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A Novel Strategy Towards Aminophosphonic Derivatives Based on the
Diels-Alder Cycloaddition: Experimental and Theoretical Approaches
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Abstract: this review focuses on the regio- and stereoselective synthesis of B-, y-, and 8-aminophosphonic
derivatives by combining dienophiles and dienes substituted by phosphono- and amino-groups. The initially
formed cyclohexene adducts have been further transformed: chemoselective deprotections of masked P, C, and
N functions, double bond oxidation and cleavage. Our Diels-Alder strategy has been successfully applied in
asymmetric synthesis thanks to the development of a novel chiral 1-aminodiene designed by computational
chemistry. The influence of a phosphonate substituent on reactivity in [4+2] cycloadditions has been

theoretically studied.
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1. INTRODUCTION: AIM OF THE REVIEW

Comparatively to o-aminophosphonic acids [1],
compounds related to the naturally occurring a:-amino acids,
their B-, v- and 3-homologs have been scarcely studied [2].
However, such aminophosphonic derivatives display various
and important biological activities of potential interest in
both medicinal and agricultural fields. For instance, one can
find fungicides (Scheme 1, compound A [3]), insecticides
(compound B [4]), glutamate and aspartate receptor
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phosphoenolpyruvate transferase, and F [8], inhibitor of
threonine synthetase).

The continual search of molecular diversity on one hand
and the optimisation of drug candidates by bioisosteric
modifications (such as the replacement of a carboxylic acid
with a phosphonic acid) on the other hand stimulate now a
growing interest in the development of synthetic methods
towards aminophosphonic derivatives other than the c-ones

[9].
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Scheme 1. Some examples of biologically active f-, y- and 8-aminophosphonic derivatives.

antagonists (neuroactive compounds C [5] and D [6]) and
several enzyme inhibitors (antibiotics E [7], inhibitor of
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A few years ago, we set up a research program dedicated
to the synthesis of -, v and §-aminophosphonic compounds
by using the Diels-Alder (D-A) reaction [10]. Indeed, this
cycloaddition reaction is known to be very efficient, versatile
[11] and highly regio- and stereoselective as a consequence
of its concerted mechanism [12-13]. Also, this reaction
offers a convergent strategy, compatible with a wide range of
functional groups, and susceptible to be developed in

© 2005 Bentham Science Publishers Litd.
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Scheme 2. General strategy towards [3-, y- and d-aminophosphonic derivatives based on the Diels-Alder (D-A) cycloaddition.

asymmetric synthesis [14] with chiral auxiliaries [15] or
chiral catalysts [16]. Accordingly, we considered the [4+2]
cycloadditions of aminodienes and phosphonodienophiles,
and the opposite situation i.e. the cycloadditions of
phosphonodienes and aminodienophiles, to provide a large
variety of polyfunctionalized aminophosphonocyclohexene
derivatives as potential precursors of aliphatic (and alicyclic)
-, y-, and d-aminophosphonic acids (Scheme 2). Indeed,
the usually total regioselectivity of the D-A reaction should
enable to provide (-, y-, and O- derivatives simply by
changing the positions of the amino and phosphono
substituents on the two partners of the cycloaddition.
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Scheme 3. Illustration of the feasibility of the D-A strategy.
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In this review, we first illustrate the feasibility of our
strategy with representative reactions of 1-aminodienes and
phosphonodienophiles leading to protected B- and y-
aminophosphonic derivatives (Scheme 3). Further chemical
transformations of the cycloadducts provide the unmasked
and functionalized compounds. In this section, we
particularly focus on the regiochemistry and the relative
stereochemistry of the cycloadditions and subsequent
transformation reactions.

In a second part, we describe the asymmetric synthesis of
- and y-amino-phosphonocyclohexenes by reaction of chiral

-------- > {3-aminophosphonic
derivatives

________ > Yaminophosphonic
e derivatives

________ >  O-aminophosphonic
derivatives

: activating substituent (electron-withdrawing group, EWG)
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l-aminodienes with respectively geminally- and vicinally-
substituted vinylphosphonates. Optimisation of the facial
selectivity has been gained by using a theoretical approach
(ab initio calculations). This led to the design of a new
chiral auxiliary of 1-aminodiene reacting with a total facial
selectivity in D-A reactions.

Throughout this review, the fruitful synergy between
experimental chemistry and theoretical chemistry will be
stressed. The last section is particularly devoted to a
theoretical study of the influence of a phosphonate
substituent on D-A reactivity. The investigation of the
intrinsic properties of the phosphonate substituent and its
effect on the transition state energies of D-A reactions with
various combinations of partners opens the route to further
research lines, and brings a new lighting over the previous
literature devoted to vinyl and dienyl phosphonates
reactivity in [4+2] cycloaddition reactions. Our article thus
offers the opportunity to review this matter and to describe
our original results in a domain of organic synthesis poorly
explored so far, for the discovery of new potentially
bioactive compounds.

2. SYNTHESIS OF B-, y-, AND 8-AMINOPHOS-
PHONIC DERIVATIVES IN RACEMIC SERIES

2.1. Cycloaddition of 1-Aminodienes with Vinyl Phos-
phonates

According to our general strategy outlined in Scheme 2,
we planned to prepare B- and y-amino-phosphonocyclo-
hexene derivatives by cycloaddition of 1-aminodienes onto
vinyl phosphonates substituted with an activating group
susceptible to control the regioselectivity of the D-A reaction
(Scheme 3). Indeed, dialkyl vinylphosphonates are poor
dienophiles (see section 2.1.1.) and require the presence of a
second activating electronwithdrawing substituent (A in
Scheme 3) to efficiently react with dienes in [4+2]
cycloadditions. Since the regioselectivity of the D-A reaction
(in normal electronic demand) is governed by the size of the
coefficients in the LUMO of the dienophile [17], D-A
reactions of geminally and vicinally-substituted vinylphos-
phonates with l-aminodienes will give cycloadducts
displaying the amino and phosphono substituents in the
relative positions ortho (B-aminophosphonic derivatives) and
meta (Y-aminophosphonic derivatives), respectively (see
Scheme 3).

2.1.1. Previous Literature

The D-A cycloaddition of vinylphosphonate reagents [18]
with 1,3-dienes has not been exploited as extensively as the
reactions of a,B-unsaturated carbonyl compounds. The first
reaction of butadiene and diethyl vinylphosphonate (Scheme
4, equation 1), was reported in 1966 by Griffin [19]; the
cycloaddition was very sluggish and required prolonged
heating in an autoclave. Diethyl vinylphosphonate was also
poorly reactive towards 1,3-pentadiene, isoprene, 2,3-dime-
thylbutadiene, 1-methoxybutadiene, and cyclopentadiene
[19]. Similarly, 1-chloro and 2-chlorovinylphosphonates (cis
or trans) behaved as poor dienophiles, giving mixtures of
endo/exo cycloadducts [19] (equation 2). At the same time,
Tavs [20] and Seyferth [21] studied the reactions of bis-
phosphonodienophiles, respectively ethylene and acetylene
(tetraethyl)bis-phosphonates (equation 3); the addition of a
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second phosphono substituent did not significantly enhance
the reactivity towards non activated dienes. But, twenty
years later, Effenberger [22] showed that cycloadducts could
be readily obtained with a-pyrones as EWG-activated
dienes. In the presence of a stoichiometric amount of a
Lewis acid (AICl3, FeCls, TiCly, Cl,Ti(OiPr);, SnCly),
diethyl vinylphosphonate reacted at room temperature with
cyclopentadiene (equation 4) [23]. Another way to activate
vinylphosphonate reagents consisted in the addition of an
extra electron withdrawing group (EWG). For instance [3-
acyl-vinylphosphonates gave [4+2] cycloadducts with
cyclopentadiene (equation 5) [24-25] and 1-acetoxy-butadiene
(equation 6) [25-26] under smooth conditions, and with high
stereochemical control. However, in the particular case of
phosphonoacrolein [27], two cycloadducts were obtained
with cyclopentadiene, corresponding to a hetero-D-A reaction
of acrolein (471 system) with one double bond (2Tt system)
of the diene and a D-A reaction of vinylphosphonate (21t
system) with the conjugated diene (4Tt system), respectively.
A few examples dealt with cycloadditions of electron-rich
dienes, such as furan [26], and Danishefsky’s diene [28]
(equation 7). As far as aminodienes were concerned, only
one example of cycloaddition of diethyl vinylphosphonate
was found in the previous literature (equation 8) [29]. Thus,
the synthesis of aminophosphonic derivatives via the D-A
reaction of amino- and phosphono-partners was a vast
domain still to be explored when we started our research
program.

2.1.2. Reaction with Geminally-Substituted Vinyl
Phosphonates

From the review of the previous literature, it clearly
appeared that vinyl phosphonates were poor dienophiles and
that their involvement into [4+2] cycloadditions required
either the use of drastic conditions (and consequently the use
of stable dienes under such conditions), or the activation of
the reagents with a supplementary electron withdrawing
substituent. Accordingly, we selected, for our preliminary
investigations, stable 1-aminodienes (2) on one hand and
trialkyl 2-phosphonoacrylates (1) on the other hand as D-A
reaction partners (Scheme 5) [10, 29-30]. N-1,3-Butadienyl-
pyrrolidin-2-one (2, X =Y = CHj) [31], oxazolidin-2-one
(2, X=0;Y = CHy) [32] and succinimide (2, X = CHj; Y
= CO) [31-32] reacted with trimethyl 2-phosphonoacrylate
(1, R = Me; EWG = CO;Me) in refluxing acetonitrile to
furnish a mixture of two racemic cycloadducts 3 and 4 in
good yields, within reaction times of 3h, 24h and 48h
respectively, reflecting well the expected order of reactivity
of the 1-aminodiene reagents 2 based on their decreasing
electron-rich character (Table 1, entries 1-3). The two
products corresponded to ortho adducts (total regioselec-
tivity) with the amino- (heterocyle) and phosphono-
substituents of the cyclohexene moieties in the relative cis
(major isomers 3 referred to as endo) or trans configurations
(minor isomers 4 referred to as exo). However, the endo
selectivity was poor (80/20 to 65/35) and practically no
stereoselectivity could be observed when using triethyl 2-
phosphonoacrylate [33] as dienophile (1, R = Et; EWG =
CO,Et); in this case, due most probably to steric effects, the
reaction time rose up to 4 days (entry 4). Less activated
dienophiles, namely diethyl 2-phosphonoacrylonitrile (1, R
= Et; EWG = CN) [34] and 1-(diethoxyphosphoryl)vinyl
methyl sulfone (1, R = Et; EWG = SO;Me) [35], gave
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Scheme 4. Previous literature results on D-A reactions of vinylphosphonate reagents.
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about 1/1 mixtures of cycloadducts 3 and 4 with N-1,3-
butadienyl-succinimide, after respectively 8 days and 20
days of reaction in refluxing acetonitrile (entries 5-6). Under
similar conditions, diethyl vinylphosphonate did not react at
all (entry 7) while methyl acrylate furnished 82% of one
major stereoisomer after 7 days of reaction (entry 8). These
two last results (concerning monosubstituted reference
dienophiles) compared with the reaction of trialkyl 2-
phosphonoacrylates (entries 3-4) led us to conclude to the
occurrence of a positive synergy effect between the
phosphonate substituent and an extra geminal electron-
withdrawing group placed on ethylene. Such dienophiles
readily reacted in D-A cycloadditions onto N-
(butadienyl)succinimide with a total regioselectivity
(formation of B-amino-phosphonocyclohexene derivatives)
but a poor endo stereoselectivity.

EWG_  PO(OR),
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EWG = CN) [37]. Their reaction with N-(butadienyl)
succinimide (2) in refluxing acetonitrile provided the
corresponding cycloadducts (Scheme 6) [38] with a total
(Table 2, entry 1), or nearly total, regioselectivity (entries 2-
3) placing the phosphono substituent in y-position relatively
to the amino-heterocycle on the cyclohexene derivatives 6
and 7. This means that the regioselectivity of the D-A
reaction is controlled by the size of the coefficients in the
LUMO of the dienophile considering the extra substituent
(the most electron-withdrawing group) and not the
phosphonate substituent. Moreover, this directing group,
which thus occupies the so-called ortho position in the
cycloadduct, was oriented in the cis-configuration relatively
to the succinimidyl group (endo rule of the D-A reaction)
[39-41] and in the trans-configuration with respect to the
phosphonate substituent (cis-stereospecificity of the D-A

—X
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Scheme 5. Reactions of 1-aminodienes with geminally-substituted vinyl phosphonates.

Table 1. Yields of Cycloadducts 3-4 (See Scheme 5)

Entry Y X EWG R Time Yield Endo/exo

1 CH, CH, CO,Me Me 3h 86% 65/35
2 CH, (0) COyMe Me 1d 75% 80/20
3 C=0 CH, COyMe Me 2d 95% 65/35
4 C=0 CH, CO,Et Et 4d 98% 55745
5 C=0 CH, CN Et 8d 80% 46/ 54
6 C=0 CH, SO,Me Et 20d 42% 52/48
7 C=0 CH, / Et No reaction

8 C=0 CH, CO,Me / 7d 82% 16/ 84

2.1.3. Reaction with Vicinally-Substituted Vinylphos-
phonates

Three representative trans-vinylphosphonates vicinally-
disubstituted with an electron-withdrawing group were
considered in this study : 1-(dimethoxyphosphoryl)-1-buten-
3-one (5, R = Me; EWG = COMe) [36], methyl 3-
(diethoxyphosphoryl)acrylate (5, R = Et; EWG = CO,Me)
[37] and 3-(diethoxyphosphoryl)acrylonitrile (5, R = Et;

reaction), in the major stereoisomer 6 (Scheme 6). The endo
selectivity decreased from 90/10 to 75/25 when the electron-
withdrawing character of the extra substituent decreased
(entries 1-3). Here again, the synergy effect between the
phosphonate and EWG substituents was visible since methyl
vinyl ketone cycloadded onto the diene (2) within 9 days
instead of 4-5 days for the vicinally-substituted phosphono
analogue (entry 4), while diethyl vinyl phosphonate was
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Table 2. Yields of Cycloadducts 6-7 (See Scheme 6)
Entry EWG R Time Yield Major/minor Endo/exo®
1 COMe Me 5d 58% 100/0 90/10
2 CO,Me Et 4d 48% 97/3 80/20
3 CN Et 5d 38% 91/9 751725
4 COMe / 9d 54% 100/0 85/15
@) determined for the major stereoisomer.
07Ny 0 07\/} 0
’v\ LEWG % JEWG
“PO(OR), PO(OR),
OI\A’\ 0
N EWG CHA{ON &)-6, endo &)7, exo
= + J/ major
X (RO),0P reflux /A/l I\Ay\
O (e} o) 0
2 5 N N
PO(OR), i WPO(OR)
" EWG EWG
endo exo
very minor

Scheme 6. Reaction of N-(butadienyl)succinimide with vicinally-substituted vinyl phosphonates.

unreactive (see Table 1, entry 7). However, vicinally-
substituted dienophiles were systematically less reactive than
the corresponding geminally-substituted dienophiles; this
could be explained by an increased polarisation of the
olefinic double bond in the last case [42-44].

2.1.4. Structural Analysis of the Cycloadducts by
Spectroscopic and Theoretical Methods

The relative configurations of the cycloadducts 3-4 and 6-
7 were established by 'H and !13C NMR spectroscopy, on
the basis of typical H-H, P-H, and P-C coupling constant
values [38, 45-46], and in representative cases, on X-ray
diffraction analysis of monocrystals [29, 45]. For instance,
the structure of one endo isomer 3 (Scheme 5; X =CH,, Y
= CO, R = Me and EWG = CO,Me) has been firmly
established by X-ray analysis; the succinimidyl and
phosphoryl groups are cis to each other, respectively in
pseudoaxial and pseudoequatorial positions on the
cyclohexene ring which adopts a half-chair conformation.
The same conformation was observed in solution by NMR
analysis (Scheme 7) : two heteronuclear C-P coupling
constants appeared to be characteristic of the equatorial
position of the phosphonate group, namely the 2Jc3_p and
3Jce.p values of respectively 5.4 Hz and 12.6 Hz. In the
related exo isomer 4 (Scheme 5; X = CH,, Y = CO, R = Et

and EWG = CO,Et) with the phosphonate group in axial
position, the 2Jc3_p and 3Jc¢_p values were of 0 Hz and 5.4
Hz. This is in good agreement with calculated values based
on the Karplus curve adapted to phosphorus derivatives [46].
The 3Jy3.p constant was also typical of the equatorial/axial
position of the phosphonate group as shown in Scheme 7
[30]. The stereoselectivity of the cycloadditions of N-1,3-
butadienyl-succinimide (2, X = CHy; Y = CO) with
geminally- substituted vinylphosphonates (Scheme 5; Table
1), leading to a small preference for the endo cycloadducts
(3) over the exo isomers (4), has been inspected theoretically
considering the relative energies of model cycloadducts [29].
The results of ab initio calculations at the RHF/6-31G(d,p)
level showed that in spite of the steric effect resulting from
the closeness of two bulky substituents, the endo
configuration of the cyclohexenes (gauche configuration) is
preferred to the exo one (staggered configuration) : for EWG
being CO,H and CN, the isomerization energies are 7.8
kcal.mol-! and 4.92 kcal.mol-! respectively. This
unexpected result suggested that some particular interactions
may exist between the imidic and phosphonic substituents.
We have thus controlled that such interactions are also
present in the van der Waals pre-reactive complexes. We
have searched for such complexes formed between s-cisoid
butadiene (substituted with N(CHO), in position 1) and
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vinyl phosphonic acid (geminally- substituted with CO,H or
CN) and localized two of these on the energy hypersurface.
The stabilization of the complexes versus the reactant
molecules ranged from 7.9 to 10.1 kcal.mol-! for EWG =
CO,H and from 4.2 to 5.9 kcal.mol-! for EWG = CN [29].
For comparison, such a complex between unsubstituted s-
cisoid butadiene and ethylene is stabilized by only 1.7
kcal.mol-!. The two complexes found presented, as
expected, favourable van der Waals interactions between the
N(CHO), and PO3H, moieties (in the absence of hydrogen
bonding). Further investigations of endo and exo transition
states have revealed, in addition, that the discrimination
between those two structures is also exacerbated by the
rising of a steric interaction between one oxygen of the
succinimide moiety and the substituent of the dienophile
oriented in exo position, favoring thus the positioning of the
less bulky group in this position, i.e. CO,H or CN [47].

Endo-stereoisomer (major)

33.p= 0 Hz
2Jcsp =52-54Hz
3Jcep =12.1- 12,6 Hz

usp =139 Hz
ez p=0Hz
3Jce-p=5.4Hz

Scheme 7. NMR structural analysis (A).

The structure of the major adduct 6 (R = Me, EWG =
COMe) obtained by reaction of N-(butadienyl)succinimide 2
with 1-(dimethoxyphosphoryl)-1-buten-3-one 5 (Scheme 6,
table 2) has been unambiguously confirmed by X-ray
diffraction analysis [45]. In this endo stereoisomer (imido
and EWG substituents in relative cis configuration), the N-
heterocycle was found to be in pseudoaxial position and the
phosphonate as well the EWG groups in pseudoequatorial
positions (Scheme 8). Here again, the same conformer was
observed in solution, as ascertained by typical NMR

Endo-stereoisomer (major)

3ysna=55-65Hz
3pans=115-13.5Hz
3eap=12.5-14.5Hz

3o =10.0 - 10.5 Hz
as = 12.0-12.5 Hz
3eap=15.5-17.5Hz

Scheme 8. NMR structural analysis (B).
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coupling constant values depicted in Scheme 8 [38]. In
particular, the 3Jc3_p value of 14 Hz was characteristic of
phosphorus in pseudoequatorial position. The respective
equatorial-axial and axial-axial positions of the protons H3-
H4 and H4-H5 were deduced from their homonuclear 3J
values of 6 Hz and 12 Hz respectively. In the related minor
exo stereoisomers 7 (Scheme 6), the trans relationship
between the EWG and phosphonate substituents, and
between the EWG and N-succinimidyl substituents, was
confirmed by the high homonuclear 3J values of the
corresponding protons (10-12 Hz) (Scheme 8). In those
stereoisomers, all the bulky substituents occupied
pseudoequatorial positions; accordingly, the 3Jc3_p value was
high (about 16 Hz) [38].

2.1.5. Chemical Transformations of the Cycloadducts

The possibility of transforming the D-A adducts into
various aminophosphonic derivatives has been fully
exemplified with compounds 3 and 4 (see Scheme §; X =
CH», Y = CO, R = Me and EWG = COsMe) [48].
Hydrolysis of the succinimyl and phosphonate groups
occurred in refluxing aqueous HCI; the relative
configurations of the substituents of the cyclohexene rings
were not modified. Cleavage of the ester function required
saponification in refluxing aqueous LiOH; decarboxylation
was never observed (Scheme 9). In the presence of
trimethylsilyl bromide, at room temperature, only the
phosphonate ester was deprotected.

The cis-diols 8 and 9 were obtained in a 70:30 ratio by
treatment of the endo cycloadduct 3 with osmium tetraoxide
and N-methyl morpholine oxide. Similar treatment of the
exo stereoisomer 4 gave the cis diol 10 as the unique product
(Scheme 10). Oxidation of 3 and 4 with m-chloroperbenzoic
acid furnished the corresponding epoxides 11 with the small
ring in trans configuration relatively to the succinimidyl
group (and with retention of the relative configurations of
the other substituents). After successive basic and acidic
hydrolysis, trans-diols 12 were recovered as fully
deprotected aminophosphonic derivatives (Scheme 11).

Cyclohexene ring cleavage resulted from ozonolysis of 3
and 4 followed by treatment with hydrogenperoxide; the
formed 1,6-dicarboxylic acids 13 could be transformed into
free aminophosphonic derivatives 14 by further acidic
hydrolysis (Scheme 12). Thus, by using standard chemical
transformations, we were able to prepare highly
functionalized aminophosphonic derivatives, in the alicyclic
and aliphatic series, starting from the initially formed D-A
products. The transformations were stereocontrolled as
expected on the basis of steric factors.

2.2. Cycloaddition of 1-Phosphonodienes
2.2.1. Previous Literature

The first D-A cycloaddition of 1-phosphonodiene has
been reported in 1963 by Pudovik [49]. Reaction occurred in
autoclave with acrylonitrile (Scheme 13, equation 1),
acrolein, ethyl methacrylate and dimethyl maleate, but in
poor yields because the dimerisation of the diene was the
major process. Some years later, Griffin [50] mentioned the
same problem when reacting a 1-phosphonodiene with
diethyl vinylphosphonate, dimethyl acetylene dicarboxylate
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Scheme 9. Chemical transformation of the cycloadducts: deprotections.
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Scheme 11. Chemical transformation of the cycloadducts: double bond epoxidation.
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Scheme 12. Chemical transformation of the cycloadducts: cyclohexene ring cleavage.

and other electron-poor dienophiles. Similar disappointing
results were obtained in 1975 by Darling with the use of
electron-rich dienophiles such as enamines [51]. In this case,
the initially formed cycloadduct (in modest yield)
transformed into cyclohexadiene by amine elimination
(equation 2). The author proved that the cyclohexene ring
formation was a non-concerted process.

In situ produced 1-phosphonodienes (2-(2’-propenyl)-3-
methyl derivative [52] and isobenzofurane derivative [53])

could be quenched with N-phenyl or N-methyl maleimide
(equation 3).

We found only one publication on D-A cycloaddition of
2-phosphonodiene by Collignon in 1996 [54]. The diene,
activated by a methoxy group in position 1, reacted with
dimethyl acetylenedicarboxylate, N-phenyl maleimide and
diethyl azodicarboxylate (equation 4). Lastly, we could
notify that hetero 1- and 2-phosphonodienes are very useful
reagents in [4+2] cycloadditions with electron-rich olefins
[55-58] but this is not the purpose of the present review.
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Scheme 13. Previous literature results on D-A reactions of phosphonodienes.

2.2.2. Cycloaddition with Diethyl Azodicarboxylate

From the literature survey, it clearly appears that
phosphonodienes are more reactive towards electron-poor

PO(OE),
BO,C
= \N
(1) ¥ N
X ~ C0,Et
15
PO(OEY),
EtO,C
(2) / PASN
+ Il
TBDMSO CCoB
16

than electron-rich dienophiles. We thus considered diethyl
azodicarboxylate as good partner for cycloadditions leading
to potential precursors of bis-aminophosphonic derivatives.
Its reactivity was first controlled versus 1-(diethylphos-

PO(OEY),
DMSO _ COsEt
100°C, 2d N
64% CO,Et
17
PO(OEY),
CH;CN _ COzEt
B
70°C, 2d No
40% TBDMSO CO,Et
18

Scheme 14. Reaction of 1-phosphonodienes with diethyl azodicarboxylate.
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Scheme 15. Preparation of o,0-diaminophosphonic derivatives.

phono)-1,3-butadiene 15 [59-60]; reaction occurred in
dimethylsulfoxide at 100°C to give the cycloadduct 17 in
64% yield after 2 days (Scheme 14, equation 1) [61]. We
further prepared 1-(diethylphosphono)-3-(¢-butyldimethyl-
silyloxy)-1,3-butadiene 16 from 1-(diethylphosphono)-1-
buten-3-one (5, R = Et; EWG = COMe) treated at -78°C
with potassium hexamethyldisilazide followed by dimethyl-
t-butyl-chlorosilane. The diene 16 reacted with diethyl
azodicarboxylate in acetonitrile at 70°C; after 2 days, 40% of
cycloadduct 18 was isolated (Scheme 14, equation 2) [61].

Acidic hydrolysis (6N HCl, AcOH, A, 20h) of the
adduct 18 gave the cyclic hydrazino-phosphono derivative 19
(Scheme 15). Reductive cleavage of the N-N bond (H,,
PtO,) was accompanied with carbonyl reduction to furnish
the o, &-bis-aminophosphonic derivative 20 [61]. These
results open the route towards new bioisosters of ornithine
and related biologically active compounds.

3. ASYMMETRIC SYNTHESIS OF B- AND Y-
AMINOPHOSPHONIC DERIVATIVES

3.1. Choice of a Strategy

[4+2] Asymmetric cycloadditions of aminodienes and
phosphonodienophiles could be realized, in principle,
according to three main strategies: the use of a chiral Lewis
acid catalyst [62-63] or the use of a chiral auxiliary placed
either on the diene, or on the dienophile.

Since asymmetric catalysis is usually the most
economical route to produce chirality, we first examined this
approach. In the previous literature [23], it was mentioned
that the D-A reactions of vinylphosphonates could be
significantly accelerated in the presence of a Lewis acid, but
by using, at least, a stoichiometric amount of catalyst. It
was also shown [25], by NMR and IR studies, that ZnCl,
complexed preferentially the phosphonate group versus the
carbonyl group in dienophile 5 (EWG = COMe). However
the carbonyl group still directed the D-A reaction with 1-
acetoxy-1,3-butadiene and was thus placed in “ortho
position” in the cycloadduct [64].

We have controlled that the use of a sub-stoichiometric
amount (< 0.2 equiv.) of various Lewis acids (ZnCl,,
SnCly, Sc(0Tf)3, Cu(OTf)3 and EtAlCl,) could not readily
activate the dienophile 5 (EWG=COMe) in D-A reactions
with 1-(trimethylsilyloxy)-1,3-butadiene, used as reference,
and N-(butadienyl)succinimide 2 [47]. Moreover, the
cycloadduct 6 (EWG = COMe) was not stable in the
presence of Lewis acids and transformed into cyclohexadiene
derivative by elimination of phthalimide [47]. Accordingly,
we threw out any strategy based on the use of chiral Lewis
acid catalysts : the phosphonate group behaves as a strong
Lewis base and precludes the setting up of complexation-
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POsH, OH
NH;3
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N a 2cr
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decomplexation equilibria as required for an efficient
catalytic process.

To our knowledge, only two publications dealt with
chiral phosphonodienophiles in one reagent, the
phosphorus itself was chiral [65] and in the other, a chiral
auxiliary with a C,-symmetry axis was fixed on the
phosphorus [66] (Scheme 16). In both cases, the
cycloadditions with cyclopentadiene and 2,3-dimethyl-1,3-
butadiene gave poor diastereoisomeric excesses (about 20%

de).
/Bn
(0] 1
01 N R
/4[ -F 7 O— \Pi))\
I\]\ /4, N/ / R2
Bn
Bn
(ref. 65) (ref. 66)

Scheme 16. Chiral phosphonodienophiles.

The use of chiral 1-aminodienes thus remained as the
only realistic route for asymmetric synthesis. When we
started our work, several reagents of this family were already
reported (Scheme 17); the amino chiral auxiliaries were
pyroglutamate [67-70], o-methylbenzylamine [71], 3-
methyl-2,3-dihydro-isoindol-1-one [71], 4-phenyloxazo-
lidinone [71], 4-isopropyloxazolidinone [72] and pyrrolidine
derivatives with Cj,-symmetry axis [73]. The best
diastercoselectivities (about 80-90% de) for D-A
cycloadditions onto acrylate and maleimide were obtained
with the pyroglutamate and oxazolidinone derivatives.
However, the absolute configurations of the created
asymmetric centres were not (experimentally) determined.
So, we first examined the origin of the facial selectivity of
such chiral 1-aminodienes by theoretical methods.

3.2. Theoretical Evaluation of the Facial Selectivity of 1-
Aminodienes [47, 74]

We first examined the relative energies of two relevant
reactive cisoid conformers (called anti and syn) of N-
(dienyl)pyrolidinone (X = CH;) and N-(dienyl)oxazolidinone
(X = 0). In the first structure, the heterocyclic carbonyl
group adopts the anti conformation, away from the dienyl
moiety, while in the second structure the carbonyl is syn
with respect to the diene (rotation around the N-C1 bond).
Ab initio calculations were performed at the B3LYP/6-
31G(d,p) level, a method known to be appropriated for
examination of pericyclic reactions [75]. Respective partial
dipoles of the diene and of the substituent fragments were
calculated from centroids of charges of localized molecular
orbitals obtained by the Boys’ localization method [76].
Results collected in Scheme 18 showed that in both cases
the anti conformer is favoured by a difference in energy of
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Scheme 17. Chiral 1-aminodienes in literature.

about 3 kcal.mol-!. The higher energy obtained for the syn
structure can be explained by (i) a lower stabilization by
electronic delocalisation than in the anti structure as
suggested by the higher value of dihedral angle 8c1-co-c3-
c4)y [77], (ii) a destabilizing interaction between the dipoles
of the dienyl and heterocyclic moieties, and this in spite of
(iii) the emergence of a stabilizing interaction by hydrogen
bond between the carbonyl oxygen and the C2 hydrogen [78-

79].
(= (-2
w RM =0
R N O N :
2/ 1 —_— INZ_H
3 =3
4 4
anti syn
X =CH, X=0 X =CH, X=0
Relative energy 0 0 2.94 2.99
(keal.mol™!)
8 (c(0)-N-C1-C2) 176.5° 175.0° 1.6° 0.6°
0 (c1-c2-c3-c4) 24.9° 26.2° 30.6° 31.5°
Diene dipole 0.46D 0.47D 0.46D 0.46D
Heterocycle dipole 0.92D 1.25D 0.92D 1.25D

Scheme 18. Reactive conformers of the dienes (R = H).

We considered then the approach of ethylene (as model of
dienophile) from the less hindered face of the diene (X =
CH; and R = CO;,H) presenting either the anti or the syn
conformation and calculated (B3LYP/6-31G(d,p)) the
relative transition state (TS) energies. As pictured in Figure
1, results showed that the cycloaddition of the syn conformer

is disfavoured. The higher energy of the corresponding TS
(AE, = 3.56 kcal.mol'!) and the structure of the TS indicate
the occurrence of a steric interaction between the dienophile
and the proton fixed on the chiral centre. This induces a
rotation of the lactam moiety (dihedral angle of 22.2°),
diminishing the overlap between the lactam and the dienyl 1t
system, and reducing then over again the possibility of
stabilization by electronic delocalisation. Thus, the effects
already identified in the reagents (dienes) are exacerbated in
the TS structures. Accordingly, the predicted facial
selectivity of 1-amino-diene with (S)-pyroglutamate chiral
auxiliaries should lead to the (S) configuration for the created
chiral centre on the cyclohexene as a result of the preferred
cycloaddition of the anti conformer of the diene (Figure 1:
major diastereoisomer); the same facial selectivity being
expected by using chiral oxazolidinone auxiliaries.

3.3. Experimental Results

3.3.1. Reaction of Chiral 1-Aminodienes with Geminally-
Substituted Vinyl Phosphonate [74]

Ethyl (21a) [67] and isopropyl N-dienyl-(S)-
pyroglutamates (21b) were prepared according to known
procedures; their enantiomeric purity was assayed by chiral
GC (>99.5%) Reaction of 21a with trimethyl
phosphonoacrylate (1) in refluxing acetonitrile for 3 days
furnished a mixture of four diastercoisomers (Scheme 19;
Table 3) analysed by NMR, HPLC and GC. Complete
chromatographic separation of the cycloadducts 22a-25a
could not be obtained, preventing an accurate determination
of the diastereoselectivity [47]. Similar reaction of diene 21b
quantitatively yielded a mixture of cycloadducts 22b-25b
(Scheme 19) which, in this case, could be readily separated
by GC on Chirasil DEX CB column; the ratio of
stereoisomers was 73/17/2/8 (Table 3) [74]. The same ratio
was obtained when reacting 21b and 1 in acetonitrile,
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Scheme 19. Cycloaddition of chiral 1-aminodienes onto trimethyl phosphonoacrylate (A).

toluene, water-ethanol (1:1), or neat. Fractions of pure
stereoisomers (and mixtures of known composition) were
collected from preparative HPLC. This allowed to assign
unambiguously the structures by NMR spectroscopy. The
major isomer 22b (73%) and the minor isomer 24b (2%)

showed heteronuclear coupling constants P-C6 and P-C3 of
respectively 12.6 Hz and 5.4 Hz, typical of the phosphonate
group in equatorial position (see section 2.1.4.). On the
other hand, 23b (17%) and 25b (8%) were characterized by
3Jp.ce and 2Jp_c3 values of respectively 5.4 Hz and 0 Hz,
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Table 3. Yields of Compounds 22-25 (See Scheme 19)

Current Organic Synthesis, 2005, Vol. 2, No. 4 13

R Yields Ratio of stereoisomers (Cmpd)?
Et 83% 73(22a+23a)/19(242)/8(252)
iPr 92% 73(22b)/17(23b)/2(24b)/8(25b)

@ determined by GC analysis on the crude mixture.

Table 4. Relative Energies (PM3) of Two Half-Chair Conformers of each Stereoisomer (kcal.mol™)
Cmpd Configuration C3, C4 N-pseudo axial N-pseudo equatorial
22 (R), (S) endo 0.37 8.98
23 (R), (R) exo 0.00 2.82
24 (S), (R) endo 1.55 8.78
25 (S), (S) exo 0.78 1.77

corresponding to the phosphonate group in axial position.
The relative energies of the two half-chair conformers (N-
heterocycle in pseudoaxial position and N-heterocycle in
pseudoequatorial position) for each stereoisomer 22-25 were
calculated with the simple semi-empirical PM3 method : the
pseudoaxial position of the lactam moiety is always
preferred; accordingly, we attributed the relative
stereochemistry endo to 22b and 24b, and exo to 23b and

NOE
ﬁ COOiPr
HC
Hax S

25b (Table 4). This was confirmed by the 3Jp_jy3 values of
respectively 12 Hz (exo) and 0 Hz (endo), corresponding to
dihedral angles of about 35° and 90° from the Karplus curve
[46] (calculated values (PM3) : 34.1° and 42.3° (exo), and
77.7° and 82.0° (endo)). Thus the endo selectivity of this D-
A reaction was 75 : 25.

The absolute configuration of the major stereoisomer
endo 22b was deduced from the rising of a NOE effect

&

R PO(OMe),

/,,
COOMe
Fig. (2).
(3
S =0
PO(OMe), COMe
. CO,Me PO(OMe)z
DS
Ph\"' N (0]
CO;Me CH;CN exo, 28
= +
PO(OMe), reflux, 15h major stereoi somers (3R)
X 80%

P ph" o
LCOxMe

PO(OMe),

o e

( (0]
N%

“_ PO(OMe),
@‘ CO,Me

endo, 29 (exo, 30)

minor stereoisomers (35)

Scheme 20. Cycloaddition of chiral 1-aminodienes onto trimethyl phosphonoacrylate (B).
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(Nuclear Overhauser Effect) between H5-axial and H7 on the
(S) chiral auxiliary (Figure 2). This results from the
pseudoaxial conformation of the heterocycle and the (R)
configuration of carbon C3; NOE effect could not be present
in the case of (S) configuration of C3 as shown by the
conformational study (PM3). Thus, the predicted facial
selectivity has been experimentally observed. The
diastereoselectivity of D-A reaction between isopropyl N-
dienyl (S)-pyroglutamate (21b) and trimethyl
phosphonoacrylate (1) was 97% for the major endo
cycloadduct, but 68% for the minor exo cycloadduct.

A second chiral 1-aminodiene was considered in this
study, namely the N-(1°,3’-dienyl)-4-(R)-phenyloxazolidin-2-
one (26) which should react in D-A cycloaddition with the
same facial selectivity as diene 21 (see section 3.2.). The
diene 26 was prepared in 5 steps from (R)-phenylglycinol
with 77% overall yield, following the recent method of
Stevenson [80]. Its cycloaddition with trimethyl
phosphonoacrylate (1), in refluxing acetonitrile overnight,
gave 80% of three D-A cycloadducts 27-29 (Scheme 20)
[81]. The crude mixture was analysed by NMR, HPLC and
GC. The ratio of diastereoisomers was 76 (27)/14(28)/10(29)
(GC with MN OPTIMAS column). The major isomer 27
was isolated by flash column chromatography on silicagel.
The structural assignment based, as previously, on NMR
analysis was fully confirmed by X-ray diffraction analysis of
a single crystal [45]. The major product showed a relative

Robiette et al.

cis-stereochemistry between the heterocycle and the
phosphonate group (endo stereoisomer). The N- and P-
substituents were respectively in pseudoaxial and
pseudoequatorial positions. The absolute configuration of
C3 was (R), as predicted by theoretical calculations (see
section 3.2.). The other diastereoisomers were exo-isomer
with C3 of (R) configuration (28) and endo isomer with C3
of () configuration (29), attributed from NMR analysis of
various fractions collected by preparative HPLC. The exo
isomer with C3 of (S) configuration (30) was not detected.
Thus, the endo selectivity of the cycloaddition was 86% and
the facial selectivity 90%.

3.3.2. Reaction of Chiral 1-Aminodienes with Vicinally-
Substituted Vinyl Phosphonates [38, 74]

Diene 21b was cycloadded onto vinyl phosphonates 5
substituted with activating (EWG) groups (Scheme 21).
Reaction time increased from 2 days to 19 days when the
electron-withdrawing power of the vinylphosphonate
substituent decreased (order of reactivity : COMe>>
CO,Me>CN). The regioselectivity of the cycloaddition was
almost complete (COMe : 95/5; CO,Me : 99/1; CN : 97/3,
from GC analysis of the crude mixtures) : the activating
group (EWG) and the phosphonate substituent are
respectively in ortho and meta positions on the cyclohexene
ring, regarding the amino substituent. Four diastereoisomers
were detected (HPLC and GC analysis of the crude mixtures)

lPl'02C \\"N& o)

4,EWG WEWG
"PO(OEt) PO(OED),
PN
- A
iPrO,C" N 0 EWG . exo, 32
3 . .
P + Jl/ major stereoisomers (3R)
t0),0P
NN g reflux
21b iPr,CV N (¢} iPro,C\' I;I 0]
“_ oEWG O,EWG
: ¥ PO(OEt), “I PO(OEt),
endo, 33 exo, 34

minor stereoisomers (3S)

Scheme 21. Cycloaddition of chiral 1-aminodienes onto 2-substituted vinylphosphonates (A).

Table 5. Yields of Compounds 31-34 (see Scheme 21)
EWG Time Yield Ratio of stereoisomers (Compd)®
COMe 2d® 50% 81(31a)/6(32a)/6(33a)/7(34a)
COoMe 14d 82% 75(31b)/19(32b)/6(33b)/0(34b)
CN 19d 88% 78(31¢)/12(32¢)/8(33¢)/2(34¢)

3) determined by GC analysis on the crude mixture
) reflux in toluene



Aminophosphonic Derivatives Based on the Diels-Alder Cycloaddition

e
H N 0
23

Conformer I
EWG= COMe; CO,Me
3 yans=12.5Hz
Jp.c3=145-175Hz

Current Organic Synthesis, 2005, Vol. 2, No. 4 15

Conformer IT

EWG=CN
31 s = 6.0 Hz
3Ipc3=3.5-40Hz

Scheme 22. Conformers of 31-endo (X = CH, and R = iPrO,C) and 35-endo (X = O and R = Ph).

with a high selectivity in favour of the endo
diastereoisomers 31a-c (Scheme 21; Table 5).

The structures of 31a and 31b have been established by
NMR analysis, as previously. For 31c¢ (EWG = CN), a
conformational change occurred, as indicated by the P-C3
coupling constant value of 3.5 Hz which is characteristic of a
phosphonate group in pseudoaxial position (Scheme 22);
consequently, the pyrrolidinone moiety was in
pseudoequatorial position and the cyano group in

.

/5

w
Fh EWG CHCN

Jl/ reflux

(Et0), OP

7 \_

pseudoaxial position, giving the so-called conformer II of
the endo stereoisomer 31. This can be explained by
unfavourable steric interactions between the most bulky
substituent (EWG = COMe, CO,Me, but not CN) and the
proton H7 of the chiral auxiliary. We have previously shown
by semi-empirical calculations that the presence of a bulky
endo substituent in the ortho position (regarding the
heterocyle) makes the conformer I more stable than the
conformer II (see section 3.3.1. and Table 4).
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Scheme 23. Cycloaddition of chiral 1-aminodiene onto 2-substituted vinylphosphonates (B).

Table 6.  Yields of Compounds 35-38 (See Scheme 23)
EWG Time Yield Ratio of stereoisomers (Compd)®
COMe 3d 63% 87(35a)/7(36a)/5(37a)/1(38a)
COyMe 8d 69% 62(35b)/17(36b)/14(37b)/7(38b)
CN 15d 59% 81(35¢)/14(36¢+37¢)/5(38¢)

@) determined by GC analysis on the crude mixture.
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Table 7. Summary of the Selectivities (%)
Entry D-A reaction partners Regio-selectivity Endo selectivity Facial selectivity(a)
1 21b+1 100 75 97.0
2 26+1 100 86 90.0
3 21b + 5a 95 87 93.1
21b +5b 99 81 92.6
5 21b + 5¢ 97 86 90.7
6 26 + 5a 100 92 94.6
7 26 +5b 100 76 81.6
8 26 + 5¢ 100 >85 >85.0

a) (3R) isomer versus (3S) isomer, for the major endo stereoisomer.

The aminodiene 26 similarly reacted with dienophiles §
(Scheme 23). In this case, the regioselectivity was complete;
the diastereoselectivity was largely in favour of the endo
isomers 35a-c (Table 6). Pure samples of the major
diastereoisomers and mixtures of the minor diastereoisomers
(in various ratios) could be isolated by chromatography and
analysed by NMR spectroscopy as before. Structural features
already identified were observed : stereoisomers 35a and 35b
appeared as conformers I, while the less hindered 35c¢
revealed to be the conformer II in solution (3Jp.c3 = 4.0 Hz)
(Scheme 22).

At this stage, we can conclude that the D-A reaction of
chiral 1-aminodienes with vinylphosphonate dienophiles is
highly controlled : the regioselectivity was nearly complete
(95-100%), the endo selectivity was very good (75-92%) and
the facial selectivity was high (82-97%) (Table 7). In all
cases, the major diastereoisomers could be easily isolated by
chromatography. Nevertheless, we decided to optimize the
facial selectivity of the cycloaddition, considering chiral
auxiliaries susceptible to be deprotected on the cycloadducts
(i.e. the oxazolidinone series) [82-84].

3.4. Theoretical Design and Experimental Validation of
a New Chiral Auxiliary for Cycloaddition of 1-
Aminodienes

3.4.1. Theoretical Evaluation

We have already identified the factors controlling the
facial selectivity of chiral N-(dienyl)oxazolidinones (see
section 3.2.) : the absolute configuration of the cycloadducts
could be explained by the approach of the dienophile from
the less hindered face of the cisoid diene presenting an anti
conformation around the N-C1 bond. This conformer was
preferred over the syn conformer due to a better electronic
delocalisation and a favourable dipole-dipole interaction,
despite the fact that an hydrogen bond (between C=0 and
H?2) stabilizes the syn structure [81].

We speculated that the substitution of the carbonyl
oxygen atom of the oxazolidinone auxiliary by a sulphur
atom would improve the facial selectivity. Indeed, this
structural modification would decrease the hydrogen bond
interaction (in the syn conformer) and hence increase the
energetic discrimination between the two conformers of the

diene and the corresponding D-A transition states. This
hypothesis has been assessed by computational studies
(B3LYP/6-31G(d,p)) [81].

Optimisation of the two conformers of N-(butadienyl)-
oxazolidin-2-thione revealed that oxygen substitution by a
sulphur atom induces an increase in the energetic
discrimination between the two conformers of the diene
(Scheme 24). This can be attributed to a weaker stabilizing
effect by hydrogen bond in the syn structure and a higher
dipole moment of the heterocyle when Z = S.

Optimisation of the transition states of the D-A reactions
of the respective conformers with ethylene confirmed this
higher relative energy between the anti and syn structures in
the case of sulphur derivatives (Figure 3 and Table 8),
meaning thus that sulphur diene should react with higher

facial selectivity than its oxygen analog.
O
R gﬁ\ z
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RM N Z

o

2/ ! _— INGH
I =3
4 4
anti syn
Z=0 Z=S =0 7Z=S
Relative energy 0 0 2.99 4.54
(kcal.mol ™)
3 (c@2)-N-C1-C2) 175.0° 176.0° 0.6° 6.5°
9 (C1-C2-C3-C4) 26.2° 26.2° 31.5° 32.4°
Z-H2 distance / / 2.30A 2.54A
Heterocycle dipole 1.25D 1.42D 1.25D 1.58D

Scheme 24. Reactive conformers of the dienes (R = H).

We have also investigated the influence of this
substitution of the carbonyl oxygen by a sulphur atom on
the endo/exo selectivity by optimizing the transition states
of the D-A reactions of the two respective dienes with
propene (Table 9). The results collected indicated that the
cycloaddition of the sulphur diene should take place with a
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Fig. (3). Transition state energies and structures (R = H; B3LYP/6-31G(d,p)).

higher endo selectivity (compared to the oxygen derivative).
This observation can be understood through the steric
interaction, already observed in the case of succinimide (see
section 2.1.4.), between the substituent of the dienophile
oriented in exo and the heteroatom of the (thio)carbonyl
function of the heterocycle in the transition state structure;
this steric interaction being more important in the case of the
sulphur derivative.

Table 8. Energies (kcal.moll) of TS for Z=0and Z=S (R =
H; B3LYP/6-31G(d,p)) : D-A reaction with Ethylene
Ea
z anti syn AE,
(0] 20.25 23.04 2.79
19.72 24.32 4.60

Table 9. Relative Energies (kcal.mol'l) of TS (B3LYP/6-
31G(d,p)): D-A reaction with Propylene

7Z=0 Z=S

TS (anti) Endo 0.00 0.00
exo 0.49 1.31

TS (syn) Endo 3.21 5.67
Exo 3.42 4.63

From these calculations one can thus presume that the
use of 4-phenyl-oxazolidin-2-thione as chiral auxiliary
instead of its oxygen analogue should enable to improve the
facial selectivity of the diene as well the endo/exo selectivity
of the process.

3.4.2. Cycloadditions of N-(dienyl)-4-(R)-phenyl-
oxazolidin-2-thione

The use of 1,3-oxazolidin-2-thiones (and 1,3-
thiazolidine-2-thiones) as chiral auxiliaries emerged recently
in the field of diastereoselective aldol-type reactions [85-90].
To our knowledge, such auxiliaries have never been used as
substituents of 1-aminodienes, nor tested in D-A
cycloaddition reactions. We thus prepared optically pure N-
(1’,3’-butadienyl)-4-(R)-phenyl-oxazolidin-2-thione (39)
following a similar synthetic route to that developed for its
oxygen analogue 26 (see also section 3.5.) [81].

Reaction of 39 with trimethyl 2-phosphonoacrylate (1)
furnished quantitatively a 84:16 mixture of two
diastereoisomeric cycloadducts (40 and 41) after overnight
reflux in acetonitrile (Scheme 25). From GC analysis of the
crude mixture, the facial selectivity was total [81]. The
structure of the major endo isomer 40 has been established
by X-ray diffraction analysis [45] : the phosphonate and
oxazolidin-2-thione substituents are mutually cis in the
cyclohexene ring, corresponding to a conformer in which the
phosphorus occupies a pseudoequatorial position and the
chiral auxiliary a pseudoaxial position. The experimental
dihedral angle P-C4-C3-H3 of 81° (£1) is well compatible
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[
Ph\\" Nks

Ph\\‘ CH;CN
(Me0),0P CO,Me
= + \W
reflux, 15h
X 95%
39 1

CO,Me
“PO(OMe),

41

40

Endo selectivity : 84%
Facial selectivity (GC): > 99%

Scheme 25. Reaction of chiral diene 39 with a geminally-substituted vinyl phosphonate.

[ (¢}
Ph\\" Nk S

Ph™"
COMe CH,CN
7 + |
(EtO),0OP reflux, 96h
X 2
73%
39

42

Regiosel ectivity : >99%
Endo-selectivity : 99%
Facial selectivity : 99%

Scheme 26. Reaction of chiral diene 39 with a vicinally-substituted vinylphosphonate.

with the absence of NMR coupling between P and H3. Other
typical NMR features were the 2Jp_c3 and 3Jp_cg values of
respectively 5.4 Hz and 12.1 Hz [46]. The absolute
configuration of the induced C3 chiral centre was
unambiguously proved to be (R), as theoretically predicted,
and C4 was found to be ().

The selectivity of the D-A cycloaddition of diene 39 onto
the vicinally-substituted vinylphosphonate 5 was even more
spectacular (Scheme 26). From HPLC analysis, the
composition of the crude mixture was 98/1/1/0. Thus the
regioselectivity was 100%, the endo selectivity 99%, and the
facial selectivity 99% [47]. As predicted, the substitution of
the oxygen by a sulphur atom in the chiral auxiliary
increases very significantly the endo selectivity and the facial
selectivity of the [4+2] reaction of chiral 1-aminodiene.

Accordingly, (R) or (S) N-(1’,3’-butadienyl)-4-phenyl-
oxazolin-2-(thi)ones are the most effective chiral 1-
aminodienes reported thus far. Since their syntheses were not
so trite, we have devoted the next section to this subject.

2. Br/\/\/Br

76%

43

Scheme 27. Synthesis of chiral dienes (A).

(0]
/g)\
tBuOK Ph N ~0

[

3.5. Synthesis of Chiral 1-Aminodienes

Our first attempts to synthesize N-(1°,3’-dienyl)-4-
phenyl-oxazolidin-2-one made use of 4-(R) or 4-(S)-phenyl-
oxazolidin-2-one (commercially available chirons), as
initially proposed by Stevenson [71]. Thus, deprotonotation
of oxazolidinone followed by N-alkylation with 1,4-
dibromo-but-2-ene gave compound 43 which after
dehydrobromination, under treatment with potassium -
butoxide, conducted exclusively to the Z-diene 45 (3Jy1_12
= 10.2 Hz) (Scheme 27). This could result from a E1’-type
elimination mechanism, involving the intermediate 44. By
refluxing the diene 45 in acetonitrile, slow isomerization
occurred into the corresponding E-diene (3Jyyi.p2 = 14.7 Hz)
but also extensive degradation.

Starting from 4-(R) or 4-(S)-phenyl-oxazolidin-2-thione
(commercially available chirons), we applied the same
sequence of reactions (Scheme 28). In this case, only the S-
alkylation product 46 was recovered [91]. Two rearrangement
products, 47 and 48, were then formed by heating 46 either
in concentrated or in diluted solution of acetonitrile [91].

)
- I 2
K 94% K/\
K/\/Br 2 4

44 45
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Scheme 28. Synthesis of chiral dienes (B).

Further treatment of 47 with potassium #-butoxide yielded
the Z-diene 49, the structure of which was unambiguously
confirmed by X-ray diffraction analysis of a monocrystal
[92]. Thus the required chiral 1-aminodienes, 26 and 39,
could not be obtained following a two-step simple route.

The compounds were readily obtained, in five steps,
from (R)- or (S)-phenylglycinol (commercially available
chirons) with an excellent overall yield (about 70%) [81].
The synthetic scheme was inspired from Stevenson [80]
(Scheme 29). The aminoalcohol quantitatively reacted with

4-methoxy-3-buten-2-one to furnish the Z-enamine 50 (3Jy;.
H2=7.5 Hz). Condensation with diethylcarbonate (X = OEt,
Z = 0) or thiocarbonyldiimidazole (X = Im, Z = S) gave,
respectively, the oxazolidin-2-one 51 or oxazolidin-2-thione
52, N-substituted with E-(methyl vinyl ketone) residue
(3Jy1.m2 = 14.7-15.0 Hz). The ketone function was then
reduced into alcohol (50:50 mixture of diastereoisomers 53-
54) which was acylated with trifluoroacetic anhydride.
Treatment with triethylamine yielded the E-dienes 26 (Z =
0), or 39 (Z =S) (g1 = 14.0-14.7 Hz).

0
X
0 No >:z z ?
. SERIES.
Ji ' - NS o NI
*
P NH, quant. )\/ o 95100% \/*k
MeO Ph Ph
50 5152
85-100% | NaBH,
_ o —

0 07 “CF; )
h/(k z |
o 2 A

EGN N TEAA /N
= 0 N \/k
7277% \/*k pyr. *Npp
/
Ph 53-54
Z-0,26
Z-5,39 B ]

Scheme 29. Synthesis of chiral dienes (C).
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4. INFLUENCE OF A PHOSPHONATE SUBSTI-
TUENT ON REACTIVITY

4.1. Previous Literature

The organic chemists traditionally draw the phosphonate
group with a P=0O double bond. However, electronic
structure analysis indicated that the participation of
phosphorus d orbitals in the P=O bond is less than 10% and
that this bond is strongly polarized (at more than 90%)
towards oxygen [93-94]. The actual stabilization effect of
phosphorus d orbitals could be attributed to their
contribution to the electronic density polarization but not to
their involvement in valence bonds [95].

The phosphonate group is usually considered as an
electron-withdrawing substituent [96, 97]. Yet, the only
exploited electronic effect of this group in organic synthesis
is its ability to stabilize a negative charge located in o. This
is well illustrated with Michael additions on
vinylphosphonates [18] and with the Horner-Wadsworth-
Emmons reaction making use of phosphonic carbanions
[98]. In 1995, Anders and Koch [99] demonstrated that the
carbanion stabilization by a phosphonate group is due to (i)
its polarizability, (ii) coulombic effects resulting from the
phosphorus positive charge; and (iii) an hyperconjugation
between the negative charge in o and the antibinding
orbitals of the P-OR and P=0 bonds (Natural Bond Orbitals
(NBO) electronic analysis of methylphosphonate carbanion).
Other significant works in this field due to Denmark et al.
confirmed latter this analysis [100-102].

The ability of phosphonoacrylate (1) to play the role of
Michael acceptor has been experimentally demonstrated by
Krawczyk [103-106]. We also recorded evidence of such
reactivity : the Z-diene 45 (see section 3.5. and Scheme 27)
reacted with trimethyl phosphonoacrylate (1) to furnish the
Michael adduct 55 and the D-A cycloadduct 56 in a 78:22

Ph/(O\A\O

N
M

45

Ph/glo

AN
A
PO(OMe),

55 (major) CO,Me

Ph
+

Robiette et al.

ratio (Scheme 30) [47]. Thus, when the D-A reaction was
sterically disfavoured due to the Z-configuration of the
diene, Michael addition took place very readily.
Cyclohexene 56 most probably resulted from the
cycloaddition of the E-diene (26) formed in situ by
isomerisation of the Z-diene (45) in refluxing acetonitrile.

4.2. Properties of the Phosphonate Group

As far as [4+2] cycloadditions are concerned, the
activation brought by a phosphonate group (placed either on
the dienophile or on the diene) is dramatically lower
compared to the carbonyl group, while the ability of both
functions to stabilize a negative charge created in O appears
to be almost similar. The anion stabilization energies,
evaluated by the energy of the_isodesmic reactions CH3™ +
CH3A - CHy4 +CHjA at B3LYP/6-31G(d,p) level, are
—61.02 kcal.mol! and —59.71 kcal.mol"! respectively for A
= CO,H and A = PO3H; [47].

Even though the effect of a phosphonic function on the
stabilization of a negative charge in 0 is well understood,
the stabilization of a carbon-carbon double bond by this
function and its possible effect of activation in pericyclic
reactions have never been extensively studied so far. We
have thus set up an ab initio study on this matter which has
been published in details [107]; the main features are
summarized below.

We have analysed the energy effect on the displacement
reactions between various references (CoHg, CoHy, CgHg)
and their counterpart substituted with a PO3H, group
(hydrogen atoms are positioned in an orientation avoiding
external hydrogen bonds). The isodesmic reaction energy
brought direct information about (de)stabilisation induced by
the substituent (Table 10). The energy of the first isodesmic
reaction (entry 1) indicating the stabilization by inductive

T

1

(Me0),0P CO,Me

CH3CN
reflux, 5d
91%

s

k,

WPO(OMe),
@‘ CO,Me

56 (minor)

Scheme 30. Michael addition of Z-aminodiene onto phosphonoacrylate.
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effect reveals an almost non-existent inductive effect of the
phosphonate group (compared to CHO; entry 2) while one
can observe a small but significant stabilization of the
double bond by phosphono substitution (entry 3).

Table 10. Isodesmic Reaction Energies (kcal.mol!)
Involving Phosphonate (P) and Aldehyde (C)
Substituents (B3LYP/6-31G(d,p))

Entry Reaction AE
1 CH3P + CoHg — CoHsP + CHy -0.48
2 CH;3C + CyHg — CoH5C + CHy -3.20
3 CoHsP + CoHy —» CoH3P + CyHg -1.54
4 C,HsC + CoHy - CoH3C + CoHg -5.80
5 C,HsP + CgHg — CgHsP + CyHg 0.09

The optimised structures obtained for CH3P, Co,H;P,
C,H;P and CqHsP (P=PO3H,) revealed a very constant
internal structure of the phosphonic moiety, independent of
the nature of the binding carbon atom (interatomic distance
(A) : C-P = 1.79-1.80; P=O : 1.48; P-O : 1.62-1.63).
Moreover, NBO analysis showed that the charge carried by
the PO3H, group (0.32 — 0.35), as well the charge
distribution within, is remarkably constant: all oxygen
atoms are negatively charged (2X -0.55 and —1.21) and
phosphorus is positively charged (2.63-2.66). All this
indicates again the absence of significant inductive or
mesomeric effects. Nevertheless, the presence of a third row
element (P) renders the bound carbon atom very negative (-
0.32, -0.36, -0.49 and —0.53 respectively for CH3P, C,HsP,
C,H;3P and C¢H;sP) and the subsequent carbon skeleton thus
polarises in a conventional way. The phosphonate group
seems so to act through field effects, polarizing its
neighbourhood. In the case of vinylphosphonate, the strong
PO3H, polarization induces an opposite dipole in the C-C
double bond (Figure 4). The stabilization of the carbon-
carbon double bond by a phosphonate substituent observed
above could be thus explained by this dipole-induced dipole

interaction.
/y N\ /7 u=299D
— =2.79D §_
H;C 1"} K H=022D i’}
OH OH
OH OH

Fig. (4). Partial dipolar moments (M) calculated by the Boys
method.

4.3. Effect of the Phosphonate Substituent on the TS
Stabilisation in D-A Reactions

The reactions considered and the numbering of carbon
atoms are presented in Figure 5. Since the D-A reaction
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takes place from the cisoid conformer of the diene, we have
calculated the energy differences (AE) between the transoid
(more stable conformer) and cisoid conformers and the
activation energies (AE#) of the rotation around the C2-C3
bond (Table 11). Clearly, diene 1 is quite similar to
butadiene, diene 1’ is sterically handicapped and diene 2 is
strongly favoured to adopt the reactive conformation [107].

PO;H,
1
T G
3 X 5 3 5
4 4
TS1 (E-config.)
TS1' (Z-config.) TS2
1 PO;H, !
il C oo
IR 5 3 5
4 4
TS6 (endo) Reference
TS6 (exo0)

Fig. (5). D-A reactions and numbering of carbon atoms.

Fully optimised transition states (TS) were obtained and
their structure characterized by six parameters (distances and
angles) to define the global approach of the two partners
[107]. Results revealed quite similar approaches for the
reference reaction (butadiene + ethylene) and the reactions
involving a phosphorylated partner. If the presence of a
PO3H, group does not influence significantly the global
angular approach nor the distance of the reactants in the
transition state structure, the substitution of one partner
gives rise however to an asynchronicity in the concerted
mechanism as shown by the variation of C1-C6 and C4-C5
distances. For TS1, TS1’, TS6 endo and TS6 exo, the C1-
C6 bond is systematically longer (AC1-C6 : +0.085,
+0.133, +0.126 and +0.166 A) while the formation of C4-
C5 bond is more advanced than in the reference (AC4-C5 :
-0.098, -0.069, -0.091 and —0.122 A). As anticipated by the
Frontier Molecular Orbitals (FMO) theory [108-109], TS2
constitutes an exception as, in this case, the asynchronicity
acts in opposite (AC1-C6 : -0.058A; AC4-C5 : +0.108 A).

The activation barriers of the studied D-A reactions are
summarized in Table 12. The TS energy calculated for a
phosphonate group in position 1 is quite similar to that of
the reference. On the other hand, the substitution at
positions 2 and 6 leads to a significant decrease of the

Table 11. Energy of the Diene Conformers Around the C2-C3 bond, Optimized with DFT Method : AE and AE# in kcal.mol™!

Reference Diene 1® Diene 1°®) Diene 2
AE(s-trans/s-cis) 3.52 341 527 1.45
AE7E(s-trans/s-cis) 7.55 7.79 8.87 4.52

) E-configuration
(®) Z-configuration
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activation barrier. This results from a higher stabilization of
the respective TS compared to the corresponding reactants.
Due to an important steric hindrance, TS1’ shows a
destabilization effect by the substitution.

Table 12. Activation Barriers (kcal.mol!) of the D-A
Reactions (B3LYP/6-31G(d,p))

AE# AAEF@)
Reference 2243 0.00
TS1 22.19 -0.24
INE 25.03 2.60
TS2 19.10 -3.33
TS6 endo 21.22 -1.21
TS6 exo 20.76 -1.67

- . #
@ AAE# - AE#TC&CUOI‘I -AE reference

Global natural charges for each structural moiety were
deduced from an NBO analysis (at the Hartree-Fock level)
[107]. The substitution with PO3H; increases the electronic
transfer between the two partners at the TS : the electronic
population on the substituted partner is systematically
increased compared to the reference (Table 13). The
dienophile substitution increases the electronic transfer in the
way of a normal electronic demand D-A reaction, while the
diene substitution gives rise to an inverse electronic demand.
Moreover, the carbon substituted by the phosphorus is
always negatively charged. This electronic distribution of the
phosphono-partner induces an opposite and thus
complementary polarization of the second partner. This
reveals, though the absence of electronic transfer between the
substituent and its environment, an electron withdrawing
behaviour of the phosphonate group.

The absence of (de)activation of the diene by substitution
in position 1, though the steric interactions between the
substituent and the dienophile at the transition state [81],
lets assume the occurrence of stabilizing electronic
interactions between the substituent and the carbon skeleton.
In the case of the diene substituted in position 2, the
decrease of the activation barrier (compared to the reference
reaction) can be rationalized by a stabilization of the
transition state structure combined with a destabilization of
the reactant (through steric effect; see section 4.2.). The

Table 13. Natural Population Analysis of the Transition States

Robiette et al.

activation of the D-A reaction by substitution of the
dienophile (i.e. in position 6) reveals also the emergence of a
stabilizing electronic effect due to the phosphonate group at
the transition state. Those specific electronic effects of the
phosphonate substituent in the transition state structures are
in each case confirmed by the increase of the charge transfer
between the two partners and the emergence of an
asynchronicity in the carbon skeleton at the transition state.

Our analysis has however shown that the observed
stabilization of the transition states by electronic effects is
not due to inductive or mesomeric effects but to polarization
and polarizability effects of the phosphonate substituent.

5. CONCLUSIONS

The D-A cycloaddition applied to phosphono and amino
partners has been disclosed as a valuable strategy towards
aminophosphonic derivatives other than the a-ones.
Reactions of N-protected (by mono and bis- acylation) 1-
aminodienes with various geminally and vicinally
-substituted vinylphosphonates led to cyclohexene
derivatives in which the phosphonate substituent was
respectively in (- and y-positions regarding the amino
group. The regio- and stereochemistry of the [4+2] processes
were controlled by the ancillary electron withdrawing
substituent (EWG) of the dienophile. The reaction of 2-
phosphonoacrylate and related dienophiles led to an ortho-
cycloadduct with preferably the N-heterocycle (succinimide,
y-lactam or oxazolidinone) and phosphonate substituents in
cis relationship; this particular endo selectivity corresponds
to the kinetic situation. The reaction of 1-diethylphosphono-
1-buten-3-one and related dienophiles gave a single (or major
>95%) regioisomer where the carbonyl substituent (or EWQG)
exercises the ortho-directing effect with preferably the endo
stereochemistry; this is consistent with the strong
conjugative effect of the carbonyl substituent (or EWG)
compared to PO3R;. Moreover, an important synergic effect
between the EWG and phosphonate substituents was
observed. It appeared thus that the combination of
conjugative effect (EWQG) and polarization effect (PO3R»,)
significantly enhances the dienophilic character. On the other
hand, reactions of 1-phosphonodienes with dialkyl
azodicarboxylate furnished 3-phosphono-1,2-diaza-4-
cyclohexene derivatives. All the initially formed
cycloadducts could be readily transformed into -, y- and o-
aminophosphonic acid compounds by sequential or
concomitant deprotections of the amino and phosphono

POzH, C4Hg C,yHy
Reference 0.00 0.00
TS1 0.33 -0.40 0.06
TS1” 0.33 -0.38 0.05
TS2 0.33 -0.38 0.04
TS6 endo 0.32 0.11 -0.43
TS6 exo 0.32 0.11 -0.43
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groups. Other functionalizations were performed by selective
oxidation of the C-C double bond of the cyclohexene
derivatives, oxidative cleavage of this double bond and
reductive cleavage of the N-N single bond of the cyclic
hydrazine derivatives. This first set of results, recorded in
non-chiral series, definitively established the feasibility of
our synthetic approach towards novel aminophosphonic
compounds.

By using l-aminodienes substituted with chiral
auxiliaries, an asymmetric version of the previous reactions
has been developed. The origin of the facial selectivity
associated to the use of N-(1,3-butadienyl)-(S)-
pyroglutamates and (R)-4-phenyl-oxazolidin-2-one was
identified by theoretical investigations. Results of
conformational analysis of the dienes and relevant transition
states of their D-A reaction with ethylene led to the
prediction of the absolute configuration of the C3 chiral
centre of the cycloadducts (i.e. the carbon atom of the
cyclohexene bearing the amino chiral auxiliary). The
predicted facial selectivity was fully confirmed by the
experimental results. Reactions of chiral 1-aminodienes, 21b
and 26, with trimethyl phosphonoacrylate gave only the
ortho cycloadducts with an endo selectivity of 75% and
86%, and a facial selectivity of 97% and 90%, for the major
endo stereoisomers; the absolute configuration of C3 was
determined to be (R) from NMR and X-ray diffraction
analysis. The reactions of the same dienes with 1-
diethylphosphono-1-buten-3-one were highly regioselective
(>95% and 100%), placing the phosphonate group in meta
position on the cyclohexene ring regarding the amino chiral
auxiliary. The endo selectivities were 87% and 92%, and the
facial selectivities were 93% and 95%, for the major endo
stereoisomers.

With this second set of results in hands, we designed a
structural modification of the 4-(R)-phenyl-oxazolidin-2-one
auxiliary aiming to improve the asymmetric induction. On
the basis of ab initio calculations, we postulated that the
replacement of the carbonyl oxygen by a sulphur atom
should enhance the selectivity of the cycloaddition process.
Fortunately, the experiments supported our predictions since
very high endo selectivities and total facial selectivities were
recorded by reacting N-(1’,3’-butadienyl)-4-(R)-phenyl-
oxazolidin-2-thione (39) with the phosphonodienophiles
previously considered. As predicted, the absolute
configuration of C3 in the cycloadduct was proven to be (R)
by X-ray diffraction analysis. Removal of the chiral auxiliary
[82-84], phosphonate hydrolysis, and other functionalization
/ cleavage of the cyclohexene moiety [48] should provide
novel enantiomerically pure aminophosphonic derivatives.
Since the 1-aminodienes with 4-(S)-phenyl-oxazolidin-2-
(thi)one chiral auxiliary are also accessible (see section 3.5.),
the enantiomers of the previous cycloadducts should be
similarly prepared.

Finally, we questioned about the real “activating” effect
of a phosphonate substituent on D-A partners. Ab initio
studies showed that inductive and mesomeric effects are
almost non-existent compared to a carbonyl substituent. On
the other hand, an important polarization effect on the
neighbouring C=C double bond has been pointed out. The
presence of a PO3H, substituent on one of the two D-A
partners gives rise to an asynchronicity in the concerted
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[4+2] cycloaddition mechanism, an increase in the electronic
transfer at the transition state and a lowering of the transition
state energies (except for the sterically constrained (Z2)-1-
phosphonobutadiene), the phosphonate group acting through
polarization and polarizability effects. The calculated order of
reactivity was as follows: 2-phosphono-1,3-butadiene +
ethylene > 1,3-butadiene + phosphonoethylene >> (E)-1-
phosphono-1,3-butadiene + ethylene =~ 1,3-butadiene +
ethylene (reference system). Accordingly, the synthesis of 2-
phosphonodienes [113-114] and their reactivity in pericyclic
reactions [54, 113], in particular versus aminodienophiles, is
currently under investigation in our group.
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