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H-HgH intermediate on an anisotropic exit-channel
potential surface.

For excitation of the B(1) state (3Z) of Hg-H,, the
major portion of the HgH(v=0) rotational state dis-
tribution (see Figure 5) is very similar to that from 3IT
excitation, consistent with the B(1) to A(0%) rotational
coupling mechanism,!%5 but there is a small yield of
HgH(v=0) with low rotational quanta. Such low rota-
tional energy is more consistent with an abstraction
mechanism (linear Hg~H~H) and could be due to tun-
neling since the tunneling probability would be greatest
for linear geometries, where one H atom is closest to the
Hg atom. Detailed studies involving excitations of the
van der Waals molecules Hg-H,(para), Hg-D,, and
HgHD would be very informative.

Finally, it is interesting to note that the rotational
state distribution of HgH(v=0) produced in the full-
collision reaction of Hg(°P;) with H, near room tem-
perature is very similar to that for the HgH,(A0%) (3II)
half-collision distribution shown in Figure 5.1%% This
indicates that the energy release process in the two cases
is essentially the same: i.e., due to decomposition of
H-HgH formed by facile, insertive II attack of the H-H

bond by Hg(®P,). Because the full-collision process has
a large cross section (25 A?),12 grazing collisions with
initial angular momentum on the order of 154 must
dominate, in contrast to the half-collision case, where
the initial angular momentum is nearly 0. There is no
dynamical tendency, therefore, for initial orbital angular
momentum to be converted to rotational angular mo-
mentum of the HgH(v=0) product, consistent with our
view that exit-channel (chemical) potential forces are
mainly responsible for the rotational energy of the
diatomic product in the thermal reaction.
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I am grateful to the National Science Foundation for continuing
financial support of our research program at the University of
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Anionic ¢ complexes have been known and exten-
sively studied as intermediates of nucleophilic aromatic
substitution since the beginning of the century.! Ina
paper that still makes fascinating reading, Meisen-
heimer describes the formation and isolation of anionic
o complexes by reaction of picryl ethers with potassium
alkoxides. Structural proof is derived from the fact that
identical ¢ complexes are obtained from methyl 2,4,6-
trinitrophenyl ether with potassium ethoxide, and from
ethyl 2,4,6-trinitrophenyl ether with potassium meth-
oxide.?2 Cationic ¢ complexes (Wheland intermediates),
on the other hand, had been characterized or isolated
only in a few cases,? despite the ubiquitous implication
of electrophilic aromatic substitution in synthesis. Such
cationic ¢ complexes were expected to be stabilized best
by three amino substituents, in meta positions relative
to each other,* in analogy to the stabilization of anionic
o complexes by three meta-oriented nitro groups
(Scheme I).
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%Nu = nucleophile, E = electrophile.

Neither 1,3,5-triaminobenzene itself nor its N-mo-
nosubstituted derivatives can serve as model substrates
for arene reactions: these compounds exist, at least in
part, in the form of the nonbenzenoid tautomers,® and

(1) (a) Crampton, R. M. Adv. Phys. Org. Chem. 1969, 7, 211. (b)
Strauss, M. J. Chem. Rev. 1970, 70, 667; Acc. Chem. Res. 1974, 7, 181. (c)
Terrier, F. Chem. Rev. 1982, 82, 77. (d) Artamkina, G. A.; Egorov, M. P.;
Beletskaya, I. P. Chem. Rev. 1982, 82, 427.

(2) Meisenheimer, J. Liebigs Ann. Chem. 1902, 323, 205.

(3) (a) Olah, G. A,; Kuhn, S. J. J. Am. Chem. Soc. 1958, 80, 6541, (b)
Doering, W. von E.; Saunders, M.; Boyton, H. G.; Earhart, H. W.; Wadley,
E. F.; Edwards, W. R.; Laber, G. Tetrahedron 1988, 4, 178. (c) Olah, G.
A,; Tolgyesi, W. S,; Dear, R. E. A. J. Org. Chem. 1962, 27, 3441. (d) Olah,
G. A.; Kuhn, 8. J. J. Am. Chem. Soc. 1962, 82, 2380. (e) Brouwer, D. M.;
Mackor, E. L.; MacLean, C. In Carbonium Ions; Olah, G. A,, Schleyer,
P. von R., Eds.; Wiley and Sons: New York, 1970; Vol. 2, p. 837 and
references therein. (f) Koptyug, V. A. In Topics in Current Chemistry,
122; Boschke, F. L., Ed.; Springer Verlag: Berlin, 1984,
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Table I
1,3,5-Tris(dialkylamino)benzenes: Energies of Highest Occupied Orbitals, Trinitrobenzene CT Complex Band Energies,”
Polarographic Half-Wave Oxidation Potentials, and 'H NMR Aryl Proton Chemical Shifts

vop,t cm™t E 2V 'H NMR:¢
-benzene Eyomo® 8 (TNB complex) (vs Ag/Agh) 8, ppm
1a, 1,3,5-tripyrrolidino- -0.6357 16 000 0.01 5.31
1b, 1,3,5-tris(dimethylamino)- —0.6635 17500 0.13 5.68
le, 1,3,5-tripiperidino- -0.6944 18900 0.18 6.20
1d, 1,3,5-trimorpholino- —0.7114/ 20600 0.35 6.10

¢ Only longest wavelength CT band. ®For the heteroatom parameters, the i and k values were used as described in the text and in ref 11a.
¢In CH,Cl, (UVASOL Merck), determined from equimolar solutions of triamino- and trinitrobenzenes at several different concentrations
(range 1-5 X 102 M), rounded to the nearest 100 cm™. 9Measured at a rotating platinum electrode in CHyCN against Ag/Ag* (102 M in
CH,CN) as reference, supporting electrolyte 10! M LiClO,. ¢In CDCl;, TMS internal standard. Doubly degenerate HOMOs.

o complexes, once formed, are facilely deprotonated to
the corresponding quinoid systems.

N-Peralkylated 1,3,5-triaminobenzenes would, by
virtue of the high donor potential of the NR, substit-
uents, represent ideal model compounds.? Such com-
pounds were not known, though, at the outset of our
investigations. We have developed general synthetic
routes for this class of compounds and have studied the
stabilization of cationic as well as radical intermediates
in the reactions of tris(dialkylamino)benzenes with
electrophiles and oxidants.

Synthesis and Physical Properties of
1,3,5-Tris(dialkylamino)benzenes

N-Alkylation of aminobenzenes provides the usual
access to (IV,N-dialkylamino)benzenes. This synthetic
procedure is not applicable to 1,3,5-triaminobenzene
because of its instability® and competitive C-alkylation.
We have prepared N-peralkylated triaminobenzenes in
good yield by two alternative routes. When phloro-
glucinol is simply heated with secondary amines at
180-300 °C in an autoclave, triaminobenzenes 1 are
obtained? with three identical NR, substituents. Re-
action of (dialkylamino)halobenzenes with lithium di-
alkylamides allows for the stepwise introduction, via
aryne intermediates, of various dialkylamino groups,
affording triaminobenzenes 2 with different NR, sub-
stituents® (Scheme II).

The extent to which NR, substituents influence the
electronic state and the reactivity of an arene = system
strongly depends on the relative w-donor potential of
the individual dialkylamino group and on the hybrid-
ization of its N atom. The graduated effect of di-
alkylamino groups on 7 systems is well-known from the
chemistry of enamines.® A quantification of the reso-
nance interaction between individual NR, groups and
a C=C = system appeared highly desirable, considering
the widespread preparative employment of enamines.

The relative donor potential of NR, substituents with
respect to an acceptor w system in the uncharged
ground state should be reflected in the different =-
electron density at the 8-carbon. The chemical shift
of 8-protons in enamines has indeed been employed
successfully for probing C; r-electron density.l® In the

(5) Highet, R. J.; Chou, F. E. J. Am. Chem. Soc. 1977, 99, 3538.

(6) Gill, J. E.; MacGillivray, R.; Munro, J. J. Chem. Soc., 1949, 1753.

('7) (a) Effenberger, F.; Niess, R. Angew. Chem. 1967, 79, 1100; Angew.
Chem., Int. Ed, Engl. 1967, 6, 1067. (b) Effenberger, F.; Niess, R. Chem.
Ber. 1968, 101, 3787.

(8) Effenberger, F.; Auer, E.; Fischer, P. Chem. Ber. 1970, 103, 1440.

(9) (a) Stork, G.; Brizzolara, A.; Landesman, H.; Szmuszkovicz, J.;
Terrell, R. J. Am. Chem. Soc. 1963, 85, 207. (b) Hickmott, P. W. Tet-
rahedron 1982, 38, 1975 and 3363.

(10) Gurowitz, W. D.; Joseph, M. A. J. Org. Chem. 1967, 32, 3289.
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case of enamines of cyclic ketones, however, it is dif-
ficult to assess the influence of conformational and
buttressing effects on chemical shifts. The 1,3,5-tris-
(dialkylamino)benzenes, in contrast, have a rigid planar
structure. This makes them better suited for a quan-
tification of the donor potential of the different NR,
moieties on the basis of aromatic ring proton chemical
shifts.

We have derived a consistent set of HMO parameters
for the dimethylamino and pyrrolidino groups by cor-
relating HMO w-electron densities with aryl proton
chemical shifts for a series of methoxy-, (dimethyl-
amino)-, and pyrrolidinobenzenes.!’® In this procedure,
it was essential to scrupulously account for specific
steric and/or anisotropic effects on protons in ortho
positions to the substituents, which are different for
each group, and also to exclude protons in meta posi-
tions which may principally not be incorporated into
a Hiickel-type correlation.!’® The parameters kc_y thus
derived describe, in a quantitative manner, the different
overlap integral (8 = kc_nBo) of the lone electron pairs
of the respective NR, moieties with the sp-carbon pr
orbitals. For the piperidino and morpholino groups, the
respective kq_y values were determined from a com-
parative study of the C(1)-NO rotation barriers in
2,4,6-tris(dialkylamino)-1-nitrosobenzenes.!1P

amino group ko-N
pyrrolidino 0.90
dimethylamino 0.84
piperidino 0.775
morpholino 0.74

Chemical shifts, however, reflect upon the electronic
properties of the (neutral) ground state. The (positively
charged) transition state for electrophilic attack of the
aromatic = system is better approximated by charge-
transfer (CT) complexes with strong electron acceptors,

(11) (a) Effenberger, F.; Fischer, P.; Schoeller, W. W.; Stohrer, W.-D.

Tetrahedron 1978, 34, 2409. (b) Fischer, P.; Kurtz, W.; Effenberger, F.
Chem. Ber. 1974, 107, 1305.
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or by the relative stability of the radical cations formed
in oxidation. Still, the CT transition energies for com-
plexes of 1a—d with trinitrobenzene are well correlated
with the HOMO energies, calculated with the chemical
shift derived k¢ n parameters. For the first polaro-
graphic oxidation potentials, the correlation likewise
holds. The physical properties of the symmetrical
tris(dialkylamino)benzenes 1a-d are collected in Table
L

Formation, Structure, and Reactivity of
Aromatic ¢ Complexes

Aminobenzenes, as ambident nucleophiles, may be
attacked by electrophiles both at the amino group and
at the aromatic ring. Attack at the amino function,
though kinetically more favorable, is often reversible.
Reaction at a ring position, on the other hand, may be
followed by irreversible deprotonation, i.e., re-aroma-
tization. So, C-substitution products are as a rule iso-
lated from the reactions of aminobenzenes with elec-
trophiles.

A mixture of C- and N-monoprotonation products has
been established spectroscopically for the protonation
of 1,3,5-triaminobenzene itself.12¢® Protonation of the
triaminobenzenes la-d likewise affords C- and N-
protonation products 3 and 4, depending on the NR,
substituent, which in this case are stable and isola-
ble™12 (Scheme III).

N-Protonation to 3 is favored by high basicity of the
amino nitrogen, which may be approximated by the
basicity of the respective secondary amines. Increas-
ingly higher donor potential of the NR, substituent
toward the aromatic = system tips the scale in favor of
C-protonation to 4. The donor potential of the pyrro-
lidino group is significantly higher than that of the
piperidino group (kc_n = 0.90 vs 0.775, see above) while
pyrrolidine and piperidine have similar basicity (pK,
= 11.27 and 11.12, respectively).!® Indeed, 4a is formed
exclusively from 1a, and 3¢ only from le. The donor
strength of the piperidino and morpholino groups, on
the other hand, is of the same order. Since morpholine
is definitely less basic than piperidine (pK, = 8.33),'
trimorpholinobenzene (1d) upon protonation gives both
3d and 4d.1%*

The problem of competitive N- and/or C-reaction
arises for the reaction of 1a—d with all electrophiles. For
model investigations, the pyrrolidino compound 1la
represents the most suitable substrate since it reacts
with electrophiles preferentially at a ring carbon, and
since well-established o complexes 5 are isolated from
the alkylation,'%!% sulfonation,'® acylation,'® and halo-

(12) (a) Kohler, H.; Scheibe, G. Z. Anorg. Allg. Chem. 1956, 285, 221.
(b) Yamaoka, T.; Hosoya, H.; Nagakura, S. Tetrahedron 1970, 26, 4125.
(c) Knoche, W.; Schoeller, W. W.; Schomicker, R.; Vogel, S. Accepted for
publication in J. Am. Chem. Soc.

(13) Perrin, D. D. Dissociation Constants of Organic Bases in Solu-
tion; Butterworth: London, 1965.
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genation'™® of 1a. The halo ¢ complexes are much less

stable, though, and will be discussed separately (see
below) (Scheme IV).

The activation of la, by three pyrrolidino groups, is
sufficient to allow for reactions with a wide variety of
electrophiles in inert organic solvents without the ad-
dition of catalysts. The ionic ¢ complexes 5 crystallize
directly from the reaction mixture. Especially stable
o complexes with nonnucleophilic anions, e.g., BF,” and
ClO, are obtained by straightforward anion exchange.
As a rule, re-aromatization of Wheland intermediates
occurs spontaneously. Deprotonation of the ¢ com-
plexes 5, i.e., formation of the substituted tris(di-
alkylamino)benzenes 6, requires base.

The stability of the ¢ complexes 5 allows for a facile
crystal structure determination. By combining such
experimentally determined geometries with MO calcu-
lations, a deeper understanding may be obtained of how
electronic and steric influences combine to affect the
stability and reaction behavior of Wheland interme-
diates in general.’® One planar (B) and two bent con-
formations (A, C) are theoretically possible for Wheland
intermediates. Earlier CNDO calculations had pre-
dicted a planar structure for ¢ complexes with R = R’
= H and a bent one for R = H, R” = CH3.® ¢ com-
plexes with unlike substituents indeed are bent, as
determined spectroscopically in solution;*! hepta-
methylcyclohexadienylium tetrachloroaluminate, on the
other hand, has been found by X-ray crystallography
to be more or less planar? (Scheme V).

(14) (a) Niess, R.; Nagel, K.; Effenberger, F. Tetrahedron Lett. 1968,
4265. (b) Effenberger,F Mack K. E.; Nagel, K.; Niess, R. Chem. Ber.
1977, 110, 165.

(15) Flscher, P.; Mack, K. E,; Mossner, E.; Effenberger, F. Chem. Ber.
1977, 110, 181.

(16) Menzel, P.; Effenberger, F. Angew. Chem. 1975, 87, 71; Angew.
Chem., Int. Ed. Engl. 1975, 14, 62.

(17) (a) Menzel, P.; Effenberger, F. Angew. Chem. 1972, 84, 954; An-
gew. Chem., Int. Ed. Engl 1972, 11, 922.

(18) Effenberger, F.; Menzel, P.; Seufert W. Chem. Ber. 1979, 112,
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(19) Effenberger, F.; Reisinger, F.; Schénwilder, K. H.; Béuerle, P.;
Stezowski, J. J.; Jog'un K. H; Schol]kopf K.; Stohrer, W -D. J. Am.
Chem. Soc. 1987 109, 882.
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2027.
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Table I1
Bonding Geometries® and Relative Energies for Different Conforngations of Selected ¢ Complexes (Cyclohexadienylium Ions)
5and 7
C(1)-E, E (@)
compound at C(H-R 20° 0° -20° AF®
5a: E =H, X = Br (X-ray) (AY 0.8
(X-ray) (B) 1.0
5b: E = CH;, X = Cl0, (X-ray) 15.4 1.561
5¢: E = X = Br (X-ray) 15.0 2.000
7a: R = H (MNDO) 0.1 1.117 1.66 0.00 1.66 0.00
7b: R = CH; (MNDO) 21.6 1.559 0.03 3.98 12.38 12.35
7¢: R = Br (MNDO) 15.5 0.17 1.87 8.87 8.60

¢Bond angles « and bond distances C(1)-E and C(1)-R, obtained from MNDO calculations and X-ray crystal structure determinations.
bEnergies (kcal/mol) are given relative to the most stable conformer of each compound. °Relative energies calculated for the indicated o
values (all 3-21G energies and all MNDO energies and structures are the result of optimization in which the atoms C,, C,s, C4 Cgs, and C,

and the bonds C4~H, C,~H, and Cgs-H were maintained in a plane. A mirror plane was assumed to pass through atoms C(1) and C.,.

4The

a value (deg) for the most stable conformation. ¢The energy difference between the two nonplanar conformers (o = £20°). /The bond angle
a is listed separately for the three independent observations. Bond distances have been averaged.

We have determined the crystal structure of 2,4,6-
tripyrrolidinocyclohexadienylium bromide (5a: E = H,
X Br), 1-methyl-2,4,6-tripyrrolidinocyclo-
hexadienylium perchlorate (5b: E = CH;, X = Cl0Oy),
and 1-bromo-2,4,6-tripyrrolidinocyclohexadienylium
bromide (5¢: E = X = Br).!® The protonated ¢ com-
plex 5a in fact is basicaily planar, but 5b and 5¢ are
definitely bent, with the CHg and Br substituents in
axial positions. The deviation from planarity, as given
by the experimentally determined dihedral angle a, is
15.4° for 5b and 15.0° for 5¢ (Table II). This dihedral
angle, in conjunction with the length of the bond be-
tween C(1) and the incoming substituent E, plays a
crucial role in correlating the stability and reactivity of
o complexes with theoretical calculations.

For o complexes with identical ligands, R = R/, and
hence equivalent C-R and C-R’ bonds, the planar
conformation is expected to be electronically most
stable since the cyclohexadienylium = system favors a
planar geometry, and hyperconjugative stabilization is
at a maximum in this conformation. With unlike lig-
ands, R # R/, conformations A and C no longer are
energetically degenerate, and the conformation that has
the ligand with the better donor ¢ orbital in the axial
position is better stabilized. This electronic effect is
expected to be reinforced if the ligand with the better
o donor bond also is the sterically more demanding one.
The markedly different degree of hyperconjugation
weakens the axial and strengthens the equatorial bond
in the bent conformation. MNDO results show that ¢
complexes that are unsubstituted in the pentadienyl
moiety are not very susceptible to steric effects of the
ligands R and R’ at C(1) and that hyperconjugation
effects dominate for these ¢ complexes. To test the
validity of the MNDO calculations, the ¢ complexes 7
with unlike ligands were optimized with MNDO
methods. The geometries thus obtained are in reason-
able agreement with the crystal structures determined
for 5a—c (see Table II). The MNDO results in partic-
ular confirm the planar conformation to be more stable
for ¢ complexes with identical ligands, and a nonplanar
conformation to be more stable for ¢ complexes with
unlike ligands. Due to the above-mentioned steric and
hyperconjugative effects, a big energy difference results
between the stable conformation with R = CH; or Br
in a quasi-axial position (« = +20°, see Table II) and
the inverted conformation with a quasi-axial hydrogen

(22) Baenzinger, N. C.; Nelson, A. D. J. Am. Chem. Soc. 1968, 90, 6602.
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(@ = 20°). Population of this inverted conformation
consequently is likely to be very low indeed.

Two limiting situations may be envisaged on the basis
of the theoretical and experimental results outlined so
far for the reactivity of nonplanar ¢ complex interme-
diates: (i) the most stable conformation of the ¢ com-
plex has the potential leaving group R’ in a quasi-axial
position; (ii) the most stable conformation is that with
R’ in a quasi-equatorial position (see C and A, respec-
tively, in Scheme V). Re-aromatization via elimination
of R’* is kinetically favored for i. In the case of ii, an
energetically highly unfavorable conformation, close to
C with quasi-axial R’, has to be adopted prior to dis-
sociation.

Figure 1 illustrates this concept graphically. The
circle at the reaction coordinate represents, in com-
parison to C, the less stable conformation A, which as
a result of calculations is not a minimum in the energy
profile. It follows that if the attacking electrophile
prefers the axial position in a nonplanar ¢ complex, the
second energy barrier represents the rate-determining
step (Figure 1: reaction from left to right). If, under
otherwise constant conditions, the entering group goes
preferentially into the equatorial position, the leaving
group is needed in an axial position, and the first ac-
tivation barrier is rate-determining (Figure 1: reaction
from right to left). These results also suggest that a ¢
complex may be stabilized with respect to re-aromati-
zation by purely sterical effects in addition to the
well-known electronic stabilization. The 2,4,6-tri-tert-
butyl ¢ complex 8% (Scheme V1), with a poor leaving
group R in an axial position, may well represent an
example for this situation.

Experimental results that were hitherto hard to un-
derstand now became explicable in terms of the out-

(23) (a) Myhre, P. C.; Owen, G. S.; James, L. L. J. Am. Chem. Soc.
1968, 90, 2115, (b) Myhre, P. C.; Beug, M.; Brown, K. S.; Ostman, B. J.
Am. Chem. Soc. 1971, 93, 3452,
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Figure 1. Simplified hypersurface of the electrophilic substitution on aromatics with nonplanar intermediate o-complexes.

Scheme VII
(CH2), (CH2), (CH2)y
OR HO
. H OH- H
HO <_-:: HO oR =—— HO OR
OH OH OH
9 10

lined stereoelectronic concept. A pK, value of 9.6 has
been determined for the planar ¢ complex 5a; the value
for the nonplanar complex 5b, in contrast, is 13.3.2¢
Converting planar 5a to a nonplanar conformation with
a quasi-axial C-H bond requires but little energy.!®
Conversion of the nonplanar, nonacidic complex 5b, on
the other hand, into the inverted, acidic conformer with
a quasi-axial C-H bond requires considerable energy.
The far-higher pK, value of 5b as compared with 5a is
thus mainly attributed to the highly unfavorable
equilibrium situation between the two conformations
of 5b. In the phloroglucinophane o complexes 9, the
bridged structure rigidly holds the crucial C-H bond
in an equatorial position. Deprotonation, though
thermodynamically desirable, is kinetically hindered to
such a degree that the cyclohexadienylium system
rather adds the nucleophile/base with exclusive for-
mation of the hemiacetals 10 (Scheme VII).?®
Nitration of various methylbenzenes, e.g., 11, with
nitryl acetate results in the formation of ¢ complexes
12, with the electropositive CHj ligand preferentially
in the quasi-axial position. The negligible leaving
tendency of the CH;* group forestalls re-aromatization,
and the 1,4-cyclohexadiene 13 is formed instead by
addition of the nucleophile (Scheme VIII).?

Dimeric ¢ Complexes as Intermediates in the
Oxidative Dimerization of Arenes

Several alternative mechanisms have been discussed
for the oxidative dimerization of aromatic compounds.?

(24) (a) Schoeller, W. W. Thesis, Universitat Stuttgart, 1969. (b)
Vogel, S.; Knoche, W.; Schoeller, W. W. J. Chem. Soc., Perkin Trans. 2
1986, 769.

(25) Schénwilder, K. H.; Kollat, P.; Stezowski, J. J.; Effenberger, F.
Chem. Ber. 1984, 117, 3280.

(26) (a) Fischer, A.; Ramsey, J. N. Can. J. Chem. 1974, 52, 3960. (b)
Suzuki, H. Synthesis 1977, 217. (¢) Moodie, R. B.; Schofield, K. Acc.
Chem. Res. 1976, 9, 287.
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There is general consent that the first step is the for-
mation of a radical cation. Dimeric o complexes like-
wise are intermediates common to all the mechanisms
proposed, their deprotonation giving the biaryls as the
first oxidation products isolated. It remains undecided,
though,?” whether the dimeric ¢ complexes arise from
direct dimerization of radical cations, from electrophilic
attack upon unreacted arene by dications formed in a
secondary oxidation step from the radical cations, or

(27) (a) Hammerich, O.; Parker, V. D. In Advances in Physical Or-
ganic Chemistry; Gold, V., Bethell, D., Eds.; Academic Press: London,
1984; Vol. 20, pp 55-189. (b) Seo, E. T.; Nelson, R. F.; Fritsch, J. M,;
Marcouz, L. S.; Leedy, D. W.; Adams, R. N. J. Am. Chem. Soc. 1966, 88,
3498, (c) Weinberg, N. L.; Reddy, T. B. J. Am. Chem. Soc. 1968, 90, 91.
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from oxidation of the 1:1 adducts of radical cation and
arene.

Dimeric ¢ complexes 14 were isolated for the first
time, as stable products, from the oxidation of tris(di-
alkylamino)benzenes.”® Of the wealth of complexes 14
that could thus be obtained in crystalline form, the two
o complexes that are formed by oxidation of 1a and of
1-ethyl-2,4,6-tripyrrolidinobenzene (6a, R = C,H;) were
selected for an X-ray structure determination, and for
an in-depth study of the mechanism of their formation
and their follow-up reactions?®3 (Scheme IX).

While the monomeric ¢ complexes 5 are characterized
by simple three-band electron spectra, the longest
wavelength absorption of the dimers 14 is split and/or
shifted,®! due to through-space as well as through-bond
interaction. The relative orientation of the two cyclo-
hexadienylium rings in 14a and 14b differs widely; the
torsional angle 8 is 65° in 14a and 163.3° in 14b. The
crystal structures provide some insight into the prob-
able arrangement of the two arene moieties which
combine in the transition state of the oxidative di-
merization. The endo conformation found for the dimer
14a is very similar to the geometry derived from cal-
culations.’? This orientation is favored by considerable
charge-transfer interaction between the two = systems.*2
Severe steric interaction in the endo arrangement, on
the other hand, between the ethyl group of one and a
pyrrolidino group of the other arene ring makes the exo
approach more favorable for the dimerization of 6a.
This closely resembles the structure determined for the
final product 14b.

Dimeric ¢.complexes 14 are obtdined as sole products
from the oxidation of 1a and 6a only if the oxidant is

(28) Effenberger, F.; Stohrer, W.-D.; Steinbach, A. Angew. Chem.
1969, 81, 261; Angew. Chem Int. Ed. Engl 1969, 8, 280.

(29) Effenberger F,; Mack K. E.; Niess, R,; Relsmger F.; Steinbach,
A.; Stohrer, W.-D.; Stezowskl J.d,; Rommel L; Maier, A. J. Org Chem.
1988, 53, 4379.

(30) Effenberger, F.; Stohrer, W, D.; Mack, K. E.; Reisinger, F.; Seu-
fert, W.; Kramer, H. E.; Fél], R. E. Publication in preparation.

(31) (a) Férster, Th.; Kénig, E. Z. Elektrochem. 1957, 61, 344. (b)
Levin, C. C.; Hoffmann, R.; Hehre, W. J.; Hudec, J. J. Chem. Soc., Perkin
Trans. 2 1973, Part I, 210. (c) Dekkers, A. W. J. D.; Verhoeven, J. W
Speckamp, W. N, Tetrahedron 1973, 29, 1691.

(32) Milosevich, S. A.; Saichek, K.; Hinchey, L.; England, W. B.; Ko-
vacic, P. J. Am. Chem. Soc. 1983, 105, 1088.
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added rapidly, and if light and atmospheric oxygen have
been painstakingly excluded. Without these precau-
tions, the complexes 14 are formed together with the
o complexes 15, arlsmg from hydrogen abstraction of
the solvent, and the quinone immonium compounds 16
and diaryl perox1des 17, respectively, arising from re-
action with O, (Scheme X).

Continuous-flow ESR has unequivocally established
the radical cations 1a** and 6a** as intermediates in the
oxidation of la and 6a. Spectra simulated for these
structures are in good agreement with the experimental
ESR spectra.®® The long-wavelength absorption band
of the radical cations at A > 800 nm constitutes an ideal
probe for following both their formation and secondary
reactions. Photochemical dissociation of the dimeric
o complexes 14 is a very fast and highly efficient pro-
cess. The complexes 14 may also be thermally disso-
ciated into two radical cations. By UV /vis-spectro-
scopically monitoring the different, competitive reac-
tions of 6a**, formed from flash photolysis of 14b, the
following rates have been determined for the individual
processes: dimerization (—14b), k = 2.3 X 10* L M
sl H abstraction (—15b), k = 2.5 X 1072 s7!; reaction
with Oy (—17), k. = 9 X 105 L M1l Half-life times
have been determined for the two radical cations in the
same manner; surpnsmgly, 7122 18 for 6a‘* and only
~1 ms for la**

All these experimental results may be rationalized
theoretically.?® Qualitative arguments, which are con-
firmed by quantitative methods (extended Hiickel,
MNDO), show that interaction between the HOMOs
of the two cyclohexadienylium subunits, m5 and w5/,
respectively, in the dimeric ¢ complexes is confined
basically to through-space interaction. The two re-
sulting combinations, m; + =5/, are energetically de-
generate and nonbonding for a dimeric ¢ complex with
a torsional angle 8 of 60° and almost degenerate for 3
> 160°. For the interaction between the two lowest
unoccupied orbitals, =5 and =4, of the two subunits,
through-bond coupling prevails over through-space
coupling for all torsional angles. Hence, the combina-
tion [73 — w3’ + o*] is energetically lower than [7; + =3’
~ o] for all conformations and thus represents the
LUMO of the dimeric ¢ complex. (The doubly occupied
combination [r3 + w3’ + o], corresponding to [r3 + 73’
— o}, connotes a 51gn1f1cant electron transfer from the
o bond into the a priori vacant orbitals 73 and =3’; this,
in terms of the MO formalism, is the reason for the
severe hyperconjugative weakening of the central C-

1)/C(1’) bond in the dimeric ¢ complex.)

The “photochemical dogma” demands that photo-
reactivity in the condensed phase be governed, as a rule,
by the first electronically excited state. This may be
represented in terms of the simplest one-determinant
model by promotion of one electron from the HOMO
[which has no contribution from the central ¢ bond)
into the LUMO, [73 ~ w3’ + o*], which is antibonding
between C(1) and C(1’). Hence, the central o bond is
weakened even more than in the ground state and thus
becomes predestined for photodissociation. Both the
thermal and photochemical dissociation of the dimeric
o complexes are symmetry-allowed processes, with the
photoreaction being kinetically slightly more favored.

(33) Neugebauer, F. A. (MPI fir Medizinische Forschung Heidelberg).
Unpublished results.
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Figure 2. MNDO calculated charge densities and highest oc-
cupied = orbitals of the two Jahn—Teller distorted structures I

and II for 1,3,5-tris(dimethylamino)benzene as a model for 1a**-1
and la**- II

Scheme XI

- ir% g
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This argument holds for 14a (8 = 65°) as well as for 14b
(8 = 163°) since MO theory does not differentiate, in
either the ground or the first excited state, between
complexes with varying conformation about the central
o linkage. This picture changes drastically, however,
when one compares the two radical cations, formed
either by dissociation of 14a and 14b or by oxidation
of 1a and 6a.

The radical cation 1a** does not exist in the highly
symmetrical Dy, structure, but rather in two, energet-
ically very close, Jahn—Teller distorted structures la**-I
and la**-II (Scheme XI). The respective charge den-
sities and orbital coefficients can be approximated by
the MNDO data for the simplified model structure
shown in Figure 2.

Both the Jahn-Teller distorted forms of la** are
planar. In structure I, the overall highest coefficient
and thence spin density of the SOMO =, is located at
C(1) (conjoined with a negligible charge density, not
unexpected for a positively charged alternating hydro-
carbon structure). Moreover, C(1) is freely accessible
in structure I and, thus, the predestined point of attack
in dimerization with a second radical cation, as well as
in other radical reactions. Structure II is characterized
by a relatively high coefficient and consequently low
charge density at C(3)/C(5). These two ring positions
are freely accessible and, hence, likely targets for radical
attack. MNDO calculations demonstrate that, upon
introduction of ‘an alkyl substituent into the radical
cation at C(1), the two neighboring dialkylamino groups
are twisted almost 90° relative to the ring plane.
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Structure 6a**-I thus remains as the only energy min-
imum for 6a‘*. The electronic configuration ,2ry%rg
again is characterized by an extremely high coefficient
and concomitant low charge density at the alkyl-sub-
stituted ring carbon. This reactive center, though
electronically favored, yet appears extremely shielded
by the alkyl substituent itself as well as by the two,
nearly orthogonal NR, groups in the o- and o’-positions.

On the basis of these theoretical arguments, and with
the assumption of kinetic control, the following pre-
dictions can be made for regioselectivity and relative
reactivity of the two tris(dialkylamino)benzene radical
cations la'* and 6a‘*; all of them have been experi-
mentally validated (see above). Reaction of 1a't with
a sterically demanding second radical cation which
would directly yield the dimeric ¢ complex, H ab-
straction from a much less bulky solvent molecule, and
reaction with the sterically least demanding O, are all
equally facilitated at either C(1) in structure 1a**-I or
C(8)/C(5) in structure 1a**-II. Compound 6a°*, on the
other hand, where electronic direction allows for reac-
tion only at the extremely well shielded carbon C(1),
may be attacked at this site by sufficiently small
reagents only. H abstraction from the solvent and O,
addition are still practical and indeed are observed
solely at the alkyl-substituted ring carbon. Dimeriza-
tion at this site is sterically impossible, however, and
is thus restricted to a nonalkylated ring position. This
site, though sterically much less hindered, is electron-
ically very unfavorable. Consequently, dimerization of
6a°" is kinetically severely impeded relative to that of
1a'*, and its half-lifetime is therefore 1000 times longer.

Reactions of Halo ¢ Complexes

As pointed out above, halo ¢ complexes are com-
paratively much less stable. In their reactions with
bases, product formation strongly depends on the na-
ture of the base, the reaction temperature, and the re-
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Scheme XIV
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action time.** This is exemplified in Scheme XII by
the reactions of the bromo o-complex 5¢ with a variety
of bases/nucleophiles.

Deprotonation exclusively is effected by strong bases,
e.g., alkoxides, giving 1-bromo-2,4,6-tripyrrolidino-
benzene. With triethylamine in chloroform, the bi-
phenyl 18 is obtained. Sulfides, on the other hand, and
likewise hydrogen sulfite react as reducing agents only,
5¢ being dehalogenated to 1a. With potassium cyanide
in methanol, the dimeric ¢ complex 144 is formed in
almost quantitative yield within 20 min. The reaction
of B¢ with potassium rhodanide in methanol at ambient
temperature illustrates most strikingly how product
formation with a halobenzenium ¢ complex depends on
the actual reaction time. If the reaction is quenched
after 1 min, one finds the bromo substituent having
been exchanged quantitatively, yielding the rhodano ¢
complex 19, which in turn may be deprotonated with
alkoxide to 20. After 20 min, a mixture is obtained of
the rhodano, the dimeric, and the protio ¢ complexes
19, 144, and 5a, respectively (Scheme XIII).

From the reaction of 19 with sodium bromide, only
the protio ¢ complex 5a (E = H, X = Br) is isolated
after 60 min of reaction time. These reactions all show
light dependence and are accompanied by drastic color
changes of the reaction mixtures. The rapidity of the
exchange of Br vs SCN renders a straightforward nu-
cleophilic substitution, whether Sy1 or Sy2, highly un-
likely. The formation of 14a and 15a has rather to be
rationalized in terms of radical intermediates, via a
one-electron charge-transfer mechanism.

The halo o complex 21 is reduced by the nucleophile
Nu-, via electron transfer, to the radical intermediate
22 whence, by cleavage of a halide ion, the radical cation
1a*t is formed. Compound la‘* now undergoes all the
follow-up reactions outlined in Scheme X, e.g., dimer-
ization to 14a and H abstraction from the solvent to
15a. The substitution product 23 may be formed by

(34) (a) Seufert, W. Thesis, Universitat Stuttgart, 1976. (b) Bauerle,
P. Diplomarbeit, Universitat Stuttgart, 1982.
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Table II1
Oxidative Potentials of Nucleophiles® (A) and Reductive
Potentials of o0 Complexes (B) (vs Ag/AgNO,, 0.1 M)

(A) Nu I SCN- Et;N Brr CN-  CI
Eyj5 mV  -150 250 330 390 680 700

(B) 21-ClO, 19 14a 5a
Hal I Br Cl SCN

Ey mV -100 -330 -780 -750 -1370 -1580

%Determined for the tetrabutylammonium salts in CH;CN/
TBAP, 0.1 M. ?Determined as the perchlorate.

radical recombination of Nu* and 1a** or by addition
of the nucleophile Nu™ to 1la**, and subsequent electron
transfer from 24 to unreacted substrate 21 under for-
mation of 22 in conjunction with 23. This second
mechanism would constitute a radical chain process.
The rate of the electron transfer depends both on the
relative redox potential of the different reactive inter-
mediates, which compete with each other in the mech-
anism outlined in Scheme XIV, and on the leaving
tendency of the halides or other leaving groups. The
experimentally determined reduction potentials of some
halo ¢ complexes and of the ¢ complexes 19, 14a, and
5a are collected in Table III, together with the oxidation
potentials of the respective anions (nucleophiles) and
of triethylamine. The relative reactivity of the halo ¢
complexes 21 with rhodanide, halides, or tertiary amines
shows good qualitative agreement with the gradation
derived for the corresponding donor-acceptor charge-
transfer interaction.?® The protio ¢ complex 5a is
formed more and more with prolonged reaction time,
since it has the most negative reduction potential (see
Table III) and since the negligible leaving tendency of
a hydride ion makes formation of 5a virtually irre-
versible.

There is no stringent proof possible for the radical
chain mechanism, outlined in Scheme XIV for the nu-
cleophilic substitution of halo ¢ complexes, since halide

(35) (a) Eberson, L. Adv. Phys. Org. Chem. 1982, 18, 79. (b) Becker,
H. G. O. Einfihrung in die Photochemie; Thieme Verlag: Stuttgart, 1983;
p 233.
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ions set free in the course of the reaction may function
as electron donors. The fact, however, that the reaction
is accelerated by light and is incubated by radical in-
hibitors strongly argues in favor of a radical chain
mechanism.

Summarizing Remarks

1,3,5-Tris(dialkylamino)benzenes are exceptionally
well suited model substrates for the electronic substi-
tution as well as the oxidation of arenes. From both
types of reaction, Wheland intermediates, which still
retain one hydrogen at the sp? carbon atom, could be
isolated for the first time in crystalline form and their
structure determined by X-ray crystallography. When
these structural data are combined with the results of
MO calculations, a deeper insight may be gained into
the energy profile of electrophilic attack on aromatic
substrates. Thence, experimental results that so far
were inexplicable can be interpreted satisfactorily. The
follow-up reactions of radical cations, formed primarily
in triaminobenzene oxidation, can likewise be ration-
alized. Triaminobenzenes are comparable in their re-
action behavior to enamines and thus can be employed
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successfully as model compounds also for enamine re-
actions.!4343 This mechanistic parallel might prove
both practically and theoretically important in future
investigations.
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