
Supercritical Carbon Dioxide as Solvent and Temporary Protecting Group
for Rhodium-Catalyzed Hydroaminomethylation

Klaus Wittmann,[a] Wolfgang Wisniewski,[a] Richard Mynott,[a] Walter Leitner,*[a]

Christian Ludger Kranemann,[b] Thorsten Rische,[b] Peter Eilbracht,*[b] Sander Kluwer,[c]

Jan Meine Ernsting,[c] and Cornelis J. Elsevier*[c]

Abstract: Supercritical carbon dioxide (scCO2) acts simultaneously as solvent and
temporary protecting group during homogeneously rhodium-catalyzed hydroami-
nomethylation of ethyl methallylic amine. Cyclic amines are formed as the major
products in scCO2, whereas the cyclic amide is formed preferentially in conventional
solvents. Multinuclear high-pressure NMR spectroscopy revealed that this selectivity
switch is mainly due to reversible formation of the carbamic acid in the solvent CO2,
which reduces the tendency for intramolecular ring closure at the Rh ± acyl
intermediate. These results substantiate the general concept of using scCO2 as a
protective medium for amines in homogeneous catalysis and demonstrate for the first
time its application for selectivity control.
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Introduction

Compressed (liquid or supercritical) carbon dioxide is finding
increasing interest as an environmentally benign reaction
medium that has unique properties for homogeneously metal-
catalyzed synthesis.[1, 2] The use of supercritical carbon dioxide
(scCO2) seems particularly attractive, since it results not only
in the replacement of the organic solvent, but also may affect
the underlying chemical transformation. At present, there are
only few examples for such effects[2d,e] and a better under-
standing of possible interactions of the reaction medium CO2

with catalytic pathways is urgently required.
A number of studies have focussed on late transition metal

catalyzed carbonylation reactions in the presence of com-

pressed CO2, recent examples include the carbonylation of
methanol,[3] Pd-catalyzed carbonylations of aryl halides,[4] and
the Pauson ± Khand reaction.[5] The industrially important
hydroformylation has been investigated intensively, and
catalytic systems compatible with the use of compressed
CO2 include unmodified cobalt[6] or rhodium[7b] catalysts,
phosphane-modified rhodium catalysts,[7, 8, 9, 10] heterogenized
rhodium systems,[11] and even chiral catalysts for asymmetric
synthesis.[12] The rhodium-catalyzed cyclohydrocarbonylation
of homoallylic amides has been investigated in the presence of
carbon dioxide at temperatures and pressures beyond the
critical data of CO2.[13]

Herein, we report on the successful application of scCO2 as
a reaction medium for the intramolecular hydroaminomethy-
lation of an unprotected secondary allylic amine. In particular,
we demonstrate that the reversible interaction of CO2 with
the NÿH functionality dramatically changes the product
selectivity during the intramolecular hydroaminomethylation
of ethyl methallylic amine. A mechanistic rationale for this
remarkable effect is provided and supported by high-pressure
multinuclear NMR studies of the substrate/CO2 interaction.

Results and Discussion

Mechanistic considerations: The hydroaminomethylation se-
quence converts olefins to saturated amines under hydro-
formylation conditions in the presence of a primary or
secondary amine.[14] In the first part of the sequence, the
olefin reacts with synthesis gas (CO/H2) under the catalytic
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influence of a rhodium center
to give an aldehyde. This pri-
mary product undergoes a sub-
sequent condensation reaction
with the amine, followed by
hydrogenation of the resulting
imine or enamine which is also
catalyzed by the transition met-
al compound. Intramolecular
versions of this reductive ami-
nation of in situ generated
oxo ± aldehydes provide an in-
teresting approach to the syn-
thesis of nitrogen-containing
heterocycles and macrohetero-
cycles.[15]

According to this sequence,
the intramolecular hydroami-
nomethylation of ethyl methal-
lylic amine should lead to the
corresponding pyrrolidine as
shown on Path A of Scheme 1.
However, it was observed ear-
lier that this substrate reacts
exclusively to give the cyclic
amide when subjected to hydro-
formylation conditions in con-
ventional organic solvents.[16]

The five-membered ring lactam
is formed in the coordination
sphere of the catalyst by nucle-
ophilic attack of the nitrogen
atom at the carbonyl group in
the intermediate rhodium acyl
species (Path B, Scheme 1). In
liquid organic solvents, this in-
tramolecular cyclization is fast-
er than the hydrogenolysis of
the rhodium acyl moiety, thus
preventing the subsequent con-
densation/hydrogenation se-
quence that would lead to the
saturated heterocycle (Path A,
Scheme 1). Based on our earlier
findings concerning the catalytic olefin metathesis of secon-
dary amines,[17] we speculated that if the hydroaminomethy-
lation of ethyl methallylic amine could be carried out
successfully in scCO2 as the solvent, then chemical interaction
of the NÿH group and CO2 would reduce the nucleophilicity
of the nitrogen atom and thus suppress the cyclization
pathway B.

Rhodium-catalyzed hydroaminomethylation of ethyl meth-
allylic amine in supercritical carbon dioxide : Scheme 2 shows
the general reaction conditions and the products detected
during hydroaminomethylation of ethyl methallylic amine 1 in
scCO2. Detailed results are summarized in Table 1. Initially,
we used an unmodified rhodium catalyst as reference in the
optimized procedure in organic solvents (Table 1, entry 1).

The active species was formed in situ from [(cod)Rh(hfacac)]
(cod� 1,5-cyclooctadiene, hfacac� hexafluoroacetylaceto-
nate) under hydroformylation conditions in scCO2. To keep
the total pressure within practical limits when working in
scCO2, the temperature and synthesis gas pressure had to be
significantly reduced (Table 1, entry 2). Despite these mild
conditions, almost quantitative conversion of 1 was achieved,
with compounds 2, 3, and 4 being formed in an approximate
3:3:2 ratio. The formation of pyrrolidine 2 as the main
compound is fully in line with our mechanistic rationale and
the proposal that CO2 acts as a protecting group. However,
hydrogenation of 1 to give the saturated amine 4 was now a
prominent side reaction, probably resulting from the H2 being
more readily available in the supercritical phase than in liquid
organic solvents.[2] Increasing the CO/H2 ratio retarded the

Scheme 1. Mechanistic rationale for the competing formation of pyrrolidine or cyclic amide products during
hydroaminomethylation of ethyl methallyic amine.

Scheme 2. Conversion of ethyl methallylic amine 1 under hydroaminomethylation conditions in scCO2 as the
reaction medium.
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reaction slightly but did not significantly alter the product
ratio (Table 1, entry 3).

The use of a phosphane-modified catalyst, formed in situ
from [(cod)Rh(hfacac)] and the ªCO2-philicº analogue of
triphenylphosphane, 4-H2F6-TPP, [7a) ] allowed the undesired
hydrogenation pathway to be suppressed while retaining a
reasonable activity (Table 1, entry 4). Although less of the
lactam 3 was formed than when using the conventional
solvent system, it was still the major product (ratio 1.8:1
relative to 2). Increasing the partial pressure of hydrogen
resulted in almost complete suppression of lactam formation,
but at the same time a new product was observed in significant
yields (Table 1, entries 4 ± 6). This new compound, like 3,
contains a five-membered saturated nitrogen heterocycle,
but this is now part of the bicyclic bisamino structure 5.
Under certain conditions the bicyclic saturated heterocycle
could even be obtained as the major product (Table 1, entries
6 ± 8).

The unusual heterocycle 5 was formed as a mixture of
diastereomers, one of which could be isolated in pure form by
TLC and was fully characterized by mass spectrometry and
NMR spectroscopy (see Experimental Section). A plausible
reaction sequence for the formation of 5 is shown in Scheme 3.
The primary steps in this sequence are largely identical with
the formation of the pyrrolidine (Scheme 1, Path A), except
that the pathway of condensation of the amine and the
aldehyde group is intermolecular rather than intramolecular.

A subsequent Mannich-type aldol addition of the resulting
dimer leads to the formation of the transannular CÿC bond,
creating the bicyclic skeleton. Rhodium-catalyzed hydroge-
nation closes the sequence, again in analogy to the pyrrolidine
pathway.

The initial dimerization by intermolecular condensation
may be facilitated by solute/solute clustering of the amino
aldehyde through hydrogen bonding in the nonpolar scCO2

environment at higher concentrations. In accord with this, the
formation of 5 could be significantly suppressed at lower
substrate concentration (Table 1, entries 7, 9). Further studies
on the stereochemistry and the potential synthetic utility of
the hitherto not observed dimerization of 4-amino-pentanals
are in progress.

Under the conditions of entry 9 in Table 1, a selectivity for
the monocyclic pyrrolidine 2 of 76 % was achieved at 77 %
conversion of 1. In general, path B is shut down effectively in
scCO2 and more than 90 % of the products are of type 2 and 5
under various conditions. These saturated heterocycles are
formed exclusively by path A in Scheme 1.[18] Thus, the
catalytic experiments described herein demonstrate nicely
that it is possible to exploit the specific chemical and
physicochemical properties of scCO2 in a rational way to
alter the course of a catalytic reaction dramatically. In the
present case, the switch from path B to A is thought to result
mainly from the reversible chemical interaction of CO2 with
the NÿH group. To gain more evidence for this concept, we

Table 1. Rhodium-catalyzed hydroaminomethylation of ethyl methallylic amine 1 in supercritical CO2.[a]

Entry 1 T psyngas CO:H2 P:Rh t d(CO2)b Conv.[c] Product distribution [%][c]

[g] [8C] [bar] [h] [g mLÿ1] [%] 2 3 4 5

1 1.43 110 110 9:2 ± 24 dioxane > 95 < 1 93 < 1 Ð
2 1.48 80 40 1:1 ± 20 0.56 92 41 34 25 ±
3 0.75 55 40 2:1 ± 21 0.68 81 41 37 22 ±
4 0.74 55 40 2:1 3:1 21 0.67 94 35 62 3 ±
5 0.75 60 40 1:1 3:1 20 0.68 65 37 58 5 ±
6 0.73 60 40 1:2 3:1 20 0.68 61 64 18 5 13
7 0.74 78 40 1:2 3:1 20 0.71 70 56 < 1 6 38
8 0.75 79 45 1:4 3:1 20 0.67 60 40 < 1 8 52
9 0.15 80 40 1:2 3:1 44 0.78 77 76 7 4 13

[a] See Experimental Section for details. [b] Determined from the weight of CO2 in the reaction vessel (V� 25 mL). [c] Determined by GC.

Scheme 3. Reaction sequence for the intermolecular condensation/hydrogenation pathway leading to the formation of 5 in scCO2.
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investigated the behavior of 1 in scCO2 by high-pressure
NMR spectroscopy.

High-pressure NMR spectroscopic investigation of 1 in
scCO2 : Depending on the basicity of the amine and the
reaction conditions, the reaction of the NÿH unit with CO2

can lead to carbamic acids or the corresponding ammonium
carbamates (Scheme 4)[19] and the equilibria involved have an

Scheme 4. Possible equilibria for the interaction of NÿH units with CO2.

impact on the physical and chemical behavior of amines in
scCO2.[17, 20, 21, 22] The high-pressure NMR spectroscopic inves-
tigations described below indicate that the carbamic acid is
the preferred species formed from substrate 1 and scCO2

under conditions closely related to the catalytic experiments.
The top trace of Figure 1 shows the standard 300 MHz

1H NMR spectrum of 1 in [D8]THF (concentration
1 mmol Lÿ1) at room temperature under air at ambient
pressure. The assignment of the signals is straightforward,
the NÿH proton giving rise to a somewhat broadened signal at
approximately d� 1.4. A 1H NMR spectrum of 1 recorded on
the same instrument in scCO2 (40 8C, 120 bar) using a high-
pressure sapphire NMR tube with built-in pressure sensor[23] is
depicted as the bottom trace in Figure 1. Despite some loss of
resolution under these conditions, the individual groups are
readily observed and assigned in this spectrum. Most signifi-
cantly, the signal of the N ± H proton is absent under these
conditions and has been replaced by a new signal at d� 12.4
with a relative intensity of one proton. The signals of both the
CH2 groups directly adjacent to the nitrogen center of 1
exhibit a significant high frequency shift of Dd� 0.6, whereas
the more remote groups are less affected.

The large shift of the N ± H proton to high frequency (Dd�
11) observed on dissolving 1 in scCO2 is consistent with the
formation of the carbamic acid. In contrast, when 1 is
converted to the ammonium ion by protonation in [D6]ben-
zene and [D6]acetone, smaller high frequency shifts of 5.8 and
5.0 ppm, respectively, are observed.[24] Furthermore, while the
differences between the CH2 signals of the amine and the
ammonium ion are very small, their resonances in scCO2 are
more similar to the chemical shifts observed in N-acetylated
secondary allylic amines. Nevertheless, it cannot be ruled out
completely that the carbamic acid is in a fast equilibrium with
small amounts of the other species.

The interaction of the basic nitrogen center with CO2 is
reflected also in the spectroscopic data of the quadrupolar
nucleus 14N (I� 1).[25] The 14N NMR spectra of 1 in [D6]ace-
tone (top trace) and in the presence of scCO2 (bottom trace)
are depicted in Figure 2. In conventional solution, the free
amine shows a signal at d(14N)�ÿ349 with an approximate
linewidth at half height of 180 Hz. In the presence of scCO2,
the signal of the major component appears at higher

Figure 1. 1H NMR spectra of 1 in [D8]THF (25 8C, top trace) and in scCO2/
[D8]THF (180 bar, 50 8C, bottom trace).

Figure 2. 14N NMR spectra of 1 in [D6]acetone (25 8C, top trace) and
scCO2/[D6]acetone (110 bar, 40 8C, bottom trace).

frequency (d�ÿ285), an induced shift of Dd� 64 ppm,
indicating again the formation of the carbamic acid as the
major species.[26] In contrast to the 1H NMR spectra, a smaller
signal of a second species is visible under the somewhat
different experimental conditions of the 14N NMR investi-
gation. The chemical shift (d�ÿ336) and the linewidth
(Dn1/2� 340 Hz) of this smaller signal strongly suggest the
presence of the ammonium ion of 1,[24] although an unambi-
gous distinction from the free amine is difficult considering
the difference in the type of solvent and the typically very
small differences in nitrogen shifts between amines and
ammonium ions.

Conclusion

Hydroaminomethylation of ethyl methallylic amine can be
carried out efficiently in supercritical carbon dioxide (scCO2)
as the reaction medium using unmodified or phosphane-
modified ªCO2-philicº rhodium catalysts. The reaction occurs
at considerably lower temperatures and lower synthesis gas
pressures than usually required for this transformation in
conventional solvents. Most significantly, the product distri-
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bution obtained in scCO2 differs remarkably from that
observed in organic liquid solvents: whereas the cyclic amide
is obtained as the major product in conventional solvents,
saturated nitrogen heterocycles are formed preferentially in
scCO2. The reaction conditions can be optimized further to
yield either the pyrrolidine or a new bicyclic framework as the
major saturated heterocyclic product.

There are presently only very few examples for such a
remarkable change of the preferred reaction pathway upon
replacing organic solvents with scCO2, and our understanding
of these effects on a molecular level is even more limited.[2] In
the present case, high-pressure 1H and 14N NMR spectroscopy
were used to demonstrate that the selectivity switch results
primarily from the protection of the N ± H unit in the amine by
the reversible formation of the carbamic acid in the presence
of CO2. The intriguing possibility for selectivity control
substantiates the general concept of using scCO2 as protective
medium for amines in catalytic chemical synthesis, which may
find application in various CÿC bond-forming reactions.[17]

Experimental Section

Safety warning : The use of highly compressed gases such as supercritical
fluids must be conducted only with suitable high pressure equipment under
appropriate safety conditions.

Catalytic experiments : In a typical experiment, ethyl methallylic amine (1,
0.74 g, 7.5 mmol), [(cod)Rh(hfacac)] (30 mg, 0.07 mmol), and 3-H2F6-TPP
(300 mg, 0.23 mmol) were placed in a home-built stainless steel high-
pressure reactor (V� 25 mL) equipped with thick-walled borosilicate
windows for visual control of the phase behavior of the reaction mixture.
The mixture was pressurized with a 1:2 mixture of CO and H2 to psyngas�
40 bar and filled with CO2 (17.8 g) by means of a compressor. The reactor
was heated to reach an inside temperature of T� 78 8C within 30 min, and
the homogeneous single-phase reaction mixture was stirred at this temper-
ature for 20 h. Systematic variations of the reaction conditions were carried
out as summarized in Table 1.

For standard workup, the reactor was allowed to cool to room temperature
and then slowly depressurized, venting the gas stream through a cold trap at
ÿ60 8C. The contents of the reactor and the trap were collected by washing
with diethyl ether and the combined solutions analyzed by gas chromatog-
raphy (GC: Fisons 8130 with 30 m CP sil-5 capillaries, GC/MS: Finnigan
ITD 800 (MS)). For individual characterization and assignment of the
reaction products, a representative crude reaction mixture was isolated as
above and worked up by kugelrohr distillation.
1-Ethyl-3-methylpyrrolidine (2): GC-MS : m/z (%): 112 (24, [M�ÿ 1]), 98
(100), 82 (10), 71 (14), 56 (24); 1H NMR (CDCl3, 400 MHz): d� 0.95 (d,
3H, 3J� 6.8 Hz), 1.03 (t, 3 H, 3J� 7.3 Hz), 1.27 (m, 1H), 1.89 (m, 1H), 1.96
(m, 1 H), 2.17 (m, 1H), 2.38 (m, 3H), 2.63 (m, 1H), 2.77 (m, 1H); 13C{1H}
NMR (CDCl3, 100 MHz): d� 13.9 (CH3), 20.3 (CH3), 31.7 (CH), 32.5
(CH2), 50.3 (CH2), 53.8 (CH2), 62.0 (CH2); GC-FTIR: nÄ � 2966 (s), 2791 (s),
1458 (m), 1387 (m), 1330 (m), 1178 (m), 841 (w), 664 (w), 620 (w) cmÿ1.

1-Ethyl-4-methyl-pyrrolidin-2-one (3): Spectroscopic data were identical
do those reported in reference [16].

Ethyl isobutylamine (4): GC-MS: m/z (%): 102 (14, [M�� 1]), 58 (100);
GC-FTIR: nÄ � 2965 (s), 2889 (m), 2820 (m), 1463 (m), 1384 (m), 1136 (m),
1037 (w), 973 (w), 909 (w), 852 (w), 821 (w), 695 (w), 657 (w) cmÿ1.

1,5-Diethyl-3,7-dimethylperhydropyrrolo[3,2-c]azepine (5): The com-
pound was present in the crude product as a mixture of diastereomers as
indicated by GC-MS. A representative diastereomer was isolated by
preparative thin-layer chromatography on silica. The NMR signals were
assigned on basis of H,H- and C,H-correlation as well as 13C-DEPT spectra.
GC-MS: m/z (%): 225 (67, [M�� 1]), 179 (12), 164 (7), 138 (38), 124 (14),
112 (100), 56 (5); 1H NMR (CDCl3, 400 MHz): d� 1.04 (m, 12H; 4�CH3),
1.38 (m, 1H; NCHCHH), 1.69 (t, 3J� 9.4 Hz, 1H; NCHHCHCHH), 1.85

(m, 1 H; NCHCHH), 1.93 (m, 1 H; NCHCH), 1.98 (m, 1H; NCHCHCH),
2.13 (m, 2 H; NCHHCHCHH, NCHHCH3), 2.18 (m, 1 H;
NCHHCHCHCH), 2.32 (m, 2H; NCHHCHCH, NCHHCH3), 2.48 (m,
2H; NCH, NCHHCH3), 2.63 (m, 2H; NCHHCHCH, NCHHCHCHCH),
2.85 (m, 1H; CHHCH3), 3.26 (dd, 3J� 8.7 Hz, 3J� 6.6 Hz, 1 H;
NCHHCHCHH); 13C{1H} NMR (CDCl3, 101 MHz): d� 13.7 (2�
NCH2CH3), 18.8 (CHCH3), 21.4 (CHCH3), 31.1 (NCH2CHCH2), 33.8
(NCH2CHCH), 36.1 (NCHCH2), 48.5 (NCHCH), 49.2 (NCH2CH3), 50.5
(NCH2CH3), 58.3 (NCH2CHCH), 62.2 (NCH2CHCH2), 63.1
(NCH2CHCH), 66.8 (NCH); GC-FTIR: nÄ � 2963 (s), 2882 (m), 2793 (s),
1458 (m), 1384 (m), 1322 (m), 1173 (m), 1038 (w), 914 (w), 859 (w), 810 (w),
688 (w) cmÿ1.

High-pressure NMR spectrosocpic investigations : Measurements were
carried out using a 5 mm or 10 mm sapphire NMR tube with an titanium
pressure head equipped with a needle valve and a pressure sensor.[23] The
tubes were always kept behind a protective shield and/or inside a cylinder
made from polymethacrylate[27] during handling, filling, transport, and
insertion into the magnet of the spectrometer. 1H NMR spectra were
measured at the NMR facilities of the MPI Mülheim and chemical shifts
are given relative to TMS using the residual signal of the deuterated lock
solvent as internal reference. 14N NMR spectra were measured at the NMR
facilities of the University of Amsterdam or the MPI Mülheim and
chemical shifts are given relative to MeNO2 (0 ppm), using either MeNO2

itself or Me4NCl (ÿ335.7 ppm) as the external references.
Ethyl methallylic amine (1, ca. 100 mL) was placed in the tube together with
[D8]THF (ca. 150 mL) as the lock solvent. The tube was charged with a
weighed amount of liquified CO2 (0.28 g) to adjust an average density of
about 0.70 gm Lÿ1. The tube was carefully lowered into the preheated
(40 8C) standard 5 mm probehead of a Bruker AMX400 NMR spectrom-
eter and 1H NMR spectra were recorded without spinning after constant
shim parameters were reached. The 14N NMR spectra were measured on a
Bruker DRX300 NMR spectrometer following the same procedure but
using a 10 mm tube and [D6]acetone as the lock solvent.
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