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Synopsis

DFT calculations give electronic understanding okpeximental crystal packing of
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPBH)].

Highlights
Packing in pairs with weak intermolecular interanoti
AIM bonding paths indicating intermolecular bondpaths

NBO shows intermolecular donor-acceptor interaction

Abstract

[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] crystals stack in one dimensional linear chamshe
solid state, with slightly slippedestacking of the thienyl groups of one molecule dhd (3-
diketonato backbone of a neighbouring molecule. dbeerved stacking is possible due to the near
planar orientation of the two aromatic thienyl gseuand thep-diketonato backbone. The
experimentally observed stacking and close inteedar contacts are in agreement with
theoretical QTAIM calculated intermolecular bondthza and intermolecular hydrogen bonds
between neighbouring molecules. NBO calculatiansealed donor — acceptor NBO interactions
between the lone pair on rhodium of one molecutk @nthe empty antibonding orbital on C-H of
the nearest thienyl group of a neighbouring molecas well as with the (ii) the empty antibonding
orbital on two carbons of the nearest thienyl grauphodium on the neighbouring molecule.

1 Introduction

Thiophene is a heterocyclic compound, consisting pfanar five-membered ring with the formula
C4HsS. When deprotonated, thiophene is converted timothienyl group (¢HsS), which is

widely used as a building block in various chenscalhiophene containing chemicals has a wide
application in agrochemicals and pharmaceuticalen ehough these chemicals rarely occur in
plants and do not have a role in animal metaboligmWhen thiophenes are linked in the 2- and 5-
positions, they form sulphur containing heteroaycéipecies called oligiothiophenes. When
electrons are added or removed from the conjugatetbitals, these oligiothiophenes become

conductive. The oligiothiophene-metal complexes appealing to be investigated with regards to



the conductivity of materials, with the applicatias active layers in molecular electronics. The
bidentate groupp-diketone, is a practical end-capping unit to amdnansition metals, with the
thiophene as a terminus on tflediketone ligand. Synthesizing these oligiothiapdenetal
complexes serves as an important class of new ialatef which the properties can be adapted to

fine tune the coupling of the electronic propertéshe metal versus theconjugated system [2].

In this contribution we report the crystal struetwsf a thienyl containing rhodium(l) complex,
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPBR)]. This complex stacks in one dimensional linglaalins

in the solid state, with slightly slippedstacking of the thienyl groups of one molecule #me3-
diketonato backbone of a neighbouring molecule, Seheme 1 for the structure. The
experimentally observed intermolecular interactietween the thienyl groups, is further studied by
a density functional study to understand the imtéva between two molecules, as noted in the

observed experimental packing of the molecules.

2 Experimental

2.1 Synthesis

[Rh((C4H3S)COCHCO(GHsS))(CO)(PPR] was  synthesized from  1,3-di(2-thenoyl)-1,3-
propanedione [3] and Rh&tH,O as described in literature [4,5]. Characterizatuata for
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)]:

Yield: 0.0662 g, 52.7%. M.p. 180.0-184.5 °C. () = 1971. *H NMR (&/ppm, CDC}) 6.65
(1H, s, CH), 6.89 (1H, dd) = 5 Hz,3J = 4 Hz, ring B CH), 7.08 (1H, dd) = 4 Hz,*J = 1 Hz, ring
B CH), 7.11 (1H, dd®J = 5 Hz,3J = 4 Hz, ring A CH), 7.27 (1H, dd) = 5 Hz,"J = 1 Hz, ring B
CH), 7.41 (6H, m, CH), 7.45 (3H, m, CH), 7.52 (1d}, %) = 5 Hz,%J = 1 Hz, ring A CH), 7.73
(1H, dd,3J = 4 Hz,*J = 1 Hz, ring A CH), 7.74 (6H, m, CH). Elementahal. Calc. for
RhGoPH,,S,0s: C, 57.3; H, 3.5. Found: C, 57.0; H, 3.2%.

2.2 Crystal structure analysis

Data for [Rh((GHsS)COCHCO(GHsS))(CO)(PPB)] was collected at 150K on a Bruker D8
Venture kappa geometry diffractometer, with dus sources, a Photon 100 CMOS detector and
APEX 11 [6] control software, using Quazar multiyex optics, monochromated M¢s radiation,

by means of a combination gfandw scans. Data reduction was performed using SAIMT-and
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the intensities were corrected for absorption, giISSADABS [6]. The structure was solved by
intrinsic phasing, using SHELXTS, and refined bl-foatrix least squares, using both SHELXTL+
[7] and SHELXL-2017+ [7]. In the structure refinent, all hydrogen atoms were added in the
calculated positions and treated as riding on tomdo which they are attached. All non-hydrogen
atoms were refined with anisotropic displacemenameters; all isotropic displacement parameters
for hydrogen atoms were calculated as (Xe¥) df the atom to which they are attached, where X =
1.2 for all hydrogen atoms. Crystal data, datdectibn, structure solution and refinement details
are available in the CIF (CCDC deposit number 185).1

2.3 Theoretical approach

Density functional theory (DFT) calculations of ¢hstudy done with the Gaussian 09 program
package [8]. A selection of functionals were usedmely the GGA (Generalized Gradient
Approximation) functional PW91 [9] and LC-BLYP [1(,12,13] (long range corrected BLYP),
meta-GGA functional M06-D3 [14] (M0O6 with the Grin@mempirical dispersion correction D3
[15]) and the hybrid functionals B3LYP (Becke 1988d Lee-Yang-Parr) [16,17] and CAM-
B3LYP [18] (long range corrected version of B3LYRjth the tripleg basis set 6-311G(d,p) basis
for the lighter atoms (C, H, N, O, S, P), and th&NIL2DZ basis set (corresponding to the Los
Alamos Effective Core Potential plus D)9] for Rh. The 6-311G(d,p)/LANL2DZ basis set
proved to give reliable geometries and energiesrtiodium$-diketonato complexes [20,21,22].
The LC-BLYP optimised gas phase structures were tsdurther conduct a natural bond orbital
(NBO) analysis (using the NBO 3.1 module [23] inuGsian 09), as well as an electronic density
analysis (using Bader's quantum theory of atoms molecules (QTAIM) [24,25,26], as
implemented in ADF2017 [27,28,29]). The single ewllar unit
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPH)], as well as two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] units near to each other, were optimized. Tieui
coordinates for the latter were obtained from thestal data, also presented in this study. The
optimized coordinates of the DFT calculations ax/led in the Supporting Information.

2.4 Software

Mercury [30,31] was used to produEgure 1, Figure 2, Figure 6 andFigure 7. Chemcraft [32]
was used to produdégure 4. ADF GUI [29] were used to produ€ggure 5.



3 Results and discussion

3.1 Synthesis

The synthesis route for [Rh({8:S)COCHCO(GH3S))(CO)(PPb)] is shown Scheme 1. A DMF
solution of RhC.xH,O was heated with the formation of [M&Hs);] [Rh(COXCl,]™ [33]. 1,3-
di(2-thenoyl)-1,3-propanedione [3] was addeditu to the reaction mixture with the formation of
[Rh((C4H3S)COCHCO(GH3S))(COY].  [Rh((C4H3S)COCHCO(GHsS))(CO)] was isolated, air
dried and recrystallized from chloroform. [Rh{fGS)COCHCO(GH3S))(CO}] was dissolved in
chloroform, a solution of PRhn chloroformwas added, the reaction mixture stirred for until n
more CO gas was released with the precipitatiofRi{(C4HsS)COCHCO(GH3S))(CO)(PPB)].
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPR)] was isolated, air dried and recrystallized from

hexane.

o]
S
DMF -\
Step 1. RhCl;.xH,0 ——> c':Rh<C° R —
cl co
chloroform
Step 2. + PPh, _

Scheme 1. Synthesis of [Rh(¢E1;S)COCHCO(C4H3S))(CO)(PPhy)].

3.2 X-ray structure

A molecular diagram of [Rh((E13S)COCHCO(GH3S))(CO)(PPB)] is presented irFigure 1,
while crystal data and structure refinement arersansed inTable 1 Table 2 compares selected
geometrical data of the crystals from this studyhwielated [Rh(RCOCHCOR))(CO)(PPh)]
complexes, (RCOCHCOR)™ = B-diketonato ligand with side groups' Rnd R [34]. Additional

crystallographic data are provided in the supplegargrninformation.

Due to a rotational disorder, the thienyl ringswcin two orientations in the structure. The major
orientation observed is with both S-atoms itissorientation relative to the closest O-atoms, that
Slcisto O1 and Szisto O2. The refined ratios for the site occupanaies0.802 for S1:C3A and
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0.931 for S2:C9A. The data for major conformer wesed in the structural analysis. The
orientation of the two aromatic thienyl groups orhe t[3-diketonato backbone of
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] deviates very slightly from the plane througle
diketonato backbone. The planes containing tlemyhgroups deviate by 4.7(2ahd 3.5(2)° from
plane that includes only tH&diketonato moiety. The bond lengths and anglethefbonds and
angles round rhodium, as well as the C-C bonds lé [B-diketonato backbone of
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] are very similar to the average lengths in esat
[Rh(R'*COCHCOR))(CO)(PPHh)] structures Table 2). The C1-C6 and C6-C7 bonds, the C1-O1
and C7-02 bonds, as well as the Rh-O1 and Rh-O2 ddhonin each
[Rh(R'COCHCOR))(CO)(PPh)] molecule, are generally very similar, leading donjugation
through the pseudo aromafiediketonato backbone. This conjugation allowsdood electronic

communication between thé Bnd R groups and rhodium.

Figure 1: A  perspective drawing of the molecular  structureof
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] showing the atom numbering scheme. Both thienyl
groups displayed orientational disorder in the fpmsiof the sulfur-atoms of thienyl-ring (80 and
90%), the major conformation is shown. Atomic taspment parameters (ADPs) are shown at the
50 % probability level.



Table 1: Crystal data and structure refinement of [RHKES)COCHCO(GHsS))(CO)(PPB)].

Empirical formula C30 H22 O3 P Rh S2
Formula weight 628.47

Temperature 150(2) K
Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=8.9164(5) A

b = 10.0741(6) A
c =14.9025(9) A
a= 83.584(3)°.
b= 83.702(3)°.
g = 86.035(3)°.

Volume 1320.01(13) A

Z 2

Density (calculated) 1.581 Mgfm

Absorption coefficient 0.897 mm

F(000) 636

Crystal size 0.240 x 0.160 x 0.100 thm
Theta range for data collection 2.302 to 25.345°.

Index ranges -10<=h<=10, -12<=k<=12, -17<=I<=17
Reflections collected 23014

Independent reflections 4832 [R(int) = 0.0540]
Completeness to theta = 25.242° 99.9%

Refinement method Full-matrix least-squares on F
Data / restraints / parameters 4832 /0/ 348
Goodness-of-fit on ¥ 1.089

Final R indices [I>2sigma(l)] R1 =0.0327, wR2 9077

R indices (all data) R1 =0.0396, wR2 = 0.0808
Extinction coefficient n/a

Largest diff. peak and hole 0.827 and -0.331%.A




Table 2: Selected geometrical data (bond lengths in Alzontl angles in degrees) of [RHEDCHCOR))(CO)(PPh)] complexes. Atom numbering
according tdrigure 1.

R' (trans R® (trans Rh-O2as Rh-Oly CSD
PPh) CO) Rh-P Rh-Go PPh: PPh: C1-01 C1-C6 C6-C7 C7-02 P-Rh& O1-Rh-O2 Refcode
CH; CH; 2.243 1.801 2.086 2.029 1.273 1.397 1.381 1.274 7987 87.92 ACRHCP
CH; CH; 2.242 1.807 2.075 2.033 1.275 1.396 1.394 1.273 .1837 88.02 ACRHCPO0O1
CK; CH(CHs), 2.239 1.781 2.057 2.088 1.285 1.361 1.408 1.271 .2587 87.54 CAPSER
CK; '‘Bu 2.237 1.765 2.062 2.071 1.257 1.383 1.412 1.267 91.25 88.12 DUWHIM
CK Et 2.252 1.796 2.047 2.094 1.257 1.380 1.413 1.291 88.12 87.57 FODJEN
Ph (CH),Et  2.254 1.791 2.033 2.076 1.275 1.396 1.394 1.283 92.05 88.87 KEXCEX
Ck Fc 2.232 1.801 2.070 2.048 1.266 1.412 1.368 1.264 92.71 88.63 KUNBIE
Et Ph 2.238 1.796 2.061 2.032 1.289 1.382 1.390 631.2 88.15 89.39 OJEWOQ
Ph Et 2.239 1.788 2.032 2.068 1.285 1.375 1.380 821.2 87.45 87.84 OJEWOQ
Ph Ph 2.236 1.813 2.081 2.037 1.263 1.388 1.378 741.2 91.13 88.51 ROGVEO
Ph Ph 2.245 1.794 2.072 2.039 1.298 1.374 1419 7412 91.82 89.10 ROGVEO
Th Ckr 2.245 1.781 2.052 2.085 1.261 1.432 1.345 1.288 .087 87.56 TFAPRH
Ph CHEt 2.241 1.794 2.064 2.062 1.277 1.399 1.393 1.280 92.45 87.96 YIHWUJ
CH; Ph 2.249 1.739 2.078 2.032 1.270 1.427 1.281 1.287 88.92 88.13 ZAWQAP
Ph CH 2.248 1.768 2.019 2.057 1.339 1.397 1.274 1.249 .9536 86.13 ZAWQAP
Th Th 2.2393(7) 1.802(3) 2.0798(18) 2.0355(19) 9(3B 1.386(4) 1.399(4) 1.278(3) 91.24(9)  89.11(7) his study

ave 2.242 1.789 2.061 2.055 1.279 1.393 1.377 1.275 4739. 88.149

max 2.254 1.813 2.086 2.094 1.339 1.432 1.419 1.291 7192, 89.388

min 2.232 1.739 2.019 2.029 1.257 1.361 1.274 1.249 9536. 86.126




The near planar orientation of the two aromatiertlgl groups and th@-diketonato backbone leads
to stacking of [Rh((¢gH3S)COCHCO(GH3S))(CO)(PPB)] in one dimensional linear chains in the
solid state, with slightly slipped-stacking of the thienyl groups and tBediketonato backbone
(Figure 2. (a)). The centroi-diketonato)-centroid(thienyl) distances are 3.2%3Q for the
thienyl ring including S1, and 4.797(2) A for tHdenyl ring that includes S2. Ea@hdiketonato
moiety is involved in two different-Tt interactions, the most dominating one clearly geuith the
thienyl ring that includes S1 where the inter-ceiotidistance is shorter at 3.753(2) A. However, the
secondary but weakearTt interaction, with the thienyl ring that include&,Salso contributes to
directing the packing as mainly a one-dimensiomalirt. The orientation of the phenyl rings leads
to intermolecular hydrogen bonding interactiong FHgure 2 (b).

(a)

Figure 2: Packing of [Rh((GH3S)COCHCO(GH3S))(CO)(PPB] with (a) selected et

interactions and (b) intermolecular interactionsveh.



3.3 Computational chemistry

3.3.1 Single [Rh((GH3S)COCHCO(GH3S))(CO)(PPK)] molecule.

The single [Rh((GH3S)COCHCO(GH3S))(CO)(PPB)] molecule was optimized with a selection of
functionals (B3LYP, PW91, M06-D3, LC-BLYP and CAM3BYP). GGA, meta-GGA and hybrid
functionals were used, some long range or dispersiorected, in order to find the best functional
to reproduce the experimentally observed structuiidse bond lengths and bond angles around the
rhodium centre, a key indicator of the structureoiganometallic complexes, are summarized in
Table 3 Compared to the experimental crystal, all ofgbkected functionals managed to produce
a good geometry of the single molecule. The catedl bond lengths around the rhodium centre
deviated with maximum 0.07 A from the experimeristal and the bond angles deviated with
maximum 3.5°. The slight overestimation of DFT ccddited metal-ligand bond lengths was
expected, as this is generally observed for gaseplealculations [35], and thus considered as
insignificant. This is also in agreement with poesly studied related rhodiufidiketonato
complexes, where the gas phase optimisationsvel#ti the experimental crystal data resulted in
slightly overestimated rhodium-ligand bond lendgi8&,37,38]. Based on these results a functional

could not be singled out for best performance.

Table 3: DFT calculated and experimental bond lengths #Adi bond angles (°) around the
rhodium centre of a single [Rh({8:S)COCHCO(GHsS))(CO)(PPB)] molecule, obtained by a

variety of functionals. Atom numbering is accoglio Figure 1.

Functional Distance / A Angles/°

Rh1-O1 Rh1-02 Rh1-C12 Rh1-P1 P1-Rh1-O1 01-Rh1-022-R61-C12 C12-Rh1-P1
B3LYP 2.097 2.099 1.844 2.313 88.8 87.9 89.8 935
PW91 2.087 2.091 1.829 2.281 87.6 89.0 90.6 92.7
MO06-D3 2.086 2.111 1.843 2.288 86.3 87.8 92.3 93.6
LC-BLYP 2.054 2.063 1.842 2.277 87.1 87.4 91.3 94.3
CAM-B3LYP  2.064 2.084 1.845 2.288 85.5 87.5 92.2 .894
Crystal 2.036 2.080 1.802 2.239 88.1 89.1 91.9 91.2

3.3.2 Two [Rh((CGHsS)COCHCO(GHsS))(CO)(PPB)] molecules

To further test the performance of the selectedtfanals (B3LYP, PW91, M06-D3, LC-BLYP and
CAM-B3LYP), with respect to intermolecular geome#li parameters, two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] molecules stacked together was optimized. The

coordinates of two molecules that were involvedhie@ more significantestacking, was selected
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from the experimental crystal data and optimizethwhe selection of functionals. As an indication
of the lateral shift between the two molecules (Sgere 3), the distance between the C6 carbon of
the one molecule and the S1' sulphur of the otl@ecnle was measured and summarizetiable

4. Functionals with dispersion (M06-D3) or long gancorrections (LC-BLYP and CAM-B3LYP)
performed much better in reproducing the experiadelateral shift between the two molecules.
The LC-BLYP functional performed best with a sliglaviation of 0.10 A from the experimental
crystal data. This functional was therefore usmdttie Natural Bond Orbitals (NBO) calculations

and Bader’s quantum theory of atoms in moleculeBAI®) analysis.

Table 4: DFT calculated and experimental intermolecularstatice (A) of two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] molecules, obtained by a variety of functionals.

Functional Distance C6-S1'/ A
B3LYP 6.171
PW91 4,153
M06-D3 3.719
LC-BLYP 3.771
CAM-B3LYP 3.662
Crystal 3.875

Figure 3: Visualisation of the lateral shift between two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB] molecules. The dotted lines indicated the

intermolecular distance (A) between the molecudsssummarized ifable 4.

3.3.3 NBO

Natural Bond Orbitals (NBO) calculations is presehthere to describe the intermolecular
interactions between two [Rh({8;S)COCHCO(GH3S))(CO)(PPK)] molecules that result in the
experimentally observed packing of the moleculethénsolid state, as shownhkigure 2. A donor
acceptor interaction LP(RR)» BD*(C-H), between the lone pair (LP = 1-centre #mnded lone
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pair) on rhodium and the empty antibonding orb{BID=2-centre bond) on C-H of the nearest
thienyl group with second order perturbation theiatgraction energy of 0.251 kJ/mol is obtained.
This interaction involves the donation of electiaensity donation from the electron lone-pair on
rhodium ofd,. character, to an empty antibonding orbital on CIte interaction between the two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] molecules is further strengthened by a donoeptar
interaction LP(Rh)— BD*(C-C) of 0.335 kJ/mol. BD*(C-C) is an empty tdoonding orbital on
two carbons of the nearest thienyl group to rhodiuPoe to the symmetry, two LP(Rk} BD*(C-

H) and two LP(Rh)}— BD*(C-C) interactions mutually strengthen the migion between two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] molecules near to each other, $eégure 4. An NBO
analysis on the coordinates of the experimental fRio((C,HsS)COCHCO(GH3S))(CO)(PPB)]
molecules gave a slightly lower second order pbdition theory interaction energy of 0.209 kJ/mol
for the latter donor acceptor LP(RR} BD*(C-C) interaction, while the energy of the LR~
BD*(C-H) donor acceptor is less than 0.1 kJ/mol.eTWweaker interactions obtained in the
experimental system is due to the fact that inetkgerimental system the two molecules are ca 0.1
A further apart than in the DFT optimized systesgEable 5 for the intermolecular distances.

LP(Rh1) -> BD*(C99-H100) LP(Rh1) -> BD*(C99-C111)
plus plus
LP(Rh60) -> BD*(C40-H41) LP(Rh60) -> BD*(C40-C52)

Figure 4: Top: The three types of NBOs involved in interewmllar interactions. Bottom:
Visualisation of the two types of donor — acceN&O interactions between two molecular units of
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)]. A contour of 0.03 e/Awas used for the NBO plots.
Colour code of atoms (online version): Rh (dar&eyy), P (orange), S (yellow), C (black), O (red)
and H (white). Atom numbering is according to Fey&1.

These donor — acceptor NBO interactions between twaolecular units of
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] give an understanding how intermolecular NBO
12



overlap strengthen the interaction between two (B#{zS)COCHCO(GH3S))(CO)(PPH)]

molecules, leading to the experimental packingiabthfor this complex.

Table 5: NBO second order interaction energies, E(2), @aldulated NBO occupations, for the
indicated donor-acceptor interactions between two oleoular units of
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)].

E(2) / kJ-mot
DFT optimized Experimental

structure structure

LP(Rhd,2) — BD*(CH) ienyi 0.251 <0.1

LP(Rhd,2) — BD*(CC) tienyi 0.335 0.209

Occupancy

LP(Rh)/ & 1.983 1.982

BD*(CH) thienyi/ € 0.016 0.013

BD*(CC) thieny/ € 0.281 0.293

Intermolecular distance

Rh — Get-thienyl 3.553 3.686

Rh — Gecthienyl 4.038 4.121
3.3.4 QTAIM

The intermolecular interactions between two [RBHES)COCHCO(GHsS))(CO)(PPB)]
molecules were also analyzed with Bader’'s quantbeory of atoms in molecules (QTAIM),
locating and characterizing the electronic denattypond critical points (BCPs) between the two
units. The values of the charge densify) distribution and the corresponding Laplaciam(r) at

the bond critical point (BCP) allow the charactatian of the chemical bonds between atoms in the
molecules [39]. The formation of intermoleculardhygen bonds is associated with a bond critical
point between the hydrogen atom as donor atomtanddceptor atoneg. C or O), with the donor

atom (H) linked by the concomitant bond path todbeeptor atom [40].

Ten (for DFT optimized model, eight for experiménteodel) intermolecular bond critical points,
forming intermolecular bond paths, were obtained twben two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] molecules in the DFT optimized and experimental
model respectively, séagure 5 for an illustration of the bond paths afdble 6 for a summary of
the topological parameters related to the intermwér bond paths. Due to symmetry half of the

intermolecular bond paths are similar to the ottadf of intermolecular bond paths:

(i) Two bond paths are intermolecular hydrogen lsdpetween a phenyl atom and a thienyl atom of

the neighbouring molecule ségure 6 (andvice versa). In the DFT optimized model, both bond
13



paths between a phenyl carbon and a thienyl hydraxjethe neighbouring molecule. In the
experimental model, one bond path is between aybtearbon and a thienyl hydrogen of the
neighbouring molecule and the other between a pheydrogen and a thienyl hydrogen of the
neighbouring molecule. The electron densipy at the bond critical points of the identified
intermolecular hydrogen bonds of 0.003 — 0.005,2 (@able 6 ) falls in the range of values
reported for different types of hydrogen bonds, elgn®.002-0.035 e & [40]. The value at the
bond critical point of the DFT optimized model aktidentified intermolecular hydrogen bonds of
ca 0.018 for the Laplacian of the electron den§ilSp(r)) falls in the range of values reported,
0.016-0.139 e & [40], while that of the experimental model namel911 e " is slightly below

the reported values.

(i) Three (for DFT optimized model, two for expmental model) intermolecular bond paths are
between an atom of the thienyl group of one mokeanid an atom on tlediketonato backbone of
a neighbouring molecule, ségure 7, with three (for DFT optimized model, two for expeental
model) similar bond paths from the three atom @tkiketonato backbone of the first molecule to
atoms on the thienyl group of the second moleculBor the DFT optimized model the
intermolecular bond paths are between a sulphar@arbon on the thienyl group of one molecule
and a carbon on thg-diketonato backbone of a neighbouring molecule,Bgure 7 (a). For the
experimental model two intermolecular bond pathstebetween a carbon on the thienyl group of
one molecule and a carbon on fdiketonato backbone of a neighbouring molecule Fsgure 7

(b), with two similar bond paths from two carbons the (3-diketonato backbone of the first
molecule to two carbons on the thienyl group of seeond molecule. The values of fhend
O%p(r) at the bond critical points of these intermolec bond paths are similar to the values
obtained for the intermolecular hydrogen bonds #rel reported ranges for different types of
hydrogen bonds [40].

These identified QTAIM intermolecular bond pathsplain how the interaction between two
molecular units of [Rh((§H3S)COCHCO(GH3S))(CO)(PPH)] is strengthen, leading to the
experimental packing obtained for this complex.
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Figure 5: QTAIM determined inter-molecular bond-paths (BRY bond critical points (CP in red)
between two [Rh((¢H3S)COCHCO(GH3S))(CO)(PPB)] units in (a) the DFT optimized model and
(b) the experimental system. Ring critical poiats shown in green. The colour of the bond-paths
changes according to electron density from blugh(lkiensity) to green to red (low density).

Figure 6: lllustration of the four inter-molecular QTAIM hd-paths (BP) between two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPHB)] units involving a phenyl carbon on one molecarel a
thienyl hydrogen on the other molecule in (a) tHeTDoptimized model and (b) the experimental

o

system.
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Figure 7: lllustration of selected inter-molecular QTAIM rtb-paths (BP) between a thienyl group
and thep-diketonato backbone of two [Rh({dsS)COCHCO(GH3S))(CO)(PPB)] units in (a) the

DFT optimized model and (b) the experimental system

Table 6: Topological parameters of the QTAIM calculatetermolecular bonds between two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] units. The numbers of the critical points (C&te
shown in Figure 5.

Atoms involved inter-atomic distance EP length / plea® O%p/ea”®
DFT optimized structure
Hydrogen bonds between a phenyl carbon and a thigdyogen.
CP# 151 C115(Ph)-H11(Th) 2.820 2.846 0.0054 @017
CP # 152 C105(Ph)-H9(Th) 2.843 3.004 0.0055 0.0183
CP# 201 H70(Th)-C56(Ph) 2.820 2.845 0.0054 0.0170
CP # 202 H68(Th)-C46(Ph) 2.843 3.007 0.0055 0.0183
BP between a thienyl group and feliketonato backbone
CP # 155 C8(Th)-C81(beta) 3.359 3.797 0.0056 @017
CP # 159 C52(Th)-C82(beta) 3.407 3.936 0.0057 8801
CP# 170 C67(Th)-C22(beta) 3.360 3.802 0.0055 T®01
CP# 184 C86(metine beta)-S4 3.772 3.785 0.0043 0138
CP # 186 S63-C27(methine beta) 3.771 3.784 0.0043 0.0138
CP# 190 C111(Th)-C23(beta) 3.406 3.925 0.0057 1880
Experimental structure
Hydrogen bonds between a phenyl carbon and a thigmyogen.
CP # 169 C115(Ph)-H11(Th) 3.107 3.145 0.0032 ®010
CP # 155 H106(Ph)-H9(Th) 2.725 2.990 0.0026 0.0101
CP# 119 H70(Th)-C56(Ph) 3.107 3.145 0.0032 0.0108
CP # 203 H68(Th)-H47(Ph) 2.725 2.990 0.0026 0.0101
BP between a thienyl group and fheliketonato backbone
CP # 132 C8(Th)-C81(beta) 3.373 3.672 0.0055 @016
CP# 130 C40(Th)-C82(beta) 3.425 3.936 0.0054 TRO1
CP# 193 C67(Th)-C22(beta) 3.373 3.672 0.0055 601
CP # 220 C99(Th)-C23(beta) 3.425 3.936 0.0054 TR01

4  Conclusion

The orientation of the two aromatic thienyl groups the [-diketonato backbone of
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] deviates very slightly from the plane througle fb
diketonato backbone. The near planar orientatioth® two aromatic thienyl groups and te
diketonato backbone leads to stacking of [RR{S)COCHCO(GHsS))(CO)(PPB)] in one
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dimensional linear chains in the solid state, vaiiightly slippedrestacking of the thienyl groups
and the-diketonato backbone. Eadkdiketonato moiety is involved in two differemtrt
interactions, the most dominating one with thertiging that includes S1 (inter-centroid distance
3.753(2) A), the secondary weakmurt interaction with the thienyl ring that includes @ater-
centroid distance 4.797(2) A). Theoretical QTAlMlaulations showed that weak intermolecular
bond paths exist between a sulphur or a carbomehienyl group of one molecule and a carbon
on theB-diketonato backbone of a neighbouring moleculel @rat the observed packing of the
molecules are further strengthened by intermoledwdrogen bonds between a phenyl carbon and
a thienyl hydrogen of the neighbouring moleculdie Brientation of the thienyl groups make donor
— acceptor NBO interactions the lone pair on rhodand the empty antibonding orbital on C-H of
the nearest thienyl group possible. The interactiobetween the two
[Rh((C4H3S)COCHCO(GH3S))(CO)(PPB)] molecules is further strengthened by a secombde
acceptor NBO interaction between the rhodium loaie @nd an empty antibonding orbital on two

carbons of the nearest thienyl group to rhodium.
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Crystallographic data has been deposited at theb@dge Crystallographic Data Centre with
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Selected crystallographic data and optimized coattds of the DFT calculations are given in the
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Highlights
Packing in pairs with weak intermolecular interaction
AIM bonding paths indicating intermolecular bonding paths

NBO shows intermolecular donor-acceptor interaction



