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Abstract: Multidentate ligands involving tethered pyridyl groups coordinated to transition metal
ions have been frequently used to mimic the 3-histidine (3H), 2-histidine-1-carboxylate (2H1C) brace
motifs or other combinations of histidine and carboxylate endogenous ligating residues found in
bioinorganic metalloenzymes. It is of interest to immobilize these ligand chelates onto heterogeneous
supports. This, however, requires the use of bromine-substituted (chloromethyl)pyridines, whose
current synthetic routes involve the use of extremely pyrophoric chemicals, such as n-butyllithium
that require cryogenic reaction conditions, and toxic chemicals, such as thionyl chloride, that are chal-
lenging to handle and require extensive hazard controls. Herein, we report alternative methodologies
towards the syntheses of 2-bromo-6-hydroxymethylpyridine and 2-bromo-6-chloromethylpyridine
from inexpensive commercially available 2,6-dibromopyridine using isopropylmagnesium chloride
lithium chloride complex (Turbo Grignard) and cyanuric chloride which are easier to handle and
require milder reaction conditions than the conventional reagents. Gas chromatography-mass spec-
trometry (GC-MS) methods were developed and simple 'H- and '3C- nuclear magnetic resonance
(NMR) and Fourier-transform infrared (FI-IR) spectroscopies were also used to monitor the con-
version of both reaction steps and showed that products could be obtained and isolated through
simple workups without the presence of unreacted starting material or undesired overchlorinated
2-chloro-6-chloromethylpyridine side product.

Keywords: substituted pyridines; metal halogen exchange; chlorine transfer; alternative synthesis;
gas chromatography mass spectrometry

1. Introduction

Pyridine based ligands play an important role in supporting transition metal ions
for biomimetic chemistry [1-10]. Ligands containing two bis[2-(2-pyridyl)ethyl]amine
(pye) moieties have been used on copper(I) to mimic copper containing oxygenases or
hemocyanin by promoting dioxygen oxidation chemistry or reversible dioxygen binding,
respectively, depending on the type of central linker [11-13]. Many non-haem iron con-
taining metalloenzymes bind iron through moieties known as the 2-His-1-carboxylate,
3-His facial triads or other combinations of histidine and carboxylate endogenous lig-
ating residues [14-17]. These structural motifs have been extensively modeled using
pyridyl based ligands (Figure 1) that have been shown to support high valent metal-oxo
species capable of activating C—H bonds of substrates similarly to their enzymatic coun-
terparts [18-23]. The appeal of these heterocyclic N-donor groups is that they function as
strong o donors to support high oxidation states and provide flexibility in their functional
derivatization for the tuning of primary coordination spheres [24].
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Figure 1. Select pyridine-based ligands that have been used to synthesize biomimetic metal com-
plexes.

It is of interest to link these biomimetic ligand scaffolds to solid supports towards the
development of heterogeneous catalysts. These heterogeneous reactions would theoreti-
cally increase the ease of product isolation and catalyst recovery. Zhdankin and coworkers
showed attaching N-(2-iodyl-phenyl)-acylamide, a derivative of 2-iodoxybenzoic acid
(IBX), onto a polymer support afforded an efficient oxidizing system that could be recycled
with only a moderate decline in activity over multiple recovery steps [25]. Polystyrene-
based supports for palladium catalysts for Suzuki cross-couplings, rthodium catalysts for
ketone synthesis, and ruthenium catalysts for olefin metathesis have also been developed
and used to form heterogeneous catalysts that have shown comparable activities to their
homogenous analogues and could be reused, some up to five to ten times, with no loss in
activity [26]. This recyclability of catalyst increases the efficiency and atom economy of
these catalytic transformations.

Other solid supports such as silica and activated carbons exist due to the ability to func-
tionalize the surfaces of these materials with amine or oxygen containing groups such as lac-
tones or carboxylic acids. Indeed, Radi and coworkers linked a bis(2-pyridylmethyl)amine
chelate to functionalized silica for applications in heavy metal extractions [27]. Further-
more, one of us recently reported the grafting of polyethyleneimine (PEI) onto activated
carbons for the removal of Cr(VI) ions from water at pH values ranging from 2 to 5 [28].
Extension of this activated carbon work includes linking the biomimetic pyridine ligand
scaffolds onto activated carbon surfaces to study catalytic activity and recyclability of these
activated carbon supported heterogeneous systems. However, linking of these pyridine-
based ligands first requires the addition of chloromethyl groups onto the heteroaromatic
ring to give electrophilic compounds capable of participating in substitution reactions with
amine functionalized activated carbon nucleophiles. In addition, bromo substituents on the
heteroaromatic ring are also highly desirable as they allow for subsequent functionalization
post tethering to the solid support. This led us to search the literature for ways to synthesize
the previously reported 2-bromo-6-chloromethylpyridine precursor compound [29-31]
and we found some concern with the conventional routes and characterization of the com-
pound, which necessitated initial modifications to these methods prior to us attempting
our immobilization plans as depicted in Scheme 1.

x>
1. || (2equiv)
Br N

Amine Functionalized Carbon Immobilized Transition Metal Complex

Scheme 1. Proposed plan for the immobilization of transition metal ions onto amine functionalized
carbons using the 2-bromo-6-chloromethylpyridine linker precursor described in this work.
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The first step in the synthesis of the 2-bromo-6-chloromethylpyridine precursor in-
volves an initial metal halogen exchange on 2,6-dibromopyridine. As shown at the top of
Scheme 2, the procedure published by Cai and coworkers indicates use of n-butyllithium as
the metal halogen exchange reagent to achieve the mono-lithiated 2-bromo-6-lithiopyridine
nucleophile [32]. Use of extremely pyrophoric materials such as n-butyllithium in synthetic
procedures provide safety concerns, which inhibit their scalability. The researchers also
warn about problems with selectivity when using n-butyllithium to prepare 2-bromo-6-
hydroxymethylpyridine and mentioned in their hands that by adding just one equivalent
of n-butyllithium, they observed a mixture of products involving acid-base side reactions
rather than the desired metal halogen exchange product. These issues were amplified
when scaling up the reaction since the slow addition of n-butyllithium is required to main-
tain the necessary —78 °C reaction temperature. Reversing the order of addition did not
prove to be beneficial; rather, it led to the over-conversion to the di-lithiated pyridine
reagent. The researchers were able to circumvent these issues by initially forming the
di-lithiated pyridine using two equivalents of n-butyllithium and then subsequently per-
forming halogen-lithium exchange between the 2,6-dilithiated pyridine intermediate and
2,6-dibromopyridine. However, the initial metal-halogen exchange still called for cryogenic
temperatures and the handling of n-butyllithium as do the other reported syntheses of
2-bromo-6-hydroxymethylpyridine [33-38].

Reported Route

1. 2 equiv. "BuLi 1. DMF (=75 °C, 15 min)
R 2. CH3COOH (=75 °C)
2. |l 3.NaBH, (-75°Ctort)
S Br N™ "Br x 4. sat. NH4Cli5q) X

Br® ‘N "Br THF, Np, -75 °C Br N/ Li THF/CH30H, Ny Br N/
OH

Adapted Route

1.DMF (0 °C, 3 h)
2. CHaCOOH (0 °C)
3. NaBH4 (0°Ctort., 2 h)
| X 1. 1.3 equiv. 'PrMgCIsLiCI @\ 4. sat. NH4Cl(aq) i N
Br” "N""Br  THF Ny, 0°Ctort, 3h @ THF/CHZOH, N “

Br® 'N” MgCI-LiCl

OH
67%
(isolated yield)
Scheme 2. Reported route from reference [32] (top) and adapted route from this work (bottom) for
the synthesis of 2-bromo-6-hydroxymethylpyridine.

We sought an alternative synthetic route to avoid the use of n-butyllithium, as shown
in the bottom of Scheme 2, that involves the use of isopropylmagnesium chloride lithium
chloride complex (Turbo Grignard). Knochel and coworkers reported that the addition
of 1.05 equivalents of Turbo Grignard to 2,6-dibromopyridine successfully formed the
2-bromo-6-magnesiopyridine intermediate, which upon addition of benzaldehyde gave
their desired (6-bromopyridin-2-yl)(phenyl)methanol product in 89% yield [39]. We hy-
pothesized that this methodology could be expanded to use N,N-dimethylformamide
(DMF) as the electrophile followed by borohydride reduction to give the desired 2-bromo-
6-hydroxymethylpyridine alcohol under milder reaction conditions and without the need
for n-butyllithium that could easily be scaled up with less safety concerns.

The final step to synthesizing the 2-bromo-6-chloromethylpyridine precursor in-
volves a chlorine transfer to the 2-bromo-6-hydroxymethylpyridine alcohol. Conventional
routes [29-31] use thionyl chloride (SOCl,) to transfer this chlorine, either neat or in halo-
genated solvent, at varying temperatures between slight heating to 0 °C (Scheme 3 top).
SOCl, is a robust chlorinating agent and indeed one paper [29] reporting the synthesis
of 2-bromo-6-chloromethylpyridine using this reagent warns that allowing the reaction
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to run too long or heating at too high of a temperature could lead to the formation of
2-chloro-6-(chloromethyl)pyridine from the over-conversion of product, where the bromo
substituent on the pyridine ring is also replaced with a chloro substituent. In addition, the
reaction using thionyl chloride produces toxic sulfur dioxide gas as a byproduct, which
also complicates use of this procedure on large production scales. The synthesis of the
2-bromo-6-chloromethylpyridine compound could, therefore, be improved through the use
of a milder chlorine transfer reagent that would reduce the likelihood of over-chlorination.
A promising reagent is the cyanuric chlorideeDMF adduct reported by De Luca and
coworkers [40] that lead cleanly to many alkyl chlorides. We sought to explore whether
this reagent could be used as an alternative to SOCI, for the synthesis of 2-bromo-6-
chloromethylpyridine (Scheme 3 bottom). The byproduct of chlorination through the use
of cyanuric chloride is solid cyanuric acid, which further helps simplify the scalability of
this alternative synthetic route.

Reported Route

SOCI,, heator 0 °C

Br~ N neat or in DCM, 10 or 30 min Br~ N cl N
OH Cl cl

Adapted Route

NTN * DMF
RS Cl X
3 w
Br™ N DCM, rt., 16 h Br” "N
OH cl
75%

(isolated yield)

Scheme 3. Reported route from references [29-31] (top) and adapted route from this work (bottom)
for the synthesis of 2-bromo-6-chloromethylpyridine.

Herein, we report that these alternative synthetic routes towards the synthesis of 2-
bromo-6-hydroxymethylpyridine and 2-bromo-6-chloromethylpyridine using Turbo Grig-
nard and cyanuric chloride, respectively, were successful in cleanly converting to products
in good yields. Furthermore, this manuscript also provides a thorough characterization
of these compounds by 'H- and '3C-nuclear magnetic resonance (NMR) spectroscopies,
Fourier-transform infrared (FT-IR) spectroscopy, and gas chromatography mass spectrome-
try (GC-MS), which can be used as experimental handles to monitor conversion to these
products during synthesis or conversion from these compounds during future modification
steps. These alternative synthetic routes can be used by researchers to prepare the 2-bromo-
6-hydroxymethylpyridine and 2-bromo-6-chloromethylpyridine precursor compounds
in a safer and more practical manner compared to the conventional syntheses currently
published in the literature. In addition, the detailed characterization provided herein can
be used by researchers for monitoring reactions involving these compounds.

2. Materials and Methods
2.1. General Methods

Air- and moisture-sensitive reactions and manipulations were performed under an
inert nitrogen atmosphere using a standard Schlenk (Chemglass) manifold with syringe
or cannula transfer techniques or in an AtmosBag (Sigma-Aldrich) purged three times.
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For moisture sensitive reactions, glassware was oven-dried for at least 3 h at 150 °C in a
gravity convection oven (VWR). Volatiles were removed using either a rotary evapora-
tor or the Schlenk line equipped with a Welch 1400B vacuum pump. 'H- and 3C-NMR
spectroscopies were performed on a Bruker Avance-III 300 NMR spectrometer at room tem-
perature and chemical shifts were recorded in units of parts per million (ppm) referenced
from residual proteo solvent for 'H-NMR spectroscopy and from characteristic solvent
peaks for 3C-NMR spectroscopy. Spectra were collected and analyzed using TopSpin
(Bruker) software. FT-IR spectroscopy was performed on a Nicolet iS10 FTIR spectrom-
eter (Thermo Scientific) equipped with a Smart iTR Attenuated Total Reflectance (ATR)
sampling accessory and solids or oils were measured neat. Spectra were collected and
analyzed using OMNIC (Thermo Scientific) software. GC-MS was performed on a Thermo
Scientific Trace 1300 Gas Chromatograph with an AI 1310 autosampler paired to a Thermo
Scientific ISQ single quadrupole mass spectrometer. Data was analyzed using Chromelon
7.2 chromatography software (Thermo Fisher). CHN Elemental Analysis was conducted
by Robertson Microlit Laboratories on a Perkin-Elmer Model 2400 CHN Analyzer.

2.2. Materials

AcroSealed bottles of extra dry unstabilized tetrahydrofuran (THF), extra dry methanol
(CH30H) over molecular sieves, and extra dry N,N-dimethylformamide (DMF) over molec-
ular sieves were purchased from ACROS Organics and used as received for moisture sensi-
tive reactions. For non-moisture sensitive reactions or reaction workups, DMF, methanol,
and n-hexane purchased from VWR Chemicals, and dichloromethane (DCM), chloroform
(CHCl3), and ethyl acetate purchased from ACROS Organics were used without further
modifications. Solid 2,6-dibromopyridine was purchased from TCI America. Turbo Grig-
nard (1.3 M in THF) was purchased from Sigma-Aldrich and titrated against menthol
(Sigma-Aldrich) and 1,10-phenanthroline (Sigma-Aldrich) according to published proce-
dure [41]. Glacial acetic acid (CH3COOH) purchased from Fisher Scientific was used as
received but sealed with electrical tape between uses to limit moisture intake. Sodium
borohydride (NaBHy) was purchased from BeanTown Chemical and stored in a desicca-
tor and sealed with electrical tape between uses to limit moisture intake and maintain
packaging under inert atmosphere. Thionyl chloride (SOCl,) was purchased from Alfa
Aesar and handled within a chemical fume hood. Cyanuric chloride was purchased from
Sigma-Aldrich and stored in the refrigerator. Ammonium chloride (NH4Cl), sodium bi-
carbonate (NaHCO3), and sodium chloride (NaCl) purchased from Sigma Aldrich and
sodium carbonate (Na;COj3) purchased from VWR Chemicals in deionized water were
used for aqueous workups. Magnesium sulfate (MgSQOy) purchased from VWR Chem-
icals was used as received to dry organic extracts. Silica (70-230 mesh, pore size 60 A;
Sigma-Aldrich) was used as received for column chromatography. Deuterated CDCl3 was
purchased from Cambridge Isotopes, Inc. (Tewksbury, MA, USA) and used to prepare sam-
ples for NMR spectroscopy. Pyridine was purchased from Sigma Aldrich and dried over
potassium hydroxide purchased from Flinn Scientific Inc. (Batavia, IL, USA) to prepare
GC-MS samples.

2.3. Synthetic Procedures
2.3.1. 2-bromo-6-hydroxymethylpyridine

Prior to synthesizing the 2-bromo-6-hydroxymethylpyridine precursor, the bottle of
Turbo Grignard was titrated against menthol with 1,10-phenanthroline as an indicator in
the THF reaction solvent following a previously developed procedure [41]. This titration
found the effective concentration of the first bottle of Turbo Grignard to be 1.0 M rather than
1.3 M as advertised. Performing this titration again on a second bottle of Turbo Grignard
revealed an effective concentration of 0.85 M. The reagent masses used for the synthesis
were adjusted to account for these effective concentrations.

To a 250 mL 3-necked round bottom flask equipped with a Teflon stir bar was added
50 mL of titrated Turbo Grignard (1.3 mol equiv.) using an airtight syringe. The reaction
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flask was cooled to 0 °C in an ice/water bath and a solution of 2,6-dibromopyridine (1 mol
equiv.) in dry THF (30 mL) was cannula transferred into the flask. The flask was allowed
to warm to room temperature and reacted for 3 h, after which a dark green-brown solution
formed. The reaction flask was cooled back down to 0 °C in the ice/water bath and 2.2 mol
equiv. of extra dry DMF was syringed into the flask. The reaction was maintained at
0 °C over 3 h and a more vivid dark green solution formed. CH3COOH (glacial, 1.4 mol
equiv.) was syringed into the reaction flask dropwise forming a bright red solid, which was
vigorously stirred to suspend the solid. To this suspension, a solution of NaBH, (1.4 mol
equiv.) in extra dry methanol (50 mL), prepared within an AtmosBag, was slowly cannula
transferred into the reaction flask forming a bright yellow suspension. Caution: large
amounts of gas releases upon addition of NaBHj to the reaction flask and care should be
taken while performing the transfer. The reaction flask was removed from the ice/water
bath and allowed to react at room temperature for 2 h. The reaction was quenched with
100 mL of saturated aqueous NH4Cl, and the layers were separated. The aqueous layer was
extracted with 3 x 50 mL CHCl3, dried over MgSQy, filtered, and concentrated on the rotary
evaporator. The product was dried overnight under reduced pressure at 70 °C to yield
pure 2-bromo-6-hydroxymethylpyridine as a brown oil in 67% yield. Analytically pure
compound could be obtained through column chromatography using a methanol: DCM
(1:9) solvent mixture (R¢ = 0.58) or an ethyl acetate:hexane (1:1) solvent mixture (R¢ = 0.42)
as eluent. "H-NMR (300 MHz, CDCl;, ppm): 4 7.56 (t, ] = 7.68 Hz, 1H), 7.39 ppm (dd,
J=7.85Hzand 0.67 Hz, 1 H), 7.32 (dd, ] = 7.57 Hz and 0.56 Hz, 1H), 4.75 (s, 2H), 3.62 (br s,
1 H); 3C-NMR (75.5 MHz, CDCl;, ppm): § 161.7, 141.2, 139.2, 126.6, 119.4, 64.2; FT-IR
(em™1): 3311, 2954, 2868, 2780, 1582, 1556, 1433, 1406, 1325, 1260, 1221, 1153, 1119, 1082,
1059, 985, 833, 780, 740, 704, 675; GC-MS (EI, m/z): 76, 77,78, 79, 106, 107, 156, 157, 158, 159,
160, 171, 173, 186, 187, 188, 189. Anal. Calcd for: C, 38.33; H, 3.22; N, 7.45. Found: C, 38.37;
H, 3.33; N, 7.45.

2.3.2. 2-bromo-6-chloromethylpyridine

To an Erlenmeyer flask equipped with a wide stir bar was added 9.23 g cyanuric
chloride (50 mmol, 1.02 equiv.) and 15 mL DMF and allowed to react for 1 h to form
the cyanuric chlorideeDMF adduct. To this adduct was added a solution of 2-bromo-6-
hydroxymethylpyridine (9.23 g, 49 mmol, 1 equiv.) in DCM (75 mL) and the reaction was
allowed to react at room temperature overnight. The reaction was quenched with 300 mL of
DI water and the layers were separated. The aqueous layer was extracted with 3 x 50 mL
DCM and the organic extracts were dried over MgSQy, filtered, and concentrated down to
a brown oil on the rotary evaporator. This brown oil was charged onto a column of silica
and eluted with 600 mL of DCM. The eluent was concentrated down to a pale yellow oil
on the rotary evaporator, triturated with DCM, and dried under reduced pressure at room
temperature to yield 7.6 g of 2-bromo-6-hydroxymethylpyridine as an off white solid (75%
yield). Analytically pure compound could be obtained via sublimation under reduced
pressure at 70 °C. H-NMR (300 MHz, CDCl3, ppm): 67.60 (t,] =7.72 Hz, 1H), 7.46 ppm
(t, ] = 8.32 Hz, 2 H), 4.64 (s, 2H); 13C-NMR (75.5 MHz, CDCl;, ppm): § 157.9, 141.4,139.4,
127.5,121.6, 45.7; FT-IR (cm~1): 3080, 3069, 3048, 3016, 2964, 1604, 1577, 1553, 1474, 1438,
1407, 1349, 1328, 1290, 1259, 1237, 1167, 1115, 1081, 1018, 987, 916, 907, 854, 802, 744, 698,
669; GC-MS (EL, m/z): 79, 90, 91, 125, 126, 127, 128, 170, 171, 172, 205, 206, 207, 208, 209.
Anal. Calcd for: C,34.90; H, 2.44; N, 6.78. Found: C, 35.04; H, 2.34; N, 6.79.

2.4. GC-MS

To a 1.5 mL GC vial was added 30 mg of analyte and 1.0 mL of dried pyridine. Samples
were injected (1.00 pL, split 100:1) into the Trace 1300 using a 10 pL Thermo Scientific
syringe prewashed with methanol, hexane and sample using the Thermo Scientific AI 1310.
The split splitless injector (SSL) was kept at a constant temperature of 280 °C, and was
equipped with a glass liner packed with quartz wool to prevent any non-volatile species
from contaminating the column. Data was collected using Chromelon 7.2 software for three
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minutes post injection, with the RTX 5 Sil MS column (Restek) heated to a constant 250 °C
and ultrapure hydrogen carrier gas at a constant 1.0 mL min~!. The ISQ mass spectrometer
was set to full scan mode with a mass range of 20 m/z to 250 m/z and a dwell time of
0.2 s scan~ L. The transfer line was heated to 270 °C, and the mass spectrometer source was
heated to 250 °C. The mass spectrometer was tuned prior to analysis using PFTBA.

3. Results and Discussion
3.1. Metal Halogen Exchange using Turbo Grignard

Our findings show that the use of Turbo Grignard to perform the initial metal halogen
exchange step in the synthesis of 2-bromo-6-hydroxymethylpyridine is an appealing alter-
native to the use of n-butyllithium, having formed the desired product in good yields under
milder reaction conditions (Scheme 2 bottom). Briefly, the 2-bromo-6-magnesiopyridine
intermediate was formed following the procedure detailed by Knochel [39]. Without the
need of isolating this intermediate, the reaction was cooled back down to 0 °C and dry N,N-
dimethylformamide (DMF) was syringed into the reaction mixture forming a dark green
solution which upon addition of glacial acetic acid created a vivid red suspension. Cannula
transfer of a methanolic NaBH, solution into this suspension released large amount of gas
and formed a bright yellow suspension. Aqueous workup of this suspension isolated a
dark brown oil with additional solid present in some cases. Analysis of these mixtures by
IH- and '3C- NMR spectroscopy and GC-MS indicated that the oil was the desired 2-bromo-
6-hydroxymethylpyridine product while the solid was unconverted 2,6-dibromopyridine
starting material. In the TH-NMR spectrum of the mixture with the solid (Figure 2a), chem-
ical shifts were observed at 4.76, 7.30, 7.40, and 7.56 ppm which matched those previously
reported for 2-bromo-6-hydroxymethylpyridine [37,38,42], but a multiplet between 7.4 and
7.5 ppm that matched the spectrum for starting 2,6-dibromopyridine [43,44] (Figure 2c) was
also observed. The 'H-NMR spectrum of the oil only showed chemical shifts associated
with the 2-bromo-6-hydroxymethylpyridine product and the multiplet was not observed
(Figure 2b). Furthermore, the 'H-NMR spectrum of the oil had an additional broad singlet
at 3.62 ppm that was not observed in the crude mixture with the solid. This additional
resonance was attributed to the hydrogen of the hydroxy group. Similarly, these same
findings were observed in the '3 C-NMR spectra of these samples (Figure S1) showing
further support that the oil was the pure 2-bromo-6-hydroxymethylpyridine and the solid
was unreacted 2,6-dibromopyridine starting material.

4.76

-
4.7 ————
s

S\
(b) JL
() JML
‘ 8‘.0 715 710 615 6‘.0 515 510 415 4‘.0 3.‘5 ppm‘

Figure 2. Overlay of the TH-NMR spectra of (a) oil mixture with solid, (b) pure oil, and (c) pure
2,6-dibromopyridine starting material in CDCl3.
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These results were corroborated by GC-MS experiments performed on these samples
where the mass spectrum of the oil and solid mixture (Figure 3 bottom) shows signals at
235,237, and 239 m/z in a 1:2:1 isotope pattern indicating the presence of two bromine
atoms in the structure consistent with the 2,6-dibromopyrdine starting material (exact mass
234.86 amu). This spectrum also shows peaks at 186 and 188 m/z in a 1:1 isotope pattern
indicating the presence of a single bromine atom in the structure consistent with the 2-
bromo-6-hydroxymethylpyridine product (exact mass 186.96 amu). The other major peaks
observed in this spectrum were 171, 158, 106 and 78 m/z corresponding to the 2-bromo-
6-methylpyridine (exact mass 172.03 amu), 2-bromopyrdine (exact mass 156.95 amu),
2-hydroxymethylpyridine (exact mass 109.05 amu), and pyridine (exact mass 79.04 amu)
fragments of the parent ions respectively within the mass spectrometer. Comparatively, the
mass spectrum of the oil alone (Figure 3 top) does not contain peaks around the 237 m/z
region, and only contains peaks corresponding to the 2-bromo-6-hydroxymethylpyridine
product and its predominant fragments. The spectrum for this product is similar to the EI
mass spectrum obtained by Bolm and coworkers [42] with the exception that they did not
observe the 106 m/z fragment.

185.92
100 —

) 78.05 157.95
75 —

50 —

25 106.02

Al

100 —

m || nn Ly L ‘
157.94

185.93

Relative Intensity (%)

40 60 80 100 120 140 160 180 200 220 240
m/z

Figure 3. Overlay of the mass spectra of the pure oil (top) and oil mixture with solid (bottom).

After adjusting the stoichiometry of reagents to account for the appropriate effec-
tive concentration of Turbo Grignard found through titration, we were able to success-
fully synthesize only the 2-bromo-6-hydroxymethylpyridine oil product with no solid
2,6-dibromopyridine present. In our hands, there were no issues with scaling up this
adapted synthetic route to a similar scale as that used by Cai et al. [32]. The absence of
starting material in these samples was confirmed by 'H- and 3 C-NMR spectroscopies
and GC-MS. Elemental analysis on analytically pure oil that was isolated found C, H,
and N percentage values within 0.11%, confirming no impurities or byproducts were
present. This oil could be used in a subsequent chlorine transfer step to form the final
2-bromo-6-chloromethylpyridine product without further purification.
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3.2. Chlorine Transfer Using Cyanuric Chloride versus Thionyl Chloride

Initial attempts to complete this chlorine transfer reaction were performed follow-
ing the literature procedures using thionyl chloride [29-31]. In our hands, however, the
use of thionyl chloride did not lead to clean results. The first reaction attempt towards
2-bromo-6-chloromethylpyridine product involved the addition of neat SOCI, following
the procedure reported by Chuang et al. [29]. While the researchers specify in their work
that they performed the reaction for 10 min, they did not indicate the reaction temperature,
so we first attempted the reaction at 40 °C and analyzed the reaction mixture by NMR
spectroscopy. In order for the 2-bromo-6-chloromethylpyridinium chloride in the reaction
mixture to dissolve in CDCl3 for 'H-NMR spectroscopic analysis to compare with the
literature data, we first had to rinse the reaction mixture dissolved in chloroform with
aqueous sodium bicarbonate, followed by extraction of the organic layer. We were sur-
prised to clearly see two species in the 'H-NMR spectrum (Figure 4a) since the authors
claimed that the overconverted product was indistinguishable from the desired 2-bromo-
6-chloromethylpyridine product by NMR spectroscopy and could only be identified by
running subsequent reaction products through liquid chromatography (LC)-MS [29]. One
of the species was the desired product which had triplets at 7.46 and 7.62 ppm in the
aromatic region, which matched reported data [29-31]. The other species had a doublet at
7.28 ppm, an unresolved overlapping peak at 7.48 ppm, and a triplet at 7.72 ppm in the aro-
matic region. We believe this other species to in fact be the 2-chloro-6-chloromethylpyridine
since the peaks match very closely to the known 'H-NMR spectrum of that compound
as reported by Pesti and coworkers [45]. Again, a similar observation was made when
analyzing the 1*C-NMR spectra of these samples (Figure S2) and determined that the
desired 2-bromo-6-chloromethylpyridine product had chemical shifts of 45.7, 121.6, 127.5,
139.4, 141.4, and 157.8 ppm. To the best of our knowledge this is the first report in the
literature of the 3C-NMR spectrum of this compound.
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Figure 4. Overlay of the 'H-NMR spectra for the product mixtures from the reaction of 2-bromo-6-
hydroxymethylpyridine with SOCl, (a) neat at 40 °C, (b) neat at r.t., (c) neat at 0 °C, (d) in DCM at
0 °C in CDCl3.

According to the ratio of the integration of the triplet at 7.72 ppm to the triplet at
7.62 ppm of 0.78 to 1.00 in the 'H-NMR spectrum, the reaction at 40 °C had a 56% conver-
sion to desired 2-bromo-6-chloromethylpyridine and 44% overconversion to 2-chloro-6-
chloromethylpyridine. The 2-bromo-6-chloromethylpyridine and 2-chloro-6-chloromethyl-
pyridine compounds had similar retention factors on silica using dichloromethane as
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eluent and could not easily be separated. Therefore, to reduce the amount of overcon-
verted 2-chloro-6-chloromethylpyridine side product present in these reaction mixtures,
we also performed the reaction at room temperature and 0 °C and the 'H-NMR spectra
of these attempts are also shown in Figure 4b,c. According to the ratios of the integration
of the triplet at 7.72 ppm to that at 7.62 ppm of 0.34 to 1.00 and 0.23 to 1.00, the reac-
tion at room temperature had a 75% conversion to 2-bromo-6-chloromethylpyridine and
25% conversion to 2-chloro-6-chloromethylpyridine while that at 0 °C had approximately
an 81% conversion to 2-bromo-6-chloromethylpyridine and 19% conversion to 2-chloro-
6-chloromethylpyridine, respectively. The other resonances within the aromatic region
of the 0 °C reaction are speculated to be unconverted starting material based on their
chemical shifts.

While the overconversion to 2-chloro-6-chloromethylpyridine did reduce upon re-
duction of the temperature, it was still present. To combat these issues, a final attempt
was performed using thionyl chloride following the reported procedure by Tanaka and
coworkers where thionyl chloride was added to a DCM solution of starting alcohol rather
than neat and stirred at 0 °C [30]. While it was difficult to detect overconverted 2-chloro-6-
chloromethylpyridine side product in the 'H-NMR spectrum of the reaction mixture from
this attempt (Figure 4d), there still seemed to be a small triplet present at 7.72 ppm that
integrated to 0.15 to the 1.00 integration of the triplet at 7.62 ppm, which corresponds to an
approximate 87% conversion to 2-bromo-6-chloromethylpyridine and 13% conversion to
2-chloro-6-chloromethylpyridine. This reaction mixture is also speculated to contain small
amounts of unconverted starting material. These results are summarized in Table 1.

Table 1. Conversion percentages of 2-bromo-6-hydroxymethylpyridine to 2-bromo-6-chloro-
methylpyridine (x = Br) and 2-chloro-6-chloromethylpyridine (x = Cl) using SOCl, under speci-
fied reaction conditions.

| S
Conditions of XN
SOCl, Addition i
X = Br x=Cl
Attempt 1 neat at 40 °C 56% 44%
Attempt 2 neat at r.t 75% 25%
Attempt 3 neatat 0 °C ~81% ~19%
Attempt 4 to DCM solution at 0 °C ~87% ~13%

The use of the milder cyanuric chlorideeDMF adduct, reported by De Luca et al. [40],
successfully overcame challenges associated with over-chlorination. Briefly, a DCM so-
lution of 2-bromo-6-hydroxymethylpyridine was added to the freshly prepared cyanuric
chlorideeDMF adduct and reacted overnight (Scheme 3, bottom). Upon aqueous workup
and quick purification through a short plug of silica using DCM as eluent, the desired
2-bromo-6-chloromethylpryidine was isolated cleanly in 75% yield as an off-white solid
without the presence of any overconverted 2-chloro-6-chloromethylpyridine side product
or unreacted starting alcohol, even on a similar scale as that used by Chuang et al. [29].
Elemental analysis on analytically pure sublimed solid found C, H, and N percentage
values within 0.14%, confirming no impurities or byproducts were present.

In the 'H-NMR spectrum of the compound synthesized through the use of cyanuric
chloride (Figure 5 top), only the triplets at 7.46 and 7.60 ppm in the aromatic region
were observed without any detection of the resonances corresponding to the 2-chloro-6-
chloromethylpyridine side product. The methylene hydrogens were observed at 4.64 ppm
which indicates an upfield shift of 0.11 ppm compared to the starting alcohol and is
consistent with the less deshielding of the hydrogens by the less electronegative chloro
group attached to that carbon as has been reported [29-31]. Again, a similar observation
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was observed in the '*C-NMR spectrum, which also only had the chemical shifts associated
with the species assigned to be 2-bromo-6-chloromethylpyridine.

6!
6
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4

7.4
4

4.64

4.63

YY) e

T T T T T T T T T T T 1
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 ppm

Figure 5. Overlay of the "H-NMR spectra for the product mixture from the reaction of 2-bromo-6-
hydroxymethylpyridine with cyanuric chlorideeDMF in DCM at r.t (top) and SOCl; at 40 °C (bottom)
in CDCl3.

GC-MS spectra of the reaction mixtures when using thionyl chloride (Figure 6, bottom)
also confirmed presence of 2-chloro-6-chloromethylpyridine side product as it contained
peaks at 161 and 163 m/z in a 1:0.66 isotope pattern indicating two chlorine atoms in the
structure consistent with the 2-chloro-6-chloromethylpyridine (exact mass 160.98 amu)
side product. The spectrum also shows peaks at 205 and 207 m/z in a 1:1.33 isotope
pattern indicating a bromine atom and a chlorine atom in the structure consistent with the
2-bromo-6-chloromethylpyridine product (exact mass 204.930 amu). The other major peaks
observed in this spectrum were 129 m/z, corresponding to the 2-chloro-6-methylpyridine
(exact mass 127.57 amu) and/or 2-chloromethylpyridine (exact mass 127.02 amu), 90 m/z,
corresponding to the 2-methylpyridine (exact mass 93.06 amu), and 79 m/z corresponding
to the pyridine fragments of the parent ions.

Similarly, formation of the 2-bromo-6-chloromethylpyridine compound without any
presence of 2-chloro-6-chloromethylpyridine side product using the cyanuric chlorideeDMF
adduct as chlorine transfer reagent was also confirmed by GC-MS experiments. The GC-
MS spectrum of the reaction mixture when using cyanuric chloridesDMF (Figure 6, top)
shows a similar fragmentation pattern to the one discussed above for the mixture con-
taining the 2-chloro-6-chloromethylpyridine (Figure 6, bottom) side product with the key
distinction being the lack of a signal for the side product’s parent ion (161 m/z region). In
addition, there is a more predominant signal for the fragment at 170 m/z corresponding
to 2-bromo-6-methylpyridine, which could only have formed from fragmentation of the
2-bromo-6-chloromethylpyridine desired product within the GC-MS system. Another
distinction we observed was a slight difference in fragmentation pattern at the 126 m/z
region due to the presence of only the chloromethylpyridine fragment and lack of the
2-chloro-6-methylpyridine fragment from the side product’s parent ion.
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Figure 6. Overlay of the mass spectra of the product mixture from the reaction of 2-bromo-6-
hydroxymethylpyridine with cyanuric chloridee DMF in DCM at r.t (top) and SOCI; at 40 °C (bottom).

Finally, the replacement of the hydroxy group in 2-bromo-6-hydroxymethylpyridine
with the chloro group to give 2-bromo-6-chloromethylpyridine was monitored by FI-IR
spectroscopy with the broad v(OH) stretching vibration being used as an easy probe.
As shown in Figure S18, the v(OH) peak at 3311 cm~! in the spectrum for 2-bromo-6-
hydroxymethylpyridine, which matches closely with the reported frequency values for
that vibrational mode [36,42,46], is clearly missing in the spectrum for the 2-bromo-6-
chloromethylpyridine product. This confirms that IR spectroscopy provides a good handle
for loss of the hydroxy group during the chlorine transfer step and could be used to monitor
the conversion of 2-bromo-6-hydroxymethylpyridine to further functionalized products
such as 2-bromo-6-chloromethylpyridine.

4. Conclusions

As described, the two pyridine derivatives, 2-bromo-6-hydroxymethylpyridine and
2-bromo-6-chloromethylpyridine were successfully prepared by modified synthetic routes
that bypass the use of harsh reagents that require careful handling and difficult reaction
conditions. We show that the Turbo Grignard reagent, after titrating to ensure correct
reaction stoichiometry, could be used as an alternative to n-butyllithium for metal halogen
exchange of 2,6-dibromopyridine that only required reaction conditions with temperatures
no colder than 0 °C rather than —78 °C. Similarly, in the following chlorine transfer step
towards the formation of 2-bromo-6-chloromethylpyridine from the alcohol precursor,
the adduct between cyanuric chloride and DMF was shown to be a much more benign
reagent which cleanly lead to product with greater selectivity compared to the conven-
tional thionyl chloride reagent, which was shown by us to easily lead to over-chlorinated
2-chloro-6-chloromethylpyridine side product. The alternative routes described in this
manuscript provide more practical ways of synthesizing these important pyridine precur-
sors, which will be of benefit to researchers who desire to incorporate pyridyl groups into
their materials.

This manuscript also provides thorough analyses of the reaction steps by 'H- and 3C-
NMR spectroscopies, GC-MS, and FT-IR spectroscopy. These various characterization tech-
niques all provide consistent results indicating that without titrating the Turbo Grignard



C2021,7,54

13 of 16

and maintaining the correct stoichiometry of the metal halogen exchange reaction, final
reaction mixtures contained a combination of desired 2-bromo-6-hydroxymethylpyridine
product and unreacted 2,6-dibromopyridine starting material. Maintaining the correct
reaction stoichiometry, however, led to clean and complete conversion to desired alco-
hol product. Similarly, in the chlorine transfer step, these analyses show that the use
of thionyl chloride led to final reaction mixtures that contained both desired 2-bromo-
6-chloromethylpyridine product as well as undesired 2-chloro-6-chloromethylpyridine
side product. The use of the adduct between cyanuric chloride and DMF, however, led to
reaction mixtures that only contained desired 2-bromo-6-chloromethylpyridine product.

With pure 2-bromo-6-hydroxymethylpyridine and 2-bromo-6-chloromethylpyridine in
hand, a complete spectroscopic characterization of these compounds was obtained. While
the 'H-NMR spectrum [29-31] and high resolution EI mass spectrum [31] of 2-bromo-
6-chloromethylpyridine have been obtained, this report, to the best of our knowledge,
provides the first collection of the 3C-NMR spectrum and EI mass spectrum obtained
through gas chromatography. Furthermore, while the 2-bromo-6-hydroxymethylpyridine
was run through GC-MS analysis by Huang et al. [47], they only report the m/z peak of the
parent ion with largest relative intensity while this manuscript provides a complete analysis
and thorough assignment of the entire GC mass spectrum (EI) of this parent compound
including regions of the most predominant ion fragments. These more thorough and
detailed characterization methods and analyses of the 2-bromo-6-hydroxymethylpyridine
and 2-bromo-6-chloromethylpyridine compounds will assist researchers in monitoring
reactions involving use of these compounds.

Future experiments involve the linking of the 2-bromo-6-chloromethylpyridine pre-
cursor synthesized through these improved adapted routes onto amine functionalized
carbons, the characterization of these materials, and affinity studies of these immobilized
chelates to bind transition metal ions.
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(b) pure oil, and (c) pure 2,6-dibromopyridine starting material in CDCl;., Figure S2: Overlay of the
I3C-NMR spectra for the product mixture from the reaction of 2-bromo-6-hydroxymethylpyridine
with cyanuric chloridesDMF in DCM at r.t (top) and SOCI, at 40 °C (bottom) in CDCl3., Figure S3:
Overlay of the aromatic regions of the 'H-NMR spectra for the product mixtures from the reaction
of 2-bromo-6-hydroxymethylpyridine with SOCI, (a) neat at 40 °C, (b) neat at r.t., (c) neat at 0 °C,
(d) in DCM at 0 °C in CDCls., Figure S4: 'H-NMR Spectrum of the reaction mixture containing 2-
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CDCls., Figure Sé: TH-NMR Spectrum of 2-bromo-6-hydroxymethylpyridine in CDCl;., Figure S7:
13C-NMR Spectrum of 2-bromo-6-hydroxymethylpyridine in CDCls., Figure S8: 'H-NMR Spectrum
of 2,6-dibromopyridine in CDCl3., Figure S9: 1*C-NMR Spectrum of 2,6-dibromopyridine in CDClj.,
Figure S10: 'H-NMR Spectrum of the reaction mixture containing 2-bromo-6-chloromethylpyridine
and 2-chloro-6-chloromethylpyridine in CDCl3., Figure S11: "3C-NMR Spectrum of the reaction
mixture containing 2-bromo-6-chloromethylpyridine and 2-chloro-6-chloromethylpyridine in CDCl3.,
Figure S12: 'H-NMR Spectrum of 2-bromo-6-chloromethylpyridine in CDCls., Figure S13: 3C-NMR
Spectrum of 2-bromo-6-chloromethylpyridine in CDClj3., Figure S14: Mass spectrum of the reaction
mixture containing 2-bromo-6-hydroxymethylpyridine and 2,6-dibromopyridine., Figure S15: Mass
spectrum of 2-bromo-6-hydroxymethylpyridine., Figure S16: Mass spectrum of the reaction mixture
containing 2-bromo-6-chloromethylpyridine and 2-chloro-6-chloromethylpyridine., Figure S17: Mass
spectrum of 2-bromo-6-chloromethylpyridine., Figure S18: Overlay of the FT-IR spectra of 2-bromo-6-
hydroxymethylpyridine (red) and the product of the reaction with cyanuric chloride (blue).
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