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ABSTRACT: Ligand non-innocence is ubiquitous in catalysis, with ligands in synthetic complexes contributing as electron 
reservoirs or co-sites for substrate activation. The latter chemical non-innocence is manifested in H+ storage or relay at sites 
beyond the metal primary coordination sphere. Reaction of a competent CO2-to-oxalate reduction catalyst, 
[K(THF)3](Cu3SL) where L3– is a tris(β-diketiminate) cyclophane, with CS2 affords tetrathiooxalate at long reaction times or 
at high CS2 concentrations, where otherwise an equilibrium is established between the starting species and a complex–CS2 
adduct, in which the CS2 is bound to C atom on the ligand backbone. X-ray diffraction analysis of this adduct reveals no 
apparent metal participation, suggesting an entirely ligand-based reaction controlled by the charge state of the cluster. 
Thermodynamic parameters for the formation of the aforementioned Cligand–CS2 bond were experimentally determined and 
trends with cation Lewis acidity studied, where more acidic cations shift the equilibrium towards the adduct. Relevance of 
such an adduct in CO2 reduction to oxalate by this complex is supported by DFT studies, similar effect of countercation 
Lewis acidity on product formation, and the homocoupled heterocumulene product speciation as determined by isotopic 
labeling studies. Taken together, this system extends chemical non-innocence beyond H+ to effect catalytic transformations 
involving C–C bond formation and represents the rarest example of metal-ligand cooperativity; that is, spectator metal 
ion(s) and the ligand as the reaction center. 

INTRODUCTION 
Ligand cooperativity is a recurrent theme in metal-cata-
lyzed chemical transformations. This cooperative behavior 
can be effected through the influence of the secondary co-
ordination sphere, covalent linkages by the supporting lig-
ands to the substrate (or chemical non-innocence / cooper-
ativity) or the redox participation of the ligand (or redox 
non-innocence).1 Of the modes of cooperativity, secondary 
coordination sphere effects and redox non-innocence have 
been widely explored synthetically and have strong prece-
dent in enzyme systems.1–12

 Classic examples of metal-lig-
and redox cooperativity rely on a redox active ligand serv-
ing as a reservoir of electrons with the metal center serving 
as the site of the bond making and breaking events.3,4 The 
opposite scenario in which the ligand serves as the reaction 
site for bonding changes in the substrate with the metal 
ion(s) as the electron reservoir has precedent in catalysis 
only for proton reduction.13–17 In this extreme of ligand co-
operativity, the redox state of metal species can switch re-
activity on or off by altering the electron density on the re-
active ligand site.13,18,19 Intermediate cases (i.e., both metal 
and ligand cooperate in redox and substrate activation) are 
well represented in the literature. For instance, seminal 
work by Milstein and coworkers followed by reports from 
de Vries, Otten and coworkers highlighted the generality 
of a de- and re-aromatization sequence to effect function-
alization of unsaturated functional groups, and particu-
larly nitriles, at tridentate pincer complexes (Fig. 1a-c).20–22 

Recently, Liaw and Lu reported that CO2 reduction to oxa-
late by an iron nitrosyl complex traverses a C–N bond be-
tween a ligand N atom and CO2 (Fig. 1d).23  
 

 
Figure 1. Intermediates involved in catalytic cycles where 
the ligand is covalently supporting a non-H substrate 
(highlighted in red). 
Examples of reversible bond formation involving only lig-
ands have been reported but not in the context of catalytic 
transformations. For instance, various groups have re-
ported reversible C–C bonds between the para–C of aro-
matic ligands (e.g., pyridine bound to iron(I) β-diketimi-
nate or a perfluorophenylimidocobalt diketimide, Fig. 
S1).24,25 This reaction is best described as arising from radi-
caloid character on the bound arene. The groups of Ander-
sen and Chmielewski similarly reported reversible C–C 
bonds by a phenanthroline ytterbium complex and a py-
rimidine-containing norcorrole nickel complex (Fig. 
S1).26,27 Relatedly, β-diketiminates (BDIs) can also react as 
a nucleophile due to the contribution of the 2pπ orbital of 
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the γ carbon atom to the π-non-bonding HOMO (Fig. 
S17).28–30 Reaction at the γ carbon typically affords addition 
of unsaturated substrates across the metal and ligand, 
analogous to the Milstein systems (Fig. S2).31 For example, 
CO2 binding to the γ-carbon of BDI complexes is reported 
for the main group ions Sc3+, Mg2+ and Li+ (Fig. 2),32–34 with 
CO2 capture being reversible for the Sc3+ and Mg2+ com-
pounds. Both Cγ–X bond formation and cleavage must 
readily occur to activate substrates and to release product 
in any catalytic cycle. Contrasting the tridentate meridio-
nal chelating ligands, no catalytic transformations are re-
ported harnessing the non-innocence of BDI ligands in 
substrate activation. 
 

Figure 2. Structures of CO2 adducts involving Cγ–CO2 
bond formation with BDI complexes of Sc, Mg, and Li. 
Fragment derived from CO2 is depicted in red. 
 
Among a series of reports of CO2 reduction to oxalate, we 
noted that systems that achieve catalytic turnover feature 
coordinatively saturated metal centers (Fig. 3),35 while co-
ordinatively unsaturated copper centers bind to the 
formed oxalate and arrest after a single turnover.36,37 In this 
context, our group previously reported kinetic studies of 
CO2 reduction to oxalate by tricopper sulfide and selenide 
clusters (Cu3SL- and Cu3SeL- where L3-= tris β-(diketimi-
nate), 1- and 2- respectively, Fig. 3). These two catalysts dis-
play a cation and solvent dependence of the observed rate 
constant, wherein more Lewis acidic cations and less coor-
dinating solvents favor the kinetics for the formation of ox-
alate.38 Additionally, 2- reacts faster than 1-, which can be 
explained by the stronger reducing power of the former 
(E1/2 of -1.44 V and -1.58 V vs the ferrocene couple for 1 and 
2, respectively).39,40 Herein, we report the reactivity of 1- 
with the related heterocumulene, carbon disulfide, which 
results in a hemilabile C–C bond between substrate and 
ligand with no apparent interaction between the metal 
center and substrate. In contrast to other examples of CS2 
homocoupling to C2S4

2-, which are proposed to occur by a 
transient with CS2 bound to the redox active metal,41–45 we 
provide evidence in support of a ligand centered mecha-
nism for the homocoupling of both CS2 and CO2. As a con-
sequence, this constitutes the first report of a functional 
ligand with spectator redox-active metal centers, capable 
of catalyzing C–C coupling, a unique example of the last 
type of metal-ligand chemical cooperativity. 

 

 
Figure 3. Cu-based molecular catalysts for reduction of 
CO2 to oxalate. 
 
RESULTS AND DISCUSSION 
The addition of 22 equiv. of 13CS2 to a 4.9 mM solution of 
[K(THF)3]·1 at ambient temperature in THF-d8 afforded a 
green solution and a brown precipitate upon mixing. No 
13C labeled products were observed in the 13C-NMR spec-
trum of the THF soluble fraction (Fig. S14). However, dis-
solution of the non-volatiles of this reaction in MeOH-d4 
and analysis by 13C-NMR spectroscopy reveals a signal at 
270.1 ppm and supports formation of tetrathiooxalate as 
the only 13C-labeled species (Fig. S15, S16).46 A similar 13C-
NMR experiment performed at –80 °C with 4.0 mM 
[K(THF)3]·1  and 2.3 equiv. 13CS2 revealed a signal at 231.9 
ppm, suggestive of the formation of a dithiocarboxylate 
(Fig. S12).47–51  
At ambient temperature, 0.05 mM [K(THF)3]·1 and 1 equiv. 
of CS2, minimal to no reaction is observed. Upon cooling 
to -55 °C, a turquoise to blue color change occurs. Warm-
ing this reaction mixture to ambient temperature reverses 
this color change (Fig. S4), suggesting that the low-tem-
perature species is engaged in an equilibrium with 
[K(THF)3]·1. 
Single crystal X-ray diffraction on blue crystals of the low 
temperature species, [K(THF)2]·3, were grown at -35 °C 
from slow diffusion of pentane into a saturated THF solu-
tion containing excess CS2. This structure revealed a CS2 
bound to the γ-C of one BDI arm of the ligand (Fig. 4, 
Scheme 1). The bond lengths and angles about the γ-C 
bound to CS2 and the loss of planarity of the chelate arm 
match prior structures in which the γ-C of BDI metal com-
plexes acts as a nucleophile and support a neutral diimine 
chelate.30 The K+ interacts with the installed dithiocarbox-
ylate, two THF molecules, and an η5-BDI of a proximal 
complex, to give a 1D-chain structure (Fig. S3). The struc-
ture here evokes those of the main group complexes as the 
Cu remains bound to the two N-atom donors, contrasting 
the metal ion dissociation from the diimine chelate ob-
served by Hayton and coworkers in the reaction product of 
a BDI nickel complex and CS2 (Fig. S2).52 The Cu center in 
the neutral diimine arm is disordered over two positions 
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with 46% and 54% occupancy or Cu46% and Cu54%, respec-
tively (Fig. 4 and S2). Cu54% is displaced from the chelate 
plane by 0.571 Å (vs. 0.0511 Å at the unaffected arm), 
whereas Cu46% is displaced by 0.200 Å. The Cu–SCS dis-
tance (2.698(9) Å for Cu54% and 3.11(1) for Cu46%) is much 
greater than the sum of the covalent radii (viz. 2.37 Å),53 
suggesting a minimal Cu–SCS interaction in the solid state. 
The Cγ–CS2 bond length in [K(THF)2]·3 (Table 1) is within 
range of reported C–C single bonds, and comparable to the 
Hayton’s Ni complex.52 For comparison, the average C–C 
bond length of the ethyl groups on the phenyl caps is 
1.528(5) Å, and the labile C–C bond in Gomberg’s dimer is 
1.597(4) Å.54  
 

 
Figure 4. Single-crystal structure of [K(THF)2]·3 at 50% 
thermal ellipsoid depicting on only Cu54%. For clarity, at-
oms in the structure are partially transparent except for the 
Cu3S cluster with the primary coordination sphere and the 
BDI arm bonded to CS2. Solvent molecules of crystalliza-
tion and H atoms omitted for clarity, with Cu, K, S, N and 
C atoms depicted as bronze, pink, yellow, blue and gray el-
lipsoids, respectively. 
 
Scheme 1. Equilibrium reaction between [K(THF)3]·1 and 
CS2.  

 
Table 1. CBDI–CX2 (X= S, O) bond lengths for M·3 (M= 
[K(THF)2]+ and [K(THF)3]+), [K(THF)3]·4 and BDI-CS2 ad-
duct reported by Hayton and coworkers, and correspond-
ing calculated Mayer bond orders for [K(THF)3]·3 and 
[K(THF)3]·4 

 d/ Å Mayer BO 

CBDI–CS2 Hayton 1.54(1) -- 

CBDI–CS2 experimental 1.565(4) -- 

CBDI–CS2 calculated 1.5475 0.6500 

CBDI–CO2 calculated 1.6164 0.8942 

 
Given the observed reversibility of reaction of [K(THF)3]·1 
with CS2 arising from the formation of a labile C–C bond in 

[K(THF)2]·3 (Scheme 1), we monitored this reaction with a 
large excess of CS2 (i.e., 165 equiv.) by variable temperature 
UV-visible spectroscopy (VT UV-vis). At ambient temper-
ature, new bands at 608 and 736 nm are observed together 
with that for the reduced complex at 695 nm. The new 
bands increase in intensity with concomitant decrease in 
that at 695 nm upon cooling to -35 °C, whereas the new 
bands disappear completely upon warming to 55 °C (Fig. 5 
and S3). Values of Keq at various temperatures were calcu-
lated by varying the equivalents of CS2 and deconvoluting 
the mixture as a composite of the reduced complex and the 
presumed CS2 adduct (Fig. S5, S6 and S8). Thermodynamic 
parameters determined from a Van’t Hoff analysis are con-
sistent with an entropically disfavored exothermic reaction 
(Table 2, Fig. S9). The obtained ΔH value is within the 
range seen for the homolytic dissociation of other labile σ 
C–C bonds, which span values between 26 and 84 kJ/mol, 
including that for Gomberg’s dimer (46 kJ/mol).26,27 En-
thalpy changes are available for some of Milstein’s and Fe-
dushkin’s systems,20,22,55 but deconvoluting the contribu-
tion of metal-ligand bond is not trivial and precludes a di-
rect comparison.  
 

 
Figure 5. VT-UV-visible spectra in the range 55 to -35 °C 
for reaction between [K(THF)3]·1 at 0.05 mM and 165 
equiv. CS2 in THF. 
 
Previously, our group reported that the single turnover 
pseudo-first order rate constants for oxalate formation 
from CO2 by 1- and 2- increase with more Lewis acidic coun-
terions.38 Given that tetrathiooxalate formation observed 
here parallels that of CO2 to oxalate reduction by 1- and 2-

,38 we were curious if the equilibrium observed for CS2 cap-
ture by 1– was similarly sensitive to countercation identity. 
Therefore, we determined the equilibrium constant (Keq) 
for formation of adduct 3- with [Cp*

2Co]+ (Cp*= 1,2,3,4,5-
pentamethylcyclopentadienyl) as a counterion using VT 
UV-vis spectroscopy. Treatment of [Cp*

2Co]·1 with 40 
equiv. CS2 at ambient temperature results in no significant 
changes with respect to the spectrum of 1-. As for 
[K(THF)3]·1, lowering the temperature results in the ap-
pearance of two new bands at 613 and 729 nm; however, 
these bands are only discernable at -65 °C for [Cp*

2Co]·1 
and comparable conversions to those observed for 
[K(THF)3]·1 required substantially lower temperatures 
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(Fig. 6 and S7). The corresponding thermodynamic param-
eters highlight that the contribution of entropy dominates 
the effect of changing the counterion on the equilibrium 
constants (Table 2, Fig. S10). We hypothesize that the dif-
ferences in enthalpy and entropy change for [Cp*2Co]+ vs. 
K+ as the countercation correlate with the energetic cost to 
reorganize the cation-complex interaction from reactant to 
product; that is, dissociation of K+ from [K(THF)3]·1 in the 
starting material costs more vs. the less tightly-bound 
[Cp*2Co]+, whereas the more localized negative charge on 
the dithiocarboxylate vs. 1– afford a tighter cation-anion 
pair (Fig. S11). 
 
Table 2. Thermodynamic parameters for formation of 3- 
with [K(THF)2]+ and [Cp*

2Co]+ as counterions.  
 [K(THF)2]·3 [Cp*

2Co]·3 

ΔH/ kJ·mol-1  -28(2)a -38(1)c 

ΔS / J·mol-1·K-1 -49(9)a -130(5)c 

ΔG/ kJ·mol-1 -14(3)b -6(2)d 

Values determined for the temperature a range 248 -278 K, 
b 278 K, c range 178- 248 K and d 248 K. 
 
Given these results with CS2 activation and homocoupling 
to C2S4

2-, we probed whether CO2 reduction to oxalate pro-
ceeded by a similar ligand-based pathway. Indeed, nucleo-
philic attack by supporting ligands was proposed in other 
systems as the first step towards CO2 reduction to oxa-
late,23,56 and CO2 adducts at BDI are known (Fig. 2). How-
ever, these adducts have not exhibited further reactivity 
beyond reversible binding; in those cases, lack of available 
reducing equivalents likely precludes reductive coupling. 
By comparison, reversible binding to CS2 by 1- hints at the 
propensity for Cu to participate in bonding similar to p-
block elements, supporting the covalency previously re-
ported for the tricopper-chalcogen core,40 and the growing 
evidence of Cu complexes having inverted ligand fields.57–

61 Notably, CX2 (X= S, O) binding by 1– can be viewed as 
stimuli responsive; whether the effect arises from the redox 
load of the complex or the change in overall charge re-
mains to be determined.  
Lack of observable intermediates and coincident pseudo-
first order rate constants for formation of 1 and decay of 1– 
in single turnover experiments with CO2 have limited 
mechanistic studies; however, formation of tetrathiooxa-
late, the countercation dependence, and precedent in 
other BDI complexes support parallel reactivities for CS2 
and CO2 with 1–. We reasoned then that coupling CS2 to 
CO2 could provide additional support for a common mech-
anism. Unfortunately, addition of CO2 to [K(THF)2]·3 gen-
erated in situ with excess CS2 affords oxalate as the only 
CO2-derived product based on 13C-NMR spectra (Fig. S13). 
The reaction rate of [K(THF)3]·1 with CO2 and subsequent 
downstream steps to oxalate and 1 must be faster than re-
action of [K(THF)2]·3 with CO2 or with the analogous CO2 
adduct, [K(THF)2]·4, which disturbs the equilibrium in-
volving CS2 and [K(THF)3]·1 (Scheme 1).  

In addition to the possible kinetic schemes that would al-
low accumulation of 3- but not the CO2 congener, 4-, an-
other possible reason could be a difference in equilibrium 
position for reaction of [K(THF)3]·1, with CS2 vs. CO2; that 
is, in the energies of [K(THF)2]·3 and its CO2 analog 
([K(THF)2]·4) as compared to complexes lacking the Cγ–
CX2 bond. To that end, we turned to density functional 
methods. Our calculations were benchmarked with our ex-
perimental results with CS2. First, we optimized the geom-
etry of the crystallographic coordinates of [K(THF)2]·3 in 
which the η5-BDI coordination to K+ was replaced by one 
or two THF molecules (abbreviated [K(THF)n]·3 and n = 3 
or 4). Second, we optimized only the H-atom positions for 
[K(THF)3]·1 starting from the reported crystallographic co-
ordinates. Third, we optimized a structure in which a CS2 
molecule was placed in close proximity to the K+ ion and 
[Cu3S]2+ core in [K(THF)3]·1 (abbreviated 
[K(THF)3]·1+CS2). For comparison, we computed the CO2 
congeners of [K(THF)n]·3 (abbreviated [K(THF)3]·4) and 
[K(THF)3]·1+CO2 (Tables. S5-S10). 
 
 

 
Figure 6. UV-visible spectra at -35 °C for [K(THF)3]·1 (red 
trace) and [Cp*

2Co]·1 (blue trace), both at 0.05 mM with 40 
equiv. CS2 in THF. 
 
The optimized geometries for [K(THF)n]·3 with 3 or 4 THF 
molecules are comparable and both reproduce the main 
features of the crystal structure of [K(THF)2]·3, particu-
larly, with respect to the Cγ–CS2 bond lengths (Table 1). 
One notable deviation, however, is that the computed Cu–
SCS contacts are shorter than the X-ray structure (by ap-
proximately 0.5 Å) and suggestive of a coordination bond. 
This result is independent of the number of THF molecules 
bound to K+ and the method used (i.e., BP86, TPSSh, or 
B3LYP). Somewhat surprisingly, optimized geometries for 
[K(THF)3]·1+CS2 afford structures in which the K+ remains 
bound to one BDI  arm and absence of C–C bond formation 
between Cγ and CS2, with the CS2 interacting with a Cu cen-
ter and the K+ ion. Setting all calculated species relative to 
[K(THF)3]·1 and free CS2, [K(THF)3]·3 (–93.41 kJ/mol) is 
the lowest energy species followed by [K(THF)3]·1+CS2 (–
52.50 kJ/mol). Gratifyingly, these results agree with exper-
iment as [K(THF)2]·3 is an observable intermediate upon 
reaction of [K(THF)3]·1 with CS2, and with the computed 
and experimental Cγ–CS2 bond energies being comparable 
(–40.9 kJ/mol vs. –38.1 kJ/mol). We posit that the energetic 
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cost to displace [K(THF)3]+ from interacting with a BDI and 
to interact with the dithiocarboxylate effectively makes 
[K(THF)3]·1+CS2 a local minimum. A related question to 
the calculated energy differences, the calculations on 
[K(THF)3]·1 support that the unpaired α electron occupies 
an orbital of metal-BDI σ* and Cu–S π* character, con-
sistent with prior calculations on the LUMO for neutral 1.39 
Occupying this orbital conceivably leads to greater elec-
tron density on the BDI arms and enhanced nucleophilic-
ity. Indeed, more negative Mulliken charges are observed 
on all Cγ atoms in [K(THF)3]·1 as compared to 1 (Table S3). 
In prior calculations on 1, we also noted minimal mixing of 
the π-type non-bonding orbitals on the BDI arms with 
those of the cluster; for example, the three highest occu-
pied orbitals on 1 were a pseudo e— and a2— molecular or-
bitals almost exclusively derived from linear combinations 
of the BDI non-bonding π-type orbitals. By contrast, we ob-
serve substantial mixing of the cluster-based orbitals with 
the non-bonding π-type orbitals on the BDI arms in 
[K(THF)3]·1. This greater mixing upon reduction may serve 
to enhance the delocalization of the electron density of the 
metal cluster onto Cγ of the BDI arms, thereby increasing 
nucleophilicity and activating the complex for reaction 
with CS2 (Fig. S18).30 
Geometry optimizations for the proposed CO2 adduct, 
[K(THF)3]·4, yields a comparable structure to the CS2 con-
gener except that the CO2 carboxylate is rotated away from 
the copper cluster to afford Cu–O distances greater than 
expected for a coordination bond (Fig. 7).62  Absence of a 
Cu–OCO interaction suggests that the role of the [Cu3S]2+ 
core is to tune the electronic structure of the ligand to trig-
ger CO2 capture by nucleophilic attack with subsequent 
net-homolytic Cγ–CO2 bond cleavage to yield oxalate. Con-
trasting the CS2 series, the optimized structure 
[K(THF)3]·1+CO2 (i.e., no C–C bond) is lower in energy (-
41.6 kJ/mol) than [K(THF)3]·4 (–36.8 kJ/mol), referenced 
to the sum of the energies of [K(THF)3]·1 and CO2. In 
[K(THF)3]·1+CO2, CO2 is bound within the pocket between 
the K+ and the [Cu3S]2+ cluster and interacts with only the 
K+ center. These calculated energies agree with our inabil-
ity to observe [K(THF)3]·4 in kinetic experiments (Scheme 
2). Taken together with the CS2 calculations, K+ coordina-
tion to the CX2 fragment in [K(THF)3]·3 and [K(THF)3]·4 
are consistent with the cation and solvent dependence of 
the reaction rates and prior reports of CO2 ligation to BDI 
complexes wherein Lewis acid coordination to the CO2 de-
rived carboxylate is observed.33,38 
Forming labile C–C bonds with the ligand, which is con-
trolled by electronic fine-tuning of the [Cu3S]2+ core upon 
reduction, evokes that reported for the release of Michael-
type products from reversible coordination of nitriles to 
pincer ligands upon addition of Michael acceptors,20–22 sug-
gesting that the labile C–C bond is instrumental for pro-
ductive coupling chemistry. Reaction of  1- with heterocu-
mulenes constitutes a rare example of functional ligand—
one extreme of metal-ligand cooperativity— and in which 
a net one-electron reaction is initiated by a two-electron 
step (nucleophilic attack).13  

 
Figure 7. Geometry optimized structures for [K(THF)3]·3 
(left) and [K(THF)3]·4 (right). 
Scheme 2. Proposed elementary steps for reaction be-
tween M·1 and CO2 (M= [K(THF)n]+). 
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CONCLUSIONS 

Reversible coordination of CS2 to the γ-C of a BDI ligand in 
a [Cu3-μ3-S]2+ cyclophanate complex, 3–, is reported. The 
formation of this labile C–C bond was studied by VT-UV-
visible spectroscopy, and the product characterized by sin-
gle crystal X-ray diffraction, and NMR methods. DFT cal-
culations performed on the CS2 adduct agree with experi-
mental data, with 3– being lower in energy than the reac-
tants, 1–

 and CS2. Similar calculations on a CO2 analogue of 
3– reveal that a comparable structure, 4–,is energetically ac-
cessible, albeit destabilized vs. the outer sphere CO2 asso-
ciated complex by 4.8 kJ/mol. In the CO2 adduct 4–, the 
CO2 fragment is twisted away from the copper cluster, sug-
gesting no active involvement of the [Cu3S]2+ core in CO2 
trapping. In light of these results, we infer that the CO2 ad-
duct is an intermediate in the reduction of carbon dioxide 
to oxalate by 1- and 2-. To gauge the relevance of the com-
putationally observed CO2 adduct, 4-, in the mechanism to 
form oxalate, we searched for and successfully identified 
tetrathiooxalate by 13C-NMR in reactions with 13CS2, further 
supporting analogous mechanisms in play for reduction of 
both heterocumulenes. These results therefore highlight 
the relevance of ligand cooperativity in catalysis, and in 
particular of the underrepresented extreme of functional 
ligands with spectator metals.  
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