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Abstract: The overwhelming majority of artificial chem-
ical reaction networks respond to stimuli by relaxing
towards an equilibrium state. The opposite response—
moving away from equilibrium—can afford the ender-
gonic synthesis of molecules, of which only rare exam-
ples have been reported. Here, we report six examples
of Diels–Alder adducts formed in an endergonic process
and use this strategy to realize their stepwise accumu-
lation. Indeed, systems respond to repeated occurrences
of the same stimulus by increasing the amount of adduct
formed, with the final network distribution depending
on the number of stimuli received. Our findings indicate
how endergonic processes can contribute to the tran-
sition from responsive to adaptive systems.

Introduction

Molecular machines use energy to realize directional
motion. The kinetic mechanisms allowing this energy to be
fruitfully used—instead of just being dissipated into heat—
are called molecular ratchet mechanisms.[1–5] In recent years,
it has become clear that ratchet mechanisms can be used to
promote a multitude of energy-demanding processes (having
ΔG >0), which are technically termed endergonic.[3,5–7] For
example, ratchet mechanisms can be designed to promote
the accumulation of a certain species at concentrations not
compatible with equilibrium,[8] a process referred to as
endergonic synthesis.[7] It implies the presence of a “driving”
reaction, which shifts the target “driven” reaction away from
equilibrium thanks to the underlying ratchet mechanism
(Figure 1a). The reagent of the driving reaction has often
been identified as a chemical fuel, which is the definition we
adopt herein.[9,10]

Besides molecular machines,[11–16] examples in this area
are essentially limited to few deracemizations[17–19] and
mostly individual cases of dynamic-covalent reactions.[7,20–24]

Usually, such systems exploit a templating agent that is
removed to afford a metastable distribution.[21–23] In a recent
example of this type, a hydrazone with substrate-
induced[25–27] catalytic properties could be over-accumulated
(from 47% to 83%).[23] While preparing this manuscript, a
preprint presented the formation of a Diels–Alder adduct
(up to 15%) with high regio- and stereoselectivity, by using
carbodiimide to tether two reactants transiently.[24,28] Indeed,
when catalyzed by acids, carbodiimide hydration results in
the transient formation of covalent bonds,[29–31] and this
phenomenon proved versatile to drive non-equilibrium
processes, being fruitfully used in relation to both molecular
machines, self-assembly, and reactivity modulation.[9,16,32–35]

In contrast with the classical activation chemistry of
carboxylic acids, in all these cases, the coupled process (e.g.,
conformation changes, assembly of monomers) is formally
unrelated to acid activation.[6]

Mastering endergonic synthesis allows processes that are
not possible using equilibrium chemistry. A significant
example is the progressive[5] accumulation of a given high-
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Figure 1. a) Concept of progressive endergonic synthesis: the repeated
addition of a chemical fuel progressively shifts the reaction intercon-
verting two species represented as blue and purple dots, to over-
accumulate one of them, here the purple ones. b) Illustration of a non-
equilibrium progressive accumulation of a given species in response to
a transient stimulus. c) Classical switching response, governed by
equilibrium thermodynamics.
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energy species upon multiple temporary exposures to a
chemical stimulus, as illustrated in Figure 1b. In contrast
with equilibrium systems, the repeated exposure does not
simply induce a switching process (Figure 1c) but results in
the progressive accumulation of species. Such a behavior has
been explicitly identified as a future challenge[36] in the
context of adaptive materials.[36,37]

Here, we leverage endergonic synthesis driven by
chemical catalysis to realize the progressive accumulation of
small molecules. In particular, we use carbodiimide hydra-
tion to power the endergonic formation of multiple Diels–
Alder adducts, producing the progressive response illus-
trated in Figure 1a,b upon repeated addition of a chemical
fuel.

Results and Discussion

We focused our attention on the inefficient reaction of
furan-based dienes of type 1 (Figure 2a), which barely react
with maleic acid 2 to form adducts 3. This is the reaction
that we want to promote despite having a ΔG >0 under the
employed conditions. As energy source, we employed the
exergonic hydration reaction of N,N’-diisopropylcarbodii-
mide (DIC) to give the corresponding urea (DIU, Fig-
ure 2b). Indeed, activation of acid 2 with DIC affords maleic
anhydride 2’, which is a more activated dienophile towards
Diels–Alder reactions, both kinetically and
thermodynamically.[38] The resulting reaction network is
shown in Figure 2c. The change in reaction properties
between steps I and III may already install a ratchet effect
under alternating conditions. Yet, hydrogen bond donors in
1 may also produce kinetic differences in DIC hydration and
anhydride hydrolysis (steps II and IV) providing an addi-
tional information ratchet effect.[16,39] On this ground, a
screening of several derivatives bearing hydrogen bond
donors brought us to focus on dienes 1a–g, having pendant
urea or carbamate moieties (Figure 2d). These compounds
are readily available upon reaction of the corresponding
isocyanates with aminomethylfuran or hydroxymethylfuran
(see Supporting Information sections 1–3 for synthetic de-

tails). 3-methylfuran (1h), lacking hydrogen bond donors,
was used as a control compound.
After a screening of temperatures and solvents, we

selected as operating conditions a temperature of 40 °C and
the mixed solvent CD3CN:D2O 85 :15. Under these con-
ditions, the half-life of maleic anhydride 2’ is about 4 hours.
This time scale should be compatible with reaction III;
therefore, we tested the reaction of 2’ with dienes 1a–h.
Mixing these compounds in CD3CN at 100 mM affords new
NMR peaks consistent with the formation of the corre-
sponding Diels–Alder adducts. The identity of the new
species was confirmed by bidimensional NMR, HPLC
coupled to high-resolution mass spectrometry analysis, and
computational modeling (see Supporting Information sec-
tion 4). As the data in Table 1 indicates, the reaction
proceeded in fair yields for most compounds in 48 h, with a
marked preference for the formation of exo-3’ over endo-3’.
The extent of reaction at 48 h was considered unsatisfactory
only for compounds 1d and 1e, the carbamate derivatives of
2-hydroxymethylfuran, and these compounds were not
further studied. In contrast, the best results were obtained
with carbamates 1f and 1g, prepared from 3-hydroxymeth-
ylfuran. The higher conversion observed in 3-substituted
derivatives vs 2-substituted ones (e.g., 1d vs 1f) is attributed
primarily to steric factors, on the basis of previous studies.[38]

Figure 2. a) Driven reaction: the target reaction to be shifted away from equilibrium, with X and R specified for the investigated compounds in
panel d. b) Driving reaction, providing energy to the system. c) Reaction cycle coupling the driven reaction I to the driving one—carbodiimide
hydration—which can be catalyzed via either steps II or IV; the cycle is completed by reaction III, which is both kinetically and thermodynamically
favored with respect to reaction I. The reaction network with explicit indication of endo- and exo-adducts is provided as Figure S1. d) Investigated
compounds, in addition to 3-methylfuran (1h, see below).

Table 1: Yields of the Diels–Alder reaction (III) between furan-based
dienes 1 and anhydride 2’, both 100 mM in CD3CN at 40 °C, monitored
at 48 h.

Diene Yield[a] (% of exo-adduct) exo : endo

1a 20 96 :4
1b 20 96 :4
1c 21 96 :4
1d 7[b] 95 :5
1e 5 96 :4
1 f 46 >99 :1
1g 32 >99 :1
1h 72 99 :1

[a] NMR yields of the major adduct, obtained using an internal
standard. [b] Data obtained at 42 h.
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The same species observed in pure acetonitrile form
also when mixing the starting materials in the target
aqueous solvent, with the newly formed species disappear-
ing after some time. The experimental observations are
consistent with the hydrolysis of Diels–Alder adducts 3’ to
give 3, as the same species could also be detected (albeit
just in traces in most cases) when equilibrating a mixture
of 1 and 2 under the same conditions (SI section 4c,
Figures S73 and S74). For example, mixing 100 mM of 1 f
and 2’ in the aqueous mixed solvent afforded exo-3 f’, with
its concentration peaking at ca. 15 mM after 7 h, to then
hydrolyze to exo-3 f (Figure S74). Importantly, exo-3 f
accumulated in concentration far from equilibrium slowly
reverted towards its thermodynamic equilibrium with 1 f
and 2 (as observed in other experiments, see below),
confirming that reaction I is not thermodynamically
favored.
These preliminary studies indicated which of the

selected compounds have suitable thermodynamic and
kinetic properties for reactions I and III. The outlined
premises are sufficient to approach the endergonic for-
mation of adducts exo-3, i.e., their synthesis in conditions
when they are not thermodynamically stable.[7] To this
aim, we pre-equilibrate mixtures of 1a–c,f–h and 2, and
then add three equivalents of DIC. In all cases we could
observe the counterclockwise sequence of reactions II!
III!IV shown in Figure 1c: first anhydride 2’ formed,
followed by adduct exo-3’, which then hydrolyzed to give
exo-3. We can use the reactivity of 1 f as a representative
example to give a blueprint of the timescales involved in
the counterclockwise cycle: the half-life of II is <2 min,
III and IV have longer half-lives of 19 h and 16 h
respectively (Figure S55, S83a). The half-life of the retro
Diels Alder I is 29 h (Figure S58), making it the slowest
step of the cycle, which favors the accumulation of 3 f
away from equilibrium. To compare a non-equilibrium
state with the corresponding equilibrium we considered
the moment in time when anhydrides 2’ and 3’ had
completely hydrolyzed (usually �1% residue). The re-
sults are reported in Figure 3a and Supporting Informa-
tion section 5d. In all cases the successful endergonic
synthesis of Diels–Alder adducts was achieved, with yields
ranging from 3 to 28%.
The non-equilibrium nature of the observed phenomena

was further confirmed by the fact that mixtures slowly
evolved towards the initial equilibrium distribution. Control
experiments excluded a role of accumulation of DIU in
promoting the observed accumulation of adducts 3; in fact,
its presence shifts the equilibrium distribution of reaction I
even slightly more towards the separated components
(Table S1). Interestingly, for all the 2-substituted derivatives
(1a–c) the endo-/exo- selectivity was inverted. For example,
1a formed preferentially the endo-adduct under thermody-
namic control, while the exo-adduct was majorly detected
under non-equilibrium conditions. On the other hand, 3-
substituted furans afford the best selectivity, with exo-3 f and
exo-3g being the sole detected isomers. These observations
corroborate the idea that endergonic synthesis can be used
to control selectivity.[24] We used density functional theory

(DFT) calculations to shed light on the origin of selectivity
inversion. Comparing the most stable adduct structures for
1a, 1d, and 1f revealed that only in 2-substituted endo-
adducts with acid 2 the acid moiety forms a hydrogen bond
with the carbonyl oxygen, stabilizing the endo-adduct
structure thermodynamically (see Supporting Information
section 9). This interaction is absent in 3-substituted deriva-
tives and cannot be formed when anhydride 2’ reacts.
Indeed, the fueled pathway displays the typical exo-
selectivity of maleic anhydride with furans, explaining the
observed selectivity inversion.[38]

Based on the population of 1, 2, endo-3, and exo-3
species at equilibrium and upon fueling, we calculated the
energy stored in the non-equilibrium distributions (Fig-
ure 3b, see Supporting Information section 8 for details).
Dividing the stored energies by the energy supplied by the
driving hydration reaction, we also calculated the corre-
sponding thermodynamic efficiencies (Figure 3b, values in
parenthesis).[6,40,41] Among the six species investigated, f
and g showed the highest stored energy, reaching 49 and
40 J/L, respectively. Comparing these values with other
chemically-fueled systems, we observe that the present
ones are comparatively high among chemically driven
systems. Previous reports of stored energy range from

Figure 3. a) Comparison between the % yield of Diels–Alder adducts 3
at equilibrium (blue bars) and away from equilibrium (purple bars), the
latter obtained upon adding 3.0 equivalents of DIC to an equilibrated
mixture of 1 and 2 and allowing subsequent hydrolysis of formed
anhydrides 3’. Full and striped bars refer to exo- and endo- adducts,
respectively. No endo- adduct is observed for 3 f and 3g. b) Calculated
stored energy for non-equilibrium distribution in panel a, with the
corresponding % efficiencies shown in parentheses. Conditions:
CD3CN:D2O 85 :15 at 40 °C; 100 mM of both 1 and 2.
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0.49 J/L in the adenosine triphosphate-driven formation
of a catalytic hydrazone,[23] to 3.0–4.4 J/L in a range of
interlocked structures,[42,43] and 14 J/L in a Diels–Alder
adduct (see Supporting Information section 8).[24] The
amount of stored energy is even comparable with the one
estimated for a polymer chain entanglement produced by
a light-driven molecular rotor, greater than 72 J/L (see
Supporting Information section 8).[44] One of the reasons
for the high energies stored in the present case is that the
employed concentrations are also higher (high vs low
mM). Yet, operating at a higher concentration does not
merely scale linearly the stored energy, since higher
concentrations favor the second-order Diels–Alder reac-
tion III. We confirmed the non-linearity by repeating the
fueling of 3 f at 25 mM instead of 100 mM (Figure S80).
When the concentration is four times lower, the stored
energy drops from 49 J/L to 5 J/L (Table S6), decreasing
by one order of magnitude.
Having established the endergonic formation of a

family of Diels–Alder adducts, we attempted the realiza-
tion of a multistep non-equilibrium process. To this aim,
we focused on the best-performing dienes, 1 f and 1g. In
the key experiment, the addition of DIC is repeated
before the system returns to equilibrium, yet after
anhydrides 2’ and 3’ have hydrolyzed. When performing
this experiment with 1 f, by adding 1.6 equivalents of DIC
twice, the amount of adduct exo-3 f increases from its
equilibrium value of 7% to 24% after the first addition,
further increasing to 27% after the second one, before
evolving towards the equilibrium distribution (Figure 4a
and S76). An analogous behavior is observed with
compound 1g, for which the amount of adduct exo-3g
increases from 7% at equilibrium to 18 to 24% when
subject to the same sequence of additions (Figure 4b).
The reproducibility of multistep responses was confirmed
by repeating the experiments either two (1 f) or three (1g)
times, obtaining an error of �1.3% on the final plateau in
the case of 1g (Figure S77, S78).
Performing the same type of experiment but adding

1.0 equivalent three times affords a multistep response. For
example, in the case of 1f, the amounts of exo-3f accumu-
lated are 18, 23, and 24% compared to 10% at equilibrium
(Figure 4c, lighter bars and S79a). Fueling 1g three times
affords a similar profile response, with 23% of 3g accumu-
lated upon the third cycle (Figure 4c, darker bars and S79b).
Such multistep profiles are qualitatively analogous to those
of synthetic polymers able to undergo irreversible mecha-
nochemical strengthening upon cross-linking, a training
behavior.[45,46] However, the endergonic essence of progres-
sive accumulation enables reversibility, as the reaction
network returns to equilibrium.
The progressive increase in the concentration of exo-3f

and exo-3g observed in multi-cycle experiments also corre-
sponds to an increase in the stored energy. The values of
stored energy and corresponding thermodynamic efficien-
cies were calculated for all multi-cycle experiments (Fig-
ure 4d and Supporting Information section 8). Using as an
example the 3-step experiment performed with 1 f, after
addition of 1.0 equivalent of DIC for three times, the stored

energy increases by 21, 9.5, and 2.5 J/L. This observation
means that the efficiency of the energy storage process
decreases with subsequent fueling cycles, going from 0.26%
in the first cycle to 0.034% in the third one (Figure 4d). A
similar behavior was observed with compound 1g. Upon
adding 1.0 equivalent of DIC three times, the overall stored
energy increased, while the efficiency dropped, albeit less
abruptly, from 0.13% to 0.064% (Figure 4d). Still focusing
on 1f, we attempted pushing the number of sequential steps
to the limit by adding 1.5 equivalents of DIC several times,
and we reached a plateau after 4 steps (Figure S81). This
limit is likely not due to waste accumulation: a control
fueling experiment in the presence of purposely added waste
(Figure S82) produced profiles comparable with those of
experiments done in its absence. Indeed, in contrast with
typical non-equilibrium refueling experiments—where the
same process is repeated—here each fuel addition promotes
an additional step that brings the system further away from
equilibrium.
Multiple effects contribute to the observed multistep

response. A key design element is that reactions II and IV
(anhydride formation and hydrolysis) are faster than reac-
tion III, with reaction I being the slowest. As a result, when

Figure 4. Evolution in time of the % yield of a) exo-3 f (purple) and exo-
3 f’ (black) or b) exo-3g (purple) and exo-3g’ (black) adducts, upon
repeated additions of 1.6 or 1.5 equivalents of DIC, respectively,
performed in correspondence of the arrows. The experiment starts
from the equilibrium distribution of 1 f or 1g, 2, and 3 f or 3g (blue
circle/diamond at t=0), with concentrations monitored by 1H NMR. c)
% yield of exo-3 f (pale-colored bars) and exo-3g (deep-colored bars),
obtained upon repeated additions of 1.0 equivalent of DIC. d) Evolution
of efficiency of energy storage with respect to f (pale purple line) and g
(deep purple line), upon repeated additions of 1.0 equivalent of DIC.
Conditions: CD3CN:D2O 85 :15 at 40 °C, 100 mM of both 1 f or 1g and
2. Error bars refer to the standard deviation of �1.3% yield measured
for the endpoint of the fueling experiment in panel b, which was taken
as reference (see Supporting Information section 5b).
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anhydrides have hydrolyzed, reaction III has not reached
equilibrium yet, and pulses of DIC can lead to different
outcomes, depending on the initial conditions. This behavior
differs from the classical description of energy ratchet
effects, where equilibration of reaction III is typically
assumed. Information ratchet effects rely on differences in
the rates of reaction II and IV, leading to kinetic asymmetry
(see Supporting Information section 5a for a discussion on
the relation with existing theoretical frameworks).[47] Here,
the progressive response could be favored by a faster
hydrolysis of 3’ to 3, compared to the hydrolysis of 2’ to 2,
possibly promoted by the carbamate group introduced in the
investigated compounds.
To gain insights on this effect, we attempted the multi-

step experiment adding three times one equivalent of DIC
to control compound 1h, which is an analog of 1f lacking
any hydrogen bond donor in its structure. The product of
the endergonic process, exo-3h, reached 24% after the
addition of 1.0 equivalent of DIC (vs 16% under equili-
brium conditions), yet a similar amount of exo-3h was
observed also in subsequent cycles (Figure 5a). The lack of a
progressive accumulation may be due to the fact that the
half-life of anhydride exo-3h’ (20 h in the presence of 3
equivalents of DIC) is longer than that of anhydrides exo-3f’
and exo-3g’ (ca. 16 h) and remains unchanged if an external
carbamate is also added (Figure 5b), indicating that the
enhanced hydrolysis observed in exo-3f’ and exo-3g’ is due
to an apparently intramolecular effect.

To evaluate the role of electronic effects we calculated
the atomic charges at the carbonyl carbon atoms in exo-3f’
and exo-3h’. DFT calculations confirmed that the lowest
unoccupied molecular orbital (LUMO) is centered at the
carbonyl groups, however the atomic charges at the relevant
carbon atoms do not differ significantly in exo-3f’ and exo-
3h’, being always close to 0.853 (Figure 5c and S88). In exo-
3f’ the distance between the carbamate oxygen and the
nearest anhydride carbonyl is 4.52 Å, which might be
bridged by a network of few water molecules. It is known
that water clusters including up to seven molecules form in
similar CH3CN:H2O mixtures.[48] This phenomenon could
play a role here, however its investigation goes beyond the
scope of the present work, being the subject of dedicated
studies.
Overall, these experiments suggest that introducing a

carbamate group leads to a sufficient kinetic asymmetry.
Clearly, in the presented systems the carbamate group is
necessary to observe a progressive response. Moreover, to
confirm that the partner of the Diels–Alder reaction
catalyzes DIC hydration, we monitored the stability of DIC
over time in the absence or absence of 1f and 2 (Figure 5d).
In their absence, no significant conversion to DIU was
observed over at least 220 h, while in sharp contrast the half-
life of DIC drops to 2.8 h in their presence, confirming the
occurrence of catalysis.

Conclusions

We have shown that a family of Diels–Alder adducts can be
formed under thermodynamically unfavored conditions,
powered by the catalysis of carbodiimide hydration. The
endergonic reactions take place with yields up to 28%, and
diastereoselectivity up to 99 :1. We leveraged endergonic
reactions to realize non-equilibrium adaptation processes,
focusing on the progressive accumulation of target species.
The observed behavior maps a characteristic of the Venus
flytrap, where an increasing amount of electrical charge is
accumulated after each touch, in the case of the carnivorous
plant, leading to closure once a threshold is reached.[49] Both
here and in flytraps, if a sufficient amount of time is given
the system returns to equilibrium, losing the memory of past
events. This aspect further differentiates the present systems
from the carbodiimide-promoted formation of amide bonds
in water, which are practically irreversible. Overall, this
study provides concrete examples of how endergonic
processes can contribute to the transition from responsive to
adaptive systems.

Supporting Information

We cited additional references within the SI.[50–54]

Figure 5. a) % yield of exo-3h obtained upon repeated additions of 1.0
equivalent of DIC under the same conditions used in Figure 4. b) half-
life of anhydride adducts 3g’, 3h’, and 3h’ in the presence of 1.0
equivalent of carbamate 4; c) LUMO of exo-3 f’ in its minimum energy
structure, with indication of the atomic charges at the carbonyl carbon
atoms. d) Evolution in time of [DIC] in the presence (purple) or
absence (black) of 1 f and 2. The former is extracted from the fueling
experiment of 1 f+2 $3f with 3 equivalents of DIC in CD3CN:D2O
(85 :15), 40 °C Error bars in panel a refer to the standard deviation of
�1.3% yield measured for the endpoint of the fueling experiment in
Figure 4b.
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