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ABSTRACT: A self-assembled Fe,Ls cage with internally oriented carboxylic acid functions was shown to catalyze a variety of dissociative

nucleophilic substitution reactions that proceed via oxocarbenium ion or carbocation intermediates. The catalytic behavior of the cage was

compared to that of other small acid catalysts, which illustrated large differences in reactivity of the cage-catalyzed reactions, dependent on the

structure of the substrate. For example, only 5% cage confers 1000-fold rate acceleration of the thioetherification of vinyldiphenylmethanol

when compared to the rate with free carboxylic acid surrogates, but only a 52-fold acceleration in the formation of small thioacetals. Multiple

factors control the variable reactivity in the host, including substrate inhibition, binding affinity, and accessibility of reactive groups once bound.

Simple effective concentration increases or the overall charge of the cage do not explain the variations in reactivity shown by highly similar

reactants in the host: small differences in structure can have large effects on reactivity. Reaction of large spherical guests is highly dependent on

substitution, whereas flat guests are almost unaffected by size and shape differences. The cage is a promiscuous catalyst, but has strong selectivity

for particular substrate shapes, reminiscent of enzymatic activity.

INTRODUCTION

The scope of reactivity in self-assembled synthetic hosts can be
greatly expanded by introducing internally oriented functional
groups to the host scaffold.” This concept is inspired by enzyme ac-
tive sites, which show exquisite reaction control in a tight binding
pocket.” The internal cavities in synthetic hosts cannot show the
same specific size and shape matching to substrates as enzymes, so
their effects on substrate reactivity are far more variable.” Many ex-
amples of reactivity in synthetic hosts exploit substrate recognition
events that are long-lived (in molecular terms): discrete Michaelis
complexes are formed that can be observed on the NMR timescale.*
Selective coencapsulation of multiple guests confers size and shape-
selectivity on the reaction,’ and increased effective concentration
can accelerate reactions.® When smaller unfunctionalized cages are
used, the most effective reactions are often pericyclic cyclizations
and rearrangements, etc.’” The ability to coencapsulate multiple
guests expands the scope of reactivity to polar, and/or organometal-
lic processes. Catalytic cofactors such as acids,® bases’ and metal
complexes'? can be coencapsulated with substrates, and accelerated
reactivity, shape-selectivity and stereoselectivity can be observed."

Small cavities that tightly bind guests generally show the greatest
selectivity in reaction and the greatest rate accelerations.”” However,

the scope of reactivity is obviously lessened, they are more prone to
substrate or product inhibition*® and the “walls” (or “panels”) of the
host cannot easily be functionalized with reactive groups. Larger su-
perstructures can be much more easily functionalized,"* and can act
as “nanophases” that contain many substrates at once."”* Reaction
scope is far wider, and the panel gaps are often larger, allowing more
rapid ingress and egress from the assembly, which eases turnover.
However, the internal species are not tightly bound, and the effects
of large cages on substrate reactivity are less than in those that more
closely mimic an “active site”. The middle ground is less well-ex-
plored: medium-sized cavities that can bind multiple species, are rel-
atively promiscuous hosts, and have reactive internal groups that are
in close proximity to the bound guests.

We recently synthesized the self-assembled Fe-iminopyridine
16a

cage 1 (Figure 1),'® which contains carboxylic acid groups that are

appended to the central fluorenyl moiety in the ligands. The cage can
act as a host for neutral small molecules in organic solvents, and we
have shown examples of biomimetic catalysis for polar reactions,'

including rate accelerations,'®" t6a
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sequential tandem catalysis,
mechanistic variations'® and the ability to catalyze complex, multi-

step reactions.'® In these investigations, we found that cage 1 is quite



unusual among self-assembled host catalysts, in that it can bind mul-
tiple species on the interior, but rapid guest in/out exchange is al-
most always observed, which enables guest turnover and limits (in
most cases) product inhibition. The guest affinities are relatively
high (~10°* - 10° M in CD:CN)," but the cage is a promiscuous
host: virtually all substrates we have tested show some affinity for the
cage (the exception being small hydrocarbons such as adaman-
tane).'® The tetrahedral cage has Fe-Fe distances of 20 A,'® so is not
as large as some hosts,"* but the “panel gaps” are large, and the guests
are not truly encapsulated in the cavity, and most likely show signif-
icant movement when bound. As such, the activity of the host is sur-
prising: it is far more active in acid-catalyzed processes than the free
ligand analog 3. Rate accelerations of >1000-fold were observed for
both acetal solvolysis and alcohol thioetherifications catalyzed by 1,

when compared to the rates catalyzed by equimolar amounts of acid
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Figure 1. a) Structure of FesLs cage 1 and a minimized structure of its
S+ isomer (SPARTAN, Hartree-Fock); b) illustration of the catalytic
pathways shown by small molecule vs host acid catalysts; ) small mole-
cule acids camphorsulfonic acid (CSA 2) and ligand surrogate 3 con-
trols.

While diacid 3 has the same carboxylic acid groups as the cage, the
cationic nature of the assembly will obviously affect the acidity of the
COOH groups in 1 somewhat. As such, we investigated other,
stronger types of small molecule acids as controls as well. The anec-
dotal evidence suggested that the cage was about as effective a cata-
lyst as camphorsulfonic acid 2 (CSA), which is far more acidic than
the carboxylic acid groups in the cage: CSA has a pK, of 1.2, whereas
carboxylic acid 3 has a pKa ~ 3.5."7 This observation was not con-
sistent, however, and the scope of reaction showed by 1 was quite
variable, especially upon structural changes in oxa-Pictet-Spengler
reaction substrates.'® These differences were size- and shape-based,
so could not simply be explained by the fact that the cage is cationic,
so proton transfer would be more effective. There are a number of
molecular recognition factors that can contribute to the differing ac-
tivity of the cage to different substrates, illustrated schematically in
Figure 1b. The most obvious is binding affinity, but other factors

such as product and substrate inhibition must be considered, as well
as the formation of unproductive ternary complexes in the host. As
such, we undertook an investigation of the factors that control reac-
tivity with cage 1, and how reactivity varies when compared to a
“comparable” acid catalyst (namely CSA 2).

RESULTS AND DISCUSSION

The challenge when studying polar reactions with metal-ligand
cage complexes is ensuring tolerance of the cage to nucleophiles,
which can outcompete the reversibly coordinating ligands for the
metals, disassembling the cage catalyst. As such, we focused on nu-
cleophiles that were known to be tolerated by cage 1, namely neutral
alkanethiols and alcohols, starting with n-propanethiol (PrSH). The
first set of electrophiles analyzed was vinyldiphenylmethanol deriv-
atives 4a-d, which can form multiple different substitution products
and have multiple sites of reaction (especially 4c and 4d). The reac-
tants were mixed in CD;CN (15.8 mM) with 5% cage 1, heated to
50 °C and monitored by 'H NMR (see Supporting Information for
spectra). For simplicity and to ensure accuracy, the reactions were
monitored at specific times to minimize heat changes during the re-
action, at 4 h and 24 h. As can be seen in Table 1, reaction of either
alcohol 4a or ether 4b gave the conjugated, rearranged product §
cleanly, with no addition of thiol at the quaternary center. The reac-
tion progress was also monitored with other small molecule acids,
under otherwise identical reaction conditions. CSA 2 is by far the
most effective small molecule acid catalyst we tested for this process.
Other small molecule acids were tested as controls, and in contrast
to 1 or 2, none are effective for the thioetherification of 4a (see Sup-
porting Information). Examples of other catalysts tested were 5 mol
% pivalic acid, trifluoroacetic acid or tartaric acid, i.e. a simple ali-
phatic carboxylic acid, a strongly electron-withdrawn acid with pKa
= 0.52, and a simple diacid. Using these catalysts, the observed con-
versions of 4a to § were 1%, 6% and 2% respectively, after 4 h at 50
°C. The ligand analog 3 was even less effective, and no reaction was
observed at all, even after 24 h at 80 °C. One method of mimicking
the cationic nature of the cage is to combine the unfunctionalized
variant of cage 1 (see Supporting Figure S-21) and ligand analog 3
using the “cofactor-mediated process” we have previously de-
scribed.'® This is an imperfect comparison, as the host:guest possi-
bilities are more complex, but was attempted for thoroughness. Un-
der these conditions (see Supporting Information), only 9% conver-
sion to § is seen after 24h at 50 °C: the simple presence of a cationic
host does not explain the rapid reaction rate shown by cage 1 for this
reaction.

Table 1. Thioetherification of Tertiary Alcohol Derivatives with Acid
Catalysts

4a:-R=H R\O 5% catalyst Ph
4b: R = CH,

FPISH ——— |
= X
4c: R = CH,0CH, P“;j\/ CDCN, P sPr

50°C 5a

% conversion, 5% cage 1* % conversion, 5% CSA 2
OR 4h 24h 4h 24h
OH 36 88 37 82
OMe 3S 75 45 >98
OMOM 19 47 64 >98




* [4a-c] = 15.8 mM, [PrSH] = 19.8 mM, [cat] = 0.8 mM, 323 K,
CD;CN.

Alcohol 4a is an excellent example of an “optimal substrate” for
cage 1, and the thioetherification of 4a showed essentially identical
conversions with either catalyst 1 or 2: 36% (37%) conversion was
seen after 4 h, and reaction was complete after 24 h in each case; cage
1 is as active for this process as CSA. However, simply changing the
leaving group from OH to OMe introduced differences between the
“free” acid and the cationic host. Ethers are more basic than alco-
hols,'® and 4b reacted faster with CSA as catalyst than 4a, with 45 %
conversion after 4 h reaction time. The reactivity of 4b in cage 1,
however, was slightly less than that of 4a (35 % conversion after 4 h),
despite the differences in “innate” reactivity. While complete con-
version of 4b was observed with CSA as catalyst after 24 h reaction
time, only 75% conversion occurred with 5% cage 1. Cage decom-
position was not a factor, as the cage persisted throughout the reac-
tion (see Figure S-18 for NMR data). To further explore the effect
of changing size of electrophile on the reaction, we tested acetal de-
rivatives of alcohol 4a, methoxymethyl ether 4c and tetrahydropyra-
nyl ether 4d. These reactants also provide an interesting window
into the relative reactivity of different acid-sensitive groups in the
cage. Both 4c and 4d have two reactive oxygen atoms that could be
protonated. However, the MOM ether 4c gave a simple reaction
outcome: no evidence of oxocarbenium ion formation could be seen
with either acid catalyst, and 4c only gave product 5a. The larger,
more basic MOM group exacerbated the differences between the
two catalysts, though. The reaction of 4c catalyzed by CSA was
markedly faster than that of the alcohol or ether 4a/4b, with 64%
conversion after 4 h at 50 °C. Reaction in cage 1 was extremely slug-
gish, with only 19% conversion after 4 h, and 47% conversion after
24 h. This would correspond to an initial rate difference between 4a
and 4c¢ of 1.9:1 in cage 1, whereas the differences in initial rate with
CSA are 0.56:1 (4a:4c¢).

The reactions of 4a-cillustrate the wide range of reactivity of cage
1 between putatively “similar” substrates. At its most reactive, 1 dis-
plays the same reactivity as CSA, but simple addition of a MOM
group (or a simple methyl ether) in the electrophile reduces the re-
activity of the cage significantly, even taking into account increases
in innate reactivity of the electrophiles.
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Figure 2. Expansions of the "H NMR spectra of the thioetherification of
acetal 4d over time at room temperature with a) 5% 1; b) 5% 2 (400
MHz, 323 K, CDsCN, [4d] = 15.8 mM, [PrSH] = 19.8 mM, [cat] = 0.8
mM).

While the MOM group in 4c¢ is not easily removed, so only one
reactivity mode was observed, THP ether 4d is far more ambiguous.
The reactant displays two sites that can be protonated by acid, the
THP ring O or the pendant O, and protonation at either site could
lead to different bond cleavages (Table 2). Cleavage “a” leads to the
carbocation seen in reactions of 4a-c, whereas cleavage at the acetal
center would lead to alcohol 4a (which could then react further to
form §) and an oxocarbenium ion intermediate. Reaction of 4d with
PrSH and either 5% 1 or 2 was performed at 23 °C to determine
which reaction pathway was prevalent. Expansions of the olefinic re-
gion of the '"H NMR spectra of the reactions at 23 °C are shown in
Figure 2, and the differences in reactivity are immediately apparent.
The THP group is lost first in both cases, forming 4a as the initial
product, but whereas CSA removes the THP very quickly (>90% at
RT after 2 h), formation of the oxocarbenium ion in cage 1 is far less
favorable. At 23 °C, removal of the THP group from 4d is surpris-
ingly slow with cage 1: even after 24 h, complete conversion is not
observed (Figure 2a). This illustrates a remarkable difference in ac-
tivity between the catalysts for the initial deprotection step: whereas
thioetherification of 4a occurs at identical rates with CSA and 1, ox-
ocarbenium ion-based reactivity varies significantly.

To determine the effect of the THP group on the thioetherifica-
tion, the reaction was monitored at higher temperatures. Table 2
shows the product distributions of reaction at 50 °C with the two dif-
ferent catalysts. The CSA-catalyzed reaction of 4d with PrSH at 50
°C occurs as expected: rapid removal of the THP group (cleavage
“b”) gives alcohol 4a, which is then converted to Sa at essentially the
same rate as described above. The THP group has minimal effect on
the thioetherification reaction, as it is rapidly removed before the
slow step. There is no evidence that the carbocation is formed di-
rectly from reactant 4d. The cage-catalyzed reaction gives a much
more different outcome. Despite the fact that the THP group is quite
labile to acid catalysts, cage-catalyzed reaction of 4d does not
achieve complete conversion, with 5% reactant 4d present after 21 h
reaction at 50 °C. The acid-labile THP group, in essence, acts as a
protecting group for the acid-catalyzed reaction. The slow reaction
of THP ether 4d concomitantly slows thioetherification of 4a: only
66% Sa is seen, compared with almost complete conversion of alco-
hol 4a under these conditions. Interestingly, while reaction of 4d is
slower than alcohol 4a, there appears to be no evidence for cleavage
“a” upon treatment of 4d with cage 1. Alcohol 4a is formed first, al-
beit slowly, and 4a then reacts again to form Sa.

Table 2. Oxocarbenium ion vs carbocation selectivity in thioetheri-
fication reactions of acetal 4d at 50 °C.

OH _L_ Ho 0707 T, 50E
PhM PH\/ The Pn’i\/ PR Ph)f@\/

Ph 4a Ph Ph Ph” o
PrSHl leSH
Ph 5a w
|
Pthpr PRSPy

5% cage 1° ‘ 5% CSA 2

Time (h)



conv. (%) 4a(%) 5(%) [conv.(%) 4a(%) 5(%)
2 27 18 9 100 69 31
4 44 27 17 100 47 53
10 73 39 34 100 27 73
21 9S 30 66 100 S 95

+[4d] = 15.8 mM, [PrSH] = 19.8 mM, [cat] = 0.8 mM, 323 K, CD;CN.

Further analysis of the variable activation and reactivity of THP
ether 4d was performed by changing the nucleophile to water. The
reactions of 4a-d with PrSH were performed in commercial CD;CN,
with minimal precautions made to keep the reaction mixture dry, so
water was present in those reactions in small amounts. However, no
evidence of hydrolysis was seen in those reactions, as PrSH is a far
more capable nucleophile. Electrophiles 4c and 4d were reacted
with 6 mol.-eq. H;O, with 5% 1 or 2 catalyst in CD;CN as before, at
either 23 °C or 50 °C, and the reactions monitored by '"H NMR. The
reactivity profile of MOM ether 4c with water as nucleophile mir-
rored that with PrSH: it was quite unreactive in cage 1, with only
19% formation of rearranged alcohol Sb seen after 16 h at 50 °C. Fur-
ther reaction was possible at 80 °C, albeit with significant cage de-
composition. In contrast, with CSA, complete conversion was seen
after 16 h at 50 °C, forming alcohol 5b as major product; again, 4c is
far less reactive in cage 1 than “expected”, despite 4c being more re-
active to substitution than 4a/4b.

The more reactive THP ether 4d was more informative. Reaction
with 5 % cage 1 and water at 23 °C only gave deprotection of the
THP group, with minimal rearrangement to form alcohol Sb (Figure
3a). However, initial reaction with 5 % CSA was rapid, with com-
plete deprotection of the THP group seen after ~10 mins at 23 °C.
Further reaction was then observed, with two products seen: rear-
ranged alcohol 8b, and its THP acetal, 5S¢, which is presumably
formed via an acid-catalyzed reaction between cleaved THP-OH
and Sb. Interestingly, this rearranged acetal is also seen as the initial
product when the reaction is performed with cage 1 (Figure 3a, la-
beled in purple), and even at S0 °C for 24 h, which effects complete
deprotection of the THP group, minimal 5b is formed, only Sc. If
the reaction is heated at 80 °C for 4 h, some 5b is formed, but with
significant cage decomposition.
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Figure 3. Expansions of the "H NMR spectra of the solvolysis of acetal
4d over time at room temperature with a) 5% 1; b) 5% 2 (400 MHz, 296
K, CD:CN, [4d] = 15.8 mM, [H,0] = 95 mM, [cat] = 0.8 mM).

The outcome of these reactions is that changing the size of the
electrophile changes the activity in the cage, irrespective of the
“base” reactivity with a small molecule free acid. Most surprisingly,
the acid-sensitive THP and MOM acetals act as a “protecting group”
for acid-mediated thioetherification reactions catalyzed by cage 1.
To analyze whether the cage was simply a poor catalyst for reactions
of THP ethers, we investigated the properties of a small, simple THP
ether, 2-methoxytetrahydropyran 6, in the cage. While larger guests
such as 4a-d showed size-based selectivity in reaction, with 4a being
“optimal’, it was unclear how the cage would affect small electro-
philes that would not properly fill the cavity. As such, we reacted 6
with 5% cage 1 or 5% CSA 2, and four differently sized nucleophiles:
n-propanethiol, n-octanethiol, #-dodecanethiol and water. The im-
mediate takeaway is that the cage is a competent catalyst for reaction
of THP ethers, as 6 reacts faster with 5% cage 1 and PrSH than did
4d (after 4 hat 50 °C, 62% conversion is seen, as opposed to 27% for
4d). Interestingly, and with both catalysts, the reactions did not go
to completion, but formed an equilibrium between the two species.
The equilibrium populations between methoxy acetal 6 and thioace-
tals 7a-7¢ were essentially constant (Table 3), favoring the thioace-
tal in an 80:20 ratio. In contrast, hydrolysis of acetal 6 formed the
lactol 7d (with a small proportion of hydroxyaldehyde) in a 30:70
ratio, favoring starting material.

Table 3. Thioether/Ether Exchange in Small Acetal Substrates.

7a: =
5% catalyst a: XR = S(CH;);CH3
+ RXH
O

7b: XR = S(CH2)70H3
XR 7c: XR = S(CHQ)MCHg

° 6 OcHs CDsCN 7d: XR = OH
% conversion, 4h, 5% cage 1° | % conversion, 4h, 5% CSA 2°
o 23°C 50°C 23°C 50°C
H.O 28 30 28 26
PrSH 14 62 72 80
n-CsSH 8 63 68 82
n-C1.SH 12 60 63 82

2[6] = 15.8 mM, [RSH] = 19.8 mM, [H,0] = 95 mM, [cat] = 0.8 mM,
CDsCN.

Both cage 1 and CSA 2 catalyze the reaction and do not distort
the equilibrium, as the same relative ratios of reactant:product are
seen in each case. Notably, CSA 2 is a far more effective catalyst, but
only for the addition of thiol nucleophiles. After 4 h at 23 °C, 72%
conversion to thiol 7a is seen, whereas with cage 1, only 14% conver-
sion occurs, and similar rate differences are seen with the other thiol
nucleophiles. Full equilibrium can be reached after 6 hat 23 °C, or 4
hat 50 °C, whereas cage 1 requires 10 h at 50 °C. However, changing
the nucleophile changes the reaction profile significantly. When wa-
ter is used, equilibrium is reached after ~4 h at 23 °C with both cage
1 and CSA 2, and no appreciable differences in reactivity are seen.

To further understand the relative reduction in activity of cage 1
with smaller electrophiles and thiol nucleophiles, a series of alkoxy-
isochroman derivatives 8a-e was prepared, with varying sizes of leav-
ing group. The reaction progress is shown in Figure 4, and the lack



of selectivity when compared to the larger guests 4a-4d is quite re-
markable. Cage 1 is capable of catalyzing the reaction, but signifi-
cantly more slowly than CSA. Complete conversion is achieved after
4-6 h at 23 °C, with the secondary isoamyloxy isochroman 8d react-
ing most rapidly. However, the initial rates of all 5 substrates are
broadly similar, and no real size selectivity is seen. The cage-cata-
lyzed processes are 2.7-fold slower than those with CSA, as the reac-
tion of 8a and PrSH catalyzed by 2 is complete after 2 h. Interest-
ingly, the reactions of 8a-8e show greater differences in rate with 2
(see Supporting Information for full data), as the isoamyl and benzyl
reactants 8d and 8e were 1.5 and 2-fold more reactive than the linear
alkoxy reactants 8a-8c.

8a: R = Me
8b: R =n-CgHy3 5% catalyst
8c:R= n-C10H21 O +PrSH —__ __ ~ 0]
CD3CN
8d: R = CH(CH3)C3H- S 9
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Figure 4. Reaction progress over time of the cage-catalyzed thioetheri-
fication of intermediate-sized isochromanyl ethers. [8a-e] = 15.8 mM,
[PrSH] = 19.8 mM, [1,2] = 0.8 mM, [3] = S mM, [10] = 15.8 mM, 296
K, CDs;CN.

The thioetherification of 8a was also performed with a series of
control catalysts. The electrophile is sufficiently reactive to allow
some conversion to occur with the ligand surrogate 3 (purple dotted
line, Figure 4), although the reaction was very slow (only 3% conver-
sion after 6 h). Still, the observable reactivity allowed a rate compar-
ison with cage 1, which further illustrates the relatively poor catalytic
performance of cage 1 with the isochromanyl substrates. Whereas
reactions of 4a or triphenylmethanol are accelerated by >1000-fold
with 5% 1 when compared to 30% 3, only a 50-fold rate increase is
observed in this case. The reaction was also performed with 5% 1 in
the presence of a “blocking agent”. Guest 10 binds well in the cavity,
and can limit the binding and activation of reactants. As can be seen
in Figure 4 (black dotted line), reaction of 8a was significantly
slowed when a competitive inhibitor was added. In the presence of
15.8 mM 10 (i.e. an amount equimolar to that of 8a), which has an
affinity K,= 6.9 + 1.2 x 10° M (similar to that of 8a), access to the
cavity was limited, and the catalysis slowed. This indicates that de-
spite the minimal size-and shape selectivity of this set of reactions,

access to the active acid groups can be blocked by a competitive
guest.

Overall, these results show that the relative reactivity of acid cage
1 is highly dependent on substrates. The acidity of the endohedral
COOH groups is enhanced (compared to those in analog 3, for ex-
ample) by their presence in a cationic environment, but the wide var-
iation in reactivity between ostensibly similar substrates cannot be
ascribed to the overall charge of the cage. The explanation for these
variations in reactivity is not immediately obvious, however. Itis ev-
ident that molecular recognition effects control the reactivity, but
there are multiple factors that could be involved. All of the reactions
described here (and in our previous work) ¢ are catalyzed, with only
5% cage used. The cage is a promiscuous host: all of the substrates
show some affinity for the host, and they all show rapid in/out ex-
change. The simplest theory is that the less active reactants (i.e. 4c,
4d, 6, 8a-e) have weak affinity for the cage, so the binding affinity of
the various reaction components were determined via UV-Vis ab-
sorption titrations. The binding constants of the guests are high
enough that strong changes in absorbance of cage 1 occur at even
micromolar concentrations in CH3CN. Each guest was titrated into
a 1.5 puM solution of 1 in CH;CN, and the changes in absorbance at
both 330 and 370 nm were recorded and analyzed. The binding iso-
therms were fit with both 1:1 and 1:2 models,'® and the best fit for
each guest determined. The results are summarized in Table 4: for
the fitting curves and error analysis, see Supporting Information.

Table 4. Binding affinities (1:1 or 2:1 model) between reactants and
cage 1.°

Reactants: Products:
OR Ph
F'hi?% @OME m Ren Ph)‘\\/\R QXR ©;>O
aa-d 6 8a-e OMe 5a-c 7a-d g SPr
1:1 Reactant K.x10°M! 1:1 Reactant K.x10°M!
4a 74+0.2 CsSH 6.6 £0.2
4b 1.3£0.06 CizSH 72104
4c 2.9+0.05 1:1 Product K.x103M*
4d 1.5£0.09 Sa 4.8+ 04
8a 5.7%+0.5 Sb 5.1+£0.2
8b 4.4 +£0.3 7a 4.7 £0.06
8c 5.6+0.2 7b 159+0.8
8d 3.6+0.1 7c 6.1 £0.08
8e 5.0+ 0.06 9 2.8 +0.08
2:1 Guest Kux10° M+ Kix10° M a (4K12/Kur)
6 5.3+0.07 0.009+ 0.0001 0.004
7d 6.6£0.3 0.77+0.0S 0.46
PrSH* 114 +1S 0.75+0.008 0.026

*in CH3CN, [1] = 3 uM, absorbance changes measured at 300 nm and
330 nm.

The binding affinities provide some explanation for the variable
reactivity of electrophiles in cage 1, but not a complete picture.
While almost all the guests are small enough to allow formation of a
2:1 host:guest complex, only the smallest reactants and products
show best fit to a 2:1 model. The large electrophiles and products fit



best to a 1:1 model, as expected. Amongst the electrophiles that
show large variations in reactivity (i.e. 4a-4d) the most reactive al-
cohol 4a did show the greatest affinity for the cage, with K, = 7400
M. However, there was only a small difference in affinity between
4a and 4b-d (between 2.5 - 6-fold), and there was essentially no dif-
ference in affinity between 4b, 4c and 4d, certainly not enough to
explain the reactivity differences between 4c/4d and 4a. Electro-
philes 8a-8e all fit best to a 1:1 model, and show Ks in cage 1 be-
tween 3600 and 5700 M™. Isoamyl isochroman 8d binds most
weakly, which is consistent with its relatively sluggish reaction rate,
as compared to that with CSA 2, but the differences are modest at
best. The small guests 6, 7d and PrSH were the only guests that fa-
vored ternary complex formation (although it is important to note
that the other guests could all fit in the cavity in a 2:1 manner, but
the fitting shows no preference for that mode, so the simplest as-
sumption is that 1:1 binding if favored). Each of these guests show
negative cooperativity, with o values less than 1. Notably, the elec-
trophile guest 6 is bound far more weakly than the PrSH nucleo-
phile.

Fig-
ure S. Expansions of the minimized structures of a) Si-1+4a; b) Ss-14d.
¢) Minimized structure of Ss-1.8c, illustrating the protruding decyl tail
(SPARTAN, Hartree-Fock).

Overall, while there are differences in affinity between the variably
sized substrates and cage 1, they are relatively small, especially con-
sidering the differences in molecular volume of the guests. The van
der Waals volumes of electrophiles 4a-d are 168, 182, 202, 235 A®
respectively, whereas 8a-c vary from 126 to 194 to 249 A3. Doubling
the overall size of the guest from 8a to 8c has zero effect on the affin-
ity, within error.

Two other factors that must be considered in a catalytic process
are product inhibition and substrate inhibition. The similar affinities
between products and reactants illustrate why minimal product in-
hibition is seen: at 5% catalyst, rapid in/out exchange and ~5000 M-
"affinity, the product cannot prevent substrate access to the catalyst
at a level sufficient to cause inhibition. Substrate inhibition is more
nuanced, however. The most important observation is that the nu-
cleophile PrSH displays a far stronger affinity for the cage than the
electrophiles, and fits best to a 2:1 model. Obviously PrSH is small,
and more than two molecules can easily occupy the cavity, so bind-
ing PrSH does not necessarily preclude binding electrophile as well.
Substrate inhibition with PrSH appears to be a factor in the reaction
of the small guest 6. In this case, the reaction of 6 with PrSH cata-
Iyzed by cage was slowed, with respect to the reaction catalyzed by
2, but the solvolysis reaction was not: that process occurred at
broadly similar rate with 5 % 1 or 2. The combination of forming
unproductive ternary complexes with both PrSH and reactant 6 evi-
dently slows the reaction. Substrate inhibition is only minimally dis-
advantageous for the other processes shown here, though, as there
were few other differences in rate between thioetherification reac-
tions and solvolyses catalyzed by 1 vs 2. Again, the similar concen-
trations of nucleophile and electrophile likely minimize this inhibi-
tion pathway.

The most likely explanation for the relative lack of reactivity of 4b-
4d (compared to 4a, which has similar reactivity as 4b with “free”
acids) is restricted accessibility of the -OR groups to the internal ac-
ids, once bound. Expansions of the minimized structures of S-1+4a
and S4-1+4d are shown in Figure 5, and illustrate the lessened “acces-
sibility” of the basic oxygen to the internal acid groups in THP acetal
4d, when compared to the alcohol 4a. The cage is obviously far more
bulky and hindered than a free acid, so two factors are at play when
activating guests such as these. The binding event and localization of
the electrophile allows rate acceleration (the reaction of 4d in the
cage is significantly faster than with free ligand 3), but electrophiles
that have more bulk around the basic oxygen (i.e. 4b-4d) are acti-
vated less effectively than expected, even to the extent that acid-sen-
sitive groups such as MOM and THP acts as protecting groups in
acid-mediated reactions! This suggests that protonated solvent is
not involved in the reaction, nor are the acids dissociated (which is
plausible in CD;CN solvent). It is likely (although not proven) that
the COOH groups are the specific acid donors, and that proper ori-
entation in the cavity is necessary for “optimal” reaction.

The cage is a promiscuous catalyst, with a “sweet spot” of reactiv-
ity. Large, spherical guests are sensitive to shape and accessibility,
and show large differences in activation rate. There is some K, de-
pendence on reactivity, but this is not the overriding factor. In con-
trast, small guests that do not fill the host cavity are still activated
strongly, but this activation is much less dependent on molecular
recognition effects.



The lack of selectivity in the reactions of isochromans 8a-8e is
likely related to this phenomenon, as well, except in this case, the
changes in size of the guest do not affect accessibility. As the panel
gaps in the cage are large, the pendant R groups can easily protrude
from the cavity once bound, * as shown by a minimized structure of
Ss-1+8c¢in Figure 5¢c. Changes in this portion of the guest, while large
in terms of overall molecular volume (8a = 126 A, 8c =249 A%), do
not have a large effect on the accessibility of the basic oxygen for the
host cage. Molecular recognition effects are important, though —
simply adding an equimolar amount of guest 10 to the reactions
blocks the cavity and provides a 3-fold difference in rate.

Finally, these results provide an illustration of the nature of “bind-
ing” in this host. Whereas many examples of supramolecular host
catalysts in the literature exploit truly encapsulated substrates, with
long-lived Michaelis complexes, cage 1 behaves somewhat differ-
ently. The UV/Vis binding analysis clearly shows that the substrates
have transient interactions with the cage, but the lack of an enclosed
cavity suggests that there are multiple locations where these interac-
tions can take place. The standard definition of “internal” vs. “exter-
nal” binding® is not really applicable when considering the acceler-
ated reactivity of bound substrates, as the host walls do not enclose
the cavity, but are oriented sideways. The intermolecular interac-
tions that contribute to the affinity are likely a combination of van
der Waals between the guests and cationic cage, with favorable H-
bonding to the internal carboxylic acids also playing a role, especially
for small guests such as PrSH. As can be seen by the reactions of
small guests such as 6, or flat guests such as 8a-e, host 1 can bind and
activate a wide range of species moderately effectively, but with lim-
ited selectivity. Full cavity occupancy is not necessary for reaction.
The key to maximal activity is not “binding”, but “productive” bind-
ing, whereby the electrophile can closely interact with the reactive
groups. This is seen with guests such as triphenylmethanol or 4a, and
accelerations of ~1000-fold are seen (with respect to 3), elevating
the host’s reactivity to that of a strong acid such as CSA. Those
strong interactions can be easily blocked by additional substrate
bulk, and the size- and shape-selectivity of the host is maximized.

CONCLUSIONS

In conclusion, we have shown that a self-assembled cage with in-
ternal functionality can catalyze a range of acid-mediated reactions,
proceeding vig multiple different cationic intermediates. The reac-
tivity is highly variable, however, and is not solely dependent on the
innate acid-sensitivity of the reactant(s). There is a delicate balance
of factors that control reactivity, from the nature of the nucleophile
to the size and donor accessibility of the electrophiles. The cage is a
promiscuous host that can bind a wide scope of substrates with af-
finities on the order of 10* M”, and the rapid ingress and egress of
guests allows turnover and effective catalysis. Neither product nor
substrate inhibition are limiting factors in the reaction. The binding
affinities are not the overriding factor in the catalytic selectivity,
though. The cage is a promiscuous host, and observed affinities are
quite similar, varying by factor of 5 at most, but large discrepancies
in reactivity are observed amongst guests that bind with similar af-
finities. Small electrophiles react more slowly, and show minimal
size-selectivity in reaction. Changing size of nucleophile or size of
leaving group has a minor effect on reactivity for guests that do not
fill the cavity. In contrast, optimally sized substrates show a large, up
to 1000-fold rate increase (when compared to reactions catalyzed by

a ligand surrogate) and at best, the cage is as active as a strong acid
such as CSA. Overall, this host complex is a promiscuous acid cata-
lyst, but has a defined set of substrate shapes that react most rapidly:
it does not mimic enzyme specificity, but rather is reminiscent of
non-specific fungal hydrolases, enzymes that still show strong rate
acceleration, but act on a broad range of substrates.

EXPERIMENTAL

General Information. Cage 1 and weak acid control 3 were synthe-
sized according to literature procedures.' CSA 2, 1-propanethiol, 1-oc-
tanethiol, 1-dodecanethiol, and 2-methoxytetrahydropyran 6 were pur-
chased from Alfa Aesar or Acros Organics and used as received. Alkenes
4a”' and 4b** as well as isochroman derivative 8a?* were prepared ac-
cording to the known procedures. The spectral data for substrates 8e**
and products §b,* 7a,* 7b*” and 7d*® were in agreement with literature
values. 'H, and **C spectra were recorded on Bruker Avance NEO 400
MHz or Bruker Avance 600 MHz NMR spectrometer. The spectrome-
ters were automatically tuned and matched to the correct operating fre-
quencies. Proton (*H) and carbon (*3*C) chemical shifts are reported in
parts per million (8) with respect to tetramethylsilane (TMS, 8=0), and
referenced internally with respect to the protio solvent impurity for
CD;CN ('H: 1.94 ppm, *C: 118.3 ppm). Deuterated NMR solvents
were obtained from Cambridge Isotope Laboratories, Inc., Andover,
MA, and used without further purification. Spectra were digitally pro-
cessed (phase and baseline corrections, integration, peak analysis) using
Bruker Topspin 1.3 and MestreNova. All other materials were obtained
from Aldrich Chemical Company (St. Louis, MO), or Fisher Scientific
(Fairlawn, NJ), and were used as received. Solvents were dried through
a commercial solvent purification system (Pure Process Technologies,
Inc.). UV/Vis spectroscopy was performed on a Cary 60 Photospec-
trometer using the Varian Scans program to collect data. High resolution
accurate mass spectral data were obtained from the Analytical Chemis-
try Instrumentation Facility at the University of California, Riverside, on
an Agilent 6545 QTOF LC/MS instrument.

Synthesis and Characterization of New Molecules

(1-(methoxymethyl)prop-2-ene-1,1-diyl)dibenzene (4c). So-
dium hydride (60% dispersion in mineral oil, 30 mg, 1.24 mmol, 2
equiv.), was placed in a Schlenk flask with a stir bar and purged with Na.
Tetrahydrofuran (1.0 mL) was then syringed into the flask. The mixture
was then stirred at room temperature for 10 minutes before 1,1-diphe-
nylprop-2-en-1-ol (130 mg, 0.620 mmol, 1 equiv.) and bromo(meth-
oxy)methane (85 mg, 0.682 mmol, 1.1 equiv.) was added. After 2 h, the
solution was filtered to remove the NaH, the solvent was removed. The
product was purified by silica column chromatography (10%
EtOAc/hexane) to obtain a colorless liquid (yield: 122.9 mg, 78%). IR
(CHCL): Vmax (cm™) 3059, 2883, 1599, 1027, 924, and 772. 'H NMR
(600 MHz, CDCL) 8 7.39 — 7.26 (m, 10H), 6.63 (dd, J = 17.2, 10.7 Hz,
1H),5.39(dd,J=10.7,1.2Hz,1H),4.98 (dd,J=17.2,1.2 Hz, 1H),4.76
(s,2H), 3.42 (s,3H); 13C{IH} NMR (151 MHz, CDCl;) § 143.9,141.1,
128.0, 127.9, 127.3, 117.4, 114.9, 92.4, 55.7. HRMS (ESI-TOF) m/z
calc! for C17HsNaO; ([M+Na]*): 277.1199; found 277.1179.

2-((1,1-diphenylallyl) oxy)tetrahydro-2H-pyran  (4d). p-Tol-
uenesulfonic acid (0.53 g, 0.0031 mol, S mol %) was placed in a Schlenk
flask with a stir bar and purged with Ns. Tetrahydrofuran (500 ml) and
1,1-diphenylprop-2-en-1-ol (13 g, 0.062 mol, 1 equiv.) was then sy-
ringed into the flask. To this solution, 4-dihydro-2H-pyran (7.8 g, 0.093
mol, 1.5 equiv.) was added, and the mixture was stirred at room temper-
ature. After 16 h, the solution was diluted with EtOAc and washed with
sat. NaHCO3 and brine. The organic phase was then dried with MgSO4
and concentrated in vacuo. The product was purified by silica column



chromatography (10% EtOAc/hexane) to obtain a colorless liquid
(yield: 15.5 g, 85%). IR (CHCls): vmax (cm™) 30285, 2942, 1608, 1075,
988,772. '"H NMR (600 MHz, CDCL) §7.43 (dd, ] = 8.3, 1.3 Hz, 2H),
7.39-7.20 (m, 8H), 6.72 (dd, ] = 17.3,10.7 Hz, 1H), 5.37 (dd, ] = 10.7,
1.4 Hz, 1H), 4.85 (d,] = 1.4 Hz, 1H), 4.83 - 4.75 (m, 1H), 4.00 (ddd, ]
=11.5,6.9,49Hz,1H),3.57 - 3.22 (m, 1H),2.00 (ddt,] = 11.8,8.8, 5.0
Hz, 1H), 1.91 - 1.60 (m, 2H), 1.73 - 1.37 (m, 3H). 13C{1H} NMR (151
MHz, CDCL) § 144.5, 144.1, 141.7, 128.1, 127.9, 127.4, 117.5, 85.3,
62.4, 31.7, 25.5, 19.8. HRMS (ESI-TOF) m/z calc? for CaH2,0:Na
([M+Nal*): 317.1512; found 317.1501.

General procedure for isolation of products Sa, 7c, and 9: Sub-
strate (4a, 6, or 8a) and CSA (43.2 mg, 186 mmol, 30 mol %), were
placed in a Schlenk flask with a stir bar and purged with N:. The sub-
strate was then dissolved in dry CH;CN (1.0 mL). Propanethiol (1.0
mL) was added to the flask, and the reaction was stirred at room temper-
ature in a sand bath for 16 h. The solvent was removed and the product
dried in vacuo. The products were purified by silica gel chromatography
eluting with 0-30% EtOAc/hexane.

(3,3-diphenylallyl) (propyl)sulfane (Sa). The reaction with sub-
strate 4a (130 mg, 0.620 mmol, 1 equiv.) afforded a colorless liquid
(yield: 148.1 mg, 89%): IR (CH3CN): vma (cm™) 3008, 2943 1631,
1375,1038, 918, 748. 'H NMR 400 MHz, (CDsCN) § 7.48 - 7.37 (m,
3H),7.36 - 7.28 (m, 3H), 7.27 - 7.19 (m, 4H), 6.17 (t,] = 7.9 Hz, 1H),
3.22(d,J=7.9Hz,2H),2.47 - 2.42 (m, 2H), 1.42 (dt,] = 14.6, 7.3 Hz,
2H), 0.90 (t, ] = 7.3 Hz, 3H). 13C{1H} NMR (151 MHz, CDsCN) §
129.8, 128.3, 128.2, 127.2, 125.7, 117.0, 32.7, 30.0, 22.7, 12.6. HRMS
(ESI-TOF) m/z calc! for CisHwS ([M-HJ): 267.1213; found
267.1212.

2-(dodecylthio)tetrahydro-2H-pyran (7c). The reaction with sub-
strate 6 (102 mg, 0.620 mmol, 1 equiv.) afforded a colorless liquid
(yield: 154.5 mg, 87%): IR (CH3CN): vanax (cm™) 2998, 2943, 1443,
1375, 1038, 918, 832, 751, 655.'H NMR (400 MHz, CDsCN) § 4.87
(dd, J = 6.3, 3.8 Hz, 1H), 4.01 (dt, ] = 10.7, 5.3 Hz, 1H), 3.48 (dt, ] =
11.1,5.2 Hz, 1H), 2.68 - 2.50 (m, 2H), 1.88 (dtd, ] = 13.7,7.2, 6.4, 2.9
Hz, 1H), 1.78 (tdq, J = 11.0, 7.2, 4.5, 3.7 Hz, 1H), 1.66 - 1.50 (m, 6H),
1.38 (dd, J = 13.2,6.9 Hz,2H), 1.31 (s, 16H), 091 (t, ] = 6.8 Hz, 3H).
13C{1H} NMR (100 MHz, CDsCN) § 81.9, 64.0, 31.6, 31.6, 31.4,29.9,
29.9, 29.7, 29.2, 29.0, 28.9, 28.7, 28.6, 25.5, 22.4, 21.5, 13.4. HRMS
(ESI-TOF) m/z calc? for CiyH3sOS ([M+H]*): 287.2403; found
287.2410.

1-(propylthio)isochromane (9). The reaction with substrate 8a
(102 mg, 0.620 mmol, 1 equiv.) afforded a colorless liquid (yield: 105.9
mg, 82%): IR (CH5CN): vmes (cm™) 3005, 2944, 1418, 1375,1038,918,
749.'H NMR (400 MHz, CD:CN) § 7.24 - 7.13 (m, 4H), 6.25 (s, 1H),
4.43 - 4.33 (m, 1H), 3.88 (ddd, ] = 11.4, 6.4, 1.4 Hz, 1H), 3.08 - 2.96
(m, 1H),2.81(ddd,J=13.0,7.7,6.6 Hz, 1H), 2.73 - 2.58 (m, 2H), 1.80
- 1.68 (m, 2H), 1.04 (t, ] = 7.3 Hz, 3H). 13C{IH} NMR (100 MHz,
CD;CN) § 1349, 133.7, 128.1, 126.5, 126.4, 124.9, 82.7, 587, 23.0,
21.7,13.4,12.1. HRMS (ESI-TOF) m/z calc? for C1uH1s0S ([M-H]):
207.0849; found 207.0842.

General procedure for synthesis of substrates 8b-d: DDQ (2.1 g,
9.3 mmol, 1.2 equiv.) were placed in a Schlenk flask with a stir bar and
purged with Na. The solid was then dissolved in dry CH>CL (S0 mL).
The corresponding alcohol (5.0 mL) and isochroman (1.06 g, 7.91
mmol, 1.0 equiv.) was added to the flask. The reaction was stirred at
room temperature in a sand bath for 24 h. The mixture was then
quenched with aqueous saturated NaHCO:s and filtered through celite.
The aqueous layer was separated and partitioned twice with CH.Cl,
and the combined organic extracts were washed with aqueous saturated
NaHCO:s and brine. The solvent was dried over anhydrous MgSO4 and

removed. The products were dried in vacuo and purified by silica gel
chromatography eluting with 0-10% EtOAc/hexane.

1-(hexyloxy)isochromane (8b). The reaction with 1-hexanol af-
forded a colorless oil (yield: 1.5 g,77%): IR (CH3CN): vma (cm™) 3164,
30085, 2944, 1442, 1375, 1038, 918, 749. 'H NMR (400 MHz, CD:CN)
§7.29 - 7.25 (m, 1H), 7.24 — 7.20 (m, 2H), 7.19 - 7.15 (m, 1H), 5.54
(s, 1H), 4.08 (tdd, J = 11.8, 3.5,0.6 Hz, 1H), 3.89 - 3.81 (m, 2H), 3.62
(dt,J=9.6,6.4Hz,1H),2.96 (dddd, ] = 16.6,11.9,6.2,1.1 Hz, 1H), 2.65
(dddd,J=16.7,3.6,1.7,0.6 Hz, 1H), 1.64 (dq, ] = 8.3, 6.6 Hz,2H), 1.42
(dddd, ] = 14.0,7.3, 3.5, 1.8 Hz, 2H), 1.35 (tq, ] = 6.7, 3.6, 2.8 Hz, 4H),
0.99-0.88 (m,3H). 13C{tH} NMR (100 MHz, CD:CN) § 134.8,134.3,
128.4,127.9,127.6,126.0, 96.5, 67.7, 57.3, 31.5, 29.6, 27.7, 25.8, 22.5,
13.5. HRMS (ESL-TOF) m/z calc for CisHz0s ([M-H]): 233.1547;
found 233.1549.

1-(decyloxy)isochromane (8c). The reaction with 1-decanol af-
forded a colorless oil (yield: 1.8 g,80%): IR (CH3CN): Vmux (cm™) 3162,
3003,2947, 1443, 1375, 1039, 918, 748. 'H NMR (400 MHz, CDsCN)
87.29-7.21(m,3H),7.16 (d,]=7.2Hz, 1H), 5.54 (s, 1H), 4.17 — 4.02
(m, 1H), 3.91 - 3.77 (m, 2H), 3.62 (dt, ] = 9.6, 6.4 Hz, 1H), 2.96 (ddd,
J=17.1,11.9, 6.1 Hz, 1H), 2.71 - 2.59 (m, 1H), 1.69 - 1.60 (m, 2H),
1.37 - 1.27 (m, 12H), 0.98 - 0.89 (m, 3H). 13C{1H} NMR (100 MHz,
CDsCN) § 134.8, 134.2, 1284, 127.9, 127.5, 125.9, 96.5, 67.7, 57.3,
317, 29.6, 29.4, 29.4, 29.2, 29.1, 27.6, 26.1, 22.5, 13.5. HRMS (ESL-
TOF) m/z calc! for CisH3NaO> ([M+Na]*): 313.2143; found
313.2140.

1-(pentan-2-yloxy)isochromane (8d). The reaction with 2-penta-
nol afforded a colorless oil (yield: 1.4 g,79%): IR (CH3CN): Vmz (cm™)
3163, 3004,2945, 1375, 1038,918, 750. 'H NMR (400 MHz, CD;CN)
§7.30-7.13 (m, 4H), 5.65 (d,]=2.8 Hz, 1H), 4.12 (tt,] = 11.7,3.3 Hz,
1H), 3.96 (tt,] = 11.3, 5.4 Hz, 1H), 3.90 - 3.82 (m, 1H), 2.95 (ddd, ] =
17.5,12.0,6.1 Hz, 1H), 2.70 - 2.60 (m, 1H), 1.63 - 1.34 (m, 3H), 1.28
(dd, J=6.1,1.1 Hz, 2H), 0.94 (t, ] = 6.7 Hz, 2H). 13C{1H} NMR (100
MHz, CD3;CN) § 135.0, 134.4, 128.4, 127.8, 127.7, 127.5, 93.7, 71.5,
57.4, 39.4, 27.6, 21.2, 18.7, 13.3. HRMS (ESI-TOF) m/z calc? for
C1sH150: ([M-H]): 219.1391; found 219.1394.

General procedure for substitution reactions. The electrophile (1
mol.-eq., 6.3 pmol, 10 pL of 0.63 M solution in CD3CN) was placed in
an NMR tube followed by S mol % cage 1 (0.31 pmol, 2 mg), S mol %
CSA 2 (0.315 pmol, 10 pL of 0.031S M solution in CD;CN), 30 mol %
control 3 (1.86 mmol, S pL of 0.372 M solution in CDsCN) or 1 mol.-
eq. cavity filling guest 10 (6.3 umol, 10 yL of 0.63 M solution in
CD;CN). The nucleophile (1.25 mol.-eq., 7.9 umol, 10 pL of 0.79 M so-
lution in CD3CN) was then added followed by 1,4-dioxane as the inter-
nal standard (0.5 mol.-eq.,, 3.2 ymol, 10 yL of 0.32 M solution in
CD;CN). A combined total volume of 400 pL of CDsCN was added,
and the tube was capped and sealed around with parafilm. The sample
was quickly shaken. The reaction progress was monitored over time. An
initial '"H NMR spectrum of the reaction mixture was obtained to verify
the stoichiometry of the sample. The percent conversion values were ob-
tained via integration of the product and substrate peaks against the in-
ternal standard. Experiments were performed in triplicates.

General procedure for binding affinity calculations. A 1.5 yM so-
lution of cage 1 was prepared in spectroscopic grade CH3CN via dilu-
tions from a 0.3 mM stock solution, and added to a UV-Vis cuvette. To
this solution was then added 1 yL aliquots from a 4.5 mM solution of the
corresponding guest molecule, equating to one molar equivalent guest
to cage. These additions were continued until there was no observable
change in the absorption spectrum. Binding affinities were calculated via
linear regression analysis using the Nelder-Mead method from the
change in absorbance at two points (300nm/330nm), the data was fit to



eithera 1:1 or 1:2 binding mode.'* See Supporting Information for titra-
tions and fitting plots.
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