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The paper reports some successful results on the first fully stereoselective total synthesis of the collagen
cross-link pyridinolines. All stereogenic centers are stereoselectively introduced using Williams glycine
template methodology, and oxazinones are used as a source of chirality and as easily removable protecting
groups of the amino acidic functionalities during the assembly of the pyridinoline nucleus.

Introduction However, although the synthetic routes for preparing dRyd (
. o have been exploited and well set up, those affording Fyd (
Pyridinoline (Pyd;1) and deoxypyridinoline (dPyd2) are are far less satisfactory due to some difficulties related to the

two collagen cross-links considered, to this day, as useful stereoselective introduction of the hydroxy group of the hy-
biochemical markers of bone resorption which can be correlated groxylysine residue bonded to the heterocyclic nitrog&hese
with diseases such as osteoporosis, bone cancer, and arthropaitficulties were partially overcome by a more efficient protocol
thies and used to assess fracture risk pl’edICtIOI’l n Olderfor the preparation Of Pydll, developed in our |ab0rat0r7y
persons3 They are detected in human urine to permit early Herein, we report two new efficient routes for the preparation
diagnosis of osteoporosis, for monitoring drug therapy of this of pyd (1) and dPyd ), based on the Williams morpholinone
bone disease, ?r for the follow-up of patients with malignant glycine synthong, both to generate the stereogewieamino
bone diseas#' As a consequence, it is important to have acidic centers and to suitably protect the amino acidic functions
suitable amounts of pure Pyd)(and dPyd 2) to be used as

primary reference standards in analytical protocols. These cross- (4) (a) Roth, M.; Uebelhart, DClin. Chim. Acta2003 327, 81. (b)
links, especially pyridinoline, are now obtained from natural Garnero, P.; Delmas, P. D. Biochemical markers of Bone turnover. In

sources, after some tedious purifications, and by synthésis. OsteoporosisMarcus, R., Feldman, D., Kelsey, J., Eds.; Academic Press:
San Diego, 1996; pp 10785. (c) Seibel, MClin. Prat. Oncology2005
2,504. (d) Angeliewa, A.; Budde, M.; Schlachter, M.; Hoyle, N. R.; Bauss,
(1) (a) Kleerekoper, M.; Camacho, Elin. Chem.2005 51, 2227. (b) F. J. Bone Miner. Metab2004 22, 192. (e) Garnero, P.; LandéwR.;

James, |. T.; Walne, A. J.; Perrett, Bnn. Clin. Biochem1996 33 397. Boers, M.; Verhoeven, A.; van der Linden, S.; Chiristgau, S.; van der Heijde,
(c) For a comprehensive review on the biology of bones, & &iples of D.; Boonen, A.; Geusens, Rrtritis Reum.2002 46, 2847. (f) Vesper, H.
Bone Biology Bilezikan, J. P., Raicz, L. G., Rogan, G., Eds.; Academic W.; Demers, L. M.; Eastell, R.; Garnero, P.; Kleerekoper, M.; Robins, S.
Press: New York, 2001. P.; Srivastava, A. K.; Warnick, G. R.; Watts, N. B.; Myers,@in. Chem.

(2) Stone, K. L.; Seeley, D. G.; Lui, L. Y.; Cauley, J. A.; Ensrud, K.; 2002 48, 220.
Browner, W. S. J.; Nevitt, M. C.; Cummings, S. Bone Miner. Re2003 (5) (a) Robins, S. P.; Duncan, A.; Wilson, N.; Evans JBClin. Chem.
18, 1947. 1996 42, 1621. (b) Fujimoto, D.; Moriguchi, T.; Ishida, T.; Hayashi, H.

(3) Schuit, S. C. E.; van der Klift, M.; Weel, A. E. A. M.; de Laet, C.  Biochem. Biophys. Res. Commu®78 84, 52. (c) Ogawa, T.; Ono, T.;
E. D. H.; Burger, H.; Seemen, E.; Hofman, A.; Uitterlinden, A. G.; van Tsuda, M.; Kawanishi, YBiochem. Biophys. Res. Commu®82 107,
Leeuwen, J. P. T. M.; Pols, H. A. Bone2004 34, 195. 1252.
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X X = OH, Pyd 1
X=H, dPyd2
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-0,C :

FIGURE 1. Chemical structures of pyridinoling and deoxypyridi-
noline 2.

during the assembly of the aromatic nucleus and to simplify
the preparation of the FBhydroxylysine chain of Pyd 1)
(Figure 1).

Results and Discussions

On the basis of our previous experieféwith the synthesis
of pyridinolines, we hypothesized a possible route for the
preparation of Pydl), programming a chemoselective reaction
of a halogen keton8 with a suitable amind\, followed by a
cyclization—aromatization sequence affording a substituted
hydroxypyridine nucleus with three amino acidic side chains
completely protected with identical protective groups
(Scheme 1).

With this in mind, we envisioned a synthesis which uses
Williams’ morpholinone&® for a convenient preparation of the
pyridinoline precursoré andB (Scheme 1). As we anticipated,
our results show that Williams® morpholinone glycine synthon
3, prepared by alkylation of the appropriate chiral oxaziffone
and transformed in our laboratory into the epoxidic mixtdre
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The amino acidic iodohydrin5, having the requiredR-
stereochemistry of the hydroxylated side chain of Rydvas
then transformed into the azido alcol@, which, by catalytic
reduction, affords the amino alcoh®é. On the other hand, the
epimeric iodohydring, having the opposit&-stereochemistry
at the hydroxylated center, was used to prepare the desired
a-iodoketoned by oxidation with pyridinium chlorochromatg.
Moreover, considering that the hydroxy group % could
interfere with the iodoketon® during the assembly of the
pyridinium nucleus, thus depleting the reaction yields, we
decided to use as starting material the silyloxyan8hesasily
prepared via silylation of the hydroxyazida and successive
catalytic hydrogenation, in the presence of Pd/C (Scheme 2).
Then, we started the assembly of the pyridinoline nucleus
(Scheme 3), setting up the bisalkylation of the hydroxyamine
8a with the iodoketoned (reacted in a 1:2.5 molar ratio), in
acetonitrile, in the presence of sodium carbonate, at room
temperaturé® The reaction was followed on TLC to monitor
the complete transformation of the starting amine first into the
monoalkylated derivative and then into the diketoamilfa
At this point, the simple exchange of the reaction solvent (THF
for CH3CN) and of the base (DBU for N&0Os) induced the
diketoaminelOato undergo cyclization and aromatization to
afford the protected pyridinolinel2a via the intermediate
formation of thea,S-unsaturated ketongla

These optimized reaction conditions are the result of several
less satisfactory attempts in which the cyclizati@nomatization
reaction was performed in methanol containing@®@s. In fact,
under these other conditions, a partial transesterification of the
lactonic groups of the glycine synthons with formation of a
mixture of methyl esters occurred. On the other hand, using
tetrahydrofuran as solvent and X&D; as base, the reaction was

could be a key substance for the preparation of both the too slow and incomplete. The intermediaigs-unsaturated

a-hydroxyamineraand the iodoketon® (Scheme 2) necessary
for the synthetic project

Epoxidation of the olefi3 affords an inseparable mixture
of epoxides4 which, however, by reaction with sodium iodide
affords a diastereomeric mixture of iodohydrhiand6. These,
onthe contrary, are easily separated by rapid flash chromatogéphy.

(6) (a) Allevi, P.; Ciuffreda, P.; Longo, A.; Anastasia M. 4th Convegno
Nazionale di chimica organica, Salerno, Italy, September25] 1997;
Italian Chemical Society; Commun. No. 03. (b) Waelchli, R.; Beerli, C.
H.; Meigel, H.; Rerész, L. Bioorg. Med. ChemLett. 1997, 7, 2831. (c)
Allevi, P.; Longo, A.; Anastasia, MChem. Commuri999 559. (d) Allevi,

P.; Longo, A.; Anastasia, Ml. Mol. Sci. (China)l999 15, 154. (e) Hatch,

R. P. U.S. Pat5723619, 1998Chem. Abstr1998 128 205137H. (f)
Adamczyk, M.; Johnson, D. D.; Reddy, R. Eetrahedron1999 55, 63.

(g) Adamczyk, M.; Johnson, D. D.; Reddy, R. Eetrahedron Lett1999

40, 8993. And corrigendum: Tetrahedron Lett.2002 42, 767. (h)
Adamczyk, M.; Johnson, D. D.; Reddy, R. Eetrahedron: Asymmetry
200Q 11, 2289. And corrigendum:Tetrahedron Asymmetry200Q 11,
5017. (i) For a complete record of more recent work, see: Allevi, P.; Gribiu
R.; Giannini, E.; Anastasia, MBioconjugate Chem2005 16, 1045 and
references therein.

(7) Allevi, P.; Anastasia, MTetrahedron: Asymmetr003 14, 2005
and references therein.

(8) Williams, M. R.; Sinclair, J. P.; DeMong, D. E.; Chein, D.; Zhai, D.
Org. Synth.2003 80, 18 and references therein.

(9) Williams, M. R.; Im, M.-N.; Cao, JJ. Am. Chem. S0d.99], 113
6976.

(10) For a recent successful use of William’s morpholinones for the
synthesis of hydroxylysine, see: (a) van den Nieuwendijk, A. M. C. H.;
Kriek, N. M. A. J.; Brussee, J.; van Boom, J. H.; van der GenEAt. J.
Org. Chem 200Q 3683. (b) Allevi, P.; Anastasia, MTetrahedron:
Asymmetrn2004 15, 2091.

(11) (a) Still, W. C.; Kahn, M.; Mitra, AJ. Org. Chem1978 43, 2923.

(b) The assignment of the stereochemistry of these compounds was

previously reported by us in ref 10b.

ketonellacould not be isolated by standard procedures, being
always accompanied (TLC evidence) by the starting diketoamine
10aduring its transformation into the protected pyridinolirza
Compoundl2awas purified by rapid column chromatography
to afford a glassy product (in about 21% yield) which showed
the correct molecular formula and the expected physical
chemical properties. At this point, with the aim to improve the
yields obtained in the assembly of the aromatic nucleus of
pyridinoline, starting from the hydroxyamirga, we performed

a parallel reaction sequence starting with@gimethylsilyloxy
amine8b (Scheme 3). While monitoring this reaction by TLC,
together with the expected silylated compodi2th, we observed

the formation of a more polar compound corresponding to the
previously obtained protected pyridinolid@alacking the silyl
protection. Considering that the silyl group suffered a partial
hydrolysis on TLC, we subjected the reaction mixture to a rapid
chromatography on silica and obtained the desilylated compound
12a in higher yield (34%) than starting with the free hy-
droxyamine 8a. At this point, the accomplishment of the
synthesis required only the deblocking of the protected amino
acidic functions of compound2a This could be performed
following the reductive protocols reported by Williams efal.
(i.e., using alkali metals dissolved in liquid ammonia or a
catalytic hydrogenation over a Pdatalyst). Thus, we first
performed the deblocking using sodium in liquid ammonia
which, in our recent work on the synthesis of reducible collagen
cross-links, caused a rapid and complete cleavage of the

(12) Corey, E. J.; Suggs, J. Wetrahedron Lett1975 2647.
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oxazinoned? Moreover, after some unsuccessful results, prob- pyridinoline (1) in good yields (80% fromi2a). Moreover, we
ably due to the high functionalization of the molecule and to were also able to extend the scope of our result, setting up a
the difficulty of separating the water-soluble reaction product different procedure (Scheme 4) in which the iodoketérand
from the inorganic and organic byproducts, we turned our a self-immolative allylamine, for the introduction of the aromatic
attention to the hydrogenolytic cleavage of the oxazinone rings nitrogen atom in the pyridine ring, were used. Also in this case,
present in compoundi2a This deblocking procedure requires reacting the iodoketon® with allylamine in the presence of

a preliminary acidic cleavage of the Boc groups, a generally NaoCO; causes the bisalkylation to occur via formation of the
simple reaction which, in our case, caused some initial difficul- intermediate diketoamine which, after exchange of the reaction
ties due to the presence of the hydroxyl group in the hydroxy- solvent (THF for acetonitrile) and addition of DBU, suffers
lysine residue ofl2a In fact, any attempt to cleave the Boc cyclization and oxidative aromatization to afford the fluorescent
protecting groups in the usual conditions (using aqueous pyridinium salt14 (in 27% yields).

trifluoroacetic acié*@or formic acid}* resulted in the contem- This compound was completely characterized and subjected
poraneous partial trans-lactonization between the alcoholic to the successive deallylation, performed using tetrakispalladium
hydroxy group ofl12a and the near lactonic group of the triphenyl phosphine and thiosalicylic acid as an allyl group
oxazinone ring. Finally, using ZnBin dichloromethanés the scavengetsaduring the dealkylation. The hydroxypyridinium
cleavage of the Boc groups of compout@hoccurred in good  derivative 15 was obtained in good yields (78%) and in a
yields and without any undesired inner trans-lactonization. The satisfactory purity, as a white solid stable at@ for almost 1
deprotected oxazinon&3 formed in the reaction (Scheme 4) year. Successive alkylation of5 with iodohydrine 5 in

was then hydrogenated in the presence of palladium chloride acetonitrile at 80C afforded the protected pyridinolii€ which

at room temperature and pressure to regenerate the freavas then deprotected, following the procedure described for the
synthesis of Pyd1). In principle, alkylation of the compound
(13) Cribiy R.; Allevi, P.; Anastasia, MTetrahedron: Asymmeti3005 15 should afford also dPy2j or any other pyridinoline, simply

16, 3059. , changing the alkyl iodide to construct the chain bonded to the
(14) (a) Schanabel, E.; Klostermeyer, H.; BerndtLibigs Ann. Chem

1971 749 90. (b) Kinoshita, H.; Hammam, M. A. S.; Inomata, €hem.

Lett. 2005 34, 800. (16) (a) Hayakawa, Y.; Kato, H.; Kajino, M. U. H.; Noyori, R. Org.
(15) Nigam, S. C.; Mann, A.; Taddei, M.; Wermuth, C. Gynth. Chem.1986 51, 2402. (b) Bailey, W. F.; Jiang, X. L1. Org. Chem1996
Commun 1989 19, 3139. 61, 2956.
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nitrogen atom of the pyridine ring. Thus, we may conclude that presence of distinguishable rotamét$zor some more complex
we have developed two routes for an efficient synthesis of compounds, the signals of major conformers are described, even if
pyridinoline overcoming the difficulties with the introduction ~ Signals of minor rotamers were present in the spectra. Optical

: rotations were taken at 23T and pp values are given in 16
of the correct stereochemistry of the 5-hydroxy group and also deg cnf gL, HPLC analyses were carried out on a RP-18 column

have set up a useful and simple method to obtain a prOX|mate(125 mm, 4 mm ID, 5m), and elution was performed with a 20
precursor of Pyd1) and deoxypyridinoline dPyd2f, by a min linear gradient from 100% of solvent A [0.01 M heptafluo-
modular approach. robutanoic acid (HFBA) in CECN/water 10:90 v:v] to 100% of
solvent B (0.01 M HFBA in CHCN/water 90:10 v:v). The flow
rate was 1.0 mL/min, and the detection was performed at 293 nm.
Mass spectra were obtained using a ion trap mass spectrometer
fitted with an electrospray source (ESI). All reactions were
monitored by thin-layer chromatography (TLC) carried out on 0.25
General Methods. Melting points are uncorrected. Nuclear mm silica gel plates (604, using UV light, 50% sulfuric acid or
magnetic resonance spectra were recorded at 298 K on a spece.2% ninhydrin in ethanol, and heat as the developing agent. Silica
trometer operating at 500.13 MHz &1 and at 125.76 MHz for gel (230-400 mesh) was used for flash silica gel chromatograghy.
13C. Chemical shifts are reported in parts per million (ppronits) tert-Butyl (3S5S 6R)-3-[(R)-4-Amino-3-hydroxybutyl)-2-oxo-
relative to the CHGl signal fixed at 7.26 ppm folH spectra and 5,6-diphenylmorpholine-4-carboxylate (8a).A solution of tert-
to the CDC} signal fixed at 77.0 ppm fo¥C spectra. Proton and  butyl (3S5S6R)-3-[(R)-4-azido-3-hydroxybutyl)-2-oxo-5,6-diphe-
carbon assignments were established, if necessary!mitAH and nylmorpholine-4-carboxylater )'°° (980 mg, 2.10 mmol) in ACOEt
1H-15C correlated NMR experimentid NMR data are tabulated (170 mL) was hydrogenated in the presence of 10% Pd/C (40 mg)
in the following order: number of protons, multiplicity (s, singlet; &t r00m temperature and atmospheric pressure. The mixture was

d, doublet; br s, broad singlet; m, multiplet), coupling constant(s) (17) (a) William, M. R.. Yuan, CJ. Org. Chem1992 57, 6519. (b)

in Hz, assignment of proton(_sJ).-I NMR and®*C NMR spectra of William, M. R.; Sinclair, J. P.; DeMong, D. E.; Chein, D.; Zhai, Drg.
compounds containing oxazinone ring(s) were complicated by the Synth.2003 80, 18 and references therein.

Ph
P
e o
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Experimental Section
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filtered through a pad of Celite, and the solvent was evaporated 4.81 (0.3 H, ddJ = 9.8, 4.6 Hz, 3-H, minor conformer), 3.74 (0.7H,

under reduced pressure to afford the hydroxyanda€842 mg,
91%) as a white solid: mp 155158 °C (from CHCl,/hexane);
[a]p?® —43.9 € 1, CHCE); 'H NMR (CDCls) 6 7.28-7.00 (8H,
aromatics), 6.59 (2H, aromatics), 6.01 (0.3H,Jds 3.2 Hz, 6-H,
minor conformer), 5.98 (0.7H, dJ = 3.2 Hz, 6-H, major
conformer), 5.25 (0.3H, dJ = 3.2 Hz, 5-H, minor conformer),

5.02 (1.4H, m, overlapping, 5-H, 3-H, major conformer), 4.86 (0.3H,

dd,J = 10.5, 4.6 Hz, 3-H, minor conformer), 3.83 (0.7H, M8
major conformer), 3.65 (0.3H, m,-B1, minor conformer), 2.94
(0.3H, dd,J = 12.6, 3.5 Hz, 4H, minor conformer), 2.91 (0.7H,
dd,J= 12.6, 3.5 Hz, 4H, major conformer), 2.64 (0.7H, dd,=
12.6, 8.1 Hz, 4H, major conformer), 2.59 (0.3H, dd,= 12.6,
8.1 Hz, 4-H, minor conformer), 2.32 (1H, m, '“Ha, both
conformers), 2.22 (1H, m,'Hb, both conformers), 1.77 (1H, m,
2'-Ha, both conformers), 1.65 (1H, m;-Bb, both conformers),
1.48, 1.14 [9H, 2x s, ((H3)3C, minor and major conformers]C
NMR (CDCl3) (major conformer)) 169.1 (2-C), 153.8'BuOC=
0), 136.2 (aromatic), 134.2 (aromatic), 132124.2 (aromatics),
81.5 [(CH)3C], 79.0 (6-C), 70.3 (3C), 61.3 (5-C), 55.4 (3-C),
47.4 (4-C), 31.1 (1-C), 30.3 (2-C), 27.8 [(CH3)3C]; IR (CHClg) v
3330, 1758, 1682 cmi; ESI-MS (positive)m/z 441 (M + HY),
463 (M + Na'), 903 (M + M + Na'). Anal. Calcd for
C25H32N205: C,68.16; H, 7.32; N, 6.36. Found: C, 68.45; H, 7.50;
N, 6.40.

tert-Butyl (3S5S 6R)-3-[(R)-4-Azido-3-(trimethylsilyloxy)bu-
tyl]-2-oxo-5,6-diphenylmorpholine-4-carboxylate (7b).To a stirred
solution of the hydroxyazid&al® (395 mg, 0.85 mmol), triethy-
lamine (232uL, 1.66 mmol), and\,N-dimethylaminopyridine (20

mg, 0.16 mmol) in anhydrous THF (6.0 mL) was added TMSCI

(127 uL, 1.00 mmol). The resulting mixture was stirred at room
temperature fo7 h and then diluted with AcOEt (50 mL). The
solution was washed with brine, dried over anhydroug3@s, and

m, 3-H, major conformer), 3.70 (0.3H, m}-81, minor conformer),
2.72 (2H, m, 4H,, both conformers), 2.16 (1H, m,-Ha, both
conformers), 2.07 (1H, m,"Hb, both conformers), 1.78 (2H, m,
2'-H,, both conformers), 1.46, 1.17 [9H,2 s, 2 x (CH3)3C, both
conformers], 0.18 [9H, s, (853)3Si, both conformers]i3C NMR
(CDCl) (major conformer) 169.2 (2-C), 153.6BuOC=0), 136.4
(aromatic), 134.3 (aromatic), 128-326.4 (aromatics), 81.1
[(CH3)sC], 78.9 (6-C), 73.5 (BC), 61.4 (5-C), 56.5 (3-C), 47.7
(4-C), 31.1 (1-C), 30.8 (2-C), 27.7 [CH3)sC], 0.4 [(CH3)sSi]; IR
(CHCI) v 1760, 1705 cmt; ESI-MS (positiveyn/z513 (M+ H™).
Anal. Calcd for GgH4gN,OsSi: C, 65.59; H, 7.86; N, 5.46. Found:
C, 65.45; H, 7.81; N, 5.40.

tert-Butyl (3S5S 6R)-3-(4-lodo-3-oxobutyl)-2-oxo-5,6-diphe-
nylmorpholine-4-carboxylate (9).To a solution of iodohydrirG1°P
(800 mg, 1.45 mmol) dissolved in GHI, (35 mL) was added
pyridinium chlorochromat@ (625 mg, 2.90 mmol). The initially
orange solution was then stirred at room temperature for 2 h. At
this time, the complete disappearance of the starting material was
observed (TLC). The reaction was quenched with 2-propanol (1.0
mL), and the solvent was evaporated under reduced pressure. The
residue was purified by flash silica gel chromatography (hexane/
AcOEt 7:3 v:v) to afford, after crystallization, the iodoketo@ie
(574 mg, 72% yield) as a white solid: mp 17B874°C (from CH,-
Cl, /diisopropyl ether); ¢]p?® —48.9 € 1, CHCE); 'H NMR
(CDCl3) 6 7.29-7.00 (8H, aromatics), 6.58 (2H, aromatics), 6.06
(0.7H, d,J = 2.8 Hz, 6-H, major conformer), 6.01 (0.3H, br s,
6-H, minor conformer), 5.24 (0.3H, d = 2.8 Hz, 5-H, minor
conformer), 5.00 (1.4H, m, overlapping, 5-H and 3-H, major
conformer), 4.83 (0.3 H, ddJ = 9.8 and 5.6 Hz, 3-H, minor
conformer), 3.92 (2H, s,'4, both conformers), 3.15 (1H, 3,=
7.0 Hz, 2-Ha, both conformers), 3.08 (1H, dd,= 13.7, 7.0 Hz,
2'-Hb, both conformers), 2.55 (1H, m,-Ha, both conformers),

evaporated under reduced pressure. The crude residue was crystaR.33 (1H, m, 1-Hb, both conformers), 1.49, 1.11 [9H, 2 s,

lized to afford the trimethylsilyl derivativ&b (410 mg, 90%) as
white solid: mp 149°C (from CH,CI, /hexane); §]p?®> —39.5 €
1, CHCE); *H NMR (CDCl) ¢ 7.29-7.00 (8H, aromatics), 6.59

(2H, aromatics), 5.93 (1H, br s, 6-H, both conformers), 5.26 (0.3H,

d, J = 3.5 Hz, 5-H, minor conformer), 5.04 (0.7H, = 3.5 Hz,
5-H, major conformer), 5.01 (0.7H, ddi= 9.5, 5.3 Hz, 3-H, major
conformer), 4.83 (0.3H, dd,= 9.8, 5.0 Hz, 3-H, minor conformer),
3.94 (0.7H, m, 3H, major conformer), 3.89 (0.3H, m;-Bl, minor
conformer), 3.27 (2H, m,'4H,, both conformers), 2.17 (1H, m,
1'-Ha, both conformers), 2.09 (1H, m;-f#ib, both conformers),
1.83 (2H, m, 2H,, both conformers), 1.48, 1.12 [9H,2 s, 2 x
(CH3)3C, minor and major conformers], 0.22, 0.21 [9H,x2s,
(CH3)3Si, major and minor conformersfC NMR (CDCk) (major
conformer)d 169.1 (2-C), 153.6'BuOC=0), 136.4 (aromatic),
134.3 (aromatic), 128:6126.3 (aromatics), 81.2 [(GHC], 79.0
(6-C), 71.2 (3-C), 61.5 (5-C), 56.8 (4C), 56.4 (3-C), 31.2 (1C),
30.9 (2-C), 27.9 [(CH3)3C], 0.3 [(CH3)sSi]; IR (CHCI3) v 3520,
2143, 1763, 1700 cnt; ESI-MS (positive)m/z 561 (M + Na'),
1100 (M+ M + Na'). Anal. Calcd for GgHzgN4OsSi: C, 62.43;
H, 7.11; N, 10.40. Found: C, 62.63; H, 6.86; N, 10.51.
tert-Butyl (3S5S 6R)-3-[(R)-4-Amino-3-(trimethylsilyloxy)bu-
tyl]-2-oxo-5,6-diphenylmorpholine-4-carboxylate (8b).The tri-
methylsilyloxyazide7b (250 mg, 0.46 mmol), dissolved in AcCOEt

(CH3)3C, minor and major conformersfPC NMR (CDCk) (major
conformer)d 201.9 (3-C), 169.3 (2-C), 153.9BuOC=0), 135.2
(aromatic), 134.1 (aromatic), 128-825.9 (aromatics), 81.4
[(CH3)sC], 78.9 (6-C), 61.5 (5-C), 55.6 (3-C), 35.5'{2), 27.8
[(CH3)sC], 28.9 (1-C), 5.9 (4-C); IR (CHCk) v 1752, 1728, 1705
cm™L; ESI-MS (positive)m/z 572 (M + Na*). Anal. Calcd for
CusH28INOs: C, 54.65; H, 5.14; N, 2.55. Found: C, 54.49; H, 5.31;
N, 2.61.

1-4-[(3S 5S 6R)-4-(tert-Butoxycarbonyl)-2-oxo-5,6-diphenyl-
morpholin-3-yl]-2-hydroxybutyl)-5 —2-[(3S 5S 6R)-4-(tert-butox-
ycarbonyl)-2-oxo-5,6-diphenylmorpholin-3-yllethyl)-4-([(35 5S 6R)-
4-(tert-butoxycarbonyl)-2-oxo0-5,6-diphenylmorpholin-3-
yllmethyl)pyridinium-3-olate (12a). (i) Starting from lodoketone
9 and Hydroxyamine 8a.To a solution of hydroxyamin8a (300
mg, 0.68 mmol) and iodoketor (896 mg, 1.63 mmol) in Ck
CN (30 mL) was added N&O; (350 mg). The resulting mixture
was stirred at room temperature until the complete disappearance
(2 h) of the starting amin®a (TLC, Rr = 0.18, CHCIl,/MeOH
100:5 v:v), and the solvent was evaporated under reduced pressure
at a temperature below 4C. The solid residue was suspended in
CH.Cl, (30 mL) and filtered to eliminate the inorganic salts. The
glassy residue obtained by evaporation of the solvent under reduced
pressure was dissolved in anhydrous THF (45 mL) containing DBU

(40 mL), was hydrogenated in the presence of 10% Pd/C (15 mg) (270u«L, 1.80 mmol). The reaction mixture was then stirred under
at room temperature and atmospheric pressure. After 20 h, thean oxygen atmosphere for 4 days at room temperature. The solvent
mixture was filtered through a pad of Celite and the solvent was was removed by evaporation, and the residue was purified by flash
evaporated under reduced pressure. The crude residue was thesilica gel chromatography (G&l,/MeOH 10:1 v.v), to afford the

crystallized to afford the hydroxyamingb (223 mg, 94%) as a
white solid: mp 102C (from CH,Cl,/hexane; compound starts to
reduce its volume at 9%C); [a]p?® —26.5 € 1, CHCE); *H NMR

(CDCl) 0 7.29-7.00 (8H, aromatics), 6.58 (2H, aromatics), 5.95

(0.3H, d,J = 3.2 Hz, 6-H, minor conformer), 5.93 (0.7H, d~=
3.2 Hz, 6-H, major conformer), 5.24 (0.3H, 3= 3.2 Hz, 5-H,
minor conformer), 5.03 (0.7H, dJ = 3.2 Hz, 5-H, major
conformer), 5.00 (0.7H, dd,= 9.5, 5.4 Hz, 3-H, major conformer),
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compoundl2a (81 mg, 21%) as a glassa]p® —23.8 € 1,
CHCl3); *H NMR (CDCl3) (major conformery) 7.59-6.94 (26H,
aromatics, 2-H and 6-H), 6.73 (1H, br s.f&irH), 6.56 (6H, m,
aromatics), 6.09 (1H, br s, &airH), 5.95 (1H, br s, BhairH), 5.34
(1H, m, 34chaiﬁH): 5.29 (1Hv br S, 5hain‘H): 5.19 (1H1 m, ?Schaiﬁ
H), 5.15 (1H, br s, BhairH), 5.00 (1H, br s, SnairH), 4.93 (1H, br
S, 3nchairH), 4.22 (1H, M, LcharHa), 4.12 (1H, M, RehairH), 3.88
(1H, m, ]NchairTHb)a 3.58 (2H, m, lchairTHZ)a 3.17 (2Hv m, %Chail’f
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Hy), 2.55 (1H, m, ZehairHa), 2.41 (1H, M, &nairHb), 2.20 (2H,
m, dnchairH2), 1.77 (1H, m, &charHa), 1.68 (1H, m, FchairHD),
1.12, 1.09, 1.01 [27H, X s, 3 x C(CH3)3]; **C NMR (CDCk)
(major conformer)) 169.1, 169.0, 168.8 (3 2'-C), 153.9, 153.7,
153.6 (3x '‘BuOC=0), 153.2 (3-C), 140.6126.6 (aromatics), 81.6,
81.3, 80.6 [3x (CHy)3C], 79.0, 78.9, 78.5 (X 6'-C), 69.1 (Richairr
C), 66.3 (NchairC), 61.4, 61.3, 60.9 (X 5'-C), 55.8 (3nchairC),
55.8 (3schairC), 54.6 (34chairC), 35.4 (ZchairC), 30.8 (4chairC),
30.5 (3uchairrC), 30.4 (LchairC), 27.7 [3x (CH3)3Cl, 26.6 (Lchairr
C); IR (CHCE) v 3360, 1760, 1706 cni; ESI-MS (positive)m/z
1264 (M+ HT). Anal. Calcd for GsHg,N4O14: C, 71.30; H, 6.54;
N, 4.43. Found: C, 71.59; H, 6.45; N, 4.49.

(i) Starting from lodoketon e 9 and Trimethylsilyloxyamine
8b. To a solution of trimethylsilyloxyamin8b (300 mg, 0.58 mmol)
and iodoketon® (771 mg, 1.40 mmol) in CECN (30 mL) was

JOC Article

14 (162 mg, 27%) as a white solid: mp 16T (from CHCl,/
isopropyl ether); ¢]p?® —44.6 € 1, CHCE); 'H NMR (CDCl)
(major conformer)d 7.24-6.99 (18H, aromatics, 2-H and 6-H),
6.87 (1H, br s, BchairH 0Or 6's5chairH), 6.58 (4H, m, aromatics),
6.06 (1H, brs, BchairH OF 64chaiﬂH): 5.99 (lH, m, achaier): 5.43-
5.40 (2H, m, RchairH2), 5.30 (1H, m, 3ichairH), 5.17 (1H, br s,
5 4chairH O S'schairH), 5.15 (1H, br s, 3chairH), 5.07 (1H, br s,
5'schairH Or S4chairH), 4.65 (2H, br s, fchairH2), 3.71 (1H, m,
LichairHa), 3.56 (1H, M, ZenairHb), 3.16 (2H, m, dchairH2), 2.56
(1H, M, ZchairHa), 2.40 (1H, m, &nairHb), 1.11, 1.00 [18H, X
s, 2 x C(CHa)3]; 13C NMR (CDCk) (major conformer)d 169.2,
168.9 (2 x 2'-C), 154.0, 153.7 (2x 'BuOC=0), 152.7 (3-C),
141.2-126.5 (aromatics), 130.4 (&airC), 122.2 (RchairC), 81.2,
80.4 [2 x (CH3)sC], 79.3, 79.2 (2x €'), 62.6 (JichairC), 61.9,
61.2 (2x 5'-C), 56.2 (35chairC), 55.1 (34chainC), 35.0 (ZchairC),

added NaCOs (300 mg), and the resulting mixture was stirred at  30.4 (LichairC), 27.8 [2x (CH3)3C], 26.7 (BchairC); IR (CHCE) v
room temperature until the complete disappearance (2 h) of the 1765, 1703 cm!; ESI-MS (positive)m/z 880 (M + H*), 902 (M

starting amine8b (TLC, Rr = 0.18, CHCl, /MeOH 100:5 v:v).

+ Nat). Anal. Calcd for GaHs;N3Oq: C, 72.33; H, 6.53; N, 4.77.

The solvent was evaporated under reduced pressure at temperaturdsound: C, 72.08; H, 6.57; N, 4.87.

below 40°C, and the solid residue was suspended in,Cli

5-2-[(3S 5S 6R)-4-(tert-Butoxycarbonyl)-2-oxo-5,6-diphenyl-

(30 mL) and filtered to eliminate the inorganic salts. The filtrate morpholin-3-yllethyl-4-([(3 S 5S 6R)-4-(tert-butoxycarbonyl)-2-
was evaporated under reduced pressure to afford a glassy residuexo-5,6-diphenylmorpholin-3-yljmethyl)-3-hydroxypyridine (15).

which was dissolved in anhydrous THF (45 mL) containing DBU To a stirred solution of allyl derivativé4 (150 mg, 0.17 mmol)
(230uL, 1.54 mmol). The reaction mixture was then stirred under and 2-mercaptobenzoic acid (128 mg, 0.83 mmol) in,Clpi (15
an oxygen atmosphere for 4 days at room temperature. The solventmL) was added tetrakis(triphenylphosphine)palladium(0) (10 mg,
was removed by evaporation, and the crude residue was purified0.00865 mmol}® The resulting orange solution was stirred at room
by flash silica gel chromatography (GEl./MeOH 10:1 v:v), to temperature under argon for 1.3 h. The solution was washed with
afford the compound2a (251 mg, 34%) as a glasso]p?® —24.0 a saturated NaHCfaqueous solution (10 mL) and dried over
(c 1, CHCY), identical in all respects with that described above. anhydrous Ng50O,, and the solvent was evaporated under reduced
Pyridinoline (1). To a solution of protected pyridinoling2a pressure. The crude residue was purified by flash silica gel
(160 mg, 0.127 mmol) in anhydrous @El, (6.0 mL) was added ~ chromatography (CkCl,/MeOH 100:7 v:v) to afford the hydroxy-
anhydrous ZnB#5 (172 mg, 0.76 mmol), and the resulting mixture ~ pyridine 15 (125 mg, 87%) as a white solid: mp 20C; [o]p®
was stirred under argon at room temperature for 3 h. The mixture —48.2 € 1, CHCk); *H NMR (CDCl) (major conformer) 8.27
was then diluted with AcOEt (50 mL), washed with a saturated (1H, brs, 2-H), 8.12 (1H, br s, 6-H), 7.3%6.52 (20H, aromatics),
aqueous solution of NaHGQ30 mL), with water (305 mL), and  6.25 (1H, d,J = 3.2 Hz, B4cnairH Or 65cnairH), 5.90 (1H, dJ =
dried over anhydrous N&Q;. The evaporation of the solvent under 3.2 Hz, BschairH OF 6 4chairH), 5.07 (1H, dd,J = 11.2 and 3.0 Hz,
reduced pressure afforded the crude pyridinoline precutSor  3'achairH), 5.01 (1H, d,J = 3.2 Hz, BschairH OF S'5chairH), 5.00
(113 mg) which was dissolved in an aqueous 0.01 M HCI/THF (1H, dd,J = 11.2 and 3.0 Hz, 'GairH), 4.96 (1H, d,J = 3.2 Hz,
50:50 v:v mixture (60 mL) and hydrogenated in the presence of 5'schairH OF SachairH), 3.61 (1H, ddJ = 14.7 and 11.2 Hz, sbnair
PdCh (48 mg), at room temperature for 48 h. The reaction was Ha), 3.44 (1H, ddJ = 14.7 and 3.2 Hz, skhairHb), 3.03 (1H, ddd,
monitored on HPLC (see General) until the complete conversion J = 13.3, 13.3, 4.9 Hz, skhairHa), 2.82 (1H, dddJ) = 13.3, 12.2,
of starting material and of less polar intermediates into a single 5.3 Hz, chairHb), 2.33 (2H, M, genairHy), 1.20, 1.14 [18H, 2«
peak Rt = 10.56 min) corresponding to a pure sample of S, 2x C(CHs); **C NMR (CDCk) (major conformer)d 169.7,
pyridinoline. The mixture was then filtered through Celite, to 167.4 (2x 2'-C), 154.9, 153.5 (% 'BuOC=0), 152.6 (3-C), 142.0
remove the catalyst; the solvent was evaporated; and the solid(6-C), 137.6 (2-C), 136:6126.4 (aromatics), 83.1, 81.2 [2
residue was dried in vacuo. The solid was then triturated with (CHs)sC], 79.4,79.2 (2x 6'-C), 61.1, 60.9 (2« 5'-C), 56.4 (3schair
diethyl ether (which dissolves the formed bibenzyl) and filtered to C), 55.4 (3scnairC), 36.6 (ZchairC), 30.9 (chairC), 27.9 [2 x
afford the pyridinolinel (62 mg, 80%) as tetrachloride dihydrate:  (CH3)sC], 26.9 (%chairC); IR (CHCE) v 1770, 1700 cm?; ESI-
Amax (HCI 0.1 M)/nm /dm?® mol~* cm1), 242 (3850), 294 (6520); ~ MS (positive)m/z 840 (M + H*). Anal. Calcd for GoHsaN3Oq:
Amax (50 mM phosphate buffer, pH 7.5)/nma/dm? mol~t cm™?), C, 71.49; H, 6.36; N, 5.00. Found: C, 71.37; H, 6.52; N, 5.05.
252 (3710), 324 (6150); ESI/IMSVz 429 (M + HT). Other Protected Pyridinoline 12a by Alkylation of Hydroxypyridine
physicochemical propertie$H and *3C NMR) confirmed those ~ 15. The hydroxypyridine15 (800 mg, 0.95 mmol) and the
reported’ iodohydrin5' (2.65 g, 4.8 mmol) were dissolved in GEN (20
1-Allyl-5-2-[(3S 5S 6R)-4-(tert-butoxycarbonyl)-2-0x0-5,6-diphe- mL) and refluxed under an argon atmosphere for _20 h. The mixturc_e
nylmorpholin-3-yl]ethyl-4-([(3 S 5S 6R)-4-(tert-butoxycarbonyl)- was cooled at room temperature and treated with a strong basic
2-0x0-5,6-diphenylmorpholin-3-yljmethyl)pyridinium-3-olate (14). resin (Dowex 1 106200 mesh, X8; 860 mg) for 15 min. After
To a stirred solution of the iodoketore(900 mg, 1.64 mmol) in filtration, the solvent was evaporated under reduced pressure to
CH5CN (30 mL) were added allylamine (51:4, 0.68 mmol) and afford a crude product which was purified py flash silica gel
Na,CO; (350 mg), and the resulting mixture was stirred at room chromatography (ChClo/MeOH 10:1 viv) to give the protected
temperature for 2 h. The solvent was evaporated under reducedpyridinoline (12a 698 mg, 58%) as a glasso]p® —25.2 € 1,
pressure at temperatures below 4I) and the solid residue was CHCL), identical in all respects with that described above.
suspended in CKLI, (30 mL) and filtered to eliminate the inorganic
salts. The filtrate was evaporated under reduced pressure to affor
a glassy residue which was dissolved in anhydrous THF (45 mL)
conaing 98U GTOL 1,80 mno). The eccion mixure as | supporing nformaton Avalabl: *H andC NI spocrs
4 days. The solvent Wasyr%moved ur?der reduced press%re, and th(gi,raﬁgmg?:]; g i?fb(,:hBaar, 8eb\}i2’tﬂl-ga[n%:;nae?itlﬁttTgi/S nggt;(r:isloirs
crude residue was purified by flash silica gel chromatography:{CH g p-ipubs.acs.org.
Cl,/MeOH 10:1 v:v) to afford, after crystallization, the compound JO070136G
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