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2 equiv. P(OR)3 R®
Rz N 2equiv. HCOOH R! RZHN
r AL ROH, 1t (RORP P(OR),
o o

32%-90 %
R = Me, Et; R" = Ph, Furan-2-yl, Me; R? = Me, H; R® = Ph, iPr, allyl, Bn, p-OMe-Bn{

Trialkyl phosphites were evaluated for addition reactions to
o,f-unsaturated imines. An acidic medium is required to
allow consecutive 1,4- and 1,2-addition to occur. In this

Note

Recently, we reported for the first time a tandem-1142-
addition of dialkyl trimethylsilyl phosphite ta,-unsaturated
imines4 derived from cinnamaldehydeAs a consequence of
the fast but reversible 1,2-addition of dialkyl trimethylsilyl
phosphite to aldimines, this reaction was erroneously reported
earlier to proceed with complete 1,2-regioselectiviBecause
of the double addition of dialkyl trimethylsilyl phosphite under
acid catalysis, we were able to obtain 3-phosphonyl-1-amino-
phosphonate$,* which can be considered as glutamate ana-
logues and may therefore be of interest as selective Glu agonists
or antagonists.

The unique reactivity of dialkyl trimethylsilyl phosphite
toward a,-unsaturated imined has prompted us to evaluate
the reactivity of other phosphorus nucleophiles. In particular,
the resemblance of trialkyl phosphites to dialkyl trimethylsilyl
phosphites, suggests these nucleophiles as potential tandem
addition candidates. Both phosphite reagents occur in the highly
nucleophilicosls form.

Addition of trialkyl phosphite too,S-unsaturated imined
was reported to proceed with complete 1,4-regioselectivity when
a steric nitrogen substituent-Bu) was used as described by
Teulade and Savignd&dn this case, iminéawas treated with
0.96 equiv of triethyl phosphite in ethanol. A slight excess of
formic acid (1.04 equiv) was added to dealkylate the intermedi-
ate phosphonium ion. However, when the reaction was repeated
with 1 equiv of triethyl phosphite andPr imine 4b, a small
amount of 3-phosphonyl-1-aminophosphon&e could be

manner, 3-phosphonyl-1-aminophosphonates, phosphonigdetected in the crude reaction mixture after standard aqueous
acid analogues of glutamate, are obtained in good yieldsWorkup and®'P NMR analysis. With anN-phenyl substituent,

(32—90%). The reaction is mainly influenced by the steric
bulk of the nitrogen substituent: less steric N-substituents
lead to better yields of the tandem adducts.

Glu agonists or antagonists are not only important for the
characterization of different Glu receptor subtypes, but also for

the 3-phosphonyl-1-aminophosphon&ie even becomes the
major product next to a considerable amount of unreacted
starting materia#tc since only 1 equiv of triethyl phosphite is
added (Scheme 1).

These results prompted us to search for appropriate reaction
conditions to achieve complete conversion of the imif¢e
the 3-phosphonyl-1-aminophosphonatesThe reaction pro-

the treatment of central nervous system diseases, such a§eeded vigorously upon addition of 2 equiv of formic acid to a
epilepsy, Huntington’s disease, Parkinson’s disease, dementiaMixture of 2 equiv triethyl phosphite and the substrate

and chronic pain. Substitution of the carboxylate group by a

ethanol. Complete conversion to the 3-phosphonyl-1-amino-

bioisosteric phosphonic acid is known to increase receptor Phosphonate$ was obtained in typically 30 min at room
selectivity. Several phosphonic acid analogues of glutamate havel€mperature. The more sterically demandi®y derivative4b

shown important activities in this area such 8s4AP4 1, (9)-
AP52, and R)-AP5 3. Wherel and2 are group Il metabotropic
Glu Receptor (mGIuR) agonistgphosphonic acid analogug
is a potent and selective competiti-methyl p-aspartate
(NMDA, ionotropic GIuR) antagonist.Further research into

required 24 h to achieve complete conversion, andt{Ba-

(1) (a) Tanabe, Y.; Nomura, A.; Masu, M.; Shigemoto, R.; Mizuno, N.;
Nakanishi, S ahiiaasi 1993 13, 1372; (b) Nakajima, Y.; lwakabe, H.;
Akazawa, C.; Nawa, H.; Shigemoto, R.; Mizuno, N.; Nakanishi].Riol.
Chem.1993 268 11868; (c) Okamoto, N.; Hori, S.; Akazawa, C.; Hayashi,

new bioisosters has been indicated as a fruitful path to new Y.; Shigemoto, R.; Mizuno, N.; Nakanishi, 8. Biol. Chem.1994 269,

subtype-selective mGIuR ligands.

HzN HaN, H,N
/_"fc:OOH J_'fCOOH J_)*COOH
(HO),P (HO),P (HO),P
o} o o
(S)-AP4 (1) (S)-AP5 (2) (R)-AP5 (3)
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(2) (a) Brauner-Osborne, H.; Krogsgaard-Larsen i
1998 123 269; (b) Johansen, P. A.; Chase, L. A.; Sinor, A. D.; Koerner,
J. F.; Johnson, R. L.; Robinson, M. Blol. Pharmacol.1995 48, 140.

(3) For excellent reviews on ligands for glutamic receptors, see: Danbolt,
N. C. #!.2001, 65, 1. Brauner-Osborne, H.; Egebjerg, J.;
Nielsen, E. @.; Madsen, U.; Krogsgaard-Larsengigidaamisigm?000
43, 2609.

(4) Moonen, K.; Van Meenen, E.; VefweA.; Stevens, C. VAQgew.

d2005 44, 7407.

(5) Afarinkia, K.; Cadogan, J. I. G.; Rees C. \§ynleft1992 123.

(6) Teulade, M.; Savignac, [Ruaibesis 987 1037.

(7) Phosphonyl-1-aminophosphonatiesre generally formed as a mixture
of two diastereomeric pairs. One pair can generally be recognized in the
31p spectrum as two doubletdef ~ 10 Hz), while the other one usually
gives two singlets.
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SCHEME 1. Addition of 1 equiv of Triethyl Phosphite to a,f-Unsaturated Imines 4
R2 N’R3 1 equiv. TEP R! R N’Ra R! R2 HN‘R3
J\/K 1 equiv. HCOOH N
~ —_
IR’ H  EtOH, 10-30 min, rt (EtO),P H (EtO),P P(OEt)y
1 2 3. 0 o o
4a R'= Ph;R“= H;R*= tBu 5a:6a = 99:1
4b R'= Ph;R%= H;R3= jPr 5b:6b = 95:5
4c R'= Ph;R2= H;R3= Ph 5c:6¢ = 9:91
SCHEME 2. Proposed Reaction Mechanism of the Tandem 1;41,2-Addition of Trialkyl Phosphite to o,f-Unsaturated
Imines 4
R3 H.* RS RO OR RS 9 > ,RSI
RZ N N RZ'°N —p RZHN’ (RO),P_R“HN
H 1,4-addition RO~R: + HCOO 2
e ’ —_ =
IR1J\/KH R1J\/U\H — R1X/\H _HCOOR R' H
4 7 8 9
0] R3 O H+RS R3
1l 2 - 1l 2 - 1 2 -
(RO),P_R“HN 1,2-addition (RO),P_ R® N H* (RO)R R N
11 RrRo OR 10 5
+HCOO"| - HCOOR
0} 3
ROYA ROHN
R’ P(OR),
6
TABLE 1. Addition of 2 equiv of Trialkyl Phosphite to SCHEME 3. Push-Pull Mechanism?®
o, f-Unsaturated Imines 4
X - - . \ s R U\~ Co A
time vyield® diast n-R —Si -l g R\N/SI\
imine R R2 R3 R prod atrt (%) ratio o o — jﬂ%(‘o — 1L
:R-OR" X N:B_0R" "
4a  Ph H tBu Et 6a exclusie 1,4-addition . “OR" R"H P\ng{ R™ "P(OR")
4b  Ph H i-Pr Et 6b 24h 90  38/62 12 13 14 15
4c  Ph H Ph Et 6c 30min 86 21/79
ig gﬂ : gh g{e gd 28 min gg 2‘3‘;23 mechanism (Scheme 2), which is also indicated by the occur-
s Ph H al?yl Bt of somin 70 7o  ence of 14-adducts as intermediates (especially with highly
4 Ph H p-OMeBn Et 6g 3h 72 36/64 steric Qema_nding nitrogen substituents) and the similar diaster-
49 Me Me Ph Et 6h 30min 54 eomeric ratios of the final products.
j_h ][Vle o ﬂe E?} EEt g! gg h gf; por78 In the case of trialkyl phosphite, the 1,4-addition is clearly
i uran-2-y| t 6j min ; _ ; : ;
4 furan2yl H Ph Me 6k 2h 3%  25/7 favored, causing no 1,2-adduct to appear in the reaction mixture.

aYield after acid-base extraction? Yield after column chromatography

of the evaporated reaction mixture since the product decomposed during

acidic aqueous workup¥ Yield after acid-base extraction and additional
column chromatography.

imine 4a even only reacted in a 1,4-fashion (Table 1). This
reactivity is opposite to the results obtained using dialkyl
trimethylsilyl phosphite as a nucleophile. Using dialky! tri-
methylsilyl phosphite, the highly sterieBu group is the best
N-substituent to obtain double adducts, while phenyl, a less
sterically demanding nitrogen substituent, resulted only in the
1,2-adductd.

As was the case for the dialkyl trimethylsilyl phosphite
tandem additiori,the acid also plays a crucial role in the trialkyl
phosphite addition. Next to the imine activation and enamine
tautomerization, the acid (or its conjugated base) is required
for dealkylation of the phosphonium intermediates (Scheme 2).

The 1,4-adduct is the sole reaction intermediate or end product
in case the subsequent 1,2-addition is blocked (e.g., due to steric
hindrance). Previous research showed that the mechanism is
more complicated for the dialkyl trimethylsilyl phosphite
addition? In that case, the 1,2-addition is favored kinetically
over the 1,4-addition, causing the 1,2-adducts to appear very
fast in the reaction mixture. Therefore, it should be concluded
that trialkyl phosphite is more sterically demanding in this type
of reactions than dialkyl trimethylsilyl phosphite, which is quite
surprising at first sight comparing the OEt to the OTMS group.
A possible explanation for this unexpected behavior of dialkyl
trimethylsilyl phosphite can be found in the reaction mechanism
of dialkyl trimethylsilyl phosphite additions described in the
literature® In this mechanism, coordination of the nitrogen lone
pair with the silicon atom is suggested, which brings the (bulky)
nucleophile in close proximity of the electrophilic center.
Because of the presence of both a nucleophilic and an electro-
philic center in the silylated phosphit&3, the subsequent

From these experimental results, it was clear that both addition yransformation then occurs via a classical “paghill” mech-

reactions of trialkyl phosphite or dialkyl trimethylsilyl phosphite
to a,B-unsaturated imine4 proceed very fast in acidic media,
yielding the corresponding diphosphonaes high yields and
purity. Both reactions proceed via the tandem-1142-addition
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anism (Scheme 3).

(8) Evans, D. A,; Hurst, K. M.; Takacs, J. Nl 3978
100, 3467.
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The 1,4-addition of dialkyl trimethylsilyl phosphite, on the during the reaction using preformed aldimines again led to the
other hand, probably proceeds similarly to that of trialkyl formation of 3-phosphonyl-1-aminophosphon&tgin small
phosphite, i.e., without prior coordination with nitrogen. Fur- amounts). Dealkylation of the phosphonium intermediates by
thermore, the fast 1,2-addition of dialkyl trimethylsilyl phosphite water was confirmed by the detection of methanol or ethanol
has proven to be a reversible reaction, which makes the 1,2-in the reaction mixture.
adduct only a transient intermediate. Therefore, only limited  In conclusion, the tandem 14.,2-addition of trialkyl phos-
amounts of substrate (imine) are available for the 1,4-addition, phites toa,3-unsaturated imines was studied and was found to
causing it to be the rate-determining step, which neverthelessbe perfectly supplementary to the method previously reported
is favored by sterically demanding nitrogen substituents. The using dialkyl trimethylsilyl phosphitesWhile the latter method
final 1,2-addition proceeds again smoothly through nitregen only allowed the preparation of 3-phosphonyl-1-aminophos-
silicon coordination. phonates with considerably sterically demanding nitrogen sub-

When trialkyl phosphite is used, no 1,2-adduct formation is stituents (e.g.,i-Pr, t-Bu), addition of trialkyl phosphites
observed because of the lack of coordination. 1,4-Addition proceeded smoothly with little sterically demanding nitrogen
proceeds through a classical nucleophilic attack. The final 1,2- substituents due to the different reactivity of trialkyl phosphite
addition is now the rate-determining step, which is disfavored (higher tendency toward 1,4-addition than 1,2-addition). The
by the sterically demanding nitrogen substituents. This is the results presented here, together with our previous reséatch,
reason Teulade and Savignac only reported 1,4-addition to thelead to a better understanding of the special reactivity and
sterict-Bu-imines® These exceptional reaction kinetics, rather regioselectivity of three different phosphorus nucleophiles
than simply steric differences, explain the opposite reactivity toward o,8-unsaturated nucleophiles: dialkyl phosphités,

order for both reagents. dialky! trimethylsilyl phosphitesand trialkyl phosphites. By
The generality of this method has been proven by selecting selecting the appropriate phosphorus reagent and reaction
different nitrogen substituents, both aromatic and aliphaje conditions, it is now possible to obtain 1,2-, 1,4-, and-1124-

unsaturated aldimines and different phosphorus nucleophilesadducts in high yields and purity. Furthermore, the spectroscopic
(Table 1). When trimethyl phosphite (R Me) was used, instead ~ characteristics of 3-phosphonyl-1-aminophosphonétésve

of triethyl phosphite, methanol was chosen as a solvent (in steaddeen properly assessed, which allows their identification as
of ethanol) to prevent transesterification; however, the reaction potential minor impurities in so-called exclusigeaminophos-
appeared to slow and more impurities were formed. Therefore, phonylation protocols in the future.

the solvent is probably an important factor influencing the

reactivity of both nucleophiles. Experimental Section

_In addition, Kabachnik Fields-type three-component reac- General Procedure for the Synthesis of 3-Phosphonyl-
tions are often employed for the preparationoeéminoalkyl 1-aminoalkyl Phosphonates 6¢.,3-Unsaturated imind (5 mmol)
phosphonate¥. To investigate the possibility that the above- \yas dissolved in 15 mL of absolute ethanol (or methanol in case
described tandem 1741,2-addition also operates under these of trimethyl phosphite) in an oven-dried flask. Under a nitro-
conditions, the method reported by Kudrimoto and Bommena gen atmosphere, 10 mmol of triethyl phosphite (or trimethyl
was selected as a modélThis method involves a solvent-free  phosphite) and 10 mmol of formic acid were added consecu-
three-component reaction between an aldehyde, an amine, andively. When complete conversion was obtained (see Table 1), the
a trialkyl phosphite, which was reported to yield exclusively Ssolventwas evaporated under reduced pressure. The crude product
a-aminoalkyl phosphonates under the action of (bromodimeth- Was dissolved in 25 mL of diethyl ether and poured into .25 m!_ of
yl)sulfonium bromide (MgS'Bry), even when am8-unsatur- - I'YI ?ngltlet?]uf |_t|t$l Thg aqudeogs phelt)se ‘(’j"gi.;vnigl\]e’\? tg"_fe V\é'th 15
ated aldehyde was used. However, when cinnamaldehyde wag - 9! diEthy! €fher andmade basic by addi avh an

T . iline in th f i\ of ®xtracted three times with 20 mL of dichloromethane. The
reacted with-Pr-amine or aniline in the presence of 2 equiv of - 3_yo5phonyl-1-aminophosphondievas obtained in satisfactory

trimethyl phosphite and 0.1 equiv of M&Brz, small amounts  pyrity after drying (MgSG) and evaporation of the solvent. To
of 3-phosphonyl-1-aminophosphonaisd could be detected  optain the 3-phosphonyl-1-aminophosphonate perfectly pure, col-
by 3P NMR in the crude reaction mixture after standard umn chromatography with silica gel as a stationary phase and a
aqueous workup. Evaluating different timeemperature com-  mixture of CHHCN, CH,Cl,, and MeOH (80/18/2) as a mobile phase
binations, however, never resulted in complete conversion to was appropriate.
the 3-phosphonyl-1-aminophosphonatésl (maximum up to Product Characterization of One Representative Example:
60% in the reaction mixture). The catalysis of this reaction by I[;;g?]'i?itgi(éx%m‘gﬁ;‘r’g?éﬁ%rg”%’:?é“é?gaﬁgp@gf%rgglr]]gzojé .
(bromodimethyl)sulfonium bromide seems to be less efficient V. ; N o
than the acid catalysis discussed in the previous paragraph.rl\r/l"lz'(ture of MO diastereomeric pairs (ratio: 34/63"NMR 0 (300
C . h Z, ppm): 2.29 (2H, multiplet), 2.522.71 (2H, multiplet), 3.38&

Furth_ermpre, the_ water that is Ilberated_ during the_condens_<';1t|on3_83 (4H, multiplet), 3.48 (3H, dlup = 10.5 Hz), 3.49 (3H, dJup
reaction is required for the dealkylation of the intermediate — 105 Hz), 3.54 (3H, dJp = 10.2 Hz), 3.65 (3H, dJyp = 11.0
phosphonium ions as the reaction did not proceed when Hz), 3.68 (3H, dJue = 10.5 Hz), 3.69 (3H, dJip = 10.5 Hz),
aldimines were used directly in the reaction. Addition of water 3.71 (3H, d Jyp = 9.1 Hz), 3.78 (3H, dJup = 10.2 Hz), 6.34 (2H,
d,J= 8.3 Hz), 6.43 (2H, dJ = 8.3 Hz), 6.46-6.61 (2H, multiplet),

(9) Wozniak, L. ChOjI"IOWSki, nggg 45, 2465, 6.78-7.15 (4H, multiplet), 7.167.37 (lOH, multiplet).13C NMR

(10) (a) Chandrasekhar, S.; Narsihmulu, C.; Shameem Sultana, S.;0 (75 MHz, ppm): 31.1 (dJ = 8.1 Hz, CH), 32.1 (CH), 39.9
Saritha, B.; Jaya Prakash, Qleft?003 505. (b) Heydari, A.; Karimian, (dd, Jcp = 139.6 Hz,Jcp = 13.8 Hz, CH), 40.2 (ddJcp = 137.3
A.; Ipaktschi, J jinminminmmmiantt1998 39, 6729. (c) Chandrasekhar, S.;  Hz Jop= 8.1 Hz, CH), 48.1 (ddJcp = 154.6 Hz,Jep = 16.2 Hz,

Prakash, S. J.; Jagadeshwar; V., Narsihmulujiissinssassiagtt 2001, — —
42,5561, (d) Ranu, B. C.; Hajra, A.: Jana, Cicmieadt 1999 1, 1141, ¢)  CT)» 48:6 (ddsJep = 155.9 Hz,Jop = 11.5 Hz, CH), 52.6 (dJcp

Kaboudin, B.; Rahmani, Agxailesi®003 2705. (f) Kaboudin, B.; Nazari,
R. inissisasssssingtt2001, 42, 8211. (12) Van Meenen, E.; Moonen, K.; Acke, D.; Stevens, C.Avkivoc
(11) Kudrimoto, S.; Bommena, V. fiissiassumeiagtt?005 46, 1209. 2006 i, 31.
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= 6.9 Hz, CH), 52.8 (d,Jcp = 6.9 Hz, CH), 53.4 (d,Jcp = 5.8
Hz, CHy), 53.5 (d,Jcp = 5.8 Hz, CH), 113.6 (CH), 113.9 (dJcp
=10.4 Hz, CH), 118.1 (CH), 118.5 (CH), 127.6 (CH), 127.69 (CH),
127.74 (CH), 128.56 (CH), 128.59 (CH), 128.7 (CH), 128.8 (CH),
129.0 (CH), 129.2 (CH), 129.25 (CH), 129.28 (CH), 129.33 (CH),
129.4 (CH), 129.5 (CH), 129.57 (CH), 129.63 (CH), 129.7 (CH),
134.17 (dJ = 6.9 Hz, C), 135.88 (C), 146.12 (C), 146.63 (&P
NMR 6 (121 MHz, ppm): 28.47, 28.74 (dpp = 9.7 Hz), 30.76,
31.30 (d,Jpp = 9.7 Hz). IRv (cm1): 3301 (N-H), 1243 (br, &

0), 1043 (br, P-O). MSwz 428 (M + H]*, 100), 318 (M+ H

~ PO(OMe)]*, 10).
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