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S W R Y  

Milligram quant i t ies  of high s p e c i f i c  a c t i v i t y  33P-1abeled 
phosphorus t r i ch lo r ide  are synthesized f tom ca r r i e r - f r ee  %- 
labeled phosphoric ac id  (33P-H3P0t,). 

f r e e  33P-Ii3PO~ i d  converted t o  lead phosphate in the  preaence of 
carrier by metathesis with lead  oxide. Upon hydrogen reduction 
of the  lead phosphate, elemental phosphorus is l i be ra t ed  and 
reacted with ch lor ine  t o  form phorphorua pentachloride. Subse- 
quent reduction in a spec ia l ly  constructed phoephorue reductor  
y ie lds  the  phosphorus t r i ch lo r ide  which i r  co l lec ted  and sea led  
in an ampul. 

of u d l l i c u r i e  o r  d t i c u r i e  quan t i t i e s  of severa l  93P-labeled 
phosphorus intermediates. 

Special apparatus were conetructed f o r  t h i s  SyntheriS. Carrier- 

The procedures described a r e  appl icable  t o  rout ine  production 

Key Words: Phoephorua-33, Phosphorue Trichlor ide,  Phosphorur Pentachloride, 
Radio-syntheeis 

INTRODUCTION 

Phosphorus t r i c h l o r i d e  (PCl3), phorphorur pentachlor ide (PClS) , and phosphorus 

oxychloride (Pocl3) are important intermediatoe in the synthes is  of many organo- 

phosphorus compounds. The a v a i l a b i l i t y  of these in tomedia tea  labeled with high 

s p e c i f i c  a c t i v i t y  radiophorphorus-33 (93P) o f f e r s  po ten t i a l  advantogee f o r  

synthoeie of labeled pharmnceuticile f o r  pharmacological r t ud ie s  o r  even radio- 

therapeut ic  appl icat iona (1). 

Phosphorw-33 (25.2-day ha l f - l i fe ,  0.25 MeV pure be t a  ami t te r )  irr produced 

by an (n,a) reac t ion  with %60X i so top ica l ly  a r i c h e d  3 6 C l  (3 x lo5 year  half- 
~ ~ ~~ 

*Research sponsored by Department of b e r g  under contract  with Union Carbide 

tConsultant, Oak Ridge, TN. 
Corporation. I 

Q362-4003/70/oQ15-Qll7~l.QQ 
01970 by John Wiley & Sons Ltd. 



I18 D.V. Woo, A.F. Rupp and J.K. Poggenburg 

l i f e )  and ie recovered c a r r i e r - f r e e  as t h e  orthophosphate (2). 

33P can be converted i n t o  compounds containing less than 50 mg of t o t a l  phos- 

phorus. 

carrier phosphorus muat be added. 

Curie amounts of 

A cur ie  of 33P has n e g l i g i b l e  u s e  (6.4 micrograms) and therefore  

The syntheses  of rad io labe led  32PC13, 32PC15, and 32P0C13 have been w e l l  

documented in the l i t e r a t u r e  (3-15). 

acid o r  a l k a l i n e  e a r t h  phosphates t o  l i b e r a t e  elemental phosphorus hae been 

c a r r i e d  out  ueing carbon a t  high temperature as t h e  reductan t ,  followed by 

ch lor ina t ion  t o  produce PCl3, PCl5, and POCl3 (3-5). Direct production by car- 

bon reduction and simultaneous ch lor ina t ion  has  a l s o  been reported (6). 

objec t ive  was t o  develop a rapid procedure f o r  rout ine  production of semi-micro 

q u a n t i t i e s  of these phosphorus intermediates  a t  t h e  mul t icur ie  l e v e l  which could 

be adapted t o  glove box operat ion.  

In previous work, reduct ion of phosphoric 

Our 

EQUIPMENT DESIGN AND MATERIALS 

The apparatus shown in Fig. 1 was developed i n  our labora tory  f o r  t h e  in- l ine  

production of PCl3 .  

ORNL-DWG T6- 16654R 

H2 

TRAPPING 
SYSTEM 

Ar 
FLOW METER 

PHOSPHORUS CO 

TRICHLORETHYLENE 

BEAD REACTOR 

Fig. 1. Schematic of Apparatus f o r  33PC13 Production. 

The reduction tube (48 c m  length  x 2.5 c m  d i m )  is of Vycor, sea led  t o  Pyrex 

a t  both ends through t h e  use of graded s e a l s .  

gen, chlor ine,  and argon of >99X p u r i t y )  a r e  introduced through a g l a s s  manifold 

with Teflon stopcock valves. Connection t o  t h e  reduct ion tube is through a b a l l  

j o i n t  (35/20). A 110-volt s p l i t  tube furnace (20-cm length  x 3-cm i n t e r n a l  d i m ,  

Reactant and carrier gases (hydro- 
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Hevi Duty E lec t r i c  Co., Milwaukee, UI) with a maximum ra t ing  of 1000°C ie used 

during the 2-3 hr reduction s tage  of the  synthesie. Located a t  the  end of the 

reduction tube ie a Teflon stopcock (valve A). 

the  stopcock is d r i l l e d  t o  match the tubing ins ide  diameter t o  a f ford  c l ea r  

passage of reaction products. This valve allows carrier and reaction gases 

(argon, hydrogen, and chlorine) t o  be diverted during spec i f i c  s tages  of the 

process and prevents them from in te rac t ing  with o ther  components of t he  system. 

A l l  gases ex i t i ng  the apparatus are passed through charcoal and water scrubbers 

t o  t r ap  and recover any l o s t  reaction products. 

The straight-through portion of 

A U-shaped reductor (constructed 

with 10-um diam Pyrex tubing) containing 3 - m  diam boros i l i ca t e  g lass  beads 

(Kimble Div., Owens-Illinois, Inc., Toledo, OH) coated with pur i f ied  red phos- 

phorus l a  connected t o  the  reduction tube d i r ec t ly  a f t e r  valve A. The phosphorus 

ie pur i f ied  by boi l ing  with d i s t i l l e d  water and f i l t e r i n g  of f  t he  phosphorus. 

Thie process ie repeated 2-3 times u n t i l  no t races  of acid a re  detected in the  

f i l t r a t e .  After drying overnight in a desiccator under high vacuum, ~200-300 mg 

of the  phosphorus a re  added t o  50 g of glass beads in a 125-ml Erlenmeyer f l a sk  

which has been purged with argon. 

argon-filled box t o  minimize oxygen contamination.) The f l a sk  is stoppered and 

vigorously shakan unt i l  an even coating of red phosphorus appears on t he  beads. 

'Ibe U-tube reductor ie f i l l e d  as follows: 

ex i t ;  the  tube ie f i l l e d  about one-half with uncoated glass beads of t he  same 

diameter; the remaining ha l f  is f i l l e d  with the  coated beads. 

inse t ted  a t  the  entrance of the  reductor. 

(This and following operations are done in an 

a plug of g lass  wool is placed a t  the  

No glass  wool is 

The Y-condenser/receivere (constructed with 5 - m  d i m  Pyrex g lass  tubing) are 

used t o  condense, co l l ec t ,  and r e d i s t i l l  the  PCl3 product. 

of the  P-condenser evolved after nlllperous attempts with o ther  designs. The con- 

denser m u a t  quickly cool the  PCl)  vapor in the  c a r r i e r  gas (normal flow of 30-40 

cm3/min)  below the  dew point,  allowing su f f i c i en t  t ime f o r  droplets t o  form and 

dieengage from the  gas stream. The PCl3 i r  collected in the  bottom of the  stem 

of the Y-condenser. 

-77OC w i t h  so l id  W2-trichlorethylene slush. 

under these conditions ie >99%. 

The r p e c i f i c  design 

The e n t i r e  length of the  Y-condenser ie maintained at 

Efficiency of t he  Y-condenser 
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EXPERIMENTAL METHODS 

Preparation of Pb3(P01,) 2 

3PbO + 2B3P04 + Pb3(Po4)2 + 3 Q O  
Carr ier-free 33P obtained in the  form of orthophosphoric ac id  in 1 N H C l  is 

subjected t o  prepur i f ica t ion  by cat ion exchange t o  insure  t h a t  no cat ions o ther  

than hydrogen are preeent. 

known mount of phosphorus. 

The c a r r i e r  so lu t ion  of 83P01, is made up with a 

Carrier so lu t ion  equivalent  t o  20 mg phosphorus is added t o  a 5 0 4  Teflon- 

coated beaker containing the desired mount  of car r ie r - f ree  33P-H3P04 solut ion.  

The beaker contents  a r e  evaporated down t o  inc ip ien t  dryness several times with 

a small volrrme of concentrated n i t r i c  acid t o  r emve  a l l  chlor ides .  The residue 

is taken up in a minimal amount of water f o r  t r a n s f e r  t o  a 76 x 16  x 10 PPP 

sil ica boat (Amerail, Inc., H i l l s ide ,  NJ) containing 238 rag PbO (1.06 moles )  

spread in a t h i n  l aye r  on t h e  bottom. 

immersed in an u l t r a son ic  water bath and t h e  metathesis is allowed t o  proceed 

for one hour. 

under a heat  lamp and t h e  contents  d r i ed  f o r  one hour. 

Reduction of Pb3(PO4)2 with Hydrogen 

Secured by a clamp, the  boat is p a r t i a l l y  

Af te r  metathesis, the boat containing t h e  Pb3(P01,)2 is placed 

Pb3(P04)2 + 882 + 3Pb + 2P + 8H20 

The boat is t ransfer red  t o  t h e  reduction tube and placed in t h e  center  of t h e  

furnace. Argon gas (helium can be used i f  argon is not  ava i lab le)  is passed 

through t h e  entlre train a t  50 cm3/min for 30 min ( to  f lueh air out  of t h e  sys- 

tem). Argon flow is stopped and hydrogen is introduced at 25 cm3/min; valve (A) 

is adjusted t o  bypass t h e  reductor. The furnace is turned on and t h e  vol tage is 

regulated (45 t o  90 vo l t s  maximum) so t h a t  t h e  temperature gradient  approximates 

the  heat ing curve in Fig. 2. Ae t h e  temperature rises, water may appear i n  the  

cool e x i t  tube; s u p e r f i c i a l  water comes off  at a furnace temperature of s30OoC; 

water of reduction appears at %5OO0C. 

t h e  sweep gas. 

apeciea are abeorbed in the  water scrubber and ac t iva ted  carbon trap. 

phosphorus, ranging in color  from white t o  dark red, s t a r t s  co l l ec t ing  i n  t h e  

cooler  d i s t a l  port ions of t he  tube while t h e  furnace temperature is e5OoC (10). 

The water evaporates and passes out i n  

Small amounts of PH3 may appear a t  600OC. Escaping phosphorus 

Elemental 
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Fig. 2. Temperature Gradient P ro f i l e  f o r  Hydrogenation of Pbj(POc)2. 

The phosphorus ie l i be ra t ed  more readi ly  as t h e  temperature rises; 1-1 1/2-h0urs 

at 650-8OO0C ie usual ly  s u f f i c i e n t  f o r  reduct ion of a l l  t h e  Pbs(POtJ2. 

flow is reduced t o  10-20 cm3/min during the col lec t ion  of elemental phosphorus 

t o  minimize lo s ses  by vaporizat ion and entralnment. 

the  hea t  is turned o f f ,  t he  furnace ie removed, t h e  hydrogen ie stopped, and 

10-20 ml/min argon ie turned on t o  f lush  hydrogen out  of t h e  tube. A t  t h i s  

point  the process ie most vulnerable t o  oxygen contamination; t h e  pressure of 

t h e  oxygen-free gas in the  tube m u s t  not  f a l l  below atmospheric pressure. 

Chlorination of Phosphorus t o  PCl5 

The gas 

A t  t h e  end of t he  reduction, 

2P + 5Cl2 + 2PCl5 

An excess of oxygen-free chlor ine gas ie introduced i n t o  t h e  argon-f i l led 

tube at v i r t u a l l y  zero flow rate. 

served: 

allowed t o  ensure that the react ion goes t o  completion. 

during mst of t he  ch lor ina t ion  period t o  minimfee PCl5 lo s ses .  

chlor ine is then flushed out  with 10-20 cm3/min of argon. 

Reduction of PClc; 

The progress of t h e  reac t ion  is eae i ly  ob- 

y e l l o w l e h 4 i t e  PC15 rap id ly  forme on the  walls. One-half hour is 

Valve (A) ie closed 

The excess 

3PC15 + 2P + 5PClj 

V a l v e  (A) ie readjusted t o  allow carrier gas t o  flow through t h e  reductor .  

Deware containing s o l i d  CO2-trichlorethylene s lueh (-77OC) are placed around t h e  

Y-traps so t h a t  the tubes are completely immersed in t h e  s lush.  

The PCl5 deposit ie heated with a hot-air  gun (Maeter Appliance Corp., Racine, 
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WZ) and sublimed in a 10-20 cm3/min stream of argon through t h e  reductor (a l so  

heated with the  hot-air  gun). 

col lec ts  in the  bottom of  the  Y-tube condenser/receiver. 

spec i f i c  a c t i v i t y  is di lu ted  3:5 by t h i s  react ion.  

The PCl3 formed in the  gas phaee in the  reductor 

The radiophosphorus 

The 33PC13 ( a . 0 9 0  ml) which is col lec ted  may be r e d i s t i l l e d  t o  the  second 

t rap,  i f  desired,  by replacing the  f i r s t  -77'C dewar with an 80'C water bath, 

cooling the  second t rap ,  and continuing t h e  argon flow a t  10-20 cm3/min. The 

puri ty  with respect  t o  POCl3 is only s l i g h t l y  improved but  most of t h e  elemental 

white phosphorus (nonradioactive, from t h e  reductor) dissolved in primary d is -  

t i l l a t e  is l e f t  behind. The s a c r i f i c e  in y i e l d  is usual ly  not  j u s t i f i e d  (a l o s s  

of 10-20%), however, unless  t he  s m a l l  amount of elemental phosphorue does inter- 

f e re  with a subsequent organic  synthesis .  Pur i ty  with respect  t o  Poc13 contami- 

nant in the  PCl3 product could be improved s l i g h t l y  i f  s t r i ngen t  prepur i f lca t ion  

measures were taken t o  spec i f i ca l ly  remove 02 and H20 from t h e  gases and red 

phosphorus employed. 

The bottom t i p  of t h e  Y-tube condenser/receiver containing t h e  33PC13 product 

is d i rec t ly  sealed o f f  from the  baee of the  Y-tube. 

ch i l led  with the  Wp-tr ichlorethylene s lueh,  a moderate vacuum is pulled on the  

system, and the  tube l a  sealed using a micro gas-oxygen torch. 

formed is %\.3 cm in length. 

c lear  l i qu id  with no s ign  of c rys t a l s  a t  -77'C (POCl3 contamination). 

amount of yellow deposi t  may occur in t h e  ampul a f t e r  s torage  f o r  a few days, 

vhich r e su l t s  when white a-phosphorus in so lu t ion  (nonradioactive, from the  

reductor) polymerizes and condenses out as yellow-orange phosphorus. 

Product Analysia 

The product is i n i t i a l l y  

The ampul 

Visual inspect ion of t h e  product should reveal  a 

A small 

The chemical pur i ty  of t he  PCl3 w a s  determined nondestruct ively using a com- 

binat ion of NHR and laser Raman spectroscopic  ana lys i s  (16) and w a s  found t o  

average 92% PCl3 and 8% POC13. 

spec t r a l  i n t ens i t i e s .  The presence of t h e  POCl3 contaminant is thought t o  be 

due t o  oxygen contamination within the  phosphorus-coated bead reductor  and 

minute traces of oxygen i n  the  inert c a r r i e r  gas stream. 

The NMR analysis  was used t o  ca l ib ra t e  t he  Raman 
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The product contains  <5X 32P a c t i v i t y  which is formed by the  (n,a) reac t ion  

on the  35Cl in the enriched 3 6 C l  t a rge t .  

i n  the  car r ie r - f ree  HJPOI, is determined by t h e  method of Brown (17). 

The r a t i o  of the  32P t o  33P a c t i v i t i e s  

lhe chemical y i e ld  ie determined by assaying the 33P a c t i v i t y  with t h e  brems- 

s t rahlung rad ia t ion  of the sealed ampul (due t o  the  in t e rac t ion  of 33P and 32P 

in the  surrounding g lass  w a l l s .  The bremsstrahlung is measured i n  a Capintec, 

Model CRC-ZN, groea ion iza t ion  chamber (Capintec, Inc., Mount Vernon, NY) t h a t  

has  been appropriately ca l ibra ted  with 32P and 33P standards. 

ca l ib ra t ion  s e t t i n g  In zero since the  bremestrahlung detected ( a  meter reading 

of ~ 5 0  v C i  o r  l e s s )  represents  a s ign i f i can t ly  l a rge r  amount of 32P and 33P 

a c t i v i t y  ac tua l ly  present (grea te r  than 0.5 m C i  32P and 50 di 33P). 

t he  most sens i t i ve  ca l ib ra t ion  s e t t i n g  is required. The v a l i d i t y  of t h i s  tech- 

nique has #been t e s t ed  by des t ruc t ive  radiochemical analyses (18). The chemical 

y ie ld  ie calculated from the  r a t i o  of t he  ampul a c t i v i t y  t o  the  known amount of 

a c t i v i t y  introduced i n t o  the  e i l i c a  boat, and the  apec i f i c  a c t i v i t y  is determined 

by the  amount of carrier H3P04 added t o  the  boat. 

b e t t e r  than 90%. 

range. 

product of 75-150 di. 

The Capintec 

Therefore, 

Chemical y i e lds  have averaged 

Spec i f ic  a c t i v i t i e o  of PCl3 products can.be var ied over a wide 

To date ,  t yp ica l  runs have been made at 100 mCi/mmole of 3 3 ~ ~ 1 3  wi th  a 

DISCUSSION 

me production of elemental phosphorus using a gaseous reductant a t  r e l a t i v e l y  

low temperature, followed by chlorinat%on with chlor ine gas, waa t h e  most oper- 

ab le  procedure t o  met our requirements, A s :  u t i l i z a t i o n  of only semi-micro 

quant i t ies  of phosphorus, high rad ioac t iv i ty ,  need f o r  high yie ld ,  and .sealed 

ampul packaging for  handling and assay. Many phosphates (Ca,  Mg, r a r e  ea r th ,  

Fe, Zn) and gaaeoua reductante (Hp, CO, PH3) were t r i e d  with l i t t l e  success, 

confirmjng observatione made in the thorough treatise on t h e  hydrogen reduction 

of phosphates by Butter  (19). 

determined t o  be the  most p rac t i ca l  procedure. 

The hydrogen reduction of lead phosphate was 

A t t e m p t s  t o  ch lor ina te  elemental phoephorua d i r ec t ly  t o  PCl3 by adding only 

the  s toichiometr ic  amount of chlor ine were only p a r t i a l l y  eucceesful a t  bes t ,  

there being a grea t  tendency f o r  t he  react ion t o  proceed t o  PCls. Therefore, an 



I24 D.V. Woo, A.F.  Rupp and J.K. PoggenbWcrg 

excess of chlor ine w.8 w e d  t o  convert t he  phosphorus t o  PCls which wae then 

reduced by red phosphorus t o  PCl3. 

The reduction of PCls t o  PCl3 in the  vapor phaee by a t h in  f i lm  of red phos- 

phorus is perhaps an o r i g i n a l  contr ibut ion of t h i e  work, ae is t he  condensation 

of minute quan t i t i e s  of PCl3 vapor out of carrier gas (& o r  He) in a t r a p  a t  

-77%. 

With minor modifications, t he  procere and apparatua w e d  can be adapted t o  

co l l ec t  33P-lsbeled PC15, POCl3, and even elemental phosphorue. 
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