I CHAPTER 13

Aromatic Substitution, Nucleophilic
and Organometallic

On p. 481, it was pointed out that nucleophilic substitutions proceed so slowly at an
aromatic carbon that the reactions of Chapter 10 are not feasible for aromatic sub-
strates. There are, however, exceptions to this statement, and it is these exceptions
that form the subject of this chapter.' Reactions that are successful at an aromatic
substrate are largely of four kinds: (/) reactions activated by electron-withdrawing
groups ortho and para to the leaving group; (2) reactions catalyzed by very strong
bases and proceeding through aryne intermediates; (3) reactions initiated by elec-
tron donors; and (4) reactions in which the nitrogen of a diazonium salt is replaced
by a nucleophile. It is noted that solvent effects can be important.> Also, not all the
reactions discussed in this chapter fit into these categories, and certain transition-
metal catalyzed coupling reaction are included because they involve replacement of
a leaving group on an aromatic ring.

MECHANISMS

There are four principal mechanisms for aromatic nucleophilic substitution.> Each
of the four is similar to one of the aliphatic nucleophilic substitution mechanisms
discussed in Chapter 10.

'For a review of aromatic nucleophilic substitution, see Zoltewicz, J.A. Top. Curr. Chem. 1975, 59, 33.
2Aceved0, O.; Jorgensen, W.L. Org. Lett. 2004, 6, 2881.

3For a monograph on aromatic nucleophilic substitution mechanisms, see Miller, J. Aromatic Nucleophilic
Substitution, Elsevier, NY, 1968. For reviews, see Bernasconi, C.F. Chimia 1980, 34, 1; Acc. Chem. Res.
1978, 11, 147; Bunnett, J.F. J. Chem. Educ. 1974, 51, 312; Ross, S.D., in Bamford, C.H.; Tipper, C.F.H.
Comprehensive Chemical Kinetics, Vol. 13; Elsevier, NY, 1972, pp. 407-431; Buck, P. Angew. Chem, Int.
Ed. 1969, 8, 120; Buncel, E.; Norris, A.R.; Russell, K.E. Q. Rev. Chem. Soc. 1968, 22, 123; Bunnett, J.F.
Tetrahedron 1993, 49, 4477, Zoltewicz, J.A. Top. Curr. Chem. 1975, 59, 33.
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854 AROMATIC SUBSTITUTION, NUCLEOPHILIC AND ORGANOMETALLIC

The SyAr Mechanism®

By far the most important mechanism for nucleophilic aromatic substitution con-
sists of two steps, attack of the nucleophilic species at the ipso carbon of the aro-
matic ring (the carbon bearing the leaving group in this case), followed by
elimination of the leaving group and regeneration of the aromatic ring.

X dow © Y Y Y
Step 1 @ oy ©< — @ — ©<X
O O
Y fast Y
Step 2 . ©/ + X

1

The first step is usually, but not always, rate determining. It can be seen that this
mechanism greatly resembles the tetrahedral mechanism discussed in Chapter 16
and, in another way, the arenium ion mechanism of electrophilic aromatic substitu-
tion discussed in Chapter 11. In all three cases, the attacking species forms a bond
with the substrate, giving an intermediate, such as 1, and then the leaving group
departs. We refer to this mechanism as the SyAr mechanism.” The ITUPAC designa-
tion is Ay + Dy (the same as for the tetrahedral mechanism; compare the designa-
tion Ag + Dg for the arenium ion mechanism). This mechanism is generally found
where activating groups are present on the ring (see p. 864).

There is a great deal of evidence for the mechanism; we shall discuss only some
of it.> Probably the most convincing evidence was the isolation, as long ago as
1902, of the intermediate 2 in the reaction between 2.4,6-trinitrophenetole and
methoxide ion.® Intermediates of this type are stable salts, called Meisenheimer
or Meisenheimer—Jackson salts,7 and many more have been isolated.® The structures

4High pressure SNAr reactions are known. see Barrett, I.C.; Kerr, M.A. Tetrahedron Lett. 1999, 40, 2439.
5The mechanism has also been called by other names, including the SN2Ar, the addition—elimination, and
the intermediate complex mechanism. See Wu, Z.; Glaser, R. J. Am. Chem. Soc. 2004, 126, 10632. See
also, Terrier, F.; Mokhtari, M.; Goumont, T.; Hallé, J.-C.; Buncel, E. Org. Biomol. Chem. 2003, 1, 1757.
6Meisenheimer, J. Liebigs Ann. Chem. 1902, 323, 205. Similar salts were isolated even earlier by Jackson,
C.L.; see Jackson, C.L.; Gazzolo, FH. Am. Chem. J. 1900, 23, 376; Jackson, C.L.; Earle, R.B. Am. Chem.
J., 1903, 29, 89.

"Nucleophilic aromatic substitution for heteroatom nucleophiles through electrochemical oxidation of
intermediate c-complexes (Meisenheimer complexes) in simple nitroaromatic compounds has been
reported, see Gallardo, I.; Guirado, G.; Marquet, J. J. Org. Chem. 2002, 67, 2548.

8For a monograph on Meisenheimer salts and on this mechanism, see Buncel, E.; Crampton, M.R.;
Strauss, M.J.; Terrier, F. Electron Deficient Aromatic- and Heteroaromatic-Base Interactions, Elsevier,
NY, 1984. For reviews of structural and other studies, see Illuminati, G.; Stegel, F. Adv. Heterocycl. Chem.
1983, 34, 305; Artamkina, G. A.; Egorov, M.P.; Beletskaya, I.P. Chem. Rev. 1982, 82, 427; Terrier, F.
Chem. Rev. 1982, 82, 77; Strauss, M.J. Chem. Rev. 1970, 70, 667; Acc. Chem. Res. 1974, 7, 181; Hall,
T.N.; Poranski, Jr., C.F., in Feuer, H. The Chemistry of the Nitro and Nitroso Groups, pt. 2; Wiley, NY,
1970, pp. 329-384; Crampton, M.R. Adv. Phys. Org. Chem. 1969, 7, 211; Foster R.; Fyfe, C.A. Rev. Pure
Appl. Chem. 1966, 16, 61.
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of several of these intermediates

OFt EtO OMe
O,N NO, O,N NO,
+ "OMe —— - ecfc
! ®
NO, 00 N ~0 o
2

have been proved by NMR® and by X-ray crystallography.'® Further evidence
comes from studies of the effect of the leaving group on the reaction. If the mechan-
ism were similar to either the Sy1 or Sy2 mechanisms described in Chapter 10, the
Ar-X bond would be broken in the rate-determining step. In the SyAr mechanism,
this bond is not broken until after the rate-determining step (i.e. if step 1 is rate
determining). There is some evidence that electron transfer may be operative during
this process.'' We would predict from this that if the SyAr mechanism is operating,
a change in leaving group should not have much effect on the reaction rate. In the
reaction of dinitro compound 3 with piperidine,

i ;i
NO, N
+ Q —_— OZN@N Y o+ X
NO, NO,

3

when X was Cl, Br, I, SOPh, SO,Ph, or p-nitrophenoxy, the rates differed only by a
factor of ~5.'2 This behavior would not be expected in a reaction in which the
Ar—X bond is broken in the rate-determining step. We do not expect the rates to
be identical, because the nature of X affects the rate at which Y attacks. An increase
in the electronegativity of X causes a decrease in the electron density at the site of
attack, resulting in a faster attack by a nucleophile. Thus, in the reaction just men-
tioned, when X =F, the relative rate was 3300 (compared with I = 1). The very fact
that fluoro is the best leaving group among the halogens in most aromatic nucleo-
philic substitutions is good evidence that the mechanism is different from the Sy1

°First done by Crampton, M.R.; Gold, V. J. Chem. Soc. B 1966, 893. A good review of spectral studies is
found, in Buncel, E.; Crampton, M.R.; Strauss, M.J.; Terrier, F. Electron Deficient Aromatic- and
Heteroaromatic-Base Interactions, Elsevier, NY, 1984, pp. 15-133.

IODestro, R.; Gramaccioli, C.M.; Simonetta, M. Acta Crystallogr. 1968, 24, 1369; Ueda, H.; Sakabe, M.;
Tanaka, J.; Furusaki, A. Bull. Chem. Soc. Jpn. 1968, 41, 2866; Messmer, G.G.; Palenik, G.J. Chem.
Commun. 1969, 470.

""Grossi, L. Tetrahedron Lett. 1992, 33, 5645.

'zBunnett, J.F.; Garbisch Jr., EW.; Pruitt, KM. J. Am. Chem. Soc. 1957, 79, 385. See Gandler, JR.;
Setiarahardjo, I.U.; Tufon, C.; Chen, C. J. Org. Chem. 1992, 57, 4169 for a more recent example.
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and the Sn2 mechanisms, where fluoro is by far the poorest leaving group of the
halogens. This is an example of the element effect (p. 475).

The pattern of base catalysis of reactions with amine nucleophiles provides addi-
tional evidence. These reactions are catalyzed by bases only when a relatively poor
leaving group (e.g., OR) is present (not Cl or Br) and only when relatively bulky
amines are nucleophiles.'® Bases could not catalyze step 1, but if amines are
nucleophiles, bases can catalyze step 2. Base catalysis is found precisely in those
cases where the amine moiety cleaves easily but X does not, so that k_ is large and
step 2 is rate determining. This is evidence for the SyAr mechanism because it
implies two steps. Furthermore, in cases where bases are catalysts, they catalyze
only at

X X NR,
ki ® base
kg k>

low base concentrations: a plot of the rate against the base concentration shows that
small increments of base rapidly increase the rate until a certain concentration of
base is reached, after which further base addition no longer greatly affects the rate.
This behavior, based on a partitioning effect (see p. 660), is also evidence for the
SnAr mechanism. At low base concentration, each increment of base, by increasing
the rate of step 2, increases the fraction of intermediate that goes to product rather
than reverting to reactants. At high base concentration the process is virtually com-
plete: there is very little reversion to reactants and the rate becomes dependent on
step 1. Just how bases catalyze step 2 has been investigated. For protic solvents
two proposals have been presented. One is that step 2 consists of two steps: rate-
determining deprotonation of 4 followed by rapid loss of X,

X X NR,
® base -X
NHRZ —— ‘<NR2 —— ©/ + HX + B
BH*

4

and that bases catalyze the reaction by increasing the rate of the deprotonation
step.'* According to the other proposal, loss of X assisted by BH™ is rate determin-
ing."”” Two mechanisms, both based on kinetic evidence, have been proposed for
aprotic solvents, such as benzene. In both proposals the ordinary SyAr mechanism

13Kirby, A.J.; Jencks, W.P. J. Am. Chem. Soc. 1965, 87, 3217; Bunnett, J.F.; Bernasconi, C.F. J. Org.
Chem. 1970, 35, 70; Bernasconi, C.F.; Schmid, P. J. Org. Chem. 1967, 32, 2953; Bernasconi, C.F;
Zollinger, H. Helv. Chim. Acta 1966, 49, 103; 1967, 50, 1; Pietra, E.; Vitali, D. J. Chem. Soc. B 1968, 1200;
Chiacchiera, S.M.; Singh, J.O.; Anunziata, J.D.; Silber, J.J. J. Chem. Soc. Perkin Trans. 2 1987, 987.
14Bernasconi, C.E; de Rossi, R.H.; Schmid, P. J. Am. Chem. Soc. 1977, 99, 4090, and references cited
therein.

15Bunne:tt, J.E,; Sekiguchi, S.; Smith, L.A. J. Am. Chem. Soc. 1981, 103, 4865, and references cited
therein.
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operates, but in one the attacking species involves two molecules of the amine (the
dimer mecham’sm),16 while in the other there is a cyclic transition state.!” Further
evidence for the SyAr mechanism has been obtained from 30/'°0 and ">N/!*N iso-
tope effects.'®

Step 1 of the SyAr mechanism has been studied for the reaction between picryl
chloride (as well as other substrates) and ~OH ions (13-1), and spectral evidence
has been reported'® for two intermediates, one a T complex (p. 662), and the other a
radical ion—radical pair:

Cl Cl cl o on
O,N NO, - OoN NO, O,N NO, O,N NO,
OH — OH — ‘
NO, NO, NO,

NO,

Picryl chloride 1 Complex Radical ion—
radical pair

As with the tetrahedral mechanism at an acyl carbon, nucleophilic catalysis
(p. 1259) has been demonstrated with an aryl substrate, in certain cases.”’ There is
also evidence of an interaction of anions with the mt-cloud of aromatic compounds.*'

The Sy1 Mechanism

For aryl halides and sulfonates, even active ones, a unimolecular Sy1 mechanism
(IUPAC: Dy + Ay) is very rare; it has only been observed for aryl triflates in which
both ortho positions contain bulky groups (ert-butyl or SiR3).?* It is in reactions
with diazonium salts> that this mechanism is important:**

!For a review of this mechanism, see Nudelman, N.S. J. Phys. Org. Chem. 1989, 2, 1. See also Nudelman,
N.S.; Montserrat, J.M. J. Chem. Soc. Perkin Trans. 2 1990, 1073.

l7Banjoko, O.; Bayeroju, I.A. J. Chem. Soc. Perkin Trans. 2 1988, 1853; Jain, A.K.; Gupta, V.K.; Kumar,
A. J. Chem. Soc. Perkin Trans. 2 1990, 11.

lsHart, C.R.; Bourns, A.N. Tetrahedron Lett. 1966, 2995; Ayrey, G.; Wylie, W.A. J. Chem. Soc. B 1970,
738.

'9Bacaloglu, R.; Blasko, A.; Bunton, C.A.; Dorwin, E.; Ortega, F.; Zucco, C. J. Am. Chem. Soc. 1991, 113,
238, and references cited therein. For earlier reports, based on kinetic data, of complexes with amine
nucleophiles, see Forlani, L. J. Chem. Res. (S) 1984, 260; Hayami, J.; Otani, S.; Yamaguchi, F;
Nishikawa, Y. Chem. Lett. 1987, 739; Crampton, M.R.; Davis, A.B.; Greenhalgh, C.; Stevens, J.A. J.
Chem. Soc. Perkin Trans. 2 1989, 675.

208ee Muscio, Jr., O.J.; Rutherford, D.R. J. Org. Chem. 1987, 52, 5194.

21Quiﬁonero, D.; Garau, C.; Rotger, C.; Frontera, A.; Ballester, P.; Costa, A.; Deya. PM. Angew. Chem.
Int. Ed. 2002, 41, 3389, and references cited therein.

*Himeshima, Y.; Kobayashi, H.; Sonoda, T. J. Am. Chem. Soc. 1985, 107, 5286.

23See Glaser, R.; Horan, C.J.; Nelson, E.D.; Hall, M.K. J. Org. Chem. 1992, 57, 215 for the influence of
neighboring group interactions on the electronic structure of diazonium ions.

24Aryl iodonium salts Ar,I" also undergo substitutions by this mechanism (and by a free-radical
mechanism).
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®_ _
N=N slow ®
Step 1 ©/ P —— @ + N
® Y~ Y
Step 2 —

Among the evidence for the Syl mechanism® with aryl cations as intermedi-
z:1tes,26’27 is the following:28

1. The reaction rate is first order in diazonium salt and independent of the
concentration of Y.

2. When high concentrations of halide salts are added, the product is an aryl
halide but the rate is independent of the concentration of the added salts.

3. The effects of ring substituents on the rate are consistent with a unimolecular
rate-determining cleavage.”’

4. When reactions were run with substrate deuterated in the ortho position,
isotope effects of ~1.22 were obtained.* It is difficult to account for such
high secondary isotope effects in any other way except that an incipient
phenyl cation is stabilized by hyperconjugation,®’ which is reduced when
hydrogen is replaced by deuterium.

®
-— |
H H®
5. That the first step is rel}[/ersible cleavage™ was demonstrated by the observa-
tion that when Ar'> N=N was the reaction species, recorvered starting

*For additional evidence, see Lorand, J.P. Tetrahedron Lett. 1989, 30, 7337.

2%For a review of aryl cations, see Ambroz, H.B.; Kemp, T.J. Chem. Soc. Rev. 1979, 8, 353.

2"For a monograph, see Stang, PJ.; Rappoport, Z.; Hanack, M.; Subramanian, L.R. Vinyl Cations,
Academic Press, NY, 1979. For reviews of aryl and/or vinyl cations, see Hanack, M. Pure Appl. Chem.
1984, 56, 1819, Angew. Chem. Int. Ed. 1978, 17, 333; Acc. Chem. Res. 1976, 9, 364; Rappoport, Z.
Reactiv. Intermed. (Plenum) 1983, 3, 427; Ambroz, H.B.; Kemp, T.J. Chem. Soc. Rev. 1979, 8, 353;
Modena, G.; Tonellato, U. Adv. Phys. Org. Chem. 1971, 9, 185; Stang, P.J. Prog. Org. Chem. 1973, 10,
205. See also, Charton, M. Mol. Struct. Energ. 1987, 4, 271. For a computational study, see Glaser, R.;
Horan, C.J.; Lewis, M.; Zollinger, H. J. Org. Chem. 1999, 64, 902.

2For a review, see Zollinger, H. Angew. Chem, Int. Ed. 1978, 17, 141. For discussions, see Swain, C.G.;
Sheats, J.E.; Harbison, K.G. J. Am. Chem. Soc. 1975, 97, 783, 796; Burri, P.; Wahl, Jr., G.H.; Zollinger, H.
Helv. Chim. Acta 1974, 57, 2099; Richey Jr., H.G.; Richey, J.M., in Olah, G.A.; Schleyer, P.v.R.
Carbonium Ions, Vol. 2, Wiley, NY, 1970, pp. 922-931; Zollinger, H. Azo and Diazo Chemistry, Wiley,
NY, 1961, pp. 138-142; Miller, J. Aromatic Nucleophilic Substitution, Elsevier, NY, 1968, pp. 29—40.
Lewis, E.S.; Miller, E.B. J. Am. Chem. Soc. 1953, 75, 429.

3°SWain, C.G.; Sheats, J.E.; Gorenstein, D.G.; Harbison, K.G. J. Am. Chem. Soc. 1975, 97, 791.

31See Apeloig, Y.; Arad, D. J. Am. Chem. Soc. 1985, 107, 5285.

32For discussions, see Williams, D.L.H.; Buncel, E. Isot. Org. Chem. Vol. 5, Elsevier, Amsterdem, The
Netherlands, 1980, 147, 212; Zollinger, H. Pure Appl. Chem. 1983, 55, 401.
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H H_ 15 33,34
material contained not only ArN=N, but also ArN= N.**** This
could arise only If the nitrogen breaks away frm}I{l tl}e ring and then returns.

Additional evidence was obtained by treating Ph N= N with unlabeled N, at
various pressures. At 300 atm, the recovered product had lost ~3% of the
labeled nitrogen, indicating that PhAN;™ was exchanging with atmospheric N,.**

There is kinetic and other evidence® that step 1 is more complicated and
involves two steps, both reversible:

AN, == J[ArfN,] == Ar'+ N,
5

Intermediate S, which is probably some kind of a tight ion—molecule pair, has
been trapped with carbon monoxide.

The Benzyne Mechanism®’

Some aromatic nucleophilic substitutions are clearly different in character from
those that occur by the SyAr mechanism (or the Sy1 mechanism). These substitu-
tions occur on aryl halides that have no activating groups; bases are required that
are stronger than those normally used; and most interesting of all, the incoming
group does not always take the position vacated by the leaving group. That the latter
statement is true was elegantly demonstrated by the reaction of 1-'*C-chloroben-
zene with potassium amide:

14

L s 1+« NH, NH,
o = QO QO

The product consisted of almost equal amounts of aniline labeled in the 1 position
and in the 2 position.*®

33Lewis, E.S.; Kotcher, P.G. Tetrahedron 1969, 25, 4873; Lewis, E.S.; Holliday, R.E. J. Am. Chem. Soc.
1969, 91, 426; Trondlin, F.; Medina, R.; Riichardt, C. Chem. Ber. 1979, 112, 1835.

34Bcrgstrom, R.G.; Landell, R.G.M.; Wahl Jr., G.H.; Zollinger, H. J. Am. Chem. Soc. 1976, 98, 3301.
¥Szele, 1.; Zollinger, H. Helv. Chim. Acta 1981, 64, 2728.

3%Ravenscroft, M.D.; Skrabal, P.; Weiss, B.; Zollinger, H. Helv. Chim. Acta 1988, 71, 515.

3TFor a monograph, see Hoffmann, R.-W. Dehydrobenzene and Cycloalkynes, Academic Press, NY, 1967.
For reviews, see Gilchrist, T.L., in Patai, S.; Rappoport, Z. The Chemistry of Functional Groups,
Supplement C pt. 1, Wiley, NY, 1983, pp. 383—419; Bryce, M.R.; Vernon, J.M. Adv. Heterocycl. Chem.
1981, 28, 183; Levin R.H. React. Intermed. (Wiley) 1985, 3, 1; 1981, 2, 1; 1978, 1, 1; Nefedov, O.M.;
D’yachenko, A.L; Prokof’ev, A.K. Russ. Chem. Rev. 1977, 46, 941; Fields, E.K., in McManus, S.P.
Organic Reactive Intermediates, Academic Press, NY, 1973, pp. 449-508; Heaney, H. Fortschr. Chem.
Forsch. 1970, 16, 35; Essays Chem. 1970, 1, 95; Hoffmann, R.W., in Viehe, H.G. Acetylenes, Marcel
Dekker, NY, 1969, pp. 1063-1148; Fields, E.K.; Meyerson, S. Adv. Phys. Org. Chem. 1968, 6, 1; Witting,
G. Angew. Chem. Int. Ed. 1965, 4, 731.

38Roberts, J.D.; Semenow, D.A.; Simmons, H.E.; Carlsmith, L.A. J. Am. Chem. Soc. 1965, 78, 601.
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A mechanism that can explain all these facts involves elimination followed by
addition. In step 1, a suitable base removes the ortho hydrogen, with subsequent (or
concomitant) loss of the chlorine (leaving group) to

Cl
Step] @ + NH; —— ©| + NH; + CI”
H
6
H NH,
Step 2 ©| + NH; —— @ + @
NH, H

generate symmetrical intermediate 6> is called benzyne (see below).*’ In step 2,
benzyne is attacked by the NH; at either of two positions, which explains why
about half of the aniline produced from the radioactive chlorobenzene was labeled
at the 2 position. The fact that the 1 and 2 positions were not labeled equally is the
result of a small isotope effect. Other evidence for this mechanism is the following:

1.

2.

If the aryl halide contains two ortho substituents, the reaction should not be
able to occur. This is indeed the case.>®

It had been known many years earlier that aromatic nucleophilic substitution
occasionally results in substitution at a different position. This is called cine
substitution*' and can be illustrated by the conversion of o-bromoanisole to
m-aminoanisole.** In this particular case, only the meta isomer is

OCHj; OCHj3 OCH;
Br \u;
——
NH,
7

formed. The reason a 1:1 mixture is not formed is that the intermediate 7 is
not symmetrical and the methoxy group directs the incoming group meta, but
not ortho (see p. 867). However, not all cine substitutions proceed by this kind
of mechanism (see 13-30).

The fact that the order of halide reactivity is Br>1> Cl>F (when the
reaction is performed with KNH, in liquid NHj) shows that the SyAr
mechanism is not operating here.*®

3%For a discussion of the structure of m- and p-benzynes, see Hess, Jr., B.A. Eur. J. Org. Chem. 2001, 2185.
“OFor other methods to generate benzyne, see Kitamura, T.; Meng, Z.; Fujiwara, Y. Tetrahedron Lett. 2000,
41,6611, and references cited therein; Kawabata, H.; Nishino, T.; Nishiyama, Y.; Sonoda, N. Tetrahedron
Lett. 2002, 43, 4911, and references cited therein.

“IFor a review, see Suwif ski, J.; wierczek, K. Tetrahedron 2001, 57, 1639.

“2This example is from Gilman, H.; Avakian, S. J. Am. Chem. Soc. 1945, 67, 349. For a table of many such
examples, see Bunnett, J.F.; Zahler, R.E. Chem. Rev. 1951, 49, 273, p. 385.
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In the conversion of the substrate to 7, either proton removal or subsequent loss of
halide ion can be rate determining. In fact, the unusual leaving-group order just
mentioned (Br > 1> CI) stems from a change in the rate-determining step. When
the leaving group is Br or I, proton removal is rate-determining and the rate order
for this step is F > Cl > Br > 1. When Cl or F is the leaving group, cleavage of the
C-X bond is rate determining and the order for this step is I > Br > Cl > F. Con-
firmation of the latter order was found in a direct competitive study. meta-Dihalo-
benzenes in which the two halogens are different were treated with “NH,.** In such
compounds, the most acidic hydrogen is the one between the two halogens; when it
leaves, the remaining anion can lose either halogen. Therefore, a study of which
halogen is preferentially lost provides a direct measure of leaving-group ability.
The order was found to be 1> Br > CL.***

Species, such as 6 and 7, are called benzynes (sometimes dehydrobenzenes), or
more generally, arynes,*’ and the mechanism is known as the benzyne mechanism.
Benzynes are very reactive. Neither benzyne nor any other aryne has yet been iso-
lated under ordinary conditions,*® but benzyne has been isolated in an argon matrix
at 8 K.*7 where its IR spectrum could be observed. In addition, benzynes can be
trapped; for example, they undergo the Diels—Alder reaction (see 15-60). Note
that the extra pair of electrons does not affect the

J—

aromaticity. However, evaluation by a series of aromaticity indicators, including
magnetic susceptibility anisotropies and exaltations, nucleus-independent chemical
shifts (NICS), and aromatic stabilization energies, and valence-bond Pauling reso-
nance energies point to the o-benzyne > m-benzyne > p-benzyne aromaticity
order.®® The relative order with respect to benzene depends on the aromaticity
criterion.*® The aromtic sextet from the aromatic precursor functions as a closed
ring, and the two additional electrons are merely located in a m orbital that covers
only two carbons. Benzynes do not have a formal triple bond, since two canonical
forms (A and B) contribute to the hybrid. The IR spectrum, mentioned above,
indicates that A contributes more than B. Not only benzene rings, but other aromatic

“3Bunnett, J.F,; Kearley, Jr., EJ. J. Org. Chem. 1971, 36, 184.

“For a discussion of the diminished reactivity of ortho-substituted bromides, see Kalendra, D.M.; Sickles,
B.R. J. Org. Chem. 2003, 68, 1594.

“For the use of arynes in organic synthesis see Pellissier, H.; Santelli, M. Tetrahedron 2003, 59, 701.
“For the measurement of aryne lifetimes in solution, see Gaviia, F.; Luis, S.V.; Costero, A.M.; Gil,
P. Tetrahedron 1986, 42, 155.

47Chapman, O.L.; Mattes, K.; McIntosh, C.L.; Pacansky, J.; Calder, G.V.; Orr, G. J. Am. Chem. Soc. 1973,
95, 6134. For the ir spectrum of pyridyne trapped in a matrix, see Nam, H.; Leroi, G.E. J. Am. Chem. Soc.
1988, 110, 4096. For spectra of transient arynes, see Berry, R.S.; Spokes, G.N.; Stiles, M. J. Am. Chem.
Soc. 1962, 84, 3570; Brown, R.D.; Godfrey, P.D.; Rodler, M. J. Am. Chem. Soc. 1986, 108, 1296.
48DeProft, F.; Schleyer, P.v.R.; van Lenthe, J.H.; Stahl, F.; Geerlings, P. Chem. Eur. J. 2002, 8, 3402.
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rings*” and even nonaromatic rings (p. 475) can react through this kind of intermedi-
ate. Of course, the non-aromatic rings do have a formal triple bond. When a benzyne
unit is fused to a small ring, strain induced regioselectivity observed in its reactions.*”

The Sgrn1 Mechanism

When 5-iodo-1,2,4-trimethylbenzene 7 was treated with KNH, in NH;3, 8 and 10
were formed in the ratio 0.63:1. From what we have already seen, the presence of
an unactivated substrate, a strong base, and the occurrence of cine substitution along
with normal substitution would be strong indications of a benzyne mechanism. Yet if
that were so, the 6-iodo isomer of 8 should have given 9 and 10 in the same ratio
(because the same aryne intermediate would be formed in both cases), but in this
case the ratio of 9-10 was 5.9:1 (the chloro and bromo analogs did give the same
ratio, 1.46:1, showing that the benzyne mechanism may be taking place there).

Me Me Me
Me  nn; NH, Me Me
6 E— +
5
I NH,
Me Me Me
8 9 10

To explain the iodo result, it has been proposed’’ that besides the benzyne mechan-
ism, this free-radical mechanism is also operating here:

electron

Arl Arl*™ — Ar" + I

donor

Ar"+ NH; — AINH;~ + Afl —— ANH, + Arl"”

followed by terminations steps

This is called the Sgn1 mechanism,’> and many other examples are known (see
13-3, 13-4, 13-6, 13-14). The IUPAC designation is T + Dy + Ax.”> Note that the

“For reviews of hetarynes (benzyne intermediates in heterocyclic rings), see van der Plas, H.C.;
Roeterdink, F., in Patai, S.; Rappoport, Z. The Chemistry of Functional Groups, Supplement C, pt. 1,
Wiley, NY, 1983, pp. 421-511; Reinecke, M.G. React. Intermed. (Plenum) 1982, 2, 367; Tetrahedron
1982, 38, 427; den Hertog, H.J.; van der Plas, H.C., in Viehe, H.G. Acetylenes, Marcel Dekker, NY, 1969,
pp. 11491197, Adv. Heterocycl. Chem. 1971, 40, 121; Kauffmann, T.; Wirthwein, R. Angew. Chem, Int.
Ed. 1971, 10, 20; Kauffmann, T. Angew. Chem, Int. Ed. 1965, 4, 543; Hoffmann, R.W. Dehydrobenzene
and Cycloalkynes, Academic Press, NY, 1967, pp. 275-309.

5°Hamura, T.; Ibusuki, Y.; Sato, K.; Matsumoto, T.; Osamura, Y.; Suzuki, K. Org. Lett. 2003, 5, 3551.
3Kim, J.K.; Bunnett, I.E. J. Am. Chem. Soc. 1970, 92, 7463, T464.

S2For a monograph, see Rossi, R.A.; de Rossi, R.H. Aromatic Substitution by the Sgyl Mechanism, American
Chemical Society, Washington, 1983. For reviews, see Savéant, J. Adv. Phys. Org. Chem. 1990, 26, 1; Russell,
G.A. Adv. Phys. Org. Chem. 1987, 23, 271; Norris, RK. in Patai, S. Rappoport, Z. The Chemistry of
Functional Groups, Supplement D, pt. 1, Wiley, NY, 1983, pp. 681-701; Chanon, M.; Tobe, M.L. Angew.
Chem, Int. Ed. 1982, 21, 1; Rossi, R.A. Acc. Chem. Res. 1982, 15, 164; Beletskaya, I.P.; Drozd, V.N. Russ.
Chem. Rev. 1979, 48, 431; Bunnett, J.F. Acc. Chem. Res. 1978, 11, 413; Wolfe, J.E.; Carver, D.R. Org. Prep.
Proced. Int. 1978, 10, 225. For a review of this mechanism with aliphatic substrates, see Rossi, R.A.; Pierini,
A.B.; Palacios, S.M. Adv. Free Radical Chem. (Greenwich, Conn.) 1990, 1, 193. For ‘thermal’ Sgn1 reactions,
see Costentin, C.; Hapiot, P.; Médebielle, M.; Savéant, J.-M. J. Am. Chem. Soc. 1999, 121, 4451.

33The symbol T is used for electron transfer.
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last step of the mechanism produces Arl*™ radical ions, so the process is a chain
mechanism (see p. 936).>* An electron donor is required to initiate the reaction.
In the case above it was solvated electrons from KNH, in NH3. Evidence was that
the addition of potassium metal (a good producer of solvated electrons in ammo-
nia) completely suppressed the cine substitution. Further evidence for the Sgn1
mechanism was that addition of radical scavengers (which would suppress a free-
radical mechanism) led to 9:10 ratios much closer to 1.46:1. Numerous other
observations of Sgyl mechanisms that were stimulated by solvated electrons
and inhibited by radical scavengers have also been recorded.’® Further evidence
for the Sgn1 mechanism in the case above was that some 1,2,4-trimethylbenzene
was found among the products. This could easily be formed by abstraction by
Ar* of H from the solvent NHj;. Besides initiation by solvated electrons,56
Sgn1 reactions have been initiated photochemically,”’ electrochemically,’® and
even thermally.”®

The Sgn1 reactions have a fairly wide scope. The efficiency of the reaction has
been traced to the energy level of the radical anion of the substitution product.®’
There is no requirement for activating groups or strong bases, but in DMSO haloar-
enes are less reactive as the stability of the anion increases.®' The reaction has also
been done in liquid ammonia, promoted by ultrasound (p. 349),°% and ferrous ion has
been used as a catalyst.>> Alkyl, alkoxy, aryl, and COO™~ groups do not interfere,
although Me,N, O™, and NO, groups do interfere. Cine substitution is not found.

Other Mechanisms

There is no clear-cut proof that a one-step Sy2 mechanism, so important at a satu-
rated carbon, ever actually occurs with an aromatic substrate. The hypothetical aro-
matic SN2 process is sometimes called the one-stage mechanism to distinguish it
from the two-stage SyAr mechanism. A “clean” example of a Sgxn2 reaction has
been reported, the conversion of 11 to 12 in methanol.** Both the Sgn1 and Sgn’
reactions have been reviewed.®’

S4For a discussion, see Amatore, C.; Pinson, J.; Savéant, J.; Thiébault, A. J. Am. Chem. Soc. 1981, 103,
6930.

>Bunnett, J.E. Acc. Chem. Res. 1978, 11, 413.

S6Savéant, J.-M. Tetrahedron 1994, 50, 10117.

S7For reviews of photochemical aromatic nucleophilic substitutions, see Cornelisse, J.; de Gunst, G.P.;
Havinga, E. Adv. Phys. Org. Chem. 1975, 11, 225; Cornelisse, J. Pure Appl. Chem. 1975, 41, 433; Pietra,
FE. Q. Rev. Chem. Soc. 1969, 23, 504, p. 519.

S8For a review, see Savéant, J. Acc. Chem. Res. 1980, 13, 323. See also, Alam, N.; Amatore, C.;
Combellas, C.; Thiébault, A.; Verpeaux, J.N. J. Org. Chem. 1990, 55, 6347.

59Swa.rtz, J.E.; Bunnett, J.F. J. Org. Chem. 1979, 44, 340, and references cited therein.

%0Galli, C.; Gentili, P.; Guarnieri, A. Gazz. Chim. Ital., 1995, 125, 409.

GlBorosky, G.L.; Pierini, A.B.; Rossi, R.A. J. Org. Chem. 1992, 57, 247.

®Manzo, P.G.; Palacios, S.M.; Alonso, R.A. Tetrahedron Lett. 1994, 35, 677.

93Galli, C.; Gentili, P; J. Chem. Soc. Perkin Trans. 2 1993, 1135.

64Marquet, J.; Jiang, Z.; Gallardo, L.; Batlle, A.; Cayon, E. Tetrahedron Lett. 1993, 34, 2801. Also see,
Keegstra, M.A. Tetrahedron 1992, 48, 2681.

%Rossi, R.A.; Palacios, S.M. Tetrahedron 1993, 49, 4485.
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Some of the reactions in this chapter operate by still other mechanisms, among
them an addition—elimination mechanism (see 13-17). A new mechanism has been
reported in aromatic chemistry, a reductively activated ‘polar’ nucleophilic aro-
matic substitution.®® The reaction of phenoxide with p-dinitrobenzene in DMF
shows radical features that cannot be attributed to a radical anion, and it is not
Srn2. The new designation was proposed to account for these results.

F F F F

MeOH
02N F E— 02N OMe

11 12

REACTIVITY

The Effect of Substrate Structure

In the discussion of electrophilic aromatic substitution (Chapter 11) equal attention
was paid to the effect of substrate structure on reactivity (activation or deactivation)
and on orientation. The question of orientation was important because in a typical sub-
stitution there are four or five hydrogens that could serve as leaving groups. This type
of question is much less important for aromatic nucleophilic substitution, since in
most cases there is only one potential leaving group in a molecule. Therefore attention
is largely focused on the reactivity of one molecule compared with another and not on
the comparison of the reactivity of different positions within the same molecule.

SNAr Mechanism. These substitutions are accelerated by electron-withdrawing
groups, especially in positions ortho and para to the leaving group®” and hindered
by electron-attracting groups. This is, of course, opposite to the effects of these
groups on electrophilic substitutions, and the reasons are similar to those dis-
cussed in Chapter 11 (p. 660). Table 13.1 contains a list of groups arranged
approximately in order of activating or deactivating ability.®® Nitrogen atoms
are also strongly activating (especially to the o and 7y positions) and are even
more so when quaternized.®® Both 2- and 4-chloropyridine, for example, are often
used as substrates. Heteroaromatic amine N-oxides are readily attacked by nucleo-
philes in the 2 and 4 positions, but the oxygen is generally lost in these reactions.”

(’GMarquet, J.; Casado, F.; Cervera, M.; Espin, M.; Gallardo, I.; Mir, M.; Niat, M. Pure Appl. Chem. 1995,
67, 703.

%The effect of meta substituents has been studied much less, but it has been reported that here too,
electron-withdrawing groups increase the rate: See Nurgatin, V.V.; Sharnin, G.P.; Ginzburg, B.M. J. Org.
Chem, USSR 1983, 19, 343.

%8For additional tables of this kind, see Miller, J. Aromatic Nucleophilic Substitution, Elsevier, NY, 1968,
pp. 61-136.

®Miller, I.; Parker, A.J. Aust. J. Chem. 1958, 11, 302.

""Berliner, E.; Monack, L.C. J. Am. Chem. Soc. 1952, 74, 1574.
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TABLE 13.1. Groups Listed in Approximate Descending Order of Activating Ability in
the SyAr Mechanism®®

Z
+ NaOMe —> at 0°C™! (@)
NO, NO,

Cl OMe
z NO,
. H-ND . Z@ND at 25°C7 ()"
NO,
Br
Relative Rate of Reaction
Comments” Group Z (@ H=1% (b) NH, =17
Activates halide Ny
exchange at room
temperature
Activates reaction with \ @
strong nucleophiles at N—R (heterocyclic)
room temperature 4
Activate reactions with NO 5.22 x 10°
strong nucleophiles at NO, 6.73 x 10° Very fast
80-100°C \
v N (heterocyclic)
With nitro also present, SO,Me
activate reactions with NMe7
strong nucleophiles at CF;
room temperature CN 3.81 x 10*
CHO 2.02 x 10*
With nitro also present, COR
activate reactions with COOH
strong nucleophiles at SOz
40-60°C Br 6.31 x 10*
Cl 4.50 x 10*
I 436 x 10*
CO0~ 2.02 x 10*
H 8.06 x 10°
F 2.10 x 10°
CMe; 137 x 10°
Me 1.17 x 10°

(continued)

"'For reviews of reactivity of nitrogen-containing heterocycles, see Illuminati, G. Adv. Heterocycl. Chem.
1964, 3, 285; Shepherd, R.G.; Fedrick, J.L. Adv. Heterocycl. Chem. 1965, 4, 145.

"2For reviews, see Albini, A.; Pietra, S. Heterocyclic N-Oxides; CRC Press: Boca Raton, FL, 1991,
pp. 142-180; Katritzky, A.R.; Lagowski, J.M. Chemistry of the Heterocyclic N-Oxides, Academic Press,
NY, 1971, pp. 258-319, 550-553.
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TABLE 13.1. (Continued)

z
+ NaOMe —> at 0°C7t @
NOZ NOZ

Cl OMe

z NO,

+ H-N ) —= Z@N N at 25°C7* (@
NO,

Br
Relative Rate of Reaction
Comments Group Z (@ H=1% (b) NH, = 17°
OMe 145
NMe, 9.77
OH 4.70
NH2 1

“For reaction (a) the rates are relative to H; for (b) they are relative to NH,.
*The comments on the left column are from Ref. 73.

The most highly activating group, N, is seldom deliberately used to activate
a reaction, but it sometimes happens that in the diazotization of a compound,
such as p-nitroaniline or p-chloroaniline, the group para to the diazonium group
is replaced by OH from the solvent or by X from ArN,” X, to the surprise
and chagrin of the investigator, who was trying only to replace the diazonium
group and to leave the para group untouched. By far, the most common acti-
vating group is the nitro group and the most common substrates are 2,4-dinitro-
phenyl halides and 2,4,6-trinitrophenyl halides (also called picryl halides).”*
Polyﬂuorobenzenes75 (e.g., CgFg), also undergo aromatic nucleophilic sub-
stitution quite well.”® Benzene rings that lack activating substituents are gener-
ally not useful substrates for the SyAr mechanism, because the two extra
electrons in 1 are in an antibonding orbital (p. 34). Activating groups, by
withdrawing electron density, are able to stabilize the intermediates and the

"3Bunnett, J.E; Zahler, R.E. Chem. Rev. 1951, 49, 273, p. 308.

74For a review of the activating effect of nitro groups, see de Boer, T.J.; Dirkx, I.P., in Feuer, H. The
Chemistry of the Nitro and Nitroso Groups, pt. 1, Wiley, NY, 1970, pp. 487-612.

"SFluorine significantly activates ortho and meta positions, and slightly deactivates (see Table 13.1) para
positions: Chambers, R.D.; Seabury, N.J.; Williams, D.L.H.; Hughes, N. J. Chem. Soc. Perkin Trans. 1
1988, 255.

TSFor reviews, see Yakobson, G.G.; Vlasov, V.M. Synthesis 1976, 652; Kobrina, L.S. Fluorine Chem. Rev.
1974, 7, 1.
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transition states leading to them. Reactions taking place by the SyAr mecha-
nism are also accelerated when the aromatic ring is coordinated with a transi-
tion metal.”’

Just as electrophilic aromatic substitutions were found more or less to follow
the Hammett relationship (with ¢ instead of o; see p. 402), so do nucleophilic
substitutions, with ¢~ instead of & for electron-withdrawing groups.’®

Benzyne Mechanism. Two factors affect the position of the incoming group, the
first being the direction in which the aryne forms.”” When there are groups ortho or
para to the leaving group, there is no choice:

z V4 V4 Z
X
must must
E— E—
form form =
X
but when a meta group is present, the aryne can form in two different ways:

Z Z Z
b, — -
X Z
In such cases, the more acidic hydrogen is removed. Since acidity is related to
the field effect of Z, it can be stated that an electron-attracting Z favors removal
of the ortho hydrogen while an electron-donating Z favors removal of the para
hydrogen. The second factor is that the aryne, once formed, can be attacked
at two positions. The favored position for nucleophilic attack is the one that
leads to the more stable carbanion intermediate, and this in turn also depends
on the field effect of Z. For -I groups, the more stable carbanion is the one in

which the negative charge is closer to the substituent. These principles are illu-
strated by the reaction of the three dichlorobenzenes (13-15) with alkali-metal

"For a review, see Balas, L.; Jhurry, D.; Latxague, L.; Grelier, S.; Morel, Y.; Hamdani, M.; Ardoin,
N.; Astruc, D. Bull. Soc. Chim. Fr. 1990, 401. For a discussion of iron assisted nucleophilic aromatic
substitution on the solid phase, see Ruhland, T.; Bang, K.S.; Andersen, K. J. Org. Chem. 2002, 67,
5257.

78For a discussion of linear free-energy relationships in this reaction, see Bartoli, G.; Todesco, P.E. Acc.
Chem. Res. 1977, 10, 125. For a list of 6~ values, see Table 9.4 on p. 404.

7This analysis is from Roberts, J.D.; Vaughan, C.W.; Carlsmith, L.A.; Semenow, D.A. J. Am. Chem. Soc.
1956, 78, 611. For a discussion, see Hoffmann, R.W. Dehydrobenzene and Cycloalkynes, Academic Press,
NY, 1973, pp. 134-150.
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amides to give the predicted products shown.

Cl Cl Cl
a must should
_— ——
give give NH,
13
Cl Cl Cl
must should
 —— ——
give / give
Cl NH,
14
Cl Cl Cl
should should
cl give give NH2
15

In each case, the predicted product was the one chiefly formed.*® The observation
that m-aminoanisole is obtained, mentioned on p. 860, is also in accord with these
predictions.

The Effect of the Leaving Group®'

The common leaving groups in aliphatic nucleophilic substitution (halide, sulfate,
sulfonate, NR7, etc.) are also common leaving groups in aromatic nucleophilic
substitutions, but the groups NO,, OR, OAr, SOQR,82 and SR, which are not gen-
erally lost in aliphatic systems, are leaving groups when attached to aromatic rings.
Surprisingly, NO, is a particularly good leaving group.®* An approximate order of
leaving-group ability is* F>NO, > OTs > SOPh > Cl, Br, I>N;>NR} >
OAr, OR, SR, NH,. However, this depends greatly on the nature of the nucleophile,
as illustrated by the fact that C¢ClsOCHj3 treated with NH, gives mostly
CoClsNH,; that is, one methoxy group is replaced in preference to five chlorines.®
As usual, OH can be a leaving group if it is converted to an inorganic ester. Am