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Ahstraet-The formic acid reduction of azomethine which has been reported* to proceed nearly 
quantitatively by the use of the fonnate reagent, 5HCO&I*2NEts, was kinetically investigated by the 
carbon dioxide trapping and UV spectroscopic methods, using N-benzylideneanihne as a representa- 
tive. Rate data gave the rate equation, v = (k+ k’[NEt&N-benzylideneaniline][HCO&I], indicating 
two-path mechanism. By the technique of using deuterated formic acids, it was found that the hydrogen 
bound to the carbon of formic acid is transferred as hydride to the carbon of the C=N double bond 
in the rate determining step. The reaction is facilitated by the electron-re.leasing substituents of the 
two benzene rings of N-benzylideneaniline. On the bases of these results a possible mechanism is 
proposed. 

Extensive investigation on the mechanism of the 
formic acid reduction has to be made, although in 
a few papers the formic acid reduction of triphenyl- 
carbinol,3 emunines and bisamines5 has been dealt 
in some mechanistic aspects. 

The present paper deals with kinetic studies of 
the formic acid reduction of the azomethine double 
bond. In the previous paper,2 has been introduced 
the quantitative reduction of Schiff’s base with the 
constant boiling liquid of the fonnate, TMAF,s 
b.p. 92” (18 mmHg), corresponding to 5HCOrH. 
2NMe,. For the kinetic studies on this formic acid 
reduction, we used the liquid formate, TEAF,’ 
b.p. 98 (18 mmHg), corresponding to SHCO,H. 
2NEts in place of TMAF, because volatile tri- 
methylamine in TMAF escaped during the course 
of the reaction as formic acid was consumed. Pre- 
liminary experiments conkned that the reduction 
of some selected azomethines with TEAF pro- 
ceeded nearly quantitatively in the same way as 
that with TMAF. 

RESULTS 
Rate of the reduction. Using N-benzylidene- 

aniline as a representative azomethine, rate was 
measured under the selected conditions using di- 
ethyl carbitol as a solvent at a temperature of 
85 +O* 19 The TEAF reduction of N-benzylidene- 
aniline to N-benzyl-N-phenylformamide was 
considered to proceed through N-phenylbenzyl- 
amine. 

*A part of this work was supported by a Grant-in-Aid 
for Fundamental Scientific Research from the Ministry of 
Education. 

C&CH=NC&+HCOJ-I - 
(TEM) 

C&CH$lHC& + CO, 

C&CH2NHC& + HCOrH - 
(TEAF) 

CJ-WH~NC&+ H,O 

CHO 

This was confirmed by isolation of the N-phenyl- 
benzylamine intermediate by carrying out the re- 
action with less TEAF. 

In order to obtain reliability, kinetic runs were 
carried out by the two methods, which were 
based on measurement of amount of CO2 evolved 
and of the decrease in the UV absorption of N- 
benzylideneaniline. 

By the COr trapping method, effect of concentra- 
tions of N-benzylideneaniline and of TEAF on tbe 
rate of the reduction were determined. Results 
are shown in Table 1. The kinetic equation of the 
first order with respect to N-benzylideneaniline 
was demonstrated from runs 2 and 3. From the 
results in Table 1, a straight line having an inter- 
cept was obtained by plotting u/[B][TEAF] 
against [TEAF] as in Fig 1, where B is N-benzyl- 
ideneaniline. Consequently, the following equation 
was obtained. 

u = (/&O’+k!rco’fTEAF])[B]lTEAF] (1) 

Values of kqos and kkco* were calculated to be 
(3 -05 f 0.337) X lob5 Ilmolesec and (9.78 + O-730) x 
10V5 P/mole*-see, respectively. Concentration of 
TEAF can be replaced by concentration of formic 
acid or triethylamine. It was then needed to deter- 

57 



58 M. SEKIYA, K. MORI, K. ITO and K. SUZUKI 

Table 1. The effect of the concentration 
of N-benzylideneaniline and TEAF 

[B] [TEAF] u X 10’ 
Run No (mole/l) (mole/l) (mole/l.sec) 

1 0.250 0.150 1.490 
2 0.250 0*250 3&IO 
3 1.250 0.250 15.07 
4 0.250 0400 6.873 
5 0.250 0.500 10.07 
6 0.250 0.750 19.21 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

CTEAFI hole/II 
v = (~~+~~~‘[TEAF])[B][TEAF] 

Fig 1. The plot of u/[B][TEAF] against [TEAF] (carbon 
dioxide trapping method). 

Consequently, k = k$O*/5 = (6.10 & O-672) X 10m6 
I/mole*sec and k’ = kico/10 = (9.78 & 0.730) X 10m6 
12/mole2sec are obtained. 

mine independent effects of concentrations of By carrying out the reaction under the same 
formic acid and triethylamine on the rate. In order conditions, rate measurements by the UV method 
to carry out the reaction with fairly small change were also made to see effect of concentrations of 
of basicity or acidity of the reaction medium, N-benzylideneaniline and TEAF. Results are 
TEAA (triethylammonium acetate) was used in summarized in Table 4. Runs 1 and 3 demonstrate 
place of triethylamine to see effects of the con- the first order equation with respect to N-benzyl- 
centration of formic acid and of triethylamine. A ideneaniline, giving v = kbs [B]. As for the relation- 
liquid, TEAA, b.p. 74” (16 mmHg), was prepared ship between kob and ITEAFI, a straight line 
for the present work, which analyzed as 7CHs- having an intercept in plotting k,&‘TEAF] against 
C0,H*2NEt3 by potentiometric titration. Results VEAF] was obtained (Fig 4) from the results in 
of the experiments carried out by the COZ trapping runs 2, 3, 4 and 5 of Table 4. Consequently, the 
method are shown in Tables 2 and 3. following Eq. 3 identical with Eq. 1 is obtained. 

Straight lines obtained by plotting the rates 
against [HC02H] and [NEtJ are shown in Figs 
2 and 3. As can be seen linear relationship of the 
rate to [HC02H] intersecting at the origin and that 
to INEt,] having an intercept were demonstrated. 
Since the rate is proportional to [B] as described 
above, the following rate equation is established. 

kobs = (kP+ kkuv[TE~F]) [TEAF] 

since v = k&B] 

v=(kY”+kbv”]TEAF])[B)[TEAF] (3) 

v = (k + k’ [NEtJ)[B][HC02H] (2) 

Since the kinetic runs shown in Tables 2 and 3 
were carried out in the medium containing both 

From the data, k$?’ = (3.78a0.577) x 10M5 I/mole. 
set and kkuv = (1.15 kO.122) X 10m4 P/mole%ec 
were calculated. The similarity between the values 
of k$Oz and kkcog and the values of kp and k$‘” 
appears to indicate high accuracy of the obtained 
results. 

Table 2. The effect of the concentration of formic 
acid 

[TEAFI [TEAAI [HCOJi] VX 106 
(mole/l) (mole/l) (mole/l) (mole/l*sec) 

0.100 0900 0.500 1.475 
0.200 o+wo 1.00 3.418 
0.300 0.700 1.50 5.643 
0.400 0.600 2.00 7.827 

[B] = 0.250 mole/l; [NEt,] = 2.00 mole/l 

Table 3. The effect of the concentra- 
tion of triethylamine 

ITBAA [NW3 ” x 106 
(mole/l) (mole/l) (mole/l.sec) 

0 0.800 6.873 
0*200 1.200 7.168 
0.400 1600 7.515 
0600 2Goo 7.827 

[B] = O-250 mole/l; mEAF] = 
0.400 mole/l 

TEAF and TEAA, proper values of k and k’ in 
Eq. 2 must be obtained from the data shown in 
Table 1. By inserting [HCO,H] = S[TEAF] and 
[NEt.J = 2lJ’EAF] into Eq. 2, the following equa- 
tion is derived. 
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Fig 2. The plot of v against [HCO,H] (carbon dioxide 
trapping method). 
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Fig 3. The plot of v against INEt,] (carbon dioxide trap- 
ping method). 

Reduction mode and isotope effect. On the 
reduction of N-benzylideneaniline to the secondary 
amine, in order to determine addition mode of the 
two different hydrogens of formic acid and to 
examine isotope effect, the TEAF reagents com- 
posed of formic acid-d (HCO,D) and formic-d 
acid (DC02H) were used. Reactions of N-benzyl- 
ideneaniline with less amount of the two deuterated 
formates were carried out so as not to form the 
N-formylated product. Since in the NMR spectrum 
of N-phenylbenzylamine in CDCl, the methylene 
and the NH protons appeared as singlets at r S-78 
and 6.26, respectively, deuterated position and 

Fig 4. The plot of k&PEAF] against [TEAF] (UV 
method). 

Table 4. The rate measurement by UV 
spectroscopic method 

[RI [TEAF] k,,b X 10” 
Run No (mole/l) (mole/l) (see-‘) 

1 0.050 0.250 1.938 
2 0.250 0.150 0.932 
3 0.250 0.250 1.530 
4 0.250 O-500 4.433 
5 0.250 0.750 9-633 

deuterium contents in the products were deter- 
mined from the contents of the protons at these 
two positions. As shown in Table 5, the peak of the 
methylene protons of the product obtained by the 
use of 5DCOzH*2NEt3 indicates isotopic purity 
of 55%. On the other hand, no substitution of 
deuterium at the methylene position was observed 
in the product obtained by the use of 5HCOzD. 
2NEt3. The above facts indicate that the formyl 
hydrogen of formic acid attacks on the double 
bond carbon of N-benzylideneaniline in the re- 
action. Proton analyses at the nitrogens of the 
produts were inaccurate, because of the rather 
broad peak and exchangeability of the proton in the 
presence of protic materials. Although, in such 1: 1 
molar reaction, the reaction with 5HCOZD*2NEt3 
is expected to give N-phenylbenzylamine-N-d in 
contrast to that with 5DCO,H-2NEt,, the in- 
sufficient amount of the NH proton of the product 
obtained by the use of 5HCOzD*2NEt3 may be 
due to the inlluence of moisture during the isola- 
tion procedures. From the above deuterium substi- 
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Table 5. Deuterated N-phenylbenzylamine 

Content of Proton of 
N-Phenylbenzylamine 

Formate used for obtained 
the reaction” --CHg- -NH- 

5DCOpH2NEt3 45% 90% 
5HCOZD-2NEts 100% 43% 

“Substrate of the reaction: N-Benzylidene- 
aniline 

tution results, mode of the reaction can be ex- 
pressed as follows. 

C$I,CH=NC& B CJ-I&HNHC&I, 

d 

I!r 

Isotope effect in the reaction with 5DC02H* 
2NEt3 was then examined. Rate constants, kD and 
k; were obtained by the CO* trapping method 
and compared to the constants, k and k’, ob- 
tained in the foregoing. As shown in Table 6, 
considerable isotope effects, 2.49 for klkD and 2.16 
for k’lkb, were obtained. This indicates that the 
C-H bond of formic acid is broken at the rate 
determining step. Next, whether the formyl 
hydrogen of formic acid is tranferred as hydride or 
proton to the carbon of N-benzylideneaniline must 

be determined. There has been reported8 that the 
isotope effect value for simple hydride transfer 
from C to C is 13-2.6 in contrast to the value of 
wide range of 034-l 1.7, for proton transfer, 
Swains has reported in his theoretical treatment 
that isotope effect increases markedly on intro- 
duction of an electron-attracting substituent for 
proton transfer but is less sensitive for hydride 
transfer. In order to see influence of substituent, 
isotope effects on the reductions of N-p-methoxy- 
benzylideneaniline and N-p-chlorobenzylidene- 
aniline were examined. Results are shown in Table 
6. The small changes in the isotope effect values 
obtained with these compounds are in agreement 
with that of the hydride transfer from C to C. 

Substituent e$ects. In order to obtain further 
information for the reaction mechanism, kinetic 
substituent effects on the TEAF reduction of 
N-benzylideneanilines were examined by the 
CO, trapping method. 

The rate measurements with N-benzylidene- 
anilines possessing substituents at the two ben- 
zene rings (Table 7) in varying concentration of 
TEAF were carried out by the initial rate method. 
The rate constants ksub and kLub, listed in Table 7, 
were obtained in accordance with eq 2. Figs 5 and 
6 show plots of log (k&k) and log (k&,/k’) vs 
Hammett’s u values for the substituents on the two 
benzene rings of the benzylidene and aniline 
residues. Adherence of the four plots to the 
Hammett equation were not so excellent, but 
showed tendencies to have negative p values. By 
the least square method the following p values 

Table 6. Deuterium isotope effects for the reduction of N-benzylideneanilines 

kx lo6 k’ x lo@ kD x lo6 kb x IO6 
Substrate (Ilmolesec) (le/mole2sec) (Umolesec) (f2/mole2sec) k/kD k’/kl, 

C&CH=NC& 6.10 9.78 2.45 4.52 2.49 2.16 
pCHsOC&&H=NCJ-Is 12.7 11-o 6.33 4.73 2.01 2.32 
p-ClC&CH=NC& 3.30 4.93 1.34 2.87 246 1.72 

Table 7. The substituent effects for the TEAF reduction of N-benzylideneanilines by 
carbon dioxide trapping method 

Substituent” k,,, x lOa k;,,t, x lo6 
X Y (I/molesec) (IP/mole2sec) log (k&k) log (k/k’) 

p-CH,O 
&HZ 
m-CH,O 
P-Cl 
P-N@ 

H 
H 
H 
H 
H 

H 12.7 
H 7.77 
H 840 
H 3.30 
H 2.63 
H 6.10 

p-CHIO 7.87 
@HI 8.25 
m-Cl 1.51 
P-NC& 164 

11.0 0.320 
11.4 0.106 
8.38 0.139 
4.93 -0.267 
2.30 - 0.365 
9.78 0 
9.62 0.111 

10.6 0.131 
4.17 - 0607 
2.48 - 0.570 

o-048 
0466 

- 0.067 
- 0.297 
-0.626 

0 
-0.008 

o-033 
- 0.371 
- 0.596 

“X shows p- and m-substituent on benzylidene residue and Y shows that on aniline 
residue of N-benzylideneaniline. 
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0 +0.5 
0 

Fig 5. The Hammett plot for the rates of the TEAF reduction of N-benzylideneaniline possessing 
substituents at the benzylidene residue. O-0-0 the plot of log (k&k) against u value. C--@_O 

the plot of log (ki,,~k’) against u value. 

Fig 6. The Hammett plot for the rates of the TEAF reduction of N-benzylideneaniline possessing 
substituents at aniline residue. W the plot of log (k&k) against u value. C--O--O the plot 

of log (&/k’) against u value. 

were obtained: for X-C&CH=NC&~ P = 
-0643 for k, p = -0.701 for k’; for C&I&H= 
NC&&-Y, p = -0.792 for k, p = -0.561 for k’. 
In summary, the reaction is facilitated by intro- 
duction of the electron-releasing substituent into 
each of the two benzene rings. 

DISCUSSION 

The results described in the foregoing sections 
are summarized as follows. 

1. The rate equation is u = (k+ k’ [NEtJ )- 
[B][HCO&I], indicating a mechanism involving 
two parallel paths. 
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2. The formyl hydrogen of formic acid attacks N-benzylideneaniline, m.p. 48-49”; N-p-methoxybenzyl- 
on the double bond carbon of N-benzylideneaniline ideneaniline, m.p. 63-64”; N-m-methoxybenzylidene- 
and the proton of formic acid attacks on the aniline, b.p. 124-127” (0.2 mmHg); N-p-methylbenzyl- 

nitrogen of the same. ideneaniline, m.p. 42-43”; N-p-chlorobenzylideneaniline, 

3. The formyl hydrogen of formic acid is trans- m.p. 63-64”; N-p-nitrobenzylideneaniline, m.p. 89-90”; 

ferred as hydride at the rate determining step. 
N-benzylidene-p-anisidine, m.p. 715-725”; N-benzyl- 

4. Both paths involving in the reaction are 
idene-p-toluidine, m.p. 34-36”; N-benzylidene-m- 

facilitated by the introduction of electron-releasing 
chloroaniline, m.p. 32-34”; N-benzylidene-p-nitroaniline, 

substituents into each of the two benzene rings. 
m.p. 116-l 170. 

The fonnate reagent, TEAF, 5HCOZH*2NEt3, was 
A possible reaction path which is comprehen- prepared by the previously reported method’ and puri- 

sible for the above results is proposed as shown fied by drying over MgSO, for several days followed by 
in Chart 1. distillation so as to give a liquid of b.p. 98” (18 mmHg). 

ArCH = NAr + HCOZH HNHAr ---+ ArCH,NHAr+COz 

3 

NEt, 

ArCHNHAr 

GH k 1 %_ 
NEt, 

ArCH,NHAr +CO, +NEt, 

3 

Chart 1. Pathway of the TEAF reduction of N-benzylideneaniline 

The initial stage of the reaction appears to in- 
volve the formation of the short-living unstable 
ester-like intermediate (1). Decarboxylation of 1 to 
the secondary amine (3) may proceed alone and in 
the presence of triethylamine. The two decarboxyl- 
ation steps which involve hydride transfer to the 
methine carbon are inferred to be the rate deter- 
mining steps and consist the two reaction paths 
expressed by the k term independent of [NEtJ 
and the k’ term involving LNEtJ in the rate equa- 
tion. The acceleration of the decarboxylation of 
malonic acid and /3-keto acid by influence of ter- 
tiary amine such as quinoline and pyridine has 
been knownr”*” suggesting release of the bond 
adjacent to carboxyl by its attack on the carbonyl 
carbon. The catalytic action of triethylamine on 
the decarboxylation of 1 may proceed similarly 
as shown in Chart 1. Electron-releasing substituent 
on each of the benzene rings of N-benzylidene- 
aniline may also accelerate the reduction by way 
of releasing the ester bond of 1. 

This material dissolved in chloroform-acetic acid was 
titrated potentiometrically with a 0.01 N standard soln of 

EXPERIMENTAL 
Material-The following N-benzylideneanilines were 

prepared from the corresponding benzaldehydes aad 
anilines according to the previously reported paper? 

perchlotic acid in dioxane. Content of NEh, Found: 
46.84%. CaJcd. for SHCO.,H.2NEL: 46.79%. 

Both fonnates composed of formic-d acid (SDCO,H. 
2NEb) and of formic acid-d (SHCO,D.ZNEb) were pre- 
pared according to the previously reported method.12 
By NMR spectroscopic measurements, these materials 
were shown to be almost pure. 

The acetate, TEAA, was obtained as a constant-boil- 
ing fraction by distillation of a mixture of AcOH and NEt, 
in ca 5 :3 molar proportion. The pure material, b.p. 
74” (16 mmHg), was obtained by drying over MgSO, 
followed by redistillation. Content of NEt, of this material 
was determined by potentiometric titration in the same 
way as described in TEAF. Content of NEg, Found: 
33.53%. C&d. for 7CH3C0&J.2NEt3: 32.50%. Elemen- 
tal analyses and proportion of peak areas of the inherent 
hydrogens in its NMR spectrum were also in agreement 
with the composition, 7CH3C02H*2NEt3. (Found: C, 
50.23; H, 9.56; N, 4.63. Calc. for C2&8N2014: C, 
50.95; H, 9.54; N, 4.57%); NMR (20% soln in CDCI,) 
T: 8.70 (18H, tr, J = 7.4 c/s, -CH3, 6.80 (12H, qu, J = 
7.4c/s, -CH,-), 7.90 (21 H, s, -COCHd, 0.73 (7H, 
s, -OH). There has been reported’s the relationship of 
liquid and gas phases between NE& and AcOH under 
ordinary pressure, where the azeotropic mixture is 
described to have the composition which approximates 
the above one. 
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Diethyl carbitol was purified by refluxing over metallic 
Na followed by distillation so as to give a liquid of b.p. 
1849 Chloroform was dried over CaClr and rectified 
repeatedly so as to show b.p. 6159 

Kinetic measurement 
Carbon dioxide trapping method. Rates of the formate 

reduction of N-benzylideneaniline were determined by 
measurement of the evolved CO* at 85 kO.1”. A stream 
of CO* free, dried and prewarmed Ne was bubbled 
through the reaction vessel (3Oml), where the flow of 
NZ was controlled in a constant rate of 50mllmin. The 
N, containing COZ from the reaction vessel was passed 
through a tube packed with HsSOrsilica gel, granular 
PIOJ and anhyd magnesium perchlorate to remove a trace 
of NEt, and water, and then CO2 was absorbed in soda 
asbestos and analyzed by weighing. Accuracy of the 
analysis was tested by the use of KHCOa sample and set 
at 99.75?0*437%. The amount of the evolved CO, 
was analyzed at appropriate intervals of time and the 
rate was measured within initial 10% of the reaction. 

For kinetic runs, standard solns, 1 mole/l diethyl car- 
bitol soln of N-benzylideneaniline, 10 mole/l (based on 
HCOJ-I) diethyl carbitol soln of TEAF and 3 mole/l 
(based on NEtJ diethyl carbitol soln of TEAA were 
prepared. To start a run, 6.25ml of the N-benzylidene- 
aniline soln, appropriate volume of the TEAF soln and 
that of the TEAA soln, if necessary, were pipetted into 
the reaction vessel and diluted with diethyl carbitol to 
25 ml. 

Rate measurements with the substituted N-benzylidene- 
anilines for the work on kinetic substituent effect were 
made by the same way as described above, except the 
runs with less soluble substrates, N-p-nitrobenzylidene- 
aniline and N-benzylidene-p-nitroaniline, where 25 ml of 

0 

0 

x 

0 

1.5 

1.0 

0.5 

the reaction solution of the same concentration of sub- 
strate was prepared by controlling the dilution with diethyl 
Cdd.Ol. 

CJV spectroscopic method. Rates of the formate re- 
duction of N-benzylideneaniline were determined by 
measurement of the decrease of the absorbance at 320 
nm with a Hitachi EPS-3T spectrophotometer. The 
absorption at this wavelength does not overlap with the 
absorption of the reduction products, N-phenylbenzyl- 
amine and N-benzyl-N-phenylformamide (Fig 7). Ad- 
herence to Beer’s law at this wavelength was excellent. 

To start a run, 1 mole/l diethyl carbitol soht of N- 
benzylideneaniline (usually 5 ml) and 10 mole/l (based on 
HCO,H) diethyl carbitol soln of TEAF were pipetted 
into a reaction vessel and diluted to 20 ml. Samples of the 
mixture were pipetted at appropriate intervals, diluted 
with chloroform and then subjected to the measurement 
of the UV absorbance. 

Deuterated reaction products 
N-Phenylbenzylamine-a-d. A mixture of 4.5 g (0.025 

mole) of N-benzylideneaniline and 6.5 g (0.075 mole based 
on DCO,H) of TEAF composed of formic-d acid, 
SDCO,H*ZNEt,, was heated at 1009 Dry air free from 
CO* was passed through the reaction vessel in order to 
check the transfer of evolved CO, bv a Ba(OHL ao. 
After 12 hr, the soln was concentrated under reduced 
pressure to remove the fonnate. Distillation of the 
residual liquid under reduced pressure gave 3*4g (74%) 
of a solid distillate, b.p. 118-125” (1 mmHg). Recrystal- 
lization from light petroleum gave colorless needles of 
N-phenylbenzylamine-a-d, m.p. 36.5-37.5”. In the NMR 
spectrum in CDC&, the NH and the methylene protons 
appeared as singlets at 7 6.23 and 5.95, respectively, and 
peak area of the latter showed 45% content of proton 
owing to the deuterium substitution. 

I 

nm (&a 1.69 x IO41 

0.838 x 104 1 

Fig 7. UV spectra of the chloroform solutions. 
A: N-benzylideneaniline 
B: N-phenylbenzylamine 
C: N-benzyl-N-phenylformamide 
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N-Phenylbenzylamine-N-d. A mixture of 4*5g (O-025 
mole) of N-benzylideneaniline and 6.5 g (0875 mole based 
on HCO,D) of TEAF composed of formic acid-d, 
5HCOtD*2NEts, was heated at 100” by the same manner 
described in the above. After 6 hr, distillation of the 
mixture under reduced pressure gave 3.2 g (70%) of ‘a 
solid distillate. b.n. 125-130” (3 mmHd. Recrvstalliza- 
tion from light petroleum gave colorleys need&s of N- 
phenylbenzylamine-N-d, m.p. 35-36”. In the NMR 
spectrum the NH and the methylene protons appeared 
as singlets at T 6.28 and 590, respectively, and the peak 
area of the former showed 43% content of proton owing 
to the deuterium substitution. 
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