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Within the broad landscape of dynamic covalent chemistry (DCC), the coordination chemistry of primary-
amine-based aminals has received comparatively little systematic investigation. Here we demonstrate that
a primary-amine-based dynamic covalent aminal (L?) can serve as an adaptive scaffold for coordination
chemistry diversity, where solvent and metal ion choice govern distinct outcomes. Coordination stabilizes
otherwise transient ligand forms and directs divergent pathways: Co(i) stabilizes hemiaminalates in
methanol, with [Co(L92),](ClO,) exhibiting fluxional behavior, and templates macrocyclization in aceto-
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nitrile to yield [Co(LM)](ClO4)s; Culi) affords hemiaminal and hemiaminal ether complexes, and Fe(i) pro-
motes pyridinium dimerization to give cis-[(L"?),](ClO,). These findings establish that dynamic ligands can
actively generate structural diversity in metal complexes, opening new directions for adaptive ligand
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Introduction

Primary-amine-based aminals can be considered as precursors
to imines,"™ and many systems exist in reversible equilibrium
between imine and aminal forms, displaying dynamic covalent
properties.””® Imines are versatile scaffolds in organic syn-
thesis, sensing, and materials chemistry,”™” and their reversi-
bility has been widely exploited in dynamic covalent chemistry
(DCC) to construct adaptive and responsive molecular
architectures.'®>> While DCC has often been applied to
macromolecular self-assemblies and higher-order
structures,”®>® its potential in stabilizing transient small-
molecule species through metal coordination remains com-
paratively underexplored.** %

Dynamic aminals derived from primary amines readily
interconvert with imines, which in turn serve as competent
ligands for metal coordination. Although imines possess lower
electrophilicity than both iminium ions and aldehydes/
ketones, they can still undergo nucleophilic addition, thereby
providing access to otherwise elusive species such as hemiam-
inals and hemiaminal ethers. Notably, most metal-stabilized
hemiaminal or hemiaminal-ether systems reported to date
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design and functional coordination architectures.

39745 In con-

arise from secondary amines or cyclic aminals.
trast, primary-amine-based aminals enable a broader set of
interconnected equilibria involving imines, hemiaminals, and
hemiaminal ethers, yet their coordination behaviour has been
far less systematically explored. In this context, Anslyn and co-
workers established a highly adaptive Zn(u)-templated
dynamic system that provides a key precedent. In their frame-
work, 2-pyridinecarboxaldehyde (2-PA) and 4-methylaniline
first generate an imine, and subsequent addition of the sec-
ondary amine di(2-picolyl)amine (DPA) leads to dynamic
metal-templated assemblies.®® They further demonstrated
aniline-exchange behaviour using para-substituted anilines,
with more electron-donating anilines displaying larger equili-
brium constants. In a related Zn(u)/2-PA/DPA system, they also
showed reversible formation of hemiaminals and hemiaminal
ethers upon alcohol addition,?”*® as well as aminal-type com-
plexes upon introducing secondary amines.*”

In our prior work (Scheme 1), we developed primary-amine-
based heterocyclic aminals L** and L*2, both of which display
solvent- and condition-dependent equilibria, generating
imines, hemiaminals, and hemiaminal ethers that are detect-
able in solution but difficult to isolate.” Previous studies of
L*-related complexes largely emphasized structural character-
ization, without probing their underlying equilibria or adap-
tive properties.”*' In contrast, the present study systemati-
cally investigated L** as a dynamic covalent ligand in coordi-
nation chemistry. Inspired by the adaptivity observed in
Anslyn’s system, we explored whether coordination to different
metal ions in different solvent systems could stabilize these
inherently dynamic forms, enabling structural characterization
and directing their reactivity along divergent pathways. A criti-
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Scheme 1 A summary for the dynamic covalent properties for aminals
LA and L2,

cal question is whether such dynamic ligands can be deliber-
ately harnessed to expand structural diversity in metal
complexes.

This study demonstrates that dynamic covalent ligand
can act as an adaptive scaffold for coordination chemistry
diversity. Coordination stabilizes otherwise transient ligand
forms and directs their reactivity along divergent pathways: Co
(m) stabilizes hemiaminalates in methanol and templates
macrocyclization in acetonitrile, Cu(u) stabilizes hemiaminals
or hemiaminal ethers, and Fe(m) induces pyridinium dimeri-
zation.”” These findings establish a conceptual framework in
which dynamic covalent ligands serve not merely as passive
participants but as active drivers of coordination diversity,
opening new directions for adaptive ligand design and func-
tional coordination architectures.

LAZ

Results and discussion
Influence of solvent

Given the ability of the dynamic aminal systems of L** and L** to
reversibly transform into hemiaminal ether and imine through
solvent tuning, we initiated an investigation into the coordi-
nation chemistry of these dynamic ligands by examining their
behaviour in various solvents in the presence of metal ions.
Methanol as the solvent. Although the hemiaminal ether
L°?™¢ can be detected only in the methanol solution, the
addition of Co(ClO,),-6H,O enables one-pot reaction of two
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equivalents of 2-PA with 2-aminopyrimidine in methanol
under aerobic conditions, affording a Co(u) complex of the
hemiaminal ether, [Co(L°*¢),](Cl0,), (Scheme 2). The UV-Vis
absorption spectrum of [Co(L°*™¢),](C10,), exhibits a d-d tran-
sition band at A = 487 nm (¢ = 97 M~ em ™). X-ray diffrac-
tion crystallography (Fig. 1(a)) confirmed a centrosymmetric
structure in which two hemiaminal ether ligands coordinate to
Co(u) in a facial arrangement.

[Co(L°*™),](Cl0,), is unstable in air, undergoing gradual
oxidation to give a pink powder. After purification and charac-
terization, the product was identified as the Co(ur) complex,
[Co(L°%),](Cl0,), which crystallizes in an non-centrosymmetric
structure within the monoclinic space group P2,/c (Fig. 1(b)).
The two Co-O bond lengths (1.894(2), 1.892(2) A) are signifi-
cantly shorter than those in [Co(L°*™¢),](Cl0,4), (2.1362 (15) A),
and the four Co-N bond lengths (average ~1.95 A) are also
shorter than in [Co(L°*™¢),](ClO,), (average ~2.13 A). These
shortened donor-Co distances enforce larger bite angles in [Co
(L°%),](C10y), reflecting the more compact geometry of a Co(m)
complex.

The analogue [Co(L°"),](ClO,) has previously been reported,
though only its molecular structure was described. Attempts to
prepare the corresponding hemiaminal ether complex [Co
(L°™¢),](Cl0,), under aerobic conditions yielded only [Co
(L°M),](ClO,). UV-Vis absorption spectra revealed that [Co
(L°Y),](Cl0,) and [Co(L°?),](ClO,) both display d-d transition

clo, cio,
Co(CIOg)6H,0 \ = (Cl0a) \ ~ (CI10,)
Y. 7
N NH N NH
_ owre d
2O / \N,,,,,,Log‘g o | \N\c©
veoH, | \={ ¢ - /| \=
) o 1: 7 days O/\ =
N

+2 HZN4<§ i/>

[Co(LOMe),](CIO), [Co(LO2),)(CIO,)

Scheme 2 One-pot synthesis for [Co(L°?M¢),1(ClO,),.

Fig. 1 ORTEP drawings of (a) [Co(L°?M),](ClO4), and (b) [Co(L®?),]
(ClOy4). The counteranion (ClO47) and hydrogen atoms are omitted for
clarity. Thermal ellipsoids are displayed at 50% probability level. Selected
bond lengths (A) and bond angles (°) for (a) [Co(L°?M®),](ClO,4),: Co-O1:
2.1362(15), Co—N1: 2.1202(18), Co—N3: 2.1482(18), O1-Co—-N1: 75.76(6),
01-Co-N3: 85.21(6), N1-Co-N3: 87.62(7); and (b) [Co(L°?),l(ClO,):
Co-01: 1.894(2), Co-02: 1.892(2), Co—-N1: 1.908(3), Co—-N3: 1.971(3),
Co-N5: 1.923(3), Co—-N7: 1.953(3), O1-Co-02: 175.71(9), O1-Co—-N1:
84.6(1), O1-Co-N3: 90.2(1), O2-Co-N5: 84.6(1), O2-Co-N7: 89.5(1),
N1-Co-N3: 89.0(1), N5-Co-N7: 90.6(1).
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bands at Amax = 510 nm (e = 64 and 69 M~ cm™", respectively)
in methanol, indicating similar coordination geometries and
comparable ligand field environments.

To improve the yield, the synthesis was optimized using a
one-pot reaction of Co(ClO,),-6H,0, 2-pyridinecarboxaldehyde,
2-aminopyrimidine in a 1:2:2 ratio in methanol, followed by
addition of two equivalents of TBHP as oxidant and overnight
stirring. Evaporation of the solvent and the recrystallization
from acetone afforded [Co(L°%),](ClO,) in good yield.
Interestingly, the same product can also be obtained by react-
ing Co(ClO,),-6H,0 with two equivalents of the aminal ligand
L** in methanol under aerobic conditions, without isolating
the Co(n) intermediate [Co(L°*™*),](C10,), (Scheme 3).

The "H NMR spectra in DMSO-ds showed the methine
proton resonance of the hemiaminalate moieties at 5.54 ppm
for [Co(L°"),](ClO,4) and 5.65 ppm for [Co(L°%),](ClO,), with
corresponding '*C signals at 84.2 ppm and 84.6 ppm. Both
complexes displayed minor isomeric species, with major
/minor ratios of approximately 5:1 for [Co(L°"),](ClO4) and
12:1 for [Co(L?),](ClO,) (Fig. S10 and S14). For [Co(L°"),]
(ClOy), the ratio was solvent-independent (Fig. S11 and S12),
whereas for [Co(L°%),](ClO,) it varied (8:1 in CD;0D and 6: 1
in CD;CN), underscoring the structural inertness for [Co(L°"),]
(ClO,) versus the fluxionality of [Co(L°%),](ClO,) (Fig. S15 and
$16). Dissolving crystalline [Co(L°%),](ClO,) in DMSO-d, repro-
duced the same spectral features, confirming the intrinsic labi-
lity of its hemiaminalate ligands.

Density functional theory (DFT) calculations at the
B3LYP-D3 level with the LanL2DZ basis set for Co and 6-31g*
for H, C, and N were carried out using Gaussian 16
program.”*®® Only isomers with equivalent hemiaminalate
environments were considered, consistent with the "H NMR
spectra, which showed a single set of ligand signals. As shown
in Fig. 2, the crystal form OC-6-13-{Co(L°%),]" was the most
stable and used as the reference. The Ci-symmetric OC-6-12-
[Co(L°%),]" was only 2.0 kecal mol™ higher in energy, whereas
0C-6-22- and OC-6-33-[Co(L°?),]" were 11.0 and 12.7 kcal
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Fig. 2 Schematic representations and optimized structures of the poss-
ible isomers, along with their relative potential energies. The isomer
names follow the configuration index system recommended by IUPAC.5®

mol™' less stable, suggesting they are minor species.
Accordingly, the major and minor isomers observed in solu-
tion were assigned to OC-6-13-Co(L°?),]" and OC-6-12-[Co
(L°%),]", respectively. The increased OC-6-13-[Co(L°%),]'/OC-6-
12-[Co(L°?),]" ratio in polar solvents correlates with their calcu-
lated dipole moments (41.5 D vs. 0 D), indicating the solvent
polarity governs the isomer distribution.

Interestingly, [Co(L°%),](NO;) can be obtained by replacing
Co(ClO,),-6H,0 with Co(NO3),-6H,0. Its NMR spectra
resembled those of [Co(L°?),](Cl0O,), showing two sets of 'H
NMR signals but with smaller major/minor ratios of 1.6:1,
2.5:1 and 3.5: 1 in DMSO-dg, CD;0D, and CD;CN, respectively
(Fig. S18-S20). This facilitated the isolation of two distinct
crystals from CH3;CN: one non-centrosymmetric, analogous to
[Co(L°?),](Cl0,), and one centrosymmetric, corresponding to
the predicted iso1-[Co(L°%),]" (Fig. S1(a) and (b)). Occasionally,
we also obtained neutral [Co(L°?),] in a centrosymmetric con-
figuration (Fig. S1(c)), although this form was unstable and
decomposed to an unidentified diamagnetic Co(u) species.

We proposed the mechanism for the conversion of [Co
(L°%),]" from [Co(L°*™),]** (Scheme 4). In methanol, hemiam-
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Scheme 3 Synthesis routes for [Co(LOY),](CLlO,) and [Co(L°?),](ClO.,).
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inal ether L°®™¢ may remain metastable upon Co(n) coordi-
nation, but the -OMe moiety is labile and competes with aqua
ligands from the metal ion hydration sphere or solvent.
Equilibrium with [Co(L°*¢),(H,0),]*" in solution enables
elimination of methanol, giving [Co(L"),(H,0),]**, which
undergoes intramolecular nucleophilic addition to form the
hemiaminal intermediate [Co(L°*"),]**. Subsequent deproto-
nation by environmental species (e.g. MeOH or H,0) furnishes
[Co(L??),], which is then oxidized by air to [Co(L°%),]". When
the reaction was carried out by directly reacting the pre-syn-
thesized ligand L** with Co(ClO,),-6H,0 in methanol, 2-ami-
nopyrimidine was released during L°*™¢ formation in situ.
Acting as a weak base, the liberated 2-aminopyrimidine facili-
tates rapid deprotonation of [Co(L°?™),]**, accelerating its con-
version to [Co(L°%),] followed by oxidation. This explains why
[Co(L°*™),](ClO,), could not be isolated under these
conditions.

Acetonitrile as the solvent. In an attempt to isolate [Co
(L°%),](Cl0,),, we dissolved [Co(L°*€),](ClO,), in CH;CN
that was not rigorously dried. Unexpectedly, recrystallization
from methanol afford [Co(L™)](ClO,); as a bright orange
powder. Single-crystal X-ray diffraction analysis (Fig. 3)
revealed that the product contains a polyazamacrocyclic ligand

Fig. 3 ORTEP drawing of [Co(LMI(ClO4)s. The counteranion (ClO47)
and hydrogen atoms are omitted for clarity. Thermal ellipsoids are dis-
played at 50% probability level. Selected bond lengths (A) and bond
angles (°) for [Co(LM)](ClO,)s: Co—N1: 1.928 (7); Co-N2: 1.872(7); Co—
N7: 1.880(7); Co—N10: 1.881(7); Co—N11: 1.925(8); Co—N12: 1.920(7);
N(1)-Co(1)-N(2): 83.7(3); N(7)-Co(1)-N(12): 83.7(3); N(10)-Co(1)-N(11):
83.6(3); N(1)—Co(1)-N(7): 91.5(3); N(1)-Co(1)-N(12): 97.0(3); N(1)-Co(1)-
N(11): 95.8(3); N(2)-Co(1)-N(7): 88.8(3); N(2)-Co(1)-N(10): 88.8(3);
N(2)-Co(1)-N(11): 89.4(3); N(7)-Co(1)-N(10): 88.9(3); N(10)-Co(1)-N
(12): 90.5(3); N(11)-Co(1)—-N(12): 97.9(3).

— N NHz Naclo, (1 eq.),
Co(CIO,),*6H,0 +3 €>—\\ +3 \\( air
N [o] ZN

CH4CN,
reflux 1hr,

(ClO4)s
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LAZ N

reflux 1hr, [Co(LM))(CIO,)3

Scheme 5 Polyazamacrocyclic structure of [Co(L™)](ClO4)s with pyridyl
donors (Ng,) highlighted in red, and azamacrocyclic donors (N,z,) in
blue. The macrocyclic ligand is generated through trimerization of three
L'2 units.
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(Scheme 5), in which the Co(m) centre is coordinated by three
pyridyl (Np,) and three azamacrocyclic (N,,,) nitrogen donors.
The Co-N bond lengths are approximately 1.92 A (N,) and
1.88 A (N,,a). Suitable crystals were obtained by Et,O diffusion
into CH;CN.

[Co(LM)](ClO4); was also obtained by reacting Co
(Cl0,),-6H,0 with three equivalents of L** in CH;CN, or via
one-pot reaction of Co(ClO,),:6H,0, 2-PA and 2-aminopyrimi-
dine (1:3:3) under aerobic conditions. Addition of one equi-
valent of NaClO, to balance the charge of Co(mr) and refluxing
improved the yield to 60% (Scheme 6). The "H NMR spectrum
in DMSO-ds showed a methine resonance at 7.97 ppm with a
corresponding *C signal at 80.3 ppm. The UV-Vis absorption
spectrum in CH;CN showed a d-d transition band at Apa, =
480 nm (¢ = 315 M~* cm™). Unlike [Co(L°%),](C10O,), [Co(L™)]
(Cloy); does not exhibit fluxional behaviour and is insoluble
in methanol, but remains soluble and stable in CH;CN, D,0O
and DMSO-dg. Variable-temperature NMR (VI-NMR) analysis
conducted in DMSO-ds confirmed stability up to 403 K, above
which decomposition yielded signals corresponding to 2-pyri-
dinecarboxaldehyde and 2-aminopyrimidine (Fig. S21).

As illustrated in Scheme 7, the macrocyclic ligand L™ likely
form through trimerization of the imino fragment. In our pre-
vious study, approximately 10% of L** is converted to L' in
CD;CN.” Accordingly, L°*™¢ may undergo equilibration with
L™/L*?, releasing a methanol molecule in CH;CN. Based on
these observations, [Co(L™)](ClO,4); formation begins with [Co
(L°?™¢),] undergoing -OMe substitution by CH;CN, followed
by methanol elimination to form [Co(L"),(MeCN),]*. Ligand
exchange then furnishes [Co(L");]*, which undergoes intra-
molecular nucleophilic attack of the pyrimidyl nitrogen on the
C=N group, driving cyclization to yield [Co(LM)]*".
Alternatively, [Co(L");]*" can also be generated directly
through Co(n) templating of three L™ units, which then
undergo nucleophilic addition to produce [Co(LM)]**
(Scheme 7). Consistently, when acetone was used as solvent,
[Co(L™)](ClO4); was also obtained, albeit in slightly lower yield
(45%), possibly due to reduced L* formation under these
conditions.

\ = 2+ = 2+ — z
Y \W
N TN NN
N 2
/N, \Coi‘N 2N | _oton | (7 \C’:f“,ﬂe)\lyq TN
— Ny Col “2MeCN pal
/ 2MeoH | -
OMQ\ S o MeCNI\N </ =\ N )//N\
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[Co(LOMe), 2 [Co(L2)(MeCN),12* [Co(L)P?*

(ClO,)s

1. Intramolecular Nucleophilic Addition

2. Oxidation

[Co(LM](CIO, )

Scheme 6 Synthetic routes for [Co(LMI(CLO,)s.
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Scheme 7 Proposed mechanism for the formation of [Co(LM)](CLO,)s.

To obtain the free macrocyclic ligand L, demetalation of
[Co(LM)](ClO4); was attempted by adding either HCI or NaCN
(six equivalents) in MeCN under reflux conditions.®” However,
HCI left the complex unchanged, while NaCN led to decompo-
sition reactions. Considering that Co(u) is more labile than Co
(m), potentially facilitating demetalation, a reductant, such as
NaBH, or Zn dust was introduced to the reaction mixture to
enhance the likelihood of successful demetalation.’®>’
Unfortunately, this approach only yielded the amine, L**-re,
the reduction product of L** (Scheme 8). Analysis of the redox
properties of [Co(LM)](ClO4); provides insight into this
outcome. Cyclic voltammetry of a 10 mM solution of [Co(L™]
(ClO,); in DMSO, using 0.1 M [NBu,][ClO,] as a supporting
electrolyte and a 50 mV s~' scan rate, was performed in the
potential range of 1.0 to —2.0 V. During the anodic scan, no
corresponding anodic peak was observed, whereas the catho-
dic scan exhibits peaks at —0.370, —0.646, and —1.224 V vs. Fc/
Fc' (Fig. S22), corresponding to the reduction of the ligand,
the Co(m)/Co(u) transition and Co(u)/Co(i) transition,
respectively.®*"®® The experimental results suggest that the
macrocyclic ligand L™ undergoes reduction when treated with
Zn dust, a mild reductant, with a reduction potential of —0.76
V.%* The observed formation of [Co(L™)](C10,); is likely driven
by its thermodynamic stability through self-assembly.
Attempts to isolate the free ligand L™ using acid, base or
alternative demetalation strategies were unsuccessful.

— (ClOy)5
N4 NG N
= N = —
QN«\J*\N N HN4<
o Zn or NaBH,, 6NaCN /= N\ o _
7 | h/ / N + unidentified Co species

=N N 4>—N MeCN, reflux \ N
Q/\{'}\’Q LA2.re

Scheme 8 Demetalation reactions of [Co(LM)](ClO,);s only yield an
amine L*2-re
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Influence of metal ion

We next explored the coordination behaviour of Cu
(Cl0,),-6H,0 toward the picolyl heterocyclic amino aminals
L*' and L*%. In methanol, the reactions under aerobic con-
ditions afforded [Cu(L°™*),](ClO4), and [Cu(L°*™*),](ClO,), as
green and blue powders, respectively (Scheme 9). Slow evapor-
ation of methanol yielded single crystals suitable for X-ray
diffraction. As shown in Fig. 4(a) and (b), both complexes crys-
tallize in centrosymmetric structures with the space groups
P2,/c. The Cu-O bond lengths (~2.4 A) fall within the range

Cu(CIOg - 6H,0 ~ (CIOy)»
+ \
Y
— N OMeNH 0. 0. " ‘
e N
W 74 \C NPT air Noo
N MeOH, rt = K < within SR
— NH OME\ roay [ ) o
X = HN N 7
NH— ) |
N % [Cu(pic)],
LAt (pic=picolate)

[Cu(LO™e),)(CI0),

~ (CIOy),
\ Y \ Y
N\ omeH

N g
/’ Ny,,,,,,ch,_N(/l)“ (undnedz / N, Lu" !
ol = MeOH OH\ </
N

HN\N(.\N; HN\(\J

[Cu(LO?Me),)(CIO),

(ClOg4)2

N MeOH, r.t|
O
/) —
\ N HN—<\ /
N

A2

[Cu(LO);](CI0,),

Scheme 9 Reactions of LA! and L*? with Cu(ClO4)»-6H,0 to generate
[CU(LOIMe)Z](Clo4)2, [CU(LOZMe)zl(ClO4)2 and [CU(LOZH)zl(ClO4)2-

Fig. 4 ORTEP drawing of (a) [Cu(L°™®),1(ClO.,),, (b) [Cu(L°?Me),1(CLO,),,
and (c) [Cu(L°%"),](ClO,4),. Counteranions are omitted for clarity; hydro-
gen atoms, except for the ones on the hemiaminal moiety, are also
omitted. Thermal ellipsoids are displayed at 50% probability level.
Selected bond lengths (A) and bond angles (°) for (a) [Cu(L°™®),1(ClO),:
Cu-01: 2.433 (6); Cu—N1: 2.015(4); Cu—N2: 2.022(4); N1-Cu-0O1: 89.8
(2); N2-Cu-01: 71.7(2); N1-Cu-N2: 89.47(19). (b) [Cu(L°%M®),](ClO,),:
Cu-01: 2.398(5); Cu—N1: 2.013(3); Co—N2: 2.042(3); N1-Cu—-01: 72.23
(14); N2-Cu—-01: 87.05(14); N1-Cu—N2: 89.17(11). (c) [Cu(L°%"),](ClO,4).:
Cu—N1: 1.993(2); Cu—N3: 2.0816(19); Cu—01: 2.2819(17); O1-H10: 0.89
(4); N1-Cu-01: 76.82(7); N1-Cu—N3: 89.34(8); O1-Cu—N3: 84.50(7).
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typically observed for Cu(u)-neutral alcohol interaction,®®
suggesting relatively weak coordination. The [Cu(L°™¢),]
(ClO,), crystals were unstable in air, transforming into purple
[Cu(pic),] (pic = picolinate).

In contrast, recrystallization of [Cu(L°*™¢),](ClO,4), from
CH,Cl,/CH;CN yielded [Cu(L°*"),](Cl0,),, instead of a macro-
cyclic Cu(i) complex. Blue block-shape crystals of [Cu(L°*"),]
(ClO,), were obtained by diffusing CH,Cl, into an CH;CN solu-
tion. X-ray diffraction analysis (Fig. 4(c)) revealed a Cu(n)
centre coordinated by two hemiaminal ligands, with Cu-O
bond lengths of 2.2819(17), shorter than those observed in [Cu
(L°%M€),](Cl0,),. Thus, [Cu(L°*),](ClO,), can be prepared
directly from Cu(ClO,),-6H,0 and two equivalents of L*? in
CH,CN.

Interestingly, redissolving [Cu(L°*"),](Cl0,), in methanol
and recrystallized by slow solvent evaporation regenerated [Cu
(LO*M¢),](C10,),. Likewise, HR-ESI-MS analysis revealed that
dissolving [Cu(L°*"),](Cl0,), in ethanol led to the formation
of [Cu(L°*™),](ClO,), (Fig. S31). These observations demon-
strate that solvent choice (alcohol vs. non-alcohol) directs
whether the Cu(n) centre coordinates to the hemiaminal ether
or the hemiaminal ligands (Scheme 9). Consistent with its
dynamic behaviour in solution, [Cu(L°*"),](Cl0,), exhibits dis-
tinct d-d transition bands: . = 656 nm (¢ = 144 M~ em ™
in methanol and A, = 689 nm (¢ = 89 M~ " cm™") in CH;CN.

DFT study of the formation of macrocyclic complex

We are intrigued by the novel macrocyclic L™ structure and
aim to address the following questions through calculations:
(1) Under what conditions can the macrocyclic structure form?
(2) Why does the Cu(u) system fail to yield the macrocyclic
structure? Based on our hypothesis shown in Scheme 7, we
performed simulations of [Co(L™);]** and [Co(L™)]** to explore
the structural and energetic factors that govern the formation
of the macrocyclic structure. The calculations were performed
at the same level of theory previously applied to the isomers
for [Co(L°?)]".

The optimized structure of [Co(L"™);]** shows that the three
L™ ligands coordinate with Co(m) in a bidentate manner
through the pyridyl N and imine N atoms. Additionally, we
identified an n — 7* interaction between the pyrimidyl N atom
and the C=N bond of the adjacent L™ ligand (depicted by

[Co(L')5**

[Co(L™)P**

Fig. 5 Comparison of the energy difference between [Co(LM)]** (right)
and [Co(L'®)3]** (left), calculation of E,_.~ and the Birgi—Dunitz para-
meters (a (°), d (A)) for [Co(L'?)3]**.
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green dashed line in Fig. 5),°*7> with an energy of 0.58 kcal
mol . The Biirgi-Dunitz (BD) trajectory parameters, including
BD angle (a = 86.4°, the N-C-N angle in Fig. 5),” were calcu-
lated, and the N-C distance (d) was found to be 2.77 A,7*7°
which is smaller than the sum of the van der Waals radii of N
and C (3.25 A). These findings suggest a significant intra-
molecular n — n* interaction between the pyrimidyl N and the
adjacent C=N bond. When comparing the potential energies
of [Co(L™);]** and [Co(LM)]**, we found that [Co(L™)]** is
24.5 kecal mol™" more stable, which explains why the reaction
favours the formation of the macrocyclic [Co(L™)](ClO,)s,
driven by its thermodynamic stability.

Conversely, when Cu(u) is used as the central metal, the simu-
lated [Cu(L™)]** shows an intramolecular n — n* interaction
with an energy of 0.25 kcal mol ™. The N-C distance in this case
is 3.26 A, which is nearly equal to the sum of the van der Waals
radii of N and C, indicating a much weaker n — 7* interaction
in [Cu(L®);]*" compared to [Co(L");]**. Furthermore, the poten-
tial energy of [Cu(L")]** is 7.24 kcal mol™" lower than [Cu(L™)]**
suggesting that the formation of the macrocyclic L™ complex is
thermodynamically unfavourable in the Cu(u) system. The elec-
tron-deficient nature of the C=N bond after Cu(u) coordination
makes it susceptible to attack by water molecules, leading to the
formation of [Cu(L°*"),]*".

To further explore the formation of the metal complexes
with the macrocyclic L™ ligand beyond [Co(L™)]**
formed theoretical calculations on 12 metal ions (Sc
Ti**, v**, Cr*", Mn®>", Fe**, Fe’*, Co>", Ni*", Zn>", and AI**). We
compared the potential energies of [M(L”);]*" and [M(LM)]"*
structures (Fig. 6) and examined the presence of interactions
between the pyrimidyl N and the C=N bond of the adjacent
L” ligand in [M(L™);]*". The results are summarized in
Table 1. From the calculations, Ti** and Mn>* exhibit relatively
small E,_ .~ values, while the remaining metal ions show
values ranging from 0.25 to 1.44 kcal mol ™. Notably, six metal
ions—sc**, Ti'*, Fe*", Co*", Ni**, and Zn>'—exhibit E,_ .«
values for [M(L”),;]*" that are comparable to or stronger than
that of Co®>". Among these, Co®* and Ni** show the highest
values, both exceeding 1.4 kcal mol™. However, for Sc**, Ti**,
and Zn**, the distance between the pyrimidyl N and the C=N
group on the adjacent L exceeds the sum of the van der
Waals radii of C and N, suggesting weaker interactions. In

, We per-
3+’ Tib,

N /\
G

’@\M/&l ::>

,NNs"iN

\

ML)

ML

Fig. 6 Comparison of the energy difference between [M(L™)]™ (right)
and [M(L'"?)3]™ (left), calculation of E,_.~ and the Blirgi—Dunitz para-
meters (a (°), d (A)) for [M(L"?)3]™*.
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Table 1 The DFT calculation of AE, E,_. .~ NBO and Burgi-Dunitz trajec-
tory parameters

AE® Epp? a a‘

st 5.73 0.76 110.7 3.48
Ti* 15.87 0.08 100.2 3.54
Ti*" —22.99 0.89 100.3 3.24

o 8.37 0.24 89.3 3.25
cr*t 7.95 0.31 76.9 3.00
Mn?* 0.85 0.14 77.6 3.01
Fe?" —-3.64 1.01 74.3 2.94
Fe** —24.05 0.34 70.0 2.80
Co** 0.65 1.43 68.5 3.00
Co** —24.49 0.58 86.4 2.77
Ni2* 2.93 1.44 79.6 3.11
cu** 7.24 0.25 77.5 3.26
zZn** 10.79 0.89 97.8 3.48
AP -16.58 0.32 83.4 3.08

“Comparison of the energy (kcal mol™) difference between [MLM]™*
and [M(L");]"". * Calculation of E,_. (kcal mol™). The Biirgi-Dunitz
angles a (°) in [M(L'?);]"". “ The Npym-*Cimine d (&) in [M(L'?)5]"".

terms of stability, only [Ti(LM)]**, [Fe(L™)]**, and [Al
(LM)]**exhibit comparable stability to [Co(L™)]** when using
[M(L");]"" as the reference. Although [V(LM)]*" and [Fe(L™)]*"
are also more stable than their corresponding [M(L");]™, the
differences are within 10 kcal mol™". For the remaining metal
ions, [M(L");]*" is the more stable species. Interestingly, [Co
(LM)]** is slightly less stable than [Co(L");]** by 0.65 keal
mol ™", Given that the starting material for [Co(L™)]*" is Co(u),
the formation of the highly stable [Co(L™)]*" in CH;CN likely
drives the reaction forward under aerobic conditions.

Iron(m) as the template

Based on DFT calculations, Fe(ur) was chosen as a template to
explore whether a macrocyclic complex analogue to [Co(L™)]**
could be formed. However, unexpectedly, when the reaction
was conducted under conditions similar to those used for
synthesizing [Co(L™)]**, but with Fe(ClO,);-6H,0 as the metal
source, a pyridinium salt, cis-[(L"),](ClO,), was isolated along
with unidentified Fe(m)-containing products (Scheme 10). The
crystal structure of cis-[(L"),](Cl0,), shown in Fig. 7, suggests
that the presence of the Fe(ClO,);-6H,O may promote the
dimerization of L™ in a cis configuration. Based on these
observations, it is possible that the coordination environment
and ligand orientation prior to dissociation may influence
whether the system evolves toward macrocyclization or dimeri-
zation; however, this aspect remains unclear and is currently

N

Q \ N (C10g)
/
N NH

— MH =
Fe(CIO)-6H0+30—< N — —
4)36H \_/ HN— /> MeCN, reflux 1hr \ K, N
N

N.
@51\)
LA2 N7
<
cis-[(L)1(CIOg)

Scheme 10 Synthesis of cis-1(L'?),](ClO,).
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Fig. 7 ORTEP drawing of cis-1(L'"®),](ClO,4) The counteranion (ClO,7)
and hydrogen atoms are omitted for clarity. Thermal ellipsoids are dis-
played at 50% probability level. Selected bond lengths (A) and bond
angles (°) for cis-[(L'),](ClO,): N2-C1: 1.490(2); N1-C1: 1.451(2); N1-C2:
1.479(2); N3-C2: 1.429(2); N3-C2-C3: 114.73(15); C2-C3-N2: 110.67
(15); C2—-N1-C1: 113.21(14); N1-C1-N2: 101.50(14).

being investigated. The detailed mechanism and the stereo-
selectivity of this reaction are currently under investigation.

Conclusions

In this study, we demonstrated that solvent and metal ion choice
direct picolyl heterocyclic aminals into divergent coordination
outcomes, including fluxional hemiaminalates, hemiaminal
ethers, a Co(m)-templated polyazamacrocyclic complex, and an Fe
(m)-induced pyridinium salt. A central finding is that coordination
can stabilize inherently dynamic ligand forms, such as hemiam-
inals and hemiaminal ethers, enabling their isolation and struc-
tural characterization. This principle highlights how dynamic
covalent scaffolds, often considered too labile for study, can
become accessible through metal coordination.

By integrating reversibility with coordination, these systems
reveal an expanded dimension of structural diversity in small-
molecule chemistry. Unlike classical ligands, which deliver
predictable geometries, dynamic aminals adapt their form in
response to metal ions and solvents, giving rise to orthogonal
reactivity pathways and unanticipated structures. This ability
of coordination to both stabilize and redirect dynamic species
enriches the conceptual framework of coordination chemistry
diversity.

Beyond fundamental interest, such adaptive scaffolds
provide a versatile platform for designing responsive func-
tional complexes. Future work will extend this strategy to other
metal ions and evaluate their potential in catalysis, molecular
recognition, and biomedical applications.
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