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ABSTRACT: A suite of internally functionalized FesLs cage complexes has been synthesized with lipophilic endgroups to allow dissolution
in varied solvent mixtures, and the scope of their molecular recognition of a series of neutral, non-polar guests analyzed. The lipophilic end-
groups confer cage solubility in solvents with a wide range of polarities, from HFIP to THF, and the hosts show micromolar affinities for neutral
guests, despite having no flat panels enclosing the cavity. These hosts allow interrogation of the effects of internal functional group on guest
binding properties, as well as solvent-based driving forces for recognition. Introducing polar effects to the interior of the cavity enhances guest
binding affinity in non-polar solvents, adding space-filling aliphatic groups reduces affinity in all cases. While high dielectric solvents such as
acetonitrile strongly favor guest binding, “low dielectric, high polarity” solvents such as hexafluoroisopropanol strongly occupy the cavity and
prevent guest recognition. Analysis of the cage optical transitions shows that the guests interact with the central ligand cores and reside in close
proximity to the internal functions. These results have implications for supramolecular catalysis: balancing directed host:guest interactions (e.g.

H-bonds) with entropic effects from solvent displacement is essential for reactions in these (and related) biomimetic hosts.

INTRODUCTION

Self-assembled metal-ligand cage complexes have multiple appli-
cations dependent on selective molecular recognition, including su-
pramolecular catalysis.' Substrates can be cationic, > anionic?® and/or
neutral, * with differing behaviors in different solvents: binding neu-
tral species can be favored in water via the hydrophobic effect, for
example.® The most effective way to enable strong substrate binding
in a self-assembled cage is to fully surround a guest with a defined
cavity for occupancy. Cages formed from large flat ligands that dis-
play small entry portals maximize size-based binding selectivity, and
confer slow guest exchange on the guests.® Slow exchange is benefi-
cial for recognition, butless so for catalysis, where substrate turnover
is paramount: cages with large entry portals allow rapid substrate en-
try and exit,” often at the cost of selectivity. Substrate binding selec-
tivity can be enhanced by a judicious choice of solvent, and this is
also vital for supramolecular catalysis. Different reaction types are fa-
vored in different solvents, for example Bronsted-acid catalyzed pro-
cessed are favored in non-polar solvents.® Understanding the effects
of solvent on the molecular recognition properties of catalytically ac-
tive self-assembled cage hosts will enable a far greater scope of reac-
tions to be accessed.

There are many beautiful examples of quantitating solvent effects
on guest recognition, focusing on both directed interactions be-
tween host and guests, such as shape-filling, H-bonding, n-stacking
and ion pairing,”’ or the effects of solvent expulsion from the cavity
(most often in water).® Diederich’s pioneering work analyzing sol-
vent dependence on molecular recognition of neutral species in a
“non-enclosed” receptor '° showed that the binding affinities of py-

rene in a neutral cyclophane macrocycle were dependent on the po-
larity of the solvent; more polar solvents (by ET3'") were more fa-
vorably released from the cavity upon binding. The strongest affinity
was seen in water, and the lowest in CS,. Flood has studied the ef-
fects of solvent expulsion on halide binding in anion receptors,"* and
Hunter, Ward and Nitschke have investigated solvent effects on
guest recognition with metal-ligand capsules and cages." These im-
pressively detailed studies have shown accurate analysis of different
factors such as enhanced H-bonding or aromatic stacking for polar
guests in different solvents,'™ or the effects of solvent on the cage

fluxionality."®

However, while all these studies are important, they focus on
small hosts with defined cavities: there are many hosts (notably
metal-ligand complexes) that are capable of catalysis and recogni-
tion with much larger cavities and panel gaps. We have previously
synthesized FesLs cage complexes that display functional groups on
their interiors,"* and applied them as hosts and catalysts. The cages
(Figure 1) are formed from either 2,7-dianilino-9H-fluorene (cages
F1-F3)'%8! or 2,7-dianilino-9H-carbazole scaffolds (cages C1-
C3)."" These hosts are quite unusual, in that they bind neutral or-
ganic species strongly (K. up to 200,000 M") in CH:CN despite
their porous structure which allows the substrates to exchange rap-
idly on the NMR timescale. The catalytic scope is unusual, but can
be applied to other systems: several of Nitschke’s M-iminopyridine
cages show “fast exchange” with small neutral guests,"* and other
cages involving fluorene or carbazole-based ligand cores are
known."*** In addition, the Fx/Cx cages display internalized func-
tional groups, adding a second layer to the recognition: not only is
there a binding pocket, but non-covalent interactions (either attrac-



tive or repulsive) between internal groups and bound guest can af-
fect substrate binding. However, it is not clear why the guest binding
affinities are so high, and the Fx/Cx cages are only soluble in
CH:CN, limiting their applicability as catalysts. Solvent effects are
likely a dominant factor, but the lack of broad solubility has limited
investigation so far.

The combination of high charge, large size and lipophilic ligands
restricts solvent choice: the Ward/Hunter/Nitschke work"? focused
only on CH;CN and water. The combination of high charge, large
size and lipophilic ligands restricts solvent choice, often to either wa-
ter or acetonitrile (although other polar solvents such as methanol
or DMSO are possible). Notably, M-iminopyridine cage complexes
(the coordination motif in Fx/Cx) are invariably soluble in only ac-
etonitrile' unless additional factors are exploited to allow dissolution
in water.'® There are cages that dissolve in non-polar solvents,"” but
their binding properties towards neutral guests have not been a fo-
cus. Here, we create a series of functionalized FesLs cage complexes
that are soluble in a broad range of solvents and analyze the effect of
solvent and internal function on the molecular recognition proper-
ties of neutral substrates.
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Figure 1. Self-assembled cage complexes tested for molecular recogni-
tion properties, and suite of neutral guests (see Supporting Information
for synthetic procedures).

RESULTS AND DISCUSSION

While we have measured binding affinities for a series of guests in
FesLs cages F1-F3'*4 and C1'* (along with other functionalized
variants'*) in acetonitrile, this has not been explored systematically
or in other solvents. To allow a more detailed study of binding prop-
erties, we synthesized a new set of cages with varying internal func-
tions and endgroups. In addition, a similarly sized Fe.L4 cage 4 was
synthesized for comparison, which has broadly equivalent cavity and
portal sizes to F1/C1, but without internal functions or the polycy-
clic core.

Figure 2. Optimized structures of cages F2, C3, C2 (S isomers) and

control cage 4, illustrating panel gaps and cavity size (semi-empirical,
PM7).

As acid-bearing cage F3'*"f {5 quite reactive and sensitive to
some additives (as is C1), we focused on the more stable cages F1,
F2, C2, C3 and 4, as well as gF1, gF2, gC2 and gC3. Ligands LF1,
LF2 are known, and the new ligand syntheses of LC2 and LC3 fol-
lowed similar procedures'*" (see Supporting Information): initial
derivatization of 2,7-dibromocarbazole by Sx2 reaction with a suita-
ble electrophile (allyl chloride or 4-tert-butylbromobutyrate), fol-
lowed by extension of the ligand via Suzuki coupling with Boc-4-
aminophenylboronic acid and deprotection with CF;CO;H. Careful
neutralization to pH 6.2 after acidic deprotection to form ligand
LC3 was necessary to ensure that the acid group was fully proto-
nated, as carboxylates can interfere with assembly. Control ligand L4
was synthesized by SnAr reaction of 4-hydroxy-4’-Boc-aminobi-
phenyl with trichlorotriazine, followed by acidic deprotection. The
lipophilic aldehyde E1 was synthesized via simple alkylation of 5-hy-
droxy-2-formylpyridine with base and alkyl iodides. The various
cage complexes were assembled using similar procedures: ligand (3
mol.-eq.), aldehyde (6 mol.-eq.) and Fe(NT£,), (2 mol.-eq.) were



combined in dry CH:CN and refluxed for 24 h (the metal:ligand ra-
tio was 1:1 for the ML, cage 4). For ease of discussion, we will refer
to the cages with pyridyl endcaps F1, F2, C2, C3 and 4 as “polaro-
philic” cages, and the lipidated gF1, gF2, gC2 and gC3 variants as
“lipophilic” cages. The isolation procedures for the polarophilic and
lipophilic cages were broadly similar: both could be isolated by
washing with Et,O and 20:1 Et;0:CH;CN.

The FeqL¢ cages all form as mixtures of T/ S,/ Csisomers, and have
broadly similar structural characteristics. Optimized structures are
shown in Figure 2, which illustrates the structure and the large panel
gaps between the ligands, as well as the similarity in size between
cages 1-3 and 4. Unfortunately, the large open portals in the struc-
tures caused cavity volume calculations in MoloVol'"® to be ineffec-
tive, as the cavities are not “enclosed”, so portal diameter will be dis-
cussed instead. For example, the distance between van der Waals ra-
dii of atoms at the periphery of cage C2 is as much as 12.6 A (Figure
2), so it is safe to say that guest entry and exit is unrestricted. The
cavity of F2 with internal methyl groups can be filled by approxi-
mately 44 molecules of CH3CN: the larger butyric acid functions in
C3 pinch off the cavity, and only approximately 28 molecules oc-
cupy the interior in that case (for optimized structures, see Figure S-
186). Obviously, the large entry portals can easily allow rapid solvent
exchange, so any definition of cavity “occupation” is only an esti-
mate, but this adequately illustrates the differences in available inter-
nal space between the different cages.

As might be expected, adding octyloxy chains to the peripheral
pyridyl endcaps does not appreciably change the core structure. An
optimized structure of cage gF2 is shown in Figure 3a, and while the
long alkyl chains are flexible, they are oriented away from the cavity,
so there should be minimal interaction between entering/exiting
guest molecules and the peripheral octyloxy chains. The chains do
cause some minor, yet interesting differences in the NMR spectra,
though — as can be seen in Figure 3c, the chemical shifts for the imine
protons in the F2 and gF2 'H NMR spectraare different, and the
T/S4/Csisomer ratio is slightly altered.
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Figure 3. Optimized structures of a) lipophilic cage Si-gF2 (semi-em-
pirical, PM7); b) polarophilic cage S:-F2 (PM?7). c) Expansions of the

'H NMR spectra of F2 and gF2 (imine region), showing the different
isomer ratios present (CD3;CN, 400 MHz, 298K).

The twelve octyloxy arms on the various gFx/gCx cages were ef-
fective in solubilizing the complexes in more non-polar solvents, but
there were limits. Broad solubility tests were performed with the
acid-functionalized gC3, which was soluble in CHCI;, 1,2-dichloro-
ethane (DCE) and THF. Hydrocarbon solvents (toluene, chloro-
benzene, hexanes) were not able to dissolve the cage, nor was diox-
ane. Among polar solvents, gC3 was soluble in ethylene glycol, hex-
afluoroisopropanol (HFIP) and 1,1,1-trifluoroethanol (TFE), but
not water, PrOH, ‘BuOH or allyl alcohol. The chloroform solubility
was not consistent across the range of gFx/gCx cages (gF2 was in-
soluble in CHCL), so we chose a narrowed scope of non-polar sol-
vents to test the molecular recognition — CH;CN, THF, DCE, eth-
ylene glycol, HFIP, CF;CH,OH and varying mixtures of
CHCl:/CH;CN. Comparison tests were performed between the al-
kylated gFx/gCx cages and non-alkylated Fx/Cx cages in CH;CN,
in which all cages were soluble. This broad scope allows a range of
variables to be tested to determine the major factors controlling
guest binding. Examples are: 1) Packing the interior of the cages ob-
viously changes the available space for guest binding: F1 is una-
dorned, F2 has 12 small lipophilic groups pointed to the interior, C2
displays six flexible internal allyl groups, and C3 contains six butyric
acid groups, which are larger than the others but can provide (pre-
sumably favorable) H-bonding interactions with bound guest. 2)
The external octyloxy arms could have an effect on guest binding,
even though they do not obviously interact with the cavity. 3) Vary-
ing solvent properties will affect guest binding in all cases, a subset of
which is 4), the different functions will have different interactions
with guests in different solvents, such as putatively stronger H-bond-
ing interactions in non-polar solvents with gC3. To interrogate these
factors, a broad suite of neutral guest molecules was chosen (Figure
1)." These guests included rigid, spherical guests (adamantyl deriv-
atives AdSH, AdOH, AdH), aromatic species, either flat (anthroic
acid AnthCOOH) or polyphenyl (TPM), and flexible linear or cy-
clic guests (octanethiol OctSH and cyclooctane Cy8). In addition,
the guests display a range of coordinating motifs, either weak H-
bonding groups (OH, SH), carboxylic acids, or contain no polar
groups at all (hydrocarbons).

Binding analysis was performed by titrating the guests into the
various hosts in different solvents. As the guest exchange is rapid on
the NMR timescale in these hosts, the changes in cage and guest
NMR shifts are minimal. This makes NMR titrations too error-
prone to be useful (and other possibilities such as diffusion NMR are
ESI-MS are not effective), so we focused on UV/Vis spectroscopic
titrations. The guests were titrated into solutions of the Fx/Cx/4
cages (3 pM cage in CH;CN, 1 yuM in all other solvents) and the ab-
sorbance changes measured. Examples of the titrations are shown in
Figure 4, for all others, see Supporting Information. The binding af-
finities were calculated using the BindFit software at www.supramo-
lecular.org." In each case, multiple fits were performed using absorb-
ance changes measured at two different frequencies (the exact fre-
quencies depended on the specific cage host and are noted in Figures
S-60 — S-185). The isotherms were fit to both 1:1 and non-coopera-
tive 1:2 binding models, and the preferential binding stoichiometry
determined by best fit. The full binding affinity data is shown in Ta-
bles 1-3 and Figure 4, as well as Supporting Tables S-1 - S-8 and Sup-
porting Figures S-60 — S-1885. Tables S-1 — S-8 also show the fitting



results (both successful and failed) for 1:1 and 1:2 binding modes.
For clarity, we will break up the discussion into sections, focusing on
the effects of changing individual variables.

Effect of Internal Group Variation on Binding Affinity in
CH3CN Solvent

The first test was to determine the effects of varying internal func-
tions on target binding affinity. This focused solely on the polaro-
philic cages F1, F2, C2 and C3 in CH;CN using OctSH, AdOH,
AdSH, AnthCOOH as guests (Table 1). Adding internal functions
to the cages does have an effect on guest binding, as expected. The
clearest trends are seen between the undecorated fluorene cage F1
and its dimethyl counterpart F2, although there are some notable
outliers. Overall, the prevalence of 1:2 binding is lower in the dime-
thyl cage F2 than in F1: we have previously shown that multiple dif-
ferent guests form 1:2 complexes with F1, and some even show pos-

l4c

itive cooperativity.'"* Among the guest scope shown here, OctSH
clearly favors a 1:2 binding mode in F1, and good fits for both 1:1
and 1:2 binding are seen with AnthCOOH. In contrast, the titration
data obtained for these guests and cage F2 showed poor fits to a 1:2
binding model in all cases (Table S-2). This does not mean that 1:2
binding cannot occur, but the 1:1 binding mode appears dominant.
This is understandable, as the internal CH; groups shrink the availa-
ble cavity. Other than limiting the formation of heteroternary com-
plexes, there is no obvious conclusion to be drawn between the bind-
ing properties of the dimethyl F2 cage when compared to F1. Affin-
ities are generally similar, but F2 is a better host for some guests
(AdOH, for example), and a far weaker host for others, notably
OctSH (Figure 4e, Table 1), which is a strong guest for all other
cages (the experiment was repeated multiple times, and the same re-
sult obtained, but the explanation is unclear). Overall, slightly
shrinking the available cavity size by adding small CH; groups to the
interior causes small changes in target affinity, as might be expected.
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(in CH,CN): 0 —3 —8 —39
a) 10 a2 —xn

09
0.8
07
06

o

Eo.s

504

203
02
04
0.0

450 250 300

250 300 350 400
Wavelength (nm) d
)‘I 0

C) 10
09,
s {f
or ¥

06
8

EDS
504
Z03
0.2
0.1
0.0

350 400
Wavelength (nm)

250 300 450 " 250 300

e) 1.0
0.9

400 450
nm)

350 400 350
Wavelength (nm) Wavelength (

250 300 350 400 450
0 450 Wavelength (nm)

250 300

350 401
Wavelength (nm}

Figure 4. UV/Vis absorbance spectra for the titration of octanethiol
(OctSH) into 3 uM solutions various cage complexes, CH;CN, 293 K.

A greater increase in the size of the internal groups causes a clearer
trend in affinities. Allyl carbazole cage C2 binds all four targets in
CH;CN, but does so with a lower affinity than all the other cages:
the allyl groups have minimal “positive” interactions with bound
guests (such as dipolar interactions or H-bonds), and just block the
cavity. This is in contrast with acidic cage C3: even though the inter-
nalized butyric acid groups are large and should shrink the available
cavity, affinities for all the four tested guests (which can all partici-
pate in H-bonding, notably) are 3-4 times higher than in the C2
cage. Again, there is a strong preference for 1:1 binding in these func-
tionalized cages, suggesting that ternary complex formation is more
challenging in the packed cages than in the undecorated F1.

Affinities were also tested with the similarly sized MyL4 cage 4, but
interestingly, no evidence for any guest binding was seen in this case.
Even though the Fe-iminopyridine peripheries are the same, and the
cavity size and entry/exit portals are broadly similar to F1, no ob-
servable affinity was seen with guests OctSH and AdOH in CH;CN
at all (see Figure S-90). Evidently the polycyclic fluorene and carba-
zole scaffolds (and their internalized groups) are essential for guest
recognition — merely creating a cavity does not mean that the cavity
will bind substrates. This is actually the “expected” outcome - the
small surface area of the ligands, easily rotatable phenyl groups, large
cavity and spacious entry portals in 4 are all negative factors when
creating a host. It also highlights the unique nature of the Fx/Cx
scaffold, which has many of those negative elements, but is still a pro-
miscuous host.

Table 1. Binding affinities (K., x 10° M) in functionalized cages:
Comparison between polarophilic and lipophilic variants.*



Guest
(MeCN) C3 Cage C2 Cage F2 Cage F1 Cage
OctSH 84.8 +4.7 16.3+£04 N.B.b 174 £ 43¢
AdSH 97.3+7.8 23.6+06 | 514+19 | 54.0+3.5
AdOH 130+4.8 262+0.7 | 647149 9.6 £04
Anth-
+ + + +5.5¢
COOH 904 £ 8.5 15.0£0.3 | 20.1+£0.5 | 954+5S.5
Guest
(MeCN) gC3 Cage gC2 Cage | gF2 Cage gF1 Cage
OctSH 56.2+2.0 N.B.! 3.6+0.1 40.5+ 1.5
AdSH 419 £2.0¢ N.B.! 124+£04 | 278+13
AdOH 43025 63.7+2.7 | 37.7%+1.5 80.8+13
Anth-
19.5+1. 12.7 0. 3102 21.3%0.
COOH 9.5 3 7+0.7 | 73%0 3+0.7

*in CH3CN, [cage] = 3 pM, absorbance changes measured at 310/330
nm and 370/380 nm." N.B. = no binding observed. ¢ Also shows a pro-
pensity for 1:2 affinity, see Table S-2 for full data.

Effect of Octyloxy Chains on Binding Affinity in CH3CN Sol-
vent

The next task was to determine whether the lipophilic octyloxy
chains in the cages had any effect on binding affinity, so the guest
affinities were determined in the four lipophilic cages gF1, gF2, gC2,
gC3, and compared to those in the polarophilic cages F1, F2, C2,
C3. The guests (OctSH, AdOH, AdSH, AnthCOOH) and solvent
(CH;5CN) were kept constant, so that the only variable was the pen-
dant arms in the cages. As can be seen in Table 1, guest binding af-
finity in the lipophilic gCx/Fx cages is lower than in the polarophilic
Cx/Fx cages — for example, OctSH affinity drops 35% from C3 to
gC3, shows no observable binding in gC2, and drops fourfold from
F1 to gFl. This trend is generally repeated for the other guests
AdOH, AdSH and AnthCOOH, although there are some outliers,
indicating (again) that multiple factors are present that control bind-
ing. Still, it is interesting that the presence of lipophilic chains at the
cage periphery, which appear to have no effect on blocking the cav-
ity, have a deleterious effect on guest binding. Analysis of the absorb-
ance transitions (vide infra) suggests that the guest binding is at the
internal fluorene/carbazole ligand sites, but a small amount of com-
petitive association with the external octyloxy chains cannot be ruled
out. This would explain the slight lowering in target affinity between
the Fx and gFx cages, although this is speculation, as the low cage
solubility and rapid guest exchanges renders NOESY analysis inef-
fective.

Solvent Effects — Solvents with High Polarity (HFIP, TFE, eth-
ylene glycol)

The nature of solvent polarity is a complex discussion, with numer-
ous metrics that can be used (including dielectric constant, ET3, and
more)."2 The complexity of this system makes analysis of the effects
of solvent polarity on guest binding challenging. Polar effects such as
dipoles and/or hydrogen bonding, London dispersion forces,” and
the size and shape of the solvent when occupying the cavity of the
various cages are all important. Also, these cages do not bind a single
solvent molecule, as do smaller hosts,'” but many, and analysis is re-
stricted to solvents that can dissolve the cages. The Fx/Cx cages are

restricted to highly polar solvents such as CH;CN, which shows
both high dielectric and polarity (¢ = 37.5, ETs = 45.6). The
gFx/gCx series, on the other hand, allowed a range of solvent polar-
ities to be tested for their effects on guest binding. The two most
highly polar solvents (CFsCH,OH (TFE, € = 8.55, ET3 = 59.8) and
hexafluoroisopropanol (HFIP, ¢ = 16.7, ET3 = 65.3)) completely
abrogated any guest binding. As can be seen in Table 2 and Table S-
5), no binding affinity is seen in cages C3, gC3 or gF2 in either TFE
or HFIP. This was somewhat surprising, as our assumption had been
that Diederich’s observation' that the more favorable energy gained
upon expulsion of more polar solvents from a cavity would drive tar-
get affinity in this case, and OctSH would be more strongly bound
than in the less polar CH;CN. However, titrations in mixtures of
HFIP and CH;CN also showed no affinity, even when only 10%
HFIP was used. Evidently HFIP and TFE are excellent guests for the
cage: when HFIP was titrated into cage gC3 in CH:CN, a binding
affinity of 93.5 + 7.4 x 10° M was obtained (Figure S-136). The
highly polar HFIP simply outcompetes the neutral guests for the cav-
ity when used as solvent or co-solvent. Interestingly, ethylene glycol
(e=37.0, ET3 = 56.3) was an effective solvent for recognition (see
Figures S-138 — S-141 and Table S-6): affinities in cage C3 ranged
from 60 x 10°M™ (OctSH) to 111 x 10°M™* (AdSH), broadly similar
to their observed affinities in CH;CN, although the more polar
AnthCOOH did not show any affinity in ethylene glycol. Evidently
HFIP and TFE are quite unique as solvents: it is not their mere po-
larity that causes strong cage binding, but a combination of their
fluorophilic and H-bonding components. Both HFIP and TFE are
“low dielectric, high polarity” solvents, and this mirrors the structure
of the added guests: the most successful guests contain relatively
large aliphatic/aromatic groups and polar functional groups, and
small alcohols like EtOH or ethylene glycol are not bound. Unfortu-
nately, the lipophilic variants gCx/gFx were not soluble in ethylene
glycol, so we were unable to further test affinities in other highly po-
lar solvents.

Solvent Effects — Weakly Polar Solvents

Tests in highly non-polar solvents such as toluene or chloroben-
zene were complicated by the lack of solubility of the cages, even at
micromolar concentrations. However, all four lipophilic cages were
soluble in both THF (e = 7.58, ET3 = 37.4) and 1,2-dichloroethane
(DCE, € = 10.36, ET3 = 41.3, Table 2), so the binding tests were
repeated with the same four guests as described previously. Binding
in THF was seen for all cages except gC2, which was not stable to
THEF upon dissolution.

Table 2. Binding affinities (K, x 10* M) in functionalized cages in
different solvents.*

Guest (in
2 2 F1
THF) gC3 Cage | gC2 Cage gF2 Cage gF1 Cage
OctSH 19.7+0.7 n.d. 19.3£0.5 10.1£0.1
AdSH 32714 n.d. 52+0.1 32.0+£0.6
AdOH 6.5%0.1 n.ds 7.6+0.2 43.0+1.3
AnthCOOH | 12.8+0.4 n.d. 81104 17.0+0.5
Guest (in
2 F2 F1
DCE) gC3 Cage | gC2 Cage gF2 Cage gF1 Cage




OctSH 66.3+72 N.B? 877 +11.0 NBY MeCN: MeCN: MeCN:
AdSH $22+42 N.B? 83.6+108 | 17.7+1.7 MeCN CHCls CHCL CHCly
1:1 : 1:
AdOH 462+42 N.B. 148+9.5 | 402+6.0 (1:1) (3:7) (1:9)
AnthCOOH | 79416 NB 30490 | 268428 OctSH | 3.6+0.14 | S3.1+14 | 320+1.0 | 147+040
AdSH | 124+038 | 49.7+12 | 77.1+3.5 | 482+24
Hi
Osf)tlfrenin C3Cage | gC3Cage | gF2Cage AJOH | 37.7+15 | 42.0+076 | 47.6+23 | 226+1.0
AdH 164+21 | 704+3.6 | 480+11 | 37431
CF;CH,OH N.B. N.B.! N.B.} Cy8 36.5+4.1 | 69714 | S80+14 N.B?
HFIP N.B. N.B. N.B. Binding affinities (K., x 10° M)
. b b b
HFIP:MeCN | N.B. N.B. N.B. Cuest 2C3 (1:9 gF2 (19
(1:1) gC3 gF2
(MeCN)* MeCN: (MeCN)® MeCN:
HFIP:MeCN N.B} N.B.} N.B.} CHCl;)® CHClL;)?
1:
(1:9) TPM | 160+25.6 | $94+28 | 140+1S | 509+4.1

*in THF, [cage] = 1 M, absorbance changes measured at 325 nm and
360/370 nm. In DCE, [cage] = 1 uM, absorbance changes measured at
280/330 nm and 330/360 nm. In CF;CH,OH/HFIP/HFIP:CH;CN
mixtures, [cage] = 1 uM, absorbance changes measured at 295 nm and
325 nm.?N.B. = no binding observed. ¢ cage decomposed in this solvent.

Guest affinities in THF for gF1 and gF2 were in the same general
range as in CH;CN: some slight variations were seen for different
guests (K, OctSH in cage gF1 = 40.5 £ 1.5 x 10° M in CH;CN vs
10.1 £0.1x10°M" in THF (i.e. fourfold higher in CH;CN), whereas
K. AdSH in cage gF1=27.8 + 1.3x 10°M" in CH;CN vs 32.0 + 0.6
x 10°M" in THF, essentially identical). The change in polarity be-
tween CH;CN and THEF is large, and this indicates that there is not
alinear dependence on solvent polarity that governs the binding af-
finity in the Fx/Cx series of hosts (as was observed by Diederich in
his cyclophane case'®): there are certainly differences in guest bind-
ing affinities for different guests in different solvents, but there is no
clear trend in affinity that tracks with either dielectric constant or sol-
vent polarity parameters.

1,2-dichloroethane was also tested as a solvent, but introduced a
novel challenge: the magnitude of the changes in the titration UV
spectra was very small. Isosbestic points were observed in most
cases, and the spectra did change upon guest addition, but the errors
in fitting were larger in these cases than in the other solvents. The
more polar DCE also showed no obvious trend in binding affinities:
affinities were higher in the dimethylated fluorene cage gF2 than the
bare gF1, and the acidic carbazole cage gC3 showed strong affinities,
whereas no binding was seen with gC2.

Solvent Effects — Cavity-based Effects vs Polar Interactions
Table 3. Secondary Effects on Guest Binding.*

Binding affinities (K., x 10° M) in Cage gC3
MeCN: MeCN: MeCN:
Guest
MeCN CHCl; CHCl: CHCls
(1:1) (3:7) (1:9)
OctSH 56.2+2.0 41.4+2.5 46.5+1.5 103 +5.4
AdSH 419 +2.0¢ 86.5+10 36.6+1.8 239 +2S§
AdOH 43.0%2.5 51.3+24 60.3+£2.0 377 +SS§
AdH 284+2.2 178+ 1.6 242+1.0 25.5+14
Cy8 25.0+3.3 20.1+2.1 333+1.0 383+0.9
Guest Binding affinities (K., x 10° M™') in Cage gF2

*in CH3CN, [cage] = 3 pM, absorbance changes measured at 310/330
nm and 370/380 nm. ® In CH;CN:CHCL; mixtures, [cage] = 1 uM, ab-
sorbance changes measured at 325 nm and 360/375 nm. € Also shows a
propensity for 1:2 affinity, see Table S-7 for full data.

The gF1/gF2/gC2 cages only vary in the amount of accessible
cavity space for the guests (and solvents), so they are useful for test-
ing solvent polarity effects on binding: other than some small van der
Waals interactions between bound guests and the internal alkyl
groups, there are no obvious positive interactions between guest and
internal groups of the hosts. This is not the case for gC3, which con-
tains internalized acids that can hydrogen-bond with the added
guests, a process that should be more favorable as solvent polarity is
lowered. To further test the effects of the internal acid groups, we
narrowed the focus to acid cage gC3 and dimethylfluorene cage gF2,
and tested a wider guest range in solvent mixtures of varying polarity,
namely combinations of CH;CN and CHC]; (Table 3).

These tests illustrated a clear effect of the internal acids on guest
binding: as the proportion of CHCI; increased, the affinity for polar
guests in the acid-bearing cage gC3 markedly increased (Table 3 and
Figure §). For example, K, AdSH in cage gC3 =41.9 £2.0x 10°M"
in CH;CN, whereas in 10:90 CH;CN:CHCL3 K, =239 £ 25x 10° M-
'. Similar increases in magnitude were seen for the other guests that
contained H-bonding groups (OctSH, AdOH, AnthCOOH). The
affinity increases were not linearly correlated with solvent ratio, but
at high concentrations of CHCl; in the solvent, the effect was clear.
Importantly, this effect did not occur for simple hydrocarbons: when
cyclooctane (Cy8) or adamantane (AdH) were added to cage gC3,
the affinities were almost completely insensitive to solvent ratio. In
addition, when the process was repeated with the non-acid-contain-
ing cage gF2, the enhancement of guest affinity in the 10:90
CH;CN:CHCI; solvent mixture was not seen. This validates the ob-
servation seen before, that there is no clear effect of solvent polarity
on cavity-based binding for the alkyl- or unfunctionalized cages.
However, in the case of the acidic gC3, enhanced H-bonding is seen,
and the affinity of suitably structured guests is markedly enhanced.
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Figure S. Binding affinity dependence on internal functional groups and
solvent. In CH3CN, [cage] = 3 uM, absorbance changes measured at
310/330 nm and 370/380 nm. ® In CH;CN:CHCl; mixtures, [cage] =
1 uM, absorbance changes measured at 325 nm and 360/375 nm.

Additional Effects — Large Guests and Bases

Further examples of guest scope were tested in the gC3 and gF2
cages, as can be seen in Table 3: the large guest TPM, and basic guest
imidazole. These two substrates corroborate the importance of two
of the binding factors in these cages: the large guest TPM is the most
strongly bound guest in these two cages, which supports the theory
that expulsion of multiple smaller solvent molecules for one large
guest is an important driving force. The affinity of TPM is lowered
in the 1:9 CH3CN:CHCI; solvent mix (when compared to CH;CN
alone) for both cages gC3 and gF2. Evidently for large guests, the
effects of H-bonding with the internal acids are outweighed by a sol-
vent-based driving force, whereby expulsion of less polar solvents
from the cavity is less favorable. The effect of the internal acid groups
was also tested by adding imidazole as guest. Unfortunately, study-
ing the effects of strong bases in these cages is problematic, as they
can cause decomposition of the cage (for a more detailed discussion
of base binding in F1, see reference 14i). Both cages gC3 and gF2
decomposed in the presence of imidazole or stronger bases, so the
H-bonding properties could only be analyzed with weak donors such
as alcohols or thiols.

Computational Analysis of Guest Binding Location

One disadvantage with using UV absorption spectroscopy to de-
termine binding affinity in these cases is the lack of positional infor-
mation, ie. exactly where the guests are bound in the large cavity.
Alternate methods such as scXRD or NMR analysis are either chal-
lenging or (in this case) uninformative. However, further investiga-
tion of the nature of the UV absorptions and their changes upon
guest binding can shed some light on the nature of the recognition.
The molecular structures of a single ligand fragment from cages F1
and C3 coordinated to two Fe’* atoms at the iminopyridine centers
were optimized with density functional theory (DFT) at the
PBEO/LANL2DZ level of theory, and the vertical excitation ener-
gies and oscillator strengths of the electronic transitions were calcu-
lated with time-dependent DFT (TD-DFT) using PBEO method
with both LANL2DZ and def2-TZVP basis sets and the PCM sol-
vent model of acetonitrile, which have been shown to accurately pre-
dict UV-vis spectra of ligand-metal systems."
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Figure 6. Calculated UV-Vis spectrum of the C3 cage fragment
(PBE0/def2-TZVP) and the molecular orbitals of the two major transi-
tions (PBEO/LANL2DZ).

As can be seen in Figure 6 (and Figures S-190 — S-191), there are
two major transitions in the predicted spectrum of the C3 fragment,
which are also seen in the absorption spectrum of F1. The predicted
transition ~380 nm has a strong oscillator strength of 0.48 at the
PBEO/def2-TZVP level of theory. Natural transition orbital (NTO)
analysis (PBEO/LANL2DZ) shows this transition is a ligand-to-lig-
and charge transfer (LLCT) excitation from 7 orbital located in mid-
dle of the ligand to 7* molecular orbital on two ends of the ligand.
The transition at ~325 nm is a mixture of ligand-to-metal charge
transfer (LMCT) and LLCT excitation from = orbital on the ligand
to d.” orbital of Fe** and «* on two ends of the ligand. These two ma-
jor transitions are also seen for the F1 fragment (see Figure S-187 -
S-188), suggesting that the UV absorption behavior for the fluorene
and carbazole ligand scaffolds is similar. These predicted transitions
also shed light on where the guest binding interactions occur. In all
cases, guest addition leads to a lowering of the cage absorption at
~325 nm (exact number depends on cage), and an increase in cage
absorption at ~380 nm (see Figure 2 and Supporting Information).
Both of these transitions are ligand-centered, suggesting that guest
interactions with the central carbazole or fluorene core are im-
portant for the recognition. This also explains the “secondary” ef-
fects seen with acidic cage gC3 - interactions between guest and the
polycyclic ligand wall bring any H-bonding groups into close prox-
imity with the internal acids. Finally, this data helps explain the lack
of binding in control cage 4: that cage, while superficially similar in
overall size and entry portal diameter to the Fx/Cx system, lacks the
polycyclic walls that are integral to guest binding.

CONCLUSIONS

In summary, we have synthesized a new series of functionalized
cage complexes, exploiting lipophilic groups at the pyridyl termini to
confer solubility in a range of solvents, and studied the effects of sol-
vent and internal functionality on the molecular recognition proper-
ties of the cages. Adding lipophilic chains to the cage exterior confers



solubility in non-polar solvents with minimal interference in the cav-
ity-based recognition process. The presence of polycyclic ring sys-
tems in the ligand is essential for the recognition, and optical analysis
suggests that the guests have interactions with these walls, causing
changes in absorption peaks for ligand-centered transitions.

This experimental and theoretical data allows some conclusions
to be drawn about the complex molecular recognition properties of
the functionalized Fx/Cx cage system, and these conclusions are ap-
plicable to other spacious catalytically active metal-ligand cage com-
plexes. The Fx/Cx cages are promiscuous hosts, binding neutral or-
ganic species of multiple different sizes and shapes in multiple stoi-
chiometries, often with micromolar or submicromolar affinities.
Guests with polar or H-bonding groups are generally bound more
strongly than simple hydrocarbons, and packing the interior of the
cage lowers guest affinity. However, incorporating acidic or H-bond-
ing groups on the cage interior adds a second layer of driving force
for polar guest recognition, which can overcome loss of affinity due
to increased cavity packing.

Whereas other, simpler macrocyclic systems show guest binding
affinity linearly related with solvent polarity'® due to the increased
favorability of more polar solvents self-associating upon expulsion
from the cavity, the molecular recognition properties of the Fx/Cx
cage scaffold are more nuanced. The large cavities can be occupied
by multiple solvent molecules (as many as 44), so while guest bind-
ing is partly driven by entropically favorable expulsion of multiple
small solvent molecules upon binding a larger guest, the solvents do
not experience a large change in environment between bound and
free states: most of the bound CH3CN molecules are surrounded by
other CH;CN molecules in the cavity, so a simple linear model is not
applicable here. Certain solvents have very clear effects: solvents
with both H-bonding and lipophilic sites such as HFIP and TFE are
excellent guests for the host cavities and eliminate all guest binding.
Other highly polar solvents such as ethylene glycol are similar to
CH;CN, and allow high affinities for neutral guests.

Lower polarity solvents often confer lower affinities in unfunc-
tionalized cages. Importantly, the nature of the solvent has greatest
effect on the molecular recognition properties of the catalytically ac-
tive acidic cage gC3. In this case, the presence of the internal acid
group allows favorable H-bonding or ion bridge interactions with H-
bonding guests or bases, and this factor is enhanced in less polar sol-
vents (such as mixtures of CHCl; and CH;CN). This effect is not
seen for hosts and guests which do not contain polar groups (cage
gF2 of guest AdH, for example), and guest affinity is strongly re-
duced when large non-polar groups are internalized in the host cav-
ity (e.g. cage C2). This suggests that non-polar solvents will be an
effective medium for gC3-catalyzed reactions, an area we are cur-
rently investigating. Balancing directed host:guest interactions (e.g.
H-bonds) with entropic effects from solvent displacement is essen-
tial for planning supramolecular catalysis with functionalized cages
in non-polar solvents.

EXPERIMENTAL

General Information. Cages F1 and F2 were synthesized accord-
ing to literature procedures (see those publications for full charac-
terization data ).’ 'H , 3C and 2D NMR spectra were recorded on
Bruker Avance NEO 400 MHz or Bruker Avance 600 MHz NMR
spectrometers, which were automatically tuned and matched to the

correct operating frequencies. Structural assignments were made
with additional information from gCOSY, gHSQC, and gDOSY ex-
periments. Proton (‘H) and carbon (*C) chemical shifts are re-
ported in parts per million (8) with respect to tetramethylsilane
(TMS, 8=0), and referenced internally with respect to the protio sol-
vent impurity for CD;CN (*H: 1.94 ppm, *C: 118.3 ppm), CDCl;
(*H: 7.26 ppm, **C: 77.2 ppm), or DMSO-ds (*H: 2.50 ppm, *C:
39.5 ppm). Deuterated NMR solvents were obtained from Cam-
bridge Isotope Laboratories, Inc., Andover, MA, and used without
further purification. Spectra were digitally processed (phase and
baseline corrections, integration, peak analysis) using Bruker Top-
spin 1.3 and MestreNova. All chemicals were obtained from Aldrich
Chemical Company (St. Louis, MO), Combi-Blocks (San Diego,
CA) or Fisher Scientific (Fairlawn, NJ), and were used as received.
Solvents were dried through a commercial solvent purification sys-
tem (Pure Process Technologies, Inc.). UV/Vis spectroscopy was
performed on a Cary 60 Photospectrometer using the Varian Scans
program to collect data. The mass spectrometric samples of cages
C3,gC3, C2, gC2, gF2, gF1, and 4 were prepared in 100% MeCN
and infused into an Orbitrap Velos Pro mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA) with a homebuilt nanoESI
source. The spray voltage, capillary temperature, and the S-lens RF
level were set to 1.7kV, 160 °C, and 45% respectively. Full mass spec-
tra were acquired with a resolution of r = 30 000. Thermo Xcalibur
was used to analyze MS data and prepare the predicted isotope pat-
terns. For all other molecules, high resolution accurate mass spectral
data were obtained from the Analytical Chemistry Instrumentation
Facility at the University of California, Riverside, on an Agilent 6545
QTOF LC/MS instrument. Melting points were obtained with a
Mel-Temp melting point apparatus.

General Procedure for Cage Synthesis. Deprotected ligand (e.g.
LF1, 1 equiv, 0.08 mmol) was added to a Schlenk flask with
Fe(NTf2), (30 mg, 0.7 eq, 0.05 mmol), 8 mL dry MeCN, and either
2-pyridinecarboxaldehyde (14.4 uL, 2 equiv, 0.16 mmol) or 5-(oc-
tyloxy)-2-pyridinecarboxaldehyde (37 mg, 2 equiv, 0.16 mmol). Af-
ter stirring 16 h at 80 °C, the reaction mixture was cooled to room
temperature and any solids removed via vacuum filtration. The re-
maining acetonitrile was removed in vacuo and the solid residue
briefly sonicated in Et;O. This was followed by filtration of the solid,
which was washed with E,O (20 mL) and 20:1 Et,O:MeCN (50
mL) and collected. For full synthetic schemes, procedures and char-
acterization of cage complexes and precursor ligands, see Supporting
Information.

General Procedure for Binding Affinity Calculations. A 3.0 yM
solution of cage was prepared in 3 mL spectroscopic grade MeCN,
ora 1.0 uM solution in all other solvents, via dilutions from a 0.3 mM
stock solution, and added to a UV-Vis cuvette. To this solution was
then added 1 pL aliquots from a 9.0 mM solution of the correspond-
ing guest molecule, equating to one molar equivalent guest to cage
in MeCN solutions or three molar equivalents in all other solvents.
These additions were continued until there was no observable
change in the absorption spectrum. Binding affinities were calcu-
lated using BindFit at supramolecular.org'® vialinear regression anal-
ysis using the Nelder-Mead method from the change in absorbance
at two points, typically between 300-330 nm and 360-390 nm.

Computational Methods. The molecular structures of cage F1
(Figure 2) and ligand fragments F1, C3 (Figure S) were optimized
with density functional theory (DFT) at the BBLYP/LANL2DZ and



PBEO0/LANL2DZ level of theory, respectively. All other cage struc-
tures, notably those with >450 atoms (e.g. lipophilic cage F2, C2,C3
and gF2, Figure 3) were optimized with the semi-empirical method
PM7. The vertical excitation energies and oscillator strengths of the
electronic transitions were calculated with TD-DFT using PBEO
method with both LANL2DZ and def2-TZVP basis sets, which are
believed to have balanced performance for predicting UV-vis spectra
of ligand-metal systems with relatively good accuracy and computa-
tional efficiency.” To obtain a straightforward chemical orbital in-
terpretation of the excitations, the major transitions with strong os-
cillator strengths were further analyzed with NTO methods at the
PBEO/LANL2DZ level of theory.’" The polarizable continuum
model with the integral equation formalism variant (IEFPCM) as
the implicit solvent model was employed to account for the dielec-
tric environment of acetonitrile solvent within affordable computa-
tional cost.” The UV-vis spectra calculated in this work were all plot-
ted with a peak half-width of 0.15 eV. All the DFT calculations per-
formed in this work were accomplished with Gaussian 16 and visu-
alized with GaussView software, while the semi-empirical method
PM?7 was used to optimize large molecules utilizing MOPAC pack-
age with the COSMO solvent model.”
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