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ABSTRACT
Benchtop-stable dioxomolybdenum(vi) complexes supported by the new bis(amide) functionalized aminophenolate proligands

H3La and H3Lb are reported. Using [MoO2(acac)2], H3La forms the mononuclear complex Mo1a in MeOH and the dinuclear, μ-
oxo–bridged complex Mo2a in aprotic solvents. In contrast, the more sterically hindered ligand H3Lb produces the dinuclear

complex Mo2b regardless of the solvent used. Heavy-oxygen labelling of Mo2a with H2
18O confirms that water promotes oxo

ligand exchange and μ-oxo bridge formation, as evidenced by IR shifts of approximately 50 cm–1 to a lower wavenumber for the

ν(Mo═18O) and ν(Mo─18O─Mo) stretching vibrations. Mo1a has a distorted octahedral Mo centre with an O3N donor set from

H2La
−, two oxides and a methanolate. One of the amide arms remains non-coordinating. Mo2a and Mo2b have similar coordi-

nation spheres, with methanolate replaced by a μ-oxo bridge. Mo1a shows hydrolytic instability and poor solubility. Contrarily,

the more stableMo2a is fluxional in solution at room temperature (RT) and decomposes above 65 °C. However, low-temperature

(–45 °C to –85 °C) 1H NMR reveals distinct signals for the coordinated and non-coordinating amide arms. Tungsten analogues

W1a (mononuclear) and W2b (dinuclear) are isostructural with their molybdenum counterparts. In all complexes, the ligand

platform exhibits hemilabile behaviour and solvent-dependent nuclearity.

1 | Introduction

Metalloenzymes are a diverse class of enzymes that carry metal
ions in their active sites to accelerate a wide range of biochemical
reactions. For example, enzymes containing dioxomolybde-
num(vi) and dioxotungsten(vi) centres participate in oxygen
atom transfer reactions [1–3], where an oxygen atom is trans-
ferred from a donor species to an acceptor molecule [4–6].
Such reactions are essential in biological processes including
purine degradation, sulphur metabolism, and detoxification
pathways [7]. Model complexes of Mo and W can serve as bio-
mimetic catalysts, replicating the function of natural enzymes
such as sulphite oxidase, xanthine oxidase, and aldehyde oxidase.
The studies on such model compounds not only advance our
understanding of enzyme mechanisms but also contribute to

the development of environmentally benign catalytic processes
[6]. The catalytic activity of these enzymes is largely attributed
to the reactive terminal oxo ligands (M═O), which enable effi-
cient oxygen activation and transfer [8, 9]. Inspired by these nat-
ural systems, numerous molecular model complexes have been
synthesized to mimic the structure and function of the enzymatic
active sites. These models have been extensively investigated for
their potential in oxidation catalysis, with applications spanning
both academic and industrial domains. Particularly, MoO2 com-
plexes have demonstrated promising activity in key oxidation
reactions such as olefin epoxidation [10, 11], alcohol oxidation
[12], deoxygenation [13] of sulfoxides and nitroarenes and deox-
ydehydration of vicinal diols [13, 14]. These transformations are
not only useful in synthetic organic chemistry but also offer
routes for biomass conversion and fine chemical production.
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MoO2 complexes with amideamino phenolates (potentially
tridentate ONO donor ligands), as well as MoO2 and WO2 com-
plexes with amideamino bisphenolates (potentially tetradentate
ONO2 donor ligands), have been studied as active catalysts for
alkene epoxidation (Figure 1) [15, 16]. In the dimeric amidea-
mino phenolate complexes, the ligand coordinates to the
MoO2 centre as a monoanionic tridentate ONO donor. This coor-
dination occurs through the phenolate oxygen, the backbone
nitrogen of the ligand, and the oxygen atom from the amide
group. The octahedral coordination sphere is completed by either
a methoxide group or a bridging oxide ion. In the monomeric
amideamino bisphenolate complexes, the tetradentate ligand
binds to the MoO2 or WO2 moiety as an ONOO donor.
Coordination involves two phenolate oxygen atoms, the back-
bone nitrogen, and the oxygen atom from the amide group. In
this paper, we report the use of potentially tetradentate diamidea-
mino phenolates to form molecular MoO2 and WO2 complexes.
Depending on the reaction conditions and proligand used, the
complexes either crystallise as a mononuclear species with
one methoxy group formed from the deprotonated solvent, or
as a dinuclear species with a bridging oxide. The mononuclear
species are susceptible to hydrolysis at RT, whereas the dinuclear
complexes are much more robust, only decomposing after heat-
ing to above 65 °C. The coordinated ligands show considerable
fluxionality in the neutral amide groups.

2 | Results and Discussion

2.1 | Syntheses

Proligands H3La and H3Lb were prepared by carbodiimide-
mediated peptide coupling of aniline or tert-butylamine with
diacid hydrochloride 1·HCl [17] obtained via 2 [18] (Scheme 1).
The peptide coupling reaction conditions were optimized by
varying time, bases (TEA= triethylamine, DIPEA=N, N-diiso-
propylethylamine), activators (HOSu=N-hydroxysuccinimide),
and coupling reagents (DCC=N, N’-dicyclohexylcarbodiimide).
For H3La, the highest yield (51%) was obtained using two equiv-
alents each of DCC and aniline in a 5 h, 5 mmol reaction. Yields
were not improved upon prolonged reaction times or use of addi-
tives such as HOSu, TEA or DIPEA, or excess DCC. In fact, use of
any additives caused problems in the reaction workup, lowering
the isolated yield in many cases. For example, the addition of
three equivalents of DCC relative to 1·HCl lowered the isolated
yield to ca. 27%. Excess DCC complicates workup, and using

three equivalents of TEA with two equivalents of HOSu and
DCC affords compound 3 bearing an N-phenylimide moiety.
H3Lb was synthesized analogously, but due to the steric hin-
drance and lower nucleophilicity of tert-butylamine, HOSu
was required as an activator; no reaction occurred without it.
The proposed mechanisms for the synthesis of proligands as well
as 3 are given in Supporting Information (see Schemes S1–S3 and
the associated explanations).

All Mo complexes were synthesized in MeOH, CHCl3, or MeCN
using equimolar amounts of the proligands H3La and H3Lb and
[MoO2(acac)2]. For the reaction with H3La, the nuclearity of the
products depends on the choice of solvent: The mononuclear
Mo1a is obtained in high yield in MeOH, whereas the synthesis
in aprotic solvents such as CHCl3 or MeCN produces a dinuclear
μ-oxo-bridged species Mo2a in a moderate yield. Notably, how-
ever, in reactions involvingH3Lb, the nuclearity of the product is
unaffected by the choice of solvent; Mo2b is formed even in
MeOH. In general, similar solvent-dependent nuclearity has
been reported for structurally related MoO2 complexes [15, 19].
Water was found to be crucial for μ-oxo bridge formation, as
Mo2a-18O—i.e., the 18O-enriched isotopic analogue of Mo2a—
forms in the presence of excess 18O-enriched water, as confirmed
by IR spectroscopy and ESI-HRMS. A common feature of these
complexes is their very limited solubility in usual laboratory sol-
vents aside from DMSO, hampering solution state characteriza-
tion such as NMR analyses. Furthermore, the monomeric Mo1a
is hydrolytically unstable upon dissolution in DMSO, with sig-
nals corresponding to proligand H3La visible in the 1H NMR.
Mo2a, in contrast, remains stable in acetone-d6 or DMSO-d6
at room temperature but undergoes slow decomposition at
temperatures above 65 °C. According to 1H NMR spectroscopy,
Mo2a exhibits significant fluxionality, preventing adequate
structural analysis at room temperature (see below).

Related tungsten complexes W1a and W2b were synthesized for
comparison, and detailed synthetic procedures are provided in
the Supplementary Material. The reaction of [WO2(acac)2] with
H3La in MeOH yielded mononuclear W1a as the sole isolable
product, whereasH3Lb and [WO2(acac)2] react to form dinuclear
W2b. Neither compound is soluble enough in common labora-
tory solvents, including DMSO, to allow for 1H NMR analysis.
However, adequate analysis was possible with ESI-MS in MeCN.
The proposed mechanism for the formation of all Mo and W
complexes is given in Supporting Information (see Scheme S4
and the accompanying explanation).

FIGURE 1 | Molybdenum amideamino phenolates and molybdenum and tungsten amideamino bisphenolates. R1= tBu, Cl; R2= tBu, Ph; R3=H,

Me [15, 16].

2 of 10 European Journal of Inorganic Chemistry, 2026

 10990682c, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.70262 by U
niversity O

f T
urku, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.2 | Single-Crystal X-Ray Diffraction

Mo1a, Mo2a, and Mo2b crystallized readily from their reaction
mixtures, and their solid-state structures could be determined by
single-crystal X-ray diffraction (SCXRD). The relevant crystallo-
graphic data and bond parameters are presented in Supporting
Information (Table S2). Mononuclear complexMo1a crystallizes
in triclinic space group P1, whereas the dinuclear complex
Mo2a crystallizes in monoclinic space group P21/c (crystal data
of the dinuclear tert-butyl acetamide analogue Mo2b are pre-
sented in Supporting Information). Unlike Mo1a, crystals of
Mo2a emerge as heavily solvated, with four CDCl3 molecules

per oneMo2a occupying the unit cell. Unfortunately, no crystals
suitable for SCXRD could be obtained for W1a and W2b.

Crystal structure of Mo1a consists of two discrete
[MoO2(H2La)(OMe)] molecules in the asymmetric unit (Z= 4).
The distorted octahedral coordination environment of the diox-
omolybdenum centre inMo1a arises from a O2N donor set estab-
lished by the facial coordination of H2La

– ligand as well as a
single methanolate ligand. The H2La

– ligand is coordinated
via one of the two carbonyl groups, central amine and phenolate
arm, whereas the second amide pendant arm of the ligand is left
uncoordinated (Figure 2). As a result, the complex crystallizes

SCHEME 1 | Schematic representation of proligand and complex syntheses. Reaction conditions for the complex syntheses: 1 eq.H3La orH3Lb and

1 eq. [MO2(acac)2] (M=Mo, W; acac–= acetylacetonate) in (i) MeOH, reflux 18 h; (ii) wet MeCN or CHCl3, reflux 18 h; (iii) excess
18O-enriched water,

dry CHCl3, reflux 18 h. In the labelling scheme, numbers (1–2) indicate nuclearity, while letters (a–b) identify the aminophenolate ligand.
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with two chemically identical but crystallographically indepen-
dent molecules (A and B) in the asymmetric unit. The tridentate
coordination of the potentially tetradentate H3La proligand is a
result of the unreached dianionicHLa

2– charge state of the ligand
in the rather mild reaction conditions without the involvement of
strong extraneous base. In both discrete complexes the neutral
coordinating groups, i.e., amine N and carbonyl O atoms, are
each trans to one of the cis MoO2 oxo atoms, whereas the anionic
methanolate and phenolate O atoms are trans to one another.
The Mo═O, Mo─N, and Mo─O bond lengths reflect the typical
distances of respective Mo─L bonds in the Cambridge Structural
Database [20] with the neutral carbonyl Mo─O bond signifi-
cantly (>0.2 Å) longer compared to the methanolate and pheno-
late Mo─O─ bonds, as expected (Table 1). In typical fashion to
amides, the intermolecular packing in the crystal structure is
dominated by N─H···O hydrogen bonds, which in the case of
Mo1a occur to the MoO2 oxo ions.

The solid-state structure of Mo2a consists of a μ-oxo bridged
dimer in which two ligands cap the dinuclear MoO2─O─MoO2

unit (Figure 1). The octahedral coordination environment of each
the two Mo centres in the dinuclear complex resemble closely
that ofMo1a with consistently similar Mo─N and Mo─O distan-
ces, including the methanolate and μ-oxo O─Mo distances. Also,
the bridging oxo ligand is coordinated trans to the phenolate O
atoms in similar fashion to the methanolate in mononuclear
complex. The Mo1A–O6–Mo1B angle across the bridging O2–

is 174.3(3)°. Despite the lack of crystallographic intramolecular
symmetry, the complex is centrosymmetric and thus symmetric
NMR spectra can be anticipated. In the crystal structure ofMo2a
intermolecular hydrogen bonds occur between the N─H donors
of the coordinated amide pendant arms and carbonyl acceptors of
the uncoordinated, “dangling”, amides. Furthermore, the amide
N─H atoms of the dangling arms engage in intramolecular
hydrogen bonds over the oxo bridge and with the Mo═O oxo
atoms of the adjacent molybdenum centre. Mo2b has an analo-
gous dimeric structure to Mo2a with closely similar bonding
parameters around the metal ions (see Figure S35 and Table S1).

2.3 | NMR Spectroscopy

The solution structures of the proligands are unambiguously
determined by 1D/2D 1H and 13C NMR spectroscopy. For the
complexes, on the other hand, it was only possible to study
the solution structure of Mo2a due to prohibitively poor solubil-
ity of the rest of the complexes. The monomeric variant Mo1a
either did not dissolve at all (in alcohols) or rapidly hydrolysed
in chloroform-d or DMSO-d6 upon redissolution of its crystals,
releasing free ligand H3La. The

1H NMR spectrum of Mo2a
in acetone-d6 and DMSO-d6 at RT is featureless, showing several
broad signals with integrals that are not in agreement with
respect to the proligand H3La (see Figures 3 and 4). The severe
broadness of the signals led us to speculate that the ligand

FIGURE 2 | Molecular structures ofMo1a (left) andMo2a (right). ForMo1a, only one of the two discrete molecular units present in the asymmetric

unit is given. C─H hydrogen atoms and solvent molecules are not shown. Displacement ellipsoids are presented at 50% probability level. All H atoms

except NH protons have been omitted, and phenol tert-butyl groups have been simplified for clarity.

TABLE 1 | Selected bonding distances (Å) and angles (°) for Mo1a

and Mo2a.

Mo1a Mo2a

Distances (Å)

Mo-O1 1.945(6)/1.971(6) 1.945(4)/1.962(4)

Mo-O2 2.229(6)/2.204(6) 2.225(4)/2.253(4)

Mo-O4 1.716(6)/1.714(6) 1.689(4)/1.705(5)

Mo-O5 1.708(6)/1.718(6) 1.723(4)/1.719(4)

Mo-O6 1.910(6)/1.906(6) 1.901(4)/1.899(4)

Mo-N8 2.478(7)/2.478(6) 2.488(5)/2.449(5)

Angles (°)

O1-Mo-O6 155.7(2)/153.5(2) 155.78(18)/156.93(18)

O2-Mo-O4 158.3 (2)/155.4(2) 157.39(19)/157.48(19)

O5-Mo-N8 165.7(3)/170.7(3) 167.12(19)/166.70(19)

4 of 10 European Journal of Inorganic Chemistry, 2026
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backbone of Mo2a displays significant fluxionality, hemilability,
or both: In principle, the acetanilide pendant arm coordinated to
the Mo centre may rapidly oscillate between coordinated and de-
coordinated modes. Furthermore, the second and free “dangling”
acetanilide pendant arm is free to rotate, move, and possibly
coordinate. The way the pendant arms interact with each other
may also affect the NMR spectra.

To assess whether fluxionality is the primary cause of signal
broadening, variable-temperature 1H NMR investigations were
conducted at low and elevated temperatures. For the high-
temperature measurements, the 1H NMR spectra of Mo2a were
recorded in DMSO-d6 from room temperature (25 °C) to 85 °C in
10 °C increments. The stacked spectra (Figure 3) reveal only
minor changes across this range: limited coalescence is observed
in signals corresponding to the aromatic rings of the acetanilide
pendant arms and the CH2 bridging groups linking the tertiary
amino functionality to the phenol and acetanilide moieties.
Notably, thermal decomposition begins at approximately 65 °C,
as evidenced by spectra 5–7 in Figure 3, which display additional
signals (highlighted by red ellipses) corresponding to the free
ligand H3La. This observation underscores the limited thermal
stability of Mo2a in solution above 65 °C.

Unsatisfied with the results obtained in DMSO-d6 and at elevated
temperatures, low-temperature 1H NMR spectra of a fresh sample
of Mo2a were recorded in acetone-d6 at temperatures between
+25 °C and –85 °C with an interval of 10 °C (Figure 4). Quite
remarkably, all 1H NMR signals ofMo2a sharpen to the point that
the NMR spectra recorded between –45 °C and –85 °C (Figure 4,
spectra 2–6) agree well with the expected structure of the complex
and are quite similar to the spectrum of the free ligand H3La

recorded at RT in acetone-d6 in terms of signal sharpness. The
most prominent features in the spectra are the divergence of

the amide NH, aromatic ArH as well as the tert-butyl proton sig-
nals. The broad amide signal separates into two well-defined sin-
glets having slightly different chemical shift values of 10.09 and
9.97 ppm, which correspond to the coordinated and dangling acet-
anilide pendant arms, respectively. Likewise, at RT the signals cor-
responding to the benzylic CH2 as well as the CH2 groups in the
acetanilide pendant arms are split into five diastereotopic duplets.
Specifically, the acetanilide CH2 groups are split into two sets of
duplets with δ 4.66 and 4.50 ppm, both having a J of ca. 16Hz,
whereas the other set of resonances lie noticeably upfield, at δ
4.22 and 3.83 ppmwith a J of ca. 11Hz. The difference in chemical
shift and J-values is another indication of the coordination of only
one of the acetanilide pendant arms, as similarly observed in the
amide NH shifts. The single benzylic CH2 group is present at δ
4.39 ppm as a doublet with a J of ca. 5.4 Hz. Collectively, all
CH2 groups are significantly downfield relative to the free ligand
H3La, for which the benzylic and acetanilide CH2 groups appear as
singlets at δ 3.92 and 3.57 ppm, respectively.

It was observed that during the measurements at low tempera-
tures, a second minor (�10%) set of nearly identical 1H NMR
resonances started to appear beginning from ca. –15 °C. For
example, an additional set of NH amide signals can be observed
at δ 10.33 and 9.74 ppm, in addition to the major signals at δ 10.09
and 9.97 ppm, respectively. These signals arise from hindered
rotation about the Mo—O—Mo oxo-bridge, especially since
the rotation may be expected to slow down to NMR timescale
at low temperatures. Another consideration is the potentially
labile nature of the coordinated acetanilide pendant arms, which,
in principle, is a spectator ligand and may rapidly oscillate
between coordinated and de-coordinated modes. At low temper-
atures, this oscillation may slow down to the point that separate
1H NMR signals for the six-coordinate and pseudo-five-coordinate
Mo complexes become visible [15].

FIGURE 3 | Variable-temperature 1H NMR spectra of Mo2a in DMSO-d6 at temperatures between +25 °C (RT) and +85 °C with 10 °C intervals. At

T ≥ 65 °C, slow decomposition of Mo2a begins as illustrated by appearance of signals corresponding to the free ligand H3La (denoted with red ellipses).

European Journal of Inorganic Chemistry, 2026 5 of 10
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2.4 | IR Spectroscopy

All complexes were analysed by IR spectroscopy. The most char-
acteristic features in the IR spectra ofMo1a,Mo2a andMo2b, as
well as those of W1a and W2b are the stretching vibrations cor-
responding to the symmetric and asymmetric stretches in the
MoO2 and WO2 moiety in all complexes, as well as the bridging
Mo—O—Mo and W—O—W stretches in the dimeric complexes
Mo2a and Mo2a-18O as well as W2b (Table 2). We used 18O-
labeling experiments to help determine the assignments of the
various MoO2 IR vibrations. Specifically, all IR signals corre-
sponding to the symmetric and asymmetric MoO2 as well as
Mo—O—Mo vibration modes in Mo2a-18O are shifted ca.
50 cm–1 in lower frequency in comparison to Mo2a [21]. The
IR spectra of Mo2a superimposed with Mo2a-18O are shown
in Figure 5. It is observed that the Mo—O—Mo is also shifted
to lower frequency in Mo2a-18O compared to Mo2a, which
allowed adequate comparison with other reported dinuclear
systems [22–24].

2.5 | Mass Spectrometry

All compounds were analysed by high-resolution mass spectrom-
etry in both in negative and positive modes in MeCN.MS analysis
was also possible for the W complexes, which were otherwise too
poorly soluble to obtain adequate NMR data. Typically, visible in
the positive polarization mode are the sodium adducts of the
complexes, whereas in the negative mode, the amide pendant
arms are deprotonated to give negatively charged species.
Excellent agreement between the experimental masses and iso-
topic distributions and the corresponding simulated spectra for
mono- and dinuclear MoO2 and WO2 complexes confirms their
formulation, with mass spectrometry proving especially valuable
for the characterization of the W complexes. In addition, both
positive and negative MS spectra were obtained for the dinuclear
Mo2b-18O complex, having a mass that is 10 units larger than the
non-enriched Mo2b. This provides further complementary evi-
dence aside from the IR data suggesting all terminal as well
as bridging oxo ligands are exchanged in the presence of heavy

TABLE 2 | Selected IR data for Mo1a, Mo2a, Mo2b, and Mo2a-18O, as well as W1a and W2b.

Compound ν(M=O)symm., cm
–1 ν(M=O)asymm., cm

–1 ν(M–O–M), cm–1

Mo1a 905 882 N/A

Mo2a 938 889 737

Mo2a-18O 890 841 697

Mo2b 937 894 741

W1a 929 884 N/A

W2b 943 894 791

FIGURE 4 | Variable-temperature 1H NMR spectra of Mo2a in acetone-d6 at temperatures between+ 25 °C (RT) and –85 °C with 10 °C intervals.
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water. All MS spectra with appropriate analyses are shown in the
supplementary material.

3 | Conclusion

In summary and conclusion, this paper describes the synthesis
and characterization of benchtop-stable dioxomolybdenum(vi)
and -tungsten(vi) complexes based on new bis(amide) function-
alized aminophenolate ligandsH3La andH3Lb. The ligands were
designed to integrate a phenol group, tertiary amine nitrogen,
and two amide-containing pendant arms to obtain potentially tet-
radentate, monoanionic ligands. The ligand H3La reacts with
[MoO2(acac)2] in methanol to form the mononuclear complex
Mo1a and in wet aprotic solvents (e.g., MeCN and CHCl3) to
form the dinuclear, μ-oxo–bridged complex Mo2a due to the
presence of water. In contrast, the sterically more hindered
ligand H3Lb produces the dinuclear complex Mo2b regardless
of the solvent used. Analogous W complexesW1a andW2bwere
synthesized from [WO2(acac)2] applying identical synthetic con-
ditions. In solid state,Mo1a has a distorted octahedral Mo centre
with an O2N donor set from H2La

−, two oxides and a methano-
late. One of the amide arms remains non-coordinating. The coor-
dination sphere ofMo2a is comparable to that ofMo1a, with the
methanolate oxygen being replaced by the μ-oxo bridge. Mo1a
exhibits hydrolytic instability and poor solubility. In contrast,
the more stable Mo2a is fluxional in solution at room tempera-
ture and decomposes above 65 °C. However, low temperature 1H
NMR spectroscopy reveals distinct signals for the coordinated
and dangling amide arms. In the future, other functionalities
should be investigated, especially ones that offer heightened
solubility in common organic solvents. Future applications, also

in complexes involving other metals, may see use of the ligands
as potentially trianionic and tetra-/hexadentate coordination
modes.

4 | Experimental

All syntheses, manipulations, and experiments were done under
ambient conditions using analytical-grade commercially avail-
able reagents, which were used as received without additional
purification or drying procedures, unless stated otherwise.
When needed, solvents were dried over activated 3 Å molecular
sieves (20% m/V ) prior to use [25]. [MoO2(acac)2] [26] and
[WO2(acac)2] [27] were prepared according to the published
methods. The compound 1·HCl was synthesized via 2 [17] adapt-
ing a method by Martell and co-workers [18]. Full description of
its synthesis is given in the supporting Information. The IR spec-
tra were measured using a Bruker VERTEX 70 FTIR instrument
equipped with a RT-DLaDTGS detector. 64 scans were performed
for each individual measurement using a Harrick VideoMVP
Single Reflection ATR Microsampler accessory, with a resolution
of 4 cm–1. The spectra are measured in transmittance mode, and
peaks are reported in wavenumbers (cm–1) and intensities (b=
broad, w=weak, m=medium, s= strong, vs= very strong).
All NMR spectra were recorded on a Bruker Optics 300MHz
instrument (1H: 300MHz, 13C: 75MHz) Bruker Avance III
400MHz instrument (1H: 400.00MHz, 13C: 100.59MHz) or
500MHz instrument (1H: 500.08MHz, 13C: 125.75MHz) equipped
with a broad-band smart probes or on a Bruker Avance III
600MHz instrument (1H: 600.16MHz, 13C: 150.91MHz) equipped
with a CryoProbe Prodigy triple resonance inverse (TCI) probe,
respectively. All 1H and 13C NMR spectra are referenced to

FIGURE 5 | Superimposed IR spectra of Mo2a and Mo2a-18O, respectively, showcasing the shift in MoO2 and Mo—O—Mo vibrations.
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residual solvent signals e.g., CHCl3-H (1H: δ 7.26, 13C: δ 77.16),
DMSO-H6 (1H: δ 2.50, 13C: δ 39.52) or to tetramethylsilane
(TMS, δ= 0.00 ppm), if present, according to published data
[28]. Peaks are reported either as singlets (s), doublets (d), triplets
(t), or as combinations thereof, unless the signals are severely
broadened, overlapped, or otherwise unresolvable, in which case
they are represented as multiplets (m). The coupling constants J
are given in Hz. 13C NMR spectra were recorded with proton
decoupling. High-resolution mass spectra were recorded in MS
grade MeCN on a Bruker Daltonics MicroTOF-Q II electrospray
ionization time-of-flight (ESI-TOF) mass spectrometer in both pos-
itive and negative polarization mode using 5mM sodium formate
solution for calibration. MS results are given as cationic or anionic
mass peaks as m/z (mass-to-charge) ratio. Elemental analyses
were conducted using a Heraeus Vario CHN Elemental automatic
analyzer. Spectroscopic data for all new compounds are presented
in the Supporting Information.

4.1 | Single Crystal X-Ray Diffraction

SCXRD data of complexes Mo1a [29] and Mo2a [29] were col-
lected at 120 K using Rigaku Oxford Diffraction SuperNova
instrument equipped with Eos CCD detector using Mo-Kα radi-
ation (λ= 0.71073 Å). Crystallographic data of Mo2b [29] were
collected using Bruker-Nonius Kappa CCD with APEXII detector
(Mo-Kα radiation). CrysAlisPro software was used for data col-
lection and processing of this data [30]. Collection, reduction,
and absorption correction of the data were performed using pro-
grams COLLECT [31], DENZO and SCALEPACK [32], and
SABABS [33]. The structures were solved by direct methods or
intrinsic phasing using SHELXS or SHELXT programs [34],
respectively. Full-matrix Least Squares refinements on F2 were
performed within the Olex2 program package [35] using
SHELXL. All non-hydrogen atoms were refined using anisotropic
displacement parameters. Riding atom model was used for all
C─H hydrogen atoms, whereas N─H hydrogens were located
from the difference density map if possible (weak data quality
prohibited this for structure ofMo1a). Crystals ofMo1a emerged
as fibrous needles which were not ideal for SCXRD data collec-
tion. Acceptable data were eventually obtained from a crystal
showing only minimal signs of additional crystal domains in
the diffraction pattern. However, during data reduction, overlap-
ping reflections had to be excluded from the final dataset, result-
ing in low data completeness.

4.2 | Proligand Syntheses

4.2.1 | H3La

Compound 1·HCl (1.94 g, 5 mmol) was suspended in 30 mL dry
CH2Cl2 in a 100mL round-bottomed flask equipped with a mag-
netic stir-bar. The suspension was chilled to 0 °C in an ice-water
bath, and when cold, treated with N, N’-dicyclohexylcarbodii-
mide (2.06 g, 10 mmol). Subsequently, the cooled reaction mix-
ture was stirred for an hour, after which the ice-water bath
was removed, and aniline (0.91 mL, 10 mmol) was added. The
resulting reaction mixture was stirred for 5 h, then stored in a
freezer at –26 °C for an hour to facilitate quantitative precipita-
tion of the N, N’-dicyclohexylurea by-product and finally vacuum

filtered while cold. The CH2Cl2 filtrate was evaporated to yield
the crude target compound, which was purified by re-crystalliza-
tion from 40mL technical MeOH over a period of 3 days. Yield:
1.29 g (51%). 1H NMR (600MHz, DMSO, 298 K, ppm vs. TMS):
δ = 9.97 (s, 2H), 9.73 (s, 1H), 7.58 (dd, J1= 7.6 Hz, J2= 1.4 Hz, 4H),
7.31 (m, 4H), 7.14 (d, J= 2.4 Hz, 1H), 7.05 (tt, J1= 7.5 Hz,
J2= 1.2 Hz, 2H), 6.86 (d, J = 2.4 Hz, 1H), 3.89 (s, 2H), 3.61 (s,
4H), 1.37 (s, 9H), 1.19 (s, 9H). 13C NMR (151MHz, DMSO,
298 K, ppm vs. TMS): δ 169.52, 153.12, 139.79, 138.62, 134.72,
128.81, 124.82, 123.48, 122.66, 122.17, 119.26, 55.92, 55.67,
34.55, 33.71, 31.48, 29.60. IR ATR (cm–1): 3244 m, 3296w,
2960m, 2901m, 1676m, 1596s, 1550vs, 1447s, 1421m. ESI-
MS+: [M+Na]+ (C31H39N3O3Na

+) calcd. m/z= 524.2884, found
m/z= 524.2967. ESI-MS–: [M–H]– (C31H38N3O3

–) calcd. m/z=
500.2919, found m/z= 500.2969.

4.2.2 | H3Lb

Compound 1·HCl (1.94 g, 5 mmol) and N-hydroxysuccinimide
(1.15 g, 10 mmol) were suspended in 40 mL dry CH2Cl2 in a
100mL round-bottomed flask equipped with a magnetic stir-
bar. The suspension was chilled to 0 °C in an ice-water bath,
and when cooled, treated with DCC (2.06 g, 10 mmol). The reac-
tion mixture was then stirred for an hour, after which the ice-
water bath was removed, and tert-butylamine (1.07 mL, 10 mmol)
was added. The resulting reaction mixture was stirred for 18 h at
RT, then stored in a freezer at –26 °C for an hour and finally vac-
uum filtered cold to quantitatively remove N, N’-dicyclohexy-
lurea by-product. The filtrate was evaporated to yield the
crude target compound, which was re-crystallized by dissolution
in 20 mL hot technical MeOH, and overnight storage in freezer.
Yield: 1.03 g (45%). 1H NMR (500MHz, DMSO-d6, 298 K, ppm vs.
TMS): δ= 9.73 (s, 1H), 7.54 (s, 2H), 7.14 (d, J= 2.4 Hz), 6.87
(d, J= 2.4 Hz, 1H), 3.61 (s, 2H), 3.06 (s, 4H), 1.38 (s, 9H), 1.24
(s, 19H), 1.23 (s, 9H). 13C NMR (126MHz, DMSO-d6, 298 K,
ppm vs. TMS): δ 169.91, 152.91, 139.58, 134.70, 125.07, 122.68,
122.33, 56.18, 55.98, 50.14, 34.56, 33.72, 31.51, 29.56, 28.40. IR
ATR (cm–1): 3323, 2962m, 1655, 1550vs, 1480m, 1361, 1264,
1222s, 938, 881, 648, 578m. ESI-MS+: [M+H]+ (C27H48N3O3)
calcd. m/z= 462.3690 found m/z= 462.3756. ESI-MS–: [M–H]–

(C27H46N3O3) calcd. m/z= 460.3545, found m/z= 460.3830.

4.3 | Complex Syntheses

4.3.1 | MoO2(H2La)(OMe), Mo1a

In a 50mL round-bottomed flask equipped with a magnetic stir-
bar and a reflux condenser was weighed H3La (0.200 g,
0.40 mmol) and [MoO2(acac)2] (0.130 g, 0.40 mmol). Methanol
(30 mL) was added, and the resulting clear, yellow-coloured solu-
tion was refluxed ca. 18 h. A yellow microcrystalline solid was
subsequently collected by vacuum filtration after the solution
had cooled down, washed with small amounts of cold MeOH,
and air dried to afford 200mg Mo1a (76%). The filtrate was
allowed to slowly evaporate, affording yellow crystals suitable
for SCXRD. IR (ATR, cm–1): 3263w, 2951w, 1686w, 1920,
1596, 1442, 1305, 1041m, 905vs (symm. MoO2), 882vs (asymm.
MoO2), 846s, 552s, 484m. ESI-HRMS(+) m/z calcd. for [M +
Na]+ C32H41MoN3O6Na= 684.1949, m/z found= 684.1929. ESI-
HRMS(–) m/z calcd. for [M – H]– C32H40MoN3O6= 660.1984,
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m/z found= 660.2040. Anal. Calcd. for C32H41MoN3O6

(MW= 659.66): C 58.27, H 6.27, N 6.37; found: C 58.17, H
6.04, N 6.33. No NMR data could be obtained due to fast hydro-
lysis of Mo1a upon dissolution in DMSO-d6.

4.3.2 | {MoO2(H2La)}O, Mo2a

In a 50 mL round-bottomed flask equipped with a magnetic
stir-bar and a reflux condenser was weighed H3La (0.200 g,
0.40 mmol) and [MoO2(acac)2] (0.130 g, 0.40 mmol). Chloroform
(30 mL) was added, and the resulting bright orange solution
was refluxed for ca. 18 h. An orange microcrystalline solid that
had formed overnight was collected by vacuum filtration after the
solution had cooled down. The solid was washed with 3 × 10 mL
CHCl3, and air dried to afford 159 mg Mo2a (62%). Orange-
coloured crystals suitable for SCXRD could be obtained from
a CDCl3 NMR solution upon slow evaporation. Mo2a is
stable in and well soluble in DMSO and acetone, and slightly
soluble in CHCl3 and MeCN, but insoluble in alcohols.
1H NMR (500MHz, acetone-d6, 188 K, ppm vs. TMS): Major
(90%) isomer given only: δ 10.08 (s, 1H, amide NH), 9.97 (s,
1H, amide NH), 7.82 (d, J = 7.7 Hz, 2H, arylamide ArH), 7.44
(t, J= 7.9 Hz, 2H, arylamide ArH), 7.23 (m, 2H, arylamide
ArH), 7.17 (m, 4H, arylamide ArH), 7.09 (d, J= 2 Hz, 1H, benzyl
ArH), 7.08 (d, J= 2 Hz, 1H, benzyl ArH), 4.66 (d, J= 16 Hz,
1H, benzyl CH2), 4.50 (d, J= 16 Hz, 1H, benzyl CH2), 4.39
(d, J= 5.4 Hz, 2H, coordinated acetanilide CH2), 4.22 (d, J=
11.2 Hz, 1H, non-coordinated acetanilide CH2), 3.83 (d, J =
11.2 Hz, 1H, non-coordinated acetanilide CH2), 1.24 (s, 9H,
tBu), 1.04 (s, 9H, tBu). IR (ATR, cm–1): 3258w, 1665m, 1632s,
1599s, 1553s, 1320m, 1254m, 938s (symm. MoO2), 889s (asymm.
MoO2), 755vs, 737vs (Mo─O─Mo), 546vs, 480s. ESI-HRMS(+)
m/z calcd. for [M + Na]+ C62H76Mo2N6O11Na= 1299.3599, m/
z found= 1299.3521. ESI-HRMS(–) m/z calcd. for [M – H]–

C62H75Mo2N6O11= 1275.3634, m/z found= 1275.3593. Anal.
Calcd. for C62H76Mo2N6O11 (MW= 1273.24): C 58.49, H 6.02,
N 6.60; found: C 58.17, H 5.81, N 6.52.

4.3.3 | Mo2a-18O

In an 8mL air-tight screw-capped scintillation vial was weighed
H3La (32 mg, 64 μmol) and [MoO2(acac)2] (21 mg, 64 μmol).
Three mL dried CHCl3 was added, and the resulting orange reac-
tion mixture was treated with ca. 100 μL 18O-enriched H2O. The
reaction mixture was maintained at 60 °C over a period of 18 h,
subsequently cooled at RT and stored in a –26 °C freezer for sev-
eral days. Afterward, an orange–red microcrystalline solid was
isolated by Büchner filtration on a paper filter paper, washed
with small amounts of ice-cold CHCl3 and air-dried to yield the
target complex with a yield of 23 mg (56%). IR (ATR, cm–1): 3259,
2961w, 1665, 1632, 1599, 1446, 1255m, 890s (symm. Mo18O2),
841s (asymm. Mo18O2), [21] 755vs, 697vs, 689vs (Mo—18O—Mo),
689vs, 547s, 480s. ESI-HRMS(+) m/z calcd. for [M + Na]+

C62H76Mo2N6NaO6(
18O)5= 1309.3785, m/z found= 1309.3663.

ESI-HRMS(–) m/z calcd. for [M – H]– C62H75Mo2N6O6(
18O)5=

1285.3820, m/z found= 1285.3731.

4.3.4 | {MoO2(H2Lb)}O, Mo2b

Compound H3Lb (0.185 g, 0.401 mmol) and [MoO2(acac)2]
(0.130 g, 0.399 mmol) were suspended in 6mL CHCl3 in an

8mL air-tight screw-capped scintillation vial and kept at 50 °C
for 18 h. Upon standing at RT for several hours, a yellow precipitate
was obtained, washed with small amounts of ice-cold CHCl3, and
air-dried to yield 126mg (53%) Mo2b. The synthesis was repeated
in MeOH, affording the same compound as an orange methanol
solvate with a yield of 169mg (71%). Mo2b is stable and insoluble
in alcohols, but dissolves well in DMSO and very slightly in MeCN
and CHCl3. IR (ATR, cm–1): 3283, 2965, 1658m, 1624v, 1557, 1476,
1363, 1266, 1219m, 937s (symm. MoO2), [21] 894vs (asymm.
MoO2), 850s, 763s, 741vs (Mo─O─Mo), 604m, 548s. ESI-HRMS(+)
m/z calcd. for [M + Na]+ C54H92Mo2N6O11Na= 1219.4848,
m/z found= 1219.4777. ESI-HRMS(–) m/z calcd. for [M + Cl]–

C54H92Mo2N6O11Cl= 1231.4640, m/z found= 1231.4639. The
NMR spectra of Mo2b at RT are featureless, and unfortunately,
no adequate low-temperature NMR spectra could be recorded from
Mo2b due to its reasonable solubility in DMSO only (mp.= 19 °C).
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