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ABSTRACT. Carbodicarbenes (CDCs) possess two lone pairs of electrons on their central 

carbone C atom (Ccarbone). Coordination to a transition metal via a -bond leaves one pair of 

electrons with appropriate symmetry for -donation to the metal. However, the high energy of the 

latter also renders the CDC ligand potentially redox active. Herein, we explore these alternatives 

in the redox series [Cr(L)2]
n+ and [Co(L)2]

n+ (n = 2 – 5), where L is a tridentate ligand comprised 
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of a central carbodicarbene and two flanking pyridine donors. To this end, all members of both 

redox series were synthesized and their electronic structures were investigated by using a 

combination of 1H NMR, Evans’ NMR, IR, UV-vis and EPR spectroscopies, SQUID 

magnetometry, X-ray crystallography, and density functional theory (DFT) studies. Whereas 

[CoII(L)2]
2+ is a straightforward low-spin (S = ½) CoII complex, the corresponding chromium 

complex was found to feature an electronic structure that is intermediate between the two limiting 

resonance forms [CrIII(L–)(L)]2+ and [CoII(L)2]
2+. In the case of the tri-, tetra- and pentacationic 

complexes, the qualitatively identical electronic structures [MIII(L)2]
3+, [MIII(L+)(L)]4+ and 

[MIII(L+)2]
5+ were observed for both metals. Thus, the metal ions retain a +3 oxidation state 

throughout and the higher redox states contain oxidized ligands. The majority of unpaired spin on 

the cation radical ligands was calculated to be localized in -symmetry orbitals on the coordinated 

Ccarbone atoms. Analogous behaviour was previously reported for the corresponding iron redox 

series and, as such, redox noninnocence in oxidized CDC and, more broadly, carbone complexes 

is likely widely accessible. 

 

Introduction 

Upon introduction of strongly electron donating amine substituents into allenes, exemplified by 

A (Chart 1), one can envisage reasonable resonance forms in which the C=C bonds are replaced 

by single bonds and the sp hybridization of the central carbon is lost (B – D). This would be 

expected to manifest in bending of the allene.1-4 Indeed, based upon computational studies, 

Frenking and co-workers concluded that resonance forms C and D, which contain two pairs of 

electrons (one of -symmetry and the other of -symmetry) localized primarily on the central C 



 3 

atom, make major contributions to their electronic ground states. In fact, they suggested that such 

molecules should be depicted as two carbenes coordinated to a carbon(0) centre.5 This led to them 

being referred to as carbodicarbenes (CDCs).6-8 Shortly after this study, support for this assignment 

was provided by close agreement between the calculated structural parameters and those observed 

in the X-ray structures of an isolated bent allene and of a gold(I) complex of 

tetra(dimethylamino)allene (1 and 2, Figure 1), which were reported by Bertrand1a and Fürstner,2a 

respectively.  

 

Chart 1. Standard resonance forms for a prototypical carbodicarbene (CDC). 

 

As such, CDCs are classified as carbones. The most longstanding member of this family of 

compounds is hexaphenylcarbodiphosphorane, C(PPh3)2 (3, Figure 1), which was first reported by 

Ramirez et al in 1961.9 Calculations, similarly, indicate that the ground state of this compound 

contains two lone pairs of electrons at the central C atom and conclude that it is best viewed as a 

coordination compound of carbon(0).5b-f,10 Experimental verification of this electronic structure is 

provided by reports of geminal coordination of two Au ions to the C centre of C(PPh3)2.
11 This 

mode of coordination has also been observed for other carbodiphosphoranes and coinage metals 

(i.e., Cu and Ag),2b,12 plus a heterodinuclear complex containing Pd and Au,13 but it has yet to be 

reported for CDCs. However, it has been reported that simple Lewis Acids, such as lithium salts, 

can activate rhodium(I) complexes of tridentate ligand 4 for catalytic diene 
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hydrofunctionalization.14 This has been rationalized by invocation of secondary binding of the 

Lewis acid at the carbone C atom (Ccarbone). 

 

Figure 1. Selected examples of carbon(0) donors. 

 

The non-standard valency of the central C atoms of CDCs and their comparatively high stability 

has led, inevitably, to comparison with N-heterocyclic carbenes (NHCs), which are (of course) a 

hugely successful class of spectator ligands in transition metal chemistry.15 However, NHCs 

contain carbon(II) centres that have a formally empty p-orbital. As such, the central C atom of 

CDCs are more electron-rich than those of NHCs. Consistent with this notion, CDCs have higher 

basicity and experimental evidence suggests that they are stronger -donors than NHCs.1a 

Although there have been significant efforts to exploit the coordinative potential of CDCs by 

incorporating them into multidentate ligand frameworks (see Figure 1 for selected examples), most 

studies of them have focussed upon their use as surrogates for NHC ligands in catalysis.14,16-20  

For example, Meek and coworkers have used Rh(I) complexes of ligand 4 in diene 

hydroarylation/hydroalkylation,14,18a-c and have developed chiral ligand 5 and shown that it 

supports Rh(III)-hydride complexes able to catalyse enantioselective diene hydroarylation.18d Ong 

and coworkers have developed a wide-range of CDC ligands derived from 1 and used them in a 
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diverse range of Ni and Pd catalytic processes.17 Most spectacularly, they showed that the complex 

[PdII(L)(OAc)]+ can act as a single source tandem photoredox and cross-coupling catalyst.17b This 

represents a significant divergence from NHC chemistry and offers a glimpse of the untapped 

potential of these ligand systems. However, this is a rare exception and in the overwhelming 

majority of cases CDCs act only as -donor spectator ligands, with the electron lone pair of -

symmetry remaining unemployed. The only well evidenced exception is their use in stabilizing the 

main group compound of unusual valency [CDC-BH-CDC]2+,21 where -bond formation to the 

carbone C-atom is supported by theoretical calculations. As such, the unique properties of CDCs 

have yet to be fully realized. 

Recently, we demonstrated that the second pair of electrons (of -symmetry) on the carbon 

centre of CDCs can render them redox active.22 More specifically, we found that the bischelate 

iron(II) complex of the neutral tridentate ligand L, [FeII(L)2]
2+, could undergo three successive 1 

e oxidations to afford corresponding tri-, tetra- and pentacations. Using a combination of 

spectroscopic measurements and computational studies, it was shown that although the first 

oxidation was metal-centred and yielded [FeIII(L)2]
3+, the subsequent oxidations did not cause a 

further increase in the Fe oxidation state (Scheme 1). In other words, the electronic structures of 

the tetra- and pentacations are best described as [FeIII(L)(L+)]4+ and [FeIII(L+)2]
5+. The unpaired 

spin in the cation radical ligands, L+, is localized mostly on the Ccarbone atom. Apart from such 

highly charged first-row transition metal complexes being very unusual, this was the first report 

of redox noninnocence for carbone ligands. This behaviour is complimentary to carbenes, where 

C-centred radical anions have long been known to result from oxidation of Schrock carbene and 

reduction of Fischer carbene complexes.23 More recently, such radical anions have been detected 

in highly reduced cyclic alkyl amino carbene (CAAC) complexes.24 Thus, it can be said that 
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whereas the -acceptor properties of CAACs allows them to stabilize highly reduced complexes,25 

the -donor properties of CDCs can promote access to highly oxidized complexes. 

 

Scheme 1. Summary of electronic structures of the redox series derived from [FeII(L)2]
2+. 

 

To explore the generality of our observations regarding the redox activity of the CDC ligand L, 

we sought to expand our studies to other metals. More specifically, we prepared the cobalt and 

chromium analogues [Co(L)2]
2+ and [Cr(L)2]

2+, oxidized them, and characterized the resulting 

redox series using a combination of spectroscopic measurements and density functional theory 

(DFT) calculations. Comparison of the properties and electronic structures of the various redox 

states across the three metals has provided greater insight into the coordinative behaviour of L and, 

by extension, carbone ligands. 

Results and Discussion 

The cobalt and chromium compounds [Co(L)2]
2+ and [Cr(L)2]

2+ were prepared in an analogous 

fashion to [FeII(L)2]
2+, by combination of L with metal(II) triflate salts, MII(OTf)2(NCMe)2 (M = 

Co and Cr), in THF solution. The target complexes precipitated from solution and were purified 

via recrystallization. X-ray crystallographic characterization of [Co(L)2]
2+ and [Cr(L)2]

2+ (Figures 

S11 and S12, Tables S1 – S3) confirmed retention of the bischelate structure and tridentate 

coordination mode of L reported for [FeII(L)2]
2+.22 
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Concordant with [FeII(L)2]
2+, cyclic voltammograms of [Co(L)2]

2+ and [Cr(L)2]
2+ display three 

reversible redox couples (Figures 2, S13 and S14), which are associated with three 1 e oxidations 

to, ultimately, yield the corresponding pentacations. Whereas the [M(L)2]
3+/2+ couples vary greatly, 

from -1.43 V for Cr to -0.83 V for Fe (i.e., by 0.6 V), the [M(L)2]
4+/3+ and [M(L)2]

5+/4+ redox 

couples are largely independent of the identity of the metal (Table 1). More specifically, the 

[M(L)2]
4+/3+ and [M(L)2]

5+/4+ couples range from 0.27 – 0.49 V and 0.78 – 0.96 V, respectively. In 

other words, they vary by no more than 0.22 V. Such behaviour suggests that whereas oxidation 

of [M(L)2]
2+ to yield [M(L)2]

3+ is metal-centred, [M(L)2]
4+ and [M(L)2]

5+ are obtained via ligand-

based redox events. 

 

Figure 2. Cyclic voltammograms of (top) [Cr(L)2]
2+ and (bottom) [Co(L)2]

2+, recorded in CH3CN 

solution at room temperature. Scan rate = 100 mV s-1; electrolyte = 0.1 M NBu4OTf. All potentials 

are referenced against the Fc+/Fc0 redox couple.  
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Table 1. Potentials (V) and assignments of the redox couples observed in the cyclic 

voltammograms of [M(L)2]
2+ (M = Co, Cr and Fe). All potentials (E1/2) are quoted versus the 

Fc+/Fc0 redox couple.a 

M 

E1/2 vs Fc+/0 (V) 

[M(L)2]3+/2+ [M(L)2]4+/3+ [M(L)2]5+/4+ 

Cr -1.43 0.38 0.90 

Fe -0.83 0.27 0.96 

Co -0.91 0.49 0.78 

a E1/2 = (Epc + Epa)/2 at 298 K. 

 

All of the observed redox couples are chemically accessible. The dicationic species are highly 

susceptible to oxidation to the corresponding trications and, although silver salts were normally 

used, atmospheric oxygen is sufficient to effect this reaction. In fact, the very negative potential of 

the [Cr(L)2]
3+/2+ redox couple complicated isolation of analytically pure [Cr(L)2]

2+. Oxidation to 

the tetracationic redox states requires only moderate potentials and can be achieved with silver 

salts. However, we routinely chose to use the much stronger oxidant [N(2,4-Br2C6H3)3][SbCl6],
26 

which is referred to as magic green. This is because magic green is also suitable for oxidation to 

the pentacationic state. In contrast to [M(L)2]
3+ and [M(L)2]

4+, which are air stable, the [M(L)2]
5+ 

complexes are unstable with respect to decay to the 1 e reduced tetracationic state. Of the 

pentacations, [Co(L)2]
5+ and [Fe(L)2]

5+ are the most and least stable, respectively. Furthermore, 

the half-lives of the [M(L)2]
5+ complexes were dependent upon the method of preparation, with 

greater stability being observed for solutions produced using bulk electrolysis. This is presumably 
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due to incidental oxidation of reducing impurities present in the solvents, electrolyte, etc.  

The electronic spectra of all of the complexes are distinct from one another and display intense 

charge transfer bands in the visible region (Figure 3, Table 2). This not only renders them intensely 

coloured, it also allows easy monitoring of interconversion of their redox states. Of particular note 

are the IR features observed in the tetracations [Cr(L)2]
4+ and [Fe(L)2]

4+ at respective max values 

of 1938 and 1515 nm. These bands can also be detected using IR spectroscopy (Figure 3, insets), 

and a similar feature is observed in the IR spectrum of [Co(L)2]
4+ at a particularly low energy of 

approximately 3200 cm-1. This equates to a max value of around 3100 nm, which is beyond the 

range of our spectrophotometer. These low energy bands are in the region traditionally associated 

with ligand-to-ligand intervalence charge transfer (LLIVCT) transitions, which derive from mixed 

ligand valence. In other words, they suggest that the tetracations have the electronic structure 

[MIII(L+)(L)]4+. Assignment of the prominent IR and visible spectral features of the tetra- and 

pentacationic species has been undertaken using TD-DFT calculations (vide infra). 
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Figure 3. Main: electronic spectra of (top) [Cr(L)2]
n+, (middle) [Fe(L)2]

n+ and (bottom) [Co(L)2]
n+, 

where n = 2 (black line), 3 (red line), 4 (blue line), and 5 (green line),  recorded in CH3CN solution 

at room temperature. Insets: IR spectra of (top) [Cr(L)2]
4+, (middle) [Fe(L)2]

4+ and (bottom) 

[Co(L)2]
4+. 
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Table 2. Summary of the UV-vis spectral features of [M(L)2]
n+ (M = Co, Cr, Fe; n = 2 – 5). All 

spectra were recorded at room temperature, in CH3CN solution. 

[M(L)2]n+, 

n = 

max, nm (εmax, mM-1 cm-1) 

Cr Feb Co 

2 n.a.c 251 (57.4), 288 (50.5), 

323 (35.1), 404 (68.7), 

634 (3.44), 966 (2.50) 

248 (64.1), 282 (58.6), 319 

(43.8),d 408 (67.3), 651 

(5.64), 760 (2.62), 952 

(2.49) 

 

3 240 (46.5),d 301 (47.9), 

351 (42.8), 393 (33.2), 

524 (6.25), 632 (8.28) 

245 (36.7), 287 (36.7), 

322 (36.5), 375 (31.9), 

436 (18.3), 694 (6.25), 

848 (12.4) 

248 (54.3), 302 (54.3), 323 

(50.9),d 387 (35.5), 410 

(41.2), 452 (11.0),d 643 

(18.1) 

 

4 294 (44.1), 324 (37.3), 

378 (30.1), 418 (29.1), 

540 (11.6),d 598 (12.7), 

830 (1.18),d 1938 (20.5) 

229 (91.6), 234 (73.4),d 

296 (97.2), 386 (24.7), 

432 (25.3), 535 (10.9), 

1515 (31.3) 

 

297 (69.9), 326 (60.4), 392 

(42.8), 455 (27.0), 598 

(13.9), 3100e 

5a 287 (36.6), 373 (34.8), 

473 (10.2), 506 (23.7), 

560 (5.03),d 735 (6.78), 

964 (13.1) 

241 (34.6), 284 (28.4), 

329 (25.7), 363 (29.2), 

404 (27.4), 517 (15.7), 

604 (10.8), 908 (18.8), 

1022 (18.6) 

230 (59.7), 294 (51.8), 395 

(35.7), 462 (28.5), 723 

(23.0), 778 (18.3),d 1210 

(12.6) 

aSamples generated by bulk electrolysis and corrected for residual [M(L)2]
4+. bFrom ref 22. cn.a. = 

not available; inherent instability of [Cr(L)2]
2+ prevented measurement of a clean spectrum. 

dShoulder. eApproximate value measured by ATR-FTIR spectroscopy. Thus, no εmax is available. 

 

X-ray Crystallography 

With the exception of the pentacations, which are of limited stability, all members of both the 

cobalt and chromium redox series were crystallographically characterized. The resulting structures 

are depicted in Figures 4, S11 and S12, selected structural parameters are listed in Table S3, and 

the crystal data and structure refinement parameters are listed in Tables S1 and S2. As with the 
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corresponding iron complexes, there is surprisingly little variation in the metrical parameters of 

the chromium and cobalt complexes when they are oxidized from their dicationic to tetracationic 

states (Figure 4). 

 

Figure 4. X-ray structures of (top left) [Co(L)2]
3+ and (top right) [Cr(L)2]

3+. Thermal ellipsoids 

are depicted at the 50% probability level. Carbon, chromium, cobalt and nitrogen atoms are 

depicted using grey, green, pink, and blue spheroids, respectively. Overlays of stick depictions of 

the X-ray structures of (bottom left) [Co(L)2]
n+ and (bottom right) [Cr(L)2]

n+, where n = 2 (black 

lines), 3 (blue lines) and 4 (red lines). For clarity, hydrogen atoms, counterions and solvent 

molecules are omitted throughout. 

 

The respective average Co-Ccarbone and Co-Npy bond lengths of the dicationic complex 

[Co(L)2]
2+ of 1.969(6) and 2.098(5) Å are typical of low-spin cobalt(II). Oxidation by 1 e, to 

[Co(L)2]
3+, leads to contraction of the average Co-Npy bonds by  0.1 Å to 1.968(3) Å, but there 

is minimal impact upon the average Co-Ccarbone bond length (1.981(3) Å). This implies removal of 

an electron from a * antibonding combination involving the equatorially-oriented dx
2

-y
2 orbital 
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and formation of a low-spin cobalt(III) centre. Further oxidation to [Co(L)2]
4+ does not impact the 

average Co-N bond length (1.966(5) Å). However, it does cause a slight shortening of the average 

Co-C bond to 1.944(7) Å. The Ccarbone-CNHC, CNHC-Npy and CNHC-NMe bonds are, within 

experimental error, identical. 

In the chromium redox series there is a stepwise decrease in the average Cr-Ccarbone bond 

distance from 2.103(6) Å in [Cr(L)2]
2+, to 2.077(3) Å in [Cr(L)2]

3+ and, finally, to 2.017(8) Å in 

[Cr(L)2]
4+. In contrast, changes in the Cr-Npy bond distance are marginal. The same trends in metal-

ligand distance were seen for the [Fe(L)2]
n+ (n = 2 – 4) complexes. The aforementioned changes 

in Cr-Ccarbone with increasing charge appear to be accompanied by very slight elongation of the 

average Ccarbone-CNHC bond, from 1.362(10) to 1.388(4) to 1.396(10) Å. Although one might argue 

that this is suggestive of decreasing importance of the resonance form A, the bond length esd’s are 

too large to draw reliable conclusions. Similarly, any changes in CHNC-Npy and CHNC-NMe bond 

lengths are, within the prevailing experimental error, too small to detect. 

Interestingly, many key structural parameters are largely independent of metal and redox state. 

For instance, for all metals, the dihedral angle between the two benzimidazole rings of each CDC 

ligand all fall in the range 55 – 70 and there is no obvious trend in their variation. These values 

are significantly smaller than that observed for free CDC ligand L (83) or expected for an allene 

(90). In addition, the Ccarbone-M-Ccarbone and CNHC-Ccarbone-CNHC bond angles across all of the 

structures fall within narrow ranges of 178.5 – 179.9 and 124.8 – 129.6, respectively. In other 

words, they are close to 180 and 120 throughout. Furthermore, the atoms that comprise their 

CNHC-Ccarbone-CNHC units and the metal ions are co-planar (the maximum deviation of these atoms 

from their mutual mean plane is seen in [Co(L)2]
3+ and is only 0.016 Å). Taken together, this 
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suggests that the Ccarbone atoms are sp2 hybridized. Thus, one of the two lone pairs at the Ccarbone 

atoms has -symmetry, whereas the other has -symmetry. There are two ligands per complex and 

the angle between their constituent CNHC-Ccarbone-CNHC mean planes are close to zero in all 

members of the Co and Cr redox series. In fact, with exception of [Cr(L)2]
3+, where an angle of 

13.46 is observed, all are ≤ 6.50. This means that the -symmetry electron pairs centred on the 

two Ccarbone atoms, in each complex, are in the same plane as one another and, therefore, interact 

with the same d-orbital. 

Spectroscopic Characterization of Ground States 

Cobalt Redox Series, [Co(L)2]n+. The 1H NMR spectrum of [Co(L)2]
2+, recorded in CD3CN 

solution at room temperature, contains resonances that are broad and appear over a wide chemical 

shift range of 61 to 5 ppm (Figure S1). This is typical of low-spin cobalt(II) complexes. 

Correspondingly, room temperature Evans’ NMR measurements provide a solution effective 

magnetic moment (eff) of 1.77 B.M, which is close to the spin-only expectation value for an S = 

½ spin-state. This is confirmed as the ground state by perpendicular mode EPR spectroscopy 

(Figure 5, top). The X-band EPR spectrum of [Co(L)2]
2+ in CH3CN solution at 10 K yielded a 

rhombic signal clustered around g = 2. Accurate simulation afforded gx = 2.074, gy = 2.159, and 

gz = 2.220, and relatively large and rather anisotropic cobalt-59 (I = 7/2) hyperfine tensors Axx, 

Ayy and Azz, of 4.4, 41.6 and 153.2 × 10–4 cm–1, respectively. 

A low spin-state was retained upon 1 e oxidation of [Co(L)2]
2+ to [Co(L)2]

3+. This is clear from 

NMR spectra of the latter (Figures S2 and S3), which are characteristic of a diamagnetic (S = 0) 

cobalt(III) complex. More specifically, the peaks in its 1H NMR spectrum are confined to the 

diamagnetic region (3 – 8 ppm) and show well-defined J-J spin coupling. Further oxidation to the 
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tetracation [Co(L)2]
4+ is accompanied by evolution of a room temperature solution eff of 1.82 

B.M. and a mildly rhombic EPR signal centred around g = 2 (Figure 5, bottom). From this, we can 

conclude that the ground state of [Co(L)2]
4+ is S = ½. Furthermore, based upon the limited g-

anisotropy (gx = 1.998, gy = 2.025, and gz = 2.030) and comparatively small 59Co A-tensors (Axx 

= 6.30, Ayy = 44.88, and Azz = 0.01 × 10–4 cm–1) of the resonance, relative to the dication, we can 

deduce that the unpaired spin in the tetracation is largely ligand-centred. On this basis, we can 

infer that the electronic structure of this redox state is best described as [CoIII(L+)(L)]4+. 

 

Figure 5. Perpendicular mode, X-band EPR spectra of (top) [Co(L)2]
2+ and (bottom) [Co(L)2]

4+. 

Experimental data and spectral simulations are depicted using black and red lines, respectively. 

Parameters used in simulation are listed in Table S5. 
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Establishing the ground state of the pentacation, [Co(L)2]
5+, has proven to be more challenging. 

This is a consequence of its inherent instability, which inexorably results in solutions containing 

additional species, including its precursor [Co(L)2]
4+. Regardless, [Co(L)2]

5+ appears to be X-band 

EPR silent. Instead, in CD3CN solution at -40C, it has a 1H NMR spectrum displaying peaks 

limited to the diamagnetic region (Figure S4). This is suggestive of an S = 0 spin-state. However, 

the resonances are significantly broadened and we cannot exclude the possibility that one of its 

decay products is diamagnetic. As such, at the present time, we are unable to irrefutably establish 

the ground state of [Co(L)2]
5+. 

Chromium Redox Series, [Cr(L)2]n+. The ground states of the complexes [Cr(L)2]
n+ (n = 2 – 

4) were probed by SQUID magnetometry. The data derived from temperature dependent magnetic 

susceptibility measurements are depicted in Figure 6 and the magnetization data recorded at 1, 4, 

and 7 T are presented in the Supporting Information (Figures S15 – S17). Parameters used in 

simulation of the data are listed in Table S4. The eff values were largely independent of 

temperature above 30 K, with values of ca. 2.77, 3.78 and 2.65 B.M. being measured for 

[Cr(L)2]
2+, [Cr(L)2]

3+ and [Cr(L)2]
4+, respectively. Thus, it can be concluded that their respective 

ground states are S = 1, 3/2 and 1. 

As expected for chromium(III), moderate zero-field splitting (ZFS) parameters were obtained 

from simulation of the data for [Cr(L)2]
3+ (D = 1.9 cm–1, E/D = 0.0). Interestingly, the ZFS 

parameters required for simulation of the magnetochemical data of [Cr(L)2]
2+ (D = -4.6 cm–1, E/D 

= 0.1) and [Cr(L)2]
4+ (D = -4.2 cm–1, E/D = 0.1) were of a similar sign and magnitude to one 

another, and are significantly larger than those of [Cr(L)2]
3+. At the first glance, this seems to 

suggest that the Cr ions in the dicationic and tetracationic redox states are electronically very 

similar to one another. However, the reasons for the large D values measured for them are different. 
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As elaborated below, [Cr(L)2]
2+ has considerable SCr = 1 chromium(II) character. Such 

intermediate spin d4 ions in distorted octahedral coordination environments, as exemplified by 

triplet manganese(III) complexes,27 often have large ZFS parameters. In contrast, [Cr(L)2]
4+ 

contains an SCr = 3/2 chromium(III) ion that is antiferromagnetically coupled to a ligand radical. 

In this case, the unusually large ZFS parameters (for CrIII) presumably arise from the presence of 

a series of low-lying excited states, which are observed in Figure 3. 

 

Figure 6. SQUID data for [Cr(L)2]
2+, [Cr(L)2]

3+ and [Cr(L)2]
4+ (red, green and blue circles, 

respectively), recorded in the temperature range 4 – 300 K, at an applied magnetic field of 1 T. 

Data fitting (solid lines) was performed using the parameters listed in Table S4. 

 

As a consequence of its inherent instability, preparation of pure solid samples of the pentacation 

[Cr(L)2]
5+ was not possible. Instead, acetonitrile solutions of this complex were studied by X-band 

EPR spectroscopy. At 10 K, a signal displaying very limited g-anisotropy was observed (Figure 

7); spectral simulation afforded gx = 1.967, gy = 1.986, gz = 1.992, and Aiso(
53Cr) = 23.75 × 10–4 

cm–1. This indicates an S = ½ ground state for [Cr(L)2]
5+. The DFT calculations described below 
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reveal that this complex is best described as a high spin chromium(III) interacting with two ligand 

radicals in an antiferromagnetic fashion. Typically, chromium(III) complexes feature an almost 

isotropic g-value of 1.99,28 which differs substantially from that observed for [Cr(L)2]
5+. Using 

the spin projection technique, the measured g value of [Cr(L)2]
5+ can be related to the intrinsic g 

values of the chromium(III) center (gCr) and the radical ligand (grad) by g = 5/3 gCr – 2/3 grad. One 

can safely approximate grad to be the free electron g value without considerable g-anisotropy; thus, 

the gCr values are estimated to be 1.980, 1.992, and 1.995, which are consistent with the quasi-

isotropic g value often found for chromium(III) complexes. This analysis, therefore, provides 

further support for our proposed electronic structure. 

 

Figure 7. Perpendicular mode, X-band EPR spectrum of [Cr(L)2]
5+. Experimental data and its 

spectral simulation are depicted using black and red lines, respectively. Parameters used in 

simulation are listed in Table S5. 

DFT Calculations 

Density Functional Theory (DFT) geometry optimizations of all members of the Co and Cr 

redox series, [M(L)2]
n+ (n = 2 – 5), were undertaken using the B3LYP density functional,29,30 along 
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with the def2-TZVP(-f)31 basis set for the first coordination sphere (Cr/Co, N and C) and the def2-

SVP32 basis set for the remaining atoms. In general, reasonably good agreement was obtained 

between the metrical parameters of the calculated (Tables S6 and S7) and X-ray structures, where 

available, albeit with an overestimation of M-L bond lengths, which is typically observed for DFT 

methods. Importantly, the angles between the two mean planes comprised of the metal ions and 

the CNHC-Ccarbone-CNHC moieties of the two ligands (in each complex) is near zero in every redox 

state. This places the Ccarbone-centred orbitals of -symmetry, of the two ligands, in the same plane 

as one another. As such, they are of appropriate symmetry for formation of symmetry-adapted 

group orbitals. Whereas the resulting symmetric combination (Ls) has appropriate symmetry for 

overlap with the dyz orbital, which yields a -bonding and a -antibonding (*) orbital, the 

antisymmetric combination (Las) remains non-bonding (Figure 8). Oxidation of the tricationic 

species to the corresponding tetra- and pentacations involves removal of electrons from the 

aforementioned orbitals. 
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Figure 8. Schematic frontier molecular orbital diagram depicting the -bonding interaction 

between the metal and the symmetry adapted ligand group orbitals Ls and Las. 

 

The unrestricted Kohn-Shan (UKS) geometry optimizations for [Cr(L)2]
2+ (S = 1) yield an open-

shell BS(3,1) solution. This is attained by having antiferromagnetic coupling of a largely ligand-

centered-spin electron (63 % ligand character) with one of three Cr-centered -spin electrons 

(Figure S18). To a first approximation, this is suggestive of Cr3+ combined with a ligand radical 

anion, L. However, the ligand-centric-spin SOMO has significant metal character, which 

implies a considerable contribution of chromium(II) to the ground state. As such, the dication is 

best described as a hybrid of the two limiting electronic structures [CrIII(L)(L)]2+ and [CrII(L)2]
2+. 

This picture is supported by a Mulliken spin population of 2.83 on the Cr ion and -0.41 on each of 

the two ligands. It is, also, apparent from the spin density plot (Figure 9, top left) that the majority 

of the ligand-centred unpaired spin is localized on the pyridine donors. Given the plentiful 

precedence of pyridine donor ligands being redox active in complexes in which chromium 

possesses a formal +2 oxidation state,33 this is not entirely surprising. 

The electronic structure of [Cr(L)2]
3+ (S = 3/2) is as expected (Figure S19), with three singly 

occupied d-orbitals (i.e., CrIII) and almost all of the spin density localized on the metal centre 

(Figure 8). Oxidation of [CrIII(L)2]
3+ to [Cr(L)2]

4+ would be expected to proceed via removal of an 

electron from the singly-occupied Cr dyz-centred * orbital (Figure 10a) and, thereby, yield a d2 

metal ion (i.e., CrIV). This would cause a sizeable contraction of the Cr-Ccarbone bonds. However, 

the geometric constraints imposed by coordination of the pendant pyridine donors inhibit this. As 

a consequence, -orbital overlap is insufficient and scission of the -bond is observed. This results 

in the calculated BS(3,1) solution (Figures 9, bottom left, and S20), wherein a Cr3+ ion strongly 
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antiferromagnetically couples (J = -1128 cm-1) to a ligand radical cation, L+, to give the 

experimentally observed S = 1 ground state. In essence, the electronic structure of this redox state 

is [CrIII(L+)(L)]4+. This unusual scenario, involving a metal-centred oxidation that manifests as 

ligand redox noninnocence, was previously described for the 1 e oxidation of the iron analogue 

[FeIII(L)2]
3+.22 

 

Figure 9. Spin density plots for the ground states of (top left) [Cr(L)2]
2+ (S = 1), (top right) 

[CrIII(L)2]
3+ (S = 3/2), (bottom left) [CrIII(L+)(L)]4+ (S = 1), and (bottom right) [CrIII(L+)2]

5+ (S = 

1/2). Spin density populations on the Cr ions and individual ligands are provided. Values in 

parentheses correspond to the spin density on the Ccarbone atoms.  Red = α-spin; yellow = β-spin; 

isosurface value = 0.005. 

 

UKS geometry optimizations for the experimentally observed S = 1/2 ground state of [Cr(L)2]
5+ 

afford a BS(3,2) solution. Its electronic structure is most accurately described as [CrIII(L+)2]
5+ 
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(Figure S21), in which the three unpaired -spin of the Cr3+ ion antiferromagnetically couple with 

two ligand-centred unpaired -spins (Figure 9, bottom right, J = -514 cm-1). The latter are 

comprised of the Las and Ls orbitals, respectively. Thus, oxidation of [CrIII(L+)(L)]4+ is 

comparatively straightforward and proceeds via removal of an electron from the nonbonding Las 

orbital. 

 

Figure 10. The metal dyz-centered orbitals in (a) [CrIII(L)2]
3+, (b) [FeIII(L)2]

3+ and (c) [CoIII(L)2]
3+. 

 

Respective UKS and RKS geometry optimizations for [Co(L)2]
2+ (S = 1/2) and [Co(L)2]

3+ (S = 

0) yield molecular orbitals diagrams (Figures S22 and S23) consistent with the expected electronic 

structures [CoII(L)2]
2+ and [CoIII(L)2]

3+. In other words, oxidation of the former to the latter 

involves removal of an electron from -antibonding orbital associated with the M-Npy bonds (i.e., 

it is unrelated to the -bonding interactions with the Ccarbone atoms). Subsequent oxidation to the 

tetracation proceeds via a different scenario to Fe and Cr. This is because the greater effective 

nuclear charge of Co, relative to Cr and Fe, leads to a reversal of the character of the MCcarbone -

bonding and -antibonding orbitals (Figure 10). More specifically, the  and * orbitals in 

[CoIII(L)2]
3+ are primarily Co- and ligand-based, respectively, while the opposite situation is found 
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in [CrIII(L)2]
3+ and [FeIII(L)2]

3+. Both of these orbitals are doubly-occupied in [CoIII(L)2]
3+ and, 

thus, oxidation of this complex involves removal of electrons from the ligand-centred high-lying 

* orbitals. 

Consistent with expectations, the UKS geometry optimized solution for [Co(L)2]
4+ (S = 1/2) 

gives an electronic structure that is best described as [CoIII(L+)(L)]4+. To be precise, its frontier 

orbitals are comprised of three doubly-occupied metal-centered orbitals (i.e., it contains low-spin 

CoIII), one of which is a bonding combination with Ls, the doubly-occupied Las, and a singly-

occupied ligand-centred * orbital (Figure S24). In contrast to [FeIII(L+)(L)]4+, the  interactions 

in [CoIII(L+)(L)]4+ display minimal covalency (the SOMO has 92 % Ls character) and, as such, 

there is no ambiguity in the oxidation state of the cobalt ion or whether oxidation of [CoIII(L)2]
3+ 

is ligand-centred. This is reflected by the limited amount of spin density located on the cobalt 

centre in [CoIII(L+)(L)]4+ (Figure 11, top right). 

Thus far, we do not have a definitive spectroscopic assignment of the ground state of [Co(L)2]
5+. 

Consequently, we calculated the triplet, and the closed- and open-shell singlet states. The closed-

shell, RKS, and triplet solutions proved to ca. 7.5 and 0.4 kcal mol-1, respectively, higher in energy 

than the open-shell singlet, BS(1,1), state. From this, we can conclude that the closed-shell (S = 0) 

solution is not the ground state, but that either of the S = 1 or the BS(1,1) states could be. Both of 

the open shell solutions contain three doubly-occupied, metal-centred orbitals, which corresponds 

to low-spin CoIII, plus two unpaired spins that are ligand-centred (Figures S25 and S26). Thus, 

either way, the electronic structure of the pentacation is [CoIII(L+)2]
5+. 
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Figure 11. Spin density plots for the ground states of (top left) [CoII(L)2]
2+ (S = 1/2), (top right) 

[CoIII(L+)(L)]4+ (S = 1/2), (bottom left) BS(1,1) [CoIII(L+)2]
5+ (S = 0) and (bottom right) S = 1 

[CoIII(L+)2]
5+. Spin density populations on the Co ions and individual ligands are provided. Values 

in parentheses correspond to the spin density on the Ccarbone atoms.  Red = α-spin; yellow = β-spin; 

isosurface value = 0.005. 

 

Whereas one unpaired electron in the triplet state of the pentacation resides in the Ls-centred * 

orbital and the other in the nonbonding Las orbital (Figures S26), because the broken symmetry 

formalism is employed, the open-shell singlet solution does not contain group orbitals comprised 

of the Ccarbone p-orbitals of -symmetry. Instead, the two ligands support one unpaired spin each 

(i.e., localized L+) and, via dyz orbital mediated superexchange, they antiferromagnetically couple 

with one another to yield an S = 0 ground state (Figures 11, bottom left, and S25). Poor overlap 

between the Ccarbone p-orbitals and dyz orbitals (SOMOs have 96 % ligand character) permits only 

weak antiferromagnetic coupling. As a consequence, the open-shell singlet solution is estimated 
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to lie only 140 cm–1 below the triplet solution. Correspondingly, the limited covalency of the Co-

Ccarbone  bonding, evident in the negligible metal-character of the SOMOs, manifests in minimal 

spin density on the CoIII centres in both the triplet and open-shell singlet solutions (Figure 11). 

TD-DFT Studies 

The UV-vis spectra of the tetracationic species [CrIII(L+)(L)]4+, [FeIII(L+)(L)]4+ and 

[CoIII(L+)(L)]4+ all display similar low-energy features, which are comprised of an IR feature with 

a λmax > 1500 nm and a band centred between 500 and 600 nm. In an effort to assign these bands, 

TD-DFT calculations were performed. (See the supporting information for further details.) These 

calculations suggest that the origin of these bands is independent of the identity of the metal 

(Figures 12, S27 – S33). In all three cases, they are associated with transitions to the vacancy in 

the Ls-centred orbital that is generated upon oxidation of [MIII(L)2]
3+ to [MIII(L+)(L)]4+. Whereas 

the higher energy transitions originate from a delocalized ligand orbital (L), the IR transitions 

originate from the non-bonding Las combination of the Ccarbone p-orbitals of -symmetry. (Note, 

this is true for both the open- and closed-shell singlet solutions for [Fe(L)2]
4+.) In essence, the Las 

 Ls transition is a LLIVCT and, given the presence of group orbitals, Robin-Day classification 

of these complexes as Type III systems would seem most appropriate.34  

Given that the NIR features in [MIII(L+)(L)]4+ are Las  Ls LLIVCTs, it is no surprise that these 

bands are absent in the [MIII(L+)2]
5+ complexes. After all, the latter are formed by removal of an 

electron from the doubly-occupied Las orbitals of the former. The feature rich nature of the UV-

vis spectra of [MIII(L+)2]
5+, combined with the comparatively low accuracy of the computational 

methodologies employed, makes accurate band assignment very difficult. That being said, TD-

DFT calculations show an abundance of transitions to the ligand SOMOs from other ligand orbitals 
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(Figures S34 – S39), including L and non-bonding combinations of the Ccarbone -orbitals (as). 

As such, it seems relatively safe to say that the intense, lower energy features that give the 

[MIII(L+)2]
5+ complexes their colour arise from ligand-based CTs of this type. 

 

Figure 12. Electron donating and accepting orbitals of the indicated transitions calculated for 

[CrIII(L+)(L)]4+ (S = 1). 

 

Conclusions 

In an analogous fashion to our previously reported [Fe(L)2]
n+ (n = 2 – 5) redox series, 

homoleptic carbodicarbene (CDC) complexes [Cr(L)2]
2+ and [CoII(L)2]

2+ can both be reversibly 

oxidized three times to, ultimately, yield the corresponding pentacationic species [CrIII(L+)2]
5+ 

and [CoIII(L+)2]
5+. All members of the resulting redox series, [M(L)2]

n+ (M = Co and Cr; n = 2 – 

5), were synthesized and thoroughly characterized using a broad range of spectroscopic 

techniques. The experimental conclusions were supported by DFT and TD-DFT calculations and 

led to the electronic structure formulations given in Scheme 2. In essence, oxidation of [CrIII(L)2]
3+ 
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and [CoIII(L)2]
3+ to the corresponding tetra- and pentacationic complexes does not cause an 

increase in metal oxidation state. Instead, it leads to formation of cation radical ligands (L+). The 

minimal covalency of the metal-Ccarbone -bonding interactions in the highly oxidized cobalt and 

chromium complexes makes these oxidation state assignments unambiguous. Furthermore, DFT 

calculations indicate that the majority of the unpaired spin in L+ is localized on the Ccarbon atom. 

The electron holes created by oxidation of the ligands allows them to function as acceptors in 

charge transfer interactions. This renders the complexes intensely coloured and the tetracationic 

complexes display intense LLIVCT bands with λmax > 1500 nm. It should be highlighted that not 

only are first-row transition metal complexes with charges > 3+ highly unusual, but direct 

coordination of a cation radical to a metal centre is very rare. 

 

 

Scheme 2. Summary of the electronic structures of all members of the redox series [Cr(L)2]
n+ and 

[Co(L)2]
n+, where n = 2 – 5. 

The primary differences between the [M(L)2]
n+ (n = 2 – 5) redox series studied stem from the 

differing effective nuclear charge of the metals, with Cr < Fe < Co. In both the Cr and Fe 

complexes, oxidation of [MIII(L)2]
3+ to [MIII(L)(L+)]4+ involves removal of an electron from the 

metal-centred M-Ccarbone  anti-bonding orbital. The resulting increase in bond order would be 

expected to cause a contraction of the M-Ccarbone bond length. This is not observed, possibly due 

to the geometric constraints imposed by the flanking pyridine donors of this ligand. Instead, 

homolytic scission of the M-Ccarbone -bond is preferred, which yields a MIII ion and L+. In other 

words, there is a metal-centred oxidation that, contradictorily, does not cause a change of the metal 
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oxidation state, but manifests as a ligand oxidation. The greater effective nuclear charge of Co 

leads to a reversal in character of the M-Ccarbone  anti-bonding orbital (i.e., it is predominantly 

ligand-based). Thus, oxidation of [CoIII(L)2]
3+ to [CoIII(L)(L+)]4+ is a straightforward ligand-

centred oxidation. 

The high energy of the Cr d-orbitals also impacts the electronic structure of the dicationic 

complex [Cr(L)2]
2+. Whereas reduction of [MIII(L)2]

3+ involves occupation of metal-centred  

anti-bonding orbitals to yield [MII(L)2]
2+ complexes in the case of Fe and Co, occupation of a 

delocalized predominantly pyridine-centred orbital is preferred for [CrIII(L)2]
3+. Although it is 

tempting to assign a +3 oxidation state to the Cr ion in [Cr(L)2]
2+, the aforementioned pyridine-

centred orbital has significant metal character. As such, its electronic structure is best described as 

a resonance hybrid of [CrIII(L)(L)]2+ and [CrII(L)2]
2+. Precedents for such pyridine donor redox 

noninnocence in chromium complexes are plentiful and, from that perspective, our observations 

are unsurprising. However, it does demonstrate that CDC ligands can also be reduced when 

appropriate flanking donors are incorporated. Thus, not only do CDC ligands provide a means to 

stabilize complexes of unusually high formal oxidation states but, in the correct circumstances, 

they may also be able to host highly reduced species. The highly flexible redox properties of L 

highlight that CDCs should be thought of as more than NHC surrogates, and harnessing their full 

potential will require exploitation of their redox noninnocence. 
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transition metal complexes and a demonstration of their ability to stabilize highly oxidized species 
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n+ and [Co(L)2]

n+, where n = 2 – 5. Spectroscopic and DFT 

studies led to the electronic structures [MIII(L+)(L)]4+ and [MIII(L+)2]
5+, containing radical cation 

ligands, and showed that effective nuclear charge of the metals impacted the orbitals involved in 
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