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Bifunctional Tripeptide Including a Phosphonic Acid as Brgnsted

Acid for Michael Addition: Mechanistic Insights

Margery Cortes-Clerget,® Jesus Jover,™ Jade Dussart,” Emilie Kolodziej,
Evelyne Migianu-Griffoni,”™ Olivier Gager,? Julia Deschamp,*? Marc Lecoygey

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 |
a subject of interest especially in terms of stereospe
stereoselectivity. Inspiring by enzyme structur
chemists aim at developing more efficient,
sustainable catalysts. Despite the use of proline
been known since the 70s, organocatalysis!" h
as a powerful tool for asymmetric transformation
independent works of Barbas, Lerner, List and MacMi
2000.”) Nowadays, organocatalysis via covalent™ or non
covalent™ activations enables the selective formation of o
several stereogenic centers™ at once.
have been successfully employe
biologically active compounds.”® Than
structure, amino acids and peptides are e
multiactivating easily accesgible or
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Scheme 1. Wennemers’ catalysts effective on aldolisation and 1,4-addition
reactions

ionally, the same team showed that multiple modes of
lyst activation are required, where the absence of either the
-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.""”

Our group have recently reported the first example of H-Pro-Pro-
pAla-OMe!"" 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 cata/yst@ modified amino-acid
AR

(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



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 laj15

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 selectivites (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 wi
compared to Wennemers’ catalyst (Scheme 3).
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Scheme 3. Wennemers’ catalyst vs. la;1.5: opposite selectivities
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manner, the phosphonic acid was replaced by a phosphonate.
Even with the terminal secondary gggine-free proline, catalyst la-
(OMe). was significantly poorer tha The reaction rate was
very slow (conversion < 10 % after 4 the selectivities
dropped dramatically (syn:anti 66:34 an

la-(OMe),

Scheme 4. Mich
catalyzed by tripepti

propanal and trans-B-nitrostyrene
c-la or la-(OMe),

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

r that,¢ diastereoisomers of la were prepared to
tigate the variations on both catalyst configurations and
hain length holding the phosphonic acid group."™ The
were screened in the presence of propanal and trans-
nder the optimized conditions (Figure 2). The
e 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
te configuration can significantly reduce the enantiomeric
Id > lla — row 2) and the diastereoisomeric ratios (e.g. Id
—row 1). Moreover, opposite absolute configurations were
tained for product 1 (Figure 2 — red and green).

ncreasing 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).
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-conjugated addition of propanal onto trans-B-nitrostyrene

Figure 2. Influence of catalyst I-IV absolute configurations and lateral chain lengths on

After that, the central proline was suppressed and dipepti
and lg were tested but, no total conversion was reached after a
week (Table 1 - entries 3 and 4). As predicted by Wenn 5,199 g @w cat* (1 mol%)
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were obtained. We iscrepancy arises from 8 cocktail B 120 91:9 70:30 2R,3S

the ftransition states leading to the ] ] ] ] ] ]
[a] Time to completion, estimated by GC analysis. [b] Determined by H

ing products (Figure 3). 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



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 diastereoisomeric ratio is
higher for the former (Table 1 — entries 3 vs 7). Cocktail B and
catalyst laj1.5 gave the same diastereoselectivity albeit a lower
enantiomeric ratio was obtained with cocktail B (Table 1 —
entries 1 vs 8).
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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,l'™ 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 electrophilicjty
of the B-carbon and allow the enamine attack. Thanks to
geometry of the catalytic pocket, the C-C bond could be cr,
in a stereoselective way. The final hydrolysis should
concomitantly permit the liberation of the
y-nitroaldehyde and regenerate the active catalyst.

Scheme 5. Postu
reaction

the lasqs-catalyzed 1,4-addition

volvement of only one molecule of
on-linear effect experiments were
conducted in st la. The 1,4-addition between
propanal and trans-p-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 respectj 0.8 and 0.9 at pH = 6.6
and 11.5." Both these values are 1, indicating that the
rate of the reaction increases linearly wi talyst loading.

Although Kagan and Agami had obs non-linear
effect on the proline-cataly:.

ing evidences for the
transition state of intra-
verify the linear
of the catalyst and
lyzed by a mixture of la
and its enantiome or 25 °C, with catalyst
loadings of 1 or 1 ted pH values of 6.6 or
11.5. A lin ed regardless of the
experimental i

and intermolecular
relationship betwee
the product, the regilfon above was

several ratios

NMR
iminium/e es. The catalyst la was mixed with
an excess of propanal | ixture of chloroform-d: methanol-d,4
(1:1). The signal of propanal (9.44 ppm) decreased and two new
nals were/@tected at 6.26 ppm and 9.04 ppm which could
espond 4enamine and iminium intermediates (Figure 4).2"
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Figure 5. Enamine/iminium formation followed by "H NMR



Table 2. Influence of the pH and counter-cation nature in catalysis
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[a] Time to completion, estimated by GC analysis. [b] Deter,
NMR spectroscopy of the crude material. [c] The e.r. of
were determined by chiral-phase HPLC analysis. [d] T
carried out in presence of 2 equiv. of trimethylamine.

Moreover, NOESY showed a dipolar correlation with th
proton (4) of the pyrrolidine (3.25 ppm) (Figure 4).
observations confirm the formation of an enamine with al\E-

configuration in agreement with t
Blackmond, who observed an enami

propanal signal expense. This
existing equilibrium at this ste

by 'H NMR
e first scan at
6.26 ppm. This signal rapid
of a novel signal which coul
compound (9.2
ormed to determine the
the aldehyde and the
la, initially pre-adjusted at pH = 6.6
er of propanal is 0.4 in presence of
.1 for catalyst lai1s. Concerning
trans-p-nitros | order is 0.3 in presence of
catalyst laggand 0. 2 for catalyst laq1.5.
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The protonated-state of the catalyst is strongly correlated with
the partial orders of the aldehyde waile its effect is limited on the
nitroalkene partial order. Regard the pH pre-adjusted
catalysts, enamine formation seems no the rate-limiting
step. These kinetic studies corroborat

concerning the influence
catalytic process. We
supposed that nitroal
through an acidic int
However, Ishihara
phosphoric acid w
order to identify th

acidic form itself.” In
of our tripeptide la, we
ed-state (Table 2). The
eprotonated catalyst laq1.s,
observed in presence of laz; (Table 2 —
eover, laj1s was surprisingly a more
alyst than lage and the reaction was
vertheless, when the reaction was
and trans-p-nitrostyrene in
presence of las1.s, the pH was monitored during the reaction. A
'1 1.5 to 6.6 was early observed, which seems to
esence of the acidic specie. We tested the same
ion in presence of laj1s and 2 equivalents of triethylamine
er to keep the pH value around 8-9 (Table 2 — entry 4).
e reaction rate dramatically dropped and slightly lower
were obtained. This observation provides the
n 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-
was investigated by replacing the sodium salt by its
or calcium analogues (Table 2). The lithium salt 1a’115
the same results whereas the calcium salt 1a”115 showed
or reactivity (20 h vs. 192 h). It is not surprising that lithium
hich 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 laj1.5 rather than lage
(Figure 6).

20 A conversion Vo atpH=6.6
18 (%)
Vo at pH =11.5

16
14
12
10

8

6

4

2 Time (min)

[}

0 1 2 3 4 5

Figure 6. Comparison of initial rates depending on the catalyst protonated-
state
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Scheme 6. Revised catalytic cycle

The catalyst la11.5 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 form
in presence of water could concomitantly release the ex
y-nitroaldehyde and regenerate the catalyst lag.s that permits the
catalytic process to proceed.

Thereafter, the reaction was performed in presence
molecular sieves. The achieved conversion was

—C bond distances in these transition states are quite
41 and 2.24 A for the syn- and anti-species respectively,

substrate, the Na—Onitro distances are always shorter than
2.5A. As predicted in our experiments, the binding between
trang-p-nitrostyrene and the peptide is reinforced by the
than 10 %. Besides, the 1,4-addition was carrie en bond interaction established between the nitro and
propanal and trans-B-nitrostyrene in presence of phoric groups, which show very short distances in both
and no conversion was obtained. These results es (ca. 1.85 A).

harmful effect of water excess in the catalytic cycle, n he alternative syn (2S, 3R) and anti (2S, 3S) products are
the enamine formation. However the released water during obtained in a much lower extent because they require the
enamine formation is essential because it allows the second¥ formation of a starting (Z)-enamine between la and propanal.
iminium hydrolysis. These observations support the formati This process is highly unlikely since this latter species is almost
all the iminium/enamine intermediates 10 kcal/mol higher than its (E)-counterpart.

carried out in order to explain the observe ectivity
with peptide 1a.%! The four trangki the final
stereochemistry of the produ : , (2R, 3R),
syn (2S, 3R) and anti , 3S), in i
and frans-f3-nitrostyr i

ne attack onto

trans-p-nitrostyrene are 4.5 kcal/mol for the y’;,

above products, respectlvely ( ). \',b 2. 41

These results roduct syn (2R, 3S) is the

most favored rea erfect agreement with our syn (2R, 3S) anti (2R, 3R)

NMR experiments. rence between the syn

(2R, 35) e'md anti (2 R) dIaStereollsomers ?ISO agrees with Figure 7. Transition states leading to the major products (distances in A,
the ex d proportions, a difference of 0.4  color code: C = gray, N = blue, O = red, P = tan, Na = pink, H = white; for
kcal/ ure should roughly produce a  clarity most H-atoms have been omitted)

selectivity ratio t very far of that observed
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The free energy profiles describing the reaction of trans-p- tivation le to the formation of the opposite enantiomers
nitrostyrene with the propanal (E)-enamine of peptide lass are pared tgilose obtained by Wennemers (Figure 8).

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 (2R,3R) analogue: 12.4 and 16.9 kcal/mol,
respectively. These calculations show also that the highest
energy barriers of the reaction are not those determinin, ws that peptide H-R-Pro-S-Pro-R-pAla-OMe laq1s
final product configuration but the ones corresponding to the s a catalysPwith multifunctional activations. Covalent activation
protonation after the new C—C bond formation. of carbonyl compounds through secondary amine and non-

The computed barriers are, however, too low to acc covalent activation by the phosphonic acid moiety allowed the
observed reaction rate. This is probably due to,

reaction stage e.g. the (E)-enamine formation
product release, not directly related to the
process, has a higher free energy barrier in th
pathway.

Isation studies confirmed the (E)-enamine formation while
resence of an acidic proton on the phosphonic acid seems
e crucial for the nitroalkene activation. The distance and the
gidity between both activating sites are also decisive for a good
selectivity while replacing the central proline with a more flexible

Ou o amino acid reduces the selectivities. Finally, the replacement of

}I the carboxylic acid (a glutamic acid in Wennemer’s catalyst) by a

6;-) phosphonic acid has truly a striking impact in the reaction

o:N®_ outcome, producing products with opposite configurations.

H h/\Rz ' These two groups have a strong influence in the transition state

H/ ‘(\R determining the final products, probably because the nitroalkene
(R)N—g‘/_ . . . . . . . .

R orientation is different in both catalytic pockets that differ in

ent work terms of nature and size.

Experimental Section
General Procedure for the Asymmetric Michael Reaction

1 mol% of catalyst was dissolved in methanol and chloroform
Figure 8. Postulated trariqey e two enantiomers (1:1) (20 mL). trans-p-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
ted studies enable us to propose  conversion was monitored by GC. After completion, the reaction
{0 which the phosphonic acid  mixture was concentrated under vacuum and the residue was

The
the following



dissolved in ethyl acetate. This solution was washed twice with  [7]
water (2 x 20 mL), dried over magnesium sulfate and
concentrated to yield the desired product.
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Mechanistic investigations were
performed in order to unveil the
activation modes and catalytic
efficiency of the H-Pro-Pro-pAla-OMe
catalyst in the 1,4-addition between
aldehydes and nitroalkenes. This
tripeptide behaves as a multiactivating
catalyst, able to interact through a
secondary amine group and non-
covalent activations. A restrained
tripeptide is optimal for better
selectivities and fast reaction.

N\eghanistic inSighp¢

¢ offect,kinetic & DFT g%
iy

@ ine?
exibility
i ty

H
N

N " “OMe

CA o ‘/E’n n=123.4)
NH

O @ © Px,
S P=o

\

Na O

16 catalysts

WILEY-VCH

4
Clerget, Jests Jover,

ilie Kolodziej, Maelle
igianu-Griffoni, Olivier

argery Co
Jade Dussart,

,
WIR Deschamp,*  Marc
.
r2™NO,
o R age No. — Page No.

HJ\‘)\/NOZ

& ctional Tripeptide Including a

oGS onic Acid as Bronsted Acid

e apar ) ichael Addition: Mechanistic

Insights

2\
&
&



