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phage RNA synthesis in the absence of protein synthesis, 
suggesting that the factor is depletable during phage protein 
synthesis. Such depletion may in turn limit further synthesis 
of phage proteins. Although the present results are consistent 
with this notion, other possible modes of rifampin action can 
not be eliminated at the present time. 
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ABSTRACT : The reactions of tetranitromethane with five 
pseudo acids (CH) have been investigated [CH3CN, CH3SOz- 
CH3, CH3COCH3, CH2(CN),, and CH3CH2N02]. Kinetic 
studies, quantitative product analyses, and limited electron 
spin resonance (esr) studies C(NOz)d with CH,CN, CH3- 
COCH3, and CH3CH2N02 were carried out. The reactions of 
C(NO,), with the pseudo acids CH3CN, CH3S02CH3, and 
CH3COCH3 were found to give pseudo-first-order kinetics with 
respect to trinitromethane anion formation and were found 
to obey the following rate expression: kobsd = k~o-[HO-l 4- 
k#- ]  + k2[C-][CHl, where [CHIT = [CHI + [C-I. For the 
reaction of CH2(CN)2 with C(NO&, no hydroxide rate was 
detected at the pH values employed and the rate expression 
was simply first order in C- at the lower carbon acid concen- 
trations used. Due to the fact that pKa' of nitroethane is 
located in the accessible pH range, greater kinetic detail could 
be obtained with this pseudo acid. The pH dependence of the 
reaction of CH3CHzNO2 with C(N02)* in deoxygenated 
solutions was found to be quite complex, the pseudo-first- 
order rate constant being provided by an expression describing 
a bell-shaped pH-log k&sd profile with a discontinuity from 

S ince the introduction of tetranitromethane, C(NO&, as a 
nitrating agent for tyrosyl residues in proteins (Riordan et al., 
1966), studies on model systems have been undertaken to 
determine the specificity of the reagent (Sokolovsky et al., 
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slope f l  at low pH. The complicated bell-shaped pH-rate 
profile for the reaction of CH3CHNO3- with C(NO& is sug- 
gested to arise not only from the reaction of the free carbanion 
with C(NOZ)? (giving rise to a shoulder in the pH-rate profile 
at  the pH 6-8) but also from the reaction of the intermediate, 
CH3CH(OH)N(O-)2, with C(NO&. This intermediate has 
been suggested to occur in the basic hydrolysis of nitroethane, 
and its conjugate acid [(CH3CH(OH)N(OH)z] is thought to 
be an intermedite in the hydrolysis of aci-nitroalkanes (Nef 
reaction). In order to account for the formation of nitrite 
ion as well as the esr results indicating considerable radical 
formation, the mechanism of the reactions of C(NO& with 
pseudo acids is interpreted to be a nucleophilic attack of 
C(N02), followed by subsequent formation of radical inter- 
mediates. The reaction of CH3CHN02- at high pH values in 
oxygenated solutions was found to be zero order in the for- 
mation of C(NO&. The reaction of CH3CHNOi- with 
C(NO2)? in the presence of oxygen is suggested to occur cia 
superoxide anion 02'-, with C(NOZ)? reacting with the 0 2 ' -  

formed from the oxidation of carbanion by O?. 

1966). It is now apparent that C(NO& reacts with thiol 
(Riordan and Christen, 1968; Sokolovsky et al., 1969), indolyl 
(Spande et a/., 1969), and imidazole (Ivanetich, 1971)' groups. 

- - 
I11 of a series. For previous papers, see Bruice er al. (1968) and Walters 
and Bruice (1971). 

2 A portion of the material submitted by S. W. J. for the Ph.D. in 
Chemistry, University of California, Santa Barbara, Calif. 

1 Private communication. 
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Detailed kinetic investigations as well as quantitative identifi- 
cation of products have been carried out in this laboratory in 
order to delineate the nature of the mechanisms of the reac- 
tions of C(N02)4 with compounds chosen as models for 
protein side chains. The first paper of this series (Bruice 
et al., 1968) dealt with the mechanism of the reaction of 
c(No2)4 with a series of phenols as reasonable models for 
protein tyrosyl residues. It was found that the reactive species 
was phenoxide ion and that the reaction mechanism was of a 
free-radical nature leading mainly to non-nitrogenous cross- 
linked phenol derivatives. Nitration of the phenoxide ions 
occurred only to the extent of 20-30Z. As an example, the 
results for p-cresol (eq 1) establish that the formation of free- 

0- 
I 

C(N02)4 
aqueous solution 

30" 

* 

radical coupling products can compete with the nitration 
reaction. This finding was not in accord with the mechanism 
originally suggested by Sokolovsky in which the main reaction 
involved nitronium ion transfer to the phenoxide ion. There- 
fore, we cautioned that the reactions of c(No2)4 with proteins 
could lead to radical coupling of proteins as a serious side 
reaction. Since then there has been numerous reports of the 
formation of cross-linked monomers, dimers, and higher 
polymers of proteins caused by treatment with C(NO& 
(Doyle et al., 1968; Bello, 1969; Boesel and Carpenter, 1970; 
Vincent et al., 1970; Ma et al., 1970; Williams and Lowe, 
1971 ; Boyd and Smith, 1971). 

In the second paper of this series, results of a study of the 
nitration of a series of aliphatic alkoxide ions, including N- 
acetylserinamide, by C(N0J4 were reported. The main interest 
here was the possibility that c(No2)4 reacts with protein 
hydroxyl groups (Walters and Bruice, 1971). While the re- 
actions of C(N02)4 with the simpler aliphatic alcohols leads 
to the nitrate ester of the alcohol, the reaction with N-acetyl- 
serinamide appeared to involve a complex radical mechanism 
possibly involving the a-CH bond rather than the alcohol 
moiety. Nuclear magnetic resonance investigations (Fridkin 
et al., 1970) have indicated the a-CH protons of N-acetyl 
dipeptides such as Ac-SerGly, Ac-Ala-Gly, and Ac-GlyGly 
exchange only at the group in italic type and, furthermore, 
that the a-CH protons of Ac-Ser-Gly exchange much faster 
than those of the other two dipeptides studied. These results, 
as well as the results presented in this paper, suggest that 
C(NO& may be reacting with a carbanion at the a position 
of the N-acetylserinamide in a reaction more facile than a 
reaction at the alcohol moiety. 

Most of the previous studies involving protein tyrosyl 
groups modified by the C(N02), have been undertaken in 
order to study the effects of the modified side chains on the 
catalytic, regulatory, and physical properties of the enzymes. 
A more novel extension of the use of the reagent has been to 
modify a portion of the enzyme-substrate complex that be- 

comes reactive with or accessible to the reagent only during 
the catalytic step of the enzymatic reaction. The nature of the 
species undergoing attack during the catalytic step has been 
shown to be a tyrosyl residue in the case of aspartate amino- 
transferase (Christen and Riordan, 1970a,b) and a substrate 
species in the case of an aldolase (Riordan and Christen, 
1969). The species undergoing attack in the enzyme-substrate 
complex of aldolase was thought to be a "carbanion" inter- 
mediate on the substrate portion of the complex. This finding 
lead to investigations of the reactions of %(No& with pseudo 
acids (Christen and Riordan, 1970a,b). The present study is a 
mechanistic investigation of the reaction of C(N02)4 with five 
pseudo acids chosen as suitable models for carbanion-forming 
species. We have again found a complex radical mechanism 
to be operative. It seems apparent that, since C(N02)4 has 
the property to react by complicated radical mechanisms, 
the use of C(N02)4 to modify proteins in any manner should 
be approached with caution. The modified proteins should be 
more closely analyzed in order to ascertain if more complex 
changes, aside from tyrosine nitration and cross-linking, have 
occurred. 

Experimental Section 

Materials. Acetone and sulfanilic acid (Mallinckrodt), 
acetonitrile and chloroamine T (Baker), dimethyl sulfone 
(Aldrich), bis(1-phenyl-1-methylpyrazolihe) (Pfaltz and 
Bauer), trifluoroethanol (Aldrich), and all reagent quality 
inorganic salts and common solvents were used without fur- 
ther purification. l -Phenyl-2-methylpyrazolone (Baker) was 
recrystallized from ethanol, mp 127-128". 2,4-Dinitrophenyl- 
hydrazine (Aldrich) was recrystallized from absolute methanol, 
mp 191-193". Tetranitromethane was purified as described in a 
previous paper (Walters and Bruice, 1971). a-Naphthylamine 
(Baker) was recrystallized from water. Malononitrile (East- 
man) was doubly distilled: bp 100-103' (18), q3'.4D 1.41370 
(lit. q 3 4 . 2 ~  1.41463). Nitroethane (Matheson) was purified by 
preparative vapor-phase chromatography on a column of 
20% XF 1150 silicon on Chromosorb W 60-80. Potassium 
dinitroethane was prepared by adding 3 ml of a 3 0 z  solution 
of the acid in methylene chloride (Matheson) to 10 ml of 1 .O M 
KOH at 0". The precipitate was recrystallized from warmed 
water. 

Apparatus. Quantitative absorbance measurements were 
made on a Gilford Model 220 recording spectrophotometer 
and kinetic measurements were made on a Gilford Model 
2000. Kinetic solutions were maintained at 30 i 0.1' by 
circulating water at this temperature through the Beckman 
double thermospacers. Absorbance spectra were taken on a 
Cary Model 15 spectrophotometer. pH measurements were 
made with a Radiometer Model 22 pH meter with a PHA 
630 scale expander using a combined glass-calomel electrode 
(Radiometer GK 2021C). The electrode was thermostated 
at the temperature of the kinetic runs. pH-Stat measurements 
were carried out with the aid of a Radiometer TTT 1 b auto- 
titrator equipped with a Radiometer PHA 630 scale expander 
and a Radiometer SBR 2C titrigraph or with the aid of a 
Radiometer autoburet ABU 12 equipped with a Radiometer 
pH meter 26. The water-jacketed titration cell had a 25-ml 
volume with ports for thermometer, salt bridge for calomel 
electrode, a Metrohm EA 115X glass electrode, and a titration 
needle. Solutions were either purged with NB for 15 min, or 
made up in a degassed solvent; C(N02)4 was added and the 
cell sealed for the course of the determination. Electron spin 
resonance spectra were taken on a Varian V-4502 X-band 
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electron paramagnetic resonance spectrometer equipped with 
a Varian V-4560 100-Hz field modulation and control unit. 

Kinetics. The rate of appearance of C(NO&- (i .e. ,  dis- 
appearance of C(NO&) in solutions of the various pseudo 
acids was followed spectrophotometrically by measuring the 
increase in absorbance at 350 mp. For the pseudo acids aceto- 
nitrile, dimethyl sulfone and acetone, one drop of a stock 
solution of C(N0J4 (1 X 10-5 to 3 X 10-j M in doubly dis- 
tilled water) was added to 3 ml of the kinetic solutions in 
cuvets. For nitroethane and malononitrile 0.5-1.0 ml of this 
same solution of C(NO& was added to 25 ml of the appropri- 
ate kinetic solution in a pH-Stat cell. The rate of reaction of 
nitroethane with C(NO& could not be followed titrimetri- 
cally; however, the increase in absorbance at 350 mp was 
determined for kinetic solutions of nitroethane by withdrawing 
cu. 0.25 ml of the solution at given time intervals and reading 
the absorbance manually in a 0.1-cm cuvet. For malononitrile 
the increase in absorbance at 350 mp was found to be identical 
with the rate of hydroxide uptake so that the rate of hydroxide 
uptake could be used as a measure of the rate of reaction. 
All reactions were followed to completion. Pseudo-first-order 
plots were obtained from slopes of plots of -In [(OD. - 
OD,)/(OD, - OD,)] cs. t with the actual calculations per- 
formed on an Olivetti-Underwood Programma 101 computer. 
Pseudo-first-order plots were discarded unless linear from 2 
to 3 half-lives. The formation of C(NO&- in the reaction of 
C(N02)? with nitroethane anion at higher pH values in deoxy- 
genated solutions was fit to an equation of the form 

A ,  = A,(1 - e-k81i-i) + /cot ( 2 )  

where A ,  is the total absorbance at time t ;  A ,  the final absor- 
bance due to the pseudo-first-order component; kohsd the rate 
constant describing the pseudo-first-order reaction; and kor, 
the contribution to the absorbance at time I due to a zero- 
order reaction. It was possible to decrease the zero-order 
contribution to the overall increase in absorbance at 350 mp 
by deoxygenating the C(NO& stock solution by repeated 
freezing and degassing (five times). Presumably then, the 
zero-order component is due to accidental contamination 
by oxygen. Even though no special precautions were used to 
transfer the degassed C(NO,), to the degassed nitroethane 
solution in a cuvet, the pseudo-first-order rates obtained using 
deoxygenated C(N02), were within experimental error the 
same as the pseudo-first-order component obtained using non- 
deoxygenated C(NO& but fitting the rate as described in eq 2. 

For the reaction of nitroethane anion in solutions which 
were not deoxygenated, the zero-order rate constants were ob- 
tained by converting the slope of the trace to M min-l using an 
extinction coefficient (c ion)  which takes into account that the 
product, dinitroethane anion, is also absorbing at 350 nip 
(eq 3). X I  and X2 are the yields in mole fractions of C(NO& 

cion = ~ 1 ~ 1  + ~ 2 ~ 2  (3) 

and CH3C(N0&, respectively, based on [(C(NOS)I]O = 1 .0; 
E I  and € 2  are the respective extinction coefficients at 350 mp. 
This equation is derived in the following manner. The total 
absorbance ( A T )  a t  350 mp is given by 

Since[C(NO&] = [C(N02)IIO~1 and [CH3C(N02)2-] = 

[C(N0?)41,~2, eq 3 becomes 

A T  = [C(NOa)4lo(x1ti T X Z E ? )  ( 5 )  
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It is seen that (x1c1 + ~ 2 ~ 1 )  is then the corrected extinction 
coefficient that takes into account both species absorbing at 
350 mp. 

Kinetic solutions for acetonitrile, dimethyl sulfone and 
acetone were prepared from a 2.0-5.0 M stock solution of the 
reagent in water. This stock solution was diluted with 1.0 hi 

KOH and 4.0 v KC1 to give the desired hydroxide concentra- 
tions and ionic strength, 0.5. The maximum pH drift of these 
solutions was -0.04 pH unit. Kinetic solutions for the low- 
pH studies of nitroethane and malononitrile were prepared by 
dissolving a known amount of the carbon acid in degassed 
0.5 M KCI; these solutions were used immediately. The rate 
of reaction of malononitrile with C(NO& was not affected by 
additional degassing. For the low-pH studies of nitroethane, 
solutions were degassed an additional 10 niin only before 
product analyses since the additional degassing procedure 
carried some nitroethane out of solution. For the high-pH 
studies of nitroethane anion, a 0.02-0.3 3.1 stock solution of 
nitroethane was appropriately diluted with 0.1-1 .O hi  KOH 
and 4 hi  KCI to give the desired hydroxide concentrations 
and ionic strength. Bicarbonate buffer (0.1 11, p = 0.5, KCI) 
was used for the rates at pH 10.06. No buffer catalysis by this 
buffer was observed. Kinetic studies were carried out with 
solutions of nitroethane anion that were deoxygenated for 
30-60 min immediately after the addition of base as well as 
solutions that were saturated with oxygen at 30". For the zero- 
order reactions of nitroethane at high pH in oxygenated 
solutions, more reproducible rates were obtained if the carb- 
anion concentration was held constant while the C(NO,), 
concentration was varied. The reverse procedure of varying 
the carbanion concentration a t  constant C(NOr), was  found 
to be less accurate due to the volatility of C(NO?), and hence 
its loss each time a vessel containing the stock solution was 
opened (Rabani er a/. ,  1965). While the rates of reaction of 
C(NOa), with nitroethane anion in deoxygenated solutions 
were found to bc irreproducible if the basic solution was 
allowed to stand much longer than 1 hr, the oxygenated 
solutions gave reproducible rates for incubation of the anion 
in base LIP to 1-1.5 hr. Equilibration of the nitroethane with 
base was complete before the addition of C(NO?),. The reac- 
tion of acetonitrile in the presence of trifluoroethanol was 
carried out using a constant concentration of acetonitrile 
(0.5 M) in varying trifluoroethanol (0.5-3.0 hi) a t  pH 11.S9 
(cu. [OH-] = 0.0083 hl). 

Product unu/.yses were performed on solutions which had 
been deoxygenated by bubbling nitrogen through the solu- 
tions. While the rates were not effected by oxygen. except for 
the rate of nitroethane anion with C(N02)j the product yields 
showed greater iariation if the solutions were not first de- 
oxygenated. The C(NO?) l stock solution was deoxygenated 
only for one product study in the reaction of nitroethane an- 
ion at pH 11 .O. Product analyses were also performed on the 
oxygenated solutions of nitroethane anion. Product yields 
are calculated on the basis that the initial C(N02)l concentra- 
tions are loo%, therefore, making the total N or NO:, avail- 
able from the starting material, 400%. 

Trinitromethane, nitrite ion, dinitroethane, and cyanide ion 
were analyzed spectrophotometrically. Nitrite ion concentra- 
tions were determined according to the procedure of Kolthoff 
et a/ .  (1952); these assays were performed on diluted samples 
so that the carbon acid did not interfere with the assay. Nitrite 
ion yields for the reaction of C(NOn)4 with nitroethane anion 
were corrected for nitrite ion that was formed in the decom- 
position of nitroethane itself in these solutions. Attempts were 
made to  estimate acetaldehyde from the nitroethane reaction 
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TABLE I :  Reactions of C(N0z)4 with Five Carbon Acids, p = 0.5,30°. 

PH 

~~ 

Carbon Acid Concn No. of kobsd 
[OH-], M Range (M) Values Detd 

CH 3CN 
CH3S02CH3 
CH3COCH3 
C H z ( C N ) 2 6.0-8.0 
CH3CH2N02 6.0-8.25 

11 .0-12 .4' 
10.06 f 0.03' 
t(o.1 MHCO,-)} 

0.01-0.05 0.5-4.0 
0.2-2.0 0.01-0.10 

0.0025-0.01 0.5-3.0 
0.001-0.10 
0.001-0.10 

0.0001-0.0012 
0.0025-0.05 0.0001-0.002 

0.0025-0. 005b 0.0001-0.001 

34 
42 
32 
23 
43 
55 
10 

47 

a Nitroethane solution degassed 30-60 min before addition of C(N02)4. ' Saturated with 02, 30". 

at low pH using 2,4-dinitrophenylhydrazine according to the 
procedure of Lappin and Clark (1951). Kinetic solutions for 
the reaction of C(NO2)4 with acetone were found to contain a 
small perturbation of the uv spectrum of C(N0z)s- in the 
region of 320 mp, the A,,, associated with nitroacetone 
(Pearson et al., 1955). The small contribution to the total 
absorbance of this peak was estimated from a difference 
spectra using a blank of C(NO&- at a concentration corre- 
sponding to 90-95 %. Rigorous quantitative measurements for 
nitroacetone were not performed. 

Cyanide ion was assayed in reaction mixtures of malono- 
nitrile according to the procedure of Kruse and Mellon 
(1 953). Kinetic mixtures were surveyed spectrophotometrically 
for products other than C(NO&- using a C(NO&- blank 
solution containing 95-100 % C(NO2)3- based on the initial 
c(No2)4 concentration. A minor product (1,1,2,3,3-penta- 
cyanopropenide anion, 4 %) was identified by the characteris- 
tic double absorption peak A,,, 395, 410 mp (Looney and 
Downing, 1958). The kinetic mixtures also contained ultra- 
violet (uv) peaks at 320 and 285 mp. The product giving the 
285-mp peak was isolated in small quantity from a prepara- 
tive mixture [C(N02)4:CH2(CN)2:OH- = 1 :2.5:2] as an 
amorphous impure material showing NH, C=C, and con- 
jugated CN bands in the infrared (ir) spectrum. Further uv 
analyses showed that this species has pK, = 2.7, A,,, 285 mp 
(basic), A,,, 238 * 2 mp (acidic), and isosbestic point 259 
mp. Tlc revealed a total of at least six products derived from 
the malononitrile as well as insoluble tars and precipitates. 
Further products were not isolated. 

For the specific base-catalyzed reaction of acetonitrile, 
dimethyl sulfone, acetone, and nitroethane anion with 
C(N02)4, the yields of C(NO& and nitrite ion due only to 
the carbon acid reaction can be obtained from the total yields 
after subtraction of the products due to hydroxide catalysis 
alone. A detailed discussion of the calculations involved is 
described in a previous publication (Walters and Bruice, 
1971). 

The generation of radicals in the base-catalyzed reaction of 
the carbon acids with C(N02), were performed in the follow- 
ing manner. To 1 ml of the carbon acid was added 0.1 ml of 
C(N02)4 followed by 1 ml of 02-free 6 N KOH. The carbon 
acids that were studied were acetonitrile, acetone, and nitro- 
ethane. Only one phase remained with acetone while consider- 
able mixing of the aqueous and organic phases occurred with 
nitroethane. Two phases separated with acetonitrile. The 

aqueous phase exhibited a seven-line electron spin resonance 
(esr) spectrum consistent with the interaction of an unpaired 
electron with three equivalent nitrogen nuclei. This spectrum 
has been assigned to C(NO&' 2- (Lagercrantz, 1964a,b). The 
spectrum of acetone and acetonitrile contained, in addition 
to the seven-line spectrum, a weak overlapping signal probably 
due to an organic derivative of the carbon acid. Acetonitrile 
exhibited no radicals in the light orange organic phase but 
the seven-line spectrum developed in the aqueous phase after 
several hours in the dark. No radical spectra was obtained 
under kinetic conditions. Spectra were scanned at room 
temperature A50 G about the center of the spectrum of 
C(N02)3' 2-; no g values were measured. 

Results 

Reaction of C(NO& with Pseudo Acids. The experimental 
conditions employed for the kinetic studies of the carbon 
acids are given in Table I. Plots of the pseudo-first-order rate 
constant (kobsd) for the appearance of C(N02)3- c's. total 
carbon acid concentration ([CHIT) for acetonitrile, dimethyl 
sulfone, and acetone (see Figure 1) at various constant hy- 
droxide concentrations were found to obey the following 
expression 

[CHIT = [CHI + [C-] but since at the pH employed aH >> 

kH0-j /[CHT] c's. [CHTI are linear (Figure 21, least-squares 
analyses giving the slopes and intercepts k2' and k l ' ,  respec- 
tively. The rate expression (eq 6) can be written in the follow- 
ing manner 

K, it fOllOWS that [CHIT [CHI. Plots Of {(kobsd/[HO-l) - 

since aH >> Ka 
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TABLE 11: Rate Constants for the Reactions of C(NO& with Five Carbon Aclds at 30", 1-1 = 0 5. 
____ - -- - ___ 

kl' (w2 min-I)' X?' (M-3 min-l)b h1 (h1-l m1n-I)' h ?  (bi-? m1n-I)' PK,a 

CH 3CN 25d 6 6 1 0 0 6  1 89 i 0 07 9 7 x 10" 2 8 x 10" 

CH3COCH 3 20d 144 = 6 325 = 9 2 1 x 108 4 7 x 103 
CK(CN)L 11 le 3 83 =k 0 23 I 10' 2 4 x 104 

9 1 6 i 0 5  3 81 =I= 0 31 1 35 x 1010 5 6 x lo9 CH3SOsCHa 2 3d 

C H ~ C H ~ N O Z  8 4f 1 36 x 5 0  

a The pK,'s for acetonitrile, dimethyl sulfone, and acetone are reported at 25". Malononitrile and nitroethane pK,'s are given 
at 30". ' These are the experimentally determined rate constants according to eq 6. These are the calculated rate constants 
according to 8a and 8b. Pearson and Dillon (1953). e Boyd and Wang (1965). Gregory and Bruice (1967). This rate constant 
is calculated as the ratio kjKa,/Kw = k,' from eq 14b. It is analogous to the rate constants obtained for the other carbon acids 
when U H  > K,. See eq 22, where kl' = [kik8/(k-, + ks)](K,/K,.) for the other cdrbon acids. 

Hence, we can obtain the constants kl and ks by the following 
relationships 

The rate constants for the reactions calculated from eq 6 and 8 
are provided in Table 11. 

The rate equation for malononitrile was found to obey the 
following expression 

8.0 1 - 
0.5 ID 15 2.0 

FIGURE 1 : Plot of k0b.d cs. total dimethyl sulfone concentration at 
hydroxide concentrations of 0.01 M (O), 0.05 M (O), and 0.1 M (E). 
30", IJ = 0.5 

Plots of kobsd cs. [CHIT at constant pH were linear and did 
not exhibit a second-order term in carbon acid at the lower 
concentrations employed (Figure 3). 

Plots of kobsd cs. total carbon acid for nitroethane at  both 
the high (Figure 4) and low pH values (Figure 3) were linear 
and also did not exhibit a second-order term in carbon acid 
at the lower concentrations employed. The experimental data 
(Table 111) for the plot of log (kobsd/[CH~)] cs. pH (Figure 5) 
can be fit to a simple mathematical expression describing a 
bell-shaped curve 

The two pK,,, values obtained from this mathematical ex- 
pression pK1 = 10.8 and pK, = 11.4 with k = 7.5 X lo3 
min-I, are seen to be nearly the same and near the top of the 
bell. The more detailed nature of this profile is dealt with in 
the Discussion section. Furthermore, it is noted that between 
pH 6 and 8 there appears to be another pK, perturbing the 
linear slope of the bell (Figure 6). 

Table 1V contains the product yields for the reactions of 
C(NO& with the carbon acids. Product analyses for the 
reaction of C(NO& with dimethyl sulfone and acetonitrile 
indicated that the yield of C(N0J3- is not quantitative but 
equal to 40-50%. The nitrite yields were found to be [lOOz 
- % C(NO&-] X 4. The reaction of C(NOJ4 with acetone 
gave ca. 100% C(N02)3- and 93 i 7% nitrite ion. Nitro- 
acetone was estimated in the kinetic mixture to be 7 i- 2%. 
Product analyses for the reaction of malononitrile showed 

c 

[ C ~ S O ~ c H ~ T  

FIGURE 2 :  Plot Of (kobrd/[OH-] - ~oH-)/[CH~SO~CH~]T CS. [CH3- 
SO~CH~]T for hydroxide Concentrations of 0.01 M (O), 0.05 M 
(0), and 0.1 M (E), 30". ,U = 0.5. 
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CCHITM 

FIGURE 3 :  Plot O f  kobhd CS. [CHIT for CH?(CN)* at pH 7.5, titri- 
metric rate (A), spectrophotometric rate (A), and for CH3CH*NOz X 
10-1 (0) at pH 7.03. 30", ,U = 0.5. 



R E A C T J O N S  O F  T E T R A N I T R O M E T H A N E  

4.0 . 

2.0 

FIGURE 4: Log (kobsd/[CH]~) GS. pH for nitroethane (0) (30", I.( = 
0.5). Points are experimental and the line theoretical being generated 
from eq 14b employing the constants of Table V. 

that the reaction leads to complex mixtures presumably con- 
taining condensation products of malononitrile in addition 
to C(N02)3- and nitrite ion. Details of the product distribu- 
tions for malononitrile were not worked out. The product 
yields for the reaction of C(N02)4 with nitroethane exhibit 
sensitivity to O2 particularly as the p H  is increased. Acetalde- 
hyde (1 X M), formed in the decomposition 
of nitroethane alone during a time comparable to the reaction 
with C(N02)4, prevented accurate analyses of acetaldehyde 
formed in the reaction of C(N02)d with nitroethane [C(N02)4], 
-0.06 x 10-4 to 1.0 X 10-4 M). Detection of acetaldehyde 
in the reaction of nitroethane with C(N02)4 over that due to  
decomposition of substrate can only be taken as an  indication 
that acetaldehyde is formed but the yield cannot be deter- 
mined accurately. 

The reaction of 0.5 M acetonitrile with C(N02)d (ca. 1.2 X 
IO-5 M) in varying amounts of trifluoroethanol (0.5-3.0 M) 
varied is% from the rate expected for 0.5 M acetonitrile at 
the same pH. Since the addition of increasing amounts of 
trifluoroethanol, shown to be inert toward c(Noz)4 (Walters 
and Bruice, 1971), did not produce the same apparent rate 
enhancements as comparable amounts of acetonitrile, it is 
likely that the rate enhancement over the hydroxide rate due 
to acetonitrile (both the first- and second-order rate terms) is 
probably not due to a solvent effect of the acetonitrile on the 
hydroxide rate. 

The formation of C(N0.J3- in the reaction of nitroethane 
anion ([C-1) with C(NO& at high pH under aerobic conditions 

to 5 X 

5.0 

0.0 0.001 0.002 
[ C Y H N g  M 

FIGURE 5 :  Plot Of kobsd OS. [CHICHNO~-]T at pH 11.6 (CU.  0.01 M 
OH-), 30°, p = 0,5. 

TABLE 111: Log (kobsd/[CHl~) Values at Various pH Values 
for theReaction of C(NO& with Nitroethane, 30°, p = 0.5. 

-0.815 
-0.432 
-0.15 

0.057 
0.152 
0.393 
0.532 
0.947 
1 .16  
3.24 
3.66 
3.59 
3 . 3  
2 . 9  
2 .65  

6 . 0  
6 . 5  
6.75 
7.03 
7.25 
7.52 
7 .73  
8 .08  
8.25 

10.05 
I f  .07 
11.36 
11.66 
12,30 
12.40 

was found to be zero order in C(NO& and to obey the follow- 
ing rate expression 

where ko  is the observed zero-order rate constant (M min-I) 
and S and I are determined from the slope (S = 9.4 X 10-5 
M-1 min-1) and intercept ( I  = 2.26 min-I), respectively of a 
plot of [C-]T/& us. 1/[C(N02),] (Figure 7). Product analyses 
(Table IV) for these solutions indicate that the products do 
not vary as a function of the initial C(N02)4 concentration. 

Discussion 

The log of the rate constants (kl and k2)  for the reactions of 
five pseudo acids with tetranitromethane are linearly depen- 
dent upon the pK, of the pseudo acids (Figure 8). Inspection 
of Figure 8 reveals that the rate constants are as great as 1 O I 2  

~ - 1  min-I indicating that kl could not simply pertain to the 
second-order reaction of carbanion with C(N02)4. Any mech- 

1.6 1 

0.4 

0.0 
-0.4 

PH 

FIGURE 6: Log (kobJd/[CH3cH2No2]~) DS. pH between pH 6.0 and 
8.0 showing small shoulder in pH profile. Points are experimental 
and the line theoretical being generated from eq 14b employing the 
constants of Table V. 
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TABLE IV: Product Analyses for the Reactions of C(N02)4 with Carbon Acids. 

CH3CN 0.01-0.05 0.4-4.0 2-9 50 f 4 
CH3S02CHj 0.01-0.10 0.5-2.0 2-10 46 i 5 
CHICOCH3 0,0025-0,Ol 0.5-2.0 4-5 111 i 9 
CHz(CN)z pH 6.0 0.05-0.12 5-18 94 i 5 

pH 8 . 0  0.01 5-5 100 

CH3CH2N02 pH 7,0-8. Ob 0.005-0.02 
pH 8.0' 0.02 
pH 8.0' 0.02 
pH 8.0' 0.02 
pH 8.0' 0.02 
pH 8.0' 0.02 

0.0025-0. 005d 0,0005-0,001 
0.0025-0. 005d 0.0005-0.001 
0.0025-0. 005d 0.0005-0.001 
0.0025-0. 005d 0.0005-0.001 
0,0025-0. 005d 0.0005-0.001 

0,0025' 0.0005 

0.0025' 0.005-0,001 
0.0025f 0,0007 

5-1 1 
0.6 
1.7 
4.9 
6.1 
10.1 

0,45-0,48 
0.89-0.97 
1,48-1.98 
2.88-2,92 
3,82-4.34 

1.3 
2.6 
3.8 
5.1 
6.3 
2 

0.5-4,0 

100 It 3 
98 
101 
100 
100 
100 

83 i 6 
96 i 1 
98 i 2 
99 i 1 
101 i 3 

85 
95 
102 
105 
97 

100 i 1 
100 i 4 

238 =t 11 
233 i 33 
93 * 7 
61 i 10 

20 

116 i 5 
105 
93 
92 
75 
73 

82 i 11 
69 i 7 
60 i- 7 
55 i 1 
54 10 
73 
61 
58 
54 
49 

63 i 3 
62 i 3 

CH3COCHNOz- 7 i 2 

388 i 22 
393 i 45 
433 +T 36 

466 i 19 
399 
415 
427 
419 
449 

357 i 40 
388 i 16 
397 i 16 
401 i 14 
410 i 26 

347 
378 
406 
419 
390 

422 i 8 
423 i 21 

Calculations are made on the basis that the initial C(NO& concentration is equal to loo%, therefore making the total N or 
NO2 available from the starting material, 400 %. ' Nitroethane solution partially deoxygenated. Nitroethane solution deoxy- 
genated an additional 10 min. Nitroethane solution deoxygenated 30 min. e Nitroethane solutions and C(NO,), stock solution 
both deoxygenated. Product yields in the presence of oxygen. 

anism written for these reactions must account for reactivity 
of the carbon acids, the dependence of the nature of the 
products with change in carbon acid, the rate terms second 
order in carbon acid seen with acetonitrile, dimethyl sulfone, 
and acetone and the esr evidence indicating considerable 
radical formation. Additional evidence, including the forma- 
tion of nitrite ion and the sensitivity to oxygen, suggests that 

2 0  24m 
16 

c 

E I 2  
B 
m 8  
b 

4 

0 

Y 

l / [C (N~410  x Id5 Mi 

FIGURE 7 :  Plot Of [c-]~/ko L'S. l/[C(NOn)a]o for the reaction Of 

/A = 0.5 [C-]T = 5 x M (o), 7.8 X M (A), 9.85 x M 
C(N02)r with nitroethane anion in oxygen-saturated solutions, 30", 

(01, at 0.0025 M OH-; [C-]T = 5 X 10-4 M (a) at 0.003 M OH-, 
[C-]T/ko calculated from varying [C-]T = O.ooO1-0.001 M at 0.005 
M OH- with [C(NOn)~]o = 8.6 X 
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(0). 

the most probable mechanism(s) undoubtedly involve(s) the 
formation of radical species along the reaction pathway. 

The reaction of' C(NO& with nitroethane was studied in 
greatest detail and will be discussed first. The reaction of 
C(NO& with nitroethane even in the absence of oxygen and 
interfering buffers appears to be complicated. The pH-rate 
profile of Figure 4 can be fit to the kinetic equation which 
describes a bell (eq 10); however, the apparent pK,'s derived 
from the profile bear no obvious relationship to the pK, of 
nitroethane. In going from low to high pH the profile con- 

, 
PK, 

FIGURE 8 : Log kl (0) and log kz (A) us. pK, for the reactions of five 
pseudo acids with C(N02)a at 30", /A = 0.5, /3 = 0.6. 
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tinues to rise with slope + 1 after the nitroethane pK,. There- 
fore, the pK,,, values do not represent acid dissociation con- 
stants. Phenomena of this nature are now common and sug- 
gest the following possibilities (see Bruice and Benkovic, 
1966, for discussions of kinetically apparent pKa values). 
(i) There exists a prototropic equilibrium involving CH&H2- 
NOz that occurs in the reaction sequence prior to the acid 
ionization thereby shifting the apparent pK, to a higher value. 
The descending portion of the bell could result from a pro- 
tonation step occurring after a steady-state step involving the 
carbanion and C(N02)4. (ii) The ascending limb of the profile 
beyond the nitroethane pK, could be described by an inter- 
mediate, reactive with C(N02)4, which is formed by the inter- 
action of hydroxide ion and the carbanion. Subsequent inter- 
mediates whose breakdown require acid or are accelerated by 
acid could form the descending portion of the bell. (iii) An- 
other possibility is that C(N02)a and hydroxide ion form an 
intermediate which is trapped by the carbanion hence giving 
a rate-pH profile that continues to rise with slope +1 after 
the nitroethane pK,. As in the first two possibilities, the 
descending portion of the bell could arise from a facile acid- 
catalyzed breakdown of the subsequent intermediates. We 
have ruled out any simpler kinetic scheme, using either a 
steady-state or preequilibrium treatment. For a comprehen- 
sive discussion of the kinetic deliberations leading to the 
conclusions that the conditions of i, ii, or iii must be met in 
order that the results of Figure 8 be explained (see Jewett, 
1971). 

Condition i requires that a preequilibrium exists before the 
acid dissociation of nitroethane as in eq 12. Employing a 
material balance in ([CH’] + [CHI + [C-I) and the steady- 

or (12) 

+ H +  

- H -  
Kaz 

I1 IT I2 % product 

state assumption for I1 and 12, we arrive at equations (not 
shown) which can be fit to the data of Figure 8 but which 
require K, to be a very small number. This small value for 
KO would require nitroethane to exist almost entirely as an- 
other species (CH’) when dissolved in water. This kinetic 
scheme has therefore been discarded as a reasonable one 
since there has been nothing reported in the literature to indi- 
cate what this species could be. 

Condition ii involves the formation of a hydroxide- 
carbanion intermediate at high pH values. Before discussing 

I2 ’ 

or 

reaction schemes embodying this feature that allow a fit of the 
kinetic data to theroetical equations, it should be stated that 
there is precedence in the literature for OH- attack upon 
nitroethane species (Lockhard et a[., 1969). The reaction 
sequence of eq 13 allows a kinetic derivation that can be fit 
to the experimental pH us. log kobsd profile and also a mecha- 
nism for which intermediate structures have some precedence 
and products may be rationalized. From eq 13 there follows 
eq 14a if the following assumptions are made: (a) material 
balance in [CHI and [C-1; (b) steady state in the species I?’ and 
Ii2-,1z2-; (C)dP/dt = ~~UH[IZH-]  + (k6”U~ + ks)[Iz’]. 

Since the terms containing C(NO& in the denominator of the 
second part of eq 14a can be shown to be reasonably smaller 
than 1, we obtain eq 14b 

If the step k4 ’[Ig] replaces the kinetically equivalent k4a~[12H-], 
the same form of an equation is obtained with the following 
replacement 

Several features of this derivation are worth noting. The for- 
mation of Iz’ from the free carbanion and C(N02)4 and its 
acid catalyzed breakdown could account for the perturbation 
in the pH profile at pH 6-8 if (k-5 + kG)/kG” is greater than 
K,,, such that a shift in apparent pK, occurs to a lower value. 
The simpler case of a rate step k5[C-][C(NOs)a] would give 
the same form of an equation as the k6’ ’uH[I2’] + k&’] steps 
(titration curve) but would not account for the small shoulder 
in the pH-rate profile at pH 6-8. Either case requires that 
the profile level off at pH >14. No points were attempted in 
this region since the rates would not have been accessible bc- 
cause of the lability of C(NO& to HO-catalyzed hydrolysis 
at these pH values. 

Further kinetic analyses of eq 13 indicate that the minimum 
requirements for the equation to fit the experimental curye 
above pH 8 involves 11*- and the pathway through kr and 
a~/ l ( , , ,  followed by a rate step involving acid (or its kinetic 
equivalent). If the pathway through 112- is considered alone, 
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SCHEME I 
TABLE v: Analysis of the pH-Rate Profile for the Reactions 
of Nitroethane with C(N02)4. 

Kinetic 
Exvression Experimentally Determined Constants 

12 k2 = 1 , 5  X IO4 M-' min-' 
K~~ = 4 x 10-9 M 
K, = 2 x 10-3 

kr(ko/k-o)KalKv7 = 4 . 0  X 10-le M min-' 
K~~ = 4 x 10-9 M 
K, = 1.47 x 10-14~2 
Estimated pKa, = 12 + 1 

If k, - 10" M - ~  min-', ko/k-o - M-' 

then the derivation leads to a profile of slope f 2  in the low 
pH region changing to + 1 in the region of pKa,. This pathway 
alone would necessitate writing a rate step from the free 
carbanion (as k5) in order to assure that the profile have slope 
f l  at low pH. It seems most reasonable that C(NO& does 
react with the free carbanion, perhaps in a rate step that is 
written in 13 so that we can also account for the perturbation 
of the pH-rate profile at pH 6-8. The experimentally deter- 
mined constants which can be associated with parameters 
in this derivation are given in Table V. 

A proposal for the chemical intermediates in equation 13 is 
presented in Scheme I. The requirement of a species as I2*-, 

which proceeds to C(NO&- formation via gain of protons is 
dictated by decrease in rate at pH 11-13. In order to suggest 
a plausible structure for this intermediate one must take into 
account what is known of the chemistry of nitroethane anion 
and the mechanisms by which C(NOz), has been shown to 
react. It is instructive to consider first the possibilities for the 
nature of the intermediate Iz' since discussions about this 
intermediate can help lead to suggestions for L2-. 

Not only are nitroalkane anions known to undergo one- 
electron oxidations (Russell et al., 1962a,b; Russell and 
Janzen, 1962; Russell and Danen, 1968; Pagano and Shechter, 
1970), but C(N02), is also known to react as an acceptor in 
one-electron oxidations (Bruice er al., 1968; Walters and 
Bruice, 1971 ; Henglein, 1959). These observations indicate the 
possibility that c(Noz)4 is oxidizing the carbanion by a one- 
electron transfer (eq 16) (a possibility for the pathway involv- 

1 e -  transfer 
C(N02)a + CH3CHN02- ____f NOz. + C(NO2)a- + 

CH~CHNO~ ( 16) 

ing 1 2 '  in Scheme I). This simple oxidation step can account 
for the observed products of this reaction but does not ex- 
plain the kinetics observed at lower pH values (perturbation 
of the pH-rate profile at pH 6-8). However, an additional 
possibility for the initial step of this reaction is as follows. 
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KO, 

CH,CH,NO, & CH,-CH= bo" ' 0 "  
+H+ 

ROduCt SbDt 

CH,CH;NO, or CH,CHN@+ .ONOH - H O ~ H  a %YH ------) 3/2: H ~ O  +i,h N,O 
OH OH 

Since nitroalkane anions are known to undergo reactions at 
both carbon and oxygen (nitro group) centers (Kerber et al., 
1965), nucleophilic attack on C(NO& may occur either 
through the oxygen or through the carbon of the nitroethane 
anion. Furthermore, since C(N02)( has been shown to undergo 
reactions at both the nitrogen (Walters and Bruice, 1971; 
Glover, 1968, 1970) and oxygen centers (Sager and Hoffsom- 
mer, 1969) of the nitro groups, there are four possible inter- 
mediates one can write involving nitroethane anion attack on 
C(N02)* (see a-d). The reactions of Scheme I have been 

a b 

- 
0 NO:, 

C 

CH,-CH=N 
I 

d 

written employing step d though it is possible that the desired 
products may be obtained from any of the four. For step d 
the peroxy bond is anticipated to readily undergo homolytic 
cleavage and hence give the observed products. Furthermore, 
there should be less steric hindrance to attack of nitroalkane 
anion if an oxygen of C(N0J4 is the electrophilic center. 
Further support for step d arises from the fact that the ambient 
nitroalkane anions exhibit pronounced oxygen nucleophilicity 
(Weisler and Helmkamp, 1945; Hass and Bender, 1949; 
Kornblum and Brown, 1964). 
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In order to account for all the electrons in the proposed 
intermediate 1 2 ’  in Scheme I, we have written a structure 
involving nucleophilic addition of the nitroethane anion to 
C(N02)4. We have also indicated possible modes of break- 
down of these intermediates to give radical species. However, 
it is possible that the attack of the anion, its oxidation by 
C(N02)4, and the subsequent fragmentation of the inter- 
mediate to products occurs in the same step. This possibility 
is suggested from what is known about the instability of 
C(N0J4 after capture of an electron (Rabani et al., 1965; 
Bielski and Allen, 1967). The possibility that electron transfer 
accompanies nucleophilic attack has been proposed earlier 
(Bilevitch et af., 1968). It is important to point out again 
that the acid-catalyzed breakdown of Iz’ as written in Scheme 
I can account for the perturbation of the pH-rate profile from 
pH 6 to 8 if the term (ks + ks)/ks” is greater than Ka, (eq 
14b). Even though the basicity of the radical species 1 2 ’  may 
not be expected to be great, the acid-catalyzed breakdown of 
this species at pH <7 may still be larger than its spontaneous 
breakdown. For instance the H+ catalysis of the decomposi- 
tion of nitrobenzene anion radical is found to be diffusion 
controlled (Mefcalf and Waters, 1969). 

After consideration of the possible chemical nature of I*’, 
let us now consider possibilities for I2*-. The kinetic derivation 
for eq 13 demands that a hydroxide-carbanion intermediate 
is being formed. No kinetically equivalent step can be fit to 
the pH profile above pH 8. There is ample evidence that the 
intermediate involving hydroxide ion and the carbanion could 
be the structure 112- in Scheme I, CH3CH(OH)N(O-)2. 
Structure IL2- has been suggested as an intermediate in the 
basic hydrolysis of nitroethane (Lockhard et al., 1969) and its 
conjugate acid as an intermediate in the Nef reaction (Haw- 
thorne, 1957; Sun and Folliard, 1971). The intermediate 
considered to be formed on reaction of I2*- with C(NO2)4 
(122-) is structurally akin to that suggested for 1 2 ’  (Le., the HO- 
adduct of C- as well as C- itself yield intermediate of similar 
structure in the reaction with C(NOZ),). It should be noted 
that in the formation of II2-, we have employed the most 
expeditious path which would involve attack of HO- on 
nitroethane anion. More reasonable, but kinetically equivalent 
steps might involve formation of the aci-nitroethane species, 
CH3CH=N+(OH)O- from the carbanion followed by HO- 
attack on this species to generate CH3CH(OH)N(OH)O- which 
could then form the dianionic species IIz- by ionization. 

In Scheme I we have indicated a probable mode of decom- 
position of Iz2- or I2H- which could lead to the observed 
products, nitrite ion and dinitroethane. Since acetaldehyde 
yields could not be determined accurately, we cannot state 
with certainty that this is the only mode of decomposition of 
12H-. Alternate pathways of decomposition of 12H- involving 
the steps kinetically equivalent to k4a&H-), that is k4’(13), 
have been considered (Jewett, 1971) but will not be discussed 
here. 

Lockhart et al. (1969) proposed that alkaline hydrolysis of 
nitroethane yields acetaldehyde and nitrite ion by way of 
addition of HO- to the nitroethane anion (eq 20). A closer 
look at this reaction reveals that a two-electron oxidation is 

OH 
H O -  1 

CH,CHN02- * CH,CH-N(O-)2 + 
CHICHO + H+ + NO?- (17) 

required before nitrite ion could be formed. In our attempts 
to assay for acetaldehyde in the C(NOS)~ reaction with nitro- 

ethane, it was observed that the hydrolysis of nitroethane 
alone under our kinetic conditions leads to acetaldehyde and 
nitrite ion in the ratio of ca. 1OO:l. This observation is 
in accord with a major pathway of alkaline hydrolysis 
which yields acetaldehyde but not nitrite ion. Presum- 
ably N2O is the product instead of nitrite ion, just as it is the 
product in the Nef reaction. 

In the reaction of C(N02)4 with nitroethane, the total nitro- 
gen in the products (Table 1V) exceeds that of the C(N02), 
employed. This excess of N can be accounted for by the nitrite 
ion formed in the dimerization of nitroethane radicals sug- 
gested in Scheme I (Weinberg and Weinberg, 1968; Levy and 
Rose, 1948). The recombination of the nitroethane radical 
with a nitro radical to form dinitroethane (Titov, 1963; 
Titov and Smirnov, 1952) as well as the reactions of the nitro 
radical to form nitrite ion as in Scheme I (Titov, 1952; Gray 
and Yoffe, 1955; Russell and Danen, 1968) have precedent in 
the literature. Furthermore, the less than quantitative nitra- 
tion yields for the nitroethane reaction with C(NOz)4 are also 
in accord with other studies in the nitration of nitroalkanes 
with C(N02)4 (Noble et al., 1964). The product dependence 
on C(N02)4 may be rationalized by the scavenging of radical 
species such as nitroethane radical by C(N02)4 after the rate- 
determining steps of the reaction (Rabani et al., 1965; Hen- 
glein et al., 1959). 

The third kinetic scheme for the reaction of C(N02)a with 
nitroethane that was found to give a derivation fitting the 
experimental pH-rate profile is the following 

The possibilities for the chemical nature of the intermediates 
in eq 18 are again complex. We will not discuss this scheme in 
this paper but a discussion is presented elsewhere (Jewett, 
1971). 

Under conditions in which the other carbon acids (malono- 
nitrile, acetone, dimethyl sulfone, and acetonitrile) were 
studied (aH >> Ka), no complexities were observed in the pH 
dependence of the reaction with c(No2)4. We can write the 
following equation to explain these reactions (eq 19). Solving 

the steady-state equation for 12” and using [CHIT = [CHI, 
since aH > K,, we can write eq 20. This equation contains rate 

kobsd = 

terms analogous to those proposed for the reaction of nitro- 
ethane anion with C(N02)4 (eq 13). Not only for simplicity 
have we left out an acid-catalyzed step from 12”, but also be- 
cause these reactions were investigated over a limited range 
of pH and it, therefore, cannot be definitely stated whether 
or not such an acid-catalyzed step is present. In order that the 
equation resemble the experimentally determined rate expres- 
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SCHEME I1 

KO 

-H' 
CH3CN -C$CN 

(CH2CNY + NO2 * CINO& 

Product Steps: 

2 lCH&N)' -+ 1 CHEN 

CYCN 

sion (eq 6) (ignoring the hydroxide rate), the following must 
hold 

We now have the expressions in eq 22 where we have equated 
rate constants from 8a and 8b with the constants of eq 20. 

For malononitrile as well as nitroethane no &'[CHIT term was 
observed under the conditions employed; however, it is pos- 
sible that these carbon acids could exhibit a second-order 
term at higher [CHIT concentrations. Without going into 
laborious detail, we can state that the ionization (Ka/aH) of 
eq 19 can be treated as if the equilibration of the carbon acid 
is complete. Furthermore, additional analysis of eq 20 
indicates that the conditions demanded in 21 b are reason- 
able (Jewett, 1971). We suggest that the nature of the inter- 
mediate I*'' in the reactions of the other carbon acids arises 
from a nucleophilic attack by the carbanion followed by an 
oxidation reaction similar to that proposed for the reaction 
of C(NOJ4 with nitroethane anion. Furthermore, a reason- 
able explanation for the second-order term in carbon acid is 
that the intermediate IZ" in eq 19 is reacting with a neutral 
molecule of carbon acid in a H-abstraction step. Scheme I1 
illustrates a plausible chemical mechanism for the reactions 
of C(NO& with acetonitrile, dimethyl sulfone, and acetone. 
The reaction of C(N02)I with malononitrile could be written 
without the H-abstraction step. The lower C(NO&- yields in 
the reactions of acetonitrile and dimethyl sulfone might be 
explained by the subsequent reaction of the organic radical 
(ex.CH2CN-) with C(NO&-. Based on previous studies of 
radical stabilities as a function of substituent groups (Russell, 
1956; Timberlake and Hodges, 1970), we would expect these 
radicals to be more unstable and probably more reactive than 
the radicals generated from pseudo acids of lower pKa's. The 
Brgnsted plot of Figure 8 suggests that the reactivity of the 
carbanions toward C(N02)( increases with increasing pKa. 
This is in accord with a nucleophilic mechanism (Leffler and 
Grunwald, 1963). 
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We have written the decomposition of the intermediate 
in Scheme I1 in two steps. In this manner we are able to ac- 
count for the rate term involving a second-order dependence 
on the carbon acid. We should like to point out that the de- 
composition of the intermediates, Iz' and 12H- in Scheme I, 
could also occur in two steps, cia the C(NO&'- radical as 
indicated in Scheme 11. Though this radical species, 
C(NO&.-, has never been observed in esr studies (Lager- 
crantz, 1964a,b), it is possible that it is a reactive intermediate 
along the reaction pathway. 

The formation of trinitromethane dianion radical [C- 
(N0&'-2] in the reactions of C(NO& with carbon acids in 
concentrated basic solution can be explained not only by the 
secondary oxidation of the carbanion-derived radical by 
C(NO& but also by the oxidation of the carbanion itself by 
C(NO&. These suggestions are in accord with those pro- 
posed by Lagercrantz (1964a,b) for the formation of C- 
(NOn)' ?- in the reactions of C(NO& with 1,3-dicarbonyl 
compounds and unsaturated compounds in strongly alkaline 
media. Our findings (esr) of no detectable dianion radical 
formation under kinetic conditions is in accord with the 
work of Lagercrantz and Torssell (1968) who found that no 
detectable concentration of the radical was seen in systems 
containing an excess of the alkaline water solution. 

The formation of the dianion radical from the intermediates 
proposed in Schemes I and I1 could also be possible. This 
apparently does not occur extensively under our kinetic con- 
ditions since the total nitrite ion yields can be accounted for 
by the reduction of a nitro radical, derived from C(NO&, 
that does not recombine with a nitroethane radical to form 
dinitroethane. 

The reaction of' nitroethane anion with C(NO& in the pres- 
ence of oxygen can be rationalized by the following Scheme 
111. The product steps in this scheme require a total yield of 
nitrite ion of 80%. The observed yield is 6 0 z .  This discrep- 
ancy can be explained by the reaction of some of the 
with nitroethane radical to give products which do not lead 
to nitrite ion. The constants in the rate equation in Scheme 
I11 can be related to the experimentally determined constants 
(see Results section) in the following manner 

1 
ke[OpI 

= I = 2.26  min 

By using the known value for kf = 1.1 X 10" M-' min-' 
(Rabani et al., 1965) and assuming a value for the oxygen 
concentration in water at 30°, [O,] = 1.1 X M (Hand- 
book of Chemistry and Physics, 1961), we can calculate k, 
and k- , :k ,  = 400 M - ~  min-1, k-, = 4.6 X lo6 min-', and 

The oxidation of carbanions by molecular oxygen has been 
previously suggested to occurt hrough intermediate radicals 
such as C .  and 02'- (Russell et al., 1962a,b), hence our sug- 
gestion of such species as intermediates is not unique. Fur- 
thermore C(N02)I has been shown to react with 0 2 ' -  (Rabani 
et al., 1965). The zero order rate of C(NO& formation in 
oxygenated solutions of nitroethane anion is derived from 
the reaction of C(N0J4 with 02'- can compete with the re- 
verse step of transfer of an electron from 02'- back to the 
carbanion, 

The detail in which we have discussed the reactions of 
C(NO& with pseudo acids has indicated several factors. 

k,/k-, = 8.8 x ~ O - S M - I .  



R E A C T I O N S  O F  T E T R A N I T R O M E T H A N E  

SCHEME I11 

Our results for the reaction of C(NO& with nitroethane are 
not in accord with the initial studies of this reaction. Our 
studies of the reactions of C(N0& have made it evident that 
C(N0J4 is capable of reacting by very complex radical mecha- 
nisms. It is perhaps appropriate to caution again concerning 
the use of c ( N o &  to modifv proteins, whether to modifv ty- 
rosines or to trap carbanions. The reagent has been shown to 
cross-link tyrosyl residues and it may well initiate radical 
coupling between substrate and enz yme through carbanion 
intermediates. 
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Bacterial Bioluminescence. Quantum Yields and Stoichiometry of 
the Reactants Reduced Flavin Mononucleotide, Dodecanal, and 
Oxygen, and of a Product Hydrogen Peroxide+ 

John Lee 

ABSTRACT : Conditions are described for obtaining the maxi- 
mum bioluminescence quantum yields for each component of 
the in uitro bacterial bioluminescence reaction. With optimum 
concentration of Photobacterium fischeri luciferase the quan- 
tum yields are: for reduced flavin mononucleotide 0.048, 
dodecanal 0.1, oxygen 0.048, and for an identified product 
hydrogen peroxide 0.12. Under optimum conditions the reac- 
tion of reduced flavin and luciferase is probably the sole 
chemical pathway and its overall stoichiometry can be inferred 
from the quantum yield ratios as: 2FMNH2 + 202 + RCHO 
+ 2FMN + H20 + H202 f product. The quantum yield 
ratio 2 : 1 of dodecanal to reduced flavin mononucleotide is 

A chemiluminescence reaction may be represented by a 
molecule A reacting with B to give the excited state of the 
product, C*: 

Competing with this light path may be a dark reaction yielding 
a product D. The observed chemiluminescence quantum 
yield with respect to  A, QC(A)' will depend on the number of 
A molecules which disappear by the light over the dark path. 

If the concentration of B is sufficiently high the dark reac- 
tion rate will be negligible in comparison to the light reaction 
and Qc(A) will approach a maximum value. Under this condi- 

t From the Department of Biochemistry, University of Georgia, 
Athens, Georgia 30601. ReceicedJanuary 18, 1972. 

1 The quantum yield of chemiluminescence or bioluminescence with 
respect to a reaction component is the total number of photons emitted 
divided by the total change as a result of the reaction in the number of 
molecules of that component. 
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strong evidence for aldehyde utilization in the reaction. Pres- 
ent evidence is unable to distinguish whether this overall reac- 
tion represents a single pathway or is the sum of two inde- 
pendent enzyme reactions which proceed with equal velocities. 
The maximum flavin quantum yield is independent of oxygen 
concentration and of the purity of the luciferase preparation 
used (60% to crystalline). Both the flavin and dodecanal 
maximum quantum yields are reduced at very high luciferase 
concentration and both are unaffected by the presence of 
catalase which excludes free peroxide as a reaction interme- 
diate. 

tion it can be predicted for reaction 1 that Qc(A) = Qc(B) = 

As a corollary the relative maximum Qo of each component 
in a reaction will be a measure of the stoichiometry of that 
component. This stoichiometry is unity for each component in 
reaction 1 but if instead two molecules of A were consumed 
for each C produced then Qc(A) = 0.5Q,(B). 

Chemiluminescence and bioluminescence reactions usually 
take place under vigorous oxidizing conditions and the pres- 
ence of dark reactions cannot be neglected. In a study of the 
luminol chemiluminescence, reaction conditions were found 
to fall into two groups according to the magnitude of Qc 
(luminol) (Lee and Seliger, 1972). Aqueous hydrogen peroxide 
oxidation (pH > 11) or oxidation under basic aprotic condi- 
tions led to maximum values of Qc, around 0.0125. Under 
these conditions various factors such as temperature, solvent 
polarity, or reactant concentration were without effect on 
Qc, from which it was inferred that there were no competing 
dark chemical reactions. These factors strongly influence Qc 

under other oxidizing conditions such as ferricyanide, where 
Qc was much lower and competing chemical reactions 
were suggested. The Methylene Blue photosensitized chemi- 

Qdc) .  


