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The Effect of Nitro Substitution upon Diphenylmethane Reactivity
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Rate and equilibrium data for the reversible deprotonation of 2,2’,4,4’,6,6’-hexanitro- and 2,2',4,4",6-penta-
nitrodiphenylmethanes (1a and 1b) by hydroxide ion and various carboxylate and phenoxide ions have been
measured in 50% aqueous DMSO at 25 °C. The equilibrium acidities of 1a and 1b (pK,’H) are much higher
than anticipated from the acidifying effect measured for o-nitro substitution in comparing similar data for
2,2’ ,4,4'-tetranitro-, 2,4,4’-trinitro- and 4,4’-dinitrodiphenylmethanes (le¢, 1d, and le, respectively). This result
is attributed to steric factors. These are known to prevent a mutual coplanarity of the two phenyl rings in
diphenylmethyl anions like those deriving from la and 1b (C-1a and C-1b) which possess more than two o-nitro
groups. la and 1b would thus behave as «a-(2,4,6-trinitrophenyl)- and a-(2,4-dinitrophenyl)-substituted 2,4,6-
trinitrotoluenes rather than polynitrodiphenylmethanes, both compounds giving rise to a carbanion which must
be viewed as having a sp*hybridized exocyclic carbon conjugated with only one aromatic picryl ring. The intrinsic
reactivities of la and 1b, as determined from the Bronsted plots for carboxylate and phenoxide ion reactions,
are found to be low and of the same order as those measured for 1¢ and 1d, despite the fact that those latter
compounds give essentially planar carbanions with a highly delocalized negative charge. This suggests that the
lesser contribution of the charge dispersion to the stabilization of C-1a and C-1b is approximately balanced by
an enhanced solvational demand of the nitro groups in the conjugated picryl ring.

Introduction

In connection with our continuing interest in the rela-
tionship between the intrinsic reactivities of carbon acids
and the need for skeleton—electronic-solvational reorgan-
ization in forming strongly resonance stabilized carban-
ions,!2 we have become interested in a kinetic and ther-
modynamic study of the ionization of polynitrodiphenyl-
methanes.>* In a previous investigation, we found that
the reactions of 2,4,4'-trinitrodiphenylmethane (1d) and
2,2’,4,4'-tetranitrodiphenylmethane (lc¢) with a variety of
carboxylate, phenoxide, and amine bases in 50% water-
50% Me,SO exhibit intrinsic energy barriers which are
among the highest so far measured for ionization of carbon
acids.! These results were consistent with planar structures
of the resulting carbanions C-1¢ and C-1d, implying ex-
tensive delocalization of the negative charge over the two
phenyl rings, as shown in resonance structures A-D. The
ionization of 1¢ and 1d was also found to involve strongly
imbalanced transition states, with a negative value of the
imbalance I, as defined by I = 85 — acy where 8z and acy
are, respectively, the Bronsted coefficients for variation
of deprotonation rate with pK,s of base (carboxylate and
phenoxide ions; Bgcoo- = 0.48 for lc and 1d; 85.0- = 0.41
for 1ec and 0.46 for 1d) and pK,s of carbon acid (acy =
0.985 and 0.96 for deprotonation of 1¢ and 1d by formate
and 2-cyanophenoxide ions, respectively).? This suggested
that the negative charge lies preferably on the 4- and/or
4’-nitro groups in C-1¢ and C-1d (resonance structures A
and B), in agreement with the well-known observation that
p-nitro groups are significantly more effective at resonance
stabilization than o-nitro groups.?

Recently, a thorough structural study of the series of o-
and p-nitro-substituted diphenylmethyl carbanions C-la—f
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by NMR and UV-visible spectroscopy has been carried
out.® This study has supported the view that the two
aromatic rings of mono-o-nitro- and di-o-nitro-substituted
diphenylmethyl carbanions are coplanar, or nearly so, thus
confirming that the negative charge can be highly dispersed
over the two phenyl rings in C-1¢ and C-1d. In contrast,
this study showed clearly that no mutual coplanarity of
the two phenyl rings can be achieved in the carbanions
C-1b and C-la of 2,2’ ,4,4’,6-penta- and 2,2’ ,4,4',6,6’-hexa-
nitrodiphenylmethanes (1b and 1a) which have three and
four o-nitro groups, respectively. Hence, the delocalization
of the negative charge in C-1b and C-1a can occur in only
one of the two activated phenyl rings at a given time
(resonance structures E-J).% This behavior, together with
the idea that the accumulation of o-nitro groups in the
precursors might also result in steric hindrance to proton
abstraction by bases, made it of interest to extend our

(6) Simonnin, M. P.; Xie, H. Q.; Terrier, F.; Lelievre, J.; Farrell, P. G.
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kinetic and thermodynamic investigations to the ionization
of la and 1b. In this paper, we report a study of the
reversible deprotonation of 1a and 1b by carboxylate,
phenoxide, and hydroxide ions under similar conditions
to those used for 1¢ and 1d. Comparison of the results for
la and 1b with those for 1¢ and 1d shows both interesting
similarities and differences, the latter being consistent with
our spectroscopic work.®
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Results

Rates and pK,°H values for the reversible deprotonation
of la and 1b were measured in 50% H,0-50% DMSO
(v/v) by monitoring spectrophotometrically the appearance
or disappearance of the absorption of the conjugated
carbanions C-1a and C-1b at or near Ap,,: 575 nm (¢ 19300
L mol™?! cm™) for C-1a; 550 nm (e 26 700 L mol™ em™) for
C-1b. Experiments were carried out using various buffer
solutions made up from carboxylic acids and phenols. Use
of amine buffers was precluded by the high ability of a
2,4,6-trinitro-substituted phenyl ring to undergo fast ad-
dition of the amine reagent at an unsubstituted ring carbon
to form relatively stable s-adducts.>™® Dilute NMe,OH
and HCI solutions were also used. In all cases, the ionic
strength was kept constant at 0.5 M with NMe,Cl. Under
most conditions, the reactions studied can be represented
by eq 1 where BH and B refer to buffer acid and base
species, respectively.

kHO + R OH [OH-] + k B[B]

C-1 (1)

kPP + k HH*] + k BH[BH]

The pK,°H values of 1a and 1b were first determined
from the observed optical density variations at A, of C-1a
and C-1b obtained at equilibrium as a function of pH. The
half-formation of C-1a and C-1b occurred at pH 5.01 and
7. 68 respectlvely These pH, ), values correspond to the
pK,CH values for the 1on1zatlon of laand lbat/ = 0.5 M.

Rates of proton transfer were measured as follows. At
pH < pK,%H, equilibrium 1 was approached from pH-jump
experiments. These were carried out by mixing a freshly
prepared 0.01 M NMe,OH solution of C-1a or C-1b with
carboxylic acid buffers or HCI solutions made up so as to
attain the desired final pH. At pH > pK,CH, the equilib-
rium was approached in the opposite direction by mixing
a neutral solution of 1a or 1b with the appropriate phenol
buffer or NMe,OH solution. In the case of a few carboxylic
acid or phenol solutions, e.g. acetic acid for la and 2-
cyanophenol for 1b, where the equilibrium could be ap-
proached from both reactant and product sides, the rate
data obtained in the two series of experiments for a given
buffer were identical within experimental error. In all
instances, the rates were determined under pseudo-first-
order conditions with a large excess of the buffer, base, and

(7) Crampton, M. R.; Routledge, P. J.; Golding, P. J. Chem. Soc.,
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44, 3189.
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Figure 1. Effect of buffer concentration and pH on the observed
rate constant (k) for the deprotonation of 1a in 50% H,0-50%
DMSO (v/v): BH = CH;COOH, ¢t = 25 °C, I = 0.5 M NMe,CL

acid reagent over the substrate concentration (=3 X 107
M). Under these experimental conditions, the observed
rate constant, kg4, for the approach to equilibrium is given
by eq 2.

kobsd = ka20 + prH[OH—] + kpB[B] + k_szO +
k_H[H*] + k_BH[BH] (2)

The evaluation of the various rate constants of eq 2 was
made as follows. In dilute NMe,OH solutions, eq 2 sim-
plifies to 3 so that £,°H was simply obtained from plots

kobsd =k OH[OH_] + k— H:0 (3)

of Ropeq vs [OH™] which were linear; k,°H = 26000 L mol™
s7! for 1a; k,°H = 675 L mol™ 57! for Ib. However, these
plots showed negligible intercepts and thus we calculated
the k_,H0 values from k%20 = k OHK /K CH where K, is
the autoprotolysns constant of the 50% H,0-50% DMSO
mixture containing 0.5 M NMe,Cl (pK, = 15.83 at 25 °C).3
This afforded: kP = 3.93 x 107 87! for 1a; k1 = 4.78
X 10 s for 1b. In HCI solutlons, eq 2 51mphf1es to 4.
Hence, k_," was obtained from a plot of &g versus [H*]:
k" = 138 L mol™ s for la; k_H = 318 L mol™! 57! for
1b. This allowed the calculation of kB0 from k “20 =
K,CHE_ H k, HO =134 x 1073 ‘lforla,k H0 =6 x 106
'1 for 1b.

kobsd = k—pH[H+] + kagO (4)

The k_,B" and kB values were obtained from kinetic
experiments conducted at three different buffer ratios with
kobsq Deing determined at 6-8 different buffer concentra-
tions at any given pH. In carboxylic acid buffers which
have pK, values in the range 3.71-5.78, eq 2 reduces to 5.

Kobsa = kpH[H*] + k_BH[BH] + kB[B] + E,HC (5)

In the case of 1b (pK,°M = 7.68), the k,B[B] and k,H:0
terms were essentially negligible and the k o1 rate con-
stants were readily determined from the slopes of the ex-
cellent and parallel linear plots of k.4 vs [BH] obtained
at different pH with a given buffer. In the case of la
(pK,CH = 5.01), k10 is negligible but both the & B[B] and
k_BH[BH] terms contnbuted t0 Ropeg- This is 1ﬁustrated
in Flgure 1 which shows that the slopes of the linear plots
of kgeq V8 [BH] were pH dependent in agreement with
rearrangement of eq 5 to 6. The k_,BH and kB values were
thus determined from a standard treatment of the data
obtained at the different buffer ratios. At pH < 4, all
buffer plots according to eq 5 or 6 showed appreciable
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Table I. Rate Constants for the Ionization of 2,4,4’-Trinitro-, 2,2’,4,4’-Tetranitro-, 2,2,4,4’,6-Pentanitro-, and
2,2’ 4,4,6,6’-Hexanitrodiphenylmethanes in 50% H,0-50% DMSO*
1a (pK,°H = 5.01) 1b (pK,CH = 7.68) le (pK,°H = 10.90)> 1d (pK,*H = 12.19)*
buffer (acidic k‘iB' k_,BH, kgB, k_,BH, kgB, k_,BH, k‘iB’ k_,BH,
entry  species BH) pK,BH Mgt Mgt Mgt M1lg1 M1gt M1gt Mgl M1gt
1 H,;0* -1.44 4.87x 138 2.41 x 1077 318 7.92 X 107 17500 5.36 X 10°1° 23000
1078
2 chloroacetic 3.71 1.07 21.4 3.34 X 107 31.2 1.66 X 107* 2575 7.94 X 108 2420
acid
3 2-chlorobenzoic  4.20 5.73 315 1.43 X 102 43.2 8.71 X 10* 4360 417 X 10 4130
acid
4 formic acid 4.45 2.23 7.47 7.70 X 107°  13.1 408 X 10 1160 2.19 X 105 1220
5 methoxyacetic 4.65 2.74 6.18 1.01 X 102 10.8 5.01 X 10™* 884 2.20 X 1075 800
acid
6 benzoic acid 5.13 16.1 10.1 3.57 X 1072 12.7 1.86 X 107 1098 8.51 X 105 986
7 acetic acid 5.78 8.23 1.37 3.45 X 1072 274 1.74 X 107 2275 9.12 x 1075 237
8 2,6-dichloro- 7.40 400 1.63
phenol
9 2-cyanophenol 7.97 665 0.73 2.42 1.22 0.21 180 0.012 202
10 4-cyanophenol 8.45 510 0.19 1.94 0.38 0.17 49.1 0.012 68.1
11 2-bromophenol  9.52 1970 6.1 X 1072 8.36 0.12 1.23 29.4 0.068 31.86
12 4-chlorophenol 10.18 3840 2.6 X 1072 23.4 7.40 X 1072 213 11.13 0.102 10.54
13 phenol 11.21 6400 4.04 x 1078 39.6 1.17 X 1072 6.05 1.62 0.33 3.16
14 4-methoxy- 11.47 9880 3.43 x 1073 73.4 1.19 X 1072 10.87 1.20 0.49 2.59
phenol
15 H,0 17.34 2,60 X 1.43 X 108¢  675¢ 1.73 X 1077¢  46.6¢ 1.98 X 2.15¢ 1.78 X
104d 10—5c 10—5c

¢] = 0.5 M NMe,Cl, t = 25 °C; experimental error in the rate constants: +6% or better; in pK,B" and pK,*®: +0.05 pK unit; in the

calculated rate constants: £15%. ®Data from ref 3. k,5%20/27.6 with k1
calculated from k%HK,/K,°H with pK, = 15.83 (see ref 3).

0 calculated from K,Hk_B. 9k B =k OH ek H0/976 with k_He0

Table II. Rate and Equilibrium Constants for the Reactions 1 + OH™ < C-1 in 50% H,0-50% DMSO at 25 °C

diphenylmethane (no.

of NO, groups)

1a° (6) 1be (5) et (4) 1d® (3) le° (2) 19 (1) 1g° (0)
k,OH, 1 molt st 26000 675 46.6 2.15 0.09 ~0.003 -
k_ B0 g1 3.93 X 1077 4.78 x 1078 5.46 X 10™ 4.91 x 10 0.01 ~50 -
pl%. 5.01 7.68 10.90 12.19 14.94 ~920 ~32
ApK,f 2.67 3.22 1.29 2.75 =5 ~12

This work. ®Reference 3; I = 0.5 M NMe,Cl. Reference 9; no co
¢Reference 12. fApK, = pK,*! - pK,' where i = no. of NO, groups.

intercepts which had values consistent with the k_pH[H*“]
contributions expected from the k_,H values determined
in HCI solutions.

kpBKaBH

kobsd = k_pH[H+] + k_pBH + [H"’]

[BH] (6)

In phenol buffers, which have pK,BH in the range
7.40-11.47, eq 2 reduces to 7. In the case of la, the k_BH
and k_,H0 terms were negligible under all circumstances
and the determination of kB from eq 7 was straightfor-

kobsa = k,OH[OH] + k. B[B] + k_BH[BH] + k_ B0 (7)

ward. A similar situation holds for 1b in buffers of pH >
10. In less basic buffers, the k4 data for 1b were analyzed
in terms of a contribution of both the k B[B] and k_,BH-
[BH] terms. The contribution of the k,OH[OH"] term led
to intercepts which were too small to give reliable infor-
mation up to pH 11 in both systems.

All rate constants for the ionization of la and 1b ac-
cording to eq 1 are summarized in Table I, along with the
corresponding parameters for 1¢c and 1d in 50% H,0-50%
DMSO. For buffers with pK,BH > pK,H (or pK,BH «
pK,°M), the k_BH (or k,B) values indicated were calculated
by means of eq 8.

CH

K,
kpB = k_pBH X B

8

nstant ionic strength. ¢Extrapolated values from data in ref 10.

Discussion

Effect of Nitro Substitution on Equilibrium and
Kinetic Acidities. Kinetic acidities as measured by the
rates of proton abstraction by hydroxide ion (k,°H) and
equilibrium acidities (pK,°?) determined in 50% H,0-
50% DMSO for the hexa- and pentanitrodiphenyl-
methanes (la and 1b) are compared in Table II with
analogous data previously reported for the tetra-, tri- and
dinitro-substituted analogues le, 1d, and le, respectively.
Also given in Table II are the rates of reprotonation of the
corresponding carbanions C-la—-C-le by the solvent
(k_,10) as well as estimated rate and equilibrium param-
eters for 4-nitrodiphenylmethane (1) (pK,CH, k01, k_H:0)
and diphenylmethane 1g (pK,“H). For 1f, the quoted pK,,
k,OH, and k_,H0 values have been extrapolated from
measurements in 90 and 95% DMSO by assuming that the
solvent effect on these parameters is approximately the
same as that observed on the similar parameters for 1le %1
For 1g, the quoted pK, value is that determined in DMSO
since it has been noted that the equilibrium acidities of
nonactivated carbon acids with delocalized conjugate bases
suffer only small variations on transfer from a protic to
a dipolar aprotic solvent.11:12

(9) Chatrousse, A. P.; Terrier, F.; Farrell, P. G.; Fouad, F. M. J. Chem.
Soc., Perkin Trans. 2 1979, 1243.

(10) Farrell, P. G.; Fogel, P.; Chatrousse, A. P.; Lelievre, J.; Terrier,
F. J. Chem. Soc., Perkin Trans. 2 1985, 51.

(11) Streitwieser, A., Jr.; Juaristi, E.; Nebenzahl, L. L. Stud. Org.
Chem. 1980, 5, 323.
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The most striking feature of Table II is not the expected
finding that the equilibrium acidity of 1g increases with
increasing the number of nitro groups but the fact that the
ApK values measuring the acid-strengthening effect of each
additional nitro group are not consistent with common
observations. From previous work, it is known that an
o-nitro group is significantly less effective at resonance
stabilization of negative charge than is a p-nitro group and
that even in the absence of steric hindrance the acidifying
effect of an additional substitution by a similar substituent
is less than that of the previous one because of the so-called
resonance saturation effect.>!3 On these grounds, one
would have anticipated decreases in the ApK values which
become progressively smaller since going from 1g to la
involves two successive p-nitro substitutions followed by
four successive o-nitro substitutions. Contrasting with this
idea, Table II shows normal decreases in the ApK values
only as one proceeds from 1g to le. Going from lc to 1b
and from 1b to la results in much greater enhancements
in the equilibrium acidity than expected.

Interestingly, the breakdown in the ApK pattern occurs
on addition of a third o-nitro group in the diphenyl-
methane moiety, suggesting that its origin is the loss of the
planar arrangement of the two phenyl rings in the penta-
and hexanitro-substituted carbanions C-1b and C-1a. As
demonstrated elsewhere, conjugation of the sp?hybridized
exocyclic carbon of C-1a and C-1b can occur with only one
aromatic ring, the latter being preferentially the picryl ring
in the case of the dissymetric carbanion C-1b.% Accord-
ingly, 1a and 1b should behave as a-(2,4,6-trinitrophenyl)-
and a-(2,4-dinitrophenyl)-substituted 2,4,6-trinitrotoluenes
rather than polynitrodiphenylmethanes.

Because o-complex formation at the unsubstituted 3-
posmon competes strongly with ionization of the methyl
group in basic media, no direct measurement of pK CH has
been reported for 2,4,6-trinitrotoluene (TNT) in 50%
H,0-50% DMSO.514-16 However, a fairly reliable value
of 10.5 can be derived for this pK, by combining data
previously obtained for TNT in MeOH-DMSO mixtures
and the related 2,4-dinitrotoluene (DNT) in both MeOH-
DMSO and H,0-DMSO mixtures and assuming a similar
acidity difference in a given solvent mixture.!” Based on
this value, the increases in acidity caused by a-(2,4,6-tri-
nitrophenyl) and «a-(2,4-dinitrophenyl) substitution of the
methyl group of TNT can be evaluated as being ca. 5.5 and
2.8 pK units, respectively. Such acidifying ~I effects are
certainly large but they could perhaps be anticipated since
even negatively charged 2,4,6-trinitrocyclohexadienate and
2,4-dinitrocyclohexadienate moieties of type 2 and 3 have

N02 NO2

been found to exert a significant electron-withdrawing
effect, increasing the acidity of AH-type acids by about
2.5 and 0.70 pK units, respectively.!® It is interesting,
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Figure 2. Statistically corrected Brensted plots for the depro-
tonation of 1a and 1b by various carboxylate and phenoxide ions
in 50% H,0-50% DMSO (v/v); t = 25 °C, I = 0.5 M NMe,Cl.
The numbering of the catalysts is indicated in Table I.

however, that the 2,4,6-trinitrophenyl and 2,4-dinitro-
phenyl substituents are considerably less acidifying when
they do not lead to resonance stabilization of the carbanion
than when they are involved in such resonance stabiliza-
tion. Changes in pK, values for ionization of the methyl
group caused by introduction of p- and o-nitro groups to
toluene are illustrative in this regard: toluene (pK, ~ 42)
< 4-nitrotoluene (pK, ~ 23) < 2,4-dinitrotoluene (pK, =
15) < 2,4,6-trinitrotoluene (pK, ~ 10.5).171920 (Clearly,
we have here a very effective resonance stabilization of the
resulting carbanions by the corresponding nitrophenyl
moieties while at the same time we see the influence of the
saturation effect previously noted on going from 1g to lc.
To be noted is that 1a and 1b are among the strongest
benzylic-type carbon acids known to date. In particular,
both 1a and 1b are more acidic than phenylnitromethane
or 2,4-dinitrophenylacetonitrile 4 and 5 which bear acti-
vating groups directly attached to the acidic site: pK,* =
7.93 and pK,’ = 8.06 in 50% H,0-50% DMSO0.?

CHyNO, CHLCN
X

w Z
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(S ad
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The increases in the equilibrium acidity brought about
by the successive introduction of the p- and o-nitro groups
in 1g are in part the result of regular increases in the rate
constant k,%H. Notwithstanding possible changes in
transmon-state structures for reactions occurrmg over a
large pK range (vide infra), the regular increase in &, OH
suggests that the accumulation of o-nitro groups in the two
phenyl rings of 1g causes no appremable steric hindrance
to proton abstraction by hydrox1de ion. On the other hand,
it is worth noting that it is the changes in k_ Hzo which
govern the changes in the ApK’s, consistent w1th the idea

(12) Bordwell, F. G. Pure Appl. Chem. 1977, 49, 963.

(13) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; McCollum, G. J.;
Van der Puy, M.; Vanier, N. R.; Matthews, W. S. J. Org. Chem. 1977, 42,
321.

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

(15) Brooke, D. N.; Crampton, M. R.; Golding, P.; Hayes, G. R. J.
Chem. Soc., Perkin Trans. 2 1981, 526.

(16) Brooke, D. N.; Crampton, M. R. J. Chem. Res. 1980, (S) 340, (M)
4401.

(17) (a) Lelievre, J.; Farrell, P. G.; Terrier, F. J. Chem. Soc., Perkin
Trans. 2 1986, 333. (b) Fogel, P.; Farrell, P. G.; Lelievre, J.; Chatrousse,
A. P.; Terrier, F. Ibid. 1985, 711.

(18) (a) Bernasconi, C. F.; Gehriger, C. L. J. Am. Chem. Soc. 1974, 96,
1092. (b) Bernasconi, C. F.; Terrier, F. Ibid. 1975, 97, 7458. (c) Ber-
nasconi, C. F. Gehriger, C. L.; de Rossi, R. H. Ibid. 1976, 98, 8451.

(19) Bordwell, F. G.; Algrim, D.; Vanier, N. R. J. Org. Chem. 1977, 42,
1817.

(20) The quoted pK, values refer to DMSO for toluene and 4-nitro-
toluene but to 50:50 (v/v) HyO-DMSO for 2,4-dinitrotoluene and 2,4,6-
trinitrotoluene. However, a possnble solvent effect is not expected to
affect significantly our reasoning.

(21) (a) Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S.; Ni, J. X. J.
Org. Chem. 1988, 53, 3342. (b) Bernasconi, C. F.; Hibdon, S. A. J. Am.
Chem. Soc. 1988, 105, 4343,
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Table II1. Bg (agg) Values and Intrinsic Rate Constants for the Ionization of la-d in 50% H,0-50% DMSO at 25 °C

la 1b 1c 1d
base B aBH log kg B aBH log kq Bp aBH log kg B8 oBH log &y
ArO- 0.35 0.65 1.75 0.42 0.58 0.23 0.41 0.59 0.50 0.46 0.54 0.00
ArCOO- 0.48 0.52 0.96 0.43 0.57 -0.52 0.48 0.52 -0.50 0.48 0.52 -0.80
RCOO- 0.43 0.57 0.41 0.48 0.52 ~0.68 0.48 0.52 -0.60 0.48 0.52 -1.10

that rates of carbanion reprotonation are primarily de-
pendent upon the extent of resonance stabilization. The
strong decrease in k_,#20 observed on going from the tet-
ranitro to the pentanitro system indicates that loss of
concomitant charge delocalization over both phenyl rings
in C-1b is overcompensated by the greater anion stabilizing
effect of a conjugated 2,4,6-trinitrophenyl ring as compared
with a 2,4-dinitrophenyl ring.

Bronsted Plots. Figure 2 shows Bronsted plots for the
deprotonation of 1a and 1b by carboxylate and phenoxide
ions in 50% H,0-50% DMSO. As can be seen, each
family of buffers defines its own Bronsted plots. For a
given ApK + log (p/q) value, the relative reactivity order
is aryl oxide (ArQO~) ions > benzoate (ArCOO") ions >
aliphatic carboxylate (RCOQ") ions, consistent with results
obtained for the ionization of lc and 1d.? Interestingly,
the difference in the catalytic efficiencies of ArO~ and
RCOO" ions does not show major variations on going from
the trinitro-substituted diphenylmethane 1d to the hexa-
nitro-substituted diphenylmethane la. This suggests that
steric effects do not really play a major role in governing
the proton-transfer rates of eq 1.

Other noteworthy observations are the following: (1)
The Brensted 8g values for carboxylate and phenoxide ions
tend to decrease on going from 1d (8pRCO0" = 0.48; AT
= 0.46) to la (BgRCO0" = (.43; 8xA0" = 0.35), i.e. on going
from the less to the more thermodynamically favored re-
action (Table III). This trend is consistent with the re-
activity—selectivity principle.?2 (2) The points for OH" (not
shown) deviate negatively from all Bronsted lines drawn
in Figure 2. For example, the deviations for the la and
1b systems are of 1.38 and 1.22 log units, respectively, from
the plots defined by the aliphatic carboxylate ions. Such
values are typical for the reduced reactivity of the strongly
solvated hydroxide ion in the ionization of carbon
acids.?2=2¢ (3) A slight but real negative deviation of the
point for p-cyanophenoxide ion is found in the aryl oxide
Bronsted plots of Figure 2. This deviation is reminiscent
of that observed in the study of other carbon acids, e.g.
1c and 14, or in reactions such as nucleophilic additions
to carbonyl centers.?? We will come back to this point
later in our discussion.

Intrinsic Reactivities. Intrinsic rate constants (in the
Marcus sense) for 1a and 1b, obtained from Bronsted plots
as k, = k,®/q when ApK + log (p/q) = 0 are given in Table
III, together with those for le and 1d.> The intrinsic
reactivities of 1la~d are all remarkably low compared with
those reported for a number of carbon acids in the same
solvent mixture.1922¢2427 Using the log k, values for ion-
ization by RCOO~ ions as the reference, it appears in
particular that the intrinsic reactivities of 1la-d are 2-4
orders of magnitude lower than those of the nitro-

(22) (a) Pross, A. Adv. Phys. Org. Chem. 1977, 14, 69. (b) Giese, B.
Angew. Chem., Int. Ed. Engl. 1977, 16, 125. (c) Bernasconi, C. F.; Bun-
nell, R. D. Isr. J. Chem. 1985, 26, 420.

(23) Kresge, A. J. Chem. Soc. Rev. 1973, 2, 475.

(24) Bernasconi, C. F.; Paschalis, P. J. Am. Chem. Soc. 1986, 108, 2969.

(25) Terrier, F.; Degorre, F.; Kiffer, D., unpublished results.

(26) (a) Marcus, R. A. J. Phys. Chem. 1968, 72, 891. (b) Cohen, A. O.;
Marcus, R. A. Ibid. 1968, 72, 4249.

(27) Bernasconi, C. F.; Terrier, F. J. Am. Chem. Soc. 1987, 109, 7115,
Bernasconi, C. F.; Bunnell, R. D.; Terrier, F. Ibid. 1988, 110, 6514.

phenylacetonitriles 5a and 5b: log k% = 2.70; log &, =
3.70.21b,28

Since steric effects apparently do not govern the ioni-
zation of la-1d to a notable extent (vide supra), there is
little doubt that the low intrinsic reactivities of 1a—d must
largely reflect the need for a high structural-electronic—
solvational reorganization in forming the sp?-hybridized
carbanions C-1a—C-1d. In fact, the results can be readily
understood in terms of the Principle of Nonperfect Syn-
chronization (PNS) formulated by Bernasconi.? According
to this principle, the intrinsic rate constant, of a reaction
k, decreases if a product stabilizing factor, e.g. resonance
and solvation, develops late but increases if this factor
develops early along the reaction coordinate.? By the same
reasoning, a reactant stabilizing factor will decrease &, if
it is lost early but will increase k, if it is lost late.? For the
deprotonation of a carbon acid, it is well recognized that
essential factors governing the stabilization of a resulting
sp?-hybridized carbanion are resonance and solvation
which both lag behind the proton transfer.1e22%3 Low
intrinsic reactivities therefore imply extensive structural
and solvational reorganization for strongly resonance sta-
bilized carbanions.?

In the case of C-1¢ and C-1d which have two coplanar
phenyl rings or almost so, the resonance structures A-D
show that extensive delocalization of the negative charge
can occur. This implies considerable bond-length changes
as well as an appreciable solvational demand from the nitro
groups where a large fraction of the negative charge must
ultimately reside. In contrast, charge delocalization may
be formally viewed as if it is restricted to one picryl ring
in both the penta- and hexanitro carbanions C-1b and C-1a
(resonance structures E-G, vide supra).?” This implies
a reduction in the contribution of the overall bond-length
changes to the reorganization but the lesser charge dis-
persion combined with the especially high capacity of a
trinitro-substituted phenyl ring to delocalize charge must
increase the electron density on each of the nitro groups
in.the conjugated ring relative to that in C-1¢ and C-1d.
Hence, it seems reasonable to expect an enhanced solva-
tional demand for C-la and C-1b as compared with C-lc¢
and C-1d. This effect may compensate for the loss in
charge dispersion, accounting for the observation that the
intrinsic reactivities of 1a and 1b remain more comparable
to those of 1¢ and 1d than to those of 5a and 5b. Because

(28) The k,RC90" value for 4b is considered to be the same as that
found with piperidine and morpholine by analogy with 4a.

(29) Bordwell, F. G.; Boyle, W. J. J. Am. Chem. Soc. 1972, 94, 3907.

(30) Kresge, A. J. Can. J. Chem. 1975, 52, 1897.

(31) Jencks, D. A.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 7948.

(32) Bell, R. P.; Grainger, S. J. Chem. Soc., Perkin Trans. 2 1976, 1367.

(33) Pross, A.; Shaik, S. S. J. Am. Chem. Soc. 1982, 104, 1129.

(34) Kresge, A. J. In Proton Transfer Reactions; Gold, V., Caldin, E.
F., Eds.; Chapman and Hall: London, 1975; pp 188-194.

(35) (a) Bordwell, F. G.; Bartmess, J. E.; Hautala, J. A. J. Org. Chem.
1978, 43, 3107, 3113. (b) Bordwell, F. G.; Hautala, J. A. Ibid. 1978, 43,
3116.

(36) Bunting, J. W.; Stefanidis, D. J. Am. Chem. Soc. 1988, 110, 4008.

(37) Assuming rapid electronic rearrangement between the two non-
coplanar aromatic rings, one could also view the symmetric carbanion
C-1a as being an anion which possesses two independent picryl rings, each
delocalizing half of the negative charge. Thus, bond-length changes would
be greater than anticipated in the situation where the delocalization is
restricted to one picryl ring but the effect would be partially offset by
reduced solvation.
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of the presence of the activating cyano group upon the
exocyclic carbon, these latter compounds give carbanions
C-5a and C-5b, respectively, with a negative charge which
is only partially delocalized in the nitrosubstituted phenyl
ring.2® This leads to reduced reorganization upon ioni-
zation of 5a and 5b, which manifests itself in higher in-
trinsic reactivities than those for la-d.

e
CHCN CH:C:@I CHCN CHCN
X X X x®©
R A —C D —
2 NO, NOSD NO2
C-5a X=NO,
C-5sb XzH

While they are all typical for formation of strongly
resonance stabilized carbanions, the log &, values show
interesting variations within the 1a—d series. First, we note
that k&, for 1d is lower than for lc by about 0.5 log unit.
One can think of two possible reasons for this difference,
the first being that the mutual coplanarity of the two
phenyl rings is not so complete in C-1c¢ as in C-1d, thereby
resulting in somewhat reduced conjugation in the former
carbanion.® A more satisfactory way to explain the en-
hanced &, value for lc relates, however, to the demon-
stration by Bernasconi that an increase in k&, for a carbon
acid has to be expected when a substituent effect causes
a disproportionately large variation on the rate (k,B)
compared to the equilibrium constant. 221b Ag can be seen
in Table II, the effect of addmg a second o-nitro group to
1d to form le causes similar increases in both the rate
constant for groton abstraction (k B) and the equilibrium
acidity (pK,“H). This implies that this nitro group sta-
bilizes the developing negative charge (which in the tran-
sition state is mainly localized on carbon) to about the
same extent as it contributes to the stabilization of the
carbanion. This results in a large acy value (vide infra)
and an increased k, value which reflects the fact that a
product stabilizing factor has developed early in the
transition state.2?!02

Going from lc to 1b leaves &, essentially unaffected
apart from a small decrease with the phenoxide bases.
This suggests that there is an approximate balance be-
tween the decrease in charge dispersion due to loss of
coplanarity in C-1b and the enhanced solvational demand
of the nitro groups in the conjugated picryl ring of this
carbanion (resonance structures E <> F < G). On the
other hand, there is a ca. 12-fold increase in &, on going
from 1b to 1a, these give structurally related carbanions,
and this clearly calls for a nonsteric explanation. We note
that the acidifying effect resulting from the addition of the
fourth o-nitro group derives largely from an increase in the
ky B values (Table I)—a situation which is reminiscent of
that encountered in comparing 1d to le. This shows that
there is a factor in 1a which is nearly as effective in sta-
bilizing the developing negative charge at the carbon atom
in the transition state as in stabilizing the carbanion C-1a
itself. Viewing la and 1b as a-(2,4,6-trinitrophenyl)- and
a-(2,4-dinitrophenyl)-2,4,6-trinitrotoluenes, we believe that
this factor is probably the greater —I effect exerted by a
picryl ring as compared with a 2,4-dinitrophenyl ring.
While this greater electronic effect has no reason to operate
very differently in the transition state and the carbanion,
it enhances k, as found in comparing the pair 1c-1d.2

A common manifestation of imbalance in the transition
states for ionization of carbon acids giving rise to strongly
stabilized carbanions is that the Brensted acy value ob-
tained by varying the pK,®H of the carbon acid is different
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from the 8y value obtained by varying pK,BH.2? Here, we
can only obtain an order of magnitude for acy pertaining
to each of the pairs 1a-1b and le-1d from the ratios A log
k.B/ApK,H. For acetic acid as the reference catalyst, we
thus calculate acy = 0.89 and 0.99 for the pair 1la-1b and
the pair 1¢-1d, respectively. Measuring the extent of the
imbalance as I = g — acy,>¥?1 then negative values equal
to —0.43% and —0.51, respectively, can be calculated. Such
values are indeed typical for systems in which there is a
considerable lag in structural-electronic-solvational re-
organization behind proton transfer in the transition state.?

As a result of the observed differences in the Bronsted
plots of Figure 2, greater intrinsic reactivities are obtained
for ionization of 1la—d by phenoxide than carboxylate ions.
This trend can be largely understood in terms of the de-
solvation of these ions which must develop early along the
reaction coordinate of reactions (1).22%2¢ As pointed out
previously, this requirement which is observed in other
nucleophilic reactions, e.g. nucleophilic additions to car-
bonyl groups,®®*2 leads to a depressing effect on the in-
trinsic reactivity which is proportional to the energetic cost
of the desolvation.?3® Because of the greater possibility
of delocalization of its negative charge, an ArO~ ion has
a lower hydrogen-bond solvation than a RCOO™ ion of
similar basicity, and thus the &, values are higher for the
ionization of la-d by phenoxide than by carboxylate ions.
In agreement with this view, it has been found that RCOO~
and ArO~ ions exhibit more comparable behavior when the
ionization of carbon acids is studied in solvents in which
hydrogen-bonding solvation is decreased compared to
aqueous solutions, e.g. methanol.443

That the observed rate constants for deprotonation of
la-d by p-cyanophenoxide ion show definite negative
deviations from the Bronsted plots defined by other
phenoxide ions in 50% H,0-50% DMSO (see Figure 2)
may also be a reflection of a solvation effect. Bordwell and
Taft have pointed out that m-acceptor substituents such
as p-CN or p-NO, have an appreciable hydrogen-bonding
solvation.** This would make the prior desolvation of
the p-cyanophenoxide ion energetically more expensive
than it would be if there were no charge delocalization onto
the N atom, i.e. the cyano group exhibited only a polar
effect. This phenomenon has been called a substituent-
solvation-assisted-resonance effect,** but it can also be
considgred as a PNS effect modifying the polar substituent
effect.

Experimental Section
Materials. All nitrodiphenylmethanes studied were synthe-
tized according to standard procedures: 2,2',4,4’,6,6’-hexanitro-
diphenylmethane, mp 231 °C (lit.*” mp 232 °C); 2,24,4’,6-
pentanitrodiphenylmethane, mp 209-211 °C (lit.4” mp 208-210
°C); 2,2’ ,4,4’-tetranitrodiphenylmethane, mp 179 °C (lit.*8 mp 182
°C); 2,4,4'-trinitrodiphenylmethane, mp 111 °C (lit.** mp 110~111

(38) Value calculated by using an average g value for la and 1b.

(39) Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, C.; Naka-
mura, C. J. Am. Chem. Soc. 1982, 104, 7045.

(40) Hupe, D.; Wu, D. J. Am. Chem. Soc. 1977, 99, 7653.

(41) Hupe, D.; Wu, D.; Shepperd, P. J. Am. Chem. Soc. 1977, 99, 7659.

(42) Terrier, F.; Degorre, F.; Kiffer, D.; Laloi, M. Bull. Soc. Chim. Fr.
1988, 415.

(43) Terrier, F.; Chatrousse, A. P.; Kizilian, E.; Ignatev, N. V.; Yagu-
polskii, L. M. Bull. Soc. Chim. Fr, 1989, 627.

(44) Fujio, M.; Mclver, P. I; Taft, R. W J. Am. Chem, Soc. 1981, 103,
401

(45) Mishima, M.; Mclver, R. L; Taft, R. W.; Bordwell, F. G.; Olm-
stead, W. N. J. Am. 'Chem. Soc. 1984 106 2717

(46) Bordwell, F. G.; Algrim, D. J. J. Am. Chem. Soc. 1988, 110, 2964.

(47) Shipp, K. G.; Kaplan, L. A.; Sitzmann, M. E. J. Org. Chem. 1972,
37, 1966.

(48) Parkes, D. G.; Morley, R. H. H. J. Chem. Soc. 1936, 1478.

(49) Bluhm, A. L.; Sousa, J. A.; Weinstein, J. J. Org. Chem. 1964, 29,
636.
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°C); 4,4’-dinitrodiphenylmethane, mp 181 °C (lit.%* mp 181-182
°C); 4-nitrodiphenylmethane, mp 32 °C (1it.5% mp 29-32 °C).
Solvents were purified and solutions made up as described pre-
viously.® Buffers were purified commercial products.

(50) Bowden, K.; Stewart, R. Tetrahedron 1965, 21, 261,

(51) Russell, G. A.; Moye, A. J.; Janzen, E. G.; Mak, S.; Talaty, E. R,
J. Org. Chem, 1967, 32, 137.

(52) Robinson, G. E.; Thomas, C. B.; Vernon, J. M. J. Chem. Soc. B
1971, 1273.

Measurements. Kinetic studies were made using a Durrum
stopped-flow spectrophotometer, with a thermostatted cell com-
partment (25 + 0.2 °C). Some slow kinetic measurements were
made using a Shimadzu UV-160 spectrophotometer. pH deter-
minations in water-DMSO mixtures containing 0.5 M NMe,Cl
were carried out at 25 °C using the same procedure as that
previously described.® A Tacussel Isis 20000 electronic pH meter
was used for this purpose.

Registry No. 1a, 32255-27-9; 1b, 32255-28-0; C-1a, 126083-71-4;
C-1b, 126083-72-5.
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The nitration of fluoranthene with nitrogen dioxide can occur by two distinctive reaction pathways. These
paths can be distinguished by product analysis, since fluoranthene is a nonalternant hydrocarbon. Free-radical
nitration and electrophilic nitration give different products. In solvents with dielectric constants lower than
that of CH,Cl, and in the absence of acid catalysis, the exclusive reaction pathway is homolytic in nature. The
products of the homolytic reaction pathway can be interpreted as arising via a multiple-step addition—elimination
mechanism and are notable for the formation of 2-nitrofluoranthene (the major product in CCl, but absent under
electrophilic nitration conditions) and the unusually large amounts of the expected 1,2-dinitrofluoranthene and
1,3-dinitrofluoranthene. The ionic reaction pathway is subject to both Lewis and Bronsted acid catalysis, particularly
in CH,Cl,, and is inhibited by nonnucleophilic bases like 2,6-di-tert-butylpyridine. At temperatures lower than
25 °C, the ionic reaction pathway predominates, even in CCl,. 2-Nitrofluoranthene is a marker for the free-radical
nitration of fluoranthene, and its presence in polluted tropospheric air suggests that free-radical nitration by

NO, may occur under atmospheric conditions.

The reactions of polycyclic aromatic hydrocarbons
(PAH) with nitrating agents have received much attention
recently due to the potential for the formation of nitro-
PAH in urban atmospheres®® and the mutagenic and/or
carcinogenic properties of many of these compounds.?’
Nitro-PAH are thought to arise from a variety of human
activities including fossil fuel combustion and biomass
burning. However, certain nitro-PAH that cannot be ex-
plained in terms of the conventional nitration mechanism
have been identified in airborne particulate matter.4®® For
example, 2-nitrofluoranthene (2NF), despite being the
most abundant and ubiquitous nitro-PAH pollutant,%°
has not been observed in combustion emissions.? It also
did not appear to be produced under various nitration

(1) Department of Chemistry, Louisiana State University.

(2) Pitts, J. N, Jr.; Sweetman, J. A.; Zielinska, B.; Atkinson, Roger;
Winer, A. M.; Harger, W. P. Environ. Sci. Technol. 1985, 19, 1115-1121.

(3) Paputta-Peck, M. C.; Marano, R. S.; Schuetzle, D.; Riley, T. L,;
Hampton, C. V.; Prater, T. J.; Skewes, L. M.; Jensen, T. E.; Ruehle, P.
H.; Bosch, L. C.; Duncan, W. P. Anal. Chem. 19883, 55, 1946-1954.

(4) Ramdahl, T.; Zielinska, B.; Arey, J.; Atkinson, R.; Winer, A. M,;
Pitts, J. N., Jr. Nature (London) 1986, 321, 425-427.

(5) MacCrehan, W. A,; May, W. E,; Yang, S. D.; Benner, B. A,, Jr.
Anal. Chem. 1988, 60, 194-199,
2 (6%2Tokiwa, H.; Nakagawa, R.; Ohnishi, Y. Mutat. Res. 1981, 91,

1-325.

(7) Rosenkranz, H. S.; Mermelstein, R. Mutat., Res. 1983, 114,
217-2617.

(8) Pitts, J. N., Jr.; Sweetman, J. A.; Zielinska, B.; Winer, A. M,;
Atkinson, R. Atm., Environ. 1985, 19, 1601-1608.

(9) Arey, J.; Zielinska, B.; Atkinson, R.; Winer, A. M. Atm., Environ.
1987, 21, 1437-1444.
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conditions;'%!! however, recently 2NF has been identified
as a product under homolytic nitration conditions,'2"%5 and
it was proposed that 2NF arises from radical reactions in
polluted tropospheric ambient air.489%13.14

Despite the numerous works devoted to nitration of
PAH, reports on the reaction of PAH with NO,/N,0, are
often controversial, and mechanisms involving electron-
transfer, radical, or electrophilic substitution have been
proposed.’® We have recently reported on the radical
nitration of fluoranthene, 1, with NO,/N,0, in CCl,1* We
proposed the use of 1 as a mechanistic probe for distin-
guishing between radical and electrophilic nitration be-
cause, being a nonalternant hydrocarbon, it gives a
markedly different product distribution according to the
type of reaction mechanism. Thus, the positional reactivity
found with nitronium ion mediated nitration follows the
order 3> 8> 7 > 1> 2, in agreement with the theoretical
calculations involving an intermediate ¢-complex that

(10) Radner, F. Acta Chem. Scand. B 1983, 37, 65-67.

(11) Streitweiser, A., Jr.; Fahey, R. C. J. Org. Chem. 1962, 27,
2352-2355.
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Pitts, J. N., Jr. J. Am. Chem. Soc. 1986, 108, 4126-4132.
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