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1. Introduction.

Phosphonic acids and their phosphonate derivatives are common in the literature of organic chemistry
where they are employed in synthetic operations leading to carbon-carbon bond formation," sought for their
potential contribution to biological activities,” and used as transition state analogues in production of
antibodies catalytic for a wide variety of reactions.’  As chemists’ interests have focused on preparation of
chiral compounds as single enantiomers,” interest in preparation of nonracemic phosphonates has followed suit.
Thus a flurry of recent activity has expanded some of the traditional methods for phosphonate synthesis to
allow preparation of nonracemic compounds and new synthetic methods have been developed. In turn, the

increasing availability of nonracemic phosphonates should stimulate additional interest in their chemistry.

Il
R—P(OR'),
Without question, the best known synthetic application of phosphonates is their use in the Horner-

Wadsworth-Emmons (HWE) condensation,' which often is used to prepare a,B-unsaturated carbonyl

compounds from condensations of an aldehyde or ketone with an anion stabilized by both a phosphonate and a
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second electron withdrawing group. In condensations with phosphono acetates, which is arguably the most
common expression of this strategy, both the need and the opportunity for obtaining nonracemic products may
be limited, but with larger phosphono esters or phosphono ketones, issues of stereochemistry are more
commonly encountered. Furthermore, phosphonates also can be employed in procedures that give access to
other functional groups, including nonconjugated olefins® and cyclopropanes.®

Interest in the biological activity of phosphonates has grown tremendously in recent years. If phosphate
esters represent the currency of metabolism, then the analogous phosphonates can be viewed as exquisite
counterfeits: perhaps passable in many transactions but ultimately forgeries nonetheless. When the oxygen of
a natural phosphate ester is formally replaced by a methylene group, the resulting phosphonate can be viewed
as an isosteric analogue of the original phosphate with greatly enhanced metabolic stability. However, the
formal substitution also affects the phosphorus acid pK,’s (with the second pK, of the phosphonic acid about
0.5-1.5 pK, units less acidic than that of the phosphate monoester)’ and eliminates the possibility of enzymatic
interaction with non-bonded electrons at this site. Addition of electron withdrawing substituents such as
fluorine® or oxygen® to the a-carbon can address both of these issues and enhance biological activity. When an
amino group is positioned on the o-carbon, a-amino phosphonates that are clear analogues of a-amino acids
can be constructed. Introduction of a geminal difluoromethylene group does not produce stereochemical
considerations, but preparations of most a-hydroxy and a-amino phosphonates will require consideration of
the stereochemistry of the a-carbon if biological activity is a goal. Various o-hydroxy phosphonates already
have established activity as inhibitors of renin,’° enolpyruvylshikimate-3-phosphate (EPSP) synthase,'' farnesyl
protein transferase,’” and HIV protease,”® while o-amino phosphonates have been studied as inhibitors of a
variety of enzymes, either directly or after they have been incorporated into peptide analogues. "

A relatively recent stimulus for interest in synthesis of phosphonates stems from their application in the
preparation of catalytic antibodies.* In their mono ester mono anionic forms, phosphonates are believed to
present a shape and charge distribution that mimics a high energy intermediate in acyl transfer reactions such as
ester or amide hydrolysis."*  When used to stimulate an immune response, phosphonates can serve as
transition state analogues leading to formation of antibodies that stabilize reaction intermediates and express
catalytic activity. Applications of phosphonate haptens are not limited to formation of antibodies for catalysis
of acyl transfer reactions.’ For example, phosphonates have been used to generate antibodies that cornplex
with some ketones, providing a chiral environment that allows stereoselective reduction of a prochiral ketone
by NaBH;CN." To maximize the potential for stereoselectivity inherent in enzyme catalyzed reactions and
minimize antibody screening, use of nonracemic phosphonates for preparation of the catalytic antibodies can be
viewed as advantageous,”’ although in some cases racemic haptens have been used deliberately to

simultaneously prepare antibodies that selectively bind to either substrate enantiomer.'®
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This report will survey recent strategies employed to prepare nonracemic phosphonates. A consideration
of preparations of a-hydroxy phosphonates may be the most appropriate point to begin. On one hand, a-
hydroxy phosphonates can be converted to many other functionalized phosphonates, providing convenient
access to other structural types.”” On the other hand, there are many different approaches to o-hydroxy
phosphonates, including a recent combinatorial strategy,” which together offer a great deal of flexibility to
their synthesis. Keto phosphonates and phosphono esters also will be considered. Because there have been

extensive commentaries on a-amino phosphonates, ' they will not be considered here.

2. Hydroxy Phosphonates.
2.1 a-Hydroxy Phosphonates.

Prominent among the early routes to a-hydroxy phosphonates are the additions of dialkyl phosphites
(Pudovic reaction)”' and trialkyl phosphites (Abramov reaction)® to aldehydes and ketones, and it is not
surprising that parallel reactions have been explored to provide access to nonracemic a-hydroxy phosphonates.
In principle, nonracemic a-hydroxy phosphonates could be obtained from addition of achiral phosphites to
nonracemic aldehydes and ketones, from reactions of optically active phosphorus (III) reagents with a carbonyl
compound, or from condensation of an achiral phosphite with an aldehyde or prochiral ketone if mediated by a
nonracemic catalyst. Examples of all three approaches are known.

At least in theory, nonracemic a-hydroxy phosphonates can be obtained from phosphite additions to any
aldehyde or ketone drawn from the chiral pool. Several early examples involving phosphite additions to
aldehydes (including glyceraldehyde, erythrose, xylose and arbinose derivatives™) and ketones (including
preparation of ribose and glucose derivatives™) in protected carbohydrates illustrate this strategy. As might be
expected, limited diastereoselectivity generally is observed for additions to aldoses, but the greater

24

conformational definition of cyclic ketones usually results in greater diastereoselectivity. ™** 1In a nice

comparison of diastereoselectivity under both Pudovic and Abramov conditions, an aldehyde (1) derived from
methy! lactate was reported to give the greatest erythro/threo ratio (ca. 3:1 2:3) from an Abramov reaction

25a

with diisopropyl trimethylsilyl phosphite (Figure 1).

0 _ OSiMe; 0SiMe;
(iPrO),POSiIMe; -
H " chgcr, Y P©P, 4 P(OiPT),
I i
BnO 79% BnO o] BnO 0
3:1 erythro:threo 2 3

Figure 1. Synthesis of a-Hydroxy Phosphonates from O-Benzyl Lactaldehyde.”
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More recent research has extended this approach to carbonyl compounds derived from amino acids. For
example, the Boc amino aldehyde 4 derived from L-phenylalanine, undergoes diastereoselective addition of
dimethyl phosphite to give a-hydroxy phosphonates 5 and 6 with diastereomeric excess (de) as high as 12:1
(Figure 2)." Even greater de’s (up to >98:2) were observed in formation of the a-hydroxy phosphonates 8
and 9 through use of r-butyldimethylsilyl diethyl phosphite in a TiCl, catalyzed condensation with an a-
dibenzylamino aldehyde (7) derived from L-phenylalanine® Furthermore, a reversal of the addirion
stereochemistry was observed when diethyl phosphite was employed in place of the #-BDMS phosphite, which
was explained on the basis of the lessened nucleophilicity of diethyl phosphite and the assumption of chelation
controlied addition. In both studies, removal of the amine protecting groups gave f-amino o-hydroxy

phosphonates valued as components of peptidomimetics.

(MeO),P(O)H
? 9
KF/DMF
H 9
HN 95% HN A P(OMe), HN P(OMe
| 12:1 5:6 | :

Boc O Boc OH Boc OH

(Et0),POBDMS
——
1.2 eq TiCl/CH,Cl,
86% ?
% OEt
BN H (>98% 9) | P(OEt), BN )»2
Bn

| |
Bn o _EOPOH Bn OH

3 eq TiCly/CH,Cl,
7 86% 8
(93% 8)
Figure 2. Stereoselective Phosphite Additions to Phenylalanine Derivatives.'®%

Phosphite condensations with nonracemic ketones have been used to prepare nucleoside 3’-phosphonic
acids (10) via two complementary strategies (Figure 3). One’’ involved preparation of a ribose a-hydroxy
phosphonate (12) through phosphite addition to the ribose-derived ketone 11. Phosphonate 12 was converted
to different nucleosides through reaction with various heterocyclic bases. Although this strategy allows
incorporation of non-natural bases into the nucleoside derivatives, control of the stereochemistry of the
glycosidic linkage can be problematic in some cases. The complementary approach®™ involves an initial
preparation of the nucleoside ketones (13) and subsequent condensation with phosphite to obtain the hydroxy
phosphonates 14. While the latter strategy avoids issues of stereocontrol during ribosylation, it is limited to

cases where the parent nucleosides are readily available.
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Figure 3. Syntheses of Nucleoside 3'-Phosphonates.?’?°

Stereoselective additions of phosphorus acid derivatives to achiral aldehydes have been investigated
under both Pudovic and Abramov reaction conditions. A number of nonracemic alcohols are readily available
and could be employed in preparation of nonracemic dialkyl or trialkyl phosphites, but attention has been
focused instead on the chemistry of mono- and diamide derivatives of phosphorus acid. The initial observation
that oxazaphosphite 15a reacted with benzaldehyde to afford a 3:1 mixture of the diastereomeric a-hydroxy
phosphonates 17 and 18 prompted a study of BF: promoted additions of the methyl derivative 15b to a variety
of aldehydes (Figure 4). Diastereoselectivity was anticipated on the assumption that steric interactions between
the isopropyl group of compound 15b and the larger substituent of the aldehyde would hinder one approach.

Unfortunately, only modest de (32%) was observed in the latter reactions.”

—P 65 L|| THF p OH
RN ﬁ/ =
N\]/ o] 2) NaOH CeHs o
96% \l/ i CeHs
15aR = Li 16 17 ﬁ/"\{‘m
15b R = Me

w T

Phosphorus acid diamides have been reported to provide very attractive stereoselectivity in their

Figure 4. Oxazaphosphite Additions to Aldehydes.”

condensations with a number of aldehydes.’’ Several N,N’-dialkyl derivatives of diaminocyclohexane have
been used to prepare nonracemic phosphorus acid diamides, and condensations of these amides with various
aldehydes have been explored (Figure 5). In the best cases, condensations of diamide 19 with benzaldehyde

and B-naphthaldehyde gave product ratios of 25 and 29:1 by P NMR (20e and 20d). With aliphatic
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aldehydes where more modest ratios were observed (from 3.4 to 7.9:1), one or more recrystallizations usually
gave a single diastereomer. Diffraction analyses established that major diastereomers produced from the R R-
diamide 19 and crotonaldehyde (20b) and isovaleraldehyde (20f) were S at the new stereogenic center.
Conformational analysis suggested that si face addition of a tricoordinate phosphorus nucleophile to the
carbonyl minimizes steric interactions of the aldehyde substituent with the methyl groups of the neopenty!
substituent. Representative products were cleaved to the a-hydroxy phosphonic acids through reaction with

aqueous HCI, and esterified to the corresponding dimethyl esters through reaction with ethereal diazomethane.

aldehyde % ratio

a cinnamaldehyde 68 7.9:1

b crotonaldehyde 91 6.9:1

m/ \I LDA, THF W ¢ a-naphthaldehyde 58  14:1
RCHO d p-naphthaldehyde 91  29:1

>]// e benzaldehyde 49 2511

f isovaleraldenyde 82 3.4:1
g heptaldehyde 80 4:1

Figure 5. Diastereoselective Additions of Diamide 19.%

Nonracemic phosphorus acid derivatives also have been employed in Abramov reactions. After an initial
report®™® demonstrating the viability of trialkylsilyl transfer from 2-bis(trimethylsilyl}amido-1,3,2-
diazaphospholidine and a detailed study of the Abramov reaction mechanism ' (1R, 28)-ephedrine was used
to prepare the nonracemic reagent 21 (Figure 6).’'°  Good to excellent diastereoselectivities were observed
upon reaction of compound 21 with various carbonyl compounds to afford «-hydroxy phosphoryl compounds.
While these studies have illuminated many details of the mechanism and stereochemical course of the Abramov

reaction, conversion of the products to a-hydroxy phosphonates has not yet been reported.

Me33IO N Me aldehyde % de

a a-naphthaldehyde 62 32

P—ECSHS _Roro_ R™ P—-O CeHs b p-naphthaldehyde 86 82
¢ benzaldehyde 83 84

) d butyraldehyde - 62
Me3S|/ SiMes “SiMes

21 22
Figure 6. Diastereoselective Additions of an Ephedrine Derivative.™
Diastereoselective additions of nonracemic P(IIT) derivatives to aldehydes have provided access to a
number of chiral a-hydroxy phosphoryl compounds, but these strategies necessarily require stoichiometric
amounts of a chiral reagent. Tt has been recognized for some time that phosphite condensations catalyzed by
nonracemic materials might allow use of sub-stoichiometric quantities of the chiral, and generally most

expensive, component. The first demonstration of this strategy employed quinine as the base,™ and gave a-
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hydroxy phosphonates from o-nitrobenzaldehyde (23) with ee’s ranging from 28% for dimethyl phosphite to
80-85% for the more hindered di-ferz-butyl phosphite™ (Figure 7). Furthermore, it proved possible to convert
the nitro group to other substituents (24b-d) via diazonium ion chemistry without racemization of the benzylic
position.” A flurry of more recent publications has reported enantioselective catalysis of a variety of similar
reactions with different nonracemic Lewis acid catalysts.***" Rather modest ee’s were obtained with complex
25, which was derived from diisopropyl tartrate and Ti(O-iPr),*  Two research groups independently
investigated the effect of catalytic amounts of the lanthanide binaphthol complex 26 on Pudovic reactions.**>
Both found ee’s in the range of 20-28% for phosphite condensations with benzaldehyde, but more attractive
de’s were found with p-methoxy and p-methylbenzaldehyde  The best results reported thus far employed a
Li-Al-binaphthol complex (27).>7 With this catalyst, both good chemical yields and ee’s in the range of 70-90%
were observed with several aromatic and unsaturated aldehydes (Figure 7). Although saturated aldehydes such
as hexanal and cyclohexanecarboxaldehyde also gave good chemical yields of the expected o-hydroxy

phosphonates, only low ee’s were observed in these cases. Nevertheless, these results should spur interest in

exploration of other reagents for catalytic formation of nonracemic o.-hydroxy phosphonates.™

O quinine
NO, toluene X

I}
+ HPOR, —

0]

il 24a X =NO,
H P(OR)2 b x=Cl
- ¢ X=NH>
23 O H OH d X=H
oo LI SO CO
j\ Ti(0-iPr), O —~La-OH O\Al/o
i-PrO,C o) OO |
25 A
0 OH
Lt whowss B A
- e
R H ( )2 toluene R P(OMe);
-400C
16 R = CgHs 28 R = CgHs (90%, 85% ee)
29 R = (E)-CgHsCH=CH 30 R = (E)-CgHsCH=CH (85%, 82% ee)
31 R = (E)-CH3(CH,),CH=CH 32 R = (E)-CH3(CH,),CH=CH (53%, 55% ee)

32-37

Figure 7. Enantioselective Additions of Dialkyl Phosphites to Aldehydes.
There are a number of procedures known for introducing stereochemistry to phosphonates without

formation of a carbon-phosphorus bond.  The initial report describing asymmetric reduction of diethyl
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benzoylphosphonate employed a stoichiometric amount of a nonracemic borohydride derived from pinene and
9-borabicyclononane.”® Neither the ee nor the absolute configuration of the product were determined at that
time, because the product (24d) was intended for solvolysis studies where that information was not required.
Based on the reported rotation and more recent information, reaction with the borohydride derived from (+)-a-
pinene gave the R enantiomer of a-hydroxy phosphonate 24d in approximately 20% ee. A catalytic procedure
that employed 5 mol% of the B-butyloxazaborolidine 33 as catalyst was subsequently reported (Figure ).
Modest yields but good ee’s were observed with the representative a-keto phosphonates that were examined.
In a more recent study,*' use of catechol borane or the borane-dimethyl sulfide complex provided better yizlds
and higher ee’s, parallel to improvements noted in other ketone reductions with these borane reagents.*> In
addition to reductions of o-keto phosphonates, the later study reported enantioselective reductions of both B-

keto and y-keto phosphonates to the corresponding B-hydroxy and y-hydroxy phosphonates.*' However, for

0.9 eq BHy / THF

)OI\ 26-28 oC HQ H
R I(T(OEt)z CeHs  CeHs R I‘?(OEt)z
o) o
Neg -
34a R = Et 33 By 35a R = Et (56%, 79% ee)
bR =Bu bR =Bu (60%, 82% ee)
cR=iBu ¢ R =iBu (60%, 83% ee)
d R = CgHs d R = CgHs (85%, 53% ee)
0 33 HQ H (68-96% yield,
/“\ — ¥ 3 69-97 %ee)
R ||=I>(o_jp r), catechol borane R }i(o_,'pr)z
36 O 370
o] E " H OH Q (66% yield,
; EEm—— : i 91% ee)
0-iPr NPy,
38 39
0 ) > H o (58% yield
:u yield,
CsHs)j\/\F;(O-iPr)z CoHs P(O-Pr), 68% ee)
40 0 41 :
40-41

Figure 8. Enantioselective Borane Reductions of Keto Phosphonates.

enantioselective reduction of B-keto phosphonates, a ruthenium-BINAP catalyst employed by Noyori and
coworkers” has given nearly quantitative yields and ee’s in the range of 94-98% (Figure 9). The excellent
stereoselectivity of these reductions was explained on the basis of complexation of the catalyst with the

phosphoryl oxygen, followed by intramolecular hydride defivery.*
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Ha

BINAP-Ru(ll)

MeOH OH O

—
J\,P(ocm)z ></P<OCH3)2
42a R=CHj; 43a R = CHj3 (99%, 98% ee, R-BINAP, R)

bR = n-CsH; bR =n-CsHi; (98%, 94% ee, S-BINAP, S)
¢ R = (CH3),CH ¢ R = (CHa),CH (96%, 96% ee, S-BINAP, S)
d R =CgHs d R = CgHs (96%, 95% ee, R-BINAP, R)

eR =A+ eR =A,{, (100%, 94% ee, S-BINAP, R)

Figure 9. Enantioselective BINAP-Ru(ll) Reductions of B-Keto Phosphonates.***

In comparison to reductive routes to nonracemic phosphonates, oxidative routes have been less studied.
One exception involves the synthesis of «,-dihydroxy phosphonates via an enantioselective oxidation of vinyl
phosphonates. Condensation of tetraalkyl methylene-bis-phosphonates with aldehydes provides ready access
to vinyl phosphonates,' and subsequent oxidation with the AD-mix reagents® has been reported.*® AD-mix
oxidations of vinyl phosphonates with alkyl substituents at the [B-position proceeded in modest yield and
enantioselectivity.  In contrast, phenyl and p-methoxyphenyl substituents resulted in much improved ee’s
(Figure 10). Comparable results were observed in an independent study.*® Even though a rationale for this
observation has not been offered, the high ee and the synthetic transformations demonstrated with the p-

methoxyphenyl product should attract more interest to this approach.

(") AD-mix-o: OH ?
_ -
R/\/P(OCH;;)z R/\‘/P(OC Hs)o
OH

44a R =CH; 45a R = CHj3 (48%, 33% ee)

bR= CeHsCHzOCHzCHz bR = CeHsCHzOCHzCHz (30%), 44% ee)

¢ R=CgHs ¢ R = CgHs (42%, 91% ee)

d R = p-MeOCgHy4 d R = p-MeOCgHg4 (71%, >95% ee)

Figure 10. Enantioselective Oxidation of Vinyl Phosphonates.*®
Vinyl phosphonates also can be converted to nonracemic a-hydroxy phosphonates via
hydroboration/oxidation. One early report describes the reaction of vinyl phosphonate 46 with borane in
THF.*  Upon treatment with H,O, and sodium hydroxide, oxidation and partial hydrolysis resulted in
formation of the a-hydroxy phosphonate 47 as a 1:1 mixture of diastereomers (Figure 11). While the
individual diastereomers were not separated or assigned stereochemistry, they did show different reactivity with
several enzymes involved in processing of AMP. A later study’ examined hydroboration/oxidation of vinyl

phosphonate 48 with (-)- and (+)-diisopinocamphenylborane. A single diastereomer, assigned the 1R, 3§-
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stereochemistry of compound 49, was obtained from reaction of the nonracemic olefin 48 with the (-)-borane
reagent. The other diastereomer (50) was obtained from the parallel reaction with the (+)-borane. This
selectivity was explained on the assumption that the steric bulk of the phosphoryl group controlled approach of
the chiral borane reagent. Given these demonstrations of vinyl phosphonate hydroboration/oxidation, and the
number of chiral hydroboration reagents available, it is surprising that preparation of nonracemic o-hydroxy

phosphonates via this approach has not been explored more extensively.**

NH, NH,
Ne A\ N
2 <1 2 <1
(CeHsORP _A_O N N/‘ 1)BHy / THF  CoH5OP o_ N NJ
2)H,0; / NaOH |
22 IR WO
HO
o_ 0 o_ 0
X s X w
O

1)(-)-diisopino- 1)(+)-diisopino- :H
camphenylborane camphenylborane ><O p
2) H202 / KOH 2) H,0, / KOH :‘H
P(OlPr)z 48% POP2 529 (iProyPp OH
50 O

Figure 11. Hydroboration/Oxidation of Vinyl Phosphonates.*’”
An alternate strategy for oxidation of achiral phosphonates to nonracemic a-hydroxy phosphonates could
be based on reaction of a phosphoryl stabilized anion with a nonracemic oxidant such as a
(camphorsulfonyl)oxaziridine (e.g. 51, a Davis reagent).”” A preliminary report of this strategy described
oxidation of phosphonates S2 to the corresponding o-hydroxy phosphonates $3 (Figure 12).”° Good chemical
yields have been observed along with some very attractive ee’s, suggesting that further studies to hetter

delineate the scope of this approach would be well worthwhile.

HO
1) NaHMDS, -90 oC
P(OR), ——F¥—> P(OR),
&2 e 5
X o X
52a X =H SO/’ 53a X=H (70%, 93% ee)
b X=NO, §1 =2 b X = NO, (54%, 80% ee)
¢ X=Cl c X=Cl (76%, 87% ee)
d X =OMe d X = OMe (80%, 81% ee)

Figure 12. Enantioselective Oxidation of Phosphoryl-Stabilized Anions.>
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Phosphoryl-stabilized anions also can be used to prepare nonracemic a-hydroxy phosphonates through
sigmatropic rearrangements. For example, reaction of (-)- or (+)-menthol with PCl; followed by condensation
of the dialkyl phosphite with formaldehyde and reaction with allyl bromide can be used to prepare the
dimenthol phosphonate 54 (Figure 13).>' Upon treatment of phosphonate 54 with #-BuLi, the a-hydroxy
phosphonate S5 was obtained in excellent yield and very high de via a [2,3]-Wittig rearrangement. Formation
of the R-phosphonate was favored when (-)-menthol was used, while use of (+)-menthol favored the S-
phosphonate. An independent study appearing simultaneously employed the amino alcohol 56 as a chiral
auxiliary incorporated in the cyclic compound 57, and obtained phosphonate 58 in comparable yields and even
greater de through a parallel rearrangement.”>  This later study also demonstrated that the configuration at
phosphorus controls the rearrangement stereochemistry, ultimately allowing preparation of either C-1°

stereoisomer from a single enantiomer of the amino alcohol 56.

( >ﬁ) 1) n-Bui 6
O+P 0] —_ O+P
~ N X 2) HCI ( } e
2 )95% ) W
54 55 OH

(92% de)

0 0
i _ I
7 OH —= ﬁ\o;on\/\ R ﬁ\O?P\(\/

NH 74% OH

56)v 57)V

Figure 13. Diastereoselective [2,3]-Rearrangements of Phosphory! Stabilized Anions. "2

58
(>99% de)

Preparation of an a-hydroxy phosphonate through diastereoselective alkylation of phosphoryl stabilized
anions bearing an o-methoxy substituent has been demonstrated.”® Only modest de was observed in alkylation
of the phosphonamidate 59 by reaction with #-BuLi and methyl iodide to give compound 60 (Figure 14). In
contrast, a single enantiomer of the sulfur analogue 61 allows selective access to either 1’ stereochemistry by
choice of reaction conditions, and does so in good de. The resulting thiophosphoryl products (62 and 63) were
converted to the corresponding phosphonamidates in quantitative yield through reaction with mCPBA.
Efficient cleavage of the chiral auxiliary occurs upon standard reaction with TMSI, and subsequent reaction
with diazomethane provides the dimethyl ester. Unfortunately, only limited conversion of the a-methoxy
compound to the a-hydroxy phosphonate was obtained through this sequence. The generality of this process
must still be established, and further refinements in methods for the ether hydrolysis will be necessary before

this approach is competitive with other routes to nonracemic a-hydroxy phosphonates.
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61 X=S > 63 X=8 1/111
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Figure 14. Diastereoselective Alkylation of Phosphory! Stabilized Anions.>

In a study that may be of even greater significance because it forgoes use of nonracemic phosphonate
substituents in favor of a nonracemic base, several dialkyl benzyl phosphates were isomerized to the expected
a-hydroxy phosphonates in modest ee (Figure 15).>' The amide bases derived from (R R)- and (S,8)-bis(1-
phenylethyl)amine (66) gave better yields and higher ee than the base derived from (S)-isopropyl(l-
phenylethyl)amine. The origin of the stereoselectivity was shown to arise from enantioselective removal of a
benzylic hydrogen, yielding a carbanion of high configurational stability which quickly rearranges to an

enantiomerically enriched phosphonate with retention of configuration.

(”) HO
P(OEt n-BuLi
Oi\o/ Of ™ P(OEt),
H CHs 5
R HN‘P(CGHS] ) R
64a R=H 86 65a R=H (64%, 41% ee,
b R=CH; (R, R)-66, R product)
¢ R = OMe b R =CH;3 (57%, 24% ee,

(S, S)-66, S product)
¢ X =0OMe (48%, 63% ee,
(S, S)-66, S product)

Figure 15. Enantioselective Rearrangement of Dialkyl Benzyl Phosphates.>
Given the extent of interest in a-hydroxy phosphonates, it is not surprising that some have been prepared
in nonracemic form by resolution. Both the phosphonate group and the hydroxyl group provide opportunities

for formation of diastereomers. For example, the a-hydroxy phosphonate 67 (Figure 16) was resolved®’
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through reaction with (R)-(+)-phenethylamine (68), which gave a crystalline salt of the (-)-enantiomer. After
neutralization of the mother liquors, addition of (S)-(-)-phenethylamine gave a crystalline salt of the (+)-
enantiomer. In a complementary strategy involving derivatization of the hydroxyl group, compound 69 was
converted to a pair diastereomeric acetals through reaction with the camphor derivative 70 (Figure 16).’® The
readily separated diastereomers undergo hydrolysis upon treatment with p-TsOH, providing both enantiomers
of compound 69 in >98% ee. These enantiomers were then converted to phosphonic acid analogues of serine

through Mitsunobu reaction with azide and catalytic hydrogenation.

[
HO CHs H CHs HO H
CeHe™ P d CoHs™ “NH A OMe q
6tls ~OH an eHs > BnOCHy ﬁ\OMe an
0o LO
67 68 69 0
| H,

70

Figure 16. Resolution of a-Hydroxy Phosphonates.>*>®

Resolution of hydroxy phosphonates also is possible on chiral chromatographic supports. The racemic
form of y-hydroxy phosphonate 71, designed as an inhibitor of imidazole glycerol phosphate (IGP) dehydratase,
was resolved on a commercial HPLC column.’” The phosphonic acids derived from the two enantiomers
differed significantly in their ability to inhibit this enzyme, with the R R-isomer 72 more active by about 100-

fold (Figure 17), demonstrating again the significance of stereochemistry in biologically active phosphonates.

L(CeHs)s H

\
/N\N 0 N\N 0
(e~ o (AN o
N 3R 1R SOEt N 3R 1R “OH
HO H H

71 72

Figure 17. Chromatographic Resolution of a y-Hydroxy Phosphonate.®”

An alternate strategy for resolution of a-hydroxy phosphonates is based on enzyme mediated reactions,
either hydrolysis of a-acyloxy derivatives or acylation of the hydroxyl group. 1In the first report on this
approach,®® racemic substrates were prepared by a standard Pudovic reaction followed by acylation of the
resulting a-hydroxy phosphonates with acetic anhydride or an acyl chloride. Hydrolysis of the a-acyloxy group
was examined with several different enzymes, including Lipases F-AP 15 and AP 6. In some trials, this
procedure gave an optically pure S alcohol product and left the ester of R configuration virtually unreacted.

For example (Figure 18), phosphonate 73 gave the S-o-hydroxy phosphonate 74 in 31% yield and >99% ee,
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while the R enantiomer was obtained in 35% yield and 90% ee by chemical hydrolysis of recovered ester 75. In
most other trials much lower yields or ee’s were observed, suggesting that each substrate may require
examination of a series of enzymes. This strategy was recently extended to preparation of the phosphorus
analogues of phenylalanine and tyrosine,” where again the R ester was recovered while the S enantiomer was
obtained as the alcohol with Lipase AP 6. The complementary strategy, i.e. enzyme catalyzed acylation of the
a-hydroxy phosphonate also has been reported.***' In a particularly attractive case, a-hydroxy phosphonate 76

gave >99% ee’s for both the alcohol 77 (41% yield) and the ester 78 (unspecified yield).

1l
—_— H \l
0—CCHs Lipase H—. OH H,CC—~0, H
F-AP 15 '
ﬁ(OMe)g PIT(OMe)z . IIDI(OMe):z
0
73 74 (31%, >99% ee) 75 (35%, 90% ee)
OH H OH H cc
Vinyi Acetate 3
\/J\P(OBn)z Hpase \XP(OBn)z \XP(OBmz
|| —_— " +
o) O
76 (-)-77 (41%, >99% ee) {+)-78 (>99% ee)

Figure 18. Enzymatic Resolutions of a-Hydroxy Phosphonates.**°

In summary, nonracemic o-hydroxy phosphonates have been obtained by resolution and prepared
through stereoselective formation of each of the four bonds to a tertiary carbon, as shown in Figure 19. Many
of the synthetic methods have been, or could be, applied to form quaternary centers, although good
stereoselectivity may be harder to obtain if the two alkyl substituents are similar in size and other control

elements are absent.

0 H H r H H
o]
R./LH o RXOP(OR)g‘\ / \/\P(OR) R‘XE(OR)z
b 0
OH

0 It
o)
Apon, 7N o
o)

Figure 19. Known Disconnections to Nonracemic a-Hydroxy Phosphonates.®®
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2.2 - and y-Hydroxy Phosphonates.

Although not studied as extensively, synthesis of nonracemic (- and y-hydroxy phosphonates also has
been demonstrated. One attractive pathway involves stereoselective reductions of B- and y-keto phosphonates
as described above (e.g. Figure 8). An attractive alternative involves use of phosphite to open nonracemic
epoxides to B-hydroxy phosphonates, or use of an alkylphosphonate anion to obtain y-hydroxy phosphonates
from nonracemic epoxides (Figure 20). For example, epoxide 79 is converted to the corresponding B-hydroxy
phosphonate 80 in quantitative yield upon reaction with diethyl phosphite, #n-BuLi, and BF:.2 Treatment of

epoxide 79 with the diethyl methylphosphonate anion and BF; gave the y-hydroxy phosphonate 81.

I
(E10),P H(O)P(OEH: HiC(OPOEY:  (ELO),P
n-BuLi, BF5-OEt, n-BuLi, BF3.OEt, )2
. « > , OB
OBn THF, -78 oC OBn THF, -78 oC :
HO 100% 100% HO
CHs CH3 CH3
80 79 81

Figure 20. Conversion of Epoxides to B- and y-Hydroxy Phosphonates.®

3. Keto Phosphonates.
3.1 Acyl (or a-Keto) Phosphonates.

The Arbuzov reaction of an acid chloride with a trialkyl phosphite provides general access to acyl (a-keto)
phosphonates63 and, at least in principle, if the acid chloride were derived from a nonracemic acid a nonracemic
acyl phosphonate would result. Systematic studies have probed the physical properties and chemical reactivity
of representative acyl phosphonates,“ and suggested behavior hybrid between that of secondary amides and
ketones.®> However by comparison with a-hydroxy phosphonates, nonracemic acyl phosphonates remain
relatively unexplored. One exception involved preparation of acyl phosphonates from S-alanine and S-leucine
(Figure 21).% In this case, reaction of the phthalimide protected acid chlorides 82 with triethyl phosphite gave
the phosphonates 83 in good yield and without racemization. Reduction of compounds 83, first with
NaBH;CN and then by free radical deoxygenation, followed by removal of the phthalimido group and ethyl
esters, provided the f-amino phosphonic acids 84 in greater than 99% ee.

a-Keto phosphonates nonracemic by virtue of stereogenic centers incorporated into alkoxy or amino
substituents on phosphorus may still be unknown. Recent studies have reported disastereoselective aldol®”

and Mukaiyama-Michael®™ condensations of o-keto phosphonates. Because these condensations might be
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0 PHN 1) 1) NaBH;CN NH,
P(OEt); ' it 2) Barton Rx ' 0
LT RO T T e O
M H 4) H‘
R/\%CI o
O 83a R = CHj (95%) 84a R = CH,
82a R=CH, bR =iBu (95%) bR =iBu
bR =iBu

Figure 21. Synthesis of Nonracemic a-Keto Phosphonates.®
made enantioselective if chiral ligands were placed on the phosphorus, preparation of a-keto phosphonates with

nonracemic substituents would appear to be a promising area for future research.

3.2 B-Keto Phosphonates.
Interest in the preparation of B-keto phosphonates has been much more pervasive, primarily because of
their proven utility in reactions such as the HWE condensation. Many methods have been used to prepare

specific B-keto phosphonates, but only a few have been generally useful **

In fact, only two routes to B-keto
phosphonates are widely used, the Arbuzov synthesis and acylation of alkylphosphonates. Both of these
approaches rely upon use of nucleophilic phosphorus reagents, which imposes a fundamental restriction in the
variety of possible products; each method suffers from some individual limitations as well.

The classical Arbuzov synthesis (Figure 22),% which involves reaction of a trialkylphosphite with an a-

halo ketone, may be the most commonly used route to B-keto phosphonates. This reaction works best with

] | Il 1l
RC?HX + (R"O):;P Rm— RC(l;HP(OR")Z and/or ?P(OR")Z

R R RC=CHR'
Arbuzov product Perkow product
o.M
RC-X + (R"O)Zi':cI:H — RE)CEHP’(OR")Z
R R
1,69-73

Figure 22. Common Syntheses of B-Keto Phosphonates.
nucleophilic phosphites™ and a-iodo ketones that readily undergo substitution reactions. Primary o-bromo-
or a~chloroketones, and the a-halo derivatives of cyclic ketones, often undergo a competitive Perkow process
to afford the isomeric vinyl phosphates.” Because substitution reactions are difficult for many secondary

halides, the usefulness of Arbuzov reactions with any secondary halides is limited.' Even though the Arbuzov
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reaction could be employed to prepare nonracemic B-keto phosphonates (e.g. if a stereogenic center were
embedded in the second substituent of a halomethyl ketone), it is difficult to find examples of such reactions.”
The most common alternative to the Arbuzov synthesis of B-keto phosphonates has been the acylation of
an alkylphosphonate anion.” This strategy (Figure 22) can be employed to prepare a-substituted phosphono
ketones, although stereocontrol is not likely at the o position because the B-keto phosphonate anion is readily
formed under the reaction conditions. However, nonracemic acid derivatives often have been used in this
process, providing B-keto phosphonates with stereogenic centers at the y position or beyond. For example, the
prochiral anhydride 85 has been converted to the optically active B-keto phosphonate 87 (Figure 23) for use in
synthesis of compactin and compactin analogues. Reaction of the anhydride first with a nonracemic alcohol or
amine and then with diazomethane gave access to nonracemic diesters or amide/ester (86). These compounds
were converted to the corresponding B-keto phosphonates 87 by reaction with the lithium anion of dimethyl
methylphosphonate.”  Yields were modest in the first two examples primarily because of competing

elimination reactions which were minimized by use of the ester acid 86¢.

OBDMS .
0 OR O 0 o OR O 0
e w LICH,P (OMe), w
—> RO R' —————% Ro o
0" 0" 70 86a R"=0Me; R' = H; 87a R'=H; R = 1-phenylethyl
R = 1-phenylethyl (43%)
85 b R" = MeO(Me)N; R = H; bR’ = H; R = 1-napthylethyl
R = 1-napthylethyl (66%)
¢ R" = OMe; R' = {BDMS; c R'={BDMS;R=H
R=H (820/0)

Figure 23. Synthesis of Nonracemic B-Keto Phosphonates from Prochiral Anhydride 85.7

In a related case which involves acylation with a diester, a protected derivative of diethyi tartrate (88)
was treated with the methylphosphonate anion (Figure 24).” The nonracemic phosphonate 90 was the major
product of this reaction, presumably formed via a HWE condensation of the intermediate bisphosphonate. A
second condensation of phosphonate 90 with acetaldehyde was used to complete a clever synthesis of the
natural product (-)-terrein (91).

Methyl esters derived from carbohydrates and amino acids also have been used to prepare nonracemic
phosphonates, and isomerization adjacent to the ester carbonyl under the basic reaction conditions does not
appear to be a significant problem. For example, a synthetic sequence involving acylation of a
methylphosphonate anion followed by HWE condensation has been examined as a strategy for obtaining higher

sugars by homologation of smaller carbohydrates.”® In a representative case, the glucose derivative 92 was
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Figure 24. Conversion of Diethyl Tartrate to a Nonracemic p-Keto Phosphonate.”
converted to the phosphonate 93 in quantitative yield (Figure 25), and the resulting phosphonate was
condensed with a variety of aldehydes, including some derived from other carbohydrates. A similar strategy has
been used to convert the amino acid serine into sphingosine derivatives.”” In the key step, the protected serine
methyl ester $-94 was allowed to react with the dimethyl methylphosphonate anion, to obtain the nonracemic
B-keto phosphonate 95. In a parallel reaction conducted with compound R-94, the a,a-difluoro phosphonate

96 was obtained by reaction with the dimethyl (difluoroethyl)phosphonate anion.”

0 0
MeO

0 b, (MeORP o

OMe oM, o /oMe

THF, -78°C
BnO OMe quant. BnO OMe

OMe OMe

92 93

o

0] IOI o 0 o 0] G
O/H/XK/P(OM% LicHboMe); 0/\(1&0,\,16 LiCF (O, OWP(OEW
«— —_—> :
N, THF, -78 °C N, THF, -78 0C N FF
BOC 83%. BOC 85% BOC

95 (from S-94) R-or S-94 96 (from R-94)
Figure 25. Acylation of Alkylphosphonate Anions.”®”®

As might be expected on the basis of the preceding examples, methyl esters derived from nonracemic

terpenes also can be employed for acylation of phosphonate anions. For example, methyl citronellate (98)

reacts smoothly with the dimethyl methylphosphonate anion to afford the f3-keto phosphonate 99 (Figure 26).”

However, because nonracemic methyl citronellate is derived from pulegone hydrochloride (97) and the yield
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may not be high, an interesting variation was examined. Pulegone hydrochloride itself was treated with the

alkylphosphonate anion, resulting in direct formation of the B-keto phosphonate 99 in 71% yield.

0 o o 0
OMe LiCHzg(OMe)z P(OMe),
e S —
o THF, -78 0
ci |
o)
97 N 98 UCHZg(oMe)z / 99

THF, -72to 00C, 76%
Figure 26. Reaction of Pulegone Hydrochloride with an Alkylphosphonate Anion.™
The previous examples, and numerous others,*® demonstrate that acylation of alkylphosphonate anions
often can be conducted without racemization at the a-position of the acylating agent. In cases where
racemization may be a concern, an alternate strategy is available based on the addition of an alkylphosphonate
anion to an aldehyde to give the B-hydroxy phosphonate followed by oxidation to the corresponding B-keto
phosphonate. For example, conversion of a-D-glucose to aldehyde 100 was followed by condensation with the
lithium anion of methyl dimethylphosphonate and oxidation to the B-keto phosphonate 101 with PCC (Figure

27).%" This reaction proceeds in high overall yield but, because the starting aldehyde was prepared as a mixture

o (“3 0
licHbome, — (MeORP OtBDPS
THF, -780
2)PCC -

(91% overall)

TrO

1) LiCH,P(OMe),
THF, -78 0 (84%)

2) DMSO, TFAA :
EtN (81%) %—'
103

Figure 27. Aldehyde Addition/Oxidation Synthesis of B-Keto Phosphonates.®'®2

of diastereomers, no information was given on the stability of this stereogenic center to the reaction sequence.

A similar strategy was employed to convert the ribose-derived aldehyde 102 to the B-keto phosphonate 103,
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although in this case Swern conditions were employed for the oxidation.®” Finally, a comparison of direct
acylation versus aldehyde addition followed by oxidation with sodium dichromate suggested that acylation gave
a better yield.**

An interesting route to a nonracemic y-hydroxy B-keto phosphonate draws upon Sharpless epoxidation
for access to the aldehyde 104 (Figure 28).* After nucleophilic addition of the diethyl phosphite anion to the
aldehyde and preparation of the corresponding mesylate (105), reaction with /BAF and water provides the y-
hydroxy B-keto phosphonate 106 via an allene oxide intermediate. While the generality of this route must still
be established, the interface with Sharpless methodology suggests that a variety of appropriate substrates could

be prepared.

1) EOPOH  nBu, O SiMe;  BAF, H0

0O O
nBu O SiM ) AV i
. S\ ~SiMes pBU (84%) %‘o THF nBu\/[l\/P(OEz)z

1l
2) MsCl, pyr P(OEt), 74% :
CHO MsO OH

104 105 106
Figure 28. Synthesis of a v-Hydroxy p-Keto Phosphonate via an Allene Oxide.®

Among the more recently reported strategies for synthesis of nonracemic (3-keto phosphonates are several
which employ electrophilic phosphorus reagents. Such strategies are inherently complementary to the more
classical reactions based on phosphorus nucleophiles, and thus offer access to nonracemic f-keto phosphonates
that would otherwise be very difficult to prepare. For example, reaction of the camphor (107) enolate with
diethyl phosphorochloridate gives the corresponding vinyl phosphate (108) in good yield (Figure 29).% If this
vinyl phosphate is treated with LDA, rearrangement to the corresponding p-keto phosphonate 109 proceeds
smoothly, providing the first synthesis of this nonracemic camphor derivative. The entire reaction sequence can
be carried out in a single flask, which improves both the synthetic ease and the overall yields.** While complete
mechanistic details are not yet available for this reaction, when compound 108 was treated with LDA in the

presence of TMS-CI, a vinyl silane vinyl phosphate was obtained ** This reaction documents abstraction of the

1) LDA 1) LDA

2) (Et0,)P(O)CI 2)H" (u)
—_ T s —> P(OEt),
(0] 72% overall
1)
O-P(OEt), 0
107 108 109

Figure 29. Viny! Phosphate/B-Keto Phosphonate Rearrangement ®>
vinylic hydrogen and supports formation of an intermediate vinyl anion in the rearrangement of vinyl phosphate

108 to phosphonate 109. However in cases where the cyclic vinyl phosphate bears an acidic allylic hydrogen,
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rearrangement proceeds through formation of an intermediate allyl anion. This has been verified for the vinyl
phosphate derived from cyclohexanone by a deuterium labeling study.®**

Rearrangements of vinyl phosphates to B-keto phosphonates (or a-phosphono esters) have been
demonstrated only with cyclic ketones,** lactones,¥” and esters,*”* but this approach nonetheless offers a
number of opportunities for preparation of nonracemic compounds. For example, ketones of the general

structure 110 (Figure 30) give diastereomeric vinyl phosphates (111a and illb) when treated with LDA and a

Olg’(OR)g

|
(RO),P
o) , .
/ Ru—' R \A Ru: R
111a 113a
o)
> Il -
A \ OP(OR), 3 \ 0O O
R* R /' Ig(OR)
110 112 '
R“:- Rv Ru—" RI
111b 113b

Figure 30. Diastereoselective Vinyl Phosphate/p-Keto Phosphonate Rearrangement.®
nonracemic phosphorochloridate.® If subsequent reaction with LDA generates a delocalized allylic anion
(112), rearrangement to the f3-keto phosphonate proceeds through diastereomeric transition states, potentially

giving products 113a and 113b in unequal amounts. Modest stereoselectivity has been observed (Figure 31)

O 1) LpA O/\IO 1) LTMP OKO

ooy ]
2) 2 H*
0 7.0 0 0
N |
114 c¥ o O:/P—O
g e > >

115 116 (2.6:1) 117

Figure 31. Diastereoselective Rearrangement of Vinyl Phosphate 115%

in several cases. One of the most interesting involved the prochiral ketone 114. Treatment of the isomeric

vinyl phosphates 115, derived from ketone 114 and (2R, 4R)-pentane-2,4-diol, with LiTMP gave a 2.5:1 ratio
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of the diastereomeric phosphonates 116 and 117, and the stereochemistry of compound 117 was secured by
crystallography. While the use of other phosphorus substituents may improve the yield and/or de of this
process, the crystalline nature of the R, R, R-diastereomer in this series allowed preparation of useful quantities
of the B-keto phosphonates.”

Because the reaction of ketone enolates with dialkyl phosphorochloridates gives only the vinyl phosphate
product, a number of less direct strategies have been examined to generate f-keto phosphonates with
phosphorus electrophiles. One such approach involves initial reaction of the ketone enolate with a di.alkyl
phosphorochloridite followed by oxidation of the products to the P(V) oxidation state. This strategy was used
to prepare the nonracemic camphor phosphonate from camphor itself (Figure 32), although the reported vield

is less attractive than that obtained via the rearrangement of the camphor vinyl phosphate described above.”

1) LDA
2) (EtOxPCi I
_ > P(OEt),
3) air
0 44% (o)
107 109

Figure 32. Reaction of Camphor with Diethyl Phosphorochloridite.*

When a B-keto phosphonate bearing a stereogenic center at the d position or beyond is the target,
alkylation of a B-keto phosphonate dianion may be a feasible strategy. It has been known for some time that
formation of such dianions is feasible,” given the appropriate structural motif. ~While formation of a dianion
precludes maintaining stereocenters at the o and y positions, preparation of a nonracemic f-keto phosphonate
(e.g. compound 120) can be accomplished®® by reaction of a nonracemic alky! halide (118) with the achiral

phosphonate 119, as shown in Figure 33.

NaH O
! ~A° n-BuLi
+ —
- 94% )
"OtBDMS ﬁ(OCH3)2 OBDMS E(OCHa)z
118 119 120

Figure 33. Alkylation of a B-Keto Phosphonate Dianion.”
Indirect phosphonylation of a ketone also has been accomplished through reaction of a ketone methyl-
hydrazone with PCls followed by reaction with an alcohol (Figure 34)%  While only applied to achiral ketones
in this initial report (e.g. compound 121), this strategy for carbon-phosphorus bond formation would certainly

appear to be compatible with the presence of stereogenic centers on the hydrazone. Furthermore, it allows
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access to aromatic phosphonate esters (123c¢) which have shown promise for Z-stereocontrol in HWE

condensations.**

H;C—NH CeHs N 0O O
2 ey Dror Lo
_— I?\—CI =—> CgHs (OR)

Cobe CeHs CeHs™  L/ClI oHs
121 122 123a R = CHj; (53%)

b R = CH3CH; (50%)
¢ R =CgHs (47%)
Figure 34. Synthesis of p-Keto Phosphonates from Ketone Hydrazones.®
Vinyl phosphonates are known to be substrates for conjugate addition reactions,”® and have been used to
prepare a variety of nonracemic phosphonates. For example (Figure 35), anions derived from SAMP
hydrazones (124) have been shown to undergo conjugate addition to vinyl phosphonates (125) giving
nonracemic 5-keto phosphonates (127) in good ee and reasonable yield*® 1In a related reaction, conjugate
addition of lithiated Schollkopf’s bislactim ether to vinyl phosphonates has been used to prepare nonracemic
amino phosphonic acids.”” The attractive de’s should assure further exploration of this strategy for preparation

of nonracemic keto phosphonates.

N
N § \—OCH;
N OCH3 1) LDA, THF N R (0] (0] R O

2)125 A 0 I
RLCHa 124 —> R)l\/k/P(OEt)2 —3> R)l\/k/ P(OEt):

126a R=R'=Bu (>95% de)  127a R =R’ = Bu (56%)
bioE) b R=R'=iPr(>95% de b R=R' =iPr(55%)

RN 2 ¢ R=Ph; R =iPr (87%de) ¢ R=Ph; R =iPr(77%)
125

Figure 35. Conjugate Addition of SAMP Hydrazones to Vinyl Phosphonates.®
In summary, while nonracemic o-keto phosphonates (acyl phosphonates) are prepared primarily from
acid chlorides, a variety of routes have been described for synthesis of nonracemic (3-keto phosphonates (Figure
36). The classical routes pair nucleophilic phosphorus reagents with carbonyl electrophiles, e.g. trialkyl
phosphites with a-halo ketones or alkylphosphonate anions with esters. More recent methods that employ
electrophilic phosphorus reagents, such as the rearrangement of vinyl phosphates or the reaction of enolates
with a dialkyl phosphorochloridite, are complementary and offer access to new types of nonracemic B-keto

phosphonates including those based on cyclic systems.
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Figure 36. Known Disconnections to Nonracemic B-Keto Phosphonates.

4. Phosphono Esters.

4.1 a-Phosphono Acetates

The utility of a-phosphono esters in the HWE reaction has drawn significant attention to preparation of
nonracemic phosphonates for use in asymmetric condensations.®® The most commonly employed reagents are
phosphono acetates, which may incorporate chirality in either the carboxylate (Figure 37) or phosphorate
esters. The earliest example based on a nonracemic carboxylic acid ester” incorporated the natural product
menthol (129), but recent investigations have more often employed the 8-phenylmenthol group (130).'"
Nonracemic acetates of this type have been prepared by reaction of the chiral alcohol with bromo- or
chioroacetyl chloride followed by an Arbuzov reaction,”'*" by direct reaction of phosphonoacety! chloride with

1,2 or by a Mitsunobu reaction of the alcohol and phosphonoacetic acid.”®  An ester exchange

the alcoho
process that begins with the methyl ester 128 and is catalyzed by DMAP also has been reported to give good

yields with a variety of substrates.'”

E 0 DMAP E 0 12(36R0/:) @
iPrO + ROH ——» (PO b)
(Pro), \)\ocm camcry, TR \/LKOR -~

128 130R = @
(94%)

AT
CeHs

Figure 37. Synthesis of Nonracemic Phosphono Acetates by Ester Exchange.'®
Similar strategies have been used to prepare nonracemic phosphono acetates containing chirality within
the phosphonate esters (Figure 38). The binaphthol derivative 131 was prepared by reaction of methyl
dichlorophosphite with the parent diol, followed by an Arbuzov reaction of the resulting phosphite with methyl
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bromoacetate.'™  The camphor derivative 132 was prepared via a similar sequence with ethyl

105

dichlorophosphite. In contrast, the manitol derivative 133 was prepared by reaction of ethyl

(dichlorophosphoryl)acetate with the parent diol.'®® Both strategies have proven to be efficient.
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NIl /

,PCH,CO,CH; N

OO o O..igsﬂzcozcﬂ3

(0]
131 132 133
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i
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Figure 38. Nonracemic Phosphono Acetates with Chiral Phosphorus Substituents.'®'%

4.2 a-Phosphono Esters and Lactones

Synthesis of nonracemic phosphono esters derived from larger carboxylic acids has not been studied as
extensively. However, in addition to extensions of the reactions described above, at least three additional
routes are known. One is based on elaboration of a nonracemic phosphono acetate through alkylation, and is
nicely demonstrated in a recent synthesis of the Vitamin D; synthon 136 from the acetate derivative 134 and the
alkyl iodide 135 (Figure 39).'”” While stereocontrol at the o position of compound 136 was not obtained, this
is unimportant given use of the resulting phosphonate in a diastereoselective HWE condensation to the

corresponding hydrindenone.

(8PhMen)O, -0 0

1) NaH
0
1|
(MeO)ZP\)l\O. /\ﬂ 2)6'-7|°/ (MeQ),P
% ’ o)

Cefts 136

Figure 39. Alkylation of a Nonracemic Phosphono Acetate.'”

Direct reaction of an ester enolate with diethyl phosphorochloridate results in clean formation of the vinyl
phosphate rather than the phosphonate, but vinyl phosphate derivatives of esters can undergo rearrangement to
the corresponding o-phosphono esters if treated with strong base.*’” For example, the camphor lactone 137
was converted to the corresponding o-phosphono lactone 138 by this sequence (Figure 40). Direct C-P bond

108,90

formation is possible through reaction of the ester enolate with diethyl phosphorochloridite, rather than the

phosphorochloridate, and if this reaction is followed by oxidation the phosphonate can be obtained. For
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example, reaction of the anion derived from methyl citronellate (139) with diethyl phosphorochloridite followed
by air oxidation was used to prepare the nonracemic phosphono ester 140 (Figure 40).'" Even though it was
conducted on a racemic substrate, conversion of lactone 141 to the a-phosphono lactone 142 provides a useful

comparison of phosphonate synthesis by these two strategies.*”

1) LDA
% i; Eloppfo)(oa)z ;,\&P(Oa
0o 74% (0] o
38

1) LDA

('? O  2)CIP(OEt),
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2) CIP(OEt), P(OEt), 0 39%
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> 1) LDA
CO-Me 73% COMe : 2) CIP(O)(OEt),
I | MeOzC 3) LDA
78%
139 140 141 142

Figure 40. C-P Bond Formation with Esters and Lactones.'®*

In some cases, use of an ester equivalent can circumvent the reaction of diethyl phosphorochloridate with

1 As applied in a synthesis of (+)-cleomeolide, the nitrile 143 (Figure 41) was

the oxygen of an ester enolate.'
converted to the phosphonate 144 by reaction with LDA and diethyl phosphorochloridate in good yield.""' In
this sequence, hydrolysis of the acetal and a HWE condensation were conducted before the cyano group was

converted to the corresponding methyl ester.

0O=P(OEt),
1) LDA
/‘/\CN 2) CIP(O)(OEt), /- CN
= o ————> = 0

g J
143 5 144 5

Figure 41. Synthesis of a Nonracemic a-Phosphono Nitrile. "

In summary, most attention to synthesis of nonracemic a-phosphono esters (Figure 42) has been devoted
to acetate derivatives. Known syntheses of nonracemic phosphono acetates include procedures for
incorporation of chirality within the carboxylate ester and the phosphonate esters, as well as alkylation at the «
position. Studies on preparation of nonracemic phosphonates from larger esters and lactones have been

reported, but their limited numbers suggest that this is an area that would profit from further exploration.
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0 ? 0
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O O O Ru ”
, x o Bx, / \ R.O)K/P(OR)2
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Figure 42. Known Disconnections to Nonracemic a-Phosphono Esters.

5. Miscellaneous.

Numerous other strategies can be envisioned for preparation of specific nonracemic phosphonates, and
there are many nonracemic phosphonates in addition to the few selected examples displayed above. Three
strategies of special promise are shown below.

A number of nonracemic alkylphosphonates have been prepared to exploit the possibility of chirality
transfer from phosphorus to carbon through reactions of phosphoryl-stabilized anions. Phosphorus chirality is

attained by incorporation of nonracemic substituents as phosphonate esters''? or phosphonamides,'*'"*

and the
phosphoryl-stabilized anions have been used in diastereoselective additions-to various electrophiles. One theme
studied in several laboratories has been the conjugate addition of anions derived from nonracemic allyl
phosphonates (Figure 43) to enones or o,[-unsaturated esters, because these additions generally result in the
formation of at least one stereocenter in the adduct. After conjugate addition, the phosphorus auxiliary can be
removed by oxidative cleavage of the double bond. This strategy already has been applied in natural product

synthesis,''® and further applications appear very likely as other variations on these reactions are developed. 1

R
Oy *ep 3
Nl P. O/ \/\ N4
O/P\/\ N \/\ﬁN/ --..N’P\/\’
|
90 . " !
145 146 147 148

112-115

Figure 43. Nonracemic Alkylphosphonates.
Routes to phosphonates based on free radical chemistry have been known for many years,'" but

examples that yield nonracemic products are still limited. Either addition of a phosphorus radical to a chiral
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olefin or addition of a radical containing a stereogenic center to a phosphonate could be used to prepare
nonracemic products. As an illustration of the former option, reaction of dimethylphosphite with
bicyclo[2.2.1]hept-2-ene (149) in the presence of benzoyl peroxide gives the exo isomer 150 in very good yield
(Figure 44)."" As an example of the second strategy, radicals derived from nucleoside derivatives of the
general form 151 undergo addition to dimethyl vinylphosphonate to give extended phosphonates such as
152."* Even though recent work has extended this synthesis to other nucleoside derivatives,'”' much of the

potential of free radical methods for synthesis of nonracemic phosphonates may remain to be uncovered.

o 9
B o B
RO\ Bome), (MeO%P o
HP(O)(OMe), =/
(CeHsCO,) 0 — R
85% P(OMe), O, O  4560% o O
149 150 >< ><

151 R=j:j 152 R= rsll\
sZF N

Figure 44. Free Radical Routes to Chiral Phosphonates.'®"'%°
Finally, vinyl triflates have been reported to undergo palladium-catalyzed coupling with dimethy!
phosphite to afford vinyl phosphonates in very good yield.'"”> For example (Figure 45), the steroid derivative
153 undergoes coupling to afford the nonracemic vinyl phosphonate 154. Even though this reaction does not

produce a stereogenic center directly, it holds great promise for synthesis of nonracemic phosphonates because

of the ubiquitous distribution of carbony! groups and the ease with which they are converted to vinyl triflates.'”’

CgH17 CgHi7
(MeO),P(O)H
EtsN, DMF
[(CsHs)3P14Pd

—_—

0% Il
TfO i (MeO),P

1583 154
Figure 45. Palladium-Catalyzed Phosphonylation of Vinyl Triflates.'?

6. Summary.
Recent years have witnessed a dramatic increase in interest in the preparation of nonracemic
phosphonates.  The result has been significant growth in the number and variety of strategies for

stereocontrolled phosphonate synthesis. Much of this interest has stemmed from the potential biological
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activity of phosphonates, their utility as intermediates for synthesis of other nonracemic compounds, and an
increasing emphasis on preparation of chiral compounds in nonracemic form. But other ingenious applications
of nonracemic phosphonates also continue to appear. Recent examples include use as nonracemic ligands for
transition metal catalysts,® as nonracemic carbon acids for potentially enantioselective protonation of
carbanions,'”* and as part of the functional group array of unnatural ionophores.'” As these applications
suggest, their increased availability combined with the boundless imagination of organic chemists will continue

to spur growth in the chemistry of nonracemic phosphonates.
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