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Abstract
Re(I) complexes have been described as a promising tool for DNA probes. Rhenium(I) tricarbonyl complexes have favourable structural features suitable for DNA intercalation such as the new rhenium(I) tricarbonyl complex with polypyridyl ancillary ligand, namely, fac-[Re(CnPyPz)(CO)3Cl] (CnPyPz = 1-cinnamoyl-3-(pyridin-2-yl)pyrazole). The complex was synthesised from the reaction of 1-cinnamoyl-3-(pyridin-2-yl)pyrazole and rhenium(I) pentacarbonyl chloride in toluene at refluxing temperature and characterised by infrared (IR), ultraviolet-visible (UV-Vis), 13C and 1H NMR spectroscopies and X-ray crystallography. The IR spectrum featured the three (CO) signal for the rhenium moiety at 1862-2019 cm1 and other signals for the ligand namely (C=O), (CN) and (CC) at 1724, 1609 and 1497 cm1, respectively. The 13C NMR spectra showed three CO (190.0 – 198.1 ppm) signals whereas the 1H spectrum for Re(CO)3(CnPyPz)Cl exhibited two pairs of doublets (7.81 and 8.18 ppm) for the vinylic H of the cinnamoyl group. The complex exhibited a broad band corresponding to the metal-to-ligand charge transfer (MLCT) in the region of 360-390 nm. The Re(CO)3(CnPyPz)Cl complex underwent a ligand exchange during the crystallisation process, involving one of the tricarbonyl groups with a chlorine atom to form the Re(CO)2(CnPyPz)Cl2 complex. The corresponding, Re(CO)2(CnPyPz)Cl2 crystal adopts a triclinic crystal system with a P-1 space group. The implementation of flexible CnPyPz ligand contributes to a dynamic supramolecular arrangement that facilitates both a planar π-π stacking arrangement accompanied with an appreciable globularity character via C−H···π and C≡O···π interconnections.
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Abstrak
Kompleks Re(I) telah dikenali sebagai bahan yang berpotensi untuk prob DNA. Kompleks trikarbonil Re(I) mempunyai ciri struktur yang sesuai untuk interkalasi DNA seperti mana kompleks renium(I) trikarbonil dengan ligan ansilari polipiridina, fac-[Re(CnPyPz)(CO)3Cl] (CnPyPz = 1-sinamoil-3-(piridin-2-il)pirazola). Kompleks ini telah disintesis daripada tindak balas 1-sinamoil-3-(piridin-2-il)pirazola dengan pentakarbonilklororenium(I) dalam toluena pada suhu refluks dan telah dicirikan dengan menggunakan spektroskopi inframerah (IR), ultralembahyung-cahaya nampak (UV-Vis), resonans magnet nukleus (NMR) 13C dan 1H dan kristalografi sinar-X. Spektrum IR menunjukkan tiga jalur (CO) untuk moieti logam renium pada 1862-2019 cm1, dan isyarat ligan seperti (C=O), (CN) dan (CC) masing-masing pada 1724, 1609 dan 1497 cm1. Spektrum NMR 13C menunjukkan tiga isyarat CO pada julat 190.0 – 198.1 ppm manakala spektrum 1H kompleks Re(CO)3(CnPyPz)Cl menunjukkan proton vinil (CH=CH) kumpulan sinamoil sebagai dua pasangan dublet pada 7.81 dan 8.18 ppm. Kompleks Re(I) ini mempamerkan jalur yang lebar bagi pertukaran cas logam kepada ligan (MLCT) pada julat 360-390 nm. Kompleks Re(CO)3(CnPyPz)Cl mengalami pertukaran ligan yang melibatkan pengoksidaan pusat logam Re(I) kepada Re(II) semasa proses penghabluran yang melibatkan salah satu daripada kumpulan trikarbonil dengan satu atom klorin untuk membentuk kompleks Re(CO)2(CnPyPz)Cl2. Kompleks ini menghablur dalam sistem kristal triklinik dengan kumpulan ruang P-1. Penggunaan ligan CnPyPz yang fleksibel menyumbang kepada susunan supramolekul yang membawa kepada susunan π-π satah berserta dengan sifat globular yang ketara melalui ikatan C−H···π dan C≡O···π.  

Kata kunci: renium, karbonil, susunan π, Hirshfeld, prob DNA
 
Introduction
The Re(I) metal ion has been widely explored as an intercalation agent 1-5] since its d6 electron configuration promotes the formation of a low spin metal-ligand complex that prevents metal-DNA interaction, which is typically associated with heavy metal toxicity 6-7]. The Re(I) tricarbonyl complexes, Re(CO)3(N^N)X where the N^N chelating agent are conventionally polypyridine ligands and X = halide, pyridine, phosphine and alkyl, are known to efficaciously combat different kinds of cancerous cells but has a low toxicity towards normal cell 3]. In general, octahedral complexes such as Re(CO)3(N^N)X binds to the double-helical DNA in a three-dimension space through three types of interactions namely intercalation, groove binding and external electrostatic binding. The ancillary ligand can be used as a tool to modify or alter the DNA binding interactions and the complex molecule 8, 9] in such a way that an intercalation will spontaneously occur when ancillary ligands such as polypyridine with an almost planar geometry is employed. With regard to the molecular construction, this phenomenon will prompt the binding of rhenium complexes with the DNA interior hydrophobic pockets via π-π interactions 10-13]. At the same time, the corresponding hydrophilic exterior attracts the polar tricarbonyl ligands 14]. Therefore, it is imperative to design a molecule that can offer the characteristic features to facilitate such interaction and act as a potential DNA intercalation agent. 

Herein, we present the synthesis and characterisation of the titled rhenium complex along with the description of the non-covalent intermolecular connections, geometry and solid-state architecture. This study discusses the fundamental structural characteristics of a novel rhenium complex and provides quintessential information for future biological application. 

Materials and Methods
Instrumentations
The IR spectrum was recorded in the range of 4000-650 cm-1 using Agilent Cary 630 spectrophotometer. The NMR spectra were recorded by Bruker Ascend 400 spectrometer at 400 MHz and 100 MHz for 1H and 13C NMR, respectively by using tetramethylsilane (TMS) as internal standard. The UV-Vis spectrum was recorded in acetonitrile solution using UV-1650 Pc Shimadzu Fision spectrophotometer. The X-ray diffraction data of the single crystal were collected by using Bruket D8 Quest diffractometer using a molybdenum MoKα X-ray source (λ = 0.71073Å). The Hirshfeld surfaces and two-dimensional fingerprints (FPs) were generated using CrystalExplorer17 15].

Synthesis of 1-cinnamoyl-3-(pyridin-2-yl)pyrazole
The 2-(pyrazol-3-yl)pyridine (PyPzH) ligand was synthesised according to a previous literature method 16]. Next, PyPzH was deprotonated by triethylamine in dichloromethane at room temperature. Then, cinnamoyl chloride was added slowly and the mixture was stirred for 3 hours (Scheme 1). The solvent was reduced under atmospheric pressure and the product was purified by column chromatography with dichloromethane as the eluent. 
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[bookmark: _Hlk15233083]Scheme 1. Synthesis route of 1-cinnamoyl-3-(pyridin-2-yl)pyrazole (CnPyPz) 

Synthesis of fac-Re(CO)3(CnPyPz)Cl complex
The rhenium polypyridyl complex, fac-Re(CO)3(CnPyPz)Cl was prepared from the reaction of rhenium(I) pentacarbonyl chloride with CnPyPz ligand in dry toluene at 120C under nitrogen atmosphere for 5 hours (Scheme 2) 17, 18]. The desired product was obtained as a precipitate and washed with an excess volume of n-hexane.
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Scheme 2.  The reaction scheme for the synthesis of Re(CO)3(CnPyPz)Cl complex

Results and Discussion
The IR spectra for CnPyPz ligand and Re(CO)3(CnPyPz)Cl complex are compared as shown in Figure 1. A free CnPyPz ligand showed the characteristic featured signals of C=O, C=N and C=C at 1696, 1613 and 1541 cm-1, respectively. Whereas the Re(CO)3(CnPyPz)Cl complex showed three v(C≡O) signals at 1862-2019 cm-1 which was defined in Cs symmetry for two A′ mode and one A″ mode 19] indicating the C≡O groups exist in the facial configuration 20]. The presence of the tricarbonyl peaks was further corroborated with 13C NMR spectroscopy where the three C≡O signals were observed in the region of 190-198 ppm. In addition, the presence of the cinnamoyl group was also confirmed by the C=O signal at 168 ppm. Upon coordination of the free ligand to the Re(I) metal centre, the 1H NMR spectrum of Re(CO)3(CnPyPz)Cl complex showed the shifting of chemical signals corresponding to CnPyPz moiety at a lower field compared to the free ligand. This observation indicates that the ligand has successfully coordinated to the metal ion 21-22]. The vinylic hydrogens of the cinnamoyl group were observed as two pairs of doublets at 7.81 and 8.18 ppm with a coupling constant value of 15.6 Hz, indicating that the vinylic hydrogens were in a trans-configuration. The proton conformation was further supported by X-ray crystallography analysis. The complex showed two main absorption bands at around 330 nm (Figure 2) which was due to the intra ligand transition (π → π*) and a tapered low-lying broad band at 380nm (ε = 2723 L mol-1 cm-1) was ascribed to the MLCT band [dπ(Re) → π*]. This scarcely discernable band is known to overlap with the more stronger intra ligand transition 23].
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Figure 1. A comparison between the IR spectra of CnPyPz and Re(CO)3(CnPyPz)Cl
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Figure 2. Electronic spectrum of Re(CO)3(CnPyPz)Cl complex measured in acetonitrile

The X-ray crystal structure of Re(CO)2(CnPyPz)Cl2 (Figure 3) adopts a triclinic system with a P-1 space group. Although the infrared spectrum of this complex initially revealed three v(C≡O) signals, the metal centre Re(I) was oxidized to Re(II) in which the carbonyl group on the axial position was substituted by a chloro atom during the crystallization process. Therefore, the three-dimensional complex possesses a distorted octahedral geometry at the metal centre, with two carbonyl and one chelating CnPyPz ligand in the equatorial planes; while, two chloro ligands situated at the axial positions. The bond lengths and angles around the rhenium centre (Table 1) resemble those of related structures, for example, fac-[ReCl(N^N)(CO)3] (N^N is a polypyridine chelating ligand) 24-27]. The pyridine and pyrazole planes were essentially coplanar [9.0 (4)º] while the mean plane of the cinnamoyl fragment was distorted from the mean plane of the pyridylpyrazole fragment at an angle of 45.5 (3)º. Besides, the vinylic protons of the alkene group demonstrated a trans-configuration with the C11-C12=C13-C14 torsion angle of -176.3 (10)º and the observation agrees with the 1H NMR spectrum of the complex. The crystal packing of this complex mainly exhibits C−H···O intermolecular hydrogen bonding in which the proton on pyridine (H1) and vinyl group (H8) formed a hydrogen bonding with O2 and O3, respectively, giving a one-dimensional chain viewed from a-axis (Figure 4). 
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Figure 3. The X-ray crystallographic structure of Re(CO)2(CnPyPz)Cl2 complex with displacement ellipsoids drawn at the 50% probability level









Table 1.	Selected geometric parameters (Å, º) for Re(CO)2(CnPyPz)Cl2
	
	Bond Length (Å) 
	
	Bond Angle (º)

	Re1–C1
	1.928(10)
	N1–Re1–N2
	73.9(3)

	Re1–C2
	1.903(11)
	N1–Re1–C2
	96.1(4)

	Re1–N1
	2.195(7)
	C1–Re1–N2
	103.4(3)

	Re1–N2
	2.223(7)
	C1–Re1–C2
	86.4(4)

	Re1–Cl1
	2.418(6)
	N1–Re1–Cl2
	87.2(2)

	Re1–Cl2
	2.432(6)
	N2–Re1–Cl2
	84.1(2)

	C1–O1
	1.147(13)
	C2–Re1–Cl2
	91.8(4)

	C2–O2
	1.146(14)
	C1–Re1–Cl2
	91.2(3)

	
	
	N1–Re1–Cl1
	88.6(2)  

	
	
	N2–Re1–Cl1
	91.9(2)

	
	
	C2–Re1–Cl1
	91.6(4)

	
	
	C1–Re1–Cl1
	92.9(3)

	
	
	Cl1–Re1–Cl2
	174.83(18)
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Figure 4. A partial view of the crystal packing of Re(CO)2(CnPyPz)Cl2 complex, illustrating one-dimensional chain viewed from a-axis

[bookmark: _Hlk15939280]Further, the Hirshfeld surface analysis was performed on the Re(II) complex. The complex forms a centrosymmetric dimer with C−H···O intermolecular hydrogen bonding. The pair of dark-red spots in Figure 5, indicate that the sum of di and de is shorter than the sum of the respective individual vdW radii and this signifies stronger intermolecular interactions in these regions as compared to the ones with faint-red spots. The cinnamoyl ligands from adjacent complexes interconnects to construct the (10) loop 28]. 

[image: ]
Figure 5. The centrosymmetric dimers of Re(CO)2(CnPyPz)Cl2 with C−H···O intermolecular contacts depicted by dnorm surface contours

The asymmetric unit of the complex is subjected to four intermolecular interactions that involves six-membered aromatic rings namely, Cg3 (centroid of the N1/C3-C7 pyridine ring) and Cg4 (centroid of the C14-C19 benzene ring) (Figure 6). Both sides of the Cg3 plane participates in π-π interaction involving neighbouring Cg3 rings with relatively similar centroid-to-centroid distances recorded at 3.851(6)Å slippage = 1.454Å; symmetry code: -x,1-y,1-z] and 3.767(6)Å slippage = 1.692Å, symmetry code: 1-x,1-y,1-z]. The coplanar conformation of pyridine and pyrazole moieties expedite close packing of the π-π stacking arrangement. Interestingly, the pendant cinnamoyl ring allows structural flexibility which elevates the overall globularity character (G = 0.746 a.u.). As a result, the benzene ring promotes C−H···π and C≡O···π interactions. This observations also correspond to rhenium complex analogue where the Re(I) complex with fluorine-substituted cinnamoyl ligand participates more in non π-π interactions i.e. C−H···π and C≡O···π. Moreover, these rhenium complexes can also accommodate a repertoire of non-covalent interactions with the appropriate utilisation of substituents 29].
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[bookmark: _Hlk15803135]Figure 6. The intermolecular connections involving pyridine and benzene rings, namely π-π, C−H···π and C≡O···π interactions

In comparison to Re(CO)2(CnPyPz)Cl2, the reported Re(I) complex has a cinnamoyl fragment with a higher degree of distortion as a result of the substitution effect. Therefore, the Hirshfeld surface of Re(CO)2(CnPyPz)Cl2 exhibits an anisotropic quality in between that of Re(p-NO2-CnPyPz)(CO)3Cl (Ω = 0.362 a.u.) and Re(p-F-CnPyPz)(CO)3Cl (Ω = 0.171 a.u.) with a measured asphericity value (Ω = 0.177 a.u.) [29]. The nature of the intermolecular interaction involves in the supramolecular scaffold along with their percentage contributions were studied with 2-D Hirshfeld surface FPs (Figure 7). Based on Figure 7(a), the two pairs of long sharp spikes labelled as ‘1’ represents the C−H···O hydrogen bonds. The C−H···O hydrogen bonds project the largest contribution with a 27.9% from the overall non-covalent interactions Figure 7(d)]. These spikes superimpose each other and appear to be complimentary in shape with (di, de) (1.3, 1.0Å). The sparsely distributed points located between the ‘1’ spikes revealed that the internal H atoms from the Hirshfeld surface is in relative proximity to the external H atom with 16.9% contribution. The other two major contributors to the overall intermolecular interactions stemmed from the H···Cl (21.4%) and H···π (19.7%) connections Figure 7(b) and (c)]. As per our earlier discussion, the flexible pendant provided by the cinnamoyl fragment played a significant role to the supramolecular formation. Whereby, the H···π and O···π interactions involving the benzene moiety of the cinnamoyl fragment collectively contributes to 23.3% to the overall interactions. 

[image: ]

Figure 7. Fingerprint plots (a)-(c) of non-covalent interactions of Re(CO)2(CnPyPz)Cl2 where di (de) is the internal (external) distance (Å) from a point on the Hirshfeld surface and (d) represents the percentage contributions of the overall close contacts involving the generated Hirshfeld surface area of the complex

Conclusion
[bookmark: _Hlk15849746]The Re(I) tricarbonyl complex, fac-[Re(CnPyPz)(CO)3Cl] was successfully synthesised and characterised through spectroscopic methods. The presence of the characteristic tricarbonyl groups and the vinylic H of the cinnamoyl group were evident via IR stretching frequency responses and the NMR chemical shifts. These spectroscopic findings support the complexation of Re(I) tricarbonyl precursor with the CnPyPz ligand. The solid-state analysis demonstrated the occurrence of ligand-exchange phenomenon that produced and oxidised the Re(I) metal centre to Re(II) in the Re(CO)2(CnPyPz)Cl2 complex. Besides, the rhenium complex promotes structural synergistic properties through the pyridiylpyrazole moiety and the pendant cinnamoyl fragment that supports both the planar π-π stacking alignment as well as C−H···π and C≡O···π arrangements, respectively. The favourable π-π stacking feature advocates future investigation on the propensity of the title complex towards DNA binding. 
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