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to iodine and acyl hypoiodites, the list of iodinating 
agents must be expanded to include (HO)2PO(OI) 
and/or HOPO2(OI)-. The detailed mechanism of 
attack of such agents is yet to be elucidated {cf the dis­
cussion upon phenol in acetate buffers). 

The formation of an imine is an important inter­
mediate step in many reactions of aldehydes and 

ketones.2 For example, the dedeuteration of iso-
butyraldehyde-2-rf in the presence of monofunc-
tional primary amines was found to involve the rela­
tively rapid reversible formation of imine followed by 
rate-controlling attack of a base on the iminium ion.3 

Certain primary amines with basic substituents (B-
R-NH2) were found to act as bifunctional catalysts 
for the dedeuteration of isobutyraldehyde-2-c?4 and 
acetone-G?e6 by the mechanism shown in eq 1. In the 

I ! + 1 I + 
- C - C = O + H 3 N - R - B ^ = i - C - C = N H —>-

I I 1 
D D B - R 

! ! 
- C = C - N - H (1) 

I 
DB-R 

case of acetone-c/e, the bifunctional catalysts had made 
the deuterium transfer step so efficient that imine for­
mation had become partly rate controlling. Further 
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increases in the efficiency of the deuterium transfer 
step will not be able to increase the overall rate of 
dedeuteration beyond the rate of imine formation. 
The formation of imines is known to be subject to 
acid catalysis.6,7 Hence it was of interest to learn 
whether an acidic substituent group in a primary amine 
could act as an internal catalyst and increase the rate 
of formation of imine. Via observed such internal 
catalysis in the formation of imines from isobutyralde-
hyde and the monoprotonated forms of diamines of 
the type Me2N(CH2)^NH2, where n was 2 and 3.8 

Internal catalysis by phenolic hydroxy groups has also 
been suggested.9,10 The present work is an attempt to 
learn whether internal catalysis can be observed in the 
formation of imines from monoprotonated diamines 
and acetone. The equilibrium constants for the for­
mation of imines from acetone are so small that at the 
concentrations of reagents used only a negligible frac­
tion of the acetone is transformed to imine at equi­
librium. Hence the reaction was followed by the 
method of Williams and Bender, in which the imine is 
captured by hydroxylamine, which transforms it to 
acetoxime.11 

Results 
The rate of reaction of acetone with hydroxylamine 

(6) W. P. Jencks, "Catalysis in Chemistry and Enzymology," Mc­
Graw-Hill, New York, N. Y., 1969, Chapter 10, Section B, Part 1. 

(7) W. P. Jencks, Progr. Phys. Org. Chem., 2, 63 (1964). 
(8) F. A. Via, Ph.D. Dissertation, The Ohio State University, 1970. 
(9) T. C. French, D. S. AuId, and T. C. Bruice, Biochemistry, 4, 77 

(1965). 
(10) R. L. Reeves, / . Org. Chem., 30, 3129 (1965). 
(11) A. Williams and M. L. Bender, J. Amer. Chem. Soc., 88, 2508 

(1966); cf. E. H. Cordes and W. P. Jencks, ibid., 84, 826 (1962). 
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in aqueous solution at 35° with and without added 
primary amines was followed by spectral measurements 
at 275 nm. The kinetics were interpreted in terms of a 
reaction scheme that may be abbreviated as shown 
in eq 2-4, in which the symbols to be used for various 

Me2CO + H 2 NOH —• 
Ac Hx 

hi 

Me2CO ( + RNH2) ^= 
Am *-

M e 2 C = N O H 
Ox 

M e 2 C = N R 
Im 

(2) 

(3) 

M e 2 C = N R + H 2NOH 
&hx 

M e 2 C = N O H + RNH 2 (4) 

species are written below the formulas. Since the 
amine is regenerated in the reaction, its constant con­
centration (in a given run) is absorbed into km, which 
is therefore a first-order rate constant. The equi­
librium constant for the formation of acetoxime from 
acetone and hydroxylamine in water is 106 Af-1 at 
25o,i2,is if it is not too much smaller at 35° then in 
most of our runs, where at least 0.01 M excess hydroxyl­
amine was used, well over 99.9 % of the acetone should 
be used up at equilibrium. If the concentrations of 
intermediates, such as the imine, carbinolamine [Me2C-
(OH)NHR], and Me2C(OH)NHOH, are neglected 
and the imine assumed to be captured quantitatively 
by hydroxylamine (i.e., ^hx[Hx] >> k-im), the rate of 
disappearance of acetone may be expressed as shown 
in eq 5. If the concentration of hydroxylamine is 

-d[Ac]/d? = fcim[Ac] + MHx][Ac] (5) 

constant, the entire process is simply a first-order 
reaction of acetone. The observed first-order rate 
constant obtained from a plot of In [(A0 — A„)/(At — 
An)] vs. time (where the A's are absorbances) may then 
be expressed as shown in eq 6. 

i l n f 
t A, 

KbSd = kim + k0X[H\] (6) 

In order to evaluate kox, the reaction of acetone with 
0.03 and 0.10 M hydroxylamine was first studied in 
the absence of primary amines, where k\m will be zero. 
Runs between pH 6.65 and 8.36 were buffered with N-
methylmorpholine; those between pH 8.40 and 10.68 
were buffered with trimethylamine. Runs using 0.03 
M hydroxylamine were followed only to about 50% 
completion in order to minimize the drop in the first-
order rate constants resulting from the decrease in 
hydroxylamine concentration. Values of k0bSd and 
of kox, the latter obtained by dividing k0hsd by the 
initial hydroxylamine concentration, are listed in 
Table I. The fact that the average concentration of 
hydroxylamine present during the runs was smaller 
than the initial concentration should make the recorded 
fcox values about 8% smaller than they should be in 
the 0.03 M hydroxylamine runs and about 4% smaller 
in the 0.10 M hydroxylamine runs. If the equilibrium 
constant for addition of hydroxylamine to acetone to 
give Me2C(OH)NHOH is 1.0 M~l at 35°, as it is at 
25 °,14 the values of Ar0x in the 0.03 M hydroxylamine 
runs will be made about 3 % too small and those in the 
0.10 M hydroxylamine runs about 9% too small. 

(12) A. Olander, Z. Phys. Chem., 129, 1 (1927). 
(13) J. B. Conant and P. D. Bartlett, / . Amer. Chem. Soc, 54, 2881 

(1932). 
(14) W. P. Jencks, ibid., 81, 475 (1959). 
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Figure 1. Experimental values of log kox and curve calculated 
f romeq7 : (^ )ClO M H 2 N O H ; (O) 0.03 M H2NOH, initial rates. 

Table I. Kinetics of the Reaction of Acetone" with 
Hydroxylamine in Water at 35° h 

pHc 

6.65 
6.70 
6.83 
7.07 
7.31 
7.35 
7.75 
7.80 
8.12 
8.21 
8.36 
8.40 
8.82 
9.11 
9.33 
9.35 
9.77 
9.86 

10.25 
10.26 
10.68 

[H1NOH],,' 
M 

0.030 
0.100 
0.030 
0.030 
0.030 
0.100 
0.030 
0.100 
0.100 
0.030 
0.030 
0.100 
0.100 
0.030 
0.100 
0.030 
0.030 
0.100 
0.100 
0.030 
0.100 

103&obsd, 
sec-1 

15.2 
38.0 
10.0 
5.6 
3.88 
9.85 
1.62 
4.00 
2.08 
0.676 
0.64 
1.32 
0.983 
0.239 
0.883 
0.311 
0.617 
1.50 
3.67 
1.32 
6.36 

10"A„X) 

M - 1 sec - 1 

573 
425 
362 
196 
133 
101 

54.6 
40.4 
20.9 
22.6 
21.6 
13.2 
9.84 
7.97 
8.83 

10.4 
20.6 
15.0 
36.7 
44.0 
63.6 

» Initial concentration, 0.0100 M. b Sodium chloride added to 
bring the ionic strength to 0.30 N. ' Trimethylamine buffers 
above pH 8.38 and ./V-methylmorpholine buffers below this pH. 
Total buffer concentrations 0.100 M. d Total initial concentra­
tions including both states of protonation. 

Hence the recorded values of kox are probably 10-15% 
smaller than the actual values. However, we shall 
use kox only as a correction term in the determination 
of kim from eq 6, and in this case such an error will 
be almost completely canceled. The values of Zc0x 

from Table I are plotted in Figure 1 along with a plot 
of eq 7 for which the numerical values were calculated 

fcox = (2.34 X 106OH+ + 1.50 X IO-12/ 

aH+ + 5.20 X 10-3) M-1 sec"1 (7) 

by the method of least squares. Treatment of kox 

in terms of eq 7 assumes specific hydrogen ion and hy­
droxide ion catalysis. This treatment is supported by 
the lack of evidence for general catalysis in the reaction 
in this pH range at 25 °9 and by the fact that at pH 
5.9 the dihydrogen phosphate ion, which is a stronger 
acid than any of our buffer components, increased 
the rate by only about 20 % at a concentration of 0.2 M.u 
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Table II. Rates of Formation of Acetoxime in the Presence 
of 2-Dimethylaminoethylamine" 

PH 
IO 

Figure 2. Plot of log (£im/[Am]t) vs. pH: (•) 2-dimethylamino-
ethylamine; (O) w-butylamine; (A) 4-dimethylaminobutylamine. 

To learn what concentrations of hydroxylamine 
are required for essentially complete capture of the 
intermediate imines, the rate of reaction of 0.01 M 
acetone with hydroxylamine at various concentrations 
was studied in the presence of 2-dimethylamino-
ethylamine, 3-dimethylaminopropylamine, and trans-2-
(dimethylaminomethyl)cyclopentyl amine. The mono-
protonated forms of these amines formed imines par­
ticularly rapidly. There is no reason to expect the 
equilibrium constants for their imine formation to 
be unusually large. Hence their imines must undergo 
hydrolysis especially rapidly. Therefore concentra­
tions of hydroxylamine sufficient to capture these 
imines quantitatively in competition with their rel­
atively rapid hydrolysis should certainly suffice for 
the capture of the other imines whose formation was 
studied. In such reactions the amount of acetone 
tied up as carbinolamine [Me2C(OH)NHR] or imine 
may be neglected. Primary alkyl amines have much 
smaller equilibrium constants for addition to car-
bonyl groups than hydroxylamine does.15 The equi­
librium constant for the formation of imine from 
acetone and methylamine at 35° is 0.26 M - 1 .1 6 Judg­
ing by analogy to isobutyraldehyde,1718 all the amines 
used in the present study should have considerably 
smaller equilibrium constants for imine formation. 
Hence, probably no more than 1 % of the acetone was 
ever present as imine in our runs. 

The first seven entries in Table II show that 0.02 
M hydroxylamine captures about 90% of the imine 
formed from 0.02 M total 2-dimethylaminoethylamine 
(including all states of protonation) at pH 9.25 =fc 
0.02. Six runs at pH 8.26 ± 0.04 showed that 0.04 
M hydroxylamine was about as effective as any higher 
concentration. Sets of at least six runs on 0.100 M 
3-dimethylaminopropylamine at pH 9.56 ± 0.06 and 
at pH 9.66 ± 0.04 showed that 0.01 M hydroxylamine 
was as efficient as larger concentrations. Seven runs 
on 0.02 M rran£-2-(dimethylaminomethyl)cyclopentyl-

(15) E. G. Sander and W. P. Jencks, J. Amer. Chem. Soc, 90, 6154 
(1968). 

(16) M. S. Cholod, unpublished observations. 
(17) J. Hine and C. Y. Yeh, /. Amer. Chem. Soc, 89, 2669 (1967). 
(18) J. Hine, C. Y. Yeh, and F. C. Schmalstieg, J. Org. Chem., 35, 

340(1970). 

PH 

9.23 
9.26 
9.23 
9.23 
9.27 
9.27 
9.27 
9.32 
9.38 
9.35 
9.69 
9.75 

10.08 
10.07 

[Am]1,* 
M 

0.0192 
0.0200 
0.0192 
0.0200 
0.0200 
0.0192 
0.0192 
0.0200 
0.0200 
0.100 
0.0200 
0.0600 
0.0200 
0.0600 

[H2NOH], 
M 

0.0200 
0.0400 
0.0500 
0.0500 
0.0800 
0.100 
0.120 
0.0500 
0.0300 
0.0300 
0.0500 
0.0500 
0.0500 
0.0500 

lO'&obsd, 
sec -1 

4.00 
4.50 
4.67 
4.67 
5.17 
5.05 
5.22 
4.52 
4.20 

22.0 
3.83 
9.93 
3.38 
7.42 

fcim/[Am]t,< 
M~l sec-1 

0.199 
0.206 
0.219 
0.211 
0.221 
0.215 
0.214 
0.202 
0.195 
0.217 
0.159 
0.154 
0.110 
0.104 

• With an initial acetone concentration of 0.0100 M and an ionic 
strength of 0.30 N in aqueous solution at 35.0°. <> Total concen­
tration including all states of protonation. c Obtained by sub­
tracting ^Ox[H2NOH], calculated using eq 7, from kobsi and then 
dividing by [Am]4. 

amine at pH 9.22 ± 0.04 showed that 0.02 M hydroxyl­
amine was only about 75% efficient, but that 0.06 M 
hydroxylamine was about as efficient as larger concen­
trations. For comparison purposes, it may be noted 
that 0.005 M hydroxylamine gave almost complete 
capture of the imine formed in the reaction of methyl­
amine with isobutyraldehyde.19 

On the basis of these data, it was concluded that 
0.03 M hydroxylamine will be sufficient to capture more 
than 90% of the imine formed from any of the amines 
studied except rra«s-2-(dimethylaminomethyl)cyclo-
pentylamine, for which 0.08 M hydroxylamine will 
be sufficient. Because of the acetone tied up as Me2-
C(OH)NHOH and because of the incompleteness of cap­
ture of the imines, the values of /cim we have obtained 
are probably too low by an amount that may reach 20 % 
in the case of the cyclopentane derivative. 

The last seven entries in Table II consist of three 
sets of points that show that kim is proportional to the 
total concentration of amine present at a given pH 
(±0.03). 

Values of k0b%d were determined for the three di­
amines already referred to, two other co-dimethyl-
amino alkyl amines, and five primary monoamines 
with a range of basicities but with no acidic or basic 
substituents. The values obtained with 2,2,2-trifluoro-
ethylamine were within the experimental uncertainty 
of the corresponding values of ^0x[Hx], showing that 
imine formation was too slow to study by the method 
employed. Values of A-im/[Am]t are plotted logarith­
mically against the pH in Figure 2 for 2-dimethyl­
aminoethylamine, 4-dimethylaminobutylamine, and n-
butylamine. Data on the other compounds are listed 
in Table III. The reactivity of the 2-trimethylam-
monioethylamine cation was so low that even though 
a considerably larger concentration of amine was 
used than in any other case, imine formation con­
tributed only 32-51% to the total reaction. Most 
of the other reactions studied consisted largely of 
imine formation; only in two runs at pH 10.95 on 
2-dimethylaminoethylamine and in the last run in 
Table III did Ar0x[Hx] exceed 55 % of koh,d-

(19) J. Hine, F. A. Via, J. K. Gotkis, and J. C. Craig, Jr., / . Amer. 
Chem. Soc., 92, 5186(1970). 
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Table III. Rates of Primary Amine Catalyzed 
Oximation of Acetone0 

Primary amine PH 
103A:ob8d, 10%im//[Am]t, 

sec-1 M"1 sec-1 

MeO(CHj)2NH2 

MeO(CHs)3NH2 

MeaN+tCH^NHa'' 

Me2N(CHj)3NH2 

Me2N(CH2)^NH2 

/roni-2-(Dimethyl-
aminomethyl)-
cyclopentylamine1' 

8.56 
8.88 
9.65 
9.89 

10.20 
9.06 
9.38 
9.64 
9.73 

10.07 
10.41 
10.43 

8.45 
8.48 
9.71 
9.71 
9.83 
8.21 
8.54 
9.31 
9.53 
9.80 

10.04 
10.26 
10.40 
10.44 
10.61 
9.05 
9.59 
9.75 
9.98 

10.17 
10.52 

8.17 
8.49 
8.87 
9.25 
9.38 
9.63 
9.97 

10.26 

0.667 
0.781 
1.41 
1.84 
2.19 
0.755 
1.37 
1.75 
1.85 
2.91 
4.75 
4.54 
0.85 
0.83 
0.59 
0.76 
0.72 
2.00 
2.35 
3.29 
3.87 
3.85 
4.93 
4.92 
6.00 
6.07 
6.28 
1.15 
2.83 
2 .53 ' 
4.63 
3.68= 
5.17' 
3.17 
3.07 
2.97 
3.20 
3.06 
3.03 
3.17 
3.77 

3.0 
5.0 

10.4 
13.2 
13.1 
4.9 

10.7 
13.8 
14.4 
22.1 
35.9 
31.5 

1.6 
1.6 
0.7 
1.3 
0.9 

14.1 
19.8 
30.1 
35.4 
34.0 
42.7 
39.3 
47.0 
46.5 
42.6 

8.8 
24.8 
32.0 
40.3 
55.8 
78.3 
74 

100 
110 
123 
114 
102 
80 
56 

" Initial acetone concentration 0.0100 M, ionic strength 0.3 N, 
temperature 35.0°, total amine concentration 0.100 Mexcept where 
otherwise stated. b Total amine concentration 0.27 M. ' Total 
amine concentration 0.0660 M. d Total amine concentration 
0.0200 M. 

In order to interpret the results obtained with the 
diamines we needed to know the relative basicities 
of the two different amino groups. These have been 
determined by a proton magnetic resonance (pmr) 
spectral method for the co-dimethylamino alkyl amines.20 

We have applied the same method to rra/«-2-(dimethyl-
aminomethyl)cyclopentylamine. We found St, the 
chemical shift of the methyl hydrogen atoms in the 
diprotonated ion,21 to be 45.3 cps. For Sp, the chem­
ical shift of the methyl hydrogen atoms in diamine 
that has been monoprotonated at the primary amino 
group, the same value (0.9 Hz) was taken as had been 
used for 3-dimethylaminopropylamine, in which there 
are also three carbon atoms between the two amino 
groups. The chemical shifts of partly protonated 
diamine then give a value of 0.36 for / t , the fraction 
of monoprotonated diamine that is protonated at 
the tertiary group. 

(20) J. Hine, F. A. Via, and J. H. Jensen, J. Org. Chem., 36, 2926 
(1971). 

(21) Downfieldfrom the methyl hydrogen atoms in the free diamine. 

Discussion 

The decreases in values of kim/[Am]t for w-butylamine, 
2-methoxyethylamine, and 3-methoxypropylamine that 
accompany decreasing pH must be due to the decreas­
ing fraction of amine present in the unprotonated 
form. The data for these compounds were fit to eq 8, 
in which /0 is the fraction of amine that is unprotonated 
and / i is the fraction monoprotonated. Transforma­
tion of eq 8 to 9 makes it clear that fcam is the rate con-

fcim/[Am]t = fokHm + /iA:amh (8) 

feim = fcamfAm] + Ararah[AmH+] (9) 

stant for uncatalyzed imine formation. This reaction 
is expected6'7'11'19 to involve reversible addition of 
the amine to acetone to give a carbinolamine that 
rate controllingly ionizes to give a hydoxide ion and 
an iminium ion (eq 10). The second term refers 

Me2CO + RNH2: 

Me2C=NR + H2O : 

OH 
I 

. Me2CNHR 

Me2C=NHR + OH" 

(10) 

to acid catalysis of the dehydration of the carbinol­
amine. For the three amines mentioned this second 
term was too small to detect. The values of /cam 

obtained by a least-squares fit22 of the kim values with 
&«mh set equal to zero are listed in Table IV. In this 

Table IV, Rate Constants for Formation of Imines from 
Acetone and Primary Amines" 

Amine P ^ 
103Aram, 

M'1 sec-1 

Devia­
tion,' 

% 
/1-C4H9NH2 

MeO(CHs)2NH, 
MeO(CH2)3NHs 

Me3N+(CHa)2NH2 

Me2N+H(CHs)2NH2 

Me2N(CH2)2NH2 

Me2N+H(CHa)3NH2 

Me2N(CHj)3NH2 

Me2N+H(CH2)^NH2 

Me2N(CHj)4NH2 

Me2N+H(CHs)5NH2 

Me2N(CHs)6NH2 

Me2N+HC6Hi0NH2 ' 
Me2NC6H10NH2 ' 

10.33 
9.09 
9.82 
6.7 
6.71 
9.27 
8.50 
9.75 
9.23 

10.00 
10.06 
10.34 
8.33 
9.61 

94.7 
15.8 
47.8 
0.9" 

797 
2\d 

108 
51.5 
69.4 
66.7 

159 
84.4 

388 
19° 

3.9 
8.4 
8.3 

24 

9.8 

6.7 

7.0 

9.1 

5.0 

<* In aqueous solution at ionic strength 0.3 N and 35°. * Ka is 
the equilibrium constant for loss of a proton from the primary-
protonated derivative of the amine indicated at 35° and ionic 
strength 0.3 N. ' Standard deviation from the fit to the observed 
kim values. d Relatively unreliable; see text. 'The tertiary-
protonated and unprotonated forms of /ra«i-2-(dimethylamino-
methyl)cyclopentylamine. 

fit the pATa values 10.33, 9.82, and 9.09 were used for 
the conjugate acids of w-butylamine,23 3-methoxy-

(22) The sums of the squares of the fractional deviations were mini­
mized. 

(23) Data at 20 and 40° and ionic strengths 0.0497, 0.0991, and 
0.1976 N** were first interpolated to 35° and then extrapolated to ionic 
strength 0.30 N. 

(24) A. G. Evans and S. D. Hamann, Trans. Faraday Soc, 47, 34 
(1951). 
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Figure 3. Plot of logarithms of second-order rate constants for the 
formation of imines from acetone and various species of the type 
RNH2 in water at 35° and ionic strength 0.3 N vs. pKa for the cor­
responding RNH3

+ species under the same conditions: (•) amines 
of the type XCH2CH2NH2 without acidic substituents; (O) Me2N

+H 
or Me3N

+ substituted primary amines; (A) /ra«j-2-(dimethyl-
aminomethyl)cyclopentylamine. 

propylamine,25 and 2-methoxyethylamine,25 respec­
tively. The fact that the data could be fit to eq 8 
satisfactorily shows that the reaction was not largely 
general acid or base catalyzed, but it does not rule 
out significant contributions of such catalysis. 

The data on the 2-trimethylammonioethylamine 
cation in Table III yield kRm and /camh values of 9 X 
1O-4 and 0.04 M"1 sec-1, respectively, with the fcamh 
term contributing as much as half the total value of 
&im.28 It is plausible that the fcamh term should be 
relatively more important in this case than with the 
other monoamines, partly because the measurements 
were carried into more acidic solutions but mainly 
because the ratio Â AmĤ am//camh (the hydrogen ion 
concentration at which the /tam and kamh terms in 
eq 8 or 9 are of equal size) increases with increasing 
amine basicity in the formation of imines from iso-
butyraldehyde.29 Nevertheless, these values (espe­
cially that for fcamh) are uncertain because of the experi­
mental uncertainties in the kim values. Although tests 
showed that the material used contained no more than 
0.2% 2-dimethylaminoethylamine, even this small 
an amount could account for much of the increase in 
/cim/[Am]t that seems to accompany decreasing pH. 
For this reason the calculated value of /ramh should 
be regarded as a maximum. 

The values of Arim/[Am]t for the diamines were also 
fit to eq 8 using pK values determined previously20 

for all the diamines except 2-dimethylaminoethyl-

(25) Recalculation of data at 35°2a taking the observed pH as —log 
OH + and using the Davies equation2' to calculate ionic activity coefficients 
gave pATa values that showed no clear drift with ionic strength from 
about 0.01 to 0.09 N. They were therefore assumed to be the same at 
ionic strength 0.30 N. 

(26) C. Y. Yeh, Ph.D. Dissertation, The Ohio State University, 
1968. 

(27) C. W. Davies, /. Chem. Soc, 2093 (1938). 
(28) The pK value for the Me3N

+CH2CH2NH8
+ ion was calculated 

from the thermodynamic value (6.4) determined at ionic strength 
around 0.03 M Activity coefficients were calculated from the Davies 
equation.27 

(29) J. Hine and F. A. Via, J. Amer. Chem. Soc, 94, 190 (1972). 

amine and rrans,-(2-dimethylaminomethyl)cyclopentyl-
amine, for which values were determined in the present 
study. Activity coefficient corrections were based 
on the Davies equation.27 The fcamh terms were found 
to be important. In fact, as shown in Figure 2, pro-
tonation of free 2-dimethylaminoethylamine leads 
to an increase in the rate of imine formation until 
so much acid has been added that significant amounts 
of diprotonated diamine are formed. The A:amh terms 
would include hydrogen ion catalyzed imine formation 
by the unprotonated diamine and uncatalyzed imine 
formation by the monoprotonated diamine. The 
fact that these diamines, which are all more than 250 
times as basic as the 2-trimethylammonioethylamine 
cation, all give values of K^nKm)'Kmh less than one-
fortieth that for 2-trimethylammonioethylamine makes 
it highly unlikely that hydrogen ion catalyzed imine 
formation by unprotonated amines is a major con­
tributor to these kam.h. terms. The £:amh terms were 
therefore taken to represent imine formation from the 
monoprotonated diamines, and, to make the values 
obtained more directly comparable with the ftam 

values, AmH+ in eq 8 and 9 was defined as that form 
in which protonation has taken place at the tertiary 
amino group. The resulting values of k&m and k&mh 
(which are listed as &am values for the tertiary-pro­
tonated diamines) are listed in Table IV with the 
standard per cent deviations of the fits. The lines in 
Figure 2 were drawn from these kam and fcamh values. 
Exactly the same goodness of fit would be obtained 
by defining AmH+ as total monoprotonated diamine 
and multiplying the kamt values by the fractions of 
monoprotonated diamines that are tertiary protonated. 
The values of fcam listed for unprotonated trcms-2-
(dimethylaminomethyl)cyclopentylamine and 2-di­
methylaminoethylamine are unreliable because even 
in the most favorable runs these &ara terms contributed 
7 and 22%, respectively, to Ar0bSd. For every other 
k&m listed in Table IV there was at least one run in 
which the term governed by that kam contributed more 
than 54% to A: obsd-

The data on monoamines (including 2,2,2-trifluoro-
ethylamine, for which kam was too small to measure) 
indicate that /cam decreases with increasing electron-
withdrawing power of the substituents. A plot of 
log kam vs. PK3, for the monoamines, the free diamines, 
and the tertiary-protonated diamines (all at 35° and 
ionic strength 0.3 N) is shown in Figure 3. In order 
to maintain the same definition of p/fa as used with the 
monoamines, Ka for the free diamines and the tertiary-
protonated diamines must be defined as [H+][Am]/ 
[HAm+] and [H+][AmH+]/[HAmH2+], respectively, 
where HAm+ is the primary-protonated, AmH+ is 
the tertiary-protonated, and HAmH2+ is the dipro­
tonated diamine. These pK* values, which may be 
calculated from overall pA"a values determined in the 
usual ways and / t values resulting from pmr measure­
ments, are also listed in Table IV. The best line 
through the points for the six electrically neutral amines 
of the type XCH2CH2NH2 for which reliable /cam 

values were obtained has a slope of 0.59. The amount 
by which the point for unprotonated 2-(dimethyl-
aminomethyl)cyclopentylamine lies below the line 
in Figure 3 is no larger than the experimental uncer­
tainty, but it would not be surprising for this RNH2, 
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in which R is secondary, to be less reactive than a 
similar amine in which R is primary. 

The points for the five tertiary-protonated diamines 
all lie above the best line through the points for the 
electrically neutral amines in Figure 3. In view of the 
imperfections in the correlation of the data for the 
electrically neutral amines and the added uncertainties 
that exist in the values of k&m and pK& for the diamines, 
it is possible that the deviations for the tertiary-pro­
tonated forms of 4-dimethylaminobutylamine and 5-
dimethylaminopentylamine are not significant. How­
ever, the other three tertiary-protonated diamines are 
12-1000 times too reactive to fit the line in Figure 3, 
and these factors are much larger than the experimental 
uncertainty and the deviations of other points from 
the line. It is probably largely coincidence that the 
point for 2-trimethylammonioethylamine, whose fcam 

value may be uncertain by a factor of 2, lies so near 
the line in Figure 3. However, this point is certainly 
known with enough precision to rule out the possibility 
that cationic substituents in primary amines produce 
large positive deviations, especially when these sub­
stituents are near the amino group. We therefore 
believe that in the three more deviant tertiary-protonated 
diamines the dimethylammonio substituent is acting 
as an internal acid catalyst in the dehydration of the 
intermediate carbinolamine. Such internal catalysis 
can be written as a concerted reaction with a transi­
tion state like 1, but it is difficult to rule out possible 

H \ +5 
0 - H - N M e 2 
! I 

Me2C1. .R 
+S\ 

H 
1 

mechanisms in which the carbon-oxygen and nitrogen-
hydrogen bonds are broken in separate steps. The 
carbinolamine might, for example, ionize reversibly 
to an intimate ion pair, whose hydroxide ion moiety 
is neutralized by the dimethylammonio substituent 
in the rate-controlling step. If 1 is taken as a satis­
factory approximation to the transition state, the co-
planarity that is going to be required of the four atoms 
attached directly to the carbon-nitrogen double bond 
in the iminium ion must influence the stereochemistry 
of the transition state. The unshared electron pair 
on nitrogen would be expected to be trans-antiparallel 
to the adjacent carbon-oxygen bond that is being 
broken. It also seems reasonable to assume that the 
three bonds (two of which are partial bonds) to oxygen 
have about the same bond angles that three bonds to 
oxygen usually do, and that the O-H-N hydrogen 
bond prefers to be linear. For these reasons New­
man projection 2 is suggested as optimum for the tran-

H 

Me 

V-8"; 
,.NMe2 

R ' 

Me 

studied could give such a transition state without major 
distortions of bond lengths or bond angles. These 
transition states would contain varying amounts of 
torsional strain and van der Waals repulsion, which 
would be difficult to evaluate even semiquantitatively. 
The polymethylene chains of the u-dimethylamino 
alkyl amine catalysts are presumably most stable in 
the completely extended conformation. Since such 
conformations are not suitable for transition states 
like 2 the longer chain compounds might be expected 
to be poorer catalysts, and ?ra«s-2-(dimethylamino-
methyl)cyclopentylamine, in which the three carbon 
atoms between the two amino groups are constrained 
to conformations more suitable for bifunctional catal­
ysis, might be expected to be a better catalyst than 
its acyclic analog 3-dimethylaminopropylamine. 

Catalytic efficiency must be influenced by polar as 
well as stereochemical factors. The dimethylammonio 
substituent is acting as an acid catalyst and therefore 
its activity might be expected to increase with its acid­
ity. The catalyst with the most acidic dimethylam­
monio group is Me2N+H(CH2^NH2 and indeed this 
is the best catalyst. On the other hand, as the rate 
constants obtained for the monoamines demonstrate, 
the catalytic activity increases with the basicity of the 
primary amino group of the catalyst, largely because 
electron-withdrawing groups in R decrease the ease 
of removal of a hydroxide ion from Me2C(OH)NHR. 
With Me2N+H(CH2)3NH2 the deactivating effect of 
the electron-withdrawing substituent is almost as large 
as the activating effect produced by internal acid catal­
ysis. Thus the catalytic efficiency is not much greater 
than that shown by «-butylamine. 

It is not clear that there are any other examples of 
internal catalysis of imine formation, not counting 
enzymatic reactions, with which we can compare our 
results. Internal catalysis by the 3-hydroxy group 
has been suggested to explain the fact that carbinol-
amines derived from 3-hydroxypyridine-4-carboxalde-
hyde are dehydrated much more rapidly than analo­
gous carbinolamines derived from pyridine-4-carbox-
aldehyde.9 However, the magnitudes of the rate effects 
are small enough to be explained as polar substituent 
effects of an ortho hydroxy or O - group. Internal 
catalysis by the o-hydroxy substituent in the hydrolysis 
of TV-salicylideneaniline and its derivatives has been 
proposed on the basis of their great reactivity in basic 
solution.10 This great reactivity is also observed 
in the hydrolysis of vV-salicylidene-2-aminopropane, 
where additional data provide good evidence that it 
is merely the result of a large polar substituent effect.30 

On the other hand, no previous attention seems to 
have been given to the attractive possibility that the 
relatively high rate of hydrolysis of A^-trimethyl-
ammoniobenzylidene)-2-hydroxyaniline around pH 99 

results from internal acid catalysis by the 2-hydroxy 
substituent. 

Reactions in which one amino group of a diamine 
provides internal basic catalysis for reactions of the 
other amino group31 are, in a sense, complementary 
to our reactions, in which the catalyzing amino group 
becomes protonated and acts as an acid catalyst. 

sition state. Examination of molecular models in­
dicates that any of the diamine catalysts that we have 

(30) W. Bruyneel, J. J. Charette, and E. De Hoffmann, ibid., 88, 
3808 (1966). 

(31) Cf. M. I. Page and W. P. Jencks, ibid., 94, 8818 (1972). 
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Experimental Section 
Kinetics of Amine-Catalyzed Oximation of Acetone. In a typical 

run stock solutions 1 M in hydroxylamine hydrochloride, amine 
hydrochloride (dihydrochloride in the case of diamines), sodium 
chloride, and sodium hydroxide were used to prepare the reaction 
solutions, which were 0.030 M in hydroxylamine, 0.100 M in amine, 
0.30 N in ionic strength through addition of sodium chloride, and 
which contained enough sodium hydroxide solution to give the de­
sired pH. The solutions were prepared using doubly distilled, de­
gassed water with exclusion of oxygen and carbon dioxide. The 
pH was measured at 35° using a Radiometer pH meter Model 26. 
A 2.50-ml sample was pipetted into a 1-cm quartz spectrophotom­
eter cell and was placed in the thermostated cell compartment of a 
Cary 1605 spectrophotometer. The reference cell contained dis­
tilled water. Time was allowed for thermal equilibration; the 
cell was removed, 10 jul of a solution 2.50 M in acetone was added 
by syringe, and the cell was shaken and quickly returned to the 
sample compartment. The absorbance was monitored at 275 nm, 
about 10 nm above the absorption maximum of acetone, in order 
to minimize absorption by species other than acetone. "Infinite" 
absorption values were measured, and a plot of In [(A0 — Acn)I(A t 
— An)] cs. time was made based on about 15 points usually covering 
about 80 % of the reaction. The points showed so little scatter that 
there was little uncertainty in drawing the best straight line as 
judged by eye. To calculate the concentration of hydroxylamine 
present in the unprotonated form the pK value 5.77 at 35° and 
ionic strength 0.30 N(NaClO4) was interpolated from data obtained 
under surrounding conditions.32 In runs on /ra/w-2-(dimethyl-
aminomethyl)cyclopentylamine, the material was usually added as 
its oxalate salt. 

Determination of the Ionization Constants. Three samples of 
//•a;u-2-(dimethylaminomethyl)cyclopentylamine were titrated with 
0.1 M hydrochloric acid at 35° using a Radiometer titrator, and 
the pK values were calculated from the results by the method de­
scribed previously.20 Neither the acidity constant of the mono-
protonated diamine at zero ionic strength, which was determined 
largely from data at ionic strengths 0.002-0.023 N with an average 

(32) P. Lumme, P. Lahermo, and J. Tummavuori, Acta Chem. Scand., 
19,2175(1965). 

value of 9.80 ± 0.03 (standard deviation), nor that of the dipro-
tonated diamine, which was determined largely from data at ionic 
strengths 0.01-0.06 N with an average value of 7.59 ± 0.04, showed 
any clear drift with ionic strength. 

The overall pK values obtained as described above were dissected 
into their component micro pK values by the pmr method used 
previously.12 A series of aqueous solutions 0.10 M in methanol 
and 0.10 M in sodium chloride was prepared containing enough 
/ra/!s-(2-dirnethylaminomethyl)cyclopentylamine to give a strength 
of 0.103 M and enough sodium hydroxide to transform various 
fractions of the diprotonated amine to the monoprotonated and 
unprotonated form. The chemical shifts of the methyl protons of 
the amine were measured relative to those of the internal methanol. 

The pK of the monoprotonated form of 2-dimethylaminoethyl-
amine was determined by titration with hydrochloric acid at 35° 
and ionic strength 0.30 N. The value obtained (9.48) using activity 
coefficients calculated from the Davies equation is higher than that 
obtained previously from a similar determination at lower ionic 
strength. 

The (2-aminoethyl)trimethylammonium chloride hydrochloride 
used was prepared from 2-dimethylaminoethylamine. The N-(2-
dimethylaminoethyl)acetamide obtained by acetylation" was re-
fluxed for 6-8 hr with 3 equiv of methyl chloride in acetone,34 and 
the resulting (2-acetaminoethyl)trimethylammonium chloride was 
deacetylated by refluxing with methanolic hydrochloric acid. A 
solution of 50 mg of the resulting (2-aminoethyi)trimethylammo-
nium chloride hydrochloride in 0.50 ml of 50% sodium hydroxide 
was extracted with 0.50 ml of o-dichlorobenzene. No peak at the 
retention time of 2-dimethylaminoethylamine could be detected on 
glpc of the extract. Blank experiments showed that similar treat­
ment of 0.1 mg of 2-dimethylaminoethylamine dihydrochloride 
would give an easily discernible peak (about 1.5 cm high). 
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(33) P. Haake and J. W. Watson, J. Org. Chem., 35, 4063 (1970). 
(34) Cf. C. C. Price, G. Kabas, and I. Nakata, /. Med. Chem., 8, 

650(1965). 
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