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Chirality on C4-atoms of non-bridging monodentate oxazolines direct stereoselective formation of

helical chirality in [M(1)2X2] tetrahedral metal complexes of zinc(II), cadmium(II) and cobalt(II) halides, as

revealed by their crystal structures. This feature was used to prepare a set of helically chiral derivatives

with various structural motifs. In particular, bulkiness, non-covalent interactions and choice of point chir-

ality combinations were found to strongly affect induction of chirality on the metal atom. The substituent

influence on complexation and chiral induction was analyzed using XRD-diffraction studies, NMR, UV-Vis

and CD spectroscopies, as well as DFT calculations.

Introduction

Chirality is a fundamental property of molecular structure that
plays a vital part in chemical interactions. In particular, con-
trolling chirality is crucial in the preparation of a great variety
of compounds, ranging from chiral drugs in medicinal chem-
istry1 and stereoselective catalysts in both academic and indus-
trial laboratories,2,3 to advanced functional materials4,5 and
sensors.6 In majority of cases, the source of chirality in metal
complexes can be grouped into two notable types, chiral-at-
metal complexes7–10 and metal complexes with chiral
ligands10–15 (Fig. 1a and b, respectively). The former type of
metal complexes is obtained either by forming a chiral metal
centre through coordination by four or more different ligands
(Fig. 1a, left) or through coordination by achiral ligands with
non-interchangeable, stereoisomeric spatial organization
(Fig. 1a, right).16 Although it was found that certain combi-
nations of metals and ligands may prefer a specific spatial
organization,17,18 various strategies usually must be employed
in order to avoid racemic contamination.

Metal complexes with chiral ligands usually contain rigid
multidentate ligands with chirality typically incorporated close
to the coordinating atoms (Fig. 1b, left). In addition, the chir-
ality integrated into ligands of metal complexes is not limited
just to chiral centres, rather, numerous applications of metal
complexes with ligands containing axial19 and helical chirality
are known.10 An interesting subtype of metal complexes with
chiral ligands is based on metal complexes with “backdoor

induction” of chirality (Fig. 1b, right). In these compounds,
chirality is incorporated several bonds away from the coordi-
nating ligand atoms and the chiral information is transmitted
to the metal atom via a chiral structure that forms as a conse-
quence of non-covalent inter-ligand interactions.20 Specific
motifs of hydrogen bonding that are known to induce chirality
in this manner have been previously described on 1,n′-di-
substituted ferrocene peptides (Fig. 2), namely, Herrick, van
Staveren and Xu conformations with two, one or without
hydrogen bonds, respectively.21–23

2-Oxazoline ligands are known for their application in cata-
lysis and as precursors in polymer synthesis.24,25 Their success
as ligands for metal complexes partially lies in their facile syn-
thesis from easily available carboxylic acids or nitriles and
amino alcohols.26 One of the most noteworthy chiral metal

Fig. 1 (a) Chiral-at-metal complexes with four different ligands (a, left)
or with a stereoisomeric spatial arrangement of achiral ligands (a, right).
(b) Metal complexes with chiral ligands in which the chirality (group R*)
is adjacent to the metal center (b, left) or placed several covalent bonds
away and the chiral information is transmitted to the metal center as a
consequence of non-covalent inter-ligand interactions (b, right).
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complexes of oxazolines feature bisoxazoline ligands (BOX)
with C4-chiral carbon atoms.24,27 The structure of these
ligands play a critical role in steric control, by providing an
appropriate and rigid chelating structure and an environment
necessary for chiral induction.24 Further efforts to control the
chirality of the coordination sphere mainly focused on utiliz-
ing the rigid nature of polymeric compounds,28–30 multiden-
tate ligands31–38 and bridging poly-monodentate oxazoline
ligands in discreet polymetallic species,33,36,39,40 cages40,41 or
coordination polymers42–46 to impose a chiral environment
around the metal atom. On the other hand, chiral non-bridging
monodentate oxazoline complexes with non-covalent inter-
actions are fairly unexplored,47 especially monodentate oxazo-
lines with axial or helical chirality.47–49

In this publication, using BOX ligands as an inspiration
(Fig. 3, top), we have designed simple, non-bridging mono-oxa-
zoline ligands capable of inducing helical chirality in supra-
molecular late transition metal complexes (Fig. 3, bottom).50

In those complexes, we have incorporated a phenyl ring on the

oxazoline C2-carbon atoms in order to facilitate aromatic
stacking (see Fig. 3, top left, for the numbering scheme).
Stereoselective formation of helically chiral tetrahedral metal
complexes can be directed by introducing a bulky substituent
on the oxazoline C4-carbon atom (Fig. 3, bottom).
Additionally, we appended chiral amino acids to the meta posi-
tion of the 2-phenyl ring to investigate the interplay between
point chirality of amino acids and oxazolines on chirality
transfer to the metal centre, via hydrogen bonding inter-
actions, inspired by 1,n′-disubstituted ferrocene peptides
(Fig. 2). We present herein, detailed crystallographic, spectro-
scopic, and computational studies.

Results and discussion
Synthesis

A set of oxazoline ligands 1 with substituents of varying elec-
tron donating or withdrawing character, bulkiness and capa-
bility for non-covalent interactions on the 2-aryl group were
synthesized (Scheme 1). In most cases, the R group is a
2-phenyl, with para (1H, 1F and 1N) or meta (1mA, 1mA*, 1m2A

and 1m2A*) substituents, except for ligand 1p which contains
an unsubstituted polyaromatic 1-pyrene group instead.
Ligands 1mA, 1mA*, 1m2A and 1m2A* additionally contain either

Fig. 2 Hydrogen bonding motifs in substituted 1,n’-ferrocenyl peptides.
Bold lines represent bonds spatially in front of the rest of the molecule,
and dashed lines represent bonds spatially behind the rest of the
molecule.

Fig. 3 A copper(II) BOX catalyst (top row)34 and on the crystal structure
of an (M)-helically chiral complex with monodentate oxazolines
reported in this paper (bottom row). The red circle represents the axis of
the helix. The oxazoline ring atom numbering is given on the structure
in the first row (orange). Anions are omitted for clarity.

Scheme 1 Reaction conditions: [MA2], M = Zn2+, Cd2+ or Co2+, A = Br−,
I− or NO3

−; CH2Cl2, r.t. The chirality at position 4 of the oxazoline ring is
(S) in all cases except for ligands denoted with an asterisk (*), which
contain (4R) chirality, additionally marked by “(4R)” in the scheme. All
amino acid moieties are L-alanine methyl ester moieties meta substi-
tuted on the 2-phenyl group (mA).
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one (1mA and 1mA*) or two (1m2A and 1m2A*) L-alanine methyl
ester moieties (mA) with capacity for hydrogen bonding, (di)
meta substituted on the 2-phenyl group. The ligands are
derived from (S)-phenylglycinol, except when denoted by an
asterisk (1mA* and 1m2A*) indicating (R)-phenylglycinol. The
oxazoline ligands 1F, 1N, 1P, 1m2A and 1m2A* were prepared in
two steps with good yields according to previously reported
procedures (Scheme 1, Schemes S1 and S2, Fig. S1a and
S1b),48,51 while ligands 1H, 1mA and 1mA* have been previously
described.48,49,52 All newly synthesized ligands have been
characterized by NMR, UV-Vis, CD and IR spectroscopies, as
well as HRMS spectrometry. For ligand 1mA*, a single crystal
structure was also obtained (Fig. S60).

A set of twenty-four zinc(II), cadmium(II) and cobalt(II)
metal complexes were synthesized in situ by stirring the ligand
and the metal precursor in a 2 : 1 ratio in CH2Cl2 or a CH2Cl2/
CH3CN mixture (Scheme 1a; scope overview is presented in
Table S1, Fig. S1c, SI section 9). Metal precursors with various
anions were used; namely, Cl−, Br−, I−, NO3

−, ClO4
−, BF4

− or
CF3SO3

−. The syntheses were attempted first with ligands 1H,
1F, 1N and 1P while for ligands 1mA, 1mA*, 1m2A and 1m2A*
preparation of metal complexes was carried out only with
ZnBr2, CdI2 and CoBr2. Synthesis of cobalt(II) chloride deriva-
tives revealed their poor solubility and stability in comparison
to their bromide analogues. Cobalt(II) complexes of commer-
cially available bisoxazoline ligands were synthesized for com-
parison (Scheme 1b).

Characterization in solid state

XRD-analysis. Preparation of single crystals of various
zinc(II), cadmium(II) and cobalt(II) complexes with ligands 1H,
1F, 1N, 1P, 1mA, 1mA*, 1m2A and 1m2A* has been attempted in
order to study the influence of choice of metal, electron donat-
ing groups, non-covalent interactions and chiral centres on
structural variation in solid state. All crystallized structures
contain (4S)-phenyl oxazoline, while all attempts to grow suit-
able single crystals of (4R)-derivatives were unsuccessful.
Eighteen single crystals of zinc(II), cadmium(II) or cobalt(II)
metal complexes with oxazoline ligands have been obtained,
two of which are bisoxazoline BOX1 and BOX2* cobalt(II) com-
plexes. Selected ORTEP diagrams53 are highlighted in Fig. 4,
while other ORTEP diagrams and crystal packings are shown in
Fig. S50–S74; experimental data for the X-ray diffraction studies
are listed in Tables S3–S7. Dihedral angles α (see Fig. S48a for
definition), selected bond lengths and angles are collected in
Table S2 (see SI section 9 and Fig. S48 and S49 for details).

Halide derivatives. All crystal structures of halide metal com-
plexes are approximately C2-symmetric and adopt a subtype IIa
conformation with stacked 2-phenyl oxazolines in an offset,
crossed fashion (Fig. 5, top left; see Fig. S49 for various poss-
ible geometries; Table S2), regardless of electron donating or
steric nature of the substituent on the 2-aryl group, or cation
and halide anion size. Additionally, 2-phenyl groups are the
ends of a helix, in which the metal atom lays in the middle of

Fig. 4 ORTEP-III drawings53 of complexes [Zn(1H)2Br2], [Cd(1mA)2I2], [Co(BOX1)Br2], [Co(1P)2Br2], [Co(1m2A)Br2] and [Zn(1H)2(NO3)2] with 30% ellipsoid
probability level for SCXRD-determined structures.
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the helix backbone. In a similar way that helical chirality is
determined for (M)- and (P)-[7]helicene, helical chirality (M) or
(P) can be assigned to the subtype IIa conformation found in
these crystal structures (Fig. 5). Similar geometries have been
observed in crystal structures of zinc(II) halide complexes of
achiral 2-phenyl oxazoline ligands, with (M)- and (P)-helicates
evenly distributed among those structures.54,55 In our case,
greater steric hindrance in subtype IIa* (Fig. 5, right) is
expected between the (4S)-phenyl of one ligand and 2-phenyl
of the other ligand than in subtype IIa, facilitating IIa geometry
formation with the (M)-helical chirality (see below in
Computational analysis section). On the other hand, incorpor-
ation of a (4R)-substituent is expected to facilitate IIa* for-
mation with (P)-helical chirality, which is consistent with the
results of CD spectroscopy, see below. This premise is further
corroborated by our previous results; ligand 1mA* was used to
prepare a rhodium(I) 1,5-cyclooctadiene complex, [Rh(1mA*)2COD]
BF4, for which a single crystal was obtained.49 Although this is
a square-planar Rh(I) complex, (P)-helical chirality could
clearly be assigned to the complex.

Moreover, in the crystal structures of amino acid derivatives
[Zn(1mA)2Br2], [Cd(1mA)2I2] and [Co(1mA)2Br2], the amide hydro-
gen atoms of two alanine moieties were consistently found
oriented towards halide anions (X⋯H–N), see Fig. 4, top
middle for [Cd(1mA)2I2]. Consistent occurrence of this confor-
mer is contrary to the initial expectations that Herrick or van
Staveren conformers would be obtained (see Fig. 2). In the
case of complexes with four alanine moieties [Zn(1m2A)2Br2]
and [Co(1m2A)2Br2], two alanine moieties form the X⋯H–N
motif, while the other two interact via van Staveren hydrogen
bonding,23 see Fig. 4, bottom middle for [Co(1m2A)2Br2]. In
that structure, the adjacent complex molecules are infinitely
stacked in an offset fashion in a way that those alanine moi-
eties are also part of van Staveren hydrogen bonding with
neighbouring molecules, forming infinite supramolecular
polymeric chains in solid state. For all five crystal structures of

alanine-containing metal complexes, the subtype IIa geometry
with (S,M,S)-stereochemistry is retained.

Non-halide derivatives. Attempts to synthesize zinc,
cadmium and cobalt non-halide metal complexes resulted in
either amorphous, cotton-like fibrous or oily residues, or
showed signs of degradation over time. From these mixtures,
single crystals of unreacted metal precursors (cadmium) or
ligands were isolated in multiple attempts, suggesting that
coordination might not be occurring at these reaction con-
ditions. However, a single crystal of a non-halide derivative
[Zn(1H)2(NO3)2] was successfully obtained from a
CH2Cl2 : CH3CN : hexane = 2 : 1 : 3 solution at the edges of a
fibrous-like solid after several weeks. In comparison to the
halide analogues, the [Zn(1H)2(NO3)2] complex adopted a
different type of arrangement of ligands within the complex in
solid state (Fig. 4, bottom right).

Spectroscopic characterization in solution

NMR analysis. 1H and 13C NMR spectra were recorded for all
synthesized ligands and all twelve diamagnetic metal com-
plexes of Zn(II) and Cd(II). 1H NMR spectra could be recorded
in CDCl3 for all ligands and most halide complexes, while for
[Cd(1H)2Br2] and [Zn(1H)2(NO3)2] CD3CN and CD3OD had to be
used due to poor solubility at c ≈ 6 mM in CDCl3. NMR spectra
of all studied complexes suggest C2-symmetry of species
present in solution.

All halide complexes show a downfield shift of the hydro-
gen atom attached to the chiral C4 oxazoline carbon atom
upon complexation (by up to 0.83 ppm; SI sections 3 and 4).
There is only one set of sharp peaks in 1H NMR spectrum of
the nitrate derivative in CD3CN. In contrast, ligand peaks are
broad in the spectra of halide metal complexes [M(1)2X2] of
ligands 1H, 1F, 1N, 1P, 1mA*, 1m2A and 1m2A* recorded at room
temperature, indicating that there might be more than one
species in solution in equilibrium at room temperature. In
order to confirm whether the peak broadening occurs due to a
presence of both coordinated and non-coordinated ligands, 1H
NMR spectra of [Zn(1H)2Br2], [Zn(1N)2Br2], [Zn(1P)2Br2] and [Zn
(1m2A)2Br2] in CDCl3 were collected every 20 °C in a tempera-
ture range from −40 °C to 40 °C (Fig. 6, Fig. S2a and S3–S9).
For [Zn(1H)2Br2], [Zn(1N)2Br2] and [Zn(1P)2Br2] complexes,
signals become sharper with decreasing temperature and there
are no apparent changes in their chemical shifts, indicating
that C2-symmetry is also retained (Fig. 4, Fig. S2a and S3–S7).
Spectra of metal complexes with alanine moieties show the
presence of hydrogen bonding (Fig. 7), reflected in the down-
field shift of the amide hydrogen atoms by more than
0.45 ppm for complexes of 1mA and 1.09 ppm for 1m2A, as well
as significant downfield shifts of the 2-phenyl aromatic signals
(by up to 0.81 ppm). These results strongly indicate that com-
plexation facilitates non-covalent interactions in solution. The
NMR spectra of the [Zn(1m2A)2Br2] complex at different temp-
eratures were recorded as well (Fig. S8). Interestingly, an oppo-
site trend of signal sharpening with temperature can be seen
for oxazoline and alanine 1H NMR peaks, i.e. oxazoline peaks
sharpen with decreasing temperature, while alanine peaks

Fig. 5 Helical chirality determination in subtype IIa and IIa* geometries,
see Fig. S49 for details. The black dots represent the axis of helicity. The
two subtypes (S,M,S)-IIa and (S,P,S)-IIa* are diastereomeric for our com-
plexes due to the incorporated (4S)-phenyl-containing chiral centers.
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broaden with decreasing temperature, especially the alanine
amide signals. These changes suggest that amides may be
involved in different hydrogen bonding motifs (e.g. Herrick or
van Staveren) which are averaged at room temperature.

UV-Vis and CD spectroscopy. For all ligands and most halide
complexes, UV-Vis and CD spectra could be recorded in
CH2Cl2, while for [Cd(1H)2Br2] and [Zn(1H)2(NO3)2] CD3CN and
CD3OD had to be used due to lower solubility (SI section 5).
Spectra of ligands and complexes indicate that complexation
occurred (Fig. 8, top left; SI section 5b, Fig. S18–S26). For com-
parison, zinc and cadmium complexes of ligand 1H were also
recorded in acetonitrile. Both UV-Vis and CD spectra of
studied ligands and corresponding complexes in CH3CN share
similar features, albeit with slightly different intensities,
except for [Zn(1H)2(NO3)2] and [Cd(1H)2Br2] (Fig. S27–S30).

For all studied cobalt complexes the induction of chirality
around the metal atom was confirmed by the appearance of
strong peaks in the visible region of the CD spectra. To further
study the influence of ligand substituents on spectra of their
metal complexes, UV-Vis and CD spectra of cobalt(II) deriva-
tives were recorded in concentration range 0.015–2.775 mM
(SI section 5c, Fig. S31–S46). Additionally, concentration
experiments have been performed for all cobalt complexes.
The results show linear dependency in all cases, indicating
that there is no occurrence of additional aggregation or dis-
sociation for these compounds at the studied conditions. The
description of the CD results reported below is qualitative; the
detailed understanding of the chirality transfer mechanism is
difficult due to a subtle interplay of electronic, steric and
stereochemical influences in C2-symmetric metal complexes
with monodentate ligands containing non-covalent inter-
actions between them.50 A UV-Vis spectrum and a crystal struc-
ture of a similar cobalt(II) complex has been reported in litera-

Fig. 6 1H NMR spectra of [Zn(1H)2Br2] in CDCl3 at 20 °C, 0 °C and
−20 °C, c = 6 mM. The signal denoted by an asterisk most likely corres-
ponds to a protonated species (for a detailed analysis see discussion and
Fig. S2a–f in the SI).

Fig. 7 1H NMR spectra of 1mA, [Zn(1mA)2Br2], 1m2A and [Zn(1m2A)2Br2] in CDCl3.
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ture with an achiral 2-(p-ethoxyphenyl)oxazoline ligand.56

Apart from the characteristic cobalt(II) peak position at around
650 nm, the spectrum is largely incomparable with that of our
compounds.

CD results for monodentate non-alanine cobalt complexes
show minor differences for complex analogues bearing para
substituted 2-phenyl groups (1H, 1F and 1N complexes), while
differences are more pronounced for the more diverse pyrene
1P analogue. Inclusion of chiral alanine substituents further
reveals interesting effects as well. The ellipticity values of the
1mA and 1mA* derivatives indicate that the main contribution
to the induction of chirality is imparted by the influence of the
oxazoline C4 chiral centres. The signals at around 653 nm in
the CD spectra of 1mA and 1m2A complexes, as well as 1mA* and
1m2A* complexes, are very similar in intensity and profile
(Fig. 8, bottom left). This suggests that the inclusion of a
second amino acid chain has no apparent influence on the
chiral induction around the metal atom at the given con-
ditions. The only exception is the appearance of a minimum at
594 nm for the 1m2A derivative. The intensities of the 1mA and

1m2A pair are larger by roughly two times in comparison to the
1H derivative, while the 1mA* and 1m2A* pair feature a peak at
the same wavelength as the (S)-variants, but of the opposite
sign. This suggests that the 1mA and 1m2A derivatives provide a
more defined and rigid chiral structure around the metal
atom, which we attribute to stronger non-covalent intra-
molecular interactions of the more suitable diastereoisomeric
4S/L combination of chiral centres in the ligand (see the
Computational analysis section).

For further analysis, CD spectra have been recorded in the
Vis region in CH2Cl2 at c = 2.25 mM of two cobalt complexes of
commercially available bisoxazoline ligands, 2,2′-isopropyl-
idenebis[(4S)-4-phenyl-2-oxazoline] (BOX1) and (+)-2,2′-iso-
propylidenebis[(4R)-4-benzyl-2-oxazoline] (BOX2*) (Fig. 8,
bottom right; Fig. S47). While the bisoxazoline complexes
exhibit strong peaks in the 500–600 nm region, the monoden-
tate derivative barely shows peaks in this region, with intensi-
ties lower by one order of magnitude. This could be explained
by the difference in rigidity of bisoxazoline and mono-oxazo-
line complexes, where it is expected that mono-oxazoline

Fig. 8 Overlapped CD spectra in CH2Cl2 of: ligand 1H and corresponding zinc(II) and cobalt(II) halide complexes at c = 0.075 mM (top left); cobalt(II)
bromide complexes of ligands 1H, 1F, 1N and 1P in the visible region of the spectrum at c = 1.13 mM (top right); cobalt(II) bromide complexes of
ligands 1H, 1mA, 1mA*, 1m2A and 1m2A* in the visible region of the spectrum at c = 0.74 mM (bottom left); and cobalt(II) bromide complexes at c =
2.25 mM with ligands 1H, (−)-2,2’-isopropylidenebis[(4S)-4-phenyl-2-oxazoline] (BOX1) and (+)-2,2’-isopropylidenebis[(4R)-4-benzyl-2-oxazoline]
(BOX2*) (bottom right).
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ligands have a less defined chiral environment around the
metal due to greater conformational freedom (see Fig. S48 and
S49). However, we were surprised to find that compound [Co
(BOX1)Br2] features a broad peak of the opposite sign with
equal intensity as the 1H derivative, despite ligands BOX1 and
1H both having (4S)-phenyl substituents. We show herein that
in halide mono-oxazoline complexes the (4S)-substituents
facilitate preferential formation of a conformation which fea-
tures an additional chiral element, (M)-helicity, which directly
involves the 2-phenyl groups and the metal atom (see the
Characterization in solid state and Computational analysis
sections).

Computational analysis

In order to further investigate the preferential tetrahedral geo-
metries of monodentate oxazoline metal complex derivatives
found in the solid state and in solution, we proceeded with the
computational analysis. The studied conformations corre-
sponded to types II–IV and subtypes a–d (Fig. S48 and S49) of
zinc(II) and cobalt(II) bromide complexes with 1H, 1F, 1N, 1P,
1mA*, 1m2A and 1m2A* ligands as well as [Zn(1H)2(NO3)2]. All the
relevant identified conformers were optimised using DFT cal-
culation, and their total Gibbs free energies of DFT calculated
conformers were used to help identify dominant species
present in solution (chloroform or acetonitrile). Since the geo-
metries of a tetrahedral cobalt complex were considered, the
high-spin system was modelled. In all the studied complexes,
the ligands coordinated the metal atom through the oxazoline
nitrogen atoms, accurately reproducing the experimentally
observed structures.

Non-alanine derivatives. The comparison of parameters of
crystal structures and the most similar calculated conformers
is given in Table 1.

The most stable conformer for each of the considered
halide complexes was consistently found to be subtype IIa(1)

with (S,M,S)-stereochemistry (Tables S8–S10 and S12), which
fully agrees with the obtained crystal structures, regardless of
the cation, electron-donating nature of the R group or of the
used medium (with or without SMD solvation models).
Moreover, for the halide complexes, a single conformer is
clearly favoured in solution, with all the others being at least
2 kcal mol−1 less stable and thus negligible in population.
Conversely, the nitrate derivative exhibited a greater number of
conformers, many of which lie within the 2 kcal mol−1

window, with the effect particularly pronounced in aceto-
nitrile. This is reflected in the values of the calculated prob-
ability (Pi) according to the Boltzmann distribution within the
group of obtained conformers, indicating that the nitrate
complex can assume different geometries across all three
media (vacuum, CHCl3, CH3CN; Table S11). Furthermore, con-
former (IIId1), which most closely matches the crystal struc-
ture of [Zn(1H)2(NO3)2], was not found to be the most stable in
vacuum, CHCl3 or CH3CN.

In order to further investigate expected stability differences
of (S,M,S)-IIa and (S,P,S)-IIa* diastereoisomers, corresponding
zinc(II) bromide complex geometries with ligand 1E, which is
simply ligand 1H without the (4S)-phenyl substituent (also
found in the crystal structure with the CCDC code ETUVIY),54

and ligand 1H were calculated (Table S13). As expected, opti-
mized (S,M,S)-IIa and (S,P,S)-IIa* conformations are equivalent
for complex [Zn(1E)2Br2]. For complex [Zn(1H)2Br2], diastereo-
isomer (S,M,S)-IIa is more stable than (S,P,S)-IIa* by 8.5 kcal
mol−1. Obviously, the steric hindrance incurred by the (4S)-
phenyl group drastically destabilizes the latter conformation.
This finding is in agreement with the experimentally obtained,
strictly subtype IIa halide crystal structures.

Alanine derivatives

Alanine-derivatives for the zinc bromide complexes [Zn(1)2Br2]
include pairs of diastereomeric ligands 1mA and 1mA*, as well
as 1m2A and 1m2A* (Scheme 1). Introduction of alanine moi-
eties to the ligand structure increased its potential supramole-
cular interactions, particularly pronounced for the derivatives
containing two alanine moieties. To focus on the most relevant
structures, high-energy conformers were discarded before DFT
optimization. The lowest-energy conformers of the diastereo-
meric pairs 1mA/1mA* and 1m2A/1m2A*, along with their relative
Gibbs free energies, are shown in Fig. 9. Comprehensive data
on relative Gibbs energies and non-covalent interactions for all
conformers are provided in Tables S14–S17. Most of the opti-
mized conformers for the four different complexes adopt the
IIa geometry, with variations between the conformations
mainly in the stacking of the 2-phenyl groups and the hydro-
gen-bonding motifs of the alanine substituents (Fig. 9,
Fig. S75, Tables S14–S17). The lowest-energy conformers of
each complex are approximately of C2-symmetry.

For the pair of diastereomeric ligands having a single
alanine moiety, the geometry of the most stable conformer
differs. The most stable conformer for [Zn(1mA)2Br2] complex
shows two Br⋯H–N hydrogen bonds, with no additional inter-
actions between the alanine moieties. In addition, a few low-

Table 1 Comparison of experimental and calculated dihedral angles α

(see definition on Fig. S48a), in obtained crystal structures and calcu-
lated conformers of oxazoline metal complexes. All calculated values
were given for conformers optimized in vacuum. For more details, see
Tables S8–S12

Metal complex α1, α2 (°) Type Pi
a/%

Exp.[Zn(1H)2Br2] 324.27, 338.83 IIa —
Calc.[Zn(1H)2Br2] 329.59, 329.59 IIa 99
Exp.[Zn(1H)2(NO3)2] 128.96, 303.44 IVa —
Calc.[Zn(1H)2(NO3)2] 103.23, 260.22 IVa2 16
Calc.[Zn(1H)2(NO3)2] 175.41, 305.37 IIId1 1
Calc.[Zn(1H)2(NO3)2] 329.16, 329.17 IIa 63
Exp.[Zn(1F)2Br2]

b 325.67, 333.93 IIa —
Calc.[Zn(1F)2Br2] 329.32, 329.58 IIa >99
Exp.[Zn(1N)2Br2]

b 334.43, 336.71 IIa —
Calc.[Zn(1N)2Br2] 330.44, 330.44 IIa 98
Exp.[Co(1H)2Br2] 339.12, 323.35 IIa —
Calc.[Co(1H)2Br2] 333.3, 333.31 IIa >99

a Pi is the probability that the complex molecule will have the given
geometry within the calculated ensemble of conformers according to
Boltzmann distribution. b Experimental angle values for independent
complex molecules in the crystal lattice were averaged.
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lying conformers retain the Br⋯H–N interaction, and due to
the appearance of no additional hydrogen bonds between the
ligands, the coordination of bromides with the amide group
seems to restrict the conformational flexibility of the ligand. In
contrast, a conformer lacking these interactions is flexible
enough so that the hydrogen bonding between the alanine
moieties can be achieved through the formation of either van
Staveren or Herrick moieties. Still, those conformers are
∼10 kcal mol−1 less stable than the minimum. On the other
hand, for the most stable conformer of [Zn(1mA*)2Br2] complex
only one Br⋯H–N interaction is present. In addition, a single
semi-Herrick type N–H⋯O hydrogen bond is formed between
the two alanine moieties (see Fig. S75 for details).

As mentioned, the addition of the second alanine moiety
leads to an increase in the number of hydrogen bond donors
and acceptors, therefore opening the possibility of extensive
hydrogen bonding between the two ligands within each
complex. The most stable conformer for [Zn(1m2A)2Br2]
complex still adopts the two Br⋯H–N hydrogen bonds as was
the case of 1mA, but also an additional van Staveren O⋯H–N
hydrogen bond between the alanine moieties. In other confor-
mers of this complex, the loss of Br⋯H–N interactions is
accompanied by the formation of additional Herrick and van
Staveren hydrogen bonds, but this results in higher relative
Gibbs free energies. For [Zn(1m2A*)2Br2] complexes, the most

stable conformer features two Herrick hydrogen-bonding
motifs. Higher energy conformers feature different combi-
nations of van Staveren or semi-Herrick types of hydrogen
bonding, but still show a lower total number of hydrogen
bonds as compared to the most stable one. For [Zn
(1m2A*)2Br2], coordination of bromides by the Br⋯H–N was
noticed, but the energy of that conformer is ∼10 kcal mol−1

less stable than the minimum.
Compared to the crystal structures of 1mA, 1mA* and 1m2A

zinc bromide complexes, the most stable conformers derived
computationally reproduce those structures well for both
systems, indicating both the validity of the computational
approach as well as showing that the geometry of the crystal
structures corresponds to the most thermodynamically stable
conformer present in solution. Together, these results indicate
that a set configuration of stereocenters within a ligand influ-
ences the spatial arrangement within the complex and contrib-
utes to the overall stability of the complex since it directly
affects the possibility of forming additional stabilizing non-
covalent interactions.

These results suggest a possible match/mismatch effect
between the oxazoline 4R/4S and alanine L/D chiralities, in
relation to the ability of diastereomers to maximize the stabi-
lization by non-covalent interactions. This idea is further sup-
ported by an analysis of all structures exhibiting Herrick hydro-
gen bonding in the CSD database. Among 91 crystal structures
(Table S18) with any amino acid configuration, compounds
containing L-amino acids consistently adopt the Herrick A con-
formation (Fig. 10, left), whereas those with D-amino acids
adopt the Herrick B conformation. For our case, if the IIa and
IIa* placements of the oxazoline rings represent the preferred

Fig. 9 Calculated structures of the most stable conformers of zinc
bromide complexes with ligands 1mA, 1mA*, 1m2A and 1m2A*. Relative
Gibbs energies (ΔG) denoted below structures are calculated for diaster-
eomeric pairs 1mA and 1mA*, as well as 1m2A and 1m2A*, respectively. All
hydrogen atoms, except for those interacting via hydrogen bonding,
were removed for clarity. Hydrogen bonds are highlighted by blue,
dashed lines.

Fig. 10 Two possible conformations for Herrick hydrogen bonding
between two amino acids is shown; Herrick conformations A and A* for
L,L-amino acids and Herrick conformations B and B* for D,D-amino acids.
The A/B structures have the α-hydrogen atom in plane with the amide
carbonyl group, while the A*/B* structures have the α-alkyl group R in
plane with the amide carbonyl group. The A/B and A*/B* pairs are enan-
tiomeric, while A/A* and B/B* pairs are diastereomeric.
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conformations, then the amino acid chains cannot adopt this
arrangement for all combinations of (4R/4S)-oxazoline and L/D
amino acid chirality. This is evident when comparing the
crystal structure geometries with the calculated Herrick hydro-
gen-bonded geometries (Fig. 9, Tables S14–S17). The analysis
indicates that the (4R)-oxazoline/L-Ala combination cannot
achieve the same non-covalent interactions or bonding
strength as the (4S)-oxazoline/L-Ala complexes, leading to a
slightly less well-defined chiral environment around the metal
centre. On the other hand, Herrick hydrogen bonding motifs
are expected to be more favourable for the (4R)-oxazoline/L-Ala
combination, as this arrangement allows a more favourable
spatial orientation of the amino acid chains.

Conclusions

Twenty-four new chiral metal complexes were prepared from a
set of ten chiral oxazoline ligands and characterized by NMR,
UV-Vis, CD, IR and powder diffraction measurements. Single
crystals suitable for diffraction measurements of 18 metal
complexes were obtained; all obtained halide complexes of
(4S)-phenyl monodentate oxazolines formed analogous (M)-
helical structures, while the nitrate derivative adopted a
different structure. NMR spectra confirm that complexation in
solution occurs and indicate C2-symmetry of the species in
solution. Additionally, significant chemical shift changes in
1H NMR spectra can be observed due to hydrogen bonding
and aromatic stacking in the spectra of amino acid derivatives.
UV-Vis and CD spectroscopy confirm complexation and induc-
tion of chirality around the metal atom. DFT results for non-
alanine (4S)-phenyl derivatives showed that halide metal com-
plexes bearing (S,M,S)-chirality are expected to be significantly
more stable than the (S,P,S)-isomers at the calculated level of
theory, regardless of the vacuum or solvent environment used.
On the other hand, results for alanine-derivatives showed the
importance of the matching/mismatching effect of chiral con-
figurations on position 4 of the oxazoline ring and the amino
acid substituents, where the 4S/L combination of point chiral-
ities gave relatively more stable structures.

Previously, we have reported on induction of chirality in
ferrocene dipeptide compounds (Fig. 11a)23 and octahedral
complexes with amino acid tridentate ligands (Fig. 11b).57

Herein, we report on chiral induction in tetrahedral metal
complexes. I.e., we have shown that incorporating (S)-chirality
on C4 carbon atom of the 2-aryloxazoline ring facilitates pre-
ferential formation of IIa conformation, consequently indu-
cing (M)-helical chirality around the metal atom. This is a first
report on preparation of helicates bearing simple, non-brid-
ging monodentate oxazoline ligands in tetrahedral complexes.
Furthermore, we have demonstrated how the structural vari-
ations influence the chirality around the metal atom, in par-
ticular, the variation of the achiral 2-aryl substituents or the
inclusion of the chiral alanine amino acid substituents. These
results offer a tool for reliable construction of simple, helically
chiral, supramolecular tetrahedral metal complexes of 2-aryl-

oxazolines, which may further be functionalized to serve
specific applications.

Experimental
General remarks

Reactions were carried out in ordinary glassware and chemi-
cals were used as purchased from commercial suppliers
without further purification. Pure L-amino acid methyl esters
and amino acid-derived amino alcohols were used in all synth-
eses unless stated otherwise. Reactions were monitored by TLC
on silica gel 60 F254 plates and detected with a UV lamp
(254 nm); crude products were purified using classic column
or flash chromatography. ESI mass spectra were recorded on a
HPLC-MS system (Agilent Technologies 1200) coupled with a
6410 Triple-Quadrupole mass spectrometer, operating in a
positive ESI mode. High-resolution mass spectra were obtained
on a MALDI TOF-TOF instrument using a CHCA matrix. NMR
spectra were obtained on a Bruker Avance 300 or 600 spectro-
meter, operating at 300 or 600 MHz for 1H and 75 or 150 MHz
for 13C; if not indicated further the spectra were recorded at
room temperature. Chemical shifts, δ (ppm), indicate a down-
field shift from the internal standard, tetramethylsilane, TMS.
Coupling constants, J, are given in Hz. Individual peaks are
marked as: singlet (s), doublet (d), triplet (t), quartet (q),
quintet (quin.) or multiplet (m). UV-Vis spectra were recorded
on Cary 100 spectrophotometer and CD spectra were recorded
on Jasco J-815 spectropolarimeter in 1.0 cm quartz Suprasil
cells. Stock solutions of the isolated compounds were prepared
for UV-Vis and CD measurements. The measured absorbance
A (in UV-Vis) is converted to concentration-independent ε [M−1

Fig. 11 Induction of chirality in: (a) dipeptidic ferrocene compounds,21

(b) octahedral metal complexes of peptidic tridentate ligands66 and (c)
tetrahedral metal complexes of monodentate 2-aryloxazoline ligands
presented herein.
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cm−1] through the Lambert–Beer equation. The measured
ellipticity θ [°] (in CD) is converted into the concentration
independent Δε [M−1 cm−1] through the relation Δε = θ/(b ×
32 982 × c), where b [cm] is the path length and c [M] is the
concentration. IR spectra were recorded in solid state, using
an ATR Agilent Cary 630 FT-IR spectrometer in the
4000–600 cm−1 (ATR) region. X-ray powder diffraction
measurements were performed using PANalytical Aeris instru-
ment, with measurement parameters: Bragg–Brentano geome-
try (θ–2θ), source of radiation: Cu Kα (λ = 1.54184 Å), measured
from 5° to 50° at 5.2° per minute.

Ligands 1mA and 1mA* have been prepared according to
their previously reported synthetic procedures and the col-
lected spectra correspond to previously reported results.48,49

General peptide coupling to mono-carboxylic acids procedure

Carboxylic acid (1 equivalent) was dissolved in CH2Cl2
(100 mL). Peptide coupling reagent, TBTU/HOBt, (1 equivalent)
and DIPEA (4 equivalents) were added and stirring was contin-
ued for 60 min at room temperature (HATU). An amino
alcohol (1 equivalent) was added and stirring was continued
for 24 hours. The reaction mixture was washed with NaHCO3

(sat. aq., 3 × 100 ml), citric acid (10% aq., 3 × 100 mL) and
NaCl (sat. aq. 100 mL). The organic phase was dried over
NaSO4, filtered and evaporated under reduced pressure to
yield the crude product.

General one-pot coupling to di- and tri-carboxylic acids
procedure in DCM

Isophthalic or trimesic acid (2 equivalents) was dissolved in
DCM (100 mL). Peptide coupling reagent (HATU, 3 equiva-
lents) and DIPEA (10 equivalents) were added and stirring was
continued for 60 min at room temperature. An amino acid
hydrochloride (3.1 equivalents) was added in small portions
and stirring was continued for 24 hours. Then, a peptide coup-
ling reagent (HATU, 3.6 equivalents) and DIPEA (14.4 equiva-
lents) were added and stirring was continued for 60 min at
room temperature (TBTU/HOBt, HATU). An amino alcohol
(3.1 equivalents) was added in small portions and stirring was
continued for 24 hours. The reaction mixture was washed with
NaHCO3 (sat. aq., 3 × 100 ml), citric acid (10% aq., 3 × 100 mL)
and NaCl (sat. aq., 100 mL). The organic phase was dried over
Na2SO4, filtered and evaporated under reduced pressure to
yield the crude product.

Phg#–C6H5. Benzoic acid (2.0 mmol, 244.2 mg), TBTU
(2.0 mmol, 642.2 mg), HOBt (2.0 mmol, 306.2 mg), (S)-phenyl-
glycinol (Phg#, 2.0 mmol, 274.4 mg), DIPEA (8 mmol,
1.394 mL). Flash chromatography, prepacked silicagel column,
3% CH3OH in CH2Cl2. Yield 465.7 mg (1.93 mmol, 97%),
colorless oil. Mr(C15H15NO2) = 241.11. ESI-MS (m/z): 242.15
(M + H+, 99%), 264.10 (M + Na+, 53%), 505.15 (2M + Na+,
100%). 1H NMR (600 MHz, CDCl3) δ/ppm: 7.84–7.80 (m, 2H),
7.56–7.30 (m, 8H), 6.82 (s, 1H), 5.33–5.26 (m, 1H), 4.03 (m,
2H). 13C NMR (151 MHz, CD3OD) δ/ppm: 170.36, 141.40,
135.85, 132.68, 129.53, 129.52, 128.45, 128.42, 128.03, 66.05,
57.79.

Phg#–pC6H4–F. p-Fluorobenzoic acid (2.0 mmol, 280.2 mg),
TBTU (2.0 mmol, 642.2 mg), HOBt (2.0 mmol, 306.2 mg), (S)-
phenylglycinol (Phg#, 2.0 mmol, 274.4 mg), DIPEA (8 mmol,
1.394 mL). Flash chromatography, prepacked silicagel column,
3% CH3OH in CH2Cl2. Yield: 447.0 mg (1.73 mmol, 86%),
white solid. Mr(C15H14FNO2) = 259.10. ESI-MS (m/z): 260.10
(M + H+, 100%), 282.20 (M + Na+, 71%), 541.15 (2M + Na+,
41%). 1H NMR (600 MHz, CDCl3) δ/ppm: 7.86–7.81 (m, 2H),
7.44–7.30 (m, 5H), 7.18–7.07 (m, 2H), 6.77 (s, 1H), 5.27 (dt, J =
7.2, 4.7 Hz, 1H), 4.02 (s, 2H). 13C NMR (151 MHz, CD3OD)
δ/ppm: 169.15, 167.02, 165.37, 141.33, 132.18, 132.16, 131.10,
131.04, 129.52, 128.45, 128.05, 128.02, 116.39, 116.25, 66.01,
57.85.

Phg#–pC6H4–NMe2. p-(N,N-Dimethylamino) benzoic acid
(2.0 mmol, 330.4 mg), TBTU (2.0 mmol, 642.2 mg), HOBt
(2.0 mmol, 306.2 mg), (S)-phenylglycinol (Phg#, 2.0 mmol,
274.4 mg), DIPEA (8 mmol, 1.394 mL). Flash chromatography,
prepacked silicagel column, 3% CH3OH in CH2Cl2. Yield:
470.6 mg (1.7 mmol, 82%), white solid. Mr(C17H20N2O2) =
284.15. ESI-MS (m/z): 285.11 (M + H+, 100%), 591.20 (2M +
Na+, 20%). 1H NMR (600 MHz, CDCl3) δ/ppm: 7.75–7.69 (m,
2H), 7.38 (d, J = 5.0 Hz, 4H), 7.34–7.29 (m, 1H), 6.69–6.64
(m, 2H), 6.62 (d, J = 6.7 Hz, 1H), 5.25 (td, J = 6.3, 3.7 Hz,
1H), 4.07–3.91 (m, 2H), 3.02 (s, 6H). 13C NMR (151 MHz,
CD3OD) δ/ppm: 170.34, 154.31, 141.78, 129.91, 129.43,
129.42, 128.26, 128.01, 128.01, 121.99, 112.11, 66.18, 57.48,
40.24.

Phg#–C16H9. 1-Pyrenecarboxylic acid (2.0 mmol, 492.52 mg),
TBTU (2.0 mmol, 642.2 mg), HOBt (2.0 mmol, 306.2 mg), (S)-
phenylglycinol (Phg#, 2.0 mmol, 274.4 mg), DIPEA (8.0 mmol,
1.394 mL). Flash chromatography, prepacked silicagel column,
3% CH3OH in CH2Cl2. Yield: 477.7 mg (1.31 mmol, 65%),
yellow solid. 1H NMR (600 MHz, CD3CN) δ/ppm: 8.50 (d, J =
9.2 Hz, 1H), 8.34–8.27 (m, 3H), 8.25–8.16 (m, 4H), 8.10 (t, J =
7.6 Hz, 1H), 7.55 (s, 1H), 7.53–7.48 (m, 2H), 7.43 (dd, J = 8.5,
6.9 Hz, 2H), 7.37–7.31 (m, 1H), 5.35 (td, J = 7.8, 5.0 Hz, 1H),
4.09–3.75 (m, 2H), 3.19 (t, J = 5.9 Hz, 1H). 13C NMR (151 MHz,
CD3OD) δ/ppm: 141.44, 133.85, 132.77, 132.64, 132.15, 129.66,
129.64, 129.50, 128.60, 128.26, 128.21, 127.54, 126.91, 126.77,
126.04, 125.78, 125.57, 125.52, 125.47, 66.28, 58.08.

Phg#–mC6H4–(AlaOMe)2. Trimesic acid (2.0 mmol,
420.28 mg), HATU (first-day addition: 3.0 mmol, 1140.71 mg;
second-day addition: 3.1 mmol, 1178.7 mg), DIPEA (first-day
addition: 10.0 mmol, 1.743 mL; second-day addition:
14.4 mmol, 2.509 mL), (S)-Ala–OMe·HCl (3.1 mmol, 405.2 mg),
(S)-phenylglycinol (3.1 mmol, 425.3 mg). Flash chromato-
graphy, prepacked silicagel column, 2% → 10% CH3OH in
CH2Cl2. Yield: 181.8 mg (0.36 mmol, 23%), white solid. 1H
NMR (600 MHz, CDCl3) δ/ppm: 8.09 (d, J = 1.6 Hz, 2H), 8.07 (t,
J = 1.6 Hz, 1H), 7.74 (d, J = 7.6 Hz, 2H), 7.68 (d, J = 7.6 Hz, 1H),
7.45–7.40 (m, 2H), 7.38 (dd, J = 8.5, 6.9 Hz, 2H), 7.32–7.26 (m,
1H), 5.30 (td, J = 7.8, 3.2 Hz, 1H), 4.78 (p, J = 7.4 Hz, 2H), 3.99
(d, J = 34.5 Hz, 3H), 3.80 (s, 6H), 1.56 (d, J = 7.4 Hz, 6H). 13C
NMR (151 MHz, CD3OD) δ/ppm: 168.53, 141.11, 136.88,
136.09, 130.48, 130.39, 129.57, 128.53, 128.09, 66.00, 58.02,
52.85, 50.27, 17.22.
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Phg#,*–mC6H4–(AlaOMe)2. Trimesic acid (2.0 mmol,
420.28 mg), HATU (first-day addition: 3.0 mmol, 1140.71 mg;
second-day addition: 3.1 mmol, 1178.7 mg), DIPEA (first-day
addition: 10.0 mmol, 1.743 mL; second-day addition:
14.4 mmol, 2.509 mL), (S)-Ala–OMe·HCl (3.1 mmol, 405.2 mg),
(R)-phenylglycinol (3.1 mmol, 425.3 mg). Flash chromato-
graphy, prepacked silicagel column, 2% → 10% CH3OH in
CH2Cl2. Yield: 158.4 mg (0.32 mmol, 16%), white solid. 1H
NMR (600 MHz, CDCl3) δ/ppm: 8.21 (d, J = 1.6 Hz, 2H), 8.15 (t,
J = 1.7 Hz, 1H), 7.76 (d, J = 7.6 Hz, 2H), 7.54 (d, J = 7.7 Hz, 1H),
7.51–7.45 (m, 2H), 7.44–7.34 (m, 2H), 7.31–7.25 (m, 1H), 5.31
(td, J = 7.1, 4.1 Hz, 1H), 4.75 (quin., J = 7.4 Hz, 2H), 4.07–3.98
(m, 2H), 3.80–3.77 (m, 1H), 3.75 (s, 6H), 1.56 (d, J = 7.4 Hz,
6H). 13C NMR (151 MHz, CD3OD) δ/ppm: 173.27, 167.15,
139.71, 135.49, 134.71, 129.08, 129.00, 128.16, 127.12, 126.69,
100.00, 64.59, 56.63, 51.44, 48.87, 15.81.

General oxazoline synthesis procedure

Diethylaminosulfur trifluoride (1.5 equivalents) was added
dropwise to a cooled solution (−78 °C) of precursor (1 equi-
valent) in dry CH2Cl2 (14 mL). After stirring for 1 h at −78 °C,
anhydrous K2CO3 (1.5 equivalents) was added in one portion
and the mixture was allowed to warm to room temperature.
The reaction was quenched with saturated aqueous NaHCO3

(20 mL). The biphasic mixture was extracted with EtOAc (3 ×
40 mL). The combined organic extracts were washed with
water (100 mL) and NaCl (sat. aq., 100 mL), dried over anhy-
drous Na2SO4 and evaporated under reduced pressure to yield
the crude product.51

(Ph-ox)–C6H5 (1H). Phg
#–C6H5 (1.93 mmol, 465.7 mg). Flash

chromatography, prepacked silicagel column, EtOAc : hexane =
2 : 8 → 3 : 7. Yield: 329.9 mg (1.5 mmol, 77%), colorless oil.
Mr(C15H13NO) = 223.10. ESI-MS (m/z): 224.10 (M + H+, 100%).
1H NMR (600 MHz, CDCl3) δ/ppm: 8.08–8.01 (m, 2H),
7.55–7.27 (m, 8H), 5.39 (dd, J = 10.1, 8.1 Hz, 1H), 4.80 (dd, J =
10.1, 8.4 Hz, 1H), 4.28 (t, J = 8.3 Hz, 1H). 1H NMR (300 MHz,
CD3CN) δ/ppm: 8.08–7.93 (m, 2H), 7.60–7.44 (m, 3H),
7.42–7.24 (m, 4H), 5.38 (dd, J = 10.1, 8.1 Hz, 1H), 4.82 (dd, J =
10.1, 8.5 Hz, 1H), 4.22 (t, J = 8.3 Hz, 1H). 13C NMR (151 MHz,
CDCl3) δ/ppm: 164.88, 142.53, 131.68, 128.89, 128.61, 128.52,
127.76, 127.71, 126.89, 75.02, 70.27. MALDI-HRMS (m/z):
expected 224.11 (M + H+), 246.09 (M + Na+); observed
224.1068, 246.0887. IR (ATR): 3063 (w), 3032 (w), 2967 (w),
2898 (w), 1646 (s), 1495 (m), 1450 (m), 1357 (m), 1066 (m),
1025 (m), 950 (m), 789 (m), 691 (s), 678 (s). UV–vis [CH2Cl2, c
(1H) = 0.03 mM; λmax, nm (εUV, M

−1 cm−1)]: 247 (12 333). UV–
vis [CH2Cl2, c (1H) = 0.15 mM; λmax, nm (εUV, M

−1 cm−1)]: 247
(10 884). CD [CH2Cl2, c (1H) = 0.03 mM; θmax, nm (εCD, M

−1

cm−1)]: 249 (−3.94), 257 (−3.78), 283 (0.62). CD [CH2Cl2, c (1H)
= 0.15 mM; θmax, nm (εCD, M

−1 cm−1)]: 283 (0.67), 290 (11).
(Ph-ox)–pC6H4–F (1F). Phg

#–pC6H4F (1.93 mmol, 509.1 mg).
Flash chromatography, prepacked silicagel column,
EtOAc : hexane = 2 : 8 → 3 : 7. Yield: 324.6 mg (1.35 mmol,
70%), white solid. Mr(C15H12FNO) = 241.10. ESI-MS (m/z):
242.15 (M + H+, 100%). 1H NMR (600 MHz, CDCl3) δ/ppm:
8.11–7.97 (m, 2H), 7.41–7.27 (m, 5H), 7.12 (t, J = 8.7 Hz, 2H),

5.38 (dd, J = 10.1, 8.2 Hz, 1H), 4.80 (dd, J = 10.1, 8.3 Hz, 1H),
4.28 (t, J = 8.3 Hz, 1H). 13C NMR (151 MHz, CDCl3) δ/ppm:
165.83, 164.16, 163.96, 142.40, 130.91, 130.86, 128.93, 127.83,
126.87, 123.99, 123.97, 115.74, 115.59, 75.15, 70.32.
1MALDI-HRMS (m/z): expected 242.10 (M + H+); observed
242.0971. IR (ATR): 3071 (w), 3034 (w), 2971 (w), 2907 (w), 1646
(s), 1601 (m), 1506 (s), 1497 (m), 1474 (m), 1457 (m), 1411 (m),
1364 (m), 1349 (m), 1316 (m), 1219 (m), 1146 (m), 1071 (s), 952
(s), 846 (s), 813 (m), 759 (s), 736 (m), 697 (s), 671 (s). UV–vis
[CH2Cl2, c (1F) = 0.03 mM; λmax, nm (εUV, M−1 cm−1)]: 246
(12 697). UV–vis [CH2Cl2, c (1F) = 0.15 mM; λmax, nm (εUV, M

−1

cm−1)]: 246 (10 929). CD [CH2Cl2, c (1F) = 0.03 mM; θmax, nm
(εCD, M

−1 cm−1)]: 249 (−3.69), 257 (−3.65).
(Ph-ox)–pC6H4–NMe2 (1N). Phg#–pC6H4–NMe2 (1.75 mmol,

497.7 mg). Flash chromatography, prepacked silicagel column,
EtOAc : hexane = 2 : 8 → 3 : 7. Yield: 331.7 mg (1.25 mmol,
71%), white solid. Mr(C17H18N2O) = 266.12. ESI-MS (m/z):
267.15 (M + H+, 100%). 1H NMR (300 MHz, CDCl3) δ/ppm:
8.01–7.71 (m, 2H), 7.52–7.10 (m, 5H), 6.85–6.43 (m, 2H), 5.33
(dd, J = 9.9, 7.8 Hz, 1H), 4.73 (dd, J = 10.0, 8.3 Hz, 1H), 4.21 (t,
J = 8.1 Hz, 1H), 3.03 (s, 6H). 13C NMR (151 MHz, CDCl3)
δ/ppm: 165.29, 152.58, 143.22, 129.96, 128.78, 127.53, 126.93,
114.79, 111.27, 74.71, 70.13, 40.26. MALDI-HRMS (m/z):
expected 267.15 (M + H+); observed 267.1813. IR (ATR): 2989
(w), 2892 (w), 2822 (w), 1634 (m), 1605 (m), 1523 (m), 1359 (m),
1182 (m), 1075 (m), 975 (m), 950 (m), 818 (m), 755 (m), 742
(m), 699 (m), 669 (m). UV–vis [CH2Cl2, c (1N) = 0.03 mM; λmax,
nm (εUV, M

−1 cm−1)]: 232 (7725), 309 (28 743). UV–vis [CH2Cl2,
c (1N) = 0.15 mM; λmax, nm (εUV, M

−1 cm−1)]: 233 (13 223). CD
[CH2Cl2, c (1N) = 0.03 mM; θmax, nm (εCD, M−1 cm−1)]: 256
(−0.31), 262 (0.69), 269 (0.95), 318 (−0.93).

(Ph-ox)–C16H9 (1P). Phg#–C16H9 (1.22 mmol, 450.0 mg).
Flash chromatography, prepacked silicagel column,
EtOAc : hexane = 2 : 8 → 3 : 7. Yield: 293.5 mg (0.84 mmol,
71%), white solid. 1H NMR (600 MHz, CDCl3) δ/ppm: 9.55 (d,
J = 9.4 Hz, 1H), 8.66 (d, J = 8.0 Hz, 1H), 8.26 (ddd, J = 7.4, 5.9,
1.1 Hz, 2H), 8.22 (d, J = 8.7 Hz, 2H), 8.19–8.09 (m, 2H), 8.06 (t,
J = 7.6 Hz, 1H), 7.50–7.45 (m, 2H), 7.42 (dd, J = 8.5, 6.9 Hz,
2H), 7.37–7.31 (m, 1H), 5.66 (dd, J = 10.2, 8.3 Hz, 1H), 4.94 (dd,
J = 10.2, 8.1 Hz, 1H), 4.40 (t, J = 8.2 Hz, 1H). 13C NMR
(151 MHz, CDCl3) δ/ppm: 165.44, 142.82, 133.62, 131.27,
130.72, 130.64, 129.24, 129.17, 128.98, 128.07, 127.79, 127.39,
126.99, 126.34, 126.11, 126.06, 125.84, 125.01, 124.47, 124.40,
121.22, 74.22, 71.23. Mr(C25H17NO) = 347.13. ESI-MS (m/z):
348.10 (M + H+, 100%), 695.1 (2M + H+). MALDI-HRMS (m/z):
expected 348.14 (M + H+); observed 348.1556. IR (ATR): 3055
(w). 2924 (w), 1659 (w), 1646 (w), 1623 (w), 1610 (w), 1606 (w),
1588 (w), 1567 (w), 1536 (w), 1517 (w), 1463 (w), 1413 (w), 1359
(w), 1295 (w), 1275 (w), 1264 (w), 1219 (w), 1155 (w), 1107 (w),
1047 (m), 868 (m), 779 (m), 721 (m). UV–vis [CH2Cl2, c (1P) =
0.03 mM; λmax, nm (εUV, M−1 cm−1)]: 242 (51 808), 274 (sh,
31 382), 352 (37 033), 384 (11 025). CD [CH2Cl2, c (1P) =
0.03 mM; θmax, nm (εCD, M

−1 cm−1)]: 248 (0.67), 259 (−0.08),
285 (−0.62), 333 (0.25), 339 (0.25), 370 (0.25), 384 (0.18).

(Ph-ox)–mC6H4–(AlaOMe)2 (1m2A). Phg#–mC6H4–(AlaOMe)2
(0.30 mmol, 149.86 mg). Flash chromatography, prepacked sili-
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cagel column, EtOAc : hexane = 1 : 1 → pure EtOAc. Yield:
138.6 mg (0.29 mmol, 96%), white solid. 1H NMR (600 MHz,
CDCl3) δ/ppm: 8.54 (d, J = 1.7 Hz, 2H), 8.41 (t, J = 1.7 Hz, 1H),
7.40–7.29 (m, 5H), 6.99 (d, J = 7.4 Hz, 2H), 5.42 (dd, J = 10.1,
8.4 Hz, 1H), 4.87 (dd, J = 10.2, 8.4 Hz, 1H), 4.82 (p, J = 7.2 Hz,
2H), 4.35 (t, J = 8.4 Hz, 1H), 3.79 (s, 6H), 1.52 (d, J = 7.2 Hz,
6H). 13C NMR (151 MHz, CDCl3) δ/ppm: 173.74, 165.59,
163.83, 141.81, 134.80, 129.81, 129.06, 129.03, 128.51, 128.06,
127.15, 75.50, 70.58, 60.52, 52.70, 48.86, 17.97.
Mr(C25H27N3O7) = 481.18. ESI-MS (m/z): 482.20 (M + H+, 87%),
963.3 (2M + H+, 100%). MALDI-HRMS (m/z): expected 482.19
(M + H+); observed 482.2140. IR (ATR): 3271 (w), 3068 (w), 3032
(w), 2989 (w), 2954 (w), 2905 (w), 2851 (w), 2085 (w), 1741 (m),
1649 (m), 1595 (w), 1530 (m), 1450 (m), 1439 (m), 1377 (w),
1357 (w), 1338 (w), 1319 (w), 1269 (m), 1207 (m), 1159 (m),
1099 (m), 1049 (m), 982 (sh m), 967 (m), 021 (m), 906 (w), 876
(w), 841 (w), 762 (w), 701 (m). UV–vis [CH2Cl2, c (1m2A) =
0.03 mM; λmax, nm (εUV, M−1 cm−1)]: 256 (sh, 13 445). CD
[CH2Cl2, c (1m2A) = 0.03 mM; θmax, nm (εCD, M

−1 cm−1)]: 237
(−3.90), 252 (2.04), 280 (−1.01).

((R)-Ph-ox)–mC6H4–(AlaOMe)2 (1m2A*). Phg#,*–mC6H4–

(AlaOMe)2 (0.44 mmol, 220.00 mg). Flash chromatography, pre-
packed silicagel column, EtOAc : hexane = 1 : 1 → pure EtOAc.
Yield: 182.5 mg (0.38 mmol, 87%), white solid. 1H NMR
(600 MHz, CDCl3) δ/ppm: 8.47 (d, J = 1.7 Hz, 2H), 8.37 (t, J =
1.7 Hz, 1H), 7.42–7.34 (m, 4H), 7.31 (ddd, J = 6.5, 3.5, 2.0 Hz,
3H), 5.42 (dd, J = 10.2, 8.2 Hz, 1H), 4.86–4.76 (m, 3H), 4.31 (t,
J = 8.3 Hz, 1H), 3.77 (s, 3H), 1.49 (d, J = 7.3 Hz, 3H). 13C NMR
(151 MHz, CDCl3) δ/ppm: 173.87, 165.74, 163.94, 141.83,
134.73, 129.79, 129.29, 129.01, 128.24, 128.04, 127.00, 75.42,
70.19, 52.70, 48.82, 48.80, 17.84. Mr(C25H27N3O7) = 481.18.
ESI-MS (m/z): 482.20 (M + H+, 93%), 963.95 (2M + H+, 100%).
MALDI-HRMS (m/z): expected 482.19 (M + H+); observed
482.2108. IR (ATR): 3371 (sh w), 3278 (w), 3064 (w), 2987 (w),
2952 (w), 2093(w), 1736 (m), 1649 (s), 1597 (m), 1528 (m),
1450 (m), 1379 (sh w), 1346 (sh m), 1275 (m), 1210 (s), 1159
(m), 1098 (m), 1051 (m), 980 (m), 924 (m), 848 (w), 759 (m),
701 (s). UV–vis [CH2Cl2, c (1m2A*) = 0.030 mM; λmax, nm
(εUV, M−1 cm−1)] 256 (sh, 12 749). CD [CH2Cl2, c (1m2A*) =
0.030 mM; θmax, nm (εCD, M

−1 cm−1)]: 239 (12.77), 262 (4.25),
271 (3.14).

Metal complex synthesis

All transition metal complexes were prepared in situ in CH2Cl2.
The metal precursor was weighed in a glass vial and dissolved
in 2.5 mL CH2Cl2 or CH2Cl2 and CH3CN or CH3OH (2 : 1) solu-
tion (cadmium and non-halide precursors). The ligand solu-
tion in CH2Cl2 was added (2.5 mL) and everything stirred for
4 h. The solutions were filtered over blue ribbon filter paper,
and the solvent evaporated under reduced pressure. The solids
were washed three times with non-polar solvent mixture to
remove excess ligand (8 : 2 = hexane : EtOAc for 1H and 1F, 1 : 1
= hexane : EtOAc for all other ligands) dried, re-dissolved in
CH2Cl2/CH3CN. Without further purification, hexane (5 mL)
was layered over the complex solutions and left partially closed
for slow evaporation, yielding single crystals as needles

or rhombs over the course of few days. Portions of single
crystals were isolated for NMR, SC XRD and PD XRD analysis.

[Zn(1H)2Br2]. (Ph-ox)–C6H5 (1H) (0.10 mmol, 22.3 mg), ZnBr2
(0.049 mmol, 11.0 mg). Rhomb-like colorless single crystals
were obtained after 2 days. Yield: 26.7 mg (0.04 mmol, 82%).
Mr(C30H26Br2N2O2Zn) = 667.97. 1H NMR (600 MHz, CDCl3)
δ/ppm: 8.06 (dt, J = 7.1, 1.3 Hz, 2H), 7.68 (t, J = 7.5 Hz, 1H),
7.54–7.49 (m, 2H), 7.36–7.32 (m, 4H), 7.31–7.27 (m, 1H), 5.87
(t, J = 7.3 Hz, 1H), 4.40 (dd, J = 8.6, 4.8 Hz, 1H), 4.24 (s, 1H). 1H
NMR (300 MHz, CD3CN) δ/ppm: 8.06–8.00 (m, 1H), 7.67–7.61
(m, 1H), 7.57–7.26 (m, 7H), 5.55 (s, 1H), 4.90–4.53 (m, 1H),
4.30 (dd, J = 8.7, 6.9 Hz, 1H). 13C NMR (151 MHz, CDCl3)
δ/ppm: 139.46, 133.88, 130.74, 129.11, 128.63, 128.47, 127.06,
124.83, 76.19, 68.10. IR (ATR): 3062 (w), 2372 (w), 2346 (w),
1720 (w), 1703 (w), 1616 (m), 1601 (m), 1573 (m), 1497 (w),
1474 (w), 1451 (m), 1385 (m), 1275 (w), 1237 (m), 1120 (m), 943
(m), 759 (m), 695 (s). UV–vis [CH2Cl2, c ([Zn(1H)2Br2]) =
0.015 mM; λmax, nm (εUV, M−1 cm−1)]: 241 (19 289). UV–vis
[CH2Cl2, c ([Zn(1H)2Br2]) = 0.075 mM; λmax, nm (εUV, M−1

cm−1)]: 241 (18 639). CD [CH2Cl2, c ([Zn(1H)2Br2]) = 0.015 mM;
θmax, nm (εCD, M

−1 cm−1)]: 250 (−5.10), 257 (−4.83), 282 (0.73),
287 (0.41). CD [CH2Cl2, c ([Zn(1H)2Br2]) = 0.075 mM; θmax, nm
(εCD, M

−1 cm−1)]: 283 (1.12), 290 (sh, 0.77).
[Zn(1F)2Br2]·CH3CN. (Ph-ox)–C6H4F (1F) (0.10 mmol,

24.1 mg), ZnBr2 (0.049 mmol, 11.0 mg). Rod-like colorless
single crystals were obtained after 2 days. Single crystals turn
to white powder after solvent is evaporated. Yield: 24.7 mg
(0.035 mmol, 71%). 1H NMR (600 MHz, CDCl3) δ/ppm: 8.09
(dd, J = 8.7, 5.3 Hz, 2H), 7.39–7.29 (m, 5H), 7.17 (t, J = 8.5 Hz,
2H), 5.84 (s, 1H), 4.67–4.28 (m, 2H). 13C NMR (151 MHz,
CDCl3) δ/ppm: 166.83, 165.11, 129.16, 129.15, 128.68, 127.08,
115.91, 115.76, 76.16, 68.59. IR (ATR): 3067 (w), 2367 (w), 2346
(w), 1616 (m), 1604 (s), 1509 (s), 1470 (m), 1416 (m), 1377 (m),
1305 (m), 1236 (s), 1266 (s), 1161 (s), 1100 (m), 945 (s), 928
(m), 851 (s), 813 (m), 759 (s), 749 (s), 732 (s), 699 (s), 690 (s).
UV–vis [CH2Cl2, c ([Zn(1F)2Br2]) = 0.015 mM; λmax, nm (εUV,
M−1 cm−1)]: 245 (24 467). UV–vis [CH2Cl2, c ([Zn(1F)2Br2]) =
0.075 mM; λmax, nm (εUV, M−1 cm−1)]: 246 (21 702). CD
[CH2Cl2, c ([Zn(1F)2Br2]) = 0.015 mM; θmax, nm (εCD, M−1

cm−1)]: 249 (−5.78), 257 (−5.58).
[Zn(1N)2Br2]·CH2Cl2. (Ph-ox)–C6H4NMe2 (1N)(0.10 mmol,

26.6 mg), ZnBr2 (0.049 mmol, 11.0 mg). Rod-like colorless
single crystals were obtained after 2 days. Single crystals turn
to white powder after solvent is evaporated. Yield: 29.1 mg
(0.038 mmol, 78%). 1H NMR (600 MHz, CDCl3) δ/ppm: 7.97 (d,
J = 8.5 Hz, 2H), 7.39–7.28 (m, 4H), 7.26–7.21 (m, 1H), 6.69 (d,
J = 8.9 Hz, 2H), 5.93 (s, 1H), 4.31 (s, 1H), 4.07 (s, 1H), 3.09 (s,
6H). 13C NMR (151 MHz, CDCl3) δ/ppm: 152.62, 131.49,
130.59, 127.79, 126.98, 125.72, 109.75, 109.28, 74.38, 66.18,
39.15. IR (ATR): 2900 (w), 2367 (w), 2346 (w), 1608 (sh), 1590
(s), 1579 (s), 1521 (s), 1439 (m), 1374 (s), 1236 (m), 1196 (s),
1172 (m), 1109 (m), 943 (m), 924 (m), 820 (m), 749 (m), 736
(m), 693 (s). UV–vis [CH2Cl2, c ([Zn(1N)2Br2]) = 0.015 mM; λmax,
nm (εUV, M−1 cm−1)]: 233 (14 704), 319 (42 821), 338 (sh,
35 199), 373 (5105). UV–vis [CH2Cl2, c ([Zn(1N)2Br2]) =
0.075 mM; λmax, nm (εUV, M−1 cm−1)]: 234 (15 629). CD

Paper Dalton Transactions

17094 | Dalton Trans., 2025, 54, 17083–17101 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

9:
44

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5DT02399H


[CH2Cl2, c ([Zn(1N)2Br2]) = 0.015 mM; θmax, nm (εCD, M−1

cm−1)]: 246 (7.30), 268 (−1.19), 318 (9.26), 347 (−10.48). CD
[CH2Cl2, c ([Zn(1N)2Br2]) = 0.075 mM; θmax, nm (εCD, M−1

cm−1)]: 356 (−4.59).
[Zn(1P)2Br2]. (Ph-ox)–C16H9 (1P) (0.10 mmol, 34.9 mg), ZnBr2

(0.049 mmol, 11.0 mg). Yield: 22.9 mg (0.025 mmol, 51%),
yellow solid. 1H NMR (600 MHz, CDCl3) δ/ppm: 9.16 (s, 1H),
8.21 (d, J = 7.5 Hz, 1H), 8.13 (dd, J = 14.7, 8.4 Hz, 2H), 7.99 (d,
J = 8.7 Hz, 1H), 7.91 (t, J = 7.6 Hz, 1H), 7.47 (d, J = 7.5 Hz, 2H),
7.39 (t, J = 7.5 Hz, 2H), 7.33 (t, J = 7.3 Hz, 1H), 7.11–6.31 (m,
3H), 6.13 (s, 1H), 4.74 (s, 1H), 4.58 (t, J = 6.6 Hz, 1H). 13C NMR
(151 MHz, CDCl3) δ/ppm: 130.83, 130.38, 129.35, 129.21,
129.05, 127.58, 127.09, 126.76, 126.68, 126.63, 124.26, 123.72,
119.18, 108.69, 31.73, 22.80, 14.26. IR (ATR): 3073 (w), 2928
(w), 1620(w), 1603 (w), 1588 (w), 1567 (w), 1536 (w), 1517 (w),
1498 (w), 1483 (w), 1478 (w), 1446 (w), 1401 (w), 1325 (w), 1310
(w), 1269 (w), 1262 (w), 1234 (w), 1210 (w), 1157 (w), 1116 (w),
1072 (w), 1025 (w), 970 (w), 882 (w), 885 (w), 775 (m), 729 (m).
UV–vis [CH2Cl2, c ([Zn(1P)2Br2]) = 0.015 mM; λmax, nm (εUV,
M−1 cm−1)]: 233 (14 704), 319 (42 821), 338 (sh, 35 199), 373
(5105). UV–vis [CH2Cl2, c ([Zn(1P)2Br2]) = 0.075 mM; λmax, nm
(εUV, M

−1 cm−1)]: 234 (15 629). CD [CH2Cl2, c ([Zn(1P)2Br2]) =
0.015 mM; θmax, nm (εCD, M

−1 cm−1)]: 246 (7.30), 268 (−1.19),
318 (9.26), 347 (−10.48). CD [CH2Cl2, c ([Zn(1P)2Br2]) =
0.075 mM; θmax, nm (εCD, M

−1 cm−1)]: 356 (−4.59).
[Zn(1mA)2Br2]. (Ph-ox)–mC6H4–AlaOMe (1mA)(0.10 mmol,

35.2 mg), ZnBr2 (0.049 mmol, 11.0 mg). Thin rod-like colorless
single crystals were obtained after 1 day. Yield: 31.9 mg
(0.034 mmol, 69%). 1H NMR (600 MHz, CDCl3) δ/ppm: 9.23 (s,
1H), 8.53 (d, J = 7.9 Hz, 1H), 8.14 (d, J = 6.4 Hz, 1H), 7.59 (t, J =
7.8 Hz, 1H), 7.43–7.28 (m, 7H), 6.24 (dd, J = 9.7, 4.3 Hz, 1H),
4.77–4.69 (m, 1H), 4.53 (dd, J = 9.2, 4.4 Hz, 1H), 4.46–4.39 (m,
1H), 3.78 (s, 3H), 1.73 (d, J = 7.4 Hz, 3H). 13C NMR (151 MHz,
CDCl3) δ/ppm: 174.76, 165.29, 164.45, 139.32, 135.06, 133.61,
132.69, 129.43, 129.03, 128.65, 127.72, 127.21, 77.50, 68.13,
52.58, 49.83, 29.84, 17.25. IR (ATR): 3412 (w), 3382 (w), 2984
(w), 1776 (m), 1759 (m), 1698 (m), 1692 (m), 1638 (w), 1599 (w),
1547 (m), 1483 (w), 1463 (w), 1398 (w), 1381 (w), 1329 (w), 1256
(m), 1198 (w), 1165 (m), 1107 (w), 1081 (w), 1010 (w), 984 (w),
967 (w), 846 (w), 781 (m), 740 (m), 727 (m). UV–vis [CH2Cl2,
c ([Zn(1mA)2Br2]) = 0.015 mM; λmax, nm (εUV, M

−1 cm−1)] 255
(sh, 18 663). CD [CH2Cl2, c ([Zn(1mA)2Br2]) = 0.015 mM; θmax,
nm (εCD, M

−1 cm−1)]: 236 (13.22), 290 (2.24).
[Zn(1mA*)2Br2]. ((R)-Ph-ox)–mC6H4–AlaOMe (1mA*)

(0.07 mmol, 24.65 mg), ZnBr2 (0.035 mmol, 7.82 mg). Yield:
15.65 mg (0.017 mmol, 48%), white solid. 1H NMR (600 MHz,
CDCl3) δ/ppm: 8.84 (s, 1H), 8.22 (s, 1H), 7.85 (d, J = 7.6 Hz,
2H), 7.59 (t, J = 7.8 Hz, 1H), 7.42–7.29 (m, 5H), 5.87 (t, J = 6.8
Hz, 1H), 4.71 (quin., J = 7.2 Hz, 2H), 4.56 (s, 1H), 3.74 (s, 3H),
1.56 (s, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm: 173.29,
166.35, 166.11, 134.31, 133.75, 133.22, 129.58, 129.32, 128.98,
127.15, 76.76, 67.59, 52.95, 49.27, 16.85. IR (ATR): 3330 (w),
3056 (w), 2954 (w), 2851 (w), 2107 (w), 1736 (m), 1638 (m),
1625 (m), 1579 (m), 1528 (m), 1493 (m), 1454 (m), 1377 (m),
1349 (m), 1302 (m), 1237 (sh m), 1211 (m), 1169 (m), 1135 (m),
1081 (m), 1049 (m), 984 (m), 962 (m), 937 (m), 883 (w), 846 (w),

822 (w), 757 (sh m), 731 (m), 714 (m), 697 (m). UV–vis [CH2Cl2,
c ([Zn(1mA*)2Br2]) = 0.015 mM; λmax, nm (εUV, M

−1 cm−1)]: 254
(sh, 19 049). CD [CH2Cl2, c ([Zn(1mA*)2Br2]) = 0.015 mM; θmax,
nm (εCD, M

−1 cm−1)]: 250 (6.38), 292 (−0.95).
[Zn(1m2A)2Br2]. (Ph-ox)–mC6H4–(AlaOMe)2 (1m2A)(0.10 mmol,

48.2 mg), ZnBr2 (0.049 mmol, 11.0 mg). Thin plate-like color-
less single crystals were obtained after storing at −5 °C for
2 days. Yield: 33.2 mg (0.027 mmol, 56%). 1H NMR (600 MHz,
CDCl3) δ/ppm: 8.94 (s, 1H), 8.77–8.40 (s, 2H), 8.21–7.89 (s, 2H),
7.58–7.30 (m, 5H), 6.11 (s, 1H), 4.81 (p, J = 7.2 Hz, 2H), 4.51
(dd, J = 9.1, 4.7 Hz, 1H), 4.27 (s, 1H), 3.80 (s, 6H), 1.65 (d, J =
7.3 Hz, 6H). 13C NMR (151 MHz, CD3CN) δ/ppm: 173.91,
166.00, 165.28, 135.32, 131.75, 129.60, 128.10, 67.36, 55.69,
52.63, 49.67, 17.20. IR (ATR): 3356 (w), 3319 (w), 2948 (w), 2363
(w), 1744 (m), 1672 (m), 1638 (m), 1543 (m), 1519 (m), 1450
(w), 1388 (w), 1347 (w), 1303 (w), 1265 (w), 1211 (m), 1163 (m),
1057 (w), 980 (w), 939 (w), 762 (w), 697 (m). UV–vis [CH2Cl2, c
([Zn(1m2A)2Br2]) = 0.015 mM; λmax, nm (εUV, M

−1 cm−1)]: 254
(sh, 24 896). CD [CH2Cl2, c ([Zn(1m2A)2Br2]) = 0.03 mM; θmax,
nm (εCD, M

−1 cm−1)]: 258 (−13.87), 292 (2.05).
[Zn(1m2A*)2Br2]. ((R)-Ph-ox)–mC6H4–(AlaOMe)2 (1m2A*)

(0.07 mmol, 33.71 mg), ZnBr2 (0.04 mmol, 7.82 mg). Yield:
27.50 mg (0.023 mmol, 66%). 1H NMR (600 MHz, CDCl3)
δ/ppm: 8.57 (s, 2H), 7.90 (s, 1H), 7.44–7.29 (m, 5H), 5.73 (s,
1H), 4.77 (s, 2H), 4.47 (s, 1H), 3.77 (s, 6H), 1.60 (d, J = 7.3 Hz,
6H). 13C NMR (151 MHz, CD3CN) δ/ppm: 166.32, 134.61,
129.16, 128.82, 127.05, 68.52, 60.40, 52.66, 49.25, 17.59. IR
(ATR): 3371 (sh w), 3065 (w), 2987 (w), 2952 (w), 2093(w), 1733
(m), 1647 (s), 1593 (m), 1528 (m), 1450 (m), 1381 (w), 1342 (sh
m), 1303 (w), 1246 (sh m), 1215 (m), 1159 (m), 1126 (m), 1052
(m), 982 (m), 937 (w), 849 (w), 734 (m), 697 (m). UV–vis
[CH2Cl2, c ([Zn(1m2A*)2Br2]) = 0.015 mM; λmax, nm (εUV, M

−1

cm−1)] no maxima are present in CH2Cl2 in 233–800 nm range
of wavelengths. CD [CH2Cl2, c ([Zn(1m2A*)2Br2]) = 0.015 mM;
θmax, nm (εCD, M

−1 cm−1)]: 237 (17.32), 252 (2.53), 261 (−2.39).
[Zn(1H)2I2]. (Ph-ox)–C6H5 (1H)(0.15 mmol, 33.5 mg), ZnI2

(0.075 mmol, 23.9 mg). Thin needle-like colorless single crys-
tals were obtained after 2 days. Yield: 49.5 mg (0.065 mmol,
86%). 1H NMR (600 MHz, CDCl3) δ/ppm: 8.08 (d, J = 7.7 Hz,
2H), 7.67 (t, J = 7.5 Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.39–7.29
(m, 5H), 6.00 (s, 1H), 4.66–4.17 (m, 2H). 13C NMR (151 MHz,
CDCl3) δ/ppm: 166.25, 133.93, 133.66, 131.05, 130.06, 129.13,
128.79, 128.69, 128.43, 127.44, 124.75, 76.22, 68.74. IR (ATR):
1965 (w), 2366 (w), 2346 (w), 1614 (m), 1597 (m), 1571 (m),
1495 (m), 1472 (m), 1452 (m), 1381 (m), 1237 (m), 1120 (m),
1077 (m), 1027 (m), 943 (m), 803 (m), 759 (m), 695 (s). UV–vis
[CH2Cl2, c ([Zn(1H)2I2].) = 0.075 mM; λmax, nm (εUV, M−1

cm−1)]: 240 (21 237). CD [CH2Cl2, c ([Zn(1H)2I2]) = 0.075 mM;
θmax, nm (εCD, M

−1 cm−1)]: 287 (1.52).
[Zn(1H)2(NO3)2]·CH2Cl2. (Ph-ox)–C6H5 (1H)(0.10 mmol,

22.3 mg), Zn(NO3)2·4H2O (0.049 mmol, 12.8 mg). Yield:
31.24 mg (0.044 mmol, 89%), white fibrous-cotton-like solid.
1H NMR (600 MHz, CD3OD) δ/ppm: 8.11–8.07 (m, 2H),
7.68–7.61 (m, 1H), 7.58–7.45 (m, 7H), 4.80 (dd, J = 7.8, 4.7 Hz,
1H), 4.72–4.61 (m, 2H). 13C NMR (151 MHz, CD3OD) δ/ppm:
167.33, 135.14, 134.73, 130.85, 130.81, 130.49, 129.67, 128.40,
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66.40, 64.37, 55.33. IR (ATR): 3325 (b sh), 2907 (b), 2363 (w),
2344 (w), 1715 (s), 1602 (w), 1543 (m), 1390 (s), 1319 (s), 1256
(s), 1251 (sh), 1211 (m), 1180 (m), 1096 (m), 1070 (m), 1027
(m), 997 (m), 971 (m), 820 (m), 751 (m), 710 (s), 695 (s). UV–vis
[CH3CN; λmax, nm (ε, M−1 cm−1)]: 194 (95 693), 227 (26 369),
274 sh (2780). CD [CH3CN; θmax, nm (εCD, M

−1 cm−1)]: 205
(−2.56), 226 (1.23), 259 (−0.56).

[Cd(1H)2Br2]. (Ph-ox)–C6H5 (1H)(0.20 mmol, 44.7 mg), CdBr2
(0.099 mmol, 27.2 mg). Thin needle-like colorless single crys-
tals were obtained after 2 days. Yield: 47.32 mg (0.065 mmol,
66%). 1H NMR (600 MHz, CD3CN) δ/ppm: 8.01 (dd, J = 8.3,
1.3 Hz, 2H), 7.60 (ddt, J = 8.8, 7.0, 1.3 Hz, 1H), 7.55–7.46 (m,
2H), 7.41–7.27 (m, 5H), 5.45 (dd, J = 10.1, 7.7 Hz, 1H), 4.82 (dd,
J = 10.1, 8.6 Hz, 1H), 4.27 (dd, J = 8.6, 7.7 Hz, 1H). 13C NMR
(151 MHz, CD3CN) δ/ppm: 142.65, 133.49, 129.71, 129.69,
129.64, 129.61, 128.83, 127.86, 127.47, 76.52, 69.84. IR (ATR):
3064 (w), 3030 (w), 2974 (w), 2909 (w), 2369 (w), 2346 (w), 1620
(m), 1602 (m), 1579 (m), 1497 (m), 1474 (m), 1452 (m), 1381
(m), 1325 (m), 1277 (m), 1245 (m), 1183 (m), 1116 (m), 1077
(m), 1027 (m), 982 (m), 943 (m), 760 (s), 693 (s). UV–vis
[CH3CN; λmax, nm (ε, M−1 cm−1)]: 191 (5580), 209 sh (3148).
CD [CH3CN; θmax, nm (εCD, M−1 cm−1)]: 206 (−3.97), 324
(−0.77).

[Cd(1H)2I2]. (Ph-ox)–C6H5 (1H)(0.10 mmol, 22.3 mg), CdI2
(0.049 mmol, 18.3 mg). Thin needle-like colorless single crys-
tals were obtained after 2 days. Yield: 37.35 mg (0.045 mmol,
92%). 1H NMR (600 MHz, CDCl3) δ/ppm: 8.03 (dd, J = 8.3,
1.3 Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.47 (dd, J = 8.4, 7.0 Hz,
2H), 7.41–7.32 (m, 2H), 7.35–7.28 (m, 3H), 5.56 (dd, J = 10.2,
7.2 Hz, 1H), 4.80 (t, J = 9.3 Hz, 1H), 4.37 (dd, J = 8.5, 7.2 Hz,
1H). 13C NMR (151 MHz, CD3CN) δ/ppm: 168.44, 142.37,
133.60, 129.97, 129.66, 129.64, 129.57, 128.84, 128.46, 127.91,
127.26, 76.59, 69.80. IR (ATR): 3063 (w), 3030 (w), 3012 (w),
2973 (w), 2913 (w), 2367 (w), 2346 (w), 1620 (m), 1603 (m),
1579 (m), 1497 (m), 1474 (m), 1452 (m), 1383 (m), 1325 (w),
1245 (m), 1116 (m), 1077 (w), 1026 (w), 984 (w), 943 (m), 760
(s), 693 (s). UV–vis [CH3CN; λmax, nm (ε, M−1 cm−1)]: 194
(98 249), 206 sh (61 262), 243 (23 914). CD [CH3CN; θmax, nm
(εCD, M−1 cm−1)]: 193 (−0.24), 211 (−11.08), 227 (6.86), 255
(−5.23), 282 (0.79).

[Cd(1mA)2I2]. (Ph-ox)–C6H4–AlaOMe (1mA)(0.10 mmol,
35.2 mg), CdI2 (0.049 mmol, 11.0 mg). Thin rod-like colorless
single crystals were obtained after 3 days. Yield: 31.9 mg
(0.034 mmol, 69%). 1H NMR (600 MHz, CDCl3) δ/ppm:
8.69–8.59 (m, 1H), 8.35–8.26 (m, 1H), 7.63–7.56 (m, 1H), 7.51
(t, J = 7.8 Hz, 2H), 7.41–7.29 (m, 5H), 5.93 (s, 1H), 4.80 (quin.,
J = 7.3 Hz, 1H), 4.74 (t, J = 9.5 Hz, 1H), 3.79 (s, 3H), 1.68 (d, J =
7.3 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm: 173.53,
165.18, 133.42, 132.98, 129.27, 129.11, 128.56, 127.51, 126.52,
76.42, 69.26, 52.64, 49.45, 18.07. IR (ATR): 3383 (w), 3006 (w),
1763 (m), 1744 (w), 1726 (w), 1698 (m), 1681 (m), 1646 (m).
1603 (w), 1588 (w), 1567 (w), 1543 (m), 1536 (m), 1517 (w),
1483 (w), 1463 (w), 1379 (w), 1245 (m), 1191 (w), 1163 (w), 1137
(w), 1077 (w), 1018 (w), 982 (w), 962 (w), 933 (w), 874 (w), 848
(w), 783 (m), 773 (m), 753 (w), 736 (m), 727 (m). UV–vis
[CH2Cl2, c ([Cd(1mA)2I2]) = 0.03 mM; λmax, nm (εUV, M

−1 cm−1)]:

249 (sh, 19 057). CD [CH2Cl2, c ([Cd(1mA)2I2]) = 0.03 mM; θmax,
nm (εCD, M

−1 cm−1)]: 237 (4.05), 262 (−4.22).
[Co(1H)2Br2]. (Ph-ox)–C6H5 (1H)(0.225 mmol, 50.23 mg),

CoBr2 (0.113 mmol, 24.61 mg). Yield: 69.46 mg (0.105 mmol,
93%), blue powder. Thin needle-like blue single crystals were
obtained after 2 days. IR (ATR): 3411 (w), 3060 (w), 2995 (w),
2950 (w), 2134 (w), 1746 (w), 1636 (m), 1626 (m), 1603 (w),
1519 (m), 1476 (m), 1407 (m), 1241 (w), 1263 (m), 1144 (w),
1101 (w), 1053 (w), 1021 (w), 969 (w), 768 (w), 721 (s). UV–vis
[CH2Cl2; λmax, nm (εUV, M

−1 cm−1)]: 236 (21 649), 279 (−4.07),
314 (2.36), 606 (sh, 306), 621 (sh, 383), 640 (sh, 544), 663 (681).
CD [CH2Cl2; θmax, nm (εCD, M

−1 cm−1)]: 253 (2.19), 530 (0.02),
535 (0.02), 585 (−0.026), 652 (0.31), 693 (0.06).

[Co(1F)2Br2]. (Ph-ox)–pC6H4–F (1F)(0.225 mmol, 54.29 mg),
CoBr2 (0.113 mmol, 24.61 mg). Yield: 70.88 mg (0.102 mmol,
90%), blue powder. IR (ATR): 3091 (w), 2928 (w), 1756 (w), 1644
(m), 1629 (m), 1605 (w), 1536 (m), 1497 (w), 1480 (w), 1441 (w),
1416 (w), 1403 (w), 1341 (w), 1329 (w), 1295 (w), 1260 (m), 1252
(m), 1186 (m), 1135 (w), 1126 (m), 1079 (w), 1053 (w), 1038 (w),
1019 (w), 1003 (w), 971 (w), 952 (w), 878 (m), 846 (w), 839 (m),
785 (m), 775 (m), 760 (m), 725 (m), 716 (m). UV–vis [CH2Cl2,
λmax, nm (εUV, M

−1 cm−1)]: 248 (23 356), 356 (134), 605 (sh,
241), 622 (sh, 338), 641 (sh, 449), 666 (592), 699 (sh, 333). CD
[CH2Cl2; θmax, nm (εCD, M

−1 cm−1)]: 282 (−1.04), 311 (2.25),
603 (0.07), 620 (0.10), 654 (0.21), 693 (0.05).

[Co(1N)2Br2]. (Ph-ox)–pC6H4–NMe2 (1N)(0.225 mmol,
59.92 mg), CoBr2 (0.113 mmol, 24.61 mg). Yield: 75.23 mg
(0.102 mmol, 89%), green powder. Green plate-like single crys-
tals were obtained after 2 days. IR (ATR): 3062 (w), 2932 (w),
2678 (w), 2139 (w), 1618 (s), 1606 (s), 1551 (s), 1547 (s), 1502
(m), 1457 (m), 1396 (s), 1371 (m), 1252 (m), 1334 (w), 1308 (w),
1256 (w), 1221 (s), 1200 (s), 1146 (m), 1139 (m), 1088 (m), 1021
(w), 969 (m), 952 (m), 924 (m), 850 (m), 773 (m), 721 (s). UV–
vis [CH2Cl2; λmax, nm (εUV, M

−1 cm−1)]: 316 (sh, 20 032), 365
(66 650), 433 (sh, 141), 606 (sh, 165), 621 (sh, 238), 642 (sh,
364), 667 (542), 700 (517), 726 (sh, 306). CD [CH2Cl2; θmax, nm
(εCD, M

−1 cm−1)]: 255 (2.01), 271 (−1.24), 335 (6.41), 372 (2.99),
426 (0.14), 596 (−0.06), 605 (−0.05), 652 (0.13).

[Co(1P)2Cl2]·CH3CN. (Ph-ox)–C16H9 (1P)(0.113 mmol,
39.31 mg), CoCl2·6H2O (0.056 mmol, 13.33 mg). Several green
dodecahedron-like single crystals were picked out of a white,
cotton like fibrous solid after 2 days.

[Co(1P)2Br2]. (Ph-ox)–C16H9 (1P)(0.113 mmol, 39.31 mg),
CoBr2 (0.056 mmol, 12.30 mg). Yield: 49.14 mg (0.53 mmol,
95%), green powder. Green needle-like single crystals were
obtained after 2 days. IR (ATR): 3323 (w), 3062 (w), 2984 (w),
2954 (w), 2924 (w), 2147 (w), 1618 (m), 1599 (m), 1588 (m),
1567 (w), 1536 (w), 1519 (w), 1476 (w), 1401 (w), 1323 (w), 1210
(w), 1262 (w), 1234 (w), 1210 (w), 1169 (w), 1157 (w), 1116 (w),
1108 (w), 1072 (w), 1053 (w), 1025 (w), 1001 (w), 971 (w), 876
(m), 855 (m), 826 (w), 775 (m), 747 (w), 7267 (s). UV–vis
[CH2Cl2; λmax, nm (εUV, M−1 cm−1)]: 239 (sh, 85 244), 243
(87 812), 274 (sh, 48 451), 284 (63 251), 352 (54 705), 363 (sh,
44 786), 384 (sh, 17 633), 601 (sh, 371), 638 (sh, 624), 660 (773),
700 (sh, 208). CD [CH2Cl2; θmax, nm (εCD, M−1 cm−1)]: 246
(11.83), 260 (−6.12), 273 (4.49), 285 (−12.29), 298 (1.71), 352
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(16.92), 365 (sh, 14.73), 384 (3.24), 406 (−4.47), 532 (0.03), 601
(0.48), 616 (0.49), 657 (0.77).

[Co(1mA)2Br2]. (Ph-ox)–mC6H4–AlaOMe (1mA) (0.113 mmol,
39.61 mg), CoBr2 (0.056 mmol, 12.30 mg). Yield: 42.57 mg
(0.46 mmol, 82%), blue powder. Blue rod-like single crystals
were obtained after 2 days. IR (ATR): 3356 (w), 3319 (w), 2948
(w), 2363 (w), 1744 (m), 1672 (m), 1638 (m), 1543 (m), 1519
(m), 1450 (w), 1388 (w), 1347 (w), 1303 (w), 1265 (w), 1211 (m),
1163 (m), 1057 (w), 980 (w), 939 (w), 762 (w), 697 (m). UV–vis
[CH2Cl2; λmax, nm (εUV, M

−1 cm−1)]: 248 (sh, 24 013), 602 (sh,
313), 637 (sh, 550), 662 (693). CD [CH2Cl2; θmax, nm (εCD, M

−1

cm−1)]: 239 (24.65), 280 (−4.89), 309 (4.15), 664 (0.66).
[Co(1mA*)2Br2]. ((R)-Ph-ox)–mC6H4–AlaOMe (1mA*)

(0.07 mmol, 24.65 mg), CoBr2 (0.035 mmol, 8.66 mg). Yield:
32.48 mg (0.034 mmol, 98%), blue powder. IR (ATR): 3541 (w),
3319 (w), 3030 (w), 2954 (w), 2936 (w), 2924 (w), 2855 (w), 2376
(w), 1737 (m), 1643 (m), 1620 (sh m), 1579 (w), 1528 (m), 1454
(m), 1439 (m), 1377 (w), 1347 (w), 1301 (w), 1213 (m), 1167 (m),
1133 (m), 1049 (m), 980 (m), 960 (m), 937 (m), 883 (w), 846 (w),
820 (w), 759 (m), 731 (m), 697 (s). UV–vis [CH2Cl2; λmax, nm
(εUV, M

−1 cm−1)]: 254 (sh, 18 484), 603 (sh, 239), 640 (sh, 431),
664 (sh, 546), 664 (406), 699 (sh, 204). CD [CH2Cl2; θmax, nm
(εCD, M−1 cm−1)]: 240 (−2.43), 282 (3.46), 317 (−1.21), 660
(−0.34).

[Co(1m2A)2Br2]. (Ph-ox)–mC6H4–(AlaOMe)2 (1m2A)
(0.07 mmol, 33.71 mg), CoBr2 (0.035 mmol, 8.66 mg). Yield:
29.57 mg (0.025 mmol, 71%), blue powder. Blue rod-like single
crystals were obtained after 2 days. IR (ATR): 3537 (w), 3355
(w), 3314 (w), 2961 (w), 2365 (w), 2085 (w), 1744 (m), 1671 (m),
1646 (m), 1618 (w), 1586 (m), 1543 (m), 1521 (m), 1450 (m),
1437 (m), 1387 (m), 1347 (m), 1301 (m), 1260 (m), 1211 (s),
1161 (m), 1096 (m), 1047 (m), 1018 (m), 980 (m), 939 (m), 798
(s), 762 (m), 697 (m). UV–vis [CH2Cl2; λmax, nm (εUV, M−1

cm−1)]: 254 (sh, 19 000), 602 (sh, 174), 642 (sh, 314), 664 (386),
698 (sh, 207), 727 (sh, 122). CD [CH2Cl2; θmax, nm (εCD, M

−1

cm−1)]: 241 (4.14), 278 (−1.41), 314 (0.99), 596 (−0.13), 657
(0.72).

[Co(1m2A*)2Br2]. ((R)-Ph-ox)–mC6H4–(AlaOMe)2 (1mA*)
(0.07 mmol, 33.71 mg), CoBr2 (0.035 mmol, 8.66 mg). Yield:
32.36 mg (0.027 mmol, 78%), blue powder. IR (ATR): 3371 (sh
w), 3065 (w), 2987 (w), 2952 (w), 2093(w), 1733 (m), 1647 (s),
1593 (m), 1528 (m), 1450 (m), 1381 (w), 1342 (sh m), 1303 (w),
1246 (sh m), 1215 (m), 1159 (m), 1126 (m), 1052 (m), 982 (m),
937 (w), 849 (w), 734 (m), 697 (m). UV–vis [CH2Cl2; λmax, nm
(εUV, M

−1 cm−1)]: 256 (sh, 17 301), 603 (sh, 215), 644 (sh, 425),
667 (529), 698 (sh, 289), 734 (sh, 130). CD [CH2Cl2, θmax, nm
(εCD, M

−1 cm−1)]: 241 (19.83), 286 (sh, 2.8), 322 (−1.44), 571
(−0.05), 660 (−0.32).

[Co(BOX1)Br2]. (−)-2,2′-Isopropylidenebis[(4S)-4-phenyl-2-
oxazoline] (BOX1) (0.009 mmol, 3.00 mg), CoBr2 (0.009 mmol,
1.96 mg). Dark blue, needle-like crystals were obtained from a
CH2Cl2 stock solution for CD spectroscopy after 5 days. UV–vis
[CH2Cl2; λmax, nm (εUV, M

−1 cm−1)]: 228 (10 327), 298 (2607),
546 (sh, 170), 571 (295), 648 (582). CD [CH2Cl2; θmax, nm (εCD,
M−1 cm−1)]: 246 (1.89), 261 (1.94), 291 (2.51), 311 (−0.34), 335
(0.41), 543 (0.30), 566 (0.42), 637 (−0.26).

[Co(BOX2)Br2]. (+)-2,2′-Isopropylidenebis[(4R)-4-benzyl-2-oxa-
zoline] (BOX2) (0.009 mmol, 3.26 mg), CoBr2 (0.009 mmol,
1.96 mg). Dark blue, rhomb-like crystals were obtained from a
CH2Cl2 stock solution for CD spectroscopy after 5 days. UV–vis
[CH2Cl2; λmax, nm (εUV, M

−1 cm−1)]: 362 (36), 549 (sh, 146), 572
(263), 644 (263). CD [CH2Cl2; θmax, nm (εCD, M

−1 cm−1)]: 541
(−0.17), 566 (−0.25), 624 (0.27).

X-ray single crystal diffraction

X-ray intensity data were collected on Xcalibur or XtaLAB
Oxford diffraction diffractometers using monochromatic Cu-
Kα radiation (λ = 1.54184 Å). The data collected on laboratory
diffractometers were processed (cell determination and data
reduction) by the CrysalisPro program.58 All structures were
solved by the program SXELXT59 and refined according to the
least-squares procedure (F2 on all data) by the program
SHELXL.60 Basic experimental data are given in Table S4 of SI.
The absolute configurations of investigated compounds were
known from the synthetic procedures, so the Friedel opposite
reflections were not measured. All non-hydrogen atoms are
refined in the anisotropic model of atomic displacement para-
meters (ADP). One ligand in one of the three symmetry
independent metal complexes in [Zn(1N)2Br2] had strongly
elongated ADPs, so strong rigid-group restraints were applied
to all ligand’s atoms and its terminal phenyl group was treated
in the ideal hexagonal geometry. Less strong rigid body
restraints were used for other two symmetry independent com-
plexes in this structure. For [Zn(1H)2I2] more accurate Gaussian
absorption correction with determination of the crystal faces
was applied, which leaded to good final R-value and good
residual electron density. Only empirical absorption correction
was applied to [Cd(1H)2I2], which is possible a reason for the
less accurate structure (high R-value) and less accurate residual
electron density (high peak/minimum). Nevertheless, the
[Cd(1H)2I2] was found to be isostructural with [Zn(1H)2Br2],
[Zn(1H)2I2], [Cd(1H)2Br2] and [Co(1H)2Br2] complexes, which
were determined with high accuracy (Table S4). For [Cd(1H)2I2]
and for 1mA* the extinction was refined by standard procedure
in SHELXL.60 In [Co(1P)2Cl2] and [Co(1P)2Br2] the pyrene units
were treated as rigid groups with geometry taken from the
Idealized Molecular Geometry Library.61 Some atoms in
[Co(1P)2Br2] show large and elongated ADPs, but because they
are neighbouring atoms of the same pyrene moiety, they are
the consequence of a dynamic disorder of the whole pyrene
group. Large ADPs for C atoms in this group are also the
reason for the large Hirshfeld differences for its C–C bonds.
For [Zn(1m2A)2Br2] the analysis of the intensity data revealed a
twined sample with two-axis twinning law described in
Table S4 of SI. Refinement with twinning significantly
improved the quality of the refined twinned volume fractions
of 0.81 and 0.19 (Table S4). The [Co(1m2A)2Br2] was also tested
for the same twinning low (assumed to be present due to same
isostructural structure as [Zn(1m2A)2Br2] and due to relatively
high Rinit value for [Co(1m2A)2Br2] data set), but the refined
volume fraction of one of the components turned out to be
negligible. The treatments of hydrogen atoms in all structures

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 17083–17101 | 17097

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

9:
44

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5DT02399H


are described in Table S4 of SI. Generally, the H atoms bonded
to carbon were treated in the SHELXL riding model for CH,
CH2 and CH3 groups, while the treatment of H atoms bonded
to N atoms depended on the quality of the data set: for a good
data they were refined, for less accurate data the they were
refined and N–H distance restraints were used or for poor
quality data sets they were treated in the SHELXL riding model
for sp2 NH group. For all compounds in which solvent accessi-
ble voids greater than 50 Å3 were found in their structures the
electron densities from these areas was included by the
SQUEEZE procedure of program PLATON.62 The CCDC
2489428–2489446 contain the supplementary crystallographic
data for this paper.

Computational details

The starting geometries for bromide and nitrate metal com-
plexes with non-alanine ligands (1H, 1F, 1N) were generated by
applying a CREST/CENSO protocol63 to the geometry obtained
from the [Zn(1H)2(NO3)2] crystal structure. From the CENSO
structures, starting geometries of bromide analogues were
derived by switching R substituents, the nitrate anions with
bromides, and setting the M–Br bond lengths to the lengths
found in their respective crystal structures. The IIa* starting
geometry was constructed from the crystal structure of the zinc
metal complex found in literature (CCDC code ETUVIY).54

Bromide zinc complexes of alanine derivatives 1mA, 1mA*,
1m2A, and 1m2A* were studied using CREST to identify the
most relevant geometries at room temperature in chloroform
(CHCl3). The initial geometries for the CREST runs were gener-
ated with Avogadro and prepared in both parallel and antipar-
allel configurations. Since both sets of input geometries pro-
duced conformers with approximately the same geometries
and energies, to simplify the calculations, only the structures
from the parallel runs were considered as inputs for sub-
sequent DFT optimization. For each ligand in the DFT optimiz-
ation, only structures within 3 kcal mol−1 of the lowest-energy
conformer (corresponding to a 99% probability of being popu-
lated at room temperature) or higher-energy geometries that
displayed interesting hydrogen-bonding motifs were selected.
Additionally, geometries with specific hydrogen bonding
motifs that were not obtained from CREST were constructed
from other conformers and used as inputs in the next calcu-
lation step.

The geometries of representative conformers of both non-
alanine and alanine derivative complexes, selected using
CREST, served as starting points for DFT geometry optimi-
zations. These optimizations employed the efficient M05-2X/6-
31+G(d)/LanL2DZ+ECP model, which has been shown to accu-
rately reproduce geometries, dipole moments, and homolytic
bond energies in various metal complexes,64,65 consistent with
our comparative analysis of other DFT approaches for similar
systems.66 To account for solvent effects, the implicit SMD sol-
vation model (ε = 4.7113) for chloroform and acetonitrile (ε =
35.688) was included during geometry optimization, as in our
earlier studies.67 Thermal corrections were obtained from fre-
quency calculations, ensuring that all reported values corres-

pond to Gibbs free energy differences at room temperature. All
calculations were performed with Gaussian 16.68 The DFT opti-
mized geometries can be found in non_alanine_derivatives.xyz
and alanine_derivatives.xyz, readable by the Mercury program
(version 3.3 or later),69 and related data are collected in Tables
S8–S17.
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