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contain several minor impurities not easily removed by fractional dis-
tillation; it was purified by partial neutralization with HC, removal of
volatile material at reduced pressure, and recovery after basification
much as described elsewhere? for the purification of piperidine; the dis-
tilled purified amine was shown by GLC to be of high purity. Butyl-
methylammonium chloride, mp 174-175 °C, was prepared by addition
of 0.56 mol of HCI (as concentrated solution in water) to 0.64 mol of the
amine, with stirring below 5 °C, cooling to -78 °C, collecting the crys-
talline salt, and recrystallizing from acetone. Anal. Caled for
CH,4,CIN: C], 28.68. Found (by potentiometric titration): Cl, 28.64.

1-(Butylmethylamino)-2,4-dinitronaphthalene (1¢) was prepared by
the reaction of 1-chloro-2,4-dinitronaphthalene with a twofold excess of
butylmethylamine in Me,SO, and crystallized from ethanol; mp
69.5-70.5 °C. Anal. Caled for C;sH;;04N;: C, 59.40; H, 5.64; N,
13.85. Found: C, 59.60; H, 5.72; N, 13.91.

Spectral Characteristics and Changes. 1c¢ in Me,SO shows a single
broad absorption band with Ay, 425 nm, € 7.80 X 10°* M~! em™. Upon
addition of butylmethylamine (0.875 M), the spectrum changes to one
of two bands with A, 391 and 522 nm and e respectively 1.45 X 10* and
2.41 X 10* M em™. The latter spectrum, attributed to 3¢, was essen-
tially fully developed after 5 h at ambient temperature.

1a in Me,SO shows a single absorption band with A, 439 nm, ¢ 1.90
x 10* M em™. Upon addition of pyrrolidine, the spectrum changes to
one of two bands with A, 400 and 523 nm. When this spectrum due

to 3a is fully developed, € at 523 nm is 1.85 X 10* M ¢cm™ in the absence
of pyrrolidinium chloride and 2.16 X 10* M~! cm™ in the presence of this
salt (0.0104 M).

1b in Me,SO shows a single broad absorption band with Ay, 422 nm,
€7.8 X 10 M cm™. Upon addition of piperidine, the spectrum slowly
changes to one with two bands, Ap,, 392 and 524 nm, attributed to 3b,
but the data were not suitable for definitive evaluation of ¢ for 3b.

Kinetic Procedure. Reaction rates were determined by photometric
observation of the absorbance at ca. 523 nm of reacting solutions. De-
terminations were made with use of a Gilford 2000 automated kinetics
spectrophotometer with thermostated cell compartment. Good first-order
behavior was observed in all cases, Rate constants were reckoned by the
Guggenheim method. All kinetic runs were performed in duplicate; the
rate constants reported are means of concordant values. The pseudo-
first-order rate constant is symbolized k, in Tables I and IIL
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Abstract: The acid hydrolyses of N-(trifluoroacetyl)pyrrole, -indole, and -tetrahydrocarbazole and of N-acetylindole exhibit
rate maxima in H,SO, (20-40 wt %, —H, = 1-2.5) that are not due to extensive substrate protonation. The reactions have
very large w and ¢ values, suggesting that there is a large difference in hydration of the initial and transition states. N-
(Trifluoroacetyl)pyrrole is hydrated in water, and this evidence and that of hydrogen solvent isotope and salt and acid effects
show that acid-catalyzed breakdown of a gem-diol is rate limiting. Rate maxima in acid hydrolyses of other weakly basic

substrates can be explained in these terms.

Amides derived from aliphatic amines are weak bases with pX,
~ -2, and their acid hydrolyses are believed to involve a pree-
quilibrium proton transfer followed by addition of water.??

The hydration of simple amides is energetically unfavorable*
but should be assisted by protonation of the amide. The amino
group of a first formed gem-diol should be readily protonated so
that rapid carbon-nitrogen scission should be the preferred path
of breakdown of a tetrahedral intermediate formed by addition
of water to the conjugate acid of the amide. (The breakdown of
amide acetals has formal similarities to the conversion of a tet-
rahedral intermediate into products.)>” Several features of the
acid hydrolysis of amides are readily understandable in these terms,
for example, the rate maxima in moderately concentrated acid, 2’
the changes in the solvent kinetic hydrogen isotope effect with
increasing acid concentration,? and the absence of oxygen exchange
between amide and water.® The relation between rate and acid
concentration can be explained qualitatively in terms of an in-
creasing protonation of the amide and a decreasing water activity
as the acidity of the solution is increased.

N-(Trifluoroacetyl)pyrrole (1, 1a) is extensively hydrated in
water,'® but its hydrolysis, although much faster than that of most
other amides, can readily be followed over a wide range of pH.!!

t Universita di Perugia.
tUniversity of California.

The hydration is too fast to be followed by UV spectrophotometry,
but it is slow on the NMR time scale and signals of both the amide
and its hydrate are observed in aqueous acetonitrile.’® These
signals disappear as pyrrole is formed by hydrolysis. The hy-
drolysis is catalyzed by acids and in this paper we discuss some
unusual kinetic features of this reaction.
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Acylpyrroles and Acylindoles

The acid hydrolysis of the chemically similar N-(trifluoro-
acetyl)indole and -tetrahydrocarbazole, 2 and 3, respectively, and
of N-acetylindole (4) have also been examined. Hydration of these
compounds should also occur readily, although the equilibrium
is in favor of the carbonyl species.!

1 la
o O g
N N N
| | |
CF3—C=—0 CF3—C=0 CHz—C=0
2 3 4

The high reactivity of these N-acyl pyrroles and indoles is
readily understandable'>'? because the carbon-nitrogen conju-
gation is considerably reduced as compared with a simple amide.
For example, the carbonyl stretching frequencies are 1730 and
1750 ¢cm™ for N-(trifluoroacetyl)pyrrole and -indole, respectively,
and 1719 and 1720 cm™ for N-acetylpyrrole and -indole, re-
spectively, as compared with ~ 1600 cm™! for aliphatic amides,'?
and the barriers for rotation about the amide bonds are much lower
than for simple amides, e.g., N,N-dimethylacetamide.'

The observation of extensive hydration of 1 suggests that the
role of the acid is to catalyze conversion of the gem-diol (1a) into
products. There is precedence for this reaction path in hydrolyses
of alkyl trifluoro- and trichloroacetate,'>'¢ but so far as we are
aware this system is the only one in which prior hydration has
been demonstrated by physical methods.

Experimental Section

Materials. N-(Trifluoroacetyl)pyrrole. The potassium salt of pyrrole
in dry Et,O was added to a slight excess (15%) of (CF;CO),0 in dry
Et,0 under N,. The mixture was vigorously stirred for 20 min and
rapidly washed with aqueous NaHCO;. The organic layer was dried
(Na,S0,), Et,0 was evaporated, and the residue was fractionally dis-
tilled. The fraction collected at 90-100 °C (yield 30%) was purified by
preparative GLC (2 m, Silicone SE 30, 10% on Chromosorb at 50 °C);
8 (MeCN) 7.45 (2 H, m, -H) and 6.51 (2 H, m, 8-H); vc—o 1730 cm™.
The molecular weight (mass spectroscopy) and elemental analysis were
those predicted for CCH,NOF;. The low yield is due to polymerization
and hydrolysis of the product in the workup with aqueous NaHCO,.!!

The preparation of the other reagents has been described.

Kinetics. Reactions were followed spectrophotometrically at 25.0 °C
in aqueous acid at the following wavelengths: N-acetylindole, 236 nm;
N-(trifluoroacetyl)pyrrole, 246 nm; N-(trifluoroacetyl)indole, 244 nm;
N-(trifluoroacetyl)tetrahydrocarbazole, 260 nm. The substrate concen-
trations were in the range 107-10-5 M. (It was necessary to use lower
substrate concentrations in solutions of LiCl, which is strongly “salting
out”.)

The first-order rate constants, ky (s™!), were unaffected by changes
in substrate concentration.

The reactions in the pH range were generally followed in solutions of
HCI of the specified pH, and when [HCl} < 0.3 M was used, the ionic
strength was brought to 0.3 by addition of NaCl. The experiments in
HCI-LiCl mixtures were made in solutions of the pH measured in the
presence of added LiCl.

Sulfuric acid was used for the experiments in the more concentrated
acid, and rates in H,SO, and D,SO, were compared at the same mole
fraction of acid.

Catalysis of phosphate or chloroacetate buffer was examined at a fixed
pH at constant ionic strength (NaCl), using mixtures of acid and sodium
salt.

Substrate Hydration. Formation of a gem-diol was detected only with
N-(trifluoroacetyl)pyrrole (1). We measured the immediate decrease of
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Table I.  Solvent Hydrogen Isotope Effects?

substrate

N-(trifluoro-  N-(trifluoro-
acetyl)indole acetyl)pyrrole

pH D,SO,, N-acetyl-
(pD) wt% indole

2.0 0.55(3.5)
1.9 0.80 (3.2)
1.5 1.31 (2.4)
1.0 3.68(2.2)
0.5 11.0 (2.3)
8 63.0(2.7)
20 50.3 (1.9)
30 446 (2.2)
42 1.04 (2.2) 13.1 (1.8)
48 1.00 (2.4) 8.00 (1.5)

@ At 25.0 °C, values of 10“k¢, (s') in D, 0 with DCl or D,SO,.
The values in parentheses are kH,O/szo outside the pH (pD)

range, calculated by using the same mole fractions of D,SO, (or
H,S0,) to D, 0 (or H,0).

Table II. General Acid-Catalyzed Hydrolysis of
NATrifluoroacetyl)pyrrole®

[buffer acid], M  H,PO,® CH,CICO,H®
0.00 8.20 2.66
0.05 1.75 3.02
0.10 3.82
0.20 30.0 4.92
030 5.79

% Values of 105k¢ (s"') at 25.0 °C, u = 0.3 (NaCl). The pH in
the unbuffered system was controlled with dilute HCl. ® H,PO,/
NaH,PO,, pH 2.20. € CH,CICO,H/CH,CICO,Na, pH 3.00.

absorbance at 246 nm when a solution of the pyrrole in MeCN (10 L)
was added to 2 mL of 0.1 M HCI. This rapid initial decrease of ab-
sorbance was followed by a slower decrease due to hydrolysis of the
substrate. In estimating the extent of hydration we assumed that the
extinction coefficient of 1 was the same in MeCN and H,0.

Results

Hydrolysis of N-Trifluoroacetyl Derivatives. The hydrolyses
are acid catalyzed (Figure 1), although non-acid-catalyzed re-
actions make a considerable contribution to hydrolysis of N-
(trifluoroacetyl)tetrahydrocarbazole (3) at low pH (see Discus-
sion).

In dilute HCI (in the pH region) the reactions are first order
with respect to hydrogen ion, but there are rate maxima in
moderately concentrated acid even though the substrates are not
extensively protonated. (The pK, value of indole is —3.5'%!% and
the N-trifluoroacetyl derivatives will be very much weaker bases.)

Hydrolysis of N-Acetylindole (4). The relation between rate
and acidity in the hydrolysis of N-acetylindole (Figure 1) is at
first sight typical of acid hydrolyses of simple amides,>* but this
substrate is also too weakly basic to be extensively protonated in
the reaction conditions.!®1°

N-Acetylindole is considerably less reactive than N-(tri-
fluoroacetyl)indole in aqueous acid (Figure 1). This electronic
effect is that expected for nucleophilic addition to an unprotonated
substrate, and electronic effects are generally small for bimolecular
acid-catalyzed hydrolyses of more basic substrates, such as alkyl
benzoates, which react by the A,.2 mechanism with attack of
water on the conjugate acid.2%*' Thus it appears that at least
the N-(trifluoroacetyl)pyrrole and -indole react by a mechanism
that does not involve water attack upon protonated substrate and

(17) A. Cipiciani, S. Clementi, P. Linda, G. Savelli, and G. V. Sebastiani,
Tetrahedron, 32, 2595 (1976); A. Cipiciani, S. Clementi, P. Linda, G. Marino,
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Figure 1. Acid hydrolyses of (O) N-acetylindole, (®) N-(trifluoro-
acetyl)pyrrole, (@) N-(trifluoroacetyl)indole, and (4) N-(trifluoro-
acetyl)tetrahydrocarbazole.

that is different from that of the usual A2 deacylations.

Hydrogen Solvent Isotope Effects. Normal solvent hydrogen
kinetic isotope effects are observed over a wide range of acidity
(Table I). For dilute acid the isotope effect, ky,o/kp,0, Was
measured at given pH (pD) values by using HC1 (DCI). For
moderately concentrated acids molarity does not provide a useful
measure of concentration, and therefore the isotope effects were
compared by using solutions that contained the same mole fraction
of H,S0, (D,S0Oy), i.e., the same mole ratio of lyonium ion to
H,0 (D,0). These normal isotope effects are consistent with a
slow proton transfer in the rate-limiting step. The changes in
ku0/kp,0 are probably caused by a change from H,O (D,0) to
very acidic media with a consequent change in the secondary
solvent isotope effects.

General Acid Catalysis. Both chloroacetic and phosphoric acid
catalyze hydrolysis of N-(trifluoroacetyl)pyrrole (Table II) as
expected for a reaction involving a slow proton transfer.2

Effect of Lithium Chloride. Added lithium chloride decreases
hydration of N-(trifluoroacetyl)pyrrole (Figure 2), and it also
retards the acid-catalyzed hydrolysis of this substrate and the
corresponding indole derivative. The negative kinetic salt effects
are very similar for both substrates and the increase of acidity
brought about by LiCI?® is apparently not sufficient to offset the
reduction in the amount of gem-diol and the reduced solvation
of the transition state due to a decrease in water activity.*

Discussion

Rate-Limiting Step. Hydration can not be the rate-limiting step
in the acid hydrolysis of N-(trifluoroacetyl)pyrrole, and the only
reasonable role for the hydrogen ion is to assist carbon—nitrogen
scission. The gem-diol of N-(trifluoroacetyl)pyrrole (1a) does not
readily eliminate the anion of pyrrole,' and pyrrole and indole
are very weak bases,'®! so that protonation of the pyrrole or indole
moiety could be part of the rate-limiting step. (The values of pK,
for protonation of pyrrole and indole are —3.8 and -3.5, respec-
tively, and indole is protonated on carbon at the 3 position !5

(22) Catalysis by weaker general acids could not be examined because of
the incursion of a base-catalyzed hydrolysis at pH 3.1

(23) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957).

(24) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions”, 2nd Ed.,
Butterworths, London, 1965, Appendix 8.
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Figure 2. Negative salt effects upon hydration and hydrolysis in 0.1 M
HCI: (0) hydration of N-(trifluoroacetyl)pyrrole. Solid points are rate
constants relative to those in the absence of salts (k,/k,) for (®) N-
(trifluoroacetyl)pyrrole and (@) N-(trifluoroacetyl)indole,
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A reasonable mechanism of hydrolysis of 1 involving proton
transfer to nitrogen is shown in Scheme I. The observation of
general acid catalysis (Table II) is consistent with irreversible
proton transfer to nitrogen (or carbon), preceding or being con-
certed with carbon—nitrogen scission.

Scheme I represents hydrolysis of N-(trifluoroacetyl)pyrrole,
but similar mechanisms can be written for the other substrates.
Because this mechanism involves attack of a hydrogen ion on a
gem-diol, i.e., on the hydrate of the substrate, we designate it
Sg2(H). Both the negative salt effects and the rate maxima in
aqueous acid can be related to electrolyte effects upon the activity
of water,* which overcomes the electrolyte effects upon the
protonating power of the hydrogen ion,” and added LiCl decreases
the hydration of 1 (Figure 2). There also will be probable specific
electrolyte effects upon the activity coefficients of the substrate
and its gem-diol.?* The substrates (1, 2, 4) show similar kinetics
with regard to the dependence on acid and salt concentration
(Figures 1 and 2) and the solvent hydrogen isotope effects (Table
I), suggesting that they have similar mechanisms of hydrolysis,
although only the gem-diol of N-(trifluoroacetyl)pyrrole was
detected.!® N-(trifluoroacetyl)pyrrole is more reactive than the
indole derivative by ca. 1 order of magnitude (Figure 1), which
is consistent with the extent of hydration of N-(trifluoroacetyl)-
indole being too low to be detected.

Relation between Reaction Rate and Acidity. Bimolecular
hydronium ion catalyzed hydrolyses require involvement of hy-

(25) F. A. Long and W. F. McDevit, Chem. Rev., 81, 119 (1952).
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Table III. Correlations of Reaction Rates with Acidity?

substrate
para- N-acetyl- N-{trifluoro-  N-(trifluoro-
meter indole acetyl)indole acetyl)pyrrole
wb 4.2 (6.2) 7.6 (10) 7.0 (10)
[ 0.8 1.6 1.7

%In H,S0, at 25.0 °C, using H,,' values of C. D. Johnson, A. R.
Katritzky, and S. A. Shapiro, J. Am. Chem. Soc., 91, 6654 (1969).
b The values in parentheses were calculated in terms of the acidity
function based on indole derivatives.'%37

dronium ion and at least one water molecule acting as a nu-
cleophile (other molecules can be solvating acidic centers or
transferring protons). It is difficult to separate these functions
of the medium because water is the strongest base present in
appreciable concentration, and increases in acidity reduce the
ability of water to react with an electrophile. However, many
attempts have been made to devise a treatment that allows this
separation,

In general, the protonating power of the medium is estimated
in terms of an acidity function, e.g., Hammett’s acidity function,
Hy','>?3 or a function that can be related to Hy’ and the ability
of water to act as a nucleophile or base is assumed to follow its
activity as measured by its vapor pressure. One of the best known
treatments is that of Bunnett,2¢ although similar equations have
been developed by others.?” Bunnett’s treatment, in its original
form, involved plotting log k, + Hy' against log ay,0. The slopes,
w, of these plots were believed to indicate the extent of involvement
of water in the reaction,?® and the relatively high w values (Table
IIT) are indicative of a high dependence of the rate of hydrolysis
of these acylpyrroles and -indoles on water activity. Other hy-
drolysis with similarly high w values are discussed.!$16:30-36

It is difficult, however, to distinguish between the roles of water
as a nucleophile, a base, or a hydrogen-bond acceptor, and the
problem is compounded by specific electrolyte effects of the acids®
and questions regarding the choice of acidity function.'®?* For
example, we could use an acidity function based on protonation
of indole in place of Hy'.'"¥" The corresponding Bunnett plots
are linear, but the slopes are now considerably larger (Table III).

We found curved plots when we applied Bunnett’s treatment
to the acid hydrolysis of N-(trifluoroacetyl)tetrahydrocarbazole
(3), possibly because of contributions from a non-acid-catalyzed
reaction. It is important to note that Bunnett originally suggested
that high w values indicated slow proton transfer in the rate-
limiting step,? although he wrote his mechanisms in terms of a
preequilibrium protonation of the substrate. Another analysis of
the relation between rate and acidity was developed by Bunnett
and Olsen, who found that plots of log k, + Hy/ against Hy +
log [H*] were linear.”® They correlated the slopes, ¢, of these
plots with w values and pointed out that this linear free-energy

(26) J. F. Bunnett, J. Am. Chem. Soc., 83, 4956 (1961), and accompanying
papers.

(27) K. Yatesand R. A. McClelland, J. Am. Chem. Soc., 89, 2686 (1967),
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(1963).
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(1961).
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V. A. Welch, J. Chem. Soc., 2670 (1961); P. W. C. Barnard, C. A. Bunton,
D. Kellerman, M. M. Mhala, B. Silver, C. A. Vernon, and V. A, Welch, J.
Chem. Soc. B, 227 (1966); C. A. Bunton, E. J. Fendler, and J. H. Fendler,
J. Am. Chem. Soc., 89, 1221 (1967); C. A. Bunton, S. J. Farber, and E. J.
Fendler, J. Org. Chem., 33, 29 (1968); C. A. Bunton and S. J. Farber, /bid.,
34, 3396 (1969).

(33) P. Haake and G. Hurst, J. Am. Chem. Soc., 88, 2544 (1966).

(34) C. A. Bunton, Acc. Chem. Res., 3, 257 (1970).

(35) F. H. Westheimer, Pure Appl. Chem., 49, 1059 (1977).

(36) T. C. Bruice and B. Holmgquist, J. 4m. Chem. Soc., 89, 4028 (1967).

(37) R. L. Hinman and J. Lang, J. Am. Chem. Soc., 86, 3796 (1964).
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relationship gave information about the activity coefficients of
the initial and transition states or, for an equilibrium, between
the activity coefficients of the initial and final states. More
recently, Modena, Scorrano, and their co-workers extended this
treatment to provide evidence on the hydration requirements for
acid-catalyzed reactions of the A1, A2, and Sg2 types, avoiding
the implication that w or similar parameters measure the number
of water molecules directly involved in transition-state formation.

It was pointed out that this approach provided information on
activity coefficient ratios by taking Hammett indicators as ref-
erence bases.®

Other treatments of hydrolysis in moderately concentrated acids
have been developed, but they are based on the premise that an
equilibrium proton transfer precedes attack of water.?’ Com-
parison of these treatments with that based on ¢ values is discussed
in ref 39 and 40.

If we apply eq 1 to our results and include the logarithm of
the water activity to take hydration of the carbonyl group into
account, we obtain the predicted linear plots.

log k, + Hy —log a0 = ¢(Hy + log [H*]) + log ky (1)

The values of ¢ are ~1.7 for hydrolyses of N-trifluoroacetyl
substrates and 0.8 for hydrolysis of N-acetylindole (Table III).
They accord with the other evidence which suggests that the
transition states are very strongly hydrates. The ¢ value for
hydrolysis of N-acetylindole is very similar to that of 0.7 for the
acid hydrolysis of benzamide,*® but the very low basicity of indole
derivatives suggests that protonation is not the first step in the
acid hydrolysis of N-acetylindole. (The normal solvent hydrogen
isotope effects (Table I) support this conclusion.)*!

(39) V. Lucchini, G. Modena, G. Scorrano, and U. Tonellato, J. Am.
Chem. Soc., 99, 3387 (1977).

(40) Although the treatment based on ¢ values was initially formulated
in terms of a preequilibrium proton transfer, it relates activity of coefficient
ratios of transition state to substrate to those for protonation of a reference
base, i.e., a Hammett indicator. The significance of the correlation therefore
does not depend upon the timing of the proton transfer and water addition.

(41) A value of ¢ of 1.6 for the acid hydrolysis of N-(trifluoroacetyl)indole
in D,SO, can also be calculated by using the limited number of data points
(Table I) and the values of Hammett’s acidity function*? and the activity of
D,0 in D,S0,*4 This value is identical with that in H,SO, within the
uncertainty of the calculation.

(42) E. Hogfeldt and J. Bigeleisen, J. Am. Chem. Soc., 82, 15 (1960).

(43) J. Bus, H. Steinberg, and Th. J. Boer, Recl. Trav. Chim. Pays—Bas,
87, 61 (1968).
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Scheme IV

Ha0"
CXsCO—-OR —= CFsCO; + ROH

Cipiciani et al.

X=FCl ref 15, 16, 30

H30'
clo-{—o~©—woz = (COH), + HO—@—NOZ ref 36

CO2H

H30*
Q—o—?mwz = @—-OH + H3PO4
ON O2N

NO,

ref 32, 34

NOz NO2
Hyo'
0N 0) POzgH — OoN OH + O2N OPOsH, ref 32, 34
2

H30*

(ArORPO —= ArOH + (Ar0),PO,H

—Q—OH + AroPOM ref 33

+
w—@—o-?mrz = o

The smaller values of w and ¢ for hydrolysis of N-acetylindole
can be rationalized in terms of the basicity of acetic acid relative
to trifluoroacetic acid.* Our assumed mechanism involves
protonation of the indole or pyrrole moiety in the rate-limiting
step of the reaction. This proton transfer may be concerted with,
or precede, carbon—nitrogen scission and expulsion of the car-
boxylic acid and a hydrogen ion. The very high free energy of
CF;CO,H,* makes this ion an improbable intermediate, and water
molecules will be required to deprotonate it in the rate-limiting
step and so avoid formation of such a high-energy species.

On the other hand this deprotonation should be less important
in the hydrolysis of N-acetylindole (4) where CH,CO,H,* would
be a reasonable intermediate. These differences are illustrated
in Scheme II.

These reactions are shown as involving proton transfer to ni-
trogen but they could just as well involve protonation at carbon
followed by a prototropic rearrangement (Scheme IIT) (cf. ref 18
and 37).

In principle the position of protonation could be distinguished
by isotopic labeling, although concomitant C protonation of indole,
for example, will complicate the analysis.

Small primary hydrogen isotope effects are often found when
a proton is transferred between electronegative atoms as part of
a rate-limiting step that involves reorganization of heavy atoms.
This concept is exemplified by the solvation rule,* which suggests
that only small primary isotope effects would be observed if de-
composition of the gem-diol involved proton transfer to nitrogen,
e.g., Schemes I and II. The observation of normal isotope effects
in the hydrolysis of N-(trifluoroacetyl)indole (Table I) favors
carbon protonation in the rate-limiting step (Scheme III), although
the evidence is insufficient to exclude the possibility of nitrogen
protonation,

Relation to Other Acid-Catalyzed Hydrolyses. It is usual for
acid-catalyzed bimolecular hydrolysis to show rate maxima with
increasing concentration of strong acid. For example, they are
observed in deacylations of simple aliphatic esters and amides but
only at acid concentrations in which the substrates are extensively
protonated,'®?"#5 and they have been interpreted in terms of the
slowing of nucleophilic attack on the protonated substrate with
a decrease in water activity. They are not observed in A1 ester
hydrolyses, which involve spontaneous breakdown of a protonated
substrate.’

The rate maxima that we observe are superficially similar to
those found in acid hydrolyses of aliphatic amides, but they and

(44) The pK, value of protonated acetic acid is ~—6, but trifluoroacetic
acid is not protonated in 100% sulfuric acid so that it must be less basic than
acetic acid by many orders of magnitude.*s

(45) A. J. Kirby in ref 3, Chapter 2.

(46) C. G. Swain, D. A, Kuhn, and R. L. Schowen, J. Am. Chem. Soc.,
87, 1553 (1965).

ref 32, 34

the hydrolyses of other weakly basic substrates (Scheme IV) have
different origins.!1630-36 There are also certain common features
for hydrolysis of all the weakly basic substrates that show rate
maxima in their acid hydrolyses. In all cases the substrates contain
strongly electron-attracting groups, in the leaving group or bound
to the reaction center, and for several of the reactions the solvent
isotope effects, ky,o/kp,0, are normal or close to unity, whereas
inverse isotope effects are characteristic of A1 and A2 hydrolyses.*’

Kinetic studies and oxygen exchange show that the first step
of hydrolysis of ethyl trichloroacetate involves water addition and
that the hydrate can revert to reactant or go forward to products,
and effects of acid catalysis on these steps have been studied.!
The hydrolysis of ethyl trifluoroacetate also follows this general
scheme.'’

Various acid hydrolyses that we suggest do not involve attack
of water upon protonated substrate are collected in Scheme IV,

Typical features of these acid-catalyzed reactions are that they
involve attack of water on a strongly electrophilic centre and that
they have large negative entropies of activation,'® suggesting that
several water molecules are involved in transition-state formation
(cf. ref 26). The large negative electrolyte effects are also con-
sistent with this involvement of water molecules and in some cases
the rate maxima can be eliminated by using mixtures of HCI and
LiCl of constant water activity.*

The acid hydrolyses of N-(trifluoroacetyl)pyrrole, -indole, and
-tetrahydrocarbazole and N-acetylindole fit very clearly into the
patterns illustrated by the reactions of Scheme IV. Addition of
water should occur very readily because of the presence of atrongly
electron attracting groups, so that conversion of a gem-diol or
similar intermediate into products is a key free-energy barrier to
reaction.

Extensive oxygen exchange is observed in some but not all of
the hydrolyses shown in Scheme IV. This failure to observe oxygen
exchange does not rule out formation of a transient tetrahedral
intermediate; it may mean that its life is too short for proton
transfer to permit oxygen equilibration. For example, in de-
phosphorylation the requirement that a pentacovalent intermediate
breakdown preferentially by loss of an apical group means that
oxygen exchange between phosphate ester and water will not be
observed unless the intermediate has a lifetime sufficient for
pseudorotation to occur.?>*

Comparison of the “normal” reactions, where maxima in acid
can be related to extensive protonation of the substrate,>»*5 with

(47) In some cases there is concomitant spontaneous hydrolysis, which is
inhibited by added electrolytes and by a decrease in the water content of the
solvent. It is then possible that the rate maxima are due to inhibition of the
spontaneous hydrolyses by the acid acting as an electrolyte. But this expla-
nation cannot be applied to all examples of such rate maxima.

(48) E. A. Dennis and F. H. Westheimer, J. Am. Chem. Soc., 88, 3432
(1966).
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Scheme V

(4)
A2 . _RXH + Hp0
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Sg2(H) R(OH)XH
those of the weakly basic substrates discussed shows that relatively
small changes in structure can lead to major changes in the kinetics
form of the reaction in acid solution.

Relation between A2 and Sg2(H) Mechanisms. The generally
accepted A2 mechanism provides a reasonable model for many
acid-catalyzed bimolecular hydrolyses,?® but it fails for acid re-
actions of N-acylpyrroles and -indoles and probably for most of
the reactions in Scheme IV. The mechanistic distinction depends
on the timing of the addition of the hydrogen ion and water, and
there should be a merging of the two mechanisms as the properties
of the substrate change, e.g., going from a relatively basic amide
to a readily hydrated acylpyrrole changes to mechanism from A2
(initial protonation) to Sg2(H) (initial hydration).

For acid-catalyzed hydrolyses of a substrate, RX, the A2 and
Sg2(H) mechanisms can be represented as in Scheme V.

These reactions are drawn as stepwise processes, and it is
reasonable that a relatively basic substrate should require acti-
vation to water attack by prior protonation, whereas the presence
of strongly electron-withdrawing groups should favor hydration
and require acid catalysis of conversion of the gem-diol into
products.

Jencks* has discussed the relation between stepwise and con-
certed reactions and has pointed out that the latter avoid formation
of high-energy intermediates, which is kinetically unfavorable.

These observations also suggest that it may be useful to re-
consider bimolecular acid-catalyzed hydrolyses in terms of a
spectrum of mechanisms depending on the timing of the various
steps.

For example, acid hydrolyses or simple monoalkyl phos-
phates?>*® have the kinetic form typical of water attack upon

(49) W. P. Jencks, Chem. Rev., 72, 705 (1972).
(50) R. Kluger and F. H, Westheimer, J. Am. Chem. Soc., 91, 4143
(1969).

protonated substrate, whereas the acid hydrolyses of several aryl
phosphates are relatively rapid but show rate maxima in acid.
These “anomalous” hydrolyses have very negative entropies of
activation and negative kinetics salt effects and show strong de-
pendence on water activity. In addition, triaryl phosphates are
very weak bases, so that their conjugate acids will be high-energy
intermediates, which immediately suggests that hydrolysis will
occur by a reaction path that avoids their formation. Thus there
appear to be close similarities between these acid hydrolyses and
those of the acyl pyrroles and indoles.

Hydrolyses of aryloxyphosphonium salts (6) can be regarded
as models for attack of water upon a hypothetical protonated aryl
phosphate (7).

MeP(OAr)** (ArO);POH*
6 7

It is, however, difficult to reconcile the rate of hydrolysis of
6 with those of the acid hydrolyses of triaryl phosphates in terms
of reaction between water and protonated substrate (7). But
hydrolysis of 6 will be an inadequate model if acid hydrolysis of
aryl phosphates does not occur by water attack upon protonated
substrate.

For the acid hydrolysis of N-(trifluoroacetyl)pyrrole, the amide
is in equilibrium with the gem-diol, and this is probably also true
for hydrolyses of 2—4. However, this is not the situation for several
of the reactions shown in Scheme IV, if only because oxygen
exchange between water and substrate is not observed, but the
common feature is that they probably do not involve attack of
water upon the protonated substrate even though this is the
mechanism for hydrolysis of structurally similar but more basic
substrates. In the acid hydrolysis of N-(trifluoroacetyl)pyrrole,
the gem-diol is a low-energy species and its acid decomposition
is rate limiting. For a simple aliphatic amide the conjugate acid
is a low-energy species and its conversion to products with attack
of water is rate limiting. Thus, with a systematic change of
structure of an amide, it should be possible to change from one
mechanism to another, possibly by reactions that involve concerted
addition of water and proton transfer to the leaving group, and
this possibility is being tested.
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Abstract: The labilization of a coordinated formy! group in a platinum(II) chelate by nucleophilic ligands has been examined
structurally. The chelating ligand is the deprotonated dimeric Schiff base condensate of o-aminobenzaldehyde. The aldehyde
was trapped in its uncoordinated form by adding a 1:1 molar ratio of triphenylphosphine to the complex in acetonitrile. The
resulting adduct crystallizes in the space group C2/c with unit cell dimensions a = 32.75 (6) A, b = 10.04 (2) A, ¢ = 19.71
(7) A, and 8 = 118.5 (2)°. The immediate coordination sphere of the platinum consists of two nitrogens from the chelate,
the phosphorus of the triphenylphosphine, and a chloride. The benzaldehyde ring, upon dissociation of the aldehyde oxygen
from the platinum, has rotated 90° to a position perpendicular to the deprotonated o-aminobenzylidene group. The aldehyde
oxygen is poised almost directly above the imine nitrogen at a distance of 2.87 (1) A.

Introduction

The utility of transition metal ions in facilitating condensation
reactions of organic substrates, particularly in the synthesis of
macrocyclic ligands, is well documented. Unfortunately, the
mechanistic details of many of these template reactions have been

elusive. In order to elucidate mechanistic pathways and ultimately
the role of the metal ion in these reactions, it is vital that the
presence of postulated intermediates be verified. Many of the
condensation reactions employed to yield macrocyclic products
are of the Schiff base variety: the condensation of a carbonyl with
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