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Liquid Membranes

Lucia Brinchi,/?! Pietro Di Profio,/*! Raimondo Germani,!?! Gianfranco Savelli,*!?! and
Nicoletta Spretil®

Keywords: Ammine complexes / Copper / Membranes / N ligands

The carrier-mediated transport of copper ions through bulk
liquid membranes has been examined and the transport cap-
ability of novel lipophilic polyamines investigated. The ef-
fects of hydrophilic/lipophilic balance, the nature of the
membrane and buffer, the pH of the receiving phase, the car-
rier, and the metal salt concentration on the transport effici-
ency were examined and optimal conditions for transport es-

tablished. High transport efficiency — 98% of Cu' in the re-
ceiving phase after 48 h — was provided by carrier 2b (1x1073
M in CH,Cl,) with propionate buffer (pH = 4.60) as source
phase, containing 5107 M Cu', and 0.1 M HCI as stripping
phase. Single-metal ion transport experiments showed po-
tential transport selectivity for cupric ions over other ions
such as Zn", Ni", and Co".

Introduction

Carrier-mediated transport of ionic species is an area of
growing investigation, and involves such different fields as
the modeling of biological transport and the search for
waste water treatments and metal ion recovery.!”¢ Re-
search into effective and selective separation of metal ions,
and in particular the widely investigated copper, is still a
challenging task from both a practical and a theoretical
point of view, and has resulted in the study of several mem-
brane types as well as many carriers.

Of all membrane systems, the bulk liquid membrane
(BLM) is the one most frequently used to perform screening
and modeling studies of specific carrier-mediated sys-
tems.[1-26] Their efficiency, selectivity, and cost make them
the optimum solution to a number of technological issues
such as noble metal recoveryl’l and the removal of toxic
heavy metal ions from waste waters or from the environ-
ment.[®!

The transport and separating capabilities of bulk liquid
membranes are related to the nature of the carrier, which
determines the nature of the substrate, the physico-chemical
features (rate and selectivity), and the type of process.

The design and synthesis of more efficient and selective
carriers represent a challenging task in this field of chem-
istry. Macrocycle carriers such as crown ethers (aza-crown
ethers) have been used to transport alkali metall®!% (heavy
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metal) ions.['""121 Acyclic polyethers (podands)!'*!'4 may
also exhibit strong metal ion complexing abilities and a
large number of these kinds of systems have demonstrated
good abilities to transport ions through organic mem-
branes.

Surfactant aggregates such as micelles have also demon-
strated carrier properties,'>'°l not only for undesirable
metal ions, but also, for example, for dyes, organic pollut-
ants, amino acids,!'”! or urea (for clinical applications!!®l).
Several studies by Tondre have shown that more than one
mechanism can operate, and that the problem of transport
effectiveness and selectivity is therefore quite complex.[¢]

Long-chain ligands have been studied by Menger,['”! who
suggested the necessity of a proper balance of properties
(especially of the hydrophobic/hydrophilic character) of the
carrier molecule, such as in surfactant molecules, to provide
optimal results in transport.

With these studies in mind, we were interested in finding
an optimal carrier molecule, and optimal conditions for its
efficacy and selectivity, for the transport of Cu'l. We used
transport across BLMs for screening of several polyamines
with a simple common backbone and slight modifications
in their covalent structure, introduced by means of simple
synthetic pathways, in order to examine how structural
parameters may affect transport abilities. The carriers we
synthesized, together with the best carrier found by Menger
(which we prepared again and tested for comparison with
our systems) are shown in Scheme 1.

An important modification relates to the variation of the
functional group from amide (class 1) to amine (class 2),
associated with, besides overall hydrophilicity and geo-
metry, electron pair availability for coordination of metal
ions, and hydrogen bonding ability of the molecule. The
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Scheme 1

hydrophobic/hydrophilic balance was also modulated by
changes to the alkyl chain length (n = 10, 12, 14, 16, in
molecule classes 1 and 2), and changes from ethyl to H in
the polyamine region (from molecule 2 to 3).

The transport capability of these carriers was evaluated
as a function of the following factors besides the covalent
structure of the carrier: the pH of the receiving phase, the
carrier concentration, the metal salt anion, the nature of
the membrane, and the nature of the buffer.

Results and Discussion

Transport experiments were performed with a liquid
membrane apparatus as shown in Figure 1. Cu'f was placed
in an aqueous source phase buffered at pH = 4.60. The
carriers were dissolved in a stirred organic “membrane”.
The Cul! complex released its metal ion into the receiving
phase at a lower pH, the process being driven by the pH
difference. Although most liquid-membrane studies fo-
cussing on transport capability have monitored ion concen-
trations only in the receiving phase, we monitored the Cu"l
concentrations in both aqueous compartments and, more-
over, as function of time; this allowed us to obtain import-
ant mechanistic information and to make proper compar-
isons — also in terms of relative transport speeds — between
different carriers. Furthermore, in order to obtain insight
into the reasons for the different transport capabilities of
various carriers, or of the same carrier under various condi-
tions, experiments were often carried out to evaluate how
effectively a carrier promoted Cu'' extraction from the
source phase into the organic phase, in the absence of re-

Eur. J Org. Chem. 2002, 930—937

ceiving phase (“dichloromethane uptake”). Various para-
meters were screened, and the results are presented below.

| o

Source Receiving
phase phase
Membrane
" r

Figure 1. Representation of the bulk liquid membrane cell used

The Nature of the Carrier

With no carrier, but in the presence of 1,1,7,7-tetraethyl-
diethylenetriamine, no detectable transport of metal ions
from the source phase to the receiving phase was observed:
a carrier of relatively lipophilic nature is therefore necessary.

The ability of the ligands shown in Scheme 1 to transport
Cu'" across organic membranes was tested. In these experi-
ments, the concentrations of the carrier in the membrane
(dichloromethane) and of the metal ion in the buffered
source phase (0.15 M, pH = 4.6) were 1xX1073 M and
5%1073 M, respectively; hydrochloric acid (0.1 M) was used
as the receiving phase. Table 1 lists the percentage of Cu'!
transported from the source phase to the receiving phase
after 24 and 48 h as a function of carrier structure. The
data clearly indicate the critical influence of the nature of
the carrier: the ligand set 1 appears unable to transport Cu'!
ions to the receiving phase. This could be due to inability
of the carrier to extract ions from the source phase into
dichloromethane or, alternatively, to a problem in the re-
lease of ions into the receiving phase. Determinations of
partitioning of cupric ions between the dichloromethane
and the source phases showed that they remained almost
completely (98%) in the source phase, indicating a problem
in their water-to-dichloromethane extraction capability.

The carriers 2, in contrast, were excellent carriers for the
transport of cupric ions through the liquid membrane, with
only ca. 10% of Cu'' remaining in the source phase
(Table 1). Partition experiments showed that the organic
phase “uptake” of Cu'' was ca. 9%, and so not high, but
enough to give efficient transport thanks to the “in con-
tinuum” nature of the process. A change from an amido to
an amine group significantly changed the carrier ability. In
particular, the central nitrogen atom in the amido group
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Table 1. Mol percentage of Cu'! transported through dichlorome-
thane membrane at 25.0° C

Carrier™  mol-% Cu! transported mol-% Cu!! remaining
(receiving phase) (source phase)
24 h 48 h 24 h 48 h
1b 2 4 96 95
1c 2 4 96 95
1d 3 5 95 94
2a 56 82 40 16
2b 78 89 19 8
2c 76 89 19 10
2d 79 91 18 8
3 33 42 66 58
4 67 90 28 10

[al Conditions: source phase, 8.0 mL of 5.0 X 1073 m CuCl, in
acetate buffer (pH = 4.60); receiving phase, 8.0 mL of 0.1 m HCI;
membrane phase, 20.0 mL of 1.0X1073 M carrier.

displayed a weakened ability to extract Cu'" from dichloro-
methane, probably due both to geometrical constraints and
to decreased nitrogen electron availability. It is therefore not
only the hydrophobic/hydrophilic balance that has a key
role, but also all the factors involved in complex formation
with the metal ion.

The transport capabilities of the carriers in set 2 seem to
be dependent on alkyl chain length; a significant improve-
ment in efficiency was observed as the number of methylene
groups went from 12 to 14, but then no further improve-
ments with increasing chain length were observed.

Concentration/time profiles of Cu!' transport were also
studied. Figure 2 shows a rapid rise in metal ion concentra-
tion in the receiving phase (and a sharp decrease in Cu'' in
the source phase corresponding to it, not shown in Fig-
ure 2) after short intervals, after which concentrations
tended to reach a limiting value and level off. Plots of mm
Cu'! in the receiving phase vs. time are linear in the first
part, which gives an indication of the transport speed. As
regards carriers in set 2, the transport speed was signific-
antly dependent on the alkyl chain length, and increased as
the number of methylene groups went from 12 to 14, but
then further increases of hydrophobicity did not affect
transport speed, as had also been the case for the trans-
port efficiency.

N-Tetradecylethylenetriamine, carrier 3, is very similar to
the previous carrier, but its chelating region has a character
more hydrophilic (primary amino groups) than in carrier
set 2 (tertiary amino groups). The initial transport speed
did not change with respect to carrier 2b, but the sub-
sequent speed was reduced (Figure 2), as was the overall
transport capability of the carrier 3, with respect to 2b
(Table 1). This demonstrates the importance of a proper
balance of hydrophilic and hydrophobic properties in the
carrier and can be explained in terms of a small capability
of the Cu''—carrier complex for back diffusion in the mem-
brane phase.

N,N'-Bis(hydroxyethyl)-N,N'-bis[2-(hexadecylamino)-
ethyljethylenediamine (4) (Scheme 1) is well known as
Menger’s carrier. It was also tested under our experimental
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Figure 2. Concentrations of Cu'! vs. time in the receiving phase for
carriers 2a (H), 2b (@), 3 (®), and 4 (V); lines are only intended
to help the eyes in following the points; experimental conditions:
source phase: 8 mL of CuCl, (5 mm) at pH = 4.6 for acetate buffer;
liquid membrane phase: 20 mL of carrier (1 mm) in CH,Cl,; receiv-
ing phase: 8 mL of HCI (0.1 m); T = 25.0 °C

conditions, and the results are shown in Table I and Fig-
ure 2. Menger found that carrier 4 was an excellent carrier
and that 80% of the Cu'! was transferred to the receiving
phase through a chloroform membrane after only 10 h!*]
with an efficiency much higher than that provided by the
industrial extractant LIX-63. In our experiment in
dichloromethane it remained a good carrier; as can be seen
from Table 1, the amount of Cu'! transported by our carrier
2b was similar to that transported by carrier 4.

Carrier 2b was found to be the most effective, and was
selected for further experiments intended to improve its
transport ability.

Effect of the pH of the Receiving Phase

Transport by this set of carriers was pH-driven, and took
place when a pH gradient was applied between the two
aqueous phases.[®! Transfer of Cu'! into the receiving phase
is accompanied by a carrier-mediated “reverse flow” of pro-
tons from the receiving phase to the source phase; indeed,
a decrease of the pH of the latter was observed. As already
outlined, most experiments were carried out with a source
phase at pH = 4.6 and a receiving phase at pH = 1: these
values were selected, as in Menger’s investigations, for their
similarity to large-scale operations. Variation of the pH of
the receiving phase was examined for carrier 2b, in the
range from 0.30 to 4.60. Figure 3 shows the profiles of the
percentage of Cul! transported across the dichloromethane
membrane after 10 h, 24 h, and 48 h as a function of the
pH of the stripping phase, and Figure 4 shows the variation
of Cu'" concentration with time in the receiving phase at
different pH values. The results indicate an optimum pH
value of ca. 0.9, at which the transport rate is 2.5 times
faster than at pH = 2.0. This kind of variation of transport
efficiency with pH (the presence of a maximum) has been
observed in other systems,['*!"] and can be related to the
fact that the process of transfer of cupric ions from the
membrane bulk to the receiving phase is governed not only
by diffusion but also by the rate of chemical reaction be-
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tween the Cu''-carrier complex and the hydrogen ions of
the stripping phase.
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Figure 3. Mol percentage of Cu'! in the receiving phase vs. pH of
receiving phase for carrier 2b after 10 (@), 24 (M), and 48 (A) h;
lines are only intended to help the eyes in following the points;
experimental conditions: source phase: 8 mL of CuCl, (5 mm) at
pH = 4.6 for acetate buffer; liquid membrane phase: 20 mL of
carrier (1 mm) in CH,Cl,; receiving phase: 8 mL of HCI at various
concentrations; 7" = 25.0 °C
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Figure 4. Mol percentage of Cu!! in the receiving phase vs. time at
different pH values, 0.3 (@), 0.9 (A), 2 (V¥), and 4.6 (W) of the
receiving phase for carrier 2b; lines are only intended to help the
eyes in following the points; experimental conditions as for
Figure 2

The Concentration of the Carrier

The concentration of the carrier 2b in the dichlorome-
thane membrane was varied from 1X1073 M to 0.1 M and
the results are shown in Figure 5. As can be seen, when the
carrier concentration was increased, the percentage of Cu'f
transported into the receiving phase decreased. It is very
important to note that speed and efficiency of the decrease
in concentration in the source phase do not correspond to
the speed and efficiency of the increase in concentration in
the receiving phase. In particular, at a carrier concentration
of 0.1 M, the cupric ions are extracted very rapidly from the
source phase into the membrane phase but their release
from the Cu'"—ligand complex in the stripping phase is
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strongly impeded by the high concentration of protonated
carrier in this phase (Figure 5, D). We may therefore legit-
imately speak about a “saturation” effect due to the high
concentration of the carrier.

The Nature of the Organic Phase

The effect of the nature of the organic phase was also
investigated, with tetrachloromethane, chloroform, and
chlorobenzene being screened as organic membranes for
carrier 2b. With carbon tetrachloride and chlorobenzene
membranes, no detectable transport of Cu'! ions from the
source phase to the receiving phase was observed, and par-
titioning experiments indicated that no extraction of Cu'!
from the source phase into membrane was operative. This
effect can be explained by considering the low polarities of
these two solvents, as compared to those of dichlorome-
thane and chloroform. The carrier was able to transport the
metal ions through dichloromethane and chloroform, and
Figure 6 reports the percentage of Cu'" in the source phase
and the receiving phase as a function of time in the presence
of carrier 2b. The dichloromethane membrane appeared to
provide the better results, since after 48 h 90% of the Cu'!
had been transferred to the receiving phase, compared to
72% with the chloroform membrane. A rationale for this
was provided by our extraction experiments showing that
dichloromethane took up the Cu' ion better than chloro-
form did (9% vs. 3%).

The Nature of the Metal Salt

The rate of cation transport through liquid membranes
by macrocyclic ligands,>31 Schiff bases,?¥ and surfact-
ants®) has been shown to be influenced by the nature of the
anion accompanying the cation—ligand complex. Different
cupric salts were therefore deployed (chloride, bromide,
acetate, sulfate, nitrate), but no difference in transport effici-
ency was observed. The nature of the accompanying anion
probably did not influence the transport process because of
the higher acetate concentration (with respect to metal salt)
in the source phase, acetate anion thus effectively being the
accompanying anion of Cu'! in all the experiments.

Selectivity in Cu" Transport

Selectivity in the transport of metal ions has become in-
creasingly of interest,l' "® and only a few carriers are both
efficient and selective.?®?”] In particular, the different
methods for the specific transport of Cu!! ions across a li-
quid membrane have the drawbacks of slow rates of trans-
port or lack of high selectivity.?®! The transport capabilities
of carriers 2b and 3 towards Zn", Ni'!, and Co! ions were
studied, and the results of single-ion transport experiments
are shown in Table 2. None of these metal ions was trans-
ported by the carrier 2b, which was therefore both efficient
and selective. On the other hand, carrier 3 showed similar
behavior towards Ni'l and Cu'', when the percentage of the
metal ion in the receiving phase was lower than 50%: this
carrier can therefore selectively transport Cu'’ over Zn'" and
Co'™!, or selectively transport Ni'f over Zn" and Co™. These
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Figure 5. Mol percentage of Cu'! in the receiving (@) and source (O) phases at various concentrations of carrier 2b in the membrane
phase: 1 (A), 3 (B), 10 (C), and 100 (D) mm; lines are only intended to help the eyes in following the points; experimental conditions:
source phase: 8 mL of CuCl, (5 mm) at pH = 4.6 for acetate buffer; liquid membrane phase: 20 mL of carrier at specified concentrations

in CH,Cl,; receiving phase: 8 mL of HCI (0.1 m); 7' = 25.0 °C
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Figure 6. Percentage of Cu'! vs. time in the receiving (filled symbol)
and source (open symbol) phases with carrier 2b (1 mm) and differ-
ent liquid membrane: dichloromethane (@, O) and chloroform ([J,
W); lines are only intended to help the eyes in following the points
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results are only preliminary in any case, because competitive
experiments would be necessary for proper discussion of
transport selectivity.

Table 2. Mol percentage of MU transported through dichlorome-
thane membrane after 48 h at 25.0° C

Carrier % MU transported into the receiving phasel?!

Cull bl Znll [b] Nill el Coll [l
2b 89 4 <1 <1
3 4 - 4 <1

[al Conditions: source phase, 8.0 mL of 5.0X1073 M MCl, in acetate
buffer; receiving phase, 8.0 mL of 0.1 m HCl; membrane phase,
20.0 mL of 1.0X1073 m carrier. [ pH of the source phase = 4.60.
[l pH of the source phase = 6.00.
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The Nature of the Buffer

As reported above, we did not observe any effect of the
nature of the metal salt, as Lamb[®}! and others*23 did
with different carriers, mostly because the accompanying
anion seemed to be that provided by the more concentrate
buffer (0.15 M), and not that provided by the Cu'' salt
(5 mm). Transport experiments with different buffered solu-
tions at the same pH (4.6) as the source phase were there-
fore carried out. Sodium acetate, sodium propionate, and
potassium phthalate buffers were chosen: acetate and propi-
onate have the same organic chemical group but different
hydrophobicities, whereas phthalate is a bifunctional molec-
ule that might complex Cu'' differently. The results given
in Table 3 clearly indicated that the carrier was unable to
transport cupric ions in the presence of phthalate buffer,
while there was a small but significant difference when pro-
pionate was used instead of acetate.

Table 3. Mol percentage of Cu'! transported through dichlorome-
thane membrane by carrier 2b in different buffered source phases
at 25.0° C

Buffer mol% Cu'! transported into receiving phasel®!
10 h 24 h 48 h
Acetate 52 78 89
Propionate 69 85 95
Phthalate 1 2 2

[al Conditions: source phase, 8.0 mL of 5.0X1073 M CuCl, in buffer
(pH = 4.60); receiving phase, 8.0 mL of 0.1 M HCl; membrane
phase, 20.0 mL of 1.0X1073 m carrier 2b.

Partitioning equilibria showed that no extraction of Cu'!
from the phthalate-buffered source phase into the mem-
brane took place. We can ascribe that to the formation of
Cu'" phthalate complex, consistently with the experimental
observation of quite different colors in the Cu'! solutions
when the buffer was phthalate (light blue) from when it was
acetate or propionate (very light blue). This may explain
why the carrier was not able to transport Cu" into the
membrane.

The difference between acetate and propionate may be
ascribed to the nature of the accompanying anion, the more
hydrophobic being the more effective, consistently with data
of Lamb et al.?®! showing a correspondence between the
transport of a cation and the free energy of hydration of
the accompanying anion.

Conclusions

We have synthesized new carriers and characterized op-
timal experimental conditions for coupled transport of cup-
ric ions. Carriers were prepared by facile synthetic proced-
ures, several parameters in the covalent structures of the
carriers were introduced, and their effects upon transport
properties were investigated. These transport experiments
demonstrated the ability of the carrier 2b to transfer Cul!
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across a liquid membrane, and also a potential selectivity
for Cu' over Ni!, Co'l, and Zn'!. External factors influen-
cing transport efficiency were examined and optimal condi-
tions were found, with carrier 2b showing a high capability
to transfer Cu! across a bulk liquid membrane, superior to
that of commercially available chelating agents of the LIX
series. The mol percentage of Cu'' ions remaining in the
membrane phase was very low (< 5%).

Several parameters played important and interconnected
roles, and the prediction of structural features that could
improve transport activity and selectivity of the carriers is
still a hard task. Our results clearly indicate that attention
must be paid to the HLB of the molecules, but further in-
vestigations involving the synthesis of several carriers with
subtle variations in covalent structure are necessary. Our
polyamine carriers had a simple backbone and other subtle
modifications in their covalent structures (simple to achieve
by the synthetic routes used here) aimed at improving trans-
port may be imagined, such as further lengthening of the
alkyl group in the polar amine or its functionalization.

Experimental Section

Liquid Membrane: Experiments were performed with a thermo-
statted (25.0 = 0.1 °C) bulk liquid membrane celll'”! as shown in
Figure 1. Under standard conditions the aqueous source phase (8
mL) contained Cu™* (5X1073 M) in sodium acetate buffer (0.15 m)
at pH = 4.60 and the receiving phase (8 mL) contained HCI (0.1
M). Doubly distilled deionized water was used for preparing solu-
tions. The organic layer (20 mL), containing 1X1073 M carrier, was
slowly stirred (150 rpm) with a Teflon-coated magnetic bar. Under
these conditions, the interfaces between the organic membrane and
the two aqueous phases remained flat and were well defined.

Dichloromethane “Uptake”: Dichloromethane “uptake” experi-
ments were carried out under the same experimental conditions as
used for transport. After the source phase (3 mL of 5 mm CuCl,)
had been vigorously shaken with the organic solvent containing 3
mL of 1 mM carrier, complete phase separation was awaited (24 h).
Concentrations were then measured by the spectrophotometric
method reported below.

Metal Ion Analysis: The metal ion concentrations in both aqueous
phases were monitored as a function of time by a colorimetric
method, by using a methanolic stock solution of sodium N,N-di-
ethyldithiocarbamate, as described by Menger for Cu'',['”l and also
for other cations such as Ni'l, Co", and Zn'"" by Sandell.?) Ab-
sorbance data were converted into concentration by using a linear
standard curve, experimentally determined under the same experi-
mental conditions, and with a correlation coefficient better than
0.999. Each reported result is given as the arithmetic mean of three
separate experiments; reproducibly was confirmed as * 5% or
better. In this study, most of the transport data are discussed in
terms of mol % Cu'! transported across the membrane phase.

Materials: Solvents and metal ion salts were of analytical grade,
purchased from Carlo Erba, and used as received. The following
were purchased from Aldrich and used as received: sodium diethyl-
dithiocarbamate, diethylamine, bis(chloroethyl)amine hydro-
chloride, diethylenetriamine, and various alkanoyl chlorides. The
phthalic anhydride was 99.5% from BDH. '"H NMR spectra were
recorded with a Bruker instrument at 200 MHz; chemical shifts
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(0) are referred to (CH;),4Si internal standard. Melting points were
measured with a Biichi 510 melting point apparatus and are uncor-
rected. IR spectra were recorded with a Paragon 500 FT-IR
Perkin—Elmer spectrophotometer. Colorimetric measures were
made with a double-beam Kontron Uvikon 923 spectrophotometer.

Carriers: The synthesis of carriers 1 and 2 was carried out as in
Scheme 2. The simplicity of the synthetic scheme, and its flexibility,
should be outlined in consideration of scaling-up for industrial ap-
plication of the systems, and also in view of possible other vari-
ations in the covalent structure of the carriers, which can be simply
introduced by the same synthetic procedure. Carriers 1 were pre-
pared by treatment of 1,1,7,7-tetracthyldiethylenetriamine with
suitable alkanoyl chlorides in diethyl ether. Carriers 2 were ob-
tained from 1 by reduction with LiAlH, in anhydrous THF. The
substituted diethylenetriamine was prepared according to a literat-
ure procedure,?!! by treating bis(chloroethyl)amine hydrochloride
with diethylamine in refluxing water for 6 h. After workup of the
reaction mixture, the crude material was purified by vacuum distil-
lation at 120 °C (10 mm). The distillation gave a colorless oil in
34% yield (GLC 99%). '"H NMR (CDCl;): 8 = 1.05 (t, 12 H, 4
CHs;), 2.45—2.60 (m, 12 H, 6 CH,), 2.65—2.75 (m, 4 H, 2 CH,).

Ccl-
H
. Cl [ Cl R RN NR,
\/\I\lI/\/ + BND 2 \/\I\ll/\/
H R H
R2N \/\N /\/NR2
, |
R'COC1 (l;=o
R'
Carriers 1
NR NR;
RZN\/\N/\/ 2 LiAlH, RoN \/\N/\/ 2
| |
CIJ=O CIH2
R' R’
Carriers 2

Scheme 2. Synthetic pathways for carriers 1 and 2: R = Et, R’ =
CH;(CH),—,CH,—, with n = 10, 12, 14, 16

General Procedure for the Synthesis of Amino-amide Compounds
(Carriers 1a-d): 1,1,7,7-Tetraethyldiethylenetriamine (21.5g, 0.1
mol) was dissolved in anhydrous diethyl ether in a 250 mL two-
necked, round-bottomed flask, equipped with a magnetic stirring
bar, a constant-pressure dropping funnel, and a nitrogen inlet ad-
apter. To this solution, stirred at room temperature, the alkanoyl
chloride (0.11 mol) was added dropwise over ca. 30 min; a precipit-
ate rapidly formed. The reaction mixture was stirred overnight at
ambient temperature. The white solid was collected by filtration
through a Biichner funnel, and washed with ether to remove traces
of reactants. The hydrochloride thus obtained was dissolved in a
separating funnel containing a 10% solution of NaOH, and the
free amino-amide was extracted three times with diethyl ether. The
organic solution, after drying with Na,SO,, was concentrated in a
rotary evaporator. Yields of the pale yellow oils were, respectively,
71% for 1a, 75% for 1b, 81% for 1c¢, and 79% for 1d. The purity by
glc was 98%. '"H NMR (CDCl;): & = 0.90 (t, 3 H, CH3), 1.03 (t,
12 H, 4 CH3), 1.25 [br.s,2 (n — 2) H, (n — 2) CH,], 1.63 (m, 2 H,
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CH,), 2.31 (t, 2 H, CH,), 2.53 (m, 12 H, 6 CH,), 3.38 (m, 4 H,
2 CH,).

General Procedure for the Synthesis of Amino-amine Compounds
(Carriers 2a-d): The appropriate amino-amide (0.05 mol) was dis-
solved in anhydrous THF (100 mL) in an oven-dried, 250-mL, two-
necked flask, equipped with a reflux condenser, a constant-pressure
dropping funnel, and a magnetic stirring bar. A solution of LiAlH,4
in THF (1 M, 60 mL) was added dropwise over ca. 15 min to this
solution, stirred at 0 °C in an ice bath. The resulting mixture was
refluxed overnight under N,. After the reflux period, the mixture
was quenched with 10% NaOH solution at 0 °C to destroy the
unreacted LiAlH,4. The white solid was filtered and washed several
times with ether. The resulting mixture was concentrated in a rotary
evaporator and the residue was extracted four times with diethyl
ether. Standard workup gave the crude amino-amines. The crude
products were purified by column chromatography on silica gel
with diethyl ether as eluent to give the pure materials as pale yellow
oils. Yields were, respectively, 83% for 2a, 86% for 2b, 76% for 2c,
and 80% for 2d. They were stored at 0 °C in the dark in a refriger-
ator. '"H NMR (CDCl;): § = 0.90 (t, 3 H, CH3), 1.05 (t, 12 H, 4
CHs), 1.25 (br. s, 2n H, n CH,), 2.50 (m, 18 H, 9 CH,).

4-Tetradecyldiethylenetriamine Carrier 3: This carrier was prepared
by treatment of bis(2-phthalimidoethyl)amine with tetradecyl
bromide in refluxing CH3;CN; the protected derivative was then
treated with hydrazine hydrate in refluxing absolute ethanol to give
the product. The bis(2-phthalimidoethyl)amine was prepared ac-
cording to a literature procedure.??! White solid, m.p. 180—181 °C
(80% yield); the "H NMR and IR data agreed with those in the lit-
erature.

N,N-Bis(2-phthalimidoethyl)tetradecylamine:  Bis(2-phthalimidoe-
thyl)amine (10 g), tetradecyl bromide (8.5g), KI (0.5g), and
K,COj; (anhydrous, 10 g) were placed in a 1000-mL, round-bot-
tomed flask, equipped with a reflux condenser, and refluxed in
CH;CN (600 mL) for 36 h. After cooling to room temperature, the
solid was filtered, and the acetonitrile was evaporated under re-
duced pressure. The residue was treated with water, and then ex-
tracted several times with diethyl ether. After the usual workup, a
viscous liquid that solidified at 0 °C was obtained. The product
was obtained in 68% yield as a white solid after two recrystalliza-
tions from methanol, m.p. 62—63 °C. '"H NMR (CDCl;): § = 0.90
(t, 3 H, CH3), 1.03—1.36 (m, 24 H, 12 CH,), 2.5 (t, 2 H, CH,),
2.80 (t,4H, 2 CH,), 3.75 (t,4 H, 2 CH,), 7.64—7.81 (m, 8 H, 2 Ph).

4-Tetradecyldiethylenetriamine: N, N-Bis(2-phthalimidoethyl)tetra-
decylamine (4 g), hydrazine monohydrate (1 mL), and absolute eth-
anol (50 mL) were placed in a 100-mL, round-bottomed flask
equipped with a reflux condenser. The reaction mixture was heated
to reflux for 1 d. After the mixture had cooled to room temper-
ature, the ethanol and hydrazine were removed under reduced pres-
sure. The residue was treated with ethanol (20 mL) and conc. HCI
(10 mL) and was heated to reflux for 8 h. The mixture was cooled
to 3—5 °C, the precipitate was filtered, and the filtrate was concen-
trated to a few mL. The remaining material was treated with KOH
(3 g), to generate the free base, and extracted four times with
dichloromethane. After standard workup, a pale yellow syrup was
obtained; this crystallized from petroleum ether as a white solid
with m.p. ca. 30 °C (yield 94%). 'H NMR (CDCl;): = 0.90 (t, 3
H, CH3), 1.18—1.50 (m, 24 H, 12 CH,), 1.90 (br. s, 4 H, 2 NH,,
D,0 exchanges), 2.41 (t, 4 H, 2 CH,), 2.49 (t, 4 H, 2 CH,), 2.75
(t, 4 H, 2 CH,).

Carrier 4: This carrier, Menger’s one, was prepared by his proced-
ure.'”) The IR and '"H NMR spectra confirmed the structure.
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