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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 isobutyraldehyde-2-d.2:3 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
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transition states are probably rather common in enzymat-
ic reactions. The dedeuteration of acetone-dg 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 molecule.t 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

+ This paper contains “miniprint.” See Editorial regarding miniprint on
p 8A of the Jan 11, 1974, issue.
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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 previously.® 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 II.
Ultraviolet measurements showed that 0.2 M diethyl-
amine transforms less than 1% of 0.07 M isobutyraldehyde
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Table 1
Rate Constants for Exchange of Isobutyraldehyde-2-d
in the Presence of PEI’s in Water at 35° ¢

Hine and Flachskam

Table ITI
Titrations with p-Toluenesulfonic Acid at 63 = 19
Acetic Acid-37 &= 19, Acetic Anhydride

105%,
PEI pH sec!
.00 N PEI-600 49 10

.00 N PEI-600°
.00 N PEI-1200
.00 N PEI-1200°
.00 N PEI-1800
.00 N PEI-1800°
.00 N PEI-50,000
.00 N PEI-50,000°
.099 N (H,NCH,CH.).NH
.099 N PEI-146¢.4
.100 N PEI-190¢:
.103 N PEI-600
.153 N PEI-600
.01 N PEI-600
.01 N PEI-600
.01 N PEI-600
.01 N PEI-600

.01 N PEI-600

.01 N PEI-600
.100 N PEI-50,000
.30 N PEI-50,000
.60 N PEI-50,000
.00 N PEI-50,000
.00 N PEI-50,000
.00 N PEI-50,000
.00 N PEI-50,000

e [Me;CDCHOJ, = 0.054 M. All concentrations listed
are total concentrations, regardless of states of protonation
or complexing. b 0.100 M 1,4-diazabicyclo[2.2.2]octane also
present. © Labeled as a PEI because it is a mixture of
polyethylenepolyamines; the molecular weight given is that
of its principal component. ¢ Eastman Technica] triethylene-
tetramine. ¢ Eastman Technical tetraethylenepentamine.
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Table IX
Diethylamine Catalysis of the Deuterium Exchange
of Isobutyraldehyde-2-d in Water at 35°

10%%p, 105kn[OH "], 10%mt,NH,

[Et:NH] [Et:NH,*+] sec ™1 sec~1 M~1gec™!
0.0241 0.0774 8.77 1.40 3.06
0.0247 0.164 8.42 0.76 3.10
0.0498 ¢.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 formation,® these ex-
change reactions were assumed to follow eq 1, where & is

ky, = kg nulEt;,NH] + &,JOH™] (1)

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

One method of determining the fraction of the amino
groups in PEID’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.” 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

Equiv of

Concn, [p-TsOHL* base/mol

Amine M of amine
(Me,NCH,CH,).NMe 0.022 0.200 2.99
(Me;NCH,CH,NMeCH,), 0.0070 0.100 3.96
(Me,NCH,CH,),N? 0.0065 0.100 3.00
(AcNHCH,CH,);N¢ 0.107 0.200 1.02

e In glacial acetic acid. ® The 3.7% (Me:NCH,CH:N-
MeCH,), present as an impurity was assumed to take up
4 equiv of acid/mol of amine. ¢ The starting material was
(H;.NCH.CH,);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
Tertiary Amine Content of PEI’s as Determined by
the Acetylation-Titration Method

%
PEI tertiary?
PEI-600 21.6
PEI-1200 25.2
PEI-1800 26.0
PEI-50,000 26.5

@ 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 K, pK» pKs
(Me:NCH,CH,),NMe 9.32 8.24
(Me;NCH,CH,);N 9.42 8.34 6.66
(Me2NCHZCH2NMeCH2>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 III.
The potentiometric titration curves obtained were essen-
tially the same as those obtained in titrations of acetylat-
ed PEI’s, except that the end peints 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 III). 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 pK, 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 10-3 sec—!
for the unsubstituted compound to 0.55 X 10-5 sec-?1 for
the triethyl derivative.?:3 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.®# 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 ions®:9-13 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,?3 it seems
unlikely that diethylenetriamine is acting bifunctionally.

All the compounds listed as PEIl’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 vig a trans iminium
ion may be constructed without obvious major strain. In
view of all the additional evidence described, particularly
for PEI-1800,2:3 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 catalyzed 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 vs. pH in the
presence of 1.0 N PEI-600, PEI-1800, and PEI-50,000.
Whether one compares the rate constants at a given pH,
such as 8.5, where the largest amount of data exists, or at
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 PEIl’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, &, 1.01 N PEI-600;
®, 0.97 £+ 0.03 N PEI-1800; 0, 1.00 N PEI-50,000.

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-600,
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 at 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
PEl’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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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, at
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,® 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 PED’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 Brensted 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 Brgnsted 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 PEl’s were cal-
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Figure 3. Estimated reactivities (relative to that of a tertiary
amino group), in dedeuteration of MeaCDCH==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 constants!4 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 is 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 15%, 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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Figure 4. Estimated reactivities (relative to that of the average
tertiary amino group in PEI-50,000), in dedeuteration of internal
MeCDCH=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 at 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 Iln 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; nep 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

Noy — 1V
- (m —_1—> @)

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 n,, 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 nep 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

In r =
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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 nyp and C.

fit (as measured by the standard per cent deviations) by
various pairs of values of ny, 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 at a
standard deviation of 40%. It is seen that for any value of
C from one to infinity there are values of nyp 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 ngp,
however. If a 40% standard deviation from the experimen-
tal values is taken as satisfactory, n,, must be in the
range 3-6. If it is demanded that the standard deviation
not exceed 17%, n,y, 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 n,, — landn — lineq 2 by ngp — 2and 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 n,, is outside the range 3-6. The range
3-6 of nyp 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 1-dimethylamino-8-amino-2-oc-
tyne, which should give a transition state with a 13-mem-
bered ring, has been observed.’® The compounds
HoN(CH3)mNH,, 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.
01047BOI, 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%325 hydrochloric acid.

Anal. Caled for 34.6% (CoHgN),.-0.88% HCl-64.5% H;0: C,
19.30; H, 11.29; N, 11.25; Cl, 0.86. Found: C, 19.52; H, 11.28; N,
11.11; Cl, 0.86.

Volhard analysis showed 0.19, 0.24, and 0.51 wt % chloride in
the PEI-600, -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
TableIV.

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-dimethylaminoethyl)amine [prepared by methylation
of tris(2-aminoethyl)amine]1® 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.

§0C=33e1

Hine and Flachskam

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 pK;, pKs and pKs (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 coefficients.1?
The reliability of the pK values obtained probably stands in the
order pK, > pKz > pKjs 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.

of _Vu

log v 0.509Z (1 ¥ V-ﬁ 0.2/.4) 3)
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of sthyleninine’ "'*° reaction by the mechanism used would
Baziaation of Dlstrivurion of Verious Types of Aming (20) Gf. 1. . Sehneider, G. R, Dick, and &. B. Ham,

Qroupa.--For the purpose of eavimating the environment of British Patent 1,195,338; Ghem. Abat., 73, L6222! (1970).
the average primary, sscondary, and tertiary &mino groups —_—
in the various PEI's, the polymerization of sihylenimine pass shrough the latter in either cese, We therefors carnied
vas taksn as involving nucleophilic sttack by primary or out & computer-simulated polymerization starting with
sacondsry amino groups in the growing polywsr on probonated alethylenetrisnine and assuning that the reactivity of any
sthylenintne (sq k). Although it appears that nucleophillc énino group in the growing polymer depeads only on whether

the amino group 18 primary, sscondary, or tertiary. Siace

. 2, H(NHCHaCHg )sNig quaternary nitrogen is imown to be virtuslly absent from

R C;{:\Z;‘ . W tha polymer, the bertiary amine groups were assigned a

4

¥(CEaCHaNE)s
18,28

attaok by ethylenimine is even more imporiant,

{18) G. D, Jones, D, O. MacWiiliams, and N. A, Braxtor,

Lo Org. Shem., 30, 1994 (1965).

(19) ©. R. Dick and G, E. Ham, J. Maoromol. Sci,, Chex.,

4, 1300 (2970).

allowance for such & pathway would have complicated owr
Treatment grestly, and it is mot ciear that 1t would have
changad the results significantly. Although botn svhylens-
dianine and dletaylenstriamine are used in the polymerization

JoC=33-5
If P and 8 represent primary and secondary amino groups the

following relations ere evident. A4s the molecular weight

3T /8t = 5,187 (s)
a]/ae = 5,18 - ke )
a5

=t 7)

of the polymer approaches infinity the ratio d;8)/47F]
must approach [8]/[P]. The fraction of tertiary amino
groups may then bo caloulated from eq 7 and tns fact that
there would be essentlally equal numoers of primary and
tertiary amino groupa In an Infinitely lsrge PEI molsculs,
et us estimate the number of amino groups of various
kinds that ave ab each of the various posaible distances
from the averags primery amino group in an infinively lérge
PBI, If £ is the fraction of amino groups that &re primary
then the frectlon tertiary is also L and the frection
secondary is 1 - 22. It then follows thet if E fs one of
the evhylene units that joins the awino groups the fraction
of N-E bonds bthat are of the type P-E is L/2, the fraction
of T-E bonds is 3L/2, and the fraction of S-E bonds is
1 - 20, 1If the bonds are arranged randomly one might &t
£irsv think that the fraction of F-E that loads on to give

relative reactivity of zero. This leaves cnly one paremeter,
Eg/ys 6 vesculvity of eny primary smino group relative
Yo that of any secondery amine group. Each simslated
polymerization Was carvisd out Wish & given valus of k /K,
which was used With a random number generator to deuids
Waich emino group in ths groWing polymer with p ethylenimine
units attacked echyleniminium lona to give ths polywer with
4 -1 units. To similate PEI-600, PEI-1200, and PEI~1800,
polymers with 1y, 28, and 42 aminc groups (molecular

weights 576, 1178, and 1730, respactively) Were ganerated.
After 50 polymers of & given type hac bean generated using

8 glven valus of k/k,, he fractions of she amino groups
in these polymens that were primary, secondary, and tertlary

were oaloulsted, and then the fraction of tertiary amino

JOO=3345
However, this

the partisl strusture P-E-3 would be 1 - 2f.
gnores the fact that since we Are daaling with a very
large polymer the structura P-E-P, walch would aimply be
athylenediamine, 1s impossible. When this restrictlon is
made, the fraction of the smino groups one unit away from
the average primasy shat are secondary, which we shall
denote 8,, 18 (2-4£)/(2-£), snd & 1s 3£/(2-£), ™
caloulabing Ba, 8a, and te, the fractions of the amino
groups two units avay vhat are primary, secondary, and
tertiary, vespeouively, we allow for the impoasibility of

the svructures P-E-8<E-P and P-E~T(E-F);. The total numbar
20 = 2n2{2-8)/ht”)
a s
8z 7 gy ¢ fma(l-22)/(n-L)
fe = gaks *+ 12tag/theg)

of awinoc groups twe unite from the average primery (8a),
that i3, the sum p, + 85 + fa, 18 JuSt 81 + 2%, In fact,
tn goneral &) 1t equsl to g, + 2. Detailed caleulations
of random distridutiona of amino groups gave values of &,
8a, Bs, 8nd 8,4 If 1t Wers not for the disturbénce in tho
salculations ariaing from the monexiatence of P-B-F,
P-B-3-E-?, ote., the ratio & .,/ Would slways have the
value 14f. BEecauss of thess dimturbences, whioh decreass
with inoreasing p, the ;atlos 2:/Rg, Ba/ds, 8N4 89/B4 Sre

1,509, 1.380, snd 1.33k4, respectivsly, when f, 18 0.25., We

groups was corrected by subtraoting thoss terbiary smino
groups that would not be protonatable in acetic mcid
solution (becsuse the anmino group In question would have
three protonatsd tertiary amino groups adjacent to it) to
get the fraction of analyzeble tertiary amino groups,

When the value 4.0 was used for 39/55 the calsulated
fractions were all smaller than the experimental valuss
and when 2.5 wWas used they were larger. The value 3.0 gave
esaloulated fractions of anaiyzable tertiary amino groups
of 22.4, 2.0, and 25.0% for PEI-600, PEI~1200, and
PEI-1800, uhich are probably within the expersmental
Wnoertainty of the observed valuss of 21.6, 25.2, and
26.0%, reapectively. The PEI-50,000 polymer is much too
largs for the computer simulatsd polymerization method
used to bs practical. However, a total tertiary amine
content of 29% Was esbimated by sxtrapolation of the observed
contents of analyzable tertiary amino groups for the
spalier PEI's and the estimatas of 0.4, 1.0, and 1.5%
unanalyzable tertiary awino groups in PEI-600, PEI~1200,
and PEI-1800, respeotively., This value is near the 30%
total tertiary amine content that may be calsulated from
the k/k, valus of 3.0 and the expression 2/[3 MWJ
for the fraction of total tertiary amins tn an infinitely

large PEI, which may be derived on the following baals.

Joe-33-6
sxtrapolated te larger values of p by assuming thet 8,/8s

differed fror the limiting value 1.29 by kelf as muck &s
8a/8, 41, and then that gs/a, 4iffered ,1.29 by half
this emownt, etc. With the added aasumption thav g /5,
which was relatively constant over the range p = L to 3,
does not change, values of p, &, 80d b, may be caloulated
for sny p (although We did not use values for any g larger
than 20).

The number of aminc groups at each distence from the
average primery arino group in PEI~50,000 Waa sssumed to
be the same a8 for &n iInfinitlely large palymer for didtanses
up to 13 monomer unite away (where lass than 10% of the
emino groups in PEI-50,0C0 have been accounted for). & plot
of these numbers, which were caleulated as described in the
proceding paragraph, &nd the nunbers cbtainsd by sounting
amino groups in the polysers generated by computer simulaticn
for PBI-$00, PEI-1200, and PEI-1800 13 shown in Figure 2.
Tha agreement betwsen the four ourves, up to the points
whers tacse for the amaller polymers begin to fall off,
supports both the treatments used, which wers based on
conaiderably different assumsptions, It Was then asaumed
that the rest of the curve for PRI-50,000, beyond an g
value of 13, wes rit by an eguation of ths type shown in

o4 8, in waich p is the number of unita away end vhe o's
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are dispoasble parameters, For eash of the thrss required

functions (for values of B and En) values of the four

2,
parameters wers obtained by imposition of four restraints,

It was required that f{g) have the same value for g = 1 and
L = 13 as obtained from the tremtment of the infinite polymer
describsd in the preceding paragraph, It was also required
that the total ares under the plot of £{g) ¥a. § be equal
to the number of amine groups of the given type in the
polymer and that the area under bths plot between p = 1 and
the meximum in the plot be plausible in light of ths areas

of the similar curves for the smaller polymen Thus, for

exaople, in the case of tertiary anino growps, 47% of the
total are found betwssn o = 1 snd the maximum in the case of
PEI~600, 45% in the oase of PEI-1200, and L4% in the case

of PEI-1800. For PBI-50,000 the figure waa assumed to be
43%, and corresponding figures of 61% and 53% were simllarly
taken for the primary and secondsary smino groups, These
restraints gave i, Sa, Cs, and 9 values of 2.56, 1.08,
110, and 0.150 for the p, curve, 6.75, 1.75, 103, and 0.193
for the s owrva, and 4.96, 1.84, 76.9, and 0.2L1 for the
%, curve, The resulting satimated numbers of primery,
secondary, snd tertlary amino groups &t various distances
from the average primary amino group sre plotted in

Figure 6.

J00-33-10
in Aquecus Solution," Butterworths, London, 1965;

Supplement, 1972.

that replacement of & P-hydrogen by & f-emino substituent
decreases the pf of a subsbituted ammonium fon by mbout 1.23
and that an € -amino substituent deoreases the pK by about
0.17. Similarly, protonation of &n 4mino substituent
decresses the DX by about 2.55 In ths P position and about
0,68 in the < position, Since the nearsat neighboring amino
group 18 a P-substituent and the mext-nesrsst neighboring
amino group an € -substituent in a PEI, these generallrzations
were applied to the PEI's and the effect of more distant
substituents ignored, Titratlons of 1 Y polymers with
standard acid to pH 8.5 in the presence of 0.C54 M
isobutyraldshyds showed that 34.h, 32.1, 27.9, and 22.3%

of the amino groups wers protonated under these conditions
in PET-60C, PEI-1200, PEI-1800, and FEI-50,000, respeotively.
The presence of protonated amino groups means that our
categories of bonds musy be expanded to imelude P*t, Ts*,
58%p, eto., but cur gensrailzations concerning basicity show
that there should be no significant number of protonated
tertiany amine groups mor of pairs of adjecent protonated
amino groups. This permits the easy vasimation of the
besiolty of the unprotonated secondary amimo group asacolated
with & pSs® bond, for example. This amino group has two

nearest neighbor amino groups, of which one i protonated,

U00=31=13
of & base on fachutyraldenyde-2-4 and Ky s the rate
constant for atteck of the same bese on N-methylisobutylidens-
2-g-iminiun fons. From the observed values of ky for

s
nethylantne,”” dimethylenine,® trimethylamine,® distnylesine,

{23) The last part of the next tc the last sentence of
Tef 10 should read "valus of 1,55 or 2.52 x 10 3 see
depending on which Je valus 18 used.” We used the average

of vhese two values.

and tristhylamine,” values of k& were oaloulated. The value

for trimethylamine was 13 times that for tristaylamine and

the velue for dlmethylamine was twise that for distaylamine,

prosumably vecauss of sterdc effects,
\

that kp for ethylamine is about §0% of that for methylamine

A
and obtained & k' value of 0.49 M sec . Since Brghsted

We therefors masumed

B valuos sround 0.5 (0,49 for pyridines &nd 0,53 for phenoxide
ions) have been observed for attack of basss on lscbutyreldehyds-
2-g,° the value for attack on the N-methyliminiws lon was
assuned 5o be 0.5 (0.8k). We therefors ssaumed that the

Tate constents for &ll our prinary amines would £a1l on &
Brénsted 1line through the point or ethylamine, those for
secondary amines on a line through the point for dlethylamins,
and those for tertiary amines on a line through the point

fon triethylamine, all these lines having slopes of 0,42,

For asch af the possible types of amino groups one of the
Brensted lines and the appropriate pk velus, whoss estimation
has already been described, may be used to obtain a valus

of _1;,5' . From these resuits the averege rate conatamt for

the primary, secondary, and tertiary groups in each polymer

J0C=33=8

Ssimation of the Bastetey and Resskivity of the Verieuws

Types of Amino Groups.--In estineting the average reactivity
of the varicus types of emino groups in the FRI's, it ia
ussful to subdlvide the various P-E, 8-E, and T-E bonds
into subcategories, depending on the nature of neighboring
anino groups. When P-E bonds lead to a secondary emino
group thay will be denoted Ps and when they lead bo tertiary
emino groups, Ph, There will be no Pp, whiah could exist
Similarly, pSt represents an S-E

bond in which the E is attached to a tertisry and the 3 to

only in ethylenedlanine,

a primary smine group {through an ethylens wnit). The T-E
bonds are merely subdlvided into Tp, Ts, and Tt categorles;
& mors complets subdivision (1ike that used for 3-E bonds)
would be too complicated and alsc less worthwhile sincs it
happens that tertlary amino groups ape so weakly basic and
30 hindered that they contribute relatively 1ittle to
internsl basic setalysis. From the frection of the amino
groups In & glven PEI that 8re primary, sscondary, and
tertisry the total number of P~E, $-E, and T-E bonds may
be calculated, The first of thess will be squal to the sum
Pa + Pt, the second to pSs + pSt + sSp + 383 + 88t + t3p +
83 + tSt, and the third to Tp + Ts + Tt. This gives
three equations for the 13 uninowns, Pour more, such &s
Tp = Pt and sSp = pSs, came from symwetry considerations.

Two mors, such as Ps = pSa + pSt, come fram materisl balance

Jec-1311
and one next-nearest neighbor amino group, Whish must not

be protonated (becuse it s adjacent to a protonated amino
group). Correction of the pf value for diethylammoniur ions
(10,649 for the sffect of two P and one & amino subsbituent
and for protonatlon of one of the P substitusnts gives 5.46
s the pK that measures the basicity of the unprotonated
secondary amino group in pSs®, In other cases, sush as
that of the secondary amino group In pSt, We knoW hew many
next-nearest naighbor amino groups there are but not how
many of them are protonated, and With the outside amino
group in Ss, for example, we do hot even lnow how many
next-nearest neighbor anlne groups theve are. In such cases
the number of next-nearest nelghbors Was taken to be halfeway
between the extreme possibillties (L and 3 in the cass of aSs),
and unrestricted amino groups Were assumed to be protonated

o the same fractional extent as the polymer as & whole,

Thus the sorrectlon for pr n of the two t

nelghbor amino groups of pSt in PEI-1800 1s 2(0.681(0.279).

Gombination of this oorrectlon With the pk valus for dlsthyl-
Jarmontun 1ons ang corrections for the mearest and mext nesvest
nelghbor amine groups gives 8 pX of 7.6 as & measure of the
basloity of the secondary amino group in pSt. The fracticns
of the bonde to amino groups in the PEI's at pH 8.5 that are
of the varions types (pSt, Tp', stc.) wWere saloulated by use
of & 88t of slmiltaneous equatlons. A number of thems Were

based on demanda of Symetry and material balance as in the

JOCu33u1)
were calculated. For exemple, we had tive categories of

unprotonated primery emino.groups, thofe associdted with
Pt, pSs, pSt, pSs*, and Ps* bonds. For thess amino groups
n PEI-600, k' velues of 0.160, 0,296, 0.296, 0.153, and
0.0252 4 sec ™", respeotively, had been eatimated, Since
these five categories oonstitute 8.9, 1.3, 1.0, 0.3, and
1.3%, respectively, of the total primary amino groups in
PEI-600, the average value of )_cB' for all the primary amino
groups (including the B7,2% that are protonatsd and

thorefors inactive) is 0.0217 J “sea . The estirated
average valuss of k| for the three kinds of anino groups

in each of tha four polymers are listed in Table VI. The
dlfferences in the sstimated averags reactivities

of amino groups of a given byps in ths different polymexs

are ssen to be muoh smaller than the differsnces in molecular
weights .
N-rethyliminium lon, but we mssumed that the pelstive
valuas of xﬁ‘ will be the seme for attack on any iminium ion

The values in Table VI refer to attack on the

Table VI
Estinated Average Rate Constants for the Dedeuteration
of MeoGDCH=NHMe" by Amino Groups. in PEI'sd

2%, ¥ tewe

Polye thylenimine

Primary Secondspy  Tertiary
PET-600 21,7 E 3.8
PEI-1200 22.1 " 25,9 4?5
PRI-1800 28,7 23.8 L.46
PEZI-5Q,000 3b.0 22.9 4,23

210 water at 35°,
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reguirements, The remaining squations come from assumpticns

of randem distribution, Fon sxample, the welative number
of primary smino groups that have sesondary snd tertisry
amino groups s thals neavast nelghbors was ssumed %o be
proportional to the relative number of bonds from seaondary
and tertisry amino groups that are availsble to form bonds
(through sthylens groups) to primary smine groups. The
vosulting relationship (eq 9) reflests the fact that a
P Sx - %8

Pt Tx S

secondary amino group that already has & primary as onme
nearest naighbor 1a not free to take snother &a & nearest
neighbor, since the resulting P-E-S-E-P (dlethylenetrlamine)
Ineg g

Sx 1s the total of all the S-E bonda and Tx the totsl of the

cannot 'be & part of the PEI's We ure studying.

T-E bonds.
In order o subdivide ths amino groups into additional
useful categordea on the basis of whether they or thsir
nelghbors would be protonated at pH 8.5, where the kinstic
studies being discussed were carried out, We needed estimates
of basloltiss, From the pf values for the sonjugate acids
of the ethylamines and of ethylenedismine and diethylene-

1
triamine and their N-alkylated d.rivabival,. 1t was noted

(21) D. D. Perrin, "Disscciation Qonstants of Organic Bazes

JeC=33=12
case of the equations used to solve for the similar fractions

for the wnprotonated polymer. Addltionsl squations osme from
the definitions of the estimated pK values; one of the most
simply estimated K values is equal to [H')Pt/P*t, Frem
the results it was possible to omloulate bhe fraction of
protonaticn of the PEI. The method descrived gave boo small
& caloulated frastion of protonation for ench PEI. Therefore
the pk values were arbitrarily increased (by 0.62, 0.61, 0.29,
and 0.01 in the osses of PEI-600, PEI-1200, PEI-1800, and
PET-50,000, respectively) until agresment was obtained.

To estimate the relative reactivities of the various
types of anino groups in the internsl removal of deutercns
from MeoCDCH-NH~ groups their relative resctivities toward
the N-nethylisobutylidens-2-g-Iminium lon weve first estimated,
The linearity of & plot (slope 0.84) of log j for attack of
various bases on this ion ya. log k for thelr dedeuteration
of iachutyraldshyde~2-g shows that isobutyraldehyde s & good
modsl for 1ts N-methylininiun fon in this veastion.'® From

s
the line in this plot, the value 93.4 ¥ ror fhe equilibrium
yie

sopstant for the formation of N-isobutylidenemethylsmsn
i
the valus 3.57 x 107" Jf for the ssidity constant of
N .
methylanmonium fons,”® and the valus 1.32 x 10 Y for the

acddlby oonstant of N-iscbutylidenemethylammonium lons,”

(22) J, Hine, J, C. Oralg, Jr., J. G, Underwood, II, and

F» A, Via, Ju Aper. Chem. Seo., 92, 5194 (1970).

We obtain eq 10, in which by is the rate constant for attesk

10533' = 0.84l0g g+ 2004 (10)

J0C-33=25
derived from tscbutyraldehyde-2-d, We then used the date

on the effect of Dabco on rates of exohangs in the presence
of PEI's to correct for aiffersnces in the susceptibilitvies
of complexed aldehyde to mttack by beses as & funcbion of
the PEI Yo whish the aldehyde is ccnplsxo‘d.
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Pigure 6.--Estimated nunbers of primary, secondary, and
tortiary amino groups &bt various distances from the aversgs

prizary amino group in PEI-50,000.
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The tosylates of endo-5,6-trimethylene-2-norbornen-9-ol have been prepared and solvolyses carried out in ace-
tic acid. This has led to exo-tetracyclo[5.2.1.02:6.0¢-8]decan-9-ol. Solvolysis of the tosylate of this compound
leads to a degenerate rearrangement with migration of the C4-Cg bond.

Participation of 7 electrons in the solvolysis of norborn-
yl derivatives has led to new norbornyl-type ring systems
in many cases.? 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.* 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 hydride.
Treatment of 4 with tetraethylammonium acetate and sa-
ponification of the resulting acetate yielded 1. Hydrogena-
tion of 1 and 3 led to the known saturated alcohols,®
which served to prove the configuration at Cq was well as
confirm the structure of the ring skeleton. Rate data for
the acetolysis of 2 and 4 are given in TableI.

/.
Y 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 C(Cl H

The exo/endo rate ratio of 27 at 25° is probably indica-
tive of a small rate enhancement of the exo isomer due to
participation of the = electrons. An alternate explanation
of steric hindrance to ionization® of the endo isomer 4
seems unreasonable. The analogous saturated tosylates 2a
and 4a exhibit an exo/endo acetolysis rate ratio of 0.62 at
95°.8 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 tosylate® 4a is 7.19 X 10-7 sec~2, while that of the
unsaturated is 2.49 X 10-7 sec 2. 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~*. 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 70% of 1 and 30%
of rearranged alcohol 5. The product resulting from sapon-

X Y
5 OH H
9 OTos H
10 H OH
1 H OTos
13 D OH

+
-6 HO
6
7



