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Abstract: Stable carbanions react with diaryl disulfides in aqueous solution by a direct displacement (SN2) reaction to yield 
an arylthiol anion and the corresponding sulfide as  products. The reaction of 1,3-dicarbonyI carbanions with 5,5’-dithio- 
bis(2-nitrobenzoic acid) is characterized by a Brtlnsted pc value of 0.5. Nitroalkane carbanions react 102-104 slower than 
1,3-dicarbonyl carbanions of the same pK and are  correlated by a B r ~ n s t e d  & of 0.95. The second-order ra te  constants for 
the reaction of nitroalkane carbanions increase by factors of 104-106 as the solvent is changed from water to dimethyl sulfoxide. 
Smaller increases are  observed in the rate constants for reaction of 2,4-pentanedione carbanion ( lo2) and malonitrile carbanion 
( with the same disulfide. A linear correlation is found between log (kMsSO/kHOH) and the increase in pK for the carbon 
acid ionization on changing the solvent from water to dimethyl sulfoxide. The effect is attributed to large differences in ground-state 
carbanion solvation which are  reduced or absent in the transition state. Parallels are  drawn between the nucleophilic reaction 
of stable carbanions with diaryl disulfides and proton-transfer reactions of the same carbanions. 

Proton-transfer  reactions t o  and from carbon present two 
phenomenological anomalies. (1) Brtlnsted exponents (& or (YCH) 
observed for proton t ransfer  to or f rom a series of homologous 
carbon acids or carbanions may not accurately reflect the  extent 
of proton t ransfer  in the transition s tak2v3 For reactions of 
nitroalkanes, Brernsted exponents outside the  conventional limits 
(0-1.0) are  observed.4d This apparently anomalous behavior may 
be. satisfactorily accounted for by realizing that  for reaction centers 
undergoing changes in hybridization, the structure of the transition 
s ta te  m a y  not  be intermediate  between reactants  and products 
in al l  (2) Thermodynamical ly  favorable proton 
t ransfers  involving carbon acids or carbanions a r e  frequently 
several orders of magnitude slower than  t h e  diffusion-controlled 
proton t ransfers  between nitrogen a n d  o ~ y g e n . ~ , ~  Slow proton 
transfers to  and from carbon, in particular nitroalkanes, have been 
attributed to energetic barriers resulting from extensive heavy-atom 
reorganizat ion required upon rehybridization of carbon,I0 de- 
solvation of the  general-acid-base catalyst,”-I3 and/or  desolvation 
of t h e  carbanion in t h e  transition state.I4 

We were interested in systematically examining the nucleophilic 
reaction of a series of stable carbanions of differing structure with 
an electrophile other t h a n  a Brtlnsted acid t o  determine if t h e  
anomalous kinetic behavior is a general property of carbanion 
nucleophiles or if it  is re la ted to  t h e  inability of carbanions to  
par t ic ipate  in specialized interactions, notably hydrogen bonds, 
with strongly solvated oxygen or nitrogen proton donors. Since 
a disulfide electrophile should not be  as extensively solvated in 
water  a s  a Brernsted acid,  t h e  contribution of changes in elec- 
trophile solvation to  the  free energy of activation should be greatly 
reduced. Consequently, we have studied the kinetics of the reaction 
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of a series of stable carbanions with 5,5’-dithiobis(2-nitrobenzoic 
acid), Ellman’s reagent,I5 and  other  diaryl disulfides in aqueous 
solution a n d  dimethyl  sulfoxide (Me2SO). 

Experimental Section 
Materials. All organic reagents were redistilled or recrystallized be- 

fore use except nitromethane and 2,4-pentanedione which were Aldrich 
“Gold Label” (99+%). Acetoacetylethanethiol was prepared by the 
reaction of freshly distilled diketene with ethanethiol in the presence of 
triethylamine.I6 Substituted diaryl disulfides which were not commer- 
cially available were prepared by oxidation of the corresponding thiol 
with hydrogen peroxide in aqueous potassium hydroxide.” 

Dimethyl sulfoxide (Me,SO) was Aldrich “Gold Label” (>99.9%) 
containing less than 0.05% water as supplied. The MezSO was stored 
under dry argon and purged before each experiment by bubbling dry 
argon through all solutions for at least 10 min. Water was deionized and 
glass distilled. 

Methods. Spectrophotometric measurements were made on either a 
Varian 634 or Gilford 222 recording spectrophotometer with the cell 
compartment maintained at 25.0 f 0.1 OC. A Corning Model 130 pH 
meter with a Radiometer GK2321 combination electrode calibrated by 
the two-point method was used to measure pH. Carbon acid solutions 
were prepared by weight. The concentration of Ellman’s reagent was 
determined by measuring the change in absorbance at 412 nm on the 
addition of excess mercaptoethanol at pH 7.5 (0.1 M potassium phos- 
phate buffer). Under these conditions, both thiol anions of Ellman’s 
reagent are liberated.Is An extinction coefficient of 1.36 X lo4 M-I cm-I 
was used for thionitrobenzoate anion.I5 NMR spectra were recorded on 
a Varian EM-360 spectrometer. Chemical shifts are reported as ppm 
downfield from an internal Me4Si standard. Melting points were de- 
termined on a Fisher-Johns apparatus and are uncorrected. 

Kinetics. Reactions of Ellman’s reagent with carbanions in water were 
performed at 25.0 f 0.10 “C maintaining ionic strength constant at 1.0 
M with KC1. All solutions were prepared immediately before use. So- 
lutions contained ethylenediaminetetraacetic acid (1 X lo4 M) and were 
degassed for a t  least 5 min by bubbling argon into each cell. 

Reactions of carbanions with Ellman’s reagent were usually initiated 
after temperature equilibration by the addition of Ellman’s reagent (7 
X 104-5 X M final concentration) to a solution of the carbanion. 
The absorbance increase at 412 nm due to the formation of thionitro- 
benzoate anion was followed spectrophotometrically for 8-10 half-lives. 
For the slower reactions, a slow decrease in the absorbance at  412 nm 
was noted after completion of the reaction. This was due to a slow 
oxidation of the thiol anion of Ellman’s reagent. In these cases, the 
infinity point was estimated by adding 3.1% to the absorbance change 
observed after 5 half-lives. 

Rate constants for the reaction of acetoacetylethanethiol carbanion 
and malonitrile carbanion with Ellman’s reagent were determined in 
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troethane carbanions with Ellman’s reagent were constant between 99.9 
and 95 mol % MezSO. Further drying of the Me2S0 by distillation from 
calcium hydride had no significant effect on the rate constants for the 
reaction of nitroethane carbanion with Ellman’s reagent between 99.9 and 
95 mol % Me2S0 (based on the amount of water added). 

Following generation of the carbanion, the reactions were initiated by 
adding a small volume (1-5 pL) of 0.01 M disulfide in MezSO. Disulfide 
concentrations were (0.3-1 .O) X M, and total absorbance changes 
were generally from 0.1 to 0.3. The observed first-order rate constants 
were independent of the time of preincubation of the carbon acid and 
potassium hydroxide for periods of preincubation of up to 10 min. 

For most kinetic experiments, the concentration of carbanion was at  
least 20 times greater than the concentration of Ellman’s reagent. For 
very fast reactions, where low concentrations of carbanion were em- 
ployed, the dipotassium salt of Ellman’s reagentla was utilized as the 
substrate to prevent neutralization of the carbanion by reaction with the 
carboxylic acid groups of Ellman’s reagent. In these experiments, the 
concentration of Ellman’s reagent was still seven- to tenfold less than the 
carbanion concentration. For reactions of diaryl disulfides in Me2S0,  
the wavelengths used to monitor the formation of thiol anion are shown 
in Table IV. These wavelengths do not, in general, correspond to the 
absorption maxima of the various thiol anions in Me,SO. Wavelengths 
slightly higher than the absorption maximum were used to avoid high 
background absorbance from the carbanion species. 

Except for those experiments conducted under initial velocity condi- 
tions, first-order rate constants were evaluated from plots of In ( A ,  - A )  
against time where A is the observed absorbance at time t and A ,  is the 
absorbance at the end of the reaction. First-order plots for reactions with 
half-times greater than 10 s were linear to at least 3 half-lives after 
correction for the slower background reactions noted previously. For 
some of the faster reactions in Me2S0 (half lives of 5-10 s), a significant 
portion of the reaction had occurred between the time of mixing and 
initiation of recording. In these cases, rate constants were determined 
from the increase in absorbance during the last half to twethirds of the 
overall reaction. First-order plots were still linear for a t  least 2 observed 
half-lives. Extrapolation of the absorbance back to the time of mixing 
showed that the initial absorbance was zero at  zero reaction time. For 
the faster reactions, rate constants were reproducible within f20%. 

Determination of pK. The pK of acetoacetylethanethiol was deter- 
mined spectrophotometrically a t  25 OC, ionic strength 1 .O M (KCI), 10% 
(v/v) methanol in a series of 0.067 M (tris(hydroxymethy1)amino)- 
methane buffers, pH 8.46-9.34. The pK was calculated from the ab- 
sorbance of a 3.3 X M solution of acetoacetylethanethiol a t  303 nm 
and the measured pH using the relationship pK = pH + log (Ab - A ) / ( A  
- A,) where A is the absorbance at  303 nm at a given pH, Ab is the 
absorbance at a pH at least 3 pH units above the pK, and A, is the 
absorbance at  a pH at least 3 pH units below the pK. The pK’s of other 
carbon acids were obtained by measuring the pH of solutions of known 
concentrations of carbon acid and its conjugate base for a t  least 5 dif- 
ferent acid/base ratios. 

Stoichiometry. The Ac for reacion of excess 2,4-pentanedione with 
Ellman’s reagent was found to be 1.93 X lo4 M-’ cm-l at 412 nm from 
the absorbance change observed on reaction of a known quantity of 
Ellman’s reagent with excess 2,4-pentanedione (50% base). The same 
A€ was observed when Ellman’s reagent was in excess. The observed Ac 
can be completely accounted for by the absorbance of the monosulfide 
product of the reaction (c412 = 5.3 X IO’ M-I cm-I , pH 8.0) and 1 equiv 
of Ellman’s anion (c = 1.36 X 104 M-I cm-I).I5 The observed absorbance 
changes for the reaction of all carbanions with all diaryl disulfides in 
water and Me2S0 were never greater than 30% larger than could be 
accounted for by the absorbance of the thiol anion product alone. 

Product Identification. Ellman’s reagent (0.4 g, 0.01 mol) was added 
in approximately 0.05-g portions with stirring to a solution of 1.0 g (0.01 
mol) of 2,4-pentanedione in 10 mL of 0.5 M KOH. The pH of this 
solution was approximately 9. After addition of Ellman’s reagent, the 
solution was stirred for at  least 2 min. The pH was lowered to 5.5 with 
12 M hydrochloric acid, and the solution was extracted three times with 
15-20 mL of chloroform to remove the exceSS 2,4-pentanedione. The pH 
of the aqueous layer was lowered to 0.5 with 12 M hydrochloric acid, and 
the solution was extracted three times with 20 mL of chloroform. The 
chloroform layer was dried over molecular sieves and filtered, and the 
chloroform was evaporated under reduced pressure leaving a yellow oil. 
The oil was dissolved in chloroform/methanol and applied to two prep- 
arative silica gel plates and developed with chloroform/acetic acid (95:5, 
v/v). Two major bands were detected. The slower moving band was 
bright yellow in color and exhibited the same mobility as thionitro- 
benzoate. The fast moving band was removed from the plate, and the 
product was extracted into methanol. The methanol was removed under 
reduced pressure and finally under high vacuum to leave 0.22 g of a dark 
yellow solid. This yellow solid was found to be a solvate of the reaction 

buffered solution, 0.067 M (tris(hydroxymethyl)amino)methane, with 
Ellman’s reagent in excess (0.01 M). The observed rate constants were 
at least tenfold greater than the rate constant for acetoacetylethanethiol 
hydrolysis. The observed kinetics were first order to at least 3 half-lives 
after correction for a slow zero-order hydrolysis or aminoly~is’~ of Ell- 
man’s reagent. This correction (<lo% of the total absorbance change) 
was made by subtracting the zero-order increase in absorbance observed 
in a control experiment omitting acetoacetylethanethiol or malonitrile. 

Hydrolysis of cyanoethyl acetate and diethyl malonate led to signifi- 
cant changes in pH during the course of an experiment, and an initial 
velocity method was employed. A small amount of potassium hydroxide 
was added to temperature-equilibrated solutions of these carbon acids, 
and the pH was measured immediately. Ellman’s reagent was added, and 
the initial velocity of absorbance increase at 412 nm was recorded for 
1-5% reaction. During this time there was no significant change in pH 
(<0.04 pH unit). The infinity point was determined by adding a known 
amount of 4.0 M potassium hydroxide to each cuvette to bring the pH 
to 12-13. Under these conditions, greater than 90% of the product 
formed was due to reaction of the carbanion with Ellman’s reagent. The 
same total absorbance change was observed if the reactions with higher 
concentrations of carbon acid were allowed to go to completion. The 
first-order rate constants were obtained by dividing the initial velocity 
by the total absorbance change. 

The reaction of nitromethane carbanion with Ellman’s reagent in 
aqueous solution was complicated by an increase in absorbance at 412 
nm due to a background reaction of nitromethane. This background 
reaction increased in velocity with increasing pH and prevented rate 
measurements with carbanion/carbon acid ratios greater than 0.4 at  a 
total nitromethane concentration of 1.0 M. In all cases the background 
reaction in the absence of Ellman’s reagent was zero order over the entire 
course of an experiment. At a total concentration of 1.0 M nitromethane, 
40% base, the increase in absorbance at 412 nm was 0.023 OD/min. The 
zero-order increase in absorbance at 412 nm due to the background 
reaction was subtracted from the observed increase in absorbance after 
the addition of Ellman’s reagent by running a parallel experiment without 
Ellman’s reagent. The nature of this background reaction is unknown 
but has been noted by other investigators.20 The background reaction 
did not result in the synthesis of any compound which reacted with 
Ellman’s reagent faster than the nitromethane carbanion. Rate constants 
for the reaction of Ellman’s reagent immediately after preparing the 
carbanion solution were within experimental error (&lo%) of the rate 
constants observed after aging of the solution over the course of one 
kinetic measurement. The change in absorbance observed on completion 
of the reaction with Ellman’s reagent was that expected for formation 
of 1 equiv of thionitrobenzoate after correction for the background in- 
crease in absorbance. This background reaction was not observed for 
nitroethane. 

The reaction of 2,4-pentanedione with substituted diaryl disulfides in 
aqueous solution could not be followed by a continuous spectrophoto- 
metric procedure because of the high background absorbance of 2,4- 
pentanedione at wavelengths where the thiolate anion product absorbed. 
The reaction of 2,4-pentanedione with substituted diaryl disulfides was 
followed by measuring the thiophenoxide concentration with Ellman’s 
reagent. A solution of the carbon acid in 20% (v/v) 2-propanol (0.93 
mole fraction water), ionic strength 0.5 M (KCI), 25.0 O C ,  was made 1.5 
X lo4 M in diaryl disulfide by the addition of a solution of disulfide (0.01 
M) in 2-propanol. At various times a 1.0” aliquot was withdrawn and 
added to a cuvette containing 2.0 mL of potassium dihydrogen phosphate 
which was 1.1 X IO4 M in Ellman’s reagent. The concentration of 
potassium dihydrogen phosphate was such that complete neutralization 
of the carbanion solution gave a ratio of dihydrogen phosphate to mo- 
nohydrogen phosphate of 4.0 and a final pH of 5.9. Under these con- 
ditions, the reaction of 2,4-pentanedione with Ellman’s reagent was slow 
compared to the reaction of the thiophenoxide. The change in absorbance 
at  412 nm on reaction of the thiol anion with Ellman’s reagent was 
proportional to the concentration of thiolate anion product formed. The 
second-order rate constants were reproducible to within *20% unless 
higher error limits are indiciated. 

For reactions in Me,SO the carbanions were generated by adding a 
small volume (1-10 pL) of aqueous potassium hydroxide to a tempera- 
ture-equilibrated solution of the carbon acid in Me2S0. The pK of water 
in Me2S0 is considerably larger than the pK of all carbon acids examined 
so that no significant concentration of free hydroxide or dimsyl anion was 
present at eq~i l ibr ium.’~ The resulting carbanion solutions were 95-99.9 
mol % Me2S0. At a constant carbanion concentration, the observed 
first-order rate constants for the reaction of 2,4-pentanedione and ni- 
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Table I. Second-Order Rate Constants for the Reaction of Various Carbanions with Ellman's Reagent in Aqueous Solution (Ionic 
Strength = 1.0 M (KCl), 25.0 "C) 
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no. of 
carbon acid PKa PH [carbon acid]/M points kc/M-' s-' 

EtOCOCH,CO,Et 13.3" 7.85-8.59b.C 0.042 6 310 
EtOCOCH,COCH , 10.7a 8.00-10.48d 0.1-0.2 9 10 
CH,COCH,COSEt 9.14e 8. 33-9.20bpf g 5 3.5 f 1 

(CH,CO),CH 6.1Se 7.92d 0.06-0.24 4 0.10 
CH COCH, COCH , 8.13e 7.98-9.91 0.004-0.25 12 1.03 

NCCH,CO,Et 11.7h 6.5 3-8 .24d 0.05 5 470 
NCCH,CN 11.2Sh 8.76-9.2ab g 7 670 t 70 
HCN 9.06e 8.35-9.91 0.0067 8 23 
NO,CH, 10.08e 9.03-9.97 1.0 5 0.012 f 0.002 
NO , CH ,CH, 8.60e 8.60 0.1-0.9 17 (7 2) x 10-4 
NO,CH(CH,) , 7.57e 8.53 0.2-1.0 5 ~4 x 10-5 

Reference 8. 0.067 M (tris(hydroxymethy1)amino)methane buffer. 4% (v/v) methanol. 0.05 M potassium ethylphosphonate buf- 
fer a t  pH 8.5. e This study. f 12% (v/v) methanol. g Ellman's reagent in excess a t  1 X lo-, M. Reference 22. 

product and the acetic acid used for development of the thin-layer plate. 
The solvate was dissolved in water and extracted ten times with 20 mL 
of petroleum ether (bp 40-60 "C). The pH was lowered to 4.0 with 
dilute hydrochloric acid and the aqueous layer extracted three times with 
10 mL of chloroform. The pH was then lowered to 0.5 with 12 M 
hydrochloric acid, and the aqueous layer was extracted four times with 
15 mL of chloroform. The chloroform layer was dried over molecular 
sieves and filtered. The chloroform was evaporated under reduced 
pressure, leaving a light yellow solid which was recrystallized three times 
from benzene/petroleum ether to yield 0.1 g of a light yellow solid with 
mp 156-158 OC. 

NMR (acetone-&): 6 13.0-18.0 (v br, 1 H),  10.0-12.0 (v br, 1 H), 
7.95 (d, J = 8 Hz, 1 H),  7.50 (s, 1 H), 7.42 (d, J = 8 Hz, 1 H),  2.33 

UV (pH 8.0, 0.1,M potassium phosphate buffer): A, 371 nm (e 1.1 

Anal. Calcd for CI2HllNSO6: C, 48.48; H, 3.73; N, 4.71; S, 10.78. 
Found: C, 48.27; H, 3.81; N, 4.95; S, 10.52. 

Thin-layer chromatography on silica gel developed with chloro- 
form/acetic acid, 95:s (v/v), of reaction mixtures of excess 2,4-pen- 
tanedione carbanion (50% base) and Ellman's reagent in MezSO showed 
only two spots which were of identical R, to thionitrobenzoate, and the 
monosulfide product was isolated and characterized for the same reaction 
in aqueous solution. 

Results 
The reaction of stable carbanions with diaryl disulfides in 

aqueous solution, pH 7-1 1 at 25.0 OC, p = 1.0 M (KCl) proceeds 
with the formation of 1 equiv of arylthiol anion and the corre- 
sponding sulfide (eq The product of the reaction of 2,4- 

6, 6 HI. 

X lo4 M-' cm-' 1, A,, = 289 (1.5 x 104), = 289 (8.1 x 103). 

pentanedione carbanion with 5,5'-dithiobis(2-nitrobenzoic acid) 
(Ellman's reagent) was isolated from preparative scale experiments 
and identified as the enol of 3-thio-(3-carboxy-4-nitrophenyl)- 
2,4-pentanedione (R, = R2 = CH,CO, R3 = H, R4 = C7H9N02). 

The kinetics of the reaction of stable carbanions with Ellman's 
reagent in aqueous solution is described by the rate law in eq 2. 

u = k,[disulfide] [carbanion] (2) 
The apparent second-order rate constant based on the concen- 
tration of total carbon acid species (carbon acid plus carbanion) 
increases with pH below the pK of the carbon acid and becomes 
pH independent above the pK (Figure 1). Second-order rate 
constants  for the reaction of various stable carbanions with Ell- 
man's reagent in aqueous solution are given in Table I. Un- 
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Figure 1. Dependence of the second-order rate constant (based on total 
carbon acid concentration) on pH for the reaction of carbon acids with 
Ellman's reagent in aqueous solution at 25.0 OC, p = 1.0 M (KCI): (0) 
2,4-pentanedione; (0) ethyl acetoacetate; (A) hydrogen cyanide. Solid 
lines are calculated from the pK and k, values in Table I. 

Table 11. Secondarder  Rate Constants for the Reaction of 
2,4-Pentanedione Anion and Cyanide Anion with Symmetrical 
Disubstituted Diary1 Disulfides (X-Ph-SS-Ph-X) in Aqueous 
2-Propanol a t  25.0 "C 

kc/M-' s-' 

pentanedione cyanide 
substituent anion" anionb 

H 0.0022 0.47 
p-chloro 0.011 6.0 
3,4dichloro 50 
3-carboxy-4-nitro 0.3 20 
p-nitro 1.1 160 

" 9 3  mol %water. b 90 mol % water. 

certainties in the values of k, are f10% unless higher error limits 
are indicated. 

Second-order rate constants for the reaction of 2,4-pentanedione 
carbanion and cyanide anion with symmetrically disubstituted 
diaryl disulfides in aqueous 2-propanol at 25.0 OC are shown in 
Table 11. The rate constants in Table I1 are not of high precision 
(f20-50%) because of the experimental difficulties introduced 
by the low solubility of the disulfides in predominantly aqueous 
solution. The reaction of nitroalkane carbanions with disulfides 
other than Ellman's reagent and p-nitrophenyl disulfide are 
sufficiently slow that interference from thiol anion oxidation and 
carbanion side-reactions precludes rate measurements in aqueous 
solution. 

As the solvent is gradually changed from water to Me2S0, the 
second-order rate constants for the reaction of 2,4-pentanedione 
and nitroethane carbanions with Ellman's reagent increase by 
factors of approximately 102 and lo5, respectively (Figure 2). The 
observed rate constants do not change significantly (<lo%) be- 
tween 99.9 and 95.0 mol % Me2SO (99.9 and 98.8 wt %). For 
the reaction of nitroethane carbanion with Ellman's reagent, 
distillation of the Me2S0 from calcium hydride has no effect on 
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0 0.2 0.4 0.6 0.8 1.0 
XHOH 

Figure 2. The effect of changing mole fraction water on the second-order 
rate constants for the reaction of 2,4-pentanedione and nitroethane 
carbanions with Ellman's reagent at 25.0 OC: (0) 2,4-pentanedione in 
water/2-propanol mixtures; (A) 2,4-pentanedione in water/Me2S0 
mixtures; (0) nitroethane carbanion in water/2-propanol mixtures; (A) 
nitroethane carbanion in water/Me2S0 mixtures. 

0 
0 2 4 6 6 1 0  

103X [2.4-Pentanedionel ~~~~l M 

Figure 3. The dependence of the observed pseudo-first-order rate con- 
stant for the reaction of 2,4-pentanedione with Ellman's reagent in 
Me2S0 at 25.0 OC, on the concentration of 2,4-pentanedione at a [car- 
banion]/[carbon acid] of 1.0 (.) and 0.11 (0). 

the observed rate constant for the reaction between 99.9 and 95 
mol % Me2S0 (based on the amount of water added). The 
observed first-order rate constant for reaction with Ellman's 
reagent shows a linear dependence on the total concentration of 
carbon acid species at different ratios of carbon acid to carbanion, 
consistent with the rate law of eq 2. Typical results are shown 
in Figure 3. The intercepts of the plots shown in Figure 3 are 
not significantly different from zero, indicating that there is no 
appreciable "solvent" reaction-either disulfide hydrolysis by trace 
amounts of water or reaction of Ellman's reagent with low con- 
centrations of dimsyl anion. Second-order rate constants for the 
reaction of various carbanions with Ellman's reagent in 95 to 99.9 
mol % Me2S0 at 25.0 "C are shown in Table 111. Rate constants 
for the reaction of 2,4-pentanedione and nitroethane carbanions 
with disubstituted diaryl disulfides in Me2S0 are given in Table 
IV. 

Discussion 
Nucleophilic substitution at  divalent sulfur could proceed by 

a concerted (SN2) mechanism or by an addition-elmination 
mechanism involving the formation of a valence expanded, tri- 
coordinate sulfur intermediate.25*26 Several lines of evidence point 
to a concerted mechanism for the reaction of carbanions with 
diaryl disulfides. 

Electron-withdrawing substituents in the disulfide accelerate 
the reactions of 2,4-pentanedione carbanion and cyanide in the 
same way (Table 11, Figure 4), suggesting a similar development 

Table 111. Second-Order Rate Constants for the Reaction of 
Carbanions with Ellman's Reagent in Dimethyl Sulfoxide 
Solution at 25 "C 

carbon acid ~ K M , , , s o  [carbanion]/M 

CH,COCH,- 13.4a (0.3-1.1) X lo-, 12 60 

CH ,COCH z -  (1.5-8.0) X 5 124 

CH,NO, 17.2b (1.5-4.8) X 5 340 
CH,CH,NO, 16.7b (1.4-4.8)X 6 230 
(CH. )*- 16.gb (0.4-1.6) X lo-, 5 61 

COCH, 

C0,Et 

CHGO, 
NCCH,CN ll.lb (0.6-1.6) X 5 3000 
HCN 1 2 . ~  3 x 10-4 >2000 

a Reference 23. Reference 24. 

Table IV. Second-Order Rate Constants for the Reaction of 
2P-Pentanedione and Nitroethane Carbanions with Disubstituted 
Diary1 Disulfides a-Ph-SS-Ph-X) in Dimethyl 
Sulfoxide a t  25.0 "C 

wave- 
substituents no. of length/ a) [carbanion] /M points k,/M-' s" nm 

A. Reaction with 2P-Pentanedione Cabanion 
H (8.2-40) X 5 5.4 3 30 
p-chloro (8.1-41) X 5 1.7 X 10, 3 30 
3,4dichloro (3.3-8.3) X 6 (7 t 3) X l o 3  315 
p-nitro (8.3-21) X 6 1.2 X lo4 480 
p-nitro- (3.0-11.0) X 1 2  5 3  480 

B. Reaction with Nitroethane Carbanion 
H (1.6-8.0) X 5 72 310 
p- chlor o (3.3-16) x 10-5 5 1.2 x io3  310 
3,4dichloro (2.0-3.3) X 3 (1.0 + 0.3) X 310 

p-nitro 2 x 10-5 1 > 4 x  104 480 
p-nitro- (1.4-4.8) X 6 230 480 

3-carboxy 

104 

3carboxy 

-4 
-1 1 

log kc (Cyanidel 

Figure 4. Correlation of the logarithm of the second-order rate constants 
for the reaction of 2,4-pentanedione anion and disubstituted diaryl di- 
sulfides with the logarithm of the second-order rate constant for the 
reaction of cyanide anion and the same disulfides in aqueous solution at 
25.0 O C .  The line is drawn with slope of 1.1, correlation coefficient of 
0.96. Experimental points and conditions are as shown in Table 11. 

of negative charge on sulfur in the transition states for the two 
reactions. Harper and co-workersZ7 have reported a p of + 1.97 
for the leaving thiophenoxide and + 1.70 for the central sulfur in 
the reaction of unsymmetrically substituted diaryl disulfides with 
cyanide in 60% aqueous tert-butyl alcohol. Comparison with a 
p of +2.56 for the equilibrium ionization of ben~enethiols~' in- 
dicates a significant development of negative charge on both sulfur 
atoms in the transition state with the extent of sulfursulfur bond 
breaking possibly lagging behind carbonsulfur bond formation.27 

(25) Pryor, W. A.; Smith, K. J .  Am. Chem. SOC. 1970, 92, 2732-2738. 
(26) Young, P. R.; Hsieh, L. S. J .  Am. Chem. Soc. 1978,100,7121-7122. 

(27) Harper, D. A. R.; Mitchell, J. W.; Wright, G. J. Aust. J.  Chem. 1973. 
26, 121-134. 
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Figure 5. Logarithm of the second-order rate constant for reaction of 
various carbanions with Ellman’s reagent in aqueous solution as a 
function of carbon acid pK at 25.0 “C, p = 1.0 M (KCI): (0) 1,3-di- 
carbonyl compounds; (0) nitroalkanes; (A) cyanocarbons. The line 
correlating 1,3-dicarbonyl compounds is drawn with a slope (A) of 0.49. 
The line correlating nitroalkanes is drawn with a slope (8,) of 0.95. 

The large differences observed in the reactivity of nitroalkane, 
1,3-dicarbonyl, and cyanocarbon carbanions with Ellman’s reagent 
(Figure 5 )  suggest that the carbonsulfur bond is not fully formed 
in the transition state. If carbon-sulfur bond formation was 
complete, the effect of carbanion structure on the rate constants 
for the reaction should be similar to that observed for equilibrium 
iodination of the same carbanions. A plot (not shown) of the 
logarithm of the equilibrium constants for the iodination of a 
variety of carbanionsZs against the carbon acid pK is reasonably 
linear with no large deviations (<lo-fold) between classes of 
carbanions. 

The effects of disulfide and carbanion structure on reactivity 
support a transition-state structure in which there is a significant 
amount of negative charge developed on both the central and 
leaving sulfur with incomplete formation of the carbon-sulfur 
bond. These observations are most consistent with a concerted 
(SN2) mechanism for the reaction. 

A plot of the logarithm of the second-order rate constants for 
the reaction of stable carbanions with Ellman’s reagent in aqueous 
solution against the carbon acid pK in water is shown in Figure 
5. The rate constants for 1,3-dicarbonyl carbanions fall on a single 
line with a slope (&) of 0.5. Nitroalkane carbanions are correlated 
by a separate line which lies 2-4 orders of magnitude below the 
line established by 1,3-dicarbonyl carbanions and exhibits a Pc 
of 0.95. Cyanide and cyanocarbon carbanions deviate significantly 
above the line established by 1,3-dicarbonyl carbanions. 

The structure-reactivity correlations observed for the reaction 
of stable carbanions with disulfides in aqueous solution are similar 
in many respects to those observed for proton-transfer reactions 
involving the same carbanions. For  both reactions, cyanocarbon 
carbanions react significantly faster than 1,3-dicarbonyl carbanions 
of the same pK which in turn react much faster than nitroalkane 
carbanions of the same pK.* For both reactions, the observed value 
of & is significantly larger for nitroalkane carbanions than for 
1,3-dicarbonyl  carbanion^.^^^-^ 

Proton transfers from a single oxygen or nitrogen acid to a 
homologous series of 1,3-dicarbonyl or nitroalkane carbanions are 
characterized by values of pc which are generally quite different 
from the (YAH values observed for proton transfer from a series 
of oxygen or nitrogen acids to a single ~ a r b a n i o n . ~ , ~  For nitro- 
alkanes, values of & outside the conventional limits of zero to 
one are observed. In general, PC does not seem to be a good 
indication of the extent of bond formation to carbon in the 
transition state.- The discrepancy between & and the true extent 
of bond formation to carbon in the transition state has been 
rationalized by Kresge2 and Bordwel14” as reflecting a transition 
state in which the amount of negative charge on carbon is greater 
than in the ground-state carbanion. With respect to charge de- 

(28) Bell, R. P.; Gelles, E. Proc. R. SOC. London, Ser. A 1952, 210, 
310-322. 

5 10 
PKDMSO- PKHOH 

Figure 6. A plot of the logarithm of the ratio of the second-order rate 
constants for the reaction of carbanions with diary1 disulfides in Me2S0 
and water against the difference in carbon acid pK in the two solvents. 
The solid line for the reaction of carbanions with Ellman’s reagent is 
drawn with a slope of 0.61, correlation coefficient of 0.95. The dashed 
line indicates the reaction with p-nitrophenyl disulfide. 

velopment on carbon, the transition state does not possess a 
structure intermediate between substrate (delocalized carbanion) 
and product (carbon acid). This effect should apply generally 
to reactions in which stabilization of the ground state is predom- 
inantly through resonance interactions which are diminished or 
absent in the transition state. As a result, the slopes of Bransted 
correlations where the carbanion structure is varied, including the 
reaction with disulfides, cannot be taken as indicative of the extent 
of carbon-electrophile bond formation in the transition state. 

Solvent Effects. As the solvent is changed from water to 
Me2S0, the second-order rate constants for the reaction of ni- 
troalkane carbanions with Ellman’s reagent increase by factors 
of 104-106. Smaller rate increases are observed for the reactions 
of 1,3-dicarbonyl carbanions (1 02) and cyanocarbon carbanions 

(Figure 6). The rate increases are not due to the decreased 
dielectric constant of the medium-much smaller rate increases 
are observed on changing the solvent from water to 2-propanol 
(Figure 2). The observed rate increases, which are strongly de- 
pendent on carbanion structure, must result from differences in 
the relative solvation of the carbanion or disulfide in the transition 
state compared to the ground state. 

For reaction 3, transfer from water to Me2S0 will result in a 

large rate acceleration only if the ground state undergoes more 
substantial desolvation than the transition state.29 

The relative extent of ground-state carbanion desolvation on 
transfer from water to Me2S0 may be estimated by comparing 
the change in pK of the carbon acid on transfer from water to 
Me2S0.30 Although differences in carbon acid solvation may 
contribute to differences in ApK (PKM~~SO - PKHOH), the major 
contribution will arise from differences in carbanion s o l ~ a t i o n . ~ ~ - ~ *  
For the ionization of nitroethane, the pK increases 8.1 units on 
changing the solvent from water to Me2S0. Smaller ApK values 
are observed for 2,4-pentanedione (+4.7 units) and malonitrile 
(-0.1  nit).^^,^^ The large ApKof 8.1 for nitroethane compared 
to a ApK of -0.1 for malonitrile indicates that the nitroethane 
carbanion is more strongly solvated in water than the malonitrile 
carbanion. 

A plot of the logarithm of the rate acceleration, log 
( ~ M ~ ~ s o / ~ H o H ) ,  against the ApK on changing the solvent from 
water to Me2S0 is shown in Figure 6.)O Although the points are 
somewhat scattered, it is obvious that the reaction of malonitrile 
carbanion with Ellman’s reagent exhibits only a small increase 
in rate on changing solvent and also exhibits a small value of ApK. 

(29) Buncel, E.; Wilson, H. Acc. Chem. Res. 1979, 12, 42-48. 
(30) Clare, B. W.; Cook, D.; KO, E. C. F.; Mac, Y. C.; Parker, A. J. J .  

(31) Cumming, J. B.; Kebarle, P. J .  Am. Chem. SOC. 1978, 100, 
Am. Chem. SOC. 1966, 88, 1911-1916. 

1835-1838. 
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Figure 7. Correlation of the rate constant for reaction of nitroethane 
carbanion with substituted diaryl disulfides in Me2S0 at 25.0 O C  with 
the rate constant for the reaction of the same disulfide with 2,4-pen- 
tanedione in MezSO at 25.0 OC. The line is drawn with a slope of 0.8, 
correlation coefficient of 0.98. 

On the other hand, nitroalkane carbanions exhibit large increases 
in rate and large values of ApK. The slope of this correlation is 
approximately 0.6, suggesting that the transition state is less 
sensitive to changes in solvation than the carbanion ground state. 
This would imply a product-like transition state in which a con- 
siderable amount of carbanion desolvation has occurred. 

The possibility must be considered that the extent of negative 
charge development on sulfur in the transition state is dependent 
on carbanion structure and related directly to ApK. The observed 
differences in rate acceleration on transfer of the reaction from 
water to Me2S0 could result from solvent interactions with sulfur 
in the transition state and be secondarily related to carbanion 
solvation changes. Several lines of evidence suggest that effects 
on the solvation of the leaving thiophenoxide are not responsible 
for the different rate accelerations observed for the reaction of 
carbanions with Ellman’s reagent and other disulfides. 

(1) The pK of p-nitrothiophenol increases by only 1.1 units on 
changing the solvent from water to MezSOa30 This ApK is con- 
siderably smaller than that observed for either nitroethane or 
2,4-pentanedione. Changes in thiophenoxide solvation would be 
expected to make a correspondingly smaller contribution to the 
rate effects. 

(2) The extent of negative charge development on sulfur in the 
transition state is very similar for the reaction of 2,4-ptanedione 
and nitroethane carbanions in MezSO (Figure 7 ) .  Since the 
nitroethane carbanion is destabilized more than the 2,4-pen- 
tanedione carbanion on transfer to Me,SO, any change in tran- 
sition-state structure should be larger for the reaction of nitro- 
ethane carbanion than for 2,4-pentanedione carbanion. Increased 
ground-state destabilization in Me2S0 compared to water would 
be expected to result in a shift of the transition state to a more 
reactant-like structure (less sulfursulfur bond breaking) in accord 
with the Hammond p o s t ~ l a t e . ~ ~ * ~ ~  The direction and relative 
magnitude of possible carbanion-dependent shifts in the extent 
of sulfur-sulfur bond breaking predict that in water the transition 
state for the reaction of nitroethane carbanion should involve more 
sulfursulfur bond cleavage than the reaction of 2,4-pentanedione 
carbanion. If there is a large Hammond postulate effect (and 
there may not be), the increased negative charge density on sulfur 
for the reaction of nitroethane carbanion in water would result 
in increased transition-state destabilization on transfer to MezSO 
and a decrease in the relative rate acceleration. This is opposite 
to the effect observed and suggests that differences in solvation 

(32) Hammond, G. S. J .  Am. Chem. SOC. 1955, 77,334-338. Leffler, J. 
E. Science (Washington, D.C.) 1953, 11 7, 340-341. 

(33) Arguments based on the effects of changing solvent on the three-di- 
mensional energy surface for this reaction as described by Jencks and Jencks 
(Jencks, W. P.; Jencks, D. A. J .  Am. Chem. Soc. 1977,99,7948-7960) reach 
the same conclusions as long as the reaction coordinate possesses a vertical 
component. 

of the leaving thiol anion are not responsible for the observed 
correlation of log (kWw/kHOH) with ApK but may be responsible 
for the nonunit slope. 

(3) The reactions of cyanide anion and 2,4-pentanedione car- 
banion with substituted diaryl disulfides in water show a similar 
development of negative charge on sulfur in the transition state 
(Figure 4). At least for these two carbanions, the extent of 
negative charge development on sulfur is independent of carbanion 
structure. 

It might be expected that a single correlation between carbon 
acid pK in MezSO and log kMerSO would exist for all carbanions. 
Examination of the data in Table I11 illustrates that this is not 
the case. In Me2S0, nitroethane carbanion is more basic than 
malonitrile carbanion by approximately six powers of ten; however, 
the second-order rate constant for reaction of malonitrile carbanion 
with Ellman’s reagent is a factor of 10 larger than that observed 
for the reaction of nitroethane carbanion. The continued existence 
of the “nitroalkane anomaly” in MezSO may also result from 
differential solvation of the various carbanion ground states in 
Me,SO, which is either absent or diminished in the transition state. 
Relative acidities of malonitrile, 2,4-pentanedione, and nitroethane 
are available in water, Me2S0, and the gas phase. In the gas 
phase, nitroethane is a weaker acid than malonitrile by 16 powers 
of tens3’ In Me,SO, the relative order of acid strength is the same; 
however, nitroethane is a weaker acid than malonitrile by only 
five to six powers ot ten.24 With the assumption that the relative 
acidities of carbon acids in various media arise predominantly from 
differences in carbanion s o l ~ a t i o n , ~ ~ ~ ~ ~  it may be concluded that 
the nitroethane carbanion is more highly solvated in Me2S0 than 
is the malonitrile carbanion. The differences in solvation of the 
various carbanions in Me,SO are more than adequate to account 
for the observed differences in rate constants if the extent of 
carbanion solvation is reduced in the transition state for the re- 
action in Me2S0. 

The Nitroalkane Anomaly. The thermodynamically favorable 
proton transfer between acetic acid and nitroethane carbanion 
occurs a t  a rate that is approximately lo9 slower than diffusion 
controlled.34 This observation stands in marked contrast to proton 
transfers between electronegative oxygen and nitrogen atoms which 
are generally diffusion controlled. Slow proton transfers to and 
from carbon have been attributed to the inability of carbanions 
and carbon acids to participate in strong hydrogen-bond inter- 
actions with Bransted acids and bases,I’-I3 energy barriers from 
heavy-atom reorganization around carbon,1° and carbanion and/or 
Brransted acid-base desolvation in the transition state.’z~’4~35J6 

In aqueous solution, the relative rates for proton transfer from 
acetic acid to n i t r ~ e t h a n e , ~ ~  2,4-pentanedi0ne,~ and tert-butyl- 
malonitrile3’ carbanions are 1, 105.3, and los,’, respectively. This 
order of reactivity is similar in direction and magnitude to that 
observed for the reaction of nitroethane, 2,4-pentanedione, and 
malonitrile carbanions with Ellman’s reagent (1, lo3,,, and lo5, 
respectively). The slope of a plot (not shown) of the logarithm 
of the rate constants for proton transfer from acetic acid against 
the logarithm of the rate constants for reaction with Ellman’s 
reagent is linear with a slope of approximately 1.7. This would 
suggest that the majority of the difference in proton-transfer rates 
to structurally different carbanions results from differences in 
carbanion solvation in the ground state which are reduced in the 
transition state. That the rate constants for proton transfer from 
acetic acid are a factor of 1.7 more sensitive to changes in car- 
banion structure than the rate constants for reaction with Ellman’s 
reagent may reflect differences in transition-state solvation, the 
effect of relative hydrogen bonding ability of the carbanions with 
acetic acid, differences in the extent of heavy-atom rearrangement, 
or a combination of these factors. 

(34) Cox, B. G.; Gibson, A. J .  Chem. SOC., Chem. Commun. 1974, 

( 3 5 )  Keeffe, J. R.; Morey, J.; Palmer, C. A.; Lee, J. C. J .  Am. Chem. SOC. 

(36) Albery, W. F.; Campbell-Crawford, A. N.; Curran, J. S. J .  Chem. 

(37) Pratt, R. F.; Bruice, T. C. J .  Urg. Chem. 1972, 37, 3563-3565. 

638-639. 

1979, 101, 1295-1297. 

Soc., Perkin Trans. 2 1972, 2206-2214. 
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Solvent effects on the reaction of carbanions with Ellman’s 
reagent suggest a transition state in which the solvation of the 
carbanion is product-like. If proton transfer also occurs through 
a product-like transition state with respect to solvation, the pre- 
diction may be made that in the reverse direction (proton transfer 
from carbon acid to acetate anion), the solvent effect should be 
relatively independent of the structure of the carbon acid. Cox 
and Gibson34 have measured the rate constants for proton transfer 
from 2-nitropropane, nitroethane, and 2-methyl ethylacetoacetate 
to acetate anion as a function of increasing mole fraction Me2S0. 
Although the maximum mole fraction of Me2S0 was only 0.4 in 
their experiments, the observed effects on the rate constants are 
virtually independent of the structure of the carbon acid. In this 
direction, the solvent effect (a rate increase of lo2 at  0.4 mole 
fraction Me2SO) would seem to be primarily due to desolvation 
of acetate anion in the transition state. 

The above observations are consistent with a transition-state 
structure for proton transfer to and from carbon in which the 
delocalized negative charge on the carbanion and acetate anion 
is less highly solvated than either the carbanion or acetate anion 
ground state. In the direction of proton transfer from acetic acid 
to a carbanion, the solvation of the carbanion would be product-like 
while the solvation of the acetic acid would be reactant-like. The 
relative differences in ground-state and transition-state solvations 

are more than adequate to account for the large increases in rate 
observed for both proton-transfer and nucleophilic reactions of 
carbanions on changing the medium from water to Me2S0. 

It has recently been shown that the rate constants for proton 
transfer from 1-arylnitromethanes to benzoate anion, and the 
reverse reaction, increase by approximately lo5 on changing the 
medium from water to Me2S0.35 However, even this large rate 
acceleration is not enough to increase the rate constants for proton 
transfer to anywhere near the diffusion-controlled limit. The 
continued existence of slow proton transfers to and from carbon 
in MezSO could also result from changes in solvation required 
to reach the transition state. Carbanions are still highly solvated 
in MezSO (compared to the gas phase), the extent of solvation 
is dependent on carbanion structure, and solvation may be very 
different between the ground state and transition state. 

A large portion of the nitroalkane anomaly in aqueous solution 
can be accounted for with a transition-state structure in which 
both the proton donor and acceptor are significantly desolvated 
in comparison to their anionic ground states. It is possible that 
the total nitroalkane anomaly could be accounted for by solvation 
phenomena; however, a t  the present time it is difficult to assess 
the contribution of hydrogen bonding between the carbanion and 
proton donor and the contribution of heavy-atom reorganization 
to the energy barrier for proton transfer to and from carbon. 

Acid-Base Kinetics of Pyridine Studied with a Slow 
Spectrophotometric Indicator in Methanol 
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Contribution from the Department of Chemistry, University of Utah, Salt Lake City, 
Utah 841 12, Institute of Physical Chemistry, University of Freiburg, 78 Freiburg, 
West Germany, and University of Idaho, Moscow, Idaho 83843. Received April 18. 1980 

Abstract: The protonation-deprotonation kinetics of pyridine in methanol has been studied by the electric field jump technique. 
Kinetic measurements of the electric field insensitive equilibrium B + H’ ( k , )  F? BH’ (k,) ,  where B denotes pyridine, were 
obtained by coupling the equilibrium with a field-sensitive, visibly colored indicator equilibrium. Use of the “slow” indicator 
2,2’,4,4’,6,6’-hexanitrodiphenylamine allowed observation of the slower of the two relaxation times of the coupled system in 
a time range where measurements could be made with sufficient precision for a reliable extraction of the rate constants k l  
and k-, from the data. The values obtained are k l  = 1.57 f 0.32 X 10’” dm3 mol-I s-l and k-, = 8.43 f 1.69 X lo4 s-I. The 
value for k l  is within the expected limits for a diffusion-controlled reaction in this solvent. An ionic reaction radius of 3.9 
A is calculated from the protonation rate constant value, which indicates that the neutral species involved is probably a 
hydrogen-bonded pyridine-methanol complex rather than free pyridine. The value for k.., is 1 order of magnitude greater 
than the constant for methyl-substituted pyridines, reflecting unsubstituted pyridine’s lower basicity in methanol. 

Introduction 
A nuclear magnetic resonance study’ of proton exchange of 

ortho and para methyl-substituted pyridinium ions in methanol 
has revealed that the protonation rates of the bases are very fast 
with rate constants comparable to the values expected for a 
diffusion-controlled process in all cases. In this study Cocivera 
found no appreciable steric effect of ortho methyl substituents 
on the rates of protonation and deprotonation at the nitrogen atom. 
It is still in doubt,2 however, whether the proton transfer involves 
the free amine B 

(1) B + CH3OH2’ * BH’ + CH30H 

or a hydrogen-bonded complex 

B.HOCH3 + CH3OH2’ i BH’*O(H)CHj + CH30H (2) 
Steric effects are expected to play a significant role in reaction 

*To whom correspondence should be addressed at the University of Utah. 
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1 but not in (2). On the other hand the reaction distances of 
1.9-3.0 A calculated from the NMR results are small for reaction 
2 where the proton motion in the hydrogen bond is triggered by 
the more distant protonation of the methanol molecule. The 
analysis of N M R  rate data is complicated by the symmetrical 
proton exchange’s3 

B t HO t HE+ % BH’ t OH t B (3) 
I 
CH3 

I 
CH3 

and by the large salt effects in ionic systems of high concentra- 
tion.’J Relaxation kinetics is free of these complications because 
reaction 3 does not contribute to the observed rate and the reactant 
concentrations are low. We describe here an electric field jump 

(1) Cocivera, J. J .  Phys. Chem. 1968, 72, 2515-2519. 
(2) Grunwald, E.; Ralph, E. K. Acc. Chem. Res. 1971, 4, 107-113. 
(3) Grunwald, E.; Eustace, D. In “Proton Transfer Reactions”; Caldin, E. 

F., Gold, V., Eds.; Chapman and Hall: London, 1975. 
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