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We have descr ibed a scheme for  using ATP-requir ing en-

zymes as catalysts in large-scale organic synthesis, based on

the regeneration of ATP from ADP by phosphorylation with

acety l  phosphate (AcP) (eq 1 and 2) .3 We have prepared the

AMP +  ATP :  2ADP (1 )

ADP + AcP:  ATP + Ac (2)

acetyl phosphate required in this scheme by a synthesis based
on acylation of anhydrous phosphoric acid with ketene, fol-
lowed by reaction with anhydrous ammonia.a This procedure
had the advantage, compared with previous syntheses, that
the acetyl phosphate precipitated from a methanol/ethyl ac-
etate solut ion at the conclusion of the synthesis as i ts diam-
monium salt.  This material was easi ly f i l tered (unl ike the
phosphate sl imes obtained on precipitat ion of many acetl ' l
phosphate salts from water) and dried. The procedure had two
disadvantages. First,  i t  required a ketene generator. Ketene
generation using an apparatus of the type normally found in
research laboratories is a relat ively slow process, and this
equipment is, in any event, not universal ly avai lable. Second.
reaction of the init ial ly produced mixture of 'acylated phos-
phoric acids with ammonia was carr ied out hy passing am-
monia gas over the rapidly st irred reaction mixture. In prac-
t ice, close attention to detai l  was required to achieve good
yields with this pr<lcedure, presumably because the reaction
was both rapid and heter<)geneous and becatrse acetyl phos-
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Figure l .  \ - ie lds r i f  d iammonium acety l  phosphate obtained b1- ac-
v lat ion t l l '  phosphor ic acid wi th acet ic  anhvdr ide.  React ions were
carr ied out  at  ( )  oC in ethr . ' l  acetate.  and al iquots of  the react ion mix-
tures were re'moved and aclded to methanol saturated with anhvdrous
ammonia at -1() o(--. 'fhe rnolar ratios of acetic anhydride/phosphoric
a c i d  u s e d  w e r e  ( O )  1 . 0 .  ( a )  1 . 5 .  ( O )  1 . 8 .  ( D ) 2 . 0 .  a n d  ( v ) 3 . 0 .

phate itself reacts with excess ammonia. Here we describe a
modified procedure for the preparation of diammonium acetyl
phosphate which differs in two respects from that described
earlier: first, acetic anhydride is used as acylating agent rather
than ketene; second, reaction of the mixture of acetylphos-
phoric acids is accomplished by adding this mixture to a sat-
urated solut ion of ammonia in methanol (eq 3). This proce-
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dure is much more easily carried out than that based on ketene
and is more reproducible when applied to large preparations.
It  dif fers from previous preparations employing acetic an-
hydride as acylating agent in using anhydrous phosphoric acid
rather than tr iethylammonium phosphate as the start ing
material and in the convenience of the workup procedure.;

Several experimentalvariables are important for the success
of ' this new procedure. First,  the temperature <lf  the acylat ion
reaction is cr i t ical.  The best I ' ields were obtained by carrying
out the acvlat ion at 0 oC and the reaction with methanolic
ammonia a t  -30 to  -10 oC- ' .  When the acy la t ion was con-
ducted at -111 oC, 

-"- ields of 'acetyl phosphate were low (Sozu,

instead of the 86%, observed under optimal condit ions); at
temperatures h igher  than 0 oC,  the ,v ie lds  a lso dropped,  a l -
though less sharplv. Second, both the rat io of acetic anhv-
dr ide/phosphor ic  ac id  and the durat ion o f ' the acy la t ion re-
action were important. Figure 1 summarizes data obtained in
several variat ions of these parameters. These plot,s indicate
the fract ion of '  the sol id isolated at the end of ' the reacti<ln.
which was diammonium acety' l  phosphate, and correspond
approximatel l '  to the vield ol acetyl phosphate; the remainder
appeared to  be predominant lv  ammotr ium phosphates.  The
best  react ion condi t ions (0  o( ' ,  Ac2O/H;rPO4 = 1.8 ,  f  =  3 .7  h)
gave a vield of 'diammonium acetyl phosphate of 869,n based
on H;rPOr:  the pur i t l 'o f ' th is  mater ia l  was a lso 86 '2 , .

This acetyl phosphate has heen used successi ' t t l lv in ottr
la l lu ra torv  f i r r  enzvrnat ic  react ions wi thout  f ' t r r ther  pur i f ica-
t ion.  I ts  s torage s tab i l i tv  appears  to  be ind is t ingu ishable  f rom
that  o t 'mater ia l  obta ined us ing the ear l ie r  pre t r lara t ion.a  In
genera l ,  ammonium ion is  innoct tous as a  component  in  en-
z1 'mat ic  react ions.  a l though ins tances are knuwn in  wl - r ich
ammon i r rm  i on  ac ' t s  as  an  enz l 'ma t i c  i nh ib i t o r . ( i  I f ' t he  am-
mor-r ium ion should prove trndesirable in a part ictr lar reaction.
i t  can be exc 'hanged l i r r  sod i r . rm hv ion exchange. ' l

' fhis pnrceclure is the most convenient one avai lal l le l i rr  the
preparat ion o f  acetv l  phosphate,  par t icu lar l " '  on laboraton '
scale. For larger scale preparations. however, ketene might st i l l
he the pref 'er rec l  acy ' la t ing reagent  f  or  ec( )nomic '  reasot rs .  \ \ 'e
har , 'e  examined the : lpp l icah i l i tv  o f ' the ammonia t reatment
descr ibec l  here to  the mix ture o f 'a t 'v la ted phosphor ic  ac ids
prepared l'rom kelene as descrilled Jlrevior.rsll"l and firur-rd that
reac t i on  o f ' t h i s  m ix tu re  w i t h  a  so lu t i on  o1 'a rnmon ia  i n  me th -
ano l  r a the r  t han  w ' i t h  amr lon ia  vapo r  g i ves  v i e l ds  o1 'ace t v l
phosphate ind is t ingt r ishable  f ' rorn  that  obta ined in  th is  work .
S inc 'e  th is  workup procedure is  both more corrvet t ie r t t  and
more reprodrrc ib le  than that  dest ' r ibed l l re ' , ' ious lv . r  i t  shot r ld
be used even rvhen keter re  is  t rsed as ac ' l . la t ing agent .
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Notes

Experimental Section

General. All chemicals were reagent grade and were not further
purified. Enzymes used in the assay of l-acetate kinase @C 2.7.2.1)
and a commercial mixture of glucose 6-phosphate dehydrogenase (EC

1.1.1.49) and hexokinase (EC 2.7.1.1)-were obtained f rom Sigma
Chemical Co. Anhydrous ammonia was obtained from Matheson, and
was used directly from the tank without purification. Phosphoric acid
(100o/o) was made by the slow addition of 191.5 g of phosphorus
pentoxide to 500 g of stirred 85ulo phosphoric acid at -10 oC (ice/

acetone bath). Water used in enzymatic assays was distilled twice, the
second t ime using a Corning Model  AG-1b dist i l la t ion apparatus.
Ultraviolet absorbance was measured using a Gilford Model 220
spectophotometer. A Radiometer Model PHM 62 pH meter was used
to determine pH values.

Enzymatic Assay for AcP. The enzymatic assay used to determine
the yield and purity of acetyl phosphate is that previously de-
scr ibed.a

Diammonium Acetyl Phosphate. Ethyl acetate (2000 mL) and
100o/o phosphor ic acid (294 g,3.00 mol)  were cooled in a l l -L f lask to
0 oC in an ice bath. Acetic anhydride (551 g, 5.4 mol) was first cooled
in an ice bath to 0 oC and then slowly added to the ethyl acetate/
phosphoric acid mixture. The resulting solution was stirred at 0 o(-'

for 3.7 h. A 5-L three-neck flask was fitted with a thermometer, a gas
inlet tube, and an overhead stirrer. The stirrer shaft entered the flask
through a fitting equipped with a side arm which served as a gas outlet.
Methanol (2250 mL) was added, and anhydrous ammonia was allowed
to enter with constant stirring. The flask was cooled to -l l0 o(l in a
dry ice/acetone bath,  and the methanolwas al lowed to become satu-
rated wi th ammonia (-30 min).  The addi t ion of  ammonia was
stopped, and the gas inlet tube was replaced with a ll-L addition
funnel. The ethyl acetatelacetic anhydride/phosphoric acid mixture

J. Org. Chem., Vol. 44, No. 5, 1979 865

was placed in the addition funnel and slowly added to the vigorously
stirred methanol solution. 'Ihis addition took approxirnately 20 min,
during which time the methanol solution rose in temperature to -10
oC. The fine solid which fi l led the flask was collected by suction fi l-
tration on a Buchner funnel. It was washed with 600 mL of methanol
and then 600 mL of anhydrous ether. Final drying to constant weight
under vacuum gave 524 g of solid. Enzymatic assay showed that the
solid contained 86o/n diammonium acetyl phosphate (2.6 mol) by
weight, corresponding to an 86o/o yield based on phosphoric acid. This
material was stored at 0 oC and protected from atmospheric mois-
ture.a

Registry No.-1,  55660-58-7;  phosphor ic acid,  7664- l l8-2;  acet ic
anhydr ide,  108-24-7 ;  ammonia,  7664-41-7.
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