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ABSTRACT

Experimental and computational studies probing the nature of intermediates in theR-amination of aldehydes catalyzed by prolinate salts support
an enamine carboxylate intermediate in the stereodetermining step.

Proline-mediated reactions between carbonyl com-
pounds and electrophiles represent a central paradigm
for stereoselectivity in aminocatalysis.1 The Houk�List
transition state model2 invoking an interaction between
the carboxyl proton and the incoming electrophile (TS-A)
has successfully rationalized awide rangeof results. Seebach
and Eschenmoser3 have presented a separate model

highlighting a role for oxazolidinone species and carbox-
ylate anions, with stereoinduction in the same sense as in
theHouk�List model (TS-B). However, a reassessment of
that proposal was necessitated by Blackmond and Arm-
strong’s report4 of a reversal of enantioselectivity in R-
amination reactions catalyzed by proline in the presence of
tertiary amine bases or by preformed prolinate salts
(Scheme 1). This result was rationalized by invoking
preferential formation of the anti enamine and attack on
the electrophile from the face opposite the carboxylate
group (TS-C), in line with the steric model introduced for
reactions using bulky proline derivatives such as diaryl-
prolinol ethers.5 Sharma and Sunoj6 provided computa-
tional support for pathway TS-C to account for the

†The Scripps Research Institute.
‡UCLA.
§ Imperial College.
(1) (a) List, B.; Lerner, R. A.; Barbas, C. F. J. Am. Chem. Soc. 2000,

122, 2395. (b) Mukherjee, S.; Yang, J. W.; Hoffmann, S.; List, B.Chem.
Rev. 2007, 107, 5471. (c) Melchiorre, P.; Marigo, M.; Carlone, A.;
Bartoli, G. Angew. Chem., Int. Ed. 2008, 47, 6138. (d) Bertelsen, S.;
Jørgensen, K. A. Chem. Soc. Rev. 2009, 38, 2178.

(2) (a) Bahmanyar, S.; Houk, K. N. J. Am. Chem. Soc. 2001, 123,
11273. (b) Bahmanyar, S.; Houk, K. N.; Martin, H. J.; List, B. J. Am.
Chem. Soc. 2003, 125, 2475. (c) Cheong, P. H. Y.; Houk,K.N. Synthesis
2005, 1533. (d) Hoang, L.; Bahmanyar, S.; Houk, K. N.; List, B. J. Am.
Chem. Soc. 2003, 125, 16. (e) List, B.; Hoang, L.; Martin, H. J. Proc.
Natl. Acad. Sci. U.S.A. 2004, 101, 5839. (f) Clemente, F.R.; Houk,K.N.
Angew. Chem., Int. Ed. 2004, 43, 5766.

(3) Seebach, D.; Beck, A. K.; Badine, D. M.; Limbach, M.; Eschen-
moser, A.; Treasurywala, A.M.; Hobi, R.; Prikoszovich, W.; Linder, B.
Helv. Chim. Acta 2007, 90, 425.

(4) Blackmond, D. G.; Moran, A.; Hughes, M.; Armstrong, A.
J. Am. Chem. Soc. 2010, 132, 7598.

(5) (a) Franzen, J.; Marigo, M.; Fielenbach, D.; Wabnitz, T. C.;
Kjærsgaard, A.; Jørgensen, K. A. J. Am. Chem. Soc. 2005, 127, 18296.
(b) Hayashi, Y.; Gotoh, H.; Hayashi, T.; Shoji, M. Angew. Chem., Int.
Ed. 2005, 44, 4212.

(6) (a) Sharma, A. K.; Sunoj, R. B.Angew. Chem., Int. Ed. 2010, 49,
6373. (b) Sharma, A. K.; Sunoj, R. B. Chem. Commun. 2011, 47, 5740.



Org. Lett., Vol. 13, No. 20, 2011 5645

observed reversal in configuration. We report here NMR
and computational studies to shed further light on the
nature of the intermediates in proline-based aminocataly-
sis in the presence and absence of acids and bases. The
effects on the stereochemical outcome in R-amination
using prolinate catalysts of acid and base pKa as well as
of the prolinate counterion are discussed in terms of these
models.

Enamines as intermediates are key to all of thesemodels,

but quantitative experimental identification of such species

remained elusive until the recent work of Gschwind7

demonstrating the power of NMR exchange spectroscopy

(EXSY), providing the first detailed characterization of

intermediates in the proline-mediated self-aldol reaction of

propanal in DMSO as solvent. This work may be con-

sidered as a breakthrough in mechanistic aminocatalysis,

showing how the detection and temporal monitoring of

intermediates augment kinetic, computational, and other

mechanistic tools.
Because the R-amination reactions of propanal in which

we observed the reversal of enantioselectivity for prolinate

vs proline catalysts were carried out in chlorinated hydro-

carbon solvents, we performed NMR spectroscopic stu-

dies to probe the interaction of propanal 1with catalysts 4a

and 4b in CDCl3. The Gschwind work did not study these

solvents but concluded that proline enamines are stabilized

by a combination of low H-bond donor (R) and high

H-bond acceptor (β) solvent properties.8 This allows the
prediction that oxazolidinone species should dominate

over enamines for the propanal/proline interaction in

CH2Cl2 and CHCl3. Figure 1a confirms that the diaste-

reomeric oxazolidinone species 5a and 5b are the major

species formed from 1 and 4a in CDCl3 in a ratio similar to

that observed in DMSO.7 1D-EXSY shows that 5a and 5b

are in rapid chemical exchangewith eachother andwith 1.9

No enamine species 6 are detectable even at high
concentrations.9

When propanal reacts with 4a/DBU or with the proli-
nate salt 4b in CDCl3, however, the enamine carboxylate 7
is the major intermediate species, with oxazolidinones
either absent or present at concentrations lower than the
detection limit (Figure 1b). EXSY studies show that the
enamine is in rapid chemical exchange with the aldehyde,
contrary to Gschwind’s observation for the proline�
propanal reaction in DMSO.7

We turned to theoretical calculations to help rationalize
these kinetic and spectroscopic results. The computed gas-
phase structures and energies of 5a and 5b confirm the
oxazolidinone exo/endo ratio observed experimentally in
both DMSO and chlorinated hydrocarbon solvents.9

However, proline enamine 6 was predicted to be ca.
10 kcal/mol higher in energy than 5a or 5b by computa-
tions in the gas phase or using an implicit solvation model.
This energy difference agrees with our experimental results
in CDCl3 but is too large to account for the ratio of
oxazolidinones to enamine found in DMSO (91:9) by
Gschwind.7 Modeling the solvent as a constant-dielectric
continuum is inadequate to account for solvent effects in
determining the oxazolidinone/enamine equilibrium. How-
ever, explicit inclusion of oneDMSOmolecule with 6 leads
to significant stabilization with respect to the correspond-
ing oxazolidinone complex, as the free energy difference is
substantially reduced to only 0.6 kcal/mol (Figure 2a). By
contrast, the corresponding solvent inclusion calculation
for CH2Cl2 showed little stabilization of 6with respect to 5
(Figure 2b), rationalizing the dominance of 5 over 6 in
chlorinated solvents. The experimental finding that the
enamine carboxylate 7 is more stable than oxazolidinones
5a and 5b for 4a in the presence of a base is supported by
calculations showing that this conversion is thermodyna-
mically favorable by 5.7 kcal/mol (Figure 2c).

Scheme 1. R-Amination of Propanal4

Figure 1. 1HNMRspectra of 10 equiv of 1 inCDCl3with 1 equiv
of (a) 4a, (b) 4a/DBU, and (c) 4a/DBUþ 1 equiv of CH3COOH.
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NMR studies show that oxazolidinones 5a and 5b

derived from 1 and 4a in CDCl3 are converted quantita-
tively to the enamine carboxylate species 7 by addition of
base to the proline�propanal system, as has also been
shown by Seebach.3 Addition of 1 equiv of acetic acid to 1

and 4bor 1 and 4a/DBUquantitatively shifts the dominant
population from 7 back to 5a and 5b (Figure 1c). Intrigu-
ingly, the reversal in the sense of product stereochemistry
in the R-amination reaction of Scheme 1 using either 4a/
DBU or 4b as catalyst compared to 4a is observed in both
the absence of acid, where 7 is the dominant intermediate,
and the presence of 1 equiv acetic acid, where 5a and 5b are
dominant (Scheme 2, Table 1).

These experimental results demonstrate the ease of
interconversion between enamine 7 and oxazolidinones
5a and 5b by simple acid/base manipulation. Scheme 2
suggests that the relative stability of these species in the
reaction mixture for a particular catalyst is not correlated
with the product stereochemistry observed in the amina-
tion reaction. This contradicts a previous suggestion that
the relative availability of enamine vs oxazolidinone spe-
cies might be key to the stereochemical outcome of reac-
tions with electrophiles,6a as well as the proposal that a
correlation may be made between lower enamine concen-
trations (or reduced rates of enamine formation) and lower
catalytic activity for various pyrrolidine-based cataly-
sts.11,10 In fact, the rate of electrophile addition, measured
by the propionaldehyde self-aldol reaction, is similar for
4a/DBU þ acid, which exhibits a very low enamine

concentration, and 4a/DBU, which exhibits a very high
enamine concentration, and both exhibit much higher
rates than 4a, which exhibits a very low enamine concen-
tration (eqs 1 and 2). This confirms that not only the
population of the reactive species but also its intrinsic
reactivity must be considered in such comparisons.

Addition of more than 1 equiv of acetic acid, or use of
1 equiv of stronger acids, shifts product selectivity in reac-

tions using 4a/DBU or 4b back to that observed with

proline 4a, as shown in Table 1.
Nearly racemic product was observed for the reaction

carried out with 1 equiv of added chloroacetic acid, which

has a pKa = 2.86, a value close to that of the proline

carboxyl proton (eq 3). This suggests that under these

conditions the system consists of a mixture of proline and

Figure 2. Optimized structures and relative energies computed
by M06-2X/6-31þG(d,p) for (a) 5a and 6 as 1:1 DMSO com-
plexes; (b) 5a and 6 as 1:1 CH2Cl2 complexes; and (c) 7 as a 1:1
[DBU-Hþ] complex.

Scheme 2. Observed (Highlighted) and Reactive Species

Table 1. Effect of Acids in the Reaction of Scheme 1a

entry catalyst additive (aqueous pKa)

8 yield

(%)

8 ee

(%)

1 4a none 75 85 (R)

2 4a/DBU none 71 48 (S)

3 4a/DBU 1 equiv CH3COOH (4.8) 68 52 (S)

4 4b none 72 66 (S)

5 4b 1 equiv CH3COOH (4.8) 79 62 (S)

6 4b 5 equiv CH3COOH (4.8) 73 31 (S)

7 4b NBu4HSO4 (5.5) n.m. 65 (S)

8 4b PhCH2COOH (4.2) n.m. 62 (S)

9 4b 2-I-C6H4CH2COOH (3.2) n.m. 21 (S)

10 4b CH2ClCOOH (2.9) n.m. 3 (S)

11 4b CHCl2COOH (1.3) n.m. 57 (R)

12 4b CF3COOH (0.5) n.m. 76 (R)

13 4b CH3SO3H (�2.0) n.m. 81 (R)

a n.m. = not measured.
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prolinate intermediates competitively inducing product
stereochemistry opposite to the other.

These results indicate that the stereochemical outcome is
controlled by the relativedominanceof proline vsprolinate
and that the distribution between the two intermediates in
the presence of acids and bases inCH2Cl2 follows the same
trends as aqueous pKa values. However, the suggestion6b

of the coexistence of enamine 6 and enamine carboxylate 7
from 4/DBU in the absenceof added acid is not likely, since
our previous reaction results4 suggest that proline remains
fully deprotonated in the presence of 1 equiv of DBU in
chlorinated solvents. Comparison of the NMR spectra of 4a
and preformed 4bwith those of 4a/DBU in the presence and
absence of added acid supports this conclusion.9

In addition to acid strength, we explored the effect of
counterion size on the reversal of enantioselectivity
achieved with prolinate catalysts. The entries in Table 2
show results for reactions with catalysts prepared in situ
from proline mixed in a 1:1 ratio with a variety of acetate
salts. Inversion of selectivity compared to proline was
observed in all cases with a clear trend between counterion
size and product ee. We previously observed that metal
prolinates afford racemic products in this reaction, but
addition of crown ethers again leads to formation of
inverted products (55�65% ee), albeit with low yields.9

This provides another potential approach for catalyst
tuning. All of these results support our previous observa-
tion that attack on the enamine proceeds with opposite
facial selectivity in systems lacking proline’s carboxyl
proton. However, these results cannot distinguish unequi-
vocally between the proposal of a covalent carboxylate
interaction forming the product oxazolidinone3 and that of
a steric blocking effect as has been proposed for diaryl-
prolinol ether catalysts.5,11,12

In summary, we have provided the first spectroscopic
characterization of the enamine carboxylate intermediates

that play a role in the inversion of enantioselectivity
observed in the R-amination of aldehydes catalyzed by
proline in the presence of an organic base. These studies
provide a basis for understanding the experimentally ob-
served equilibria and interconversion between two key
classes of intermediates, enamines, and oxazolidinones.
The oxazolidinone of propanal may be observed in both
the presence and absence of organic base, and its relative
concentration is not related to the stereochemical outcome
of the reaction.13 The observed effects of acid and counter-
ion on enantiomeric excess help to rationalize the switch
between stereoselectivity dictated by the carboxyl proton-
directed Houk�List model and by the enamine carbox-
ylate system. The computational study provides support
for Gschwind’s rationalization of enamine concentration
based on solvent H-bond acceptor properties. The impor-
tance of H-bonding in stabilizing organocatalytic inter-
mediates is highlighted, demonstrating the significance of
specific solute�solvent interactions in the transition state
modeling in aminocatalysis in general.
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Table 2. Effect of Counterion on Product Enantioselectivity

entry counterion X % ee 8

1 Nþ(CH3)4 49 (S)

2 Nþ(CH2CH3)4 54 (S)

3 Nþ(CH2CH2CH2CH3)4 64 (S)

4 Pþ(CH2CH3)Ph3 78 (S)
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