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ABSTRACT: Four new bis(tert-butylimido)bis(N,O-chelate)-
tungsten(VI) complexes (3−6), in which the N,O-chelate is an
amidate or pyridonate ligand, have been synthesized and
characterized. Computational analysis has been used to calculate
the relative energies of different stereoisomers and shown how
the steric demand of each ligand influences coordination and
bonding modes. The electronically saturated complexes have
been employed to evaluate 1,3-N,O-chelated metal−ligand
interactions. Complexes 3−6 were treated with electrophilic reagents, which resulted in strikingly different reactivity patterns
between the amidate and the pyridonate ligated complexes. The observed reactivity differences are accompanied by direct
observation of different trends in the hemilability of these two different classes of 1,3-N,O-chelates.

■ INTRODUCTION

The term hemilabile ligands was coined in 1979 when Jeffrey
and Rauchfuss reported the metal−ligand interactions of (2-
methoxyphenyl)diphenylphosphine coordinated to ruthenium.1

A hemilabile ligand is a chelated ligand that readily dissociates
an atom of the chelate from the metal center, leaving another
part of the chelate still bound to the metal center. This ligand
can then reveal a coordination site at the metal center, allowing
a substrate to bind for subsequent reactivity, sensing, or
stabilization.2 We have shown that 1,3-N,O-chelating ligands,
such as amidate, pyridonate, ureate, phosphoramidate, and
sulfonamidate ligands, can adopt different bonding modes and
participate in E−H (where E = B, C, N, and O) bond
activations.3−5 1,3-N,O-Chelate hemilability is described as a
change in bonding mode between κ2-N,O and/or μ2-N,O to
either κ1-N or κ1-O (Figure 1).

These 1,3-N,O-chelating ligands (i.e., amidate and pyrido-
nate) are unique from the traditional hemilabile ligands first
described by Jeffery and Rauchfuss in that they do not have a
strictly inert donor (P) and a labile donor (O); rather, both the
N and the O of the 1,3-N,O-chelate can act as either inert or
labile donors (i.e., κ1-N or κ1-O can be accessed).1 Solid-state
molecular structures in which the 1,3-N,O-chelate adopts κ2-
N,O, κ1-O, κ1-N, and μ2-N,O bonding modes have been

observed across the periodic table;6 however, the rapid changes
in bonding modes make it difficult to observe different
coordination environments in solution by NMR spectroscopy.
To date, only a few experimental studies have reported the
observation of discrete amidate or pyridonate hemilabile
coordination environments in solution.7−11

These 1,3-N,O-chelating ligands can support high-valent
early transition metals which are competent catalysts for
hydroamination (HA)12−20 and hydroaminoalkylation
(HAA)21−26 reactions. These hydrofunctionalization reactions,
hydroamination (a C−N bond forming reaction),27,28 and
hydroaminoalkylation (a C−C bond forming reaction),29 are
catalytic transformations targeting improved atom economy
and efficiency in the synthesis of amine-containing fine
chemicals.30 For example, an amidate-supported titanium
catalyst is capable of realizing anti-Markovnikov hydro-
amination of terminal alkynes with primary amines with a
broad range of substrates.16,31−33 The observed exquisite
regioselectivity is proposed to be due to the hemilability of
the amidate ligand.34 In another example we have taken
advantage of the difference between the hemilability of
amidates vs pyridonates to develop catalyst-controlled chemo-
selectivity of intramolecular hydroaminoalkylation with primary
aminoalkene substrates (e.g., L1, Scheme 1) over intramolecular
hydroamination (e.g., L2, Scheme 1).35 Thus, the variable
hemilability of these two classes of 1,3-N,O-chelating ligands
supports divergent catalytic pathways by allowing access to
multiple bonding and coordination modes. Consequently, we
proposed that pyridonate ligands are more hemilabile than
amidate ligands and thus are more prone to forming dynamic
systems with a diverse array of bonding modes under catalytic
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Figure 1. Observed binding modes of 1,3-N,O-chelated ligands, which
highlight ligand hemilability.
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reaction conditions.11,35−37 These differences between pyrido-
nate and amidate ligands have been proposed to stem from
steric features, which in turn impact the hemilability of the
ligand.34,38 Thus, by understanding the trends in ligand
hemilability, this feature can be incorporated as a ligand design
element for promoting improved or new reactivity.
In the aforementioned systems the 1,3-N,O-chelating ligands

are auxiliary ligands used to modify the reactivity at the metal
center. In this work, we sought a system where the N,O-chelates
would be more reactive than the other ligands on the metal in
order to observe structure and reactivity effects of different 1,3-
N,O-chelating ligands. This approach would allow us to observe
effects of temperature, coordination of additional donors, and
proton shuttling on 1,3-N,O-chelated complexes. To this end,
the bis(tert-butylimido)X2tungsten(VI) framework (where X is
a monoanionic ligand) is an ideal system for such investigations
because (1) the covalent radii of titanium and tungsten are
nearly identical,39,40 (2) the bis(tert-butylimido)tungsten
system has nitrogen-donating atoms that have significant M−
N π bonding, similar to the bis(dimethylamido)bis(N,O-
chelate)titanium(IV) complexes used in the aforementioned
catalytic reactions, (3) the bis(tert-butylimido)bis(N,O-chelate)
tungsten framework, with its pseudo-octahedral geometry, will
mimic the geometric environment of the bis(dimethylamido)-
bis(N,O-chelate)titanium(IV) complexes, and (4) simple
protonolysis routes from suitable tungsten(VI) precursors
have been devised.41 Although the absolute metal−ligand
interactions of new N,O-chelated tungsten complexes will be
different from the known N,O-chelated titanium systems (i.e.,
quantitative equilibrium constants of a hemilabile N,O-chelate
exchanging from κ2-N,O to κ1-O), the similarities between the
two systems would allow for observation of relative trends in
N,O-chelates on high-valent early transition metal complexes.
To date, there have been only a handful of monomeric 1,3-

N,O-chelated tungsten complexes reported.41−46 Two bis-
(imido)bis(N,O-chelate)tungsten complexes have been re-
ported previously; however, neither was structurally charac-
terized nor were their reactivities reported.41,46 Here a series of
bis(tert-butylimido)bis(N,O-chelate)tungsten(VI) complexes
(Scheme 2) allows for systematic investigations of steric and
electronic effects on the hemilability of various 1,3-N,O-
chelated ligands.
We report herein the synthesis, characterization, and

reactivity investigations of a series of new bis(tert-butylimido)-
bis(N,O-chelate)tungsten(VI) complexes. Computational in-

vestigations and reactivity studies of bis(tert-butylimido)bis-
(N,O-chelate)tungsten complexes illustrate the enhanced
hemilability of pyridonate ligands in comparison to amidates.
Furthermore, the steric demand of each unique ligand also
imparts a variable degree of hemilabile character and influences
coordination and bonding modes. These insights correlate to
reported reactivity trends in established 1,3-N,O-chelated
hydroamination and hydroaminoalkylation catalytic systems.
Finally, predictive guidance for selecting preferred ligands in the
development of improved catalysts or new reactivity is
provided.

■ EXPERIMENTAL SECTION
All reactions were conducted under an inert atmosphere of nitrogen,
inside a glovebox, or using standard Schlenk techniques unless
otherwise noted. All chemicals were purchased from commercial
sources and used as received unless otherwise noted. Bis(tert-
butylamido)bis(tert-butylimido)tungsten(VI) was prepared according
to the published procedure.47 Trimethylsilyl chloride was distilled
under nitrogen and stored in a Teflon-sealed Schlenk tube. Amide
proligands 5L and 6L were synthesized from commercially available
acid chlorides and primary amines by published procedures.16

Proligands were sublimed or dried under high vacuum overnight. All
solvents (excluding deuterated solvents) were passed through an
activated alumina tower. Benzene-d6 and toluene-d8 were dried over
sodium metal and distilled. NMR spectra were obtained on a Bruker
Avance 300 spectrometer, a Bruker Avance 400inv spectrometer, or a
Bruker Avance 400dir spectrometer. EI mass spectra were acquired on
a Kratos MS-50 spectrometer. Elemental analyses were collected on a
Carlo Erba Elemental Analyzer EA 1108 instrument. GC/MS were
conducted on an Agilent 7890A GC equipped with a 5975C inert XL
EI/CI mass detector which is operated in positive CI mode with
methane as the reagent gas.

Lutidinium Hydrochloride. 2,6-Dimethylpyridine (1.422 g,
0.01327 mol) was dissolved in 5 mL of hexanes in a 25 mL RBF,
open to air. A dropwise addition of 5 mL of a 4 M HCl in a diethyl
ether solution was added to the solution of 2,6-dimethylpyridine at 0
°C while stirring. A white solid immediately formed upon addition of
the HCl solution. The white solid was isolated by filtration and washed
twice with 10 mL of Et2O. The lutidinium hydrochloride was dried
under vacuum overnight and then sublimed. The resulting solid was a
colorless solid. Yield: 1.773 g, 93%. 1H NMR (DMSO-d6, 300 MHz):
δ = 8.33 (t, J = 7.9 Hz, 1 H), 7.70 (d, J = 7.9 Hz, 2 H), 2.75 ppm (s, 6
H).

Bis(tert-butylimido)bis((κ2-N,O)6-methyl-2-pyridonate)tungsten-
(VI) (3). Complex 1 (0.4710 g, 1.001 mmol) was dissolved in 6 mL of
toluene and then added to a vial charged with 6-methyl-2-pyridone
(0.2190 g, 2.007 mmol) and a stir bar. The mixture was capped and
stirred for 2 h, resulting in a translucent yellow solution. The volatiles
were then removed under vacuum, and the resulting yellow semisolid
was dissolved in 7.5 mL of hexanes and filtered through a 1 cm bed of
Celite. The volatiles were again removed under vacuum to yield a
yellow semisolid. The semisolid was dissolved in hexanes, shaken, and
then dried under vacuum, again yielding a yellow semisolid. The

Scheme 1. Hydrofunctionalization of Aa

aDepending upon the 1,3-N,O-chelate employed the hydroaminoalky-
lation (HAA) or hydroamination (HA) product can be preferentially
accessed. This change in product distribution has been proposed to be
rationalized by ligand hemilability.35,36

Scheme 2. Synthesis of 1,3-N,O-Chelated Tungsten
Complexes via Protonolysis Reactions (top) and
Corresponding Proligands (bottom)
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yellow semisolid turned to a crystalline solid after days in a capped vial
at room temperature. Yield: 0.5170 g, 95%. 1H NMR (400 MHz,
benzene-d6) δ = 6.91 (dd, J = 7.3, 8.3 Hz, 2 H), 6.26 (d, J = 8.3 Hz, 2
H), 6.01 (d, J = 7.3 Hz, 2 H), 2.11 (s, 6 H), 1.48 (s, 18 H); 13C NMR
(75 MHz, benzene-d6) δ = 172.1, 153.3, 140.7, 113.2, 107.3, 67.0, 33.2,
21.8; MS(EI) m/z 542 ([M]+), m/z 527 ([M − Me]+), m/z 471 ([M
− NtBu]+), m/z 414 ([M − NtBu − tBu ]+). Anal. Calcd for
WO2N4C20H30: N, 10.33; C, 44.29; H, 5.58. Found: N, 9.97; C, 44.53;
H, 5.66.
Bis(tert-butylimido)bis((κ2-N,O)3-methyl-2-pyridonate)tungsten-

(VI) (4). Complex 1 (0.2357 g, 0.5011 mmol) was dissolved in 3 mL of
toluene and then added to a vial charged with 3-methyl-2-pyridone
(0.1110 g, 1.017 mmol) and a stir bar. The mixture was capped and
stirred for 2 h, resulting in a translucent yellow solution. The volatiles
were then removed under vacuum, and the resulting yellow semisolid
was dissolved in 4 mL of hexanes and filtered through a bed of Celite.
The volatiles were again removed under vacuum to yield a yellow
semisolid, which was recrystallized from minimal warm hexanes at −35
°C overnight and afforded a bright yellow powder. The mother liquor
was decanted, and the solids were dried under vacuum. Yield: 0.2065
g, 76%. 1H NMR (300 MHz, benzene-d6) δ = 7.62 (d, J = 5.6 Hz, 2
H), 6.82 (d, J = 7.0 Hz, 2 H), 6.06 (dd, J = 5.6, 7.0 Hz, 2 H), 1.94 (s, 6
H), 1.44 (s, 18 H); 13C NMR (75 MHz, benzene-d6) δ = 172.9, 141.6,
140.0, 123.0, 112.0, 67.2, 33.2, 15.1; MS(EI) m/z 542 ([M]+), m/z
527 ([M − Me]+), m/z 471 ([M − NtBu]+), m/z 414 ([M − NtBu −
tBu ]+). Anal. Calcd for WO2N4C20H30: N, 10.33; C, 44.29; H, 5.58.
Found: N, 10.31; C, 44.60; H, 5.43.
Bis(tert-butylimido)bis((κ2-N,O)N-phenylpivalamidate)tungsten-

(VI) (5). Complex 1 (0.2014 g, 0.4282 mmol) was dissolved in 4 mL of
toluene and then added to a vial charged with N-phenylpivalamide
(0.1473 g, 0.8310 mmol) and a stir bar. The resulting mixture was
capped and stirred for 2 h, resulting in a translucent yellow solution.
The volatiles were then removed under vacuum to give a pale yellow
crystalline solid. The solids were recrystallized from minimal warm
hexanes at ambient temperature overnight. Large yellow prisms
formed, the mother liquor was decanted, and a second batch of crystals
formed after the mother liquor was stored in a −35 °C freezer
overnight to yield smaller yellow prisms. The yellow crystals were
dried under vacuum. Yield: 0.2257 g, 80%. 1H NMR (400 MHz,
benzene-d6): δ = 7.26 (d, J = 6.1 Hz, 4 H), 7.05 (apparent t, J = 7.5
Hz, 4 H), 6.88 (t, J = 7.5 Hz, 2 H), 1.16 (br. s, 18 H), 1.15 ppm (br. s,
18 H); 13C NMR (101 MHz, benzene-d6) δ = 188.6, 149.4, 128.8,
127.9, 125.8, 66.5, 42.5, 32.7, 28.6; MS(EI) m/z 678 ([M −Me]+), m/
z 663 ([M −Me]+). Anal. Calcd for WO2N4C30H36: N, 8.25; C, 53.10;
H, 6.83. Found: N, 7.97; C, 53.27; H, 6.69.
Bis(tert-butylimido)bis((κ2-N,O)N-(2,6-diisopropylphenyl)-

benzamidate)tungsten(VI) (6). Complex 1 (0.2348 g, 0.4992 mmol)
was dissolved in 4.5 mL of toluene and then added to a vial charged
with N-(2,6-diisopropylphenyl)benzamide (0.2846 g, 1.011 mmol)
and a stir bar. The mixture was capped and stirred for 2 h, resulting in
a translucent yellow solution. The volatiles were then removed under
vacuum, producing a yellow crystalline solid. The crystalline solids
were dissolved in 10 mL hexanes and filtered through a plug of Celite.
The volatiles were removed, leaving analytically pure yellow crystalline
solids. Yield: 0.3799 g, 86%. 1H NMR (300 MHz, benzene-d6) δ =
7.76 (dd, J = 1.5, 8.3 Hz, 4 H), 7.29−7.18 (m, 6 H), 6.94−6.79 (m, 6
H), 4.19 (spt, J = 6.9 Hz, 2 H), 3.90 (spt, J = 6.9 Hz, 2 H), 1.74 (d, J =
6.9 Hz, 6 H), 1.44 (d, J = 6.9 Hz, 6 H), 1.20 (s, 18 H), 1.15 (d, J = 6.9
Hz, 6 H), 0.96 (d, J = 6.9 Hz, 6 H); 13C NMR (75 MHz, benzene-d6)
δ = 178.5, 145.0, 144.0, 143.7, 134.1, 132.1, 130.4, 127.7, 125.4, 124.0,
67.6, 32.7, 28.5, 28.4, 26.5, 25.4, 24.0, 23.3; MS(EI) m/z 886 ([M]+),
m/z 871 ([M − Me]+.Anal. Calcd for WO2N4C20H30: N, 6.32; C,
62.30; H, 7.05. Found: N, 6.72; C, 62.67; H, 7.14.
(tert-Butylamido)(tert-butylimido)bis((κ1-O)6-methyl-2-

pyridonate)((κ2-N,O)6-methyl-2-pyridonate)tungsten(VI) (7). Solid
complex 7 was precipitated from an equilibrium mixture of pyridonate
complex 3 (0.0500 g, 0.09713 mmol) and proligand 3L (0.0106 g,
0.09220 mmol) in hexanes at −35 °C. The mother liquor was
decanted, and the solids were dried under reduced pressure. 1H NMR
(300 MHz, benzene-d6): δ = 6.93 (dd, J = 7.4, 8.2 Hz, 2 H), 6.79 (dd, J

= 6.9, 9.1 Hz, 1 H), 6.38 (d, J = 9.1 Hz, 1 H), 6.28 (d, J = 8.2 Hz, 2 H),
6.03 (d, J = 7.4 Hz, 2 H), 5.47 (d, J = 6.9 Hz, 1 H), 2.14 (s, 6 H), 2.00
(s, 3 H), 1.47 (s, 18 H); 13C NMR (75 MHz, benzene-d6): δ = 172.0,
167.2, 153.5, 147.5, 141.5, 140.6, 116.6, 113.3, 107.5, 106.3, 66.7, 33.1,
22.0, 19.5; MS(EI) m/z 579 [M − HNtBu]+, m/z 523 [M − HNtBu,
−C3H8]

+. Anal. Calcd for WO3N5C26H37: N, 10.75; C, 47.94; H, 5.72.
Found: N, 10.64; C, 48.03; H, 5.69.

(tert-Butylamido)(tert-butylimido)tris(3-methyl-2-pyridonate)-
tungsten(VI) (8). Precipitation of white and yellow solids from an
equilibrium mixture of pyridonate complex 4 and proligand 4L does
not produce a single isolable product. EIMS conducted on the
precipitated solids showed fragments corresponding to complex 4 and
a (tert-butylimido)tris(3-methyl-2-pyridonate)tungsten(VI) fragment.
The 1H NMR solution-phase spectrum suggested fluxional species,
which was confirmed by variable-temperature 1H NMR spectroscopy
experiments. 1H NMR 25 °C (400 MHz, toluene-d8) δ = 8.43 (br s),
8.06 (br s), 7.79 (d, J = 4.9 Hz), 7.76 (d, J = 4.9 Hz), 7.40 (d, J = 4.4
Hz), 6.87 (d, J = 7.3 Hz), 6.33−6.25 (m), 6.15 (dd, J = 5.4, 6.8 Hz),
6.02 (t, J = 6.1 Hz), 2.56 (br s), 1.99 (br s), 1.97 (s), 1.93 (s), 1.41 (s),
1.02 (s), 0.99 (s); MS(EI) m/z 579 [M − HNtBu]+, m/z 523 [M −
HNtBu, −C3H8]

+

Bis(tert-butylimido)chloro((κ2-N,O)N-(phenyl)pivalamidate)-
tungsten(VI) (9) and (tert-butylamido)(tert-butylimido)dichloro(N-
phenylpivalamidate)tungsten(VI) (10). Complex 5 (0.0509 g, 0.0750
mmol) was dissolved in 2 mL of toluene and added to a vial containing
a suspension of lutidinium hydrochloride (0.0114 g, 0.0794 mmol) in
2 mL of toluene in a glovebox. The yellow mixture was then stirred at
ambient temperature for 4 h. The volatiles were removed to yield pale
yellow solids. Hexanes (1.5 mL) was used to form a suspension of the
crude solids, which was filtered through a 2 cm plug of Celite, and the
volatiles were removed under vacuum. The filtration was conducted
again using 1.5 mL of hexanes and again filtering through a 2 cm plug
of Celite, and the volatiles were removed under vacuum. The solids
were dissolved in warm hexanes and recrystallized at room
temperature, colorless crystals formed overnight, the mother liquor
was decanted, and the crystals were dried under vacuum. This first
batch of crystalline material yielded small amounts (less than 0.01 g)
of predominately complex 10, contaminated with complex 9 and
proligand 5L. The mother liquor was decanted, concentrated, and then
left to recrystallize again for 2 days, yielding colorless crystalline rods
which were found to be complex 9 (0.0096 g) contaminated with
proligand 5L and small amounts of complex 10. The mother liquor
was decanted, and the crystals were dried in vacuum. Analytically pure
material of complex 9 or 10 could not be obtained. 1H NMR spectra
of the recrystallized complexes 9 and 10 are shown in the Supporting
Information (Figures S29 and S30, respectively). Spectroscopic
assignments for complex 9: 1H NMR (300 MHz, benzene-d6): δ =
7.08−6.95 (m, 4 H), 6.83 (tt, J = 2.1, 7.2 Hz, 1 H), 1.27 (s, 18 H), 0.91
(s, 9 H); MS(EI) m/z 537 [M]+, m/z 522 [M − Me]+. Spectroscopic
assignments for complex 10: 1H NMR (300 MHz, benzene-d6) δ ppm
1.02 (s, 9 H) 1.09 (s, 9 H) 1.16 (s, 9 H) 6.92 (tt, J = 7.4, 1.3 Hz, 1 H)
7.06−7.13 (m, 2 H) 7.59−7.65 (m, 2 H) 9.87 (br s, 1 H)

(tert-Butylimido)(chloro)bis((κ1-O)6-methyl-2-pyridonate)((κ2-
N,O)6-methyl-2-pyridonate)tungsten (11). Complex 3 (0.0360 g,
0.06638 mmol) was dissolved in 3 mL of toluene and added to a vial
containing solid lutidinium hydrochloride (0.0093 g, 0.06476 mmol)
in a glovebox. The mixture was stirred at ambient temperature for 4 h;
then 3 mL of hexanes was added and the stirring was halted. Off-white
solids precipitated, and the mother liquor was decanted. The solids
were washed with 2 mL of hexanes twice, and then the solids were
dried under vacuum. Yield: 0.0087 g. Analytically pure material of
complex 11 could not be obtained. The 1H NMR spectrum of the
recrystallized complex 11 is shown in the Supporting Information
(Figure S31). 1H NMR (300 MHz, benzene-d6) δ = 6.99 (t, J = 7.9
Hz, 3 H), 6.59−6.09 (m, 6 H), 2.54 (s, 9 H), 1.09 (s, 9 H); MS(EI)
m/z 579 [M − Cl]+, m/z 506 [M − ONC6H6]

+, m/z 472 [M −
ONC6H6, −Cl]H+, m/z 450 [M − ONC6H6, −C3H8]

+, m/z 414 [M −
ONC6H6, −Cl, −C3H8]

+.
Bis(tert-butylimido)chloro((κ2-N,O)6-methyl-2-pyridonate)tung-

sten (12). Complex 3 (0.0637 g, 0.118 mmol) was dissolved in 1.5 mL
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of toluene and added to a Teflon sealable reaction flask that was
charged with a stir bar. The reaction vessel was then taken out of the
glovebox, and 1.2 mL of 0.15 M TMSCl (0.020 g, 0.18 mmol) in
toluene was added via syringe to the reaction flask on a Schlenk line.
The reaction flask was put in a 60 °C oil bath. The mixture was stirred
for 20 h, during which the color changed from a yellow solution to an
orange color. The reaction was then removed from the oil bath and
allowed to cool to room temperature. The volatiles were then removed
under vacuum, affording a red solid. The reaction flask was taken back
into the glovebox, and the solids were extracted with hexanes (4−5
mL) and filtered through the a Celite plug; then the volatiles were
removed. The solids were recrystallized from warm hexanes at room
temperature overnight, producing colorless crystalline solids. The
mother liquor was decanted, and the solids were washed with cold
hexanes and then dried under vacuum. Yield: 0.0157 g. Analytically
pure material of complex 12 could not be obtained. The 1H NMR
spectrum of the recrystallized complex 12 is shown in the Supporting
Information (Figure S32). 1H NMR (300 MHz, benzene-d6) δ = 6.74
(dd, J = 7.5, 8.7 Hz, 1 H), 5.94 (d, J = 8.7 Hz, 1 H), 5.89 (d, J = 7.5
Hz, 1 H), 1.96 (br s, 3 H), 1.31 (s, 18 H); MS(EI) m/z 469 [M]+, m/z
454 [M − Me]+, m/z 398 [M − NtBu]+.
Bis(tert-butylimido)chloro((κ2-N,O)3-methyl-2-pyridonate)tung-

sten (13). Complex 4 (0.0502 g, 0.0926 mmol) was dissolved in 2 mL
of toluene and added to a Teflon sealable reaction flask that was
charged with a stir bar in the glovebox. The reaction vessel was taken
out of the glovebox, and 0.6 mL of TMSCl (0.5 g, 5 mmol) was added
via a syringe to the flask on a Schlenk line. The reaction flask was then
put in a 60 °C oil bath. The mixture was stirred for 20 h, during which
the color of the solution remained yellow. The reaction was then
removed from the oil bath and allowed to cool to room temperature.
The volatiles were then removed under vacuum, leaving a yellow solid.
The reaction flask was taken back into the glovebox, and the solids
were dissolved in minimal warm toluene and recrystallized at room
temperature overnight, producing small pale yellow crystals. The
mother liquor was decanted, and the solids were dried under vacuum.
Yield: 0.0242 g. Analytically pure material of complex 13 could not be
obtained. The 1H NMR spectrum of the recrystallized complex 13 is
shown in the Supporting Information (Figure S33). 1H NMR (300
MHz, benzene-d6) δ = 7.22 (br s, 1 H, overlapping with benzene-d6),
6.64 (d, J = 7.0 Hz, 1 H), 5.98 (dd, J = 5.1, 7.0 Hz, 2 H), 1.72 (s, 3 H),
1.32 (br s, 18 H); MS(EI) m/z 469 [M]+, m/z 454 [M − Me]+, m/z
398 [M − NtBu]+.
Density-functional calculations were undertaken using a Linux

cluster of IBM machines with Intel Xeon processors at the Westgrid
facility at the University of British Columbia. The Gaussian’09 package
was employed with the B3LYP functional.48,49 The LANL2DZ basis
set with the corresponding ECP was used for the tungsten atoms; for
all other atoms the 6-31G** basis set was used.50−56 The initial
coordinates were imported from the solid-state molecular structures
into GaussView and then freely refined as a neutral molecule and S =
0. The initial coordinates of the other geometric isomers were adjusted
using GaussView and refined analogously. Single-point frequency
calculations were undertaken to verify local minima. Both delta and
lambda enantiomers were calculated for isomers of complexes 3, 4, and
5. The use of dispersion correction was undertaken (using
empiricaldispersion = gd3bj).57,58 The dispersion correction was
completed for the isomers of complexes 3 and 6.

■ RESULTS AND DISCUSSION

Ligand Design. A series of bis(tert-butylimido)bis(N,O-
chelate)tungsten complexes was prepared to probe character-
istic N,O-chelate hemilability trends. The commercial avail-
ability of methyl-substituted pyridones and the modular
synthesis of amide proligands allows for a variety of steric
and electronic parameters to be easily evaluated (3L−6L,
Scheme 2).3 The electronic properties of these proligands can
be compared by considering their corresponding pKa values.
The electronic differences for proligands 3L and 4L are

expected to be minimal, and the value of unsubstituted
pyridone (2-pyridone) with a pKa of 17.0 (in DMSO) is used
as a reference.59 The pKa’s of 5L and 6L have not been
reported. However, related alkyl ((Ph(H)NC(Me)O, 21.45)
and aryl (Ph(H)NC(Ph)O, 18.77) amides have been reported
(in DMSO).60 The relative difference in pKa between the two
proligands 5L and 6L is expected to be similar. Notably this
data shows that pyridones are more acidic by at least an order
of magnitude than amides.
Although proligands 3L and 4L have similar electronic

structures, they do have different substituent patterns. We
propose that the variable placement of steric bulk affects
hemilability (Figure 2). Notably proligand 3L has bulk about

the metal center in the κ2-N,O bonding mode, while in the κ1-O
bonding mode the methyl group points away from the metal
center (Figure 2). In contrast, in proligand 4L, the methyl
group points away from the metal center in the κ2-N,O bonding
mode and points toward the metal center while in a κ1-O
bonding mode (Figure 2). Indeed, the importance of the
location of substituents has been noted in catalytic hydro-
aminoalkylation35 and is proposed to stem from differences in
pyridonate hemilability. Another important feature of pyrido-
nates is the aromatic system tied into the backbone of the NCO
moiety, making the κ1-binding mode akin to aryloxide-type
ligands (Figure 2).
Amides 5L and 6L have bulkier groups on the nitrogen

(Figure 3) compared to pyridones 3L and 4L. While the

increased steric demand of the amidates would offer substantial
steric protection, the bulky substituents may also promote
hemilability. Furthermore, for amidate ligands the κ1-O bonding
mode can access two isomers, E/Z of the corresponding CN
double bond, demonstrating the further dynamic flexibility of
these ligands (Figure 3). Comparing 5L to the more sterically
demanding 6L allows for insights into how changing the steric
parameters of 1,3-N,O-chelating ligands effects hemilability.

Tungsten Complex Synthesis and Characterization.
The simplest synthetic strategy for installing 1,3-N,O-chelating
ligands on high-valent early transition metals is through
protonolysis reactions.34,38 Thus, protonolysis reactions of
bis(tert-butylamido)bis(tert-butylimido)tungsten (1) with pro-
ligands 3L−6L gave complexes 3−6, respectively (Scheme 2).41
These new complexes can be isolated as analytically pure
crystalline yellow solids in good yields ranging from 76% to

Figure 2. 6-Methylpyridonate (3L) κ2-N,O and κ1-O bonding modes
(left) and 3-methylpyridonate (4L) κ2-N,O and κ1-O bonding modes
(right). κ1-O demonstrates the aryloxyimine motif of pyridonate
ligands.

Figure 3. Amidate κ2-N,O and κ1-O bonding modes. 5L, R1 = Ph, R2 =
tBu; 6L R1 = 2,6-diisopropylphenyl, R2 = Ph.
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95%. Pyridonate complexes 3 and 4 are initially isolated as
analytically pure viscous oils that crystallize over days. On the
other hand, amidate complexes 5 and 6 are yellow solids which
can be readily recrystallized from hexanes.
Of the possible coordination isomers (Figure 4) C2-

symmetric N-trans, C2-symmetric O-trans, and C1 isomers
have all been observed for related bis(dimethylamido)bis(N,O-
chelate)titanium(IV) complexes.34

Consistent with observations of group 4 complexes, the
solid-state molecular structures for complexes 3−6 (Figure 5)
are all six-coordinate complexes with two κ2-N,O bound 1,3-
N,O-chelated ligands with either a pseudo-C2-symmetric N-
trans or a pseudo-C2-symmetric O-trans coordination geometry
(selected bond distances and angles are listed in Table 1).34

These complexes exhibit a highly distorted octahedral geometry
due to the acute bite angle of the 1,3-N,O-chelated ligands
(58.41(7)−60.68(9)°). All N,O-chelated ligands have similar
small O−W−N angles (Table 1) and are in agreement with the
previously reported 1,3-N,O-chelating bite angles.34,61 The
tungsten tert-butylimido (W−N) bond distances are also
consistent throughout complexes 3−6 and range from
1.746(2) to 1.761(2) Å, which are elongated when compared
to the starting material 1 (1.708(11) Å).62 This change in bond
length is expected due to an increase in the coordination
number.62 Similar to other reported 6-coordinate bis(tert-
butylimido)tungsten(VI) complexes, the W−N−C imido bond
angles approach linear bond angles and range from 151.0(2)°
to 176.1(2)°.63−72 Complex 3 has a pseudo-C2-symmetric O-
trans coordination environment of the 1,3-N,O-chelated ligands
with shorter W1−O1 and W1−O2 bond lengths of 2.063(2)
and 2.061(2) Å, respectively, and longer W1−N1 and W1−N2
bond lengths of 2.345(2) and 2.357(2) Å, respectively. This
disparity in W−O versus W−N bond distances is indicative of
an aryloxyimine bonding motif of the pyridonate ligand. This

assignment is further supported by the O1−C1 and O2−C7
bond lengths of 1.329(3) and 1.333(3) Å, respectively,
indicating minimal multiple bond character between the oxygen
and the carbon of the 6-methylpyridonate ligands in complex
3.73 Complexes 4, 5, and 6 exhibit a pseudo-C2-symmetric N-
trans coordination environment in the solid state. The N,O-
chelate contacts are consistent across the three complexes and
range from 2.236(2) to 2.371(2) Å for the W−O bond lengths
and from 2.094(2) to 2.140(3) Å for the W−N bond lengths.
Complexes 4 and 5 have two inequivalent W−N−C imido
bond angles in the solid state (176.1(2)°, 151.0(2)° and
175.0(2)°, 162.1(2)° respectively). Although these asymmetric
tert-butylimido ligands are not observed in the solution phase
by NMR spectroscopy, nonequivalent imido bond angles are
commonly observed in the solid state and can often result from
crystal packing.74,75 Among early transition metals, this is the
first time that 1,3-N,O-chelates have been observed having
substantially shorter M−N bonds over M−O bonds.35,38,61

This is attributed to the strong trans influence of tert-
butylimido ligands.76

Computational Investigations of Complex Geome-
tries. Interestingly, the two pyridonate complexes, 3 and 4, do
not have the same geometric isomer in the solid state. To
further investigate this switch in coordination environment for
pyridonate complexes 3 and 4, computational studies were
undertaken to examine the relative energies of the different
stereoisomers that these complexes can adopt. Density
functional theory was employed using the B3LYP functional
for optimization of stereoisomers, followed by a frequency
calculation of each optimized isomer in order to compare the
relative free energies of the stereoisomers.77 Five possible
isomers are shown in Figure 4; however, the C2v and C2h
isomers are known to be highly disfavored as they have the two
tert-butylimido ligands trans to each other; therefore, only the
C2 N-trans, C2 O-trans, and C1 isomers were considered.78

Figure 6 shows the relative energies of the different isomers for
complexes 3−5. The computational modeling of complex 6 was
complicated by the fact that only the C2 N-trans isomer yields a
six-coordinate bis(κ2-N,O-amidate) complex, while most other
computed isomers produced five- or four-coordinate complexes
with at least one amidate bound in a κ1-O fashion (see
Supporting Information). The resulting energies of these four-
or five-coordinate isomers are higher in energy than the C2 N-
trans complex.

Figure 4. Possible stereoisomers of a bis(N,O-chelated)bis(tert-
butylimido)tungsten complex. Simplified point groups assigned by
ignoring the C3 axis of tert-butyl groups.

Figure 5. Solid-state molecular structures of complexes 3−6, plotted at 50% ellipsoids, and hydrogen atoms are omitted for clarity.
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The computational results predict that an O-trans coordina-
tion environment is the lowest free energy isomer for both
pyridonate complexes 3 and 4. However, the model also
predicts that the relative energy differences between the C2 O-
trans, C1, and C2 N-trans isomers of complex 4 are small, and
such similar energies may rationalize how crystal packing forces
result in the observed (C2 N-trans) structure for complex 4.
Furthermore, the small energy difference between the
calculated isomers suggested that facile access to multiple
geometric isomers is possible, presuming that the barrier to
isomerization is energetically feasible. Complexes 3 and 5 have
coordination isomers with more pronounced energy differences
between isomers, and in these cases the computationally
predicted lowest energy isomer is consistent with the observed
solid-state molecular structure. The findings of the computa-
tional results point out that steric demand of a 1,3-N,O-chelate
influences how it is coordinated to the metal and suggests that
when steric demand is removed multiple isomers may be
accessible.
Solution-Phase Characterization Data. Room-temper-

ature solution 1H and 13C NMR spectra for complexes 3−6 are
consistent with C2-symmetric complexes in all cases (1H NMR
data summarized in Table 2); however, variable-temperature
1H NMR experiments were recorded to probe whether
fluxionality between geometric isomers could be observed.
The observation of solution-phase hemilabile N,O-chelated
ligands, such as κ1 or bridging μ bonding modes, would lend
support to their relevance in catalysis.

For 6-methylpyridonate complex 3 no changes were
observed in the variable-temperature 1H NMR spectrum from
−30 to 90 °C. Only minor changes were observed from −40 to
−80 °C. Two of the three aryl signals drift slightly from δ 6.93
and 6.01 at 25 °C to δ 6.68 and 5.76 at −80 °C, respectively.
The temperature-shifted resonances are also broadened and
suggest the dynamic formation of other isomers or aggregate
species. However, due to the low abundance and broadened
signals, no assignments can definitively be made. Due to the
subtle changes in the variable-temperature 1H NMR spectra,
complex 3 is considered to be highly fluxional in solution.
The 3-methylpyridonate complex 4 also gives low-temper-

ature spectra consistent with the fluxionality of the pyridonate
ligands in solution. The resolution of three separate broadened
pyridonate methyl resonances (δ 1.99, 1.87, and 1.85) as well as
three separate tert-butylimido resonances (δ 1.58, 1.47, and
1.43) were observed at −70 °C, indicating that interconversion
of the isomers above −70 °C is rapid. These observations
cannot rule out the possibility of complex 4 adopting a bridging
ligand motif or the formation of dimeric or aggregate species
(vide infra).
For comparison, variable-temperature 1H NMR experiments

were also recorded for bis(amidate) complexes 5 and 6. The
variable-temperature 1H NMR spectra for complex 5 showed
minimal changes from 25 to −80 °C; two aryl resonances at δ

Table 1. Selected Bond Distances and Angles for Complexes 3−6

3 4 5 6

Selected Bond Distances (Å)
W1−O1 2.063(2) W1−O1 2.236(2) W1−O1 2.24(1) W1−O1 2.332(2)
W1−O2 2.061(2) W1−O2 2.371(2) W1−O2 2.339(2) W1−O2 2.290(2)
W1−N1 2.345(2) W1−N1 2.140(3) W1−N1 2.02(3) W1−N1 2.117(2)
W1−N2 2.357(2) W1−N2 2.111(3) W1−N2 2.094(2) W1−N2 2.128(2)
W1−N3 1.759(2) W1−N3 1.747(3) W1−N3 1.752(2) W1−N3 1.760(2)
W1−N4 1.751(2) W1−N4 1.761(2) W1−N4 1.746(2) W1−N4 1.761(2)

Selected Bond Distances(deg)
W1−N3−C13 165.4(2) W1−N3−C1 176.1(2) W1−N3−C31 162.1(2) W1−N3−C39 171.2(2)
W1−N4−C17 167.2(2) W1−N4−C5 151.0(2) W1−N4−C41 175.0(2) W1−N4−C43 170.8(2)
O1−W1−N1 59.84(8) O1−W1−N1 60.68(9) O1−W1−N1 59.8(9) O1−W1−N1 58.73(6)
O2−W1−N2 59.67(8) O2−W1−N2 58.91(9) O2−W1−N2 58.41(7) O2−W1−N2 59.14(6)

Figure 6. Relative free energies of C2 N-trans, C2 O-trans, and C1
isomers of bis(N,O-chelate)bis(tert-butylimido)tungsten(VI) com-
plexes; energies in kcal/mol, and each set of isomers is referenced
to its corresponding lowest energy isomer.79

Table 2. Tabulated 1H NMR Data Taken at 25 °C in
Toluene-d8, 400 MHz
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7.24 and 7.04 broaden and migrate to δ 7.46 and 7.00,
respectively. The only other changes in the low-temperature
spectra were a new set of resonances, with low abundance, that
emerged between −20 and −80 °C. The new resonances are
broadened and are consistent with the dynamic formation of
other isomers or aggregate species. Once again, no definitive
assignments can be made.
Finally, similar observations have been made for the bulky

bis(amidate) complex 6. From 25 to 95 °C the isopropyl
methyl and methine resonances broadened, suggesting that
fluxionality is increased with increasing temperature. From 25
to −60 °C the spectra are consistent with a C2-symmetric
complex.
The coordination modes in these complexes is not clearly

demonstrated by 1H NMR spectroscopy, and the data are best
considered to be evidence that all complexes are fluxional in
solution at catalytically relevant temperatures (>60 °C). Thus,
we turned our attention to investigating the reactivity of
complexes 3−6 in ligand exchange reactions and reactions with
electrophiles to further probe N,O-chelate hemilability.
Reactivity Investigations. Ligand hemilability, resulting in

the formation of an open coordination site, promotes ligand
exchange reactions. To this end the 1:1 reaction of 3 and 4 in
toluene-d8 was monitored by 1H NMR spectroscopy to probe if
pyridonate ligand exchange between the complexes could be
observed. Indeed, new tert-butylimido and methyl pyridonate
signals appear at 1.41 and 1.87 in a 3:1 ratio, while the signals
characteristic of 3 and 4 (see Table 2) were diminished in
intensity. The aryl 1H resonances also changed, consistent with
the formation of a new bis(tert-butylimido)bis(N,O-chelate)-
tungsten complex resulting from ligand exchange. This
observation contrasts with the experiment treating 3 with
amidate complex 5 under identical reaction conditions. In this
case, no new resonances were observed by 1H NMR
spectroscopy. Furthermore, when complexes 5 and 6 were
combined and monitored by 1H NMR spectroscopy no new
products were observed. These results show that pyridonate
ligands undergo facile ligand exchange reactions, while amidate
complexes are resistant to such ligand exchange reactions at
ambient temperatures.
It has been shown that amido complexes can be accessed

from imido complexes via protonation with a bulky alcohol or a
Brønsted acid.41,46,47,69,80−82 The addition of 6-methylpyrido-
nate complex 3 to 1 equiv of 3L (as a proton source) in
toluene-d8 resulted in no immediately observable reaction at 25
°C. However, variable-temperature 1H NMR spectroscopy
studies showed an equilibrium is present, and below −40 °C
neither 3 nor 3L can be identified in solution. Below −40 °C
multiple resonances are observed, indicating that the exchange
of ligand with proligand is rapid and reversible. Although the
low-temperature 1H NMR spectrum of the reaction mixture
was indicative of more than one single product, recrystallization
of the resulting equilibrium mixture from hexanes at −30 °C
resulted in precipitation of a mixture of amorphous solids and
crystalline material found to be analytically pure tris(6-
methylpyridonate)(tert-butylamido)(tert-butylimido)tungsten-
(VI) complex 7 (Table 3, entry 1). Electron impact mass
spectrometry (EIMS) of the analytically pure solids showed a
[M − HNtBu]+ ion, consistent with the molecular ion of
tungsten with three pyridonate ligands and one tert-butylimido
ligand. Single-crystal X-ray diffraction confirmed the formation
of complex 7 (Figure 7). The solid-state molecular structure is
evidence that 6-methylpyridone can protonate a tert-butylimido

ligand, and notably this structure incorporates one κ2-
pyridonate and two κ1-pyridonate ligands. The six-coordinate
complex 7 has a distorted octahedral geometry in which the κ2-
N,O 6-methylpyridonate adopts an aryloxyimine motif with a
W1−O1 (2.099(5) A) bond distance that is significantly
shorter than the W1−N1 bond length (2.270(7) Å). The two
κ1-O pyridonates have shorter tungsten oxygen bond lengths of
2.077(6) (W1−O2) and 1.949(6) (W1−O3) Å, which are
consistent with previously reported bis(aryloxide)bis(imido)-
tungsten(VI) complexes.83 The tert-butylimido ligand has a
short W1−N5 bond distance of 1.739(7) Å and a near linear
W1−N5−C50 bond angle of 166.7(6)°, while the W1−N4
amido bond distance is 1.918(6) Å, with a W1−N4−C40 bond
angle of 137.6(5)°. The hydrogen (H1) (located from residual

Table 3. Reactivity of Complexes 3−6 with the Respective
Proligands 3L−6L

Figure 7. Solid-state molecular structure of complex 7, plotted at 50%
ellipsoids with most hydrogen atoms omitted for clarity (except H1).
Selected bond lengths (Angstroms): W1−O1 = 2.099(6), W1−O2 =
2.077(6), W1−O3 = 1.949(6), W1−N1 = 2.270(7), W1−N4 =
1.918(26, W1−N5 = 1.739(7). Selected bond angles (degrees): W1−
N5−C50 = 166.7(6), W1−N4−C40 = 137.6(5), O1−W1−N1 =
60.6(2), N5−W1−O2 = 171.7(3), N1−W1−N5 = 91.5(3).
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electron density) of the tert-butylamido ligand is oriented
toward the nitrogen (N2) of the axial κ1-O pyridonate ligand
indicative of hydrogen bonding, suggesting that the reversible
protonation of the tert-butylimido substituent is assisted by the
hemilabile pyridonate ligand.
The addition of 3-methylpyridonate complexes 4 and 4L was

conducted in toluene-d8, and the 1H NMR spectrum of the
mixture at 25 °C showed new broadened resonances in the
alkyl and aryl regions, none of which correspond to proligand
4L, indicative of addition of the proligand to complex 4 forming
a new tris(3-methylpyridonate)tungsten complex 8 (Table 3,
entry 2). Variable-temperature 1H NMR spectra show the
broad resonances separate into multiple sharper resonances at
lower temperatures, with the tert-butylimido singlet at 1.41 δ at
25 °C broadening into 6 singlets at −70 °C. Thus, this complex
is fluxional at 25 °C. No solid-state molecular structures
resulted from recrystallization attempts, and only amorphous
solids were obtained. Similar to the mass spectrum of complex
7, EIMS experiments of the solids obtained yielded a molecular
ion corresponding to tris(3-methylpyridonate)(tert-butylimido)
tungsten [M − HNtBu]+, supporting the formation of complex
8.
The reactivity of bis(amidate) complexes 5 and 6 was very

different, whereby the addition of 1 equiv of 5L and 6L to
complexes 5 and 6, respectively, showed no indication of a
reaction as observed by 1H NMR spectroscopy at various
temperatures (from −40 to 90 °C). Furthermore, EIMS
experiments conducted on the isolated solids of these reactions
showed only the corresponding precursor bis(amidate)bis(tert-
butylimido)tungsten complexes and proligands, with no
evidence of a tris(amidate) product being formed.
These observations show that pyridonate complexes 3 and 4

have increased reactivity and can readily engage in proton
shuttling, presumably due to reduced steric congestion and/or
structural flexibility/hemilability compared to amidate ligands.
Another contributing factor that may rationalize the lack of
reactivity with 5L and 6L includes the lesser protic character of
these amides. However, it should be noted that bulky
tris(amidate) complexes of Ti(IV) are known.84

To explore the effect of an alternative proton source, amidate
complexes 5 and 6 were reacted with the Brønsted acid
lutidinium hydrochloride (Scheme 3). In this case the
lutidinium hydrochloride may result in protonation of the
tert-butylimido ligand with addition of the chloride to the
tungsten metal center or may protonate an amidate ligand.
The addition of lutidinium hydrochloride with amidate

complex 5 was conducted at room temperature in toluene.
Over a period of 2 h the poorly soluble lutidinium
hydrochloride dissolved, and the reaction mixture was stirred
for an additional 2 h. The 1H NMR spectrum of the resulting
crude material showed conversion of complex 5 to give three
new singlet resonances in the aliphatic region. One tert-butyl
resonance (1.01 ppm) was identified as proligand 5L. The

other two resonances at 1.26 and 0.92 ppm were assigned as
two tert-butylimido ligands and the tert-butyl of the amidate
(PhNC(tBu)O−) ligand, respectively. These resonances were in
a 2:1 ratio, suggesting the formation of a Cs-symmetric
mono(N -pheny lp iva l amida te)b i s( t e r t -bu ty l imido) -
chlorotungsten complex 9 (Scheme 3, right). Purification of 9
was challenging due to the presence of proligand 5L. However,
single-crystal X-ray diffraction of colorless crystals formed from
a concentrated hexanes solution confirmed the Cs-symmetric
complex 9 (Figure 8).

Complex 9 exhibits a distorted trigonal bipyramidal
coordination geometry.77 The amidate is symmetrically
bound with the W−N bond (2.120(3) Å) being shorter than
the W−O bond (2.166(3) Å). Notably, W−O has shortened
significantly when compared to the W−O bonds in precursor 5
(2.24(1) and 2.339(2) Å). The W−N bonds of the tert-
butylimido ligands in complex 9 are 1.744(2) and 1.737(3) Å
for W1−N1 and W1−N2 respectively, which are also shorter
compared to those of 5. The overall shortening of tungsten
ligand bonds is attributed to a reduced coordination number
from 6 to 5 and incorporation of a chloride ligand. The W1−
Cl1 bond length of 2.3578(8) Å is consistent with a reported
isostructural bis(tert-butylimido)chloro(guanidinate)tungsten
complex.65 Variable-temperature 1H NMR spectroscopy of
the reaction mixture up to 95 °C and down to −40 °C showed
no equilibrium between proligand 5L and complex 9; however,
the amidate resonances shift slightly with temperature (see
Supporting Information). At temperatures below −40 °C

Scheme 3. Proposed Reaction of Lutidinium Hydrochloride with Bis(amidate) Complexes 5 and 6a

a(Left) Addition of HCl to tungsten complex, (right) protonolysis of the amidate ligand.

Figure 8. Solid-state molecular structure of complex 9, plotted at 50%
ellipsoids and hydrogen atoms omitted for clarity. Selected bond
lengths (Angstroms): W1−N1 = 1.744(2), W1−N2 = 1.737(3), W1−
N3 = 2.120(3), W1−O1 = 2.166(3), W1−Cl1 = 2.3573(8). Selected
bond angles (degrees): W1−N1−C1 = 163.2(2), W1−N2−C5 =
170.1(3), O1−W1−N1 = 122.3(1), O1−W1−N2 = 123.3(1), N3−
W1−Cl1 = 143.96(7), O1−W1−N3 = 60.11(9).
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proligand 5L precipitates out of the toluene-d8 solution.
Throughout there was no spectral evidence suggesting that a
bis(amidate)(tert-butylamido)chloro(tert-butylimido)tungsten
complex was formed; rather, we propose that the lutidinium
hydrochloride protonates the sterically demanding and hemi-
labile amidate ligand and forms complex 9 via elimination of
proligand 5L. Alternatively, the lutidinium hydrochloride could
protonate an imido ligand of complex 9, followed by an N−H
activation by a coordinated amidate forming proligand 5L and
complex 9.
A minor product of the reaction was shown to be a (tert-

butylamido)(tert-butylimido)dichloro(N-phenylpivalamidate)-
tungsten(VI) complex (10) by single-crystal X-ray diffraction
(Figure 9). Isolation of analytically pure complex 10 was not

accessible; like complex 9 purification of 10 was hindered by
proligand (5L) contamination. In order to discern the reactivity
pathway we added a dimeric (tert-butylamine)bis(tert-
butylimido)dichlorotungsten complex (1Cl) to 1 equiv of
proligand 5L in an NMR tube (Scheme 4).85 Unexpectedly,
the major product of the reaction was the monochloride
amidate complex 9, accompanied by unreacted 5L and 1Cl as
well as small amounts of complex 10 (Scheme 4). It should be
noted that reactions involving exchanges of tungsten imido,
amido, amine, and chloride ligands have been observed before
on similar systems bearing tert-butoxide ligands. These
examples were also reported to be difficult to characterize.86

Interestingly, the major product (complex 9, Scheme 4) prefers
two tert-butylimido ligands rather than a mixed imido/amido/
amine complex as observed in the tungsten tert-butoxide
complexes. A plausible explanation for this is that the amidate
ligands provide increased steric demand versus a tert-butoxide
ligand, resulting in complex 9 as the preferred amidate product.

Interestingly, the addition of lutidinium hydrochloride to
amidate complex 6 did not proceed analogous to that of 5 when
conducted at room temperature in toluene. The crude reaction
mixture of lutidinium hydrochloride and amidate complex 6
showed largely unreacted 6 (∼90%), and upon work up only
unreacted complex 6 could be reisolated in reduced yields by
trituration with hexanes. The reduced reactivity of complex 6
with lutidinium hydrochloride can be attributed to the sterically
demanding 2,6-diisopropylphenyl groups on the amidate
ligands.
Pyridonate complexes 3 and 4 were also treated with

lutidinium hydrochloride. When 6-methylpyridonate complex 3
was added to 1 equiv of lutidinium hydrochloride for 4 h in
toluene, a red orange solid formed upon removal of volatiles.
The 1H NMR spectrum of the crude material suggested that
one major product is formed along with unreacted 3. A single
crystal was obtained by slow evaporation of a concentrated
benzene solution of the product. This product was shown to be
chloro(tert-butylimido)((κ1-O)6-methylpyridonate)bis((κ2-
N,O)6-methylpyridonate)tungsten(VI) (11). The solid-state
molecular structure of 11 is shown in Figure 10. The

coordination geometry of the complex can be described as a
distorted pentagonal bipyramid, where each tungsten-bound
atom occupies one site. The κ2-N,O pyridonate ligands exhibit
an aryloxyimine bonding motif as evidenced by the shorter W−
O bond lengths (W1−O102, 2.103(6) Å; W1−O103, 2.085(6)
Å) versus the longer W−N bond lengths (W1−N102, 2.227(9)
Å; W1−N103, 2.22(1) Å). The κ1-O pyridonate in 11 is
analogous to that of complex 7. The chlorido ligand is trans to
the tert-butylimido ligand and exhibits an elongated W−Cl
bond length (W1−Cl1, 2.498(2) Å).87 The tert-butylimido

Figure 9. Solid-state molecular structure of complex 10, plotted at
50% ellipsoids with most hydrogen atoms omitted for clarity. Selected
bond lengths (Angstroms): W1−N1 = 1.741(10), W1−N2 =
2.014(19), W1−N3 = 1.89(2), W1−O1 = 2.00(2), W1−Cl1 =
2.502(9), W1−Cl1 = 2.480(3). Selected bond angles (degrees): W1−
N1−C1 = 170(1), W1−N2−C5 = 141(2), O1−W1−N3 = 66.6(9).

Scheme 4. Reaction of Complex 1Cl with Proligand 5La

aThe reaction was conducted in benzene-d6 in an NMR tube with a resealable cap.

Figure 10. Solid-state molecular structure of complex 11, plotted at
50% ellipsoids and hydrogen atoms omitted for clarity. Selected bond
lengths (Angstroms): W1−N102 = 2.227(9), W1−N103 = 2.22(1),
W1−N104 = 1.724(8), W1−O101 = 1.938(6), W1−O102 = 2.103(6),
W1−O103 = 2.085(6), W1−Cl1 = 2.498(2). Selected bond angles
(degrees): W1−N104−C101 = 165.8(8), N104−W1−Cl1 = 171.3(2).
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ligand has a W−N4 bond length of 1.724(8) Å and a W−
N104−C101 bond angle of 165.8(8)°.
Complex 11 is thought to form via ligand redistribution

resulting from protonation of a tungsten tert-butylimido group
to release free tert-butylamine. Interestingly, complex 11 is C3
symmetric in solution phase, as observed in the 1H NMR
spectrum at 25 °C. Two broad singlets of equal integration are
observed at δ 2.53 and 1.07, which are attributed to the
pyridonate methyl and the tert-butylimido groups, respectively.
The observed broad resonances and observed C3 symmetry are
attributed to hemilability and fluxionality in the pyridonate
ligands. The 1H NMR spectrum of the crude solids isolated
from the reaction shows unreacted 3 and one major product
which has been assigned to be 11 along with a minor product
p ropo sed to be (b i s ( t e r t - bu t y l im ido)ch lo ro(6 -
methylpyridonate)tungsten(VI)) complex 12. To verify this
formulation, 12 has been synthesized independently by
treatment of 3 with trimethylsilyl chloride (TMSCl). One
equivalent or excess TMSCl can be reacted with pyridonate
complex 3 at 60 °C overnight. Removal of the volatiles under
vacuum yields dark orange solids. After recrystallization from
warm hexanes at −30 °C, crystals suitable for X-ray diffraction
could be obtained, and the solid-state molecular structure is
shown in Figure 11. Complex 12 is isostructural to 9 and has

nearly identical bond metrics for the tungsten ligand contacts
(Figures 8 and 10).88 The solution-phase 1H NMR spectrum of
complex 12 exhibits broad resonances for the tert-butylimido
and pyridonate methyl signals at δ 1.31 and 1.97, respectively,
in a 6:1 ratio. These 1H NMR resonances match that of the
proposed minor product resulting from the reaction with
lutidinium hydrochloride and complex 3.
The addition of 3-methylpyridonate complex 4 with 1 equiv

of lutidinium hydrochloride at room temperature for 4 h yields
a pale white solid. The 1H NMR spectrum of the crude reaction
mixture shows resonances corresponding to 4 and two other
products which correspond to the 3-methylpyridonate-bridged
di((3-methylpyridonate)bis(tert-butylimido)chlorotungsten)
complex 13 and an unknown impurity 14. Attempts to isolate
complexes 13 and 14 from the reaction mixture have not been
met with success. However, complex 13 was independently
synthesized via treatment of 4 with TMSCl. In the solid-state
complex 13 exhibits a dimeric structure (Figure 12; selected
bond distances and angles are listed in Table 4). The nearly C2-
symmetric complex has two μ2-N,O-3-methylpyridonate ligands
that bridge between two bis(tert-butylimido)chlorotungsten
fragments. The W1−W2 distance is 3.958(8) Å, which is well
beyond the sum of the covalent radii (3.34 Å),39 indicating that
there is no bonding interaction between tungsten metal centers.
Each tungsten metal center contains two tert-butylimido
ligands, one chloride, one μ-N-3-methylpyridonate, and one
μ-O-3-methylpyridonate. The 5-coordinate tungsten metal
centers are best described as distorted square pyramidal, with
τ values of 0.14 and 0.16 for W1 and W2, respectively.89

In sharp contrast, amidate complexes 5 and 6 did not react
with the bulky TMSCl reagent under the same conditions. In
these cases the unreacted amidate complexes 5 and 6 could be
recovered after the reaction.
These results demonstrate the increased reactivity of

pyridonate complexes 3 and 4 to that of amidate complexes
5 and 6. Both pyridonate complexes 3 and 4 and amidate
complexes 5 and 6 are saturated six-coordinate complexes in
the solid state and have solution-phase 1H NMR spectra,
suggesting that the 1,3-N,O-chelated tungsten complexes
behave similarly. However, the strikingly different reactivity
patterns of these two classes of complexes clearly demonstrate
that pyridonate ligands have diverse reactivity manifolds
accessible in comparison to their amidate counter parts. We
propose that the increased ability of the pyridonate ligands to
undergo ligand exchange reactions stems from their enhanced
hemilability. Furthermore, pyridonate ligands were shown to

Figure 11. Solid-state molecular structure of complex 12, plotted at
50% ellipsoids with hydrogen atoms omitted for clarity. Selected bond
lengths (Angstroms): W1−N1 = 1.744(4), W1−N2 = 1.747(3), W1−
N3 = 2.135(4), W1−O1 = 2.146(3), W1−Cl1 = 2.346(1). Selected
bond angles (degrees): W1−N1−C1 = 161.6(3), W1−N2−C5 =
163.8(3), O1−W1−N1 = 123.0(1), O1−W1−N2 = 125.3(1), N3−
W1−Cl1 = 144.5(1), O1−W1−N3 = 61.3(1).

Figure 12. Solid-state molecular structure of complex 13, plotted at 50% ellipsoids with hydrogen atoms omitted for clarity.
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adopt bridging interactions which may promote the observed
ligand redistribution reactions. No κ1-O bonding modes have
been observed in this study for any amidate ligands.
Furthermore, no tungsten amidate complexes were shown to
have a coordination number above 6, in contrast to pyridonate
complexes. This mirrors past reports of titanium amidate and
pyridonate complexes, where 7-coordinate tris(pyridonate)
complexes have been disclosed, while the coordination
numbers of titanium amidate complexes has not exceeded 6
for monometallic species.3

■ CONCLUSION

The new bis(tert-butylimido)bis(N,O-chelate)tungsten com-
plexes 3−6 were synthesized by simple and high-yielding
protonolysis reactions. Variable-temperature 1H NMR spectro-
scopic experiments and computational modeling of the
different coordination isomers suggest that the 1,3-N,O-chelates
display fluxional character. The reactivity investigations
concluded that pyridonate ligands exhibit a broader scope of
coordination modes and hence reactivity than amidate ligands;
this is attributed to the increased hemilability of the pyridonate
ligands. The electronic difference between the pyridonate and
the amidate ligands is in part responsible for the increase in
hemilability, with the pyridonate ligand exhibiting more diverse
bonding modes, such as the aryloxyimine motif and bridging
bonding modes. Notably pyridonate ligands provide reduced
steric protection at the metal center, and this also promotes
enhanced reactivity. These results point toward the benefits of
using pyridonate ligands when κ1-species are invoked as key
reactive intermediates in catalytic cycles where the metal−
ligand cooperative effects could be used to advantage. Most
importantly, pyridonate ligands have been shown to engage in
hydrogen bonding interactions with metal amido ligands,
suggesting that pyridonate ligands can be used to advantage in
reactions where proton shuttling is required. An example of
which is the Cp*Ir(III) pyridonate catalysts for ligand-assisted
dehydrogenation of alcohols.10,11 Here we also show that
pyridonate complexes can readily form dimeric species, a
feature that has been used to advantage in the development of
our bis(pyridonate)Ti catalyst for chemoselective intramolec-
ular hydroaminoalkylation.35 In contrast, the increased robust-
ness of amidate complexes points toward their preferential
application in catalytic reactions where ligand loss or the
formation of dimers or aggregate species is postulated to result
in catalyst degradation. These observations rationalize why our
bulky bis(amidate)Ti complex is an optimized catalyst for
hydroamination, a reaction in which bridging imido dimers is
known to result in catalyst death.11,90 Further studies focus on
the development of new complexes and catalysts that use these
reactivity trends to advantage for E−H bond activations while
avoiding complex or catalyst decomposition.
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