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Abstract:



A dicarbonylruthenium(II) complex containing bidentate 2-(2-pyridyl)-1,8-naphthyridine, as well as monodentate aqua and chlorido ligands, were isolated and characterized using spectroscopic techniques and single crystal X-ray diffraction. These data indicate that geometrical isomerization occurs during the substitution reaction involving a superacid. Density functional theory (DFT) calculations were performed on the plausible geometrical isomers. The DFT-optimized structures and calculated infrared spectra suggest that the experimentally obtained structure is stable.
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1. Introduction


Transition metal complexes containing carbonyl ligands have received considerable attention in the field of organometallic chemistry. In particular, carbonylruthenium(II) complexes with polypyridyl supporting ligands, such as 2,2'-bipyridine (bpy) or its derivatives, have proven to be active catalysts for the hydroformylation of olefins [1,2]. Additionally, 2-(2-pyridyl)-1,8-naphthyridine (pynp; Figure 1) is known to be a versatile ligand that functions not only as a bidentate polypyridyl ligand but also as an effective electron reservoir [3,4]. We recently reported the synthesis of carbonylruthenium(II) complexes containing both bpy and pynp [5]. As shown in Scheme 1, a synthetic strategy for sequential introduction of different bidentate ligands into ruthenium complexes was previously reported by both our group and Keene et al. [5,6]. These reports mentioned that treatment of the precursors with a superacid is the key step for both dissociation of the chlorido ligands and geometrical isomerization (i.e., the first step in Scheme 1). However, the reaction mechanism of the acid treatment has not yet been reported. To clarify when isomerization occurs, we isolated an intermediate in the acid-treatment reaction and determined its structure. Additionally, we explain the stability of the intermediate obtained using computational chemistry.


Figure 1. Chemical structure of pynp.
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2. Results and Discussion


2.1. Isolation and Structure of the Title Compound


We performed acid treatment using trans(Cl)-[Ru(pynp)(CO)2Cl2], which has been structurally analyzed [7], as the starting material. During the first step of Scheme 1, the reaction intermediate was promptly isolated. Spectroscopic measurements of the isolated compound (powder-compound) suggest that it is a mono-complex cation containing a mono-substituted ligand, i.e., [Ru(pynp)(CO)2(OH2)Cl]+. Additionally, the presence of two CO stretching vibrations in the infrared (IR) spectrum indicates that the two CO ligands are mutually coordinated in the cis position. Accordingly, there are five geometrical isomers (Figure 2). Since the molecular structure of the isolated complex could not be fully identified by spectroscopic measurements, the title compound was crystallized to perform single crystal X-ray diffraction. Although difficult, we successfully crystallized the compound (crystal-compound) by adding a small amount of bpy as a stabilizer. Among the structures shown in Figure 2, the formation of isomers (a) or (b) would be reasonable energetically (vide infra). It is expected that the aqua ligand in isomer (b) is quite chemically inert by an intramolecular hydrogen bonding between the non-coordinated nitrogen atom in pynp and the aqua moiety [8]. However, since the aqua ligand in both powder- and crystal-compounds is rapidly substituted by acetonitrile during measurement of mass spectra, we concluded that these are same structure (a). In addition, we confirmed that single crystals obtained consist of a single compound from spectral data of the crystal-compound.


Figure 2. Possible geometrical isomers of cis(CO)-[Ru(pynp)(CO)2(OH2)Cl]+ with their electronic energy differences versus configuration (a). np and py denote 1,8-naphthyridyl and pyridyl rings, respectively.
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As expected, this complex is a monocation from which one chlorido ligand is dissociated from the original complex (Figure 3). From the packing diagram, it is evident that the compound contains an additional bpy molecule in a 1:1 ratio (Figure 4). The geometrical structure of the cation corresponds to that shown in Figure 2a with Cl and OH2 located in the cis position. Therefore, it was confirmed that the complex isomerized from trans to cis upon dissociation of one of the chlorido ligands.


Figure 3. Molecular structure of the cation with atom labels and displacement ellipsoids for non-H atoms drawn at the 50% probability level. All H atoms are omitted for clarity.
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Figure 4. Packing diagram of the title compound.
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In the obtained molecular structure, the substituted OH2 ligand is coordinated trans to one of the CO ligands, the pyridine ring of pynp is coordinated trans to the other CO ligand, and the naphthyridine ring system of pynp is coordinated trans to the Cl ligand. The bond parameters of the Ru–CO Ru–Cl, and Ru–O moieties are comparable to those of similar ruthenium(II) complexes (Table 1) [7,9,10,11]. Of the two Ru–N bond lengths, the one involving the pyridine N atom is longer (2.128(4) vs. 2.074(4) Å) because of the trans effect of the carbonyl group. In addition, the interatomic distance between the CO carbon and non-coordinated N atoms in pynp (C1∙∙∙N3 = 2.687(6) Å) is considerably shorter than the sum of the van der Waals radii of C and N (3.25 Å); therefore, there is an electrostatic interaction between these atoms [12].



Table 1. Selected experimental and optimized bond parameters (Å, °) of cis(CO)-[Ru(pynp)(CO)2(OH2)Cl]+. The symbols (a to e) correspond to those in Figure 2.







	
Parameters

	
Expt.

	
(a)

	
(b)

	
(c)

	
(d)

	
(e)






	
Bond lengths

	

	

	

	

	

	




	
Ru–O

	
2.114(3)

	
2.238

	
2.169

	
2.243

	
2.207

	
2.230




	
Ru–Cl

	
2.4002(12)

	
2.428

	
2.433

	
2.438

	
2.446

	
2.411




	
Ru–C1

	
1.860(5)

	
1.883

	
1.922

	
1.888

	
1.918

	
1.913




	
Ru–C2

	
1.910(5)

	
1.939

	
1.926

	
1.923

	
1.944

	
1.926




	
Ru–Npy1

	
2.128(4)

	
2.146

	
2.089

	
2.121

	
2.127

	
2.164




	
Ru–Nnp2

	
2.074(4)

	
2.139

	
2.173

	
2.172

	
2.095

	
2.160




	
C1–O1

	
1.134(6)

	
1.146

	
1.146

	
1.144

	
1.147

	
1.146




	
C2–O2

	
1.073(5)

	
1.143

	
1.143

	
1.144

	
1.143

	
1.144




	
Bond angles

	

	

	

	

	

	




	
Ru–C1–O1

	
176.0(4)

	
178.7

	
179.3

	
179.9

	
179.7

	
177.4




	
Ru–C2–O2

	
171.6(5)

	
174.3

	
178.5

	
178.5

	
172.2

	
176.3








1 Npy denotes the pyridyl nitrogen atom in pynp. 2 Nnp denotes the 1-naphthyridyl nitrogen atom in pynp.








In the crystal structure of the title compound, intermolecular hydrogen bonds exist between the aqua ligands and free bpy molecules (O∙∙∙N distances: 2.713(6) and 2.742(5) Å; Figure 5). As a result of these interactions, the two pyridine rings in bpy show an unusual cis-conformation [13]. Therefore, these hydrogen bonds contribute to stabilization of the packing.


Figure 5. Intermolecular hydrogen bonds (blue dashed lines) in the crystal packing of the title compound.
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DFT calculations were performed on the determined cation and other geometrical isomers in the gas phase; the optimized structure of (a) in Figure 2 shows good agreement with the experimental data (Table 1). Surprisingly, the most stable of these structures is (b) while (a) is the second most stable structure (energy difference: 3.5 kcal/mol). DFT calculations on a pair of the cation-bpy complexes, including four hydrogen bonds (Figure 5), revealed that the intermolecular interactions stabilized the complex by ~6 kcal/mol. Therefore, we concluded that the multiple intermolecular hydrogen bonds between the bpy nitrogen atoms and aqua ligands in (a) more significantly stabilize the crystal structure than the single intramolecular hydrogen bond between the non-coordinated nitrogen of pynp and aqua oxygen (2.681 Å) that is present in the theoretically most stable structure (Figure 2b).




2.2. Experimental and Calculated IR Spectra


Vibrational spectral data, such as stretching frequencies, often provide valuable information about the structure and bonding of carbonyl complexes; the νCO mode is particularly useful because it is generally free from coupling with other modes [14]. Therefore, the title compound was characterized by IR spectroscopy. Indeed, two very strong peaks were observed for the C≡O stretching vibrations at 2095 and 2048 cm−1 (Figure S1); these values are in good agreement with those of terminal carbonyl ligands in analogous ruthenium(II) complexes [9].



To spectroscopically characterize the complex, we performed a frequency calculation analysis. The simulated IR data for νCO for the possible isomers and cation-bpy complex are given in Table S1. The calculations were performed on free molecules in a vacuum, while the experiments were performed on solid samples; therefore, the calculated and observed vibrational wavenumbers are expected to exhibit systematic differences. The CO stretching frequencies are similar values among possible isomers. It is difficult to distinguish configurations of the complex based on νCO data only.





3. Materials and Methods


3.1. General Methods and Physical Measurements


Electrospray ionization mass spectrometry (ESI-MS) data were obtained using a Bruker Daltonics micrOTOF (Bruker Daltonics, Yokohama, Japan). IR spectra were measured as KBr pellets using a JASCO FT-IR 4100 spectrometer (JASCO, Tokyo, Japan). A single crystal of [Ru(pynp)(CO)2(OH2)Cl]PF6·(bpy) was analyzed on a Rigaku Saturn70 CCD diffractometer (Rigaku, Tokyo, Japan). The crystal was kept at 93 K during data collection. All calculations were conducted using CrystalStructure [15] except for refinement, which was performed using SHELXL97 [16]. The non-hydrogen atoms were refined anisotropically. All H atoms bonded to C atoms were positioned geometrically and refined as a riding model. The H atoms in the aqua ligand were omitted from the structure.




3.2. Synthesis of [Ru(pynp)(CO)2(OH2)Cl]PF6


All solvents for the synthesis were anhydrous and used without further purification. Ruthenium trichloride was purchased from Furuya Metal (Tokyo, Japan). Pynp and (OC-6-14)-[Ru(pynp)(CO)2Cl2] were prepared according to previously reported procedures [7,17].



The procedure, which was inspired by a reported procedure [6], was applied to obtain the mono-substituted intermediate for X-ray measurement. [Ru(pynp)(CO)2Cl2] (93 mg, 0.21 mmol) and trifluoromethanesulfonic acid (50%, 60 μL) were added to o-dichlorobenzene (30 mL). The mixture was refluxed for 90 min under N2. The reaction mixture was cooled and saturated methanolic NH4PF6 (1 mL) and diethyl ether (100 mL) were added to the solution, resulting in the formation of [Ru(pynp)(CO)2(OH2)Cl]PF6 as a yellow precipitate. Single crystals suitable for X-ray diffraction analysis were obtained by vapor diffusion of diethyl ether into an acetone solution of the complex and a small amount of bpy over a few days.



[Ru(pynp)(CO)2(OH2)Cl]PF6·(bpy). ESI-MS (CH3CN): m/z = 441.0 ([M – OH2 + CH3CN]+). IR (KBr): 2095, 2048 cm−1 (νCO), 839 cm−1 (νPF). Single crystal X-ray diffraction for C25H19ClF6N5O3PRu (Mr = 718.94): triclinic, space group P–1 (no. 2), a = 10.0047(3), b = 11.4277(3), c = 13.1473(4) Å, α = 66.5862(7), β = 88.2422(7), γ = 76.6993(7)°, V = 1339.26(6) Å3, Z = 2, T = 93 K, μ(Mo Kα) = 0.826 mm−1, Dcalc = 1.783 g/cm3, 14008 reflections measured, 6045 unique (Rint = 0.0355), which were used in all calculations. The final R1 was 0.0493 (I > 2σ(I)) and wR2 was 0.1202 (all data). CCDC 1561540 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.




3.3. Computational Details


DFT calculations were performed on (a) to (e) (in Figure 2) and the cation-bpy complex. The ground-state, gas-phase structures of these compounds were optimized at the DFT level (B3LYP) [18,19]. The LanL2DZ basis set was employed for the ruthenium atoms [20], and the 6-31 G(d) basis set was employed for the other atoms [21,22]. The harmonic vibrational frequencies were calculated at the same levels of theory for the optimized structures and no imaginary frequencies were found. All calculations were performed using the Gaussian 09W program package [23].









Supplementary Materials


The following are available online at www.mdpi.com/1422-8599/2017/3/M950. Figure S1: IR spectrum of the title compound (KBr pellet) and Table S1: Comparison between the experimental and DFT-calculated IR peaks for νCO.


Supplementary File 1Supplementary File 2Supplementary File 3Supplementary File 4Supplementary File 5Supplementary File 6Supplementary File 7



Acknowledgments


This work was supported by JSPS KAKENHI, Grant Number: JP17K05799 (JSPS, Japan).




Author Contributions


D.O. conceived and designed the experiments; R.A. and T.T. performed the experiments; T.T. performed the calculations; T.T. and D.O. co-wrote the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix


Although the configurations in Figure 2 have both C and A enantiomers, only the A-isomers are presented [24].
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Scheme 1. A synthetic route for the introduction of different bidentate ligands [5]. (A) and (B) represent different bidentate ligands. 






Scheme 1. A synthetic route for the introduction of different bidentate ligands [5]. (A) and (B) represent different bidentate ligands.
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