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Abstract: The mechanism of electrophilic aromatic nitration was revisited. Based on the available
experimental data and new high-level quantum chemical calculations, a modification of the previous reaction
mechanism is proposed involving three separate intermediates on the potential energy diagram of the
reaction. The first, originally considered an unoriented w-complex or electron donor acceptor complex (EDA),
involves high electrostatic and charge-transfer interactions between the nitronium ion and the z-aromatics.
It explains the observed low substrate selectivity in nitration with nitronium salts while maintaining high
positional selectivity, as well as observed oxygen transfer reactions in the gas phase. The subsequent
second intermediate originally considered an oriented “z-complex” is now best represented by an intimate
radical cation—molecule pair, C¢Hs™/NO,, that is, a SET complex, indicative of single-electron transfer
from the aromatic -system to NO,". Subsequently, it collapses to afford the final o-complex intermediate,
that is, an arenium ion. The proposed three discrete intermediates in electrophilic aromatic nitration unify
previous mechanistic proposals and also contribute to a better understanding of this fundamentally important
reaction. The previously obtained ICR data of oxygen transfer from NO," to the aromatic ring are also
accommodated by the proposed mechanism. The most stable intermediate of this reaction on its potential
energy surface is a complex between phenol and NO™. The phenol-NO* complex decomposes affording
CsHsO™/PhOH" and NO, in agreement with the ICR results.

Introduction Scheme 1 . Ingold—Hughes Mechanism for Electrophilic Aromatic
Nitration
Electrophilic aromatic substitutidmnd nitration in particuldr HNO; + HA > H,NO; + A (1)
have been among the most intensively studied organic reactions. . .
They have played a key role in the study of aromatic reactivity H,NO;" - NO," +H,0 2

and selectivity? Although aromatic nitration is commonly
referred to as a “typical” example of a mechanistically well-
defined reactiord, important mechanistic aspects are still ArHNO;" + A" > ArNO, + HA @)
evolving®~7 The fundamental mechanism of electrophilic nitra-

ArH + NO," - ArHNO," 3)

tion was elucidated by Ingold and HugRés(Scheme 1).
"University of Southern California. Accordingly, the nitration reaction involves the NOcation

* Universidade Federal do Rio de Janeiro. - - o .
$ Universidade Federal Fluminense. as the reactive electrophile, which is responsible for attack on

'Kent State University. the aromatic compound. It forms ArHNO, the Wheland
' Permanent address: Instituto de’@iga, Universidade Federal doRio  jntermediate, which was subsequently identified ascamplex

de Janeiro, Cidade Universita CT Bloco A, 21949-900, Rio de Janeiro, : . . . : .

Brazil. or an arenium ion. The focal point of still ongoing studies and

(1) (a) Considered as Electrophilic Aromatic Substitution, Part 67. For part
66, see: Salzbrunn, D.; Simon, J.; Prakash, G. K. S.; Petasis, N. A.; Olah, (4) (a) March, JAdvanced Organic Chemistrydohn Wiley & Sons: New

G. A. Synlett 200Q 10 1485. (b) Taylor, R. Electrophlllc Aromatic York, 1985. (b) Lowry, T. H.; Richardson, K. $4echanism and Theory
Substitution John Wiley & Sons: Chichester, U.K., 1990. in Organic ChemistryHarper and Row: New York, 1987.

(2) (a) Olah, G. A.; Malhotra, R.; Narang, S. Glitration Methods and (5) Aschi, M.; Attina M.; Cacace, F.; Ricci, AJ. Am. Chem S0d994 116,
MechanismsVCH: New York, 1989. (b) Cardoso, S. P.; Carneiro, J. W. 9535.
M. Quim. Nava 2001, 24, 381—389. (6) Peluso A.; Del Re, GJ. Phys. Chem1996 100, 5303.

(3) Ingold, C. K. Structure and Mechanism in Organic ChemistGornell (7) Lund, T.; Eberson LJ. Chem. Soc., Perkin Trans.1®97 1435.
University Press: New York, 1969. (8) Ingold, C. K.; Hughes, E. DJ. Chem. Sacl95Q 2400.
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Scheme 2 . Olah’s Modified Mechanism for Electrophilic Aromatic Scheme 3 . Single-Electron-Transfer Mechanism for Electrophilic
Nitration Aromatic

ArH + NO,* > ArH.NO," (m) (3a) ArH +NO," > ArH™ + NO, (3b)

ATHNO," (1) > ArHNO," (6)  (4a) ArH™ + 'NO, > ArHNO;" (4b)

ArHNO," + A" > ArNO, + HA (52) og-complex intermediate. The difference between Schofield’s and

Olah’s mechanism is in the nature of the first intermediate. In
discussions is the possible role of a discrete additional earlier ©lah’s mechanism, this intermediate was suggested to be a
intermediate ;--complex formation or single-electron transfer 7Z-complex with a weak but well-defined interaction between
(SET) step on the reaction coordinate, as contrasted with directth® aromatic substrate and the nitronium ion. In Schofield’s
two-electron-transfer electrophilic addition (polar addition), Mechanism, the intermediate is an encounter pair, which does
leading to as-complex intermediate. not involve any bonding interaction between the reacting species
g. and is held together only by the solvent cagé There is,
Ohowever, no indication of significant solvent effects in nitration
with nitronium salts. Gas-phase electrophilic nitration studied
by Cacace et &° also gave results showing low substrate but
high positional selectivity under conditions where solvent cage
formation cannot be involved.

In contrast with the two-electron transfer, that is, the polar
electrophilic reaction mechanism, the possibility of an alternative
pathway involving a one-electron-transfer pathway was invoked
in subsequent yeat$:20 First proposed by Kenn&r and
Weissl8 the one-electron pathway in aromatic nitration acquired
renewed interest based on the works of Pétrian the
electrochemical nitration of naphthalene. Although the general

was proposed by Olah and co-workers, who suggested thevaI|d|ty of the concept particularly with less nucleophilic

. . . ; fa\romatics was questionéHjt nevertheless attracted renewed
existence of a separate intermediate prior to the SUbsequenattention to the single-electron-transfer (SET) pathway of
formation of the arenium ion (Scheme 2y12 This first 9 b y

. . . ! aromatic nitration. This mechanism involves, after the approach
intermediate was necessary in order to explain the low substrate

L R . . L of the two reactants, a single-electron-transfer step from the
selectivity observed in nitration of aromatics with the nitronium . N L .
51011 _ o . aromatic substrate to the nitronium ion as the initial step. It is
salts>1%11such as N@"BF,~ and NQ PR, despite that the . - S .
- . . o . . followed by radical pair recombination between the aromatic
positional selectivity (regioselectivity) remained high and was : . . 0 .
Co 2 . . radical cation and the Nfradical formed? leading to the
unaffected. This first intermediate was considered ascam- . . Lo . .
21011 . . . identical arenium ion intermediate as proposed in the Ingold
plex?1%1lthat is, a weakly bound state involving low, nonspe- .
o T . . Hughes mechanism (Scheme 3).
cific, attractive interaction between the NOion and the . .
. . . . Extensive more recent work by Kochi and co-workers has
aromaticr system as an entity. Formation of thecomplex in . . .
. . further substantiated the single-electron-transfer mechanism for
a rate-determining stépwas proposed to be responsible for - . ;
S o : activated aromatics, especially through the study of electron
the low substrate selectivity observed upon nitration of activated .
. . . o . . donor-acceptor complexes, formed between aromatic substrates
aromatics while retaining positional selectivity. This proposal Lo . . . .
. - ) . . s and nitronium ion carriers (N£Y), involved in the photochemi-
stood in contrast with Brown’s empirical selectivity rdie} . A o
. . - . . cal as well as in thermal activation of aromatic nitratfn.
which, however, considered a single intermediate and conse- e . . .
" o Specific absorption bands observed upon mixing the aromatic
quently substrate and positional selectivities are connected.

hofield and collab died the nitrati ¢ alkvlb substrate with the nitronium ion carrying species gNpPwere
Schofield and collaborators studied the nitration of alkylben- - qqjqered to stem from a doneacceptor complex (also called
zenes using nitric acid in 68% sulfuric acid as nitration

191316 - - charge-transfer complex). This intermediate would involve the
medial#131%Under these reaction conditions, they observed that nitrating agent (acceptor) and the aromatic (donor). Accordingly,

there is a limit to the maximum rate observed for the reaction. \,ehi proposed a mechanism based on single-electron transfer
They concluded that the reaction rate is close to the limiting (Scheme 4)

rate for diffusion of the reactive species into the reaction
medium. This led them to propose that the initial complex is (17) Kenner, JNature 1945 156 369.

an encounter pair, whose rate of formation would be determined 883 Weiss, JTans, Faraday Sacl9dg 12 116,

by the diffusion rate of N@" in the aromatic solvent, with no  (20) (a) Kochi, J. KAcc. Chem. Red992 25, 39. (b) Kim, E. K.; Bockman,
bonding interaction between them. The reactants are encapsu- g Kool - K.J. Am. Chem. Sod993 115 3091 and references
lated in the solvent cage, and random collisions lead to the (21) (a) Eberson, L.; Jwson, L.; Radner, FActa Chem. Scand. B978 32,
749. (b) Eberson, L.; Radner, Rcta Chem. Scand. B98Q 34, 739. (c)
Eberson, L.; Radner, Acc. Chem. Red.987, 20, 53.

Aromatic nitration is most commonly carried out as an aci
catalyzed reaction between the aromatic substrate and nitric aci
(or its derivatives). According to the IngotdHughes mecha-
nism, HNG; forms the nitronium ion (N@") in the presence
of a strong acid. This ion then reacts further with the aromatic
substrate to form an arenium ion in a rate-determining step,
which in a subsequent step undergoes proton elimination leading
to the nitrated product (Scheme 1). Early experiments firmly
established Ng as the key electrophifelt was also agreed
that the stability of the arenium ion intermediate determines
the positional selectivity (regioselectivity) of the nitrated
products.

A modification of the original Ingole-Hughes mechanism

(9) Reference 2a, Chapter 3. (22) (a) Fukuzumi, S.; Kochi, J. KI. Am. Chem. Sod 981 103 7240. (b)
(10) Olah, G. A.; Kuhn, S.; Flood, S. H. Am. Chem. Sod 961, 83, 4571. Takeshita, K.J. Chem. Phys1994 101, 2192. (c) Raghavachari, K.;
(11) Olah, G. A.Acc. Chem. Red971, 4, 240. Haddon, R. C.; Miller, T. A.; Bondbey, V. El. Chem. Phys1983 79,
(12) Coombes, R. D.; Moodie, R. B.; Schofield, K.Chem. Soc. B968 800. 1387. (d) Attina M.; Cacace, F.; Ricci, AJ. Phys. Cheni996 100, 4424~
(13) Schofield, KAromatic Nitration Cambridge University Press: Cambridge, 4429.

1980. (23) (a) Atting M.; Cacace, F.; Yanez, M. Am. Chem. S0d987 109, 5092.
(14) Johnson, C. DChem. Re. 1975 75, 755. (b) Aschi, M.; Atting M.; Cacace, F.; Ricci, AJ. Am. Chem. S0d 994
(15) Pross, AAdv. Phys. Org. Cheml977, 14, 1977. 116, 9535. (c) AttinaM.; Cacace, F.; de Petris, @ngew. Chem., Int. Ed.
(16) Hoggett, J. G.; Moodre, R. B.; Schofield, &. Chem. SacB 1969 1. Engl. 1987 26, 1177. (d) Cacace, FAcc. Chem. Red.988 21, 215.
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Scheme 4 . Kochi's Single-Electron-Transfer Mechanism for
Electrophilic Aromatic Nitration

ArH +NO,Y - [ArH, NO,Y] donor-acceptor (charge transfer) complex (1)
[ArH,NO,Y] + hv = [ArH", NO,Y"] (2)
[ArH™, NO,Y™] = [ArH", NO;] Y (3)
[ArH",NO,] Y - ArHNO," + Y 4

ArHNO;" + Y™ > AINO, + HY

(&)

Scheme 5 . Gas-Phase Nitration of Benzene
CH, + NO, CeHsO" + NO,

E——

unknown

CeHg + NO,"HOCH; —> [ intermediate

The rate-determining step in this mechanism is the formation
of the ion pair [ArH™, NO,Y ], that is, step 2, which defines
the substrate selectivity. The positional selectivity (regioselec-
tivity) is determined by the spin density in the aromatic cation
radical (ArH™), this being the driving force for the collapse of
the [ArH™, NO,*] complex into thes-(Wheland) intermediate.

Early theoretical studies aimed at clarifying the nature of the
initial complex gave no clear indications. Hartréeock calcula-
tions on the potential energy surface of the approach of thef NO
ion to benzene led directly to the arenium ion, without an
activation barrief%2* An initial --complex form was found only
upon restricted optimizatiéh or by calculating a solvated
nitronium ion (protonated methyl nitrat&).Subsequent work
was stimulated by the gas-phase studf@g8-3° Most recent
and more accurate calculations showed that there is a crossing
of electronic potential energy surfaces in the approach of the
NO," to the aromatic catio”h?6:27 This crossing of electronic
states (also known as conical intersectipican be interpreted

as the transition of the ground state of the aromati¢ronium

ion complex {ArH, NO,™>) to the aromatic cation radical
neutral NQ (JArH™, NOy*>) complex, which is in accord with
the single-electron-transfer mechanism. Recent ab initio mo-
lecular dynamics calculations at the MRCI level indicated that
the activation barrier for the electron transfer may be as small
as 3.3 kcal/mot® This is significant considering the rather high
first ionization potential of benzene and substituted benzenes
(vide supra).

Previous mechanistic proposals agree that in principle two
intermediates are involved in electrophilic aromatic nitration,
the latter being unquestionably an arenium ion ¢gkmomplex).
Differing pathways lead subsequently to the same arenium
intermediate. Deprotonation of the arenium ion has always been
considered to be a fast process, since no primary hydrogen
isotopic effect was observeéd.The still unanswered question
is the nature of the first intermediate, especially in the case of
reactions involving less active or deactivated aromatics. The
linear nitronium ion has no empty atomic orbital on nitrogen

Concerns about this mechanism are that the rates of reactiorbut is polarizable as the approaching aromatic displaces an
estimated by Marcus theory are much lower than the rates electron pair from an RO bond onto the oxygen, developing
observed in solution and the high energy needed for abstractingan empty orbital on nitrogen. Is the reaction driven by direct

an electron from the /#-aromatic benzene (or the more
deactivated aromatics). With highly reactive electron-rich

(polar) addition of the N@" ion to the aromatic nucleophile
involving a two-electron process or is it a single-electron-transfer

aromatic substrates, however, the energetics can become favorprocess from the aromatic substrate to N® While experi-
able. Another question to be raised relates to the low observedmental data do not converge clearly to any one progfos&ise34

ipso-substitution, which contrasts with the high spin density on
that position??
lon—molecule reactions in the gas phase using ion cyclotron

theoretical studies which mainly considered possible single-
electron transfer concluded that this is the preferable mechanism,
at least for substrates more activated (electron rich) than

resonance spectroscopy (ICR) demonstrated that the reactiorbenzené:2

of NO,* with benzene does not lead to a nitrated product but
to GsHgO™* (Scheme 5). This points to the ambident electrophilic
character of the nitronium ion, since it could react via either
the oxygen or the nitrogen atoms. On the other hand, if agNO
carrier (“complexed” N@") such as CHOH—NO," and
CH,O—NO;" is used as the nitrating agent under similar gas-
phase conditions, nitration occurs affording products with a
similar positional selectivity observed for the reaction in the
condensed phagé.In these reactions, two intermediates are
indicated. The first is of a yet unknown structure which is then
converted into the second intermediate of arenium ion (

complex) nature. This contrasts with the solvent cage mechanism

of Schofield, since there is no solvent involved in these gas-
phase reactions.

Varied quantum mechanical and ab initio studies were also
applied to study the mechanism of the aromatic nitratiéh?’

(24) Szabo K. J.; Hornfeldt, A.-B.; Gronowitz, SJ. Am. Chem. Sod992
114, 6827.

4838 J. AM. CHEM. SOC. = VOL. 125, NO. 16, 2003

A useful distinction between single- and two-electron (polar)
transfer is that, in the first case, according to the Franck
Condon principle, the overlap between the vibrational wave

functions associated to donor and acceptor moieties does not

change much in the process of electron transfer. In other words,

there is no significant bond distance and/or angle accommoda-

(25) Politzer, P.; Jayasuriya, K.; Sjoberg, P.; Laurence, B. Rm. Chem. Soc
1985 107, 1174.

(26) Albunia, A. R.; Borrelli, R.; Peluso, Alheor. Chem. Ac200Q 104, 218—
222

(27) Feng, J.; Zheng, X.; Zerner, M. G. Org. Chem1986 51, 4531.

(28) Benezra, S. A.; Hoffman, M. K.; Bursey, M. M. Am. Chem. Sod97Q
92, 7501.

(29) Morrison, J. D.; Stanney, K.; Tedder, J. M.Chem. Soc., Perkin Trans.
21981, 967.

(30) Dunbar, R. C.; Shen, J.; Olah, G. A.Am. Chem. Sod.972 94, 6862

6864.

(31) Yarkony, D. RJ. Phys. Chem1996 100, 18612-18628.

(32) Melander, Llsotope Effects on Reaction RatB®nald Press: New York,
1960.

(33) Kim, E. K,; Lee, K. Y.; Kochi, J. KJ. Am. Chem. S0d 992 114, 1576.

(34) Eberson, L.; Hartshorn, M. P.; Radner,Atta Chem. Scandl994 48,
937.
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6 (ONO) = 1800 6 (ONO) = 180°

1.129

1.151
S T a

C*
5

Figure 1. Geometries for N@"/benzene complexek-7 obtained with energy minimization procedures at the B3LYP/6-8G** level.

; ; ; Table 1. B3LYP/6-311+-+G**//B3LYP/6-31++G** Relative
tion for the new species. In the second case, the bonds mvolvedEnergies (298.15 K and 1 atm) for the Interaction of Benzene with

in the reaction change concomitantly with the electron trans- NO,*

ferred from one reactant to the other. At some point, the single- AH (298 K) AR (298 K)
electron transfer and the two-electron (polar) mechanism merge,  species (kcalimol) species (kealimol)
since they represent the two extremes of a possible continuum.

_ _ - \ ) X 1 17.71 23 —-4.38
To investigate in more detail the still challenging problem 2 22.7F 24 —5.72
of the mechanism of electrophilic nitration of aromatics, we 3 14.30 25 —3.93
carried out detailed quantum chemical calculations of the g g'zjg gg :gg';i
reaction of NQ" with selected aromatics. For comparison, 6 750 28 10.82
similar calculations were also performed with representative 7 1.12 29 5.84
olefins. 8 0.00 30 5.94
9 577 31 17.22
Results and Discussion 10 1.56 32 22.81
S ) ) 11 8.63 33 12.49
To study the electrophilic nitration of aromatics, we directed 12 6.55 34 14.20
our investigations primarily to the study of the interaction of ii g-gé gg 2?-%2
NO,"™ with benzene. Several isomeric structures were found to 15 767 34 8.26
be minima on the potential energy surface of the reaction. A 16 11.97 NQ* + CeHs 33.54
number of additional structures were also found and character- 17 16.45 NQ* + CsHaJ: 11.70
ized as transition states for the interconversion among the located 13 s gﬁ S 70
r_ninima. Geometries for thesg, ot_)tained after energy minimiza- 20 3036 PhOHF NGO 427
tion procedures, are shown in Figures@ 21 —47.02 PhOH + NO —29.74
Structuresl—7 correspond to various ways by which MO 22 11.18

can approach ther-system of benzene. Structures-27

i . : a B3LYP/6-31H+G**//MP2(full)/6-31++G**.
correspond to possible products formed via the reaction ofNO (ruh

with benzene. The structurés 7, 9—11, 15, 19, 22, and28— surface of the reaction of NO with benzene in the gas phase,
37 correspond to transition states connecting the formed where the main reaction intermediates and possible pathways
intermediates. interconnecting them are shown. It can be seen that the most

A total of 16 structures were found to be minima on the stable species on this potential energy surface is the complex
potential energy surface. Table 1 summarizes the relative [PhOHNO]* (21), followed, in order of stability, by O-
energies for the species investigated, as well as related specieprotonated nitrobenzene and iveomplex in which an oxygen
of interest. Figure 7 is a representation of the potential energy atom is transferred to the aromatic ring (structig, as well

J. AM. CHEM. SOC. = VOL. 125, NO. 16, 2003 4839
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1.476

1.164

CI 6 (ONO)=113.5°

Figure 3. Geometries for products4—20 of NO,"/benzene obtained with energy minimization procedures at the B3LYP¥6-&t* level.

as othew-complexes of C-protonation of nitrobenze24,(22, ion specie$? while oxygen (O) transfer to benzene is observed

23) and the nitrobenzenium iom-complex8, respectively. under gas-phase ietmolecule reaction conditions, wherein no
The calculational data obtained allow a better rationalization solvent effects are involved.

of the mechanistic aspects of the electrophilic nitration of  Among the possible reaction intermediates (minima on the

benzene with the nitronium ion. Nitrobenzene is the main potential energy surface), the structuggl, 8, 26, and27 are

reaction product when the reaction involves solvated nitronium of primary interest for the understanding of the mechanism of

4840 J. AM. CHEM. SOC. = VOL. 125, NO. 16, 2003



Mechanism of Electrophilic Aromatic Nitration ARTICLES

1335 o 2.450

Figure 5. Geometries for productd6—30 of NO,"/benzene obtained with energy minimization procedures at the B3LYP¥6-&Et* level.

nitration of benzene. Particularly significant 8@nd4, since Analysis of our present data leads to the new conclusion that
these are the intermediates formed prior daewomplex @) more than one intermediate may be involved prior to the
formation. These represent the center of the discussion regardings-complex formation. Structuresand4 are intermediates that
the nature of the intermediate formed before the reactantsfit respectively into the definition of the-complex and SET

collapse to thes-complex, that is, whether a-complex or a intimate pair. Analysis of the geometry of these two intermedi-
single-electron-transfer (SET) intimate pair are involved, as ates leads to the conclusion that they are indeed distinct species.
proposed originally by Oldf1! and Weiss® respectively. Structure3 is an unoriented (outerj-complex, wheread can

J. AM. CHEM. SOC. = VOL. 125, NO. 16, 2003 4841
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Figure 6. Geometries for the transition stat8$—37 connecting the several intermediates, calculated at B3LYP46+33** level.

be also viewed as an orientadcomplex according to Olah’s  structure of the comple8 shows that the positive charge is

early suggestion for such complexXég!However, considering most equally distributed between the pl@nhd benzene (Table

more carefully structurd, one realizes that the NGnoiety is 2). The linear NQinteracts with ther-aromatic system through

rather bent in relation t8, in which this moiety is linear. The  oxygen, which besides the central nitrogen atom is the other

O—N-0 bond angle int is 136.7, quite close to the angle of  potential electrophilic center in the NOcation but is usually

an isolated N@molecule (134.3),%° which indicates that N© not considered in nitration mechanisms. This is rather in line

is strongly interacting with the benzemesystem in4. This with the experimental finding of © being transferred in the

can be an indication that single-electron transfer from benzenegas-phase nitration of benzene with NOIt is also noteworthy

to NO,™ has already occurred in this geometry, affordihg that formation of small amounts of phenol was reported in the

which is thus an inner sphere or intimate pair SET, single- HNOs/H,SO, nitration of benzené which may stem from

electron-transfer complex (according to Marcus theory). Analy- competing oxidation involving an oxygen-transfer pathway.

sis of the relative energies of the species (Table 1) indicates The charge distribution analysis of the “orientedomplex”

that structure8 and4 are quite distinct energetically (s 13.6 (structure4), indicates that the positive charge is basically

kcal/mol higher in energy tha#), which would be unexpected located on the ring, which means that the Nfiiety received

if both were justm-complexes (in which case interactions an electron from thes8-aromatic, resulting in an SET radical

between the reactants should be similar). It is interesting to pointradical ion intimate pair. Thereford, can be better described

out that structurel is only 0.7 kcal/mol higher in energy than as an NQ radical interacting with a benzene catieradical,

the o-complex8. The reaction barrier for the conversion 4f CesHe™. Calculations assume, however, that the ,NQs

to 8 is only 0.9 kcal/mol. This could mean that most of the unencumbered, but in the condensed phase, there is always some

driving force for the reaction to occur is already released in interaction with the counterion.

this structure, possibly by single-electron transfer from benzene Morokuma decomposition analy3igpermits us to shed light

to the nitronium ion affording the inner sphere complex on the prominent factors in the interaction energy between
We further investigated the electronic structure of these benzene and N£, showing that the main stabilizing contributor

complexes in order to probe if the best representation for their

(36) (a) Chirlian, L. E.; Francl, M. MJ. Comput. Chem1987, 8, 894-905.

ground state would be a-complex or an intimate radical (b) Breneman, C. M.; Wiberg, K. BJ. Comput. Cher199Q 11, 361—

inal i i i i i 373.
radical |on_pq|r formed by smgle electron transfe_r. A.S|mple (37) See: (a) Coulson, C. Hydrogen BondingHadzi, D., Thompson, H. W.,
way for this is by the analysis of the charges in different Eds.; Pergamon Press: New York, 1957; pp 3380. (b) Coulson, C.
fragments of the complex. Chelp&charge analysis for the Researct957 10, 149-159. (c) Morokuma, KJ. Chem. Physl971 55,

1236-44. (d) Kitaura, K.; Morokuma, Kint. J. Quantum Cheml976

10, 325. (e) Morokuma, K.; Kitaura, K. IrChemical Applications of

(35) Herzberg, GElectronic Spectra and Electronic Structure of Polyatomic Electrostatic PotentiatsPolitzer, P., Truhlar, D. G., Eds.; Plenum Press:
Molecules Van Nostrand: New York, 1966. New York, 1981; pp 215242.
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21 o
[PhOH.NO]*

o—complex

Figure 7. Pictorial representation of the potential energy surface of benzene with.NO

Table 2. Atomic Charges (ChelpG) and Morokuma Decomposition
Analysis Interaction of Benzene with the Nitronium lon Interaction

for the Complexes 3 and 4

(OS]
A Q
; he
<> o
<>
Structure 4
Structure 3
qcuerrc (NO; moiety) +0.21 +0.43
qcneLp (CeHg moiety) +0.79 +0.57
Morokuma Decomposition Analysis
(RHF/6-311G**//B3LYP/6-31++G**)
Electrostatic Energy -12.6
Exchange Repulsion Energy 14.4
Polarization Energy SCF did not -4.9
Charge-Transfer Energy converge at RHF 203
High Order Coupling Energy level 14.11
Total Interaction Energy 9.4

to the energy of the interaction 8is charge-transfer interaction

followed by electrostatic interaction.

To further study the SET pathway, single-point energy
computations were performed at the DFT geometries using the
CASSCF (MCSCEF) calculations, which can successfully handle
complex cases as the present one. With this methodology, it is
possible to verify whether the ground-state electronic config-
uration (Hartree-Fock) is a meaningful zero-order approxima-
tion to the electronic structure of a given molecule. In other
words, the importance of near-degeneracy effects (the so-called
nondynamical correlation) can be evaluated by the coefficient
of the Hartree-Fock configuration in the CASSCF expansion
(coefficients ¢, ¢, ... in eq 1). A GVB(3)-CASSCF(6,6)
calculation was performed on structufeyielding a wave
function with a significant multiconfigurational character (see
computational details section), and this should be expected from
an intimate radication pair.

Wy, g = CIATH, NO, 'O GJArH™, NO, T ... (1)

Analysis of the donoracceptor problem in terms of frontier
molecular orbitals (FMOSs) gives further insight into the single-
electron-transfer and charge-transfer complexes involved in
nitration. Figure 8 shows the diagram for the FMO interaction
in donor-acceptor complex formation. The charge-transfer
absorptions bands, which can be observed even in the visible
region, are easily understood by the electronic transitions
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Figure 8. Frontier molecular orbital analysis and its relation with single-electron-transfer nitration.
involving the HOMO and LUMO orbitals of the doneacceptor ~ _ 4|
complex. Two distinct schemes of the molecular orbital interac- & .
|[—e—E LUMO NO2+

tions are possible based on the HOMOUMO energy gap
(AE) of the MQO's of the complex:AE = 0 andAE ~ 0 (Figure
8a,b).

In this approach, the electron transfer is characterized by the
case where the HOMOLUMO gap in the complex is very
small AE ~ 0). In the extreme case wherAE = 0,
electronically degenerate molecular orbitals result (see Figure
8Db). In this regard, it is important to point out that electron-
transfer processes are related to the interaction between differen
electronic surface®, which are regions of the potential energy
surface where the BorrOppenheimer approximation (adiabatic
approximation), common to most ab initio calculations, usually
fails. According to Hund’s rule, the lowest energy electronic
configuration for this case would be achieved by distributing a
single electron in each degenerate orbital in order to minimize
Pauli electronic repulsion (Figure 8b). This can be characterized

as a single-electron transfer. Based on this picture, a charge

transfer intermediate is usually a precursor to electron transfer.
Complex3, considered originally as an unorienteecomplex,
could be thus considered as a charge-transfer complex inter-
mediate involving strong electrostatic interaction. Consequently,
single-electron transfer from benzene to N®@ccurs when the
HOMO of benzene (electron donor) is approximately at the same
energy level as the LUMO of N& (electron acceptor). This
could occur upon distortion of the geometry of the reactants.
However, analysis of the molecular orbitals of the nitronium
ion indicates that its LUMO is related to the empty orbital on
nitrogen. Thus, by bending NO from its original linear form,
the empty spformed orbital at the nitrogen atom becomes the
main contributor to the LUMO of the molecule (Scheme 6).
This LUMO should become more low-lying in energy as the

-0.35120

-0.30 \

125 130 135 1680 165 170 175 180

ONO angle in NO2+ [dagrees)

LUMO energy of NO2+ (a.

Energy of
the HOMO
of CEHB

-0.20
Figure 9. Plot of the LUMO energy of N@" as a function of the ©N—O

bond angle. The LUMO of N& becomes isoenergetic with the HOMO
of benzene at 147indicating an approximate geometry for the SET process.

Scheme 6 . LUMO in NO;* Cation at (a) Linear and (b) Bent
Geometries

6 =180°
s 0 ® Angle P
\é N _\6’ Distortion .. -0
8§78 ®
(a) (b)

where it becomes isoenergetic to the HOMO of benzene,
favoring single-electron transfer, according to the model shown

in Figure 8b. We performed RHF/6-313#G** single point
energy calculations on distorted NOgeometries and benzene
in order to obtain the HOMOLUMO values and to gather an
estimate of the N@ geometry at which SET should take place.
The O—N—0O bond angle of about 14%enders the LUMO of

O—N-—0 bond angle decreases, whereby resonance stabilizatioNO,™ isoelectronic with the HOMO of benzene, at which point

involving the nonbonded electron pairs on the oxygen atoms
decreases. The LUMO energy of WCcould decrease to a value

4844 J. AM. CHEM. SOC. = VOL. 125, NO. 16, 2003

electron transfer takes place (Figure 9). Bending;N®om
linear (ONO bond angle from 18pin complex3 to 147 at
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Table 3. Gas-Phase lonization Potentials3®

ionization energy? AIE for reaction with AIE for reaction with
substrate (IE) (eV) NO,* (eV) NO,* (kcal/mol)

NO, — NO," + e 9.586+ 0.002 0.000 0.00
NO— NO* +e 9.2642+ 0.00002 -0.322 —7.42
benzene—~ CsHe™ + € 9.24378t 0.00007 —0.342 —7.89
nitrobenzene~ CgHsNO,™ + e 9.94+ 0.08 +0.354 +8.16
1,2-dinitrobenzene> CsH4N,O4 " + € 10.71 +1.124 +25.92
1,3-dinitrobenzene> CeHsN,O4™ + € 10.4 +0.814 +18.77
1,4-dinitrobenzene>CgH4N,04" + € 10.3+ 0.1 +0.714 +16.5

10.50+ 0.02

10.63+ 0.10

10.65
fluorbenzene— CgHsF™ + e 9.20+ 0.01 —0.386 —8.90
chlorobenzene> CeHsCI™ + e 9.07+ 0.02 —0.516 -11.9
bromobenzene> CsHsBr™ + e 9.00+ 0.03 —0.586 —-13.5
iodobenzene~ CgHsl™ + e 8.72+ 0.04 —0.866 —20.0
CsHsCN — CeHsCN* + e 9.73+ 0.01 +0.144 +3.32
CsHsCR3 — CeHsCRs* + e 9.685+ 0.005 +0.099 +2.28
O-C6H4F24' O-C(3H4F2Jr +e 9.29+ 0.01 —0.296 —6.83
m-CeHaF,— m-CgH4Fo™ + € 9.33+0.02 —0.256 —5.90
p-CeHsFo— p-CeHaF™ + € 9.1589+ 0.0005 —0.427 —9.85
O-C6H4C|24' O-(:6H4C|2Jr +e 9.06+ 0.02 —0.526 —-12.13
mM-CeH4Cl,— m-CgH4Clo™ + € 9.10+ 0.02 —0.486 —-11.21
p-CsH4Clo— p-CeH4Clot + e 8.92+ 0.03 —0.666 —15.36
PhOH— PhOH" + e 8.49+ 0.02 —1.096 —25.27
PhOMe— PhOMe™ + e 8.20+ 0.05 —1.386 —31.96
toluene— C;Hg" + e 8.828+ 0.001 —0.758 —17.48
mesitylene—~ CoHi2™ + € 8.40+ 0.01 —1.186 —27.35
PhNH, — PhNH,™ + e 7.7204+ 0.002 —1.866 —43.03
naphthalene~ CioHs™ + e 8.1442+ 0.0009 —1.442 —33.25

8.141+ 0.01
CHy;— CHs +e 12.61+ 0.01 +3.024 +69.73
CoHg— CoHe™ + € 11.52+ 0.04 +1.934 +44.60
CsHg— CaHg™ + e 10.94+ 0.05 +1.354 +31.22
i-C4qH10— i-CqHio™ + € 10.68+0.11 +1.094 +25.22

aData from the NIST database (http://webbook.nist.gov/chemistry).

this level of calculation raises its energy by about 7 kcal/mol. NO,” + ¢ NO, -IE,
This value should be considered as the upper limit for the barrier
to single-electron transfer from structui@ An ab initio
correlated calculation (MRCI/6-31G) for nitration of toluene
predicts that the single-electron transfer should occur at an
O—N-—0 bond angle of approximately 158 supporting the
present model for single-electron transfer. However, due the
small size of the basis set utilized in this MRCI study, the
geometries obtained are only approximate.

ArH > AtH™ + e IE,

NO," + ArH > NO, + ArH" AH;eaction ~ IE; — IE, = AIE

Experimental data and th&IE calculated accordingly are
summarized in Table 3, showing also related comparative data
for NO*.

. . . Based on these data, NG indicated to be a lesser oxidizing
Another aspect to be considered is how readily can an : L
agent in the gas phase than NQas shown by the ionization

aromatic fng transfer an electron to .the NOion. This 1S energies of the two ions. This is contrary to the findings based
usually considered to be one of the main arguments against the . . . .

. . . .~ on electrochemical studié8 Estimates of the thermodynamics
generality of the SET mechanism for electrophilic aromatic

nitration3® Experimental values for ionization energies (IE) in for single-electron-transfer reactions from a series of substrates
’ to NO,™ are shown in Table 3. It can be seen that SET from
ebenzene to the nitronium cation, affording the aromatic cation
radical ArH™ and neutral N@ is thermodynamically feasible
(AIE = —0.342 eV= —7.89 kcal/mol). At the same time, NO
is found to be thermodynamically less likely to abstract an
. electron from benzene in the gas pha&ée= —0.020 eV=
NO, > NO," + ¢ [E —0.46 kcal/mol) than the N& ion. This could explain why a
persistentz-complex between N@benzene can be observed
experimentall§®42 and even be isolated and crystalliZ8dn
contrast with the N@" where no such complex is observed.

thermodynamic feasibility of the SET process. The ionization
energy (IE) for NQ and aromatics related to the nitration
reaction are shown subsequently.

ArH> AtH™ + e IE,

From the experimental values of ionization energies and

involved electron-transfer step shown in the equations, it can (39) Data from the NIST database (http:/webbook.nist.gov/chemistry).

. . (40) Eberson, L.; Radner, RActa Chem. Scand.984 B38, 861.
be deduced that the enthalpy of the SET process is given by(41) (@) Kim, E. K.; Kochi, J. K.J. Am. Chem. Socl991, 113 4962. (b)
)
)

i ioni i Rosokha, S. V.; Kochi, 1. Am. Chem. So001, 123 8985-8999.
differences of ionization energy, as (42) Schmitt, R. J.; Buittrill, S. E., Jr.; Ross, D.B5Am. Chem. S0d984 106,
926.
(38) See ref 2a, p 199. (43) Hubig, S. M.; Kochi, J. KJ. Org. Chem200Q 65, 6807-6818.
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Figure 10. Electrostatic complexes formed by the interaction of benzene with related electrophiles and model compound COS.

Activation of strongly deactivated aromatics such as nitroben- only intermediate, théert-butyl cation with benzene was found
zene and trifluoromethylbenzenegdsCFs) as well as that of  to form as-complex in addition to ar-complex as distinct
alkanes via single-electron transfer to the nitronium cation is, intermediates. An infrared report in the gas pHesen
however, unfavorableAIE > 0). Nevertheless, halobenzenes protonated benzene has shown #heomplex as the stable
and dihalobenzenes are indicated to be able to undergo oxidatiorintermediate in agreement with the condensed phase studies.
by NO;* (AIE < 0) through a SET mechanism, which could The data in Figure 10 illustrate that the neutral COS with a
alternatively explain the observed unusoahad/paraselectivity nonzero dipole moment, as well as related charged species
in their electrophilic nitration4? It should be pointed out that  (NO*, HCO", and hCCQO"), form adducts with benzene in
solvent effects and interaction with the counterion can change which the interaction takes place through the oxygen atom
the ionization energies, especially for the nitronium ion; this leading to a minima on their respective potential energy surfaces,
could result in themodynamically favorable gas-phase reactionssimilar to what was found for structu@ On the other hand,
becoming unfeasible or vice-versa. It is therefore reasonable toCO,, isoelectronic with the nitronium cation, does not form a
expect that these effects could change the mechanism from arstable complex in a “T” configuration at the B3LYP level,
SET to a polar two-electron-transfer reaction, and their role inferring that the positive charge character and polarizability
should not be ignored. of the nitronium ion is a fundamental driving force for its

If the rate-determining step involves electron transfer, isotope attraction to the aromatic ring. Such an interaction is probably
effects should not affect the rate (if one considers the models of an electrostatic nature and may be responsible for the initial
of nonlocalized electrons and vertical transitions); tHugkp approach between the electrophile and the aromatic substrate.
should be 1. Using ICR techniques for studying these reactionsAs this is a long-range interaction, it should be somewhat
in the gas phase, Olah and co-workers found no isotope effectinsensitive to the substrates’ structure, and this may explain the
(i.e., ka/kp = 1).39 T