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The enantioselective hydrophosphonylation of N-Boc imines was
investigated using a new family of pseudo-symmetric guanidine—
thiourea catalysts, providing a-amino phosphonates in moderate
to high yields with good enantioselectivity. The catalyst was
heterogenized by polymerization with styrene and the resulting
catalyst was applied to reactions under continuous-flow
conditions.

Guanidines are well-known common organic functions that
have interesting chemical and biological properties. They can
be found in natural products® and have become increasingly
attractive in the field of organocatalysis.? The guanidine
functional group can be used as a superbase to deprotonate
high pK, pronucleophiles,® and synergic catalysis can be
obtained by combining guanidine with H-bond donors. Indeed,
combining strong Brgnsted base and H-bond donor allows
bifunctional catalysis to be performed by activating both
nucleophile and electrophile at the same time. In the past few
years, several guanidine—H-bond donor catalysts have been
developed and were found to be very efficient for several
reactions.*

Nagasawa et al. reported the synthesis and use of linear
and conformationally flexible guanidine—bis-thiourea/urea
catalysts in multiple reactions, providing good yields and good
enantioselectivity.® It was shown by Eyring analysis that
enantioinduction by Nagasawa’s guanidine—thioureas was
entropy-driven because of the flexibility of the methylene or
ethylene linker (Scheme 1). Although it was shown that the
control of catalyst flexibility can have a beneficial impact on
the catalysis,® rigidification of catalyst scaffolds remains a
common strategy to achieve highly enantioselective reactions,
as it can allow for stabilization of transition states and induce
better definition of chiral binding pockets by steric repulsion.
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Guanidine-bisthiourea catalyzed Mannich-type reaction :
Ar = 3,5-Bis(trifluoromethyl)phenyl .
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Scheme 1 Guanidine-catalyzed asymmetric Mannich-type reactions

Especially in the field of hydrogen bond catalysis, rigidity plays
an important role, and many researchers have reported rigid
thiourea catalysts bearing constrained diamine ligands such as
chiral cyclohexane diamine or diphenylethylene diamine.”
Therefore, by using such kind of diamine structure instead of
methylene or ethylene chiral spacer we could access new
constrained guanidine—bis-thiourea catalysts. This new kind of
structure could allow for efficient reactions such as Michael
and Mannich-type reactions. For instance, Nagasawa et al.
achieved a highly enantioselective entropy-driven addition of
malonates to N-Boc imines using a guanidine—thiourea
catalyst.® Additionally, Tan et al. reported an efficient
enantioselective  phospha-Mannich reaction of benzyl
phosphinates with N-Ts imines catalyzed by a guanidinium—
guanidine catalyst.?

With this information in hand, we decided to develop new
rigid guanidine—thiourea catalysts to perform asymmetric


https://doi.org/10.1039/d1ob01953h

Published on 23 November 2021. Downloaded by UNIVERSITE PARIS-SACLAY on 11/23/2021 12:22:09 PM.

Organic-& Biomolecular Chemistry

reactions. The catalyst design was carried out first to have a
small library of guanidine-thiourea catalysts bearing rigid
catalyst backbones, and those were applied for the catalytic
asymmetric hydrophosphonylation of imines which appeared
to be an important reaction to access a-amino phosphonates.
a-Amino phosphonates are very versatile compounds that are
nowadays used in numerous fields because of their
remarkable biological properties!® and because they can be
used as amino-acid analogues and/or useful synthetic
intermediates.!! Even though three-components reaction
involving carbonyl amine and phosphite was developed
(Kabachnik-Fields reaction),'? the direct nucleophilic addition
of phosphonates to imines (Pudovik reaction) remains a
straightforward way to synthesize a-amino phosphonates.'3
The catalytic addition of nucleophiles to imines has been
studied widely and several catalytic systems have been
developed.'* However, only few examples of asymmetric
phospha-Mannich reaction on ketimine/aldimine using chiral
superbase catalysts were reported.>*> Although the reaction
can be performed using common bases, the use of organic
superbases could drastically increase the efficiency of the
reaction. Here, we report the synthesis of spatially constrained
guanidine—thiourea catalysts and their use in the asymmetric
hydrophosphonylation of N-Boc imines.

As a starting point, N-Boc imine 1a and diethyl
phosphonate (2a) were selected as model substrates for
screening to optimize the reaction conditions. Several chiral
guanidine—thiourea catalysts were synthesized using three
different diamines: (R,R)-1,2-diaminocyclohexane, (R,R)-1,2-
diphenylethylene diamine and N-Boc-(S)-2-(aminoethyl)
pyrrolidine, which was directly synthesized from N-Boc-L-
proline in four steps. All five guanidine—thiourea catalysts were
synthesized by using adapted procedures (Chart 1).16
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Chart 1 Catalyst structures

Compounds C1 and C2 were synthesized first and tested
for the asymmetric hydrophosphonylation reaction, giving the
desired product 3aa in 76% and 68% vyield, respectively. We
hypothesized that using a secondary amine on the guanidine
moiety would lead to a better definition of the chiral
environment by making the upper part of the catalyst more
hindered; however, the use of C2 gave 28% ee compared
with49% ee for C1 (Table 1, entries 1-2). Compound C3 was
then synthesized using a bulkier diamine and provided better

2| J. Name., 2012, 00, 1-3
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NBoc o) Cat (x mol%) NHBoc
Hg _— OEt
Ph T OTNTOBt  gonent 20°c PhT PO
OEt 11 OEt
2h,01M 0
1a 2a 3aa
Entry  Cat  x(mol%) Solvent Yield (%)  ee (%)
1 c1 20 Toluene 76 49
2 c2 20 Toluene 68 28
3 c3 20 Toluene 83 86
4 c3 10 Toluene 76 86
5 c3 5 Toluene 76 86
6 ca 5 Toluene 24 16
7 c5 5 Toluene 70 51
8 c3 5 m-Xylene 74 87
9 c3 5 n-Hexane 65 85
10 c3 5 Petroleum ether 65 78
11 c3 5 Mesitylene 63 86
12 c3 5 Acetonitrile trace 44
13 c3 5 THF 65 63
14 c3 5 EtOAC 38 59
15 c3 5 DIPE 15 35
16 Cc3 2 m-Xylene 61 84

3 Reaction conditions: 1a (0.10 mmol), 2a (0.12 mmol), and Cat. (x mol%) in
solvent (1.0 mL) at 20 °C for 2 h. Yields determined by isolation. ® The reaction
was conducted under the following conditions: 1a (0.30 mmol), 2a (0.36 mmol),
and C3 (2 mol%) in m-Xylene (1.0 mL) at 20 °C for 12 h.

results, affording product 3aa in 83% yield with 86% ee. At this
point, the efficiency of the catalyst was investigated, and
catalyst loading was modified (entries 3-5). The guanidine—
thiourea catalysts were found to be very efficient for this
reaction; with 5 mol% of C3 catalyst, full conversion was
reached after only 2 hours. The same reaction using cinchona
derivatives such as quinine usually require much longer
reaction times (typically 2-3 days).'” Another proline-
basedcatalyst, C4, was also synthesized and used in the
hydrophosphonylation reaction, providing 24% yield with 16%
ee (entry 6). We assume that the specific structure of this
catalyst might be responsible for loss of efficiency because the
secondary thioureas can only form one hydrogen bond. Finally,
one example of a flexible guanidine—thiourea catalyst was
synthesized by following Nagasawa’s procedure.® In this case,
similar results to those obtained with C1 were obtained and
product 3aa was obtained in 70% yield with 51% ee (entry 7).
Having identified the best catalyst to perform the
asymmetric hydrophosphonylation of phosphonate 1a and
imine 2a (Table 1), conditions were optimized starting with the
solvents. As a general tendency, the reaction provided higher
ees and yields in hydrocarbon solvents (entries 5 and 8-11).
The use of polar solvents, such as THF or EtOAc (entries 13 and
14), led to lower yields and enantioselectivities. In the case of
an ether, only 15% vyield was obtained (entry 15), and only a
trace amount of product was isolated when acetonitrile was
used (entry 12). Finally, m-xylene was selected as the best
solvent, and reducing the catalyst loading was investigated.
When 2 mol% of €3 was employed, good ee was obtained but
the yield dropped even in longer reaction time (entry 16).
Next, the scope of the reaction and the influence of a range of
parameters were investigated with m-xylene (Scheme 2).

This journal is © The Royal Society of Chemistry 20xx
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The effect of the N-protecting groups was briefly
investigated and it was found that substrates with carbamate-
type protecting groups, such as Boc and Cbz, gave higher
enantioselectivities than those with a Ts group (Scheme 2, 3aa,
4aa, 5aa). Indeed, carbamate groups can provide a better
interaction with the thiourea moiety of the catalyst by forming
hydrogen bonds with the oxygen of the carbonyl bond and the
nitrogen of the carbamate moiety. A range of phosphonate
nucleophiles were then used and although similar yields were
obtained, bulkier phosphonates such as diisopropyl or dibenzyl
phosphonates (Scheme 2, 3ab, 3ac) led to a moderate drop of
ee compared with 3aa. However, no reaction occurred when
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NHBoc NHBoc

OEt Q\ _OEt
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o) o)

3ma, 67%, 74% ee 3na®, 19%, 37% ee
Scheme 2 Substrates scope for the enantioselective hydrophosphonylation of N-Boc
imines. Reaction conditions: 1 (0.10 mmol), 2 (0.12 mmol), and €3 (5 mol%) in m-xylene
(1.0 mL) at 20 °C for 2 h. Yields determined by isolation. # Reaction was carried out for
48 h due to poor solubility of 2-naphthyl imine. ® N-Boc-a-(phenylsulfonyl) propylamine
(0.30 mmol), 2 (0.36 mmol), €3 (20 mol%), Cs,CO; (0.36 mmol) in m-xylene (3.0 mL) at
0 °Cfor 20 h. Yields determined by isolation.

This journal is © The Royal Society of Chemistry 20xx
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tert-butyl phosphonate was used. DiphenyphosphpRate cwas
also tested, but both yield and ee were |GW&r(38é9/D10B01953H

The scope of imine substrates was finally investigated
(Scheme 2, 3ba—-ma). From imines bearing electron-
withdrawing groups (Scheme 2, 3ha—ka) and electron-donating
groups (Scheme 2, 3ba—da; 3la—ma) to imines bearing
heteroaromatic moieties (Scheme 2, 3fa—ga), a wide range of
imines were tolerated. In the case of 3ea, because of the poor
solubility of the substrate in m-xylene, a lower yield (41%) was
obtained, even when the reaction was run for 48h. Otherwise,
yields generally varied from 52% for product 3la to 91% for
product 3fa. The R-absolute configuration of product 3aa was
determined by X-ray diffraction analysis (see Supporting
Information). An aliphatic imine was also investigated. Due to
instability of the imines, the imine precursor was treated with
Cs,CO3 in situ to form the imine, however the desired product
was obtained in low yield with only 37% enantioselectivity.

The 3D structure of C3-HCl salt was also obtained by X-ray
diffraction (see Figure 1). The €3-HCl salt crystallized as a dimer
in the P1 space group cell. Interestingly, the thiourea moieties
played an important role in the crystal structure, with both
sulfur atoms being linked to the central guanidine by hydrogen
bonds. Notably, the chloride anion formed a bridge between
two molecules of the catalyst by forming hydrogen bonds
between the guanidinium proton and the acidic protons of the
thioureas moieties of the second C3-HCl molecule, resulting in
the formation of layers.

CF4 < @
FsC .
FsC CF3 -
o \
_H--- Cl \V
NN o0 g 9
Ph Cl HN‘B:‘_J| U2 N (T 4
—E ] \k/ | 9’“
< TN N =
PRy _
Ph z
Ph

Figure 1 C3-HCl salt crystal structure

Based on previous studies investigating the mechanism of
several guanidine—thiourea catalyzed reactions'®, we assume
that the reaction proceeds in three major steps (Figure 2).
First, the guanidine acts as a strong Brgnsted base to
deprotonate the phosphonate and form the guanidinium
phosphonate salt | (Figure 2). After activation of the
phosphorus nucleophile by deprotonation, the second
thiourea of the catalyst interacts with the electrophile through
hydrogen-bond formation with the carbamate moiety of the
N-Boc imine to provide intermediate Il (Figure 2). Owing to the
synergic activation of the phosphonate and imine by the
catalyst, an optimum chiral environment is obtained because
of the strong interactions of the guanidinium and thiourea
moieties with the substrates. Finally, after the reaction of the
phosphonate and the imine in the chiral pocket provided by
the catalyst through hydrogen bonds, the chiral a-amino
phosphonate product is obtained and the free base guanidine
C3 is regenerated.

J. Name., 2013, 00, 1-3 | 3
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Figure 2 Plausible mechanism

With the results obtained in the homogeneous system, we
decided to immobilize our catalyst on a polymeric matrix in
order to perform the synthesis of a-amino phosphonates
under continuous-flow conditions. Regarding the similar
results obtained previously when performing the reaction in
toluene or m-Xylene (Table 1), we decided to perform the
continuous-flow experiment in toluene which appears to be a

Journal Name

more common and practical alternative. First, a pelymerizable
monomer bearing a vinyl styrene grolp! éhltHEDguRMiiAR
moiety was synthesized by using a procedure similar to those
used for other catalysts. Then, polymerization of C6 was
performed under suspension polymerization conditions by
mixing C6-HCI salt, styrene and divinyl benzene. The free-base
polymer was obtained by stirring the polymer in a mixture of
DCM and aq. K,COs. After washing and drying, the ability of
the resulting polymer PS-C6 to catalyze the asymmetric
hydrophosphonylation was assessed using 1a and 2a under
batch heterogeneous conditions (Scheme 3) in Toluene.
Product 3aa was obtained in 79% vyield with 83% ee, which
appeared to be slightly lower than those obtained under
homogeneous conditions.

The polymer was then mixed with Celite and packed in a
reactor (5 x 1 cm) for testing under continuous-flow
conditions. The reaction between 1a and 2a under continuous-
flow conditions was run for 5 hours and data were collected
after stabilization of the system (Scheme 4). Under these
conditions, the flow reaction appeared to be less efficient than
homogeneous and heterogeneous batch conditions. During
the first hour, 70% conversion was observed, but conversion
progressively decreased over time because of deactivation of
the catalyst; however, the ee seemed to be stable. Relative to
the conversion, the isolated vyield also seemed to be

reasonable.

PS-C6 (120 mg)
celite (1.71 g)

Scheme 3 Hydrophosphonylation of N-Boc imine 1a catalyzed by PS-C6 under batch
conditions 2

PS-C6
NBoc (o] NHBoc
0 50 mg : 87% yield
+ HP—OEt ____OEt 5
Ph OBt Touene,20°c PN P L T6%ee
1a 2a fo)
3aa
Ph N7 Ph
Ph, K'\ ‘. _Ph
N N/\(
H H
SYNH HNYS
FsC NH PS-C6 HN CFs3

CF
¢ Q = Polystyrene

cat. loading : 0.179 mmol/g

2 Reaction conditions: 1a (0.10 mmol), 2a (0.12 mmol), and PS-C6 (50 mg, 9 mol%) in
solvent (1.0 mL) at 20 °C for 16 h. The conversion was determined by *H NMR and the
yield was determined by isolation.
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Scheme 4 Fifth-run flow experiment

4| J. Name., 2012, 00, 1-3

In conclusion, we have developed a new series of
guanidine—thiourea catalysts, synthesized from constrained
diamine ligands, which were found to be highly effective for
the asymmetric hydrophosphonylation of N-Boc imines,
providing a-amino phosphonates with yields up to 91% and ee
up to 87%. Moreover, the catalyst was successfully
heterogenized by polymerization with styrene, and the a-
amino phosphonate was also synthesized under continuous-
flow conditions.

This journal is © The Royal Society of Chemistry 20xx
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