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Chart III. Differences in Energy of Complexation AG (kJ mol~') 
between Cavity Compound CP66 and Semiopened Compound V 

In CP66 Diff. in Cleft _V 

(1) Dliodomethane 7.5 5.8 1.7 kJ mol"1 

(2) Benzene 10.0 7.3 2.7 

(3) Dl-(4-amtnophenyD-
- methane 14.5 7.6 6.9 

(4) " - amine 14.5 8.5 6.0 

(5) A M P ' - 19.3 9.5 9.8 

( 6 J ( G M P ' - * ) ( 15.9 3.9 12.0 ) 

*» ( GMP2- only partially encapsulated ) 

and double interaction in fact would require the build up of dipoles 
of opposite sign in the heterocycles. Complexations of V with 
nucleotides such as AMP2" and GMP2", however, could be 
evaluated with sufficient accuracy (Table V) and give, as we 
believe for the first time, experimental numbers for the hydro
phobic contribution to the binding of nucleotides with a closed 
cavity compared to a structurally similar semi-open receptor shape 
(V). The complexation AG values between CP66 (Tables I and 
II) and V (Table V) differ for AMP2" by 9.5 and for GMP2" by 
3.5 kJ mol"1. The latter compound is shown by the CIS values 
(see above) to be encapsulated in the CP66 cavity to a much lesser 
degree and therefore is less sensitive to the hydrophobic cavity 
effect. AMP2", however, with AG = 9.5 kJ mol"1, shows within 
±1 kJ mol"1 the same AG difference as we observed with four 
other substrates of totally different nature14 (Chart III). 

Reactions of hydroxide or alkoxide ions with 3,5-dinitro
benzonitrile (1) in polar solvents give mixtures of Meisenheimer 
complexes. The 4-complex forms and then equilibriates with the 
more stable 2-complex.2"6 Fyfe and co-workers used flow NMR 

(1) Present address: (a) Department of Physical Chemistry, Faculty of 
Chemical Sciences, Complutense University, 28040 Madrid, Spain, (b) De
partment of Chemistry, Federal University of Santa Catarina, 88049 FIo-
rianopolis, SC, Brasil. 

(2) Millot, F.; Terrier, F. Bull. Soc. Chim. Fr. 1974, 1823. 
(3) Foreman, M. I.; Foster, R. Can. J. Chem. 1969, 47, 729. 

Conclusions 
We have shown that electrostatic contributions to nucleotide 

binding can be separated from other effects and are quantified 
on the basis of constant salt bridge increments, van der Waals 
contributions show selectivity for adenine in terms of binding 
constants and binding geometry. The latter is characterized by 
inclusion of the nucleobase vis-a-vis of positively charged nitrogen 
and sheds light on DNA intercalation mechanisms. In contrast 
to predictions from molecular modeling and experiments with 
benzene compounds, pyrimidine derivatives are not encapsulated. 
The observed NMR shifts are valuable tools for structural in
vestigations of nucleic acid derivatives in solution. Comparison 
of binding in structurally related open and closed hosts lends 
further support to our earlier conclusions14 that the solvophobic 
effect of cavity formation on the binding energy of quite different 
substrates can be tentatively factorized simply by considering the 
number of hydrogen-disruptions of the intracavity water molecules. 

Experimental Details 
NMR titrations, evaluation of equilibrium constants and CIS values, 

and molecular modeling studies were performed as described before.511,33 

The substrates were used as commercially available without further pu
rification; CP66 was prepared as described earlier.34 

Bis(4-(triiDethyUinmoiiio)pbenyl]methaiie (V) was prepared by al-
kylation of commercially available bis[4-(dimethylamino)phenyl]methane 
with methyl iodide in methanol.35 
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(33) Schneider, H.-J.; Kramer, R.; Simova, S.; Schneider, U. J. Am. 
Chem. Soc. 1988, 110, 6442. 

(34) Schneider, H.-J.; Philippi, K. Chem. Ber. 1984,117, 3056. Schneider, 
H.-J.; Busch, R. Chem. Ber. 1986, 119, 747. 

(35) Organikum, VEB Deutscher Verlag der Wissenschaften, Berlin, 1981, 
p260. 

spectroscopy to show unambiguously that the 2-complex pre
dominates in the equilibrium mixture. This difference in stability 
is predicted by qualitative models of electronic effects and by 
molecular orbital calculations.7 

(4) Fyfe, C. A.; Cocivera, M.; Damji, S. / . Am. Chem. Soc. 1975, 97, 
5707. 

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

(6) Fendler, E. J.; Fendler, J. H.; Arthur, N. L.; Griffin, C. E. / . Org. 
Chem. 1972, 37, 812. 
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Abstract: Reaction of OH" with 3,5-dinitrobenzonitrile in water or water-DMSO gives a mixture of unproductive 2- and 
4-Meisenheimer complexes that equilibriate and eventually form 3,5-dinitrobenzamide and finally the benzoate ion. The 
corresponding reaction of 2,4-dinitrobenzonitrile gives the 5-Meisenheimer complex and then a mixture of 2,4-dinitrobenzamide 
and 2,4-dinitrophenoxide ion. The ratio amide:phenoxide ion increases with increasing [OH"]. These reactions appear to 
involve formation of charge-transfer complexes of the radical anion of the substrate and "OH which collapse to give Meisenheimer 
complexes and final products. The rate constants of the various reaction steps can be estimated by simulation based on relaxation 
theory, which also fits the product mixture from 2,4-dinitrobenzonitrile. This reaction scheme is consistent with observations 
of exchange of arene hydrogen and of extensive broadening of 1H NMR signals of the substrates during reaction. 
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Scheme I 
_ Meisenheimer complexes 

C6H3(NO2J2CN *~ dinitrophenoxide ion 

dinitrobenzamide »• dinitrobenzoate ion 

Both forward and reverse steps of formation of Meisenheimer 
complexes have been followed kinetically with OH" in aqueous 
DMSO and with MeO" in MeOH and in MeOH-DMSO.2"68 

These complexes disappear as substitution products gradually 
form, although there is conflicting evidence on overall reaction 
products. Fendler and co-workers treated 1 with MeO" in 
MeOD-DMSO and observed a product that, on the basis of its 
1H NMR spectrum, appeared to be l-methoxy-3-cyano-5-nitro-
benzene.6 However, Abe examined the same reaction in MeOH 
and then acidified the solution and poured it into water. He 
isolated methyl 3,5-dinitrobenzoate, which he postulated was 
formed via the alkoxy imide by addition of MeO" to the cyano 
group.8 

Aromatic nucleophilic addition and substitution in polar hy-
droxylic solvents are generally written as two-electron transfers,9 

although there is compelling evidence for single-electron transfers 
in less polar media,10 and the radical anion of 3,5-dinitrobenzo-
nitrile has been identified by ESR spectrometry in solutions of 
MeO" in MeOH and in aprotic solvents.6 

There is evidence that reactions of OH" with polynitroarenes 
in H2O and aqueous DMSO occur by transfer of one electron into 
the antibonding orbital of the nitroarene to give a short-lived 
intermediate that can be written as a charge-transfer complex of 
a radical anion and "OH.11"13 This intermediate may return to 
reactants, collapse to form a new covalency, or dissociate into free 
radicals, especially in aprotic solvents. Electron-withdrawing 
groups strongly stabilize these complexes and appear to be nec
essary for their observation in polar solvents. If COOR or CN 
substituents were present, collapse could give not only Meisen
heimer complexes but also nucleophilic addition to the COOR 
or CN group, and collapse of ipso Meisenheimer complexes leads 
to aromatic substitution. Reactions of OH" with ethyl 2,4- and 
3,5-dinitrobenzoate in aqueous DMSO give Meisenheimer com
plexes and finally deacylation.13,14 Kinetic and 1H NMR spec
troscopic evidence suggests that formation of Meisenheimer 
complexes and tetrahedral intermediates, and eventual deacylation, 
involves intermediate charge-transfer complexes, formed by sin
gle-electron transfer from OH". Such complexes of nitriles could 
collapse to form unproductive or productive (ipso) Meisenheimer 
complexes which give aryloxide ions or amides via hydroxy im-
ides.68 

Nitriles differ from other substrates studied to date in that their 
reactions with OH" can give Meisenheimer complexes and di
nitrophenoxide ion by nucleophilic aromatic addition and sub
stitution or amides and carboxylate ion by nucleophilic addition 
to the cyano group. 3,5-Dinitrobenzonitrile gives Meisenheimer 

(7) Bacaloglu, R.; Bunton, C. A.; Ortega, F. J. Am. Chem. Soc. 1989, 111, 
1041. 

(8) Abe, T. Bull. Chem. Soc. Jpn. 1983, 56, 1206. 
(9) (a) Bunnett, J. F. Q. Rev. Chem. Soc. 1958, 12, 1. (b) Buncel, E.; 

Norris, A. R.; Russell, K. E. Ibid. 1968, 22, 123. (c) Miller, J. Aromatic 
Nucleophilic Substitution; Elsevier: New York, 1968. (d) Bernasconi, C. 
F. Chimia 1980,54, 1. 

(10) (a) Russell, G. A.; Janzen, G. E. J. Am. Chem. Soc. 1962, 84, 4153. 
(b) Abe, T. Bull. Chem. Soc. Jpn. 1976, 49, 3227. (c) Mariani, C; Modena, 
G.; Pizzo, G. P.; Scorrano, G.; Kistenberger, L. / . Chem. Soc., Perkin Trans. 
2 1979, 1187. (d) Bunnett, J. F. Ace. Chem. Res. 1978, / ; , 413. 

(11) Bacaloglu, R.; Bunton, C. A.; Cerichelli, G.; Ortega, F. J. Am. Chem. 
Soc. 1988, 110, 3495. 

(12) Bacaloglu, R.; Bunton, C. A.; Ortega, F. J. Am. Chem. Soc. 1988, 
110, 3503. 

(13) Bacaloglu, R.; Bunton, C. A.; Ortega, F. J. Am. Chem. Soc. 1988, 
110, 3512. 

(14) Crampton, M. R.; Greenhalgh, C. J. J. Chem. Soc, Perkin Trans. 
2 1986, 873. 

CKOH] M 

Figure 1. Observed and predicted values of T"1 for reaction of 3,5-di-
nitrobenzonitrile, 10"4 M, in aqueous OH". 

CKOH] M 

Figure 2. Observed and predicted values of T"1 for reaction of 3,5-di-
nitrobenzonitrile, 10"5 M, with OH" in DMSO-H2O 1:1 v/v. 

complexes rapidly and reversibly,2"6'8 but 2,4-dinitrobenzonitrile 
should not form Meisenheimer complexes so readily. Overall 
reactions are illustrated in Scheme I. 

Nucleophilic addition to 3,5-dinitrobenzonitrile is well-studied, 
but there is little work on the reaction of OH" with 2,4-dinitro
benzonitrile, although both 2,4-dinitrophenoxide ion and 2,4-
dinitrobenzamide, or the benzoate ion, are probable final products. 
For example, reactions of OH" with ./V-alkyl-4-cyanopyridinium 
ions give amide and also pyridone by loss of CN".15 

Molecular orbital calculations, based on AMI parameters, 
predict that formation of charge transfer and Meisenheimer 
complexes from OH" and dinitrobenzonitriles should be enthal-
pically favorable in aprotic solvent.7 Equilibriation of 3,5-di
nitrobenzonitrile and its Meisenheimer complexes with OD" in 
DMSO-D2O is accompanied by exchange of arene hydrogen, 
which probably involves a charge-transfer complex.11 Reactions 
of OD" with activated arenes in DMSO-D2O are often accom
panied by NMR line broadening of 1H signals of unreacted 
substrate, which suggests the presence of radicaloid species.11'16 

We therefore examined kinetics and products of reactions of 
OH" with 2,4- and 3,5-dinitrobenzonitrile and used NMR spec
trometry to study hydrogen exchange and line broadening during 
the reaction. 

Results 
Kinetics. 3,5-Dinitrobenzonitrile (1). Reaction with OH" 

rapidly and reversibly generates 4- and 2-Meisenheimer complexes, 

(15) (a) Kosower, E. M.; Patton, J. W. Tetrahedron 1966, 22, 2081. (b) 
Chaimovich, H.; Politi, M. J.; Bonilha, J. B. S.; Quina, F. H. / . Phys. Chem. 
1919,83, 1851. 

(16) Bacaloglu, R.; Blasko, A.; Bunton, C. A.; Ortega, F. / . Am. Chem. 
Soc. 1990, 112, 9336. 
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Table I. Reciprocal Relaxation Times for Reaction of 3,5-Dinitrobenzonitrile in Water" 

[OH"], M 

0.01 
0.05 
0.10 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
1.00 
1.50 
2.00 
3.00 

r,-' 
500* 

531 

507 
490 
460 

, s - ' 

360* 

531 

492 
505 
490 

50C 

15.2 
13.9 

11.6 
8.66 

6.75 
6.64 
8.58 

10.3 
12.2 

T2"1, s-1 

360* 

15.8 

11.1 

6.93 

8.35 
10.3 

257» 

6.6 

8.07 
10.4 

1O2Tf1 

500* 

1.74 

4.52 

6.58 
8.90 

,s-1 

350° 

2.60 

4.69 

6.73 
9.78 

500* 

0.10 
0.82 
1.29 
2.06 
3.38 
4.20 
5.16 

103T4-
1, s"1 

367* 

0.08 
0.69 
1.37 
2.07 
2.85 
3.98 
4.37 

350* 

0.09 
0.72 
1.38 
1.96 
2.87 
3.50 
4.05 

0At 25.0 0C, with 10"4 M 1; wavelengths in nm. 'Decrease in absorbance. 'Increase in absorbance. 

Scheme II" 
CONH2 

'— denotes NO2, 

but amide is formed by addition to the cyano group (cf. refs 6 
and 8) and gradually forms 3,5-dinitrobenzoate ion. We followed 
several relaxations with first-order kinetics in both water and 
DMSO-H2O 1:1 v/v. The kinetic behavior is very similar to that 
seen earlier in reactions of trinitrobenzene and its chloro or 
sulfonate derivatives.12 

We saw four relaxations in water. The fastest, T1, followed as 
an absorbance decrease at 500 and 360 nm, is ascribed to for
mation of a charge-transfer complex. The second relaxation, T2, 
was followed as an absorbance increase at 500 and 360 nm and 
a decrease at 257 nm, characteristic of formation of 2- and 4-
Meisenheimer complexes, cf. refs 2-6. The third relaxation, T3, 
followed at 500 and 350 nm, is assigned to equilibria tion of 
Meisenheimer complexes.4 The fourth relaxation, T4, followed 
as a decrease of absorbance at 500 and 350-367 nm, gives the 
amide, which in turn gives 3,5-dinitrobenzoate ion as the final 
product (Experimental Section). We saw no evidence for for
mation of a phenoxide ion.8 We did not follow the kinetics of this 
final step quantitatively. Values of T"1 are given in Table I and 
Figure 1. 

We also saw four relaxations for the reaction in DMSO-H2O 
1:1 v/v under our usual operating conditions. Our assignments 
are as for reaction in water, and values of T"1 are given in Table 
II and Figure 2. The dependences of T"1 upon [OH"] for the 
slower relaxations differ in water and DMSO-H2O (Figures 1 
and 2). The overall reaction (Scheme H) is based on analogies 
with deacylation of ethyl 3,5-dinitrobenzoate,16 and we used it 
to analyze the kinetic data. 

o 

M 

15 

10 

5 

30 

r « 20 

10 

N. t 

N^p 

/ 

S 

-

4 8 
10 s [TEMPO], M 

*»— • 
— « 5 

a 

• * 

0.0 0.S 1.0 1.5 2.0 

M [KOH], 

Figure 3. Trapping by 2 X 10"3 M 4-hydroxy-TEMPO (10) in the 
reaction of 3,5-dinitrobenzonitrile. The lower curve is for reaction in the 
absence of 10. Insert shows the effect of varying of [10] with 0.5 M 
KOH. Open and solid points, followed at 380 and 500 nm, respectively. 
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Table II. Reciprocal Relaxation Times for Reaction of 3,5-Dinitrobenzonitrile in DMSO-H2O" 

[OH-], M 

0.005 
0.02 
0.05 
0.10 
0.20 
0.30 
0.50 
0.60 
0.70 
0.75 
0.80 
0.90 
1.00 
1.20 
1.40 
1.80 
2.00 

Tf 
500* 

546 
496 
466 

392 
369 
353 

377 
446 
424 

,S-' 

360» 

538 
518 

406 
377 
355 

408 
410 
492 

510* 

6.66 
10.8 
38.2 

88.1 
112 
165 

176 
181 

T2-', S-' 

360< 

11.8 
42.2 

84.8 
128 
157 

173 
240 

250» 

15.7 
45.4 

74.5 
130 
170 

168 
226 

rf1 

500* 

0.20 
0.20 

0.11 
0.098 
0.083 
0.073 
0.075 
0.080 
0.082 
0.090 
0.093 

,s-' 

360' 

0.19 
0.16 
0.11 
0.089 
0.074 

0.087 
0.087 

104T4-' 

500* 

6.30 
8.46 
9.04 
7.68 
5.86 

3.11 

1.95 
1.87 
1.89 

,s-1 

380* 

8.77 
9.45 
8.00 
6.03 

2.90 

1.85 

1.76 
1.67 

"At 25 0C, in DMSO-H2O 1:1 v/v, with 10"5 M 1; wavelength in nm. 'Decrease in absorbance. 'Increase in absorbance. 

We used nitroxide trapping as evidence for the intermediacy 
of species with radicaloid character. Picrate ion forms when O2 

is bubbled into a solution of 1,3,5-trinitrobenzene and OH", 
probably by trapping of a charge-transfer complex with dioxygen.17 

We therefore examined the effect of a scavenger, the 4-
hydroxy-2,2,6,6-tetramethylpiperidineoxy free radical, 4-
hydroxy-TEMPO (10),18 upon rf1 (Figure 3). 

Kinetic Simulation. Variations of values of r"1 with [OH-] for 
the various relaxations can be fitted by a computer simulation 
based on relaxation theory19'20 and the overall reactions of 3,5-
dinitrobenzonitrile (Scheme II). As in previous work we assume 
that a x or encounter complex (2) of substrate and OH" is formed 
in a very rapid equilibrium step which is too fast to be followed 
at 25 0C. This reaction step was postulated by Caldin and co
workers.21 This complex rapidly generates charge-transfer 
complexes 3 and 4 in acid-base equilibrium, and they give un
productive 2- and 4-Meisenheimer complexes2"* 5 and 6 and 
collapse to amide 9 via hydroxy imide.8 The Meisenheimer 
complexes equilibriate4 via the charge-transfer complexes, and 
in the fourth relaxation they form amide, again via the charge-
transfer complexes. In fitting the data we have to include dianionic 
Meisenheimer complexes 7 and 8. We write their formation as 
deprotonations because they appear to be very fast, and we see 
no evidence for dihydroxy Meisenheimer complexes, although we 
cannot exclude their existence (cf. refs 12, 22, and 23). The fit 
to the data is reasonably good, both in water and in DMSO-H2O 
1:1 v/v, although, as in any simulation procedure, we cannot 
guarantee that we have a uniquely correct set of rate and equi
librium constants.20 Dependence of T~' upon [OH-] in the two 
solvents fits the simulations (Figures 1 and 2). 

Rate and equilibrium constants for the various steps are given 
in Table III. 

2,4-Dinitrobenzonitrile (11). There is little information re
garding reaction of 2,4-dinitrobenzonitrile (11), but it forms 
Meisenheimer complex(es) less readily than does the 3,5-isomer. 
In 0.1 M OH" (DMSO-H2O 1:1 v/v) absorbance of a Meisen
heimer complex at 500-510 nm is weak, but there are well-defined 
absorbance maxima of 2,4-dinitrophenoxide at 360 and 410 nm 
which appear as the Meisenheimer complex disappears. The final 

(17) Bacaloglu, R.; Bunton, C. A.; Cerichelli, G. J. Am. Chem. Soc. 1987, 
/09,621. 

(18) March, J. Advanced Organic Chemistry, 3rd ed.; Wiley-Interscience: 
New York, 1985; Chapter 5. 

(19) Bernasconi, C. F. Relaxation Kinetics; Academic Press: New York, 
1976. 

(20) Bacaloglu, R.; Bunton, C. A.; Ortega, F. Int. J. Chem. Kinet. 1988, 
20, 195. 

(21) (a) Ainscough, J. B.; Caldin, E. F. J. Chem. Soc. 1956, 2528, 2540. 
(b) Allen, C. R.; Brook, A. J.; Caldin, E. F. Ibid. 1961, 2171. 

(22) Fyfe, C. A.; Foreman, M. I.; Foster, R. Tetrahedron Lett. 1969, 1521. 
(23) Gibson, B.; Crampton, M. R. J. Chem. Soc, Perkin Trans. 2 1979, 

648. 

Table III. Individual Rate and Equilibrium Constants for Reaction 
of Dinitrobenzonitriles" 

2,4-(NO2J2C6H3CN 3,5-(N02)2C6H3CN 

k2, s"1 

k-2, s"1 

fc3, M"' s 
k-i, s"1 

*4> S"1 

fc-4, S-1 

ks, S-' 
/L5, M"' i 
* 6 , S - ' 

*-«, M-' 
* 7 , S"' 

fc_7, S" 
kn, s-
kn, s-
k\i, S" 
&14, S" 

K1, M-' 
Kit M-1 

K9, M"1 

AT10, M-

"In DMSO-H2O 1:1 v/v at 25.0 0C unless specified; values in par
entheses are for reaction in water. 

347 
379 
576 
165 
15.9 
2.39 

8.20 
4.70 

0.022 
0.38 
0.74 
0.039 
0.21 
1.00 
9.87 

1550 (577) 
77.2 (561) 
2740 (161) 
36.7 (206) 
678 (53.5) 
2.65 (16.4) 
3.51 (0.80) 
0.08 (0.025) 
231 (29.5) 
9.48 (6.86) 
57.4 (0.13) 
0.13 (0.0054) 
0.75 (0.43) 
0.032 (0.40) 

0.93 (0.06) 
10.5 (0.76) 
5.07 (3.35) 
6.84(1.31) 

* 

X1W * 

+ 
1/T1 

+ 

-̂̂ ** 

— o 

± 

10OZr2 

.^+ 

5000/T, 

* 

^f+ -

*^ 

\ 

Figure 4. Observed and predicted values of T"' for reaction of 2,4-di
nitrobenzonitrile with OH- in DMSO-H2O 1:1 v/v. 

products are 2,4-dinitrophenoxide ion and 2,4-dinitrobenzamide 
plus benzoate ion. The concentration of 2,4-dinitrophenoxide ion 
decreases markedly with an increase of [OH"]. 

In 2 M OH~ there is a stronger absorbance of Meisenheimer 
complex at ca. 500 nm within 2 s of mixing, and then the ab
sorbance at 400-410 nm increases as that of the Meisenheimer 
complex decreases. However, the final absorbance of 2,4-di-
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Scheme III" 

CN CN V^k.2 

"4=-^ 
HO 

Kg1OH 

11 i ^ 

"—denotes NO2. 

Table IV. Reciprocal Relaxation Times for Reaction of 
2,4-Dinitrobenzonitrile in DMSO-H2O" 

1O3T3"
1, S"1 

M 

0.025 
0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

500* 

407 
397 
378 
397 
378 
380 
365 
368 

260' 

402 
365 
370 
370 
388 

400 
415 

500' 

2.07 
1.88 
1.98 
1.79 
1.97 
2.29 
2.87 
3.27 
3.88 
4.73 
4.95 

500» 

4.27 
8.56 

13.4 
19.7 

23.1 

27.5 

25.8 

400' 

4.48 
8.56 

14.5 
17.7 

26.0 

28.5 

27.2 

"At 25.0 0C, in DMSO-H2O 1:1 v/v, with 4 X 10"5 M 10; wave
lengths in nm. 'Decrease in absorbance. 'Increase in absorbance. 

nitrophenoxide ion is weaker than it had been in 0.1 M OH", 
because more amide is formed. 

We followed three relaxations in the reaction of 2,4-dinitro-
benzonitrile (Figure 4 and Table IV). A slow fourth relaxation 
generates 2,4-dinitrobenzoate ion from the amide, but we do not 
include it in our quantitative treatment. The first relaxation, T1, 
followed as a decrease of absorbance at 500 nm and an increase 
at 260 nm, is assigned to buildup of charge-transfer complexes, 
as in reactions of similar substrates.1213,16 A second relaxation, 
T2, assigned to formation of a Meisenheimer complex, was followed 
as an increase of absorbance at 500 nm. It had a lower amplitude 
than that of the corresponding relaxation with the 3,5-isomer 1. 
The third relaxation, T3, followed as an increase of absorbance 
at 400 nm and decrease at 500 nm, corresponds to formation of 
phenoxide ion and amide. Values of T"1 for the three relaxations 
were measured at various wavelengths (Table IV). 

Kinetic Simulation. We fitted variations of T"1 with [OH-] in 
terms of the reactions shown in Scheme III, which is similar to 
Scheme II for reactions of 3,5-dinitrobenzonitrile (1) and schemes 
for reactions of dinitrobenzoate esters.16 We assume rapid for
mation of the very short-lived complex21 12 which gives charge-
transfer complexes 13 and 14, which then give 5-Meisenheimer 
complex 15 and dianion 16 or collapse irreversibly either to amide 

Table V. Product Composition 
2,4-Dinitrobenzonitrile" 

ArO", mol % obsd 
ArO", mol % calcd 

from Reaction of 

0.01 

82 
92 

[OH"], M 

0.6 1.0 1.6 

75 66 57 
75 66 56 

2.0 

54 
51 

"At 25 0C, in DMSO-H2O 1:1 v/v. 

17 via a hydroxy imide8 or to phenoxide ion 18 via a transient 
i/wo-Meisenheimer complex. 

The kinetic simulation has to accommodate variations of T"1 

and the dependence of products 17 and 18 on [OH"] (Tables IV 
and V). Amide 17 and phenoxide ion 18 form in a common 
relaxation, so we first fitted variations of T"1 with [OH"] without 
considering product composition. We next estimated relative 
values of the rate constants of the product-forming steps by nu
merical integration based on the ratio of phenoxide ion to amide 
(Table V), and we then resimulated the kinetic and product data 
together. We tested the fit by estimating the ratio of phenoxide 
to amide on the basis of the already-derived rate and equilibrium 
constants. The fit is satisfactory (Table V). Rate and equilibrium 
constants for the individual reactions (Scheme III) are given in 
Table III. 

Our Scheme III includes only the long-lived 5-Meisenheimer 
complex 15 and the dianionic speciees 16 derived from it. We 
did not see a relaxation corresponding to equilibriation of 
Meisenheimer complexes, although 3- and 5-complexes are seen 
in the reaction of OH" with 2,4-dinitrochlorobenzene24,25 but not 
with ethyl 2,4-dinitrobenzoate.16 We do not include dihydroxy 
Meisenheimer complexes in our scheme because we saw no re
laxation corresponding to their formation and destruction. We 
cannot exclude their rapid formation because it would have the 
same kinetic form as interconversion of 15 and 16 (Scheme III). 

We write the products as being formed directly from mono-
and dianionic charge-transfer complexes 13 and 14 (Scheme III), 
although this model may be too simple. Collapse of charge-

(24) Crampton, M. R.; Davis, A. B.; Greenhalgh, C; Stevens, A. J. J. 
Chem. Soc, Perkin Trans. 2 1989, 675. 

(25) Bacaloglu, R.; Blasko, A.; Bunton, C. A.; Dorwin, E.; Ortega, F.; 
Zucco, C. J. Am. Chem. Soc. 1991, 113, 238. 



Single-Electron Transfer in Dinitrobenzonitriles J. Am. Chem. Soc, Vol. 114, No. 20, 1992 7713 

1 1 1 1 i i [ 1 1 1 i J 1 1 i 1 1 i 1 r 

9 8 7 6 PPM 
Figure 5. 1H NMR spectra (500 MHz) of 3,5-dinitrobenzonitrile (0.072 M) in DMSO-(Z6-D2O 4:1 v/v at 25 0C. Inserts A and B show spectra before 
(25 °C) and after (45 0C) complete reaction, respectively. Spectra at time (min) indicated after initial addition of KOD: (a) with 0.011 M KOD; 
(b) with 0.03 M KOD; (c) after 0.08 M DCl quench (25 °C); and (d) at 45 0C. 

sition) substrate signals broadened slightly and the fine structure 
disappeared, but signals of H2,6 and H4 were still seen and very 
weak signals of 2-Meisenheimer complex appeared at 8.275 ppm 
(H4, d, / = 1.5 Hz), 7.528 ppm (H6, d, J = 2 Hz), and 5.570 
ppm (H2, s), but signals of the 4-Meisenheimer complex were 
too weak to be seen. After 5 min broadening increased. At 11 
min after the initial mixing, we added a further 0.03 M KOD, 
and 2 min later the substrate signal had broadened considerably 
with V1 /2« 500 Hz. Signals of the 2-Meisenheimer complex were 
much stronger, and those of the 4-Meinsenheimer complex were 
at 7.677 ppm (H2,6, s) and 6.200 ppm (H4, s). Based on the areas 
of these signals the ratio of the 2- to the 4-Meisenheimer complex 
was ca. 4:1. Signals of the 4-Meisenheimer complex gradually 
disappeared and after 41 min were very weak. There was isotopic 
hydrogen exchange of the 2-Meisenheimer complex at H4, which 
increased to ca. 22% after 41 min, based on comparison with the 
signal of H2. This estimate is probably a little low because there 
is some exchange at H6 (and H2) of the 2-Meisenheimer com
plex." 

After 41 min the signal of unreacted substrate sharpened slightly 
and a new signal appeared, superimposed on the original signal 
at 9.014 ppm, due to formation of 3,5-dinitrobenzamide, which 
has signals at 8.943 ppm (H4) and 8.950 ppm (H2,6) in 
DMSO-D2O 4:1 v/v in the absence of KOD. Deconvolution of 
the broad signal (GEMCAP program) gave a ratio of nitrile:amide 
of 10:1. The signal of the 2-Meisenheimer complex persisted, and 
after 30 min its concentration was ca. 40% of the total (based on 
the H2 signal). After 46 min we added 0.8 M DCl to stop the 
reaction and convert Meisenheimer complex back into substrate 
(Figure 5). There was a merged signal at 9.010 ppm with a 
shoulder at 9.007 ppm due to nitrile plus amide, and it separated 
at 45 "C to give signals at 9.006 ppm (H4, t, / = 2 Hz) and an 
asymmetric doublet at 8.992 ppm (H2,6, d, / = 1.5 Hz). (The 
amide signal was very small.) Comparison of signal areas of 
mesitoate ion and nitrile plus amide showed that there was less 
than 10% hydrogen exchange of recovered nitrile after acidifi
cation. There were small signals probably due to formation of 
3,5-dinitrobenzoate ion. 

Another experiment was made under similar conditions 
(DMSOd6-D20 4:1 v/v, 0.031 M KOD and 0.077 M 3,5-di
nitrobenzonitrile, 25 0C), and within 2 min of mixing we saw 
signals of the 2- and 4-Meisenheimer complexes in a ratio of 6:1, 

transfer complexes should give anions of the hydroxy imide,8 and 
they should very rapidly give amide by fast proton transfer which 
may be concerted with collapse. Collapse to mono- or dianionic 
ywo-Meisenheimer complexes gives phenoxide ion by loss of CN". 
However, CN" is a poor leaving group, and cyanohydrin chemistry 
suggests that CN" will be lost from the dianionic ipso complex 
or by a base-catalyzed decomposition of the ipso complex. The 
strong inductive effect of the cyano group should make the ipso 
complex sufficiently acidic for it to be at least partially depro-
tonated at high pH, so it will be a transient steady-state species. 
Hydroxy imides and j/woMeisenheimer complexes should be too 
short-lived to appear directly in the observed relaxations (Schemes 
II and III). Molecular orbital calculations predict that the 
i/wo-Meisenheimer complex is much less stable than is the 5-
complex 15.7 

The classical mechanism of single-step formation of an ipso-
Meisenheimer complex predicts that the ratio of phenoxide:amide 
should be independent of [OH"] or should increase with added 
OH" if it catalyzes decomposition of the ipso complex by de-
protonation. We observe the opposite effect (Table V), consistent 
with Scheme HI. 

NMR Spectroscopy. 3,5-DinitrobenzonitriIe (1). These ex
periments were made with higher [DMSO] than that used in the 
kinetic work because we needed a sufficiently high substrate 
concentration to obtain spectra within a short time of mixing. The 
NMR spectrum of the system had been examined in DMSO-
(Z6-D2O, where substrate was largely converted into Meisenheimer 
complex(es).4'1' As others have done with other nitroarenes,1116,25 

we took substrate in excess over [OD"] so that reactions were not 
inconveniently fast, and we hoped to see signals of Meisenheimer 
complexes during reaction4 and of products and unreacted sub
strate at the end of reaction. We used mesitoate ion as a refer
ence." All chemical shifts (ppm) are relative to that of DMSO 
at 2.490 ppm. In DMSO-</6-D20 4:1 v/v under N2, 3,5-di
nitrobenzonitrile (0.072 M) has 1H signals at 9.067 ppm (H2,6) 
and 9.009 ppm (H4) (Figure 5), based on their peak areas (2:1) 
and coupling constants, which are H4, t, J = 2 Hz and H2,6, d, 
J=I Hz. The relative positions of these signals are medium-
dependent and are affected by addition of electrolytes, e.g., DCl 
(Experimental Section). Addition of KOD at 25 0C markedly 
changed the spectrum (Figure 5). Within 2 min of addition of 
0.011 M KOD (the time required for mixing and signal acqui-
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Figure 6. 1H NMR spectra (500 MHz) of 2,4-dinitrobenzonitrile (0.072 M) in DMSO-</6-D20 4:1 v/v at 25 0C before (0 min) and after addition 
(time indicated, min) of 0.031 M KOD with an interpulse delay of 1.5 s. Insert shows the spectrum of 11 before KOD addition with an interpulse 
delay of 30 s. 

which increased to ca. 12:1 after 10 min. Under these conditions 
signals of the unreacted nitrile were very broad, but signals of 
Meisenheimer complexes were always sharp, as were signals after 
addition of DCl. 3,5-Dinitrobenzamide gradually forms a 2-
Meisenheimer complex with OD" in DMS(W6-D2O and which 
has signals at 8.350 ppm (H4), 7.773 ppm (H6), and 6.826 ppm 
(H2). The signal at H4 was weaker than the others, probably 
due to isotopic exchange, but we did not investigate this system 
in detail. 

2,4-Dinitrobenzonitrile (U). Meisenheimer complex IS forms 
with 11 and OH" in aqueous DMSO, but the equilibrium constant 
is much lower than it is for 1. In dilute OH" (OD"), 2,4-di-
nitrophenoxide ion (18) is the major product, with more amide 
17 at higher [OH"]. In our initial NMR experiment with dilute 
OD", we had no complications from formation of Meisenheimer 
complex or amide. 

In DMSO-J6-D2O 4:1 v/v the nitrile has 1H signals at 8.903 
ppm (H3, d, / = 2.5 Hz), 8.650 ppm (H5, dd, / = 8.5 Hz, 1J 
= 2.5 Hz), and 8.327 ppm (H6, d, / = 8.5 Hz) related to the 1H 
signal of DMSO at 2.490 ppm. We had to use long delays (>30 
s) to obtain reasonable peak areas of H3 relative to H5 and H6 
(Experimental Section), and the first spectrum was taken with 
a 30-s delay (Figure 6). This delay time is inconveniently long 
for following the spectrum during reaction, so a second spectrum 
was taken with a 1.5-s delay, resulting in a decrease, but not 
suppression, of the H3 signal (Figure 6). We used this delay time 
during the experiment, but the final spectrum, after addition of 
excess DCl, was taken with a 30-s delay so that areas of the 
substrate peaks taken before and after reaction can be compared 
with the peak area of the signal of the reference mesitoic acid. 

Within 2 min of addition of 0.031 M KOD, substrate signals 
disappeared due to very extensive line broadening (Figures 6 and 
7), and new signals of 2,4-dinitrophenoxide ion appeared at 8.548 
ppm (H3, d, / = 3 Hz), 7.818 ppm (H5, d, J = 10 Hz), and 6.415 
ppm (H6, d, / = 10 Hz). There were also signals of 5-Meisen-

heimer complex at 8.298 ppm (H3, s), 6.270 ppm (H6, d, / = 
6 Hz), and 5.431 ppm (H5, d, / = 5.5 Hz) (Figure 7a). Signals 
of the complex disappeared after 4 min, and we saw no signals 
of a 3-Meisenheimer complex. Initially we saw no signals of 
2,4-dinitrobenzamide, probably because they are broad in 
DMSO-J6-D2O plus KOD. However, this broadening gradually 
decreased, and after 45 min we saw weak signals of amide at 8.718 
ppm (H3, d, J = 2 Hz), 8.519 ppm (H5, dd, J = 8 Hz, 3J = 2 
Hz), and 7.798 ppm (H6, d, J = 8.5 Hz) (Figure 7b). Some minor 
signals, which change with time, are probably due to the benzoate 
ion and Meisenheimer complexes of the amide (Experimental 
Section). Signals sharpen with time, and after 3 h peak areas 
of the phenoxide ion and amide signals were similar (Figure 7c). 
Signals of unreacted substrate reappeared, although they were 
still broad, and the area of the signal of H3 was small due to 
extensive exchange and the short interpulse delay time of 1.5 s. 
At this time approximate peak area ratios (excluding H3) cor
responded to nitrile:phenoxide ion:amide 9:1.5:1. 

A second experiment was made with reactant concentrations 
as above, and excess DCl was added after 60 min. All the sub
strate signals reappeared, although that of H3 was weak, due to 
isotopic exchange, even with 30-s delay between scans. Com
parison of the sum of the signals of unreacted substrate, phenol, 
and amide with that of mesitoic acid showed that exchange was 
only at H3. We note that at high pH some of the signals of 
substrate and products are at similar chemical shifts and their 
observation depends on the obscuring of substrate signals by line 
broadening. 

Extents of isotopic exchange at position 3 were determined 
under various conditions with relatively long NMR delay times 
(30 s) (Table VI). We did not measure the exchange of the amide 
because its H3 signal is close to that of the nitrile. 

Trapping by a Nitroxide Radical. The value of T4"
1 for dis

appearance of a Meisenheimer complex of 3,5-dinitrobenzonitrile 
in DMSO-H2O 1:1 v/v is increased by addition of 4-hydroxy-
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Figure 7. 1H NMR spectra (500 MHz) of 2,4-dinitrobenzonitrile (0.072 
M) in DMSO-</6-D20 4:1 v/v. A, 2 min after addition of 0.031 M 
KOD; B, after 45 min of reaction; and C, after 3 h of reaction. 

TEMPO (10) (Figure 3) under conditions in which this complex 
is the dominant species. The rate of this disappearance depends 
on a reversible return to charge-transfer complex, and hence to 
final products (Scheme II) and will increase if a radical traps a 
charge-transfer complex such as 3 or 4. The value of T4"

1 depends 
on the concentration of nitroxide radical (Figure 3), so it is not 
trapping all the charge transfer complex. 

Line Broadening with p-rerr-Burylnirrobenzene. Here, and 
elsewhere,111625 we suggest that broadening of 1H signals of 
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Table VI. Hydrogen Isotopic Exchange of 2,4-Dinitrobenzonitrile" 

[2,4-C6H3(N02)2CN], 
M 

0.077 
0.077 
0.073 
0.073 
0.073 

[OD-], 
M 

0.031 
0.031 
0.019 
0.019 
0.019 

time, 
min 
180 
10* 
4 
30 
60* 

exchange, % 

11 
98 
89 

C 

C 

78 

15 18 

80 

70 60 
66 
75 

-Exchange of H3 at 25.0 0C, in DMSO-̂ 6-H2O 4:1 v/v. *After 
addition of DCl. 'Signals of unreacted substrate could not be followed 
because of extensive line broadening. 

nitroarene substrates involves their interactions with transient 
charge-transfer complexes that have radicaloid character. Con
sistently we never saw line broadening of signals of anions, e.g., 
of Meisenheimer complexes or aryloxide ions, or of added me-
sitoate ion. Signals of nitrobenzene do not broaden in DMSO-
D2O-OD-, but they broaden on addition of m-dinitrobenzene 
which readily generates a charge transfer complex.11 

Interaction between two species, which permits electron ex
change, should be sterically inhibited, e.g., by a fert-butyl group, 
so that the 1H NMR signal of a ferf-butylnitrobenzene in 
DMSO-D2O-OD" should not broaden on addition of m-di-
nitrobenzene. The original experiments with nitrobenzene and 
m-dinitrobenzene were made in 77% DMSO-J6," and in 80% 
DMSO-J6 signals of />-<erf-butylnitrobenzene (0.07 M) did not 
broaden on addition of 0.1 M KOD or on subsequent addition 
of 0.1 M w-dinitrobenzene, whose signal broadened as reported 
earlier.11 

Results were different in a high [DMSO] solvent. In 98% 
DMSO-J6-D2O with 0.1 M />-tert-butylnitrobenzene and 0.2 M 
OD" there was no initial line broadening of the 1H signal of 
/7-tert-butylnitrobenzene. However, signals slowly broadened over 
a period of 10-60 min, and in these conditions signals of nitro
benzene (0.1 M) broadened significantly in 20 min and almost 
disappeared within 100 min. Addition of 0.1 M m-dinitrobenzene 
to solutions of either nitrobenzene or p-te/t-butylnitrobenzene after 
ca. 1.5 h sharpened signals of the mononitrobenzenes, and those 
of w-dinitrobenzene broadened and disappeared within 4 min of 
mixing. These results suggest that a radicaloid species of m-
dinitrobenzene formed rapidly with a depletion of radicaloid species 
of the nitrobenzenes and then was converted into a Meisenheimer 
complex. Sharp signals of this complex of w-dinitrobenzene 
gradually appeared, as they have in the absence of either of the 
mononitrobenzenes.'' 

Discussion 
Classical mechanisms for reactions of nucleophiles with di-

nitrobenzoate esters and benzonitriles involve the assumption that 
formation of Meisenheimer complexes and nucleophilic attack on 
carbalkoxy and cyano groups follow completely different reaction 
paths. Our model postulates that both reactions involve common 
intermediates, the charge-transfer complex and its anion, because 
charge is delocalized into electron-withdrawing groups, e.g., NO2, 
CO2Et, or CN. This model fits kinetic and exchange data and 
1H NMR line broadening of the substrate and also predicts that 
there will be little or no exchange of anionic species. 

Hydrogen Exchange. We postulate exchange on charge-transfer 
complexes which may go forward to either Meisenheimer complex 
or final product or revert to substrate.1116'1725 For some nu
cleophilic aromatic substitutions, product is exchanged more than 
unreacted substrate,11 so exchange must involve a species on the 
reaction path to final products. The situation is more complex 
when large amounts of unproductive Meisenheimer complexes, 
e.g., 5 and 6 (Scheme II) or 15 (Scheme III), build up and 
disappear during reaction. For experimental reasons we carried 
out exchange experiments with substrate in excess over OD" (Table 
VI). With dinitrobenzonitriles, charge-transfer complexes go to 
Meisenheimer complexes or revert to substrate much more rapidly 
than they go to final amide or phenolic products (Table III and 
Schemes II and HI). The Meisenheimer complexes may become 
deuterated during interconversion with charge-transfer complexes 
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and substrate.11 As [OD-] decreases, Meisenheimer complexes 
gradually revert to substrate, via charge-transfer complexes, so 
that the exchange data in Table VI and ref 11 give too much 
weight to exchange of unreacted substrate relative to product. The 
problem would be the same if we took OD" in excess over substrate 
and stopped the reaction by quenching with acid, because 
Meisenheimer complexes then very rapidly revert to substrate. 
Reactions are too fast for us to follow conventional NMR spectra 
under conditions such that the solutions contain similar amounts 
of unreacted substrate and product. Exchange of arene hydrogens 
at positions 2 and 6 of the 2-Meisenheimer complex of 3,5-di-
nitrobenzonitrile had been followed by 1H NMR spectrometry 
as a function of [OD"] in DMSO-</6-D20 50 and 70 wt % 
DMSO.1' Under these conditions most of the material is present 
as the 2-Meisenheimer complex in which 2- and 6-positions are 
not identical, although exchange rates are identical at these 
positions. Therefore exchange is not directly on the Meisenheimer 
complex but on a symmetrical species derived from it. Exchange 
is faster by a factor of ca. 5 at the 4-position, ortho to the two 
nitro groups, than at the 2- or 6-position, despite statistical 
preferences in the charge-transfer complex or substrate (Scheme 
II). This behavior seems to be general." 

If exchange occurs via the charge-transfer complexes 3 and 4, 
the rate of exchange depends upon the rate of return of the 
2-Meisenheimer complex 6 to charge-transfer complex, which will 
largely follow reaction step fc_7 (Scheme II) as shown by the 
relative values of fc-7 and fc.5[OH~] (Table III), with allowance 
for the equilibrium between mono- and dianionic Meisenheimer 
complexes 6 and 8. Therefore OD" will decrease return of 6 to 
charge-transfer complexes. We do not know the relative rates 
of exchange of mono- and dianionic charge-transfer complexes 
3 and 4 although our speculation is that exchange occurs intra-
molecularly in the latter25 and therefore depends upon the 
equilibrium constant, Kit [OD"], and the lifetimes of the 
charge-transfer complexes, which depend on the reaction steps 
ks and ky, which are independent of [OD"]. These considerations 
suggest that the rate of exchange at the charge-transfer complexes 
will be less than first order in [OD"], and the rate of exchange 
observed on a Meisenheimer complex will depend upon its return 
to charge-transfer complexes and the acid-base equilibrium be
tween them (Scheme II). This model is consistent with the modest 
initial increase of the rate constants of exchange with increasing 
[OD"] and the rate maxima for exchange at positions 2 (or 6) 
and 4 of the 2-Meisenheimer complex 6 (Table II, ref 11). For 
a given [OD"], exchange slows with increasing [DMSO-</6]

u 

because this solvent change slows return of Meisenheimer to 
charge-transfer complex, cf. the behavior of trinitrobenzene.12 We 
cannot compare these exchange results directly with the present 
kinetic data because, for experimental reasons, we made up ex
change solutions by weight and used high [substrate], but rate 
constants of exchange should be lower than those for return of 
2-Meisenheimer complex 6 to charge-transfer complexes 3 and 

4 (Scheme II). Return is largely to the monoanionic complex 3 
(step fc_7), but we also include return to 4 (step fc_5[OD~]). The 
first-order rate constant for return, k„ is given by 

/L7 + /L5[OD"] 
k, = —• - - (1) 

1 + ^10[OD"] 
which allows a qualitative test of the model. We neglect solvent 
isotope effects and solvent differences, but values of k, are greater 
than the sum of the rate constants of exchange (Table II, ref 11) 
by approximately 1 order of magnitude. This comparison shows 
that exchange of the charge-transfer complexes of 1 is slower than 
their formation, consistent with the relatively slow exchange of 
the 2-Meisenheimer complex of 3,5-dinitrobenzonitrile and the 
small amount of exchange observed during conversion of the nitrile 
into Meisenheimer complex (Results). 

When 2,4-dinitrobenzonitrile (11) reacts with insufficient KOD, 
there is extensive exchange at position 3 in unreacted nitrile and 
phenoxide ion product. We cannot follow exchange of the sub
strate during reaction because its 1H signals become too broad 
to be seen, so we are forced to obtain data under conditions in 

which OD" has disappeared due to reaction with substrate or 
neutralization with DCl (Table VI). 

Most hydrogen exchange occurs during reaction with OD" when 
charge-transfer complexes do not go rapidly or extensively to 
Meisenheimer complexes,11 as shown by extents of hydrogen 
exchange at position 3 in 2,4-dinitrochlorobenzene,11,25 2,4-di
nitrobenzonitrile (11), and ethyl 2,4-dinitrobenzoate.16 Exchange 
of 2,4-dinitrochlorobenzene at position 3 is essentially complete 
in reaction with OD" in DMSO-^6-D2O, but exchange is incom
plete in reactions of the other substrates. This result argues against 
exchange by substrate deprotonation, because electron withdrawal 
by w-CN (or W-CO2R), which favors deprotonation, is greater 
than that by w-Cl.26 It is consistent with exchange of charge-
transfer complexes because with the ester and the nitrile they go 
readily to Meisenheimer complexes and to intermediates that give 
final products, thus the charge-transfer complexes do not survive 
long enough to give complete exchange. With 2,4-dinitro
chlorobenzene, conversion of charge-transfer into Meisenheimer 
complexes should be slower than with the other substrates, allowing 
time for exchange. Substrates such as 3,5-dinitrobenzonitrile4 

go rapidly to Meisenheimer complexes with much less exchange 
during reaction than do the corresponding 2,4-dinitro compounds. 

There is extensive line broadening of 1H NMR signals of both 
benzonitriles. With 2,4-dinitrobenzonitrile, signals almost dis
appear on initial addition of OD" but reappear when reaction is 
largely complete or is stopped by addition of DCl. The signal of 
H3 is then relatively weak because of exchange. Signals of 3,5-
dinitrobenzonitrile do not disappear on addition of OD" because 
hydrogen exchange is much less than with the 2,4-substrate. 
However, these signals broaden (K1/2 «= 500 Hz), as they do with 
several substrates, under conditions which initially give Meisen
heimer complexes and then overall nucleophilic displacement or 
addition to cyano or carbethoxy groups. These observations are 
inconsistent with the classical mechanism of single-step nucleo
philic addition to generate productive or unproductive Meisen
heimer complexes. One could argue that exchange and line 
broadening involve species that are not on the reaction path but 
are formed, for example, from Meisenheimer complexes. We think 
this hypothesis is unlikely for several reasons, (i) It does not 
explain extensive 1H exchange during reaction and greater ex
change of product over unreacted substrate.1' (ii) We see no line 
broadening of signals of Meisenheimer complexes, so their con
version into radicaloid species is slow on the NMR time scale, 
(iii) There is extensive exchange of 2,4-dinitro derivatives that 
form only small amounts of Meisenheimer complexes (Table VI 
and refs 16 and 25). (iv) William of Occam argues against the 
imposition of unnecessary hypotheses. 

The decrease of 1H line broadening of nitrobenzene on intro
duction of a bulky /erf-butyl group (Results) fits the hypothesis 
that there is interaction between a nitroarene and a charge-transfer 
complex. These experiments were made in ca. 80 vol % DMSO-</6 
and an increase in the DMSO content of the solvent leads to 
extensive line broadening, probably by dissociation of charge-
transfer complexes. Consistently there is extensive formation of 
a Meisenheimer complex of 1,3,5-trinitrobenzene and n-butylamine 
in acetonitrile.27 Reaction probably involves initial electron 
transfer, and, after mixing, 1H signals of the amine disappear and 
those of trinitrobenzene become very broad. After several days 
sharp signals of a Meisenheimer complex appear, and after 30 
days all signals are again sharp, including those of aliphatic 1H 
and N-1H. 

It is important to note that in all our experiments we do not 
observe paramagnetic line broadening of noninteracting solutes, 
e.g., mesitoate ion. The situation was similar for experiments with 
n-butylamine in acetonitrile,27 because TMS was used as an in
ternal reference, and its line broadening was not mentioned. In 
all these systems line broadening seems to be due to electron 

(26) Lowry, T. H.; Richardson, K. S. Mechanism and Theory in Organic 
Chemistry, 3rd ed.; Harper and Row: New York, 1987; Chapter 2. 

(27) Zingaretti, L.; Anunziata, J. D.; Silber, J. J. BoI. Soc. CAi/. Quim. 
1991, 36, 85. 
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transfers involving radicaloid species within association complexes 
rather than to extensive formation of free radicals or radical ions, 
except in very dry solvents. 

Kinetic Schemes. 3,5-Dinitrobenzonitrile behaves like 1,3,5-
trinitrobenzene in rapidly forming Meisenheimer complexes,2"61213 

except that there is no evidence of dihydroxy Meisenheimer 
complexes, although they form readily with trinitrobenzene and 
OH".1223 There is no evidence for formation of an ipso-Meis-
enheimer complex of 3,5-dinitrobenzonitrile,8 although such 
complexes are transient intermediates in aromatic nucleophilic 
substitutions. Equilibrium formation constants are similar for 
the substrates, but are generally slightly larger for trinitro
benzene.12 In Schemes II and III we show the mono- and dianionic 
complexes 3 and 4 (Scheme II) or 13 and 14 (Scheme III) as being 
formed directly, but the mono- and dianionic complexes are in 
acid-base equilibria, so the kinetics can be fitted equally well by 
direct formation of 3 or 13 or 4 or 14 and subsequent rapid 
interconversion (Schemes II and HI). 

Equilibrium constants (in the forward direction) are generally 
larger for 3,5-dinitrobenzonitrile than for ethyl 3,5-dinitro-
benzoate.16 Equilibrium constants for formation of Meisenheimer 
complexes are sometimes estimated from formation rate constants 
as a function of [OH"] or [OR"] on the assumption that forward 
and reverse reactions are second and first order, respectively. This 
assumption may be reasonable in dilute OH" or OR", but not at 
higher concentrations. The two dinitrobenzonitriles differ 
markedly as regards formation of Meisenheimer complexes (Table 
III), as do ethyl dinitrobenzoates.16 This is expected from 
qualitative considerations of electronic effects26 and MO calcu
lations with AMI parameters that predict that Meisenheimer 
complexes of 1,3,5-derivatives are more stable than those of 
1,2,4-derivatives.7 

The forms of the slower relaxations for reactions of 3,5-di
nitrobenzonitrile change markedly in going from water to 
DMSO-H2O (Figures 1 and 2). Similar solvent effects had been 
seen earlier in reactions of trinitrobenzene and its derivatives with 
OH" and are to be expected for multistep reactions in which 
individual reaction steps have different solvent dependencies.12 

It is difficult to understand such kinetic solvent effects in terms 
of single-step reactions. We did not follow relaxations of 2,4-
dinitrobenzonitrile in water, where very little Meisenheimer 
complex is formed, but variations of T"1 with [OH"] for the slower 
relaxations are similar for both substrates in DMSO-H2O and 
differ markedly from those for relaxations of 3,5-dinitrobenzonitrile 
in water. 

Schemes II and HI for reactions of benzonitriles are similar 
to those postulated for reactions of ethyl dinitrobenzoates,16 but 
there are differences. An /pjo-Meisenheimer complex is an in
termediate in formation of phenoxide ion from 2,4-dinitro-
benzonitrile (Scheme III), and conversion of charge-transfer 
complexes into tetrahedral intermediates of the esters16 is faster 
than conversion of charge-transfer complexes into amides (Table 
I and ref 16). Relative rates of productive collapse of the charge 
transfer complexes are consistent with the low overall reactivities 
of nitriles toward nucleophilic anions. Collapse to Meisenheimer 
complexes is much faster with nitriles than with esters, and 
equilibria are more favorable (ref 16 and Table III). 

Competitive formation of phenoxide ion and amide in the re
action of 2,4-dinitrobenzonitrile with OH" is analogous to for
mation of pyridone and amide in reactions of /Y-alkyl-4-cyano-
pyridinium ions with OH". However, in these reactions there is 
no evidence for common intermediates in the formation of the two 
products.15 

Molecular Orbital Calculations. Our kinetic data are consistent 
with calculations of reaction enthalpies of intermediates in re
actions of OH" with the dinitrobenzonitriles.7 Calculations were 
based on AMI parameters, and in the charge-transfer complexes 
'OH was located 2.2 A above the plane of the phenyl group. The 
prediction was that, without solvent effects, charge-transfer 
complexes would be formed exothermically from the dinitro
benzonitriles and would have lower enthalpies than would the 
related radical anions plus "OH. Conversion of charge-transfer 

complexes into Meisenheimer complexes would be enthalpically 
favorable, and predicted formation enthalpies of Meisenheimer 
complexes agree with experiment.2"6 Formation of the transient 
ipso- Meisenheimer complex of 2,4-dinitrobenzonitrile7 is predicted, 
consistent with formation of 2,4-dinitrophenoxide ion in the re
action with OH". Reaction of 3,5-dinitrobenzonitrile gives no 
phenoxide ion (Scheme II and ref 8) and the z/wo-Meisenheimer 
complex has a predicted higher enthalpy than the 2- and 4-com-
plexes. 

General Conclusions 
Schemes II and HI fit observations of several relaxations in 

the conversion of 2,4- and 3,5-dinitrobenzonitriles into Meisen
heimer complexes and then into final substitution or addition 
products. Trends in rate and equilibrium constants (Table III) 
are similar to those seen in reactions of 1,3,5-trinitrobenzene12 

and ethyl 2,4- and 3,5-dinitrobenzoate16 as are solvent effects upon 
these parameters. 

There is line broadening of 1H NMR signals of unreacted 
nitriles, but all other signals are sharp. We believe that line 
broadening involves interactions of anionic charge-transfer com
plexes with nonionic substrate." Interaction with anionic species, 
e.g., phenoxide ion, Meisenheimer complex, or mesitoate ion 
(Experimental Section), is coulombically unfavorable. The ex
change of arene hydrogen during reaction is strong evidence for 
existence of species not on the classical reaction paths. There is 
no evidence that free radical anions are on the reaction path in 
our conditions, although a free radical anion of 3,5-dinitro
benzonitrile was observed with MeO" in nonaqueous media.6 It 
could form by dissociation of a charge transfer complex, which 
will be favored over formation of Meisenheimer complex or hy
droxy imide (amide), in low polarity, nonaqueous solvents. 

Physical identification of charge-transfer complexes (3, 4 and 
13,14) or their counterparts in other reactions is possible only 
when strongly electron-withdrawing groups are present. Nitro 
groups are particularly effective in this regard because of their 
strong electronic effect, and they bring electronic spectral ab-
sorbances into experimentally convenient regions. Molecular 
orbital calculations predict that polynitroarenes will interact 
strongly with nucleophiles even if no new covalencies form.7,28 

Qualitative descriptions of electronic effects lead to similar con
clusions, particularly as regards formation of Meisenheimer 
complexes. 

If strongly electron-withdrawing groups are absent, species such 
as charge-transfer complexes will probably not be observable. 
However, our general mechanistic description should still be ap
plicable in that a nucleophile transfers a single electron to the 
substrate, and species such as 3, 4, or 13,14 will be steady-state 
intermediates or transition states. This description has been 
applied to a variety of nucleophilic (and electrophilic) reactions29 

and fits correlations between nucleophilicity and ionization or 
oxidation potentials.30 

Many nucleophilic reactions, especially those of organometallic 
compounds in apolar solvents, could be written as two-electron 
transfers, but there is now considerable evidence for single-electron 
transfers.10'29"31 The situation is similar for electrophilic reac-
tions,29c'32 and general models that involve transfer of a single 
electron from a nucleophile to an electrophile appear to fit the 
evidence. 

(28) (a) Politzer, P.; Abrahmsen, L.; Sjoberg, P. / . Am. Chem. Soc. 1984, 
106, 855. (b) Politzer, P.; Laurence, R. P.; Abrahmsen, L.; Zilles, A.; Sjoberg, 
P. Chem. Phys. Lett. 1984, 111, 75. (c) Murray, J. S.; Lane, P.; Politzer, P. 
J. MoI. Struct. (THEOCHEM.) 1990, 209, 163. (d) Dotterer, S. K.; Harris, 
R. L. J. Org. Chem. 1988, 53, 777. 

(29) (a) Pross, A. Ace. Chem. Res, 1985, IS, 212. (b) Shaik, S. S. Acta 
Chem. Scartd. 1990, 44, 205. (c) Kochi, J. K. Ibid. 1990, 44, 409. 

(30) (a) Buncel, E.; Shaik, S. S.; Um, I.-H.; Wolfe, S. J. Am. Chem. Soc. 
1988, 110, 1275. (b) Ritchie, C. D. Ibid. 1983, 105, 7313. 

(31) (a) Ashby, E. C. Ace. Chem. Res. 1988, 21, 414. (b) Kornblum, N. 
Angew. Chem., Int. Ed. Engl. 1975,14, 735. (c) Denney, D. B.; Denney, D. 
Z. Tetrahedron 1991, 47, 6577. 

(32) (a) Perrin, C. L. J. Am. Chem. Soc. 1987, 99, 5516. (b) Ridd, J. H. 
J. Chem. Soc. Rev. 1991, 20, 1451. 
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Experimental Section 
Materials. 3,5-Dinitrobenzonitrile (Aldrich, mp 128-129 "C) and 

3,5-dinitrobenzamide (Lancaster, mp 183-185 0C) were commercial 
samples, 2,4-dinitrobenzonitrile (mp 103-104 "C) was prepared from the 
aniline by a modified Sandmeyer reaction,33 and 2,4-dinitrobenzamide 
(mp 184-186 0C) was prepared from the acid chloride and NH3 in dry 
CHCl3. Samples were recrystallized, and the NMR spectra were fitted 
to the structures. Dimethyl sulfoxide (DMSO) (Aldrich) was freshly 
distilled. 

Kinetics. Rate measurements were made under first-order conditions 
at 25.0 0C with a Durrum stopped-flow spectrophotometer for the faster 
reactions, and with Hewlett-Packard diode array spectrophotometers for 
the slower reactions. First-order rate constants were calculated by using 
nonlinear or log-linear least squares programs. Values of T"1 from 
stopped-flow kinetics were means from three to five runs, and where 
possible more than one wavelength was used (Tables I, II, and IV). 
Wavelengths were chosen so as to allow reasonable changes in absorbance 
in the course of the relaxation and, in some cases, to avoid interference 
by other relaxations. They do not necessarily correspond to absorbance 
maxima, which is not a problem provided that Beer's law and first-order 
kinetics are obeyed. Relaxations that involve interconversions of Meis-
enheimer complexes, e.g., T3 (Tables I and II), give small absorbance 
changes and could not be followed over the whole range of [OH"]. 
Absorbance changes are also small for T1 in dilute OH". For reasons of 
solubility we had to take [KOH] < 1 M for reactions in DMSO-H2O 
followed on the stopped-flow spectrophotometer. Substrate concentra
tions were from 10"5 to 2 x 10"5M for relaxations involving Meisen-
heimer complexes of 1 in DMSO-H2O 1:1 v/v, and we used 10"* M 1 
in water. The concentration of 2,4-dinitrobenzonitrile was 4 X 10"5 M. 
2,4- and 3,5-dinitrobenzamide form Meisenheimer complexes and car-
boxylate ions with OH" in DMSO-H2O, and these reactions interfered 
with measurement of T3"

1 of 11 at high [OH"]. We therefore followed 
this relaxation with [OH"] < 1 M. The problem was less serious for 
reactions of 1. 

NMR Spectra. Spectra were recorded on a GN-500 spectrometer 
(500 MHz). Formation of Meisenheimer complexes was so fast that we 
generally took substrate in excess over OD". We used less aqueous 
solvents than we had used for the kinetic work in order to use relatively 
high [substrate] to avoid excessively long accumulation times. We 
sometimes added mesitoate ion as an inert marker to the reaction solu
tions. 

We had to use long delays (ca. 30 s) in quantitative measurements of 
peak areas for 2,4-dinitrobenzonitrile because the relaxation of H3 is slow 
(T1 = 25.4 ± 1.2 s) relative to H5 and H6 (T1 = 4.70 ± 0.01 s). 
Therefore we measured peak areas in the reaction mixture under con
ditions in which reaction had been stopped, e.g., by addition of DCl. We 
used shorter delay times when we followed NMR signals during reaction 
and simply needed to identify signals by their chemical shifts and cou
pling constants. With a delay time of 1.5 s the peak area of the signal 
of H3 was ca. 50% of the correct value. There was no problem with 
3,5-dinitrobenzonitrile where both 4- and 2,6-hydrogens have similar 
values of T1 (18.4 ± 0.7 s), and delay times were in the usual range of 
1.5 s. We saw unidentified, but relatively weak, signals in the NMR 
spectra of 2,4-dinitrobenzonitrile. Some of the signals appear during 
reaction and could be due to formation of small amounts of 2,4-dinitro-
benzoate ion and Meisenheimer complexes of the amide. 

It is difficult to separate the signals of H4 and H2,6 of 3,5-dinitro
benzonitrile because their chemical shifts are very similar and medium-
dependent. When we dissolved the substrate in DMSO-(Z6-D2O 4:1 v/v 
we saw a doublet at 9.067 ppm, J = 2 Hz and a triplet at 9.009 ppm, 
/ = 2 Hz with areas 2:1. After partial reaction, when KOD was neu
tralized by added DCl, relative positions of the signals changed and were 
centered on 9.005 ppm (t, H4) and 8.992 ppm (d, H2,6) relative to 
(CHD2)CD3SO at 2.490 ppm, measured at 45 0C to improve signal 
separation. Coupling constants did not change (Figure 5). 

The line broadening experiments that probed steric effects and com
pared the behavior of nitrobenzene and p-ferf-butylnitrobenzene were 
carried out in ca. 80 vol % DMSO-d6, and the low solubility of the 
(erf-butyl compound limited its usable concentration. We also had 
planned to use 2,4,6-tri-fert-butylnitrobenzene, but it is too insoluble to 
be useful even in 98 vol % DMSO-d6. 

Kinetic Simulations. Simulations were made with a Hewlett-Packard 
310 microcomputer as described earlier.20 The procedure simultaneously 
minimizes the sum of absolute errors in T"1 for all the relaxations34 and 

(33) Storrie, R. J. Chem. Soc. 1937, 1746. 
(34) Press, W. H.; Flannery, B. P.; Tenkolsky, S. A.; Vetterling, W. T. 

Numerical Recipes. The Art of Scientific Computing; Cambridge University 
Press: Cambridge, 1986. 

is explained in detail in refs 20 and 12 (supplementary material). The 
error of each simulation is the sum of the differences between predicted 
and observed values of T"' divided by the predicted values of T"1 and 
divided by the number of data points (Tables I and II). The values of 
the errors are as follows: for 3,5-dinitrobenzonitrile, 11 and 12% in H2O 
and DMSO-H2O, respectively, and for 2,4-dinitrobenzonitrile, 7%. As 
noted earlier,12,13'16'20 this procedure does not guarantee a uniquely correct 
set of numerical values of individual rate and equilibrium constants, but 
where relaxations can be isolated this treatment agrees with results of 
simpler methods.12'20 For example, variations of T,"1 with OH" (Figure 
1) calculated considering only 1, 2, 3, and 4 (Scheme II) agree with 
values predicted by our complete simulation. This simple test is feasible 
only when relaxations are well separated19'20 and cannot be applied to the 
data in Figure 2. As noted earlier, procedures give equal weight to all 
values of T"1, although the accuracies of measurements are lower in some 
conditions than in others, especially in dilute OH" and for interconversion 
of Meisenheimer complexes where absorbance changes are small, and 
some relaxations were followed over a wider range of [OH"] than others 
(Figures 1, 2, and 4). 

3,5-Dinitrobenzonitrile. The UV-vis spectra of the two Meisenheimer 
complexes were known.2"68 In water we saw four relaxations, but in 
DMSO-H2O we saw an additional relaxation as an increase of absor
bance at 510 nm, intermediate in rate between T2 and T3. It had a very 
low amplitude, and we saw it only with 5 X 10"4M substrate. The other 
relaxations were followed with 10"5 M substrate, so this additional re
laxation made an insignificant contribution to the overall reaction, and 
we do not include it in the simulation. It probably involved a Meisen
heimer complex based on the wavelength, possibly an ipso complex, 
although we saw no phenoxide ion in the final product (cf. ref 8). It also 
might have been a dihydroxy Meisenheimer complex present in low 
concentration. 

2,4-Dinitrobenzonitrile. Relaxations were followed only in DMSO-
H2O 1:1 v/v, and we used 4 X 10"5M substrate because much less 
Meisenheimer complex is formed here than is formed with 3,5-dinitro
benzonitrile. We saw no 3-Meisenheimer complex, although a 3-complex 
is formed in low concentration in the reaction of OH" with 2,4-dinitro-
chlorobenzene.24,25 A fourth reaction, slower than T3 and involving re
actions of 2,4-dinitrobenzamide, was not included in the simulation. 

Reaction Products. Reaction of 2,4-dinitrobenzonitrile with OH" gives 
a mixture of 2,4-dinitrophenoxide ion and amide which is analyzed 
spectrophotometrically from absorbances at 365 and 404 nm, where the 
phenoxide absorbs strongly and amide is transparent. The product com
position was calculated by using extinction coefficients of 2,4-dinitro
phenoxide ion measured under the reaction conditions. Both 2,4- and 
3,5-dinitrobenzamide react with OH" to give the corresponding benzoate 
ions isolated as acids at the end of reaction. 

Both amides form Meisenheimer complexes with OH" in DMSO-H2O 
1:1 v/v, based on absorbances at ca. 500 nm. The signals appear and 
gradually disappear, but to see them we used concentrations higher than 
those used for kinetic studies on the nitriles. We therefore conclude that 
decomposition of the amides is not complicating kinetic studies on the 
nitriles. 

Absorbance Spectra. We used a diode-array spectrometer to confirm 
formation and disappearance of Meisenheimer complexes of 2,4-di
nitrobenzonitrile during overall reactions. Examples of these spectra are 
in Figures Sl and S2 (supplementary material), and they show how 
formation of Meisenheimer complex and 2,4-dinitrophenoxide ion de
pends upon [OH"]. Figure S3 shows the relatively slow buildup of the 
Meisenheimer complex of 2,4-dinitrobenzamide. 

Trapping by a Nitroxide Radical. The effect of nitroxide radical 10 
upon T4"

1, which represents disappearance of 2-Meisenheimer complex 
6 (Scheme II), was followed at 380 and 500 nm in DMSO-H2O 1:1 v/v 
under N2. 
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