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Polyethylenimines (PEI’s) act as bifunctional catalysts for the dedeuteration of isobutyraldehyde-2-d by 
using primary amino groups to reversibly complex the aldehyde, partly as iminium ions, and then using other 
amino groups to remove deuterium from the iminium ion groups in the same molecule. The exchange of 0.05 M 
aldehyde at pH 8.5 in the presence of 1 N PEI’s, where almost all the reaction is due to complexed aldehyde, 
proceeds at relative rates of 1:1.19:1.24:1.38 for PEI’s with average molecular weights of 600, 1200, 1800, and 
50,000, respectively. The reaction under these conditions is catalyzed by 1,4-diazabicyclo[2.2.2]octane (Dabco), 
which attacks the complexed aldehyde. The relative rates of attack by Dabco are 1.46:1.32:1.15:1 on aldehyde 
complexed to PEI-600, PEI-1200, PEI-1800, and PEI-50,000, respectively. These and previous observations show 
that attack by internal amino groups on the complexed aldehyde is ineffective when the chain separating the 
amino and complexed aldehyde groups is either too long or too short. A computer-simulated polymerization 
process is used to estimate the detailed structure of the polymers. With data on various reference reactions this 
is used in an argument that the complexed aldehyde is probably dedeuterated most efficiently by amino groups 
that are 3-6 monomer units from the complexed aldehyde. 

Earlier papers in this series described evidence that po- 
lyethylenimines (PEI’s) act as bifunctional catalysts in 
the dedeuteration of i~obutyraldehyde-Z-d.~J A primary 
amino group on the polymer transforms the aldehyde to 
an imine, which is in equilibrium with the corresponding 
iminium ion. Then, in the rate-controlling step of the 
reaction, another amino group in the polymer removes the 
activated a-deuterium atom via a transition state, such as 
1, arising from the trans form of the iminium ion. Cyclic 

1 

transition states are probably rather common in enzymat- 
ic reactions. The dedeuteration of acetone-d6 by acetoace- 
tate decarboxylase, for example, probably involves the 
formation of an iminium ion by the  e-amino group of a 
lysine unit followed by removal of deuterium by another 
basic group in the same m ~ l e c u l e . ~  For these reasons it 
was of interest to learn what ring sizes are preferred in the 
formation of transition states like 1 from PEI’s for which a 
wide variety of ring sizes are possible. We have therefore 

t This paper contains “miniprint.” See Editorial regarding miniprint on 
p 8A of the Jan 11,1974, issue. 

measured the catalytic activities of PEI’s under various 
conditions and made experimental measurements and 
computer calculations to estimate the relative numbers 
and basicities of the primary, secondary, and tertiary 
amino groups in these PEI’s. 

Results 
The kinetics of the deuterium exchange of isobutyral- 

dehyde-2-d were studied as described p rev i~us ly .~  The 
reactions were stopped by acidifying the reaction mixture 
to neutralize the basic catalyst and liberate the aldehyde 
from any complex formed with the catalyst. The aldehyde 
was then extracted and its deuterium content was deter- 
mined by proton magnetic resonance measurements. 
First-order rate constants obtained in the presence of vari- 
ous PEI’s are listed in Table I. PEI-X is a polymer with a 
number-average molecular weight of X .  Normalities refer 
to the number of equivalents of amino groups per liter. 
The aldehyde forms complexes with the catalysts in equi- 
libria that  are much faster reactions than the deuterium 
exchanges. In the presence of 1.0 N PEI’s the aldehyde is 
very largely complexed, so that the rate constants listed in 
these cases are essentially those of the complexed alde- 
hyde. 

To  help in estimating the catalytic efficiencies of the 
secondary amino groups of the PEI’s, diethylamine was 
studied as a catalyst. Rate constants obtained in the pres- 
ence of several diethylamine buffers are listed in Table 11. 
Ultraviolet measurements showed that 0.2 M diethyl- 
amine transforms less than 1% of 0.07 M isobutyraldehyde 

863 



864 J. Org. Chem., VoE. 39, No. 7, 1974 Hine and Flachskam 

Table I 
R a t e  Cons tan ts  for Exchange 0f Isobutyraldehyde-2-d 

in the Presence of PEl's in Water  at  35" a 

PE I 
lOSk, 

PH sec -1  

1 .OO N PEI-600 8.49 10.2 
1 .00 N PEI-GOOb 8.50 24.1 
1 .OO N PEI-1200 8.51 1 2 . 1  
1 .OO N PEI-1200' 8 .48  24.6 
1 .OO N PEI-1800 8.54 12 .6  
1 .OO N PEI-1800b 8.51 23.5 
1 .OO N PEI-50,000 8.52 1 4 . 1  
1 .OO N PEI-50,000' 8.50 23.6 
0.099 N (HzNCH2CHz)zNH 8 .51  0.90 
0,099 N PEI-146c,' 8 .48 2 .o 
0,100 N PEI-190C'e 8 .51  3 .O 
0.103 N PEI-600 8.47 7 .5  
0.153 N PEI-600 8.42 9 . 5  
1 .01  N PEL-600 7.40 8.1 
1 .01  A' PEI-600 7.78 9 . 6  
1.01 N PEI-600 7.91 11.1 
1 , O l  N PEI-600 8 .15  10 .8  
1 . 0 1  N PEI-600 8.37 9 .9  
1 .01 N PEI-600 8.40 9 . 8  
0,100 N PEI-50,000 8 .60  6 .5  
0.30 A' PEI-50,000 8.51 11.5 
0.60 N FEI-50,OOQ 8.52 15 . O  

1 . O O  N PEI-50,000 7.55 22.5 
1 .00 N PEI-50,000 6.81 14 .9  

1 .00 N PEI-50,000 7.96 21 .o  
1 .00 N PEI-50,000 8.56 14.9 

[Me2CDCHOIo = 0.054 M .  All concentrations listed 
are total concentrations, regardless of states of protonation 
or complexing. 0.100 M 1,4-diazabicyclo [2.2.2]octane also 
present.  labeled as, a P E I  because it is a mixture of 
polyethylenepolyamines; the molecular weight given is that 
of its principal component. d Eastman Technical triethylene- 
tetramine. e Eastman Technical tetraethylenepentamine. 

Table I1 
Diethylamine Catalysis of the Deuter ium Exchange 

of Isobutyraldehyde-2-d in Water  at 35 O 
lOSh,, 1Oskh[OH-1, 103kEt2r;a, 

[Et2" 1 IEtzNHz + 1 S e C  -1 sec-1 M-1 sec-1 

0.0241 0.0774 8.77 1.40 3 .06  
0.0247 0.164 8.42 0.76 3.10 
0.0498 0.136 17 .9  1 .8  3.24 

Av 3 .13  

to carbinolamine (or any other adduct). In view of this fact 
and the earlier observation that secondary amines do not 
give any detectable catalysis of the dedeuteration of iso- 
butyraldehyde-2-d via iminium ion formatioq6 these ex- 
change reactions were assumed to follow eq 1, where k ,  is 

the pseudo-first-order rate constant obtained in a given 
run. (The catalysis constant for water5 is so small that 
such catalysis may be neglected in all the runs described 
in the present paper.) As shown in Table 11, the correc- 
tions for hydroxide ion catalysis (calculated from the ca- 
talysis constant for hydroxide ion@) do not exceed 16% of 
the total reaction, and the values obtained for kEtZNH are 
reasonably constant. 

One method of determining the fraction of the amino 
groups in PEI's that are tertiary is to treat the material 
with excess acetic anhydride to transform the primary and 
secondary amino groups to amide groups and then to ti- 
trate the remaining basic groups with p-toluenesulfonic 
acid in acetic acid-acetic anhydride.7 It seems possible 
that, if too many tertiary amino groups are located near 
each other in the polymer, the protonation of some of 
them will so decrease the basicity of the remaining ones 

Table 111 
Titrations with p-Toluenesulfonic Acid at  63 f 1 % 

Acetic Acid-37 i: 1% Acetic Anhydride 

Amine 

Equiv of 
Concn, [P-TBOHI,~ base/mol 

M M ofamine 

(Me2NCHzCHZ)2NMe 0.022 0.200 2.99 
(Me2NCH2CH2NMeCHZ)2 0.0070 0 . lo0  3 .96  
(Me2NCH2CH2) 3N b 0.0065 0.100 3.00 
(AcNHCHzCM9)3Nc 0.107 0.200 1.02 

a In glacial acetic acid. The 3.7% (Me2NCHzCH2N- 
MeCHz)z present as an impurity was aisumed to take up 
4 equiv of acid/mol of amine. c The starting material was 
( H z N C H ~ C H ~ ) ~ N  containing 13.2 % of triethylenetetramine 
as an impurity. The material was acetylated in the manner 
used for PEI's, and the impurity was assumed to leave no 
base that would be titrated under the conditions used. 

Table IV 
Tert iary Amine Content  of PEI's as Determined by 

t h e  Acetylation-Titration Method 

PEI 
70 

tertiary" 

PEI-600 
PEI-1200 
PEI-1800 
PEI-50,000 

21.6 
25.2 
26 .O  
26.5 

a The number of tertiary amino groups divided by the 
total number of amino groups and multiplied by 100. 

Table V 
Thermodynamic  pK, Values in Water  at  25' 

Amine PKI P K ~  pK3 

( MezNC HzCH2) zNMe 9.32 8.24 
(Me2NCH&H2)3N 9.42 8.34 6.66 
(Me2NCH2CH2NMeCH2)2 9.16 8 .17  4.62 

that the number of amino groups determined will be 
smaller than the number actually present. To test this 
possibility, four model compounds were titrated, and the 
averages of the results obtained are shown in Table 111. 
The potentiometric titration curves obtained were essen- 
tially the same as those obtained in titrations of acetylat- 
ed PEI's, except that the end points were slightly sharper 
in the case of the model compounds. The number of terti- 
ary amino groups determined is correct in every case ex- 
cept that of tris(2-dimethylaminoethyl)amine, where only 
three of the four amino groups present were protonated 
during the titration. We therefore conclude that a tertiary 
amino group in a PEI will not be protonated in the titra- 
tion if the three nearest amino groups are protonated, but 
that protonation of a tertiary amino group is not prevent- 
ed by protonation of two of the three nearest amino 
groups (cf  the first two compounds in Table 111). The ter- 
tiary amino contents of PEI's listed in Table IV were de- 
termined by the standard acetylation-titration method 
and have not been corrected for the possibility that some 
of the tertiary amino groups escaped titration. Essentially 
the same results were obtained in several cases where the 
acetylation was varied from the standard 4 hr to as little 
as 15 min and as much as 6 hr. 

The pKa values of three of the model compounds were 
determined by potentiometric titration in aqueous solu- 
tion, with the results shown in Table V. 

Discussion 
The rate constants for the dedeuteration of 0.053 M iso- 

butyraldehyde-2-d in the presence of ethylenediamine and 
its five N-ethylated derivatives, all at concentrations of 
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0.10 M,  at pH 8.5 and 35” range from 0.20 X sec-l 
for the unsubstituted compound to  0.55 X lov5 sec-l for 
the triethyl d e r i ~ a t i v e . ~ ~ ~  The relative reactivities are a 
complicated function of the fraction of the aldehyde that  
is complexed, the fraction of the amine that  is protonated 
at  pH 8.5, the amount of reaction that involves two mole- 
cules of catalyst, and other factors. The rate of dedeutera- 
tion in the presence of ethylenediamine around pH 8.5 in- 
creases to  a maximum at  diamine concentrations around 
0.03 M,  decreases to a minimum around diamine concen- 
trations of 0.10 M, and then increases with increasing 
concentrations of diamine.8 These and similar observa- 
tions show that  the relative catalytic activities of ethyl- 
enediamine and its N-ethylated derivatives are functions 
of the concentrations of aldehyde and diamine used. The 
fact that diethylenetriamine is about 60% more efficient 
than the best of the N-ethylated ethylenediamine cata- 
lysts may suggest that bifunctional catalysis has become 
important, but there are a number of possible alternative 
explanations. In fact, in view of the evidence that  the ex- 
change of isobutyraldehyde via iminium-ion formation in- 
volves only the trans iminium i o n ~ ~ ~ ~ - ~ ~  and that more 
than six carbon (or other) atoms are needed between the 
primary amino group and the basic catalyzing group for 
bifunctional catalysis via a trans iminium ion,l3 it seems 
unlikely that diethylenetriamine is acting bifunctionally. 
All the compounds listed as PEI’s in Table I have pairs of 
amino groups separated by a large enough number of 
atoms that  a molecular model of a transition state for bi- 
functionally catalyzed dedeuteration via a trans iminium 
ion may be constructed without obvious major strain. In 
view of all the additional evidence described, particularly 
for PEI-1800,293 it seems likely that bifunctional catalysis 
is significant for all these PEI’s. The reactions in all cases 
will include a component from free aldehyde and a com- 
ponent from complexed aldehyde, with all the bifunction- 
ally qatalyzed reaction being included in the latter com- 
ponent. Therefore, in order to learn more about the bi- 
functionally catalyzed reaction, we shall give particular 
attention to  the relative reactivities determined in the 
presence of 1.0 N PEI’s, where the complexed aldehyde is 
responsible for almost all the observed reaction. 

In Figure 1 are plots of the rate constants for deuterium 
exchange of 0.054 M isobutyraldehyde-2-d us. pH in the 
presence of 1.0 N PEI-600, PEI-1800, and PEI-50,000. 
Whether one compares the rate constants a t  a given pH, 
such as 8.5, where the largest amount of data exists, or a t  
the respective maxima for the various PEI’s, the catalytic 
activities are seen to increase with increasing molecular 
weight of the PEI’s. This increasing reactivity of the com- 
plexed aldehyde suggests either that as the molecular 
weight of the PEI increases the complexed aldehyde be- 
comes increasingly reactive toward attack by a base (e .g . ,  
because of a larger fraction of it being present as iminium 
ions), or that there is an increase in the number and/or 
basicity of internal amino groups that  can attack com- 
plexed aldehyde, or that both of the preceding factors are 
important. In view of the results obtained when Dabco 
was present in the reaction solution, the first alternative 
seems unlikely. The effect of 0.200 N Dabco on the ex- 
change rate in the presence of 1.00 N PEI’s increases in 
the order PEI-50,000 < PEI-1800 < PEI-1200 < PEI-600. 
This sequence is reasonably explained by assuming that 
aldehyde complexed to PEI-600 is somewhat more reac- 
tive than that complexed to PEI-50,000 because a some- 
what larger fraction of it is complexed as iminium ions, 
but it is also possible that aldehyde complexed to the 
larger PEI’s is more sterically hindered. A larger fraction 
of iminium ions would be expected in the aldehyde com- 
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Figure 1. Plot of rate constants for dedeuteration of isobutyral- 
dehyde-2-d in water at 35” in the presence of, A, 1.01 N PEIdOO; 
0,0.97 h 0.03 NPEI-1800; 0, 1.00NPEI-50,OOO. 

plexed to the lower molecular weight PEI’s because these 
have a larger fraction of primary amino groups, which can 
yield imines and iminium ions, in contrast to the secon- 
dary amino groups, which yield carbinolamines, imidazol- 
idines, and perhaps larger ringed heterocycles. The great- 
er rate of deuterium exchange of aldehyde complexed to 
the higher molecular weight PEI’s is therefore most 
plausibly explained in terms of the larger number of 
amino groups in the same molecule that  are capable of re- 
moving deuterium from those isobutyraldehyde-2-d mole- 
cules that are complexed as iminium ions. However, the 
reactivity of complexed aldehyde is not simply proportion- 
al to the number of other amino groups present in the 
molecule (even if a correction is made for differences in 
susceptibilities of complexed aldehyde to attack by bases 
as judged from the effect of Dabco on exchange rates). 
Aldehyde that is complexed to PEI-1800 must have about 
three times as many amino groups in the same molecule 
with it as does aldehyde that is complexed to PEI-BOO, 
and yet the PEI-1800-complexed aldehyde is only about 
24% more reactive. PEI-50,000-complexed aldehyde is 
only 5-90% (depending on the pH at  which the compari- 
son is made) more reactive than PEI-1800-complexed al- 
dehyde, in spite of having about 30 times as many amino 
groups. If we make the plausible assumption that an 
amino group (of a given basicity, etc.) separated from a 
complexed aldehyde by a given number of atoms has 
about the same rate constant for deprotonating it in one 
PEI as in a PEI of much different molecular weight, it fol- 
lows that most of the amino groups in PEI-50,000 are sep- 
arated from the average complexed aldehyde by such a 
long chain of atoms that they rarely collide with it and are 
thus quite inefficient a t  deprotonating it. 

In order to get an improved understanding of how the 
ability of an  amino group to deprotonate complexed alde- 
hyde depends on the length of the intervening chain of 
atoms, we used computer and other techniques to esti- 
mate certain aspects of the detailed structures of the 
PEI’s, as described in more detail in the Appendix. We 
carried out computer simulations of ethylenimine poly- 
merization, using constraints to make some properties of 
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4 8 12 
Distance, in monomer units 

Figure 2. Estimated total number of amino groups at each dis- 
tance from the average primary amino group in polyethylenim- 
ines with average molecular weights of 600, 1200, 1800, and 
50,000. 

the polymers resemble those observed experimentally but 
otherwise assuming random reaction. We then estimated 
the number of primary, secondary, and tertiary amino 
groups at each possible distance from the average primary 
amino groups. The estimated total number of amino 
groups at each distance from the average primary amino 
group in PEI-600, PEI-1200, PEI-1800, and PEI-50,000 is 
plotted in Figure 2. 

To discuss internal attack on complexed aldehyde sim- 
ply in terms of the number of amino groups at  various dis- 
tances away that are available for attack neglects several 
important factors. Other factors being equal, the most 
basic amino groups will attack most rapidly. However, a t  
the pH's where bifunctional catalysis is most clearly sig- 
nificant, many of the amino groups of a PEI are proton- 
ated, and the most basic amino groups will be protonated 
to the greatest extent. Furthermore, in view of the fact 
that trimethylamine dedeuterates isobutyraldehyde 2 - d  20 
times as rapidly as triethylamine does, in spite of being 
only about one-seventh as basic,5 allowance should also be 
made for differences in steric hindrance and any other 
factors that influence the ease with which a base removes 
a deuterium from an N-substituted isobutylideniminium 
ion. In order to allow for such factors we subdivided the 
amino groups in PEI's in aqueous solution at  pH 8.5 into a 
number of categories and estimated the rate constant for 
the attack of each on N-methylisobutylideniminium ions. 
As described in detail in the Appendix, data on model 
compounds were used to estimate the basicities of the 
various types of amino groups in the unprotonated PEI's 
and the effect of protonation of nearby amino groups on 
these basicities. Then Brsnsted relationships were as- 
sumed for the rate constants for dedeuteration of N-meth- 
ylisobutyliden-2-d-iminium ions by these various types of 
amino groups. Rate constants for dedeuteration by the 
different types of' amino groups were then calculated from 
their respective basicities and the Br~ns ted  relationships. 
From these results the estimated average rate constants 
for dedeuteration by the primary, by the secondary, and 
by the tertiary amino groups of each of the PEI's were cal- 

I I I I I '1 

Distonce, in monomer units 
Figure 3. Estimated reactivities (relative to that of a tertiary 
amino group), in dedeuteration of MeZCDCH=N+H- groups, of 
the primary, secondary, and tertiary amino groups at various dis- 
tances from the average primary amino group in PEI-1800. 

culated. It was then assumed that  the relative magnitudes 
of these rate constants for attack on the N-methyliso- 
butyliden-2-d-iminium ion are the same as those for at- 
tack on the isobutyliden-2-d-iminium ions formed from 
any given PEI. This permits us to combine the estimated 
rate constants and the estimated numbers of primary, 
secondary, and tertiary amino groups at  each of the possi- 
ble number of units away from the average primary amino 
group to obtain the relative rate constants that would be 
expected, for a given PEI, for dedeuteration of complexed 
aldehyde via transition states with each of the possible 
rings if there were no ring-size effect. A plot of the esti- 
mated relative rate constants24 for attack on complexed 
aldehyde by the primary, secondary, and tertiary amino 
groups at  each of the possible distances from the average 
primary amino group in PEI-1800 is shown in Figure 3. 
The estimated amount of catalysis by tertiary amino 
groups i s  seen to be quite small compared with that esti- 
mated for primary and secondary amino groups, which are 
less hindered and, on the average, more basic. The three 
curves in Figure 3 may be summed to get the total rela- 
tive rate constants that would be expected if there were 
no ring-size effect. Before comparing such a summed 
curve with that for another PEI, a correction was made for 
differences in ease of removal of deuterium from com- 
plexed aldehyde as evidenced by reactivities toward added 
Dabco. That is, the estimated rate constants for PEI-600, 
PEI-1200, and PEI-1800 were multiplied by 1.46, 1.32, and 
1.15, respectively, since the effects of Dabco on the rate of 
exchange of aldehyde complexed to PEI-600, PEI-1200, 
and PEI-1800 are greater by 46, 32, and E%, respectively, 
than on the rate of exchange of aldehyde complexed to 
PEI-50,000 (Table I) .  A plot of the relative rate constants 
(relative to that  for the average tertiary amino group in 
PEI-50,000) is shown in Figure 4. (To put the entire plot 
for PEI-50,000 on the same graph would make those for 
the smaller polymers too small to see clearly.) 

If there were no ring-size effect, the relative rate con- 
stants for the exchange of complexed aldehyde would be 
essentially equal to the relative areas under the curves 
shown in Figure 4. Thus, aldehyde complexed to PEI- 
1200, PEI-1800, and PEI-50,000 would exchange 2.0, 2.7, 
and 70 times as fast as aldehyde complexed to PEI-600. 
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50,000 

30 

Distance, i n  monomer  units 

Figure 4. Estimated reactivities (relative to that of the average 
tertiary amino group in PEI-50,000), in dedeuteration of internal 
Me&DCH=N+H- groups, of amino groups at various distances 
from the average primary amino group in four PEI's. 

These figures are quite different from the observed ratios 
of 1.19, 1.24, and 1.38, which may be calculated from the 
data on runs using 1.0 N PEI's a t  pH 8.5 in Table I. We 
assume that these differences would largely disappear if 
each of the rate constants for reaction via a transition 
state with a given ring size were multiplied by the proper 
ring-size factor. 

There are, of course, an infinite number of sets of ring- 
size factors that will give the desired agreement, but they 
are not all equally plausible. We have assumed that what- 
ever value of n makes 1 the most favorable transition 
state, the next most favorable one will be one with one 
more or one less ethylenimine unit in the ring. More pre- 
cisely, we have assumed that the ring-size factors will be a 
Gaussian function of In n, as shown in eq 2. In this equa- 
tion r, the ring-size factor, is the number by which the 
relative rate constants, such as those plotted in Figure 4, 
should be multiplied to correct them for the ring-size ef- 
fect; nop is the value of n in the optimum transition state; 
and C is a constant that controls the sharpness of the 
Gaussian function. A logarithmic function is used so that 

In r = -C In- ( n:--J 
r will be undefined for negative values of n but still posi- 
tive for any large n. A function of n - 1 is used to make r 
zero for an n value of 1, since models of the appropriate 
transition state 1 can be constructed only with obvious 
enormous strain. With nop restricted to integers, a very 
large value of C corresponds to essentially all the reaction 
proceeding via the transition state in which n is equal to 
nop. An nop value of 5.5, for example, corresponds to the 
transition states for which n is 5 and 6 being about equal- 
ly favorable. A very small value of C corresponds to essen- 
tially identical ring-size factors for all values of n, which, 
as explained earlier, corresponds to much greater relative 
catalytic activity for the larger PEI's than that found ex- 
perimentally. 

We determined how well the observed relative reactivi- 
ties of aldehyde complexed to the four polymers could be 
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C 
Figure 5. Per cent standard deviations in the fit to the observed 
catalytic activities of four PEI's obtained using eq 2 and various 
values of no,, and C. 

fit (as measured by the standard per cent deviations) by 
various pairs of values of nop and C. The results are shown 
in Figure 5, in which two contour lines have been drawn, 
one at  a standard deviation of 17% and the other a t  a 
standard deviation of 40%. It is seen that for any value of 
C from one to infinity there are values of nop that permit 
our data to be fit with standard deviations of 40% or less. 
For this reason, we feel that all we can say about C is that 
its value is probably not much less than 1.0. The plot is 
much more restrictive as to the probable value of nop, 
however. If a 40% standard deviation from the experimen- 
tal values is taken as satisfactory, nop must be in the 
range 3-6. If it is demanded that the standard deviation 
not exceed 1770, nop is probably either 4 or 5. 

The preceding conclusions are relatively insensitive to 
some of the details of the treatment used. In alternative 
treatments we assumed that the number of amino groups 
at  a given distance from the average primary amino group 
agreed with the number calculated for an infinitely large 
polymer out to 20 ethylenimine units (instead of 13, as in 
the treatment that gives Figure 5), neglected catalysis by 
amino groups more than 20 units away, replaced the 
terms nop - 1 and n - 1 in eq 2 by nop - 2 and n - 2, 
and took the reactivity of tertiary amino groups as the 
same in all the polymers. Although these alternative 
treatments were not carried out in as much detail, in no 
case was there any evidence that C is significantly smaller 
than 1.0 or that  nop is outside the range 3-6. The range 
3-6 of nop corresponds to a ring size of 13-22 atoms for the 
optimum cyclic transition state. Models of transition 
states of the type of 1 can be constructed without obvious 
strain in bond lengths or bond angles (but perhaps with 
unfavorable nonbonded interactions and torsional strains 
around single bonds) for any value of n equal to 3 or more. 
Bifunctional catalysis by l-dimethylamino-8-amino-2-oc- 
tyne, which should give a transition state with a 13-mem- 
bered ring, has been 0 b ~ e r v e d . l ~  The compounds 
H ~ N ( C H Z ) ~ N H Z ,  where m was 11 and 12 (corresponding 
to cyclic transition states with 16- and 17-membered 
rings), did not appear to be bifunctional catalysts,13 but 
this may result from the greater energy required to 
achieve the necessary gauche conformations in a poly- 
methylene chain. The range 13-22 atoms obtained for the 
optimum cyclic transition state in the present case may 
depend significantly on the polyethylenimine nature of 
most of the ring. It would take more data to learn how ex- 
trapolatable the present results are to compounds with 
other types of relatively flexible chains between the pri- 
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mary amino group and the other basic group in bifunc- 
tional catalysts for deuterium exchange via the trans form 
of aldiminium ions. 

Experimental Section 
Reagents. Polyethylenimines with average molecular weights 

of 600 (Montrek-6, lot no. 534-1-47), 1200 (Montrek-12, lot no. 
534-2-2), and 1800 (Montrek-18, lot no. TA09028BON) were ob- 
tained from the Dow Chemical Co. as viscous, colorless liquids 
containing less than 3% water. PEI-50,000 (Montrek-600, lot no. 
01047BO1, said to have a number-average molecular weight of 
40,000-60,000) was obtained as a "-33% solution in water." The 
elemental analysis agreed best with a 34.6% solution of PEI con- 
taining 0.88%15 hydrochloric acid. 

Anal. Calcd for 34.6% (CzHoN),-0.88% HC1-64.5% HzO: C, 
19.30; H, 11.29; N, 11.25; C1, 0.86. Found: C, 19.52; H, 11.28; N, 
11.11; C1,0.86. 

Volhard analysis showed 0.19, 0.24, and 0.51 wt % chloride in 
the PEI-BOO, -1200, and -1800, respectively. These amounts were 
taken as hydrochloric acid already in the samples, and they were 
therefore added to the per cents of tertiary amino group deter- 
mined by acetylation and titration? to give the results shown in 
Table IV. 

The N,N-bis(2-dimethylaminoethyl)methylamine (Ames Labo- 
ratories) used was found by glpc to be at least 99.8% pure. After 
purification by recrystallization of their hydrochlorides, N,N'-bis- 
(2-dimethylaminoethyl)-N,N'-dimethylethylenediamine (Ames) 
and tris(2-dimethylaminoethy1)amine [prepared by methylation 
of tri~(2-aminoethyl)amineI~~ were found by glpc to be >99.8 and 
96.3% pure, respectively; the 3.7% impurity in the latter tetra- 
mine was the former tetramine. 

Both Eastman Technical triethylenetetramine and tetraethy- 
lenepentamine showed a large number of peaks on glpc. 

pK Determinations. The pK values listed in Table V were de- 
termined by potentiometric titration of aqueous amine solutions 
in the concentration range 0.02-0.03 M with 1.00 M hydrochloric 
acid using a Radiometer Model 26 pH meter and G202B glass and 
K401 reference electrodes. Values of pK1, pK2, and pK3 (when 
determinable) were calculated, using a computer program, so as 
to minimize the sum of the squares of the deviations of the calcu- 
lated from the observed pH values for at least eight experimental 
points. Equation 3 was used to calculate activity  coefficient^.^? 
The reliability of the pK values obtained probably stands in the 
order pK1 > pK2 > pKs because of the uncertainties in calculat- 
ing the activity coefficients of multicharged ions at the higher 
ionic strengths present when the diprotonated and triprotonated 
amines were the principal amine species present. 
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The tosylates of enclo-5,6-trirnethylene-2-norbornen-9-01 have been prepared and solvolyses carried out  in ace- 
t i c  acid. Th is  has led t o  exo-tetracyclo[5.2.1.0z~6.04~8]decan-9-ol. Solvolysis o f  the tosylate of  th is  compound 
leads to  a degenerate rearrangement w i t h  migrat ion of the C4-C!3 bond. 

Participation of x electrons in the solvolysis of norborn- 
yl derivatives has led to new norbornyl-type ring systems 
in many cases.3 We were interested in the solvolysis of 
endo-5,6-trimethylene-2-norbornen-9-yl tosylates (2, 4) as 
a source of new ring systems.4 Compound 3 was prepared 
by treatment of 4-hydroxycyclopentene with cyclopenta- 
diene, oxidation of the product with chromium trioxide in 
pyridine, and reduction with lithium aluminum h ~ d r i d e . ~  
Treatment of 4 with tetraethylammonium acetate and sa- 
ponification of the resulting acetate yielded I e Hydrogena- 
tion of 1 and 3 led to the known saturated alcohols,6 
which served to prove the configuration at Cs was well as 
confirm the structure of the ring skeleton. Rate data for 
the acetolysis of 2 and 4 are given in Table I. 

Y 

X x 
X Y X Y 

1 OH H 2a OTos H 
2 OTos H 4a H OTos 
3 H OH 
4 H OTos 
8 C1 H 

The exo/endo rate ratio of 27 a t  25" is probably indica- 
tive of a small rate enhancement of the exo isomer due to 
participation of the T electrons. An alternate explanation 
of steric hindrance to ionization6 of the endo isomer 4 
seems unreasonable. The analogous saturated tosylates 2a 
and 4a exhibit an exo/endo acetolysis sate ratio of 0.62 a t  
25".6 It does not appear likely that introduction of the 
double bond would drastically change the relative rates 
for steric reasons. The rate for acetolysis of the saturated 

endo tosylatee 4a is 7.19 x 10-7 sec-1, while that  of the 
unsaturated is 2.49 x 10-7 sec-I. The decrease in rate of 
the unsaturated endo tosylate 4 compared to the saturat- 
ed could be largely attributed to the electron-withdrawing 
character of the double bond. The exo-unsaturated tosyl- 
ate 2 exhibits a rate of 66.4 x 10-7 sec-1, while the satu- 
rated analog 2a has a rate of 4.48 x 10-7 sec-l. The fact 
that the unsaturated tosylate solvolyzes 15 times faster 
than the saturated is most reasonably explained by par- 
ticipation of the double bond. 

Both exo and endo isomers gave excellent straight lines 
for first-order kinetics to over 80% of reaction. Examina- 
tion of the products from acetolysis at 75" shows a 2:1 
ratio of acetate to olefinic products from both 2 and 4. Di- 
cyclopentadiene was the only olefinic product. The ace- 
tate from 4 after saponification showed 10% of 1 and 30% 
of rearranged alcohol 5.  The product resulting from sapon- 

i n  

2 

x Y 
5 OH H 
9 OTos H 
10 H OH 
11 H OTos 
13 D OH 

7 


