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Phenylhydrazone formation from 4- and 3-pyridinecarboxaldehyde occurs with rate-determining carbinolamine 
dehydration under acidic, neutral, and basic conditions. Plots of first-order rate constants against amine 
concentration are nonlinear for these substrates in the range of pH studied. This nonlinearity r e f l a  carbinolamine 
accumulation. The subsequent dehydration of the carbinolamine exhibits both specific-acid catalysis and 
general-acid catalysis, with values of the Brdnsted exponent ranging from 0.8 to 0.6. In contrast, phenylhydrazone 
formation from 2-pyridinecarboxaldehyde exhibits a transition in the rate-determining step from carbinolamine 
dehydration to carbinolamine formation under mildly acidic conditions. General acid-base catalysis for the 
formation or dehydration of the carbinolamine intermediate is not detectable. 

We have begun to explore in some detail the kinetics and 
mechanism for addition of amines to a particular set of 
carbonyl substrates, pyridine aldehydes, and their deriv- 
atives. An earlier investigation examined the addition of 
hydroxylamine, phenylhydrazine, and semicarbazide to the 
three isomeric formyl-1-methylpyridinium ions.2 
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It  was established that, contrary to most other cases, 
carbinolamine dehydration is rate determining under 
acidic, neutral, and basic conditions, reflecting the influ- 
ence of the electron-withdrawing power of the cationic 
nitrogen function. 

In continuation of this work, we reported the kinetics 
for addition of phenylhydrazine to 4-, 3-, and 2-pyridine 
N-oxide   arb ox aldehyde.^ 
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The N-oxides possess a less potent electron-withdrawing 
ring nitrogen atom, and this is reflected in the kinetics and 
mechanism for amine addition. Phenylhydrazone forma- 
tion from the three isomeric pyridine N-oxide carbox- 
aldehydes occurs with two breaks in the pH-rate profile. 
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Under alkaline conditions, carbinolamine dehydration is 
rate determining, while under more acidic conditions, 
stepwise formation of carbinolamine becomes the rate- 
determining step. The second break in the pH profile was 
interpreted as reflecting a transition to concerted rate- 
determining formation of the carbinolamine. In the 
present work, we report the kinetics of addition of phe- 
nylhydrazine to 4-, 3-, and 2-pyridinecarboxaldehydes. In 
addition to their intrinsic interest, these studies are of 
importance for understanding the chemistry and bio- 
chemistry of piridoxal phosphate. 

Experimental Section 
Materials. All reagents employed were obtained commercially 

and, with the exception of reagent grade inorganic salts, were either 
redistilled or recrystallized before use. Solutions of phenyl- 
hydrazine were prepared just prior to use. Solutions of carboxylic 
acids in 20% aqueous-ethanol (v/v) were prepared just prior to 
use to avoid esterification. 

Kinetics measurementsH were carried out spectrophoto- 
metrically at 25.0 "C with the aid of a Zeiss PMQ I1 spectro- 
photometer equipped with a thermostated cell holder. The re- 
action of phenylhydrazine with the aldehydes was followed by 
observing the appearance of product at the following wavelengths 
4-isomer, 420 nm; 3-isomer, 396 nm; 2-isomer, 420 nm. The initial 
aldehyde concentration was 2.0 X lo+ M. In all cases, a sufficient 
excess of nucleophilic reagent was employed so that pseudo- 
first-order rate behavior was observed. First-order rate constants 
were evaluated from slopes of plots of log (OD, - OD,) against 
time in the usual manner. Second-order rate constants were 
obtained by dividing the first-order rate constants by the con- 
centration of nucleophilic reagent in the reactive, free-base form. 
Catalytic (third-order) rate constants were evaluated from the 
slopes of plots of second-order rate constants against the con- 
centration of the catalyst. 

All kinetic experiments were carried out at 25.0 f 0.1 "C in 
20% aqueous ethanol (v/v) at an ionic strength of 0.50 maintained 
with KC1 and in the presence of 2.0 X lo4 M EDTA. Values of 
apparent pH were recorded with a Radiometer Model PHM 4d 
meter equipped with a glass electrode. Calculations of the con- 
centration of phenylhydrazine free base and undissociated car- 
boxylic acids were made by employing the Henderson-Hasselbalch 
equation and pK, values determined (pK, of phenyl- 
hydrazine = 5.26). 

Results and Discussion 
As is developed in detail below, phenylhydrazone for- 

mation from 4- and 3-pyridinecarboxaldehydes proceeds 

(4) Jencks, W. P. J .  Am. Chem. SOC. 1969, 81, 475. 
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with rate-determiing carbinolamine dehydration over the 
entire pH range investigated. The kinetics for these re- 
actions are complicated by the hydration equilibrium of 
the substrates. Prior to analysis of experimental data, it  
will prove helpful to have rate laws for these reactions in 
hand. In Scheme I is provided a summary of the pathways 
for reaction of 4-pyridinecarboxaldehyde with phenyl- 
hydrazine, assuming rate-determining carbinolamine 
dehydration. 

The neutral carbinolamine is considered to require acid 
catalysis for dehydration, and the cationic carbinolamine 
is viewed as dehydrating both with and without acid ca- 
talysis. The rate law is then given by eq 1. 

Expressing [To] and [TI] in terms of the equilibrium 
constants defined in Scheme I, eq 1 may be rewritten as 
eq 2. 

_ -  - dP 

Recognizing that the total substrate concentration S,, 
is given by S,  = [SO] + [SI] + [To] + [Ti] and employing 
the equilibrium constants of Scheme I as before, we can 
finally derive the expression for the observed first-order 
rate constant, k o w  (eq 3). 

kiKiK,'[H+] + k&[H+] +k&2[H+I2 
[H+] + K,' + KiK,'[RNH2] +Kz[RNH,][H+] kobsd = 

(3) 
In Figure 1, first-order rate constants for phenyl- 

hydrazone formation from 4pyridinecarboxaldehyde at pH 

[PHENYLHYDRAZINE] a IO' 

Figure 1. Firsborder rate constants for dpyridinwboxaldehyde 
phenylhydrazone formation plotted as a function of the concen- 
tration of phenylhydrazine free base. Kinetic measurements were 
carried out in 20% aqueous ethanol at 25.0 OC ,  an ionic strength 
of 0.50 and a pH of 3.82. 

PH 

Figure 2. Logarithms of second-order rate constants for phe- 
nylhydrazone formation for 4-pyridinecarboxaldehyde (solid 
circles), 3-pyridinecarboxaldehyde (open circles), and 2- 
pyridinecarboxaldehyde (triangles) plotted as a function of pH. 
Measurements were made in 20% aqueous ethanol at 25.0 O C  and 
an ionic strength of 0.50. All rate constants have been extrapolated 
to zero buffer concentration. 

3.82 are plotted as a function of the concentration of amine. 
Rate constants increase less rapidly than amine concen- 
tration and approach a plateau level. Such behavior has 
been observed on many previous occasions and is inter- 
preted as reflecting carbinolamine accumulation with 
rate-determining dehydration of this intermediate. Similar 
behavior was observed with the other substrates employed 
in this study a t  the same pH. 

In Figure 2, logarithms of second-order rate constants 
for phenylhydrazone formation for 4-, 3-, and 2-pyridine- 
carboxaldehyde phenylhydrazone formation are plotted 
against pH. Second-order rate constants were calculated 
by dividing first-order constants by the concentration of 
phenylhydrazine free base. For avoidance of errors re- 
sulting from accumulation of carbinolamine, the total 
concentrations of phenylhydrazine were maintained below 
1 X M in all cases. For the three isomeric aldehydes, 
pyridinecarboxaldehyde phenylhydrazone formation was 
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Table I. Summary of Rate and Equilibrium Constants for Pyridinecarboxaldehyde and Formylmethylpyridinium Ion 
Phenvlhvdrazone Formation at 25.0 "C in 20% Aaueous Ethanol at an Ionic Strenath of 0.50' 

substrate 
k 3 K 2 ,  10-8h, K,, 

M-' min-' M'* min'' pK,' ab ref 

4-formyl-1-methylpyridinium ion 3.0 x lo6 0.80 2 
3-formyl-1-methylpyridinium ion 3.5 x l o 6  0.65 2 
2-formyl-1-methylpyridinium ion 7.0 x 104 0.70 2 
4-pyridinecarboxaldeh y de 2.6 X l o 6  5.0 6.5 0.82 this work 
3-pyridinecarboxaldehyde 2.2 x 106 4.3 6.5 0.65 this work 
2-p yridinecarboxaldehy de 6.0 x 107 6.0 6.5  C this work 

' All constants are defined in Scheme I. The Brqinsted exponent for general-acid catalysis. General catalysis is not 
detectable. 

Table 11. Third-order Eate Constants for General-Acid Catalysis of 4- and 3-Pyridinecarboxaldehyde Phenylhydrazone 
Formation at 25.0 "C in 20% Aqueous Ethanol and at a Ionic Strength 0.50' 

catalysts 
phenylhydrazone CNAcOH ClAcOH HCOOH BrCH2AcOH AcOH 

4-pyridinecarboxaldehyde 1.3 x 105 6.1 x 104 1.8 x 104 8.8 X lo3 2.1 x 103 
3-pyridinecarboxaldehyde 1.8 x 105 8.8 X l o 4  3.2 x 104 2.6 x 104 5.4 x 103 

' All rate constants have units of M-' min-'. 

shown to be first-order in amine concentration up to 5.0 
X M at  pH 6. On the basis of the data of Cabani et 
al.9 concerning rates of hydration and dehydration of 
pyridine aldehydes, one can estimate that the rate constant 
for aldehyde dehydration is near 3 min-'. Since our 
first-order rate constants never exceeded 0.3 min-', deh- 
ydration of the aldehyde hydrates cannot significantly 
influence the measured rate constants reported here. 

For the 4- and 3-pyridinecarboxaldehydes, rate constants 
are correlated with pH by two straight lines with slopes 
of -1 with a transition between them. This is interpreted 
as reflecting rate-determining carbinolamine dehydration 
over the entire pH range studied coupled with substrate 
ionization as depicted in Scheme I. The solid lines drawn 
in Figure 2 are calculated on the basis of the rate law in 
eq 3 by assuming that k2 in Scheme I is zero. The rate and 
equilibrium constants are taken from Table I. 

The behavior of 2-pyridinecarboxaldehyde is somewhat 
more complicated. Above pH 3.5, the pH-rate profile 
resembles those for the 4- and 3-aldehydes. The curve 
from pH 3.5 to pH 7.5 is calculated on the basis of the rate 
law in eq 3 and the values of rate and equilibrium con- 
stants from Table I. Below pH 3.5 rate constants become 
independent of pH. Since first-order rate constants 
measured in this pH region were at  least 1 order of mag- 
nitude less than those for aldehyde hydrate dehydrat i~n,~ 
this cannot reflect the influence of dehydration on the rate 
of phenylhydrazone formation. The prefered interpreta- 
tion is that the break a t  pH 3-3.5 reflects a transition to 
rate-determining attack of phenylhydrazine on the pro- 
tonated substrate, or the kinetic equivalent, in accord with 
the behavior commonly observed for these 

Rate and equilibrium constants for phenylhydrazone 
formation from the pyridinecarboxaldehydes and the 
formyl-1-methylpyridinium ions are collected in Table I. 

Note that the third-order rate constants, k3K2, for 
acid-catalyzed carbinolamine decomposition of 4- and 
3-formyl-1-methylpyridinium ions are similar to the same 
rate constants for the corresponding reactions of the 
protonated pyridinecarboxaldehydes. Since the polar ef- 
fects of the methyl group and the proton are expected to 

(9) Cabani, S.; Gianni, P.; Matteoli, E. J. Phys. Chem. 1972, 76,2959. 
(10) Jencks, W. P. Prog. Phys. Org. Chem. 1964, 2, 63. 
(11) Jencks, W. P. 'Catalysis in Chemistry and Enzymology"; 

(12) Nakamoto, K.; Martell, A. E. J. Am. Chem. SOC. 1959, 81, 5857. 
McGraw-Hill: New York, 1969. 

influence rate and equilibrium constants for these reactions 
in a similar way, this result is both anticipated and cor- 
roborative of the identitiy of mechanism for the two classes 
of substrates. 

A surprising finding is that values of pK,' for the py- 
ridinecarboxaldehydes, near 6.5, required to fit the rate 
law (eq 3) to the experimental data are 2-3 pH units 
greater than related values reported earlier.'* The lower 
values were measured in aqueous solution and accord with 
expectations based on the pKa of pyridine itself and the 
modest electron-withdrawing capacity of the dihydroxy- 
methyl function. Nonetheless, assignment of the mecha- 
nism seems secure, and the pH-rate profiles require the 
higher values of pK,. 

The behavior of 2-pyridinecarboxaldehyde is quite un- 
usual in this reaction. At high values of pH, the observed 
reactivity in phenylhydrazone formation is similar to that 
found with the 3- and 4-pyridinecarboxaldehyde, as ex- 
pected. However, under conditions more acidic than the 
break point in the pH-rate profile, this compound is 
unexpectedly reactive. The value of k3K2 is larger than 
those for the other aldehydes and, most surprisingly, this 
value is about 3 orders of magnitude greater than that for 
2-formyl-1-methylpyridinium ion (Table I). Why this 
should be true is not clear. The greater reactivity might 
reflect a smaller conversion of the protonated aldehyde to 
the hydrate (although this factor cannot be a large one), 
a greater equilibrium constant for addition of phenyl- 
hydrazine to form the carbinolamine (possibly by favorable 
hydrogen bond formation), or an increased rate constant 
for dehydration. Like the other substrates, the nature of 
the pH-rate profile requires a higher than expected value 
of pK, for the conjugate acid of this substrate. Finally, 
the break in the pH-rate profile near pH 3, interpreted 
to reflect a transition to rate-determining amine attack, 
requires that this substrate be less reactive in this respect 
than the 4- and 3-isomers, contrary to what one might have 
expected. 

Second-order rate constants for 4- and 3-pyridine- 
carboxaldehyde phenylhydrazone formation were mea- 
sured as a function of the concentration of carboxylic acid 
buffers. Rate constants were observed to increase linearly 
with increasing buffer concentration. Studies of buffer 
catalysis conducted with varying ratios of carboxylic acid 
to carboxylate revealed that the buffer catalysis is of the 
general-acid type. Third-order rate constants for gene- 
ral-acid catalysis were calculated and are collected in Table 
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II. The catalytic rate constants yield satisfactory Bransted 
plots from which values of 0.82 and 0.65 were obtained for 
the 4- and 3-aldehydes, respectively. These values are 
similar to those previously determined for general-acid 
catalysis of the same reaction of 4- and 3-formyl-l- 
methylpyridinium ions.2 

General-acid catalysis for 2-pyridinecarboxaldehyde 
phenylhydrazone formation could not be detected in 
cyanoacetate, chloroacetate, formate, P-bromopropionate, 
and acetate buffers (pH range 1.9-4.7) up to a concen- 
tration of the acidic form of the buffer of 0.1 M. This 
means that neither amine addition or carbinolamine deh- 
ydration is subject to detectable general-acid catalysis. In 
this respect also, phenylhydrazone formation from 2- 
pyridinecarboxaldehyde is distinct from that with 2- 
formyl-1-methylpyridinium ion, for which general-acid 
catalysis of carbinolamine dehydration (CY = 0.7) is ob- 
servedS2 The general-acid catalysis of most addition re- 
actions of nitrogen nucleophiles to the carbonyl group 
involves trapping of the zwitterionic intermediate, Tf, by 
diffusion-controlled proton tran~fer. '~J 'J~ For the in- 

termediate Ti from this aldehyde, the necessary proton 
transfer could probably occur intramolecularly, as shown 
below, or through a water molecule, with a rate that is even 

faster than diffusion together of Ti and an external cat- 
alyst, thus avoiding the need for general-acid catalysis, as 
observed. 

64-18-6; BrCH2AcOH, 590-92-1; AcOH, 64-19-7; 4-pyridine- 
carboxaldehyde, 872-85-5; 3-~yridinecarboxaldehyde, 500-22-1; 
2-pyridinecarboxaldehyde, 1121-60-4; phenylhydrazine, 100-63-0; 
4-pyridinecarboxaldehyde phenylhydrazone, 7757-39-3; 3- 
pyridinecarboxaldehyde phenylhydrazone, 57023-37-7; 2- 
pyridinecarboxaldehyde phenylhydrazone, 7727-07-3. 

Registry NO. CNAcOH, 372-09-8; CJAcOH, 79-11-8; HCOOH, 
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The cyclization of the 0-methylhydroxamates 13-15 afforded excellent yields of the 1-methoxyazetidinones 
16-18. Reductive cleavage of the methoxy group gave N-1-unsubstituted azetidinones 9,19, and 20 which were 
sulfonated and deprotected, yielding zwitterions 29-31. These materials serve as general intermediates for the 
preparation of a large variety of monobactam antimicrobial agents. 

In previous papers we have described the isolation and 
structure determination of several members of a new class 
of @-lactam antibiotics, the monobactams 1.2 We have also 
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1 X=H,OCH3 

communicated synthetic routes to these N-1-sulfonated 
monocyclic azetidinone antimicrobials employing as the 
starting materials either 6-aminopenicillanic acid (6-APAY 
or L-a-amino-j3-hydroxy acids.4 In this paper we describe 
an additional route to these systems from L-ar-amino-8- 

(1) Current address: Agricultural Chemical Group, FMC Corp., P.O. 
Box 8, Princeton, NJ 08540. 

(2) Sykes, R. B.; Cimarusti, C. M.; Bonner, D. P.; Bush, K.; Floyd, D. 
M.; Georgopapadakou, N. H.; Kostar, W. H.; Liu, W. C.; Parker, W. L.; 
Principe, P. A.; Rathnum, M. L.; Slusarchyk, W. A., Trejo, W. H.; Wells, 
J. S. Nature (London) 1981, 291, 489. Parker, W. L.; Koster, W. H.; 
Cimarusti, C. M.; Floyd, D. M.; Liu, W. C.; Rathnum, M. L. J .  Antibiot. 
1982. 
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179. 

(4) Floyd, D. M.; Fritz, A. W.; Cimarusti, C. M. J. Org. Chem. 1982, 
47, 176. 
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hydroxy acids which proceeds through an N-l-unsubsti- 
tuted azetidinone. Since our interest in monobactam 
analogues containing alkyl substituents at C-4 precluded 
the use of 6-APA degrada t i~n ,~  we have concentrated on 
totally synthetic routes from CY-amino acids. On the basis 
of our initial 6-APA derived route: the problem reduced 
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