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ABSTRACT: A strained, “springloaded” Fe.L; iminopyridine mesocate shows highly variable reactivity
upon post-assembly reaction with competitive diamines. The strained assembly is reactive towards
transimination in minutes at ambient temperature, and allows observation of kinetically trapped
intermediates in the self-assembly pathway. When diamines are used that can only form less favored
cage products upon full equilibration, trapped ML; fragments with pendant, “hanging” NH, groups are
selectively formed instead. Slight variations in diamine structure have large effects on the product
outcome: less rigid diamines convert the mesocate to more favored self-assembled cage complexes
under mild conditions and allow observation of heterocomplex intermediates in the displacement
pathway. The mesocate allows control of equilibrium processes and direction of product outcomes via
small, iterative changes in added subcomponent structure and provides a method of accessing metal-
ligand cage structures not normally observed in multicomponent Fe-iminopyridine self-assembly.

INTRODUCTION

Reversible metal-ligand based self-assembly
has enabled the creation of a variety of cage
polyhedra! that display functions ranging from
biomimetic catalysis,? to molecular recognition,?
structural switching®* and drug delivery.® The
central strategy in the self-assembly process is
that the final desired product is the
thermodynamic minimum: by exploiting
enthalpically favorable metal-ligand coordinate
bonds, the entropic penalty of bringing together
multiple different components into a single
assembly is overcome.® As a result, the vast
majority of cage assemblies are highly
symmetrical: controlled formation (and
characterization) of assemblies with low
symmetry is less common.” In addition, the vast
number of moving parts in a reaction means that
identifying kinetically trapped intermediates is
highly challenging. There have been a number of
examples of intermediate analysis in the
formation of Pd-pyridyl cages,® but observation of
intermediates in assemblies exploiting octahedral
metals is underexplored.® This can be challenging
due to the relatively low lability of bidentate
ligands,'® which slows the dissociation rate, often
requiring heating to equilibrate between different
cage structures. Whereas ligand switching in Pd-
pyridyl cages is quite common,!! interconversion

between bidentate ligands such as catecholates
and bipyridyls in cage complexes is less well
known,*? and kinetic trapping of intermediates
and the formation of unfavorable cage complexes
is far more difficult.

To sidestep the requirement for metal-ligand
dissociation, an alternative strategy can be used.
The combination of reversible, multicomponent
imine formation with early transition metal salts,
most usually Fe?*, allows access to a wide range
of cage structures.’® The cages are usually
assembled from the constituent parts by
combining the metal salt, an amine and an
aldehyde. If one of these components (either the
amine!® or the aldehyde!®) is di-,* tri-'® or
tetrapodal,!” cage polyhedra of various structures
can be accessed. Transimination of the aldehyde
or amine component'® is a well-known strategy
for structural switching and ligand exchange in
these self-assembled cages,’* and can occur
rapidly, allowing facile ligand exchange in
complexes that otherwise display very strong
metal-ligand coordination.

However, these assemblies often require
equilibration to form a single discrete product,
and trapped intermediates are rarely isolated,?°
even though the transamination reactions can be
rapid. The challenge lies in the complexity of the
process: the mechanisms are far more complex
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than simple metal-ligand dissociation processes,
and so observing intermediates via NMR is
difficult. Complexes with “hanging”, pendant
amines, which are one possible intermediate in
the assembly process, are not generally
observed. The thermodynamic products are
generally either discrete cages or coordination
polymers: if the «cage or macrocycle is
geometrically inaccessible, polymerization is the
most likely alternative rather than the formation
of trapped intermediates. If the initial assembly
reactions could be performed at Ilower
temperatures, visualization of kinetically trapped
intermediates is more feasible. As part of our
studies on the construction and application of
functionalized self-assembled cage complexes,?!
we?? and others* have exploited strained, high
energy assemblies to drive post-assembly ligand
reactivity, additionally they can be exploited to
confer social self-sorting between different ligand
types.?*?> These assemblies can be used as
starting materials for assembly of other cage
structures. If the initial iminopyridine assembly is
only partially stable, the transimination process
will be accelerated. The challenge lies in finding a
stable, yet not too stable starting assembly. Here
we exploit a strained self-assembled mesocate as
a “springloaded” precursor for cage assembly,
and investigate its unusual reactivity patterns.

RESULTS AND DISCUSSION

The mesocate Fe;Xs;¢Pys*(ClO,), (Figure 1),2
formed by heating 2,7-diaminoxanthone (X), 2-
formylpyridine  (PyCHO) and Fe(ClO4), in
acetonitrile, is an interesting example of a
strained assembly. In contrast with the many
other Fe,L; helicates known in the literature,?®
Fe,Xs3*Pys is paramagnetic at room temperature
and displays a red coloration indicative of a
weaker ligand field than most Fe-iminopyridine
complexes, which are generally diamagnetic and
deep purple in color. Displacement experiments
illustrate the low stability, as complete
displacement of diaminoxanthone from Fe,X5*Pys
is possible upon transimination with diamines
such as diamino-suberone under equilibrium
conditions (70 °C, < 4 h).?*® We investigated its
ability to act as a precursor for cage assembly by
adding different aniline species to a solution of
Fe,X5°Pys in CDsCN, and monitoring the change
in NMR spectrum over time at ambient
temperature. The different aniline displacer
ligands used are shown in Figure 1. They range
from ligands similar to diaminoxanthone X
(diaminoxanthene XE, di(aminophenyl)methane
DPM and di(aminophenyl)xanthene DPX), to
ligands that form cages of differing
stoichiometries (the diaminofluorenyl ligands
F,?® FOH and FO,” and tripodal ligand APAZ%°),

Each ligand is based on a substituted aniline
scaffold, and should displace X from Fe,X;Pys at
generally similar rates. However, the reactivity
profile of these ostensibly similar ligands turns
out to be highly variable.
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Figure 1. a) Multicomponent self-assembly of 2,7-
diaminoxanthone X into the Fe,X3*Pys mesocate.?®
b) Structures of the competitive displacer ligands
used.

The initial displacement tests were performed
with fluorenyl ligands F, FOH and FO, which are
an excellent illustration of how small changes in
ligand can effect large changes in cage structure.
The three ligands have almost identical
coordination angles, rigidities and only small
variations in donor ability. FOH, when combined
with PyCHO and Fe(ClO4),, forms a mersfac MylLs
structure that binds one ClO, ion in the cavity.” In
contrast, F, varying only by the absence of the
OH group, forms an uncontrolled mixture of MyLe
stereoisomers.??® The ketone FO forms a complex
mixture of non-cage assemblies, presumably
poorly defined aggregates and coordination
polymers. All of these cages require heating to
access clean, equilibrated product.
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Figure 2. Deconstruction of the

CDsCN, 400 MHz). b) Minimized structures of
Fe,Xs*Pys, mer-FeFs*Py; and fac-FeFs;*Py; (B3LYP-
D3(BJ)/6-31G(d) basis set). c¢) Predicted vs
experimentally obtained ESI-MS peaks for the
[FeFs+Pys]** ion.

An excess (4 molar equivalents with respect to
Fe:X5*Pys) of diaminofluorene F was added to a
5.8 mM CDsCN solution of Fe;X3;*Pys*(ClO,)s at
ambient temperature and the process monitored
by NMR. As expected, the strained Fe,Xs;*Pys
reacted rapidly, and after only 10 mins two new
products were clearly visible in the 'H NMR
spectrum (Figure 2a, see Figure S-9 for full
spectra). The reaction was complete after 2 h,
and only Fe;X3*Pys and the two products were
observable at any point in the reaction. No
further reaction occurred at 23 9C, and the
products were analyzed by 2D NMR and ESI-MS.
No peaks corresponding to the expected
Fe,Fe*Py1, cages were present. Surprisingly, the
two products formed were the two isomers of the

non-cage ML; complex FeFs;*Py;, along with
excess ligand F and expunged X. The complexity
of the NMR stems from the fact that the mer
isomer does not have C; symmetry, and so all
peaks from the fluorenyl ligand are tripled in the
NMR spectrum.?” The fac:mer ratio was 1:4.6,
and this ratio (within integration error) was
consistent throughout the reaction. 2D COSY and
DOSY NMR experiments clearly showed the
presence of the two isomers, and ESI-MS analysis
corroborates the assighment. No
heterocomplexes were observed, only peaks for
[FeFs*Pys]** and a [FeF,*Py,]** fragment, plus
small peaks from the Fe,X;*Pys reactant and
ligands F and X (Figure 2c, see Figure S-40 for
full spectrum). In addition, an MLs; complex,
independently synthesized from p-phenetidine,
Fe(ClO,4)2 and PyCHO, displayed NMR spectra that
were consistent with the fac:mer mixture seen
with FeFs3*Py; (see Figure S-33), although with a
higher proportion of mer isomer present (fac:mer
ratio = 1:10.7).

Despite the general favorability of cage
assembly in these systems, the presence of
reactive diaminoxanthone X, the “hanging”
amine groups in FeF3*Pys; and the fact that
Fe.Xs3*Py¢ is thermodynamically favored over a
combination of X, Fe* and PyCHO, the ML;
fragment is completely favored in this system. In
addition, no evidence of any incorporation of
diaminoxanthone X in the final product was
observed, only homocomplex FeFs;¢Pys;. This was
surprising, as we are aware of only one self-
assembled system that is tolerant to free NH,
groups; that of the assembly of tripodal ligands
such as APA (vide infra).?° In our hands,”?*?? all
types of Fe,L; or FesLs cages react with diamines
in one of three ways: complete displacement by
the incoming ligand (leading to FesL2, + amine
L1), no reaction (leading to Fe,L1, + amine L2),
or partial displacement leading to
heterocomplexes and/or decomposition. Despite
this, the FeFs;*Py; mixture was stable: no
conversion to other products was seen at 23 °C
for multiple days, and the product could be
cleanly isolated from the reaction mixture by
precipitation and washing. No conversion to the
FesFe*Pyi12 cage was seen upon heating to 70 °C
for 16 h, and more extensive heating led only to
decomposition. In attempt to determine whether
FeFs;*Py; is an intermediate on the path to
FesFe*Pyi12, diaminofluorene F, Fe(ClO4), and
PyCHO were reacted for 2 h in CDsCN at 23 °C,
conditions that are too mild to effect cage
formation (see Figure S-35). In this case, no
peaks for either the fac or mer ML; fragment
were observed, only a complex mixture of
products and starting materials. However, upon
heating, FesFe*Py1> was formed as expected.
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Figure 3. Relative single point energies (B3LYP-
D3(BJ)/def2-TZVP in implicit acetonitrile) of mixed
X/F Fe,Ls heterocomplexes, reactant Fe,Xs*Pys and
product fac-FeFs*Py;in kcal/mol.

Evidently the xanthone starting material forces
the reaction to an outcome unobserved with the
simple amine/aldehyde assembly process. The
unfavorability of both the reactant Fe,X;*Py¢ and
the putative cage product Fe,Fe¢*Py:> cause the
system to form the only favorable possibility left,
FeF;+Py;. Dispersion-corrected density functional
theory calculations were performed to shed light
on this (Figure 3), and it was immediately
obvious that the mixed mesocate
heterocomplexes are extremely strained and
even more disfavored than Fe,X3*Pys. The
geometries of the possible M,L; heterocomplexes
(Fe2X2F’Py6, Fe2XF2’Py5, Fe2F3'Py5) were
optimized using B3LYP-D3(B)) in the 6-31G(d)
basis set and implicit acetonitrile polarizable
continuum solvent, followed by single point
energy refinement in the larger def2-TZVP basis
set.® These energies were then compared to
those of Fe;X;*Pyes and two equivalents of fac-
FeFs;+Pys. The sequential replacement of each X
ligand in the M,L; mesocate structure by an F
ligand causes an increase in energy, with
Fe,F3*Pys being 19.6 kcal mol? less stable than
Fe,Xs3*Pys. In contrast, the opened fac-FeFs;*Py;
product is over 38 kcal/mol more stable than
Fe.X3*Pys. The concept of a *“goldilocks”
scheme?® is present here: neither reactant
Fe.X3*Pys or putative product FesFs*Py:> are
particularly favorable assemblies, and so the
system forms the only other stable product
outcome, FeF;*Py;, despite the presence of
hanging, reactive NH, groups.
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Figure 4. Concentration-dependent Reactivity. a,b)
Downfield regions of the 'H NMR spectra of the
addition of varying concentrations of APA (a = 14.2
mM, b = 22.5 mM) to Fe;X3*Pys*(ClO,)s (5.8 mM)
over time (23 °C, CDsCN, 400 MHz). c) ESI-MS
spectrum of the reaction mixture from a) after 45
min reaction time. d) ESI-MS spectrum of the
reaction mixture from b) after 45 min reaction time.

Addition of the two other fluorenyl variants
FOH and FO to Fe;X3*Pys in CDsCN gave even
more surprising results. Diaminofluorenol FOH
forms a very stable Myls structure in the
presence of ClO, ions,” but when added to
Fe,Xs*Pys, a mixture of products was formed,
with no peaks that corresponded to Fe4,FOHeg*Py1,
or the FeFOH;+Py; complex. Diaminofluorenone
FO showed no reactivity at all. When an excess
was added to a solution of FexXz*Pyes in CD5CN,
the peaks for FO were broad and ill-defined, but
the meta-stable Fe;X3;*Pys was unchanged, even
after 2 days reaction. More extensive heating to
drive the reaction to product caused
decomposition. Despite the similarity in
nucleophilicity between F, FOH and FO, only F
was able to form a discrete product when added
to Fe2X3‘Py6.
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To see if these variations in reactivity were a
general phenomenon, we analyzed a ligand that
is known to tolerate hanging amine groups in its
assembly: tripodal ligand APA. This ligand has
been shown by the Nitschke group to form either
the  kinetically trapped M.L; mesocate
Fe,APA;*Py; with three unreacted NH. groups
present, or the fully reacted M,L, tetrahedral
cage Fe,APA,*Py;; when APA is reacted with Fe?*
salts and PyCHO.%° The product outcome depends
on the proportions of PyCHO/Fe* and
temperature: mesocate Fe,APA3*Pys can be
converted to cage Fe;APA,°Py:> upon heating.
The mesocate can form at 23 ¢C, whereas the
MsL, requires heating at 80 °C for 11 days to
effect full equilibration.

Using the same procedure as for F, APA was
added to a solution of Fe;X3*Pysin CDsCN and the
reaction monitored by NMR (Figure 4a). Initially,
only a single equivalent of APA (with respect to X
in Fe;X3*Pys) was used (see Figure S-22 for full
spectra). Only one product was observed in this
case, mesocate Fe,APA;*Pys. No MyL, cage or
ML; fragments were observed at any time.
However, when Fe,X3*Pys was subjected to an
excess of APA (up to 4 eq. with respect to X in
Fe,Xs3*Pys), no Fe,APA;3;*Pys mesocate was seen
(see Figure 4b and Figure S-23). Instead, the two
isomers of the ML; fragment FeAPA;+Py; formed,
with a fac:mer ratio was almost identical to that
of FeF;*Py; at 1:4.3. The ML; mixture was not
completely stable: the product could be isolated
in sufficient purity for NMR analysis, but
decomposed within 24 h. If the FeAPA;3*Py;
mixture was heated to 70 °C for 2 h, complete
conversion to Fe,APA;*Pys was observed.
Interestingly, we were unable to access the ML,
tetrahedron using this method. More extensive
heating caused decomposition, and no evidence
of Fe,APA,*Py:; could be seen. This is not too
surprising, as the proportions of Fe to PyCHO are
fixed at a 2:3 ratio by the Fe,;X3°Pys reactant (an
incorrect stoichiometry for M,L, formation), but it
is another example of biased reactivity. When
formed from the aldehyde and amine,
Fe,APAs;*Py; can easily be converted to
FesAPA,*Py:, upon further heating the reaction
mixture. As there is minimal aldehyde present in
our case, this interconversion is prevented.

The APA and F ligands illustrate the strained
nature of Fe,X3*Pys. Upon addition of competitive
ligand, reversible transimination occurs,
springing open the strained Fe,X;*Pys mesocate.
The initial product formed in each case is the
opened ML; complex, but the reaction outcomes
vary from there. In the case of F, no further
reaction is observed, as there are no other viable
assemblies to access. In the case of APA, the ML;
mixtures are only transient intermediates. If

[APA] is low, steady state kinetics are observed,
and no intermediates are seen during the slow
equilibration to Fe,APA;*Pys. If [APA] is high, the
equilibrium is biased towards the ML; complex,
and the result is a resting state of FeAPA;¢*Pys.
This is a kinetic resting state, however, and can
be easily driven to the thermodynamically
favored M,L; product upon mild heating. The
reaction outcomes are controlled by the product
structure: the ML; complexes are not affected by
strain, coordination angle or other
supramolecular effects, but their formation lies in
the (lack of) stability of the other possible
products.

We next investigated ligands that are very
similar in structure to X. Diaminoxanthene XE
and di(aminophenyl)xanthene DPX are different
from X in only two ways: greater electron donor
ability (in both cases) and length (in the case of
DPX). We have previously shown that
diaminoxanthene forms a stable M,L; mesocate
upon self-assembly with Fe(ClO,), and PyCHO.?%*
Diaminoxanthene XE was added to a solution of
Fe,Xs3*Pysin CDsCN and the reaction monitored at
23 °C by NMR (see Figures 5a and S-29). After <
2 mins reaction, no peaks for Fe;X;*Pys remained
in the 'H NMR spectrum, only a single new
product (plus residual diamines X and XE). The
peaks for the new product did not match those of
the expected Fe,XE3*Pys mesocate, however. The
initial product formed was the opened ML;
complex FeXEz*Pys, but in this case, only a single
fac isomer was formed. The product is
symmetrical, and the 'H NMR peaks in the
iminopyridine region match those of the other
two observed fac ML; species, FeFs*Pys; and
FeAPA;+Py;. In contrast to those ML; fragments,
however, the xanthene equivalent was only
observed transiently. Over time, new peaks grew
in to the NMR spectrum, corresponding exactly to
those of the self-assembled Fe,XEs;*Pys
mesocate. After 24 h, ~50 % conversion is seen,
and complete reaction requires 16 h heating at
70 °C. The reaction is clean, and no other
intermediates are observed: the
diaminoxanthene XE rapidly displaces the
xanthone X, followed by a slow equilibration to
the final Fe,XE3z*Pys mesocate.
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Figure 5. Length-dependent reactivity. a) Downfield
regions of the 'H NMR spectra of the addition of
diaminoxanthene XE (17.7 mM) to Fe;X3*Pye*(ClO4)4
(5.8 mM) over time. (23 2C, CDsCN, 400 MHz). b)
Downfield regions of the 'H NMR spectra of the
addition of extended xanthyl ligand DPX (17.6 mM)
to Fe;X3*Pyg*(ClO4)4 (5.8 mM) over time.

The extended di(aminophenyl)xanthene DPX
shows different behavior again (see Figures 5b
and S-31). In this case, the reaction is also
extremely rapid, and is complete in < 10 mins.
The products are a mixture of the helicate and
mesocate isomers of the Fe,DPX3*Pys assembly,
presumably due to the greater flexibility in the
extended DPX ligand.*>? The same product
outcome is formed when DPX is combined with
Fe(ClO,4), and PyCHO (for full characterization,
see Supporting Information). The reaction is so
rapid that no fragments or intermediates could
be observed, and if the ML; fragment is formed in
this case, it is significantly less favorable than
the helicate products. Despite the fact that DPX
is slightly less nucleophilic than XE, the
transimination reaction is significantly faster than
with XE. In both cases, the initial disruption of
the Fe;X3¢Pys assembly is rapid, but the
conversion of FeXEs*Pys; to Fe,XEs*Pys is slow.
Although no FeDPXs3*Py; can be observed, it is
reasonable to assume that the reaction goes via
that intermediate, but the second step is fast in
this case, and steady state kinetics are active, so
only Fe,DPX;°*Py;s is observed.
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Figure 6. Transient Heterocomplex Formation. a)
Downfield regions of the 'H NMR spectra of the
addition of diaminodiphenylmethane DPM (36.7
mM) to Fe;X5¢Pys*(ClO4)s (5.8 mM) over time. (23
9C, CDsCN, 400 MHz). Minimized structures of

heterocomplexes b) Fe,XoDPM -« Pys, C)
Fe.DPM;X Py, (B3LYP-D3(BJ)/6-31G(d) basis set).
Finally, we tested the simplest diamine

displacer ligand, di(aminophenyl)methane DPM,
which forms a highly stable M,L; mesocate; the
Ru equivalent is sufficiently stable in vivo to be
an effective anti-cancer agent.?® The mesocate
forms in < 2 h at 23 2C from DPM, Fe(ClO,), and
PyCHO, so equilibration to the thermodynamic
product is rapid. DPM is flexible, so is capable of
rotating to achieve various coordination angles
upon assembly. Interestingly, when DPM was
added to a Fe;X3*Pys solution, no evidence of ML;
fragments was seen: instead, Fe.X3;*Pys was
converted to Fe;DPMj;*Pys via a series of MylL;
heterocomplexes, as shown in Figure 6. The
displacement occurs rapidly: after only 10 mins,
peaks for the Fe,X;DPM¢<Py; heterocomplex are
seen. For clarity, only the imine CH region is
shown in Figure 6 (see S-32 for full spectra). After
30 mins, the peaks for Fe,X,DPM <Py, recede and
new peaks for Fe;X*DPM,*Py¢ grow in, followed
by those for Fe,DPMs;°*Pys product. After 2 h, the
reaction is complete, and only the equilibrated
mesocate is observed. In this case, the reaction
is not controlled by opening the strained
Fe,Xs*Pys, but by the stability of the product
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helicate Fe.DPM;*Pys. The DPM ligand has the
same length as diaminoxanthone X, and its
additional flexibility allows incorporation into
heterocomplex assemblies, which are more
stable than the opened ML; fragments. The
stability of the Fe.DPMj;*Py; product allows this
ligand to behave as expected: only iminopyridine
products are seen, with no “hanging” NH, groups.
As there is a stable cage outlet for the
transimination reaction, the process is directed to
that product.

A schematic summary of the reaction outcomes
is shown in Figure 7. The seven aniline
components used here vary only slightly in
nucleophilicity, yet the reaction time for
displacement of X from Fe, X3Py varies from <
2 mins (DPX) to multiple hours (F) and in one
case, no reaction occurs at all (FO). The product
outcomes are different: in cases where the
product cage is disfavored (e.g. F), stable Fel;
complexes containing “hanging” NH; groups
form. These ML; complexes can vary in their
isomeric ratio: mer is generally favored over fac,
except in the case of addition of XE, where only
the fac isomer is formed, and then only
transiently. This fac-FeXEs*Pys; complex is formed
almost instantaneously, yet slowly closes to the

Fe.XE3z*Pys mesocate wupon standing. The
extended DPX component shows no
intermediates or fragments and forms the

favored Fe,DPXs3°*Pys mesocate very rapidly.
Addition of DPM also gives the favored
Fe,DPM;*Pys; mesocate, but in this case, the
individual heterocomplexes can be transiently
observed during the reaction.
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Figure 7. Summary of reaction outcomes upon
addition of competitive amine ligands to Fe,Xs¢Pys.

a) Xanthenyl ligands XE, DPX; b) Fluorene F; c)
tripodal ligand APA; d) flexible ligand DPM.

The Fe,X3°Pys mesocate is unique: it s
sufficiently stable to be formed via self-assembly
with PyCHO, X and Fe** salts, yet unstable
enough to be displaced by added di- (or)-tri-
aniline at room temperature. Furthermore, the
reaction outcomes are highly variable, and often
controlled by the nature of the incoming
subcomponent. These highly disparate reactivity
patterns are extremely unusual, but some
mechanistic conclusions can be drawn. The initial
addition of diamine to Fe,X3*Pys is reversible and
fast, potentially occurring in seconds at ambient
temperature. The speed of the initial reaction
indicates that transimination is the prevalent
mechanism, not a dissociation of the
iminopyridine arm from the Fe2?* center, driven by
the Lewis acidic Fe®* ions and the strain release
upon opening of the Fe;X;*Pys mesocate. After
initial addition, the outcome is controlled by the
favorability (or lack thereof) of the products. If
the final product assembly has a high barrier to
equilibration (FesFe*Py1> or Fe,APA;°Pyi;), then
an equilibrating fac/mer mixture of Fel;
fragments with pendant amines is the default
product. Heating these fragments allows
equilibration to the thermodynamic product in
some cases, although the presence of multiple
diamine species in solution can interrupt this
process (especially for FOH). If the target cage
assembly is favorable, the equilibration to
product is observed, at a rate dependent on the
stability of the assembly. In these cases (with
diamines XE or DPX), the Fe,Xs3*Py¢ precursor is
rapidly broken open, then “snaps shut”. Finally,
in the case of more flexible diamines such as
DPM, sufficient strain release is possible upon
displacing diaminoxanthone from Fe,Xs3*Pys that
the conversion to thermodynamic mesocate
Fe,Xs*Pys occurs via iterative formation of
Fe,L%L%, mesocates. The mild conditions allow
observation of these heterocomplexes as
transient intermediates in that case, something
very rarely seen in multicomponent self-
assembly.

Still, some questions remain unanswered. It is
not at all clear why addition of diaminoxanthene
XE to Fe;X3Pysleads to formation of only the fac
isomer of the MLs; fragment (followed by slow
collapse to the M,L; product), whereas all other
cases give a mixture favoring the mer isomer.
The complete exclusion of diaminoxanthone X
from the ML; fragments is also unusual: there are
no strain considerations in the non-cage ML;
fragments, so the complete preference for FeF;
in the presence of X is highly surprising. The
formation of self-assembled cages and helicates
is a delicate combination of donor ability and
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coordination geometry, and accurate
determination of all the possible factors
controlling reactivity is challenging. Still, the
Fe,X5°Pys mesocate provides a unique insight
into the mechanism for formation of Fe-
iminopyridine cages, and allows redirection of
product outcomes from the usual suspects.

CONCLUSIONS

Employing a strained Fe-iminopyridine
mesocate assembly as a reactant for self-
assembled cage synthesis instead of the usual
metal salt/aldehyde/polyamine strategy allows
observation of unusual reaction outcomes.
Whereas most known cage complexes are the
thermodynamically favored product, and are
accessed via equilibration conditions, the
springloaded nature of the Fe,Xs*Pys mesocate
allows reaction and formation of discrete,
observable intermediates under mild, kinetically
controlled conditions. The cage shows highly
variable reactivity upon treatment with
competitive diamines. Kinetically trapped ML;
fragments with pendant, “hanging” NH, groups
are selectively formed over less favorable cage
complexes. When amines that allow more
favored cage assemblies are used, ML; fragments
are either observed as intermediates or bypassed
entirely on route to highly favored complexes.
Flexible diamines convert the assembly to more
favored self-assembled cage complexes under
mild conditions via heterocomplex Fe,L%L?
mesocate intermediates in the displacement
pathway. The strained nature of the mesocate
provides the impetus for the reaction, and the
final outcome is determined by the product
stability. The use of strained precursors allows
redirection of normal reactivity patterns, and may
well provide a useful method for the construction
of more non-symmetrical, complex cage
structures, a strategy we are currently
investigating.

EXPERIMENTAL SECTION

General Information

'H and 3C spectra were recorded on a Bruker
Avance NEO 400 NMR spectrometer. 2D NMR
spectra were obtained on a Bruker Avance 600
MHz NMR spectrometer. Proton (*H) chemical
shifts are reported in parts per million (8) with
respect to tetramethylsilane (TMS, 6=0), and
referenced internally with respect to the protio
solvent impurity. Deuterated NMR solvents were
obtained from Cambridge Isotope Laboratories,
Inc., Andover, MA, and used without further
purification. Mass spectrometric analysis was
performed using a Thermo LTQ linear ion trap
with a standard electrospray ionization source

(Thermo Fisher Scientific, San Jose, CA, USA).
Samples were directly infused at 3uL/min in 100
% MeCN, with the source voltage set to 3 kV,
tube lens at 75 kV and the capillary temperature
at 270 °C. CID fragment spectra were collected in
ZoomScan mode with isolation window = 5 m/z,
normalized collision energy (nCE) = 30 and
activation time = 30 ms. MS data was analyzed
using Thermo XCalibur. Predicted isotope
patterns were prepared using ChemcCalc. All
other materials were obtained from Aldrich
Chemical Company, St. Louis, MO, or TClI, Tokyo,
Japan and were used as received. Solvents were
dried through a commercial solvent purification
system (Pure Process Technologies, Inc.). Ligands
X,%2 XE,?® FOH,” and F** were synthesized
according to previously published methods. Cage
assemblies Fe,XsePyg,21e Fe,XEsz*Pys, 2%,
FesFOHs*Py1,,” and Fe,Fe*Py12,%°?® Fe,APA3*Pys,?°
Fe,APA4°Py»,?°  and Fe;DPM;*Py?° were
synthesized according to previously published
methods. Minimized geometries were obtained
via density functional calculations, optimized
using the B3LYP-D3(BJ)/6-31G(d) basis set, and
the single point energies calculated with the
larger basis set B3LYP-D3(BJ)/def2-TZVP.
Synthesis of New Compounds
4,4'-(9H-xanthene-2,7-diyl)dianiline

(DPX): Di-tert-butyl ((9H-xanthene-2,7-
diyl)bis(4,1-phenylene))dicarbamate (see
Supporting Information for synthesis) (150 mg,
0.27 mmol) was placed in a 10 mL round
bottomed flask with a stir bar. Trifluoroacetic acid
(neat, 2 mL) was slowly added to the flask. The
reaction mixture was allowed to stir at room
temperature for 12 hours. The reaction mixture
was then slowly added dropwise to a beaker
containing 10 g crushed ice and 30 mL saturated
sodium bicarbonate solution. When all the
reaction mixture had been added, the pH of the
solution was tested, and more bicarbonate
solution was added as necessary to reach a pH of
8. The solid product was then filtered, washed
with hexane and dried to give DPX as a tan solid
(92 mg, 0.252 mmol, 92 %). *H NMR (400 MHz,
DMSO-d¢) 6 7.43 (d, J = 2.2 Hz, 2H), 7.39 (dd, J =
8.5, 2.3 Hz, 2H), 7.36 - 7.32 (m, 4H), 7.07 (d, J =
8.4 Hz, 2H), 6.66 - 6.62 (m, 4H), 5.18 (s, 4H),
4.13 (s, 2H). 3C NMR (151 MHz, DMSO) 6 150.10
(s), 148.45 (s), 136.26 (s), 127.35 (s), 127.26 (s),
126.30 (s), 125.09 (s), 120.97 (s), 116.70 (s),
114.65 (s), 27.66 (s). (HRMS (ESI+) m/z calcd for
C25H20N20 46421, found 465.1422 (M+H)+

Fe.DPX;*Pys: DPX (50 mg, 0.137 mmol) was
added to a 25 mL round bottom and dissolved in
acetonitrile (5 mL). 2-pyridinecarboxaldehyde
(26.1 uL, 0.274 mmol) was added to the solution
followed by Fe(OTf), (38.93 mg, 0.091 mmol), the
reaction was heated to 65 °C for 16 h. The
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reaction was cooled to room temperature and
diluted with Et,O. The solution was filtered, and
the resulting precipitate was washed with EtOAc
to give Fe;DPX3°*Py¢ as a purple powder (95 mg,
0.041 mmol, 90 %). *H NMR and **C NMR: Mixture
of two isomers (helicate and mesocate are both
present in a 1:2 ratio respectively). *H NMR (400
MHz, CDsCN) 6 9.02 (s, 6H, heli), 8.90 (s, 6H,
meso), 8.62 - 8.53 (m, 12H, both), 8.46 - 8.39
(m, 12H, both), 7.84 - 7.76 (m, 12H, both), 7.73
(s, 6H, heli), 7.64 (s, 6H, meso), 7.60 (d, J = 8.7
Hz, 6H, meso), 7.54 - 7.51 (m, 12H, both), 7.47
(d, /] = 5.8 Hz, 6H, meso), 7.45 - 7.40 (m, 24H,
both), 7.27 - 7.20 (m, 12H, both), 5.49 (d, J = 7.6
Hz, 12H, heli), 5.26 (s, 12H, meso), 4.56 (s, 6H,
heli), 4.26 (d, /] = 18.4 Hz, 3H, meso), 4.16 (d, J =
18.4 Hz, 3H, meso). *C NMR (101 MHz, CDsCN) &
174.81, 174.56, 158.57, 158.38, 156.20, 153.53,
152.61, 150.02, 149.46, 140.59, 140.00, 135.05,
134.52, 131.63, 131.37, 130.42, 130.10, 128.77,
128.07, 127.74, 127.46, 126.31, 126.01, 125.07,
123.78, 122.65, 122.31, 122.10, 121.89, 117.38
117.23, 115.52, 28.83, 28.45. HRMS (ESI) m/z
calcd for C112H73F3Fe2N12065 ([Fez(DPX)3'Py6
(OTf)13*) 629.4852, found 629.48.

General Displacement Conditions. To an
NMR tube was added 400 pL of a 7.3 mM solution
of mesocate Fe,X3*Pys in CDs;CN. This solution
was checked via *H NMR prior to the reaction to
confirm the integrity of the sample. To this
solution was added 100 pL of the chosen
dianiline (87 mM, vyielding a final dianiline
concentration of 17.4 mM and Fe,X;*Pys at a
concentration of 5.8 mM). The sample was then
shaken by hand for ~30 s. A 'H NMR spectrum
was immediately taken following mixing. Periodic
monitoring of the sample was then conducted via
'H NMR to determine the degree and products of
the displacement reactions.

FeF;*Pys;: mesocate FexXs;*Pys (20 mg, 0.012
mmol) was added to a 5 mL round bottom flask
and dissolved in acetonitrile (1.6 mL). Dianiline F
(7 mg, 0.036 mmol) was dissolved in 200 pL
acetonitrile then added to the cage solution. The
solution was shaken for 5 s to facilitate mixing
and allowed to sit. After 3 h diethyl ether was
added to the solution and the reaction was
filtered as a brown powder (7 mg, 0.006 mmol,
54 %). Fac: *H NMR (400 MHz, CDsCN) & 8.87 (s,
3H), 8.47 (d, J = 7.6 Hz, 3H), 8.37 (t, /] = 7.5 Hz,
3H), 7.76 (s, 3H), 7.64 (d, / = 7.0 Hz, 1H), 7.24 (d,
J = 8.6 Hz, 6H), 5.47 (d, J = 8.0 Hz, 3H), 5.40 (s,
1H), 3.52 (s, 6H), 3.47 (s, 6H). Mer: *H NMR (400
MHz, CDsCN) 6 9.40 (s, 1H), 9.16 (s, 1H), 8.81 (s,
1H), 8.60 (d, J = 5.3 Hz, 2H), 8.56 (d, J = 8.0 Hz,
2H), 8.50 (d, J = 5.4 Hz, 1H), 8.27 (¢, j = 7.6 Hz,

1H), 7.95 - 7.91 (m, 2H), 784( ,J = 8.8 Hz, 2H),
7.76 (d, ] = 4.8 Hz, 2H), 7.74 - 7.71 (m, 2H), 7.55
(d,J = 4.4 Hz, 1H), 7.53 (d, J = 6.2 Hz, 2H), 7.51

(d, ] = 7.7 Hz, 2H), 7.44 (s, 1H), 7.42 (d, ] = 5.7
Hz, 1H), 7.40 (s, 1H), 7.32 (d, /] = 8.9 Hz, 2H),
7.19 (d, ] = 8.1 Hz, 1H), 6.81 (t, J = 12.7 Hz, 6H),
6.76 (d, / = 13.1 Hz, 3H), 6.70 (dd, J = 8.1, 1.9
Hz, 2H), 6.64 (ddd, J = 13.8, 8.2, 1 9 Hz, 3H),
6.55 (d, J = 8.1 Hz, 1H), 6.30 (d, J = 8.1 Hz, 1H),

6.17 (s, 1H), 3.74 (s, 2H), 3.39 (s, 2H) *C NMR
(101 MHz, CDsCN) & 195.21, 177.09, 173.85,
171.69, 170.12, 159.60, 159.02, 158.80, 157.38,
156.92, 156.23, 149.75, 149.40, 149.24, 148.33,
146.37, 144.76, 144,51, 139.34, 139.11, 138.93,
131.74, 131.14, 130.55, 129.93, 129.44, 128.75,
124.57, 123.78, 122.25, 121.97, 121.80, 121.28,
121.11, 119.80, 119.55, 119.22, 118.81, 117.91,
114.09, 111.23, 111.15, 110.53, 107.65, 36.99,
36.44. HRMS (ESI) m/z calcd for Cs;HaisFeNo
([Fe(F)s*Pys]**) 455.6568, found 455.65.
Elemental Analysis: Theoretical
(Cs7H46ClsFeNoO1,): C: 56.52, H: 3.83, Cl: 8.78, Fe:
4.61, N: 10.41, O: 15.85. Found: C: 56.25, H:
3.84, N: 9.89.
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A strained Fe,L; iminopyridine cage shows highly variable reactivity upon post-assembly reaction and
allows observation of kinetically trapped intermediates in the self-assembly pathway. The cage allows
control of equilibrium processes and direction of product outcomes via small, iterative changes in added
subcomponent structure and provides a method of accessing metal-ligand cage structures not normally
observed in multicomponent Fe-iminopyridine self-assembly.
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