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The SN2 reaction in aqueous solutions, between the oxime 1,1’-trimethylenebis(4-hydroximinomethylpyri-
dininm) dibromide (TMB4) and diisopropyl phosphorofluoridate (DFP), has been studied by measuring the rate
of appearance of fluoride ion, in the pH range 7.4-9.1. The dioximate species reacts only 1.6 times as fast as the
monooximate, and its contribution in the over-all reaction at pH 7.4 does not exceed 8.09.

1,1’-Trimethylenebis(4 - hydroximinomethylpyridin-
ium) dibromide (TMB4) is a powerful reactivator of
cholinesterase that had been inhibited with organo-
phosphorus esters.? Reactivation with this and related
oximes Is a composite process. It partly arises from
the ability of the reactivator molecule to associate
reversibly with the inhibited enzyme. It also depends
on the nucleophilicity of the oximate ion which must
eventually displace the phosphoryl residue by an SN2
typereaction. With few exceptions,® reactivation rates,
which form the basis for comparison between existing
and potential reactivators, have been given for the
over-all reaction. This approach, especially in the
case of TMB, which embodies two nucleophilic centers,
is not helpful in understanding the separate contribu-
tion of each of these groups.

We wish to present now a new approach to the study
of the reaction between TMB, and a convenient sub-
strate, diisopropyl phosphorofluoridate (DFP), This
reaction is essentially analogous to the second step of
the reactivation process. Two new elements have been
introduced in the present studyv. (a) The sole criterion
for measuring the rate of reaction between the oxime
and DFP is based on the rate of appearance of fluoride
ion. In all earlier studies, the rate of acid formation
was taken as the rate of the reaction. However, there
is no reason to assume that the breakdown of the
phosphorylated oxime derivatives (e.g., C;, C,, and
Cs. below) with concomitant liberation of acid is a
fast reaction. On the contrary, studies with related
compounds? put into evidence the relative stability
of such intermediates which, under slightly basic con-
ditions, lose the phosphoryl group by a Beckmann
elimination mechanism, yielding nitriles such as Cjy,
Cs, and G5 (b) TMB, undergoes two anionic dis-
sociations corresponding to pK. = 7.99 = 0.02 and
8.68 = 0.02. These values have been obtained by
careful potentiometric titration of the oxime and are
confirmed by the recent report of Bieger and Wasser-
man.! The conclusions reached in earlier studies,
based on a single pK. of 8.2, are, therefore, question-
able.
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Experimental Section

TMB; was prepared according to Poziomek” and purified by
recrystallization from EtOH-H.O, mp 240-242°. DFP was
prepared according to Chapman?® aud purified by fractional distil-
lation.

pK, determinations were made by potentiometric titration of
TMB,; (21.2 mg) in KCI solution (25 ml, total ionic strength
0.2) at 25°. The titrant, 0.084 .\ KOH solution, was delivered
stepwise from a microburet and the change in pH was read on
the expanded scale of a Radiometer, Model 25 pH meter. The
theoretical end point was calculated according to the non-
logarithmic method of Benet and Goyan.? pK, values were then
calculated according to Noyes!0 as given by Albert and Serjeant.!!
The results of a typical run are given in Table I.

TasLe 1

SEparaTION 0F OVERLAPPING pK, VaLUes or TMB,*
0.084 ¥
KOH, il pH pKa, pKy,
0.5 8.195 7.98 8.67
0.675 8.47

0.45 8.12 7.99 8.66
0.725 8.55

0.4 8.035 7.99 8.6%
0.775 8.64

0.3 7.84 7.97 8.68
0.875 5.83

0.225 7.66 7.96 8.67
0.95 8.99

¢ 21.2 mg of TMB, in 25.0 ml of 0.2 N KCI at 25°,

The rate of fluoride ion formation was followed poteutio-
metrically by direct reading of fluoride ion concentration in the
reaction mixture. The potential established between a Model 94-
09 fluoride ion activity electrode (Orion Research, Inec.), and the
reaction solution was read on the expanded scale of a Radiometer
Model 25 pH meter with reference to a standard calomel elec-
trode. The potentiometric readings, in millivolts, were then
translated into F~ concentration by using a calibration curve
which had been previously prepared for solittions of simular pH
and ionic strength, and containing a known fluoride ion concen-
tration.

In a typical run, a freshly prepared mixture of 0.10 3/ phosphate
buffer (pH 7.4-9.1) (10 ml), KCl (1 3, 2.0 ml), NaF (1.26 X 1073
M, 0.25 ml), a solution of DFP in ¢-PrOH (3.66 X 1072 M, 1.0 ml)
and distilled HoO (6.75 ml) was stirred and left to equilibrate
with the electrode for 3 min. A solution of TMB; (4.6 X 1072 M)
in buffer of the same pH (1.0 ml) was then added; this is ¢.
Millivolt readings were then taken at l-min intervals. The
results of a run at pH 7.4 are given in Figure 1. Plots at pH
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Figitre L--Rate of fluoride ton formation at 25°
phosphate buffer, 0.1 ¥ KCI, [TMB,] = 23.1
= 183 X 107+ M.

pH 7.4 0.05 M
10-* M, [DFP]

values 7.4-0.1 have the same shape.  In all enses, the theoretical
quantity of F~ was eventually evulved. A plut of the initial
veloeity at pll 7.4 agaiust the concentration of TMB, is given
in Figure 2.

Results and Discussion

Ax aoworking hypothesis, the following species are
assutied to be involved in the reaction between TMB,
and DI'P in dilute, slightly basic aqueous solutions.
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The uncharged form of TNB; does not renet with
=
DI under similar conditions.*?
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Figure 2.--Plov of the mitial rave of fluoride iou formstion
against TMB; concentration av 25°; pH 7.4 0.05 ./ phosphate
buffer, 0.1 N KCl, [DFP] = 183 X 1071 .

The steps leading to Huoride ion Tormation are as
follows.

K
Bl -+ Ol 22727 B 4+ 11,0 i
K
B+ Ol 722 B+ 1LD v
Ian
Bl + DEPP— ¢ 4+ F
feu
B o DR —— Cy + I i
K
Cr 4+ Ol 72 ¢ 4 110 by
Cy+ DED — (y 4 I i
¢
Ca —‘—> ¢, N
K,
Cod O 727 ¢ 4 1RO i)
Is
Co 4+ DEDP — Cy + I i1

Accordingly. the differential equation for the rate of
appearance of I'~ would then be

=
d [dl» b I IBH-DEP] 4 kB4 DEP] +
FalCo [DYD] 4 flCs ) [DEL] (11
or
l,\,,
q—la?—} = |[DEPJ(h[BH | + &o|B-] +

Es[Co] + AlC) (12)

The analytical solution of the above equations muy 1ot
be obtainable.  Instead, the differential method'® was

33 I L Laidler, UCliennica) Kineries,” MeGraw-11H Bouk Col, e,
New York, N. Y., 1050, pu 15-10,
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Tasre 11
Rare or AppeaRaNcE o FLUoRIDE LoN 18 rHE RescrioN erwresN TAB; axp DFP a1 25°

Run

no. pH? at g4
1 7.4 0.209 0.011
2 7.4 0.209 0.011
3 7.4 0.209 0.011
4 7.4 0.209 0.011
B! 7.4 0.209 0.011
6 7.4 0.209 0.011
7 7.9 0.427 0.071
8 7.9 0.427 0.071
9 7.9 0.427 0.071
10 7.9 0.427 0.071
11 8.1 0.499 0.131
12 8.1 0.499 0.131
13 8.1 0.499 0.131
14 8.1 0.499 0.131
15 8.6) 0.464 0.434
16 8.75 0.426 0.500
17 8.8 0.404 0.533
18 9.0 0.314 0.655
19 9.1 0.270 0.709
20 9.1 0.270 0.709

« All symbols have the same meaning as in eq 14.
K\[H*] + [H"]?).

b (.05 M phosphate buffer.
¢ Calculated from the equation 8 = K K./(KiK. + Ki[H*] 4+ [H[2).

Ve X 105, M min !}

[Alo X 10¢ [Dl X 10¢ Obgd® Caled”

5.40 18.30 0.57 0,44
11.55 18.30 0.96 0.94
23.10 18.30 2.06 1.88
34.60 18.30 2.50 2.82
46.20 18.30 3.20 3.76
57.70 18.30 4.30 4.70

4.50 26.40 1.60 1.26

9.00 26.40 2.80 2.53
18.00 26.40 3.50 5.05
27.00 26.40 8.00 7.58

6.70 26.40 2.70 2.47
13.40 26.40 5.30 4.94
20.10 26.40 7.35 7.41
26.80 26.40 10.60 9.88
22.40 19.00 9.10 9.76
22.40 19.00 9.70 10.34
22.40 19.00 10.60 10.61
22.40 19.00 12.40 11.51
22.40 19.00 10.50 11.88
22.40 19.00 13.60 11.88

¢ Calculated from the equation & = K, [H*] /(KiK. +
¢ Derived from the initial slope when t =

0. / Calculated according to the equation Vy = (19.6a + 31.98)[A]s[D]o.

used. Thus, when ¢t = 0, both C, and C; vanish and
eq 12 may be simplified to

Vo = [Dl(la[BH™ ]y + ko[B*~]o) (13)

where the subscript zero refers to initial quantities at
t = 0, and V' is the initial rate of fluoride ion formation.

Equation 13 can be solved for &, and ky if values for
Vo are known at least at two different pH values. In
practice the following modification of eq 13 has been
used to determine %, and k,.

Vo/alD]o[A]y = ki + kB/a (14)

where « is fraction of TN By present as the monoanion
BH-, 8 is fraction of TAIB, present as dianion B2~
and [Alyisinitial concentration of TMB,.

Twenty kinetic runs were performed at eight dif-
ferent pH values in order to obtain good statistical
results (Tuable II). The constants k; and k,, calculated
according to eq 14 by the least-square method, have
the values &, = 19.6 = 1.8 A/ 'min—tand ky, = 31.9 £
2.1 M ~'min—tat 25°.

In view of the low ratio of ks to k; (1.6), one would
relate the slightly higher reactivity of the dianion of
TMB, (with respect to the monoanion) to statistical

factors rather than higher order of nucleophilicity in
the former species. Theoretically, at least, there is
two times the probability for DFP to react with B2—
which is a svmmetrical molecule, than with BH—.

At pH 7.4 which is also the physiological pH, this
slight advantage becomes negligible in view of the
relatively low concentration of the dianion. TUnder
these conditions it may be shown that the contribution
of this species in the over-all reaction with DFP, ex-
pressed as 100k.8/ (kiee + ks8), does not exceed 89.

The reactivation of phosphorylated cholinesterase
with TMB, should be considered in the light of the
above findings.

Formally, the displacement of the phosphoryl res-
idue from the inhibited enzyme ix an analogous re-
action which depends on the nucleophilicity and con-
centration of the attacking species, its size and shape.
Since the nucleophilicity of the dioximate anion is
negligible in comparison with that of the monooximate,
reactivation could benefit from the former species only
if it is present in a high enough concentration. Under
fixed physiological conditions, this proposition re-
quires the design of oximes sterically related to TAB,
but that also enjoy higher dissociation constants.



