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Abstract
In this paper we describe three new stereoisomers of the already known 2+2 metallacycle of porphyrins [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2, 4′cisDPyP = 5,10-bis(4′-pyridyl)-15,20-diphenylporphyrin), namely [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (14) and [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (15), in which the chiral {cis,cis,cis-RuCl2(CO)2} fragment has either a C or A handedness. The least abundant 15 exists as a mixture of two stereoisomers defined as alternate (15alt, both porphyrins are trans to a Cl and a CO) and pairwise (15pw, one porphyrin is trans to two chlorides and the other to two carbonyls), each one as a statistical mixture of meso (AC) and racemic (AA and CC) diastereomers. Remarkably, both 14 and 15 are – to the best of our knowledge – unprecedented examples of 2D metallacycles with octahedral chiral-at-metal connectors, and 14 is the first example of a 2+2 molecular square with stereoisomeric Ru(II) corners. Whereas 2 is selectively obtained by treatment of trans,cis,cis-RuCl2(CO)2(dmso-O)2 (1) with 4′cisDPyP, 14 and 15 were obtained, together with 2 (major product), using stereoisomers of 1, either cis,cis,trans-RuCl2(CO)2(dmso-S)2 (5) or cis,cis,cis-RuCl2(CO)2(dmso)2 (6), as precursors.
From a general point of view, this work demonstrates that – even for the smallest 2+2 metallacycle and using a symmetric organic linker – several stereoisomers can be generated when using octahedral metal connectors of the type {MA2B2} that are not stereochemically rigid. As a proof-of-concept, it also opens the way to new – even though challenging – opportunities: unprecedented and yet unexplored chiral metallosupramolecular assemblies can be obtained and eventually exploited (e.g. for supramolecular catalysis) by using stereogenic octahedral metal connectors amenable to become chiral centers.

Introduction
Metal-mediated 2D and 3D discrete multi-porphyrin assemblies are investigated – besides for their structural beauty – for their chemical, electronic, photophysical and (photo)catalytic properties.1-3 They feature a number of stable, rigid and flat tetrapyrrole rings in well-defined relative geometry. By virtue of their highly -delocalized aromatic surface, the porphyrin units have intense electronic absorption bands in the visible region and a rather long fluorescence decay time, and the optical and redox properties can be further tuned with the insertion of inner metal ions. 3D structures, i.e. molecular cages that define a cavity, are also investigated as artificial molecular containers, sensors, and as (photo)reactors.2 
The construction of such assemblies requires that porphyrins featuring peripheral binding sites are treated with appropriate metal precursors with two or more labile ligands. The large majority of examples concern homoleptic systems of the type Mx(porp)y, i.e. composed by a single porphyrin (porp) and a single metal connector (M). Among the 2D structures, several examples of 2+2 and 4+4 metallacycles (i.e. molecular squares) have been reported, in which linear or 90°-angular porphyrins, very often featuring pyridyl moieties in meso positions, are connected by metal centers, typically either square-planar Pd(II) or Pt(II) fragments with cis or trans geometry, or octahedral cis-protected Ru(II), Re(I) or Rh(II)2 moieties.1 Conversely, two main types of homoleptic 3D porphyrin capsules have been reported: i) trigonal and hexagonal prisms obtained from the self-assembly of either 3′TPyP (5,10,15,20-tetra(3′-pyridyl)porphyrin) or 4′TPyP (5,10,15,20-tetra(4′-pyridyl)porphyrin), respectively, with cis-protected square planar Pd(II) or Pt(II) connectors;4-6 ii) tetrahedral M4(porp)6, cubic M8(porp)6, and cuboctahedral M12(porp)6 cages obtained by the self-assembly of porphyrins functionalized with two or four peripheral chelating units with naked octahedral metal ions (e.g. Fe(II), Co(II), Zn(II)).7,8
In the past we have extensively exploited the Ru(II)-dmso carbonyl compound trans,cis,cis-RuCl2(CO)2(dmso-O)2 (1, Scheme 1) as a well-behaved precursor for the preparation of porphyrin metallacycles.9 Compound 1 selectively replaces the two adjacent dmso-O ligands without geometrical changes, i.e. it is the precursor of a neutral cis-protected metal fragment.10-12 When treated with a stoichiometric amount of 5,10-bis(4′-pyridyl)-15,20-diphenylporphyrin (4′cisDPyP) it affords in good yield the corresponding neutral 2+2 metallacycle (or molecular square) [t,c,c-RuCl2(CO)2(4′cisDPyP)]2 (2), in which two adjacent porphyrins are connected through two octahedral {t,c,c-RuCl2(CO)2} fragments (Scheme 1).9,13,14 The zincated form of compound 2, [t,c,c-RuCl2(CO)2(Zn·4′cisDPyP)]2 (2Zn), is perfectly flat in the solid state.15 


Scheme 1. The preparation of the 2+2 porphyrin metallacycle [t,c,c-RuCl2(CO)2(4′cisDPyP)]2 (2) from 1.

Treatment of the reactive “corner” compound t,c,c-RuCl2(CO)2(4′cisDPyP)2 with the cis-protected Pd(dppp)(CF3SO3)2 complex (dppp = diphenylphosphinopropane) allowed us to prepare [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{Pd(dppp)}](CF3SO3)2 (3, Figure 1), the first (and only) example of an heterobimetallic 2+2 metallacycle of porphyrins, featuring an octahedral Ru(II) and a square planar Pd(II) corner.16 
When 5,10-bis(3′-pyridyl)-15,20-diphenylporphyrin (3′cisDPyP) was used, the corresponding 2+2 metallacycle [t,c,c-RuCl2(CO)2(3′cisDPyP)]2 (4) was isolated and fully characterized. Contrary to 2, 4 has a staggered geometry with the two chromophores rigidly held in a slipped-cofacial arrangement (interplanar distance 4.18 Å) by the Ru(II) fragments (Figure 1).15 It is worth stressing that in the metallacycles 2-4 the connecting Ru(II) fragment, besides affording stable and inert bonds with all its ligands, is highly symmetric and thus generates no stereoisomers. 


Figure 1. The porphyrin 2+2 metallacycles [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{Pd(dppp)}](CF3SO3)2 (3) and [t,c,c-RuCl2(CO)2(3′cisDPyP)]2 (4).

Insertion of Zn(II) into the porphyrins transformed each molecular square into a panel with two embedded metal connectors, each one with an available axial binding site, that have been largely exploited by us for the modular construction of higher-order architectures, such as molecular sandwiches, boxes and prisms.1,13,17,18 
However, two other stereoisomers of 1 are known, namely c,c,t-RuCl2(CO)2(dmso-S)2 (5) and c,c,c-RuCl2(CO)2(dmso)2 (6) (Figure 2).10,19 To be noted that 5 and 6 are also linkage isomers, since in 6 the dmso trans to CO is bound through the oxygen atom (dmso-O).20 



Figure 2. The three stereoisomeric Ru(II) precursors used in this work: t,c,c-RuCl2(CO)2(dmso-O)2 (1), c,c,t-RuCl2(CO)2(dmso-S)2 (5), and c,c,c-RuCl2(CO)2(dmso)2 (6).19

More than twenty years ago we reported that complex 5 reacts with pyridine (py) at room temperature in methanol or chloroform replacing one dmso-S and affording a mixture of two mono-substituted isomers: c,c,c-RuCl2(CO)2(dmso-S)(py) (7, minor) and  c,c,t-RuCl2(CO)2(dmso-S)(py) (8, major). Conversely, when the reaction is performed in refluxing methanol both dmso ligands are replaced by pyridine affording  t,c,c-RuCl2(CO)2(py)2 (9), i.e. the same stereoisomer that is obtained from 1 at room temperature (Scheme 2). In other words, the substitution process is accompanied by isomerization.10


Scheme 2. The reactivity of the stereoisomers t,c,c-RuCl2(CO)2(dmso-O)2 (1) and c,c,t-RuCl2(CO)2(dmso-S)2 (5) towards pyridine (py).

We now reasoned that – if the reactivity with pyridine is extended to pyridylporphyrins – treatment of 5 with 4′cisDPyP is likely to produce also metallacycles of porphyrins, however with a different mechanism compared to 1, through a process that might involve the stereochemical rearrangement of the Ru fragment. Therefore, Ru connectors of different geometry might be trapped/obtained, such as {c,c,c-RuCl2(CO)2} and {c,c,t-RuCl2(CO)2}, leading to new 2+2 or 4+4 metallacycles. We also reasoned that the same considerations might apply to the all-cis isomer 6, whose reactivity towards the model ligand pyridine has not been explored yet. 
Therefore, we performed a careful investigation of the reactivity of both isomers 5 and 6, first with the model ligand 5-(4′-pyridyl)-10,15,20-triphenylporphyrin (4′MPyP) and then with 4′cisDPyP. We describe here the isolation and characterization of two new 2+2 metallacycles of porphyrins that are stereoisomers of 2, namely [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14) and [c,c,c-RuCl2(CO)2(4′cisDPyP)]2 (15, that exists as a mixture of two stereoisomers defined as alternate and pairwise), in which the chiral {c,c,c-RuCl2(CO)2} fragment has either a C or A configuration (Chart 1).21 


Chart 1. Example of how the chirality symbols C (clockwise) and A (anti-clockwise) are assigned to the enantiomers of the model complex c,c,c-RuCl2(CO)2(py)2.22 The CIP priority number of each ligand is in italics.

In metallosupramolecular assemblies chirality can arise from the presence of a stable stereogenic element (either enantiopure or racemic) in the organic bridging ligand or in an auxiliary ligand attached to the metal center.23 For example, Stang and co-workers described chiral 2+2 and 4+4 metallacycles of porphyrins in which 4′cisDPyP or 4′transDPyP units (4′transDPyP =  5,15-bis(4′-pyridyl)-10,20-diphenylporphyrin) are connected by Pd(II) corners bearing R(+)- or S(–)-BINAP as chiral ancillary ligand.24 With a similar approach, Shinkai et al. described a chiral [Pd4(porp)2]8+ square prism in which two porphyrins bearing four pyridyl groups are connected by four cis-protected chiral {Pd[(R)-(+)-BINAP]}2+ fragments.25
As an alternative, chirality of metallosupramolecular assemblies may derive from the presence of chiral metal connectors. There are many examples, some of which concerning also 3D multiporphyrin assemblies,6,7 in which chirality is generated by the spatial arrangements of achiral chelating ligands around the connecting octahedral metal centers ( or  handedness).26,27 Typically, in the solid state, all the chiral metal centers within each assembly adopt the same  or  configuration, in particular when the bridging ligands are rigid, since the chirality established at one metal vertex is transmitted to the other centers through strong mechanical coupling.23 In some cases enantiopure  or  metallo-ligands were also prepared and then connected through achiral metal centers to afford  enantiopure cages.27 There are also a few examples of 2D or 3D assemblies (not concerning porphyrins) with tetrahedral half-sandwich chiral metal connectors with R or S configuration.28-30 Nevertheless, both 14 and 15 are – to the best of our knowledge – unprecedented examples of 2D metallosupramolecular assemblies with octahedral chiral-at-metal centers (with C or A handedness),22 and 14 is the first example of a 2+2 molecular square with stereoisomeric Ru(II) corners. Indeed, the stereogenic octahedral metal connectors with monodentate ligands, that may lead to this type of chirality in metallosupramolecular assemblies, are rare: Aside from the Ru(II) connectors described by us, the other most commonly used octahedral fragment is the achiral {fac-Re(CO)3X} (X = Cl, Br).1,2

Experimental section
Materials 
All chemicals, including TLC silica gel plates, were purchased from Sigma-Aldrich and used as received. Solvents were of reagent grade. The ruthenium precursors t,c,c-RuCl2(CO)2(dmso-O)2 (1), c,c,t-RuCl2(CO)2(dmso-S)2 (5) and c,c,c-RuCl2(CO)2(dmso)2 (6), the meso-pyridylporphyrins 4′MPyP and 4′cisDPyP, and pure samples of t,c,c-RuCl2(CO)2(4′MPyP)2 (10) and of the metallacycle [t,c,c-RuCl2(CO)2(4′cisDPyP)]2 (2) (obtained from 1) were synthesized and purified as previously reported by us.10,13,31
Instrumental methods
Mono- and bi-dimensional (1H-1H COSY, 1H-13C HSQC) NMR spectra were recorded at room temperature – unless stated otherwise – on a Varian 400 or 500 spectrometer (1H: 400 or 500 MHz, 13C{1H}: 100.5 or 125.7 MHz). 1H DOSY experiments were recorded on the Varian 500 spectrometer at –5°C (CDCl3), using the Bipolar Pulse Pair Stimulated Echo with Convection Compensation Sequence implemented into the VnmrJ software. 1H and 13C{1H} chemical shifts were referenced to the peak of residual non-deuterated solvent (δ = 7.26 and 77.16 for CDCl3, 5.32 and 54.00 for CD2Cl2). Selected carbon resonances, except for carbonyls, were assigned through the HSQC spectra. ESI mass spectra were collected in the positive mode on a Perkin-Elmer APII spectrometer at 5600 eV. However, as typical for such neutral systems,1 the ESI-MS spectra of the model complexes and metallacycles of porphyrins only showed peaks deriving from the fragmentation. The UV-vis spectra were obtained on an Agilent Cary 60 spectrophotometer, using 1.0 cm path-length quartz cuvettes (3.0 mL). Infrared spectra of chloroform solutions in the CO stretching region were recorded between CaF2 windows (0.5 mm spacer) on a Perkin-Elmer Fourier-transform IR/Raman 2000 instrument in the transmission mode. A CEM Discover microwave reactor was used for the microwave-assisted reactions performed in 10 mL vessels. Elemental analyses were performed on a Thermo Flash 2000 CHNS/O analyzer in the Department of Chemistry of the University of Bologna (Italy). Analysis was not performed on the metallacycles obtained by preparative TLC because of the low amounts. In addition, elemental analysis – unless is performed on the crystal samples (such as those used for X-ray determinations) – is poorly significant for these systems due to the typical presence of crystallization molecules whose nature and number vary from batch to batch.
X-ray diffraction 
Data collections were performed at the X-ray diffraction beamline (XRD1) of the Elettra Synchrotron of Trieste (Italy) equipped with a Pilatus 2M image plate detector.
Collection temperature was 100K (nitrogen stream supplied through an Oxford Cryostream 700); the wavelength of the monochromatic X-ray beam was 0.700 Å and the diffractograms were obtained with the rotating crystal method. The crystals were dipped in N-paratone and mounted on the goniometer head with a nylon loop. The diffraction data were indexed, integrated and scaled using the XDS code.32 The structures were solved by the dual space algorithm implemented in the SHELXT code.33 Fourier analysis and refinement were performed by the full-matrix least-squares methods based on F2 implemented in SHELXL.34 The Coot program was used for modeling.35 Anisotropic thermal motion was allowed for all non-hydrogen atoms. Hydrogen atoms were placed at calculated positions with isotropic factors U = 1.2×Ueq, Ueq being the equivalent isotropic thermal factor of the bonded non hydrogen atom. Crystal data and details of refinements are in the ESI.
Synthesis of the complexes
As written in the Result and Discussion, very similar results were obtained by treatment of either 5 or 6 with the pyridylporphyrins under the same reaction conditions. Thus, only one procedure is reported in each case.
[bookmark: _Hlk519180700]c,c,t-RuCl2(CO)2(dmso-S)(4′MPyP) (11). A 10.9 mg amount (0.028 mmol) of colorless c,c,t-RuCl2(CO)2(dmso-S)2 (5) was dissolved in 7 mL of chloroform. After addition of 25.8 mg of 4′MPyP (0.042 mmol, 1:1.5 ratio) the purple solution was heated in a microwave reactor at 70°C for 2 h. The solvent was then removed by rotary evaporation and the violet powder was partially dissolved in 5 mL of acetone, where the unreacted porphyrin is insoluble. The undissolved 4′MPyP was removed by filtration, the solution was rotary evaporated to dryness and the solid (pure 11, according to the 1H NMR spectrum) was dried in vacuo. (Yield 19.3 mg, 75%). Elemental analysis calcd for [C47H35Cl2N5O3SRu] (Mw: 921.1): C 61.24; H 3.83; N 7.60. Found: C 61.33; H 3.94; N 7.68.  1H NMR (CDCl3), δ (ppm): 9.30 (d, 2H: H2,6), 8.87 (m, 8H: Hβ), 8.35 (d, 2H: H3,5), 8.22 (d, 6H: o-H), 7.78 (m, 9H: m+p-H), 3.65 (s, 6H: dmso-S), –2.79 (s, 2H: NH). 13C NMR (CDCl3), δ (ppm): 188.68 (CO), 153.11 (C2,6), 141.76 (Cβ), 134.54 (o-C), 131.42 (C3,5), 126.76 (m+p-C), 46.96 (dmso-S). Selected IR absorption (chloroform solution, cm-1): 2068 (νCO), 1980 (νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 420 (100), 519 (8.7), 554 (4.4), 591 (3.16), 646 (2.32).
t,c,c-RuCl2(CO)2(4′MPyP)2 (10), c,c,t-RuCl2(CO)2(4′MPyP)2 (12), and c,c,c-RuCl2(CO)2(4′MPyP)2 (13).
[bookmark: _Hlk524364456]A 15.0 mg amount (0.039 mmol) of c,c,t-RuCl2(CO)2(dmso-S)2 (5) was dissolved in 7 mL of a 4:5 CHCl3:MeOH mixture. After addition of 52.9 mg of 4′MPyP (0.086 mmol, 4′MPyP/Ru = 2.2) the purple solution was heated in a microwave reactor at 100°C for 4 h. The solvent was removed under vacuum and the mixture was subjected to column chromatography on silica gel eluted with CHCl3 for the first two fractions, that contained t,c,c-RuCl2(CO)2(4′MPyP)2 (10) and c,c,t-RuCl2(CO)2(4′MPyP)2 (12), respectively, and then with CHCl3/EtOH 98/2 v/v for the third fraction that contained c,c,c-RuCl2(CO)2(4′MPyP)2 (13). Each product was then obtained as a purple solid by rotary evaporation of the eluent. Yields and Rf’s (TLC on silica plates using chloroform as eluent): 10 12%, 0.88; 12 7%, 0.24; 13 3%, 0.18. X-ray quality crystals of 10 and 12 were obtained by slow diffusion of n-hexane (10) or diethyl ether (12) into a chloroform solution of each complex.
t,c,c-RuCl2(CO)2(4′MPyP)2 (10). Elemental analysis calcd for [C88H58Cl2N10O2Ru]·0.5(C6H14) (Mw: 1502.4): C 72.69; H 4.42; N 9.32. Found: C 72.78; H 4.49; N 9.41. 1H MR (CDCl3), δ (ppm): 9.59 (d, 4H, H2,6), 8.86 (m, 16H, Hβ), 8.45 (d, 4H, H3,5), 8.20 (d, 4H, o-H phenyl ring in position 10), 8.15 (d, 8H, o-H phenyl rings in positions 5 and 15), 7.77 (m, 6H, m+pH phenyl ring in position 10), 7.69 (m, 12H, m+pH phenyl rings in positions 5 and 15), –2.80 (s, 4H, NH). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 154.8 (C2,6), 134.3 (o-C), 131.2 (C3,5), 127.8 (m+p-C). Selected IR absorption (chloroform solution, cm–1): 2073 (νCO), 2015 (νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 420 (100), 517 (4.8), 552 (2.5), 591 (2.2), 644 (0.6).
c,c,t-RuCl2(CO)2(4′MPyP)2 (12). Elemental analysis calcd for [C88H58Cl2N10O2Ru]·1.3 CHCl3·C4H10O (Mw: 1688.3): C 66.36; H 4.14; N 8.29. Found: C 66.48; H 4.20; N 8.35. 1H NMR (CDCl3), δ (ppm): 9.58 (d, 4H, H2,6), 8.98 (d, 4H, Hβ), 8.93 (d, 4H, Hβ), 8.88 (s, 8H, Hβ), 8.34 (d, 4H, H3,5), 8.23 (m, 12H, o-H), 7.81 (m, 18H, m+pH), –2.77 (s, 4H, NH). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 154.4 (C2,6), 134.5 (o-C), 131.1 (C3,5), 127.4 (m+p-C).  Selected IR absorption (chloroform solution, cm–1): 2063 (νCO), 1995 (νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 423 (100), 452 (9.2), 517 (6.0), 550 (3.4), 588 (2.6), 648 (0.9).
[bookmark: _Hlk519260354][bookmark: _Hlk519181516]c,c,c-RuCl2(CO)2(4′MPyP)2 (13). Elemental analysis calcd for [C88H58Cl2N10O2Ru]·CHCl3 (Mw: 1578.8): C 67.71; H 3.77; N 8.87. Found: C 67.63; H 3.72; N 8.78.  1H NMR (CDCl3), δ (ppm): 9.54 (d, 2H, H2,6), 9.33 (d, 2H, H2,6), 8.86 (m, 16H, Hβ), 8.49 (d, 2H, H3,5), 8.38 (d, 2H, H3,5), 8.21 (m, 4H, o-H phenyl ring in position 10), 8.17 (m, 8H, o-H phenyl rings in positions 5 and 15), 7.78 (m, 6H, m + p H phenyl ring in position 10), 7.71 (m, 12H, m +p H phenyl rings in positions 5 and 15), –2.79 (s, 4H, NH). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 154.5 (C2,6), 134.6 (o-C), 131.1 (C3,5), 127.0 (m+p-C). Selected IR absorption (chloroform solution, cm–1): 2072 (νCO), 2001 (νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 422 (100), 452 (30), 517 (5.1), 555 (3.0), 592 (2.3), 650 (3.8).
[bookmark: _Hlk524453091][t,c,c-RuCl2(CO)2(4′cisDPyP)]2 (2),[{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14), [c,c,c-RuCl2(CO)2(4′cisDPyP)]2 (15).
A 20.0 mg amount of 4′-cisDPyP (0.032 mmol), was dissolved in a methanol:chloroform 5:4 mixture (2.6 mL of CHCl3 and 3.2 mL of MeOH). After addition of 11.2 mg of 5 (0.029 mmol, 4′cisDPyP/Ru = 1.1) the purple solution was heated in a microwave reactor at 100°C for 2 h.
The purple precipitate that formed was filtered, washed with methanol and subjected to preparative TLC on silica plates using chloroform as eluent. Three main products were separated, in the order: [t,c,c-RuCl2(CO)2(4′cisDPyP)]2 (2), [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14), and [c,c,c-RuCl2(CO)2}(4′cisDPyP)]2 (15). According to TLC analysis, the mother liquor from the MW reaction contained smaller amounts of the three metallacycles plus unreacted 4′cisDPyP and other unidentified minor species with Rf values < 0.2, i.e. most likely intermediates in the formation of the 2+2 molecular squares.
Yields and Rf’s on TLC silica plates eluted with CHCl3:EtOH 99.5:0.5: [t,c,c-RuCl2(CO)2(4′cisDPyP)]2 (2) 24%, 0.95; [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14) 14%, 0.38; [c,c,c-RuCl2(CO)2(4′cisDPyP)]2 (15) 0.7%, 0.21. 
1H DOSY diffusion coefficients (cm2 s–1 ×106) (CDCl3, –5°C): 2.96 (2), 2.86 (14), 3.10 (15).
[{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14). 1H NMR (CDCl3, –5 °C), δ (ppm) 9.92 (d, 1H, H2,6), 9.85 (d, 1H, H2,6), 9.81 (d, 1H, H2,6), 9.75(m, 3H, H2,6), 9.43 (d, 1H, H2,6),  9.18 (d, 1H, H2,6), ), 9.07 (m, 12H, Hβ), 8.91 (m, 4H, Hβ), 8.71 (dd, 1H, H3,5), 8.61 (m, 6H, H3,5), 8.50 (dd, 1H, H3,5), 8.27 (m, 8H, o-H phenyl rings), 7.86 (m, 12H, m+p-H phenyl rings), –2.72 (s, 4H, NH). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 154.1, 154.0, 152.1, 151.4, 150.8, and 150.7 (C2,6); 132.9, 132.6, 132.5, 132.1, and 131.8 (C3,5); 134.5 (oC-phenyl rings); 128.3 and 127,0. (m+pC-phenyl rings). Selected IR absorption (chloroform solution, cm–1): 2075 (νCO), 2015 (νCO), 2002(νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 429.5 (100), 521.0 (7.7), 557 (4.4), 594 (3.3),650 (2.3).
[c,c,c-RuCl2(CO)2(4′cisDPyP)]2 (15). Selected IR absorption (chloroform solution, cm–1): 2074 and 2001 cm-1. UV-vis (CHCl3) λmax, nm (relative intensity, %): 430.0 (100), 522.0 (6.9), 559 (4.3), 595 (3.4), 651 (3.0).

Results and Discussion
Reactions with 4′MPyP
First, we investigated the reactivity of the two RuCl2(CO)2(dmso)2 isomers – 5 and 6 – towards 4′MPyP. The reactions were monitored through TLC analysis and proton NMR spectroscopy. Coordination of 4′MPyP to the Ru(II) fragment induces typical downfield shifts for the resonances of the pyridyl ring protons (H2,6 and H3,5), whereas the other porphyrin resonances are scarcely affected. As a reference we had a sample of pure t,c,c-RuCl2(CO)2(4′MPyP)2 (10), previously prepared by us from 1.31 
Both isomers 5 and 6, when treated with one equiv of 4′MPyP in CDCl3 at room temperature, slowly replace one dmso yielding a largely prevailing compound that, according to its 1H NMR spectrum, was identified as c,c,t-RuCl2(CO)2(dmso-S)(4′MPyP) (11) (Scheme 3), i.e. the analog of the pyridine product 8. When the reaction between 6 and 4′MPyP, performed in CDCl3, was monitored by NMR spectroscopy we noticed that the formation of 11 –  which implies a geometrical rearrangement – is accompanied by a progressive isomerization of the remaining complex into its stereoisomer 5 that was complete after ca. 24h. Thus it is possible that formation of 11 from 6 is subsequent to its isomerization to 5. 


Scheme 3. The reactivity of c,c,t-RuCl2(CO)2(dmso-S)2 (5) and c,c,c-RuCl2(CO)2(dmso)2 (6) towards 4′MPyP in chloroform at room temperature.

Compound 11 was also the main product when either 5 or 6 were treated with a slight excess of 4′MPyP in chloroform at higher temperature (either at reflux for 15h or for 3h at 70°C under MW-assisted conditions). The compound could be obtained in almost pure form and its spectroscopic features are fully consistent with the proposed geometry: two CO stretching bands at 2068 and 1980 cm–1 – but a single resonance at 188.68 ppm in the 13C{1H} NMR spectrum – for the adjacent and equivalent carbonyls, a singlet at 3.65 ppm for the equivalent methyl groups of the dmso-S in the 1H NMR spectrum (ESI). 
Substitution of the second dmso ligand from 5 and 6 required, besides higher temperatures and prolonged reaction times, the presence of methanol in the reaction mixture. When different CHCl3:MeOH mixtures were tested, we found that the TLC spots attributable to disubstituted products – that typically have greater TLC mobility compared to 4′MPyP and 11 – increased upon increasing the relative amount of methanol and the temperature. All the reactions described below were eventually performed in a 4:5 CHCl3:MeOH mixture (i.e. the highest content of methanol in which both 4′MPyP and 4′cisDPyP are still fully soluble) in a microwave reactor. 
When the MW-assisted reaction between either 5 or 6 and 4′MPyP (2 equiv) was performed at 100°C, the main product was the already known trans,cis,cis-RuCl2(CO)2(4′MPyP)2 (10),31 suggesting that it is the thermodynamically favored species. Crystals of 10 suitable for X-ray analysis were obtained by slow diffusion of diethyl ether into a CHCl3 solution. The solid state molecular structure (Figure 3) fully confirms the nature of 10 as already established spectroscopically in solution.31
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Figure 3. ORTEP representation (50% probability ellipsoids) of the solid state molecular structure of trans,cis,cis-RuCl2(CO)2(4′MPyP)2·0.5C6H14 (10·0.5C6H14). For clarity, an hexane crystallization molecule has been omitted; for the same reason, only major populations (0.88, 0.85) of two disordered phenyl groups of the N31 porphyrin ligand have been included.

More importantly, besides a minor amount of residual 11, the spots of two new products with Rf = 0.24 and 0.18, respectively, were observed in the TLC analysis (CHCl3; under these conditions the Rf of 10 is 0.88). Column chromatography performed on the raw mixture afforded three main bands. The first band contained pure 10. The spectral features of the product in the second band, i.e. a single set of resonances for coordinated 4′MPyP and no resonance for dmso in the 1H NMR spectrum (ESI), and two CO stretching bands in the IR spectrum at 2063 and 1995 cm-1, were consistent with the stereoisomer c,c,t-RuCl2(CO)2(4′MPyP)2 (12). We notice that both carbonyl stretching bands in 12 fall at lower frequencies compared to those in 10 (2073 and 2015 cm-1), as expected for CO being trans to the good -donor Cl rather than to a pyridyl ring.36 The geometry of 12 was confirmed by single crystal X-ray analysis (Figure 4). The pyridyl ring of each 4′MPyP in both 10 and 12 is – as expected – almost orthogonal to the coordination plane and to the porphyrin ring (dihedral angles in the range 56.6 – 79.9°). As a consequence, in the solid state the two porphyrin macrocycles form a dihedral angle of ca. 78° in 10 and ca. 12° in 12. 
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Figure 4. ORTEP representation (50% probability ellipsoids) of the solid state molecular structure of c,c,t-RuCl2(CO)2(4′MPyP)2·1.3CHCl3·C4H10O (12·1.3CHCl3·C4H10O). For clarity, the chloroform and hexane crystallization molecules have been omitted.

The third band, whose mobility on silica gel is very close to that of unreacted 4′MPyP (Rf = 0.15), contained a product whose spectral features are fully consistent with the c,c,c-RuCl2(CO)2(4′MPyP)2 (13) stereoisomer. In fact, the 1H NMR spectrum (Figure 5) shows two equally intense and well resolved sets of resonances for the H2,6 and H3,5 protons, pairwise connected in the H-H COSY spectrum, for the two inequivalent 4′MPyP ligands, whose other resonances are partially or completely overlapping, including the singlets of the internal NH protons. By comparison with the spectra of 2 and 10 (all pyridyl rings trans to CO), we tentatively assign the most upfield pair of H2,6 and H3,5 resonances (red dots in Figure 5) to the pyridyl ring trans to Cl. To be noted that the phenyl resonances are split into two sets in 2:1 intensity ratio. This feature, that is observed also in the spectrum of 10 (but is absent in that of 12), is typical for two adjacent pyridylporphyrins in free rotation about the Ru–Npyridyl bond.16,31 The IR spectrum shows two CO stretching bands for the adjacent carbonyls at 2072 and 2001 cm–1. No attempts were made to separate the racemic mixture of the C and A enantiomers.
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Figure 5. 1H NMR spectrum of c,c,c-RuCl2(CO)2(4′MPyP)2 (13) in CDCl3. Dots of the same color indicate protons belonging to the same pyridyl ring.

In summary, the main results obtained with the model mono-pyridylporphyrin showed that: i) the two stereoisomers 5 and 6 react with 4′MPyP affording the same products, ii) in chloroform/methanol mixtures the disubstituted compound 10 – that was selectively obtained from 1 – is the thermodynamically preferred product, followed by lower amounts of its stereoisomers 12 and 13.37 In principle, in analogy to 10, the geometry of the Ru fragment in 13, with two adjacent porphyrins, is suitable for the formation of 2+2 metallacycles when using 4′cisDPyP. Thus, both 10 and 13 are model corner compounds. Conversely, the geometry of the metal fragment in 12, with two opposite porphyrins, might lead to the formation of a statistically less favorable 4+4 metallacycle [c,c,t-RuCl2(CO)2(4′cisDPyP)]4, in which the porphyrins occupy the corners of the square and the Ru fragments define the sides.1 It is worth noting that the orientation of the two porphyrins in 12 is very close to that expected to be found in such hypothetical 4+4 metallacycle, making it a realistic model.

Reactions of 5 and 6 with 4′cisDPyP
Reactions between either 5 or 6 and an equivalent amount of 4′cisDPyP were best performed in a microwave reactor at 100°C in 4:5 CHCl3: MeOH solution, affording a purple precipitate. A preliminary screening showed that the highest conversion was obtained after 2h. 
Careful TLC analysis of the precipitate dissolved in chloroform showed that the raw product contained mainly 2 (Rf = 0.95). However, the spots of two other compounds of lower intensity (14 and 15, respectively) were clearly identified.38 According to their mobility on silica gel (Rf = 0.38 for 14, and Rf = 0.21 for 15) both compounds were identified as metallacycles (typically, open oligomeric species are not eluted, and the Rf of the free 4′cisDPyP is < 0.1 under these conditions). 
Pure samples of 14 and 15 (this latter in a very small amount) were best obtained by preparative TLC. Both species are well soluble in chloroform, again in agreement with being discrete – rather than oligomeric – species. Compound 14 was fully characterized by IR, 1D and 2D NMR and UV-vis spectroscopy. Taken together, the spectroscopic features are fully consistent with the hypothesis that 14 is a stereoisomer of 10, i.e. the 2+2 metallacycle [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] featuring two stereoisomeric Ru(II) corners, one of which is a chiral center with C or A configuration (and therefore is a racemic mixture). Consistent with a metallacyclic (closed) structure, the NMR resonances of the pyridyl protons of 14 occur at higher frequency than in the free 4′cisDPyP. In the CDCl3 spectrum at room temperature such resonances are rather broad. Upon lowering the temperature to ca. –5°C, they become increasingly sharper, whereas those of other protons start to broaden (ESI). For lower temperatures (between –5 and –25°C) all resonances become increasingly broader. This behavior suggests that the rotation about the Cmeso–Cring for the pyridyl rings (that are also bound to Ru) is already slow on the NMR time scale at ca. 0°C, whereas other motions – most likely the rotation of the phenyl rings – are relatively fast at 25°C and start to slow down at lower temperatures. Even at temperatures as low as –80°C, obtained in CD2Cl2 (ESI), the resonances are still broad. Figure 6 shows the spectrum at –5°C in CDCl3, where eight doublets (1H each) are observed both for the H2,6 protons between 9.92 and 9.18 ppm (three partially overlapping at ca. 9.75 ppm) and for the H3,5 protons between 8.75 and 8.48 ppm (two overlapping at 8.63 ppm and four at 8.60 ppm). The assignment was confirmed by the HMQC spectrum (ESI). The number of pyridyl proton resonances and their spread is consistent with the fact that 14, in which one of the Ru corners is chiral, has no symmetry elements. As a consequence, each pyridyl proton resonates at a different frequency (with some accidental overlapping). The low-T ROESY spectrum (ESI) clearly shows that the two H2,6 resonances that fall at lowest frequencies are pairwise connected with the two at highest frequencies by exchange cross peaks, qualifying them as belonging to two distinct pyridyl rings. Similar cross peaks are found for the H3,5 resonances, even though their spread is smaller. These findings, together with the COSY connectivity, allowed us to define unambiguously two sets of four resonances (colored dots in Figure 6). We tentatively assign them to the two pyridyl rings bound to the asymmetric Ru fragment, since these protons are expected to experience chemical and magnetic environments much more diverse above and below the macrocycle plane (either a Cl or a CO) compared to those on the pyridyl rings bound to the symmetric {t,c,c-RuCl2(CO)2} corner. The resonances of the other types of protons are not resolved. For example, the four NH protons resonate as a relatively broad singlet at –2.8 ppm.
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Figure 6. 1H NMR spectrum of [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14) in CDCl3 at –5°C. Dots of the same color indicate protons belonging to the same pyridine ring.

In further agreement with our hypothesis, 1H DOSY spectra of compounds 2 and 14 – performed under the same conditions (CDCl3, –5°C) – afforded  almost identical diffusion coefficients (ESI)
The IR spectrum of 14 in chloroform solution shows three bands in ca. 2:1:1 intensity ratio in the CO stretching region (Figure 7). The one at highest frequency is almost coincident with the average high-frequency band in the spectra of the model 4′MPyP compounds 10 and 13 (that differ only by ca. 10 cm–1). Similarly, each one the two partially resolved bands in the lower frequency region is almost coincident with the low frequency band of 10 and 13, respectively (that differ by ca. 20 cm–1). This finding is thus consistent with the presence in 14 of one {t,c,c-RuCl2(CO)2(4′cisDPyP)2} corner similar to 10, and of one {c,c,c-RuCl2(CO)2(4′cisDPyP)2} corner similar to 13. By comparison, the IR spectrum of 2 shows only two CO stretching bands at 2075 and 2015 cm–1, i.e. very similar to those of the corresponding model complex 10.
Regretfully, repeated attempts to grow single crystals of 14 suitable for X-ray analysis were unsuccessful.
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Figure 7. CO stretching region in the IR spectra of t,c,c-RuCl2(CO)2(4′MPyP)2 (10), c,c,c-RuCl2(CO)2(4′MPyP)2 (13) and [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14) in CHCl3 solution. 

The spectral features of the least abundant compound 15, obtained in very small amount from the third band of the preparative TLC, strongly suggest that it is the third stereoisomeric metallacycle [c,c,c-RuCl2(CO)2(4′cisDPyP)]2 (15). Consistent with this hypothesis: i) the 1H DOSY diffusion coefficient of 15 is almost identical to those of 2 and 14 (ESI); ii) the IR spectrum in chloroform (Figure 8) shows only two CO stretching bands at 2074 and 2001cm-1 , i.e. very similar to those found in the model corner compound 13 (2072 and 2001 cm-1).
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Figure 8. CO stretching region in the IR spectra of c,c,c-RuCl2(CO)2(4′MPyP)2 (13) and [c,c,c-RuCl2(CO)2(4′cisDPyP)]2 (15) in CHCl3 solution.

The 1H NMR spectrum of 15 at –5°C (Figure 9) is similar to that of 14, except for the larger number of partially resolved H2,6 resonances in the same spectral region. They are coupled to the less spread out and more overlapped H3,5 resonances in the H-H COSY spectrum (ESI). This feature is not surprising because this metallacycle actually exists as a mixture (presumably statistical) of two stereoisomers, one in which both porphyrins are trans to a Cl and a CO (15alt, from alternate), and the other in which one porphyrin is trans to two chlorides and the other to two carbonyls (15pw, from pairwise). According to symmetry, each stereoisomer is expected to have four distinct H2,6 and H3,5 resonances. In addition, since both {c,c,c-RuCl2(CO)2} corners are chiral (A or C), each stereoisomer will exist as a statistical mixture of meso (AC) and racemic (AA and CC) diastereomers. The meso and racemic forms of 15alt (15altmeso and 15altrac) are shown in Figure 10 (those of 15pw are shown in the ESI). Thus, whereas it is quite reasonable that the four diastereomers of 15 have very similar mobility on silica gel, and indistinguishable CO stretching bands, their mixture might give, in principle, up to sixteen different NMR resonances for the pyridyl protons, and in particular for the H2,6 protons that are the closest to the Ru centers. 
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Figure 9. Comparison of the aromatic region of the 1H NMR spectra of the three metallacycles 2, 14, and 15 in CDCl3 at –5°C showing the increasing complexity on going from 2 to 15.



Figure 10. The meso and racemic forms of metallacycle [c,c,c-RuCl2(CO)2}(4′cisDPyP)]2 (15alt) with the A and C chirality symbols (in red) on each corner.

Finally, the UV-vis spectra of the three strereomeric metallacycles 2, 14 and 15 are very similar to one another and to that of free 4′cisDPyP (ESI). As noted already,13 the insertion of the porphyrin into the metallacycle induces only minor red-shifts in the absorption maxima of the Soret and Q bands.

Conclusions
In this paper we reported three new stereoisomers of the already known 2+2 metallacycle of porphyrins [t,c,c-RuCl2(CO)2(4′cisDPyP)]2 (2) that have either one or two chiral-at-metal {c,c,c-RuCl2(CO)2} corners (C or A handedness). They were obtained, together with 2 (major product), by treatment of c,c,t-RuCl2(CO)2(dmso-S)2 (5) or c,c,c-RuCl2(CO)2(dmso)2 (6) with an equivalent amount of  4′cisDPyP.
The metallacycle [{t,c,c-RuCl2(CO)2}(4′cisDPyP)2{c,c,c-RuCl2(CO)2}] (14) features two stereoisomeric ruthenium centers as connecting units. The least abundant metallacycle [c,c,c-RuCl2(CO)2(4′cisDPyP)]2 (15) exists as a mixture of two stereoisomers defined as alternate (15alt, both porphyrins are trans to a Cl and a CO) and pairwise (15pw, one porphyrin is trans to two chlorides and the other to two carbonyls), each one as a statistical mixture of meso (AC) and racemic (AA and CC) diastereomers.
Our findings are also consistent with the results obtained with 4′MPyP, showing that the Ru(II) precursors 5 and 6 in solution isomerize to generate mainly the {t,c,c-RuCl2(CO)2} fragment (a), whereas the {c,c,t-RuCl2(CO)2} and {c,c,c-RuCl2(CO)2} fragments (b and c, respectively) are increasingly less abundant. Thus, the combination of two units of 4′cisDPyP with two equal a fragments, leading to 2 as main product, is much more likely compared to the a+c combination (leading to 14) and – obviously – to the c+c combination leading to 15.  The combination of a+b (i.e. a 90°-angular and a linear connector through a 90°-angular porphyrin) is likely to lead to oligomeric species. Finally, we had no evidence of the formation of the 4+4 metallacycle [c,c,t-RuCl2(CO)2(4′cisDPyP)]4 (16, Figure 11), that requires the combination of four b fragments with four porphyrin units. It is possible that at the concentrations used in the preparations only open oligomeric species (most likely insoluble) with the b fragment are formed and a higher dilution is necessary for obtaining 16 in detectable amounts. It is also possible that the larger 16 might has a negligible mobility on the TLC plate, and thus escaped detection.  


Figure 11. The hypothetical 4+4 metallacycle of porphyrins [c,c,t-RuCl2(CO)2(4′cisDPyP)]4 (16).

In conclusion, this work establishes some proofs-of-concept: First, we demonstrate that, by using the appropriate ruthenium precursor (5 or 6) in combination with 4′cisDPyP it is possible to obtain new 2+2 molecular squares that are not observed when the more stereochemically rigid precursor 1 is used. This feature can be seen as an advantage or as a complication, depending on the objective. Second, and from a more general point of view, it shows that – even for the smallest 2+2 metallacycle and using a symmetric organic linker – several stereoisomers can be generated when octahedral metal connectors of the type {MA2B2} that are not stereochemically rigid are employed.39 The number of stereoisomers will rapidly increase for larger 2D, or for 3D assemblies. Finally, this work also opens the way to new – even though challenging – opportunities: unprecedented and yet unexplored chiral metallosupramolecular assemblies can be obtained and eventually exploited (e.g. for supramolecular catalysis) by using stereogenic octahedral metal connectors amenable to become chiral centers.
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[image: ]
An unprecedented poker of 2+2 stereoisomeric metallacycles of porphyrins! Three new stereoisomers of the known [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2, 4′cisDPyP = 4′cis-dipyridylporphyrin), namely [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (14) and [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (15), are described. The latter exists as a mixture of two stereoisomers defined as alternate (15alt) and pairwise (15pw). Both 14 and 15 feature one or two chiral {cis,cis,cis-RuCl2(CO)2} fragments with a C or A handedness, and 14 is the first example of a 2+2 molecular square with stereoisomeric Ru(II) corners. 
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