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Dissipative Cyclic Reaction Networks: Mechanistic Insights
into a Minor Enantiomer Recycling Process

Cristiana Margarita,”’ Anna Laurell Nash,” David A. Ahlstrand,”™ Marten S. G. Ahlquist,*
Ola F. Wendt,*® Linda Fransson,*™ and Christina Moberg*®

An analysis of an out-of-equilibrium cyclic reaction network
which continuously converts a minor undesired product
enantiomer to the desired major enantiomer by irreversible
addition of chemical fuel and irreversible elimination of spent
fuel is presented. The reaction network is maintained as long as
fuel is added; interrupted fuel addition drives the system
towards equilibrium, but the cyclic process restarts upon
resumed fuel addition, as demonstrated by three consecutive
fuel cycles. The process is powered by the hydrolysis of methyl

Introduction

A hallmark of living systems is their ability to extract energy, in
the form of e.g. adenosine triphosphate (ATP) or guanosine
triphosphate (GTP), from the environment and use it for
biological work. Insight into such out-of-equilibrium processes
characteristic of living systems has stimulated the design and
study of synthetic systems held in a non-equilibrium state by
consumption of chemical fuel.!”

In non-equilibrium open cyclic reaction networks, energy
exchange with the environment occurs by feeding the system
with fuel and eliminating waste.” In such fuel-driven networks,
the energy is used to drive the system to an out-of-equilibrium
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cyanoformate to HCN and monomethyl carbonic acid, which
decomposes to CO, and MeOH. The time it takes to reach
steady state depends on the rate of conversion of the fuel and
decreases with increased conversion rate. Three catalysts, one
metal catalyst and two enzymes, together constitute an efficient
regulation system allowing control of the forward, backward
and waste-forming steps, thereby assuring the production of
high yields of products with high enantiopurity.

steady state.®” The networks are characterized by energy
dissipation™ and concomitant entropy production.” Irreversible
addition of fuel, usually from a high-energy kinetically stable
compound, and its irreversible conversion into waste maintains
the system in a non-equilibrium steady state as long as fuel is
available; upon depletion of fuel, the system relaxes back to the
equilibrium state.

These types of systems are governed by kinetic factors and
strive to maintain a thermodynamically unfavorable state of
dynamic kinetic stability (DKS)."'” Their behavior is controlled
by the kinetics of fuel consumption;"'™® the directionality has a
purely kinetic origin, and is determined by the relative energies
of the transition states for the individual reaction steps.™

The majority of the studies reported so far are related to
non-covalent dissipative self-assembly of activated synthetic
compounds, resulting in transient supramolecular structures
with properties and life-times that can be tuned by the kinetics
of fuel conversion.2#¢"'% Examples of transient functional
materials are structures capable of self-correction,”” product
selection,”® helical conformational switching,"® transport of
molecular cargo,”**" and molecular hosts.?? Cyclic reaction
networks have also been designed where the activated state
functions as a catalyst for a chemical reaction, whereas the
deactivated state is inactive. Examples include a rotaxane
molecular shuttle capable of catalyzing a transfer hydrogena-
tion process in the activated state, reached by the addition of
pulses of trichloroacetic acid,”® and an out-of-equilibrium cyclic
reaction network, temporarily activated to generate transient
host — guest complexes to control catalytic activity.*? Catalysis
has also been incorporated as control switches into cyclic
reaction networks, allowing control of yields and lifetimes of
the transient species via variation of the ratio of catalysts for
the forward and backward reactions.*>*

Nucleoside triphosphates®” and carbodiimides® have
commonly been used as chemical fuels, but a variety of other
activating species have also been found to be efficient.*?**% In
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networks driven by the consumption of a fuel producing CO, as
waste, the dissipated energy is associated with an overall
entropy gain resulting from the liberation of CO, to the
atmosphere; reversible gelation has, for example, been shown
to be powered by the transformation of sucrose to CO,.”" Other
examples of fuels producing CO, as waste are 9-fluorenylmeth-
oxycarbonyl chloride,®? trichloroacetic acid,®® and other acti-
vated carboxylic acids.?

A requirement for a cyclic reaction network, as opposed to
an equilibrium situation, is that the forward and backward
reactions proceed via distinct pathways. Therefore, if P, is the
major product in an enantioselective reaction of A to Ps and P,
Ps cannot spontaneously be selectively transformed back to A;
reversibility will instead result in an equilibrium situation and,
consequently, lead to erosion of the enantiomeric purity
(Scheme 1A). An out-of-equilibrium unidirectional network can
be realized by feeding the system with a chemical fuel,®” which
reacts with A, and removing the waste; regeneration of A from
P, in combination with persistence of P, will over time lead to
increasing amounts of P, and thus increasing enantiopurity
(Scheme 1B). Regeneration of starting material, A, from the
undesired enantiomer, P, thus serves as error correction,
uncommon in synthetic systems,®® but with similarities to
kinetic proofreading in biosynthetic processes.®’>®

We have previously reported on cyclic reaction networks,
aimed at the preparation of enantiopure products, fulfilling
these requirements.®® A cyclic process consisting of the
acylcyanation of prochiral aldehydes with ketonitriles,“*"
followed by in situ hydrolysis of the minor enantiomer to the
parent cyanohydrin, and final conversion of the cyanohydrin
back to the starting aldehyde proceeds in a manner analogous
to that shown in Scheme 1B (Scheme 1C).*? This cyclic process
is accompanied by the exergonic transformation of sacrificial
ketonitrile to carboxylate and HCN, with the ketonitrile thus
serving as chemical fuel and carboxylate as waste."?

The networks consist of two interconnected catalytic cycles,
where the activating step provides the two enantiomers of the
transient product.”® Separate catalysts are used for the forward
and backward reactions, and the networks are maintained in an
out-of-equilibrium state by the continuous addition of chemical
fuel and elimination of spent fuel as waste.”” By using a
suitable chiral catalyst for the backward reaction, i.e. the
product degradation, the major enantiomer can be kinetically
trapped,”” and thus have a lifetime that is greater than that of

A) c)
A ——= Pg+Pp R'COCN
1 X
Chemical fuel i o” R, O 'R
B == R™H R7CN R OCN
-
A Ps + Pg
- R'COO"  H,0
HCN + HyO*
Waste

Scheme 1. A) Equilibrium leading to racemization. B) Recycling of undesired
enantiomer P to prochiral starting material A made possible by addition of a
chemical fuel and elimination of the waste, resulting in accumulation of Py,
C) Representative process comprising recycling of the minor product
enantiomer from enantioselective acylcyanation of aldehydes.
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the experiment, whereas the minor enantiomer is brought back
to starting material, thereby completing the cyclic network. This
leads to gradually increasing enantiomeric ratios, and, by
selection of appropriate catalysts, to high yields of highly
enantioenriched products, in many cases otherwise hard to
access.* In the reaction of benzaldehyde with acetyl cyanide,
for example, close to quantitative yield of an essentially
enantiopure product was obtained.”” The structural diversity of
available aldehydes and ketonitriles makes the products
obtained via this procedure highly valuable for further use in
synthetic applications.“®

We have now performed additional experimental studies of
an analogous process, together with computations aimed at
identifying the thermodynamic equilibrium state as well as a
minimal kinetic model of the system. The new studies allow a
more comprehensive interpretation of the process in the
context of dissipative systems chemistry.

Results and Discussion

The reaction of benzaldehyde (A) with methyl cyanoformate (in
toluene/aqueous buffer pH 7) was considered to serve as a
suitable model reaction for further mechanistic studies.*” The
steps comprising the cyclic process are shown in Scheme 2. The

O
= COy+ MeOH
H,0 MeO” "OH CA

W
N 4
IR
O~ "OMe
) OH ducti
R mani- production
Ph” >CN o _
Pr (m?nor) Ph)\CN of de§|red
enantiomer
accumulates Br
j\ \» (0] /
MeO . "CN — HJ\Ph » HCN
a A .
®  fmr M| iomer
ol i
OJ\OMe (major) Ph/B\CN
R S
Ph™_“CN /
Ps ——

o
<= CO,+MeOH
MeO","OH CA

Scheme 2. The cyclic reaction network with the R (blue) and S (red)
manifolds. In the presence of (S,5)-[(4,6-bis(‘butyl)salen)Ti(u-0)], and porcine
pancreas lipase (PPL), formation of the R-enantiomer, P;, from aldehyde A
and cyanoformate F in toluene is favored over formation of the S-
enantiomer, Ps, whereas hydrolysis of P, in aqueous buffer, is favored over
hydrolysis of P;. Cyanoformate (8.5 equiv. added continuously over 71 h),
eliminated monomethyl carbonic acid (facilitated by the presence of
carbonic anhydrase (CA) and a stream of nitrogen, vide infra) and HCN are
shown outside the box, which represents the reaction system. R and S are
stereochemical descriptors defining the absolute configurations; ee =enan-
tiomeric excess (percent excess of one enantiomer over the other). The order
increases (entropy decreases) in the system (inside the box), whereas the
entropy increases in the environment (outside the box). Bold arrows show
the net directional flux of the process.
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product-forming steps (A+F—P, and A+F—P;, where F is
methyl cyanoformate, the fuel, and P; and Ps the product
enantiomers) are catalyzed by a Lewis acidic dimeric titanium
salen complex, (S,5)-[(4,6-bis(‘butyl)salen)Ti(u-O)1, (“Ti");*8* the
chiral catalyst favors the formation of the (R)-enantiomer. The
hydrolyses of the products, P, and P, to monomethyl carbonic
acid (W=waste) and (R)- and (S)-mandelonitrile (B and By),
respectively, occur in the aqueous phase or at the organic/
aqueous interface and are catalyzed by porcine pancreas lipase
(PPL),®® with a preference for the (5)-enantiomer. Elimination of
HCN from the cyanohydrins (B; and Bg) completes the cycle and
restores the starting aldehyde. As shown in Figure 1, the yield
of the (R)-enantiomer of the product increases over time,
whereas that of the (S)-enantiomer increases in the initial part
of the reaction and then largely disappears. When the addition
of methyl cyanoformate is terminated, the remaining
(S)-enantiomer is hydrolyzed, leading to essentially pure
(R)-enantiomer, but evidently at the same time to a lower total
yield of the product. The network can be initiated starting from
either A, B or P.*"

—&— Yield P,
—e— Yield P
—m— Total Yield

Yield (%)

0 10 20 30 40 50 60 70 80

Time (hours)

Figure 1. Evolution of the (R) (blue) and (S) (red) enantiomers of P and total
yield of P (black) over time, based on experimental data from ref. [47] (for
structures of P, and P, and reaction conditions, see Scheme 2).
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Figure 2. Evolution of ee as a function of time, under three different
conditions. @: uncatalyzed waste formation (no CA); A: only CA; m: CA+a
stream of N,. Based on experimental data from ref. [47]. ee =enantiomeric
excess.
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As shown in Figure 1, the yield of P, increases and that of P
decreases slowly even after 60 hours under the conditions used.
For practical reasons, it was inconvenient to extend the reaction
time further. However, by starting from product P with 84%ee
(corresponding to the ee after 55 hours in Figure 1), it was
demonstrated that a steady state was reached and maintained
as long as fuel was added (SI, Figure S2).

As the reaction proceeds, the enantiopurity of the product,
P, progressively increases until the steady state is reached and
the ee becomes constant.*” The development of ee therefore
serves as a readout of the progress of the process, which is
governed by the consumption of fuel and thus the production
of waste. Under the initially used conditions, the ee was found
to increase only slowly, reaching merely ca 35% after 50 hours
(Figure 2). Separate studies of the hydrolysis of rac-P at pH 7
revealed that the rate of the reaction increased in the presence
of bovine carbonic anhydrase (CA), known to catalyze the
decarboxylation of carbonic acid derivatives.”'¥ This effect
was not observed at pH 8 (SI, pp.8-12). The pKa of methyl
carbonic acid was determined to 6.6 (SI, p. 12), a value close to
the pH of the reaction mixture after terminated hydrolysis in
aqueous buffer at pH 7, suggesting that the enzyme was
partially blocked by methyl carbonic acid but not by the anion.
In cyclic reactions (Scheme 2) run in the presence of CA, a
higher ee, close to 60%, was indeed reached after 50 hours,
and when the CO, formed was eliminated via a stream of
nitrogen, ca 80%ee was observed after the same time under
otherwise identical conditions (Figure 2).*”’ In the analogous
reaction with acetyl cyanide (using a different enzyme), acetic
acid (pKa4.7) formed as waste is deprotonated under the
reaction conditions.*?

In the present network, the rate of the forward reaction is
controlled by the amount of metal catalyst (Cat 1, “Ti"), and that
of the backward reaction by the amount of PPL (Cat 2). The
amount of P is determined by the ratio of [Cat 1] and [Cat 2],
i.e. the relative rates of the forward and backward reactions, as
previously demonstrated by simulations (SI, Figure S5) as well
as experimentally for the analogous system with methyl
cyanoformate replaced by acetyl cyanide (Scheme 1C).*¥ On
the other hand, the ee at steady state is independent of the
amounts of catalysts and is a function of only the product of
the selectivity factors of the two catalysts, although the time it
takes to reach steady state depends on their relative
selectivities.*”

As discussed above, waste production, i.e. formation and
decarboxylation of monomethyl carbonic acid, is slow as a
result of product inhibition, but can be controlled by carbonic
anhydrase (Cat 3). The three catalysts thus provide an efficient
regulation of the system, allowing the kinetics of activation,
degradation and waste production, and thus the relative
amounts of A/B and P, to be controlled (Figure 3).

© 2023 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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Ccat1 (P

Fuelﬁ @ Waste

(B cat2 )

Figure 3. Catalytic network regulation, with control of forward and backward
reactions and waste generation. Fuel = methyl cyanoformate, A=starting
material; P =transient product; B=Ilowest energy species; Cat = catalyst:

Cat 1=(S,5)-[(4,6-bis(‘butyl)salen)Ti(u-O)1,, Cat 2 = porcine pancreas lipase
(PPL), Cat 3 =carbonic anhydrase (CA), Waste =monomethyl carbonic acid
(which decomposes to MeOH and CO,). Arrows indicate the net flux in the
system (arrows for reverse reactions thus omitted).

Equilibrium Energy Calculations - Identification of the
Thermodynamic Equilibrium

In order to identify the product of lowest thermodynamic
energy of the system, and thus the product expected to form
when the system approaches equilibrium, the equilibrium
energies (AG°) for individual steps were determined by density
functional theory calculations (B3LYP-D3/aug-cc-pVTZ) with
single-point energy corrections using local MP2 (LMP2/aug-cc-
pVTZ) (SI, p. 12). The forward reaction was assumed to occur in
toluene and the hydrolysis in water at neutral pH. The product-
forming step (A+F—P) was according to the calculations
thermodynamically slightly favored (AG°=—1.5 kcal/mol), and
the hydrolysis was found to be downhill by 6.2 kcal/mol. The
cyanohydrins (B, and Bg) obtained are in equilibrium with the
starting aldehyde, thereby completing the cycle. Decomposition
of cyanohydrins derived from aromatic aldehydes to the parent
aldehyde and HCN is known to be thermodynamically unfa-
vored, in particular at low or neutral pH values. This value is
sensitive to pH; at pH<7.5 the equilibrium constant for
cyanohydrin formation in aqueous solution has been found
experimentally to be around 235 M™",** corresponding to a AG®
value of ca 3.2 kcal/mol for the backward reaction.”® The
calculations thus show that B is the lowest energy species in
the network, in agreement with experimental observations.

The overall cyclic process in Scheme 2 corresponds to the
transformation of fuel to waste, and thus consists of hydrolysis
of the cyanoformate to monomethyl carbonic acid and HCN,
F+H,0—W+HCN, calculated to be thermodynamically favored
by 7.0 kcal/mol.

Consecutive Fuel Cycles

The reversibility of the system was demonstrated by performing
consecutive reaction cycles. Interrupted addition of fuel is
expected to bring the system back to the thermodynamic state,
i.e. cyanohydrin B, obtained by hydrolysis of P. However, as a
consequence of the selectivity of the enzyme catalyst (PPL), P,
is kinetically trapped and thus enriched over time. Since Py
“escapes” from the system, a “true” equilibrium, consisting of
racemic B, is not reached within the timeframe of the experi-

ChemSystemsChem 2024, 6, e202300045 (4 of 7)

ment; however, use of achiral catalysts would necessarily lead
to racemic B, as well as racemic P.

Three fuel cycles, each consisting of the continuous addition
of 1.34 equiv. of fuel to a mixture of aldehyde (1 equiv.) and
catalysts in toluene over four hours followed by addition of
pure solvent during 20 hours (thus a total of 4 equiv. of F over
72 h), were performed sequentially, and formation of the two
product enantiomers was monitored by GC (Figure 4);°” as a
comparison, in the experiment with continuous addition of fuel,
8.5 equiv. were added over 71 h (Figure 1). During periods of
addition of fuel, the product-forming reaction dominates,
leading to increasing yields, whereas during periods of inter-
rupted addition, hydrolysis, mainly of Ps (a kinetic resolution),
dominates, leading to increasing ee:s but slightly decreasing
yields. The first addition resulted in 28% P with 41%ee; this
was followed by decomposition of the transient (S)-product to
the lowest energy species (Bs),”® accompanied by an increase in
ee to 76% (24 % P). While Ps was almost completely degraded,
essentially no degradation of P, occurred, in line with expect-
ations. Resumed fuel addition resulted in re-establishment of
the cyclic reaction network; the two cycles generated, as
expected, increasing yields of P (51 and 75% after the second
and third addition of F, respectively, and 46 and 66% P after
the second and third completed cycles, respectively, for details
see Sl, pp. 5-6); during the third cycle some hydrolysis of P, was
observed as a result of the relatively higher concentration of
that enantiomer compared to the minor enantiomer. Under the
conditions of this experiment, the system approaches only
slowly steady state, which corresponds to ca. 91%ee (SI,
Figure S2).

Kinetic Model Comprising Hydrolysis and Waste Production
In order to further illustrate the effect of waste production on

the progress of the cyclic reaction network, as observed
experimentally (Figure 2), a kinetic model complex enough to

1001

—e—Yield P,
—8—Yield Ps
—&—Total Yield

Yield (%)

0 10 20 30 40 50 60 70 80
Time (hours)

Figure 4. Evolution of the (R) (blue) and (S) (red) enantiomers of P and total
yield (black) of P under conditions of interrupted addition of methyl
cyanoformate (F). For each cycle 1.34 equiv. of F were added over 4 h to
aldehyde A (1 equiv.) and catalysts in toluene, followed by 20 h periods of
addition of pure solvent. Sections with yellow background correspond to
periods of addition of fuel. As a consequence of the selective degradation of
P, P is kinetically trapped, resulting in increasing total yields and increasing
ee:s after each addition of F.
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capture the effect was desired. For this purpose, a two-step
reaction, P (Ké Q ﬁ» c
enzymatic hydrolysis (which in the experimental process
provides B+W), and where the second step represents the
release of waste, thus corresponding to the (in practice
irreversible) formation of CO..

The first reaction step was modeled using either first order
or Michaelis Menten kinetics. In each case, the equilibrium
constant K., was set to either a low (K,,=0.01) or a high value
(K.q=42 000, corresponding to the computed value for AG®,
—6.2 kcal/mol), resulting in four cases. The second step was
modeled as a first-order irreversible reaction. The rate constant,
k., for this step was varied. The results are shown in Figure 5.

The first-order kinetic model succeeded in reproducing the
influence of waste production on the consumption of product P
only for the system with thermodynamically unfavored hydrol-
ysis, i.e. at low K, (Figure 5, upper left), whereas at a high K,
an increase in the rate of waste production did not affect the
amount of P (upper right). (For a first order kinetics model
comprising the entire cycle, SI, Figure $13).

In contrast, Michaelis Menten kinetics showed a sensitivity
to variations in the rate constant k. of the coupled irreversible
reaction regardless of the value of K., (Figure 5, bottom left and
right).

A simple kinetic model for the cyclic process using mass
action kinetics (hence ignoring any catalyst saturation) thus
showed an effect of the rate of waste production on the
progression of the process only for the model system with
thermodynamically unfavored hydrolysis, i.e. with a K value <1,
as an effect of mass action. The simple mass action kinetics
model did thus not provide complexity enough to schematically
capture the experimentally observed phenomenon. The sensi-

with Pe=Q corresponding to the

Keq 0.01 Keq 42 000
P=q A eq eq
10 — 10
‘ 8 \ .
First order
kinetics 6 6
4 4
2 2
0 . . 0 Pe——
% 0 100 200 0 100 200
T
& 10 ? 10
8 8
Michaelis
Menten 6 6
kinetics 4 4
= 2
0 d 0 +— ]
0 100 200 [ 100 200
. - >
time, h
Rate constant
kforQ — C ke= 0.001 0.1 1 10

Figure 5. Disappearance of P over time: Sensitivity of the rate constant for
waste production k., on the coupled reaction p é f» c A comparison
between two kinetic models, at two different equilibrium constants
(Koq=0.01 and K., =42 000). The Michaelis Menten kinetics model is sensitive
to changes in k. for both values of the equilibrium constant K,,, whereas the
simpler first order kinetics model is sensitive only to changes in k. for the

lower value of K,
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tivity to regulation was, however, preserved for Michaelis
Menten kinetics under the same circumstances, in accordance
with experimental data, which showed that an increased rate of
waste formation resulted in a more rapid increase in ee (as
shown in Figure 2) and as a consequence a shorter time for the
network to reach steady state, thus supporting the expected
role of the coupled fuel-to-waste reaction on the behavior of
the network.

Conclusions

The experimental system under study represents a ratcheted
process,” which uses the free energy released by the fuel-to-
waste process to induce a unidirectional sequence of reactions
governed by kinetic asymmetry, introduced through chiral
catalysts, in which the undesired product enantiomer is
continuously recycled. An out-of-equilibrium steady state with
high concentration of the activated product is sustained as long
as chemical fuel is supplied, i.e. as long as the system is open.
When the addition of fuel is interrupted, the system shifts to a
closed system and approaches equilibrium. This results in
hydrolysis of the activated product to give the lowest energy
species of the reaction network.

The cyclic reaction network is driven by a coupled reaction
consisting of the exergonic conversion of methyl cyanoformate
and water to HCN and MeOCOOH, which decomposes to MeOH
and CO,. The time it takes to reach steady state is influenced by
the rate of waste production, as demonstrated experimentally
and supported by a minimal kinetic model. An out-of-
equilibrium activated state can be maintained as long as fuel is
added; interrupted addition causes a drift towards equilibrium,
but the reaction network is restored by resumed addition.

The presence of catalysts for the forward, backward and
waste-forming steps allows efficient regulation of the reaction
system. The network takes advantage of two enantioselective
steps. Whereas the minor (S)-enantiomer of the product under-
goes rapid hydrolysis catalyzed by porcine pancreas lipase,
hydrolysis of the major (R)-enantiomer has a high activation
barrier as a result of the selectivity of the enzyme, rendering
this enantiomer kinetically stable. Therefore, interruption of
cyanoformate addition results in rapid equilibration of only the
S-manifold and a “global” equilibrium with racemic B is not
observed under the conditions of the experiment.

In situ recycling of the minor, undesired product enantiomer
to prochiral starting compound minimizes product loss and is
therefore an attractive option for improving the enantiomeric
purity of a chiral product; the energy released is used for
providing high ee of the product, thus comprising the
“function” of the system. In the cyclic process studied here, the
final product, Ps, can thus be obtained with high enantiomeric
purity.®” For this reason, this type of process is synthetically
highly versatile.

© 2023 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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Experimental Section

Minor enantiomer recycling, consecutive fuel cycles: Porcine
pancreas lipase (PPL, 40 mg/mL) was stirred in phosphate buffer
pH 7.0 (2 mL) for 30 min at room temperature and then centrifuged
at 1000 rpm for 5 min. 1.5 mL of the supernatant was then added
to a 5 mL microwave tube containing bovine carbonic anhydrase
(CA, 9.9 mg) and the mixture stirred for 30 min at room temper-
ature. A toluene solution (1.5mL) of [(salen)Ti(u-O)]l, catalyst
(15 mg), PhCHO (25 pL) and undecane (10 pl) as internal standard
was prepared in a separate vial and added to the microwave tube
containing the enzyme solution. A reference sample of the toluene
solution was taken and subjected to GC analysis. The microwave
tube was sealed with a crimp cap and the septum pierced with a
short outlet needle, then a stream of N, was bubbled via a long
needle going through both phases. A methyl cyanoformate
solution (prepared from 165 uL cyanoformate, 8.4 equiv., and
diluted to 0.5 mL with toluene) was added into the organic phase
via a 250 pL Hamilton syringe over 4 h for each cycle (syringe pump
flow 20 ulL/h, a total of 4 equiv. over the three cycles, Figure S3).
After 4 h, the syringe was replaced by a 500 uL Hamilton syringe
containing toluene, and left to run at same rate over 20 h. The
cycles were repeated two more times. The reaction was monitored
by GC, by taking ca 40 uL samples and diluting them in Et,0
(1.5 mL), and filtering the crude sample through a short plug of
silica (Figures 4 and S4).

Standard mode: As a comparison, in the standard experiment,
addition of fuel (8.5 equiv.) was carried out continuously over 71 h
(Figure 1).
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