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ABSTRACT: Second-order rate constants for substituted benzaldehyde oxime formation increase linearly with the
activity of hydrated protons over the pH range ca 2—7. Under these conditions, first-order rate constants show
saturation behavior with increasing hydroxylamine concentration, establishing carbinolamine dehydration as the rate-
determining step. Equilibrium constants for the formation of the neutral carbinolamine are correlatedddy the
substituent constantg;= 1.26. Under more acidic conditions, second-order rate constants increase less rapidly than
the activity of hydrated protons, indicative of a transition to pH-independent carbinolamine formation, presumably
the uncatalyzed addition of amine to aldehyde. The corresponding valudoofthis process is 1.21. This value,
together with that for the equilibrium constants (see above), suggests that C—N bond formation is nearly complete in
the transition state. The rate constants for acid-catalyzed carbinolamine dehydration are correlateds by the
substituent constantg;= —0.85. Copyright] 1999 John Wiley & Sons, Ltd.
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INTRODUCTION Compared with the wealth of information about the
reactions involving aromatic aldehydes and semicarba-
zide, little work has been undertaken on the reactions

involving aromatic aldehydes and hydroxylamine. We

The reactions of carbonyl compounds with nitrogen
nucleophiles to yield imines proceed by a stepwise

mechanism involving the formation of a neutral addition
intermediate followed by its decomposition to yield the
product™? The formation of the neutral carbinolamine,
usually the rate-determining step under mildly acidic
conditions, may occur via two routes: (i) a stepwise
pathway involving addition of the amine to the carbonyl
group to form a zwitterionic intermediate followed by
protolytic reactions or (ii) a concerted pathway in which

have begun to explore the kinetics and mechanism for the
addition of amines to formyl-1-methylpyridinium iohs
and the addition of hydroxylamine to pyridine-2-, -3- and
-4-carboxaldehydkand 2-quinolinecarboxaldehyddn
these cases it was established that carbinolamine
dehydration is rate determining over the entire pH range
from ca 1 to 7, reflecting the increased reactivity for
nucleophilic addition resulting from the electron-with-

substrate protonation and amine addition are in somedrawing power of the cationic nitrogen function. In
sense concerted. The stepwise pathway may reveal thregontinuation of this work, we have now explored the

distinct steps to be limiting at different values of pH:
amine addition, protonation of the zwitterionic species or

kinetics for addition of hydroxylamine to the less
activated series of 4-substituted benzaldehydes. We

a proton switch (through water) that generates the neutralinitiated this study with the examination of the behavior

species directly from the zwitterion. Under more basic
conditions, the rate of carbinolamine dehydration be-

of oxime formation from 4-dimethylaminobenzaldehyde
and 4-trimethylammoniobenzaldehyde iodfdeseemed

comes rate determining (Scheme 1). This complex worthwhile to extend the investigation to several
reaction mechanism accounts for the pH-rate profiles additional benzaldehydes in order to provide more
for these reactions, which show as many as five separatecomplete structure—reactivity information for this sys-
regions, and also for many structure—reactivity correla- tem.

tions12 The most basic amines and/or the most activated

carbonyl compounds exhibit pH—rate profiles in which a
single break is found.
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EXPERIMENTAL
Materials

4-Methoxybenzaldehyde, 4-nitrobenzaldehyde, 4-chloro-
benzaidehyde and benzaidehyde were obtained commer-
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cially and were purified by distillation or crystallization. amine free base and were not corrected for the action of
Hydroxylamine hydrochloride was obtained commer- buffers. which show a small general acid catalysis.
cially and purified by crystallization from ethanol.
Solutions of these reagents were prepared just prior to
use to minimize the possibility of decomposition. Equilibrium constants
Distilled water was used throughout.

The equilibrium constants for the formation of the

addition intermediate from hydroxylamine and the
Kinetic measurements substituted benzaidehydes were determined spectropho-

tometrically in 0.1254 phosphate—hydrogenphosphate
All rate measurements were carried out spectrophotome-buffer at 30°C and ionic strength 0.5 (KCI) by measuring
trically employing a Zeiss PMQ Il spectrophotometer the initial decrease in carbonyl absorption after the
equipped with thermostated cell holders and PI-2 addition of four or more different concentrations of
photometer indicator. Rate constants were measured irhydroxylamine. These equilibrium constaritsg which
water, at 30C and ionic strength 0.5 (KCI), under are the average of ca 20 determinations, were obtained
pseudo-first-order conditions. The pH was maintained from the negative abcissa intercept of a plot of A,
constant through use of buffers. Values of pH were against 1/[NHOH]: (a) benzaldehyde, pH 8.07\ =
measured with Radiometer pH-meters. First-order rate 240 nm, [NHOH]=1x 10 *-7.05x 10 °m; (b) 4-
constants were obtained from plots of the difference methoxybenzaldehyde, pH = 8.0157 290 nm, [NHOH]
between optical density at infinite time and optical =1.5x 10 '-2.85x 10" *M; (c) 4-chlorobenzaldehyde,
density against time. The reactions with benzaldehyde, 4-pH =8.05, A=260nm, [NHOH]= 1x10'-3.4
methoxybenzaldehyde and 4-nitrobenzaldehyde werex 107?M. Spectrophotometric determination df.q
followed by observing the appearance of product at for 4-nitrobenzaidehyde is subject to a relatively
265, 360 and 310 nm, respectively. First-order rate large error because the measurements were hampered
constantskops Were measured at low concentrations of by the fact that the absorbance changes were very
hydroxylamine, conditions at which carbinolamines do small; therefore,Kyq in this case was determined
not accumulate. Second-order rate constarks,d kinetically; the method used is described in the Results
[NH-OH]sp, were obtained from slopes of plots of first- and Discussion Section. The values Bty for 4-
order rate constants against the concentration of thetrimethylammoniobenzaldehyde iodfdend 4-nitroben-
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Figure 1. Logarithms of second-order rate constants for 4-methoxy (A), unsubstituted (@), and 4-nitrobenzaldehyde () oxime
formation plotted as a function of pH. Rate constants were measured at 30° and ionic strength 0.50. The points are
experimental; the curves are theoretical ones based on eq. 1 and the data in Table 1

zaldehyde were corrected for hydration of these alde- that carbinolamines formed from the addition of hydro-
hydes: xylamine to the aldehydes accumulate and that the
dehydration of these species is the rate-determining step
Kad™®" = Kad(1 + [hydraté/[aldehyde) from pH ca 3 to 7 at least. In Fig. 1, logarithms of second-
order rate constant¥,,J[NH-OH];,, for three of the
where the ratios [hydrate]/[aldehyde] are 0.ahd 0.25; studied reactions are plotted as a function of pH. For each
respectively. benzaldehyde studied, the logarithm of the second-order
rate constant increases linearly with increasing concentra-
tion of the hydrate proton down to values of pH in the
RESULTS AND DISCUSSION range 2-3. This is a behavior expected for rate-determin-
ing carbinolamine dehydratioh-°Below pH 2-3, the rate
First-order rate constants for the formation of substituted constant—pH plots deviate from linearity. The deviation is
benzaldehyde oximes were determined as a function ofmost marked for the reaction with 4-methoxybenzalde-
hydroxylamine concentration over the pH range ca 1-7 at hyde and least evident for that with 4-nitrobenzaldehyde.
30°C in aqueous solution and ionic strength 0.5. At pH This represents a negative deviation from the rate expected
>3, first-order rate constants were observed to increaseon the basis of behavior observed at higher values of pH
less rapidly than the concentration of hydroxylamine free and must represent a transition in rate-determining step to
base; at sufficiently high concentrations of this nucleo- carbinolamine formation. As noted above, for pt2-3,
phile, the rate constants became independent of thiscarbinolamine dehydration must be rate determining. The
variable. This behavior accords with that observed rate constant for this process is given Kyy kgen Where
previously on several occasions and strongly suggests  K.q is the equilibrium constant for neutral carbinolamine
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Table 1. Summary of rate and equilibrium constants for substituted benzaidehyde oxime
formation at 30°C and ionic strength 0.5°

Substituent Kag (I mol™) ko (mol™* min™)  kgen(Imol ™t min™?)
4-NO, 152.8 1.43x 10’ 8.3x 10°
4-N" (Me)s° 87.2 6.75x 10° 1.27x 10°
4-Cl 24 2.31x 10°¢ 3.33x 10°¢
Unsubstituted 17%6 1.58x 10° 5.07x 10°9
4-OMe 1.8 4.66x 10° 1.05x 10’
4-N(Me),° 0.15 1.06x 10* 2.26x 10’

& All constants are defined in Scheme 1.
: Corrected for hydration (see Experimental section).
Ref. 6.
9 Lit. Kaa=23.5 Imol ™ at 25°C and ionic strength 0.38:
¢ Ref. 11.
fLit Kag=11.3 Imol* at 25°C and ionic strength 0.3
9 Lit. kgen="7 x 10° Imol~* min~! at 25°C and ionic strength 0.8

formation, Koq=[T°J/JAId] [NH ,OH]. Since the data in Table 1 are 4-13 times greater than those previously
the linear regions of Fig. 1 yiel& Kqen Values ofkgen determined for the addition of semicarbazide to the same
could be directly calculated from the spectrophotometri- substrate$? The modest differences indicate that equili-

cally determined values df.q except for 4-nitrobenzal-  brium constants for the addition of amines to the carbonyl
dehyde. In this cade,nwas obtained directly at saturating group are not strongly dependent on the basicity of the

concentrations of hydroxylamine at pHKgps= Kgen[H "] amine, in accord with a previous findifgThe values of
With the value ofkye, NOW in hand, the value df,q for Kagq for neutral carbinolamine formation in this work are
this substrate was calculated. All the value&gfandkyen in excellent accord withv™ substituent constants; the

are collected in Table 1 and are in excellent accord with derived value ofp is 1.26 ¢ = 0.99). When values of
those for 4-chlorobenzaldehytfeand benzaldehydd'®  substituent constants are used, the derived valyeisf
determined previously. 1.18, and the—p plot shows a negative deviation for the
The reaction between 4-nitrobenzaldehyde and semi-reaction with 4-dimethyaminobenzaldehyde and 4-meth-
carbazidéshows a pH-rate profile with an initial break at oxybenzaldehyde. This downward deflection has been
pH near 5.5 attributed to a transition of the rate- noted previously by Wolfenden and Jentka semi-
determining step from carbinolamine dehydration to carbazone formation from substituted benzaldehydes,
conversion of the zwitterionic intermediate{JTto the when the reaction of 4-hydroxybenzaldehyde is included
neutral species () via a proton switchk, in Scheme 1.  inthes—p correlations. This is attributed to the resonance
Under more acidic conditions a second break is observedeffect of stabilization of the carbonyl group exerted by
and uncatalyzed amine addition becomes rate limittag, electron-donating 4-substituents, such as 4-hydroxy, 4-
in Scheme 1. Hydroxylamine is considerably more basic methoxy and 4-dialkylamino group&The rate constants
than semicarbazide; this will tend to stabilize the for the uncatalyzed attack of hydroxylamine on the
zwitterionic intermediate, ¥, increasing the rate of the benzaldehydesk, in Scheme 1, are satisfactorily
proton switch relative to the decomposition of To the correlated also by thes™ substituent constants; the
reactants. Consequently, it appears most reasonable talerived value op is 1.21 ¢ =0.97). This value is equal to
ascribe the pH-independent reaction for oxime formation that for the formation of the neutral carbinolamine,
from benzaldehydes observed under acidic conditions towithin experimental error. Since the value of for
uncatalyzed attack, not the proton switch step. This conversion of T to T° is expected to be near zero, this
corresponds to a possibility raised earfitherefore, the  strongly suggests that the transition state for addition of
rate law for substituted benzaldehyde oxime formation is the amine to the carbonyl group resemblés That is,
the transition state is late and involves extensive C—N
Kobs/ [NH2OH] g, = KadkokgenH ]/ (Kadkden[H ] bond fo_rmat_ion bet\_/veen nu_cleophile and substrate.. This
+ ko) (1) conclusion is consistent with measurements of kinetic
alpha deuterium isotope effects for carbonyl addition
reactions, which have also been interpreted to suggest
late transition state¥’
The rate constants for acid-catalyzed carbinolamine
dehydrationkgenhin Scheme 1, show a satisfactory linear

The values ofk, obtained from the slopes of double
reciprocal plots:

1/Kobs = 1/[NH2OH]g, (1/ko + 1/KadkaenH]) logarithmic correlation with Hammett's substituent
constantsg, with a p value of —0.85 ¢ =0.97). This
at acid pH are also included in Table 1. Valued<gfjin value is smaller than that previously measured for the
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reaction of benzaldehyde semicarbazone formation,

p=—1.74 On the one hand, a small value of

suggests a small positive charge over the carbon atom in 1.
the transition state. On the other hand, (i) the secondary
kinetic deuterium isotope effects for dehydration of the
addition intermediate formed from benzaldehyde and

semicarbazide or phenylhydrazine are lat§ewhich

means that little carbon—-oxygen bond cleavage has
occurred in the transition state, (ii) the rate constant for 4.
the acid-catalyzed dehydration step for the oxime
formation from 4-chlorobenzaldehyde shows a Brgnsted ®

o value of 0.77-! this large value of being a sign of a

large transfer of the proton in the transition state, and (iii)
the dehydration rate constants of carbinolamines formed -
from benzaldehyde and a series of hydrazines show a g
value off3,, = 0.418 This small value means that there is a
small dependence on the basicity of the hydrazine moiety
and that there has been relatively little electron donation
from nitrogen to form the double bond to carbon in the 10
transition state. All these facts leave us with a picture of 11.
the transition state in which there is a Iarge_ amount of 1, W' p Jencks]. Am. Chem. So@&1, 475-481 (1959).
proton transfer, litle C—O cleavage and little C—N 3
double bond formation. Therefore, the transition state
appears to have the bulk of the positive charge 14.
concentrated on oxygen and little on carbon or nitrogen.
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