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ABSTRACT: The self-assembly of molecularly interlocked molecules offers ReaRaSIE CHPIS YIRS oL oliante

new opportunities for creating bioactive molecules for applications in
N
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medicine. Cooperative capture synthesis of heterorotaxanes in water is an
4CF,cO?

Starting
materials

attractive methodology for developing multifunctional supramolecular
imaging agents or drugs, but derivatizing the rotaxane scaffold with
biologically active vectors like peptides and proteins, or reporter probers
like radioactive metal ion complexes and fluorophores, requires the
installation of reactive functional groups. Here, we explored the chemical
scope of p-cyclodextrin (f-CD) derivatization on the cucurbit[6]uril
(CB[6])-mediated cooperative capture synthesis of hetero[4]rotaxanes with
the objective of identifying which reactive groups can be used for further
functionalization without compromising the efficiency of rotaxane synthesis.
Nine f-CD derivatives featuring an electrophilic leaving group (tosylate),
aliphatic amines, a carboxylic acid, aliphatic azides, anilines, and aryl
isothiocyanate were evaluated in the synthesis of hetero[4]rotaxanes. Experimental measurements on the kinetics of rotaxane
synthesis were combined with detailed computational studies using the density functional theory to elucidate the mechanistic
pathways and rate determining step in the cooperative capture process. Computational studies on the structure and bonding also
revealed why intermolecular interactions between the -CD and CB[6] macrocycles improve the rate and efficiency of rotaxane
formation through cooperative capture. Understanding the mechanistic details and synthetic scope will facilitate broader access to
functionalized hetero[4]rotaxanes for applications in biomedicine and beyond.
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B INTRODUCTION in biomedical imaging or therapy. In this regard, rotaxanes
represent an excellent platform for accessing new types of
biologically active supramolecular agents.”” =

Recently, we developed a rotaxane-based platform to create
supramolecular radiotracers for targeted imaging of cancer
biomarkers in vivo.°”** Our synthesis of functionalized
rotaxanes uses self-assembly via a cooperative capture
strategy.”>~®® This approach builds on the classic cucurbit[6]-
uril®®”’ CB[6]-mediated alkyne-azide “click” reaction, first
described by Mock et al. during the 1980s.”'~”* The chemistry

Nature uses self-assembly to create a seemingly endless set of
functional molecules that provide the framework for life."
Developing this level of complexity often involves combining
matter in ways that use noncovalent interactions to synthesize
compounds whose physical and biochemical properties extend
beyond the sum of the individual components.”’ Supra-
molecular chemists strive to achieve the same complexity as
nature, and over the last three decades, scientists have used the

incipl f self- bly t tificial lecul . . .
prlnc1.p es4_o7 seirassem Y‘ ° p;oduce artiea 9n;1(§) e.cu ar was proven successful in the creation of both antibody- and
machines, molecular switches,” novel catalysts,” " single

11 . . g peptide-based rotaxane radiotracers that target a multitude of
molecule magnets,” and new materials for applications in . . ) .
biomedici ot cancer biomarkers including human epidermal growth-factor
iomedicine.

tor 2 (HER2 i i h hepat
Supramolecular compounds derived from molecular receptor 2 ( /new) in ovarian cancer, human hepatocyte
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cages,””>” and from molecularly interlocked molecules like & pror ( )ing ’

34 35-38 .
rotaxanes’ and catenanes, have shown promise in several
L 14,15 . L 1.039—42 :

applications such as delivery vehicles for controlling
. 4345 :

the release of cytotoxic drugs, as biosensors for DNA

i 46,47 . .

recognition, "’ and as reporter probes for diagnostic
L 48-57 : :

molecular imaging. Efficient synthesis of supramolecular

. 58 . .
compounds in water”” is one of the main challenges that must
be overcome to generate a wider pool of drugs for applications
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Scheme 1. Synthesis of the Monofunctionalized fi-CD-R Derivatives (3—11) Featuring Azide, Aliphatic Primary Amine,
Carboxylic Acid, Aniline, and Benzyl-Isothiocyanate Groups as Reactive Handles”

M

4(82%)

|

21%

/N

Q
— b ) — ™

7 (57%)

%NwOH o %quﬁ

5 (92%) 9 (62%)

| |

o

NH,

NH, H
N N i /\/©/ H
f‘{H/\/\Na W’{N\/\O/\/O\/\NHZ H{NNN 77_{ \[O]/\)Lu/\©\
o} H NCS

6 (89%) 8 (71%)

10 (66%) 11 (99%)

6:

“Synthetic details and characterization data for compounds 3, 4, 5, and 7 were reported elsewhere.*®> Data for compounds 6, and 8—11, are

presented in supplemental Figures S1—S14.

prostate-specific membrane antigen (PSMA) in prostate
cancer. Nevertheless, to expand the chemical scope and
facilitate the synthesis of a more diverse portfolio of bioactive
rotaxanes, it is important to understand the reactivity,
mechanism, and chemical limitations of the cooperative
capture strategy. Here, we used a model system to explore
the influence of f-cyclodextrin (f-CD) macrocycle function-
alization on rotaxane synthesis. Our objectives were to identify
reactive functional groups that could be appended to -CD to
facilitate further derivatization with biologically active targeting
vectors or imaging probes, without compromising rotaxane
self-assembly. Experimental studies on the reaction kinetics
were combined with extensive density functional theory
(DFT) calculations to elucidate the mechanistic pathway and
identify the rate determining step involved in the dual
cooperative capture synthesis of hetero[4]rotaxanes. Further
analysis of the intermolecular bonding interactions also shed
light on the important role of CB[6] and #-CD in accelerating
the rate and efficiency of triazole synthesis via the CB[6]-
encapsulated alkyne-azide click reaction.

B METHODS

Full details on the methods, materials, synthesis, and characterization
of all compounds are presented in the Supporting Information.
Experimental high-performance liquid chromatography (HPLC)
chromatograms, high-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS) data, 1-dimensional 'H- and ®*C{'H}-NMR
spectra, 2-dimensional NMR analyses, and NMR titration data are
presented in supplemental Schemes S1—S8, Figures S1—S13S, and
Tables S1—S8. Complete experimental and simulated data supporting
the kinetic studies are presented in supplemental Figures S136—S139
and Tables S9—S20. Computational details and supporting data from
the Natural Bond Orbital (NBO) analysis and additional details on
the reaction coordinates are presented in supplemental Figures S140—
S141 and Tables S21—S22. Cartesian coordinates of all DFT-
optimized structures are also provided.

B RESULTS AND DISCUSSION

Synthesis of Monofunctionalized #-CD Derivatives.
Recently, we demonstrated that functionalization of the f-CD
macrocycle is a convenient way of introducing either a
biologically active vector to target cancer biomarkers or a
multidentate aza-macrocyclic chelate for complexation of
radioactive metal ions.”> These pilot experiments relied on

the derivatization of nonfunctionalized $-CD at one of the
seven primary hydroxyl groups of the glucopyranose units with,
for example, a photochemically active aryl azide group (ArNj).
Although the photochemical bioconjugation approach allowed
us to synthesize viable ®*Ga- and *’Zr-rotaxane-based radio-
tracers for applications in positron emission tomography
(PET) imaging in vivo, introducing alternative reactive handles
would increase the chemical scope and versatility of function-
alized rotaxane formation through cooperative capture syn-
thesis.

The presence of 7 primary and 14 secondary hydroxyl
groups makes selective modifications of B-CD extremely
challenging.”* However, minor differences in the reactivity of
the hydroxyl groups have been exploited to allow for f-CD
functionalization with high selectivity and purity.”> Notably,
the primary hydroxyl groups in the 6-position are the most
nucleophilic, the secondary hydroxyl groups in the 2-position
are the most acidic (pK, ~ 12.1), and the secondary hydroxyl
groups in the 3-position are the least accessible and also the
least reactive.””"® Functionalization of the secondary face of
B-CD typically requires the use of protecting groups, whereas
methods for reacting one of the primary hydroxyl group are
well-established.””~®" The ability of cyclodextrins to act as host
macrocycles and form molecular inclusion complexes has also
been exploited to direct the synthesis of functionalized -CD
compounds, where selective derivatization on one face can be
achieved depending on the orientation of the reagent inside
the cavity.*” " Recent advanced methods have also reported
the site-selective hetero- and poly-functionalization of a-CD®*’
and ﬂ—CD86 by using a series of innovative tandem, azide, or
thioether reduction/diisobutylaluminum hydride (DIBAL-H)
promoted debenzylation strategies. Considering these syn-
thetic precedents, and with the objective of retaining control
over the stoichiometry, chemical properties, and regio-
isomerism, we focused on evaluating the chemical scope of
B-CD-R derivatives functionalized at one of the primary
hydroxyl positions in the synthesis of hetero[4]rotaxanes. A
series of monofunctionalized S-CD-R derivatives featuring
reactive groups that can be used in further conjugation steps
were synthesized (compounds 3—11, Scheme 1). The f-CD-R
macrocycles included species with azides (4 and 6), primary
amines (7 and 8), carboxylic acid (5), aryl amines (9 and 10),
and aryl isothiocyanate (11) groups. The mono-6-deoxy-6-(4-
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Scheme 2. General Reaction Pathway and Reagent Scope for the Reversible Molecular Inclusion of Biphenyl-Dialkyne (1)
Inside the f-CD Cavity and Subsequent CB[6]-Mediated Azide-Alkyne Click Reactions to Form [4]Rotaxanes®
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[l Binding constants are expressed as the mean (M-') + one standard deviation (S.D. / M-') from n = 3-6 independent measurements.
Il Reactions were conducted with: B-CD-R (1.7 umol, 1 eq.), compound 1 (1.7 umol, 1 eq.), CB[6] (3.4 umol, 2 eq.),

and compound 2 (3.4 pmol, 2 eq.), in H,O (0.5 mL) at 70 °C for 5 min.
[l |solated yield after semipreparative HPLC purification.

“The -CD-R derivatives (-CD, and compound 3—6, green box) lead to [4]rotaxane (compounds 12—16) formation, derivatives 7 and 8 (yellow
box) form host-guest complexes with 1 but do not generate the equivalent [4]rotaxane species, and reagents 9—11 (red box) do not form
molecular inclusion complexes with 1 or the corresponding [4]rotaxanes.

tosyl)--CD (monotosyl f-CD, 3)*"~" is the key intermediate
required in the synthesis of the various -CD-R derivatives,
which can be accessed via nucleophilic substitution of the tosyl
group, and through subsequent standard chemical trans-
formations. The relatively low yield of the reaction to obtain
3 (21%) can be explained by the formation of randomly
substituted products, typically with substitution of f-CD >1.
Nevertheless, compound 3 can be isolated in gram quantities®®
and in high chemical purity from commercially available
starting materials. From compound 3, the other functionalized
S-CD-R derivatives (4—11) can be accessed in 1-to-4 linear
steps in good-to-high yields (Scheme 1, and supplemental
Scheme S1 and Figures S1—S14).

Chemical Scope of Molecular Inclusion and [4]-
Rotaxane Synthesis Using -CD Derivatives. An overview
showing the general reaction for the synthesis of [4]rotaxanes
from a mixture containing the biphenyl-dialkyne guest
molecule 1, the $-CD derivative (-CD-R; compounds 3—
11), CB[6], and the anthracene-azido compound 2 in a 1:1:2:2
st01chlometr1c ratio is presented in Scheme 2. In the complete
(full) reaction pathway, an initial molecular inclusion complex
(1 D B-CD-R) forms between the biphenyl-dialkyne guest
molecule 1 and f-CD-R derivative. Further details on the
experimental measurements of the molecular inclusion

12896

between guest molecule 1 and f-CD-R derivatives 3—11
using 'H-NMR titrations are presented in supplemental
Figures S15—S21 and Tables S1—S7. Then, the [4]rotaxane
synthesis proceeds via a double CB[6]-accelerated click
reaction between the anthracene-azido 2 and alkyne groups
of guest molecule 1, thereby capping both ends of the axle with
anthracene stoppers and trapping the three macrocyclic rings
noncovalently. Formation of the 1 D #-CD molecular inclusion
complex is a prerequisite for [4]rotaxane synthesis and is
expected to occur rapidly and reversibly at room temperature,
with the position of equilibrium favoring the complex
formation.”” The second part of the reaction pathway,
involving a double CB[6]-accelerated click process, is likely
to occur in a stepwise fashion (see the kinetic and
computational sections below) with successful [4]rotaxane
synthesis observed in <5 min when the reaction mixtures were
heated to 70 °C. Importantly, and despite solubility issues with
CB[6] (vide infra), the reaction generally proceeds smoothly in
water. For example, in our baseline (positive control) reaction
using unsubstituted B-CD, 'H-NMR titrations with 1
confirmed the formation of the 1 O S-CD inclusion complex
with a 1:1 stoichiometric ratio between the two components.
The chemical shifts observed for resonance peaks associated
with aromatic protons H, and H,, of the guest molecule 1 (see

https://doi.org/10.1021/jacs.3c04111
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Scheme 3. Control Reaction Showing the Formation of the [2]Semirotaxane Intermediate 28 and Homo[3]rotaxane 29
Starting from a 1:2:2 Stoichiometric Ratio of Biphenyl-dialkyne 1, CB[6], and the Anthracene-azido Stopper 2
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supplemental Figure S16 for structure assignments) confirmed
the dynamic process of the complexation, with 1 being in a fast
exchange between the free and bound states (relative to the
NMR timescale). Analysis of the experimental 'H-NMR
chemical shift data by using three different bmdlng models:
the Benesi-Hildebrand,”® Scott”” and Scatchard”® models, gave
an overall average association constant of K, = 736 + 85 M/,
computed as the mean =+ one standard deviation (supple-
mental Figure S16 and Table S2).

"H-NMR titration experiments confirmed the formation of
1 D f-CD-R inclusion complexes with 1:1 stoichiometry when
using derivatives 3—8 (supplemental Figures S15—S21 and
Tables S1—S7). For f-CD-R derivatives 3—7, the calculated
average association constants were between 1150 + 342 M™
(compound 5) and 1589 + 619 M~ (compound 6). In each
case, these values were significantly higher than the association
constant observed for the 1 D $-CD inclusion complex using
unsubstituted $-CD, suggesting that, in some cases, additional
stabilizing interactions may occur between the reactive handle
and biphenyl-dialkyne guest 1, which, in the fully protonated
form, contains 4 hydrogen bond donors. Experimental
evidence for the formation of the molecular inclusion complex
1 D 8 was also observed from 'H-NMR titrations, but the
chemical shift data were insufficient to determine the
association constant with the required accuracy. For -CD-R
derivatives 9—11, which feature para-substituted arene rings as
reactive handles for bioconjugation, no evidence of host-guest
complex formation with 1 was observed.

After evaluating the host-guest complexation between 1 and
P-CD-R derivatives 3—11, we next attempted the synthesis of
the corresponding [4]rotaxane species via reaction with 2
equivalents of both CB[6] and the anthracene-azido
compound 2 in H,0 at 70 °C for § min (Scheme 2). The
anthracene-azido stopper (2) was synthesized with an overall
yield of 35% after three steps starting from commercially
available 9-anthracenecarboxaldehyde by using methods
adapted from Jenie et al. (supplemental Scheme S2 and
Figures $22—526).”” For reactions that successfully yielded the
desired [4]rotaxanes 12—16, details on the synthesis and
characterization by using high-performance liquid chromatog-
raphy (HPLC), high-resolution electrospray ionization mass
spectrometry (HRMS), and a combination of both 1-

dimensional and 2-dimensional 'H- and *C{'H}-NMR
spectroscopy are presented in supplemental Scheme S3, and
Figures S27—S51. The [4]rotaxanes 12—185 were isolated after
purification by using preparative HPLC with yields from 52 to
55%. The [4]rotaxane 16 formed by reaction with the alkyl-
azide B-CD derivative 6 was isolated with a low yield of only
12%. Importantly, isolation of compounds 12—16 confirmed
that the cooperative capture strategy can be adapted to access
hetero[4]rotaxane species that present an electrophile (tosyl-
derivative 13), a carboxylic acid (compound 15), and aliphatic
azides (compounds 14 and 16) as simple reaction handles for
use in further conjugation steps with biologically active vectors
such as peptides, antibodies, or drug molecules. This
observation increases the chemical scope for constructing
bioactive supramolecular agents via nucleophilic substitution,
amide bond formation, or bioorthogonal azide-alkyne click
reactions. In contrast, no rotaxane formation was observed
when using the f-CD derivatives 7—11. The lack of host-guest
complex formation is likely to be the reason why compounds
9—11 failed to produce the corresponding [4]rotaxanes. In the
case of compounds 7 and 8, where molecular inclusion of 1
was observed, we postulate that the inability of these S-CD
derivatives to form the corresponding [4]rotaxane species in
our test reaction is potentially due to self-inclusion of the
reactive tether'®” inside the f-CD cavity or steric hindrance,
which may inhibit stabilizing interactions between the
substituted primary face of the B-CD-R derivative and the
CB[6].

In addition to the synthesis of rotaxanes featuring
anthracene stoppers on the axle termini, we also investigated
the use of peptide-based stoppers (compounds 17-22,
supplemental Schemes S4—SS, Figures $52—S72). Changing
the nature of the stopper did not impinge on the success of the
rotaxane formation. For the -CD-azide derivatives 4 and 6, we
also investigated the use of classic copper ion-mediated azide-
alkyne click or strain-promoted click reactions to create more
elaborate f-CD derivates featuring metal ion binding chelates
(compounds 23—27, supplemental Schemes S6—S7, Figures
S73-S123).

Collectively, our synthetic data demonstrate that a range of
monofunctionalized $-CD derivatives can be successfully used
to design and synthesize more elaborate hetero[4]rotaxanes for
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Figure 1. Photographs showing the change in solution opacity upon dissolution of CB[6] in water at 23 °C in the presence of the different reaction
components: -CD, anthracene-azido compound 2, and biphenyl compound 1. Note: in all reactions, the volume was constant (0.5 mL), and in
each case, a fixed amount of different components was added (m(CB[6]) = 2.19 mg, m(anthracene-azido 2) = 0.69 mg, m(biphenyl-dialkyne 1) =
0.32 mg, m(f-CD) = 1.25 mg) corresponding to a 2:2:1:1 stoichiometry of CB[6]:2:1:-CD in the positive reaction forming [4]rotaxane 12. Vial 9
corresponds to the control reaction without #-CD, and vial 12 shows the full (positive) reaction leading to the synthesis of [4]rotaxane 12.

potential applications in biomedicine. However, careful
consideration must be paid to the nature of the reactive
handle, and choice of subsequent coupling chemistry, and on
the potential effects of appending acyclic ligands to the f-CD
unit on both the molecular inclusion and cooperative capture
steps of the rotaxane synthesis.

Rotaxane Synthesis in the Absence of f-CD. The
CB[6]-catalyzed azide-alkyne click reaction was originally
developed without using f-CD as an additive.”'~"> Stoddart
and co-workers later demonstrated that adding one equivalent
of a second macrocycle as a cofactor, such as B-CD,’>*
pillar[$]arene,” or pillar[6]arenes,*® greatly improved the
efficiency of the hetero[4]rotaxane synthesis. Mechanistically,
it has been hypothesized that the presence of the second ring
helps to rigidify the CB[6] macrocycles, which enhances the
rate of triazole synthe51s and increases the propensity toward
rotaxane formation.”® Before investigating the kinetics and
mechanism of the cooperative capture synthesis of hetero[4]-
rotaxanes, it was necessary to synthesize two key byproducts
that can form in the absence of the f-CD cofactor. The
reaction of one equivalent of biphenyl-dialkyne 1 with 2
equivalents of both CB[6] and the anthracene-azido stopper 2
to form both the [2]semirotaxane intermediate 28 and the
homo[3]rotaxane 29 is depicted in Scheme 3. Characterization
data for compounds 28 and 29 are presented in supplemental
Scheme S8 and Figures S124—S5134.

It is important to note that the synthesis and isolation of
[2]semirotaxane 28 and [3]rotaxane 29 in water required
different conditions from those used for the full reaction
involving -CD (Scheme 2). Elevated temperatures increased
the conversion to the [2]semirotaxane 28, which was isolated
in 36% yield, but prolonged heating led to decomposition of
this key intermediate, llkely via dethreading of the CB[6]
macrocycle from the axle.”® Successful synthesis of [3]rotaxane
29 in 65% yield required a longer reaction performed at room
temperature for 12 h. This observation is consistent with
previous reports in which #-CD (or indeed pillar[S or 6]arene
macrocycles) were found to increase the rate of rotaxane
formation via cooperative capture.éS_G8

Dissolution of CB[6] during Rotaxane Synthesis. One
of the limiting factors in the rate of synthesis of the
[2]semirotaxane 28 and homo[3]rotaxane 29 was found to
be the dissolution of CB[6] under the given reaction

conditions and using water as a solvent. Since dissolution
was crucial to the design of our kinetic experiments (vide
infra), we investigated this process in detail. To illustrate,
Figure 1 shows a photograph of 12 separate reaction vials
containing different permutations of the four reaction
components required for the synthesis of compounds 28, 29,
or the full hetero[4]rotaxane 12. Reagents were mixed in 0.5
mL of water at a fixed concentration and in the appropriate
stoichiometric ratio that would, in the case of the positive
reaction, lead to the synthesis of [4]rotaxane 12. The biphenyl-
dialkyne 1, anthracene-azido 2, and f-CD are completely
soluble (vials 2—4, respectively), whereas CB[6] alone (vial 1)
produced a milky white suspension. Mixing CB[6] with either
compound 1 or 2 (vials S and 6) reduced the solution opacity
through improved CB[6] solubility, but the addition of f-CD
to the suspension of CB[6] had no effect (vial 7). In the
absence of CB[6], the mixture of 1, 2, and -CD remains clear
and colorless (vial 8) with only starting materials present and
no triazole products identified. Interestingly, mixing CB[6]
with both 1 and 2 (vial 9), as in the control reaction used for
the synthesis of 28 and 29, showed only a marginal decrease in
solution opacity. This observation is consistent with our
synthetic work in which prolonged reaction times were
required to isolate [3]rotaxane 29 (vide supra). Mixing
CB[6] with S-CD and either compound 1 (vial 10) or 2
(vial 11) showed clear improvements in the solubility of CB[6]
and suggested that, in both cases, the reversible formation of
ternary inclusion complexes involving all three components is
likely to occur in solution. Finally, for the positive reaction
containing all four reaction components (vial 12: CB[6]:2:1:f-
CD in a stoichiometric ratio of 2:2:1:1), a completely clear and
colorless solution was produced. Earlier characterization of this
reaction mixture using HPLC, HRMS, and multinuclear NMR
spectroscopy confirmed that only the full hetero[3]rotaxane 12
was present and no formation of the other possible byproducts
28 or 29 was observed. These data provided valuable
information from which we were able to select and standardize
the appropriate reaction conditions used when performing the
kinetic studies.

Kinetic Studies on Rotaxane Synthesis via Coopera-
tive Capture. Prior to measuring the kinetics of rotaxane
conversion in solution, it was important to establish a reliable
method for separating and quantifying the various species
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present in both the full reaction forming [4]rotaxane 12 (via
the intermediate molecular inclusion complex 28 D -CD) and
in the control reaction without $-CD leading to the byproducts
[2]semirotaxane 28 and homo[3]rotaxane 29. We adjusted the
concentrations to ensure that the reaction would run to near
completion within a 30 min experimental window and that
aliquots could be withdraw at specified time points for
immediate analysis by using reverse-phase HPLC. HPLC
chromatograms from the aliquots recorded over time by using
electronic absorption at 280 nm are presented in Figure 2 and
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Figure 2. Reverse-phase analytical HPLC chromatograms showing
the separation of the starting materials 1 and 2, the desired
[4]rotaxane product 12 obtained from the full reaction including f-
CD, and the [2]semirotaxane intermediate 28 and homo[3]rotaxane
byproduct 29 obtained from the control reaction without S-CD.
HPLC chromatograms were measured at 280 nm and obtained by
using a flow rate of 0.7 mL min™' and a linear gradient of A
(methanol, Sigma-Aldrich, HPLC grade) and B (distilled water
containing 0.1% trifluoroacetic acid [TFA]): t = 0 min A S0% + B
50%, t = 10 min A 100% + B 0%.

show the retention times and clear separation of the various
reaction components (compounds 1, 2, 12, 28, and 29).
Careful calibration experiments were performed to account for
the differences in molar absorption of the various species at
280 nm (supplemental Figure S136) and allow accurate
quantification of the relative mole fraction of each species after
normalization of the chromatograms. Normalization was
important because fluctuations in the injection volume
delivered onto the HPLC column using our automated
machine meant that absolute quantification was not possible.
Notably, CB[6] and -CD do not absorb at 280 nm and their
change in concentrations could not be followed directly. In
addition, compound 2 was not followed during the kinetic
studies because this species has a very weak chromophore at
280 nm, which generates only a low-intensity signal below ~3
mM concentration that was in the noise range of the detector
(absorbance <0.1 at 280 nm, supplemental Figure S136, panels
B and F). Compound 2 also displayed a retention time that
overlapped with the byproduct homo[3]rotaxane 29. However,
at the concentrations used in the kinetic studies, quantification
of compound 29 in the control reaction was only marginally
influenced by the change in concentration of compound 2.
To follow the kinetics of the full reaction leading to
[4]rotaxane 12, CB[6] (2.30 mg, 2.3 umol, 4.62 mM, 2.1
equiv) was added to a solution containing #-CD (1.37 mg, 1.2
pumol, 2.41 mM, 1.09 equiv), compound 1 (0.32 mg, 1.1 ymol,
2.20 mM, 1 equiv), and compound 2 (0.73 mg, 2.3 pmol, 4.66
mM, 2.1 equiv) in H,O (0.5 mL). The resulting mixtures were
heated at the specified temperatures (70, 50, 35, or 23 °C) for
30 min. No reaction occurs without CB[6] (supplemental
Figure S139, panel 1), and therefore, this regent was added last.
Compound 1 was selected as the limiting reagent, with the

other reagents present in a slight excess to ensure that an
accurate amount of highly absorbing biphenyl species was
delivered in each experiment and that the total signal intensity
of HPLC chromatograms was in the same range across all
samples. A total of 15 aliquots (S yL/each) were withdrawn
from the reaction mixtures, with 1 min sampling intervals in
the first 10 min, followed by sampling every S min until the
reactions were essentially complete by 30 min. Where feasible,
experiments were performed in triplicate by using independent
replicates. For the control reaction, the experimental
conditions and starting concentrations of CB[6], 1, and 2
were the same as used in the full reaction, but #-CD was not
added to the mixture. Experimental data obtained for the full
reaction run at 50 °C are presented in Figure 3 where panel A
shows the evolution in peak intensities over time as stack plot
of the HPLC chromatograms recorded during the experiment.
Complete experimental data on the measured change in mole
fractions as well as the optimized kinetic simulation curves are
given in supplemental Tables S9—S20. Additional kinetic plots
are presented in supplemental Figures S137—S139.

After correcting the measured peak areas from the HPLC for
the various identifiable species by using our calibration curves
(supplemental Figure S136), data were normalized and
converted into the measured change in mole fraction versus
time (Figure 3, panel B). The simplest mechanistic pathway for
the full reaction to give [4]rotaxane 12, and which produced
the best kinetic simulations of the experimental data using a
global fitting algorithm, is presented in Scheme 4. In the case
of the full reaction, rapid equilibrium for the host-guest
complex formation between 1 and -CD (as observed from the
earlier '"H-NMR titration experiments, vide supra) means that
the signal observed (Figure 3, panels A and B, green peaks and
green square data points) is a composite of both unbound 1
and the molecular inclusion complex 1 D $-CD. Due to rapid
dissociation of the 1 D B-CD inclusion complex under the
HPLC conditions, it is not possible to separate these two
components. A similar situation occurs for the key
intermediate species 28, which can also be present in solution
as the molecular inclusion complex 28 D f-CD (Figure 3,
panels A and B, red peaks and red diamond data points). The
data observed for [4]rotaxane 12 correspond to the unique
product (Figure 3, panels A and B, blue peaks and blue circle
data points). As can be seen in the experimental data, the
reaction proceeds rapidly with almost complete conversion of
the starting material 1 after 10 min. Initially, a rapid increase in
the concentration of the intermediate species (28 and
28 D f-CD) was observed. It is important to note that the
synthesis of [4]rotaxane 12 requires the formation of 28 D f-
CD. Since the [3]rotaxane 29 byproduct is not observed in this
reaction, we can conclude that the position of equilibrium
between the [2]semirotaxane 28 and[3]semirotaxane 28 D f-
CD lies toward the -CD bound species. To confirm that, (i)
the molecular inclusion complex 28 D -CD is formed, and (ii)
that the position of equilibrium lies heavily toward the side of
the inclusion complex, 'H-NMR titrations were performed
(supplemental Figure S135 and Table S8). The average
association constant between 28 and f-CD to form the
molecular inclusion complex 28 O f-CD found to be K, =
18,067 + 7573 ML, After an initial peak at a mole fraction of
0.58 at approximately 3 min, the concentrations of 28 and
28 D f-CD decrease slowly and [4]rotaxane 12 forms over a
longer time. This observation indicates that a stepwise reaction
occurs in which the second step is rate limiting.
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Figure 3. Experimental data and kinetic simulation of the full reaction pathway leading to the synthesis of [4]rotaxane 12. (A) Stack plot showing
the evolution of the HPLC profile of the reaction mixture over time for the synthesis of [4]rotaxane 12 in H,O at 50 °C. With reference to the
reaction pathway shown in Scheme 4, the peaks highlighted refer to the summation of 1 and the molecular inclusion complex 1 D 5-CD (green),
the key intermediate species 28 and 28 D -CD (red), and the final product [4]rotaxane 12 (blue). (B) Plot of the experimentally measured mole
fractions for the starting materials (1 + 1 D -CD, green squares), intermediates (28 + 28 D -CD, red diamonds), and product (12, blue circles).
Data points and error bars indicate the mean + 1 standard deviation measured from independent triplicate experiments (n = 3). Solid lines show
the optimum fit of the experimental data obtained by using the kinetic model shown in Scheme 4 with simulations calculated by using KinTek
Global Kinetic Explorer (version v11.0.1, KinTek Corporation, Snow Shoe, PA, United States of America).

Kinetic simulations using the mechanistic pathway repre-
sented in Scheme 4 allowed us to model the reaction and
extract rate constants for the individual steps. The simulated
data are presented as the solid curves in Figure 3B, and a plot
of the residuals (experiment—simulation) is also given. Rate
constants (k-values in formal units of min™', since the mole
fraction for all species is dimensionless) and pertinent
simulation parameters are gathered in the table (Figure 3,
panel B). Overall, the kinetic simulations gave an outstanding
fit with the experimental data. The P-value of 1.00 and a y*
value of 0.9314 indicated that no systematic deviations were
observed in the simulations that were beyond the expected
signal-to-noise ratio of the experiment.

From the simulated rate constants, it is immediately
apparent that the rate determining step for the synthesis of
[4]rotaxane 12 formally corresponds to the second CB[6]-
accelerated click reaction (ks = 0.33 min™'). In contrast, the
rate constant for the first click reaction, which produced
intermediate 28 D B-CD, is almost one order of magnitude
faster (k; = 2.84 min™'; an 8.6-fold increase versus k). This fits
the experimental data whereby the pre-equilibrium steps
leading to 1 D B-CD and 2 D CB[6] are both fast, and
rapid formation of the intermediate species (28 + 28 D 5-CD)
was observed. For the 1 D B-CD species, the position of
equilibrium lies toward the host-guest complex formation (k; =
402.94 min~'; k_, = 135.51 min™"), consistent with the 'H-
NMR titration data and measurements of the association
constant. In contrast, for the 2 D CB[6] inclusion complex in
the full reaction, the position of equilibrium lies slightly toward
the side of the separated species (k, = 191.84 min™'; k_,
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284.00 min~"), which is consistent with the observation that
dissolution of CB[6] is more challenging under the
experimental conditions used. Finally, for the intermediate
species 28 and 28 O B-CD, the kinetic simulations indicate a
strong displacement of the position of equilibrium toward the
crucial 3-component molecular inclusion complex 28 D -CD
(k, < 107 and k_, = 24.82 min™'), consistent with our 'H-
NMR titration data (supplemental Figure S135 and Table S8).
These simulation results also fit the experimental observation
that only the desired product 12, and no byproduct 29, is
produced in the full reaction containing one equivalent of
p-CD.

Equivalent HPLC chromatograms and a plot showing the
experimental change in mole fractions of the various species
and the kinetic simulations for the control reaction performed
at 50 °C without #-CD are presented in Figure 4. The simplest
mechanistic pathway for the control reaction that gives
homo[3]rotaxane 29, and which produced the best kinetic
simulations of the experimental data using a global fitting
algorithm, is presented in Scheme 5. Experimental data
associated with the change in the concentration (mole
fraction) of compound 1 (green peaks and green square data
points), the intermediate [2]semirotaxane 28 (red peaks and
red diamond data points), and the homo[3]rotaxane by-
product 29 (yellow peaks and yellow circle data points) are
presented in Figure 4, panels A and B. A similar trend is
observed in the control reaction in terms of the relative change
in concentration of the starting materials, intermediate species,
and byproduct as seen for the full reaction. However, it is
interesting to note that the control reaction is initially slower
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Scheme 4. Reaction Scheme Used in the Kinetic Modeling of the Full Reaction Pathway Leading to the Synthesis of
[4]Rotaxane 12 via the [3]Semirotaxane Intermediate 28 D f-CD
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than the full reaction, where the peak in the mole fraction of 28
occurs at the later time point of ~5 min and the amount of
biphenyl-dialkyne 1 continues to decrease throughout the full
course of the experiment (30 min). Nevertheless, at 30 min,
similar conversion yields are observed whereby the mole
fraction of 29 reaches 0.57, whereas in the full reaction, the
equivalent value for 12 reaches 0.64 (supplemental Tables S9
and S12). As for the full reaction, the experimental data for the
control reaction show a rapid increase and slower decline in
the concentration of 28, which indicates that a stepwise
reaction occurs whereby the second CB[6]-accelerated click
reaction to give the [3]rotaxane 29 is rate limiting.

Kinetic simulations using the mechanistic pathway repre-
sented in Scheme § yielded a decent fit between the simulation
and experimental data, but at later time points (>1S5 min),
systematic deviations were present that could not be accounted
for fully by the model. From the synthetic studies, it was found
that [2]semirotaxane 28 decomposed over time at elevated
temperatures and that this decomposition is likely to involve a
dethreading event. However, attempts to incorporate dethread-
ing of the CB[6] macrocycle from the anthracene-biphenyl
axle of 28 in the simulations did not improve the overall fit of
the model with the experiment. Given the limitations of the
number of species that could be followed, and in the number
of data points that were obtained for these control reactions, it
is not possible for us to fully resolve the complexity of the
decomposition pathways for species 28. Nevertheless, the
kinetic simulations are of sufficient quality to draw several
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qualitative (and semiquantitative) conclusions. First, the pre-
equilibrium between compound 2 and CB[6] reversibly forms
the 2 D CB[6] molecular inclusion complex, which undergoes
a rapid click reaction to yield [2]semirotaxane 28 (k; = 0.27
min~'). Notably, the first CB[6]-accelerated click reaction is
approximately one order of magnitude slower in the control
reaction than for the equivalent step observed in the full
reaction in the presence of f-CD (k; = 2.84 min~'; Figure 3B).
This is consistent with the observations of Stoddart and co-
workers who noted that the addition of the S-CD°*® (or
pillararene®”*®) cofactor increased the efficiency and rate of
hetero[4]rotaxane synthesis. Hence, our experimental data
provide support for the hypothesis that intermolecular
interactions between the -CD and CB[6] macrocycles have
a positive effect on enhancing the rate of triazole synthesis
inside the CB[6] cavity. It is important to note here that the
experimental data are limited and do not provide any
indication as to how or why intermolecular interactions
between f-CD and CB[6] influence the rate of the click
reaction (see the section on DFT calculations and reaction
mechanism below). The rate determining step for the control
reaction involves the formation of a 4-component molecular
inclusion complex between [2]semirotaxane 28 and 2 D
CB[6]. This rate determining second click step in the control
reaction has a rate constant kg of 0.17 min~", which is almost 2-
times slower than the equivalent step in the full reaction (ks =
0.33 min™'; Figure 3B).
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Figure 4. Experimental data and kinetic simulation of the control reaction pathway leading to the synthesis of homo[3]rotaxane 29. (A) Stack plot
showing the evolution of the HPLC profile of the reaction mixture over time for the synthesis of homo[3]rotaxane 29 in H,O at 50 °C. With
reference to the reaction pathway shown in Scheme S, the peaks highlighted refer to compound 1 (green), the key intermediate [2]semirotaxane 28
(red), and the final product homo[3]rotaxane 29 (yellow). (B) Plot of the experimentally measured mole fractions for the starting material (1,
green squares), the intermediate (28, red diamonds), and product (29, yellow circles). Solid lines show the optimum fit of the experimental data
obtained by using the kinetic model shown in Scheme 5 with simulations calculated by using KinTek Global Kinetic Explorer.

Kinetic studies were also performed at multiple different
temperatures (supplemental Figures S136—S139 and Tables
$9—520). Data displaying the change in mole fraction of the
various species observed for the full and control reactions
recorded at 70, 50, 35, and 23 °C are summarized in
supplemental Figure S139. For the full reaction pathway, the
conversion yield increased at higher temperature, whereby
after 30 min, the mole fraction of 12 increased from 0.294 +
0.064 (23 °C) to 0.446 + 0.097 (35 °C), 0.639 + 0.053 (50
°C), and finally 0.739 % 0.029 (70 °C). These data
demonstrate a linear temperature dependence of the reaction
yield when synthesizing [4]rotaxane 12 (supplemental Figure
$139, panel J). In contrast, for the control reaction no change
in the experimentally measured mole fraction of [3]rotaxane
29 was observed when the temperature increased between 23
and 35 °C, but once again, a linear dependence of the
conversion yield was established when the temperature
increased between 35 and 70 °C (supplemental Figure S139,
panel J). These data indicate that rapid formation of the key
intermediate species (28 O f-CD for the full reaction and
[2]semirotaxane 28 for the control reaction) occurs even at
room temperature. However, in the case of the full reaction
with B-CD, the rate determining step involving the second
triazole synthesis via the S-component inclusion complex
between 28 O f-CD and 2 D CB[6] has a lower
thermodynamic barrier than the equivalent (4-component)
rate determining step in the control reaction, which involves
inclusion complex formation between 28 and 2 O CB[6].
These temperature-dependent data are fully consistent with
the mechanistic pathways presented in Schemes 4 and S, as
well as the conclusions drawn from the kinetic simulations
where the higher value of the rate constant ks for the full versus
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control reactions suggests a decreased energetic barrier when
B-CD is present.

DFT Calculations on the Reaction Mechanism of
Rotaxane Synthesis via Cooperative Capture. Exper-
imental data provided clear evidence that formation of the
second triazole unit is the rate determining step in synthesis of
both the hetero[4]rotaxane 12 and homo[3]rotaxane 29, and
that intermolecular communication occurs between the $-CD
and CB[6] macrocycles to enhance the rate and efficiency of
the cooperative capture process. Next, we used DFT
calculations to explore the mechanisms and energetic land-
scape of the full and control reactions that lead to rotaxane
synthesis. All calculations were performed by using the B3LYP
exchange-correlation functionals'’'™'** combined with the
DGDZVP'*'% basis set and applying corrections for
dispersion effects by using the GD3B]J correction factor.'”’ ="
In addition, all structures were optimized in the presence of a
water continuum solvent model representing the reaction
medium used in the experiments. The complete structure of
rotaxane 12 is too large to perform full DFT optimization.
Therefore, to simplify the calculations and minimize the
computational expense, model structures were used in which
the anthracene connection to the azide group was replaced, or
in selected cases, a truncated biphenyl-alkyne was used as the
model guest molecule. For simplicity, a legend showing the
calculated structures and corresponding schematics used in the
mechanistic schemes and reaction coordinates is shown in
Figure S panels A and B, respectively. These modifications are
remote from the azide-alkyne reaction center and are not
anticipated to have an impact on the calculated energetics of
the reaction coordinate. As a quick note on the nomenclature
that we use in this section, the name 3C-int-1 refers to a
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Scheme 5. Reaction Scheme Used in the Kinetic Modeling
of the Control Reaction Pathway without $-CD Leading to
the Synthesis of Homo[3]rotaxane 29 via the
[3]Semirotaxane Intermediate 28
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specific, 3-component intermediate (int), which is arbitrarily
assigned as species 1. Similarly, the name 4C-TS-1 refers to a
particular saddle point on the reaction coordinate that brings
together 4 noncovalently attached components in a transition

state (TS) and is arbitrarily assigned as the first 4C-TS of this
type.

First, we calculated the optimized reaction pathway for the
noncatalyzed 1,3-dipolar cycloaddition reaction between the
model azide and alkyne components to give the 1,4-substituted
triazole product as a baseline (supplemental Figure S140).
Overall, the noncatalyzed reaction is thermodynamically
feasible with a calculated change in a reaction free energy of
AG = —242 kJ mol™’, but the reaction has a very high barrier
where formation of the transition state involves a change in
free energy of AGrpg = +133 kJ mol™". The calculated enthalpic
change on formation of the transition state is AHpg = +59 kJ
mol ™}, but a large component of energetic barrier arises from
the loss of entropy where —TASyg = +74 kJ mol™".

Next, we used DFT calculations to optimize the structures
along the CB[6]-catalyzed azide-alkyne reaction coordinate
(supplemental Figure S141). Initially, a reversible 3-compo-
nent molecular inclusion complex forms (3C-int-3, AG =
—114 kJ mol™"), which brings together the model azide and
alkyne units inside the CB[6] macrocyclic cavity. This process
is spontaneous whereby the enthalpic change (AH = —248 k]
mol™") compensates for the large loss of entropy (—TAS =
+134 J K™! mol™"). From the 3C-int-3 molecular inclusion
complex, triazole synthesis proceeds via the 3C-TS-1 transition
state, which has a free energy barrier of AAGps = +52 kJ
mol ™!, the origins of which are entirely enthalpic (AAHg =
+52 kJ mol™ and —TAASs = —0.3 kJ mol™"). Overall,
triazole synthesis inside the CB[6] cavity has a much lower free
energy barrier than the noncatalyzed process, which fits the
experimental situation. The subsequent molecular inclusion
product 2C-int-$ forms spontaneously from the reagents (AG
= —415 kJ mol™"), and notably, there is a relatively high barrier
(AAG = +97 k] mol™) to slippage of the CB[6] macrocycle
from inclusion of the triazole ring to the biphenyl rings
(species 2C-int-7, AG = —318 kJ mol™'). This computed
result also fits with the experimental observation from our
synthetic and kinetic work in which increased decomposition
of 28 was observed at elevated temperatures and the process
was assigned to a dethreading mechanism. Overall, our
computational data on the CB[6]-catalyzed azide-alkyne
reaction are in line with previous DFT studies by Carlqvist
and Maseras,"'” who reportedly found no evidence of TS
stabilization and also concluded that the main role of CB[6] is
to reduce entropic costs by transforming the reaction into a
pseudo-unimolecular process via formation of the ternary (3-
component, 3C-int-3) molecular inclusion complex.
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Figure 5. Chemical structures and their equivalent schematic representations for the different species used in the DFT calculations on the
mechanism of rotaxane synthesis via cooperative capture. These schematic structures are used in Figures 6—8 for simplicity.
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Figure 6. DFT-calculated reaction pathways for the conversion of the starting materials into either the desired 4C-product via the full reaction
involving -CD or the 3C-byproduct via the control reaction (without f-CD). Numbers underneath the structures of each species refer to the
calculated change in free energy (AG/kJ mol™', black), enthalpy (AH/kJ mol™’, red), and entropy (—TAS/kJ mol™', purple), relative to the
starting materials. Note that intermediate species *5C-int-1 and *5C-int-2, as well as the associated transition states, *SC-TS-1, and *5C-TS-2,
involve the CB[6], which resides over the alkyne-azide reaction center, interacting with the opposite face of -CD from the initial pathway
designation (¥, #-CD face inversion). See supplemental Figure $142 for the complete pathway including the rapid pre-equilibria steps before the

first transition states.

Following on from our baseline calculations, we decided to
investigate the complete reaction mechanisms for cooperative
capture synthesis of both the model hetero[4]rotaxane
(referred to 4C-product to avoid confusion with the synthetic
sections above) and the model homo[3]rotaxane without
B-CD (referred to as the 3C-byproduct for clarity). Details on
the critical steps of the reaction mechanisms are presented in
Figure 6, and the energetic profiles of three distinct reaction
coordinates are presented in Figure 7 (with additional
information given in supplemental Figure S142 and Tables
S21 and S22). When modeling the full reaction (including the
B-CD macrocycle), two alternative reaction pathways emerge.
These two pathways are distinguished by the orientation of the
B-CD macrocycle with respect to the CB[6]-azide-alkyne
reaction center. Specifically, and when considering the first

12904

azide-alkyne click step, the primary face of the B-CD
macrocycle can either point toward the reaction center
(identified as the f-CD primary face pathway shown in blue
in Figures 6 and 7) or away from the CB[6] macrocycle
(referred to as the -CD secondary face pathway shown in
purple in Figures 6 and 7). Both pathways converge to give the
same 4C-product, but mechanistically, a crossover occurs
during the second triazole synthesis step in which the
orientation of the S-CD macrocycle appears inverted from
the original pathway nomenclature for the intermediate species
X$C-int-1 and *SC-int-2, as well as the associated transition
states *SC-TS-1 and ¥5C-TS-2. Optimized structures, which
involve $-CD macrocycle face inversion, are identified with a

«_»

superscript “x” in Figures 6 and 7. DFT calculations were also
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J. Am. Chem. Soc. 2023, 145, 12894—-12910


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04111/suppl_file/ja3c04111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04111/suppl_file/ja3c04111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04111/suppl_file/ja3c04111_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04111?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04111?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04111?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04111/suppl_file/ja3c04111_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04111?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

A , [ It
. 2C-int-1 O O‘@O
Starting\ 2C-int-6 - U N

materiais\ 4C-TS-3 AAG = +80 kJ mol
. ) "
2C-nt2\ \ 2C-int-4 e O ﬁAE@.‘ O

88 — v

\ ~_ 3Cints . 4C-TS-1 i U ]

N 1147 X5C-TS-1 AAG = +82 kJ mol!
2C-int-3 o - 1
(QE@%E

3C-int-2

$-CD pathway
primary face

B-CD pathway

3C-byproduct
secondary face

OB

4C-product

Relative change in calculated free energy, AG / kJ mol!

Xindicates p-CD
face inversion

O @O @ O 3C-int-4

\ 2C-int-7
\ -318 X5C-TS-2 AAG = +72 kJ mol”!

16

= 2C-int5
< 4C-TS-3
N\ 4C-int3 |

\ 515 ] ¥5C-Ts-\

‘ 523\

X5C-int-1 36

-606 -544 \ byproduct

XSCTS2\\ \ |

-6
X5C-int-2

4C-product

B3LYP-GD3BJ/DGDZVP/PCM reaction coordinate

Figure 7. DFT-calculated reaction coordinate showing the change in free energy of the various intermediates and transition states relative to the
starting materials for three distinct mechanistic pathways. The full reaction pathway involving an initial CB[6] interaction with the -CD primary
face is shown in blue and that with the #-CD secondary face is shown in purple. The control reaction without $-CD is shown in yellow. Note that
intermediate species *SC-int-1 and *5C-int-2, as well as the associated transition states, *3C-TS-1 and *5C-TS-2, involve the CB[6], which resides
over the alkyne-azide reaction center interacting with the opposite face of f-CD from the initial pathway designation (¥, f-CD face inversion).

performed on the model control reaction (without 8-CD) to
give the 3C-byproduct (Figures 6 and 7, yellow reaction
pathway).

Focusing mainly on the full reaction toward the 4C-product,
the S-CD primary (blue) and secondary (purple) face
pathways both follow the same pattern of steps. Initially,
B-CD forms inclusion complexes 2C-int-1 or 2C-int-2 with
the model biphenyl-alkyne species (supplemental Figure
S142). A recurring theme in these mechanistic pathways is
that molecular inclusion is enthalpically driven, which provides
the energy required to overcome the decrease in entropy. In
the next step, the 3-component systems 3C-int-1 and 3C-int-2
form spontaneously via inclusion of the reactive alkyne group
inside the CB[6] cavity, which is assisted through stabilizing
intermolecular interactions between the B-CD and CB[6]
macrocycles. Subsequent inclusion of the model azide inside
the CB[6] cavity brings together the reacting partners to form
intermediates 4C-int-1 (AG = —163 k] mol™") and 4C-int-2
(AG = —229 kJ mol™). Although the 4C-int-2 species is
thermodynamically more stable than 4C-int-1, the transition-
state barrier for the first triazole synthesis via the primary face
pathway (4C-TS-1, AAGrg = +55 k] mol™) is considerably
lower than the equivalent barrier found on the secondary face
pathway (4C-TS-2, AAGrg = +101 k] mol ™). Given that both
pathways are in rapid equilibrium, with facile B-CD
dethreading and recomplexation expected (from experimental
'"H-NMR data), it is likely that the primary face pathway
predominates to drive the first click reaction. Interestingly, the
4C-TS-1 free energy barrier is essentially the same as for the
calculated baseline reaction with CB[6] but without $-CD
(Figures 6 and 7, yellow pathway, 3C-TS-1, AAGrg = +52 kJ
mol™!). Tt should be noted that alternative pathway
combinations exist to create the 4C-int-1 and 4C-int-2
species, such as the combination of two separate molecular
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inclusion complexes involving, for example, 2C-int-1 or 2C-
int-2 with the model azide D CB[6] complex (2C-int-6,
supplemental Table S14), but for successful reactions, all
combinations must eventually pass through one of the early
transitions states (4C-TS-1, 4C-TS-2, or 3C-TS-1), as
displayed in Figure 6.

After synthesis of the first triazole, the new intermediates
3C-int-4 (blue pathway) and 3C-int-S (purple pathway), as
well as the no #-CD intermediate, 2C-int-$, (yellow pathway)
are in rapid equilibrium via B-CD dethreading and
recomplexation. Following further association steps, the full
reaction pathways eventually arrive at the key S-component
intermediate species, *5C-int-1 (blue pathway) and *5C-int-2
(purple pathway). It is important to note here that the
orientation of the S-CD macrocycle is inverted from the
original pathway face definition. Synthesis of the second
triazole unit can be accomplished from these intermediates
through the corresponding transition states, *5SC-TS-1 and
X5C-TS-2. For *5C-TS-2, the primary face of the B-CD
macrocycle points toward the CB[6]-azide-alkyne reaction
center and corresponding free energy barrier, AAGyg = +72 KJ
mol™!. In contrast, the calculated transition-state barrier for
formation of XSC-TS-1 is higher at AAGyg = +82 kJ mol™".
Here, the DFT calculations provide a clear indication that the
second click reaction is the rate determining step in the
cooperative capture synthesis of 4C-product, and the reaction
occurs preferentially when the primary face of the f-CD
macrocycle points toward the CB[6]-azide-alkyne reaction
center. For comparison, in the control reaction pathway, the
second click step passing through the 4C-TS-3 transition-state
species is also calculated to be rate determining with a free
energy barrier (AAGrg = +80 kJ mol™") that is +8 kJ mol™
higher than the lowest energy route on the full reaction
pathway. After the second click reaction, the 4C-product is
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Rings-to-axle 827.34 41.39 24.43

O {9 .@%E O Total between rings 295.73 14.79 22.89
c Axle-to-CB[6] 223.68 11.19 2.64
Axle-to-3-CD 81.00 4.05 1.51

X5C-TS-2 CBI6]-to-axle 741.53 37.10 19.50
Rate Determining Transition State B-CD-to-axle 85.81 4.29 4.94
AAG = +72 kJ mol! B-CD-to-CBJ[6] 122.97 6.15 5.65

CBI6]-to-p-CD 172.76 8.64 17.24

CBI6] (over TS)-to-axle 388.69 19.45 16.02
CBI[6] (over triazole)-to-axle ~ 352.82 17.65 3.47

Figure 8. DFT-optimized structure and Natural Bond Orbital (NBO) analysis for the rate determining transition state (*5C-TS-2) identified in the
cooperative capture synthesis of the desired 4C-product. Data in the table (inset) indicate the NBO deconvolution of the various intermolecular
stabilizing interactions between the axle and macrocyclic rings. The percentage values are given with respect to the total calculated intermolecular
stabilization energy, and the values for AE refer to the calculated difference between the rate determining transition state *SC-TS-2 (where the
transition state for triazole formation occurs inside the CB[6] that interacts with the S-CD primary face) and the higher energy transition state
X5C-TS-1. Positive values for AE indicate that the NBO interaction in *5C-TS-2 is stronger than the equivalent intermolecular interaction
calculated in *5C-TS-1. Further details on the NBO analysis are presented in the Supporting Information.

formed with an overall change in reaction free energy of AG =
—879 kJ mol™'. In comparison, the driving force for the
synthesis of the 3C-byproduct on the control reaction pathway
(Figures 6 and 7, yellow pathway) is slightly lower with AG =
—820 kJ mol™'. Overall, these DFT results are in full
agreement with the synthetic work, spectroscopy, kinetic
experiments, and simulations described above, which confirms
that the second click reaction is rate determining and that the
presence of B-CD leads to intermolecular cooperativity with
the CB[6] macrocycle that reduces the thermodynamic barrier
and increases both reaction rates and conversion yields.

These calculations help to answer the question of “why” f-
CD enhances the cooperative capture synthesis of hetero[4]-
rotaxanes—essentially through enthalpic stabilization of the
key intermediates and transitions states, which drives the
positions of equilibria toward the f-CD molecular inclusion
routes—but they do not address “how” this energetic
preference arises. Therefore, we used Natural Bond Orbital
(NBO) analysis to investigate the intermolecular stabilization
interactions present in the key transition states, *5C-TS-1,
X$C-TS-2, and 4C-TS-3, as well as the 4C-product and 3C-
byproduct, in an attempt to identify the origins of the
intermolecular interactions that control the observed differ-
ences in rate between the full and control reactions.

Natural Bond Orbital (NBO) Analysis of the Rate
Determining Transition State. A detailed analysis of the
results from the NBO calculations on the rate determining
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transition state, *SC-TS-2, located on the full reaction pathway
(Figures 6 and 7, purple) is presented in Figure 8. Equivalent
analyses for the *5C-TS-1, 4C-TS-3, 4C-product, and 3C-
byproduct species are presented in the Supporting Informa-
tion.

For *5C-TS-2, NBO analysis revealed that intermolecular
stabilizing interactions between the two components of the
axle (azide [short] and alkyne [long], Figure 8), between the
axle and macrocyclic rings, and interactions between the f-CD
and CB[6] rings account for 2.50% of the total stabilization
energy of the molecule. The remaining 97.5% is assigned to
discrete covalent bonds within the five separate components.
This intermolecular stabilization energy (ISE) is relatively
high, which provides the enthalpic driving force for
spontaneous self-assembly and outweighs the loss of entropy
incurred on bringing five species together. As expected for a
transition state leading to the triazole product via 1,3-dipolar
cycloaddition, intermolecular interactions between the azide
and alkyne components contribute 28.57% of the total ISE.
The remaining 71.42% of total ISE involves intermolecular
interactions from the axle units to the rings (15.24%), from the
rings to the axle units (41.39%), and between the -CD and
CB[6] rings (14.79%). As can be seen from the deconvolution
of NBO interactions, donation of electron density from the
CB[6] to axle dominates (37.10% of ISE). In contrast,
intermolecular interactions from the biphenyl group of the axle
(long) to S-CD and vice versa from fB-CD to the biphenyl
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contribute only 4.05 and 4.29%, respectively (total ISE(axle//-
CD) = 8.35%). This observation is consistent with the
experimental work and DFT calculations on the mechanism,
which showed that ring slippage and dethreading of the CB[6]
macrocycle requires elevated temperatures, whereas the
molecular inclusion complex 1 D B-CD is in rapid equilibrium
with unbound species at room temperature. Interestingly, the
CB[6] macrocycle that interacts with the azide-alkyne
transition state contributes essentially the same amount of
energy to the total ISE (19.45%) of *SC-TS-2 as the CB[6]
ring that sits over the triazole unit (17.65%). This is also
consistent with the conclusions of Carlqvist and Maseras' "’
who determined that TS stabilization by CB[6] plays a minor
role in the catalytic acceleration of the azide-alkyne reaction.
Intermolecular interactions from the 3-CD-to-CB[6] rings and
vice versa from CB[6]-to-f-CD rings account for 6.15 and
8.64% of the total ISE, respectively. Of these inter-ring
interactions, the closer (spatial) approach of CB[6] with the
secondary face of the $-CD leads to stronger intermolecular
stabilization (9.25% of total ISE) than between CB[6] and the
B-CD primary face (5.55% of total ISE). The NBO calculations
suggest that the role of #-CD in increasing the rate and
efficiency of hetero[4]rotaxane synthesis via cooperative
capture arises due to relatively minor intermolecular
interactions with the CB[6] rings that help to reduce entropic
freedom within the key (rate determining) transition state,
¥5C-TS-2. Rigidifying the S-component structure likely
increases the barrier to rotation of the macrocyclic rings, but
also increased stabilizing interactions between the rings has the
effect of displacing the position of equilibrium toward the S-
component intermediate, and hence, increasing the likelihood
of successful triazole (and hetero[4]rotaxane) synthesis.

B CONCLUSIONS

Experimental data exploring the synthesis and chemical scope
of functionalized hetero[4]rotaxanes illustrate that a variety of
substituted S-CD macrocyclic rings featuring electrophilic
leaving groups, carboxylates, and azides can be used to
introduce reactive groups that facilitate further derivatization
with biological active vectors. Importantly, the azide species
can react via classic copper ion-mediated or strain-promoted
click chemistry providing further options for using bioorthog-
onal chemistry to create bioactive rotaxanes. Synthetic work
also demonstrated that care must be taken in the choice of
both the conjugation chemistry and nature of the substituents
added to the monofunctionalized $-CD macrocycle. Detailed
kinetic studies on a model system revealed that the rate
determining step in the multicomponent cooperative capture
of both hetero[4]rotaxanes and the homo[3]rotaxanes (with-
out #-CD) corresponds to the second CB[6]-mediated azide-
alkyne click reaction. Kinetic simulations provided insights into
the mechanism of the cooperative capture, and extensive DFT
calculations on the various reaction pathways confirmed the
conclusions drawn from the experiments. The self-assembly of
rotaxanes through cooperative capture involves enthalpically
driven molecular inclusion, which compensates for the
dramatic decrease in entropy that occurs when up to §
separate components converge in the critical rate determining
transition states. Thermodynamic analysis confirmed that the
main role of CB[6] in accelerating triazole synthesis is not
through stabilization of the transition state but rather through
compensation of the entropic penalty through formation of a
molecular inclusion complex, which effectively transforms the

reaction into a pseudo-unimolecular process. DFT calculations
also revealed a mechanistic preference in which intermolecular
interactions between the primary face of #-CD and the CB[6]
macrocycle that resides over the azide-alkyne transition state
leads to faster triazole synthesis than the equivalent
interactions via the B-CD secondary face. Bonding analysis
also showed that relatively minor intermolecular interactions
between the CB[6] and -CD macrocycles are responsible for
rigidifying the transition state, which experimentally has the
effect of increasing the rate of reaction, and the efficiency or
yield, of rotaxane synthesis. Collectively, our synthetic, kinetic,
and computational data reveal new insights into the
mechanism of cooperative capture rotaxane synthesis and
demonstrate new possibilities for developing this exciting
molecularly interlocked scaffold into bioactive compounds.
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