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Steric Effects on the Intrinsic Reactivity of Nitrotriphenylmethanes
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Rate constants (kB, kBY) for the reversible deprotonation of (2,2’,2”,4,4,4"-hexanitrotriphenyl),
(2,2',4,4' 4"-pentanitrotriphenyl), (2,4,4’,4"-tetranitrotriphenyl), and (4,4’,4”-trinitrotriphenyl)methanes (1a-d)
by primary aliphatic amines and piperidine and morpholine as well as by phenoxide anions and hydroxide anion
have been measured in 50% H,0-50% Me,SO and 20% H,0-80% Me,SO at 25 °C. Addition of a first ortho-nitro
group to 1d to form lc increases markedly the thermodynamic acidity (ApK = 3.88 in 80% Me,SO); concomitantly,
there is a relatively modest increase in the kinetic acidity (k,‘,’“) but a large decrease in the rate of carbanion
reprotonation by the solvent (k‘_‘,;°). This result is consistent with a preferential stabilization of the
(2,4,4',4”-tetranitrophenyl)methyl carbanion (C-2¢) by the 2,4-dinitrophenyl ring. Contrasting with this behavior,
the introduction of the second and third o-nitro groups has the effect to further enhance the thermodynamic
acidity, while decreasir;glboth the kB and kB! values to an unexpected extent. It is suggested that the anomalous
variations of k? and k> on going From 1c to 1b to la are the reflection of the unfavorable steric interactions
which arise from the accumulation of o-nitro groups in the triphenylmethane system. There are two other
remarkable manifestations of these steric effects: the first is the finding of extremely low intrinsic reactivities
for 1b and 1a; the log k, value for 1a is among the lowest reported values for the ionization of a carbon acid;
the second is the observation of a reversal in the order of catalytic efficiency of the amine catalysts. While primary
amines are normally less reactive than secondary amines in the ionization of 1d and 1e¢, they become markedly
more reactive in the ionization of 1b and 1a. Steric effects are also suggested to be responsible for the finding

of an abnormal dependence of the Sy values upon the solvent composition.

Introduction

We have recently reported a study of the ionization of
the series of (polynitrotriphenyl)methanes 1a-f according
to eq 1 in various H,0-Me,SO solutions.! While the
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thermodynamic acidity of the exocyclic CH group, as
measured by the equilibrium constants K, increases reg-
ularly on successive addition of the three p-nitro groups
and then of the three o-nitro groups onto the phenyl rings
of the unsubstituted derivative 1g, the kinetic acidity, as
measured by the rate of deprotonation by hydroxide ion,
does not exhibit similar behavior. This rate constant (ko)
increases, as expected, on going from the mononitro- () 1f)
to the tetranitro-substituted (1¢) derivative but it does not
suffer any appreciable variation on going from lc¢ to the
pentanitro compound 1b and it falls drastically on going
from 1b to the hexanitro derivative 1a. This result, to-
gether with the finding of an abnormally low kB rate
constant for reprotonation of the carbanion C-1a by the
solvent was taken as evidence for a remarkable effect of
steric hindrance to approach of hydroxide ion at the exo-
cyclic carbon of 1a and of water at the exocyclic carbon
of the hexanitrotriphenylmethyl carbanion C-1a.!
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To obtain more information on the role of steric effects
in this particular series of carbon acids—the carbanion of
the unsubstituted triphenylmethane is known to be non-
planar with a propeller arrangement of the three phenyl
rings around an essentially sp? exocyclic carbon?*—we
have extended our kinetic measurements to the ionization
of 1a-1d by various phenoxide and primary and secondary
amine reagents in 50% H,0-50% Me,SO and 20% H,0-
80% Me,SO (v/v). In the following text, we show that the
increased steric demand of these catalysts results in some
remarkable inversions of reactivity. Also of interest is the
finding of especially low intrinsic reactivities for 1a-1d.5€

Results
Rates for the reversible deprotonation of la~1d ac-
cording to the general equation (2) were measured at 25
°C in 50% H,0-50% Me,S0O and 20% H,0-80% Me,SO,
using buffer solutions which were made up from the var-
ious amine and phenol reagents studied. Dilute NMe,OH
kY + KB{B] +kOH[OH-] @

RE(H*] +kBH[BH] + kHP i
(K

kopsd = kEO + KQH[OH-] + B[B] + kH:0 + RE[H*] +
KBH[BH] (3)

and HCI solutions were also used. In all cases, the ionic
strength was kept constant at I = 0.50 M with NMe,Cl,
and the rates were determined under pseudo-first-order
conditions with a large excess of the buffer, base, or acid
reagent over the substrate concentration (3 X 105 M).
Under these experimental conditions, the observed rate

(1) Terrier, F.; Xie, H. Q.; Lelievre, J.; Boubaker, T.; Farrell, P. G. J.
Chem. Soc., Perkin Trans. 2 1990, 18399.

(2) Brooks, J. F.; Stucky, G. D. J. Am. Chem. Soc. 1972, 94, 7333.

(3) Clegg, W.; Lockhart, J. C. J. Chem. Soc., Perkin Trans. 2 1987,
1621

(4) Browne, S. E.; Asher, S. E.; Cornwall, E. H.; Frisoli, J. K.; Harris,
1. J.; Salot, E. A.; Sauter, E. A.; Trecoske, M. A.; Vealer, P. S. J. Am.
Chem. Soc. 1984, 106, 1432.

(5) (a) Bernasconi, C. F. Adv. Phys. Org. Chem. 1991, 27, 119; (b) Acc.
Chem. Res. 1987, 20, 301; (¢) Pure Appl. Chem. 1982, 54, 2335.

(6) (a) Marcus, R. A. J. Phys. Chem. 1968, 72, 891. (b) Cohen, A. O,;
Marcus, R. A. Ibid. 1968, 72, 4249,
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Table 1. Rate Constants for the Ionization of (2,2,2”,4,4',4’-Hexanitrotriphenyl)-, (2,2,4,4',4”-Pentanitrotriphenyl)-, and
(2,4,4',4”-Tetranitrotriphenyl)methanes in 50% H,0-50% Me,SO°

la (pKSH = 8.25)

1b (pKSH = 9.11) le (pKCH = 10.86)

buffer (basic species) pKz"  kE M's!  REH Mgl kB Mgt REH M1 g-1 RE Mgt KB M s
1. H,0 -144 825 x10° 405 1.70 X 108% 606 4.05 X 10°% 8100
2. aminoacetonitrile 526 9.20 X 10%¢  9.30 x 1072 4.66 X 107*¢ 3.3 1.05 X 10™¢ 42
3. glycine ethyl ester 7.24  8.40 % 107 6.76 % 107 5.12 X 107%¢ 0.38 1.70 x 10-3¢ 7.1
4. glycinamide 801 1.75%x10% 3.21 x 1078 0.026 0.225 3.10 X 1073 2.2
5. allylamine 9.08 4.29 x 107 5.90 X 10 1.59 X 1072¢ 0.96
6. 2-methoxyethylamine  9.11  4.47 X 107 6.30 X 10™ 3.9 x 1072 4.5 x 1072 1.62 X 1072¢ 0.91
7. n-butylamine 999 1.21 %1072 2.20 X 107*¢ 0.147 1.93 X 1072 4x10* 0.26
8. morpholine 8.23 2.65 x 107 2.85 X 10™* 6 x 1078 41 x 10 5.11 % 1078¢ 2.18
9. piperidine 1038  5.28 x 108 3.91 x 10°%¢ 7.8 X 1072 4.2 X 1073%¢ 0.15 0.36
10. OH- 17.27 238 2.26 x 1084 118 8.14 X 10774 122 4.73 X 10784

a] = 0.5 M NMe,Cl, ¢ = 25 °C; experimental error in the rate constants £4% or better; in pKEH and pXSH £0.05 pK unit; in the calculated
rate constants <10%. °kH70/27.6 with kH2 calculated from KSH kX, ¢Calculated from &BH or k5 via eq 10. ¢k¥20/27.6 with kB2 calculated

from k9HKs/KSH with pK, = 15.83 (see Experimental Section).

constant, k., for the approach to equilibrium (2) is given
by eq 3. In this equation k3%, kB, and k3 are the rate
constants referring to the deprotonation otp 1 by hydroxide
ion, the buffer base species, and the solvent, respectively,
while kL, kBH, and k€ are the rate constants referring to
the protonation of the carbanions C-1 by hydronium ion,
the buffer acid species, and the solvent, respectively.

The reactions were monitored by following spectro-
photometrically the appearance or disappearance of the
absorption of the stable conjugated carbanions Cla-Cld
at or near Ap,y, €.g., in 20% H,0-80% Me,SO: 740 nm
(e = 3.43 X 10* L-mol™ ¢cm™) for C-1a; 680 nm (¢ = 2.83
X 10* Lomol™ ¢m™) for C-1b; 666 nm (¢ = 2.67 X 10* L.
mol™! em™) for C-1¢; 800 nm (e = 2.16 X 10¢ L-mol* ¢cm™)
for C-1d. Depending upon the pH of the solutions studied,
equilibrium (2) was approached from the reactant side (pH
> pKSH) or from the product side by means of pH-jump
experiments (pH < pKSH). In general, experiments were
conducted at two and sometimes three buffer ratios with
Rpeq being determined for each ratio at 6-8 different buffer
concentrations (Tables S1 and S2).” In the various sys-
tems, e.g., the reactions of 1a (pKSH = 8.25) with glycin-
amide (pKB¥ = 8.01) and of lc (pKCH = 10.86) with pi-
peridine (pKEF = 10.38) in 50% H,0-50% Me,SO or the
reactions of 1b (pKSH = 17.06) with glycine ethyl ester
(ngH = 7.70) and lc (pKS$H = 8.96) with glycinamide
(pKEH = 8.69) and methoxyethylamine (pKE™ = 9.54) in
20% H,0-80% Me,SO, where the equilibrium could be
approached 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.

The procedures used in evaluating the various rate
constants involved in eq 3 from the measured k4 values
were essentially the same as those described in previous
proton-transfer studies.®1° The results for the ionization
of la-1e¢ in 50% H,0-50% Me,SO and of 1la-1d in 20%
H,0-80% Me,SO are summarized in Tables I and II, re-
spectively. For buffers with pK2H > pKS" + 1 (or pKEH
< pKSH - 1), the quoted k2% (or ig') values were calculated
by means of eq 4.

KCH
kB = k?g‘KEH 4)

(7) See paragraph concerning supplementary material at the end of
this paper.

(8) (a) Terrier, F.; Xie, H. Q.; Farrell, P. G. J. Org. Chem. 1990, 55,
2610. (b) Terrier, F.; Lelievre, J.; Chatrousse, A. P.; Schaal, R.; Farrell,
P, G. Can. J. Chem. 1987, 65, 1980.

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

(10) Terrier, F.; Debleds, F. L.; Verchere, J. F.; Chatrousse, A. P. J.
Am. Chem. Soc. 1988, 107, 307.

Discussion

Effect of Nitro Substitution on Equilibrium Acid-
ities. On the basis of pK$H measurements carried out in
30% H,0-70% Me,SO, we have previously discussed the
changes in the acidity of the exocyclic CH group brought
about by the successive introduction of an ortho nitro
group into each of the phenyl rings of (4,4’,4"-trinitro-
triphenyl)methane 1d.! Assuming that the propeller ar-
rangement of the three phenyl rings around the central
sp?-hybridized carbon is retained on going from the un-
substituted carbanion C-1g to the substituted triphenyl-
methyl analogs C-1f-C-1a, only one activated phenyl ring
can be in the most favorable position for effective conju-
gation with this sp? carbon at any given time.?#!! Ac-
cordingly, we have attributed the relatively strong increase
in acidity (ApKCH = 2.96) observed in this solvent mixture
on going from 1d to lc to the fact that the tetranitro
carbanion C-2¢ can benefit from a preferential stabilization
of its negative charge by the more activated 2,4-dinitro-
phenyl ring. In accord with the above idea that conjuga-
tion of the exocyclic sp? carbon with more than one 2,4-
dinitrophenyl ring is not possible, the changes in the
acidity caused by the introduction of more o-nitro groups
in lc to give 1b and la were reduced: ApK,!: = 2.25;
ApK, 12 = 0.48 in 70% Me,SO.

The pKCH values measured in 80% Me,SO lead to a
similar ApK, pattern with, however, a much greater effect
of the first o-nitro group (ApK,}$ = 3.88) than was found
in 70% Me,SO. This result is the reflection of the increase
in the Me,SO content of the mixtures. In the field of
carbon acids, a decrease in the pK, values on transfer from
water to Me,SO is normally observed for compounds giving
rise to carbanions with highly delocalized negative
cha.z'lge.1'5°'12‘16 In this regard, it is noteworthy that the
pKSH values for the ionization of 1a, b, and 1e¢, which all
benefit from a possible delocalization of the negative
charge of their conjugated carbanions through a dinitro-
phenyl ring, are decreased to about the same extent on
going from 70 to 80% Me,SO (ApK, ~ 0.7-0.9). In con-
trast, the pK, value for the less acidic trinitro derivative
1d, which gives a carbanion stabilized by delocalization of

(11) Bowden, K.; Hirani, 8. 1. J. J. Chem. Soc., Perkin Trans. 2 1990,
1885,

(12) Steitwieser, A., Jr.; Juaristi, E.; Nebenzahl, L. In Comprehensive
Carbanion Chemistry; Buncel, E., Durst, T., Eds.; Elsevier: Amsterdam,
1980; p 323.

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

(14) Ritchie, C. D. J. Am. Chem. Soc. 1969, 91, 6749.

(15) Ritchie, C. D. In Solute-Solvent Interactions; Coetzee, J. F.,
Ritchie, C. D., Eds.; Marcel Dekker: New York, 1969; p 219,

(16) Lelievre, J.; Farrell, P. G.; Terrier, F. J. Chem. Soc., Perkin Trans.
2 1986, 333.
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its negative charge through a less activated 4-nitrophenyl
ring, is essentially unaffected by the solvent transfer (ApK,
= 0.05). This behavior accounts for the greater ApK,}§
value found in 80% Me,SO.

Effect of Nitro Substitution on Kinetic Acidities.
Evidence for F-Strain. Inspection of Tables I and II
shows that the regular increase in the thermodynamic
acidity that we observed on going from 1d to la is not
paralleled by a similar regular increase in the rates of
proton abstraction by hydroxide ion (k%%) or any other
base (5, ki°). In 80% Me,SO, introduction of a first
o-nitro group in 1d to give 1c increases the rate constant
kO by a factor of 7 whereas generating a large pK, de-
crease (ApK, = 3.88). A most unexpected feature, however,
is the finding that k0" remains essentially unchanged on
addition of the second o-nitro group to form 1b and then
decreases by a factor of 5-7 on introduction of the third
o-nitro group to give the more acidic derivative la. Even
more significant changes are observed in looking at the kB
values pertaining to the deprotonation of la-1d by all
amines and phenoxide anions used as base catalysts. Thus,
following a marked (30-fold) increase on going from the
trinitro (1d) to the tetranitro (1¢) compound, the kf value
for unsubstituted phenoxide ion decreases by a factor of
3 on going from 1¢ to the pentanitro (1b) derivative before
suffering another 4-fold decrease on addition of the last
o-nitro group to form the hexanitro (1a) compound.

Before suggesting an explanation for the anomalous
variations in &y, it is of interest to consider the concomitant
effect of the nitrosubstitution on the rates of carbanion
reprotonation (&%, kBH, kM%), Such rate constants are
known to be normally governed by the extent of charge
delocalization.!® First, Table II shows that the addition
of the first o-nitro group to 1d to give 1c results in a large
(ca. 100-fold) decrease in the k_, rate constants. This
important decrease is consistent with the much greater
charge stabilization of the carbanion C-lc by a 2,4-di-
nitrophenyl ring than of the carbanion C-1d by a 4-
nitrophenyl ring. Contrasting with this behavior, the large
changes in k_, observed on going from 1c to 1b to 1a, e.g.,
k?;* (lc)/k?,fP(lb) = 487 and k=M (1b)/kBH (1a) = 44 for
reprotonation by piperidinium ion in 80% i’leZSO, cannot
be understood in terms of an increased resonance stabi-
lization of the carbanions C-1b and C-1a compared to the
carbanion C-1c. Effective conjugation of the exocyclic sp?
carbon occurs with one 2,4-dinitrophenyl ring in the three
species.

We suggest that the more reasonable explanation for the
above anomalous variations in the k, and k_; values is in
terms of additional unfavorable steric interactions arising
from the accumulation of o-nitro groups in the tri-
phenylmethane system. On the basis of the observed
trends, these steric interactions are clearly operating both
in the starting carbon acids and in the carbanions and can
be viewed as steric hindrance to the approach of the base
(OH-, ArO-, RNH,, RR’NH, H,0) or acid (H;0*, ArOH,
RNH,* RR’'NH}, H,0) reagent to exocyclic carbon (F-
strain).

Bronsted Plots. Figures 1 and 2 show that satisfactory
Bronsted plots are obtained on plotting the log kE values
for deprotonation of a given carbon acid by a homogeneous
family of bases. This suggests that the steric factors
pertaining to the reactions remain essentially constant
when the basicity of the reagent is varied within a par-
ticular series of catalysts. The fact that three distinct
Bronsted lines referring to phenoxide ions and primary and
secondary amines can be drawn for each carbon system
is in accord with many previous findings that structurally
different base catalysts of similar pK,’s can exhibit ap-

20.17 (see Experimental Section).
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Table III. Bonsted Coefficients and Intrinsic Rate Constants for the Ionization of the Triphenylmethanes 1a-1d in 50%
H,0-50% Me,SO and 20% H,0-80% Me,SO

basic hexanitro pentanitro tetranitro trinitro
species, B 1a 1b e 1d
50% H,0-50% Me,SO
pKCH 8.25 9.11 10.86
RNH, [} 0.47 @ 0.01 0.58 £ 0.03 0.55 % 0.01 -
log &, -2.95 £ 0.02 -1.55 % 0.06 -1.15 £ 0.02 -
RR’'NH Bs 0.60 £ 0.04 0.52 = 0.03 0.67 £ 0.06 -
log k&, -8.75 £ 0.10 -1.95 % 0.05 -0.70 £ 0.15
20% H20‘80% Megso
pKSH 6.53 7.06 8.96 12.84
RNH, Bs 0.30 = 0.04 0.43 + 0.02 0.53 = 0.02 0.63 = 0.01
log k, -2.42 £ 0.10 -1.87 £ 0.05 -0.82 £ 0.03 -0.15 £ 0.05
RR’'NH Bs 0.30 % 0.02 0.47 £ 0.02 0.47 £ 0.03 0.60 = 0.03
log k, -3.02 £ 0.05 -2.25 £ 0.05 -0.65 % 0.08 0+0.10
ArQ- Be 0.40 £ 0.04 0.44 £ 0.02 0.53 + 0.02 0.59 + 0.01
log k, -1.20 £ 0.10 -0.82 + 0.05 0.35 % 0.05 0.75 % 0.03
108 (kB/a) 1og (K5/q)
20 b 1.4
L2 0.6¢
0.4 0.2
04 T er
a2k -1.8 F
-2.0 -2.6T
2.8 34
3.6 w2y
s‘;éé{o 112 13 14

. . R N -
] 7 8 ] 10 11 12 13 {4 PKe + log(p/a)

Figure 1. Statistically corrected Bronsted plots for the depro-
tonation of 1la by phenoxide and amine bases in 20% H,0-80%
Me,SO (v/v), t = 25 °C, I = 0.5 M NMe,Cl. The numbering of
the catalysts is indicated in Table II.

preciable differences in the efficiency with which they
assist proton transfers to/from a carbon atom,1:57-917-21

There is, however, an unusual result which emerges from
a comparison of the Bronsted plots in Figures 1 and 2. It
is the fact that the differences in the catalytic efficiencies
of the three classes of catalysts show major variations on
going from the trinitro-substituted triphenylmethane 1d
to the hexanitro-substituted triphenylmethane la. Figure
2 exemplifies the reactivity sequence ArO- > RR’NH >
RNH,; found for 1c¢ and 1d, consistent with the behavior
commonly found in the ionization of carbon acids,!58917-23
The greatest reactivity of secondary amines compared to
primary amines is now a well-known phenomenon that has
been explained by the fact that the solvation of ammonium
ions decreases in the order RNH? > RR’NH}, coupled
with a late development of this solvation along the reaction
coordinate.!?192 In contrast, Figure 1 shows the reactivity

(17) Spencer, T. A.; Kendall, M. C. R.; Reingold, I. D. J. Am. Chem.
Soc. 1972, 94, 1250.

(18) (a) Bruice, P. Y. J. Am. Chem. Soc. 1984, 106, 5959; (b) 1989, 111,
962; (c) 1990, 112, 7361.

(19) (a) Bernasconi, C. F.; Hibdon, S. A. J. Am. Chem. Soc. 1983, 105,
4343. (b) Bernasconi, C. F.; Paschalis, P. Ibid. 1986, 108, 2969. (c)
Bernasconi, C. F.; Kliner, D. A. V,; Mullin, A. S,; Ni, J. X. J. Org. Chem.
1988, 53, 3342. (d) Bernasconi, C. F.; Bunnell, R. D. Isr. J. Chem. 1985,
26, 420. (e) Bernasconi, C. F.; Bunnell, R. D.; Terrier, F. J. Am. Chem.
Soc. 1988, 110, 6514.

(20) Terrier, F.; Lelievre, J.; Chatrousse, A. P.; Farrell, P. G. J. Chem.
Soc., Perkin Trans. 2 1985, 1479,

(21) (a) Hine, J.; Mulders, J. J. Org. Chem. 1967, 32, 2200. (b) Hine,
J.; Mulders, J.; Houston, J. G.; Idoux, J. P. Ibid. 1967, 32, 2205.
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Figure 2. Statistically corrected Brénsted plots for the depro-
tonation of 1d by phenoxide and amine bases in 20% H,0-80%
Me,SO (v/v), t = 25 °C, I = 0.5 M NMe,Cl. The numbering of
the catalysts is indicated in Table II.

order ArO- > RNH, > RR/NH which is observed for la
and 1b. While occasional anomalies in the relative re-
activities of these two classes of catalysts have been re-
ported,18a21a2¢ |arge inversions of this type are rare and
there is no doubt that they are the reflection of the in-
creased steric effects to the approach of the exocyclic
carbon of 1a and 1b caused by the accumulation of o-nitro
groups in the three phenyl rings. The phenomenon is
expected to be more accentuated for the more bulky sec-
ondary amines than for the primary amines, accounting
for the observed reactivity pattern.

When considering the role of steric effects in governing
the reactivity of the triphenylmethane derivatives la-1d,
it is interesting to recall that the kX*™H /EENH: ratios which
measure the reactivity difference between secondary and
primary amines are generally in the range 5-10 for the
ionization of carbon acids.>192026 That these ratios are
equal to 0.4 and 0.2 in the case of 1b and la, respectively,
gives a measure of the importance of the F-strain effect
in these derivatives. In addition, it is perhaps of signifi-
cance to note that secondary amines are only slightly more
reactive than primary amines in the deprotonation reac-
tions of lc and 1d: kFFNH/ERNH: & 1.5 in both systems.
This low value suggests that F-strain is probably operating
to some extent in the reactions involving a triphenyl-
methane derivative like 1d which has no o-nitro substitu-
ents. A similar conclusion was previously formulated by
Streitwieser and Hammons who found that the rate of
hydrogen isotope exchange of triphenylmethane is slower

(24) Bernasconi, C. F.; Fornarini, S. J. Am. Chem. Soc. 1980, 102, 5329.
(25) Bernasconi, C, F.; Ohlberg, D. A. A,; Stronach, M. W. J. Org.
Chem. 1991, 56, 3016.
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than expected from a log k.., v8 PK, correlation estab-
lished for different hydrocarbons.?

Table ITI shows that the Bronsted Sy values for primary
and secondary amines, as well as phenoxide anions, tend
to decrease on going from 1d (8zxu, = 0.63; Brrvu = 0.60;
Baro- = 0.59) to 1a (Brym, = 0.30; Bgrnu = 0.30; Bag- = 0.40)
in 80% Me,S0, i.e., going from the less to the more
thermodynamically favored reactions. This trend is con-
sistent with the reactivity—selectivity principle.1®4?’ In
contrast, a comparison of the results obtained for the
ionization of la-1¢ by primary and secondary amines in
the two solvent mixtures studied reveals a rather uncom-
mon solvent dependence of the 8y values. In all carbon
acid systems previously studied in H,0-Me,SO mix-
tures,!?* 8, was found to increase with increasing Me,SO
content. Since measurements of solvent activity coeffi-
cients have revealed that the solvent effect on the stability
of ammonium ions tends to increase with decreasing the
pKYH" valyes,519b#28 the increase in Ay was readily un-
derstood as a solvation effect.*?® In the present tri-
phenylmethane systems, the 8g values pertaining to the
two classes of amine catalysts are subject to a marked
decrease on going from 50 to 80% Me,SO, the effect being
especially important in the case of 1a, i.e. fgny, = 0.47 and
0.30 in 50 and 80% Me,SO, respectively. This behavior
suggests that a new factor is playing a major role in our
systems which was not present in earlier studies. Since
the major difference between the triphenylmethane de-
rivatives and other carbon acids considered so far is the
large steric hindrance, one possible explanation for the
abnormal solvent dependence of Sy is that this steric
hindrance influences the timing of the solvation of the
developing ammonium ions.

While it is clear that more information regarding the
effect of such solvent transfers on the Sy values in highly
crowded systems is needed before one can speculate further
on the above suggestion, it is interesting to emphasize
another puzzling observation regarding the Bronsted Sy
values for the 1la system. As pointed out in an earlier
paper,” the Sgyy, and Sggny values for ionization of 1a
are markedly different in 50% Me,SO (8rnw, = 0.47; Branu
= 0.60). Notwithstanding that the Bgg-ny values corre-
spond to two-point Brénsted slopes so that their signifi-
cance is perhaps questionable, we note in Table III that
this difference in the two parameters disappears on going
to 80% Me,SO (Bryy, = 0.30; Sprny = 0.30). In general,
Bruwu, and Bgrwy for deprotonation of carbon acids are
essentially similar,51%% g5 it is actually found for the
1b-1d systems. Since la is the most crowded triphenyl-
methane in our series, it seems again reasonable to at-
tribute the different Sryy, and Srrwy values for this de-
rivative in 50% Me,SO to the exceptional steric hindrance
which prevails in la.

Intrinsic Reactivities. Intrinsic rate constants (in the
Marcus sense)5#% for 1a~1d, obtained from Brénsted plots
as k, = kB/q when pKBH + log p/q = pK(F are given in
Table III. These rate constants are remarkably low com-
pared with those reported for a number of carbon acids
in Hy0-Me,SO mixtures.>192% We note in particular that
the log &, values measured with reference to ionization of
1a~1d by primary or secondary amines are all <0 and 2-4
orders of magnitude lower than those reported for nitro-

(26) Streitwieser, A., Jr., Hammons, J. H. Prog. Phys. Org. Chem. 1965,

3, 41.

(27) (a) Pross, A. Adv. Phys. Org. Chem. 1977, 14, 69. (b) Giese, B.
Angew. Chem., Int. Ed. Engl. 1977, 16, 125.

(28) Bernasconi, C. F, Tetrahedron 1985, 41, 3219.

(29) Farrell, P. G.; Terrier, F.; Xie, H. Q.; Boubaker, T. J. Org. Chem.
1990, 55, 2546.
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substituted benzylic-type carbon acids under similar ex-
perimental conditions, e.g., log R¥¥NH = —0,25 and +1.75
for phenylnitromethane in 50 and 90% Me,SO, respec-
tively;1% log RF¥NH = +2.70 and +3.70 for (2,4-dinitro-
phenyl)acetonitrile and (4-nitrophenyl)acetonitrile, re-
spectively, in 50% Me,S0.1% The log kF¥* H value for 1a
in 50% Me,SO reflects one of the highest intrinsic barriers
ever observed for the ionization of a carbon acid.>?

In the absence of steric effects, low intrinsic rate con-
stants are normally observed in those carbon acid ioniza-
tions that either occur with extensive solvent reorganiza-
tion and/or give rise to highly delocalized sp2-hybridized
carbanions.>®1%2028 As mentioned previously, the unsub-
stituted triphenylmethyl carbanion C-1g (A,,; = 495 nm
in Me,S0)% can be considered to be considerably delo-
calized with a propeller-like conformation, giving maximum
delocalization possible with the steric inhibition of the rings
to full coplanarity.24!! Introduction of the p-nitro groups
in C-1g to form C-1d should not markedly affect this
conformational situation while enhancing the resonance
stabilization of the negative charge of the carbanion. The
finding that C-1d is a very stable species and has an intense
absorption maximum at A = 800 nm in 80% Me,SO sup-
ports this idea. There is therefore little doubt that the
formation of this carbanion involves considerable struc-
tural-electronic-solvational reorganization and that it is this
factor which contributes for the most part to the low in-
trinsic reactivity of 1d. Steric hindrance to approach of
base reagents from the exocyclic carbon will not be the
overriding factor determining the intrinsic barrier in this
case.

Going from 1d to lc results in a 4-fold reduction in k,
with no concomitant change in the relative catalytic ef-
ficiencies of primary and secondary amines. Accordingly,
this lowering of k, can be understood in terms of the ad-
ditional resonance stabilization of the negative charge
caused by the presence of a 2,4-dinitrophenyl ring in C-1e¢.
In contrast, there is no way of accounting for the further
and important decreases in k, that we observe on %&l,ﬁﬁ
from 1e to 1b (A log kR*NH = —1,60) to 1a (A log kY
= =0.77) on the basis of an increased resonance stabiliza-
tion of the carbanions C-1b and C-1a. These important
decreases must therefore originate from the unfavorable
steric effects discussed above.

While steric hindrance has been postulated in the ion-
ization reactions of some diphenylmethanes derivatives,
e.g., 2% or 3,% the effect on k, was found to be rather small
and did not result in marked changes in the relative re-
activities of catalysts like primary and secondary amines.
Our finding that &k, undergoes a significant lowering on
going from 1d to la is therefore of particular interest in
the understanding of the factors affecting the intrinsic

reactivities of carbon acids.
fN NO, NO:
" 2T
G .
2 3
Experimental Section

CHCO)

Materials. All four (nitrotriphenyl)methanes la~1d were
available from a recent study.! Solvents were purified and so-
lutions made up as described previously.? Buffers were purified
commercial products.

CrCoy

(30) Richie, C. D.; Ushold, R. E. J. Am. Chem. Soc. 1967, 89, 2960.
(31) Bernasconi, C. F.; Bunnell, R. D.; Terrier, F. J. Am. Chem. Soc.
1988, 110, 6514.
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Measurements. Fast kinetic measurements were carried out
with a Durrum stopped-flow spectrophotometer equipped with
a thermostated cell compartment (25 £ 0.2 °C). Slow rates were
measured with a conventional UV-vis Kontron Uvikon spectro-
photometer. All rates were reproducible to within £3% or better.
pH Determinations in water-Me,SO 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 electron pH
meter was used for this purpose. The autoprotolysis constants
of the 50% H;0-50% Me,S0-0.5 M NMe,Cl and 20% H,0-80%
Me,S0-0.5 M NMe,Cl mixtures were known from previous
studies: pK, = 15.83 and 20.17 in 50% and 80% Me,SO, re-
spectively, at 25 °C, 11620
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Carbon-centered radicals react with diazonium salts by addition, leading under reductive conditions to azo
derivatives (free-radical diazocoupling), or by electron-transfer in chain processes. The reaction is highly sensitive
to polar effects and it has been investigated by three different processes: (i) alkyl radicals, generated from alkyl
iodides, H;0,, Fe(Il) salt, and DMSO, have been utilized to develop a new general synthesis of alkylarylazo
compounds; (ii) the reaction of aryl radicals with diazonium salts in the presence of Ti(III) or Fe(II) salts has
been investigated, also in relation to the fact that the reaction products (azoarenes and biaryls) are often detected
as side products in classical organic reactions of diazonium salts, catalyzed by Cu(]) salts, such as the Sandmeyer,
Meerwein, and Pschorr reactions; (iii) adducts from addition of aryl radicals to vinyl acetate or vinyl ether react
with diazonium salts either by diazocoupling reaction or by electron-transfer; a general synthesis of [a-(acyl-

oxy)alkyllarylazo compounds has been developed.

Polar effects in free-radical reactions are particularly
marked when charged species are involved; in these cases,
highly selective syntheses can be achieved.! In this ac-
count we report new syntheses of azo compounds by re-
ductive addition of carbon-centered radicals to diazonium
salts; the role of polar effects in such reactions is discussed.

Results

(i) Diazocoupling of Diazonium Salts by Alkyl
Iodides, H,O,, Fe(II) Salts, and DMSO. A new reaction
leading to alkylarylazo compounds has been developed
according to eq 1

ArN,* + RI + MeSOMe + H,0, + 2Fe’* —
ArN=NR + Mel + MeSO,H + 2Fe3* + OH" (1)

The reaction was carried out in DMSO at 0-5 °C; it
proved suitable for primary, secondary and tertiary alkyl
iodides, as shown by the results reported in Table I, while
the presence of electron-withdrawing groups in the a-
position on the alkyl iodide (e.g. ICH,COOR, ICH,COCHj,
ICH,CN, ICH(COOR),, etc.) prevents the formation of the
azo compound.

A competitive experiment, performed in the presence
of protonated quinoline (Scheme I) allowed us to evaluate
the rate constant for the addition of the tert-butyl radical
to the diazonium salt.

(1) Minisci, F. Substituent Effects in Radical Chemistry; Viehe, H.
G., Ed.; D. Reidel: Dordrecht, 1986; pp 391-433.
(2) Citterio, A.; Minisci, F.; Franchi, F. J. Org. Chem. 1980, 45, 4752.

Table I. Formation of RN=NAr According toeq 1

Ar R procedure yield, %
Ph t-Bu A 68
Ph t-Bu B 62
Ph i-Pr A 51
Ph i-Pr C 65
Ph i-Bu C 61
p-CIPh t-Bu A 70
p-CIPh t-Bu B 63
p-ClPh cyclohexyl A 56
p-CIPh i-Pr C 66
p-MePh t-Bu B 63
p-MePh cyclohexyl C 62
p-MePh i-Pr A 52
p-MeOPh t-Bu A 54
p-MeOPh cyclohexyl A 46
0-CIPh t-Bu A 72
o-CIPh cyclohexyl C 64
o-ClPh i-Pr C 66
o-ClPh n-Bu C 36

Scheme 1
quinoline m\ . m
ka N tBu NNy
t-Bu® — J
. H
AN, .+
—kd—> t-BuN=N""Ar —= {-BuN==NAr

The p-chlorobenzenediazonium salt proved to be 12.2
times more reactive than protonated quinoline toward the
tert-butyl radical, and from the known value of &k, (4.1 X
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