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The kinetics and energetics of proton removal from propene, which contains several sites of 
different acidities, were investigated both theoretically and experimentally. Rate and equili- 
brium constants were measured for the proton-transfer reaction OH- + C3HG g C3HS- + 
H 2 0  at 296 + 2 K using the flowing afterglow technique. The rate constants were determined 
to be klorwnrd = (I . I  + 0.3) x cm3 rnolec~~le-I s - l  and k,,,,,,, = (5.4 k 1.9) x 10-lo 
cm3 molecule-' s-' .  The ratio of rate constants, k,/lc, = 2.1 + 0.7, was found to be in agree- 
ment with the equilibrium constant, K = 2.2 + 0.8, determined from equilibri~im concentra- 
tions. Ab it~itio molecular orbital calculations predicted the renioval of a methyl proton from 
propene to yield the allyl anion to be energetically favoured. This prediction was supported by 
measurements of deuteron removal from CD3CHCH2. The measured value of K corresponds 
to a standard free energy change, AGOZ,,, of -0.44 + 0.14 kcal mol-' which provided values 
for the standard enthalpy change AH0,,, = +0.5 f 0.4 kcal mol-', the proton affinity, 
PA298(C3H5-) = 391 + 1 kcal mol-', the heat of formation, AH01,298(C3H5-) = 29.0 + 
0.8 kcal mol-', and the electron affinity EA(CH2CHCH2) = 12.4 + 1.9 kcal mol-I. The 
experimentally established value for the proton affinity of the allyl anion was in reasonable 
accord with the value of 422.3 kcal mol-' determined by calculation. The electron affinity of 
the allyl radical derived in this study is supported by previous calculations and several limiting 
values obtained experimentally. 
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On a examine, tant du point de vue theorique qu'expirimental, la cinCtique et les energies 
impliquCes lors de I'enlkvement d'un proton du propene qui contient plusieurs sites differents 
par leur acidite. On a mesure les vitesses et les constantes d'equilibre de la reaction de transfert 
de proton: OH-  + C3HG g C3H5- + H 2 0  a 296 + 2 K en faisant appel a la technique d'ecou- 
lement post-luminescent. On a determine les constantes de vitesse k, (reaction) = (1.1 f 0.3) x 
10-%m3 molCcule-' s-I et k, (reaction inverse) = (5.4 + 1.9) x 10-lo cm3 molecule-' s-'. 
Le rapport des constantes de vitesse k,/k, = 2.1 + 0.7 est en bon accord avec la constante 
d'equilibre de K = 2.2 f 0.8 determinee a partir de concentrations a I'equilibre. Des calculs 
d'orbitales molCculaires ab itzitio ont prtdit que I'enlevement d'un proton du methyle du propene 
conduisant a l'anion allyle serait favoris6 d'un point de vue energetique. Cette prediction est 
appuyCe par des mesures d'enlevements de deuterons i partir du CD,CHCH,. La valeur 
mesur6e de K correspond un changement d'energie libre standard de -0.44 k 0.14 
kcal mol-I qui fournit des valeurs de changement d'enthalpie standard AH0,,, = +0.5 -t 0.4 
kcal mol-', d'affinite de proton PA,,,(C3H5-) = 391 f 1 kcal mol-', de chaleur de formation 
AH0,,298(C3H5-) = 29.0 + 0.8 kcal mol-', et d'affinite electronique EA(CH,CHCHz) = 12.4 
+ 1.9 kcal mol-'. L'accord entre la valeur Ctablie expCrimentalement pour I'affinitC du proton 
de l'anion allylique avec la valeur de 422.3 kcal mol-I determinee a partir de calculs est 
raisonnable. L'affinite pour un electron du radical allyle obtenue dans cette etude est en 
accord avec des calculs antkrieurs et plusieurs valeurs limitantes obtenues expCrimentalement. 

[Traduit par le journal] 

Introduction 
Gas-phase measurements of rate and equilibrium 

constants for proton-transfer reactions of the type 

[I] X - + Y H * Y - + X H  

constitute an important means of determining in- 
trinsic thermochemical properties for Brsnsted acids 
and their conjugate bases (1-5). In particular, such 
measurements have provided proton affinities and 
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heats of formation of anions and electron affinities 
of their corresponding radicals of sufficient accuracy 
to be of both academic and practical value. When 
the proton donor, YH, has only one acidic site the 
structure of the anion, Y-, is likely to be unique so 
that the corresponding measurements and thermo- 
dynamic assignments should be unambiguous. For 
proton donors with more than one acidic site, YH,, 
(n > I), several tautomeric forms of the conjugate 
base, YH-,,-,, having different energies, may be- 
come both thermodynamically and kinetically acces- 
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sible although the higher energy forms will be dis- 
criminated against as the reaction exothermicity 
decreases. 

This study is directed towards the determination 
of the proton affinity, PA, and heat of formation, 
AH0, ,  of the allyl anion, and the electron affinity, 
EA, of the allyl radical. The allyl anion was derived 
from propene by proton removal according to  the 
reaction : 

[2] OH- + CH3CHCH2 + ~H;C-ZCH, + H,O 

In its optimum conformation propene has been 
shown (6, 7) to have one hydrogen of the methyl 
group in the plane of the carbon nuclei as shown in 
structure 1. The rationale for this eclipsed structure 

H 
I 

being preferred is that this configuration maximizes 
the distance between the out-of-plane hydrogen 
atoms and the double bond, thereby decreasing the 
destabilizing 4n-electron interaction. In this con- 
formation the propene inolecule has five chemically 
different protons and deprotonation could therefore 
conceivably produce five different anions. Reaction 
2, which was chosen deliberately for its low exo- 
thermicity (2), should be selective in establishing the 
allyl anion which is expected to be the lowest energy 
tautomer. This was confirmed by ab initio molecular 
orbital calculations. An attempt was also made to  
establish experimentally additional confidence in the 
assignment of the allylic structure to  the carbanion 
by measurements of the reaction of O H -  with pro- 
pene-3,3,3-d, designed to  identify the most acidic 
site on propene. 

The experiments were carried out in a flowing plasma-mass 
spectrometer (flowing afterglow) system for which the details 
of construction and the method of operation and data analysis 
have been described elsewhere (8). Hydrogen and helium were 
both used as the carrier gas. The OH-  ions were produced 
either via proton transfer from H 2 0  to NH2- or to H- accor- 
ding to the rapid reactions (9) 

13 1 NHZ-  + H 2 0  + OH-  + NH3 

1141 H-  + H z 0  + OH- + H2 

or by electron impact on water vapour added upstream from 
the ionizer (10). NH2-  and H -  were generated by dissociative 
ionization of NH, introduced upstream of the electron gun. 
When helium was used as the carrier gas small amounts of Hz  
were added to remove the 0- (also produced by electron im- 
pact of H 2 0 )  according to the associative detachment reaction 
(11): 

In these experiments the filament of the electron gun was 
biased negatively in the range from 35 to 70 V with respect to 
the grid envelope held at ground potential. The emission cur- 
rent was typically 1 mA. The water vapour, which also served 
as the neutral back reactant, was introduced through a capil- 
lary tube in the usual manner either in its pure form at pres- 
sures below its vapour pressure, or diluted with helium ( I  part 
H 2 0  to 9 parts He). The mixtures were prepared by allowing 
the H 2 0  vapour to equilibrate in the gas inlet system to the 
ambient temperature (at a pressure <0.8 of the vapour pres- 
sure) and subsequently adding helium. Measurement of the 
H 2 0  flow required a separate determination of the viscosity 
of both the pure and diluted vapour (4). The propene was 
added sufficiently downstream of the ion production region to 
ensure that all the reactions producing OH- had gone to com- 
pletion and that the OH- ions experienced enough collisions 
with the carrier gas to become thermalized at  the ambient 
temperature (296 f 2 K). The ions present in the flowing 
plasma were sampled through a small orifice in the tip of a nose 
cone situated at the end of the reaction region and mass ana- 
lyzed with a quadrupole mass filter. The variation in the reac- 
tant and product ion signals as a function of neutral reagent 
addition provided the raw data from which the rate and equi- 
librium constants were determined (8). 

A number of tests were carried out to establish confidence 
in the attainment of true equilibrium. The forward and reverse 
rate constants and the ratio of the ion concentrations were 
determined at different relaxation and reaction times, various 
flows of neutral back reactant, in both helium and hydrogen 
at several pressures, at various electron and ion densities, and 
under different sampling conditions. 

The gases used were helium (Linde, Prepurified Grade, 
99.995% He), hydrogen (Linde, Very Dry Grade, 99.95% Hz), 
ammonia (Matheson, anhydrous, >99.99% NH3 (liquid 
phase)), propene (Matheson, C.P. Grade 99.0% C3H6 (liquid 
phase)), and propene-3,3,3-d, (Merck, Sharp & Dohme, > 98% 
D). The water vapour was derived from either boiled tap 
water or boiled distilled water. 

Results 
Expe~in7entul 

Figure 1 shows the data obtained upon the addi- 
tion of C,H, into a He-H,O plasma in which O H -  
is initially a dominant negative ion. The negative 
ions with m/e = 17,35,37,41, and 46, the major ions 
present in the range vl/e = 1-60 for the range of 
C,H, flows used, were monitored as a function of 
C,H, addition. These ions were identified as O H - ,  
C1- (1?7/e = 35 and 37), C,H,-, and NO2- respec- 
tively. C1- and NO2-,  which are unreactive impurity 
ions generally present in the negative ion spectrum, 
were monitored t o  confirin constant sampling 
throughout an experiment. The behaviour shown is 
representative of the observations niade in 12 sepa- 
rate experiments performed under the following 
conditions: effective reaction length, L = 61 cm (in 
7 experiments) and 85 cm (in 5 experiments), average 
flow velocity, F = 7.7 to 8.1 x 10, cm s- I ,  total 
pressure, P = 0.390 to 0.76 Torr,  and flow of 
H 2 0  = 7.9 x 1016 to  3.47 x 10" inolecules s-'. 
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FIG. 1. The  variation of the major negative ion signals 
recorded upon the addition of C3H6 into a flowing H20-He 
plasma in which OH- is initially a dominant negative ion. The 
solid line through the OH- decay is a computer fit. T = 296 
K, P = 0.54 Torr, 6 = 8.1 x lo3  crn s-I ,  and L = 61 cm. 

Addition of C3H6 gave rise to the rapid decline of 
the OH- signal and the concomitant increase in the 
C3H5- signal. There was no evidence for the occur- 
rence of competing reactions so that the entire varia- 
tion in the OH- and C3H5- signals with C3H6 addi- 
tion could be ascribed to the transfer of a proton. 
The curvature in the logarithmic decay of the OH- 
signal can be attributed to the occurrence of the re- 
verse proton transfer from H,O to C3H5-. The solid 
curve drawn through the data points for the OH- 
decay represents the best computer fit obtained 
using analysis B of ref. 8. 

In eight investigations the amount of back-reac- 
tion was sufficient to introduce curvature in the OH- 
decay without attaining equilibrium at low C3H6 
flows. This allowed the determination of unique 
values for k, = (1.1 + 0.1) x lo-' cni3 molecule-' 
s-I, for k, = (5.4 + 1.0) x lo-'' cm3 molecule-' 
s-' and for (k,/k,),, = 2.1 5 0.3. In three other 
investigations the reaction was already so close to 
equilibrium at low C3H6 flows that the application 
of the fitting procedure could only yield a unique 
value for the ratio of rate constants, (k,/lc,), = 2.1 + 
0.1. Figure 2 shows a family of OH- decays which 
encompass the range of back-reactant H,O flows as 

FIG. 2. The variation of the OH- signals as a function of 
C3H6 addition at  various additions of H,O. P = 0.54Torr, 
T = 296 K, and fi = 7.7-8.1 x LO3 cm s - ' .  The points are 
experimental and the solid lines are computer fits. 

well as the two values of the reaction length employed 
in this study. 

In all 12 experiments equilibrium was established 
at high flows of C,H6 and fits to the linear portions 
of the ratio plots (analysis C in ref. 8) allowed the 
determination of the equilibrium constant, K, from 
the equilibrium concentrations. The ratio of the ion 
signals, I(C3H5-)/I(OH-), when corrected for mass 
discrimination, is a measure of the ratio of the ion 
concentrations [C3H,-]/[OH-]. The method em- 
ployed for the determination of the mass discriniina- 
tion factor, in, has been reported previously (8). 
Figure 3 indicates the approach to and attainment 
of equilibrium at several flows of back-reactant H,O. 
At the highest flow of H,O equilibrium is established 
at the lowest measurable addition of C3H6. The 12 
measurements led to a mean value for K of 2.2 + 0.1. 

The sampling conditions were altered in several of 
the 12 experiments either by varying the potential 
of the nose cone with respect to the flow tube (NP) 
at a fixed potential difference between the nose cone 
and the axis of the quadrupole mass filter (AP) or 
by adjusting AP at a fixed value for NP. Both k,/k, 
and K were observed to be independent of these 
variations within the experimental uncertainty. 

Our analysis of the approach to and attainment 
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FIG. 3. The variation of [C,H,-]/[OH-] as a fu~iction of 
C3H6 flow at various additions of H 2 0 .  The slopes of the 
straight lines through the experiniental points are proportional 
to the eq~~i l ibr iu~i i  constant K. L = 61 cm, P = 0.54 Torr, 
T = 296 K,  and Li = 8.1 x lo3 cni s - ' .  I I I  = 2.1 1, 2.98, and 
2.35 respectively fro111 high to low H,O flow. 

of equilibrium in the flowing afterglow assumes equal 
diffusive losses for the reactant and product ions (8). 
Under normal operating conditions the loss of nega- 
tive ions due to diffusion in the flowing plasnia is 
controlled by positive ion-electron ambipolar dif- 
fusion. [n these experin~ents H,O+ (rn/e = 19) was 
the dominant positive ion present i n  the H,O-He(H,) 
plasma. As C,H, was added to the reaction region 
the H,Of was observed to react rapidly via proton 
transfer to give C,H,+ (nl/e = 43) as the dominant 
positive ion with k = (1.5 f 0.3) x lo-' cm3 mole- 
cule-'  s - ' .  For positive ions with rn/? > 20 the 
ion-electron ambipolar diffiision coefficients in 
hydrogen and helium are very similar (12). There- 
fore, the assumption of equal losses for O H -  and 
C3Hj -  by diffusion should not represent a serious 
error. It is possible to test the validity of this assump- 
tion experimentally by adding trace amounts of SF, 
into the reaction region (13). The addition of SF, 
changes the diffusion mode from positive ion - elec- 
tron to positive ion - negative ion which is less rapid 
and less discriminating. 

Figures 4 and 5 explore the effect of diffusion on 
the equilibrium constant measurements. Figure 4 
shows the expected enhancement of the ion signals 
as SF, is added. However, the shape of the O H -  
decay and hence the value of k,/k, derived from a fit 
to this decay remains essentially unchanged as would 
be expected if O H -  and C,H,- have similar dif- 
fusion coefficients. The eauilibrium constants derived 

0 H - + C 3 H 6  = C3Hgt H20 
.so OH- 

A 
. - I  = .  

A: Positive ion -negative ion ombipolor 
diffusion ( SF6  odded I 
H20 FLOWz2.9 x10l7 molecules s-I 

I 8: Positive ion - electron ombipolor diffusion 
H2 0 FLOW = 1.9  x loJ7 molecules s-I 

FIG. 4. The effect of SF6 addition on the variation of the 
OH-  and C,H,- signals with C3H6 addition. The experimen- 
tal operating conditions were otherwise quite similar. The 
curves drawn through the OH- decays represent best com- 
puter fits to thc experimental points: curve A ,  kr/k, = 2.3; 
curve B, kr/lc, = 2.1. P = 0.53 Torr, Li = 8.1 x lo3 cm s-', 
T = 296 K ,  and L = 6 I cm. 

mental error when a correction is made for mass dis- 
crimination (Fig. 5). 

Table I su~n~nar izes  the experimental results and 
includes an assessment of the accuracy in each case. 
The sources of error have been described previously 
(8, 13). I n  these experiments the largest uncertainty 
in the determination of k,/k, and K was introduced 
by the uncertainty in the measurenient of the flow 
of water vapour. 

Figure 6 shows the observed variation in the major 
negative ion signals detected upon the addition of 
propene-3,3,3-d3 into a He-H,O plasma in which 
O H -  was initially a dominant negative ion. The 
introduction of CD,CHCH, into the reaction region 
gave rise to a decrease in the O H -  signal and a con- 
comitant increase in the ion signals at  r)?/e = 18 
(OD-),  m/e = 41 (C3H,-), r,i/e = 42 (C3DH,-), 
rn/e = 43 (C3D,H3-), and m/e = 44 (C3D3H,-). 
There was no evidence for subsequent rapid reaction 
of any of the carbanions with CD,CHCH,. 

from the ion-signal ratio at  equilibrium in the ab- Tl?eor.~ricnl 
sence and presence of SF, again agree within experi- The possible anions derived from the abstraction 
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'"i OH-+ C3H6 = C3HF+ H20 

Positive ion -electron ambipolor difr%san 
H z 0  FLOW = 1.9 ~ 1 0 1 7  molecules s-1 

C3H6 FLOW /lrnolecules sC1 x10I71 

FIG. 5. The effect of SF, addition on the variation of ion 
ratio [C3H,-]/[OH-] as a function of C3H6 addition. L = 61 
cm, P = 0.54 Torr, E = 8.1 x lo3 cnl S-', T = 296 K, and 
n7 = 2.98 (without SF,) and 1.84 (with SFG added). 

TABLE I .  Experimental results for the reaction OH- + 
C3H6 $ C3H5- + H z O  at 296 + 2 K 

Number of Results and Accuracy 
measurements precision (%) 

"Units of cm3 molecule-I s - L  

of the five chemically different protons of propene 
were examined using ab itlitio molecular orbital cal- 
culations. The removal of any proton from the 
methyl group was found to  produce the same planar 
allyl anion. This reduces the number of possible 
anions to four (structures 2 to  5). The cyclopropyl 
anion, another possible tautomer, was not examined 
in this study. It cannot be established directly by 
proton removal from propene and, furthermore, 
earlier calculations have established it to  be very 
unstable (14). 

FIG. 6. Observed variation of major negative ion signals 
recorded upon the addition of propene-3,3,3-d3 into a flow 
H,O-He plasnla in which OH- is initially a dominant nega- 
tive ion. The product ion signals have not been corrected for 
mass discrimination. T = 296 K, P = 0.357 Torr, v = 7.8 x 
lo3 c n ~  s-', and L = 59 cm. 

The geometry of propene has been optimized with 
the minimal STO-3G basis set (15) and there is good 
agreement between the experimental (16) and com- 
puted (6) geometries.   his same basis set was em- 
ployed to  optimize the geometries of the four anions. 
Larger basis set (6-31G) calculations (17) using these 
optimum geometries were then performed to  obtain 
inore reliable energies for these anions. 

Removal of a proton from the methyl group pro- 
duces the planar allyl anion (2) in which both ter- 
minal methylene groups are equivalent. In this struc- 
ture (Fig. 7) the carbon-carbon bond lengths (1.370 
A) are intermediate between single and double bond 
lengths and are close to  previously calculated values 
of 1.38 A (14) and 1.388 A (18). The internal angle 
between the carbon atoms (132.9") is almost 8" 
larger than in propene, a fact which is attributable 
to the negative charge formally located on the ter- 
minal carbon atoms. Again there is good agreement 
with the literature values of 133.1" (18) and 134" (19). 

Preliminary studies on the other three anions 
showed the methyl group to  prefer the same confor- 
mation as in propene. In the subsequent geometry 
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FIG. 7. O p t i n ~ u n ~  geometries of propene and the tautonieric 
forms of C3H5- as con~puted with the STO-3G basis set. 
Bond lengths are given in angstroms and angles in degrees. 

optimizations it was assumed that the bond lengths 
and angles for all three hydrogens in a methyl group 
were the same. This approxinlation reduced the num- 
ber of geometric parameters and thereby reduced 
the computational cost of the optimizations. An esti- 
mate of the magnitude of the error introduced by 
this approximation is available from the same type 
of optimization on propene. The overall geometry 
computed for propene using this approximation is 
almost identical to that produced in the cor~iplefe 
optimization and the total energy is inferior by only 
0.5 kcal/mol (at STO-3G level) and by less than 0.13 
kcal/mol with the more extensive 6-31G basis set. 

Geometry optiinizations on anions 3, 4, and 5 
produced bond lengths similar to, but slightly longer 
than, the corresponding bonds in propene, showing 
the valence bond structures to be satisfactory descrip- 
tions of the molecular structure. The angle between 
the three carbon atoms appears to be particularly 
sensitive to the site of deprotonation. Removal of 
the proton from the central carbon atom produces a 
decrease in this angle by almost 15", possibly caused 
by the newly generated o-lone pair repelling the two 
bonds. Deprotonation of the inethylene group pro- 
duces less dramatic changes and these can also be 
attributed to lone pair - bond pair repulsions. Com- 
parison of the relative energies of the carbanions as 
computed by both the STO-3G and 6-3 1G basis sets 
shows the ally1 anion (2) to be the most stable by a 
substantial margin (Table 2 and Fig. 8). 

Table 2 also includes proton removal energies taken 
as the difference in the computed energies of C3H, 
and C3H,- for the reaction 

Since these proton removal energies may also be re- 

FIG. 8. Relative energies of propene and the tautorneric 
forms of C,H5 - as computed with the 6-31G basis set. Energy 
differences are in kcal mol-'. 

garded as acidities, the order of acidities as conlputed 
by both the STO-3G and 6-31G basis sets is CH, >> 
CH > CH,. This order, deduced from the equili- 
brium energies, differs from that predicted by the 
computed net-atomic charges from a Mulliken over- 
lap population on propene (using the 6-31G basis 

set), showing use of a ground state property is un- 
satisfactory to predict equilibrium stabilities. 

Discussion 
Flowing afterglow studies of the reaction of OH-  

with propene have been performed previously by 
Bohme et a/. (2) who reported a value for k ,  = 2.7 x 

cm3 molecule-' s-' and by Bierbaum e f  a/. 
(20) who determined a value for /r, = 2.5 x 
cm3 molecule-' s-'. The observations reported 
here, which provided a value for k,  = 1.1 x lop9 
cm3 molecule-' s-', suggest that these earlier num- 
bers should be regarded as lower limits to the true 
value of k,. Our experience indicates that only small 
amounts of H,O are needed to achieve equilibrium 
for this reaction under typical flowing afterglow 
operating conditions even at low propene additions. 
Indeed we have observed that impurity amounts of 
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TABLE 2. Computed total energies and proton removal energies 

Proton removal 
Total energy (hartreej energy" (kcal mol-') 

Species STO-3G 6-31G STO-3G 6-31G 

H 

H\ /CH3 

/c=C- 
-114.82613 -116.32655 523.6 440.1 

H 

- /CH3 

/C=c\H -114.82164 
-116.32468 526.4 441.3 

H 

H 
\ FH3 

C=C -114.82225 -116.32368 526.1 441.9 

- 'H 

"Not corrected for zero-point energy or thermal energy. 
bReference 6. 

H,O can result in sufficient back-reaction to modify 
the OH- decay to such an extent that the application 
of the standard rate constant analysis can only pro- 
vide a lower limit to the true value of the forward 
rate constant (8). 

The results given in Table 1 indicate that satisfac- 
tory agreement is found in this study between the 
following quantities: ( I )  the ratio of rate constants, 
(kf/kr),,, determined from the fit to the OH- ion 
decays obtained under nonequilibrium conditions; 
(2) the ratio of rate constants, (kf/kr),, determined 
from the fit to the OH- ion decays under equilibrium 
conditions; and (3) the equilibrium constant, K, 
determined from equilibrium concentrations. It 
should be emphasized here that (k,/k,),, and (lif/k,), 
do not require the correction for mass discrimination 
necessary in the determination of K from the equili- 
brium concentrations. These results, together with 
the observed independence of the measured ratio of 
rate constants and the equilibrium constant on the 
range of reaction times, neutral concentrations, 
electron and ion densities (diffusion mode), and the 
potentials in the sampling region, provide confidence 
that these measured values represent a true equili- 
brium constant. 

The values of kf/lir and K provide a best estimate 
(21) of the true value (a weighted mean) of the equi- 
librium constant at 296 f 2 K of 2.1 with a standard 
error of f 0.5. The thermodynamic information 

which can be derived from a knowledge of this equi- 
librium constant is summarized in Table 3. The 
value of K = 2.1 f 0.5 corresponds to a standard 
free energy change, AGO,,,, of -0.44 + 0.14 kcal 
mol-'. A standard entropy change, A S O ~ , ~ ,  of 3 f 1 
eu may be calculated from the reported values of 
the standard entropies of H20 ,  C,H6, and OH- 
(22, 23) and an estimated value for So2,, (C3H,-) 
of 63 _+ 1 cal deg-' mol-'. This leads to a standard 
enthalpy change, AH0,,,, of +0.5 f 0.4 kcal mol-'. 

The standard enthalpy change determined in this 
study corresponds to a difference in proton affinity 
PA(C,H,-) - PA(0H-) = +0.5 f 0.4 kcal mol-'. 
Adoption of the values for AHO,,,,, (H20,  OH, H') 
given in the JANAF tables (22) and EA,(OH) = 
42.09 f 0.043 kcal mol-' (24) leads to a value for 
PA,,, (OH-) = 390.9 f 0.09 kcal mol-' and thus 
a value for PA2,,(C3H,-) = 391.4 f 0.5 kcal 

TABLE 3. Thermodynamic parameters for 
the reaction O H -  + C3H, C3HS- + 
H 2 0  at 296 f 2 K. The standard error is 
given along with the best estimate of the 

true value 

K = 2.1 k 0.5 

AGO = -0 .44+0 .14  kcal mol-I 
AS0 = + 3  f 1 cal deg-' mol-I (estimated) 

A H 0 =  + 0 . 5 f  0 . 4  kcal m01-~ 
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mol-'. However, the equilibrium ineasurements per 
se do not unequivocably establish the tautomeric 
form of C,H,-. Although it is reasonable to expect 
that the equilibrium involves the allyl anion which 
our calculations have shown to be the most stable 
form, the possibility remains that the reaction of 
O H -  with propene produces a higher energy 
tautomer which does not isomerize in the helium or  
hydrogen bath to the allylic form prior to reverse 
reaction with H,O. In this case the proton affinity 
determined from these measurements would refer to 
the higher energy form and not to the allyl anion. 
However, this possibility can be readily discounted 
by a co~nparison of the - 18 kcal mol- ' difference 
between the allyl anion and the next lowest energy 

OH- + CDzHCHCHz +- CD2H-CH=CH2 [ OH- I 

tautomer established by our calculations and thk 
difference allowed by experimental observations. A 
proton affinity of 391 kcal mol-' for the high energy !Ensfer 

tautomer would require a proton affinity for the allyl 
anion of only 373 kcal mol-'. Such a low value OD- + CDH2CHCH2 - CDHI-CH=CH2 
would make the ally1 anion thermodynamically ac- [ OD- 
cessible to the reaction 

I 

I 
since PA,,,(CH,O-) = 381 f 2 kcal mol-' (25). 
However, equilibrium lneasureinents made in this -.. --.-.-.- - .. 

laboratory indicate a value for K, < lo- ,  which CH2CHCH2 + D2O - 
reauires the proton affinity for the ally1 anion to be 
> j88 kcal mbl-' and, when combineddwith the value SCHEME 1 
for PA,,,(C,H,-) = 3 9 1  kcal mol-', would allow a 
proton affinity difference of at  most 3 kcal mol-' be- 
tween the allyl ion and the next lowest energy 
tautomer. This result is clearly not supported by the 
theoretical expectations. On this basis we conclude 
that the carbanion produced by the reaction of O H -  
with propene is indeed the allyl anion. 

Our assign~neilt of the allylic structure to the ob- 
served C,H,- is also supported, albeit indirectly, 
by the deuterated propene experiments whose re- 
sults were considerably inore complex than we had 
naively anticipated. Although the expected C3D,H3- 
was the dominant product ion, significant concentra- 
tions of other carbanions with various extents of 
deuteration, viz. C3DH4-,  C3H5- ,  and C3D3H,-, 
as well as some O D -  were observed. The C3H,-, 
which cannot arise from the reaction of OH-  with 
CD3CHCH,, is presumed to result from secondary 
hydrogen-deuterium exchange reactions of the 
various deuterated carbanions with water vaDour 

intermediate via sequential proton-deuteron transfer 
made possible by the syinmetry of the allylic struc- 
ture (Scheme 1). This sequence, which is meant only 
to be illustrative of the general nature of the inech- 
anisin, does not include all modes of proton-deu- 
teron transfer. An analogous mechanism should also 
be involved for the forward reaction (Scheme 2). This 
reaction sequence (again abridged) allows the for- 
mation of C3D3H2-  in addition to the other anions 
~ b s e r v e d . ~  

The thermochemical values for the allyl anion and 
radical derived from the equilibrium constant mea- 
surement for reaction 2 are summarized in Table 4. 
A value for dHO,,,,, (allyl anion) of 29.0 f 0.8 
kcal mol- '  is obtained when the values for 
AH~,,,,,(OH-) = -34.3 f 0.4 (22, 24),  AH^^,^^^ 
(H,O) = 57.7979 kcal mol-' (22), AIS0,,,,,(C3H6) = 
4.88 f 0.1 kcal mol-' (23), and the present value of 
AH0,,, for reaction 2 are combined according to 

- 

(the parent gas of OH-)  present in the reaction re- [lo] AHO,(CH~CHCHT) = AHO,(C,H,) 
gion according to  - AHO,(H,O) + AHO,(OH-) + A H O  

[81 C3DZH3- + H z 0  + C2DH4- + HOD 
+ CsH5- + DzO 2J. H. Stewart, R. H. Shapiro, C. H. DePuy, and V. M. 

Bierbaum have independently proposed a similar mechanism 
[91 C3DH4- + H 2 0  + C3H5- + HOD of sequential proton-deuteron transfer in connection with their 

flowing afterglow studies of reactions of carbanions with DZO 
The exchange is believed to proceed in the reaction (c. H. DePuy, private communication). 
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OH- + CD,CHCH2 

I transfer I transfer 

OH- - CD2%H<DH2 CD2H-CH=CH2 A OD- [ OH- I [ OD- I 
ltransfer 1 transfer 

- - - - -. - - - - -. . - - I 
- - - - - - - - - . - . -. . 

CD2CHCDH - CD;%=CDH CDH=~H-=CH,  - CDHCHCH, [ H N  ] [ D20 

TABLE 4. Therniocheniical values determined in  EA,,,(CH,CHCH,) I 12.6 f 0.8 kcal m0l-l (cor- 
this study rected for entropy changes), based on the obser- 

- ------ vation of the electron transfer reaction 
P A ~ ~ E ( C H ~ C H C H ~ )  = 391.4f 0 . 5  kcal niol-' - 

- -- ---- 
------ [I I] CHzCHCHz I- 0 2  + 0 2 -  + CHzCHCHz 

AH0f,29E(CH2CHCH2) = 2 9 . U i 0 . 8  kcal mol-' 

EA,9s(CH,CHCH2) = 12.4f  1 . 9  kcal mol-' 

Combination of this result for the heat of formation 
of the allyl anion with a value of 41.4 f I kcal mol-' 
for the heat of formation of the allyl radical (26) 
according to 

leads to a value for EA,,,(CH,CHCH,) = 12.4 f 
1.9 kcal mol-I. 

Our experimental value for PA,,,(allyl anion) = 
391.4 f 0.5 kcal mol- ' is somewhat (-8%) lower 
than the absolute value (not corrected for zero-point 
energy or thermal energy) of 422.3 kcal mol-' de- 
rived from our molecular orbital calculations with 
the 6-3 1G basis set. Such a difference between theory 
and experiment is not unexpected (4) and could be 
reduced with the use of a more extensive basis set. 
Other theoretical studies have provided a variety of 
values for the electron affinity of the allyl radical. 
An early molecular orbital calculation by Hush and 
Pople (27) provided a value for EA(CH,CHCH,) = 
5.5 kcal mol- '. Subsequent calculations by Ehrenson 
(28) and Hoyland and Goodman (29) led to values of 
- 3.2 and 12 kcal mol-', respectively. Reliable ex- 
perimental values were not available for comparison 
at that time. More recently, flowing afterglow mea- 
surements have provided an upper limit for 

with k , ,  = 2.8 x lo-'' cm3 molecule-' s-' (28). 
The electron affinity of 0, at 298 K is 11.6 kcal 
mol-' (30) and we have allowed for a possible 
endoergicity of 0.5 kcal mol-' given by - RT In 
Ic, where k ,  is the Langevin collision rate con- 
stant (31). A lower limit for EA,,,(CH,CHCH,) of 
12.1 f 1.8 kcal mol-' (corrected for entropy 
changes) can be derived (2) from the observation 
of reaction 2. These limiting values and the value 
calculated most recently by Hoyland and Goodman 
(29) are in accord with the value of 12.4 f 1.9 
kcal mol-' determined in the present study. Very 
recently Zimmerman and Brauman (32) have 
reported-electron photodetachnient measurements 
for CFi$HCH, produced by reaction2. A theoretical 
fit to the relative cross-sections near threshold pro- 
vided a value for the electron affinity at 0 K of 
12.7 & 1.2 kcal mol-' where the error limits reflect 
the lack of data at threshold. 
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