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Oriented electric fields as future smart reagents
in chemistry

Sason Shaik*, Debasish Mandal and Rajeev Ramanan

Oriented external electric fields (OEEFs) as ‘smart reagents’ are no longer a theoretical dream. Here, we discuss the wide-
ranging potential of using OEEFs to catalyse and control a variety of non-redox reactions and impart selectivity at will. An
OEEF along the direction of electron reorganization (the so-called reaction axis) will catalyse nonpolar reactions by orders of
magnitude, control regioselectivity and induce spin-state selectivity. Simply flipping the direction of the OEEF or orienting it off
of the reaction axis, will control at will the endo/exo ratio in Diels-Alder reactions and steps in enzymatic cycles. This Perspective
highlights these outcomes using theoretical results for hydrogen abstraction reactions, epoxidation of double bonds, C-C bond
forming reactions, proton transfers and the cycle of the enzyme cytochrome P450, as well as recent experimental data. We
postulate that, as experimental techniques mature, chemical syntheses may become an exercise in zapping oriented molecules

with OEEFs.

nal electric fields (OEEFs) as future smart catalysts in chemical

synthesis. The recent elegant experiment of an OEEF-catalysed
Diels—Alder reaction' confirmed a previous theoretical prediction?,
and thereby showed that such goals of catalysing non-polar and non-
redox reactions by means of OEEFs** are reachable, and await explo-
ration via iterative improvement of already accessible techniques".
As we shall argue, OEEFs along the reaction axis (where electronic
reorganization transpires) awaken the weak ionicity of those cova-
lent bonds that undergo breaking and reformation’, thereby impart-
ing special stability on transition states of nonpolar reactions.

External electric fields (EEFs) have a range of effects. EEFs affect
the spectroscopy of molecules (for example, the Stark Effect)'®!,
promote electron transfer and redox reactions'>¢, and elicit spin-
polarized conductivity'”*®. Intense fields (lasers) change geometries
of molecules', whereas EEF pulses at STM tips cause isomeriza-
tion of molecules®** and induce spin-crossover transitions in Fe(1r)
complexes, thereby serving as single molecular switches.

Our interest in catalysis by OEEFs was seeded during
Yeshayahu Pocker’s 1974 course on electrostatic catalysis of bond
heterolysis reactions in concentrated LiClO, solutions (6-7 M)>.
Subsequently, it was reawakened during the development of the
valence bond (VB)-diagram model of chemical reactivity; this model
projects the essential impact of ionic VB structures on chemical reac-
tivity®?%. In 1999 we addressed electrostatic catalysis of Sy1 heteroly-
sis by showing how external ions lower the energy of ionic structures
and thereby induce rate enhancement®**. However, the impulse
to start a systematic exploration of OEEF effects on nonpolar reac-
tions was provided by the computed oriented EFs in P450 enzymes,
and the effect of single-site mutations on the reorientation of these
EFs??. Based on these studies®?, this Perspective tries to chart the
horizons of OEEF effects on chemical reactivity of nonpolar reactions,
such as H-abstraction, radical addition to double bonds, cycloaddi-
tions and so on. Additionally, we demonstrate that the OEEF is an
effector of chemical change, acting by selection rules. It alters the
kinetics and thermodynamics of the reactions and thereby acts
as a catalyst or inhibitor of reactions at will, and as a controller of
reaction mechanisms.

| his is a Perspective on the prospects of utilizing oriented exter-

Although this Perspective focuses on OEEFs, it is important
to mention that nature has already devised chemical objects with
built-in electric fields (EFs) that catalyse a variety of reactions by
stabilizing ionic structures in their respective transition states.
The catalytic power of enzymes has been attributed®*® to pre-
organized polar groups that stabilize transition states and impart
electrostatic catalysis on their respective reactions. Electrostatic
catalysis in enzymes was recently demonstrated for ketosteroide
isomerase in an experiment® that related the stabilization of the
transition state for carbonyl-activation directly to the local field
of the polar groups®. Furthermore, built-in molecular EFs gener-
ated by charged substituents were recently found to change bond
dissociation energies of remote bonds by tens of kilojoules due
to electrostatic stabilization of the generated distonic radicals®*.
Ultimately, the application of OEEFs to synthesis may mimic
nature and perhaps surpass its designs.

Waking dormant ionic structures by OEEFs
OEEFs wake up dormant ionic structures of bonds and cause dipole
orientation in the molecules frame®~*°. This effect is apparent from
Fig. 1a for the homonuclear bonds H-H and Li-Li in a z-oriented
field along the bond axis. It is seen that a z-OEEF induces sig-
nificant ionicity in these homonuclear bonds. The degree depends
on the molecular polarizability (compare H, to Li,) and the field’s
strength. As seen by comparing the charges in red to those in blue,
flipping the field from positive (F, > 0) to negative (F, < 0) flips
also the direction of bond ionicity. Increasing the field’s strength
increases the ionicity (see Supplementary Table 4). For exam-
ple, doubling F, to 0.04 a.u. (2.06 V A') increases the charge
polarization to +0.22 e~ for H,. These changes are specific and
they occur only when the OEEF is projected along the bond axis.
Understanding this effect with either molecular orbital (MO)
or VB theory is straightforward. Thus, as shown in Fig. 1b, in a
zero field the electron pair of the Li-Li bond resides in a sym-
metric 0 MO. In the presence of F, the direct product of the ¢ and
o* orbitals has the same symmetry as the F, operator. Hence, the
orbitals mix and rehybridize, acquiring higher contributions on
either the right or left atoms, depending on the direction of F,.
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Figure1| MO and VB analyses of the manner by which an OEEF, oriented
along the bond axis, generates charge distributions and dipole moments
in two homonuclear bonds, H-H and Li-Li. a, OEEF-induced ionicity in

H, and Li, for positive (F,> 0) and negative (F,< O) fields (+0.02 a.u.;

1a.u. =514V A7) along the bond-axis. b, The MO-based polarization
mechanism due to o-0* mixing: the symmetric o orbital of Li, without a field
(centre) versus the polarized ones for F,> 0 and F,< O (on both sides).

¢, The VB-based polarization mechanism: the bond-wave-function (¥_,)
without a field (left) arises due to equal mixing of the covalent structure
(@) with the degenerate ionic structures (@), P,oni2y), Producing a non-
polarized covalent bond. F,< 0 and F,> O (right) exert selective stabilization
of the ionic structure that opposes the field's polarity. The selective covalent-
ionic mixing thereby leads to polarized bond wavefunctions.

Figure 1c shows the VB scenario using the H-H bond. Thus, in
a zero field, the H-H electron-pair bond possesses a covalent struc-
ture (Py) that mixes equally with two degenerate ionic structures,
D,y and @, ,,. Consequently, the bond-wave function (¥y_;)
describes an apolar bond, even though the ionic structures are hid-
den dormant in the wave function. However, a z-OEEEF stabilizes the
ionic structure @, that now mixes preferentially with the cova-
lent structure and leads to a bond with ionicity oriented as in @, ).
Flipping the z-OEEF, will now stabilize the ionic structure @),
which will mix preferentially with the covalent structure and lead to
a bond with the ionicity of @, .

It is clear that as we increase the field’s strength, eventually the
specifically stabilized ionic structure will cross below the covalent
structure leading to bond heterolysis*?*, as found indeed recently
using detailed computations®. All of these effects on the dormant
ionic structures will appear at weaker fields for polar bonds, for
example ‘Bu-Cl, where at F,=0.04 a.u. the charge distribution is
already ‘Bu****Cl*#* (Supplementary Table 6). Thus, the OEEF will
catalyse the bond heterolysis, much like the LiCIO, catalysis® of Sy1
reactions of polar bonds*?%*. The control of the energetics of ionic
structures is the root cause of all the OEEF effects discussed below.

OEEF will drive selective bond activation at will
Let us discuss bond-activation reactions as those promoted by the
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active species of the enzyme cytochrome P450, called Compound I
(CpdI). CpdI is a high-valent iron-oxo species coupled to a porphy-
rin (Por) radical cation, thus possessing two closely lying spin states,
doublet and quartet, arising from the coupling of the local triplet
FeO and the Por radical”***!. CpdI is a versatile reagent that per-
forms C-H hydroxylation, C=C epoxidation, arene activation, oxo-
transfers to heteroatoms, and so on*'.

Figures 2 and 3 illustrate the effect of OEEFs on the regioselectivity
of epoxidation versus hydroxylation in the reaction of a model CpdI
with propene.® Fig. 2a depicts the coordinate axes and the conven-
tion used for positive F, and dipole (u,) oriented along the S-Fe-O
axis. Figure 2b displays spin densities and p, values in the quartet
state (similar trends pertain to the doublet state) in a zero field (in
black) and under the influence of F, (in red and blue). It is seen that in
F,=0, the iron-oxo moiety has two unpaired spins distributed almost
equally between Fe and O (1.04 and 0.98, respectively), and a third
spin distributed almost evenly over the Por and thiolate (S) ligands.
For F,< 0 (in blue) there occurs charge transfer (CT) from Por to S
that redistributes the spin density, increasing the Por radical cation
character (Por*) at the expense of the thiolate. By contrast, in F,> 0
(in red) an opposite CT transpires and CpdI acquires a large S-radical
character at the expense of Por**. The z-OEEF also induces significant
changes in the dipole-moment components along the z-axis. Thus, in
accord with the CT direction, F,> 0 increases the negative value of
u, from —0.52 D (at F, =0) to —6.30 D, whereas F, < 0 flips the direc-
tion of y, and increases its value to 5.27 D. The OEEF augmentation
of the dipoles with regard to F, =0 reflects augmented ionicity of the
bonds along the S—Fe—O axis. Let us see if these changes will have any
impact on the regioselectivity of bond activation by CpdI.

Figures 3a and 3b show the impact of OEEFs on the regio-
selectivity of bond activation, using the transition states in the rate-
determining steps for the two processes; (H-abstraction (TS1;)) in
hydroxylation and an Fe=O attack on the double bond (TS1) in
epoxidation)®. Fig. 3a plots the spin-states' averaged energy dif-
ferences between these transition states, as a function of the x,y,z-
OEEFs. It is seen that at F,=0 there is no selectivity, and indeed,
Fig. 3b shows that these transition states (for the two spin states)
are condensed to within 0.5 kcal mol™'. However, Fig. 3a shows that
turning F, on imparts regioselectivity such that F,< 0 prefers epoxi-
dation, whereas F,> 0 prefers hydroxylation.
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Figure2 | A z-oriented OEEF affects the bond activation reactions of
propene, mediated by an iron-oxo Por radical cation model species
(Cpdl) of the enzyme cytochrome P450. a, Potential propene activation
reactions by Cpdl to an epoxide and/or an allyl alcohol. The coordinate
axes are shown on Cpdl, along with the used conventions for positive F,and
dipole moment (y,). b, Spin densities on O, Fe, Por and SH: in the middle
in black for F,=0, whereas to the right (blue) for F,< 0 and to the left (red)
for F,> 0. Underneath the structures we indicate amounts and directions
of charge transfer (Q.;), and dipole moments (in Debye units) of Cpdl.
Note that the OEEFs in the z-axis increase the dipole moment of Cpdl in
an absolute magnitude, and change its spin density distribution. Figure
adapted with permission from ref. 3, ACS.
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Figure3 | A z-oriented OEEF causes selective bond activations of propene by Cpd I, such that either C-H hydroxylation or C=C epoxidation can be
produced at will. a, Plots of the spin-averaged transition-state energy differences (E(TS,)-E(TS.)) for hydroxylation versus epoxidation, as a function of
the field strengths and directions along the three axes. Note that a negative F, favours C=C epoxidation, whereas a positive one favours C-H hydroxylation.
OEEFs along the x- and y-axes are however, ineffective. b, Relative energies of the four transition states at F,=0 and F,= £ 0.0125 a.u. Without the field
there is no selectivity. Turning on the field leads to 100% C-H activation when F, > O, whereas flipping the field to F, < O leads to 100% C=C activation.

¢, The dipole moments for TSy, and TS increase in absolute magnitudes in positive and negative F, directions. Note that for F, < O TS¢ possesses a larger
dipole and will therefore be preferentially stabilized over TSy, whereas for F, > 0 TS, develops a larger dipole and it will be preferentially stabilized over TS.

Figure adapted with permission from ref. 3, ACS.
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Figure4 | A negatively oriented z-OEEF drastically lowers the C-H hydroxylation barriers in the reactions between the two spin states of an iron-oxo
complex (TMC(SR)FeO*) and cyclohexane, and creates product- and spin-state selectivities in the quintet state's hydroxylation process. a, The putative
reaction between TMC(SR)FeO* and C¢H,, shown along with coordinate axes (TMC(SR) is a tetramethylcylam with a tethered thiolate). b, The d-type
orbitals and their occupancies in the S=1 (triplet) and S=2 (quintet) spin-states. The depicted 072 and 7}, orbitals control the geometries of the H-abstraction
transition states (53*TS,,) in the two spin states (the superscripts, for example, in 3TS,,, indicate spin multiplicities). ¢, Zero-point energy and solvent corrected
energy (kcal mol™) profiles with H-abstraction and rebound phases; for F,=0 to the right and F,=—-0.0075 a.u. to the left. Note that when the field is turned
on, the barriers decrease, and more so for the quintet state. d, Geometries of >3TS,, and dipole moments at F,= 0 and F, = -0.0075 a.u. Note that the larger

acquired dipole for the quintet transition state with regard to the triplet state, leads also to spin-state selectivity.

VB modelling of the two reactions*>** shows that above the cova-
lent states (structures) there exist excited states involving charge
transfer for example, from the propene to Cpdl, along the z-axis,
and are therefore highly susceptible to z-OEEF effects. Indeed, as
shown in Fig. 3¢, F, increases the dipole moments of the respective
transition states, due to stabilization of the ionic structures along the

NATURE CHEMISTRY | VOL 8 | DECEMBER 2016 | www.nature.com/naturechemistry

z-axis. Thus, F, < 0 increases CT from the propene moiety towards
CpdI such that the transition state dipole stretches now from the
positively-charged propene to the negatively-charged thiolate. This
dipole increase is more pronounced for TS (in the two spin states).
On the other hand, F,> 0 induces CT from the thiolate towards
the propene, hence flipping the dipole that stretches now from the

1093

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nchem.2651

PERSPECTIVE

NATURE CHEMISTRY pbol: 10.1038/NCHEM.2651

5 @J{@_{_)

\
RC1-bond / RCZ-ring-closure

Figure5 | VB diagrams showing the construction of the energy profiles
(brown) for a Diels-Alder reaction between generic diene and dienophile,
and leading to predictions of z-OEEF effects on catalysis/inhibition and
mechanistic crossover in the reactions. a, Formation of the transition state
due to the mixing of reactants’ and products’ state-curves (®(r), (®(p))
and the CT state (@), along the concerted pathway. The bold brown
curve is the final state's energy profile arising from the VB mixing. F,< O will
stabilize ®¢; and catalyse the reaction. b, The crossing of @, at some large
F,< O below the crossing point of the ®(r) and ®(p) curves, thus mediating
a stepwise mechanism with an intermediate, Lyiyerion- Figure adapted with
permission from ref. 2, Wiley-VCH.

positively charged thiolate to a negatively charged oxo-ligand. This
flipped dipole increases in absolute magnitude compared to the field-
free transition states, and the effect is larger for TS;; (4, = —9.87 D ver-
sus —7.54 D). Thus, the interaction between F, and the dipole confers
regioselectivity to the reaction, and as seen in Fig. 3b, when the field is
sufficiently large, one has regioselectivity at will; 100% hydroxylation
at F,> 0 or 100% epoxidation at F, < 0.

The reaction-axis rule. Importantly, in Fig. 3, the x,y fields (F,)
induce greater x,y dipoles than those produced by F, (ref. 3).
Nevertheless, by contrast to the F, effects, applying F,, in Fig. 3a
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does not impart significant regioselectivity. The reason for this
directional selectivity of the electric field is that the dipole changes
in the z-direction are selectively larger for the transition states with
regards to the reactant states, thus leading to catalysis and selectivity.
On the other hand, the greater dipoles induced by the F,, oriented
fields do not vary significantly between reactants and transition
states and hence they do not impart either catalysis or selectivity. It
is apparent that the effect obeys the following selection rule: an EF
oriented along the axis wherein the electronic reorganization occurs
will catalyse the reaction and endow it with selectivity, it does so by
enhancing the stability of the ionic structures that contribute to the
transition state and thereby manipulating the barriers. We refer to
this as the ‘reaction-axis rule.

OEEF will elicit spin-selective reactions

Non-heme iron-oxo complexes are bio-inspired by the respec-
tive ubiquitous natural enzymes, which utilize such complexes to
hydroxylate strong C-H bonds. To test the OEEF impact on this
biomimetic process, we selected the synthetic TMC(SR)FeO* com-
plex shown in Fig. 4a (ref. 44), and examined its hydroxylating
capability with cyclohexane, which has a strong C-H bond*. This
specific reaction was chosen, because in the absence of an appro-
priately oriented OEEF, TMC(SR)FeO* cannot really abstract a
hydrogen from cyclohexane, let alone undergo full hydroxylation to
cyclohexyl alcohol. But will it do so with OEEF? Like similar com-
plexes, TMC(SR)FeO* also possesses two low-lying spin states, tri-
plet (S=1) and quintet (S=2), which are shown in Fig. 4b using the
corresponding d-orbital diagrams.

Based on the reaction-axis rule, the H-abstraction reaction will
be catalysed by a field oriented in the negative direction of the
S-Fe-O axis (F, < 0). Figure 4c shows the energy profiles in aceto-
nitrile solution at zero field to the right, and at F,=-0.0075 a.u. to
the left; both involving an H-abstraction step and forming radical-
intermediate complexes (**I) followed by radical-rebounds to form
the cyclohexanol ferrous-complex products (>*P). It is seen that at
F, =0, the H-abstraction barriers are high, and the rebound bar-
riers are significant. As such, the H-abstraction will be sluggish,
and the so-formed cyclohexyl radical will escape the **I complex
and will give rise to products nascent from this radical®. Turning
on the F, in the negative direction leads to dramatic changes; the
H-abstraction barrier gets significantly lowered while the rebound
barrier vanishes. The effect is spin-selective and larger for the
quintet state. At F,=-0.0075 a.u. the H-abstraction barrier for the
quintet state becomes very small (9.2 kcal mol™) and the rebound
barrier vanishes altogether, thereby generating an effectively con-
certed process leading to the alcohol-complex product (similarly,
see Supplementary Fig. 1). Thus, product- and spin-selectivities,
and catalysis are achieved by the z-OEEF along the reaction axis.

The marked increase of y, in **TSy (Fig. 4d) reflects the aug-
mented contributions of the ionic structures O-H*R* and O~ H* R*
(R = cyclohexyl) that are stabilized by F, < 0, and contribute to the
transition states. These ionic structures are contributed by the OEEF-
enhanced mixing of the CT state that involves transfer of an elec-
tron from the alkane to the iron-oxo complex***, into the covalent
state of the transition state. The spin selectivity of this effect reflects
the different transition state geometries (Fig. 4d), which derive
from the orbital-selection rules* that control the geometries of the
respective transition states; o> controls *TSy, whereas 7%, controls
TSy (Fig. 4a). Thus, TSy has an upright structure, and hence its
ionic structures are precisely aligned along the reaction axis, its p,
increases markedly, and so does its stabilization by the z-OEEE By
contrast, *TS, assumes a sideways orientation, and its ionic structure
is off the z-axis, thus the increase of its y, is smaller and its stabiliza-
tion is lesser, compared with TS

Clearly, once again we can see the reaction-axis rule in action,
and now due to spin-selective augmentation of the ionic structures
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Figure 6 | Computational results showing that OEEFs induce catalysis, inhibition, and endo/exo selectivity in the reaction of cyclopentadiene and maleic
anhydride. a, F, induces either catalysis or inhibition depending on the direction: plots of the computed barriers (AE?) for the endo and exo paths versus F,.
Numbers on the plots are TS-dipole moments (u, units are in Debye). The endo and exo paths (along with the coordinate axes, the applied F, directions, the
direction of transition-state dipole moments and the directions of CT(Qc)) are shown above the barrier plot. Thus, F, < O catalyses the reaction, whereas
F, > O inhibits it. Below the barriers plots are transition-state structures at some F,< O values, in the gas phase (structures in black) and in a solvent phase
(structure in blue). b, F, induces stereochemical selectivity: AEL .4, Plots versus F,. The endo and exo paths are shown underneath the barrier plot (along
with the directions of the y-axis, and the u, components in the reactant clusters (R) and the corresponding transition states, for F,< O and F,> 0). F, is seen
to induce selectivity at will. Figure adapted with permission from ref. 2, Wiley-VCH.

in the transition state®?*?; thus leading to catalysis and product
selectivity, and conferring spin-selectivity on the reaction.

Catalysis of Diels-Alder reactions by OEEFs

The Diels-Alder reaction involves simultaneous creation of two
C-C bonds, and is therefore a key reaction in organic synthesis. Let
us then utilize the reaction-axis rule and make initial predictions
about OEEF effects on the reaction. Subsequently we shall compare
these predictions to the computational results? and the experimen-
tal verification of the predictions'.

Figure 5a shows the VB diagram**** that describes the formation
of the transition state, the respective barrier, and the mechanistic
crossover, for a generic Diels—Alder reaction. Thus, the barrier and
transition state arise from the mixing of the reactants’ and products’
(D(r) and D(p)) state-curves that cross one another along the con-
certed pathway. There is also CT-state-curve (D), which involves
an electron transfer from the diene to the dienophile. ®; shares the
same symmetry as the transition state and can mix into it¥, thus
lowering the barrier and endowing the transition state with some
ionicity. It is clear that F, < 0 along the reaction axis will stabilize
@1, and will cause greater transition state stabilization and hence
also catalysis of the reaction. By contrast, F,> 0 will destabilize the
@ state, hence decreasing its mixing into the transition state and
raising the barrier, thus inhibiting the reaction. Furthermore, as

NATURE CHEMISTRY | VOL 8 | DECEMBER 2016 | www.nature.com/naturechemistry

shown in Fig. 5b, at some critically large F, < 0 the @ state should
be sufficiently stabilized to cross well below the principal state-
curves and change thereby the mechanism from a concerted to a
stepwise cycloaddition via a zwitterionic intermediate (I,;erion)-

The calculations support these predictions. Figure 6a shows
the variation of the barriers for the endo and exo cycloadditions of
maleic anhydride and cyclopentadiene as a function of the z-OEEF.
It is seen that F, < 0 lowers the barrier by up to ~8 kcal mol™', which
amounts to million-fold rate-enhancement. By contrast, applying
F,> 0 increases the barrier by 6.4 kcal mol™, thus inhibiting the
reaction. The numbers adjacent to the data points on the barrier-
plots in Fig. 6a indicate the y, dipole-moment components of the
transition states. It is seen that F, < 0 increases the dipole moment,
whereas F, > 0 decreases it to almost zero. These dipole variations
are proportional to the amount of charge transfer (Qy), from cyclo-
pentadiene to maleic anhydride, induced by stabilization/destabili-
zation of @, and its OEEF modulated-mixing into the transition
state’s wave function. In accord with the above VB predictions, the
calculated Q.(TS) values increase from 0.33 e”at F, = 0 to 0.55 e” at
F, < 0, while decreasing to 0.16 e~ at F,> 0. This variation of transi-
tion state bond ionicity manipulates the barrier heights.

As further seen at the bottom of Fig. 6a, the OEEF affects also
the transition state’s geometries, which become asynchronous. In
the gas-phase the asynchronicity in the two C-C bond making steps
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Figure7 | The single-molecule experiment' showing catalysis of a Diels-Alder reaction by an OEEF, created by a bias voltage between the STM tip
andthe electrode. It is seen from the right-hand drawing that only one direction of the OEEF, the one stabilizing VB structure (l) leads to catalysis.

Figure adapted with permission from ref. 1, Nature Publishing Group.

reaches 0.337 A at the highest negative field, while the mechanism
is still being concerted. When solvent (CH,Cl,) is added, the asyn-
chronicity reaches 0.887 A at F, = —0.0075 a.u., but nonetheless the
reaction maintains its concerted mechanism. However, it becomes
stepwise at a larger negative field, F,=-0.0125 a.u. (with solvent
included), proceeding via an open-zwitterionic intermediate, as
predicted by the VB model in Fig. 5b (ref. 2).

Finally, Fig. 6b shows another OEEF effect, now along the y-axis
wherein the maleic anhydride has a dipole moment. It is observed
that using F, < 0, the barrier for the exo-reaction is lower than for
endo, whereas when F, = 0 and F, > 0, the preferred stereochemistry
is endo. Again, as seen from the dipole moments underneath the
barriers plots, the selectivity crossover is rooted in transition state
bond-ionicity changes. F, < 0 increases the y-dipole component for
TS.., compared with the respective reactant cluster (R). This increase
is less effective for TS, q,, thus leading to exo selectivity. On the other
hand, for F, > 0 the native dipoles are parallel to the fields polarity
and hence, both R and TS are destabilized. In the endo-path both
species have similar dipoles and undergo equal destabilization, thus
the endo barrier remains constant as F, changes. In comparison,
TS.,, having the higher dipole undergoes larger destabilization with
regard to R,,,, and hence the exo-barrier rises for F,> 0. Secondary-
orbital interactions may play some role but certainly not in the
endo/exo selectivity crossover.

In summary therefore, usage of OEEFs enables to control catal-
ysis/inhibition of the Diels—Alder reaction and its endo/exo selec-
tivity at will.

Experimental verification. The OEEF catalysis of a Diels-Alder
reaction was experimentally verified by Aragones et al' using the
set-up shown schematically in Fig. 7. Thus, the authors of this study
ingeniously solved the orientations of the reactants and EEF along
the reaction axis, using an STM tip holding the diene and a self-
assembled dienophile on a gold electrode. The OEEF was created by
a voltage difference between the tip and the electrode. By moving the
tip towards the electrode, up to ~1 nm, the team observed a tunnel-
ling current, which marked the formation of a product molecule that
generated a conduction junction. They convincingly ascertained that
only the product leads to the tunnelling current. The frequency of
product formation event was studied using the break-junction (BJ)
technique?, which provides a statistically meaningful reaction rate.
The team was able to verify that catalysis of the reaction occurred
at the specific field orientation that stabilized only the CT state with
the lower energy (marked (I) in Fig. 7). This refined single-molecule
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experiment is a proof of principle that nonpolar reactions involving
C-C bond formation are subject to OEEF catalysis. It further shows
the way to orient the reacting molecules and fix them within the field.

Prospects and conclusions

In summary, use of OEEFs along the reaction-axis enables chemists to
control catalysis/inhibition of nonpolar reactions and their selectivity
patterns at will by enhancing or retarding the electronic reorganization
required to convert reactants to products. The effects are mediated via
ionic structures whose variability manipulates barrier heights®*.

The number of potential applications is vast. Recently® we showed
that an OEEEF, along the S-Fe axis, could control the entire catalytic
cycle of P450, by either inhibiting or catalysing any step in the cycle
by merely flipping the field’s polarity in the direction of the reaction
axis or bond axis. This includes gating of the cycle by a water-ligand
detachment, electron-transfer steps, O, uptake and protonation of
the Fe-O, moiety. Polar bonds** behave intriguingly under OEEFs;
for example, C-Cl (Supplementary Table 6) undergoes enhanced
ionicity in one OEEF direction, and in the reverse the OEEF
quenches and flips bond-polarity. Other unpublished data show that
the Menshutkin reaction and DNA lesions are prone to catalysis by
OEEEF, and so is an entirely nonpolar class of radical exchange reac-
tions, R + H-R" — R-H + R", for example. Coote et al. reported
analogous experimental® and theoretical results®® on H-abstraction,
using built in EFs due to remote charged substituents. Other theo-
retical and experimental studies reported OEEF catalysis of proton
transfer®-*" and tautomerization'"*' reactions, biological regulation
of NO release®, control of metal-ligand binding?***”**, formation of
amino acids from simple molecules (the Miller experiment testing
the postulate of prebiotic generation of amino acids by electric dis-
charge)™, and affect guanine aggregates®. These are just a few of the
applications in the huge landscape of OEEF-controlled reactivity,
showing that OEEF is a mighty effector of chemical change.

The theoretical predictions still face some fundamental chal-
lenges, which await treatment. One of these is the question of the
favoured orientation of the EEF. Thus, it is already clear that while
the reaction axis forms a reliable selection rule for catalysis and inhi-
bition, some selectivity effects (for example, exo and endo in Diels—
Alder reactions) requires OEEF orientation oft of the reaction axis.
In some cases the reaction axis may not be well defined. Deriving
the selection rule for a symmetry forbidden reaction® is a challenge,
for which we have already made progress. Proper treatment of sol-
vent effect in the presence of OEEF will require molecular dynamics
simulation along with the quantum mechanical calculations.
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Although not every EEF effect requires orientation®”’, most
effects do, such that orientation poses an experimental challenge.
As noted above (Fig. 7), the STM-BJ technique provides an elegant
solution for the orientational problem of the reactants and the EEF,
thus nimbly controlling reactivity of single molecules’. Kanan and
co-workers®” introduced an electrochemical cell that provides inter-
facial EEFs that control the selectivity of rearrangement and carbene
reactions. As envisioned by Kanan, his technique can be eventually
exploited on a preparative scale. There exists also a micro reactor®
that enables the study of gas- and solution-phase reactions under
EEF. Nevertheless, orienting the field in particular directions, and/or
fixing the reactant molecules within the field, remains a challenge
for preparative applications. Some progress should come by use of
cells with self-assembled-reactants® (as demonstrated recently by
Ciampi and co-workers) for the study of redox activity of tethered
radicals on modified Si(100) electrodes®. Once the orientational
problem (reactants versus EEF) is overcome and allows reactions on
a preparative scale, one can envision chemical synthesis being pow-
ered up by OEEFs. OEEFs have the potential of becoming the smart
reagents and effectors of chemical changes of the future.
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