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droxide solution, water, and finally dried over magnesium
sulfate and evaporated. The solid material was taken up in
ot 859, ethanol once the solution was treated with Norit
and filtered. In this way 160 mg. of (+)-1,2,2-triphenyl-
ethyl acetate was isolated, m.p. 140°, [«]®Dp +26° (diox-
ane). Still more N-acetyl-1,2,2-triphenylethylamine re-
mained in the alcoholic mother liquors. The identity of
the (+)-1,2,2-triphenylethyl acetate was established by de-
acetvlation to (+)-1,2,2-triphenylethanol, followed by
oxidation of tlie carbinol to benzhydryl phenyl ketone. The
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ketone was oxidized® with nitric-acetic z_a.cid to a-phenyl-
benzoin which was oxidized with chromic acid to benzo-
phenone and benzoic acid .

(24) The preparation of the N-nitrosoacyl-1,2,2-triphenylethylamine
and its subsequent thermal decomposition were carried out by Mrs.
Joan B. Christie. Further details will be published at a later date.

OaAx Ripcg, TENN.
STANFORD, CALIF.
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Studies on the Mechanism of Oxime and Semicarbazone Formation!?

By WiLLiaM P. JENCKS
RECEIVED JUXF 23, 1958

At neutral pH hvdroxylamine and semicarbazide react rapidly with a number of aldehydes aud ketoues to form addition
comtpounds whicl: lack the ultraviolet and infrared absorption of the original carbonyl compound. These addition com-

pounds undergo a slow, acid-catalyzed deliydration to form oxime or semicarbazone.

The decrease in the rate of oxime

formation at acid pH appears to be due to a transition to a rate-limiting attack of free nitrogen base on the carbonyl com-

pound and is not dependent on general acid catalysis.

Dehydration of the addition complex, addition of water to the oxime

or semicarbazone and addition of semicarbazide to tlie carbonyl group are subject to both specific and general acid catalysis,
while the addition of the stronger base, hydroxylamine, to the carbonyl group is specific acid-catalyzed to only a small extent.

The classical experiments of Barrett and Lap-
worth,? Olander,?® Conant and Bartlett,? and West-
heimer® demonstrated that the reactions of car-
bonyl compounds with such nitrogen bases as hy-
droxylamine and semicarbazide exhibit striking
maxima in their pH-rate profiles. These pH op-
tima have been attributed to the opposing effects of
general acid catalysis and the decrease in the con-
centration of attacking free nitrogen base due to
conversion to the conjugate acid at low pH.*$

The observation that hydroxylamine reacts rap-
idly with p-nitrophenyl esters at neutral pH with-
out significant acid catalysis (to give a mixture of O-
and N-substituted products)? suggested that in the
relatively slow, acid-catalyzed reaction of hydroxyl-
amine with aldehydes and ketones the addition of
nitrogen base to the carbonyl group might not be
the rate-limiting step. The kinetics of oxime and
semicarbazone formation have accordingly been
studied by following the changes in the ultraviolet
absorption of a number of carbonyl compounds in
aqueous solution after the addition of the appro-
priate nitrogen base. It has been found that at
neutral pH the attack of nitrogen base on the car-
bonyl compound is fast, so that the over-all rate is
dependent on the equilibrium concentration of a
non-absorbing addition compound and on the rate
of its acid-catalyzed dehydration. The pH-rate
maxima for oxime formation appear to be the re-
sult of a transition to a rate-limiting attack of free

(1) Publication ;,-?1 1 of the Gradnate Department of Biocliemistry,
Brandeis University. Presented at tlie 134th National Meeting of the
American Chemical Sisciety in Chicago, September, 1958.

(2) E. Barrett and A. Lapworth, J. Chem. Soc., 93, 85 (1908): ¢f.
also S. F. Acree and J. M, Johnson, dwm. Chem. J., 38, 308 (1507);

D. G. Knorre and N. M. Emannel, Doklady Akad. Sci. S.5.S.R., 91,

1163 (1933) (C. A., 49, 12036 (1955)).
(3) A. Olander, Z. physik. Chem., 129, 1 (1927).
(4) J. B. Conant and P. D. Bartlett, Tuis JourNaL, 54, 2881 (1932),
(5) ¥. Westheimer, ibid., 56, 1962 (1934). :
(6) 1.. P. Hammett, “Plysical Organic Chemistry,’” McGraw—Hill
Buok Co., Tne., New York, N. V., 1040, p. 331,
(7 WP Tencks, s Toorsar, 80, 4581 (1958); 80, 4585 (1958).

nitrogen base on the carbonyl compound at acid
PH and are not dependent on general acid catalysis.

HT
By OH K
>C=0 + H,NR = >C -
by NHR k.
>C==X\R + HOH
Experimental

Materials.—Benzaldehyde and furfural were redistilled
and stored at —15°; solutions in water, containing 10~ A
ethylenediaminetetraacetic acid (EDTA) to retard heavy
metal catalyzed decomposition, were made up just before
use. Solutions of nitrogen bases were prepared from the
solid or from stock solutions of the livdrochloride and were
neutralized to the desired pH with NaOH just before use:
10~ M EDTA was added to alkaline solutions. Glass-dis-
tilled water was used throughout.

Ultraviolet measurements were ntade on a Cary model 14
recording spectrophotometer, a Beckman model DU spec-
trophotomneter or a Zeiss model PMQ II spectrophotometer.
Infrared spectra were obtained with a Perkin-Elmer 1nodel
21 spectropliotometer using calciumi fluoride cells. Solu-
tions of hydroxylamine in DyO were prepared by dissolving
NH.OH-HCl and NaOH in DO, evaporating to dryness,
making up 4 M solutions in D;O and neutralizing just before
use.

Kinetic measurements were mnade on Beckman or Zeiss
spectrophotomneters witl jacketed cell compartments
through which was circulated water from a thermostat at
25.0 £ 0.1°. Dilute solutions of the reactants were equili-
brated in the thermostat before mixing. Readings were
taken beginning 10 to 15 seconds after the start of the reac-
tion and continued, usually with about 10 readings, until the
reaction had proceeded to completion. All kinetic deter-
minations were carried out with the concentration of nitrogen
bhase greatly in excess of that of tlie aldehvde or ketone so
that pseudo first-order kinetics were obtainied. The results
were plotted on semi-logantnmic grapli paper, thie lalf-
tintes determined graphically, and tlie first-urder rate con-
stauts obtained from the formula 4 = 0.693/#1/,. Rates
were followed at a wave length, as indicated in the experi-
mental data, suitable for measurement of product appear-
ance or, after the initial rapid drop, of starting material
disappearance; in several cases rate constants were deter-
miinned muder both conditions and foaund to be identical.
Thie pH values reported are the apparent pH as measured
witlh the glass electrode of the Beckman model G pH nieter.
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Results

In Tig. 1 arc shiown spectra of dilute aqueous solutions of
furfural at neutral pH obtained with a rapid scanning spee-
trophotometer (A) before, (B) 30 to 90 seconds after and (C)
two hours after the addition of hydroxylamine, O-methyl-
livdroxylamine or semicarbazide. In each case there is an
initial decrease in the furfural absorption whicli is propor-
tional to the amount of base added and which increases in
theorder semicarbazide < O-methyl hydroxylamine < hydrox-
ylamine. Tlhis is followed by the slow appearance of the
characteristic absorption of the oxime or semicarbazone
over a two-hour period. Similar spectral changes were ob-
served with benzaldeliyde and pyruvate on addition of the
saine nitrogen bases.

NH, OH NH,OCH, | NH, NHCONH,
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Fig. 1.—Spectra of furfural in water: (A) before, (B)
30-90 seconds after and (C) two hours after addition of the
indicated nitrogen base. The base was neutralized to pH
7.2-7.4 and added to a final concentration of 0.5 M except
as indicated. Samples containing base were read against a
blank containing the same concentration of base.
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The absorption maxima of the final products of the reac-
tion of furfural and benzaldehyde correspond to those of a-
furfuraldoxime (in water) and a-benzaldoxime (in 259, eth-
anol) at 271 and 252 mu, respectively, and not to those of tle
B-isomers at 267 and 245 my; in the case of furfural the same
product was observed over the entire range of pH investi-
gated (¢f. ref. 8).

Tlee initial decrease in absorption on mixing carbonyl com-
pound and nitrogen base indicates that a compound otlier
than the final product is formed from these reactants. This
is assigned the carbinolamine, R;C(OH)NHR, structure by
analogy with known addition compounds of liydroxylamine,
semicarbazide and ammonia with carbonyl compounds which
coutain strongly electron-withdrawing groups.% Molec-

(8) O. L. RBrady and R, F. Goldstein, J. Chem. Soc., 1959 (1027).
(9) . K. Chang and T. L. V. Ulbricit, Tu1s JOURNAL, 80, 970
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ular or charge transfer complexes appear unlikely on cliem-
ical grounds and in view of the fact that no chauge in tlie
carbonyl absorption of pyruvate was found in 0.2 M N-di-
methylhvdroxylamine or 0.2 M trimetliylamine.

Equilibrivin cousiants for addition compound formation
were obtained for a number of carbouyl compounds and
nitrogen bases by ineasuring the carbonyl absorption at
shiort intervals after the addition of 4 or more different
concentrations of nitrogen base and estimating the extent
of tlre initial drop in absorption by extrapolation to zero
time (Table 1), As the further formation of oxime nr seini-
carbazone is slow at neutral or slightly alkaline pH, the ex-
trapolation was smnall for all compounds examined except
acetone and cyclohexanone. These two compounds react
rapidly even at pH 8 aud required extrapolation amounting
to 15-30% of the total absorption; thie equilibrium con-
stants for these compounds, which are the average of some
20 dcterminatious, are accordingly less accurate than tlmse
for the other compounds examined. Measurenients at high
base concentration and extrapolation to iaiinite base con-
centration indicated thiat tlie absorption of tlie addition coni-
pounds is negligible at thie wave length used for determinz-
tion of the equilibriui coustant except for pyruvate-Lydrox-
yvlamine, pyruvate-O-metbyllydroxylamine and pyru-
vate-scniicarbazide which sliowed 3, 7aund 8%, respectively,
of the original absorption at 320 mu.

Experiments in which the disappearance of the carbouyl
band was measured by infrared spectroscopy of deutcritun
oxide solutions gave similar results. On mixing equal
voluines of 0.5 M furfural and 2.0 M lhiydroxylamine at pH
7.6 the carbonyl absorbance at 3.99 p dropped immediately
to 2995 of the original value (calculated from equilibriuin
coustant in water, 219}) and then disappeared slowly in an
apsyrroxunately first-order reaction with a half-timte of 2.8
minutes, In a similar experimeunt with sodium pyruvate at
PH 7.2 the drop in carbonyl absorption at 5.83 u was com-
plete at thie time of the first reading 30 seconds after mixing
(calculated disappearance 98%) and a slow formation of
oxime (half-tiine 2.3 minutes) was followed by measuring
the increase in absorption at 7.15 u.

In the neutral pH range the rate of deliydration of addi-
tion compound to form oxime or semicarbazoue is propor-
tional to the amount of complex present and to the concen-
tration of hydrogen ion (Fig. 2). The data for thie reactions
of acetone and furfural with hydroxylamine cover tle rangc
of pH in which hydroxylamine is converted to its conjugate
acid, so that the fraction of the carbouyl compound present
as the addition compound, which is proportional to the coi-
centration of free liydroxylamine, varied from 0.00066 to
0.016 and from 0.0077 to (.41 for acetone and furfural, rc-
spectively., Some deviation from linearity is noted in the
case of furfural as the pH is lowered below 5 (see below).
Although individual experiments were carried out at constant
pH and with a large excess of nitrogen base so tliat pseudo
first-order kinetics were obtained, the first-order rate cou-
stants in dilute solution increase with the concentration of
nitrogen base and of hydrogen ion so that tlie over-all reac-
tion is third order. However, at a higher coucentration
of base, in which most of the carbonyl compound is present
as the addition compound, the rate at a given »H bcconics
independent of the conceniration of nitrogen base and ap-
proaches over-all first-order kinetics; this is the casc, for
example, for pyruvate whicli is 74-95% in the form i the
addition compound in 0.05 to 0.30 M hydroxylamiuc (Fig.
2, solid triangles). The rate constants for oxime formation
from the addition compound, summarized in Table I, in-
crease in the order furfural < pyruvate < benzaldehyde <
acetone < cyclohexanone, The rate constants for delrydra-
tion of the semicarbazide addition compounds of pyruvatc
and furfural are almost identical to those of the correspoud-
ing hydroxylamine compounds.

The rate of oxime formation from pyruvate, furfural and
acctone in the neutral pH region is increased by pliospliate
buffer (Fig. 8). Tlis acceleration is greater at pII 6.7 t_hau
at pH 7.6, suggesting that inn this pH region thiese reactions
are subject to general acid catalysis by HaPO,~ ion as well
as to specific acid catalysis. Acceleration by buffer of the

(1958); ‘A, Kling, Compl. rend., 148, 569 (1809); G. Knopfer, Monatsh.,
82, 768 (1911): A. Hantzsch, Ber., 25, 701 (1892).

(10) Componnds which exist predontinantly in the hydrated forn in
agueons solntion were not stndienl in this investizatio.



Jan. 20, 1959

OXIME AND SEMICARBAZONE FORMATION

477

TABLE I

EQUILIBRIA OF ADDITION COMPOUND FORMATION AND RATES OF PRODUCT FORMATION FROM CaArBONYL COMPOUNDS AND
NITROGEN BASES AT 25.0°

>C=0 RNH:, M pH®

Pyruvate NH,;0H 6.8
0.033-0.133

Benzaldehyde NH,0H 7.4
0.05-0.30

Furfural NH;0H 6.9
0.25-0.61

Cyclohexanone NH,OH 7.6
0.067-0.67

Acetone NH,0H 7.7¢
0.4-3.2

Pyruvate NH;0OCH; 6.5°%
0.033-0.133

Pyruvate NH,NH,* 8.3
0.033-0.133

Pyruvate NH,NHCONH, 6.5
0.067-0.67

Furfural NH;NHCONH, 6.4°
0.27-0.67

e Apparent pH measured with the glass electrode.
¢ ky = kous/[H ] (fraction as addition compound).

Ionic Wave length, k2,

strengthb mp 1. mole -1 1. mole ! min, -1
0.3 320, 240 57 4.0 X 108
0.8 250 11.3 7.0 X 108
3.2 277, 260 5.2 2.2 X 108
3.2 260 6.5 1.5 X 108
3.2 270 1.0 0.91 X 10¢
0.3 320, 240 35 8.0 X 108
0.3 320 24 1.8 X 10¢¥
0.3 335 10 4.8 X 108
0.67 203, 277 1.1 2.0 X 108

b Tonic strength maintained constant in all runs by addition of NaCl.
4 In 0.01 M phosphate buffer. )
ther slow reaction is observed, presumably the formation of dipyruvic acid hydrazide (azine).

¢ At low hydrazine concentration a fur-
7 This rate constant is not

independent of #H due to tie contribution of a non-acid-catalyzed dehydration which becomes significant at high pH.
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Fig. 2,—Rate of oxime or semicarbazone formation as a
function of the concentration of hydrogen ion and of addition
complex: A, acetone 0.0005 M, NH,OH 0.0167 M, u =
0.12, pH 7.2-46, 220 mu; B, benzaldehyde 0.00005 M,
NH,0H 0.1 M, u = 0.3, 25% ethanol, pH 7.6-6.5, 250 mu;
C, pyruvate 0.0005 M, p = 0.3, 240 mu; A, NH,OH 0.1
M, pH 7.5-6.6; A, 0.05-0.3 M, pH 7.2; D, furfural 0.000055
M, NH:OH 0.133 M, » = 0.67, pH 6.94.0, 260 mu; E,
furfural 0.000028 M, NH,NHCONH, 0.167 M, 0.01 M
phosphate buffer, p = 0.67, pH 7.1-5.7, 203 mu. The
fraction of the carbonyl compound in the form of the addi-
tion compound was calculated from the equilibrium con-
staut and tlie couccutration of free base present at each pH.
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Fig. 83.—General acid catalysis of oxime formation by
phosphate buffer; A, 0.0133 M total hydroxylamine,
0.00067 M acetone, ionic strength maintained at 0.5 with
NaCl, measured at 220 my; @, 0.2 M hydroxylamine, 0.0005
M pyruvate, ionic strength maintained at 0.6 with KCl, 240
my; O, 0.5 M hydroxylamine, 0.000055 M furfural, ionic
strength maintained at 0.4 with KCl, 270 mu.
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Fig. 4 —Rates of reaction of hydroxylamine with acetone and furfural as a function of pH: @, no added buffer; O, X, A,
0.025, 0.05, 0.10 M potassium phosphate buffer, respectively; ®, in dilute HCI1; - - -, calculated for rate-limiting acid-cat-

alyzed dehydration of addition complex; - - -- - , calculated for rate-limiting addition of free hydroxylamine to the carbonyl
group. A. Acetone-hydroxylamine: total hydroxylamine 0.0167 M, acetone 0.0005 }M, ionic strength maintained at 0.32
with NaCl, measured at 220 my; calculated curves from kovs. = (1.08 X 108) [H*] (fraction as complex) and from kops. =
6.8 X 104 [NH;OH]; concentration of addition compound calcilated from the equilibrium constant and the concentration

of free hydroxylamine. B. Furfural-hydroxylamine:
compound) and from kobs. = 9 X 104[NH;OH].

rate of oxime formation from d-carvone lias been shiown
previously by Stempel and Schaffel.l?

As the pH is lowered to a point at wlhich the rate of acid-
catalyzed dehydration of addition conipound is fast and the
concentration of nitrogen base becomes small because of
conversion to its conjugate acid, the rates of oxime and
semicarbazone formation no longer follow the above rela-
tionships. For tlie reactions of hydroxylamine with acet-
one and furfural (Fig. 4) the rate begins to fall off below pH
5 and at low pH appears to approach a small and constant
valuc; this represents the pH-independent reaction ob-
served by Barrett and Lapwortli even in stroug acid? whiclt
may be duc to a specific acid-catalyzed addition of free hy-
droxylamine. In the same figure are shown tlie calculated
rates for a rate-limiting acid-catalyzed dehydration of addi-
tionn compound and for a rate-limiting attack of hydroxyl-
amine as the frce basc on the carbonyl group. The former
curve agrees closely with thie experimental results in the
region near neutrality and, although some deviation is ob-
served because of the pH-independent reaction, the latter
predicts the decrease in rate observed at more acid pH.!2
Althouglt individual runs followed pseudo first-order ki-
netics in the presence of excess liydroxylamine, the increase of
the first-order rate constants with increasing free hydroxyl-
amine concentration indicates that the over-all reaction in
this pH region is second order. These data and the known

(11) G. H. Stempel and G. S. Schaffel, TRIS JoURNAL, 66, 1158
(1944).

(12) Complete conversion of the addition product to its conjugale
acid would lead to a constant rate and not to the observed decrease in
rate at more aciil pI1.

total hydroxylamine 0.134 M, furfural 0.000055 M, ionic strength
maintained at 0.67 with NaCl, measured at 260 mu; calculated curves from Eobs.

2.2 X 108[H*] (fraction as addition

equilibrium coustant for acetoxime formation®* permit an
approximate calculation of the rate and equilibrium con-
stants for all of thie steps of thie acetone-liydroxylamine reac-
tion except the base-catalyzed reaction? (Table II).

In contrast to its effect at neutral pH, variation of the
phiosphate buffer concentration at acid pH does not sig-
nificantly alter the rate (Fig. 4). This indicates that general
acid catalysis by buffer is not responsible for the pH-rate
maxima and provides further support for a change in the
rate-lilniting step of the rcaction at acid pH. Gencral
acid catalysis by hiydroxylammoniwm ion also does not ac-
count for the rate maxima, since suclt catalysis would lead to
a maximum at the pK, of hiydroxylamnine® and to a rate
which would be more than first-order in respect to hivdroxyl-
amiue.

The reaction of semicarbazide with furfural shows a simi-
lar decrease from the predicted rate at acid pH, but in
this case the reaction is complicated by botli general* and
specific acid catalysis. Second-order rate constants for
semicarbazone formation, obtained by dividing the observed
pseudo first-order rate constant by the concentration of free
semicarbazide, are plotted logarithmically in Fig. 5 as a
function of pH. From pH 5.7 to 7.1 the rate is directly pro-
portional to hydrogen ion concentration and the second-
order rate constant does not depend on the concentration of
semicarbazide.® Below this pH the rate falls below that
expected from extrapolation of the results at higher pH.
The second-order rate constants become increasingly de-

(13) Experimentsin this pH range were carried ont in 0.01 M phos-
phate buffer; consequently the rates shown are approximately 49,
yreater than thie nncatalyzed rates liccanse of buffer eatalysis,
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TaBLE 11

APPARENT RATE AND EQuIiLiBRIUM CONSTANTS FOR THE
REACTION OF ACETONE AND HyYDROXYLAMINE?

Koverall = [A]/[B][C] 1.06 X 108*
K = [D]/[BIIC] 1.0

K, = [A}/[D] = K/K; 1.06 X 108
ki, u = k[C][B] 6 X 10¢
Pia; O = E[C][B][H*] 1 X107
k- = ki/Ki 6 X 10t
Bos = k/Ky 1 X1
By, v = ky[D]HT] 0.91 X 108
ks = ky/K, 86

a See references 3 and 4. ? A = (CH;),C=NOH, B =
(CH;3)C==0, C = NH:0H, D = (CH,),C(OH)NHOH.

pendent on the semicarbazide concentration with decreasing
pH, indicating general acid catalysis by the conjugate acid
of semicarbazide, and after extrapolation to zero semicar-
bazide concentration the rates still increase with the hy-
drogen ion concentration, indicating that the reaction is
also subject to specific acid catalysis.

Discussion

Since the rate-limiting step of oxime and semi-
carbazone formation at neutral pH is the acid-cata-
lyzed dehydration of the carbinolamine addition
compound, the over-all rate of these reactions at
low reactant concentration is dependent on the
equilibrium concentration of addition compound
and on the rate of its dehydration, while at high re-
actant concentration, with most of the carbonyl
compound in the form of the addition compound,
the rate at a given pH is first-order and dependent
only on the rate of dehydration. Thus the more
rapid rate of oxime formation from pyruvate than
from furfural in dilute solution is due principally to
the more favorable equilibrium constant for forma-
tion of the pyruvate—hydroxylamine addition com-
pound, while the rapid formation of acetoxime is a
consequenice of a rapid dehydration which more
than compensates for the low equilibrium concen-
tration of addition compound. Under these cir-
cumstances it is not surprising that the over-all
rates of semicarbazone formation in a series of
aldehydes and ketones show no correlation with the
equilibrium constants for formation of other addi-
tion compounds.'* The equilibrium constants
given in Table I for formation of hydroxylamine
addition compounds, although obtained under
somewhat different conditions, increase in the or-
der acetone < cyclohexanone ~ furfural ~ benz-
aldehyde < pyruvate, which generally parallels
the equilibrium constants for the addition of cyan-
ide’ and bisulfite!® and the rate constants for the
addition of hydride ion to these compounds.!?
The relatively favorable equilibriuni constant for
the cyclohexanone addition compound compared
to acetone is presumably due to the transition from
an sp; to a less strained sp; hybridization of the car-
bonyl carbon atom in the former compound on ad-
dition compound formation?-* and the low equilib-

(14) Cf. ref. 6, p. 211

(15) A. Lapworth and R. H. F. Manske, J. Chem. Soc., 2533 (1028);
1976 (1930).

(16) M. A. Gubareva, J. Gen. Chem. (U.5.8.S.R), 17, 2259 (1947);
(C. 4., 42, 4820 (1948)).

(17) H. C. Brown, O. H. Wheeler and K. Ichikawa, Tetrakedron, 1,
214 (1957); H. C. Brown and K. Ichikawa, ibid., 1, 221 (1937).

(18) H. C. Brown, R. S. Fletcher and R. B. Johannesen, TH18 JOUR-
Nav, T8, 212 (1951).
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Fig. 5—Furfural semicarbazone formation as a function
of pH: O, 0.167 M semicarbazide, 0.01 M phosphate buffer;
A, 0.0167-0.167 M semicarbazide, 0.01 M phosphate buffer;
®, semicarbazide buffer; ®, extrapolated to zero semicar-
bazide concentration; furfural 0.000028 M, ionic strength
0.67, measured at 293 mgy.

rium constants for the addition compounds of the
aldehydes, furfural and benzaldehyde, which are
only slightly greater than for simple ketones are
presumably the result of the loss of conjugation of
the carbonyl group with the aromatic ring of these
compounds on addition compound formation.!s.!s
It should be noted that the oxime reaction is not
symmetrical with respect to the rates of formation
of addition compound from carbonyl compound
and from oxime since only the latter step is signifi-
cantly acid-catalyzed. Thus, although the equilib-
rium constants are not favored, the relatively rapid
dehydration of the acetone and cyclohexanone addi-
tion compounds may be ascribed to stabilization
by the electron-donating alkyl groups of a transition
state which resembles the immediate product of the
+

reaction >C=N-—, and not the final product,
>C=N—.

Price and Hammett have shown that the dif-
ferences in the rates of semicarbazone formation
from a group of carbonyl compounds in phosphate
buffer at pH 7 are due largely to differences in the
entropy of activation, and suggested that these
differences were due to differences in restriction of

(19) Cf. also J. W. Baker, J, Chem. Soc., 191 (1942); 1089 (1949);
9831 (1952), for further discussion of the effects of structure on cyano-
hydrin equilibria.
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free movement in the transition state.”® As they
pointed out, these differences include the effect of
phosphate catalysis, and it now appears that they
can be further divided into effects on the equilibrium
constant for addition compound formation and on
the rate of acid-catalyzed dehydration; exact in-
terpretation of these effects and of similar data
from other laboratories?! must therefore await the
determination of the differences in the energy and
entropy of the individual reaction steps. Simi-
larly, the recently described lack of correlation of
the rates of semicarbazone?? and Schiff base?*
formation in a series of substituted benzaldehydes
with Hammett’s substituent constants, ¢, may be
accounted for, as was already suggested as a possi-
bility by these workers,?22% by the two-step course
of these reactions.

The alkali-catalyzed reaction of hydroxylamine
with acetone described by Barrett and Lapworth?
has generally been attributed to a reaction of the
H,NO~ anion, but it has not been clear how the at-
tack of this anion should lead to oxime formation.
It now appears that hydroxide ion catalysis of this
reaction represents a base-catalyzed dehydration
of addition compound, or, in the reverse reaction,
an attack of hydroxide ion on acetoxime.

The over-all rates of reaction of hydroxylamine
and semicarbazide with the same carbonyl com-
pound are very similar, although the basicity of
hydroxylamine is 300 times greater than that of
semicarbazide and its nucleophilic strength would
be expected to be greater by a similar factor. The
nucleophilic strength, however, governs only the
rate of attack of these compounds on the carbonyl
group, while the over-all rate of reaction at neutral
pH depends on the rate of dehydration, which is
similar in both cases, and on the equilibrium con-
stant for the formation of addition compound,
which depends on the relative affinities of the nitro-
gen atom for hydrogen and for the carbonyl carbon
atom. From the equilibrium constants for the
formation of pyruvate addition compounds, this
relative affinity appears to vary over only a sixfold
range from semicarbazide (pK, 3.7)* to methoxy-
amine (pK, 4.6)% to hydroxylamine (pK, 6.0)* to
hydrazine (pK. 7.9).%2 Not all nitrogen bases with
a replaceable hydrogen atom will form addition
compounds, however, since no decrease in the ab-
sorption of pyruvate at 320 mu was found in 2 M
piperidine or 1 A/ imidazole, suggesting that the
affinity of the nitrogen atom of these compounds for
the carbonyl group is much less. The affinity of
the oxygen atom of water for the carbonyl carbon
atom is also small since all of the compounds exam-
ined exist in the carbonyl form rather than as the
hydrate in aqueous solution. A possible explana-
tion for the abnormal affinity of semicarbazide, hy-
drazine and hydroxylamine for the carbonyl
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group is that the addition compounds may be sta-
bilized by hydrogen bonding of the hydroxyl hy-
drogen to the a-nitrogen or oxygen atom of the
base in a manner similar to that postulated for sta-
bilization of the transition state in the unusually
rapid attack of hydroxylamine on the carbonyl
group of activated acyl compounds.’

O0—H
> c< ;
N—N<

The unfavorable equilibrium constants for the addi-
tion of water to acetoxime (Table II) and to fur-
fural and pyruvate semicarbazones, calculated from
the known equilibrium constants of the over-all re-
action and of addition compound formation (Table
III), also reflect the relatively low affinity of the
water oxygen for carbon as well as the relatively
low susceptibility of the weakly electronegative
>C=N— group to addition reactions.

TaBLE III

APPARENT RATE AND EQUILIBRIUM CONSTANTS FOR THE
REACTIONS OF FURFURAL AND PYRUVATE WITH SEMICARBA-

ZIDE
Koverall® K Kb kg
Furfural 1.82 X 105 1.1 1.2 X 10° 16.7
Pyruvate 1.96 X 105 10 1.96 X 10¢ 245
8 [>C==NR]/[>C=0][H,NR] from ref. 4. ?[>C=
NR]/[>C(OH)NHR]; from Koyeran/Ki. ©v_g=k_y [>C-

=NR | [H*] from ks/ K.

At acid pH the rates of oxime and semicarbazone
formation are less than those calculated for a rate-
limiting acid-catalyzed dehydration of addition
compound. This is interpreted as a transition to a
rate-limiting addition of free nitrogen base to the
carbonyl group under conditions in which the rate
of acid-catalyzed dehydration is very fast and, in
the case of hydroxylamine, the concentration of
nitrogen base is lowered by conversion to its conju-
gate acid. With the weakly basic semicarbazide
molecule, which would be expected to react rela-
tively slowly with carbonyl compounds, this transi-
tion occurs at a higher pH than with the more basic
hydroxylamine. Moreover, the addition of semi-
carbazide is subject to both general and specific
acid catalysis, as might be expected for a weak nu-
cleophile,? while acid catalysis is of minor impor-
tance for the addition of the stronger base, hy-
droxylamine. The addition of the still weaker base,
water, to the relatively unreactive >C=N-— group
appears to be completely dependent on acid cataly-
sis, since the reverse of this reaction, dehydration
of the addition complex, requires acid catalysis
and must pass through the same transition state.

Although the analogous reactions of phenylhy-
drazine with carbonyl compounds could not be
studied by ultraviolet spectroscopy, data in the lit-
erature strongly suggest that these reactions also
proceed with the slow dehydration of an interme-
diate addition compound. Such a formulation was
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+

gronmis becausc of the inahility of the RNHj group to ict as a nicleo-
philic reagent.
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proposed by Bodforss,? following a suggestion by
Wieland,® to explain the rapid fall in phenyl-
hydrazine concentration and the slow formation of
colored phenylhydrazone which was observed on
mixing phenylhydrazine and m-nitrobenzaldehyde.
Phenylhydrazone formation was found to follow
monomolecular kinetics, as would be expected if
the aldehyde were almost completely converted to
addition compound in an initial fast reaction. In
the analogous reaction with acetophenone, bimolec-
ular kinetics was observed at low phenylhydrazine
concentration, as would be expected if the concen-
tration of addition compound in equilibrium with
starting materials were low. Similar shifts from
first- to second-order kinetics, depending on the
concentration of nitrogen base and the equilibrium
constant for addition compound formation, are
described above (¢f. Fig. 2) and account for the
varying order of reaction described by other work-
ers for phenylhydrazine reactions.?

The acid and alkaline hydrolysis of esters and
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amides has been shown by Bender to be accompan-
ied in many cases by incorporation of O from wa-
ter into unreacted ester or amide, suggesting that
an intermediate addition product has some stabil-
ity in these reactions.* The even greater impor-
tance of a tetrahedral addition product in these re-
actions of aldehydes and ketones suggests that rate-
acceleration by enzymes and other catalysts of the
reactions of a number of carbonyl compounds may
be due to an acceleration of the decomposition of
addition compounds rather than to acceleration of
the addition of a nucleophilic reagent to the car-
bonyl group.
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Rearrangements of Aryl Sulfones. II.

The Synthesis and Rearrangement of Several

o-Methyldiaryl Sulfones to o-Benzylbenzenesulfinic Acids’
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The synthesis and n-butyllithium-induced rearrangement of phenyl o-tolyl sulfone and some of its methylated honiologs
to the corresponding substituted o-benzylbenzenesulfinic acids is reported.

The synthesis of phenyl o-tolyl sulfone by the
Friedel-Crafts reaction of o-toluenesulfonyl chlor-
ide with benzene is reported in the literature,?
We have also carried out this reaction obtaining
results similar to those described. Because of the
difficulty in preparing sizable amounts of the
sulfonyl chloride completely free of the para isomer,
however, an alternate procedure was investigated.
This involved treatment of o-tolyllithium with
phenyl disulfide according to the method of
Burton and Davey.® Oxidation of the product
gave phenyl o-tolyl sulfone in good over-all yield.
The sulfone prepared in this manner was identical
to that prepared by the Friedel-Crafts reaction.

The preparation of phenyl 2,4-xylyl sulfone is
also described in the literature.* The reported
reaction of 2,4-dimethylbenzenesulfonyl fluoride
with phenylmagnesium bromide, however, seemed
less attractive than the Friedel-Crafts reaction of
the corresponding sulfonyl chloride with benzene;
hence, the latter preparation was used.

Phenyl 2,6-xylyl sulfone was prepared in good
yield via the sulfide in a reaction sequernce similar
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to that used to prepare phenyl o-tolyl sulfone. In
the preparation of this sulfide, however, the re-
action of 2,6-dimethylphenyllithium with ben-
zenesulfenyl chloride® instead of phenyl disulfide
was employed.

The reaction of solutions of these sulfones in re-
fluxing ether with a 59, excess of n-butyllithium
gave the corresponding o-benzylbenzenesulfinic
acids, e.g.

—C,H,Li HtT
S0,CeH, ___71_.04_‘_, a2

SO.H

CH; CH.CqH;

Both mesityl sulfone and phenyl 2,6-xylyl sulfone
rearranged almost completely, while phenyl o-
tolyl sulfone and phenyl 2,4-xylyl sulfones gave
only a 65-709% conversion to the corresponding
sulfinic acids, most of the remainder being re-
covered as starting sulfone on hydrolysis. These
low conversions might be the result of a reaction
concurrent with rearrangement whereby the com-
mon intermediate, I, is used up. This 1s doubtful,

(5) Sulfenyl chlorides may be used to good advantage in place of di-
sulfides in such preparations where a product free of the starting di-
sulfide is desired. This is unnecessary, however, if the sulfide is to be
oxidized to the sulfone,



