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The addition of bisulfites to  a,b-unsaturated acids is by no means a new 
reaction: it has, in fact, been known since 1871 (1). These early investigations 
did not include any effort to  establish the mechanism, but mere merely observa- 
tions that the reaction took place. Furthermore, in only one instance was there 
any attempt to  determine the orientation of the resulting sulfoacid (Z ) ,  and 
even here, while the structure assigned has been found correct, the evidence on 
which it was originally based can hardly be considered conclusive. KO reports 
have been located of additions to acids having a double bond more remote from 
the carboxyl. 

A profound difference has been observed between a ,@-unsaturated acids and 
those with the double bond further removed from the carboxyl group, with 
respect t o  their behavior with bisulfites. The latter show, qualitatively at least, 
much the same characteristics as simple olefins, in that they react rather s!orvly, 
require more than catalytic quantities of oxidizing agents before addition will 
occur a t  all, and are incapable of giving quantitative yields on a basis of bisulfite 
consumed. While oxidants are necessary, only very small amounts are required : 
the addition could not be entirely prevented by any attainable means, though 
evacuation to  very low pressures with thorough degassing and addition of an 
excess of antioxidant did succeed in reducing it to a low value (see Table I). 
The chain-lengths under such conditions are phenomenal. When the double bond 
occupies the omega-position in the chain, the entering sulfonic acid group be- 
comes attached to the terminal carbon atom, a result consistent with] previous 
observations on the products of free-radical additions. 

The results of adding bisulfite to a soIution of a salt of an a,@-unsaturated acid 
are shikingly different. Reaction begins a t  once, and is rapid, as attested by the 
rise of temperature. It is complete within a relatively few minutes, with essen- 
tially quantitative conversion to  the sulfoacid. There is no dependence That- 
ever on oxygen, since the addition is neither speeded up by increasing its avail- 
ability nor slowed by high vacuum or antioxidants. The air-oxidation of bisulfite 
can not be completely suppressed, and this appears to be the only factor pre- 
venting complete utilization of the bisulfite in sulfoacid formation. 

In one respect there is a close parallel between the additions to a,@- and t o  
more-remotely-situated double bonds : in both cases the reacting species is bisul- 
fite ion itself. This has been established for the free-radical mechanism bj7 Khar- 
asch and eo-workers (3 ,4 ,5) ;  the corresponding data for the ionic reaction appear 

1 This paper is based upon a part of the thesis submitted by Isidore Danishefsky t o  
the Graduate Faculty of New York University in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 
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72 
48 
96 
72 
48 
96 

in Table 11. It will be seen here, that addition is most complete in mixtures made 
up of equivalent amounts of sodium bisulfite and the sodium carboxylate, and 
niost rapid in the pH range where bisulfite ion is a t  its maximum concentration. 

32 
24 
18 
12 
24 
4 

TABLE I 
EFFECT OF OXYGEN TESSION O N  THE ADDITION OF BISULFITE TO AMNONIUX 

VINYLACETATE" 

OXYGEN TEISIOX,  XU. Hg 

753 
154 
15 
8 

1 x 10-4 
2 x 10-5 
1 x 10-5 
1 x 10-1 
6 X 

TI YE,^ HOUBS ~ %BISULFITE DISAPPEARED 70 aISULFITE CONVERTED 
To SULFONATE 

66 
80 
86 
88 
31 
24 
18 
1 2 b  
24" 
4c 

a The data herein tabulated have been selected from a group of some forty experiments 
to  illustrate the effect of oxidants and antioxidants on the extent t o  which bisulfite is con- 
sumed and the efficiency with which i t  is converted t o  the sulfonate. 

b In  the presence of 10 mole-% hydroquinone. 
c In  the presence of 1 mole-'% p-tert-butylcatechol. 
d It is not t o  be assumed that  the times indicated are the minimumrequisitetimesfor 

the reaction. 

TABLE I1 
EFFECT O F  HYDROGES I O N  CONCENTRATION O N  THE ADDITION TO SODIUM CROTONATE"  

MOLES SULFITE 

0.0714 
.0841 
. 0840 
,0872 
.0785 
.0841 
.0395 

XOLES C2OTOXATE 

0.1116 
.lo11 
.1204 
.1204 
,1302 
.lo20 
.lo12 

% SULFITE 
CONVEBTEDTO 

SULFONATE 

#H 

Initial i Final 

1.9 2.0 
~ 9& 9.6 66 

~ 9.6 ! 88 

3.8 
4 . 6  

980 
47 
9 

5.7 
7.1 

2d 
8.9  j 11.1 

I 10.3 11.0 
~~~~ 

(1 Similar results were obtained a i t h  sodium acrylate. 
b Sodium bisu1fit.e and crotonic acid. 
c Sodium bisulfite and sodium crotonate. 
d Sodium sulfite and sodium crotonate. 

Only those acids, then, wherein one or more carbon atoms isolate the double 
bond from the carboxyl group may be classified with simple olefins as substances 
react'ing with bisulfite via an oxygen-catalyzed free-radical mechanism. The a, P- 
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somers add bj7 a more rapid, presumably ionic route, which may be represented 
schematically as foll i ows: 

(4 

(R = H or alkyl) 

I I 
OR Opt 

I 
OR 

(B) (C) 

I 

1 HSO; 

I 

1 HSO; 

RCHCK,C=Q +- RCHCH=CQH 
I 

Similar structures may be written for nitriles. The mechanism may be postulated 
either in terms of an electron shift induced by the adjacent carboxyl, with the 
bisulfite adding to the resulting polarized double bond as in structure (B), or 
as a 1,4-addition to  a conjugated system via an intermediate of structure (D). 
The evidence thus far available does not permit a decision between the alter- 
natives, siiice both the @-orientation of the entering sulfonic acid group and the 
fact that both esters and nitriles react in the same manner as the salts can be 
explained equally well by either mechanism. 

 EXPERIMENTAL^ 
Materials. Crotonic acid was obtained through the courtesy of the Tennessee-Eastman 

Corporation. It was recrystaliized from water before using. Acrylic acid and methyl acrylate 
were supplied by Rohm and Haas Co. The former was in the form of a 60% aqueous solution 
stabilized by 1y0 di-beta-naphthol and 0.25% hydroquinone. When the pure acid was de- 
sired, the aqueous solution was extracted with ethylene dichloride, the solvent distilled, 
and the free acid distilled in zmcuo a t  53-56'/24 mm. Methyl acrylate was purified by wash- 
ing with dilute NaOH to remove the hydroquinone used as a stabilizer, and distilling a t  
79-80', Acrylonitrile was obtainsd through the courtesy of the American Cyanamid Com- 
pany. ICIsrc'x's Reagent l\'aHS08 and Na2S03 were used. Vinylacetic acid was obtained by 
hydrolysis of the nitrile (6), which was prepared according t o  the directions in Organic 
Syntheses (7)  from allyl bromide and cuprous cyanide. S-benzylisothiouronium chloride 
mas prepared from benzyl chloride and thiourea according to the method of Donleavy (8). 

General procedure and apparatus. Bqueous solutions of known quantities of the or- 
ganic compound and sodium bisulfite were shaken together. The reaction vessel, filled 
v i t h  an atmosphere of the desired oxygen concentration, was connected to an oxygen 
reservoir with the gas slightly above atmospheric pressure, and allowed to  stand until 
oxygen consumption ceased completely or was extremely slow. This insured the main- 
tenance of a constant oxygen-concentration throughout the entire period of the reaction. 
By following this procedure, it  was possible to  mark the end of the reaction, and to  deter- 
mine the amount of sulfite d i c h  was oxidized to  sulfate. 

The solution was diluted to  a definite volume and an aliquot was analyzed iodometrically 
for sulfite. (It was demonstrated that  none of the unsaturated compounds used react with 
iodine or affect the titration between iodine and sodium bisulfite.) The bisulfite consumed 

Ken; compounds are indicated by asterisks. 
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was thus ascertained, while from the volume of oxygen absorbed i t  was possible to  calculate 
the amount of sulfite which was oxidized to  sulfate. In  many experiments, the quantity of 
unsaturated substance was determined by bromide-bromate titration. The amount of 
addition product isolated was always in good agreement with both the olefinic acid con- 
sumed and the bisulfite utilized (corrected for oxygen uptake). 

Additions a t  low pressure were conducted in a device consisting of two cylindrical 
bulbs, each of about 40-cc. volume, sealed t o  a common yoke, which v a s  in turn sealed to  
a high-vacuum line through a stopcock. -4 preformed constriction between yoke and stop- 
cock facilitated sealing off the evacuated assembly. 

Solutions of che two reactants were placed in the two bulbs, frozen in Dry Ice-acetone, 
and evacuated. After degassing, the yoke was sealed off a t  the constriction and the reaction 
instituted by tilting the apparatus so that  all the liquid collected in one bulb. 

After the mixture had stood for the requisite length of time, it was worked up by one of 
three methods. The elaborate manipulations were required in order to  eliminate the pos- 
sibility of reaction during analysis and isolation of the sulfonate. 

Method I .  With the entire solution contained in one of the bulbs of the evacuated as- 
sembly, the water was distilled over into the other arm until only a dry residue was left. 
The container was then opened and the water analyzed for SOZ. The solid residue was 
extracted with alcohol to  remove any unreacted organic substance, and the aicohol-in- 
soluble fraction dissolved in water and titrated for sulfite. The sum gave the amount of 
bisulfite which did not react. The product was then isolated in the manner described for 
the reactions conducted a t  atmospheric pressure. 

X e t h o d  I I .  The vessel was opened and the contents were poured immediately into excess 
cold KaOH solution. The base was used in order to  convert all the unreacted bisulfite t o  
sulfite; the latter is not capable of addition t o  the organic reagent during the analyses and 
isolations. An aliquot of the resulting solution was analyzed for sulfite by iodine titration. 
Analysis of another aliquot with standard bromide-bromate reagent gave a measure of 
the sulfite remaining plus the unreacted olefinic acid; by subtracting the value for the 
former determined iodometricallg, the latter was indirectly calculated. 

Method I I I .  Small amounts of reactants r e r e  used ( .OQl  mole), and when the vessel 
was opened, the contents were poured immediately into a measured excess of standard 
iodine solution. Beck titration with standard thiosulfate gave the amount of unreacted 
sulfite. 

Results by all methods n-ere in good agreement. 
When the organic reactant was methyl acrylate or acrylonitrile the procedure vias 

modified slightly. After evacuation and degassing, the organic compound was distilled, 
not poured, over into the bulb containing the bisulfite solution. The bulb contaiiling the 
mixture was then sealed off, instead of the entire yoke. After this had been shaken and 
allowed to  stand for the desired length of time, i t  was opened and the contents were poured 
into cold aqueous NaOH. Unreacted ester or nitrile was extracted with ether and the 
aqueous layer analyzed for unreacted sulfite. 

The effect of antioxidants was studied by adding 10 mole per cent of hydroquinone or 
one mole per cent of p-tert.-butylcatechol to  the sulfite or bisulfite solution. 

Addition o j  sodium biszdj te  to sodium acrylate. A solution of 9.4 g. (0.10 mole) GI sodium 
acrylate in 25 eo. of water was added to  25 cc. of 3.3040 31 (0.0826 mole) NaH803. The re- 
acticn vessel, filled m-ith air a t  atmospheric pressure, was connected to  oxygen a~ indicated 
in the “general procedure.” In  5 minutes, the temperature had risen 12”. At the end of 24 
hours, 26 cc. of oxygen (converted to  N.T.P.) (0.0012 mole) had been consumed. Titration 
of an aliquot of the reaction mixture established that  the solution contained 0.0035 mole 
of unreacted sulfite. This indicated that  94% of the bisulfite vas  converted to the sulfonate. 

Two cc. of 1.8 M HzSOa was added to  the mixture and the solution v a s  heated on a water 
bath for 15 min. The solution was then made basic to  phenolphthalein, by adding aqueous 
KaOH, and evaporated t o  dryness under reduced pressure. The soXd residue was extracted 
twice with boiling 95% alcohol to  remove unreacted sodium acrylate. The remaining solid 
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v a s  extracted in a Soxhlet for 24 hrs. with 80% alcohol. The extract was evaporated t o  
dryness, yielding 14.0 g. of the disodium salt of 6-sulfopropionic acid. This represents a 
91% recovery of the amount of sulfonate expected on the basis of the titration and the 
amount of oxygen consumed. Twelve grams of the sodium salt was dissolved in 300 cc. of 
boiling water, and 16 g. of BaC12.2H20 was added to  the solution. The solution was filtered 
vhile hot and allowed to  cool to  room temperature. The crystals were collected and the 
mother liquor was then corcentrated to  80 cc. and a second crop was taken; yield 22.4 g. 

A n a l .  Calc'd for Ba(C3Hd&S).5H20: HzO, 23.73; Ba, 36.21. 

9 solution of 2 g. of the sodium salt in 5 cc. of water was added to  4 g. of S-benzyliso- 
thiouroaium chloride dissolved in 8 cc. of 10% aqueous alcohol. A white solid crystallized 
on cooling. This, recrystallized twice from 10% alcohol and dried over HzSOc in a vacuum, 
melted a t  152.3-182.5". 

Found: HgO, 23.90; Ba, 36.38. 

A n a l .  Calc'd for C19H26K405SS; N, 11.51. Found: K, 11.55. 
Authent ic  a-sulfopropionic acid was synthesized from propionic acid and SO3 according 

to  the method of Backer and Dubsky (9). The S-benzylisothiourionium derivative*, pre- 
pared from the sodium salt,  melted at  149.2-150.2". 

A n a l .  Calc'd for C I ~ H ~ & ~ O & ;  N ,  11.51. Found: N,  11.62. 
Authent ic  p-sulfopropionic ac id .  The cyclic anhydride of p-sulfopropionic acid was 

obtained by the method of Mharasch and Brown (10). This was converted into the disodium 
salt by treating with two moles of aqueous SaOH and evaporating to  dryness. The S- 
benzylisothiouronium compound* derived from the sodium salt melted a t  152.2-153.0". 

A n a l .  Calc'd for C19H2eNeOjSa; N, 11.51. Found: N, 11.39. 
Identification of the acrylate addition product. The melting point of a mixture of the 

S-benzylisothiouronium salt of the addition product with that  of the p-sulfoacid gave 
no depression, while a mixture of the former with the derivative of the a-isomer showed 
a marked depression. 

Addi t ion  of bisuljite to sodium crotonate. The reaction was conducted and the product was 
isolated in the same manner as with sodium acrylate. The yield was 947, based on the 
bisulfite consumed, corrected for oxygen uptake. The salt was dried for 3 hrs. a t  115' and 
analyzed for sodium. 

A n a l .  Calc'd for C4HoNaOjS: Ka, 21.68. Found: Na, 21.57. 
T h e  8-benzy l i so th iouronium salt was prepared by the procedure previously indicated; 

Anal. Calc'd for CzoH?sX\~aOjSa: N,  11.19. Found: N,  11.08. 
$uthentic a-sulfobutyric acid was prepared by the method of Backer and de Boer (11). 

A n a l .  Calc'd for C2oHzBN40&: N, 11.19. Found: N, 11.07. 
p-suljoobutyric acid was prepared according t o  Levene and Mileska (12). The S-benayl- 

isothiouronium derivative* had the melting point 153.2163.4'. 
A n a l .  Calc'd for C ~ O H Z ~ T ~ O & :  I", 11.19. Found: K, 11.20. 
Iden t i j ca t ion  of the crotonate addi t ion  product.  The melting point of a mixture of the 

S-benzylisothiouronium salt of the p-sulfoacid with that  of the addition product gave no 
depression, whereas a mixture of the latter with the derivative of the a-isomer showed 
a definite depression. 

$ddi t ion  of bisulfite to methyl acrylate. Nine grams (0.1 mole) of methyl acrylate was 
added to  25 cc. of 0.8600 M (0.0205 mole) NazS03 and 25 cc. of 2.2820 Jf (0.0570 mole) NaHS03 
solutions. The reaction flask, filled with air and connected to  an oxygen reservoir with the 
gas a t  slight pressure, was shaken mechanically. After 24 hrs. 66 cc. (corrected t o  N.T.P.) 
(0.0030 mole) of oxygen had been absorbed. Iodometric titration of an aliquot showed 
tha t  there was 0.0210 mole of sulfite left. This indicates tha t  out of the 0.0565 mole of sulfite 
which disappeared, 0.0505 mole or 90% reacted with methyl acrylate. 

The solution was extracted twice with 50 cc. of ether and evaporated t o  dryness under 
reduced pressure. The solid residue was exhaustively extracted in a Soxhlet nTith 160 cc. 

m.p. 153.5-154.0'. 

I t s  S-benzylisothiouronium salt* melted a t  167.5-168.0". 
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of methanol. The alcoholic extract was evaporated to  dryness and the residual salt re- 
crystallized from methanol. A yield of 12.7 g. or 90% of sulfonate wa3 obtained. The product 
mas dried for one hour a t  110’. 

A n a l .  Calc’d for CaH?NaO$: Na, 12.01. Found: Na, 11.86. 
Two grams of the sodium salt was converted to  the S-benzylthiouronium salt*, using 

A n a l .  Calc’d for C I Z H ~ ~ N ~ O ~ S ~ :  N,  8.38. Found: N, 8.44. 
Ident i f icat ion of the methyl acrylate addi t ion product. -4 solution of 3.8 g. (0.02 mole) of 

the sodium salt of the sulfo ester and 0.8 g. (0.02 mole) of KaOH in 60 cc. of wate- was 
refluxed for 3 hrs. The clear solution was evaporated t o  dryness and the solid residue washed 
with alcohol. The disodium salt thus formed was converted t o  the S-benzylisothiouronium 
compound by the procedure which was folIowed in the preparation of the derivative of 
0-sulfopropionic acid. The resulting Donleavy salt had the melting point 153.0-163.8°. 

2 g. of the reagent in aqueous solution. The product melted a t  129.5--130.2°. 

A n a l .  Calc’d for C19Hd40jSa: IT, 11.51. Found: N, 11.42. 
Mixed melting point determinations of this derivative with that  of authentic p-sulfo- 

propionic acid gave no depression whereas with the derivative of a-sulfopropionic acid 
there was a large depression and melting over a wide range. 

A d d i t i o n  of sodium bisulfite to acrylonitrile. Ten grams (0.19 mole) of acrylonitrile was 
added t o  50 cc. of 3.6811 M (0.1841 mole) of sodium bisulfite solution. The reaction was 
carried out by the same procedure as that  with methyl acrylate. Analysis showed t h a t  
9970 of the NaHSOa had disappeared and 96% had been converted t o  the sulfonate. The 
basic solution was neutralized with HzS04 and evaporated to  dryness in vacuo. The solid 
residue was extracted with boiling 80% alcohol and the alcoholic solution was evaporated 
t o  dryness. The residual solid was recrystallized from 80% alcohol, giving 24.90 g. of the  
pure sulfonate. This corresponds to  an 89% recovery. 

A n a l .  Calc’d for CgHaNaOaS: Na,  14.66. Found: Na, 14.48. 
The S-benzylisothiouronium salt* was prepared from a water solution. It melted at  

A n a l .  Calc’d for C~IHUN~O&:  N, 13.94. Found: N, 13.76. 
Identijication of the acrylonitrile addi t ion product. Three grams (0.01 mole) of the acrylo- 

nitrile addition product was refluxed with 100 cc. of 0.1 $1 (0.01 mole) of KaOH for 3 hrs. 
The solution was evaporated to  dryness and the solid residue was washed with alcohol. 
The disodium salt was converted to  the S-benzylisothiouronium derivative, which melted 
a t  153.0-153.6’. 

113.2-114.6”. 

A n a l .  Calc’d for CleH~N405Ss: N ,  11.51. Found: N ,  11.42. 
Mixed melting point determinations of this derivative with that  of authentic 6-sulfo- 

propionic acid gave no depression, while with the derivative of the a-isomer there was a 
definite depression. 

Addi t ion  of bisuZjite to a m m o n i u m  vinylacetate. The reaction was carried out in the same 
manner as the addition to  sodium acrylate. After the reaction was completed, the am- 
monium ion was replaced by sodium, by heating with sodiuni hydroxide. The isolation of 
the product was then carried out in the manner described for the other salts. The amount 
of sulfonate recovered was 76V0. Analysis of the product for sodium was made after it had 
been dried for 5 hrs. a t  120’. 

A n a l .  Calc’d for CaH&aO&3: Na, 21.68. Found: Na, 21.50. 
The S-benzplisothiouroniuni salt was prepared in the same mznner as that  of /3-sulfo- 

butyric acid. The recrystallized product melted a t  160.6-161.4”. 
A n a l .  Calc’d for C ~ O H Z ~ S ~ O ~ S ~ :  N, 11.19. Found: N,  11.25. 
Authent ic  -psulfobutyric acid wag synthesized according t o  the method described by 

Backer and Benninga (13). The S-benzylisothiouronium compound” prepared from the 
sodium salt melted a t  160.4-161.2”. 

A n a l .  Calc’d for C2oH2sN40j93: N,  11.19. Found: K, 11.26. 
Iden t i j ca t ion  of the Vinylacetate  Add i t ion  Product .  The melting point of a mixture of 

the S-benxylisothiouronium salt of 7-sulfobutgric acid with that  of the addition product 
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gave no depression, while a mixture of the Iatter with the derivatives of the a- or 8-sulfo- 
acids showed a marked depression. 

SUMMARY 

The product of the addition of sodium bisulfite to salts and derivatives of 
cy , /?-unsaturated acids (specifically, salts of acrylic and crotonic acids, methyl 
acrylate and acrylonitrile) has been demonstrated to be the beta-sulfonate. The 
reactions have been found to be independent of oxygen concentration and anti- 
oxidants, and it is therefore believed that they proceed by an ionic mechanism. 

Salts of /? , y-unsaturated acids (for example, vinylacetic acid) have been shown 
to  react with bisulfite to yield the gamma-sulfonate through a free radical mech- 
anism. 

A number of new S-benzylisothiouronium salts have been prepared and 
characterized. 

NEW YORK 3, N.  Y. 
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