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’ INTRODUCTION

Metal�organic capsules1�10 have been demonstrated to be
useful in a variety of contexts. These structures’ selective guest
encapsulation abilities show promise in separations of substrates
as diverse as gases,11 anions,12,13 and fullerenes.14�16 They also
enable the reactivities of guests to be modulated,17 allowing
sensitive species to be protected from the environment18�21 and
species to be transformed via inner-phase22 catalysis,23�25 in a
manner similar to natural systems. Many of these functions have
been explored using a limited number of capsules, key examples
being a Pd6L4

12+ capsule prepared by Fujita’s group26 and a
Ga4L6

12� species first reported by Raymond and co-workers.27

These promising applications have created a need for straightfor-
ward and general methods for the creation of new host archi-
tectures. Herein we address this need through the development
of a method for the preparation of Fe4L4

8+ face-capped tetrahedral
cages28�39 using the subcomponent self-assembly method,40

by which complex structures may be prepared from simple
building blocks through the formation of both dynamic-
covalent41 (CdN) and coordinative (NfM) linkages during
the same overall self-assembly process.

Whereas in edge-linked M4L6 tetrahedral assemblies
13,27,28,42�47

ditopic ligands bridge pairs of metal centers, defining the twofold
symmetry axes of a tetrahedron, face-capped M4L4 assemblies

28�39

incorporate tritopic ligands, which bridge three metal centers to
define the tetrahedron’s threefold symmetry axes. The portals of
an edge-linked M4L6 tetrahedron thus lie on its four faces,
whereas the corresponding openings in a face-capped M4L4
tetrahedron are found on its six edges. For a given ligand size,
we reasoned that the six portals of an M4L4 tetrahedral frame-
work should individually be smaller than the four apertures of an
M4L6 congener, potentially providing a larger ligand surface
area48 and allowing the M4L4 host to enclose an inner cavity
more effectively. More tightly closed-off cavities may lead to

more effective guest binding. Despite the favorable guest-encapsula-
tion properties of face-capped cages, fewer examples of guest
encapsulation in these M4L4 species have been reported30,31,49�52

compared with their edge-bridged M4L6 counterparts.
As shown in Scheme 1, the procedure developed here allowed

the preparation of a new Fe4L4 cage from each of the four

Scheme 1. General Procedure for the Subcomponent
Self-Assembly of M4L4 Tetrahedral Cages: Triamines A�D,
2-Formylpyridine, and Iron(II) Salts Were Mixed in
Acetonitrile To Yield the Corresponding Cages
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ABSTRACT:A general method for preparing Fe4L4 face-capped tetrahedral cages
through subcomponent self-assembly was developed and has been demonstrated
using four differentC3-symmetric triamines, 2-formylpyridine, and iron(II). Three
of the triamines were shown also to form Fe2L3 helicates when the appropriate
stoichiometry of subcomponents was used. Two of the cages were observed to
have nearly identical Fe�Fe distances in the solid state, which enabled their
ligands to be coincorporated into a collection of mixed cages. Only one of the cages combined a sufficiently large cavity with the
sufficiently small pores required for guest binding, taking up a wide variety of guest species in size- and shape-selective fashion.



5111 dx.doi.org/10.1021/ja2092272 |J. Am. Chem. Soc. 2012, 134, 5110–5119

Journal of the American Chemical Society ARTICLE

C3-symmetric trianilines investigated (A�D). The two smaller
cages did not bind guests; calculations suggested that their cavity
volumes were not large enough. Their subcomponent triamines A
and B did show an unprecedented ability to form mixed-ligand
cages, however. The largest cage, formed from D, also showed no
guest binding, which we attribute to the cage’s large pore windows,
resulting in the cage’s cavity being insufficiently isolated from the
external environment to provide a suitable binding pocket for the
guest molecules tested. The cage prepared from C combined an
internal volume large enough for guest binding with smaller
apertures, allowing for host�guest binding to be observed.

Whereas a wealth of different species having the general
formula M2nL3n, including helicates and cubes, have been ob-
served for the combination of bis-bidentate ligands with six-
coordinate metals,1,49,53�55 to our knowledge the present study
is the first in which identical C3-symmetric linkers have been
employed to generate architectures containing differing numbers
of building blocks. Through simple adjustments to the stoichi-
ometry and reaction conditions used to form the Fe4L4 cages in
this study, new Fe2L3 helicates could also be formed from
subcomponents A, C, and D.

’RESULTS AND DISCUSSION

The reaction of triamineA (4 equiv) with 2-formylpyridine (12
equiv) and iron(II) (4 equiv) yielded tetrahedral cage 1 (Scheme 2).
Vapor diffusion of ethyl acetate into an acetonitrile solution of 1
gave crystals suitable for structure determination by single-crystal
X-ray diffraction. A representation of the X-ray structure of

1 3 8OTf 3 27MeCN is shown in Figure 1. Four octahedral iron-
(II) centers are bridged by four ligands, each of which caps a face
of the tetrahedron. The iron(II) centers are separated by 11.9 Å.
The volume of the central cavity was calculated to be
31 Å3.56 The central nitrogen atoms of each ligand are slightly
pyramidalized, with C�N�C angles ranging from 112.9(7) to
120.5(8)� (mean ∼117�). Cage 1 crystallizes with approxi-
mate T point-group symmetry, such that all of the iron(II)
stereocenters within one cage share the sameΔ orΛ stereochem-
istry. Both cage enantiomers are present in the crystal, related by
inversion symmetry. The ligands bridging the metal centers also
adopt a chiral propeller-like helical arrangement. Each of the
ligands adopts the same chiral configuration as the metal centers
that they bridge. This arrangement is similar to that observed in a
number of related cage molecules.49,57 The high symmetry of 1 is
preserved in solution, as inferred from NMR analysis.

A simple change in stoichiometry gave triple helicate 2
(Scheme 3) from the same subcomponents used to prepare 1.
Vapor diffusion of ethyl acetate into an acetonitrile solution of 2
provided crystals suitable for single-crystal X-ray diffraction. The
structure of 2 3 4OTf 3 9MeCN is shown in Figure 2. The two
iron(II) centers in 2 have the same stereochemistry, generating a
structure with idealized D3 symmetry. In contrast to 1, only
two of the amines from each residue of A condensed with
2-formylpyridine, leading to the formation of C2-symmetric
bis-bidentate ligands. The FeII�FeII distance is 11.3 Å, slightly
shorter than in the structure of 1. The central nitrogen atoms in

Scheme 2. Preparation of [Fe4L4]
8+ Tetrahedron 1 via Sub-

component Self-Assembly

Figure 1. Cationic part of the crystal structure of cage 1.

Scheme 3. Preparation of [Fe2L3]
4+ Helicate 2 from the

Same Building Blocks Used To Prepare Cage 1

Figure 2. Cationic part of the crystal structure of helicate 2.
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the ligands of 2 are more planar than those of 1, with C�N�C
angles in the range from 115.6(6) to 123.6(7)� (mean ∼120�).
When a 4:12:4 stoichiometry of A, 2-formylpyridine, and FeII

was employed in the preparation of tetrahedron 1, no 1 was
observed after leaving the sample at 25 �C for a day. Only 1H
NMR resonances corresponding to 2 and unreacted starting
materials were present, marking 2 as a kinetically stable inter-
mediate product. Peaks corresponding to 1 appeared once the
reaction mixture had been heated to 80 �C, however, and
equilibration at this temperature for 11 days was observed to
eliminate all other peaks (corresponding to helicate 2 and
starting materials) from the 1H NMR spectrum, leaving only
the thermodynamic product 1.

The use of tris(4-aminophenyl)methanol B as a building
block enabled the formation of cage 3, as shown in Scheme 4.
In addition to the acetonitrile-soluble triflate salt of 3, the water-
soluble sulfate salt could be prepared by using ferrous sulfate in
place of the triflate in an aqueous reaction medium; 3 was thus
the only Fe4L4 complex described in this study that could be
prepared in water-soluble form. This sulfate salt could be
converted into the hexafluorophosphate salt through anion
metathesis by adding a saturated aqueous potassium hexafluoro-
phosphate solution dropwise to an aqueous solution of the
sulfate salt of 3.

NMR spectra were consistent with a T-symmetric solution
structure for 3 analogous to that of 1. Vapor diffusion of diethyl
ether into an acetonitrile solution of the hexafluorophosphate
salt of 3 gave crystals suitable for single-crystal X-ray diffraction
analysis. A representation of the X-ray structure of 3 3 8PF6 3 5
MeCN 3 5C4H10O is shown in Figure 3. The four FeII centers
are bridged by three C3-symmetric ligands, resulting in a face-
capped tetrahedral arrangement with idealized T symmetry
similar to the structure of 1. As expected, the ligands’ central
hydroxy-bearing carbon atoms are significantly more pyrami-
dalized than the corresponding nitrogen atoms in 1, with
Cphenylene�C(OH)�Cphenylene angles ranging from 102.5(12)
to 115.2(13)� (mean ∼110�). Each hydroxyl group points
outward, away from the center of the molecule. As with 1, the
propellers formed by the ligands also display the same handed-
ness as the metal centers. Although the metal�metal distances in
3 (mean 11.8 Å) are similar to those in 1, the calculated void
volume of 3 (45 Å3; see below) is nearly 50% greater. The
outward puckering of the pyramidalized ligands of 3 in compar-
ison with the more planar ligands of 1 allows 3 to enclose a larger
volume.

In contrast to the behavior of the other triamines examined in
this study, we observed no evidence for the formation of a
helicate from triamine B when the corresponding M2L3 stoichi-
ometry of building blocks was employed. Mixing iron(II) triflate
(2 equiv) with 2-formylpyridine (6 equiv) and triamine B
(3 equiv) in acetonitrile resulted in a dark-purple solution whose
1H and 13C NMR spectra were broad and complex. The NMR
spectra of the sample after heating to 50 �C for 14 h contained
only peaks corresponding to tetrahedron 3 and excess B. We
attribute this result to the greater steric crowding of adjacent
phenyl rings that would be required at the metal centers to allow
the formation of a helix using B. Examination of an MM2-
optimized molecular model58 of a hypothetical helicate incor-
porating B based on the crystal structure of 2 suggested that the
closest Hphenylene�Cphenylene contact would be reduced from
2.75 Å in the case of 2 to 2.52 Å in an analogous helicate
incorporating B, which is less than the sum of van der Waals radii
for C and H (2.7 Å). Our model suggests that in this helicate, the
pyramidal sp3-hybridized central carbon of B would bring the
adjacent phenyl rings into closer contact than is the case for
subcomponent A, with its planar sp2-hybridized central nitrogen
atom. This closer arrangement of the phenylene rings in B
appears to constrain the ability of each ring to adopt a config-
uration that avoids unfavorable steric interactions between
phenylene rings around the FeII center and at the C�OH center
of the ligand in a helicate formed from this subcomponent.
Capsule 3 is thus the sole isolated product of the self-assembling
system of B, 2-formylpyridine, and FeII, whereas either 1 or 2may
be selected as the product of the corresponding system containing
A, depending on the stoichiometry of subcomponents employed.

The structural similarities of 1 and 3 and of A and B allowed
the latter to be coincorporated into mixed-ligand cages, as shown
in Scheme 5. No preference for either heteroleptic or homoleptic
cages was observed: A and B appeared to be fully interchange-
able, such that a statistical mixture of cages incorporating A4 (i.e.,
cage 1), A3B, A2B2, AB3, and B4 (i.e., cage 3) were formed in a
1:4:6:4:1 ratio, as observed by electrospray ionization mass
spectrometry (ESI-MS) (Figure 4). NMR spectra of this mixture
were complex, consistent with the lowered symmetries of the
heteroleptic cages; signals corresponding to 1 and 3 were
observed among many new 1H signals.

The observation of mixed cages appeared to require a close
structural correspondence between subcomponents: whenmixed
together in an analogous fashion as A and B in Scheme 5, any
subset of A, B, C, and D that did not contain both A and B was
observed to produce only homoleptic cages, indicating that the

Scheme 4. Subcomponent Self-Assembly of [Fe4L4]
8+ 3: (a)

4Fe(OTf)2 3 2H2O in CH3CN at 70 �C; (b) 4FeSO4 3 6H2O in
H2O at 70 �C

Figure 3. Cationic part of the crystal structure of cage 3.
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ligands underwent self-sorting,59�66 as confirmed by 1H NMR
spectroscopy and ESI-MS.

As shown in Scheme 6, the cage-forming subcomponent self-
assembly reaction could be extended to the preparation of
capsule 4 from triamine C67,68 in the presence of excess
cyclohexane. As C is less soluble than A or B, a larger volume
of solvent was required to avoid the formation of insoluble
byproduct.We infer cyclohexane to have played a templating role
in the formation of 4, because without cyclohexane a mixture of 4
and helicate 5 (see below) resulted. Within host 4, the encapsulated
cyclohexane guest’s 1H NMR signal was observed at�0.56 ppm,
2 ppm upfield from that of free cyclohexane; other guests’
1H signals showed similar shielding effects, which we attribute
to the ring currents of the phenyl rings constituting the capsule’s
walls. Integration of the cage and guest 1H NMR peaks indicated
a ligand/guest ratio of 4:1, consistent with cage formation. Our
attempts to grow crystals suitable for single-crystal X-ray diffrac-
tion measurements proved unsuccessful. However, the observa-
tion of the host�guest chemistry of 4 in solution provided
further evidence for our assignment of its structure as a hollow

tetrahedron. This host�guest chemistry is discussed in detail in
the next section. AnMM258model of 4 suggested ametal�metal
separation of∼14 Å and a substantial internal volume of 230 Å3.

Again, changing the stoichiometry of the starting subcomponents
allowed triple helicate 5 (Scheme 7) to be generated from the same
subcomponents used to prepare 4. We infer that the larger size of
the ligands and the presence of the flat central phenylene spacer
allow for the avoidance of the unfavorable steric interactions that
were observed when the smaller triamine B was employed.

The even larger tetrahedron 6 could be prepared using
triamine D (prepared in turn from the Sonogashira reaction
between 1,3,5-tribromobenzene and 4-ethynylaniline), 2-formyl-
pyridine, and iron(II) under conditions similar to those used to
prepare structures 1�5 (Scheme 8). In this case, an excess of
iron(II) salt (1.5-fold) was necessary to drive the reaction to
completion. We attribute the requirement of excess metal to the
more electron-deficient nature of subcomponent D (Hammett
σp = 0.16 for �CtCPh)69 relative to subcomponents C (σp =
�0.01 for �Ph)69 and B (σp = �0.83 for �NMe2);

69 previous
studies70,71 have demonstrated that electron-poor anilines lack
the nucleophilicity necessary to drive imine formation to com-
pletion. The peaks in the 1H NMR spectrum of 6 in acetonitrile
(presented in the Supporting Information) were also broader
than those of the other complexes reported herein, possibly

Scheme 5. Preparation of Mixed-Ligand Cages Containing Subcomponents A and B; Purple and Blue Panels Represent A and B
Residues, Respectively

Figure 4. ESI mass spectrum of the mixed-ligand cage system of
Scheme 5.

Scheme 6. Synthesis of the [C6H12⊂Fe4L4]
8+ Cage

[C6H12⊂4] from Triamine C, 2-Formylpyridine, and Iron(II)
in the Presence of Cyclohexane
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because of slower tumbling or interactions with a portion of this
excess FeII in its high-spin state. No evidence of triflamide anion
encapsulation was observed by 19F NMR analysis, however; the
19F signal of the triflamide anion (as measured against a hexa-
fluorobenzene external standard) was observed to remain un-
changed upon cage formation. An MM2 model of 6 suggested a
metal�metal distance of ∼18.2 Å, reflecting the larger size of
subcomponentD. The calculated void volume of 823 Å3 places it
among the largest reported volumes in related species.16,72�74

Helicate 7 was prepared cleanly upon mixing D, 2-formylpyr-
idine, and FeII in the required 3:6:2 stoichiometry followed by
equilibration for 12 h at 50 �C (Scheme 9). Although only signals
corresponding to 7 could be identified in the ESI-MS spectrum,
the NMR spectra were more complex than those of helicates
2 and 5, containing two distinct sets of signals in a 76:24 ratio.
Nuclear Overhauser effect spectroscopy (NOESY) and correla-
tion spectroscopy (COSY) analyses were consistent with the
presence of two diastereomeric forms of 7. As has been pre-
viously reported,55,75,76 ditopic ligands having sufficient flexibility
can generate dinuclear structures in which the two metal centers
have either the same stereochemical configuration (ΛΛ and ΔΔ)
or opposing handedness (ΔΛ), generating an achiral meso struc-
ture. Although only the homochiral form of 7 is shown in
Scheme 9, both diastereomers were inferred to be present in
solution and to interconvert slowly on the NMR time scale.

Within supramolecules containing multiple metal centers, the
stereochemistry at one metal may influence another provided
that the bridging ligands adopt conformations that are energe-
tically distinct in the corresponding diastereoisomers.49,52,57,74,77

This energetic differentiation was observed in cages 1, 3, 4, 6 and
helicates 2 and 5 to such a degree that only one diastereomer was
observed in solution. The ligands thus provide effective stereo-
chemical coupling between the metal centers, as reflected in the
observations of the propeller-like gearing together of the phenyl
groups of the ligands in the crystal structures of 1 and 3. The
alkynyl groups of D, in contrast, insulate the terminal phenyl
rings from stereochemically coupling with the other parts of the
ligands,74,78�80 allowing the racemic and meso forms of 7 to co-
exist at similar energies.
Host�Guest Studies. The guest encapsulation properties of

tetrahedral capsules 1, 3, 4, and 6 were investigated in solution.
Only 4 was observed to bind guests, as detailed below. The
calculated volumes of 1, 3, 4, and 6 reflect the sizes and shapes of
the subcomponents employed (Figure 5). These volume deter-
minations serve as points of reference in the discussion below.
No evidence for guest binding was observed by 1H NMR

spectroscopy following the addition to an acetonitrile solution of
1 or 3 (6.5 mM) of either (1) the tetrabutylammonium salt of F�,
Cl�, Br�, I�, BF4

�, NO3
�, ClO4

�, or PF6
� (2.0 equiv in each

case), (2) CH2Cl2, CHCl3, CCl4, or cyclopentane (5.0 equiv), or
(3) He, Ne, Ar, CH4, N2O, CO2, Xe, or SF6 by bubbling the gas
through the acetonitrile solution for 5 min at 25 �C.
We attribute the observed lack of guest binding by 1 and 3 to

the small sizes of their cavities. The only neutral prospective
guests that are sufficiently small are gases under practical experi-
mental conditions. Even methane, however, would occupy 107%
of the calculated volume of 1 or 74% of the volume of 3, whereas
the optimum occupancy for a gas has been estimated to be 40% of
a container molecule’s volume.81 Neon, which would occupy
45% of 1 or 31% of 3, and helium, for which the occupancies
would be 37% and 25%, respectively, were also not observed to
bind, possibly because of the weakness of the van der Waals
interactions involving these monatomic gases or their low
solubilities in the solvent employed.82 Although all four halides
would fit within 3 and fluoride, chloride, and bromide occupy less
volume than the cavity of 1, we observed no evidence for halide
binding within either host. This lack of affinity may be due to the
absence of specific, directional binding interactions, such as
inwardly directed hydrogen-bond donors.83�85

Scheme 8. Preparation of [Fe4L4]
8+ Tetrahedron 6 from

Subcomponent D, 2-Formylpyridine, and Iron(II) Triflamide

Scheme 9. Preparation of [Fe2L3]
4+ Helicate 7 from the

Same Subcomponents Used To Prepare 6
Scheme 7. Preparation of [Fe2L3]

4+ Helicate 5 from the
Same Building Blocks Used To Prepare Cage 4
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To investigate the scope of guest binding within 4, the
molecules and anions listed in Table 1 were screened as potential
guests. For each entry, the prospective guest (6 equiv for neutral guests
and 3 equiv for the tetrabutylammonium salts of the anions) was
added to an equilibrated solution of host 4 and 5 (6 mM)
prepared from C, 2-formylpyridine, and iron(II) in the absence
of cyclohexane as described above. For all of the 1H NMR-active
guests, signal(s) corresponding to the free guest were observed in
the 1H NMR spectrum. In cases where no encapsulation was
inferred to have taken place, the signals for 4 appeared at the
same chemical shifts as in the absence of the guest. Where host

occupation was inferred, either a new set of cage and guest peaks
were observed at different chemical shifts along with the sets of
peaks corresponding to free 4 and guest, or new cage and guest
peaks were observed together with those of excess free guest,
while the peaks corresponding to the free host disappeared.
In a second round of experiments aimed at probing the relative

binding strengths of the guests inside the cavity of 4, each of the
guests observed to bind during the preliminary studies (Table 1)
was added to a solution of [C6H12⊂4] prepared as shown in
Scheme 6, and the results were monitored by 1H NMR spec-
troscopy. This series of experiments allowed a hierarchy of guest
binding strengths to be established. For example, the addition of
cyclopentane to the [C6H12⊂4] solution resulted in the forma-
tion of a mixture of [C6H12⊂4] and [C5H10⊂4], as indicated by
1H NMR analysis. New sets of cage peaks were observed
corresponding to both [C6H12⊂4] and [C5H10⊂4], along with
encapsulated guest peaks at �0.57 and �0.50 ppm for cyclo-
hexane and cyclopentane respectively. The relative ratios of the
species present could be quantified by integration of the imine
peaks at 9.89 and 10.05 ppm of [C6H12⊂4] and [C5H10⊂4],
respectively (Table S1 in the Supporting Information). More
weakly binding guests such as isoxazole, dichloromethane,
chloroform, cyclohexanone, and 1-methylcyclopentanol were
not observed to displace cyclohexane. On the basis of each
guest’s ability to displace cyclohexane within 4, the relative
binding strengths were determined to be CCl4 > cyclohexene >
cyclopentane > cyclohexane > pyridine > cyclopentene> cyclo-
hexanol > benzene. isoxazole, CH2Cl2, CHCl3, and 1-methyl-
cyclopentanol. The guest/cyclohexane ratios presented in Table
S1 approximate the binding constants of the different guests
relative to cyclohexane. The absolute values of guest binding
constants could not be determined because of the templation
role played by the guest in the formation of host 4.
Collectively, these experiments reveal several trends in guest

binding within the cavity of 4. The strongly bound guests carbon
tetrachloride, cyclopentene, cyclohexane, cyclopentane, cyclo-
hexene, pyridine, and benzene are compact molecules with
similar molecular volumes, suggesting that the range 88�112 Å3

is optimal for encapsulation. These molecules all occupy slightly
less volume than the 55% optimum observed for other host�
guest systems.87 The weaker binding of isoxazole marks this
heterocycle as among the smallest guests tolerated, whereas 1-
methylcyclopentanol appears to be among the largest.
Guests containing polar functional groups, such as isoxazole,

cyclohexanone, and cyclohexanol, wereweaker binders in4, whereas
our previously reported water-soluble FeII4L6 cage

88 was observed
to bind suitably sized heterocyclic guests, but none incorporating
carbonyl or hydroxyl groups. This differential selectivity may be
attributed to the greater importance of solvophobic (hydro-
phobic) effects in guest binding in the case of the FeII4L6 cage.

88

Figure 5. Crystal structures (1 and 3) and MM2 models (4 and 6) of the cages with their void volumes given and shown in green mesh.56

Table 1. Guests Explored for Cage 4

guest volume (Å3)a encapsulation observed?

cyclohexane 111.5 yes

cyclohexene 107.8 yes

cyclopentane 70.7 yes

cyclopentene 90.7 yes

cyclohexanone 114.3 yes

cyclohexanol 119.1 yes

1-methylcyclopentanol 120.5 yes

benzene 99.5 yes

pyridine 92.8 yes

isoxazole 70.7 yes

toluene 117.4 no

n-pentane 106.5 no

carbon tetrachloride 88.7 yes

chloroform 74.7 yes

dichloromethane 60.9 yes

PF6
� 74.7 no

ClO4
� 54.8 precipitation

BF4
� 53.7 no

I� 34.8 no

Br� 28.1 no

Cl� 23.7 no

F� 14.6 no

n-octane 161.9 no

1,3,5-trifluorobenzene 113.1 no

methylcyclohexane 129.7 no

o-xylene 135.1 no

m-xylene 135.6 no

cyclooctane 146.5 no

adamantane 159.0 no

naphthalene 151.0 no
a van der Waals volumes calculated from structures optimized using
SPARTAN’10 with MP2 using a 6-311+G** basis set.86
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Neither n-pentane nor higher n-alkanes up to n-octane were
observed to bind within 4 because of the entropic penalty that
would be incurred during binding: a linear alkane must give up
several degrees of freedom in order to coil up into a compact
structure89,90 similar to those of the cycloalkanes that were
observed to bind well.
Cage 4 is thus one of the few tetrahedral cages that can

encapsulate neutral guests containing polar functional groups in a
nonaqueous solvent.45,70,72,73,91�93 Although the hydrophobic
effect is a useful driver of guest binding,94 the water solubility of
molecules containing polar functional groups limits such mol-
ecules’ binding affinities in aqueous systems. The ability of
capsule 4 to bind such polar guests (provided a size and shape
fit exists) renders it useful in a complementary way to aqueous
encapsulants.11,17,20,94�96

Cage 6 was also screened for guest binding by the addition of
the guests listed in Table 1 under conditions identical to those
used for cage 4. In addition, the larger guests anthracene,
ferrocene, decamethylferrocene, and decalin were also tested
under these conditions. No evidence was observed for the
formation of host�guest adducts that were stable on the 1H
NMR time scale at room temperature; spectra of 6 in solution
with each prospective guest were superimposable upon spectra of
the free host and guest (for 1HNMR-active guests). We attribute
this observation to the larger sizes of the open pores on the faces
of cage 6 in comparison with cage 4. Examination of MM2
models86 revealed that the largest sphere that could freely pass
through the pores of 6would have a radius of 2.3 Å (larger objects
could pass following slight deformation), whereas the pores of 4
have radii of only 1.3 Å, and the shorter Fe�Fe distances of 4
would be expected to render pore-opening deformations more
energetically costly. We envisage that a comparison of pore sizes
and guest cross sectionsmay have predictive value in determining
whether a binding event may take place. Future comparative
studies will investigate this parameter in greater depth.

’CONCLUSIONS

This study has demonstrated the applicability of the subcom-
ponent self-assembly approach40 to the generation of new face-
capped tetrahedral Fe4L4 cages, complementing our demonstra-
tions of the use of this technique in the construction of edge-linked
tetrahedral Fe4L6 and face-capped cubic Fe8L6 assemblies.

16,20,70,74

This technique allowed the straightforward exploration of
building blocks with different geometries, and both flat (A,
C, andD) and pyramidalized (B) trianilines with different sizes
were found to work well, suggesting that this method could be
used to prepare Fe4L4 cages of various sizes from a range of
other C3-symmetric triamines.

The flat trianilines could be used to prepare M2L3 helicates as
well as cages upon a simple change in stoichiometry, but
pyramidalized trianiline B could not form helicates because of
geometrical constraints. The ability to access helicates as well as
cages from a given set of building blocks highlights a strength of
the subcomponent self-assembly approach, which is shared by
other methods where different kinds of bonds are formed during
the same overall self-assembly process:38,97 different structures
may lie latent in the same collection of building blocks, separately
accessible if the rules governing their stabilities are understood.

The parameters governing guest binding were explored, with
only cage 4 fulfilling the criteria of being sufficiently large and
sufficiently well-enclosed to exhibit the function98 of guest

binding. A hierarchy of binding strengths was established for a
series of organic guest molecules. The novel observation that
triamines A and B are capable of generating collections of mixed
cages opens the possibility of creating dynamic combinatorial
libraries99,100 of larger mixed-panel cages. The presence of a
suitable guest in solution could induce the templation of a host
that can bind specifically to the chosen guest.101 This dynamic
host templation phenomenon is currently under investigation,
along with binding studies of biologically relevant organic anions
within cages accessible through the methods detailed herein.

’EXPERIMENTAL SECTION

GeneralMethods.Unless otherwise specified, all startingmaterials
were purchased from commercial sources and used as supplied. Manip-
ulations were performed under normal atmospheric conditions unless
otherwise noted. NMR spectra were recorded on Bruker Avance
DPX400 and Avance BB500 spectrometers; δH values are reported
relative to acetonitrile-d3 at 1.94 ppm unless otherwise noted. Low-
resolution ESI-MS was performed on a Micromass Quattro LC instrument
infused from a Harvard syringe pump at a rate of 10 μL/min. The com-
pounds 1,3,5-tris(40-aminophenyl)benzene (C)49 and 4,40,400-(benzene-
1,3,5-triyltris(ethyne-2,1-diyl))trianiline (D)67 were prepared as described
in the literature.
Preparation of [1](OTf2)8 3 8C4H8O2. To a Teflon-capped

J-Young NMR tube were added tris(4-aminophenyl)amine (A; 2.90
mg, 10 μmol, 4 equiv), 2-formylpyridine (2.85 μL, 30 μmol, 12 equiv),
iron(II) triflate (3.54 mg, 10 μmol, 4 equiv), and deuterated acetonitrile
(0.5 mL). The solution was degassed by three evacuation/nitrogen-fill
cycles. The tube was kept at 80 �C overnight. [1](OTf)8 was precipi-
tated as a purple powder by the addition of ethyl acetate. 1H NMR (400
MHz, 298 K, CD3CN): δ 10.04 (12H, s, imine), 8.83 (12H, d, J = 7.6Hz,
3-pyridine), 8.28 (12H, t, J = 7.72 Hz, 4-pyridine), 8.15 (12H, bs,
6-pyridine), 8.05 (12H, t, J = 5.6 Hz, 5-pyridine), 6.87 (24H, d, phenyl of
the amine arms), 5.74 (24H, d, phenyl of the amine arms). 13C NMR
(100 MHz, 298 K, CD3CN): δ 86.58, 114.58, 126.06, 134.34 (triflate
anion), 140.61, 149.68, 151.30, 156.80, 157.26, 169.77, 172.62. ESI-MS:
m/z 458.56 [1(OTf)2]

6+, 580.26 [1(OTf)3]
5+, 762.63 [1(OTf)4]

4+,
1066.44 [1(OTf)5]

3+, 1674.36 [1(OTf)6]
2+. Elemental analysis of

[1](OTf)8 (%): Calcd for C152H108F24Fe4N28O24S8 3 8C4H8O2: C,
50.79; H, 3.98; N, 9.01. Found: C, 50.98; H, 4.19; N, 8.89.
Preparation of [2](OTf)8.To aTeflon-capped J-YoungNMR tube

were added A (2.90 mg, 10 μmol, 3 equiv), 2-formylpyridine (1.90 μL,
20 μmol, 6 equiv), iron(II) triflate (2.35 mg, 6.67 μmol, 2 equiv), and
deuterated acetonitrile (0.5 mL). The solution was degassed by three
evacuation/nitrogen-fill cycles. The tube was kept at 45 �C overnight.
1H NMR (400 MHz, 298 K, CD3CN): δ 8.81 (6H, s, imine), 8.44 (6H,
d, J = 7.6 Hz, 3-pyridine), 8.30 (6H, t, J = 7.6Hz, 4-pyridine), 7.67 (6H, t,
J = 6.3Hz, 5-pyridine), 7.30 (6H, d, J = 7.30Hz, 6-pyridine), 6.90 (6H, d,
J = 7.2 Hz, phenyl of the amine arms), 6.79 (6H, d, J = 7.9 Hz, phenyl of
the amine arms), 6.75 (6H, d, J = 8.4 Hz, triamine), 6.58 (6H, d, J = 8.1
Hz, triamine), 5.63 (6H, d, J = 7.0 Hz, triamine), 5.27 (6H, d, J = 7.6 Hz,
triamine). 13C NMR (125 MHz, 298 K, CD3CN): δ 175.15, 158.72,
156.07, 150.25, 149.3, 146.53, 145.43, 139.93, 137.44, 135.51, 131.49,
129.99, 127.54. ESI-MS: m/z 379.12 [2]4+, 555.15 [2(OTf)]3+, 907.20
[2(OTf)2]

2+.
Preparation of [3](SO4)4. To a Teflon-capped J-Young NMR

tube were added tris(4-aminophenyl)methanol (B; 4.06 mg, 13 μmol,
4 equiv), 2-formylpyridine (3.8 μL, 40 μmol, 12 equiv), iron(II) sulfate
heptahydrate (3.58 mg, 40 μmol, 4 equiv), and D2O (0.5 mL). The so-
lution was degassed by three evacuation/nitrogen-fill cycles. The tube
was kept at 70 �C overnight. [3](SO4)4 was precipitated as a purple
powder by the addition of isopropanol. 1H NMR (400 MHz, 298 K,
D2O, with tert-butyl alcohol as a reference for peak assignments): δ 8.83
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(12H, s, imine), 8.53 (12H, d, J = 5.9 Hz, 3-pyridine), 8.38 (12H, t, J =
7.6 Hz, 4-pyridine), 7.73 (12H, br, 5-pyridine), 7.58 (12H, br, phenyl of
the triamine), 7.37 (12H, d, J = 4.0, 6-pyridine), 6.66 (12H, br, phenyl of
the triamine), 5.94 (12H, br, phenyl of the triamine), 5.30 (12H, br,
phenyl of the triamine). 13C NMR (125 MHz, 298 K, D2O, with tert-
butyl alcohol as a reference for peak assignments): δ 80.98, 128.38,
129.54, 138.67, 139.76, 145.86, 149.94, 150.10, 155.53, 157.80, 175.90.
ESI-MS: m/z 435.0 [3(SO4)]

6+, 676.20 [3(SO4)2]
4+.

Preparation of [3](OTf)8.To a Teflon-capped J-YoungNMR tube
were added B (4.06 mg, 13 μmol, 4 equiv), 2-formylpyridine (3.8 μL,
40 μmol, 12 equiv), iron(II) triflate (4.57 mg, 40 μmol, 4 equiv), and
deuterated acetonitrile (0.5 mL). The solution was degassed by three
evacuation/nitrogen-fill cycles. The tube was kept at 70 �C overnight.
1H NMR (400 MHz, 298 K, CD3CN): δ 8.62 (12H, s, imine), 8.55
(12H, d, J = 7.32 Hz, 3-pyridine), 8.36 (12H, t, J = 7.64 Hz, 4-pyridine),
7.74 (12H, t, J = 6.60 Hz, 5-pyridine), 7.56 (12H, br, phenyl of the
triamine), 7.30 (12H, d, J = 5.3 Hz, 6-pyridine), 6.66 (12H, br, phenyl of
the triamine), 5.79 (12H, br, phenyl of the triamine), 5.21 (12H, br,
phenyl of the triamine), 4.78 (4H, s, methylhydroxyl at the center of the
triamine). 13C NMR (125 MHz, 298 K, CD3CN): δ 176.42, 158.39,
156.10, 150.14, 147.04, 141.06, 139.99, 131.66, 114.6, 80.92. ESI-MS:
m/z 468.4 [3(OTf)2]

6+, 591 [3(OTf)3]
5+, 777.6 [3(OTf)4]

4+, 1086.4
[3(OTf)5]

3+.
Preparation of [3](PF6)8 3 10H2O. To a solution of [3](SO4)4 in

water was added dropwise a saturated aqueous potassium hexafluoro-
phosphate solution. A purple solid precipitated and was collected by
filtration. 1H NMR (400MHz, 298 K, CD3CN): δ 8.66 (12H, s, imine),
8.42 (12H, br, 3-pyridine), 8.36 (12H, br, 4-pyridine), 7.72 (12H, br,
5-pyridine), 7.53 (12H, br, phenyl of the triamine), 7.32 (12H, br,
6-pyridine), 6.64 (12H, br, phenyl of the triamine), 5.76 (12H, br,
phenyl of the triamine), 5.25 (12H, br, phenyl of the triamine), 4.97 (4H,
s, methylhydroxyl at the center of the triamine). 13C NMR (125 MHz,
298 K, CD3CN): δ 177.61, 159.64, 157.43, 151.54, 148.24, 141.31,
132.91, 131.44, 82.35. Elemental analysis of [3](PF6)8 (%): Calcd for
C148H112F48Fe4N24O4S8P8 3 10H2O: C, 46.13; H, 3.45; N, 8.72. Found:
C, 46.31; H, 3.24; N, 8.42.
Preparation of [Cyclohexane⊂4](NTf2)8. To a Teflon-capped

J-Young NMR tube were added C (2.34 mg, 6.66 μmol, 4 equiv),
2-formylpyridine (1.90 μL, 20 μmol, 12 equiv), iron(II) triflamide dihy-
drate (16.5 mg, 9.99 μmol, 6 equiv), cyclohexane (10 μL, 92.5 μmol,
56.0 equiv), and deuterated acetonitrile (0.7 mL). The solution was
degassed by three evacuation/nitrogen-fill cycles. The tube was kept at
50 �C overnight. 1H NMR (CD3CN): δ 10.03 (12H, s, imine), 8.90
(12H, bs, pyridine), 8.34 (12H, bs, pyridine), 8.09 (24H, bs, pyridine),
7.36 (12H, s, triamine center), 7.15 (24H, bs, triamine), 5.71 (24H, bs,
triamine), �0.57 (12H, s, encapsulated cyclohexane). 13C NMR (125
MHz, 298 K, CD3CN): δ 172.54, 156.61, 156.48, 152.55, 142.59,
142.21, 140.06, 133.13, 132.78, 128.73, 127.35, 123.97, 123.31, 26.78
(free cyclohexane), 26.18 (encapsulated cyclohexane). ESI-MS:m/z 556.93
[4(NTf2)2(cyclohexane)]

6+, 724.48 [4(NTf2)3(cyclohexane)]
5+, 975.61

[4(NTf2)4(cyclohexane)]
4+, 1394.39 [4(NTf2)5(cyclohexane)]

3+.
Preparation of [5](NTf2)8 34C4H8O2 30.95CH3CN. To a Teflon-

capped J-Young NMR tube were added C (5.27 mg, 0.015 mmol,
3 equiv), 2-formylpyridine (2.86 μL, 0.03 mmol, 6 equiv), iron(II)
triflamide dihydrate (6.16 mg, 0.01 mmol, 2 equiv), and deuterated
acetonitrile (0.5 mL). The solution was degassed by three evacuation/
nitrogen-fill cycles. The tube was kept at 50 �Covernight. 1HNMR (400
MHz, 323 K, CD3CN): δ 9.40 (6H, s, imine), 8.70 (6H, d, J = 5.92 Hz,
pyridine), 8.43 (6H, t, J = 7.56 Hz, pyridine), 7.96 (9H, bs, pyridine),
7.86 (6H, s, central phenyl), 7.76�7.71 (21H, m), 7.50 (6H, d, J = 8.36
Hz, triamine), 6.74 (6H, d, J = 8.16 Hz, triamine), 5.41 (24H, d, J = 7.68
Hz, triamine), 4.23 (6H, br, amine). 13C NMR (125 MHz, 298 K,
CD3CN): δ 115.57, 122.48, 122.86, 122.93, 125.04, 128.92, 129.13,
129.46, 130.78, 132.07, 140.75, 141.60, 141.77, 149.46, 150.74, 156.98,

159.19, 176.09. ESI-MS: m/z 425.11 [5]4+, 660.51 [5(NTf2)]
3+,

1130.62 [5(NTf2)2]
2+. Elemental analysis of [5](NTf2)8 (%): Calcd

for C116H81F24Fe4N19O16S8 3 4C4H8O2 3 0.95CH3CN: C, 49.8; H, 3.31;
N, 9.2. Found: C, 50.10; H 2.96; N, 8.88.
Preparation of [6](NTf2)8 3 23H2O. To a Teflon-capped J-Young

NMR tube were addedD (2.11 mg, 5.0 μmol, 4 equiv), 2-formylpyridine
(1.90 μL, 20 μmol, 12 equiv), iron(II) triflamide dihydrate (2.65 mg,
7.5 μmol, 4.8 equiv), and deuterated acetonitrile (0.5 mL). The solution
was degassed by three evacuation/nitrogen-fill cycles. The tube was kept
at 50 �C overnight. 1H NMR (400 MHz, 298 K, CD3CN): δ 10.48
(12H, bs, imine), 9.01 (12H, d, J = 6.9 Hz, pyridine), 8.54 (12H, d, J =
6.2 Hz, pyridine), 8.32 (12H, t, J = 7.6 Hz, pyridine), 8.25 (12H, bs,
pyridine), 7.67 (12H, s, triamine center), 7.43 (24H, d, J = 7.9 Hz,
triamine), 5.37 (24H, d, J= 8.0Hz, triamine). 13CNMR (125MHz, 298K,
CD3CN): δ 174.84, 158.3, 155.91, 150.28, 143.16, 139.73, 132.48,
131.54, 131.27, 130.16, 122.17, 90.10, 89.27. ESI-MS:m/z 373.25 [6]8+,
447.90 [6(NTf2)]

7+, 547.38 [6(NTf2)2]
6+, 686.90 [6(NTf2)3]

5+, 895.43
[6(NTf2)4]

4+, 1243.49 [6 (NTf2)5]
3+. Elemental analysis of [6](NTf2)8 (%):

Calcd for C208H120F48Fe4N34O32S16 3 23.1H2O: C, 44.05; H, 2.95; N,
8.4. Found: C, 43.86; H, 2.55; N, 7.94.
Preparation of [7](NTf2)8 3 3.3H2O.To a Teflon-capped J-Young

NMR tube were addedD (2.12 mg, 5.0 μmol, 3 equiv), 2-formylpyridine
(0.95 μL, 10.0 μmol, 6 equiv), iron(II) triflamide dihydrate (2.17 mg,
3.33 μmol, 2 equiv), and deuterated acetonitrile (0.5 mL). The solution
was degassed by three evacuation/nitrogen-fill cycles. The tube was kept
at 50 �C overnight. 1H NMR (400 MHz, 298 K, CD3CN): δ 8.92 (12H,
s, imine), 8.54 (12H, d, J = 7.7 Hz, pyridine), 8.38 (12H, t, J = 8.8 Hz,
pyridine), 7.78 (24H, bt, J = 7.2 Hz, pyridine), 7.64 (12H, s, triamine
center), 7.47�7.40 (36H, m, pyridine and triamine), 7.27 (12H, d, J =
8.4 Hz, triamine), 6.63 (12H, d, J = 8.4 Hz, triamine), 5.33 (24H, m,
triamine), 4.54 (12H, s, free NH2).

13C NMR (125 MHz, 298 K,
CD3CN): δ 176.51, 159.39, 157.54, 151.87, 150.85, 141.37, 134.79,
134.49, 134.25, 133.23, 131.80, 127.04, 125.21, 124.50, 123.39, 122.76,
115.67, 110.98, 94.11, 90.83, 90.53, 86.41. ESI-MS: m/z 479.4 [7]4+,
732.5 [7(NTf2)]

3+. Elemental analysis of [7](NTf2)8 (%): Calcd for
C134H81F24Fe4N19O16S8 3 3.3H2O: C, 51.97; H, 2.85; N, 8.59. Found:
C, 51.89; H, 2.93; N, 8.69.
Crystallography. Data for 1 and 2 were collected on a Bruker-

Nonius APEX2-X8-FR591 diffractometer employing confocal-mirror-
monochromatized Mo Kα radiation generated from a rotating anode
(0.71073 Å) with ω and ψ scans at 120(2) K.102 Data for 3 were
collected on a Nonius Kappa FR590 diffractometer employing graphite-
monochromatized Mo Kα radiation generated from a sealed tube
(0.71073 Å) with ω and ψ scans at 180(2) K.102 Data integration and
reduction were undertaken with S HKL Denzo and Scalepack.102,103

Subsequent computations were carried out using the WinGX-32 gra-
phical user interface.104 Structures were solved by direct methods using
SIR97.105 Multiscan empirical absorption corrections were applied to
the data set using SADABS106 or SORTAV.107 Data were refined and
extended with SHELXL-97.108 H atoms were refined using a riding
model. The crystals in each case diffracted poorly and rapidly suffered
solvent loss. Despite rapid handling times and a low collection tem-
perature, the quality of the data was less than ideal (∼0.84 Å resolution
for 1, ∼0.95 Å for 2, and ∼1 Å for 3). Numerous rigid-body restraints
and thermal parameter constraints were required in the phenyl and
pyridyl rings. Nevertheless, the quality of the data was more than
sufficient to establish the connectivity of the structures. In 2, one of
the amines was disordered over two equal occupancy positions. In each
structure there was a significant region of disordered anions and solvent
molecules that could not be successfully modeled. In 1 and 2, this
included all of the triflate anions, while in 3, five of the PF6 anions could
be located and were modeled. The SQUEEZE function of PLATON109

was employed to remove the contribution of the electron density
associated with these disordered anions and solvent from the model,
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which resulted in far more satisfactory residuals. In each case, the
electron density has been included in the reported formulas as an
appropriate number of anions and solvent molecules. The crystal-
lographic data are summarized below:
1 3 8OTf 3 27MeCN. Formula C206H189F24Fe4N55O24S8,M = 4755.00;

monoclinic, space group P21/n (No. 14); a = 19.6303(12) Å, b =
32.402(2) Å, c= 30.4210(17) Å,β 95.494(2)�;V= 19 261(2) Å3,Dcalcd =
1.640 g cm�3, Z = 4; crystal size, 0.26 mm� 0.1 mm� 0.04 mm; color,
dark-red; habit, Lath; temperature = 120(2) K, λ(Mo Kα) = 0.71073 Å,
μ(Mo Kα) = 0.494 mm�1, T(SADABS)min,max = 0.786144, 1.00000,
2θmax = 45.00�; hkl ranges: �21 to 21, �34 to 34, �32 to 32; N =
104 874,Nind = 24 828 (Rmerge = 0.1399),Nobs = 323 [I > 2σ(I)],Nvar =
1351; residuals: R1(F) = 0.1190, wR2(F

2) = 0.3281; GoF(all) = 0.899;
ΔFmin,max = �0.509, 2.609 e Å�3.
2 3 4OTf 3 9MeCN. Formula C102H99F12Fe2N27O12S4, M = 2363.02;

monoclinic, space group P21/n (No. 14); a = 23.5800(10) Å, b =
18.0061(7) Å, c = 24.9071(10) Å, β 102.965(2)�; V = 10 305.6(7) Å3,
Dcalcd = 1.523 g cm�3, Z = 4; crystal size, 0.26 mm � 0.07 mm � 0.03
mm; color, dark-red; habit, blade; temperature = 120(2) K, λ(MoKα) =
0.71073 Å, μ(Mo Kα) = 0.461 mm�1, T(SADABS)min,max = 0.708930,
1.00000, 2θmax = 50.00�; hkl ranges: �28 to 26, �21 to 21, �29 to 29;
N = 68 799, Nind = 17 936 (Rmerge = 0.1164), Nobs = 6550 [I > 2σ(I)],
Nvar = 979; residuals: R1(F) = 0.1318, wR2(F

2) = 0.3715; GoF(all) =
0.939; ΔFmin,max = �0.466, 1.306 e Å�3.
3 3 8PF6 3 5MeCN 3 5C4H10O. Formula C178H177F48Fe4N29O9P8, M =

4249.65; monoclinic, space group Cc (No. 9); a = 34.078(7) Å, b =
31.506(6) Å, c = 20.330(4) Å, β = 104.03(3)�;V = 21 176(7) Å3,Dcalcd =
1.333 g cm�3, Z = 4; crystal size, 0.40 mm� 0.20 mm� 0.15mm; color,
purple; habit, needle; temperature = 180(2) K, λ(Mo Kα) = 0.71073 Å,
μ(Mo Kα) = 0.429 mm�1, T(SORTAV)min,max = 0.377, 0.909, 2θmax =
37.70�; hkl ranges:�30 to 30,�28 to 28,�18 to 18;N = 35 998,Nind =
14 284 (Rmerge = 0.0793), Nobs = 11 810 [I > 2σ(I)], Nvar = 991;
residuals: R1(F) = 0.1078, wR2(F

2) = 0.2733; GoF(all) = 1.402;
ΔFmin,max = �0.700, 0.539 e Å�3.

’ASSOCIATED CONTENT
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MS spectra), characterization of host�guest complexes, details
of the calculation of the volumes of the capsules, details of guest
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