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5.5, maximum fixation of the insecticide to the wool oc- 
curred shortly after the dyebath reached the boil. How- 
ever, typically when wool is dyed, the dyebath is held at 
100 “C for about 1 h to allow the dye to be evenly dis- 
tributed throughout the wool. To ensure accurate color 
matching, the time at  the boil may often be extended to 
allow the addition of more dye. Under these conditions 
the level of the insecticide on the wool was rapidly reduced 
by hydrolysis (Figure 2). A similar pattern of behavior 
was obtained when compounds 11,12, and 14 were applied 
during the dyeing of wool a t  different pHs. The extent 
of this hydrolysis in a boiling acidic dyebath precludes the 
industrial development of organophosphorus esters of 
nitrogen heterocyclic compounds as insecticides suitable 
for wool. 
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Fiber-Reactive Insecticides for Wool: Derivatives of 0 ,O -Diet hyl 
0 -[ 4-[ (2-Hydroxyet hyl) t hi01 phenyl] P hosphorot hionate 

F. William Jones 

O,O-DiethylO-[4-[(2-hydroxyethyl)thio]phenyl] phosphorothionate derivatives that are capable of covalent 
bonding to wool were prepared and evaluated for insecticidal activity against the wool pests Tineola 
bisselliella and Anthrenus flauipes before and after reaction with the wool. Reaction between these 
compounds and the wool was brought about by application from a boiling acidic dyebath. Compounds 
containing reactive groups capable of cross-linking the wool possessed excellent hydrolytic stability when 
reacted with the wool, but the insecticidal portion of the molecule was not readily accessible to the target 
insects. The compounds that gave the best balance of reactivity with the wool, hydrolytic stability in 
the dyebath, and retention of insecticidal activity after reaction with the wool contained either a 
3-[ (2-chloroethyl)sulfonyl]propionate ester group or a 3-(vinylsulfonyl)propionate ester group. 

Recently it has been shown that the durability on wool 
of certain organophosphorus esters can be improved by the 
incorporation of a 2-bromoacric ester group in the molecule 
(Jones et al., 1982; Jones, 1983). This fiber-reactive sub- 
stituent is similar to the (2-bromoacry1)amido group found 
in the Lanasol (Ciba-Geigy) range of reactive wool dyes. 
Other fiber-reactive groups have been used to improve the 

CSIRO Division of Textile Industry, Belmont, Victoria 
3216, Australia. 

durability of wool dyes (Lewis, 1974). In this study several 
different types of reactive groups have been coupled to 
0,O-diethylo- [4-[ (2-hydroxyethyl)thio]phenyl] phospho- 
rothionate and their suitability for bonding organophos- 
phorus esters to wool has been evaluated. 
MATERIALS AND METHODS 

Preparation of Compounds. Compounds which had 
not been reported previously were characterized by proton 
nuclear magnetic resonance spectrometry and micro- 
analysis. A tabulation of the ‘H NMR spectra and mi- 
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Table I. Fiber-Reactive Derivatives of 0,O-Diethyl 
0-[ 44  2-Hydroxyethyl )thio] phenyl] F'hosphorothionate 

croanalysis data is provided as supplementary material (see 
paragraph at  the end of paper regarding supplementary 
material). 

Preparation of Fiber-Reactive Precursors. The 
following fiber-reactive precursors were prepared by known 
methods: 2,3-dibromopropionyl chloride, bp 86-88 "C/20 
mmHg (lit. bp 81-84 OC/18 mmHg) (Marvel et al., 1940); 
2,3-dichloropropionyl chloride, bp 61-63 "C, 20 " H g  (lit. 
bp 52-54 "C/16 mmHg) (Marvel et al., 1940); 4,5-di- 
chloro-l-[2-(chloroformyl)ethyl]S-pyridazinone (Hensel 
et al., 1963); 2,4-dichloropyrimidine-5-carbonyl chloride, 
bp 135-139 OC/16 mmHg (lit. bp 130 OC/12 mmHg) 
(Geigy, 1970); 2,3-dichloroquinoxaline-6-carbonyl chloride, 
mp 111-112 "C (lit. mp 112 "C) (Geigy, 1959); 1,4-di- 
chlorophthalazine-6-carbonyl chloride, mp 124-125 "C (lit. 
mp 124-126 "C) (Siege1 and Sasse, 1961); 5-chloro-2,4,6- 
trifluoropyrimidine, bp 114-116 "C (lit. bp 115-116 "C) 
(Bayer, 1969); 

Other fiber-reactive precursors were prepared as follows: 
3-[ (2-Chloroethyl)sulfonyl]propionyl chloride, mp 69-70 
"C, was prepared by the action of thionyl chloride on 3- 
[ (2-chloroethyl)sulfonyl]propionic acid (Distler and 
Brauns, 1964). 
2,4-Dichloro-6-[ [2-(chloroformyl)ethyl]ethylamino]-s- 

triazine. An aqueous solution (30 mL) of 3-(ethyl- 
amino)propionic acid (5.8 g), prepared by alkaline hy- 
drolysis of ethyl 3-(ethy1amino)propionate (Adamson, 
1949) was added to an aqueous slurry (100 mL) of freshly 
recrystallized cyanuric chloride (9.2 g). The temperature 
of the mixture was held at  0-5 OC while the pH was 
maintained between 6 and 8 by the addition of aqueous 
NaOH (6 M, 17 mL). When the reaction was complete the 
mixture was filtered, the filtrate was acidified to pH 1, and 
the mixture was chilled. The resulting acid was collected, 
dried over P,05, and recrystallized from toluene-hexane: 
mp 122-123 "C (11.5 g, 87%). 

The acid chloride was obtained by the action of excess 
of thionyl chloride on the acid, crude yield 13.4 g (97%) 
(bp 140-143 OC/O.Ol " H g  with decomposition, mp 64-65 
OC after recrystallization from hexane). 

The following compounds were obtained by a similar 
procedure: 2,4-dichloro-6-[bis[2-(chloroformyl)ethyl]- 
amino]-s-triazine (mp of acid 150 "C, recrystallized from 
toluene-hexane, yield 64%; mp of acid chloride 116-118 
"C recrystallized from toluene-hexane, yield 85 % ); 5- 
chloro-4-[ [2-(chloroformyl)ethyl]amino]-2,6-difluoro- 
pyrimidine (reaction temperature 20 "C, bp of acid chlo- 
ride 126-128 "C/0.1 mmHg with decomposition). 

Preparation of Fiber-Reactive Esters and Ethers. 
These compounds were prepared by the following general 
method: A solution of collidine (1.2 g) in anhydrous tol- 
uene (10 mL) was added to a stirred solution of 0,O-diethyl 
0- [ 4- [ (2-hydroxyethyl) thio] phenyl] phosphorothionate 
(Jones et al., 1982) (3.1 g) and the appropriate acid chloride 
or heterocyclic halide (0.01 mol) in anhydrous toluene (60 
mL). The mixture was stirred at  20 "C overnight and then 
extracted successively with dilute HCl(2 M, 3 X 20 mL), 
aqueous NaOH (2 M, 2 X 20 mL), and saturated NaCl(20 
mL). It was then dried over MgSO, and the solvent re- 
moved to yield the desired compound as an oil. 

When necessary, the compounds were purified by liquid 
chromatography on a Waters Associates Prep LC System 
500 fitted with a refractive index detector. 

Silica gel was used as the adsorbent, and a mixture of 
ethyl acetate and hexane was used as the eluting solvent. 
Their yields after purification are given in Table I. 

Attempts to prepare O,O-diethylO-[4-[ [[(2,3-dichloro- 
quinoxalin-6-ylcarbonyl)oxy]ethyl]thio]phenyl] phospho- 

Compound R Yield 
No. (%I 

1 

2 

3 

4 

5 

6 

7 

0 

9 

10 

11 

12 

13 

14 

15 

16 

17 

10 

19 

ClCH&- 

C H r  CHC02- 

CHF CCIC0,- 

CH2CICHCIC02- 

C H F  CBrC02- 

CHprCHBrC02- 

c l ~ c y 2 s 0 2 ~ c y 2 c 0 2 -  

C H g  CHS02(CH,j2C02- 

CI QCO2- I 

0 

cLt N 

c?= 
N 'PO- 

94 

78 

72") 

81 

84(a) 

86 

98 

89 (a) 

92 

93 

64 

96 

34 (b) 

72 

70 

98 ( c )  

84 

72 

32 

a These compounds were prepared from the appropriate 
saturated halo-substituted acid halide by dehydrohalo- 
genation in the resence of 0.22 mol of  triethylamine for 
30 h at 20 "C. Pre- 
pared by the addition of an equimolar amount of diethyl- 
amine and triethylamine to a solution of compound 15 in 
anhydrous toluene. 

0.5 mol of acid halide was used. 

rothionate by coupling 2,3-dichloroquinoxaline-6-carbonyl 
chloride with 0,O-diethyl 0-[4-[(2-hydroxyethyl)thio]- 
phenyl] phosphorothionate were unsuccessful. The major 
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product obtained from the reaction mixture was 0,O-di- 
ethyl 0-[4-[ (2-chloroethyl)thio]phenyl] phosphorothionate. 

Application of Fiber-Reactive Insecticide to Wool 
from an Aqueous Emulsion. The fiber-reactive insec- 
ticide was dissolved in a solution of an ethoxylated no- 
nylphenol containing 13 ethylene oxide units (Teric N13, 
ICI) (0.01 g) and calcium dodecylbenzenesulfonate (Al- 
kanate CS, ICI) (0.01 g) in xylene (0.5 mL) and blended 
with water (49 mL) in a high-speed blender. This emulsion 
was applied to wool fabric (25 g) from an Ahiba Turbomat 
laboratory dyeing machine. The fabric package was wetted 
out and immersed in an aqueous solution (450 mL) of 
ammonium sulfate (1.0 g) and acetic acid (0.25 g) at 40 "C. 
This solution was circulated for 10 min and the emulsified 
insecticide added. The liquor was circulated for a further 
10 min and then its temperature raised to 100 "C over 30 
min and maintained at  100 "C for the required time. The 
treated fabric was removed, hydroextracted, and air-dried. 

Analysis of Phosphorus Esters on Wool. Fiber-re- 
active derivatives of O,O-diethyl0-[4-[(2-hydroxyethyl)- 
thiojphenyl] phosphorothionate on wool were converted 
to 0,O-diethyl S-methyl phosphorothiolate and determined 
by gas chromatography as described previously (Jones, 
1983). 

For determination of the extent of reaction between the 
fiber-reactive compounds and the wool, unreacted insec- 
ticide was removed from a sample of wool (4 g) by Soxhlet 
extraction with an azeotropic mixture of dichloromethane, 
methanol, and water (92:62) (610 siphon cycles of 60 mL) 
prior to analysis of the wool (Jones, 1983). 

Insect Testing. Insecticidal activity was evaluated by 
assay with larvae of the common clothes moth (Tineola 
bisselliella, Hummel) and the furniture carpet beetle 
(Anthrenus flavipes, Le Conte) according to the fabric 
weight loss method as described in AATCC Standard Test 
Method 24-1977 (American Association of Textile Chem- 
ists and Colorists, 1979). Wool is considered to pass the 
test if the feeding damage does not exceed 8 mg, provided 
that the feeding damage of an untreated control is 30 mg 
or more. 
RESULTS AND DISCUSSION 

When the fiber-reactive derivatives of 0,O-diethyl 0- 
[4-[ (2-hydroxyethyl)thio]phenyl] phosphorothionate were 
applied to the surface of the wool fibers from acetone 
solution, i.e., under conditions that did not promote re- 
action with the wool, they displayed similar levels of in- 
secticidal activity when considered on an equimolar basis 
(Table 11). However, when reaction between the insec- 
ticide and the wool was induced by application from a 
boiling dye bath, the effectiveness of the covalently bound 
insecticides depended on the accessibility of the active 
form of the insecticide to the target insect. It was nec- 
essary for the insect to digest some of the wool so that the 
insecticide could be cleaved from the wool in the insect's 
gut. This release of active insecticide is thought to occur 
by either simple alkaline hydrolysis or enzyme-catalyzed 
hydrolysis of the labile bond linking the fiber-reactive and 
insecticidal portions of the molecules. The ease with which 
this hydrolysis occurs will depend on the environment of 
the labile bond as well as on its strength and chemical 
nature. For example, in synthetic polymer-pesticide 
systems designed for the controlled release of pesticides 
by the cleavage of a carboxylic ester bond, it has been 
found that hydrophilic groups are required to be present 
for hydrolytic release to occur (Harris, 1980). There is also 
evidence that with enzyme-catalyzed hydrolysis the hy- 
drophilicity of the system is more important than the 
bonding energy in determining the overall rate of release 

Jones 

Table 11. Insecticidal Activity of Fiber-Reactive 
Compounds before and after Reaction with Wool 

min concn, gmol/g of wool, 
t o  control feeding damage due to 
A. flavipes T. bisselliella compd 

no. unbound'" boundb unbound'" boundb 
1 0.5 0.5 0.8 1.2 
2 0.8 0.9 1.6 1 .7  
3 0.7 0.8 1.6 1.6 
4 0.7 0.8 1.5 1.6 
5 0.7 0.8 1.4 1.5 
6 0.6 0.7 1.4 1.4 
7 0.6 0.7 1.4 1.5 
8 0.6 0.7 1.4 1.5 
9 0.6 15.0 1.4 5.0 

10 0.7 2.8 1.6 3.6 
11 0.6 1.9 1.5 3.2 
12 0.7 1.2 1.4 3.0 
13 0.5 1.9 1.2 2.7 
14 0.6 6.2 1.3 3.7 
15 0.6 4.8 1.5 9.1 
1 6c 0.6 1.7 
17 0.8 10.0 1.7 10.6 
1 8 C  0.6 1.5 
19 B3.0 >3.0 

a Applied from acetone. Amount present on wool 
after application in a dyebath and removal of unbound 
material by Soxhlet extraction. 
insecticidal activity of these compounds when bound to  
the wool could not be determined. 

Due to low fixation the 

Table 111. Extent of Reaction of the Fiber-Reactive 
Compounds with Wool and Their Hydrolytic 
Stability on  Wool 

t,,,, h, on  
m ax wool in dye- 

compd f i x a  bath a t  100 
no. tion, % 'C, pH 5.0 

1 51 3.1 1 
2 25 3.00 
3 67 3.74 
4 65 3.91 
5 69 3.81 
6 63 3.92 
7 74 3.95 
8 78 3.96 
9 82 7.9 

10 25 9.3 
11 20 8.1 
12 82 12.4 
13 72 14.3 
14 20 
15 48 6.9 
16 7 
17 68 9.56 
18 3 

(Wilkins, 1976). Another aspect that exerts considerably 
influence over the rate of release of pesticides is the 
cross-link density of the polymer, in that the polymer- 
pesticide ester bond is rendered less susceptible to hy- 
drolysis with increasing cross-link density in the polymer 
(Harris, 1980). 

It might be expected that different fiber-reactive groups 
would react at different sites on the protein chains in wool 
and thus exhibit differing rates of release in the insect gut 
(Table 11). Compounds containing halogenated hetero- 
cyclic fiber-reactive groups, when bound to the wool, were 
required to be present a t  much higher levels to render the 
wool resistant to insect damage (Table 11). These com- 
pounds, when bound to the wool, also exhibited a high 
degree of hydrolytic stability when wool treated with these 
fiber-reactive compounds was held for extended times in 
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Compounds 12 and 13 exhibited the highest degree of 
reaction with the wool coupled with the greatest degree 
of hydrolytic stability on the wool. However, once the 
0,O-diethylo- [4- [ (2-hydroxyethyl) thio] phenyl] phospho- 
rothionate had been bound to the wool by these fiber-re- 
active groups, the insecticidal activity was decreased, 
presumably because the target insects were unable to  
readily cleave the insecticidal portion of the molecule from 
the wool. Therefore, these compounds were not as effective 
as the less hydrolytically stable compounds 3-8 in which 
the insecticidal portion of the molecule was more accessible 
to the insects. Of these, the compounds containing the 
vinyl sulfone (compound 8) or 2-chloroethyl sulfone (com- 
pound 7) as the reactive group gave the highest degree of 
fixation to the wool. 
CONCLUSIONS 

Only compounds attached to the fiber by monofunc- 
tional fiber-reactive groups were readily accessible to the 
larvae of keratin-digesting insects. Polyfunctional fiber- 
reactive groups were thought to cross-link the protein 
chains, thus rendering the labile bond between the fiber- 
reactive group and the insecticide resistant to hydrolysis 
in the insect gut. 

So that hydrolysis during application in the dye bath 
could be minimized, the fiber-reactive compound must 
exhaust readily onto the wool and react rapidly. The 
fiber-reactive group that best met these requirements was 
the 3-(vinylsulfonyl)propionate ester or its precursor, the 
3-[ (2-chloroethyl)sulfonyl]propionate ester. 
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Figure 1. Application of compound 5 to wool from a dyebath. 
(1) Percent of applied insecticide found on wool. (2) Percent of 
applied insecticide found on wool after removal of unbound in- 
secticide by Soxhlet extraction. 

the boiling acidic bath (Table 111). As the halogenated 
heterocyclic fiber-reactive groups used in this study were 
difunctional, and therefore potentially capable of forming 
cross-links in the wool, it is probable that the observed 
increases in hydrolytic stability of the labile bond between 
the fiber-reactive group and the insecticide were due to 
the cross-linking of the wool's polymer chains in the im- 
mediate vicinity of this bond. 

Insecticides are usually applied to wool during dyeing 
to minimize application costs. Therefore, a fiber-reactive 
insecticide must possess sufficient hydrolytic stability to 
remain substantially intact when applied from a boiling 
acidic dyebath. Once these compounds have chemically 
combined with the wool fiber, hydrolysis of both the labile 
bond and the phosphorus ester group is significantly re- 
tarded. For example, emulsions of compounds 1,5,8,9, 
and 12 have half-lives of 1.41, 1.75,2.08,0.26, and 0.31 h 
a t  100 OC, pH 5, but when reacted with the wool the 
corresponding half-lives for the loss of the active phos- 
phorus esters from the wool are 3.11,3.81,3.96,7.90, and 
12.42 h. Therefore, to avoid hydrolysis in the dyebath it 
is desirable that the fiber-reactive groups react rapidly with 
the wool. This requirement is in contrast to that of fi- 
ber-reactive dyes, where sufficient time is required for the 
dye to evenly penetrate the wool fiber before it is irre- 
versibly bound to the wool. Therefore, fiber-reactive 
groups that are most suitable for wool dyes are not nec- 
essarily the most suitable for a fiber-reactive insecticide. 

When the fiber-reactive compounds (i.e., compound 5) 

C H ~ C B ~ C O ~ ( C H ~ ) ~ S ~ O ~ ( O C ~ H ~ ) ~  

used in the present study were applied to wool under 
typical dyeing conditions, maximum reaction with the wool 
(Table 111) had occurred by the time the dyebath reached 
the boil (Figure 1). In practice the dye bath may be held 
at the boil for 1-2 h to obtain an even distribution of the 
dye throughout the wool fibers or to facilitate the addition 
of any dyestuff required for color matching. Under these 
conditions some hydrolysis of both the phosphorus ester 
group and the labile bond between the fiber-reactive group 
and the insecticidal group occurs. The sum of this hy- 
drolysis followed firsborder kinetics, and the corresponding 
half-lives are given in Table 111. 
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