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Dynamic covalent switching between a
1,1'-ruthenocene macrocycle and a
ruthenocenophane through a transimination
reaction

Max Roemer, (2 *2 Gilles Frison (2 and Han Vinh Huynh (& *@

Dynamic covalent chemistry has been employed extensively for connecting amine and aldehyde building
blocks to construct organic macrocycles, covalent organic frameworks, and organometallic analogues.
However, detailed investigations on covalent dynamic imine chemistry involving metallocenes and dia-
mines are sparse. The synthesis of a 1,1'-ruthenocene-diimine macrocycle (2a) by a condensation reaction
of 1,1'-diformylruthenocene (1) and 1,4-diaminobutane is described. The reaction is high-yielding in solu-
tion and under mechanochemical conditions. A dynamic equilibrium between dinuclear 2a and mono-
nuclear ruthenocenophane (2b) was discovered, which allows the synthesis of ruthenocenophanes
through dynamic covalent chemistry and further modification. Compounds 2a and 2b can be intercon-
verted in solution by adjusting the temperature or concentration. Reactive 2b can be trapped by reactions
at the imine functions, as a diiminium cation through a reaction with an acid, and as a trimetallic adduct
3b, through reaction with a palladium N-heterocyclic carbene (NHC) complex. Similarly, a stable hexame-
tallic macrocycle 3a was isolated by reaction of 2a with the palladium NHC complex. The transformation
between 2a and 2b proceeds by dynamic transimination. The reactions are likely water-catalysed with
several intertwined pathways, and the self-sorting system can be kinetically controlled. A mechanism sup-
ported by control experiments and density functional theory calculations is proposed.

such, DCC forms the basis of many impressive transform-
ations and syntheses of various structural motifs. These

Gaining control of one molecular state over another in a
switchable system is crucial for regulating molecular pro-
perties in physical chemistry, synthetic chemistry, and surface
science. Switching has been employed in catalysis to toggle the
outcome of a chemical reaction,’ in molecular electronics to
modulate electrical currents on the nanoscale,”™* and in mole-
cular recognition to turn host-guest interactions on or off.>®
Dynamic covalent chemistry (DCC) is a well-established
approach for connecting building blocks equipped with amine
and aldehyde functional groups, which condense to imines,
affording larger scaffolds such as macrocycles. Upon imine for-
mation, one equivalent of water is generated, and the reaction
is reversible as the imine may hydrolyse under regeneration of
aldehydes and amines, which constitutes a dynamic equili-
brium. This has been investigated extensively and may be used
to enable chemical switching between different states. As
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include molecular walkers, molecular motors, interlocked
cyclic structures, and covalent organic frameworks (COFs).”®
Furthermore, it has been employed in self-sorting systems con-

taining molecules with different grades of
functionalization.”* Ferrocene-based macrocycles have also
been prepared by DCC, yielding COFs containing

organometallics.>'* Controlled switching of these systems

has not been realised, and similar ruthenocene analogues are
yet to be prepared and investigated. Metallocenophanes are
organometallic analogues of cyclophanes, in which both Cp-
ligands of a sandwich complex are connected via a bridge.'®
This bridge can induce a ring strain, which may be of advan-
tage for ring-opening polymerisations. In 1,1’-fused dinuclear
metallocenes, one complex bridges the other, and these
systems constitute macrocycles. The reversible switching of
nickelocenophanes into polymers has been reported for labile
carbon-bridged nickelocenes via ring-opening
polymerisation. Different carbon-bridged metalloceno-
phanes have been reported, including derivatives with unsatu-
rated bridges,">?° nitrogen functions,>** and fluorinated
bridges.>® Among the reported metallocene-based macrocycles,
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ferrocene in combination with organic building blocks has
been employed most frequently.”*® Less studied, as signifi-
cantly more challenging to obtain, are oligomeric rings of 1,1"-
interconnected ferrocenes.>® Some macrocyclic ruthenocene-
derived compounds have been reported, including sulfur- and
oxygen-containing ansa-type cycles,*® aza-crown ether deriva-
tives with ruthenocene in a side chain,®" and different por-
phyrin derivatives with ruthenocenes incorporated.** Different
macrocyclic ferrocene 1,1-diimines have been prepared,
reduced to amines, and employed in anion recognition.**?* In
contrast, only very few ruthenocene-based alkyl imines have
been reported. The known derivatives include a ruthenocene-
methylimine®® and some polynuclear ruthenocenes,*® includ-
ing a macrocycle containing two ruthenocene units connected
by conjugated imine-alkene bridges.?”

Herein, we report on a ruthenocene-diimine macrocycle
(2a) synthesised by dynamic covalent imine chemistry between
1,1"-diformylruthenocene (1) and 1,4-diaminobutane (DAB).
The macrocycle may be thermally converted to a ruthenoceno-
phane (2b). Both 2a and 2b are in a temperature- and concen-
tration-dependent dynamic equilibrium in solution, and 2a
can be converted to 2b by heating. The transformation is
reversible as 2a is regenerated upon cooling, and the mixture
can be switched multiple times without loss of activity.

Results and discussion
Synthesis of the ruthenocene-diimine macrocycle

Condensation of 1 with terminal diamines can potentially lead
to the formation of a mononuclear ruthenocenophane, a
dinuclear 1,1-ruthenocene-diimine macrocycle, oligonuclear
metallomacrocycles, or polymers through a polycondensation
reaction. We first assessed the reaction of 1 with an excess of
DAB in solution (Scheme 1a) and isolated the macrocycle 2a in
good yield after recrystallisation. A ferrocene-based analogue
of 2a has been reported previously.*® Inspired by a recent
report on the mechanochemical formation of imine cages
involving 1,1'-diformylferrocene,”® we tested the mechano-
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chemical synthesis of 2a by grinding 1 with DAB (Scheme 1b).
Indeed, 2a forms in a quantitative yield through a solvent-free
reaction in 30 minutes by simply grinding both reactants with
a glass rod. Imine-based Cu and Fe complexes were reported
to form by ball milling of organic aldehydes and amines in the
presence of metal salts, speeding up conventional solution
synthesis significantly.®® Single crystals of 2a, 2a-DCM, and
2a-H,0 suitable for X-ray diffraction were obtained. The mole-
cular structure of 2a-DCM is shown in Scheme 1c (Fig. S1 and
S2). Attempted analysis of 2a by "H and "*C NMR spectroscopy
always revealed minor amounts of another species, which has
been assigned to 2b. For a clear distinction, 2a is referred to as
“macrocycle” and 2b as “ruthenocenophane” henceforth.
Furthermore, the composition of the mixture in the solution
changed upon standing, showing an increase in 2b with time.
Due to symmetry, both compounds exhibit simple "H NMR
spectra showing the same coupling pattern, but with different
chemical shifts: one singlet for the imine protons at 7.86 ppm
(2a) and 7.78 ppm (2b), two pseudo triplets for the Cp-protons,
and the resonances for two distinct methylene units. Detailed 2D
NMR experiments (COSY, HSQC, HMBC and DOSY Fig. S3-S13)
were conducted on the mixture, which allows a distinction
between both components and assignment of the resonances.

Dynamic equilibrium

We then monitored a solution of 2a in chloroform-d upon
heating in an NMR tube, by simultaneously recording NMR
spectra at fixed intervals. This experiment confirmed a trans-
formation from 2a to 2b (Scheme 2).
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Scheme 2 Solution-state dynamic equilibrium between the macro-
cycle 2a and the ruthenocenophane 2b observed by NMR spectroscopy
in chloroform-d.
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(a) Synthesis of the macrocycle 2a from 1 and 1,4-diaminobutane in solution. (b) Mechanochemical synthesis of 2a. (c) Molecular struc-

ture of the macrocycle 2a-DCM, obtained by single crystal X-ray diffraction. H-atoms and a dichloromethane solvate molecule have been omitted

for clarity.
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Upon heating the sample to 50 °C, 40 "H NMR spectra were
recorded at a fixed interval of two minutes. Immediately, the
resonances of 2a began to decline, while the resonances of 2b
gained intensity. Fig. 1a shows overlays of the "H NMR spectra
of a freshly prepared sample of 2a in chloroform-d at room
temperature and selected spectra recorded at different time
points after heating and after cooling the sample. The remain-
ing NMR spectra are shown in the SI (Fig. S16). The relative
ratios of the two species at the different time points were deter-
mined by comparing the integrals of their iminic "H NMR
resonances (Fig. 1a and b). After approximately 30 minutes of
heating, the switching stalled, and the mixture reached a
steady state with >70% 2b.

We further performed 'H DOSY (diffusion ordered spec-
troscopy) NMR measurements before and after heating the
sample, confirming that the smaller species (2b) formed
during the transformation indeed diffuses faster than the
larger species (2a). Both species are clearly separated in DOSY,
allowing assignment of the "H NMR resonances of each com-
ponent in the mixture (SI, Fig. S11 and S13). We then assessed
the influence of residual water on the reaction outcome.
Initially, the transformation was conducted in chloroform-d
treated with K,CO; (blue and green traces, Fig. 1b). Next,

Imine-CH Cp-H Alkyl-H
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chloroform-d dried by distillation from CaH, was tested to
evaluate whether this slows the transformation, as it contains
less water. However, we observed the opposite: the transform-
ation accelerated (Fig. 1b, black and red traces). This was puz-
zling and, at first glance, suggested that the reaction is not
water-catalysed. For the ferrocene-based analogue, no such
transformation to a ferrocenophane was reported.>> However,
several ferrocenophane-based systems were reported to form
from reactions of 1,1-diformylferrocene with tri- and
polyamines.>**° In some cases, ferrocenophanes formed pre-
ferentially during synthesis. Others have argued that the differ-
ences are mainly due to the lengths of the diamines: shorter
diamines form macrocycles, while longer ones form ferroceno-
phanes.*® In none of these cases was any spontaneous trans-
formation to other species in solution mentioned. This is
perhaps because in many examples, the imines were directly
reduced to amines, thus locking this function for further DCC.

Metallocenophanes were previously prepared by the cyclisa-
tion of 1,1'-unsaturated carbon chains, and various mecha-
nisms have been proposed. These include ring formations via
nucleophilic  addition,>**®  redox-autocatalysis,>>*'  and
cascade cyclisations.”"?*> Here, we discovered a novel approach
in which handle formation is entropy-driven and can be
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Fig. 1 Switching cycles of the dynamic equilibrium between 2a and 2b. (a) *H NMR spectra in chloroform-d of the mixture at different time points
of a switching cycle. The resonances of 2a/2b shift subtly at 50 °C relative to room temperature (RT). The region of imine resonances used to deter-
mine the 2a/2b ratio is indicated by the box. (b) Overlays of the first conversion of 2a to 2b in chloroform-d, indicating a faster conversion in CaH,-
dried chloroform-d. The red and black traces were constructed from the same data as illustrated in (a). (c) The black (2a) and red (2b) traces rep-
resent the relative amounts of the compounds. The lines serve as a guide for the eye only. A red background denotes conversions from 2a to 2b and
a blue background denotes the reverse reaction. These regions are not to scale with each other.
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achieved through DCC. Interestingly, upon cooling the sample
to —25 °C, the mixture equilibrated back under regeneration of
2a. This reverse reaction is significantly slower and results in
an approximate 1:1 ratio of 2a/2b upon standing for several
days (Fig. 1c). Next, the sample was subjected to another
heating cycle (15 spectra, 40 minutes in total), and the system
switched again to 2b without any loss of activity. After success-
fully switching the system, we conducted several such cycles,
and no loss of activity was observed (SI, Fig. S16-S18).
Standing for over two weeks yielded only a slightly higher ratio
of 2b vs. 2a than standing for a few days. Fig. 1c shows the rela-
tive product ratios after repeated switching cycles in CaH,-
dried chloroform-d. For comparison, several such switching
cycles were conducted in K,COj-treated chloroform-d as well
(SI, Fig. S20-S24). We tested switching fatigue by running one
forward-backward sequence in the presence of 1,3,5-tri-
methoxybenzene as an internal standard, which confirmed a
steady integration of "H NMR resonances of the internal stan-
dard vs. imines. In the absence of any significant amounts of
side-products, this indicates a robust system. Consistent for all
the cycles, the transformation was faster in CaH,-dried than in
K,COs-treated chloroform-d. While the presence of 2b could be
confirmed by NMR spectroscopy and high-resolution mass
spectrometry, isolating the species proved challenging, so
further experiments were conducted. Preparation of 2b by
heating a solution of 2a in chloroform-d, followed by concen-
tration, always resulted in a back-conversion to 2a.
Furthermore, the macrocycle 2a is significantly larger and has
a lower solubility in common organic solvents, which led to its
preferred crystallisation. The initial switching experiments
were conducted at a concentration of 4.4 mM in chloroform-d,
and the maximum 2b content after heating was <75%.
Lowering the concentration to 1.5 mM resulted in a higher 2b
content of 86% after heating. However, upon concentration,
the mixture still reverted to 2a.

Trapping experiments

Since the isolation of 2b was not possible, attempts were made
at trapping it with electrophiles. Imines readily react with
Lewis acids, and the resulting acid-base adducts are expected
to halt the reverse reaction to 2a. Thus, 2a was switched to 2b
by refluxing it in chloroform, followed by the addition of HCI
in ether. Indeed, the diiminium cation [H,-2b]** easily formed,
which could be isolated in different forms (Scheme 3).

Initially, we directly crystallised [H,-2b]** from the
reaction mixture by slow liquid diffusion of pentane into a
chloroform-d solution. This yielded single crystals, which were
very sensitive once removed from the solution. On exposure to
air, they became instantly brittle and decomposed within
seconds. Single crystal X-ray diffraction confirmed the pres-
ence of the doubly protonated ruthenocenophane [H,-2b]**
(Fig. 2a). Notably, it contained three CI~ counterions in combi-
nation with a further H50," cation, which is known as the
Zundel cation.

The atomic positions of the iminium protons and the
protons of the Zundel cation were obtained from the diffrac-
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Scheme 3 Trapping of 2b as the dication [H»-2b],*, co-crystallised
with a Zundel cation [H,-2b]Cl,-(H50,)Cl and the removal of HCl to
yield [Hz-2b]Cl,-2H,0.

tion map. Important bond lengths and angles are reported in
Table S3 (SI, page S33). Zundel cations are interesting and rela-
tively rare species, first described by Zundel in 1968.*?
Together with hydronium cations (HzO') and Eigen cations
([H;0(H,0);]), they form the basis of various investigations of
hydrated protons. The ions have been studied in solution by
X-ray absorption spectroscopy*® on metal surfaces by scanning
tunnelling microscopy’® and in the solid state by
crystallography.*>™° For example, the Zundel cation was pre-
viously crystallised with nitranilic acid,*®*” hydrated 1,8-bis(di-
methylamino)-naphthalene hydrochlorides,* and protonated
N,N,N,N-peri(dimethylamino)naphthalene chloride.*® In chlor-
ide-containing systems, it is stabilised by chloride ions,
forming infinite chains in the crystal. Like these organic pre-
cedents, the Zundel cation in the current organometallic
system is stabilised by H-bonding to four chlorides. We have
further discussed the crystallographic data, including
Hirshfeld analysis, in the SI (pages S31-S38).

The formation of the Zundel cation arises from the excess
HCI used in the reaction and residual water. We cannot fully
exclude water residues from the starting material, and the
commercial HCI solution in diethyl ether likely contains them
as well. Compound 2a can also crystallise with water molecules
in the cavities (SI, Fig. S2), showing that the hydrated macro-
cycle is stable in the presence of water. This water can be
trapped in the crystal lattice, likely making it difficult to
remove by drying in a vacuum. In contrast, it is expected that
HCI removal can be facilitated by applying a high vacuum.
Thus, we subjected the crude reaction mixture to vacuum
drying, which indeed removed the excess HCIl and allowed
crystallisation of [H,-2b]Cl,-2H,O without the Zundel cation.
Two different types of crystals formed, and both the blocks
(C2/c) and needles (P2,/n) contained the dication [H,-2b]*",
which co-crystallised with two water molecules and two chlor-
ides. Their molecular structures are shown in Fig. 2b and c.
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Fig. 2 Molecular structures of [H,-2b]Cl,:(H50,)Cl containing a Zundel
cation stabilised by three chlorides (a) and the two different modifi-
cations of [H,-2b]Cl,-2H,0: (b) C2/c and (c) P2,/n.

Notably, in the P2,/n space group, a cage-like structure was
obtained (SI, Fig. S32). The sensitive [H,-2b]** decomposed
upon exposure to air but remained stable under an argon
atmosphere.

We further assessed the coordination chemistry of 2a and
2b with a palladium N-heterocyclic carbene (NHC) complex

This journal is © the Partner Organisations 2026
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fragment (Scheme 4). For this, a well-established procedure
was followed by cleaving the dimeric [PdBr,(*Pr,-bimy)],
complex (‘Pr,-bimy = 1,3-diisopropylbenzimidazolin-2-ylidene)
with 2a/b in acetonitrile.>*”" Compound 2a was used without
conversion to 2b, although the reaction mixture was heated
gently to increase the solubility of the starting material. The hex-
ametallic ruthenocene macrocycle 3a was obtained as the major
product in 56% yield. It was sparingly soluble in acetonitrile
and precipitated from the reaction mixture upon cooling, which
allowed easy isolation by filtration. The filtrate was further con-
centrated, yielding single crystals of the trimetallic ruthenoceno-
phane 3b. Compound 3b was only characterised by single
crystal X-ray diffraction and high-resolution mass spectrometry.
The molecular structures of the multimetallic complexes are
shown in Fig. 3. The ring system of the macrocycle of 3a was
expanded in a wider manner compared to 2a, as the imine sub-
stituents of the ruthenocenes were situated in a 1,2'-confor-
mation to accommodate the four Pd-NHC units.

Compound 3a crystallised with half a molecule in the asym-
metric unit, and the intramolecular Pd-Pd distance is
6.7265(7) A, which is unobstructed with no other atoms in
between. In 3b, the Pd-NHC units point away from each other
with a larger Pd-Pd distance of 7.3992(6) A due to the separ-
ation by the ruthenocenophane handle. The important bond
lengths are summarised in Table S5 (SI, page S38). The Pd-C
bonds in 3a and 3b range from 1.959(3) to 1.974(3) A, com-
pared to 1.947(3) A for the starting material [PdBr,('Pr,-
bimy)],>® and 1.953(4) A for a reported (mononuclear) pyridine
analogue.®® The slightly longer bond is due to a stronger o-
donating ability, as evinced by the determination of its Huynh
electronic parameter (HEP).>' The HEP value obtained from 3a
was 163.7 ppm, compared to 159.5 ppm for pyridine.** The
very small amounts of 3b available precluded the determi-
nation of its HEP value.

Mechanism of the dynamic transimination

Having gained reasonable control over the dynamic equili-
brium, we investigated the mechanistic aspects of the macro-
cycle to ruthenocenophane transformation. Such transform-
ations are known to be driven by entropy,® as at elevated temp-
eratures, the presence of more, smaller molecules, relative to
fewer, larger molecules, is favoured. The reverse applies when
cooling the mixture. Similar effects apply when diluting a solu-
tion: the dilution pushes the equilibrium towards more mole-
cules, whereas a more concentrated solution behaves in the
opposite way. From a mechanistic perspective, the most likely
pathway for the transformation appears to be water-catalysed,
as imine-amine equilibria are well known. Imine-amine®® and
imine-imine scrambling have been reported,”® and are
referred to as transimination and imine metathesis, respect-
ively. A control experiment was conducted by adding an excess
of an alkylamine to 2a and heating the mixture in chloroform-
d (Scheme 5a). This led to the formation of scrambling pro-
ducts that were evident in the resulting "H NMR spectrum (SI,
Fig. S27 and 28). Mass spectrometry confirmed the presence of
2¢ and 2d, showing that macrocycle 2a opens upon reaction
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Scheme 4 Synthesis of the hexametallic macrocycle 3a and the trimetallic ruthenocenophane 3b by a reaction of [PdBr,(MeCN)(Pr,-bimy)] with 2a

and 2b.

Fig. 3 Molecular structures of the hexametallic macrocycle 3a (a) and the trimetallic ruthenocenophane 3b (b), determined by single crystal X-ray
diffraction. Acetonitrile solvate molecules, H-atoms, and a disorder in the [8]-handle of 3b were omitted for clarity.
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Scheme 5 Control experiments. (a) Reaction of 2a with an excess of
n-propylamine under typical conditions for the transformation of 2a to
2b. (b) Attempted reaction of 2a with a stoichiometric amount of the
ruthenocene—diimine 2e.

No reaction

Inorg. Chem. Front.

with a free amine. Subsequently, a reaction with a free 1,1'-
ruthenocene-diimine (2e) was assessed. For this, we mixed 2e
with 2a in a 1:1 ratio under typical conditions for the trans-
formation of 2a to 2b. No imine scrambling occurred, and
thus, imine metathesis can be ruled out. Interestingly, the
transformation of 2a to 2b was also inhibited, and the reaction
mixture contained traces of free isopropylamine observed by
"H NMR spectroscopy. This suggests that 2e acted as a water
trap. It is likely that any residual water in the mixture reacts
preferentially with 2e, the smaller and presumably more reac-
tive molecule. We further tested the transformation in the
presence of bulk 4 A molecular sieves as water-absorbing
agents. This, however, led to most of 2a being eliminated from
the solution, presumably through interaction with the mole-
cular sieves. Based on these observations and the likely invol-
vement of multiple bifunctional reactive species, we propose
the mechanism shown in Scheme 6. On the way from 2a to 2b,
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transformation.

compound 2a likely opens by hydrolysis to give I1 as the key
intermediate. I1 can further hydrolyse to produce two equiva-
lents of intermediate 12, one equivalent each of I3 and 1, 14
and 1, and DAB. And I1 may close again by intramolecular
condensation to 2a. I2 can react back to I1 through combi-
nation with another equivalent of 12 to give I1. Furthermore,
I1 may react directly to 2b by an intramolecular transimina-
tion, which in turn generates another equivalent of I2. The
direct transimination of I1 to 2b is the pathway requiring the
fewest steps, but it requires water to initiate the transform-
ation. All hydrolysis steps to 12, I3, I4, 1, and DAB require more
water, and are unfavourable for the formation of 2b, which
could explain the experimental observation of a slower trans-
formation with chloroform-d dried over K,CO; than with
CaH,, as the former retains more residual water. For example,
the formation of I3 from I1 generates one equivalent of 1.
Since 1 contains two aldehyde functions, it would require reac-
tions at both functions with a free amine to ultimately regener-
ate 2b. Similarly, the route from I4 to 2b, via 12, requires an
additional step of forming I2. The magnified baselines of the
VT NMR spectra for switching in chloroform-d, distilled from
CaH, (SI, Fig. S19, last cycle), do not show evidence of alde-
hyde signals. In contrast, the switching in chloroform-d, dried
over K,COj3, shows a low-intensity signal at 9.7 ppm, visible
after spectrum number 20 (Fig. S25). The signal evolves
slightly across the different cycles, but the overall intensity
remains low (<1%) relative to the total imine resonances in the
last run (Fig. S26). This signal matches the chemical shift of
1°° and likely originates from the involved aldehyde functional
groups of 1 and/or the intermediates I1/I12/I4. Its absence in
the dryer chloroform-d further supports the hypothesis that
fewer aldehyde functions are present in this sample. Our
experiments unambiguously confirm that 2a has a very high
tendency to form and is favoured over 2b and I3, even with a
ten-fold excess of DAB. Reactions in the solid state and in solu-
tion gave similar results, and no I3 was detected. The test with
free n-propylamine further confirmed that amine-imine inter-
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change occurs under the applied conditions, thus making it
plausible that such exchanges occur at the remaining imine
functions after the hydrolytic opening of 2a to I1. We postulate
that when only traces of water are present, hydrolysis stops
for the overwhelming majority of molecules at I1, which in
turn cyclizes to 2b via an intramolecular transimination. In
addition, I2 generated simultaneously cyclizes through intra-
molecular condensation to 2b. This kinetic product is stable at
elevated temperatures and in high dilution. Upon cooling or
concentrating, transimination and hydrolysis of 2b at one
imine function may occur, regenerating I1 and 12, respectively.
Alternatively, 12 can also recombine directly to 2a in a con-
certed manner. The different possible pathways outlined in
Scheme 6 highlight the complexity of the system under investi-
gation. Although different multifunctional intermediates are
involved, the conversion 2a to 2b (and vice versa) behaves in a
remarkably straightforward manner and is therefore a self-
sorting system.

To further elucidate the switching mechanism between 2a
and 2b, we conducted a DFT-level theoretical investigation
using four commonly employed functionals: B3LYP, B3LYP-D3,
MO06, and ®B97X-D. While imine hydrolysis and transimina-
tion reactions are well documented®® and were not modelled
further, the thermodynamics of the exchange process had not
been characterised for this specific system. Our calculations
focused on evaluating the relative free energies of 2a and 2b,
which are expected to drive their dynamic covalent switching.
However, the small anticipated energy differences (AG =
2-10 k] mol™") present a significant challenge for compu-
tational modelling, as they are highly sensitive to the choice of
functional, basis set, and solvation model. The results (Table 1)
reveal that most functionals predict 2a to be slightly more stable
or nearly isoenergetic with 2b at —25 °C, consistent with the
experimental 1: 1 equilibrium ratio. At 50 °C, 2b is predicted to
be more stable than 2a by approximately 10 kJ mol™", although
this overestimates its proportion (>97%) compared to the
experimentally observed ~1: 3 ratio (2a/2b).
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Table 1 Calculated thermodynamic parameters for the reaction 2a — 2 2b at different DFT levels?

Functional B3LYP B3LYP-D3 MO06 ®B97X-D
AG,4g” -0.2 (52) 2.3 (25) -10.5 (99) -0.2 (53)
AG;0; ¢ —11.1 (98) -9.1(97) —21.7 (100) —12.7 (99)
AE? 32.6 41.1 26.6 40.2
AAGeor” —36.2 (—47.1) —40.0 (-51.4) —37.4 (—46.8) —41.8 (-54.2)
AAGsolvf 3.4 1.3 (10.4)° 0.3 , 1.4

N-N" 4.161 3.843 3.790 (3.790)’ 3.792

“Energy in k] mol~". Calculations were performed usin%‘] the SMD(CHCI;) solvation model at the DFT/def2-TZVPP//DFT/def2-SVP level of theory

with B3LYP, B3LYP-D3, M06 and wB97X-D functionals.

Free energy of the reaction 2 — 2 2b at 7 = 248 K. AGy =

AE + AAGCO"(T) + AAGgg)y-

Values in parentheses 1nd1cate the predlcted equlhbrlum percentage of 2b. ¢ Free energy of the reaction at 7 = 323 K. Values in parentheses % of
2b. Electronlc energy of the reaction. ¢ Change in enthalpic and entropic correctlon terms for the reaction at T = 248 K (values in parentheses at

T = 323 K). fChange in solvation energy for the reaction. £ Value for methanol. "

N---N distance between imine groups on the same ruthenocene

in 2a (A). Experimental values in 2a-DCM: 4.269-4.273 A. | Geometry optimised with implicit solvation.

This discrepancy underscores the inherent limitations of
DFT calculations, where cumulative small errors can signifi-
cantly affect the predicted energetics in finely balanced
systems. Notably, the M06 functional deviates significantly
from the others, predicting a much higher stability for 2a
(AGps = —10.5 k] mol™). The electronic energy of 2a is
approximately 30-40 k] mol ™" lower than that of 2b, indicating
greater electronic stability for 2a. Conversely, enthalpic and
entropic contributions increasingly favour 2b at elevated temp-
eratures. Solvation effects slightly favour 2a but are modest in
chloroform. In contrast, these effects are substantially more
pronounced in methanol (AAGg,, = 1.3 and 10.4 k] mol™" in
chloroform and methanol, respectively, at the B3LYP-D3 level),
which may explain why the synthetic route shown in
Scheme 1a predominantly yields 2a. Finally, the optimised
N-N distance in 2a is accurately reproduced only when dis-
persion corrections are omitted, suggesting that dispersion-
corrected functionals may overestimate intramolecular
C-H:--H-C interactions in this macrocyclic system.

Conclusions

In summary, we have demonstrated that a dimeric rutheno-
cene-based macrocycle 2a can be obtained in good yields from
the bifunctional 1,1’-diformylruthenocene and 1,4-diaminobu-
tane in solution and by mechanochemical synthesis. The
macrocycle exhibited a temperature- and concentration-depen-
dent dynamic equilibrium with the corresponding ruthenoce-
nophane 2b. The two compounds could be switched back and
forth multiple times without loss of activity. Notably, the
ruthenocenophane is highly reactive and therefore could only
be characterised in solution, but it could be trapped and iso-
lated as a dication, [H,-2b]*". Furthermore, both the macro-
cycle and the ruthenocenophane were trapped as Pd-NHC
adducts, yielding a large hexametallic macrocycle 3a and tri-
metallic ruthenocenophane 3b. Supported by control experi-
ments and DFT calculations, we propose a water-catalysed
transimination mechanism for the reversible transformation
between both species.
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