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Design and evaluation of switchable-hydrophilicity
solvents+

Jesse R. Vanderveen, Jeremy Durelle and Philip G. Jessop*

Switchable-hydrophilicity solvents (SHSs) are solvents that can switch reversibly between one form that is
miscible with water to another that forms a biphasic mixture with water. For these SHSs, we use CO, at
1 bar as a stimulus for triggering the transformation to the water-miscible form and removal of CO, to
achieve the reverse. We now report the identification of 13 new SHSs, including the first secondary amine
SHSs, and a comparison of all known SHSs in terms of safety and environmental impacts. Amines which
include another functional group, especially oxygen-containing groups, are less hazardous than alkyl-
amines. Secondary amines can have improved switching speeds relative to tertiary amines. The variety of
SHSs identified suggests that amine SHSs can be designed to have ideal properties for a given application.

Introduction

The widespread use of volatile solvents contributes to a variety
of health, safety, and environmental problems such as inhala-
tion toxicity, flammability, and smog formation. It is well
known that non-volatile organic solvents avoid all of these pro-
blems, but they are rarely used in industry because they
cannot be distilled. Distillation is the standard method for
removing solvent from product at the end of almost any chemi-
cal process that uses solvents. Industry’s dependence on distil-
lation is responsible for the continued widespread use of
volatile organic solvents despite their known hazards. The use
of switchable-hydrophilicity solvents (SHSs), in combination
with water, has been proposed as an alternative to distillation
for solvent removal that does not require the use of volatile
compounds.’

A SHS is a solvent which is poorly miscible with water in
one form but completely miscible with water in another form
and which can be switched between these two forms by a
simple change in the system. Amidine and tertiary amine SHSs
have been identified"> which can be switched between the two
forms by the addition or removal of CO, from the system. The
change in miscibility is due to an acid-base reaction between
either hydrated CO, or carbonic acid in the carbonated water
and the SHS, resulting in the hydrophilic bicarbonate salt of
the protonated SHS (eqn (1)). This behaviour has been
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1 Electronic supplementary information (ESI) available: '*C {"H} NMR spectra of
secondary amine and carbonated water mixtures and analysis of the accuracy of
TEST predictions. CCDC 967314. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/c3gc42164c
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exploited as a method for removing solvent from products
such as soybean oil," algae oil,*> bitumen,® and high density
polystyrene powder.”

NR; + H,0 4+ CO, = NR;H" + HCO;~ (1)

The first known SHSs contained amidine functional
groups, but were found to be impractical solvents because they
are expensive to manufacture."” Eight tertiary amine SHSs
were then identified which overcame this limitation.”?
However, some of these SHSs have health and safety concerns
associated with them, such as toxicity, volatility, or flammabi-
lity, which would make them less desirable for use in an
industrial setting. In this paper, we identify 13 new secondary
and tertiary amine SHSs which are commercially available or
easily prepared. The amines were selected in order to overcome
one or more of the issues presented by previously confirmed
SHSs. We compare all of the SHSs in terms of boiling point,
flash point, eutrophication potential, toxicity, and effects on
skin (where information is available) to identify the safest and
most environmentally benign SHSs.

Before we could search for new SHSs, we needed to identify
the properties of known SHSs and how they differ from com-
pounds that are not SHS. Amines, amidines, and guanidines
that have already been tested for SHS behaviour’? are listed in
Table 1. If an organic liquid forms one phase when mixed with
water before CO, is added, the system is considered mono-
phasic and therefore not an SHS. If an organic liquid forms
two phases when mixed with water both before and after CO,
is added, the system is considered biphasic. If the mixture of
organic compound and water forms two phases before CO, is
added and forms one phase after CO, is added, it is an SHS.
Some guanidines formed biphasic mixtures with water initially
and became monophasic upon exposure to CO,, but could not

Green Chem., 2014, 16, 1187-1197 | 1187
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Table 1 Amines, amidines, and guanidines previously tested for their ability to serve as SHSs at room temperature®?

Ratio of compound

Behaviour Compound to water (v:v) Log Koy * PKan
Monophasic Triethanolamine 1:1 -1.51 7.857
Monophasic N,N,N',N-Tetramethylethylenediamine 1:1 0.21 9.2%
Monophasic N,N,N',N'-Tetramethylguanidine 2:1 0.30 13.6°
Monophasic N-Ethylmorpholine 1:1 0.30 7.70"°
Monophasic 1,8-Diazabicycloundec-7-ene 2:1 1.73 12°
Monophasic N-Hexyl-N',N'-dimethylacetamidine 2:1 2.94 12?
Irreversible N"-Hexyl-N,N,N',N'-tetramethylguanidine 2:1 2.82 13.6°
Irreversible N"-Butyl-N,N,N',N'-tetraethylguanidine 2:1 3.52 13.6°
Irreversible N"-Hexyl-N,N,N',N'-tetraethylguanidine 2:1 4.43 13.6°
Switchable Triethylamine 1:1 1.47 10.68""
Switchable N,N-Dimethylbutylamine 1:1 1.60 10.02"2
Switchable N-Ethylpiperidine 1:1 1.75 10.457
Switchable N-Methyldipropylamine 1:1 1.96 10.4"
Switchable N,N-Dimethylcyclohexylamine 1:1 2.04 10.48"
Switchable N-Butylpyrrolidine 1:1 2.15 10.36"
Switchable N,N-Diethylbutylamine 1:1 2.37 10.51
Switchable N,N-Dimethylhexylamine 1:1 2.51 10.18
Switchable N,N,N"-Tripropylbutanamidine 2:1 4.20 12?
Switchable N,N,N'-Tributylpentanamidine 2:1 5.99 12°
Biphasic N,N-Dimethylaniline 1:1 2.11 5.06"
Biphasic N,N-Diisopropylethylamine 1:1 2.28 11.0'°
Biphasic Tripropylamine 1:1 2.83 10.70"°
Biphasic N"-Hexyl-N,N,N',N'-tetrabutylguanidine 2:1 7.91 13.6°
Biphasic Trioctylamine 1:1 9.45 10.97

“Predicted using ALOGPS software version 2.1."7"° b Estimated to have a pKau similar to 1,8-diazabicycloundec-7-ene. © Estimated to have a pK,y

similar to N,N,N’,N"-tetramethylguanidine. ¢ Estimated to have a pKy; similar to tributylamine (pK,y 10.89)

be reverted to biphasic mixtures, presumably because guani-
dines were far too basic. Compounds which displayed this be-
haviour are considered irreversible and were therefore rejected.
The results of these tests are highly dependent on the pro-
portions of water and organic solvent. The results shown in
Table 1 were reported for 1:1 (v:v) mixtures of water to amine
or 2:1 (v:v) mixtures of water to amidine or guanidines.

Results and discussion
Selecting amines for switchable behaviour

A variety of new amines were tested, but not all of them dis-
played SHS behaviour. Fig. 1 plots all the amines and amidines
tested in this study and previous studies™” by the log of their
octanol-water partition coefficient (log K,,) and the strength
of their conjugate acids (pKay). A trend was observed for the
amines tested. First, the amine must have a log K., between
approximately 1.2 and 2.5 in order to be a SHS. Amines with
lower log K, were too hydrophilic and formed monophasic
mixtures with water in their neutral form. Amines with higher
log K., were too hydrophobic and formed biphasic mixtures
with water even after exposure to CO,. This trend has been
observed for previously identified tertiary amine SHSs.> Also,
most amines that displayed switchable miscibility with water
had pK,y above 9.5. If an amine has insufficient basicity, it
will not react with carbonated water enough for a switch from
a biphasic to a monophasic mixture. Although SHSs met these
criteria, some amines which were not SHSs met these criteria
as well, suggesting that these are necessary but not sufficient

1188 | Green Chem., 2014, 16, 1187-1197

10

10

8 ®
6 L °
°
°
2, L
o
X
[ J °
8 °
2 1 ® °
° o o0
[ ® °
0 o
(]
°
2
5 6 7 8 9 10 11 12 13 14 15
PKay

Fig. 1 All compounds tested for switchable miscibility with water at
room temperature and 1:1 or 2:1 volume ratio of water to amine,
plotted by their log K., and pK,4 and coloured by their observed behav-
iour: monophasic (blue), irreversible (yellow), SHS (green), biphasic (red),
and precipitation upon CO, addition (black). All amine SHSs fall within
the green oval. No oval is shown for the amidines because the bound-
aries of the acceptable area for amidines are unknown.

requirements for switchable behaviour. The two amidine SHSs
did not fit these criteria (see the upper right portion of Fig. 1),
and yet behaved as SHSs for reasons which are unclear.

Amines with high boiling and flash points

Non-volatile SHSs can be designed to capitalize on the pre-
viously described advantages of SHS separations. In order to
reduce volatility, SHSs with large molecular weights are

This journal is © The Royal Society of Chemistry 2014
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preferred, but increasing the molecular weights by simply
extending the alkyl chains would increase the log K, exces-
sively so that the bicarbonate salt of the amine would not be
sufficiently soluble in carbonated water and the amine will
therefore not be a SHS. By including hydrophilic functional
groups in the structure of an amine while increasing the
length of the alkyl chains, the solvent can be tailored to be less
volatile and yet still fit within the log K, range required for
SHS behaviour.

Hydrophilic functional groups also affect the basicity of the
amine. The inductive effects of a functional group can
decrease the pK,y of the amine, depending on the proximity of
the group to the N centre. When designing a SHS with these
functional groups, the exact positions of the amine and the
electron withdrawing group must be considered so that the
amine will be a sufficiently strong base to act as a SHS.

Of the tertiary amines tested which incorporated other
functional groups, six formed monophasic mixtures with
water, five formed biphasic mixtures with water, and six dis-
played switchable miscibility (Table 2). These six new SHSs all
followed the log K,, and pK,y criteria suggested in Fig. 1
except for N,N-dimethylbenzylamine. At a 1:1 volume ratio of
water to amine, mixtures of water and N,N-dimethylbenzyl-
amine remain biphasic even after prolonged bubbling of CO,
through solution. This behaviour is expected because N,N-
dimethylbenzylamine (pK,y = 9.03) is a weaker base than most
SHSs and will not be sufficiently protonated by carbonated
water to form a monophasic mixture with water at a 1:1
volume ratio. At a 5:1 volume ratio of water to amine, the
amine displays switchable miscibility. Adding more water to
the mixture increases the amount of amine in the aqueous
phase enough to form a monophasic mixture after addition of
CO, without also resulting in a monophasic mixture when CO,

Table 2 Tertiary amines with other functional groups tested for switch-
able behaviour

Log
Behaviour Compound Kow @ PKan
Monophasic ~ N,N-Dimethylaminoethanol —0.44 9.31"?
Monophasic  N,N-Dimethylaminopropanol —0.08 9.76>°
Monophasic  N,N-Diethylaminoethanol 0.41 9.87"2
Monophasic ~ N,N-Diethylglycine methyl ester 0.76 7.75
Monophasic  N,N-Diethylaminopropanol 0.77  10.39
Monophasic  5-(Diethylamino)pentan-2-one 121 1017
Monophasic  Ethyl 3-(diethylamino)propanoate 1.40 9.35
Switchable Diisopropylaminoethanol 1.16  10.14*
Switchable 4,4-Diethoxy-N,N- 1.48 9.83
dimethylbutanamine

Switchable Ethyl 4-(diethylamino)butanoate 1.82  10.15
Switchable’  N,N-Dimethylbenzylamine 1.86  9.03"
Switchable® 5-(Dipropylamino)pentan-2-one 2.15  10.15
Switchable N,N-Dimethylphenethylamine 218  9.51%
Switchable Dibutylaminoethanol 2.20 9.67**
Biphasic Propyl 3-(diethylamino)propanoate 1.85 9.45
Biphasic N,N-Dibutylaminopropanol 2.56  10.5
Biphasic Ethyl 3(dipropylamino)propanoate 2.72 9.29
Biphasic N,N-Dibutylaminobutanol 2.93  10.7

“predicted using ALOGPS software version 2.1."77" ? At a 5: 1 volume
ratio of water to amine. “At a 2 : 1 volume ratio of water to amine.

This journal is © The Royal Society of Chemistry 2014
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is removed. Thus a liquid can be a SHS at one volume ratio,
but not a SHS at another volume ratio.

The different functional groups investigated were alcohols,
esters, ketones, acetals, and aromatic rings, each of which will
affect the pK,y of the amine differently. Alcohols placed two
carbons away from a tertiary amine do not lower the amine’s
pPK,u enough to prevent an amino alcohol from displaying SHS
behaviour. Aromatic rings must also be 2 carbons away from a
tertiary amine for SHS behaviour to be observed at a 1:1
volume ratio of water to amine. N,N-Dimethylaniline (pKyy
5.18) is not a strong enough base to have SHS behaviour, while
N,N-dimethylbenzylamine (pK,y 9.03) displays SHS behaviour
in a 5:1 volume ratio of water to amine. Finally, N,N-dimethyl-
phenethylamine (pK,; 9.51) has SHS behaviour at a 1:1
volume ratio of water to amine. Ester groups must be 3
carbons away from a tertiary amine for an amino ester to
display switchable miscibility, as evidenced by the glycine
derivative and amino propanoates, which are not SHSs, and
the amino butanoate, which is an SHS.

The SHSs identified in Table 2 are less volatile than trialkyl-
amine SHSs. The SHSs with additional functional groups all
have boiling points above 180 °C and predicted flash points
above 50 °C (Table 4, discussed later). By comparison, the least
volatile trialkylamine SHS, N,N-dimethylcyclohexylamine, has
a boiling point of 162 °C and a flash point of 41 °C. The differ-
ences between the boiling and flash points of trialkylamine
SHSs and SHSs with additional functional groups shows that
the design strategy for less-volatile SHSs is successful.

Secondary amines

Secondary amines have an alternate reactivity pathway which
allows them to uptake CO, faster than tertiary amines. Like
amidines and tertiary amines, secondary amines can be con-
verted to bicarbonate salts upon exposure to carbon dioxide
and water, but they can also undergo a direct reaction with
carbon dioxide to form ammonium carbamate salts (eqn (2)).
This alternative reaction occurs faster than the bicarbonate
salt formation, so secondary amine SHSs are likely to switch
faster than tertiary amines.>® However, the energy and temp-
erature required to remove CO, from an aqueous ammonium
carbamate solution is much larger than that required to
remove CO, from an ammonium bicarbonate solution.>®
Therefore, using a secondary amine SHS can be more energy-
intensive than using a tertiary amine SHS.

2R,NH + CO, = R,NH," + R,NCOO™~ (2)

While the increased rate of reaction of secondary amines is
appealing, the higher energy cost of regeneration is not, so it
is important to prevent significant formation of carbamate
salts of an SHS. Sterically hindered amines are known to either
not form carbamates or form destabilized carbamates which
are rapidly hydrolyzed to bicarbonates.”> Carbamates may
form as a kinetic product before being converted to bicarbon-
ates, allowing for rapid uptake of CO, without the large energy
requirements for removing CO,.>® Therefore, a sterically

Green Chem., 2014, 16, 1187-1197 | 1189
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hindered secondary amine SHS may switch rapidly without
increased energy requirements.

Of the secondary amines tested for switchable behaviour,
three formed monophasic mixtures with water, five formed
biphasic mixtures with non-carbonated water but formed a
precipitate upon exposure to CO,, and six displayed switchable
miscibility (Table 3). X-ray crystallography of the precipitate
formed from dibutylamine confirmed that it was the bicarbon-
ate salt of the amine (Fig. 2). This result suggests that the
bicarbonate salts of some secondary amines are not
sufficiently soluble in water to make the amines useful as
SHSs at a 1:1 volume ratio.

Increasing the temperature of the mixture or increasing the
volume ratio of water to amine might result in complete dissol-
ution of the bicarbonate salt in the water. A precipitate forms
when CO, is bubbled through a 1:1 mixture of water and
propyl-3-(sec-butylamino)propanoate at room temperature. If
the volume ratio is adjusted to 2:1 water to amine and the
mixture is heated to 50 °C, bubbling CO, through the mixture
forms a monophasic liquid; this can be returned to a biphasic
mixture if argon is bubbled through it at 65 °C. Other

Table 3 Secondary amines tested for switchable behaviour

Log

Behaviour Compound Kow®  PKan
Monophasic  Diethylamine 0.71  10.927
Monophasic  Ethyl 3-(tert-butylamino)propanoate ~ 1.38  10.09
Monophasic  tert-Butylethylamine 142  11.35
Monophasic  Diisopropylamine 146  11.077
Switchable Ethyl 3-(sec-butylamino)propanoate 1.53 9.73
Switchable Dipropylamine 1.64  11.05"
Switchable Butyl 3-(isopropylamino)propanoate ~ 1.90 9.77
Switchable”  Propyl 3-(sec-butylamino)propanoate  1.95 9.80
Switchable N-Propyl-sec-butylamine 2.03  11.05
Switchable Di-sec-butylamine 2.43 1107
Precipitates  Ethyl 3-(isobutylamino)propanoate 1.46 9.45
Precipitates  Ethyl 4-(tert-butylamino)butanoate 1.75  10.77
Precipitates tert-Butylisopropylamine 1.84  11.39
Precipitates  Dibutylamine 2.61  11.28’
Precipitates ~ Dihexylamine 446  11.0%®

“predicted using ALOGPS software version 2.1.'77'° ? Requires a 2:1

volume ratio of water to amine and solution must be heated to 50 °C.

Fig. 2 The structure of dibutylammonium bicarbonate, recrystallized
from the solid formed after bubbling CO, through a dibutylamine—water
mixture.

1190 | Green Chem., 2014, 16, 1187-1197
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secondary amines which form precipitates might display SHS
behaviour under different conditions. Some secondary
amines, such as N-propyl-sec-butylamine, form precipitates in
carbonated water at room temperature but the heat released
from the exothermic reaction of the amine and carbonated
water can warm the solution enough to dissolve the bicarbon-
ate salts completely.

Six secondary amines were confirmed to display SHS behav-
iour. With the exception of dipropylamine, each of these sec-
ondary amine SHSs contained sec-butyl or isopropyl groups to
destabilize carbamate salts. Converting bicarbonate salts of
sterically hindered secondary amine SHSs to CO, and neutral
amine was achieved at 65 °C while passing N, through solu-
tion. Dipropylamine-water mixtures became biphasic upon
heating to 65 °C even without bubbling N, through solution,
but the solution became monophasic again when cooled to
room temperature. Dipropylamine’s temperature-dependent
miscibility with carbonated water has been observed before,*®
but is not the desired behaviour for a SHS. When the solution
was heated to 90 °C for 2 h without N, passing through it, it
became biphasic and remained biphasic when cooled to room
temperature. The increased temperature requirement to remove
CO,, from the solution is consistent with the formation of carba-
mate salts, as expected for sterically unhindered secondary
amines such as dipropylamine. "*C NMR analysis of carbonated
water-dipropylamine solutions confirmed the presence of both
bicarbonate salts and carbamate salts in solution, while no car-
bamates were observed for mixes of carbonated water with steri-
cally-hindered secondary amine SHSs (see ESIf).

Every secondary amine SHS, except di-sec-butylamine,
switched from a biphasic solution to a monophasic solution
after less than 10 min of bubbling CO, through the solution,
while tertiary amines switch after 20 to 120 min. Di-sec-butyl-
amine switched at a slower pace, comparable to tertiary amine
SHSs. The two sec-butyl groups may be either decreasing the
rate of carbamate formation substantially or preventing carba-
mate formation completely. Evidently, one branching group
near the amine is enough to lower the energy requirements for
removing CO, while still allowing for a rapid switch from
biphasic to monophasic solutions.

While most of these amines were only tested for one full
switching cycle, we tested CyNMe, and butyl 3-(isopropyl-
amino)propanoate for their ability to handle multiple cycles.
The former was used for many cycles without difficulty but the
latter can only be used for one cycle, because of significant
hydrolysis of the ester during the removal of the CO,. This
problem may exist for other amino-esters as well.

Risk evaluation of SHSs

In order for SHSs to be considered for use industrially, it is
important to consider their effects on health and the environ-
ment, preferably in comparison to the solvents that they would
replace. In order to identify the safety and environmental
effects of SHSs, the LDs, (oral, rat), boiling point, flash point,
eutrophication potential (EP), and skin effects of all SHSs
identified in this study and previous studies* are compared

This journal is © The Royal Society of Chemistry 2014
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in Table 4. The reported safety and environmental data reveal
trends in the safety risks and environmental impacts of SHSs.
We used hexane and toluene as representative conventional
(non-switchable) solvents for comparison.

The toxicities of SHSs were compared using oral LDs, data
(rat). Many SHSs do not have reported LDs, values. In these
cases, the U.S. Environmental Protection Agency’s Toxicity
Estimation Software Tool (TEST) was used to predict oral LDs,
values.”® We find that the predicted toxicities of amines are
within a factor of 3 of reported LDs, values 95% of the time
(see ESIt). Despite the inherent inaccuracy of toxicity predic-
tions, we expect that SHSs with predicted LDs, values above
2000 mg kg~ " are less toxic than SHSs with LDs, values of
around 500 mg kg~ or lower. Oxygen-containing SHSs have
consistently higher LDs, values than dialkyl- and trialkylamine
SHSs. Multiple different oral LDs, values have been reported
for toluene. While toluene is less toxic than dialkyl- and tri-
alkylamine SHSs, the varying reports of its LDs, and the uncer-
tainty of the predicted LD, values for other SHSs prevent us
from drawing further conclusions. According to the LDs, data,
hexane is much safer than every SHS. However, LDs, is a
measure of acute toxicity, so solvents with chronic toxicity may
appear safe even though they are not. For example, hexane is a
known chronic neurotoxin, a serious problem that is not made
evident by LDs, data.>*"?

The more volatile SHSs are not advantageous over toluene
in terms of inhalation toxicity but the less volatile SHSs are

View Article Online
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probably much safer than toluene. There is little data regard-
ing this form of toxicity for the SHSs. The inhalation LCs,
values (rat, 4 h) for triethylamine and dipropylamine are
41 g m™ and 4.4 g m™>, respectively,”® while the corres-
ponding values for toluene and hexane are 30.1 ¢ m™> and
169 g m™>, respectively.”>”’® Dimethylcyclohexane has a
reported LCs (rat, 2 h) of 1.9 ¢ m—>.>* The less-volatile SHSs
may not pose an inhalation toxicity risk because their vapour
pressures are much lower. For example the vapour pressure of
propyl-3-(sec-butylamino)propanoate at 25 °C was estimated to
be 13 Pa using a nomograph. By comparison, the vapour press-
ures of triethylamine, toluene, and hexane at 25 °C are 9670
Pa,”” 3804 Pa,”® and 20240 Pa,”® respectively. Propyl-3-(sec-
butylamino)propanoate and other low-volatility amines are less
likely to be inhaled because of their low vapour pressure,
making them less of an inhalation toxicity risk than volatile
solvents.

The smell of amines depends greatly on the volatility and
structure. Butyl-3-(iso-propylamino)propanoate, the least vola-
tile SHS, has no detectable smell. Ethyl 4-(diethylamino)-
butanoate has a weak but pleasant smell. The volatile amines
have the usual unpleasant smell one expects of amines.

The boiling and flash points of SHSs give an indication of
the volatility of the solvents. Flash points also show how flam-
mable solvents are. If the boiling point at atmospheric
pressure is not known, a value was estimated by extrapolating
from a reduced-pressure boiling point. The TEST program can

Table 4 Properties of known SHSs relating to safety hazards and environmental impacts of solvents

LDs, (oral, rat) Boiling Flash Eutrophication Log
Substance (mg kg™) point (°C) point (°C) potential® Skin effects Ko ”?
N,N,N'-Tributylpentanamidine 4000° 367° 176° 0.17 n/a 5.92
N,N,N'-Tripropylbutanamidine 700° 303° 137° 0.18 n/a 4.20
N,N-Dimethylcyclohexylamine 348% 159** 43% 0.17 Corrosive (1B)*® 2.04
N-Ethylpiperidine 280°7 128°¢ 17% 0.17 Corrosive (1B)*” 1.74
N-Butylpyrrolidine 51,4 156>° 35% 0.17 Irritant™ 2.15
N,N-Dimethylhexylamine 500° 148" 34 0.17 Corrosive (1B)*? 2.51
N,N-Dimethylbutylamine 188" 95™ -5 0.18 Corrosive (1A)* 1.60
N,N-Diethylbutylamine 300° 136" 24%° 0.17 Corrosive (1B)*° 2.37
N-Methyldipropylamine 267° 117Y -3 0.18 Corrosive (1B)** 1.96
Triethylamine 460% 89%* —9% 0.18 Corrosive (1A)>° 1.47
N,N-Diisopropylaminoethanol 940! 190,>>°¢ 64 0.15 Corrosive (1B)*? 1.16
N,N-Dibutylaminoethanol 1070 230,>%¢ 95 0.15 Corrosive (1B)*’ 2.15
4,4-Diethoxy-N,N-dimethylbutanamine 2000° 270,¢¢ 70%7 0.13 n/a 1.48
Ethyl 4-(diethylamino)butanoate 7000° 220° 77 0.13 n/a 1.82
N,N-Dimethylphenethylamine 300° 210°® 71%° 0.16 Irritant™ 2.18
Dipropylamine 460 108°° 17%° 0.18 Corrosive (1A)*" 1.64
Di-sec-butylamine 300° 135%? 219 0.17 Corrosive (1A)% 2.46
5-Dipropylaminopentanone 3000° 280° 72¢ 0.15 n/a 2.14
Ethyl 3-(sec-butylamino)propanoate 5000° 210° 93¢ 0.13 n/a 1.53
Propyl 3-(sec-butylamino)propanoate 3000° 220° 89° 0.13 n/a 1.94
Butyl 3-(isopropylamino)propanoate 3000° 230° 105° 0.13 n/a 1.90
N-Propyl-sec-butylamine 300° 124%* 15° 0.18 Corrosive (1B)*’ 2.03
N,N-Dimethylbenzylamine 265%° 183%° 53%7 0.16 Corrosive (1B)%” 1.86
Toluene 636-6400,30870f 1107* 4% 0.13 Irritant”? 2.49
Hexane 28710% 697 -22% 0.15 Irritant™ 3.55

Estimated values are shown in italics. “Calculated as mass equivalents of phosphate. ? Predicted using ALOGPS software version 2.1.
¢ Boiling point at atmospheric pressure extrapolated from boiling point
at reduced-pressure. / Several LDs, values have been reported for toluene.

29 d

¢ Predicted using TEST software version 4.1.>” ¢ Oral LD5, value for mice.

miscalculation.®*”°

This journal is © The Royal Society of Chemistry 2014
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be used to predict flash points if the flash point of an SHS is
not known. These predictions are accurate to within 8 °C, 81%
of the time if the experimental flashpoint is above 20 °C (see
ESIT). Almost every SHS is safer than toluene and hexane in
terms of volatility and flammability. SHS containing another
functional group in addition to an amine were designed to be
less volatile and less flammable, and the data confirms that
they are safer than other SHSs by these metrics. Under the UN
globally-harmonized system of classification, these heavier
SHSs would be classified as combustible rather than flam-
mable liquids (flash points >60 °C).*°

The eutrophication potential of the SHSs was calculated
using a modified version of the equation described by
Heijungs et al®' replacing chemical oxygen demand with
theoretical oxygen demand, which was calculated using an
equation described by Baker, Milke and Mihelcic.®* The impli-
cations of these equations are that lower nitrogen content and
higher oxygen content in a compound lowers its eutrophica-
tion potential. As a result, oxygen containing SHS have less
eutrophication potential than other SHSs, with amino esters
having the lowest potential. Indeed, amino ester SHSs have
eutrophication potentials similar to toluene and lower than
hexane, despite their nitrogen content.

Skin effects are another concern for SHSs; 13 of the SHSs
are corrosive. In order to differentiate between different levels
of corrosion, different classes of corrosion as defined by the
Globally Harmonized System were used where information was
available.®® A class 1A corrosive substance shows effects after
3 minutes of exposure and less than 1 hour of observation. A
class 1B corrosive substance shows effects after 1 hour of
exposure and less than 14 days of observation. Class 1A corros-
ive SHSs should be avoided. Fortunately, two of the SHSs and
many conventional solvents like toluene and hexane are irri-
tants, rather than corrosive liquids. For many of the SHSs, skin
effect data is unavailable.

Bioaccumulation is not a concern for SHSs. Compounds
with log K, values below 3.5 are considered to have low bio-
accumulation potential.®* All known amine SHSs have log K,
between approximately 1.2 and 2.5. The amidine SHSs would
not bioaccumulate, despite their high log K, values, because
they are hydrolytically unstable and therefore would not likely
persist in the environment long enough to pose a bioaccumu-
lation risk. Some conventional solvents (e.g. hexane) have
moderate bioaccumulation potential, while others have low
potential (e.g. toluene).

The use of volatile solvents results in volatile organic com-
pound emissions and contributes to smog formation.** With
regards to this environmental concern, solvents are generally
expected to be more benign if they are less volatile. SHSs with
additional functional groups are much less volatile than con-
ventional solvents like hexane and toluene. While volatile
SHSs like triethylamine will have no advantages over conven-
tional solvents, the low-volatility SHSs likely have less potential
to contribute to smog formation than conventional solvents.

The persistence of a solvent when it is released into the
environment is another concern. Compounds can degrade by a
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number of different pathways and it can be difficult to predict
their persistence. However, some degradation trends relating
to chemical structures have been observed.®® Quaternary
carbon centres, extensive branching, heterocycles, and tertiary
amines tend to decrease degradability. Features that increase
degradability are oxygen atoms (particularly esters), unsubsti-
tuted alkyl chains of 4 or more, and unsubstituted phenyl
rings. Secondary amine SHSs are also expected to be more bio-
degradable than tertiary amine SHSs. Howard et al. found that
tertiary amines are poorly biodegradable.®® Eide-Haugmo et al.
suggest that secondary amines are more degradable than ter-
tiary amines.®” Although amine biodegradation data is sparse
and many exceptions are apparent, the literature data does
support the notion that secondary amines will biodegrade
more readily than tertiary amines.***' For example, dipropyl-
amine is biodegradable while triethylamine is not.”"** Not all
tertiary amines will persist however. The biodegradation of
N,N-dimethylcyclohexylamine is not rapid, but it is considered
to be biodegradable in an aqueous environment (Zahn-
Wellens test).”® The available data also indicates that com-
pounds with quaternary carbons are more resistant to biode-
gradation than straight chain compounds. A common opinion
is that any branching will decrease biodegradability. However,
Boethling et al. report that this is an oversimplification and
only extensive branching and quaternary carbons show a trend
of decreasing degradability.”> Many secondary amine SHS
contain a branching group to destabilize carbamate formation.
An ideal secondary amine SHS would include one branching
group to destabilize the carbamate product without signifi-
cantly decreasing its biodegradability.

With regard to this information, secondary amino ester
SHSs are expected to be the least persistent, particularly butyl
3-(isopropylamino)propanoate because it contains an n-butyl
group. Tertiary amine SHSs containing other functional
groups and dialkylamine SHSs are second choices, while
trialkylamine SHSs will likely persist longer than the other
SHSs. Toluene and hexane are both biodegradable.”*° Trialky-
lamine SHSs should be more persistent than conventional sol-
vents, but we expect secondary amine SHSs and tertiary amine
SHS with a second functional group to have biodegradability
comparable to or better than conventional solvents.

There are other considerations which can also be used to
differentiate between SHSs. Some SHSs, such as the amino
acetal, the aminoesters, and the amidines are prone to hydro-
lysis and are likely to degrade over time. Dipropylamine forms
a stable carbamate salt and more energy must be put into the
system to convert the salt back into CO, and neutral amine.
Some SHSs also require different amounts of water to display
switchability. Most SHSs work at a 1:1 volume ratio, but some
require a 2: 1 or even 5 : 1 water-amine volume ratio. The amount
of energy required to heat the water when removing CO, increases
as the amount of water increases. Some SHSs switch faster than
others as well. In particular, secondary amines switch from bipha-
sic to monophasic mixtures faster than tertiary amines. None of
these factors are apparent from the information given in Table 4,
but they can affect the overall viability of an SHS.

This journal is © The Royal Society of Chemistry 2014
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While no SHS can be identified as being the most benign,
the structural features that generate the most benign SHSs can
be determined from the above trends. The data available for
oxygen-containing SHSs suggest that they are less toxic and
less volatile than di- and tri-alkyl amine SHSs. They are also no
more corrosive and have lower eutrophication potentials,
making them the most benign SHSs identified according to
the metrics listed in this study. However, the risk of hydrolysis,
which limit the reusability of aminoesters, suggests that they
may not be ideal. The amidine SHSs also have favourable
safety and environmental properties apart from a larger eutro-
phication potential and likely corrosivity, but they are unlikely
ever to be used because of their high cost of synthesis. No
differences between secondary and tertiary amine SHSs are
apparent from the data in Table 4, but the secondary amines
are likely to be more biodegradable. Not every risk is identified
in Table 4. There is insufficient data to comment on chronic
toxicity or carcinogenicity. Because of these uncertainties, we
do not recommend a single SHS as the most benign but rather
we recommend consideration of all of their properties before
one is used and more research including the identification of
even better SHS.

Conclusions

Several new SHSs have been identified, including secondary
amines and amines incorporating an additional functional
group. Amines which display SHS behaviour typically have log
K, between 1.2 and 2.5 and pK,y above 9.5. Dimethylbenzyl-
amine is an exception (pK,y 9.03), but is only switchable if the
volume of water is much larger than the volume of amine. Sec-
ondary amines can also display switchable behaviour but can
form carbamate salts and precipitate as bicarbonate salts. Sec-
ondary amine SHSs can be designed to avoid significant carba-
mate formation by making them sterically hindered. Amines
incorporating other functional groups are more benign than
other SHSs, commonly having lower toxicity, volatility, flamm-
ability, and eutrophication potential. Compared to toluene,
the secondary amine ester SHSs are predicted to be safer for
health and the environment in terms of flammability, smog
formation, inhalation toxicity, and bioaccumulation (lower
Kow)- They are comparable to toluene in terms of eutrophica-
tion and possibly biodegradation. The variety of compounds
identified and their different properties show that SHSs can be
designed to meet the requirements of an application.

Experimental

Chemicals were used as received. Amines were commercially
available (Sigma-Aldrich, TCI, Fisher) except for amino pro-
panoate/butanoate esters and amino ketones, which were syn-
thesized and characterized as described below. Argon

This journal is © The Royal Society of Chemistry 2014
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(99.998%) and CO, (chromatographic grade) were purchased
from Praxair.

Testing for switchable behaviour

To confirm the switchable miscibility, amines were mixed with
water in a 1:1 volume ratio. If two phases were observed, CO,
was bubbled into the solution through a gas dispersion tube
(Ace Glass, 25-50 micron porosity) for 2 h. If the mixture
became monophasic, N, was bubbled into the solution
through a gas dispersion tube for 2 h while the solution was
heated to 65 °C. If the mixture became biphasic again, the
amine was classified as a SHS. Other volume ratios were
attempted for some amines.

Evaluation

17-19

Log K,y values were predicted using ALOGPS 2.1. PKan
values were found from literature or determined titrimetrically.
Flash points, skin effects, and LDs, values were found from lit-
erature or MSDS. If flash point or LDs, values were unavail-
able, they were calculated using the TEST program.>®
Eutrophication potentials (EP) were calculated using a vari-
ation of the method proposed by Heijungs et al., which calcu-
lates the eutrophication potential of a compound based on its
molecular weight (MW), the number of phosphorus and nitro-
gen atoms it contains (vp and vy), and its theoretical oxygen
demand (vrmop) (eqn (3) and (4)).*" Theoretical oxygen
demands were calculated using the method described by
Baker, Milke, and Mihelcic (eqn (5) and (6)),** which assumes
that nitrogen atoms are converted to NH; and that all carbon
atoms are completely oxidized. The reference compound for
eutrophication potential is PO,>".

Vtoti = (Vpi + UN.i/16 + vrhop,i/138) 3)
MW,
EP, — I/tot.z/ i (4)
Vtot,ref/MWref

b—3c
C,HpN.O; + nO, — aCO, + TH20+CNH3 (5)

—3c

Uthop = 2N = 2a + —d (6)

Dibutylammonium bicarbonate crystal formation

Dibutylamine (5 mL) and water (5 mL) were combined in a
vial. CO, was bubbled through the mixture until a large quan-
tity of precipitate formed. The mixture was heated to 40 °C,
resulting in a biphasic mixture with no solids. Upon cooling to
room temperature, needle-like crystals formed at the interface
between the liquid phases.

Observation of secondary amine speciation in carbonated
water

Amine (dipropylamine, di-sec-butylamine, or sec-butylisopropyl-
amine, 1 mL) was mixed with 1 mL H,O in a vial and CO, was
bubbled through the solution until it became monophasic.
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CH;CN (0.2 mL) was added to solution as a reference com-
pound and the solution was characterized by "*C {"H} NMR
spectroscopy.

Measuring the pK,y of amines

For most amines, a ~20 mL solution containing ~0.02 g amine
in distilled water was titrated with ~0.1 M HCI. The pH of the
solution was recorded after each addition of titrant (Orion 4
Star pH meter, Thermo Scientific). The equivalence point was
determined using a derivative plot and the pH at the half
equivalence point was taken as the pK,y of the amine. Titra-
tions were performed at least twice.

Dibutylaminobutanol and dibutylaminopropanol were not
sufficiently soluble in water to measure their aqueous pK,y
directly. The pK,y of these compounds were measured in
ethanol-water solutions and extrapolated to a completely
aqueous solution using the method described by Gowland and
Schmid.”®

Synthesis

Amino esters and ketones were synthesized using procedures
adapted from literature for similar compounds.””*® NMR
spectra were collected on a Bruker Avance-500 or a Bruker
Avance-300 NMR spectrometer. IR spectra were collected with
a Varian 640 FT-IR spectrometer. Mass Spectra were collected
with a Perkin Elmer Clarus 600 T mass spectrometer con-
nected to a Perkin Elmer Clarus 680 gas chromatograph.

Ethyl 3-(diethylamino)propanoate. Ethyl acrylate (9.2 g,
0.092 mol) and diethylamine (6.7 g, 0.092 mol) were added to
a round bottom flask and stirred for 24 h. Distillation under
vacuum afforded the pure product (14.9 g, 94% yield);
bp 57-59 °C (4 torr): "H NMR (300 MHz, CDCl;) § 0.95 (t, J =
7.2 Hz, 6H), 1.18 (t,] = 7.2 Hz, 3H), 2.36 (t, ] = 7.4, 2H), 2.44 (q,
J =7.2 Hz, 4H), 2.71 (t, ] = 7.4 Hz, 2H), 4.05 (q, J = 7.2 Hz, 2H);
3C NMR (300 MHz, CDCl;) § 12.12, 14.18, 32.49, 46.93, 48.22,
60.34, 172.75; Umax (ATR) cm™" 2972, 2935, 2874, 2806, 1735
(C=0), 1448, 1371, 1298, 1251, 1198, 1118, 1094, 1048, 984,
856, 787; m/z (EI) 173 (6), 158 (15), 144 (3), 130 (3), 116 (1),
99 (1), 86 (100), 73 (6), 72 (6), 58 (15), 56 (10), 55 (15); Anal.
Caled for CoH,oNO,: C 62.39, H 11.05, N 8.09; found C 62.15,
H 11.05, N 8.07. The "H NMR data match literature values.’”

Ethyl 3-(dipropylamino)propanoate. Using the same pro-
cedure as for ethyl 3-(diethylamino)propanoate, 4.0 ¢
(0.040 mol) of ethyl acrylate yielded 6.2 g product (77% yield);
bp 76-77 °C (4 torr): "H NMR (300 MHz, CDCl;) 6 0.80 (t, J =
7.4 Hz, 6H), 1.19 (t, J = 7.1 Hz, 3H), 1.38 (apparent sextet, J =
7.4 Hz, 4H), 2.30 (t, ] = 7.4 Hz, 4H), 2.36 (t, ] = 7.4 Hz, 2H), 2.71
(t,J = 7.4 Hz, 2H), 4.06 (q, J = 7.1 Hz, 2H); "*C NMR (300 MHz,
CDCl;) 6 11.65, 14.08, 20.31, 32.50, 49.56, 56.06, 60.12, 172.78;
Umax (ATR) em™' 2959, 2937, 2873, 2805, 1736 (C=0), 1463,
1371, 1341, 1301, 1250, 1192, 1078, 1053, 855, 791; m/z (EI)
201 (9), 172 (100), 156 (2), 144 (12), 130 (4), 114 (59), 101 (6),
86 (13), 84 (27), 72 (26), 70 (12), 56 (10), 55 (26); Anal. Calcd for
C1,H,3NO,: C 65.62, H 11.52, N 6.96; found C 65.63, H 11.60,
N 6.97. The "H NMR data matches literature values.’”
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Ethyl 4-(diethylamino)butanoate. Ethyl 4-bromobutanoate
(5.0 g, 0.026 mol) and diethylamine (8.8 g, 0.12 mol) were
added to a round bottom flask containing 20 ml acetonitrile.
The mixture was stirred at 65 °C for 24 h. The resulting solu-
tion was concentrated by distillation, added to 25 ml 1 M
NaOH, and extracted with 3 x 25 ml hexanes. Distillation
under vacuum afforded the pure product (3.20 g, 66% yield);
bp 65 °C (4 torr): "H NMR (300 MHz, CDCl;) 6 0.94 (t, ] = 7.1
Hz, 6H), 1.19 (t, ] = 7.1 Hz, 3H), 1.70 (p, J = 7.3 Hz, 2H), 2.26 (t,
J = 7.3 Hz, 2H), 2.37 (t, J = 7.3 Hz, 2H), 2.4 (q, J = 7.1 Hz, 4H)
4.07 (q, J = 7.1 Hz, 2H); *C NMR (300 MHz, CDCl;) § 11.81,
14.17, 22.39, 32.20, 46.81, 52.08, 60.01, 173.61; vmax (ATR)
em™' 2969, 1735 (C=0), 1184; m/z (EI) 187 (6), 172 (3), 158 (1),
142 (12), 115 (5), 114 (6), 98 (2), 86 (100), 58 (9), 56 (5); Anal.
Calcd for C;oH,;NO,: C 64.12, H 11.31, N 7.48; found C 64.12,
H 11.44, N 7.48.

Ethyl 3-(sec-butylamino)propanoate. Ethyl acrylate (4.5 g,
0.045 mol) and sec-butylamine (6.6 g, 0.9 mol) were added to a
round bottom flask and stirred for 24 h. Distillation afforded
the pure product (7.0 g, 89% yield); bp: 65 °C (4 torr): "H NMR
(500 MHz, CDCl3) § 0.77 (t,J = 7.4 Hz, 3H), 0.91 (d, J = 6.2 Hz,
3H), 1.14 (t,J = 7.2 Hz, 3H), 1.20 (m, 1H), 1.35 (m, 1H), 2.37 (t,
J = 6.6 Hz, 2H), 2.44 (apparent sextet, ] = 6.2 Hz, 1H), 2.75 (m,
2H), 4.02 (q, /] = 7.2 Hz, 2H); *C NMR (500 MHz, CDCl,)
510.1, 14.1, 19.7, 29.4, 34.8, 42.2, 54.1, 60.1, 172.7; Umax (ATR)
em™ 3331 (N-H), 2963, 2932, 2875, 1731 (C=0), 1463, 1372,
1255, 1186, 1096, 1056, 1028, 788, 734; m/z (EI) 172, 158 (7),
144 (94), 130, (5), 112 (7), 98 (65), 86 (56), 84 (7), 70 (37), 56
(100); Anal. Caled for CoH,oNO,: C 62.39, H 11.05, N 8.09;
found C 62.29, H 11.29, N 8.04.

Ethyl 3-(tert-butylamino)propanoate. Using the same pro-
cedure as for ethyl 3-(sec-butylamino)propanoate, 1.9 ¢
(0.019 mol) ethyl acrylate and 2.9 g (0.040 mol) tert-butylamine
yielded 1.7 g product (51% yield); bp 62 °C (4 torr): "H NMR
(300 MHz, CDCl,) 6 1.05 (s, 9H), 1.21 (t, ] = 7.1 Hz, 2H), 2.43 (t,
J = 6.6 Hz, 2H), 2.77 (t, ] = 6.6 Hz, 2H), 4.09 (q, J = 7.1 Hz, 2H);
3C NMR (300 MHz, CDCl3) § 14.1, 28.9, 35.5, 38.0, 50.3, 60.2,
172.9; Umax (ATR) ecm™ 3319 (N-H), 2964, 2868, 1731 (C=0),
1362, 1230, 1174, 1099, 102; m/z (EI), 173 (1), 158 (94), 144 (3),
130 (4), 116 (5), 112 (31), 86 (50), 70 (100), 58 (20), 57 (21),
56 (11), 55 (19); Anal. Caled for CoH;oNO,: C 62.39, H 11.05,
N 8.09; found C 62.28, H 11.13, N 8.07.

Ethyl 3-(isobutylamino)propanoate. Using the same pro-
cedure as for ethyl 3-(sec-butylamino)propanoate, 1.9 ¢
(0.019 mol) ethyl acrylate and 3.1 g (0.042 mol) isobutylamine
yielded 2.4 g product (73% yield); bp: 68 °C (4 torr): "H NMR
(300 MHz, CDCL;) 6 0.88 (d, J = 6.6 Hz, 6H), 1.24 (t, J = 7.1 Hz,
3H), 1.36 (broad, 1H) 1.71 (apparent nonet, / = 6.7 Hz, 1H),
2.40 (d, J = 6.8 Hz, 2H), 2.48 (t, ] = 6.5 Hz, 2H), 2.84 (t, ] = 6.5
Hz, 2H), 4.12 (q, J = 7.1 Hz, 2H); >*C NMR (300 MHz, CDCl;) 6
14.1, 20.6, 28.3, 34.8, 45.1, 57.7, 60.2, 173.1; Umax (ATR) cm™"
3338 (N-H), 2954, 2871, 2821, 1731 (C=0), 1467, 1372, 1254,
1186, 1121, 1061, 1029, 750; m/z (EI) 173 (3), 130 (70), 116 (7),
86 (38), 84 (100), 70 (7), 57 (13), 56 (9), 55 (9); Anal. Calcd for
CoH;oNO,: C 62.39, H 11.05, N 8.09; found C 62.26, H 11.23,
N 8.04.
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5-(Diethylamino)pentan-2-one. Using the same procedure
as for ethyl 4-(diethylamino)butanoate, 6.35 g (0.0526 mol)
5-chloropentan-2-one and 19.2 g (0.263 mol) diethylamine
yielded 0.3488 g of 5-(diethylamino)pentan-2-one (20% yield);
bp 66 °C (4 torr): "H NMR (500 MHz, CDCl;) 6 0.95 (t, J =
7.1 Hz, 6H), 1.67 (p, 7.2 Hz, 2H), 2.10 (s, 3H), 2.34 (t, J =
7.2 Hz, 2H), 2.41 (t, ] = 7.2 Hz, 2H), 2.45 (q, ] = 7.1 Hz, 4H); *C
NMR (500 MHz, CDCl,) § 11.67, 21.24, 29.93, 41.48, 46.71,
51.94, 208.83; Umax (ATR) cm™' 2968, 2934, 2874, 2800, 1714
(C=0), 1410, 1361, 1294, 1202, 1175, 1121, 1069, 961, 764,
714; m/z (EI) 157 (4), 142 (1), 99 (4), 86 (100), 72 (2), 71 (2),
70 (2), 58 (12), 56 (5); HRMS (EI): CoH;oNO for M" calculated
157.1467, found 157.1462.

5-(Dipropylamino)pentan-2-one. Using the same procedure
as for ethyl 4-(diethylamino)butanoate, 3.95 g (0.0328 mol) 5-
chloro-pentan-2-one and 11.09 g (0.110 mol) dipropylamine
yielded 1.2204 g of 5-(dipropylamino)-pentan-2-one (20%
yield); bp 96 °C (4 torr): 'H NMR (500 MHz, CDCl;) & 0.85 (t,
J = 7.4 Hz, 6H), 1.41 (apparent sextet, / = 7.4 Hz, 4H), 1.68 (p,
J=7.1 Hz, 2H), 2.12 (s, 3H), 2.32 (multiplet, 6H), 2.37 (t, ] = 7.2
Hz, 2H), 2.45 (t, 2H, J = 7.2 Hz); *C NMR (500 MHz, CDCl;) §
11.85, 20.23, 21.36, 29.88, 41.31, 53.14, 56.02, 208.86; Umax
(ATR) cm™ 2957, 2872, 2800, 1715 (C=0), 1462, 1362, 1174,
1078, 1020, 960, 746; m/z (EI) 185 (8), 156 (37), 154 (1), 140 (1),
127 (2), 114 (64), 98 (3), 85 (100), 72 (22), 70 (6), 56 (5); HRMS
(ET): C1,H,3NO for M" calculated 185.1780, found 185.1775.

Ethyl 4-(tert-butylamino)butanoate. Ethyl 4-bromobutano-
ate (6.8 g, 0.035 mol) and tert-butylamine (5.1 g, 0.070 mol)
were added to a round bottom flask containing 20 ml aceto-
nitrile. The mixture was stirred at 70 °C under a nitrogen
atmosphere for 48 h. The resulting solution was concentrated
by distillation, added to 20 ml 4 M NaOH, and extracted with
3 x 20 ml pentane. Distillation afforded the pure product
(3.9 g, 60% yield); bp 72 °C (4 torr): "H NMR (300 MHz, CDCI;)
5 0.51 (broad, 1H), 0.96 (s, 9H), 1.13 (t, J = 7.1 Hz, 3H), 1.64 (p,
J =7.2 Hz, 2H), 2.24 (t, ] = 7.3 Hz, 2H), 2.45 (t, J = 7.1 Hz, 2H),
4.00 (q, J = 7.1 Hz, 2H); *C NMR (300 MHz, CDCl;) § 14.10,
26.36, 28.93, 32.20, 41.69, 50.01, 59.99, 173.40; Uax (ATR) 3452
(N-H), 2963, 1732 (C=0), 1447, 1366, 1229, 1159, 1102, 1030,
768, 708; m/z (EI) 187 (1), 172 (100), 158 (1), 142 (3), 126 (31),
115 (25), 98 (5), 86 (82), 84 (17), 69 (17), 57 (33); Anal. Calcd for
C10H,1NO,: C 64.12, H 11.31, N 7.48; found C 63.94, H 11.54,
N 7.47.

Propyl 3-(sec-butylamino)propanoate. Using the same pro-
cedure as for ethyl 3-(sec-butylamino)propanoate, 2.1 g
(0.021 mol) of propyl acrylate and 2.7 g (0.037 mol) of sec-butyl-
amine yielded 3.2 g of product (92.7% yield); bp 74 °C (4 torr):
"H NMR (500 MHz, CDCl;) § 0.87 (t, ] = 7.4 Hz, 3H), 0.93 (t, ] =
7.4 Hz, 3H), 1.01 (d, J = 6.3 Hz, 3H), 1.30 (m, 1H), 1.46 (m, 1H),
1.64 (apparent sextet, J = 7.1 Hz, 3H), 2.49 (t, ] = 6.5 Hz, 2H),
2.54 (m, 1H), 2.86 (m, 2H), 4.03 (t, J = 6.7 Hz, 2H); *C NMR
(500 MHz, CDCl;) § 10.15, 10.37, 19.75, 21.94, 29.43, 34.96,
42.39, 54.25, 66.02, 172.95; Umax (ATR) cm™' 3323 (N-H), 2964,
2934, 2878, 1731 (C=O0), 1463, 1377, 1356, 1259, 1186, 1099,
1063, 1002, 736; m/z (EI) 187 (1), 186 (1), 172 (8), 158 (100),
144 (1), 130 (8), 128 (6), 116 (9), 112 (8), 98 (65), 86 (60), 84 (8),
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72 (15), 70 (36), 56 (98); Anal. Calcd for C;,H,;NO,: C 64.12, H
11.31, N 7.48; found C 64.01, H 11.54, N 7.46.

Butyl 3-(isopropylamino)propanoate. Using the same pro-
cedure as for ethyl 3-(sec-butylamino)propanoate, 4.7 g
(0.037 mol) of propyl acrylate and 7.2 g (0.1.221 mol) of sec-
butylamine yielded 6.5 g of product (94.3% yield); bp 83 °C
(4 torr): 'TH NMR (500 MHz, CDCI;) § 0.86 (t, J = 7.4 Hz, 3H),
0.98 (d, J = 6.3 Hz, 6H), 1.31 (apparent sextet, J = 7.5 Hz, 2H)
1.54 (p,J = 7.1, 2H), 2.43 (t, J = 6.6 Hz, 2H), 2.74 (septet, J =
6.3 Hz, 1H), 2.80 (t, J = 6.6 Hz, 2H), 4.02 (t, ] = 6.7 Hz, 2H); °C
NMR (500 MHz, CDCl,) 6 13.54, 19.10, 22.85, 30.60, 34.87,
42.49, 48.31, 64.20, 172.76; Umax (ATR) ecm ™" 3331 (N-H), 2960,
2873, 1731 (C=0), 1467, 1379, 1337, 1262, 1173, 1148, 1064,
1021, 840, 739; m/z (EI) 187 (2), 186 (2), 172 (70), 144 (14),
130 (4), 116 (13), 114 (17), 98 (64), 88 (10), 72 (100), 70 (22),
56 (89); Anal. Caled for CioH,;NO,: C 64.12, H 11.31, N 7.48;
found C 64.08, H 11.45, N 7.49.

Propyl 3-(diethylamino)propanoate. Using the same pro-
cedure as for ethyl 3-(diethylamino)propanoate, 1.2 g
(0.011 mol) propyl acrylate and 1.4 g (0.019 mol) of diethyl-
amine yielded 1.6 g of product (85% yield); bp 67 °C (4 torr):
'H NMR (500 MHz, CDCl;) § 0.94 (t, J = 7.4 Hz, 3H), 1.02 (t, ] =
7.2 Hz, 6H), 1.64 (apparent sextet, J = 7.1 Hz, 2H), 2.44 (t, ] =
7.5 Hz, 2H), 2.51 (q, J = 7.2 Hz, 4H), 2.79 (t, J = 7.5 Hz, 2H),
4.03 (t, J = 6.7 Hz, 2H); *C NMR (500 MHz, CDCl;) § 10.36,
11.85, 21.96, 32.30, 46.80, 48.12, 65.94, 172.96; Umax (ATR)
em™' 2968, 2937, 2878, 2805, 1735 (C=0), 1465, 1382, 1266,
1198, 1178, 1062, 996, 909; m/z (EI) 187 (6), 172 (17), 158 (2),
144 (1), 130 (6), 128 (3), 100 (1), 99 (1), 98 (1), 86 (100), 73 (17),
70 (2), 58 (17), 55 (2); Anal. Caled for C;oH,;NO,: C 64.12,
H 11.31, N 7.48; found C 63.94, H 11.46, N 7.46.
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