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Ion cyclotron resonance techniques are employed in the examination of the gas-phase reactions of PF3 and 0PF3 with anionic 
bases, including NH,, OH-, CH3CH20-, HNO-, HS-, SF6 , and SF5 , Evidence is presented which suggests that all reactions 
proceed by initial attack at phosphorus, with products resulting from decomposition of chemically activated intermediates. 
The energetics of intermediates inferred in these processes are related to the Lewis acidities of OPF3 and PF?. With fluoride 
ion as a reference base, OPF? is found to be more acidic than PF3, with D(OPF,-P) = 58.9 f 0.4 kcal/mol and D(PF,-F-) 
= 50 A 5 kcal/mol. 

Introduction 
Phosphorus, like other second-row elements, is capable of 

hypervalent bonding' as shown by the existence of pentavalent 
phosphoranes PR5  and phosphoryl compounds OPR3 in ad- 
dition to the expected trivalent phosphines PR3. Many studies 
of these compounds have focused on processes involving 
nucleophilic attack a t  phosphorus.',2a,b Both P(II1) and P(V) 
are susceptible to nucleophilic attack in solution. The reactions 
of tetracoordinate P(V) compounds, and phosphate esters in 
particular, have been examined more extensively because of 
their relationship to processes in biological  system^.^ 

A somewhat complex situation is suggested by mechanistic 
studies of nucleophilic substitution at  P(V). Isotopic exchange 
during hydrolysis of alkyl phosphoryl compounds by bases B- 
implicates the formation of pentavalent P(V) anionic inter- 
mediates (I).Is4 Similar experiments, with phosphorus bearing 

I R  
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B- + OPR3 - R-P< - OPR26 C R -  (1) 

8 
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more electronegative substituents (e.g., R = CH30, Cl), are 
consistent with a direct displacement mechanism through a 
transition state like I.IJ The inference of reaction mechanisms 
in these systems is complicated6 by the presence of two distinct 
ligand sites in the proposed intermediates, Analogous to PF5,7 
the intermediates are expected to have trigonal-bipyramidal 
structures, with a preference for axial binding of electro- 
negative substituents.' Structures and the mode of decom- 
position of reaction intermediates or transition states may thus 
be strongly moderated by the substituents on phosphorus. 

The possibility of the formation of a hypervalent tetraco- 
ordinated phosphorus anion as an intermediate in nucleophilic 
substitution at  phosphorus in tertiary phosphines (eq 2) has 
recently been considered by Kyba.* H e  observes that such 
processes occur with complete inversion at  phosphorus and do 
not allow for pseudorotation in potential intermediates (e.g., 
11). For all intents and purposes nucleophilic substitution a t  
P(I1I) is a classical SN2 process with no formation of an 
intermediate. 

* 

6- t PR3 - [ai<:] - PR2B t R -  (2) 

I1 

Recent ion cyclotron resonance (ICR) studies have con- 
sidered gas-phase reactions of anionic bases with fluorinated 
 alkene^,^ alkyl formates,'O and other halogenated carbony1s.l' 
Observed products a re  rationalized as the results of multi- 
ple-bond rearrangements and dissociation of chemically ac- 
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tivated anionic  intermediate^.^-'^ Often it is possible to 
separately study the energetics of the reaction intermediates 
in these processes. For example, the tetrahedral adduct ZJlI 
is formed in eq 3 by chloride transfer.12a 

9- 

I11 

In this laboratory we have extended our investigation$ of 
negative ion reaction mechanisms by examining the interaction 
of anions with phosphorus compounds. Preliminary studies 
of the reactions of strong bases with trimethyl phosphatea3 
indicate that reaction 4 is the major process with CD30-, Tbc 
CD,O- i OP(OCH,), -t O,P(OCH,),- + CH,OCI), (4) 

absence of deuterium incorporation into the ionic product in 
reaction 4 suggests that nucleophilic attack occurs a t  carbon 
rather than phosphorus. This somewhat surprising result is 
in contrast to solution reactions in which strong bases pref- 
erentially attack pho~phorus . '~  Furthermore, by analogy with 
the gas-phase reactions of fluoroalkyl silanes (Le., CH3SiF3) 
in mixtures with SF6,IS it was expected that F-transfer adducts 
could also be formed with phosphate esters by transfer from 
F donors, for example, eq 5 .  Formation of such adducts may 
SF,- + OP(OR), -+ OP(OR),F- t SF, (5) 

be important as a method of soft ionization useful in chemical 
ionization mass spectrometry.I6 All attempts to form F- 
adducts with phosphate and phosphite esters have failed." 
This suggests that these compounds are very weak Lewis acids. 

The above results provided the impetus for the present study 
in which we have examined the nucleophilic reactions of 
anionic bases, including NH2-, OH', CH3CH20-, "0-, and 
HS-, with OPF3 and PF3. The electronegative fluorine ligands 
should decrease electron density a t  phosphorus, significantly 
enhancing its susceptibility to nucleophilic attack. Similarly, 
the stability of fluoride adducts OPF4- and PF4- should be 
considerably greater compared to adducts of phosphorus esters. 
Experimental Section 

Experiments were performed using an ICR spectrometer built in 
this laboratory, incorporating a 15-in. magnet capable of observing 

, u p  to m / e  800. Instrumentation and experimental techniques of ICR 
spectroscopy have been described in detail previou~ly."~~~ Pressure 
was measured using a Schulz-Phelp ion gauge calibrated against a 
MKS Baratron Model 90441 capacitance manometer at  higher 
pressures. Pressure measurements are the major source of error 
(120%) in reaction rate constants. 

Negative ion trapping techniques have been described e1~ewhere.l~ 
In a typical trapped ion experiment, the precursor to the reagent base 
was admitted to the analyzer, followed by addition of one or two other 
compounds to be investigated. Independent pressure control allows 
for variation of the partial pressures of each component. Total 
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pressures normally were below 5 X Torr, to minimize ion loss. 
Reaction rate constants are determined from limiting slopes for the 
disappearance of reactant ions in semilog plots of the variation of ion 
abundance with time. 

Reactivity of ions in mixtures of neutrals may also be examined 
by observation of the variation of single-resonance ion intensities as 
a function of component partial pressure. Analytical methods for the 
calculation of reaction rates using ICR pressure studies have been 
described.*' 

The major ions produced by thermalized electron attachment in 
SF6 are SF; (95%) and SF< ( 5 % ) .  Both ions are unreactive toward 
SF6.21 In a similar manner, the alkoxide ion C2H50- is produced in 
CH3CH30N0.22 Primary ions CH,CHO- (17%) and HNO- (10%) 
are also formed by electron attachment. The only reaction product 
ion detected is NOT, which is formed on reaction of CH3CH20- with 
the precursor nitrite. This reaction is minimized by maintaining low 
partial pressure of nitrites. 

Reagent negative ions NHC. HO-, and HS- are formed in NH3, 
H20, and H2S, respecti~ely.~~.~~ Resonance electron capture processes 
(4.0-8.0 eV) initiate NHC and OH- formation. Near-zero energy 
electrons are required for formation of HS-. In all three cases, high 
pressures (- Torr) of precursor were necessary to produce reagent 
negative ion intensities adequate for study. Only drift-mode studies 
were performed in  these cases. 

Nitrites were prepared from CD30D and C2HSOH using standard 
methods.25 Both PF, and OPF? were obtained from PCR and purified 
by trap-to-trap vacuum distillation. All other compounds used in these 
studies were obtained from commercial sources and used without 
further purification except for repeated freeze-pump-- thaw cycles to 
remove noncondensable impurities. 

Results 
Negative Ions in OPF, and PF,. In OFP, at  low pressures 

( Torr) the negative ions 0- and F- and a small amount 
of OPF; have been observed in previous studies.26 These ions 
are formed by dissociative electron attachment processes, with 
resonance maxima between 10 and 15 eV electron energy. 
Similarly, the ions F, Fi-, PF-, and PFc have been produced 
in PF, at  electron energies above 10 eV.27 In both cases, cross 
sections for negative ion formation are small. With pressure, 
emission current, and electron energy conditions used in 
experiments described below, the negative ions noted above 
are not observed in samples of OPF, and PF,. 

In the case of OPF, a t  pressures above lo-' Torr the 
negative ion 02PF2- ( m / e  101) is observed with a resonance 
maxima for ion formation at  7.2 eV electron energy. No other 
ions are detected with increased pressure. This ion may result 
from a minor impurity. However, mass spectral analysis did 
not reveal the presence of other neutrals in the OPF, sample.28 

In mixtures of OPF, and PF, with both H20 and NH,, ions 
are produced which show no double resonance from OH- and 
NHy-. These ions (PF2- in PF, and OPF,- in OPF,) are 
formed only in the presence of the second neutral. Double- 
resonance results eliminate the possibility of ion generation 
from ion-molecule  reaction^.?^ Surface reactions2* or reactions 
on the electron filament3' are possible. Neither of these ions 
is included in the figures presented. 

Reactions of Nucleophiles with OPF,. Figure 1 presents the 
variation of normalized ion intensity as a function of OPF, 
pressure in a mixture with lo-' Torr NH,.  As NH2- ( m / e  
16) decreases, ions appear corresponding to HNOPFF ( m / e  
1\00) and N(OPF2)2- (mle 185). As noted above OPFT (m/e  
85) is also detected in this mixture. Since it is not formed by 
reaction of NH2-, it is not included in Figure 1. Double- 
resonance experiments indicate that NH2- is the precursor to 
both product ions and further that HNOPF2- reacts to form 
N(OPF2),. There is no indication that HNOPF2- and OPF2- 
are reactively coupled. Reactions 6 and 7 are consistent with 
these results. 
NH,' + OPF, - HNOPF,- 1. HF ( 6 )  
HNOPF,- + OPF, - N(OPF,),- + HI: (7 1 
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Figure 1. Variation of normalized negative ion intensity as a function 
of the partial pressure of OPF3 in a mixture with loM5 Torr NE13 at 
4.8 eV. 
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Figure 2. Temporal variation of normalized negative ion intensity 
in a mixture of CH3CH20N0 (1 .OO X lo-' Torr) and OPF3 (1.76 
X Torr) at 20.0 eV. 

Analogous nucleophilic reactions occur in mixtures of H 2 0  
(eq 8) and H2S (eq 9) with OPF,. Although, as noted above, 
OH- + OPF, --f O,PP,- + HI: (8) 
SH- + OPF, -+ OSPF,- + HI; (9) 

02PF2- is formed in OPF, alone, double resonance indicates 
that -30% of the observed 02PFi- is formed by reaction with 
OH-. Neither of the product ions reacts further with the 
neutrals present. Rates for reactions 6, 7 ,  and 9, determined 
from single-resonance pressure studies, are presented in Table 
I. Because of complications due to other sources of 02PF2-, 
a reaction rate for eq 8 could not be measured. 

Figure 2 presents the temporal variation of ion intensity as 
a function of reaction time in a mixture of C H 3 C H 2 0 N 0  (1 
X lo-' Torr) and OPF3 (1.76 X Torr). Product ions 
OPFy ( m / e  8 5 ) ,  O 2 P F ~  ( m / e  101), and C2H202PF< ( m / e  
127),' appear as a function of time. Double-resonance ex- 
periments confirm that CH,CH,O- reacts to produce 02PF2- 
(eq 10). At the low pressures of the trapped ion experiments 
and 20 eV electron energy, no 02PF2- is generated in OPF, 
alone. The complete disappearance of OPFi-  and C2H202PF; 
on double-resonance irradiation of HNO- and CH2CHO-, 
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Table I. Summary of Gas-Phase Nucleophilic 
Reactions of OPF, and PF, 

NH,- + OPF, --f 
NHOPF,- + HF 

NHOPF,- + OPF, -+ 

N(POF,),- + HF 
OH- + OPF, -+ 

O,PF,- + HF 
CH,CH,O- + OPF,-+ 

O,PF,- + CH,CH,F 
HNO- + OPF, -.+ 

OPF,- + HF t NO 
CH,CHO- t OPF, -+ 

C,H,O,PF,- + HF 
SH- t OPF, --f 

OSPF,- + HF 

NH,-+ P F , T  HF 
NHPF,- + 

LNPF- + 
2HF 

OH- + PF, + 

OPF,- ;HF 
CH,CH,O- t PF, --f 

HNO- t PF, -+ 

OPF,- + CH,CH,F 

NOPF,- + HF 
PI?,- + H20 -+ 

OPF,- + H, 

6 

7 

8 

10 

1 1  

12 

9 

13  

14 

15 

17 

18 

16  

16.5 

2.0 

11.6 

11.9 

5.0 

1.2 

7.9 

6.6 

5.6 

5.0 

20.6 

10.8 

20.0 

13.7 

15.7 

13.9 

15.4 

15.1 

14.8 

9.2 

11.8 

18.0 

0.80 

0.19 

0.85 

0.76 

0.36 

0.08 

0.96 

0.61 

0.42 

a Experimental rate is determined as noted in text; in units 
of 
is calculated using the average dipole orientation model equation 
km0 = [2ne/p”’][c~”’ + ~ p d ( 2 / n k r ) * / ~ ]  in which p i s  the re- 
duced mass of the ion-molecule collision pair, a is the polar- 
izability of the neutral, pd is the dipole moment of the neutral, 
and c is the constant estimated as noted in ref 36. Polarizabil- 
ities for OPF, and PF, are taken as 33.0 X 

cm3, respectively; see ref 41. Dipole moments for OPF, 
and PF, are taken as 1.74 and 1 .03  D, respectively, from R. R. 
C. Carlson and D. W. Meek, Inorg. Chem., 13, 1741 (1974). 
those oases where two reaction pathways occur, the total rate is 
compared to the ADO rate. 

respectively, indicate reactions 11 and 12. Rates for reactions 
10-12 as determined from trapping studies are listed in Table 
I. 
CH,CH,O- + OPF, -f O,PF,- + CH,CH,F (10) 
“ 0 -  + OPF, -+ OPF,- + HF + NO (11) 
CH,CHO- + OPF, -.+ C,H,O,PF,- + HF (1 2) 

Reactions of Nucleophiles with PF3. On addition of PF3 to 
1 X Torr NH3 a t  4.8 eV electron energy, ions detected 
a re  NH2- ( m / e  16), NPF- ( m / e  64), PF2- ( m / e  69), and 
HNPF2- ( m / e  84). As noted above, PF2- is not formed by 
reaction of NH;. Double-resonance experiments confirm that 
NH2- reacts to form both HNPF2- and N P F  as in eq 13 and 
14. No further reactions of these species are observed with 
the neutrals present. 

-c NPF- + 2HF (14) 
”,- + PF, 

Ions PF2- ( m / e  69) and OPF2- ( m / e  85) appear as PF3 is 
added to a sample of H20 (2 X Torr). Only the latter 
ion OPF2- is formed by reaction of PF3 with OH- (eq 15). 
Double resonance also indicates that PF, reacts to form OPF, 

OH- + PF, -+ OPF,- t HF (15) 

PF,- t H,O OPF,- + H, (16) 

The temporal variation of ion intensity in a mixture of 
C H 3 C H 2 0 N 0  (1.20 X low7 Torr) and PF3 (2.44 X Torr) 

cm3 mol-’ s-’. Rate, in units of  lo-’’ cm’ mol-’ s-’, 

and 29.0 X 

In 

HNPF,- + HF (13) 

(es  16). 
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Figure 3. Temporal variation of normalized negative ion intensity 
in a mixture of CH3CH20N0 (1.20 X lo-’ Torr) and PF3 (2.44 X 
lo-’ Torr) a t  20.0 eV. 
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Figure 4. Temporal variation of normalized negative ion intensity 
in a mixture of OPF3 (3.50 X lo-’ Torr) with a trace of SF6 a t  20.0 
eV. 

is presented in Figure 3. Product ions OPF2- ( m / e  85) and 
ONPF2- ( m / e  99) appear at  longer times. Reactions 17 and 
18 are  consistent with double-resonance experiments, 

CH,CH,O- + PF, + OPF,- + CH,CH,F 

“ 0 -  + PF, -+ ONPF,- + HF 

CH3CH20- and HNO- being the sole precursors of OPF, and 
NOPF2-, respectively. The ion CH,CHO- (m/e  43) is un- 
reactive in this mixture. Rates for reactions 13-1 8 are listed 
in Table I. 

Fluoride-Transfer Reactions and Lewis Acidity of OPF3. 
Figure 4 presents the temporal variation of normalized ion 
intensity in a mixture of 3.50 X lo-’ Torr OPF3 with a trace 
amount Torr) of SF6. Both primary ions SF6- ( m / e  
146) and SF5- ( m / e  127) decrease as a product ion OPF4- 
( m / e  123) appears. Double-resonance experiments link 
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Table 11. Fluoride Bond Strengthsa 

S. A. Sullivan and J. L. Beauchamp 

PF, >7lC SF, 54 i 12e 

(CH 3)2BF 61.8 HCN 47 * 3f 
OPF 58.9d SO, <45f 

BF, 7lC (CH,),SiF 50 * 10 
SiF4 68.0 PF, 50 * 5d 

(CH,),B 58.5 € 2  29 * 3.p 
(CH,),SiIZ 55.5 SF , 1 1  i 8e 

boron and silicon compounds are taken from ref 32 and 15,  re- 
spectively. J. C. Haartz and D. H. McDaniel, J. Am.  Chem. 
sclc., 95,  3562 (1973). Present study. e Reference 19. Ref- 
erence 35. Calculated using EA(F,) = 3.09 i 0.1 eV from W. A. 

a All values in kcal/mol at  298 K .  Binding energies of F- to  

Chupka, J. Berkowitz, and DJGutman, J. Chem. Phys., 5 5 ,  
2724 (1971). 

production of OPF,- directly to SF6- (eq 19). A slower F- 
transfer from SF5- also occurs (eq 20). 

SF,- + OPF, - OPF,- + SF, 

sF5- + OPF, -+ oPF,- + SF, 

Temporal variation of normalized ion intensity in a (1 : 1.9) 
mixture of OPF, and (CH3)3B is presented in Figure 5 .  Ions 
(CH3)3BF- ( m / e  75), (CHJ2BF2- ( m / e  79), OPF4- ( m / e  
123), and SF5- ( m / e  127) appear and increase as SF6- ( m / e  
146) decays with time. Reactions 21-23, in addition to re- 

(21) 

(22) 
(23) 

SF,- + (CH,),B 

SF,- + (CH,),B .+ (CH,),BF- + SF, 

actions 16 and 17, are consistent with observed double res- 
onance. Reactions 2 1-23 have been investigated p r e v i o ~ s l y . ~ ~  
At long times equilibrium fluoride transfer occurs between 
OPF4- and (CH3),BF- (eq 24). The equilibrium constant 
(CH,),BF- + OPF, + OPT,- t (CH,),B (24) 

(K,) for reaction 21 as written is determined to be 1.9 * 0.4. 
Ion ejection  technique^,,^ which allow measurement of the 
forward and reverse rate constants of reaction 24 (Table I) ,  
confirm this value for Keq. Entropy contributions will be 
negligible,34 so that AH = AG and D(OPF3-F-) - D- 
[(CH,),B-F-] = 0.38 f 0.14 kcal/mol. Using the estimated 
value D[(CH3),B-F-] = 58.5 * 0.4 kcal/mol (Table 11), 
D(OPF,-F-) is calculated as 58.9 f 0.4 kcal/mol. 

Table 111. Summary of Fluoride-Transfer Reactions 

(CH,),BF,- + SF, + CH, 

SF,- t (CH,),B + CH,F I- 

0.50 

0 200 400 600 800 1000 

T I M E  ( r n s e c )  

Figure 5. Temporal variation of normalized ion intensity in a mixture 
of OPF3 (2.3 X Torr) with a trace 
of SF6 a t  20.0 eV. 

Torr) and (CH3)3B (4.3 X 

In the mixture of (CH,),B and OPF,, fluoride transfer does 
not occur from (CH,),BF2- to OPF, (Figure 5 ) .  Further, 
(CH3),SiF3- produced in a mixture of (CH3),SiF2 and SF, 
by reaction 25 reacts with OPF3 to form OPF4- (eq 26). 
SF,- t (CH,),SiF, + (CH,),Sib,- + SF, (25) 
(CH,),SiF,- + OPF, --f OPF,- + (CH,),SiF, (26) 

These results indicate limits for the bond strength in OPF4-, 
61.8 > D(OPF,-F-) > 55.5 kcal/mol. consistent with the 
measured bond strength noted above. Rates for F--transfer 
reactions to OPF3 are summarized in Table 111. 

Fluoride-Transfer Reactions and Lewis Acidity of PF3. In 
Figure 6, the temporal variation of ion intensity in a mixture 
of 7.2 X Torr PF3 with a trace of SF6 is presented. As 
a function of reaction time, SF6- ( m / e  146) decays as SF5- 
( m / e  127) and PF4- (m/e 107) appear. Reactions 27 and 28 

0.94 
,--+ SF; + PF, 

sF6- + PF, jOo6 
L+ PF,- f SF, 

kexptll 
Reacn no.  kexptla kAmb  ADO' Thermochemical inference 

E s  

SF,- + OPF, -+ oPF,- + SF, 
SF,- + OPF, -+ OPF,' A SF, 

(CH3),BFZ- + SF, + CH, c SF,- + (CH,),B + CH,F 
SF,- + (CH,),B - 

SF,- + (CH,),B + (CH,),BF- t SF, 
(CH,),BF- + OPF, --* OPF,- + (CH,),B 
OPF,- + (CH,),B - (CH,),BF- + OPF, 
(CH,),SiI;,- t OPF,- OPF,- + (CH,),SiF, 

II: SF,- + PF4 
SF,- t PF, - 

PF,' + SF, 
F2- + PF, + PF; t F 
S0,P' t PF, --f PF,- t SO, 
PF,- + OPF, - OPF,- + PF, 
(CH,),SiT',- t PF,- + (CH,),SiT' 
FHCN- + PF, + PF,' + HCN 

19 3.1 9.8 0.32 
20 2.1 10.4 0.20 
21 1.4 

10.4 0.49 
22 3.7 
23 2.8 10.6 0.26 
24d 3.1 11.7 0.26 
24e 1.7 10.7 0.16 
26 2.87 10.4 0.27 
27 0.95 

D(SF s-F-) < D (OPF ,-F-) 
D(SF,-F-) < D(OPF,-F-) 

1 D(OPF,-F-) = 58.9 * 0.4 kcal/mol 

D [ (CH,) ,SiF ,+-) < D(OPF ,-I7-) 

31 f 
32 f 
33 f 
34 f 

D(SF,-F-) < D(PF,-F-) 
D(F-F-) <D(PF,-F-) 
D(SO,-F-) < D(PF,-F-) 
D(PF3-F) < D(oPF,-F-) 
D[(CH,),SiF-F-] < D(PF,-F-) 
D(CNH-F-) < D(PF,-F-) 

a Experimental rate is determined as noted in the text;  in units of cm3 rno1-l~'~.  In units IO-" cm3 mol'' s-'; calculated as noted 
m Table I. The Langevain rate equation is used for nonpolar molecules [kL= 2ne(a/p)"']; a[(CH,),B] was taken from ref 32. 
cases in which two reaction pathways occur, the total rate is compared to  the calculated rate. 
24, reverse direction. f Reaction observed at  thermal ion energies but rate not measured. 

In those 
Reaction 24, forward direction. e Reaction 
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Figure 6. Temporal variation of normalized ion intensity in a mixture 
of PF, (9.74 X lo-' Torr) with a trace of SF6 at 20.0 eV. 

are  confirmed by double-resonance experiments. The 
fluoride-transfer reaction 29 does not occur at  thermal ion 
SF,- + PF, -+ PF,- + SF, (29) 

energies but is effected by irradiating SFT in double-resonance 
experiments, suggesting that this process is endothermic. In 
mixtures of OPF3, PF,, and a trace of SF,, no PF, is observed, 
due to the competing and much faster process 19. 

Negative ions F ( m / e  19,60%), F2- ( m / e  38, 1 l%), and 
S02F- ( m / e  85, 29%) are generated by electron impact in 
moderate pressures ( 5  X lo-, Torr) of S02F2.19 In a mixture 
of PF3 with S02F2,  PF4- ( m / e  107) is produced by F transfer 
from F2- (eq 30) and S 0 2 F -  (eq 31). 

SO,F- + PF, -+ PF,- + SO, (31)  

On addition of OPF3 and PF3 to S02F2,  OPF, and PF4- 
can be observed. Double resonance confirms that F- transfer 
occurs only from PF4- to OPF3 (eq 32). In similar experi- 

F,- + PF, --+ PF,- + F (30) 

PF,' + OPF, -f OPF,- + PF, (32) 

ments using mixtures of S 0 2 F 2  with (CH3),SiF and HCN,  
F--transfer processes generate (CH3),SiF2- ( m / e  11 1)  and 
FHCN- ( m / e  46), respectively. Both of these ions transfer 
F- to PF3 (eq 33 and 34). An ordering of F- bond strengths 
(CH,),SiF,- + PF, -+ PF,- + (CH,),SiF (33) 
FHCN- t PF, --t PF,- + HCN (34) 

D(S02-F-) < D(NCH-F-) < D(PF3-F-) < D(SF4-F-) is 
consistent with these results. Although D(SO,-F-) and 
D(NCH-F) are not well-known, estimates35 lead to limits of 
45 < D(PF3-F)  < 54 kcal/mol. Fluoride-transfer reactions 
are summarized in Table II. 
Discussion 

Nucleophilic Reactivity. In Table I, rate constants for 
reactions of OPF3 and PF, with gas-phase bases are sum- 
marized. Experimental rates are compared to collision rates, 
calculated using the average dipole orientation (ADO) 
to account for the dipole moment of the neutral reactants. 
There is a general trend of increased rate with measured base 
strength. The low nucleophilic reactivity of HS- (compared 
to N H F  and OH-) has analogies in gas-phase studies of 
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Scheme I 
c -I* 

Iv i 

F F  
V 

r -i* 

L -I 

VI 
Scheme I1 

r F  r - 1" 

OPFC t HF 
L 

VI I VI11 

L 

Ix 
nucleophilic attack a t  carbon.'2b 

The reactions of OPF3 and PF3 with anionic bases can be 
described as the result of the decomposition of penta- and 
tetracoordinate intermediates. In the reaction of NH2- with 
OPF, (Scheme I) a pentacoordinate intermediate IV is 
proposed which dissociates by elimination of HF. The initial 
product HNOPF,- reacts further with OPF3 to form 
N(OPF2)2-, presumably a nitrogen-bridged anion (V). In 
contrast, the reaction of NH, with PF, results in two products 
HNPF2- and N P F  (Scheme I). The intermediate in this case, 
VI, also dissociates by elimination of HF.  The product 
HNPF2- may be formed with sufficient internal excitation for 
further decomposition to occur, leading to NPF-. While the 
proposed intermediates in Scheme I are helpful in visualizing 
the reaction processes, there is no experimental evidence to 
justify their representation as shown. Criteria for structuring 
five-coordinate intermediates are discussed elsewhere.2c 

In the present study, 02PF2-,  OSPF2-, and OPF2- do not 
react further with the neutrals examined. In solution these 
ions are weakly nucleophilic, displacing halides from phos- 
phoryl and carbonyl compounds.' Direct displacement of F 
in gas-phase ion-molecule reactions is often very slow ( k  x 

cm3 mol-' s-') and is not observed when these anions 
interact with OPF, or PF3.37 Futhermore, since these species 
do not possess H or alkyl groups to form an energetically 
favorable neutral leaving group ( H F  or RF), they are un- 
reactive in these systems. 

There are several interesting mechanistic possibilities for 
the reactions of HNO-  and OPF3 and PF3 (Scheme 11). In 
reactions with alkyl boranes, for example with (CH,),B (eq 
3 3 ,  HNO- acts as a hydride donor. With stronger acids such 
as HC02H,  an apparent proton transfer occurs3* (eq 36) with 
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“ 0 -  + (CH,),B - (CH,),BH- t NO (35) 
“ 0 -  + HCO,H -+ HC0,- t H, t NO (36) 

H2 and NO assumed to be the neutral products. Reaction 36 
could proceed as a proton transfer or by decomposition of a 
chemically activated hydride-transfer product [H2C02H-] *. 
In reaction of OPF3 and HNO-, proton transfer is impossible. 
The formation of an energetic hydride-transfer intermediate 
such as VI1 and VI11 in Scheme I1 is feasible, however. The 
intermediate VI11 may also be formed in reaction 15 of OH- 
with PF,. Either of these intermediates could decompose by 
elimination of HF.  The formation of ONPF2- by reaction of 
HNO- with PF3 suggests a more complicated process. Direct 
complexation of HNO- to PF3 as in intermediate IX in Scheme 
11, followed by elimination of HF,  is a possible pathway to the 
observed ionic product. Since the adducts VII-IX are not 
directly observed, there is no experimental evidence for their 
existence. 

Fluoride-Transfer Reactions and Lewis Acidities. Relative 
Lewis acidities are determined by measurement of the dis- 
sociation energies of acid-base complexes, such as R3B-NR3. 
A wide range of such complexes are formed with PFs acting 
as an acid. Trivalent phosphorus(II1) compounds are generally 
considered as electron donors, but weakly bound complexes 
of PF3 with tertiary amines have been reported.39 Previously, 
OPF, has been observed to behave only as a base, with bonding 
through oxygen.40 A comparison of the relative abilities of 
OPF3, PF3, and PF5 to bind F- is seen in their reaction with 
CsF in solution.41 With PF,, the salt Cs+PF6- is readily 
produced on treatment of PF5 with CsF. The species 
Cs+OPF4- and Cs+PF4- have not been observed under similar 
conditions with OFP3 and PF3. In these cases, more com- 
plicated reactions occur to form the more stable Cs+PF6- (eq 
37) and Cs+02PF2- (eq 38). These solution results indicate 
5PF3 t 3CsF -+ 3Cs‘PF,- t 2P (37) 
20PT3 t 2CsF -+ Cs’O,PF,- t Cs*PF,- (38) 

that Lewis acidity should decrease in the order PF5 >> PF3 
> OPF3. 

Gas-phase Lewis acidities toward F, as measured using ICR 
techniques, decrease in the somewhat different order PFS > 
OPF3 > PF3 (Table III).42 The susceptibility of OPF3 to 
nucleophilic attack is strong evidence that OPF3 acts as an 
electron acceptor, consistent with the present results. Kinetic 
instability rather than thermodynamic instability may prevent 
the observation of base complexes with OPF3 in solution. 
Alternatively, differential solvation effects may cause the 
inversion of acidities in solution. 

The relative acidities of PF5, OPF3, and PF3 toward F- as 
a reference base reflect the decreasing electron density at  
phosphorus. The ordering observed in this study parallels the 
increase in Lewis acidities of fluorinated methylsilanes with 
increased number of fluorine ligands: (CH3)3SiF < (C- 
H3)$iF2 < CH3SiF31S (Table 11). The failure to observe F- 
adduct formation with alkyl phosphate esters and the pre- 
dominance of nucleophilic attack at  carbon in these compounds 
is then consistent with the lower electronegativity of alkoxide 
groups compared to that of fluorine. These results suggest 
that fluorinated phosphate esters (i.e., OPF(OCH,)2) may have 
moderate gas-phase Lewis acidities toward F- as a base. If 
this is true, anionic fluorine transfer will be a useful method 
for chemical ionization detection16 of these compounds.43 

In conclusion, anionic nucleophilic attack on OPF3 and PF3 
occurs at  phosphorus with anionic products being the result 
of HF elimination from tetra- and pentacoordinated inter- 
mediates. Reaction is enhanced with increased basicity of the 
attacking anion. This is in contrast to the reactivity of alkyl 
phosphate esters, in which anionic attack occurs preferentially 
at  carbon. Fluoride-transfer reactions suggest that OPF, and 
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PF, are considerably stronger Lewis acids than phosphorus 
esters. Both of these differences appear to be a consequence 
of the decreased electron density at phosphorus in OPF, and 
PF3 which is imposed by the electronegative fluorine ligands. 

Finally, reaction 27 deserves special comment. The bond 
dissociation energy D(SF,--F) is low, 11 kcal/mol (Table 11). 
The bond dissociation energy D(PF,-F) is probably sub- 
stantially higher (the average of the first two P-F bond en- 
ergies in PF5 is 90 kcal/mol), making reaction 27 quite 
exothermic. Since SFS does not react with PF,, this mixture 
of gases can be utilized to generate the reagent ion SF5- for 
use in negative ion chemical ionization experiments. This 
avoids some of the more complex processes (e.g., reaction 21) 
which occur when SF6- is present in abundance. 
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Using monochromatized AI Ka radiation, we have made a detailed gas-phase ESCA study of the valence levels and Xe 
3d and 4d core levels in XeF, and XeF4 The valence band peaks have been assigned to the molecular orbitals previously 
calculated. Several previous experimental and theoretical assignments are shown to be incorrect. Agreement is generally 
good between our observed positions and intensities and the calculated values. The observed broadening of the compound 
Xe 3d and 4d peaks (relative to the corresponding Xe gas peaks) is shown to be due to the C? asymmetry term in  the 
ligand field expansion. The broadening of the 4d levels of 0.12 f 0.02 eV (XeF,) and 0.19 f 0.02 eV (XeF,) leads to 
a 4d3/, splitting of 0.33 f 0.04 eV (XeFJ and 0.40 i 0.04 eV (XeF4). These values are in excellent agreement with the 
d3I2 splittings derived in previous absorption studies. The derived C,’ terms [+0.041 f 0.004 eV (XeF,) and -0.045 f 
0.004 eV (XeF4)] are also in excellent agreement with those previously determined. The average 3d broadening of 0.06 
f 0.02 eV for the two compounds leads to a 3d3/2 splitting of 0.18 f 0.06 eV and a IC201 value of 0.021 i 0.006 eV. These 
are in good agreement with the normalized theoretical values. The anomalous electron spectrum in the 4s-4p range was 
found to change upon fluoridization. Similar effects are seen when the nuclear charge is changed and can be qualitatively 
explained in terms of the energy difference between doubly ionized states and the unperturbed 4p hole state. 

Introduction 
Several recent papers have reported gas-phase ESCA’ and 

UV (He  I and H e  11) p h o t ~ e l e c t r o n ~ , ~  spectra of the xenon 
fluorides. In addition, there has been considerable interest in 
the absorption spectra of these  compound^.^,^ An ab initio SCF 
MO calculation’ has been useful for assigning parts of the 
valence band ~ p e c t r a ~ , ~  and for calculating the observedS ligand 
field splitting of the Xe 4d levels in XeFz and XeF4. 

However, a number of ambiguities still exist in the valence 
band assignments, and the valence levels above 18 eV binding 
energy have not been observed and/or unambiguously as- 
signed. There is also confusion about the role of ligand field 
splitting on core levels in these and other spectra. Ligand field 
broadening and splitting,s due to the asymmetry crystal field 
term Czo, has been observed recently in the photoelectron 
spectra of Sn and Cd 4d levelsG9 A similar Xe 4d splitting was 
also reported in the absorption studies of XeF2 and XeF4.5 
However, Carroll et a1.2b ruled out ligand field splitting of the 
Xe 3d lines as being unimportant in 3d line broadening. In 
contrast, Basch’s ca lc~la t ions ,~  Gupta and Sen’s calculations,* 
and previous experimental results on Sn compounds1° indicated 
that the 3d ligand field splitting should approach half of the 
4d ligand field splitting. 

In addition to the above xenon fluoride results, there have 
been recent ESCA studies of the interesting 4p region of the 
xenon gas spectrum.”J2 The apparent absence of the 4p1/2 
peak is due to configuration interaction of 4ds5s25p6nl states 
with the 4p single hole state. The nature of this 4p spectrum 
should change appreciably with the number of F ligands. 

W e  have undertaken a high-resolution ESCA study of the 
3d, 4d, and valence band levels of XeFz and XeF4 with three 
objectives: to clear up the ambiguities in the assignment of 
the valence levels, to measure accurately the ligand field 
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broadening of both the 3d and 4d Xe core levels, and to 
examine changes in the 4p structure. We also derive cross 
section ratios which are compared with current theoretical 
values and comment on differences in chemical shifts for the 
3d and 4d orbitals. 
Experimental Section 

The gas-phase spectra of XeF2 and XeF4 were recorded using the 
electrostatic ESCA instr~ment,’~ which incorporates a fine-focusing 
monochromatized AI Ka x-ray source and multidetection system. The 
compounds were purchased from L’Air Liquid in France, and 
high-purity Xe gas was used as reference. To prevent extensive 
decomposition of the fluorides, all handling of the compounds was 
done in an Ar-filled drybag, and all inlet parts of the spectrometer 
were coated with Teflon spray. In this way, we were able to obtain 
spectra of the fluorides free of the decomposition products in a 
relatively short time. The intense 3d core levels were often monitored 
during the accumulation of the valence band spectra to ensure that 
no decomposition to Xe gas was occurring. For the Xe 3d and 4d 
line width studies, we ran spectra of xenon gas and the compound 
simultaneously. A number of high-quality spectra were accumulated 
for these core levels to provide good statistical data. 

The spectra were computer fitted using standard iterative methods 
to Gaussian and/or Gauss-Lorentz combination functions. When 
Gauss-Lorentz functions were used for the core levels, statistically 
acceptable x2 values (the sum of the squares of the deviations from 
the best fit divided by the variances) were obtained. For example, 
for the XeF, (and Xe) 4d spectra, xz values of - 150 ( N 130 degrees 
of freedom) were obtained. 
Results and Discussion 

Valence Band Spectra. The valence band region of the XeF2 
and XeF, electron spectra is illustrated in Figure 1. As- 
signments, binding energies, and intensity data are given in 
Table I. The theoretical binding enegies in Table I are 0.92 
times the calculated orbital energies, a figure found 
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