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T A B L E  1 
QUANTITATIVE DATA FOR GezHs DISPROPORTIONATIONS 

(ALL QUANTITIES IN MMOLES) 

D 
HS Calcd values of 2 

irom 2 D /  
A B C GeH, E [2(A - 

Temp, Time, GezHs GezHs GeHa pyroly- G e i n  2 D /  B )  - 
O C  hr in out formed sis GeH, E C ]  
-63  96 0 .668  0 . 2 7 3  0 , 4 8 1  0 . 2 5 3  0.264 1 . 9 2  1.64' 
-63 96 0.583 0 . 3 2 3  0.260 0 , 1 4 9  0 180 1 .66  1.49" 
-63  25 0 . 3 8 3  0.308 0.064 0.077 0.077 2 . 0 0  1.79' 
-63  25 0 .536  0.479 0,0696 0,0695 0,069 2 . 0 1  3.16" 
-45 37 0 200 0 0 .220  0.169 , , .  . . .  1.88 

23b 24 0.188 0 0.244 0.0746 . . .  . . . 1.13 
23 20 0.244 0 0.334 0.0676 . . . . . . 0 .88  
23< 14 0.218 0 0 . 2 9 1  0.0789 . .  . . . .  1.09 
2 3  13 0 . 2 4 7  0 0 . 3 2 1  0.0800 . . . . . . 0.92  
23 0 . 2 5  0.152 0 .114  0 . 0 4 1 7  0.0318 . .  . . . .  1.86' 

a These values are relatively inaccurate because they require 
Arn- the difficult determination of the unreacted GezHs ( 5 ) .  

monia solution 1 A:! in NH4N03. SH3:Ged-Is = 1 : 1. 

fact that the hydrogen in the germane produced and 
that formed in the pyrolysis of the GeH, account for 
the hydrogen in the consumed digermane with an aver- 
age discrepancy of f 1.2%. In  the four experiments 
where a germanium balance could be calculated, the 
average discrepancy was f 3.5y0. 

In the -63' experiments, the solution was initially 
colorless, but, on standing, the solution turned yellow 
and a yellow precipitate formed. In  the -45' experi- 
ment, a yellow precipitate formed quickly. In  the 
room-temperature experiments, a blood red precipitate 
formed immediately. 

Discussion 
The results indicate that, in liquid ammonia solu- 

tion, digermane disproportionates as : Ge2H6 + GeH4 
+ GeH2. ,4t temperatures above -63' (and even 
a t  that  temperature on standing), the GeHz decom- 
poses to germane and a yellow or red precipitate of 
GeH, (x < 2). The higher the temperature, the 
inore rapidly the GeH2 decomposes, the lower the value 
of x, and the darker the color of the precipitated GeH,. 
Although Glarum and Kraus2 reported similar proper- 
ties for GeH2 prepared from bromobenzene and sodium 
germyl, their substance was more stable inasmuch as 
its solution in ammonia did not become colored on 
standing for 24 hr, and i t  could be isolated for a short 
time as a white solid a t  - 33 '. 

In the hope that the solution at  -63' contained a 
soluble GeH2 species, the proton magnetic resonance 
spectrum of a 0.5 M Ge2Ha solution was obtained. The 
spectrum showed peaks corresponding to germane, 
digermane, and a series of three smaller peaks from 
8 to 25 cycles upfield from germane, perhaps corre- 
sponding to a lon-er hydride. As the solution decom- 
posed, the digermane peak decreased in amplitude, 
the germane peak increased, and the little peaks began 
to merge and broaden. By the time the digermane 
peak had disappeared, the little peaks were gone. At- 
tempts to get better resolution by increasing the diger- 
mane concentration were unsuccessful, probably be- 
cause of limited solubility of the lower hydride. 

Efforts to effect reaction between GeH2 and acetylene 
or diphenylacetylene a t  -63', in analogy with the 
high-temperature reactions of GeIz,* were unsuccess- 
ful. 

J17e have observed that no reaction occurs when both 
the digermane and the ammonia are completely in the 
gas phase; however, reaction proceeds in the presence 
of even traces of liquid ammonia. The basic catalyst 
is ammonia itself and not the amide ion because the 
reaction goes without noticeable change in 1 114 am- 
monium nitrate-liquid ammonia solution. Apparently, 
relatively weak bases cause the disproportionation of 
digermane. In addition to aminonia and those bases 
shown to be effective by Rornhorst and Ring,' aqueous 
sodium hydroxide causes the disproportionatioii.4,~ 
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Kinetic and mechanistic studies of CO substitu- 
tion in metal carbonyl complexes have been conducted 
on numerous systems.' Yet relatively little effort has 
gone into studies involving the substitution of other 
groups which might also be present in the coinplex. It 
was the purpose of the present investigation to examine 
the rates and mechanisms of amine displacement from 
(Am)W(CO)j according to 

(Am)W(CO)5 + L --+ (L)W(CO)a + Ani (1) 

The rate of this reaction mas investigated as a function 
of the basicity of the primary, secondary, and tertiary 
amines and also of the nucleophilicity of the phosphine 
or phosphite, L. 

Experimental Section 
Preparation and Purification of Materials.-The ligands, L, 

and solvents were purified as given elsewhere.* The (Am)\\'- 
(CO); complexes were prepared by the method of ultraviolet 
irradiation of a tetrahydrofuran solution of W( C 0 ) c  and the 
desired amine. Most of the complexes had been prepared pre- 
viouslp3 and were identified by their infrared spectra. In addi- 
tion, satisfactory C, H, and N analyses were obtained for the 
complexes ((CH1)&H)W( CO):, (( CH3)&)\V( CO):, and (0- 
(CH&Hz)2NH)W( CO)5. The products, (L)W(CO)z, of reaction 
1 were identified by their uv-visible arid infrared spectra which 
were identical with those of (L)W( CO): complexes prepared and 

(1) For a recent review, see I<. J. Angelici, Oigaizornrlol. Cham. Rev.. 3,  173 
(1968). 

(2) I<. J. Angelici and C. M. Ingemanson, submitted for publication 
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characterized inde~endently.~ Attempts to measure the rates 
of piperidine replacement from the chromium and molybdenum 
analogs, (( CH2)&NH)Cr( CO)S and (( CHZ)SNH)MO( CO)S, how- 
ever, showed that significant CO substitution occurred leading 
to products of the type (L)tM(C0)4. 

Kinetic Measurements.-The uv-visible spectra of the yellow 
(Am)W( CO)a complexes in decalin solvent show an absorption 
a t  410 mp with a shoulder a t  445 mp, in addition to very intense 
bands a t  235 and 286 m p .  During the reaction of (Am)W(CO)& 
with L, the solution becomes colorless and its spectrum corre- 
sponds to that of (L)W( C0) j  which absorbs light only very slightly 
a t  410 mp. For this reason, the rate of (Am)W(CO)s disappear- 
ance was followed by noting the decrease in absorbance at  410 mp. 
Since concentrations of L were at  least 10 times that of the com- 
plex, plots of In ( A  - A,) v s .  time, where A is the absorbance 
a t  any given time and A, is the absorbance at  the end of the 
reaction, gave slopes which were pseudo-first-order rate constants, 
kobsd, for the reaction. The dependence of these pseudo-first- 
order rate contants on the concentration of L is 

A least-squares computer program was used in the evaluation of 
k t  and 82 from kobsd and [L] data. These rate constants are 
ixesented in Table I. 

rate = k~[(Arn)W(CO)bl i- k2I(Am)W(CO)il [Ll 

The values of k1 (in sec-*) calculated from eq 2 and 
given in Table I are averages of those obtained with 
different L groups. Generally the k~ value for a given 
L group was within 10% of the averages listed in the 
table. This was true for all ligands except P(n- 
C4H9)3, and sometimes P(O-n-C4H9)3, which were 50- 
100% larger than the average. The reason for these 
discrepancies is not known. The K 1  term in the rate law 
is assumed to correspond to an S N 1  mechanism wherein 
the rate-determining step is the breaking of the W-N 
bond in (Am)W(CO)b to give a five-coordinated inter- 
mediate which rapidly reacts with L to give the product 
(L)W(CO),. Such a mechanism would predict that  
the rate constants would depend significantly upon the 
strength of the W-Am bond. That  k1 decreases as 

(CH3)zNH > (CH2)jNH suggests that the basicity 
(pK,) is imp,ortant in determining the rate of Am dis- 
sociation. With the exception of "3, which reacts 

NHs > O(CH2CHz)zNH = (CH3)sN > CHBNHz > 

TABLE I 
RATE CONSTANTS ( k l  AND k z )  FOR THE REACTION OF (Am)W(C0)6 WITH L IN DECALIN SOLVUNT AT 80.4" 

I 

P(n-CaHe)s P(O-n-CaHs)a P(0CHz)aCCzHs P(CsHs)s P(OC6Hs)a As(CaHs)s 
Am lOaki IOakt 10'kr lOaki 10ak8 lOSkz IOakz 

O(CHzCH2)zNH (8. 3)b 17.1~ 58. 8a 14.7a 9.07~ l193a 2.28" 1.680 
NH3 (9.2)* 54.7 55.8 19.3 11.4 7.71 1.58 . . .  
(CHahN (9.7Ib 17.1 55.0 6.87 4.25 0 1.35 0 
CH3NHz (10.6)' 8.12 27.6 11.3 13.2 3.88 1.87 1.15 
(CH3)zNH (10. 8)' 5.19 67.1 17.1 6.85 1,lO 0.493 0.713 
(CH2)sNH (11.1)' 1.31 31.1 2.91 1.29 0.191 0.091 0.131 
C6H6N (5.2)' 4.61 15.6 3.81 1.86 0.53 0.30 0.61 
a kz values in units of M-1 sec-'. * pK, values: D. D. Perrin, "Dissociation Constants of Organic Bases in Aqueous Solutions," 

Butterworth and Co. Ltd., London, 1965. c kl  values in units of sec-l. 

The kinetic studies were carried out in a foil-wrapped, two- 
legged, glass reaction vessel which was fitted with a side-arm 
stopcock permitting the maintenance of a nitrogen atmosphere 
during the r e a ~ t i o n . ~  The top of the vessel was fitted with a 
septum. Prior to a run a freshly prepared 20-ml solution of 
approximately 2 X M complex was pipetted into one leg 
of the vessel and 30 ml of a 25--350 X lo-* M ligand, L, solution 
into the other. After equilibrating for about 15 min in the con- 
stant-temperature bath ( i0.05"), the reactant solutions were 
thoroughly mixed by tilting the vessel. Samples of the solution 
were withdrawn at  appropriate time intervals and their intensi- 
ties a t  410 m p  examined on a Beckman DB-G spectrophotometer. 

In  the absence of L, the (Am)W( C0)s complexes decompose at  
rates which are almost as fast as their reaction with L.  One of 
the decomposition products is W(C0)s which can be readily 
identified by its strong infrared absorption at  1984 cm-'. Thus 
during the thermostating period of the kinetic studies some 
W(CO)6 does form, but this does not absorb at  410 mp and does 
not affect the rate of reaction. If (Am)W(CO)s and L are mixed 
immediately and then thermostated at  the higher temperatures, 
no W(CO)6 is produced, and the rate is the same as observed by 
the other procedure. Hence in the presence of L, (L)W( CO)< 
is the only product and no decomposition of (Am)W(CO)s 
occurs. 

Results and Discussion 
The rate of reaction of (Am)W(CO)5 with L according 

to eq 1 obeys the rate law 
(3) R. J. Angelici and M. D. Malone, Inovg. Chem., 6, 1731 (1967). 
(4) K. J. Angelici and J. K. Graham, ibid., 6, 988 (1967). 

much faster than its pK, would suggest, the rates of 
dissociation increase with decreasing basicity of the 
amine. Another indication of this trend was obtained 
from qualitative studies of amine displacement from 
(p-CH30CeH4NH2)W(CO)6. The low pK, (5.3) of 
fi-CH30C6H4NHz would suggest that  i t  should react 
very fast, and, indeed, it reacted much too fast to study 
a t  80.4'. Reasonable rates could be achieved a t  35". 
The trend in increasing rate of Am dissociation with de- 
creasing basicity of Am is not surprising, since i t  has 
been shown in equilibrium studies2 of (Am)W(CO)5, 
where Am is a substituted aniline, that the more weakly 
basic anilines are displaced more completely than those 
which are stronger bases. In contrast to t he  anilines, 
however, pyridine (Table I)  is not rapidly substituted 
in (CjH6N)W(CO)5 despite its low pK, ( 5 . 2 ) .  It ap- 
pears that pyridine is more tightly bonded to the tung- 
sten than an amine of the same basicity. 

The kz  term in the rate law iniplies that  the reaction 
also takes place by an S N ~  mechanism, in which L at- 
tacks the complex to perhaps form a seven-coordinated 
transition state or intermediate. The relative values of 
k2 decrease in the order: P(n-C4Hg)s > P(O-n-C4H9)3 > 

( C E H ~ ) ~ .  This is the generally observed trend of nu- 
P(OCH2)3CC2H, > P(C6H5)3 'V P(OC&)3 'V AS- 
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cle~philicities'*~ of these ligands toward many metal 
carbonyl complexes and is essentially the same as that 
obtained for the reaction of L with W(CO)6 to form 

At 60.0, 70.0. and 92.0°, the values of k1 for the reac- 
tion of (O(CH,CH,),NH)U'(CO)j with P(C6H5)3 were 
1.56, 4.11, and 30.0 X low5 sec-', respectively. At  the 
same temperatures kx increased as follows: 0.42, 1.21, 
and 8.69 X k1-l sec-'. From the kl results, AHl* 
and As1* were calculated to be 22.5 kcal/mol and - 13 
eu, respectively. The negative value of AS1* is some- 
what surprising for an S N I  reaction, although there are 
S N I  reactions of other metal carbonyls' which have 
entropies of activation as low as - 10 eu. It should be 
noted that AH1* is much lower than that observed6 for 
the dissociation of CO from W(CO)B, which is in general 
agreement with lower solution stability of (Am)W(COj5 
as compared to W(CO)6. For the k2 term, AHz* and 
AS,* are 21.0 kcal/mol and - 11 eu, respectively. In  
this case, the entropy of activation is quite normal for 
reactions proceeding according to an S N ~  mechanism. 

(L) w (CO) 5.6 
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The reaction of alkali chlorides and bromides with 
fluorine (at atmospheric pressure) was first studied by 
Moissan.l With chloride salts, chlorine and the alkali 
fluoride mere produced. Under the same conditions, 
bromine trifluoride and potassium fluoride were formed 
from potassium bromide and fluorine.2 

Asprey, Margrave, and Silverthorn,3 Bode and Kles- 
and Kelly, Post, and Mason' have reported 

the fluorination of alkali chlorides to give alkali tetra- 
fluorochlorates, MClFd (Rl = K, Rb, Cs), a t  tempera- 
tures of 90-300" and pressures up to 4000 atm. Asprey, 
et nl. , 3  also obtained alkali tetrafluorobromates, MBrF4 
(X = K, Rb, Cs) from the fluorination of the cor- 

(1) H. Moissan, A n n .  Chim.  Phys., [61 2 4 ,  224 (1891). 
( 2 )  P. Lebeau, ibid., [SI 9, 241 (1906). 
(3) T,. €3. Asprey, J. L. Margrave, and M. E. Silverthorn, J .  A m .  Chern. 

(4) H. Bode and E. Klesper, Z. Anorg. Allge in .  Cheirt., 318, 161 (1961). 
( 5 )  H. Bode, ,~u2trrzllissenschu~2en, 37, 477 (1950). 
(6) H. Bode and E. Klesper. Z .  A z o ~ g .  Aligem. Chem.,  267,  97 (11)alj. 
(7) D. H. Kelly, B. Post, and R. W. Mason, J .  A m .  Chem. Soc., 85, 307 

(1963). 

Soc., 83, 2955 (1961). 

responding alkali metal bromides under similar con- 
ditions. In  none of these investigations was the com- 
position of the final gas phase investigated. 

We now wish to report that  under the proper con- 
ditions chlorine or bromine pentafluoride may be ob- 
tained by fluorination of the respective potassium 
halide 

3F1 + KX --+ XFa + KF (X = C1 or Br) 

Chlorine pentafluoride has been prepared from fluo- 
rine and chlorine trifluoride with either thermal8 or 
ultravioletQ activation, by the reaction of platinum 
hexafluoride and chlorine trifluoride, lo by fluorination 
of tetrafluorochlorate salts, l1 directly from the ele- 
ments by electric discharge,'l and, by an electrolytic 
process, from chlorine or chlorine trifluoride and hydro- 
gen fluoride.12 Trace amounts have also been re- 
ported from the action of krypton difluoride on the 
silver chloride windows of an infrared ce11.I3 

Bromine pentafluoride has been prepared by direct 
fluorination of bromine or bromine trifluoride. 14,16 

We have found the procedure described herein to be 
most convenient for the laboratory preparation of 
chlorine or bromine pentafluoride since the starting 
materials are easily obtainable and the products are 
almost completely free of the trifluorides and other 
impurities. 

By this procedure, me have made many preparations 
of chlorine pentafluoride and have established the 
following optimum conditions (figures in parentheses 
indicate the ranges investigated) : FP : KC1 mol ratio, 
5 : 1 (3  : 1-12 : 1) ; temperature, 200' (100-30O0) ; time, 
S hr (4-112 hr). These conditions gave an average 
in-hand yield, based on KCl charged, of 65.0 f 4.7y0 
(95% confidence limits). The particle size of the KCl 
(75 or 350 p )  had no apparent effect on the yield. 

Other chlorides can also be fluorinated under similar 
conditions to give chlorine pentafluoride : NaCl (X40°, 
4 hr, 55.6% yield); BaClz (%IOo, 64 hr, 7.1% yield). 

The parameters of the bromine pentafluoride prepara- 
tion were not as thoroughly investigated. However, 
yields of 47%,, based on potassium bromide charged, 
were obtained with an F2: KBr mole ratio of 5.8: 1, at  
25' for 16 hr. 

Experimental Details 
Materials.-Solid reagents (analytical grade) were dried in a 

vacuum oven a t  120'. Fluorine, obtained from Allied Chemical 
Corp., was passed through a hydrogen fluoride scrubber before 
use. Reactors were Hoke stainless steel or hIonel cylitiders wi th  
Hoke Monel needle valves (M354X). 

Precautions.-Preparutions ini~oluing iizore lhan 0.25 mol o J  
potassium chloride in  a 1-1. s ia in less  steel cy l inder  (rated ( L L  lX0OI;sij 
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