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Intramolecular axial-equatorial exchange and base-initiated intermolecular fluorine exchange in phen yltrifluorophosphorane 
have been studied by the dynamic NMR technique. Axial-equatorial exchange appears to be a unimolecular process with 
AG*298 = 13.3 f 0.5 kcal/mol, @ = 12.6 f 0.4 kcal/mol, AS* = -2.1 f 1.3 eu, and E,  = 13.2 f 0.4 kcal/mol. Addition 
of triethylamine or pyridine to C6HSPF3H leads to intermolecular fluorine exchange. Rate studies of the intermolecular 
process support a mechanism involving slow production of C6HSPF4H- followed by rapid fluorine transfer between five- 
and six-coordinate species C6HsPF3H and C6H5PF4H-. Although traces of H F  and HzO impurities did not interfere with 
this study, the impurity C6H5PF4 markedly affected the N M R  results. The intramolecular process is not correlated with 
the intermolecular process, and phosphorus-hydrogen coupling is retained throughout the rapid intermolecular fluorine-exchange 
process. 

Introduction 
Earlier studies in our laboratory have demonstrated that 

intermolecular fluorine, proton, and silyl exchange can be 
slowed down by removing HF,2J HCl,4 or H205 impurities. 
In the absence of these impurities fluorine transfer among 
silicon compounds occurs via fluorine-bridged species.6 The 
role of a Lewis base catalyst in the exchange process has also 
been investigated.2q6 As a continuation of this work, we have 
carried out a dynamic NMR study of intramolecular axial- 
equatorial exchange and base-initiated intermolecular fluorine 
exchange in phenyltrifluorophosphorane. 

Experimental Section 
Reagents. Benzene, deuteriobenzene, and toluene were stored over 

generous quantities of 4A molecular sieve. Nitromethane was washed 
with an equal volume of saturated aqueous sodium carbonate and then 
twice with equal volumes of water, dried with MgS04, distilled from 
4A molecular sieve, and stored over 4A molecular sieve. Acetonitrile 
was distilled from P20s and stored over 3A molecular sieve. Tri- 
ethylamine was distilled from NaOH pellets and stored over 4A 
molecular sieve; pyridine, quinoline, 2,6-lutidine, and 4-picoline were 
stored over 4A molecular sieve. 

C&PF2 was prepared by the method of Schmutzler.' It is known 
to decompose upon standing to give C6HSPF4 and (C6H& This 
decomposition could be slowed down by storing C6H5PFz in a Teflon 
bottle at  -20 OC. After the solution stood for some time, c6H5PF2 
was purified by adding a small amount of quinoline (to form the 
quinoline adduct of C6HSPF4) and distilling out C6HSPFz at reduced 
pressure. 

C6HSPF3H was prepared by careful addition of a solution of HF 
in acetonitrile (-5 M) to a sample of freshly prepared C ~ H S P F ~  (10 
g) at  0 OC. The addition was monitored by I9F NMR. The product 
was then distilled through a 15-cm Vigreaux column to give C6HsPF3H 
(8.9 g, 78% yield), bp 58-63 OC a t  25 torr. CpHsPF3H was stored 
in a Teflon bottle at  -20 OC and handled in a nitrogen filled drybox. 
Samples of C6HSPF3H prepared in this manner were contaminated 
by 0.2-3 mol % C~HSPF,. 

NMR Spectra. The N M R  spectra were obtained on a Bruker 
WH-90 spectrometer at  36.44 MHz ("P), 90 MHz (IH), and 84.66 
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MHz (I9F). Proton and fluorine N M R  spectra were also obtained 
on a Varian A-56/60A spectrometer at 60 MHz ('H) and 56.4 MHz 
(I9F). All line shape calculations were performed on an IBM 370-168 
computer using the Fortran H (extended) compiler and a modified 
version of the program EXCHSYS.3'8'9 

N M R  sample tubes were thoroughly cleaned, treated with hexa- 
methyldisilazane, and heated to 200 OC for at  least 12 h. N M R  
samples were prepared in a nitrogen filled drybox with the aid of 
various micro syringes and an automatic pipet. The samples were 
allowed to equilibrate in the NMR spectrometer for about 5 min and 
then recorded as rapidly as possible. Consistent N M R  results were 
only obtained after careful purification of reagents and solvents. 

Results and Discussion 
Line Shape Calculations. The proton-decoupled 31P and 'H 

NMR line shapes for C6H5PF3H may be calculated by 
standard probability matrix techniques'O since all lines are 
independent except for the effects of chemical exchange. The 
31P( 'HI NMR spectrum of "rigid" trigonal-bipyramidal c6- 
H5PF3H consists of six lines corresponding to the six possible 
fluorine spin states. Two matrices describe the transfer of 
magnetization between lines for either intramolecular (Pint,) 

1 2 3 4 5 6 Fop Fax 
0 0 0  0 Ly 0101 

01 l/JZ(Os + P o l )  

P 1/J2(01P + 001) 
PP 
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or intermolecular (Pinter) exchange of fluorine ligands. Each 

h e r  = 

1 2 3 4 5 6  

-1/2 1/3 0 1/6 0 0 
1/6 -1/2 1/6 0 1/6 0 
0 1/3 -1/2 0 0 1/6 
1/6 0 0 -1/2 1/3 0 
0 1/6 0 1/6 -1/2 1/6 
0 0 1/6 0 1/3 - l / 2  

matrix element pi, is the probability that a phosphorus atom 
having a resonance frequency defined by state i will have a 
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Figure 1. Typical temperature-dependent experimental (left) and 
calculated (right) 31P(lH] NMR spectra of C6HSPF3H showing in- 
tramolecular axial-equatorial fluorine exchange. 

resonance frequency defined by state j after the exchange. The 
diagonal element ptr is the probability that magnetization will 
leave line i during the exchange. A negative sign indicates 
transfer of magnetization out of the line. 

For simultaneous intra- and intermolecular fluorine ex- 
change, the two probability matrices may be combined into 
one matrix R (eq 1) describing the rate of transfer of 
magnetization between lines, where rIntra and Tinter are the 
preexchange lifetimes for intramolecular and intermolecular 
exchange. 

(1) 
The derivation of P,, assuma equal exchange probabilities 

for the equatorial and each of the axial fluorines. Spectra 
calculated with half or twice this statistical probability, at 
constant = 900 s-' (characteristic of spectra recorded 
at 22 "C), showed only minor changes in the line shape, re- 
sulting in a maximum error of 5-10% in the determination 

Intra- and intermolecular exchange was observed by using 
either 31P(1H} or 'H NMR. Each half of the P-H doublet in 
the IH NMR has the same number of lines, corresponding to 
the same fluorine spin states, as the 31P(1H} spectrum; there- 
fore, the same probability matrices are used. P-H coupling 
was not included in the line shape calculations because mul- 
tiplets ,do not overlap and the P-H bond is not broken during 
the exchange process. 

Although it was possible to study intramolecular exchange 
in the absence of intermolecular exchange, since the latter only 
occurs after addition of base, it proved impossible to study 
intermolecular exchange in the absence of intramolecular 
exchange because of intramolecular line-broadening effects 
over the entire temperature range where intermolecular ex- 
change could be&udied. Consequently, was first obtained 
over the accessible temperature range in the absence of base, 
by comparison of calculated and experimental spectra. After 
addition of base, the spectra were recorded and compared to 
spectra calculated with various values of Tinter but with the 
value of calculated above. Typical calculated and ex- 
perimental 31P(1H} NMR spectra for the intra- and intermo- 
1eoular.processes are shown in Figures 1 and 2. 

On the assumption that intramolecular exchange is inde- 
pendent of phosphorane concentration, the first-order rate 
constant is equal to the reciprocal preexchange lifetime (eq 
2). For intermolecular exchange, the preexchange lifetime 

-1 R = PintraTintra-I + PinterTinter 

of Tinter-'. 

(2) 

(3) 

-1 
Tintra = kintra 

qnte;l = ~3k,,ter[C6H,PF3H]"-1 [ base] 

may be related to the rate constant by 

where a is the kinetic order in phosphorane and b is the order 

[Et3N]=3.5 104M 
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Figure 2. Typical experimental (left) and calculated (right) 31P('H) 
NMR spectra of Et,N-initiated int6rmolecular fluorine exchange in 
C6HSPF3H at 28 OC at a constant rate of intramolecular exchange. 
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Figure 3. Plots of In k,,,,, and In k,,,,, vs. 1/T: 0, intramolecular 
exchange, IH NMR, [C6H5PF3H] = 1.96 M in CH2C12; 0, intra- 
molecular exchange, 31P(lH) NMR, [C6HSPF3H] = 3.3 M in 2:l v/v 
CH3N0,/C6H6; A, intermolecular exchange, 31P(1H) NMR, [c6- 
HSPF3H] = 0.35 M, [CSHSN] = 0.0076 M in 2:l v/v toluene/C6D6. 

in The orders may be found experimentally by 
log-log plots of Tintc;l vs. C6H5PF3H and base concentration. 
Error limits in activation parameters were determined by a 
two-parameter fit.I6 Systematic errors in AS* may be larger 
because of the long extrapolation involved. 

Intramolecular Axial-Equatorial Fluorine Exchange. The 
effect of temperature on axial-equatorial exchange is shown 
in Figure 3. A least-squares analysis of the data in Figure 
3 gives the €allowing activation parameters for axial-equatorial 
exchange: AG*298 = 13.3 f 0.5 kcal/mol, A I P  = 12.6 f 0.4 
kcal/mol, A 9  = -2.1 f 1.3 eu, and E,  = 13.2 A 0.4 kcal/mol. 

A number of experiments support the view that axial- 
equatorial exchange in C6H5PF3H is a unimolecular process. 
Thus the exchange rate was found to be independent of C6- 
H5PF3H concentration over at least a 10-fold concentration 
range, from 0.15 to 1,5 M. The rate was also found to be 
independent of solvent, as seen in Figure 3 where the points 
for a nitromethane solution lie along the same line as for a 
methylene chloride solution. Even a basic solvent such as 
tetrahydrofuran, which causes a rate increase in RPF4 com- 
pounds,'* had no measurable effect on the NMR spectrum. 
Presumably, coordination with tetrahydrofuran does not 

(11) A. A. Frost and R. G.  Pearson, "Kinetics and Mechanism", 2nd ed., 
Wiley, New York, 1961; L. W. Reeves, Adu. Phys. Org. Chem., 3, 187 
(1965); G. Binsch, "Dynamic Nuclear Magnetic Resonance 
Spectroscopy", L. M. Jackman and F. A. Cotton, Eds., Academic Press, 
New York, 1975. 

(12) M. Eisenhut, H. L. Mitchell, D. D. Traficante, R. J. Kaufman, J.  M. 
Deutch, and G. M. Whitesides, J .  Am. Chem. Soc., 96, 5385 (1974). 



800 Inorganic Chemistry, Vol. 19, No. 4, 1980 Marat and Janzen 

2 o t  
15 olov, b 5  

0 
0 2 4  8 1 0  1 2  I L  

6T, mir 

Figure 4. Plot of T ~ ~ ~ ; ~  vs. time at 22 OC. [C6H5PF,H] = 0.5 M and 
[CSHSN] = 0.0175 M. 

equilibrate axial and equatorial fluorines, or, alternatively, 
C6H5PF3H is a weaker Lewis acid than RPF4. The small 
activation entropy is also in agreement with a unimolecular 
process. 

It is possible to measure, simultaneously, the intramolecular- 
and intermolecular-exchange rate in the presence of base under 
conditions of moderate intramolecular and slow intermolecular 
exchange. Since the intramolecular-exchange rate under these 
conditions was found to be the same as in the absence of 
intermolecular exchange, therefore, the intramolecular- and 
the intermolecular-exchange processes are not correlated. 

Base-Initiated Intermolecular Exchange. In view of previous 
work,2-6 it was of interest to examine the effect of impurities 
on the intermolecular process. Thus a sample of 1.0 M 
C6H5PF3H and 0.5 M H F  in acetonitrile produced an inter- 
molecular-exchange rate of only 100 s ~ ~ .  This may be com- 
pared with the CH3SiF4--HF system3 where 0.005 M H F  
produced an exchange rate of 2300 s-l. Addition of 0.33 M 
H20 to 2.0 M C6H5PF3H did, initially, produce an intermo- 
lecular-exchange rate of 2000 s-*, but this rate decreased to 
zero within 1 h as C6H5P(0)HF was formed. The hydrolysis 
product C6H5P(0)HF did not exchange with C6H5PF3H; 
therefore, neither H F  nor H 2 0  interfered with the study of 
exchange in C6H5PF3H. An impurity which did, however, 
affect the exchange process was C6H5PF4, as discussed below. 

Intermolecular fluorine exchange in C6H5PF3H was initiated 
by the addition of small amounts - M of triethylamine, 
pyridine, or other Lewis bases such as 4-methylpyridine, 
2,6-dimethylpyridine, and quinoline to 0.3-3 M C6H5PF,H 
in solvents such as acetonitrile, nitromethane, benzene, or 
toluene. All our results suggest that base reacts with C6H5- 
PF3H to generate the anion C6H5PF4H- (eq 4) and that the 

2C6H5PF3H + base - C6H5PFz + (base)H+C6H5PF4H- 
(4) 

rapid intermolecular-exchange process observed in this study 
corresponds to rapid fluorine exchange between five- and 
six-coordinate phosphorus species C6H5PF3H and C6H5PF4H-, 
eq 5 .  Other workers have shown that base and RPF3H reactI3 

according to eq 4, and previous NMR studies have confirmed 
that fluorine transfer is rapidI4 in the systems PF5-PF6- and 
C~H~PF, -C~HSPF~- .  
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Figure 6. Plot of T ~ ~ ~ ~ ; '  vs. [C5HsN]: 0, [C6H5PF3H] = 0.80 M in 

[C6H5PF,H] = 3 M in C6H6 at 34 "C. 
C6H6 at 28 OC; A, [C6H,PF,H] = 0.5 h'f in C6H6 at 22 " c ;  0 ,  

In support of eq 4, it was found that the amount of C6H5PF2 - M was approximately equal to the amount of Et3N or 
pyridine added to NMR samples of C6H5PF3H. This result 
was confirmed in a separate reaction by adding 2.5 X lo-" mol 
of pyridine to 2.1 X mol of C6H5PF3H in 2 mL of 
benzene. Integration of the ,'P NMR spectrum showed a ratio 
of C6H5PFZ:C6H5PF3H of 0.15: 1 .O. The expected ratio, based 
on eq 4, is 0.16:l.O. C6H5PF2 did not, however, take part in 
any exchange process which was rapid on the NMR time scale. 
It was also found that the base-initiated intermolecular-ex- 
change rate required several minutes to reach an equilibrium 
value, as shown in Figure 4. Such an effect could be observed 
at low pyridine concentration at 22 OC with an FT NMR 
spectrometer, but the time interval was shorter at higher base 
concentration and higher temperature and was difficult to 
observe with a CW NMR spectrometer. Figure 4 is consistent 
with the slow production of a reactive species, i.e., C6H,PF4H- 
which then undergoes rapid fluorine exchange. NMR spectra 
were always recorded after equilibrium was established. 

The effect of adding triethylamine to C6H5PF3H is shown 
in Figure 2, and a plot of triethylamine and pyridine con- 
centration vs. the intermolecular-exchange rate is shown in 
Figures 5 and 6. The lines in Figures 5 and 6 do not pass 
through the origin, instead, a small amount of base must be 
added before exchange occurs, and, furthermore, the amount 
of base that is required varies from one sample of C6H5PF3H 
to another. Samples of C6H5PF,H that required larger 
quantities of base also showed traces of precipitate. The 
quantity of precipitate did not appear to vary with the quantity 
of base but rather increased as the concentration of C6H5PF3H 
was increased. These observations point to an impurity in 
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Table I. Solvents and Intermolecular Fluorine ExchangeQ 
solvent 7hte;l, s-l solvent T ~ ~ ~ ; ~ ,  s-l 

6 

Y -  
; 3  

$ 2  

7 -  

acetonitrile 1100 benzene 6400 
nitromethane 1680 toluene 8000 

a 31P PH} NMR spectra were recorded at 28 "C with [Et,N] = 
0.015 M and [C,H,PF,H] = 1 M. 

however, this effect was not investigated further. 
Initially, rate studies as a function of C6H,PF3H concen- 

tration were puzzling because they showed a decrease in rate 
with increasing C6HsPF3H concentration, as seen in Figure 
8; however, this result may be attributed to C6HsPF4 impurity. 
If the line in Figure 8, which corresponds to a sample of 
C6HsPF3H containing 0.02 M pyridine and 3 mol % C6HSPF4 
impurity, is extrapolated to zero rate, then a simple calculation 
shows that 0.021 M C6H5PF4 must be present. In other words, 
the rate of intermolecular exchange is zero when all pyridine 
is complexed by C6HSPF4 i m p ~ r i t y . ' ~  

By choosing a C6HSPF3H sample which contained as little 
as 0.2 mol % C6H5PF4 impurity, we have shown the exchange 
rate to be independent of C6H5PF3H concentration, as seen 
in Figure 8. Therefore a = 1 in eq 3 and the exchange process 
is first order in C6HSPF3H, as required by the mechanism of 
eq 5.  

The effect of solvent was briefly studied and the results are 
summarized in Table I. Donor solvents such as acetonitrile 
or nitromethane suppress the rate of exchange, as compared 
to solvents such as benzene or toluene. Presumably, any 
solvent coordination to C6H5PF3H prevents formation of the 
fluorine-bridged intermediate of eq 5. 

The Arrhenius plot for intermolecular exchange is shown 
in Figure 3 and AGS298 = 7 f 2 kcal/mol and E,  = 1 1 . 5  f 
0.2 kcal/mol. The plot is reasonably linear, with slight cur- 
vature at lower temperature. Both the intermolecular and the 
intramolecular rates decrease as the temperature is lowered, 
and the effect of the intramolecular process is taken into 
account by the method described in a previous section. 

Finally, it has been assumed so far that exchange does not 
involve the P-H bond in C6H5PF3H. This aspect was readily 
confirmed by observing the 31P N M R  spectrum, without 
proton decoupling, of a sample of C6HSPF3H wndergoing rapid 
pyridine-initiated intermolecular fluorine exchange which 
clearly showed retention of P-H coupling during the rapid 
fluorine-exchange process. This result also eliminates an 
alternative pathway of fluorine exchange in which the fluorine 
ligand is lost as HF. 
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