OC

The Journal of
Orgamc Chemistry

VoLUME 67, NUMBER 6

MARcH 22, 2002

© Copyright 2002 by the American Chemical Society

Perspective

The Preorganization Step in Organic Reaction Mechanisms.
Charge-Transfer Complexes as Precursors to Electrophilic
Aromatic Substitutions

Sergiy V. Rosokha and Jay K. Kochi*
Department of Chemistry, University of Houston, Houston, Texas 77204-5003

jkochi@mail.uh.edu

Received November 14, 2001

Metastable (pre-reactive) intermediates, as commonplace transients in simple bimolecular reactions,
are usually unobserved (and ignored)—though they provide vital mechanistic insight. Thus, the
preequilibrium (charge-transfer) complexes of various aromatic donors with rather typical electron

acceptors such as Br,;, NOT,

and NO," are examined quantitatively (via their molecular and

electronic structures) to reveal surprisingly unorthodox aspects of what is conventionally referred
to in organic chemistry textbooks as electrophilic aromatic bromination, nitrosation, and nitration,

respectively.
Introduction

The earliest mechanistic formulations of bimolecular
reactions, both in solution and gas phase, have included
the preequilibrium formation of a metastable (1:1) com-
plex as an important (initial) encounter.? Although such
a preorganization step is also considered critical in
formulating biochemical mechanisms (e.g., enzyme/
substrate complexes, antibody/antigen binding, etc.%), it
has heretofore not played a comparable role in the
formulation of organic reaction mechanisms—as readily
apparent by even a cursory inspection of any contempo-
rary organic chemistry textbook.

Such an obvious void is difficult to understand because
the existence of metastable (prereactive) complexes in
such common and diverse organic reactions as the Diels—
Alder condensations, aromatic and olefinic brominations,
etc. has been known from the earliest times.*~¢ From a
thermodynamics point of view, it is convenient to dismiss
the inclusion of preequilibrium complexes since they
(usually) play limited roles in the overall energetics of
the chemical transformation, and perhaps the same can
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be said of their importance in defining the Kinetics.
However, the facile preorganization of the reactants can
provide mechanistic insight from a structural point of
view, as so fruitfully exploited by biochemists.” Thus, by
invoking the principle of least motion,® we easily envisage
how atomic movements within a structured (prereactive)
complex can lead to a mechanistically viable transition-
state structure.

l. Case in Point: Electrophilic Bromination of
Benzene (and Toluene)

More than 60 years ago, Hildebrand and co-workers
noted the characteristic color changes of iodine solutions
immediately attendant upon the addition of various
aromatic hydrocarbons.® These spectral observations
were later extended to bromine and chlorine, and spec-
trophotometric analyses established the formation of [1:1]
molecular complexes,®!! e.g., where X, = I,, Bry, Cl,, etc.

@ + Xz <K_C>—T- [@XZ]
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Figure 1. ORTEP diagram of the preequilibrium complex of
benzene and bromine showing the pertinent charge-transfer
m-bonding. Thermal ellipsoids of non-hydrogen atoms are
shown at the 50% probability level.

The uniformly limited formation constants, typically with
Kcer < 5 ML, identified these as weak intermolecular
complexes. Nonetheless, Hassel and Stromme in 1954
were able to obtain single crystals of the benzene
complexes with bromine and chlorine (by controlled
freezing of the pure components in glass capillaries)
sufficient for X-ray crystallography at —50 °C.'?2 Our
recent refinement of their crystallography at lower tem-
peratures reveals the highly structured preequilibrium
complex shown in Figure 1, in which the axially
symmetric Br; is poised specifically over a single (C—C)
center of benzene. Moreover, the intermolecular (bro-
mine) separation from the benzene plane is 0.5 A closer
than that predicted by the van der Waals radii to
establish the inner-sphere character of the noncovalent
bonding of bromine in the metastable complex.!* Its
prereactive character is revealed by the spontaneous
transformation of the crystalline [C¢Hg, Bry] complex
upon standing quantitatively into an equimolar mixture
of bromobenzene and hydrogen bromide.> The further
(structural) delineation of electrophilic aromatic bromi-
nation is provided by the isolation and X-ray crystal-
lography of the g-adduct or Wheland intermediate when
benzene is replaced by hexamethylbenzene under similar
reaction conditions (see Figure 2).1 [Note that the highly
unstable o-adduct of benzene is unlikely to be isolated
owing to its facile a-proton loss.'’] Such structural studies
taken together provide an unequivocal pathway for
electrophilic aromatic bromination in which the key steps
are shown in Scheme 1.

Scheme 1
K K. H
AH + B, == [AHBrn] —* mF<B . Br]
r

fast
1t H,Br'] —>  ABr + HBr

"B, @

Most relevant to this study is the structural in-
formation provided by the preequilibrium m-complex
in its transformation to the critical o-adduct. Thus,

Figure 2. Molecular structure of the g-adduct (or Wheland
intermediate) derived from the bromine interaction with
hexamethylbenzene to emphasize the least-motion transfor-
mation from the z-complex in Figure 1.

the composite of the ORTEP structures in Figures 1 and
2 represents a close to ideal least-motion study,
i.e.

Br _
| Br
Br
: AG” T 3)
A — <X
\H

(m-complex) (c-adduct)

Even more striking is the regioselective transformation
of the highly structured toluene z-complex with bromine
situated specifically over the ortho and para positions in
the crystal (see Figure 3) to afford the same isomeric
(product) mixture of o- and p-bromotoluenes as that
obtained in solution.’® Although these preequilibrium
intermediates are structurally akin to the (ordered)
transition states for electrophilic bromination, it is
important to emphasize that they are formed essentially
upon bimolecular collision with no activation energy.'®
How can it be that two such states, so widely disparate
in energy, can have structural features that bear so much
in common? To address this question, we now turn to the
electronic description of preequilibrium complexes to
provide insight into the preorganization forces that bind
the reactant pair.

1. Mulliken’s Quantitative Description of the
Preequilibrium (Charge-Transfer) Complex

According to Mulliken, chemical compounds can be
classified as either electron donors (D) or electron accep-
tors (A) in measure with their degree of electron-rich or
electron-poor character.?%2! Diffusive interaction of do-
nors with acceptors spontaneously leads to their inter-
molecular complexation, in which the ground-state wave
function (Wgs) derives from a linear combination of the
principal van der Waals (ypa) and dative (yp+a—)
contributions, i.e.?2

Wes=aypa t+ bypia- + ... (4)
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Figure 3. Localized bonding specifically to the ortho (left) and para (right) centers of toluene in the preequilibrium (charge-

transfer) complex with bromine.

The colors that are often observed with such electron-
donor/-acceptor or EDA complexes arise from the elec-
tronic transition to the first excited state that is described

by:
Wes=bypa —appia- 1t ... (4

For weak complexes with the coefficients a > b, the
electronic (charge-transfer) transition is tantamount to
the photochemical conversion of the neutral (uncharged)
ground state [D,A] to the dative (ion-pair) state [D**,A*];
and it is commonly observed experimentally as the linear
(Mulliken) correlation of the absorption maxima (hvcr)
of the EDA complex with the ionization potentials (IP)
of a series of related donors, i.e.,?®

hv. = IP — EA + constant (5)

when a common acceptor is employed [or vice versa for
the electron affinities (EA) of a series of acceptors
interacting with a common donor].?*

As applied to the (weak) bromine complex of benzene
in eq 1, the varying colors associated with the related
complexation of different aromatic donors (ArH) follow
the striking linear correlation shown in Figure 4A, as
predicted by Mulliken.?®> Most noteworthy, however, is
the linear correlation in Figure 4B of the CT transition
energies (hvcr) with the second-order rate constants (log
kgr) for the electrophilic bromination of the same aromatic
donors.?® Such a remarkable linear correlation shows that
those factors leading to the photoactivation (hvcr) of the
EDA complex to the ion-radical pair [ArH**, Br-—] are also
pertinent to the attainment of the transition state (log
kgr) for the electrophilic aromatic substitution. We there-
fore conclude that an answer to our question lies in the
charge-transfer character of the preequilibrium or elec-
tron donor/acceptor (EDA) complex.

I11. Charge-Transfer Character of the
Preequilibrium (EDA) Complex

To assess quantitatively the changes in the charge-
transfer character of the electron donor/acceptor com-
plexes of various aromatic donors,?” we now direct our

76 80 84 88 92

log k/k,

CT - Rate plot

0.1 0.0 0.1 02 0.3 0.4
Ahv__, eV

cT’

Figure 4. Charge-transfer energies (hvcr) of the preequilib-
rium complexes of bromine with various aromatic donors.
(upper) Mulliken correlation with donor strength (IP) and the
least-squares slope of 0.85. Lower figure is the rate correlation
with the second-order rate constants (log kgr) for electrophilic
bromination with the least-squares slope of 0.94. (Selected data
taken from Fukuzumi et al.?6)

attention to those with the nitrosonium acceptor (NO™)
for three principal reasons. First, as a simple

ArH + NO*X™ == [ArH NO*IX™ (6)
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Figure 5. Molecular structure of the preequilibrium (charge-
transfer) complex of mesitylene with the nitrosonium acceptor
showing the typical z-bonding of NO* atop the aromatic
donor.?8

diatomic the partial reduction of this cationic acceptor
can be unambiguously measured by infrared spectroscopy
of the N—O stretching frequency (vno) and by X-ray
crystallography of the N—O bond length, both of which
undergo dramatic changes when NO* (vno = 2272 cm ™,
rno = 1.06 A) is reduced to nitric oxide (vno = 1876 cm™1,
rno = 1.15 A).28 Second, the nitrosonium cation has been
identified as the active electrophile in aromatic ni-
trosation.?® Third, nitrosonium salts can be pre-prepared
as the pure (stable) salt NO*X~ (where X~ represents
poorly coordinating counterions such as BF,~, SbFg™,
SbClg™, etc.®0) for quantitative study.

A. Structural Changes upon Formation of the
Preequilibrium Complex. The spontaneous formation
of the preequilibrium intermediate in eq 6 allows it to
be isolated as bright cherry-brown crystals by mixing the
components at low temperature (—78 °C).%2 X-ray crystal-
lography establishes the molecular structure of the [ArH,
NO™] complex in Figure 5 to be analogous to that of the
bromine complex (Figure 1).3! The inner-sphere character
of this preequilibrium complex is apparent from the
rather tight (noncovalent) binding of the acceptor to the
aromatic donor, the NO separation from ArH being ~1
A closer than that ordinarily allowed by the van der
Waals radii.®® [The latter is consistent with the large
formation constant K¢t that can pertain in eq 6.%4] More
importantly, the N—O bond distance in the preequilib-
rium complex is substantially elongated (relative to that
in the uncomplexed nitrosonium acceptor) and closely
approaches that in the completely reduced (free) nitric
oxide. Accompanying such a marked structural change
is the expansion of the aromatic ring to that extant in
the isolated aromatic cation radical.®® Thus, from a
strictly structural point of view, the nitrosonium acceptor
upon its (reversible) complexation effectively suffers a
one-electron reduction at the expense of the aromatic
donor, i.e.,

ArH + NO* === [ArH™, NO'] @)

How can it be that such an EDA complex (apparently
constituted of the paramagnetic components ArH** and
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Figure 6. Typical charge-transfer (absorption) spectrum of
the nitrosonium acceptor with aromatic donor (mesitylene),
showing the Gaussian deconvolution into the high energy (hvy)
and low energy (hv.) components.

Chart 1

WArH

Arene CT Complex Nitrosonium

NO) is completely ESR silent? To examine this question
further, we turn to the electronic transitions in the
preequilibrium complex.

B. Charge-Transfer (Spectral) Absorptions in the
Preequilibrium Complex. The characteristic (yellow
to cherry-brown) colors of the series of [ArH, NO%]
complexes derive from a pair of UV—vis absorption
bands, typically illustrated in Figure 6. The intense, high
energy band centered at 1 ~340 nm is more or less
invariant with the aromatic donor strength (E°),% but
the weaker low-energy band A, varies linearly with E°y
in accord with the expectations of Mulliken theory.?® This
disparate (spectral) behavior of the two (charge-transfer)
absorption bands leads to the orbital formulation of the
donor/acceptor interaction of arene (ArH) with NO*
presented in Chart 1.%°

To describe the preequilibrium complex quantitatively,
the mutual interaction of the donor/acceptor molecular
orbitals is treated according to LCAO methodology,37:38
in which only the frontier orbitals of the aromatic donor
(HOMO) and the nitrosonium acceptor (LUMO) are
explicitly taken into account.®® In this formulation, the
ground-state or bonding orbital Wgs of the preequilibrium
complex is represented as the linear combination of the
donor and acceptor orbitals, i.e., Wgs = Cpip + Caya, and
likewise, the excited state or antibonding orbital is Wgs
= cp'yy + ca'y (Where the coefficients are normalized so
that cp? + ca? = 1 and cp'? + ca'? = 1).4° According to Chart
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Table 1. Typical Electron-Transfer Parameters for the Arene/Nitrosonium Redox Systems?

Aromatic donor Eox Aag Hagp VNO N
(Vvs SCE)  (10%em?) (V) (V)  (em™)

@ 2.7 29.80 122 1.74 2075 0.34

© 2.42 29.57 0.94 1.77 2030 037

(:( 2.13 29.77 0.65 1.82 2000 0.41

O 2.06 30.16 0.58 1.85 1998  0.42

/@\ 2.11 2951 0.63 1.80 1964 042

2.01 29.38 0.53 1.80 1964 0.43

%;§ 1.83 29.51 0.35 1.87 1933 0.46

1.81 30.11 032 1.82 b) 0.45

:@i 1.75 30.11 0.27 1.86 1907 0.47

1.62 30.14 0.14 1.87 1885  0.48

1.59 2951 0.11 1.83 1900  0.49

1.50 28.94 0.02 1.79 1910 0.50

a From Rosokha et al. in ref 35. P Not measured.

1, the charge-transfer (spectral) absorptions are associ-
ated with a pair of electronic transitions from (i) the
bonding MO (Wgs) to the antibonding MO (Wes) and (ii)
the nonbonding MO (yarn) to the antibonding MO (Wes)
of the inner-sphere complex, as designated by hvy (high
energy band)*®* and hv_ (low energy band), respectively,
in Figure 6.4 Application of the standard variation
method leads to the energies of the ground and excited
states as*?

Eas = (€no + €am)/2 — (Apg® + 4H,5 Y12 (8)
= 2 2y1/2
Ees = (Eno T €am)/2 + (Apg” +4H5") /2 (9)

where the coulomb integrals (i = fyiHy;) represent the
(one-electron) energies of the constituent donor and
acceptor orbitals. The HOMO — LUMO gap or Axg = €no
— €arn is evaluated experimentally as [E°x (ArH) — E°req
(NOM)], and the resonance integral Hag = fyYnoHYarn
represents the donor/acceptor electronic interaction in the
preequilibrium complex. Since the high-energy band
arises via the electronic transition: Wgs — Wgs, the
transition energy derives from egs 8 and 9 as:
hvy = Egs — Egs = (AAB2+ 4HABZ)1/2 (10)
The electronic coupling element in the inner-sphere
complex is evaluated from eq 10 (by using the experi-
mental values of Aag and hvy), and the sizable magni-
tudes of Hag are listed in Table 1 for some representative
aromatic donors.

According to the orbital diagram in Chart 1, the low
energy (absorption) band corresponds to the transition:
Yamm — Wes, and the transition energy can thus be
evaluated directly from eq 9 as:

hv, = (Apg? + 4H5) 212 + Apgl2 (11)

Figure 7 compares the experimental spectrum with the
calculated spectrum from eq 11, and the solid line (with
a slope of unity) thus confirms the validity of the LCAO—
MO method to correctly predict the electronic changes
in the preequilibrium complexes.*?

23 Charge-Transfer >

Transition Energies

23

2.1 1

hvy, (calc), eV

22 24 2.6 2.8 3
hv, (expt), eV

Figure 7. Experimental validation of the theoretical (semi-
empirical) methodology®”-*® according to eq 11 to correctly
predict the experimental charge-transfer transition energies
(hv,). The least-squares slope is 0.96.

C. Charge-Transfer Structure of the Preequilib-
rium Complex. The characteristic structural feature of
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Figure 8. Experimental degree of charge transfer (Z) in the
preequilibrium complex as reflected in the theoretical (orbital)
mixing coefficients Cno? in the ground-state wave function for
various [ArH,NO]" (least-squares slope is 0.71).

the inner-sphere complexes is their variable (X-ray)
structures, which are also apparent from the monotonic
variation of the N—O stretching frequencies with the
aromatic donor strength.?® Both measures reflect changes
in the degree of electron transfer, hereinafter designated
as Z. Since the acceptor is a simple diatomic, the IR
changes in v\o represent an unambiguous (experimental)
measure of Z, i.e.,

Z= (VN0+2 - VPCZ)/(VN0+2 - VNOZ) (12)

where the subscript NO* refers to the uncomplexed
nitrosonium cation, PC is the preequilibrium complex,
and NO is the completely reduced (free) nitric oxide.

Theoretically, the degree of charge transfer can be
viewed as the excess charge residing on the NO* moiety
in the inner-sphere complex. Such an electron excess in
the ground-state complex is theoretically evaluated from
the orbital coefficient as 2Cno2,% and the values of 2Cyo?
calculated by the variation method are shown to be
excellent measures of the experimental Z (see Figure 8).
Importantly, the absolute magnitude of 2Cyo? is close to
the experimental Z, especially for electron-rich arenes.

Since electron (charge) transfer from the arene to the
complex orbital plays a major role in the stabilization,
the energy gain during the preequilibrium complex
formation is given by AEpc = Egs — Earn, Which with the
aid of eq 8 is approximated as

AEPC = (AAB2 + 4HABZ)1/2 - AAB (13)

Equation 13 consists of two components: (1) the
bonding/antibonding (orbital) splitting as given by Egs
— Ecs (see eq 10) and the HOMO — LUMO gap as given
by Aag. Since 4Hpp? > Apg? (except in the endergonic
limit, see Table 1), we conclude that AEpc and Hag are
strongly coupled—in other words, the stabilization energy
of the preequilibrium complex is largely dictated by the
donor/acceptor interaction energy, as also deduced from
the structural changes determined by X-ray crystal-
lography (see eq 7).%5 This conclusion predicts that Hag
also plays a major role in the experimental free energy
change (AGpc) and that maximum stabilization occurs
at the isoenergetic potential at which the donor and
acceptor strengths are comparable.

D. Preequilibrium (Charge-Transfer) Complex
and Electron Transfer. The preorganizational associa-
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Figure 9. Cross-section of the potential energy surface of the
preequilibrium complex (PC) with the single minimum pre-
dicted by Marcus, Hush, and Sutin theory for class 111 electron-
transfer reactions (with Hag > 4/2) and the charge-transfer
transition to the excited state (PC*), i.e., [PC] — [PC*] given
by hver = 2Hag. For the arene/nitrosonium system in the
isergonic region with the AG%+r = 0 and Ace = 2.5 eV for cross
exchange in eq 14. The initial (reactant) diabatic state { ArH
+ NO*} and final (product) diabatic state { ArH*" + NO*} are
also quantitatively drawn to scale as the left and right dashed
curves, respectively.5°

tion of arene donors (ArH) with the nitrosonium acceptor
is followed by electron transfer,?® i.e., Scheme 2.

Scheme 2

Ke

Ker
ArH + NO' — [AtHNO]" «<— ArH"™ + NO* (14)

The driving force for the overall electron transfer in
eq 14 is given by

AGgr =F(E°,, — E°q) (15)

where F is the Faraday constant, E°, represents the
oxidation potential of the aromatic donor, and E°y = 1.48
V vs SCE is the reduction potential of nitrosonium
acceptor. The dominant role of the preequilibrium com-
plex as the key intermediate in the electron-transfer
process between ArH and NO™ can be considered in the
theoretical light of the Marcus—Hush formulation.*647
Owing to sizable magnitudes of the electronic coupling
element (Hag) in the preequilibrium complex (see Table
1), the electron transfer in eq 14 must involve the inner-
sphere mechanism.*8

Let us now turn to Sutin’s development of the Marcus—
Hush formulation of various redox systems that specif-
ically focuses on the magnitude of the electronic coupling
element. In particular, Sutin considers two major (inner-
sphere) mechanistic categories, class Il and class 11l in
which the limits of the electronic coupling element are
as follows: Hag > 200 cm~1! but less than Acg/2 and Hag
> Acel2, respectively, where Acg is the Marcus re-
organization energy for the cross-exchange reaction.*®
Within this context, the value of Ace/2 for the ArH/NO™
cross exchange can be obtained from their self-exchanges

(ArH = ArH" and NO* = NO*) as 1.2—1.3 eV, based on
Jarn = 40—50 kcal mol~t and Ano = 69 kcal mol~1.4% Since
the magnitude of the electronic coupling of Hag ~ 1.8 eV
is substantially larger than Acg/2, electron transfers from
various arene donors to NO* (as described in eq 14)
clearly fall into class Ill. The energy surface for elec-
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tron transfer consists of a single potential energy
minimum—a typical cross-section of which is shown in
Figure 9.5

Intermolecular electron-transfer reactions that belong
to the class 111 category must occur with no activation
energy. Chart 2 illustrates a profile of the potential
energy surface that qualitatively depicts the free energy
change along the reaction coordinate for the redox
transformation of an arene/NO™ pair lying in a typical
endergonic region of the driving force.5!

Chart 2
ArH™ + NO'
AGgr
ArH + NO*
|
AEpc
[ArH,NOJ"

In Chart 2, the inner-sphere complexes of arene
donors with the nitrosonium acceptor are properly
designated as [ArH, NO]*, with the charge placed out-
side the brackets to emphasize the existence of only
one potential energy minimum on the pathway from the
{ArH + NO"} reactants to the {ArH*" + NO*} products.
As such, electron transfer is not a kinetics process but
dependent on the thermodynamics in which electron
redistribution is concurrent with complex formation,
and the rate-limiting activation barrier is simply given
by the sum of the energy gain from complex formation
(eq 13) and the driving force for electron transfer (eq 15),
i.e.,

AGg;" = AEpe + AGg, (16)

1V. Mechanistic Relevance of Preequilibrium
(Charge-Transfer) Complexes to Arene
Activation by NO* and NO,": Quantitative
Comparison

Arene activation by nitrosonium cation (NO'), as
depicted in Chart 2, has its counterpart with that by the
nitronium cation (NO,"). However, as structurally related
as NO*™ and NO,* may be, they differ markedly in their
reactivity toward arene donors. Whereas benzene reacts
with NO," at essentially diffusion-controlled rates (to
effect nitration),5? the corresponding reactivity with NO*
under the same conditions (to effect nitrosation) is too
slow to be measured.53 (The latter occurs at measurable
rates with only electron-rich arenes such as mesitylene,
etc.?®) Such divergent reactivity patterns of NO* and
NO," are commonly evaluated by differences in their
acceptor strengths and experimentally indicated by their
reversible reduction potentials (compare eq 5).3 However,
the pertinent physical constants of NO*™ and NO,* (Chart
3) are not strongly distinguished—their E°.4 values are
reasonably comparable in different solvents. In fact, the
only outstanding difference between NO* and NO,™ lies
in the magnitude of the reorganization energies**—Ano,
being more than twice Ano owing largely to the requisite

J. Org. Chem., Vol. 67, No. 6, 2002 1733

Chart 3
Structure NO," NO; NO* NO’
r (N-0), A 115 1.19 1.06 1.15
8 (0-N-0), deg 175 134
f,, mdyne A" 17.4 110 23.9 159
fy, mdyne A rad?  0.69 1.58
Energy NO,'/NO;' NO'/NO’
E°«ca, V vs Fe 1.03 1.00
A, keal mol™ 140 69

bending of ONO attendant upon the reduction of the
almost linear (triatomic) cation.

To follow through with its comparison to NO* as
designated in eq 14 (Scheme 2), let us consider the
corresponding electron-transfer process, viz. Scheme 3.

Scheme 3
Ker Ko .
ArH + NO,Y <= [AHNO,'] <= ArH" + NO," (17)
(m-complex)

Since the temporal course of this electron transfer is
not readily followed, owing to the high reactivity of NO,™,
we now rely on the comparison of the physical constants
in Chart 3 to draw some broad estimates of the electron
coupling element for the preequilibrium intermediate in
eq 17. If we take Hag to be the same as that for NO* (in
eq 14) as a first approximation,> Sutin’s treatment leads
to the potential-energy profile shown in Figure 10° that
consists of a double potential minimum (unlike that for
NO™ in Figure 9) due to the reorganization energy of Ao,
= 140 kcal mol~1, which is roughly two times larger than
Ano.?® Figure 10 also includes the family of other energy
profiles for ArH/NO," pairs with progressively lower Hag
values. In each case, the single potential energy mini-
mum characteristic of ArH/NO* is replaced by double

Energy, eV

Intramolecular coordinate

Figure 10. Profiles of the potential energy surfaces (double
minima) for the electron transfer in class Il showing the
progressive lowering of the activation barrier between the
precursor complex (PC) and successor complex (SC) with
increasing values of the electron-coupling element Hag, as
indicated (in eV). For the arene/nitronium redox system in the
isergonic region, the initial (reactant) diabatic state {ArH +
NO,*} and final (product) diabatic state {ArH*" + NO*} are
quantitatively drawn to scale for AG°er = 0 and Ace = 4.0 eV
for cross exchange in eq 17 in the dashed left and right dashed
curves, respectively.5®
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potential energy minima. The latter consist of the
separate precursor z-complex [ArH, NO,*] and the suc-
cessor w-complex [ArH**, NOy*], both with progressively
shallower minima (and higher barriers that separate
them) as the electron-coupling element Hag decreases.
In the limit with Hag ~ 0, a single barrier separates the
noninteracting reactant state {ArH + NO,"} and the
product state { ArH*" + NO,’]. In other words, as a result
of large Ano,, electron transfer with NO,* cannot progress
via a single preequilibrium z-complex like that with NO*
(Chart 3), and the typical cross-section of the po-
tential energy surface shown in Chart 4 includes a
pair of preequilibrium z-intermediates—designated PC
and SC for precursor and successor complexes, respec-
tively.

Chart 4
ArH" +NO;

ET

ArH+NO,’

PC

The difference between a potential-energy profile with
a double minimum for NO," (Chart 4) and that with a
single minimum for NO* (Chart 2) has important kinetic
consequences. Indeed, the rate of electron transfer to NO,*
is significantly faster than that to NO™, despite the large
magnitude of Ano, relative to Ano, since Chart 4 shows
that the activation energy for overall electron transfer
is simply given as®®

AGgr = AGgy (18)

V. Comments on the Role of Preequilibrium
Complexes in Electrophilic Aromatic Nitrosation
versus Nitration via Electron Transfer

The preequilibrium formation of intermolecular charge-
transfer complexes is common to both aromatic nitrosa-
tion and nitration, which are known to occur via the
active electrophilic species NO* and NO,™, respectively.5”
The interconversion of the #-complex to the g-adduct (like
that for bromination in eq 3) represents the critical
activation step, i.e.,

/O

N
! NO
<

+

NO
& |‘\ 2
S — &KX, oo

The least-motion study of such (direct or one-step)
transformations cannot readily account for the fact that
the NO," moiety in eq 20 must overcome the sizable
(reorganization) penalty for ONO bending (see Chart 3).
Yet nitrations proceed at rates that are actually orders
of magnitude faster than nitrosations,*® in which the
lower reorganization barrier for NO* merely involves the
simple N—O stretching mode (see Chart 3). Such a
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significant reorganization obstacle is conceptually cir-
cumvented by decoupling the step involving reorganiza-
tion from the step leading to the g-adduct in both eqgs 19
and 20. Indeed, electron-transfer activation as presented
in Charts 2 and 4 for NO* and NO,", respectively,
satisfies the two-step criterion since reorganization is
implicit in electron transfer and it is separate from
o-adduct formation.

As applied to aromatic nitrosation, the activation
process is as shown in Scheme 4, where the overall

Scheme 4
AGpr®
ArH + NO* <—— [ArHNO]" —>
(n-complex)
NO
®< @1
H

activation barrier (AGgt") is evaluated by eq 16.%° Thus,
the slow electron-transfer activation in eq 14 (coupled
also with the subsequent slow deprotonation of the
o-adduct®) is responsible for aromatic nitrosations, which
are by and large limited to only the most active (electron-
rich) arene donors.5*

The corresponding two-stage activation process for
aromatic nitration via electron-transfer according to
Chart 4 involves an additional intermediate -- the
successor complex [ArH**, NO,'] which largely takes on
the burden of the NO," reorganization in the separate
electron-transfer transformation of the precursor complex
[ArH,NO,"]. The subsequent spontaneous collapse of the
successor complex (SC) directly to the g-adduct in Scheme
5 facilitates the electron-transfer pathway for nitration

Scheme 5
b + A_)Gl +o o fast
AH + NO,” == [AfH,NO,'] == [AH"NO,"] =
(PC) (C9)]
NOZ

(22)
(c-adduct) H

considerably®? (Scheme 5) since it entirely bypasses the
slow (energy-intensive) step leading from the successor
complex [ArH*", NO,7] to the separated (noninteracting)
ion-radical pairs { ArH** + NO}, which is implicit in eq
18. The activation barrier for such a direct collapse of
the ion-radical pair is substantially less than AGgr and
leads to very fast nitration rates.®*% In the limit for
nitrations involving preequilibrium complexation with
small Hag values, the rate will be limited by the -
interconversion of the precursor/successor complexes (i.e.,
AG;) and not on the formation of the o-adduct. The clear
separation of the mw-interconversion versus formation of
the o-adduct is illustrated in Chart 5.

Most importantly, the extent to which the g-adduct is
formed directly from the successor complex (pathway
P1)¢7 lowers the activation barrier relative to that for
pathway P, (dashed curve) that formally proceeds via the
free radical pair {ArH*" + NO,}. Thus, Chart 5 under-
scores the caveat that the viability of electron-
transfer mechanisms cannot be prejudged solely by
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Chart 5

ArH" + NO;
,_r--.z_ P,

NO,
p CDQ

[ArH"NO;)] AG..

’

[ArH,NO]]

the free energy change for electron transfer (AGgr), since
the actual activation energy (AG*) can be substantially
less.

Summary and Outlook

Metastable charge-transfer complexes are transiently
observed as critical intermediates in electrophilic aro-
matic bromination and nitrosation with dibromine (Br5)
and nitrosonium cation (NO™), respectively. Although
structurally disparate, Br, and NO* nonetheless repre-
sent prototypical electron acceptors (A) that interact with
various arenes as electron donors in a fast, initial
equilibrium to form the [1:1] prereactive complex, i.e.,

KCT
D+ A==[D,A] (23)

As metastable as these preequilibrium complexes may
be, transient (UV—vis) spectroscopic and low-tempera-
ture X-ray crystallographic analyses reveal their highly
structured s-character as generically depicted below.3!

In turn, these (ground-state) ;7-complexes are converted
in a rate-limiting transformation to the o-adduct, which
is generally recognized!” as the reactive intermediate
leading to aromatic substitution, e.g.,

A
i # A
& > EX e @
(m-complex) (U-adduct])_I

Although such a unimolecular transformation adheres
to the least-motion principle, they involve intermediates
that are highly disparate in energy—the ground-state
m-complex being formed in a fast preequilibrium step,
whereas the o-adduct lies close to the rate-limiting
transition state. The general question thus arises as to
how a (low energy) ground-state structure such as the
m-complex can take on the structure so close to the (high
energy) transition state. This question comes into sharper
focus when aromatic nitration with NO," is considered
in the light of aromatic nitrosation with NO™. As related
electrophiles, NO* and NO,* have similar physical
constants (see Chart 3) but differ markedly in their
reorganization energy—the linear NO," is heavily bur-
dened by the bending penalty. As such, the direct (least-
motion) formulation in eq 24 is not easily reconciled with
the fact that NO,* is many orders of magnitude more
reactive that NO* in arene activation, despite its severe
bending incurred in the attainment of the transition
state. It is singularly important to note, however, that
incorporation of the preequilibrium intermediate, con-
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sisting of the reversible interchange between the precur-
sor complex [ArH, NO,"] and the successor complex
[ArH**t, NO,] as shown in Chart 5, allows the reorgani-
zation barrier (AG;) for NO," to be clearly separated from
the subsequent formation of o-adduct.®® By contrast, such
an energetically favorable pathway is not available for
NO* (Chart 2) with consequent (substantially) slower
rates for aromatic nitrosation.

The conclusion reached herewith underscores the
general importance of the preequilibrium intermediate
prior the reaction of any electron donor (D) with an
electron acceptor (A). In particular, the emphasis on the
charge-transfer character of the prereactive complex
identifies the preorganization barrier to be a separate
step from that leading to the transition-state structure.
This important conclusion for organic-reaction mecha-
nisms is identified in Chart 6 as the reorganizational
(activation) barrier AG* that separates the precursor
complex [D, A] from the successor complex [D*, A7]. In
this way, electron-transfer mechanisms which hitherto
may have been discounted owing to forbiddingly high
endergonic driving forces (i.e., AGgr) can be accom-
modated.®®

Chart 6

Postscript. Although we have deliberately restricted
our attention in this Perspective to an in-depth study of
the preequilibrium complexes pertinent to electrophilic
aromatic bromination, nitrosation, and nitration, the
prototypical free energy diagram, as outlined in Chart
6, should be viewed as a general mechanistic construct
with universal applicability. Owing to the ubiquity of the
charge-transfer phenomena,® we encourage further quan-
titative studies to provide experimental support for the
viability of preequilibrium (precursor) complexes in the
mechanistic elucidation of various types of other organic
and organometallic reactions.
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