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I. Introduction

Recent years saw a breakthrough in the studies on
the reactions of nucleophilic aromatic substitution. The
most popular mechanism for these reactions was ad-
vanced by Bunnett.!

X X Y Y
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z z z

Its key stage is the formation of anionic ¢ complexes
that proved to be relatively stable in the case of sub-
strates containing strong electron-acceptor groups. The
synthesis of such ¢ complexes and the mechanism of
their formation and decomposition, as well as their role
in the reactions of nucleophilic aromatic substitution,
have therefore become a subject of special concern, and
the number of relevant papers is growing from year to
year (see, for example, ref 2-12).

In fact, anionic ¢ complexes have long been known
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to chemists. As early as 1886 Janovsky found that
treating an acetone solution of m-dinitrobenzene (m-
DNB) with an.alcoholic solution of an alkali gives rise
to intense violet coloring.!®!* Later it was observed that
the same effect results from the action of alkaline ke-
tones and aldehydes on m-DNB.1516 In 1895, Lobry de
Bruyn isolated and analyzed a red substance that was
formed by the interaction of methanolic 1,3,5-trinitro-
benzene (TNB) with an equimolar amount of KOH.?
The structure assigned to this product was [C¢Hj-
(NO,)3KOMe]-H,0. Later, Jackson and Gazzolo'® as-
cribed quinoid structures (1 or 2) to the product of the
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reaction between 2,4,6-trinitroanisole (TNA) with so-
dium methoxide. Two years later Meisenheimer!® ob-
tained the first chemical evidence supporting this
structure by showing that on acidification the products
of the reactions between TNA and potassium ethoxide
or between 2,4,6-trinitrophenetole (TNP) and potas-
sium methoxide yield about the same amounts of TNA
and TNP. Since that time the adducts of nucleophiles
to polynitroaromatic compounds have been called
Meisenheimer or Jackson-Meisenheimer complexes.

The present review will discuss various types of an-
ionic ¢ complexes and their chemical conversions.
Attention will be paid mainly to recent results. We
shall confine ourselves to the ¢ complexes obtained from
substituted benzenes, while omitting bicyclic, spirocyclic
(for this information see, e.g., ref 10-12), and, for the
most part, multicharge ¢ complexes. Since the review
is not aimed at discussing the problem of nucleophilic
aromatic substitution, the vast kinetic evidence on these
reactions also will not be discussed, except for the
fundamental results concerning the mechanism of for-
mation of ¢ complexes and their stability. Special at-
tention will be paid to the long-neglected problem of
the various paths of decomposition via which ¢ com-
plexes yield no products of nucleophilic aromatic sub-
stitution.

I1I. Types of Anionic ¢ Complexes

A. Anlonic ¢ Complexes with
Oxygen-Contalning Nucleophllies

The anionic ¢ complexes of this type are formed by
the reaction of alkali alcoholates with polynitro aro-

0009-2665/82/0782-0427$06.00/0 © 1982 American Chemical Society



428 Chemical Reviews, 1982, Vol. 82, No. 4

matic compounds. They were discovered long ago,'’"1°
and most of them, particularly for the ethers of picric
acid and TNB, were isolated. One of the major prob-
lems, i.e., the identification of the ¢ complexes, was
partly solved as early as 1902 by Meisenheimer;'® his
chemical proof of the structure of the TNA ¢ complex
with EtOK for decades remained the only one for o
complexes of alkyl picrates with alcoholate ions. It was
not until 1964 that Crampton and Gold?® obtained un-
ambiguous 'H NMR data confirming the structure of
anionic 6 complexes 3 and 4. Since that time 'H NMR
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spectroscopy has become the most widely used and
reliable technique for investigating the structure of
anionic ¢ complexes. More than 300 'H NMR spectra
of various § complexes have been published. Most of
them can be found in reviews by Strauss’ and Gitis.®
Another method of direct identification, namely *C
NMR spectroscopy, was applied to ¢ complexes rather
recently. The first report was published by Olah and
Mayr in 1976%! and dealt with the spectra of 4-X-2,6-
dinitroanisoles (X = Cl, F, CH;, CF;, NO,) and the
corresponding anionic ¢ complexes with methoxide ion.
In addition to confirming the structure of the ¢ com-
plexes, the study supplied information on the distri-
bution of electron density in the ring. Comparison of
chemical shifts in the parent nitro aromatic compounds
and in their ¢ complexes indicated that the cyclo-
hexadienyl carbons in the latter carry a negative charge
of 0.3-0.4 e when compared with the initial substrate.
This experimental finding proved the correctness of a
semiempirical calculation of the charge distribution in
Meisenheimer complexes?? and refuted an earlier me-
thod of calculation?® that predicated the charge on
carbon atoms in ¢ complexes would decrease. All the
X substituents (Cl, F, CH;, and CF3) except NO, exert
virtually no influence on the negative charge in the
cyclohexadienyl system. Such a remarkably strong
electron acceptor as the nitro group, however, does
decrease the electron density on the ring carbons; the
overall upfield shift for the corresponding ¢ complex
is 6-8 ppm less than that for the other ¢ complexes.
Olah’s pioneer investigation®! was followed by several
papers reporting the use of 13C NMR in the studies of
anionic ¢ complexes (see, for instance, ref 24-27).
The structural parameters of the Meisenheimer com-
plex were established by X-ray diffraction analysis.?%°
The C(4)-N bond proved much shorter than the C-
(2)-N bond, which means the p-nitro group carries a
greater negative charge. The cyclohexadiene ring is
largely planar; the plane containing two alkoxy groups
is perpendicular to that of the ring. The length of the
C-0 bonds is close to the lengths in aliphatic ethers and
far greater than those in TNP. The nitro groups at-
tached to the C-2 and C-6 carbons are approximately
coplanar with the ring, whereas in TNP the dihedral
angle between the ring and the o-nitro group is equal
to 62°. Despite all its advantages, this method failed
to gain wide recognition, since it is difficult indeed to
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obtain single crystals of ¢ complexes.

As it has been mentioned, Crampton and Gold argued
that the adduct of methoxide ion to TNA has the
structure 4.2 Soon, however, Servis reported that the
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initial product was an isomeric ¢ complex, 5, in which
the MeO~ ion adds to the unsubstituted C-3 carbon
atom.**312 Since then the anionic ¢ complexes obtained
from other 1-X-2,4,6-trinitrobenzenes and containing
a bond between the nucleophile and C-3 carbon have
often been referred to as Servis complexes. The 1,3 ¢
complex 5 is extremely labile and in 15 min gives rise
to a more stable 1,1 ¢ complex 4 (rate constant = 4 X
1073571%0), It is believed that the 5 — 4 transformation
may be an inter- as well as an intramolecular process,
but no convincing evidence favoring either path has
been obtained so far. Addition of MeOH or MeO~ to
Me,SO solutions of 5 was found to avidly catalyze the
5 — 4 transformation; the methoxide ion supposedly
promotes the formation of an intermediate dianionic

o complex, 6.3%31a
OMe MeQO  OMe
032N NO, 0N NOz
G Ho o+ MeO” == ¢ H =
OMe OMe
NO» NCp
5 6
MeO  OMe
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The first solid Servis complex to be isolated was a
product of the reaction between 1l-carbomethoxy-
2,4,6-trinitrobenzene and KOH.32 In the solid phase
and in the solution alike, it takes but a few h at room
temperature for the complex 7 to convert into the 1,1
o complex 8 (which also was isolated). The greater
stability of 4 with regard to 5 is explained by the fact
that the coplanar 1-methoxy and 2,6-dinitro groups
suffer steric compression, while in 4 the 4-methoxy
groups are situated in the plane perpendicular to that
of the ring.3

The formation of the ¢ complexes 4 and 5 is also
essentially dependent on solvation, charge delocaliza-
tion, and steric factors both in the complexes and in the
corresponding transition states.” Bernasconi, for in-
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stance, maintains that the better charge delocalization
in the 1,3 ¢ complex due to the contribution of reso-
nance structures 9 and 10 accounts for its preferential
formation at the kinetically controlled stage. However,
the formation of an energetically advantageous gem-
dimethoxy group gives rise to isomerization of the
forming 1,3 ¢ complex into the 1,1 ¢ complex.3*
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Another opinion, which has not become widespread,
is that the formation of o complexes 5 and 4 is inde-
pendent.®

The stability of 1,3 ¢ complex 5 is markedly de-
pendent on the solvent. While in Me,SO the lifetime
of the complex (15 min) permits its detection, in
methanol it decayed too rapidly to be observed. The
effect of an aprotic dipolar solvent (Me,SO) on the
stability of 1,3 and 1,1 ¢ complexes formed by the re-
action between methoxide ion and 4-X-2,6-dinitro-
anisoles (X = SO,CF;, SO,CHj) was investigated.
With either substrate, the stability of both complexes
increased with Me,SO concentration, the relative
thermodynamic stability remained virtually the same.

These facts are in agreement with the conclusions of
Fendler et al., who suggested that the stability of an-
ionic ¢ complexes in aprotic dipolar solvents is greater
than in aprotic medium®* and that the free energy of
stabilization (JAG = AGMeSO(DMF) _ AGMeOH(H;0)) jg in.
dependent of the nature of the substrate.’’

In general, the proportion between the products of
addition to C-1 and C-3 carbon atoms in 1-X-24,6-
trinitrobenzenes depends on the nature of both the
nucleophile and the substrate. Some substrates are
attacked only in an unsubstituted position. For in-
stance, methoxide ion adds to the C-3 carbon of 2,4,6-
trinitrotoluene (TNT),* N,N-dimethylpicramide-
,31a,31b.33,41.44 N—methylpicramide,31“'31°'33 and picr-
amide.?'®342 Hence it becomes clear why the only
products of acidification of picramide and N,N-di-
methylpicramide ¢ complexes with MeONa were picr-
amide and N,N-dimethylpicramide.?'®* It is of interest
that the formation of 1,3 § complex 11 is accompanied
by that of a second product—a deprotonated picramide
1230313344 (which in excess MeONa adds methoxide ion
to give the corresponding ¢ complex3!©) or the 1,1 o
complex 13.* However, the kinetic information ob-
tained by means of stopped-flow and temperature-jump
techniques* indicates that reaction a is too fast to
presume the formation of 1,1 6 complex 13. Complexes
13 are usually obtained by the action of amines on alkyl
picrates (see section IIC). In an unusual case a complex
of 14 was formed in the reaction between picramide 15
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and methoxide ion.** Complex 14, which was isolated
as a solid and studied spectrally,® was thought to fea-
ture high stability because of its amide proton, which

Me Me
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+ MeO- <

NO; N,
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was capable of forming a hydrogen bond with the o-
nitro groups.*’*8

TNT and MeO™ also give rise to a 1,3 ¢ complex
whose formation is accompanied by slow de-
protonization of TNT.#

Two isomeric ¢ complexes (1,1 and 1,3) of different
stability result from reactions between 1-X-3,5-di-
nitrobenzenes and nucleophiles. Thus, 1-X-3,5-di-
nitrobenzenes (X = CF,,*-51535 COQMe,50515¢ C], 495354
CONMe,, SO,Me,5! CN4952-%4) with MeO~ ion rapidly
yield both ¢ complexes 16 and 17, but the final product
is 17, assumed to be formed from 16 at the slow

stage.49'51'54
X NO2 X NO,
+ MeQT = H =
OMe
NG» NO2
16
H ~ OMe
X NO2

NO,
17

This succession of conversion was clearly demon-
strated by Fyfe et al.5 for X = CN, CF;, COOMe, and
COOEt by stopped-flow techniques with 'H NMR
spectra monitoring. As the flow is increased, i.e., as the
time interval between mixing and observation is de-
creased, the proportion of 16 in the mixture 16 and 17
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increases. When the flow is stopped, the spectrum
changes almost immediately to that of the thermody-
namically stable product 17 (r,,, = 0.97 s).5

In a similar manner methoxide ion reacts with 4-X-
2,6-dinitroanisoles; unstable 1,3 ¢ complexes 18 (X =
CN,55:56 | 56,57 C],57 CF,,57 H%57) observed at the initial
stage afford the corresponding stable 1,1 ¢ complexes
19.
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18 19

In 2-X-4,6-dinitroanisoles there are two nonequiva-
lent positions for the addition of a nucleophile, which
results in the formation of 1,3 or 1,5 ¢ complexes. It
was shown that the immediate product is the 1,5 §
complex 20, whose rapid conversion into the more stable
1,3 ¢ complexes 21 is followed by the formation of the
stable 1,1 ¢ complexes 22 (X = Cl,565880 CN,56:5960
CF;3,590 F5680 Tt is likely that 1,3 ¢ complexes are more
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H H
MeO OMe
NO, NO2 NC2
20 21 22

stable than the 1,5 complexes because the p-nitro group
provides for greater delocalization of the negative charge
than the X substituents.

A ¢ complex of MeO" with 2,4-dinitroanisole was also
reported®®! and identified by 'H NMR as the 1,1 ¢
complex.?! In due course this complex decomposes into
2,4-dinitrophenolate.?® Anionic ¢ complexes of o- and
p-nitroanilines with MeO~ (¢ complexes 23 and 24) were
obtained by Ohsawa and Takeda.’%63 This is an in-

MeO NH, MeO  NH;
NO2

23 NO,

24

triguing fact when one considers that no positive in-
formation on nitrobenzene ¢ complexes is available.

Investigations of anionic ¢ complexes of another ox-
ygen-containing nucleophile, i.e., phenoxide ion, faced
peculiar problems because of its ambient nature. In-
deed, this ion can give rise to both C~0 and C-C ¢
complexes. It was originally assumed that TNB with
PhO- yields a product of structure 25.645  Later,
however, Buncel®2 demonstrated that in the reaction
between TNB and PhOK in Me,SO-MeOH the prod-
uct of the first stage is a methoxy ¢ complex, 3, which
yields a ¢ complex, 26, which in turn isomerizes into 27.
The latter was isolated from the solution on acidifica-
tion. Its structure was established by means of 'H
NMR spectroscopy; the spectrum contained a quartet
at 6.9 ppm characteristic of para-substituted benzenes.
No formation of ¢ complex 25 was observed. In Me,SO
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the authors®® found a minor amount of the o-phenoxy
adduct, formed by bonding between an ortho carbon
of the phenoxide ion and an unsubstituted carbon of
TNB. Its structure was established by means of 'H
NMR spectroscopy. Information concerning the state
of ionization of TNB~phenoxide ¢ complex has also
been obtained.®® At a 2:1 molar ratio of PhOK-TNB,
dianion 27a is formed, but at a PhOK-TNB molar ratio
of 1:1 the final reaction product is ¢ complex 27; acid-
ification of 27 leads to the corresponding nitronic acid

27hb.
. o
NO» W Wt OzN NO»
e

NO2 NOzH
27a 27b

OH

The formation of ¢ complex 25 was found by Shein
et al.,%” who demonstrated that 25 is the initial product
of TNB interaction with PhOK in Me,SO. ¢ complex
25 after a while yields ¢ complex 27. The latter, like
most § complexes with a C—C bond, is very stable; it was
oxidized by bromine to 2,4,6-trinitro-4’-hydroxybi-
phenyl. It is interesting to note that 25 isomerizes into
27, i.e., only the product with the hydroxy group in the
para position of phenyl ring was obtained; no isomer-
ization was observed when a methyl group was intro-
duced into the para position.t’” At the same time, or-
tho-substituted phenolates, e.g., o-chlorophenolate,
again gave rise to both ¢ complexes 25 and 27.5

In contrast to TNB, trinitroanisole and phenyl picrate
(PP) react only at the oxygen atom of phenolate ion;
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TNA affords a 1,1 ¢ complex, 458 and PP affords a
1,3 ¢ complex that in 3-5 min converts to a 1,1 ¢ com-
plex.%

Anionic ¢ complexes for the simplest oxygen-con-
taining nucleophile, i.e., the hydroxide ion, were also
reported. TNB reacts with dry NaOH solution in
Me,SO to form the TNB hydroxylic ¢ complex, which
can be isolated by adding ether.®? There are many other
nitro aromatic substrates which also yield ¢ complexes
with HO™ ion (see, for example, ref 70 and references
therein).

Structures 28 and 29 are examples of ¢ complexes
with other oxygen-containing nucleophiles. 28 was
obtained by reaction between TNB and sodium acetate
in Me,SO™ and 29 was formed by the action of lithium
trimethylstannolate on a TNB solution in THF."

H OCOMe H 0OSnMegz

OaN. ? NO, 02N j NO
NO 2 NO»

Of late, ¢ complexes of MeO~ with aromatic com-
pounds containing substituents other than nitro groups
have been prepared. For example, 2,4,6-tricyanoanisole
and potassium methoxide yield the 1,1 ¢ complex 30,73,
whose stability is 4.2 X 10* times lower than that of the
corresponding TNA ¢ complex. No intermediate for-

MeQ OMe OMe MeO  OMe
: CF10,S : S0,CF3 : SQ,CF3
SO,CF3 SO.CF3

mation of a 1,3 ¢ complex was observed in this reaction.
A remarkably stable ¢ complex of methoxide ion with
1,3,5-tris[(trifluoromethyl)sulfonyl]benzene (TMSB) 31
was obtained by Yagupolsky et al.”47% In contrast to
the far less stable methoxy 6 complex of TNB, this
complex is formed even by s1mple dissolution of TMSB
in MeOH;" it does not give rise to the acetone, tri-
chloromethyl and phenoxy ¢ complexes upon addition
of acetone, CHCl;, and PhOH, respectively.”> The same
authors also isolated the stable o complex, 32, of 2,4-
bis[(trifluoromethyl)sulfonyl] anisole (BTSA) with so-
dium methoxide.”” The spectral characteristics of this
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S0,CF3 S0,CF3
— + MeQ® —
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32
Me Me
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SOZMS



432 Chemical Reviews, 1982, Vol. 82, No. 4

complex, however, are at variance with those reported,™
where 32 is reported to rapidly decompose into the
corresponding disulfonate 33.

A stopped-flow study of the reaction between BTSA
and MeO™ indicated that the initial stage of the reaction
involves the formation of an extremely unstable inter-
mediate, which was identified as the 1,5 ¢ complex 34.7

ONe MeQ  OMe
S0,CF3 S0,CF3
. ( _
MeG:>*
S0,CF3 NO,
34 35
QMe
S0,CF3
H
MeO
S0.CF3 NO,
36 37

Labile 1,1 ¢ complexes were also formed by the in-
teraction of methoxide ion with 4-nitro-2-{(trifluoro-
methyl)sulfonyl]anisole (35) and 2-nitro-4-[(trifluoro-
methyl)sulfonyl]anisole (36). With the first substrate
the initial formation of the 1,5 ¢ complex 37 was also
observed.” The fact that the reaction of methoxide ion
with 2-nitro-4-[(trifluoromethyl)sulfonyljanisole (and,
incidentally, with 2,4-dinitroanisole as well) gives rise
only to 1,5 ¢ complexes; this was explained by the
outstanding electron-accepting capacity of the para
SO,CF, group.™

The 1,1 ¢ complexes 39a—e were recently obtained by
the reaction between MeO™ and anisoles 38a—e. No

OMe MeQ OMe
X VA X A

+ MedT =

Y Y
38 39
a, X = Z=NO,; Y = SO,CF,
b, X = Y = NO,; Z = SO,CF,
¢, X=Z=S0,CF,; Y = NO,
d,X=NO,; Y =Z = SO,CF,

e,X=Y=2=S0,CF,

data were reported on the formation of 1,3 ¢ complexes
or on the reaction between MeO™ and SO,CF; and the
methoxy group of the anisoles 38a-e® (see section VI).

B. Anlonic ¢ Complexes with Sulfur-Contalning
Nucleophlles

The reactions between polynitro aromatic compounds
and Na,SO;, EtSNa, and PhSNa have been investigated
as well. It was established spectrophotometrically that
TNB with aqueous Na,SO; yields a 1:1 complex which
proceeds to form a 1:2 complex upon addition of Na,-
SO; in excess.8! The 1:2 complex was isolated and
found to correspond to the formula TNB-(Na,SO3),.5
Similar ¢ complexes were observed in absorption
spectra by other authors.838 The structure of mono-
and diadducts as anionic ¢ complexes was confirmed
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by Crampton*? and later by other workers®-91% yging
'H NMR techniques. It was demonstrated that the
ambient SO4?" anion adds to polynitro aromatic com-
pounds to form a C-S bond.859!

Along with the 1,3 ¢ complex 40 (X = OMe), sodium
picrate was formed by the reaction between TNA and
Na2SOS.91

X X
OaN NO 05N NO3 .
i "L S0 (RST) = 2 " =
S0z (SR)
NO» NG
40
X
Y NO,
H ,
(RS$)0,57 N Ns057(SR)
Nos-
41

X = H, MeO, NH,, MeNH, Me,N, PANH

The ¢ complexes 41 (X = H, MeO, OH, COOMe)
with Na,SO; were recently obtained by a “solid phase”
reaction, i.e., by mixing the substrate with Na,SO;
TH,0%' An attempt to isolate the ¢ complexes 41 from
aqueous solutions failed.”!

Bernasconi® obtained interesting data on the reaction
between TNB and Na,SO,; using the stopped-flow
technique.8® The first (fast) stage of the reaction gave
rise to the ¢ complex 40 (X = H), which then slowly
proceeded to form two 1:2 complexes. Their absorption
spectra, as well as kinetic evidence, indicated that they
were cis and trans isomers of the o complex 41% a
conclusion confirmed by Strauss and Taylor,?? Cramp-
ton and Willison,?® and Marendic and Norris.?® Thus,
assumption that all 1:2 complexes may in principle exist
in cis as well as in trans forms was proved. Cis and
trans isomers, however, were not found for all the 1:2
complexes; the possible reasons for this effect are dis-
cussed in ref 94a.

The ¢ complexes 40 also result from the reaction
between EtSNa (PhSNa) and 1-X-2,4,6-trinitro-
benzenes (X = NH,, H, NHMe). The structure of the
EtSNa complex was established as 40 by 'TH NMR.%
With PhSNa the 'H NMR spectrum contains only a
broad signal of the ring protons at about 7.5 ppm, which
the author ascribes to rapid exchange with free TNB.%
Excess EtSNa converts 40 into the ¢ complex 41.

In general, sulfur-containing nucleophiles form no 1,1
o complexes in reactions with substituted trinitro-
benzenes. The reaction stops at the 1,3 ¢ complex
stage, 78891 and picramides do not lose a proton, as they
typically do when reacting with alcoholate ions. The
exceptions are the ¢ complexes 42, which were obtained
in the reaction of Na,SO; with picric acid (X = O7)
(from TNA)®! and trinitrobenzaldehyde (X = CHO),*

X SOz (SEt) H S0z (SR)
OzN NO2 CF30,3 S0,CF3
o/
|
NO» S02CF3
42 43
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and the reaction of EtSNa with trinitrophenetole (X
= Et0).%¢

From a comparison of the constants of formation of
o complexes with sulfur-containing nucleophiles and
with their oxygen counterparts Crampton® suggested
an order of “thermodynamic affinity” to aromatic car-
bon: EtS- > MeO~ > PhS™ > PhO~.

TMSB was recently reported to form ¢ complexes
with Na,SOs, PhSNa, and BuSNa in Me,S0.7%%" The
o complexes 43 with the latter two salts are very
unstable (particularly in methanol®’) and rapidly de-
compose by loss of the CF,S0, group.”%” A similar
exchange reaction (without, however, the formation of
an anionic ¢ complex) occurs between TMSB and so-
dium thiophenolate in MeOH.%’

C. Anlonic ¢ Complexes with
Nitrogen-Contalning Nucleophlles

Ammonia and primary and secondary amines react
with TNB to form the anionic ¢ complexes 45 which
were identified by their 'H NMR and UV spec-
tra,3318989 while tertiary amines do not react with
TNB.%1%  The process involves two stages. There is

H 'NHRz
0N NO, 02N NOz

+ RpNH =

NO»2 NO2

NO»
45

kinetic evidence that depending on the reaction con-
ditions and the aromatic substrate, the rate-determining
stage may be either the formation of the zwitterionic
o complex 44 or the transfer of a proton from this
complex to another molecule of the amine with the ¢
complex 45 as the product!® (for spiro complexes, see
ref 102-104).

The alternative mechanism involving the interaction
of TNB with the R,N™ ion formed from R,NH by au-
toionization seems less likely. Indeed, in this case the
very low concentration of RN~ must have been com-
pensated for by an extremely high rate of reaction with
TNB.%

It was pointed out in the literature that the formation
of TNB ¢ complexes with aliphatic amines is compli-
cated by the reduction of the substrate to an anion
radical.19%1% Another intriguing side reaction accom-
panying the formation of these complexes was reported
by Bernasconi.!®” In a temperature-jump study of the
reaction between TNB and n-BuNH,, piperidine, and
pyrrolidine in 1:9 dioxane—water mixture, he observed
a product which, according to his own kinetic evidence
and borrowed data, was identified as 46. The fact that
this reaction path, i.e., the addition of the amine to the
nitro group, had not been discovered earlier was at-
tributed to the necessarily strong solvation of the ad-
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+

OZN N02 02N N—NR1R2

+ RIRpNH —=
1n2 OH

NO2 NO2

46
R,=n-Bu;R,=H;R,,R,=(CH,),

duct. In these terms, the mixture of the solvents used
appears unique, since even a 50% mixture appears too
rich in dioxane for the oxyhydroxylamine to be formed.

In contrast to aliphatic amines, their aromatic coun-
terparts such as aniline yield 7 rather than anionic ¢
complexes with TNB.1% Buncel, however, found that
in the presence of a base (1,4-diazobicyclo[2.2.2]octane)
the anilide ¢ complex 48 is formed.!®® The authors

H "NHzPh
ON NO, 02N NO

NO, NO»

H  NHPh
02N NO,
BH

NO,
48

reached a conclusion from the kinetic evidence that the
rate-determining stage of this reaction is the loss of a
proton under the action of a strong enough base (e.g.,
1,4-diazabicyclo[2.2.2]octane but not PhINH, itself) from
the zwitterionic ¢ complex 47, which was formed at the
preequilibrium stage.!'®!!! Buncel suggested an alter-
native way of obtaining 48 from TNB and PhNHK.112
He also found that in Me,SO-MeOH the methoxy o
complex of TNB yields the ¢ complex 48 on addition
of anilinel13116 (see section VA).

There are few reliable data concerning ¢ complexes
of amines with TNA. Only recently did Fyfe and his
co-workers report the formation of the 1,1 ¢ complex
49 from TNA and BuNH, in Me,SO-MeOH.117118 A

OMe
02N NO;
fast
+ 2BuNH, —
N02
MeO  NHBu NHBuU
O,N NO»2 02N NG,
+ 2BuNHz
BuNHz3 —— p—
NO 2 NO2
49
NHBu
02N NO2
N
H  BuNHz
NHBu
NO2
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thorough low-temperature kinetic study of the reaction
using the stopped-flow technique with 'H NMR spectra
measurements enabled the authors to establish that 49
is formed at the fast stage, while the slow stage is its
conversion to the nucleophilic substitution product,
namely N-butylpicramide.!'”!!8 It should be noted that
this investigation is one of the few papers furnishing
definitive evidence for the formation of a substitution
product from a 1,1 ¢ complex.

The same authors used a similar technique to study
the reaction between TNA and secondary amines in a
binary mixture of Me,SO and MeOH (1:1).? This
process proved to stop at the first stage, i.e., the for-
mation of a relatively stable 1,1 ¢ complex that does not
yield a substitution product. On standing, this ¢ com-
plex slowly gives rise to the methoxy ¢ complex of TNA
which could be identified only by means of 1*C NMR
spectroscopy (in 'H NMR spectra the chemical shifts
of both complexes were identical).? No mechanism was
proposed for this conversion.

Tertiary amines such as Et;N undergo only methyl-
ation by trinitroanisole to give the corresponding pic-
rate.!’ Under more vigorous conditions (boiling in
toluene), sterically hindered secondary and even pri-
mary amines are also methylated'® (for more detail see
section VIA). An interesting intermediate preceding
the formation of a ¢ complex was observed in the re-
action of phenyl and mesityl picrates with sterically
hindered amines at —57 °C.1® Under these conditions
the reaction product is nitronic acid 50, identified from
'H NMR data. This species reacts with excess amine
to give the ¢ complex 51 and yields the substitution
product 52 when heated to room temperature.

NHC(CHz ! 2 THLR

DN NOz

or i
heat
i
NC32
52
R'C  NHC(CHz)pz CHzR
DN NQz

NH2C(CH3)2CHZR
—_— -

NOH
50
R'O. NHC(CHz)pCHzR
0N N0,

"NH3C(CH3 ), CHoR

NQC2
51
R=H,R'=Ph;R=H, R' = s-Me,C .H,

Conclusive evidence against the opinion that picr-
amides do not react with amines? was recently obtained
by Fyfe,!'” who observed that N-butylpicramide with
n-BuNH, leads to a 1,3 ¢ complex identified by 'H and
13C NMR spectroscopy.

Anionic ¢ complexes of another nitrogen-containing
nucleophile, namely hydroxylamine, were reported [the
complexes 53 (R, = H, R, = NHPh; R, = H, R, = Me;
Rl = R2 = Me;121 Rl = R2 = H122), 54,122 55 (X =
NMe,,*® H'?2]. All these species result from the ad-
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NR| R H  NHOH X NHOH
NO» 02N NO, 02N NOZ™
H H
NHOH NHOH
NO, NO, NO,
53 54 55

dition of sodium methoxide to a solution of a nitro-
aromatic substrate plus hydroxylamine hydrochloride.
The reactions are markedly dependent on the solvent.
Thus, in Me,SO it leads to the o complex 54, whereas
in methanol the immediate product is the 1:2 ¢ complex
55 (X = H).!22 In the opinion of the authors,!? this is
due to the fact that Me,SO better solvates the former
and methanol the latter ¢ complex.

The mechanism for the formation of the ¢ complexes
53-55 is virtually unknown. It was suggested that 53
and 54 are formed either from the corresponding
methoxy ¢ complexes (which, incidentally, were not
observed in the reaction) through substitution of the
MeO~ group by the more nucleophilic 'NHOH

NH,0H + MeO~ = "NHOH + MeOH

[TNB-MeO]- + -NHOH — [TNB-NHOH]- + MeO-
or directly from the substrate and the "NHOH ion!??
TNB + "NHOH = 53

The latter reaction is believed to be more likely.?2
TNB with lithium (potassium) succinimide in Me,SO
gives an anionic ¢ complex, 56.7' It is stable in the

Y
H.  N-CO Ho N3
0oN NO2 02N NO,

NO2 NO2
56 57

solution, but on addition of water this complex rapidly
decomposes to recover TNB and the succinimide.”

As far as other nitrogen-containing nucleophiles are
concerned, at —45 °C the azide ion adds to TNA to form
the 1,1 ¢ complex 57 which was identified by UV and
'H NMR spectra.l?® The complex features very low
stability and, upon heating to 0 °C, decomposes to re-
lease nitrogen.

D. Anlonic o Complexes With
Phosphorus-Contalning Nucleophlles

Unlike tertiary amines, trialkylphosphines (but not
triphenylphosphine) and many other P(III) compounds
react with TNB in Me,SO to form zwitterionic ¢ com-

plexes 58. For n-Pr;P, Ph,P(OEt), PhP(OEt),, P-
H  PRoR'
02N NO» 02N NO»z
\@/ + R'Rp —
NO2 NO»2
58

R = n-Pr, NMe,, OMe, OEt; R' = Ph
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(NMe,);, P(OMe)s, and P(OEt); these compounds have
been identified in solutions by 'H NMR and UV
spectra.1%-128 Ip general, the formation of ¢ complexes
occurs early in the reaction of substituted m-DNB (and
TNB) with (BuO),PH in the presence of NaOH.1%
When exposed to light as well as on evaporation of
solvent the ¢ complexes 58 decompose. In Me,SO the
o complexes 59 (Alk = Me, Et) turn into the picryl-
phosphonates 60. The authors do not consider the

H, 'P(OAIK)3 0=f(0Alk),
02N NO2 O2N NO»
OMSO P(OAIK)3
NO2 NO2
59 60
0=P(0AlK),
02N NO2
H
+
P(CAIKZ
NO»
61

mechanism of the transformation. However, this
transformation should include nucleophilic substitution
of a hydrogen atom and be accompanied by AlkH re-
lease, and that seems unlikely. The picrylphosphonates
60 may further react with excess trialkyl phosphite to
give the o complexes 61.1%

A very unstable ¢ complex, 62, was observed in the
reaction between picryl fluoride and (MeO)3P;1% the
eventual products were picrylphosphonate, MeF, TNT,
and dimethylfluorophosphate. The first and the sec-
ond compounds result from a SyAr type reaction in-
volving Arbuzov’s rearrangement, while the two other
species are thought to be generated from the phos-
phorane 63.12 Picrylphosphonate is also formed from
the reaction of picryl chloride with trialkyl phosphite.1?

A kinetic study of the reaction of TNB with (EtO);P,
(EtO),PPh, and EtOPPh, has shown that in this series
the rates of both the forward and the back reactions
increase, but the back reaction accelerates faster, so that
the equilibrium constant decreases.!”® Consequently,
substitution of a phenyl for the alkoxy group makes the
o complex 58 less stable. From this it becomes clear
that in the case of Ph3P the formation constant of the
¢ complex 58 is too small for the complex to be ob-
served.1?8

There is recent evidence!® for the reaction between
TNB and P(V) compounds, e.g., dialkyl phosphites
{Me0O),P(O)H and (EtO),P(O)H. Such reactions afford
o complexes 64 and are accelerated in the presence of
bases promoting the ionization of dialkyl phosphites.
Just like the ¢ complexes of trimethyl and triethyl
phosphite, the ¢ complexes 64 in Me,SO undergo con-

R OMe
(MeO)ZF’ F

0sN NO /
\ /F

PicF + P(OMe); &=

NO,
62
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H P{OR);
N N 02N NO
o] o7 2 2+ MezSO
+ (RO)PIOH = H —
R = Me, Et
NO 2 NO2
64
O==P(OR);
ON NO»
N02
60

version to the picrylphosphonates 60.1% As in the case
of the transformation of 59 into 60, the authors!3® do
not consider the mechanism of the conversion 64 — 60.
However, direct transformation of 64 to 60 seems un-
likely, because it should involve H, elimination. We
presume that 64 is more likely to give 60 via oxidation
by atmospheric oxygen.

The o complexes 64 were characterized by 'H NMR
and UV spectra. Significantly, the ambident
[(RO),PO]  anions attack TNB to form a C-P rather
than a C-O bond, since in 'H NMR spectra of the ¢
complexes 64 the signal of the protons at the sp® carbon
atom splits on the phosphorus atom with the constant
21 Hz characteristic of the CH-P fragment.!3°

Trialkyl phosphites (RO);P (R = Me, Et, Pr) in
Me,SO also react with TNA.13! The process leads only
to 1,3 ¢ complexes 65 whose structure was established
by 'H NMR.

OMe OMe
03N NO3 03N NO2
+ (RO)3P = H
B(OR)s
NO2 NO3
65
R = Me, Et, Pr

It should be noted that TNA is much less active in
complex formation with phosphorus compounds than
TNB. Indeed, after 48 h the yield of the ¢ complex 65
in the solution is as low as 10-15%. The presence of
picric acid in the reaction mixture, evidently due to
TNA interaction with Me;SO,1%2 ig therefore not sur-
prising.

As contrasted to TNB, in the absence of bases TNA
forms no ¢ complexes with (RO),P(O)H. In the pres-
ence of Et;N, however, the reaction takes 1-2 h at room
temperature and leads to a 1,3 ¢ complex, 66 (X =
OMe).13!

|

PicP(OMe)z + MeF + PicMe + (MeQ)pPF
| S

(@)

[(MeQ)5P = (Me0)sP FPIcT]
\F’\c

63
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J\ NO2
g
O + (RORPIOH + EnN ==

0N NO,

R = Me, Et; X = Me, OMe

TNT is even less active than TNA with respect to
(RO);P and (RO),P(O)H, and in the absence of base no
reaction occurs. On addition of triethylamine, the in-
teraction with (MeO),P(O)H was observed, with the o
complex 66 (X = Me) as a product. Note that both
TNT and TNA give rise only to 1,3 ¢ complexes, which
was explained by steric reasons.!3!

Another substrate reacting with trimethyl and tri-
ethyl phosphite to form zwitterion ¢ complexes is
TMSB.13 The ¢ complexes 67, which result from ad-
dition of trialkyl phosphites to TMSB in Me,SO, were
characterized by UV and °F and 'H NMR spectra.

SQO2CF3

R = Me, Et

In the °F NMR spectrum of 67 (R = Et) the signal
of the p-SO,CFj; group is situated, as is the case with
the ¢ complex with Nay,SOj;, in lower field than the
0-CF3S0, group signal. The authors interpret this fact
in terms of the electron-accepting effect of the CF;S0,
group, which is more pronounced in the para position.
Not unexpectedly, the ¢ complexes 67 proved much
more stable than the complexes 58 (K, of 67 is greater
by a factor of 10) and do not give rise to the corre-
sponding phosphonates.!33

E. Anlonic ¢ Complexes with Hallde Ions

Of all the conceivable o complexes between halide
ions and polynitro aromatics, only two ¢ complexes with
the fluoride anion have been described in the literature.
The first one was obtained from picryl fluoride and KF

" F F
oot $0; N NO»
OEREENNE
10, NO2
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in acetonitrile in the presence of 18-crown-6-ether and
characterized by !°F and 'H NMR spectra.’3 The ¢
complex 68 is rather stable at room temperature, though
under the action of trace amounts of water rapidly
yields potassium picrate.!3

The second ¢ complex (69) was isolated in the reac-
tion between TNB and Me,NF in THF and described
by 'H NMR and UV spectra.'®® Incidentally, under

H F
0N NO»2 OoN NO;
O + Me,NF = )

1O, NO2
69

similar conditions no chloride ¢ complex is formed.!3%

The reaction between TNB and KF in benzene in the
presence of 18-crown-6-ether was reported to involve
coloring (an absorption band with A,,, = 450 nm),!38
presumably associated with the formation of TNB ¢
complex with the F~ anion. However, Terrier et al.13
failed to reproduce these data.

F. Anlonlc ¢ Complexes with Hydride Ion

The hydride complex 70 (70 represents all the hy-
dride complexes whatever the cation) was first isolated
by Taylor in the reaction of TNB with tetramethyl-
ammonium borohydride in acetonitrile and character-
ized by 'H NMR and electronic spectra.’®” Later it was

OzN NO»
\@ + MeaN'(BaHg 1BH, =—=

NO2

OzN NO, R
Me 4N

NO2
70

found that Me,NBH, can be substituted by tetra-
methylammonium salts of other borohydrides, e.g.,
B;Hy, BgH,,, ByoH,s, BioHy,*, ByoH)5%7,'% and by
NaBH;3(CN).13® An elegant method for obtaining the
o complex 70 was suggested by Pozharsky et al.}40 It
is based on the reaction between TNB and dihydro
derivatives of nitrogen heterocycles (1,3-dimethyl-
benzimidazoline, 1,3-dimethylnaphtho{2,3-d]-
imidazoline, 1-benzyl-1,4-dihydronicotinamide, 1,3-di-

Me
OoN NO2 ’L\
O —
T
N02 Me
Me H H
,L 0,N NO,
Q>
N
!
Me

NO2
70
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methyl-2,3-dihydropyrimidine, etc.) that readily form
stable cations by loss of a hydride ion. The interaction
between TNB and a model coenzyme NADH, which
also leads to the ¢ complex 70, is worth special atten-
tion, since it can be of use to biochemists for investi-
gating the mechanism of redox reactions and for ana-
lytical purposes'® (see ref 139 and 141 on the use of 70
as a biochemical assay).

Another reported source of hydride ions in the reac-
tion with TNB is tributylstannyl hydride in the pres-
ence of an equimolar amount of a salt, Me,NX (X =
F, C1).1¥ Without the ammonium salt, BusSnH yields
a complex mixture of reduction products. It is the
nucleophilic assistance of halide ions which increases
the basicity of tributylstannane in the complex 71 so
much that it becomes a source of hydride ions.

The ¢ complex 70 was isolated in a high yield
(75-85%).135 As mentioned in section IIE, TNB with
Me,NF gives rise to the fluoride complex 69, which
when treated with BugSnH, is converted into the hy-
dride complex 70. Considering, however, that the for-
mation of the ¢ complex 69 is essentially reversible and
relatively slow, it may be thought that the hydride
complex is primarily formed by direct interaction of
TNB with BusSnH rather than via 69. This is evi-
denced also by the fact that 70 is formed from TNB and
Bu3SnH in the presence of Me,NCI which cannot give
a corresponding chloride ¢ complex with TNB.!1%¥ When
one proceeds from BusSnH to BuyGeH, the yield of 70
(as shown by UV spectra) decreases to <1%, the main
reaction product being 69.135

The o complex 70 is stable in water, but in the
presence of bovine serum albumen the rate of its de-
composition in neutral or weakly alkaline medium in-
creases by a factor of 10%. The ultimate product isolated
in a high yield is 3,3,5,5'-tetranitroazoxybenzene.!4!
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Albumens from other animal sources are considerably
less active as catalysts. The authors!! suggest a
mechanism for this interesting reaction.

The formation of stable hydride 1,3 ¢ complexes 72
was observed by interaction between 1-X-2,4,6-tri-
nitrobenzenes (X = Cl, OMe, NMe,, Me) and
Me,NB;H;.138 A process parallel to this reaction is
nucleophilic substitution of the X group by the hydride
ion and the formation of the hydride ¢ complex 70 from
the resulting TNB.

A study on the effect of substituents X on the nu-
cleophilic substitution has shown that the principal role
in this process is played by the electrophilic assistance
of the boron atom.!®® Indeed, if the “pure” SyAr
mechanism had operated, the yield of the ¢ complex 70
in the series Cl, OMe, NMe, would have decreased, as
the capacity for being split off decreases in this series.
The actual picture is quite the opposite: the yield of
70 in this series is 25%, 35%, and 100%, and the
strength of the B-X bond increases mainly in this
manner.!3 It is important to note that this reaction is
the first example of nucleophilic substitution under the
action of the hydride ion.

Note that the resulting TNB may be reduced by so-
dium borohydride to the hydride ¢ complex as well as
further, e.g., to 1,3,5-trinitrocyclohexane.l*>14 A gimilar
pattern is observed in the reaction of 1-X-2,4-dinitro-
benzenes with an excess of NaBH,. 144145

Gold and his co-workers!*® have recently reported
nucleophilic substitution of the nitro group under the
action of sodium borohydride and found out the role
played by hydride ¢ complexes as intermediates in this
reaction. Depending on the nature of X, 1-X-2,4-di-
nitrobenzenes gave rise to the hydride 1,3 ¢ complex
73 (X = OMe, OEt, NH,, NHNH,, NMe,, NHPh,
NPh,), the hydride 1,5 ¢ complex 74 (X = H, CN), or

H H
N NO2 0N NO2
. BuzSnH THF M N+
products of reduction of the NO2 group =—— + BuzSnH €4
N02 XNMe4 N02
71 70
X=C,F HoOF
O2N NO»
+
Me4N
NO32
69
H  H
O,N NO, 02N NQ,
+ X7
—_— + X
1 Q
N N
O,N NO, Oz . 2
- 0,X=
+ BaHg 70, , OMe, NMe,
X
NO2

OsN NO2
H
H

NO»
72, X = Cl, OMe, Me
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H i) ——— products of reduction of the ring

NC2
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both complexes at once (X = F, Cl, Br). It was shown
that the final product of the reaction (at the 1:1 ratio
between the reagents), 1-X-4-nitrobenzene, is formed
exclusively from the substrates that were observed to
yield 1,3 ¢ complexes. Therefore the authors suggested
the following three-stage mechanism involving the
formation of the 1,3 ¢ complex 73 and its subsequent
conversion into 75. The evidence for the migration of
the hydride ion was obtained with the use of 3-
deuterio-2,4-dinitroanisole. The final product contained
deuterium in the 2-position. Unfortunately, the con-
version of the ¢ complex 74 remained obscure. Though
this mechanism appears largely similar to ipso substi-
tution, the authors believe a more precise term is
“vicinal attack”.14®

It was reported that deuterium exchange in the sys-
tem 1,3,5-tricyanobenzene-NaBD, (or LiAlD,) also
occurs via the formation of a corresponding hydride ¢
complex.146

G. Anlonilc ¢ Complexes with Carbanlons

The feasibility of a stable product of addition of
carbanions to an aromatic substrate was first demon-
strated by Janovsky, who discovered the reaction be-
tween m-DNB and alkaline aqueous acetone.!3* A
similar process was later observed with many other
ketones, aldehydes, and polynitro aromatics (see, for
instance, ref 8), and the resulting ¢ complexes with a
C-C bond were called Janovsky complexes. Their
structure for a long time remained under dispute;? only
as late as in 1949 Canback!¥” observed that the ab-
sorption spectra of the Janovsky and the Meisenheimer
complexes were similar and suggested that the Janovsky
complex is a cyclohexadienate ion.

Generally speaking, the Janovsky reaction may lead
to several ¢ complexes differing in the character of
addition to m-DNB as well as to the ambident aceto-
nate ion. Unambiguous 'H NMR,48 13C NMR,% and
IR!¥® evidence indicates, however, that acetone adds to
m-DNB in the ketone form to give rise to 76 (the
isomeric ¢ complex 77 has not yet been isolated).

No data have been reported on anionic ¢ complexes
formed by addition of acetone (or some other oxo com-
pound) in its enol form. At the same time the enolate
of 1,1-diphenylacetone with p-XC;H,NO, (X = F, Cl)
gives only a substitution product with a C-O bond,’
which indicates that under certain conditions ¢ com-

CH
e 3
H  CH2COCH3 H 0 C\

NO, NO, C2
\>/

NG,
76

NO»
71

NO2
H H
CH3COCHg CHpCOCH;
NO3
78

NO,
79

plexes with the enol form of acetone may in fact exist.

Several attempts to isolate the Janovsky complexes
failed!%015! hefore the addition products of acetone and
acetophenone to 3,5-dinitrobenzenesulfonic acid'®? and
3,5-dinitrobenzoic acid!® in alkaline medium were ob-
tained and identified (1960). Three years later Gitis
and Kaminsky developed a spectrophotometrically
controlled method for the synthesis of Janovsky com-
plexes and obtained ¢ complexes of acetonylpotassium
with m-DNB!? and a number of substituted m-DNB.!%
Kimura!® used silica gel chromatography to separate
the Janovsky complex from the Zimmermann com-
plex!551% (gee below).

Acetonylpotassium reacts with substituted 1-X-3,5-
and 1-X-2,4-DNB to form isomeric ¢ complexes 78 and
79 in a ratio depending on the nature of X (in contrast
to the methoxide ion, acetonate ion does not form a 1,1
¢ complex with 1-X-2,4-DNB). For instance, 1-X-3,5-
DNB (X = Me, OMe) yields only ¢ complexes of the
type 781%8 while in the case of X = COQE,!23.158
CF,;,918158 CN, COOMe and COO",° and CONH, and
CON(CH,);'*® a mixture of 78 and 79 is formed, 79
always being less stable and gradually forming 78 (ki
= 1.4 X 107* 871 for X = CON(CHj,); in the acetone—
methanol mixture); also measured were the isomeriza-
tion constants for the corresponding complexes with
cyclohexanone for X = CON(CH,);, COONa, and
CN.160 Likewise, acetonylpotassium reacts with 1-X-
2,4-DNB to yield a mixture of 78 and 79 in which 79
prevails for X = OMe and COOMe,!%3161 |, Cl, Br, and
1,62 and Me, Et, i-Pr, and ¢-Bu'®! and 78 for X = SEt,
SCN.!% This effect of sulfur-containing substituents
on the ratio between the isomers was attributed!? to
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the high electron-accepting capacity of the sulfur atom
with its unoccupied 3d orbitals.

TNB also gives rise to a Janovsky ¢ complex 80 iso-
lated by Kimura!®® and Gitis.}#® Its structure was es-

NO3 H  CHpCHIOH)CH;

02N NO,~
Bro 2 2 NaBH,
—-—— H H ———
02N 0 CHz H H
NOy
H CH2COCH3 CHZCOCH3
0,N NO, 0,N NO,
H202
"
NO32 NO2

80

tablished by UV and IR spectroscopy as well as chem-
ically, i.e., by analysis of products of its oxidation by
hydrogen peroxide!®® and reduction by sodium boro-
hydride.164165 The first reaction leads to 2,4,6-tri-
nitrobenzyl methyl ketone, the second to 4,6-dinitro-
2-methyl-2,3-dihydrobenzofuran. The structure of 80
was proven by 'H NMR spectroscopy!® and confirmed
by X-ray diffraction analysis'®’ as well as by 3C NMR
spectroscopy;? the fluorescence spectra of this complex
were also investigated.1®

In alkaline media substituted 1-X-2,4,6-trinitro-
benzenes (X = OEt, OPh, Cl, NMe,, Me, OMe, COOH,
COOMe, SMe) react with acetone to afford products
of kinetic control, ie., a 1,3 ¢ complex!$*178 whose
conversion to 1,1 ¢ complexes was not observed. This
is in agreement with the greater strength of the C-C
bond as compared to that of the carbon atom bonds
with other nucleophiles (i.e., MeO™ ion) whose isomer-
ization is extremely fast.30:312

As mentioned above, m-DNB and TNB can react
with ketones other than acetone. As early as the 1930s
Zimmermann'®51% worked out a technique for colori-
metric determination of 17-keto steroids by means of
a reaction with excess m-DNB in alcoholic KOH. More
recently, ¢ complexes of m-DNB with ketones of a
general formula CH;COCH,R (R = Me, Et, n-Pr, i-Bu,
n-Bu) were described,!’* as well as TNB ¢ complexes
with MeCO(CH,),COMe,'% MeCOPr-i,'% Et,CO,16617
(PhCH,),CO,!"® cyclopentanone,'’® cyclohexanone,!’
and (CO)3MnC;H,CH,COCH,.1"® Methyl ethyl ketone
and acetylacetone yielded two isomeric ¢ complexes due
to the possible deprotonation of the methyl as well as
the methylene group in these compounds.1%6

In alkaline media aldehydes react with m-DNB and
TNB to give ¢ complexes formed by addition of the
alcoholate of the aldol of the corresponding aldehyde
to the nitro aromatic substrate.l’”” Only the use of
triethylamine, a base incapable of giving rise to aldol
condensation, made it possible to obtain a ¢ complex
of propionaldehyde with TNB; its structure was es-
tablished by spectral methods.1

Sodium acetoacetic ester and sodium malonic ester
react with polynitro aromatics to give rise to colored
adducts whose structure has long remained obscure.1817
By now it has been shown that the reaction between
sodium malonic and cyanomalonic esters and TNB
leads to ¢ complexes.'® However, in the case of sodium
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acetoacetic ester the process does not stop at this stage;
further conversion gives rise to a bicyclic ¢ complex, 81,
the final product of the reaction.!®! Only for TNA did

NO, COOE?
NO2 MeO, CH\COCH3
0N NO,
° NO2 NO,
COOEt
81 82

Strauss succeed in obtaining a regular product of ad-
dition of potassium acetoacetic ester,!'® identified
spectroscopically as the 1,1 ¢ complex 82. This finding
was rather unusual, since 1,1 ¢ complexes with car-
banions are not characteristic of TNA.11°

Finally, ¢ complexes of TNB with DMF, dimethyl-
acetamide, and Me,SO are formed in the presence of
solid KOH (¢ complexes 88, R = CONMe,,
CH,CONMe,, and CH,SOMe, respectively).!83 The o
complex with Me,SO also resulted from the reaction
between TNB and dimsyl anion.%® All these complexes
were identified by UV, IR, and *H NMR spectroscopy,
and in the case of Me,SO mainly the formation of a C-C
bond in the ¢ complex was confirmed.183

Along with carbonyl-containing species, other CH
acids of sufficient acidity may also react with TNB and
m-DNB. For example, ¢ complexes of TNB with con-
jugate bases of MeNO,, EtNO,, EtCH,NO,, and
MGQCHNOQ,IM CHX3 (X = Cl, Bl', I),185’186 PhCI’IgCN,179
and MeCN!¥ were isolated and identified, as well as a
o complex of m-DNB with MeCN.!¥7 In pyridine so-
lutions o complexes result from the interaction of TNB
with cyclopentadiene and with indene (but not fluorene)
in the presence of Ag,0.188:203%0 Ip the former reaction
two isomeric ¢ complexes are formed by addition of a
cyclopentadiene group at the 1 or 2 position; the indenyl
complex is preceded by a o complex of TNB with
pyridine,!8 which is observed only in UV spectra and
appears to be the only reported TNB ¢ complex with
a tertiary amine.

Polynitro aromatics containing a p-methyl group may
have it deprotonated under the influence of bases, thus
giving rise to a carbanion capable of forming ¢ com-
plexes with TNB.18%1% TNB ¢ complexes with TNT
(83),1891% 2 4-dinitrotoluene, 4,6-dinitro-m-xylene,'* and

02N NO2

H CH2
02N NO»

0aN NOp | O2N NOz

NO2 NQO 2
84
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2,4,6-trinitro-m-xylene!® were also reported. In ex-
cessive base the latter substrate may lose protons from
both methyl groups and thus form an adduct with two
TNB molecules (¢ complex 84).18

Reactions between TNT and alcoholate ions are
worth special attention, since in these processes TNT
may act as an electrophile as well as a nucleophile (after
deprotonization of the methyl group!®-192), The con-
ditions for the manifestation of either property and the
kinetics of conversion to the corresponding ¢ complex
were studied by Bernasconi by means of a combination
of the flow technique and the relaxation technique;19®
he found that when [TNT] > [RO"], TNT forms a ¢
complex with the 2,4,6-trinitrobenzyl anion and when
[RO"] » [TNT], the dominant process is the addition
of the methoxide ion to TNT and the formation of an
anion radical. In both cases the ¢ complexes were ob-
served only in the UV spectra and their structure was
not determined (*H NMR spectroscopy could not be
used because of the presence of free radicals).!®® When
RO} > [TNT] formation of (TNT)" is the principal
process. Fyfe et al.** have recently obtained complete
evidence concerning the structure of intermediates in
the TNT reaction with the methoxide ion (1:1) in
Me,SO-MeOH using the flow technique with the re-
cording of 'H NMR spectra. They have shown that the
first (fast) stage gives rise to a methoxy TNT 1,3 ¢
complex which in stopped flow shows fast conversion
to the 2,4,6-trinitrobenzyl anion, whose potassium salt
was isolated from the reaction mixture. The action of
excessive methoxide gives rise to the 1,3 ¢ complex 85.

GHa Chs
OaNL. NO2 OpN NCz
b (') _ fast C
\_ + MeQ ~—— - H
Oile
i l
NO 2 N

| NO2z Me 0= J2N NO2
CL e N0

The kinetics and thermodynamics for the formation of
the 1,3 ¢ complex and (TNT)" were investigated.®?

An interesting ¢ complex 86 was obtained by elec-
trochemical reduction of TNB in acetone at controlled
potential of the mercury cathode corresponding to the
transfer of two electrons.’® The complex was believed
to rise from the addition of a TNB dianion to a TNB
molecule; its structure was established by UV, IR, and
'H NMR spectroscopy. Electrochemical reduction of
86 also involves transfer of two electrons and leads to
a bicyclic ¢ complex, 87 (we should note that the
structure of this complex has not been proved), which
under the action of oxygen converts to the acetone o
complex 80.1941% Likewise the ¢ complex 86 in acetone
on the addition of base forms the o complex 80; at the
same time the solution evolves oxygen, identified by
polarography.1%
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H

0,N NO, O2N NCe
CH3COCH3
Q) e —
H

i
i
i
‘A\‘OZ ch ‘

NO,
87
H  CHpCOCH3
OpN NO,
Nos
80

As is seen from the above data, the most common way
of obtaining anionic ¢ complexes with a C-C bond is
the reaction of an aromatic substrate in alkaline me-
dium with an “acidic” species (pK, < 25). In this
manner ¢ complexes were synthesized from ketones,
keto esters, diketones, aliphatic nitro compounds, and
haloforms.2-8

Carbanions for this reaction may be also supplied by
covalent organometallic species, e.g., mercury or tin
compounds,'%1® which, however, must contain strongly
electrophilic groups (pK, of the corresponding hydro-
carbons RH < 28), which are ionizable under the con-
ditions of nucleophilic catalysis (R,Hg, RHgX,
RSnMe;).1%-1%°  This method appears milder and

H R
04N NO2 RoHg, NaI, MepS0 05N NOz
(::) “"* RSnMez, MepSC
NC» NO»2
88

R = CH,COCH,,C,F,,PhCHCOOEt,CCl,,(CF,),CH,
fluorenyl, indenyl, cyclopentadienyl

sometimes more convenient than the previous one, since
the formation of ¢ complexes is not accompanied by the
reactions between nitro aromatics and alkali.

It is possible to introduce a variety of radicals R
[PhC=C, hexenyl, 2-furyl, 2-thienyl, cymantrenyl ({C-
0);sMnCsH,), phenyl, 2,6-dimethoxyphenyl, 2,4,6-tri-
methoxyphenyl, indenyl] including donor-substituted
phenyls into TNB by means of more reactive organo-
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copper or silver compounds.20-2¢ It should be noted
that the complexes with Ag* are more stable than those
with Cy*.202

It might seem that the reaction with organolithium
or magnesium compounds should be the most general
method for the introduction of R into the molecule of
an aromatic substrate. The reaction between the
Grignard reagent and TNB25206 i ether and THF was
first studied by Severin. The intermediates, presumed
to have the structure 89, were not identified, but on
acidification of the reaction mixture by diluted acetic
acid they yielded the corresponding 1,3,5-trialkyl-
2,4,6-trinitrocyclohexanes. RMgX reacts in a similar

H R
0N NO2 03N NOz .
+
H
+ 3RMgX — H H 3MgX —-
R R
NQO2 NOp~
89
H R
H H
02N N02
H H
R R
H NOz

R = Me, Et, Pr, Bu

manner with m-DNB and 2,4-dinitrochlorobenzene.20?

Usually, however, RMgX or RLi with nitro aromatics
give a complex mixture of redox reaction products and
adducts to the nitro group.2%-217 (It should be noted
that mononitro aromatics may smoothly react with
AlkMgX and AlkLi by way of 1,4 and 1,6 addition not
complicated by the above-mentioned processes.220-227

H
R
o
N
<: :)——N02+RM—> N< +
oM
R
H + 0,
SO, 2= @+ =D
R oM

We do not discuss these interesting reactions in more
detail since anionic ¢ complexes are only presumed.)
Comparison of results obtained for different organo-
metallic compounds suggests that this fact is due to the
strong basicity of RLi and RMgX.

To introduce alkyl groups (pK, > 50) into the TNB
molecule Taylor?!8 suggested a reaction with the cor-
responding tetraalkylborates so that the reactivity of
the carbanions decrease due to the formation of ate
complexes.

0N NO32 02N NO»2
- +
\@ + MesN' BR, — Me 4N

NQO2 NO»
R = Me, n-Bu

The same approach was used to obtain TNB ¢ com-
plexes with MesECH,, groups, where E = Si, Ge, Sn.21?
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0,N NO»
+ MegN' TBICHzEMes)y —

NO2
H  CHpzEMez
0pN NO»2
Me4N+

NO2

It should be noted that only the reaction with tetra-
alkylammonium salt of the borate is successful, while
the lithium salt (MegSiCH,)BLi (as well as
Me;SiCH,Li) yields a complex mixture of unidentified
products.?!®

The anionic ¢ complex of the simplest carbanion, i.e.,
the ‘cyanide ion, with TNB was obtained by the action

of salts like PhyAsCN, Ph,NCN, 322 or Hg(CN), in the

presence of Nal'® on TNB. This complex proved
unstable and was identified only from UV and 'H NMR
spectra.!¥” Unstable 1,1 and 1,3 ¢ complexes (the latter
are more stable) also result from the reaction between
Ph,AsCN and TNA.2%®
An interesting o complex was obtained from TNB
and ¢-BuNC in the presence of Cu,0 or Cu.?® The
structure ascribed to it on the grounds of UV and !H
NMR data is 90. The ¢ complex 90 is fairly labile and
~=
H C==N—-Bu-t
02N NO2 02N NO,

NOZ NOZ
90 88

reacts with CHCl;, indene, or cyclopentadiene to give
rise to more stable ¢ complexes 88 (R is CCls, indenyl],
or cyclopentadienyl).?3

TNB or TNA show a peculiar reaction behavior with
sodium methoxide in the presence of tetracyano-
ethylene (TCE).2! The reaction leads to the ¢ complex
91 (for TNB) or the ¢ complexes 92, 93 (for TNA) via
methoxy ¢ complexes of TNB or TNA believed to be

formed at the beginning of the reaction.?! The ¢
NC CN
o e=c OMe
0N NC, CN 02N NOz
H
__CN
c=c
en
NO, NOz CN
91 92
NC CN
-
MeQ C==C
~cn
02N NO,

NG,
93

complex 93 is also formed in the TNA reaction with
Na*(TCE)™. Several hypothetical mechanisms for these
unusual reactions were advanced.23!
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A zwitterionic ¢ complex with a C—C bond (94) was
observed in the reaction between alcoholic KOH and
acetone solution of (m-nitrophenyl)diphenylsulfonium
borofluoride.?®2  Its structure was inferred from 'H

H CHRCOCHz H R
NO» CF302S S0,CF3
! 5
/) L\
*SPh, S0,CF3
94 95

NMR evidence and confirmed by a synthesis from (m-
nitrophenyl)diphenylsulfonium borofluoride and ace-
tonylmercury chloride in the presence of Bu,NI.23?
TMSB anionic ¢ complexes of type 95, where R =
CH;COCHj,, CN,% CH,NO,, CH,CHO, CH(COOE),,*
were reported recently. As expected, they proved far
more stable than their trinitrobenzene counterparts.
Of late, coordination with transition-metal carbonyls
has become a popular means of activating aromatic
substrates. Thus, anionic ¢ complexes 96 were ob-
tained?#2% from organolithium species and (benz-
ene)tricarbonylchromium at -70 to —40 °C. The

@ ce = (-

C!(CQ)3
96

R

S

R = CMe,CN, CH,CN, CH(SPh),, — J

structure of these ¢ complexes was determined by 'H
NMR and IR spectroscopy?*>?%* and for R = 1,3-di-
thianyl by X-ray diffraction analysis.?3¢ Below 0 °C
these compounds are stable for a long time; iodine or
cerium—ammonium nitrate readily oxidizes them to a
corresponding PhR in a high yield.235236

The intensive coloring which accompanies the for-
mation of ¢ complexes with C~C bonds is used for de-
termination of various types of natural products. (The
Zimmermann reaction based methods for the deter-
mination of natural compounds will be discussed in
section VC.) As a matter of history, these reactions
were developed when no methods of determining the
structure of the colored products existed. The relevant
investigations, therefore, were largely of applied char-
acter and were carried out in somewhat another vein
than the studies of classical anionic ¢ complexes. As
a result, essentially similar reactions (of a compound
containing an activated methylene group with a nitro
aromatic substrate in alkaline medium) are known by
different names depending on the type of the natural
products and even the substrate. These reactions will
be briefly discussed below.

In 1886 Jaffe?®” found that on addition of creatinine
to alkaline sodium picrate the solution turns intensely
red. In 1904 this reaction was employed by Folin?® to
develop a method which still remains an efficient means
for the determination of creatinine (see, for instance,
ref 239 and 252). First reports concerning the structure
of the reaction products have appeared rather recent-
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ly.24-24 Tt was found that depending on the ratio be-
tween picric acid, alkali, and creatinine the solution may
contain different ¢ complexes.?42243

Thus creatinine reacts with excess picric acid to form
creatinine picrate, which on addition of an alkali, gives
rise to the ¢ complex 97,243%# whose structure was es-
tablished spectroscopically.?3245  The complex is

8]
02N NC»
H
NMe,
_=—NH
NO» NH
0
97
o
02N NO»
H H
NMe NMe
HNTXC INH
NH NOZ NH
o] 0
98
o
02N NQ2
H H
NM
HO =
NOz- NH
0
99

formed as a mixture of (theoretically) eight stereoiso-
mers that does not lend itself to separation because of
conversion into the picrate and the sterecisomers of
98.243 In excess alkali the isomers of 97 reversibly form
99. (On acidification of the mixture of 97 and 99 the
equilibrium is shifted toward the formation of 97.24?)
On addition of excess creatinine both 97 and 99 give rise
to three sterecisomers of the 1:2 ¢ complex 98,242243
whose crystals were isolated by Kohashi et al. and
identified on the basis of UV, IR, and 'H NMR spec-
tra.2#? In alkaline solutions any isomer of 98 forms an
equilibrium mixture containing all three complexes.
This fact is believed to indicate?? that 98 possesses a
cis pseudoequatorial structure.

Now, in the light of the foregoing facts the reaction
between picric acid and creatinine apparently proceeds
as follows:243

PiOH + creatinine = creatinine picrate

creatinine picrate — 97

creatinine

97 98

HO™ cry
HO™

99

Butler?# found that in a stoichiometric mixture of
reagents the slow stage of formation of 97 is the in-
teraction between the creatinine anion and the picrate
ion rather than deprotonation of creatinine. In excess
picrate, however, deprotonation becomes the rate-de-
termining step.

Using the Jaffe reaction for spectrophotometric de-
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termination of creatinine it is of course desirable that
the absorption intensity of a certain o complex rather
than the mixture be measured. Considering that in
strongly alkaline media the ¢ complexes 98 and 99 and,
possibly, the 1:2 ¢ complex of the picrate ion with OH
ions are formed,?* it was suggested?® that the alkaline
solution of creatinine be neutralized with excess picric
acid in order to measure the absorption by 97 only.
Similar recommendations on the use of a low concen-
tration of alkali were, in fact, advanced earlier as
well. 2728 At any rate, however, the alkali concentration
must be constant for both the sample and the refer-
ence.?*®

Deep coloring, which is evidently due to the formation
of the ¢ complex 100, results also from the action of
creatinine on alkaline solution of TNB.?#¢ This reaction

8 NH
H NM;>:::NH 0
0N NO2 02N NO2
H
CH,COCH3
NO» NO,
100

. 101

was shown to be 1000 times as fast as that with picric
acid.?® Unfortunately, TNB is poorly soluble in water
and therefore cannot be used as a reagent for creati-
nine.246

Picric acid in alkaline media reacts also with other
species containing an activated methylene group?® in-
cluding the simplest compound of this type, i.e., ace-
tone.?6%! This reaction leads to the ¢ complex 101 that
was isolated as a solid.?' This compound is about 1200
times less stable than 97,246 and kinetic studies have
shown that the slow stage of its formation is the ace-
tonate ion addition to the picrate ion.246

Three reactions named after their discoverers have
been described in the literature for the determination
of cardenolides. A color appears as cardenolide reacts
with an alkaline solution of m-DNB (the Raymond re-
action?%), with 3,5-dinitrobenzoic acid (the Kedde re-
action?®), and with picric acid (the Baljet reaction?%).
These reactions were shown to lead to anionic ¢ com-
plexes 102 or 103, where R is digitoxin, and R’ is H or
C0O0".2% The color that results from the action of

NO2 NO2

alkaline 2,4-dinitrophenyl phenyl sulfone (the Tattier
reagent)?®7-260 and 2,2’,4,4’-tetranitrobiphenyl?®! on
various glycosides also appears to arise from the for-
mation of corresponding o complexes.

Kovar and Bitter®?2 have recently developed a method
for determination of tetracain, a widely used local
anaesthetic, from the color that appears as the products
of tetracain nitration by concentrated HNO, (the Vi-
tali~-Morin technique) react with acetone and alkali.
The colored products were identified as ¢ complexes
104.%2 Kovar and Biegert in 1976 obtained an inter-
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CO,{(CHz);NMe eHCI H CHpCOCH3z
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R = H; (CH,),NMe,-HNO ; (CH,),NMeNO,

esting ¢ complex, 105, by the reaction between diazep-
am and m-DNB in the presence of Me,NOH.%3

l o o
+

Meg N
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H

PR H NO»z
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H. Anlonlc ¢ Complexes with Organometallic
Anlons R,E™ (E = SI, Ge, Sn)

TNB reacts with anions containing elements of the
4B group R;EM (R3E = MegSi, Et;Ge, Me3gSn, PhySn;
M = Lj, K, Cs) to give anionic ¢ complexes with a C-E
bond.”?%4  Such complexes were obtained by adding

02N NC 2 02N NO;

+
+ RzEM — M

NO2 NO»
106
E = Si, Ge, Sn; R =Me, Et, Ph; M=Lj, K, Cs

the solution of R;EM to TNB in THF in a vacuo (for
K and Cs salts) or under argon (for Li salts) at —10 to
-5 °C. The ¢ complexes 106 were isolated as brown
amorphous powders showing low solubility in organic
media and possessing characteristic electron and 'H
NMR spectra. The presence of paramagnetic impuri-
ties in these samples (from 1072 to 107! mol % as in-
dicated by ESR spectra) largely hinders their investi-
gation by 'H NMR spectroscopy.

The structure of 106 in the case of R;E = Me3ySn was
confirmed by the observed quadrupole splitting in
Maossbauer spectra, which points to the nonequivalence
of the bonds on the tin atom.”

Solid ¢ complexes 106 may be stored for 7-10 days
under vacuum or under argon. In air their decompo-
sition is much faster, the lithium salts being more stable
than the potassium salts. In vacuo these complexes are
fairly stable even in diluted Me,SO solutions (~107 M).
In the presence of oxygen the decomposition of the
dissolved complexes takes just 20-30 min, and di-
cyclohexyl-18-crown-6-ether makes the oxidation by
oxygen virtually instantaneous.

One- and two-electron oxidants (tetracyanoquinodi-
methane, chloranil, iodine, CuBr,, T1(OAc);, N-
bromosuccinimide (NBS), Ph;CBF,, Me;SiCl) invari-
ably break the C-E bond to convert ¢ complexes 106
into TNB. The reasons for this reaction pattern will
be discussed in section VC.
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III. Mechanisms for the Formation of Anionic o
Complexes

In principle, the formation of anionic ¢ complexes in
reactions between nucleophiles and aromatic substrates
may involve two alternative mechanisms, i.e., a hete-
rolytic and a homolytic mechanism. The latter path-
way, which conceivably includes a one-electron transfer
stage followed by cage recombination of the radical pair,
was discussed in the literature,3% but no serious evi-
dence supporting it has so far been reported. On the
other hand, there are a number of facts favoring the
heterolytic reaction pattern rather than the homolytic.
For instance, Fyfe et al.>* observed no CIDNP effect in
the reaction between 1-cyano-3,5-dinitrobenzene with
the methoxide ion studied by stopped-flow technique
monitored by 'H NMR spectra. These data, of course,
do not completely rule out the one-electron transfer
stage if we assume the lifetime of the radical pair in this
reaction is very short.

Another problem associated with the mechanism of
formation of anionic ¢ complexes arises when a reaction
proceeds in two stages. This situation is encountered
when one deals with the interaction between aromatic
substrates with primary or secondary amines and with
CH acids in the presence of bases and when it is nec-
essary to determine the rate-limiting stage of the pro-
cess (this question for the reactions between TNB and
amines was considered in section IIC).

More intricate mechanisms are plausible when the
CH acid is a carbonyl-containing species. It is probably
due to this fact that studies of the system “nitro aro-
matic compound-acetone-base”, i.e., the earliest reac-
tion leading to ¢ complexes, are still in progress.

In its simplest form the Janovsky reaction occurs as
follows:

CH;COCH, + B = CH,COCH," + BH*

B = HO-
M. CHpCOCH3
\'/\‘/NUZ NOZ
g + CH2COCH3 <———

NC 2

Its rate-determining stage is the formation of an anionic
o complex, 268269

Under certain conditions, however, the reaction be-
tween TNB and acetone in the presence of bases may
proceed further. For example, Strauss!»#® and Kohashi
et al.266.267 found that it eventually leads to a bicyclic
o complex 107, especially with Et,NH as the base (in
excess of TNB the reaction leads to a tricyclic ¢ com-
plex, 108%¢7). The cyclization rate of the ¢ complex 80
was several times lower than the rate of its formation.1®
Likewise, the final cyclization of TNB ¢ complexes with
cyclohexanone and methyl acetoacetate is the slowest
stage in the reaction.'®0

The reaction between TNB and acetone in the
presence of KOH involved two parallel processes. The
first process obeys the above cited mechanism for the
Janovsky complex (B = OH, X = NO,). The second
reaction leads to formation of diacetone alcohol, which
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slowly decomposes into the acetonate ion and thus acts
as a source of this species when the conversion is high.?°
It is not unlikely that similar reactions take place in the
interaction between TNB and acetone in the presence
of MeONa, as long as chromatography reveals the
presence of diacetone alcohol in the MeONa-acetone
mixture.!”! )

Several workers noted that the formation of a ¢
complex with CH acids is preceded by the emergence
of a 0 complex with the base.%171:186:188,268.269 Qtrangely
anough, the role of these processes was not investigated.
The anionic ¢ complex with the base is evidently the
kinetically controlled reaction product, which gives rise
to a more thermodynamically stable ¢ complex with a
C—C bond according to a dissociative mechanism, which
as proposed by Kimura et al.!”! took place in the re-
action of TNA with acetone. A dissociative mechanism
will be discussed at length in section VA. However, if
instead of TNB a substrate that gives a stable ¢ com-
plex with the base is used, the reaction may stop at the
formation of this complex. Indeed, remarkably stable
methoxy ¢ complexes of 1-methoxy-2,4-dinitro-
naphthalene?”! and TMSB are not converted into
acetone ¢ complexes in acetone solutions.

A special case of the formation of the Janovsky com-
plex was discussed in ref 195 and 272-275. As shown
in these papers dianions of TNB or m-DNB, obtained
by reduction (electrochemically or by the dipotassium

@f

H CHp0CHz

X NO2
+ HOT —= Hp0p — H0 + 0O

NO»2
X =H, NO,
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salt of the cyclooctatetraene dianion), form a complex
with acetone that was identified as the rather unusual
compound 87 (cf. with 107). Oxidation of this complex
by O, or PbO, leads to the Janovsky complex.

The authors!?%2"2 argue that this mechanism (i.e., the
interaction between the dianion resulting from reduc-
tion of a nitro aromatic compound by the base and the
oxidized form of the base) is common for the formation
of all the ¢ complexes.

IV. Stabliity of Anionic ¢ Complexes

The stability of anionic ¢ complexes is the major
problem of their chemistry. It bears a close relationship
to the basic issue of nucleophilic aromatic substitution,
i.e., with the role of anionic ¢ complexes as precursors
of substitution producis and with the determination of
the limiting stage of the process according to Bunnett’s
SyAr mechanism.! However, as has been mentioned
above, the formation of 1,1 ¢ complexes is more often
preceded by one or two isomeric (i.e., 1,3 or 1,5) ¢
complexes. Information on their stability, therefore,
makes it possible to estimate their role in the reaction
and the contribution of side reactions.

The factors investigated in connection with the sta-
bility of ¢ complexes include the nature of the aromatic
substrate (type, number, and position of substituents)
and the nucleophile, steric factors in both the substrate
and the corresponding o complex, the effect of the
solvent, and temperature. Most aspects of this problem
were discussed in reviews,24%7 and some are considered
in the present paper (see, for instance, section IIA).

The stability of a ¢ complex in solution is largely
dependent on its interaction with the cation. The
traditional definition of the complexes obtained as an-
ionic ¢ complexes does imply, however, that in solution
they exist as an equilibrium mixture of ions and ion
pairs of various types. These equilibria have been ex-
tensively studied in the chemistry of carbanions.26%"
However, no such investigations concerning anionic o
complexes have been carried out. At the same time
there are a number of papers attempting to establish
a correlation between the stability of ¢ complexes and
their state in the solution.

In the late 1960s and early 1970s it was found that
the rate constants of the forward (k) and the back (k_;)
reaction (and, therefore, the stoichiometric constant
K 282-%85) of formation of methoxy o complexes of nitro
aromatic compounds depend on the concentration of
the base?82™ or the electrolyte.?! These findings could
not be adequately explained by the theory of salt ef-
fects. Thus, Crampton suggested?®%2 that this phe-
nomenon was due to ionic association with the coun-
terion in the ¢ complex. This idea was confirmed lat-
er,282-2% gnd as no data on conductivity of ¢ complexes
is available, the following facts were employed in this
proof. It turned out that K, for the methoxy 1,1 ¢
complex of 2-carbomethoxy-4,6-dinitroanisole (2-
CO,;Me-4,6-DNA) shows virtually no increase for M =
Li*, a slight increase for M = Bu,N*, and a marked
increase for M = K* with increasing concentration of
MeOM.%82 The classic salt effect evidently cannot ac-
count for such phenomena. Then it was shown that
addition of the electrolyte does not affect the activity
of the substrate, which means the electrolytes affect
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either the state of MeOM or the state of the ¢ complex.
As long as K, for TNB methoxy ¢ complex did not
increase with concentration of MeONa (over the same
range of concentrations as in the case of the 2-
CO,Me-4,6-DNA methoxy ¢ complex),'%28 it seems
likely that the observed phenomenon is due to stabi-
lization of the anion of ¢ complex by association with
the cation.?8? Finally, conclusive evidence favoring the
effect of association was obtained;?® it was found that
in the presence of equimolar (with respect to the base)
amounts of 18-crown-6-ether the values k;, £_;, and K|
were practically independent of concentration of sodium
methoxide over a wide enough range (0.0098-0.077
mol/L). In accordance with these facts, Crampton and
Khan?®?2-28 gnqd later Buncel et al.?®” advanced the
following scheme for equilibria in solutions of ¢ com-
plexes (the symbols used below are the same as in ref
282-285).

- + Ay - +
P+ RO + M ——I{‘;_PoRO + M

b e

i
Pt (RO MY === (PsRO", M)
¥ i
-1
K, =k, /k_, is the thermodynamical equilibria constant
Kip=p ipjp_ip

This scheme suggests that the observed stoichiometric
constant is expressed by

K. = K (1 + [M*]Kpgpo-m+) /(1 +[M*]Kgo-m+)

It is now evident that if the cation coordinates better
with the ¢ complex than with the alcoholate ion, i.e.,
if Kpro-m+ > Kro-m+ K. will increase with concentra-
tion of M* and if, in contrast, Kro-y+ > Kpro-m+ K.
will decrease with increasing concentration of M*. It
is also evident that the values of equilibrium constants
K, Kro-m+ Krpo-m+ and K® will depend on the nature
of the cation, the substrate, the alcoholate ion, the
structure of the ¢ complex, and of course, the solvent.
Each of these factors will be discussed below. Since the
reactions of ROM were invariably studied in the cor-
responding alcohol ROH, the effect of the alcoholate
ion and the solvent will be considered simultaneously.

(a) Effect of the Counterion. Data on the effect
of counterions on Kpgro-m+ are given in Table I (for the
sake of comparison, the thermodynamic constants of
formation of the corresponding ¢ complexes K| are also
presented).?®® The table demonstrates that barium and
calcium cations show the strongest association with the
anions of ¢ complexes. The association of Na% is
weaker, and that of tetrabutylammonium is extremely
weak, with the association constant virtually inde-
pendent of the substrate,?2 which is explained?®? in
terms of the well-known effect of stabilization of large
readily polarizable anions by tetraalkylammonium
cations. As has been mentioned above, K, for ¢ com-
plexes of methoxide practically does not change with
concentration of lithium methoxide.?®>?8 The au-
thors?? attribute this fact to strong solvation of lithium
cations and the resulting decrease in the capacity for
the formation of ion pairs. For M = Na* and K* the
differences in Kppo-M+ 8T€ not great, in agreement with
the fact that the values of Kpo- -+ in alcohol are close
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TABLE I. Association Constants of Methoxy Meisenheimer Complexes in MeOH with Cations®?

substrate K, L'mol™  Kp.or~Na*  Kp-Me0~,Ba? Kp.Me0,ca?* KpMeO~ Bu,N*
2-carbomethoxy-4,6-DNA 8.3 1.6 x 10 8x10° ~10¢
4-carbomethoxy-2,6-DNA 5.5 5x10° ~109
TNA 17.000 2x10° 10°
2-chloro-4,6-DNA 3.4 1x10° ~10¢
TNB 17 <10 <10°? <10?

2 Reference 282.

TABLE II. The Effect of the Nature of the Alcoholate Ion and the Solvent on the Kinetic and Thermodynamic Constants

of Sodium 1,1-Dialkoxy-6-dinitrocyclohexadienates®

X CO,R NO, Cl H
K,, L'mol™
R = Et 1002 3x10°%? 530 1.5x10- 0
Pr 560° 2x10%¢ 280¢ 5%107¢
i-Pr 15004 11004 0.084
k,, L'mol ts™!
R=Et 0.18% 17 0.14? 0.012
Pr 0.21¢ 28¢ 0.21°¢ 0.016¢
i-Pr 0.11¢ =504 0.104 0.014
k_,,s7!
R=Et 1.3x1073° 6x1075b 2.6 X100 7.00
Pr 3.8x10°4¢ 7.5 X10°4¢ 3.1¢
_ #Pr 7.5x1075¢ 1x10-+¢ 0.12¢
K®, L-mol™!
R =Et 6.7 x 103 % 3x10? 0.01%
Pr 8.4 x10°¢ 2x10%¢ 4.5 x 102 ¢ 0.011¢
i-Pr 1x10%¢ 5% 10 ¢ 0.024¢
k,®, L-mol st
R =Et 4b 300 0.5% 0.01%
Pr 6¢ 50¢ 0.75¢ 0.014¢
i-Pr 104 100¢ 1.8 0.009¢
k_,®, st
R=Et 6x104°0 1.7x 10730 1.0b
Pr 7Xx104%¢ 1.7 x10°%¢ 1.3¢
i-Pr 1x1024d 3.6 x10"%¢ 0.364
KP'RO-.N8+’ L~mol"
R = Me 1x10%° 7.0 X 10¢ 2.5 x 10° 7x10f
Et 3.3%x10%% 2.7%x102° 2.0 x 102
Pr 1.05 x 104 °¢ 1x10°%¢ 1.1 x10%¢ 1.5 x10%¢
Pr 1.3 x 1054 1x10%¢ 6 x10%49

@ Data for RONa in an alcohol ROH, Kgqg- Na* for R = Me, Et, Pr,and i-Pr=4.9,49,672,and 1.9 X 10* L mol™*
respectively. =% b Reference 285. ¢ Reference 289. ¢ Reference 290. ¢ Reference 283,  Reference 286.

to each other.?®® These differences, however, do become
substantial when a 1:2 ¢ complex is formed.?®¢ The
reason, as suggested,?® is that in 109 the ion-pair as-
sociation constant is greater in the case of Na* than in
the case of K*.

(b) Effect of the Substrate and the Structure of
the  Complex. Tables I and II show that association
with a counterion affects the stability of ¢ complexes
only if the latter are 1,1-dialkoxy ¢ cemplexes (no such
effect was observed for TNB ¢ complexes with meth-
oxide,1%:28 n_propyl alcoholate,?? or isopropyl alcoho-
late?®® in the corresponding alcohols). For 1-alkoxy-6-
X-2,4-dinitrobenzenes the association constants of the
corresponding 1,1 ¢ complexes decrease in the series X
= CO,R > NO, > C1 > H; i.e., Kpro-m+ depends on the
substituent’s capacity for coordination with the cation.
These facts, along with the closeness of Kp.yeo,na+ and

K,eoc of Na* with 12-crown-4- and cyclohexyl-18-
crown-4-ethers?®* and X-ray diffraction patterns,?
suggested?83284 that the associate of the 1,1 ¢ complex
has structure 110 (the cation is attached to the elec-
tronegative atoms of ortho substituents and the two
alkoxy group oxygen atoms, the main role being played
by the latter coordination). Hence it becomes clear why
1,3 ¢ complexes display virtually no association.?5:2%
It is believed?® that the marked association with the
cation for 1,1 ¢ complexes is a major reason for their
formation from 1,3 ¢ complexes.

(c) Effect of the Nature of the Alcoholate Ion
and the Solvent. As the dielectric constant decreases
in the series of solvents MeOH > EtOH > n-PrOH >
i-PrOH, the ion-pair interaction between the cation and
the alcoholate ion, as well as that with the anion of the
o complex increases. Thus, when one passes from one
member of the series to another, the values of Kpo- g+
and Kpgro-na+ 8roW, on the average, by an order of
magnitude, which means the contribution of ion pairs
shows a pronounced increase. Addition of NaClO,
shifts Crampton’s equilibriums totally to the area of ion
pairs and therefore makes it possible to determine k,®,
k_,?, and K?.?° In all the cases ion pairs (RO", Na*)
prove more reactive than the free ions; i.e., k,® > &, (for
methoxide ions such evidence is unavailable). However,
the ion pairs of ¢ complexes do not always decompose
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to parent particles slower than free ions; i.e., sometimes
k_,'? is not less than k_;. Accordingly, for a number of
o complexes (R = i-Pr, X = Cl, H) it was found that
K" < K,, which means that in these cases the alcoholate
ion is better stabilized by association than the anionic
¢ complex.

The formation of ¢ complexes often involves side
reactions such as deprotonation (for TNT and picr-
amides) or dealkylation (for alkyl picrates). It was
found that the occurrence of such reactions depends on
the state of the nucleophile in the solution. For in-
stance, it is thought that TNT can be deprotonated only
under the effect of free isopropylate ions rather than
ion pairs (i-PrO-, Na*), whereas the latter are respon-
sible for the formation of the 1,3 ¢ complex.?®” The
reason is that the 6-membered transition state 111 is
more advantageous than the 8-membered state 112.%7

O/ i
/‘H" “"Na

NO2
112

02N

113

Another likely reason for the observed phenomenon is
that deprotonation occurs under the influence of a
stronger base, and the free ion is a stronger base than
the ion pair. On the contrary, the formation of a ¢
complex is dependent on the nucleophilicity of the re-
acting particle rather than its basicity.

Similar trends were observed in the reaction between
sodium isopropyl alcoholate, DNA and 6-chloro-2,4-
DNA; dealkylation which accompanied the formation
of 1,1 ¢ complexes took place only via interaction with
free alcoholate ions.?® On addition of NaClO,, which
shifts the equilibrium i-PrO- + Na* = i-PrO-, Na* to
the formation of ion pairs, dealkylation becomes very
slow, while the formation of ¢ complexes is accelerated
so much that they become the sole products.?®

Association with the cation is thought by Abe®! to
be responsible for the emergence of a second stage in
the decomposition of the classical Meisenheimer com-
plex in buffer solutions. This stage involves decom-
position of the ion pair of the ¢ complex.

To conclude this section let us mention another case
of a specific dipole interaction resulting in higher sta-
bility of the ¢ complex. It was observed by Strauss et
al.,2%22%8 who studied thermodynamic stability of car-
banion complexes with TNB and reported unusually
high stability of cyclopentanone ¢ complex. The au-
thors?®? believe that this is due to the geometry of the
molecule, which favors dipole-dipole interaction of the
carbonyl with the nitro group (structure 113).
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V. Conversion of ¢ Complexes

The number of reaction types known to be typical of
anionic ¢ complexes is fairly limited. They include
transcomplexing and interaction with acids HX, al-
kylating agents, and oxidizing agents. Specifically, in
these reactions ¢ complexes are in equilibrium with the
initial reagents. Only in the light of this fact it is
possible to understand certain numerous data on the
reactions of ¢ complexes discussed in this section.

A. Transcomplexing Reactlons

The term transcomplexing was suggested for the re-
actions in which a ¢ complex gives rise to another ¢
complex.”%4 Such reactions stem from dissociation of
o complexes in solutions and from their different
thermodynamic stability depending on the substrate
and the nucleophile. In principle, there are three types
of transcomplexing reactions. First, a ¢ complex with
one nucleophile may give rise to a complex of the same
substrate with another nucleophile under the effect of
some agent. Second, ¢ complexes of a certain substrate
may form ¢ complexes of another substrate with the
same nucleophile. The third (simplest) type is isom-
erization of ¢ complexes (e.g., 1,3 — 1,1 ¢ complex
transformation) considered above. Transcomplexing
reactions of the second type are virtually unknown (data
were reported on the formation of (benzene)tri-
carbonylchromium ¢ complex with Me,C(CN)Li ac-
cording 0?36

Me

2@@ ©
+ —
~CrCO)s CCNIMez ¢ co),
H
+ Me
@<cmN)Mez @

~Cr(CO)s Cr{COs

however, the corresponding ¢ complex of (toluene)tri-
carbonylchromium was not identified), so we shall dwell
upon the first type of reaction which has been observed
many times.

Anionic ¢ complexes of TNB with hydroxy or meth-
oxy groups on dissolution in acetone give rise to the
acetone ¢ complex.!’%®* TNB complexes with DMF or
Me,SO react with water to give a hydroxy complex;!”
under the action of CHCl; or aniline, the methoxy
complex of TNB is converted to a trihalomethyl!% or
anilide complex,!1311% respectively, etc. However
strange, the mechanism of these intriguing reactions has
not been studied so far, with the exception of a par-
ticular case of transformation of the methoxy complex
into the anilide complex. An early hypothesis claimed
that the mechanism of this transformation is similar to
that of S\2 substitution at a saturated carbon atom.?%
In 1977, however, Buncel studied the kinetics of this
reaction and advanced an alternative dissociation
mechanism!!311% with formation of a zwitterion ¢ com-
plex as the slow stage.!13115

H OMe

02N NO» OzN NO»
—— \@ + MeO™  fast

NO, NO
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H. 'NHzPh
OzN NO»2 02N NO2
\\[:;:T/ + PhNHp, — =) slow
|
N02 NOZ
47
H. *NHaPh H, NHPh
02N NO2z 02N NO2
MeO™ + = ) + MeOH fast
NO2 NOz
48

It must be noted that Buncel’s mechanism appears
to be confined to the particular case of a reaction with
bases possessing a lone electron pair necessary for the
nucleophilic attack on TNB.

In a study of TNB anionic ¢ complexes with R;E
groups (type 106) it was found”?6* that these com-
pounds (just TNB hydroxy and methoxy complexes)
undergo slow dissolution in acetone to form a corre-
sponding acetone ¢ complex. Addition of a small
amount of water (2 % vol) to Me,SO solutions of 106
results in hydroxy ¢ complexes. The following mech-
anism was advanced for these transcomplexing reac-
tions:

H SnMes
02N NO» OzN NO»

\J IS O

NO, NO2
106a
N N \ A N -\t
MesSaM + —SCH{ NH or —OH|] == —=C7[ SN or =0 AT

- MezSnM (1)

MezSnH (2)

0N NO2

-
N AN - P s
\@ + —/C(‘/N or =07 M ==

NO»2

Z N or —0—
Ho Cl—=NCor —0—) (8)
02N NO»
o W

NO,

The Me;Sn™ anion formed by dissociation of 106a
metalates the CH acid (or NH and OH acid) to produce
an anion which reacts with TNB to give rise to a new
¢ complex.

The possibility of transcomplexing, generally speak-
ing, depends on the relationship between the equilib-
rium constants of reactions 1, 2, and 3; for the ¢ com-
plex 106a it is determined by reactions 2 and 3. The
former is a reaction of transmetalation whose plausi-
bility depends on the relationship between the pK, of
the acid and Me;SnH. As long as the pK, for Me;SnH
is equal to 23.5-23.8,2% it is clear that metalation under
the influence of Me;Sn~ will take place only with acids
whose pK, < 23. Indeed, CH acids with pK, ~ 23, e.g.,
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(C¢F5).CH, (pK, = 21.2)%®" or CsF:H (pK, = 23),2%¢ do
not react with 106a in Me,SO, and C4F5H does not react
even in a 3:1 mixture of CgF;H:Me,SO.”" Me,SO (pK,
= 33.3) also does not react with 106a. It appears that
the pK, of acetone (pK, = 20) characterizes the upper
limit of pK, at which reaction 2 is still possible. In fact,
it proceeds readily in the case of CH, NH, and OH acids
with I)I{a of 9-15 (CHClg, C6F5CH2COC6F5, CHBI’g,
succinimide).

With decreasing pK, of the CH(NH, OH) acid the
rate of reaction 2 will increase. On the other hand, the
conjugated anion will become more stable and thus less
reactive, so that its interaction with TNB (reaction 3)
will slow down. Therefore, a lower limit of pK, should
exist, when transcomplexing will depend on whether the
reaction between the anion and TNB is possible.”! This
limit is apparently situated in the 5-7 range: acetic acid
(pK, = 4.76) and trinitromethane (pK, = 0) only de-
compose the ¢ complex without formation of a new
species. The anions of these acids feature low reactivity;
the acetate ion forms a ¢ complex with TNB very slowly
and the yield is low, while potassium trinitromethanate
does not react at all.”.-264

The above mechanism for the reaction between an-
ionic ¢ complexes containing a C-E bond and various
“acidic” compounds apparently holds for ¢ complexes
with other types of bonds. For example, TNB ¢ com-
plex with a MesSnO group (29) also may be converted
into ¢ complexes with acetone, hydroxyl, or succinimide.

In solutions of 106a or 29, Me;Sn™ or MegSnO™ anions
can be trapped by such potential sources of a positive
halogen as NBS and CBr,."1:264

Me;Sn™ (MesSn0O°) M* + RBr —
Me;SnBr (Me;SnOBr) + RM (4)

TNB + R~ = [TNB-R]- M* (5)

Addition of these species to 106a or 29 in Me,SO causes
a rather fast formation of a succinimide or tribromo-
methyl complex. With excess NBS the succinimide
complex gives rise to TNB. However, the mechanism
of these reactions is perhaps more complex than indi-
cated by (4); Me;SnK with NBS in THF in vacuo af-
fords a 60% yield of N-(trimethylstannyl)succinimide,
which also can react with TNB to form a ¢ complex,
114, whose yield is appreciably increased by addition
of KBr."12¢ These transformations may be represented
as in eq 6-8. Their actual mechanism will evidently
depend on the relationship between the reaction rates
of (4) and (6). This means that in Me,SO in the

o Cow
NSnMe, + MB
Me 3SnM + [CO/NBr Eco/ nMe 5 r (6)
02N NO2 o
~ —
pogii=.
NO2
co”}
H N/—CO
02N NO,
MesSn (7)
NO2
114
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co
N—CO
0,N NO,

114 + KBr ——— K"+ MesSnBr (8)

NO=z
56

presence of TNB the ¢ complex 56 may, at least partly,
be formed according to eq 4 and 5.

B. Reactlons between ¢ Complexes and
Electrophlles

The general mechanism of a reaction between an
anionic ¢ complex and an electrophile E* may be
presented, considering the sites susceptible to the attack
(Scheme I) The pathway of this interaction will de-
pend, firstly, on the stability of the ¢ complex in the
solution and, secondly, on the reactivity of the elec-
trophile. The more stable the complex (i.e., the lower
its dissociation constant), the higher the probability that
the reaction with the electrophile E* will follow the
pathway “a” or “c” or, in other words, will involve the
molecule of the complex itself. The same effect should,
in principle, be exerted by an increase in the electro-
philicity of E* (for the given ¢ complex) and the re-
sulting decrease in selectivity of the attack. On the
other hand, less stable complexes and less reactive
electrophiles are apt to react according to the “b”
pathway.

The reactions of ¢ complexes with the simplest
electrophile, the proton, have been studied best of all.
There is conclusive evidence that anionic ¢ complexes
of nonsubstituted polynitrobenzenes with oxygen-,
sulfur-, and nitrogen-containing nucleophiles revert to
the parent nitro aromatic upon acidification."-199!
Acidic decomposition of ¢ complexes of alcoholate ions
with alkyl picrates leads to a mixture of the parent ether
and a relevant product of substitution.5"192%930 Geyeral
workerg36:38:300-302 grrived at a conclusion that this re-
action for 1,1-dimethoxy complexes of different sub-
strates involves specific acidic catalysis. However,
Bernasconi3®-3% established the general acidic catalysis
in this case. The reaction is thought3%3% to be a con-
certed process involving a transition state 115 (i.e.,
following the “c” pathway of Scheme I typical of stable
complexes). The alternative mechanism via dissocia-

}j...BH

H—B' H'8

RO 1°0R

NO2
115

tion of the ¢ complex and transition states 116 and 117
is thought to be far less consistent with the observed
kinetics of the reaction. Bernasconi3®® attributes the
nonobservance of general acidic catalysis in earlier
studies to the use of low concentrations of buffers and
inefficient catalysts. The success of his own brilliant
investigations was largely determined by the use of
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stopped-flow techniques with spectrophotometric
monitoring and, particularly, its combination with the
relaxation technique.

Acidification of anionic ¢ complexes of polynitro-
benzenes with a strong carbon—nucleophile bond should
apparently lead first to nitronic acid (pathway “a” of
Scheme I). Indeed, the hydride ¢ complex 70 with acids
does yield nitronic acid 118, which is stable only in
solution.’® Its decomposition in acidic media begins
with protonation followed either by dehydration to
1-nitroso-3,5-dinitrobenzene or hydration to 3,5-di-
nitrocyclohexanone. These products were not isolated;
however, the reaction gave rise to 3,5-dinitroaniline,
N-(3,5-dinitrophenyl)hydroxylamine, 3,3’,5,5'-tetra-
nitroazoxybenzene, 3,3',5,5'-tetranitrohydrazobenzene,
3,3',5,6'-tetranitrodiphenylamine, and 3,5-dinitro-
phenole. This?® confirms Scheme II.

Nitronic acid 120 was also isolated by Wennerstrém?*
on acidification of the carbon ¢ complex 119. In eth-
anol this acid is completely dissociated, while in CHCl;
the nondissociated form dominates. Under the influ-
ence of base the acid 120 forms a ¢ complex 119, while
the formation of 121 requires an oxidant. The same
results were obtained for the ¢ complex from TNB and
indene.2%® On treatment with strong acid this complex
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transformed into a nitronic acid—4-(1-indenyl)-3,5-
dinitro-2,5-cyclohexadienenitronic acid.

The acidity of the conjugate acid of the ¢ complex,
a nitronic acid, was determined by Buncel and Eggi-
mann® for compound 27b in aqueous sulfuric acid.
The acidity of the nitronic acid has been evaluated with
the aid of various acidity function techniques and the
Bunnett—Olsen method and yielded pK, values of ~1.16
and —0.91, respectively.

Nitronic acids, however, were observed just in four
papers. As a rule, acidification of stable ¢ complexes
with a C-C bond leads either to the parent nitro aro-
matics!75307308 or to the corresponding products of
substitution.1’1:21820 Thege facts may in principle be
explained by the possible dissociation of 122 by loss of
a carbanion (path b, Scheme III) or a hydride ion (path
a) (both directions are included in path b of Scheme I).
However, path a seems very unlikely. Therefore, the
substitution products which were obtained by the
acidification of 122 may be connected with the oxida-
tion of ¢ complexes. Indeed, the emergence of 2,4-di-
nitrobenzyl methyl ketone in the products of acidic
decomposition of the Janovsky complex was interpreted
as associated with oxidation of the ¢ complex by m-
dinitrobenzene according to Zimmermann’s reaction
(see below).3!® The formation of (2,4-dinitrophenyl)-
acetophenone on acidification of m-DNB ¢ complex
with acetophenone may be explained in the same
manner.?® In the case of TNB ¢ complexes and TNA
1,3 ¢ complexes such a reaction is impossible, and TNT,
1-butyl-2,4,6-trinitrobenzene,?!8 and 3-acetonyl-2,4,6-
trinitroanisole,”! which are formed on acidification of
the corresponding ¢ complexes, may appear only ac-
cording to the a pathway. It is more possible, however,
that acidic decomposition of ¢ complexes with CH acids
leads to the relevant substituted products by virtue of
oxidation by atmospheric oxygen. It is this reason that
presumably accounts for the emergence of 2,4,6-tri-
nitrotoluene on acidification of TNB ¢ complex with
silver phenylacetylide.2?0?

If the hydride ion in 122 (X = NO,) was replaced by
the MeO~ group, the direction a of Scheme III will be-
come more advantageous thermodynamically. Indeed,
on acidification of TNA 1,1 ¢ complex with potassium
acetoacetate ester Strauss obtained a high yield of ethyl
a-picrylacetoacetate.!!®

It was suggested that the acidic decomposition of
TNB ¢ complexes with acetone and substituted aceto-
phenones?!® could obey a mechanism similar to pathway
¢ of Scheme I. The key stage of this mechanism is
protonation of 123 at the carbonyl group, which may
presumably occur simultaneously with the rupture of
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SCHEME III
R Ho R
. X NO2 X NOz
He =1+ (O = =
NO2 NO»
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X NO,

NO2
X =H, NO,, CN, COOMe

the C-C bond.?!® The same mechanism was proposed
for decomposition of the acetone ¢ complex of 1-(pi-
peridinocarbonyl)-3,5-DNB.15°

"

OH
H  CHzCOR H. CHaCR
X NQ2z X NO2
N JE—
+tH —— S

MO NO»z

X NO,
+ CH3COR + H

NO

X =NO,, R = Me, p-XC,H,
X = CON(CH,)., R = Me

The Janovsky complex is less stable and its decom-
position according to pathway b of scheme III takes
place even in aprotic dipolar solvents;3!1:%2 it is accel-
erated by alcohol and water?':312 and occurs almost
instantly on addition of acids. Interesting facts were
reported on the dependence of the Janovsky complex
decomposition rate on the nature of alcohol, 31313 jts
molar fraction,?!! and addition of D,0.313 However, the
scheme suggested®!3!3 does not provide a convincing
explanation for these observations.

A recent study concerned reactions between Meis-
enheimer o complexes and a variety of alkylating
agents.’14316 The results are in agreement with Scheme
I. It was found, for example, that such agents as AlkX
do not react with o complexes. Stronger agents such
as methyl fluorosulfate and triethyloxonium boro-
fluoride, however, lead to the corresponding nitronate
esters via an attack at the oxygen atoms pertaining to
the o- and p-nitro groups. The yield in these reactions
depends both on the stability of the ¢ complex and on
the nature of the alkylating agent. For instance, methyl
sulfate with the classical Meisenheimer complex forms
TNA quantitatively; the action of Et;O*BF,” leads,
however, to 73% TNA, ethyl 4-aci-nitro-2,6-dinitro-
1,1-dimethoxy-2,5-cyclohexadienate and a minor
amount of an ortho isomer. More stable spirocyclic o
complexes may be alkylated by methyl fluorosulfate
into a mixture of ortho and para nitrone esters with the
latter predominating.’® The formation of ortho iso-
mers is completely suppressed in the presence of Et;N.
Another possible reaction path in which the open form
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of the ¢ complex 124 takes part is the basic one if XX
= SCH,CH,S (probably because of the high nucleo-
philicity of the mercaptide anion). As for alkylation of
the silver salt of 124 (XX = OCH,CH,0) (such a salt
could not be obtained for XX = SCH,CH,S), this oc-
curs with other alkylating agents, e.g., alkyl halides.?15316
The reaction leads to a mixture of o- and p-nitronates
just as in the above process. At the same time the silver
salt of the less stable classical Meisenheimer complex
reacts with RX to yield only TNA.

The authors who studied the reaction of the silver salt
of 124 with alkyl halides suggested a four-centered
transition state 125 and identified the reaction as that
of the Ag*-Sy2 type.?!8

125

Semmelhack et al 23523 gtudied the reaction of com-
plexes 96 with various electrophiles (Mel, Ph,CO,

R

+ RrL M ge

“Cr(CO)3
96

Ph;CBF,, i-Pr;B). All these reactions resulted in
{benzene)tricarbonylchromium and the corresponding
R-E. The mechanism in this case apparently corre-
sponds to path “b” of Scheme I.

C!(CO)3

C. Oxlidatlon of Anlonic ¢ Complexes

Anionic ¢ complexes with a hydrogen atom on the sp?
carbon of the cyclohexadienate ring apparently cannot
decompose spontaneously by loss of a hydride ion.
Therefore, to obtain a substitution product from such
a ¢ complex one has to oxidize the latter. This process
may in principle be represented in Scheme IV. Scheme
IV shows that oxidation of ¢ complexes may occur by
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SCHEME IV
-2e{0x)

i '
X

Ho x Ho X H
- a -¢~(0x) -e”(0x)
X~ + == @ —_ —

z z z
a\x? -x'\e N .H*\g

X H X
KtH + f; : F
z Zz Z

loss of one electron (path b), by loss of two electrons
consecutively (paths b and f), or simultaneously (path
c). Besides this, substitution may arise from the action
of an acceptor of hydride ions Kt* (path d). Unfortu-
nately, the mechanisms of oxidation of anionic ¢ com-
plexes have not been studied, and usually it is impos-
sible to make a choice between pathways b, c, d, and
f. Pathway a allows for dissociation of the complex into
its initial components, and the possible oxidation of the
nucleophile X" rather than the complex, respectively,
so that the reaction leads to the parent aromatic sub-
strate and the oxidation products of X". This mecha-
nism is likely to operate in the oxidation of TNB ¢
complexes with R;EM (E = Si, Ge, Sn).”»26¢ On the
other hand, this equilibrium may often be discarded
when dealing with oxidation of thermodynamically
stable complexes, say, with a C-C bond. Below we shall
discuss the effect of various oxidants on such ¢ com-
plexes.

Historically, the first example of oxidation of a ¢
complex is the Zimmermann reaction.!551% Several
authors®®3!7 gsuggested that the mechanism of this re-
action involves oxidation of the initially formed Ja-
novsky complex by excess m-DNB to 126, the conjugate
base of 2,4-dinitrobenzyl methyl ketone. This mech-

oxidation
products

H CH2COCH3z

N02 NOZ
+ CH3COCH, —/——= _m=DNB
76

CHCOCH3

NO» NH
NOZ- NOZ
126

anism is supported by the presence of m-nitroaniline
in the reaction products. The compound 126 was iso-
lated and identified!®3 and its structure established by
13C NMR spectroscopy.?

The Zimmermann reaction was used as a basis for
colorimetric determination of 17-keto ster-
0ids,155156318-321 Tp g study dealing with 40 keto steroids
and related compounds it was shown that the reactivity
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of keto steroids depends on stereochemical surroundings
of the oxo group,’!® suggesting that the Zimmermann
reaction be used for the determination of the structure
of keto steroids.

There is another color reaction based on the reaction
of natural products with m-DNB in the presence of an
alkali. It is called the Canbaéck reaction®®? and is used
in the analysis for dihydromorphinone, dihydroco-
deinone, and hydroxydihydrocodeinone. The color was
due to a Zimmermann complex which in the case of
hydrocodone possesses structure 127.3%

NMe
\

MeQ 0

Common inorganic oxidants, e.g., manganese(III)
acetate,?® can also convert the Janovsky complex into
2,4-dinitrobenzyl methyl ketone.

An unusual reaction was reported for the Janovsky
complex with p-NO,- (or p-Me,N)C¢HN,*.3% It in-
volves oxidation of the ¢ complex followed by ipso
substitution of the nitro group by the phenyldiazonium
residue. The products were identified by IR, UV, and
NMR spectroscopy.

NOZ

. /
2 /

.
+ p-XCgHaNjp

Ch3COCH3

H
OZN‘— G
CH2COCH3z

76

CHpCOCH;

\
o

NO2

Quite a few one- and two-electron oxidants can oxi-
dize TNB anionic ¢ complexes with carbanions so that
the C-C bond is retained. For instance, in

N
{CH2),C==0

H.NCH

OZA\RQ/NOZ -
_jl EtaN + SNBr ——
\\(J/’ {:CO/

NO2

co
~
t Lo NH + Eraner

Artamkina et al.

Wennerstrom'’s pioneer investigations ¢ complexes ob-
tained from TNB and organocopper (silver) compounds
were oxidized by Cuy0,2® an adduct of pyridine and
Cr0;,®, p-benzoquinone,?23b and hydrogen peroxide
in acidic medium.2%® Smooth oxidation was also re-
ported for ¢ complexes of TNB with 2-furyl- and 2-
thienylcopper by p-benzoquinone.?’®® In the oxidation
of TNB ¢ complexes with cyclic ketones, N-brom-
succinimide was successfully used as the acceptor of
hydride ions;3?" the reaction led to a high yield of cor-
responding cyclic a-picryl-substituted ketones. The
reaction is of general nature, and it may be employed
for the synthesis of any a-picryl-substituted ketones.?”

Another good acceptor of the hydride ion is tropylium
borofluoride, reported as a means of oxidation of TNB
o complexes with cymantrenyl silver?® and acetone-
328,32 Note that trityl borofluoride reacts with TNB

NO»
PhaCBF,
2% 0,N + PhiC—R
NO»
" NO
02N —
R NO
ON
NO2 "/ BFs"
L >~ 774 05N R
88
NO»

R = CH,COCH,, CH,COPh, CH,NO,

o complexes with acetone, benzophenone, and nitro-
methane in a different manner; the reactions lead to
TNB and PhyCCH,COCH;, Ph;CCH,COPh, and
Ph;CCH,NO,, respectively.’® In these reactions, as in
the PhyCBF, reaction with 96, trityl borofluoride ap-
parently cannot oxidize the corresponding complexes.
However, it may act as an electrophile with regard to
the carbanions resulting from dissociation of the ¢
complexes, thus giving rise to PhyC-R.

The selection of oxidants capable of oxidizing TNB
o complexes with carbanions so that the C—C bond is
intact has been considerably enlarged, and oxidation
of the acetone complex 80 was investigated.’?® It was
found that a variety of one- and two-electron oxidants
(AgNOS, FeClg, Feg(SO4)3, FeF3 (but not [Fe(CN)G]S-),
Fenton’s reagent, (NH,),Ce(NO;)s, H,0,, chloranil,
Pb(OAc),, HalO™ (Hal = Cl, Br, I), aqueous Cly, Br,, I,
tropylium borofluoride) convert 80 into 2,4,6-trinitro-
benzyl methyl ketone in a high yield (60-80%). It was
shown that the oxidation rate depends on the standard
potential of the oxidant; a radical chain mechanism

Fe2+ + H202 - Fe3+ + HO + HO-

H CH>COCH3

0N NO»

80 + HO" —— + HO™
NO2
128

CHpCOCH3

0N NOz

3+ 2
128 + Fe = —= Fe  + H

NO2
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involving oxidation of the radical 128 by Fe®* was
suggested for oxidation of 80 by hydrogen peroxide.

The same authors report oxidation of tribromomethyl
and trichloromethyl ¢ complexes of TNB by chlorine
or bromine in Py or in -BuOH to the corresponding
1-(trihalomethyl)-2,4,6-trinitrobenzenes in 68-77%
yield.

o Complexes of acetonate ion with m-DNB,3% sub-
stituted m-DNB,33 and TNB?32® were oxidized electro-
chemically into the corresponding benzyl methyl ke-
tones. However, the mechanism advanced for this re-
action®° seems unlikely.

Oxidation of anionic ¢ complexes 95, which possess
remarkable thermodynamic stability (R = CH,COCHj,
CN, CH,NO,, CH,CHO, CH(COOE),), by chlorine and
bromine in water—organic media was studied.”® The
reaction, even for R = CN, leads to the corresponding
1-R-2,4,6-tris{(trifluoromethyl)sulfonyl]| benzenes 129;
with R = CH,CHO the carbonyl group is not involved.

H R R
CF3028 SO,CF3 CF30,5 SO2CF3
Clp(Brp)
S0,CF3 SO CF3
95 129

o complexes of (benzene)tricarbonylchromium with
organolithium compounds were oxidized by iodine or
cerium—ammonium nitrate to the corresponding Ph-
R.235238 In some cases the process was performed in
situ, without isolation and identification of ¢ com-
plexes.33!

The corresponding ArR were the products of oxida-
tion of adducts formed by mononitro aromatics with the
Grignard reagent??”® and with n-BuLi?®* by per-
manganate, bromine, and DDQ (see section IIG).

Oxidation of ¢ complexes so that the C—C bond is
preserved is not only of theoretical interest but also of
preparative significance, since it permits the introduc-
tion of new substitutents into aromatic molecules with
electron-withdrawing groups. Unfortunately, the
problem of oxidizing less stable ¢ complexes with bonds
of other types is still largely unsolved.

VI. Spontaneous Transformation of o
Complexes

A general scheme for spontaneous transformation of
¢ complexes may be presented in Scheme V. If X~ is
more nucleophilic than Y-, the scheme read from the
left-hand to the right-hand side apparently describes
a process of nucleophilic aromatic substitution (pathway
b reflects the decay of the intermediate ¢ complex).
With X~ and Y~ possessing comparable nucleophilicity,
the ¢ complex may decompose into the parent compo-
nents via pathway b as well as pathway a. These
transformations of ¢ complexes are closely related to
the problems of nucleophilic aromatic substitution and
are beyond the scope of our review.

However, ¢ complexes may undergo a kind of trans-
formation leading to products of high thermodynamic
stability which differ from products of nucleophilic
substitution.
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SCHEME V

Y X Y X
_ b .
Z z Z

other products

A. Transformation of TNA o Complexes

It has been mentioned more than once in this review
that the formation of ¢ complexes with TNA is often
accompanied by the generation of picrate ions (see e.g.,
ref 68, 91, 169); this was usually attributed to hydrolysis
of the complex by traces of water according to an un-
known mechanism. In recent studies, however, it was
shown that the picrate can be formed under conditions
where no water is present. Indeed, the reaction of
Mes;SnM (M = Li, K) with a THF solution of TNA in
vacuo results in the corresponding picrate (PiOM) and
Me,Sn.?3233 In HMFTA, where the anionic ¢ com-
plexes are known to be far more stable, !H NMR
spectroscopy revealed the formation of a 1,3 ¢ complex,
which was transformed into a 1,1 ¢ complex. The latter

OMe
O,N NO,
H
SnMez
NO»
/ )
N\
N
N
\
OMe o
O2N NO» O2N NOz

+ MeaSn

NO» NO»
\ v /
MeQ, SnMes
OzN NO2
NO32

slowly decomposed into a picrate and Me,Sn.333
Me;SiLi in HMFTA reacts with TNA in a similar
manner. TNA was found to display these unusual al-
kylating properties with regard to other nucleophiles
as well.?*2333 For example, on addition of KI to an-
hydrous Me,SO-dg solution of TNA a rapid reaction
(2-3 min) results in a quantitative yield of PiOK and
Mel. The reaction proceeds with the same smoothness
in the case of Bu,NI in acetone and KI in THF in the
presence of 18-crown-6-ether. KF (Me,NF), KBr, and
KSCN also undergo fast and efficient methylation by
trinitroanisole. With KNO;, NaHCO;, NaOAc, Na,S,
and KCI the reaction requires a week (on the average)
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and is affected to a great extent by TNA interaction
with Me,SO. No intermediate o complexes were ob-
served in all the reactions listed.33

Very unstable ¢ complexes were observed by means
of absorption spectroscopy in the reactions of TNA with
NaNO,, lithium succinimide (SLi), and PhSO,Na,
which lead to PiONa, MeONO, SMe, and PhSO,Me,
respectively. At least some of the picrate in these re-
actions is undoubtedly formed by decomposition of the
¢ complex.?® Picrate and t-BuOMe result from de-
composition of the unstable 1,3 and 1,1 ¢ complexes of
TNA with t-BuOK. This mechanism may well operate

ONe
0N NC2
H
OBu=¢
NGz
/ )
N
OMe o
02N NC2 OzN NO2
Q + #-Bu0 —— + #-BuOMe
NC2 NO2
MeO  OBu-7
0N NO»
|
NG,

in decomposition of the classical Meisenheimer com-
plex, since on long standing in Me,SO this species gives
rise to picrate. However, as long as the ¢ complex is
stable and its decomposition is slow, it is not impossible
that the picrate is due to the reaction of Me,SO with
the TNA resulting from dissociation of the ¢ complex.!%?

Interesting data were obtained for the reaction of
TNA with carbanions,3® the position of attack de-
pending on the reactivity of the carbanion. For in-
stance, n-Buli and PhMgl in THF react with TNA to
form picrate in a high yield. With a less reactive

ONMe 4
GN NO2
+ BuMe + BBuj
NO»
OMe
03N NOz /
+ MegNBBug
NO2 \
OMe
Qo N NO»
N
H  MesN + BBus
Bu

Artamkina et al.

carbanion, however, i.e., with Me,NBBu, instead of
n-Bulj, alkylation is accompanied by the formation of
a 1,3 o complex. These reactions must be paraliel, since
the 1,3 ¢ complex is stable enough and its decomposi-
tion to the picrate takes a whole week.

A labile 1,3 ¢ complex results from the interaction
between TNA and KCN or Hg(CN), in the presence of
KI (in the latter case methylation of KI is involved).
In 2-3 h the complex decomposes into picrate.333

The stable and unreactive tricyanomethyl anion does
not react with TNA at all.?33

In all these reactions, therefore, TNA acts as a me-
thylating agent, with anionic ¢ complexes often being
formed as precursors of picrates which result from their
decomposition. The mechanism of this decomposition
is not clear so far. It is not clear whether the methyl-
ation products and picrate are due to an Syi mecha-
nism, i.e., by the transformation of the complex itself
(path c of Scheme V), or more likely, the mechanism
involves methylation of the nucleophile by TNA.

B. Transformation of TNB o Complexes

The simplest way of decomposition for complexes
with a “poor” leaving group (e.g., the hydride ion in
polynitrobenzenes) that does not lead to the parent
reagents is the nucleophilic substitution of the neigh-
boring electron-accepting group, or, in other words, a
sort of ipso substitution. This process was observed by
decomposition of the TNB methoxy complex 3'% or the
TMSB thiophenolate (thiobutanolate) complex 43% and

X = NO,, Nu = MeO-; X = SO,CF,, Nu = Ph$S", BuS"-

was found to lead to 3,5-DNA and 1-(phenylthio)(bu-
tylthio)-3,5-bis[(trifluoromethyl)sulfonyl]benzene, re-
spectively.

A new decomposition pattern was discovered for ¢

H  ERs
OzN NO2 02N NOz

\@ + R3EM —= Mo+
NO2 NO,
106

OZN\©/OM
NO,
130

E=Ge, Sn; M=K, Cs
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SCHEME VI
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complexes of TNB with R;E groups:3* the reaction of
TNB with potassium and cesium salts of R;EM (in
contrast to lithium salts) was found to lead, along with
the corresponding ¢ complexes, to a byproduct that was
the same for all these salts. This species was isolated
and identified as potassium (cesium) 3,5-dinitro-
phenolate.?® The amount of 130 in the reaction mix-
ture depended on the duration of the reaction: it was
a smaller amount the sooner the products were isolated.
On dissolution of the ¢ complex obtained, e.g., 106a, in
M,SO its concentration gradually decreased while at the
same time the concentration of 130 increased.

The mechanism suggested for this conversion in-
volved addition of Me;Sn~ to the nitro group (intra- or
intermolecularly) followed by migration of the aryl
group to the oxygen atom (probably via an intermediary
complex 132) and then by further fragmentation into
the reaction products. It is hard to say whether the
zwitterionic spiro complex 132 is a transition state of
the reaction or an unstable intermediate (Scheme VI).

A different kind of rearrangement of 131 would occur
by fragmentation of Me;SnOM from the complex and
lead to another product, namely 1-nitroso-3,5-dinitro-
benzene and the corresponding trimethylstannolate.
The reaction presumably does not proceed in this di-
rection because the resulting Me;SnOM would have

T-
02N IN—SnMes 02N NO
\@| — Q + MezSnOM
oM
N02 NOZ
131

reacted with TNB (always available after reactions with
Me;SnM) to yield another ¢ complex. The latter
species was obtained by a reaction between TNB and
Me;SnOLi. Its spectral characteristics, however, differ
from those for 106a.33

The most surprising feature of this reaction is its
marked dependence on the counterion, i.e., the above-
mentioned fact that it does proceed for K and Cs and
does not proceed for Li salts. It seems likely that the
reason for this effect is the different state of MesSnM
(or ¢ complexes) salts in solution if the reaction is in-
termolecular (or intramolecular); in either case the
lithium salts are more dissociated. Indeed, trimethyl-
stannyl derivatives of alkali metals in solution are
known to form an equilibrium mixture of contact and
solvent-separated ion pairs and, possibly, free ions. In
strongly solvating media like Me,SO, HMFTA, or tet-
raglyme this equilibrium is shifted toward solvent-
separated ion pairs and free ions.?333 It is only natural
to expect that the greatest shift would be observed in
the case of lithium derivatives.336-338

The fact that no 106 — 130 conversion takes place
in the case of lithium salts indicates that this conversion
essentially involves coordination of the alkali metal
atom with the oxygen atom of the nitro group. Indeed,
in reactions of TNB with Me;SnK in THF in the
presence of an equimolecular amount of 18-crown-6-
ether the phenolate 130 is not formed, and the reaction
leads only to the ¢ complex 106a%% (Scheme VII). This
means that when coordination of the metal with the
nitro group oxygen is difficult or impossible, no rear-
rangement occurs. If so, the rearrangement of 106a (M
= Li) into the phenolate 130 should be promoted by
addition of an inorganic lithium salt. This expectation
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SCHEME VIII
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was confirmed.334

An alternative hypothesis claims that coordination
of M* with the oxygen shifts equilibria a (or ¢) and b
(Scheme VI) to the right-hand side and thus makes the
irreversible conversion 131 (or 132) — 133 possible.

Later it was shown that Me;SnM reacts with the nitro
group of other nitro aromatics according to the same
pattern.3¥® For instance, Me;SnK smoothly reacts with
p-dinitrobenzene (p-DNB) in THF to form potassium
p-nitrophenolate in a high yield (70%) (path a, Scheme
VIII). Under the same conditions Me;SnLi reduces
p-DNB to an anion radical (path b, Scheme VIII). By
changing the reaction conditions (or, more precisely, the
state of the reacting salt MegSnM in the solution), it
was possible to make the former reaction proceed along
the b path and the latter along the a path: MesSnK
with p-DNB in THF in the presence of 18-crown-6-
ether gave p-DNB anion radical (30-40%), while
Me;SnLi with p-DNB in benzene resulted in lithium
p-nitrophenolate (40%).33°

An unusual reaction (a suggested name is vicarious
substitution) that formally leads to the substitution
products of the hydride ion in an aromatic ring was

reported by Makosza et al.3%34! The mechanism ad-
g
-~ SCHY
NG
R
S~ -
Y/C_X f @ - ﬁ% - \OJ -
T
ND, NO, NO,

134

X = Cl, Y = SO,Ph, SO,NR,; X = PhS, MeS, Me,NCS,;
Y=CN;R=H,Ph

vanced for this reaction involves the formation of a ¢
complex 134, which gives rise to the reaction product
by substitution of the X group by the hydride ion.340:34!

VII. References

(1) dJ.F. Bunnett and R. E. Zahler, Chem. Rev., 49, 273 (1951).

(2) E. Buncel, A. R. Norris, and K. E. Russell, §. Rev., Chem.
Soc., 22, 123 (1963).

(3) ? Fo)ster and C. A. Fyfe, Rev. Pure Appl. Chem., 16, 61
1966).

(4) M. R. Crampton, Adv. Phys. Org. Chem., 7, 211 (1969).

(5) P. Buck, Angew. Chem., Int. Ed. Engl., 8, 120 (1969).

Artamkina et al.

T. N. Hall and C. F. Poranski in “The Chemistry of the Nitro
and Nitroso Groups”, H. Feuer, Ed., Interscience, New York,
1970, Part 2, p 329.

M. J. Strauss, Chem. Rev., 70, 667 (1970).

S. S. Gitis and A. Ya. Kaminsky, Usp. Khim. 47, 1970 (1978).
S. Sekiguchi, Yuki Gosei Kagaku Kyokaishi, 36, 633 (1978).
%{. 7K;)hashi and Y. Ohkura, Kagaku no Ryoiki, 27, 303
1973).

M. J. Strauss, Acc. Chem. Res., 7, 181 (1974).

V. N. Knyazev and V. N. Drozd, Izv. Timivyazevsk. S-Kh.

Akad., 6, 203 (1977).

J. V. Janovsky and L. Erb, Ber., 19, 2155 (1886).

J. V. Janovsky, Ber., 24, 971 (1891).

G. Wilgerodt, Ber., 25, 608 (1892).

B. von Bitto, Liebigs Ann. Chem., 269, 377 (1892).

M. C. Lobry de Bruyn and F. H. van Leent, Recl. Trav.
Chim., Pays-Bas, 14, 150 (1895).

(C. L. g)Iackson and F. H. Gazzolo, J. Am. Chem. Soc., 28, 376
1900).

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

M. R. Crampton and V. Gold, J. Chem. Soc., 4293 (1964).
G. A. Olah and H. Mayr, J. Org. Chem., 41, 3448 (1976).
H. Wennerstréom and O. Wennerstréom, Acta Chem. Scand.,
26, 2883 (1972).

P, Caveng, P. B. Fisher, E. Heilbronner, A. L. Miller, and H.
Zollinger, Helv. Chim. Acta, 50, 848 (1967).

M.-P. Simonnin, M. J. Pouet, and F. Terrier, J. Org. Chem.,
43, 855 (1978).

K. A. Kovar and E. Breitmaier, Chem. Ber., 111, 1646 (1978).
?/. N.)Drozd and N. V. Grandberg, Zh. Org. Khim., 15, 659
1979).

C. A. Fyfe, S. W. H. Damji, and A. Koll, J. Am. Chem. Soc.,
101, 956 (1979).

R. Destro, C. Gramaccioli, and M. Simonetta, Acta Crystal-
logr., Sect. B, 24, 1369 (1968).

H. Ueda, N. Sakabe, J. Tanaka, and A. Furusaki, Bull. Chem.
Soc. Jpn., 41, 2866 (1968).

K. L. Servis, J. Am. Chem. Soc., 87, 5495 (1965).

(a) K. L. Servis, J. Am. Chem. Soc., 89, 1508 (1967). (b) E.
Buncel, M. Humaguchi, and A. R. Norris, Can. J. Chem., 58,
1609 (1980). (c) E. Buncel, M. Humaguchi, and A. R. Norris,
Can. J. Chem., 58, 1615 (1980).

E. G. Kaminskaya, S. S. Gitis, A. Ya. Kaminsky, and Yu. D.
Grudtsyn, Zh. Org. Khim., 12, 917 (1976).

M. R. Crampton and V. Gold, J. Chem. Soc. B, 893 (1966).

C. F. Bernasconi, J. Am. Chem. Soc., 92, 4682 (1970).

S. M. Shein, V. V, Brovko, and A. D. Khmelinskaya, Zh. Org.

Khim., 6, 781 (1970).

f‘. Te;rier, F. Millot, and J. Morel, J. Org. Chem., 41, 3892
1976).

J. H. Fendler, W. V. Hinze, and Li Jen-Lin, J. Chem. Soc.,

Perkin Trans. 2, 1768 (1975).

J. H. Fendler, E. J. Fendler, and C. E. Griffin, J. Org. Chem.,
34, 689 (1969).

E. J. Fendler, J. H. Fendler, C. E. Griffin, and J. W, Larsen,

dJ. Org. Chem., 35, 287 (1970).

C. A. Fyfe, C. D. Malkiewich, S. W. H. Damji, and A. R.
Norris, J. Am. Chem. Soc., 98, 6983 (1976).

M. R. Crampton and V. Gold, Proc. Chem. Soc., 289 (1964).
%vl. R.)Crampton and B. Gibson, Org. Magn. Reson. 13, 455
1980).

R. C. Farmer, J. Chem. Soc., 3433 (1959).

M. R. Crampton and B. Gibson, J. Chem. Soc., Perkin Trans.
2, 752 (1980).

Fu.'?.fl))). Grudtsyn and S. S. Gitis, Zh. Org. Khim., 11, 2544
1975).

E. Bergman, N. R. McFarlane, and J. J. K. Boulton, J. Chem.
Soc., Chem. Commun., 511 (1970).

g(I. J'% I){ Boulton and N. R, McFarlane, J. Chem. Soc. B, 925
1971).

J. J. K. Boulton, P. J. Jewess, and N. R. McFarlane, J. Chem.
Soc. B, 928 (1971).

M. L. Foreman and R. Foster, Can. J. Chem., 47, 729 (1969).
M. R. Crampton and H. A. Khan, J. Chem. Soc., Perkin
Trans. 2, 733 (1972).

M. R. Crampton and H. A. Khan, J. Chem. Soc., Perkin
Trans. 2, 710 (1973).

F. Terrier, F. Millot and M.-P. Simonnin, Tetrahedron Lett.,
2933 (1971).

F. Millot and F. Terrier, Bull. Soc. Chim. Fr., 1823 (1974).
C. A. Fyfe, M. Cocivera, and S. W. H. Damji, J. Am. Chem.
Soc., 97, 5707 (1975).

J. E. Dickenson, L. K. Dyall, and V. A. Pickless, Aust. J.
Chem., 21, 1267 (1968).

F. Millot and F. Terrier, Bull. Soc. Chim. Fr., 2692 (1969).
F. Terrier and F. Millot, Bull. Soc. Chim. Fr., 1743 (1970).
F. Terrier, F. Millot and R. Schaal, J. Chem. Soc., Perkin
Trans. 2, 1192 (1972).

f‘. '%‘e)rrier and M.-P. Simonnin, Bull. Soc. Chim. Fr., 677
1971).



Anionic ¢ Complexes

(60)
(61)
(62)
(63)
64)
(65)
(66)

(87)
(68)
(69)
(70)
(71)
(72)
(73)
(74)

(75)
(76)

(77)
(78)

(79)
(80)

(81)
(82)
(83)
(84)
(85)
(86)

(87)
(88)

(89)
(90)
(91)
(92)
(93)
(94)
%
(97
(98)
(100
(101)
(102)
(103)
(104)
(105)
(106)

F. Terrier, J.-C. Halle and M.-P. Simonnin, Org. Magn. Re-

son., 3, 361 (1971).

W. E. Byrne, E. J. Fendler, J. H. Fendler and C. E. Griffin,
J. Org. Chem., 32, 2506 (1967).

S. Ohsawa and M. Takeda, Ibaraki Daigaku Kogakubu

Kenkyu Shuho, 24, 137 (1976).

S. Ohsawa and M. Takeda, Ibaraki Daigaku Kogakubu

Kenkyu Shuho, 25, 101 (1977).

S. M. Shein and O. G. Byvalkevich, Izv. Sib. Otd. Akad.

Nauk SSSR, Ser. Khim. Nauk, 1971, 129,

S. M.)Shein and O. G. Byvalkevich, Zh. Org. Khim., 8, 323
(1972).

(a) E. Buncel and J. G. K. Webb, J. Am. Chem. Soc., 95, 8470
(1973). (b) E. Buncel, A, Joficzyk, and J. G. K. Webb, Can.

J. Chem., 53, 3761 (1975). (c) E. Buncel and W. Eggimann,
Can. J. Chem., 54, 2436 (1976).

S. M. Shein, O. G. Byvalkevich, and A. D. Khmelinskaya, Zh.
Org. Khim., 12, 134 (1976).

C. F. Bernasconi and C. M. Muller, J. Am. Chem. Soc., 100,
5530 (1978).

C. A. Fyfe, M. 1. Foreman, and R. Foster, Tetrahedron Lett.,
1521 (1969).

B. Gibson and M. R. Crampton, J. Chem. Soc., Perkin Trans.
2, 648 (1979).

G. A. Artamkina, M. P, Eiorov, I. P. Beletskaya, and O. A,
Reutov, Dokl. Akad. Nauk SSSR, 242, 846 (1978).

G. A. Artamkina, M. P. Egorov, L. P. Beletskaya, and O. A.
Reutov, Zh. Org. Khim., 14, 1350 (1978).

E. J. Fendler, W. Ernsberger, and J. H. Fendler, J. Org.
Chem., 36, 2333 (1971).

L. M. Yagupolsky, V. N. Boiko, G. M. Shchupak, N. V.
Kond)ratenko, and V. P. Sambur, Tetrahedron Lett., 4413
(1975).

V. N. Boiko, L. V. Ignat’ev, G. M. Shchupak, and L. M. Ya-
gupolsky, Zh. Org. Khim., 15, 806 (1979).

F. Terrier, F. Millot, A. P. Chartrousse, L. M. Yagupolsky,
V. N. Boiko, G. M. Shchupak, and N. N. Igant’ev, J. Chem.
Res., Synop., 272 (1979).

V. N. Boiko, G. M. Shchupak, and L. M. Yagupolsky, Zh.
Org. Khim., 14, 670 (1978).

F. Terrier, J. Morel, M.-J. Pouet, and M.-P. Simonnin, Can.
J. Chem., 58, 65 (1980).

F. Terrier and F. Millot, Nouv. J. Chim., 4, 255 (1980).

V. N. Boiko, G. M. Shchupak, and L. M. Yagupolsky, Zh.
Org. Khim., 16, 995 (1980).

F. Cuta and E. Beranek, Collect. Czech. Chem. Commun., 283,
1501 (1958).

R. A. Henry, J. Org. Chem., 27, 2637 (1962).

A. R. Norris, Can. J. Chem., 45, 175 (1967).

M. Sasaki, Chem. Lett., 205 (1973).

C. F. Bernasconi and R. G. Bergstrom, J. Am. Chem. Soc., 95,
3603 (1973).

%vl. R.)Crampton and M. El. Chariani, J. Chem. Soc. B, 330
1969).

M. R. Crampton, J. Chem. Soc. B, 1341 (1967).

D. N. Brooke and M. R. Crampton, J. Chem. Soc., Perkin
Trans. 2, 1850 (1980).

N. M)&rendic and A. R. Norris, Can. J. Chem., 51, 3927
(1973).

E. Buncel, A. R. Norris, K. E. Russell, and P. J. Sheridan,
Can. J. Chem., 52, 25 (1974).

E. G. Kaminskaya, S. S. Gitis, and A. Ya. Kaminsky, Zh. Org.
Khim., 15, 793 (1979).

M. J. Strauss and S. P. B. Taylor, J. Am. Chem. Soc., 95,
3813 (1973).

M. R. Crampton and M. J. Willison, J. Chem. Soc., Chem.
Commun., 215 (1973).

(a) C. F. Bernasconi and H.-C. Wang, Int. J. Chem. Kinet.,
2, 375 (1979). (b) M. Cavazza, G. Morganti, A. Guerriero, and
F. Pietra, Tetrahedron Lett., 3703 (1980).

M. R. Crampton, J. Chem. Soc. B, 1208 (1968).

M. R. Crampton and M. J. Willison, J. Chem. Soc., Perkin
Trans. 2, 160 (1976).

?/. N.)Boiko and G. M. Shchupak, Zh. Org. Khim., 13, 1042
1977).

M. R. Crampton and V. Gold, J. Chem. Soc. B, 23 (1967).
R. Foster and C. A. Fyfe, Tetrahedron, 22, 1831 (1966).
M. R. Crampton and V. Gold, J. Chem. Soc., Chem. Com-
mun., 549 (1965).

C. F. Bernasconi, M. C. Muller, and P. Schmid, J. Org.
Chem., 44, 3189 (1979).

C. F. Bernasconi and C. L. Gehrigen, J. Am. Chem. Soc., 96,
1092 (1974).

(C. F';S )Bernasconi and F. Terrier, J. Am. Chem. Soc., 97, 7458
1975).

C. F. Bernasconi, C. L. Gehrigen, and R. H. de Rossi, J. Am.
Chem. Soc., 98, 8451 (1976).

R. E. Miller and W. F. K. Wynne-Jones, Nature (London),
186, 149 (1960).

V. Gold and C. H. Rochester, J. Chem. Soc., 1692 (1964).

(107)
(108)
(109)
(110)
(111)
(112)
(113)
(114)
(115)
(1186)
(117)
(118)

(119)
(120)

(121)
(122)
(123)
(124)
(125)
(126)
(127)
(128)
(129)
(180)
(131)
(182)
(183)
(134)
(185)
(136)
(137)
(138)
(139)
(140)
(141)
(142)
(143)
(144)
(145)
(146)

(147)
(148)

(149)
(150)
(151)
(152)
(153)
(154)
(155)
(156)
(157)

(158)

(159)
(160)
(161)

Chemical Reviews, 1982, Vol. 82, No. 4 457

C. F. Bernasconi, J. Am. Chem. Soc., 92, 129 (1970).

R. Foster and J. W. Morris, J. Chem. Soc. B, 703 (1970).
E. Buncel and H. W. Leung, /. Chem. Soc., Chem. Commun.,
19 (1975).

E. Buncel, W. Eggimann, and H. W. Leung, J. Chem. Soc.,
Chem. Commun., 55 (1975).

E. Bu)ncel and W. Eggimann, J. Am. Chem. Soc., 99, 5958
(1977).

E. Buncel and J. G. K. Webb, Can. J. Chem., 52, 630 (1974).
E. Buncel and J. G. K. Webb, Can. J. Chem., 50, 129 (1972).
E. Buncel and J. G. K. Webb, Tetrahedron Lett., 4417 (1976).

E. Buncel, J. G. K. Webb, and J. F. Wiltshire, J. Am. Chem.

Soc., 99, 4429 (1977).

E. Buncel, H. Jarrell, H. W. Leung, and J. G. K. Webb, J.

Org. Chem., 89, 272 (1974).

C. A. Fyfe, S. W. H. Damji, and A. Koll, J. Am. Chem. Soc.,
101, 951 (1979).

C. A, Fyfe, A. Koll, S. W, H. Damji, C. D. Malkiewich, and

P. A. Forte, J. Chem. Soc., Chem. Commun., 335 (1977).

M. J. Strauss, J. Chem. Soc., Chem. Commun., 76 (1970).

L. B. Clapp, H. Lacey, G. G. Beckwith, R. M. Srivastava, and

N. Muhammad, J. Org. Chem., 33, 4262 (1968).

Yu. D. Grudtsyn, N. A. Lakomova, and S. S. Gitis, Zh. Org.

Khim., 11, 638 (1975).

?(u’]D) Grudtsyn and S. S. Gitis, Zh. Org. Khim., 10, 1462
1974).

S. S. Gitis, A. Ya. Kaminsky, E. A. Bronshtein, E. E. Gol’-

teuzen, and Yu. D. Grudtsyn, Zh. Org. Khim., 9, 2091 (1973).
R. J. Pollitt and B. C. Saunders, J. Chem. Soc., 4615 (1965).
P. Caveng and H. Zollinger, Helv. Chim. Acta, 50, 861 (1967).
Yu. G. Gololobov, P. P. Onys’ko, V. N, Fadeev, and N. I.
Gusar’, Zh. Obshch. Khim., 45, 1391 (1975).

P. P. Onys’ko and Yu. G. Gololobov, Zh. Obshch. Khim., 47,
2480 (1977).

P. P. Onys’ko, L. F. Kashukhin, and Yu. G. Gololobov, Zh.
Obshch, Khim., 48, 342 (1978).

Yu. G. Gololobov, P. P. Onys’ko, and V. P. Prokopenko, Dokl.

Akad. Nauk SSSR, 237, 105 (1977).

P. P. Onys’ko and Yu. G. Gololobov, Zh. Obshch. Khim., 49,
39 (1979).

P. P. Onys’ko and Yu. G. Gololobov, Zh. Obshch. Khim., 50,
729 (1980).

0. G. Byvalkevich, T. N. Leshina and S. M. Shein, Jzv. Sib.
Otd. Akad. Nauk SSSR, Ser. Khim. Nauk, 114 (1973).

P. P. Onys’ko, Yu. G. Gololobov, V. N. Boiko, I. V. Ignat’ev,
and L. M. Yagupolsky, Zh. Obshch. Khim., 49, 748 (1979).
F. Terrier, C. A%—Kow, M.-J. Pouet and M.-P. Simonnin,
Tetrahedron Lett., 227 (1976).

M. P. Egorov, G. A. Artamkina, 1. P. Beletskaya and O. A.
Reutov, Izv. Akad. Nauk SSSR, Ser. Khim., 2431 (1978).
A. R. Butler, J. Chem. Soc., Perkin Trans. 1, 1557 (1975).
R. P. Taylor, J. Chem. Soc., Chem. Commun., 1463 (1970).
L. A. Kaplan and A. R. Siedle, JJ. Org. Chem., 36, 937 (1971).
S. Farham and R. P. Taylor, J. Org. Chem., 39, 2446 (1974).
A. F. Pozharsky, A. N. Suslov, and V. A. Kataev, Dokl. Akad.

Nauk SSSR, 234, 841 (1977).

?. 7Pé)Taylor and J. B. Vatz, J. Am. Chem. Soc., 95, 5819
19738).

T. Severin and R. Schmitz, Chem. Ber., 95, 1417 (1962).
L. A. Kaplan, J. Am. Chem. Soc., 86, 740 (1964).

T. Severin and M. Adam, Chem. Ber., 96, 448 (1963).

V. Gold, A. Y. Miri, and S. R. Robinson, J. Chem. Soc.,
Perkin Trans. 2, 243 (1980).

d. Kuthan, V. Skala, M. Ichova, and J. Palecek, Collect.
Czech. Chem. Commun., 39, 1872 (1974).

L. Canbick, Farm. Revy, 48, 153 (1949).

C. A. Fyfe and R. Foster, J. Chem. Soc., Chem. Commun.,
2119 (1967).

(S. S.3(§xitis and A. Ya. Kaminsky, Zh. Obshch. Khim., 33, 3297
1963).

A. Reissert, Ber., 37, 831 (1904).

W. K. Anslow and H. King, J. Chem. Soc., 1210 (1929).
M. Akatsuka, Yakugaku Zasshi, 80, 378 (1960).

M. Akatsuka, Yakugaku Zasshi, 80, 389 (1960).

M. Kimura, M. Kawata, and M, Makadate, Kagaku Kogyo,
2065 (1965).

W. Zimmermann, Z. Physiol. Chem., 233, 257 (1935).

W. Zimmermann, Z. Physiol. Chem., 245, 47 (1937).

M. Jawdosiuk and J. Kmiotek-Skarzynska, Pol. J. Chem., 58,
2259 (1979).

S. S. Gitis, Yu. D. Grudtsyn, E. A. Bronshtein, E. E. Gol’-

teuzer(l, a?zd) A. Ya. Kaminsky, Dokl. Akad. Nauk SSSR, 208,
1063 (1972). .

d, Kavélek, V. Machadek, V. Sterba, and J. Subert, Collect.
Czech. Chem. Commun., 39, 2063 (1974).

A. Ashfaq, V. Machaéek, and V. Sterba, Collect. Czech.
Chem. Commun., 40, 1910 (1975).

S. S, Gitis, Yu. D. Grudtsyn, E. A. Bronshtein, E. E. Gol’-
'Eeg%r)l, and A. Ya. Kaminsky, Teor. Exp. Khim., 8, 261
1 .



458 Chemical Reviews, 1982, Vol. 82, No. 4

(162)
(163)
(164)
(165)
(166)
(167)
(168)
(169)

(170)

(171)
(172)

(173)
(174)
(175)
(176)

177)
(178)
(179)
(180)
(181)
(182)
(183)

(184)
(185)

(186)
(187)
(188)
(189)
(190)
(191)
(192)

(193)
(194)

(195)
(196)
(197)
(198)
(199)

(200)

(201)
(202)
(203)

(204)

(205)
(206)
(207)
(208)
(209)

S. S. Gitis, E. A. Myakisheva, A. Ya. Kaminsky, L. S. Gitis,
and Yu. D. Grudtsyn, Zh. Org. Khim., 11, 2106 (1975).

M. Kimura, Yakugaku Zasshi, 73, 1219 (1953).

T. Severin and R. Schmitz, Angew. Chem., 75, 420 (1963).
EI‘. Se';'erin, R. Schmitz, and H.-L. Tenne, Chem. Ber., 97, 467
1964).

R. Foster and C. A. Fyfe, J. Chem. Soc. B, 53 (1966).

S. S. Gitis, E. G. Kaminskaya, A. I. Ivanova, N. V. Grigor'eva,
N. V. Margolis, and A. Ya. Kaminsky, Zh. Strukt. Khim., 17,
671 (1976).

A. Ya. Kaminsky, V. Sh. Golubchik, and S. S. Gitis, Zh. Prikl.
Spektrosk., 10, 109 (1969).

R. Foster, C. A. Fyfe, P. H. Emslie, and M. 1. Foreman,
Tetrahedron, 23, 227 (1967).

E. A. Bronshtein, S. S. Gitis, A. Ya. Kaminsky, Yu. D.
Grudtsyn, and E. E. Gol'teuzen, Sint., Anal. Strukt. Org.
Soedin., 8, 110 (1971).

M. Kimura, N. Obi, and M. Kawazoe, Chem. Pharm. Bull.,
17, 531 (1969).

A. Ya. Kaminsky, S. S. Gitis, Yu. D. Grudtsyn, L. I. Khaba-
rova, E. G. Kaminskaya and V. Sh. Golubchik, Zh. Org.
Khim., 10, 1205 (1974).

M. Kimura, N. Obi and M. Kawazoe, Chem. Pharm. Bull., 20,
452 (1972).

E. A. Bronshtein, A. Ya, Kaminsky, S. S. Gitis, L. E. Mane-
vich, S. S. Gluzman, and S. I. Buga, Org. React., 8, 417 (1971).
M. I. Foreman, R. Foster, and M. J. Strauss, /. Chem. Soc.
B, 147 (1970).

M. 1. Kalinkin, G. D. Kolomnikova, V. E. Puzanova, L. A.
Borisova, Z. N. Parnes, and D. N. Kursanov, Izv. Akad.

Nauk. SSSR, Ser. Khim., 1453 (1972).

S. S. Gitis, A. Ya. Kaminsky, and A. M. Varlamova, Zh. Org.

Khim., 4, 484 (1968).

M. J. Strauss, Tetrahedron Lett., 2021 (1969).

A. Hantzch and N. Picton, Ber., 42, 2119 (1909).

I. Kolb, V. Machaéek, and V. Sterba, Collect. Czech. Chem.
Commun., 41, 1914 (1976).

M. J. Strauss, T. C. Jensen, H. Schran, and K. O’Conner, J.
Org. Chem., 35, 383 (1970).

D. N. Brooke and M. R. Crampton, J. Chem. Res. Synop.,
340 (1980).

S. S. Gitis, A. Ya. Kaminsky, E. A. Bronshtein, and Yu. D.
Grudtsyn, Zh. Org. Khim., 7, 1830 (1971).

C. A. Fyfe, Can. J. Chem., 46, 3047 (1968).

S. M. Shein, A. D. Khmelinskaya, and V. V. Brovko, J. Chem.
Soc., Chem. Commun., 1043 (1969).

(S. M. )Shein and A. D. Khmelinskaya, Zh. Org. Khim., 8, 1237
1972).

S. S. Gitis, I. M. Gershkovich, Yu. D. Grudtsyn, and A. Ya.
Kaminsky, Zh. Org. Khim., 11, 1566 (1975).

R. Wahren and O. Wennerstrom, Acta Chem. Scand., 24,
3064 (1970).

S. 8. Gitis, A. Ya. Kaminsky, Yu. D. Grudtsyn, and E. E.
Gol’teuzen, Dokl. Akad. Nauk SSSR, 206, 102 (1972).

E. E. Gol'teuzen, Yu. D. Grudtsyn, S. S. Gitis, and A. Ya.
Kaminsky, Zh. Org. Khim., 8, 1916 (1972).

E. Buncel, A. R. Norris, K. E. Russell, and R. Tucker, J. Am.
Chem. Soc., 94, 1646 (1972).

E. Buncel, A. R. Norris, K. E. Russell, P. Sheridan, and H.
Wilson, Can. J. Chem., 52, 2306 (1974).

C. F. Bernasconi, J. Org. Chem., 36, 1671 (1971).

I. M. Sosonkin, A. Ya. Kaminsky, S. S. Gitis, V. A. Subbotin
and Yu. D. Grudtsyn, Zh. Obshch. Khim., 41, 2579 (1971).
I. M. Sosonkin, A. Ya. Kaminsky, S. S. Gitis, V. A. Subbotin,
and T. K. Polynnikova, Zh. Org. Khim., 9, 1470 (1973).

I. P. Beletskaya, G. A. Artamkina, O. A. Reutov, J. Organo-
met. Chem., 42, C16 (1972).

G. A. Artamkina, I. P. Beletskaya, and O. A. Reutov, Zh. Org.
Khim., 9, 1776 (1973).

1. P. Beletskaya, G. A. Artamkina and O. A. Reutov, Jzv.
Akad. Nauk SSSR, Ser. Khim., 1919 (1973).

Yu. A. Ustynyuk, G. A. Artamkina, Yu. N. Luzikov, Yu. K.
Grishin, A. A. Azizov, and 1. P. Beletskaya, Zh. Org. Khim.,
12, 1615 (1976).

C. Bjoklund, M. Nilsson, and O. Wennerstrém, Acta Chem.
Scand., 24, 3599 (1970).

Q. Wennerstrom, Acta Chem. Scand., 25, 2341 (1971).

Q. Wennerstréom, Acta Chem. Scand., 25, 789 (1971).

(a) M. Nilsson, C. Ullenius, and Q. Wennerstrém, Tetrahe-
dron Lett., 2713 (1971). (b) C. Moberg and O. Wennerstrom,
Acta Chem. Scand., 25, 2871 (1971).

G. D. Kolomnikova, M. I. Kalinkin, G. N. Tret'yakova, Z. N.
Parnes, and D. N. Kursanov, Dokl. Akad. Nauk SSSR, 213,
592 (1973).

T. Severin and R. Schmitz, Chem. Ber., 96, 3081 (1963).
T. Severin, Angew. Chem., 70, 164 (1958).

T. Severin and M. Adam, Chem. Ber., 97, 186 (1964).

C. Mouren, C. R. Hebd. Seances Acad. Sci., 132, 837 (1901).
R.gI-I(.lg(i)cl;ard and J. Kenyon, Proc. Chem. Soc. London, 23,
153 ( 7).

(210)

(211)
(212)
(213)
(214)
(215)
(216)
(217)
(218)
(219)

(220)
(221)

(222)
(223)

(224)
(225)

(226)
(227)
(228)
(229)
(230)

(231)

(232)
(233)
(234)
(235)
(236)
(237)
(238)
(239)
(240)
(241)
(242)
(243)
(244)
(245)
(246)
(247)
(248)
(249)
(250)
(251)

(252)
(253)

(265)

Artamkina et al.

M. S. Kharasch and O. Reinmuth, “Grignard Reactions of
g\lz%r;metallic Substances”, Prentice-Hall, New York, 1954, p
gbé}gi)lman and R. McCracken, J. Am. Chem. Soc., 51, 821
D. N. Kursanov and P. A. Solodkov, Zh. Obshch. Khim., 5,
1487 (1935).

Y. Yost, H. R. Gutmann, and C. C. Muscoplat, J. Chem. Soc.
C, 2119 (1971).

S. T. Ioffe and A, N. Nesmeyanov, “Metody elementoorgan-
icheskoy khimii”, Akad. Nauk SSSR, Moscow, 1963, p 411.
H. Lemaire, Y. Marechal, R. Ramasseul, and A. Rassat, Bull.
Soc. Chim. Fr., 372 (1965).

C. Morat and A. Rassat, Bull. Soc. Chim. Fr., 891 (1971).
V. L. Savin, Zh. Org. Khim., 14, 2090 (1978).

R. P. Taylor, J. Org. Chem., 35, 3578 (1970).

G. A. Artamkina, A. B. Tuzikov, I. P. Beletskaya and O. A.
Reutov, Izv. Akad. Nauk SSSR, Ser. Khim., 2430 (1980).
G. Bartoli and G. Rossini, Synthesis, 270 (1976).
g.g?g)rtoli, M. Bosco, and G. Pezzi, J. Org. Chem., 43, 2932
G. Bartoli, R. Leardini, M. Lelli, and G. Rossini, . Chem.
Soc., Perkin Trans. 1, 884 (1977).

G. Bartoli, R. Leardini, A. Medici, and G. Rossini, J. Chem.
Soc., Perkin Trans. 1, 692 (1978).

F. Kienzle, Helv. Chim. Acta, 61, 449 (1978).

G. Bartoli, M. Bosco, A. Melandri, and A. C. Boicelli, JJ. Org.
Chem., 44, 2087 (1979).

E}.QBS;'toli, M. Bosco, and G. Baccolini, J. Org. Chem., 45, 522
1980).

G. Bartoli, M. Bosco, and G. Baccolini, J. Org. Chem., 45,
2649 (1980).

A. R. Norris, J. Org. Chem., 34, 1486 (1969).

A. R. Norris, Can. J. Chem., 47, 2895 (1969).

A. T. Hansson and M. Nilsson, Acta Chem. Scand., Ser. B,
34, 119 (1980).

S. M. Shein, T. V. Leshina, N. A, Geraseva, A. D. Khmelin-
?ll{sg% and L. V. Bryukhovetskaya, Zh. Org. Khim., 11, 2538
0. A. Ptitsyna, L. Ya. Ignatov, and O. A. Reutov, Izv. Akad.
Nauk SSSR, Ser. Khim., 2403 (1976).

N. V. Ignat’yev, V. N. Boiko, and L. M. Yagupolsky, Zh. Org.
Khim., 16, 1501 (1980).

M. F. Semmelhack, H. T. Hall, M. Yoshifuji, and G. Clark,
J. Am. Chem. Soc., 95, 1247 (1975).

M. F. Semmelhack, H. T. Hall, and M. Yoshifuji, J. Am.
Chem. Soc., 98, 6387 (1976).

M. F. Semmelhack, H. T. Hall, Jr., R. Farina, M. Yoshifuji,
G. Clark, T. Bargar, K. Hirotsu, and J. Clardy, J. Am. Chem.
Soc., 101, 3535 (1979).

M. Jaffe, Z. Physiol. Chem., 10, 391 (1886).

Q. Folin, Z. Physiol. Chem., 41, 223 (1904).

S. Baba, T. Baba, and T. Iwanaga, Chem. Pharm. Bull., 27,
139 (1979).

T. Nambara, Bunseki Kagaku, 13, 184 (1964).

K. Kohashi and Y. Ohkura, Bunseki Kagaku, 23, 91 (1974).
K. Kohashi, Y. Tsuruta, and Y. Ohkura, Chem. Pharm. Bull.,
26, 2914 (1978).

K. Kohashi, Y. Tsuruta, M. Yamaguchi, and Y. Ohkura,
Chem. Pharm. Bull., 27, 2122 (1979).

A. Ellinger, R. Seidel, and K. A. Kovar, Arch. Pharm., 309,
603 (1976).

A. R. Butler, Clin. Chem. Acta, 59, 227 (1975).

A. R. Butler, J. Chem. Soc., Perkin Trans. 2, 853 (1975).
H. P. Seelig, Z. Klin. Chem. Klin. Biochem., 581 (1969).
H. P. Seelig and H. Wiiest, Aerztl. Lab., 15, 34 (1969).

J. Vasiliades, Clin. Chem., 22, 1664 (1976).

W. Weise and C. Trop, Z. Physiol. Chem., 178, 125 (1928).
T. Kabeya, K. Kohashi, Y. Ohkura, and T. Momose, Chem.
Pharm. Bull., 21, 2168 (1973).

K. A. Kovar and M. Schmid, Arch. Pharm., 312, 780 (1979).
W. D. Raymond, Analyst, 63, 478 (1938); 64, 113 (1939).
D. L. Kedde, Pharm. Weekblad, 82, 741 (1947).

H. Baljet, Schweiz. Apoth.-Ztg., 56, 84 (1918).

K. A. Kovar, G. Francas, and R. Seidel, Arch. Pharm., 310,
40 (1977).

G. L. Genkina, A. Kh. Sharikov, and N. K. Abuhakirov, Med.
Prom. SSSR, 40 (1964).

G. L. Genkina, Khim. Prir. Soed., 317 (1972).

G. L. Genkina, K. Kh. Khodzhaev, T. T. Shakirov, and N. K.
Abubakirov, Khim. Prir. Soed., 321 (1972).

G. L. Genkina, M. T. Turakhozhaev, R. I. Shamsutdinov, and
T. G. Shakirov, Khim. Prir. Soed., 334 (1974).

G. L. Genkina, Ya. I. Eidler, T. T. Shakirov, and R. Sh.
Yamatova, Khim. Prir. Soed., 747 (1972).

K. A. Kovar and U. Bitter, Arch. Pharm., 307, 708 (1974).
K. A. Kovar and B. Biegert, Arch. Pharm., 309, 522 (1976).
G. A. Artamkina, M. P. Egorov, L. P. Beletskaya, and O. A.
Reutov, J. Organomet. Chem., 182, 185 (1979).

M. S. Strauss and H. Schran, J. Am. Chem. Soc., 91, 3974



Anionic ¢ Complexes

(266)
(267)
(268)

(269)
(270)

(271)
(272)

(273)

(274)
(275)
(276)
(277)
(278)
(279)
(280)
(281)
(282)
(283)
(284)
(285)
(286)
(287)
(288)
(289)
(290)

(291)
(292)

(293)
(294)
(295)
(296)
(297)
(298)

(299)
(300)

(301)
(302)
(303)

(304)
(305)

(1969).

K. Kohashi, Y. Ohkura, and T. Momose, Chem. Pharm. Bull.,
18, 2151 (1970).

K. Kohashi, Y. Ohkura, and T. Momose, Chem. Pharm. Bull.,
19, 2065 (1971).

N. Obi, H. Kakizaki, and M. Kimura, Chem. Pharm. Bull.,
21, 235 (1973).

N. Obi and M. Kimura, Chem. Pharm. Bull., 20, 2295 (1972).
L. N. Savinova, S. S. Gitis, A. Ya. Kaminsky and T. V. Gol-
opolosova, Org. React. (N.Y., Engl. Transl.), 15, 497 (1978).
E. G. Kaminskaya, Zh. Org. Khim., 14, 2576 (1978).

1. M. Sosonkin, A. Ya. Kaminsky, S. S. Gitis, and E. G. Ka-
minskaya, Dokl. Akad. Nauk SSSR, 197, 635 (1971).

E. E. Golteuzen, Z. V. Todres, A. Ya. Kaminsky, S. S. Gitis,
and D. N. Kursanov, Izv. Akad. Nauk. SSSR, Ser. Khim.,
1083 (1972).

E. E. Golteuzen, A. Ya. Kaminsky, Z. V. Todres, S. S. Gitis,
and D. N. Kursanov, Zh. Vses. Khim. Ova., 17, 458 (1972).
I. M. Sosonkin, A, Ya, Kaminsky, and G. N. Strogov, Zh.
Obshch. Khim., 45, 482 (1975).

M. Schwartz, Acc. Chem. Res., 2, 87 (1969).

1. P. Beletskaya, Usp. Khim., 44, 2205 (1975).

C. F. Bernasconi, J. Am. Chem. Soc., 90, 4982 (1968).

P. Bemporad, G. Illuminati, and F. Stegel, J. Am. Chem.
Soc., 91, 6742 (1969).

J. H. Fendler, E. J. Fendler, and M. V. Merrit, J. Org. Chem.,
36, 2172 (1971).

M. R. Crampton and H. A. Khan, J. Chem. Soc. Perkin
Trans. 2, 1173 (1972).

M. R. Crampton and H. A. Khan, J. Chem. Soc., Perkin
Trans. 2, 2286 (1972).

M. R. Crampton and H. A. Khan, J. Chem. Soc., Perkin
Trans. 2, 1103 (1973).

M. R. Crampton, J. Chem. Soc., Perkin Trans. 2, 825 (1975).
M. R. Crampton, J. Chem. Soc., Perkin Trans. 2, 1442 (1977).

?/. Go)ld and J. Toullec, J. Chem. Soc., Perkin Trans. 2, 596
1979).
E. Buncel, A. R. Norris, K. E. Russell, P. Sheridan, and H.

Wilson, Can. J. Chem., 52, 1750 (1974).

J. Barthel, R. Wachter, and M. Knerr, Electrochim. Acta, 16,
723 (1971).

A.D. )A Alaruri, M. R. Crampton, J. Chem. Res. Synop., 140
(1980).

M. R. Crampton, B. Gibson and F. Gilmore, J. Chem. Soc.,
Perkin Trans. 2, 91 (1979).

T. Abe, Bull. Chem. Soc. Jpn., 53, 1399 (1980).

R. Murphy, C. A. Wulff, and M. J. Strauss, J. Am. Chem.
Soc., 96, 2678 (1974).

R. Murphy, C. A. Wulff, and M. J. Strauss, J. Org. Chem., 40,
1499 (1975).

R. Foster and C. A. Fyfe, Tetrahedron, 21, 3363 (1965).

A. R. Butler, Annu. Rep. Chem. Soc., 69B, 144 (1972).

E. S. Petrov, M. L. Terekhova, R. G. Mirskov, M. G. Voron-
kov, and A. L. Shatenshtein, Dokl. Akad. Nauk. SSSR, 221,
111 (1975).

R. Filler and Chen-Shen Wang, J. Chem. Soc., Chem. Com-
mun., 287 (1968).

K. P. Butin, A. N. Kashin, I. P. Beletskaya, and O. A. Reutov,
J. Organomet. Chem., 16, 27 (1969).

L. K. Dyall, J. Chem. Soc., 5160 (1960).

J. H. Fendler, E. J. Fendler, W. E. Bryne, and C. E. Griffin,
J. Org. Chem., 33, 977 (1968).

g(I. H.)Fendler and E. J. Fendler, J. Org. Chem., 35, 3378
1970).

F. Terrier, A. P. Chartrouss, C. Paulmier, and R. Schall, J.
Org. Chem., 40, 2911 (1975).

C. F. Bernasconi and J. R. Gandler, J. Am. Chem. Soc., 100,
8117 (1978).

C. F. Bernasconi, Acc. Chem. Res., 11, 147 (1978).

C. F. Bernasconi and J. R. Gandler in “Techniques and Ap-
plication of Fast Reactions in Solution”, W. J. Gettius and E.

(306)
(307)
(308)
it
(311)
(312)
(313)
(314)
(315)
(316)
(317)
(318)
(319)
(320)
(321)

(322)
(323)

(324)
(325)

(326)

(327)
(328)

(329)

(330)
(331)
(332)
(333)
(334)
(335)
(336)

(337)
(338)
(339)

(340)
(341)

Chemical Reviews, 1982, Vol. 82, No. 4 459

Wyn-Jones, Eds., Dordrecht, 1979, p 463.

C. Moberg and O. Wennerstréom, Acta Chem. Scand., 25,
2355 (1971).

T. Severin and R. Schmitz, Angew. Chem., 75, 420 (1963).
R. Foster and R. F. Muckie, Tetrahedron, 18, 1131 (1962).

T. J. King and C. E. Newall, J. Chem. Soc., 367 (1962).

R. A. Renfrow, M. J. Strauss, and F. Terrier, J. Org. Chem.,

45, 471 (1980).

S. S. Gitis, A. Ya. Kaminsky, and L. N. Savinova, Org. React.
(N.Y., Engl. Transl.), 8, 399 (1971).

L. N. Savinova, S. S. Gitis, and A. Ya. Kaminsky, Zh. Strukt.

Khim., 18, 778 (1977).

S. S. Gitis, A. Ya. Kaminsky, L. N. Savinova, and L. V. II-
larionova, Sint., Anal. Strukt. Org. Soedin., 9, 26 (1979).
V. N. Drozd, V. N. Knyazev, and G. S. Bogomolov, Zh. Org.

Khim., 12, 1833 (1976).

?/. I;I%)Drozd and N. V. Grandberg, Zh. Org. Khim., 14, 1116
1977).

?/.91;1.)Drozd and N. V. Grandberg, Zh. Org. Khim., 15, 550
1978).

%49515)}1idate and T. Sakaguchi, Yakugaku Zassi, 70, 444
1 .

N. H. Callow, R. K. Callow, and C. W. Emmens, Biochem. J.,
32, 1312 (1938).

P. Igl.)Kirk, W. Klyne and A. Mudd, J. Chem. Soc. C, 2269
1968).

C. S. Feldkamp, E. Epstein, R. J. Thibert, and B. Zak, Mi-
crochem. J., 21, 45 (1976).

C. S. Feldkamp, E. Epstein, R. J. Thibert, and B. Zak, Mi-
crochem. J., 20, 523 (1975).

T. Canback, Farm. Rev., 46, 802 (1947).

%{. é\.) Kovar and V. Schwiecker, Arch. Pharm., 307, 384
1974).

K. A. Kovar and F. Schielein, Arch. Pharm., 311, 73 (1978).
%. I\%I.)Sosonkin and G. L. Kalb, Zh. Org. Khim., 10, 1333
1974).

A. Ya. Kaminsky, S. S. Gitis, I. L. Bagal, Yu. D. Grudtsyn,

T. P. Ikher, L. V. Illarionova, and N. D. Stepanov, Zh. Org.’

Khim., 13, 803 (1977).

A. Reznick and M. J. Strauss, Tetrahedron Lett., 4439 (1970).

Z. N. Parnes, S. M. Shein, M. L. Kalinkin, L. I. Sidelnikova,
and D. N. Kursanov, Izv. Akad. Nauk. SSSR, Ser. Khim.,
2350 (1971).

M. L. Kalinkin, Z. N. Parnes, V. E. Puzanov, A. D. Khmelin-

skaya, S. M. Shein, and D. N. Kursanov, Zh. Org. Khim., 9,
2354 (1973).

I. M. Sosonkin, G. N. Strogov, A. Ya. Kaminsky, G. E.

Troshin, and F. F. Lakomov, Zh. Org. Khim., 15, 1895 (1979).
M. F. Semmelhack, G. R. Clark, R. Farina, and M. Salman,

J. Am. Chem. Soc., 101, 217 (1979).

G. N. Artamkina, M. P. Egorov, 1. P. Beletskaya, and O. A.

Reutov, Izv. Akad. Nauk SSSR, Ser. Khim., 1666 (1979).

G. A. Artamkina, M. P. Egorov, 1. P. Beletskaya, and O. A.

Reutov, Zh. Org. Khim., 17, 29 (1981).

G. A. Artamkina, M. P. Egorov, 1. P. Beletskaya, and O. A.

Reutov, Dokl. Akad. Nauk SSSR, 242, 107 (1978).

’(I‘.gz?. )Weibel and J. P. Oliver, J. Organomet. Chem., 82, 281
1974).

D. A. Bravo-Zhivotovsky, I. D. Kalikhman, Q. A. Kruglaya,

and N. S. Vyazankin, Izv. Akad. Nauk SSSR, Ser. Khim.,
1841 (1979).

L. D. Kalikhman, D. A. Bravo-Zhivotovsky, B. Z. Pertsikova,

V. A. Pestunovich, O. A. Kruglaya, and N. S. Vyazankin, Izv.

Akad. Nauk. SSSR, Ser. Khim., 53 (1980).

D. A. Bravo-Zhivotovsky, O. A. Kruglaya, I. D. Kalikhman,

and N. S. Vyazankin, Izv. Akad. Nauk. SSSR, Ser. Khim.,

2650 (1979).

G. A. Artamkina, M. P, Egorov, I. P, Beletskaya, and O. A.

Reutov, Izv. Akad. Nauk. SSSR, Ser. Khim., 1662 (1979).

J. Golinski and M. Makosza, Tetrahedron Lett., 3495 (1978).

M. Makosza and J. Winiarski, /. Org. Chem., 45, 1534 (1980).



