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The synthesis of the bidentate Mo complex tetrachlorido[6-(3-butylimidazolium-1'-y1)-2-(3"-butylimidazol-1"-yl-
2”-idene-KC2)pheny1-KC1]molybdenum(IV) 3 was carried out using the metalation followed by transmetalation
methodology. The transmetalation process led to a bidentate complex after the reaction of DCM with HNMe;,
formed an acidic ammonium ion that protonated the bidentate complex. Optimization of the synthetic meth-
odology provided the tetrachlorido[6-(3"-butylimidazolium-1"-y)-2-(3"-butylimidazol-1"-yl-2"-idene-xC?)phenyl-
«C'Imolybdenum(IV) complex in high yield. The crystal structure of the bidentate complex, 3, is reported herein.
Attempts to avoid the acidic reaction conditions with different solvents or starting materials produced the bis-
ligated Mo complex bis[2,6-bis(3’-butylimidazol-1'-yl-2’-idene-KCZ)phenyl-Kcl]molybdenum(IV) dichloride
based on MS analysis. Electronic and coordinative unsaturation in the resulting bidentate complex, 3, open new
possibilities for coordination of incoming substrates while also allowing access to the pincer-like motif via
oxidative addition. Access to the interconversion of a NHC to/from imidazolium opens new avenues of non-

innocent ligand pathways for proton shuttling in reactions such as nitrogen reduction to ammonia.

1. Introduction

Most of the nitrogen used for fertilizers and commodity chemicals
comes from nitrogen fixation processes, most notably from the Haber-
Bosch process (HBP) [1,2]. On the other hand, energy consumption
for nitrogen fixation through the HBP presents a major challenge in the
economy and climate of the world [1,2]. This energy is spent in the
steam reforming processes for the production of Hy used in the forma-
tion of ammonia, as well as in the high pressures and temperatures of the
HBP [2].

An alternative for the HBP is the use of a well-defined catalyst for the
reaction between N, and a synthetic equivalent of Hy (H/e™) [2,3].
Such a synthetic equivalent would be presented in the form of an acid
(H") and a reductant (e ) to replace the use of H, gas [4]. High pressures
and temperatures would be potentially avoided this way. Ideally, water
would take the role of the acid, and a cheap reagent that is easy to handle
would take the role of the reductant. Alternatively, the reduction could
be effected by an electrode [5]. Although most dinitrogen activation
reports have used strong acids and reductants [6,7], significant progress
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has been made already by the Nishibayashi group. Recently, in 2019,
they reported a set of conditions with a (PNP)Mo pincer complex, water
or alcohol, and Sml, that showed up to 92% yield of NH3 [8,9]. How-
ever, the SmlIj is a stoichiometric reagent in this reaction. In addition to
this example, Mo pincer ligands have shown great potential for nitrogen
fixation in the last decade [7,10]. A relatively unexplored area of in-
terest is the use of CCC-NHC ligands for the formation of Mo pincer
complexes, of which there has been no report to date [3,4,6,7,11].
Strongly donating Mo CCC-NHC complexes [12] may accelerate catal-
ysis and lower the energetic requirements enumerated above.

For this reason, the synthesis of the first Mo CCC-NHC pincer and its
characterization are of special interest for its use as a potential nitrogen
fixation catalyst. Herein, we report the application of the metalation-
transmetalation procedure with a CCC-NHC proligand as applied to
molybdenum. The usual methodology that has been used for the syn-
thesis of previous pincer complexes has not been found to produce the
desired Mo CCC-NHC monopincer complexes. Instead, a bidentate Mo
complex has been isolated and characterized by NMR spectroscopy and
X-ray crystallography. The chemical behavior of molybdenum is
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markedly distinct from metals that have been reported before (Rh
[13,14], Ir [13], Ni [15] and Pt [16,17]). Additionally, attempted
improvement in the methodology to yield the desired Mo CCC-NHC
monopincer complex led to the observation of a bis-ligated pincer Mo
complex.

2. Results and discussion

2.1. Initial attempted pincer synthesis — formation of a bidentate Mo
complex (3)

Following the reported procedures for the metalation-
transmetalation methodology [18], a homogeneous solution of the
chloride salt 1 in dry DCM was allowed to react with a slight excess (1.1
eq) of freshly sublimed Zr(NMey)4 in an NMR tube (Scheme 1). The
disappearance of the imidazolium protons (11.9 ppm) of the chloride
salt 1 and the appearance of a doublet of multiplets (4.6-4.0 ppm) was
consistent with the successful metalation (Fig. S1) [19-21]. The doublet
of multiplets has been reported to be the N-CH,- diastereotopic signals of
the butyl chain of the Zr pincer [22-25]. Subsequently, addition of
MoCls(thf)s to the reaction mixture yielded a homogeneous purple so-
lution which did not present a 'H NMR spectrum with signals consistent
with a paramagnetic species. Instead, the signals were in the region
between 8 and 0 ppm, which is the zone expected for a diamagnetic
complex. Furthermore, the Zr pincer diastereotopic signals disappeared
and a new triplet signal (4.6 ppm) appeared, indicating a complete
transmetalation reaction. The diamagnetic Mo pincer complex 2 with an
indeterminate coordination sphere was the presumptive product of this
reaction. Following the reaction by 'H NMR spectroscopy showed the
slow appearance of a second diamagnetic species during the course of
20 h. A signal at 9.06 ppm was assigned to a protonated imidazolium
moiety, evidencing the decomplexation of one of the NHCs of the ligand
(Scheme 1, Fig. S1). Removal of the solvent after observing the forma-
tion of complex 2 yielded an intractable solid composed of a mixture of
the Mo complex and Zr by-products.

Originally, the goal of this metalation-transmetalation reaction with
MoCls(thf)s was the synthesis of a monoligated Mo(III) pincer complex.
Attempts at crystallization of the crude reaction mixture yielded X-ray
quality crystals of Mo(IV) complex 3. This result was consistent and
reproducible. The same reaction procedure was repeated with
MoCly(thf), and the 'H NMR spectra of the reaction mixture was
collected immediately after addition. The signals observed were char-
acteristic of a diamagnetic complex as in the transmetalation with
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MoCl;s(thf)s. This observation was consistent with the formation of the
same diamagnetic CCC-NHC Mo(IV) complex 2, supporting the
conclusion that the oxidation step from Mo(IlI) to Mo(IV) happened
before the protonation of the ligand. After letting the reaction mixture
sit overnight, the signals of the bidentate Mo complex 3 were also
observed.

The protonation of the Mo complex 2 was explained by the presence
of ammonium ions (RsNHCI ") in the reaction medium. The ammonium
ions were formed from the reaction between DCM and dimethylamine
that was previously released by the metalation of the chloride salt 1 with
Zr(NMey)4 [26,27]. The reaction rate of dimethylamine and DCM has
been measured to have a half-life of 14.5 h [26], which is consistent with
the rate of formation of the bidentate Mo complex 3.

Additionally, if the reaction was left to sit for more than 1 day, the
signals corresponding to Mo complex 3 slowly disappeared and an
intractable, purple solid formed. Further attempts at characterizing this
solid by 'H NMR spectroscopy or by mass spectrometry produced no
peaks in the observed spectra. The solid was also insoluble in DMF and
DCM. Thus, it is presumed that Mo complex 3 either decomposed into a
polymeric material of unknown structure or reacted further to form an
insoluble oligomeric complex or a bimetallic complex with a second Mo
bidentate moiety.

The reaction between DCM and dimethylamine has not posed an
inconvenience in the synthesis of late transition metal CCC-NHC com-
plexes of Rh [13,14], Ir [13], Ni [15] and Pt [16,17]. These complexes
were air- and moisture-stable [18,28], and they were stable towards the
mildly acidic protons of the ammonium chloride salt that is present in
the metalation-transmetalation reaction in DCM. Another explanation
for the oxidation of the elusive Mo pincer complex is the reaction of Mo
(I11) directly with DCM. This type of oxidation has been discussed before,
where Mo(N(Ar)(tBu))s complexes have reacted with DCM, yielding Mo
(N(Ar)(tBu))3Cl and Mo(N(Ar)(tBu))sCH complexes [29,30]. Oxidation
of the starting metal sources was previously reported during the syn-
thesis of a CCC-NHC Rh(III) pincer complex [14,20], and a CCC-NHC Co
(III) pincer complex [25,31]. On the other hand, the synthesis of Re
complexes has not shown this behavior [32].

Surprisingly, in an interesting observation, the NHC was protonated
instead of the aryl anion, even though the imidazolium proton is more
acidic (pKa: 18.6) than the aryl proton (pKa: ~44) (Scheme 2) [33]. It is
likely that the chelation effect of the bidentate complex stabilizes the
aryl anion, avoiding the subsequent protonation from the acidic protons
produced by the solvent. Such chelation effect was strong enough to
even avoid the deprotonation of the bidentate Mo complex 3 in a
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Scheme 1. Synthesis of bidentate Mo(IV) complex 3.
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Scheme 2. The acid-base disproportionation reaction of 3 was not observed.

disproportionation reaction (Scheme 2). Neither the Mo pincer complex
2-Cl, nor the protonated NHC-complex 4 were observed by 'H NMR
spectroscopy of a solution of the bidentate Mo complex 3 in DCM. This
type of chemical reactivity of the ligand and the stability of the bidentate
complex 3 opens the possibility of using one of the NHCs bound to the
metal center as a proton shuttle for reactions such as Ny reduction to
NH3 [34-36].

2.2. Attempted optimization of the reaction conditions

The previous observations on the behavior of DCM and dimethyl-
amine led to the design of an experiment that limited the amount of
dimethylamine in the reaction environment. The hypothesis was that no
free dimethylamine would be released by using an isolated Zr pincer
complex for the synthetic procedure. The (CCC-NHC)Zr pincer complex
5, described in previous reports [14,24,32], was dissolved in DCM in an
NMR tube at room temperature under inert atmosphere (Scheme 3).
After the addition of MoCl4(thf),, the solution slowly turned deep purple
and a solid precipitated after 10 min. The 'H NMR spectrum showed the
disappearance of the two signals of MoCly(thf), (12.6 ppm, —35.0 ppm)
and the appearance of signals at 3.7 and 1.8 ppm [37], which are
consistent with the dissociation of THF from MoCl4(thf), to free THF
(Fig. S6). At the same time, broad signals appeared in the region be-
tween 4 ppm and 1 ppm. The presence of a lone triplet at 4.42 ppm was
indicative of a successful transmetalation and the formation of a single
Mo complex. Most notably, the signals for the bidentate Mo complex 3
did not appear after letting the NMR tube sit overnight. No further
changes were observed after two days of standing (Fig. S7). The mixture
was passed through a Celite plug and the filtrate was analyzed by exact
mass determination. The mass spectrum showed a mixture of complexes
with masses consistent with the Mo complex of one pincer ligand (2) and
the Mo complex with two pincer ligands (6) (Fig. S8). The signals with
the highest intensity are consistent with fragments 7, 8 and 9 (Fig. 1).
The proposed formulas for these fragments were compared against
chemical formulas with the same nominal mass and different elemental
composition (Table S9, S10). The formulas containing oxygen had the
smallest difference in mass (ppm) to the observed signals. Trace amounts
of fragments 10 and 11 were observed in the spectrum. Additionally, a
signal consistent with the proligand with an oxygen atom 12 was
detected. Although the position of the oxygen atoms cannot be deter-
mined from the mass spectrometry data, the observation of the oxidated
proligand 12 suggested that the oxygen had been inserted between the
Mo-CMHC bond instead of being bound to the metal in fragments 7, 8 and
9. Furthermore, since the 'H NMR spectrum showed the formation of a
single product, fragments 10 and 11 may be forming during the

collection of the mass spectrometry data after ligand decomplexation of
Mo complex 6. The parent ions for the Mo pincer complex 6 were not
detected (Table S11A, B). Likewise, no signals consistent with the Mo
pincer complex 2-Cl were detected. Since the synthesis of complex 6 was
made under inert atmosphere with degassed and dry solvent, the oxygen
addition may be happening during the handling of the sample when the
exact mass determination is taking place. The data above implied the
formation of the Mo bis-ligated complex 6 instead of the monoligated
complex 2.

In an attempt to keep the Mo complex 2 from forming the bis-ligated
Mo complex 6, slow addition of the Zr complex 5 to a solution of
MoCly(thf); in DCM was conducted. During the addition, the amount of
MoCly(thf), was always in excess with respect to the Zr complex 5. Even
with an excess of MoCl4(thf),, the major product detected by mass
spectrometry was the bis-ligated complex 6. Changing the reaction
solvent to THF also yielded bis-ligated complex 6. Attempts at crystal-
lization of complex 6 have been met with failure to this date.

2.3. Crystal structure of bis-ligated Mo complex 3

Complex 3 contained a formally Mo(IV) anion arranged in a distorted
octahedral geometry in the solid state (Fig. 2). In the crystal, two mol-
ecules (A and B, Fig. S12) of complex 3 crystallized together in the
asymmetric unit. To the best of our knowledge, no crystal structures of
aryl-NHC bidentate complexes similar to complex 3 have been reported
[11]. Lacking chelating examples, we compared the Mo-C*¥! and the
Mo-CNHC bond lengths from different complexes. The length of the Mo-
¢! bond was 2.34(3) A in molecule A and 2.32(2) A in molecule B.
These bond lengths were significantly longer than previously reported
Mo-C*¥! distances in pincer complexes. Shorter bond distances can be
found in [(OCO)Mo(CMes)(thf),] (2.1479(13) ;\) [38], [(POCOP)Mo(N)
(D1[Na(15-crown-5)] (2.167(3) A) [39], [K(thf)2][(PCP)Mo(CO)s]
(2.242(3) A) [40], and [(PCP)Mo(Br)(CO)s] (2.286(4) A) [41]. Likewise,
the Mo-CC bond distance is longer than those reported in the literature
(2.39(4) 10\) (Fig. 3). A Mo(VI) complex reported by the Land group
presents a Mo complex 13 with a slightly longer Mo-C™€ bond length of
2.414 A [42]. When compared to Mo(IV) complexes, the Mo-CNHC dis-
tance in 3 was longer than the longest Mo-CNFC distance of complexes
14,15, and 16 (2.318(2) f\) [43]. They are also longer than reported Mo
(0) complexes 17 [44], 18 [45], and 19 [46], which have been found to
possess some of the longest Mo-CNC bond lengths among the mono-
dentate NHC-Mo complexes. The long bond lengths of the bidentate Mo
complex 3 may be caused by a high electron density in the Mo center.
This electron density results from the presence of the strongly electron-
donating bidentate ligand and the formally anionic molybdate metal

N Bu —|2+
NN
fN/@ N, MoCly(thf), o /@ 3 205 /\ =N
B — —_— Mo”<:> -
N —z—y 10 /"Mo-L N %
/ | \ min N N v N2
nBu L nBu DCMorTHF |nBu L <\ nBu
n N, n NN g
5 2
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Scheme 3. Synthesis of bis-ligated Mo pincer complex 6, [(CCC)2Mo]Cl,.
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Fig. 1. Proposed structures for the fragments observed in the mass spectrometry spectrum.
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3. Conclusions

The synthesis and crystal structure of the first example of a stable Mo
bidentate complex from a CCC-NHC pincer proligand has been reported

transmetalation methodology yielding the bidentate complex, 3, as a
major product. An alternative synthetic procedure utilizing an isolated
CCC-NHC pincer Zr complex yielded the bis-ligated complex 6. The
acidic environment reported in this work, although relatively inert to
late transition metals, may pose a problem in the synthesis of pincer
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complexes of mid-transition metals. The formally negative Mo center
presents longer bond lengths to the ligand in comparison to known Mo
complexes with NHC or aryl ligands. Further studies to convert the
bidentate complex to the tridentate complex and establish the revers-
ibility of the protonation are ongoing.

4. Experimental section
4.1. General

An N glove box was used for the experiments. The imidazolium salts
for the starting materials were prepared using previously reported
literature procedures [19,20]. All solvents used in these experiments
were degassed with Ny and passed through two columns of activated
alumina. MoCl3(thf); was used as received from Strem, under inert, dry
conditions. MoCly(thf), was synthesized following a modified literature
procedure [47]. Freshly made MoCl4(thf), was used for the reactions. Zr
(NMejy)4 was purchased from Strem, further purification was performed
via sublimation on a cold finger under high vacuum before use. CD5Cly
was purchased from Cambridge Isotope Laboratories and passed
through two columns of activated basic alumina prior to use. *H and *C
NMR spectra were collected on a Bruker Avance 300 MHz and a Bruker
Avance DRX 500 MHz. X-ray crystallography data was collected on a
Bruker single crystal diffraction facility at Mississippi State University.
The X-ray intensity data was measured at low temperature (T = 273 K),
using a three circles goniometer Kappa geometry with a fixed Kappa
angle at = 54.74 deg Bruker AXSD8 Venture, equipped with a Photon
100 CMOS active pixel sensor detector. A monochromatized copper X-
ray radiation (A = 1.54178 A) was selected for the measurement. All
frames were integrated with the aid of the Bruker SAINT software 1
using a narrow-frame algorithm. Using the Bruker SHELXT Software
Package 3, refinement of the structure was carried out by least squares
procedures on weighted F2 values using the SHELXTL-2018/3 4
included in the APEX3 v2019 1.0, AXS Bruker program 5. Graphics were
performed using softwares: Mercury V.4.2.0: (https://www.ccdc.cam.ac
.uk/) and POV-Ray v3.7: (The Persistence of Vision Raytracer, high
quality, free software tool).

4.2. Syntheses

4.2.1. Synthesis of MoCly(thf)2 following a modified literature procedure
[471

MoCls (200 mg) was dissolved in MeCN (2 mL). The reaction was
stirred overnight, followed by removal of the solvent by decanting,
yielding a purple powder. The powder was triturated with MeCN (2 mL)
and the solvent was decanted again. THF (2 mL) was added and the
solution was stirred for 2 h. A microcrystalline yellow-orange powder
slowly formed during the stirring. The powder was allowed to settle, the
supernatant was decanted, and the powder was dried under reduced
pressure. (141.9 mg, 46 %). 'H NMR (300 MHz, CH,Cly): § 12.58 (br s,
8H, FWHM = 8.1 Hz), —35.04 (br s, 8H, FWHM = 15.2 Hz).

4.2.2. Synthesis of tetrachlorido[6-(3-butylimidazolium-1'-yl)-2-(3"-
butylimidazol-1"-yl-2"-idene-xC?)phenyl-«C' Jmolybdenum(IV) (3)

General procedure with MoCl3(thf)3: The 1,1'-(1,3-phenylene)bis(3-
butylimidazolium) dichloride salt (1) (24 mg, 0.061 mmol) was care-
fully dissolved in DCM (2 mL) at room temperature yielding a clear and
colorless solution. Zr(NMe3)4 (18 mg, 0.067 mmol) was added to this
solution and the resulting mixture was left to stand for 5 min yielding a
clear yellow solution. To this mixture, MoCl3(thf)3 (25 mg, 0.061 mmol)
was added and was left to stand overnight under an inert atmosphere.
The reaction mixture was then filtered through Celite and the filtrate
was collected. Et;0 (2 mL) was added dropwise to the filtrate, resulting
in a precipitate which was filtered and dried under reduced pressure to
yield a brown powder of 3. (12 mg, 35 %). X-ray quality crystals were
grown on the walls of a vial via vapor diffusion of hexane into a
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saturated solution of 3 in DCM at —35 °C. 'H NMR (300 MHz, CD5Cly): §
9.06 (s, 1H), 7.56 (s br, 2H), 7.45 (d, J = 7.98 Hz, 1H), 7.38 (t, J = 7.52
Hz, 1H), 7.27 (s br, 1H), 7.07 (s br, 1H), 7.05 (d, J = 7.06 Hz, 1H), 4.57
(t, J = 7.57 Hz, 2H), 4.18 (t, J = 7.66 Hz, 2H), 2.01 (m, 2H), 1.93 (m,
2H), 1.46 (m, 4H), 1.02 (m, 3H), 0.97 (m, 3H). 3C NMR (75 MHz,
CDoCly): 6 178.8, 147.6, 141.0, 136.9, 128.7, 124.0, 122.5, 122.4,
121.9,115.2, 115.1, 51.1, 50.6, 34.2, 31.7, 20.1, 20.0, 13.9, 13.5.

NMR tube procedure with MoCly(thf)2: The 1,1'-(1,3-phenylene)bis(3-
butylimidazolium) dichloride salt (1) (7.9 mg, 0.020 mmol) was care-
fully dissolved in DCM (0.5 mL) at room temperature yielding a clear
and colorless solution. Zr(NMes)4 (5.9 mg, 0.022 mmol) was added to
this solution and the resulting mixture was left to stand for 5 min
yielding a clear yellow solution. To this mixture, MoCl4(thf), (8.1 mg,
0.021 mmol) was added and the reaction was monitored by 'H NMR for
15 h. Complex 3 slowly formed in the reaction mixture.

4.2.3. Synthesis of bis[2,6-bis(3-butylimidazol-1'-yl-2"-idene-xG?)phenyl-
KCIJmolybdenum(IV) dichloride (6)

General reaction: The (CCC-NHC)ZrL,, complex (5) (10.6 mg, 0.020
mmol) was dissolved in DCM or THF (3 mL). MoCly(thf)s (7.8 mg, 0.020
mmol) was added in one portion to the solution. The vial was left to sit
30 min, during which a brown-purple solid slowly precipitated. The
reaction mixture was filtered through Celite and the solvent was
removed.

Inverse addition: The (CCC-NHC)ZrL, complex (5) (7.1 mg, 0.013
mmol) was dissolved in DCM (1 mL). The mixture was slowly added
dropwise to a solution of MoCly(thf)s (5.0 mg, 0.013 mmol) in DCM (1
mL) in the course of 30 min. After every two drops, the vial was shaken
manually. The vial was left to sit 30 min, during which a brown-purple
solid slowly precipitated. The reaction mixture was filtered through
Celite, and the solvent was removed.
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