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1. INTRODUCTION

Aldehydes are among the most fundamental chemical functionalities in organic chemistry. In turn,
phosphorylated aldehydes are popular reagents which occupy a unique position in organic chemistry and the
specific properties of these compounds have given rise to a large number of developmental and synthetic
applications.! Since the review on the subject written by Razumov er al.! in 1973, these compounds have
received considerably more attention than during the 21 years following their first preparation by Dawson and

Burger? in 1952, The number and diversity of papers in the literature attest to the wide acceptance and general
ntility nf thece reagente Tha intarvaning 28 ysare have cean dacicive nraarsce in tha davalanment of the
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chemistry of these compounds: the blossoming of research on phosphonate carbanions, including their use in
intermolecular and intramolecular Horner-Wadsworth-Emmons reactions; the discovery of
phosphonoacetaldehyde in nature; and the application of phosphorylated aldehydes to the preparation of
aminophosphonic acids. So much knowledge has been accumulated that the time seemed appropriate (o gather the
results of phosphorylated aldehyde research in a review. In this review, the various methods for the preparation
of phosphonates containing a formyl group in the alkyl substituent linked to phosphorus, the types of reaction
they undergo, their use as synthetic intermediates and their conversion into biologically active compounds are

summarised.

One of the advantages of phosphorylated aldehydes is their synthetic accessibility. In principle, the formy!l
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positions 1 to 16 are known (Fig. 1). The methods for the preparation of phosphorylated aldehydes are generally
a combination of phosphorus and carbon chemistry. To this end cither a trivalent phosphorus compound reacts
with an alkyl halide attached at a masked formyl group, or the formyl group is introduced into the alkyl
substituent linked to the phosphoryl group using organometallic coupling methods (C-C bond formation) or
functional group transformations. The choice of method, P-C versus C-C bond formation, depends on the
relative position of the formyl group to phosphorus. The selected preparations here described include compounds

containing alkoxy groups on the phosphorus atom.
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Fig. 1. Dialkyl w-formylalkylphosphonates.
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Compounds containing the formyl group attached directly to the phosphoryl group are somewhat
controversial and information on their synthesis is extremely limited and to some extent doubtful. In 1973 it was
written "possibly they cannot exist at all".1:3 In 1974 the preparation of the dimethyl formylphosphonate was
briefly reported in a patent providing a method for the production of fosfomycin.4 In 1982 the reaction of the
sodium derivative of dimethylphosphite with formic acetic anhydride in Et;O at -10°C was reproduced on
laboratory scale to give what appeared to be a mixture containing the desired dimethyl formylphosphonate and
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addition reaction of diethylphosphite to the carbonyl group of the formyiphosphonate takes place leading to the
formation of tetraethyl (hydroxymethylene)diphosphonate 2. which isomerizes into (diethoxyphosphinyl) methyl
diethyl phosphate 3 (79%).6 The difficulty in isolating 1 by hydrolysis of an iminium salt has been reported. 187

(EtO).P + H-CO—C—CH, ———e—ooom (EtOV.P=CH + H.C—COC.H,
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Fig. 2. Formation and decomposition of diethyl formylphosphonate.

On the other hand. acetals. hemithioacetals and thioacetals of formvlnhosnhonates are known and readilv
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in two ways. Condensation of dialkylphosphites with orthoformic esters at 182°C for 5h provides
formylphosphonates with satisfactory yields (60 to 80%).8 The second route, from either chlorophosphites and
orthoformic esters, or trialkylphosphites and chloroacetals, is more general.9 For example, the synthesis of
thioacetals is usually accomplished in high yields by reaction between the appropriate chlorodithioacetals and
trivalent phosphorus compounds.” A recent method for the synthesis of thicacetals involves the reaction between
a dialky! 1-lithioalkylthiophosphonate and a disulfide. The mixed thioacetals, obtainable in 70-90% yields from
PhS-SPh, are accompanied by 5-20% of symmetrical thioacetals.!® The hydrolysis of diethyl
formylphosphonates acetals with HCI 2M at 117°C for 3h does not lead to the corresponding aldehydes but

22. n=1.

Possibly the most frequently used and most widely known phosphorylated aldehyde is the diethyl
1-formylmethylphosphonate 4. A variety of methods for the preparation of 4 have been reported in the literature.
The oldest is via the thermal Michaelis—Arbuzov (MA) reaction? between triethylphosphite, (EtO)3P, and the
bromoacetaldehyde diethylacetal yielding diethy! 2,2-diethoxyethylphosphonate 5 (Fig. 3). Use of a protecting
group for the aldehyde is essential since it is known that a-haloaldehydes react with trialkyphosphites according
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to the Perkow reaction yieiding dialkyl vinylphosphates isomeric with the expected phosphonates.i2 Subsequent
treatment of the phosphorylated acetal 5§ by acid hydrolysis leads to 4. The reaction was first carried out by
Dawson and Burger with stoichiometric quantities of each reagent to give a compound in 53% yield which was
identified later as the diethyl 2-ethoxyvinylphosphonate 6.!3 Detailed studies of the reaction were made by
Razumov er al. with various phosphorus(IIl) acid esters (phosphites, aliphatic and aromatic phosphonites and
phosphinites) together with a wide range of halogenoacetals.!4 It was found that the influence of various factors

is determined by familiar relations typical for the MA reaction. By monitoring the reaction by 3P NMR
spectroscopy it has been established that temperature plays a very significant role. Formation of diethyl 2,2-
diethoxyethylphosphonate 5 531P(THF\ +27.2) takes place cleanly at 150-160°C and tends to be dccomp“"

The tendency of phosphorylated acetals to undergo pyrolysis is also influenced by the nature of the substituents at
the phosphorus atom. Formation of phosphorylated vinyl ether 6 is not an obstacle to the synthesis of 4, since
the hydrolysis of both the acetal and vinyl ether leads to the formation of the expected
1-formylmethylphosphonate 4. However, while the hydrolysis of phosphorylated vinyl ether proceeds similarly
to that of phosphorylated acetals, it requires more severe conditions prejudicial to the isolation of 4,147,148

In the hydrolysis of the phosphorylated diethylacetal, a high concentration and a large excess of the acid

should not be used to avoid the hydrolysis of the ester groups at the phosphorus atom.16 A variety of acids have
ed (HC1 14,16-18 4,50, 19 HCO,H,17:20 HCl0416 and CF3CO,H!7) wi

been used (¥ 9] ri2o’4, a4 al nd wriceugnt ) with various results. It is qui{e
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sutficient to use the theorical amount of 1M HCI at 80-90°C to obtain a complete hydrolysis of the diethylacetal
14 A

without degradation of the ester groups.!
4 after 1.5h at 90°C with IM HCl and 72% after 6h ).!7 In the milder hydrolysis of diethylacetal in the presence
of ion exchangers (Dowex 50 H+),21.22 the yicld of phosphonoacetaldehyde increases (93%).2! During the

A prolonged reaction at this temperature has a negative effect (81% of

distillation of 4, a small amount of viscous product remains in the flask, attributed to the trimer of 4.142 This
method of phosphorylation of chloro- or bromoacetaldehyde diethyl acetals coupled with a smooth hydrolysis of
the acetals has been applied with success to the preparation of 4!3,14a,17-19 4nd extended on large scale.23
However, it is limited to 1-formylmethylphosphonates unsubstituted at the a-carbon.

H
Br-CH,-CH(OEY, _E'O%P _ (E10),p—CH,~CH(OE), HCLIM (E0),P—CH,~C
150-160°C n 80-90°C n %0
t>1 SOOLi > 81% 4

(ELO),P- CH= CH- OEt |
0 6

Fig. 3. Synthesis of diethyl 1-formylmethylphosphonate via the MA reaction!”.

A further example of the acetal route utilizes phosphorylated acetal 8 and enolic ether 9 derived from
diisopropyl ethynylphosphonate 7 (Fig. 4). According to the conditions employed, either one or two molecules
of ethanol can be added across the triple bond to give, respectively, diisopropyl 2-ethoxyvinylphosphonate 9 and
2,2-diethoxyethylphosphonate 8. As above both compounds give 10 on acid hydrolysis. However, development
of the method remains limited by the availability of diisopropyl ethynylphosphonate 7 on large scale.24
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Fig. 4. Synthesis of diisopropyl 1-formylmethylphosphonate from ethynylphosphonate24.

A variation of the MA reaction utilized the chloromethyloxazine as masked formyl group instead of diethyl
acetal (Fig. 5). Chloromethyloxazine underwent a smooth reaction with trialkyl phosphites at reflux for 24h to
furnish the oxazine phosphonates 11 (R=Me, 40% and R=Et, 80%).25

O/ \l O’ j
T
e~ i l + (KU)gl‘ —— (RO P CH ——K
Cl CHZ N re ﬂux 24h ( )2 2
R = Me, Et O 11
Fig. 5. Synthesis of oxazine phosphonates23
Emnlovine the oxazine nhosnhonates 11 nrovided a route to or-subctituted nhosnhonoacetaldehvdes For
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derivative of 11 (R=Et) in DME with methyl iodide in excess. The conversion of 12 into the diethyi
1,1-dimethyl-1-formylmethylphosphonate 13 was accomplished in 62% overall yield by the standard reduction-
hydrolysis technique using sodium borohydride at -45°C followed by heating in oxalic acid (Fig. 6). Thus the use
of oxazine phosphonates 11 constitutes an entry into o-substituted phosphonoacetaldehydes.23
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Fig. 6. Synthesis of diethyl 1,1-dimethyl-1-formylmethylphosphonate using the oxazine phosphonate23.

Another variation of the protecting reagent for the formyl group utilizes vinyl acetates. Thus diethyl
1-formylmethylphosphonate 4 was obtained in 66% yield through the hydrolysis of diethyl 2-acetoxy-2-chloro-
ethylphosphonate 14. Preparation of 14 was achieved by successive reaction of vinyl acetate with phosphorus
pentachloride at 7-8°C in CCly, treatment of the unisolated adduct at the same temperature with SO2 and

aleoholvsig of the (2-acetoxv-2-chloroethvlinhosnhonic dichloride with ethanol at 0°C in Fh(-) in the presence of
alconolysis of the (Z-acetoxy-2Z-chigroetnyl)phosphonic dichloride with ethano! at

muridine (Fig 7Y Denratection of tha farmul orann in acetone or dioxane wae a elow oneration 26
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Fig. 7. Synthesis of diethyl i-formylmethylphosphonate from vinyl acetates=®



Araetle SR

A recently introduced method is the paiiadium-catalysed MA reaction of allyl acetates with (EtO)3P, which
provided diethyl allylphosphonates in reasonable yield (65%). This reaction was been applied to the synthesis of
diethyl 1-formylmethylphosphonate 4 on a preparative scale (crude 78%, pure 52%) by reductive ozonolysis of
diethyl allylphosphonate in CHCl; at -70°C over 4h (Fig. 8).27

P e TR Y
(ELO),P H
AcO-CH,~CH=C = (E10),P- CH,- CH=CH, 12 93/ CHCl (B0}~ CH,~C,
Pd(acac)z, dioxane (”) “ 2) SMe, g Yo
145-160°C 52% 4
Fig. 8. Synthesis of diethyl [-formylmethylphosphonate by reductive ozonolysis27

The preparation on a large scale of dialkyl 1-formylethylphosphonates was achieved in good yield (66%)
by hydroformylation of several dialkyl vinylphosphonates in the presence of catalytic amounts of Rh(COD)CI
dimer in tolu with 1:1 CQ-Hn ratio 188

methylene group. This methodology is the procedure of choice for preparing both unsubstituted and -
substituted phosphonoacetaldehydes with or without a functional group next to the formyl group. The aldehydes
synthesised include, together with the phosphorus-containing groups, alkyl, aryl and electron withdrawing
groups in the o-position.

Two complementary procedures have been successfully developed. One employs a carbanionic route with
HCO;Et,28.29.30.33b DMF,31.149 N-formylmorpholine32 or orthoformic esters332:42:43 a5 formylating agents,
the other employs a thermal route with dimethylformamide dialkyl acetal or aminals.3435

In the carbanionic procedure, n-BuLi deprotonated the methylene group of 15 to give - llthxoalkyl—

tr}hncphnnfamc 16, which reacted with DMF or
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were isolated in near quanmatlve y1€]ﬂ (l‘lg 9) 3132 By a simiiar procedure 16 reacted with HLUQL‘.I to glV€ i8

in comparable yield. This formylation reaction using lithio anions and HCOEt has been applied to the synthesis
of several phosphonates containing an active methylene group including allyl-,36 benzyl-,30 chloromethyl-,37
bromomethyl-,29 3,3-diethoxybutyl-38 and thioethylmethylphosphonate.3? Yields of functional dialkyl 1-formyl-
alkylphosphonates 18 were high and the only byproduct was the unreacted starting phosphonate.

2 2 R} R’

R i R (R%N-CHO et
(R'0),P—C nBuli | pigyp—crLi S22 (R10),P” > CH-NRY),
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0O R} ’ O R O, 9
Li”
15 16 17
l | HCI 2M
R'=Me, Et, i-Pr | 31:94%
2 2
R“=H, Me, Et, Ph, Cl, SEt .ACOQEt R H
R3=H, Me I — > (R O)2P C_‘C S
f— Z Cl 3 U
nd _aa ~ AS_RR07, O R
= lvic, Q SI-00 /0
"4 18

Fig. 9. Synthesis of 1,1-dialkyl-1-formylmethylphosphonates by the carbanionic route31-32,



The ethyl formate approach was combined with the phosphate-phosphonate conversion reaction to
provide a useful one-pot transformation of triethylphosphate to the corresponding diethyl 1-
formylalkylphosphonates 19 in good overall yield (94% with R=n-Pr) (Fig. 10).39-40 Generation of 19 from
triethylphosphate renders this methodology a viable alternative to methods which require the preparation of
diethyl alkylphosphonates (EtO);P(O)CHzR. Thus, triethylphosphate serves as a reagent for the direct
phosphorylation of alkyl groups.

L ) tooH
(EtO)P~OEt ———=—p (Et0),P~CH —————>= (Et0),P-CH-C

1 778°C, THF . 2)3MHCI -. o
O Li 90.949 o
R = Me, Et, n-Pr, i-Pr, n-Bu, i-Bu 19

ANy

Fig. 10. One pot synthesis of diethyl 1-formylalkylphosphonates from triethylphosphate39:40

Through a halogen-metal exchange reaction, the diethyl trichloromethylphosphonate 20 proved (o be a
useful reagent for the one-pot synthesis of diethyl !-formylalkylphosphonates 19 (Fig. 11). In the presence of
n-BuLi (2 eq.), 20 reacted readily at low temperature with TMSCI to give the 1-lithio-1-chloro-1-(trimethylsilyl)-
methylphosphonate 21, which provided 22 on treatment with alkyl halides. A third halogen-metal exchange
reaction gaves the 1-lithio-1-(trimethylsilyl)alkylphosphonates 23, which were converted into the mixed acetals
24 by treatment with HCO2Et and an excess of TMSCL. Hydrolysis with 2M HCI to diethyl 1-formyi-

alkylphosphonates 19 usually as a mixture of aldehyde and enol in a good overall yield (70%).4!

|01 2 n-BuLi ICI (|31

(Bt0),P—C—C1 _IMSCL__ (E10),p—C—SiMe; —_RX__, (Et0),P—C—SiMe;,
I 1 1] I

. -78°C, THF -30°C, THF
O «l O L O R
n-BuLi
20 2 22 | Ts°CTHE
R SiMe, R
R g \ c/\ * HCO,Et i
(EtO)QP-——C_C - (EtO)zp CH-OEt o IMSCl_ (E{Q),P—C—SiMe;
I ~0SiMe; Lo 90°c,THF N T
v v UDIIVIES oL
-0% | 2M HCI
| 20°¢, CH,Cl, 24 2
] ? 22 4 23
R H
/
(E[O)zﬁ_ CH‘"C\\A R = n-Pr, n-CsH,,, n-C;H,5, n-C,,H,5, CH,=CH-CH,,
0 g CH;-CH=CH-CH,, CI(CH,);, CI(CH,),
19
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sodium in EtpO at r temperature, orthoformic esters effect a formylauon reaction with a number of relatively
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acidic (Z=Ci,33a Br,33a Ph3 a,42) or very acidic phosphonates 25 (Z=C

R<7 7). Yields
of functionalized diethyl 1-formylmethylphosphonates 27, after aqueous acid treatment of the diethyl acetals or
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, are relatively modest (32 to 50%), which renders this methodology not competitive with methods that
formylating agent at low temperature.
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When phosphonates 25 containing powerful electron withdrawing groups Z are subjected to formylation
by HCO»Et, the corresponding phosphorylated aldehydes 27 are obtained in low yields (25 to 30%).28.29.30
Full utilization of this carbanionic route is handicapped by the Z groups, which promote a stabilisation of the
anionic form unfavourable to the reaction. This may be overcome by use of a thermal route (Fig. 12). In the
thermal procedure, an aminomethylene fragment is introduced on the methylene group by the reaction of the

jom \.
Q
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phosphonates 25 with a N,N-dimethylformamide dialkyl acetal to

orm. The nhowsnharvlated anamineg ars than ranvartad 1A tha 1 _farmay]l mathoglabhacnhanntace 27 ke f2 o
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acid or basic hydrolysis.?#35 By contrast to the carbanionic route, the electron withdrawing effect of the Z group
appears as a favourable factor in the thermal route.

ONA N T A Z Z u
(MeQ),CH-NMe, ] H.O H
(EtO)zﬁ—- CH,—7Z (EtO)QIFI’— C=CH—NMe, 2=, (EtO)zP— CH——C
-2 MeOH 0 O
A A \J
25 26 27 |}
Z = CN, COMe, COEt, COi-Pr, COPh, ’ O
CO,Et, CONMe,, CO-CO,Et . ‘
_c (EtO),P__ C\H

Z
Fig. 12. Synthesis of diethyl |-formylalkylphosphonates by thermal route33

A large variety of N,N-dimethylformamide dialkyl acetals are commercially available. They have a greater
reactivity than the orthoformate esters and they offer the advantages of neutral conditions and greater yields than
those obtained by other methods. The N,N-dimethylformamide dimethyl acetal and rers-butoxybis-
(dimethylamino)methane have been shown to be useful in reaction with phosphonates bearing a good electron
withdrawing group Z. On reaction with functionalized phosphonates 25, N,N-dimethylformamide dimethyl

acetal underooes spontaneous elimination of methano!l at room temperature when Z=CN and CO-CO»R: wit
........... goes spontancous eliimination of methano! at room temperature wnen Z=CIN angé CO-CU2R 0 wilh
COWNDR ('NADR and MNR tha ranatian raanirac Yh at vafliiv and whan 7T NN~ Rh at rafliiv 1¢c naracgary
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e always obtained in nearly quanti
compatible functional groups is limited since phosphonates with Z=CH(O}:I)2, Cl, CH=CH,, CH=CHCI, CgHs,
0-ClCgHy, p-CICgH4 and SEt are inert. Formyl deprotection can be realized at room temperature either by
treatment with 3M HCI in biphasic medium (Z=o0- or p-NOCgHy, CO2R, CONR?) or with 2M NaOH. The
yields are generally excellent (83-90%) and the phosphonates containing a formyl group next to the Z group are

EI
a—r
—»

tive yieid. However, the

isolated mainly in the enol form.3>

Another attractive preparation of l-formvlnhosnhonates includes the rearrangement of epoxides to

synthesis of d;ethyl 1,1 disl bs ituted 1-formylmethylphosphonates 29 has been devel@pei using readily
available diethvl 1 hmetae Y€ and nntalutin temmanricnting ndimad ko T aarie aride (Rig 12) Tha
dvdalldlic LllClllyl N ‘CPU)\_ypllUSpllU 1diCd L0 dliU CAldlYUC DDUILCI AU HIIUULTU UY LUWIS alldus (lly. 1J). 11ic

1 L 1
1

boron trifiuoride etherate is an effective catalyst in the rearrangement of 28. The [1,2] migration o
phosphoryl group is conducted with high selectivity and in good yield. Both symmetrical and unsymmetrical
aliphatic and cyclic phosphorylated aldehydes 29 can be obtained by this way.44-48
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Fig. 13. Synthesis of diethyl 1,1-dialkyl- I -formylmethylphosphonates from 1,2-epoxyphosphonates48.
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It has been found that there are limitations in this rearrangement. For

1-3, Fig. 14), upon treatment with boron trifluoride etherate

phosphonates prepared from cyclic ketones (m:

minor product,

H
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O CHO
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ms=
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In some cases 1,2-epoxyphosphonates undergo thermal isomerisation at high temperature (170-300°C) to

ethanolic solution of sodium dialkylphosphite (Fig. 15), which attacks the B-carbon atom of the epoxide via the

equilibrium sodium phosphite salt-alcoholate intermediate. The ring opened compound easily undergoes a

phosphite anion elimination producing dialkyl 1-formylethylphosphonates 33 in 50-85% yields.>0
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a methanolic solution of dimeihyl 2-nitroeihyiphosphonaie aiso
containing MeONa and a sensitizer, Rose Bengal, affords dimethyl I-formylalkyiphosphonates in yields ranging
from 64 to 90%. Temperature dependence of the yield has been observed. The higher yield at low temperature
may be attribuable to increasing stability of the intermediate dioxazetidine.5!

23, n =2

The conventional MA reaction of (EtO)3P and halogenoacetals has been applied to the synthesis of diethyl
3,3-diethoxypropylphosphonates 34.14a,17a,18a.¢ The reaction can be realized in good yield (65%) with linear or
branched primary halogenoacetals (Fig. 16). Of significant synthetic importance is the easy formation of a-
substituted 3,3-diethoxy-propylphosphonates 3§ by treatment of 34 with n-BuLi in THF at -50°C and
subsequent alkylation of the stable a-lithiophosphonate carbanion. The yields of 35 are moderate to good (62-

70%). The acetals are hydrolyzed in the same conditions as above (1M
1

nrmvlet 1vlnhncn nnatec 6 ( =Y and 7_farmvlathvinhnenhnanate WK ¢ l: Y in vielde rancino fram 80 tn
\JIIAIJA\I‘ Jlt/llvayll\l‘lul\i) a/xr \l\ "'Lll LS TR LN - l\}llll.’ 1\/‘]1] IHIAUDLJAAULIUL\.‘ -~ \‘\ ‘.1] 113 J‘\'luﬂ lullélll& ALVLLEE SV WY
85%. Distillation of these compounds is frequently accompanied by extensive polymerisation.!7?
(EtQ),P IM HCl M
Br- CH,~ CH-CH(OED), — = (BIO);f-CHy = CH- CH(OED, = 2 (BLO)P— CH, = CH=C{
i TR 50-85% 0 o
34 l H, Me 36
l l‘\ n—BLLl /THF FETaONY T Y YT T T Ty
L >~ (EtO),P—CH—CH,—CH(OE),
2) R*X b2 R
O R° R
62-70% 35
R'=H

R? = Me, Et, CH,=CH-CH,
Fig. 16. Synthesis of diethyl 2-formylethylphosphonate via the MA reaction!7b.

temperature results in the only formation of the substitution products in the y-position (Fig. 17) The enol- 38

and thioenolether 39 were converted by hydrolysis with 5M HCI at reflux to the corresponding diethyi 2-aikyi-
formylethylphosphonate 36 (R!#H) or 2-formylethylphosphonate 36 (Ri=H) thus giving an entry int

o

substituted phosphonopropionaldehydes.52

R R R
<=5 o~ T L'__ ~Y T o= (E[O):; ey T Pttt ,|1_ Pl & S Ve EtONa T YT _t’ﬁ_hrr_ MTT.
X—CH,—(=(CH~ = (EtO),P—CH,— (=0 X (EtO),P—CLH,,—(—0Ln Ukt
A I EtOH |
v 1R | 37 o | 38
A =L, DI
o | EtSNa, EtOH | sM HCI
R' =H, Me l .I,
v i Y Rl
R SM HCI r
(Et0),P— CH,— C= CH- SEt (EtO),P— CH,—~ CH- G
0O 39 o 36 “

Fig. 17. Synthesis of diethyl 2-alkyl-2-formylethylphosphonates via the MA reaction2
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Unsaturated dialkyl 2-formyiphosphonz
from the reaction of PCls with alkyl allyl ethers at 7°C in CgHg. On treatment with RONa in EtyO, the (3-alkoxy-
3-chloropropenyl)phosphonic dichlorides 40 resulting from decomposition of the adduct with SO, (41% yield
for R!=Et and 24% for R!=n-Pr) produced a number of dialkyl 3,3-dialkoxy-propenylphosphonates 41 in yields
ranging from 56 to 82% (Fig. 18). However, in experiments aimed at the isolation of the corresponding dialkyl
2-formylvinylphosphonates by hydrolysis of 41, only clear viscous, undistillable resins were obtained. In view
of their instability, phosphonoacroleins were not isolated in a free state but were identified as their 2.4-

2 2

CH,= CH- CH, =~ OR! %= CI,P~ CH= CH- CH- OR' 2R ONa REONa
2 S I 15} I

RI= Et, n-Pr Y t 56-82% U (_)R

5 40 41
R“= Me, Et, n-Pr, n-Bu

Fig. 18. Synthesis of dialky! 3,3-dialkoxypropenylphosphonates from alkyl allyl ethers>4.

(R20), P CH=CH- (IEH- OR!

In contrast, the diethyl 2-formylethynylphosphonate 43 is a distillable colorless liquid, which proved to
be stable when stored for several months at 0°C. Tt is obtained on preparative scale in high yield by hydrolysis
with 97% HCO,H of the diethyl 3,3- dlethoxynroovnvlohosnhonate 42. Catalytic hydrogenation of 42 (5%

Pd/CaCO3) gave a mixture Z- an

Formolysis of pure 44 using HCO,H gave a mix{ur\. of Z- and E- aldehydes {rom which the Z- diethyl
2-formylvinylphosphonate 45 Z- was isolated in 60% yield by distillation (Fig. 19).55
HCO,H H
(Et0),P—C=C-CH(OE), » (EtO)P—C=C—C
) 0
HZ’ Pd, CaCO:; 43
42 H H
' H H
N Ve
(EtO),P— CH= CH- CH(OF1), HCO,H C=C
\*—“‘-’/;h oa AT A Sk NSRS > / \'\
O (EtO),P CHO
s \Luujzh Nk ANS
44 60% 60% O 45
Fig. 19. Synthesis of dicthyl 2-formylethyny!- and Z-2-formylvinyiphosphonates33.

was prepared from the diethyl 2,3-epoxyprop-1-yiphosphonate 46. Compound 46 underwent ring opening at

0°C with sodium methoxide in methanol followed by treatment with Dowex (H™) resin to give the crude allylic

alcohol in quantitative yield (Fig. 20).56

H_ ,CH,OH H  CHO
(EtO),B~ CH,~ CH—CH, 1) MeONa/MeOH c=C PCC _C=C.
o) o 2) Dowex (H*) (EtO)F H CH,Cl,, r.t. (EtO)P H
O 52% o
46 47 45
Fig. 20. Synthesis of E-diethy! 2-formylvinylphosphonate30
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Very recently the preparation of diethyl 3,3-diethoxy-2-hydroxypropylphosphonate 48 was reported with
38% yield through the condensation of lithium diethylphosphite with D-glycidaldehyde diethyl acetal at -80°C in
THF in the presence of BF3-Et20 (Fig. 21). Deprotection of the aldehyde was accomplished with 0.1M HC] at
40°C to give 49.57.58

ML Ny
\W iyt \W Y
1) n-BuLi, Et,O.BF ] \ H
(Et0),p-H LBuLh EGOBE, (EXO),P-CH, —~C! OIMHCL g6y p—cH,—C 1
O ) ZANGH S CH(OEu), o \C:
N s o - 0
CH(OEY), 48 49

Fig. 21. Synthesis of diethyl 2-formylphosphonate by epoxide ring opening>”,

The method of converting vinyl to carbonyl groups by reductive ozonolysis has received much attention
and has been applied with success to a variety of phosphonates containing homoallyl groups, including
o-functionalized phosphonates.39-6! The homoallyl group is often introduced by condensation of allylbromide
with diethyl 1-lithioalkylphosphonates.60:61 For instance, a convenient preparation of 52 (Fig. 22) was achieved
by ozonolysis of diethyl 1-allyl-1,1-difluoromethylphosphonate 51, which itself was prepared in 64% yield from
50 after treatment of diethyl difluoromethylphosphorylcadmium bromide intermediate with allyl bromide.62

fl*" F o F H
Et0),p-C-Br D ELOCTHE o o) P = ) (E1O P—~C CH
( 2P I ran— | )2 C~CH,—CH=CH, 1 (EO) 2 C\
i IESILEI S LR Uty L B g T] iviLisii il O

74

Fig. 22. Synthesis of diethyl 1,1-difluoro-2-formylethylphosphonate by reductive ozonolysis62.
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via an oxidation with NalOj4 in basic medium (Malaprade reaction). The lactol oxidative opening provided the
diethyl 2-formyl-2-(hydroxymethyl)ethylphosphonate, which eliminated water during purification by
chromatography on silica to produce diethy! 2-methylene-2-formylethylphosphonate.63

A reaction of significant synthetic importance for the generation of dialkyl 2-formylethylphosphonates 36
(R!=H) is the addition of trivalent phosphorus reagents to o,B-unsaturated aldehydes.®4 This Michael /
Michaelis—Arbuzov strategy (Fig. 23) is the method of choice for incorporating substituents at any position
between the phosphoryl and formyl groups. Addition was observed to occur under quite mild conditions in a

conjugate manner with a w1de range of Michael type subst 5.53,65 The reaction of (EtO)3P with

~ R _vemcatiien ad aldahvydac in tha nracane a nf o nrn
\L,'J uuaatux CllCU L"UUDII) uCy 11k lll\a Plbbbllbb uL a PLU

H H
(Et0);P + CH=CH-C, (Et0);P— CH—CH=C_ _
R=Me,Ph R R lEtOH
H - + Y _H
(EtO)7P=CH=CH2%C/ - EEt(?E (Et0);P—CH—CH,~-C_
I | > -kt t ] \0
O R O R

Fig. 23. Addition of (EtO)3P to o, -unsaturated aldehydes in the presence of ethanoi04,



o AE §

The use of a protic soivent such as an aicohol or a phenol provides not only a source of a proton for th
anionic site of the zwitterionic adduct, but also a nucleophile for the required dealkylation step. Further efforts
demonstrated that better yields were obtained using phenol (82% with crotonaldehyde) rather than simple
alcohols.6

Besides alcohol or phenol, a variety of associated reagents including dialkyl chlorophosphates®” and silyl
halides®8 have also been added as a trap in the reaction medium. Frequently, the use of these different reagem

ave conjugate addition

1721
e
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of each reagent either neat or in a solvent at ambient temperature (Fig. 24). A comparison of different reagents
reveals that the reaction of acroiein, methacrolein and cinnamaidehyde proceeds quite readily, but with some
complications. Although in certain instances low yield of conjugate addition products can be isolated, the major
product formed is the product of addition at the carbonyl carbon (Abramov product).68

CH;
Me,SiCl o H
(RO)sP + CH3~CH=CH-CHO ———» (RO),P-CH-CH=C_

&’) OSiMe;

Fig. 24. Addition of trialkylphosphite to crotonaldehyde in the presence of Me3SiCIo8.
The conjugate addition has been observed in the reaction of arylmethylenemalonaldehydes with
trimethylphosphite. The reaction proceeds via an unstable intermediate, who istence has been proven on the
basis of spectral and chemical evidence, and which is easily hydrolysed to give a phosphonomethylene-

malonaldehyde.69
Full utilization of o,B-unsaturated aldehydes is often handicapped by the complications reported above.
These disadvantages are overcome when the unprotected o, B-unsaturated aldehyde is replaced with an aldimine

53, which is activated as an imminium salt (Fig. 25).

R R [Hco2 R ]
} ]
1 1 =2
R\/A{" 0O t—BuNHZ R = /N\ n, (EtO)3P/E \OH | E[O);P\)\/N I
|' LS l- 7 l“Db‘l ,\ i- Bu
D') EtOH ) HCOH | N, |
= Nne R
n K L N N J
=Me, Et, n-Pr, n-Bu, Ph 53
=H, Me l -HCO,Et
R3=H, Me, Et, n-Pr, n-Pent, n-Hex 4 ‘ 5
—~ nJ ~ ™
¢ R QK
o~ TS - AN HCY i TS \T
(Et0), H OV (EtO), Wi
AN or (CO,H), AN -Bu
RTR*0O 45-80% RTR
55 54
Fig. 25. Synthesis of diethyl 2-formylalkylphosphonates from aldimines70,
(EtO)3P does not react with aldimines in ethanol. By contrast, the addition of 1 equivalent f HCOH to
the mixture (EtO)3P/EtOH/aldimine induces an exothermic reaction resulting in the exclusive formation of 54
Undoubtedly, the 1,4-addition of (EtQO)3P is promoted by initial protonation at nitrogen thus activating the double



bond (Michael addition) and generating the formate for the dealkylating step (MA reaction). The dialkyl-
substituted formylphosphonates 55 are obtained by hydrolysis of the imine function with 6M HCI or 1M oxalic
acid. The method provides a ready and convenient access to a broad range of substituted diethyl 2-
formylalkylphosphonates 55 in satisfactory yields (45-80%).70

or the synthesis of diethyl 3-formylpropylphosphonate has been realized from 4-
ig. 26

e latter reacts with

0.35M HCl in

$4

‘O .O\ Yy
H
Br-Ciyy,— | B oy p—cny—~ | e (510),P-(CH,) - €
\O A a 2N /' A n \O
O 56 0 0 57

Since the double bond is an ideal precursor for the generation of a cyclopropyl ring an attractive procedure
involving the addition of the carbenoid followed by transformation of an ester group into an aldehyde has been

eveloped (Fig. 27). For example, the CuSOy-induce
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and trans- isomers. The ester was hydrolysed to the acid which was tre:

n cyclohexane at reflux produced diethy yclopropylmethylphosphona e 58 in 30% yield as a 1:3 mixture of cis-

Subsequent oxidation of the intermediate 59, using PCC, afforded the aldehyde 60 in 83-86% yields
respectively.”l The method has been extended (vide infra) to the preparation of higher analogs (n=4 and 5) 7i
0 0
EOP N, —CHCOE | mope
CuSO,, CeH,g ss\lN‘ CO,Et
| DKOH, THE/H,0
| 2BH;-THF
v
O O
] PCC v
«—PCC___ (Eo) P\/QN
(E‘O)ZP\/QN. CHO  CHYCI, ? v~ cH,0H

60 83-86% 59
Fig. 27. Synthesis of diethy! 3-formylalkylphosphonate via addition of carbenoid to allylphosphonate!.

Unsaturated 3-formylphosphonates have been obtained by a MA reaction using 1,1-diethoxy-4-bromo-2-
butene’22 or l-acetoxy-4-chloro-2-butene’2b.¢ as masked formyl group (Fig. 28). The former reacts with
(EtO)3P at 135°C to give the diethyl 4,4-diethoxy-2- butenylphosphonate in 50% yield; deprotection was

accomnlished in ORY% nsine a cold-saturated aaueous solution of tartaric acid. 723 e latter reacts with (EtO)~P or
u\.\,ulllk}ll Jliwid 11l SO J/V uoxlk& G WWUVIN OBV BV “\1\!‘\’\/“0 OVWIVELEAV/LE VA v v g E S A 7

£ DD e 198 1T ANOT thin mrmcmmnma ~F mntalutin amamaint AF Nal ta aiva tha rarracnanding nhaenhnrvl acetatag
U-FTU)3E0 dl L2o~19U U LI UC PICSCIICC Ul Ldtdly UL alllVulil Ul INdL U S1VE UIV VULTLSPULILE, PAIUSPLIVLE y 1 Gaub vy
P a ﬁ LON TN S L al oo Mo Al = L1 £ YN e athamal e
6iin 8i% (K—bt) and 54% (R=i-Pr) with £:Z2=90:10 in both cases. By refiuxing 61 10r 2Un i etnano: of

methanol with a catalytic amount of p—toluenesultonic acid, the alcohols 62 were smoothly obtained in almost

quantitative yield (95-97%) E:Z=90:10. The Jones reagent proved to be the best reagent (65-68% yield) for the



oxidation of the alcohols 62 to the aideh‘ydes 63. The diatkyl 3-formylallyiphosphon

stable if stored under argon at -20°C.72¢ Preparation of diethyl 3-formyl-2-met
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example of the above process using the 1-bromo-2-methyl-4-acetoxy-2-butene as starting materia
accomplished in 86% yield E:Z=55:45.

nC P\
X = Cl, Br R = Et, i-Pr 61 i TOH
* EtOH or MeOH
R! o ' R!
| CrOs It |
(RO),P 2 - CHO 4__— (RO) A
- 12 4, OH
63R'=H, 65-68% 62

Fig. 28. Synthesis of dialkyl 3-formylallylphosphonates via the MA reaction’2¢.

By contrast, the 3-formyl-3-methyl-allylphosphonate 67 was prepared from diethyl crotylphosphonate
65, incorporating the formyl group by a carbanionic route (Fig. 29). Compound 65, on treatment with
3 equivalents of LDA, underwent successively silylation with TMSCI and formylation with HCOEt to give the
oxoanion 66, which after acid hydrolysis lead exclusively to the E-diethyl 3-formyl-3-methyl-allylphosphonate
67 in 78% yield.”3

v 1) LDA 3eq , -70°C, THF P
(EtO)zP\/\\/ Me TvSCL (17 6°c L (EtO),P\l/:\/Me
65 SiM€3
| HCO,E!
L -70°C
O r O 7t Q -I
(Et0),P., N CHO H0" (E0),P e, |
,- T 78% | T |
o Me L blMe3Me ]

Fig. 29. Synthesis of diethyl 3-formyl-3-methyl-allylphosphonate 3.

The synthetically useful diethyl 2-oxopropylphosphonate 68 is known to give a stable dianion 69 at
ambient temperature. In the presence of 2 equivalents of LDA this dianion was smoothly reacted at low
temperature with HCO,Et to provide a stabilized bis-enolate 70, which was soluble in water. Acidification with
4M HClI produced the diethyl 3-formyl-2-oxo-propylphosphonates 71 in high yields (81-89%). This "one-pot”
procedure offers a short and efficient means for obtaining a variety of compounds from readily available starting
materials 68 (Fig. 30).74 Recently, another preparation of 71 (R1=R?=H) was reported and involves a multi-

step route using diethyl 2-oxo-propylphosphonate 68 (R!=R2=H) as starting material.”>

ST r~"rJ r



wM 'M\ Ml\
@ O |yNaH,20°C, THF ¢ o HCO,E oo 9
[ a ~. okt v
0),P. M ———2— (EtO),P
(ELO),P \HJ\ 2 2LDA, 0°C, THF 1O \/\( FoCrooC . HO) W\H
R R’ R R R\ R
8 &;v{, M’ =Li, Na R ‘g\f é;f;
R'=H, Me l oo
R’=H, Me O o o o AH
(EtO),F LY JI§ .~ (lj L!J
\|/ Y ~H (EtO), \A//’\H
R R? SR PO
R -
71 R

Fig. 30. Synthesis of diethyl 3-formyl-2-oxo-propylphosphonate’4.

The ring opening reaction of D-glycidaldehyde diethyl acetal at -80°C in THF by the diethyl
1-lithiomethylphosphonate in the presence of boron trifluoride etherate provided a convenient preparation of
diethyl 4,4-diethoxy-3-hydroxybutylphosphonate 72 in 78% yield. Unmasking of the aldehyde functionality was

accomplished using 0.1M HCI at 40°C to give the diethyl 3-hydroxy-3-formylpropyl-phosphonate 73 (Fig.
31)57.76
« & ,' -

. OH OH i
(EtO),P-Me I)H%uu’ BROBL, tO)z},"(CHz)z—&"‘H hel, (EtO),P-(CH;), = Cf A
(') 2) / N\l 0 CH(OEb), C\\o
CH(OE), 72 73
Fig. 31. Synthesis of diethyl 3-hydroxy-3-formyipropyiphospho by epoxide ring opening’.

=t

metaperiodate (Malaprade reaction) has been demonstrated i
76 (Fig. 32). It was accomplished on preparative scale using the 1,2:5,6-di-O-isopropylidene-a.-
glucofuranose 74. This mild method is advantageous and the resulting aldehyde was obtained in almost

quantitative yield.”?

Me_0O— Me O— Me_0—
Mex() :l o Mer-—I o MexO o
[(EtO)»,P(O)JCHLI H,/Pd/C
-78°C, THF OH
0 oM Qc  okme M€ CHy O Me
Me EoxP- H Me (E10),P=0  Me
74
l H;0*
HOCH;
H 2
O‘\L’ HQ—" 0
— O"ﬁl NalOy4 ‘(f ﬁ
—-——en
| Yo
O
CH, 0 —'(‘ Me H,O /EIOH ' H, + Me
(Et0),P=0 Me (Et0),P=0 Me
76 75
Fig. 32. Synthesis of diethyl 3-formylphosphonate 76 by oxidation of 1,2-glycols?7.



have been reported. They are based on the phosphorylation, via Michaelis-Arbuzov or Michaelis-Becker
reactions, of aromatic substrates 77 containing a protected primary alcohol (Fig. 33). Further oxidation of the
alcohol into aldehyde 78 was accomplished under a wide range of conditions using activated MnO; in CHCl3 at

room temperature (53%),”8 PCC in CH,Cl; (83-86%)7! or the Swern reaction (>95%).79

\/0 N ON
M’ ] CH.C

R

l 2 o l¥a TR/ /N R 1\ "
I (Bt zl’(U)l a ' O 1) vl | O
N . B e
Me)\ N) Me/k N) 2) MnO, Me N)
K207 —_
77 JJ /U 78

Fig. 33. Synthesis of diethyl 3-formylphosphonate by primary alcohol oxidation’8.

The preparation of the contigurationally unstable diethyl 3-($)-rert-butoxycarbonylamino-3-formylpropyl-
phosphonate has also been reported, and involves reduction of a methyl ester group with DIBAL-H in toluene at
-78°C.80

An interesting procedure for the preparation of arylphosphonates bearing a formyl group is the phosphate-
phosphonate rearrangement of the protected phosphorylated 4-hydroxybenzyl alcohol 79. On treatment with

LDA in THF at -78°C, compound 79 underwent an o-metallation with spontaneous m!gratio.n of th

"' i ° = il wianiated sinnhafa® A

desilylation afforded 81, which was oxidized with activated NI‘IOQ in THF at room temperature to give the
dimethyl m-formylphenylphosphonate 82 in 96% yield (Fig. 34).8!
OP(0)(OMe), OH OBz OH
|
AN AN P(O)(OMe), /I\'/ P(0)(OMe), /l\l/ P(0)(OMe),
I I 1 1
L J LDA ” PhCH,Br | ” MnO, l ”
X 78°C,THF X Bu,NF,THF X 20°C,THF Xy
N T N BN Ry
OSiMe,t-Bu OSiMe,-Bu OH o% "H
79 80 81 82
Fig. 34. Synthesis of dimethyl 3-formylphosphonate by phosphate-phosphonate rearrangement®!
An efficient synthesis of a variety of arylmethylphosphonates bearing electron-withdrawing groups
(COZEt, CN, SO;Me) at the o-carbon and a formyl group on the aromatic ring has been reported. They were

prepared by treatment of diethylphosphoryl-stabilized carbanions with aryl halides in DMF or HMPA in the
presence of Cul at 100°C for 5h. In the case of protected o-formyliodobenzene, the coupling reaction with the
sodium derivative of triethyl phosphonocarboxylate gave, after acid work-up, the corresponding diethyl o-
formylbenzylphosphonate in 75% yicld.82

2.5. n=4.

Two reactions were found to be best suited to the synthesis of diethyl 4-formylalkylphosphonates. The
first traightforward method to diethyl 4-fo rmylalkylphosphonate 4 (m=1) from unprotected aldehyde
functionality, as demonstrated by experiments involving (EtO);P and bromoaldehydes 83. At 100-110°C, the
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can be attributed to unwanted condensation with the cis-disposed aldehyde group (Fig. 35).7! The reaction has
been extended to the preparation of 84 (m=2) with comparable results (12 and 58%).7!

P CH2 - (CHz)m- Br ___SE_K_?;L JJD— CHZ = (CH2)m - .II)(OEtb
OHC OH 0

I IC -
83 84

m=1: cis 27% m=2: cis 12%
trans 62% trans 58%

In search for a flexible route to a wide range of variously substituted arylidene cyclopropanes, the carbene
derived by metallic copper-induced decomposition of diethyl diazomethylphosphonate was added to an

unsaturated acetal to give the diethyl 2-(3,3-dialkoxy-2,2-dimethy!

(3,3-dialkoxy-2,2-dimethylpr

e R

ICTACtIVIL.

The second reaction has been observed with lactones which have been shown to be useful in several
synthetic schemes. The reaction is phosphorus reagent dependent. When submitted to diethyl 1-lithiomethyl-
phosphonate, the y-lactone 85 underwent a ring opening reaction to give an hydroxyphosphonate 86 retaining
the carbonyl group in [-position to phosphorus (Fig. 36). Subsequent Swern oxidation of the
hydroxyphosphonate 86 provided the diethyl 4-formyl-2-oxobutylphosphonate 87.84

O 1) (Et0),P(O)CHRLI R
)y : HO. N

N -78°C,THF P(OE(),
( O T NE,CLEO o8 - HO/\/Y\ P(OEt)7
/ \ 86 o)
__/
85 \ DMSO, (COCl),, NEt3
-60°C, CH,Cl,
R = H, (CH,),OTHP . R
\ -
ONY\ }:; (OE1),
O
87 ©
Fig. 36. Synthesis of diethyl 4-formyl-2-oxobutylphosphonates from y-lactones84.

By contrast, reduction of the lactone to the lactol followed by reaction with the sodium derivative of
tetraethyl methylenediphosphonate gives an hydroxyphosphonate 88 containing a double bond o, to

genation of the double bond followed by Swern oxidation of the hyd.mx.y—

phosphonat e 89 lead to the aldehyde 90 (Fig. 37). The alcohol 89 was also oxidized using SO3 Py omplc
DMSO and NEi3. This procedure allows the use of higher temperaiures than the Swern protocol and provi
aldehyde in good yield. Thus lactones appear to be valuable symhetic intermediates wellsuited to the preparation

of a variety of phosphorylated aldehydes.83
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Fig. 37. Synthesis of diethyl 4-formylalkylphosphonate from y-lactones85.

A quite similar process was used in the preparation of phosphonic acid analogs of pyridoxal phosphate
(Fig. 38). The sodium derivative of tetraethyl methylenediphosphonate was condensed with a4,3-0-
isopropylidene-isopyridoxal 91 to give diethy! a4,3-0O-isopropylidene-o5-pyridoxylidenemethylphosphonat
in yields up to 65%. Selective acid hydrolysis with 10% HCO;H at reflux gave the key intermediate diethyl 2-(3-
hydroxy-4-hydroxymethyl-2-methyl-5-pyridyl)vinylphosphonate in 98% yield. After catalytic hydrogenation of
the double bond using 5% Pd/C in EtOH, several oxidation methods were studied, including MnO3 in water,
CrO3-Py and DMSO-DCC. Finally, oxidation with activated MnO3 in CHCl3 proceeded smoothly to give the

diethyl 2-(4-formyl-3-hydroxy-2-methyl-5-pyridyl)ethylphosphonate 93.86

Me Me
O 0O
X 0 CHO 0
Me Me 1
O CHO 0] - P(OEY), HO ~_~ P(OEt),
i [(Et0),P(O)],CHNa i 1) HCO,H {
)\\ ) o gl ,)'\\) N H- PA/C s - \‘.)
Me® N tts 66 Me N ‘?;’ Mz’b‘" ~  Me N
nn -
91 92 65% ) M1 93 98%
Fig. 38. Synthesis of phosphonic analog of pyridoxal phosphate86.
The vinylic and acetylenic analogs of 93 are known. The former was prepared as a cis-frans mixture by
Peterson reaction between 91 and the lithi ion of diethy! trimethylsilylmethylphosphonate. Isolation of the
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cis- derivative and subsequent deprotection of the alcohol followed by oxidation with MnO, in CHCl3 lead to the
diethyl 2-(4-formyl-3-hydroxy-2-methyl-5-pyridyl)vinylphosphonate. The latter was prepared by reaction of the
lithium ethynyl analogue of pyridoxal with diethyl chlorophosphate in Ety0 at -74°C. The corresponding diethyl
2-(4-formyl-3-hydroxy-2-methyl-5-pyridyl)ethynylphosphonate was obtained in 26% yield after deprotection of
the alcohol by brief heating with 10% aqueous trifluoroacetic acid and oxidation with MnO5.87

The Michael addition, using an activated vinylphosphonate 94 and the magnesium derivative of the
2-(2-bromoethyl)-1,3-dioxolane, has been found to be a good method for chain-lengthening of

10, 39) ”mnqcl{xng of the aldghyde functionalit ndll(‘f‘d 9588
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Fig. 39. Synthesis of dimethyl 4-formylalkylphosphonate via Michael addition88.

Two routes to diethy! 4-formylalkylphosphonates from 1,2-glycols and lactols demonstrated once more
the importance of these substrates. The first route provided diethyl 4-formylalkylphosphonates in almost
quantitative yield (98%) from the mild oxidation of phosphorylated 1,2-didesoxy-3,4:5,6-di-O-isopropyliden-D-
arabinose with NalOy4 at 0°C in Hp0 or in a H)O/EtOH mixture.89 In the second route, diethyl 4-

Armvulallbulnhacnhanatee wera nhtainad luy ananinag af the ninnentantad S_nhaonharmglatad D orilhAafiirannce with
AVLLIIIY1QAn IPIIUJHIIULIQIMD Ywuelu vUuviadlina o UH\,[III‘B Ul oL ulll}l\’l\-«\tl\gu J yll DF‘I ylalbu AL/TLIUVIAUL ALIVUDA VWil
TeCLY (e LI o 2. A DS Ao T o DU R R S apung DI oy § [, Ao 1 Ll P T T P Ry R |
Lo 11 111 10 BIVE d UIUHOACCLdl. SUDNCHUCTIL daCClY1alon 1010WCEd DY 1CInovdl 01 Hie LHUOCLU1Y1 groups gencraicd

The aromatic version of the MA reaction between (i-PrO)3P and p-bromobenzaldehyde at 160°C,
catalyzed by NiCly, afforded the diisopropyl p-formylphenylphosphonate in 54% yield. The reaction has been
extensively studied and it has been shown that electron-donor substituents facilitate reaction, while electron-
acceptor substituents make reaction with P(III) compounds more difficult, regardless of their position in the
aromatic nucleus.!89

Several other preparative procedures have been reported including the phosphorylation of aromatic
substrates containine a2 free formvl eroun. a nrotected formv! oroun or a notential formvl eroun. The first
substrates conta 18 2 ITeC 1ormy: group, & prowecied ormy: group Oor a potential iormy: group. 2ol Irst

procedure was used for the preparation of diethyl 4- or 6-methoxy-3-formylbenzylphosphonates in 83

)
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3
N
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yields by a MA reaction between (EtO)3P and corresponding methoxyformyibenzy! chiorides at 170-180°C.%
The second procedure used the Pd(PPh3)4-catalyzed coupling reaction between diethylphosphite and m-
bromobenzaldehyde protected as 1,3-dioxolane with ethylene glycol.%! In the third procedure the
phosphorylation of substrates was achieved according to a Michaelis-Arbuzov or a Michaelis-Becker reaction,
followed by generation of the formyl group. The latter operation is usually based on typical formylation reaction
using HCO3Et in basic medium?92 or by oxidation of benzylic bromide for example.?3 A single case of generation
of aldehyde group by hydrolysis of a dibromomethylthiophene with diluted H>SO4 in dioxane at reflux for 1.5h

in 95% yield was recently reported.!86
TTndar tha madifiod dasl ecanntimn anmditinnge (Agal ' (Ys | DAOYA N / DDhaY tha ~naninling af diathul
VIIUC1 LHG 1HHUULELICU TICUA 1AV ilivil CULIUILIVULLY \néz\.,uj S EUNNIAV)) T TR, WG CUUPLIILE UL WLy L
{Z)-2-iodovinylphosphonate with acrolein in MeCN at room temperature for 24h afforded the diethyl (17, 3£)-

dienylphosphonate with high stereoselectivity in 94% yleld.)"'

26. n=51to9

The previously reported preparation of diethyl 4-formylalkylphosphonates 84 (m=1) from unprotected
aldehyde functionality (Fig. 35) has been extended to provide one of the few known methods for the
transformation of a bromo aldehydes moiety Lo the corresponding diethyl 5-formylalkylphosphonates 84

n=3, the copper-mediated coupling reaction of

upi



Most of the diethyl 5- and 6-formylalkylphosphonates containing an o-substituted aromatic ring with a
masked aldehyde group were obtained by direct displacement of an alkyl halide or mesylate by a Michaelis-
Becker reaction. For example, the masked aldehyde group was introduced on 2-methylbenzyl alcohol 96 by
treatment with n-BuLi and alkylation of the resulting carbanion for 48h by 2-(2-bromoethyl)-1,3-dioxolane
(18%) or bromoacetaldehyde dimethylacetal (8.41%). The benzylic alcohols 97 were mesylated and displaced
with sodium diethylphosphite to introduce the phosphoryl group (83% and 51%). The aldehydes 98 were
unmasked by treatment with a 1;:1 THF / 3M HCl at 25°C for 5h (93% and 100%) (Fig. 40). 93

_OH _OH _ g(OEt)z
1) n-BuLi, 2 eq.
g\lrMe THF, 0°C . ')\I(CHQR 1) MeSO,CILNEt;,CH,Cl, 2 | (CHy),,CHO
k\‘ J 2) RBr, 1.t. k\‘ ) 2) (EtO),PONa, THF, 60°C k\ )
~ 3) NH,CI/H,0 ~ 3) 3M HCI/THF ~
QL ney o
>0 b4 o
R=CH,CH(OMe), m=2.3

Fig. 40. Synthesis of diethyl 5- and 6-formylalkylphosphonates.

An interesting gap has been realized with the use of a-hydroxyphosphonates, as illustrated by the
synthesis of 102 (Fig. 41). Treatment of terephthalaldehyde, containing monoprotected aldehyde function, with
the readily acid labile di-zerr-butylphosphite (Pudovik reaction) in the presence of basic alumina oxide has allowed
the facile synthesis of the a-hydroxyphosphonate 99. Radical deoxygenation of the secondary alcohol 99 was
achieved in a two step process through the intermediacy of xanthate 100 with n-Bu3SnH to provide 101. The
diethyl acetal was converted to 102 (29%) by further treatment with CHCl3 saturated with 1M HC1.95
OFEt 9}.:[

CH  (-BuO),POH @ " Op _ NaH. DMF

Y OB meanrt - (-Buoyp I ) CS,, Mel or
|

! ' N ""‘IIY N 1 ]

OHC 99 O OH /\/ .
(FBUO),P A

-t

N
OFEt O 0, sme
! T
CHO 100
~ Y o -Bu,SnH
(-BuO)R \/J\\\\/’” Rulile ( 'B‘JO)ZP\/J‘\/” fif__ol
(u) CHCl4 S toluene, 110°C
102 29% 101

Fig. 41. Synthesis of di-tert-butyl 5-formylalkylphosphonate from o-hydroxyphosphonate?5.

Readily accessible diethyl 2-oxo-3-alkenylphosphonates 103 are effective heterodienes in the Diels—Alder
reaction. Cycloaddition reactions with vinyl ethers in benzene in a sealed tube at 85°C or above 130°C gave
satisfactory yields (57-88%) of dihydro-2H-pyrans 104. All these reactions were regioselective, however, the
stereoselectivity was poor. The isolated products were always the mixture of 2,4-trans- and 2,4-cis- isomers. The

hemiacetal moiety of 104 was readily hydrolysed when treated with 4M HCl in THF to provide diethyl 5-formyl-
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Fig. 42. Synthesis of diethyl 5-formyl-2-oxo-pentylphosphonate from 2-oxo-propylphosphonate®.

A recently introduced method is the ring opening reaction by oxygen of furans 107 bearing a diethyl
ethyl- or propylphosphonate moiety in position 2 (Fig. 43). The reaction occurred in methanol at 0°C under
irradiation followed by reaction with dimethyl sulphide thus providing the corresponding diethyl 5-formyl-3-oxo-
pent-4-enylphosphonate 108 and 6-formyl-4-oxo-hex-5-enylphosphonate 109. By reduction of the double bond
compounds 108 and 109 were converted to diethyl 5- formyl-3-oxopentylphosphonate 110 and 6-formyl-4-

oxo-hexylphosphonate 111 in excellent yield (92-96%).97

PR 1) O,, MeOH,
i Nal, HCI,
¢ X, P(OEt), _Rose Bengal, hv_ \/\\)k P<OEt)a“‘—_» \/\)K P(OEm
o %m 2) DMS acetone, H,0
107 5 108, m=2 5 110, m=2, 92%
109, m=3 111 =3, 96%

Fig. 43. Synthesis of diethyl 5- or 6-formyl-3 or 4-oxo-alkylphosphonates®”

In a series of experiments, it has been found that the ene reactions of trimethyl phosphonoacrylate with
alkenes was catalyzed by EtAICly and occurred at 25°C (Fig. 44). Lewis acid catalysis offers significant
advantages over the corresponding thermal ene reactions that occur at 200-300°C. This property has been applied
with success to the synthesis of dimethyl 6-formylalkylphosphonates 114. Reaction of the alcohol 112 with
trimethyl 2-phosphono-acrylate in CH2Cly at 0°C for 1h gave the ene adduct 113 in 40% yield. Oxidation of 113
with pyridinium dichromate (PDC) gave the dimethyl 6-formylalkylphosphonate 114 in 68% yield, which can
lecular HWE reaction.98

indereo an intramn
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HOH F‘/]\ LINLT
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Fig. 44. Synthesis of dimethyl 6-formylalkylphosphonate via ene reaction?8.



The palladium-catalyzed arylation of diethyl vinylphosphonate with p-bromobenzaldehyde (MeCN,
100°C, 4h) afforded diethyl p-formylstyrylphosphonate in 60% yield.?®

Once more the methodology using lactones has been developed with success. The mixed anhydride 115,
stemming from the opening of a 3-lactone, was treated, after suitable protection, with diethyl a-cupromethyl-
phosphonate to produce the B-ketophosphonate 116 in good yield (69%). Finally, the ozonolysis of 116 gave
the diethyl 7-formylalkylphosphonate 117 in high yield (Fig. 45).100

OSEM ¢ N+ JcucH, - P(OEt)zl OSEM ¢ g H OSEM g

N ,;\V/'\/\)'\,_)'\/t 0 J\ /\/\/\/K '15(0Et)2 . A B _ P(OE),
N2 U T A 69% i I A

115 SEM=2-(trimethylsilyl)ethoxymethyl- 116 117
Fig. 45. Synthesis of diethyl 7-formylmethylphosphonate from §-lactone !0,

Similarly, a lactam was submitted to a ring opening reaction using dimethyl 1-lithiomethylphosphonate in
THF at -78°C. On work-up, the N-methy! imine generated the dimethyl 6-formylalkylphosphonate, which in turn
gave perhydroazulenone on treatment with tert-BuOK/fert-BuQH.162

In an approach to the central eight-membered ring of ceroplastol I, the use of an intramolecular HWE
reaction was explored startmg from a diethyl 7- formylalkylphoaphonate This Cy aldehyde protected as a 1,3-

T ooy i 10
¥

sOH afforded 89% of the desired phosphorylated keto / aldehyde.

Phosphonates containing an aldehyde group at Cy are important intermediates have been employed in the
incorporation of a C;-Cg fragment into macrolide antibiotics (pikronolide,!92 carbonolide B,103 erythromycin
A104) They were prepared by treatment of a C7 dialdehyde, protected at one extremity (double bond or
tert-butyldimethylsilyl (TBS) ether), with the dimethy! 1-lithiomethylphosphonate at -80°C in THF, which gave
the B-hydroxyphosphonates in 74-79% yicld. Subsequent oxidation (PDC/DMF!102 or
TPAP/NMO/CH;Cl,!03.104y produced the corresponding B-kctophosphonate in excellent overall yield.

vde at Co was nerformed bv oxidation of the nrimarv al
yde at mary

Y Vvas pradial nea vy PAabaaan Lol P al

TPAP/NMO!03 or of the double bond with OsO4/NMO/acetone followed by cleavage with NalOy4.102

Icohol with

2.7. n = 11 to i6.

The phosphorylated aldehydes reported in the previous sections can participate, as reagents or substrates,
in several useful synthetic schemes including HWE reaction, Strecker and related reactions, reductive amination
and formation of heterocycles. By contrast, the phosphorylated aldehydes 118 described in the present section
are almost exclusively prepared to achieve formation of macrocycles 119 (11- to 17-membered carbon chain) via
an intramolecular HWE reaction (Fig. 46). This widely used cyclisation step represents the best way for

macrocyclization products
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approach. The more widely used method involv
stabilized carbanions (Z=CN, COgR COR).10
from diethyl chlorophosphate with lithiated functional derivatives, 10 or by treatment of a carboxylate with the
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-109 The others are accomplished by displacement of chlorine
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lithium derivative of a dialkyl methylphosphonate.!11.112.163 At the other extremity of the chain oxidation of a

p_lm____ry alcohol generates the Aldehvdf- group.

RI Rl H
2 I /
/ Q /— : 1) deprotection /C \\O /\CH
K 2) base ( 2) oxidation ( I
\CH,-I . - \CHa-CH P(OR2 NCH,-CH- P(OR ), \CH,” >z
< =CN, LOzR COR |
E{q =P¥ot(i.t1ng group Z O 1182 O 119

R“=Me, Et
Fig. 46. Formation of macrocycles by intramolecular HWE reaction.

3. REACTIONS OF PHOSPHORYLATED ALDEHYDES

As a consequence o
phosphorylated aldehydes represent now an important ciass of compounds in organic and organophosphorus
chemistry. As synthetic intermediates, these compounds owe their interest to the presence in the same molecule of
a phosphoryl and a formyl group which govern their chemical reactivity. The purpose of this section is to provide
a general overview of the important synthetic reactions which have been designed and developed from
phosphorylated aldehydes.

3.1. Reactions of the carbonyl group
Several properties of the formyl group have been demonstrated in the past. For instance, the reaction of
phosphorylated acetals with diols yielded phosphorylated 1,3-dioxolanes,!13 1,3-dioxans,!!4 and polymethylene

acetals.!15 The reaction is carried out by heating equimolar amounts of the reactants with simultaneous distillation

carboxylic acids. The dimethylhydrazones of 4 are known and prepared at room temperature in 40-98%
yields.195 At 110°C, p-toluencsulfonamide adds to 6 to give an adduct which eliminates ethanol when strongly
heated to give in 68-80% yields the corresponding phosphorylated vinylsulfonamide, also available from
p-toluenesulfonamide and 4.119 The aldolase-catalysed reaction of 4 with dihydroxyacetone phosphate (DHAP)
gives a diphosphorylated sugar in 90% yield.!93 In chloroform solution phosphorylated acetaldehydes are in
equilibrium with the enol form and when treated with HNO> they afford the nitrosoenols, which are dimeric in

aqueous solution.!29:121 Although the phosphorylated acetaldehydes condense with sodium derivatives of

nitroalkanes to oive mainly the nhogsnhonvinitroaleohols. there i also detectable a second c:t-\nnpnma lpqdma toa
NICAAAnes 10 give il y waC prOspiliOn Yl VaiLOnlis, UICIT 15 disQ QUICLIalit @ SCTLUNGE SOHULHLL, iealil

Alam~l 122 Danniica ~Ff tha raciilianme taibmmmaricn  the cnlircs an A and_nnint ~F tha sanntinn hatwean
UlC1ivl DCLAUDT Ul LT 1THUILALIL LdUtUILLICT IS, LT UULdC alu ThUu-pullt Ul Ui itatiivil utiwildl

phosphonylacetaidehydes and active methylene compounds (acetylacetone, cyanoacetic ester, dimedone) can
vary. For acidic active-methylene compounds, further reaction with the initial condensation product can occur.
The final position of tautomeric equilibrium depends on the nature of the dicarbonyl compound and of the
substituents on phosphorus.123 Diethyl 1-formylmethylphosphonate 4 reacts with n-BuL.i at low temperature in
THEF to give a lithium enolate. By contrast, the reaction of 4 with n-BuLi or Zn(OCOMe); at room temperature
for several days preferentialy yields the metal complexes of the diphosphorylated butadienolate or the free E-enol



renorte 192
lvt’\ll "o
EtO
O~ Li . ,\Df’o\ X
(E0),F O 2O |
— : 3 O
) ‘ (Et O)QP/W
H H O X =Li,Zn
Fig. 47. Reaction of 4 with n-BuLil24,

The transformation of diethyl 1-formyl- or 1-alkyl-1-formylmethylphosphonates (4 or 19) into diethyl

2-ox0alkylphosphonates via diethyl 2-dialkylaminovinylphosphonates has been reported with moderate to good
vields (22-85%) 125
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ractive trans-2,3-epoxy-4-oxoaikyl-
phosphonates are easily available by two methods. The first method employs the Wittig reaction of diethyl
I-formylalkylphosphonates 4, 19 or 29 with 2-oxoalkylidene-triphenylphosphoranes and subsequent
epoxidation of the resulting E-4-0x0-2-alkenyl derivatives with H»O7 / NayCO3 in MeOH.1264 The second
procedure involves the Sn(OTf);-mediated aldol reaction of 4, 19 or 29 with bromomethylketones and
subsequent cyclization of the bromohydrins. These epoxides are readily isomerized into 2,4-dioxoalkyl-
phosphonates (49 to 81%) on heating in toluene in the presence of catalytic amounts of Pd(PPh3)4 and
1,2-bis(diphenylphosphino)ethane (dppe),!26b
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phosphonates

Reaction of dialkyl I-formylmethylphosphonates 120 with Cly/CCly results in formation of either
chloromethyl 121 or dichloromethyl 122 derivatives (Fig. 48). Several variations on the preparation of these
two compounds have been reported. It was shown that chlorination at the o-CH bond of dialkyl
1-formylmethylphosphonates with Cl, was selective and temperature dependent, namely: a) in CCly between -10
and -15°C the monochlorinated aldehydes were formed in 70-80% (appearance of a yellow colour indicates the

completion of monochlorination), while b) raising the temperature to 0°C resulted in dichlorination (80-90%).
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the P-C bond in acid medium, an alternative procedure for the preparation ot 121 in 90% yield is the chlorination

hJO

of 2-cthoxyvinyiphosphonates 6 in CCly at r.t. followed by hydrolysis.127 Preparation of compound 121 has
also been accomplished in high yield by reaction between the dialky! 1-lithio-1-chloromethylphosphonates and
HCO;Et at low temperature (70-85%).37 By carefully choosing the experimental conditions, it has been found
that dialkyl 2,2-diethoxyethylphosphonates react in a similar manner with chlorine in refluxing CCly to provide

dichloro acetals.127f

H Cl H Cl H
v Aoe ey, | Cl, / CCl,
(RO),P-CH, - % 5o o (ROP-CH- Co —gc— = ROP= c cL %
O 190 n AL T Do O 191 O Cl 1!\/\
14U N = WIC, CL, I-I'T | ¥ 144

Fig. 48. Synthesis of chloroformyl- and dichloroformylmethylphosphonates!27,
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Systematic studies on the chemistry of the chloroformyl- 121 and dichloroformyl- 122
methyiphosphonates showed their high reactivity and extensive synthetic possibilities. For example, the nitration
of 4 with acetyl nitrate gives a low yield of nitromethylphosphonate.!4 The nitrosation of 121 with HNO2/HCl
below 0°C results in hydrolytic rupture of the C-C bond in the initially formed !-nitroso compound, loss of the
formyl group and formation of the oximes of the dialkoxyphosphinylformyl chloride in 95% yield. With
increasing reaction temperature, however, loss of chlorine and formation of the o-nitroso derivative of 1-

formylmethylphosphonate takes over.127¢.128 The oximes react with 1,4-phenylenediamine, 4-aminoantipyrine,
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or thiosemicarbazide as a

presence of NEt3, these oximes can serve as a source of nitrile oxide, which easily enter into dipolar

1 -\nnn

cycloaddition with terminal acetylenes at 20°C to give 3-phosphorylated isoxazoles in good yields (69-
949%).18b,130 [t has also been found that in the reactions between 121 and aryldiazonium salts (chlorides or
tetrafluoroborates) in AcONa/HO, the formyl group is split off and the corresponding arylhydrazones of 121
are formed.!3! A study of the kinetics of these reactions has been realized.!32 The arylhydrazones react with a
variety of nucleophiles (NH4OH, R-NHj, NoH4-H70, NagS, NapSO3, NapS,03, NaSCN, (HpN)2CS) with
replacement of the halogen by the nucleophile.!33

action with

d

Iy

The diethyl 1,1-dichloro-1-formylmethylphosphonate 122 readily takes part in the Abramov

Q..

reaction with the formation of diethyl dichloromethylphosphonate (88% or 72%).127d The diethyl 1,1-dichloro-1-

formylmethylphosphonate 122 reacts with HC(OEt)3/H,SO4 to give the acetal in almost quantitative yield
(92%).127¢ Reaction of 122 with Ph3P in benzene or toluene results in the formation of diethyl 1,2-dichloro-
vinylphosphonate (51%).!34 The reaction of 122 with isocyanates of trivalent phosphorus compounds proceeds
by a [3+2] cycloaddition reaction with formation of oxazaphospholines (72-75%).135 With iso-PrSH, 122 forms
a hemithioacetal, the trimethylsilyl derivative of which, in boiling xylene, undergoes a transposition of the

(original) carbonyl group to the a-position via an epoxyphosphonate.!36

3.3. Heterocyclic systems with phosphorylated substituents
One of the most thoroughly investigated synthetic applications of phosphorylated aldehydes is the
synthesis of heterocyclic compounds containing a phosphoryl group in the side chain.!37 Historically, the first

attempt to synthes1se the diethyl I-formylmethylphosphonate 4 was undertaken with the aim of its subsequent
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were used instead of pﬂOSpﬂOl’yld[Cﬂ cuaenyaes

Diethyl 1,1-diethoxymethylphosphonate has been utilized in condensation with amino, hydroxy or
mercapto 1,2-disubstituted benzene derivatives to produce a series of benzoheterocyclic phosphorus compounds.
The yields of benzoxazole and benzothiazole derivatives are acceptable (68% and 309%),!38-140 but
benzimidazoles are obtained in poor yields (7%).14! The yield of benzimidazoles has been since improved to
65% by reacting the hydrazone derivative of 121 with o-phenylenediamine in refluxing CHCIj for 2.5h.142
Catechol and naphthalene-2,3-diol upon reaction with diethyl 1,1-diethoxymethylphosphonate are converted into

dioxolane nhosphonates in a similar manner 143 Under Fischer indole qvnth is condition dlethvl 2.2-
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I-formylmethyiphosphonate 4 reacts with a variety of arylhydrazines in refluxing toluene in the presence of PPA
to give the indolyl-3-phosphonates in moderate yields (35-45%).145 A wide range of heterocycles can also be
obtained by the condensation of diethy! 2,2-diethoxyethylphosphonate 5 with aromatic o-disubstituted
compounds containing mobile hydrogen atoms such as o-phenylenediamine, o-aminophenol, o-aminothiophenol
and others. These reactions, which are common to a large class of phosphorylated acetals, were carried out by
heating equimolecular amounts of reactants at 160-180°C, whereupon alcohol was evolved. The yields of
benzimidazoles, benzoxazoles and benzothiazoles are commonly in the range 30-50%.138-141 Further

applications of the Fischer reaction have been demonstrated in the reaction of diethyl 2-formylethylphosphonate
36 (R!=H) with a large number of arylhydrazine chlorohydrates in anhydrous ethanol at reflux for 2 to 12 h. The
- o B, ) P 1. | N a8

hosphonates are isolated in variable yields from 4 to 83%.'45 The diethyl 1-chloro-1-
formylmethyiphosphonate 121 is aiso a precursor 10 heterocycles via the intermediacy of the phenyihydrazones.
Treatment of hydrazones of 121 with benzylamine gives the N3-benzyl-amidrazones, which on oxidation using
H0;,, KMnOy4 or Ag;0 in biphasic medium yields the 3-phosphorylated-1,2,4-triazoles in 40-80%.133d In a
similar way, the oxime of 121 is a precursor of 3-phosphorylated isoxazoles via the nitrile oxide.!30

Enamine phosphonates bearing a functional group (CHO, COMe, COPh, CO2Et) in o-position 123 have
been shown to undergo similar nucleophilic cyclisation reactions with compounds containing mobile hydrogen

atoms, providing the basis of another synthesis of phosphorylated heterocycles (Fig. 49). The dimethylamino

o

roup of enamine phosphonates 123 can be selectively and totally transaminated by treatment wi

or unsymmetrical hydrazines, guanidine, acetamidine and methylisothiourea in refluxing ethanol. The
corresponding phosphorylated pyrazoiones 124 (R!=0OH, R2=H), pyrazoles 124a,b and pyrimidines 125a,b
are isolated in excellent yield (90-95%).35 The ethyl dialkylphosphonylformylacetates were also used as

precursors of phosphorylated pyrazolones in moderate to good yields. 90
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Fig. 49. Synthesis of phosphorylated pyrazoles and pyrimidines3?.

Of special interest is the report of an efficient, one-pot procedure for the preparation of 3-phosphorylated
indole 127 in 88% yield using 126 (Fig. 50). The presence of a nitro group in the ortho position promotes, after

reduction, a spontaneous transamination offering an easy approach to 3-phosphorylated indole derivatives.352
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The addition of tosylazide to diethyl 1-formylalkylphosphonate 4 ylelds the triazoline which under the

reaction conditions produces the diethyl diazomethylphosphonate and the triazole, respectively, according to the
e

3.4. Horner-Wadsworth—-Emmeons (HWE) reaction

The Wittig and the Horner-Wadsworth-Emmons reactions are among the most important reactions for the
two carbon elongation of rbony! function up to a more com ldehyde or ketone.!50 They can be
8

carbonyl compounds 131 (R=H or #H) and their derivatives. But whereas the reaction of the resonance-
stabilized phosphonium ylids (Wittig reaction) proceeds readily with aldehydes, the reaction with ketones is more
effectively achieved using the more nucleophilic anions of phosphonate reagents (HWE reaction).!51 The first
reagent for the formyloletination of ketones as well as aldehydes, diethyl 2-(cyclohexylimino)-ethylphosphonate
128 was described in 1968 (Fig. 51).23.152 The carbanion 129 is generated conveniently by treatment of 128
with NaH then coupled with a variety of aldehydes and ketones. Satisfactory results were obtained when

he intermediate aldimines 130 was carried out in a two-phase system. Other procedures were

13 ! d out in phas
reported for the hydrolysis of imines such as dilute oxalic acid or acetate buffer and SiO; / weak acid. Several
variations o i‘n‘ f‘ i‘iyioief‘in-"ﬁ“r eaction have been re ng protecting reagents for aldehydes such as

R H R
,H CGHI 1-NH2 | | ﬂ | _/——\
(ExO),P- CH-C (Et0),P—C=CH-N = (Et0),P-CH-CH=N
Q
1 ‘ O MeOH, 25°C 11\ \ / p\ \ /
v 19 molecular v v 128
R=Hor<H sieves |
R, lNaH, THE, 0°C
! 1 R C=0 -
RO R comyp RO / \ _R¥ el AN
= «——" C=C-CH:N— ) <2 —— (E0),P—C=C=N )
R2 (E) “CHO R2 __/ THF, r.t. 6 é Na® /
131 130 129

Fig. 51. Synthesis of o,B-unsaturated aldehydes!52.
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An alternative and etficient route leading to £-o,[3-unsatur
metallation of the N-rert-Butylacetaldimine 132 (Fig. 52). In this attractive one-pot procedure, 132 was treated
with LDA and then with diethyl chlorophosphate to give the lithiated enamine phosphonate 133, thus avoiding
the preparation of the phosphonate imine reagent, which required three steps from commercial materials.!35

r I | nl

R
. . >< 1) 2:C=0 R! /H
Me- CH=N—|— )LDA,78°C_ 7 N R™ . "c=c
| 2)E0),POXI | (" L | 2coH), gr¥” & NCHO
| ®o)pz0 bt
134 123 151

Fig. 52. One-pot synthesis of o,B-unsaturated aldehydes!55.

In addition to the previous methods for generating £-o,B-unsaturated aldehydes 131, an advantageous
one-pot preparation of ¢ B-unsaturated—a-substituted aldehydes 135 was reported (Fig. 53). The procedure

involves the intermediacy of the lithiated o,3-enamine phosphonate 134 prepared by nucleophilic addition of
diethyl a-lithioalkylphosphonates to ethyl N~phenyl—‘om1.m1.idate.‘56 On reaction with aliphatic or aromatic

1 s h)

0
aldehydes 134 produces o,B-unsaturated-o.-substituted imines, which may be efficiently converted to a,f-
bstituted aldehydes 135 by acid hydrolysis in yields ranging from 4 !
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Fig. 53. One-pot synthesis of a,B-unsaturated-c-substituted aldehydesi57

Of significant synthetic importance is the intramolecular version of the HWE methodology. It has been
recognized as the method of choice for preparing five-,58 six-158-161 and seven-162 membered ring systems as
well as macrocyclic ring systems, including rings containing 11,163 12,105,110 14,105-109,111 15 112,164 16 112
and 1775164 atoms. In the preparation of larger ring sizes high-dilution procedures have usually been required to
achieve satisfactory yields. The use of a mild base (LiCl / DBU) or crown ether catalysis has also been shown to
be of importance. As an illustration of the utility of this technique, some typical macrocyclisations providing
)-bertyadionol (NaH
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and 30%),!06 14-membered ring ()-methyl ceriferate-1 (NaH / DME / 80°C, 24%),!07 14-membered ring
anisomelic acid (LiCl/ DBU / MeCN /r.t., 71%), 108 {4-membered ring cembratrienediols and thunbergois (LiCi
/ DBU / MeCN / 40°C, 63%),109 14-membered ring macrocyclic trienone (LiCl / DBU / MeCN / r.t., 63%),1 11
15-membered ring muscone precursor (NaH / DME / high dilution, 50%),112 17-membered ring civetone
precursor (tert-BuOH / HyO / KHCO3 / reflux, 56%)!64 and 17-membered ring lankacidin (K2CO3/ 18-crown-6
/ toluene / 100°C, 37%).75 The stereochemistry, as well as the ease of the intramolecular reaction is largely

determined by the nature of the carbon chain that forms the ring. In a paper appearing in 1987 the authors

concluded that "the intramolecular ketophosphonate-aldehyde condensation reaction is a most powerful method

for constructing macrorings, and, therefore, it should be placed high on the list of choices for such operations
1 - ~ n 1AS
65

3.5. Phosphonoacetaldehyde in nature

In 1972 it was demonstrated that not only phosphoenolpyruvate (PEP) is the immediate precursor of
phosphonates in Tetrahymena, but that phosphonoacetaldehyde (PAA) is a direct precursor of 2-aminoethyl-
phosphonate (AEP) (Fig. 54).166-169 Phosphonoalanine (PAla) is a side product in the synthesis and apparently
is not directly converted to AEP. In Tetrahymena the radioactive carbon atom in phosphonoenol [3-14C] pyruvate

is incorporated into the phosphonate carbon atom in 2-aminoethylphosphonic acid (AEP) confirming that an
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pathway to AEP. The phosphonopyruvate (PnPyr) initially formed by the intramolecular rearrangement o
probably decarboxylated to phosphonoacetaldehyde before amination to AEP occurs and the latter is then
incorporated into phosphonolipids. Since the discovery of enzymes, PEP phosphonomutases, responsiblc for
C-P bond formation from Tetrahymena or from Streptomyces hygroscopicus, new systems have been
reported.!70 Recently, another enzyme (phosphonoacetaldehyde hydrolase (phosphonatase) from Bacillus
cereus), which catalyzes the dephosphonylation reaction of phosphonoacetaldehyde (PAAI) to inorganic

phosphate and acetaldehyde, was highlighted. This enzymatic process involves activation of C-P bond cleavage

by formation of a Schiff base between PAAI and an active site lysine in phosphonatase.!”! All these results
clearly demonstrate the importance of phosphorylated aldehydes in biological processes
¥ ES *
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Fig. 54. Pathway for the biosynthesis of AEP
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phosphonoacetaldehyde, and a methyl group from L-methionine (Fig.55). As shown above for AEPA, the

phosphoenolpyruvate (PEP) was suggested as the most likely precursor of carbons 1 and 2 of fosfomycin. 172
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3.6. Reductive amination

Since the phosphonoacetaldehyde is an ideal precursor for the generation of AEP, an attractive procedure
for the preparation of 2-aminoalkylphosphonic acids 137 from 1-formylalkyl-phosphonates 4 (R!=H) and 19
(R1=Me) has been developed using reductive amination of the carbonyl in the presence of NaBH3CN (Fig. 56).
This method appears to be fairly general and may be used for the preparation of 2-aminoalkylphosphonates 136

containing primary, secondary or tertiary amino groups simply by treating the carbonyl compound at room

(=2

temperature with a primary or secondary aliphatic or aromatic amine.!72 When AcONHy, as a source of
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aminophosphonate (7%) and iminobis(ethylphosphonate) (30%).!73 The primary aminophosphonate being
considerably more nucleophilic than ammonia, the second attack upon the carbonyl group is an unavoidable
competing side reaction. Finally, hydrolysis of 136 with 8M HCI followed by purification using Amberlite IRA
410 provided the aminophosphonic acids 137 in moderate to excellent yields (40-81%).

R.2
R'  H-N R‘ . R .
N R $M HCI ! -
(Et0),P- CH- of > (Et0),P— CH- CH,-N ————»(HO)zP— CH- CH,-N,
i = MeOH, HCl, 25°C | N3 Amberlite T R
0 NaBH,CN 0 136 IRA-410 0 137
4,R'=H =R%¥= Me
19,R! = Me R =H, R} = Me, Et, C4H;

Fig. 56. Reductive amination of phosphonoacetaldehydes!72,

The reductive amination reaction has been modified for the preparation of primary aminophosphonic acids
141 (Fig. 57). It has been observed that the use of benzylamine in reaction with phosphorylated aldehydes 138
increases chemospecificity, reaction rates and yields. Aminobenzylphosphonates 139 have been isolated in 85%
yield, then converted to aminophosphonates 140 by catalytic hydrogenation followed by acid hydrolysis and
purification to give aminoalkylphosphonic acids 141.174 Together with its modifications, the reductive amination

is one of the most useful and general methods available for the preparation of a wide variety of

aminoalkylphosphonic acids from phosphorylated aldehydes.
R! R'
e oo JH HN"CHp"GeHs o L
Et0Q),P— CH-(CH,),,~ C" » (Et0),P— CH-(CHy)p - NH- CH, - C
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R! = H Me 20°C, EtOH
R! ’ R!
i i
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( < e DA _AIN ﬂ
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Fig. 57. Reductive amination in the presence of benzylamine!74.



Of synthetic importance is the preparation of AEP via the reduction of oxime of diethyl 1-formyi-
methylphosphonate 4. The oxime was prepared from 4 and hydroxylamine hydrochloride in EtOH / pyridine,
treated with (AcO),0 / AcOH and reduced using 5% Pd / C / Hj. After acid hydrolysis for 48h using HCl 6M
followed by Dowex 50 (H') purification, AEP was isolated in 43% yield.!18

The synthesis of 1-aminoalkyldiphosphonic acids 144 from phosphorylated aldehydes 142 has also been
described. The preparation is based on the thioureidoalkylphosphonate method (Fig. 58). Thus, starting from
phosphorylated aldehydes 142 (m=1,2,3), N-phenylthiourea and diphenylphosphite, the corresponding

thioureidoalkylphosphonates 143 were prepared in good yields in glacial AcOH. The hydrolytic degradation in a
rofluving mivinre of AcOYH / HOY lad ta caticfartary averall vielde (SN.700) of the 1.aminoalkvldinhosn anie
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acids 144. These compounds were purified by ion-exchange chromatography using acidic resin (Dowex 50).18a
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Fig. 58. Synthesis of 1-aminoalkyldiphosphonic acids!8a,

3.7. Aminocarboxylation (Strecker and related reactions)
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ic and aspartic acids!75.176 have bee
neurological and neurodegenerative illnesses, including, for cxample, epllepsy, cerebral ischemia,
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hypoglycaemia, Hunti he growing number o
disorders, in which excitatory amino acids (EAA) have been implicated, has resulted in considerable attention
being focused on the development of compounds which antagonize excitatory amino acids neurotransmission.
Compounds which act selectively and competitively at the subclass of EAA receptor selectively activated by
N-methyl-D-aspartate (NMDA) have received particular attention.!77 Several amino phosphonocarboxylic acids
have been characterized as being potent and selective competitive NMDA antagonists!78-182 (Fig. 59) and have
been found to be efficacious against neuronal damage. With these considerations in mind, the Strecker and

Bucherer—Bergs reactions for the synthesis of w-amino-w-carboxyalkylphosphonic acids have been applied to a

CO,H ,COZR /\/\/ PO3H2

N W\ PO,H, | | com
: NN

vy o= 1_( _
lr:: = ; gps R =H, CGP 37849 NH,
m =5 AP7 R = Et, CGP 39551 NPC 12626
‘fOzH L()zﬂ
181 m/le/PO3H2 . “M )-PO H,
nzu v Um l_l2
m=1,2,3

Fig. 59. Structures of some NMDA antagonists.



Phosphorylated aldehydes 138 are first smoothly converted to amino nitriles 145, which are further
treated with concentrated HCI to provide the amino acids 146 (Fig. 60). In this method, treatment (in the
absence of light) of freshly purified phosphorylated aldehydes at room temperature in water (or MeOH/water or
MeCN) with NaCN (or KCN) and NH4Cl (or NH40H or HCO;NHy) (or (NH4)2CO3 at 50-60°C in the
Bucherer-Bergs reaction’9-85) produces selectively the amino nitriles in moderate to high yields (44-91%).
170,71,722,83,85,93.183 Improved yields have been reported through the use of alumina/ultrasound’! or a
modified Strecker reaction.!96 Hydrolysis of the amino nitriles 145 with 6-8M HCI at reflux delivers the crude

amino acids 146 which were nurified bv ion-exchanee chromatoeranhv using stronely acidic resin (Dowex
by ge chromatography using strongly acidic resin (Dowex
1 8x100). The Bucherer—Bergs route is not so efficacious because of difficulties in the hvdrolvsis of the
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hydantoin.17b
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0 0 2 o}
o138 :
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— 1 - = =
R* =H, Me, Et || HCN
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R! R}
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(HO),P— CH-(CH,),,- CH— CO,H «———"" (E(Q),P— CH—(CH,) — CH-CN
I | i R
6 NHR? O NHR2
146 145

Fig. 60. Synthesis of amino carboxyalkylphosphonic acids via the Strecker reaction.

Though initially prepared and evaluated as a racemic, it was recognized that the NMDA antagonist

activity was likely to reside primarily in a single enantiomer. The stereoselective nature of the NDMA receptor

[o%
[92]

preparations of optically active w-amino-m-carboxyalkylphosphonic acids included a Strecker reaction using

(85)(-)-o-methyl-benzylamine as the amination agent. However, the enantiomeric excess was only 50%.184
Recently reported procedures, which use chemoenzymatic processes, offer a more convenient approach for the
mild obtention of optically pure aminophosphonic acids. The enzymatic hydrolysis either of amide (using
penicillinacylase, EC 3.5.1.11, from Escherichia coli)83 or ester (with Subtilisin A85 or Carlsberg esterase183)
groups provides a high yielding method of resolution of the racemic mixture. In the case of the hydantoin
resulting from Bucherer—Bergs reaction, the resolution of two diastereomeric compounds, epimeric at the C-5

hydantoin carbon atom, was made using D-hydantoinase from Agrobacterium, in alkaline buffer.85

(=4 J
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azidoacetate in methanol at -30°C, provides the vinyl azide 148. Hydrogenation of 148 (10% Pd/C/MeOH)
gives the aminoester 149, which at reflux with 3M HCI delivers the free amino acid 150.95b.¢

The copper(I) catalyzed cycloaddition of an aldehyde with ethyl isocyanoacetate!¥7 to form the
corresponding oxazoline has also been found to be an interesting method for introducing the amino acid group.

However, this procedure is not diastereoselective and the yield is moderate (33%).198
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the dehydro amino acid is obtained in poor yield.85 By contrast, the use of diethyl 2,4-dioxoimidazoline-
5-phosphonate200 and LiOH/MeOH leads to a rapid and high yielding conversion of aldehyde to

dehydrohydantoin as a mixture of E- and Z- isomers.83
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d the sodium derivative of N-acyl-2-(diaikoxyphosphinyli)giycine ester has been described.
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, ph hory!l aldehydes have found widespread prominence in organi
S

chemistry and their popularity emanates from their efficiency and versatility. They are functionally rich molecules

very useful in organic synthesis and frequently involved in biological processes. The present review highlights
three major deveiopments of this chemistry. First, significant progress in the preparation of phosphoryiated
aldehydes has been achieved resulting in various new reactions to arrive at a high level of structural diversity and
complexity. Second, olefination reaction based on the Horner—Wadsworth-Emmons reaction is an ever-growing
area and the intramolecular version has became the most powerful tool for the construction of macrorings.
Finally, the utility of phosphorylated aldehydes for the synthesis of biologically active compounds has blossomed

during the last ten years. The diversity of phosphono amino acid analogues prepared attests to the wide

acceptance e and engml util r nhncnhm'vhted q]dehvdec
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