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ABSTRACT: [Ar2N3]Mo(N)(O-t-Bu) (1), which contains the conformationally rigid
pyridine-based diamido ligand [2,6-(ArNCH2)2NC5H3]

2− (Ar = 2,6-diisopropylphen-
yl), is a catalyst for the reduction of dinitrogen with protons and electrons. Various
acids have been added in order to explore where and how the first proton adds to the
complex. The addition of adamantol to 1 produces a five-coordinate bis(adamantoxide),
[HAr2N3]Mo(N)(OAd)2 (2a), in which one of the amido nitrogens in the ligand has
been protonated and the resulting aniline nitrogen in the [HAr2N3]

− ligand is not
bound to the metal. The addition of [Ph2NH2][OTf] to 1 produces {[HAr2N3]Mo-
(N)(O-t-Bu)}(OTf) (3), in which an amido nitrogen has been protonated, but the
aniline in the [HAr2N3]

− ligand remains bound to the metal. Last, the addition of (2,6-
lutidinium)BArF4 (BArF4 = {B(3,5-(CF3)2C6H3)4}

−) to 1 yields {[Ar2N3]Mo(N)-
(LutH)(O-t-Bu)}BArF4, in which LutH+ is hydrogen-bonded to the nitride in the solid
state and in dichloromethane with Keq = 412 ± 94 and ΔG = −3.6 ± 0.8 kcal at 22 °C.
A similar hydrogen-bonded adduct was formed through the addition of (2-
methylpyridinium)BArF4 to 1, but the addition of (pyridinium)BArF4 to 1 leads to the formation of (inter alia)
{[HAr2N3]Mo(N)(O-t-Bu)}(BArF4), in which the amide nitrogen has been protonated. The addition of cobaltocene to 3 or
{[Ar2N3]Mo(N)(LutH)(O-t-Bu)}(BArF4) leads only to the re-formation of 1. X-ray structural studies were carried out on 2a, 3,
and {[Ar2N3]Mo(N)(LutH)(O-t-Bu)}(BArF4).

■ INTRODUCTION
The homogeneous catalytic reduction of molecular nitrogen to
ammonia with protons and electrons under mild conditions is
most efficiently carried out with catalysts that contain
molybdenum,1,2 iron,3 or osmium.4 The reducing agent is
usually a metallocene or KC8, and the proton source is often
the [B(3,5-(CF3)2C6H3)4]

− (BArF4
−) or triflate salt of some

protonated nitrogen base such as a lutidinium or dipheny-
lammonium. A minimum of six protons and six electrons must
be added through linear- or side-on-bound NxHy intermediates
in order to form ammonia. The alternative product is
molecular hydrogen. Molybdenum-based catalysts can achieve
high-efficiency (>90%) conversion with respect to the
equivalents of reductant added.5a “Simpler” mechanisms of
dinitrogen reduction have also been proposed, in which
nitrogen is first cleaved bimolecularly into two nitrides through
the formation of a μ-N2 intermediate or intermediates.5 This
“cleavage” mechanism avoids some of the problems associated
with the initial reduction or protonation of a molecular
nitrogen complex, followed by the further addition of protons
and electrons to NxHy intermediates. All in all, the
homogeneous reduction of molecular nitrogen with protons
and electrons in an efficient manner (ideally without the
formation of hydrogen) and with high turnover numbers is one
of the most challenging catalytic reactions today. Electro-

catalytic reductions (homogeneous or heterogeneous) may
ultimately prove to be more efficient,6 although much research
remains to be done.7 Nitride intermediates are featured in the
homogeneous “distal” and “cleavage” mechanisms.
A key issue in catalytic reduction is keeping the basic

structure of the catalyst intact, i.e., avoiding side reactions such
as ligand protonation that can lead to loss of ligand and loss of
function. Therefore, we were surprised to find that [Ar2N3]-
Mo(N)(O-t-Bu) (1), which contains the conformationally
rigid pyridine-based tridentate diamido ligand [2,6-
(ArNCH2)2NC5H3]

2− (Ar = 2,6-diisopropylphenyl), serves as
a catalyst or catalyst precursor for the catalytic reduction of
molecular nitrogen to ammonia in diethyl ether between −78
and 22 °C in a batchwise manner, with CoCp*2 as the electron
source and [Ph2NH2][OTf] as the proton source.8 Up to ∼10
equiv of ammonia is formed per molybdenum, with the
maximum efficiency in electrons being ∼43%. We were
surprised by this result in view of the presence of tert-butoxide
and amido nitrogen ligands that could be protonated instead of
the nitride ligand (initially) or other NxHy intermediates in a
“distal” cycle that would involve nitrogen activation and
reduction to give the second 1 equiv of ammonia and a nitride
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back again. It is not known whether 1 is turned into another
type of compound whose integrity is maintained throughout
catalytic turnover.
We decided to focus on formation of the first 1 equiv of

ammonia from 1 and, even more specifically, simply on
addition of the first proton to 1. It has already been shown that
1 reacts with HCl to give [Ar2N3]Mo(N)Cl,8 which does not
yield any ammonia under the conditions chosen for catalytic
reduction. Nevertheless, the reaction with HCl suggested that
the tert-butoxide ligand may be protonated at an early stage. In
this paper, we report the results of our first investigations into
the protonation of 1.

■ RESULTS
Protonation of Ligands. Because the addition of HCl to 1

yields [Ar2N3]Mo(N)Cl, the tert-butoxide oxygen would
appear to be the “preferred” site of protonation in 1.8

However, whether tert-butoxide is protonated “directly” by an
“acid” (HX) to give the salt {[Ar2N3]Mo(N)(HO-t-Bu)}(X)
or not will depend (inter alia) on whether HX is a strong acid
and/or can bind to the metal through X, followed by proton
migration to another atom in the primary coordination sphere.
Therefore, we first explored the reaction between 1 and
adamantol, a “weak” acid in water (pKa ∼ 18).9

Adamantol reacts with 1 in dichloromethane to give a single
product only when 2 equiv of AdOH are added (eq 1). One

plausible scenario for formation of the bis(adamantoxide)
complex 2a is binding of the first AdOH to give [Ar2N3]Mo-
(N)(HOAd)(O-t-Bu), then migration of the adamantol proton
to tert-butoxide to give [Ar2N3]Mo(N)(OAd)(HO-t-Bu), and
finally loss of tert-butyl alcohol to give [Ar2N3]Mo(N)(OAd).
The addition of a second AdOH would give [Ar2N3]Mo(N)-
(OAd)(HOAd). The adamantanol proton then migrates to the
amide nitrogen (O to N−) to give [HAr2N3]Mo(N)(OAd)2
(2a). An earlier migration of a proton on a bound ROH to the
ligand and other variations are viable options.
A partial 1H NMR spectrum of 2a reveals that the AB

quartet observed for the “up” and “down” CH2 protons next to
the amido nitrogens of the pincer ligand in 18 (Figure 1a) is
replaced by a singlet at 4.77 ppm for the now essentially
equivalent CH2 protons next to the amide nitrogen, a second-
order pattern at 4.50 ppm for the inequivalent (CHH′)
protons in the other CH2 group next to the aniline nitrogen,
and a triplet at 4.06 ppm for the aniline NH proton (Figure
1b).
An X-ray study showed that 2a has approximately a trigonal-

bipyramidal geometry (τ = 0.77)10 with the nitride in the
apical position (Figure 2). The structure could be refined only
to ∼10% (see the Supporting Information, SI), so the
accuracies of the distances and angles (see the SI) are limited.
However, the basic structure of 2a is unambiguous.
An intermediate in the reported synthesis8 of 1 turns out to

be the tert-butoxide analogue of 2a. The synthesis calls for the

addition of 1 equiv of Li-n-Bu to H2Ar2N3 in pentane to give a
monolithiated ligand and then the addition of (t-BuO)3Mo(N)
to give an intermediate in which only one tert-butoxide in the
nitride has been substituted by an amido nitrogen, i.e.,
[HAr2N3]Mo(N)(O-t-Bu)2 (2b; Scheme 1). The addition of a

second 1 equiv of Li-n-Bu followed by heating of the mixture
then gave 1 and a second 1 equiv of tert-butoxide. A partial 1H
NMR spectrum of 2b (inset in Scheme 1) is entirely analogous
to that for 2a in Figure 1b.
A more relevant acid in terms of nitrogen reduction by 1, as

described earlier, is [Ph2NH2][OTf].
8 The reaction between 1

and 1 equiv of [Ph2NH2][OTf] in ether produces a yellow
product that can be isolated in 60% yield ({[HAr2N3]Mo-
(N)(O-t-Bu)}(OTf) (3); eq 2). An X-ray study (Figure 3)

Figure 1. Partial 1H NMR spectrum of (a) 1 and (b) 2a showing the
benzyl CH2 resonances of the pincer ligand.

Figure 2. Structure of 2a.

Scheme 1

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03346
Inorg. Chem. 2019, 58, 3724−3731

3725

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03346/suppl_file/ic8b03346_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03346/suppl_file/ic8b03346_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03346


shows that 3 is the triflate salt of a cation that contains the
[HAr2N3]

− ligand, but the aniline nitrogen (N2 in Figure 3)
remains bound to the metal. The overall geometry is a square
pyramid (τ = 0.03) with the nitride in the apical position. The
triflate anion is oriented toward a vacant site on Mo 2.65 Å
away, which is long compared to a typical Mo−triflate bond
(2.1−2.2 Å).11

The 1H NMR spectrum (CD2Cl2, 25 °C) of 3 is consistent
with its structure in the solid state. Distinctive features include
doublets assigned to one set of benzyl proton resonances at
6.85 and 4.78 ppm (J = 20 Hz), similar to the benzyl proton
resonances in 2a and 2b. Protons in the other benzyl position
are coupled to the amine proton and are found as two doublet
of doublet resonances at 5.29 and 4.59 ppm (2JHH = 16 Hz;
3JHH = 4 Hz). The aniline proton resonance is a broad doublet
at 6.90 ppm. Its identity was confirmed through TOSY (2D 1H
NMR) spectroscopy (see the SI).
Compounds That Contain Hydrogen Bonds. Com-

pound 1 reacts with [LutH][BArF4] (Lut = 2,6-dimethylpyr-
idine; BArF4

− = {B(3,5-(CF3)2C6H3)4}
−) to generate

{[Ar2N3]Mo(N)(O-t-Bu)(HLut)}{BArF4} (4a), in which the
lutidinium cation is hydrogen-bonded to the nitride ligand (eq
3).

An X-ray study of 4a (Figure 4) shows it to be
approximately a square pyramid with the tert-butoxide ligand
in the apical position [Mo−O = 1.8664(9) Å]. The Mo−Namide

bond distances are 1.9977(9) and 2.0223(9) Å, as found in
compound 1 and in [Ar2N3]Mo(N)(Cl).8 The distance
between N4 and H5A is 1.79(1) Å. An N4−N5 distance of
2.700(1) Å is a typical distance in a “weak” N···HN hydrogen
bond.12a

In [LutH][BArF4], the N−H stretch is observed at 3370
cm−1 in the solid-state IR spectrum (attenuated total
reflectance, ATR). In 4a, the N−H stretch is observed at
2959 cm−1 (Δν = 411 cm−1), which is in good agreement with
an expected Δν of 397 cm−1 given by the formula12b Δν =
0.011dHA

−6.1, where dHA is the distance (in nanometers)
between the proton and the acceptor atom in the X-ray study
of 4a.
Diagnostic features of the 1H NMR spectrum of 4a in

CD2Cl2 (Figure 5) include a characteristic pair of benzyl

proton doublets at 5.48 and 4.75 ppm (J = 20 Hz) for a
molecule of this type with mirror symmetry, two isopropyl
methine septet resonances at 3.73 and 2.91 ppm, and four
(overlapping) isopropyl methyl resonances. The aryl region
shows two triplets that are assigned to the pyridine backbone
of the bis(amido)pyridine ligand and the lutidinium ligand. A
broad resonance is found at 13.14 ppm for the NH proton
(Figure 5, top) versus 12.4 ppm in the NMR spectrum of

Figure 3. Molecular structure of 3. Ellipsoids are shown at 50%
probability. The aryl groups are shown as wireframes, and two
cocrystallized THF molecules and hydrogen atoms except for H2 are
omitted for clarity. Mo−N1 = 2.2131(11) Å, Mo−N2 = 2.2980(12)
Å, Mo−N3 = 1.9673(11) Å, Mo−N4 = 1.6480(13) Å, Mo−O1 =
1.8919(10) Å, Mo−O2 = 2.65 Å, N2−Mo−N3 = 145.11(4)°, N4−
Mo−O1 = 143.17(4)°, and τ = 0.03.

Figure 4. Molecular structure of 4a. Ellipsoids are shown at 50%
probability. The aryl groups are shown as wireframes, and one
cocrystallized ether molecule, most hydrogen atoms, and the BArF4
anion are omitted for clarity. Mo−N1 = 2.2424(9) Å, Mo−N2 =
2.0223(9) Å, Mo−N3 = 1.9977(9) Å, Mo−N4 = 1.6811(10) Å, Mo−
O = 1.8664(9) Å, N4−N5 = 2.700(1) Å, N4···H5A = 0.1.79(1) Å,
N2−Mo−N3 = 135.00(4)°, N4−Mo−O = 147.65(4)°, and τ = 0.21.

Figure 5. Variable-temperature NMR spectra of 4a (CD2Cl2, 500
MHz). The Lut N−H resonances are shown at 25× intensity.
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[LutH][BArF4] itself. A single sharp resonance at 1.94 ppm is
assigned to the lutinidium methyl groups. At −50 °C, this
methyl resonance broadens and almost disappears into the
baseline (Figure 5, bottom). We propose that lutidinium is still
dissociating and exchanging rapidly on the NMR time scale at
−50 °C and is the main reason why the lutinidium methyl
resonance is so broad. Alternatively, if lutidinium instead is
essentially bound to the nitride at −50 °C, then the methyl
groups in the 2 and 6 positions in [LutH]+ could be becoming
inequivalent as a consequence of a slowing of the rotation of
[LutH]+ in the sterically crowded “slot” between the two aryl
groups.
UV/vis spectra of 1 in dichloromethane in the range of

300−450 nm at several concentrations of [LutH][BArF4] are
shown in Figure 6. These spectra are consistent with a

decreasing amount of 1 (0.1 mM) and an increasing amount of
4a as the concentration of [LutH][BArF4] is increased from 0
to 0.9 mM. The presence of only 1 and 4a is confirmed by an
isosbestic point at 360 nm. A plot of [LutH][BArF4]
concentration versus change in absorbance (ΔAbs) at 400
nm (Figure 6 bottom) can be fit and Keq extracted through a
fitting model to give Keq = 412 ± 94 (R2 = 0.999; Figure 6,
bottom).13 This equilibrium constant corresponds to ΔG =
−3.6 ± 0.8 kcal, a value that is consistent with a weak
hydrogen bond.12 At a total concentration of ∼0.1 M 4a, the
concentration of 1 and anilinium at 22 °C is ∼0.01 M (∼10%
dissociated).
The addition of [2picH][BArF4] ([2picH]

+ = 2-methylpyr-
idinium) to 1 leads primarily to the formation of {[Ar2N3]-
Mo(N)(O-t-Bu)(H-2pic)}{BArF4} (4b), a hydrogen-bonded

derivative analogous to 4a, according to 1H NMR spectra.
However, the reaction is complicated by the formation of one
or more complexes in which the [Ar2N3]

2− ligand is
protonated, as described in the previous section. Pale-yellow
4b can be isolated from the mixture in 70% yield. An ATR-IR
spectrum of the isolated compound shows the picolinium
N−H stretch redshift from 3375 cm−1 in free [2picH][BArF4]
to 2970 cm−1 in 4b, a Δν value (405 cm−1) similar to the shift
found in 4a. The 1H NMR spectrum of 4b shows methylene
doublet resonances at 5.49 and 4.87 ppm (J = 20 Hz), and the
picolinium proton is a broad singlet at 11.3 ppm (see the SI for
NMR details). Complex 4b can be crystallized; however, with
time its 1H NMR spectrum degrades as it slowly decomposes
to a significant degree over a period of 12 h at 22 °C to give
one or more compounds in which the pincer ligand has been
protonated at the amido nitrogen. We propose that when the
[Ar2N3]

2− ligand is protonated by the free [2picH]+, 2-
methylpyridine that is formed can then bind to the metal to
yield at least one new adduct. In contrast, [LutH]+ is too
sterically hindered to deliver a proton to the amido nitrogen.
Therefore, in an experiment analogous to that shown in Figure
6 using 4b instead of 4a, a well-defined isosbestic point is not
observed and Keq in 4b cannot be determined accurately.
However, the red shift in the IR spectrum of 4b suggests that
the hydrogen bond that is formed between 1 and [2picH]+ is
similar in strength to that formed between 1 and [LutH]+. It
should be noted that the pKa difference between picolinium
(5.96 in water) and 2,6-lutidinium (6.72),14 is small. It is
simply the smaller size of [2picH]+ that allows protonation of
the [Ar2N3]

2− ligand to compete with formation of a hydrogen
bond to the nitride.
When [pyH][BArF4] ([pyH]

+ = pyridinium) is added to 1 in
dichloromethane, 1H NMR spectra suggest that a relatively
complex mixture is formed, with one or more pincer-
protonated complexes being formed (Figure S23). In this
case, the conjugate base (pyridine) is certainly likely to bind to
a cationic metal center. and isomers of a monopyridine adduct
are further possible complications.

Reductions by Cobaltocene. Some form of proton-
coupled electron transfer (PCET)15 has been proposed to
assist addition of the first proton and electron to (HIPTN3N)-
Mo(N2) to yield (HIPTN3N)Mo(NNH)1 (HIPT = [{3,5-
(2,4,6-i-Pr3C6H2)2C6H3NCH2CH2}3N]

3−) and to be involved
at some other stage in a variety of other homogeneous
reductions of dinitrogen by molybdenum, iron, or other
catalysts. Although it is not obvious why PCET would be
required to add a proton and electron to a nitride, an
interesting fundamental question is whether 4a would be
reduced by cobaltocene to yield “[Ar2N3]Mo(NH)(O-t-Bu)”.
In order for this to be the case, electron transfer from CoCp2
to 4a must be much faster than any electron transfer from
CoCp2 to “free” lutidinium. If [Ar2N3]Mo(NH)(O-t-Bu) can
be formed from 4a, there is no guarantee that it will be stable
toward the formation of hydrogen and 1.
Cobaltocene reacts immediately with 4a in C6D6 at 22 °C to

give 1 (Scheme 2). At −78 °C in diethyl ether, the
components form a solution when mixed whose color is
similar to ether solutions of 1. Compound 3 also reacts with
cobaltocene to yield 1. We assume that H2 is formed in each
case.

Figure 6. (Top) UV/vis spectra for 1 (0.1 mM in CH2Cl2) upon the
successive addition of [LutH][BArF4] (0−0.9 mM). (Bottom)
Determination of Keq for the equilibrium between 4a, [LutH][BArF4],
and 1.
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■ DISCUSSION

We have explored the “simple” addition of a proton to a nitride
complex that has been shown to be a catalyst or catalyst
precursor for the reduction of molecular nitrogen to ammonia
in diethyl ether between −78 and +22 °C in a batchwise
manner with CoCp*2 as the electron source and [Ph2NH2]-
[OTf] as the proton source. Protonation of a nitride is only
one step in a complex mechanism that involves the addition of
six protons and six electrons to molecular nitrogen to produce
ammonia, with hydrogen being an alternative product. We
were not especially surprised to find that an amido nitrogen in
the [2,6-(ArNCH2)2NC5H3]

2− ligand appears to be the kinetic
site for protonation. However, we were surprised to find that
(i) tert-butoxide is not protonated in 1 by an acid relevant to
nitrogen reduction ([Ph2NH2][OTf]) and (ii) a sterically
demanding acid (lutidinium in [LutH][BArF4]) hydrogen-
bonds to the nitride, but the proton is not delivered to give the
MoNH cationic complex.
We have not been able to find another example of hydrogen

bonding of a protonic acid to a metal nitride in the literature.
The donor−acceptor bond distance and NH stretching
frequencies measured in the solid state are in agreement
with a hydrogen bond. Furthermore, the hydrogen bond is
maintained in dichloromethane, as evidenced by 1H NMR and
UV/vis spectroscopies. The characterization of 4a demon-
strates that hydrogen-bonded intermediates may be relevant in
understanding the PCET reactions relevant to nitrogen
reduction. In principal, a hydrogen-bonded adduct could be
a precursor to a PCET reaction by bringing the proton within
the necessary distance to the nitride, and the addition of an
electron source facilitates the transfer.16 However, a weak
hydrogen bond allows the acid to dissociate; ∼10% at 22 °C
was observed here. The relative rates of delivering an electron
to the hydrogen-bonded complex versus free acid in
equilibrium with it becomes a key issue if the acid is not
completely bound.
It is clear that hydrogen bonding to the nitride in 1 by

lutidinium in [LutH][BArF4] is favored over protonation to
give {[Ar2N3]Mo(NH)(O-t-Bu)}BArF4 and that a sterically
less demanding and stronger acid protonates the amido
nitrogen in the [Ar2N3]

2− ligand. However, tert-butoxide can
be protonated and replaced if X− (e.g., Cl− or RO−) in HX can
bind to the metal, even when the pKa value of HX is high (e.g.,
for ROH).8 This concept is illustrated by two additional
examples: [LutH][Cl] reacts with 1 to give [Ar2N3]Mo(N)Cl,8

and [LutH][OTf] reacts with 1 to give 3 in ether (Figure S28).

■ CONCLUSIONS

In this report, we have demonstrated that the product of
adding acid to 1 depends dramatically on the acid and anion of
that acid. Full protonolysis, pincer ligand protonation, and
hydrogen bonding have all been observed with complex 1,
depending on the characteristics of the proton source, but the
protonation of neither tert-butoxide nor nitride (with a
catalytically relevant acid) is observed. Interestingly, the results
here are guided by steric factors of the acids, not only pKa
values. While we are a long way from our goal of understanding
how catalytic dinitrogen reduction with 1 is accomplished, we
have shown that the protonation of nitride cannot be taken for
granted and that hydrogen bonding even to a nitride must be
considered among the plausible phenomena in a catalytic cycle
for dinitrogen reduction by 1.

■ EXPERIMENTAL SECTION
All air- and moisture-sensitive materials were manipulated under a
nitrogen atmosphere in a Vacuum Atmospheres glovebox or on a
dual-manifold Schlenk line. All glassware was oven- or flame-dried
prior to use. Benzene, tetrahydrofuran (THF), diethyl ether, n-hexane,
and toluene were degassed, passed through activated alumina
columns, and stored over 4 Å Linde-type molecular sieves prior to
use. Pentane was washed with H2SO4, followed by water and
saturated aqueous NaHCO3, and dried over CaCl2 pellets for at least
2 weeks prior to use in the solvent purification system. Deuterated
solvents were dried over 4 Å Linde-type molecular sieves prior to use.
[2,6-(ArNHCH2)2NC5H3] (Ar = 2,6-diisopropylphenyl),17

{Ph2NH2}{OTf},3b 1,8 and [Ar2N3]Mo(N)Cl8 were prepared
according to literature procedures. NMR spectra were measured on
Varian spectrometers. Chemical shifts for 1H and 13C NMR spectra
are reported as parts per million relative to tetramethylsilane and
referenced to the residual 1H or 13C resonances of the deuterated
solvent (1H, benzene δ 7.16, methylene chloride δ 5.32; 13C, benzene
δ 128.06, methylene chloride δ 53.84). 19F{1H} NMR (470 MHz)
spectra were recorded in a proton-decoupled mode and referenced to
external standard CFCl3. Fourier transform infared spectra were
recorded on a Bruker Alpha II equipped with a Platinum ATR single
reflection diamond ATR module. UV/vis spectra were measured on
an Agilent 8453 UV/vis spectroscopy system. Elemental analysis was
conducted by Atlantic Microlab, Inc.

[HAr2N3]Mo(N)(OAd)2 (2a). Compound 1 (52 mg, 0.081 mmol)
and HOAd (25 mg, 0.163 mmol) were dissolved in CD2Cl2 and
heated at 90 °C for 2 h. After conversion was observed by 1H NMR,
the solvents were removed in vacuo, giving 2a as an off-white powder
(56 mg, 96% yield). 1H NMR (CD2Cl2, 300 MHz): δ 7.60 (t, J = 8
Hz, 1H, py−H), 7.25 (mult, 4H, Ar−H), 7.00 (mult, 4H, Ar−H),
4.77 (s, 2H, CH2), 4.50 (dd, J = 20 Hz, J = 8 Hz, 2H, CH2), 4.06 (t, J
= 8 Hz, NH), 3.42 (sept, J = 7 Hz, 2H, i-Pr−CH), 3.19 (sept, J = 7
Hz, 2H, i-Pr−CH), 2.13 (s, 3H, Ad−H), 1.80 (mult, 6H, Ad−H),
1.70 (s, 6H, Ad−H), 1.60 (s, 6H, Ad−H), 1.45 (s, 18H, t-Bu), 1.34
(d, J = 7 Hz, 6H, i-Pr−CH3), 1.22 (d, J = 7 Hz, 6H, i-Pr−CH3), 1.09
(d, J = 7 Hz, 12H, i-Pr−CH3), 0.88 (t, J = 7 Hz, 3H, Ad−H). 13C{1H}
NMR (100 MHz, CD2Cl2, 25 °C): δ 161.0, 159.2, 158.3, 143.4, 143.0,
142.9, 137.7, 126.1, 124.4, 124.0, 123.7, 121.3, 118.8, 77.9, 67.2, 55.4,
46.0, 45.8, 36.7, 36.5, 31.9, 31.3, 28.0, 27.7, 26.3, 25.4, 24.5, 22.8.
Several attempted elemental analyses of 2a were not consistent and
failed, although 2b (below) did analyze readily. The cause of the
problem with 2a has not been determined.

[HAr2N3]Mo(N)(O-t-Bu)2 (2b). 2,6-[ArHNCH2]2NC5H3 (100
mg, 0.22 mmol) was dissolved in diethyl ether (5 mL), and the
solution was chilled to −35 °C. Li-n-Bu (136 μL, 1.6 M in hexane,
0.22 mmol) was added in one portion, while the reaction mixture was
kept cold. The solution turned yellow, and Mo(N)(O-t-Bu)3 (72 mg,
0.22 mmol) was added as a solid. The resulting solution was stirred
for 1 h to give a pale-purple solution. The volatiles were removed in
vacuo, the dry solid was dissolved in pentane (∼2 mL), and
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crystallization was carried out at −35 °C. The mother liquor was
decanted, and the crystals were exposed to vacuum to give 2b (90 mg,
58% yield). 1H NMR (CD2Cl2, 500 MHz): δ 7.60 (t, J = 8 Hz, 1H,
py−H), 7.22 (s, 2H, Ar−H), 7.16 (d, J = 8 Hz, 1H, py−H), 7.03 (s,
2H, Ar−H), 4.77 (s, 2H, CH2), 4.48 (d, J = 8 Hz, 2H, CH2), 4.06 (t, J
= 8 Hz, 1H, NH), 3.43 (sept, J = 7 Hz, 2H, i-Pr−CH), 3.20 (sept, J =
8 Hz, 2H, i-Pr−CH), 1.45 (s, 18H, t-Bu), 1.34 (d, J = 7 Hz, 6H, i-Pr−
CH3), 1.22 (d, J = 7 Hz, 6H, i-Pr−CH3), 1.09 (d, J = 7 Hz, 12H, i-
Pr−CH3).

13C{1H} NMR (100 MHz, CD2Cl2, 25 °C): δ 160.8, 159.2,
158.4, 143.3, 142.8, 137.7, 126.1, 124.4, 124.0, 123.8, 121.4, 119.0,
79.2, 67.3, 55.4, 35.5, 31.8, 27.9, 27.7, 26.2, 25.4, 24.5. Anal. Calcd for
C39H60MoN4O2: C, 65.71; H, 8.48; N, 7.86. Found: C, 65.63; H,
8.51; N, 7.81.
{[HAr2N3]Mo(N)(O-t-Bu)}{OTf} (3). Compound 1 (90 mg, 0.14

mmol) was dissolved in diethyl ether. [H2NPh2][OTf] (45 mg, 0.14
mmol) was added as a solid over the course of 1 min. The mixture
was stirred until a yellow precipitate was observed. The precipitate
was recovered on a filter, giving 3 as an orange powder (67 mg, 60%
yield). Crystals suitable for X-ray diffraction were grown from a
saturated THF solution layered with pentane and left overnight at
room temperature. 1H NMR (CD2Cl2, 500 MHz): δ 8.11 (t, J = 8 Hz,
1H, py−H), 7.52 (d, J = 8 Hz, 1H, py−H), 7.47 (d, J = 8 Hz, 1H, py−
H), 7.29 (d, J = 8 Hz, 1H, Ar−H), 7.26 (d, J = 8 Hz, 2H, Ar−H), 7.20
(d, J = 8 Hz, 2H, Ar−H), 7.09 (d, J = 8 Hz, 1H, Ar−H), 6.90 (broad
d, J = 10 Hz, 1H, NH), 6.85 (d, J = 20 Hz, 1H, CH2), 5.29 (dd, J =
16.2 Hz, J = 4 Hz, 1H, CH2), 4.78 (d, J = 20 Hz, 1H, CH2), 4.59 (dd,
J = 16.2 Hz, J = 4 Hz, 1H, CH2), 3.92 (sept, J = 7 Hz, 1H, i-Pr−CH,
3.55 (sept, J = 7 Hz, 1H, i-Pr−CH), 3.41 (sept, J = 7 Hz, 1H, i-Pr−
CH), 3.14 (sept, J = 7 Hz, 1H, i-Pr−CH), 1.37 (d, J = 7 Hz, 3H, i-Pr−
CH3), 1.26 (d, J = 7 Hz, 3H, i-Pr−CH3), 1.24 (d, J = 7 Hz, 3H, i-Pr−
CH3), 1.17 (d, J = 7 Hz, 3H, i-Pr−CH3), 1.14 (d, J = 7 Hz, 3H, i-Pr−
CH3), 1.10 (d, J = 7 Hz, 3H, i-Pr−CH3), 1.07 (d, J = 7 Hz, 3H, i-Pr−
CH3), 1.02 (d, J = 7 Hz, 3H, i-Pr−CH3), 1.00 (s, 9H, t-Bu). 13C{1H}
NMR (CD2Cl2, 125 MHz, 25 °C): δ 170.2, 158.5, 155.0, 144.4, 143.2,
143.1, 142.1, 141.1, 139.0, 129.2, 128.0, 127.0, 126.9, 125.7, 124.3,
122.4, 120.7, 119.5, 117.5, 110.0, 82.2, 71.1, 61.1, 30.3, 28.8, 28.3,
27.6, 27.3, 26.7, 25.3, 25.0, 23.4, 23.0, 22.2, 22.1. 19F{1H} NMR
(CD2Cl2, 470 MHz, 25 °C): δ −77.3. Anal. Calcd for
C38H53F3MoN4O4SCl2 (3·CH2Cl2): C, 50.86; H, 6.11; N, 6.41.
Found: C, 51.15; H, 6.19; N, 6.40. One molecule of CH2Cl2 is present
in crystals grown from CH2Cl2/pentane for microanalysis and
observed by 1H NMR spectroscopy in CD3CN.
{[Ar2N3]Mo(N)(O-t-Bu)(HLut)}{BArF4} (4a). Compound 1 (77

mg, 0.12 mmol) was stirred in CH2Cl2 (2 mL), and [LutH][BArF4]
(117 mg, 0.12 mmol) was added as a solid over the course of 1 min.
The yellow solution was stirred for 10 min, then layered with pentane,
and stored at −35 °C until pale crystals formed. The mother liquor
was decanted and the remaining off-white material dried under
vacuum, giving 4a (148 mg, 76% yield). Crystals suitable for X-ray
diffraction were grown from an ether solution of 4a layered with
pentane and stored at −35 °C overnight. 1H NMR (CD2Cl2, 500
MHz): δ 13.07 (broad s, 1H, Lut−NH), 8.04 (t, J = 8 Hz, 1H, py−
H), 7.81 (t, J = 8 Hz, 1H, Lut−H), 7.71 (s, 8H, BArF4 o-H), 7.54 (s,
4H, BArF4 p-H), 7.50 (d, J = 8 Hz, 2H, py−H), 7.18 (mult, 6H, Ar−
H), 5.48 (d, J = 20 Hz, 2H, CH2), 4.75 (d, J = 20 Hz, 2H, CH2), 3.73
(sept, J = 7 Hz, 2H, i-Pr−CH), 2.91 (sept, J = 7 Hz, 2H, i-Pr−CH),
1.94 (s, 6H, Lut−CH3), 1.36 (s, 9H, t-Bu), 1.28 (d, J = 7 Hz, 6H, i-
Pr−CH3), 1.24 (d, J = 7 Hz, 6H, i-Pr−CH3), 0.98 (d, J = 7 Hz, 6H, i-
Pr−CH3), 0.94 (d, J = 7 Hz, 6H, i-Pr−CH3).

13C{1H} NMR (125
MHz, CD2Cl2, 25 °C): δ 162.3, 159.1, 154.9, 144.1, 142.8, 141.0,
135.2, 129.4, 126.7, 126.1, 124.9, 124.3, 123.9, 118.6, 117.9, 110.4,
82.0, 70.3, 32.3, 28.6, 27.6, 26.2, 25.2, 24.7, 19.6. 19F{1H} NMR
(CD2Cl2, 470 MHz, 25 °C): δ −62.9. Anal. Calcd for
C74H72BF24MoN5O: C, 55.20; H, 4.51; N, 4.35. Found: C, 54.74;
H, 4.37; N, 4.26.
{[Ar2N3]Mo(N)(O-t-Bu)(H-2pic)}{BArF4} (4b). Compound 1 (50

mg, 0.08 mmol) was stirred in CH2Cl2 (2 mL), and [2picH][BArF4]
(75 mg, 0.08 mmol) was added slowly as a solid. The yellow solution
was stirred for 10 min, layered with pentane, and stored at −35 °C
until pale crystals formed. The mother liquor was decanted and the

remaining off-white material dried under vacuum, giving 4b (90 mg,
70% yield). 1H NMR (CD2Cl2, 500 MHz): δ 13.04 (broad s, 1H,
2pic−NH), 8.10 (t, J = 8 Hz, 1H, py−H), 7.87 (t, J = 8 Hz, 1H, 2pic−
H), 7.72 (s, 8H, BArF4 o-H), 7.55 (s, 4H, BArF4 p-H), 7.25 (mult,
10H, Ar−H), 5.52 (d, J = 20 Hz, 2H, CH2), 4.87 (d, J = 20 Hz, 2H,
CH2), 3.85 (sept, J = 7 Hz, 2H, i-Pr−CH), 2.65 (sept, J = 7 Hz, 2H, i-
Pr−CH), 1.83 (s, 3H, 2pic−CH3), 1.38 (d, J = 7 Hz, 6H, i-Pr−CH3),
1.31 (s, 9H, t-Bu), 1.27 (d, J = 7 Hz, 6H, i-Pr−CH3), 1.10 (d, J = 7
Hz, 6H, i-Pr−CH3), 0.86 (d, J = 7 Hz, 6H, i-Pr−CH3).

13C{1H}
NMR (100 MHz, CD2Cl2): δ 163.0, 162.5, 162.0, 161.5, 159.5, 159.0,
145.3, 144.0, 142.7, 141.9, 141.5, 135.3, 129.5, 129.2, 127.2, 126.8,
126.8, 126.4, 124.9, 124.8, 123.8, 123.7, 119.1, 118.0, 70.1, 32.7, 31.6,
30.7, 28.6, 27.8, 26.05, 25.1, 24.6. Multiple attempts to analyze 4b
have failed.

UV/Vis Studies. A total of 1.5 mL of a 0.2 mM stock solution of 1
in CH2Cl2 was added to a cuvette. A volume of a 1 mM stock solution
of [HLut][BArF4] in CH2Cl2 was added based on the desired
equivalents. The total volume was brought to 3 mL in the cuvette
using CH2Cl2. Measurements were recorded within the time of mixing
and delivering of the cuvette to the spectrometer. The plot of [HLut+]
concentration versus ΔAbs was fit to a binding equation with
refinement of [1], Keq, and a scaling factor. See the SI for full details.

Electron Paramagnetic Resonance (EPR) Studies. In response
to a reviewer’s comment concerning the possibility of paramagnetic
impurities in samples that failed elemental analyses, several reactions
were explored through EPR studies of the reaction mixtures. 1 (3 mg,
0.005 mmol) was dissolved in 10 mL of 2-methyltetrahydrofuran (460
μM solution). The acid (1.5 mg of [Ph2NH2][OTf], 1.5 mg of
HOAd, 4.5 mg of ([HLut][BArF4], and 4.5 mg of [H-2pic][BArF4])
was added to the solution, and an aliquot (0.4 mL) of the total
solution was transferred to an EPR tube. X-band EPR measurements
(9.3684 GHz, 0.6325 mW power, 25 dB attenuation) were conducted
at 10 K. Virtually no signals were found that could be ascribed to
molybdenum(V). The reactions examined include 1 + [Ph2NH2]-
[OTf], 1 + 2HOAd, 1 + [HLut][BArF4], and 1 + [H-2pic][BArF4].
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