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Rates of Hydrolysis of the Dibromo Acid (I,  X = Br) at 2, 14, 
and 20°.-The hydrolysis rates were determined by measuring 
the rate of H + formation from the reaction 

RSCH2CH2Br + H 2 0  + RSCH&HzOH + H +  + Br- 

All the measurements were made with the automatically record- 
ing Radiometer Titrigraph fitted with a glass electrode. Reac- 
tion solutions were maintained a t  the appropriate temperatures in 
jarketed vessels ronnected to a thermostated water bath. For 
eac*h series of runs approximately 70 mg. of the dibromo acid was 
dissolved in 10 ml. of dry acetone. A 1-ml. aliqiiot of this solu- 
tion was added to 20 ml. of water a t  the reqiiired temperatiire arid 
containing the exact eqnivalent of decinormal NaOH required to 
iieritralize the carboxyl group (approximately 0.2 ml.). Deri- 
normal NaOH was automatirally added to maintain the pH of the 
soliltion a t  its initial valiie of 8.3. The rate of addition was re- 
rorded on a time-scale graph. 

Table I shows details of results obtained in a typical run. 
Dibromo acid (6 .55 mg.) dissolved in 1 ml. of acetone was added 
a t  aero time to 20 ml. of water a t  2" containing 0.14 ml. of 0.1 A' 
XaOH. -4 plot of log [ a / ( a  - r ) ]  against t gave a straight line 
for all rims showing that the reaction is first order with respect to  
dihromo acid. In the case of the data in Table I, the slope of this 

line is 0.053 and this equals k/2.303. Hence the rate constant is 
0.124 min.-l. 

A series of runs was made a t  2, 14, and 20' and from the mean 
values of the rate constants at  each temperature the rate con- 
stant a t  37' was computed graphically using the Arrhenius equa- 
tion: 2.303 log k = -E/RT + constant. The plot of log k against 
1/T (OK.) gave a straight line (Figure 1). From the point on the 
graph whose abscissa corresponded to 37" the ordinate gave the 
required rate constant. Table I1 shoas the measured rate con- 
stants and times for half-reaction (ti , or "half-life") and the 
extrapolated values for 37".  The eneIgy of activation of the 
reaction talt*iilnted from the slope ot the liiie in Figlire 1 IS 20,700 
cal. 
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A number of 2-p-nitrophenoxy-1,3,2-dioxaphospholane 2-oxides and -dioxaphosphorinane 2-oxides have been 
prepared and examined for alkaline hydrolysis and anticholinesterase activity. Although the six-membered 
ring dioxaphosphorinane 2-oxides and the acyclic analog diethyl p-nitrophenpl phosphate (paraoxon) gave com- 
parable rates of liberation of p-nitrophenol in aqiieons NaOH, the cyclic esters were almost void of anticho- 
linesterase activitv. The five-membered ring dioxaphospholane 2-oxides gave instantaneous llberation of p -  
nitrophenol in water and were inactive as anticholinesterases. 

The relat,ionship between structure of phenyl esters 
of phosphoric, phosphonic, and phosphinic acids, their 
anticholinesterase properties, and toxicity to animals 
has been examined in great detai1.2-4 It has been 
shown that the inhibition of the cholinesterase enzymes 
is directly related to the reactivit,y of the phosphorus 
atom and correlations have been made between en- 
zyme inhibition, alkaline hydrolysis rates, changes in 
P-0-aryl stretching frequencies, and Hamniet t' CT- 

constants. The evidence shows that the organo- 
phosphorus poisons inhibit acetylcholinesterase and 
other esterases by phosphorylating the enzyme at one 
of the essential sites. Previous work from this and 
other laboratories have shown that in compounds of the 
general structure below, R and R' may be varied to 

R g  
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considerable extent' before extensive changes in the 
antiesterase properties become evident, provided the 
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electrophilic character of the phoq)horus atom is not 
altered to any large degree. For example, R and R '  
may be alkyl or alkoxy groups of varying chain lengths 
and branching, and anticholinesterase activity is still 
maintained. 

Steric factor. must also be considered when awessing 
the reactivity of phosphorus eiters, e . g . ,  when R or R' 
is t-butyl, the compound is quite stable to alkaline 
hydrolysis, and anticholinesterase activity i 4  low. In  
order to assess further the effect of steric factors in the 
inactivation of acetylcholinesteraqe by organophos- 
phorus compounds, it was considered of interebt to 
examine the activity of p-nitrophenyl esters in which the 
phosphorus atom was part of a ring system. Although 
five- and six-membered ring phosphorothionate esters 
of p-nitrophenol (2-sulfo-1,3,2-dioxaphospholanes and 
-phosphorinanes) have been proven to be poor anti- 
cholinesterase~,~ the corresponding oxygen esters have 
not been examined and their study seemed warranted 
since phosphorothionate esters are generally poor 
inhibitors because of the stabilizing effect of the 
sulfur atom. Further, five-membered ring cyclic 
phosphates are known to be quite susceptible to hy- 
drolysis, but their activity toward cholinesteraqe has 
not been examined. 

( 5 )  R .  S. EdmiindPon and .\. .I. l m n l i e ,  C h r m .  I n d .  (T,onrlon), IO48 
(1959). 
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TABLE II 

HYDROLYSIS CONSTANTS AND ANTICHOLINESTERASE ACTIVITY FOR 

FIVE- AND SIX-YEWBEREO RING PHOSPUATE ESTERS. 

Compound 

I 

t". GO 
II ~P'oc~H,No~-P 

111 

K O H -  I50 
( I , mole-1 . rnin:' ) (mol. c o w . )  

1.56 > 1.3 x 

0.69 >1.3x10-3 

0.90 

0 .23  

2 . 0 ~   IO-^ 

6.4 x 

a - 

1.3 x 10-5 

1.2 x lo-6 

3.2 x 

0.94 2.6 x I d B  

a Hydrolysis was extremely fast and KoH- was not determined. 

meso diol should be the one in which the two methyl 
groups and the chlorine atom are equatorial, positions 
in which least interaction between the groups is ex- 
pected. If it is assumed that displacement on phos- 
phorus occurs with inversion, then the formation of 
the p-nitrophenyl ester by displacement of the chlorine 
atom should occur as shown below with concomitant 
change in the methyl groups to the axial positions. 
Thus, displacement of p-nitrophenoxide moiety by 

OH- is sterically hindered by two axial methyl groups. 
The methyl groups in the racemic isomer will each be 
axial and equatorial, hence, less interference to nucleo- 
philic attack by hydroxide ion is expected. There is no 
ready explanation for the slower hydrolysis rate for the 
monomethyl ester I1 relative to I11 since I1 should be in- 
termediate in stability between I and 111, both on elec- 
tronic and steric grounds. 

The five-membered ring dioxaphospholanes were ex- 
tremely sensitive to alkaline hydrolysis. In  fact, com- 
pounds X and XI gave instantaneous and theoretical 
amounts of p-nitrophenol when added to 0.067 M di- 
sodium hydrogen phosphate buffer (pH 8.5). The 
rapid cleavage of the phosphorus-p-nitrophenoxy bond 
is consistent with the results reported by Ramirez, et 

(12) T. R.  Fukuto and R. L. Metcalf, J .  A m .  Chrm. Soc., 81, 372 (1959). 

u2.,13 for the fast reaction between water and 4,j-di- 
methyl-4,5-diacetyl-2-methoxy-1,3,2 - dioxaphospholane 
2-oxide in which methanol is liberated and the integrity 
of the cyclic ring system is maintained. The instan- 
taneous liberation of p-nitrophenol suggests that the 
phosphorus-p-nitrophenoxy bond is broken prior to 
ring opening since the product from ring opening given 
below is expected to be somewhat stable in phosphate 
buffer due to the repulsion of hydroxide by the anion. 

CHB CH, 
I I  

However, t'his point needs confirmat'ion since it is known 
t,hat the bond between the methoxy oxygen and t,he 
phosphorus atom in methyl 2-hydroxyethyl phosphate 
is easily split under mild alkaline conditions,14 presum- 
ably because of part'icipation of the @-OH. 

The high reactivit'y of five-membered ring cyclic di- 
esters and triesters of phosphoric acid has been well 
discussed by Cox and Ramsay,'j and by Covitz and 
Westheimer. l6 

Inhibition measurement's of house fly head cholines- 
terase by these cyclic esters gave results of considerable 
interest. The data in Table I1 shorn that these com- 
pounds were approximately 104-loj times less active in 
inhibihg cholinesterase than paraoxon (XII),  in spite 
of t,heir similar reactivity to OH-. I>urt,her, the 2,4- 
dinitrophenyl ester (X) which hydrolyzed t,wice as fast 
as the corresponding niononitro compound showed 
little or no increase in anticholinesterase activity. How- 
ever, in contrast' to the nitrophenyl esters, the halo 
esters, 2-chloro- and 2-fluoro-l,3,2-dioxaphosphorinane 
2-oxide, were moderately active anticholinesterases, rhe 
fluoro showing about 10 times higher activity than rhe 
chloro derivat'ive. 

Since the imidazole moiety in histidine has been im- 
plicated as a participant in the phosphorylation reac- 
tion between an organophosphorus inhibitor and an es- 
sential group in the esteratic site of the cholinesterase 

the relat'ive stability of I and paraoxon 
(XII) in 0.1 M imidazole was determined. As in aque- 
ous KaOH I liberated p-nitrophenol at' a slightly faster 
rate t'han paraoxon, the firsborder constants (min.-1) at 
30.0' being 2.4 X and 8.7 X respectively. 

Since organophosphorus esters of the same order of 
reactivity as paraoxon are generally inhibitors of 
 cholinesterase,*^'* the low anticholinesterase activity of 
the six-membered ring esters is surprising and their in- 
activity must be attributed to steric effects. The data 
suggest' that p-nitrophenoxydioxaphosphorinane oxides 
cannot be accommodated by the esteratic site of the 
enzyme, either in the enzyme-phosphate complex for- 
mationlg or in the phosphorylation reaction. That, in- 
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