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Abstract

The solid state single crystal structures of [Rh(B-diketonato)(CO)2], where pB-diketonato =
(RiICOCHCOR?2) ", with Ri, R2 = CF3, C4H3S (1), Cs4HsS, CsHsS (2), Ph, CsH3S (3) and CFs, Ph
(4), show that these complexes in some cases form dinuclear units, which stack in chains with weak
metallophilic rhodium-rhodium interactions, while in other cases they produce continuous
polymeric units, with equal intermolecular Rh---Rh distances. Different solid state structural data is
reported herein for these four complexes, including a low temperature comparison with ambient
data for (4). In the latter case, weak intermolecular halogen bonding has also been identified, which
additionally contributes to the stability of (4) in the solid state. Computational evaluation of the
frontier molecular orbitals of both dinuclear and tetranuclear models of complexes (1) - (4), show
Rh(dz2)-Rh(dz2) 6 bonding and c* anti-bonding orbitals. An NBO analysis of the dinuclear units,
revealed a donor-acceptor interaction between the two rhodium atoms in such a unit, while a

QTAIM study identified a bonding path between the two rhodium atoms therein.

1 Introduction

The study of molecules that form one-dimensional chains have long been of interest in physics, as
well as in organic, inorganic and organometallic chemistry, because of their magnetic [1],
photophysical [2], catalytic [3], semiconductive and conductive [4] properties. The one-dimensional
wires have potential applications in for example, light-emitting diodes, photovoltaic cells and
molecular sensors [5]. One important class of inorganic complexes, which can form such a one-

dimensional wired assembly, is that of square planar transition metal complexes. In the solid state,
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stacking within these complexes allows for intermolecular interaction between the molecules
through metal-metal and metal-ligand interactions. The formation of metal chains is therefore
possible [6,7,8], as illustrated in Scheme 1 (a). It has been shown that square planar rhodium(I)
complexes of the type [Rh(B-diketonato)(CO)2] generally form dimer-like arrangements in the solid
state, with an intermolecular distance between the metals in the dinuclear unit, ranging from 3.18 to
3.54 A. Some of these dinuclear units further stack in infinite chains, leading to the formation of
stable molecular wires [9,10], see Scheme 1 (b) for B-diketonato = (CH3COCHCOCH3)™ (acac). In
this contribution, we present the solid state single crystal structures of two [Rh(B-diketonato)(CO)z]
complexes, where B-diketonato = (RCOCHCOC4H3S)™ and R = CF3 (1) and C4H3S (2), and
compare them to the related complex from literature, where R = Ph (3) [9], see Scheme 2. We also
present the low temperature single crystal structure of a closely related complex
[Rh(CF3COCHCOCsHs)(CO)2] (4), of which the room temperature data is known [11], in order to
briefly note what changes temperature might induce in the observed Rh---Rh metallophilic
interactions. The data from the solid state studies were subsequently used to initiate a
computational chemistry study, wherein the monomers, dinuclear and tetranuclear entities were

optimized, of which the results are described in this report.

(@) (b)

Scheme 1. Stacking in the solid state of (a) square planar transition metal complexes and (b)
[Rh(CH3COCHCOCHS3)(CO)2], which leads to weak intermolecular metal-metal interactions.
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Scheme 2. The [Rh(B-diketonato)(CO)2] complexes investigated in this study; where B-diketone is:
Htta = 4,4,4-Trifluoro-1-(2-thienyl)-1,3-butanedione (1), Hdtm = 1,3-di(2-thenoyl)-1,3-
propanedione (2), Hbth = 1-phenyl-3-(2-thenoyl)-1,3-propanedione (3) and Htfba = 1,1,1-trifluoro-
4-phenyl-2,4-butanedione (4).

2  Experimental

2.1 Synthesis

Three complexes [Rh(RiICOCHCOR2)(CO):], with R1 = C4H3S, and R2 = CF3 (1) or C4HsS (2), as
well as R1 = CF3, R2 = Ph (4), were synthesized as described previously [12], from RhCl3.nH20
[13] and the respective B-diketone [14]. The characterization data of these complexes is provided in

the Supporting Information.

2.2  Crystal structure analysis

Data for crystals 1 and 2, obtained from solutions in hexane, were collected on a Bruker D8 Venture
kappa geometry diffractometer, with duo Ius sources, a Photon 100 CMOS detector and APEX II
control software [15], using Quazar multi-layer optics monochromated, Mo-Ka radiation, by means
of a combination of ¢ and ® scans. Data reduction was performed using SAINT + [15] and the
intensities were corrected for absorption using SADABS [15]. The structures were solved by
intrinsic phasing using SHELXTS and refined by full-matrix least squares, using SHELXTL + [16]
and SHELXL-2013+ [16]. The reflection data for 4 was collected on a Bruker X8 Apex II 4K
Kappa CCD diffractometer, using graphite monochromated Mo Ko radiation (A= 0.70926 A), with
- and @-scans at 100(2) K. The Apex II software package [15] was utilised as mentioned above,
while refinement was performed using the WinGX software package [17], which incorporates
SHELXL [16]. In the structure refinement, all hydrogen atoms were added in calculated positions
and treated as riding on the atom to which they are attached. All non-hydrogen atoms were refined
with anisotropic displacement parameters. In 1 and 2, all isotropic displacement parameters for
hydrogen atoms were calculated as X x Ueq of the atom to which they are attached, where X = 1.5

for the methyl hydrogens and X = 1.2 for all other hydrogens. In 4, the hydrogen atoms were
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positioned geometrically and refined, utilizing a riding model with fixed C-H distances of 0.95 A
(CH) [Uiso(H)= 1.2 Ueq] for aromatic hydrogens, and methyl H-atoms fixed at 0.98 A (CH)
[Uiso(H)= 1.2 Ueq]. Crystal data, data collection, structure solution and refinement details are
available in the Supplementary Information and in the CIFs (CCDC deposit numbers 1524292 (1),
1524293 (2) and 1543936 (4)).

2.3 Density functional theory (DFT) calculations

Density functional theory (DFT) calculations in this study were performed with the following
functionals: PWO91 [18], LC-BLYP [19,20,21,22], B3LYP [21,22], CAM-B3LYP [23] (in
combination with the Grimme empirical dispersion correction D3 [24]) and M06 [25] (both with
and without the D3 correction [26]), as implemented in the Gaussian 09 program package [27].
Geometries of the neutral complexes were optimized in the gas phase with the Lanl2dz basis set for
Rh (Los Alamos ECP plus DZ) [28], and 6-311G(d,p) for the other atoms. The natural bond orbital
(NBO) calculations were done on the gas phase B3LYP optimized structures, on the same level of
theory, using the NBO 3.1 module [29] in Gaussian 09. The topological analysis of the electron
charge density, performed for the complexes, was determined using Bader’s quantum theory of
atoms in molecules (QTAIM) [30], on the gas phase B3LYP optimized structures. The electronic
density analysis was performed using QTAIM [31], as implemented in ADF2013 [32], at the same
level of theory. The 6-311G(d,p)/Lanl2dz basis set proved to give reliable geometries and energies

for rhodium-dicarbonyl complexes containing a B-diketonato ligand [33,34,35].

3 Results and Discussion

3.1 X-ray crystallography

Perspective drawings [36] of the molecular structure of complexes [Rh(CF3COCHCOC4H3S)(CO):2]
(1), [Rh(C4H3SCOCHCOC4H3S)(CO)2] (2) and [Rh(CF;COCHCOPh)(CO)2] (4), showing the
crystallographic numbering scheme used, are presented in Figure 1 (a)-(c). Comparative packing
diagrams of (1), (2) and also of [Rh(PhCOCHCOC4H3S)(CO):] (3) from a previous study, are given
in Figure 2 (a)-(c), while that of complex (4) is illustrated in Figure 3, together with selected
interaction domains as discussed later. Table 1 lists selected geometrical parameters of (1) - (4), as
well as other related [Rh(p-diketonato)(CO)2] complexes obtained from literature that also stack in

infinite chains in the solid state, with weak metallophilic rhodium-rhodium interactions.



[Rh(CF3COCHCOC4H3S)(CO)2] (1) crystallised with four -crystallograpically independent
molecules (two dinuclear pairs) per asymmetric unit. The 2-thienyl group is in a Syn orientation
relative to the O atom of the diketonato moiety, with the S-C-C-O torsion angles being close to 0°.
No proof for the existence of the anti orientation of the thienyl group, relative to the O atom of the
diketonato moiety, could be found in the crystal structure of (1). The thienyl substituents and the C
atoms of the CF3 groups are all in virtually the same planes as their respective diketonato moieties,
resulting in almost completely planar molecules. Two of the four CF3-groups in the asymmetric
unit showed some positional disorder of the fluorine atoms, and the anisotropic parameters were
modelled to stabilize the refinement, as described in the CIF file. Significantly close Rh---Rh
interactions are observed in (1) (namely 3.2311(6) A and 3.6220(6) A for dinuclear pair 1, as well
as 3.4120(6) and 3.3664(6) for dinuclear pair 2), resulting in packing of the dinuclear pairs in
infinite chains, in the direction of the a-axis (Figure 2 a). It is noteworthy that the Rh---Rh distance
within dinuclear pair 1 of (1) and the Rh---Rh distance within dinuclear pair 2 of (1) differ by 0.135
A, while the respective distances between the separate dinuclear pairs differ by 0.210 A. The Rh-O
and Rh-C bonds differ up to 0.02 A, when comparing the same bond in the four different molecules

per asymmetric unit of complex (1), (See Table S3 in the Electronic Supporting Information).

[Rh(C4H3SCOCHCOC4H3S)(CO)2] (2) crystallised with only one molecule per asymmetric unit,
and displayed orientational disorder in the position of the sulfur atoms of the two terminal thienyl
substituents. The molecular structure of the major conformation (>90%) has S-C-C-O torsion
angles of approximately 0°, while that of the minor conformation (<10%) is approximately 180°.
The ratio of the two conformations was refined to 0.920(3) : 0.080(3). The main conformation of
complex (2) is presented in Figure 1. The angle between the planes of the two 2-thienyl groups is
17° and this indicates that the molecular conformation is slightly less planar than in (1). Also
significantly close intermolecular Rh---Rh interactions of 3.1903(4) and 3.3174(4) A, respectively,
are observed in (2). The dinuclear units therefore stack in infinite chains, with intermolecular
Rh---Rh distances within the limits (3.18 to 3.54 A) observed for [Rh(B-diketonato)(CO):]

complexes [9].



Figure 1. Perspective drawings, showing the atom numbering scheme, of the molecular structure
of complexes (a) [Rh(CF3COCHCOC4H3S)(CO)2] (1); (b) [Rh(C4aH3SCOCHCOC4H3S)(CO):] (2),
disordered over two positions in the ratio 0.920 : 0.080 (major domain shown), and (C)
[Rh(CF3COCHCOPh)(CO)2] (4). Atomic displacement parameters (ADPs) are shown at the 50 %
probability level.

[Rh(CF3COCHCOPH)(CO)2] (4) crystallised in the orthorhombic space group Pbca, with only one
molecule in the asymmetric unit and 8 formula units in the unit cell. This structure represents a low
temperature determination of the complex, as published by Leipoldt et al. [11] in 1977. The
published structure reported a collection at room temperature, however the short communication
paper offered very little information with regards to the reliability of the data, as key factors such as
completeness of the data collection and Goodness-of-Fit etc. could not be established. Moreover,
bond data was very inaccurate, and a re-determination of the structure was therefore undertaken at

low temperature.

The unit cell dimensions of the published structure by Leipoldt et al. [11] for complex (4), are given
in the Supplementary Data Table S1, for comparison to the dimensions of the structure determined
in this study. No standard deviations have been supplied on the unit cell dimensions of the
published structure. The slight deviations observed for the unit cell dimensions, as seen in
Supplementary Data Table S1, are attributed to the temperature at which the data collection was
performed, with room temperature collections typically resulting in an increase of lattice
parameters, since the lattice expands anisotropically with an increase in temperature [37]. Further
aspects regarding the temperature variation in the unit cell dimensions, are discussed in more detail

below.

It is obvious from Table 1, with more detail given in Supplementary Data Table S2, that the low
temperature structure for complex 4 obtained in this study offers significantly more accurate
information than the older structure in [11], with regard to the bond distances and angles, as is

evident from the large ESD values present on the data for the previously published structure of
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[Rh(CF3COCHCOPhO)(CO)2] (4). This is particularly important when accurate interatomic bond
data isrequired, which is necessary for more systematic comparison and identification of observed
geometric changes. Large error values are not uncommon for data originating from several decades
ago, since the improvement of modern techniques and software in crystallography, has lately led to
a reduction in the errors observed for data. In addition, temperature effects could also account for
some of the differences observed in the bond lengths and angles between the two structures.
Elevated temperatures generally result in larger thermal parameters for atoms, since the movement

of atoms is less restricted, leading to an increase in reported bond lengths and angles. [38]
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Figure 2. Selected fractions of the unit cells of complexes 1-3, illustrating the packing diagrams of
(@) [Rh(CF3COCHCOC4H3S)(CO)2] (1), (b) [Rh(C4sH3SCOCHCOC4H3S)(CO)2] (2) and (c)
[Rh(PhCOCHCOC4H3S)(CO)2] (3). The Rh-atoms are drawn as spheres and the Rh---Rh contacts
between the dinuclear pairs (see (8)) are indicated by thinner lines. Selected Rh---Rh distances are
shown.

Figure 3. The packing diagram of [Rh(CF3COCHCOPh)(CO):] (4), indicating (@) the Rh---Rh
interactions along the a-axis (virtually temperature independent), and (b) the weaker interaction
domains along the b- and c-axes, respectively.

Relative changes, namely a decrease in all three cell axes with decreasing temperature (from 293 K
to 100 K) are as follows: a=0.17%, b=1.3% and ¢=2.9%. Figure 3(b) illustrates that the b- and c-
domains allow for compression. The c: Ph-Ph domain, representing weak interactions from

primarily the Phenyl rings, also exhibits the largest decrease observed. The b-axis on the other
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hand, defined along the b: CF3-CF3 domain, see Figure 4, is clearly not as affected by temperature
as the Ph-Ph domain. However, what is quite surprising is that the a-axis direction, defined by the
Rh---Rh metallophillic interactions, merely decreased by 0.17%. Therefore these Rh---Rh
interactions in the a-axis direction, at least in this example, do not seem to be affected by
temperature as much as the other domains. In fact, the metallophilic bonds merely decrease from
3.537(3) at 293 K, to 3.529(3) A at 100 K, which implies that the Rh---Rh distances in principle
stayed virtually constant. This temperature independency could in future be potentially utilised to

enable the fabrication of nano-wires and even nanoplates.

The Rh---Rh metallophilic interactions in complex (4) are packed along the shortest cell axis (a-axis
=7.016(4) A), similarly to complexes (1) and (3) above. The Rh---Rh interactions observed in (4)
however are ca. 0.16 A longer than the Rh---Rh interactions in (1) — (3) and similar Rh-complexes,
see Table 1. As noted above, the Rh---Rh interactions lead to the construction of a one-
dimensional metal chain, with an angle of 167.50(2)° between consecutive rhodium centres
(Rh---Rh---Rh) for (4), that compaire well with the Rh---Rh---Rh angle obtained for other [Rh(p-
diketonato)(CO)2] complexes that also stack infinite in chains in the solid state (Table 1).

Traditionally, the smaller fluorine atoms have been excluded as potential halogen bond donors,
while heavier halogen atoms such as iodine, bromine and chlorine were unequivocally accepted as
participating in halogen bonds. This notion was based on the theory that halogen bonds originate
through the interactions of a positively charged c-hole present on a halogen atom with negative
sites of nucleophiles [39]. For the heavier halogens, the existence of these 6-holes were undisputed,
but only recently has consensus been reached that fluorine may also possess c-holes, which result in
halogen bonding [40]. Halogen bonds are typically encountered along the bond, at angles of
approximately 180° between donor and acceptor sites. This holds true, except in cases where
secondary interactions are found to disrupt this arrangement [40]. The halogen bonds between
molecules of [Rh(CFsCOCHCOPO)(CO):] (4) are illustrated in Figure 4 (a) and data related to the
interactions given in the caption. The interactions result in polymeric chains within the crystal

lattice along the b-axis, resulting in a 3-dimensional connected structure, as illustrated in Figure 4

(b).
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Figure 4. (a) Weak intermolecular C-F---O interactions (indicated in blue) observed for C12-
F2--02f and CI12-F1--02' in [Rh(CF3COCHCOPh)(CO)2]. The two significant interactions
illustrated in (a) are (i) C12-F1--02% 1.315(5), 2.872(4), 4.183(6),174.6°(3); and (ii) C12-
F2--021; 1.318(5); 2.905(4); 4.142(6); 155.8°(3), respectively. The symmetry codes are as
follows: 1) 5/2-x, -1/2+y, -z; ii) 3/2-x, -1/2+y, -z. (b) Intermolecular halogen bonds (indicated in
blue) connect neighbouring molecules via the carbonyl moeity of [Rh(CF3COCHCOPh)(CO):] in a
head-to-tail motif, forming a polymeric chain along the b-axis. The Halogen bonds are indicated by
the following five geometric parameters: D-X---A; dD-X (A); dX-A (A); dD--A (A); Angle D-
XA (°).

The [Rh(B-diketonato)(CO)2] complexes discussed in this study, as well as the complexes listed in
Table 1, all either form dinuclear units which stack in infinite chains with weak metallophilic
rhodium-rhodium interactions, or they produce continuous polymeric units, with equal Rh---Rh
distances. It is also observed that [Rh(B-diketonato)(CO)2] complexes sometimes form dinuclear
[Rh(B-diketonato)(CO)2]> units that do not form infinite metal-metal chains in the solid state
[34,41,42,43].

10



Table 1. Selected geometric parameters for the indicated [Rh(B-diketonato)(CO)2] complexes, which stack an infinite chain of rhodium atoms (where -
diketonato = (R1C303C4HC504R?), with R and R2 groups as indicated).

Torsion angle (Rh---Rh--
Rh-03 Rh-04 Rh-C2 Rh-C1 04-Rh-03 C1-Rh-C2 . Rh-Rh CCDC ref code /
Ri? R2? between moleculesin  -Rh)
I A Az 1A Az /° /° ) _ 1A Reference
dinuclear units/°® /°
CF;  C4HsS  2.034(4)F°  2.040(4)°  1.846(6)° 1.838(6)° 90.22(14)°  88.8(3) 62 156.32(2)  3.231(1); 3.622(1)* this study (1)
68 163.44(2)  3.366(1); 3.412(1)  this study (1)
CHsS CHsS  2.031(1)  2.037(1)  1.852(2) 1.847(2) 90.44(6) 88.31(8) 43 160.08(1  3.190(1); 3.317(1) this study® (2)
CF;  Ph 2.02(2) 2.02(2) 1.82(3)  1.793)  89.8(7) 86.2(2) 114 172.06(3)  3.537 BTFARH [11]
CF;  Ph 2.030(4)  2.043(3)  1.854(4) 1.832(5) 89.7(1) 87(1) 115 167.502)  3.529(3) this study (4)
Ph CHsS  2.042(6)  2.027(6)  1.846(8) 1.866(9) 90.4(2) 88.1(3) 180 167.38(2)  3.250(1) TIRZOL [9] (3)
CH; CH; 2.040(4)  2.044(4)  1.831(7) 1.831(7) 90.8(2) 88.9(3) 180 175.28 3.253,3.271 ACABRHO2 [44]
Ph CH; 2.050(1)  2.035(1)  1.854(2) 1.848(2) 90.61(5) 87.98(7) 180 172.06(1)  3.307(1), 3.460(1)  EDOYAZ [45]

2 Numbering according to Figure 1. R; is attached to C3 and R; to C5.

b Angle measured as torsion Cmethinel—l»ﬁ»diketonaw ligand molecule 1 — Rhmolecule 1= Rhmolecule 2 CmethineH»B»dikelonato ligand molecule 2
¢ Average values for all 4 molecules

4 Two dinuclear pairs per asymmetric unit, for complex (1), therefore two sets of Rh—Rh interactions

¢ Values for the major domain
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3.2 Computational chemistry study

To obtain more information on the Rh---Rh metallophilic interactions observed in the [Rh(j-
diketonato)(CO)2] complexes described in this report, a computational chemistry study, utilizing
density functional theory, is presented. The mononuclear complex, as well as a dinuclear unit and a
tetranuclear model (consisting of two dinuclear units), were all three optimized, using a selection of
different types of DFT functionals, namely the pure functional PW91, the Minnesota functional
MO06 (with and without Grimme empirical dispersion correction D3), the hybrid functional B3LYP,
as well as the long range corrected functionals LC-BLYP and CAM-B3LYP (with D3). The
dinuclear unit is considered to be the elementary unit of the infinite Rh---Rh chains observed in the
[Rh(B-diketonato)(CO):] crystals. In order to obtain more information on the electronic structure of
these dinuclear units, a natural bond orbital (NBO) and atoms in molecules (QTAIM) analysis on

the dinuclear units, were also performed.

3.2.1 Structure

The optimized structure of each of the [Rh(RiICOCHCOR2)(CO)2] complexes, with Ri, R2 = CF3,
C4HsS (1), CsH3S, CsHsS (2), Ph, C4H3S (3) or CFs, Ph (4), showed the expected square planar
geometry around rhodium for each mononuclear [Rh(B-diketonato)(CO):] unit, see Supplementary
Data Table S3 for selected bond lengths and angles, obtained by the different functionals. The most
important bond lengths and angles in these [Rh(B-diketonato)(CO)2] complexes, are considered
those involving rhodium. The optimized Rh-ligand bond lengths in the mononuclear units,
although slightly overestimated, compare well with the single crystal X-ray structure values, up to
0.05 A for Rh-O bond lengths and up to 0.03 A for Rh-C bond lengths, depending on the functional
used. Slightly larger DFT calculated bond lengths than experimental solid state data are generally
observed for gas phase optimizations [46], and gas phase optimizations of related rhodium-f-
diketonato complexes [34,35,47]. Differences between experimentally measured metal-ligand bond
lengths and calculated bond lengths below a threshold of 0.02 A, are considered as meaningless
[46]. Results obtained when applying the PW91, LC-BLYP and CAM-B3LYP functionals,
compared the best with experimental data, exhibiting deviations from experimental data comparable
to the small differences in the experimentally measured Rh-O bond lengths (of 0.021 A) and Rh-C
bond lengths (of 0.016 A), of the four molecules of complex (1), for the two dinuclear pairs per

asymmetric unit.
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The DFT optimized Rh---Rh distances within a dinuclear unit, as well as the Rh---Rh distances
between two different dinuclear units (tetranuclear model), are given in Table 2 for (1) — (4).
Generally the PW91, M06 and LC-BLYP functionals gave better agreement with the experimental
values (obtained from solid state crystal data) than B3LYP and CAM-B3LYP. The intermolecular
Rh---Rh distances within a dinuclear unit, optimized either as a dinuclear unit or in the tetranuclear
model, did not change significantly and agree within 0.22 A with the experimental measurements,
when applying the PW91, M06 and LC-BLYP functionals. Since the experimentally measured
intermolecular Rh---Rh distances in the two different dinuclear units of complex (1) vary by 0.14 A,
the differences between experimental and calculated values for (1) — (4), as obtained by the PW91,

MO06 and LC-BLYP functionals, are not considered to be significant.

The experimentally measured Rh---Rh distances between the two dinuclear pairs per asymmetric
unit of complex (1), are 3.622 A for dinuclear pair 1, and 3.412 A for dinuclear pair 2, see Figure 2
(a). These experimental Rh---Rh distances between dinuclear units differ by 0.21 A. Therefore the
DFT calculated Rh---Rh distance between dinuclear units for (1) — (4), as obtained by PW91, M06
and LC-BLYP, compares well with experiment (within 0.22 A for PW91, 0.20 A for M06 and 0.11
A for LC-BLYP) and is comparable to the related experimental 0.21 A difference for complex (1).

Table 2. Selected experimental and DFT calculated Rh---Rh distances (A ) for (1) - (4), optimized
as both dinuclear or tetranuclear models, using the indicated functionals.

. . . MO03- LC- CAM-
Optimized as dinuclear model experimental B3LYP PW91 MO06 D3 BLYP  B3LYP-D3
1  Rh---Rh in dinuclear unit 3.366; 3.231° 3.642 3310 3.246 3.267 3.403 3.388
2  Rh'--Rh in dinuclear unit 3.190 3.648 3332 3243 3.249 3.388 3.441
3 Rh'--Rh in dinuclear unit 3.250 3.527 3250 3.148 3.187 3.189 3.946
4 Rh---Rh in dinuclear unit 3.529 3.715 3.306  3.390 3.547 3.518 3.604

. . MO03- LC- CAM-
Optimized as tetranuclear model experimental B3LYP PW91 MO06 D3 BLYP B3LYP-D3
1  Rh---Rh in dinuclear unit 3.366;3.231*  3.668 3319 3249 3.254 3.545 3.435

Rh---Rh in dinuclear unit 3.666 3.320 3.243 3.249 3.548 3.441
Rh---Rh between dinuclear units  3.412; 3.622 3.696 3324 3264 3.236 3.427 3.394
2  Rh---Rh in dinuclear unit 1 3.190 3.732 3346 3.258 3.258 3411 3.439
Rh---Rh in dinuclear unit 2 3.732 3346 3.248 3.258 3411 3.439
Rh---Rh between dinuclear units  3.317 3.593 3301 3.179 3.183 3.206 3.198
3 Rh‘--Rh in dinuclear unit 1 3.250 3.607 3290 3.171 3.342 3.206 3.960
Rh---Rh in dinuclear unit 2 3.627 3.293 3.176 3.497 3.207 4.209
Rh---Rh between dinuclear units  3.250 3.600 3328 3.184 3.180 3.234 4.144
4 Rh---Rh in dinuclear unit 1 3.529 3.730 3.321  3.344 3.350 3.576 3.638
Rh---Rh in dinuclear unit 2 3.730 3.313 3.306 3.748 3.481 3.802
Rh---Rh between dinuclear units  3.529 3.719 3.301  3.733  3.292 3.567 3.535

atwo different dinuclear units within one unit cell
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3.2.2 Molecular orbitals

The d® [Rh(RCOCHCOC4H3S)(CO)2] complexes (1) - (3) as well as the related complex (4), have a
d electron configuration of dxzzdyzzdxyzdzzzdxz_yzo , with the HOMO (highest occupied
molecular orbital) a nonbonding orbital of mainly d,2 character [10]. The d,2 HOMO is available
to form o bonding and ¢* antibonding MOs between two rhodium centres, leading to stacking of
complexes (1) - (4) in the solid state, with 6 and o* Rh(dz2)-Rh(dz2) interactions. The frontier MOs
involved in the dz2 bonding and antibonding of (1) - (4), are illustrated in Figure 5. The HOMOs of
both the dinuclear and tetranuclear models show the antibonding interaction between dzz MOs on
rhodium. Figure 5 shows that mainly three MOs are involved in 6 Rh(dz2)-Rh(dz2) bonding
interactions, namely: (i) a MO with 6 Rh(dz2)-Rh(dz2) bonding interactions within the dinuclear
units, (ii) o Rh(dz2)-Rh(dz2) bonding interactions between the dinuclear units in the tetramer, and
(iii) a MO with o Rh(dz2)-Rh(dz2) bonding interactions between all Rh centres. Similar ¢ Rh(dz2)-
Rh(dz2) bonding MOs are observed for all four complexes (1) - (4), irrespective of the relative
orientation between the two molecules within a dinuclear unit (namely 62° or 68° (for the two
dinuclear units in a unit cell of complex 1), 43°, 180° and 114° for (1) - (4) respectively), or the
relative orientation of the dinuclear units to each other (0°, 180°, 0° and 0° for (1) - (4)

respectively), as illustrated in Figure 6.
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Complex (1) Complex (2) Complex (3) Complex (4)

Dimer:
anti-
bonding

Dimer:
bonding

Tetramer:
anti-
bonding

Tetramer:
bonding
between
dinuclear
units

Tetramer:
bonding
in
dinuclear
units

Tetramer:
bonding

HOMO-15 HOMO-11 HOMO-7

Figure 5. Selected molecular orbitals of the optimized structure of the [[Rh(RiCOCHCOR2)(CO)2]
complexes, with Ri1, R2 = CF3, C4HsS (1), CsHsS, CsHsS (2), Ph, C4sHsS (3) and CF3, Ph (4),
optimized as either dinuclear or tetranuclear model. Colour code of atoms (online version): Rh
(pink), S (yellow), F (green), C (black), O (red), H (white).
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Figure 6. Relative orientation of the two molecules within a dinuclear unit, as well as the dinuclear
units to each other (the dinuclear units are overlapping for (1), (3) and (4) and rotated by 180° for

(2)).

3.23 NBO

Evaluation of the results of the natural bond orbitals analyses of the dinuclear rhodium units,
revealed a direct intermolecular Rh---Rh interaction between a NBO LP(Rh dz2) of high occupancy
of ca. 1.97 on Rh of one unit, to a NBO LP*(Rh pz) of low occupancy of ca. 0.06 on Rh of the other
unit. See Figure 7 for a visualization of this interaction for complexes (1) - (3). The NBO
interaction energy, E(2), as calculated by the “Second Order Perturbation Theory Analysis of Fock
Matrix in NBO Basis”, is given in Table 3. Complex (3) with the two molecular units orientated
180° relative to each other, showed the strongest NBO interaction energy, of over 4 kcal/mol. No
NBO donor-acceptor interaction involving the two Rh atoms was observed in (4). This result
agrees with the longer experimentally measured Rh---Rh intermolecular distance for (4), relative to

that of (1) — (3), see Table 1.

Complex (1) (CF,) Complex (2) (C,H,S) Complex (3) (Ph)

Figure 7. NBO LP(Rh dz2) to LP*(Rh p;) donor-acceptor interaction in the gas phase DFT
optimized structure for [Rh(RCOCHCOC4H3S)(CO)2]2, with R = CF3 (1), C4H3S (2) and Ph (3).
The NBO plots use a contour of 60 e/nm®. Colour code of atoms (online version): Rh (pink), S
(yellow), C (black), O (red), H (white).

Table 3. NBO type, occupancies and interaction energies, E(2), as calculated for dinuclear units of
(1) — (3). The two rhodium atoms within the dinuclear unit are numbered Rh1 and Rh2 in the table.

com- ;o or NBO Acceptor NBO EQ2) Rh--Rh
plex distance
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type occupancy  type occupancy  kcal/mol A

1 LP(Rhl d») 1.969 LP*(Rh2 p,) 0.055 2.98 3.642
LP(Rh2 d») 1.969 LP*(Rhl p,) 0.055 2.98

2 LP(Rhl d») 1.969 LP*(Rh2p;) 0.059 3.14 3.648
LP(Rh2 d») 1.969 LP*(Rhl p,)  0.059 3.14

3 LP(Rhl d») 1.965 LP*(Rh2p;) 0.063 426 3.527
LP(Rh2 d») 1.966 LP*(Rhl p,) 0.063 4.13

324 QTAIM

A quantum theory of atoms in molecules (QTAIM) analysis of the dinuclear units of complexes (1)
— (4), identified a bond critical point (BCP) and a bond path between the two rhodium atoms within
a dinuclear unit of all four [Rh(RiICOCHCOR2)(CO)2] complexes (1) — (4), see Figure 8. The
existence of such a bond path and its associated bond critical points (BCPs) is sufficient to establish
a bonding interaction [48]. In addition, complex (1) has two intermolecular bond paths between
the S of the thienyl group of one molecule and an F of the CF3 group of a different molecule.
Complex (3) has, in addition to the bond path between the two rhodium atoms, also two H---H
intra- and one O---H intermolecular bond path. Complex (4) has, in addition to the bond path
between the two rhodium atoms, two H---H intramolecular bond paths. Data associated with
selected intra- and inter-molecular bond paths identified for (1) — (4), are summarized in Table 4.
The identified intermolecular bond paths between adjacent molecules in dinuclear units, lead to

stabilisation of the stacking of (1) — (4) in linear chains along the Rh-Rh axis.

Table 4. QTAIM results for the bond critical points (BCP) of the intra- and inter-molecular bond
paths (BP) in dinuclear units of (1) — (4). The BCP numbers are as shown in Figure 8.

Dinuclear CP  Bond inter-atomic  Electron Laplacian of
units of no path type distance density electron density
complex /A p/eac®>  V?p/eao™
(1) 1 Rh-Rh 3.642 0.0092 0.0203
2 S-F 3.870 0.0019 0.0073
3 S-F 3.865 0.0019 0.0072
(2) 4 Rh---Rh 3.648 0.0093 0.0202
3) 5 Rh-Rh 3.527 0.0117 0.0255
6 O-H 3.209 0.0020 0.0081
7 H-H 2.114 0.0122 0.0494
8 H--H 2.106 0.0123 0.0495
4) 9 Rh-Rh 3.715 0.0078 0.0174
10 H---H 2.100 0.0122 0.0496
11 H---H 2.048 0.0128 0.0501
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(c) . (d) e CP 11,

Figure 8. (a) Schematic representation of the critical points (CP) and bond paths (BP) for
[Rh(RiICOCHCOR2)(CO):], with Ri1, R2 = (a) CF3, C4H3S (1), (b) C4HsS, C4HsS (2), (c) Ph, C4H3S
(3) and (d) CF3, Ph (4). The colour scheme identifying the critical points is as follows: white for
(3, —3) or atom critical point; red for (3, —1) or bond CP; green for (3, +1) or ring CP. BPs colour

scale is according to the value of the electron density: from blue/high to green to red/low.

4  Conclusion

A crystallographic study on a range of thienyl-containing [Rh(RCOCHCOC4H3S)(CO):]
compounds (1-3), exhibiting dinuclear units, with experimentally measured Rh---Rh distances
within each dinuclear unit, of 3.231 and 3.366 A (R = CF3), 3.190 A (R = C4H3S) and 3.250 A (R =
Ph), was used to identify infinite approximately linear arrays of rhodium centers. The
experimentally measured intermolecular Rh---Rh distances between the various dinuclear units are
3.622 and 3.412 A (R = CF3), 3.317 A (R = C4H3S) and 3.250 A (R = Ph). Further, a low
temperature  crystallographic study on a related non-thienyl-containing complex,
[Rh(CF3COCHCOPh)(CO)2] (4), as well as its comparison with the literature ambient study,
showed that the Rh---Rh metallophilic interactions of 3.529 A in (4) are virtually temperature
independent, and longer than observed for (1) - (3) or other related [Rh(B-diketonato)(CO):]
complexes. Intermolecular halogen interactions in (4), connecting neighbouring molecules via the
carbonyl moeity of (4) in a head-to-tail motif, futher stablize the linear arrays of rhodium centers in
(4). Quantum-chemical calculations provide an electronic description of the intermolecular
Rh---Rh interactions observed between the rhodium atoms in the dinuclear units of (1) - (4), by
means of overlap of the non-bonding HOMOs of mainly dz2 character in different molecules of (1) -

(4) with each other; to form bonding and non-bonding molecular orbitals in dinuclear units of (1) -
18



(4). NBO analyses indicate an LP(Rh1 dz2) to LP*(Rh2 p;) interaction between rhodium atoms
from different [Rh(RCOCHCOC4H3S)(CO)2] molecules within a dinuclear unit, while QTAIM
analyses indicate a bonding path between rhodium atoms of different molecules within a dinuclear

unit of (1) - (4).

Supporting Information

Crystallographic data has been deposited at the Cambridge Crystallographic Data Centre, with
numbers: 1524292 (1), 1524293 (2) and 1543936 (4). Copies can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44 (0)1223 336033 or
www.ccdc.cam.ac.uk/products/csd/request/]. Selected crystallographic, experimental and DFT data

and the optimized coordinates of the DFT calculations, are given in the Supporting Information.
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