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onto acrylic acid derivatives and trans-B-nitrostyrene. Among these crown ethers, three are new.
Michael adducts were formed with good to excellent enantio- and diastereoselectivities. Combined MM
and QM calculations have revealed that suitable side arms on the crown ether beneficially affect the

position of the central sodium cation, which in turn helps enhance the stereocontrol by allowing a
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1. Introduction

The development of efficient methods for the enantioselective
synthesis of a-aminophosphonates has recently received much
attention as these compounds are structural analogues of
o-amino acids.’ As enzyme inhibitors, they may be useful as
novel herbicides, antibacterial, antihypertensive, anti-cancer,
and anti-HIV agents.” Cyclic a-aminophosphonates have found
promising applications as organocatalysts.> Moreover, due to
their chelate forming potency, aminobisphosphonic acids have
become important in the treatment of osteoporosis and bone
metastases.” In addition, the practical importance of studying
this class of compounds, beyond widening of basic knowledge
of the reaction, is a viable research proposition as yields and
enantiomeric purities can be efficiently translated into the price
of pharmaceuticals.

Since biological activity is basically dependent on the
configuration of the carbon atom adjacent to phosphorus,
access to non-racemic o-aminophosphonic acids by stereo-
selective synthesis has been the subject of intense study and
has been reviewed recently.” Reported strategies include the
use of both chiral auxiliaries® as well as catalytic P-C” and C-C?®
coupling.
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closer contact between substrate and catalyst.

Chiral catalysis in conjugate additions of macrocycles anne-
lated to various carbohydrate units has also been studied® and
reviewed in the last few decades.'® Toke et al were the first,
who published the derivation of monoaza-15-crown-5 type
crown ethers (lariat ethers) from glucose, which had substitu-
ents (side arms) on the nitrogen atom of the crown ring.'!
These macrocycles derived from bp-glucose are particularly
attractive because of the simplicity and variability of both the
chiral support and the possible side arms of the ring that
hereby provide a whole family of chiral catalysts. The synthetic
potential of both o- and B-methyl and phenyl substituted
p-glucose annelated to azacrown ethers has been demonstrated
in enantioselective Michael additions, Darzens condensations
and epoxidations of a,B-enones in the first time by our group.?
Itoh and co-workers synthesised differently bridged azacrown
ethers derived from a-p-glucose and also proved their selectivity
in Michael reaction.”® We also studied the effect of the mono-
saccharide moieties on the chiral induction and optimized the
side arm of the crown ring according to the reaction types.*

Herein, we report the application of chiral crown ethers
containing a phenyl-B-p-glucopyranoside unit as phase transfer
catalysts. These monoaza-15-crown-5 type macrocycles, s.c. lariat
(lasso) ethers have various side arms (with a heteroatom at
its terminal) at the nitrogen atom of the crown ring. Such
compounds show unique guest specificity due to cooperativity
of the macrocyclic side arm.

As a part of our research program on catalytic enantioselective
Michael addition in general and, in particular, concerning o- and
B-aminophosphonates, we reported alkali base promoted Michael
addition of N-protected aminomethylenephosphonate 1 onto
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acrylic acid derivatives 2 catalysed by p-glucose-based mono-
aza-15-crown-5 lariat ethers®® 3a-d and 1,1’-bi-2-naphthyl-
appended azacrown ethers.® In these studies, we found that
both types of macrocycles catalysed the addition reaction, but
the stereoselectivity was only good when the Michael acceptors
contained a cyano group. It also turned out that regarding
selectivity, the character of the side arm of lariat ether overrides
the importance of chiral support.® Herein, we report in detail
the findings described in our preliminary communication
on the aforementioned addition reaction. In addition, we
present new results and complete experiment with theoretical
modeling to understand the origin of stereoselectivity.

2. Results and discussion

To have a better insight into the catalytic process operative in
the above-mentioned Michael addition of N-protected amino-
methylenephosphonate 1 we wished to obtain additional infor-
mation concerning the role of the side arm of our catalysts 3
and also of the Michel acceptor 2 on the stereochemical out-
come of the reaction (Scheme 1).

In the present study, the synthesis and application of 3e-m
is reported. Among them, 3k-m are new members of this series.
The present catalyst set is completed by including 3a-d com-
pounds, which were developed earlier.?

The new azacrowns 3k-m were synthesized using our
previously elaborated method.*'? Vicinal hydroxyl groups of a
partially protected p-glucose were transformed into 2-chloro-
ethoxyethyl derivative. Next, chlorine was exchanged for iodine
using Nal. Finally, bisiodo podand, our key-intermediate 5 was
submitted to Na,CO; promoted ring closure with the appropriate
primary amines (Fig. 1, Scheme 2).

2.1. Synthesis of aminophosphonates 4 (Scheme 1)

We found that all of the crown ethers tested (3a-m), in fact,
catalysed the Michael addition of N-protected aminomethylene-
phosphonate 1 onto acrylic acid derivatives 2. However, those
with no side arm at all (3a) or with a hydroxypropyl side arm (3b)
showed poor selectivity. Significant improvement of both cata-
Iytic activity and enantioselectivity was brought about by repla-
cing the hydroxypropyl side chain by a methoxypropyl chain
(3¢).*? As a result of previous optimization of reaction conditions
in terms of solvent, temperature, and amount of base, catalystSd

Ph
Ph ) ,  crown ether 3 >:N o]
>:N (0] R R NaO¢Bu Ph * H*OEt
\_H + — _— |
Ph P—OEt R2 OEt
l EWG * i
OEt R
EWG
1 2 4
R':H, Me
R2:H, Ph

EWG: CN, COOMe, COOEt, COOtBu, NO,

Scheme 1 Michael addition of N-protected aminomethylenephosphonate
1 to acrylic acids and trans-nitrostyrene 2 catalyzed by the crown ethers 3.
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Fig. 1 b-Glucose-based azacrown ethers 3a—m.
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Scheme 2 Synthesis of lariat ethers 3.

additions were carried out (if not otherwise stated) at —75 °C in
toluene in the presence of solid NaOtBu (1.5 equiv.) as a base
and with 10 mol% catalyst loading.

Results are summarized in Table 1.

As demonstrated earlier, esters of both acrylic acid and trans-
cinnamic acid reacted fast, providing the expected adduct. How-
ever, the enantioselectivity was poor (Table 1, entries 1, 2, 4-6),
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Table1l Enantioselective Michael addition of N-protected aminomethylenephosphonate 1 to Michael acceptors 2a—i using NaOtBu and catalyst 3d—m

ee (%)*°
Entry R! R? EWG 2 Catalyst 3 Time (min) Conv.? (%) Yield of 4” (%) Dr*4 Major Minor
1 H H COOEt 2a  3d 15 100 88 (4a) — 30 (8)
2 H H COOtBu 2b 3d 30 100 89 (4b)° — <5 (S)
3 H H CN 2¢  3d 60 95 84 (a¢)° — 75 (S)
4 Me H cooMe 2d  3d 60 81 67 (4d) 4:1 12 (1R3R) 8 (1S,3R)
5 Me H COOtBu 2e 3d 60 60 93 (4e)° 3:1 20 9
6 H Ph COOMe 2f 3d 10 100 91 (4f) 4:1 < 5 24
7 Me H  CN 2¢  3d 60 85 76 (4g)° 6:1 86 (15,3R) 0 (1R,3R)
8 Me H CN 2¢  3d 240 91 76 (4g) 9:1 91 (1S,3R) 0 (1R,3R)
9 Me H CN 2g  3e 60 70 65 (4g) 3:1 33 (15,3R) 0 (1R,3R)
10 Me H CN 2g  3f 60 80 71 (4g) 4:1 67 (15,3R) 4 (1R,3R)
11 Me H CN 2g  3f 240 84 77 (4g) 5:1 85 (15,3R) 5 (1R,3R)
12 Me H CN 2g  3g 60 84 72 (4g) 7:1 84 (15,3R) 9 (1R,3R)
13 Me H CN 2¢  3h 60 53 40 (4g) 3:1 41 (1S,3R) 9 (1R,3R)
14 Me H CN 2¢  3i 60 81 74 (4g) 7:1 88 (15,3R)

49 (1R,3R)
15 Me H CN 2¢g  3i 240 89 82 (4g) 9:1 92 (1S,3R) 5 (1R,3R)
16 Me H CN 2g 3k 60 88 80 (4g) 13:1 90 (15,3R)

58 (1R,3R)
17 Me H CN 2¢ 3k 240 94 85 (4g) 18:1 96 (15,3R) 4 (1R,3R)
18 Me H CN 2g 3l 60 89 86 (4g) 12:1 91 (15,3R) 2 (1R,3R)
19 Me H CN 2g 3l 240 94 89 (4g) 16:1 95 (15,3R) 7 (1R,3R)
20 Me H CN 2¢ 3 60 84 79 (4g) 5:1 79 (15,3R) 2 (1R,3R)
21 Me H CN 2¢  3m 60 75 66 (4g) 3:1 51 (1R,3R) 3 (15,3R)
22 H Ph CN 2h 3k 60 48 36 (4h) 4:1 74 61
23 H Ph CN 2h 3k 240 84 77 (4h) 6:1 78 63
24 H Ph NO, 2i 3k 60 79 70 (4i) 3:1 71 57
25 H Ph  NO, 2 3k 240 89 81 (4i) 5:1 74 59

“ Determined by *'P NMR. ” Isolated products after column chromatography. © See ref. 8d. ¢ Diastereomer ratio; determined by chiral HPLC.

¢ Enantiomer excess; for the absolute configuration see Fig. 2 and ref. 8e.

whereas while using acrylonitrile or methacrylonitrile as Michael
acceptors in a 60 min reaction (entries 3 and 7), the enantioselec-
tivity was considerably higher.® After identification of 2g as the
optimal Michael acceptor and 3d bearing 2-methoxyphenylethyl
side-arm as our best catalyst so far, we screened a variety of
further azacrown catalysts (3e-m) differing in their complex
forming potential. We found that the n-butyl side arm (in 3e)
did not enhance stereoselectivity (entry 9). The utilization of
crown ethers with a methoxyethyl (3f) or a methoxybutyl sub-
stituent (3g) enhanced both enantio- and diastereoselectivity
(entries 10 and 12). With the phenylethyl derivative (3h) (entry 13),
both catalytic activity and selectivity were poor. Best results
were obtained on using catalysts bearing p-methoxyphenylethyl,
m-methoxyphenylethyl and 2,3-dimethoxyphenylethyl groups as
side arms (3i, k and 1) (entries 14, 16 and 18). A catalyst having
pyridinoethyl substituent (3j) exhibited high catalytic activity but
only medium stereoselectivity (entry 20). Selectivity dropped
considerably in case of 3m, a crown ether with a side chain
containing three oxygen atoms (entry 21).

Our experiments have clearly shown that the presence of an
oxygen atom at a certain distance (5-6 atoms) in the side arm
is essential for high selectivity, presumably by providing a
three-dimensional binding site for the cation. Note that all
of the p-glucose appended crown ethers, except 3m, favoured
the formation of the 1S,3R-enantiomer of the adducts 4g-i.
Catalyst 3m is a special ligand characterized by a bulky
macrocyclic group at the terminal of the side arm. Therefore,
it is likely to alter the mode of complexation of the catalyst

resulting in an unfavourable three-dimensional intermediate
complex.

To obtain more data on the scope of the stereoselectivity of
the Michael reaction, trans-cinnamonitrile (2h) (entry 22) and
trans-nitrostyrene (2i) (entry 24) were also examined as acceptors.
These reactions were slightly slower and of lower selectivity than
those with methacrylonitrile (2g).

Next, in order to improve yields, reaction time was extended
to 240 min. Interestingly, apart from higher conversion, in every
case (entries 7/8, 10/11, 14/15, 16/17, 18/19, 22/23, 24/25) enrich-
ment of the diastereomer (1S,3R)-4 could also be noticed, pre-
sumably due to epimerization of (1R,3R)-4. Longer reaction times,
e.g. 360 minutes, resulted in a partial decomposition, and there-
fore a lower yield of the product.

Michael addition of methacrylonitrile (2g) using solid KOtBu
as a base catalysed by crown ethers 3c and 3k produced the
adduct (4g) with lower diastereo- and enantioselectivity (Table 2).
This may be attributed to the larger size of the K" ion resulting
in looser binding with the crown ether ring. Furthermore,
the configuration of the major and minor diastereomers
reversed compared to the one obtained with NaOtBu (major:
15,3R — 1R,3R).

2.2 Calculations

Force-field and ab initio DFT calculations were performed to
rationalize stereochemical outcome of the reactions. We con-
sidered two typical catalysts combined with two reactants
leading to products 4d and 4g configured either R or S at the
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Table 2 Enantioselective Michael addition of N-protected aminomethylenephosphonate 1 to methacrylonitrile 2 using KOtBu and catalyst 3c and 3k

ee™ (%)
Entry R! R? EWG Catalyst 3 Time (min) Conv.? (%) Yield of 4” (%) Dr¢ Major Minor
1 Me H CN 3¢ 60 100 71 (4g) 2:1 61 (1R,3R) 53 (15,3R)
2 Me H CN 3k 60 100 73 (4g) 1.5:1 70 (1R,3R) 57 (15,3R)

“ Determined by *'P NMR. ? Products isolated by column chromatography. ¢ Diastereomer ratio; as determined by chiral HPLC. ¢ Enantiomer

excess; for the absolute configuration see Fig. 2 and ref. 8e.

Michael-donor moiety thus analysing a total of eight conceivable
reaction channels.

The catalysts used are rather similar to 3h and 3i with a
difference that the anomeric hydroxyl group is terminated to
form o-methoxy group in both catalysts. Since our goal was
to qualitatively analyse the catalytic behaviour and the origin of
stereocontrol, this simplification did not affect our final con-
clusions but saved computational time. We have investigated a
total of 8 possible reaction channels: formation of products 4d
and 4g with R and S configuration at the Michael-donor moiety
in the presence of two different catalysts (2 x 2 x 2 = 8).
The structural formulae of the major products are displayed
in Fig. 2.

The calculations followed the protocol elaborated earlier'*
based on the plausible assumption that enantioselectivity can
be predicted by the relative stabilities of intermediates follow-
ing the Michael addition step in the presence of catalyst.
We therefore assumed that all the interactions determining
enantioselectivity were present both at the preceding transition
state (TS) and in this intermediate state with similar strengths.
The more endothermic the C-C bond formation is, the more
this assumption is reasonable, since the Hammond postulate
indicates a larger similarity between the TS and the subsequent
intermediate state. We also presume that no epimerization
occurs in the subsequent steps and therefore the configuration
of the enantiomeric carbon remains intact. We also note that
the subsequent protonation generates an additional stereo-
center in the product. In this respect, we have found that the
intermediate is oriented to the crown ether in such a position
that the catalyst efficiently shields one side of the prochiral
centre. This geometry implies that the formation of the first
chiral center determines the configuration of the second center,
in accord with the generally high diastereomer ratio observed
experimentally.

Due to the size and elusive nature of the systems, we
selected the most likely conformations for each reaction by

Qo Qax
0°\R o 0“'\S
__ s \R _ R __
N ) N =
N O_ <

Fig. 2 The major stereoisomers of products 4d and 4g.

I

4d (R.R) 49 (S,R)
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an extensive conformational search. We employed the OPLS
force field and performed a Monte Carlo sampling of the
rotatable torsions and low modes of the possible combinations
of substrates and catalysts for all eight reaction paths. The
structures were then minimized, and for all paths the 100 most
stable structures were selected. These structures were opti-
mized by DFT, employing the ®B97XD functional and the
6-31G* basis set.'® Then, from each set of optimized molecules,
the ten most stable structures were selected for an additional
single-point energy calculation using the 6-311G** basis set and
the SMD solvent model with toluene as the solvent."®

Our main findings and interpretations are summarized in
Fig. 3. First, we compared the relative stability of the structures
leading to different stereoisomers. We see that when the
lariat has a p-methoxyphenyl termination, stereoselectivity is
enhanced as opposed to termination with a phenyl group.
Energy levels in the former case clearly show preference for
one of the stereoisomers. For CN ligand, we see a very
pronounced effect, while in case of COOMe the effect is some-
what weaker. The calculated ca. 4 kcal mol ™" energy difference
in case of a CN ligand is sufficient to induce a very high value of
enantiomeric excess (it depends exponentially on the energy
differences), whereas the smaller 2.3 kcal mol " discrepancy for
COOMe indicates lower enantioselectivity. In contrast, phenyl
as end group induces energy differences within 1 kcal mol™"
(referring to the lowest energy levels), which indicates less
efficient stereocontrol. In brief, the main message of the left
panel is that the p-methoxyphenyl termination for the side-arm
is beneficial for enantioselectivity.

As mentioned earlier, the arrangement of the Michael-
adduct-catalyst intermediate strongly determines the configu-
ration at C3 after protonation because the catalyst efficiently
shields one of the prochiral faces of the intermediate. In
particular, examination of these structures reveals that when
the side arm is phenyl-terminated, the main products for both
CN and COOMe are the (S,R) + (R,S) pair of enantiomers.
In contrast, for the 4-methoxyphenyl termination, we found
that (S,R) + (R,S) for EWG = CN, while (R,R) + (S,S) for
EWG = COOMe.

Regarding the possible structural origin of the observed
stereocontrol, we point out that the large conformational free-
dom of the systems is manifested in various structural motifs
(several close-lying conformers). However, one important motif
is the position of the side arm of the crown ethers, exerting a
very significant effect. Fig. 3 (right panel, top), shows a typical
structure in which the lariat interacts with the cation at the
opposite face relative to the substrate. In this conformation, the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 3 Theoretical modeling of stereoselectivity in the catalytic formation of 4d and 4g. Left panel: Relative stabilities (kcal mol™?) of stereoisomers of
intermediates for the possible combinations of reactants and catalysts. Right panel top: A typical intermediate structure leading to 4g (in S configuration
at the carbon atom subject to Michael addition). The lariat moiety features a p-methoxyphenyl group. The annotations indicate how we can derive a
cartoon representation of the mechanism. Blue, red and green areas represent the substrate, the crown ether and the side arm, respectively. Right panel
bottom: Simple mechanistic view of how the side arm can affect the position of the Na* cation and consequently how the reactive complex can get
closer to the chiral catalyst. The graph shows average distances (in A) of Na* cation and the plane of crown ether for situations when (i) the side arm is in
close contact with it (“under the plane”) and (ii) when interaction of Na* is inhibited (“elsewhere”).

sodium cation can simultaneously interact with the substrate
anion and the aromatic ring of the lariat. In such situations,
the sodium ion remains very close to the crown ring. In fact,
considering all the structures in which this situation occurs,
an average 0.5 A displacement from the plane of the crown
ether could be obtained (the plane of the crown ether ring is
defined as the least-square plane of the oxygen atoms) as
shown in the diagram in the bottom right panel of Fig. 3.
In contrast, when the orientation of the side arms does not
allow such simultaneous interaction, the average displace-
ment of Na' is 1.44 A (towards the substrate). This large effect
has an important implication that the catalyst can exert a
stronger chiral control on the substrate when it is pulled
closer to the crown ether by the sodium cation. Although
we could not see a uniform lariat orientation in most of
the substrate + catalysts sets studied, a significantly higher
population of favourable situations was found when the side
arm was terminated by 4-methoxyphenyl group. This can be
rationalized by the more electron-rich p-methoxyphenyl-
sodium ion interaction due to the presence of the OCHj;
group, which then contributed to an enhanced stereo-
selectivity predicted for these catalysts. This mechanism is
depicted in Fig. 3 (right panel, bottom), where the average
displacements of sodium are also shown. Further support for
the proposed mechanism is provided by the experiment as
follows: when sodium was replaced by potassium, stereo-
selectivity dropped since the larger size of the K" cation
prevented it from obtaining close proximity with the crown

ether and substrate, and thus the latter could not sufficiently
approach the catalyst.

3. Conclusions

Synthesis of a series of new p-glucose appended lariat ethers 3j-m
and their application along with earlier synthesized crown ethers
3e-j in a stereoselective phase transfer catalytic Michael-addition
of N-protected aminomethylenephosphonates 1 onto acrylic acid
derivatives and trans-p-nitrostyrene 2 have been reported.
The Michael-addition proceeds with high enantioselectivity
(ee: 91-96%) to acrylonitrile and methacrylonitrile, with
medium stereoselectivity (ee: 74-78%) to trans-cinnamonitrile
and trans-nitrostyrene and with very low enantioselectivity
(ee: <5-30%) to esters of acrylic, methacrylic and cinnamic
acid. Adducts 4a-i are considered as versatile building blocks
for the preparation of functionalized enantiopure o-amino-
phosphonates and phosphonopeptides. Theoretical modeling
of stereoselectivity in the catalytic formation of the adducts
rationalized the absolute configuration of the predominant
adducts 4d (1R,3R for the major diastereomer) and 4g (1S,3R
for the major diastereomer). The pronounced influence of the
side arm of the crown ethers 3h and 3i was also rationalized by
our calculations. A mechanism is proposed where the strength of
interaction between lariat and sodium cation is correlated with
stereoselectivity. This mechanism also provides an explanation
for the decline in stereoselectivity when Na" is replaced by K.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017 New J. Chem., 2017, 41, 14945-14953 | 14949
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4. Experimental
General

NMR spectra were recorded on Bruker Avance-DRX-500 and
300 instruments using tetramethylsilane (*H,'*C) as internal
standard and 85% H;PO, (*'P) as external standard, all in
CDCl; solution. High-resolution MS measurements were carried
out on a Waters LCT Premier XE spectrometer coupled with
Acquity UPLC system [ESI, 2.5 kV spray voltage, 250 °C capillary
temperature, solvent: CH3CN (+0.035 v/v% TFA): H,O (+0.05 v/v%
TFA) grad: 5-95% CH;3CN]. Mass spectra for 3k and 3m were
measured on a Varian MAT312 instrument. Thin layer chromato-
graphy was performed on silica gel plates (60 GF-254, Merck),
while column chromatography was carried out using Silica gel 60
(0.063-0.2 mm, Merck). HPLC measurements were carried out on
Jasco PU 1580 equipment supplied with a Jasco UV1575 detector.
Optical rotations were measured with Perkin Elmer 241 polari-
meter at room temperature.

General procedure for the synthesis of catalysts 3k-m

Compound 5 (1.48 g, 2.05 mmol) and the amine component
(2.22 mmol) in 30 ml abs. MeCN were stirred and refluxed with
an excess of dry Na,CO; (1.40 g) for 16-24 h under argon. After
completion of the reaction, the suspension was filtered and the
filtrate was concentrated. The residue was taken up in chloro-
form (20 mL), washed twice with water (20 ml), dried over
Na,SO, and concentrated. The crude product was viscous oil,
purified by column chromatography using CH,Cl,-MeOH =
95:5 as an eluent.
Phenyl-4,6-0O-benzylidene-2,3-dideoxy-f-p-glucopyranosido-
[2,3h]-N-(3-methoxyphenethyl)-1,4,7,10-tetraoxa-13-azacyclo-
pentadecane (3k). White powder, [«]3* = —40 (¢ 1, CHCI,).
'H-NMR (500 MHz,), § (ppm): 2.65-2.88 (m, 4H, CH,NCH,,
2H, CH,Ar), 2.90-3.05 (m, 2H, CH,N), 3.42-3.85 (m, 13H,
5 x CH,O, H-4, H-3, H-2), 3.79 (s, ;H, CH;0), 3.96-4.04
(m, 3H, OCH,, H-6b), 4.08 (td, J = 10.5 Hz, 2.6 Hz, 1H, H-5),
4.36 (dd, J = 10.5 Hz, 5.0 Hz, 1H, H-6a) 5.07 (d, J = 7.7 Hz, 1H,
H-1), 5.55 (s, 1H, PhCH), 6.72-6.75 (m, 2H, ArH), 6.78 (d, J =
7.54 Hz, 1H, ArH) 7.01-7.04 (m, 2H, ArH), 7.07 (d, J = 7.61 Hz,
1H, ArH), 7.19 (dd, J = 8.41 Hz, 7.52 Hz, 1H, ArH), 7.27-7.33
(m, 2H, ArH), 7.34-7.40 (m, 3H, ArH), 7.46-7.51 (m, 2H, ArH).
BC-NMR (60 MHz), § (ppm): 34.24 (CH,Ph), 54.22 (CH,N),
54.32 (CH,N), 55.37 (CH,N), 58.76 (CH;0), 66.32 (CHO), 68.94
(CH,0), 70.60 (CH,0), 70.68 (CH,0), 72.59 (CH,O0), 72.70
(CH,0), 81.19 (CHO), 81.72 (CHO), 81.94 (CHO), 101.43
(OCHO), 102.36 (OCHO), 111.48 (Ph), 114.78 (Ph), 117.16 (Ph),
121.36 (Ph), 123.25 (Ph), 126.24 (Ph), 128.49 (Ph), 129.23 (Ph),
129.53 (Ph), 129.82 (Ph), 137.45 (Phg), 157.28 (Ph,), 159.83
(Phg). ESI-MS, m/z: 636.4 [M + H]'; 658.4 [M + Na]".
Phenyl-4,6-0-benzylidene-2,3-dideoxy-f-p-glucopyranosido-
[2,3h]-N-(3,4-dimethoxyphenethyl)-1,4,7,10-tetraoxa-13-azacyclo-
pentadecane (31). White powder, [2]ff = —46 (c 1, CHCIL,).
'H-NMR (500 MHz):  (ppm): 2.62-2.66 (m, 2H, CH,N
2H, CH,Ar), 2.73-2.89 (m, 4H, CH,NCH,), 3.42-3.71 (m,
7 x 2H, O-CH,), 3.78 (s, 3H), 3.8 (s, 3H), 3.92-3.93 (m, 1H,
CH,-O-CH-CH-O- CH,), 3.91-3.94 (m, 3H, OCH,, H-6b), 4.24
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(dd, Juu = 5 Hz, 10.5 Hz, 1H, H-6a), 5.0 (d, 1H, Juy = 7.65 Hz,
H-1), 5.48 (s, 1H, PhCH), 6.65-6.67 (m, 2H, ArH), 6.71-6.723
(m, 1H, ArH), 6.95-7.08 (m, 3H, ArH), 7.22-7.52 (m, 2H, ArH),
7.29-7.31 (m, 1H, ArH), 7.36-7.42 (m, 2H, ArH). C-NMR
(60 MHz): § (ppm): 33.82 (CH,Ph), 54.15 (CH,N), 54.26
(CH,N), 55.92 (CH30), 56.11 (CH;30), 59.06 (-O-CH-CH,-0O-),
66.16 (CHO), 68.78 (CH,0), 70.59 (CH,0), 70.67 (CH,0), 72.55
(CH,0), 72.67 (CH,0), 81.06 (CHO), 81.57 (CHO), 81.80 (CHO),
101.27 (OCHO), 102.21 (OCHO), 111.33 (Ph), 112.21 (Ph), 117.0
(Ph), 120.62 (Ph), 123.09 (Ph), 126.07 (Ph), 128.32 (Ph), 129.06
(Ph), 129.65 (Ph), 137.3 (Phy), 148.87 (Ph,), 157.11 (Ph), FAB-
MS m/z 666.3267 (measured NH'), 666.3278 (calc. MH").

Phenyl-4,6-O-benzylidene-2,3-dideoxy-a-p-glucopyranosido-
[2,3h]-N-(2-(1,4,7-trioxa-10-azacyclododecan-10-yl)ethyl)-1,4,7,10-
tetraoxa-13-azacyclopentadecane (3m). 'H-NMR (500 MHz):
5 (ppm): 2.54-2.81 (m, 8H, CH,NCH,), 2.85-2.95 (m, 4H,
CH,N), 3.42-3.85 (m, 22H, 11 x CH,0, H-4, H-3, H-2), 3.96-
4.04 (m, 3H, OCH,, H-6b), 4.15 (td, J = 10.5 Hz, 2.6 Hz, 1H, H-5),
4.22 (dd, J = 10.5 Hz, 5.0 Hz, 1H, H-6a), 4.96 (d, J = 7.7 Hz, 1H,
H-1), 5.48 (s, 1H, PhCH), 6.85-7.02 (m, 3H, ArH), 7.20-7.42
(m, 7H, ArH). C-NMR (60 MHz):  (ppm): 53.81 (CH,N),
54.30 (CH,N), 55.37 (CH,N), 55.75 (CH,N), 67.24 (CHO), 69.2
(CH,0), 69.9 (CH,0), 70.60 (CH,0), 72.35 (CH,0), 72.61 (CH,0),
80.55 (CHO), 81.32 (CHO), 81.77 (CHO), 101.81 (OCHO), 102.28
(OCHO), 111.27 (Ph), 112.31 (Ph), 117.0 (Ph), 120.62 (Ph), 123.09
(Ph), 126.07 (Ph), 127.61 (Ph), 128.32 (Ph), 137.23 (Ar,), 158.54
(Arg). ESI-MS, m/z: 359.5 [M + 2H[*'; 717.4 [M + H]".

General procedure for the synthesis of 4

The stirred mixture of 1 (0.5 g, 1.5 mmol), catalyst 3 (0.15 mmol)
and NaOtBu (0.192 g, 2 mmol) in abs. toluene (7 mL) was
cooled to —78 °C under an argon atmosphere. After 10 minutes,
the toluene solution (3 mL) of the acrylic acid derivative 2
(1.8 mmol) was added. After stirring for the given time at —78 °C
the reaction was quenched with saturated aqueous NH,Cl and
extracted with toluene. The combined organic extracts were dried
over MgSO,, and the toluene was evaporated under reduced
pressure. Products 4 were isolated by column chromatography
on silica using EtOAc-hexane = 7:3 (for 4a, f, g, h and i) and
CH,Cl,-MeOH = 9:1 (for 4d) as eluent. Catalysts 3 were also
recovered during the column chromatography.
4-(Benzhydrylidene-amino)-4(diethoxy-phosphoryl)-butyric
acid ethyl ester (4a). M.p. 30-33 °C. [o]}’ = 5.6 (¢ 1.0, CHCl;).
'H NMR (300 MHz): & (ppm): 1.18 (3H, t, Jyyy = 7.2 Hz), 1.31
(3H, t, Juy = 7.1 Hz), 1.36 (3H, t, Jyy = 7.1 Hz), 2.16-2.37
(4H, m), 3.90-3.95 (1H, m), 4.05 (2H, q, Jux = 7.2 Hz), 4.11-4.34
(4H, m), 7.30-7.53 (10H, m). *C NMR (60 MHz): § (ppm): 14.1,
16.4,16.5, 26.3 (d, Joc = 4.2 Hz), 31.2 (d, Jpc = 15.1 Hz), 60.3, 60.6
(d, Jec = 158.6 Hz), 62.4 (d, Jpc = 7.1 Hz), 62.7 (d, Joc = 7.1 Hz),
127.95 (Ph), 128.2 (Ph), 128.4 (Ph), 128.6 (Ph), 128.8 (Ph), 130.3
(Ph), 133.8 (Ph), 135.7 (Ph), 139.2 (Ph), 170.0 (CN), 172.8 (CO).
3P NMR: (121.5 MHz): § (ppm): 23.7. FAB-MS m/z 432.4 [M + 1]"
(caled 431.46).
4-(Benzhydrylidene-amino)-4(diethoxy-phosphoryl)-2-methyl-
butyric acid methyl ester (4d). Colorless oil. HPLC conditions:
Chiralpack AD-H (hexane-IPA 95:5, flow rate: 0.8 ml min ',
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256 nm, 20 °C) major diastereomer: tyajor = 6.8 min and tpinor =
12.8 min; minor diastereomer: fmajor = 9.1 min and tminor =
65.1 min. Major diastereomer: "H NMR (500 MHz): § (ppm):
1.14 (d, J = 7.1 Hz, 3H), 1.35 (t,J = 7.1 Hz, 6H), 2.0-2.24 (m, 1H),
2.24-2.38 (m, 1H), 2.40-2.58 (m, 1H), 3.42 (s, 3H), 3.90-4.02
(m, 1H), 4.03-4.27 (m, 4H), 7.20-7.62 (m, 10H). >C NMR (60 MHz):
d (ppm): 16.35, (OCH,CHj;), 16.56 (OCH,CHj3), 17.95 (CHCH,),
31.24 (d, Jpc = 4.2 Hz, CH,), 37.40 (d, Jpc = 15.0 Hz, CHCO), 51.2
(OCH3), 59.52 (d, Jec = 153 Hz, CHP), 62.26 (d, Joc = 6.60 Hz,
POCH,CH3), 62.68 (d, Joc = 6.70 Hz, POCH,CH3), 127.95 (Ph),
128.41 (Ph), 128.45 (Ph), 128.57 (Ph), 128.71 (Ph), 128.84 (Ph),
128.86 (Ph), 128.93 (Ph), 130.18 (Ph), 130.28 (Ph), 135.70
(Ph), 135.74 (Ph), 137.53 (Ph), 139.58 (Ph), 168.85 (CN), 174.56
(CO). *'P NMR (121 MHz): § (ppm): 24.2. Minor diastereomer:
'H NMR (500 MHz): § (ppm): 0.91 (d, J = 7.0 Hz, 3H), 1.30 (t, J =
7.0 Hz, 3H), 1.31 (t, J = 7.1 Hz, 3H), 1.80-1.95 (m, 1H), 2.24-2.38
(m, 1H), 2.40-2.58 (m, 1H), 3.49 (s, 3H), 3.90-4.02 (m, 1H), 4.03-
4.27 (m, 4H), 7.20-7.62 (m, 10H). *C NMR (60 MHz): § (ppm):
16.61, (OCH,CHj;), 16.72 (OCH,CHj;), 18.92 (CHCHj;), 27.97
(C(CH,)3), 35.16 (d, Joc = 4.9 Hz, CH,), 37.74 (d, Jpc = 14.4 Hz,
CHCHj), 59.52 (d, Jpc = 158 Hz, CHP), 62.30 (d, Jpc = 6.60 Hz,
POCH,CH3), 62.60 (OC(CH3)3), 62.65 (d, Jpc = 6.60 Hz, POCH,CH3),
127.95 (Ph), 128.41 (Ph), 128.45 (Ph), 128.57 (Ph), 128.71 (Ph),
128.84 (Ph), 128.86 (Ph), 128.93 (Ph), 130.18 (Ph), 130.28 (Ph),
135.70 (Ph), 135.74 (Ph), 137.53 (Ph), 139.58 (Ph), 169.72 (CN),
175.44 (CO), *'P NMR (121 MHz): § (ppm): 24.0.
[1S-(Benzhydrylidene-amino)-3R-cyano-3-methyl-propyl]-
phosphonic acid diethyl ester (4g). Colorless oil. [«]3’ =17.1
(c 0.8, CHCI3). HPLC conditions: Chiralpack AD-H (hexane-
IPA 95:5, flow rate: 0.8 mL min ', 256 nm, 5 °C) major
diastereomer: tmajor = 53.4 min and Zpinor = 22.5 min; minor
diastereomer: tmajor = 27.7 min and tminer = 69.2 min. Major
diastereomer: "H NMR (500 MHz): § (ppm): 1.02 (d, J = 7.0 Hz,
3H), 1.24 (t, J = 7.0 Hz, 3H), 1.28 (t, ] = 7.1 Hz, 3H), 1.98-2.10
(m, 1H), 2.22-2.70 (m, 2H), 3.88-4.00 (m, 1H), 4.00-4.20
(m, 2H), 7.19-7.62 (m, 10H). *C NMR (60 MHz): 6 (ppm):
16.53, (OCH,CHj), 16.60, (OCH,CHj;), 18.63 (CHj), 23.02
(d, Jec = 16.2 Hz, CHCH3), 36.34 (d, Jpc = 4.3 Hz, CH,), 59.14
(d, Joc = 157.34 Hz, CHP), 62.78 (d, Jpc = 7.89 Hz, POCH,CHj3),
65.40 (d, Jpc = 6.54 Hz, POCH,CHj), 122.68 (CHCN), 128.13 (Ph),
128.32 (Ph), 128.46 (Ph), 128.48 (Ph), 128.48 (Ph), 128.56 (Ph),
128.68 (Ph), 128.90 (Ph), 128.91 (Ph), 129.0 (Ph), 129.08 (Ph),
130.1 (Ph), 130.65 (Ph), 132.46 (Ph), 135.06 (Ph), 135.32 (Ph),
139.12 (Ph), 139.25 (Ph), 171.90 (CN). *'P NMR (121 MHz):
5 (ppm): 22.8. Minor diastereomer: "H NMR (500 MHz):
0 (ppm): 1.18 (d, J = 7.1 Hz, 3H), 1.23 (t, J = 7.1 Hz, 3H), 1.29
(t,/ = 7.1 Hz, 3H), 1.98-2.10 (m, 1H), 2.22-2.70 (m, 2H), 3.88-4.0
(m, 1H), 4.0-4.2 (m, 2H), 7.19-7.62 (m, 10H). *C NMR
(60 MHz): 6 (ppm): 16.53, (OCH,CHj), 16.60, (OCH,CHj3),
17.70 (CH3), 22.69 (d, Jpc = 15.2 Hz, CHCH3), 35.94 (d, Jpc =
4.8 Hz, CH,), 59.20 (d, Jpc = 159.09 Hz, CHP), 62.87 (d, Jpc = 4.41
Hz, POCH,CHj;), 62.97 (d, Jpc = 4.0 Hz, POCH,CHj), 122.04
(CHCN), 128.13 (Ph), 128.32 (Ph), 128.46 (Ph), 128.48 (Ph),
128.48 (Ph), 128.56 (Ph), 128.68 (Ph), 128.90 (Ph), 128.91 (Ph),
129.0 (Ph), 129.08 (Ph), 130.1 (Ph), 130.65 (Ph), 132.46 (Ph),
135.06 (Ph), 135.32 (Ph), 139.12 (Ph), 139.25 (Ph), 172.61 (CN).
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3P NMR (121 MHz): § (ppm): 22.8. MS (ESI): m/z = 399.18296
[M + H]". Calcd for Cy,H,5N,0;P: 399.18321.
[1{(Benzhydrylidene-amino)-3-cyano-2-phenyl-propyl}-phosphonic
acid diethyl ester (4h). Colorless oil. HPLC conditions: Chiralpack
AD-H (hexane-IPA 95:5, flow rate: 1 ml min~", 256 nm, 5 °C)
major diastereomer: tmajor = 32.7 min and tyiner = 62.8 min;
minor diastereomer: tmajor = 27.7 min and tyiner = 69.2 min.
Major diastereomer: 'H NMR (500 MHz): § (ppm): 1.24 (t, J =
7.05 Hz, 3H), 1.29 (t, ] = 7.03 Hz, 3H), 3.30 (dd, Jamb = 17.22 Hz,
Jun = 5.59 Hz, 1H), 3.55 (dd, Jigamp = 17.22 Hz, Jiyy; = 3.98 Hz, 1H),
3.71-3.80 (m, 1H), 3.99-4.16 (m, 5H), 7.04-7.62 (m, 15H,,).
3C NMR (60 MHz): § (ppm): 16.7, (d, Jpc = 5.71 Hz, CH,), 16.7,
(d, Jec = 5.66 Hz, CH3), 18.7 (d, Jpc = 4.03 Hz, CH,), 44.0 (d, Jpc =
3.42 Hz, CHPh), 62.9 (d, Jpc = 7.0 Hz, OCH,), 63.1 (d, Jpc =
7.21 Hz, OCH,), 65.4 (d, Jpc = 155.45 Hz, CHP), 119.6 (CH,CN),
127.8 (Ph), 127.8 (Ph), 127.8 (Ph), 128.2 (Ph), 128.4 (Ph), 128.4
(Ph), 128.6 (Ph), 128.9 (Ph), 129.0 (Ph), 129.5 (Ph), 131.0 (Ph),
135.0 (d, Joc = 2.63 Hz, Carg), 139.1 (d, Jpc = 3.73 Hz, Carg), 139.3
(d, Joc = 13.97 Hz, CaqCH), 172.9 (d, Joc = 15,59 Hz, Ph,CN). *'P
NMR (121 MHz): § (ppm): 21.80. Minor diastereomer: "H NMR
(500 MHz):  (ppm): 1.10 (t, J = 7.03 Hz, 3H), 1.14 (t, ] = 7.0 Hz,
3H), 2.85 (dd, Jizamb = 16.52 Hz, Ju = 9.80 Hz, 1H), 3.10 (dd,
Jamb = 16.52 Hz, Jyy = 4.0 Hz, 1H), 3.51-3.58 (dd, Jiammp =
13.25 Hz, Jyy = 3.98 Hz, 1H), 3.71-3.8 (m, 1H), 3.99-4.16 (m, 5H),
7.04-7.62 (m, 15H,,). *C NMR (60 MHz): § (ppm): 16.4, (d, Jpc =
6.11 Hz, CH,), 16.5, (d, Joc = 6.12 Hz, CHj,), 18.7 (d, Jpc = 4.03 Hz,
CH,), 50.1 (d, Jpc = 16.17 Hz, CHPh), 62.9 (d, Jpc = 7 Hz, OCH,),
63.1 (d, Jpc = 7.21 Hz, OCH,), 59.8 (d, Jpc = 168.87 Hz, CHP, 127.8
(Ph), 127.8 (Ph), 127.8 (Ph), 128.2 (Ph), 128.4 (Ph), 128.4 (Ph),
128.6 (Ph), 128.9 (Ph), 129.0 (Ph), 129.0 (Ph), 131.0 (Ph), CH,CN,
Carq and Ph,CN) can’t be assigned. *'P NMR (121 MHz): § (ppm):
21.8. MS (ESI): major diastereomer: m/z = 461.1985 [M + H]|', minor
diastereomer: m/z = 461.2001 [M + H]'". Caled for Cy,H;zoN,O;3P:
461.1994.
[1-(Benzhydrylene-amino)-3-nitro-2-phenyl-1-propyl]-phosphonic
acid diethyl ester (4i). Pale yellow oil. HPLC conditions:
Chiralpack AD-H (hexane-IPA 95:5, flow rate: 0.5 ml min™,
222 nm) major diastereomer: tmajor = 32.7 min and tminor =
62.8 min; minor diastereomer: fmyajor = 27.7 min and tminor =
69.2 min. Major diasterecomer: "H NMR: (500 MHz), & (ppm):
1.20 (t, Ju = 7.06 Hz, 3H), 1.26 (t, Jyuu = 7.06 Hz, 3H), 3.78-3.97
(m, 1H), 3.97-4.11 (m, 4H), 4.15-4.25 (m, 1H), 5.20 (dd, Jyzarm =
11.4 Hz, Jyjapg = 14.0 Hz, 1H), 5.55 (dd, Jipum = 4.15 Hz, Jyans =
14.0 Hz, 1H), 6.9-7.4 (m, 15H,,). "*C NMR (60 MHz): § (ppm):
16.4, (d, Jpc = 6.11 Hz, CH3), 16.5, (d, Jpc = 6.12 Hz, CH;), 42.65
(d, Joc = 16.40 Hz, CHPh), 58.5 (d, Jpc = 153.87 Hz, CHP), 62.9
(d, Jec = 7 Hz, OCH,), 63.3 (d, Jpoc = 7.2 Hz, OCH,), 77.4 (d, Jpc =
4.03 Hz, CH,NO,), 126.2 (Ph), 126.8 (Ph), 127.2 (Ph), 127.8 (Ph),
128.2 (Ph), 128.4 (Ph), 128.5 (Ph), 128.6 (Ph), 128.9 (Ph), 129.0
(Ph), 131.2 (Ph), 137.5 (Phy) 148.9 (Ph,), 162.7 (Ph,CN).
*'P NMR (121 MHz): § 21.8. *'P NMR (121 MHz): § (ppm):
21.6. Minor diastereomer: 'H NMR: (500 MHz), § (ppm): 1.10
(t, Jun = 7.14 Hz, 6H), 3.78-3.97 (m, 1H), 3.97-4.11 (m, 4H),
4.15-4.25 (m, 1H), 4.75 (dd, Jzaps = 13.4 Hz, Jiamy = 10.8 Hz,
1H), 5.11 (dd, Jyaps = 13.4 Hz, Jyapw = 4.6 Hz, 1H), 5.90
(d, Juprm = 4.15 Hz, Jyaps = 14.0 Hz, 1H), 6.9-7.4 (m, 15H,,).
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3C NMR (60 MHz): 6 (ppm): 16.6, (d, Jpc = 6.10 Hz, CH,), 16.6,
(d, Jec = 6.11 Hz, CH3), 42.12 (d, Jpc = 15.02 Hz, CHPh), 59.8
(d, Jec = 151.54 Hz, CHP), 62.9 (d, Jpc = 7.12 Hz, OCH,), 63.4
(d, Joc = 7.18 Hz, OCH,), 77.8 (d, Jpc = 4.03 Hz, CH,NO,), 126.2
(Ph), 126.8 (Ph), 127.2 (Ph), 127.8 (Ph), 128.2 (Ph), 128.4 (Ph),
128.5 (Ph), 128.6 (Ph), 128.9 (Ph), 129.0 (Ph), 131.2 (Ph), 137.5
(Phy) 148.9 (Phy), 162.7 (Ph,CN). *'P NMR (121 MHz):
(ppm): 23.5.
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