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REVIEW COMMENTARY 

REACTIVE SPECIES: YNOLS AND YNAMINES 

Y. CHIANG, A. J. KRESGE,* s. w. PAINE AND v. v. POPIK 
Department of Chemistry. University of Toronto, Toronto, Ontario M5S 3H6, Canada 

Acetylenic alcohols-ynols-and acetylenic amines-ynamines-have been generated in aqueous solution by 
flash phololytic decarbonylation of hydroxy- and aminocyclopropenones and their chemistry has been examined 
in that medium. This has revealed a remarkably strong acid-strengthening effect of the acetylenic group, which 
ab initio molecular orbital calculations suggest results from a combination of destabilizing inductive effects on 
the initial state and stabilizing resonance effects on the final state of the acid ionization reaction. 

1. INTRODUCTION 
Ynols are acetylenic alcohols-substances in which a 
hydroxyl group is attached directly to a carbon-carbon 
triple bond-and ynamines are their amine 
counterparts-substances in which an amino group is 
similarly attached. Both ynols and ynamines are quite 
reactive: they undergo facile rearrangement to ketenes 
and ketenimines, and their lifetimes in solution are 
consequently short. Fast reaction techniques must be 
used for their study. This review describes how we have 
been able to generate these substances and investigate 
their chemistry in aqueous solution using flash photo- 
lytic techniques. One of the products of this research 
has been our discovery of a remarkably strong acid- 
strengthening effect of the acetylic group: ynols, for 
example, are more acidic than the corresponding 
carboxylic acids! 

YNOLS 
Ynols are the tautomeric isomers of ketenes: they bear 
the same relationship to ketenes as enols do to alde- 
hydes and ketones. The energy difference in the case of 
the ketene-ynol pair, however, is much greater than that 
between the keto and enol forms of simple aldehydes 
and ketones. This is apparent, for example, from ab 
initio molecular orbital calculations that put hydrox- 
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yacetylene some 36 kcal mol -' in energy above ketene, 
equation (I).' 

CHsCOH + CH,=C=O; AE = -36 kcal mo1-l (1) 
CH,=CHOH + CH,CHO; AE = - 11 kcal mol -' (2) 

Similar calculations give AE = -11 kcalmol-I for the 
conversion of vinyl alcohol inlo acetaldehyde, equation 
(2)* in good agreement with the experimentally deter- 
mined value for this reaction in the gas phase, 
hE = - 10 * 2 kcal mol - I . ,  These same calculations, 
however, also predict a very high energy barrier of 
73 kcal mol -' for the unimolecular rearrangement of 
hydroxyacetylene to ketene, which suggests that 
hydroxyacetylene might be stable enough to be observed 
if it could be made. 

This prediction was borne out 10 years ago by a 
tandem mass spectrometric investigation in which 
hydroxyacetylene was generated by the sequence of 
reactions shown in equation (3).4 

CH=CCQH -CH=COH" + CO + e- 

CHWOH" + Xe + CH=COH + Xe' 

70 eV 

(3) 

Hydroxyacetylene had been observed before in interstel- 
lar clouds and planetary  atmosphere^,^ but this was the 
first time it had been seen on earth. This achievement 
was considered important enough to be cited by the 
Encyclopaedia Bntannica as one of the outstanding 
scientific accomplishments of the year.6 Shortly thereaf- 
ter, hydroxyacetylene was prepared again in a low- 
temperature argon matrix by two different methods,' one 
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of which involved photodecarbonylation of hydroxy- 
cyclopropenone, equation (4).7a 

Generation in solution 
We have found that photodecarbonylation of hydroxy- 
cyclopropenones can also be effected in liquid solution at 
ambient temperature.’ Flash photolysis of aryl- 
hydroxycyclopropenones in aqueous solution produces 
arylacetic acids as the ultimate reaction products, pre- 
ceded by ultraviolet spectral changes that indicate the 
formation of two families of short-lived intermediate 
species, equation (5). 

The longer lived of these two types of intermediates, 
X,, were identified as ketenes from the rate profiles for 
their decay, the characteristic small solvent isotope 
effects that the decay reactions showed and, most 
conclusively, from the numerical identity of the rate 
laws for this decay with those for authentic ketenes 
produced by photo-Wolff reactions of the corresponding 
diazo compounds, equation (6). 

0 

$ ’ ~ g x  (6) 

This identity is illustrated in Figure 1, which makes the 
comparison for the 1-naphthyl system. The rate profile 
shown in this Figure is typical of the hydration of aromatic 

ketenes in aqueous solution, having a long ‘uncatalyzed’ 
region representing nucleophilic attack at keto carbon by 
water plus a region of hydroxide ion catalysis that becomes 
apparent only at fairly high pH.’ 

The shorter lived of the two types of intermediates, 
X,, were identified as ynol species on the basis of the 
expected ready isomerization of ynols to ketenes, the 
demonstrated formation of hydroxyacetylene from 
hydroxycyclopropenone, equation (4) ,7a and the obser- 
vation that arylmethoxyacetylenes are formed upon flash 
photolysis of arylmethoxycyclopropenones, equation 
(7). 

H+ 
ArC-OMe + H 2 0  - ArCH,CQMe (8) 

The latter identification was made by showing that the 
rates of acid-catalyzed hydrolysis of authentic aryl- 
methoxyacetylenes, equation (8), which are stable sub- 
stances that can be prepared by standard methods, are the 
same as those of the substances produced by fhotolysis 
of arylmethoxycyclopropenones, equation (7). *lo This is 
illustrated for the parent phenyl system in Figure 2. 

Confirmation of our identification of the two 
intermediates as ynol and ketene species has come from 
a recent study in non-aqueous solvents using time- 
resolved infrared spectroscopic detection. ’’ In this 
investigation, flash photolysis of phenylhydroxycyclo- 
propenone was found to produce a short-lived species, 
which was identified as phenylynol by its C s C  stretch- 
ing vibration at o =2245 cm-‘, and a longer lived 
species, which was identified as phenylketene by its 
C=O stretching vibration at o = 21 10 cm-I. 

1 o6 

1 o5 
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- 
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[H+W 
Figure 1. Rate profile for the hydration of 1-naphthylketene generated by photodecarbonylation of 1 ‘-naphthylcyclopropenone (0) 

and by photo-Wolff reaction of diazo-1 ‘-acetonaphthone (A) 
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Figure 2. Rates of acid-catalyzed hydrolysis of phenylmethoxyacetylene generated by photolysis of phenylmethoxycyclopropenone 
(0) compared with those for an authentic sample of phenylmethoxyacetylene (A) 

Reaction mechanism 

We found that reaction of the ynol species to form 
ketenes showed general acid catalysis and gave 
hydronium-ion isotope effects in the normal direction, 
k,+/k ,+  > 1.* This is classic evidence for rate-determin- 
ing proton transfer to carbon," and it indicates that the 
reaction occurs, as expected, by simple protonation of 
the substrate on acetylenic carbon. We were also able to 
show that the substrates exist as ynolate ions rather than 
undissociated ynols under the reaction conditions by 
comparing observed rate constants with estimated 
values. These estimates were based on rate constants 
determined for the acid-catalyzed hydrolysis of methox- 
yacetylenes, equation (8), and the expectation that ynols 
(1) would be more reactive than their methyl ethers, (2) 
by the same factor, 10-100, that enols (3) are more 
reactive than their methyl ethers (4).13 This leads to the 
prediction kH+ = 1-10 1 mol-'s-' for phenylynol, which 
is much less than the observed rate constant, 
k,+ = 1.3 x 10"' 1 mol-'s-'. Enolate ions, however, are 
very much more reactive than enols, by factors as much 
as and, when this increase in reactivity is applied 
to the estimate for phenylynol, a prediction for its 
ynolate ion consistent with observation is obtained. This 
indicates that the ynols existed as ynolate ions under the 
conditions of our study, and that the reactions observed 

were simple protonation of these ions on B-carbon to 
produce ketenes, equation (9). 

ArC=CO- + HA + ArCH=C=O + A- (9) 
These reactions are very fast. The data in Table 1 

show rate constants in the range 
k,+ = (0-6-1.3) x 10" Imol-'s- ' ,  and the value 
kH+ = 1.3 x 10" I m o l - ' ~ - ~  for phenylynolate ion is in 
fact the largest so far reported for protonation of a 
carbon pseudobase. Larger rate constants have been 
determined for the carbon protonation of cyanide ion" 
and the conjugate bases of some cyanocarbons and 
sulfones,I6 but these are believed to be normal" species 
whose basic electron pairs are localized on single 
(carbon) atoms and whose protonation is consequently 
not accompanied by much charge or structural reor- 
ganization. The negative charge in ynolate ions, on the 
other hand, must be situated largely on oxygen, and 

Table 1. Rate constants for the conversion of arylynolate ions 
to arylketenes in aqueous solution at 25 "C" 

Aryl group kH+/ i09 1 mol - I  s 

Phenyl 13.4 
2,4,6-TrimethylphenyI 6.03 
4-Methoxyphenyl 9.13 
2,4,6-Trimethoxyphenyl 9.68 
1-Naphthyl 8.77 

'Ionic strength = 0.10 M 
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carbon protonation here thus involves charge move- 
ment as well as some bond angle and bond length 
changes. 

The rate constant k,+ = 1.3 x ~ 1 0 ’ ~ 1 m o l - ~  for carbon 
protonation of phenylynolate ion is near the diffusion- 
controlled limit for a bimolecular process in aqueous 
solution, but the available evidence seems to suggest 
that this is nevertheless still an activation-controlled 
process. The isotope effect observed, kH+/ 
k,+ = 2-04 f 0.05, is greater than that expected for a 
diffusion-controlled process on the basis of the 20% 
difference in viscosity between H,O and D,O.’* The 
Br#nsted plot shown in Figure 3 is also inconsistent 
with a diffusion-controlled process: the Bransted plot 
for a downhill reaction such as this, if it were diffusion- 
controlled, would have a slope of or perhaps 
even less than zero if desolvation of the acid proton 
donor is imp~rtant,’~ but the slope of this plot is 
aa=0.21 kO.01. Such a low value of a, on the other 
hand, is consistent with expectation for a very fast 
activation-controlled reaction. Such a process should 
have an early, reactant-like transition state in which 
proton transfer is not very far advancedm and, since 
Br#nsted exponents are believed to indicate the extent of 
proton transfer at transition states,” a should conse- 
quently be small. 

Acid strength 
Although ynolate ions were the dominant substrate 
forms under the conditions of our investigation, in 
sufficiently strong acid these ions should undergo 

12 

10 

8 

6 

equilibrium protonation on oxygen, as shown in 
equation (10). 

KO t 
-OH = ArCWO- + H’ - ArCH=C=O 

(10) 

That would convert a more reactive species into a less 
reactive species, causing saturation of acid catalysis of 
ketene formation. This change would appear as a break 
in the pH-rate profile for the reaction, with the break 
occurring at an acidity equivalent to the acid dissocia- 
tion constant of the ynol. Such a break would therefore 
provide a measure of the acid strength of the ynol. 

The rate profiles in Figure 4 show that, up to the 
highest acidities we could use, which were limited by 
the fastest reactions that our flash system could 
measure, no such breaks occurred for any of the systems 
we investigated. These rate profiles consist only of acid 
catalyzed portions, plus slower ‘uncatalyzed’ parts 
where water has taken over the role of the proton donor 
reacting with the ynolate ions. Since the highest acidi- 
ties we used were [H+]=  M, this sets an upper 
limit of pK,=3 on the acid strength of the ynols we 
examined. 

This is a remarkable upper limit for the pk, of an 
alcoholic hydroxyl group. However, an even lower 
upper limit can be set using information provided by the 
study of ynol chemistry employing flash photolysis with 
time-resolved infrared detection mentioned above. I ’  No 
acid catalysis of ketene formation was found in that 
investigation, which means that the ynol- ynolate 

I . I I . I . . I # l I . I I  
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log(qKJp) 

Figure 3. Brensted plot for the carbon protonation of phenylynolate ion 
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equilibrium was on the side of ynol in the organic 
solvents used; this is consistent with the reduced acidity 
of neutral acids expected for such media. The rate law 
for ketene formation according to equation (10) under 
these conditions is kobs = K,k,+. The value of k,+ is not 
known, but it is unlikely to be greater than 
101olmol-'s-l,  and the rate constant reported for 
reaction of phenylynol in DMSO solution, 
kOb,=8.7 x 104s-', then leads to K,28-7 x M, 
~ K ~ c 5 . 1 ,  in that medium. This value may be con- 
verted into an estimate for aqueous solution on the 
assumption that the medium effect in going from 
water to DMSO on the acid dissociation constant of 
phenylynol is similar to that for phenol, for which 
pK,= 18.0 in DMS0.22 The result is pK,a -3 for 
phenylynol in water. That makes this ynol ca 13 pK 
units more acidic than its double bond analog, the enol 
of phenylacetaldehyde, PhCH=CHOH, for which 
pK, = 9*6.22 

YNAMINES 

Generation in solution 
The arylhydroxycyclopropenone substrates used in our 
study of ynols were prepared by hydrolysis of the corre- 
sponding arylchlorocyclopropenones, equation (1 1). 

These chlorides are vinylogs of carboxylic acid chlor- 
ides and, like carboxylic acid chlorides, they react 
readily with amines, producing arylaminocyclopro- 

penones, equation (12). 

We have found that flash photolysis of phenylamino- 
cyclopropenones in aqueous solution gives carboxylic 
acid amides as the ultimate reaction products via short- 
lived transient intermediates, which, from their behav- 
ior and also by analogy with the photolytic generation of 
ynols from hydroxycyclo ropenones, we conclude are 
ynamines, equation (13). 2 B  

We have been able to make primary, secondary, and 
tertiary ynamines in this way. Tertiary ynamines are 
well known, stable substances whose chemistry in 
solution had been studied before,25 but primary and 
secondary ynamines, because of their ready isomeriz- 
ation to ketenimines, equation (14), 

PhCeCNHR + PhCH=C=NR (14) 
had been observed previously only in the gas phase or in 
low-temperature 

We have found that primary and secondary ynamines 
produced in this way are transformed into yet other 
transient species, which we identified as ketenimines 
from their rates of reaction. The hydration of ket- 
enimines to amides had been studied before and the rate 
constants reported,27 e.g. k =  100 and 2200 l m o l - ' ~ - ~  
for the hydrogen ion catalyzed reactions of 
phenylketene-N-phenylimine and pheny1ketene-N- 
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isopropylimine respectively, are in good agreement with 
our values, k = 98 and 2190 1 mol-’ sl. It is interesting 
that the parent imine, phenylketenimine, is not hydrated 
to the corresponding amide directly but rather is first 
transformed into phenylacetonitrile, equation (15). 

H+ 
PhCH=C=NH - PhCH2&NH f, P h C H 2 C d H  

H201 slow 1 fast 

0 
- H I  

OH 

PhCH2 A NH2 t PhCH2&=NH PhCH2C=N + H’ 

(15) 
This shows that the cation formed in the first step of this 
reaction loses its nitrogen-bound proton more readily 
than it reacts with water, which is consistent with the 
fact that the acid-catalyzed hydrolysis of nitriles is 
known to occur by an A-2 mechanism involving pre- 
equilibrium protonation of nitrogen followed by rate- 
determining attack of water on the cation so formed.’’ 

Tertiary ynamines have no nitrogen-bound hydrogens 
and cannot isomerize to ketenimines. However, here 
again we were able to obtain literature support for our 
assignment of ynamine formation in the photoreaction of 
tertiary phenylaminocyclopropenones, as the hydration of 
some tertiary ynamines had been studied before.29 The 
rate constants reported in this earlier investigation were 
consistent with our values, but the agreement was not 
exact because the previous measurements were made in a 
1: 10.6 dioxane-water mixture whereas we used a 

wholly aqueous solvent. We therefore also prepared 
authentic tertiary ynamines and measured rates of their 
reactions in wholly aqueous solution. As Figure 5 illus- 
trates, good numerical agreement was obtained between 
these rates and values for tertiary ynamines obtained from 
arylaninoc y clopropenones. 

Reaction mechanism 
We found that decay of the transient species identified 
as ynamines formed by flash photolysis of phenylamino- 
cyclopropenones showed general acid catalysis and gave 
sizeable isotope effects in the normal direction, kH/ 
k,> 1. This, again, is classic evidence for rate-deter- 
mining proton transfer to carbon,” and it shows that 
ynamines react in a fashion completely analogous to 
ynols, by simple protonation of their acetylenic b- 
carbon atoms, equation (16). 

+ 
P h m N R 2  + HA+PhCH=CNR, + A- (16) 

These reactions, like the protonation of ynolate ions, 
are very fast, a property that may be attributed to the 
cation-stabilizing ability of amino groups. This stabiliz- 
ing ability, and consequently the rate of reaction, should 
increase with the basicity of the amino substituent, and 
Figure 6 shows that this is indeed the case. The slope of 
the correlation shown in Figure 6 is 0.33 & 0.02, which 
is consistent with the early transition states expected for 
these fast reactions.” The fact that primary, secondary 
and tertiary ynamines obey the same correlation, more- 
over, implies that proton loss from nitrogen is not 
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Figure 5 .  Comparison of rates of reaction of N-methyl-N-pentafluorophenylphenylynamine obtained by flash photolysis of the 
corresponding cyclopropenone (0) with those of an authentic sample of the ynamine (A) 
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Figure 6. Correlation between rate constants for carbon protonation of phenylynamines by the hydronium ion and basicity of the 
amino portion of the ynamines as measured by the acidity constants of the conjugate acids of the corresponding amines 

concerted with carbon protonation, as such proton loss 
cannot occur in the case of tertiary ynamines. 

The carbon protonation of ynamines also gives good 
Bronsted correlations with low slopes: those for N- 
(isopropy1)phenylynamine and N-(pentamethyleny1)- 
phenylynamine, based on series of carboxylic acid 
proton donors, have a = 0.29 * 0.03 and 0.28 * 0.02 
respectively. 

Basic strength 
It was shown above that the acetylenic group has a 
powerful strengthening effect on the acidity of ynols 
and consequently a powerful weakening effect on the 
basicity of ynolate ions. This group also exerts a strong 
base weakening effect in the case of ynamines. This is 
apparent from the fact that the carbon protonation of 
ynamines proved to be acid catalyzed even in the 
strongest acids we could use to study these reactions. In 
sufficiently strong acids, ynamines should undergo 
reversible equilibrium protonation on nitrogen in 
addition to nonreversible protonation on carbon, and 
that, just as in the case of ynolate ions, should be 
recognizable as a break in the reaction rate profile. We 
found no such breaks for any of the ynamines we 
examined up to acidities of the order of [H+] = 1 M. 
This sets an upper limit of pK,<O on the acidity of 
ynamine conjugate acids and makes the base weakening 
effect of the acetylenic group greater than 10 pK units. 

Acid strength 
Rate profiles for the carbon protonation of tertiary 
ynamines are similar to those for carbon protonation of 

ynolate ions, showing only acid-catalyzed and 
'uncatalyzed' regions representing protonation by the 
hydronium ion and by water molecules. The reaction of 
primary and secondary ynamines, on the other hand, 
also shows base catalysis. This is illustrated by the rate 
profile for N-(pentafluoropheny1)phenylynamine given 
in Figure 7.30 Base catalysis eventually becomes satu- 
rated in this example, but saturation was not reached in 
the case of other ynamines with less strongly electron- 
withdrawing substituents on nitrogen. 

Solvent isotope effects plus the form of catalysis by 
buffers lead us to believe that the basic part of the rate 
profile illustrated in Figure 6 represents ionization of N- 
(pentafluoropheny1)phenylynamine as an acid followed 
by rate-determining carbon protonation of the ionized 
species by water, as shown in equation (17). 

PhO=CNHC& = PhC=CNC$; + H' 
K. 

ko H@, -HO- (17) I 
PhCH=C=NC& 

This scheme produces H +  in the equilibrium before the 
rate-determining step, and the rate of the overall reac- 
tion will consequently be inversely proportional to [H + ] 
or directly proportional to [HO -1, thus producing the 
apparent hydroxide ion catalysis seen in the region 
pCH+ = 5-10. Above pCH+ = 10, the position of the 
prior equilibrium shifts from PhCsCNHC6F5 to 
PhC=CNCC6F,-, and the concentration of the reactive 
form of the substrate is no longer inversely dependent 
upon [H + 1; base catalysis thus becomes saturated. 

The solvent isotope effect in the region of base 
catalysis saturation for this reaction is k , / k ,  = 7-9. 
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Figure 7. Rate profile for the carbon protonation of N-pentafluorophenylphenylynamine in aqueous solution at 25 O C  

This is a reasonable value for rate-determining 
proton transfer to carbon from a water molecule: such 
isotope effects tend to be large because the primary 
component is augmented by a secondary effect in the 
same direction, which is produced by formation of 
the solvation shell of the hydroxide ion being 
generated in this process. In the region of apparent 
hydroxide ion catal sis, the isotope effect is much 
greater: kH/kD = 30.j; In this region, however, the 
observed rate constant is the product of the acid 
dissociation constant of the ynamine and the specific 
rate constant for the slow step, kOb, = K,ko, and the 
observed isotope effect is consequently the product of 
isotope effects on K, and k,,. Since (kO)H/(kO)D=7.9 
has been determined in the region of base catalysis 
saturation, the isotope effect on the acid dissociation 
constant can be evaluated. The result, 
(Ka)D = 3.8, is a reasonable value for an acid of this 
strength.33 

The break in the rate profile connecting the regions of 
apparent hydroxide ion catalysis and catalysis saturation 
corresponds to acid dissociation of the ynamine, and 
analysis of the data gives pK,= 10-3 for N- 
(pentafluoropheny1)phenylynamine. This is a remark- 
ably low value for the acid ionization of an amine, much 
lower than the estimate pK,=35 for the ionization of 
ammonia.34 

A more meaningful comparison would be with the 
equilibrium constant for pentafluoroaniline ionizing as 
an acid, equation (18). 

C6F5NH, = C$,NH - + H + (18) 
This constant has not been determined in aqueous 
solution, but an estimate can be made using pK, = 23- 1 
in DMSO solution35 and the assumption that the solvent 

effect on this ionization is the same as that for aniline, 
for which pK,=30.6 in DMSOZ2 and pK,=27-7 in 
water.36 The result is pk, = 20.2 for pentafluoroaniline in 
water, which gives an acid-strengthening effect of 
10 pK units for the phenylynyl group in N- 
(pentafluoropheny1)-phenylynamine. 

ORIGIN OF THE ACID-STRENTHENING EFFECT 

This remarkable acid-strengthening effect of the 
acetylenic group is reminiscent of the greater acidity of 
acetylene over ethylene and ethylene over methane: 
These differences are cited in most introductory organic 
chemistry texts and are commonly attributed to differ- 
ences in stability of the corresponding carbanions due to 
differences in s character of the orbitals occupied by 
their lone-pair electrons. 37 The s character increases 
from 25% to 33% to 50% for the sp3, sp’, and sp hybrid 
orbitals of CH, - , CH,=CH - CH-C - , respectively, 
and, since electrons in s orbitals have lower energy than 
those in p orbitals, the stability of the carbanions 
increases along this series. 

It is not clear that a similar explanation can apply to 
ynols and ynamines, as the state of hybridization of the 
orbitals of the 0-H and N-H bonds undergoing 
ionization here does not change in going from 
acetylenic to vinylic to saturated systems. Recent high- 
level ab initio molecular orbital  calculation^,^^ in fact, 
suggest a different origin for the acidifying effect of the 
triple bond in ynols and ynamines. The results of these 
calculations, which agree well with expenmental values 
wherever experimental data are available, can be 
formulated into isodesmic reactions such as those of 
equations (19) and (20). The first of these reactions 
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transfers an OH group from acetylenic to vinylic 
carbon; 
CHECOH + CH,=CH2= CH,=CHOH 

(19) 
CH-CO- + CH,=CH, ---L CH,=CHO- 

(20) 
the calculations show this to be an exoergic process, 
A E =  -10 kcalmol-' (1 kcal=4.184 kJ), which 
indicates that a hydroxyl group is more stable when 
attached to vinylic carbon. This difference may be 
understood in terms of the inductive effects of the 
groups involved. The OH group is electron withdraw- 
ing, as are also the CH-C and CH,=CH groups. 
Juxtaposition of these groups in ynols and enols will 
therefore be destabilizing, but it will be more destabiliz- 
ing in ynols than in enols because the inductive effect of 
CH-C is stronger than that of CH,=CH; this is 
apparent, for example, from the substituent constants 
u, = 0.29 for CH=C and uI = 0.11 for CH,=CH.39 

The second isodesmic reaction transfers 0- from 
acetylenic to vinylic carbon; the calculations show this 
to be an endoergic process, AE= +15 kcalmol, which 
indicates that 0-  is more stable when attached to 
acetylenic carbon. Resonance effects are likely to be 
more important than inductive effects here because of 
the strong conjugative effect of 0-,  and conjugation of 
0-  will be stronger with CH-C than with CH,=CH 
because the former has two n systems but the latter has 
only one and also because the CO bond in CH==CO- is 
shorter and can provide better overlap than that in 
CH,=CHO-. 

These effects are summarized in the energy diagrams 
in Fig. 8. They suggest that ynols are more acidic than 
enols because non-ionized ynols are less stable than 
non-ionized enols and also because ynolate ions are 
more stable than enolate ions; the acid-strengthening 
effect of the acetylenic group here is consequently a 
combination of initial state and final state effects. 

+ CH-CH; AE = - 10 kcal mol-' 

+ CH-CH; AE = + 15 kcal mol 

'7' 
CH~=CHO- 

+H+ 

- CH&HOH 

Figure 8. Energetic relationships comparing the ionization of 
hydroxyacetylene and vinyl alcohol. Energies are based on the 

calculations of Ref. 38a 

Similar consideration of the energies of ynamines and 
enamines and the anions formed by their ionization38b 
leads to the same conclusion, i.e. that both initial state 
and final state effects are also responsible for the 
enhanced acidity of ynamines. 
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