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A detailed procedure for the large-scale synthesis of diammonium acetyl phosphate (1) is presented. Ketene is
used to acylate 1007o phosphoric acid in ethyl acetate at -10o, and the resulting mixture of mono- and polyacetyl
phosphoric acids converted to I by treatment with anhydrous ammonia in ethyl acetate-methanol at -10o. The
product is obtained as an easily fi ltered, crystall ine solid in ca. 90% yield and ca. 90% purity.

One limitation to the use of enzymatic catalysis in large-
scale organic synthesis has been the expense of many of the
common cofactors. As part of an effort to devise techniques
that would make enzymatically catalyzed reactions requir-
ing adenosine triphosphate (ATP) useful in practical syn-
thesis, we have developed the reaction sequence outlined in
eq 1 and 2 as a method for regenerating ATP from AMP
and/or ADP.2

Arp + AMp #- 2ADp (1)

2ADP + 2AcP :- 2ATP + 2Ac (2)
kinase

ADP is produced from ATP and AMP by phosphoryl
transfer catalyzed by adenylate kinase. ADP is converted
to ATP by reaction with acetyl phosphate (AcP) catalyzed
by acetate kinase. Acetyl phosphate, the ultimate phospho-
rylating agent in this sequence, had been synthesized pre-
viously from phosphoric acid by acylation with acetyl chlo-
ride,3 ketene,a isopropenyl acetate,5 and acetic anhy-
dride,6'? and isolated as the lithium or silver salts.8 All of
these procedures contain difficult work-up and isolation se-
quences. None are suitable for the preparation of acetyl
phosphate in large quantity. Here we report a synthesis of
diammonium acetyl phosphate from phosphoric acid, ke-
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tene, and ammonia, which yields product in easi ly isolated
form. This synthesis provides the most practical method
available for synthesizing large quanti t ies of acetyl phos-
phate.

Results

The reaction of ketene with phosphoric acid in an inert
solvent yields mono-, di-,  and (presumably) tr iacetylphos-
phoric acids. The relat ive amount of monoacetylphosphoric
acid produced depends on the rat io of reactants used and
on the extent of hydration of the phosphoric acid: water
that is present is converted to acetic acid and acetic anhy-
dride. Di lut ion of the reaction mixture obtained from ke-

tene and phosphoric acid with methanol, and treatment of

the result ing solut ion with anhydrous ammonia at -10o,

yields diammonium acetyl phosphate ( l)  as an easi ly f i l -

tered, crystal l ine sol id.
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Isolat ion of acetyl phosphate as i ts diammonium salt has

a number of advantages over other isolat ion procedures.

First,  I  is sparingly soluble in methanolic solut ions, and
precipitates as a crystal l ine, easi ly f i l terable sol id. Ammo-

nium acetate and acetamide are soluble in methanol and
can be separated on the basis of solubi l i t ies. Previous pro-

cedures have involved neutral izat ion of the acetylphospho-
ric acid in aqueous solut ions, and have required either the

use of si lver( l)  salts to effect precipitat ion or the f i l t rat ion

of the phosphate "sl imes" generated by neutral izat ion with

lithium acetate, carbonate, or hydroxides, followed by pre-

cipitat ion with ethanol. In addit ion, removal of water from

the di l i thium acetyl phosphate required a t ime-consuming

and not always successful lyophil izat ion or related proce-

dure. Second, ammonia is expected to attack the acetyl
moiety of diacetyl phosphate more rapidly than that of mo-
noacetyl phosphate.e This appears to underl ie the unexpec-
tedly high yields ()90o/o) of I  obtained by this procedure.
Although we have not studied the reactions that occur dur-
ing introduction of ammonia into the init ial  reaction mix-
tures in any detai l ,  i t  seems that the excess of ammonia
present at the conclusion of this stage must convert di- and
tr iacetyl phosphates to l .  Third, 1 is very soluble in water,
and ammonium ion is innocuous to most (although not al l)
enzymes.l0 Thus I can be used direct ly in the regeneration
of ATP. Ammonia is inexpensive compared with l i thium
and si lver salts. Final ly I  has adequate storage and solut ion
stabi l i ty (vide infra).

The number of products that can be formed by reaction
of ketene with phosphoric acid containing some water is
large. This complexity, combined with uncertaint ies con-
cerning the detai ls of this reaction and of the subsequent
reaction of the product mixture with ammonia, make i t  di f-
f icult  to define a priori  the number of equivalents of ketene
required to maximize conversion of phosphoric acid to di-
ammonium acetyl phosphate. In this work, the rat io of
added ketene to phosphoric acid original ly present has sim-
ply been varied, and the yield of I  determined. Results of
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this studv are summarized in Figure 1 for acylat ions of
both 85 and 100o/o phosphoric acid. These data establ ish
that the maximum conversion (90-95ozn) of 100o/" phosphor-
ic acid to 1 occurs for molar rat ios of ketene to phosphoric

acid of approximately 1.7. The decrease in yield observed

cHTc=o/ H3Pc.4

Figure l .  \ ' ields of diammonium acetyl phosphate obtained fol-
lowing react. ion ofketene with l00o/o phosphoric acid (o) and 859.
phosphoric acid (t).  Reactions were carr ied out in ethyl acetate
solut ion at -1{)o, and the reaction mixtures were al lowed to equi l i -
brate for 2 hr at - l0o before di lut ing with methanol and adding
ammonia. ' fhe quanti ty (CHz:C:O/H:IPO+) is the number of
moles o l 'ke tene added.  d iv ided bv the to ta l  number  o f  moles o{ '
phosphoric acid original lv present. In 85% phosphoric acid, 1 mol
of  water  is  present  for  each mole o |phosphonc ac id .  Y ie lds are
based on phosphoric acid. The numbers associated with each
poin t  represent  the p t r r i tv  o f  the I  iso la ted at  that  p t i in t ; the major
par t  o f  the impur i t t  is  ammonium phosphate in  most  ins tances.

for ratios greater tlu . 2 reflects the fact that addition of
ammonia t.o these reactions yields thick, dif f icult ly f i l tered
suspensions. The use of 85oln phosphoric acid gave lower
yields, apparently for the same reason. The effects of sol-
vent. phosphoric acid water content, and temperature on
yields of I  were examined brief ly: 100o/o phosphoric acid,
prepared bv dehydration of 85o/" phosphoric acid,r l  gave
higher vields than dioxane diphosphate or 85o/o phosphoric
acid; ethyl acetate was superior as a solvent to DMF, DME,
di-n-butyl ether, and n-butyl acetate; raising the tempera-
ture above -10o during addit ion of ketene and equil ibra-
t ion resulted in lower yields.

The detai led course of the acylat ion of phosphoric acid
with ketene has not been establ ished.l2 In part icular, i t  is
not clear how rapidly intermolecular acyl or acetyl group
transfer occurs. A quali tat ive observation made during this
work does, however, suggest that intermolecular equi l ibra-
tion between diacetyl phosphoric acid and phosphoric acid
occurs under the reaction conditions. A sample of 100o/o
phosphoric acid was al lowed to absorb 2 molar equiv of ke-
tene. The resulting sarnple was treated with 1 additional
equiv of phosphoric acid, al lowed to equi l ibrate at -10o for
2 hr, and then worked up by the usual procedure, yielding I
in72v" yield based on the fofol phosphoric acid involved in
the mixture. Since the init ial  reaction mixture would have
yielded ca. 45o/n of | (90o/ol2) on this basis had equilibration
not occurred, the higher yield-which is also that obtained
by direct reaction of 2 equiv of ketene with 2 equiv of phos-
phoric acid-suggests intermolecular equi l ibrat ion.

oo  o  o
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1



2518 J  Org Chem.,  Vo l .  40,  No.  17,  1975
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Ammonium ion, although normally innocuous as a com-
ponent of an enzymatic reaction mixture, does occasionally
reduce enzymatic activity,l0 and might interfere with other
aspects of a synthetic sequence catalyzed by enzymes. It is
possible to convert I  to disodium acetyl phosphate by
treatment with an ion exchange resin in water, although
the yield is only moderate by the procedure we employed.
It  is also possible to use other amines (e.g., ani l ine) to neu-
tralize the initial reaction mixture. The salts resulting from
these reactions are less crystalline and more soluble in
methanol, and this type of work-up offers no obvious ad-
vantages.

Compound I does contain a potential nucleophile (am-
monia) in the presence of a reactive carbonyl group, and i t
was important to examine i ts stabi l i ty. Sol id I  could be
stored for extended periods at 4o without decomposit ion so
long as i t  was protected from atmospheric moisture: no de-
crease in the purity of I  in a desiccator was observed over 2
months at 40 . Storage in a desiccator for 1 month at 25" re-
sulted in a 30olo decrease in acetyl phosphate content. The
solution stability of acetyl phosphate has been extensively
studied.e'I3'14 In the region between pH 5.5 and 9.5, hydrol-
ysis of di l i thium acetyl phosphate takes place by P-O bond
cleavage, apparently by a process involving metaphosphate
anion.15 Direct reaction with free amines does occur. The
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rate of  addi t ion of  ammonia in equi l ibr ium wi th ammo-
nium ion would not ,  however,  be expected to be compet i -
tive with the rate of reaction 5 at pH 6-8.e To check this
prediction, the stability of 1 in buffered solutions at 39o

was determined by observing its disappearance with time

by means of  the enzymat ic assay.  The hydrolysis of  l ,  fo l -

lowed to greater  than 75o/"  react ion,  obeved f i rs t -order k i -

ne t i cs  f rom pH 5 .83  to  pH 9 .30 .  A t  pH 6 .9 ,  the  ha l f - l i f e  was

found to be 3 hr .  The rate constants obtained in th is work

are in excel lent  agreement wi th those reported by Kosh-
land for  hydrolysis of  d i l i th ium acety l  phosphate.r : r

Experimental Section

General. All chemicals were reagent grade and were not further
purified. Enzymes used in the assay of l-acetate kinase (EC
2.7 .2.1)  and a commercia l  mixture of  g lucose 6-phosphate dehydro-
genase (EC 1.1.1.49)/hexokinase (EC 2.7.1. | ) -were obtained f rom
Sigma Chemical  Co. Authent ic  acety l  phosphate (L i ,  K sal t ) ,  ADP
(Na sal t ) ,  and NADP* (Na sal t )  were also obtained f rom Sigma.
Anhydrous ammonia was obtained from Matheson, and was used
directly from the tank without purification. Phosphoric acid
(100%) was made by the slow addition of 191.5 g of phosphorus
pentoxide to 500 g ofstirred 85% phosphoric acid at -10o (ice-ace-
tone bath).Ir The final solution spontaneously crystall ized after
standing at room temperature for 48 hr. Ketene was produced by
thermal cracking of acetone in a conventional apparatus similar to
that described by Will iams and Hurd.16 The rate of generation, de-
terminedlT by bubbling the output of the ketene generator through
50 ml of  a cooled (0o),  s t i r red solut ion of  ethanolamine (3.184 N)
in 2-propanol for 30 min and then titrating excess amine with
standardized 1.0 N hydrochloric acid (Methyl Red as indicator),
was found to be 0.198 + 0.014 mol/hr under conditions used repro-
ducibly throughout this work. Water used in enzymatic assays was
disti l led twice, the second time using a Corning Model AG-1b dis-
ti l lation apparatus. Small-volume aliquots for these assays were
obtained using a Clay-Adams suction apparatus (obtained from
Bectin Dickerson) and calibrated disposable micropipettes. Ultra-
violet absorbance was measured using a Gilford Model 220 spec-
trophotometer. A Varian Model T-60 spectrometer was used for
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NMR assays. A Radiometer Model PHM 62 pH meter was used to
determine pH values. Microanalysis were obtained by Midwest
Microlab,  Ltd. ,  Indianapol is ,  Ind.

Diammonium Acety l  Phosphate ( l ) .  A 2-1.  three-necked f lask
was fitted with a thermometer, a gas inlet tube, and an overhead
stirrer. The stirrer shaft entered the flask through a fitt ing
equipped with a side arm which served as a gas outlet. Ethyl ace-
tate (750 ml)  and 100% phosphor ic acid (100 g,  1.02 mol)  were
transferred into the flask. and the resulting solution was cooled to
-10o using an ethylene glycol-acetone-Dry Ice bath. Ketene was
bubbled through the stirred solution for 10 hr (1.98 mol), after
which 750 ml of  methanol ,  precooled to -10o,  was added. Anhy-
drous ammonia, directly from the tank, was passed through alumi-
num coils immersed in the cooling bath, then over the surface of
the rapidly stirred solution, and finally out through a bubbler
linked to the flask through the gas outlet on the stirrer. This addi-
tion was continued for 1.5 hr at a rate such that bubbles passed
through the outlet bubbler at a rate of approximately one per sec-
ond. Dur ing th is t ime, the internal  temperature of  the solut ion
gradual l - " -  rose to -7o and then fe l l  to -10o,  s ignal l ing the end of
the react ion.  A tota l  of  65 g of  ammonia (3.82 mol)  was used (as de-
termined by weighing the tank before and after reaction), although
not all was consumed by the reaction mixture. The fine solid which
fil led the flask was collected by suction fi ltration on a Buchner
funnel. It was washed with 200 ml of methanol and 200 ml of anhy-
drous ether and t ransferred to a 1000-ml er lenmeyer f lask.  Metha-
nol  (350 ml)  was added. and the resul t ing suspension was magnet i -
cal ly  st i r red for  10 min at  room temperature.  The sol id was f i l tered
as before and washed in succession with 150 ml of methanol and
500 ml of anhydrous ether. It was dried by covering the funnel
with a piece of neoprene rubber, through which protruded a drying
tube containing l)rierite, and drawing air through it. Final drying
to constant  weight  under vacuum gave 180.2 g of  sol id.  Enzymat ic
assar ' ( v ide  in f ra )  sh r iwed  tha t  the  so l i d  con ta ined  89% I  by  we igh t ,
corresponding to a 9 lq '  r ' ie ld based on phosphor ic acid.  A NMR
assa l -  t v ide  in l ra )  i nd i ca ted  a  compos i t i on  ra t i o  o f  91% 1 ,4 .4%'
acetamide,  and 4. ,1% ammonium acetate.  

' lhe 
sample was stored at

4o in a desiccatr l r .
Ana l .  Ca lcd  fo r  CzHr rNzOsP:  C ,  111 .80 ;  H .6 .37 ;  N ,  16 .09 .  Found :

C ,  1 2 . 3 7 ;  H , 6 . 5 6 ;  N ,  1 6 . 2 1 .
Solvent  was evaporated f rom the f i l t rate and the residue was

dissolved in acetone.  Fi l t rat ion o1'  th is solut ion gave 266 mg of
solid. Concentration of the fi ltrate and addition of ether gave 34.2
g (0.58 mol)  of  acetamide,  mp 80-81.5 ( l i t .  mp 81).  Removal  of  sol -
vent  f rom the f i l t rate lef t  11.0 g of  yel low oi l  of  undetermined com-
p<is i t ion.  The I  and diammonium phosphate account for  100% of
the phosphor i< '  acid r rsed or ig inal ly .  Diammonium acety l  phos-
pha te .  ammon i r rn r  ace ta te .  and  ace tamide  co l l ec t i ve l v  accoun t  fo r
80 ' v .  o f '  t  he  ke tene  i rnd  I  l ' l '  o f  t he  ammon ia  used .

Enzl 'mat ic Assal '  for  l .  The enzy'mat ic assa,v used to determine
the  -v ie ld  and  pu r i t v  o t ' l  i s  based  on  th ree  coup led  enzymat i cs teps :
react ion of  adenosine diphosphate (ADP) and acety l  phosphate
yie ld ing adenosine t r iphosphate (ATP) catalvzed bv acetate k i -
nase; conversion of glucose to glucose 6-phosphate using this ATP
catalyzed by hexokinase;  and reduct ion of  n icot inamide adenine
dinucleot ide phosphate (NADP+) to NADPH by th is g lucose 6-
phosphate catalyzed bv glucose 6-phosphate dehvdrogenase.

, l !  c t  l t .  l . i i l . t s ( '

1 + AI)P - '---} ATP

i r .  r . r L .  L n t s c

ATP +  D- f t - l ucose

cH co  -  (6 )

A D P  +  o - g l u c o s e  6 - l t h o s l t h u t e  ( 7 )

o -G lucose  6 -phosph l t te  +  NADP.

6 - p h o s p h o - o - g l u c o n i c  a c i d  +  N A D P H  ( B )

The condi t ions used in the assay are such that  the equi l ibr ium
constants for each reaction lie far to the right. Under these condi-
t ions,  the number of  equivalents of  NADPH produced (measured

spectrophotometrically at 340 nm) is equal to the number of equiv-
alents of I added originally. This general assay scheme has been
used previously.ls The following standard solutions were prepared.
Solution 1. To 300 mg of D-glucose and a mixture of 500 units of
hexokinase and 250 units of D-glucose 6-phosphate dehydrogenase
was added enough t r iethanolamine buf fer  (0.2 M, pH 7.6)  contain-
ing magnesium chlor ide (0.03 M) to g ive 200 ml of  solut ion.  Solu-
t ion 2.  Water was added to 250 mg of  ADP (Na sal t )  to g ive 1.0 ml

o
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of solution. Solution 3. Water was added to 30 mg of NADP+ (Na

salt) to yield 1.0 ml of solution. Just prior to the assay, approxi-
mately 70 mg of I was brought to 10.0 ml with water (solution 4).
To 5.0 ml of solution 1 was added 0.05 ml of solution 2, a 0.01-ml
aliquot (ca. 8.5 units) of a suspension of acetate kinase in 3.2 M
ammonium sulfate solution (supplied at 850 units/ml), and 0.05 ml
of solution 3. The solution was allowed to incubate at 25o until its
absorbance (measured at 340 nm using a l-cm cell) had reached a
plateau (ca. 3 min), and this absorbance (Ar) recorded. Another
solution was prepared as above, but to this solution was added 0.01
ml of solution 4. The absorbance of this second solution (Az) was
then determined at 340 nm after a similar incubation. The absorb-
ance A I corrects for the small amount of ATP present as a contam-
inant  in the ADP, any NADPH contaminant in NADP+, as wel l  as
other species which may have absorbance at 340 nm. For absorb-
ances obtained using 1-cm cells, the following equation relates the
di f ference,  (Az -  ,A1),  to the numbers of  moles of  d iammonium
acetyl phosphate present in solution 4.

moles of  1  : total volume of assay solution
( N e n p n

1 0 3 ( . 1 "  -  A , )  :  B . 2 o  x  1 o - 1 ( . 1 .  - , l r )

NMR Assay for  l .  Approximately 130 mg of  the react ion prod-

uct  was dissolved in 0.4 ml of  DzO, and to th is solut ion was added
0.01 ml of dioxane. The solution was stirred for 10 sec on a vortex-

mixer, then transferred to an NMR tube, and the spectrum was re-

corded. The acetyl protons of I fall 1.63 ppm upfield from the di-
oxane protons,  and are spl i t  in to a doublet  by coupl ing to phospho-

rus (J -  1.2 Hz).  Acety l  protons f rom acetamide present in the

sample are found 1.75 ppm upf ie ld f rom dioxane, whi le those f rom

ammonium acetate are found 1.83 ppm upf ie ld f rom dioxane. Inte-
gration of the dioxane peak and of the peaks due to I acetamide

and ammonium acetate allows calculations of the percentages of

these compounds found in the react ion mixtures.
Dianilinium Acetyl Phosphate. To 150 ml of ethyl acetate was

added 20 g (0.204 mol)  of  100o/o phosphor ic acid,  the solut ion was

co<-r led to -10o,  and ketene was bubbled through the st i r red solu-

t ion for  2 hr .  A 75-ml port ion of  th is solut ion was wi thdrawn, and

to the remainder was added 125 mi of  precooled methanol ,  fo l -

krwed by the dropwise addi t ion of  30 g of  ani l ine (2.S-fo ld excess)
over a per iod of  10 min.  Dur ing th is t ime, the internal  temperature

o1 '  t he  so lu t i on  rema ined  a t  -10o .  The  resu l t i ng  c rvs ta l l i ne  so l i d

was col lected by '  suct ion f i l t rat ion on a s intered giass funnel ,

washed wi th 75 ml of  acetone and 150 ml of  ether,  and dr ied by

cover ing the funnel  wi th a p iece o{ 'neoprene rubber through rvhich

protruded a dry ing tube contain ing Dr ier i te,  and drawing ai r

through the product. Enzymatic assay showed it to be 89.9o/" diani-

l in ium acety l  phosphate.  An NMR spectrum (DMSO-d6) wi th d i -

oxane as internal  standard showed a broad mul t ip let  (aromat ic

prot<rns,  I0 H, 3-4.2 ppm downf ie ld f rom dioxane) and a doublet

[ace ty l  p ro tons ,3  H ,  1 .53  ppm up f ie ld  f rom d ioxane  U  =  )Hz t ) .

Ana l .  Ca lcd  fo r  C1aH1eN2O5P:  C ,  51 .511 ;  H ,  5 .87 :  N ,  8 .59 .  Found :

C .  5 0 . 7 1 ;  H ,  5 . 9 5 ;  N ,  8 . 3 7 .
Studies of  the Rate of  Hydrolysis of  l .  Sodium phosphate*

dis<id ium phosphate buf fers \0.2 M in tota l  phosphate) were pre-

pared wi th pH's 5.83,  6.90,  and 8.00.  A fourth solut ion (pH 9.30)

was prepared f rom sodium carbonate-bicarbonate $.2 M).  The

buffers were brought to 39o, and 50 ml of each was added to one of

f<rur  125-ml f lasks contain ing ca.70 mg of  l .  The in i t ia l  concentra-

t ion of  I  in  these solut ions (ca.  8 mM) was determined by wi th-

drawing a 50-pl  a l iquot  and assaying enzymat ical ly  (v ide supra).
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The decrease in concentration of I at 39o was followed until less
than 25o/" remained. At least seven points were taken for each solu-
tion. The disappearance of I followed first-order kinetics, and led
to these rate constants 4o6"6 (103 sec-t )  (pH):4.33 (5.83);  3.78
(6 .90 ) ;  3 .78  (8 .00 ) ;  4 .35  (9 .30 ) .

Disodium Acetyl Phosphate. A 2 x 30 cm chromatography col-
umn (Pharmacia) was fi l led with 40 ml of the washed Bio-Rad AG
MP-50 ion exchange resin (H+ form, 100-200 mesh, i .86 mequiv/
ml)  resin,  and 100 ml of  sodium hydroxide (1.0 N) was s lowly (1

ml/min) passed through it. This neutralization was followed by
washing with 250 ml of water. The column was equilibrated for 2
hr at  4o.  Doubly d ist i l led water was added to 1.0 g of  I  to make 4.0
ml of solution, and this solution was placed on the ion exchange
column. Doubly disti l led water was passed through the column at 1
ml/min, and 2.5-ml fractions were collected. These fractions were
tested for the presence of acetyl phosphate by the hydroxylamine-
ferr ic  chlor ide test . le Fract ions 1-6,  pH 4.5.  were devoid of  acety l
phosphate;  f ract ions 7-14,  pH 5.5.  contained acety l  phosphate.
These fractions, when combined, were found to contain 85% of the
initial acetyl phosphate by enzymatic assay.

Registry No.-1,  55660-58-7;  ethyl  acetate,  141-76-8;  phosphor-
ic  acid,  7664-38-2:  ketene,  463-51-4;  ammonia,  7664-41-7;  d iani l -
in ium acety l  phosphate,  55660-59-8;  ani l ine,  62-53-3;  d isodium
acety l  phosphate,  55660-60- 1.
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