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Abstract: A new concept in organocatalysis is presented, the direct asymmetric γ-functionalization of R,â-
unsaturated aldehydes. We disclose that secondary amines can invert the usual reactivity of R,â-unsaturated
aldehydes, enabling a direct γ-amination of the carbonyl compound using azodicarboxylates as the
electrophilic nitrogen-source. The scope of the reaction is demonstrated for the enantioselective γ-amination
of different R,â-unsaturated aldehydes, giving the products in moderate to good yields and with high
enantioselectivities up to 93% ee. Experimental investigations and DFT calculations indicate that the reaction
might proceed as a hetero-Diels-Alder cycloaddition reaction. Such a mechanism can explain the
“unexpected” stereochemical outcome of the reaction.

Introduction

The continuous discovery of new and more efficient catalytic
reactions is one of the key steps in the development of simpler,
cheaper, and more environmentally friendly syntheses of com-
plex molecules. In particular, catalytic asymmetric reactions are
important, because they lead to the creation of new chemical
bonds along with the stereoselective formation of new chiral
centers.

In this broad research field, it is possible to identify a large
number of reactions that are catalyzed by metal-free organic
compounds, and these different organocatalysts1 are often classi-
fied on the basis of their activation mechanism. It is well docu-
mented that, for example, Brønsted acids can be used to catalyze
the nucleophilic addition to imines and carbonyl compounds.2

On the other hand, tertiary amines derived from cinchona
alkaloids3 or chiral guanidine derivatives4 are often found to
be very effective in the activation of weakly acidic nucleophiles
such as 1,3-dicarbonyl compounds, cyanoacetates, or allylic
systems. To promote the reaction of less electrophilic species,

or of less acidic nucleophiles, a well-established strategy consists
of the use of phase-transfer catalysts in combination with
inorganic bases.5 Chiral phosphines (or tertiary amines) are also
applied in a variety of different asymmetric transformations,
and their catalytic properties are connected with their nucleo-
philic nature.6 Inspired by nature, organic chemists have also
applied chiral carbenes as organocatalysts for a series of new
stereoselective bond-forming reactions.7 Furthermore, many
catalysts are now designed to combine some of the previously
introduced concepts and to activate both partners of the reaction,
as in the case of the catalyst developed by Takemoto et al.8

Chiral secondary amines and chiral imidazolidinones are a
class of organocatalysts that play a fundamental role in a large
variety of important transformations. In the early 1970s, Eder,
Sauer and Wiechert, and Hajos and Parrish reported a new
approach to the intramolecular aldol reaction usingL-proline
as the chiral catalyst.9
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Almost 30 years later, List and Barbas rediscovered and
expanded the catalytic properties of proline by presenting the
first enantioselective, intermolecular aldol reaction of acetone
with aromatic aldehydes.10 The same year, MacMillan’s group
reported the application of chiral imidazolidinones derived from
phenylalanine in the organocatalytic, enantioselective Diels-
Alder reaction ofR,â-unsaturated aldehydes with dienes.11

Despite the fundamental analogies in the structure of these
catalysts and substrates, the mechanisms of these reactions are
very different. In the case of theR-functionalization of aldehydes
and ketones, an enamine is formed by the optically active
catalyst and the carbonyl compound giving a chiral nucleophile,
which will attack the electrophile (Scheme 1, eq 1). In the case
of the R,â-unsaturated systems, the catalyst activates the sub-
strate by decreasing the energy of the LUMO in the intermediate
iminium-ion, thereby facilitating the transfer of the chirality by
addition of the nucleophile to theâ-position (Scheme 1, eq 2).

Following these two inspiring articles, numerous innovative
and increasingly sophisticated examples of the use of amino-
catalysis have emerged in what can be called an explosive
expansion of the field of organocatalysis, thereby producing
a “nearly endless” number of optically active building blocks
by applying these ideas.12 Furthermore, the combination of
organocatalytic asymmetricâ- andR-functionalization ofR,â-
unsaturated carbonyl compounds has also been pursued in the
development of domino reactions,13 leading to the formation
of molecules of even higher complexity, having several chiral
centers. List recently described the potential and generality of
these complementary approaches, the enamine and iminium-
ion catalysis, as the Ying and Yang of aminocatalysis.12a

In this paper, we introduce a new concept in chiral amine-
catalyzed reactions, opening a new dimension in the field of
organocatalysis. Here, we wish to present the first direct
γ-functionalization of R,â-unsaturated carbonyl compounds
catalyzed by proline derivatives (Scheme 2), by describing the
reaction betweenR,â-unsaturated aldehydes and azodicarboxyl-
ates. Furthermore, to disclose the potential and possible limita-
tions of this new enantioselectiveγ-functionalization, a series
of experimental and computational studies on the mechanism
and on the properties of the reactive dienamine intermediate(s)
will be presented.

Results and Discussion

1H NMR Investigations. We have recently reported a number
of enantioselective conjugated additions toR,â-unsaturated
aldehydes using 2-[bis(3,5-bistrifluoromethylphenyl)-trimeth-
ylsilanyloxymethyl]pyrrolidine2a as the organocatalyst.13d,14

This organocatalyst, derived from proline, is proposed to activate
the Michael acceptor through the formation of a reactive
iminium-ion 3a as outlined in Scheme 3. During these studies,
we have often been surprised by the short reaction times
observed, even when the absence of a background reaction
indicated an intrinsic low reactivity of the chosen reagents.

To further extend the scope of our catalytic system, we
decided to investigate the reasons for this remarkable activity.

We therefore undertook1H NMR spectroscopic investigations
in the attempt to characterize the expected iminium-ion inter-
mediate3a formed by reaction of 2-pentenal1a and the chiral
catalyst2a. In contrast to our expectations, approximately 30
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(o) Steiner, D. D.; Mase, N.; Barbas, C. F., III.Angew. Chem., Int. Ed.
2005, 44, 3706. (p) Beeson, T. D.; MacMillan, D. W. C.J. Am. Chem.
Soc.2005, 127, 8826. (q) Brandes, S.; Niess, B.; Bella, M.; Prieto, A.;
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Brochu, M. P.; Brown, S. P.; MacMillan, D. W. C.J. Am. Chem. Soc.
2004, 126, 4108. (s) Halland, N.; Braunton, A.; Bachmann, S.; Marigo,
M.; Jørgensen, K. A.J. Am. Chem. Soc.2004, 126, 4790. (t) Halland, N.;
Lie, M. A.; Kjærsgaard, A.; Marigo, M.; Schiøtt, B.; Jørgensen, K. A.
Chem.-Eur. J.2005, 11, 7083. (u) Marigo, M.; Bachmann, S.; Halland,
N.; Braunton, A.; Jørgensen, K. A.Angew. Chem., Int. Ed.2004, 43, 5507.
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Jørgensen, K. A.Chem. Commun.2005, 4821. For application of enamine
catalysis in sulfenylations, see, for example: (w) Wang, J.; Li, H.; Mei,
Y.; Lou, B.; Xu, D.; Xie, D.; Gou, H.; Wang, W.J. Org. Chem.2005, 70,
5678. (x) Marigo, M.; Wabnitz, T. C.; Fielenbach, D.; Jørgensen, K. A.
Angew. Chem., Int. Ed.2005, 44, 794. For application of enamine catalysis
in oxygenations, see, for example: (y) Zhong, G.Angew. Chem., Int. Ed.
2003, 42, 4247. (a) Brown, S. P.; Brochu, M. P.; Sinz, C. J.; MacMillan,
D. W. C. J. Am. Chem. Soc.2003, 125, 10808. (aa) Hayashi, Y.;
Yamaguchi, J.; Hibino, K.; Shoji, M.Tetrahedron Lett.2003, 44, 8293.
(ab) Kumarn, S.; Shaw, D. M.; Longbottom, D. A.; Ley, S. V.Org. Lett.
2005, 7, 4189. (ac) Cordova, A.; Sunden, H.; Enqvist, M.; Ibrahem, I.;
Casas, J.J. Am. Chem. Soc.2004, 126, 8914. (ad) Mathew, S. P.; Iwamura,
H.; Blackmond, D. G.Angew. Chem., Int. Ed.2004, 43, 3317. For
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(ae) Kano, T.; Ueda, M.; Takai, J.; Maruoka, K.J. Am. Chem. Soc.2006,
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example: (af) Vignola, N.; List, B.J. Am. Chem. Soc.2004, 126, 450. For
applications of iminium-ion catalysis in cycloadditions, see, for example:
(ag) Kunz, R. K.; MacMillan, D. W. C.J. Am. Chem. Soc.2005, 127,
3240. (ah) Wilson, R. M.; Jen, W. S.; MacMillan, D. W. C.J. Am. Chem.
Soc. 2005, 127, 11616. For applications of iminium-ion catalysis in
reductions, see, for example: (ai) Ouellet, S. G.; Tuttle, J. B.; MacMillan,
D. W. C. J. Am. Chem. Soc.2005, 127, 32. For applications of iminium-
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Brown, S. P.; Goodwin, N. C.; MacMillan, D. W. C.J. Am. Chem. Soc.
2003, 125, 1192. For applications of iminium-ion catalysis in Michael
reactions, see, for example: (ak) Prieto, A.; Halland, N.; Jørgensen, K. A.
Org. Lett.2005, 7, 3897. (al) Halland, N.; Hansen, T.; Jørgensen, K. A.
Angew. Chem., Int. Ed.2003, 42, 4955. (am) Knudsen, K. R.; Mitchell, C.
E. T.; Ley, S. V.Chem. Commun.2006, 66 and references therein.
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126, 5962. (b) Huang, Y.; Walji, A. M.; Larsen, C. H.; MacMillan, D. W.
C. J. Am. Chem. Soc.2005, 127, 15051. (c) Yang, J. W.; Hechavarria
Fonseca, M. T.; List, B.J. Am. Chem. Soc.2005, 127, 15036. (d) Marigo,
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min after the addition of2a (10 mol %) to a 0.5 M solution of
1a in C6D6, we observed that more than 50% of the catalyst
was present in the form of the dienamine4a and we could not
detect the “expected” iminium-ion3a (Scheme 3). Dienamines
are well-known organic compounds, but it was surprising to
discover that, under the conditions that usually favor the
conjugated addition to1a, the most abundant compound in
solution, formed by the catalyst2a with 1a, was instead the
electron-rich species4a.15

The experimental detection of the dienamine4a led us to
think that an inversion of the normally electrophilic nature of
R,â-unsaturated aldehydes might be an option. Could it be
possible to exploit the nucleophilicity in theγ-position, instead
of the traditional electrophilicity of theâ-position?

Catalyst Screening and Optimization of the Reaction
Conditions. To investigate the potential of our discovery of

the dienamine intermediate, we decided to perform a series of
experiments to establish the postulated ability toγ-functionalize
aldehydes. As a model system, the reaction between 2-pentenal
1a and diethyl azodicarboxylate (DEAD)5 was chosen. The
high reactivity of DEAD5 has previously been shown to enable
successful organocatalyticR-aminations of a variety of different
carbonyl compounds.16 The reaction was tested in the presence
of a number of chiral amines2a-g as catalysts and in the
presence of different additives in various solvents. Selected
results are presented in Table 1.

A wide range of catalysts, additives, and solvents was
screened in an attempt to optimize the reaction. The limiting
reagent DEAD5 was found to be consumed within 3-5 h as
observed by1H NMR spectroscopy. Theγ-functionalization
proceeds with an excellent enantioselectivity of 97% ee in
CH2Cl2; however, the yield of6awas only 21% (Table 1, entry
1). The addition of benzoic acid improves the yield to 46% and
maintains the high enantiomeric excess (entry 2). Changing the
solvent to toluene in the presence of benzoic acid leads to an
increase of the yield of6a to 56% at the expense of a minor
reduction in enantiomeric excess (entries 3, 4). It was found
that the use of other solvents diminished the yield considerably
(entries 5-7), which is believed to be due to an extensive
polymerization of the starting aldehyde and of the product.17

The catalyst of choice for the organocatalytic directγ-amination

(15) For the use of dienamines as electron-rich reagents in cycloaddition
reactions, see, for example: (a) Huang, Y.; Unni, A. K.; Thadani, A. N.;
Rawal, V. H. Nature 2003, 424, 146. (b) Stru¨bing, D.; Neumann, H.;
Hübner, S.; Klaus, S.; Beller, M.Org. Lett.2005, 7, 4321. (c) Snowden,
R. L.; Brauehli, R.; Wu¨st, M.HelV. Chim. Acta1990, 73, 640. (d) Snowden,
R. L.; Wüst, M. Tetrahedron Lett.1986, 27, 699. (e) Eberbach, W.; Carre´,
J. C. Tetrahedron Lett.1980, 21, 1145. For the use of dienamines as
electron-rich nucleophiles, see, for example: (f) Huisman, H. O.Angew.
Chem., Int. Ed. Engl.1971, 10, 450.

(16) For a review, see: (a) Janey, J. M.Angew. Chem., Int. Ed.2005, 44, 4292.
(b) Duthaler, R. O.Angew. Chem., Int. Ed.2003, 42, 975. For other
organocatalytic aminations using azodicarboxylates, see, for example: (c)
Bøgevig, A.; Juhl, K.; Kumaragurubaran, N.; Zhuang, W.; Jørgensen, K.
A. Angew. Chem., Int. Ed.2002, 41, 1790. (d) Kumaragurubaran, N.; Juhl,
K.; Zhuang, W.; Bøgevig, A.; Jørgensen, K. A.J. Am. Chem. Soc.2002,
124, 6254. (e) List, B.J. Am. Chem. Soc.2002, 124, 5656. (f) Suri, J. T.;
Steiner, D. D.; Barbas, C. F., III.Org. Lett.2005, 7, 3885. (g) Chowdari,
N. S.; Barbas, C. F., III.Org. Lett.2005, 7, 867. (h) Vogt, H.; Vanderheiden,
S.; Bräse, S. Chem. Commun.2003, 2448. (i) Saaby, S.; Bella, M.;
Jørgensen, K. A.J. Am. Chem. Soc.2004, 126, 8120. (j) Liu, X.; Li, H.;
Deng, L.Org. Lett.2005, 7, 167.

(17) The isolated product proved to be unstable upon standing in toluene at
room temperature in the presence of2a, but was stable under the same
reaction conditions in the absence of catalyst2a.

Scheme 1. Enamine Catalysis (Equation 1), Activation of Aldehydes and Ketones in the Direct Asymmetric R-Functionalization of Carbonyl
Compounds; Imminium-Ion Catalysis (Equation 2), Activation of R,â-Unsaturated Carbonyl Compounds in the Direct Asymmetric
â-Functionalization of Enals and Enones

Scheme 2. Dienamine Catalysis: Direct Asymmetric γ-Functionalization of R,â-Unsaturated Aldehydes

Scheme 3. Formation of the Dienamine Intermediate 4a in the
Reaction between 2-Pentenal 1a and the Chiral Catalyst 2a as
Observed by 1H NMR Spectroscopy (See Supporting Information)

γ-Amination of R,â-Unsaturated Aldehydes A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 39, 2006 12975



of R,â-unsaturated aldehydes was 2-[bis(3,5-bistrifluoromethyl-
phenyl)-trimethylsilanyloxymethyl]pyrrolidine2a, and product
6awas obtained in considerable higher yields than with the other
organocatalysts tested. It is notable that an exchange of the
trifluoromethyl groups in catalyst2a, with methyl (2b) or
hydrogen (2d), led to no formation of the product (entries 8,
10).12d In the case of2b, only polymeric products were observed.
In contrast, catalyst2d led to poor overall conversion of DEAD
as a consequence of the poor solubility of the catalyst. We also
studied the TBDMS-protected analogue (2c) to evaluate the
influence of a more bulky substituent on the catalyst; however,
the increased steric hindrance did not suppress the polymeri-
zation of the aldehydes (entry 9). Proline2g afforded a mere
10% conversion within 3 h, and extensive polymerization was
observed as in the case of2e and2f (entries 11-13).

The effect of acid additives was also studied. The presence
of 10 mol % benzoic acid enhanced the rate and yield of the
reaction markedly, but the use of a stronger acid (p-nitro-benzoic
acid) or of a stoichiometric amount of benzoic acid led to
extensive polymerization, and no product could be isolated
(entries 14, 15). The reaction gave the best results using a slight
excess of aldehyde (1.5 equiv), and it was found that these
reaction conditions provided product6a in a constant yield and
enantioselectivity over a range of temperatures (from 4 to
40 °C).

Scope of theγ-Amination of r,â-Unsaturated Aldehydes.
A range of substrates was shown to be compatible with the
presented protocol for theγ-amination of R,â-unsaturated
aldehydes using 2-[bis(3,5-bistrifluoromethylphenyl)-trimethyl-
silanyloxymethyl]pyrrolidine2a as the catalyst (Table 2).

The reaction is general forR,â-unsaturated aldehydes with a
â-monosubstituted double bond. Linear aliphatic chains gave
49-58% yield and more than 88% ee (Table 2, entries 1-4).
Olefinic and aromatic substituents in the side chain gave similar
results, albeit the aromatic substituents (1f) led to a slight
increase in enantioselectivity to 93% ee (entry 6). An increase
in the steric bulk of the side chain, as in1g, led to significantly
higher reaction times, but with comparable enantioselectivity
and slightly lower yield (entry 7). The presence of heteroatoms,
such as the sulfur atom in the side chain of compound1h, is
also tolerated, and the enantiomeric excess was retained (entry
8). We believe that the main reason for the moderate yields of
theγ-aminated products6a-h is polymerization of the starting
material and of the product under the given reaction conditions.
Furthermore, we have also observed the reaction between
catalyst2a and DEAD5.

Previous reactions using 2-[bis(3,5-bistrifluoromethylphenyl)-
trimethylsilanyloxymethyl]pyrrolidine2aas the organocatalyst
for the R- or â-functionalization of saturated aldehydes and
R,â-unsaturated aldehydes, respectively, have all been very
consistent with regard to the absolute configuration of the
optically active products formed.14 In all of these reactions, the
catalyst shields the same face in the enamine or iminium-ion
intermediate. However, theγ-amination reaction of theR,â-
unsaturated aldehydes proceeds with a stereoselectivity that is
apparently opposite to this trend, leading to the formation of
the (R)-enantiomer of theγ-aminated product6 (Figure 1).18

This stereochemical outcome of the reaction and the surprisingly

(18) The absolute configuration was determined on the basis of optical rotation
comparison. See the Supporting Information for further details.

Table 1. Screening of Various Reaction Conditions for the
γ-Amination of R,â-Unsaturated Aldehydesa

entry
solvent

[concentration of DEAD] catalyst additive
yieldb

(%)
ee
(%)

1 CH2Cl2 [0.5 M] 2a 21 97
2 CH2Cl2 [2 M] 2a PhCO2H 46c 97
3 toluene [0.5 M] 2a PhCO2H 33 n.d.
4 toluene [2 M] 2a PhCO2H 56c 89
5 MeCN [2 M] 2a PhCO2H 34 n.d.
6 THF [2 M] 2a PhCO2H 35 n.d.
7 DMSO [2 M] 2a PhCO2H 0 n.d.
8 toluene [2 M] 2b PhCO2H 0 n.d.
9 toluene [2 M] 2c PhCO2H 30 n.d.

10 toluene [2 M] 2d PhCO2H 0d n.d.
11 toluene [2 M] 2e PhCO2H 0 n.d.
12 toluene [2 M] 2f PhCO2H 17 n.d.
13 toluene [2 M] 2g PhCO2H 10 n.d.
14 toluene [2 M] 2a PhCO2H (100%) 0 n.d.
15 toluene [2 M] 2a p-NO2-PhCO2H 0 n.d.

a Conditions: 0.375 mmol of1a, catalyst2 (10 mol %), and the indicated
additive (10 mol %) were stirred in the specified solvent for 15 min before
the addition of 0.25 mmol of DEAD5. b Based on formation of6a with 5
as the limiting reagent measured by1H NMR after 3-5 h, corresponding
to a full conversion of5. c Isolated yield.d Low conversion of5.

Table 2. Scope of the Organocatalytic γ-Amination of
R,â-Unsaturated Aldehydesa

entry R
reaction
time (h)

yieldb

(%)
eec

(%)

1 1a - Me 3 6a - 56 89
2 1b - Et 6 6b - 58 89
3 1c - Pr 5 6c - 56 88
4 1d - hexyl 8 6d - 49 88
5 1e- pent-2-ene-yl 4.5 6e- 54 89
6 1f - CH2Ph 4 6f - 52 93
7 1g - CH(CH3)2 56 6g - 40 89
8 1h - CH2SCH3 1.5 6h - 43 88

a Conditions: 0.375 mmol of1, catalyst2a (10 mol %), and benzoic
acid (10 mol %) were stirred in 0.125 mL of toluene for 10 min before the
addition of 0.25 mmol of DEAD5. b Isolated yield after flash chromatog-
raphy.c Enantiomeric excess determined after reduction (NaBH4, MeOH)
and protection (p-chlorobenzoyl chloride, Et3N) by chiral HPLC.
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high selectivity, considering the 2:1Z:E-ratio of the dienamine
in solution (Scheme 3), encouraged us to start a more detailed
study of the mechanism of the reaction.

Mechanistic Investigations of the γ-Amination of r,â-
Unsaturated Aldehydes.The mechanism of thisγ-function-
alization ofR,â-unsaturated aldehydes was investigated using
experimental and computational approaches. The first issue to
address was to understand why the functionalization preferably
takes place at theγ-carbon atom instead of theR-carbon atom.

The reaction starts with the addition of catalyst2a to aldehyde
1 forming the iminium-ion intermediate3, with hydroxide or
benzoate ion as the counterion (Scheme 3). The iminium-ion is
then presumed to be deprotonated, forming the dienamine
intermediate4 (Scheme 4), which will react with the electro-
phile.

To understand the difference in reactivity at theR- and
γ-carbon atoms of the intermediate, the structure of the
dienamine4a, formed from reaction of 2-pentenal1a with 2-
[bis(3,5-bistrifluoromethylphenyl)-trimethylsilanyloxymethyl]-
pyrrolidine catalyst2a, was optimized using density functional
theory (DFT) calculations (Figure 2).19

Using a simple frontier molecular orbital model, the calculated
coefficients at theR- andγ-carbon atoms of the HOMO of the
dienamine intermediate did not differ significantly and thus
could not account for the difference in reactivity at theR- and
γ-positions at the B3LYP/6-31G(d) level of theory.20 Therefore,
to explain the observed reactivity, we performed calculations
of the transition states for the addition of the electrophile to the
dienamine intermediate. In the initial investigations, a model
system was used, in which dimethyl azodicarboxylate (DMAD)
was added to theR- andγ-positions in the dienamine intermedi-
ate of pyrrolidine and 2-pentenal. The results showed that there
was only a small difference in energy (0.8 kcal mol-1) in favor
of the transition state leading to theγ-addition reaction path.

Because this small energy difference could not explain the
difference in the observed reactivity at the different positions,
we also considered the possibility of a Diels-Alder [4+2]-
cycloaddition reaction path, rather than the expected direct
addition of the azodicarboxylate to theR- or γ-carbon atoms
of intermediate4. This possibility is also supported by the known
reactivity of dienamine species.15

We have calculated the energy of activation for a [4+2]-
cycloaddition between thes-cis-dienamine (formed from pyr-
rolidine and 1a) and DMAD and found the Diels-Alder
transition state to be 1.5 kcal mol-1 lower in energy than the
transition state energy for the direct addition to theγ-position.
This indicated that a Diels-Alder reaction might be a plausible
pathway for thisγ-functionalization. These results led us to
investigate both theR- and theγ-addition, as well as the Diels-
Alder reaction path of DEAD to different conformations of a
number of dienamine intermediates formed by reaction of
catalyst2a with 2-pentenal1a according to the reaction paths
outlined in Figure 3.

We have optimized the structure of the four different inter-
mediates (E,s-trans,E)-4a, (E,s-trans,Z)-4a, (E,s-cis,E)-4a, and
(E,s-cis,Z)-4a shown in Figure 3 at the B3LYP/6-31G(d) level
of theory. Furthermore, we have located the transition states
for the three different types of reaction paths outlined for the
amination of the four dienamine intermediates, leading to a total
of six transition states, two each for theR- and γ-amination
reaction pathways and two for the Diels-Alder [4+2]-cyclo-
addition reaction path.

We have calculated a difference in energy of only 1.2 kcal
mol-1 between the dienamines (E,s-trans,E)-4a and (E,s-
trans,Z)-4a, which shows that the twotrans-dienamines are close
in energy, as is observed experimentally by1H NMR spectros-
copy. The barrier for rotation (TS2ROT) around theâ,γ-double
bond in the dienamines (E,s-trans,E)-4a and (E,s-trans,Z)-4a
was calculated to be 46.2 kcal mol-1, which suggests that these
two dienamines do not interconvert through a rotation, but rather
through a protonation/deprotonation step via the iminium ion3
(Figure 3 and Table 3).

The barriers for the rotation around the C-C single bond of
dienamine intermediates (E,s-trans,E)-4a and (E,s-trans,Z)-4a,
forming dienamines (E,s-cis,E)-4a and (E,s-cis,Z)-4a, respec-
tively, were calculated to be 7.7 and 6.8 kcal mol-1. This shows
that (E,s-trans,E)-4a and (E,s-trans,Z)-4a can interconvert
rapidly with their respectives-cis-conformers, (E,s-cis,E)-4aand
(E,s-cis,Z)-4a, and the low activation barriers indicate that the
formation of the two latter intermediates is a feasible process,
thus making the Diels-Alder pathway possible. The energies
of (E,s-cis,E)-4a and (E,s-cis,Z)-4a are elevated by 4.2 and 4.8
kcal mol-1, relative to (E,s-trans,E)-4a and (E,s-trans,Z)-4a,
respectively, which is in agreement with the1H NMR experi-
ments, in which only the two latter dienamines are observed.

The transition states were located for the addition of DEAD
to the R- or γ-position in (E,s-trans,E)-4a and (E,s-trans,Z)-

(19) Frisch, M. J.; et al.Gaussian 03, revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004.

(20) (a) Becke, A. D.J. Chem. Phys. 1993, 98, 1372. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. ReV. B 1988, 37, 785. (c) Ditchfield, R.; Hehre, W. J.;
Pople, J. A.J. Chem. Phys.1971, 54, 724. (d) Hehre, W. J.; Ditchfield, R.;
Pople, J. A.J. Chem. Phys.1972, 56, 2257. (e) Hariharan, P. C.; Pople, J.
A. Theor. Chim. Acta1973, 28, 213.

Figure 1. Stereochemistry of the formed products fromR-, â-, and
γ-functionalization of aldehydes andR,â-unsaturated aldehydes using2a
as the catalyst.

Figure 2. Optimized structure of the dienamine intermediate (E,s-trans,E)-
4a (Ar ) 3,5-(CF3)2C6H3).

Scheme 4. Formation of the Dienamine Intermediate 4
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4a. The calculated energies of the transition states (TS6a and
TS6b) showed that the activation barriers for the addition of
DEAD to theR-position of (E,s-trans,Z)-4a and (E,s-trans,E)-
4a are considerably higher (18.0 and 19.2 kcal mol-1, respec-
tively), as compared to both the transition state energies (TS5b
andTS5a) for direct addition to theγ-position of (E,s-trans,E)-
4aand (E,s-trans,Z)-4a (10.7 and 16.4 kcal mol-1, respectively)
and the transition state energies for the Diels-Alder reaction

pathway (vide infra). Below, in Figure 4, the calculated lowest
energy transition state structures for the addition of DEAD to
the R- and γ-positions in the dienamine intermediate (E,s-
trans,E)-4a are shown.

The bond lengths of the forming C-N bonds in theR- or
direct γ-addition are calculated to be 1.875 and 1.940 Å,
respectively, and these are comparable to the C-N bond
distance (1.8 Å) previously calculated for the transition state
of the R-hydroxyamination of aldehydes.21a

The higher energy for the transition state (TS6b) of the
R-addition of DEAD to the dienamine intermediate (E,s-
trans,E)-4a might be accounted for by the fact that addition of
DEAD in theR-position leads to a product where the conjuga-
tion between the two dienamine double bonds is broken, while
addition in theγ-position yields a product with the double bond
in conjugation with the iminium double bond. It also appears
from the transition state structures in Figure 4 that there is a
steric interaction between the CF3-group and the diene-part in
the dienamine for theR-addition transition state; this is less
pronounced in theγ-addition transition state.

The direct addition of DEAD5 to theγ-carbon atom from
the unshielded lower face of the different dienamine intermedi-
ates (E,s-trans,E)-4a and (E,s-trans,Z)-4a leads to different

(21) For other mechanistic and computational investigations on organocatalytic
aminations, see: (a) Cheong, P. H.-Y.; Houk, K. N.J. Am. Chem. Soc.
2004, 126, 13912. (b) Iwamura, H.; Mathew, S. P.; Blackmond, D. G.J.
Am. Chem. Soc.2004, 126, 11770. (c) Iwamura, H.; Wells, D. H., Jr.;
Mathew, S. P.; Klussmann, M.; Armstrong, A.; Blackmond, D. G.J. Am.
Chem. Soc.2004, 126, 16312. For other computational studies, see, for
example: (d) Gordillo, R.; Houk, K. N.J. Am. Chem. Soc.2006, 128,
3543. (e) Clemente, F. R.; Houk, K. N.J. Am. Chem. Soc.2005, 127, 11294.
(f) Allemann, C.; Gordillo, R.; Clemente, F. R.; Cheong, P. H.-Y.; Houk,
K. N. Acc. Chem. Res. 2004, 37, 558.

Figure 3. Intermediates and reaction paths calculated for the asymmetric electrophilicγ-amination ofR,â-unsaturated aldehydes. Electronic and solvation
energies at the B3LYP/6-31G(d) level of theory for the potential energy surface of the addition of DEAD to different dienamine intermediates. The numbers
below the intermediates are the energies relative to (E,s-trans,E)-4a calculated by B3LYP/6-31G(d) and for the numbers in italics by B3LYP/6-31G(d)-
(CPCM)/B3LYP/6-31G(d).

Table 3. Electronic and Solvation Energies of the Reactants,
Transition States, and Products for the Addition of DEAD to
Different Dienamines at the B3LYP/6-31G(d) Level of Theory

Eelec

[hartree]a
∆Eelec

[kcal mol-1]b
Esolv

[hartree]a
∆Esolv

[kcal mol-1]b

(E,s-trans,E)-4a -2740.18369 0.0 -2740.15142 0.0
(E,s-cis,Z)-4a -2740.17603 4.8 -2740.14219 5.8
(E,s-trans,Z)-4a -2740.18184 1.2 -2740.14922 1.3
(E,s-cis,E)-4a -2740.17707 4.2 -2740.14366 4.9
TS1ROT -2740.17103 7.9 -2740.13824 8.3
TS2ROT -2740.11000 46.2 -2740.07817 46.0
TS3ROT -2740.17144 7.7 -2740.13949 7.5
TS4a -3385.17255 16.4 -3385.13226 18.1
TS4b -3385.18623 7.8 -3385.14250 11.6
TS5a -3385.17056 17.6 -3385.13380 17.1
TS5b -3385.181540 10.7 -3385.14025 13.0
TS6a -3385.16616 19.2 -3385.12776 20.9
TS6b -3385.168048 20.4 -3385.12799 20.7
9a -3385.23456 -22.6 -3385.19179 -19.3
9b -3385.19720 0.89 -3385.16006 0.62
9c -3385.18669 7.5 -3385.14974 7.1
9d -3385.16805 5.6 -3385.15439 4.2
9e -3385.19145 4.5 -3385.15442 4.2
9f -3385.24150 -26.9 -3385.19843 -23.5

a Absolute energies for calculated compounds.b Energies are given
relative to (E,s-trans,E)-4a and DEAD on the potential energy surface.
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configurations in the final products. The addition of DEAD to
(E,s-trans,E)-4a would lead to an (S)-configuration (9e) at the
γ-carbon atom, while reaction of the (E,s-trans,Z)-4a leads to
the (R)-product (9b) with a preference for the former product,
due to the lower transition state energy from the directγ-addition
reaction path. However, the formation of the (S)-configuration
is not in accordance with the experimental results.

The transition stateTS4b for the reaction between DEAD5
and dienamine (E,s-cis,E)-4a in a concerted, Diels-Alder
reaction pathway leading to (R)-product was calculated to have
the lowest transition state energy on the potential energy surface.
The transition state structure indicates a synchronous reaction
path; that is, the forming C-N bonds are quite similar (2.137
and 2.211 Å), suggesting a concerted [4+2]-cycloaddition
transition state (Figure 5). It should be noted that previously
calculated transition states of Diels-Alder reactions in organo-
catalysis have been asynchronous.21d The energy difference
between the transition state for directγ-additionTS5b (leading
to the wrong configuration of the product) and the Diels-Alder
transition stateTS4b (providing the observed absolute config-
uration of the product) is 3.0 kcal mol-1 based on the energy
of (E,s-trans,E)-4a, showing a preference for the Diels-Alder
reaction path. Because of the fact that the directγ-addition leads
to a zwitterionic product, solvent effects could have a large
influence on the transition state energies. Therefore, the solvation
energies of the transition states were estimated with a single-

point calculation of the optimized gas-phase geometries using
the CPCM model.22 The solvent calculation decreases the energy
difference between transition statesTS5bandTS4b to 1.41 kcal
mol-1.

Calculated total and relative energies for the intermediates
and transition states in Figure 3 are given in Table 3. As seen
from Table 3, the aminal intermediates9a and9f, formed by
the Diels-Alder reaction pathways, are more stable than the
zwitterionic intermediates9b and9e.

The two reaction paths leading to the intermediates9b and
9f having the observed stereochemistry at theγ-carbon atom
have different transition state energies. The Diels-Alder reaction
path is nearly 10 kcal mol-1 lower in energy as compared to
the directγ-addition reaction path. This indicated to us that the
Diels-Alder reaction might account for the reaction course.
Furthermore, it is also worth noting that, according to the
calculations, the formation of9c-e is thermodynamically as
well as kinetically unfavorable, and that the formation of9b is
essentially thermoneutral, while both [4+2]-cycloadditions are
significantly exothermic.

The aminal intermediates9aand9f can easily be hydrolyzed
to give theγ-aminated product6 and to release the catalyst2a.
The configuration of the double bond in the products6 has been
determined by1H NMR spectroscopy to beE. This seems to
be in contrast to the proposed [4+2]-cycloaddition reaction path,
which leads to the intermediates9a and 9f, both having a
Z-double bond. The change from theZ-isomer to the thermo-
dynamically more stableE-isomer is believed to happen through
a reversible addition of a nucleophile (e.g., catalyst or water)
to theâ-position of the intermediate iminium-ion3.

To further support the hypothesis of a Diels-Alder reaction
path for theγ-functionalization, we performed an experiment
using 2-pentenal1a in combination withN-methylmaleimide
rather than azodicarboxylate5. N-Methylmaleimide was chosen
because it is a dienophile that commonly reacts in concerted
[4+2]-cycloaddition reactions. Product8 was formed under the
slightly modified reaction conditions (1 equiv of catalyst2a)
in a diastereomeric ratio of 2:1, which might be due to the exo
and endo attack of the dienophile. Compound8 could be easily

(22) (a) Barone, V.; Cossi, M.J. Phys. Chem. A1998, 102, 1995. (b) Cossi,
M.; Rega, N.; Scalmani, G.; Barone, V.J. Comput. Chem.2003, 24, 669.
(c) Klamt, A.; Schu¨ürmann, G.J. Chem. Soc., Perkin Trans. 21993, 799.

Figure 4. Optimized transition state structures for theR- andγ-addition
(TS6b andTS5b, respectively) of DEAD5 to the dienamine intermediate
(E,s-trans,E)-4a at the B3LYP/6-31G(d) level of theory.

Figure 5. DFT-optimized transition state for the Diels-Alder reaction
between DEAD and the dienamine (E,s-cis,E)-4a.
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isolated by flash chromatography (see Supporting Information).
This new optically active product indicates that dienamine
catalysis might be applied in other reactions and not just in the
γ-amination ofR,â-unsaturated aldehydes.

Conclusion

In summary, we have reported the first organocatalytic
enantioselectiveγ-functionalization ofR,â-unsaturated alde-
hydes. We disclosed that secondary amines, and in particular
2-[bis(3,5-bistrifluoromethylphenyl)-trimethylsilanyloxymethyl]-
pyrrolidine, can invert the common reactivity ofR,â-unsaturated

aldehydes, thereby transforming an electron-poor alkene into
an electron-rich diene. As an example of this inverted reactivity,
we have presented the electrophilicγ-amination of R,â-
unsaturated aldehydes with high enantioselectivity. Com-
putational and experimental investigations indicate that the
γ-amination ofR,â-unsaturated aldehydes might be the result
of a [4+2]-cycloaddition reaction between the diethyl azodi-
carboxylate and the chiral dienamine formed in situ with the
catalyst. Furthermore, the results and the information presented
seem to open the possibility for a new series of enantioselective
transformations.
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