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Abstract: A general mechanism is described for carbinolamine formation that is consistent with kinetic and structure-reac-
tivity data reported in this paper and elsewhere for the reaction of amines with substituted benzaldehydes. According to this
mechanism, the addition reaction that is observed at pH values below neutrality proceeds by two separate and concurrent
pathways. These are (I) general acid catalysis of amine attack on the carbonyl group in a more-or-less “‘concerted” manner
and (II) a stepwise process involving the uncatalyzed formation of a zwitterionic intermediate, T*, that is subsequently
trapped by a kinetically significant proton transfer process involving acids or water. For weakly basic amines and/or al-
dehydes for which the value of K 44, the equilibrium constant for neutral carbinolamine formation, is small, the predominant
pathway of hydronium ion catalyzed carbinolamine formation is the “concerted” pathway, I. This pathway is characterized
by rate constants that are relatively insensitive to polar substituents on the aldehyde and the amine. For more strongly basic
amines or amines and aldehydes with larger values of K .4, the intermediate T* for the stepwise pathway, II, is stabilized,
and this pathway is favored relative to the “‘concerted” process. Contributions of the stepwise pathway to the observed rate of
carbinolamine formation are experimentally shown by (a) breaks in pH-rate profiles indicative of changes in rate-determin-
ing step that cannot be accounted for by the transition from carbinolamine formation to dehydration and (b) strong sensitivi-
ty of the observed rate constants to polar substituents on the amine and the aldehyde under conditions where the stepwise
proton transfer processes involving acids or water are kinetically significant. The pH-independent reaction that is ordinarily
observed with weakly basic amines at moderately acidic pH values corresponds to a rate determining water-mediated “pro-
ton switch” that converts T to T®, With hydrazine derivatives possessing an acidic hydrogen in the 2 position, unusually fast
rates are observed for the pH-independent process and are attributed to a facile intramolecular proton donation from N-2 of
the substituted hydrazine moiety to the alcoholate oxygen atom.

We wish to describe a general mechanism for the forma-
tion of tetrahedral addition compounds (carbinolamines)
from carbonyl compounds and nitrogen nucleophiles (eq 1),

.
RNH,-C-OH
T
\ kad
RNH, /c=0 - ”:{:H (1)
RNH—(:J—OH
TO

a process that constitutes the first step in the formation of
imines, hydrazones, and related compounds? and is analo-
gous to the formation of tetrahedral intermediates in the
aminolysis of acyl compounds.? At pH values below 13-14,
the stable ionization state of the carbinolamine is either T
or T*, depending on the pH and the pK, of the parent
amine. Hence, carbinolamine formation at neutral or acidic
pH values requires both the formation of a carbon-nitrogen
bond and the addition of a proton to the oxygen atom,
which undergoes a change in pK, from approximately —5
to —8 in the aldehyde or ketone to 8-9 in T*, or 13-14 in
TO. The observed acid catalysis of carbinolamine formation
is a consequence of this requirement for protonation of the
oxygen atom of the product.
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Two mechanisms that are consistent with the observed
general acid catalysis of carbinolamine formation are (I) a
process in which carbon-nitrogen bond formation and pro-
tonation of the oxygen atom are in some sense “concerted”
(eq 2) and (II) a stepwise mechanism involving formation

RNH, /C=O HA =—

T+| T°

of an unstable zwitterionic form (T%) of the carbinolamine,
which reverts rapidly to starting material unless it is
trapped either by proton transfer from a molecule of acid or
by an intramolecular “proton switch” that converts T* di-
rectly to TO (eq 3).

| )
RNHZ—(IJ—OH A
Haz T
P
R@C=/c>_* LS R;IHZ—CI—(O\‘ i @)
| AW |
™ RNH-C-OH
TO

In the preceding paper,* we described evidence that both
of the above pathways occur concurrently in the addition of
methoxyamine to substituted benzaldehydes (eq 4). In the

—~
|

\
RNHp + =0

I I
Ko |l ko2
|
RNH,=C=0"
Kpays || ke 1
T
(4)
K304+ ks
I Koy k=g
| Ke | keay+
RNH;—C—0OH RNH—C=0H ——— RN=(C
I tHY 1
T T

present publication, we demonstrate the generality of this
mechanism for other nitrogen nucleophiles by showing that
three predictions based on the complete mechanism of eq 4
are confirmed by experiment. These predictions are based
on the fact that the importance of pathway II relative to I
for acid-catalyzed carbinolamine formation from a given set
of reactants is determined by the stability of T# relative to
the transition state for the “concerted” mechanism of path-
way L. The stability of T#* is increased, to an extent that is
quantitatively predictable, by increasing the pK, of the par-
ent amine or the equilibrium constant, K .4, for its addition
to the aldehyde to give TO. Both of the above equilibrium
constants are experimentally accessible. The following spe-
cific predictions have been tested. (1) Very weakly basic
amines or carbonyl compounds for which K,q is small
should react primarily by pathway I and exhibit pH-rate
profiles with a single break, corresponding to the transition
from rate-limiting carbinolamine formation to dehydration.

7999

Table I. Experimental Conditions for Reaction of Nitrogen
Nucleophiles with Substituted Benzaldehydes at 25°

Benzal- A, Aldehyde concn,
dehyde Nucleophile nm M
p-Cl Chloromethanesulfonyl-
hydrazides (CMSH) 290 5% 1078
2-Methylsemicarbazide® 285 2 X 1078
(MeSQO)
Acethydrazide: (AHZ) 285 2 X 1078
Semicarbazidee (SC) 285 2 X 1078
Phenylhydrazine-p-sulfonate®
(PHS) 345 2 X 1078
Hydroxylamine® (HA) 296 3 X 107%¢
1.5 X 1074¢
2.5-5.0 X 107%
p-NO. 2-Methyl-3-thiosemicarbazide®
(MeTSC) 340 1 X 107°
Semicarbazide® 320 4 X 1073
p-OCH; 2-Methyl-3-thiosemicarbazides 320 2 X 1078
Semicarbazide® 2877 4 X 107%/

335¢ 0.6-1.9 X 107%

¢ Tonic strength 1.0 (KCI) except in concentrated HCl solutions.
b Jonic strength 0.5 (KCI) except in concentrated HCI solutions.
¢In 0.25-1.5 M HCI solutions, ¢In 2.0-3.0 M HCI solutions.
¢In 3.0-5.7 M HCI solutions. / In 0.01-1.0 M HCI solutions.
¢ In 3.0-5.0 M HCl solutions.

Increasing the basicity of the amine or the value of K g
should increase the relative contribution of pathway II,
which involves a second change in rate-determining step
and gives rise to a pH-rate profile with rwo negative breaks
in the pH range below neutrality. (2) The observed rate
constants for the hydronium ion catalyzed reaction of very
weakly basic amines should be insensitive to polar substitu-
ents on the aldehyde, whereas the rate constants (K & 3) for
more strongly basic amines, under conditions where the
proton transfer process is rate determining, are strongly
sensitive to aldehyde substituents. (3) The correlation be-
tween log ky for hydronium ion catalyzed carbinolamine
formation and the quantity (0.8 pK,’ + log K.q) for the
amine should be nonlinear, with a transition from a slope
less than 1.0 to a slope of 1.0 with increasing values of pK,’
and K .q resulting from a change in mechanism from path-
way I to pathway II as the stability of T* is increased.

Experimental Section

Materials. 2-Methylsemicarbazide was prepared by a modifica-
tion of the method of Taylor and Hartke,® in which the order of
addition of potassium cyanate (0.25 mol) and methylhydrazine
(0.27 mol) was reversed. The crude product obtained after evapo-
ration of the aqueous reaction mixture was recrystallized once
from ethanol and one or two times from chloroform, mp 113-116°
(lit. 117°). Chloromethanesulfonylhydrazide was prepared accord-
ing to the method of Senning.® In our experience, appreciable
amounts of product could be recovered both from the ether-soluble
portion and from the precipitate that remained after completion of
the reaction. The product isolated from both fractions was washed
with a small quantity of cold water and recrystallized from etha-
nol, mp 78-80° (lit. 76.5-78°). Other organic reagents were com-
mercially available products and were recrystallized, redistilled, or
sublimed. Inorganic chemicals and formic and acetic acids used in
buffers were reagent grade and were used without further purifica-
tion. Glass-distilled water was used in all experiments.

Kinetics. Reactions in water at 25° and ionic strength 1.0 (ex-
cept in strongly acidic solutions) were followed spectrophotometri-
cally. under pseudo-first-order conditions, using procedures that
have been described previously.*7:8 Table I summarizes the wave-
lengths and aldehyde concentrations used for the kinetic experi-
ments.

Where necessary, observed rate constants were corrected® for
the contribution of the dehydration step to the overall rate, using
published values”? for the rate constants, K 54k s, under conditions
where hydronium ion catalyzed dehydration is rate limiting. For
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Figure 1. Experimental determination of the limiting rate constant,
K agk sa y+, for dehydration of the carbinolamine derived from p-chlo-
robenzaldehyde and 2-methylsemicarbazide in the presence of acetic
acid-potassium acetate buffer, pH 4.99, ionic strength 1.0. The line is
a theoretical curve based on a limiting rate constant of 0.34 M ~! sec™!
determined from the ordinate intercept of the double reciprocal plot
(inset) and an apparent catalytic constant of 1.5 A ~2 sec™! for total
buffer at this pH.

the reaction of 2-methylsemicarbazide and p-chlorobenzaldehyde,
a value of 3.3 X 10* M ~1sec™! for this rate constant was obtained
from the limiting rate at high concentrations of acetate buffer,
which was determined from the ordinate intercept of a double re-
ciprocal plot'? of observed rate constants against buffer concentra-
tion at pH 4.99 (Figure 1). For the reaction of p-nitrobenzal-
dehyde and semicarbazide, K ,qk 5 was determined at pH 5.70 and
6.19 in 0.01 M phosphate buffer in the presence of 0.001-0.004 M
semicarbazide. The correction for equilibrium formation of the
carbinolamine adduct, by use of the equilibrium constant, K ,q, for
carbinolamine formation of 40.1 M ~! determined in 25% etha-
nol!l was 16% of the overall rate. Hence a 20% error!? in K ,q
would correspond to an error of <4% in the corrected value of
K .k 5.

Corrections for general acid catalysis by buffers and the conju-
gate acids of the amine nucleophiles were made by extrapolation to
zero of plots of k gbsd, the second-order rate constant in terms of
amine free base, against buffer or amine concentration, or in some
cases by subtraction of the rate constant due to such catalysis cal-
culated from values of & ., and catalyst concentration. The values
of k ca for reactions of p-chlorobenzaldehyde that were used for
these corrections were 5.2 and 230 M ~2 sec™! for catalysis of the
addition of 2-methylsemicarbazide and acethydrazide, respective-
ly, by the conjugate acids of the nucleophiles, and 750 M ~2 sec™!
for catalysis of the addition of phenylhydrazine-p-sulfonate by
formic acid. In cases where the dehydration step made a signifi-
cant contribution to the overall rate, corrections for general acid
catalysis were made using k 4, the second-order rate constants for
the addition step (since only this step is subject to buffer catalysis
under the present experimental conditions); k%psq, the second-
order rate constant at zero buffer concentration, was then calculat-
ed from k9,4 as previously described.?

The reactions of semicarbazide with p- methoxybenzaldehyde in
the H region and phenylhydrazine-p- sulfonate with p- chloroben-
zaldehyde at pH =1.0 did not proceed to completion with the con-
centrations of nucleophile that were used. Under these conditions,
k ¢. the second-order rate constant (in terms of total amine) for the
Sforward reaction, was obtained from the slope of a plot of k, the
observed pseudo-first-order rate constant, against total amine con-
centration, and k gpsd, the second-order rate constant in terms of
amine free base, was calculated from the relationship kobsa =
k¢'/a, where a is the fraction of the nucleophile in the free base
form. Three concentrations of amine between 0.01 and 0.03 M and

- between 0.20 and 0.60 M were used for reactions of phenylhydra-
zine-p-sulfonate with p-chlorobenzaldehyde and semicarbazide
with p- methoxybenzaldehyde, respectively. No evidence for signif-
icant reversibility of the reaction of semicarbazide with p-nitro-
benzaldehyde, at Ho values >—1.75 and 0.1-0.3 M total amine.

was obtained, and at H g = —1.75 the correction for reversal of this
reaction was <6% of the pseudo-first-order rate constant in the
presence of 0.3 M amine.

Correction for the reversibility of oxime formation from p- chlo-
robenzaldehyde at high acidity was made by subtracting the ob-
served rate constant for oxime hydrolysis from the pseudo-first-
order rate constant for oxime formation (eq 5). The validity of this

R [Nliorar = &y = &, (5)

correction was confirmed at several values of H¢ by the agree-
ment, within 5-17% of the values of k¢ calculated in this way at
two different hydroxylamine concentrations, and by the agreement
within ~6% of values of k¢ in 0.5 and 1.0 M HCI determined
from eq 5 with values calculated from the observed rate constants
and published equilibrium constants® for oxime formation and pro-
tonation. These corrections for the reverse reaction did not exceed
20% of the observed rate constants at the highest hydroxylamine
concentration used.

The oxime was prepared from p- chlorobenzaldehyde (5 mmol)
and hydroxylamine hydrochloride (5 mmol) in ethanol-water con-
taining 1:]1 potassium acetate-acetic acid buffer (10 mmol) (after
recrystallization from ethanol, mp 105-110° (lit.13 106-108°)), or
by the reaction of | M aldehyde and hydroxylamine hydrochloride
in ethanol-water or acetonitrile-water containing 2 M HCI. Ob-
served rate constants!4 for hydrolysis of the oxime prepared by
these three methods agreed within +59%.

The complex pH-rate profiles for the reactions of phenylhydra-
zine-p-sulfonate with p-chlorobenzaldehyde and semicarbazide
with p- nitrobenzaldehyde, which involve five regions correspond-
ing to five kinetically significant processes, were analyzed as de-
scribed for the reaction of methoxyamine with p-chloro- and p-
nitrobenzaldehydes in the preceding publication.4

Equilibrium Constants. The equilibrium constant, K .4, for carbi-
nolamine formation from p-chlorobenzaldehyde and 2-methylsem-
icarbazide was determined spectrophotometrically” at 260 nm in
0.04 M potassium phosphate-biphosphate buffer, pH 7.4, using
six concentrations of 2-methylsemicarbazide between 0.1 and 1.0
M. An aldehyde concentration of approximately 4 X 10* M was
used, with an optical path length of 0.2 cm. The instability of chlo-
romethanesulfonylhydrazide at pH values near neutrality preclud-
ed measurement of K4 for this nucleophile and p-chlorobenzal-
dehyde.

The pK,' of 2-methylsemicarbazide was measured by potentio-
metric titration of a 0.1 M solution of the compound with 2.0 ¥
HCI at 25° and ionic strength 1.0 & 0.08 (KCI). Appropriate cor-
rections were made for the titration of a blank solution of 1.0 M
KCIl. The pK, of chloromethanesulfonylhydrazide was deter-
mined as previously described for p-toluenesulfonylhydrazide,’
from the nonlinear dependence on antilog (—pH) of the apparent
rate constant for the reaction of this compound (0.01 M) with p-
chlorobenzaldehyde between pH 0.06 and 1.1.

Results

The observed pH-rate profiles (Figure 2) for hydrazone
formation from p-chlorobenzaldehyde and the present se-
ries of substituted hydrazines (with the exception of phen-
ylhydrazine-p- sulfonate; see below) are consistent with a
simple two-step mechanism for carbonyl additions of this
type.2!2 At low pH there is a region of slope —1.0 corre-
sponding to hydronium ion catalysis of the formation of the
tetrahedral adduct (k 4, eq 6) and at intermediate pH, a re-

kyay+

\ ke - ksap+ /
RNH, + C=0 === RNH-C-OH —— RN=C (6)
/ | \
gion of slope that approaches zero, corresponding to uncata-
lyzed formation of the adduct (ky). A change in rate-deter-
mining step that gives a negative break in the pH-rate pro-
file occurs for these reactions at pH 4-6, and at higher pH
the dehydration of the tetrahedral intermediate is rate de-
termining.
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Figure 2. Dependence on pH of the second-order rate constants in the
forward direction, corrected for catalysis by buffers and the conjugate
acids of the nucleophiles, for the reactions of substituted hydrazines (as
the free bases) with p-chlorobenzaldehyde at 25° and ionic strength
1.0. The solid lines are theoretical curves based on the rate constants of
Table 1I for carbinolamine formation and published values (ref 7) of
K a4k s for dehydration of the carbinolamines derived from phenylhy-
drazine-p-sulfonate and acethydrazide. The broken line for phenylhy-
drazine-p-sulfonate indicates the rate constants that would be ob-
served at low pH in the absence of a second break in the pH-rate pro-
file for this reaction.

Because ky for hydroxylamine is large (10%-10° times
faster than the pH-independent rate constants observed at
intermediate pH values for the hydrazine nucleophiles), hy-
dronium ion catalysis of the reaction of this compound is
not measurable at pH values.greater than zero. Such catal-
ysis is apparent, however, in the H g acidity range, as shown

8001

Kt 7a,M~'sec.

108

Figure 3. Dependence on H of the second-order rate constants in the
forward direction for the addition of hydroxylamine free base (concen-
tration based on pK .’ = 6.15; see text) to p-chlorobenzaldehyde in hy-
drochloric acid solutions at 25°. The inset shows the forward rate con-
stants for the reaction in terms of total hydroxylamine as a function of
Hy. The lines are theoretical curves based on the value of £y from
Table Il and ky = 6.4 X 10* M ~! sec™!, determined in the present
work at hydrochloric acid concentrations =1.0 M.

by a slope for the pH-rate profile (in terms of hydroxyl-
amine free base) that approaches —1.0 at large negative
values of H ¢ (Figure 3). This is equivalent to the finding of
an apparent rate constant for the reaction in terms of total
hydroxylamine that is independent of acidity in strongly
acidic solution (inset, Figure 3). The concentrations of free
base used in the calculation of the second-order rate con-
stants, k Opsq, in Figures 2 and 3 were determined from the
measured pK,’ values of the nucleophiles at ionic strength
1.0 (0.5 for hydroxylamine®) and the observed pH (at con-
centrations of hydrochloric acid <1.0 M) or H (at concen-
trations of hydrochloric acid 21.0 M ).15:16 Rate constants,
kyu and ky, for pH-independent and hydronium ion cata-
lyzed carbinolamine formation are given in Table II. The
value of ky = 5.8 X 103 M ~2sec™! for the addition of hy-
droxylamine to p- chlorobenzaldehyde found in this work is
consistent with the value of 3.3 X 103 M ~2 sec™! found by
Martin!® for the reaction of this nucleophile with acetone,
and the observation that the rate constant for the hydro-
nium ion catalyzed reaction of p-chlorobenzaldehyde with
methoxyamine under strongly acidic conditions is approxi-
mately twice as fast as that for acetone.!”

Table II. Kinetic Constants for Carbinolamine Formation from Nitrogen Nucleophiles and p-Chlorobenzaldehyde®

Kag, kv, ku?
Nucleophile pK.’ M-! M~1tsec™! M~2gec!
Chloromethanesulfonylhydrazide (CMSH) CICH.SO,NHNH, 0.55 c 0.65 43
2-Methyl-3-thiosemicarbazide? (MeTSC) H:NC(S)N(CH;)NH, 1.20 0.23 1.2X 1073 63
p-Toluenesulfonylhydrazide (THZ) H;CCH,SO,.NHNH, 1.09e 1.7¢ 0.63¢ 132
Thiosemicarbazide/ (TSC) H.NC(S)NHNH: 1.88 1.7 0.10 156
2-Methylsemicarbazide (MeSC) H,NC(O)N(CH;)NH. 2.54 0.9 1.2X 1072 77
Acethydrazide (AHZ) H;CC(O)NHNH; 3.44e 0.7¢ 0.65 3000
Semicarbazide (SC) H;NC(O)NHNH; 3.86¢ 3.1 0.48° 16007
Phenylhydrazine-p-sulfonate (PHS) ~0;SC¢H,NHNH, 4.90¢ 1.8 2.0/ 1.0 X 10%
1000 550070
Methoxyaminer (MA) CH;ONH, 4.73 13.4 257 4.0 X 10%
1150 207070
Hydroxylamine (HA) HONH, 6.15¢ 23.5¢ 3,85 X 104 5800™

¢ At 25°, ionic strength 1.0 M unless otherwise noted. ® In terms of antilog (—pH) except where otherwise noted. Published values (concen-
tration basis) were multiplied by a correction factor of 1.]. ¢ Not measured experimentally because of the instability of the nucleophile; esti-
mated value 0.5-3.0 M~! based on observed values of K,q for the other substituted hydrazines. ¢ Reference 10. * Reference 7. / Reference 8.
¢ W. P. Jencks and M. Gilchrist, J. Amer. Chem. Soc., 90, 2622 (1968). » E. G. Sander and W. P. Jencks, ibid., 90, 6154 (1968). P These values
are similar to published values for k; and kg at ionic strength 0.5 of 0.43 M~1sec™! and 1500 M~? sec™, respectively (ref 12). 7 For the step-
wise proton transfer process, Knk; (see text). * For the stepwise proton transfer process, Kuk; (see text). ¢ For uncatalyzed attack, ;. ™ Ap-
proximate value (see text).  In terms of 4. ° For the process defined by k; (see text). » Reference 4. ¢ Ationic strength 0.5; ref 9.
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Figure 4. Dependence on pH of the second-order rate constants in the
forward direction, corrected for catalysis by semicarbazide cation, for
the reaction of semicarbazide free base with p- nitro- (@) and p- meth-
oxybenzaldehyde (O) at 25°. The solid line for p- nitrobenzaldehyde is
a theoretical curve based on eq 7 and 7a and the rate constants of
Table II1. The broken line for this compound indicates the rate con-
stants for the hydronium ion catalyzed dehydration step.

In addition to a break at pH ~6 corresponding to a tran-
sition from rate-determining formation to dehydration? of
the tetrahedral adduct, the pH-rate profile for the reaction
of phenylhydrazine-p-sulfonate with p-chlorobenzal-
dehyde (Figure 2) shows a second small break at pH ~1.5
and observed rate constants at low pH that are approxi-
mately twofold smaller than predicted (broken line) from
the pH-rate profile above pH 2.0. This break cannot be a
result of protonation of the sulfonate group of this com-
pound with a pK, of ~1.5 since the pK, values of p-tolu-
enesulfonic acid and 2,5-dimethylbenzenesulfonic acid in
water are —1.06 and —0.4, respectively,!® and the positively
charged hydrazinium substituent would be expected to
make the pK, of phenylhydrazine-p-sulfonic acid even
lower.20 »

A second break in the pH-rate profile is also observed for
the reaction of semicarbazide with p- nitrobenzaldehyde
(Figure 4). Analogous breaks observed at high acidity in
the pH-rate profiles for carbinolamine formation from sub-
stituted benzaldehydes and methoxyamine* have been
shown not to be artifacts arising from the use of the Ho
acidity function with methoxyamine since the negative
breaks become apparent at pH values near 1.0, well above
the transition from the Hy to the pH scale. Moreover, no
break is observed in the low pH or H ¢ range for the analo-
gous reaction of methoxyamine with acetone.!” A similar
conclusion was drawn for semicarbazide from the absence
of a negative break at low pH in the pH-rate profile for the
addition of semicarbazide to p- methoxybenzaldehyde (Fig-
ure 4, open circles). The positive deviations of the points ob-
‘served at the highest acidities for this aldehyde are presum-
ably caused by a salt effect on the rate constant that is inad-
equately taken into account by the use of Ho. A similar salt
effect may well exist also for the reaction of p- nitrobenzal-

Table III. Kinetic Constants for Semicarbazone
Formation from p-Nitrobenzaldehyde at 25°¢

ky? M~2sec™! 1500

ko, M1 sec™! 3000

Kuks, M—28ec™! 1.0 X 10*
K,K., M~!sec™? 3.2

K.sk;,c M—2sec™! 2.72 X 10°

e Jonic strength 1.0 (KCl), except at HCl concentrations >1.0 M.
Rate constants are defined for the processes of eq 4. > Based on 4.
¢ Based on antilog (—pH).

Table IV. Second-Order Rate Constants for Hydronium Ion
Catalyzed Carbinolamine Formation from
2-Methyl-3-thiosemicarbazide and Substituted Benzaldehydes®

Substituent ku, M—2sec™?
p-OCH; 66
p-Clb 63
p-NOz 126

e At 25°, ionic strength 1.0 (KCl). Rate constants are based on
antilog (—pH). * Reference 10. The reported rate constant (based
on hydroniuniion concentration) was corrected by a factor of 1.1.

dehyde, but is masked by the break in the pH-rate profile
for this compound in the acidic region. The possible exis-
tence of positive deviations due to a salt effect at low Hyp
values, while affecting the quantitative accuracy of the rate
constant, cannot be the cause of the observed fact that the
rate constants for p-nitrobenzaldehyde at high acidity are
approximately fivefold lower than predicted from the pH-
rate profile for this compound at pH 1.5-3.

The second break in the pH-rate profiles for the reac-
tions of phenylhydrazine-p-sulfonate with p-chlorobenzal-
dehyde and of semicarbazide with p-nitrobenzaldehyde is
analogous to that described in the preceding paper? for the
reactions of methoxyamine with substituted benzaldehydes.
The five regions that are observed in these pH-rate profiles
correspond to major contributions from the observed rate
constants, k1, k2. Knks. Kpks, and K a9k s, in order of in-
creasing pH. Individual rate constants (Tables II and I1I)
corresponding to these processes were calculated as pre-
viously described, and the theoretical pH-rate profiles for
these reactions are based on these rate constants. Because
of the small difference between the observed rate constants,
k, and K.k 3, for the two hydronium ion catalyzed path-
ways, the tate constant, k», for the uncatalyzed attack of
phenylhydrazine-p -sulfonate on  p-chlorobenzaldehyde
could not be determined accurately; its value is estimated to
be 1000 + 300 M ! sec™!.

Rate constants for the reactions of 2-methyl-3-thiosemi-
carbazide with p- nitro- and p- methoxybenzaldehyde were
determined at five concentrations of hydronium ion between
0.005 and 0.025 M. Under these conditions, the second-
order rate constant for the reaction, in terms of amine free
base, is linearly dependent on hydronium ion concentration,
and the uncatalyzed reaction of the nucleophile is insignifi-
cant. No catalysis by the conjugate acid of the nucleophile
was observed at pH 1.63, as shown by the agreement of the
second-order rate constants determined at 0.01 and 0.02 M
total 2-methyl-3-thiosemicarbazide. Rate constants, ky,
for the hydronium ion catalyzed reaction of this nucleophile
with three substituted benzaldehydes are given in Table IV.

Discussion

We propose the following general mechanism, which is
consistent with experimental data reported here and else-
where, for carbinolamine formation in aqueous solution
under acidic and neutral conditions. Carbinolamine forma-
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tion proceeds by two concurrent pathways: one pathway in-
volves a proton transfer from an acid catalyst to the carbon-
yl oxygen atom in a manner that is more-or-less *“‘concert-
ed” with the formation of the carbon-nitrogen bond and in-
volves no kinetically significant intermediate, whereas the
other pathway involves the formation of an intermediate,
the unstable zwitterionic form of the carbinolamine, which
breaks down rapidly to reactants unless it is trapped by a
proton transfer process that is kinetically significant at
weakly acidic pH values. For amines of moderate basicity
and equilibrium affinity for the carbonyl group, the
zwitterionic intermediate is relatively stable, and the step-
wise pathway is favored at weakly acidic pH. Carbinolam-
ine formation from these amines undergoes a change in
rate-determining step with decreasing pH, as the hydro-
nium ion catalyzed proton transfer to the zwitterionic inter-
mediate becomes fast relative to the uncatalyzed attack and
departure of the amine, resulting in a break in the pH-rate
profile at pH 0-2, and at still lower pH the reaction under-
goes a change in mechanism from the stepwise to the “con-
certed” pathway catalyzed by the hydronium ion. With
very weakly basic amines and/or those whose equilibrium
constants for addition to the carbonyl group are small, the
zwitterionic intermediate is less stable, and the “concerted”
pathway, which avoids the formation of this intermediate, is
the only kinetically significant pathway for hydronium ion
catalysis of the addition reactions of these amines. The pH-
independent reaction that is kinetically significant at pH
4-5 for carbonyl additions of both weakly and moderately
basic amines ordinarily corresponds to a rate-determining
solvent-mediated “proton switch” between the nitrogen and
oxygen atoms of the zwitterionic intermediate.

The effect of the relative magnitudes of the “concerted”
(I) and stepwise (II) pathways on the shape of the observed
pH-rate profiles for carbonyl addition reactions is shown in
Figure 5. A pH-rate profile of type A is observed if the
stepwise pathway (II) for hydronium ion catalysis is unfa-
vorable relative to the “concerted” process (I). In this case,
the latter pathway is the only significant route for hydro-
nium ion catalysis of the addition step. The pH-independent
reaction occurs by a different, stepwise mechanism involv-
ing rate-determining solvent-mediated isomerization of T*
to TO. Only one change in rate-determining step for imine
formation is observed as a function of pH, corresponding to
the transition from formation to dehydration of the carbin-
olamine intermediate.

A pH-rate profile of type B, with two negative breaks
and five regions corresponding to five kinetically significant
rate constants, is observed when hydronium ion catalysis via
the stepwise mechanism ' (II) is significant relative to the
concerted pathway (I). Since for the stepwise pathway (II)
there are three sequential kinetically significant steps, the
pH-rate profile for a reaction in which this pathway is sig-
nificant should contain two negative breaks, corresponding
to (1) the transition at low pH from uncatalyzed attack
(k 2) to hydronium ion catalyzed proton transfer (K .k 3) as
acid-catalyzed proton transfer to T* becomes slow relative
to the reversion of T# to reactants, and (2) the transition?
at higher pH from rate-limiting solvent catalyzed proton
transfer (Knk4) to hydronium ion catalyzed dehydration
(Kagk s). The “concerted” pathway (I) for hydronium ion
catalysis, with a rate constant k ;, becomes the predominant
mechanism only at very low pH values where the uncata-
lyzed attack of the amine is rate determining for the step-
wise pathway.

A pH-rate profile of type C should be observed if the
rate for the stepwise pathway of hydronium ion catalyzed
carbinolamine formation is increased still further so that
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Figure 5. Diagram illustrating the way in which varying the relative
importance of the “concerted” (I, dotted lines) and stepwise (II,
dashed lines) pathways for carbinolamine formation affects the shape
of the observed pH-rate profiles (solid curves) for substituted hydra-
zone and oxime formation.

the rate constant (K & 3) that would be observed if the pro-
ton transfer process were rate limiting is greater than the
rate constant (K .4k s) that is observed when the hydronium
ion catalyzed dehydration step is rate limiting. In this case
the proton transfers that interconvert T+ and TO are faster
than the hydronium ion catalyzed dehydration of T°, and
the proton transfer process never becomes kinetically signif-
icant. The only change in rate-determining step that is ob-
served is the transition from uncatalyzed attack (k ,) to hy-
dronium ion catalyzed dehydration (K 44k s) with increasing
pH.

Based on the foregoing considerations, the following pre-
dictions were made. (1) Amines of moderate basicity and
K a4 value should exhibit pH-rate profiles of type B, with
two negative breaks and five regions, analogous to methoxy-
amine.* Decreasing the basicity of the amine should de-
crease the stability of T* and shift the pH-rate profile to
type A. For reactions of a given amine, variations in polar
substituents on the aldehyde that decrease K,q will also
shift the pH-rate profile from type B to type A. (2) The hy-
dronium ion catalyzed addition of very weakly basic amines
to all substituted benzaldehydes should occur almost entire-
ly via the “concerted” pathway (with pH-rate profiles of
type A) and should exhibit rate constants that are essential-
ly independent of substituents on the aldehyde, analogous to
the “concerted” reaction of methoxyamine.* (3) The corre-
lation of log &y for hydronium ion catalysis of carbinolam-
ine formation at weakly acidic pH (the middle region of the
pH-rate profiles, Figure 5) with log K, for equilibrium for-
mation of the zwitterionic intermediate T* should be non-
linear, with a change in slope from <1.0 to 1.0, as a result
of a change in the predominant reaction pathway in this pH
region from stepwise to “concerted” as the stability of T* is
decreased.

The Shape of pH-Rate Profiles. The complete steady-
state rate law? for the mechanism of eq 4 is given by eq 7
and 7a, where k% is the observed second-order rate con-
stant (in terms of amine free base) for imine formation at
zero buffer concentration, & ©,4 is the corresponding second-

Sayer. et al. /| Mechanism of Carbinolamine Formation



8004
koobsd = koadKadksaH*/(koad + Kaaksans) 7
Bl = kiays + Kky(ky + ksays)/(k, +

Kk, + Kk (7a)

order rate constant for the addition step. and K, = k2/k >
is the equilibrium constant for formation of T* from reac-
tants. For a reaction in which all the terms are of compara-
ble magnitude, a pH-rate profile of type B is observed, with
two negative breaks and five regions, corresponding (in
order of increasing pH) to significant contributions of the
processes with observed rate constants k1, k5. Knk3. Kok,
and K4k s. If, as is ordinarily found for the uncatalyzed
reactions (see below), k; is greater than K .k 4, and in addi-
tion, Kk 3 is small relative to k1, eq 7a reduces to eq 8
when k; > K,k3ay+, and to eq 9 at low pH where k; <
K.k3any+. Hence, no change in rate-determining step oc-

koad = klaH+ + Knk4 (8)
koad = kiaH-* (9)

curs for the addition process, and the single change in rate-
determining step that is observed corresponds to the nor-
mal? transition from rate limiting addition to dehydration,
giving a simple pH-rate profile of type A.

The magnitude of K 1k 3 for the stepwise pathway of hy-
dronium ion catalysis, relative to k, for the “concerted”
pathway, should be increased (giving rise to pH-rate pro-
files of types B or C) by increasing the basicity of the par-
ent amine or by increasing the equilibrium constant, K .4,
for its addition to the carbonyl group. These two factors
should stabilize the zwitterionic intermediate, T%, for the
stepwise pathway to a greater extent than they stabilize the
transition state 1 for the “concerted’ process, in which the
carbon-nitrogen bond is presumably not fully formed, and

H Ho | * _H
RN—C—O0~ RN---C=:0---H—0
H | Ho| Sy
T* 1

only a partial positive charge resides on nitrogen. Quantita-
tively, the effect of pK,’ for the parent amine and K .4 on
the rate of the stepwise process may be estimated as follows.
Since k3, the rate constant for the thermodynamically fa-
vorable proton transfer from the hydronium ion to T#%, is
diffusion controlled?! and hence independent of the struc-
ture of the amine and the aldehyde, the observed rate con-
stant, K k3, when the hydronium ion catalyzed proton
transfer process is rate determining, should have exactly the
same dependence on amine and aldehyde structure as the
equilibrium constant K, for formation of T# from starting
materials. This equilibrium constant is equal to the product
of the experimentally determined equilibrium constant,
K .4, for formation of the neutral carbinolamine, T°, and K,

K, = KK, (10

for isomerization of T® to T* (eq 10). Increasing the pK, of
the amine should increase K, with a slope, Bnuc, of a plot of
log K, against pK, of approximately 0.8 since the stabiliz-
ing effect of base strengthening substituents on the positive
charge at nitrogen (8 = 1.0) will be slightly offset by a de-
stabilizing effect on the negative charge at oxygen (8 =
~0.2).10 K, is expected to be insensitive to changes in sub-
stituents on the benzaldehyde ring.*22.23

Based on the foregoing considerations, we predicted that
the reaction of phenylhydrazine-p-sulfonate (pK,' = 4.90;

K a4 = 1.8 M ~1) with p-chlorobenzaldehyde should exhibit
a pH-rate profile of type B analogous to-that observed for
methoxyamine, an amine of similar basicity. The experi-
mentally observed rate constant, K ks, under conditions
where the proton transfer process is rate determining in the
reaction of phenylhydrazine-p-sulfonate was predicted to
be approximately fivefold smaller than the corresponding
rate constant of 4.0 X 10* M ~2 sec™! for methoxyamine*
(pK.' = 4.73; K,q = 13.4 M~1), giving a predicted abso-
lute value of ~8000 M ~2sec™!. If k| (2070 M ~2sec™! for
methoxyamine) is relatively insensitive to a small change in
the pK ,” of the nucleophile,-a fivefold decrease in the rate
of the parallel process, K & 3, is not large enough to change
the shape of the pH-rate profile, and a pH-rate profile of
type B with two breaks, similar to that observed with
methoxyamine, was expected. The observed pH-rate profile
(Figure 1) and the absolute value of 1.0 X 104 M 2 sec™!
for K nk 3 are in good agreement with these predictions.

As the basicity of the amine is decreased, K,k 3 should
eventually become smaller than ki, if Bnuc for k1 is less
than the value of 0.8 expected for K k3, and the pH-rate
profile should shift to type A. The absence of any negative
break in the pH-rate profile for the addition of thiosemicar-
bazide (pK,’ = 1.88; K¢ = 1.7 M ™) to p-chlorobenzal-
dehyde® between pH 0 and 4.0 is in agreement with this in-
terpretation.

The effect of variation of the carbonyl compound with a
single amine is exemplified by the pH-rate profiles of type
B and A observed for the reaction of semicarbazide with p-
nitro- and p- methoxybenzaldehyde, respectively (Figure
4). For the reaction of semicarbazide (pK,” = 3.86) with
p- nitrobenzaldehyde, the rate constant, K 1k 3, for the step-
wise pathway of hydronium ion catalysis was predicted to
be 1.3 X 104 M ~2sec™!, as follows. The corresponding rate
constant for methoxyamine?® is 2.6 X 105> M ~2 sec™!. From
the values of 3.1 and 13.4 M~! for the equilibrium con-
stants, K 47" !, for addition of semicarbazide and methoxy-
amine, respectively, to p-chlorobenzaldehyde, and the as-
sumption that relative values of K .4 are independent of the
aldehyde,?* K ,47-NO2 for semicarbazide and p- nitrobenzal-
dehyde is expected to be approximately four times smaller
than K ,47-NO2 for methoxyamine. This will decrease K nk 3
for semicarbazide relative to methoxyamine by a factor of
4, and the lower basicity of semicarbazide (ApK = 0.87;
Bnuc = 0.8) will decrease K k3 by an additional factor of 5,
to give a predicted value of K & ; for semicarbazide and p-
nitrobenzaldehyde of 1.3 X 10% M ~2 sec™!. If k for the
“concerted” process (1930 M ~2 sec™! for methoxyamine)
is approximately the same for semicarbazide, the estimated
value of Kk 3 should be significantly larger than k,; but
smaller than K.qks (2.72 X 105 M2 sec™!; Table III),
and a pH-rate profile of type B is expected for semicarba-
zide and p-nitrobenzaldehyde. This prediction is borne out
by experiment (Figure 4). The experimental value of K43
is 1.0 X 10* M ~2sec™!, compared with the predicted value
of 1.3 X 104 M ~2sec™!,

Substitution of p-methoxy- for p-nitrobenzaldehyde
changes the pH-rate profile from type B to type A. This
substituent change should decrease K,4 by a factor*!! of
ca. 120. Since k| is insensitive to the nature of the alde-
hyde,* rate constants, k| (pathway I) of 1500 M =2 sec™!
and Knk3 (pathway II) of ca. 1.0 X 104/120 = 80 M ~?
sec™!, are predicted for hydronium ion catalysis of the reac-
tion of p-methoxybenzaldehyde and semicarbazide, from
the corresponding experimental rate constants (Table III)
for p- nitrobenzaldehyde. If K k3 <« k1. k1 represents the
only kinetically significant pathway for hydronium ion ca-
talysis of the addition step, and a pH-rate profile of type A
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Figure 6. Comparison of the observed p* value for hydronium ion cata-
lyzed carbinolamine formation from 2-methyl-3-thiosemicarbazide
(A) with the p* values for the “concerted” (@) and stepwise (O) path-

ways for hydronium ion catalyzed carbinolamine formation from
methoxyamine. The slopes of the lines are: 2-methyl-3-thiesemicarba-

zide, 0.17; methoxyamine (‘“concerted”), 0.10; methoxyamine (step-
wise), 1.2,

should be observed. The absence of any negative inflection
in the pH-rate profile between Ho —1.7 and pH 2.0 (Fig-
ure 4) is consistent with this expectation.

Structure-Reactivity Correlations. The Aldehyde. The
second mechanistic prediction that was made involves the
effect of amine structure on the sensitivity of hydronium ion
catalyzed carbinolamine formation to substituents on the
aldehyde. According to our hypothesis, for an amine of suf-
ficiently low pK,” and K .4, the “concerted” pathway with
transition state 1 should always be more favorable than the
stepwise pathway involving the intermediate T* with a
complete carbon-nitrogen bond and a full positive charge
on nitrogen. Since the rate constant, k 1, for the “concerted”
process is almost completely insensitive to substituents on
the aldehyde,* whereas K .k; for the stepwise process is
strongly dependent on the nature of the aldehyde, the ob-
served rate constants, ky, for hydronium ion catalysis of
carbinolamine formation from such a weakly basic amine
should be insensitive to polar substituents on the aldehyde,
and k y values for more strongly basic amines should exhib-
it an increased dependence on aldehyde substituents as the
stepwise pathway becomes more important. For an amine of
intermediate basicity, a change in the predominant mecha-
nism, from “concerted” to stepwise, as K .4 is increased, re-
sulting in a nonlinear dependence of log Ky on log K g4, is
expected.

It was expected that the very weak base, 2-methyl-3-
thiosemicarbazide (pK,” = 1.20), might provide an exam-
ple of an amine for which the “concerted” pathway of hy-
dronium ion catalysis is predominant for benzaldehydes
with widely varying values of K ,q4. Acid-catalyzed forma-
tion of the carbinolamine from this amine and p- chloroben-
zaldehyde has previously been assigned to the “concerted”
pathway since the observed rate constants are too large to
be accounted for by a mechanism involving T# as an inter-
mediate.'® If the “concerted” pathway of hydronium ion
catalysis is always the predominant one, the rate constants,
k y, for this amine should be insensitive to substituents on
the benzaldehyde. A comparison of the plot of log ky
against ot for 2-methyl-3-thiosemicarbazide with similar
plots of log k1 (lower line) and log K k3 (upper line) for
methoxyamine is shown in Figure 6. In accordance with our
hypothesis, p* for 2-methyl-3-thiosemicarbazide is much
smaller than expected for a stepwise process (K k3) and is
similar to that observed for the “concerted” reaction of
methoxyamine.
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Figure 7. Dependence of the observed rate constants at pH > 2.0 for
hydronium ion catalyzed carbinolamine formation from semicarbazide
and substituted benzaldehydes in water at ionic strength 0.5 (ref 12) on
log K .4 for equilibrium formation of the carbinolamines in 25% etha-
nol at ionic strength 0.32 [ref 11: R. Wolfenden and W. P. Jencks, J.
Amer. Chem. Soc., 83, 2763 (1961)]. The solid line is the theoretical
curve for a change in mechanism with increasing values of K a4 from a
limiting slope of O to 1.0.

For an amine of intermediate basicity such as semicarba-
zide (pK .’ = 3.86), the stepwise and “‘concerted” pathways
are relatively close in energy, and a change in the favored
pathway at intermediate pH values from “concerted” to
stepwise occurs as the tendency of the aldehyde to add a
molecule of amine, and hence the stability of the intermedi-
ate T* relative to starting materials, is increased. This is
shown by the change in the shape of the pH-rate profile
from type A (Figure 5) for p- methoxybenzaldehyde to type
B for p- nitrobenzaldehyde (Figure 4). As a consequence of
this change in mechanism, a plot of log k y against log K .4
for the hydronium ion catalyzed reaction of semicarbazide
with substituted benzaldehydes at pH 2-3 should undergo a
change in slope, from ~0 to ~1.0, as K »4 for the aldehyde is
increased. A plot against log K .4 of the values of log k y for
a series of substituted benzaldehydes determined at pH
values >2 by Cordes and Jencks!? is given in Figure 7. The
relatively poor Hammett correlation of these data with a
single straight line of slope o™ = 0.71 found by these work-
ers is easily explained if the reaction undergoes a change in
mechanism and a corresponding change in Hammett slope
with increasing electrophilicity of the aldehyde. The data of
Figure 7 agree well with two lines of slope 0 and 1.0 for the
“concerted” and stepwise pathways, respectively, and a
transition point (where both mechanisms make an equal
contribution to the observed rate) in the region approxi-
mately corresponding to unsubstituted benzaldehyde. This
corresponds to a nonlinear Hammett correlation with limit-
ing slopes, p*, of approximately 0 and 1.5 for electron-do-
nating and electron-withdrawing aldehydes, respectively;
the p* value for K .4, determined from the data of Anderson
and Jencks!! for this equilibrium in 25% ethanol, is 1.5.

Evidence consistent with some contribution of a stepwise
mechanism of general acid catalysis of carbinolamine for-
mation from semicarbazide and p-chlorobenzaldehyde,
which lies just above the transition point from the “concert-
ed” to the stepwise mechanism (Figure 7), is provided by
the apparent curvature in the Brgnsted plot for general acid
catalysis of this reaction that has been pointed out by Bar-
nett.2> This curvature, analogous to that observed for catal-
ysis of the reaction of methoxyamine and p- methoxyben-
zaldehyde,* suggests that general acid catalysis of the addi-
tion of semicarbazide to p-chlorobenzaldehyde may pro-
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Flgure 8. Dependence of the logarithms of the rate constants for hydro-
nium ion catalyzed carbinolamine formation from p-chlorobenzal-
dehyde and substituted hydrazines and hydroxylamines on pK,’ and
log K ,4 for the nucleophiles. Abbreviations are given in Table I1. The
solid symbols (@) have been assigned unequivocally to the stepwise
(Krk 3) and the open symbols (O) to the “concerted” (k) pathway.
The slopes of the lines corresponding to k; and K ,k 3 are 0.33 and 1.0,
respectively. The solid line represents the sum of the two pathways.

ceed at least in part via a stepwise pathway with a rate-de-
termining proton transfer step.

Structure-Reactivity Correlations. The Nucleophile. The
third prediction based on the mechanistic scheme of eq 4 is
that a plot of log ky for hydronium ion catalyzed carbin-
olamine formation against log K, the equilibrium constant
for formation of T* from starting materials, should be non-
linear, reflecting a change in mechanism from stepwise to
“concerted” as the stability of T# is decreased. A measure
of the relative values of K, for the intermediates formed
from different amines with a single aldehyde is given by eq
11, which was derived from eq 10 and the relationship A log

Alog K, = Alog Koy + 0.8ApK,, (11)

K, = 0.8 ApK nyc, corresponding to Bnye = 0.8 for K,. The
slope of a plot of log k i against the quantity (log K .4 + 0.8
PKuc) should measure the degree of resemblance of the
transition state to T#; for a diffusion-controlled protonation
of T this slope should be 1.0. Such a plot of the observed
values of log ky for the reactions of a series of substituted
‘hydrazines and hydroxylamines with p- chlorobenzaldehyde
is given in Figure 8. A line of slope 1.0 has been drawn
through the two solid points for methoxyamine and phen-
ylhydrazine-p- sulfonate, which have been assigned to the
stepwise process, Kk 3, from analysis of pH-rate profiles.
The observed rate constants for the weakly basic amines

chloromethanesulfonylhydrazide, 2-methyl-3-thiosemicar-
bazide, p- toluenesulfonylhydrazide, and thiosemicarbazide
fall above this line of slope 1.0 for the stepwise pathway.
This is consistent with a different mechanism for the hydro-
nium ion catalyzed reactions of these compounds. The ob-
served rate constant, kyy, for 2-methyl-3-thiosemicarbazide
is also assigned to the process, k1, by an independent crite-
rion, the similarity of the p* values for this reaction and for
k1 for methoxyamine. The observations that the addition of
2-methyl-3-thiosemicarbazide is subject to general acid ca-

talysis by buffers, and that the hydronium ion lies on the
Bronsted plot for this buffer catalysis,!? provide evidence
that hydronium ion catalysis via pathway I for this com-
pound involves true, “concerted” general acid catalysis,
rather than specific acid catalysis.4

A line of slope 0.33 through the points corresponding to
k1 for 2-methyl-3-thiosemicarbazide and methoxyamine
(open symbols, Figure 8) is in good agreement with the ob-
served values of k4 for other weakly basic amines that are
too fast to be accounted for by the stepwise process, K 1k 3.
The solid line represents the values of k i that should be ob-
served for the overall reaction if a change in mechanism
from the “concerted” to the stepwise pathway occurs with
increasing values of pK,’ and K,y. The observed value of
kw for acethydrazide shows a positive deviation, and that
for 2-methylsemicarbazide shows a negative deviation from
this line, and k, for phenylhydrazine-p-sulfonate also
shows a positive deviation from the line of slope 0.33 corre-
lating the values of k |. The existence of these deviations is
probably a result of a relatively poor correlation of k; with
K, and is not surprising in view of the fact that the stability
of transition state 1 for the “concerted” process probably
does not exhibit the same relative sensitivity to log K .4 and
pK .’ as does that of T*.

The existence of a change in mechanism (and not merely
in the finer details of transition state structure) for the acid-
catalyzed addition step in the formation of hydrazones and
related compounds as a function of the basicity of the amine
means that interpretations of mechanism based on the
Hammond postulate (e.g.. the correlation of Brgnsted «
values for general acid catalysis with pK,.),!2 which re-
quire the existence of a continuous variation in transition
state structure with varying basicity of the nucleophile, are
not valid for this system. The theory of the “Hammond pos-
tulate” correlations of this kind is not in question here, and
a meaningful correlation of & with amine basicity might be
found if a sufficiently large range of very weakly basic
amines, which should react by the single more-or-less “con-
certed” process of pathway I, could be investigated. Experi-
mental results presently available, however, do not include
such a series.

The large (~200-fold) negative deviation of hydroxyl-
amine (Figure 8) from the line of slope 1.0 for K k3 and
the observation that this point falls on the line correspond-
ing to k, indicate that the only observable mechanism of
hydronium ion catalysis for this compound is via the “con-
certed” pathway I. Why is a stepwise mechanism for hydro-
nium ion catalysis of the addition of this relatively strongly
basic and nucleophilic amine not observed, when the rate
constant, K 1k 3, for this mechanism (estimated by extrapo-
lation from the line of slope 1.0 for methoxyamine and
phenylhydrazine-p- sulfonate) is approximately 106 Af—2
sec™!, 200 times larger than the observed rate constant? Ei-
ther or both of the following considerations may account for
this observation. (1) The reaction of hydroxylamine (pK,’
= 6.15), the most basic amine in this series, may have a
pH-rate profile corresponding to type C (Figure 5). The
observed rate constant, K .4k s, under conditions where the
hydronium ion catalyzed dehydration step is rate determin-
ing, is 1.3 X 10% M —2sec™! at ionic strength 0.5. Hence the
estimated value of 10 M ~2 sec™! for Kk 3, the rate con-
stant that would be observed if proton transfer were rate de-
termining, suggests that the rate of this process must be
close to, and could be larger than, the rate of the dehydra-
tion step.2% This corresponds to a situation (eq 12) in which
k s for conversion of T9 to the oxime is slower than k —3/K¢
for the proton transfer step in the reverse direction, and pro-
ton transfer never becomes rate determining. (2) If the un-
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HON=C
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+

HONH,C—O0~
catalyzed intramolecular proton transfer process (k 4, eq 4)
that converts T# to TOis faster than the uncatalyzed expul-
sion (k —,) of hydroxylamine from T%, the steady-state rate
law for the addition step (eq 7a) reduces to eq 13, and the

Rl = kiage + ky (18)

rate law for the overall reaction is given by eq 14, corre-

_ Kagksay+(kiag+ + k)

0
Flomsa = Koksays + kiag + &, (14)

sponding to a reaction with only two kinetically significant
steps, carbinolamine formation and dehydration, in which
simple proton transfer never becomes rate determining. An
unusually high value for the rate constant for intramolecu-
lar proton transfer is expected for hydroxylamine (see
below) because of the possibility of intramolecular proton
donation from the hydroxylamine oxygen to the alcoholate
anion of T#,

pH-Independent Reactions. Figure 9 shows the depen-
dence on amine basicity of the observed rate constants, k¢,
for uncatalyzed (or solvent-catalyzed) carbinolamine for-
mation from p- chlorobenzaldehyde, with rate-determining
steps corresponding to k, (upper line) and K, k4 (lower
line). These two steps have been conclusively identified for
the reactions of methoxyamine and phenylhydrazine-p-sul-
fonate, for which the uncatalyzed attack of the nucleophile
(k1) and the solvent mediated isomerization of T* (K nk 4)
occur in separate, kinetically distinguishable steps that are
rate determining in different regions of the pH-rate profile.
The values of k5 for these two amines were determined ex-
perimentally from the pH-rate profiles. For 2-methyl-3-
thiosemicarbazide, the “concerted” pathway for hydronium
ion catalysis is faster than the stepwise pathway (see
above); hence the pH-rate profile is presumably of type A
(Figure 5), and the process corresponding to k2 cannot be
observed directly. A range for £ for this amine was esti-
mated from the rate constant, k SB, for attack of the nucleo-
phile within a termolecular encounter complex of the nu-
cleophile, the aldehyde, and a general base catalystl9 (eq
'15). For catalysis of this reaction by strong bases, & g is rate

~ K, l
RNH, + C=0 == ,:RNHZ c=0} =

determining, and the observed third-order rate constant,
kB, is given by eq 16. In the preassociation mechanism

kGB = KlekB (16)

proposed for the base-catalyzed reaction,!® the base plays
no chemical role in the process represented by kK ©B and the
observed second-order rate constant, k , for the attack step
in the absence of the base should differ from k @B only by
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Log ky,M ' sec:

0.8 pKy + Log Kqg

Figure 9. Dependence of the logarithms of the rate constants, k, (A)
and Kk, (®) for uncatalyzed formation of carbinolamines from p-
chlorobenzaldehyde and substituted hydrazines and hydroxylamines
on pK,’ and log Kaq4 for the nucleophiles. Abbrevialions are given in
Table 1. The limits shown for &, for 2-methyl-3-thiosemicarbazide
were estimated from the data of ref 10 (see text). The slopes of the
lines corresponding to k > and K pk 4 are 0.45 and 1.0, respectively. The
open symbols (O) represent compounds possessing an acidic hydrogen
« to the nucleophilic nitrogen.

the association constant for encounter complex formation
and should be equal to K k. If log K| is taken as'® —1.0 +
0.7 and the observed value of kGB for strong bases is 0.33
M2 sec™!, ky for 2-methyl-3-thiosemicarbazide is equal
to kGB/K |, between 0.7 and 16 M ~! sec™!. This estimate
and the experimental values of k2 for methoxyamine and
phenylhydrazine-p- sulfonate were used to determine the
upper line of Figure 9.

The solid circles of Figure 9 for the uncatalyzed reactions
of 2-methyl-3-thiosemicarbazide, 2-methylsemicarbazide,
and semicarbazide fall well below the upper line corre-
sponding to the rate constants k; for methoxyamine and
phenylhydrazine-p- sulfonate. Hence the uncatalyzed reac-
tion that is observed at moderately acidic pH values for
weakly basic hydrazine derivatives is assigned to the rate-
determining solvent-catalyzed proton transfer process,
K nk 4. The slope of the line through the solid circles is 1.0,
consistent with a transition state 2 for this process that

H
I
H—o o
\H I
N—C—
B
2

closely resembles the intermediate, T#, in its sensitivity to
K .4 and amine basicity. A transition state with significant
positive charge on nitrogen has also been proposed for this
process on the basis of the accelerating effect of electron-
donating aldehyde substituents on k4 for methoxyamine.*
The large secondary deuterium isotope effects?® that are
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observed for pH-independent carbinolamine formation ap-
pear to be not inconsistent with transition state 2 in which
the carbon-nitrogen bond is fully formed.

It should be noted that, on theoretical grounds, this pH-
independent reaction cannot involve “concerted” carbon-
nitrogen bond formation and general acid catalysis by water
(transition state 3) if T#* has a finite lifetime since proton
transfer to T* is thermodynamically unfavorable and hence
cannot provide any stabilization? for transition state 3. The

H5+ | O-
RN--- '—"O—--H/
Ho|

3

observation, in this and the preceding* paper, of two distinct
pH-independent processes, k> and X,k 4, corresponding to
different regions of the pH-rate profile, provides direct ex-
perimental evidence for the “nonconcertedness’ of the pH-
independent reaction.

The points corresponding to chloromethanesulfonylhy-
drazide, p-toluenesulfonylhydrazide, thiosemicarbazide,
and acethydrazide (open circles, Figure 9) show positive de-
viations of approximately one to two orders of magnitude
from the solid line corresponding to K k 4. These substitut-
ed hydrazines possess an acidic proton in the 2 position,
which is well situated to participate in an intramolecular
proton transfer process (k4’, eq 17) that may occur either

+ | _ kA/ -+ | H,O +
RNH—NH1—<|:—O -~ RN—NHz—(’?—OH o, RNH—NHZ—(|J—0H
Tt (T/)t T+
MH_,M At an

RNH-NH-C-OH
TO

directly (transition state 4) or through one or more water
molecules (transition state 5). For these compounds, the

|
O0—H
’ \
¢ N
RN “0f- RN /Oa-
\, / N\,
H—N&(— H~—N C—
| | |
H H
4 5

pK, values’:8:30 for dissociation of the 2 proton of the
hydrazine moiety are in the range 9.7-13. The juxtaposi-
tion of a positive charge in T* should lower this pK, by
~12 units;3! the electron-donating substituent (p-
CIC¢H4)(O7)HC will offset this effect on slightly,32 and
the pK, for conversion of T* to the corresponding N-2
anion is therefore expected to be in the range of ~2 to +2.
Hence the proton transfer process, k 4/, should be strongly
favorable thermodynamically and should occur faster than
the water-mediated proton switch process, k 4, which is ex-
pected to have a rate constant33 on the order of 107-108
sec™!. The reverse process, k 4/, is thermodynamically un-
favorable and should be slow relative to the protonation of
(T’)* by the hydronium ion at pH values where k 4’ is kinet-

ically significant, so that some aspect of the intramolecular
proton transfer process, k 4’, should be the rate-determining
step for this mechanism. We conclude that for substituted
hydrazines with a moderately acidic proton in the 2 posi-
tion, stepwise intramolecular general acid catalysis by this
acidic group provides a reasonable pathway for unusually
fast “uncatalyzed” carbinolamine formation.

For the intermediate, T#*, derived from hydroxylamine,
the pK, of the hydroxylamine oxygen is estimated to be 3.7
from the pK,” of 3.4 for trimethylamine N-oxide!? and
structure-reactivity correlations.!®27 Hence intramolecular
proton transfer from this oxygen (k 4’) may also be signifi-
cant for this compound. The observed rate constant for the
uncatalyzed reaction of hydroxylamine lies two orders of
magnitude above the line corresponding to K .k 4 and is at
least as large as the predicted value of k, for uncatalyzed
attack (Figure 9, upper line). This is consistent with the hy-
pothesis that intramolecular proton transfer from the hy-
droxylamine oxygen atom, k4, is sufficiently fast that the
uncatalyzed attack step becomes rate determining under all
conditions for pH-independent carbinolamine formation
from this compound.
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Abstract: The kinetics of the alkaline hydrolysis of phenyl benzenethiolsulfinate (1a) and phenyl benzenethiolsulfonate (2a)
have been studied in 60% dioxane containing 0.005-0.05 N OH~ by stopped-flow spectrophotometry. The results show that
2a hydrolyzes significantly faster than 1a and that large amounts of 1a are formed as an intermediate in the hydrolysis of 2a.
Initial attack of hydroxide ion on 2a yields PhSO,~ and benzenesulfenic acid. The anion of the sulfenic acid then rapidly at-
tacks some of the remaining 2a to yield 1a and PhSO, . Initial attack of OH ™~ on 1a occurs at comparable rates at both sul-
fenyl sulfur, to give PhSOH plus PhSO™, and sulfinyl sulfur, to give PhS~ plus PhSO,H. It is important to stress that the re-
sults are not compatible with schemes in which attack of hydroxide on 1a occurs exclusively at one sulfur. As long as any 2a
is present, the PhS§~ formed by attack of hydroxide ion on the sulfinyl sulfur of 1a reacts very rapidly with 2a to yield phenyl
disulfide and PhSO,~. When 2a is not present, the PhS~ reacts at a slower but still rapid rate with remaining 1a to give the
disulfide and PhSO~. The present resuits and conclusions are compared with earlier conflicting suggestions regarding the
mechanism of alkaline hydrolysis of thiolsulfinates and thiolsulfonates, and it is concluded that, while they support in general
the suggestions made by Savige, et al.. they are contrary in most important respects to the proposals advanced by Oae, et al.

In alkaline solution, aryl thiolsulfinates, 1, undergo hy-
drolysis very readily to afford sulfinate ion and aryl disul-
fide as the final products (eq 1). The same stoichiometry

3ArSSAr + 20H" —> 2ArSSAr + 2ArSO,” + H,0 (1)

I
o

la., Ar = C6H5
b. Ar = p-CH,C,H,

also applies for the hydrolysis of the thiolsulfinate derived
from cystine.2 The more highly oxidized aryl thiolsulfo-
nates, 2, also give sulfinate ion and disulfide on alkaline hy-
drolysis, although in different propertion (eq 2).3 The thiol-
sulfonate from cystine behaves similarly.2b Both reactions
are intriguing from a mechanistic point of view because

o
i

3ArSSAr + 40H™ —> ArSSAr + 4ArSO,” + 2H,0 (2)

I

(6]
Za, Ar = C6H5
b, Ar p-CH,C H,

there are a variety of possible reaction paths that can be
suggested for each.

Savige and coworkers2b reported that at pH 5-7 cystine
monoxide (the thiolsulfinate) was more stable than cystine
dioxide (the thiolsulfonate) and in fact was formed as a de-
tectable intermediate during the initial stages of the hydrol-
ysis of the dioxide. On the other hand, Oae and coworkers
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