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and dried 1n vacuo. It was then extracted for 24 hr. with 500
ml. of anhydrous ether in a Soxhlet apparatus.2* The ether-
insoluble material in the thimble was then extracted for 48 hr.
with 500 ml. of 959 ethanol. Pure 2,8-dimethylphenothiaphos-
phinic acid crystallized from the alcoholic solution, and a second
crop could be obtained by evaporating the mother liquor to
incipient crystallization. The yield was 6.90 g. (25%), m.p.
>300°.

Anal. Caled. for C,H;:O.PS: P, 11.21; S, 11.60; neut. equiv.,
276.3. Found: P, 11.13; S8, 11.80; neut. equiv. 279.1.

2,8-Dimethyl-5,5-dioxophenothiaphosphinic Acid.—When a
suspension of 1.05 g. of 2,8-dimethylphenothiaphosphinic acid in
20 ml. of boiling glacial acetic acid was treated with 3.0 ml. of
309, hydrogen peroxide, virtually all the solid went into solution
and soon a voluminous precipitate separated. The reaclion

(24) This step served to remove an oily material which was not identified,
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mixture was then allowed to sit on a steam bath for 2 hr. and
finally cooled. The precipitate was removed by filtration and
washed with copious quantities of water. The yield was 1.02 g.
(87%), m.p. >300°. The infrared absorption spectrum in
potassium bromide exhibited strong maxima at 1158 and 1315
cm. !, which were assigned to the symmetric and asymmetric
stretching modes of the SO, group.”® These bands were absent
in the parent sulfide.

Anal. Caled. for CtH;0.PS: C, 54.54; H, 4.25. Found:
C, 54.39; H, 4.29.
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(25) L. J. Bellamy, “The Infrared Spectra of Complex Molecules,” 2nd
Ed., John Wiley and Sons, Inc., New York, N, Y., 1958, pp. 360-363.
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The kinetics of the reaction of aromatic aldehydes with ammonia to form hydrobenzamides have been studied

spectrophotometrically in methanol at 30°.
with ammonia.

The reaction is first order with respect to aldehyde and first order
The effect of water, potassium hydroxide, and temperature on the rate has been studied. The

application of Hammett’s law to the rates gives a positive p-value for the reaction of aldehydes with electron-

releasing substituents and a negative p-value with electron-withdrawing substituents.
observed in the formation of hydrobenzamides with electron-withdrawing substituents.

Induction periods were
These results suggest a

probable mechanism involving e-aminobenzyl alcohol and benzylidenimine, etc.

The reaction of benzaldehydes with ammonia gives
hydrobenzamides, ArCH=NCH(Ar)N=CHAr. Dob-
ler has observed the rate of the reaction by means of
acidimetry to be second order.! He observed no sys-
tematic substituent effect. The analogous condensa-
tion of aromatic aldehydes with n-butylamine,? semi-
carbazide,®* or anilines® has been studied, Hammett’s
rule not being applicable for the benzylidenimine or
semicarbazone formation. Some investigators have
reported that the reaction of benzaldehyde with am-
monia also produces benzylidenimine,®” NH=CHPh;,
a,a’-dioxydibenzylamine,® NH(CH(OH)Ph);; and 2,-
4,6-triphenyl-1,3,5-hexahydrotriazine,* (—NH-—CH-
Ph—);. The present paper summarizes our data on the
kinetic investigation of the reaction involving the effect
of basicity of the solution, the effect of substituents,
and a probable mechanism derived from the results.
Since acidimetry gave no accurate rates of reaction,
we employed spectrophotometry.

Experimental

Materials.—Commercial benzaldehyde, b.p. 78.8° (26 mm.),
and p-anisaldehyde, b.p. 159.0° (44 mm.), were purified by
vacuum distillation under nitrogen. p-Chlorobenzaldehyde,
m.p. 46.5-47.5°, and p-cyanobenzaldehyde, m.p. 101-102°, were
prepared by the chromic acid oxidation of p-chlorotoluene and

(1) F. Dobler, Z. physik. Chem. (Leipzig), 101, 1 (1922).

(2) G. M. Santerre, C. J. Hansrote, and T. I. Crowell, J. Am. Chem.
Soc., 80, 1254 (1958).

(3) J. D. Dickinson and C. Eaborn, J. Chem. Soc., 3036 (1959).

(4) B. M. Anderson and W. P. Jencks, J. Am. Chem. Scc., 82, 1773
(1960).

(5) E. F. Pratt and M. J. Kamlet, J. Org. Chem., 26, 4028 (1961).

(6) R. K. McLeod and T. I. Crowell, ibid., 26, 1094 (1961).

(7) H. H. Strain, J. Am. Chem. Soc., 49, 1561 (1927).

(8) F. Francis, Ber., 42, 2216 (1909).

(9) S. V. Svetozarskii, E. N. Zil'berman; and A. I. Finkel'shtein, Zh.
Obshch. Khim., 81, 1717 (1961).

p-tolunitrile, respectively. Commercial methanol was purified
by distillations and used as the solvent. Aqueous ammonia was
of guaranteed reagent grade. Methanolic ammonia free of
water was prepared by passing ammonia gas, dried with sodium
hydroxide, into methanol dried by boiling with magnesium.

Products.—Hydrobenzamides were prepared by the reaction of
concentrated aqueous ammonia and aldehydes in methanol, the
resulting precipitates being recrystallized from methanolic am-
monia: hydrobenzamide, m.p. 100-101° (lit.* m.p. 102°); hy-
droanisamide, m.p. 128.5-130.5 (lit.'? m.p. 130°); 4,4’,4''-
trichlorohydrobenzamide, m.p. 87-90°; 4,4’,4''-tricyanchydro-
benzamide, m.p. 130-132°. Infrared spectra!’ of these products
showed the C=N band at 1632-1636 cm."!, but no absorption
corresponding to the C=0, =NH, or —OH band was observed.
4,4’,4"-Trichlorohydrobenzamide and 4,4’,4"'-tricyanochydro-
benzamide are new compounds.

Anal. Caled. for CyH;sCL:N:: C, 62.78; H, 3.76; N, 6.97.
Found: C, 62.73; H,3.87; N, 6.87.

Anal. Caled. for C;,Hi 3 N;: C, 77.20; H, 4.05; N, 18.76.
Found: C, 77.62; H, 4.10; N, 18.18.

Rate Measurements.—For the determination of the concentra-
tions of benzaldehyde [B] and hydrobenzamide [H], two wave
lengths of benzaldehyde at 245 (absorption max.) and 270 my
(absorption min.) were selected. Their concentrations were
determined by ultraviolet spectrophotometry for binary mix-
tures.’* The values of the molar extinction coefficient were
determined experimentally: for benzaldehyde, ema.x 1.319 X 104
(1it.® €40y 1.32 X 10*), emin 1.098 X 103; for hydrobenzamide,
emax 2.800 X 104, emin 1.016 X 10%. The absorption of the prod-
uct, hydrobenzamide, could be determined by converting the re-
maining benzaldehyde into acetal with a drop of sulfuric acid in
methanol. The spectrum of hydrobenzamide (Amax 251 mugu)
showed a bathochromic shift (Amax 281 mu) by addition of sulfuric
acid. A methanolic solution of hydrobenzamide was stable at
room temperature. Since the decomposition of hydrobenzamide

(10) 8. V. Lieberman and R. Connor, “Organic Syntheses,” Coll. Vol II,
John Wiley and Sons, Inc., New York, N. Y., 1043, p. 441.

(11) A.Firth, Monatsh., 27, 839 (1906).

(12) O. Fischer, J. prakt. Chem., [2]77, 129 (1908).

(13) L. J. Bellamy, “The Infrared Spectra of Complex Molecules,”
2nd Ed., John Wiley and Sons, Inec., New York, N. Y., 1958.

(14) C. N. R. Rao, “Ultraviclet and Visible Spectroscopy,” Butterworth
and Co. (Publishers) Lmt.. London, 1961, p. 73.

(15) J. VanAllan and J. F. Tinker, J. Org. Chem., 19, 1243 (1954).
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Fig. 1.—The comparison of the consumption of benzaldehyde
and the formation of hydrobenzamide, [NH;lo = 0.488 M,
[PhCHO], = 0.255 M, at 30°: O, benzaldehyde consumed; ©,
benzaldehyde converted to hydrobenzamide.

was negligible within a minute after the addition of sulfuric acid,
the absorbances were measured at just 1 min. after the addition.
Then the rate of the formation of hydrobenzamide was measur-
able. The rate constants by both methods were identical within
experimental error with unsubstituted benzaldehyde. The rates
with other substituted benzaldehydes were estimated by the
latter method. Absorption maxima of substituted hydrobenz-
amides were as follows: p-MeO, 320; p-Cl, 295; and p-CN,
270 myu. The rate constants, ks, with p-chloro- and p-cyano-
benzaldehyde were calculated by eliminating their induction
periods, which were obtained by the extrapolation of plots of the
concentration of formed hydrobenzamides us. time to zero con-
centration.

The typical experiment for the rate measurements was as
follows: 0.450 M benzaldehyde (25 ml.) in methanol and 0.976 M
methanolic ammonia (25 ml.) which had previously attained
thermal equilibrium were mixed in a 100-ml. thermostated flask
kept at 30.0 &= 0.1°. Aliquots were periodically withdrawn and
diluted with methanol by a factor of 1.6 X 10°. Then their ab-
sorbances at 245 and 270 mu were determined by Shimadzu auto-
matic spectrophotometer SV 50 A at room temperature. In-
frared spectra were measured by Shimadzu spectrophotometer
IR-27 B.

Results and Discussion

Rate Law.—The reaction was found to be second
order and satisfied the rate equation that follows.

dr _ 2 _
v = Er = ky(a — gz)(b r) (1)
or
a-2z
1 2.303 3 a
et 20 (e = —teef) @

-39

Here, a and b are the initial concentrations of ammonia
and benzaldehyde, respectively, z the concentration of
consumed benzaldehyde at time ¢, and k&, the apparent
second-order rate constant. Typical rate data are
shown in Table I. The rate constant tended to de-
crease very slightly with increasing initial molar ratio
of ammonia vs. benzaldehyde (Table 1I). As the re-
action proceeds, the molar ratio with an excess of am-
monia increases and hence the rate constants decrease
very slightly at the end of the reaction. If the react-
ants are converted completely to the product, =
moles of consumed benzaldehyde should yield x/3
moles of hydrobenzamide according to the following
stoichiometric equation.

Ocata, Kawasak1, aAND OKUMURA
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TasLE [

TyricaL RATE DATA FOR THE REACTION OF BENZALDEHYDE AND
AMMmoNIA AT 30°°

Time, [PhCHO] Conversion, k2 X 104,
sec. M % 1. mole ~1 sec. "}
0 0.225 0

610 0.211 6.2 2.16

1225 0.196 12.8 2.34

1810 0.187 17.0 2.15
2710 0.170 24 4 2.19
3610 0.154 31.6 2.29
5400 0.128 43.1 2.31
7200 0.112 50.3 2.19

Av. 2.23 £0.02

@ Initial concentration: ammonia, 0.488 M, benzaldehyde,
0.225 M.

TasLE 11

THE EfrEcT OF THE INITIAL MOLAR RATIO OF AMMONIA wvs.
BENZALDEHYDE ON THE SECOND-ORDER RATE CoNsSTANT AT 30°

Initial conen. of

benzaldehyde, Initial conen. of [NH:lo k2 X 104,

[PhCHOY), M ammonia, [NHsle, M [PhCHOJs 1. mole~lsec.”!
0.0480 0.489 10.2 1.42
0.0968 0.744 7.7 1.68
0.0956 0.489 5.1 1.65
0.0927 0.360 3.9 1.89
0.143 0.489 3.4 1.86
0.0913 0.247 2.7 2.06
0.0887 0.196 2.2 2.06
0.225 0.488 2.2 2.23
0.142 0.251 1.8 2.46
0.105 0.148 1.4 2.54
0.179 0.239 1.3 2.24
0.252 0.251 1.0 2.37
0.292 0.201 0.7 2.84

K

3PhCHO + 2NH; = (PhCH=N),CHPh + 3H;0 (3)

However, consumed benzaldehyde was not quantita-
tively converted to hydrobenzamide, as shown in Fig.
1, which suggested that a very small but constant
amount of benzaldehyde existed as some intermediates
during the reaction. The difference in the curves of
Tig. 1 is more than the experimental error on the basis
of several experiments. The difference is more obvious
at a very early stage of the reaction. This effect was
so small with benzaldehyde that the rate constant ob-
tained by the estimation of the product (1.91 X 10—*
1. mole—! sec.— 1) and that of the reactant (1.83 X 10—
l. mole~! sec.”!) agreed. However, an induction
period was observed with benzaldehydes having elec-
tron-withdrawing substituents, as will be stated later.

The Effect of Addition of Water or Alkali.—The addi-
tion of water retarded the apparent rate and the rate
equation deviates from eq. 1. Conversions at 120 min.
were as follows (added water in vol. 9 and conversion
in %): 5,47.5; 10, 43.6; 15, 37.8; 20, 35.2. These
facts may be due to the predomination of the decom-
position of the product or the reverse reaction of eq. 3.
Observed equilibrium constants K in the presence of
various amounts of water held constancy (Table III).

[(PhCH=N ),CHPh][H,0]?
[PhCHOJ?[NH;]?

K = (4)
In the presence of 20 vol. 9, of water, hydrobenzamide
corresponding to 549, of consumed benzaldehyde was
precipitated, hence the observed equilibrium constant



JuLy, 1964 KINETICS OF THE REACTION OF AROMATIC ALDEHYDES WITH AMMONIA 1987
TasLe 111
ErrFecTs or WATER ADDED AT 30°
Equilibrium —3.6 F
Rate constants, constants,

~————Initial conen. —  [H:0}, ke X 104 K x 107° .

[NHsle, M [PhCHOl, M vol. % 1 mole tsec.™! 1. mole ! =
0.494 0.215 5 2.11 1.37 $ —38L
0.494 0.219 10 1.37 T
0.490 0.224 15 1.24 <
0.490 0.227 20 2.62¢ 8

(1.21p z 407
AV. 1.30 ga
» Hydrobenzamide was precipitated. ® The value of the -
calculated equilibrium constant by eliminating the amount of A
precipitate. —42

became higher, while the equilibrium constant calcu-
lated by eliminating the amount of precipitate of
hydrobenzamide agreed with other values.

It is well known that Schiff’s base formation is sub-
ject to acid catalysis. The data in Table IV show that

TasLE IV
ErrecT OF PorasstuM HYDROXIDE aT 30°
Initial conen. —_— k2 X 104,
{NH:lo, [PhCHOJ], [KOH]J, 1. mole 1 Time, Conversion,
M M M sec. 1 min. %

0.251 0.142 0 2.46 240 60
0.250 0.149 0.152 1.52 240 33
0.252 0.139 0.247 0.94 240 26.7
0.232 0.123 0.280 240 23.2

an increase of concentration of alkali results in retarda-
tion of the formation of hydrobenzamide, hence in-
crease in the concentration of intermediates (amino
aleohols) and deviation from the above kinetic equation;
i.e., the order of the reaction became more than 2.
These results may be caused by the suppression of acid
catalysis for the dehydration of amino aleohols with
added alkali.

Energy and Entropy of Activation.—The apparent
energy and entropy of activation were calculated to be
9.73 kecal. mole~! and —40.3 e.u., respectively, by
means of the Arrhenius equation from the rate data:
ks X 10* 1. mole~! sec.”1, 0.690 at 10°, 2.23 at 30°,
5.13 at 50°. These values can be expected in the
analogous reaction, 7.e., the reaction of p-dimethylamino-
benzaldehyde with ammonia (10.9 keal. mole!
—43.7 e.u.)5, p-chlorobenzaldehyde with n-butylamine
(7.0 keal. mole—!, —41.3 e.u.),? or p-nitrobenzaldehyde
with n-butylamine (8.0 kcal. mole™!, —33.7 ew.).?
These resemblances in energies and entropies of activa-
tion suggest that the analogous imine formation and
transition state are involved. If the rate-determining
step is the addition of ammonia to aldehyde, such a
large negative value for entropy of activation is con-
ceivable, since reactions in which the total number of
molecules decreases!® or the reactions involving a
strongly polar transition state!” produced from neutral
molecules may be remarkably negative.

Effect of Substituents in Aldehydes on the Rate.—A
simple Hammett’s rule was not applicable to the
reaction as shown in Fig. 2. The Hammett’s plot
reaction of benzaldehydes with ammonia in methanol

{(18) E. 8. Gould, “Mechanism and Structure in Organic Chemistry,”
Henry Holt and Company, Inc., New York, N. Y., 1960, p. 181.

(17) F. P. Price, Jr. and L. P. Hammett, J. Am. Chem. Soc., 63, 2387
(1941).

—~0.6 —-0.3 0.0 0.3 0.6

a.

Fig. 2—Hammett’s plot for the reaction of aromatic alde-
hydes with ammonia: A, the value was calculated from the data
of McLeod and Crowell.®

gave g positive p-value (+1.1) for the reaction of alde-
hydes with electron-releasing groups and a negative
p-value (—0.65) with electron-withdrawing groups.
Analogous relationships have been observed previously
for the reaction of aromatic aldehydes with semicar-
bazide in 759, ethanol® and with n-butylamine in
methanol.? The reaction was followed by the estima-
tion of the rate of the formation of the produets. No
induction period was observed with an electron-releas-
ing group (OCHj;), whereas an induction period was ob-
served with electron-withdrawing groups (CN, CI)
as has been reported in the formation of oximes and
semicarbazones's of aromatic aldehydes.

A 0.8 M p-chlorobenzaldehyde solution and a 0.8 M
methanolic ammonia solution were mixed at 30°,
and the absorption corresponding to carbonyl group
(250-260 my) was measured. The absorption of the
aldehyde at 255 mu decreased at the start of reaction,
and after an interval the absorption of hydrobenzamide
at 259 my increased, until it became stronger than that
at the start. The same phenomenon was also con-
firmed by means of infrared spectrum. The carbonyl
absorption of p-cyanobenzaldehyde at 1702 cm.™!
decreased at room temperature to 919 of the initial
absorbance after 5 min., 869, after 14 min., 809 after
20 min., and 619% after 94 min. The absorption at
1635 em.! corresponding to C=N did not appear
within 20 min., whereas the absorption was appreciable
after 94 min. On the contrary, the absorption of un-
substituted hydrobenzamide at 1634 cm.~! increased
with decreasing absorption at 1697 em.~! in the reac-
tion of benzaldehyde whieh had no induction period.
The second-order rate constant (1.90 X 10—* L
mole~! sec.™!) of the consumption of p-cyanobenzalde-
hyde calculated from the absorption at 1702 em.™!
was ca. twice as large as that of benzaldehyde (0.83
X 10-¢ 1. mole~! sec.~!) from 1697 em.~! within 209,
conversion under the same conditions. As shown in
Tig. 2, the rate constant for the formation of hydro-
benzamide was higher than that of 4,4’,4"'-tricyano-
hydrobenzamide. These facts show that electron-
withdrawing groups accelerate the rate of the consump-
tion of aldehyde but retard the rate of the formation of

(18) W.P. Jencks, ibid., 81, 475 (1959).
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the hydrobenzamide, and suggest that the rate-deter-

mining step shifts from addition to dehydration as sug-

gested by Jencks in the formation of oximes and semi-
carbazones.

The Reaction Mechanisms.—The results in the re-
action of benzaldehydes with ammonia in methanol are
summarized (1-7) and suggest Scheme 1.

(1) The over-all reaction is reversible, and the ad-
dition of water makes the reverse reaction ap-
preciable.

(2) Since the reaction is second order, the rate-de-
termining step may be the addition of ammonia
with aldehyde or the dehydration of the resulting
a-aminobenzyl alcohol. :

(3) The rate of the formation of hydrobenzamide
decreases slightly with increasing molar ratio of
the initial concentration of ammonia vs. that of
benzaldehyde.

(4) The addition of potassium hydroxide retards the
rate of the reaction and the amount of inter-
mediate may increase with increasing time.

(5) A positive Hammett’s p-value was obtained with
electron-releasing p-substituents in benzaldehyde
and a negative p-value with the electron-with-
drawing substituents.

(6) An induction period was observed in the formation
of hydrobenzamides with electron-withdrawing
substituents.

(7) The rate of the consumption is faster with p-
cyanobenzaldehyde than with benzaldehyde, while
the rate of the formation of hydrobenzamides from
p-cyanobenzaldehyde is slower than that from
benzaldehyde.

The steps leading to benzylidenimine (IT) have been
reported in very dilute solution.® As stated above, the
rate-determining step may be the formation of a-
aminobenzyl aleohol T (step a) or the dehydration to
IT (step b). The formation of hydrobenzamide V
from II should be fast, since the rate is second order.
The dehydration (b) may be rate determining in weakly
basic media as reported by Jencks and others,

(19) B. M. Anderson and W. P. Jencks, J. Am. Chem. Soc., 83,1773 (1960).
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ScHEME I
- H:0
ArCHO + NH; — Ar(fHNHz —— ArCH=NH
a b
OH 1 1I
1 LA:CHO 1 LArCHO
—H:0

ArCHNHCHAr — ArCH=N—CHAr

é)H 6H iL v (’)H
111 ArCH==NH
ArCH=N

~N
CH—Ar

ArCH=N
Vv

The mechanism explains the facts that a constant
amount of intermediates exists (Fig. 1), that the rate
of the formation of hydrobenzamide decreases on ad-
dition of alkali by retarding acid-catalyzed dehydration,
and that electron-withdrawing substituents increase
the rate of the consumption of the reactants and reduce
the rate of the formation of the products because of
the elongation of induction period. However, in the
reaction of benzaldehydes with electron-releasing
groups the rate-determining step may be the addition
(a) because of its positive p-value and the absence of
induction period. When the initial concentration of
benzaldehyde was higher than that of ammonia, the
reaction of I with benzaldehyde yielding «,a’-dioxy-
dibenzylamine (III) isolated by Francis® became ap-
preciable and caused a little increase in the rate con-
stant (Table IT). There was no evidence for the forma-
tion of 2,4,6-triphenyl-1,3,5-hexahydrotriazine® under
these conditions. Although the formation of hydro-
benzamide from IT or I1T seems to be fast, these steps are
still obseure with the present data.
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An Experimental Assignment of Peaks in Purine Derivatives'
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A facile hydrogen for deuterium exchange in the purine nucleus and an unambiguous synthesis of 6- and 8-
deuteriopurine have enabled us to determine the assignments for the proton magnetic resonance spectra of

several purines and their nucleosides.
solutions occurs for several 6-substituted purines.

In a previous paper of this series?® assignments of the
aromatic protons in the p.m.r. spectra of several purine
derivatives have been proposed. These assignments
were based solely on a comparison of different spectra
and are therefore unsatisfactory for any detailed study.

(1) (a) Supported in part by U. 8. Public Health Service Grants GM-
0951 and GM-K3 and by National Science Foundation Grant G-192686;
(b) postdoctoral fellow of the U. 8. Public Health Service.

An inversion of the order of peaks in passing from alkaline to acidic
A qualitative explanation for this effect is presented.

In the present investigation they were tested by the
examination of p.m.r. spectra of several deuterated
derivatives. 6-Deuterio- and 8-deuteriopurine were
prepared by direct, unambiguous synthesis. A con-
venient method for the preparation of other 8-deu-

(2) (a) C. D. Jardetzky and O. Jardetzky, J. Am. Chem. Soc., 82, 222
(1960). (b) Note Appep 1IN Proor.—A study of purine assignments
similar to ours was recently reported by M. P. Schweizer, S. I. Chan, G.
K. Helmkamp, and P. O. Is’o [J. Am. Chem. Soc., 86, 696 (1964)].



