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Atropisomerism in 3,4,5-Tri-(2-methoxyphenyl)-2,6-lutidine
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Suzuki reaction of tribromo-2,6-lutidine with (2-meth-
oxyphenyl)boronic acid gave 3,4,5-tris(2-methoxyphenyl)-
2,6-lutidine in the form of a mixture of three atropisomers
that were stable at room temperature. Each isomer was iso-
lated and fully characterized, including by X-ray structure

Introduction

Restricted rotation about single bonds can give rise to
the formation of atropisomers due to the presence of a
stereogenic axis.[1] Depending on the size of the aryl substit-
uent, such a stereogenic axis may generate conformationally
mobile or conformationally stable atropisomers. Their rela-
tively slow interconversion (by convention having a half life
of more than 1000 s) allows isolation of the particular iso-
mers,[2,3] and this phenomenon may have important impli-
cations for medicinal chemistry.[4] Many biologically active
compounds exist in the form of stable atropisomers, includ-
ing (–)-steganone, (+)-gossypol, and vancomycin as selected
examples.[5] In general organic chemistry, atropisomeric
phosphorus ligands have found widespread application in
metal catalysis.[6] Among them, several effective organocat-
alysts bear an axially chiral BINOL scaffold.[7] In a ma-
jority of cases, atropisomerism is generated by the presence
of sterically demanding substituents placed at the ortho po-
sition of the aryl moiety, thus causing restricted rotation
around the aryl–aryl bonds. The steric hindrance intro-
duced by the substituents together with the geometry of the
planar framework of the molecule defines the conforma-
tional or configurational stability of atropisomers, which
may be studied with various physical methods, including
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determination. One of the isomers, being a racemic mixture,
was separated into individual enantiomers by using semipre-
parative chiral HPLC. Their absolute stereochemistry was
initially assigned on the basis of computational calculation of
the CD spectra and finally confirmed by X-ray analysis.

variable-temperature NMR spectroscopy,[8] other kinetic
NMR methods, and dynamic GC and HPLC analysis.[9,10]

The intriguing diversity and the unique structural, elec-
tronic, and photoelectronic properties of axially chiral bi-
aryls and polyaryls of various stereochemical stability has
led to their use in a variety of applications.[11] Studies on
systems having parallel-stacked aryl groups has provided
valuable information on intramolecular weak yet attractive
π–π interactions between aromatic rings, which is of par-
ticular importance in molecular recognition, for example in
biological systems.[12] An interesting example of weak
alkyl–alkyl attractive interactions was also observed in
stereolabile atropisomers of hindered terphenyl hydro-
carbons.[13] Low-temperature NMR analysis of polyarylo-
benzenes and pentaarylopyridines revealed the presence of
conformational stereoisomers that rapidly interconvert at
room temperature.[14]

In this communication we report on the synthesis, isola-
tion, and comprehensive characterization of stereoisomers
derived from restricted rotation around the aryl–aryl bond
in 3,4,5-tris(2-methoxyphenyl)-2,6-lutidine, which is a fo-
rensically relevant pyridine derivative.

Results and Discussion

In a continuation of our long-lasting study on heterocy-
clic impurities present in amphetamine analogues synthe-
sized by the Leuckart method,[15–17] we needed to access a
variety of 3,4,5-triaryl-2,6-dimethylpyridine derivatives. Ini-
tial screening was performed to find the optimum catalyst,
solvent, and base for the cross-coupling of 3,5-dibromo-4-
chloro-2,6-dimethylpyridine (1) and 3,4,5-tribromo-2,6-pyr-
idine (2) with phenylboronic acid. Attempted synthesis of
3,4,5-triphenyl-2,6-lutidine (3) by the cross-coupling of 1
with a large excess of phenylboronic acid (4.8 mol) under
conventional conditions {[PdCl2(PPh3)2], Na2CO3, toluene/
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H2O/EtOH, 80 °C, 24 h}, gave a mixture of products,
among which chlorodiphenyllutidine 4 was detected as a
main component. Similar results, but with a small excess of
3, were observed when S-Phos/Pd(OAc)2 was used as cata-
lyst. However, when 1,1�-bis(diphenylphosphino)ferrocene
{[PdCl2(dppf)]·CH2Cl2} in dioxane was used in conjunction
with K3PO4 as base (Conditions B), compound 4 was
formed as a main product, with only a small amount of 3
and traces of diphenylpyridines 5 and 6 (Scheme 1, Table 1).
It should be noted that cross-coupling with the 1,1�-bis(di-
phenylphosphino)ferrocene-based catalytic system may be
useful in the construction of 3,5-diaryl(Ar1)-4-aryl(Ar2)-
substituted 2,6-lutidines with mixed substitution pattern.
The usefulness of this ligand in the regioselective arylation
of polyhalogenated thiophenes,[18] pyridines,[19] quinol-
ines,[20] isoquinolines,[21] pyrimidines,[22] and 2(1H)-pyrazin-
ones[23] has already been demonstrated.

Scheme 1. The Suzuki coupling between halogenated 2,6-lutidines
and phenylboronic acid.

Tribromo-2,6-lutidine 2 proved to be a much better start-
ing material with which to complete the triphenylation reac-
tion. Both Conditions A and C were suitable for the prepa-
ration of the desired triphenyl derivative 3, giving 85 and
96% yield, respectively. By monitoring the course of the
reaction by GC–MS analysis, it was found that full conver-
sion of tribromo-2,6-lutidine 2 into 3 was achieved in less
than 1 h.

Having established suitable conditions for the synthesis
of a series of 3,4,5-triaryl-2,6-lutidines, we initially prepared
3,4,5-tris(2-methoxyphenyl)-2,6-lutidine (7). TLC analysis
of the reaction mixture revealed the presence of three com-
ponents with MS spectra identical to that of compound 7.
Careful gradient-elution column chromatography allowed
the separation of individual components and an estimation
of their proportion (7a/7b/7c = 8:42:50). Each compound

Table 1. Optimization of the synthesis of triphenyllutidine 3.

Entry Substrate Conditions[a] Conversion [%] Yield [%][b,c]

3 4 5 6

1 1 A ca. 100 44 50 5 ca. 1
2 1 B ca. 100 5 93 ca. 2 trace
3 1 C ca. 100 48 42 9 ca. 1
4 2 A ca. 100 85 – 12 3
5 2 B ca. 100 67 – 26 7
6 2 C[d] ca. 100 96 – 3 trace

[a] Conditions A: [PdCl2(PPh3)2] (8%), Na2CO3 (9 equiv.), toluene/H2O/EtOH (10:2:1), 80 °C, 24 h; Conditions B: [PdCl2(dppf)]CH2Cl2
(7 %), K3PO4 (9 equiv.), dioxane, 90 °C, 24 h; Conditions C: Pd(OAc)2 (3%), S-Phos (5%), K3PO4 (9 equiv.), toluene, 90 °C, 24 h. [b] Yield
determined by GC–MS analysis. [c] Pyridines 3–6 were identified on the basis of GC–MS analysis and comparison with retention data
and mass spectra recorded for the previously synthesized pure compounds.[15,16] [d] Full conversion of 2 into 3 was obtained after 1 h.
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was then subjected to spectral and single-crystal X-ray dif-
fraction analysis, which proved their diastereomeric rela-
tionship (Figure 1). It should be noted that the X-ray struc-
ture of racemic compound 7b was obtained from its hydro-
chloride salt (for ORTEP diagrams see the Supporting In-
formation).

Figure 1. Structures of stereoisomers of 3,4,5-tris(2-methoxy-
phenyl)-2,6-lutidine (7) determined by X-ray analysis.

Racemic compound 7b was then analyzed with HPLC
on a chiral stationary phase, and the results indicated the
presence of enantiomeric atropisomers. The circular dichro-
ism (CD) chromatogram recorded at 245 nm exhibited two
peaks with opposite sign, as expected (Figure 2a). More-
over, the full CD spectra recorded in acetonitrile for both
enantiomers eluted from the HPLC column presented an
excellent mirror-image relationship (Figure 2b). To establish
their absolute configuration, we initially explored the pos-
sibility of resolving racemic 7b into individual enantiomers
by using chiral acids, but – despite intense experimenta-
tion – all attempts to induce preferential crystallization
proved unsuccessful. Thus, the semipreparative HPLC tech-
nique was used to obtain pure enantiomers of 7b.

Unfortunately, at this stage of research, neither the free
bases nor their derivatives (salts or N-oxides) formed crys-
tals that were suitable for X-ray diffraction. Therefore, their
absolute stereochemistry had to be established by computa-
tional methods.

It is now commonly accepted that chiroptical methods
combined with quantum chemical calculations is a very
powerful approach for elucidating the stereochemistry of
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Figure 2. (a) PDA (top) and CD (bottom) chromatograms of a racemic mixture of 7b on chiral Chiralcel OD-H column (iPrOH/hexane,
5:95; flow 1 mL/min). (b) UV spectrum of racemic 7b (top) and CD spectrum of arbitrarily selected atropisomer (P) of 7b calculated at
the B3LYP/TZVP level of theory (green) compared to the CD spectra of Peak 1 (blue) and Peak 2 (red) recorded in acetonitrile (bottom).
(c) Calculated structure of (P)-7b and absolute configuration assignment of studied atropisomers of 7b.

chiral, nonracemic molecules with a high degree of confi-
dence.[24–26] Because a fundamental prerequisite for the
computational calculation of CD spectra is the knowledge
of all CD-relevant conformers, our study started with con-
formational analysis by using HyperChem[27] software and
the MM+ force field for an arbitrarily selected (P) atrop-
isomer of 7b. In the energy range of 6 kcal/mol, only one
conformer was found, which was subsequently reoptimized
by using the Gaussian program package[28] with the B3LYP
hybrid functional, TZVP basis set, and the PCM solvent
model for acetonitrile. The rotational strength was calcu-
lated at the same B3LYP/TZVP level of theory with the
PCM solvent model. The CD spectrum was simulated by
overlapping Gaussian functions for each transition by using
the SpecDis program.[29] As can be seen in Figure 2b, the
calculated ECD spectrum is in a good agreement with the
experimental data for Peak 2. As a conclusion, the absolute
configuration of Peak 1 of 7b was assigned as (M), whereas
Peak 2 was assigned (P).

Fortunately, our continuous efforts to find an appropri-
ate solvent system for crystallization of optically pure com-
pound 7b eventually proved successful, and we were able to
establish the absolute configuration with X-ray crystallogra-
phy for both enantiomers. The results were fully consistent
with those obtained by using the computational method
discussed above (for ORTEP diagrams see the Supporting
Information).

During the crystallization experiments with compounds
7a–c we observed their slow interconversion at elevated
temperature. To further explore the thermal stability of
these atropisomers, we first calculated their energies by
using the quantum chemical DFT (B3LYP) method with 6-
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31G* function basis with Spartan software.[30] For 7a–c
these energies were similar, having values of –856524.9,
–856520.1, and –856520.4 kcal/mol, respectively. Therefore,
the composition of the mixture observed during the thermal
atropisomerization process is probably determined by ki-
netic factors. It was reasonable to assume that the confor-
mational interconversion of atropisomers preferentially
takes place in the most unstable form, 7a, in which the rota-
tion by 180° of the aromatic ring at position 3 or 5 in the
pyridine nucleus brings about the formation of 7b. Subse-
quent rotation of the opposite ring transforms 7b into 7c.

The energy barrier for the first rotation was initially esti-
mated by quantum chemical methods. The rotation range
was divided into ten steps and for each step the energy of
the molecule was calculated after prior geometry optimiza-
tion. These calculations were performed by Spartan soft-
ware at the DFT B3LYP (6-31G*) level of theory. For both
conformational conversions, i.e., 7a into 7b and 7b into 7c,
the calculated rotation barriers were equal to 17.0 kcal/mol.
The energy barriers for atropisomerization were also inves-
tigated experimentally by NMR spectroscopic analysis per-
formed on compound 7a in dimethyl sulfoxide (DMSO)
solution at 100 °C. The resonances of the methoxy groups
in compounds 7a–c were observed in kinetic, time-de-
pended 1H NMR spectra (Figure 3).

From these spectra a relationship between the mole frac-
tions of the particular isomers and the time of heating was
drawn. The collected data allowed the determination of a
kinetic model of the conversion of 7a into 7b and 7c as
consecutive, equilibrium processes and, consequently, al-
lowed the respective rate constants and energy barriers to
be calculated as ΔG�

7a–7b = 26.8 kcal/mol and ΔG�
7b–7c =
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Figure 3. Graphical representation of kinetic, time-dependent 1H
NMR analysis of 7a (100 °C).

27.5 kcal/mol (see the Supporting Information, which also
contains VT NMR results).[31]

Conclusions

We found that the Suzuki reaction of tribromo-2,6-lut-
idine 2 with (2-methoxyphenyl)boronic acid gave 3,4,5-
tris(2-methoxyphenyl)-2,6-lutidine in the form of a mixture
of three atropisomers 7a–c, which were stable at room tem-
perature. Each isomer was isolated and fully characterized,
including X-ray structure determination. Isomer 7b, being a
racemic mixture, was separated into individual enantiomers
with semipreparative chiral HPLC. Their absolute stereo-
chemistry was initially assigned on the basis of computed
CD spectra and finally confirmed by X-ray analysis. Ther-
mal interconversion of atropisomers was studied with time-
dependent NMR and dynamic HPLC analyses, which were
supported by quantum chemical methods. The results of
the temperature-dependent product distribution may be of
interest in forensic chemistry, because it allows an estima-
tion of the “thermal history” of a seized sample.

Experimental Section
General: All reagents were purchased from commercial suppliers
and used without further purification. Both 3,5-dibromo-2,6-di-
methylpyrid-4-one (2) and 3,5-dibromo-4-chloro-2,6-dimethylpyr-
idine (1) were prepared according to described methods.[15,16] The
NMR spectra were recorded with a Varian Unity Plus spectrometer
operating at 500 MHz for 1H and at 125 MHz for 13C nuclei; the
spectra were measured in CDCl3 or [D6]DMSO and are given as δ
values (in ppm) relative to TMS. Mass spectra were collected with
Quatro LC Micromass and LCT Micromass TOF HiRes instru-
ments. Optical rotation was measured with a Perkin–Elmer 247 MC
polarimeter. Melting points were determined with a Boetius hot-
plate microscope and are uncorrected. TLC analyses were per-
formed on silica gel plates (Merck Kiesegel GF254) and visualized
by using UV light or iodine vapor. Column chromatography was
carried out at atmospheric pressure by using Silica Gel 60 (230–
400 mesh, Merck) with mixtures of hexane/ethyl acetate as eluent.
The single-crystal X-ray measurements were performed with an
Oxford Diffraction Excalibur R CCD κ-axis diffractometer by
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using monochromatic Cu-Kα radiation. After initial corrections
and data reduction, intensities of reflections were used to solve and
consecutively refine structures using SHELXS97 and SHELXL97
programs.[32]

3,4,5-Tribromo-2,6-dimethylpyridine (2): A mixture of 3,5-dibromo-
2,6-dimethylpyrid-4-one (1.5 g, 5.3 mmol) and phosphorus tribro-
mide (7.3 g, 25.5 mmol) was heated (oil bath) at 180 °C for 1 h.
After cooling, the excess of phosphorus tribromide was destroyed
by the addition of crushed ice (ca. 100 g). The resulting mixture
was neutralized with solid NaHCO3, extracted with dichlorometh-
ane (3� 15 mL), and the combined extracts were dried with
MgSO4. The organic extract was concentrated at 40 °C under a
stream of dry nitrogen to give crude 3,4,5-tribromopyridine 2
(1.45 g) as yellow solid. The product was crystallized from EtOH
to give 2 (1.12 g, 61%) as white crystals; m.p. 147–148 °C. 1H NMR
(200 MHz, CDCl3): δ = 2.69 (s, 6 H) ppm. 13C NMR (50 MHz,
CDCl3): δ = 156.7, 138.6, 121.9, 26.8 ppm. HRMS (ESI): calcd. for
C7H7Br3 [M + H]+ 343.8108; found 343.8105.

3,4,5-Tris(2-methoxyphenyl)-2,6-lutidine (7): According to Condi-
tions C, a vigorously stirred mixture of 3,4,5-tribromo-2,6-dimeth-
ylpyridine (2; 350 mg, 1.02 mmol), (2-methoxyphenyl)boronic acid
(730 mg, 4.9 mmol), Pd(OAc)2 (7.5 mg, 3%mmol), S-Phos (21 mg,
5%mmol) and anhydrous K3PO4 (1.9 g, 9 equiv. mol) in toluene
(14 mL) was heated (oil bath) at 90 °C under nitrogen for 1 h. After
cooling, the solvent was evaporated under vacuum, and the residue
was reconstituted with water (25 mL) and extracted with dichloro-
methane (2 � 10 mL). The combined organic extracts were dried
with MgSO4, and the solvent was evaporated under reduced pres-
sure. Atropoisomers 7a–c were isolated from the reaction mixture
by gradient-elution column chromatography on silica gel (EtOAc/
hexane, 0–25%). HRMS (ESI): calcd. for C28H28NO3 [M + H]+

426.2069; found 426.2082.

(syn,syn)-3,4,5-Tris(2-methoxyphenyl)-2,6-lutidine (7a): Colorless
solid; m.p. 171–173 °C. 1H NMR (500 MHz, DMSO): δ = 7.12–
7.08 (m, 2 H), 6.86–6.81 (m, 5 H), 6.70–6.66 (m, 3 H), 6.44–6.40
(m, 2 H), 3.54 (s, 6 H), 3.24 (s, 3 H), 2.21 (s, 6 H) ppm. 13C NMR
(125 MHz, DMSO): δ = 156.4, 155.8, 153.7, 146.4, 131.5, 131.4,
130.3, 128.3, 127.8, 127.0, 126.6, 119.2, 118.0, 110.3, 109.2, 54.6,
54.0, 23.0 ppm.

(anti,anti)-(aR,aS)-3,4,5-Tris(2-methoxyphenyl)-2,6-lutidine (7b):
Colorless solid; m.p. 164–166 °C. 1H NMR (500 MHz, DMSO): δ
= 7.12–7.08 (m, 2 H), 6.89–6.80 (m, 4 H), 6.70–6.60 (m, 4 H), 6.49–
6.44 (m, 2 H), 3.67 (d, J = 5 Hz, 6 H), 3.32 (s, 3 H), 2.18 (d, J =
15 Hz, 6 H) ppm. 13C NMR (125 MHz, DMSO): δ = 156.5, 156.2,
155.5, 153.8, 153.8, 146.4, 131.3, 130.2, 130.2, 129.9, 129.9, 128.5,
128.2, 128.1, 127.7, 127.2, 126.8, 119.8, 119.2, 118.6, 110.4, 110.2,
109.6, 55.0, 54.8, 54.4, 22.8, 22.7 ppm.

(aR)-7b: Colorless solid; m.p. 163–164 °C; [α]D23 = –72.1 (c = 1;
CH2Cl2).

(aS)-7b: Colorless solid; m.p. 164–165 °C; [α]D23 = +71.8 (c = 1;
CH2Cl2).

(anti,syn)-3,4,5-Tris(2-methoxyphenyl)-2,6-lutidine (7c): Colorless
solid; m.p. 176–178 °C. 1H NMR (500 MHz, DMSO): δ = 7.12–
7.08 (m, 2 H), 6.92 (dd, J = 7.5, 2.0 Hz, 2 H), 6.85–6.73 (m, 5 H),
6.61 (dd, J = 7.5, 2.0 Hz, 1 H), 6.50–6.45 (m, 2 H), 3.61 (s, 6 H),
3.50 (s, 3 H), 2.16 (s, 6 H) ppm. 13C NMR (125 MHz, DMSO): δ
= 156.0, 155.2, 153.6, 146.6, 130.2, 129.8, 128.6, 128.4, 128.2, 127.6,
127.3, 119.6, 118.5, 110.4, 109.4, 54.9, 54.6, 22.7 ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and spectroscopic data for all new
compounds and ORTEP diagrams.
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