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Participation in the Acidic Hydrolysis of Aliphatic Amides? :
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(Received December 1, 1971)

In order to study the structure-reactivity relationship in the intramolecular catalyzed
hydrolysis of amide, a series of aliphatic hydroxyamides was subjected to acid-catalyzed
hydrolysis. Paper chromatogram verified that the hydroxyamides, which had high rates
compared with those of the corresponding alkyl analogues, produced the corresponding
lactones in their hydrolytic processes. Their reaction pathways were classified theoreti-
cally into three schema. The Arrhenius parameters of entropy and enthalpy or activation
were determined and the mechanisms of lactonization and hydroxy acid formation were
discussed from entropy-enthalpy relationship. The proposed mechanisms were supported
by the appropriate kinetic data.

The chemical and physical properties of amide linkage have long been the subject of
the investigation, since amide group is the repeating unit in the biologically important poly-
peptide macromolecules. The first paper of this series® clarified the mechanism of the hydro-
lysis of N-substituted acetamide in aqueous solution, and showed that alkyl substituted
acetamides were generally more resistant to hydrolysis than acetamide. In addition to
the stabilization by the steric hindrance of these alkyl substituents, more stability of amides
than corresponding esters is expected owing to the resonance structure of amide group.®
On the other hand, it has been reported that a suitably substituted hydroxyl group,$-1!
carboxyl group'®® or imidazoyl group!® facilitates amide hydrolysis by intramolecular
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catalyzed process.?? Because, among other substituent effects®® on the hydrolysis rates
of amides, these intramolecular participation effects by such functional groups may cause
the instability of amides, they have wide significance in studies on the stability of drugs for
pharmacists?®* and on models of enzyme reaction for biochemists.200:¢)

Facilitation of amide hydrolysis by a neighboring aliphatic hydroxyl group has been
recognized in the hydrolyses of aldonamides,® y-hydroxybutyramide,”89 y-hydroxybutyr-
anilide, 1 and 2-hydroxymethylbenzamide X Bruice, et al.8® explained the rapid hydrolysis
of y-hydroxybutyramide on the basis of a pathway involving intramolecular nucleophilic
displacement by the hydroxyl group on the amide reaction center through intermediate
lactone formation. Recently, neighboring hydroxyl groups, which presumably do not form
lactone as the intermediate, have been found to facilitate the hydrolysis rates of carboxylic
acid derivatives.?® As reported in the salicylamide hydrolysis,® for instance, when direct
nucleophilic catalysis through intermediate lactone formation is prohibited by the molecu-
lar geometry, a neighboring hydroxyl group may assist amide hydrolysis by the intramolecu-
lar general base or kinetically equivalent general acid catalysis.®?’ In the previous study
on the hydrolysis of glucuronamide,?® it was shown that the amide was hydrolyzed to pro-
duce the corresponding five membered lactone (glucurono-y-lactone) and hydroxy acid (glu-
curonic acid) in the simultaneous process. It is interesting to ascertain the mechanism of
such different reaction routes in some hydroxyamide hydrolyses in connection with the above
explanations.

The present investigation was intended to clarify the mechanism of the intramolecular
hydroxyl group participation in the simultaneous formation of lactone .and hydroxy acid
in various aliphatic hydroxyamide hydrolyses.

Experimental

Materials p-Propiolactone, y-butyrolactone and y-valerolactone were purchased from Wako Pure
Chemical, Ltd. and Tokyo Kasei Co., Ltd. and purified by distillation. p-Arabono-y-lactone was kindly
supplied by Fuji Chemical Industries, Ltd. and recrystallized from an appropriate solvent (Table I). Other
lactones were prepared according to the known method2¢—32 (Table I). Table I summarizes the characters
of these lactones,

y,0-Dihydroxyvaleramide was prepared from d-hydroxy-y-valerolactone: A mixture of 5 g of the lactone
and 50 ml of liq. ammonia was allowed ta stand for 5 hr at room temperature. The solution was heated at
40° in vacuo to remove the last of ammonia. The syrup residue cooled on CO,-acetone mixture overnight
gave crude crystals. . This solid was recrystallized (Table II). ¢is-3-Hydroxycyclohexanamide was prepared
from. the corresponding y-lactone: The lactone (2 g) was dissolved in 50 ml of MeOH and dry NH, gas was
bubbled into the mixture until saturation. The solution was placed in a sealed tube for a month at room
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TasBLE I.

Aliphatic Lactone

Analysis (%)

m Calcd.

Lactone Method (Recryst. solvt) Formula Found

bp (mmHg) P

C H
d-Hydroxy-y-valero lit. 25 bp 162° (10) C;H;0, 51.72 6.90
lactone 51.17 7.38
d-Valerolactone lit., 26 bp 120° (20) C:H;0, — —
J-Methyl-d-valero lit. 29 bp 114— CeH, 00, 63.13 8.83
lactone 115° (22) @ 62.98 9.00
a,p-Dihydroxy-y- d) mp 100—101° ¢ CH 0, 45.45 6.12
valerolactone . (ethyl acetate) 45.42 6.08
p-Arabono-y-lactone — mp 98° N CyH,O; 60.54 5.45
(acetone) 60.63 5.61
3-Hydroxycyclohexanoic g bp 120° (20) ™ C,H,,0, -— —

acid y-lactone

mp 118—119° ©

(petroleum ether)

a) it %% bp 165~—166° (11 mmHg)
b) lit ® bp 120—124° (20 mmHg); lit 2V 114° (17 mmHg)
c) lit 2 bp 95° (9 mmHg);lit 2 113° (20 mmHg)
d) lit 30; prepared by oxidating f-angelicalactone®®) with KMnO,

e) lit3® mp 100°
F) lit3 mp 98—99°

g) lit 32; prepared by the distillation of 3-hydroxycyclohexanoic acid 3 pre-heated for 1.5 hr at 170—180°
k) 1it 3 bp 120—128° (19 mmHg)
7) lit3» mp 118°; lit 3¢ 119°

TasiE II. Aliphatic Hydroxyamide
Analysis (%)
mp Calcd.
Amide Method (Recryst. Formula Found
solvt.) —_——
C H N

p-Hydroxypropionamide lit. 35 65 @) C;H,O,N 40.43 7.93 15.73
(EtOH) 40.69 7.93 15.92

y-Hydroxybutyramide lit. 36 47 0 CH,0,N 46.58 8.81 13.58
(EtOH-ether) 46.24 8.72  13.42

y-Hydroxyvaleramide lit. 37 56 9 C:H;,0,N 51.25 948 11.96
(ether) 51.56 9.62 11.61

y,0-Dihydroxyvaleramide a) 64 C;H,,0;N 45.09 8.34 10.52
(EtOH-water) 44.91 8.28 10.34

J-Hydroxyvaleramide lit. 39 108 @ CsH,;,O0,N 51.25 9.48 11.96
(ethyl acetate) 51.54 9.52 11.86

6-Hydroxycapronamide lit. 40 72 H CeH,;;0,N 54.92 9.99 10.67
(ethyl acetate) 55.19  10.14 10.73

D-Arabonamide lit. 24 - 1389 C,;H,,O;N 36.34 6.73 8.48
(MeOH) 35.99 6.73 8.41

a,f,p-Trihydroxyvaleramide lit. 41 107 ) C,H,,0,N 40.26 7.43 9.39
(Rivo form) (EtOH) 40.45 7.55 9.53
¢is-3-Hydroxycyclo d) 172 C.H,;0,N 58.70 9.17 9.78
hexanamide (EtOH) 58.67 9.16 9.88

a) 1it mp 65—66°.

b) 1it 7 mp 46°; lit 88> 53—54°; it 36) 46—48°,

c) 1it 3959 mp 56°
d) present method

This amide is very hygroscopic

This amide is extremely hygroscopic

lit 3% mp 107.0—107.5°

1it.409) mp 70°; lit.40®) 74°

1it.? mp 138—139°
lit.# mp 107—108°
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temperature. Evaporation of MeOH gave the crude amide, which was recrystallized (Table 1I). Cyclo-
hexanamide was prepared from cyclohexane carbonyl chloride and cooled conc. NH,OH (289%).33 After
the precipitate was washed with H,O, the amide was recrystallized from EtOH, mp 184—185° (lit.*® mp
184—186°). The other hydroxyamides were prepared by previously reported procedure®*—4Y (Table II).
The melting points and the result of elemental analyses of the synthesized aliphatic hydroxyamides are
listed in Table II. ‘

Other reagents used were of reagent grade without further purification. The deuterium oxide (99.75%
pure) and deuterochloric acid used were purchased from E. Merck AG. (Germany).

Buffer Solutions Buffer solutions were made up to a total concentration of 0.2m buffer (H;PO,~NaH,-
PO, system) and were adjusted to an ionic strength of 0.6 with potassium chloride. The pH value of the
buffer solutions was determined at the experimental temperature, 80.0°. A Hitachi-Horiba pH meter,
Model F5, was used with a Horiba type 1027-05T glass electrode designed for 5—110° over the pH range 0—14
and a high temperature calomel electrode, type 2631-05T.

PK, Determination The ionization constants of f-hydroxypropionamide, y-hydroxybutyramide and
y-hydroxyvaleramide were determined by the photometric method described in the previous paper.) All
spectral measurements were made with a Shimadzu QV-50 spectrophotometer in aqueous perchloric aicd
solutions at 25° and at 200 mu. The appropriate solvent was used as a blank for each determination.
Because of the facile hydrolysis of these amides in concentrated acid solution, the optical density for these
solutions has been obtained by extrapolation to time zero of the photometric measurements as a function of
time. :

The concentration ratio of the protonated amide Csy* and the neutral amide Cs was obtained from the
equation:

Csa+ _ Es—E
Cs E—Esu+

(B

where E, Es and Esg* have their usual significance. The experimental pK, values (Ho value!® at Csut/Cs=
1.00) for the three compounds were found to be in close agreement and are — 1.65 for f-hydroxypropionamide,
—1.10 for p-hydroxybutyramide and —1.30 for y-hydroxyvaleramide.

Hydrolysis and Analytical Procedure Hydrolyses were carried out under pseudo first-order con-
ditions: A known weight of amide and lactone corresponding to the concentration of approximately 5 X 10-3m
(1 x 10-3M for the experiments of deuterium solvent isotope effect) was dissolved in 100 ml of the appropriate
reaction solution (50 ml of the deuterium oxide-deuterochloric acid solution) heated previously to the desired
temperature within+0.05°. Aliquot portions were withdrawn at suitable intervals for analysis.

During hydrolysis of hydroxyamide, residual amide concentration was followed by determination of
liberated ammonia using indophenol method and the produced lactone concentration was determined by
hydroxamic acid method*? in the same manner described previously.?® Optical densities were determined
with a Hitachi Model 101 spectrophotometer.

Paper Chromatography Hydroxyamide or lactone (ca. 0.5 g) was dissolved in 10 ml of aqueous 0.05n
HCI solution. The solution was stored at 40° and spotted on a filter paper (Toyo Roshi, Co., No. 51) at
appropriate intervals. The paper was developed with acetonitril-acetone-water—acetic acid (80:5:15:1)
mixture.*d Hydroxamic acid method was employed for detection. The developed paper was separated
lengthwise into two portions. One portion was used for the detection of lactone, and in case of difficulty

33) H.E. Baumgarten, F.A. Bower and T.T. Okamoto, J. Am. Chem. Soc., 79, 3148 (1957).

34) W.H. Perkin, Jr. and G. Tattersall, J. Chem. Soc., 91, 486 (1907).

35) T.L. Gresham, J.E. Jansen, F.W. Shaver, R.A. Bankert and F.T. Fiedorek, J. Am. Chem. Soc., 73,
3168 (1951). '

36) P. Coirre, Fr. Patent 2922 (1964) [C.4., 62, 10344a (1965)].

37) a) T. Yamana, A. Tsuji and Y. Mizukami, Chem. Pharm. Bull. (Tokyo), 20, 922 (1972) b) P.A. Levene
and H.L. Haller, J. Biol. Chem., 69, 165 (1926).

38) R. Fittig, Ann., 256, 149 (1890).

39) W.H. Bagnall, E.P. Goodings and C.L. Wilson, J. Am. Chem. Soc., 73, 4794 (1951).

40) a) K.W. Rosenmund and H. Bach, Avch. Pharmz. Ber. dtsch. Pharmz. Ges., 293/65, 245 (1960); b) K.
Alder, H. Offermanns and E. Riiden, Chem. Ber., 74, 913 (1941).

41) S. Sasaki, Nippon Kagaku Zasshi, 78, 1464 (1957). v

42) ].E. Lefler and E. Grunwald, “Rate and Equilibria of Organic Reactions,” John Wiley and Sons, Inc.,
New York, 1963, p. 272.

43) When residual amide was trapped as indophenol blue and/or hydroxyamic acid, the concentration of
amide and lactone was corrected. All hydroxy acids used in the present investigation were not colored
in hydroxamic acid method, using the corresponding potassium salts.

44) T. Takahashi and M. Mitsumoto, Nature, 199, 765 (1963).
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with the color reaction of amide, the other portion was used for detection of amide after conversion to lactone
by spraying 5~ HCI solution. The spots were identified by spotting knowns on paper and developing under
the same condition.

Result

Identification of Hydrolysis Products

The nature of the products of the hydrolyses of hydroxyamides and lactones was de-
termined by paper chromatography. This was necessary not only for the assay of the hydro-
lyzates and remaining amide, but also for the establishment of the hydrolysis pathway.

Chromatograms of the solution of p-arabonamide hydrolysis in aqueous 0.05x HCl solution.
held at 40° gave two spots corresponding to the amide and the y-lactone, as seen in Fig. 1.
Under the same condition, paper chromatograms of the solutions of arabono-y-lactone gave
only one spot due to the unchanged y-lactone.

TasLe III. Rf Values of Paper Chromatogams Obtained on Solutions
of Hydrolyzed Hydroxyamides

Degraded sample Standard
Amide T ——
Amide Lactone Amide Lactone
B-Hydroxypropionamide 0.23 — 0.25 -0.98
y-Hydroxybutyramide 0.48 0.95 0.46 0.95
y-Hydroxyvaleramide 0.30 0.65 0.32 0.65
é6-Hydroxyvaleramide 0.00 0.51 0.00 0.51
é-Hydroxycarproanmide 0.00 0.56 0.00 0.57
y,0-Dihydroxyvaleramide 0.28 0.84 0.30 0.85
a,B,y-Trihydroxyvaleramide 0.34 0.82 0.34 0.81
p-Arabonamide 0.07 0.56 ' 0.09 0.54
cis-3-Hydroxycyclohexanamide 0.10 — 0.08 0.62
o0, _frblsisof ande_ Staard Hyloolyi of actone Seheme A amide N acid
0.75}- k ka
S ole P Scheme B amide —— acid === lactone
8 0.500 oe e Q oeee, ks
= k k3
0.25- Scheme C amide —> lactone == acid
o®c®ee @ ka
0.005"70 40 80120 160 Aride lactone O 10 40 80 120 160 ky lactone
Time (min) Time (min) L
Scheme D  amide kaﬂ ko
Fig. 1. Paper Chromatograms of Hydro- 3 d
lyzed p-Arabonamide and D-Arabono-y- act
lactone in Aqueous 0.05 N HCIl Solution Chart 1. Possible Reaction Schema of
at 40.0° Hydroxyamide Hydrolysis

It was found that g-hydroxypropionamide and cis-3-hydroxycyclohexanamide did not
produce lactone and the other hydroxyamides produced only the corresponding y- or d-lactone:
in their hydrolytic processes. These results are listed in Table III.

Reaction Pathways

Hydrolysis of each hydroxyamide in aqueous hydrochloric acid solution was found to-
follow the first-order kinetics by the determination of liberated ammonia concentration.
(typical plot is shown in Fig. 2). Moreover, in view of the time course of lactone formation.
from hydroxyamide, the Schema A—D are considered as possible reaction pathways (Chart
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TasrLe IV, Observed and Calculated Concentration of Lactone

Formed from the Some Hydroxyamide Hydrolyses

Found Calcd. lactone (%)

Lactone (%)

Time
(min)

Scheme B Scheme C Scheme D

¥,0-Dihydroxyvaleramide %)

10 8.7 3.7 11.9 8.69
20 17.5 11.2 21.9 17.6
30 - 26.2 19.8 30.7 26.3
40 33.9 28.0 38.2 34.1
50 41.2 35.6 44.7 41.1
60 47.4 42.3 50.5 47.2
70 52.6 48.2 55.5 52.5
80 57.3 53.5 59.9 57.3
90 61.2 58.2 63.8 61.5
100 65.3 62.3 67.2 65.2
y-Hydroxybutyramide
15 10.8 2.9 9.9 —
30 17.8 8.7 17.5 —
45 24.7 15.0 24.0 —
60 28.9 20.4 28.8 —
75 34.4 26.8 34.3 —
90 38.7 31.0 38.0 —
105 42.4 36.4 42.5 —_—
y-Hydroxyvaleramide @)
20 6.3 1.0 5.7 —
40 12.2 3.5 11.0 —
60 15.5 6.6 15.9 —
80 19.9 9.5 20.5 -—
100 24.5 13.6 24.8 —
120 28.5 17.6 28.9 —
a,B,7-Trihydroxyvaleramide ¢
20 16.8 1.8 16.8 —
40 30.8 6.3 30.3 —
60 41.9 12.3 41.0 —_
80 50.5 19.1 49.6 —_
100 57.3 26.0 56.5 —
120 62.9 32.8 62.6 —
a) Hydrolyzed in 0.1004 x HCl at 50.0°. Kinetic parameters based on the calculations are as follows;
ky+Ra=1.21 X102 min-?, £,=7.79 X 10~2 min—*and %;=0.72 X 10~2 min-1
b) Calculated average value, k,=0.80 X 10-2min-1, was used.
¢) Hydrolyzed in 0.0597 n HCI at 60.0°. Kinetic parameters based on the calculations are as follows;
k=0.77 x 10~?min-?, k,=4.67 x 10-2 min and k;=1.66 x 10~2 min-?
d)} Hydrolyzed in 0.0489n HCI at 40.0°. Kinetic parameters based on the calculations are as follows;
£=0.30 X 10~* min-?, k,=1.97 X 10~2 min-? andk,;=0,12 X 10~2 min—*
e) Hydrolyzed in 0.0544n HCI at 40.0°. Kinetic parameters based on the calculations are as follows;

k=0.94x10~* min~1, k,=1.13 X 10~2 min-?* and k;=0.19 X 10-2? min-?

1). In the same manner as described previously in p-glucuronamide hydrolysis,® the re-
action scheme selected as reasonable for each hydroxyamide was one in which the observed
concentrations of lactone at various times during the hydrolysis were in good agreement
with those calculated from the kinetic equation.4®

45) These equation are as follow: For Scheme B,

szo
—{1— —(Bo+ks)E]} —
k2+k3{ exp [— (ks +k3)1]}

for Scheme C,

_kzcg_k_{exp (—kt)—exp [— (ha+Es)t]}

lactone] =
[ ] kot k3—

kaCo (F—k2)Co
lactone] = ———{1— — (ha+ks)t _— —kt)— — (k2 ks)t
 Dactone] = =2 {1—exp [~ (ha-+Ro)fl} + - D0 {exp (— k) —exp [ (Fa-+ Re)}
and for Scheme D,
k2Co (F1—k4)Co

[lactone] =

kot k3

{1—exp [~ (ha+Rs)t]} +

(Ba+Fks)— (R1+ka)

{exp [~ (h1+Aa)t]—exp [— (k2 +ks)t]}
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Figure 2 and Table IV show the observed and calculated lactone concentrations as a
function of time for the amide hydrolysis, and the classification of the amides into the re-
action Schema A—D is shown in Table V.

Buffer Concentration Effect on the Hydrolysis Rates

~ In acidic hydrolysis of y-hydroxybutyramide, the catalytic effect by buffer components
was determined in each buffer solution, varying the total buffer concentration but keeping
the pH and ionic strength constant at 0.6. Plotting the pseudo first-order rate constants
against the total concentration of phosphate gave straight lines. The slopes of these lines
are essentially equal as shown in Fig. 3. On the bases of experiments performed in various
PH buffer solutions between pH 1.59 and 2.70, the second-order catalytic rate constants
were calculated; Aw,po,=Ru,r0,~=8.10X10-3m~ 1 min—! at 80°. The catalytic effect in the
y-hydroxybutyramide hydrolysis shows the same behavior as seen in the acidic hydrolysis of
acetamide, of which the catalytic rate constants are ke, po,~=Fnpo,2”=2.60 X 10~°m~1 min—!
at 100°3» These results indicate that the reasonable mechanism of amide hydrolysis by
general acid (BH) is the one insensitive to pK, of BH as proposed by Bruice, ¢fal.8* There-
fore, it is expected that the process of proton transfer and nucleophilic attack are concerted
in the hydrolysis of amide.8

w
[$3]

(%)
<

O
I pH 1.59
.

oo
[¥11

L —pHis8
. {108

-
o H235

MO

[\
(=)

Percent (log scale)

010 20 30 40 50 60 70 80
Time (min)

—
(=

o

Fig. 2. Disappearance of p-Arabon-
amide and Formation of p-Arabono-y-
lactone in 0.1021~ HCI at 50.0°

Pseudo first-order rate constant (min™')
b
I

1 [ { 1
Found: p-arabonamide: O ° 0.05 0.10 0.15 0.20

" p-arabono-p-lactone: @ Total phosphate concentration (M)
Caleulated g:;:;?g"’]acmne: ‘ Fig. 3. Plots of Pseudo First-Order
..... . Scheme C Rate Constansts aganist Phosphate
————: Scheme D Buffer Concentration in the Hydroly-
Kinetic parameters on the basis for the cal- i -Hvd: b H -
culation are: k,=0.78 x10~% min-?, k,=2.44% ‘ S::S Otf ]’?} II;]i:Y g(}():X}; liiyranllg% at gont

10-*min-1, £, =0.63 % 10~% min* and ky=0.59 X stant Ionic Strength (1=0.6) and a

10-2 min~t 80.0°

The relation between pH and logarithm of % extrapolated to zero buffer concentration
shows that y-hydroxybutyramide hydrolysis follows the first-order kinetics with respect to
the hydronium ion (Fig. 4). ‘

Rate Constants and Activation Parameters

Table V summarizes the second-order rate constants (&, k, and k,) measured at various
temperatures, the activation enthalpies and entropies (at 60°) for the acidic hydrolysis of
the 12 amides studied in the present work. Suitable data 21%:218) on alkyl amides are also
included for comparison in this table.
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TaBLE V. Activation Enthalpy and Entropy of the
Acidic Hydrolysis of Aliphatic Amides

Rate constants

Activation parameter

No. Amide gerg;tzsg) 10% &, k, and &, AH* 7 AS*(at 60°)
’ (M~! min—?) (kcal/mole) (e.u.)
Scheme A
1 B-hydroxypropionamide 50 0.21 19.4 —20.6
70 1.42
80 3.38
90 8.07
2 ¢is-3-hydroxycyclohexanamide 50 0.29 19.6 —19.8
60 0.68
80 3.76
3 cyclohexanamide ) 60 0.30 20.3 —19.4
80 1.75
4 acetamide 9 60 1.70 19.7 —18.4
5 propionamide 9 60 2.30 18.1 —20.2
6 butyramide 2 60 1.04 18.9 —19.5
7 valeramide » 60 1.06 18.7 —20.0
8 isovaleramide 60 0.22 19.4 —20.9
Scheme C
9 r-hydroxybutyramide 30 0.78 19.9 —12.9
40 2.10
50 5.60
60 12.7
70 32.2
10 r-hydroxyvaleramide 30 2.59 18.4 —13.3
40 6.30
50 154
- 60 42.7
11 é-hydroxycapronamide 40 6.20 19.6 —11.9
50 15.9
60 36.0
70 77.0
12 a,f,y-trihydroxyvaleramide 20 2.50 19.4 —12.2
30 7.03
40 18.0
50 49.3
60 127
13 é-hydroxyvaleramide 30 1.70 20.0 —11.5
40 4.10
50 10.1
60 23.8
Scheme D — ——, —e,
ky Ry By Ry ky ky
14 p-arabonamide 40 2.74 2.55 22.2 16.0 —5.277—24.9
50 7.64 5.78
60 21.7 13.5
15 p-glucouronamide 50 0.40 0.30 23.3 16.5 ~—7.4 —29.2
60 1.40 0.67
70 4.00 1.30
90 26.0 5.70
16 y,0-dihydroxyvaleramide 30 1.20 1.00 21.7 153 —6.5 —27.8
40 2.99 1.99
50 7.97 4.08
60 239 7.97

a) The amide was hydrolyzed in acidic 509, EtOH-water solution.

b)

Data taken from ref. 21.
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< ) Fig. 5. Plots of the Second-Order Rate
e 1X10°F Constants against Concentration of
i ' : ‘ Water for the Acidic Hydrolysis of
0 1 2 3 4
pH Amides in Mixed Solvents
. y-hydroxybutyramide in ethanol-water (at
Fig. 4. pH-Rate Profile for y- 40.0°) —O—, in acetone-water (at 40.0°) —x —,
Hydroxybutyramide at Con- in “dioxane-water (at 40.0°) —jll—, cis-3-hy-
stant Tonic Strength (#=0.6) droxyclohexanamide in ethanol-water (at 60.0°)
d at 80.0° —@®—, cyclohexanamide in ethanol-water (at
and a : 60.0°) —@—, acetamide in ethanol-water (at
80.0°) —A—

scale: A, y-hydroxybutyramide; B, acetamide;
C, c¢is-3-hydroxyclohexanamide and
cyclohexanamide

Solvent Effect on Reaction Rate Constants

The effects of solvent composition on the rate constants of the acidic hydrolysis of some
amides were studied. The plots of the rate constant against water concentration are shown
in Fig. 5. The rate constant of amide hydrolysis following Scheme A decreased with a de-
crease in the concentration of water. On the other hand, the addition of an organic solvent
had no effect on (EtOH-water) or facilitated (acetone-water, dioxane-water) the hydrolysis
following Scheme C. In the acidic hydrolysis of p-arabonamide which proceeds according
to Scheme D, such interesting results were obtained that the addition of an organic solvent
increased the rate constant (k) of the lactonization, and on the contrary, decreased the rate
constant (k,) of the hydroxy acid formation (Table VI).

TasLe VI. Acidic Hydrolysis of p-Arabonamide in Ethanol-
and Dioxane-Water Mixtures at 50.0°

Solvent composition (M_ll();fﬁ_l) (M—lz();f ;_1)
H,0 8.2 6.0
259% EtOH-H,0 8.7 4.7
50% EtOH-H,0 10.3 4.4
509, dioxane-H,0 17.0 _ 4.1

TasLe VII. Deuterium Solvent Isotope Effects for Acidic
Hydrolysis of Amides :

. Acid concentration
Amide (Reaction temp.) ko,o/kst;0
y-Hydroxybutyramide 0.1x HCI (40.0°) 1.19
Acetamide®) 0.1n HCI (25.0° 1.45

a) Data taken from ref. 46.
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Solvent isotope effect for the acidic hydrolysis of y-hydroxybutyramide is smaller than
that found for the acidic hydrolysis of acetamide.®® These results are listed in Table VII.

Relation between Rate Constant and Water Activity

The following relation (Eq. 2) between the rate constant and the water activity of the
reaction medium has been reported previously? for amide hydrolysis in concentrated acid
solution.

log km_ _ (r—7o) log am,o + constant 2
komo
where
m =1+ Cs/[Csu+ (3)

In Eq. 2, % is the pseudo first-order rate constant, m is the reciprocal of the protonation
ratio of amide obtained photometrically from Eq. 1, and 7 is a hydration parameter which
is the same measure of the number of water molecules required to convert a protonated amide
molecule to transition state as described previously.?

6'0[ / ko, my, and 7, represent the same values for standard
. D amide for which acidic hydrolysis is generally accepted
2.0 M to follow the bimolecular reaction mechanism.
2 XY A ; 42
< -~ P The plot of log km|[kym, against log ag,o*® should
%10 ° 7 ° give a straight line with a slope of the difference
2 82‘ ./ between the hydration parameter of amide and that
= /'/ of standard amide. The r—v, values obtained from
‘ i«» 0.4 55 the data of several hydroxyamides and acetamide as
T gl o standard (at 80.0°) are approximately: 0.0 for f-
= . hydroxypropionamide (at 60.0°), —2.2 for y-hydroxy-
0.1 PR . L butyramide (at 25°) and —1.3 for y-hydroxyvaler-
~0.1 _10'2 0.3 04 -05 amide (at 30.0°) (Fig. 6). From these results, it seems
08 am0 likely that the hydrolysis of f-hydroxypropionamide
Fig. 6. Plots® of log kmfkgmn, follows the same mechanism with acetamide.
against log am,0 According to
Eq. 2 for the Hydrolysis of , .
Hydroxyamides in Aqueous Discussion
Perchloric Acid Solution
—O— f—?ysgfgf)ypmr’ionmide Evidence of Hydroxyl Group Participation
a !
- y—?ggrgfybutyranﬁde”) The introduction of a hydroxyl group in the y-
At (,,a.hyd'm,zyvalemmide or d-position of butyramide and valeramide increases
(at 80.0% the rate constant of these acidic hydrolyses. Since
a) Data for acetamide as the stand- . . . X
ard was obtained at 80.0°. the acidic hydrolysis of amides is almost completely

b) Data taken from re. 9. insensitive to polar effects by the substituents as

discussed previously,*4? it is unlikely that such facilitation of the reaction could be caused by
inductive electron withdrawal by the hydroxyl group. Accordingly, two possible explanations
are considered for the amide hydrolysis facilitated by a neighboring hydroxyl group. One
is based on the hydrogen bonding mechanism as suggested by Henbest and Lovell*® and
numerous other investigators.2® 1In this case, it seems likely that the hydrogen bond will
become much stronger in the transition state, and that the increase in hydrogen bond energy

46) K.B. Wiberg, Chem. Rev., 55, 713 (1955).

47) J.A. Leisten, J. Chem. Soc., 1959, 765; J.T. Edward, H.S. Chang, K. Yates and S. Stewart, 4m. J.
Chem., 38, 2271 (1960).

48) H.B. Henbest and B.]J. Lovell, J. Chem. Soc., 1957, 1965.
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in passing from the initial state to the transition for the reaction thereby increase the rate
of hydrolysis by nucleophilic reagent. An alternative explanation is that a direct nucleo-
philic attack by the neighboring hydroxyl group can facilitate amide hydrolysis. Bruice,
¢t al.® gave the most reasonable explanation that, for the acidic hydrolysis mechanism, the
intramolecular attack of the oxygen of the hydroxyl group on the carbonyl carbon of the
protonated amide produces intermediate lactone. The present investigation verified, in-
deed, that y-hydroxybutyramide produced the corresponding lactone in the hydrolytic pro-
cess by determining the lactone concentration (Table III), as reported by these authors.

But, interestingly, it was also found that some of aliphatic hydroxyamides (s.e. y,0-
dihydroxyvaleramide and p-arabonamide) were hydrolyzed simultaneously according to
two different pathways, one leading to the formation of y-lactones and the other leading
to the direct formation of hydroxy acids. Moreover, these hydrolyses to the corresponding
hydroxy acids were also accelerated as compared with that of corresponding alkyl analogues
(Table V). This acceleration effect cannot be accounted for by the mechanism proposed
by Bruice, ¢t al.’®

Mechanisms

In the general comparison of the two equivalent: intramolecular and intermolecular
reaction cases, the entropy of activation of the intramolecular reaction is significantly more
positive than that of the corresponding intermolecular one.*” The activation entropy (—5
to —138 e.n.) of the reaction of lactone for-

mation for acidic hydrolysis of hydroxyamides 24}

was more positive than that (—20 to —29 e.u.) 15ko

of some hydroxyamides and ordinary alkylamides 22+ 14k
which produce directly corresponding carboxylic 16k

Do
(=)
T

acids (Table V). These results certainly indicate
that the contiguous positions of catalyst and
substrate are important in controlling the re-
action of lactonization.

Plotting AH* against TAS* for the re-
action of lactonization and carboxylic acid for-

._.
=t

A4H* (kcal/mole)
%

mation satisfied the isokinetic relationship,’® 14r
falling into two separated parallel lines as
shown in Fig. 7.5V One of these lines involves === =3 0
the observed points for the lactone formation T 4S8~ (kcal/mole)
:from hydroxyamide hydrolysisj, an_d the other Fig.7. Enthalpy and Entropy Rela-
involves that for the carboxylic acid formation tionship for Acidic Hydrolysis of
from some hydroxyamides and ordinary amide Aliphatic Hydroxyamides and Alkyl
hydrolyses. Analogues®

a) Reaction of Carboxylic Acid Forma- @) The numbers in the figure are corresponded
tion Figure 7 suggests that the mechanism fo the saine nusmber in Table V-

of the hydroxy acid production from hydroxyamide (i.e., amides of Scheme A and Scheme D
as shown in Table V) is the same as one of the ordinary amides such as acetamide. That is,
the mechanism acceptable for the reaction to give the rate constant 2 of Scheme A and %,
of Scheme D is in accord with a bimolecular reaction mechanism in which the rate-determin-
ing step is the nucleophilic attack of water molecules on the conjugated acid of amide. This

49) M.L. Bender and M.C. Neveu, J. Am. Chemi. Soc., 80, 5388 (1958).

50) Ref. 42, Chapter. 9; J.E. Leffler, J. Org. Chem., 20, 1202 (1955).

51) Arrhenius plots of log kg+ against 1/T pass through a common point in both sets which is a necessary
consequence of true compensation.’® Observed isokinetic temperature was 500°K in the both intramo-
lecular and intermolecular catalyzed hydrolyses.
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bimolecular reaction mechanism is also supported by the results, (1) that bimolecular cata-
lyzed reaction is generally retarded®® by the addition of organic solvent as observed in the
hydrolysis of cis-hydroxycyclohexanamide and p-arabonamide (&,), (2) that the entropy
of activation is largely negative,5® as presented in Table V, and (3) that the difference of
the hydration parameter between f-hydroxypropionamide hydrolysis and acetamide hydro-
lysis in aqueous solution is nearly zero.

b) Reaction of Lactone Formation——The Leffler-compensation relationship (Fig. 7)
indicates that the mechanism of the lactone formation from the hydroxyamide (k of Scheme:
C and %, of Scheme D) is quite different from the bimolecular reaction mechanism.?® Wit-
kop* and Bruice, ¢t al.8 suggested that there is a nucleophilic attack of hydroxyl oxygen
on the carbonyl carbon of the protonated amide and also a direct transfer of hydroxyl proton
to nitrogen. This mechanism does not involve water molecules in the rate-determining step.
The values r—7, for y-hydroxybutyramide and y-hydroxyvaleramide, howevet, are too high.
(—1.3 to —2.2) to assume no involvement of water molecules in the slow step. In order
to accomodate a role for water molecules it can be proposed, on the basis:of Martin, ef al.’s
hypothesis,” that proton transfer by one or two water molecules and nucleophilic attack
by internal hydroxyl oxygen are concerted in the rate-determining step as presented in Chart
2. The deuterium isotope effect, kp,o/ku,0=1.19, found in the acidic hydrolysis of y-hydroxy-
butyramide is in accord with the proposed mechanism (Chart 2) in which proton transfer
from hydroxyl hydrogen to amide nitrogen through water molecules is assumed to be con-
certed in the rate-determining step.’® This mechanism is also supported by the results of
buffer concentration effect on the acidic hydrolysis of y-hydroxybutyramide.

+(l:[)H . ({)H + +
I i

——C—NH; S—NHZ | (.:l::NHZ\ II

' e ' , fast
+ H3O e £ —n————- [ : ‘ I-[I > e [ I
—0—H H—n H.0 0—t--o-1) NHy | _ wo~ | |
S . SH+ (SH+) x L L
| Chart 2

The transition state (SH*)* is a positively charged species in which the positive charge
is distributed among the amide moiety and hydroxyl group, whereas in an ionic substrate
(SH*) and product (L*) the charge is more localized. This distribution of the charge in
the transition state makes it more stable relative to the positively charged reactant, hence
the lactonization rate increases in the solvent of low dielectric constants®® (Fig. 5 and Table
VI).

The reaction of lactonization of aliphatic hydroxyamide is controlled by the entropy
of activation. In other words, the proximity effects of neighboring hydroxyl groups as the
intramolecular nucleophilic catalysis cause more positive entropy of activation than that for
the reaction involving water molecules as a nucleophile, while the enthaply of activatiomn
remains constant (ca. 19 kcal/mole) (Table V).

52) L.L. Schaleger and F.A. Long, ‘“Advances in Physical Organic Chemistry,” Vol. 1, ed. by V. Gold,
Acad. Press, New York, 1963, p. 1.

53) In the glucuronamide hydrolysis, deviation from these plots was observed. Since it is expected that
this hydrolysis may involve more complicate reaction, e.g., the conversion of ether linkage, D-glucuron-
amide was omitted from the present discussion.

54) B. Witkop, Advan. Protein. Chem., 16, 221 (1961). |

55) C.A. Bunton and S.J. Farber, J. 07g Chem 34, 3396 (1969); R.H. De Wolfe, K.M. Ivanetich and N.F.
Perry, ibid., 34, 848 (1969); C.A. Bunton and R.H. De Wolfe, ¢bid., 30, 1371 (1965).

56) E.D. Hughes and C.K. Ingold, J. Chem. Soc., 1935, 255; E.S. Am1s “Solvent Effects on Reactiom
Rates and Mechanisms,” Acad. Press, New York, 1966, p. 209.
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c) Synchronous Formation of Hydroxy Acid and Lactone In the acidic hydrolysis
of y,6-dihydroxyvaleramide and p-arabonamide according to Scheme D, it is concluded
that the lactone and the carboxylic acids formed synchronously do not arise from the same
transition state, 4.e., nucleophilic attacks by neighboring hydroxyl groups and by water
molecules are operative respectively. In addition, this reaction scheme was found to be
characteristic of amides involving hydroxyl groups both at y- and d-positions in the present
hydroxyamide series. If these different transition states could be produced from the two
different species of initial substrates such as Model 1 and Model 2 (Fig. 8), the large rate con-
stant, %, in comparison with that of
valeramide cannot be accounted for, since

the distribution of positive charge at ca- -0. 75‘71){ -0.9538
Tbonyl carbon in Model 2 is expected to O -0.093
be the same as that in Model 1 and H_Of?“CHZ*CH CHZ_C_”NHZ Model 1
valeramide®” (Fig. 8).
In the hydrolysis of hydroxyamides -0.958
following Scheme D, the activation en- Q ~0.093
thalpies of lactonization are higher by ca. CH2’CH<CH_,2__&53§‘ NH. Model 2
2—3 kcal/mole and the activation en- -0.883 0O 0—H
tropies of this reaction series (%) are “H---g—H ~0.615
significantly lower negative (—5——6 e.u.) 1_11 ~0.958
relative to those for the series of Scheme Q 0,093
‘C.." On the other hand, the enthalpies of CH —-CH2~—CH2~CH2-—C—NH9
activation for 2, are lower by ca. 3—4kcal/ +0.538
mole compared to other intermolecular Fig. 8. Calculated Net Charge for the Some
catalyzed hydrolysis of ordinary amides Models of p, 8-Dihydroxyvaleramide and for
{AH*= ca. 19—20 kcal/mole). This low- Valeramide

«ered enthalpy of activation is probably due

to a much stronger internal hydrogen bond in the transition state than in the initial state.5®
As a result of the low enthalpy of activation, the reaction of the hydroxy acid formation,
in the hydrolyses of y,d-dihydroxyvaleramide and p-arabonamide, must be facilitated in
comparison with the hydrolysis of #n-butyramide and n-valeramide under the same con-
dition, in spite of the more negative entropy of activation (Table V).

‘Conclusion

In the acidic hydrolysis of hydroxyamides, two different kinetically distinguishable
reactions controlled by activation entropy and by activation enthalpy occur simultaneously,
one proceeding intramolecularly with the nucleophilic attack by y- or é-hydroxyl group and
with electron transfer by the assist of one or two water molecules concertedly through lactone
formatin, and the other proceeding intermolecularly with the nucleophilic attack by water
molecules through a tetrahedral intermediate. Consequently, in the case of the same con-
tribution of these activation parameters (i.e. free energy of activation) the hydrolytic Scheme
D is considered to be the hydrolysis pathway of hydroxyamides.
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57) Molecular orbital calculation was made in the same manner as described previously.3'®

58) The intramolecular hydrogen bonding between d-hydroxyl group and amide oxygen, such as verified
in the y-hydroxyvaleramide,?’®) may provide the necessary rigidity for the molecule to undergo catalysis
by the internal p-hydroxyl group in the manner suggested for asparagine N-acylated derivatives!®)
and phthalamic acid.!2®)
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