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Transformation of Tetranuclear [{MoO3(Lcat)Cu}2]2- into Trinuclear 
[MoO2{Lcat}2Cu2] and Possible Implications on the Formation of 
Bis(MPT)Mo by MobA
A. M. Buddhika Chandima,a‡ Umesh I. Kaluarachchige Don,a‡ Cassandra L. Ward,b Richard L. 
Lord,*c Stanislav Groysman*a

 

Many molybdoenzymes contain two molybdopterin (MPT) ligands 
but the mechanism for the transformation of mono(MPT)Mo to 
bis(MPT)Mo is lacking. Using a catecholate-based system, we 
demonstrate that [MoVI(Lcat)O3]2- forms a dimeric structure, which 
spontaneously disproportionates to produce [MoVI(Lcat)2O2]2- and 
molybdate. This suggests a similar transformation of 
[{MoO3(MPT)}2]4- into [MoO2(MPT)2]2- is feasible.

Molybdenum-dependent enzymes are ubiquitous in biology, 
being crucial for most forms of life.1 Nearly all molydoenzymes, 
and all known tungsten enzymes, utilize molybdopterin (MPT) 
cofactor at their active sites; MPT serves as a dithiolene ligand 
to the Mo (W) center.1,2 Certain molybdoenzymes (e.g. 
Xanthine Dehydrogenase and Sulfite Oxidase) utilize a single 
MPT cofactor (Fig. 1). However, many other molybdoenzymes 
(DMSO Reductase family) and all tungstoenzymes incorporate 
two MPT cofactors per metals (for selected structures of 
molybdoenzymes, see Fig. 1). The enzymatic mechanism of 
molybdate insertion into MPT to form mono(MPT) Mo active 
sites has been interrogated in depth, including the detailed 
molecular pathway through which MPT reacts with the Mo(VI) 
precursor, molybdate.3,4 In contrast, while the biochemistry of 
the bis(MPT) Mo formation is well understood, the intricate 
molecular details on how bis(MPT) Mo (W) sites are formed are 
lacking.5-7 Leimkühler and coworkers demonstrated formation 
of bis(MPT) Mo by the enzyme MobA. The authors hypothesized 
that bis(MPT) Mo sites could form by disproportionation of two 
mono(MPT) sites [MoO3(MPT)] (Fig. 1); this reaction should also 
result in the formation of molybdate.8,9 As an alternative 
possibility, it was proposed that the formation of bis(MPT) Mo 
sites could take place in MobA by the combination of 
mono(MPT) Mo and free MPT.8 To our knowledge these 
hypotheses have not been tested in a molecular model. 
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Fig. 1. Three families of molybdoenzymes (top). Possible routes of MobA-mediated 
formation of bis(MPT) Mo site from mono(MPT) Mo(VI) trioxo (bottom).

Our research focuses on structural and functional models of 
molybdoenzymes, including models of CO dehydrogenase 
(CODH) (Fig. 1).10-19 Mo-Cu CODH belongs to the Xanthine 
Dehydrogenase family of molybdoenzymes, as the Mo(VI) site 
is ligated by one MPT ligand, two oxo groups, and one sulfido 
that bridges to a nearby Cu(I) site.1, 10, 11 To develop these 
models, we employ heterodinucleating ligands that incorporate 
catecholate as a model for dithiolene.13 Catecholates exhibit 
many similar features to those of dithiolenes:20, 21  they are 
redox non-innocent dichalcogenide donor ligands that generally 
form tightly bound metal chelates. While our previous studies 
demonstrated bimetallic cooperativity, we were not able to
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Fig. 2. Synthesis of 1-3 and structures of 2 and 3. The structures were rendered in ORTEP 
using 50% probability ellipsoids. Counterions (in the structure of 2), co-crystallized 
solvent molecules, and H atoms were omitted for clarity. 

isolate heterobimetallic complexes featuring nucleophilic 
[MoVIO3(cat)] (cat = catecholate) and Cu(I) in close proximity.22-

24 Using a newly synthesized heterodinucleating 
catecholate/aminopyridine ligand LcatH2 (Fig. 2), we report the 
isolation and structural characterization of [{MoO3(Lcat)Cu}2]2-. 
More significantly, we demonstrate that this complex 
spontaneously and unimolecularly disproportionates in solution 
into the trinuclear mono-Mo bis(catecholate) complex 
[MoO2(Lcat)2Cu2] complex while releasing molybdate. This 
transformation could provide a molecular model for the related 
2[MoO3(MPT)]2-  [MoO2(MPT)2]2- + [MoO4]2- reaction that 
likely occurs in MobA.

Treatment of LcatH2 with one equivalent of 
tetraethylammonium molybdate produced lemon-yellow 
(NEt4)2[MoO3(Lcat)] (1), which was obtained in 89% yield. 
Although we could not obtain the crystal structure of 1, the 
multinuclear NMR spectroscopic and high-resolution mass 
spectrometric (HRMS) characterization methods unequivocally 
supported its formation. The HRMS contains a molecular ion 
peak at m/z = 721.2164 whose isotopic distribution pattern 
correlates well with the expected isotopic distribution for 
[MoO2(OH)(Lcat)]- (see ESI). 1 is stable in CD3CN demonstrating 

no visible decomposition for at least one week at room 
temperature. Closely related [MO3(bdt)]2- (M = Mo, W) were 
previously reported and were also shown to be stable under 
ambient conditions.25,26 Subsequent treatment of 1 with 
[Cu(NCMe)4](PF6) produced a dark orange solution. NMR 
investigation of the reaction carried out in CD3CN indicated the 
disappearance of 1 and formation of a new product. 
Crystallization from CH3CN/ether at -33 °C produced dark 
orange crystals of 2, which was characterized by X-ray 
crystallography (Fig. 2), 1H and 13C NMR spectroscopy, and 
HRMS (see ESI). The solid-state structure of 2 demonstrates the 
[Mo2O6Cu2(Lcat)2]2- composition, balanced by two NEt4 ions. The 
structure can be viewed as the homodimer of two 
heterodinuclear “[MoO3Cu(Lcat)]-“ components, 
[{MoO3(Lcat)Cu}2]2-. Within each of the heterodinuclear units, 
Mo(VI) and Cu(I) are held together by the same Lcat ligand with 
the metals interacting directly through a catecholate oxygen 
with a {MoVI=O}−CuI bond (2.114(4) Å) between neighboring 
units. In addition, a weak interaction is observed between 
{MoVI=O} and MoVI of the neighboring complex (2.295(4) Å), 
resulting in a Mo2O2 “diamond” core. While this structure does 
not constitute a structural analogue of Mo-Cu CODH, it 
nevertheless captures the reactive (Cu(I)-coordinated) 
nucleophilic [MoVIO3(L)]2- fragment that is likely necessary (in 
the form of [MoVIO2S(MPT)]2-) for the nucleophilic attack at the 
Cu(I)-activated CO.
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Complex 2 is stable in the solid state at -33 °C. In acetonitrile 
solution at room temperature, however, it undergoes facile 
decomposition. The decomposition was monitored by 
disappearance of the 1H NMR spectrum of 2 (Fig. 3) and 
formation of an orange precipitate. Acetonitrile-insoluble 
orange precipitate was recrystallized from 
dichloromethane/ether to yield X-ray quality crystals of 
complex 3. 3 was characterized by X-ray crystallography, 1H and 
13C NMR spectroscopy, and HRMS. The solid-state structure of 
3 reveals trinuclear [MoO2Cu2(Lcat)2] composition (Fig. 2). The 
single Mo(VI) center is octahedral, bearing two oxo ligands and 
two catecholates. The Mo-oxo bonds in 3 are significantly 
shorter than in 2, consistent with less nucleophilic character. 
Each Lcat ligand incorporates trigonal planar Cu(I) coordinated 
by the pyridine and imine nitrogen donors, in addition to one 
catecholate oxygen donor that links it to Mo(VI). Complex 3 can 
be also synthesized directly by reaction of molybdate with two 
equivalents of LcatH2, followed by the addition of two 
equivalents of [Cu(NCMe)4](PF6) (Fig. 2).

Fig. 3. Decomposition of [{MoO3(Lcat)Cu}2]2- followed by 1H NMR spectroscopy. 

In addition to formation of 3, decomposition of 2 in 
acetonitrile produces molybdate. Molybdate remains soluble in 
acetonitrile and its presence was confirmed by HRMS (see ESI). 
Thus, decomposition of 2 can be formulated as a 
disproportionation reaction likely driven by the relative 
instability/nucleophilicity of the Mo(VI) trioxo and precipitation 
of 3 from the reaction medium. We investigated the 
decomposition kinetics of 2 by 1H NMR spectroscopy. The 
reaction is first order as demonstrated by kinetic analysis (Fig. 
3), with k = 8.0 x 10-6 s-1. The unimolecular decomposition of 2 
suggests that 2 does not decompose in solution into 
heterodinuclear dimers in solution. Instead, the transformation 
of 2 into 3 and [MoO4]2- is likely enabled by the tetranuclear 
core of 2, in which two Mo(VI) interact via the oxo groups. 

Based on this evidence, we performed DFT calculations to 
probe intermediates along the reaction path from 2 to 3. 
Calculations were performed at the B3LYP-D4/def2- 
TZVP/SMD(MeCN)//BP86/def2-SVP/SMD(MeCN) level of 
theory in ORCA 6.1.0 (full details in ESI).27-41 A simplification of 
Lcat replaced the xanthene tBu and Me substituents with H,

Fig. 4. Geometry optimized structures with relative free energies (kcal/mol). Molecular 
structures created with CylView.42

and NEt4+ counterions were omitted (i.e. calculated as anionic 
species). 2 was optimized as a dianion and is shown in Fig. 4. To 
be as unbiased as possible, linear scans along multiple Mo-O 
bonds in the diamond core of 2 that could lead to release of 
molybdate were probed. These scans produced intermediates 
i-iii (Fig. 4); all three are consistent with experimental 
conditions, being endergonic by 14-23 kcal/mol. Intermediate i 
features two five-coordinate molybdenum centers; while the 
structure is non-symmetric neither Mo is yet to coordinate to 
both catecholates. Intermediate ii features a bridging 
molybdate between the left Cu and a Mo with two catecholates 
coordinated, one κ2 and one κ1. Intermediate iii similarly 
features molybdate seemingly poised to dissociate but the 
right-most Cu is no longer bound to an oxo at the six-coordinate 
Mo. Of these three species, the one featuring a three- versus 
four-coordinate Cu on the right side of the structure is favored. 

With asymmetric structures i-iii, one can imagine molybdate 
being loss from each of these intermediates. Deletion of 
molybdate and optimization of the resulting neutral structures 
resulted in trimetallic species 3, iv, and v from i, iii, and iv, 
respectively (Fig. 4). 3 has the non-Cu bound catecholate 
oxygens trans, iv has the Cu-bound catecholate oxygens trans, 
and v has all three types of oxygens cis to one another. Based 
on trans influence, the weakest donor (Cu-bound catecholate) 
should be trans to the oxo functionalities. Indeed, 3 is the 
lowest in energy followed by v (+5 kcal/mol), with iv much more 
endergonic (+14 kcal/mol); this preference is observed in the 
crystal structure. While 2  3 + [MoO4]2- was computed to be 
endergonic by 11.62 kcal/mol, our model cannot account for 
precipitation that helps drive this irreversible reaction. 
Analogous calculations for the benzenedithiolate analogue of 
our ligand suggests this reaction would become exergonic by 
21.64 kcal/mol in a ligand environment more similar to the 
enzyme (see Figure S28). Furthermore, removal of Cu(I) from 
our catecholate system leads to the overall exergonic (-6.53 
kcal/mol) transformation ([Mo2O6(Lcat)2]4- → [Mo(Lcat)2O2]2- + 
[MoO4]2-), suggesting that Cu(I) is not required for this reaction. 
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The presence of Cu(I) allows us to observe the reactive 
tetrametallic intermediate which would be undetectable in its 
absence.
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Fig. 5. Possible mechanism of the transformation of mono(MPT) Mo site into bis-MPT 
Mo sites by MobA.

Transformation of the tetranuclear complex 
[{MoO3(Lcat)Cu}2]2- into the trinuclear [MoO2Cu2(Lcat)2] and 
[MoO4]2- may explain the formation of bis(MPT) Mo in MobA. 
As stated above, the leading hypothesis proposed by 
Leimkühler and others was that the formation of bis(MPT) Mo 
cofactor takes place via the disproportionation of the 
[MoO3(MPT)]2-, along with the formation of molybdate.8,9 Our 
results using a molecular model suggest this transformation 
could be preceded by the formation of the homodimer held 
together by Mo-O-Mo interactions (Fig. 5). While the enzyme 
likely does not utilize a secondary metal like Cu(I) to organize 
this dimer, this role could be played by the enzymatic 
environment in MobA. We also note that XAS indicated that the 
final product in MobA was [MoVO(MPT)], whereas we observe 
{MoVIO2(cat)2}2- as the product of disproportionation. It is 
feasible that the immediate product of MobA-catalyzed 
disproportionation, Mo(VI) dioxo, undergoes spontaneous 
reduction under physiological conditions. A related bis(MPT) 
Mo(VI) active site (of DMSO reductase) exhibited a 
Mo(VI)/Mo(V) redox couple at +161 mV vs. NHE at pH 8.43

In summary, we reported the formation and spontaneous 
decomposition of catecholate-ligated Mo(VI) trioxo complex. 
The complex was isolated in the dimeric “diamond-core” form 
stabilized by the presence of Cu(I). Kinetic measurements and 
DFT calculations suggest its dimeric structure is likely 
responsible for the unimolecular disproportionation reaction 
that it undergoes, 2[{MoO3(Lcat)Cu}2]2-→[MoO2Cu2(Lcat)2] and 
[MoO4]2-. This reaction may serve as a functional model of the 
previously hypothesized disproportionation process in MobA, 
2[MoO3(MPT)]2- → [MoO2(MPT)2]2- + [MoO4]2-, that is 
responsible for the formation of all bis(MPT) Mo active sites.
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