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An insight into the extraction of transition metal
ions by picolinamides associated with
intramolecular hydrogen bonding and rotational
isomerization†

Yan Li,a Yiming Jia,a Zhenwen Wang,a Xianghui Li,a Wen Feng,a Pengchi Deng*b

and Lihua Yuan*a

The clear connection between molecular structures of N-substituted picolinamides and extraction

behaviour has been rationalized by highlighting the relationship between intramolecular hydrogen

bonding and rotational isomerism. To this aim aromatic pyridine-2,6-dicarboxamides 1a–1c with

N-substitution and their analogues 3a and 3b containing intramolecular hydrogen bonds were designed

and synthesized. The results from the liquid–liquid extraction towards some representative transition

metal picrates including Ag+, Hg2+, Pb2+, Cd2+, Zn2+, Cu2+, Co2+ and Ni2+ salts demonstrated that the

higher selectivity and efficiency towards Hg2+ (88.6–95.4%) over other metal cations stem mainly from

N-substitution via disruption of intramolecular H-bonding. X-ray structural analysis, and ordinary and

variable-temperature proton and carbon NMR experiments provided supporting information for

expounding the difference in extraction ability among these ligands, particularly the importance of

N-substitution that leads to the formation of rotamers affecting the extraction process.
Introduction

Amide-based compounds and their corresponding metal
complexes have been widely investigated due to the easy
synthesis of ligands, high resistance to hydrolysis, and potential
coordination ability of amide hydrogen and/or oxygens.1 These
features render them nd applications as extractants in sepa-
ration technology,2 sensors in detecting metal ions,3 and
building blocks for constructing architectures in catalysis.4

Diglycolamides,5 pyridine-modied calixarenes,6 CMPO-tripo-
dands,7 and pyridine dicarboxyamides8 are examples of extrac-
tion systems that have demonstrated higher separation
efficiency in discriminating lanthanides/actinides (Ln/Ac)
elements. Among them, pyridine-based carboxyamides or
dicarboxyamides and their analogues represent a class of
ligands that have attracted attention in forming metal
complexes9 and in use for metal separation.8,10 The amide
linkages, as part of the molecular constituents of these ligands
r Radiation Physics and Technology of
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or complexes, were found to involve in interacting or coordi-
nating with metal ions in synergy with the nitrogen of pyridine
moiety.9,11 It has been noted that substitution on nitrogen of
amide bonds of synthetic ligands led to improved performance
in two-phase extraction of lanthanides/actinides elements.12 In
fact, the effect of N-substituted ligands upon the extraction and
separation efficiency had been observed in diamide systems ca.
two decades before.13 However, the reason behind it is still not
clearly claried. For 2,6-dicarboxypyridine diamides, the
explanation was limited to the electronic and steric effects that
may dominate the atoms coordinating to the metal center in.14

It was known that hydrogen bonding formation involving
amide groups contribute a great deal to the construction of
complex natural and articial supramolecular assemblies.15

Incorporation of hydrogen bond (H-bond) groups into ligands
was able to orient incoming groups or stabilize metal–ligand
adducts.16 Besides the importance of metal complexing sites
associated with amide linkage for effecting the separation
process, intra- or intermolecular hydrogen bonding contained
in the molecular structure of a ligand may also play a role in
governing the extraction efficiency and selectivity. However, this
aspect has scarcely been explored to date. We recently employed
hydrogen bonded aromatic oligoamides with backbones pre-
organized by aid of intramolecular three-center hydrogen bonds
for solvent extraction separation of transition metal ions.17 The
importance of intramolecular hydrogen bonding present in
these compounds was also demonstrated by the formation of
This journal is © The Royal Society of Chemistry 2014
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their corresponding cyclo[6]aramides18 and efficiency in
extraction towards Ln/An elements.19 Based on similar pre-
organization-induced folding mechanism, their higher
aromatic amide polymers also exhibited selective extraction of
thorium(IV) and rare earth elements.20 Very recently, we revealed
that the subtle change of the coordination environment made
by local intramolecular H-bonding of CMPO-modied calixar-
enes led to selective separation of light/heavy lanthanides and
group separation between lanthanides and thorium/uranium.21

Despite much progress made in using 2,6-pyridine dicarboxy-
amides as solvent extractants22 and the well-known fact for the
formation of amide rotamers,23 surprisingly, the correlation
between the presence of intramolecular hydrogen bonding
associated with amide NH in effecting liquid–liquid extraction
behaviour and rotational isomerization is still unexplored.

With our continued interest in amide-based compounds and
macrocyclic compounds for metal ion separation,24 we report
herein on the exploration of intramolecular hydrogen bonding
in regulating extraction process pertinent to rotational isom-
erism by N-substitution using a series of synthesized picolina-
mides. Transition metal ions including Ag+, Hg2+, Pb2+, Cd2+,
Zn2+, Cu2+, Co2+, Ni2+ were selected to assess the outcome due to
structural alternation of ligands used in the liquid–liquid
extraction experiments.
Results and discussion
Initial consideration and molecular design

Picolinamides 1–3 were used in the present study (Scheme 1).
Initially compound 1a bearing alkoxy substituents was designed
as a control for ligand 2 in comparing extraction of transition
metal ions. Compound 2 was reported to be potential extractant
for minor actinides25 and palladium separation.26 Interestingly,
examination of 1H NMR spectrum of 1a showed a complicated
pattern comprising several sets of signals that cannot be
designated as a pure component. However, a base peak at m/z
490.2701 corresponding to the most abundant species [M + H]+

in HRMS spectrum and a single peak from HPLC experiments
excluded the possibility of the presence of any other impurities
Scheme 1 Synthesis of 2,6-pyridine dicarboxyamides 1a–1c, 2,25a 3a
and 3b.

This journal is © The Royal Society of Chemistry 2014
(see ESI†). Thus, the most likely possibility is the presence of
rotational isomers for 1a since rotation around the amide
bonds are considerably hindered upon introducing an ethyl
group onto the amidic nitrogen. In other words, it is the coex-
istence of several conformational isomers that caused the
complexity of its NMR spectrum. This led to the design of
compound 3a without substitution on nitrogen atoms. At the
same time, propoxy groups in 3a are placed at ortho-position
adjacent to the amide bond to allow formation of intra-
molecular hydrogen bonds, thus partially rigidifying the back-
bone of the molecule (vide post). Free rotation around nitrogen
of the amide NH and carbon of the phenyl ring is expected to be
impossible. Compound 3b, which bears the same backbone
with ortho-substituted methyl group, is designed to see if partial
hydrogen bonding is still strong enough to maintain the
molecular conformation as 3a. Positional isomers 1b and 1c are
also designed for comparison. Given the importance of coor-
dination directionality in forming extractive species, it can be
envisioned that if the orientation of carbonyl oxygen atoms is
manipulated by the presence of hydrogen bonding to restrict
the amide rotations, different extraction behaviour should
result.
Synthesis and solid state structures

Typically all 2,6-pyridine dicarboxyamides 1a–1c, 2, 3a and 3b
were synthesized based on the coupling reactions of acyl chlo-
rides and corresponding anilines according to Scheme 1. All of
these compounds were characterized by 1H NMR, 13C NMR and
HRMS. Compound 2 was prepared according to the reported
procedure.25a

The key precursors 5a–5c were obtained by reaction of
commercially available hydroxyl group-substituted nitroben-
zene and propyl bromide in the presence of K2CO3. The
syntheses of 6a–6c were carried out employing MeCN as ethyl-
ation agent.27 Treating the N-alkylated aniline derivatives 6a–6c
with 4 resulted in 1a, 1b, and 1c in overall isolated yields of 82%,
92% and 88%, respectively. Compound 3a was readily prepared
in 81% yield via two steps from hydrogenation of 5a with Pd/C
as catalyst to afford 7, followed by coupling of 2,6-pyr-
idinedicarbonyl dichloride 4.

Single crystals of ligands 1a and 3a were obtained by slow
evaporation of a solution of CH2Cl2/n-hexane and ethyl acetate/
n-hexane at room temperature, respectively. Selected bond
lengths and angles for the two ligands from X-ray diffraction
experiment are given in Table 1.

Fig. 1a shows a view of the molecular structure of 1a. The
molecule of 1a has a C2 symmetry, and the C2 axis passes
through atoms C1 and N1 of the pyridine ring. The atoms of the
amide groups and those connected to amide carbon and
nitrogen (O1, C3, C4, N2, C5 and C7) are almost in a plane. The
mean deviation from plane is 0.0401 Å. In addition, the bond
angles across the amide nitrogen, C4–N2–C5, C4–N2–C7 and
C5–N2–C7 are all approximately 120�. These data suggest the
sp2 hybridization of the amide nitrogens N2, and the consid-
erable double bond character for the OC–N amide bonds.11a,28

So far as the arrangement of amide nitrogen relative to pyridine
RSC Adv., 2014, 4, 29702–29714 | 29703
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Table 1 Selected bond lengths (Ǻ) and angles (�) for 1a and 3a

Bond lengths (Ǻ) Bond angles (�)

1a C3–C4 1.510(5) C3–C4–O1 119.82(5)
O1–C4 1.222(7) C3–C4–N2 117.63(2)
N2–C4 1.349(0) O1–C4–N2 122.53(2)
N2–C5 1.474(5) C4–N2–C5 119.12(8)
N2–C7 1.431(5) C4–N2–C7 122.92(6)

C5–N2–C7 117.57(7)
3a C10–C11 1.507(8) C11–C10–O2 121.75(7)

C10–O2 1.218(6) C11–C10–N1 113.35(3)
C10–N1 1.347(6) O2–C10–N1 124.89(0)
N1–H1 0.859(7) C10–N1–H1 116.28(5)
N1–C9 1.408(2) C10–N1–C9 127.52(0)
C16–C15 1.499(8) H1–N1–C9 116.19(5)
C16–O3 1.211(2) C15–C16–O3 122.05(9)
C16–N3 1.351(2) C15–C16–N3 113.68(6)
N3–H3 0.859(8) O3–C16–N3 124.25(2)
N3–C17 1.404(5) C16–N3–H3 115.96(5)

C16–N3–C17 128.08(5)
H3–N3–C17 115.95(0)

Fig. 1 The crystal structures of (a) 1a and (b) 3a. Hydrogen atoms are
omitted for the sake of clarity except for those forming hydrogen
bonds.
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nitrogen is concerned, the crystal structure of 1a reveals the
anti–anti conformation: both of the amide nitrogens placed in
trans position with respect to pyridine nitrogen. The dihedral
angle between the pyridine ring and each of the amide planes is
64.99(5)�. To avoid n–n repulsion between the lone pairs of
carbonyl oxygens, the two amide planes are staggered away
29704 | RSC Adv., 2014, 4, 29702–29714
from each other with a dihedral angle of 75.65(4)�. The orien-
tation of the phenyl group is designated as E (trans) relative to
the carbonyl oxygens when the OC–N amide bond is considered
as a double bond. Consequently, 1a adopts E–anti–anti–E
conformation (also see Scheme 2a, blue). The dihedral angle
between the pyridine ring and each of the two phenyl groups
(C7–C8–C9–C10–C11–C12) is 65.04(7)�.

For 3a, the solid state structure clearly indicates the presence
of two intramolecular three-center hydrogen bonds, N2/H1/
O1 and N2/H3/O4, each comprising two ve-membered
rings to x the molecule in a crescent fashion as shown in
Fig. 1b. The parameters of H-bonds involving in 3a are shown in
Table 2. The H-bond lengths of N2/H1, O1/H1, N2/H3 and
O4/H3 are 2.219(7) Å, 2.277(6) Å, 2.223(5) Å and 2.254(9) Å,
respectively, suggesting the formation of strong H-bonds. Two
additional weak hydrogen bonds O2/H8 and O3/H18 are also
observed,29 the lengths of which are 2.464(5) Å and 2.424(0) Å,
respectively. The dihedral angles between the pyridine ring and
phenyl groups C4–C5–C6–C7–C8–C9 (phenyl 1) and C17–C18–
C19–C20–C21–C22 (phenyl 2) are 32.43(4)� and 25.46(4)�,
respectively. It is worth noting that the two intramolecular
three-center H-bonds are twisted and not in the same plane due
to the steric crowding between the two adjacent propoxy groups.
As in 1a, the two amide nitrogens in 3a are also sp2 hybridized
for the bond angles across each of the two amide nitrogens N1
and N3 are ca. 120� and the mean deviations of the two amide
group C9–N1–H1–C10–O2–C11 (plane 1) and C15–C16–O3–N3–
H3–C17 (plane 2) are 0.0341 and 0.0417, respectively. The
dihedral angles between the pyridine ring and the amide groups
plane 1 and plane 2 are 5.39(1)� and 2.46(3)�, respectively.

A similar compound with methoxy groups, N,N0-bis-
(2-methoxyphenyl)pyridine-2,6-dicarboxamide, gave a crystal
structure analogous to 3a where two three-center H-bonds were
also observed.29a
Intramolecular hydrogen bonds (H-bonds) in solution

Infrared spectrum could only provide evidence of hydrogen
bond of 3 in CHCl3 (see ESI, Fig. S24 and S26†), but it is
impossible to distinguish intramolecular from intermolecular
hydrogen bonding interactions. The bands due to hydrogen
bonded NH stretching of 3a and 3b were found to shi towards
lower wavenumber of respective 3372 and 3397 cm�1 compared
to higher wavenumber of more than 3400 cm�1 of common free
amide NH.30a Thus, to verify the presence of intramolecular H-
bonds in picolinamides 3 without N-substitution, the temper-
ature coefficients ddH/dT of N–H were determined in the
temperature range between 298 K to 333 K (in steps of 5 K) in
CDCl3 or DMSO-d6/CDCl3 (2/8, v/v) by variable-temperature 1H
NMR experiments (Fig. 2). It is generally accepted that in
nonpolar solvents when the coefficient is less negative than �3
ppb K�1, the hydrogen bonding interaction is considered as
intramolecular; when it is more negative than �5 ppb K�1, it is
taken as intermolecular hydrogen bond.30 The ddH/dT of N–H in
3awas measured to be�1.58 ppb K�1 in DMSO-d6/CDCl3 (2/8, v/
v), which shows a small variation with temperature. This
suggests the high possibility of the presence of intramolecular
This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Conformational conversion of isomers (a)–(c): (a) rotamer interconversion from 1a; (b) conformer formation of 3a via intramolecular
H-bonding; (c) conformer formation of 3b via intramolecular H-bonding. (d) Conformation of compounds 2 (ref. 11a) and 9 (ref. 35) in solid state.

Table 2 The parameters of H-bonds involving in 3a

D H A d(H/A)/Å :D–H/A/�

N1 H1 N2 2.219(7) 111.59(1)
N1 H1 O1 2.277(6) 101.14(1)
N3 H3 N2 2.223(5) 111.30(9)
N3 H3 O4 2.254(9) 103.11(2)
C8 H8 O2 2.464(5) 112.99(0)
C18 H18 O3 2.424(0) 114.78(2)

Fig. 2 Chemical shifts of NH in 3a/3b versus temperature in DMSO-
d6/CDCl3 (2/8, v/v) or CDCl3 (600 MHz, 298 K to 333 K).

This journal is © The Royal Society of Chemistry 2014
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H-bonds even in a polar solvent.31 Therefore, these results are in
accord with the observation of presence of intramolecular H-
bonds in the crystal structure of 3a. For 3b, the ddH/dT of N–H
was measured to be �1.62 ppb K�1 in nonpolar CDCl3 and
�5.71 ppb K�1 in polar solvent DMSO-d6/CDCl3 (2/8, v/v). The
small variation of ddH/dT in nonpolar solvent also discloses the
presence of intramolecular H-bonds in 3b. Both of the infrared
spectra and temperature coefficients data indicate that the two-
center hydrogen bonds in 3b are less stable than the three-
center hydrogen bonds in 3a.

Rotational isomerization

Comparison of the 1H NMR spectra of compounds 1a–1c and 3a
or 3b disclosed a signicant difference in complicacy of signal
patterns and chemical shis of protons b and a on the pyridine
moiety (Fig. 3).

Among the three positional isomers 1a–1c, 1a exhibits the
most poorly-resolved signals over the full spectrum (Fig. 3a). We
exclude the possibility of contamination of impurities by HPLC
and MS detection (see ESI†). Compound 2, a well-known
extractant25,26 with N-ethylated substituent, but free of any
replacement on benzene ring, showed similar indistinguishable
signals (see ESI†). In stark contrast, 1c, which bears a propoxy
group at para-position, provided a much “clean” spectrum with
distinguishable signals for almost all aromatic and aliphatic
protons a � i (Fig. 3c). Apart from the major clear signals, there
are some signals of very low intensity, suggestive of the presence
of other rotational isomers. For 1b, the situation sits in between
1a and 1c (Fig. 3b). Signals of each proton from various
RSC Adv., 2014, 4, 29702–29714 | 29705
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Fig. 3 1H NMR spectra of compounds (a) 1a, (b) 1b, (c) 1c, (d) 3a and (e)
3b in CDCl3 (400 MHz, 298 K). Sign “*” represents signals of solvents.
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rotamers of 1b show a tendency to coalesce together but are
broad. If compared to the clear, well-resolved signals for 3a
(Fig. 3d), these observations strongly suggest that the spectral
complexity of 1a is more likely to arise from the concurrent
rotamers, rotational isomers that result from the hindered
rotations about OC–N bonds and N (amide)–C (Ph).23b,32 It
should be noted that the molecular skeleton of 3a is preor-
ganized by aid of intramolecular three-center hydrogen bonds
to take a crescent conformation. The two localized intra-
molecular hydrogen bonds each consist of two S(5)-type rings
that involve the backbone amide hydrogen. It has been well
established that this three-center hydrogen bond is highly
stable, the presence of which hinders the rotational freedom of
the aromatic amide-based backbones.33 Therefore, the shape-
persistency endows the molecule of 3a with drastically-reduced
rotation with respect to 1a–1c in solution, leading to an indi-
cation of presence of only one species in solution in 1H NMR
spectrum. Furthermore, the rigid backbone also renders the
preorganized carbonyl oxygen atoms of the molecule point
outwards in 3a. Similarly, the presence of two intramolecular
hydrogen bonds in 3b also enforces globally curved conforma-
tion of the molecular backbone,23b,34 thus hindering the rotation
about OC–N amide bond as manifested in its clear proton
signals (Fig. 3e).

The difference of 13C NMR spectra (Fig. 4) among 1a–1c, 3a
and 3b was also observed. If there is no presence of rotational
isomers in 1a–1c, with the molecular formula C29H35N3O4, the
number of signals should be equal to or less than 15 due to their
structural symmetry. In fact, there are totally 29 strong signals
in 13C NMR spectrum of 1a along with some very weak signals
29706 | RSC Adv., 2014, 4, 29702–29714
across the full spectrum that could be detected (Fig. 4a), sug-
gesting the presence of a mixture of several major and minor
rotamers in solution. This is consistent with the observation of
several sets of indistinct 1H NMR signals (Fig. 3a). With 1b, a
structural isomer of 1a with propoxy groups at meta-position of
the benzene ring, the number of signals in 13C NMR spectrum is
drastically decreased to only 15, but some of the signals are
broad (Fig. 4b). Compound 1c, which bears a para-substituent,
gives a spectrum containing only 13 signals along with another
set of very weak signals (Fig. 4c). The decreased number of
signals from 13C NMR data suggests that the rotational barrier
decreases with change of substituents from ortho tometa to para
position. This is different from the result from 3a and 3b where
only well-resolved 13 and 11 signals were observed (Fig. 4d and
e), respectively, corresponding exactly to respective 25 and 23
carbons in the molecules due to their shape-persistency of
molecular backbone rigidied by intramolecular hydrogen
bonds. These results agree well with those from 1H NMR
spectra. Given the fact that the formation of rotamers is caused
by the limitation of CO–N bond rotation, reduction of steric
hindrance via alternation of substitution position would lead to
decreased rotational barrier and thus simple NMR patterns.
Indeed, as the steric hindrance between alkoxyphenyl group
and N–Et group increases with the substitution position in
order of ortho >meta > para, the signals in both 13C and 1H NMR
change from complex to simple and well-resolved.

To further probe rotational isomerization, variable-temper-
ature NMR spectra were recorded using DMSO-d6 solutions of
1a as a typical example in the temperature range from 298 K to
428 K (in steps of 10 K) for 1H NMR and 298 K to 418 K (in steps
of 20 K) for 13C NMR. In 1H NMR spectra (Fig. 5), each proton of
1a presents complicated multiple sets of signals resulting from
various rotamers in solution at 298 K. Owning to the over-
lapping of signals, it is difficult to identify the species and
calculate equilibrium ratio for the rotamer mixture. With the
increase of temperature, all the signals in 1a coalesce from
complex to broad into a set of distinguishable signals at
approximate 408 K. In 13C NMR spectra (Fig. 6), the number of
the signals of 1a decreased from 29 at 298 K to 15 at about 398 K
due to coalescence effect. Based on the overall change from
both 1H NMR and 13C NMR, the coalescence temperature for 1a
is reasonably set at approximately 408 K. It is not possible to
calculate the temperature coefficients and the free energy,
enthalpy and entropy of activation for the interconversion
between each rotamers by Eyring analysis because of the
complexity of 1H NMR in 1a.

To clearly describe rotational isomerization, conformation
designation is denoted by Z, E, syn and anti, respectively (vide
supra). For 1a, there should exist about ten typical rotational
isomers theoretically due to the blocked rotations about the
OC–N amide bonds and OC–C (pyridine) bonds (Scheme 2a),
which explains undistinguished signals on the NMR timescale.
The molecular structure of 1a in the solid state conrms the
exclusive formation of the E–anti–anti–E isomer. The two amide
nitrogens are in anti conformation with respect to pyridine
nitrogen. This is quite different from the solid state structure of
the previously reported analogue 2 (ref. 11a) or 9 (ref. 35)
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 13C NMR spectra of compounds (a) 1a, (b) 1b, (c) 1c, (d) 3a and (e) 3b in CDCl3 (100 MHz, 298 K). Red and blue arrows represent some of
the major and minor rotational isomers, respectively.
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bearing no substituents where the E–anti–syn–E conformation
was observed (Scheme 2d). In both cases of 1a and 2 (or 9), the E
conformation as designated around amide bond is mainly
attributed to the outcome of n–p repulsion, i.e., electronic
repulsion between the electron-dense center of the amide
oxygen and the phenyl ring.28c,36 Computer modeling37 disclosed
the higher energy for anti–Z conformation among four possible
Fig. 5 Temperature dependent 1H NMR spectra of 1a in DMSO-d6 in th

This journal is © The Royal Society of Chemistry 2014
combinations: anti–Z, anti–E, syn–Z, and syn–E, from which only
six reasonable conformations E–syn–syn–E, E–anti–syn–E, E–
anti–anti–E, E–anti–syn–Z, E–syn–syn–Z, Z–syn–syn–Z were
obtained (Fig. 7). In the anti–Z conformation, carbonyl oxygen
atoms experience both n–n repulsion with the pyridine nitrogen
and n–p repulsion with the phenyl ring, leading to much lower
stability of the conformation. Thus, the observed E–anti–anti–E
e range from 298 K to 428 K (600 MHz).

RSC Adv., 2014, 4, 29702–29714 | 29707
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Fig. 6 Temperature dependent 13C NMR spectra of 1a in DMSO-d6 in the range from 298 K to 418 K (150 MHz).

Fig. 7 Optimized rotational structures of compound 1a obtained by
DFT calculation at the B3LYP/6-31G(d) level.
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conformation (1a) in the solid state is consistent to one of the
calculated results.
Liquid–liquid extraction

The structural difference between 1a and 3a is indeed man-
ifested in the following extractive results.

Eight transition metal picrates were employed in liquid–
liquid extraction experiments including picrate salts of Ag+,
Hg2+, Pb2+, Cd2+, Zn2+, Cu2+, Co2+ and Ni2+. The extraction
abilities of picolinamides 1a–1c, 2, 3a and 3b towards these
metal ions were examined by the standard picrate extraction
method.38 Compound 2 bearing no substituent on benzene
rings was employed as a control for 1a–1c.

Results from extraction of the above transition metal ions
from water into dichloromethane are shown in Table 3 and
Fig. 8. All ligands exhibited good to excellent extraction ability
for Hg2+. Almost no extraction or small extraction (<9%) was
detected for Pb2+, Cd2+, Zn2+, Co2+ and Ni2+ except for 1a for
29708 | RSC Adv., 2014, 4, 29702–29714
Cu2+. Ligand 1a extracted almost exclusively Hg2+ compared to
other ions. Particularly noteworthy is the remarkable difference
in extraction of Hg2+ with ligand 3a containing intramolecular
H-bonds and its N-substituted analogues 1a–1c. For example,
ligand 1a showed extractability of 95.4% for Hg2+, while 3a gave
a lower value of 38.4%. The large difference (57.0%) for 1a as
compared to 3a is also revealed in 1b and 1c, which enhanced
the extraction by 50.2% and 54.6%, respectively. Compound 2,
also ethylated on amide nitrogens, behaved in a similar fashion
and showed a relatively large difference of 38.6% in extracting
Hg2+ compared to 3a. In principle, effective coordination of the
ligand with metal ions requires the orientation of two carbonyl
oxygen atoms and nitrogen of the pyridine moiety to be arrayed
on the same side.9d,39 For 3a, orientation of carbonyl oxygens
inwards in line with the pyridine nitrogen is impossible due to
rigidied backbone by intramolecular hydrogen bonds.
However, driven by the presence of metal ions transferred from
the aqueous phase in the course of extraction, rotation of
carbonyl oxygens to direct right coordination is more likely to
occur for 1a–1c even for rotamers of high energy (e.g., E–syn–
syn–Z, Z–syn–syn–Z) since the intramolecular H-bonding was
disrupted in 1a–1c aer ethylation of amide nitrogen. This
explains the higher extractability of Hg2+ for these compounds
(88.6–95.4%) compared to 3a (38.4%). In fact, use of another
compound 3b containing two intramolecular hydrogen bonds
afforded an extractability of 40.6% for Hg2+, which is very close
to that with 3a as extractant. This indicates that intramolecu-
larly hydrogen-bonded extractants (3a and 3b) are inferior to
those containing no hydrogen bonds, underscoring the
importance of released constraint of rotational restriction for
chelating metal ions upon extraction.

On the other hand, N-substituted groups can increase the
basicity, nucleophilicity and soness of the coordinating amide
groups and the lipophilicity of the extracted complex compared
to N–H groups, which would also be one of reasons to enhance
the extractability of 1a–1c and 2.40 As shown in Table 3, the
This journal is © The Royal Society of Chemistry 2014
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Table 3 The extractability of aqueous metal picrates for compounds 1a–1c, 2, 3a and 3b into dichloromethanea

Metal
ion Hydration energy41 DGhyd (kJ mol�1)

Extractionb (%)

1a 1b 1c 2 3a 3b

Hg2+ �1760 95.4 � 0.4 88.6 � 1.0 93.0 � 0.4 77.0 � 0.5 38.4 � 0.4 40.6 � 0.2
Ag+ �430 58.7 � 0.6 38.5 � 0 42.1 � 0.2 27.4 � 0.4 2.9 � 0.2 3.2 � 0.2
Cu2+ �2010 31.5 � 0.4 1.9 � 0.2 2.1 � 0.4 3.3 � 0.7 1.5 � 0.2 3.0 � 0.7
Ni2+ �1980 8.2 � 0.2 1.5 � 0.2 0.5 � 0.5 2.6 � 0.5 0.9 � 0.2 2.5 � 0.2
Cd2+ �1755 3.0 � 0.5 0.8 � 0.9 0.6 � 0.5 3.1 � 0.3 0.7 � 0 1.2 � 0.2
Co2+ �1915 4.9 � 0 0.8 � 0.9 0.9 � 0.2 0.2 � 0.4 1.2 � 0.2 3.3 � 0.7
Zn2+ �1955 7.2 � 0.5 0.3 � 0.5 0.6 � 0.2 1.9 � 0.7 2.2 � 0.2 1.5 � 0.7
Pb2+ �1425 7.9 � 0.5 4.4 � 0.2 3.6 � 0.2 3.5 � 0.5 1.2 � 0.2 3.2 � 0.5

a Aqueous phase (10 mL); [Pic�] ¼ 2 � 10�5 M, organic phase (10 mL); [L] ¼ 2 � 10�4 M, 298 K. b Average for three independent extraction
experiments.

Fig. 8 Extraction of transition metal picrates by compounds 1a–1c, 2,
3a and 3b from water into dichloromethane at 298 K. Aqueous phase
(10 mL); [Pic�] ¼ 2 � 10�5 M, organic phase (10 mL); [L] ¼ 2 � 10�4 M.

Fig. 9 Plot of log{D/[Pic�]n} versus log[L] for the extraction of Hg-
picrate with ligands 1a–1c.
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extraction percentage decreased in the order of Hg2+ > Ag+ >
Cu2+ > (or �) Ni2+ � Co2+ � Zn2+ � Pb2+ � Cd2+, which does not
follow the order of hydration energy41 or ionic radii of the metal
ions41 (Pb2+ > Ag+ > Hg2+ > Cd2+ > Zn2+ � Co2+ > Cu2+ > Ni2+),
suggesting that the higher selectivity towards Hg2+could be
attributed to the synergy of several factors such as hydration of
metal ions, ionic radius, charge number and hardness/so-
ness42 between the nitrogen-containing ligands and Hg2+. The
effect of structural difference as in 1a–1c, 2, 3a and 3b upon
extraction behaviour was also unraveled by the results from
extraction of Ag+. Ligand 1a, 1b, 1c, and 2 extracted Ag+ in
58.7%, 38.5%, 42.1% and 27.4%, respectively; however, the
extractability for 3a and 3b is very low (<4%), again demon-
strating the dependence of extraction upon the presence of
intramolecular hydrogen bonds.

Regarding the extraction difference among 1a, 1b and 1c and
2, electronic effect seems to play a major role, which arises from
different substitution position of propoxy groups on benzene
rings. Ortho- and para-substitution provided highest extraction
results (95.4% and 93.0%). The efficiency decreased by ca. 17%
This journal is © The Royal Society of Chemistry 2014
for compound 2 having no electron-donating groups. Among
the four ligands 1a–1c and 2, 1c is not only with high extract-
ability but also much more selective towards extracting Hg2+

than other metal cations.
To comprehend the complexing behaviour of extracted

species in the extraction process, the stoichiometries of the
ligands and metal cations were measured. The dependence of
log{D/[Pic�]n} as a function of the concentration of ligands 1a–
1c at constant Hg-picrate concentration offers a linear rela-
tionship between log{D/[Pic�]n} and log[L] with the slopes of
2.26, 1.96 and 2.15 for 1a, 1b and 1c, respectively (Fig. 9). This
implicates the presence of the extracted species in approxi-
mately 2 : 1 (L : M) between 1a–1c and Hg2+. The values of the
extraction constants log Kex were calculated to be 17.07, 15.47
and 16.62 for 1a, 1b and 1c, respectively.

Furthermore, the method of Job's plot was used to supply
more information on the Hg2+ binding stoichiometry of 1a–1c.
The resulting Job's plot of 1a/1b/1c–Hg2+ complexation is shown
in Fig. 10. The maximum absorbance is observed at 0.67, indi-
cating a ligand–metal ratio of 2 : 1 in the complex. On the basis
of 2 : 1 stoichiometry and UV-vis titration data (see ESI,
Fig. S29–31†), the binding constants K1 and K2 of 1a–Hg2+ in
CH3CN are estimated to be 3.34 � 107 M�1 and 1.38 � 106 M�1
RSC Adv., 2014, 4, 29702–29714 | 29709
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Fig. 10 Job's plot for the determination of stoichiometry in the
complex formed by 1a–1c and Hg2+ from absorbance measurements
in CH3CN.

Fig. 12 Infrared spectra of 1a and the complex 1a–Hg2+.
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(Fig. 11) using nonlinear curve tting method.43 Similarly, the
binding constants of 1b–Hg2+ and 1c–Hg2+ are also estimated
using the same method (see ESI, Fig. S32 and 33†).

To understand the coordinate sites of the ligands, the
complex 1a–Hg2+ was prepared from a CH3CN solution con-
taining 1a and Hg(NO3)2 in molar ratio 2 : 1 and its infrared
spectrum was compared to that of the free ligand 1a (Fig. 12).
The strong band at 1649 cm�1 of n(C]O) in 1a shis to 1632
cm�1 in the complex, a change of 17 cm�1 from vibration of
carbonyl oxygen, indicative of the involvement of oxygen atoms
in coordination. Since the n(OC–N) band at 1264 cm�1 for amide
bonds in 1a only shis upward by 2 cm�1 upon complexation, it
suggests that the two amide nitrogens are not involved in the
coordination withmetal ions. Besides, the band of pyridine ring
vibrations appears at 1475 cm�1 in free 1a and merges into a
band at 1456 cm�1 in coordinated 1a. Based on these observa-
tions, we conclude that the coordinate atoms of 1a should come
from carbonyl oxygens, and pyridine nitrogen is also involved.

The complexation of 1a–1c, 3a and 3b with Hg2+ were evi-
denced by the spectral change in the 1H NMR experiments
(Fig. 13 and 14). In CD3CN/CDCl3 (1/9, v/v), almost all of the
protons experience a downeld shi for compound 1a–1c upon
Fig. 11 Curve-fitting analysis for the complexation of 1a with Hg2+ in
CH3CN.

29710 | RSC Adv., 2014, 4, 29702–29714
addition of Hg2+. In sharp contrast, for compounds 3a and 3b,
neither chemical shis nor signal patterns undergo any change,
strongly suggesting that the interaction of 1a–1c with Hg2+ is
much stronger than that of 3a or 3b. This explains the much
higher efficiency as indicated for 1a–1c as extractants compared
to 3a and 3b. In general, the NMR patterns of 1a–1c tend to
become simple aer addition of Hg2+. In the case of 1a, upon
complexing the metal ion, though still poorly-resolved, the
signal pattern (Fig. 13b) resembles that from variable-temper-
ature 1H NMR experiments (Fig. 5 at 318 K). For 1b, the
broadened signals change to one set of well-resolved sharp
signals in the presence of Hg2+ (Fig. 13c and d), suggesting the
transformation from mixed multiple rotational isomers to only
one major isomer induced by introduction of metal ion. The
similar result was obtained for 1c, where minor signals of very
low intensity and major signals merge into one set of broad
signals at aromatic region (Fig. 13e and f, 6.5–7.6 ppm), while
aliphatic protons (0.8–4.2 ppm) become more distinguishable.
These results suggest that complexation of Hg2+ by 1a–1c
facilitate the reduction of possible rotational isomers in solu-
tion, but have no inuence upon isomerism for
Fig. 13 Partial 1H NMR spectra in 10% CD3CN/90% CDCl3 (400 MHz,
298 K): (a) 1a; (b) 1a + Hg(NO3)2 (2 : 1); (c) 1b; (d) 1b + Hg(NO3)2 (2 : 1);
(e) 1c; (f) 1c + Hg(NO3)2 (2 : 1). Sign “*” represents signals of solvents.

This journal is © The Royal Society of Chemistry 2014
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Fig. 14 Partial 1H NMR spectra in 10% CD3CN/90% CDCl3 (400 MHz,
298 K): (a) 3a; (b) 3a + Hg(NO3)2 (2 : 1); (c) 3b; (d) 3b + Hg(NO3)2 (2 : 1).
Sign “*” represents signals of solvents.
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intramolecularly hydrogen-bonded compounds 3a and 3b,
again underscoring the importance of hydrogen bonding and
rotational isomerism on extraction.
Experimental
Materials and reagents

Compounds 4 and 5a–5c were synthesized following the similar
reported procedures.44,45 Compound 7 was prepared from
hydrogenation of 5a in almost quantitative yield (see ESI†).
Dichloromethane, picric acid, anhydrous Na2SO4,
Hg(NO3)2$H2O, AgNO3, Cu(NO3)2$3H2O, Ni(NO3)2$6H2O,
Cd(NO3)2$4H2O, Zn(NO3)2$6H2O, Co(NO3)2$6H2O, Pb(NO3)2
were the analytical grade reagents and were purchased from
Chengdu Kelong Chemical Factory. All other solvents and
chemicals used for the synthesis were of reagent grade and used
as received.
Instruments and apparatus

UV-vis spectra were measured by SHIMADZU UV-2350. 1H NMR
and 13C spectra were recorded on Bruker AVANCE AV II-400
MHz (1H: 400 MHz; 13C: 100 MHz). Chemical shis are reported
in d values in ppm and coupling constants (J) are denoted in Hz.
Multiplicities are denoted as follows: s ¼ singlet, d ¼ doublet, t
¼ triplet, and m ¼ multiplet. High resolution mass data were
collected by WATERS Q-TOF Premier. CDCl3, DMSO-d6 and
CD3CN were from Cambridge Isotope Laboratories (CIL).
Synthesis of compound 6a–6c

Compound 6a–6c was synthesized following the reported
procedure in a yield of 79%, 81%, 73%, respectively.27 Aer two
vacuum/H2 cycles to remove air from the reaction, the stirred
mixture of the nitropropoxybenzene 5a/5b/5c (1.00 g, 5.52
mmol), 100 mg 10% Pd/C and 50 mL acetonitrile was hydro-
genated at ordinary pressure and at room temperature. The
reaction was monitored using TLC until the secondary amine
was no longer increased. The reaction mixture was ltrated and
the ltrate was concentrated under reduced pressure. The crude
mixture was puried by ash silica gel column chromatography,
This journal is © The Royal Society of Chemistry 2014
and provided the product as light yellow oil, which was used for
the immediate coupling reaction.
Synthesis of pyridine-based 2,6-dicarboxyamides 1a–1c, 3a
and 3b

The general procedure for compounds 1a–1c, 3a and 3b was
exemplied by the synthesis of 1a. Triethylamine (3.35 g, 33.12
mmol) was added into a solution of the amine 6a (3.32 g, 22.0
mmol) in 100 mL of dry dichloromethane at 0 �C under N2.
Pyridine-2,6-dicarbonyl dichloride 4 (2.24 g, 11.0 mmol) was
dissolved in 50 mL of dichloromethane and added dropwise to
the above mixture. The solution was stirred at room tempera-
ture under N2 for 4 h. The organic layer was washed with 10%
HCl aqueous and followed water, and dried over anhydrous
Na2SO4 and ltered. Most volatiles were removed under reduced
pressure and the residue was isolated by precipitation by
addition of methanol to give a white solid.

1a. Yield 82%. 1H NMR (400 MHz, CDCl3) d: 7.35–6.68 (m,
11H, ArH), 4.10–3.95 (m, 2H, NCH2), 3.88–3.70 (m, 4H, OCH2),
3.66–3.54 (m, 2H, NCH2), 1.83–1.68 (m, 4H, CH2), 1.16–1.12 (m,
6H, CH3), 1.04–0.96 (m, 6H, CH3).

13C NMR (100 MHz, CDCl3) d:
168.14, 167.78, 154.26, 154.22, 153.25, 152.67, 135.42, 135.28,
131.24, 131.09, 130.95, 130.41, 128.49, 128.44, 122.84, 122.37,
120.06, 119.98, 112.01, 111.76, 69.57, 69.50, 43.88, 43.58, 22.59,
12.58, 12.50, 10.71, 10.65. ESI-HRMS (m/z) calcd for C29H35N3O4

[M + H]+ 490.2706, [M + Na]+ 512.2525, [M + K]+ 528.2265; found
[M + H]+ 490.2701, [M + Na]+ 512.2532, [M + K]+ 528.2272.

1b. Yield 92%. 1H NMR (400 MHz, CD3COCD3) d: 7.62 (br s,
1H, PyH), 7.32 (br s, 2H, PyH), 7.10 (s, 2H, ArH), 6.78 (s, 2H,
ArH), 6.76 (d, J ¼ 8.4 Hz, 2H, ArH), 6.41 (br s, 2H, ArH), 3.90 (t, J
¼ 6.4 Hz, 4H, OCH2), 3.85 (br s, 4H, NCH2), 1.74 (m, J ¼ 6.8 Hz,
4H, CH2), 1.13 (br s, 6H, NCH2CH3), 1.00 (t, J¼ 7.4 Hz, 6H, CH3)
13C NMR (100 MHz, CDCl3) d: 167.25, 159.56, 153.11, 143.57,
136.12, 129.36, 123.53, 120.50, 114.00, 112.94, 69.60, 45.02,
22.50, 12.80, 10.50. ESI-HRMS (m/z) calcd for C29H35N3O4 [M +
H]+ 490.2706, [M + Na]+ 512.2525, [M + K]+ 528.2265; found [M +
H]+ 490.2699, [M + Na]+ 512.2533, [M + K]+ 528.2267.

1c. Yield 88%. 1H NMR (400 MHz, CDCl3) d: 7.32 (t, J ¼ 8.0
Hz, 1H, PyH), 7.06 (d, J ¼ 8.0 Hz, 2H, PyH), 6.79 (d, J ¼ 8.8 Hz,
4H, ArH), 6.69 (d, J ¼ 8.4 Hz, 4H, ArH), 3.87 (q, J ¼ 7.2 Hz, 4H,
NCH2), 3.83 (t, J ¼ 6.4 Hz, 4H, OCH2), 1.76 (m, J ¼ 6.8 Hz, 4H,
CH2), 1.17 (t, J ¼ 7.0 Hz, 6H, NCH2CH3), 1.00 (t, J ¼ 7.4 Hz, 6H,
CH3).

13C NMR (100 MHz, CDCl3) d: 167.35, 157.61, 153.46,
135.67, 134.74, 129.18, 122.99, 114.30, 69.43, 44.77, 22.38,
12.47, 10.35. ESI-HRMS (m/z) calcd for C29H35N3O4 [M + H]+

490.2706, [M + Na]+ 512.2525, [M + K]+ 528.2265; found [M + H]+

490.2699, [M + Na]+ 512.2528, [M + K]+ 528.2269.
3a. Yield 81%. 1H NMR (400 MHz, CDCl3) d: 10.20 (s, 2H,

NH), 8.45 (d, J ¼ 7.6 Hz, 2H, ArH), 8.40 (d, J ¼ 8 Hz, 2H, PyH),
8.09–8.05 (t, J ¼ 8 Hz, 1H, PyH), 7.06–7.03 (t, J ¼ 7.2 Hz, 2H,
ArH), 7.00–6.96 (t, J ¼ 7.6 Hz, 2H, ArH), 6.85 (d, J ¼ 8 Hz, 2H,
ArH), 3.90–3.87 (t, J ¼ 6.4 Hz, 4H, OCH2), 1.63–1.54 (m, 4H,
CH2), 0.75–0.71 (t, J ¼ 7.6 Hz, 6H, CH3).

13C NMR (100 MHz,
CDCl3) d: 160.15, 148.56, 147.25, 138.43, 126.07, 124.05, 123.48,
119.94, 119.14, 109.97, 69.03, 21.20, 9.12. ESI-HRMS (m/z) calcd
for C25H27N3O4 [M + H]+ 434.2080, [M + Na]+ 456.1899, [M + K]+
RSC Adv., 2014, 4, 29702–29714 | 29711
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472.1639; found [M + H]+ 434.2082, [M + Na]+ 456.1894, [M + K]+

472.1647.
3b. Yield 89%. 1H NMR (400 MHz, CDCl3) d: 9.45 (s, 2H, NH),

8.55 (d, J ¼ 7.6 Hz, 2H, PyH), 8.20–8.16 (t, J ¼ 7.6 Hz, 1H, PyH),
8.16 (d, J ¼ 8.0 Hz, 2H, ArH), 7.34–7.30 (t, J ¼ 7.6 Hz, 2H, ArH),
7.27 (d, J ¼ 7.6 Hz, 2H, ArH), 7.18–7.14 (t, J ¼ 7.6 Hz, 2H, ArH),
2.44 (s, 6H, CH3).

13C NMR (100 MHz, CDCl3) d: 160.20, 148.14,
138.56, 129.58, 127.82, 126.00, 124.53, 121.68, 16.96. ESI-HRMS
(m/z) calcd for C21H19N3O2 [M + H]+ 346.1556, [M + Na]+

368.1375, [M + K]+ 384.1114; found [M + H]+ 346.1554, [M + Na]+

368.1375, [M + K]+ 384.1110.
Solvent extraction

Heavy metal picrates were prepared by the stepwise addition of
1 � 10�2 M of metal nitrate solution to 2 � 10�5 M aqueous
picric acid solution and shaken at 298 K for 1 h. 10 mL of a 2 �
10�5 M aqueous metal picrate solution and 10 mL of a 2 � 10�4

M solution of ligands in CH2Cl2 were placed in a stoppered glass
tube and vigorously agitated with a mechanical shaker in a
thermostated water bath at 298 K for 2 h. The resulting mixtures
were le standing for an additional 2 h in order to complete the
phase separation. The concentration of the picrate anion
remaining in the aqueous phase was determined by UV spec-
trophotometry at lmax 355 nm. Blank experiments showed that
no picrate extraction occurred in the absence of ligands. The
extractability was determined based on the absorbance of pic-
rate anion in the aqueous solutions. The extractability (E%) was
calculated based on the equation: E%¼ 100(A0� A)/A0, where A0
is the absorbance of the aqueous solution in the absence of
ligand, A is the absorbance of the aqueous phase aer extrac-
tion. Three independent experiments were carried out and the
average value of percent picrate extracted was calculated.
Conclusion

In summary, a pyridine-based aromatic amides 1a–1c with
N-substitution and their analogues 3a and 3b containing
intramolecular hydrogen bonds were synthesized for probing
the interplay of molecular structure and liquid–liquid extrac-
tion behaviour towards transition metal ions. X-ray diffraction
analysis of ligands 1a and 3a provides information of molecular
conformation without and with intramolecular H-bonding. The
observed E–anti–anti–E conformation (1a) in the solid sate is
among one of six reasonable rotational isomeric structures of 1a
optimized by computer modeling. Ordinary and variable-
temperature proton and carbon NMR experiments of 1a–1c
disclosed the formation of rotamers due to N-substitution. The
fact that N-substitution is responsible for the higher selectivity
and efficiency towards Hg2+ over other metal cations is ratio-
nalized by the large difference in rotational restriction between
N-substituted 1 (a, b and c) and intramolecularly hydrogen
bonded 3 (a, b). The results from 1H NMR spectra regarding the
interaction of the ligands with Hg2+ also verify the extraction
difference, and simultaneously disclose the inuence of
complexation on rotational isomerism of ligands. Despite the
absence of intramolecular hydrogen bonding as compounds 1
29712 | RSC Adv., 2014, 4, 29702–29714
(a, b and c), compound 2 still displayed a lower extraction ability
than 1 (a, b and c) due to the favorable electronic effect arising
from alkoxy substitution. The stoichiometry for the complexa-
tion of Hg2+ by 1a–1c was found to be 2 : 1 (ligand/metal ion)
using log{D/[Pic�]n} � log[L] analysis, Job's plot and UV-vis
titration. IR study indicates that the coordinate atoms are
carbonyl oxygens and pyridine nitrogen in N-substituted
ligands. The disclosure of the impact of H-bonding-enforced
backbone rigidication and structural variation via N-substitu-
tion upon extraction as presented in this work may provide in-
depth understanding of the extraction process associated with
intramolecular hydrogen bonding and rotational conformation.

Acknowledgements

This work is supported by the National Natural Science Foun-
dation (21172158), NSAF(11076018), the Doctoral Program of
the Ministry of Education of China (20130181110023), the
National Science Foundation for Fostering Talents in Basic
Research of the National Natural Science Foundation of China
(J1210004 and J1103315), Open Project of State Key Laboratory
of Supramolecular Structure and Materials (SKLSSM201408)
and Open Project of State Key Laboratory of Structural Chem-
istry (20140013). Comprehensive Training Platform of Special-
ized Laboratory, College of Chemistry, Sichuan University is
acknowledged for NMR, HRESI-MS and IR analyses.

Notes and references

1 D. W. Zhang, X. Zhao, J. L. Hou and Z. T. Li, Chem. Rev., 2012,
112, 5271.

2 (a) A. E. V. Gorden, M. A. DeVore, II and B. A. Maynard, Inorg.
Chem., 2013, 52, 3445; (b) B. J. Mincher, G. Modolo and
S. P. Mezyk, Solvent Extr. Ion Exch., 2009, 27, 579.

3 (a) H. N. Kim, M. H. Lee, H. J. Kim, J. S. Kim and J. Yoon,
Chem. Soc. Rev., 2008, 37, 1465; (b) I. G. Spiridonov,
D. O. Kirsanov, V. A. Babain, M. Y. Alyapyshev,
N. I. Eliseev, Y. G. Vlasov and A. V. Legin, Russ. J. Appl.
Chem., 2011, 84, 1354; (c) Ü. Ocak, M. Ocak, X. Shen,
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