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Phosphorus pentoxide reacts with ether to-form bicyclo-

tetraphosphate ester (II), cyclotetraphosphaté ester (III), ‘;fﬁ

isocyclotetraphosphate ester (IV), and tetraphosphate ester

V). Phosphorus n.m.r, measurements show the content of the

mixtures, The so-called "ethyl metaphosphate" (Langheld ester)

i$ a mixture of III (50% to u5%), IV (36% to 25%), and V (1u%

to 30%)

¢

The product of the reaction of ether‘and phosphorus pentoxide3 hasf?>

recently become inferestipg as a reagent for the synthesis of poly4

saccharides, polypeptides, and polyr,xucleotides.4 -Unfortunately, the’

(3) K. Langheld, Chem, Ber. 43, 1857 (1910); 44, 2076 (1911).

(4#) G, Schramm, H, GrBtsch a. W.

nature of this product, which is

not certainly known. Heretofore

(5) R. Rtz a. E. Thilo, Liebigs

Pollmann, Angew;"Chem. 74, 53 (1962).

usually called ethylmetaphosphate, is

the proposal of Rtz and Thilo® that

Ann, Chem. 572, 173 (1951).
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the ester is ;\mixture of cyclofetraphosphate ester (Fig, 1, strugtﬁre
III) and isocy;lotetraphosphate ester (Fig. 1, structure IV) has been
accepted. But the phosphorus n.m.r. spectrum of the product obtained

by several groups does not conform to that assignment.6)7 In this paper

(6) J. R. Van Wazer, C. F. Callis, J. N Shoolery a. R. C. Jones, J. Am,
Chem. Soc. 78, 5715 (1956). .

(7) G. Weill, M. Klein a, M. Calvin, Nature 200, 1005 (1963).

studies aﬁe described which were made to determine the actual composition
of the so-called "ethylmetaphosphate".

L‘angheld3 first prepared "ethylmetaphosphate” by refiuxipg phosphorus,"
pentoxide with ether. This synthesis was improved by Steinkopf and;
Schubar£3 using chloroform as a solvent. Sinqe then several additional

[

(8) W. Steinkopf a, I. Schubart, Liebigs Ann. Chem. 424, 1, esp. 19 (1921).

methods have been described in the literature.”’s’girThey differ mainly

(9) W. Pollmann a., G, Schramm, Biochim, et Biophys. Acta 80, 1 (1964).

in the time of heating and in the ratio of ether and chloroform in the *

reaction mixture.,

However, in our experiments various pfoducts were obtained by'VA
heating ether and phosphorus pentoxide in chloroform, depending on the R
time of heating.and on the amount of ether which was used. The& rahged %;'lW4ff
from a rubber-like material (B) through a very heavy oil (C) to an oil s
of lower viscosit& (D) (Table I). The refractive index of the liquids

varied from 1.441 (C) to 1.438 (D) (20° C) and the viscosity from
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TABLE I

Properties and phosphorus n.m.r. peaks of the materials

which were obtained by reaction of P, 0,, with ether.

vis-

Material deseription : )
(all soluble in nD20° density ' cosity Pm Py Pt
CHCl3, colorless (20°)  (20°) % % %
to slightly brown) (poise)
A plastic-like - - - - 71,9 22.9 5.2
B rubber-like - - - 78.7 9.8 1l.5
C  heavy.oil L.44l 1,462  237.4% 75,2 8,9 15.9
D viscous oil . 1.438 1,413  19.45  73.% 6.2 20.4
" E+ light oil 1,437 1,408 9.76 69.8 4.0 26.2
P ol Lu3s - 62.7 3.1 34,2
"G oil. 1.433 . - 55.8 1.8 42,4
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237.44 (C)‘fo 19.45 poise (D) (20° C). Therefore, the description of’
the product.as a mixture of ca., 10% of comﬁound IITI and ca. 90% of
compound Iv5cann$t be entirely correct, This does not describe the
different properties of our méterials prepared by various methods.
Furthermore, for the preparation of the "ethylmetaphosphafe" two équiva—
lents of eth;r ére necessary.‘ If we used only one equivalent of ether
or less, we got a plastic-like solid material (A), which was soluble in
CHClz. Refluxing the solid cbmp&und with aﬁ excess of ether gave an oil
with the refractive index 1.438 and with\a viscosity of 25.23 poise.
Thus, the'new solid product couid»be an intermediate in fhe preparation
of the "ethjlmetaphosphate".

An insight into this problem is possible by means of phosphorus
. D.m.r. measurements. A phosphorus atom which is bonded to another phos- -
phorus atom via an|oxygen atom shows a different chemical shift in the

n.m.r. spectrum than an atom which is bonded to zero, two or three

phosphorus atoms via oxygen. Thus each type, of phosphorus should show

a separate line and the compounds with structures II to V can be expected'u(..‘ x\

¢

to shqw three different peaks corresponding to the branched bonded (Pb),vlf,f:'
the middle bonded (Pm), and the terminal bonded phosphorus .(Pt).ﬁ'"
If the "Langheld ester" were a mixture of III ana IV,5 the n;m.r.
,spectfum would show a large peak of middle bonded phosphorus (P,), and ‘
two smaller, buf-equél, peaks of terminal (P) and branched bonded phos-
phorus ka). But the spectrum obfained by Van Wazer® showed only 3%"Pb
compared to 25% P,.- However, while G. Weill, M. Klein, and M. Calvin’

get a similar result from one preparation (with 6% Py and 32%.P), from




. | ‘ -

another sample a value of 13% Py and 15% Py was obtained. It was
thought that hydrolysis had taken place in those samples where a dif-
ference in the sizes of the Py and P, peaks was foundf "In our experi~
ments all materials showed a very small proton peak of an OH group ét
12.1 p.p.m. in the proton n.m.r. spectra. This peak did not increase
during the experiments. On the contrary, the ratio of the OH and the
CoHs groups calculated from the areas under the n.m.r. peaks changed

to higher values of the ethyl groups in the seriés from material A to

G. It ranged from 1 : 8.3 (OH : CpHs) for material A through 1 : 13.7

for material D to 1 : 17.7 for material G. These values are not constant

for each material; they changed slightly for each actual preparation.

The contaﬁination of the "ethylmétaphosphate" with a small amount of

OH groups (which prdbablj replace some of the ethyl groups of éompounds

II to V to a sligh% extent) must result from impurities of the phosphorus-
pentoxidé. |

| Therefore, no hydrolysis'could havé taken p}ace during the experi-

ments (see also experimental part), but the phosphorus n.m.r. spectra

_ generally showed different sizes of the Pp and P, peaks, as can be seen

from Table I and Figure 2.

Consequently, it can be concluded ffom the preparative and the
n.m.r. resulté that:

1. The material A,_résulting from one equivalent of ether or less

is a mixture of compounds II10 (35,4%), III (43.8%), and IV (20.8%).

(10) The possible formation of a compound with the structure II as a
result of the reaction of P,0;3 with ether has already been sug-
gested (M. Calvin, American Inst. of Biolog. Science, Bull. 12,

p. 29, Fig. 8, Oct. 1962).
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The mixture can contain only a very small amount of compound V, if it
does contain any at all, since the Py peak is muéh larger than the Py
peak. Thiskmeans that Py0;0 (I) reacts with ether to form compouﬁd II.
At tﬁe same time; a further réaction of II to III and iV takes place.
Compouﬁd II, therefore, is highiy sensitive to an attack by ether. The
content of the compounds II, III, IV, or V in the mixtgre; as given in
- the parenﬁhesis and in Table II, can be easily calculated from the
" n.m.r, results as explqined in the experimental ﬁart.

2., Material B, which was obtained with two equivalehts of ‘ether,
is a mixture of III (57.4%) and IV (39.2%), withla small amount of V (3.4%).
'zThe observation that the reaction of P”olo with a single equivaleﬁt of
ether,'producing material A, implies that a further reaction of II wifh“
ether occurred, leading to the formation of III and IV. Thus, no appre—
ciable amount of II can bé expected to remain in material B. .The rings
6f'compounds iII and IV are opened by ether to form the chéin compound V‘u,
to some extent, giving rise to a larger amount of términal phosphorus |
(P¢) than branched phosphorus (Py). Compounds III and IV must be very .
sensitive to nucleophilic substances, since theyVWere even attacked
slowly by such a very weak nucleophile as is ether. This is confirmed ;.,“

by hydrolytic studies, T»11

(11) Unpublished results from this laboratory.

3. With an excess of ether we get a mixture, mainly of III with
smaller amounts of V and IV, This is the material which has been ob-
served most often and 1s called Yethylmetaphosphate" (in our experiments,

-

materials C and D).




Composition

Table II

of the materials A, B, C, D, E, F, G

Material Compounds
T1 TI1 TV v
A 35.4% 43.é% - 20.8% -
B - 5% 0.5 3.8
c - so;u% 35.6%  14.0%
D - 46.8%  2u4.8% 28.4%
B - 39.6%  16.0%  4.u%
'F - 25.4% 12.4%  62.2%
e - 11.6% = 7.2%  81.2%
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4, Refluxing of the ester with ether converts more of the com-
pounds III and IV into V. The material E obtained by refluxing for
65 hours consists of III (39.6%) and v‘(uu.u%) with a sméller amount
of IV (16.0%). After a longer time of refluxing, materials were ob- -
tained which consist mainly of V' (materials é and G). There can be no
considerable attack by ether of compound V leading to 2 moles of tetra-
ethyl pyrophosphate: , Extraction of material E with carbon tetra-
_ chloride gave a liquid (n2® = 1.431) which showed 44.0% Py, 55.5% P_
and 0.5% Pp in the pho;phorus n.m.,r. spectrum. Tetfaethyl pyrophogphate .
(100% Py) is easily so;ublé in carbon tetrachloride but compounds III |
(100% Pp) and IV (50% Pp, 25% Py, 25% P,), as contained in material B,
are nearly insoluble iﬁ this solvent. Thus, the QClu extract, which was
small, cannot be a mixture of tetraethyl pyrophosphate and compound III
and a trace of IV,:bﬁt must consist of compouhd vV (50% Pf, 50% P,) con-
taminated with a small amount of III and a trace of IV. This indicates
that no considerable amount of tetraethyl pyrophosphgte is present in
the mixture and shows that hexaethyl tetraphosphate is soluble to some
extent in.CClu.v |

- Further inveétiggtions of this éeparation are in progress.

5. Py0;, does not react with V, IV, and III to form II. Only
decomposition of the esters takes place.
| In earlier.péperssig tﬁe composition of "ethylmetaphosphate" was
studied by using hydrolytic destruction of the estér. By this method
| an amount of isocyclofetraphosphate éster (IV) is gstimated higher than
is actually present--i.e., total hydrolysis of compound III gives 4 moles

of ethylphosphoric acid or 4 primary and 4 secondary acid groups;
compound IV gives 2 moles of ethylphosphoric acid, 1 mole of diethyl-

phosphoric acid, and 1 mole of phosphoric acid, or U primary, 3 secondary
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acid groups énd 1 tertiary acid group; and compound V gives 2 moles
of ethylphosphoric.acid and 2 moles of.diethylphosphoric acid, or
4 primary and 2 secondary acid groups. If the amounts of compounds
III and IV are calculated from the amount of diethylphosphoric acid,5
or from the amount of secondary é,roups,9 total hydrolysis of pure com-
pound V would appear to have more of compoﬁnd IV in the mixture than is
actually present. Thus, in previous measurements, 85%9 and 90%° of
compound IV for two actual preparations were inferred.

Although the methods used in references 3, 5 and 8 for the
preparation'df"mixtures of tetraphosphate esters (or Langheld ester)

~give up to 70% yield, they are unsatiéfactory because they often lead

to-a rubber-like- material, as we have found. This'may result from
a loss of ether during refluxing. The method uéed in reference 4
requires an excess ;f ether and a very long refluxing time. We foun&i
that at 25 hr., the reaction is still incomplete.‘ The reason for this
isvthe‘fOllowing: "Ethylmetaphdsphate" is soluble in chloroform but
insoluble in the solvent mixture here employed. "Ethylmetaphosphate"
covers the surface of the P01 and prevent; further reaction of P;010
with ether. A more satisfactofy procedure, as deséribed in the experi~‘“‘
mental part, leading to a pearly 100% yield of tetraphosphate esters,
results from reacting most of the Py0,, with a small amount of ether
in chloroform to form first compound II and then to react compound II
with additibn;l ether to form III, IV, and V. |

It is to be expected tﬂat compounds II, III; 1V, and V will differ

/in their capabilities and effectiveness in producing the dehydration
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polymerization reaction. - The compoundsland polymers produced by the
use of,"ethyimetaphosphate" may therefore be expected to depend aharpiy :
upon the mefhods'used in preparing and handling the "ethylmetaphosphate",
a suggestion which would account for the variable.results reported.“:l2’13'lu
(12) G, Weill, University of California, Lawrence Radiation Laboratory,
gfo;g?ganic Chemistry Quarterly Report, UCRL-10934, July 29, 1963,

. (13) N. K. Kochetkov, E. I, Budowsky, V. D. Domkin, a. N. N. Xhromov-Borissov,
Biochim. et Biophys. Acta 80, 145 (1964).

_(1u)VT. M. Jacob a. H. G. Khorana, J. Am. Chem. Soc. 86, 1630 (196%).

We are cufrentlyvattempting to separate each of the compounds from the
mixture and will‘stu&y the susceptibility of each of the separate poly- :
| phosphate estefs, as well as their mixtures, to nucleophylic reactions » -
with ethers, alcohols, amines;.esters,_sulfides, etes.
EXPERIMENTAL
Al) experiments were carried out under nitrbgen which had been
dried over P 010, in an apparatus which had- prev1ously been dried by

heating under vacuum and whlch then was closed with a CaCl, tube , 3 15‘1i.;3,

1 (15) H. Metzger a., E, Miller in Methoden der Organlschen Chemie I/2,
p. 321 (Houben-Weyl) George Thieme Verlag, Stuttgart, 1959.

(16) K. Zlegler and: co-workers, Lleblgs Ann, Chem. 629, 1 and followxng
(1960).

" The n.m.r, tubes’wera dbied by heating and were sealed as soon as filled.:iaa.

The viscasity was measured with a falling ball viscometer (Hoeppler

Viscosimeter HV 303), fhe density by weighing 25 ml of the ester, and

the reffactive index with an Abbé'refracfometer (Spencer Refractometer).

The chloroform was purified from ethanol by shaking with water, then dried

by shaking and by refluxing with P40j03 aftar distillation phosgene was
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removed by refluxing with diphenylamine; and HCl was removed by addi-
tion of aniline and distillation fhrough a colum. The ether was dried
with sodium'and‘then distilled over lithium aluminium hydride.

Phosphorus pentoxide (Baker and Adamson) was used.
Material A.--124 g (0.437 mole) P 010, 150 ml CHCl; and 32.% g (45.4% ml, -
0.437 mole) ether were refluxed for 10 hr, The mixture was filtered
and from the flltrate the solvent evaporated under vacudm to a final

preséﬂreiofﬁo;sdmthg; A slightiy yellow plastic resulted which was

‘soluble in CHCly. Yield: 62 g (39.6%, calculated for CyHyg01yPy)e!

Analysis:--Theoretical for CgHy0)oPy (432.16)

C, 22.24%; H, 4.66%; P, 28.67%;

and for c H N (358704)" c, 13.42%; H, 2.82%; P, 34.6;%;

yH10012F ‘
Found: ¢, 16.1% H, 3.9% P, 32.0%

Molecular weight determinationsdwith an osmometer were attempted but

- gave unsafisfadtory results. There seems to be aggregation, since the

molecular'weight.ﬁas found to be nearly three times that of the calou-
lated.value and changed with the concentration. |

Material B.~-50 g (0.176 mole) P 4010» 100 ml chloroform and 28.5 g ,

(40 ml 0. 385 mole) -ether were refluxed for 15 hr. Flltratlon and
evaporation of the solvent from the flltrate.gave'a'heavy oil. Rehoval‘dV'
of the rest of the solvent at a pressure of‘O,ﬁ ﬁm Hg gave a rubber-likea :

material, soluble in'CHCl,. Yield: ‘Su.ﬁ'g‘(71,8%,fcalodiafedffbrv:,

i o .
CgHynO1nFy ).

Material C.--114 g (0.4 mole) P,0,,, 148 g (208 ml, 2.0 mole) ether and .
—_—— .

100 ml chloroform were refluxed with vigorous stirring for 25 hr. The
mixture was filtered from the undissolveleuolo and from the filtrate

the ether and chloroform removed by evaporation (at least at a pressure
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of 0.5 mm Hg). A highly viscous oil was obtained; Yield: léQ é
(69.4%, calculated forlcsnzdolzﬁu).' |
Material D.~--156.8 g material_A.wgs dissolvod'in 120 ml CHCl5 and
142.7 g (200 ml, 1.93 mole) other was added: After 10 hr; reflux
the chlofoform and the excess of ether were evaporated. An oil waé
obta#ned which hdd the same refractive indox, viscosity, and phoé-
~ phorus n.m.r. spectrum as the material prepared as described in the = -
'next section.
Yield: 175 g.
i Material D.-~(new method for the preparation of "ethylmetaphosphate")
We summarize the procedure in the follow1ng flow diagram:
15 g (0.51 mole) Py0;g9 + 300 ml CHCl3 + 37. 8 g (53 ml, 0. 51 mole) ether

reflux ‘ .i" 4 hp ‘."

add 37.8 é (53 ml, 0.51 mole) ether

reflux until most of
~the Py0,, is dissolved [10-20 hr’

"add'35.6 g (50 ml, 0.48 mole) ether
reflux . 'i : 2 hr
i add 35.6 g (50 ml, 0.48 mole) ethep‘f;flﬁzi;;zlgif
reflux ' l . 2 hr i
add‘57.0 g (8@ ml, 0.77 mole) ether
refluk i 8-15 hr
- nearly -clear solution
(We suppose that the small undissolved. resxdue contalns compounds resultlng
from 1mpur1t1es in the phosphorus pentoxide such as hlghly polymerlc poly- :

phosphorie aeids.) (. " R Ty ST
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After filtration the CHCla and the excess of ether ﬁere removedb
by evaporation under vacuum and the oilvﬁhich resulted was freed of
. the solvent at 0.2 mm Hg. Yield: 218.0 g (99%, calcuiated for
| CgHpp012Py ).
Analysis: Thgoretical for CBH20012P4J(432.16)

C, 22.24%; H, 4.66%; P, 28.67%

Found: ¢, 22.2% H, 4.7%; P, 28.3%

- The CHCly and the excess of ether can be reused after fractional dis-kﬂ

tillation. If the polyphosphate ester is dissolved in CHCljz and
precipitated by adding ether, .the oil then obtained shows the same

phosphorus~n.m;r.'spectrum as the original ester.

|




12~
Material E.-~15 g (0,035 mole) "ethylmetaphosphate” was dissolved in
15 ml CHClz.  20.6 g (29 ml, 0.28 mole)ether was added and the mixture
was refluxed for 65 hr. After filtration and the removal of the ether
and CHCl; under vacuum (final pressure at 0.5 mm Hg) a ;igﬁt fluid oil
was obtained. Yield: 15 g.
The same procedure, but refluxing for 145 hr or 220 hr, led,

respectively, to materials F and G.

- N.M.R. Measurements.--All the phosphorus n.m.r. measurements were made
with the Varian V-4300-C spectrometer operating at 24.6 megacycles/sec,

in conjunction with an apparatus for "continuous averaging".l7

(17) M. P. Klein a. G. W. Barton, Jr., Rev. of Sci. Instr, 34, 754 (1963). -

The curves were cut out and weighed for quantitative analysis. The
chemical shifts are identical to those published in earlier paperss’7:
Py = 16, P = 29, Py = 42, compared to 85% phosphoric acid as external
standard, The proton n.m.r, measurements were made with the Varian A460f;’

spectrometer.

Calculation of the ratio of the compounds II, III, IV or III, IV, V

in the products from the ratio of the n.m.r. peaks of Py, Py, Pt

To illustrate the manner by which the relative amounts of the variousjzﬁt?:'

- components, in mole percent? were determined from the n.m.r; spgctra, wé'u-.”7

gi?e a sample éalcuiation.‘ |

In mixture B,'fér example
Pp+ Py + Py = IPy

where Pi refers to the area under the i-th péak and is proportional to

the number of Pi atoms.,
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Material B is composed of compounds III, IV, and V.
Py occurs in III, IV,rand V.

P, occurs in IV and V.
P, occurs in IV only.

In IV, Py = P yy-and:Ppry = Popy + Py

‘In V, Piy = Ppy and Ppy = Pg = Pyyy

Experimentélly

Pb = 9,3% : Pn = 78.7% and Pt = 11.5%

CIPg i IPp
Therefore '
IV = Py *PtIV_ + P ory = 9.8+ 9.8+ 19.6 = 39.2% |
V = 2(ZRy = Pyry) = 2(11.5 - 9.8) = 3.4%
III = IPy = Ppry = Ppy = 78.7 = 19.6 = 1.7 = 57.4%
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Fig. 1. Reaction of Py0;q with diethylether. . : o , |
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Fig. 2. Phosphorus n.m.r, spectra of differenf{éamples of "ethylmetaphosphate",
The abscissa is the chemical shift in parts per million from o

85% HaPOy.
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