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Abstract. Given the many applications of ruthenium porphyrins, the rarity of ruthenium corroles 

and the underdeveloped state of their chemistry are clearly indicative of an area ripe for 

significant breakthroughs. The tendency of Ru corroles to form unreactive metal-metal bonded 

dimers has been recgnized as a key impediment in this area. Herein, by exposing free-base meso-

tris(p-X-phenyl)corroles, H3[TpXPC] (X = CF3, H, Me, and OMe) and [Ru(COD)Cl2]x in 

refluxing 2-methoxyethanol to nitrite, we have been able to reliably intercept the series 

Ru[TpXPC](NO) in a matter of seconds to minutes and subsequently RuVI[TpXPC](N), the 

products of a second deoxygenation, over some 16 hours. Two of the RuVIN complexes and one 

Ru-corrole dimer could be crystallographically analyzed; the Ru-Nnitrido distances were found to 

be ~1.61 Å, consistent with the triple-bonded character of the RuVIN units and essentially 

identical to Os-Nnitrido distances in analogous Os corroles. Spectroscopic and DFT calculations 

suggest that the RuNO corroles are best viewed as innocent {RuNO}6 complexes, whereas the 

analogous FeNO corroles are noninnocent, i.e., best viewed as {FeNO}7-corrole•2–. Both RuVIN 

and OsVIN corroles exhibit sharp Soret bands, suggestive of an innocent macrocycle. A key 

difference between the two metals is that the Soret maxima of the OsVIN corroles are some 25 

nm redshifted relative to those of the RuVIN complexes. Careful TDDFT studies indicate that this 

difference is largely attributable to relativistic effects in OsVIN corroles. The availability of two 

new classes of mononuclear Ru corroles potentially opens the door to new applications, in such 

areas as catalysis and cancer therapy.  

 

 

Note: The crystal structures described in this paper have been deposited at the Cambridge 

Crystallographic Data Centre and been assigned the following deposition numbers: 

CCDC 1532043-1532045. 
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Introduction. In the short space of 15-20 years, corroles, ring-contracted analogues of 

porphyrins, have progressed from being relative curiosities1 to a major class of ligands.2,3,4 

Today, it is no exaggeration to say that both the coordination chemistry and medicinal and other 

applications of corroles5 rival those of porphyrins.6,7  In recent years, we have focused on 

developing the coordination chemistry of 5d transition metals with corroles.4,8 Many of these 

unusual size-mismatched complexes, which incorporate a large 5d metal within a sterically 

constrained corrole ligand, exhibit fascinating photophysical properties such as NIR 

phosphorescence, triplet-triplet upconversion, and potential applications in oxygen sensing and 

photodynamic therapy.9,10,11 Interestingly, significant gaps remain in our knowledge of 4d 

metallocorroles. Thus, niobium and palladium corroles are essentially unknown, while synthetic 

routes to mononuclear ruthenium corroles remain poorly developed.12 Herein, we report a 

modification of a literature synthesis, involving in situ trapping of mononuclear Ru corroles with 

nitrite, which provides a relatively general route to RuNO corroles.13 Importantly, we found that 

RuNO corroles undergo thermally induced deoxygenation to yield RuVIN corroles, the first 

Ru(VI) derivatives of corroles (Figure 1). These findings significantly expand the scope of Ru-

corrole chemistry and also provide a wealth of insights into Group 8 periodic trends and 

relativistic effects,14 as described below. 

 

 

Figure 1.  Synthetic routes to Ru meso-triarylcorroles. 
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Results and discussion. (a) Synthetic routes to RuNO and RuVIN corroles. The 

synthesis of Ru corroles is illustrative of the general challenges involved in the synthesis of 4d 

and 5d metallocorroles. The fact that these syntheses typically require highly specific reaction 

conditions, in terms of reagent, solvent, and temperature, can probably be attributed to the size-

mismatched nature of the complexes.15,16,17,18,19 Another potential problem is that certain of the 

metals are prone to metal-metal bonding20,21 and thus to yield metal-metal–bonded 

metallocorrole dimers.22,23 Thus, unless special care is taken, the interaction of free-base corroles 

with [Ru(COD)Cl2]x (x ≥ 2) in refluxing 2-methoxyethanol (with triethyamine as a quencher for 

the HCl produced in the reaction) yields rather chemically inert Ru-corrole dimers of the form 

[Ru(Cor)]2.22
,23 By trapping putative monomeric Ru-corrole species in the reaction mixture with 

NO, Gross and coworkers managed to isolate two different RuNO corroles.12 In this study, we 

chose nitrite as the nitrosylating agent and, by adding saturated aqueous NaNO2 within 30-60 

seconds of adding [Ru(COD)Cl2]x, we successfully isolated a series of RuNO corroles, 

Ru[TpXPC](NO), where TpXPC3– is the trianion of meso-tris(p-X-phenyl)corrole and X = CF3, 

H, Me, and OMe. 

 The synthesis of RuVIN corroles came about in a more indirect and serendipitous manner. 

A protocol analogous to that used for OsVIN corroles,24 employing Ru3(CO)12 and NaN3, did not 

yield the desired RuVIN corroles. Use of [Ru(COD)Cl2]x and NaN3 in 2-methoxyethanol also 

failed to give the desired products. An attempt to optimize the above synthesis of RuNO 

corroles, where the reaction mixture was heated for 2 h (instead of seconds to minutes), led to a 

fortunate breakthrough. Column chromatographic purification of the reaction mixture led to an 

unexpected greenish brown fraction with a sharp Soret band with max at 417 nm that was visibly 

different from wine-red solutions of Ru[TpXPC](NO). Electrospray ionization mass 

spectrometry (ESI-MS) indicated a molecular weight consistent with an RuVIN formulation, 

which was also supported by 1H NMR spectroscopy. Further experimentation showed that 

heating the reaction mixture for 16 h resulted in full deoxygenation of the Ru[TpXPC](NO) 

derivatives to RuVI[TpXPC](N). Interestingly, these reaction conditions also led to another minor 

product, which was isolated with some difficulty via elution with 5% MeOH in dichloromethane 

from a basic alumina column. ESI-MS suggested a -nitrido formulation, {Ru[TpXPC]}2(-N), 

for this complex; full characterization of these species, however, was not carried out as part of 

this study. Interestingly, upon refluxing with NaN3 in 2-methoxyethanol for 2 h, the putative -

nitrido complexes underwent full conversion to the terminal nitrides, RuVI[TpXPC](N). 
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 Stepwise deoxygenation of nitrite thus has afforded simple, one-pot routes to two new 

series of Ru corroles, Ru[TpXPC](NO) and RuVI[TpXPC](N). Both deoxygenations are 

relatively well precedented.25,26 In particular, Ru(III)-EDTA complexes have been recently 

shown to effect oxygen atom transfer from nitrite.27 Nitrosyl cleavage to yield nitride complexes 

is rarer, but still, several examples are known.28,29 A key gap in our knowledge centers around 

the identity of the oxygen atom acceptor in these reactions. The fact that the syntheses also work 

well with [Ru(p-cymene)I2]2 as the Ru source suggests that COD is not the key oxygen acceptor. 

On the other hand, both nitrite and 2-methoxyethanol are expected to be competent oxygen atom 

scavengers, even though we have not yet confirmed oxygen atom transfer to these species. 

  (b) Proof of composition and structure. Clean thin-layer chromatograms, ESI-MS, 

fully assigned diamagnetic 1H NMR spectra, single-crystal X-ray structures (in some cases), and 

IR spectra (showing clear NO’s) provided convincing proof of the composition of the various 

Ru[TpXPC](NO), {Ru[TpXPC]}2, and RuVI[TpXPC](N) complexes isolated. In general, fast 

meso-aryl rotation at room temperature results in broad 1H NMR signals for the ortho and meta 

aryl protons for the great majority of the complexes. Lowering the temperature to 253 K led to 

well-resolved, fully assignable 1H NMR spectra, as illustrated by key examples in Figures 2 and 

3. An interesting observation from Figure 2 is that both the  and aryl protons of 

RuVI[TpXPC](N) are systematically deshielded relative to those of Ru[TpXPC](NO); the  

protons of the nitrido series are some 0.4 ppm deshielded relative to those of the nitrosyl series. 

Two of the Ru-corrole dimers were isolated and fully characteried; for all three complexes, the 

1H NMR spectra indicated symmetry-related Ru-corrole fragments, each with Cs local symmetry, 

on the NMR timescale. Single-crystal X-ray structures could be obtained for two of the nitrido 

complexes, RuVI[TPC](N) and RuVI[TpCF3PC](N), and for {Ru[TpCF3PC]}2 (Tables 1 and 2 

and Figure 4). In each structure, the Ru is displaced 0.5-0.6 Å relative to the mean plane of the 

corrole nitrogens. For the two nitrido structures, the Ru-N distances involving the nitrido 

nitrogens are each 1.614 ± 0.001 Å, consistent with triple-bonded RuVIN units. Not surprisingly, 

the geometry parameters of the RuVIN complexes are also very similar to those of previously 

reported OsVIN corroles.  

 



Alemayehu et. al. 

 5 

 

 
 

Figure 2. 1H NMR spectra (253 K, CD2Cl2) of Ru[TpCF3PC](NO) (top) and Ru[TpCF3PC](N) 

(bottom). A, B, C and D: β-H; E: 5,15-o1-Ph; F: 10-o1-Ph. (The notation o1, o2 and m1, m2 refer 

to diastereotopic ortho and meta protons, respectively.) 

 

 

 
 

Figure 3. 1H NMR spectrum (253 K, CD2Cl2) of {Ru[TPC]}2.  
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Table 1. Crystallographic data for RuVI[TPC](N), RuVI[TpCF3PC](N), and 

{Ru[TpCF3PC]}2. 

  Sample Ru[TPC](N) Ru[TpCF3PC](N) {Ru[TpCF3PC]}2 

 Chemical formula C37H23N5Ru C40H20F9N5Ru C80H40F18N8Ru2 

 Formula mass 638.67 842.68 1657.34 

 Crystal system Monoclinic Monoclinic Triclinic 

 Space group P21/c P21/c P  

 λ (Å) 0.7749 0.7749 0.7749 

 a (Å) 12.1216(5) 16.390(12) 9.7575(5) 

 b (Å) 22.0370(9) 14.048(11) 15.2026(8) 

 c (Å) 10.7799(5) 14.056(11) 16.0513(8) 

 α (deg.) 90 90 111.527(3) 

 β (deg.) 100.249(2) 93.640(9) 96.307(3) 

 γ (deg.) 90 90 101.899(3) 

 Z 4 4 1 

 V (Å3) 2833.6(2) 3230(4) 2121.87(19) 

 Temperature (K) 100(2) 100(2) 100(2) 

 Density (g/cm3) 1.497 1.733 1.297 

 Measured reflections 53000 13834 40450 

 Unique reflections 10358 2734 16036 

 Parameters 443 496 611 

 Restraints 343 92 696 

 Rint 0.0541 0.0949 0.0414 

 θ range (deg.) 2.117 – 36.042 2.237 – 21.225 2.376 – 36.671 

 R1, wR2 all data 0.0438, 0.1153 0.0739, 0.1775 0.0659, 0.1765 

 S (GooF) all data 1.025 1.086 1.066 

 Max/min res. dens. (e/Å3) 1.667/-1.498 2.037/-0.703 2.828/-1.615 
 

 

Table 2. Selected crystallographic geometry parameters (Å) for RuVI[TPC](N), 

RuVI[TpCF3PC](N), and {Ru[TpCF3PC]}2. 

RuVI[TPC](N) RuVI[TpCF3PC](N) {Ru[TpCF3PC]}2 

Ru(1)-N(1) 1.9732(18) Ru(1)-N(1) 1.917(9) Ru(1)-N(1) 1.963(2) 

Ru(1)-N(2) 1.994(2) Ru(1)-N(2) 1.991(10) Ru(1)-N(2) 1.983(2) 

Ru(1)-N(3) 2.0009(19) Ru(1)-N(3) 1.921(9) Ru(1)-N(3) 1.980(2) 

Ru(1)-N(4) 1.9654(19) Ru(1)-N(4) 1.966(11) Ru(1)-N(4) 1.963(2) 

Ru(1)-N(5) 1.613(2) Ru(1)-N(5) 1.615(10) Ru(1)-Ru(1)a 2.1827(5) 

Ru(I)-4Nplane 0.605(1) Ru(I)-4Nplane 0.558(5) Ru(I)-4Nplane 0.5171(15) 
a
 –x+1, -y+1, -z+1 
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Figure 4. X-ray structures of (a) RuVI[TPC](N) and (b) {Ru[TpCF3PC]}2. 

 

 (c) Electronic-structural aspects of RuNO corroles.30,31 Several lines of evidence have 

recently led us to reformulate FeNO corroles, long regarded as genuine {FeNO}6 complexes, as 

spin-coupled{FeNO}7-corrole•2– species.32,33,34 It was thus of considerable interest to determine 

whether such a noninnocent description might also apply to RuNO corroles. For paramagnetic 

metallocorroles or those with thermally accessible paramagnetic excited states (such as simple 

Cu corroles), 1H NMR35,36 or EPR19 spectroscopy can often address the question of innocence or 

noninnocence of the corrole macrocycle. For diamagnetic, spin-coupled metallocorroles, more 

indirect probes are generally required. The fact the infrared NO’s of the RuNO corroles (1727-

1740 cm-1, Table 3) are somewhat lower than those of six-coordinate {RuNO}6 porphyrins 

(typically > 1800 cm-1)37,38,39 might appear to suggest a degree of {RuNO}7 character. On the 

other hand, UV-vis spectroscopy does not support that conclusion. Over a long series of studies, 
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we have established that the Soret maxima of a series of TpXPC complexes with varying para 

substituents X provides a simple probe of the question of corrole noninnocence. If the Soret 

maximum redshifts in response to increasingly electron-donating character of X, the corrole is 

noninnocent, with porphyrin a2u-type radical character.19,40,41,42,43,44,45,46  On the other hand, if the 

Soret maximum is essentially invariant with respect to X, the corrole is innocent.24,47,18,48,49 

Applying this criterion to the UV-vis spectra of Ru[TpXPC](NO) (Figure 5, Table 3), we may 

conclude that the Ru complexes are likely to be innocent, i.e., true {RuNO}6 species with 

corrole3– ligands. 

 

 

Table 3. Spectroscopic and electrochemical  properties: Soret λmax (nm), E1/2 values (V), and IR 

RuNO (cm-1). 

Complex λmax  E½ox2 E½ox1 E½red E RuNO  

Ru[TpCF3PC](NO) 404 1.05 0.73 -0.64 1.37 1740 

Ru(TPC)(NO) 404 0.98 0.64 -0.73 1.37 1733 

Ru[TpCH3PC](NO) 404 0.95 0.63 -0.74 1.37 1730 

Ru[TpOCH3PC](NO) 404 0.82 0.61 -0.73 1.34 1727 

Ru[TpCF3PC](N) 417 1.37 0.98 -1.16 2.14 1061 

Ru[TPC](N) 418 1.33 0.88 -1.32 2.20 1061 

Ru[TpCH3PC](N) 418 1.31 0.84 -1.30 2.14 1061 

Ru[TpOCH3PC](N) 419 1.20 0.79 -1.35 2.14 1061 

Os[TpCF3PC](N) 441 1.45 1.02 -1.19 2.21 – 

Os[TPC](N) 442 1.32 0.91 -1.28 2.19 – 

Os[TpCH3PC](N) 443 1.28 0.87 -1.33 2.20 – 

Os[TpOCH3PC](N) 445 1.18 0.83 -1.32 2.15 – 

 

 DFT (B3LYP/STO-TZ2P) calculations also provide strong support for an innocent 

formulation of RuNO corroles. Thus, B3LYP/STO-TZ2P calculations failed to yield a broken-

symmetry solution for Ru[TPC](NO), as they do for Fe[TPC](NO). Both DFT calculations and 

high-quality X-ray structures also indicate skeletal bond distance alternations of ~0.02 Å within 

the bipyrrole part of FeNO corrole structures, consistent with removal of an electron from the 
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porphyrin a2u-like HOMO of the corrole macrocycle. As shown in Figure 6, the optimized 

structure of Ru[TPC](NO) does not exhibit such a distance alternation. The X-ray structure of 

Fe[TPFPC](NO) also evinces no indication of such an alternation. The conclusion that FeNO and 

RuNO corroles conform to different electronic descriptions, i.e., {FeNO}7-corrole•2– vs. 

{RuNO}6-corrole3–, while interesting, should not be viewed as particularly surprising, given the 

increased stability of higher oxidation states for 4d relative to 3d transition metals. 

 The redox potentials of RuNO corroles are consistent with above electronic-structural 

picture. Thus, as corrole3– derivatives, RuNO corroles are some 200 mV easier to oxidize than 

analogous FeNO corroles, which are corrole•2–. Thus, the E1/2ox for Ru[TPC](NO) is 0.64 V, 

while that of Fe[TPC](NO) is 0.86 V. A similar argument also accounts for the fact that the 

reduction potentials of RuNO corroles are some 400 mV more negative (i.e., more difficult to 

reduce) than those of FeNO corroles. Thus, the E1/2red for Ru[TPC](NO) is –0.73 V, while that of 

Fe[TPC](NO) is –0.33 V. The electrochemical HOMO-LUMO gaps are thus marginally higher 

for RuNO corroles than those of FeNO corroles. DFT (B3LYP/STO-TZ2P/COSMO) spin 

density plots further indicate that the cationic and anionic states of Ru[TPC](NO) are best 

viewed as {RuNO}6-corrole•2– and {RuNO}7-corrole3–, respectively. 

 

Figure 5. Comparison of the UV-vis spectra of Ru[TpXPC](NO) and Fe[TpXPC](NO) (inset) in 

dichloromethane.  
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Figure 6. Highlights of DFT and crystallographic bond distances (Å) for selected FeNO and 

RuNO corroles.  

 

 

Figure 7. Comparative cyclic voltammograms (V vs. SCE, CH2Cl2, 100 mV/s) for 

Ru[TpXPC](NO).  
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Figure 8. Spin density profiles of the cationic and anionic states of Ru[TPC](NO). 

 

 (d) Electronic-structural aspects of RuVIN corroles. The RuVIN triarylcorroles 

synthesized exhibit relatively high oxidation potentials of 0.8 to 1.0 V and low reduction 

potentials of –1.33 to –1.19 V, which translate to electrochemical HOMO-LUMO gaps of about 

2.2 V, essentially identical to those observed for OsVIN corroles. These redox potentials are 

indicative of ligand -system–based processes, suggesting an innocent corrole macrocycle. The 

intense and exceptionally sharp Soret bands of the compounds also strongly suggest an innocent 

corrole ligand (Figure 9). A fascinating point here is that the Soret maxima of the RuVIN 

complexes are blue-shifted by some 25 nm relative to those of the analogous OsVIN complexes 

(Figure 9).24 A similar spectral shift was also recently noted for the Soret maxima of TcVO48 vs. 

ReVO49 corroles; a careful TDDFT analysis indicated that the redshifted Soret maxima of ReO 

corroles could be ascribed to relativistic effects. Detailed studies of relativistic effects are scarce 

for metalloporphyrin-type complexes so an analogous TDDFT (B3LYP-D3/COSMO) study was 

also undertaken to gain insight into the spectral shift between RuVIN and OsVIN corroles (Figure 

10). The calculations showed that the OsVIN case corresponds to the classic Gouterman four-

orbital scenario, with essentially no contribution from the relativistically destabilized Os(5d) 

orbitals to the four frontier MOs. In the RuVIN case, on the other hand, antibonding interactions 

with the Ru(4dxz,yz) orbitals results in higher-energy Gouterman LUMOs, leading to a blue-

shifted Soret band.  
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Figure 9. Electronic absorption spectra in dichloromethane for (a) Ru[TpXPC](N) and (b) 

M[TPC](N) (M = Ru, Os).  
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Figure 10. Selected DFT and TDDFT results on M[TPC](N) (M = Ru, Os). (a) Main 

contributions to the two Soret transitions of the two complexes; the label d indicates MOs with 

>25% metal d character; the energy range marked G is that spanned by the Goutermann-type 

frontier MOs. (b) Nonrelativistic, scalar relativistic, and spin-orbit TDDFT simulations of the 

electronic absorption spectra M[Cor](N), where Cor = unsubstituted corrole. (c) Selected frontier 

MOs of Ru[TPC](N). (d) Selected frontier MOs of Os[TPC](N).  
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 Conclusion. The interaction of free-base corroles, [Ru(COD)Cl2]2, and nitrite in 

refluxing 2-methoxyethanol has been shown to provide reliable access to two new families of Ru 

triarylcorroles, Ru[TpXPC](NO) and RuVI[TpXPC](N). Both are thought to arise via the 

stepwise deoxygenation of nitrite, with the RuNO complexes forming in a matter of seconds and 

the RuVIN over several hours. The new complexes have shed light on periodic trends and 

relativistic effects for Group 8 metallocorroles. Thus, whereas FeNO corroles are thought of as 

noninnocent, i.e., {FeNO}7-corrole•2–, RuNO corroles appear to conform to an innocent 

electronic-structural description, {RuNO}6-corrole3–. We have also uncovered a remarkable 

spectral shift between the Soret maxima of RuVIN and OsVIN corroles, with the latter redshifted 

by some 25 nm. A careful TDDFT analysis has established that this shift may be largely ascribed 

to relativistic effects on the Os(5d) orbitals. The new Ru corroles reported herein are potential 

harbingers of new catalysts for organic transformations (such as aziridination and 

cyclopropanations) and of new anticancer and antimicrobial agents. These applications are 

currently under active investigation in our laboratory and will be reported in due course. 

 

Experimental section 

(a) Materials. Anhydrous 2-methoxyethanol (99.8 %), dichloro(1,5-

cyclooctadiene)ruthenium(II) polymer (95%), diiodo(p-cymene)ruthenium(II) dimer, 

trimethylamine (99%), sodium azide (99.5 %), and activated neutral alumina (Brockmann I) 

were purchased from Sigma-Aldrich and used as received. Silica gel 60 (0.04-0.063 mm particle 

size, 230-400 mesh, Merck) was employed for flash chromatography. Silica gel 60 preparative 

thin-layer chromatographic plates (20 cm x 20 cm, 0.5 mm thick, Merck) were used for final 

purification of all complexes. 

 (b) Instrumental methods. UV-visible spectra were recorded on an HP 8453 

spectrophotometer. 1H NMR spectra (253 K, CD2Cl2) were recorded on a 400 MHz Bruker 

Avance III HD spectrometer equipped with a 5 mm BB/1H SmartProbe and referenced to 

residual CH2Cl2 at 5.31 ppm. High-resolution electrospray-ionization (HR-ESI) mass spectra 

were recorded from methanolic solution on an LTQ Orbitrap XL spectrometer.  IR spectra were 

acquired as an average of 32 scans with a 1 cm-1 resolution on a Varian 7000e FT-IR 

spectrometer. Cyclic voltammetry measurements were carried out at 298 K with an EG&G 

Model 263A potentiostat having a three electrode system: a glassy carbon working electrode, a 
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platinum wire counterelectrode, and a saturated calomel reference electrode (SCE). Anhydrous 

CH2Cl2 (Aldrich) was used as solvent and tetra(n-butyl)ammonium perchlorate, recrystallized 

twice from absolute ethanol and dried in a desiccator for at least 2 weeks, was used as the 

supporting electrolyte. The reference electrode was separated from the bulk solution by a fritted-

glass bridge filled with the solvent/supporting electrolyte mixture. The electrolyte solution was 

purged with argon for at least 2 min and all measurements were carried out under an argon 

blanket. All potentials were referenced to the SCE. Elemental analyses were obtained from 

Atlantic Microlab Inc., USA. 

 General Procedure for the synthesis of Ru[TpXPC](NO). A solution of H3[TpXPC] 

(0.136 mmol) in 2-methoxyethanol (10 mL) was brought to reflux under argon. To the hot 

solution was added trimethylamine (50 µL), followed by [{Ru(cod)Cl2}x] (115 mg, 0.41 mmol 

Ru). Within about 30 s of the addition of the [{Ru(cod)Cl2}x] (during which the solution started 

to turn from green to brownish) was injected 0.5 mL of a saturated aqueous solution of sodium 

nitrite. Seconds later, the solution turned deep red and heating was discontinued. The solution, 

while stirring, was cooled to room temperature and evaporated to dryness. The resulting residue 

was dissolved in a minimum amount of dichloromethane and chromatographed on a neutral 

alumina column with 3:1 hexane/dichloromethane as eluent. Dimeric Ru corroles eluted first and 

upon their complete removal (as monitored by UV-vis spectroscopy) the eluent was changed to 

pure dichloromethane, which resulted in the elution of Ru[TpXPC](NO) as wine-red solutions. 

Two of Ru-corrole dimers and all four RuNO corroles were fully characterized. 

 {Ru[TpCF3PC]}2. Yield 17.25 mg (15.3 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 (M-

1cm-1)]: 328 (8.83), 397 (7.82), 541(1.88). 1H NMR (400 MHz, –20C ): δ 9.10 (d, 2H, 3JHH = 

8.0 Hz, 10-o1-Ph); 8.99 (d, 4H, 3JHH = 8.0 Hz, 5,15-o1-Ph); 8.83 (d, 4H, 3JHH = 3.5 Hz, β-H); 

8.66 (d, 4H, 3JHH = 4.2 Hz, β-H ); 8.35 (bs, 8H, β-H); 8.15 (overlapping doublets, 6H, 3JHH  = 9.5 

Hz, 10-m1-Ph & 5,15-m1-Ph); 7.86 (d, 4H, 3JHH = 8.0 Hz, 5,15-o2-Ph); 7.80 (d, 2H, 3JHH = 8.5 

Hz, 10-o2-Ph); 7.53 (d, 4H, 3JHH = 8.0 Hz, 5,15-m2-Ph); 7.37 (d, 2H, 3JHH = 7.7 Hz, 10-o2-Ph). 

Elemental analysis: Found C 57.69, H 2.62, N 6.32; calcd C 57.98, H 2.43, N 6.76.  MS (ESI): 

M+ = 1658.11 (expt), 1658.12 (calcd for C80H40F18N8Ru2) 

 {Ru[TPC]}2. Yield 14.96 mg (17.6 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 (M-1cm-1)]: 

328 (9.06), 397 (7.74), 539 (1.99). 1H NMR (400 MHz, –20C ): δ 9.05 (d, 4H, 3JHH = 7.2 Hz, 

5,15-o1-Ph); 8.93 (d, 2H, 3JHH = 8.2 Hz, 10-o1-Ph); 8.77 (bs, 4H, β-H); 8.60 (bs, 4H, β-H ); 8.29 

(bs, 8H, β-H); 7.99 (t, 4H, 3JHH  = 7.2 Hz, 5,15-m1-Ph); 7.82 (t, 2H, 3JHH = 7.2 Hz, 10-m1-Ph); 
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7.75 (t, 4H, 3JHH = 7.2 Hz, 5,15-p-Ph); 7.69 (t, 2H, 3JHH = 7.2 Hz, 10-p-Ph); 7.55 (t, 4H, 3JHH = 

7.2 Hz, 5,15-m2-Ph); 7.45 (t, 2H, 3JHH = 7.2 Hz, 10-m2-Ph); 7.33 (d, 4H, 3JHH = 8.2 Hz, 5,15-o2-

Ph); 7.13 (d, 2H, 3JHH = 7.2 Hz, 10-m2-Ph). Elemental analysis: Found: C 70.85, H 3.49, N 8.62; 

calcd: C 71.14, H 3.71, N 8.97.  MS (ESI): M+ = 1250.20 (expt), 1250.19 (calcd for 

C74H46N8Ru2). 

 Ru[TpCF3PC](NO). Yield 51 mg (43.67 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 (M-

1cm-1)]: 339 (3.09), 404 (5.18), 553 (1.38). 1H NMR (400 MHz, –20C ): δ 9.21 (d, 2H, 3JHH = 

4.5 Hz, β-H); 8.80 (d, 2H, 3JHH = 4.8 Hz, β-H ); 8.75 (d, 2H, 3JHH = 4.5 Hz, β-H); 8.58 (d, 2H, 

3JHH = 4.8 Hz, β-H ); 8.55 (d, 2H, 3JHH = 8.1 Hz, 5,15-o1-Ph); 8.44 (d, 1H, 3JHH  = 7.9 Hz, 10-o1-

Ph); 8.15 (d, 2H, 3JHH = 8.2 Hz, 5,15-m1-Ph); 8.12 (d, 2H, 3JHH = 8.4 Hz, 5,15-o2-Ph); 8.09 (d, 

1H, 3JHH = 8.1 Hz, 10-m1-Ph); 8.06 (d, 1H, 3JHH = 7.9 Hz, 10-o2-Ph); 8.02 (d, 2H, 3JHH = 8.1 Hz, 

5,15-m2-Ph); 7.98 (d, 2H, 3JHH = 8.2 Hz, 10-m2-Ph). Elemental analysis: Found: C 56.39, H 

2.51, N 7.87; calcd: C 55.95, H 2.35, N 8.16.  MS (ESI): M+ = 859.05 (expt), 858.68 (calcd for 

C40H20OF9N5Ru). IR RuNO: 1740 cm-1. 

 Ru(TPC)(NO). Yield 38.49 mg (43.24 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 (M-

1cm-1)]: 360 (3.87), 404 (5.31), 552 (1.49). 1H NMR (400 MHz, –20C): δ 9.14 (d, 2H, 3JHH = 

4.5 Hz, β-H); 8.80 (d, 2H, 3JHH = 4.8 Hz, β-H); 8.75 (d, 2H, 3JHH = 4.5 Hz, β-H); 8.58 (d, 2H, 

3JHH = 4.8 Hz, β-H); 8.41 (d, 2H, 3JHH = 7.5 Hz, 5,15-o1-Ph); 8.28 (d, 1H, 3JHH = 7.5 Hz, 10-o1-

Ph); 8.04 (d, 2H, 3JHH = 7.8 Hz, 5,15-o2-Ph); 7.92 (d, 1H, 3JHH = 7.0 Hz, 10-o2-Ph); 7.88-7.65 

(m, 9H, Ph). Elemental analysis: Found: C 66.43, H 3.93, N 9.87; calcd: C 67.88, H 3.54, N 

10.70.  MS (ESI): M+ = 655.09 (expt), 654.68 (calcd for C37H23N5ORu). IR RuNO: 1733 cm-1. 

 Ru[TpCH3PC](NO). Yield 46.87 mg (49.47 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 

(M-1cm-1)]: 368 (3.54), 404 (4.28), 554 (1.27). 1H NMR (400 MHz, –20C ): δ 9.12 (d, 2H, 3JHH 

= 4.4 Hz, β-H); 8.80 (d, 2H, 3JHH = 4.8 Hz, β-H ); 8.73 (d, 2H, 3JHH = 4.5 Hz, β-H); 8.57 (d, 2H, 

3JHH = 4.9 Hz, β-H ); 8.28 (d, 2H, 3JHH = 7.6 Hz, 5,15-o1-Ph); 8.14 (d, 1H, 3JHH  = 7.7 Hz, 10-o1-

Ph); 7.91 (d, 2H, 3JHH = 7.7 Hz, 5,15-o2-Ph); 7.79 (d, 1H, 3JHH = 7.7 Hz, 10-o2-Ph); 7.65 (d, 2H, 

3JHH = 7.9 Hz, 5,15-m1-Ph); 7.60 (d, 1H, 3JHH = 8.1 Hz, 10-m1-Ph); 7.55 (d, 2H, 3JHH = 7.8 Hz, 

5,15-m2-Ph); 7.51 (d, 1H, 3J = 7.9 Hz, 10-m2-Ph); 2.64 (s, 6H, 10-p-CH3); 2.62 (s, 3H, 10-p-

CH3). Elemental analysis: Found: C 69.33, H 4.45, N 9.55; calcd: C 68.95, H 4.20, N 10.05.  MS 

(ESI): M+ = 697.14 (expt), 696.76 (calcd for C40H29N5ORu). IR RuNO: 1730 cm-1. 
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 Ru[TpOMePC](NO). Yield 40.77 mg (40.26 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 

(M-1cm-1)]: 404 (3.95), 555 (1.05). 1H NMR (400 MHz, –20C ): δ 9.12 (d, 2H, 3JHH = 4.5 Hz, β-

H); 8.81 (d, 2H, 3JHH = 4.8 Hz, β-H ); 8.74 (d, 2H, 3JHH = 4.5 Hz, β-H); 8.59 (d, 2H, 3JHH = 4.8 

Hz, β-H ); 8.32 (d, 2H, 3JHH = 8.5 Hz, 5,15-o1-Ph); 8.19 (d, 1H, 3JHH  = 8.2 Hz, 10-o1-Ph); 7.96 

(d, 2H, 3JHH = 8.5 Hz, 5,15-o2-Ph); 7.84 (d, 1H, 3JHH = 8.2 Hz, 10-o2-Ph); 7.37 (d, 2H, 3JHH = 

8.5 Hz, 5,15-m1-Ph); 7.32 (d, 1H, 3JHH = 8.2 Hz, 10-m1-Ph); 7.27 (d, 2H, 3JHH = 8.5 Hz, 5,15-

m2-Ph); 7.22 (d, 1H, 3JHH = 8.2 Hz, 10-m2-Ph); 4.03 (s, 6H, 5,15-p-OCH3); 4.01 (s, 3H, 10-p-

OCH3).  Elemental analysis: Found C 63.04, H 4.50, N 8.79; calcd C 64.51, H 3.92, N 9.40.  MS 

(ESI): M+ = 745.12 (expt), 744.76 (calcd for C40H29O4N5Ru). IR RuNO: 1727 cm-1. 

 General procedure for the synthesis of Ru[TpXPC](N). A solution of H3[TpXPC] 

(0.136 mmol) in 2-methoxyethanol (10 mL) was brought to reflux under argon. To the hot 

solution was added trimethylamine (50 µL), followed by [{Ru(cod)Cl2}x] (115 mg, 0.41 mmol 

Ru). Within about 30 s of the addition of the [{Ru(cod)Cl2}x] (during which the solution started 

to turn from green to brownish) was injected 0.5 mL of a saturated aqueous solution of sodium 

nitrite, resulting in (as before) a deep red solution. Heating was continued for ~16 h and the 

solution was then cooled to room temperature. Upon evaporation of the solvent, the crude 

material was chromatographed on a neutral alumina column using with pure dichloromethane as 

eluent, which yielded Ru[TpXPC](N) as the first fraction. The eluent was then changed to 95:5 

dichloromethane/methanol to elute the remaining products sticking to the column. ESI-MS 

analysis of the second fraction suggested the presence of binuclear µ-nitrido ruthenium corroles 

among other unidentified products. This fraction of unidentified products was evaporated to 

dryness and redissolved in 2-methoxyethanol and refluxed for 2 h in the presence of sodium 

azide (0.45 mmol). Upon evaporation of the solvent, the residue was chromatographed on a 

neutral alumina column with dichloromethane as eluent, resulting in a new batch of 

Ru[TpXPC](N). The two batches of RuN corrole were combined, evaporated to dryness, and 

further purified by chromatography on a silica gel column with 3:1 hexane/dichloromethane as 

eluent. Final purification was then achieved with preparative thin-layer chromatography on silica 

gel plates with 3:2 hexane/dichloromethane, which resulted in overall 11-18 % yields of RuN 

corroles (relative to the free-base corroles used). 

 Ru[TpCF3PC](N). Yield 15.08 mg (13.16 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 (M-

1cm-1)]: 417 (8.65), 505 (1.47), 592 (1.19). 1H NMR (400 MHz, –20C ): δ 9.61 (d, 2H, 3JHH = 

4.4 Hz, β-H); 9.27 (d, 2H, 3JHH = 4.9 Hz, β-H ); 9.17 (d, 2H, 3JHH = 4.5 Hz, β-H); 9.03 (d, 2H, 
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3JHH = 4.9 Hz, β-H ); 8.66 (d, 2H, 3JHH = 8.1 Hz, 5,15-o1-Ph); 8.59 (d, 1H, 3JHH  = 8.1 Hz, 10-o1-

Ph); 8.30 (d, 2H, 3JHH = 7.9 Hz, 5,15-o2-Ph); 8.17-8.15 (d, 3H, 3JHH = 8.1 Hz, 5,15-m1 & 10-m1-

Ph, overlapping); 8.13 (d, 1H, 3JHH = 7.9 Hz, 10-o2-Ph); 8.08 (d, 2H, 3JHH = 8.1 Hz, 5,15-m2-

Ph); 8.03 (d, 1H, 3JHH = 8 Hz, 10-m2-Ph).  Elemental analysis: Found: C 56.54, H 2.61, N 8.10; 

calcd: C 57.01, H 2.39, N 8.31.  MS (ESI): M+ = 843.06 (expt), 842.68 (calcd for 

C40H20F9N5Ru).  

 Ru[TPC](N). Yield 12.69 mg (14.62 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 (M-1cm-

1)]: 418 (9.52), 505 (1.50), 592 (1.13). 1H NMR (400 MHz, –20C): δ 9.54 (d, 2H, 3JHH = 4.4 Hz, 

β-H); 9.28 (d, 2H, 3JHH = 4.9 Hz, β-H); 9.16 (d, 2H, 3JHH = 4.4 Hz, β-H); 9.03 (d, 2H, 3JHH = 4.8 

Hz, β-H); 8.52 (d, 2H, 3JHH = 8.1 Hz, 5,15-o1-Ph); 8.44 (d, 1H, 3JHH = 7.9 Hz, 10-o1-Ph); 8.17 

(d, 2H, 3JHH = 8.1 Hz, 5,15-o2-Ph); 8.01 (d, 1H, 3JHH = 7.8 Hz, 10-o2-Ph); 7.92-7.72 (m, 9H, 

5,15-m1 & m2-Ph, 10-m1 & m2, 5,10,15-p-Ph overlapping).  Elemental analysis: Found: C 

68.29, H 3.64, N 10.66; calcd: C 69.58, H 3.63, N 10.97.  MS (ESI): M+ = 639.10 (expt), 638.68 

(calcd for C37H23N5Ru).  

 Ru[TpCH3PC](N). Yield 17.26 mg (18.65 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 (M-

1cm-1)]: 418 (8.64), 508 (1.53), 592 (1.12). 1H NMR (400 MHz, –20C ): δ 9.56 (d, 2H, 3JHH = 

4.4 Hz, β-H); 9.30 (d, 2H, 3JHH = 4.8 Hz, β-H ); 9.18 (d, 2H, 3JHH = 4.4 Hz, β-H); 9.05 (d, 2H, 

3JHH = 4.8 Hz, β-H ); 8.42 (d, 2H, 3JHH = 7.7 Hz, 5,15-o1-Ph); 8.33 (d, 1H, 3JHH  = 7.9 Hz, 10-o1-

Ph); 8.08 (d, 2H, 3JHH = 7.9 Hz, 5,15-o2-Ph); 7.91 (d, 1H, 3JHH = 8.4 Hz, 10-o2-Ph); 7.73 (d, 2H, 

3JHH = 8 Hz, 5,15-m1-Ph); 7.68 (d, 1H, 3JHH = 8.5 Hz, 10-m1-Ph); 7.65 (d, 2H, 3JHH = 7.7 Hz, 

5,15-m2-Ph); 7.58 (d, 1H, 3J = 8.5 Hz, 10-m2-Ph); 2.71 (s, 6H, 10-p-CH3); 2.70 (s, 3H, 10-p-

CH3). Elemental analysis: Found: C 70.38, H 4.34, N 10.22; calcd: C 70.57, H 4.29, N 10.29.  

MS (ESI): M+ = 681.14 (expt), 680.76 (calcd for C40H29N5Ru). 

 Ru[TpOMePC](N). Yield 11.13 mg (11.41 %). UV-vis (CH2Cl2): λmax (nm), [ε x 10-4 

(M-1cm-1)]: 419 (8.75), 510 (1.57), 592 (1.11). 1H NMR (400 MHz, –20C ): δ 9.48 (d, 2H, 3JHH 

= 4.4 Hz, β-H); 9.27 (d, 2H, 3JHH = 4.8 Hz, β-H ); 9.12 (d, 2H, 3JHH = 4.9 Hz, β-H); 9.02 (d, 2H, 

3JHH = 4.9 Hz, β-H ); 8.40 (d, 2H, 3JHH = 8.3 Hz, 5,15-o1-Ph); 8.30 (d, 1H, 3JHH  = 8.3 Hz, 10-o1-

Ph); 8.06 (d, 2H, 3JHH = 8.3 Hz, 5,15-o2-Ph); 7.89 (d, 1H, 3JHH = 8.1 Hz, 10-o2-Ph); 7.40 (d, 2H, 

3JHH = 8.4 Hz, 5,15-m1-Ph); 7.39 (d, 1H, 3JHH = 8.4 Hz, 10-m1-Ph); 7.33 (d, 2H, 3JHH = 8.4 Hz, 

5,15-m2-Ph); 7.25 (d, 1H, 3JHH = 8 Hz, 10-m2-Ph); 4.04 (s, 6H, 5,15-p-OCH3); 4.03 (s, 3H, 10-p-

OCH3).  Elemental analysis: Found: C 64.25, H 4.20, N 9.05; calcd: C 65.92, H 4.01, N 9.61.  

MS (ESI): M+ = 729.13 (expt), 728.76 (calcd for C40H29O3N5Ru). 
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 X-ray structure determinations. X-ray data for RuVI[TPC](N), Ru[TpCF3PC](N), and 

{Ru[TpCF3PC]}2 were collected on beamline 11.3.1 at the Advanced Light Source, Lawrence 

Berkeley National Lab. Samples were mounted on MiTeGen® kapton loops and placed in a 

100(2) K nitrogen cold stream provided by an Oxford Cryostream 800 Plus low temperature 

apparatus on the goniometer head of a Bruker D8 diffractometer equipped with a PHOTON100 

CMOS detector operating in shutterless mode. Diffraction data were collected for synchrotron 

radiation monochromated with silicon(111) to a wavelength of 0.7749(1)Å. An approximate full-

sphere of data was collected using a combination of phi and omega scans with scan speeds of 1 

second per degree for the phi scans, and 1 and 3 seconds per degree for the omega scans at 2θ = 

0 and -45, respectively. The structures were solved by intrinsic phasing (SHELXT)50 and refined 

by full-matrix least squares on F2 (SHELXL-2014).51 All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were geometrically calculated and refined as riding atoms. 

Additional crystallographic information has been summarized in Table 1 and full details can be 

found in the crystallographic information files provided in the Supplementary Information. 

 Computational methods. All ground-state and time-dependent DFT calculations were 

carried with ADF 2014 program system with B3LYP exchange-correlation functional and the D3 

dispersion correction.52,53 For the experimentally studied molecules M[TPC](NO) and 

M[TPC](N) (M = Ru, Os), we used the relativistic ZORA Hamiltonian applied as a scalar 

correction, ZORA Slater-type TZ2P basis sets, and the COSMO model for solvation (solvent = 

dichloromethane). For the truncated models M[Cor](N) (M = Ru, Os, Cor = unsubstituted 

corrole), TDDFT (COSMO) calculations were carried out with ZORA-STO-TZP basis sets and 

the ZORA Hamiltonian applied both as a scalar correction and with spin-orbit coupling.  A third 

set of calculations were carried out on these compounds with the same basis set but with a 

nonrelativistic Hamiltonian.  
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Synopsis: Exposure of free-base meso-triarylcorroles and [Ru(COD)Cl2]x in refluxing 2-

methoxyethanol to nitrite leads to RuNO corroles in seconds and subsequently, via a second 

deoxygenation over some 16 h, to RuVIN corroles. 

 

 

 


