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The raction of isothiocyanates with hydroxy! and alkoxide ions has been followed spectrophoto-
metrically in alkaline aqueous—alcoholic solutions. Both the nucleophiles are added to the carbon
atom of isothiocyanate group in a competition reaction. The effects of concentration of the
nucleophiles, 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 effects’. Among their biochemically important reactions thoroughly
investigated are the reactions with amino group (amines, aminoacids?+*), with thiol
group (thioglycollic acid®, cysteine and its esters, glutathione, coenzyme A, dihydro-
lipoic acid®), and hydroxyl ions®. The knowledge about the reactions of isothio-
cyanates with alcoholic OH group (which plays an important role in biochemical
catalysis7) can be denoted as scanty, as it only follows from the experience of prepara-
tive organic chemistry®~19,

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! isothiocyanates were purified by vacuum distillation (R! =
— phenyl, benzyl) or recrystallization from dioxane (R! = 4-bromopheny!). The alcohols used
were refluxed with CaO and distilled. The dioxane used for preparation of the solutions was
distilled with sodium mectal. 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 the 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"s), 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, the 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
5.107°—1.10"3 moldm™3 and that of dioxane 1 vol. %. At suitable time intervals the
absorbance was measured at the absorption maximum of isothiocyanate (in the first case) or of
the monothiourcthane formed (in ths second case) after taking the sample into a HCI solution
(0-1 mol dm ™ 3). If in the Scheme | all the reactants are present in sufficient excess with respect
to compounds I, I1, 111, then the scheme can be simplified to a branched reaction in which com-
pound III is transformed into I and I with the rate constants ky and &y, respzctively. Then the
concentration-time dependence of compounds IIT and I reads as follows:

ci® = ey exp (— (k1 + A b )
ol = ey(0) kf(1 — exp (—(kf -+ kjp /k + kip, 2)

where ky = kycor. k11 = kncon- 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 1, II, and III.

The overall rate constant observed, &’ = k{4 ki, was determined as the slope of linear
dependence In {4 — Ae,l vs time (A is the absorbance and the subscript e refers to the equilibrium
state), the individual observed rate constants were calculated from the &’ value by application
of Eq. (3)

crfen = kilky &)

the concentrations being determined spectrophotometrically after the reaction was finished
(wherefor the fact was made use of that the monothiocarbamate II is decomposed in acid medium).
The rate constants were obtained as the ratio of the observed rate constant and the concentration
of the respective nucleophile 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 datall. The temperature dependence of K was calculated from the
van t’Hoff equation for AH = 14:64 kJ mol ! (ref.lz).

RESULTS

The Kinetic Characterization

In alkaline medium isothiocyanates are converted into monothiocarbamates®. 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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TaBrLel
The characterization of the monothiourethanes R!'—NH—CS—OR? prepared: elemental
analyses (calculated/found), melting points (published!®'*/found) and the wavelengths of
absorption maxima (0-1 mol dm™2 HCl)

Elemental analysis, %

Rl R2 Formula M.p. Anax
(mol. mass) °C nm
C H N S

CeHs CH,; CgHoNOS 57-46 542 838 1917 92—93 270
(167-2) 57-40 539 835 19-15 92

CgHj; C,Hs; CyH;(NOS 5966 612 773 17769  67—68 270
(181-2) 59-58 615 7-64 17-76 66

CeHs C3H, C;oH3NOS 6150 671 7:17 1642 43—44 270
(195-3) 61:57 665 722 16-32 43

4-Br -CoH, C,Hs CoH;oBrNOS 41:56 387 538 1233 104-105 275
(260-1) 41-61 385 521 12:24 103

4-Br—C4gH,—CH, C,H; C o H;,BrNOS 4380 441 511 1171 — 243
(274-2) 43-89 4-45 502 11-64 48

4-C,H,—0—C4H, C,H; C;{H{5sNO,S 5864 671 622 1425 95 275
(225:3) 58-61 670 627 14-31 94
T T T T T

10 1
Fic. 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 cmcell 250 28'0 I 310
A,nm
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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 nucleo-
philes enter the addition in the much more reactive ionized form, which agrees with
literature data’®~ 1>, The reaction course can be represented by Scheme I.

R?0(7 —ls RI--NH—CS—OR? + OH(™’

+ I
R'—NCS + H,0

"o

ou(—) _*1, RM—NH--CS—0
+ i
RZOH

SCHEME 1

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
11 (ref.*?):

R'—NH—CS—O'"Na‘*’> + HCI - R'“-NH, + COS + NaCl. (4)

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 ¢;/c, 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).

Cl/cll = (le/kn) XROH/XHZO > (4)

where K means the equilibrium constant of the reaction of alcohol with hydroxyl
jions (Scheme 1), K = [RO‘ ] X},0/[OH ] Xyoy- The expression kK[k; is
practically independent of the composition of the reaction mixture (according to
Table I1 it assumes the values from 16-4 to 18-2 except for Xy.on = 0-894 and 0-660).
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Fic. 2

The UV absorption spectra of thz reaction mixture of phenyl isothiocyanate in aqueous-alcoholic
solution of NaOH (0-1 mol dm~3) after finishing the reaction: a) after acidification of the re-
action mixture with HCI to pH 1 (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), 30 (6), 4:0 (7), 5:0 (8),
7:5(9),87(10),and 10-0 (11). Ina 1 cm cell
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\ \\\ S T ~ 1
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FiG. 3

The kinetics of the reaction of benzyl isothiocyanate in an aqueous—methanolic solution of NaOH
at 25°C. The rate of formation of the monothiourethane C¢Hs—NH—CS—O—CH; was fol-
lowed by the absorbance changes at 243 nm. The samples were taken into ninefold excess (v/v)
of 0-1 mol dm~3 HCL. 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 11

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 known!' data; cor and cqy are the concentrations of methoxide and hydroxy!l
jonsin mmol dm ™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; &’ is the
total rate constant observed; kog and koy are the individual rate constants observed, which were
calculated from the &’ value with application of Eq. (3), all of them are in s~ !; kor and kgy
are the respective rate constants (both in mol™! dm3 s~ 1) calculated as kor = korlcor and

kon/con
X K Cor con K. 10% kj.10% k{1 103 k. 107 k. 107
1-000 — 100-0 00 567 5-67 — 5-67 —
0-894 6-35 98:2 1-8 652 6-47 0-05 659 2-78
0-802 5-64 95-8 4-2 673 663 0-10 692 2:38
0-718 4:96 92:7 73 7-40 7-23 017 7-80 2:33
0660 4-59 899 10-1 7-50 7-32 0-18 8-14 1-78
0-400 3-65 70-9 29-1 10-7 9-85 0-85 13-9 2:92
0-310 3-52 61-3 38-7 11-5 10-2 1-30 16:6 3:36
0-230 3-50 51-1 48-9 12-8 10-8 2-00 211 409
0-162 3-50 40-4 59-6 152 11-7 3-50 29:0 5-87
0-101 362 289 71-1 16-2 10-8 5-40 37-4 7-59
0-047 3-91 16-2 83-8 15-8 7-48 8-:32 462 993
0-022 4-20 86 91-4 14-2 4-10 10-1 477 11-0
0-011 4-35 4:6 95-4 13-0 2-10 10-9 456 11-4
0-000 - 0-0 100-0 11-8 — 11-8 — 11-8
T
5
< /Cr!
3t // FiG. 4
e The dependence of the concentration ratio
7 of monothiourethane I to monothiocarba-
/ mate II on the ratio of mol fractions of
" methanol and water ir: the reaction of pheny!
o™ e isothiocyanate in methanolic alkaline solu-
0 01 X 03 tion (0-1 mol dm™3 NaOH)
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The Effect of Concentration of Nucleophiles

The ¢,/cy; 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 I increases linearly with increasing alcohol
concentration, later it approaches asymptotically the initial concentration of Il1
(Fig. 5). The effect of this factor on the rate constants observed is given in Fig. 6 and

w008 0 T3

Yo+

R

S U S

FiG. 5
Dependence of the amount of the mono- The
thiourethane formed (with respect to isothio-

FiG. 6

dependence of the observed rate
constants of the reaction of pheny! isothio-

cyanate. %) on the mol fraction of methanol
in the reaction mixture after finishing the
reaction of phenylisothiocyanate 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
01 moldm"™ 3 NaOH) aqueous—methanolic
solution on the mol fraction X of methanol:
® k. O kyj (both in mol ' dm3s™h

cyanate in alkaline (0-1 mol dm™3 NaOH)
aqueous—methanolic solution on the mol
fraction X of methanol: @ k’, 0 kf, and ©
kiy (all three in s™1)

50— . e e e —
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\
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that on the rate constants in Fig. 7. The experimental values are summarized in
Table II. Tt 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 ¢;/cy,
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 I11). 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 E;; — E; value (defined by Eq. (5) (ref.'”))
directly without evaluation of kinetics.

Ey — E; = E?l - E? — AH (5)

E° means the activation energy of the reaction with hydroxyl (/1) and alkoxide ion

TasBLE 111

The effect of temperature on the concentration ratio of the products I and I7 (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 ™), water. The concentration of the monothioure-
thane I was followed spzctrophotometrically 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 k;/k;; (Scheme 1) calculated from Eq. (4), K is the equilibrium constant
(Scheme 1) calculated from the value!! found at 25°C with application of the value!? AH =
-= 14:64 kJ mol ™!

t,°C erlen K Kk

0 1-98 62 2:94

) 1-79 55 3-00
10 1469 49 317
5 1-50 44 314
20 137 40 315
25 133 36 3-40
30 115 33 321
35 1:09 3-0 3-34
40 097 27 331
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(I), and AH denotes the enthalpy change for the reaction characterized by the equi-
librium constant K. For this purpose, Eq. (6) is used.

In (¢;/en) = (Ey — E[)/RT + const . (6)

In our case (Table I1I) the value found was E;; — E; = 12-:36 kJ mol ™, the statistical
parameters of Eq. (6) beingn = 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 group?*?, being by roughly three orders lower than
that of thiolate anion*'®. Owing to high pK, 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 (pK, = 981, k =
= 0-24 mol~* dm? s~ )2, glutathione (pK, = 8:56, k = 586 mol™* dm’s~')°, and
methanol (kzo- ~ 0-001 s~ 1, Fig. 6, extrapolation to zero methanol concentration),
then the ratio of the rate constants observed (and, hence, of the reaction products,
too) will be ky_ny, : kg-s- : kgo- = 1:4.10%:1.107°. Even if it is considered
that the pK, values are lower for glycols (e.g. for glycerol pK, = 14-4, for mannitol
pK, = 13-29)'®, the concentration ratio of the isothiocyanate bound to a thiol
group to that bound to alcoholic group will be 10°—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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