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Introduction 

There is evidence for the intermediacy of charged species 
in many chemical transformations.2 Accordingly, reactivity 
is often explained in terms of the thermodynamic stabilities 
and charge distributions of such intermediates. In solution, the 
medium of most ionic reactions, these properties are strongly 
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moderated by solvation. Studies of gas phase ionic reactions 
allow a correlation between intrinsic molecular properties and 
reactivity. Ion cyclotron resonance spectroscopy (ICR) is well 
suited for such investigations. 

Recently we examined gas phase reactions of fluoroethanes 
with strong bases such as N H 2

- , O H - , F - , and R O - (R = 
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Abstract: Ion cyclotron resonance spectroscopy (ICR) has been used to examine reactions of fluoroethylenes with strong bases 
in the gas phase. Observed reaction types include proton transfer, elimination, and nucleophilic attack leading to substitution 
and elimination. The latter yields enolate anions as ionic products. Product distributions are determined for reactions of fluo
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Figure 1. Variation of normalized ion intensity in a mixture of CD3ONO 
(2 X 1O-6 Torr) and CF2CH2, as a function of olefin pressure. 

alkyl).3'4 A competition between proton transfer (eq 1) and 
elimination of HF (eq 2) results from decomposition of the 

CD3O
- + CFH2CH3 

"CD3O" 

U 
CFH2CH2" + CD3OH (1) 

CD3OHF" + CH2CH2 (2) 

chemically activated intermediate I formed by interaction of 
base with an acidic hydrogen of the fluoroethane. Product 
distributions are determined largely by relative acidities of the 
fluoroethanes and the conjugate acids of the reactant bases. 
Elimination becomes more important as attacking base 
strength decreases. The process leading to elimination (eq 2) 
is rendered exothermic by hydrogen bond formation between 
the alcohol and F - . This bond strength increases as acidity of 
the alcohol increases.5 

In a study of reactivity of alkoxide anions with fluorinated 
benzenes in the gas phase,6 proton transfer products as well as 
fluorinated phenoxide ions (e.g., eq 3) were observed. The 

CH3O" + C6F6 

F""+ C6F6OCH3-J 

C6F5O" + CH3F (3) 

II 
latter reaction is apparently initiated by nucleophilic attack 
of base at carbon as in II. The observation of the same ionic 
product CeF 5 O - from reaction of F - with pentafluoroanisole7 

(eq 3) suggests that II is intermediate in both instances. 
The present report details a study of reactivity of strong 

bases with fluoroethylenes. In addition to expected proton 
transfer and elimination reactions, processes analogous to 
reaction 3 are observed, resulting in formation of fluoroenolate 
anions as indicated in eq 4 for reaction of C H 3 O " with 
CF2CH2 . 

"O. H 
CD3O + CF2CH2 

. X H 

Experimental Section 

Experiments were performed using an ICR spectrometer, built in 
this laboratory, incorporating a 15-in. magnet. Instrumentation and 
techniques of ICR have been detailed elsewhere.8 

Product distributions were obtained from drift mode experiments,9 

in which precursors of reagent bases were admitted to the analyzer 
and maintained at constant pressure (~10 -6 Torr). This was followed 
by addition of fluoroethylene through another inlet. Ion intensities 
were then measured as a function of olefin pressure, which was varied 
between 1O-6 and 1O-4 Torr. Reported product distributions were 
measured at ~10 - 4 Torr. 

Relative acidities were determined using double resonance tech
niques,10 which indicate the preferred direction of proton transfer. 
In these experiments the two neutrals to be compared and precursors 
of the reagent ions were admitted through three inlets with indepen
dent pressure control. 

Trapped ion techniques1' were used to determine reaction rates of 
the alkoxide ions with CF2CF2. The total pressure typically employed 
is 3 X 1O-6 Torr. Alkoxide ions were produced from alkyl nitrites12 

by attachment of thermalized trapped electrons provided by impact 
of a 70-eV electron beam. Fluoride ion was similarly generated from 
NF3. Since alkoxides react with the precursor nitrite,3'4 the ratio of 
nitrite to CF2CF2 was kept low to minimize interfering reactions. 
Because of simultaneous production of HNO - and CHsO-, both m/e 
31, from CH3ONO, CD3ONO is employed to avoid attributing re
actions of HNO - to CH3O - . 

Pressure measurements were made using a Schulz-Phelps ion 
gauge, calibrated against an MKS baratron Model 90Hl-E capaci
tance manometer at higher pressures. Alkyl nitrites may be pyrolyzed 
on the heated gauge filament.13 To minimize decomposition, the ion 
gauge was turned off and allowed to cool before spectra were 
taken. 

Alkyl nitrites were prepared using standard methods.14 All halo-
genated ethylenes except CFHCH2 and CF2CH2 (Matheson) were 
obtained from PCR. Noncondensable impurities were removed by 
repeated freeze-pump-thaw cycles. Purities were found to be ac
ceptable by mass spectral analysis. The isomeric purity and identities 
of the difluoroethylenes were checked by GLC analysis and 1H 

Results 

General Reactivity of Fluoroethylenes and Alkoxide Ions. 
Reactions of fluoroolefins with alkoxide ions are exemplified 
by considering the reactions of CF 2 CH 2 with CD3O". As 
CF 2CH 2 is added to CD3ONO, the ions F " (m/e 19), 
CD 3 OHF- {m/e 54), CH 2 CFO" (m/e 61), and C F 2 C H - (m/e 
63) appear as the intensity of C D 3 O - (m/e 34) decreases 
(Figure 1). Double resonance indicates that C D 3 O - is the sole 
precursor of all product ions, suggesting reactions 5-8, where 
neutral products are assumed. 

0.09 

CF2CH2 + CD3O" — 

0.30 

0.08 

0.53 

+ CFD3 (4) 

CD3OH + CF2CH- (5) 

CFCH +CD2OHF" (6) 

CD3OH + CFCH + F" (7) 

CFD3 + CH2CFO" (8) 

Reactions 5 and 6 correspond to proton transfer and elimi
nation of HF, respectively. The production of F - is shown as 
an elimination in reaction 7. Another possible neutral product, 
CD3OCFCH2 , would be the result of a substitution mecha
nism.3,4 Reaction 8 can be described as nucleophilic addition 
followed by loss of methyl fluoride. No further reactions of any 
product ions were observed. Product distributions for reactions 
of fluoroethylenes with CD 3 O - , C H 3 C H 2 O - , (CH 3 ) 2 CHO - , 
(CH 3 ) 3 CO - , and F - are presented in Table I. A qualitative 
measure of relative rates is given in Table I as the conversion 
of ionic reactants to observed products at 1O -4 Torr. 

Only 20% conversion to products is observed in reaction of 
C D 3 O - which CFHCH 2 , which does not react at all with 
weaker bases. All bases except CD 3 O" react with CF 2 CH 2 

exclusively by nucleophilic addition. With m - C F H C F H 
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Fluoroethylene 

CFHCH 2 

CF 2CH 2 

m - C F H C F H 

trans-CFHCFH 

CF2CFH 

Base* 

C D 3 0 - e 

C H 3 C H 2 O -

(CHj ) 2 CHO-
C D 3 0 - f 

C H 3 C H 2 O -
(CHj ) 2 CHO-
(CH 3 ) 3 CO-
F-
C D 3 O -
C H 3 C H 2 O -
(CH 3 J 2 CHO-
(CH 3 J 3 CO-
F-
C D 3 O -
CH 3 CH 2 O" 
(CH 3 ) 2 CHO-
(CH 3 ) 3 CO-
F-
C D 3 O -
C H 3 C H 2 O -
(CH 3 ) 2 CHO-
(CH 3 ) 3 CO-
F-

Double 
resonancec 

+ 

+ 

+ 
-
+ 
+ 

+ 
-
+ 
+ 
+ 
+ 
-
-
-
-
+ 

Proton 
transfer 

0.12 
No reaction 
No reaction 

0.09 

1.00 
1.00 
0.71 
0.33 

0.14 
I.OO 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

Elim
ination 

0.81 

0.33 

0.18 
0.51 
1.00 
0.86 

Nucleophilic 
addition 

0.53 
1.00 
1.00 
1.00 

0.11 
0.16 

% 
convrn^ 

20 

52 
14 
19 
5 
3 

70 
45 
15 
3 

18 
78 
24 
8 
4 

11 
78 
85 
70 
78 
33 

" Product ion abundance normalized to 1.00. * Bases listed in order of decreasing base strength. CD3O
- was used to avoid interference from 

HNO" (see text). c The sign of double resonance for the proton transfer reactions is indicated by + and - , indicating rates which increase 
and decrease, respectively, with increasing reactant ion kinetic energy. d Percent conversion of reactants to products, at 10-4 Torr. " F - was 
observed as a minor product in reaction of CD3O

-- with CFHCH2 (0.07) and CF2CH2 (0.05). 

proton transfer occurs in competition with elimination of HF 
and to a lesser extent nucleophilic addition. In contrast, 
CF2CFH and trans-CFHCFH react only by proton trans
fer. 

Acidities of Fluoroethylenes. Relative acidities of the fluo
roolefins are presented in Table II. The order of acidities, which 
is determined by double resonance experiments in mixtures of 
olefins and alcohols is H2O < CFHCH2 < CF2CH2 < 
CH3OH < C M - C F H C F H , trans-CFHCFH < CH3CH2OH 
< (CH3)3COH < CF2CFH < HF. This ordering of relative 
acidities predicts that certain of the observed proton transfer 
reactions, summarized in Table I, are endothermic. In all cases 
in which proton transfer reactions are predicted to be endo
thermic, an increase in product ion intensity is observed on an 
increase in reactant ion kinetic energy (positive double reso
nance8'10). In contrast, all other reactions observed in these 
systems show negative double resonance signals, indicating rate 
constants which decrease with increasing ion kinetic energy. 
For example, (CHs)3CO-, generated from the alkyl nitrite, 
reacts with trans-CFHCFH by proton transfer. In a mixture 
of CD3ONO, (CHj)3COH, and trans-CFHCFH, in which 
(CH3)3CO- and trans-CFHCF~ are formed by reaction with 
CD3O -, trans-CFHCF~ reacts with (CH3)3COH by proton 
transfer with no reverse reaction of (CH3)3CO - with trans-
CFHCFH observed. In this case reaction is indicated by a 
decrease in (CH3)3CO - ion intensity as the kinetic energy of 
trans-CFHCF~ is increased. It appears that alkoxides and F -

generated from alkyl nitrites and NF3, respectively, retain 
excess energy,16 which is not effectively quenched in non-
reactive collisions17 with the neutrals present. 

Nucleophilic Substitution Reactions of Perhalogenated 
Olefins with Alkoxide Ions. Alkoxide ions react with CF2CF2 
only by nucleophilic substitution as in eq 9. Rates of these re
actions are measured and presented in Table III along with 
calculated Langevin rates.8,18 Reaction rates increase in the 
order CD3O - < CH3CH2O - < (CH3)2CHO-, with the re
action of (CH3)2CHO_ proceeding at approximately the 

calculated collision rate. This trend does not continue 
for (CH3)3CO-, which reacts somewhat slower than 
(CH3)2CHO-. 

RO - + CF2CF2 ->• CF2CFO - + RF (9) 

R = CD3, CH3CH2, (CH3)2CH, (CHj)3C 

To further examine the mechanism of nucleophilic addition 
and determine if loss of RCl and RBr compete with loss of RF, 
a series of perhalogenated olefins were examined including 
CF2CFCl (eq 10), CF2CCl2 (eq 11), cis/trans mixture of 
CFClCFCl (eq 12), and CF2CFBr (eq 13). Loss of X - (X = 

CF2CFCl + CD3O - — CFClCFO- + CD3F (10) 

CF2CCl2 + CD3O - — CCl2CFO- + CD3F (11) 

CFClCFCl + CD3O - — CFClCClO- + CD3F (12) 

CF2CFBr + CD3O - — CFBrCFO- + CD3F (13) 

F, Cl, Br), resulting from simple nucleophilic substitution, is 
expected to be more favorable for Cl and Br compounds.19 All 
of these compounds react with CD3O - to produce only enolate 
anions, resulting as noted from loss of CD3F in eq 10-13. No 
reaction is observed with CCl2CCl2. 

Discussion 
The position and number of substituent fluorines determines 

the reactivity of fluoroolefins. Base attack at the two favorable 
sites, which are the most acidic hydrogen or the more elec
tropositive olefinic carbon, appears to be affected differently 
by substitution. By relating patterns of reactivity to the mode 
of fluorine substitution, it may be possible to define the stabi
lizing effect of F in anions and radicals and begin to understand 
mechanisms of these ion-molecule reactions. 

Nucleophilic Substitution. It is known that fluoroethylenes 
are susceptible to nucleophilic attack in solution.20-22 The 
observed products can be explained by the dissociation (eq 14) 
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Table II. Acidities of Fluoroethylenes" Table III. Rates for Reaction 9 of Alkoxide Ions with CF2CF2 

BH PA(B-)* 

H2O 
CFHCH2, CF2CH2 
CH3OH 
c/s-CFHCFH, trans-CFHCFH 
CH3CH2OH 
CFH2CH3, CF2HCH3, CF3CH3 

(CH3J2CHOH 
(CH3J3COH 
CF2HCFH2 

CF2HCF2H, CF3CFH2 

CF2CFH 
CF3CF2H 
HF 

390.6 ± 1.0C 

380rf 

378.3 ±0.8 
377* 
375.4 ±0.7 

373.5 ±0.7 
372.7 ±0.6 
372 
372 
372 
372 
371.3 ±0.5C 

" The proton affinity (PA) of B - is defined as the enthalpy for re
action BH —• B - + H+. The acidity of BH increases as PA(B-) de
creases. * All values in kcal/mol at 298 K. The proton affinities of the 
alkoxides are from R. T. Mclver and J. S. Miller, J. Am. Chem. Soc, 
96, 4323 (1974), with corrections to the original values from J. S. 
Miller, private communication. The ordering of fluoroethyl carbanions 
is taken from ref 3. Proton affinities of fluorovinyl carbanions are 
estimates based on the relative acidities of fluoroethylenes to alcohols 
and fluoroethanes (see text). c Calculated using thermochemical data 
from ref 27. The AZZf(F-) has been corrected for a revised EA(F-) 
= 3.398 ± 0.002 eV, from R. Milstein and R. S. Berry, J. Chem. 
Phys., 55, 4146 (1971). d The observation of proton transfer from 
CFHCH2 and CF2H2 to CD3O-, which is generated from CD3ONO, 
suggests that the proton affinities of corresponding fluorovinyl carb
anions are at most ~2-3 kcal/mol higher than PA(CH3O-). e The 
ordering of these compounds has not been established. 

C6H5O
- + CF2CF2 

C6H6O 

F F 

III 

+H+ 

-F" 

C6H5OCF2CHF2 (14) 

C6H5OCF=CF2 (15) 

or further reaction (eq 15) of an intermediate anion formed 
as in II for the reaction C F 2 = C F 2 with C6H5O - .21 The in-
termediacy of such anions is suggested by the parallel between 
reactivity and expected stability of the intermediate. In general, 
fluorinated olefins are more reactive toward nucleophiles than 
other halogenated olefins in solution. Attack occurs at the more 
electropositive carbon, which in most cases is a geminal di-
fluoro carbon. Gas phase nucleophilic reactions of alkoxides 
with fluoroolefins resemble solution reactions. Products result 
from the rearrangement (eq 9) of intermediate anions similar 
to III. Preferential attack at the geminal difluoro group is 
suggested by the relative reactivities of difluoroethanes 
(CF2CH2 > m-CFHCFH > rrans-CFHCFH). The increased 
lability of the proton and the increase in the C-F bond strength 
explain the absence of nucleophilic reaction with CF2CFH. 
Surprisingly, direct nucleophilic substitution, production of 
F - , C l - , and Br - , does not compete with the rearrangement 
and loss of RF for any perhalogenated olefins examined. 

For bases other than C D 3 O - , there are two reasonable re
arrangements of the intermediate leading to identical ionic 
products with different neutral products as in eq 16 (six-center 
rearrangement) and eq 17 (four-center rearrangement) for 
CF2CF2 with C H 3 C H 2 O - . Reaction 17 is more exothermic 
than reaction 16 by the AZ/ of elimination of HF from 
CFH 2 CH 3 (12.5 kcal/mol).23 However, a six-center rear
rangement is likely to be more facile and has been suggested 
by rate measurements for the similar reactions of F - with alkyl 
formates, for example, eq 18 with ethyl formate.24 In these 
experiments a rate increase was seen as a function of the 
number of /3 hydrogens in the alkyl formate. Significantly, in 

Alkoxide 

CD3O -

CH3CH2O -

CD3CH2O-

(CHj)2CHO-
(CH3)3CO-

Experimental 
rate (K6)X 10'° 
cm3 mol-1 s - ' 

1.02 ±0.22 
2.72 ±0.36 
2.87 ±0.54 
7.51 ±0.20 
2.93 ±0.29 

Collision rate 
(kc)"X 1010 

cm3 mol-1 s_1 

9.52 
8.61 
8.42 
7.87 
7.38 

kt/k 

0.11 
0.32 
0.34 
0.95 
0.40 

" The collision rate, kc, is calculated using kc = 2ire(a/^)'/2, where 
a is the polarizability of the neutral molecule and n the reduced mass 
of reaction ion-molecule pair. A calculated value of 41.99 X 10 -25 

cm3 was used for a(CF2CF2) from E. R. Lippincott, G. Nagarajan, 
and J. M. Stutman, J. Phys. Chem., 70, 78 (1966). 

CF2CF, + CH3CH2O — 

• C-C ^4CH2 

F* 0"-CH2 

CF2CFO" + CH2CH2 + HF (16) 

\ A A-. 
C—C> CH9CH3 

r b' 

F" + HCOCH2CH3 

F'<S>0 

" H).p£cH2 

/ \ 
H H 

CF2CFO- + CFH2CH3 (17) 

HCO2" + CH2CH2 + HF 

(18) 

the case of reaction 9, rate increases with increasing number 
of /3 hydrogens as expected for a six-center rearrangement. 
However, the rate of reaction of (CH 3 )3CO - with 9 /3 hydro
gens drops sharply from that of (CHs) 2 CHO - . In varying the 
number of /3 hydrogens by changing the alkyl group of the base, 
the base strength and size of the reactant is also changed. Both 
of these factors can influence reaction rate. The observation 
of significant reaction with CD3O - necessitates a four-center 
rearrangement mechanism. The rate determinations suggest 
that for higher alkyl substitution both mechanisms may 
occur. 

Proton Transfer. The acidities of fluoroolefins have been 
compared to those of the fluoroethanes and alcohols in Table 
II. Substitution of F in CH 2 CH 2 results in >24 kcal/mol in
crease in acidity for CFHCH 2 compared to CH2CH2 .2 5 Fur
ther F substitution increases acidity only slightly, with a range 
of 10 kcal/mol for all fluoroethylenes. Similarly, substitution 
of one F in CH 3CH 3 has the largest effect on acidity, with the 
range of proton affinities for all fluoroethyl anions being ~ 4 
kcal/mol. 

The proton affinity of an anion (B - ) is related to the 
homolytic bond energy Z)(BH) and the electron affinity 
EA(B -) by eq 19 in which the ionization potential of H, IP(H) 

PA(B - ) = Z)(B-H) - EA(B - ) + IP(H) (19) 

= 313.6 kcal/mol. Relative proton affinities or acidities are 
the result of differences in bond strength and electron affinity, 
which reflect the stability of the radical B and the anion B - , 
respectively. A weaker C-H bond strength and a higher elec
tron affinity indicate increased stability of the radical and ion, 
respectively. The small differences in acidities of fluoroethanes 
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Table IV. Hydrogen Bond Strength in BHF - " 

J (BH-F- ) limits6 Z)(B--HF) limits'1 

BH 

H2O^ 
CH3OH 
CH3CH2OH 
(CH3)2CHOH 
(CH3)3COH 
HF 

Lower 

17 
30 
32 
33 
34 
44 

Upper 

26 
39 
41 
42 
43 
50 

Lower 

35.7 
37 
36.1 
35.2 
35.4 
44 

Upper 

44.7 
46 
45 
44.2 
44.4 
50 

" Bond strengths in kcal/mol at 298 K. * Limits from ref 3. c Cal
culated using Z)(B --HF) = D(BH-F") + PA(B") - P A ( F - ) with 
proton affinities from Table II. d Experimental values OfZ)(H2O-F-) 
= 23 kcal/mol and Z)(HF-OH-) = 44 kcal/mol are reported in ref 
5. 

appear to result from comparable but opposing changes in 
stabilities of both radicals and anions. For fluoroethanes, only 
Z)(CF3CH2-H) = 106.7 ± 1.1 kcal/mol and Z)(CF3CF2-H) 
= 103.0 ± 1.0 kcal/mol are available. Using the proton af
finities in Table II, EA(CF 3 CH 2

- ) is estimated to be 1.7 
kcal/mol higher than EA(CF 3 CF 2

- ) . Fluoroethylenes are 
generally less acidic than fluoroethanes, with PA(CFHCH - ) 
6 kcal/mol greater than PA(CFH 2CH 2

- ) . Using hybridization 
arguments, the C-H bond in CFHCH 2 is expected to be 
stronger than the C-H bond in CFH2CH3 . An estimate of this 
difference is 10 kcal/mol [Z)(CH2CH-H) - Z)(CH3CH2-
H)].23 Again small changes both in radical and anion stabilities 
affect acidity. Unfortunately, bond strengths and electron 
affinities for fluoroethylenes and the other fluoroethanes are 
not known, making quantitative comparisons of the stabilizing 
effects of F in radicals and carbanions impossible at this 
time. 

Elimination. Elimination of HF from fluoroethylenes by 
alkoxides and F - results in formation of proton bound dimers 
R O H F - (R = alkyl) and F H F - . Hydrogen bond strengths in 
these species have been estimated previously (Table IV). The 
heat of elimination of HF from each fluoroolefin has been 
determined from available thermochemical data and sum
marized in Table V. It should be noted that heats of formation 
of fluoroacetylenes, as well as several of the fluoroethylenes, 
are not well known. Comparison of the heats of elimination to 
the strength of the bond between HF and the base indicates 
that elimination of H F should be exothermic for all of the bases 
reacting with CFHCH 2 . Considering the uncertainties in the 
thermochemical data, the difluoroolefins might all be expected 
to eliminate HF in these reactions. Elimination occurs from 
all olefins except CF2CFH and ?ra«s-CFHCFH, which both 
react only by proton transfer. If it is assumed that the absence 
of elimination from CF2CFH is due to the endothermicity of 
the process, a lower limit of 1.6 kcal/mol can be set for the heat 
of formation of CFCF. This can be compared to experimental27 

and calculated28 values of 5 ± 15 and —30.5 kcal/mol. The 
observation of elimination from CF 2CH 2 sets an upper limit 
of 28 kcal/mol on the heat of formation of CFCH. This com
pares with experimental27 and calculated28 values of 30 ± 15 
and 16.1 kcal/mol. 

The surprising difference in reactivity of cw-CFHCFH and 
trans-CFHCFH cannot be rationalized on the basis of the 
thermochemistry of the reactants. The identities and purities 
of these olefins were carefully checked. In addition, the marked 
variation in reactivities of the two compounds precludes 
isomerization on the surfaces within the analyzer. The reac
tivity pattern suggests some fundamental difference in the 
interaction of m - C F H C F H and trans-CFHCFH with anionic 
bases. 

Elimination can be visualized as resulting from initial attack 

Table V. Thermodynamic Properties of Fluoroethylenes and 
Acetylenes" 

AZZ elimination 
AZZf* of HF^ 

CFHCH 2 -33 .2 ± 0 . 4 22.3 ± 0.8 
CF 2 CH 2 -82 .5 ± 2 . 4 47,33* 
m - C F H C F H > - 8 1 r f 46,32* 
trans-CFHCFH > - 8 0 r f 45 ,31* 
CF2CFH -118.5 ± 0 . 7 58,23* 
CF 2CF 2 -157.6 ± 1 . 1 
CFCH 30 ± 15 ' ( 16 . I ) / (>28 )« 
CFCF 5 ± 1 5 f ( - 3 0 . 5 ) / ( < 1 . 6 ) « 

" All values in kcal/mol at 298 K. * Heats of formation for the 
fluoroethylenes are taken from J. R. Skinner and H. A. Lacher, J. 
Chem. Soc. A , 1034 (1968); D. P. Ridge, / Am. Chem. Soc, 97, 5670 
(1975), and references therein. c Enthalpy for removal of HF from 
fluoroethylenes, calculated using data in this table and AZZf(HF) = 
—65.14 ± 0.2 kcal/mol, AZZf(CHCH) = 54.19 ± 0.19 kcal/mol from 
ref 27. d Although AZZf are not well established, the difference in AZZf 
of the cis and trans isomers has been determined as 0.928 kcal/mol. 
See, N. C. Craig and E. A. Enteman, J. Am. Chem. Soc, 83, 3047 
(1961). ' Experimental values from ref 27. / Calculated values from 
ref 28. * Limits set by the present study (see text). * Computed using 
calculated values for AZZf of fluoroacetylenes. 

at the acidic hydrogen result ing in in termedia tes that will re
tain isomeric s t ruc ture as in IV and V for the cis and t rans 

R O - R O -

H+ H H + F 

H H 
F F F H 
IV V 

isomers, respectively. To be consistent with results, a trans 
elimination of F is required from IV, whereas the apparently 
more facile cis elimination from V cannot occur. In these 
proton-bound dimer intermediates it is possible that the F trans 
to the site of base attack has a larger portion of the distributed 
negative charge, making it more labile than a cis F. Solution 
results20-29 also reflect a difference in reactivity between flu-
orinated geometrical isomers. For example, under the same 
experimental conditions, metalation of ri5-CFHCGH and 
trans-CFHCC\H with C ^ g L i followed by addition of cy-
clohexanone gave different final products, trans-CC\HCFH 
with F cis to the labile hydrogen reacts only by addition of 
cyclohexanone (eq 20). In m-CFHCClH the final product (eq 
21) results from an intermediate elimination of F, suggesting 
a labilization of the trans F. 

y OH 
F H 0 / V F 

H Cl Cl H 

F Cl ^ ^ 
A significant difference between the interaction of the cis-

CFHCFH and ?ran.?-CFHCFH with ions is the polarity of the 
two neutrals.30 Calculations by Dugan, Rice, and Magee31 

indicate that ion-polar molecule collision complexes have 
longer lifetimes than those of ion-nonpolar molecules. The 
dynamical constraints on dissociation of the ion-polar molecule 
complex are more severe and several secondary encounters may 
occur before the products separate. It is possible that for the 
cw-CFHCFH these secondary encounters allow F" to be 
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transferred to the alcohol, resulting in an apparent trans 
elimination of HF. 
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The problem of assessing the intrinsic reactivity scale of the 
nucleophilic centers of phenol and related compounds, i.e., of 
determining a kinetically significant reactivity ratio inde
pendent of any particular reaction environment, appears em
inently suitable for exploitation of a recently developed tech
nique,8-10 that allows the study of aromatic substitutions by 
charged electrophiles in the dilute gas state, in the absence of 
solvation, counterions, etc., and further permits the direct 
determination of the substrate and positional selectivity of the 
attack. 

The present paper deals with the gas-phase alkylation of 
phenol by the 7-C4H9

+ cation, a relatively mild electrophile, 
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Abstract: The reactivity of phenol toward /-C4H9
+ cations, obtained in the dilute gas state from the 7-radiolysis of neopentane, 

is characterized by a typical ambident behavior. The competition between the n-type and the T-type nucleophilic centers of 
the substrate is kinetically biased in favor of O-alkylation, leading to the predominant (ca. 8:1) formation of tert-butyl phenyl 
ether with respect to /e/-/-butylphenols under conditions, i.e., high neopentane pressure and the presence of a gaseous base 
(NH3), which favor kinetic control of products. Ring-alkylated arenium ions appear, however, to be more stable than the iso
meric oxonium ion, as indicated by the higher yields of /er/-butylphenols under conditions of increasing thermodynamic con
trol of products, reaching a 4:1 excess over the ether at the lowest pressure investigated (20 Torr). The results of competition 
experiments show that phenol reacts faster than toluene with gaseous /-C4H9

+, the apparent fephenoi^toiuene ratio ranging from 
2.0 to 4.4. The isomeric composition of ring-alkylated products underlines the electrophilic character and the remarkable posi
tional selectivity of the /-C4H9

+ attack, yielding exclusively ortho- and para-substituted isomers, whose ratio depends on the 
pressure of the system and the presence of NH3. Thus, the ortho:para ratio, that reaches a 0.4 value under conditions of kinetic 
control of products, decreases as the pressure is lowered, down to the 0.04 value measured at 20 Torr. The mechanism of the 
gas-phase alkylation, and of the subsequent isomerization processes that appear of intermolecular nature, are discussed and 
compared with those of related alkylation reactions, both in the gas phase and in solution. 
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