
Cornrnanications 
Large-Scale ATP-Requiring Enzymatic 
Phosphorylation of Creatine Can be Driven by 
Enzymatic ATP Regeneration' 

Summary: Phosphorylation of creatine to creatine phosphate 
has been accomplished on a synthetically useful scale (0.16 
mol) using creatine kinase (E.C.2.7.3.2), a catalytic quantity 
of ATP, and an ATP regeneration system based on acetate 
kinase (E.C.2.7.2.1) and acetyl phosphate. 

Sir: We have previously used the hexokinase-catalyzed con- 
version of glucose to glucose 6-phosphate to illustrate the 
practicality of ATP regeneration in enzyme-catalyzed organic 
synthesk2 The equilibrium constant for phosphate transfer 
from ATP to glucose is large ( K  N 1.5 X lo2 a t  pH 6.0),3 and 
this reaction goes to completion. ATP is, however, only a 
moderately strong biological phosphorylating agent,4,5 and 
many ATP-requiring enzymatic transformations of potential 
interest in organic synthesis have unfavorable equilibrium 
constants. Acetyl phosphate, the ultimate phosphorylating 
reagent in our ATP regeneration scheme, has a significantly 
greater thermodynamic potential for phosphorylation than 
ATP, and an important advantage of an ATP regeneration 
scheme based on acetyl phosphate is its ability to drive to 
useful conversion a reaction whose equilibrium constant is 
unfavorable based on the phosphate-donor potential of ATP 
a 1 0 n e . ~ ~ ~  Here we provide an example of a reaction of this type 
by the phosphorylation of creatine (C) to creatine phosphate 
(CP) on a practical scale (eq 1). The maximum value reported 

" 
CH, 

I 
CH,, 

C CP 
\ creatine kinase f 

/ K ,  \ (1) 

2 
J K* \ 

ATP ADP 
acetate kinase / 

0 0  
II II 

CHJCO,- 

Ac CH,COP(O-), 
AcP 

for the equilibrium constant for phosphorylation of C to CP 
by ATP is K1 = 2.5 X 10-1 (pH 9);' that for phosphorylation 
of ADP to ATP by AcP a t  this pH is K2 = 1.5 X 102.8 The 
equilibrium constant (eq 2) for the coupled equilibrium re- 
actions (eq 1) was maximized empirically under conditions 
appropriate for large-scale synthesis by varying the pH, ionic 
strength, and composition of the solvent: K = 140 (pH 9,10% 
v/v aqueous ethylene glycol ~ o l u t i o n ) . ~  

= KlKZ ( 2 )  

Synthesis of CP was carried out in a 5-L round-bottomed 
flask equipped with a pH electrode, a magnetic stirring bar, 
and 6 g of glass beads to facilitate stirring the heterogeneous 
reaction mixture. The flask was charged with 3000 mL of 10% 
aqueous ethylene glycol solution (pH 9, no b ~ f f e r ) ~  containing 

(CP)(Ac) - - (CWADP) (ATP)(Ac) 
(C)(AcP) (C) (ATP) (ADP)(AcP) 

K =  

creatine hydrate (100 g, 667 mmol, only partially soluble), 
ATP (5.0 mmol), M g S 0 ~ 7 H 2 0  (20 mmol), and dithiothreitol 
(5.0 mmol).1° Polyacrylamide gel particles containing im- 
mobilized acetate kinase (AcK, E.C.2.7.2.1,980 U, 4 mL of gel) 
and creatine kinase (CK, E.C.2.7.3.2, 312 U, 160 mL of gel) 
were suspended in the mixture." Diammonium acetyl phos- 
phate in 10% aqueous ethylene glycol solution (1 M, pH 9.0) 
was added continuously over 36 h a t  25 mL h-l to the stirred 
solution.12 The solution was maintained between pH 8.8 and 
9.2 by the addition of 5.0 N NaOH solution (10% aqueous 
ethylene glycol) using an automatic pH controller. The reac- 
tion was conducted at  ambient temperature, and the reaction 
mixture and reagent solutions were deoxygenated before use 
and maintained under argon. After 36 h of operation (675 
mmol of AcP added), enzymatic assayI3 indicated that the 
reaction was close to equilibrium. The concentration of CP 
was 56 mM. This quantity (234 mmol in 4200 mL) corresponds 
to a 63% yield based on dissolved C (56 g) and a 35% yield 
based on AcP. 

The polyacrylamide gel particles and a white precipitate 
composed primarily of magnesium phosphate were allowed 
to settle, and the solution was decanted and centrifuged. In- 
organic phosphate (666 mmol, estimated by the difference 
between the AcP and phosphate-containing impurities added 
and the CP produced) was partly precipitated by the addition 
of a stoichiometric amount of MgSOp7Hz0 (666 mmol) at pH 
9.2-9.3 and removed by centrifugation. The supernatant was 
adjusted to pH 7.6 with 5.0 N HC1 solution and was treated 
with BaBrz (370 mL of 1.8 M solution) to precipitate the re- 
maining inorganic phosphate. The mixture was allowed to 
stand for 20 min, the precipitate was separated by centrifu- 
gation, and the supernatant was treated with 234 mmol of 
BaBrz (130 mL of 1.8 M solution) and four volumes of absolute 
ethanol precooled to 0 "C. The mixture was stirred for 20 min 
and allowed to stand for 5 h a t  4 OC. The supernatant was 
discarded and the white precipitate was washed twice with 
800-mL portions of absolute ethanol (0 OC) and with 1000 mL 
of anhydrous ether (0 "C). The precipitate (74.4 g) was dried 
over Drierite for 12 h under vacuum: it contained 79% BaCP 
(159 mmol) by enzymatic assay.13 This quantity corresponds 
to a 24% yield based on AcP. The activities of creatine kinase 
and acetate kinase were recovered in the gel in 79 and 71% 
yield, respectively. 

The conversion of C to CP using ATP provides a severe test 
for enzymatic synthesis: it is endothermic; neither the product 
(CP) nor AcP has high hydrolytic stability;'* the enzymatic 
reaction is inhibited by CP at  low concentrations;1° the specific 
activity of CK is only moderate. Nonetheless, these results 
establish that by careful adjustment of reaction conditions it 
is possible to use the high phosphate donor potential of AcP 
to drive the coupled enzymatic reactions (eq 1) to synthetically 
useful conversions. This coupled pair of reactions defines the 
least thermodynamically favorable scheme that can be used 
in practical synthesis with the AcP-based ATP regeneration 
sequence: if the net equilibrium constant for the CP synthesis 
and ATP regeneration reactions were smaller by a factor of 
10, problems with recovery of low concentrations of products 
from large volumes of phosphate-containing solution would 
begin to be troublesome. 
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A Novel Ring-Opening Reaction. An Improved 
Method for  Reductive Succinoylation 

Summary:  In the presence of stannic chloride, l,2-bis(tri- 
methylsi1oxy)-1-cyclobutene and a ketal undergo two suc- 
cessive reactions, aldol and a new ring cleavage reaction, to 
give an enol silyl ether of y-keto ester: the overall reaction 
represents a new, single-pot reductive succinoylation meth- 
od. 

Sir: We recently reported a synthetic method for the con- 
struction of five-membered ring 1 onto carbonyl groupings: 
the reaction consists of treating pinacol2 with protic acid to 
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induce ring enlargement.' We have now found that certain 
Lewis acids bring about a novel and quantitative cleavage of 
the cyclobutanone ring of 2 to form 3. The primary purpose 
of this communication is to show the synthetic utility of this 
reaction, which constitutes a new approach to reductive suc- 
cinoylation of a ketone functi0n.l 

1,2-Bis(trimethylsiloxy) - 1-cyclobutene (4) undergoes 
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Table I. Reductive Succinoylation Methoda 
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UReactions (1.5-30 mmol) were carried out with a reac- 
tant ratio: ketal/4/SnC14 = 1:1:0.3-1. Reaction conditions 
are essentially the same as those of the typical example. 
b Yield of the pure isolated product. C 1.24 equiv of 4 was 
used. d An appreciable amount of adamantanone was re- 
covered. 

aldol-type addition with ketals under the influence of BF3. 
Et20 to afford 2 in excellent yields,l yet in the presence of 
some Lewis acids (AlC13, TiC14, SnC14, SbCls) 2 is reactive 
enough to transform into 3. Subsequently, SnC14 proved 
especially effectual, realizing both the initial aldol reaction 
of 4 and the ring cleavage of 2 in a single step. For instance, 
50 mol % of SnC14 effected the reaction with cyclohexanone 
diethyl acetal, affording pure 5 in 86% yield after distillation. 

5 R =H.R'=Et 
S_ R = ~ - B u ,  RLMe 

7 

It  is essential for the isolation of pure enol silyl ether to treat 
the reaction mixture with triethylamine followed by hexane 
(for dilution) before aqueous workup. Preparation of 6 and 
7 was similarly accomplished in 84 and 80% yield, respec- 
tively.2 The experimental procedure for 5 is illustrative. To 
a solution of SnC14 (0.3 mL, -3 mmol) in 3 mL of methylene 
chloride a t  -78 OC was added during 10 s a mixture of cyclo- 
hexanone diethyl acetal (864 mg, 5.02 mmol) and 4 (1.163 g, 
5.06 mmol) in 2 mL of methylene chloride. After 5 min, the 
pale yellow solution was warmed to -40 "C and stirred for an 
additional 10 min. Triethylamine (2.5 mL) and then 20 mL 
of hexane were added. The organic layer was separated from 
tarry material and washed successively with 1 N HCl, satu- 
rated NaCl, saturated NaHC03, and finally with saturated 
NaC1. The crude product (1.256 g) was distilled to give 1.215 
g of silyl ether 5 (86%).3 

Bifunctional compound 3 is a useful synthetic intermediate. 
First, the enol silyl ether moiety can react with various elec- 
trophiles. Hydrolysis is achieved simply by quenching the 
reaction mixture with water. Distillation usually gives an 
analytically pure product. Thus, the present reaction pro- 


