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The impact and the role of non-covalent interactions and reaction conditions on formation and self-

assembly of ionic pairs of Rh complexes with 4,4’-disubstituted bipyridine ligands bipyridine have

been investigated.
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ABSTRACT

The impact of non-covalent interactions and reaction conditions on formation and self-assembly
of ionic pairs of Rh complexes with 4,4’-disubstituted bipyridine ligands
([RR(LI)(CO)][R(CO);CLr])n D), [Rh(L1);CL][Rh(CO),CL] 2,
([RR(LI)(CO)2][Rh(CO),CL][RH(LI)(CO)]n([Rh(CO)2(Cl)2])n) 3, ([R(L2)CO,]
[Rh(CO),CL]),-EtOH (4), ([Rh(L2)(CO);])n ([Rh(CO),CL])n (5) (L1 = 4,4’-dimethyl-2,2’-
bipyridine, L2 = 4,4’-diamine-2,2’-bipyridine) have been studied. Packing of square planar Rh
complexes favor formation of one-dimensional chains. In structure 1, the polymeric chain is
formed by the alternating cationic [Rh(L1)(CO),]" and the anionic [Rh(CO),Cl,] units leading to

a neutral pseudo linear 1D chain with metallophilic contacts. In compound 2, the square planar



[Rh(CO),Cl,] anions form only dinuclear anion pairs instead of polymeric chains. Structure 3
consists of an alternative arrangement of cations and anions compared to 1, the repeating sequence
of ions being [Rh(L1)(CO),]*[Rh(CO),CL]- [Rh(L1)(CO),]*. The overall positive charge is
balanced by outlying [Rh(CO),Cl,]- counterion. In structures 4 and 5, only the cationic
[Rh(L2)(CO),]" units are involved in formation of the polymeric chains and the positive charge of
the chain is balanced by the [Rh(CO),Cl,]- (4 and 5). In structures 1 and 3 the metallophilic
interactions have an important role in chain formation. In 4 and 5, the arrangement of the square
planar building blocks is dominated by the hydrogen bonding between the NH,-substituents of the

bipyridine ligand and the chlorides of the anion or solvent of crystallization.

INTRODUCTION

Supramolecular self-assembly [1][2] is defined as a process where molecular entities are
aggregated via reversible [3] non-covalent interactions [4] [5] such as n-stacking [6], electrostatic
interactions [ 7], halogen bonding [8], hydrogen [9] bonding and metallophilic interactions [10,11].
Hydrogen bonding is classified as a directional and notable non-covalent interaction in strength
[12] and has been widely utilized in crystal engineering [13]. Preparation of organic non-covalent
polymers from diamidopyridines and uracil derivatives is an early example of systematic
utilization of hydrogen bonding in self-assembly of molecules [10],[14]. Similar strategy by
modulating the secondary coordination sphere [15] via hydrogen bonding has been implemented
to self-assembly of discrete metal complexes to form from one-dimensional metallopolymers [9],
[16][17][18][19] to metal-organic frameworks [20][21],[22]. Due to reversibility and the

dynamic nature of the hydrogen bond interactions between monomers these polymeric compounds



express the variety of properties [23]. Closely related halogen bonds have also been used to link
metal complexes into extended polymeric structures [24], [25]. It has been shown that halogen
bonds can also be used to fine-tune the properties of metal complexes [26]. In the case of square
planar metal complexes, metallophilic interactions or metal-n-interactions provide alternative non-
covalent tools that can be utilized in building extended structures, especially linear chain
compounds [10,11]. It is established that square-planar monomeric units will self-assemble via
d,?-orbital overlap of d® metal centers whereas in d'° metal ions interactions occur via d,*,[27,
28]. Magnus green salts and Krogman salts are classic examples of metallophilic Pt and Pd chain
structures [29], [30]. However, metallophilicity is known to occur in a range of metal compounds
including iridium and rhodium chains, known as iridium and rhodium blues.[31] Metallophilic
contacts have been used for example, to generate semiconductive crystalline materials [30].
Similar chain-like structures have also been obtained with square planar rhodium complexes
[10,11]. In these systems intermetallic contacts have an impact on the photophysical properties of

the polymeric chains.

Derivatives of 2,2’-bipyridine are commonly used as chelating ligands in coordination chemistry.
These types of ligands are able to form strongly coordinated and nearly planar groups, which
makes them useful especially for building extended stacks of square planar metal complexes
[10,11], [32][33]. By decorating the polypyridine ligand with suitable substituents, such ligand
can be used for changing the electronic properties of the metal complex as well as supporting
secondary non-covalent contacts in the supramolecular assemblies for example via m-interactions
or via hydrogen bonds. Complexes with disubstituted-2,2’-bipyridine ligands containing hydrogen
bond donor/acceptor substituents such as hydroxyl [34][35] amino [36] dicarboxylic acid [37],

hydroxymethyl [38], hydroxyl [39], and pyrrole [40] groups 4,4’-disubstituted ligands, metal



complexes have been used to assemble extended hydrogen bonding networks with co-crystallants

[34][35][41] or solvent of crystallization [42].

In the current paper we have investigated the impact of metallophilic interactions, hydrogen bonds,
metal-m-interactions and Coulombic interactions as well as the influence of reaction conditions in

formation of supramolecular assemblies of square planar pairs of cationic and anionic Rh-

complexes [Rh(L1)(CO),J/[Rh(CO),Cl,] and [Rh(L2)(CO),}/[Rh (CO),CL] (Scheme 1).
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Scheme 1. Schematic presentation of the substituted bipyridine ligands 4,4’-dimethyl-2,2’-

bipyridine (L1) and 4,4’-diamino-2,2’-bipyridine (L2).

EXPERIMENTAL SECTION



All reagents were used as received. Ethanol solvent (95%) was purchased from Altia Oy, 4,4°-
dimethyl-2,2’-bipyridine (99%) from Sigma-Aldrich, and 4,4’-diamino-2,2’-bipyridine (>97%)
from Carbosynth. The rhodium reagent was obtained from Alfa Aesar and its Rh content was 38
— 41 %. The reduction gas carbon monoxide (100%) was obtained from AGA. All reductive
carbonylation syntheses were performed in 100 mL Berghof autoclaves equipped with PTFE liner.
IR-spectrum were recorded with the Bruker Alpha spectrometer with the ATR platinum diamond

compartment. Elemental analyses were carried out with Elementar Vario EL III analyzer.

Crystal structure determination

The crystals of 1 — 5 were immersed in cryo-oil, mounted in a MiTeGen loop and measured at
100-200 K. The X-ray diffraction data were collected on a Rigaku Oxford Diffraction Supernova
diffractometer using Mo Ko radiation (A =0.70173 A, compounds 1 and 2) or Cu Ka (A = 1.54184
A, compounds 3-5). The CrysAlisPro [43] program package was used for cell refinements and data
reductions. The structures were solved by charge flipping (SUPERFLIP) [44] or intrinsic phasing
method (SHELXT) [45]. An analytical, gaussian or multi-scan absorption corrections
(CrysAlisPro [43]) were applied to all data. Structural refinements were carried out using SHELXL
[45] with the Olex2 [46] and SHELXLE [47] graphical user interfaces. The ethanol of
crystallization in 5 was disordered resulting in high anisotropic displacement parameters.
However, no disorder model was applied to the solvent molecules during the final refinement. In
5 the NH, hydrogen atoms were located from the difference Fourier map and refined isotropically.
The OH hydrogen atoms in 4 were located from the difference Fourier map but constrained to ride

on their parent oxygen with Uiy, = 1.5-Ugq (parent atom). Other hydrogen atoms were positioned



geometrically and constrained to ride on their parent atoms, with C-H = 0.95-0.98 A, N-H = 0.88

A, and Uy, = 1.2-1.5-U,, (parent atom). The crystallographic details are summarized in Table 1.

Table 1. Crystal Data.

1 2 3 4 5

empirical formula C16H12C12N204Rh C26H24C14N402 Rh2 C16H12C12N204Rh2 C14H10C12N404Rh2 C32H32C14N8010Rh4

2
573.00

fw 772.11 573.00 574.98 1242.09
temp (K) 120(2) 120(2) 200(2) 100(2) 120(2)
AA) 0.71073 0.71073 1.54184 1.54184 1.54184
cryst syst Triclinic Triclinic Monoclinic Monoclinic Triclinic
space group P-1 P-1 C2/c P2,/c P-1

a(A) 6.73607(15) 7.8652(2) 10.2239(5) 6.65090(11) 6.7517(5)
b(A) 6.1636(3) 12.1823(3) 17.6662(11) 23.3367(4) 15.8847(9)
c(A) 17.6273(3) 16.4622(5) 42.6639(17) 12.01598(18) 20.7118(9)
a(®) 97.2875(14) 100.175(2) 90 90 72.782(5)
A°) 94.0227(16) 102.055(3) 92.484(5) 99.3009(15) 85.895(5)
A©°) 97.4129(17) 105.096(3) 90 90 78.957(6)
v (A3) 1880.51(6) 1444.04(8) 7698.6(7) 1840.48(5) 2082.2(2)
4 4 2 16 4 2

Peale Mg/m?) 2.024 1.776 1.977 2.075 1.981
HU(K ) (mm) 2.063 1.544 16.645 17.442 15.511
No. reflns. 67614 23622 12999 21392 13765
Unique reflns. 19097 7466 7771 3883 8392
GOOF (F?) 1.073 1.032 1.027 1.062 1.041

Rint 0.0530 0.0427 0.0554 0.0239 0.0659
R13 (1> 20) 0.0364 0.0351 0.0638 0.0205 0.0694
wR2b (I > 20) 0.0792 0.0671 0.1608 0.0493 0.1815

“RI=X||F| - |FJ/ZIF,|. * wR2 = [E[W(Fs* = F2)?)/ Z[w(F)]])"2.



Syntheses

Compounds 1 and 2

A mixture of RhCl;-xH,0 (50 mg, 0.2 mmol), 4,4’-dimethyl-2,2’-bipyridine (L1) (20 mg, 0.1
mmol) and 2 mL of ethanol were placed into a Berghof autoclave with PTFE liner. Mixture was
stirred for 15 min and then of 2 mL of ethanol was added. The autoclave was pressurized with CO
gas to 50 bar and heated at 125 °C for 72 h. After reaction, the autoclave was ramped down with
two steps. The first temperature was decreased 10 °C/ h for 7h. Then starting from 55°C cooling
rate was increased to 15°C/ h until room temperature was reached. The orange, crystalline product
of [Rh(L1)(CO);] [Rh(CO),CL] (1) (17 mg, 24 %) was filtered off and dried in the air overnight.
X-Ray quality crystalline material was collected directly from the reaction solution after cooling
and no separate crystallization steps were used. Despite drying, the bulk material contained some
moisture, which was confirmed by IR-spectroscopy. Elemental analysis for [Rh(L1)(CO);]
[Rh(CO),Cl;] -H,O (1): calculated C: 32.52 %, H: 2.39 % and N: 4.74 % found C: 32.22 % H:
2.13 % and N: 4.56 %. IR v(ATR)/cm-1: 1966 and 1987 (v(CO), the anionic unit), 2021 and 2067
(v(CO), the cationic unit). In addition to 1, few yellow crystals of [Rh(L1),Cl;][Rh(CO),Cl,] were

obtained as a side product (2).

Compound 3

Modification of reaction time and vessel cooldown yielded a few dark orange-red crystals of
[Rh(L1)(CO),][Rh(CO),Cl,]-EtOH (3). This crystalline material was obtained in 3d reaction and
upon cooling reaction vessel first in powered off heating system for 2h and then in ice bath for

additional 2h. X-Ray quality crystalline material was collected directly from the reaction solution



after cooling and no separate crystallization steps were used. Even with fast cooling the compound
1 was the dominating product and compound 3 was obtained only as a minor product. No further

analysis of 3 could be carried out due to the low yield of 3.

Compounds 4 and 5

Synthesis was performed following similar procedure as in the case of 1 with slight modifications.
The amounts of 0.2 mmol (50 mg) of RhCl;-xH,0 and 0.1 mmol (21 mg) of 4,4’-diamino-2,2’-
bipyridine (L2) was stirred in 2 mL of ethanol for 15 min. Then 2 mL of ethanol was added into
the mixture. The autoclave was pressurized with CO gas to 50 bar and heated at 125 °C for 20 h.
Again, the reaction vessel was allowed to cool down in two steps (from 125°C to 65°C with the
cooling rate of 10 °C/ h and from 65°C to room temperature with cooling rate of 15 °C/h). The
yellow crystals (11 mg, 75 %) with metallic luster were filtered off and dried in the air overnight.
Single-crystal X-Ray diffraction showed that the crystals of 5 contained ethanol of crystallization.
However, the bulk samples used for elemental analysis contained only some moisture matching
with [Rh(L2)(CO),] [Rh(CO),Cl,] ‘H,0. Presence of moisture was confirmed by IR-spectroscopy.
Calculated: C: 28.36 %, H: 2.04 % and N: 9.45 % found C: 28.64 %, H: 1.99 %, and N: 9.76 %.
IR v (ATR)/cm-1: 2016 and 2017 (v(CO), the cationic unit), 1983 (v(CO), the anionic unit). When
the reaction mixture was cooled down in a similar way as in the case of 2, few orange crystals of
solvent free [Rh(L2)(CO),][Rh(CO),Cl,] (4) were obtained. The crystalline product 5 was found
to be unstable compared to compound 4 without solvent of crystallization at the ambient conditions
due to the slow loss of solvent of crystallization. Again, X-Ray quality crystalline material was
collected directly from the reaction solution after cooling and no separate crystallization steps were

used.



RESULTS AND DISCUSSION

All syntheses were performed as a one-pot reductive carbonylation of RhCl; in the presence of the
bipyridine ligands in ethanol. With 4,4’-dimethyl-2,2’-bipyridine (L1) linear arrangement of the

reduced alternating cationic and anionic square planar Rh-units was preferred (Figure 1).
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Figure 1. The two crystallographically independent cation-anion chains, A and B, in 1.

The crystal structure of 1 contained two independent cation-anion chains (A and B in Fig. 1) with
metallophilic contacts between the Rh-atoms. The Rh---Rh distances varied between 3.3581(2) A

and 3.4172(2) A. Both chains were nearly linear with Rh---Rh---Rh angles of 169.977(7)° A and



166.031(8)° respectively (Fig. 1). The structures resemble closely the previously reported cation-
anion chains of [Rh(bpy)(CO),][Rh(CO),Cl;] [11], indicating that the methyl substituents on 4,4’-
positions on the bipyridine ligands did not have significant impact on stacking cationic and anionic
units. However, the shortest intermetallic distance of 3.3174(5) A, found in
[Rh(bpy)(CO),][Rh(CO),Cl,], is somewhat shorter than the corresponding distance in 1. Just like
the [Rh(bpy)(CO),][Rh(CO),Cl;] crystals, also the crystals of 1 had metallic luster indicating the
existence of continuous metal-metal contacts. In addition to polymeric chain structures, few
crystals of [Rh(L1),Cl,][Rh(CO),Cl;] (2) ion pairs (Fig. 2) were also obtained in all reactions as a
minor side product. It shows that even if the reaction was carried out under 50 bar CO pressure
and the reaction time was 72 h, the reduction of RhCl; was not complete. In 2, the square planar
[Rh(CO),Cl,]- anions did form stacked pairs with long Rh---Rh distances (3.9729(5) A) but not

continuous chains (Fig. 2).

Figure 2. Left: the asymmetric unit of [Rh(L1),Cl,][Rh(CO),Cl,] (2). Right: The stacked anion

pairs in 2.
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The reduction process and the arrangement on the reduced products in crystals were strongly
dependent on reaction conditions. The chain compound 1 was obtained only when the reaction
solution was cooled down slowly from the reaction temperature of 125°C to room temperature. If
the reaction solution was cooled down rapidly (see the experimental section) the arrangement of
Rh-complexes was changed (Fig. 3). Instead of having regular cation-anion chains, the obtained
crystalline product consisted of chains with repeating trinuclear cation-anion-cation units with
metallophilic contacts between the Rh centers. The positive charge of the repeating trinuclear units
were balanced by the [Rh(CO),Cl,] anions which were not part of the main chain. The anions
formed again stacked pairs with relatively long Rh---Rh contacts of 3.6198(17) A and interactions

between the anionic units are weak (Fig. 3).

3. 2798(11) A .
a 3%4&“%0—@
£

3.2299(12) A

2 Rh1--Rh2--Rh3: 162.36(4)°
Rh2--Rh3---Rh1: 149.44(4)°
Rh1--Rh2---Rh3: 166.97(4)°

Figure 3. The chains structure of 3.
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The arrangement of ions in 3 is somewhat unusual. Typically, cationic chains consist only of
cationic units. The counter anions are then simply balancing the charge as separated anions. In 3
the cationic repeating trinuclear unit Rh1---Rh2---Rh3 contains two square planar cations and one
counter anion giving a net charge of +1 to the trinuclear unit. Despite the unusual order of charged
building blocks the metal-metal distances in the repeating trinuclear units are comparable with the
metal-metal distances in typical metallophilic Rh-chains [45]. The metal-metal distance between
the repeating trinuclear units is clearly longer (3.960(13) A) than the intermetallic distance within
the trinuclear unit (3.2299(12)-3.2798(11)A) indicating lack of significant metallophilic contacts
between the repeating trinuclear units. The separate counter anions in 3 formed dinuclear entities
in the crystalline state with the Rh---Rh distance of 3.6198(17) A. Such a distance is only slightly
longer than those reported in the literature for typical anionic dinuclear or polymeric [Rh(CO),Cl,]
-systems [46-48]. The possible metallophilic interaction between the [Rh(CO),Cl,]" anions is
expected to be at most weak. The directing effect of the metal-metal interactions and formation of
metallophilic cation-anion chains seems to be favored by a slow crystallization process. In fast
crystallization non-directional coulombic forces and weaker van der Waals interactions start to

have a significant role in arranging ionic complexes.

The NH, substituent (L.2) is not only a stronger electron donor compared to CH; -group (L1) but
also a good H-bond donor. When the Me-substituted bipyridine was replaced with NH,-substituted
bipyridine, formation of hydrogen bonds favored purely cationic chains (Figs. 4 and 5). The
hydrogen bonding between the chlorido ligands of the anion became the dominating directional
force instead of the metallophilicity pushing the anions away from the chain structure (Fig. 4). The

steric hindrance affected the arrangement of the cations and instead of metallophilic contacts. Due

12



to the hydrogen bonds the bipyridine ligands of the cationic units are now facing opposite

directions and the cation chain is formed via metal- m-interactions.

3.353(2) A; 3:601(2)A

Figure 4. The chain structure of 4. Heavy atom distances in selected H-bonds: N3---Cl1#1:
3.669(3) A, N3---Cl1#2: 3.272(2) A, N4---CI2#1:3.333(2) A, C9---C11#2: 4.044(2) A. Symmetry

transformations used to generate equivalent atoms: #1: -x+1, -y+1, -z+2, #2: -x+1, y+1/2, -z+3/2).
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Figure 5. The chain structure of 5. Rh1---Rh2: 3.5216(10) A. Rh1---Rh2#1: 3.3840(10) A,
Rh2#1---Rh1---Rh2: 155.76(3)°. Heavy atom distances in selected H-bonds: N3---010: 2.80(2) A,

N8---09: 2.83(3) A, 09---Cl1: 3.167(18) A.

Because of the good H-bond properties of the cations with NH,-substituted bipyridine ligands,
solvent of crystallization had also an important role in the arrangement of 1onic units in crystalline
state. A strong H-bond acceptor/donor, such as ethanol, could replace the weaker NH:--Cl contacts
with stronger NH---O and OH---Cl interactions. This pushed the anions further away from the
cations allowing the cations to approach differently compare to structure 4. Now the Rh centers in

5 are nearly linearly aligned and they do form weak metal-metal contacts throughout the crystal

(Fig. 5).
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Conclusions

The organization of the cation/anion pairs of [Rh(4,4’-dimethyl-2,2’-bipyridine)(CO),]/[Rh
(CO),Cl;] and [Rh(4,4’-diamine-2,2’-bipyridine)(CO),]/[Rh(CO),Cl;] depend on the interplay
between various directional and non-directional non-covalent interactions. In general, the square
planar structure of the Rh(I) ions tends to favor stacking of these ionic molecules. In the case of
[Rh(4,4’-dimethyl-2,2’-bipyridine)(CO),]/[Rh(CO),Cl,] system, the metallophilic interactions are
favoring linear stacks with alternating cations and anions in slow crystallizations. The stacks are
further supported by Coulombic forces. In fast crystallizations the non-directional Coulombic
forces and other weak van der Waals forces reduces the directing role of the metal-metal
interactions. When the 4,4’-dimethyl-2,2’-bipyridine ligand is replaced with a much better H-bond
donor ligand 4,4’-diamine-2,2’-bipyridine, hydrogen bonding takes the dominating role in the
arrangement of the molecular units. Hydrogen bond formation between the cation and anion leads
to linear stacks where the cationic units are facing opposite direction. This prevents sterically the
metal-metal contacts and they are replaced with metal-n-interactions. Simultaneously, the anions
are pushed away from the chain structure. The solvent of crystallization may also have a strong
impact on the arrangement of ionic units. Presence of a good H-bond acceptor/donor, such as
ethanol, may replace the hydrogen bonds between the cation and anion with cation-solvent
contacts. In such a case the anions may be pushed even further away from the cation stacks
allowing metal-metal interactions and aligned stacking of the cationic units. All in all, design of a
supramolecular systems is challenging. To be able to fabricate predictable structures requires that

all significant interactions must be considered as the potential directing forces.
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- Metallophilic chains can be obtained by controlling the non-covalent interactions.
- Utilization of different interactions can be used for changing the assembly of metal
complexes in solid state.



