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Reduction of the pincer complex (PA"NP)MoBr; using Na/Hg under
argon vyields a quadruply bonded Mo-Mo dimer,
(x3-PA'NP)BrMo=Mo(k3-PA"NP)Br. The complex represents a rare
example of a metal-metal bonded species in which both metal
centers bear a x3-mer coordinated pincer ligand.

Complexes with metal-metal bonds comprise one of the most
intensively studied classes of coordination compounds.** The metal-
metal quadruple bond, in particular, has fascinated chemists since
first reported by Cotton in 1964.56

The field of pincer ligands has seen explosive growth over the past
two to three decades. Interest stems from the great tunability that
pincer ligands offer with respect to both steric and electronic factors,
the ease and modularity of their syntheses, and the high stability of
their complexes, attributable to multidentate bonding.”® These
properties lead to numerous applications in diverse fields including
catalysis and optoelectronics.1%-1>

Despite the breadth of these two classes of coordination
complexes — metal-metal bonds and pincer-ligated systems — there
has been little overlap between them. In particular there have been
remarkably few reports of metal-metal bonded complexes in which
both metals are k3-pincer-ligated. To our knowledge, the only such
examples (all reported quite recently) are Pt-Pt complexes in which
each Pt center bears a planar k3 NCN- or NNC-type ligand.1®-18 These
planar pincer ligands impose minimal steric hindrance, while the
Pt-Pt bonds are quite long (>3.0 A) and are supported by an ancillary
ligand bridging the two Pt centers. Being the only examples of the
(pincer)M—M(pincer) motif, these complexes might suggest that
shorter metal-metal bonds and more “classical” pincer ligands®®
(those with bulky terminal coordinating groups e.g. PR, or NRj)
would represent a highly unfavorable combination. Herein, however,
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we report a complex in which both Mo centers are ligated by a
relatively  bulky  “classical”  pincer, Ozerov's bis (2-
(diisopropylphosphino)-4-methylphenyl)amide (PA'NP)%, yet are
linked by a short (2.17 A) Mo-Mo quadruple bond.

There are over 1500 structurally characterized examples of metal—
metal quadruply-bonded species reported in the 2025 Cambridge
Structural Database?!, the majority of which (over 900) are Mo—Mo
complexes. In all but about 80 cases, one or more bridging ligands
are present and the non-bridging ligands are monodentate. Among
the few complexes with tridentate ligands, in all but one case they
are bridging, coordinating in a k2 fashion to one Mo center and k! to
the second (e.g. Scheme 1a).22-2> To date, only a single exception has
been reported. In 2002, Walton and co-workers described a Mo=Mo
complex in which a pyridine-based PNP ligand is k3-coordinated to
one of the two Mo centers (Scheme 1b).2¢
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Scheme 1 Examples of Mo=Mo complexes bearing tridentate ligands

We recently reported the binding and splitting of dinitrogen by
two (PA'NP)MoX fragments by reaction of LMoBrs (L = PA'NP) with
sodium amalgam under nitrogen atmosphere (Scheme 2a).?’” When
2 equiv sodium amalgam is added to a THF-ds solution of LMoBr3
under argon atmosphere rather than under dinitrogen (Scheme 2b),
upon vigorous shaking the color changes from green to dark purple
and the 'H NMR spectrum reveals the complete loss of LMoBr3 with
formation of a new diamagnetic product. This species is unreactive
toward added Ny, or even toward PMes or CO. The 31P{1H} NMR
spectrum of the product mixture displays an AB doublet at 37.0 and
29.5 ppm with 2Jpp = 104 Hz. Crystals were obtained by diffusion of
pentane into a saturated THF solution of the product, and X-ray


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00920d

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:04 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

== 1-Dalton Transactions. = -

COMMUNICATION

diffractometry reveals a Mo-Mo unit in which each Mo center bears
a PA'NP pincer ligand and a bromide, complex 1 (Scheme 2b; Fig. 1).
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Fig. 1 (a) Thermal ellipsoid representation (50% probability ellipsoids) of the structure
of 1 in the solid state. Hydrogen atoms, methyl groups on the aryl ring, and isopropyl
groups on the phosphorus atoms omitted for clarity. (b) Structure of 1 with only Mo, Mo-
bound atoms, and phosphine methine groups syn to the opposing Mo center, with short
CH-Br/N distances given (A).

Table 1 gives selected X-ray crystallographic bond distances in 1
and compares them with those optimized using the M06 density
functional in the gas phase, starting with the experimental structure.
The non-metals carried the 6-311G(d,p) basis set, while molybdenum
carried the SDD relativistic ECP and corresponding basis set. (See the
SI for computational details). The crystallographic Mo—Mo bond
length in 1is 2.172 A, at the upper end of the normal range of Mo—
Mo quadruple bond lengths, 2.06-2.17 A.%' ¢ The calculated bond
length, 2.166 A, is in good agreement with the experimental value.

Table 1 Selected bond distances of 1 and comparison with the optimized structure

B°”d(§')5ta"°es 2 (XRD) DFT optimized ®
Mo1-Mo2 2172 2.166
Mo1-N1 2.191 2.180
Mo2-N2 2.164 2.198
Mo1-P1 2532 2.559
Mo1-P2 2.521 2.582
Mo2-P3 2538 2.553
Mo2-P4 2.551 2.561
Mo1-Brl 2.569 2623
Mo2-Br2 2.544 2,625
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The two i-Pr substituents on each pincer ligand that are syn tg the
Mo-Mo bond occupy essentially equatdfiall0gositionsToHoabie
5-membered metallacyclic rings. This arrangement minimizes steric
crowding between the two units, while bringing the methine CH
bonds to within approximately 2.7 A of the bromo or amido ligand
centers of the opposing metal center, suggesting some degree of
hydrogen-bonding (Fig. 1b).2%2° The *H NMR spectrum of 1 in THF
indicates that the structural features of the ligands observed in the
solid state are retained in solution. Specifically, four multiplets are
observed at 8 4.65, 2.84, 2.23, and 1.50 ppm, corresponding to four
i-Pr methine protons in very different environments.

An NBO analysis identifies one o, two 1, and one 6 occupied
MO in the Mo-Mo bond (Fig. 2) with predominantly metal d-
character (>85%). Thus our experimental and computational

results are fully consistent with a Mo-Mo quadruple bond in 1.2
6
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Fig. 2 Doubly occupied bonding and empty antibonding NBOs of the Mo—Mo core of 1.

Given the unprecedented nature of a metal-metal bonded
complex composed of two metal fragments with non-planar
pincer ligands, it seemed surprising to find a system combining
a relatively bulky pincer ligand with a particularly short M—M
distance characteristic of a metal-metal quadruple bond. We
considered whether features specific to the PA'NP ligand, such as
the H-bonding between metal centers discussed above, might
strongly favor dimerization. To probe this possibility, hypothetical
analogues with phenyl-based pincer ligands, PPCP and
PrPOCOP were investigated computationally. For this purpose,
final electronic and solvation free energies were obtained by
single point calculations in a polarisable continuum
representing THF as solvent on the gas-phase geometries using
the M06-D3 density functional and a def2 basis set as described
in the SI. These calculations rule out a unique stabilizing role of
PA'NP: the computed Mo—Mo bond strengths in [(P"PCP)MoBr],
and [(P"POCOP)MoBr], (Scheme 3) are actually slightly greater
than that calculated for 2 (see SI).*

E—FPry
E—PPr, E
iP"ZP
Mo—Br ——= 0.5 Ty E
..... Mo f
,"C | e,
Br
E—PPr; Br
E—FiPr,

E = CHz (F'PCP) or O (F'POCOP)

Scheme 3 Computationally investigated Mo-Mo quadruply bonded dimers
Surprisingly, when the reduction of LMoBrz under argon was

carried out with 2 equiv KCg instead of Na/Hg, complex 1 was
not formed. Instead, the 'H NMR spectrum indicated rapid

This journal is © The Royal Society of Chemistry 20xx
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formation of a paramagnetic species that was stable at room
temperature for at least 20 days. The magnetic susceptibility of
the product was determined by the Evans method to be 4.6 s,
indicating a quintet ground spin state. Our initial experimental
and computational investigations suggest this species is a THF
adduct of the (PA"NP)MoBr fragment LMoBr(THF),, Scheme 4.

@7 Plprz

MoBr:coh
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aquiv]
N—Mo—EBr N— MoBr{THF), THF-dj, (diamagnetic)
Vi THF-d, rt, rapid
Br I rt, 10 min \
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Scheme 4 Formation of LMoBr(THF), using KCs, and its trapping with CO or PMe;

Attempts to trap the putative species LMoBr(THF), support its
formulation as a solvated form of the LMoBr fragment. Upon
addition of 1 atm CO, a THF solution immediately changed from
purple to red, and a diamagnetic species was observed by H
and 3P{'H} NMR spectroscopy. When the reaction was
performed with 13CO, the 3'P{'H} and 3C{'H} NMR spectra
clearly demonstrated the formation of a (PA"NP)Mo species with
three inequivalent CO ligands and two inequivalent P'Pr, groups
(see SlI). These spectra are readily assigned to the seven-
coordinate complex LMoBr(CO); (Scheme 4), which is well
precedented by Kirshner’s halotricarbonyl molybdenum
complexes.30-31  Attempts to crystallize this species were
unsuccessful.

Addition of 2 equiv of PMe3 to a solution of LMoBr(THF),
resulted in an immediate color change from purple to magenta.
In contrast to the reaction with CO, the resulting 'H NMR
spectrum was indicative of a paramagnetic species, assigned as
LMoBr(PMes), (Scheme 4). The magnetic susceptibility,
measured by the Evans method, was 2.9 ug, consistent with a
triplet ground state.

Ligand binding to LMoBr was computationally investigated.
Coordination of two THF molecules is calculated to be
exothermic by 17.8 kcal/mol, affording trans-LMoBr(THF), with
a quintet ground state (although with an enthalpy only 1.0
kcal/mol lower than the corresponding triplet). Coordination of
CO or PMe3 was calculated to be much more exergonic, yielding
LMoBr(CO); and trans-LMoBr(PMes), which are computed to
have singlet and triplet ground states, respectively. These
results (Table 2) are fully consistent with the experimental NMR
and magnetic susceptibility data.

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

Table 2 Thermodynamics of ligand binding and dimerization of LMoBr?

View Article Onlin

Complex Spin state DOAKP-103p/DEDTRG200
LMoBr quintet 0.0 0.0
trans-LMoBr(THF), triplet -16.8 -10.7
trans-LMoBr(THF), quintet -17.8 -12.6
cis-LMoBr(THF); triplet -13.3 -8.3
LMoBr(THF)eTHF® quintet -19.0 -16.2
trans-LMoBr(CO), singlet -60.3 -35.8
cis-LMoBr(CO); singlet -66.4 -40.5
LMoBr(CO); singlet -81.2 -44.0
trans-LMoBr(PMes), triplet -39.2 -22.5
cis-LMoBr(PMejs), triplet -38.0 -21.3

dimerization: 0.5 1 singlet 0.5¢(-51.6) | 0.5¢(-33.4)

2 Gibbs free energies and enthalpies computed at the M06-D3/def2 level in THF
continuum and reported in kcal/mol with respect to the calculated energy of LMoBr
(with the formation of 0.5 mol 2 indicated as 0.5 times the total values for 1.0 mol 2).
Values of AG for formation of THF complexes are derived with a statistical correction to
account for the concentration of THF solvent, 10.0 M (244.7 atm) and scaling of the
rotational and translational entropy components by a factor of 0.532-3%; see SI. bAttempts
to optimize a quintet state of cis-LMoBr(THF), led to the decoordination of one THF
ligand and to a complex LMoBr(THF)eTHF in which the O atom of the non-coordinated
THF molecule is H-bonded to an a-C-H bond of the coordinated molecule of THF.

The assignment of LMoBr(THF), as the paramagnetic species
formed upon reaction of LMoBr; with KCs has important
mechanistic implications, namely that dimer 1 does not form via
direct dimerization of monomeric LMoBr. Use of the highly
effective reductant KCs leads to rapid and quantitative
reduction of LMoBr; to give LMoBr(THF),. While further
mechanistic studies are required, we speculate that when the
less effective reductant Na/Hg is employed, the reduction of
LMoBr; is sufficiently slow to allow reaction with the initially
formed LMoBr(THF),. An alternative possibility is that the
presumed initial reduction product, LMoBry(THF), is very rapidly
reduced by KCs to give LMoBr(THF),, whereas reduction by
Na/Hg is slow enough to permit LMoBry(THF) to undergo
dimerization. In either case, reaction of LMoBrs with Na/Hg
generates a complex with a Mo;Br4 core, which is subsequently
reduced to form complex 2 (Scheme 5). At present we favor the
former pathway, as DFT calculations indicate that reaction of
LMoBr(THF), with LMoBr; is thermodynamically much more
favorable (AG =-0.6 kcal/mol) than dimerization of LMoBr,(THF)
(AG = 19.6 kcal/mol).

LMoBrs,

(8 =THF) /
LMoBr.S

LMoBr; —P" LMoBr,S —F" [LMoBrz]a T 1

LMoBr,
-28

Scheme 5 Possible pathways for the formation of 2

In summary, a metal fragment bearing a typical (relatively
bulky and non-planar) pincer ligand has been found to undergo
dimerization to ultimately form a metal-metal quadruply
bonded complex. Computational studies suggest that such
dimerizations are thermodynamically favorable more generally.
In light of the extensive interest in both metal-metal bonded
complexes and pincer-ligated complexes, this points to a broad
and unexplored class of bimetallic pincer complexes.

J. Name., 2013, 00, 1-3 | 3
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