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nmr (CDCL) 11.153 (1 H, s), 9.12 (1 H, s), 3.52 (2 H, q), 2.74

(2H,1),2.0-0.6 ppm (20 H, m).
Anal. Caled for CJQHQGNOBF4:

Found: C,350.47;H,9.33;N, 5.01.

C, 50.20; H, 9.13; N, 4.88.

Registry No.—2a, 36955-98-3;
2¢, 36989-94-3; 2d, 36989-95-4.

2b, 36994-06-6;
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The problem of the separation of polar, steric, and
resonance effects has recently been reviewed,! and
further testing of the range of applicability of the empir-
ical equations as well as the assumptions underlying
them deserve further testing. The two-parameter
eq 1 suggested by Taft!? for use with aliphatic com-

logh = p*c* + 8E; + log ke (1)

pounds correlates the data reported below for the
acidic hydrolysis of a series of aliphatic hydroxamic
acids. p* and § are constants to be determined for
each reaction and set of reaction conditions and rep-
resent the susceptibility of the reaction system to
polar and steric effects, respectively. ¢* and E; are
polar and steric substituent constants, respectively,
characteristic of each substituent and are tabulated
in the literature. -2

“The kinetics of amide hydrolysis have been studied
extensively; nevertheless, uncertainties remain, espe-
clally for the acid-catalyzed reactions.® Three re-
ports, to our knowledge, of kinetie studies of hydrolysis
of the related hydroxamic acids exist; two report
results for benzohydroxamic acid and a few of its
derivatives at moderate? to very high acidities’ and
the third,® results for acetohydroxamic acid at very
low acidity (pH >0.7). Table I reports results for

TasLE I
Rare ConsTANTS FOR PROPIONOHYDROXAMIC Acip HyproLysis
1IN AQUuEOUS p-TOLUENESULFONIC ACID AT 50.2° AND
ToNic STRENGTH AT 0.494 M

[H*)* M 10%0bsd® 104kobsa/ [H *1
0.494 22.0 4.45
0.247 9.88 4.00
0.124 5.27 4,25

Av 4.23

2 p-Toluenesulfonic acid. °® Average pseudo-first-order rate

constant, sec™.
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t‘}‘le acidic dependence of the hydrolysis rate of pro-
pionohydroxamic acid at moderate acidities.
The results of Table I are represented by eq 2, 7.e.,

kopsa = ke[H ] (2)

the reaction is first order in catalytic acid and also in
the hydroxamic acid. Equation 2 is consistent with
the accepted bimolecular mechanism (eq 3 and 4)
for acidic hydrolysis of benzohydroxamic acid*® and
amides® at moderate acidity. This mechanism re-
quires ks to be a product of an equilibrium constant
and a second-order rate constant.*

RCONHOH + H+ == RC(OH)NHOH @)

4
RC(OH)NHOH + H;O —> products 4)

Equation 1 should be applicable to the hydrolysis
of acyl compounds following the bimolecular mecha-
nism.t2 Table I lists the experimental results and log

TasrLe IT

Hyprorysis Rares oF Hyproxamic Acips iv 0.249 N
AqQUEoUs p-TOLUENESULFONIC ACID AT 50.5°

Hydroxamic —log ke
acid Registry no.  10%k*  10%k® ~log k2 (caled)®
Aceto- 1113-25-3 11.0 44.2 3.355 3.438
Propiono- 2580-63-4 11.2 45.0 3.347 3.434
Isobutyro- 22779-89-1  3.92 15.7 3.804 3.608
Pivalo- 29740-67-8  2.17 8.71 4.060 4.126
Phenylaceto-  5330-97-2  4.27 17.1 3.767 3.726
e Pseudo-first-order rate constant, sec™!. ? Second-order rate
constant, 1. mol—tsec™1, k,/0.249. ¢ Calculated from eq 5.

k calculated from eq 5 with the parameters determined
by the method of least squares.” The reference sub-
stituent is methyl.

log b = —0.409¢* + 0.526F, — 3.438 (5)

Equation 5 reproduces the log k& values within 1 to
5%, over a ¢* range of 0.515 (from phenylaceto, 0.215,
to tert-butyl, —0.30) and an E. range of 1.54 (from
methyl, 0.00, to tert-butyl, —1.54). The coefficient
of multiple regression” is 0.920. Neither o* nor E,
individually provide satisfactory correlation of the
log & values. A log k vs. ¢* plot is quite scattered
while alog k vs. E, plot is a curve.

These results show that polar and steric effects are
of comparable magnitude in the acid-catalyzed
hydrolysis of hydroxamic acids. This result is in
contrast to the acidic hydrolysis of amides and esters
which shows very little or no dependence on polar
effects.28 The Taft steric substituent constants,
E,, implicitly allow for hyperconjugative effects.’
A somewhat improved correlation for acidic hydrolysis
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of the aliphatic amides noted above was obtained
when modified E; values were used along with a param-
eter explicity allowing for hyperconjugative effects®
rather than using the single parameter, Es.

The rate constants in Table II are oversll rate con-
stants, 7.e., a composite for steps 3 and 4. Buglass,
et al.’ have calculated rate constants for step 4 for
the acidic hydrolysis of a series of para-substituted
benzohydroxamic acids and report a positive Hammett
o value for correlation of those rate constarnts, a result
consistent with the bimolecular mechanism. An
examination of the data in their® Table 6 indicates
at best (with the p-hydroxy compound excluded) only
a fair correlation between the observed overall rate
constants and Hammett o constants with a negative
value for p. This result is consistent with our negative
value for p* for the overall rate constants for the ali-
phatic compounds.

Since p* < 0 in eq 5, electron-donating groups ac-
celerate the rate compared to that of the reference
compound, acetohydroxamic acid. This is consistent
with the greater electronegativity of hydroxyl com-
pared to hydrogen in changing from amides to hydrox-
amic acids, provided that the polar effect on the pro-
tonation of hydroxamic acids is greater than the polar
effect for the nucleophilic attack by water on the pro-
tonated intermediate in the .bimolecular mechanism.
The positive value for 6 means that steric effects are
rate decelerating compared to acetohydroxamic acid as
would be anticipated.

Experimental Section

Aceto-, isobutyro-, and pivalohydroxamic acids have been
described previously.® Propionohydroxamic acid was prepared
by adaptation of the method used for preparation of isobutyro-
hydroxamie acid, purified by means of the copper salt, and crys-
tallized from ethyl acetate, mp 93.2-95.0° (lit.}* mp 92.5-93°).
Phenylacetohydroxamic acid, mp 142.7-144.0° dec (lit.!? mp
143-144° dec), was prepared by adaptation of the method used for
benzohydroxamic acid.*

The 0.494 M p-toluenesulfonic acid solution (Table I) was pre-
pared by addition of the acid to distilled water and titrated with
standardized base. The 0.247 and 0.124 M solutions were pre-
pared from the above solution by appropriate dilutions and with
potassium chloride added to maintain the ionic strength at 0.494
M. The 0.249 M p-toluenesulfonic acid (Table IT) was prepared
by addition of the acid to double distilled water and titrated as
above.

Kinetic measurements were made by use of the spectrophoto-
metric method reported previously* using either a photoelectric
colorimetert (Table I) or a Beckman DU spectrophotometer (Ta-
ble II) set at 520 nm. Pseudo-first-order rate constants were ob-
tained from the slope of the appropriate graph. The rate con-
stants reported in column two in Table I are the average of five,
two, and six runs, respectively, from highest to lowest catalytic
acid concentration. The rate constants in Table II are averages
of duplicate or triplicate measurements. Average deviation
from the mean is less than 1.79. Temperature control was
+0.05°. - Initial concentration of hydroxamie acids in the kinetic
runs was 0.012 M.
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The total synthesis of racemic prostaglandins E; (1,
5,6-saturated) and E; (1, 5,6-cis double bond) and their

methyl esters ¢ia bicyclo[3.1.0]hexane intermediates
has previously been reported from these laboratories.!
Chemical reduction of the 9-keto group of these com-
pounds using sodium borohydride led to racemic PGF«
(2, 9a,5,6-saturated), PGF8 (2, 98,5,6-saturated),
and PGFea (2, 9¢,5,6-cis double bond), PGF.8 (2, 98,-
5,6-cis double bond), respectively. Natural PGFi«
and PGF;a have the 98 configuration while nat-
PGFy8 and PGIy8 are 9R. Fermenting yeasts arc
known to reduce ketones to optically active secondary
aleohols of the S configuration, the extent of stereo-
selectivity varying somewhat with the steric environ-
ment of the keto group.? Enzymatic reductions of
some steroid ketones show high stereoselectivity.?
It was thus of interest to us to determine the effect of
enzymes of fermenting yeasts and other microorganisms
on prostaglandins E; and E,. Stereoselective micro-
biological reduction of a racemic prostaglandin 15-
ketone 3 to 4 has recently been reported.*

Actively fermenting baker’s yeast was found to re-
duce nat-PGE; and nai-PGE; slowly to PGFie and
PGFya, respectively. No appreciable amounts of the
98 epimers could be seen by thin layer chromatography
of extracts, thus demonstrating the stereoselective
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