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Mechanochemical routes for the synthesis of
acetyl- and bis-(imino)pyridine ligands and
organometallics†

Thomas E. Shaw,a Lorianne R. Shultz,a Louiza R. Garayeva,a Richard G. Blair, b

Bruce C. Nollc and Titel Jurca *a

Organometallic precatalysts play a pivotal role in organic synthesis. However, their preparation often relies

on multiple time, energy, and solvent intensive steps, including the synthesis of supporting organic ligand

structures, and finally installation on the desired metal centres. We report the sustainable mechanochem-

ical synthesis of acetyl- and bis-(imino)pyridine pincer complexes, a ubiquitous ligand class for organo-

metallic precatalysts. The approach is extended to the one-pot synthesis of acetyl(imino)pyridine-CoCl2,

where the ligand is formed in situ.

Introduction

The advancement of modern molecular and macromolecular
organic chemistry has been intimately linked with the develop-
ment of organometallic precatalysts.1 Although the use of cata-
lysis is an important tool for sustainable synthesis, the
majority of organometallic precatalysts are made by conven-
tional, unsustainable routes which encompass multiple reac-
tion steps, each with respective solvent and energy intensive
workup procedures. Therefore, the development of more sus-
tainable preparative routes to catalytically relevant organo-
metallic species remains an important area of research.2

Over the past decade, mechanochemistry, conducted by
milling or grinding, has emerged as a powerful tool for sus-
tainable organic synthesis.3,4 This has facilitated the develop-
ment of numerous routes to value-added chemicals, and dis-
covery of novel catalytic methodologies that are either solvent-
economical, or solvent-free.5 By contrast, sustainable mechano-
chemical routes towards organometallic complexes, or related
organic ligand architectures have been greatly underdevel-
oped.6 Nonetheless, in the past few years, landmark reports
from the groups of Friščić,7 Lamaty,8 James,9 Hanusa,10 and
others,11 have emerged in this promising area.

We sought to contribute to this emerging field by develop-
ing sustainable mechanochemical routes to the pincer-type
acetyl- and bis(imino)pyridine ligands. Although bis(imino)
pyridines have been employed since the 1950s,12,13 it wasn’t
until the mid-90s that they became a mainstay in organo-
metallic chemistry as ligands for Co and Fe-based precatalysts
for olefin polymerization.14 Since then, bis(imino)pyridine,
and to a lesser extent, related acetyl(imino)pyridine ligands
have been employed broadly in coordination chemistry in
support of both transition-metal and main-group compounds
covering the majority of the periodic table.14b,15 These com-
plexes have been used in service of wide ranging applications,
including precatalysts for polymerization,16 alkene hydrogen-
ation,17 electrochemical hydrogen production,18 as single
molecule magnets,19 and in studies for flow batteries.20 While
these ligands facilitate many downstream sustainable pro-
cesses, their preparation is anything but green; conventional
synthesis typically involves prolonged reflux in toluene or
methanol (12–72 h) with subsequent solution-based workup
(Scheme 1).14b,21

Herein, we report the facile and scalable mechanochemical
synthesis of acetyl- (3x) and bis-(imino)pyridines (4x) with a

Scheme 1 Comparison of synthesis routes for bis(imino)pyridine
ligands (4x), via acetyl(imino)pyridine intermediates (3x).
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range of substitution patterns and functionalities (Scheme 1),
utilizing no solvents for synthesis,22 and only minimal solvents
for purification. We extended this methodology to the syn-
thesis of a Co-based organometallic complex; a one-pot, one-
step process, which yields acetyl(imino)pyridine-cobalt(II)chlor-
ide in high yield (86%) and purity. To our knowledge, this is
the first report of a mechanochemical one-pot, one-step
process where both ligand and organometallic species are
formed in situ from their respective precursors.23

Results and discussion

To delineate the conditions necessary for the mechanochem-
ical synthesis of bis(imino)pyridines, we conducted a series of
experiments varying additives, grinding auxiliaries, size and
number of balls, and time for the reaction of 1 and 2a
(a common aniline for (imino)pyridine ligands) (Scheme 2). All
reactions were conducted in a 316 stainless steel vessel with an
internal volume of 4.6 cm3 on a SPEX 5100 Mixer/Mill® ball
mill (50 Hz).24 Stainless steel balls (440c) were used as the
milling media. Reactions were monitored by 1H NMR
(Fig. S1†). Notably, catalytic amounts of p-toluenesulfonic acid
monohydrate (TsOH) are required for reactivity. MgSO4 serves
as desiccant to drive the condensation reaction, increasing the
overall rate. Its role as a grinding auxiliary is minimal, as re-
placement with Celite® 545 results in identical yields to reac-
tions with only TsOH. The combination of (4) 3.175 mm balls
slightly outperformed reactions run with (1) 3.175 mm or
(1) 6.35 mm ball. The addition of methanol to facilitate liquid
assisted grinding (LAG) as 2a (oil) is consumed appeared to
have no effect on the rate. The following parameters resulted
in the highest yield over a 4 hour period (17% 3a, 80% 4a):
1 = 1.2 mmol, 2a = 3.8 mmol, MgSO4 = 200 mg, TsOH = 7 mg,
and (4) 3.175 mm balls for a free volume in the vial of
∼3.75 cm3.24

Utilizing this protocol, reaction progress, and temperature
(measured in vessel immediately after removal from mill) as a
function of time were monitored over 4 h (separate reactions).
The reactions proceed stepwise with initial formation of 3a,
followed by conversion to 4a, with no observable by-products
(Fig. 1 and S3†). While the temperatures recorded are not fully
representative of in situ reaction conditions, they reveal that
the average temperature of the bulk remains low (<45 °C)
(Table S1†), which likely helps to mitigate by-product
formation.

By calculating concentration as the moles of compound per
volume of free space in the reaction vessel, it is possible to
perform kinetic analysis on the reaction progress.25 Both the

final product and precursor followed simple kinetics with reac-
tant 1a consumption occurring as a first order process with a
rate of 0.014 (±0.0012) min−1 and the production of 4a as a
pseudo-zeroth order process with a rate of 8.8 (±0.7) ×
10−4 mol L−1 min−1. The formation of 3a is much faster than
that of 4a from 3a. In essence, there is an excess of 3a leading
to the observed pseudo-zeroth order kinetics (Fig. S4†).

With optimized conditions in hand, we expanded the scope
to 8 other anilines (2b–i) bearing a range of substitution pat-
terns and functionalities (Scheme 3). With the exception of 2i,
all reactions produced a combination of both 3x and 4x with
no additional by-products observed (x = a–i). Isolated yields
were calculated after drying of crystalline precipitates.
Compounds 3a and 3b were readily isolated by treating the
reaction crude with minimal methanol and passing through a
0.2 µm PTFE filter. However, 3c and 3d could only be isolated

Scheme 2 Formula for the mechanochemical synthesis of 3a and 4a.

Fig. 1 (left ) % composition for the synthesis of 3a and 4a at 30 min
intervals assessed by 1H NMR. (right ) peak temperatures.

Scheme 3 Mechanochemical synthesis of 3x and 4x. 1 = 1.2 mmol,
2x = 3.8 mmol, MgSO4 = 200 mg, TsOH = 7 mg, (4) 3.175 mm steel
balls, steel vessel, SPEX 5100 mill. * = 5× scale-up, (2) 11.2 mm WC balls,
SPEX 55 mLWC vial, SPEX 8000 mill.
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in 90% and 93% purity (1H NMR) with small amounts of
respective co-precipitates 4c and 4d present. Species 3f–h were
readily observed by 1H NMR but could not be isolated with
reasonable purity by this method. Treating the same reaction
crude with pentane afforded rapid precipitation of 4a–c,e,f,
whereas 4g and 4h required minimal dichloromethane (or
THF for 4h) due to poor solubility in pentane. In general, iso-
lated yields of selectively precipitated species were good
(∼57–75% of NMR yield for 3x and 77–90% for 4x). Reactions
with 2a and 2h were scaled up 5 fold utilizing (2) 11.2 mm
tungsten carbide (WC) balls, a SPEX 55 mL WC vial (model
8004) giving a free volume of ∼30 cm3. Milling was performed
on a SPEX 8000M mill (18 Hz) for a reaction time of 4 h (con-
tinuous). NMR yields were slightly lower for 2a (74% vs. 80%
for 4a), however near quantitative conversion was achieved
with 2h.

The as-tested reaction time of 4 h serves as a benchmark to
compare the reactivity of various anilines. Based on the optim-
ization studies conducted for 2a (vide supra), prolonged reac-
tion times should furnish higher yields across the range
(2b–h). Anilines 2a–f are oils which facilitated LAG, whereas
2g–i were solids; 2h has an mp of 56–59 °C, which may have
been attained under reaction conditions. Nonetheless, 2h
resulted in complete conversion of 1, the highest conversion to
disubstituted species (93% 4h), and the highest isolated yield
(84%). Aniline 2g resulted in 55% conversion of 1 to give a pre-
dominant yield of 3g (47%) with minimal 4g (7%). This was
dramatically improved by the addition of 20 wt% methanol
(slurry), facilitating 97% conversion of 1 with a predominant
distribution of 67% 4g and 30% 3g. Aniline 2i did not react
under neat or slurry conditions, likely due to the steric bulk
imposed by the ortho-tertbutyl groups flanking the NH2.

In general, conversion of 1 (sans MeOH) corresponds well
to aniline molecular weight (Fig. S15†). Higher MW precursors
results in a lower ball to reagent ratio. This lowered ratio also
corresponds to a smaller free volume, lower media velocities,
and lower impact forces. This broadly led to lower conversions
of 1 as reagent weight increased. Steric factors also appear to
play a role, particularly for the overall yield of 4x. While reac-
tions with 2a and 2h have very similar ball to reagent ratios of
0.594 and 0.577 respectively, 2h (no ortho substituents) facili-
tated 93% conversion to 4h vs. 80% for 2a (two ortho methyl
groups) to 4a. Similarly, 2b and 2e have identical molecular
weights, and ball to reagent ratios of 0.548, however, 2e only
features a single ortho substituent. The result was a 90% con-
version to 4e vs. only 66% for 4b. Aniline 2f bears no ortho sub-
stituents and should feature no steric impediment, however,
conversion of 1 was only 90%, with 3f and 4f at 48% and 42%,
consistent with a lower ball to reagent ratio (0.491).

To assess the advantages of our method, we compare the
parameters of our process for the synthesis of 4a and 4b to the
common solution based protocols from the literature.14a,26

The parameters evaluated are (i) reaction solvent per grams of
isolated yield, (ii) workup solvent per grams of isolated yield,
(iii) reaction time (h), and (iv) % isolated yield (Fig. 2 and
Table S2†). While all literature protocols report the amount of

solvent used for reaction, the total amount of solvent for sub-
sequent workup remains undisclosed; exclusive of 3g and 4g,
our reaction process is entirely solvent free. Additionally, most
protocols report reaction time as an overnight reflux. Since
this is not strictly quantified, a time of 12 h was tentatively
assigned; notably, the mechanochemical processes reported
herein operate on a timer and are stopped at 4 h. As is evident,
our streamlined process affords competitive yields, which can
be further enhanced through prolonged reaction time (Fig. 1).
The noted reaction time of 4 h represents a dramatic improve-
ment over conventional synthesis. This has broader impli-
cations on power consumption, as extended reflux periods
require more energy input than driving the small electric
motor of a ball mill for 4 h.27 Moreover, the workup protocol
reported can facilitate the isolation of both 3x and 4x, giving
higher return on solvent, time and energy expenditure com-
pared to conventional literature processes.

An attractive feature of pincer-type ligands is the ability to
introduce multiple different functional groups,28 rendering
the ligand architecture asymmetric. This can have profound
implications for tailoring catalyst reactivity and selectivity. The
benefit of readily isolable mono-substituted 3x, is their poten-
tial application in the synthesis of unsymmetrically substituted
bis(imino)pyridines. Mechanochemical reaction of 3a with 2b
under similar conditions as detailed in Scheme 3 results in the
formation of 4ab (Scheme 4). As expected, a similar product is
obtained from the reaction of 3b with 2a. Isolated yields after
workup were good (71% and 62% respectively). The structure
of 4ab was confirmed by single crystal X-ray diffraction
(Scheme 4, inset ).

Encouraged by our findings on the synthesis of 3x and 4x,
we sought to expand this protocol to the one-pot synthesis of
related Co-based organometallic complexes.14,15,16a,17 To set a
benchmark, mechanochemically synthesized 4a was reacted
with dehydrated CoCl2 under conventional Schlenk conditions,
with either THF or toluene as solvent, to yield literature com-
pound 5 (Scheme 5i). Utilizing a similar mechanochemical
protocol as the 5× scale up reaction (vide supra), we attempted
a one-step, one-pot synthesis of 5 (Scheme 5ii). However, this
resulted in the isolation of 6 in high yield (86%), and high
purity.

Fig. 2 Comparison of experimental protocols for the synthesis of 4a (A)
and 4b (B). Note: “+” indicates a higher partially undisclosed amount.
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Both 5 and 6 are green solids exhibiting similar appearance
and solution behaviour; they were characterized by UV-Vis and
FTIR spectroscopy (Fig. 3). The results were consistent with
prior reports. By UV-vis, 5 features a broad peak at 296 (ligand
π–π*), and two lower intensity very broad peaks at 360–380 and
440–470 nm (MLCT); 6 features a similar broad absorption at
289 (π–π*) and a lower intensity one at 430–470 nm (MLCT).
Both 5 and 6 display very low intensity absorptions at
650–700 nm (likely d–d).14c FTIR of 6 features characteristic
peaks at 1679 cm−1 (νCvO) and 1598 cm−1 (νCvN); the latter is
also present for 5. We tentatively attribute the formation of 6
to a combination of (a) rapid chelation of intermediate 3a to
CoCl2 (b) the apparent high stability of 6 in the reaction
system, and (c) the potential hydrolysis of any 5 present to
regenerate 6 (Scheme S1†).29

To our knowledge, this is the first report of a mechano-
chemical one-step, one-pot, multicomponent synthesis of an
organometallic species where the ligand itself is formed
in situ.22 Comparatively, the two-step (ligand then organo-
metallic) solution-based preparation of 6 has a global yield of
26%.16a Finally, treatment of 6 with a 1 : 1 mixture of water
and pentane, then extraction of the organic phase and recrys-
tallization from methanol resulted in the isolation of 3a in
moderate yields (47%, Scheme 5iii). Further optimization of
this approach may provide a facile route to acetyl(imino)pyri-
dines 3x which would otherwise be difficult to isolate by other
preparatory routes, thereby creating a broader library of precur-
sors for unsymmetrical bis(imino)pyridines.

Conclusions

The complete removal of solvent from, or replacement of toxic
solvents with environmentally friendly alternatives for organic
synthesis remains an ongoing challenge. The work presented
herein makes significant strides to removing solvent from the
reaction process, and developing streamlined workup proto-
cols which limit overall solvent use for the synthesis of a ubi-
quitous class of ligands. Notably, the process is simple, and
very time-efficient, with comparable yields to conventional
solution-based processes. The corollary of dramatically
reduced reaction times (4 h vs. 12–72 h) is a savings in overall
energy input, and an increase in overall efficiency. Application
of the methodology to the one-pot synthesis of Co-based
organometallics resulted in selective formation of acetyl
(imino)pyridine cobalt(II) species 6, with dramatically
improved yield compared to conventional synthesis (86% vs.
26%). Understanding the mechanism leading to this product
selectivity, and expansion of the variety of both ligand func-
tionality and metal centre is the focus of ongoing investi-
gation. These initial findings are promising for the future
development of solvent-free on-demand synthetic processes
for imino-pyridine based organometallic precatalysts.

Experimental
General methods

Unless otherwise stated, all reactions were carried out under
air, at ambient temperature (21–23 °C, 40–51% relative humid-
ity). Cobalt(II)chloride hexahydrate, diacetylpyridine (1) and
anilines 2a–i were purchased from TCI America, p-toluene-
sulfonic acid monohydrate (TsOH), chloroform-d (CDCl3) and
acetone-d6 ((CD3)2CO) were purchased from Acros Organics,
and MgSO4 was purchased from Strem Chemicals, and used as
received. Solvents were purchased from Fisher Scientific and
used without any further purification. Mechanochemical syn-
thesis was conducted with a SPEX® 5100 high-energy ball mill
for small/test scale reactions, and with a SPEX® 8000M high-
energy ball mill for scaled-up reactions. Small scale reactions
were conducted in a 316 stainless steel vial with an internal

Scheme 5 (i) Conventional synthesis of 5; (ii) mechanochemical reac-
tion of 1 and 2a and CoCl2(H2O)6 for 4 h leading to 6; (iii) reaction of 6
with 1 : 1 water : pentane leading to isolation of 3a.

Fig. 3 (A) UV-Vis in DCM and (B) FTIR spectra of 5, and 6.

Scheme 4 Synthesis of unsymmetrically substituted 4ab. Inset: struc-
ture of 4ab with thermal ellipsoids drawn at the 50% probability level.
For bond lengths [Å] and angles [°] see Tables S4 and S5.†
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volume of 4.6 cm3 used by Mack et al. in previous work,24

while scaled-up reactions were conducted in a SPEX®® 55 mL
tungsten carbide vessel (model 8004). Small scale organic reac-
tion mixtures were filtered through Fisher Scientific basix™
0.2 μm PTFE syringe filters, while scaled-up reactions were fil-
tered through VWR 494 filter paper. Organometallic reactions
were filtered through fine porosity glass frits. {2,6-Bis{1-[(2,6-
dimethylphenyl)imino]ethyl}pyridine}CoCl2 (5) (Scheme 5, rxn
i) was synthesized utilizing standard literature Schlenk proto-
col under N2 atmosphere and with anhydrous solvents (THF or
toluene), and dehydrated CoCl2.

26a,30 As expected, both sol-
vents led to identical products. All NMR spectra were acquired
on a Bruker Avance III 400 MHz spectrometer, and processed
with Mestrelab’s MestReNova 10.0 software. Spectra were
referenced to either residual CHCl3 (

1H δ 7.26, 13C δ 77.36) or
((CH3)2CO) (

1H δ 2.09, 13C δ 30.60) for the respective deute-
rated solvent used.31 FTIR Spectra were measured on a
Bruker Vertex 70 with Helios ATR attachment. UV-Vis Spectra
were collected on an Agilent Cary 60 spectrophotometer uti-
lizing 1 cm quartz cuvettes purchased from Spectrocell Inc.
Mass spectra were acquired on a Bruker EVOQ Qube® Triple
Quad using electrospray ionization (ESI). Samples were pre-
pared by serial dilutions to afford 2 ppm concentrations in
1 mL of methanol : water (51 : 49). Elemental analysis (C,H,N)
was conducted by Galbraith Laboratories, Inc., Knoxville,
TN USA.

Optimization experiments

In a steel vial, diacetylpyridine 1 [0.00184 mol (300 mg) for
Fig. S2,† entries 1–14, 0.0012 mol (200 mg) for entry 15], was
mixed with 0.0038 mol (455 mg) 2,6-dimethylaniline 2a.
Combinations of additives, grinding auxiliaries, and 440c
stainless steel balls, as defined in Fig. S2† were added (entries
1–15). The reaction vessel was sealed, and placed on a SPEX®
5100 mill and allowed to react for the denoted durations.
When complete, a sample of the powder/slurry was taken, dis-
solved in ∼0.8 mL CDCl3, and passed through a 0.2 μm PTFE
syringe filter. The sample was measured by 1H NMR spec-
troscopy, and the % composition was determined by the inte-
gration of the well-resolved pyridine meta-CH peaks (Fig. S1†).
Notably, entries 2, 4, 8, 10, and 13 show broader peaks, which
is due to presence of H2O in the system as a result of no
MgSO4 additive to act as desiccant.

Timed reactions

In a steel vial, diacetylpyridine 1 0.0012 mol (200 mg) was
mixed with 0.0038 mol (455 mg) 2,6-dimethylaniline 2a, 7 mg
of p-toluenesulfonic acid monohydrate (TsOH), and 200 mg
MgSO4 with (4) 3.175 mm 440c stainless steel balls. The reac-
tion vessel was sealed, and placed on a SPEX® 5100 mill and
allowed to react for the denoted durations (Fig. S3,† 0–240 min
at 30 min intervals). When complete, the temperature was
measured in vessel immediately after removal from mill, and a
sample of the powder/slurry was taken, dissolved in ∼0.8 mL
CDCl3, and passed through a 0.2 μm PTFE syringe filter. The
sample was measured by 1H NMR spectroscopy, and the %

composition was determined by the integration of the well-
resolved pyridine meta-CH peaks (Fig. S1†). The corresponding
conversions and temperatures are denoted in Table S1.†
Notably, the temperature peaks and begins to decrease after
90 min, this is likely due to the different heat capacity of the
mixture as the aniline oil is being consumed.

General procedure for the mechanochemical reaction of 1 with
2a–i

Unless otherwise specified, the following protocol was utilized:
in a steel vial, diacetylpyridine 1 0.0012 mol (200 mg) was
mixed with 0.0038 mol of aniline 2x, 7 mg of p-toluenesulfonic
acid monohydrate (TsOH), and 200 mg MgSO4 with (4)
3.175 mm 440c stainless steel balls. The reaction vessel was
sealed, and placed on a SPEX® 5100 mill and allowed to react
for 4 h. When complete a small aliquot of the slurry or powder
was taken and measured by 1H NMR spectroscopy, and the %
composition was determined by the integration of the well-
resolved pyridine meta-CH peaks (Fig. S1†). In general (except
for 3g, and 3h) the crude product was washed with 2 mL
methanol and filtered through a 0.2 µm PTFE filter and held
in a −24 °C freezer to crystallize the acetyl(imino)pyridine
product 3x (only for 2a–d), while several passes with pentane
(2 × 2 mL) followed by similar treatment afforded the bis
(imino)pyridine product 4x (only for 2a–c,e–h). Isolated 4x was
further washed with 2 mL of cold methanol to remove any
remaining 3x. All reactions were reproducible within similar
yields and product distributions. Fig. S5–S13† detail the crude
and isolated product 1H and 13C NMRs with tentatively assigned
shifts based on prior literature reports, and expected splitting and
integration.

2-Acetyl-6-{1-[(2,6-dimethylphenyl)imino]ethyl}pyridine (3a).
1H NMR (400 MHz, CDCl3; δ, ppm) 8.58 (d, 1H, pym–H), 8.14
(d, 1H, pym–H), 7.95 (t, 1H, pyp–H), 7.09 (d, 2H, Phm–H), 6.96
(t, 1H, Php–H), 2.79 (s, 3H, OvC(CH3)), 2.22 (s, 3H, NvC
(CH3)), 2.04 (s, 6H, Ph–CH3).

32 MS (ESI): m/z 267.1 [M + H]+.
2,6-Bis{1-[(2,6-dimethylphenyl)imino]ethyl}pyridine (4a): 1H
NMR (400 MHz, CDCl3; δ, ppm) 8.49 (d, 2H, pym–H), 7.92 (t,
1H, pyp–H), 7.08 (d, 4H, Phm–H), 6.95 (t, 2H, Php–H), 2.24 (s,
6H, NvC(CH3)), 2.06 (s, 12H, Ph–CH3).

13C{1H} NMR
(100 MHz, CDCl3; δ, ppm) 167.2 (Cq), 155.1 (Cq), 148.6 (Cq),
136.9 (Cq), 127.9 (Ar–CH), 125.5 (Ar–CH), 123.1 (Ar–CH), 122.2
(Ar–CH), 18.0 (Ar–CH3), 16.5 (NvC(CH3)).

32 (See Fig. S5†) MS
(ESI): m/z 370.2 [M + H]+. Note: workup for 3a/4a was optimized
to 1 mL MeOH, 2 × 2 mL pentane, followed by 1 mL MeOH wash.

2-Acetyl-6-{1-[(2,4,6-trimethylphenyl)imino]ethyl}pyridine
(3b). 1H NMR (400 MHz, CDCl3; δ, ppm) 8.56 (d, 1H, pym–H),
8.13 (d, 1H, pym–H), 7.93 (t, 1H, pyp–H), 6.90 (s, 2H, Phm–H),
2.79 (s, 3H, OvC(CH3)), 2.30 (s, 3H, Php–CH3), 2.23 (s, 3H,
NvC(CH3)), 2.00 (s, 6H, Pho–CH3).

33 2,6-Bis{1-[(2,4,6-tri-
methylphenyl)imino]ethyl}pyridine (4b): 1H NMR (400 MHz,
CDCl3; δ, ppm) 8.48 (d, 2H, pym–H), 7.91 (t, 1H, pyp–H), 6.90
(s, 4H, Phm–H), 2.30 (s, 6H, NvC(CH3)), 2.24 (s, 6H, Php–CH3),
2.02 (s, 12H, Pho–CH3).

13C{1H} NMR (100 MHz, CDCl3; δ,
ppm) 167.4 (Cq), 155.2 (Cq), 146.3 (Cq), 136.8 (Cq), 132.2 (Cq),
128.6 (Ar–CH), 125.3 (Ar–CH), 122.2 (Ar–CH), 20.8 (Php–CH3),
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17.9 (Pho–CH3), 16.4 (NvC(CH3)).
26a (See Fig. S6†) MS (ESI):

m/z 398.2 [M + H]+.
2-Acetyl-6-{1-[(2,6-diethylphenyl)imino]ethyl}pyridine (3c).

1H NMR (400 MHz, CDCl3; δ, ppm) 8.57 (d, 1H, pym–H), 8.14
(d, 1H, pym–H), 7.95 (t, 1H, pyp–H), 7.13 (d, 2H, Phm–H), 7.05
(t, 1H, Php–H), 2.79 (s, 3H, OvC(CH3)), 2.37 (m, 4H, CH2),
2.25 (s, 3H, NvC(CH3)), 1.14 (t, 6H, CH3). 2,6-Bis{1-[(2,6-di-
ethylphenyl)imino]ethyl}pyridine (4c): 1H NMR (400 MHz,
CDCl3; δ, ppm) 8.48 (d, 2H, pym–H), 7.93 (t, 1H, pyp–H), 7.13
(d, 4H, Phm–H), 7.04 (t, 2H, Php–H), 2.40 (m, 8H, CH2), 2.26 (s,
6H, NvC(CH3)), 1.15 (t, 12H, CH3).

13C{1H} NMR (100 MHz,
CDCl3; δ, ppm) 166.9 (Cq), 155.1 (Cq), 147.8 (Cq), 136.9 (Cq),
131.2 (Ar–CH), 125.9 (Ar–CH), 123.3 (Ar–CH), 122.2 (Ar–CH),
24.6 (Ar–CH2–CH3), 16.8 (NvC(CH3)), 13.8 (Ar–CH2–CH3).

34

(See Fig. S7†) MS (ESI): m/z 426.3 [M + H]+.
2-Acetyl-6-{1-[(2,6-diisopropylphenyl)imino]ethyl}pyridine

(3d). 1H NMR (400 MHz, CDCl3; δ, ppm) 8.57 (d, 1H, pym–H),
8.15 (d, 1H, pym–H), 7.96 (t, 1H, pyp–H), 7.19 (d, 2H, Phm–H),
7.12 (t, 1H, Php–H), 2.80 (s, 3H, OvC(CH3)), 2.73 (m, 2H, iPr–
CH), 2.27 (s, 3H, NvC(CH3)), 1.16 (brm, 12H, iPr–CH3).

35 MS
(ESI): m/z 323.2 [M + H]+. 2,6-Bis{1-[(2,6-diisopropylphenyl)
imino]ethyl}pyridine (4d): the following peaks could be clearly
distinguished by 1H NMR (400 MHz, CDCl3; δ, ppm) 8.50 (d,
2H, pym–H), 2.28 (s, 6H, NvC(CH3)), 1.28 (d, 6H, iPr–CH3).
The remainder overlap with those of 3d.36 (See Fig. S8†).

2-Acetyl-6-{1-[(2-isopropylphenyl)imino]ethyl}pyridine (3e).
The following peaks could be clearly distinguished by 1H NMR
(400 MHz, CDCl3; δ, ppm) 8.56 (d, 1H, pym–H), 8.16 (d, 1H,
pym–H), 7.95 (t, 1H, pyp–H), 2.84 (s, 3H, OvC(CH3)), 2.44 (s,
3H, NvC(CH3)), 1.24 (d, 6H, CH3).

35 2,6-Bis{1-[(2-isopropyl-
phenyl)imino]ethyl}pyridine (4e): 1H NMR (400 MHz, CDCl3;
δ, ppm) 8.41 (d, 2H, pym–H), 7.90 (t, 1H, pyp–H), 7.33 (d, 2H,
Pho–H), 7.20 (t, 2H, Phm–H), 7.12 (t, 2H, Php–H), 6.65 (d, 2H,
Phm–H), 3.02 (m, 2H, iPr–CH), 2.39 (s, 6H, NvC(CH3)), 1.20
(brd, 12H, CH3).

13C{1H} NMR (100 MHz, CDCl3; δ, ppm) 166.5
(Cq), 155.5 (Cq), 148.7 (Cq), 138.2 (Cq), 136.8 (Ar–CH), 126.2
(Ar–CH), 125.7 (Ar–CH), 124.0 (Ar–CH), 122.2 (Ar–CH), 118.4
(Ar–CH), 28.5 (iPr–CH), 22.9 (Ar–CH-(CH3)2), 16.5 (NvC
(CH3)).

34,37 (See Fig. S9†) MS (ESI): m/z 398.2 [M + H]+.
2-Acetyl-6-{1-[(4-amylphenyl)imino]ethyl}pyridine (3f). In

the crude, the following peaks could be distinguished by 1H
NMR (400 MHz, CDCl3; δ, ppm) 8.49 (d, 1H, pym–H), 8.12 (d,
1H, pym–H), 2.80 (s, 3H, OvC(CH3)). 2,6-Bis{1-[(4-amylphenyl)
imino]ethyl}pyridine (4f ): 1H NMR (400 MHz, CDCl3; δ, ppm)
8.34 (d, 2H, pym–H), 7.86 (t, 1H, pyp–H), 7.19 (d, 4H, Phm–H),
6.78 (d, 4H, Pho–H), 2.62 (t, 4H, Ph–CH2-(CH2)3CH3), 2.42 (s,
6H, NvC(CH3)), 1.64 (m, 4H, Ph–CH2-(CH2)3CH3), 1.35 (brm,
8H, Ph–CH2-(CH2)3CH3), 0.91 (brt, 12H, Ph–CH2-(CH2)3CH3).
Due to fluxionality in solution/multiple orientations of the imino-
aryl/alkyl groups, a higher number of peaks in the 13C are
observed than would be expected for a symmetrical ligand: 13C
{1H} NMR (100 MHz, CDCl3; δ, ppm) 166.6 (CvN), 156.2
(CAryl), 152.7 (CAryl), 152.4 (CAryl), 148.6 (CAryl), 144.0 (CAryl),
138.5 (CAryl), 138.0 (CAryl), 133.2 (CAryl), 129.2 (CAryl), 129.0
(CAryl), 128.9 (CAryl), 124.8 (CAryl), 124.7 (CAryl), 122.5 (CAryl),
119.3 (CAryl), 115.2 (CAryl), 35.4 (CAlkyl), 35.1 (CAlkyl), 31.6

(CAlkyl), 31.5 (CAlkyl), 31.3 (CAlkyl), 25.7 (CAlkyl), 25.6 (CAlkyl), 22.6
(CAlkyl), 16.1 (CAlkyl), 14.1 (CAlkyl). (See Fig. S10†) C,H,N ana-
lysis: theoretical [C31H39N3] = C 82.07 H 8.67, N 9.26; found C
81.22, H 8.49, N 9.19. MS (ESI): m/z 454.3 [M + H]+.

2-Acetyl-6-{1-[(2,6-dimethyl,4-hydroxyphenyl)imino]ethyl}
pyridine (3g). In the crude, the following peaks could be distin-
guished by 1H NMR (400 MHz, CDCl3; δ, ppm) 8.54 (d, 1H,
pym–H), 8.13 (d, 1H, pym–H), 7.93 (t, 1H, pyp–H), 6.58 (s, 2H,
Phm–H), 2.79 (s, 3H, OvC(CH3)), 2.24 (s, 3H, NvC(CH3)), 1.99
(s, 6H, Phm–CH3), Ph–OH was not observed in the crude. 2,6-Bis
{1-[(2,6-dimethyl,4-hydroxyphenyl)imino]ethyl}pyridine (4g):
1H NMR (400 MHz, (CD3)2CO; δ, ppm) 8.53 (d, 2H, pym–H),
8.09 (t, 1H, pyp–H), 7.83 (s, 2H, Php–OH), 6.66 (s, 4H, Phm–H),
2.28 (s, 6H, NvC(CH3)), 2.00 (s, 12H, Pho–CH3).

13C{1H} NMR
(100 MHz, (CD3)2CO; δ, ppm) 169.2 (Cq), 157.1 (Cq), 154.7 (Cq),
143.1 (Cq), 138.6 (Cq), 127.8 (Ar–CH), 123.5 (Ar–CH), 116.2 (Ar–
CH), 18.9 (Ar–CH3), 17.3 (NvC(CH3)). (See Fig. S11†) MS (ESI):
m/z 402.2 [M + H]+.

2-Acetyl-6-{1-[(4-methoxyphenyl)imino]ethyl}pyridine (3h).
In the crude, the following peaks could be distinguished by 1H
NMR (400 MHz, CDCl3; δ, ppm) 8.46 (d, 1H, pym–H), 8.10 (d,
1H, pym–H), 7.91 (t, 1H, pyp–H) 2.78 (s, 3H, OvC(CH3)), 2.32
(s, 3H, NvC(CH3)). 2,6-Bis{1-[(4-methoxyphenyl)imino]ethyl}
pyridine (4h): 1H NMR (400 MHz, CDCl3; δ, ppm) 8.33 (d, 2H,
pym–H), 7.85 (t, 1H, pyp–H), 6.96–6.81 (m, 8H, Ph–H), 3.84 (s,
6H, O–CH3), 2.44 (s, 6H, NvC(CH3)). Due to fluxionality in solu-
tion/multiple orientations of the imino-aryl/phenoxy groups, a
higher number of peaks in the 13C are observed than would be
expected for a symmetrical ligand, the ranges are consistent with
literature reports:38 13C{1H} NMR (100 MHz, CDCl3; δ, ppm)
167.5 (CAryl), 166.7 (CAryl), 156.5 (CAryl), 156.2 (CAryl), 152.8
(CAryl), 152.7 (CAryl), 152.3 (CAryl), 144.1 (CAryl), 139.8 (CAryl),
137.9 (CAryl), 137.1 (CAryl), 124.8 (CAryl), 124.7 (CAryl), 122.3
(CAryl), 120.1 (CAryl), 116.5 (CAryl), 114.8 (CAryl), 114.2 (CAryl),
55.9 (O–CH3), 55.5 (O–CH3), 25.7 (CAlkyl), 25.5 (CAlkyl), 16.3
(CAlkyl), 16.1 (CAlkyl). (See Fig. S12†). MS (ESI): m/z 374.2
[M + H]+.

No reaction was observed for 1 and 2i (see Fig. S13†).

General procedure for the scaled-up mechanochemical reaction
of 1 with 2a or 2h

In a tungsten carbide vessel, diacetylpyridine 1 0.006 mol
(1.0 g) was mixed with 0.0182 mol (2.20 g) 2,6-dimethylaniline
2a, or 0.0182 mol (2.24 g) of p-methoxyaniline 2h, 45 mg of
p-toluenesulfonic acid monohydrate (TsOH), and 700 mg
MgSO4 with (2) 11.2 mm WC balls. The reaction vessel was
sealed and placed on a SPEX® 8000 mill and allowed to react
for 4 h. When complete, an aliquot of the powder/slurry was
taken, dissolved in ∼0.8 mL CDCl3, and passed through a
0.2 μm PTFE syringe filter. The sample was measured by 1H
NMR spectroscopy, and the % composition was determined by
the integration of the well-resolved pyridine meta-CH peaks
(Fig. S1 and S13†). 2a and 2h were isolated by the same proto-
col as described for the smaller scale reactions (vide supra).

Synthesis of 2-{1-[(2,4,6-trimethylphenyl)imino]ethyl},6-{1-
[(2,6-dimethylphenyl)imino]ethyl}pyridine (4ab). In a steel
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vial, 2-acetyl-6-{1-[(2,6-dimethylphenyl)imino]ethyl}pyridine
(3a) 0.56 mmol (150 mg) was mixed with 0.67 mmol of aniline
2b, 7 mg of p-toluenesulfonic acid monohydrate (TsOH), and
70 mg MgSO4 with (4) 3.175 mm 440c stainless steel balls. The
reaction vessel was sealed, and placed on a SPEX® 5100 mill
and allowed to react for 4 hours. When complete the reaction
was run through a Teledyne ISCO Combiflash® as an elution
mixture of ethyl acetate and hexanes. For one minute, the
column was flushed with pure hexanes, followed by a gradual
ramp from 0% ethyl acetate to 5% ethyl acetate over the course
of 1 min. Then, at the start of the second min the percentage
of ethyl acetate was ramped from 5% to 15% over a period of
7 min. 4ab was isolated, concentrated in vacuo, and recrystal-
lized from methanol. A fine yellow powder identified as 4ab
was isolated in good yield (152 mg/71%). The reaction could
also be run starting with 2-acetyl-6-{1-[(2,4,6-trimethylphenyl)
imino]ethyl}pyridine (3b) 0.27 mmol (75 mg), 0.32 mmol 2a,
7 mg of p-toluenesulfonic acid monohydrate (TsOH), and
70 mg MgSO4 with (4) 3.175 mm 440c stainless steel balls.
After workup, the resulting yield of 4ab was lower (64 mg/62%)
due to smaller reaction size/mechanical loss of product. Peaks
observed in 1H and 13C are broadened due to ligand asymmetry/
fluxionality in solution. 1H NMR (400 MHz, CDCl3; δ, ppm) 8.49
(brd, 2H, pym–H), 7.92 (brt, 1H, pyp–H), 7.08 (brd, 2H, Phm–H),
6.95 (brt, 1H, Php–H), 6.90 (brs, 2H, Phm–H), 2.30 (brs, 3H,
Php–CH3), 2.24 (brs, 6H, NvC(CH3)), 2.05 (brs, 6H, Pho–CH3),
2.02 (brs, 6H, Pho–CH3).

13C{1H} NMR (100 MHz, CDCl3;
δ, ppm) 167.5 (Cq), 167.2 (Cq), 155.2 (Cq), 155.1 (Cq), 148.7
(Cq), 137.3 (Cq), 136.8 (Cq), 132.3 (Cq), 128.6 (Ar–CH), 127.9
(Ar–CH), 125.5 (Ar–CH), 125.4 (Ar–CH), 123.1 (Ar–CH), 122.3
(Ar–CH), 20.8 (Php–CH3), 18.0 (Pho–CH3), 17.9 (Pho–CH3), 16.5
(NvC(CH3)), 16.4 (NvC(CH3)). (See Fig. S16†) C,H,N analysis
of a sample recrystallized from methanol was consistent with a
2 : 1 4ab : MeOH complex: theoretical [C26H29N3]2[CH3OH] = C
79.66 H 7.82, N 10.52; found C 79.17, H 7.70, N 10.37. MS
(ESI): m/z 384.2 [M + H]+. Details for the structure and collec-
tion/refinement parameters of single crystals of 4ab can be
found in the ESI.†

Organometallic reactions

Reaction ii: in a WC vial, diacetylpyridine 1 0.006 mol (1.0 g)
was mixed with 0.0182 mol (2.20 g) 2,6-dimethylaniline 2a,
45 mg of p-toluenesulfonic acid monohydrate (TsOH),
0.0055 mol (1.3 g) of CoCl2(H2O)6 and 700 mg MgSO4 with (2)
11.2 mm WC balls. The reaction vessel was sealed, and placed
on a SPEX® 8000 mill and allowed to react for 4 h. The result-
ing dark green powder was filtered with DCM (60 mL) to
remove MgSO4, concentrated, and rapidly precipitated by the
addition of pentane (25 mL) and being held at −24 °C over-
night. After drying, 1.87 g of dark green powder was isolated.
The product was consistent with {2-acetyl,6{1-[(2,6-dimethyl-
phenyl)imino]ethyl}pyridine}CoCl2 (6) as determined by C,H,N
analysis: theoretical [C17H18Cl2CoN2O] = C 51.54, H 4.58,
N 7.07; found C 51.61, H 4.84, N 6.95. This corresponds to a
yield of 86%. Reaction iii: 150 mg of 6 as synthesized by reac-
tion iii (vide supra) was allowed to stir in a solution of de-

ionized water (3 mL) and pentane (3 mL) for 1 h. The organic
portion was extracted, dried, and re-dissolved in 3 mL of
methanol, and placed in a freezer at −24 °C overnight. This led
to the precipitation of a crystalline yellow powder, which was
confirmed to be 3a by 1H NMR (48 mg, 47% yield).
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