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(see Table I). Whether the small residual activity is sig
nificant or is instead merely a measure of the experimental 
error in the determinations is not clear. In any event, how
ever, there can be no doubt that the only important mecha
nism for the rearrangement is purely intramolecular. 
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To obtain a detailed picture of an enzymatic 
reaction, it is necessary to know the chemical iden
tity of the active sites on the enzyme surface, their 
spatial arrangement and their effect on the sub
strate molecules. One approach to. this problem 
is a study of the mechanism of the non-enzymatic 
reactions of the substrate molecules and the effect 
on these reactions of catalysts analogous to those 
active on the enzyme surface. In some cases the 
enzymatic and non-enzymatic mechanisms may be 
very similar; in others, the steric factors and con
certed action of the groups on the enzyme surface 
may occasion qualitative as well as quantitative 
changes in mechanism. In either case, the non-
enzymatic mechanism provides information essen
tial to the interpretation of the enzymatic mech
anism. 

In the present study the effect of catalysts on the 
mechanism of hydrolysis of acetyl phosphate has 
been investigated. The catalysts, chosen because 
of their relationship to potential active groups on 
an enzyme, were: (a) acid and base as determined 
through the effect of ^H, (b) a metal ion, mag
nesium and (c) a nucleophilic reagent, pyridine. 

In addition to the specific information obtained 
about the individual catalysts, it was found that 
the non-enzymatic reactions of the acetyl phosphate 
all could be classed in the general category of nucleo
philic displacement mechanisms.3 This led to the 
suggestion that the same mechanisms might be 
operating in the biological reactions. The avail
able information on the biochemistry of acetyl 
phosphate, and of some other substrates as well, 

(1) Presented at the Spring Meeting of the American Chemical 
Society, Boston, Mass., April, 1951. 

(2) Brookhaven National Laboratory, Upton, N. Y. 
(3) L. P. Hammett, "Physical Organic Chemistry," McGraw-Hil] 

Iiuok Co., Inc., New York, N. Y., 1940, p. 131. 
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was examined and found to be consistent with this 
hypothesis. 

Experimental 
The solution containing the appropriate buff er was allowed 

to stand in a 39.00 ± 0.02° thermostat until temperature 
equilibrium was attained. A few milligrams of powdered 
lithium acetyl phosphate were added, and the decrease in 
the concentration of acetyl phosphate followed as a function 
of time by removing two-ml. aliquots at appropriate inter
vals. The acetyl phosphate was assayed by a slight modi
fication of. the method of Lipmann and Tuttle.4 

AU solutions were brought to an ionic strength of 0.6 by 
adding the calculated amount of sodium perchlorate. The 
pH measurements were made at 25°, using a Beckman Model 
G instrument calibrated by the standard buffers recom
mended by Bates, Pinching and Smith.8 All kinetic ex
periments to determine rate constants were run to greater 
than 75% disappearance of acetyl phosphate. 

Results and Discussion 
Effect of pH.—The rate of disappearance of 

acetyl phosphate was first order in all cases. Some 
typical results are shown in Fig. 1. 

To clarify the effect of pH on the rate of hy
drolysis, the first order rate constants were plotted 
as a function of pH. The results are shown graphi
cally in Fig. 2. Each value of ki listed is the 
average of two kinetic runs which differed from 
each other by less than 5%. 

It is seen that the hydrolysis is relatively un
affected by changes in £>H in the region near neu
trality but is greatly accelerated in strongly acidic 
and strongly basic solutions. The asymmetric 
hump in the pH 2-5 region resembles a titration 
curve and corresponds to the change in acetyl 
phosphate from the dinegative ion, CH3COPO3 , 

O H 
Il o 

to the mononegative ion, C H 3 C O P O 3 H - . The 
(4) F. Lipmann and L. C. Tuttle, J. Biol. Chem., 159, 21 (1945). 
(0) R. G. Bates, G. D. Pinching and E. R. Smith, J. Research Natl. 

Iiur. Standards, « , 41S (1950). 
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The effect of catalysts on the non-enzymatic hydrolysis of acetyl phosphate has been studied to provide a basis for inter
preting the enzymatic mechanisms of this and related substrates. The pH-rate profile was determined over the pH range 
0 to 12. Strong acid and base catalysis was shown at the extremes of pH with a broad flat minimum in the region of 
neutrality. From these data, it was concluded that nucleophilic attack by water on the phosphorus atom is the predominant 
reaction at neutrality whereas attack at the carbonyl carbon atom is the major pathway of hydrolysis in the strongly acidic 
and strongly basic solutions. Magnesium ion was found to catalyze the hydrolysis of the dinegative acetyl phosphate ion 
but not of the mononegative ion or of the uncharged acid. One mole of magnesium ion and one mole of acetyl phosphate are 
present in the activated complex. Pyridine was shown to catalyze the hydrolysis in neutral solutions and evidence is pre
sented that the catalysis proceeds by formation of an acetylpyridinium ion. By analogy to the non-enzymatic reactions, it 
is suggested that nucleophilic displacements play an important role in the enzymatic reactions of acetyl phosphate and other 
substrates. A series of two successive displacements, each involving an inversion, is postulated to explain the over-all re
tention of configuration observed in certain enzymatic reactions which occur by attack at an asymmetric carbon atom. 
The biological evidence is shown to be consistent with these hypotheses. 
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curve appears to be shifted slightly to lower pH's 
as compared to the titration curve of Lipmann and 
Tuttle,9 but this might be expected in view of the 
increased ionic strength of the solution. A similar 
increased rate of hydrolysis is observed on con
verting ethylphosphoric acid from the dinegative to 
the mononegative ion.7 

At very low pH's the rate of reaction is propor
tional to the hydrogen ion concentration and at 
high pti's, it is proportional to the hydroxide ion 
concentration. The values for kn* and &OH-
so determined are 0.008 and 5.4 liters mole -1 

minutes -1, respectively. 
In order to interpret the £H-rate profile of acetyl 

phosphate hydrolysis, it is necessary to compare it 
with the corresponding graphs obtained in the 
hydrolysis of carbonyl compounds, such as ethyl 
acetate and /3-butyrolactone, whose mechanisms of 
hydrolysis are known. The kinetics in the hy
drolysis of ethyl acetate can be separated into 
three independent components: (a) an acid-cat
alyzed hydrolysis in which water attacks the con
jugate acid of ethyl acetate (I), (b) a "spontaneous" 
hydrolysis in which water attacks the neutral 
ester (II), and (c) a base-catalyzed hydrolysis in 
which ester and hydroxide ion are the reacting 
species (III). Dotted lines are used to indicate 
the bonds which are either being formed or broken. 

H 

• O E t 

The observed rate of hydrolysis at a given pH is 
obtained by adding the contribution of each com
ponent at that hydrogen ion concentration as shown 
in Fig. 3. Using the measured values of the rate 
constants8 to determine the positions of the lines 
representing the respective components, the pH-
rate curve represented by the dotted line A in Fig. 
3 is obtained. (This curve does not correspond 
exactly to that observed experimentally because 
the contributions of general acid and general base 
catalysis by the buffer ions have not been included. 
Since the latter corrections are small, and do not 
affect the conclusion in this work, they have been 
omitted to simplify the discussion.) I t is to be 
noted that the approach to the minimum point is 
steep and that the spontaneous (&o) reaction 
makes an appreciable contribution to the total 
rate only over a small range of hydrogen ion con
centration. 

The same three kinetic components give a curve 
of very different shape, however, if the value of 
pH independent reaction is increased by a large 
factor, e.g., 104. The observed rates in the latter 
case, represented in Fig. 3 by the dotted line B, 
give a pH-rate profile which has a broad flat mini
mum. Curves of this type have been obtained 
in the hydrolysis of /3-butyrolactone and /3-propio-

(6) P. Lipmann and L. C. Tuttle, Arch. Biochcm., 13, 373 (1947). 
(7) A. Desjobert, Bull. soc. chim., France. 809 (1947). 
(8) H. M. Dawson and W. Lowson, J. Chtm. Soc, 2444 (1927). 
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Fig. 1.—Hydrolysis of acetyl phosphate at 3.9.00° in: 

(A) 0.05 M bicarbonate buffer, pll 7.7, 0.1 M magnesium 
chloride; (B) 0.05 M phosphate buffer, pH 7.2, 0.248 M 
pyridine; (C) 0.05 M phosphate buffer, pll 7.2. 

lactone.9'10 The difference in shape of the two 
curves is due to the alternative mechanism of hy
drolysis available to the lactones but not to the 
straight chain esters. In the case of ethyl acetate, 
all three pathways of hydrolysis involve a nucleo
philic attack on the carbonyl carbon atom with 
cleavage of the bond between the carbonyl carbon 
and the ether oxygen (I, II and III). In the case 
of the /3-lactones, the acid- and base-catalyzed 
reactions are analogous to those for ethyl acetate, 
but the water reaction goes by an entirely different 
mechanism, i.e., a nucleophilic attack by a water 
molecule on the alkyl carbon atom with cleavage 
of the alkyl carbon-ether oxygen bond (IV). 
This reaction, which is independent of pH, is so 
rapid compared to the normal attacks on the 
carbonyl atom in approximately neutral solutions 
that it is a major pathway of hydrolysis over a wide 
range of hydrogen ion concentration. 

CH2-

H2O- -CH2 

IV 

The £H-rate profile for acetyl phosphate is seen 
to be very similar to that of the /3-lactones and 
unlike that of ethyl acetate. The acetyl phosphate 
curve is somewhat more complicated due to the 
changing ionic species in solution, but it exhibits a 
broad flat minimum and the pH independent reac
tion is much more rapid than one would expect for 

(9) A. R. Olson and R. J. Miller, T H I S JOURNAL, 60, 2687 (1938); 
A. R. Olson and J. L. Hyde, ibid., 2459 (1941). 

(10) F. A. Long and M. Purchase, ibid., 72, 3267 (1950). 
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catalyzed reaction would be expected to be 
predominant. His results are, therefore, con
sistent with and support the explanation de
rived from the ^H-ra te data . 

This interpretation also clarified an appar
ent anomaly in the previously suggested ex
planation for the shift from phosphorus-
oxygen cleavage under acid conditions to 
carbon-oxygen cleavage in base. Bentley 
felt t ha t the change was caused by electro
static repulsion between the hydroxide ion 
and the phosphate group causing the hydrox
ide ion to react preferentially at the more dis
t an t atom, i.e., the carbonyl carbon (VI). 
This was difficult to reconcile with his ob
servation13 t ha t the acetyl dibenzyl phosphate 
also cleaves between the carbon and oxygen 
atoms in strong base (VII) . I t now appears 
tha t the a t tack by hydroxide ion is another 
example of the well-known reactivity of car
bonyl compounds with strongly nucleophilic 

ClI3 

CH3 

O 

O H -

- - C O P O 3 - -
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VI 

O P O 3 ( C H 2 / ' "; 

pH. 
Fig. 2.—Effect of pK on rate of hydrolysis of acetyl phosphate 

in liters moles-1 minutes-1). 

an at tack by water at the carbonyl carbon. I t 
appears, therefore, t ha t the strong acid and strong 
base reactions are the usual nucleophilic a t tacks on 
the carbonyl carbon atom, whereas an alternative 
mode of hydrolysis is the predominating pathway 
a t moderate pH's. 

The alternative possibility in the case of acetyl 
phosphate is a nucleophilic a t tack by water on the 
phosphorus a tom with displacement of the acetate 
ion (V). Displacements on the phosphorus atom 

O- O- O 

(k 

VII 

reagents and hence cleavage of the carbon-

H2O • • 0—CCH3 

cr 
V 

of phosphate esters11 and the sulfur atom of sulfate 
esters12 have been demonstrated, and Bentley13 

has established by isotopic experiments tha t a phos
phorus-oxygen cleavage occurs in the hydrolysis 
of acetyl phosphate itself. Since the phosphorus-
oxygen cleavage was observed under acidic condi
tions, Bentley assigned this splitting to the "acid" 
reaction. Re-examining his results in the light of 
the kinetic data, it is seen t ha t the experiments were 
performed a t pH's (4-6) a t which the phosphorus 
displacement mechanism rather than the acid 

(11) E. Blumentbal and J. B. M. Herbert, Trans. Faraday Soc, 41, 
(ill (1945). 

(12) G. N. Burckhardt, W. G. K, Ford and E. Singleton, J. Chr.m. 
Soc, 17 (1036), 

.'13) R. Bentley, Tins TOIJRSAI,, 71, 2765 (1949). 

oxygen bond for both the dinegative acetyl-
phosphate ion and the uncharged acetyldi-

benzyl phosphate is understandable. 
Bentley also observed tha t the acetyl phos

phatase catalyzed hydrolysis caused cleavage of the 
phosphorus-oxygen bond.13 One might be tempted 
to conclude t ha t the strong acid type of catalysis is 
not active on the enzyme surface since it catalyzes 
a carbon-oxygen split in the absence of enzyme. 
In theory, however, acid might be expected to aid 
either the carbon-oxygen (VIII) or the phosphorus-
oxygen cleavage ( IX) . (The arrows indicate the 
shift in electrons under the polar influence of the 
proton.) Iu aqueous solution the former is evi
dently favored. On the protein, however, the 
approach of water to the carbonyl carbon atom 
might be hindered and the alternative phosphorus 
displacement might then be predominant. I t can 

H + 

( O 

C H 3 - C - • 

OH2 

H + 

-O- C H 3 - C O ' 

O 

/ 

o-

• OH2 

(D 
VlII IX 

be concluded, therefore, t ha t the enzymatic action 
is either not of the strong acid type or else it com
bines with some other factor, such as steric hin
drance, to prevent reaction a t the carbonyl atom. 

Magnesium Ion Catalysis.—Lipman and Tutt le 1 4 

showed tha t the hydrolysis of acetyl phosphate was 
accelerated by addition of 0 .5% calcium chloride, 

(14) F, Lipmann and L, C Tuttle, J. Biol. Chem. 153, 571 (1944), 
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and Lehninger15 has reported that dialyzed acyl 
phosphatase was activated by magnesium ion. In 
the present work, the effect of magnesium ion on the 
non-enzymatic reaction was studied and the results 
are summarized in Table I. 

TABLE I 

E F F E C T OF MAGNESIUM IONS 

OF ACETYL 

i 

7 
7 
7 
7 
7 

0.63 
0.63 

Buffer 

Bicarbonate 
Bicarbonate 
Bicarbonate 
Bicarbonate 
Formate 
Formate 
Perchloric acid 
Perchloric acid 

Mg + + 

concn. 
(M) 

050 
100 
100 

ON THE R A T E OF HYDROLYSIS 

PHOSPHATE 
Observed Catalytic 

first constant, 
order kug+* 
rate (1. 

constant moles "x 

(minutes -1) min. _1) 

0.0039 
.00754 
.0106 
.0108 
.0112 
.0112 
.033 
.033 

Mg salt 
added 

Sulfate 
Sulfate 
Chloride 

0.073 
.067 
.069 

10 Chloride 

073 Sulfate 

At pH 7.7, the magnesium ion catalyzes the re
action markedly and the catalyzed reaction is first 
order in magnesium ion as well as first order in 
acetyl phosphate. Both a molecule of magnesium 
and a molecule of acetyl phosphate are, therefore, 
present in the transition state. A representative 
curve showing the first order disappearance of 
acetyl phosphate is shown in Fig. 1. The catalytic 
constants were calculated by assuming (a) that the 
metal ion catalyzed reaction and the straight 
hydrolysis proceed simultaneously and independ
ently and (b) that the catalysis is first order in 
magnesium ion, i.e., &0bsd = ka + ^M 6

+ * (Mg+ +) 
where kn is the constant for the uncatalyzed re
action. The constancy of the kug** values ob
tained with changing magnesium ion concentra
tions indicates that the assumptions are valid. 

At pK 2.7 and 0.63, no change in rate greater 
than the experimental error is observed on adding 
magnesium ion to the buffer solutions. At pH. 
0.63 the pH. in the magnesium-catalyzed kinetic 
run was calculated from the known concentrations 
of perchloric acid, magnesium sulfate, and lithium 
acetyl phosphate using the published values for the 
acid constants of bisulfate ion16 and acetyl phos
phoric acid.4 The observed rate constant of 0.0332 
differs slightly from the interpolated value in the 
absence of magnesium sulfate (0.0328) when the 
values are calculated to three figures. In view of 
the uncertainty in the pK values and the rapid 
change in rate of hydrolysis with a small change in 
hydrogen ion concentration in this region, the ob
served difference in the presence and absence of 
magnesium ion cannot be considered significant. 
Allowing for the maximum error, the catalytic con
stant in the more acid solutions is at least an order 
of magnitude less than at pH. 7.7. 

At pH 7.7, the acetyl phosphate exists in solution 
O 
Il 

as the dinegative ion, CH3COPO3—, whereas at 
pK 2.7 it is predominantly present as the mono-

(15J A. L. Lehninger, J. Biol. Chem., 162, 340 (1946). 
(16) I. M. Kolthoff, "Gebrauch der Farbenindikatoren," Springer, 

Berlin, 43, 207 (1923). 
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Fig. 3.—Components in the pH-rate. profile for some hy
drolysis reactions. Dotted line A corresponds to values for 
fcobad. = /JH+(H+) + £ O H - ( O H - ) + h = 0.006 ( H + ) + 
6.5 ( O H - ) + 10 - 7 . Dotted line B corresponds to values 
for /Usd. = £ H + ( H + ) + Jk)H-(OH-) + W = 0.006 ( H + ) + 
6 .5 (OH-) + 10-3 . 

negative ion, CH3COPO3H-, and at pB. 0.63, as 
Il O 
O Il 

the uncharged acid, CH3COPO3H2. The added 
electrostatic attraction between the dinegatively 
charged acetyl phosphate and the positively charged 
magnesium ion appears to be a major factor in the 
strong catalysis. This is consistent with the ob
servation of Tabor and Hastings17 that magnesium 
ion combines with the HPO4 ion to a considerable 
extent (K = 0.16), whereas the association with the 
mononegative ion, H2PO4

- , is negligible. In the 
decarboxylation of dimethyloxalacetic acid, Stein-
berger and Westheimer18 demonstrated that metal 
ions catalyze the reaction of the anionic form of the 
acid (X) but not of the monoester (XI). They 
concluded that a chelate ring including the metal 

O Me 
Il I 

- O O C — C - C - C O O " 
I 

Me 

X 

O Me 
Il I 

E t O O C - C - C O O -

Me 
X I I 

ion and the charged gamma-carboxyl was present 
in the transition state. In the present case which 
has some similar features, a chelate ring of the 
type shown below (XII) may be active in the cat
alyzed reaction. 

The role of metal ions in the enzymatic reactions 
of phosphorylated compounds is not yet clear.19 

(17) H. Tabor and A. B. Hastings, J. BKI. Chem., 148, 627 (1943) 
(18) R. Steinberger and F. H. Westheimer, T H I S JOURNAL, 73, 429 

(19Sl). 
(19) A. L. Lehninger, Physiol. Rev., 30, 393 (1950). 
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 U 
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They might be expected to aid in binding the sub
strates to the protein surface by electrostatic 
attraction. Although the magnesium ion concen
tration used in these experiments is larger than the 
average values in tissues, the observed catalytic 
action in aqueous solution in the absence of enzymes 
suggests that the metal ions may in some cases 
have the added function of polarizing the electrons 
in the substrate molecules. 

Catalysis by Pyridine.—The increased rate of 
disappearance of acetyl phosphate in buffered 
solutions containing pyridine shows that pyridine 
catalyzes the reaction (c/. Table II). The hydrol
ysis of acetyl phosphate was first order in all cases 
(c/. Fig. 1 for a typical run). Making assumptions 
analogous to those used in the determination of the 
catalytic constant for magnesium ion, the catalytic 
constant for pyridine, kp, was calculated from the 
expression &0bsd = ku + &P(pyridine). The con-

TABLE II 

CATALYSIS BY PYRIDINE OF THE HYDROLYSIS OF ACETYL 

PHOSPHATE 

Observed Calculated 
Pyridine first order second order 

concentration rate constant catalytic constant 
(moles/liter) (minutes"1) kp(liters moles"1 min. - 1) 

0.149 0.00523 0.0089 

.248 .00602 .0086 

.496 .00822 .0087 

stancy of the kp values on changing the pyridine 
concentration from 0.149 M to 0.496 M demon
strates that the assumptions cited are valid for this 
system and that the catalysis is first order in pyri
dine. 

In order to clarify the mechanism, the pyridine 
catalysis was compared to the reaction of acetyl 
phosphate with aniline, which had previously been 
shown to involve a nucleophilic attack by the nitro
gen of the aniline on the carbonyl carbon atom of 
the acyl phosphate.20 Since pyridine and aniline 
would be expected to have similar steric effects 
in such a reaction, the second order rate constant 

O 

I! 
C H 3 C - O P O 3 - + C6IT5NH3 --->• 

r o "1 
Ii O 

CH 8 C-•• O P O 3 - - !I 
; S- C H s C - N H C 6 H 5 + H O P O 3 - -

H N H 

C6H6 J (2) 

for the formation of acetanilide and the catalytic 
constant for pyridine, kp, should be in the approxi
mate ratio of their respective basicities if they 
react by the same mechanism. This is seen to be 
the case. The ratio of the basicities, ^pyridine/ 
^aniline, is 5.0 and the ratio of the rate constants is 
3.0, using the previously determined value for 

(20) D E. Koshland, Jr., THIS JOURNAL, 73, 4103 (1951). 

aniline.20 The ratio of the rate constants is slightly 
less than that of the basicities, but the nucleophilic 
reactivity of bases is not precisely proportional to 
the base strengths. The Bronsted catalytic co
efficient, for example, usually has values between 
0.4 and O.8.21 The corresponding exponent in 
this case is 0.69. 

It can be concluded, therefore, that the pyridine 
attacks the carbonyl carbon of the acyl phosphate, 
forming a nitrogen to carbon bond with displace
ment of the phosphate group (Equation (3)). 
The acetylpyridinium ion thus formed then reacts 
rapidly with water to form acetic acid and regener
ate the pyridine catalyst (Equation (4)). The ulti
mate fates of the phosphate and hydrogen ions 
produced depend on the pK of the buffer solution. 

O 

CH3C-O- + 2H+ + i f ~̂> (4) 

At pB. 7, for example, they will in large part com
bine to form HPO 4 - " and H2PO4-. 

If the above two-step mechanism is to agree with 
the observed kinetics, the rate of hydrolysis of the 
acetylpyridinium ion must be very rapid with 
respect to its rate of formation. To test this, 
solid acetylpyridinium chloride was prepared and 
one portion was added directly to a 2 M solution of 
hydroxylamine. Quantitative measurement of the 
acetylhydroxamic acid produced showed that 65% 
of the acetylpyridinium ion had reacted with the 
hydroxylamine and the remaining 35% had hy-
drolyzed. A second portion of the solid was added 
to a phosphate buffer solution at pB. 7; it was then 
immediately poured into a 2 M solution of hy
droxylamine. No detectable amount of acetyl
hydroxamic acid was observed in this case. The 
acetylpyridinium chloride had decomposed com
pletely in the few seconds between addition of the 
solid to the buffer solution and the transfer of the 
buffer solution to the analytical reagent. Since the 
half-life for hydrolysis of the pyridinium inter
mediate is of the order of a second or less whereas 
the half-life for the over-all reaction in, for example, 
0.149 M pyridine is about 130 minutes, the in
dependently determined rate of decomposition of 
the acetylpyridinium ion is consistent with the 
observed kinetics. 

The acetylpyridinium ion is a true intermediate 
which has a finite, although small, half-life and an 
appreciable energy of activation for reaction with 
water or hydroxylamine. This is indicated by the 
fact that the solid acetylpyridinium chloride com
pound can be prepared and also by the selectivity 
of the reaction with hydroxylamine. A compound 
which reacts without any appreciable activation 

(21) R. P. Bell, in Schwab, "IIandbuch der Katalyse," Springer, 
Vol. II, 229, 1940. 
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energy should form products purely on the basis 
of the relative concentrations of reactants. In a 
solution containing two moles per liter of hydroxyl
amine and 55 moles of water, the amount of re
action with hydroxylamine would be only (2/2 + 
55) or 3.7%. On the other hand, compounds which 
have a significant energy of activation do not react 
purely on a probability basis and the nucleophilic 
properties of the reagents are of importance in 
determining the ratio of the products. Acetyl 
phosphate, for example, reacts quantitatively with 
aqueous hydroxylamine to yield the hydroxamic 
acid. The acetylpyridinium ion evidently is less 
selective than the acetyl phosphate but still requires 
very appreciable activation. The calculated 
&NH,OH/&HSO ratio, which would be 1.0 on a collision 
probability basis, is greater than 3000 for acetyl 
phosphate and about 50 for acetylpyridinium ion. 

I t should be emphasized that pyridine catalyzes 
the reaction by changing the entire mechanism of 
the hydrolysis. In the absence of pyridine at pK 
7, cleavage of the phosphorus-oxygen bond occurs 
with displacement of acetate. At the same p~H, 
the pyridine-catalyzed reaction involves a carbon-
oxygen split with displacement of phosphate. 
Thus, the pyridine changes the acetyl phosphate 
from a phosphorylating to an acetylating agent. 

Nucleophilic Displacement Reactions in En
zymatic Processes.—In the previous discussion, 
evidence has been presented for some nucleophilic 
displacement mechanisms in the non-enzymatic re
actions of acetyl phosphate. It may be worthwhile 
to consider whether the enzymatic reactions of this 
compound and analogous ones may also involve this 
type of mechanism. 

The displacement reaction, which is symbolized 
in Equation (5), is probably the most generally 
observed mechanism in organic chemistry.3 The 

A + B - C — > A - B + C (5) 

letters A, B and C may represent single atoms or 
groups of atoms and may be charged or uncharged. 
The reactions discussed in this paper are all of the 
more restricted class of ionic nucleophilic displace
ments,22 in which the entering group, A, has an 
unshared pair of electrons which is attracted to a 
nucleus, and the departing group, C, is ejected with 
its pair of electrons (c/. Equation (6)). 

A-: + B:C >• A:B + :C~ (6) 

The pyridine catalysis mechanism is notably 
similar in form to the coenzyme A catalyzed acetyla-
tions of acetyl phosphate.23 Both steps in the 
pyridine catalysis are nucleophilic displacements on 
carbon, the pyridine being the reagent with the 
unshared electron pair in the first step (Equation 
(3)) and the water being the nucleophilic reagent in 
the second (Equation (4)). It seems highly prob
able that the coenzyme A catalyzed acetylations also 
proceed by a series of nucleophilic displacements on 
carbon, first by the coenzyme A (Equation (7)) 

(22) In this article the term nucleophilic displacement will be 
used to include both a stepwise displacement of the carbonyl addition 
type and the single step displacement of the classical Walden inversion 
mechanism. 

(23) E. R. Stadtman, O. D. Novelli and P. Lipmann, J. Biol. Chem., 
191, 365 (1951); H. Chantrenne and F. Lipmann, ibid., 184, 757 
(1950). 

and then by the acetyl acceptor molecule, e.g., 
sulfanilimide (Equation (8)). The recent evidence 
that the acetylated coenzyme A is a thioester24 

fits this hypothesis nicely since mercaptans are 
strong nucleophilic reagents and thioesters readily 
undergo nucleophilic attack at the carbonyl carbon 
atom. 

O 
Il 

C H j C - O P O 8 - + :CoA- — > 
O 
Il 

CH3C-CoA + :OPO,—" (7) 
O 
Il H ^~%. 

CH1C-CoA + :N—<f ^SO2NH2 — > 
H \ = / 

O 
CH3C-NH<^ ^SOaNHj, + H:CoA (8) 

Displacements on the phosphorus atom of acetyl 
phosphate appear to occur in several of the enzym
atic reactions of this compound. The isotopic 
evidence of phosphorus-oxygen cleavage indicates 
this type of mechanism in the acetyl phosphatase 
hydrolysis. The reaction with adenosine diphos
phate to yield the triphosphate25 would seem to 
involve a displacement on phosphorus by an oxygen 
on the terminal phosphate group of the ADP. 
The possibility of a phosphorylated coenzyme A, 
also, is consistent with a nucleophilic displacement 
on the phosphorus atom, in this case, by the sulf-
hydryl group of the coenzyme, and is supported by 
the known existence of thiophosphates. 

Nucleophilic displacement mechanisms probably 
occur in many other enzymatic reactions involving 
substrates other than acetyl phosphate. Esterases, 
phosphatases and phosphotransferases are a few 
of the examples which appear to fit in this category. 
In the case of sucrose phosphorylase, the available 
data are in good agreement with a mechanism in
volving two successive substitutions. The per
tinent facts in the formation of sucrose from glu-
cose-1-phosphate are: (a) that the C-I carbon atom 
in both the initial substrate, glucose-1-phosphate, 
and the final product, sucrose, are in the alpha 
configuration26'27; (b) a glucose-enzyme inter
mediate is formed during the reaction23; and (c) 
cleavage in both the forward and reverse reactions 
occurs at the carbon-oxygen bond of the C-I atom 
of the glucose.29 AU these observations are ex
plained by the mechanism outlined in Equations 
(9) and (10). In the first step, the electron sharing 

a-glucose-1-phosphate + :enzyme — > 
/S-glucose-1 -enzyme + !phosphate (9) 

/3-glucose-l-enzyme + :fructose —>• 
a-glucose-1-fructose + :enzyme (10) 

(sucrose) 
(24) F. Lynen and E. Reichert, Angew. Chem., 63, 47 (1951). 
(25) F. Lipmann, J. Biol. Chem., 156, 55 (1944); E. R. Stadtman 

and H. A. Barker, ibid., 184, 769 (1950). 
(26) C. F. Cori, S. P. Colowick and G. T. CoH, ibid., 121, 470 

(1937); M. L. Wolfrom, C. S. Smith, D. E. Pletcher and A. E. Brown, 
T H I S JOURNAL, 64, 23 (1942). 

(27) I. Levi and C. B1 Purves, Adv. in Carbohydrate Chemistry, 4, 1 
(1949). 

(28) M. Doudorofl, H. A. Barker and W. Z. Hassid, / . Biol. Chem., 
168, 725 (1947). 

(29) M. Cohn, ibid., 180, 771 (1949). 
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site on the enzyme surface at tacks the C-I carbon 
atom, replacing the phosphate group with cleavage 
of the carbon-oxygen bond and formation of the 
glucose-enzyme intermediate. In the second step, 
the fructose molecule is the nucleophilic reagent 
which at tacks the C-I atom, displacing the enzyme 
and forming the final product, sucrose. The trans-
glucosidase action of this enzyme,30 the catalysis 
of phosphate exchange in glucose-l-phosphate2S 

and fructose exchange in sucrose31 are readily ex
plained by analogous mechanisms. 

There is a substantial amount of theoretical and 
experimental evidence to indicate t ha t all single 
step nucleophilic displacements a t a saturated 
carbon atom require "backside" a t tack by a nucleo
philic reagent.3-3- This appears to be t rue of 
"carbonium ion" mechanisms, which might be ex
pected in the cleavage of an acetal type compound, 

(30) W. Z. Hassid ant! M. Doudoroff, Adv. in Carbohydrate, Chemis
try, B, 29 (1950). 

(31) H. Wolochow, E. W. Putnam, M. DoudorofF, W. Z. Hassid and 
It. A. Barker, J. Biol Che.m., 180, 1237 (1949). 

(32) C. G. Swain, THIS JOURNAL, 70, 1119 (1948); C, G. Swain and 
K. \Y, Kcldy. ibid., 70, 2980 (1948), 

as well as in the Walden inversion type of mech
anism. The nucleophilic site on the enzyme 
would, therefore, make a backside a t tack leading 
to a glucose-enzyme intermediate of inverted 
configuration a t the C-I carbon atom. The fruc
tose molecule would then displace the enzyme, 
again with inversion, to produce a final product, 
sucrose, having the same configurations as the ini
tial glucose-1-phosphate substrate. 

This mechanism leads to the suggestion tha t other 
enzymatic reactions which result in retention of 
configuration, e.g., some glucosidase-catalyzed hy-
drolyses, may actually proceed in two steps, each 
involving an inversion. In all these cases a nucleo
philic site on the enzyme surface takes direct par t 
in the reaction to form an intermediate of greater 
or lesser stability depending on the particular sys
tem involved. 
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Directed Chlorination of Fluorinated Aliphatic Ethers1 

BY J- D. PARK, D. M. GRIFFIN2 AND J. R. LACHER 

A study was made of the photochemical chlorination of fluorinated aliphatic ethers of the type ROCF2CX2H (R = CH8-
or C2H5-, X = chlorine, fluorine or hydrogen). Henne. and co-workers had previously found that attack by chlorine on 
fluorinated aliphatic hydrocarbons is directed away from the hydrogen atom linked to a carbon alpha to a -CF2- or CF3-
group. The chlorination of the fluorinated aliphatic ethers was found to proceed in accord with the observations made by 
Henne and co-workers on the fluorinated aliphatic hydrocarbons. In all the ethers studied, chlorination was found to be di
rected away from the carbon atom adjacent to the -CF2- group of the fluorinated ethyl radical. The chloromethyl ethers 
were remarkably stable toward water, acids, methylmagnesium bromide and sodium. Physical properties determined for 
the chlorinated fluoroethers included boiling point, freezing point, refractive index, density, ultraviolet absorption spectrum 
and infrared absorption spectrum. 

In a series of studies on the photochemical 
chlorination of fluorinated straight-chain aliphatic 
hydrocarbons, Henne and co-workers3-"8 found tha t 
methyl and methylene groups adjacent to C F 3 -
or - C F 2 - groups were protected from at tack by 
chlorine. The lack of reactivity of hydrogen 
atoms adjacent to CFs - and - C F a - groups was 
explained by Henne and Zimmerschied on the basis 
of the inductive effect of fluorine. Such an in
ductive effect was thought to increase the protonic 
character of hydrogen atoms adjacent to the C F 3 -
and - C F 2 - groups by a shift of C - H bonding elec
trons toward the carbon atom. 

In the present work, a study was made of the 

(1) This paper constitutes a part of a thesis submitted to the faculty 
of the Graduate School of the University of Colorado in partial ful
fillment of the requirements of the Ph.D. degree. This work was sup
ported in part by an Atomic Energy Commission predoetoral fellowship 
in the physical sciences. 

(2) Atomic Energy Commission predoetoral Fellow, 1948-1949. 
(3) A. L. Henne and M. W. Renoll, T H I S JOURNAL, 59, 2434 (1937). 
(4) A. L. Henne and J. B. Hinkainp, ibid., 64, 1157 (1942), 
(5) E, T. McBee, A. L, Henne, H, B. Hass and N. Elmore, ibid.. 62, 

3340 (1940). 
(6) A. L. Henne and A. M. Whaley, ibid., 64, 1137 (1942). 
(7) A. L. Henne and J. B. Hinkamp, ibid., 67, 1197 (1945). 
(8) A. L, Henne, J, B, Hinkamp and W. J. Zimmerschied. ibid., 67, 

1906 (1945), 

photochemical, liquid-phase chlorination of the 
fluorinated ethers and their respective products 

Parent compound 

CH3OCF2CFHCl9 

CH3OCF2CFH2
10 

CH3OCF2CF2H11 

CH3OCF2CH2Cl12 

CH3OCF2CHCl2
18 

C2H5OCF2CFHCl9 

Chloro derivative 

C I C H 2 O C F 2 C F H C I 
ClCH2OCF2CFH2 
ClCH2OCF2CF2H 
CICH2OCF2CH2Cl 
CICH 2 OCF 2 CHCI 2 

C I C H 2 C H 2 O C F 2 C F H C I and 
C H 3 C C I 2 O C F 2 C F H C I 

in order to determine whether a directing effect on 
the entry of chlorine into the molecule might be 
observed. The chlorinations were carried out using 
a deficiency of chlorine to suppress the formation 
of polychlorinated products. 

In each case, chlorination was found to take 
place only in the unsubst i tuted radical of the ether. 
Thus, only chloromethyl ethers of the type CH2Cl-

(9) D. K. Vail, J. D. Park, K, R. Lea and J. R, Lacher, ibid., 70, 
1550 (1948). 

(10) W. R. Lycan, "A Study of Some of the Reactions of Trifluoro-
ethene," Thesis, University of Colorado, 1950. 

(11) M. L. Sharrah, "Addition of Alcohols and Hydrogen Bromide 
to Fluorinated Mono-olefins," Thesis, University of Colorado, 1950. 

(12) W. H. Breen. unpublished work, University of Colorado, 1949. 
(13) C. M. Snow, "The Addition of Alkanol to Fluorinated Mono-

olefins," Thesis, University of Colorado, 1950. 


