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Abstract: We report a detailed experimental and theoretical
analysis of through-space arene activation with halogens,
tetrazoles and achiral esters and amides. Contrary to
previously assumed direct activation through σ-complex
stabilization, our results suggest that these reactions proceed
by a relay mechanism wherein the lone pair-containing
activators form exothermic π-complexes with electrophilic
nitronium ion before transferring it to the probe ring through
low barrier transition states. Noncovalent interactions (NCI)

plots and Quantum Theory of Atoms in Molecules (QTAIM)
analyses depict favorable interactions between the Lewis
base (LB) and the nitronium ion in the precomplexes and the
transition states, suggesting directing group participation
throughout the mechanism. The regioselectivity of substitu-
tion also comports with a relay mechanism. In all, these data
pave the way for an alternate platform of electrophilic
aromatic substitution (EAS) reactions.

Introduction

Electrophilic aromatic substitution (EAS) constitutes one of the
most important classes of transformations in the entirety of
chemical synthesis.[1,2] To the present day, synthetic chemists
rely heavily on traditional methods of attaching activating (or
deactivating) groups directly to aromatic rings to control the
rates and selectivities of substitutions. Imagine instead a func-
tional group containing a lone pair of electrons suspended over
the π-cloud of an aromatic ring. Theoretically, such an arrange-
ment should activate the aromatic ring to approach of an

electrophile (Scheme 1). In order to test this hypothesis, our
laboratory has employed rigid bicyclic structures based on
fused 9,10-dihydroanthracene-bicycloheptane scaffolds to lock
select heteroatoms (e.g., fluorine, oxygen) in close spatial
proximity to aromatic rings.[3,4] The results were dramatic; the
probe ring was functionalized almost exclusively, and intermo-
lecular experiments indicated several hundred-fold rate en-
hancements (Scheme 2).

Mechanistically, we assumed a direct activation of the probe
ring by the proximate group that would in turn release electron
density into the ring in the transition state (Scheme 3, I). We
modeled and rationalized this process (somewhat crudely as it
were) through the calculation of the corresponding “Wheland”
intermediates, or σ-complexes,[5] as they often seemed to
account for the observed selectivities. We also sought enlight-
enment in an examination of electrostatic potential surfaces
and HOMO coefficients. As can be seen in Figure 1, the
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superficial differences between the probe aromatic rings and
the control aromatic rings in 1 are subtle and can hardly be
used to rationalize the dramatic outcomes.

Our initial approach to the problem turned out to be naive
if not incorrect. For example, one can conceive of several other
modes of activation, including rate-determining deprotonation
(Scheme 3, IIa)[6,7] and stabilization of the transition state
through hydrogen bonding (Scheme 3, IIb). In this paper, we
show through experiment and calculation an even more
surprising result – namely, precomplexation[8] of the electrophile
to the LB, which thus serves as a relay to the aromatic ring
(Scheme 3, III). We clarify and advance this work by the
examination of other scaffolds and several more basic func-
tional groups that would appear to favor precomplexation, as

the structural rigidity of our original system precluded signifi-
cant variation.

Background

We surmised that crystal structures would provide a wealth of
information on the natural disposition of potential through-
space directing groups with respect to aromatic rings. The
Isostar program (CCDB) was employed to measure close
contacts between aromatic rings and functional groups (Fig-
ure 2). Clearly, potential through-space activators show different
oriental preferences with respect to the π face of aromatic
rings, thus necessitating a detailed study of their impact on
aromatic substitutions.

One important mechanistic hint for us was provided by
Schneebeli and coworkers, who reported a remarkable diaster-
eoselective nitration in a simple, abiotic system using chiral
auxiliaries with carboxyethyl appendages.[9–12] They proposed
that these groups, when appropriately located, can also act as
internal bases by interacting with the aromatic proton being
substituted in the σ-complex (Scheme 3, Type II) besides
stabilizing its positive charge. More intriguingly, they observed
a noncovalent interaction between the nitronium ion and the
activator in the corresponding Wheland intermediate calculated

Scheme 2. Original model system.

Scheme 3. Possible modes of mechanisms; direct activation through σ-
complex stabilization (Types I, II) vs. relay mechanism (Type III).

Figure 1. Slice of electrostatic potential surface coincident with the plane of
symmetry of 1 (left); HOMO slice (center); and HOMO (right).

Figure 2. Close contacts (shorter than 0.16 Å of the sum of the van der Waals
distances) of functional groups in crystals [CCDB] with aromatic rings. a) C�I/
Ph group. b) C�Br/Ph. c) C�Cl/Ph. d) C�F/Ph. e) imidazole ring/Ph. f) C�F/C6F5
group. g) C�OH/Ph. h) amide/phenyl. i) amide/C6F5.
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with density functional theory (DFT), if nitration were to occur
syn to the activator (Figure 3).[9,10]

Our prior work and the results of Schneebeli’s group
prompted us to examine through-space arene activation with
halogens, tetrazoles, esters and amides as activating groups.
Our results led us to a model in which the reaction proceeds
through a relay mechanism with activating groups containing
lone pairs of electrons. The electrophile forms an exothermic π-
complex with the activator before being transferred to the
proximate aromatic ring; the resulting low-barrier transition
state is stabilized by simultaneous interaction with the directing
group (Figure 4a). This mechanism occurs in preference to the
previously assumed direct activation through σ-complex stabili-
zation. The positioning of the directing group is important; if it
is too far away, its ability to serve as a stabilizing relay is
foreclosed (Figure 4b). The strength of the relay interaction is
also a consideration (Figure 4c). Halogens are expected to be

“light touches,” whereas amide and tetrazole groups should be
strong binders.

Singleton and co-workers showed that modeling the
regioselectivity of toluene nitration in water required careful
consideration of the solvent complex coupled to molecular
dynamics simulations, as a result of the flat potential (and free)
energy surfaces associated with electrophilic addition.[13] Our
computational results also point to fairly flat potential energy
surfaces around the transition states through which activator
�NO2

+ π-complexes transform into σ-complexes that also make
it challenging to predict the regioselectivity, although very
illuminating when we do succeed in correlating theory and
experiment (see below). Although a complete picture of
regioselectivity may require exhaustive dynamic trajectory
calculations of the very complex (relative to toluene or o-
xylene) molecules involved here (beyond our current resources),
our analysis helps rationalize these transformations and
provides a practical model of predictive value.

Results and Discussion

Model systems

Our original model system (scaffold I) had the virtue of rigidly
positioning the Lewis basic site very close to the probe ring.
Unfortunately, we could only synthesize analogues containing
fluoro and hydroxy groups. Related scaffold II afforded more
choices, although the trade-off is that the Lewis base is
positioned somewhat further from the probe ring. The third
scaffold allows the placement of biologically relevant Lewis
bases such as amides and esters (Figure 5).

Directed arene activation in scaffold I

Our original model (scaffold I) located heteroatoms in spatial
proximity to the top aromatic ring while the bottom ring served
as a control.[3,4] Interestingly, when compound 2 was subjected
to nitrating conditions, the OH group formed a nitrate ester
before substitution occurred on the probe ring, thereby
providing us the first hint of a possible relay mechanism
(Scheme 4).[3] Nevertheless, the nitrated alcohol still directs
electrophilic nitration on the probe ring, in the presence of
additional nitronium ions. In the case of compound 1, however,

Figure 3. Noncovalent interactions between NO2
+ and the ester carbonyl

group in the Wheland intermediates obtained through syn-nitration
calculated by Schneebeli and coworkers.[9,10]

Figure 4. a) Energy diagram for precomplexation leading to a Wheland
intermediate. The barrier height of the transition state (TS) may be either
above or below the energy of the precomplex. b) Positioning of relay
groups. c) Interactions of Lewis bases with nitronium ions. Figure 5. Representative model systems I, II, and III.
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experimental observations provided no outward sign of a relay
mechanism.

Scaffold II

A serendipitous discovery[14–18] led to a new, somewhat more
flexible scaffold. We attempted to generate 4a1 (Figure 6),
stabilized by a cation-π interaction, as a characterizable
species.[19] Nevertheless, 4a1 was but a fleeting reactive
intermediate that rearranged under all circumstances to 4b1,
which then can trap a nucleophile. In hindsight, this was no
surprise, as benzylic 4b1 is predicted to be roughly 4 kcal/mol
lower in energy than 4a1.

Treatment of 5 with Xtalfluor-E exclusively resulted in the
formation of “up” isomer 6 (Scheme 5) as confirmed by the
19F NMR of isolated product (observed �160 ppm, DFT pre-
dicted �160 ppm and �215 ppm for up and down isomers).
When subjected to nitrating conditions,[20] 6 predominantly
nitrates the “top” ring at the positions indicated in Scheme 5 (~
1.7 :1 for 7a :7b).

As a first approximation, we performed energetic analysis of
σ-complexes which predicts those derived from the “top” ring
to be roughly 8.6 kcal/mol lower in energy than those anchored
on the bottom ring. At the same level, however, σ-complexes at
the top ring were predicted to be roughly 5.2 kcal/mol lower in
energy in 1,[4a] despite the shorter distance of the fluorine atom
from the positively charged carbon atom of the probe ring.
Quite possibly, the bottom ring in 6 is being affected by the
inductive effects of fluorine (see below).

Alternatively, we imagined replacing the hydrogen atom in
6 (HA, Scheme 5) with a Ph group to provide an additional
control ring free of steric as well as inductive effects. However,
we feared that tertiary cation 4a2 (Figure 6) might not be prone
to rearrangement since both 4a2 and 4b2 are benzylic, and 4a2
benefits from an additional cation–π interaction.[21–23] DFT
optimization reveals 4b2 to be roughly 13.5 kcal/mol higher in
energy than 4a2. However, nucleophilic attack on tertiary
carbocation 4a2 from inside is blocked by the stacked aromatic
ring, whereas outside attack adds severe steric strain to the
system. Experimentally, a rearrangement is observed, and 10 is
produced exclusively upon treatment of alcohol 9 with
Xtalfluor-E, which in turn was synthesized by a Grignard
reaction of ketone 8 (Scheme 6).[3a] As observed previously, the
19F NMR of the isolated product shows a peak at �162 ppm
that is consistent with the calculated fluorine chemical shift for
the up isomer. X-ray analysis confirms the structure in which the
fluorine atom rests 2.83 Å from the nearest carbon atom on the
adjacent aromatic ring (ring A, Scheme 6), a slightly greater
distance than in compound 1 (2.68 Å).[4a] This molecule serves
as another candidate for our investigation as it provides two
control rings B and C, wherein C is free from ring strain and
inductive effects, although its reactivity is relatively diminished
by mono-, as opposed to disubstitution.

Subjecting 10 to nitrating conditions resulted in two major
products 11a and 11b (~1.5 : 1) with nitrations predominately
on the probe ring A (Scheme 7). The exact positions of the nitro
groups were confirmed by X-ray crystallographic analysis
(Scheme 7). 1H NMR analysis of the reaction mixture, however,
also revealed some unreacted 10 and very small amounts of
dinitrated products whose characterization remained untrace-

Scheme 4. Formation of nitrate ester 3 and its subsequent nitration.

Figure 6. Relative Gibbs free energies of carbocations 4a1//4b1 and 4b1//4b2
at ωB97XD/6-311G(d,p).

Scheme 5. Synthesis and nitration of compound 6 (7a :7b= ~1.7 :1). Scheme 6. Synthesis of compound 10.
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able owing to trace impurities. We believe that they correspond
to subsequent nitration of control ring C, after initial nitration of
the probe ring.

Once again, DFT calculations predict the σ-complexes of the
probe ring to be roughly 8 kcal/mol more favorable than those
of both control rings. By this measure, we should not have
observed formation of dinitrated products before 10 was
completely nitrated, thereby providing another hint at the
insufficiency of σ-complex analysis.

We then synthesized the rearranged chloride 12 by treating
alcohol 9 with thionyl chloride (Scheme 8). Once again, the up

orientation was confirmed by X-ray analysis, which locates the
chlorine atom 3.08 Å (vs. 2.82 Å for fluorine) from the nearest
carbon atom on the probe ring. Upon subjecting 12 to nitration,
reaction occurs predominantly on the probe ring to form 14a

and 14b, along with small amounts of inseparable dinitrated
products (Scheme 8), thereby presenting the first putative
indication of chlorine’s ability to activate aromatic rings.

Attempted synthesis of the bromo-analogue by the treat-
ment of alcohol 9 with thionyl bromide resulted in the

formation of top-brominated compound 15;[24] which upon
nitration, exclusively substituted ring C, as confirmed by X-ray
analysis of the isolated product (Scheme 9). By analogy, we
imagine that the inseparable dinitrated byproducts observed in
the nitrations of 10 and 12 contain the second nitro group on
control ring C. This is in contrast to previously observed
tetrabromination of alcohol 2.[3a] The result, in retrospect, is not
surprising as alcohols are generally stronger Lewis bases than
bromides. In any case, bromide is not a good directing group.

Tetrazoles

The structural rearrangement of secondary carbocation 4b

provided an attractive means to incorporate larger moieties
within scaffold II. Tetrazoles, for instance, constitute an
important class of organic molecules in medicinal chemistry,
stemming from their isosterism with carboxylic acids and their
metabolic stabilities.[25–32] While literature on their biological
activities as well as physical properties is bountiful, their effect
on aromatic reactivity is not as well-explored.

To this end, we synthesized rearranged tetrazole 18 by
elaborating alcohol 5 (Scheme 10). DFT calculations predict two

Scheme 7. Nitration of 10 and the X-ray crystal structure of 11b (50%
probability level) (11a :11b= ~1.5 :1).

Scheme 8. Synthesis of 12, its X-ray crystal structure (50% probability level)
and its nitration.

Scheme 9. Synthesis and nitration of the dibrominated analogue 15.

Scheme 10. Synthesis of tetrazole 18 and its crystal structure (50%
probability level).
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rotamers of 18 with an energy difference of 1.1 kcal/mol,
connected by a rotational barrier of 9.8 kcal/mol. In rotamer A,
N2 of the tetrazole moiety is pointing towards the top ring as
the 5-methyl group points out, whereas in rotamer B, the plane
of the tetrazole moiety is almost parallel to the top ring as the
5-methyl group rests above the bottom ring.

In the 1H NMR spectrum of the product, the methyl protons
appear at 2.55 ppm (vs 2.49 ppm in 5-methyl-1H-tetrazole);[33]

thus not in the anisotropic region of the bottom ring. It
suggests that treating 17 with sodium azide in refluxing
acetonitrile produced compound 18 as its A rotamer
(Scheme 10). The structure was finally confirmed by X-ray
analysis that located N2 of the tetrazole moiety 3.17 Å away
from the nearest carbon on the probe ring. When subjected to
nitration, tetrazole 18 underwent exclusive reaction of the
probe ring, predominantly on positions 2 and 3, as confirmed
by X-ray analysis of the isolated products (Scheme 11).

Carbonyl directed arene activation: failure of the wheland

model

Our investigation of carboxyalkyl group mediated arene
activation began with attempted nitration of monoester 20.[34]

Unfortunately, a mixture of inseparable nitrated products was
observed in the 1H NMR of the reaction mixture, most likely due
to the asymmetry of the molecule.

When we synthesized cis-diester 21[35] as a symmetrical
variant, we observed the exclusive nitration of the probe ring at

the “meta-para” position (Scheme 12). The structure of the
product was confirmed by a [1H,1H]-NOESY spectrum[36,37] of the
isolated material. No through-space coupling is observed
between the aromatic protons of the substituted ring and the
carbonyl α-protons (Figure 7).

Next, we turned to more Lewis basic amides. This is an
inherently interesting case as it possesses biochemical rele-
vance, given the multitude of close spatial interactions of
amides with aromatic groups in proteins. We also reckoned that
amides should exhibit stronger through-space arene activation.
Optimized structures of the σ-complexes of amide 23 predict
that the carbonyl group bends down to stabilize the positive
charge on the proximate probe ring (O···C distance=1.52 Å). As
a result, 24bσ is predicted to be ~22 kcal/mol lower in energy
than σ-complexes on the unperturbed ring. σ-Complex analysis
also predicts a very strong regiochemical bias for nitration on
the probe ring at the position para to the methylamido group
(also about 20 kcal/mol). Thus, this substrate provides a test as
to the viability of the crude Wheland analysis.

We synthesized 23 by functionalization of monoester 20,
which in turn yielded exclusive nitration of the probe ring at
the positions indicated in Scheme 13 (~1 :1 ratio for 24a :24b)
as confirmed by the [1H,1H]-NOESY spectrum of the isolated
products, wherein no aromatic proton on the substituted ring
engages in through-space coupling with the amide α-proton.
This result represents a clear failure of the Wheland analysis. By
this juncture, we had already developed some skepticism that
simple σ-complex analysis could provide a good energetic
picture of this reaction, and concluded that a more realistic
approach would be called for (see below).

We also synthesized amide 25 (Scheme 13), which contains
two additional, freely-rotating control aromatic rings in order to
address the structural constraints associated with 23. Once
again, we observed exclusive nitration of the probe ring as
confirmed by X-ray crystallographic analysis of isolated prod-
ucts (Scheme 13, ~1 :1 ratio for 26a :26b).

Finally, to confirm actual amide participation in these
reactions, we synthesized control imide 27,[38,39] whose structural
restraints lock both carbonyl oxygens farther from and

Scheme 11. Nitration of tetrazole 18 and the X-ray structure of 19b (50%
probability level).

Scheme 12. Nitration of cis-diester 21.
Figure 7. [1H,1H]-NOESY spectrum of 22 revealing no through-space coupling
between the substituted ring to carbonyl-alpha protons.
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orthogonal to the probe ring. A complex mixture of unreacted,
mononitrated and dinitrated products was observed when 27
was treated with 1 equiv. of nitrating agent (Scheme 14).

Precomplexation and transition state calculations

We initially assumed that in most, if not all, cases the directing
group stabilizes the forming arenium ion as the electrophile
approaches from the opposite face of the aromatic ring
(Scheme 3, Type I). However, prior calculational (Figure 3) and
an experimental observation (the nitration of the OH group,
Scheme 4) prompted us to think something else may be going
on. Combining these reasons with the failure of σ-complex
analysis, a more rigorous approach to modeling was mandated.
To start, we calculated the free energy profiles up to the
formation of the putative σ-complexes to understand the roles

of various through-space interactions in promoting selectivity.
As mentioned above, Singleton has pointed out that the
regioselectivity of the aqueous nitration of toluene can be
complicated to rationalize and predict, requiring elaborate
molecular dynamics simulations (at least for classical nitrations).
In our case, we were initially interested in the tractable problem
of selectivity between different aromatic rings, which, we
believe, can be controlled by precomplexation and a stabilizing
relay between the directing group and the substrate aromatic
ring (see below). Comparison of relative energies between
Wheland intermediates (WI) were investigated with density
functional theory (DFT)[40] using Head-Gordon’s range-separated
functional, ωB97X–D.[41] All other information, including transi-
tion-state theory calculations, were computed using Truhlar’s
hybrid meta-GGA functional, M06-2X[42] (Gaussian 16).

Halogen and hydroxy directed activation: calculations

We found that the preferred computed pathway for nitration of
fluoride 1 involves formation of an exothermic precomplex 1-
PC that lies 1.5 kcal/mol below 1 and free nitronium (N+⋯F
distance 2.37 Å; Figure 8), followed by transition state 1-TS
through an activation barrier of 3.9 kcal/mol (in free energy)
and a C+⋯N bond-forming distance of 2.47 Å (NO2 and F are
proximal) to produce the intermediate arenium ion. In contrast,
we calculate that nitration of the control ring occurs through
endothermic π-complexation (6.2 kcal/mol above 1), followed
by an activation barrier of 4.2 kcal/mol and a C+⋯N bond

Scheme 13. Synthesis and nitration of compounds 23 and 25 and the X-ray crystal structure of 26a (50% probability level).

Scheme 14. Nitration of compound 27.
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forming distance of 2.72 Å in the transition state. Thus, the
experimentally observed selective probe ring nitration can be
attributed to a lower activation barrier resulting from the
formation of a precomplex in proximity to the aromatic ring,
with attendant, continuous participation of the directing group
through the transition state trajectory. Functionalization is
favored on the β-positions of aromatic rings, a fact which is
replicated in our calculations for this system and several others.

In further probing the degree of N+⋯F interactions, NCI
plot analysis[43] of 1-PC and 1-TS was performed, which revealed
favorable interactions between the nitronium ion and the
proximal fluorine as well as the probe ring (Figure 9). QTAIM
analysis[44] with a focus upon the computed (3, �1) bond critical
point (BCP) highlights fluorine participation in 1-PC with an
aromatic C⋯F interaction (1bcp and r

2ρbcp of 0.0172 au and

+0.0713 au) and an N+⋯F interaction (1bcp and r
2ρbcp of

0.0214 au and +0.1139 au). A large positive Laplacian value for
N+⋯F is indicative of an ionic interaction. In the transition state
1-TS, the N+⋯F interaction is weakened, presumably due to an
increased bond distance associated with a 1bcp of 0.0184 au and
r

2ρbcp of +0.0971 au, while the N
+
⋯C 1bcp increased to define

a new bond path.
In the case of nitrate ester 3, nitronium is predicted to form

the precomplex 3-PC with an oxygen atom of the nitrate ester
(N+⋯O distance 2.42 Å) that lies 0.03 kcal/mol below 3. There-
from it is directed to react with the syn face of the aromatic
ring, forming the corresponding arenium ion. This process
occurs through 3-TS, with an activation barrier of 1.7 kcal/mol
and an N+⋯C bond-forming distance of 2.46 Å. Despite the
electron withdrawing nature of the nitrate group, a relay
pathway is still favored over direct nitration of the control ring.
In fact, the activation barrier for nitration of the control ring is
found to be 6.7 kcal/mol (ΔG�

=3.9 kcal/mol) above starting
material. Note that in the case of bromination, the hydroxy
group remains unfunctionalized, and is thus a better activator
for sequential probe ring brominations.[3a]

For scaffold II, the situation is more ambiguous. Consider
the nitration of fluoride 10. The position of the fluorine atom
with respect to the probe aromatic ring (slid down to align with
its bottom edge, Figure 10) makes it an unlikely anchor to relay
nitronium to the two reactive positions on the top. Calculations
confirm the absence of a significant interaction between
fluorine and nitronium in 10-TS. Stabilization is instead coming
from a direct syn interaction of the aromatic ring with the
fluorine atom. On the other hand, the control ring is nonideal.
Aromatic substitution is destabilized by virtue of a prominent
π!σ*(C�F) interaction (Figure 10). The same analysis applies
for chloride 12. In bromide 15, the deactivating presence of the

Figure 8. Top: DFT optimized structures of 1-PC (left) and 1-TS (right)
computed at (SMD, solvent=DCM) M06-2X/6-311G(d). Bottom: Energy
diagram for relay versus direct nitration of 1.

Figure 9. NCI plots of 1-PC (left) and 1-TS (right) computed at (SMD,
solvent=DCM) M06-2X/6-311G(d).

Figure 10. Top left: Deactivating interaction between π!σ*(C�F) in 10. Top
right. Transition state 10-TS revealing lack of a strong relay effect. Bottom:
Switch in mode of activation from scaffold I to II.
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preinstalled bromine atom on the probe ring forces nitration to
the third aromatic ring.

Tetrazoles: calculations

The situation is different and more interesting in the nitration
of tetrazole 18. We anticipated a rotationally mobile tetrazole
unit may direct nitration to all four available positions of the
probe ring by “sweeping” over the surface of the aromatic
system as seen from Figure 11(a). In our initial computational
investigation, subjected the two most stable rotational isomers
of 18 to nitration of the arene ring. A very strong relay effect
from the tetrazole moiety to the probe aromatic ring was
displayed (Figure 11b) with 18-pc lying 10 kcal/mol below the
starting material and a tetrazole-nitronium N3

⋯N+ distance of
2.29 Å. From 18-pc, nitration of the arene ring proceeds
through 18-ts (ΔG�

=6.4 kcal/mol) along the reaction coordi-
nate with noticeable elongation of the N3⋯N+ distance to
2.58 Å and a C⋯N+ bond forming distance of 2.37 Å. In
contrast, nitration of the control ring is a slightly endergonic
process with the transition state leading to nitration of the π-
system lying 2.1 kcal/mol above the starting materials and
~6 kcal/mol relative to 18-ts. Thus, a strong electrostatic
interaction displayed in 18-pc between the nitronium cation
and electron-rich tetrazole group is indicative of a clear relay
effect through the mechanism. Finally, although the calcula-
tional model favors β-substitution, α-substitution (seen to a
very small extent) is also energetically accessible, thus favoring
the relay mechanism.

Carbonyl directed activation: calculations

In contrast to the carbonyl group in 8, those in diester 21 align
well for precomplexation. When a 1 :1 mixture of 21 and 28

(the epimer of 21 with trans ester groups) is treated with
1 equiv. of nitrating agent, integration of relevant peaks in the

1H NMR of the reaction mixture showed four times more
nitrated products of the cis-diester 21 than the trans-diester 28,
pointing to a role for neighboring group assistance. These
factors led us to examine reaction pathways for 21 and 28 in
detail.

Nitronium ion can form two different types of π-complexes
with compound 21 (Figure 12, right). A typical π-complex[45–47]

involving the unperturbed ring (22b-PC wherein the nitronium
ion is perpendicular to the ring) is located 10.9 kcal/mol higher
in free energy than 21. From this precomplex, 22b undergoes
NO2

+ coordination with the π-system on the unperturbed ring
through 22b-TS, which lies 0.1 kcal/mol above 22b-PC and
11.0 kcal/mol above 21 on the reaction coordinate. In contrast,
the electron-rich ester carbonyl groups can interact with the
nitronium ion to form precomplex 22a-PC, containing a O⋯N+

distance of 2.37 Å that is predicted to be 9.3 kcal/mol lower in
energy than 21. From this precomplex, 22a-PC surmounts
transition state 22a-TS with a C⋯N+ bond forming distance of
2.44 Å that lies 7.5 kcal/mol above 22a-PC and 1.8 kcal/mol
below 21 on the reaction coordinate. Notably, these computed

trends for nitration are consistent with the selectivity observed

experimentally.

Although the trans-diester 28 is 2.1 kcal/mol more stable
than the cis-diester 21, the cis precomplex 22a-PC is much
lower in energy than the trans precomplex 28a-PC, which lies
4.9 kcal/mol below 28. This precomplex proceeds to form the σ-
complex 28a through 28a-TS that lies 2.1 kcal/mol above 28
(ΔG�

=7.0 kcal/mol, Figure 12, left). The binding energy ΔG is
4.4 kcal/mol lower for the formation of 22a-PC implying that in
solution, concentration of the cis π-complex is higher than the
trans π-complex, and leads to higher amounts of cis-nitrated
products.

NCI analysis on both the precomplex 22a-PC and the
transition state 22a-TS revealed arene stabilization by the ester
carbonyl group, along with a strong cation-π interaction
between the aromatic ring and nitronium. The presence of an
additional ester moiety aids in stabilizing the aromatic cation, at
the cost of repulsive interactions with the adjacent ester group.
QTAIM analysis of 22a-PC reveals the presence of a BCP with a
1bcp and r

21bcp values of 0.0244 au and +0.1264, identifying an
ionic interaction between the ester carbonyl and nitronium. The
arene ring is seen to have a weak electrostatic interaction with
both the nitronium ion and the carbonyl that strengthens in
the TS.

Turning to amide activation, the optimal pathway for the
formation of 24b was found to proceed through precomplex
24b-PC lying 12 kcal/mol below starting materials (N+⋯O
distance of 2.26 Å), followed by transition state 24b-TS, with an
activation barrier of 6.7 kcal/mol (C+⋯N bond-forming distance
of 2.42 Å). In contrast, nitration of the control ring proceeds
through π-complexation of the nitronium ion with the aromatic
system associated with an activation barrier of 7.3 kcal/mol and
C+⋯N bond-forming distance of 2.76 Å. Once again, nitration
by a relay process with an amide directing group is favored
over π-complexation with the aromatic system.

Directly visible from the NCI plots was the presence of weak
interactions between the carbonyl oxygen and the nitronium

Figure 11. a) Sweeping action of the tetrazole moiety across the probe
aromatic ring; b) precomplex and transition state revealing a strong relay
effect.
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ion as well as cation-π interactions between the probe arene
ring and nitronium. Similarly, QTAIM analysis also depicts strong
N+⋯O interactions in 24b-PC that decrease in 24b-TS, whereas
Cπ⋯N

+ interactions increase from 24b-PC to 24b-TS.
This system presents an interesting case of positional

selectivity. DFT predicts two nitrated regioisomers from σ-
complexes on the probe ring, 24a and 24b. Initial examination
of the two σ-complexes revealed a significant energy difference,
24b being ~15 kcal/mol more stable than 24a. Interestingly,
the activation energy for 24b-TS was found to be slightly higher
(ΔG�

=6.7 kcal/mol) compared to 24a-TS (ΔG�
=5.3 kcal/mol).

This negligible difference in activation energies corroborates
the experimental ratio of ~1 :1 observed for regioisomers 24a
and 24b. As mentioned above, Singleton has pointed out that
the regioselectivity of nitration can be complicated to ration-
alize and predict, requiring elaborate molecular dynamics
simulations. In our case, subtle energy differences between
precomplexes and activation energies of the corresponding
transition states can provide a rationale for the observed
regioselectivity to an extent.

Conclusions

We have established that halogens, tetrazoles, esters and
amides can direct electrophilic substitutions to nearby aromatic
rings through stabilized “relay” tranisition states. Rigidity,
propinquity, and Lewis basicity are commanding factors in
determining the relay effect. However, when the through-space
directing group is less than optimally positioned with respect to
the probe aromatic rings, the relay effect may be absent or
altered. This new model helps rationalize these transformations
and could be of predictive value. In effect, these heretofore
unexplored interactions provide an alternative platform to
design aromatic systems, including drug candidates, materials,
etc. that are otherwise difficult to synthesize with traditional
aromatic substitution reactions.

Supporting Information

Synthetic procedures, X-ray crystallographic analysis data, NMR
spectra, and computational information are included in the
Supporting Information.

Deposit Numbers 2209570 (for 10), 2209571 (for 11a),
2209569 (for 11b), 2209573 (for 12), 2209572 (for 13), 2209590
(for 15), 2209589 (for 16), 2209591 (for 18), 2209592 (for 19a),

Figure 12. Free energy profile (M06-2X/6-311G(d) SMD [CH2Cl2]) up to the formation of σ complexes in cis- and trans-diesters 21 and 28 involving
precomplexes and transition states. Nitration of the trans-diester 28 has previously been reported (Supporting Information of Ref. [9]).
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2209593 (for 19b), 2209579 (for 26a), and 2209580 (for 26b)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structure service.
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Through stabilized “relay” tranisition

states: Various Lewis basic functional
groups can spatially activate aromatic
substitutions. Mechanistically, these
reactions proceed through an exo-
thermic relay pathway, as opposed to

the previously assumed endothermic
direct activation. In this article, both
experimental and theoretical models
are employed to investigate this
newly discovered mode of arene acti-
vation in detail.
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Through-Space, Lone-Pair Promoted

Aromatic Substitution: A Relay

Mechanism Can Beat Out Direct Acti-

vation

 1
5
2
1
3
7
6
5
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ch
em

istry
-eu

ro
p
e.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ch

em
.2

0
2
3
0
1
5
5
0
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

6
/0

8
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se


