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Bifunctional Tripeptide Including a Phosphonic Acid as Brgnsted
Acid for Michael Addition: Mechanistic Insights

Margery Cortes-Clerget,@ Jesus Jover,PIl Jade Dussart,® Emilie Kolodziej, Maelle Monteil,®
Evelyne Migianu-Griffoni,!? Olivier Gager,® Julia Deschamp,*® Marc Lecouvey*®

Abstract: Enamine catalysis is a widespread activation mode in the
field of organocatalysis and is often encountered in bifunctional
organocatalysts. We previously described H-Pro-Pro-pAla-OMe as a
bifunctional catalyst for Michael addition between aldehydes and
aromatic nitroalkenes. As opposite selectivities were observed
compared to its analogue H-Pro-Pro-Glu-NH, described by
Wennemers, its activation mode was investigated through kinetic,
linear effect studies, NMR analyses and structural modifications. It
appeared that only one bifunctional catalyst was involved in the
catalytic cycle, by activating aldehyde through an (E)-enamine and
nitroalkene via an acidic interaction. A restrained tripeptide structure
was optimal in terms of distance and rigidity for better selectivities
and fast reaction rates. Transition state modeling unveiled the
particular selectivity of this phosphonopeptide.

Introduction

The asymmetric characteristic of living organisms has long been
a subject of interest especially in terms of stereospecificity and
stereoselectivity. Inspired by enzyme structures, organic
chemists aim at developing more efficient, selective and
sustainable catalysts. Despite the use of proline as catalyst has
been known since the 70s, organocatalysisi™! has truly emerged
as a powerful tool for asymmetric transformation since the
independent works of Barbas, Lerner, List and MacMillan in
2000.”1 Nowadays, organocatalysis via covalent®! or non-
covalent® activations enables the selective formation of one or
several stereogenic centersl® at once. Moreover these methods
have been successfully employed for the synthesis of
biologically active compounds.® Thanks to their multifunctional
structure, amino acids and peptides are especially efficient at
multiactivating easily accessible or natural molecules.
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Combining either amino-, H-bonding or Lewis base catalysis,
hydrophobic effect and in-solvent organization, they were early
introduced to mimic enzyme behavior and selectively interact
with substrates.”! Beyond the structural peptide complexity,
Miller has recently proposed combinatorial screenings to easily
identify novel  peptide-based catalysts to  promote
enantioselective processes.®! Afterwards Wennemers has
highlighted the tripeptides H-Pro-Pro-Asp-NH, and H-Pro-Pro-
Glu-NH; as efficient catalysts for enantioselective aldol reaction
and Michael addition, respectively (Scheme 1).[7]
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Scheme 1. Wennemers’ catalysts effective on aldolisation and 1,4-addition
reactions

Additionally, the same team showed that multiple modes of
catalyst activation are required, where the absence of either the
N-terminal secondary amine, or the carboxylic acid inhibited the
reaction. They also provided evidence for an enamine rather
than an enol mechanism by ESI-MS investigations.1

Our group have recently reported the first example of H-Pro-Pro-
pAla-OMel*Yl combining both aminocatalysis and phosphonic
acid-activation for the diastereo- and enantioselective conjugate
addition of aldehydes onto nitroalkenes.*? We developed a
straightforward synthesis of the modified amino-acids and their
corresponding tripeptides by varying the absolute configuration
of the three stereogenic centers and the lateral chain length of
the amino-acid bearing the phosphonic acid moiety (Figure 1).

/5 ca{alys{‘b modified amino-acid
T

(aminocatalysis/Brgnsted acid activation )

Figure 1. Novel bifunctional catalysts including a phosphonic acid moiety

Our preliminary studies focused on a Michael addition as a
model reaction between aldehydes and nitroalkenes. Among our
catalyst library, the tripeptide lai15*° enabled us to obtain the
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corresponding y-nitroaldehydes in excellent yields and with good
to excellent stereoselectivities (up to 95:5 d.r.; 93:7 e.r.) without
any external base or side product (Scheme 2).
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Scheme 2. Michael addition between aldehydes and aromatic nitroalkenes
catalyzed by laiis

In order to propose a sustainable process, the catalyst recycling
was performed. Thanks to their high water solubility, these
catalysts were easily recovered by simple extractions and
lyophilization. Several recycling tests were achieved without any
significant loss of selectivities (10 times). Owing to the
phosphonic acid group, our tripeptides have the advantage to be
directly recyclable and thus, they do not require to be
immobilized on a solid support.

In our former work, the dependence of various parameters such
as catalyst loading and protonated-state catalyst were
thoroughly explored. Surprisingly, for a given spatial
configuration catalyst, we obtained the opposite products when
compared to Wennemers’ catalyst (Scheme 3).
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Scheme 3. Wennemers'’ catalyst vs. lai1.5: opposite selectivities

As our research focused on the impact of a phosphonic acid
compared to a carboxylic acid on both reactivity and selectivities,
we have started some mechanistic investigations to understand
our previous observations. Herein, we disclose our results in
order to highlight the potential of our novel tripeptide-catalysts.

Results & Discussion

The first experiment was intended to elucidate which functional
groups were required for asymmetric catalysis (Scheme 4). The
reaction was carried out between propanal and trans-p-
nitrostyrene in presence of the N-Boc-protected tripeptide Boc-
la in the optimized conditions that we previously reported.i*? The
ionization state of the phosphonic salt was pre-adjusted to pH =
7.5 with a sodium hydroxide solution during the catalyst
preparation. As expected, no reaction occurred, demonstrating
that the amine group is essential for activation. In the same
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manner, the phosphonic acid was replaced by a phosphonate.
Even with the terminal secondary amine-free proline, catalyst la-
(OMe). was significantly poorer than laiis. The reaction rate was
very slow (conversion < 10 % after 48 h) and the selectivities
dropped dramatically (syn:anti 66:34 and 32 % e.r.).

9 ©\/\ cat* (1 mol%)
_ WSS . o0
H)H * Z N0, MeOH:CHCI, (1:1), 0°C LN AN NO,

Boc-la la-(OMe),

Scheme 4. Michael addition between propanal and trans-p-nitrostyrene
catalyzed by tripeptides Boc-la or la-(OMe):

In view of these results, we conclude that both the secondary
amine and the phosphonic acid groups are essential to keep
good reactivity, diastereo- and enantioselectivities.

After that, 15 diastereocisomers of la were prepared to
investigate the variations on both catalyst configurations and
side chain length holding the phosphonic acid group.! The
catalysts were screened in the presence of propanal and trans-
B-nitrostyrene under the optimized conditions (Figure 2). The
reactivity of the catalysts was excellent as total conversion was
achieved within less than 6 hours for all the evaluated
diastereoisomers. The selectivities varied accordingly to the
catalytic pocket geometry. Changing the terminal proline
absolute configuration can significantly reduce the enantiomeric
(e.g. lld > lla — row 2) and the diastereoisomeric ratios (e.g. Id
- Ic — row 1). Moreover, opposite absolute configurations were
obtained for product 1 (Figure 2 — red and green).

Increasing the side chain length (Figure 2 — columns) extended
the time to completion and reduced the diastereoisomeric ratios
indicating that higher flexibility implies lower selectivities. All
these results showed the specific H-R-Pro-S-Pro-R-pAla-OMe
structure was crucial for a good selectivity but also for a fast
reaction in an intramolecular way. In our former works, we also
noted the importance of the protonated-state of the catalyst as
better selectivities were observed when the tripeptide catalyst
was pre-adjusted at pH = 11.5.

Since the geometry of the catalytic pocket is crucial for a good
stereoselectivity, we focused our interest on studying the
importance of the central proline for selectivities (Table 1).

We started replacing the central proline by a less bulky and
more flexible amino acid like glycine, obtaining catalyst le that
was then evaluated in standard conditions (Table 1 — entry 2).
The diastereoselectivity dropped ((65:35 vs. 91:9 d.r.) and a
lower enantioselectivity was observed (23:77 vs. 93:7 e.r.)
although the reaction time was extended (35 h vs. 20 h). The
rigidity imposed by the proline residue seems to be crucial for an
efficient diastereo-discrimination. As expected, the opposite
enantiomer product 1 (2S,3R) was obtained as the enantiomer
catalyst le was used (Table 1 — entries 2 vs. 1).

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

1h- 1(2R,3S)
d.r. = 62:38 - e.r. = 89:11

1h-1(2S,3R)
d.r.=82:12-e.r. = 14:86

3h-1(2R,3S)
d.r.=76:24 -e.r. =76:24

4h-1(2S,3R)
d.r.=80:20 - e.r. = 17:83

3h-1(25,3R)
d.r.=58:42 -e.r. = 17:83

3h-1(2R,;3S)
d.r.=70:30 - e.r. = 87:13

IVa (e} IVb (0]

45h-1(2R,3S)
d.r.=71:29 - e.r. = 86:14

5h-1(2S,3R)
d.r. = 61:39 - e.r. = 16:84

10.1002/chem.201700604

Ic H ©
N
N7s) %OMe N7s) %OMe
N o © 2 (R
*NH, HO 02 o' o©
15h-1(253R) 15h-1(2R35)
d.r.=60:40 - e.r. = 21:79 d.r.=87:13 - e.r. = 89:11

Id H ©
N
N7s) OMe

@
P -0 NH, p? .0

~oe HO™ 0¥

{ 35h-1(2S,3R) J {
d

fg

35h-1(2R,35)
d.r. =80:20 - e.r. = 20:80

.r.=87:13 -e.r. = 89:11
llic, liid

. o
N (s Ték N7s) B >0oMe
%0

Pz P’
HO™ ~o@ HO™ ~0®

45h-1(25,3R) 6h-1(2R,35)
d.r.=73:27 - e.r. = 18:82 d.r.=62:38 -e.r. = 83:17

m

Ve y O vd w ©
N N
(Nj(sﬁ( OMe (J&\W B >ome
S o) @& o)
2/ Yo )3 o/ ‘o )3
NH, P/,O NH, P/O
HO™ ~o© HO™ Y0 ©

[ 2h-1(25,3R) }

4h-1(2R,3S)
d.r.=66:34 - e.r. = 16:84 d

.r.=79:21 -e.r. = 83:17

Figure 2. Influence of catalyst |-V absolute configurations and lateral chain lengths on 1,4-conjugated addition of propanal onto trans-B-nitrostyrene

After that, the central proline was suppressed and dipeptides If
and Ig were tested but, no total conversion was reached after a
week (Table 1 - entries 3 and 4). As predicted by Wennemers, %3
the catalytic pocket of these compound might be too small for a
B-position attack and consequently an intermolecular reaction
probably occurred with a drop of selectivities. However, it was
noted that better selectivities were obtained in presence of Ig
rather than If. The link between the two activating functions was
then suppressed in order to investigate the synergic catalysis; it
was done by replacing the tripeptide by amino-acid “cocktails”. It
was firstly noted that modified amino acid AA: alone gave less
than 1 % conversion after 5 days (Table 1 — entry 5). The
primary amine appears not to be nucleophilic enough to form an
enamine with propanal. Proline alone allowed the formation of
the vy-nitroaldehyde 1 after a long reaction time with a low
enantioselectivity (Table 2 — entry 6). A mixture of proline and
amino acid AA1, named cocktail A (1:1) and a mixture of H-Pro-
OMe and N-Boc-protected AAi, called cocktail B (1:1) were
evaluated under the optimized conditions (Table 1 — entries 7
and 8). We observed that the reaction rates were 6 times slower
for both mixtures. The diastereoisomeric ratio slightly decreased
for cocktail A while remained the same for cocktail B. In both
cases, the enantiomeric ratios were lower compared to those
obtained with lai1s. Although these two cocktails have the same
absolute configurations, interestingly, the opposite products
were obtained. We suppose that this discrepancy arises from
the difference between the transition states leading to the
formation of the corresponding products (Figure 3).

Table 1. Influence of the catalyst structure.
o @\/\ cat* (1 mol%)
+ _ o
”)H Z N0, MeOH:CHCI; (1:1), 0 °C p A Ao,

S O L E
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0s 4 Po .
% %
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0 N S
H N (g Q
o OMe o BocHN@J\OMe
e NH |
I?A Na T cocktail B_OF Na __
Entry Catalyst t [h]™ synanti®  erld  Abs. conf.l
1 lai1s 20 91:9 93:7 2R,3S
2 le 35 65:35 23:77 2S,3R
3 If (64)E 70:30 38:62 2S,3R
4 Ig (76)el 85:15 28:72 2S,3R
5 AA:1 n.d.1 - - -
6 prolinel® 216 93:7 41:59 2S,3R
7 cocktail A 120 87:13 38:62 2S,3R
8 cocktail B 120 91:9 70:30 2R,3S

[a] Time to completion, estimated by GC analysis. [b] Determined by *H
NMR spectroscopy on the crude material. [c] e.r. of the syn-adduct were
determined by chiral-HPLC analysis. [d] Compared to optical rotation given
in literature. [e] Expressed in conversion rate after a week. [f] Less than 1%
of conversion after a week. [g] The reaction was conducted at pH = 11.5
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In the case of cocktail A, an electrostatic interaction allows the
self-assembly of the amino-acids while for cocktail B the steric
bulkiness of the dangling tert-butyl group pulls away the two
partners. The same enantioselectivity was obtained with
cocktail A and catalyst If but the diasterecisomeric ratio is
higher for the former (Table 1 — entries 3 vs 7). Cocktail B and
catalyst lai1s gave the same diastereoselectivity albeit a lower
enantiomeric ratio was obtained with cocktail B (Table 1 —
entries 1 vs 8).

o OMe /O@ MeO-—+=0
O=pP-o Steric N—~—
! H hindrance ON B
H=-N S OoN-—=
Fh ON—— 0% g7 D
electrostatic &0 E/E:@ O:< O:‘P,o’
interaction © H
N HN
o OMe

cocktail A cocktail B

Figure 3. Postulated transition states involving cocktail A and cocktail B

After studying the importance of the catalyst structure, we
decided to explore the catalyst activation mode. According to the
literature,!>! the postulated mechanism should involve the
formation of an E-enamine between the secondary amine group
and the aldehyde (Scheme 5). Then, the nitroalkene activation
through an acidic interaction should increase the electrophilicity
of the B-carbon and allow the enamine attack. Thanks to the
geometry of the catalytic pocket, the C-C bond could be created
in a stereoselective way. The final hydrolysis should
concomitantly permit the liberation of the expected
y-nitroaldehyde and regenerate the active catalyst.

N\ Oq
Iminium formation

H [e]
N
N \:)J\OMe
H,0

K&o 2 5\3/0@

I
OH
z (E)-enamine formation

Scheme 5. Postulated catalytic cycle for the laiis-catalyzed 1,4-addition
reaction

In order to validate the involvement of only one molecule of
catalyst, kinetic studies and non-linear effect experiments were
conducted in presence of catalyst la. The 1,4-addition between
propanal and trans-B-nitrostyrene was catalyzed at 1, 2.5, 5, 7.5
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and 10 mol% of la at pH = 6.6 or 11.5. The partial order with
regard to the catalyst was respectively 0.8 and 0.9 at pH = 6.6
and 11.5.1'®1 Both these values are close to 1, indicating that the
rate of the reaction increases linearly with the catalyst loading.
Although Kagan and Agami had observed a slight non-linear
effect on the proline-catalyzed Hajos-Parrish reaction.” List!8l
contradicted these results by providing evidences for the
involvement of only one pyrrolidine in the transition state of intra-
and intermolecular aldol reaction.’®) To verify the linear
relationship between the enantiomeric excess of the catalyst and
the product, the reaction above was catalyzed by a mixture of la
and its enantiomer in several ratios at 0 or 25 °C, with catalyst
loadings of 1 or 10 mol% and pre-adjusted pH values of 6.6 or
11.5. A linear effect was observed regardless of the
experimental conditions.? Both kinetic studies and non-linear
effect experiments provide proofs that only one molecule of
catalyst was involved in the catalytic process.

NMR experiments were performed to possibly identify some
iminium/enamine intermediates. The catalyst la was mixed with
an excess of propanal in a mixture of chloroform-d: methanol-d,
(1:1). The signal of propanal (9.44 ppm) decreased and two new
signals were detected at 6.26 ppm and 9.04 ppm which could
correspond to enamine and iminium intermediates (Figure 4).24

4 4 3.25ppm 4
@
HNY HQ”/ C N
3L 2 H 626ppm 3L 2 H
9.04 6.26 ppm
1959‘;’;",:‘ H)C% 2 157.1 ppm H/g/ H dipolar correlation
1CH, 1CHy

1.42 ppm
7.8 ppm

1CH3 scalar correlation
1.42 ppm

Figure 4. Identification of iminium and (E)-enamine by 'H (in black) and **C
NMR (in blue)

Iminium Enamine

2D NMR studies were conducted to confirm the nature of the
new products. COSY experiment highlighted the scalar
correlation between the enamine proton (3) (6.26 ppm) and the
CHs group (1) (1.42 ppm).

t =60 min:
Enamine
* diseappearance

Figure 5. Enamine/iminium formation followed by *H NMR
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Table 2. Influence of the pH and counter-cation nature in catalysis

cat* (1 mol%)

+
H)H & NO, MeOH:CHCI;(1:1),0°C H NO,

- 0]
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* [a] [cl
Entry Cat t[h] syn:anti er.
o
H
“ N7(s) N%OMe
1 C»f’ o 905, 24 89:11 89:11
®NH2 o P""Na
Bf’ lagg OH
H [e]
5 " NTs) N%OME
O X I.OH - - -
CARE
g lagz OH
v ©
3 vy o 20 91:9 93:7
“4(R) n_0&, N N
( %o o) \E,,o N§
NH lajys O‘EZ
4 lazy 5@ 168 90:10 90:10

[e]
H
Nu)k
(JSW HE 20 92:8 92:8

o
.
N
6 ('JS)\OW @ Joue 192 94:6 94:6

[a] Time to completion, estimated by GC analysis. [b] Determined by 1H
NMR spectroscopy of the crude material. [c] The e.r. of the syn-adduct
were determined by chiral-phase HPLC analysis. [d] The reaction was
carried out in presence of 2 equiv. of trimethylamine.

Moreover, NOESY showed a dipolar correlation with the a-
proton (4) of the pyrrolidine (3.25 ppm) (Figure 4). These
observations confirm the formation of an enamine with an E-
configuration in agreement with the results reported by
Blackmond, who observed an enamine proton at 6.1 ppm.?4The
addition of pre-activated molecular sieves in the NMR tube
induced an increasing 6.26 ppm enamine signal at 9.44 ppm
propanal signal expense. This observation seems to confirm the
existing equilibrium at this step.

The reaction between propanal and trans-p-nitrostyrene was
then carried out in presence of la and monitored by 'H NMR
(Figure 5). Enamine intermediate appeared at the first scan at
6.26 ppm. This signal rapidly decreased in favor of the formation
of a novel signal which could correspond to a second iminium
compound (9.2 ppm).

Thereafter, kinetic studies were performed to determine the
reaction partial orders with regard to the aldehyde and the
nitroalkene in presence of la, initially pre-adjusted at pH = 6.6
and 11.5.% The partial order of propanal is 0.4 in presence of
catalyst lases and drops to 0.1 for catalyst laiis. Concerning
trans-B-nitrostyrene, the partial order is 0.3 in presence of
catalyst las.s and 0.2 for catalyst lai1s.
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The protonated-state of the catalyst is strongly correlated with
the partial orders of the aldehyde while its effect is limited on the
nitroalkene partial order. Regardless of the pH pre-adjusted
catalysts, enamine formation seems not to be the rate-limiting
step. These kinetic studies corroborate our initial experimental
observations about the postulated enamine formation.
Nevertheless, several questions remain concerning the influence
of the peptide protonated-state on the catalytic process. We
supposed that nitroalkene is activated by the phosphonic acid
through an acidic interaction.

However, Ishihara showed that the calcium salt of the BINOL-
phosphoric acid was as effective as the acidic form itself.?% In
order to identify the real activation mode of our tripeptide la, we
studied the influence of its protonated-state (Table 2). The
reaction still occurred with the all-deprotonated catalyst laiis,
while no reaction was observed in presence of lazz (Table 2 —
entries 2 and 3). Moreover, laiis was surprisingly a more
reactive and selective catalyst than lass and the reaction was
completed after only 20 h. Nevertheless, when the reaction was
conducted between propanal and trans-p-nitrostyrene in
presence of laiis, the pH was monitored during the reaction. A
drop of pH from 11.5 to 6.6 was early observed, which seems to
confirm the presence of the acidic species. We tested the same
reaction in presence of law1s and 2 equivalents of triethylamine
in order to keep the pH value around 8-9 (Table 2 — entry 4).
Here, the reaction rate dramatically dropped and slightly lower
selectivities were obtained. This observation provides the
evidence that an acidic hydrogen on the phosphonic acid should
be responsible for the nitroalkene activation, through a hydrogen
bonding or ion-pairing.

To confirm the previous observations, the nature of the counter-
cation was investigated by replacing the sodium salt by its
lithium or calcium analogues (Table 2). The lithium salt 1a’11s
gave the same results whereas the calcium salt la”11.5 showed
poor reactivity (20 h vs. 192 h). It is not surprising that lithium
which is quite similar to sodium, does not modify the catalytic
pocket. On the other hand, calcium is bigger and divalent and
probably disrupts the peptide conformation.

Based on our experiments, we propose the revised catalytic
cycles in order to include the pH effect (Scheme 6). By
comparing the initial rate for each protonated-state, it appears
the reaction starts faster in the presence of lai1s rather than las.s
(Figure 6).

20 4 conversion *VoatpH=6.6
18 %

™ *VoatpH=11.5
16
14
12
10
8 L
6
4

°

3 ° Time [min]
0

o : i 2 3 @ 5

Figure 6. Comparison of initial rates depending on the catalyst protonated-
state
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The catalyst lai15 already has the reactive amine on the terminal
proline that could readily enable the formation of the iminium
and then, enamine intermediates with propanal.

At this stage, the catalyst could be protonated allowing the
nitroalkene H-bonding activation. The second iminium formation
in presence of water could concomitantly release the expected
y-nitroaldehyde and regenerate the catalyst las.s that permits the
catalytic process to proceed.

Thereafter, the reaction was performed in presence of activated
molecular sieves. The achieved conversion was never higher
than 10 %. Besides, the 1,4-addition was carried out between
propanal and trans-B-nitrostyrene in presence of lai1.s and water,
and no conversion was obtained. These results confirmed the
harmful effect of water excess in the catalytic cycle, notably for
the enamine formation. However the released water during the
enamine formation is essential because it allows the second
iminium hydrolysis. These observations support the formation of
all the iminium/enamine intermediates.

Density functional theory (DFT) theoretical studies have been
carried out in order to explain the observed enantioselectivity
with peptide 1a.?% The four transition states determining the final
stereochemistry of the product i.e. syn (2R, 3S), anti (2R, 3R),
syn (2S, 3R) and anti (2S, 3S), in the reaction between propanal
and trans-B-nitrostyrene with peptide lass were computed. Their
relative free energy barriers for the (E)-enamine attack onto
trans-B-nitrostyrene are 4.5, 4.9, 9.4 and 10.8 kcal/mol for the
above products, respectively (Scheme 7).

These results clearly indicate that product syn (2R, 3S) is the
most favored reaction outcome, in a perfect agreement with our
NMR experiments. The free energy difference between the syn
(2R, 3S) and anti (2R, 3R) diastereoisomers also agrees with
the experimentally observed proportions, a difference of 0.4
kcal/mol at room temperature should roughly produce a
selectivity ratio of 70:30, not very far of that observed
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experimentally. Figure 7 shows the transition states leading to
these products and includes some selected bond distances.

The C-C bond distances in these transition states are quite
long: 2.41 and 2.24 A for the syn- and anti-species respectively,
indicating the early character of these structures. As may be
observed, the presence of the sodium cation actively
participates in the reaction by binding the nitro group of the
substrate, the Na—Onitro distances are always shorter than
2.5 A. As predicted in our experiments, the binding between
trans-B-nitrostyrene and the peptide is reinforced by the
hydrogen bond interaction established between the nitro and
phosphoric groups, which show very short distances in both
cases (ca. 1.85 A).

The alternative syn (2S, 3R) and anti (2S, 3S) products are
obtained in a much lower extent because they require the
formation of a starting (Z)-enamine between la and propanal.
This process is highly unlikely since this latter species is almost
10 kcal/mol higher than its (E)-counterpart.

2.28

syn (2R, 3S) anti (2R, 3R)

Figure 7. Transition states leading to the major products (distances in A, color
code: C = gray, N = blue, O = red, P = tan, Na = pink, H = white; for clarity
most H-atoms have been omitted)
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Scheme 7. Computed free energy profiles (kcal/mol) for the reaction of trans-B-nitrostyrene with the propanal (E)-enamine of peptide las.s leading to the syn (2R,

3S) and anti (2R, 3R) products

The free energy profiles describing the reaction of trans-p-
nitrostyrene with the propanal (E)-enamine of peptide lass are
shown in Scheme 7. As expected, the barrier for the formation of
the syn (2R, 3S) product remains lower than that for the
obtention of the anti analogue: 12.4 and 16.9 kcal/mol,
respectively. These calculations show also that the highest free
energy barriers of the reaction are not those determining the
final product configuration but the ones corresponding to the
protonation after the new C—C bond formation.

The computed barriers are, however, too low to account for the
observed reaction rate. This is probably due to a different
reaction stage e.g. the (E)-enamine formation or the final
product release. Indeed, the latter is not directly related to the
enantioselection process and has a higher free energy barrier in
the overall reaction pathway.
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Figure 8. Postulated transition states leading to the two enantiomers

The experimental and computed studies enable us to propose
the following transition state in which the phosphonic acid
activations lead to the formation of the opposite enantiomers
compared to those obtained by Wennemers (Figure 8). The
opposite selectivity could be explained by the different nature of
the phosphonic acid moiety in terms of size and geometry. The
nitroalkene is indeed oriented inside the catalytic pocket and is
both activated by the acidic proton of the phosphonic acid group
and its sodium countercation.

Conclusions

This study shows that peptide H-R-Pro-S-Pro-R-pAla-OMe lai1s
is a catalyst with multifunctional activations. Covalent activation
of carbonyl compounds through secondary amine and non-
covalent activation by the phosphonic acid moiety allowed the
1,4-addition between aldehydes and nitroalkenes. NMR and
modelisation studies confirmed the (E)-enamine formation while
the presence of an acidic proton on the phosphonic acid seems
to be crucial for the nitroalkene activation. The distance and the
rigidity between both activating sites are also decisive for a good
selectivity while replacing the central proline with a more flexible
amino acid reduces the selectivities. Finally, the replacement of
the carboxylic acid (a glutamic acid in Wennemer’s catalyst) by a
phosphonic acid has truly a striking impact in the reaction
outcome, producing products with opposite configurations.
These two groups have a strong influence in the transition state
determining the final products, probably because the nitroalkene
orientation is different in both catalytic pockets that differ in
terms of nature and size.
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Experimental Section
General Procedure for the Asymmetric Michael Reaction

1 mol% of catalyst was dissolved in methanol and chloroform
(1:1) (20 mL). trans-B-nitrostyrene (1.0 mmol, 1.0 equiv.) and
propanal (3.0 mmol, 3.0 equiv.) were added and the reaction
mixture (homogeneous solution) was stirred at 0 °C. The
reaction conversion was monitored by GC. After completion, the
reaction mixture was concentrated under vacuum and the
residue was dissolved in ethyl acetate. This solution was
washed twice with water (2 x 20 mL), dried over magnesium
sulfate and concentrated to yield the desired product.
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