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Atomlc Energy CommlsSLOn..

Phosphorus pentoxide reacts with ether to. form bicyéldf}

7' ;‘tetraphosphate eéterl(II), éycloté{raphbsphaté estér'(Ii;);f
J:isocyciotefraphosphate ester (1IV), and'tetraphosphate es£érE
.?(V);‘lPhosphorus n.m.r. measuréménts show the‘contentvof‘thé“
E:i mixfures.' The so-called "ethyl metaphosphate" (Langheld ester)

7. i$'a mixture of IIT (so% to 45%), IV (36% to 25%), and v (14%

.ilito 30%)

‘ f} 3f reééntly‘become inferestipg as a reagent for theuéynthesis of'polyéi
'“ffsaccharideS, PdlyPeptides, And poly?ﬁcleotideS;“;.Unfortuhatély.gfhé‘

(3) K. Langheld Chem. Ber. 43, 1857 (1010)5 53_ 2076 (1911)

(4) G, Schramm,vH._GrBtsch4a. We. Polbnann, Angew. Chem. 74 53 (1962).

,"nature of thls product, which is usually called ethylmetaphosphate, 1’

b_ not certalnly known.' Heretofore the proposal of Ratz and Th1105 that

‘s“

- ts);R, RYtz a:“s._rhiio;*Liébigs

Ann, caém, s72,F173"(1951);fﬁf



ﬁ the ester is a mlxture of cyclotetraphosphate ester (Plg.'l; structure

‘f-:III) and lsocyclotetraphosphate ester (Flg. l, structure IV) has been
"?ﬁ.accepted. But the phosphorus n.m.r. spectrum of .the product obtalned g

“Aby,seVeraL groups does not conform to that assignment,6p7 In this_paper
6;-(6) J. R, Van Wazer, C. F. Callls Je N. Shoolery a. R. c. Jones J. Am.-
“‘3v(7) G. Weill, M. Kleln a. M. Calvin, Nature 200, 1008 (1963)

" studies are described which were made to determine the actual composition.

‘of the so-called "ethylmetaphosphate"

”.pentoxlde w1th_ether. This synth351s was 1mproved by Stelnkopf and

”;Schubarte using chloroform as a solvent. Since then several additional":
7(8) W. Steinkopf a. I. Schubart, Liebigs Ann. Chem, 424, 1, esp. 19 (1921)
: . . f ) ) . . ; P

f (9) W. Pollmann a, G. Schremm,”Bioehim;let,Biophys.’Actajgg,ll;(19643

~ in the time'of'heating;end in_the'ratiofof ether and'chloroform‘inrthe

. reaction mixture. .

1,heat1ng ether and phosphorus pentoxide in chloroform, dependlng on the

ltxme of heatlng and on the amount of ether which was used. They ranged,
‘3h from a. rubber-llke materlal (B) through a very heavy 011 (C) to an 011
of lower viscosi ity (D) (Table I).,‘The refractlve lndex of the llqulds

"rvarled from 1.441 (C) to 1. use () (2o° c) and the v1sc031ty from

Chem, Soc. 78, 5715 (1956).

Langheld3 first prepared "ethylmetaphosphate" by refluxlng phosphorus

.!‘

methods have been described in the literature.3?5f93:They_differ”mainLy‘

A

‘However, in_our experiments various products werefobtained by'

s
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”.Ptoperfieé ahd'phoébhoﬁ

were obtained

© TABLE I

US NeM.Xs -

;byireactipniof'P“OIOvwith’

peaks of the materials

e

Y

ether,

S “Material description - o vis- oL
Coe T (all soluble in n.20° density - cosity Pm . Py I.Pt'

- St CHCl,, colorless = .o (20°) 0 (20°) % %
c . to slightly brown) - e (poise) S
S : A _Piastic-like S - e - 71.9 22'9',_5‘.'2

L 175,27
A 1,413 0 19,45 1 T3.M 6.2 2044

1,408 .-
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69.8
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117.;w1th the refractlve lndex 1.438 and w1th a v15c051ty of 25 23 p01se.i

“ﬂj’.Thus, the new solld product could be an intermediate in the preparatlon

s pamar, measurements. A phosphorus atom ‘which is bonded to another phos

-+ compared to 25% Pt" However, whlle G. Welll, M. Kleln, and M Calv1n

h 237. 44 (é)ifovlg 45 poise:(D)‘(éo°vé)v Thererore. the descrlptlon'of
f:i;the product as a mlxture of oa,_106 of compound III and ca..QO% of :

'"compound IV5cannot be entlrely correct.l Thls does not describe the

g dlfferent properties of our materlals prepared by varlous methods.,u’L'“

: _Furthermore, for the preparation of the "ethylmetaphosphate" two edulra-}
~ lents of ether are necessaryr‘ If we used only.onevequlvalent of ether :'
vi'or less, we gor a plastic-like solid'material (A), which was solubie in:v

e CHClz. Refluxing the solid compound with an excess of ether gave an oxle

" of the "ethylmetaphosphate"'

An insight into this problem is possible by means of phosphorusv':

" phorus atom via an oxygen atom shows a different chemlcal shift in the'
lg!n.m.r. specfrum than an atom which is bonded to‘zero, twWo or three.
“'phosphorus atoms via oxygen. Thus each type,of phosphorus should show

- a separate line‘and the compounds with structuree II to V can be enpected
- to show three dlfferent peaks correspondlng ro the branched bonded (Pb).
:5! the middle bonded (P ), and the termlnal bonded phosphorus (Pt) 6
B If the "Langheld ester" were a mixture of IIT and IV 5 the n. m.r.uﬁ
' zspectrum would show a large.peak of middle bonded phosphorusl(Pm), and:
%-vtwo smaller, but;equal;-peaksvof'terminal (Pt)~and branched bonded'phosv
phorus.(Pb). But the spectrum obtalned by Van ‘Wazer® showed only 39 Pb
7

'fh-get a 51mllar result from one preparatlon (w1th 6% Pb and 32 Pt),-from




i;{'OH groups (whlch probably replace some of the ethy; groups -of compoundSvfi

. ;K;npentoxide.

- Py - c . o L T SR

o another sample a value of 139 Pb and 15% Pé was obtalhed;. It was
‘thought that hydrolysxs had taken place in. those samples where a dlf—
'rnference in the Slzes of the Py, and Py peaks,was foundr “In our exper;s:
'.'ments_all'materiais showed a very small proton peak'of_an OH group.arpd‘

12.1 p.p. M. in the proton n.m.r. spectra. This peak did not increase ﬁf

v during the experiments. ' On the contrary, the ratio of the OH and the'/;h5'“”*“ ;.

f::.C2H5 groups calculated from the areas under the n.m.r. peaks changed -
'fz,to higher values of thejethyl‘éroups in the series from material A tolfftf

N , , L
6. It ranged from 1 : 8.3 (OH : CoHs) for material A through 1 : 13.7 . -
. for material D toil ¢ 17.7 for materialfG. "These values are not constdhfz

,;for each materlal, they changed sllghtly for each actual preparatlon. B i

- The contamlnatlon of the "ethylmetaphosphate" with a small amount of
' -~ II toV toa s;igh% extent) must result from impurities of the phosphorusfﬁ

Therefore no hydroiys;s could have taken place durlng the experl-f
ments (see also experlmental part), but the phosphorus n.m,r, spectra 3
? generally showed different sizes of the P and Py peaks, as”can be,seeh?
"3 from Table I and Eigure 2, o o
Consequent}y,'it can be concluded from the preparative“and the
. Demer. reshlts that: | | | |
| ll.v The material A;'resu;t;ng from'oﬁe-eqdivalenr'of:etherfor_iess

. is a mixture of compounds_IIl0 (35.4%), III (43.8%), and IV,(20.8%).f

”(lo) The possible formatlon of a compound with the structure II as a
' result of the reaction of P 4010 with ether has already been sug-
- gested (M. Calvin, American Inst. of Blolog. Sclence, Bull., 12
. P. 29, Flg. 8, Oct. 1962)




w-fhthe parenthesis and in Table I, can'be.easily'calculated-from the

| Vk,lzether, producxng materlal A, implies that a further reaction of II w1th

o smaller amounts of V and. IV ThlS is the materxal whlch has been ob-

'h!The mlxture can contaln‘oniyua very smallwamount of compound.V 1f lt
'Uﬂfdoes contaln any at all, since the Pb peak is- much larger than the P
;fpeak.. Thls means that Py0j0 (I) reacts with ether to form compound II.

T At the same tlme, a further reaction of II to III and IV takes place.
.TifCompound II, therefore, is hlghly sensitive to an attack by ether. Thev

ift'content of the compounds II, III, IV, 0? V in the mixture, as glven ihii

@en.m.r. results as explalned in the experlmental part.
2. Mater1a1 B, which was obtalned with two equlvalents of ether,‘
/ﬂfls a mixture. of I1I (57 %) and 1V (39.2%), w1th a small amount of v (3 46)

”&kaThe observatlon that the reactlon of Puolo with a 31ngle equlvalent of

;;ffether occurred leadlng to the formatlon of III and IV. Thus, no appre-
‘c1able amount of II can be expected to remaln in materlal B ' The rlngs
-of -compounds iII and IV are opened by ‘ether to form the chain compound V
to some extent, giving rlse to a larger amount of termlnal phosphorus
,d(Pt):than branched phosphorus (Pp). Compounds III ahd'IV must be yer&f

h'isensitive to nucleophilic substances, since thej‘mere even attacked o
. slowly by such a very_weak nucleophile as is ether. This isfconfirmedi

by hydrolytic studies,7illn'

'>~_(ll) Unpublished;resuits frompthis laboratory,j 3-7

3. Wlth an excess of ether we get a mlxture, malnly of III wmth

\S

serVed most often and lS called "ethylmetaphosphate" (1n our experlments,

.'tfmaterlals c and D).
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“Table IT .

aterials A;'B; C;:D; Eiﬁf;iG“

et o
"
AT

. o

Compounds . - - S

II

III - IV v

35.4%  43.8% °  20.8% -

- -;vfso'.u%

4

T 11.6% . 7.2%

57.4% - 39.2% . 3.4% .

35.6%  14.0%

_46.8%fA;”24,a%~'.28.4%;._

139.6% .




?:?.pounds 111 and IV 1nto V. The materlal E obtalned by refluxzng for,

;nf:SS ‘hours consxsts of III (39 6%) and V (uu uo) with a smaller amountv:
Jof IV (16.0%). After a longer time of refluxlng, mater;als were °b't:;
”h;talned which consxst malnly of ¥ (materlals F and G).. There.canfbe no~
'dconSLderable attack by ‘ether of compound v 1ead1ng to. 2 moles of tetra-
t? ethyl pyrophosphatez, Extractlon‘of material E with carbon tetra-.
. chloride gave a liquid (n20 = 1.431) which showed.uu.o% Py, 55.5% B, 4
- and 0.5% Pb.in the phosphorus n.m.r. spectrum. Tetraethyl pyrophosphate
>t¢ (100/ Py) is eaSLly soluble ln carbon tetrachloride but compounds IIT
" (1008 P n) and IV (50% Py 25% Py, 25% Pp), as contained in material B, 

~are nearly 1nsoluble in this solvent. Thus, the CCln extract, which was

. and a trace of'IV;;but'must consist of compound v (50% Pﬁ,jso% Pp) cone i
' taminated with a small amount of III and a trace of IV. This'indicates

':ﬂvthat no considerable amount of tetraethyl pyrophosphate is present in

_the mixture and shows that hexaethyl tetraphosphate is soluble to some a
w]extent in CClu.’
’"L-decomp031tlon of the esters takes place.’

:"’:?fstudled by using hydrolytlc destructlon of the ester. By this method

”@%,an amount of 1socyclotetraphosphate ester (IV) is estlmated hlgher than

'-"f; is actually present--l ., total hydrolysxs of compound III glves 4 moles
i.,°f ethylphosphorlc acid or 4 prlmary and 4 secondary acxd groups; _
"3Lf compound IV gives 2 moles of ethylphosphorlc acld, 1 mole of dlethyl-':

'lphosphorxc acmd and 1l mole of phosphorlc acid, or u prlmany, 3 secondaryf

”]ﬂvu. Refluxing of the ester w1th ether converts more of the comen

small,.cannot be a mixture of tetraethyl pyrophosphate and compound III3;E

Further 1nvest1gatlons of thls separatlon are ln progress.'

‘5. Pu0,, does not react with V, IV, and III to form II. Only

In earlier papers5 E the composition of "ethylmetaphosphate" was




"», 4"-8- " .‘ ‘ “‘» )
*‘ff acid’gfoupsnendvl tertiary.ecid‘gfoup,g and compound V glves 2 molesj'
Tmof ethylphosphorlc acid and 2 moles of dlethylphosphorlc acid, or’

4 prlmary and 2 secondary acid groups. 'If the amounts.oficompounds -

‘III and IV are calculated from the.amount.of.dietﬁylbhosohoric'acid,S::

- or from the amount of secondary éroups,9 total hydrolysis of purgAcom;Tf

IV»Q;pound v wouiavappear to have more of eompound Iv In the mixture tham:ie :

"f‘actually present. Tmus,'in'previous measurements, 85%° and 90%5 of s
?Aim.compound IV for two actual preparatlons were 1nferred.

Although the methods used in references 3, 5 and 8 for the

. preparatlon of” mlxtures of tetraphosphate esters (or Langheld ester)

Ilvglve up to 70% yleld they are unsatlsfactory because they often lead>
tola rubber-like- material, as we have found. This may result from
a loes of etherlduming refluxing. The-method-ueed in reference 4
requires an excess of ether and a very long refluxing;fime.' We foun&i_
that at 25 hr. the reaction is stiIl imcomplete.‘ The reason for fhis;i
is the folIowimg: "Ethylmetaphosphate" is soluble in chloroform but i
- insoluble in the,solvent mixture here employed, "Ethylmetaphosphate"if
:Voovers the surface of tme Py0310 and prevento‘further reaction of Puoldﬁ
N ,:'.' © - with efher. A more.satisfactomy procedume, es deseribed in the experi}
.mental part, Ieading to a mearlf 109% yield ofﬁtetmaphosphate esters, 7
"vreSults fromlreacting most of the Puold'witm a small amount of ethex ]i
: fixeu‘ln chloroform to form first compound II and then to react compound II
?I }; f;fI:f_ I with addltlonal ether to form III IV and V.:V'i | |

It is to be expected that compounds i1, III IV and V will dlffer;

‘fvf.(in thelrlcapabllltles~and effectlveness in produclngvthe dehydratlon?g‘




. polymerization3reaction.v The compounds and polymers produced by the

': use of "ethylmetaphosphate" may therefore be expected to depend sharply

u?.upon the methods used in preparing and handllng the "ethylmetaphosphate",

3”¢'a suggestlon whlch would account for the varlable results reported 4 12 13 14

(12) G. Weill, University of‘California;‘Lawrence Radiation Laboratory; _,ff{f~ﬁﬁ'
Blo-Organlc Chemlstry Quarterly Report UCRL~10934, July 29, 1963, S

'rz.(13) N. K. Kochetkov, E. I Budowsky, V. D. Domkln, a, N. N. Khromov-Borxssov,,.fe
: Blochlm. et Blophys. Acta 80, 145 (196u) :

2,?(14) T, M. Jacob a. H. G. Khorana, J. Am. Chem. Soc. 86 1630 (1964)

" We are currently attemptlng to separate each of the compounds from the

u'fmlxture and w1ll study the susceptlbllxty of each of the separate poly-'
'lf”phosphate esters, as well as their mixtures, to nucleophylic reactlonsﬁ
U with ethers,'alcohqls,_amines; esters, sulfides, etcy.’

'EXPERIMENTAL

All experlments were carrled out under, nltrOgen whlch had been

1f‘dr1ed over P 010' in an’ apparatus whlch had" prev1ously been drled by

. heatlng under vacuum and whlch then was closed w;th a CaCl tube 15, 15

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

, S ;-f'.(lG) K. Zlegler and co-workers, Lleblgs Ann. Chem. 629, "1 and follow1ng
N o (1960). . - : e .

:Q.The n.m.r, tubes were dried by heatlng and were sealed as, soon as fllle‘

" The v13c051ty was measured w;th a falllng ball V1scometer (Hoeppler
”*p_»?;j;E;jp>l,V1sc051meter HV 303), the densxty by welghlng 25 ml of the ester, and
the refractive index w1th an Abbé refractometer (Spencer Refractometer).u

‘31;}3The chloroform was purxfled from ethanol by shaklng wmth water, then drled

by shaklng and by refluxlng with qulo, after dlstillatmon phosgene was .




P

.T'ﬁghremoved by refluxlng w1th dlphenylamlnes and HCl was removed by addl-

”"f;f}tlon of aniline and dlstlllatlon through a column.- The ether waS drled

'*!'Wlth sodium and then dlstllled over llthlum alumlnlum hydrlde. i]"*f-

Phosphorus pentoxlde (Baker and Adamson) was used.

'°15>Materlal A. --124 g (0:437 mole) P 0/, 150 ml’ cac13 and 32.4 g (us 4 ml,

el

0,437 mole) ether were refluxed For 10 hr, The mixture was flltered -
'?;fand from the flltrate the solvent evaporated under vacuum to a finalj

‘ :w"'pressure:ofLO;Sﬂmm.Hg. A sllghtly yellow plastlc»resulted Whlch was_

' ‘soluble in CHCla. Yield: 62 g (39 6%, ‘calculated for- C#“loollpu)s
5% 1£§2}2§3§3 «Theoretlcal for C8H20°l2pu (u32 16)
) | Gy 22, 24%; H, 4.66%; P, 28.67%;

‘and for c Hlooll " (358,ou)uj C, 13.42%; H, 2.82%; P, 34.61%;

Found._c S o c, 16.1% H;'S;Q%. P, 32:0%"'h
“?ﬁn.Molecular welght determlnatlons Wlth an osmometer were attempted but. 5
:Lwl_igave unsatlsfactory results.v There seems to be aggregatlon, since. thei_
vza‘:molecular weight was found to be nearly three tlmes that of the calcu-“

“}fﬂ;],,VVQTElated value and changed with the concentration. - -

dMaterlal B.-—SO g (0.176 mole) P 4010 100 ml chloroform and 28, s g ‘

J“‘(uo ml 0. 385 mole) ether were refluxed for 15 hr. Flltratlon and
.~ evaporation of the solvent from the flltrate gave a heavy 011. Removal

:-f“of ‘the rest of the solvent at a pressure of 0. 5 mm Hg gave a rubber-llke

'7mater1al,,soluble ln'CHCla,_ Yleld: 54,6 g (7l,8%ﬁfcalculated;§op:“'
, k 8”°o°L?Pu)-' | | - -
© .7 Material c.--llu g (o 4 mole) Puolo, 148 g (208 ml, 2 0 mole) ether and.’
o ..:.". A \

TR 100 ml chloroform ‘Were refluxed w1th vxgorous stlrrlng for 25 hr. The

"51f@-m1xture was: flltered from the undlssolved Puolo and . from the flltrate-

”3d the ether and chloroform removed by evapovation (at 1east at a pressure*




:fof 0.5 mm Hg).z A highly v15cous 011 was obtalned;h;_‘v‘

‘11(59 4%, calculated for canzoolzpu)

:Materxal D.--156: 8 g materlal A was dlssolved in. 120 ml ch13 ‘and

\

142, 78 (200 ml l 93 mole) ether was added. After lO hr. reflux

Q}the chloroform and the excess of ether were evaporated. An 011 wasv
u‘obtalned which had the same refractlve lndex, VlSCOSlty, and phos-
'fphorus n.m. r. spectrum as the materlal prepared as descrlbed in the

‘next sectlon.,zv"f o ;”-. Lo

o Yield: 175 g

Material D.-»(new method for the preparatlon of "ethylmetaphosphate")

'nahWe summarize. the procedure ln the follow;ng flow dlagram.,}ﬂ;fjﬂ

reflux },fh 'J;f,f 4 hr

"add 37.8 g (53 ml, 0.51 mole) ether :

- reflux until most of :
."-the P4010 is dissolved {10-20 hr ;-

7ffadd-35.6 g_(SO.ml,‘d.ue mole)»ether;
- reflux i;f i'; Fl.  2he
,ﬁedd 3s.elg'(50_m1,vo.u8 mbie) ether_
'reflux i 'f hll' : 2‘hr.r
':jLaad 57.0 g (80 ml, O, 77vmole) ether;f'

"fj? reflux j :t; - l f _8-15phr'f

nearly clear solutlon

'iﬂ(We suppose that the small undlssolved reSLdue contalns compounds resultlng

‘”;from xmpurxtles in the phosphorus pentox;de such;as hlghly polymerlc poly-*




C8H20012P4) PO 7_u J,“f;ﬂ .'"1,f :1'-*' "fagf}"
,_Analzsis:' Theoretlcal for C H20012Pu (432 16) | ﬂ.i :

S T PRI ¢, 22. 2453 H 4.66% P 28 67

gfillation.{ If the polyphosphate ester 1s dlssolved 1n CHCl3 and

'phosphorus-n.m;r, spectrum as the_original’aster;

by evaporatlon under vacuum and the 011 whichvresulted was freed of

the solvent ‘at 0.2 mm Hg. Yield: 218 0 g (99 % o calculated for -

¢, 22.2% -H,'u;7%;,*P, 28.3%

¢

prec;pltated by addxng ether, the oil then obtalned shows the same




Material E.--lS g (0 035 mole) "ethylmetaphosphate" was- dlssolved ln _
fo'ls ml CHCl3.’ 20 6 g (29 ml, O, 28 mole)ether was added and the mlxture

.5_3‘was refluxed for 65 hr., After flltratlon and the removal of the etherg’_
was obtained. Yield: 15 g.

»respectiVely,'to_materials F and G,
: l'N.M.R. Measurements.--All the phosphorus n.m.r; measurements were mede’,
"“jw1th the Varian V-4300-C spectrometer operating at 24 6 megacycles/sec,z;

- in conjunctlon wlth an apparatus for "contlnuous averaglng" 17 S

:Ihlchemlcal shlfts are 1dent1cal to those publlshed in earlier papers6 7,

h stendard. The proton NeM, T, measurements were made w1th the Varian A-60
; h,spectrometer.;"
..TJZCalculatlon of the ratio of the compounds II III, IV or III, IV V o

"in the products from the ratio of the n.m.r. peaks of P, Pm, Pt

"Acomponents in mole percent. were determ;ned from the n Me r. spectra, ‘we .
;:fl;fglve a sample calculatlon.;}f

';lfInvmixture B, 'for‘example."

Hhl
-

and CHCI3 under vacuum (final pressure- at 0.5 mm'Hg)_a Ilght fluxd'011:ﬁ?

The same procedure, but refluxing for 145 hr or 220 hr, led,

(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;'

Py = 16, P = 29, Pb = 42, compared to 85% phosphorlc acid as external

To lllustrate the manner by whlch the relatlve amounts of the varxous




| Pm pccurs in III IV and V.
! Py océurs in 1V and V.f_,ﬁ'.
‘briﬁbaoccufs in IV'bnly.ﬁr
I 1V, Py = Pygyand: P Ivr; é;i9'% P,
X ~In V, "By = Ppy and Pyy 2 Py - Pery -
*_E#pefimeﬁfaliy_ L
\ v;Eé;;; é.g% . ém = 58.7%';nd?_zs_.;;}i.S%.i. .

Therefore e _ A; - ' ";5 N 3'% %;'ﬂ"ff:}

—
<
u'

' 3 = =9-

2(zP, ':?tIV) 2(1. 5 - 9. e) %

<3
¥

H o
H
[
"

Py = PpIv = Ppy = 78.7 - 19. 6~ 1.7 =
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This report was prepared as an account of Government

¢ sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

As used 1in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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