508

Correlation of rates of uncatalyzed and hydroxide-
ion catalyzed ketene hydration. A mechanistic
application and solvent isotope effects on the
uncatalyzed reaction

John Andraos and A. Jerry Kresge

Abstract: Rates of hydration of a number of ketenes were measured in neutral and basic solution using flash photolytic
techniques, and rate constants for their uncatalykedand hydroxide-ion catalyzed,,o, reactions were determined.

These results, plus additional data from the literature, were found to provide the remarkably good correlatjprlog

—3.21 + 1.14 logkyo, Which spans 10 orders of magnitude in reactivity and includes 31 ketenes. This good correlation
implies that uncatalyzed and hydroxide-ion catalyzed ketene hydraton occur by similar reaction mechanisms, which for the
hydroxide-ion catalyzed process is known to involve nucleophilic attack on the carbonyl carbon atom of the ketene. Rate
constants for phenylhydroxyketene, on the other hand, do not fit this correlation, which suggests that the mechanistic as
signment upon which these rate constants are based may not be correct. Solvent isotope effects on these uncatalyzed
ketene hydrations are weak; most are less thdk, = 2. It is argued that these isotope effects are largely, if not entirely,
secondary in nature and that they are consistent with both a reaction mechanism in which nucleophlic attack of a single
water molecule on the ketene carbonyl carbon atom produces a zwitterionic intermediate and also a mechanism that
avoids this intermediate by passing through a cyclic transition state involving several water molecules.

Key words ketene hydration, rate correlation, nucleophilic attack, solvent isotope effects, phenylhydroxyketene.

Résumé: Faisant appel a des techniques de photolyse éclair et opérant en solutions neutre et basiques, on a mesuré les
vitesses d’hydratation d’un certain nombre de céténes; on a aussi déterminé les constantes de vitesse de leurs réactions
non catalysées,., et catalysées par I'ion hydroxydkg,. On a trouvé que ces résultats, en combinaison avec des

données additionnelles tirées de la littérature, permettent d’obtenir une corrélation relativement bokpes 168,21

+ 1,14 logkoy, qui couvre dix ordres de grandeur de réactivité et qui inclut trente et un cétenes. Cette bonne

corrélation implique que les hydratations du céténe non catalysée ainsi que catalysée par I'ion hydroxyde se produisent
par des mécanismes réactionnels similaires; dans le cas du processus catalysé par 'ion hydroxyde, il est admis que la
réaction implique une attaque nucléophile sur I'atome de carbone du carbonyle du cétene. Par ailleurs, les constantes
de vitesse du phénylhydroxycéténe ne suivent pas la corrélation; ceci suggére que l'attribution mécanistique sur

laguelle ces constantes de vitesse sont basées n’est peut-étre pas correcte. Les effets isotopiques de solvant sur ces
hydratations non catalysées du cétene sont faibles; dans la plupart dég/kas 2. On croit que ces effets

isotopiques sont en grande partie, si ce n'est pas totalement, de nature secondaire et qu’ils sont en accord a la fois
avec un mécanisme réactionnel dans lequel I'attaque nucléophile d'une seule molécule d’eau sur I'atome de carbone du
carbonyle du céténe produit un intermédiaire zwitterionique ainsi qu'avec un mécanisme qui évite cet intermédiaire en
passant par un état de transition cyclique impliquant plusieurs molécules d’eau.

Mots clés: hydratation du céténe, corrélation de vitesse, attaque nucléophile, effets isotopiques du solvant,
phénylhydroxylcétene.

[Traduit par la Rédaction]

Introduction zation of the carboxylic acid enolate ion thus formed, eq. [1]

The generally accepted reaction mechanism for the hy(l)'
droxide-ion catalyzed hydration of ketenes to carboxylate . R
ions consists of nucleophilic addition of hydroxide to the R R 0 .
carbonyl carbon atom of the ketene, followed by ketoni [1] >='=0 + HO™ —> >=< - R>_ €O,
R R OH
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Nucleophilic attack is directed at the lowest unoccupiedcause the hydration reactions were rapid, flash photolytic
molecular orbital of the ketend, which lies in the ketene methods were used.

2 hv R
[4] RJ\R/R _:\I—; R>=-=o

(0]

molecular plane, and large groups attached to the kdiene Experimental Section

carbon atom interfere substantially with approach of thel\/laterials

?hugle%phgfé -{] hf:(:l?;gﬁaflﬁgfkrg;ethtgt?éggggﬂSa'gg?ﬁgCeorlo'n The a-diazocarbonyl compounds used as photo-Wolff re
('j way flth incinal evid : Ih"h thi )LF;. action substrates were prepared by standard methods. Their
vide some of the principal evidence upon which this reac IorE;pectra conformed to their structures and agreed with litera

path IS based. . . . . ure values. Details are available in the theses of references 3
A similar mechanism is believed to operate in uncatalyze nd 4

ketene hydration, with a water molecule acting as the™ ;" yipor  materials were best-available commercial
nucleophile and enol and carboxylic acid replacing enolat
. . -grades.
and carboxylate ions, as shown in eq. [2]. Water, however, i
Kinetics
OH R Flash photolytic rate measurements were made using con
2] ]3::0 O —> >_< . >—C02H ventional(microsecond) (5) and laser (nanosec_dnd,248 nm)
2 R (6) systems that have already been described. The ketene
R R OH hydration reactions were followed by monitoring the de-
crease in ketene absorbance\at 215 nm for the aliphatic
an acid as well as a nucleophile, and another mechanism ketenes and at= 260-300 nm for the aromatic ketenes. The
in principle possible, in which proton transfer from a watertemperature of all solutions upon which rate measurements
molecule to the ketengcarbon atom is followed by conver- were made was controlled at 25.0 + 0.05°C. The rate data so
sion of the ensuing acylium ion to a carboxylic acid, eq. [3].obtained conformed to the first-order rate law well, and ob-
served first-order rate constants were obtained by non-linear
least squares fitting of an exponential function.
R

R R
+
o HO —» o +HO —» CO,H
Bl R> 0T R> R: Results

All rate measurements were made in wholly aqueous-solu
tion at an ionic strength of 0.10 M, maintained by adding
o ] ] ) N . NaClQ, as required.
tion to the highest occupied molecular orbital of the ketene|ytion typically show extensive uncatalyzed plateaus, with
2, and, because this orbital is perpendicular to the ketengg pase catalysis up to pH = 10-11, and correspondingly
molecular plane, steric effects can be expected to be quitgeak, or often absent, acid catalysis. Uncatalyzed hydration
different from, and much less severe than, those on theate measurements were consequently made in neutral
nucleophilic reaction of eq. [2]. unbuffered solutions containing no added acid or base. For
It was observed (1, 2) that substituent effects on the rateach substrate, 10-25 replicate determinations were made.
constant for uncatalyzed ketene hydratiéy, are remark  The results are summarized in the theses of references 3 and
ably similar to those for the hydroxide-ion catalyzed reac 4, and average values are listed in Table 1.
tion, kyo, and this similarity was used to support a common  Some rate measurements of the uncatalyzed reaction were
nucleophilic mechanism for both processes. We have nowiso made in BO solution. These values are also summa
expanded the somewhat limited data upon which this earliefized in the theses of references 3 and 4, and the solvent iso
observation was based by determinikg and ko for a  tope effects that they produce when combined with their
number of additional ketenes, and we have found that thesig,0 counterpartsk,.) 4. o/ (Kuc) oo are listed in Table 1.
values, plus data already in the literature, provide a remark 'Rate measurements of the hydroxide-ion catalyzed ketene
ably good correlation between these two rate constants spafydration reaction were made in dilute sodium hydroxide so
ning ten orders of magnitude in reactivity. lutions. For each substrate, 5 to 6 different sodium hydrox
We have also found a striking exception to this corelaide concentrations were used, spanning a 5— to 25-fold
tion, which suggests that the mechanistic assignment upovariation in [NaOH], and replicate measurements were made
which this exception is based may not be correct. at each concentration. The results are summarized in the the
The ketenes whose rate constants were measured in tises of references 3 and 4.
present study were generated by photo-Wolff reactions of In all cases, observed first-order rate constants increased lin
the correspondingi-diazocarbonyl compounds, eq. [4]. Be early with hydroxide ion concentration, and the data were
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Table 1. Rate constants for uncatalyzed,., hydroxide-ion catalyzed,o, and hydronium-
ion catalyzedky, hydration of ketenes in aqueous solution at 28°C.

Ketene k. /s (kuh,0/ (kuJo,0 ko/M7s? ky/Ms? Ref
==e=0 3.65 x 10! 1.59 5.26 x 10 1.01x10* 7,8
AN=e=0 966 x 10" 1.88 3.29 x 10 398x10° 3,9,20
> 1.46 x 10! 2.01 1.68 x 10* 477x16 47
— =0
4.09 x 107 - - 3.13x10° 3
(CHy), <=0 1.11x10? 3.39 3.89 x 10* 2.14%10* 3
(CHp)s =0 230x10" 2.04 6.24x 10° 278x10° 3
(CHys <=0 235x10 1.91 6.08 x 10° - 3
Pl
}\=,=O 477 x10° 1.44 1.22 x 10° - 9
P
>=‘=° 5.57 x 10! 1.55 2.03 x 10* - 4
Me
P
=0 1.03 x 10" 1.48 6.05 x 10° - 10
Et

therefore analyzed by least-squares fitting of eq [5]. The resultduced by this analysis were once again nicely consistent
ing hydroxide-ion catalytic coefficients are listed in Table 1. with results determined in neutral solution.

[5]  kobs =kuc * ko [HO"] Discussion

Correlation

This analysis also produced uncatalyzed reaction rate con The ketenes examined here, plus others for which aqueous
stants,k,, and these were nicely consistent with the moresolution hydration rate constants are available from the-liter
precise values of this rate constant determined directly irature, are assembled in Table 1. These ketenes possess a
neutral solution. wide variety of substituents, which produces a wide range of

Some rate measurements were also made in dilutbydration reactivity: the range covered is 2*4M ko and
perchloric acid solution, using several different acid corcen5x10'% in k .. And yet these widely different rate constants
trations of each substrate and making replicate measuremergsnerate the remarkably good correlation shown in Fig. 1.
at each acid concentration. These results are summarized liinear least squares analy$isf the data gives log, =
reference 3. Observed first-order rate constants increased lir(3.21 + 0.22) + (1.14 £ 0.04)logyo, with a root-mean-
early with acid concentration, and the data were analyzed bgquare deviation in lodg,. of 0.271, which corresponds to
least squares fitting of the Hanalog of eq [5]. The 0.37 kcal mot! in free energy of activation.
hydronium-ion catalytic coefficients so obtaindg, are also This good correlation implies that the various substituents
listed in Table 1. The uncatalyzed reaction rate constants prgresent in these ketenes are affecting the uncatalyzed and

2The analysis was performed using simple weighting with bothKgand logk,o subject to (the same) uncertainty (22).
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Table 1 (continued.

I8

1.96 x 10° 1.18 8.42x10° - 11
1.03 x 10? 1.60 6.30 x 10* - 4
4-MeOCH,
=0 290 x 10° . 1.13 % 10° - 12
24,6-(MenCHy
=e=0110x10? 1.51 6.78 x 10* 467 41221
2,4,6-(MeO}CgH,
\=e=0828 x 10° - 4.34x 10° - 12
R
=0 2.76 x 10° 1.42 1.13x 10° - 10
Ph.
N ==0 576x10° 2.09 2.31 x 10° 2.09x10° 4,20
Ph.
Y
=0 7.15x10* 2.84 1.98 x 107 1.61x10° 4,20
Ph
>=°=° 1.02 x 10? 1.59 1.89 x 10* - 10, 11
MeS
£
s
2.21x 10° 1.17 1.66 x 107 - 13
0

@@ 2.95x 10° - 1.25 % 10° - 12

hydroxide-ion catalyzed reactions in the same way. Adog k,c of 1.08, which corresponds to 1.47 kcal moin
pointed out in the Introduction above, this could hardly befree energy of activation and is 4.0 times the deviation
possible if one reaction involved nucleophilic attack and thegiven by thek,c—kyo correlation. The hydronium-ion cata
other involved electrophilic attack. Since there is good evi lyzed reaction, of course, involves electrophilic attack on
dence that the hydroxide-ion catalyzed reaction is dhe keteng3-carbon atom and has very different steric re
nucleophilic process (1) — it is, in fact, difficult to conceive quirements than nucleophilic attack of water or hydroxide
of a different role for the hydroxide ion — it follows that the ion on the ketene carbonyl carbon atom (1).

uncatalyzed reaction is a nucleophilic process as well.

This conclusion is supported by the much poorer cofrelaAn Exception
tion of k¢ with rate constants for hydronium-ion catalyzed Figure 1 shows that the point for phenylhydroxyketene
ketene hydrationky, shown in Fig. 2. Linear least squares provides an apparent exception to the géggky correla
analysi$ of these data gives log,c = —(3.69 = 1.97) + tion. This point lies 1.77 below the correlation line, which is
(1.54 + 0.52) logky, with a root-mean-square deviation in equivalent to 2.41 kcal molin free energy of activation and

3This analysis was also performed using simple weighting with bothklggand logk, subject to (the same) uncertainty (22).
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Table 1 (continueq.

Ph.
Ph>= =0 L7 127 6.11 x 10* - 9
d] 9.0 x 10° - 48x10° - 14
P
1.2x10° - 3.8x 107 - 15
P
‘: ‘ 1.57 x 107 1.39 2.25 % 10° - 6
50,
P
,: ‘ 2.82 x 10° 1.22 8.77 x 107 - 6
505"
P
9.89 x 10° 1.17 2.00 x 10° - 6
SO,Ph
?
@.@ 1.07 x 10° 1.35 3.47 x 10¢ - 16

8
Lco 1.54 x 10° 1.10 1.86 x 10 - 17

is more than six times the root-mean-square deviation of théydration of the ketene could be quite firmly established. In
31 points upon which this correlation is based. The probabilbasic solution, however, the rates of ketene hydration and
ity that such a deviant point would occur by chance is caenol ketonization became comparable. In such a situation,
10°°. assignment of rate constants to molecular processes becomes

The ketene providing this errant point was generated byotoriously difficult (24), and it now seems likely that the
Norrish type Il photoelimination of benzoylformic acid-es hydroxide-ion catalyzed process then believed to be ketene
ters, and hydration of this ketene provided the enol ofhydration was actually enol ketonization, with ketene
mandelic acid, as shown in eq. [6] (23). In acidic and neutrahydration occurring only in the more basic region not inves
solutions, ketonization of this enol is considerably slowertigated. The true value df,q for this ketene would conse
than hydration of the ketene, and both transient specieguently be less than the number assigned, and that would
could be easily observed and a rate constant for uncatalyzedove the errant point closer to the correlation line.

OH
0] CHR, HO OH
! > H
[6] Ph/u\[(o _Cl;{v - =0 20» Ph)\rOH —— Ph)\ COZH
0 CRO e OH
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Table 1 (concluded.

‘,,o
1.40 x 10° -

=0

297 x10™* 2.32

v\=-=o 3.04 x 10% 2.58

7.53 x 107

1.04x 107

248 x 10°

7.03

513

18

19

20

“Tonic strength = 0.10M

Fig. 1. Relationship between rate constants for the uncatalyzed
k.o and hydroxide-ion catalyzed,o, hydration of ketenes in
aqueous solution at 25°C. The triangle, representing
phenylhydroxyketene, is not included in the correlation that pro
duces the line drawn through the data.

10 1

log (k)

Isotope effects

The solvent
hydration generated by the measurements made hergGn H
and D,O solution, plus other values of this isotope effect de
termined in wholly aqueous solution available from the liter
ature, are assembled in Table 1 and are displayed in Fig. 3
Although there is a fair amount of scatter, these isotope ef
fects do appear to increase in strength with decreasing keten
reactivity as measured by I(igm)H o: linear least squage
analysis givedk,d) , o/(kuc)D o= (2 03 + 0.18) — (9.92 +
4.60)x10 log(kyd) u, 0-*

It may be seen ‘that these isotope effects are all rather
weak: the strongest is onlig,/ky; = 3.4 and most are less
thanky/ky = 2.0. Much stronger isotope effects would be ex
pected for the electrophilic reaction mechanism of eq. [3] in
which water is acting as an acid delivering a proton to the
B-carbon atom of the ketene. In addition to the sizeable pri
mary isotope effect component expected for proton transfer
to carbon, this mechanism would produce a secondary effeci

uc

log k

uc )Hzol(kuc) D20

' Fig. 2. Relationship between rate constants for the uncatalyzed,
kuc, and hydronium-ion catalyzed,, hydration of ketenes in
aqueous solution at 25°C.

log

3
K

Fig. 3. Solvent isotope effects on uncatalyzed ketene hydration
isotope effects on uncatalyzed ketenén wholly aqueous solution at 25°C.

5

log (k

uc) H20

4This analysis was performed using simple weighting with uncertaintikjg) 1,0/ (Kic) o0 ONly.
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R R (ON
R R OH, R OH,"

in the normal directionky/ky > 1) generated by solvation of the rate-determining reaction coordinate, and there is, there
the hydroxide ion being formed in this reaction (25). Strongfore, no primary isotope effect (29). Even in situations
isotope effects consistent with this expectation have in factvhere proton transfer is isolated and the only heavy-atom
been observed for such reactions in other systems, e.gnotion is diffusional encounter of proton donor and acceptor

ky/kp = 7.5 for hydron transfer from water to ttfiecarbon
atom of isobutyrophenone enolate ion (2B)/kp = 6.5 to

or separation of proton transfer products, proton transfer is
not fully rate-determining and solvent isotope effects are

9.1 for the corresponding reactions of a series of ynolatsmall (30). Cyclic ketene hydration mechanisms avoiding
ions (12), andk,/ky = 7.1 for that of the enolate dianion of zwitterionic products are therefore likely to show small, if
fluorene-9-carboxylic acid (16). The present isotope effectany, primary isotope effects. Neutralization of the zwitteri

therefore argue against an electrophilic mechanism fopnic charge, moreover, will diminish the secondary effects

uncatalyzed ketene hydration.

produced by charge generation as described above, and the

These isotope effects, on the other hand, are consistenterall solvent isotope effects will be small, just like those
with a nucleophilic mechanism. The simplest variant of suchfor the zwitterionic mechanism. Small isotope effects should
a mechanism would involve a single water molecule andherefore be characteristic of uncatalyzed ketene hydration
give a zwitterionic product, as shown in eq. [7]. Since noproceeding by nucleophilic attack of water on the ketene
bonds to isotopically substituted hydrogen are broken orcarbonyl carbon atom, no matter what the detailed reaction
made in this process, there would be no primary componennechanism is.

in the isotope effect on such a process. There would,-how
ever, be two secondary components: one produced by solvi
tion of the negative charge being generated on the ketene
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