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Abstract: Trifluoroacetylketene was generated in aqueous solution by flash photolysis of 2,2-dimethyl-6-
trifluoromethyl-4H-1,3-dioxin-4-one and its spiro analogue, 4-trifluoromethyl-1,5-dioxaspiro[5.5]undec-3-en-
2-one, and rates of hydration of the ketene to 4,4,4-trifluoroacetoacetic acid enol as well as subsequent
ketonization of the enol were measured in this solvent across the acidity rahige [tH01—10-12 M. Analysis

of the rate profile produced by these data provides the acidity const@qts=p 1.85 for the carboxylic acid

group of the enol and(pg = 9.95 for its enolic hydroxyl group, which make these groups 2 and 3 orders of
magnitude more acidic, respectively, than the corresponding groups in the parent unfluorinated acetoacetic
acid enol. Rates of enolization of the keto group of 4,4,4-trifluoroacetoacetic acid were also measured, by
bromine scavenging, and these, together with a value of the equilibrium constant for hydration of the keto
group to itsgemdiol derivative based upon a free energy relationskjp= 2900, provide an estimate of the
keto—enol equilibrium constant for this systemKp= 0.28. This is greater, by 2 orders of magnitude, than

the keto-enol equilibrium constant for the unfluorinated acetoacetic acid.

There is a large body of information on ketenol tautom- acetoacetic acid exits as the ketone hydr&tein aqueous
erism of 5-ketoesters, gathered over the course of more than asolution, the anhydrous acid tautomerizes to substantial amounts
century! In striking contrast, few investigations of tautomerism of enol in organic solvents such as acetonitrile or tetrahydro-
of B-ketoacids have been performed. We recently carried out furan; we consequently used such solutions as sources of the
detailed studies of the acetoacetic acljf (and the 2-oxocy- enol as well.
clopentanecarboxylic aci@)® keto—enol systems, and we now
add to that an examination of the enol of 4,4,4-trifluoroaceto-

| ¢ H H
acetic acid 8). or /Eil/i\ oF ,in\,b cxcozH
3 3
4 5 6

2 3

Whereas our earlier work showed that rate and equilibrium
1

constants for interconversion of the various species involved
were much the same for the acetoacetic acid and 2-oxocyclo-
pentanecarboxylic acid systems, introduction of a trifluoromethyl

group has now provided some interesting differences. The rate
and equilibrium constants are summarized in Table 1.

We generated this enol, as we did the enol of acetoacetic
acid? by flash photolytic retro-[2+ 4]-cycloaddition of ap-
propriate dioxinones, using in this case 2,2-dimethyl-6-trifluo-
romethyl-4H-1,3-dioxin-4-one 4) and its spiro analogue, 4-tri-
fluoromethyl-1,5-dioxaspiro[5.5]undec-3-en-2-ong) s the Experimental Section
photolysis substrates. Photocleavage of dioxinones is known to ) ) ] ] )
produce acylketendswhich, in aqueous solution, are rapidly Materials. 4,4,4-Trifluoroacetoacetic acid was prepared by acid-

hydrated to enols. We also found that, whereas 4,4,4-trifluoro- catalyzed hydrolysis of the ethyl estehis produced the hydrate, which
’ ’ T was converted to anhydrous trifluroacetoacetic acid by sublimation

T University of Toronto. under reduced pressure. 2,2-Dimethyl-6-trifluoromettyt4 3-dioxin-
* Tohoku College of Pharmacy. 4-one was a sample prepared in a previous sty 4-trifluoromethyl-
(1) For reviews of the early work, see: Ingold, C. Btructure and 1,5-dioxaspiro[5.5]undec-3-en-2-one was made by an analogous method;

Mechanism in Organic Chemistr@nd ed.; Cornell University Press: Ithaca, ; : . . . L o
NY, 1969; pp 794-837. Wheland, G. WAdvanced Organic Chemistry its prqpertles were cons_lstent with a Iltgrature descriptiadi. other
3rd'ed.; John Wiley & Sons: New York, 1960; pp 66803. For a summary ~ Materials were best available commercial grades. _

of more recent studies, see: Toullec, J. The Chemsitry of Enals Kinetics. Flash photolytic rate measurements were made using
Rappoport, Z., Ed.; John Wiley & Sons: New York, 1990; pp 3338. conventional flash lamp and laser systerhs«(= 248 nm) that have

(2) Chiang, Y.; Guo, H.-X.; Kresge, A. J.; Tee, Q.5 Am. Chem. Soc already been describé®ubstrate concentrations were of the order of
1996 118 3386-3391.

(3) Chiang, Y.; Kresge, A. J.; Nikolaev, V. A.; Popik, V.V. Am. Chem. (5) Swarts, FBull. Sci. Acad. R. Belgl926 12, 721-725.
Soc.1997 119, 11183-11190. (6) Morita, Y.; Kamakura, R.; Takeda, M.; Yamamota,J Chem. Soc.,
(4) Wentrup, C.; Heilmayer, W.; Kollenz, GSynthesisl994 1219- Chem. Commuril997, 359-360.
1248. Tidwell, T. T.KetenesJohn Wiley & Sons: New York, 1995; pp (7) lwaoka, T.; Murohashi, T.; Sato, M.; Kaneko, Synthesisl992
125-128. 977—981.
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Table 1. Summary of Rate and Equilibrium Constants 6 x 10°° M, and reactions were monitored by following the rise and
decay of enol absorbance &t= 260—270 nm. Some reaction rates
Process Constant Ratio® were too slow to be determined well in even the conventional flash

photolysis system, and these measurements were consequently made
with a Cary 2200 spectrometer, using reaction mixtures in which
H dioxinones had been activated by a single flash from the conventional
cp,/ﬁ)\ —o H0 /r\/mzﬂ k,=175x10°s 1.14 system, or reaction mixtgres in whic_h enol was su_pplied from a
tetrahydrofuran stock solution made using anhydrous trifluoroacetoace-

HQOH o /?\/ tic acid. o ‘ _ ‘ _
XCOIH T e O p . Rates of enolization of trifluoroacetoacetic acid were determined
: oh =191x10%s - using bromine to scavenge the enol as it formed. These measurements
were made in hydrobromic acid solutions, where bromine exists as the

H + . . . . . .
/t\/co{ _’i_.CFJ\/COZH kK, 2744 x 102 M 15 1172 tribromide ion, ar_ld reactions were foIIowe_d by monitoring the
i : absorbance of this ion at = 310 nm. Stoichiometric bromine
concentrations in the reaction mixtures were cax 10# M, and
: ; . . p
/R/coz- H CFJ\/CO{ KK 218810 M . trifluoroacetoacetic acid concentrations were ca 80 M.
3 s The temperature of all reaction mixtures used for rate measurements

was controlled at 25.8- 0.05°C. The rate data conformed to the first-

L/CO{ H,0 cor 32010t s 1/28,000 order rate law well, and observed rate constants were obtained by least-
F o k" =320x10%s 00 squares fitting of exponential functions.
Results
HQ OH HQ OH = M - . Lo .
3{ J— 5{ Cam Qan=351x10 Flash photolysis of the dioxinone substratésand 5 in
CE, - COH - cp OOy PQan=345 - aqueous solution produced a rapid, microsecond rise in absor-

bance a#t = 260-270 nm, followed by a much slower decay.
These changes were assigned, on the basis of analogy with the
/ﬂ\*/ coH == H CO +H'  Dap= 142x102M 159 acetoacetic acid system where similar absorbance changes were
CF; CF, PQ,E=185 - observed, to formation of trifluoroacetoacetic acid end@) (oy
hydration of trifluoroacetylketenery, itself formed within the
time of the laser flash; this was then followed by subsequent

. S cor T LCO{ 0F —113x10°M 1,700 ketonization of the enol to trifluoroacetoacetic ac#j, (eq 1.
3 3 pE =995 -
H
H,0
T T o e
CFy COH CF; % -COH PRy, =374 - 3 . 7 8
! -3
HCSCHCO_ O X cor Klliéh =731x10 This assignment is also supported by the response of these
CR V2 PREh =214 absorbance changes to aelohse catalysis and to changes in
the isotopic composition of the solvent (vide infra).
HQ PH Rates of decay of the enol were the same for this species
@/ﬁ\/cozﬂ +H,0+—= C:}CCOZH 5 produced from the dimethyldioxinong as for that produced
5 s (K, =2.90x10%) R o P~
from the spirodioxinon&. This is illustrated in Figure 1, where
o o rates of ketonization in perchloric acid solution are compared.
/ﬁ,\/co; +HO = (X/CO{ , ) At these acidities, the enol exists in both un-ionized carboxylic
i i Ky =335x10) . acid @) and ionized carboxylate ionlQ) forms, eq 2, but

H H K
H E _ —1 L H Qag L/CO‘ - Kt LCOH 2
cs/ﬁ\/cozH HO, Q:i\/cozH ko =55457) @) Ry 002 CF; ? +H oFy 2 @
3 3

8 10 9
/ﬁ\/ j\/ o- 30 x102M) %) ketonization occurs through the more reactive carboxylate form.
cry” O e T+H Efg‘l(:'m) The rate law that applies to this reaction scheme is shown in
N eq 3, whereQ, is the ionization constant of the carboxylic
- acid group and(,f+ is the rate constant for ketonization of the
c j\/COzHZC /?\/COzH (Kg=524x10"") carboxylate form catalyzed by the hydronium ion.
& i (pKg =0.28) 93)
— + +
IS I3 kaps = Kii-QadH W(Que + [H']) 3)
I - (KE=245x107Y
COy == ___INCO . . .
s O * (PKs=061) o1 Least-squares fitting of this expression gade = (7.42 +

0.16) x 1® M7t 57, Qe = (1.46 4 0.06) x 1072 M ? for
enol produced from the dimethyldioxinone aqu = (7.72+

a Agueous solution, 25C, ionic strength= 0.10 M. Values in - —
. ' . S (8) (a) Chiang, Y.; Hojatti, M.; Keefe, J. R.; Kresge, A. J.; Schepp, N.
parentheses are estimates based upon hydration equilibrium constantq,,.; Wirz, 3.J. Am. Chem. Sod 987, 109, 4000-4009. (b) Andraos, J.:

Ky and K}, obtained using a free energy relationship; see text for Chiang, Y.; Huang, C. G.: Kresge, A. J.: Scaiano, JJOAm. Chem. Soc
details. Acidity constants are concentration quotients at ionic strength 1993 115 10605-10610. ' ' '

= 0.10 M." Ratio of constant for 4,4,4-trifluoroacetoacetic acid system (9) This is a concentration ionization constant applicable at the ionic
to that for acetoacetic acid system. strength (0.10 M) at which it was determined.
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Figure 1. Comparison of rates of ketonization of 4,4,4-trifluoro-
acetoacetic acid enol produced from dimethyldioxindr{® and solid
line) and from spirodioxinone 54 and broken line) in aqueous
perchloric acid solution at 2%C.

|
0.16 | -

0.12

s

0.08

0.04

0.00 1 | 1 FURPSESN TR TR SOV S TN SO VU T S U S ST S B Y
0.00 0.01 0.02 0.03 0.04
[Buffer}M

Figure 2. Comparison of rates of ketonization of 4,4,4-trifluoro-
acetoacetic acid enol derived from dimethyldioxinoneXand solid
line) and from the anhydrous acid @nd broken line) in aqueous (GH
OH)sCNH;" buffer solutions at 25C.

0.23) x 1 M1 5L, Que = (1.27 4 0.09) x 1072 M ® for
enol produced from the spirodioxinone.
Rates of ketonization of enol produced by photolysis of the

dioxinones were also the same as those for enol obtained from
an equilibrated tetrahydrofuran stock solution made using C

anhydrous trifluoroacetoacetic acid. This is illustrated in Figure
2, where rates measured in (g@bH);CNHs™ buffers are
compared. Linear least-squares analysis of these datskgave
s1=(4.924 0.68) x 103 + (3.82 4+ 0.06)[buffer] for enol
from the dimethyldioxinone ankbpds™ = (5.034 0.85) x 1073
+ (3.98 & 0.08)[buffer] for enol from the acid.

Ketene Hydration. Rates of hydration of trifluoroacetylketene

were measured in aqueous perchloric acid and sodium hydroxide
solutions and also in water with no acid or base added. Acid

and base concentrations were varied, [HI© 0.001-0.1 M
and [NaOHJ= 0.002-0.02 M, and replicate measurements were

J. Am. Chem. Soc., Vol. 121, No. 36, 18347
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Figure 3. Rate profiles for the hydration of trifluoroacetylketens) (
and ketonization of 4,4,4-trifluoroacetoacetic acid er). (

10714

M. This is characteristic of ketene hydration reactions, whose
rate profiles typically show extensive uncatalyzed regions: acid
catalysis is only rarely present, and base catalysis is usually
weak238b.11|n the present case, the dioxinone substrates were
unstable in base and decomposed rapidly in sodium hydroxide
solutions more concentrated than ca. 0.01 M, further precluding
observation of base catalysis. Some measurements of ketene
hydration were also made in,D solutions of perchloric acid
and in DO with no acid or base added as well. These data are
summarized in Tables S1 and ®3The average value of the
rate constants so obtained, when combined with th® H
counterpartk = (1.75+ 0.30) x 10° s, gives the isotope
effect k(H20)/k(D,O) = 0.88 + 0.02. Near-unity values of
isotope effects such as this are also characteristic of uncatalyzed
ketene hydration$38211as expected for a reaction that occurs
by nucleophilic attack of water on the ketene carbonyl carbon
atom in a process that involves no making or breaking of bonds
to hydrogent?

Enol Ketonization. Rates of ketonization of 4,4,4-trifluoro-
acetoacetic acid enol were measured in aqueous perchloric acid
and sodium hydroxide solutions. Acid and base concentrations
were varied, [HCIQ] = 0.001-0.1 M and [NaOH}= 0.0006-

0.01 M, and replicate measurements were made at each
concentration; ionic strength was maintained constant at 0.10
M. The data so obtained are summarized in Tables S4 aA#l S5.
Rate measurements were also made in aqueousHGTH;-

OH, HPO,~, (CH,OH)CNHs*, and NH™ buffers. Series

of buffer solutions of constant buffer ratio and constant ionic
strength (0.10 M) but varying total buffer concentration were
used. These data are summarized in Tablé®S6.

Strong buffer catalysis was found, with observed rate
constants increasing in the expected linear fashion with increas-
ing buffer concentration. The data were therefore analyzed by
least-squares fitting of eq 4. The zero-buffeoncentration
interceptsk,, obtained in this way, together with rate constants
measured in perchloric acid and sodium hydroxide solutions,

(11) (a) Allen, A. D.; Kresge, A. J.; Schepp, N. P.; Tidwell, T.Gan.

made at each concentration. The ionic strength was held constand. Chem 1987 65, 1719. Allen, A. D.; Stevenson, A.; Tidwell, T. T.

at 0.10 M. The data so obtained are summarized in Tables S1

S3% and are also displayed as the upper rate profile of Figure

3

It may be seen that the rates measured remain constan

throughout the range of acidity examined,JH= 10-1—10"12

Org. Chem 1989 54, 2843-2848. Tidwell, T. T.Acc. Chem. Res99Q
23,273-279. Allen, A. D.; Baigre, L. M.; Gong, L.; Tidwell, T. TCan.
J. Chem 1991, 69, 138-145. (b) Andraos, J.; Kresge, A.J.Photochem.
Photobiol. A1991, 57, 165-173. (c) Andraos, J.; Kresge, A. J.; Schepp,
. P.Can. J. Chem1995 75, 539-543. Chiang, Y.; Kresge, A. J.; Popik,
V. V. J. Am. Chem. Sod995 117, 9165-9171.

(12) Kresge, A. J.; More O'Ferrall, R. A.; Powell, M. F. Isotopes in

(10) Supporting Information; see paragraph at the end of this paper Organic ChemistryBuncel, E., Lee, C. C., Eds.; Elsevier: Amsterdam,

regarding availability.

1987; Vol. 7, pp 177273.
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Kons = Ko + Kyuslbuffer] (4) The two diagonal parts of this rate profile are connected by
another horizontal segment whose molecular interpretation is

were used to construct the lower rate profile shown in Figure less straightforward: this portion could be due to reaction of

3. Hydronium ion concentrations of the buffer solutions needed € monoanion with kD, or it could be caused by ionization
for this purpose were obtained by calculation, using literature ©f the monoanion to dianion followed by reaction of that with

PK4s of the buffer acids and activity coefficients recommended H'-An argument suggesting a choice between these possibilities
by Bates!3 is presented below.

The rate law that applies to this reaction scheme is shown in

This rate profile is similar to those found for ketonization of eq 6, in whichk. represents the mechanistically ambiguous

the enols of acetoacetic aéidnd 2-oxocyclopentanecarboxylic

acid? and it may be interpreted in the same way as those rate kﬁ Q E[H+] KK QE
profiles were, using the reaction scheme of eq 5. Downward Kops = *a—+ + k. + % (6)
Qa,E+ [H ] Qa + [H ]
H H a
cpa/&/wz” Las CFQ/K\/COz' +H* .E_"‘-' k/wf +2H ® middle portion of the rate profile and the other constants are as
ok defined by eq 5. Least-squares fitting of this expression produced
| K A the following results:KS, = (7.44+ 0.20) x 1 M~ s7L, kye
HO | K HeO | kg = (2124 0.12) x103 5L, kKX = (3.204+ 0.12) x 102571,
B con )8 Qae= (1.424 0.08)x 102 M, pQae= 1.85+ 0.022 andQ§
2 coz” = (1.13+ 0.16) x1071° M, pQ5 = 9.95+ 0.06?

Interpretation of the horizontal middle portion of the rate
bends in rate profiles such as those found here &t =l 1072 profile as representing ionization of monoanion to dianion
and [H"] = 1071 M are commonly produced by ionization of  followed by reaction of the latter with Hrequiresk,. to be
acidic groups in the substrattand the present bends may be equal tok', Q, andk/. can consequently be evaluated as
attributed to ionization of the carboxylic acid and enolic k,/Qf. In the case of acetoacetic acid enol, that gave the
hydroxyl groups of the enol. Ketonization of enols is known to  improbably large rate constaHfH =3 x 101M-1s12and
occur by rate-determining protonation of the enol or#tsarbon this molecular interpretation was consequently rejected. The
atom;® and, since this profile represents reaction through present results, on the other hand, give the perfectly acceptable
solvent-related species, protonation will take place by proton yajuek’, = (1.88+ 0.29) x 107 M~ 571, and a mechanistic
transfer either from the hydronium ion, represented hereby H - choice can therefore not be made here on the basis of the
or from H,O. Moreover, since ketonization is an electrophilic - magnitude of this rate constant. The alternative explanation,
addition reaction, successively ionized forms of the substrate however, i.e., carbon protonation of the monoanionic form of
will be more reactive than their precursors, and reaction will {he sypstrate by 3O with kye = k§ leads to the improbably
take place through them even when they are relatively minor o (ate ratio,k'K/kE = (3.20 x 10°9/(2.12 x 1073 = 15.1,
forms. The short horizontal, “uncatalyzed” portion of this rate ¢, protonation gf enolate ion and enol by®L In a number of
profile at acidities above the first bend then represents keton- gjmpje enol systems, ionization of the enol to enolate ion was
ization through protonation on carbon by"tf the ionized 4,74 to increase the rate of ketonization catalyzed by the same

carboxylate form of the substrate, when un-ionized carboxylic 5cig by many orders of magnitud&For acetoacetic acid enol,
acid is still the dominant substrate form: this reaction first for example, this ratio ik'glkg =5 x 10% and the reactivity

gen_erart]es H |nda fast _eqwhbnum |on(|jzat_|on and then“uses It selectivity principle leads to the expectation that this ratio should
up In the rate-determining step, producing an overall process . o\ greater for the present considerably less reactive system

whose rate is independent of H At acidities below the first  yige infra). Its small value thus suggests that this mechanistic
bend, on the other hand, carboxylate ion is the principal SUbStrateinterpretation is not correct and that the other assignment, i.e.,

form, and carbon protonation of this substance Bytldcomes ;7 ation of monoanion to dianion followed by protonation of
an acid-catalyzed process with rate proportional to][khich that by H, is to be preferred. Such a stepwise mechanism has,
produces a diagonal rate profile segment with slepe-1. in fact, been assigned to this part of the rate profile for the
At lower acidities, with [H] < 10-8 M, the dianion becomes  ketonization of simple enols on the basis of other evidéfite.
the reactive form, but now [H is too low for H" to be an Additional support for the interpretation of the present rate
effective protonating agent, and,® takes over the role of  profile in terms of the ketonization reaction scheme of eq 5
proton donor. This produces a diagonal segment with stepe  comes from the form of buffer catalysis of these reactions. The
+1 at acidities above the second bend, where the monoanion ispuffer catalytic coefficientsk,u, of €q 4 can be separated into
still the dominant substrate form: equilibrium ionization of the  their general acidkya, and general baskg, components with
second acidic (enolic) group to provide the reactive dianion the aid of eq 7, in whichy is the fraction of buffer present in

generates H this, however, is not used up in the rate- the acid form. Application of this relationship gakig, = (3.53
determining step, and that gives an overall process whose rate

is inversely proportional to [H], or directly proportional to Kouit = kg + (Kya — Kg)fa (7)
[HO™], producing an apparent hydroxide ion catalysis. At

acidities below the second bend, the dianion is the principal £ 0.60) x 10-* M~* st andks = (1.20+ 0.08) Mt s™* for
substrate form, and reaction of this with,® gives another ~ H2PQ,~ buffers andkua = (3.14+ 4.95) x 10°* M~*s" and

horizontal “uncatalyzed” profile segment. ks = (4.96 & 0.29) M s for (CH,OH);CNH;* buffers,
showing both general acid and general base catalysis in the more
(tB) Bates, R. GDetermination of pH Theory and Practic#/iley: New acidic HLPO,~ buffer solutions but only general base catalysis
York, 1973; p 49.
(14) Loudon, G. M J. Chem. Educl991, 68, 973-984. (16) (a) Pruszynski, P.; Chiang, Y.; Kresge, A J.; Schepp, N. P.; Walsh,

(15) Keeffe, J. R.; Kresge, A. J. [fhe Chemistry of Enalfkappoport, P. A. J. Phys. Cheml986 90, 3760-3766. (b) Chiang, Y.; Kresge, A. J.;
Z., Ed.; Wiley: New York, 1990; Chapter 7. Santaballa, J. A.; Wirz,.J. Am. Chem. Sod988 110, 5506-5510.
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102 becomes an acid-catalyzed process with rate proportional to
' [H™], giving a diagonal profile segment of slope —1.

Although enolization involves proton removal from the keto
isomer, it is unlikely that the initial state of the enolization
process is free ketoacid. Ketones with strongly electron-
withdrawing substituents, such as trifluoromethyl, are known
to form gemdiol hydrates.” and trifluoroacetoacetic acid is a
deliquescent substance with a strong tendency to form a solid
hydrate® Ethyl trifluoroacetate exists mainly, and sometimes
even completely, as the hydrate in waterganic solvent
mixtures!® and there is evidence that the hydration equilibrium
is set up rapidly relative to the rate of enolizatitSA.This
suggests that 4,4,4-trifluoroacetoacetic acid in aqueous solution
104 L L will exist in mobile equilibrium with itsgemdiol hydrate and

102 10° 10 that the latter will be the major species present. The enolization
[HBr/M process may, therefore, be formulated as shown in eq 8. The

Figure 4. Rate profile for the enolization of 4,4,4-trifluoroacetoacetic

Ty . H
acid in aqueous HBr solutions at 26. S o S O . I oo, ®
CF, €Oy~ — COpH 2 CF3

3 2 CFg

in the more basic (CKHDH);CNHsz*™ solutions. Ketonization, ) . . ) )

being a reaction that occurs by rate-determining proton transfer "at€ law that applies to this reaction scheme is shown in eq 9.
from catalyst to substrate, should, of course, show general acidLeast-squares fitting of this expression gdgg = (1.91 +
catalysis. In situations where the rate-determining step is 0-06)x 10°s™andQap= (3.514 0.28)x 107*M, pQan=
preceded by acid ionization of the substrate, however, such as3-45+ 0.04?

the present conversion of monoanionic to dianionic substrate — N

forms, the prior acietbase equilibrium will convert the general kobs = KodH 1(Qupn+[H']) 9)

acid catalysis of the rate-determining step into overall general _

base catalysis. It is significant, therefore, that both general acid Discussion

and general base catalysis was observed in the more acidic gqyiliria . Keto—enol equilibrium constants can be evaluated
buffers, where our mechanistic interpretation has ketonization 55 ratios of enolization to ketonization rate constaris: =

occurring by rate-determining carbon protonation of the mono- ke/kx, and we have employed this method to obtain values of
anion (general acid catalysis) plus ionization of that anion to Ke for the acetoacetic addand 2-oxocyclopentanecarboxylic
dianign, followed by rate-determ!ning carbon protonation of that gqicp systems. In the present case, because the rates of
species (general base catalysis), whereas only general basgnglization measured refer not to free ketone but rather to a
catalysis was observed in the more basic buffers, where ourgemdiol hydrate initial state (vide supra), this technique leads
interpretation has only the latter mechanism operating. to hydrate-enol rather than keteenol equilibrium constants.
Ketone Enolization. Rates of enolization of 4,4,4-trifluoro-  Two such constants may be evaluatég, for the equilibrium
acetoacetic acid, monitored by bromine scavenging, were involving un-ionized carboxylic acid groups shown in eq 10
measured in hydrobromic acid solutions over the concentration andK¢ ,, for the equilibrium involving carboxylate ions shown
range [HBr]= 0.0001-0.01 M. A number of acid concentra- in eq 11. The first of these constants applies to the region of
tions were used, and replicate measurements were made at most
concentrations. The ionic strength of the reaction mixtures was # H Ken /Ti/c (10)
maintained at 0.10 M through the addition of NaBr. These data C><.}°2H — o oM
are summarized in Table ®7and are displayed as the rate ?
profile of Figure 4. H H Kep

H
This rate profile has a downward bend, which suggests that WOZ' e CFG/T\/C%‘
the substrate is undergoing acid ionization in the range of acidity °*
used for these rate measurements. Since enolization, being a . .. ) .
proton removal process, puts negative charge on the substrgteaud.'ty repre§ented by the first horizontal segments of the rate
the ionized and already negatively charged form of the substratepg)fl!eS dqf Flr?ures _3 agg 4_""”‘2 mzi(y be ezalf%tfi for%rg data
will be less reactive than the neutral un-ionized form. Enoliza- ©Ptaine€d in this region asen = ko /(K- Qa) = (1. 09)

" : : -,

tion, moreover, must be the microscopic reverse of ketonization, > 107, and the segond applies to the region of aC|d|j[y

which was assigned a mechanism in this range of acidity representt_ed by the dl_agonal segments immediately following

consisting of rate-determining proton transfer from hydronium 1€S€ horlzo_ntal portions and may be evaluatedkag =

ion to substrate, giving a water molecule as the conjugate basdor/(Qaiks:) = (7.31+ 0.47) x10°2 o

reaction product; water will, therefore, be the proton removing ~ BOth of these constants are small, and they indicate that enol

agent in the enolization process. is only a minor species present to an extent of less than 1% in
At acidities above the bend in this rate profile. where the 2dU€0US solutions of 4,4,4-trifluoroacetoacetic acid. This may

L . L P P . appear to be at variance with reports that much greater amounts
substrate exists in its reactive un-ionized form, enolization will

. . » . of enol are found in equilibrated solutions of ethyl trifluoro-
consequently be a simple “uncatalyzed” reaction of substrate
with water, producing a horizontal profile segment. At acidities §17§ ?e)ll, R. P.Adv. PhI)I/s. Org. Cheml966 4, 1-29. hed
i i i 18) (a) Camps, F.; Coll, J.; Messeguer, A.; RocaTAtrahedronl977,
below the. be.nd,.on the other hand., where the sub§tra_te IS |n.|ts33' 1637-1640. (b) Fomin, A. N. J.; Saloutin, V. I.; Pashkevich, K. I.;
less reactive ionized form, conversion of that to un-ionized acid gazhenov. D. V.: Grishin, Y. K.: Ustynyuk, Y. ABull. Acad. Sci. USSR

will first take place; this requires a proton, and the reaction thus Div. Chem. Sci(Engl. Transl.)1983 32, 2361-2364.

a1
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acetoacetate in organic solveftdThese seemingly disparate

Chiang et al.

the present system, however, the trifluromethyl group is two

observations are reconcilable, however, if most of the system carbon atoms farther away from the carboxylic acid group than
in aqueous solution exists as hydrate, with both keto and enolit is in trifluoroacetic acid, and this will attenuate its acid-

isomers only minor forms.

Information regarding this question may be obtained by
converting the hydrateenol equilibrium constants into keto
enol equilibrium constants according to the relationskips=
KernKn. The required hydration equilibrium constars, have

strengthening influence on this group. The spatial relationship
of trifluoromethyl to enolic hydroxyl group, on the other hand,
is the same as it is to the hydroxyl group of trifluoroacetic acid,
but ionization of the enol puts negative charge into an already
negatively charged group, and that will oppose the acidifying

not been measured, but reliable estimates may be made usingffect of trifluoromethyl and attenuate it once again.

the free energy relationship of eq 4Qwith values ofo* from
the compilation by Perrin, Dempsey, and Serjearithis free
pK, = 2.81— 1.7Co0* (12)

energy relationship, for example, prediéts = 42 for 1,1,1-
trifluoroacetone, which agrees well with the measured value
Kn = 3522 Use of this relationship providé§, = 2900 for 4,4,4-
trifluoroacetoacteic acid and;, = 34 for its carboxylate ion,
and application of these results to the hydtagaol equilibrium
constants give&Keg = 0.52 for the unionized acid andg =
0.25 for the carboxylate ion.

The near-unit values of these ketenol equilibrium constants
indicate that the keto and enol isomers of 4,4,4-trifluoro-

An acidity constant for the carboxylic acid group of the keto
form of trifluoroacetoacetic aci®Q, x, may be obtained through
the thermodynamic cycle shown in eq 13, whédgx =
QuKi/K}j, = 3.04 x 1072 M, pQax = 1.52° This value is 75

He OH

></°°2H /ﬁ\/m?H
o CF§

Qap ” Oa,K‘ !

Hi OH
Ky
-— [Py
CFa CO,~ CF3

+H*

Ky
i

(13)

+H*

acetoacetic acid are, indeed, of comparable stability in aqueous

solution, consistent with observations made for organic
solventst8a19These results are also consistent with the fact that,

times greater tha@, « for acetoacetic acidwhich is less than
the factor of 160 obtained above for the effect of trifluoromethyl

in the kinetics studies described above, we were able to makeon the acidity of the carboxylic acid group of the enQkLf).

stock solutions containing considerable amounts of enol by
dissolving the anhydrous acid in tetrahydrofuran.

This difference shows that the vinyl group separating trifluo-
romethyl and carboxyl in the enol is a better transmitter of

Comparison of these results with those for the acetoacetic electrical effects than is the carbonyl plus methylene entity of

acid systerhishows that the trifluoromethyl group increases enol

content appreciably, by a factor of 90 for the un-ionized acids
and by a factor of 200 for the carboxylate ions. These effects
are consistent with the strongly electron-withdrawing nature of
the trifluoromethyl groups, which will produce an unfavorable

interaction with the adjacent positive end of the carbonyl group
dipole of the keto isomer, destabilizing this form and thereby
bringing its energy closer to that of the enol isomer.

The trifluoromethyl substituent also has a strong effect on
the ionization of various acidic groups in the present system.
Comparison of the present results with those for the enol of
acetoacetic acfdshows that trifluoromethyl increases the acidity
constant of the carboxylic acid group of the enQLf by a
factor of 160 and that it increases the acidity constant of the
enolic hydroxyl group (QaE) by a factor of 1700. Both of these
effects are in the expected direction, inasmuch as the electron
withdrawing ability of trifluoromethyl will stabilize the anionic
products of these acid ioniziation reactions. Neither effect, on

the keto form.

Kinetics. Acyl subsituents increase the reactivity of ketenes
markedly. For example, the uncatalyzed hydration of acetylketene
in agueous solution is 42 000 times faster than the corresponding
reaction of ketene itseff11b This enhanced reactivity has been
explained in terms of a reaction mechanism involving nucleo-
philic attack of water on the carbon atom of the ketene carbonyl
group, which generates a negative charge on the substrate that
can be stabilized by an acyl substituent. This explanation,
however, is inconsistent with the present results for trifluoro-
acetylketene. A trifluoroacetyl group, because of the additional
electron-withdrawing effect of trifluoromethyl, should be sub-
stantially better than an acetyl group at stabilizing such negative
charge being generated on the substrate, but the present results
give a rate constant for reaction of trifluoroacetylketene with

-water that is virtually the same as that for reaction of

acetylketene with waterk,(CFRCOCG=C=0)/k,(CH3;COC=C=
0) = 1.14.

the other hand, is as great as the factor of 37 000 provided by The present results, on the other hand, may not be inconsistent

comparison of the acidity constant of trifluoroacetic acid, (
pKa = 0.19%3 with that of acetic acid 2, pKa = 4.76)2* In

CF,COH
11

CH,COH
12

(19) Filler, R.; Naqgvi, S. MJ. Org. Chem1961, 26, 2571-2573. Burdett,
J. L.; Rogers, M. TJ. Am. Chem. Sod 964 86, 2105-2109;J. Phys.
Chem 1966 70, 939-941.

(20) Greenzaid, P.; Luz, Z.; Samuel, D. Am. Chem. Sod 967, 89,
749-756.

(21) Perrin, D. D.; Dempsey, B.; Serjeant, E. K, Predictions for
Organic Acids and BaseS€hapman and Hall: New York, 1981; pp 169
126.

(22) Guthrie, J. PCan. J. Chem1975 53, 898-906.

(23) Milne, J. B.; Parker, T..1. Soln. Chem1981, 10, 479-487.

(24) Harned, H. S.; Ehlers, R. W. Am. Chem. Sod 933 55, 652—
656.

with another reaction mechanism, eq 14, involving a cyclic
transition state, in which proton transfer from water to the acyl
oxygen atom occurs at the same time as nucleophilic attack on
the ketene carbonyl atom is taking place. If proton transfer

offsets negative charge generation in such a transition state, then
trifluoroacetylketene and acetylketene might show similar
reaction rates. There is some additional evidence from theoretical
calculations?® relative reactivitieg® and isotope effectsto

(25) Birney, D. M.; Wagenseller, P. B. Am. Chem. Sod994 116,
6262-6270.
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support such a cyclic reaction mechanism. It is not clear, in its carboxylate forml(‘fH ratio) and by a factor of 28 000 for
however, that such a cyclic mechanism would give the weakly proton transfer from a water moleculefecarbon of the doubly
inverse solvent isotope effect found for this reaction in this case jonized enolate carboxylate ion g ratio); these rate retarda-
(vide supra). tions are also in keeping with the electron-withdrawing nature
In contrast to its negligible effect on the rate of ketene of trifluorormethyl, which lowers the electron density of the
hydration, trifluoromethyl does influence rates of enolization enolic vinyl group and makes it less susceptible to electrophilic
and ketonization. The rate of enolization by proton transfer from attack by acids.
the keto form to a water moleculk, is 86 times greater for

trifluoroacetoacetic acid than for acetoacetic acid, in keeping  Acknowledgment. We are grateful to the Natural Sciences
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trifluormethyl. Rates of ketonization, on the other hand, are support of this work.

lowered by the trifluoromethyl group: by a factor of 170 for

proton transfer from the hydronium ion fcarbon of the enol Supporting Information Available: Tables S+S7 of rate

(26) Leung-Toung, R.; Wentrup, Cetrahedror992 36, 7641—7654. data (PDF). This material is available free of charge via the
Allen, A. D.; McAllister, M. A.; Tidwell, T. T. Tetrahedron Lett1993 Internet at http://pubs.acs.org.
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