
rsc.li/chemcomm

 ChemComm
Chemical Communications

rsc.li/chemcomm

ISSN 1359-7345

COMMUNICATION
S. J. Connon, M. O. Senge et al. 
Conformational control of nonplanar free base porphyrins: 
towards bifunctional catalysts of tunable basicity

Volume 54
Number 1
4 January 2018
Pages 1-112

 ChemComm
Chemical Communications

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  U. Mall, R. J. Ortiz,

I. B.M. Lozada, G. Williams and D. E. Herbert, Chem. Commun., 2026, DOI: 10.1039/D6CC02913B.

http://rsc.li/chemcomm
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6cc02913b
https://pubs.rsc.org/en/journals/journal/CC
http://crossmark.crossref.org/dialog/?doi=10.1039/D6CC02913B&domain=pdf&date_stamp=2026-06-23


  

ChemComm 

COMMUNICATION 

  

Please do not adjust margins 

Please do not adjust margins 

 
Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

Highly Covalent, Pseudo-Octahedral Ru(II) Bis(amides): 
Panchromatic Absorption and Low-Energy Photocatalysis  
Utkarsh Mall,a Robert J. Ortiz,a Issiah B. Lozada,a J. A. Gareth Williams,b and David E. Herbert*a 

A pseudo-octahedral Ru(II) complex supported by trans-amido 
donors is presented. Ru(t2g)-N(2p) dp-pp mixing generates highly 
covalent frontier MOs and strong absorption of visible/NIR light 
with p-anti-bonding-to-ligand charge-transfer character, covering a 
much wider range than is typical of Ru(II) chromophores. Low-
energy irradiation generates a 33 ns dark excited-state capable of 
mediating electron- and energy-transfer photochemistry. 

In photocatalysis, the ability to use low-energy excitation, 
notably red (600-700 nm) and near infrared (NIR) light, can 
circumvent issues with off-target reactivity,1 light attenuation,2 
or complications with engineered solutions.3 To achieve this, 
chromophores must be designed to absorb in this region of the 
electromagnetic spectrum and generate excited states with 
sufficiently long lifetimes and useful redox properties.4 In 
addition to metalloporphyrins and emerging research into 
abundant-element coordination complexes,5  heavier group 8 
chromophores have arguably received the most attention in 
this area.6 Low-energy photocatalysis with Os(II)7 and Ru(II),8 as 
well as Ir(III),9 typically exploits the ability of heavier elements 
to undergo direct, spin-forbidden S0→T1 excitation thanks to 
large spin-orbit coupling (SOC), but these absorptions can be 
quite weak.10 In comparison, low energy absorption with 
charge-transfer (CT) character should present higher 
absorptivity thanks to the nature of the transitions.11 
Panchromatic CT absorption is also coveted to enable low-
energy light harvesting in dye-sensitized solar cells.12,13  
 Against this backdrop, we became interested in transition 
metal chromophores supported by anionic amido donors.14 
These offer a number of advantages: they can be installed via 
facile deprotonation of [N-H] units,15 and the p-donor character 
emerging from the nitrogen-based lone pair increases the 
electron-richness of bound metal centres.16 This proffers metal-
to-ligand charge-transfer (MLCT) character to excited states in 
Co(III) bis(carbene)amido C^N-^C complexes,17 rare for Co(III). 

The redox-activity of amido donors also allows for multiple 
redox states of a Mn bis(amido).18 As a p-donor ligand, amido 
moieties can also influence optical properties through orbital 
mixing. In (pseudo)octahedral complexes of electron-rich 
metals with occupied t2g-type subsets, p-overlap with amido 
N(2p) orbitals reduces electron-electron repulsion within the 
metal’s d orbitals. The ‘nephelauxetic reduction’19 resulting 
from covalent metal-amido bonds counteracts the weak-field 
nature of amido donors. This influences the excited-state 
landscape of d3 Cr(III) chromophores, facilitating deep-
red/NIR20,21 and NIR-II luminescence.22 M-Namido mixing can also 
alter the nature of a molecule’s absorption spectrum. For 
example, strong mixing between filled Fe(3d) and Namido(2p) 
orbitals in d6 Fe(II)23 complexes supported by (4-
phenanthridinyl-8-quinolinyl)amido ligands {(L)2Fe; Fig. 1a} 
lends the highest occupied molecular orbitals Fe-Namido p-
antibonding character.24 This results in ‘p-antibonding-to-
ligand’ charge-transfer (PALCT) character25 in the low energy 
absorption manifold (Fig. 1b) and broad, panchromatic 
absorption of visible light. Strong Fe-Namido covalency, however, 
is insufficient to overcome the tendency of Fe(II) polypyridyls to 
rapidly populate metal-centred excited states despite the initial 
formation of CT ones.26,27 

 

 

Fig. 1. (a) Pseudo-octahedral trans bis(amido) complexes (M = Fe24; M = Ru, this work) 
and (b) the ‘p-antibonding-to-ligand’ charge-transfer (PALCT) character of their lowest 
energy absorptions. 
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 We therefore turned our attention to Ru(II) complexes of 
chelating amido ligands to see if long-lived, reactive CT excited 
states could be accessed in heavier analogues of (L)2Fe. Mono-
amido Ru(II) complexes of deprotonated bis(8-quinolinyl)amine 
proligands28 and cis bis(amido)Ru(IV) complexes using 2,3-
diamino-2,3-dimethylbutane ligands have been reported,29 but 
to our knowledge, Ru(II) complexes of trans-disposed 
bis(amido) donors have not been previously described. Heating 
a solution of the proligand LH with 0.5 equivalents of 
(NH3)6RuCl3 and N-ethylmorpholine base in ethylene glycol 
afforded the cationic complex [(L)2Ru]PF6 as a dark red solid 
following metathesis with KPF6(aq) (Fig. 2a; 62% yield). 
[(L)2Ru]PF6 exhibits a broad, paramagnetically shifted 1H NMR 
spectrum as expected of a formally d5 species (Figure S1). 
Analysis by Evans’ method gives a magnetic moment of 1.39 µB, 

consistent with a single unpaired electron and a low-spin d5 
configuration. [(L)2Ru]+ can be reduced at potentials accessible 
to common chemical reductants (E1/2 = -0.60 V vs. 
ferrocene/ferrocenium (FcH0/+), Fig. 2b) with a high degree of 
reversibility (iox/ired = 0.91). Chemical reduction using 
cobaltocene in acetonitrile allowed for isolation of (L)2Ru in 76% 
yield as a deep purple solid. Single crystals suitable for X-ray 
diffraction could be grown for both redox isomers (Fig. 2c and 
S2; Table S1). Comparing the two structures shows that, as with 
[(L)2Fe]0/+,24 the Ru-Namido bond distances decrease on 
oxidation. This is consistent with Ru-Namido p-antibonding 
character in the HOMO of (L)2Ru; as the orbital is depopulated, 
the Ru-Namido bond order increases. The neutral species can be 
reduced at more cathodic potential (E1/2 = -2.2 V), remarkably 
similar to the E1/2 of [(L)2Fe]0/+,24 while [(L)2Ru]+ can be further 
quasi-reversibly oxidized as well (E1/2 = +0.054 V; iox/ired = 1.48). 

 
Fig. 2. (a) Synthesis of [(L)2Ru]0/+. (b) Cyclic voltammetry of [(L)2Ru]PF6 (solid black) 
overlaid with differential pulse voltammograms (dashed red/blue). The [(L)2Ru]+/0 couple 
is highlighted with a grey bar. (c) Solid-state structure of [(L)2Ru], ellipsoids shown at 50% 
probability levels. Hydrogen atoms and CF3 groups are omitted for clarity. The changes 
in d(Ru-Namido) comparing the structures of [(L)2Ru] and [(L)2Ru]+ (Fig. S2) are noted. 

 In 1st-row transition metal complexes (L)2M (M = Fe, Co, Ni, 
Zn), the metal contribution to the HOMO is attenuated moving 
across the period, impacted by the relative energy of the 
metal’s 3d valence orbitals.25 Density functional theory (DFT) 
modelling shows that the mixing between filled metal t2g-type 
orbitals and filled Namido(2p), a prominent feature of (L)2Fe,23 is 
conserved in (L)2Ru (Fig. 3a). The isosurfaces of the five highest-
energy occupied orbitals present Ru-Namido p-antibonding 
(HOMO, HOMO-1), Ru-based non-bonding character (HOMO-
2), or Ru-Namido p-bonding character (HOMO-3, HOMO-4). The 
lowest unoccupied molecular orbitals (LUMO, LUMO+1) 
present C=N p* character that is the hallmark of phenanthridine 
acceptors.14 The absorption spectrum of  (L)2Ru is remarkably 
similar to that of (L)2Fe (Fig. 3b), fully covering 300-800 nm. 
Electron-hole maps show the lowest energy absorptions result 
from the same PALCT character as for (L)2Fe25 (Fig. 3b, inset).  

 
Fig. 3. (a) MO energy level diagram and selected orbital isosurfaces for (L)2Ru. (b) UV-Vis 
absorption spectrum of (L)2Ru (solid) and (L)2Fe (dashed) in toluene. Inset: electron-hole 
map corresponding to the lowest energy manifold. 

 No evidence of emission from (L)2Ru could be detected at 
room temperature in acetonitrile upon excitation into its low-
energy band (lex = 642 nm). A very weak signal in the NIR could 
be recorded in toluene, but too weak to determine the excited-
state lifetime from its luminescence. In a frozen glass (77 K), a 
broad unstructured (and still quite weak) band is observed 
around 1000 nm tailing out to 1400 nm (Fig. S3; the short-
wavelength onset of detector sensitivity is 950 nm). This 
emission provides an estimate of the excited state energy at 
~1.3–1.4 eV (900–950 nm). DFT optimization of the lowest-
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energy triplet excited state (T1) is consistent with this estimate, 
suggesting E(T1,DFT) = 1.28 eV. Spin-density plots (Fig. 4a and S4) 
show the T1 hosts unpaired electron density on both metal and 
ligand, consistent with a 3PALCT assignment. Optical transient 
absorption (oTA) measurements in toluene (lex = 580 nm) 
confirmed the formation of a single, dominant excited state. A 
difference spectrum collected at a 15 ns delay (Fig. 4b) shows a 
prominent excited-state absorption (ESA) at 450 nm and 
weaker ESAs below ~350 nm and at ~570 nm. These sandwich 
three bleaches, with the two most prominent at ~500 nm and a 
broader one at ~650 nm. Most of these features can be 
faithfully reproduced by a linear combination of the absorption 
spectra of [(L)2Ru]+ and [(L)2Ru]– (Fig. S5-S6), consistent with CT 
character to the excited state.30 Single-wavelength kinetic 
traces focusing on the ESA (lprobe = 430 nm; Fig. 4c) or bleach 
(650 nm; Fig. S8) could be fit with a monoexponential function, 
giving a lifetime of 32.8 ± 0.5 ns in toluene. The lifetime is 
solvent dependent; 18.3 ± 0.7 ns is measured in THF (Figs. S9 
and S10). Despite the lifetime dependence on solvent dielectric, 
the absorption spectrum is not overly solvatochromic (Fig. S11). 

 
Fig. 4. (a) Spin-density map of the optimized triplet state of (L)2Ru (isosurface value = 
0.004). (b) Full-spectrum oTA of (L)2Ru (lpump = 580 nm) in a toluene solution at a 15 ns 
delay in red overlaid with the spectroelectrochemical simulation of the PALCT state in 
black. (c) Kinetic trace from oTA experiment monitored at 430 nm (tPALCT = 32.8 ± 0.5 ns). 

 Lowering the temperature to 223 K, the lifetime in toluene 
extends to 42 ± 1 ns (Fig. S12). The variable-temperature 
lifetime data can be fit to the Arrhenius relation,31,32 yielding an 
activation barrier for ground-state recovery of 1480 cm-1; a 
frequency factor of 6.96 x 109 s-1; and k0 = 2.34 x 107 s-1 where 
k0 is the temperature-independent rate. The activation barrier 
(Ea) is consistent with ground-state recovery mediated by 
thermal population of energetically close, but higher lying 3MC 
states.33–35 An Ea of 1480 cm-1 is not atypical of Ru(II) polypyridyl 
complexes with lower energy 3MLCT excited states; it is higher 
than for [Ru(bpy)2(ppy)]+ analogues whose Ea values range from 
~300-1000 cm-1,36 but is low for most Ru polypyridyls, 

approaching instead values reported for strongly accepting 
ligands37 and related heteroleptic complexes.32 
 With an excited state lifetime sufficient for bimolecular 
quenching, we evaluated the photocatalytic potential of [(L)2Ru] 
using low energy irradiation (740 nm LED; Fig. S13). At -0.60 V, 
the [(L)2Ru]0/+ reduction potential is relatively cathodic and 
consistent with an electron-rich metal centre, thanks to amido 
p-donation.38 Using the computationally estimated E(T1), 
excited-state redox potentials of E*ox = -1.88 V and E*red = -0.91 
V vs FcH0/+ can be calculated. The 3PALCT excited state of (L)2Ru 
should therefore be quite photoreducing compared to, for 
example, the dicationic [Ru(bpy)3]2+ (E*ox = -1.26 V vs 
FcH0/+).39,40 We thus first attempted the reduction of benzyl 
bromide (Ered = -1.7 V vs FcH0/+)41,42 in the presence of N,N-
diisopropylethylamine and (L)2Ru (1-2 mol%), however no 
conversion was observed in C6D6 or THF. The reaction should be 
thermodynamically feasible; we attribute the lack of turnover 
to low cage-escape yields.43 With the more easily reduced 4-
nitrobenzyl bromide (Ered = -1.5 V vs FcH0/+)42,44, 10% conversion 
to a C-C coupled product was observed in acetonitrile after 48 h 
irradiation with red light, increasing to 49 ± 8% after 144 h (Fig. 
5a). Comparable reactivity is observed with 650 nm 
illumination, consistent with both wavelengths accessing the 
same excited state in (L)2Ru. In a less polar solvent (C6D6), 
catalytic turnover still occurs, but with only 5% conversion (27 
h). In less polar solvents, the product of electron-transfer, 
[(L)2Ru]Br, is insoluble and precipitates from the reaction 
medium, hampering turnover. Control reactions showed the 
necessity of both (L)2Ru and irradiation for catalysis. 

 
 

Fig. 5. Proof-of-principle photocatalytic reactions (a-c) performed using (L)2Ru and red 
light (740 nm) illumination. 

 We then examined the light-mediated hydrodehalogenation 
of phenacyl bromide (PB) using 10-methyl-9-phenyl-9,10-
dihydroacridine (MPA; Eₒₓ = +0.5 V vs FcH⁰/⁺) as a hydride 
source (Fig. 5b). The parent 9,10-dihydro-10-methylacridine 
(DHA) can be photooxidized by [Ru(bpy)3]2+, but requires 450 
nm light.45,46 MPA is even more difficult to oxidize (Eₒₓ = +0.4 V 
vs FcH⁰/⁺). With (L)2Ru, red light (740 nm) irradiation of a 2 mol% 
CD₃CN solution containing MPA (1 eq.), and PB (3 eq.) at 295 K 
led to clean consumption of MPA with formation of the 
acridinium salt (¹H NMR). Control reactions again proved the 
necessity of both light and (L)2Ru. Given the relatively weak 
photooxidizing ability of the neutral (L)2Ru (E*red = -0.91 V vs 
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FcH0/+), the reaction likely proceeds via initial electron transfer 
from [(L)2Ru]* to PB, with turnover via MPA oxidation, to 
regenerate (L)2Ru. Conversion reached 21% after 24 h, 37% 
after 72 h, and 47% after 96 h, reaching a maximum of 60% after 
216 h. We attribute this deceleration (~0.9% h⁻¹ during the first 
24 h; ~0.1% h⁻¹ over the final 96-216 h)  to gradual 
photodegradation of (L)2Ru under prolonged irradiation. 
 Under otherwise identical conditions {2 mol% (L)2Ru, 3 eq. 
phenacyl bromide, CD₃CN, 295 K, 740 nm} but using DHA which 
is 100 mV easier to oxidize than MPA, we see much faster DHA 
consumption (89% conversion after 7 h). A dark control reaction 
revealed that (L)2Ru mediates this transformation thermally, 
(54% conversion after 7 h in the absence of illumination). 
Experiments without added (L)2Ru showed no conversion. The 
light-driven reaction is accelerated relative to the thermal 
background, but the observed reactivity is not exclusively 
photochemical in origin. This stands in sharp contrast to the 
MPA reaction described above, for which no conversion was 
observed in the dark. We attribute the divergence to the 
difference in substrate oxidation potential: oxidation of DHA 
(+0.4 V) is accessible to [(L)2Ru]+ in its resting state, while MPA 
oxidation (+0.5 V) requires the more strongly oxidizing excited 
state generated by 740 nm excitation. The clean, light-exclusive 
reactivity with MPA provides the unambiguous demonstration 
of a rare example of deep red CT-mediated photocatalysis with 
Ru(II), with the DHA results marking the thermodynamic 
boundary at which the requirement for photoexcitation sets in. 
These proof-of-concept reactions highlight the utility of 
panchromatic-absorbing, neutral, reducing amido-metal 
complexes such as (L)2Ru in low-energy photocatalysis. Efforts 
to explore the full scope of the low-energy light photocatalytic 
potential of this class of chromophore are currently underway. 
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The data supporting this article have been included as part of the supplementary information (SI). 

Supplementary information: supporting computational data, NMR spectra, electrochemical plots, 
time-resolved spectroscopy data, crystal structure data, and further experimental details. 

The crystal structure data can also be obtained from the CCDC using deposition numbers 2553437 
and 2553438.
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