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In  contrast to the formation of phosphineimines in the reaction of silyl azides with triorganophosphines, the analogous reac- 
tion with chlorophosphines produces (via an exclusive azide-halogen exchange) azidophosphine intermediates, which de- 
compose to phosphonitrilic materials and nitrogen. The rate of exchange of 
chlorine on phosphorus with an azido group increases with the extent of phenyl substitution on the trivalent phosphorus 
atom: PC13 < C&PC12 < (CeH6)nPCl. The course of the reaction is dependent on solvent, reaction temperature, and to 
some extent concentration. In ether, diphenylchlorophosphine is quantitatively converted into cyclic diphenylphospho- 
nitrilic trimer. In the corresponding reactions of phenyldichlorophosphine and trichlorophosphine, exchange of more than 
one chlorine substituent on a phosphorus atom occurs to an appreciable extent even when 1 : 1 molar ratios of the starting 
materials are employed; no trimeric species could be isolated. 

These two processes cannot be separated. 

Introduction 
Triorganophosphines are readily converted to phos- 

phineimines by azides such as phenyl azide, diphenyl- 
phosphinyl azide,4 and triphenylsilyl a~ide.~+j  Nothing 
is known about the reactivity of tertiary phosphines 
with alkali metal azides. 

Similar studies of chlorophosphines were limited 
almost entirely to alkali metal azides, which acted 
merely as azido-group donors in the chlorine-azide ex- 
change. Using sufficiently low temperatures the inter- 
mediate azidophosphines could be i s ~ l a t e d . ~ , ~  At ele- 
vated temperatures phosphonitriles were formed 
directly. Diphenylphosphinyl azide, on the other 
hand, acted upon diphenylchlorophosphine both as an 
oxidant and an azide source for the exchange reaction.1° 
The thermal decomposition of diphenylazidophosphine 
in the presence of excess diphenylchlorophosphines can- 
not be easily classified in this respect, inasmuch as both 
processes, oxidation of (C,jH&PC1 by (C&)2PN3 and 
the subsequent PV-C1/P"'-N~ exchange or oxidation of 
(c6H,),PC1 by Pv-azide are possible and indistinguish- 
able. 

It was therefore of interest to determine the be- 
havior of silyl azides with chlorophosphines. The de- 
sired product was a N-triorganosilylchlorophosphine- 
imine, which in analogy to diphenylphosphinyl azide 
was supposed to be investigated as a chain-terminating 
group in the preparation of linear phosphonitriles. lo 

Experimental 
All reactions were conducted either in a nitrogen atmosphere 

or in a vacuum system with rigid exclusion of moisture and 
oxygen. Caution should be exercised during the initial stages 
- 
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of the reactions, since some of them tend to explode, especially in 
the absence of solvents. 

Highest available purity chemicals were used after careful 
purifications. Diphenylchlorophosphine and phenyldichloro- 
phosphine, obtained from Victor Chemical Works, were purified 
by fractional distillation, b.p. 112.5-116" (0.036 mm.) and 134- 
135" (56 mm.), respectively. Trichlorophosphine was purified 
immediately before reaction in a vacuum system by fractional 
condensation (vapor pressure 35.2 mm. a t  0'). Triphenylsilyl 
azide, m.p. 82.5-84.0", was prepared in 90.5y0 yield following the 
procedure of Wiberg, et al.I1 

For a preparation of trimethylsilyl azide, a variance of West 
and Thayer's procedure6 was employed. To trimethylsilyl 
chloride (143.4 g., 1.320 moles) in diglyme (235 ml.) was added 
sodium azide (105.4 g., 1.616 moles). The resulting mixture 
was allowed to stand a t  room temperature, with occasional 
shaking, over a period of 8 days. Subsequently, the mixture was 
subjected to vacuum distillation a t  room temperature, the dis- 
tillate being collected in a Dry Ice trap. The crude trimethyl- 
silyl azide was fractionally distilled through an 80-cm. column, 
filled with glass helices; b.p. 97.2' (763 mm.), lit. 94',12 96.0- 
96.2',18 87" (e~trapolated) . '~  This fraction amounted t o  104 g. 
(6870). The vapor pressure of 12.0 mm. a t  0" and the gas-phase 
infrared spectrum were in agreement with the literature.'4 Frac- 
tional condensation of this material under vacuum in traps kept 
a t  -47, -63, -78, and -196" resulted in accumulation of 
about equal amounts in the traps maintained a t  -47 and - 63 O, 
minor amounts being collected in the -78" trap. Interestingly, 
only the -78" fraction exhibited an infrared spectrum identi- 
cal with that reported; the other two fractions (-47', -63') 
did not show any absorption a t  1090, 1145, and 1155 cm.-l. 
Prolonged storage of the -47 and -63' fractions (in ampoules 
sealed under vacuum) a t  room temperature and exposed to nor- 
mal laboratory light resulted in change of the infrared spectrum 
to that of the nonfractionated material; however, no measurable 
change in the 0" vapor pressure was detected. Accordingly, tri- 
methylsilyl azide was fractionated as described above immedi- 
ately prior to reaction, and the -47" fractions were used. 

The elemental analyses were performed by Schwarzkopf Micro- 
analytical Laboratory, Woodside, AT. Y. 

Reaction of (C&,)2PC1 with ( C6H&SiN8 in Ether.-To a solu- 
tion of (c&)asiNa (9.04 g., 0.03 mole) in ether (50 ml.) was 
added (C&)&'C1 (6.60 g., 0.03 mole) in ether (50 ml.). The re- 
action flask, equipped with a reflux condenser, was then heated 
in an oil bath to ca. 50". A sudden vigorous boiling, gas evolu- 
tion, and yellow discoloration accompanied by precipitation were 
-- 
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observed. When the oil bath was removed, the gas evolution 
continued for about 1 hr. without external heating. The 
mixture was subsequently refluxed overnight. The yellow prc- 
cipitate (4.90 g., 82% yield), that  TTas filtered off, was shown by 
infrared spectral analysis to consist of impure [(C&)zPK]a. 
Crystallization from acetonitrile gave pure [ (  C6H5)ePS] m.p. 
226-227", in a 687, yield. Removal of the solvent from the 
ethereal filtrate afforded (C&)3SiC1, identified by its melting 
point, 94-96", and by comparison of its infrared spectrum with 
that of an authentic sample. 

Reaction of (C&Ij)2PCI with (CH3)&N3 in Ether. ( a )  Under 
Atmospheric Pressure.-Iliphenylchlorophosphine (6.60 g., 0.03 
mole) in ether (50 ml.) was mixed with a solution of (CHB)&3iN3 
(3.46 g., 0.03 mole) in ether (50 ml.) at room temperature. 
The solution was shaken and an aliquot was withdrawn iinmedi- 
ately for infrared examination. The strong absorption a t  2130 
cm.? and the absence of a strong characteristically shaped band 
a t  635 C I I ~ . - ~  (found in the infrared spectra of gaseous (CHa)&iC1 
and in those of its solution in ether and acetonitrile) Twre taken 
as  indication that essentially only the starting materials xere 
present. After standing a t  room temperature for about 5 min. 
the reaction mixture became cloudy; subsequently a yellow pre- 
cipitate and gas evolution mere observed. An aliquot withdrawn 
after 40 min. exhibited a strong absorption a t  2105 cm.-'. This 
was taken as evidence for the presence of (CsH5)zPK3,3 while a 
strong band a t  635 cm.? showed the presence of (CH3)3SiCl. 
The mixture was allowed to  stand without external heating for 3 
hr., followed by refluxing overnight. After separation of the 
solid by filtration the infrared spectrum of the ethereal filtrate 
exhibited only a weak band a t  2130 cm.-l. The infrared spec- 
trum of the solid (5.43 g., 917, yield) indicated pure [(C&j)p- 
PXI3; however, the melting point (200-220') was depressed. 
Crystallization from acetonitrile afforded pure [ (  C6H5)2Pr\T]3, 
m.p. 226-227", in an over-all 61y0 yield. 

(b )  In a Sealed Ampoule at - 2 5  and - 13'.-0n a high 
vacuum line ether (14.33 mmoles) was condensed onto (C6Hj)Z- 
PCl (740.6 mg., 3.357 mmoles) a t  -196'. The mixture was 
warmed to 0' to effect solution, then trimethylsilyl azide (3.291 
mmoles) was distilled onto the solution a t  -78'. The reaction 
mixture was warmed to -24" and maintained a t  this tempera- 
ture for 4 hr. The volatiles xere removed a t  -24" and frac- 
tionated through traps kept a t  -47, -63, -78, and -196'. 
No noncondensable gas had been formed. In  the -47 and 
-63" traps (CH3)3SiS3 was collected (vapor pressure a t  O", 16.5 
mm.), while the -196' trap contained only ether (vapor pres- 
sure a t  O " ,  189 mm.). Accordingly the volatiles were distilled 
back onto the (C8H6)zPC1 (at  -78'); first ether, then (CHB)3- 
SiAT3. The reaction ampoule was warmed to -13" and allowed 
to  stand a t  this temperature for 70 min. Yellow discoloration 
was observed and some nitrogen (36% based on (CH3)&iNa used) 
was evolved. The ampoule was cooled t o  -24' and the vola- 
tiles were distilled off again. These were fractionated through a 
Dry Ice cooled columnlj followed by fractionation of the less 
volatile materials through -24, -47, -63, -78, and -196' 
traps. By this procedure 13.39 mmoles of pure ether and 1.985 
mmoles of pure (CHS)&iCl were separated together with a 2.097- 
mmole fraction which contained only ether and (CH3)3SiC1, as 
determined by infrared spectral analysis. In addition, 0.085 
mmole of (CH3)3Si?;a was recovered. Ether was returned to the 
ampoule, which was sealed and heated a t  100" for 3 hr. On 
opening of the ampoule 1.834 mmoles of nitrogen was obtained. 
The ratio of (CH3)aSiK3 consumed to (CH3)3SiCI produced to 
total nitrogen evolved was 1.02: 1.03: 1. 

The solid residue left in the ampoule was crystallized from 
acetonitrile (acetonitrile-insoluble material was discarded), fol- 
lowed by boiling with benzene. The  benzene-soluble fraction 
consisted of pure [ ( C ~ H S ) ~ P N ] ~ ,  obtained in a 297, yield. 

In a Sealed Ampoule at  O0.-A parallel reaction to the 
one described in (b) ,  but conducted a t  0" for 30 min., afforded 
357, of nitrogen and 997, of (CH3)aSiC1. The nonvolatile resi- 

(c) 
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due on  warming to room temperature, followcd by heating a t  
150", gave an additional 637, of nitrogen. From the residue 
on purification a 39y0 yield of [(CaH6)2F"]3 was obtained. The 
over-all ratios were: (C&)#C1: ( CH&SiN3: ( CH3)&3iC1 : NZ = 

1.02: 1.04: 1.02: 1. 
Reaction of ( C&)2PC1 with (CH&SiN3 in Acetonitrile.-On a 

high vacuum line, acetonitrile (7.8422 8.) was condensed onto 
(C&)&'Cl (877.0 mg., 3.975 mmoles) a t  -78". The mixture 
was warmed to  0" to  effect solution, then 4.029 mmoles of (CH3),- 
SiN3 was distilled onto the solution a t  -78". After sealing the 
ampoule was allowed to  stand a t  room temperature for 3 hr.; 
during this period the solution discolored yellow and precipita- 
tion was observed. Subsequently the mixture was heated in an 
oil bath a t  50-55" for 12 hr. A considerable quantity of yellow 
material was formed. Opening to the vacuum system gave 3.775 
mmoles (957,) of nitrogen. The volatiles were removed initially 
a t  room temperature, then a t  50'. The total amount of volatiles 
obtained was 8.2239 g.; the calculated amount was 8.2793 g. 
(based on CH3CX employed, (CHa)&3iCI produced, and ( CH3)3- 
SiN3 recovered, assuming that no silicon moiety was incorporatcd 
in the residue). The residue did not contain any cyclic trimer. 
The bulk of the product was soluble in boiling benzene; on cooling 
an amorphous precipitate was formed which failed to melt up to  
480°, although some darkening was evident a t  this temperaturc. 
Anal. Calcd. for (C&)2PN: C ,  72.36; H ,  5.06; P, 15.55; N, 
7.03. Found: C, 71.87; H ,  5.15; P,  14.85; Iu, 7.40. The 
high nitrogen value, in conjunction with the lowered phosphorus 
and carbon values, tends to indicate the presence of azido-termi- 
nated chains. 

For infrared spectral examinations to a solution of ( CsHB)a-  
PCl (660 mg.) in CHaCN ( 5  ml.) was added a solution of (CH3)3- 
Six3 (346 mg.) in CH3CN (5 ml.). The infrared spectrum re- 
corded immediately after mixing exhibited a strong band a t  2105 

and an absorption a t  635 cm.-' due to  (CH3)aSiCl; whereas 
a solution of equal concentration of ( CH3)3SiNJ3 in CH3CN had a 
strong band a t  2130 cm.-l and no absorption between 645 and 
625 cm.-l. 

Reaction of csH~Pc1, with (CsH5)aSiN3 in Ether.--To ( C6Hj)a- 
SiNa (9.03 g., 0.03 mole) in ether (50 ml.) was added C6HsPC12 
(5.37 g., 0.03 mole) in ether (50 ml.). The solution was rc- 
fluxed for 48 hr.; some oil was deposited and the ethereal layer 
exhibited in its infrared spectrum a strong band a t  2128 cm.-'. 
The refluxing was continued for a total of 7 days; a t  this stage thc 
ethereal layer showed only a weak absorption a t  2128 cm.-l in its 
infrared spectrum. Ether was subsequently decanted from the 
oil, which was washed several times with ca. 20-ml. aliquots of 
ether. The ethereal washings were combined and, on evapora- 
tion of ether, mainly triphenylsilyl chloride was obtained (on the 
basis of the infrared spectral analysis), admixed with ether-soluble 
[( C6H,)XPiV]n material. The ether-insoluble oil was subjected 
to vacuum, whereupon a puffy solid (2.34 g.), soluble in benzene, 
but insoluble in boiling heptane, was obtained. I ts  infrared 
spectrum (weak band a t  2128 cm.-l; bands a t  1290, 1212, and 
712 cm.-l) indicated a [C6HjXPN] material, where X can be 
either C1 or N3, with K3 present only in trace quantities. Heat- 
ing a t  130" under vacuum failed to  give any sublimate except a 
trace of (CsH5)3SiCI, pointing to an absence of [(C&&)C11'S]a. 
Exposure of [(  C&)XPN], to the atmosphere resulted in hydrol- 
psis as emphasized by insolubility in benzene and markedly al- 
tered infrared spectrum. 

Reaction of C6H,PC1, with (CH3)3SiN3. (a) Under At- 
mospheric Pressure.-This experiment was conducted in a man- 
ner analogous to  that described for ( C O H ~ ) ~ S ~ N ~ ,  the only differ- 
ence being that ( CH8)&3C1 was distilled off together with the 
ether. The ether-insoluble portion exhibited in the infrared a 
much stronger azido band than the material obtained from thc 
(CsHj)aSiSa reaction. The ether-soluble oil had a strong absorp- 
tion a t  2132 cm.-l, showing the presence of azido groups, while a 
shoulder a t  1095 cm.-' was indicative of a trivalent phosphorus 
species. 

An infrared spectrum recorded immediately after mixing the 
ethereal solutions of C6HSPC12 and (CI-I&SiP\T3 exhibited only 
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bands associated with (CH3)3SiN3, CSHSPC~Z, and (CzH5)zO. 
Another aliquot withdrawn after 3 hr. standing a t  room tem- 
perature had an  identical infrared spectrum. After refiuxing for 
20 min., the solution became cloudy, and an aliquot withdrawn 
a t  this time showed in its infrared spectrum a definite shift of the 
azido band from 2128 t o  2105 em.-', an absorption a t  635 em.-' 
(attributed to (CH3)3SiCl), and new bands a t  714 and 678 em.-'. 

I% Vacuo.-On a high vacuum line ether (ca .  3 ml.) and 
( CH3)3SiNa (3.964 mmoles) were condensed onto C6H,PCIz 
(709.2 mg., 3.962 mmoles) a t  -196". The ampoule was sealed, 
heated a t  45' for 45 min., and then cooled to - 196' and opened; 
3.075 mmoles of nitrogen was obtained. The volatiles were 
removed a t  -24". They did not exhibit any absorption in the 
2220 to 2040 em.-' region, showing the absence of azido groups. 
The contents of the ampoule were warmed up slowly to room 
temperature, followed by heating a t  105" for 24 hr. The total 
nitrogen evolved was 3.866 mmoles (98% based on C6HsPClz 
employed). 

The residue was benzene-soluble, m.p. 61-66"; mol. wt. 1015. 
It exhibited in the infrared absorptions a t  1430, 1290,1205, 1170, 
1120,741,714, and 690 em.-', together with a weak band a t  2130 
em.-'. Anal. Calcd. for [ (CGH~)C~PN], :  C ,  45.74; H ,  3.20; 
N, 8.90; P ,  19.60. Found: C, 45.98; H ,  3.60; N, 8.99; P ,  
19.85. 

Reaction of PCl, with (CH3)3SiN3. (a )  In Ether.-On a high 
vacuum line PC13 (2.559 mmoles), ether (3 ml.), and (CH&SiN3 
(2.566 mmoles) were condensed in an ampoule. The ampoule 
was sealed, warmed to room temperature, and heated a t  57' for 16 
hr. On opening to the high vacuum system only a trace of non- 
condensable gas was present. The contents were fractionated 
from a warming trap through -47, -63, -78, and - 196' traps. 
Repeated fractionations failed to afford pure components. On 
the basis of infrared spectra the higher vapor pressure fractions 
consisted mainly of ether admixed with an azido-group-containing 
moiety and ( C H S ) ~ S ~ C ~ .  The lower vapor pressure fractions 
appeared to contain more of the azido moiety and much less 
ether. A fraction (vapor pressure a t  O", 16 mm.; mol. wt. 117) 
was free of ether and appeared to consist only of (CH,),SICl and 
an azido-group-containing material. The characteristic band 
of (CH,),SiNa a t  1315 em.-' was absent, whereas the character- 
istic band of (CHa)3SiC1 a t  635 em.-' was present. Further- 
more, the material was very sensitive to pressure changes (rapid 
cooling from room temperature to liquid nitrogen temperature 
resulted in explosions), which points to the presence of a PClzNa- 
type molecule. A 283.8-mg. portion of this mixture was heated 
a t  76' for 72 hr.; on opening to the vacuum system 0.5601 
mmole of nitrogen was obtained, and the residue consisted of 
azido-substituted chlorophosphonitriles. 

(b)  In the Absence of Solvent.-A mixture of PClt (2.545 
mmoles) and (CH3)3SiN3 (3.121 mmoles) deposited a waxy pre- 
cipitate after standing in a sealed ampoule for 30 days a t  room 
temperature. The ampoule was subsequently heated a t  79-81" 
for 64 hr. On opening to a high vacuum system 2.036 mmoles 
(80% based on Pel3 used) of nitrogen was evolved. The volatiles 
(3.476 mmoles; vapor pressure a t  O", 70.0 mm.) could not be 
separated by vacuum fractionation; however, no azido-group- 
containing material was present. On the basis of infrared spec- 
tral analysis and vapor pressure, the material appeared to con- 
sist of (CH3)3SiCl admixed with Pels. Since 3.121 mmoles of 
(CH3)3SiNa was originally employed, 3.121 mmoles of (CHa)3SiCl 
would be expected (providing none of the silyl moieties was incor- 
porated in the phosphonitrilic system), accordingly the 0.355- 
mmole excess must be PC13. Elemental analysis of the volatiles 
gave 3.367, of phosphorus, corresponding to 0.432 mmole of 
PC13. Thus, PC13 consumed to NZ = 1.08:l; while Pc18 con- 
sumed to azido groups in the residue = 2.02: 1. 

The involatile residue, which was semisolid, exhibited in the 
infrared a strong band at 2150 (azido group), a broad 
absorption in the 1350 to 1220 em.-' region (phosphonitrile 
linkages), a broad band centered a t  990 em.-', and a band a t  770 
em.+. No absorption was observed in the 3125 to 2700 em.-' 
region, indicating the absence of CH groups. 

(b)  

Treatment of PCla with (C6H&SiN3 in Ether. (a )  At 62'.- 
On a high vacuum line, ether (26.22 mmoles) and PC13 (2.776 
mmoles) were condensed onto (c6H6)3siNs (641 mg., 2.127 
mmoles) a t  liquid nitrogen temperature. The ampoule was 
sealed, warmed to room temperature, and heated a t  62" for 8 hr. 
On opening to a high vacuum system, no noncondensable gas was 
present. Distillation a t  room temperature resulted in a quanti- 
tative recovery of Pc13 and (C~H5)20. 

(b )  At 78-80°.-Following the same procedure as described 
in (a),  (CBH~)3SiN3 (792.1 mg., 2.628 mmoles) was sealed in an 
ampoule with 3.711 mmoles of PC13 and 26.14 mmoles of ether. 
The ampoule was heated a t  78-80' for 64 hr.; on opening to a 
high vacuum system, 2.214 mmoles (8470 based on (CBH5)3- 

SiNs) of nitrogen was obtained. The room temperature 
volatiles (27.98 mmoles) were composed of ether admixed with 
PCl,; no azido-group-containing compounds were present. No 
separation could be attained by high vacuum fractionation. 
The materials were volatile a t  -63", indicating the absence of 

The resealed ampoule containing a white solid residue was 
opened in an inert atmosphere enclosure. The residue was 
washed several times with ether; an oil remained. Its infrared 
spectrum showed a strong band a t  2150 ern.-' due to azido link- 
ages (in agreement with the recovery of an excess of PC18 and the 
formation of only 847, of nitrogen). The broad absorption 
in the 1350 to 1220 em.-' region pointed t o  P=N groupings. The 
ethereal washings on evaporation yielded pure ( C S H ~ ) ~ S ~ C I  iden- 
tified by mixture melting point and by comparison of the infrared 
spectra. 

( P N C ~ Z ) ~ .  

Discussion 
The evaluation of the experimental results and the 

postulation of reaction mechanisms can be attempted 
by recognizing: (1) No compounds are formed which 
contain both silicon and phosphorus, thus eliminating 
the reaction 

RaSiN3 + R3-,PC1, -+ R3SiN=I'R3-,Cl, + Nz 

( 2 )  The exchange of the halogen and azido moiety is 
complete, even in the case of the polyhalophosphines, 
where multiple exchange can and did occur. However, 
in all the reactions studied, the isolation of the inter- 
mediate azidophosphine was not possible, inasmuch as 
the exchange reaction was always accompanied by 
nitrogen evolution, even a t  temperatures as low as 
-13'. (3) It should be noted that the nitrogen 
formation can be brought to completion 

(C6H&PC1 4- (CHdaSiN3 ----f 
[=(c~Hs)zPh'=] + (CH&SiCl + Nz 

This does not imply that all the nitrogen is evolved in 
one distinct step and that it leads to the formation of 
only one product under varying conditions (solvent, 
concentration, temperature). Obviously, the reaction 
mechanisms are complex and very sensitive to changes 
of these conditions. An explanation of the -13" re- 
action of diphenylchlorophosphine with trimethylsilyl 
azide is shown in the following scheme. 

+ Nz 

+ Nz 

The sequences depicted below appear plausible for the 
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reaction of phenyldichlorophosphine with an equimolar 
amount of trimethylsilyl azide 

45 Q 

56% C6H5PC1Na f 22% C&P(K3)2 f 22% C&&PClz + 
=P( CsHs)N=P( CsHs)N=P( C6Hs)N=P( CsHs)iY= -+ 

I 
N3 

I 
c1 

I 
c1 

I 
c1 

22% CsHr,PClz + 78% h'z + 105' 
=P( C G H S ) ~ = P (  Cd&)N=P( C&)E=q ( C & ) N z  

I 
c1 

I 
I 1  
h- 

I 
c1 

I 
c1 

CsH6PC12 

The product from the reaction of trichlorophosphine 
with trimethylsilyl azide can be similarly assumed to 
have the statistical composition 

1 c1 c1 c1 c1 
I l l /  
1 / 1 1  

-p x=pN-p N=p x= [- C1 NB C1 Ka 2: 

The incorporated azido groups do not oxidize trichloro- 
phosphine a t  81". This is in contrast to the oxidation 
of excess phenyldichlorophosphine by azido groups in- 
corporated in the initial product. 

In view of the results obtained, it can be said that the 
rate of replacement of chlorine by the azido group in- 
creases with the degree of phenyl substitution on phos- 
phorus. Yet, this conclusion has to be limited to the 
case where only one chlorine per mole of chlorophos- 
phine is exchanged. The trichlorophosphine experi- 
ment proves that a second chlorine atom can be ex- 
changed easier than the first, as demonstrated by the 
recovery of trichlorophosphine. Since nitrogen forma- 
tion occurred simultaneously with the exchange re- 
tion, the possibility that the second chlorine was ex- 
changed on an already oxidized, pentavalent phos- 
phorus atom cannot be excluded. The same reasoning 
can be applied to the phenyldichlorophosphine case, if 
one assumes again a double exchange. 

Regarding the stability of the intermediate azido- 
phosphines, it could be deduced that it decreases with 
the extent of phenyl substitution. The lowered oxida- 
tive activity (toward trivalent phosphorus) of an azido 
group bonded to a pentavalent phosphorus atom and its 
relatively high thermal stability are evident from the 
trichlorophosphine experiment. In this experiment 
roughly 30% of all azido groups available survived heat 
treatment a t  81 O in the presence of trichlorophosphine. 
However, no pure phenylchloroazidophosphine or di- 
chloroazidophosphine was ever isolated, and it thus is 
likely that the decomposition temperatures of these ma- 
terials lie below the temperature a t  which exchange with 
trimethylsilyl azide and the chloro precursor occurs. 
For comparisons, diphenylazidophosphine decomposes 
a t  13.6' yielding 90% of the theoretical amount of 
nitrogen, the rest being evolved upon heating to 
180°.8 

A mechanism for the predominant formation of di- 
phenylphosphonitrilic trimer can be postulated based 
on experimental observations and infrared spectral 
data. The shift of the asymmetric azide band from 
2130 cm.-l in trimethylsilyl azide to lower wave 
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Figure 1.-Transition state of the exchange reaction. 

Figure 2.--Possible mechanism for the formation of diphenyl- 
phosphonitrilic trimer. 

numbers in the course of the reaction can be due to the 
formation of azidophosphine (diphenylazidophosphine 
absorbs8 a t  2090 cm.-l). I t  can be attributed equally 
n7ell to complex formation, which was found by Thayer 
and West16 to give rise to a shift of comparable magni- 
tude. Thus a four-center transition state (Figure 1) 
similar to the triphenylphosphine-triphenylsilyl azide 
complex formulated by Thayer and West16 appears 
plausible for the exchange process. 

However, in view of the high yield of cyclic diphenyl- 
phosphonitrilic trimer and the fact that complete ex- 
change was never reached without simultaneous nitro- 
gen evolution, the above transition state may not be 
responsible merely for the exchange reaction. Under 
certain conditions of solvent, temperature, and con- 
centration, i t  may be instrumental in the production 
of the trimer. One reason for its formation is the 
inherent polarization of the P-Cl bond in diphenyl- 
chlorophosphine, which is very likely increased in the 
transition state. Each phosphorus atom, thus bear- 
ing a larger S+ charge in the four-center transition 
state, conceivably coordinates with a second identical 
complex. This trimerization of the above four-center 
transition state provides a mechanistic route for the 
preferential formation of diphenylphosphonitrilic tri- 
mer (Figure 2). In this complex a weakening of the 
N-N bonds in the azido group will take place, resulting 
finally in the evolution of molecular nitrogen. The 
close correlation between nitrogen formation a t  - 13 O 
and final yield of trimer in the (C6H5)2PCl-(CH3)3SinTJ 
experiment supports this speculation. Furthermore, 
this dipole mechanism would also explain the sensi- 
tivity of the reaction in regard to solvent (dielectric 
constant) and concentration. 

It may be possible to clarify these processes by 31P 
or even by lH n.m.r. spectroscopy. Yet, even if n.m.r. 

116) J. S. Thayei and I<. \Vest, Inory.  Chant. ,  3, 406 (1864). 
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studies would support the proposed mechanism, the 
absence of cyclic tetramer will still remain unexplained. 
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The carbon monoxide groups in molybdenum hexacarbonyl are readily replaced by phosphorus trifluoride using either high 
temperature-high pressure or atmospheric pressure-ultraviolet irradiation conditions. By various means, all possible 
compositions for monodentate substitution, including three pairs of cis and trans isomers, were identified. Most of these 
isomers could be clearly isolated by preparative gas-liquid chromatography. Substitution studies of the various compounds 
clearly indicate that PFI is a slightly stronger trans labilizer than CO. The compounds are colorless liquids or solids, with 
good thermal and hydrolytic stabilities and frequently having volatilities greater than that of the parent hexacarbonyl. 

Introduction Two methods were used for the preparation of substituted 

The substitution of phosphorus trifluoride for car- 
bon monoxide of metal carbonyls has been studied for a 
num-ber of the metals, with the nickel tetracarbonyll 
and iron pentacarbony12 systems being studied with the 
greatest thoroughness. In  these studies, all possible 
compositions were prepared, isolated, and character- 
ized. Other studies of PF3 complexes have been made, 
especially by K r ~ c k , ~ - ~  in which a limited number of 
the possible complexes were prepared. 

This paper reports work done on one of the hexa- 
carbonyls-molybdenum hexacarbonyl. While the 
work was in progress, Kruck4 and Schmutzler6 reported 
the preparation of chromium and molybdenum com- 
pounds of the type M(PF3)c and M(CO)3(PF3)3 by in- 
direct means. Their work also showed clear evidence 
for other compounds. 

The identification of all possible compounds in the 
MO(CO)~(PF~)~- ,  system including three pairs of 
cis and trans isomers is presented in this report. The 
preparation and actual isolation of most of the com- 
plexes will be described and information will be re- 
ported concerning the mode of the substitution reac- 
tions. 

Experimental 
The phosphorus trifluoride used during the latter portion of 

the work was obtained from K and K Laboratories. It was 
purified before use by bubbling i t  through a 12-in. tower of water 
packed with glass beads. This material was then dried by 
vacuum distilling i t  from a trap cooled to - 95'. The remainder 
of the PFa used was prepared as described previously.2 

(1) R. J. Clark and E. 0. Brimm, Inovg. Chem., 4, 651 (1965) 
( 2 )  R. T. Clark, ibid.. 8 ,  1396 (1964). 

products. One was a high pressure-high temperature synthe- 
sis and the other was an atmospheric pressure-ultraviolet light- 
induced reaction. In  the former technique, the sample han- 
dling and recovery procedures were essentially as described 
earlier,2 but somewhat simplified by the use of MO(CO)~ ,  which 
is a stable solid of low volatility. The reactions were allowed to  
proceed for 8-18 hr. a t  temperatures ranging from 175 to 326". 
The higher reaction temperatures produced products predomi- 
nating in the higher substitution compounds, and the lower re- 
action temperatures yielded products with a lower degree of 
substitution. To  obtain the totally substituted compound by 
this technique, i t  was necessary to heat the vessel to the higher 
temperature, then cool it frequently to -195" and remove the 
carbon monoxide by vacuum. Attempts to use higher reaction 
temperatures resulted in extensive decomposition. 

The ultraviolet method is particularly well suited for the prepa- 
ration of products with a low degree of substitution. In a typical 
reaction, about 0.7 g. of Mo(C0)o and 20 nil. of spectral grade 
pentane were placed in a 1-1, flask equipped with a standard taper 
joint at the top and a 35-mm. long by 30-mm. diameter extension 
a t  the bottom. The main function of the bottom extension was 
to allow a better exposure angle, but i t  also contained a magnetic 
stirring bar to  mix the contents. The flask was closed with an 
adaptor containing a vacuum stopcock and a joint for connection 
to  a vacuum system. The flask was evacuated a t  room tem- 
perature until about half of the solvent had vaporized. This 
resulted in the complete removal of the air and the degassing of 
the solvent. Phosphorus trifluoride was admitted until its 
partial pressure was about 500 torr. 

The lower portion of the flask was irradiated at nearly the full 
intensity of an AH-6 ultraviolet lamp while the contents were 
being stirred. (The lamp contained a Pyrex velocity tube, and 
the irradiation vessel was made of Pyrex; so i t  appears that  the 
far-ultraviolet is not important.) For the production of pre- 
dominantly mono- and disubstituted materials, an irradiation 
time of 1.5-2 hr. was used, and for di- and trisubstituted mate- 
rials, 3-4 hr. Higher substitution was readily produced, al- 
though at a progressively slower rate, by extensive irradiation 

(3) Th.-Kruck, Chem. B e r . ,  97, 2018 (1964). with the evolved carbon monoxide being removed frequently a t  
-195". So long as the flask was adequately degassed and the 
PF3 was Pure, no noticeable decoinposition appears to take place. 

(4) Th. Kruck and A. Prasch, 2. Natzwjovsch., 19b, 669 (1964). 
(5) Th. Kruck, Angew. Chem.,  76, 593, 787, 892 (1964). 
(6) R. Schmutzler. Advances in Chemistrv Series. NO. 37. American 

Chemical Society, Washington, D. C. ,  1963, p. 150. The product from the irradiation was recovered by cooling the 


