρ |Vb/Gb| 

Rh1–N1 C-Xry 2.2233(2) -0.0073  0.078 0.26 -0.09 -0.08 0.43 0.07 -0.10 0.08 -0.02 1.03 -0.26 1.25 

 C-sp 2.2234 0.0016 0.508 0.075 0.27 -0.09 -0.06 0.42 0.38 -0.10 0.08 -0.02 1.11 -0.23 1.20 

 C-opt 2.2699 0.0019 0.483 0.068 0.24 -0.08 -0.05 0.37 0.40 -0.09 0.07 -0.01 1.08 -0.20 1.19 

 Z-Xry 2.2363(2)  -0.0062   0.075 0.28 -0.10 -0.07 0.45 0.42 -0.10 0.09 -0.01 1.20 -0.13 1.11 
 Z-sp 2.2363 0.0009 0.509 0.075 0.25 -0.09 -0.06 0.40 0.40 -0.10 0.08 -0.02 1.05 -0.23 1.22 
 Z-opt 2.2719 0.0007 0.494 0.069 0.23 -0.08 -0.06 0.37 0.43 -0.09 0.07 -0.01 1.03 -0.21 1.20 
Rh1–P1 C-Xry 2.3079(1) -0.0627  0.095 0.08 -0.11 -0.08 0.27 0.44 -0.12 0.07 -0.05 0.73 -0.52 1.71 

 C-sp 2.3079 0.0035 0.886 0.103 0.12 -0.10 -0.08 0.30 0.14 -0.11 0.07 -0.04 0.68 -0.40 1.58 

 C-opt 2.3365 0.0037 0.878 0.098 0.12 -0.09 -0.08 0.28 0.14 -0.10 0.07 -0.04 0.67 -0.38 1.56 

 Z-Xry 2.3085(8) -0.0196  0.103 0.16 -0.11 -0.10 0.36 0.11 -0.14 0.09 -0.05 0.87 -0.48 1.56 
 Z-sp 2.3085 0.0022 0.876 0.106 0.09 -0.10 -0.09 0.28 0.13 -0.11 0.07 -0.04 0.62 -0.41 1.66 
 Z-opt 2.3702 0.0031 0.839 0.095 0.09 -0.09 -0.08 0.26 0.14 -0.09 0.06 -0.04 0.60 -0.37 1.61 
Rh1–C12 C-Xry 2.2250(2) -0.0166  0.075 0.21 -0.08 -0.02 0.31 2.73 -0.09 0.07 -0.02 0.93 -0.27 1.29 

 C-sp 2.2251 0.0404 0.545 0.082 0.17 -0.08 -0.04 0.30 0.87 -0.09 0.07 -0.02 0.80 -0.26 1.33 

 C-opt 2.2535 0.0470 0.520 0.077 0.17 -0.07 -0.04 0.28 0.86 -0.08 0.06 -0.02 0.79 -0.25 1.31 

 Z-Xry 2.2365(3) -0.2541  0.078 0.25 -0.08 -0.02 0.35 4.24 -0.10 0.08 -0.02 1.03 -0.26 1.25 
 Z-sp 2.2365 0.0343 0.523 0.079 0.19 -0.07 -0.04 0.29 0.92 -0.09 0.07 -0.02 0.85 -0.26 1.30 
 Z-opt 2.2450 0.0313 0.531 0.078 0.18 -0.07 -0.04 0.29 0.75 -0.08 0.06 -0.02 0.82 -0.25 1.31 
Rh1–C13(e) C-Xry 2.2673(2) -0.0027  0.073 0.20 -0.08 0.00 0.28 18.10 -0.09 0.07 -0.02 0.95 -0.27 1.29 
 C-sp 2.2672  0.509             
 C-opt 2.3071  0.480             
 Z-Xry 2.2725(3)               
 Z-sp 2.2725  0.503             
 Z-opt 2.2921  0.503             
Rh1–C16 C-Xry 2.1717(2) -0.0280  0.096 0.21 -0.13 -0.03 0.37 2.86 -0.13 0.09 -0.04 0.93 -0.41 1.44 

 C-sp 2.1717 0.0308 0.660 0.094 0.20 -0.09 -0.03 0.32 1.78 -0.11 0.08 -0.03 0.82 -0.30 1.37 

 C-opt 2.1871 0.0431 0.651 0.091 0.20 -0.09 -0.03 0.31 2.52 -0.10 0.08 -0.03 0.84 -0.29 1.35 

 Z-Xry 2.1193(2) -0.0345  0.097 0.26 -0.10 -0.00 0.37 23.80 -0.14 0.10 -0.04 1.03 -0.41 1.40 
 Z-sp 2.1193 0.0133 0.710 0.104 0.19 -0.11 -0.07 0.37 0.65 -0.12 0.08 -0.03 0.79 -0.33 1.42 
 Z-opt 2.1526 0.0198 0.687 0.097 0.19 -0.10 -0.05 0.34 0.87 -0.11 0.08 -0.03 0.79 -0.31 1.39 
Rh1–C17 C-Xry 2.1347(2) -0.0352  0.098 0.25 -0.10 -0.05 0.40 0.92 -0.14 0.10 -0.04 1.02 -0.41 1.40 

 C-sp 2.1347 0.0186 0.689 0.101 0.17 -0.11 -0.07 0.35 0.60 -0.11 0.07 -0.03 0.74 -0.32 1.43 

 C-opt 2.1478 0.0227 0.679 0.098 0.17 -0.11 -0.06 0.34 0.65 -0.10 0.07 -0.03 0.74 -0.31 1.42 

 Z-Xry 2.1272(3) -0.0482  0.099 0.22 -0.12 -0.04 0.38 1.99 -0.14 0.10 -0.04 1.01 -0.40 1.40 
 Z-sp 2.1271 0.0153 0.697 0.102 0.19 -0.11 -0.06 0.36 0.77 -0.11 0.08 -0.03 0.79 -0.33 1.41 
 Z-opt 2.1463 0.0175 0.685 0.098 0.18 -0.10 -0.06 0.35 0.74 -0.11 0.08 -0.03 0.78 -0.31 1.40 
N1–C2 C-Xry 1.4624(2) -0.0061  0.263 -0.44 -0.61 -0.49 0.66 0.23 -0.58 0.24 -0.35 0.91 -1.33 2.42 

 C-sp 1.4625 0.0004 0.962 0.264 -0.56 -0.52 -0.51 0.47 0.02 -0.35 0.10 -0.24 0.40 -0.93 3.33 

 C-opt 1.4598 0.0004 0.963 0.265 -0.56 -0.52 -0.51 0.47 0.01 -0.35 0.11 -0.25 0.40 -0.93 3.33 

 Z-Xry 1.4653(3) -0.0069  0.279 -0.69 -0.68 -0.57 0.56 0.21 -0.63 0.23 -0.40 0.82 -1.43 2.74 
 Z-sp 1.4653 0.0001 0.925 0.256 -0.55 -0.50 -0.48 0.42 0.04 -0.37 0.11 -0.25 0.44 -0.99 3.22 
 Z-opt 1.4727 0.0001 0.925 0.252 -0.53 -0.49 -0.47 0.42 0.04 -0.35 0.11 -0.24 0.43 -0.96 3.22 
P1–C3 C-Xry 1.8117(2) -0.0097  0.177 -0.23 -0.25 -0.18 0.20 0.35 -0.30 0.12 -0.18 0.68 -1.02 2.50 

 C-sp 1.8117 0.0012 0.760 0.166 -0.12 -0.23 -0.22 0.34 0.04 -0.29 0.13 -0.16 0.79 -0.97 2.23 

 C-opt 1.8163 0.0010 0.774 0.166 -0.13 -0.23 -0.22 0.32 0.03 -0.29 0.13 -0.16 0.77 -0.97 2.26 

 Z-Xry 1.7533(2) -0.0254  0.163 -0.10 -0.21 -0.15 0.26 0.45 -0.27 0.12 -0.15 0.73 -0.92 2.25 

Page 39 of 56

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

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



 

 40  

Bond 
System- 

Method(b) 
BL(c) 

BL- 
BPL(d) δ(A,B) ρb ∇2ρb  λ1 λ2 λ3 ε Vb Gb Hb Gb/ρ Hb/ρ |Vb/Gb| 

 Z-sp 1.7533 0.0008 0.837 0.182 -0.10 -0.26 -0.24 0.40 0.10 -0.34 0.16 -0.18 0.88 -1.01 2.15 
 Z-opt 1.7522 0.0008 0.866 0.182 -0.10 -0.26 -0.24 0.40 0.11 -0.34 0.16 -0.18 0.88 -1.01 2.16 
C12–C13 C-Xry 1.3911(3) -0.0512  0.312 -0.74 -0.66 -0.54 0.46 0.22 -0.76 0.29 -0.47 0.93 -1.51 2.62 

 C-sp 1.3912 0.0019 1.393 0.319 -1.00 -0.71 -0.56 0.27 0.27 -0.48 0.11 -0.37 0.36 -1.15 4.19 

 C-opt 1.3756 0.0018 1.416 0.330 -1.08 -0.74 -0.59 0.25 0.26 -0.51 0.12 -0.39 0.36 -1.18 4.25 

 Z-Xry 1.3785(4) -0.0053  0.326 -0.77 -0.69 -0.53 0.45 0.31 -0.82 0.31 -0.51 0.95 -1.57 2.65 
 Z-sp 1.3784 0.0016 1.412 0.327 -1.06 -0.73 -0.57 0.25 0.28 -0.50 0.12 -0.38 0.37 -1.18 4.20 
 Z-opt 1.3772 0.0017 1.408 0.328 -1.07 -0.74 -0.58 0.25 0.27 -0.51 0.12 -0.39 0.37 -1.18 4.22 
C16–C17 C-Xry 1.4129(3) -0.0100  0.293 -0.54 -0.56 -0.46 0.48 0.23 -0.70 0.28 -0.42 0.95 -1.43 2.50 

 C-sp 1.4131 0.0025 1.283 0.306 -0.92 -0.67 -0.54 0.29 0.24 -0.44 0.11 -0.34 0.34 -1.09 4.19 

 C-opt 1.3969 0.0025 1.294 0.316 -1.00 -0.70 -0.57 0.27 0.23 -0.47 0.11 -0.36 0.35 -1.13 4.26 

 Z-Xry 1.4097(4) -0.0085  0.311 -0.70 -0.62 -0.52 0.44 0.21 -0.76 0.29 -0.47 0.93 -1.51 2.62 
 Z-sp 1.4097 0.0026 1.265 0.307 -0.93 -0.67 -0.54 0.29 0.25 -0.45 0.11 -0.34 0.35 -1.10 4.17 
 Z-opt 1.4002 0.0026 1.282 0.313 -0.97 -0.69 -0.56 0.28 0.25 -0.46 0.11 -0.35 0.35 -1.12 4.23 
C2–C3 C-Xry 1.3643(3) -0.0050  0.309 -0.86 -0.72 -0.58 0.44 0.24 -0.74 0.26 -0.48 0.84 -1.56 2.85 

 C-sp 1.3641 0.0005 1.604 0.325 -0.79 -0.68 -0.50 0.39 0.35 -0.45 0.13 -0.32 0.39 -0.99 3.57 

 C-opt 1.3568 0.0006 1.612 0.329 -0.81 -0.69 -0.51 0.39 0.35 -0.46 0.13 -0.33 0.39 -1.00 3.58 

 Z-Xry 1.4196(4) -0.0073  0.316 -0.83 -0.75 -0.54 0.46 0.38 -0.77 0.28 -0.49 0.88 -1.55 2.75 
 Z-sp 1.4196 0.0013 1.259 0.291 -0.66 -0.58 -0.46 0.38 0.27 -0.36 0.10 -0.26 0.34 -0.90 3.69 
 Z-opt 1.4289 0.0014 1.253 0.286 -0.64 -0.57 -0.45 0.38 0.27 -0.35 0.09 -0.25 0.33 -0.89 3.69 

 

(a) All dimensioned quantities are in atomic units (au) except distances which are in Angstroms 
(Å). δ(A.B) is the delocalization index between atoms A and B and is a dimensionless. (b) "C-" 
refers to the cationic species (i.e. complex 1c) and "Z-" refers to the zwitterionic species (i.e. 
complex 1z). "Xry" refer to the experimental X-ray results. "sp" refers to the theoretical results 
obtained from a single point calculation at the experimental geometry and "opt" refers to 
theoretical results obtained after a full geometry optimization starting from the experimental 
geometry. (c) BL = geometric bond length (internuclear distance). (d) BL-BPL = geometric bond 
length minus the bond path length. (e) This bond path is found only in the experimental density of 
the 1c. 
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Table 4 Basic atomic and group properties in 1c and 1z.(a) 
 

Cation (1c) Zwitterion (1z) Atom or group System- 

method(b) q(Ω) N(Ω) Vol(Ω) E(Ω) q(Ω) N(Ω) Vol(Ω) E(Ω) 

Rh1 Xry 0.290 44.710 125.1  0.295 44.705 125.3  
 Sp 0.361 44.639 127.1  0.362 44.638 131.7  
 Opt 0.353 44.647 132.5 -42.72191 0.369 44.631 136.7 -42.68391 
Atoms bonded to Rh1          
P1 Xry 1.188 13.812 83.4  1.208 13.792 78.6  
 Sp 1.664 13.336 72.0  1.802 13.198 67.2  
 Opt 1.580 13.420 76.4 -358.76333 1.696 13.304 73.7 -358.67119 
N1 Xry -0.655 7.655 58.1  -0.810 7.810 57.1  
 Sp -0.900 7.900 58.3  -0.923 7.923 57.8  
 Opt -0.910 7.910 59.2 -57.77100 -0.916 7.916 58.8 -57.76794 
C12 Xry -0.158 6.158 65.2  -0.157 6.157 63.1  
 sp -0.106 6.106 63.2  -0.121 6.121 65.9  
 opt -0.102 6.102 62.9 -39.99436 -0.115 6.115 65.9 -39.98371 
C13 Xry -0.103 6.103 59.1  -0.224 6.224 59.8  
 sp -0.130 6.130 66.5  -0.116 6.116 63.9  
 opt -0.118 6.118 65.8 -39.98435 -0.108 6.108 63.2 -39.99167 
C16 Xry -0.380 6.380 68.6  -0.222 6.222 63.5  
 sp -0.116 6.116 64.0  -0.108 6.108 62.2  
 opt -0.103 6.103 63.0 -39.96546 -0.102 6.102 62.9 -39.96419 
C17 Xry -0.239 6.239 68.2  -0.336 6.336 67.8  
 sp -0.102 6.102 62.2  -0.110 6.110 60.5  
 opt -0.095 6.095 61.6 -39.98477 -0.100 6.100 61.1 -39.98305 
Groups(c)          
Indene/indenide  Xry 0.170 59.830 957.8  -0.754 59.752 943.5  
 Sp -0.197 60.197 952.9  -0.924 59.924 960.1  
 Opt -0.185 60.185 956.2 -363.54921 -0.918 59.918 968.9 -363.09463 
COD Xry -1.324 61.324 1113.8  -0.410 60.409 1026.8  
 Sp 0.071 59.929 1040.8  -0.062 60.062 1039.2  
 Opt 0.092 59.908 1042.6 -327.26702 -0.052 60.052 1048.6 -327.31458 
RN Xry 0.286 24.714 483.8  -0.105 25.104 490.8  
 sp -0.167 25.167 443.5  -0.255 25.255 445.9  
 opt -0.176 25.176 455.8 -141.10724 -0.252 25.252 457.7 -141.14259 
RP Xry 1.800 63.200 1154.5  0.997 64.004 1123.6  
 sp 0.931 64.069 1092.4  0.881 64.119 1083.1  
 opt 0.916 64.084 1124.9 -607.25375 0.855 64.145 1128.2 -607.22854 
SUM(d)          
 Xry 1.190 253.810 3843.8  0.023 253.974 3710.0  
 sp 0.999 254.001 3656.7  0.002 253.998 3659.9  
 opt 1.000 254.000 3712.0 -1481.89913 0.003 253.997 3740.1 -1481.46426 
Counterion Xry -0.702 73.702 832.3      
Cation+counterion Xry 0.488 327.512 4676.1      

(a) All dimensioned quantities are in atomic units (au). (b) "Xry" = experimental X-ray results, "sp" = 
theoretical results obtained from a single point calculation at the experimental geometry, and "opt" = results 
from theory after geometry optimization. (c) The groups includes the following atoms: Indene(in 
1c)/indenide(in 1z) = (C1, C2, C3, C3A, C4, C5, C6, C7, C7A, H1, (H2 in 1c only), H4, H5, H6, H7); COD = 
(C12, C13, C14, C15, C16, C17, C18, C19, H12, H13, H141, H142, H151, H152, H16, H17, H181, H182, 
H191, H192); RN = (N1, C10, C11, H101, H102, H103, H111, H112, H113); and RP = (P1, C20, C21, C9, 
C22, C23, H8, H201, H202, H203, H211, H212, H213, H9, H221, H222, H223, H231, H232, H233). (d) The 
sum over the experimental atomic properties in the case of the 1c is that on all the atoms of the cationic 
species without the counterion. 
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FIGURE CAPTIONS 

 

Chart 1  

Cationic (1c) and formally zwitterionic (1z) Rh(I) complexes featured in this study. 
 

Fig. 1 

The experimental geometry labelled with the numbering scheme of the two Rh complexes, 
the cation 1c (top) and the zwitterion 1z (bottom). Hydrogen atoms are removed for clarity 
(only H1 and H2 hydrogen atoms are shown to distinguish 1c from 1z). The ORTEP 50% 
thermal ellipsoids are shown for all non-hydrogen atoms. (Colour scheme: Rh = dark green, 
P = orange, N = dark blue, C = dark gray, and H = light gray). 
 
Fig. 2 

A representation of the crystal packing of the two complexes along with the corresponding 
unit cell. Note that the crystal of the cationic complex includes a counterion. Weak inter-
molecular interactions are indicated by red dotted lines. (The colour scheme is the same as 
in Fig. 1, but in addition, the colour scheme of the atoms in the counterion is: O = red, F = 
light green, and S = yellow). (TOP) The crystal packing of the 1c complex is viewed along 
the a axis showing the alternating (C25H38NPRh)+ and (CF3SO3)

- moities. (BOTTOM) 
View along the a axis of the crystal packing of the 1z complex. The views were drawn 
using the program Mercury.95 
 
Fig. 3 

A representation of the molecular graphs of the two complexes obtained from the 
theoretically-calculated electron density at the fully optimized geometry. (a) The molecular 
graph of 1c (without the counterion), (b) the corresponding graphs of 1z. The lines linking 
the nuclei are the bond paths. The bond paths corresponding to strong interactions (ρb ≥ 
0.05 au) are drawn as solid gray lines while those corresponding to weak bonding 
interaction (ρb < 0.05 au) are depicted as dotted gray lines. The positions of atomic nuclei 
are indicated by small spheres following the same colour code as that adopted in Fig. 1. In 
addition, bond critical points (BCP) are indicated by small red spheres, ring critical points 
(RCP) by small green spheres, and cage critical points (CCP) by small blue spheres. (The 
corresponding molecular graphs obtained from the experimental densities and from the 
theoretically calculated at the experimental geometries can be found in the Supplementary 
Information Fig. S2). 
 
Fig. 4  
(a) Static experimental deformation density map for 1z calculated in the 

plane Rh1–P1–N1. Contours are depicted at 0.05 e/Å3 (ca. 0.007 au) level 

with positive contours as solid red lines, negative contours as solid 

blue lines, and the zero level is the faint yellow lines. (b) Negative 

laplacian of the experimental electron density for 1z in the same plane as 

(a). Positive contours are red lines, negative contours are blue lines. 
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Fig. 5 

Maps of the laplacian in the plane Rh1–C16–C17 obtained from the single-point "sp" 
calculation at the experimental geometry: Top C-sp, bottom Z-sp. Positive contours are 
solid red lines, negative contours as dashed blue lines. The lines linking the nuclear 
positions are the bond paths, atoms surrounded by a diffuse blue halo are slightly out of the 
plane of the figure. Only those bond paths trajectories that lie on the plane of the figure are 
plotted, those out of the plane are omitted. Red dots indicate the position of the bond 
critical points (BCP) and the green dots the location of the ring critical point (RCP). 
 
Fig. 6 

Group properties (P) of complexes 1c (top) and their changes (∆P = P(1z) – P(1c)) in 1z 
(bottom). Charges (q) and volumes (Vol) are given in atomic units and energies (E) in 
kcal/mol shown.  
 
Fig. 7 

Calculated molecular electrostatic potential (ESP) of the two complexes: Two isosurfaces 
(of magnitudes 0.100 and 0.015 au) showing that the similarity of form of the ESP around 
the two faces of the catalytic center carries to more than one value of the ESP. On the left is 
a representation of the molecular geometry in the orientation used to generate the 
corresponding potential on the right. Red = positive ESP, violet = negative ESP. (a) and (b) 
are orientation where the aromatic ring is on the left of the figure, whil;e (c) and (d) are 
rotated (roughly) by 180º to show the "back" of the molecule (the aromatic system is on the 
right of the figure).  
 
Fig. 8 

Experimentally-determined molecular electrostatic potential (ESP) at an isosurface with 
|V(r)| = 0.05 au that shows the similarity of the form of the ESP around the rhodium atom. 
(Red = negative ESP, blue = positive ESP). 
 
Fig. 9 

Molecular electrostatic potential (ESP) nodal surfaces (V(r) = 0.000 au) of the 1z complex. 
The nodal surface partitions the complex into a region of negative ESP from the side of the 
aromatic system and a region of positive ESP surrounding the catalytic center that has a 
topography similar to that of this region in 1c. 
 
Fig. 10 
Calculated molecular electrostatic potential (ESP), V(r), in transparent envelopes, for a 
truncated model of 1c (top) and 1z (bottom) (truncated in that the ter-butyl groups attaced 
to the P atom are replaced by methyls). The red and blue envelopes represent positive and 
negative potentials, respectively, while darker surface (in 1z) that surrounds the aromatic 
ring and splits the molecule into the aromatic side (left) and rhodium side (right) is the 
nodal surface separating the regions of positive and negative ESP. The inner solid golden 
surface isosurface of ρ(r) = 0.1 au is a high electron density envelope in the region close to 
the nuclear framework of the complexes. The ESP of 1c (top) is clearly positive 
everywhere (up to the chosen isosurface) with a depression near the aromatic ring. The ESP 
of 1z, however, zwitterionic is partitioned by the nodal surface into teo contiguous regions 
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of positive and negative values, the latter region exhibiting an increasingly more negative 
values the closer the isosurface is to aromatic ring (the inner dark envelope of V(r) = -0.05 
au). 
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Chart 1  
Cationic (1c) and formally zwitterionic (1z) Rh(I) complexes featured in this study. 
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Fig. 1 
The experimental geometry labelled with the numbering scheme of the two Rh 
complexes, the cation 1c (top) and the zwitterion 1z (bottom). Hydrogen atoms are 
removed for clarity (only H1 and H2 hydrogen atoms are shown to distinguish 1c from 
1z). The ORTEP 50% thermal ellipsoids are shown for all non-hydrogen atoms. (Colour 
scheme: Rh = dark green, P = orange, N = dark blue, C = dark gray, and H = light gray). 
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Fig. 2 
A representation of the crystal packing of the two complexes along with the 
corresponding unit cell. Note that the crystal of the cationic complex includes a 
counterion. Weak inter-molecular interactions are indicated by red dotted lines. (The 
colour scheme is the same as in Fig. 1, but in  addition, the colour scheme of the atoms in 
the counterion is: O = red, F = light green, and S = yellow). (TOP) The crystal packing of 
the 1c complex is viewed along the a axis showing the alternating (C25H38NPRh)+ and 
(CF3SO3)- moities. (BOTTOM) View along the a axis of the crystal packing of the 1z 
complex. The views were drawn using the program Mercury.90 
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Fig. 3 
A representation of the molecular graphs of the two complexes obtained from the 
theoretically-calculated electron density at the fully optimized geometry. (a) The 
molecular graph of 1c (without the counterion), (b) the corresponding graphs of 1z. The 
lines linking the nuclei are the bond paths. The bond paths corresponding to strong 
interactions (ρb ≥ 0.05 au) are drawn as solid gray lines while those corresponding to 
weak bonding interaction (ρb < 0.05 au) are depicted as dotted gray lines. The positions 
of atomic nuclei are indicated by small spheres following the same colour code as that 
adopted in Fig. 1. In addition, bond critical points (BCP) are indicated by small red 
spheres, ring critical points (RCP) by small green spheres, and cage critical points (CCP) 
by small blue spheres. (The corresponding molecular graphs obtained from the 
experimental densities and from the theoretically calculated at the experimental 
geometries can be found in the Supplementary Information Fig. S2). 
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Fig. 4 
(a) Static experimental deformation density map for 1z calculated in the plane Rh1–P1–
N1. Contours are depicted at 0.05 e/Å3 (ca. 0.007 au) level with positive contours as solid 
red lines, negative contours as solid blue lines, and the zero level is the faint yellow lines. 
(b) Negative laplacian of the experimental electron density for 1z in the same plane as 
(a). Positive contours are red lines, negative contours are blue lines. 
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Fig. 5 
Maps of the laplacian in the plane Rh1–C16–C17 obtained from the single-point "sp" 
calculation at the experimental geometry: Top C-sp, bottom Z-sp. Positive contours are 
solid red lines, negative contours as dashed blue lines. The lines linking the nuclear 
positions are the bond paths, atoms surrounded by a diffuse blue halo are slightly out of 
the plane of the figure. Only those bond paths trajectories that lie on the plane of the 
figure are plotted, those out of the plane are omitted. Red dots indicate the position of the 
bond critical points (BCP) and the green dots the location of the ring critical point (RCP). 
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Fig. 6 
Group properties (P) of complexes 1c (top) and their changes (ΔP = P(1z) – P(1c)) in 1z 
(bottom). Charges (q) and volumes (Vol) are given in atomic units and energies (E) in 
kcal/mol shown. 
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Fig. 7 
Calculated molecular electrostatic potential (ESP) of the two complexes: Two isosurfaces 
(of magnitudes 0.100 and 0.015 au) showing that the similarity of form of the ESP 
around the two faces of the catalytic center carries to more than one value of the ESP. On 
the left is a representation of the molecular geometry in the orientation used to generate 
the corresponding potential on the right. Red = positive ESP, violet = negative ESP. (a) 
and (b) are orientation where the aromatic ring is on the left of the figure, whil;e (c) and 
(d) are rotated (roughly) by 180º to show the "back" of the molecule (the aromatic system 
is on the right of the figure). 
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Fig. 8 
Experimentally-determined molecular electrostatic potential (ESP) at an isosurface with 
|V(r)| = 0.05 au that shows the similarity of the form of the ESP around the rhodium 
atom. (Red = positive ESP, blue = negative ESP). 
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Fig. 9 
Molecular electrostatic potential (ESP) nodal surfaces (V(r) = 0.000 au) of the 1z 
complex. The nodal surface partitions the complex into a region of negative ESP from the 
side of the aromatic system and a region of positive ESP surrounding the catalytic center 
that has a topography similar to that of this region in 1c. 
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Fig. 10 
Calculated molecular electrostatic potential (ESP), V(r), in transparent envelopes, for a 
truncated model of 1c (top) and 1z (bottom) (truncated in that the ter-butyl groups attaced 
to the P atom are replaced by methyls). The red and blue envelopes represent positive and 
negative potentials, respectively, while darker surface (in 1z) that surrounds the aromatic 
ring and splits the molecule into the aromatic side (left) and rhodium side (right) is the 
nodal surface separating the regions of positive and negative ESP. The inner solid golden 
surface isosurface of ρ(r) = 0.1 au is a high electron density envelope in the region close 
to the nuclear framework of the complexes. The ESP of 1c (top) is clearly positive 
everywhere (up to the chosen isosurface) with a depression near the aromatic ring. The 
ESP of 1z, however, zwitterionic is partitioned by the nodal surface into teo contiguous 
regions of positive and negative values, the latter region exhibiting an increasingly more 
negative values the closer the isosurface is to aromatic ring (the inner dark envelope of 
V(r) = -0.05 au). 
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TOC Graphic and Synopsis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Low temperature synchrotron X-ray diffraction and high level of theoretical calculations 

were used to determine accurate electron density distributions of two structurally related 

cationic ([(κ2-3-PiPr2-2-NMe2-indene)Rh(COD)](CF3SO3), [1c](CF3SO3)), and formally 

zwitterionic ([(κ2-3-PiPr2-2-NMe2-indenide)Rh(COD)], 1z) complexes, (COD = η4-1,5-

cyclooctadiene). Both experiment and theory show a striking similarity of charge 

distribution and of the molecular electrostatic potential, V(r), in the region of the Rh 

catalytic center. These observations confirm, for the first time, that appropriately 

designed zwitterionic complexes can effectively emulate the charge distribution found 

within cationic platinum-group metal catalyst complexes, in keeping with recent catalytic 

investigations.  
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