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Introduction

The incorporation of transition-metal complexes into DNA
and RNA is an important objective for the development of
functional biomolecules with potential applications as thera-
peutics,[1] artificial nucleases,[2–4] and as nanotechnology con-
struction material.[5,6] Inspired by the pioneering work of
Whitesides,[7] who showed that asymmetric catalytic hydro-
genations could be performed by anchoring an achiral RhI

complex in a chiral cavity of the protein avidin,[8,9] we aim
at embedding transition-metal complexes in nucleic acids
folds in order to generate metalloribozymes and metallo-
deoxyribozymes.

The potential of nucleic acids in asymmetric catalysis is
thus far practically unexplored. To date, there are only two

documented examples of nucleic acid-based asymmetric cat-
alysis. Our lab has discovered RNA enzymes that catalyze
Diels–Alder cycloadditions of anthracene and maleimide de-
rivatives with fast multiple turnover and high enantioselec-
tivity.[10, 11] Structural and mechanistic data, however, indi-
cate that in this system, metal ions play no catalytic
role.[12,13] Feringa and co-workers recently demonstrated that
double-helical DNA could be employed as chirality source
in Lewis acid catalyzed Diels–Alder reactions using CuII

complexes tethered to an intercalator[14] or able to interact
directly with double stranded DNA.[15] In these systems,
however, the exact position of the metal complexes within
the DNA is not defined, making a thorough understanding
of DNA6s role difficult. Towards this end, a well-defined po-
sitioning of the metal complex and a precise control of the
coordination environment are essential.

The most common approach to introduce metal com-
plexes into DNA is the post-synthetic derivatization of oli-
gonucleotides that contain tethered primary amino groups
with activated esters, affording nucleic acids that carry
metal-based cleavage reagents, luminescent probes, photo-
oxidants and redox-active species.[16–22] Alternatively, solid-
phase strategies have utilized ligand-tethered[2–4] or metallat-
ed[23–25] nucleoside analogues or metal-coordinating nucleo-
side mimics (ligandosides).[26–30] However, the major draw-
back of these solid-phase strategies is the requirement for
stable ligands that can survive the conditions used in DNA
automated synthesis (capping, oxidation), deprotection and
isolation. Therefore the known repertoire of metal-binding

Abstract: In order to expand the reper-
toire of DNA sequences specifically in-
teracting with transition metals, we
report here the first examples of DNA
sequences carrying mono- and biden-
tate phosphane ligands as well as P,N-
ligands. Aminoalkyl-modified oligonu-
cleotides have been reacted at prede-
termined internal sites with carboxylate
derivatives of pyrphos, BINAP and

phosphinooxazoline (PHOX) 2b–d.
Carbodiimide coupling in the presence
of N-hydroxysuccinimide provided the
DNA–ligand conjugates in 38–78%
yield. Phosphane-containing oligonu-
cleotides and their phosphane sulfide

analogues were characterized by mass
spectrometry (MALDI-TOF and FT-
ICR-ESI) and their stability after pu-
rification and isolation was systemati-
cally investigated. While DNA-append-
ed pyrphos ligand was quickly oxidized,
BINAP and PHOX conjugates showed
high stabilities, making them useful
precursors for incorporation of transi-
tion metals into DNA.

Keywords: DNA · nucleic acids ·
oxazoline · phosphane ligands

[a] Dipl.-Chem. M. Caprioara, Dr. R. Fiammengo, Prof. Dr. A. JBschke
Institute of Pharmacy and Molecular Biotechnology
Ruprecht-Karls University Heidelberg
69120 Heidelberg (Germany)
Fax: (+49)6221-54-6430
E-mail : jaeschke@uni-hd.de

[b] Dr. M. Engeser
KekulH-Institute of Organic Chemistry and Biochemistry
University of Bonn, 53121 Bonn (Germany)

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Experimental
procedure for the synthesis of amino-modified oligonucleotides
ODN1–3, MALDI TOF analysis, reversed-phase HPLC gradients and
retention times for all DNA conjugates ODN1–6, and original elec-
trospray mass spectrum of ODN4b.

Chem. Eur. J. 2007, 13, 2089 – 2095 J 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2089

FULL PAPER



functionalities is rather scarce and consists mainly of nitro-
gen- and oxygen-donor ligands.

Phosphanes are among the most efficient and extensively
used ligands in transition-metal catalysis.[31,32] Attracted by
the broad applicability of this class of ligands we report here
the first examples of DNA conjugates carrying bisphos-
phane and phosphinooxazoline ligands. We envision the
post-synthetic modification of oligonucleotides as the most
suitable and versatile approach for the preparation of such
conjugates. The synthesis of DNA precursors containing a
primary alkylamino functionality that can be selectively ad-
dressed,[33–38] followed by coupling of phosphane ligands
equipped with a carboxyl group allows their attachment at
defined predetermined internal sites.

Results and Discussion

For the preparation of amino-
modified oligonucleotides
(ODN), the “convertible nu-
cleoside approach”[39,40] was
adapted and optimized. Togeth-
er with base-labile TAC (tert-
butylphenoxyacetyl) protecting
groups, this allows high-yielding
syntheses of long ODNs with
the convertible nucleotide at
varying internal positions and
also in combination with other
non-standard phosphoramidite
building blocks (e.g., a decae-
thyleneglycol spacer molecule 1
as for ODN3). After the syn-
thesis, the ODNs were treated
with diamines (Table 1), afford-
ing conversion of the 4-triazol-
yl-dU to different 4-alkylamino-
dC derivatives that can base-
pair like a normal cytidine nu-
cleotide.[41] At the same time,
the ODN is cleaved from the
support and deprotected. Com-
pared with reported methods,
this mild one-pot conversion,
deprotection and cleavage pro-
cedure gives consistently high
yields of amino-modified DNA
sequences in short reaction
times (4 h). Furthermore, it
allows the parallel synthesis of
various conjugates differing in
length and structure of the
spacer, which may be of partic-
ular relevance in determining
the interaction between the

transition metal complex and the biopolymer.[14]

Amide bond formation between ODN1a and commercial-
ly available 4-(diphenylphosphano)-benzoic acid (2a)[42] was
chosen as the model reaction to investigate the coupling of
phosphane-based ligands (Scheme 1). Phosphane 2a was
first activated by using N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide (EDC) in the presence of N-hydroxysuccini-
mide (NHS), and the in situ generated active ester was di-
rectly added to the ODN1a solution.

The coupling reaction was analyzed by reversed-phase
HPLC and proceeded to completion, affording 60% of the
desired DNA–phosphane conjugate ODN4a. Not surprising-
ly, a fraction (�20%) of ODN4a was oxidized to the corre-
sponding phosphane oxide ODN4a(O), presumably during

Table 1. Preparation of amino-modified ODN1–3.[a]

ODN Sequence R Yield[b] [%]

ODN1a 35

ODN1b 42

ODN1c 40

ODN2 32

ODN3[c] 30

[a] Reaction conditions: 5m aqueous solution of 1,4-diaminobutane or ethylenediamine, RT, 4 h or neat 1,13-
diamino-4,7,10-trioxatridecane, RT, 4 h (followed by additional treatment with water, 5 h). [b] Isolated yields
after solid phase synthesis (1 mmol), conversion and purification. [c] A decaethylene glycol unit 1 was incorpo-
rated during solid phase synthesis.

Scheme 1. Post-synthetic functionalization of amino-modified ODN with phosphanes 2a–c and phosphinooxa-
zoline 2d.
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workup. Small amounts of byproducts were observed that
did not carry a phosphane moiety, suggesting slight degrada-
tion of the starting material (Figure 1).

The desired phosphane-containing oligonucleotide could

easily be isolated by HPLC (Figure 1) and was stable under
the purification conditions.[43] MALDI-TOF mass spectrom-
etry of the HPLC purified ODN4a, however, gave only the
mass of the oxidized product ODN4a(O) (Table 2). To

prove the identitity of the oligonucleotide eluting with tR=
39 min as phosphane–DNA conjugate ODN4a, the HPLC
eluate was treated with sulfur to yield the air-stable phos-
phane sulfide analogue ODN4a(S). The MALDI mass spec-
trum clearly confirmed that the isolated species was the
pure phosphane–DNA ODN4a and no trace of the oxide
ODN4a(O) was detected.

Amino-modified oligonucleo-
tides ODN2 and ODN3 were
also reacted with phosphane
2a. The coupling reactions pro-
ceeded consistently well, afford-
ing 65 and 68% of ODN5 and
ODN6, respectively (Table 2).

Having established the opti-
mal conditions for coupling the

monophosphane derivative 2a to DNA, we then studied the
reaction of 2b–d with ODN1a (Scheme 1). Bisphosphanes
2b[44] and 2c[45] are derivatives of the well-known ligands
pyrphos and BINAP, respectively, extensively used in organ-
ometallic catalysis,[46–50] while 2d belongs to the family of
PHOX ligands (phosphinooxazolines) with applications in
allylic substitution, hydrogenation and asymmetric Heck re-
actions.[51,52] Compound 2d was synthesized starting from
commercially available 2-(diphenylphosphano)-benzoic acid
(3) and l-serine methyl ester hydrochloride (4) (HCl·H-l-
Ser-OMe) (Scheme 2).

The coupling reactions of 2b–d to ODN1a were moni-
tored by reversed-phase HPLC and proceeded with 98 and
95% conversion for 2b and 2d, respectively. The amounts
of oxidized species (mono- and bisoxide for ODN4b and
monoxide for ODN4d) were below 10%. In case of 2c, the
observed conversion was lower (55%), most probably due
to the limited solubility of the BINAP derivative in the
aqueous reaction mixture (Table 3). Oxidation products

(mono- and bisoxide of ODN4c) were found to be formed
in <7% yield. Conjugates ODN4b–d were purified and iso-
lated by reversed-phased HPLC. Figure 2a illustrates a typi-
cal HPLC chromatogram obtained for the coupling of 2d.
The isolated products were analyzed by mass spectrometry
(Table 3) in the form of the corresponding phosphane sul-
fide analogues. All other byproducts generated by full or
partial oxidation were also isolated and characterized: phos-
phane bisoxides (for 2b and 2c) and phosphane monoxides
(for 2d ; and for 2b and 2c characterized as monoxide–mon-
osulfide).

While MALDI mass spectrometry was found unsuitable
for the direct detection of phosphane conjugates, ESI-MS
gave the main peak corresponding to the non-oxidized phos-
phane in one case (ODN4b), indicating that this technique

Figure 1. HPLC chromatogram of ODN4a pre-purified by chloroform ex-
traction and ethanol precipitation to remove the excess of coupling re-
agents. Trace amounts of degradation products elute between 20 and
24 min, similarly to the starting material ODN1a (tR=21.9 min).

Table 2. Isolated yields and MALDI-TOF analysis of ODN4a, ODN5
and ODN6.[a]

Entry Conversion [%] Isolated
yield [%]

ODN(O)[b] ODN(S)[c]

ACHTUNGTRENNUNG[M�H]�

calcd obsd calcd obsd

ODN4a >99 60 6228 6234 6244 6249
ODN5 96 65 7424 7430 7440 7447
ODN6 >99 68 7328 7332 7344 7350

[a] ODN5 and ODN6 are the coupling products of 2a with ODN2 and
ODN3, respectively. [b] ODN(O): DNA–phosphane oxide. [c] ODN(S):
DNA–phosphane sulfide.

Scheme 2. Synthesis of phosphinooxazoline 2d.

Table 3. Isolated yields and MALDI-TOF MS analysis of ODN4b–d.

Entry Isolated
yield [%]

ODN(O)n
[a] ODN(O)(S) ODN(S)n

[a]

m/z[b]

calcd obsd calcd obsd calcd obsd

ODN4b 74 6489 6491 6508 6510 6524 6528
ODN4c 38 6605 6610 6621 6626 6637 6637
ODN4d 78 6297 6296 – – 6313 6314

[a] n=2 for 2b and 2c, and n=1 for 2d. [b] ODN4b and ODN4d detect-
ed in negative mode ([M�H]�), ODN4c in positive mode ([M+H]+).
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might be suitable for the characterization of phosphane–
DNA species without the need of sulfur treatment
(Figure 3).

DNA–phosphane conjugates ODN4a–d, ODN5 and
ODN6 are generally air sensitive and must be manipulated
under oxygen-free conditions, as commonly done with phos-
phane ligands. Nevertheless, the observed rates of oxidation
are notably different, depending on the attached ligand. The
relative stabilities and the conditions under which these con-
jugates could be handled were investigated by an HPLC
assay. Oligonucleotides ODN4a–d were isolated by HPLC,
the eluates stored at room temperature for 1 h under argon,
and then re-analyzed by HPLC. This allowed to measure
the extent of oxidation caused by oxygen dissolved in the
HPLC solvents from the very moment after their isolation.
Oligomers ODN4a and ODN4b showed disappointingly
low stabilities, yielding large amounts of fully oxidized spe-
cies (60 and 90%, respectively). In contrast, ODN4c and
ODN4d were found to be stable under these conditions,
giving <10% of oxidized product in case of ODN4c and no
detectable amount for ODN4d (Figure 2b). These results
demonstrate that the stability of ODN4c and ODN4d is
high enough to allow manipulations of such conjugates even
under suboptimal conditions, for example, outside a glove
box.

Conclusion

We have established an efficient post-synthetic strategy for
the site-specific incorporation of phosphane ligands into
DNA sequences. Bisphosphane- and phosphinooxazoline-

Figure 2. HPLC chromatograms of the phosphinoxazoline derivatized
DNA conjugate ODN4d. a) crude product after chloroform extraction
and ethanol precipitation. & Trace impurity from the starting material
ODN1a. b) HPLC purified product, after 1 h at RT.

Figure 3. Mass spectrometry analysis of ODN4b. a) MALDI-TOF spec-
trum of ODN4b(O)2 (HPLC isolated ODN4b). b) MALDI-TOF spec-
trum of ODN4b(S)2. c) ESI MS spectrum (part of the deconvoluted spec-
trum) of ODN4b (measured: 6457.28, calculated: 6457.27).
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containing DNA conjugates ODN4b–d are easily formed by
coupling amino-modified oligonucleotides with compounds
2a–d and are stable under HPLC purification conditions.
Moreover, the stability of ODN4c and ODN4d is reasona-
bly high after isolation and storage in solution, which makes
them attractive precursors for the development of metal-
containing oligonucleotides.

The approach described herein provides new chelating
functionalities for introducing metal centers at well-defined
positions in DNA or RNA sequences, affording a unique
collection of DNA–phosphane ligands which could be used
in catalysis. In particular, the combination with in vitro se-
lection techniques is expected to generate metal-DNAzymes
and -ribozymes, allowing new research at the interface be-
tween the fields of transition-metal catalysis and biocataly-
sis.[53,54] Current work in our laboratory is focusing on the
use of oligonucleotides ODN4b–d as ligands in transition-
metal catalyzed reactions.

Experimental Section

General : Solid-phase DNA synthesis was performed on an Expedite 8909
automated synthesizer using dC (tert-butyl-phenoxyacetyl, TAC) control-
led pore glass support (40 mmolg�1, 500 Q) and TAC-protected phosphor-
amidites (Proligo). 4-Triazolyl-deoxyuridine phosphoramidite was pur-
chased from Glen Research. All reagents were purchased from Aldrich,
Fluka, Acros Organics or Proligo (for oligonucleotide synthesis) and
used without further purification. DMF and THF were purchased from
Fluka (dry solvents over molecular sieves). HPLC analyses were per-
formed on an Agilent 1100 Series HPLC system equipped with a diode
array detector using a Phenomenex Luna 5 mm C18 column (4.6R
250 mm) and eluting with a gradient of 100 mm triethylammonium ace-
tate (TEAA) pH 7.0 (buffer A) and 100 mm TEAA in 80% acetonitrile
(buffer B) at 1 mLmin�1 flow-rate.

Degassing of reaction mixtures containing O2-sensitive phosphanes was
achieved through a minimum of three successive freeze–pump–thaw
cycles. All subsequent operations were performed under argon using
standard Schlenk techniques.

Compounds 2b[44, 46] and 2c[45, 55] were prepared according to literature
procedures. Derivative 2b was synthesized starting from (R,R)-3,4-bis(di-
phenylphosphano)pyrrolidine. For 2c preparation, the commercially
available (S)-2,2’-dihydroxy-1,1’-binaphthalene was used. TLC analyses
were carried out using silica gel plates Polygram Sil G/UV254 (40R
80 mm) from Macherey–Nagel. Flash chromatography was carried out on
silica gel 40 mm from J.T. Baker. NMR spectra were recorded on Mercury
Plus 300, Varian VNMR S 500, Bruker AC-300, or DRX-300 spectrome-
ters. 1H and 13C{1H} NMR spectra were calibrated to TMS on the basis of
the relative chemical shift of the solvent as an internal standard. 31P{1H}
NMR spectra were calibrated to an external standard (85% H3PO4). Ab-
breviations used are as follows: s= singlet, d=doublet, t= triplet, m=

multiplet, br s=broad singlet, brd=broad doublet. FAB and EI mass
spectra were recorded on a JEOL JMS-700 sector field mass spectrome-
ter. MALDI-TOF mass spectra were recorded on a Bruker BIFLEX III
spectrometer. ESI MS analysis for small compounds was performed on a
Finnigan MAT TSQ 700 spectrometer.

Conditions for MALDI-TOF MS analysis : Oligonucleotides were dis-
solved in water to a final concentration of 10 mm. The samples for analy-
sis were prepared using the dried droplet method with the following
matrix solutions: 1) 6-aza-2-thiothymine/diammonium hydrogen citrate in
1:2 water/acetonitrile (detection in negative mode); 2) 3-hydroxy-picolin-
ic acid/diammonium hydrogen citrate in 1.2:1 water/acetonitrile (detec-
tion in positive mode).

Conditions for ESI MS analysis of ODN4b : ESI mass spectra were re-
corded in the negative mode on a Bruker APEX IV Fourier-transform
ion cyclotron resonance (FT-ICR) mass spectrometer with a 7.05 T
magnet and an Apollo electrospray (ESI) ion source equipped with an
off-axis 708 stainless steel spray needle. Typically, 50 mm analyte solutions
(CH3CN/H2O 1:1) were introduced into the ion source with a syringe
pump (Cole–Parmers Instruments, Series 74900) at flow rates of 3 to
4 mLmin�1. Ion transfer into the first of three differential pump stages in
the ion source occurred through a glass capillary with 0.5 mm inner diam-
eter and nickel coatings at both ends. Ionization parameters were adjust-
ed as follows: capillary voltage: 4.1 kV; end plate voltage 3.6 kV; capexit
voltage: �280 V; skimmer voltages: �5 to �7.5 V; temperature of drying
gas: 40 C. Nitrogen was used as nebulizing (25 psi) and drying gas (5 psi).
The ions were accumulated in the instruments hexapole for 1–1.5 s, intro-
duced into the FT-ICR cell which was operated at pressures below
10�10 mbar, and detected by a standard excitation and detection se-
quence. For each measurement, up to 128 scans were averaged to im-
prove the signal-to-noise ratio.

General procedure for the functionalization of amino-ODN with phos-
phane ligands : The phosphane derivatives 2a–d (1.0 equiv) were convert-
ed to the corresponding activated esters in degassed DMF in 45–60 min
at room temperature by reaction with NHS (1.0 equiv) in the presence of
EDC (1.2 equiv). In parallel, ODN1a, ODN2 and ODN3 were dissolved
in NaHCO3 (0.1m, pH 8.3) and the resulting solutions were degassed.
The coupling reactions were performed by combining the solutions of the
in situ generated NHS-ester (200–500 equiv) and the amino-modified
DNA (final DMF/H2O ratio 2:1) to achieve final ODN1a, ODN2 and
ODN3 concentration of 115, 103, and 104 mm, respectively, for coupling
with 2a (22 mm), and final ODN1a concentration of 35, 45, and 45 mm,
respectively, for coupling with 2b–d (17 mm in all cases). After stirring
overnight, at room temperature, the reaction mixtures were diluted with
water, extracted with chloroform (3R2 mL), and the crude products iso-
lated by ethanol precipitation. The phosphane–DNA conjugates ODN4–
6 were purified by reversed-phase HPLC, lyophilized and redissolved in
degassed water. Conversions (Table 2) were estimated by comparing the
amount of conjugated oligonucleotide to the amount of unreacted
ODN1–3 as shown in the chromatograms and isolated yields (Tables 2, 3)
were calculated based on UV measurements. e260 for ODN4–6 were ap-
proximated to the ones of the corresponding starting materials (Support-
ing Information).

(4,4’-Dimethoxytrityl)decaethylene glycol-O-2-cyanoethyl-N,N-diisoprop-
yl phosphoramidite (1): (4,4’-Dimethoxytrityl)decaethylene glycol[56]

(0.42 g, 0.55 mmol) was dried by coevaporation with toluene (3R5 mL),
dissolved in acid-free CH2Cl2 (2 mL) under argon, and N,N-diisopropyle-
thylamine was added (0.29 mL, 1.7 mmol, 3.0 equiv). The mixture was
cooled to 0 8C before addition of 2-cyanoethyl-N,N-diisopropylchloro-
phosphoramidite (0.15 mL, 0.66 mmol, 1.2 equiv). Stirring was continued
for 20 min during which the temperature was slowly raised to RT. The re-
action mixture was then directly loaded on a silica gel column. Purifica-
tion by flash chromatography (ethyl acetate/Et3N 95:5) afforded the
product as pale yellow oil (0.44 g, 0.46 mmol, 83%). 1H NMR (300 MHz,
[D6]DMSO): d = 7.52–7.47 (m, 2H), 7.39–7.27 (m, 6H), 7.24–7.18 (m,
1H), 6.91–6.85 (m, 4H), 3.90–3.54 (m, 50H), 3.18 (t, J=5.0 Hz, 2H), 1.19
(dd, J=6.8, 1.1 Hz, 12H); 31P NMR (121.5 MHz, [D6]DMSO): d =

148.81; FAB MS: m/z : calcd for C50H77N2O14P+H: 961.52; found: 961.6
[M+H]+ , 983.7 [M+Na]+ .

(S)-N-(2-Hydroxy-1-carboxymethyl-ethyl)-2-(diphenylphosphano)-benz-
amide (5): Et3N (0.68 mL, 4.9 mmol, 1.1 equiv) and EDC (0.94 g,
4.9 mmol, 1.1 equiv) were added to a stirred solution of 2-(diphenylphos-
phane)benzoic acid 3 (1.5 g, 4.9 mmol, 1.1 equiv) and HCl·H-Ser-OMe 4
(0.693 g, 4.45 mmol) in CH2Cl2 (40 mL). The reaction mixture was stirred
4 h at RT, until the starting material was consumed according to TLC
(ethyl acetate/hexanes 1:1). The mixture was diluted with CH2Cl2
(100 mL), washed with 5% NaHCO3 (50 mL), 1m HCl (50 mL) and
brine (2R50 mL), dried over Na2SO4, filtered and concentrated under re-
duced pressure. The product was purified by chromatography on silica
gel eluting with ethyl acetate/hexanes 1:1 to yield amide 5 (1.6 g,
0.65 mmol, 80%) as a white, amorphous solid. 1H NMR (500 MHz,

Chem. Eur. J. 2007, 13, 2089 – 2095 J 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2093

FULL PAPERDNA-Based Phosphane Ligands

www.chemeurj.org


CDCl3): d = 7.65 (dd, J=7.4, 3.7 Hz, 1H), 7.42–7.29 (m, 12H), 7.01 (dd,
J=7.6, 4.3 Hz, 1H), 6.87 (brd, J=7.0, 1H), 4.71 (m, 1H), 3.88 (m, 2H),
3.74 (s, 3H), 2.82 (br s, 1H); 13C NMR (126 MHz, CDCl3): d = 170.62,
168.88, 140.79 (d, JC,P=25.3 Hz), 136.38 (d, JC,P=18.9 Hz), 136.31 (d,
JC,P=19.1 Hz), 135.58 (d, JC,P=18.3 Hz), 134.23, 133.98, 133.82, 133.66,
130.52, 129.14, 129.03, 128.97, 128.79, 128.74, 128.66, 128.61, 127.87,
127.83, 62.86, 55.35, 52.73; 31P NMR (202 MHz, CDCl3): d = �10.51;
FAB MS: m/z : calcd for C23H22NO4P: 408.13; found: 408.1 [M]+ .

(S)-Methyl 2-(2-diphenylphosphanophenyl)-4,5-dihydrooxazolo-4-carbox-
ylate (6): (Methoxycarbonylsulfamoyl)triethylammonium hydroxide,
inner salt (Burgess6s reagent, 0.703 g, 2.95 mmol, 1.2 equiv) was added to
a stirred solution of 5 (1.0 g, 2.5 mmol) in dry THF (20 mL).[57] After the
solution was heated under reflux for 4 h (TLC control: ethyl acetate/hex-
anes 3:7), the reaction mixture was allowed to cool down to room tem-
perature and diluted with ethyl acetate (200 mL). The resulting solution
was washed with water (2R100 mL) and brine (100 mL), and dried over
Na2SO4. Removal of the solvent under reduced pressure afforded the
crude product as brownish oil. Purification by flash chromatography (elu-
tion with ethyl acetate/hexanes 3:7, column preconditioned with the
eluent containing 1% Et3N) gave phosphinooxazoline 6 as colorless oil
(0.401 g, 1.13 mmol, 42%). 1H NMR (500 MHz, CDCl3): d = 7.92 (ddd,
J=7.5, 3.5, 1.5 Hz, 1H), 7.36–7.30 (m, 12H), 6.91 (ddd, J=7.6, 4.3,
1.0 Hz, 1H), 4.69 (dd, J=10.6, 8.2 Hz, 1H), 4.38 (t, J=8.4 Hz, 1H), 4.26
(dd, J=10.5, 8.6 Hz, 1H), 3.68 (s, 3H); 13C NMR (126 MHz, CDCl3): d =

171.08, 166.45, 139.30 (d, JC,P=25.9 Hz), 137.69 (d, JC,P=11.9 Hz), 137.50
(d, JC,P=10.4 Hz), 134.28, 134.11, 134.02, 133.85, 133.67 (d, JC,P=1.9 Hz),
130.95 (d, JC,P=19.0 Hz), 130.94, 130.36 (d, JC,P=2.8 Hz), 128.74, 128.61,
128.52, 128.46, 128.41, 128.35, 128.00, 69.10, 68.45, 52.50; 31P NMR
(202 MHz, CDCl3): d = �4.80; EI MS: m/z : calcd for C23H20NO3P:
389.12; found: 389.0 [M]+ .

(S)-2-(2-Diphenylphosphanophenyl)-4,5-dihydrooxazolo-4-carboxylic acid
sodium salt (2d): Compound 6 (0.35 g, 0.90 mmol) was stirred in a 0.5m
solution of NaOH (3 mL) 6 h at RT. The reaction mixture was diluted
with water (3 mL) and the product was precipitated by slow addition of
acetone. After filtration and drying under vacuum, the sodium salt 2d
(0.34 g)[58] was recovered (0.85 mmol, 95%, white solid). 1H NMR
(500 MHz, D2O): d = 7.66 (dd, J=7.4, 3.0 Hz, 1H), 7.10 (t, J=7.5 Hz,
1H), 6.98–6.78 (m, 10H), 6.70 (t, J=7.5 Hz, 1H), 6.55–6.50 (m, 1H),
4.17–4.11 (m, 1H), 3.97 (t, J=8.3 Hz, 1H), 3.88–3.81 (m, 1H); 13C NMR
(126 MHz, D2O): d = 178.16, 166.89, 137.24 (d, JC,P=19.7 Hz), 136.11 (d,
JC,P=7.9 Hz), 135.87 (d, JC,P=7.6 Hz), 133.88, 133.75, 133.72, 133.59,
133.15, 131.73, 131.39, 131.23, 130.91, 130.24, 129.06, 128.73, 128.61,
128.59, 128.56, 71.20, 69.56; 31P NMR (202 MHz, D2O): d = �6.57; ESI
MS: m/z : calcd for C22H17NO3P�Na: 397.08; found: 374.2 [M�Na]� .
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