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Chapter 5 
Modulating the structure-derived acidity of hexameric  
resorcinarene capsules by hydration-driven structural  
expansion 
Parts of this chapter have been published and are reproduced here from: 

D.A. Poole III, S. Mathew, and J.N.R. Reek, J. Am. Chem. Soc., 2021, 143, 40, 16419–16427. 

 

 

 

 

Abstract 
The hexameric undecyl-resorcin[4]arene capsule (C11R6) features eight discrete structural water molecules 
located at the vertices of its cubic suprastructure. Combining NMR spectroscopy with classical molecular 
dynamics (MD), we identified and characterized two distinct species of this capsule, C11R6-A and C11R6-B, 
respectively featuring 8 and 15 water molecules incorporated into their respective hydrogen-bonded 
networks. Furthermore, we found that the ratio of the C11R6-A and C11R6-B found in solution can be 
modulated by controlling the water content of the sample. The importance of this supramolecular 
modulation in C11R6 capsules is highlighted by its ability to perform acid-catalyzed transformations, which is 
an emergent property arising from the hydrogen bonding within the suprastructure. We show that the 
conversion of C11R6-A to C11R6-B enhances the catalytic rate of a model Diels–Alder cyclization by 10-fold, 
demonstrating the cofactor-derived control of a supramolecular catalytic process that emulates natural 
enzymatic systems. 
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5.1 Introduction 
Supramolecular catalysis derives inspiration from enzymes, translating natural fea-

tures into synthetic systems to attain higher levels of control in chemical processes. Ap-
proaches toward bioinspired supramolecular catalysis include the biomimicry,1 second 
coordination sphere design,2,3 and confinement of the catalytic site.4 Along these lines, 
the positioning of catalytic active sites within well-defined capsules has been demon-
strated to enable the control of catalyst properties to promote selective catalytic trans-
formations.1–4 In natural systems, enzymatic activity that enables the self-steering of 
catalytic processes necessary for metabolism can be modulated via allosteric modifica-
tions by physiochemical inputs. Although it is an intrinsic feature of natural systems, 
analogous modulation of catalyst properties in synthetic mimics are rare.5 It is now more 
than 30 years ago that the Aoyama group described the host–guest chemistry of resor-
cin[4]arenes in nonpolar organic solvents.6 As further characterization developed, the 
hexameric nature of these capsules was realized and its capacity for host–guest interac-
tions were extensively characterized.7,8  

 
Figure 1. Ball-and-stick rendering of a model C11R6 showing 6 resorcin[4]arenes (CPK rendering) forming the 
faces of the cube (yellow) held together by an hydrogen-bond network continuous along each edge (black line), 
and capped by eight water molecules at the vertex positions (van der Waals renderings).  
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Analogous to an enzyme, C11R6 exhibits catalytic function from the elevated Brønsted 
acidity emerging from its supramolecular structure.9 Illustrated in Figure 1, this capsule 
is formed in nonpolar solvents (e.g., chloroform) through the self-assembly of six facial 
monomers in a cubic arrangement, featuring eight water molecules (one per vertex).8 

The edges of C11R6 are held together by hydrogen-bond network edges between adja-
cent facial monomers, with each end point capped at the vertex with a water molecule, 
completing the cubic structure.8 

The hydrogen-bond network of C11R6 results in the enhanced Brønsted acidity be-
yond that of the individual monomer units.9a This feature has driven the application 
of C11R6 as a supramolecular, organic Brønsted acid catalyst for chemical transformations 
under mild conditions.9 In addition, the hydrogen-bond rich environment of the internal 
cavity within C11R6 has been utilized as a supramolecular organocatalyst,10 demonstrat-
ing a host-selective reactivity based on substrate size, and substrate–bond activation via 
supramolecular interactions. The use of a supplemental protic acid cocatalyst (typically 
HCl) extends the scope of C11R6 activity,11 notably for application toward facile synthesis 
of high-value terpene derivatives.11–12 Further reactivity has been demonstrated in host-
catalyzed Diels–Alder cyclization.13 

Beyond the intrinsic Brønsted acidity of C11R6, this supramolecule possesses an inter-
nal cavity (ca. 1400 Å3),8 permitting the encapsulation of transition-metal catalysts14 or 
organic catalysts15 within its cavity. In these instances, the internal surface of the capsule 
serves as a second coordination-sphere to modulate or enhance catalytic function.2,3 

Both the acidity and host-capacity of C11R6 are derived from its structure.7,8 Recent 
work by Payne and Oliver have demonstrated structural modification of C11R6 by the in-
corporation of alcoholic solvent molecules into the hydrogen bond network,16 comple-
menting previous studies by Cohen17 and Schnatwinkel,18 which featured similar 
inclusion of long chain alcohols into the hydrogen-bond network. Interestingly, Katiyar 
has reported the association of free water to the capsule’s hydrogen-bond net-
work,19 beyond the 8 molecules needed for capsule assembly.7a-7c Studies by Merget 
suggest that the presence of additional water may impact the catalytic activity of 
the C11R6 capsule in acid-promoted cyclization of terpenes.11c Together these findings 
suggest that polar molecules such as water may act as cofactors able to modulate the 
structure and acidity of C11R6, analogous to the allosteric control of enzymes (e.g., cyto-
chrome p450 oxidases, nitric oxide synthases, etc.). Understanding that these structural 
changes would provide insights into the previously observed water-dependent catalytic 
behavior and fine control the capsule’s catalytic activity. 

In this chapter, we investigate the structural changes of C11R6 capsules through clas-
sical molecular dynamics simulations (MD), which is further supported by 1H-NMR spec-
troscopy. Using MD, we find that C11R6 interconverts between two assemblies as 
summarized by Scheme 1.  



 

| 111 

 
Scheme 1. A simplified representation of the water-dependent conversion between the two forms of C11R6, high-
lighting the 8 water molecules necessary for capsule formation (red) and the 7 additional water molecules (cyan) 
which effect the transition by association to a capsule edge (black line). 

The C11R6-A assembly features 8 water molecules at the vertex positions—in line with 
previous reports of C11R6 structure8—while C11R6-B has 14–15 water molecules, 6–7 of 
which spontaneously incorporate into a single edge of the cubic suprastructures, re-
ferred to here as “incorporated water” (Scheme 1). This computational finding is sup-
ported by NMR studies of water association, revealing a water-dependent equilibrium 
between the two capsule species differing significantly in their hydrogen-bond network. 
Differences between the C11R6-A and C11R6-B assemblies are substantiated by 31P-NMR 
chemical shifts of an encapsulated phosphine oxide, revealing different internal acidities 
quantified by their Guttman–Beckett acceptor number (AN). This difference in internal 
acidity allows the rate modulation of C11R6 catalyzed Diels–Alder cycloaddition of malei-
mide and sorbic alcohol, demonstrating novel control of an abiotic homogeneous cata-
lytic process. 

5.2 Results and discussion 

5.2.1 MD Simulations reveal distinct species 

Simulations containing explicitly solvated C11R6 with a total of 8–24 explicit water 
molecules were propagated as molecular dynamics trajectories for a total of 10 μs using 
optimized force field parameters (Appendix A). Unfortunately, simulations featuring ran-
domly placed water molecules and undecyl-resorcin[4]arene monomers (C11R1) failed to 
self-assemble over several μs of MD propagation (results not reported). Therefore, we 
found it necessary to include the 8 structural water molecules, placed at the vertex po-
sitions of the capsule, while the remaining water molecules were positioned randomly 
in the periphery of the capsule. 
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In simulations containing 8–12 water molecules, we observe the external attachment 
of free water to the C11R6 in line with previous reports.19 Simulations containing ≥14 wa-
ter molecules reveal 6 additional incorporated water molecules along a single edge of 
the hydrogen-bond network of the C11R6 capsule (Scheme 1), as depicted in Figure 2b. 
Although these incorporated water molecules are highly organized and an integral part 
of the hydrogen bond network (Figure A2), single water molecules still exchange rapidly 
with water molecules from the bulk solvent and the 8 structural waters needed to form 
the capsule. The mobility of the incorporated water is highlighted by the concerted mi-
gration between the hydrogen bond edges of the capsule. This migration phenomenon 
was qualitatively observed as a rare event in our MD simulations (Figure A4), but occur 
at a sub-microsecond time scale.  

The incorporation of additional water into the edge of the hydrogen bond network 
results in a breakage of the hydrogen bond between adjacent C11R1 faces, altering the 
connectivity of the supramolecular system. This change in connectivity and composition 
distinguishes C11R6-B from the typical C11R6-A assembly. Analysis of hydrogen-bonding in 
our MD trajectories (Figure A3) reveal a minimum of 6 extra incorporated water mole-
cules are required to form C11R6-B. 

Energetic analysis of the MD data using grid inhomogenous solvation theory (GIST) 
(Figure 2a) distinguishes between both attached water19 and the incorporated water we 
observe in C11R6-B. While GIST does not provide complete free energy differences be-
tween C11R6-A and C11R6-B, it is useful in the analysis of favorable water structures found 
in our MD simulations. In simulations containing 8–12 water molecules the attached wa-
ter is observed. Interestingly, the GIST-determined ΔA matches previously reported val-
ues (ca. −2.0 kcal mol–1),19 and from our analysis this is driven entirely by a favorable 
water–water interaction (Figure 2a, ΔUwater–water). The inclusion of water along the hy-
drogen bond edge is optimal in the presence of 14 water molecules, where an additional 
favorable water-capsule interaction (Figure 2a, ΔUwater-C11R6), resulting in a very favorable 
association (ΔA = −6.3 kcal mol–1). While the incorporation of further water molecules 
within the suprastructure is possible, it incurs an increasing penalty from internal energy 
(Figure 2a, ΔU) and system entropy (Figure 2a, −TΔS). The specificity of C11R6-B to incor-
porate 6 water molecules is a “goldilocks” number, originating from the required size of 
the hydrogen-bond network needed to fill a capsule edge (Figure 2b), resulting in favor-
able internal energy (Figure 2a). These “incorporated water” molecules are more mobile 
than their “structural water” counterparts, and are not as strongly localized. These sim-
ulations suggest that C11R6 is found in only two forms—C11R6-A containing 8 water mole-
cules and C11R6-B containing 14 water molecules—and the ratio between the two may 
depend on water content. 
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Figure 2. (a) Plot of the relative Helmholtz free energies (ΔA), internal energy (ΔU) of the water-water or water-
C11R6 interactions, and entropy (ΔS) for the incorporation of water molecules beyond 8 determined by the GIST 
method.80

 (b) renderings depicting the structures of C11R6-A and C11R6-B containing 8 and 14 water molecules re-
spectively. Renderings feature highlights indicating structural (red) and incorporated (blue) water which differen-
tiate C11R6-A and C11R6-B respectively. Note that structural water highlights for C11R6-B are omitted for clarity. 
Similarly, alkyl pendant groups, solvent, and non-hydroxy hydrogen atoms are omitted from both renderings for 
clarity.  Both thermodynamic calculations (a) and model visualizations (b) were generated from 28, 800 ns MD 
trajectories.  

5.2.2 1H-NMR Identification of C11R6-A and C11R6-B 

The formation of C11R6-A and C11R6-B was investigated by 1H-NMR, by measuring 
spectra of C11R6 solution at various concentrations of water (44.12–103.01 mM). Con-
trasting previous reports, which broadly attribute all phenolic peaks (δ = 8.5–10.0 ppm) 
to a singular species of C11R6,13–16 our spectra, shown in Figure 3a, reveal a changing pat-
tern in the phenolic peaks, concomitant with the changing water content. The separation 
of these phenolic peaks indicates slowly exchanging environments,20 inconsistent with 
the 5 ns lifetimes of previously described water dynamics.19b As these peaks increase (or 
decrease) in a correlated fashion, we attribute these spectral features to distinct assem-
blies: C11R6-A (δ = 9.58 and 9.35 ppm) and C11R6-B (δ = 9.65 and 9.46 ppm). This peak 
assignment is further supported by inversion-relaxation measurements (Figure A5), from 
which identical T1 relaxation times were obtained for the phenolic peaks of either 
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capsule indicative of a shared environment. The increased sensitivity of T1 relaxation 
times of the peaks belonging C11R6-B to changing water content is in line with the larger 
number of water molecules associate to its structure. 

Interestingly, the relative concentrations of these species vary with water content 
from 44.12 mM (ca. 8 water molecules per capsule) to 103.01 mM (ca. 19 water mole-
cules per capsule). As these differences are only apparent in the phenolic region of the 
NMR spectrum, we surmise that these assemblies are distinguished by the structure of 
their respective hydrogen-bond networks. Therefore, we putatively assigned these 
peaks to C11R6-A (δOH = 9.58, 9.35 ppm) and C11R6-B (δOH = 9.65, 9.46 ppm) based on the 
increasing concentration of water and consistent with the structures observed in MD 
simulations (Figure 2). The presence of incorporated water in C11R6-B is further evi-
denced by stronger NOE correlations between its phenolic peaks and free water (Figure 
A6). Deuterium exchange of the OH-groups with D2O (Figure A7) is different for the two 
capsules, and evidence the discontinuous hydrogen bond network in line with our MD 
simulations (Figure A2). 

Despite the asymmetry derived by incorporated water molecules in C11R6-B (Figure 
2), only two peaks of equal area are observed for the phenolic protons of either assem-
bly. Our MD simulations show the specific arrangement of incorporated water shift be-
tween edges of the capsule on a sub-microsecond time scale (Figure A4). The 
environments of the phenolic protons of C11R6-B, exchange at this rate, and as such are 
observed as a time-averaging signal. Exchange of water between C11R6-B and C11R6-A is 
relatively slow leading to distinct phenolic peaks that can be distinguished in the NMR 
spectra (Appendix H).20 On the basis of the relative strength of NOE correlations be-
tween the phenolic peaks and water, we assign the upfield peaks of either assembly (δ 
= 9.35 and 9.46 ppm) to the 24 phenolic protons adjacent to the structural water sites 
(Figure 1). Similarly the downfield peaks of either assembly (δ = 9.58 and 9.65 ppm), are 
assigned to the remaining 24 phenolic protons which participate in hydrogen bonding 
between and within the resorcin[4]arene monomer faces. Fortunately, the separation of 
the pairs (33 Hz) of the resolved C11R6-A and C11R6-B phenolic peaks constraints the rate 
constant for chemical exchange (kex) between the two assemblies to <155 s–1 (for a de-
tailed discussion see, Appendix H).20 

The apparent diffusion of these phenolic peaks appears faster than the other peaks 
(Figure 3b) due to proton exchange with water occurring within the diffusion time in the 
measurement (Δ = 100 ms). Fortunately, the pairing of these diffusion traces further 
supports the speciation of the two assemblies observed by the correlation of the peak 
areas (Figure 3a). Further characterization of the capsule using 1H-NMR (Figures 3a and 
A10), DOSY (Figures 3b and A9),7,18 indicate that both assemblies are hexameric assem-
blies with a similar Stokes radius (16.6 Å) at [H2O] = 44 and 103 mM consistent with 
previous reports of C11R6 capsule structure.23–28 
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The single observed peak of water (Figure 3) indicates that it is in a state of fast ex-
change between a free state in the bulk solution and a bound state, incorporated into 
the C11R6 capsule (Appendix H).22 As previous reports detail, the available water is com-
pletely incorporated into the cage at low (i.e., 44 mM) water concentrations;7,8,18 there-
fore, the measured chemical shift (δ = 5.1 ppm) can be attributed to the structural water 
(Figure 1), as opposed to the free H2O water-saturated chloroform.23 As the observed 
chemical shift is time-averaged,22 the proportion and quantity of water associated 
with C11R6 (Bwat) was determined directly from 1H-NMR spectra (Figure 3a). 

 
Figure 3. Quantitative 1H-NMR spectra (a) and DOSY Diffusograms (b) of C11R6 (5.38 mM) observed over a range 
of water concentrations (44.12–103.01 mM) corresponding to 8–19 water molecules per C11R6 capsule. Water 
peaks and diffusion traces are highlighted in blue or accompanied by a blue circle. Peaks and diffusion traces 
attributed to C11R6-A (red highlight and diamond) and C11R6-B (green highlight and triangle) assemblies are anno-
tated. Overlapping diffusion traces are shown in brown. Quantitation of water concentration was determined by 
integration of the water peak (blue circle) compared to a peak corresponding to both C11R6 assemblies (δ = 6.2 
ppm, 24 H, 5.38 mM). Synthetic protocols and full characterization are provided in Appendix I. 
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Figure 4 shows the total number of water molecules associated with C11R6 increases 
linearly with the proportion of C11R6-B (θB) in the sample, with the slope showing an ad-
ditional 7.27 ± 0.26 water molecules are incorporated per C11R6-B formed. Thus, com-
bined with the 8 structural waters native to C11R6, a total of 15 water molecules are 
associated with C11R6-B. From our MD simulations (Figure 1) we surmise that these addi-
tional water molecules are incorporated into the hydrogen bonding network of the cap-
sule. This number agrees with MD models (Figure 2) that predict a minimum of 14 water 
molecules for the formation of C11R6-B (Figure 2). The water-dependent conversion be-
tween C11R6-A and C11R6-B was fit using an empirical model (Appendix J) to enable esti-
mation of the proportion of C11R6-B capsules (θB) via water content. 

 
Figure 4. Plot of the total number of associated waters (Bwat) and proportion of C11R6-B capsules (θB) determined 
from 1H-NMR measurements (Figure 3a). The association of an additional 7.27±0.26 water molecules concomitant 
to conversion is determined from the slope of the linear fit (red). 

5.2.3 31P-NMR Investigation of structure-dependent acidity 

Many catalytic applications of C11R6 rely on the intrinsic acidity derived from its su-
pramolecular structure.8 The 33 Hz downfield shift of the C11R6-B phenolic protons (Fig-
ure 3a) suggest an increased acidity (compared to C11R6-A),23 a feature which is further 
supported by their apparent diffusivities observed by DOSY (Figure 3b). 

Previously the Brønsted acidity of C11R6 assemblies were measured using nitrogen 
bases to estimate aqueous-equivalent pKa values.8 Unfortunately, this protocol impairs 
the accurate determination of water content by either Karl–Fischer titration or 1H-NMR 
integration, and could not be used to differentiate the acidity of C11R6-A and C11R6-B. 
Therefore, we investigate the ability of structure-dependent acidity to modulate the in-
teraction strength with tri-n-butyl phosphine oxide (Bu3PO) as guest through 31P-NMR 
(Figure 5).24,25 The encapsulation of Bu3PO was readily confirmed by 1H-NMR, showing 
the development of broad upfield peaks (δ = −2.0–0.5 ppm), typically observed for en-
capsulated guests.7 The binding of Bu3PO within the capsule was further evidenced by 1H 
DOSY measurements (Figure A12), with similar diffusion for the C11R6 host and upfield 
peaks (log D = −9.0, see Figure 3b). 
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A downfield chemical shift in 31P-NMR is expected when a Bu3PO forms a hydrogen-
bond adduct with another species, such as when encapsulated within C11R6 and the de-
gree of this shift is proportionate to the acidity of the hydrogen-bond donor.24,25 Three 
peaks (31Pδ ≈ 55.0–65.0 ppm) were consistently observed in the 31P-NMR spectra of the 
encapsulated Bu3PO (Figure 5). The upfield peak (31Pδ ≈ 55.0–64.0 ppm) was assigned to 
the free Bu3PO by observed correlations to the protons of the free species by 1H–31P 
HMBC (Figure A14). A low intensity peak (31Pδ ≈ 64.0–65.0 ppm) was observed in all spec-
tra, with a low intensity that waned with increasing water content. This spectral feature 
is particularly evident at a minimal water concentration (44.18 mM water, Figure A12), 
where the majority of the Bu3PO (3.50 mM) was observed to be encapsulated. Unfortu-
nately, two-dimensional techniques (e.g., HMBC) could not provide sufficient cross-
peaks with which to identify the originating species by other means. With additional wa-
ter this minor peak broadens and diverges compared to the major peaks, and we infer 
that exchange between this minor species and the observed major peak is unlikely based 
on the diverging chemical shift. Based on the low intensity of the 31P signal, we surmise 
that this spectral feature does not correspond to the free or encapsulated Bu3PO, and 
its identity is unlikely to interfere with measurements of the C11R6 capsule’s internal acid-
ity. The remaining peak was attributed to the C11R6-associated Bu3PO (31Pδ ≈ 60.0–64 
ppm) based on its apparent intensity (Figures A14 and A15). All three peaks were ob-
served to move in a concerted fashion with changes in water content, which we ascribe 
to changes in bulk dielectric of the solvent medium.26 

 
Figure 5. Chemical shift difference between free and encapsulated Bu3PO observed by 31P-NMR at two concen-
trations, 3.50 mM (black) and 24.00 mM (red) in the presence of C11R6 (5.38 mM). Spectra were obtained at water 
contents spanning 43.76–110.19 mM (3.50 mM Bu3PO) and 43.05–86.53 mM (24.00 mM Bu3PO), which were 
subsequently converted to the proportion of C11R6-B (θB) by an empirical model (Appendix J).  
Inset, a 31P-NMR spectrum showing peaks corresponding to encapsulated (▼, green) and free (■, blue) Bu3PO. 
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The free and encapsulated Bu3PO afford distinct peaks in slow exchange (Figure 5, 
inset). Similar to observations made with 1H-NMR (Figure 3), differentiation between 
phosphine oxide encapsulated within C11R6-A and C11R6-B was not observed by 31P due to 
the similarities of the magnetic environments experienced by the phosphorus nuclei. 
Due to this similarity, the shift of the observable peak corresponds to the time weighted 
average of the Bu3PO encapsulated within C11R6-A and C11R6-B (see Figure A8a for an ex-
ample of the exchange of indistinguishable nuclei).20 Further complications arise as a 
phosphine oxide guest within C11R6-A or C11R6-B may exchange hydrogen bonding part-
ners within the capsule at a time scale faster than NMR measurement,20 resulting in a 
single observable peak with a shift that is the time weighted average of the hydrogen 
bonding states (see Figure A8b for an example of the exchange of a rapid process). The 
result of these exchange processes is a single observable peak corresponding to Bu3PO 
encapsulated by C11R6-A or C11R6-B, in all states of hydrogen bonding (see Appendix H for 
a detailed explanation).20 

Despite these limits in observation, the strength of the interaction between C11R6 and 
Bu3PO can be correlated to the downfield chemical shift of the single observable peak 
(31Pδ = 64.0–60.0 ppm). The strength of the interaction between Bu3PO and C11R6 can be 
determined by modulating the Brønsted acidity through changing the content of the 
sample (i.e., varying the water content of the sample) as shown in Figure 5. Two sets of 
experiments were performed where the C11R6-A/C11R6-B ratio was modulated through 
controlling water content (44.18–110.19 mM and 43.05–86.53 mM, respectively) in the 
presence of either a low (3.50 mM) or high (24.00 mM) concentration of Bu3PO. While 
the high concentration is analogous to catalytic conditions, at lower concentrations the 
Bu3PO probe selectively associates to the stronger interacting (i.e., more acidic) assem-
bly. From these contrasting measurements we determine that the environment of C11R6-
B is more acidic than C11R6-A, which may enhance its catalytic activity. We rationalize the 
increased acidity of C11R6-B by the increased availability of protons within the capsule 
from the weakly bound incorporated water molecules (Scheme 1). Compared to 4 of the 
structural water molecules of C11R6-A,39 7 of the incorporated water molecules found 
in C11R6-B are capable hydrogen-bond donors, and may also act as acids stabilized by the 
hydrogen-bond network (Figure A3). 

The Guttman–Becket acceptor number (AN) is a measure of Lewis acidity that quan-
tifies the differences in acidity between the two capsules, and allows comparison of acid 
catalysts in solvent media.25 On the basis of 31P-NMR spectra obtained at a minimal wa-
ter concentration ([H2O] = 44.18 mM, Figure A12), we have estimated the Lewis acidity 
of C11R6-A (AN = 51), similar to B(OMe)3 (AN = 51).25 By extrapolating the chemical shift 
difference observed with Bu3PO (3.5 mM, Figure 5), we estimate the Lewis acidity 
of C11R6-B assemblies (AN = 68 ± 1), similar to TiCl4 (AN = 70).28 
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5.2.4 Structural modulation of the C11R6-catalyzed Diels–Alder cycloaddition 

We investigated the catalytic activity of the two C11R6 assemblies in the Diels–Alder 
cycloaddition of maleimide and sorbic alcohol to produce 4-(hydroxymethyl)-7-methyl-
3a,4,7,7a-tetrahydro-1H-isoindole-1,3(2H)-dione (Figure 6, inset). The Diels–Alder reac-
tion was explicitly chosen as a probe for the structure-dependent catalytic activity 
of C11R6 as it proceeds without the generation of water or acid as a byproduct. Specifi-
cally, catalysis was performed at different water concentrations ([H2O] = 8.76–25.95 
mM) enabling modulation of the C11R6-B proportion (θB = 0.12–0.44) within the mixture. 
The dependency of catalytic activity on the proportion of C11R6-B was revealed, with the 
result depicted in Figure 6. 

The initial reaction rates reveal that increases in water content afforded a doubling 
of the observed reaction rate (0.65–1.15 h–1), an effect not observed in the absence 
of C11R6 (Figure A17). As the ratio of C11R6-A and C11R6-B could not be directly observed 
by NMR, they were computed from the measured water content in conjunction with our 
empirical model (Eq. A2). The observed reaction velocity increases linearly (θB = 0.1–0.3) 
with the formation of C11R6-B until it plateaus (θB = 0.3–0.5), where another process be-
comes rate limiting. We propose that this rate limitation is due to the slow isomerization 
of sorbyl alcohol from its inactive s-trans isomer to the active s-cis isomer (Appendix L).  

 
Figure 6. Initial reaction velocities, Vobs, for the Diels–Alder cycloaddition of sorbic alcohol (6.00 mM), and malei-
mide (6.00 mM), catalyzed by C11R6 (1.34 mM, 22 mol %) in CDCl3 under ambient conditions (25°C). Reaction ve-
locity was measured by the depletion of maleimide (δ = 6.72 ppm) referenced to a TMS standard by 1H-NMR. 
Reaction water content spanned 11.77–34.87 mM (8.76–25.95 molecules per capsule) as determined by Karl–
Fischer titration. The water content was used to estimate C11R6-B conversion by an empirical model (Equation A2). 
Error bars correspond to the standard error in the linear fitting of the initial reaction velocity. A linear fit (red) 
reveals the turnover frequency of C11R6-A (0.24±0.06 hr-1) and C11R6-B (2.16±0.29 hr-1). 
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From this limitation we surmise that C11R6 acts primarily as an acid-catalyst for the 
activation of maleimide. A linear fit of the reaction rate to the proportion of C11R6-B (θB) 
between 0.1–0.3 decomposes the overall reaction rate to the activity of either C11R6-
A or C11R6-B assemblies. From this linear fit we find the more acidic C11R6-B (2.16 ± 0.29 
h–1) is significantly more active than C11R6-A (0.24 ± 0.06 h–1). As the computed rate 
of C11R6-A catalyzed cycloadditions is close to the uncatalyzed reaction (0.21 ± 0.01 h–

1, Figure A17) we surmise that C11R6-B is the sole active catalytic species. This result high-
lights the similarities between biological and supramolecular catalytic systems, where 
subtle changes in the arrangement of (supra)molecular features yield significant changes 
in catalytic output under mild conditions. 

5.3 Conclusion 
On the basis of NMR spectroscopy and computational data we demonstrate that the 

self-assembled hexameric undecyl-resorcin[4]arene capsule C11R6 can be switched be-
tween two distinct species—C11R6-A and C11R6-B—respectively featuring 8 and 15 water 
molecules within their hydrogen-bond networks. The internal environments of the two 
assemblies were probed by the binding of Bu3PO, revealing substantial shifts in the  
31P-NMR peak of this guest through changing the C11R6-A/C11R6-B ratio by the addition of 
water to the sample. These NMR experiments suggest a stronger acidity of C11R6-B as-
semblies that translate into differences in catalytic activity. The catalytic activity of these 
two assemblies were investigated in a Diels–Alder cycloaddition reaction, revealing 
that C11R6-B exhibits greater catalytic output by an order of magnitude. This study 
demonstrates the ability of water to effect structural changes in C11R6 capsules by mod-
ulating the structure-derived catalytic properties of the supramolecular assembly. We 
envisage that the present work will enable subsequent study of other small-molecules 
as structural effectors of C11R6 (and related supramolecular structures) with the goal of 
gated and self-steering catalytic applications. 

  



 

| 121 

5.4 Appendices 

Appendix A: Forcefield parameterization of resorcin[4]arene capsules 

Model structures for hexameric methyl-resorcin[4]arene (C1R6) and undecyl-resor-
cin[4]arene (C11R6) capsules were constructed, inclusive of 8 structural water molecules 
and minimized by DFT at a B3LYP/def2SVP level of theory with Gaussian 16 Rev C.1 Atom 
types, following GAFF2, and charge assignments, by RESP method, were made for the 
output structures using antechamber.2 The optimized C1R6 model served as a starting 
point for a short molecular dynamics simulation using xtb at a GFN2-xTB3 level of theory 
and implicit chloroform solvation.4 A total of 200 frames were extracted from the trajec-
tory by random selection and single point energies were computed for these structures 
using DFT at a B3LYP/def2SVP level of theory using Gaussian 16 Rev C.1 A sample of 100 
structures and single point energies were used to fit bond, angle, and torsion parameters 
from randomly generated values using paramfit.5 The remaining 100 structures and sin-
gle point energies were used to validate the accuracy of the resulting forcefield in repro-
ducing B3LYP/def2SVP energies in comparison to other common techniques as shown 
in Figure A1. 

 
Figure A1. Comparison of GFN2-xTB (left, y-axis) and optimized forcefield energies (right, y-axis) to DFT (B3LYP/def2SVP) 
energies (x-axis) for a model hexameric resorcin[4]arene capsule. 

The genetically optimized parameter set demonstrated significant improvements 
over generalized forcefield methods, and performed comparably to GFN2-xTB3 in repro-
ducing DFT energies. Modelling the complete C11R6 capsule required additional parame-
ters for the pendant undecyl groups, the optimization of which would be 
computationally expensive. Instead, these parameters were obtained from the GAFF2 
forcefield which is well developed for simple sp3 hydrocarbons.6 
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Appendix B: Visualization and analysis of the C11R6 hydrogen bond network 

 
Figure A2. Rendering depicting a typical hydrogen bond network of C11R6-B. Aryl and alkyl hydrogen atoms and 
alkyl pendant groups, and distant resorcin[4]arene monomer, omitted for clarity. 

A total of 550, 20 ns MD simulations were propagated for models containing 9–24 
water molecules in order to observe the association of water and its effect on the num-
ber of phenol-phenol hydrogen bonds formed between C11R monomers (Figure A3). 

 
Figure A3. Hydrogen bond analysis results. The number of hydrogen bonds between resorcin[4]arene monomers were 
determined by standard analysis procedures implemented in cpptraj.10 

We observed a propensity that simulations with ≥14 water molecules resulted a dis-
ruption of 1–2 edges of the hydrogen bond network (Figure A2), suggestive of an open-
ing state. 
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Appendix C: Rearrangement of bridging waters in C11R6-B 

In our CMD simulations we observed rare rearrangement of the incorporated water 
molecules which form C11R6-B, an example of which is shown below in Figure A4. These 
events were rare with some simulations showing no rearrangements while others fea-
turing several. Because of the rarity of this event, we are unfortunately unable to provide 
a quantitative analysis of the water bridge rearrangement using CMD. 

 
Figure A4. An example of bridging water re-arrangement observed in the C11R6-B form of the capsule by a CMD 
simulation featuring a total of 18 water molecules. Renderings of individual states before, during, and after the 
transition of the water bridge (top), alongside a rolling average of the interfacial hydrogen bonds showing three 
transition events (red lines) over the course of the first 400 ns of an 800 ns total CMD trajectory (bottom). The six 
resorcin[4]arene faces, rendered in a CPK representation, are individually colored to distinguish movement of the 
incorporated water from the red–yellow edge to the cyan–yellow edge via an intermediate which features encap-
sulated water molecules (rendered in van der Waal volume spheres colored by atom). These renderings omit alkyl 
pendant groups and non-hydroxy hydrogen atoms for clarity, though they are included in the CMD models. 
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Appendix D. T1 Relaxometry of phenolic protons within C11R6-A and C11R6-B 

The close chemical shifts of upfield (δOH = 9.65, 9.58 ppm) and downfield (δOH = 9.46, 
9.35 ppm) phenolic resonances of the capsules indicate that they are similar in a similar 
chemical environment. To study the dynamics of these protons’ environment, inversion-
relaxation experiments were carried out on samples containing water contents ranging 
between 44.11–103.01 mM. Shown in Figure A5, the correlation of the characteristic T1 
decay of the phenolic protons that distinguish the two hexameric resorcin[4]arene as-
semblies: C11R6-A (δ = 9.58 and 9.35 ppm) and C11R6-B (δ = 9.65 and 9.46 ppm). 

 
Figure A5. Correlation of the T1 relaxation times of the phenolic protons assigned to (a) C11R6-A and (b) C11R6-B, at various 
water contents ([H2O] = 44.11–103.01 mM). 

The near unity slope and Pearson coefficients (R2 > 0.99) of the linear fits indicate 
that these proton pairs are in nearly identical environments that lead to similar longitu-
dinal and thermal relaxation mechanisms identified by T1. Interestingly, while the T1 
times vary minimally with water content for C11R6-A (T1 = 1.16–1.24 s), a significantly 
larger range is observed for C11R6-B, (T1 = 1.08–1.55 s). This wider range of relaxation 
indicates a sensitivity to water content, consistent with the increased uptake of water 
identified by quantitative NMR (Figure 3a). While technical limitations preclude us from 
correlating this change in capsule dynamics to water content, these correlations in re-
laxation time are strong indications for the speciation and differences between the two 
structures. 
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Appendix E: Phenolic proton identification by 1D NOE spectroscopy 

The relative association of water to upfield (δOH = 9.65, 9.58 ppm) and downfield (δOH 
= 9.46, 9.35 ppm) phenolic protons was studied by 1D NOE spectroscopy for samples of 
C11R6 (5.38 mM, CDCl3) containing 103 mM and 47 mM of water with an excitation fre-
quency of the individual aryl peaks. The relative distances were measured by the inte-
grated area of water at δ = 3.17 ppm (for [H2O] = 103 mM) and δ = 4.83 ppm (for [H2O] 
= 47 mM) relative to the adjacent aryl proton (δ = 6.11 ppm), depicted below in Figure 
A6.  

 
Figure A6. Integrated areas of the water peak relative to an adjacent aryl proton resonance (δ = 6.11 ppm) ob-
served with excitation of each phenolic proton. The total sample water concentrations of 47 and 103 mM were 
analyzed to control the quantities of C11R6-A and C11R6-B, at 47 mM total water content, the NOE of C11R6-B phenolic 
peaks (B1, B2) could not be reliably observed. 

From these results we observe that the upfield resonances have a much stronger 
NOE signal to water than the downfield signals, suggesting that they are proximate to 
hydrogen bonding with structural and incorporated water molecules, whereas the 
downfield resonances are likely only involved in hydrogen bonding within or between 
resorcin[4]arene monomer faces. Interestingly, the phenolic peaks of C11R6-B (B1 & B2), 
show a stronger NOE, consistent with the increased incorporation of water into C11R6-B 
as observed in our MD simulations (Figure 2a).  
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Appendix F. Phenolic proton H/D exchange study 

Previous reports have shown that the rate of deuterium exchange in dimeric resor-
cin[4]arene species is greatly hindered by disruption of the hydrogen bond network, 
such as induced by a guest molecule.16 Our MD data shows that the structure of C11R6-B 
features similar discontinuity in its hydrogen bond network (Figure A2), which would 
similarly impair the mechanism for the phenolic deuteration. A sample of C11R6 was pre-
pared at a relatively high water content to feature both C11R6-A and C11R6-B assemblies. 
Quantitative 1H-NMR measurements before and after the addition of D2O show different 
rates of deuteration in the phenolic peaks of the two assemblies as shown in Figure A7.  

 
Figure A7. Peak areas of the indicated phenolic protons, relative to the integration of a non-exchanging aryl proton (δ = 
6.11 ppm) common to both assemblies. Peaks B1 and B2 correspond to C11R6-B downfield and upfield protons respectively, 
while A1 and A2 reference the corresponding protons of C11R6-A. 1H Measurements were made both immediately before 
and after the addition of D2O.  

The exchange of phenolic protons A1 and A2 for deuterium is strongly indicative of 
a similar chemical activity, reinforcing the speciation of the two assemblies. Further-
more, the low deuteration of C11R6-B phenolic positions provides direct evidence for the 
structural observations made by our MD simulations (Figure 2).16 
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Appendix G: Models of chemical exchange 

Chemical exchange is often considered either ‘fast’ when a single peak is observed, 
or ‘slow’ when two peaks are apparent, in this section we provide detailed guidance on 
the NMR observation of chemically exchanging species, in particular the criterion for 
‘fast’ exchange phenomenon, and how they appear in the experimental results of this 
study. 

 
Figure A8. Examples of chemical exchange that appear ‘fast’ on the NMR time scale. (a) peaks are too similar in 
frequency to be distinguished, resulting in an observable peak C. (b) exchange is very rapid, resulting in a single 
observable peak C. (c) The combination of the previous two phenomenon as described in this chapter. 
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If chemical exchange between two (or more) states faster than NMR can distinguish 
between the peaks corresponding to the individual states, then a single peak will be ob-
served in the NMR spectrum that is the superposition of the two or more states—this is 
referred to as “fast exchange”. The limit which-1H-NMR may distinguish between peaks 
is determined by their separation of those peaks (in Hz) as provided below in Equation 
A1. 

𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙  =
Δ𝜈𝜈
𝜋𝜋√2

 

Equation A1.  The limit to distinguish peaks for nuclei in chemical exchange by NMR (klim) is a consequence of the 
difference in peak frequency (Δν), given in Hertz (Hz, or s-1). 

This necessitates that if exchanging peaks are too similar in resonance frequency (in 
Hz), then they cannot distinguish even at seemingly slow rates of exchange (Figure A8a), 
this leads to the appearance of a single peak for aromatic peaks of C11R6-A and C11R6-B. 
Similarly, even if they are well separated, a sufficiently fast exchange will result in a single 
peak (Figure A8b), as was observed with the association of water. In the case of encap-
sulated Bu3PO, the combination of a rapid exchange between hydrogen-bond adducts 
(Bu3PO: C11R6) and encapsulated (Bu3PO@ C11R6) states and the too similar frequencies 
of the environment within C11R6-A or C11R6-B, results in a single observable peak (Figure 
A8c) that is the population-weighted superposition of the four states. 

 

Appendix H: Preparation and characterization of C11R6 capsules. 

Resorcinol was purchased from Sigma Aldrich; darker crystals were removed manu-
ally during weighing as a means of purification before use. Decanal was similarly pur-
chased from Sigma and used immediately after receipt without any purification. Ethanol, 
concentrated aqueous HCl, methanol, and acetone were purchased from VWR and used 
directly without purification. All NMR samples were prepared in CDCl3, purchased from 
Sigma Aldrich and filtered through a column of dry activated basic alumina before use. 

I.2 Analysis methods 
1H and 31P spectra were measured on a Bruker ARX 300 at a constant temperature of 

298 K. Spectral data were referenced to residual solvent protons (7.26 ppm for CDCl3) 
for 1H measurements, or the internal deuterium lock signal for 31P measurements. Karl-
Fisher titrations were carried out using a Metrohm 831 KF Coulometer system. 

I.3 Synthesis of undecyl-resorcin[4]arene (C11R1) 
The synthesis of the title compound was carried out with slight modification from 

reported procedures.13 A round bottom flask was charged with resorcinol (20.0 g, 90.8 
mmol) dissolved in a mixture of ethanol (30 mL) and concentrated aqueous hydrochloric 
acid (15 mL). The flask was then cooled in an ice bath and solution of dodecanal (15.3 g, 
18.0 mL, 89.6 mmol) in ethanol (15 mL) was added dropwise by an addition funnel over 
approximately 1 hour. The ice bath was removed and the mixture was heated (50° C) 
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while stirring overnight (20 h). Over time a yellow to red color developed in the solution, 
and the next morning an off-white precipitate was observed.  

This precipitate was collected by vacuum filtration and washed with a solution of 
saturated aqueous sodium bicarbonate (50 mL) to neutralize remaining acid, and then 
demineralized water (3×50 mL) to remove any remaining bicarbonate. The filtrate was 
dissolved in hot acetone (ca. 200 mL) and upon cooling the near-white precipitated solid 
was collected and washed with cold acetone until the washings were colorless. The fil-
trate was then dissolved and precipitated upon cooling from hot methanol to obtain the 
final product as a white solid (9.0 g, 38% yield). 

I.4 Assembly of hexameric undecyl-resorcin[4]arene capsules (C11R6) 
A suspension of C11R1 (37.5 mg, 34.1 μmol) in CDCl3 (1 mL) was produced in a screw 

cap vial (5 mL). The vial was held above a beaker of hot water (60–70° C) and mixed with 
magnetic stirring. We found that the steam provided from the hot water bath afforded 
sufficient moisture for capsule formation and prevented the addition of excessive water 
to the solution which may later phase-separate. 

I.5 Preparation of C11R6 samples with varied water content  
Samples of C11R6 were prepared and an addition of water (2 uL, 110 μmol) was added 

by micropipette. A small quantity (ca. 5-6 pieces) of molecular sieves (3.0 Å) were added 
to the sample vial with a small Teflon stir bar. The sample was stirred for up to 3 hours 
to remove water before being filtered into an NMR tube for analysis. Quantitation by 1H-
NMR spectroscopy, shown below, indicates minimal changes aside water content and 
phenolic peak distribution, indicating that C11R6 is chemically stable under these condi-
tions. 

A separate sample was prepared for DOSY NMR following identical protocols. Using 
the auto-diffusion of residual CHCl3 to correct for changes in solvent viscosity, we esti-
mate the Stokes radii of C11R6 to be 22 Å for both assemblies, which is reasonable for the 
hexameric species. 
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Figure A9. 1H-DOSY diffusograms (500 MHz, 19-point decay) of C11R6 (5.38 mM) in CDCl3 (a) before and (b) after 
drying by molecular sieves. Diffusion was determined by exponential fit using Topspin 4.0.9 “DOSY 2d” automation 
program with a 2-component fitting of the 1H spectra obtained at 19 gradient strengths using a standard LED-
type pulse program (ledbpgb2s).  
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Figure A10. 1H-NMR (500 MHz, CDCl3) spectra obtained from C11R6 as (a) prepared and (b) after drying. 
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Appendix I: Empirical model of water-mediated C11R6 expansion 

The water dependent equilibrium between C11R6-A and C11R6-B may be modelled by 
a bimolecular association model for the association of non-structural water. A non-linear 
fit of the 1H-NMR data provides reasonable estimates of the maximum conversion (θMax 
= 0.43±0.03) and equilibrium constant (Keq = 13.17±1.75 mM). For practical purposes the 
analysis of our data used an empirical function (Equation A2) which includes terms to 
offset the 8 water molecules for the formation of the capsule.  

 
Figure A11. Plot showing the water dependent conversion of C11R6-A to C11R6-B with non-linear fit of an empirical 
model detailed below in Equation A2. 

θB =
444.174 ∗ cwat

cwat + 0.05 − 443.578 

Equation A2. Empirical function used for modeling of conversion between C11R6-A and C11R6-B based on the water 
content (cwat, mM) determined by non-linear fitting. 
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Appendix J: 31P-NMR studies of Bu3PO within the C11R6 capsule. 

Two samples of C11R6 (2 mL, 5.38 mM) were prepared as described above in CDCl3. 
To each of these samples a quantity of solid Bu3PO was added (either 1.52 mg or 8.73 
mg) to produce samples with 0.65 or 3.72 equivalents of guest. These solutions were 
divided into two separate aliquots, one which was dried by molecular sieves (3.0 Å), and 
the other, ‘wet’ solution, remained with its initial water content. These solutions were 
then analyzed directly by 1H-NMR (Tr = 1 s, 300 MHz), and 31P-NMR (1H decoupled, 
121.44 MHz, Tr = 0.2 s, ns = 256) as shown in Figures A14, A16, and A17. The dried solu-
tions were then titrated with the ‘wet’ solutions to observe 31P chemical shifts of the 
encapsulated and free species over a range of water contents. From the resulting 1H 
spectra, the integrated area of the water peak relative to C11R6 (δ = 6.22 ppm, 24H) was 
used to determine water content assuming a stable C11R6 concentration (5.38 mM). After 
titration was complete, the sample featuring 24.00 mM of Bu3PO guest was analyzed by 
1H-31P HMBC to assist peak assignment (Figure A14), DOSY NMR to validate capsule in-
tegrity and identify peaks of the encapsulated Bu3PO by 1H-NMR (Figure A13). 

In the dried sample (44.34 mM Water) containing the lower concentration of Bu3PO 
(3.50 mM), we observed the near total (95.90 %) encapsulation of Bu3PO by 1H-NMR, 
resulting in a remarkably sharp NMR spectra (Figure A12). Upfield peaks (δ -2.0 – 0.5) 
correspond to the 31P-coupled protons of the encapsulated species. 

 
Figure A12. 1H- (left and middle), and 31P- (right) NMR spectra obtained for a sample of C11R6 (5.38 mM) at low 
water content (44.18 mM) showing the encapsulation of Bu3PO (middle, δ = -2.0–0.5 ppm) and a single species 
appears in 1H-decoupled 31P-NMR. 

In these 1H decoupled 31P spectra, a major and minor peak are observed, we puta-
tively assign this major peak (δ31P = 64.28 ppm) to the C11R6 encapsulated Bu3PO. The 
minor downfield peak (δ31P = 65.06 ppm) could not be attributed to a particular species 
experimentally due to its low intensity and fast relaxation.  
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Figure A13. 1H DOSY diffusogram (300 MHz, 19-point decay) of C11R6 (5.38 mM) and Bu3PO (20 mM) in CDCl3 with 
a water content of 75.49 mM determined by 1H-NMR. Diffusion was determined by contin fit using Topspin 4.0.9 
“DOSY 2d” automation program with a 2-component fitting of the 1H spectra obtained at 19 gradient strengths 
using a standard LED-type pulse program (ledbpgb2s). Peaks are attributed as annotated, with similar diffusing 
species highlighted highlighted, C11R6-A and encapsulated Bu3PO (red), free Bu3PO (green), water (blue), residual 
CHCl3(grey). 

 
Figure A14. 1H-31P HMBC (1H = 300 MHz, ns = 5120, td = 64) spectra obtained for a sample of Bu3PO (24.00 mM) 
and C11R6 (5.38 mM) in CDCl3 with a water content of 75.49 mM based on 1H-NMR integration. Internal 1H trace 
(green) is obtained as the vertical sum of the 2d spectrum. External 1H-NMR and 31P-NMR traces are plotted from 
data obtained by separate measurement of the individual nuclear spectra, shown above in Figure A13. 
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Figure A15. NMR spectra obtained for a solution of C11R6 (5.38 mM) and Bu3PO (3.50 mM) in CDCl3 at water concentrations 
ranging from 46.52–110.19 mM as labelled. 1H-NMR spectra shows the capsule (left), with upfield shifted encapsulated 
Bu3PO (middle). Both free (■) and encapsulated (▼) Bu3PO were observed by both 1H-NMR (left, middle) and 31P-NMR 
(right). Peaks corresponding to C11R6 (*), water (w) and CDCl3 (c) are annotated for reference with overlapping peaks fea-
turing double annotation (e.g., c*). 
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Figure A16. NMR spectra obtained for a solution of C11R6 (5.38 mM) and Bu3PO (24.00 mM) in CDCl3 at water 
concentrations ranging from 43.05–86.53 mM as labeled. 1H-NMR spectra show the capsule (left), with upfield 
shifted encapsulated Bu3PO (middle). Both free (■) and encapsulated (▼) Bu3PO were observed by both 1H-NMR 
(left, middle) and 31P-NMR (right). Peaks corresponding to C11R6 (*), water (w) and CDCl3 (c) are annotated for 
reference with overlapping peaks featuring double annotation (e.g., c*). 
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Appendix K: Uncatalyzed Diels–Alder cycloaddition 

Solutions of sorbic alcohol (24 mM) and maleimide (24 mM) were prepared in 
CDCl3/0.1% TMS and dried using molecular sieves (3 Å). A reaction was prepared by the 
sequential addition of the sorbic alcohol solution (125 μL) and maleimide solution (125 
μL) to either dry or water-saturated CDCl3/0.1% TMS, followed by brief vortexing (ca. 3 
seconds). The samples were periodically analyzed by 1H-NMR (300 MHz, Tr = 25 s) over-
night, and the depletion of maleimide (δ = 6.72 ppm) was determined using an internal 
TMS standard. 

 
Figure A17. Maleimide depletion observed by 1H-NMR for the uncatalyzed Diels–Alder cycloaddition reaction in ordinary 
CDCl3 (‘dry’, red), and 50% volume water-saturated CDCl3 (‘wet’, black). Linear fits on the initial 5 hours of the reaction 
time were computed to determine the initial reaction velocity. 

Appendix L: DFT modelling of sorbyl-alcohol isomerization 

 
Figure A18. DFT relaxed energy scan of sorbyl-alcohol isomerization at a B3LYP/def2tzv theory level with s-trans (red), 
intermediate (green) and s-cis isomers are highlighted for reference. The intermediate isomer was optimized separately as 
a transition state resulting in a minimum barrier of 7.96 kcal mol-1, these calculations revealed a single imaginary vibrational 
frequency (νts = -167.50 cm-1), corresponding to the dihedral rotation. 
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