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Alkyl iodides and α-amino aldehydes can be homologated to
the corresponding methyl esters and β-amino methyl esters,
including β-amino-α-hydroxy methyl esters, using lithiated
(dimethoxymethyl)diphenylphosphane oxide. The primary
α,α-(dimethoxy)diphenylphosphane oxides obtained by this
Horner−Wittig type process collapse to give the target esters
under proton-catalyzed conditions in the presence of water.
Detailed and carefully conducted mechanistic studies re-
vealed that the diphenylphosphane oxide group is activated
by protonation, and acts as the initial leaving group in this
process. In the cases of adducts derived from the reaction of

Introduction

Homologation of electrophiles using various d1-synthons
is a key transformation in organic synthesis.[1] Appropriate
substitution of the nucleophilic carbanion 1 with two or
three heteroatoms (X, Y, Z) (Scheme 1) leads to masked
formyl anion equivalents. In the presence of electrophiles,
these carbanions can be used for the preparation of masked
aldehydes, carboxylic acids or esters 2, which subsequently
have to be unmasked to give the desired carbonyl com-
pounds 3. The most commonly used heteroatoms for these
d1-synthons are sulfur,[2] and to a lesser extent silicon,[3] the
latter being used in some cases in connection with oxygen
substituents;[4] tin can be used in tin-metal exchange.[5] Ad-

Scheme 1. Formyl anion synthons

[a] Institut für Organische Chemie, Universität Hannover,
Schneiderberg 1B, 30167 Hannover, Germany
Fax: (internat.) � 49-(0)511-7623011
E-mail: andreas.kirschning@oci.uni-hannover.de

Eur. J. Org. Chem. 2004, 1149�1160 DOI: 10.1002/ejoc.200300631  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1149

the phosphane oxide-stabilized anion with α-amino alde-
hydes, homologation to the β-amino- and β-amino-α-hydroxy
methyl esters can be achieved by KOtBu-mediated elimina-
tion to the intermediate O,O-ketene acetals. These may
either be allowed to react with water under acidic conditions
to yield the β-amino methyl esters, or may be treated under
the Sharpless asymmetric dihydroxylation conditions to dir-
ectly furnish the β-amino-α-hydroxy methyl esters.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

ditionally, the carbanion can be stabilized by nitrogen[6]

which is often part of a heterocycle, namely benzothiazole[7]

or 2-(trimethylsilyl)thiazole.[8] The simplest d1-synthon,
however, is the cyanide anion. Liberation of the carbonyl
group from the primary adducts, including cyanides, is still
a major challenge in all these methods.

Recently, we reported on a formate carbanion equivalent
5 which is stabilized by phosphorous and serves as a d1-
synthon.[9] We demonstrated that anion 5 rapidly reacts
with aldehydes, including carbohydrate-based ones, to yield
2-hydroxy-1-diphenylphosphane oxides, which, on treat-
ment with KOtBu, undergo elimination to give the corre-
sponding alkenes,[10] in this case O,O-ketene acetals. These
highly reactive intermediates yield α-hydroxy esters under
the Sharpless asymmetric dihydroxylation conditions.[11]

Based on the observations that anion 5 can be used for
the formylation of aldehydes, we extended these studies to
the homologation of alkyl halides and alkyl triflates, as well
as to the important group of α-amino aldehydes. The alky-
lation is particularly noteworthy here, as the ester func-
tionality can be liberated from the intermediate phosphane
oxide adducts under very mild acidic conditions.[12] There-
fore, we also tried to shed light onto the proton-induced
mechanism of the collapse of the α,α-(dimethoxy)diphenyl-
phosphane oxides.

Results and Discussion

Alkylation of lithiated phosphane oxide 5 is initiated by
the deprotonation of (dimethoxymethyl)diphenylphosphane
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oxide (4),[13] which is achieved at �110 °C within a few
minutes, using LDA as a base (Scheme 1). Addition of pri-
mary alkyl halides 6, 7 and 9�12, or octyl triflate (8),
yielded the phosphane oxides 13�17 (Table 1). These phos-
phane oxides can either be isolated by chromatography, or
can be transformed into the corresponding carboxylic esters
18�22 using traces of acid in wet dichloromethane.[12] As a
by-product, phosphane oxide 23 was formed instead of the
hydroxy tautomer, as determined from the P,H coupling
constant (J � 480 Hz).

Table 1. Formylation of alkyl halides and octyl triflatea

a For details, refer to the Exp. Sect. b All yields refer to isolated
pure products after chromatographic purification or crystallization.
c Transformations were quantitative; reduced yields are due to the
volatile character of the products. d Due its volatile character, the
yield of 19 was determined from its crude 1H NMR spectrum. e

Not optimized.

In contrast to octyl iodide (7) and octyl triflate (8), the
corresponding bromide 6 reacts only sluggishly with lithi-
ated phosphane oxide 5. Only when the bromide is acti-
vated, such as in allyl bromide 9 and benzyl bromide 10,
were good yields for the phosphane oxide adducts 13 and
14 observed. However, the situation changes when some
steric hindrance arising from nearby branching is intro-
duced into the electrophile. This becomes evident for alkyl
iodides 11 and 12. Here, the isolated yields for phosphane
oxides 16 and 17 are low to moderate, with a substantial
increase when the methyl branching-point is shifted from
the 2- to the 3-position. We ascribed these reduced yields
to the instability of the anion 5[14] when extended reaction-
times were required, or when the reaction temperature had
to be raised above �100 °C in order to increase the reaction
rate. The liberation of the ester functionality in this two-
step process is particularly mild. The likely mechanism will
be discussed in detail below.

In the next phase of the project, α-amino aldehydes were
tested as highly versatile electrophiles in reactions with
anion 5. The importance of this reaction is due to the fact
that homologation yields β-amino esters, which are import-
ant precursors for peptide synthesis with β-amino acids.[15]

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 1149�11601150

In fact, along with strategies based on asymmetric methods,
the chiral pool approach, starting from α-amino acids, is
still an important route towards enantiomerically pure β-
amino acids. One of the most versatile homologation proto-
cols for carboxylic acids is the Arndt�Eistert reaction.[16]

In this case, the mixed anhydrides of protected α-amino ac-
ids are treated with diazomethane. The resulting α-azido
ketone is subjected to the reaction conditions of the Wolff
rearrangement, which yields the corresponding β-amino ac-
ids. Secondly, α-amino acids can be converted into the cor-
responding primary iodides, which are homologated by
treatment with cyanide to yield α-amino nitriles.[17a]

Thirdly, asparagine has served as a chiral building block for
the preparation of β-amino acids. In this case, asparagine
was transformed into perhydropyrimidin-4-one, which was
diastereoselectively alkylated.[18] Synthetic strategies
towards β-amino-α-hydroxy esters are of pharmaceutical
relevance in the case of phenylisoserine which is present in
the side-chain of the anti-tumor drug paclitaxel.[19]

As shown in Scheme 2, lithiated phosphane oxide 5 reacts
with α-amino aldehydes 24�26 to give the phosphane oxide
adducts 27[12] �29, in moderate isolated yields. KOtBu-me-
diated elimination gave ketene acetal 30, which was treated
with an aqueous solution of 1  HCl until the pH value
was adjusted to 5. This treatment furnished the β-amino
esters 31�32 in very good yields. Surprisingly, the inter-
mediate O,O-ketene acetal 30 survived isolation as a crude
product. In fact, we did not observe formation of α,β-un-
saturated esters which could arise directly from β-elimin-
ation of the O,O-ketene acetal 30. The enantiomeric purity
of compounds 31 was determined by comparison of the [α]
value with those reported in the literature.[17b]

Scheme 2. Preparation of β-amino esters by homologation of α-
amino aldehydes (Z � Cbz � benzyloxycarbonyl)

Based on these results, we envisaged the preparation of
β-amino-α-hydroxy esters. When Cbz-protected phosphane
oxide adduct 27 was treated with acidic wet dichlorometh-
ane, collapse of the α,α-dimethoxyphosphane oxide group
occurred, resulting in the preferential formation of the syn-
configured amino-hydroxy ester (2R,3S)-anti-35, in excel-
lent yield (Scheme 3). It is very likely that this product ratio
reflects the initial diastereomeric mixture of adducts 27
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formed on addition of anion 5 to the chiral aldehyde. This
is helpful, as the diastereoselectivity of this addition could
not unequivocally be determined at the stage of the phos-
phane oxide.

Scheme 3. Synthetic routes towards benzylisoserine methyl esters

An alternative route proceeds via the intermediate O,O-
ketene acetals (refer to Scheme 2), which are dihydroxylated
under typical asymmetric Sharpless conditions. The elimin-
ation product derived from the Cbz-protected phosphane
oxide 27 was treated with with ADmix-α, giving anti-con-
figured (2S,3S)-aminohydroxy ester 35 in good overall
yield, and with excellent selectivity (dr � 15:1). Likewise,
the Boc-protected derivative 34, which had been prepared
according to Scheme 2 in 32% isolated yield, was trans-
formed into the (2S,3S)-methyl ester 36 in this manner. Fur-
thermore, phosphane oxides 28 and 29, whose amino func-
tionalities were protected with a benzyl group and an allyl
group, respectively, were converted into the corresponding
(2S,3S)-configured β-amino-α-hydroxy-amino esters 37 and
38 using the acidic degradation conditions described above.
The 2,3-anti-configured isomers were obtained with high
enantiomeric excess as single diastereomers, as determined
by comparison of their 13C NMR spectra, and the [α] values
of the corresponding N-deprotected methyl esters, with
those data reported in the literature.[20] This reflects the
stereochemical outcome of the nucleophilic attack of anion
5 on aldehydes 25 and 26, respectively (Scheme 2), which is
in sharp contrast to the stereochemical outcome for the Z-
protected amino aldehyde 24 (refer to Scheme 2). It is evi-
dent that adduct 29 is not suitable for the dihydroxylation
route, as it contains two additional terminal double bonds.
Attempts to obtain a β-amino-α-hydroxy ester (such as 37)
from the dibenzylamino derivative 28 via the corresponding
O,O-ketene acetal 30 were unsuccessful, as this latter inter-
mediate turned out to be unreactive under the Sharpless
dihydroxylation conditions. Steric hindrance around the
double bond is possibly responsible for this unreactivity. In
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the case of the N,N-dibenzylated methyl ester 37, N-depro-
tection, and preparation of the hydrochloride salt of the
resulting methyl ester allowed us to determine the absolute
configuration around the nitrogen-bearing stereogenic
center, by direct comparison of the [α] values.

Sdheme 4. Proton-catalyzed degradation of phosphane oxides 28
and 29

Likewise, aldehydes 39 and 40, derived from phenylgly-
cine, yielded adducts 41 and 42, which were subjected to
the dihydroxylation route via the corresponding O,O-ketene
acetals (Scheme 5). As a result of this sequence, the phenyl-
isoserine esters 43 and 44 were prepared as single isomers.

Scheme 5. Synthetic routes towards phenylisoserine methyl esters
43 and 44

Finally, the threonine-derived aldehyde 45[21] gave the bi-
cyclic oxazolidinone 46 in 34% yield as a single isomer.
Here, the diastereoselective addition of lithiated phosphane
oxide 4 is followed by intramolecular attack of the inter-
mediate alkoxy anion on the Cbz protecting group
(Scheme 6). The configuration of the newly formed stere-
ogenic center was elucidated by determination of the coup-
ling-constant (JH,H � 4.6 Hz) and by comparison with the
related oxazolidinones, studied in detail by the groups of
Dondoni[22] and Luly.[23]

Scheme 6. Formylation of the N,O-protected threonine-derived al-
dehyde 45

The contrasting diastereomeric preferences in the pri-
mary addition to the protected α-amino aldehydes can be
rationalized by assuming a Felkin�Anh-chelate transition
state I for the Cbz- and Boc-protected amino aldehydes
(Figure 1). In contrast, for the stereochemical outcome of
N,N-dibenzylated and allylated amino aldehydes 25 and 26,
the Felkin�Anh transition state model II can explain the
selectivity.[24] Finally, conformational analysis of amino al-
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dehyde 45 in the transition state with the approaching nu-
cleophile using MacroModel Version 7.0 (MMFFs force-
field in CHCl3)[25] suggested that application of the
Cornforth model III may help to rationalize the 1,2-anti
configuration of the primary addition product.[26]

Figure 1. Proposed transition-states I�III for nucleophilic attack
on N-protected α-amino aldehydes

At this point, it can be speculated as to how the solvolysis
of adducts 13�17 occurs. The proton-induced fragmen-
tation proceeds under very mild conditions, in essentially
quantitative yield. To the best of our knowledge, the pro-
tonated diarylphosphane oxide moiety has not previously
been described as a good leaving group. In our system, the
presence of two excellent donor groups at the α-position
may strongly facilitate this process.

Dichloromethane that has been washed with aqueous 2
 hydrochloric acid can serve as the proton source. In con-
trast, anhydrous conditions do not initiate the fragmen-
tation. Based on these observations, two plausible major
reaction pathways for the acid-induced fragmentation can
be discussed (Scheme 7). In principle, they differ in the
choice of the leaving group in the initial protonation step.
Mechanistic pathway A is characterized by initial pro-
tonation of the acetal functionality, followed by removal of
one methoxy group to give oxonium cation 51. This inter-
mediate is then trapped by water to furnish hemiacetal 52,
which collapses to the ester 53. Alternatively, the diphenyl
phosphane oxide functionality can serve as a leaving group
after protonation of the oxygen-phosphorous double bond
(path B). At the stage of intermediate 54, it is not clear
whether water traps the intermediate cation (path B2),
again affording a labile intermediate 55, which spon-
taneously collapses to the ester 53, or whether water nucleo-
philically attacks the activated methyl group in 54 (path
B1), thereby directly liberating the ester. At this point, it
should be noted that the mechanism of choice is determined
by the relative rates k1/k2 rather than by the protonation
states of the two Lewis basic sites.

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 1149�11601152

Scheme 7. Possible mechanisms for the proton-catalyzed fragmen-
tation of the phosphane oxides 50

First, investigations into differentiation of the major
mechanistic pathways A and B were conducted. If the phos-
phane oxide moiety is protonated, it can leave. The resulting
oxonium cation 54 can be trapped by nucleophiles, such as
methanol, leading to the formation of ortho ester 56. How-
ever, the ortho ester cannot be formed if methanol is the
initial leaving group and an oxonium cation 51 is the first
intermediate. In fact, when we carried out the protonation
in the presence of methanol, ortho ester 56 was formed in
65% yield (Scheme 8).

Scheme 8. Acid-catalyzed degradation of the phosphane oxide 13
in methanol (Hex � hexyl)

This experiment was repeated in an NMR tube using de-
uterated methanol in CDCl3 and a catalytic amount of tri-
fluoroacetic acid. Eleven 1H NMR spectra were recorded
within 20 h (Table 2 and Figure 2). Integration of the rel-
evant signals [aromatic H at δ � 8.08 ppm (4 H) for 13
(position 1); OCH3 at δ � 3.32 ppm (6 H) for 13 (position
2); H-2 at δ � 1.82 ppm (2 H) for 13 (position 3)] clearly
shows that exchange of the methoxy groups only occurs
after the diphenylphosphane oxide group has left, as the
integrals for the aromatic groups and methoxy groups in 13
remain in the same ratio throughout the experiment. Once
the phosphane oxide has been removed, the ortho ester is
formed, and it rapidly exchanges with the deuterated meth-
anol. These experimental results exclude path A.



Acylation of Alkyl Halides and Amino Aldehydes with Phosphane Oxide FULL PAPER

Table 2. Relative integrals of protons at δ � 8.08 ppm (position 1), at δ � 3.32 ppm (position 2) and at δ � 1.82 ppm (position 3) (also
refer to Figure 2)

Recording time[min][a] Relative integrals Relative integrals Relative integrals
At δ � 8.08 ppm at δ � 3.32 ppm at δ � 1.82 ppm

0 1.00 1.00 1.00
10 0.79 0.77 0.82
18 0.74 0.74 0.75
40 0.59 0.58 0.61
63 0.47 0.47 0.49
77 0.42 0.42 0.44
115 0.30 0.31 0.31
140 0.23 0.25 0.25
205 0.13 0.15 0.15
250 0.09 0.11 0.11
350 0.06 0.07 0.07
1200 0.00 0.00 0.00

[a] For details, refer to the text, Figure 2 and the Exp. Sect.

Figure 2. Acid-catalyzed degradation of the phosphane oxide 13 in deuterated methanol, as followed by 1H NMR spectroscopy

Next, we had to distinguish the two possible pathways of
mechanism B. This can be achieved because in route B2,
the oxygen atom of water is incorporated into the ester
functionality. This is not the case for route B1. Hence, the
solvolytic step was carried out under refluxing conditions
in the presence of tert-butyl bromide and 18O-labeled water
(96% purity). The bromide was used in order to generate
traces of HBr and avoid contamination of the reaction mix-
ture with unlabeled H2O. After isolation of the ester 18
(90% yield), the mass spectrum (HRMS: m/z for
C10H20

16O18O; calcd. [M]� 174.1506; found 174.1495)
clearly revealed the incorporation of one 18O-atom. This
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result was further verified by recording a 13C NMR spec-
trum, and carefully analyzing the chemical shift of the ester
carbon atom. It is well established that carbonyl groups
which contain an [18O]-oxygen atom are shifted upfield
(0.02�0.06 ppm) with respect to the corresponding unlab-
eled carbonyl group.[28] In the current case, we observed the
same result as is shown in Figure 2.

All these experiments strongly suggest that pathway B2
is the relevant one in operation. This notion is further sup-
ported by the observation that the β-keto compound 60,
which can be prepared by treatment of benzoyl chloride
with lithiated phosphane oxide 5, cannot be transformed
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Scheme 9. Acid-catalyzed degradation of the phosphane oxide 13
in the presence of 18O-labeled water

Figure 3. 13C NMR spectrum of [18O]-labeled ester 18

into α-keto ester 62 by treatment with acid, even when 2.5
equivalents of HCl (0.05 ) at 40 °C were used (Scheme 10).
This can be rationalized by the fact that formation of the
intermediate α-keto carbenium ion 61 is highly disfavoured,
despite the fact that two stabilizing methoxy groups are pre-
sent. The keto group, which is an additional Lewis base,
could trap the proton. However, product 57, which orig-
inates from the reaction of lithiated phosphane oxide 5 with
benzaldehyde, also contains an additional Lewis base. And
it is transformed into the corresponding mandelic methyl
ester 59 under conditions just as mild as those described
for the alkylation products 13�17. Indeed, the intermediate
carbenium ion 58, which is generated when pathway B is

Scheme 10. Attempted proton-induced degradation of the β-keto-
phosphane oxide 60

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 1149�11601154

under operation, is stabilized by the adjacent hydroxy
group.

Conclusion

In summary, we have shown that lithiated (dimethoxyme-
thyl)diphenylphosphane oxide is an excellent nucleophilic
acylating C1-building block in the reaction with primary
alkyl iodides. The advantage of this acylating agent comes
from the ease and mildness of liberation of the ester func-
tionality. Our mechanistic findings, and the existence of
phosphane oxide adduct 50, broaden the synthetic scope of
this formylating concept, as intermediate 54 may also be
trapped by other nucleophiles, including carbon nucleo-
philes.

Experimental Section

General Remarks and Starting Materials: 1H and 13C NMR spectra
were measured with Avance 200/DPX (Bruker) with 200 MHz
(50 MHz), Avance 400/DPX (Bruker) 400 MHz (100 MHz) and
Avance 500/DRX (Bruker), respectively, using tetramethylsilane as
the internal standard. If not otherwise noted, CDCl3 is the solvent
for all NMR experiments. Mass spectra were recorded with a type
LCT-spectrometer (Micromass). The products obtained from the
labeling experiments were analyzed with a type VG autospec (Mic-
romass). Optical rotations [α] were collected with a Polarimeter 341
(Perkin�Elmer) at a wavelength of 589 nm. GC was carried out
with a HPGC series 5890 Hewlett�Packard equipped with a col-
umn RTX-50 (30 m) and a FID detector 19231 D/E. Chiral GC
was conducted with a HPGC series 5890 Hewlett�Packard
equipped with a FID detector 19231 D/E and a column:
heptakis(2,6-di-O-methyl-3-O-pentyl)-β-cyclodextrin (25 m); gas:
helium; conditions: isothermal, p(column) � 175 kPa, pHe � 3.5 bar,
pH2 � 1.5 bar, flow rate. Furher details can be found in ref.[9b].

All solvents used were of reagent grade and were dried further.
Reactions were monitored by TLC on silica gel 60P254, and detected
either by UV absorption or by staining with H2SO4/4-methoxyben-
zaldehyde in ethanol. Flash column chromatography was per-
formed on silica gel 60 (230�400 mesh). Except for iodides 11, 12,
as well as octyl triflate (8)[29a] all starting halides are commercially
available. Alkyl iodides 11 and 12 were obtained from the corre-
sponding alcohols by the standard Appel protocol.[29b] Amino alde-
hydes 24, 39, 40 and 45 were prepared from the corresponding am-
ino alcohols according to ref.[30] while the analoguous aldehydes 25
and 26 were obtained by the Parikh�Doering procedure.[31] Phos-
phane oxides 4 and 57 were prepared as described before.[9,13]

Methyl esters 18�21 are known or are commercially available. The
preparation of 34 is described in ref.[32] The spectroscopic and
physical data of compounds 35,[12] 36[33] and 59[9] are listed in the
literature.

Lithiation of the Phosphane Oxide 4 and Formation of the Anion 5:
(Dimethoxymethyl)phosphane oxide (1.93 g, 7 mmol) in dry THF
(20 mL) was added to a solution of lithiumdiisopropyl amide
(6 mmol) in dry THF (40 mL) at �110 °C under nitrogen.

General Procedure for the Reaction of Lithiated Phosphane Oxide 5
with Alkyl Halides and Alkyl Triflates: Two minutes after the for-
mation of the dark red anion 5, the respective alkylating agent (0.33



Acylation of Alkyl Halides and Amino Aldehydes with Phosphane Oxide FULL PAPER
equiv.) in dry THF (2.5 mL/mmol electrophile) was added drop-
wise, followed directly by aqueous hydrolysis (25 mL/mmol elec-
trophile) at �110 °C. The mixture was warmed to room tempera-
ture, concentrated in vacuo and extracted with dichloromethane (4
� 50 mL). The combined organic layers were dried (MgSO4) and
concentrated under reduced pressure. The residue was purified by
column chromatography.

1-(Diphenylphosphinoyl)-1,1-dimethoxynonane (13): By treatment of
octyl bromide (6) (386 mg, 2.0 mmol) with lithiated phosphane ox-
ide 5 (6 mmol), the title compound 13 (235 mg, 0.61 mmol, 30%)
was prepared. By treatment of octyl iodide (7) (528 mg, 2.2 mmol)
with lithiated phosphane oxide 5 (6 mmol), the title compound 13
(638 mg, 1.64 mmol, 75%) was prepared. By treatment of octyl
triflate (8) (300 mg, 1.1 mmol) with lithiated phosphane oxide 5
(3.4 mmol), the title compound 13 (385 mg, 1.0 mmol, 87%) was
prepared. 1H NMR (400 MHz, TMS, δ � 0.0 ppm): δ � 0.85 (t,
J � 7.1 Hz, 3 H, 9-H), 1.05�1.27 (m, 10 H), 1.42 (m, 2 H), 1.82
(m, 2 H), 3.32 (s, 6 H, OMe), 7.40�7.50 (m, 6 H), 8.04�8.10 (m,
4 H) ppm. 13C NMR (100 MHz, TMS, δ � 0.0 ppm): δ � 14.0 (C-
9), 22.6 (C-8), 23.1 (d, JP,C � 1.9 Hz, C-3), 2 � 29.0, 30.0, 31.7 (C-
4 � C-7), 33.8 (d, JP,C � 13.2 Hz, C-2), 50.7 (d, JP,C � 6.9 Hz,
OMe), 105.2 (d, JP,C � 114.6 Hz, C-1), 128.1 (d, JP,C � 11.3 Hz),
131.3 (d, JP,C � 3.0 Hz), 131.9 (d, JP,C � 8.6 Hz), 133.1 (d, JP,C �

89.0 Hz) ppm. HRMS (C46H66NaO6P2): calcd. 799.4232 [2M �

Na]�, found 799.4204.

1-(Diphenylphosphinoyl)-1,1-dimethoxy-3-butene (14): By treatment
of allyl bromide 9 (242 mg, 2.0 mmol) with lithiated phosphane
oxide 5 (6 mmol), the title compound 14 (478 mg, 1.51 mmol, 76%)
was prepared. 1H NMR (400 MHz, TMS, δ � 0.0 ppm): δ � 2.71
(ddt, J � 11.3, 7.0, 1.6 Hz, 2 H, 2-H), 3.35 (s, 6 H, OMe), 4.90
(ddt, J � 17.1, 1.6, 1.5 Hz, 1 H, 4-H), 4.93 (ddt, J � 10.3, 1.6,
1.5 Hz, 1 H, 4-H�), 5.86 (ddt, J � 17.1, 10.3, 7.0 Hz, 1 H, 3-H),
7.39�7.52 (m, 6 H), 8.02�8.11 (m, 4 H) ppm. 13C NMR
(100 MHz, TMS, δ � 0.0 ppm): δ � 38.5 (d, JP,C � 13.4 Hz, C-2),
51.1 (d, JP,C � 6.9 Hz, OMe), 104.3 (d, JP,C � 115 Hz, C-1), 117.7
(C-4), 128.2 (d, JP,C � 11.3 Hz), 131.4 (d, JP,C � 2.9 Hz), 131.9 (d,
JP,C � 3.5 Hz, C-3), 132.0 (d, JP,C � 8.8 Hz), 132.6 (d, JP,C �

89.7 Hz) ppm. HRMS (C20H24NNaO3P): calcd. 380.1392 [M �

CH3CN � Na]�, found 380.1408.

1-(Diphenylphosphinoyl)-1,1-dimethoxy-2-phenylethane (15): By
treatment of benzyl bromide 10 (342 mg, 2.0 mmol) with lithiated
phosphane oxide 5 (6 mmol) the title compound 15 (731 mg,
1.87 mmol, 94%) was prepared. 1H NMR (400 MHz, TMS, δ �

0.0 ppm): δ � 3.28 (d, JP,H � 8.5 Hz, 2 H, PhCH2), 3.32 (s, 6 H,
OMe), 7.05�7.13 (m, 3 H), 7.15�7.22 (m, 2 H), 7.34�7.47 (m, 6
H), 7.92�8.01 (m, 4 H) ppm. 13C NMR (100 MHz, TMS, δ �

0.0 ppm): δ � 39.5 (d, JP,C � 15.1 Hz, PhCH2), 51.7 (d, JP,C �

6.33 Hz, OMe), 104.9 (d, JP,C � 114.4 Hz, C-1), 126.5, 127.6, 128.1
(d, JP,C � 11.3 Hz), 131.2, 131.3 (d, JP,C � 2.9 Hz), 132.0 (d, JP,C �

8.6 Hz), 132.8 (d, JP,C � 89.3 Hz), 134.8 (d, JP,C � 5.9 Hz) ppm.
HRMS (C22H24O3P): calcd. 367.1463 [M � H]�, found 367.1472.

(S)-4-(tert-Butyldiphenylsiloxy)-1-(diphenylphosphinoyl)-1,1-
dimethoxy-3-methylbutane (16): By treatment of (R)-3-[(tert-butyl)-
diphenylsiloxy]-1-iodo-2-methylpropane (11) (210 mg, 0.48 mmol)
with lithiated phosphane oxide 5 (1.7 mmol), the title compound
16 (51 mg, 0.09 mmol, 18%) was prepared. 1H NMR (400 MHz,
CDCl3, δ � 7.26 ppm): δ � 0.91 (d, J � 6.8 Hz, 3 H, Me), 0.98 (s,
9 H, tBu), 1.60 (ddd, J � 14.8, 12.4, 6.7 Hz, 1 H, 2-H), 2.07 (ddd,
J � 14.8, 11.3, 4.9 Hz, 1 H, 2-H�), 2.37 (m, 1 H, 3-H), 3.27 (s, 3
H, OMe), 3.32 (s, 3 H, OMe�), 3.38 (dd, J � 9.6, 5.2 Hz, 1 H, 4-
H), 3.45 (dd, J � 9.6, 5.5 Hz, 1 H, 4-H�), 7.30�7.48 (m, 12 H),
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7.55�7.62 (m, 4 H), 8.03�8.11 (m, 4 H) ppm. 13C NMR
(100 MHz, CDCl3, δ � 77.0 ppm): δ � 18.5 (Me), 19.3 (tBu), 26.8
(tBu), 30.6 (d, JP,C � 3.1 Hz, C-3), 36.9 (d, JP,C � 13.4 Hz, C-2),
50.5 (d, JP,C � 7.7 Hz, OMe), 50.8 (d, JP,C � 6.5 Hz, OMe�), 68.9
(C-4), 105.5 (d, JP,C � 114.1 Hz, C-1), 2 � 127.5 (TBDPS), 128.2
(d, JP,C � 11.3 Hz), 129.3 (TBDPS), 129.4 (TBDPS), 131.2 (d,
JP,C � 2.9 Hz), 2 � 131.9 (d, JP,C � 8.6 Hz), 133.3 (d, JP,C �

88.4 Hz), 133.4 (d, JP,C � 88.0 Hz), 133.9, 134.0 (2 � TBDPS), 2
� 135.6 (TBDPS) ppm. HRMS (C35H43NaPO4Si): calcd. [M �

Na]� 609.2566, found 609.2553.

(S)-5-[tert-Butyl)diphenylsiloxy]-1-(diphenylphosphinoyl)-1,1-
dimethoxy-4-methylpentane (17): By treatment of (S)-4-[(tert-butyl)-
diphenylsiloxy]-1-iodo-3-methylbutane (12) (37 mg, 0.082 mmol)
with lithiated phosphane oxide 5 (0.27 mmol), the title compound
17 (27 mg, 0.045 mmol, 55%) was prepared. 1H NMR (400 MHz,
CDCl3, δ � 7.26 ppm): δ � 0.73 (d, J � 6.6 Hz, 2 H, Me), 1.01 (s,
9 H, tBu), 1.28 (m, 1 H, 3-H), 1.40 (m, 1 H, 3-H�), 1.56 (m, 1 H,
4-H), 1.71�1.95 (m, 2 H, 2-H), 3.26 (dd, J � 9.9, 6.7 Hz, 1 H, 5-
H), 3.30 (s, 6 H, OMe), 3.33 (dd, J � 9.9, 5.5 Hz, 1 H, 5-H�),
7.31�7.50 (m, 12 H, Ph), 7.55�7.62 (m, 4 H, Ph), 7.98�8.08 (m,
4 H, Ph) ppm. 13C NMR (100 MHz, CDCl3): δ � 16.6 (Me), 19.2
(tBu), 26.5 (d, JP,C � 1.9 Hz, C-3), 26.9 (tBu), 31.5 (d, JP,C �

13.4 Hz, C-2), 36.3 (C-4), 50.7 (d, JP,C � 6.9 Hz, OMe), 50.8 (d,
JP,C � 6.5 Hz, OMe�), 68.6 (C-5), 105.2 (d, JP,C � 114.4 Hz, C-1),
2 � 127.5 (TBDPS), 128.2 (d, JP,C � 11.1 Hz, C arom.), 129.4
(TBDPS), 131.3 (d, JP,C � 2.9 Hz), 2 � 131.9 (d, JP,C � 8.6 Hz),
133.0 (d, JP,C � 89.1 Hz), 133.0 (d, JP,C � 88.9 Hz), 2 � 134.0
(TBDPS), 2 � 135.6 (TBDPS) ppm. HRMS (C36H45NaO4PSi):
calcd. [M � Na]� 623.2722, found 623.2712.

General Procedure for the Reaction of Lithiated Phosphane Oxide 5
with Aldehydes: Two minutes after the formation of the dark red
anion 5, the respective aldehyde (0.33 equiv.) in dry THF (2.5 mL/
mmol electrophile) was added dropwise, followed directly by aque-
ous hydrolysis. Once the mixture had warmed up to room tempera-
ture it was concentrated in vacuo. The resulting aqueous suspen-
sion was extracted with dichloromethane (3 �), the combined or-
ganic layers were dried with MgSO4 and the solvents evaporated.
The residue was purified by column chromatography (on silica gel
using a mixture of petroleum ether/ethyl acetate as eluent unless
otherwise stated).

(2RS,3S)-3-[(Benzyloxycarbonyl)amino]-1-(diphenylphosphinoyl)-
1,1-dimethoxy-4-phenyl-2-butanol (27): By treatment of benzyl (1S)-
(1-formyl-2-phenylethyl)carbamate (24) (567 mg, 2.0 mmol) with li-
thiated phosphane oxide 5 (6 mmol), the title compound 27
(470 mg, 0.84 mmol, 42%) was prepared. Spectroscopic and physi-
cal data of 27 were in accordance with those reported before.[12]

(2S,3S)-3-Dibenzylamino-1-(diphenylphosphinoyl)-1,1-dimethoxy-4-
phenyl-2-butanol (28): By treatment of (2S)-2-dibenzylamino-3-phe-
nylpropionaldehyde (25) (658 mg, 2.0 mmol) with lithiated phos-
phane oxide 5 (6 mmol), the title compound 28 (703 mg,
1.16 mmol, 58%) was prepared. Colorless crystals, m.p. 65 °C.
[α]D20 � �54.5 (CHCl3, c � 1.0). 1H NMR (400 MHz, TMS, δ �

0 ppm): δ � 2.96 (dd, J � 14.7, 4.1 Hz, 1 H, 4-H�), 3.03 (dd, J �

14.7, 11.3 Hz, 1 H, 4-H), 3.29 [d, J � 14.3 Hz, 2 H, N(CH2Ph)�],
3.30 (m, 1 H, 3-H), 3.31 (s, 3 H, OMe�), 3.40 (s, 3 H, OMe), 3.82
[d, J � 14.3 Hz, 2 H, N(CH2Ph)], 4.48 (m, 2 H, 2-H, OH),
6.40�7.87 (m, 25 H, H arom.) ppm. 13C NMR (100 MHz, CDCl3,
δ � 77 ppm): δ � 32.9 (C-4), 50.1 (d, JP,C � 8.2 Hz, OMe�), 53.1
(d, JP,C � 3.6 Hz, OMe�), 53.4 [2 � , N(CH2Ph)2], 57.6 (d, JP,C �

3.1 Hz, C-3), 72.8 (d, JP,C � 12.1 Hz, C-2), 103.5 (d, JP,C �

107.3 Hz, C-1), 125.4, 126.3, 127.4, 127.7, 128.1, 128.2, 128.7,
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128.9, 129.9, 131.2, 131.8, 131.9, 132.1, 132.4, 132.5 (25 � , C
arom.), 3 � 140.1, 2 � 140.5 (5 � , C arom.) ppm. HRMS
(C38H41NO4P): calcd. 606.2773 [M � H]�, found 606.2796.

(2S,3S)-3-Diallylamino-1-(diphenylphosphinoyl)-1,1-dimethoxy-4-
phenyl-2-butanol (29): By treatment of (2S)-2-diallylamino-3-phe-
nylpropionaldehyde (26) (1.60 g, 7.0 mmol) with lithiated phos-
phane oxide 5 (21 mmol), the title compound 29 (1.84 g,
3.64 mmol, 52%) was prepared. Colorless crystals, m.p. 76 °C.
[α]D20 � �23.2 (CHCl3, c � 1.0). 1H NMR (400 MHz, TMS, δ �

0 ppm): δ � 2.76�2.84 [m, 3 H, N(CH2CHCH2)2�, 4-H�], 2.98 (dd,
J � 14.4, 3.4 Hz, 1 H, 4-H), 3.11 [dddd, J � 14.8, 5.0, 1.8, 1.8 Hz,
2 H, N(CH2CHCH2)2], 3.42 (s, 3 H, OMe�), 3.44 (ddd, J � 10.7,
3.4, 1.3 Hz, 1 H, 3-H), 3.47 (s, 3 H, OMe), 3.98 (br. s, 1 H, OH),
4.23 (dd, J � 10.7, 5.8 Hz, 1 H, 2-H), 4.80�4.88 [m, 4 H,
N(CH2CHCH2)2], 5.40 [dddd, J � 17.1, 10.3, 6.8, 5.0 Hz, 2 H,
N(CH2CHCH2)2], 6.85�8.12 (m, 15 H, H arom.) ppm. 13C NMR
(100 MHz, CDCl3, δ � 77 ppm): δ � 32.9 (C-4), 51.3 (d, JP,C �

6.9 Hz, OMe�), 2 � 52.6 [2 � t, N(CH2CHCH2)2], 53.0 (d, JP,C �

5.6 Hz, OMe), 59.5 (d, JP,C � 2.9 Hz, C-3), 74.8 (d, JP,C � 13.0 Hz,
C-2), 104.1 (d, JP,C � 108.5 Hz, C-1), 2 � 115.4 [2 � t,
N(CH2CHCH2)2], 125.1, 127.4, 128.1, 128.3, 128.7, 128.8, 129.5,
132.0, 132.1, 132.2, 132.3 (17 � d, C arom.), 2 � 137.7 [2 � d,
N(CH2CHCH2)2], 141.2 (C arom.) ppm. HRMS (C30H37NO4P):
calcd. 506.2460 [M � H]�, found 506.2458.

Benzyl (1S,2RS)-[3-(Diphenylphosphinoyl)-2-hydroxy-3,3-dimeth-
oxy-1-phenylpropyl]carbamate (41): By treatment of benzyl (2S)-(2-
oxo-1-phenylethyl)carbamate (39) (808 mg, 3.0 mmol) with lithi-
ated phosphane oxide 5 (9 mmol), the title compound 41 (801 mg,
1.47 mmol, 49%) was prepared. colorless oil. 1H NMR (200 MHz,
TMS, δ � 0 ppm): δ � 3.33 (s, 3 H, OMe), 3.39 (s, 3 H, OMe),
4.24 (ddd, JP,H � 11.8, J � 6.8, 1.4 Hz, 1 H, 2-H), 4.81 (br. s, 2 H,
PhCH2O), 5.00 (d, J � 6.8 Hz, 1 H, 1-H), 5.17 (br. s, 1 H, NH),
6.28 (br. s, 1 H, OH), 7.13�7.60 (m, 16 H, H arom.), 7.75�8.10
(m, 4 H, H arom.) ppm. 13C NMR (50 MHz, CDCl3, δ � 77 ppm):
δ � 52.6 (JP,C � 6.8 Hz, OMe), 52.6 (JP,C � 5.3 Hz, OMe), 60.4
(NCH), 66.3 (PhCH2O), 77.5 (d, JP,C � 11.7 Hz, C-2), 103.2 (d,
JP,C � 108.9 Hz, C-3), 126.5, 127.0, 127.7, 128.1, 128.3, 128.5,
128.7, 131.6, 131.8, 131.9, 132.0, 132.2, 132.5, 132.7 (C arom.),
130.6, 130.8, 136.6, 142.5 (C arom.), 155.4 (NCO) ppm.
C31H32NO6P (545.56): calcd. C 68.25, H 5.91, N 2.57; found C
68.33, H 5.86, N 2.39.

tert-Butyl (1S,2RS)-[3-(Diphenylphosphinoyl)-2-hydroxy-3,3-di-
methoxy-1-phenylpropyl]carbamate (42): By treatment of tert-butyl
(2S)-(2-oxo-1-phenylethyl)carbamate (40) (470 mg, 2.0 mmol) with
lithiated phosphane oxide 5 (6 mmol), the title compound 42
(368 mg, 0.72 mmol, 36%) was prepared. Colorless oil. 1H NMR
(200 MHz, TMS � 0 ppm): δ � 1.29 (s, 9 H, tBu), 3.42 (s, 3 H,
OMe), 3.44 (s, 3 H, OMe), 4.22 (ddd, JP,H � 9.2, J � 5.6, 1.8 Hz,
1 H, 2-H), 4.86 (m, 1 H, 1-H), 4.98 (d, J � 6.8 Hz, 1 H, NH), 5.96
(d, J � 5.6 Hz, 1 H, OH), 7.13�8.18 (m, 15 H, H arom.) ppm.
C28H34NO6P (511.54): calcd. C 65.74, H 6.70, N 2.74; found C
65.56, H 6.75, N 2.48.

(1R,4S,7R)-1-[(Diphenylphosphinoyl)dimethoxymethyl]-5,5,7-
trimethyl-dihydro-oxazolo[3,4-c]oxazol-3-one (46): By treatment of
the benzyl (4S,5R)-4-formyl-2,2,5-trimethyloxazolidine-3-car-
boxylate 45 (500 mg, 1.8 mmol) with lithiated phosphane oxide 5
(5.4 mmol), the title compound 46 (367 mg, 0.61 mmol, 34%) was
prepared. Colorless crystals, m.p. 62 °C. [α]D20 � �23.0 (CHCl3, c �

1.0). 1H NMR (400 MHz, TMS, δ � 0 ppm): δ � 1.26 (d, J �

6.0 Hz, 3 H, 7-Me), 1.44 (s, 3 H, 5-Me�), 1.56 (s, 3 H, 5-Me), 3.37
(s, 3 H, OMe�), 3.46 (s, 3 H, OMe), 3.62 (dd, J � 8.6, 6.0 Hz, 1 H,
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7-H), 4.46 (dd, J � 4.6, JP,H � 12.7 Hz, 1 H, 1-H), 4.80 (dd, J �

8.6, 4.6 Hz, 1 H, 4-H), 8.18�7.42 (m, 10 H, H arom.) ppm. 13C
NMR (100 MHz, CDCl3, CDCl3, δ � 77 ppm): δ � 16.7 (7-Me),
23.6 (5-Me�), 28.9 (5-Me), 50.5 (d, JP,C � 7.9 Hz, OMe�), 52.8 (d,
JP,C � 5.2 Hz, OMe), 64.2 (C-4), 76.2 (d, JP,C � 14.6 Hz, C-1), 77.3
(C-7), 93.9 (C-5), 102.1 [d, JP,C � 110.4 Hz, C(OMe)2], 127.9,
128.2, 128.3, 128.5, 128.6, 128.7, 130.7, 130.8, 131.8, 131.9 (10 �

d, C arom.), 132.5, 133.4 (2 � , C arom.), 154.7 (s, C-3) ppm.
HRMS (C23H28NO6P): calcd. 468.1552 [M � Na]�, found
468.1551.

General Procedure for the Acid-Catalyzed Hydrolysis of α,α-(Dime-
thoxy)diphenylphosphane Oxides: The α,α-(dimethoxy)diphenyl-
phosphane oxide was dissolved in acidic wet dichloromethane
which had been prepared in the following manner: 200 mL of di-
chloromethane and 10 mL 2  HCl were stirred for 10 min. The
aqueous phase was separated and the acidity (1.5 mmol/L) of the
organic phase was determined by titration with 0.1  NaOH. After
the reaction of α,α-(dimethoxy)diphenylphosphane oxide with this
acidic solution was complete, the reaction mixture was concen-
trated in vacuo and, if necessary, final purification was achieved by
column chromatography.

Methyl Nonanoate (18): By treatment of the phosphane oxide 13
(103 mg, 0.265 mmol) in dichloromethane prepared according to
general procedure, the title compound 18 (30 mg, 0.174 mmol,
66%) was obtained. The transformation proceeded quantitatively.
The reduced yield is ascribed to the volatile character of ester 18.
The physical and spectroscopic data were in accordance with those
reported in the literature.[34]

Methyl But-3-enoate (19): By treatment of the phosphane oxide 14
(40 mg, 0.126 mmol) in deuterated chloroform (1 mL) and hydro-
chloric acid (20 µL, 6 ) in the NMR tube, the title compound 19
was prepared in quantitative yield as judged by 1H NMR spec-
troscopy. The reaction was not further worked up because of the
volatile character of the title compound 19. The NMR data data
were in accordance with those reported in the literature.[35]

Methyl 2-Phenylacetate (20): By treatment of the phosphane oxide
15 (148 mg, 0.40 mmol) in dichloromethane prepared according to
general procedure, the title compound 20 (57 mg, 0.38 mmol, 94%)
was obtained. The physical and spectroscopic data were in accord-
ance with those reported in the literature.[36]

Methyl (S)-4-[(tert-Butyl)diphenylsilyloxy)-3-methylbutyrate (21):
By treatment of phosphane oxide 16 (52 mg, 89 µmol) in dichloro-
methane prepared according to general procedure, the title com-
pound 21 (33 mg, 88 µmol, � 98%) was obtained. Colorless oil.
[α]D20 � �5.4 (CHCl3, c � 1.0). 1H NMR (400 MHz, CDCl3, δ �

7.62 ppm): δ � 0.98 (d, J � 6.7 Hz, 3 H, CH3), 1.05 (s, 9 H, tBu),
2.18 (dd, J � 14.7, 8.3 Hz, 1 H, 2-H), 2.22 (m, 1 H, 3-H), 2.62 (dd,
J � 14.7, 5.3 Hz, 1 H, 2-H�), 3.49 (dd, J � 9.9, 6.3 Hz, 1 H, 4-H),
3.58 (dd, J � 9.9, 5.2 Hz, 1 H, 4-H�), 3.65 (s, 3 H, OCH3),
7.34�7.45 (m, 6 H, TBDPS), 7.68�7.62 (m, 4 H, TBDPS) ppm.
13C NMR (100 MHz, CDCl3, δ � 77.0 ppm): δ � 16.6 (CH3), 19.3
(tBu), 26.8 (tBu), 33.0 (C-3), 38.0 (C-2), 51.4 (OMe), 68.1 (C-4),
127.6, 129.6, 133.7, 135.6 (4 � TBDPS), 173.6 (s, COOMe) ppm.

Methyl (S)-5-[(tert-Butyl)diphenylsilyloxy)-4-methylpentanoate (22):
By treatment of phosphane oxide 17 (20 mg, 33 µmol) in dichloro-
methane prepared according to general procedure, the title com-
pound 22 (11 mg, 29 µmol, 87%) was obtained. Colorless oil.
[α]D20 � �2.8 (CHCl3, c � 1.0). 1H NMR (400 MHz, CDCl3, δ �

7.26 ppm): δ � 0.92 (d, J � 6.7 Hz, 3 H, CH3), 1.05 (s, 9 H, tBu),
1.48 (dddd, J � 13.4, 9.0, 7.7, 6.4 Hz, 1 H, 3-H), 1.67 (m, 1 H, 4-
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H), 1.81 (dddd, J � 13.4, 9.3, 6.7, 5.7 Hz, 1 H, 3-H�), 2.28 (ddd,
J � 15.6, 9.0, 6.7 Hz, 1 H, 2-H), 2.33 (ddd, J � 15.6, 9.3, 6.4 Hz,
1 H, 2-H�), 3.46 (dd, J � 9.9, 5.9 Hz, 1 H, 5-H), 3.49 (dd, J � 9.9,
5.8 Hz, 1 H, 5-H�), 3.66 (s, 3 H, OCH3), 7.33�7.45 (m, 6 H,
TBDPS), 7.68�7.62 (m, 4 H, TBDPS) ppm. 13C NMR (100 MHz,
CDCl3, δ � 77.0 ppm): δ � 16.5 (CH3), 19.3 (tBu), 26.9 (tBu), 28.4
(C-3), 31.8 (C-2), 35.2 (C-4), 51.4 (OMe), 68.5 (C-4), 127.6, 129.5, 2
� 133.9, 2 � 135.6 (6 � TBDPS), 174.3 (s, COOMe) ppm. HRMS
(C23H32O3NaSi): calcd. [M � Na]� 407.2018, found 407.2023.

Methyl (3S)-3-[(Benzyloxycarbonyl)amino]-4-phenylbutyrate (31):
Phosphane oxide 27 (70 mg, 0.125 mmol) in THF (3 mL) under
nitrogen was treated with potassium tert-butoxide (1.1 equiv.) in
THF (2 mL/mmol) at 0 °C. After 15 min, the solution was concen-
trated in an ice-bath under reduced pressure to a volume of appoxi-
mately 1 mL. The intermediate ketene acetal was treated with an
aqueous solution of 1  HCl until the pH value was adjusted to 5.
The mixture was extracted with dichloromethane and the combined
organic layers were dried (MgSO4) and purified by column chroma-
tography to give the title compound 31 (27 mg, 0.083 mmol, 66%).
Spectroscopic data of 31 were in accordance with those reported
before.[36] Colorless oil. [α]D20 � �15.2 (CHCl3, c � 1.0). HRMS
(C19H21NO4): calcd. 350.1368 [M � Na]�, found 350.1374.

Methyl (3S)-3-Dibenzylamino-4-phenylbutyrate (32): Phosphane ox-
ide 28 (95 mg, 0.157 mmol) in 3 mL THF under nitrogen was
treated with potassium tert-butoxide (1.1 equiv.) in THF (2 mL/
mmol) at 0 °C. After 15 min, the solution was concentrated in an
ice-bath under reduced pressure to a volume of appoximately 1 mL.
The intermediate ketene acetal was treated with with an aqueous
solution of 1  HCl until the pH value was adjusted to 5. The
mixture was extracted with dichloromethane and the combined or-
ganic layers were dried (MgSO4) and purified by column chroma-
tography to give the title compound 32 (55 mg, 0.147 mmol, 93%).
Colorless oil. [α]D20 � �1.5 (CHCl3, c � 1.0). 1H NMR (400 MHz,
TMS, δ � 0 ppm): δ � 2.31 (dd, J � 14.1, 6.0 Hz, 1 H, 2-H�), 2.53
(dd, J � 13.4, 8.9 Hz, 1 H, 4-H�), 2.62 (dd, J � 14.1, 8.7 Hz, 1 H,
2-H), 3.10 (dd, J � 13.4, 5.6 Hz, 1 H, 4-H), 3.43 (dddd, J � 8.9,
8.7, 6.0, 5.6 Hz, 1 H, 3-H), 3.58 [d, J � 13.7 Hz, 2 H, N(CH2Ph)�],
3.54 (s, 3 H, OMe), 3.73 [d, J � 13.7 Hz, 2 H, N(CH2Ph)],
7.04�7.29 (m, 15 H, H arom.) ppm. 13C NMR (100 MHz, CDCl3,
δ � 77 ppm): δ � 35.8 (t, C-2), 36.1 (t, C-4), 51.3 (q, OMe), 53.4
[2 � t, N(CH2Ph)2], 57.6 (d, C-3), 126.1, 126.9, 128.1, 128.3, 128.9,
129.3 (15 � d, C arom.), 139.4, 139.5 (3 � s, C arom.), 172.7 (s,
C-1) ppm. HRMS (C25H27NO2): calcd. 374.2120 [M � H]�,
found 374.2108.

Methyl (3S)-3-Diallylamino-4-phenylbutyrate (33): Phosphane ox-
ide 29 (168 mg, 0.33 mmol) in 4 mL THF under nitrogen was
treated with potassium tert-butoxide (1.1 equiv.) in THF (2 mL/
mmol) at 0 °C. After 15 min, the solution was concentrated in an
ice-bath under reduced pressure to a volume of appoximately 1 mL.
The intermediate ketene acetal was treated with an aqueous solu-
tion of 1  HCl until the pH value was adjusted to 5. The mixture
was extracted with dichloromethane and the combined organic lay-
ers were dried (MgSO4) and purified by column chromatography
to give the title compound 33 (80 mg, 0.293 mmol, 88%). Colorless
oil. [α]D20 � �28.2 (CHCl3, c � 1.0). 1H NMR (400 MHz, TMS,
δ � 0 ppm): δ � 2.27 (dd, J � 14.3, 5.9 Hz, 1 H, 2-H�), 2.39 (dd,
J � 13.3, 9.2 Hz, 1 H, 4-H�), 2.45 (dd, J � 14.3, 9.2 Hz, 1 H, 2-
H), 2.93 (dd, J � 13.3, 5.1 Hz, 1 H, 4-H), 3.03 [dddd, J � 14.3,
7.1, 1.2, 1.2 Hz, 2 H, N(CH2CHCH2)2�], 3.23 [dddd, J � 14.3, 5.2,
1.7, 1.7 Hz, 2 H, N(CH2CHCH2)2], 3.51 (dddd, J � 9.2, 9.2, 5.9,
5.1 Hz, 1 H, 3-H), 3.58 (s, 3 H, OMe), 5.19 [m, 4 H,
N(CH2CHCH2)2], 5.72 [dddd, J � 17.2, 10.1, 7.1, 5.2 Hz, 2 H,
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N(CH2CHCH2)2], 7.12�7.30 (m, 5 H, H arom.) ppm. 13C NMR
(100 MHz, CDCl3, δ � 77 ppm): δ � 35.7 (t, C-4), 36.7 (t, C-2),
51.2 (q, OMe), 2 � 52.5 [2 � t, N(CH2CHCH2)2], 58.4 (d, C-3), 2
� 116.4 [2 � t, N(CH2CHCH2)2], 128.3, 2 � 128.6, 128.7, 129.2
(5 � d, C arom.), 2 � 137.2 [2 � d, N(CH2CHCH2)2], 139.6 (s, C
arom.), 172.7 (s, C-1) ppm. HRMS (C17H23NO2): calcd. 274.1807
[M � H]�, found 274.1813.

Methyl (2R,3S)-3-[(Benzyloxycarbonyl)amino]-2-hydroxy-4-phenyl-
butyrate (35): By treatment of phosphane oxide 27 (56 mg,
0.1 mmol) in dichloromethane prepared according to general pro-
cedure, the title compound 35 (33.3 mg, 97 µmol, 97%) was ob-
tained. The diastereomeric ratio was determined by 1H NMR
sprectroscopy to be 8:1 in favour of the 2R,3S- over the 2S,3S-iso-
mer.

(2R,3S)-35:[12] Colorless crystals, m.p. 97 °C (CH2Cl2). [α]D23 � �7.9
(CHCl3, c � 1.0). 1H NMR (400 MHz, CDCl3, TMS, δ � 0 ppm):
δ � 2.89 (dd, J � 13.2, 7.1 Hz, 1 H, 4-H�), 2.97 (dd, J � 13.2,
8.9 Hz, 1 H, 4-H), 3.16 (br. s, 1 H, OH), 3.70 (s, 3 H, OMe), 4.08
(d, J � 1.8 Hz, 1 H, 2-H), 4.33 (dddd, J � 8.9, 8.0, 7.1, 1.8 Hz, 1
H, 3-H), 5.04 (s, 2 H, PhCH2O), 5.09 (d, J � 8.0 Hz, 1 H, NH),
7.38�7.20 (m, 10 H, H arom.) ppm. 13C NMR (100 MHz, CDCl3,
CDCl3, δ � 77 ppm): δ � 38.3 (t, C-4), 52.9 (q, OMe), 54.7 (d, C-
3), 66.8 (t, PhCH2O), 70.1 (d, C-2), 126.7, 127.9, 128.1, 128.5,
128.6, 129.4 (10 � d, C arom.), 136.3, 137.2 (2 � s, C arom.),
155.7 (s, NCO2), 174.1 (s, C-1) ppm. HRMS (C19H21NO5): calcd.
366.1317 [M � Na]�, found 366.1326.

Methyl (2S,3S)-3-Dibenzylamino-2-hydroxy-4-phenylbutyrate (37):
By treatment of phosphane oxide 28 (60.6 mg, 0.1 mmol) in di-
chloromethane prepared according to general procedure, the title
compound 37 (35.4 mg, 91 µmol, 91%) was obtained as pure anti-
configured isomer. Colorless oil. [α]D20 � �35.8 (CHCl3, c � 1.0).
1H NMR (400 MHz, CDCl3, TMS, δ � 0 ppm): δ � 2.80 (dd, J �

13.9, 7.6 Hz, 1 H, 4-H�), 3.02 (dd, J � 13.9, 7.0 Hz, 1 H, 4-H),
3.12 (br. s, 1 H, OH), 3.41 (ddd, J � 7.6, 7.0, 2.5 Hz, 1 H, 3-H),
3.51 (s, 3 H, OMe), 3.65 [d, J � 14.0 Hz, 2 H, N(CH2Ph)�], 3.81
[d, J � 14.0 Hz, 2 H, N(CH2Ph)], 4.49 (br. s, 1 H, 2-H), 7.28�7.04
(m, 15 H, H arom.) ppm. 13C NMR (100 MHz, CDCl3, CDCl3,
δ � 77 ppm): δ � 32.0 (t, C-4), 52.3 (q, OMe), 54.6 [2 � t,
N(CH2Ph)2], 62.2 (d, C-3), 69.7 (d, C-2), 126.1, 126.9, 128.0, 128.1,
128.8, 129.5 (15 � d, C arom.), 139.6, 139.0 (3 � s, C arom.), 174.9
(s, C-1) ppm. HRMS (C25H27NO3): calcd. 390.2069 [M � H]�,
found 390.2082. The material was subjected to the hydrogenation
conditions (Pd/C, H2) described in ref.[20] in order to prove its stere-
ochemical purity. The analytical and spectroscopic data of the hy-
drochloride of methyl (2S,3S)-3-amino-2-hydroxy-4-phenylbutano-
ate were identical with those reported in the literature.[20]

Methyl (2S,3S)-3-Diallylamino-2-hydroxy-4-phenylbutyrate (38): By
treatment of phosphane oxide 29 (50.5 mg, 0.1 mmol) in dichloro-
methane prepared according to general procedure, the title com-
pound 38 (26 mg, 90 µmol, 90%) was obtained as pure anti-config-
ured isomer. Colorless oil. [α]D20 � �7.6 (CHCl3, c � 1.0). 1H NMR
(400 MHz, CDCl3, TMS � 0 ppm): δ � 2.81 (dd, J � 13.8, 8.2 Hz,
1 H, 4-H�), 2.87 (dd, J � 13.8, 6.3 Hz, 1 H, 4-H), 3.13 [dddd, J �

14.4, 6.9, 1.2, 1.2 Hz, 2 H, N(CH2CHCH2)2�], 3.19 [dddd, J � 14.4,
5.7, 1.5, 1.5 Hz, 2 H, N(CH2CHCH2)2], 3.26 (br. s, 1 H, OH), 3.59
(s, 3 H, OMe), 3.46 (ddd, J � 8.2, 6.3, 3.6 Hz, 1 H, 3-H), 5.16�5.08
[m, 4 H, N(CH2CHCH2)2], 4.24 (br. s, 1 H, 2-H), 5.73 [dddd, J �

17.1, 10.2, 6.9, 5.7 Hz, 2 H, N(CH2CHCH2)2], 7.28�7.15 (m, 5 H,
H arom.) ppm. 13C NMR (100 MHz, CDCl3, CDCl3, δ � 77 ppm):
δ � 31.9 (t, C-4), 52.1 (q, OMe), 2 � 53.7 [2 � t, N(CH2CHCH2)2],
63.6 (d, C-3), 70.6 (d, C-2), 2 � 117.0 [2 � t, N(CH2CHCH2)2],
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126.1, 128.1, 129.5 (5 � d, C arom.), 2 � 136.7 [2 � d,
N(CH2CHCH2)2], 139.3 (s, C arom.), 174.6 (s, C-1) ppm. HRMS
(C17H23NO3): calcd. 290.1756 [M � H]�, found 290.1754.

General Procedure for the KOtBu-Induced Formation of O,O-Ketene
Acetals and Asymmetric Dihydroxylation: The diphenylphosphane
oxide adducts were dissolved in absolute THF (10 mL/mmol) under
nitrogen and treated with potassium tert-butoxide (1.1 equiv.) in
THF (2 mL/mmol) at 0 °C. After 15 min, the solution was concen-
trated in an ice-bath under reduced pressure to a volume of appoxi-
mately 1 mL. A suspension of ‘‘ADmix’’ [1 mol % (DHQ)2-PHAL
for ADmix-α or (DHQD)2-PHAL for ADmix-β] in water (5 mL/
mmol) and tert-butanol (5 mL/mmol) was prepared at room tem-
perature, cooled to 0 °C and added to the pre-cooled ketene acetal.
After addition of methanesulfonic acid amide (1.02 equiv.), the sus-
pension was vigorously stirred for 4 h at 0 °C, and then reduced
with sodium sulfite (1.5 g/mmol). Stirring was continued for 30 min
at 0 °C, and after a further 15 min at room temperature, water
(5 mL/mmol) and dichloromethane (20 mL/mmol) were added. The
aqueous layer was extracted with dichloromethane (3 �), and the
combined organic extracts were dried (MgSO4), concentrated un-
der reduced pressure and purified by column chromatography on
silica gel.

Methyl (2S,3S)- and (2R,3S)-3-[(Benzyloxycarbonyl)amino]-2-
hydroxy-4-phenylbutyrate (35): By treatment of phosphane oxide 27
(559 mg, 1 mmol) in THF with potassium tert-butoxide and AD-
mix-α or ADmix-β, respectively, in dichloromethane, the title com-
pound (2S,3S)-35 (240 mg, 0.7 mmol, 70% for ADmix-α), and
(2R,3S)-35 (244 mg, 0.71 mmol, 71% for ADmix-β) was obtained
according to the general procedure. Spectroscopic data for (2R,3S)-
35 are described above.

(2S,3S)-35:[12] Colorless crystals, m.p. 120 °C (CH2Cl2). [α]D23 �

�73.6 (CHCl3, c � 1.0). 1H NMR (200 MHz, CDCl3): δ � 2.8 (m,
2 H, 4-H), 3.22 (s, 1 H, OH), 3.57 (s, 3 H, OMe), 4.34 (m, 1 H, 2-
H), 4.41 (m, 1 H, 3-H), 5.05 (s, 2 H, PhCH2O), 5.12 (d, J � 8.8 Hz,
1 H, NH), 7.40�7.14 (m, 10 H, H arom.) ppm. 13C NMR
(50 MHz, CDCl3): δ � 35.6 (t, C-4), 52.7 (q, OMe), 54.6 (d, C-3),
66.8 (t, PhCH2O), 72.2 (d, C-2), 129.4, 128.5, 128.4, 128.1, 128.0,
126.7 (s, C aromat.), 136.8, 136.3 (s, C aromat.), 155.9 (s, NCO2),
173.0 (s, C-1) ppm. HRMS (C19H21NO5): calcd. 366.1317 [M �

Na]�, found 366.1319.

Methyl (2S,3S)-(tert-Butyloxycarbonyl)amino-2-hydroxy-4-phenyl-
butyrate (36): By treatment of phosphane oxide 27 (525 mg,
1 mmol) in THF with potassium tert-butoxide and ADmix-α ac-
cording to the general procedure, the title compound 36 (256 mg,
0.83 mmol, 83%) was obtained.

36: Colorless crystals, m.p. 105 °C. [α]D22·5 � �15.8 (CHCl3, c �

1.0). 1H NMR (200 MHz, TMS � 0 ppm): δ � 1.38 (s, 9 H, tBu),
2.79 (d, J � 7.6 Hz, 2 H, PhCH2), 3.31 (d, J � 5.8 Hz, 1 H, OH),
3.60 (s, 3 H, COOMe), 4.33 (m, 2 H, NCH, CHOH), 4.85 (d, J �

7.6 Hz, 1 H, NH), 7.14�7.35 (m, 5 H, H arom.) ppm. 13C NMR
(50 MHz, CDCl3 � 77 ppm): δ � 28.2 (q, tBu), 35.7 (t, PhCH2),
52.6 (q, COOMe), 54.3 (d, NCH), 72.5 (d, CHOH), 79.8 (s, tBu),
126.6, 128.4, 129.5 (d, C arom.), 137.0 (s, C arom.), 155.5 (s, CO-
OtBu), 173.1 (s, COOMe) ppm. C16H23NO5 (309.36): calcd. C
62.12, H 7.49, N 4.53; found C 62.18, H 7.68, N 4.36.

Methyl (2S,3S)-3-(Benzyloxycarbonyl)amino-2-hydroxy-3-phenyl-
propanoate (43): By treatment of 41 (545 mg, 1.0 mmol) in THF
with potassium tert-butoxide and ADmix-α according to the gen-
eral procedure, the title compound 43 (236 mg, 0.72 mmol, 72%)
was obtained. Colorless crystals, m.p. 102 °C. [α]D22.2 � �16.8
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(CHCl3, c � 0.5). 1H NMR (200 MHz, TMS, δ � 0 ppm): δ �

2.89 (d, 1 H, OH), 3.69 (s, 3 H, OMe), 4.61 (dd, J � 6.8, 3.5 Hz,
1 H, 2-H), 5.08 (2 � d, J � 12.1 Hz, 2 H, PhCH2O), 5.17 (dd, J �

8.8, 3.5 Hz, 1 H, 3-H), 5.87 (d, J � 8.8 Hz, 1 H, NH), 7.19�7.37
(m, 10 H, H arom.) ppm. 13C NMR (50 MHz, CDCl3, δ �

77 ppm): δ � 52.5 (q, OMe), 56.9 (d, C-3), 67.0 (t, PhCH2O), 73.1
(d, C-2), 126.7, 127.3, 127.8 128.1, 128.2, 128.4, 128.6 (d, C arom.),
136.2, 138.8 (s, C arom.), 155.5 (s, NCOO), 172.1 (s, COOMe) ppm.
C18H19NO5 (329.35): calcd. C 65.64, H 5.81, N 4.25; found C
65.76, H 5.85, N 4.40.

Methyl (2S,3S)-3-(tert-Butoxycarbonyl)amino-2-hydroxy-3-phenyl-
propanoate (44): By treatment of 42 (511 mg, 1.0 mmol) in THF
with potassium tert-butoxide and ADmix-α according to general
procedure, the title compound 44 (239 mg, 0.81 mmol, 81%) was
obtained. Colorless crystals, m.p. 81 °C. [α]D22.5 � �25.8 (CHCl3,
c � 1.0). 1H NMR (200 MHz, TMS, δ � 0 ppm): δ � 1.43 (s, 9
H, tBu), 2.89 (d, J � 6.2 Hz, 1 H, OH), 3.70 (s, 3 H, OMe), 4.60
(dd, J � 6.2, 3.6 Hz, 1 H, 2-H), 5.10 (dd, J � 8.0, 3.6 Hz, 1 H, 3-
H), 5.61 (d, J � 8.0 Hz, 1 H, NH), 7.20�7.38 (m, 5 H, H arom.)
ppm. 13C NMR (50 MHz, CDCl3, δ � 77 ppm): δ � 28.3 (q, tBu),
52.6 (q, OMe), 56.7 (d, C-3), 73.3 (d, C-2), 79.9 (s, tBu), 127.2,
128.1, 128.5 (d, C arom.), 136.7 (s, C arom.), 155.0 (s, COOtBu),
172.3 (s, COOMe) ppm. C15H21NO5 (295.33): calcd. C 61.00, H
7.17, N 4.74; found C 60.87, H 7.01, N 4.77.

Degradation of Phosphane Oxide 13 in the Presence of Methanol:
Phosphane oxide 13 (50 mg, 0.13 mmol) was dissolved in CDCl3
(1 mL) in a NMR tube, and fifteen drops of MeOH and and two
drops of TFA were added. The reaction was followed by recording
NMR spectra. After 3 days, the 1,1,1-trimethoxynonane 56 was
formed in 65% yield, while 22% starting material 13 was still pre-
sent. In addition, methyl ester 18 (13%) was formed, which was
ascribed to the presence of traces of water. 1H NMR (400 MHz,
TMS, δ � 0 ppm): δ � 3.23 (s, 9 H, OMe), 1.36�1.21 (m, 12 H,
3-H�8-H), 1.73 (m, 2 H, 2-H), 0.88 (t, J � 7.0 Hz, 3 H) ppm. 13C
NMR (100 MHz, CDCl3, δ � 77.0 ppm): δ � 115.8 (C-1), 49.2
(OMe), 31.7, 30.2, 2 � 29.4, 29.1, 22.6, 22.5 (C-2 � C-8), 13.9 (C-
9) ppm.

Acid-Promoted Hydrolysis in the Presence of H2
18O: Phosphane ox-

ide 13 (190 mg, 0.49 mmol) was dissolved in dry dichloromethane
(4 mL) under nitrogen. After the addition of H2

18O (40 µL,
2 mmol; 96% purity) and tert-butyl bromide (50 mg, 0.36 mmol),
the reaction was refluxed for 90 min. After cooling and removal of
the solvent, the product was purified by flash column chromatogra-
phy (petroleum ether/ethyl acetate, 4:1) to yield [18O]-18 (77 mg,
0.44 mmol; 90%). 13C NMR (100 MHz, CDCl3): δ � 14.0, 22.6,
24.9, 2 � 29.1, 29.2, 31.8, 34.1, 51.4, 174.247 (s, C18OOMe),
174.285 (s, COOMe) ppm. HRMS (C10H20O16O18): calcd. 174.1506
[M]�, found 174.1495.

2-(Diphenylphosphinoyl)-2,2-dimethoxy-1-phenylethanone (60): Li-
thiated phosphane oxide 5 (7 mmol) in THF (10 mL) was treated
with benzoyl chloride (281 mg, 2 mmol) in THF (5 mL) at �110
°C, followed directly by aqueous hydrolysis. The mixture was
warmed to room temperature, concentrated in vacuo, and extracted
with dichloromethane. The combined organic layers were dried
(MgSO4) and concentrated under reduced pressure. The residue
was purified by column chromatography to yield the ethanone 60
(457 mg, 1.2 mmol; 60%). Light yellow crystals; m.p. 134 °C. 1H
NMR (400 MHz, CDCl3): δ � 3.46 (s, 6 H, OMe), 7.35�7.53 (m,
9 H, Ph, PhCO), 8.01�8.07 (m, 4 H, Ph), 8.25�8.28 (m, 2 H,
PhCO) ppm. 13C NMR (100 MHz, CDCl3): δ � 52.5 (d, JP,C �

7.1 Hz, OMe), 108.7 (d, JP,C � 95.7 Hz, C-2), 127.7 (PhCO), 128.2
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(d, JP,C � 11.9 Hz, Ph), 131.2 (d, JP,C � 92.8 Hz, Ph), 131.3
(PhCO), 131.8 (d, JP,C � 3.1 Hz, Ph), 132.2 (d, JP,C � 9 Hz, Ph),
133.1, 135.5 (2 � PhCO), 193.6 (d, JP,C � 12.1 Hz, C-1) ppm.
HRMS (C22H21O4PNa): calcd. 403.1075 [M � Na]�, found
403.1068.
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