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The raction of isothiocyanates with hydroxyl and alkoxide ions has been followed spectrophoto
metrically in alkaline aqueous-alcoholic solutions. Both the nuc1eophiles are added to the carbon 
atom of isothiocyanate group in a competition reaction. The effects of concentration of the 
nuc1eophiles, temperature. and acid-base properties of the alcoholic group have been followed 
on the reaction course. The possibility of analogous reactions in real biological systems is dis
cussed. 

Isothiocyanates are both natural and synthetical compounds with a broad spectrum 
of antimicrobial effectsl. Among their biochemically important reactions thoroughly 
investigated are the reactions with amino group (amines, aminoacids2,3), with thioI 
group (thioglycollic acid4 , cysteine and its esters, glutathione, coenzyme A, dihydro
lipoic acidS), and hydroxyl ions6 • The knowledge about the reactions of isothio
cyanates with alcoholic OH group (which plays an important role in biochemical 
catalysis 7) can be denoted as scanty, as it only follows from the experience of prepara
tive organic chemistry8-1o. 

The aim of this work was to investigate the reaction possibilities of isothiocyanates 
with aliphatic OH group. Low-molecular alcohols have been used as model com
pounds for this purpose. 

EXPERIMENTAL 

The commercially available R 1 isothiocyanates were purified by vacuum distillation (R 1 = 

= phenyl, benzyl) or recrystallization from dioxane (R 1 = 4-bromophenyl). The alcohols used 
were refluxed with CaO and distilled. The dioxane used for preparation of the solutions was 
distilled with sodium metal. The alkali solutions were prepared from p.a. NaOH and water. 
those with low water content by dissolving sodium metal in the respective alcohol and addition 
of th-e required amount of water. 

The monothiourethanes I were prepared in the following way: 20 ml respective alcohol was 
treated with 1 ml aqueous NaOH (6 mol dm- 3), 0'05 mol isothiocyanate III, and the mixture 
was stirred at 40-50°C for 1 h. The product was precipitated by addition of a fivefold volume 
of water and acidification to pH 1. The UV absorption spectra and the reaction kinetics were 
measured with a Specord UV VIS spectrophotometer, th-e melting temperatures were determined 
with a Boetius apparatus. 
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The reaction kinetics were followed spectrophotometrically in two ways: by the decrease of the 
isothiocyanate III and by the increase of the monothiourethane I after decomposition of the 
monothiocarbamate II by acidification of the reaction mixture. The reaction mixture containing 
the required alcohol and NaOH concentrations and placed in a thermostat was treated with 
a solution of isothiocyanate in dioxane to make the resulting isothiocyanate concentration 
5 . 10 - 5 -1 . 10 - 3 mol dm - 3 and that of dioxane I vol. %. At suitable time intervals th(! 
absorbance was measured at the absorption maximum of isothiocyanate (in the first case) or of 
the monothiourcthane formed (in the second case) after taking th-:: sample into a Hel solution 
(0'1 mol dm --3). If in the Scheme 1 all the reactants are present in sufficient excess with respect 
to compounds I, II, III, then the scheme can be simplified to a branched reaction in which com
pound III is transformed into I and II with the rate constants k[ and kll' resp~ctively. Then the 
concentration-time dependence of compounds III and I reads as follows: 

(1) 

(2) 

where k; = klcOR' kIt = kIIcOH' and C is the concentration of the component given in the sub
script. The concentrations of alkoxide and hydroxyl ions do not practically change, as they are 
sufficiently greater than those of compounds I, II, and III. 

The overall rate constant observed, k' = kl + kll was determined as the slope of linear 
dependence In IA - A.I vs time (A is the absorbance and the subscript e refers to the equilibrium 
state), the individual observed rate constants were calculated from the k' value by application 
of Eq. (3) 

(3) 

the concentrations being determined spectrophotometrically after the reaction was finished 
(wherefor the fact was made use of that the monothiocarbamate IIis decomposed in acid medium). 
The rate constants were obtained as the ratio of the observed rate constant and the concentration 
of the respective nuc\eophile calculated with application of the equilibrium constant K (Scheme 1) 
under the presumption that the equilibrium concentrations of alcohol and water are the same 
as the initial ones. The K values for various methanol concentrations were, determined by graphical 
interpolation of known data 11. The temperature dependence of K was calculated from the 
van t'Hoff equation for fl.H = 14·64 kJ mol- 1 (ref. 12 ). 

RESULTS 

The Kinetic Characterization 

In alkaline medium isothiocyanates are converted into monothiocarbamates6 . In 
excess alcohol, isothiocyanates give monothiourethanes (Table I). The same products 
were also observed in the presence of other primary and secondary aliphatic alcohols. 
However, only the respective monothiocarbamates were formed from tertiary 
alcohols in aqueous alkaline solutions. The UV absorption spectra of phenyl iso
thiocyanate and those of its reaction products in alkaline aqueous or methanolic 
media are considerably different (Fig. 1). Hence spectrophotometry represents 
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TABLE I 

The characterization of the monothiourethanes RI-NH-CS-ORz prepared: elemental 
analyses (calculated/found), melting points (publishedlo ,l4/found) and the wavelengths of 
absorption maxima (0'1 mol dm- 3 HCI) 

Formula 
Rl RZ 

(mol. mass) 

C6 HS CH3 CSH9NOS 
(167-2) 

C6 HS CzHs C9H llNOS 
(181'2) 

C6 HS C3H7 C 1OH13NOS 
(195'3) 

4-Br-C6 H4 CzHs C9H1OBrNOS 
(260,1) 

4-Br-C6 H4-CHz CzHs ClOHlzBrNOS 
(274'2) 

4-CzHs-o-C6 H4 CzHs CllH1SNOzS 
(225'3) 

FIG. 1 

The UV absorption spectra of phenyl iso
thiocyanate in methanol (1) and of its reac
tion products with hydroxyl and alkoxide 
ions: phenyl monothiocarbamate in 0'1 mol . 
. dm - 3 NaOH (2), phenyl monothiourethane 
in alkaline (3,0'1 mol dm- 3 NaOH) and 
acidic medium (4, 0'1 mol dm - 3 HCI) in 
1 cm cell 
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Elemental analysis, % M.p. Amax 

C H N S 
°C nm 

57-46 5-42 8'38 19'17 92-93 270 
57-40 5-39 8'35 19·15 92 

59'66 6'12 7'73 17-69 67-68 270 
59'58 6·15 7-64 17'76 66 

61'50 6'71 7·17 16·42 43-44 270 
61'57 6'65 7-22 16'32 43 

41'56 3-87 5'38 12-33 104-105 275 
41-61 3-85 5'21 12'24 103 

43-80 4'41 5'11 11'71 243 
43-89 4'45 5'02 11064 48 

58'64 6'71 6·22 14'25 95 275 
58'61 6'70 6'27 14'31 94 

1·0 

2 0 280 
J.,nm 

310 
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a suitable method to follow the reaction course of isothiocyanates in alkaline aqueous
-alcoholic solutions. Such a monitoring of the reaction course is presented in Fig. 2. 
The yield of monothiourethane increases with increasing alcohol concentration 
in the reaction mixture. As an addition of alcohol to alkaline solution of mono
thiocarbamate does not cause any formation of the respective monothiourethane, 
the reaction is a branched one and not a consecutive one. The fact that in the pure 
solvents (alcohols, water) the reaction rate is negligibly low indicates that the nuc1eo
philes enter the addition in the much more reactive ionized form, which agrees with 
literature dataI3 - 15 • The reaction course can be represented by Scheme 1. 

SCHEME 1 

RI-NCS + 
III 

kJl ---

RI_NH-CS-OR2 + OH(-) 

I 

R1-NH-CS-O(-) 

II 

The reaction kinetics can be followed directly in the alkaline medium or after acidifi
cation of the reaction mixture which results in decomposition of monothiocarbamate 
II (ref. I 5): 

Rt-NH-CS-O(-)Na(+) + HC! -+ RI_NH2 + COS + NaC!. (A) 

Fig. 3 presents the second way of the monitoring of kinetics. In both the cases we 
obtain, in this way, the overall observed reaction rate constant which is the sum of the 
observed rate constants of the two steps. These constants can be separated with the 
use of Eq. (3), if the concentration ratio of the products I and II is known. 

From Fig. 4 it is seen that the CI/CU ratio shows linear dependence on the alcohol 
to water concentration ratio. This fact agrees with the kinetic description used, as it 
follows from Eq. (4) which results from Eq. (3). 

(4) 

where K means the equilibrium constant of the reaction of alcohol with hydroxyl 
ions (Scheme 1), K = [RO(-)] XH20/[OW-)] XROH ' The expression klKjku is 
practically independent of the composition of the reaction mixture (according to 
Table II it assumes the values from 16'4 to 18·2 except for XMeOH = 0·894 and 0'660). 
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FIG. 2 

The UV absorption spectra of th'! reaction mixture of phenyl isothiocyanate in aqueous-alcoholic 
solution of NaOH (0'1 mol dm - 3) after finishing the rea<:tion: 0) after acidification of the re
action m;xture with HCI to pH I (the spectrum of monothiourethane); b) in the original alkaline 
medium (the spectrum of both monothiocarbamate and monothiourethane). The methanol 
concentrations (mol dm- 3): 0'025 (1), 0'05 (2), 1·0 (3), 1'5 (4),2'0 (5),3'0 (6), 4'0 (7),5'0 (8). 
7'5 (9). 8·7 (10). and 10'0 (11). In a I cm cell 

FIG. 3 

Tre kinetics of the reaction of benzyl isothiocyanate in an aqueous-methanolic solution of NaOH 
at 25°C. The rate of formation of the monothiourethane C6HS-NH-CS-o--CH3 was fol
lowed hy the absorbance changes at 243 nm. TI".e samples were taken into ninefold excess (v Iv) 
of 0·1 mol dm- 3 HCI. The concentrations of methanol 5 mol dm- 3 , of NaOH: 5 (1), 10 (2). 
20 (3). 40 (4), and 80 (5) mmol dm- 3 
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TABLE II 

The rate constants of the reaction of phenyl isothiocyanate with methoxide and hydroxyl ions 
at the conditions of a branched reaction of the first order. Total concentration of the bases 
0·1 mol dm - 3; X is the mol fraction of methanol; K is the equilibrium constant (see Scheme 1) 
interpolated from knownll data; COR and cOH are the concentrations of methoxide and hydroxyl 
ions in mmol dOl - 3 calculated from the definition of the K constant with the presumption that the 
equilibrium concentrations of methanol and water are the same as the initial ones; k' is the 
tntal rate constant observed; kOR and kOH are the individual rate constants observed, which were 
calculated from the k' value with application of Eq. (3), all of them are in s -1; kOR and kOH 
are the respective rate constants (both in mol- 1 dm3 s -1) calculated as kOR = kOR/cOR and 

kOH/cOH 

X K COR cOH 

1'000 100'0 0'0 
0'894 6'35 98·2 1'8 
0·802 5'64 95·8 4'2 
0'718 4'96 92'7 7'3 
0'660 4'59 89'9 10·1 
0'400 3·65 70'9 29·1 
0'310 3'52 61'3 38'7 
0·230 3'50 51·1 48'9 
0·162 3'50 40·4 59'6 
0'101 3'62 28·9 71·1 

0'047 3'91 16·2 83-8 
0·022 4·20 8'6 91'4 
0·011 4'35 4'6 95·4 
0'000 0·0 100'0 

k' . 103 k, . 103 k'\. 103 k\ . 102 k\l' 102 

5'67 5'67 5'67 
6'52 6'47 0'05 6'59 2·78 
6'73 6'63 0'10 6'92 2'38 
7·40 7·23 0·17 7-80 2-33 
7'50 7-32 0·18 8'14 1'78 

10'7 9'85 0'85 13'9 2'92 
11'5 10'2 1'30 16'6 3-36 
12-8 10'8 2'00 21·1 4'09 
15'2 11'7 3'50 29'0 5·87 
16'2 10'8 5'40 37-4 7'59 

15'8 7·48 8'32 46'2 9'93 
14'2 4'10 10·1 47'7 11'0 
13'0 2'10 10'9 45'6 11·4 
1l'8 1l'8 11'8 

--, 

FIG. 4 

The dep·endence of the concentration ratio 
of monothiourethane I to monothiocarba
mate II on the ratio of mol fractions of 
methanol and water in the reaction of phenyl 
isothiocyanate in methanolic alkaline solu
tion (0'1 mol dm - 3 NaOH) 
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The Effect of Concentration of Nucleophiles 

The cI/c Il ratio, and hence also the ratio of the observed rate constants (Eq. (3)), 
is practically independent of the hydroxyl ion concentration, as this concentration 
stands in linear relation to that of the alkoxide ions at the experimental conditions. 

At the beginning, the yield of compound J increases linearly with increasing alcohol 
concentration, later it approaches asymptotically the initial concentration of I II 
(Fig. 5). The effect of this factor on the rate constants observed is given in Fig. 6 and 

FIG. 5 

Dependence of the amount of the mono
thiourethane formed (with respect to isothio
cyanate. %) on the mol fraction of methanol 
in the reaction mixture after finishing the 
reaction of phenyl isothiocyanate in aqueous
-methanolic solution of NaOH at 25°C 

FIG. 7 

The dependence of the rate constants of the 
reaction of phenyl isothiocyanate in alkaline 
(0'1 mol dm - 3 NaOH) aqueoLls-methanolic 
solution on the mol fraction X of methanol: 
• kl' 0 kII (both in 11101- 1 dm 3 s-l) 
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FIG. 6 

The dependence of the observed rate 
constants of the reaction of phenyl isothio
cyanate in alkaline (0'1 mol dm- 3 NaOH) 
aqueous-methanolic solution on the mol 
fraction X of methanol: • k', 0 kI' and () 
kil (all three in s -1) 
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that on the rate constants in Fig. 7. The experimental values are summarized in 
Table II. It is seen that methanol affects the reaction rate not only as the reactant but 
also as the reaction medium. 

The Effect of Temperature 

At a constant ratio of NaOH to alcohol, the yield of monothiourethane I decreases 
with temperature whereas that of monothiocarbamate II increases, hence the cllc lIi 

ratio decreases (Table III). Consequently, also the ratio of the rate constants observed 
decreases with temperature. This phenomenon is due to a distinct decrease of the 
value of equilibrium constant K, because the ratio of the real rate constants is changed 
only slightly with temperature (Table III). This can be understood, as both the cases 
consist in nucleophilic addition to the carbon atom of NCS group. From such 
measurements it is possible to determine the Ell - EI value (defined by Eq. (5)(ref.17) 

directly without evaluation of kinetics. 

(5) 

EO means the activation energy of the reaction with hydroxyl (n) and alkoxide ion 

TABLE III 

The effect of temperature on the concentration ratio of the products I and II (Scheme 1) in the 
reaction of benzyl isothiocyanate with methoxide and hydroxyl ions. The reaction mixture: 
methanol (5 mol dm - 3). NaOH (0' 5 mol dm - 3), water. The concentration of the monothioure
thane I was followed sp~ctrophotometrically at 224 nm after finishing the reaction and de
composing the monothiocarbamate II by acidification of the reaction mixture to pH 1. The 
ratio of the rate constants kl/kll (Scheme \) calculated from Eq. (4), K is the equilibrium constant 
(Scheme \) calculated from the value!! found at 25°C with application of the value12 I1H = 

-~ \4'64 kJ mol-I 

I, "C cdclI K kdkll 

0 1'98 6·2 2'94 
5 \'79 5'5 3'00 

10 1'69 4'9 3'\7 
15 1'50 4·4 3·\4 
20 1-37 4'0 3'\5 
25 \'33 3'6 3'40 
30 1·15 3'3 3'21 
35 1'09 3'0 3-34 
40 0'97 2'7 3'31 
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(I), and f1H denotes the enthalpy change for the reaction characterized by the equi
librium constant K. For this purpose, Eq. (6) is used. 

(6) 

In our case (Table 111) the value found was Ell - E I = 12· 36 kJ mol- 1, the statistical 
parameters of Eq. (6) being n = 9, r = 0'994, s = 0·027. F = 631·1. 

DISCUSSION 

From the results presented it follows that the reactivity of primary alcoholic group 
is comparable with that of amino group2,3, being by roughly three orders lower than 
that of thiolate anion4 ,5. Owing to high pKa values of alcohols, as compared with 
those of amino groups, the real reactivity will decrease by several orders of magnitude. 
If for simplification a homogeneous solution of phenyl isothiocyanate of pH 7·4 is 
considered with equimolecular concentrations of glycine (pKa = 9·81, k = 

= 0·24 mol- 1 dm3 s - 1)2, glutathione (pKa = 8'56, k = 586 mol- 1 dm3 s - 1) S, and 
methanol (k~o- "" 0·001 S-I, Fig. 6, extrapolation to zero methanol concentration), 
then the ratio of the rate constants observed (and, hence, of the reaction products, 
too) will be k~-NH2 : k~-s- : k~o- = 1 : 4.104 : 1 . 10- 5 . Even if it is considered 
that the pKa values are lower for glycols (e.g. for glycerol pKa = 14'4, for mannitol 
pKa = 13·29)18, the concentration ratio of the isothiocyanate bound to a thiol 
group to that bound to alcoholic group will be 106 -107 • From what was said it 
follows that the reaction of isothiocyanates with alkoxide ions will make itself felt 
in biological systems only in special cases, e.g. after an accumulation of these com
pounds in certain substructures due to non-uniform subcellular distribution in a cell. 

The reaction of isothiocyanates with alcohols can be utilized for syntheses of the 
respective monothiourethanes in such cases where preparation of alcoholates in an
hydrous media or heating to higher temperatures are excluded. 
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