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Abstract: The ability to mimic the activity of natural en-

zymes using supramolecular constructs (artificial enzymes)

represents a vibrant scientific research field. Herein, we

demonstrate that cucurbit[7]uril (CB[7]) can catalyze

Diels-Alder reactions for a number of substituted and

unreactive N-allyl-2-furfurylamines under biomimetic

conditions, without the need for protecting groups, yielding

powerful synthons in previously unreported mild conditions.

CB[7] rearranges the substrate in a highly reactive confor-

mation and shields it from the aqueous environment, thereby

mimicking the mode of action of a natural Diels-Alderase.

These findings can be directly applied to the phenomenon

of product inhibition observed in natural Diels-Alderase

enzymes, and pave the way toward the development of novel,

supramolecular-based green catalysts.

In 2015, Fage and co-workers showed through specific

mutations that the sole role of the enzyme SpnF, is to cat-

alyze a [4+2] cycloaddition in the biosynthesis of spinosyn

insecticides.[1] Previously, the existence of Diels-Alderase
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enzymes had remained elusive as structural similarity be-

tween starting material and product was thought to lead to

full product inhibition of the active site.[2,3] The catalytic

abilities of these enzymes have been associated with their

capacity to remove water molecules surrounding the sub-

strate, stabilize its reactive geometry and enhance the reac-

tivity of the dienophile.[1] Inspired by nature, chemists have

attempted to mimic enzyme reactive sites through the host-

guest chemistry of bowl-shaped macrocyclic structures.[4–10]

One class of macrocyclic host molecules, cucurbit[n]urils

(CB[n], where n = 5–8), have been utilized in the catalysis of

oxidation, solvolysis, photochemical and metal-ion assisted

reactions.[11–20]

CB[n]s consist of n glycoluril units (where n is typically

between 5 and 8) that are bound via methylene bridges in

a ring–like arrangement (Figure 1a).[21] The number of re-

peat units defines the portal size and cavity volume. The

dipolar nature of the carbonyl–fringed portals of CB[n] im-

parts a high cation binding affinity arising from an ion–

dipole effect, whereas the inner cavity of CB[n] is remark-

ably hydrophobic. As this class of macrocycle can shield or-

ganic molecules from aqueous environments while encapsu-

lating them in a hydrophobic cavity and promote cycloaddi-

tion reactions,[22–24] cucurbit[n]uril macrocycles, CB[7] in-

particular due to its high water solubility, are ideal candi-

dates to imitate the function of a Diels-Alderase enzyme ac-

tive site.[1,20,21]

Cycloaddition products of N-allyl-2-furfurylamine

derivates 1a-d (Figure 1b) can be subsequently manipulated

with high selectivity leading to powerful synthons as well as

various target molecules.[25–33] However, these derivatives

do not undergo cycloaddition in an efficient manner without

the use of activating or bulky protecting groups on the

secondary amine, which aid in bringing the diene and the

dienophile in close proximity in-order to react.[31,34,35]

Herein, we demonstrate that CB[7] promotes intramolec-

ular [4+2] cycloaddition reactions, in biomimetic conditions,

of unactivated and unprotected N-allyl-2-furfurylamine

derivatives (Figure 1). Compounds 1a–d (Figure 1b) will

establish an interaction between the protonated secondary

amine and the carbonyl portal of CB[7], promoting the en-

capsulation of the hydrophobic residues (furan and propene)

within the cavity of the macrocycle. This in turn leads

to a hair-pin induced conformation of the substrate within

CB[7] (Figure 1c, CB[7]–HIC). In this arrangement, the di-

ene and the tethered dienophile are in a favorable orientation
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1a⊂CB[7] 1e⊂CB[7]

Figure 1. Cucurbit[7]uril as a Diels-Alderase. a) Structure of CB[7]. b) The structure of the substrates developed for the CB[7]–Diels-Alderase catalysis

along with the product of the catalyzed reaction. c) Lowest energy minimized geometry of the 1a substrate within the CB[7] cavity, at a hair-pin induced

conformation (HIC). d) Energy minimized structure of 1e⊂CB[7] (−NHCH2CH2CH3).

to undergo a [4+2] cycloaddition (see Table 1 and ESI Fig-

ures S12 and S14).

With the aim to investigate the stoichiometry and confor-

mation of the CB[7]–HIC complex, NMR studies and ITC

experiments were performed. An ITC titration of 1a into

a solution of CB[7] showed the formation of a 1:1 complex

with a binding constant of K1a = 3.0 × 106 M−1 (Table 2 and

ESI Tables S1 and S2). Comparing the 1H-NMR spectrum

of 1a alone in D2O and the spectrum with 1 equivalent of

CB[7] (1a⊂CB[7]), diagnostic shifts for the 1H-NMR peaks

belonging to 1a can be clearly highlighted (Figure 2).[36,37]

In the CB[7]–HIC geometry obtained, protons on sp2 car-

bons exhibit a typical up-field shift, while aliphatic protons

adjacent to the amine exhibit a down-field shift.

Table 1. Conversion of 1a–d in the presence of CB[7] in aqueous so-

lution. All reactions were performed at 37 ◦C, 40–60 mM in D2O. a Time

taken for reactions to reach 50% completion. bAll reactions went to com-

pletion except entries 1 and 10, which were monitored for 25 d with low

conversion (8% and 9%, respectively).

2a-a-d⊂CB[7]

Entry Compound X Equiv. of CB[7] Time (h)a

1 1a H - 600b

2 1a H 1 1.2

3 1a H 0.1 50

4 1b Br - 240

5 1b Br 1 0.2

6 1b Br 0.1 21

7 1c Cl - 288

8 1c Cl 1 0.3

9 1c Cl 0.1 15

10 1d CH3 - 600b

11 1d CH3 1 0.5

12 1d CH3 0.1 24

The dienophile moiety plays an important role in the for-

mation of such a unique ‘two-in-one’ complex with CB[7].

To demonstrate this, compound 1e (with the saturated tail

NCH2CH2CH3, see Supplemetary Sections 1 and 2) was

synthesized. Interestingly, if the dienophile is not present

in the structure, the saturated alkyl side chain (propyl in

this case, 1e Figure 1d) does not fold back inside the cavity

as demonstrated by 1H-NMR of 1e⊂CB[7] (ESI Section 2)

and therefore does not form a CB[7]-HIC complex. In ad-

dition, the amount of change in enthalpy in the formation

of the 1e⊂CB[7] complex is lower when compared to the

1a–d⊂CB[7] complexes, indicating a smaller cavity space

being occupied by 1e (Table 2, and ESI Tables S1 and S2),

suggesting that only the furan moiety is encapsulated.[37,38]

This experimental data highlights the possibility to obtain

substrate selectivity of the HIC using CB[7](see ESI Ta-

ble S3).

Theoretical calculations (PCM B3LYP–D3/6–31+G*)

are in agreement with these experimental results. As de-

picted in the ESI Figure S12, an ion-dipole interaction is ev-

ident in the HIC complex between the protonated amine and

the carbonyl portal while the double bond of the dienophile

in the HIC geometry is parallel to the diene carbon-carbon

bond and not to the carbon-oxygen bond of the furan. This

arrangement was found to be both enthalpically and entrop-

ically favorable, giving rise to additional stabilization when

compared to the saturated tail, analogue 1e, in solution with-

out CB[7] (see ESI Table S3). The calculations therefore

suggest that a π–π interaction between the diene and the

dienophile is a key requirement to form the reactive HIC

within the CB[7] cavity.

The importance of the CB[7] stabilized HIC in yielding

the desired Diels-Alder product is highlighted in Table 1. In

accordance with previous reports in the literature, compound

1a does not undergo a cycloaddition reaction in an efficient

manner in water (entry 1, Table 1, < 10% after 25 d).[33]

In the presence of CB[7] the Diels-Alder reaction for 1a

reached 50% completion in ∼1 h, and > 90% completion

in 6 h (entries 1 and 2, Table 1).

To explore the scope of this reaction and the effect of

substitution on reaction rates, the 5–Br (1b), 5–Cl (1c) and

5–methyl (1d) analogues, presented in the ESI Section 1,

were synthesized in high yield. A similar CB[7]–HIC was

observed, by 1H NMR and ITC, for all substrates when

treated with CB[7] (see ESI Sections 1 and 2). Furthermore,

when a stoichiometric amount of CB[7] is introduced, the

Diels-Alder reactions exhibit pseudo-first order kinetics and

a substantial rate enhancement is measured for all substrates

(k1b⊂CB[7]/k1b and k1c⊂CB[7]/k1c > 1000, see ESI Section 2).

The halogen substituents induce a greater reaction rate com-

pared to the methyl and unsubstituted homologues, requiring
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Figure 2. 1H-NMR spectra of a) substrate 1a; b) substrate 1a encapsulated within CB[7] (1a⊂CB[7]); c) cyclized product 2a, encapsulated within CB[7]

(2a⊂CB[7]); d) pure product 2a in D2O.

Table 2. Thermodynamic data in sodium phosphate buffer (10 mM,

pH 7.0, 298K).

Compound K (M−1) ∆G (kcal/mol) ∆H (kcal/mol) T∆S (kcal/mol)

1a 3.0×106 -8.8±0.1 -8.2±0.1 0.6±0.2

2a 6.3×106 -9.3±0.2 -7.1±0.1 2.2±0.3

1b 1.0×106 -8.2±0.1 -6.1±0.1 2.1±0.2

2b 2.9×106 -8.8±0.1 -9.0±0.2 -0.2±0.3

1c 4.6×105 -7.7±0.1 -6.7±0.1 1.0±0.2

2c 6.3×106 -9.3±0.1 -8.8±0.1 0.5±0.2

1d 1.1×106 -8.2±0.1 -5.9±0.1 2.3±0.2

2d 5.6×106 -9.2±0.2 -7.9±0.2 1.3±0.4

1e 2.3×105 -7.3±0.1 -3.4±0.1 3.9±0.2

between 10–15 min for 1b–c at 37 ◦C to reach 50% conver-

sion (entries 5 and 8, Table 1), in agreement with the known

“halogen effect” for these systems.[39] Comparatively, in the

absence of CB[7], 288 and 244 h is required for 1b and 1c to

reach 50% conversion, respectively.

To determine the potential of CB[7] to act at catalytic

quantities, substrates 1a–d were treated with 0.1 equiv. of

CB[7] in D2O, yielding the desired uncomplexed products

in solution (all stoichiometric and catalytic reactions were

performed in aqueous solution as well as in PBS buffer at

pH 7.0, 37 ◦C, see ESI Section 2). Products 2a–d can be

readily isolated from the crude mixture by simple solvent

extraction with purity > 95% (1a→2a, 75% isolated yield

in 480 h, 1b→2b, 83% isolated yield in 96 h, 1c→2c, 78%

isolated yield in 48 h, 1d→2d, 61% isolated yield in 216 h;

for the x-ray structures of compounds 2c and 2d, see ESI).

To the best of our knowledge this is the first method that al-

lows for the preparation of these synthons in biomimetic and

catalytic conditions, without the use of protecting or activat-

ing groups on the secondary amine.[31,34,35]

With the purpose of highlighting the pivotal role of

CB[7], compound 1c was chosen as the substrate for a num-

ber of control experiments due to its fast reaction rate. Sub-

strate 1c in D2O was exposed to 0.1 equiv. of CB[7] pre-

complexed with a strong binder such as adamantyl amine

HCl salt (K = 1012–1014 M−1; ADA⊂CB[7]),[21] as well as

0.1 equiv. of CB[6], a CB[n] homologue too small to accom-

modate the HIC conformation within its cavity. These reac-

tions were monitored over 120 h using 1H NMR (see ESI

Section 2). The reactions of 1c in D2O, 1c with 0.1 equiv. of

ADA⊂CB[7] and 1c with 0.1 equiv. of CB[6] all resulted in

a similar yield for 2c. These results are indicative of the fact
that the formation of the HIC geometry in the CB[7] cavity

is necessary to catalyze this transformation.

In order to investigate the mechanism associated with

these catalytic transformations, ITC titrations of compounds

2a–d were performed (Table 2). It was found that the bind-

ing constant for the products was higher than the starting

materials (1a–d) in all cases (K2 > K1). These results are

intriguing as, despite the higher thermodynamic stability of

complexes 2a–d⊂CB[7] compared to 1a–d⊂CB[7], the re-

actions proceeded in good yield with only a catalytic amount

(0.1 equiv.) of CB[7]. These systems are notably differ-

ent from those previously reported in the literature where

a lower binding affinity of the products formed with the

cavity is observed, providing a driving force for catalytic

turnover.[40,41]

∂β

∂ t
= kDA · r ·α (1)

Product inhibition is an inherent characteristic of Diels-

Alderases on account of the structural similarity between
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Figure 3. Effect of product inhibition illustrated by a) the relationship

between α , the ratio of CB[7] occupied by reactant, and β , the yield; and

b) the (dimensionless) reaction progress under different r values, the amount

of CB[7] added, and c, the relative binding affinity.

starting materials and products.[2,3] However, it is not clear

to what extent product inhibition can be tolerated in a prac-

tical application. With this in mind, CB[7] offers a unique

opportunity to understand how reaction rate is affected by

the relative affinity (c = K2/K1) between products and reac-

tants in a host-guest catalytic system.

The conversion rate of the reaction, as shown in Eq 1, is

determined by the rate constant of CB[7]-HIC (kDA) as well

as the number of active sites (1⊂CB[7]) in the system. The

number of actives sites is further determined by r, defined

as the equiv. of CB[7], and α , the ratio of CB[7] occupied

by reactants. As the exchange rate (kex: 10−3–10−2 s−1) for

equilibrating this system is faster than the reaction rate (kDA:

ca. 10−4 s−1, see ESI Section 5), an instantaneous equilib-

rium at any time of the reaction can be assumed. This aided

in the formulation of a relationship between α , β (reaction

yield), and c, the relative affinity (see the ESI Section 5 for

full derivation).

Figure 3a illustrates a simulation of the number of avail-

able active sites (reflected by α) depending on the reaction

yield (β ) upon addition of 0.1 equiv. of CB[7] (r = 0.1).

It shows that a typical catalytic turnover (brown trace, Fig-

ure 3a) or full product inhibition (orange trace, Figure 3a)

requires the binding constant of the starting material be ei-

ther larger or smaller, respectively, than the resulting prod-

uct by >2–3 orders of magnitude. Both of these scenarios
are rarely observed for Diels-Alderases.[2,3] Rather, compet-

itive product inhibition is a more suitable description for the

observation of CB[7]-HIC catalysis, where the relative bind-

ing affinity ranges from 1 –10 (Table 2). On account of

product inhibition, the number of available active sites typi-

cally decreases as the reaction proceeds (β ). However, under

competitive inhibition (green, yellow, blue traces, Figure 3a)

the decrease is much slower compared to the full inhibition

regime (orange trace, Figure 3a). Therefore, starting mate-

rial will always occupy an appropriate amount of CB[7] cav-

ities to allow the reaction to proceed, leading to reasonable

catalytic half-lives.

The experimentally obtained kDA from the stoichiomet-

ric reactions can be used to simulate the reaction process for

the catalytic experiments. As illustrated in Figure 3b, for

r = 0.1, a reaction where turnover readily occurs (c=0.001),

approaches full conversion promptly; conversely, a reaction

where full product inhibition takes place (c = 100 or 1000)

cannot reach completion within a practical period of time.

The data obtained from the reaction of 1a with 0.1 equiv.

of CB[7] (Table 1, Entry 3) could be readily fitted with a c

value of 14. This result shows that although binding affin-

ity of products is around 10 times larger than the starting

materials, full conversion can be approached within a short

reaction time. It is worth noting that all catalytic reactions

(i.e. r = 0.1), even in the ‘Turn over’ regime, are slower than

the stoichiometric reaction (r = 1), which suggests that any

increase in the reaction time for catalytic reactions observed

in this work is only partially due to product inhibition, but

mainly arises from the decrease in the amount of catalyst by

10 times (from 1 to 0.1 equiv.).

Our study demonstrates that even in the presence of com-

petitive product inhibition, the desired product can be iso-

lated in high yield overcoming any potential practical issues.

Moreover, competitive product inhibition can be controlled

by adjusting either the rate constant (kDA) or the amount of

catalyst (r). In particular, we demonstrate that for our sys-

tem, the rate constants (kDA) for these reactions are signifi-

cantly enhanced upon formation of the CB[7]-HIC geome-

try, which is associated with a highly reactive conformation

for the substrates. The comparable values for the binding

constants of the starting materials and products still enables

catalytic amounts of CB[7] (r = 0.1) to be used, resulting in

short reaction times and facilitating product isolation. The

in-depth understanding obtained here could be applied to

general Diels-Alderase catalysis and other enzymes that suf-

fer from potential product inhibition.[2]

In conclusion, we have demonstrated that CB[7] is able

to catalyze Diels-Alder reactions for substituted and previ-

ously unreactive N-allyl-2-furfurylamines, imitating the role

of a Diels-Alderase enzyme. This is possible as CB[7] is able

to induce a reactive conformation in the substrate. Despite

the reaction products exhibiting higher binding affinities for

CB[7] than their reactants, we have shown that Diels-Alder

reactions can indeed proceed under mild and biomimetic cat-

alytic conditions. On account of competitive binding be-

tween CB[7] and both the starting material and product in
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Figure 4. Proposed catalytic cycle.

solution (1⊂CB[7] and 2⊂CB[7]), even in the presence of

a catalytic amount of CB[7] (Figure 4) the reaction rate was

significantly enhanced (half life < 2 d). This work highlights

that CB[n] host-guest chemistry cannot only be utilized to

access novel compounds through green catalytic routes, but

contributes to the understanding of how enzymes could cat-

alyze Diels-Alder reactions despite potential product inhibi-

tion.
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