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Abstract
Aqueous microdroplets have been reported to dramatically increase the rate of chemical reactions. Proposed
mechanisms for this acceleration include confinement effects upon droplet evaporation, and Brønsted acid
or electric field catalysis at the air-water interface. However, computational investigations indicate that the
operation of these mechanisms is reaction-dependent, with conclusive evidence for a role for electric field
catalysis still lacking. Here, we present a computational investigation of the reported abiotic phosphorylation
of ribose and the subsequent formation of ribonucleosides, focusing on acidity and oriented external electric
field (OEEF) effects. The most plausible reaction mechanism identified involves the protonation of ribose,
followed by carbocation formation and an SN2 substitution step. Without an OEEF, all considered pathways
are thermally inaccessible. However, in the presence of a significant OEEF, the SN2-based pathway, leading to
the β-ribonucleoside isomer, becomes highly stabilized, reducing the energetic span to a thermally accessible
12-13 kcal/mol. Surprisingly, the OEEF-mediated reaction closely mirrors the enzymatic mechanism of
phosphorolysis via SN2 substitution, including a pronounced anomeric selectivity. Our results support the
hypothesis that some reactions in aqueous microdroplets are accelerated by electric fields and provide further
evidence for the importance of electrostatic catalysis in biological systems, particularly for phosphorylase
enzymes.

K E Y W O R D S
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1 INTRODUCTION

The physicochemical environment of aqueous microdroplets is distinct from bulk water, which can be exploited to accelerate
reactions or even enable otherwise unfeasible transformations.1,2,3,4,5,6,7 Recent examples of microdroplet-catalyzed transforma-
tions include the acceleration of the Menshutkin,8,9 Diels-Alder,10,11,12, and Aza-Michael reactions,13 as well as CO2 reduction
to formic acid.14,15

Deciphering the factors that are responsible for the intriguing catalytic effect observed is a nontrivial task, in part due to the
transient nature of microdroplets and because of their fairly small reaction volumes. At the same time, the size of microdroplets

Abbreviations: OEEF: oriented external electric field.
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makes it unfeasible to simulate their full complexity in silico. Nevertheless, several hypotheses have been put forward over the
years, ranging from partial solvation and solvent ordering, pH gradients, to the influence of electric fields.16,17,18,3,1,19,20

For instance, in a recent study, Song et al. argued that for the Aza-Michael addition reaction, enhanced acidity is the main
accelerating factor, whereas the effect of a microdroplet’s interfacial electric field is marginal at best.13 Gong and co-workers on
the other hand argued that neither electric fields nor partial solvation are responsible for Diels-Alder reaction acceleration,12

but rather the confinement caused by microdroplet shrinking. Based on these conflicting findings, it appears that the catalytic
mechanism seems to depend on the type of studied system, which implies that the effects exerted by the microdroplet environment
should be examined in a case-by-case manner.

Recently, Zare and co-workers demonstrated that D-ribose can be phosphorylated to ribose-1-phosphate and subsequently
transformed to uridine in the presence of phosphoric acid and uracil in aqueous microdroplets (cf. Figure 1).21 The same
conditions were shown to enable the formation of other sugar phosphates, as well as other purine and pyrimidine nucleosides.22

The experimental conditions strongly suggest the assistance of oriented external electric fields (OEEFs), as the intrinsic electric
field of aqueous microdroplets had to be complemented with an externally applied voltage to observe maximal catalysis.

In this computational study, we explore the mechanism of both reaction steps associated with the experiments performed by
Zare and co-workers. Our calculations reveal that OEEFs indeed have a strong catalytic effect on both ribose phosphorylation
and subsequent nucleoside formation. Interestingly, the key aspects of the uncovered mechanism, as well as the inferred
anomeric selectivity, are in close resemblance to the enzymatic mechanism of phosphorolysis performed by purine or pyrimidine
nucleoside phosphorylases23,24 confirming that OEEFs also ought to play an important role in enzymatic catalysis.25

On the methodological side, we demonstrate that strong electric fields can radically reshuffle the conformer stability order of
flexible molecules, such as ribose and its derivatives. As such, a rigorous treatment of conformational space, both in the presence
and absence of electric fields, is essential to ensure the selection of representative conformers, and hence the construction of
meaningful reaction profiles.

F I G U R E 1 Uridine formation as part of the nucleotide salvage pathway in biochemistry is catalyzed by purine nucleoside
phosphatase (top). Zare et al. showed that D-ribose can be phosphorylated selectively to ribose-1-phosphate by phosphoric acid
and can subsequently be transformed into uracil in aqueous microdroplets (bottom).21

2 METHODOLOGY

Initial geometries of the stationary points along the reaction profiles have been determined with the help of either autodE26 or
TS-tools.27 The reaction SMILES used can be found in Section S1.1 of the Supporting Information. For each of the identified
stationary states, conformer searches were performed as a post-processing step at GFN2-xTB28 level-of-theory with the help of
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CREST.29,30 During conformational searches of the transition states, geometric constraints were applied to the active bonds,
i.e., the bonds undergoing a change in bonding situation throughout the reaction, to preserve the TS vibrational mode. The 100
conformers with the lowest xTB energy were re-optimized with DFT, and the resulting energies were used to perform a final
conformer ranking; the lowest energy conformer was subsequently selected for further refinement.

As the level of theory for the DFT calculations, we selected M06-2X/def2-SVP31,32 for optimizations and frequency
calculations, i.e., thermal corrections. Single-point energy refinements were performed at M06-2X/def2-TZVPD31,32,33 level
of theory. All DFT calculations were performed using Gaussian16.34 Water solvation effects were accounted for through the
SMD implicit solvent model.35 Free energy corrections were calculated at 298.15 K and 1 mol/l. Quasi-harmonic corrections
to entropy and enthalpy were applied using GoodVibes.36 Grimme’s method for the entropy37 and the Head-Gordon enthalpy
correction were applied,38 where the frequency cut-off was set to 100 cm-1. CM5 charges39 were computed for key species.
The structures of all reactants, products, and pre-reactive complexes were confirmed as having only positive eigenvalues in
their Hessian matrix, while transition state structures were confirmed to have a single negative eigenvalue. Intrinsic Reaction
Coordinate (IRC) analysis40 confirmed that the transition state correctly connects the reactant state to the corresponding product.
Optimized structures were represented using CYLview 2.0.41 and VMD42.

The effect of OEEFs was studied using the “Field = M ± N” keyword, which defines the OEEF axis, direction, and magnitude
in Gaussian16. A range of field strengths (Fz) was explored, ranging from Fz= -0.30 V Å–1 to Fz= +0.30 V Å–1, with intervals of
0.10 V Å–1. This range covers the full range of electric field strength estimates in microdroplets in the literature.3,1

It should also be mentioned here that in the Gaussian16 software, the positive direction of OEEF is defined from the negative to
the positive charge which is opposite to the conventional definition in physics. We primarily applied the electric fields along the
dipole moment, µ, of the individual species (labeled the Z-axis of the system), since OEEFs have a "tweezer" effect on molecules
in solution and/or in the gas phase (i.e., molecules reorient in the direction that maximally stabilizes their dipole moment).43 As
such, this orientation can be expected to be the most prevalent one taken on by the considered molecular systems under the
influence of a uniform field.44 In Figure 2, a schematic overview of the adopted field, dipole, and z-axis definition is provided.

Z-axis

FZ > 0_ +
FZ < 0

μZ < 0
δ+                                             δ-

+ _

F I G U R E 2 The Gaussian convention for electric fields, to which we adhered in this work.

When evaluating electric field effects, the 100 conformers obtained in the absence of a field were re-optimized, and sub-
sequently re-ranked, in the presence of one, at DFT level of theory. As already indicated in the introduction, this rigorous –
and computationally expensive – treatment of conformer space turned out to be essential in our analysis: for many species, we
observed that the conformer ranking changes dramatically upon turning on the OEEF. Conformers that in the absence of a field
don’t even appear in the top 20 can all of a sudden become the lowest energy conformer when an electric field is taken into
account (see Figure 3 for a representative example). As such, the traditional computational approach to evaluate electric field
effects by focusing on the stabilization of the lowest energy conformer for every species identified along the reaction profile in
the absence of an electric field would have induced significant errors in the presented results.

Finally, it should also be noted that to evaluate and compare the feasibility of individual reaction pathways, we make use here
of the energetic span model, which posits that the rate at which a multistep reaction takes place can be deduced from the (free)
energy difference between the lowest intermediate and the (subsequent) highest transition state along its profile.45,46
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F I G U R E 3 Effect of an OEEF with a field strength of 0.3 V Å–1 in four different conformers of α-ribose phosphate. The
red and blue bars are the relative free energies with respect to the lowest energy conformer without the field and with a field
strength of 0.3 V Å–1 respectively. The green bars represent the energetic stabilization (absolute values) under the influence of
the OEEF. One can observe that both conformers 31 and 67 drop below conformer 1 in the presence of the electric field due to a
disproportionate electrostatic stabilization.

3 RESULTS AND DISCUSSION

In Figure 4, an overview of all the mechanistic pathways considered as part of this study is provided. Below, these pathways, and
their feasibility to transpire in practice, will be discussed one by one.

3.1 Phosphorylation of ribose

We started our mechanistic explorations from the biologically relevant form of ribose, i.e., the α-D-furanose form, and considered
various possible pathways to prepare this species for eventual reaction with the uracil nucleobase. As such, we computed a variety
of plausible concerted and stepwise mechanisms resulting in the installation of a phosphoric acid moiety on the ribose. Our
calculations unequivocally indicate that for regular ribose, neither concerted, SN2-like, nor stepwise phosphorylation pathways,
proceeding via a pentavalent phosphorous intermediate, are feasible – typical reaction barriers amount to 40-60 kcal/mol, and
electric fields aligned with the dipole moment of the reacting system only affect these barriers by a couple of kcal/mol at best
(see Figure 6).

When applying the field along various directions in three dimensions it becomes apparent that the one coinciding with the
dipole moment is associated with the strongest catalysis (Z-axis in Figure 5). It is however not the only field orientation leading
to non-negligble barrier modulation. The orientation corresponding to the bond-breaking orientation also induces changes
comparable to when the field is aligned with the dipole moment.

Note that our calculations recover the posited slight endothermicity of the neutral phosphorylation reaction, in close agreement
with experimental estimates (2.7 kcal/mol computed for α-ribose in the field-free situation here, vs. the experimental value of
5.1 kcal/mol deduced from thermodynamic cycles), providing confidence in the accuracy of the selected level of theory.47

Overall, our calculations suggest that under standard bulk aqueous conditions, phosphorylation should not occur, in line
with experimental observations.48,21 In the microdroplet experiments performed by Zare and co-workers, however, H3PO4 is
present in millimolar concentrations so that the reaction medium can be expected to be fairly acidic (pH ∼ 3)21,22 – and that
is even before any pH-altering interface effects are taken into account.49 Under such reaction conditions, one can expect a
non-negligible fraction of the ribose molecules to be protonated at any given time. In its protonated form, ribofuranose should
dissociate fairly easily in a carbocation and water. This dissociation will be particularly favored if the carbocation is formed in
the 1’ position, since a resonance-stabilized oxocarbenium species is generated in this manner.

With the M06-2X functional, no TS could be located for this dissociation reaction. Interestingly, however, a barrier can readily
be recovered when switching over to the M06 functional, as a shallow minimum – corresponding to a loose complex – is formed
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F I G U R E 4 Plausible pathways for the phosphorylation of ribose and uracil formation from D-ribose and phosphoric acid in water.

at this level of theory. The computed M06 barrier amounts to 11 kcal/mol, which agrees with the approximate dissociation
energy inferred from a relaxed scan along the C-O bond axis with the M06-2X functional (see Section S2 of the Supporting
Information). As such, one can reasonably expect the carbocation to be thermally accessible in acidic solution (see Section S3 of
the SI for a more in-depth discussion).

Turning to the effect of applying an OEEF, we observe that significant catalysis of the dissociation event is possible in
principle: at an electric field strength of -0.1 V Å–1 aligned with the dipole moment, the approximate dissociation energy is
reduced to about 9 kcal/mol, and at -0.3 V Å–1, the dissociation becomes even more favorable: at no point along the relaxed
scan performed does the relative (free) energy exceed 6 kcal/mol, and at full dissociation, the relative energy has returned to
essentially zero (despite the apparent emergence of a barrier, we were unable to locate one explicitly).

It should however be noted that negative electric field strengths actually destabilize the protonated ribose, hence in the
presence of the OEEF, molecular rotation ought to take place, resulting in a flip of the field direction. Since the considered
dissociation would be the very first reaction step of the overall process, it may compete with rotation during microdroplet
formation, especially since the former is an almost barrierless event. As such, a fraction of the ribose molecules likely dissociates
in an electric field-mediated manner the very instant the microdroplets emerge.

At the same time, it should also be noted that even after the molecular rotation has been completed, dissociation of the
protonated species is still most certainly feasible; even at a field strength of +0.3 V Å–1, the approximate dissociation energy
amounts to only 12 kcal/mol, i.e., a negligible inhibition compared to the field-free situation.
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F I G U R E 5 Assesing the optimal electric field orientation. A: In the transition state of the first step in the stepwise pathway
of phosphorylation of α-ribose by H3PO4 the O-P bond forming axis is almost perpendicular to the dipole moment aligned with
the z-axis. B: The difference between the free energy of the transition state with and without the applied OEEF (∆∆G‡) as
a function of the field’s orientation in space visualized on a spheric surface. C: Rotated views of the sphere are provided on
the right side of the figure, with the rotation coordinates expressed in terms of azimuth and elevation angles (angle of rotation
around the z-axis and the angle between the projection point and xy plane, respectively).

F I G U R E 6 The identified concerted phosphorylation pathways without an OEEF (black) and with an OEEF of magnitude
± 0.3 V Å–1 applied in the direction of the dipole moment (red and blue profiles, respectively).

Finally, at a pH of around 3, the most prevalent form of phosphoric acid is H2PO–
4 (the pKa of the first deprotonation

event of this species amounts to 2.14).50 This species readily associates with the formed oxocarbenium in a barrierless
process that is exergonic by 22.3 kcal/mol. During this step, the α and β isomers are resolved thermodynamically, and the β

ribofuranose-phosphoric acid is most stable by 4.1 kcal/mol.
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Taking everything together, our calculations thus provide unequivocal computational support for the observed spontaneous
phosphorylation of ribose in microdroplets, and it is clear that this transformation is promoted by a synergy between (enhanced)
acidity and electric field effects.

3.2 Formation of the ribonucleoside from the phosphorylated ribose

For the formation of the final ribonucleoside, starting from ribofuranose-phosphoric acid, various pathways can be conceived as
well; we focus first on the SN1 and SN2 substitution ones in our analysis below.

In the absence of an electric field, the activation energy for the SN2 is unrealistically high; 36.8 kcal/mol for the α isomer and
39.9 kcal/mol for the β isomer (Figure 7). Note that this is even the case when the phosphoric acid moiety is fully protonated (a
necessary condition for it to become a good leaving group). It should be noted that the TS for this reaction pathway is in fact a
loose complex with a distance between the leaving group and the substrate of around 2.9 Å; this kind of complex has also been
found in other reactions involving sugars.51

𝛼/β
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isolated
products

---- SN2 𝛼
---- SN2 β

1.5
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39.9
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F I G U R E 7 M06-2X/def2-TZVPD//M06-2X/def2-SVP free energy profile for the a) SN2 mechanism in water of α-
ribofuranosyl phosphate and β-ribofuranosyl phosphate, b) SN1 mechanism in water of β-ribofuranosyl phosphate. c) ∆G‡

values of transition states for SN2 pathway as a function of field strength Fz. TS = transition state, IM = Intermediate.

Our calculations indicate that electric fields oriented along the dipole moment of the reacting system have a dramatic effect
on the kinetics of this pathway. Remarkably, it is especially the TS involving the α isomer that is extremely susceptible to
electrostatic stabilization: at 0.1 V Å–1, the reaction barrier is already reduced by around 4 kcal/mol, at 0.3 V Å–1, the barrier
reduction amounts to a staggering 26 kcal/mol, i.e., the barrier for the elementary step starting from ribose phosphate has reduced
to a mere 11 kcal/mol. For the β isomer, our calculations suggest that the potential for electrostatic catalysis is much more
subdued; only 10 kcal/mol of barrier reduction is obtained at the highest OEEF strength probed (cf. Figure 7c).

It should be noted that at high OEEF magnitudes, the SN2 pathway becomes increasingly asynchronous, with the phosphate
seemingly detached from the ribose in the TS structure. Nevertheless, full dissociation does not take place even at the highest
electric field strength probed. Importantly, the increasing separation between the leaving group and the ribose, in combination
with the persistent (partial) intramolecular charge transfer of 0.1e, causes the emergence of a huge dipole moment of 49 D,
which, in the case of the reaction starting from the α isomer, in particular, is almost perfectly aligned with the reaction axis. It is
this growing dipole moment that is responsible for the remarkable catalysis observed for this species.

For the SN1 pathway, the activation energy is of the same order as for the SN2 pathway in the absence of an electric field;
the barrier of the rate-determining reaction step amounts to 37.7 kcal/mol. In the presence of an OEEF aligned with the dipole
moment, however, no significant catalysis is observed. The reason for this limited effect is that now, the reaction axis associated
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with the second TS is orthogonal to the dipole moment (see Section S6 of Supporting Information). As such, the rate-determining
TS is not stabilized significantly, whereas the reactant, i.e., the ribofuranosyl phosphate species, is.

A final pathway that could potentially be envisioned is direct oxocarbenium capture by uracil, followed by deprotonation. In
essence, this corresponds to the SN1 pathway, but without the initial ribose-phosphate dissociation. As our calculations indicate
that the rate-determining step of the SN1 pathway is retained in this final alternative, both are equally unlikely to transpire: the
energetic spans, as well as the susceptibility to electric field effects, are the same.

3.3 Evaluation of the full reaction profile

Overall, it should be clear that the only feasible reaction pathway leading to the ribonucleoside emerging from our computations
is the SN2 pathway, involving α-ribofuranosyl phosphate. The overall energetic span of the protonation – dissociation – SN2
pathway, starting from the original, protonated ribose, effectively amounts to a mere 12-13 kcal/mol with an electric field
strength of ±0.3 V Å–1 in the worst case situation (cf. Fig. 8), suggesting reaction rates that would easily result in detectable
concentrations of the experimentally observed ribonucleoside on the typical timescale of microdroplet experiments (100s of µs
up to a couple of ms).21

-33.9

β-uridine

H3PO4
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-13.9TS
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6.0
TS

12.9
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O
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F I G U R E 8 M06-2X/def2-TZVPD//M06-2X/def2-SVP free energy profile for the conversion of protonated α-ribose into
β-uridine under the effect of a field with Fz = ± 0.3 V A–1. TS = transition state, IM = Intermediate

It is important to underscore at this point that a significant amount of uncertainty remains: as already discussed in the
introduction, the physics of microdroplets, and the precise impact of this peculiar environment on the chemistry taking place
inside them, is not yet fully understood.16,17,18,3,1,19,20 For example, the actual magnitude of the (intrinsic) electric field in
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microdroplets has been debated extensively, and diverging estimates have been put forward.3,1,19,20 0.3 V Å–1 clearly falls near
the upper limit of what may be considered as realistic, and our calculations indicate that at significantly lower field strengths, the
SN2 pathway quickly becomes less favorable. However, as recently pointed out by Head-Gordon and co-workers, all estimates
provided so far focused on the average electric field magnitude near the surface of microdroplets. In practice, fluctuations at the
microdroplet interface likely result in a Lorentzian spread of field values,52 implying that 0.3 V Å–1 may be achieved locally, and
momentarily, even if the average field strength would turn out to be significantly lower. Regardless of this point of uncertainty, it
should be clear that the mechanism proposed above is the only plausible option among the ones considered in this study, as
every other possibility involves an energetic span that is at least 20-25 kcal/mol bigger (even in the presence of extreme electric
field strengths), thus exceeding by far the window of reactions feasible at room temperature on a (mili)second scale.

It is also important to note that in principle, the validity of our calculations could easily be confirmed – or falsified –
experimentally. As indicated above, our results suggest that there should be a clear preference in the stereochemistry of the
ribonucleoside formed in microdroplets, with the β isomer being preferred over the α one by a significant margin. In the
experiments by Zare and co-workers, the stereochemistry of the formed products was not characterized,21,22 but if upon
replication, it would be observed that only a single stereoisomer would be formed, then that would provide unequivocal support
for the mechanism, involving an SN2 elementary step, described above.

4 CONCLUSIONS

Here, we have computationally investigated the mechanism of abiotic phosphorylation of ribose, and the subsequent formation
of ribonucleosides. Various mechanistic possibilities were considered, with a particular focus on the effect of acidity and electric
field effects. Our calculations suggest that the most plausible reaction pathway involves protonation of the starting compound
ribose, followed by carbocation formation through dissociation, and finally an SN2 reaction step. In the absence of an external
electric field, this reaction pathway, as well as all the other reaction pathways considered, involve energetic spans exceeding
30-40 kcal/mol, so they won’t take place in practice. When a significant OEEF is applied, however, the SN2-based pathway –
resulting in the β isomer – is stabilized remarkably (the energetic span reduces to 11 kcal/mol), and hence becomes thermally
accessible. Since the other reaction pathways considered are much less susceptible to electric field effects, one can conclude that
the described protonation – dissociation – SN2 pathway is the only plausible one in microdroplets – under the assumption that
significant electric fields are indeed present in these environments. Since our calculations suggest that the proposed mechanism
involves a strong anomeric preference, straightforward experimental verification is in principle possible.

Notably, the presented mechanism strongly resembles the enzymatic mechanism of phosphorolysis, both in terms of the actual
reaction pathway taken (SN2), and the observed selectivity. This finding underscores that the catalysis exerted by phosphorylase
enzymes is also likely caused by (local) electric fields surrounding the active site, in line with the electrostatic catalysis hypothesis
originally proposed by Warshel and co-workers.25

5 DATA AVAILABILITY

The log files for all calculations can be downloaded from Figshare at https://figshare.com/projects/Abiotic_ribonucleoside_
formation_in_microdroplets_mechanistic_exploration_acidity_and_electric_field_effects/223206.
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