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Abstract—A versatile chiral synthesis of the cross-link)-deoxypyridinoline (Dpd2) was achieved starting from vitamin;B7). The key
steps in the synthesis of-)-2 are transformation of 8(7) to the chloride 8d) and construction of three-amino acid chains by utilizing
(R)-(—)-Schollkopf's reagentd), Wittig reagent R)-(—)-5, and iodide §)-(—)-6. (+)-Dpd (2) is a degradation product of bone collagen and
has been found to be a useful marker for diagnosis of osteoporosis and other metabolic bone digXeElsevier Science Ltd. All rights
reserved.

Introduction enzymatic processDuring the process of bone resorption
these cross-links1( 2) are released into the serum and

Bone is a complex and highly specialized form of connec- excreted in uriné. It has been found that the pyridinium
tive tissue which serves several functions, including support cross-link Dpd 2) is a clinically useful marker for diagnosis
of the body, protection of internal organs and as a reservoir of osteoporosis,a bone disease which affects the aged
for minerals! In order for bones to respond and adapt to the population, particularly postmenopausal women. Addition-
mechanical stress and maintain serum mineral metabolism,ally, Dpd (2) also has been found to have clinical utility in
they undergo constant remodeling. The bone remodeling, diagnosis of cancerPaget's diseadeand other metabolic
which is also called bone turnover, begins with resorption bone diseasesCurrently, Dpd ) is isolated in a very low
of old bone by osteoclasts, followed by formation of new Yyield at a high cost from bones (e.g. sheep, ox, turkey) by
bone by osteoblasts. Any alterations or imbalance in the 6—9 M HCI hydrolysis at 11, a process that could affect
remodeling process results in the metabolic bone diseasesthe integrity of the stereocenters in DifdTherefore, Dpd
Collagen, a family of structurally related proteins, which are (2) became an attractive synthetic target due to its novel
synthesized by osteoblasts, constitutes approximately 95%structural features and practical applications in diagnosis
of bone! Inter- and intramolecular cross-links such as of osteoporosis and other bone diseases. Waelchli €t al.
pyridinoline (Pyd, 1)*> and deoxypyridinoline (Dpd2)? reported the first synthesis Dpd®)(in an unspecified
(Fig. 1) are formed from the adjacent lysine and hydroxyly- diastereomeric purity, which involved the construction of
sines present in collagen fibrils by a lysyl oxidase mediated a substituted pyridine ring from amino acid components
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utilizing aldol chemistry. The subsequent synthetic

order to determine the need for a protective group at the

studies have adopted this aldol strategy to achieve the5-hydroxymethyl group on the pyridine ring 8d, and also

chiral synthesis of €£)-Dpd (2)* in fewer stepg®!*

In this paper, we describe a conceptually different
approach for the synthesis of-{-Dpd (2) starting from
vitamin Bg (7).

Results and Discussion

In this strategy, we envisioned the synthesis-bf-Opd (2)
(Fig. 2) from a 3-hydroxypyridine derivative3d) via
construction of threew-amino acid chains sequentially.
This synthetic strategy will have the diversity and flexibility

to optimize the alkylation reaction withRf-(—)-4, we first
prepared chlorides3¢—b) for alkylation. Thus, the phenolic
and 4-hydroxymethyl groups in vitamin ¢B(7) were
protected as (Scheme 1) acetonigig)t® and the 5-hydroxy-
methyl group was transformed to the corresponding
p-methoxybenzyl (PMB) ether8p) in 95% yield. The
acetonide protective group iBb was then hydrolyzed
using pyridinium p-toluenesulfonate (PPTS) and the
phenolic group was selectively protected as its benzyl
ether using benzyldimethylphenylammonium chlotide
give the hydroxy compound.Q). The hydroxy functionality

in 10 was then converted to the corresponding chloride

needed for preparation of Dpd-analogs from any of the three (3a) using SOCJ and the PMB group was subsequently

a-amino acid chains and also from the 2-position of the
pyridine ring, which otherwise is difficult to achieve by

hydrolyzed using 0.5 N HCI to giv8b in 82% yield.

utilizing the aldol approach. Thus, the 4-amino acid chain The chloride 8d), which lacks the methyl group at the

in (+)-Dpd (2) was introduced by utilizing R)-(—)-2,5-
dihydro-3,6-dimethoxy-2-isopropylpyrazine (Schollkopf's
reagent,4)'® via alkylation methodology and subsequent

2-position, was prepared (Scheme 2) from acetontg. (
Thus,8b was oxidized withm-chloroperoxybenzoic acid to
the correspondindi-oxide, which without purification was

hydrolysis. The 5-amino acid chain could be extended by converted to 2-hydroxymethyl compourtdl) in 86% yield.

Wittig reaction utilizing R)-(—)-4-{[iodo(triphenyl) phos-
phoranyl]methyl}-1,3-oxazolidin-2-one5),'” and finally,
the lysine chain at the 1- position of pyridine ring was
installed via quaternization with Sf-(—)-tert-butyl-[(2-
tert-butoxycarbonyl)amino]-6-iodohexanoaté).( The key
synthon,3d, could be easily prepared from an inexpensive
vit Bg (pyridoxine hydrochloride?).

Introduction of amino acid chain at the 4-position of (+)-
Dpd (2)

We contemplated introduction of the first amino acid, the
alanine-unit, at 4-position off)-Dpd (2) utilizing (R)-(—)-
4, and thus chloride 3d) was needed for alkylation. In

The hydroxy compoundl(l) was oxidized with Mn@ to
give the aldehydel) in 89% vyield, which upon further
oxidation with silver oxide followed by decarboxylation
gave the desmethyl compound3] in 81% yield. The
acetonide protective group i3 was hydrolyzed using
PPTS to giveld, in which the phenolic group was then
selectively protected as its benzyl eth&b); The hydroxy
functionality in 15 was converted to the corresponding
chloride (6) and further hydrolyzed with HCI to afford
the desiredd in 61% yield.

The alkylation of §)-(+)-Schollkopf’'s reagent4) (Table 1)
was initially carried out (Scheme 3) with 0.5 equiv. of
chloride Ba) using n-BuLi at —78C (entry 1) and the

OH cl
OR OBn
=z
Vicp, - Acctone, HC RO 1. PPTS, EtOH TMBO I 1.soch, PHRO™
6 ————> —_— 2 5
(7) 2 NaH, PMB-CI 2. EtONa, xylene SN 2.0.5 N HCI SN
DMF PhNMe,BnCl
9:R=H 3a:R =PMB
10: R =Bn 3b:R=H

Scheme 1.
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—_—
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PhNMe,Bn Cl
14:R=H
15:R=Bn

Scheme 2.

reaction progress was monitored by TLC. After the
disappearance of starting materi&b) (2 h), the mixture
was quenched with sat. NBI solution at —78C. The
crude product was purified by silica gel column chromato-
graphy to afford RSS9-17a in 84% yield and 79:21
diastereomeric ratio. However, the alkylation &)+—)-4
with chloride @b) (entry 2) under similar conditions gave
(SR)-(—)-17bin 76% yield and>98% de. Surprisingly, the
alkylation of chloride 8d), which lacks the methyl group at
2-position, (entry 4) under identical conditions gagR(

R R)-17¢?° as a mixture of diastereomers in 69:31 ratio and
69% yield along with recovered=}-(—)-4 (68%). These
results clearly suggest that the methyl group at 2-position
of 3b has a dramatic effect on chiral recognition in the
alkylation step. Lower selectivities were observed for asym-
metric induction steps involving the pyridine substrétes.
This was attributed to the coordination of the nucleophile
with pyridyl nitrogen, thus disrupting the transition state.
In the present study, we believe that the excellent

Table 1. Alkylation of Schollkopf's reagent4) with chlorides 8a—e)

2381

PMBO A~°
1. MnO,, CHCl, |
——
2. Ag,0, KOH SNT R
EtOH then 12: R = CHO
xylene, heat 13: R ; H
cl
1.S0CL, PhH RO A\ O0Bn
2.0.5N HC S |
16: R = PMB
3&:R=H

selectivity observed foBb was due to the steric hindrance
of a substituent at the 2-position, which prevents such
participation. However, the actual substradd, which
lacks the methyl group, gave moderate selectivity in the
alkylation step (69:31 ratio). This was further evident
from the alkylation (entry 5) oBe which has propionate
group at 2-position, and gav&R)-(—)-17ein >98% de.
(SR)-(—)-17eis useful for the preparation of corresponding
Dpd-analog needed for preparation of immunoreagents
from 2-position®?

Introduction of amino acid chain at the 5-position of (+)-
Dpd (2)

Having introduced the masked amino acid functionality at
the 4-position, which is in the form of dihydropyrazine, we
then proceeded (Scheme 4) to introduce an amino acid chain
at the 5-position of {)-Dpd (2). Although our attempts to
separate the isomeric mixtur§ R/R,R)-17d by a variety of

Entry Chloride 8) Reaction conditions Alkylated product?)

Ry R, Solvent/Temp {C)/Time (h) Ratio §R)/(RR)? Yield® (%) [)%p
1. 3a Me PMB THF/~78/2 17a 79:2TF 84
2 3b Me H THF/—-78/2 17b >08:2 65 —43.1
3. 3c Me Ac THF/—-78/2 17c 88:17 44
4. 3d H H THF/—78/5 17d 69:31 69
5. 3e (CH,),CO,(CH,),TMS H THF/—-78/4 17e >08:2 69 -35.1

@The diastereomeric ratio df7a—e was determined byH NMR of the crude and purified products.

P |solated yield.

¢ (9-(+)-4 was used and therefore the stereochemistry of the diastereomEraafd17cis (RSSS).

N GR..-'L

MeO_ N k MO N 65"'k MeO N
AN
c \[ /j\ > N/]\OMe ‘Z'EEN/]\OMe
N OMe
R,07 NN OB (R-(-)-4 RO N OB R0 N OB
S I n-BuLi, THF, -78 ‘% > | * > |
N7 R, N7 R, N7 R,
Chloride (3a-e) (S,R)-17a-e (R,R)-17a-e

Scheme 3.
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X X
N OMe N OMe
OHC OBn OBn 0.5 N HCI, MeCN
(SRR R)-17a MO CHCly “ (R)--)-5, n-Buli rt, 45 min then___
(69:31) 1,20 h SN THF, -78 °C, 4 h aq Na,COj5 then (Boc),0,
Et;N, DMAP, MeCN,
(S,R)-(+)-18 19 (E:Z/64:36) i, 6h
N (Boc), I:IRBoc
CO,Me CO,Me NHBoc CO,Me
OBn HO _N_OH
Cs,CO;, MeOH Pd/C, H,, MeOH |
M 25h It, 4 b, then TEA SN
CH,Cl,, it, 26 h
(5,5)-20: (E:Z/64:36) ($,5)-21: (E:Z/64:36) (8,5)-(-)-22: R = Boc

(8,9)-(-)-23: R=H

Scheme 4.

techniques, including preparative HPLC, were unsuccessful,free amine, which was obtained by neutralizing with aq.
to our delight, the corresponding diastereomeric mixture of Na,C0Os, using (Boc)O in MeCN afforded the tri-Boc
aldehydesl8 were easily separable. Thus, cru&R(R,R)- compound §9)-20 (E:2/64:36) in 50% overall yield. The
18, which was obtained by oxidation 05f/R,R)-17d with compound $5-20 was then subjected to hydrolysis with
MnO,, was separated by silica gel column chromatography cesium carbonate in MeOH,and the resulting product
to afford the desired major isomerSR)-(+)-18 in 52% (59-21 (E:2/64:36) was hydrogenated over 10% Pd/C in
yield and >98% de. Wittig reaction of major aldehyde methanol to afford $9-(—)-22 in good overall yield.
(SR)-(+)-18 with the ylide generated fromRj-(—)-5 Concerned with the sensitivity of biseft-butoxycarbonyl)-
using n-BuLi in THF at —78C, gave the olefinl9 in amino group in §9-(—)-22 for subsequent oxidation and
good yield (71%) as a mixture OE:Z-isomers (64:36). quaternization steps, it was therefore selectively hydrolyzed
Hydrolysis of dihydropyrazine ring in9 was carried out  with trifluoroacetic acit?®in CH,CI, to give §9-(—)-23in
using 0.5N HClin MeCN, and the protection of the resulting 69% yield.

0.5 N HC], MeCN

19 rt, 45 min then Li,CO3;, MeOH
(E:Z164:36) (Boc),0, Et;N, DMAP rt, 17 h, then Pd/C
MeCN, rt, 52 h H,, MeOH, rt, 3 h
(8,5)-24: (E:Z/64:36)
NHBoc NHBoc
NHBoc CO,Me NHBoc CO,Me
HO ~ OH MTPO p OMTP
| (R)-MTP-Cl, E;N_ |
SN CH,Cl,,0°C,5h" SN
($,9)-(-)-23 25

NHBoc

NHBoc CO,Me
Jones reagent, acetone OH
1,40 minthen  MeO,C =z
TMSCHN,, PhH, \N I

MeOH, rt, 15 min

(S5,9)-(+)-26

Scheme 5.
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I;IHBoc
o yHBee COMe LiOH, THF-water,
(5,5)-(+)-26 (8)-(—)-iodide (6) MeO,C ~ OH rt, 1 h then (+)-Dpd (2)
1,4-dioxane, reflux ® | TFA, water, rt, 1 h
NS
4h N I;II-[Boc
COzt—BU
(S,5,9)-(-)-27

Scheme 6.

Alternatively, we found thal9 (E:Z/64:36) could be trans-  reported in ppm relative to TMS and coupling constadjs (
formed to24 (E:Z/64:36) (Scheme 5) in which the amino- were reported in Hz. Electrospray ionization mass spec-
ester group at 4-position was protected as mono-Boc-estertrometry (ESI-MS) was carried on a Perkin—Elmer
Thus, reaction of the HCI salt of the amine, which was (Norwalk, CT) Sciex API 100 Benchtop system employing
obtained by hydrolysis ofl9 using 0.5N HCI, with Turbo lonspray ion source and HRMS were obtained on a
(Boc)O afforded §9)-24 (E:Z/64:36) in 46% yield. None ~ Nermang 3010 MS-50, JEOL SX102-A mass spectrometers.
of the tri-Boc compound §5-20, which was isolated  Thin layer chromatography was performed on pre-coated
previously from the reaction of free amine 05%-20, Whatman MKG6F silica gel 60 Aplates (layer thickness:
was observed. The selective formation 8F-24 can be 250pum) and visualized with UV light and/or using a
attributed to the presence of the HCI salts ofNéDMAP, KMnOQO, solution (KMnQ, (1.0 g), NaOH (8.0 g) in water
and avoids a step at latter stages to remove one of the Boq200 mL)) or phosphomolybdic acid reagent (20 wt% solu-
groups using TFA.$9-24 (E:Z/64:36) was then subjected tion in ethanol). Column chromatography was performed on
to hydrolysis under milder conditions, lithium carbonate in silica gel, Merck grade 60 (230—-400 mesh). THF was
MeOH, and the resulting product was hydrogenated over freshly distilled from a purple solution of sodium and

10% Pd/C in methanol to affors@)-(—)-23in good over-
all yield (53%). The enatiomeric purity o§(9)-(—)-23was
determined to be>95% ee by converting it to the corre-
sponding bis-MTP ester2b) using R)-MTP-CI and tri-
ethylamine in CHCI,. Finally, oxidation of §9-(—)-23
with Jones reagefit in acetone at room temperature
followed by esterification of the crude product using
trimethylsilyl diazomethane in MeOH-benzénafforded
(S9-(+)-26in 54% yield.

Completion of the synthesis of {)-Dpd (2)

The 3-hydroxypyridine derivative (S-(+)-26 requires
only elaboration of lysine chain at 1-position for completion
of (+)-Dpd (2) synthesis. Thus, quaternization &%-(+)-

26 with (9)-(—)-62 was carried out (Scheme 6) in refluxing
1,4-dioxane for 4 h, and the product was purified by
preparative reverse phase HPLC to afford the pyridinium
compound §S9-(—)-27 in 27% vyield. Finally, alkaline
hydrolysis of the methyl esters inS§9-(—)-27 using
LiOH and the removal of Boc andbutyl protective groups
was carried out by treating the crude product with TFA—
water (9.5:0.5 ratio). Purification of the resulting crude
product by preparative reversed phase HPLC and lyophili-
zation afforded ¢)-Dpd (2) in 84% vyield as its TFA salt.

In summary, a versatile synthesis af)}deoxypyridinoline
(2), a biochemical marker for diagnosis of osteoporosis was
developed starting from vitamingg&7).

Experimental

General methods and materials

'H and™*C NMR spectra were recorded on a Varian Gemini
spectrometer (300 MHz) and the chemical shi#} {ere

benzophenone. Gigl, was freshly distilled from Call
under nitrogen. Analytical reversed phase (RP) HPLC was
performed using a Waterp.Bondapak RCM C18 10
(8X100 mm) column. Preparative reversed phase (RP)
HPLC was performed using a WatepBondapak RCM
C18 1Qu (40x100 mm) column. Optical rotations were
measured on Autopol 1l polarimeter from Rudolph
Research, Flanders, NJ. Melting points were recorded in
open capillary tubes on an Electrothermal Melting Point
Apparatus and were uncorrected (see Ref. 12a for more
details).

(2,2,8-Trimethyl-4H-[1,3]dioxino[4,5-c]pyridin-5-yl)methanol
(83)*® and the Wittig reagent,R)-(—)-5'" from (R)-(—)-
serine were prepared according to the known procedures.
The chloride 8c) was prepared fror8b (Ac,0, pyridine, rt,

24 h, in 48%), and 2-(trimethylsilyl) ethyl-3-[3-(benzyl-
oxy)-4-(chloromethyl)-5-(hydroxymethyl)-2-pyridinyl]pro-
panoate 3¢ from aldehyde 13) in 5 steps (1.
PhP=CHCO,(CH,),TMS [prepared from BrCKCOBY,
TMS(CH,),OH, Py, CHCIl,, 0°C, 1h (96%) then PRh
PhH, reflux, 18 h, then KOH, C}I,—H,O (70%)],
CH)Cl,, rt, 1.5h, then 5% Pd/C MeOH, M 15 Psi,
35 min (84%); 2. PPTS, ethanol, reflux, 28 h (41%); 3.
NaOEt, benzyldimethylphenylammonium chloride, xylene,
reflux, 5 h (88%); 4. SOGJ PhH, reflux, 1 min (95%); 5.
DDQ, CH,Clo—H,0, rt, 45 min (63%)).

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2,8-trimethyl-4H-
[1,3]dioxino[4,5-c]pyridine (8b). NaH (60% dispersion in
mineral oil, 24.1 g, 602.8 mmol, 6.3 equiv.) was washed
with hexane (X50mL) and dry DMF (600 mL) was
added. The suspension was heated tt&C78nd a solution

of 8a (20.0 g, 95.69 mmol) in anhydrous DMF (300 mL)
was added via a double ended needle. After the addition
was complete, the heating bath was removed and the
mixture was allowed to reach 45. The mixture was cooled
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with an ice bath, ang-methoxybenzyl chloride (PMB-CI, compound was purified by silica gel column chromato-
15.6 mL, 114.83 mmol, 1.2 equiv.) was added over 5 min. graphy (40% EtOAc in hexanes) to afford 0.81 g1dfin
After the addition was over, the cooling bath was removed 74% yield. Analytical RP HPLC: MeCN:0.1% ag. acetic
and the mixture was stirred for 15 h at room temperature. acid/50:50, 1.0 mL/min at 225 nni;: 12.81 min,>99%;
The reaction was cooled with an ice bath, quenched care-*H NMR (CDCLy): 6 8.21 (s, 1H), 7.49-7.33 (m, 5H), 7.29
fully with water (500 mL), diluted with an additional (d, 2H, J=8.8 Hz), 6.90 (d, 2HJ=8.8 Hz), 4.97 (s, 2H),
amount of water (5.5L) and ether (1.5L). The aqueous 4.69 (d, 2H,J=6.9 Hz), 4.61 (s, 2H), 4.56 (s, 2H), 3.81 (s,
layer was separated and extracted with ether (1.5L). The3H), 3.42 (t, 1H,J=6.9 Hz), 2.53 (s, 3H);*C NMR
combined ether extracts were dried ¢8@)y) and concen- (CDCly): 6 159.5, 154.3, 151.8, 145.2, 141.8, 136.5,
trated on a rotary evaporator. The crude compound was130.7, 129.8, 128.7, 128. 6, 128.3, 128.1, 114.0, 76.7,
purified by silica gel column chromatography (50% 72.5, 68.3, 56.2, 55.2, 19.7; ESI-MBVg): 380 (M+H)".
EtOAc in hexanes) to afford 29.9 g 8b in 95% vyield as

pale yellow thick oil. Analytical RP HPLC: MeCN:0.1% aq 3-(Benzyloxy)-4-(chloromethyl)-5-{[(4-methoxybenzyl)-
acetic acid/50:50, 1.0 mL/min, 225 niR; 12.62 min, 99%; oxy]methyl}-2-methylpyridine (3a). A solution of SOC}

H NMR (CDCly): 8 7.94 (s, 1H), 7.23 (d, 2H]=8.7 Hz), (0.27 mL, 3.73 mmol, 1.77 equiv.) in benzene (10 mL) was
6.88 (d, 2H,J=8.7 Hz), 4.85 (s, 2H), 4.42 (s, 2H), 4.39 (s, added to a solution 010 (0.80 g, 2.11 mmol) in benzene
2H), 3.79 (s, 3H), 2.41 (s, 3H), 1.54 (s, 6H)C NMR (20mL) at OC dropwise over 20 min using syringe
(CDCly): 6 159.3, 148.1, 145.9, 139.7, 129.5, 128.2, pump. After addition was complete, the mixture was
126.3, 125.9, 113.8, 99.6, 71.7, 66.9, 58.6, 55.2, 24.7, 18.5;heated to reflux for 1 min in a pre-heated oil bath and cooled
ESI-MS 2): 330 (M+H)"; HRMS (FAB, nv2): calcd for immediately in an ice-bath. Solvent was removed on a

Ci17 H24NO, 330.1705 (M+H)™; observed, 330.1707. rotary evaporator to afford 0.90 g of chloriddaj as HCI
salt in 98% yield. Analytical RP HPLC: MeCN:0.1% aq.
General procedure for hydrolysis of acetonide: e.g. acetic acid/65:35, 1.0 mL/min, 225 nnRR: 13.25 min,
4-(hydroxymethyl)-5-{[(4-methoxybenzyl)oxy]methyl}- >99%; 'H NMR (CDCly): & 8.51 (s, 1H), 7.45-7.36 (m,
2-methyl-3-pyridinol (9) 5H), 7.26 (d, 2HJ=8.7 Hz), 6.91 (d, 2HJ=8.7 Hz), 5.10

(s, 2H), 4.69 (s, 2H), 4.64 (s, 2H), 4.60 (s, 2H), 3.83 (s, 3H),
PPTS (2.22 g, 8.81 mmol, 2 equiv.) was added to a solution 2.82 (s, 3H); ESI-MS{V2): 398 and 400 (M-H)".
of 8b(1.45 g, 4.41 mmol) in absolute ethanol (35 mL) under
nitrogen and refluxed for 20 h. The mixture was cooled to The HCI salt of3a (0.40 g, 0.92 mmol) was dissolved in
room temperature, quenched with NaHC@O0 g) and the CH,CI, (50 mL) and washed with saturated ag. NaHCO
solvent was removed on a rotary evaporator. The residue(30 mL). The organic layer was dried (p&0O,), concen-
was diluted with water (75 mL) and CHEL(75 mL). The trated on a rotary evaporator and purified by silica gel
aqueous layer was separated and extracted with €HCI column chromatography (40% EtOAc in hexanes) to afford
(75mL). The combined organic extracts were dried 0.32g of 3a in 87% yield. Analytical RP HPLC:
(Na,SQ,) and concentrated on a rotary evaporator. The resi- MeCN:0.1% ag. acetic acid/65:35, 1.0 mL/min, 225 nm,
due was triturated with ether (50 mL) and the precipitate R: 13.61 min,>99%; '*H NMR (CDCly): & 8.29 (s, 1H),
was filtered, washed with ether (50 mL) and dried to give 7.51-7.36 (m, 5H), 7.28 (d, 2HI=8.7 Hz), 6.90 (d, 2H,
0.78 g 0f9in 61% yield."H NMR (CD;OD): 6 7.78 (s, 1H), J=8.7 Hz), 4.98 (s, 2H), 4.73 gs, 2H), 4.65 (s, 2H), 4.51 (s,
7.25 (d, 2H,J=8.7 Hz), 6.88 (d, 2HJ=8.7 Hz), 4.89 (s, 2H), 3.81 (s, 3H), 2.57 (s, 3H}C NMR (CDCk): 6 159.3,
2H), 4.47 (s, 2H), 4.45 (s, 2H), 3.78 (s, 3H), 2.39 (s, 3H); 153, 7, 145.6, 138.2, 136.3, 130.7, 129.5, 128.7, 128.4,
ESI-MS: 290 (Mt+-H)™. 127.9, 113.8, 75.9, 72.3, 66.7, 55.2, 35.5, 19.8; ESI-MS
(mV2): 398 and 400 (M-H)™.
General procedure for preparation of benzyl ether: e.g.
(3-(benzyloxy)-5-{[(4-methoxybenzyl)oxy]methyl}-2- 5-(Benzyloxy)-4-(chloromethyl)-6-methyl-3-pyridinyl]-
methyl-4-pyridinyl)methanol (10) methanol (3b). The hydrochloride salt of3a (0.80 g,
1.847 mmol) in 0.5N HCI solution (30 mL) was heated to
NaOEt (21% solution in ethanol, 1.0mL, 3.1 mmol, reflux for 15 min (the heterogenous reaction mixture
1.1 equiv.) was added dropwise to a solution of benzyl- became clear in 5 min). The reaction was cooled to room
dimethylphenylammonium chloride (0.9 g, 4.23 mmol, temperature and concentrated to dryness under reduced
1.5 equiv.) in absolute ethanol (15 mL)-a¥8°C and stirred pressure. The residue was suspended in GHTI0 mL)
for 20 min. The mixture became heterogenous. It was thenand washed with saturated NaHEQ@75 mL). Organic
added via cannula to a solution®{0.815 g, 2.82 mmol) in  layer was dried (Ng50,), concentrated and purified on
absolute ethanol (15mL) at-78C. After stirring the silica gel column chromatography (75% EtOAc in hexanes)
reaction at-78°C for 15 min, the cooling bath was removed to afford 0.418 g oBb in 82% yield. Analytical RP HPLC:
and the reaction was allowed to reach room temperature.MeCN:0.1% ag. acetic acid/50:50, 1.0 mL/min at 225 nm,
Ethanol was removed in vacuo, and dry toluene (20 mL) R: 9.05 min, >99%; 'H NMR (CDCly): & 8.39 (s, 1H),
was added and then azeotroped to remove traces of ethanol?.52—-7.36 (m, 5H), 4.99 (s, 2H), 4.85 (d, 2B&:5.8 Hz),
Dry xylene (25mL) was added to the residue and the 4.77 (s, 2H), 2.58 (s, 3H):°C NMR (CDCk): & 153.3,
mixture was heated to reflux for 4 h. Xylene was removed 151.4, 144.5, 137.8, 136.2, 133.7, 128.7, 128.5, 127.9,
on a rotary evaporator in vacuo and the residue was par-76.0, 59.8, 35.3, 19.5; ESI-M&1(2): 278 and 280 (M-H) .
titioned between CHGI(100 mL) and sat. NkCI solution
(100 mL). The organic layer was separated, dried,8Ca) (5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-
and concentrated on a rotary evaporator. The crude[1,3]dioxino[4,5-c]pyridin-8-yl)methanol (11). m-CPBA
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(50-60%, 34.5 g, 99.96 mmol, 1.1 equiv.) was added to a organic layer was separated and the aqueous layer was

solution of the PMB-ether8p, 29.9 g, 90.88 mmol) in
CHCI; (750 mL) in five portions over a 5 min period at
room temperature. After stirring the mixture for 2 h, it
was quenched with saturated aqg.,8@; (500 mL). The

extracted with EtOAc (200 mL). The combined organic
extracts were washed with brine (150 mL), dried £{81&,)

and concentrated on a rotary evaporator to give 9.5 g of the
corresponding carboxylic acid in 83% yield.

organic layer was separated and washed with saturated ag.

NaHCG; (500 mL). Organic layer was dried (b&0O,) and

The crude acid (13.6 g, 37.88 mmol) was suspended in

concentrated on a rotary evaporator to give 31.0 g of the xylenes (350 mL) and heated to reflux. The mixture became

correspondindN-oxide in almost quantitative yield.

Trifluoroacetic anhydride (6.0 mL, 42.5 mmol, 0.51 equiv.)
was added to a solution of tidoxide (28.5 g, 82.6 mmol)
in CH,CIl, at ®C and stirred for 5min. An additional
amount of TFAA (15.3 mL, 108.6 mmol, 1.3 equiv.) was

clear in 5 min, and reflux was continued for an additional
20 min. The mixture was cooled to about’80and concen-
trated on a rotary evaporator. The resulting oily residue was
dissolved in CHJ (300 mL) and washed with ag. NaHGO
solution (200 mL), dried (N&0O,) and concentrated. The
crude product was purified by silica gel column chromato-

added, the cooling bath was removed and the mixture stirredgraphy (40% EtOAc in hexanes) to afford 9.7 dl&fin 81%
for 5h at room temperature. The mixture containing the yield. R: 0.65 (50% EtOAc in hexanes); Analytical RP

trifluoroacetate ofl1 was cooled with an ice-bath and dry

HPLC: MeCN:0.05% aq. trifluoroacetic acid/40:60,

MeOH (150 mL) was added. The mixture was concentrated 1.0 mL/min at 225 nm,R; 8.64 min, 99%:'H NMR
on a rotary evaporator and the resulting oily residue was (CDCl): 6 8.15 (s, 1H), 8.07 (s, 1H), 7.25 (d, 2H,

dissolved in CHQ (700 mL). The CH layer was washed
with saturated agq. NaHCOsolution (700 mL), dried

J=8.8 Hz), 6.89 (d, 2H,)=8.8 Hz), 4.86 (s, 2H), 4.45 (s,
2H), 4.42 (s, 2H), 3.81 (s, 3H), 1.54 (s, 3H{C NMR

(Na,SQ,) and concentrated on a rotary evaporator. The (CDCly): 6 159.4, 148.2, 141.1, 139.7, 129.5, 129.4,
crude compound was purified on silica gel column (60% 128.5, 127.0, 113.9, 99.8, 72.1, 66.9, 58.6, 55.2, 24.6;

EtOAc in hexanes) to afford 26.8 g @fl in 86% yield.R:
0.52 (60% EtOAc in hexanes); Analytical RP HPLC:

MeCN:0.1% aq. acetic acid/50:50, 1.0 mL/min at 225 nm,

R: 16.47 min, 99%H NMR (CDCly): & 8.02 (s, 1H), 7.24
(d, 2H, J=8.6 Hz), 6.89 (d, 2HJ=8.6 Hz), 4.87 (s, 2H),

4.69 (s, 2H), 4.44 (s, 2H), 4.42 gs, 2H), 4.26 (br s, 1H,

OH), 3.80 (s, 3H), 1.54 (s, 6H)**C NMR (CDCh): &

ESI-MS (W2): 316 (M+H)"; HRMS (FAB, m/z): calcd
for CigH2oNOy, 316.1549 (M-H)™; observed, 316.1549.

4-(Hydroxymethyl)-5-{[(4-methoxybenzyl)oxy]methyl}-
3-pyridinol (14). Hydrolysis of 13 (9.6 g, 30.476 mmol)
using PPTS (12.7 g, 50.49 mmol, 1.65 equiv.) in absolute
ethanol (170 mL) by following the procedure described

159.3, 147.5, 144.6, 138.9, 129.5, 129.3, 127.6, 126.4,for 9 gave 5.2 g ofl4in 62% vyield as a pale yellow solid.
113.8, 100.0, 71.9, 66.8, 59.5, 58.6, 55.2, 24.6; ESI-MS mp: 95-97C; R:: 0.27 (90% EtOAc in hexanes); Analytical

(m'2): 346 (M+H)"; HRMS (FAB, m/2): calcd for
CigH24NOs, 346.1658 (M-H)™; observed, 346.1645.

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-
[1,3]dioxino[4,5-c]pyridine-8-carbaldehyde (12). MnO,

RP HPLC: MeCN:0.1% ag. acetic acid/50:50, 1.0 mL/min
at 225 nmR;: 7.58 min, 97%;*H NMR (CDCly): 6 8.09 (s,
1H), 7.95 (s, 1H), 7.26 (d, 2HJ=8.5Hz), 6.89 (d, 2H,
J=8.5 Hz;, 4.85 (s, 2H), 4.49 (s, 2H), 4.47 (s, 2H), 3.80
(s, 3H); °C NMR (CDCl): & 159.4, 153.2, 140.7, 138.5,

(85%, 45.5 g, 444.6 mmol, 13.0 equiv.) was added to a solu- 133.6, 131.1, 129.6, 129.1, 113.9, 72.2, 67.4, 58.1, 55.2;

tion of 11 (11.8 g, 34.2 mmol) in CHGI(550 mL) at room

ESI-MS (W2): 276 (M+H)"; HRMS (FAB, m/z): calcd

temperature. The mixture was stirred for 21 h and filtered for C,sH,gNO,, 276.1236 (M-H)™; observed, 276.1237.

through Celite powder. The filtrate was concentrated on a

rotary evaporator to give 10.41 g of aldehyd&)(in 89%
yield. R 0.59 (50% EtOAc in hexanes); Analytical RP
HPLC: MeCN:0.1% agq. acetic acid/50:50, 1.0 mL/min at
225 nm,R;: 11.20 min, 99%;*H NMR (CDCly): § 10.32
(s, 1H), 8.27 (s, 1H), 7.26 (d, 2H=8.8 Hz), 6.89 (d, 2H,

J=8.8 Hz), 4.91 gs, 2H), 4.49 (s, 2H), 4.47 (s, 2H), 3.82 (s,

3H), 1.62 (s, 6H)*C NMR (CDCL): 8 189.3, 159.5, 151.1,

(3-(Benzyloxy)-5-{[(4-methoxybenzyl)oxy]methyl}-4-
pyridinyl)methanol (15). Reaction was carried out a4
(5.1 g, 18.54 mmol) and followed the procedure described
for 10to afford 2.0 g ofL5in 30% yield as pale yellow solid.
Mp: 75—-6C; R:: 0.49 (80% EtOAc in hexanes); Analytical
RP HPLC: MeCN:0.1% ag. acetic acid/50:50, 1.0 mL/min
at 225 nmR;: 12.29 min, 97%H NMR (CDCl): 6 8.33 (s,

141.3,139.5, 133.6, 129.6, 129.1, 128.9, 113.9, 100.9, 72.5,1H), 8.20 (s, 1H), 7.44-7.30 (m, 5H), 7.27 (d, 2H,

66.6, 58.6, 55.2, 24.7; ESI-M$1(2): 343 (M+H)"; HRMS
(FAB, mV2): calcd for GgH»NOs, 344.1498 (MrH)™;
observed, 344.1485.

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]-
dioxino[4,5-c]pyridine (13). Ag,O (14.7 g, 63.55 mmol,
2 equiv.) and aq. KOH (5.49, 95.33 mmol, 3.0 equiv.
dissolved in HO (275 mL)) were added sequentially to a
solution of aldehyde 12, 10.9 g, 31.77 mmol) in EtOH

(275 mL) at room temperature. The resulting heterogeneousoxy]methyl}pyridine (16).

mixture was stirred for 1 h, and filtered through Celite

J=8.8 Hz), 6.89 (d, 2HJ=8.8 Hz), 5.19 (s, 2H), 4.77 (s,
2H), 4.61 (s, 2H), 4.53 (s, 2H), 3.80 (s, 3H), 3.25 (bs, 1H);
13C NMR (CDCk): 6 159.5, 152.8, 143.8, 137.1, 135.9,
135.7, 132.2, 129.7, 128.9, 128.7, 128.3, 127.3, 113.9,
72.4, 71.2, 67.8, 55.8, 55.2; ESI-M8VE): 366 (M+H)":
HRMS (FAB, m/2): caled for G,H,NO, 366.1705
(M+H)"; observed 366.1721.

3-(Benzyloxy)-4-(chloromethyl)-5-{[(4-methoxybenzyl)-
Reaction of 15 (1.95g¢,
5.34 mmol) with SOC] (0.69 mL, 9.45 mmol, 1.77 equiv.)

powder. The filtrate was concentrated on a rotary evapora-in dry benzene (70 mL) was carried out by following the
tor, the residue was diluted with water (400 mL) and EtOAc procedure described f@a to afford 2.26 g ofl6 as a HCI
(800 mL), and the pH was adjusted to 4.5 with 6N HCI. The salt in 97% vyield. Mp: 124—&; Analytical RP HPLC:
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MeCN:0.1% ag. acetic acid/65:35, 1.0 mL/min at 225 nm,
R: 11.50 min,>99%:; 'H NMR (CDCly): 6 8.51 (s, 1H),
8.47, (s, 1H), 7.44-7.41 (m, 5 H), 7.27 (d, 28.6 Hz),
6.91 (d, 2H,J=8.6 Hz), 5.35 (s, 2H), 4.72 (s, 2H), 4.69 (s,
2H), 4.62 (s, 2H), 3.82 (s, 3H(},3C NMR (CDCk): 6 159.5,
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3,6-dimethoxy-2,5-dihydropyrazine (17a)Reaction of3a
(0.740 g, 1.864 mmol) usingBuLi (2.33 mL, 3.728 mmol,
2.0 equiv.) and9-(+)-4 (0.685 g, 3.728 mmol, 2.0 equiv.)
was carried out by following the procedure described for
(SR/IRR)-17d to afford 0.885 g of RSS9-17ain 84%

154.4,141.6, 138.1, 133.6, 133.4,129.7, 129.2,129.1, 128.3yield and 79:21 ratioR;: 0.42 (60% EtOAc in hexanes);
127.5, 124.9, 114.1, 73.3, 72.6, 64.9, 55.3, 33.2; ESI-MS Analytical RP HPLC: MeCN:0.1% ag. trifluoroacetic acid/

(m/2): 384, 386 (M-H)*; HRMS (FAB, m/2): calcd for
C,,H,3CINO;, 384.1366 (Ml‘ H)+, observed, 384.1371.

[5-(Benzyloxy)-4-(chloromethyl)-3-pyridinyllmethanol
(3d). The HCl salt of16 (2.24 g, 5.34 mmol) was suspended
in 0.5N HCI (60 mL) and followed the procedure described
for 3b to afford 0.873 g of3d in 61% yield. R;: 0.45
(EtOAc); Analytical RP HPLC: MeCN:0.1% aq. acetic
acid/50:50, 1.0 mL/min at 225 nniR;: 8.34 min, 95%;'H
NMR (CDCly): & 8.33 (s, 1H), 8.29 (s, 1H), 7.48-7.36 (m,
5H), 5.25 (s, 2H), 4.85 (s, 2H), 4.82 (s, 2H)iC NMR
(CDCl): 6 152.4, 142.7, 135.8, 135.0, 134.8, 132.9,
128.7, 128.3, 127.3, 71.1, 60.1, 34.8; ESI-M8Z): 264
(M+H)*; HRMS (FAB, m/2): calcd for G4H;sCINO,,
264.0791 (MrH)"; observed, 264.0787.

General procedure for alkylation of Schollkopf’'s reagent
(4) with chlorides (3a—e): e.g. (5-(benzyloxy)-4-{[@5R)/
(2R,5R)-5-isopropyl-3,6-dimethoxy-2,5-dihydro-2-
pyrazinyllmethyl}-3-pyridinyl) methanol (17d)

n-BuLi (2.5 M solution in hexanes, 2.08 mL, 5.19 mmaol,
3.0 equiv.) was added dropwise to a solution Rf-(—)-4
(0.956 g, 5.19 mmol, 3.0 equiv.) in THF (16 mL) a78C
under nitrogen. The resulting pale yellow solution was stir-
red for 25 min. A solution of3d (0.455 g, 1.73 mmol) in
THF (16 mL) was added dropwise via a double ended

50:50, 2.0 mL/min at 225 nnR;: 6.49 min, 96%:H NMR
(CDCly): 6 8.25 and 8.24 (two s, 1H), 7.53-7.49 (m, 2H),
7.44-7.26 (m, 5H), 6.90-6.86 (m, 2H), 4.91-4.80 (m, 2H),
4.70-4.10 (m, 5H), 3.81 and 3.80 (two s, 3H), 3.80-3.78
(m, 1H), 3.65 and 3.61 (two s, 3H), 3.49 and 3.46 (two s,
3H), 3.41-3.45 (m, 1H), 2.86—-2.66 (m, 1H), 2.56 (s, 3H),
2.20-2.10 (m, 1H), 1.04 (dJ=6.9Hz) and 0.98 (d,
J=6.9 Hz, 3H), 0.71 (dJ=6.9 Hz) and 0.60 (dJ=6.9 Hz,
3H); ESI-MS @W2): 546 (M+H)"; HRMS (FAB,m/2): calcd

for CaoHagN3;05 546.2968 (M-H)™; observed, 546.2978.

(—)-(5-(Benzyloxy)-4-{[(Z5,5R)-5-isopropyl-3,6-dimethoxy-
2,5-dihydro-2-pyrazinylJmethyl}-6-methyl-3-pyridinyl)-
methanol (17b).Reaction of3b (0.72 g, 2.6 mmol) using
n-BuLi (4.88 mL, 7.8 mmol, 3.0 equiv.) andRJ-(—)-4
(1.435 g, 7.8 mmol, 3.0 equiv.) was carried out by following
the procedure described f&8R/R,R)-17dto afford 0.710 g

of (SR)-(—)-17b in 65% yield and>98% de.R;: 0.27
(3% MeOH in EtOAc);'H NMR (CDCly): 6 8.28 (s, 1H),
7.55-7.36 (m, 5H), 5.25-5.09 (m, 1H), 4.94—-4.86 (m, 2H),
4.74-4.44 (m, 2H), 4.20—4.10 (m, 1H), 3.95-3.92 (m, 1H),
3.77-3.71 (m, 1H), 3.62 (s, 3H), 3.60 (s, 3H), 2.77-2.69 (m,
1H), 2.57 (s, 3H), 2.20-2.10 (m, 1H), 0.95 (d, 3H,
J=6.6 Hz), 0.70 (d, 3H,J=6.9 Hz); ESI-MS (W2): 426
(M+H)", 448 (M+Na)".

(5-(Benzyloxy)-4-{[(2S,5R/(2R,5R)-5-isopropyl-3,6-

needle over a 5 min period. The mixture was then stirred dimethoxy-2,5-dihydro-2-pyrazinylJmethyl}-6-methyl-

for 5h and quenched with saturated aq. /&Hsolution
(10 mL) at —78C. The mixture was allowed to warm to
room temperature and diluted with EtOAc (75 mL) angDH

3-pyridinyl)methyl acetate (17c).Reaction of3c (0.028 g,
0.088 mmol) usingn-BuLi (0.11 mL, 0.176 mmol, 2.0
equiv.) and §-(+)-4 (0.032 g, 0.176 mmol, 2.0 equiv.)

(50 mL). The aqueous layer was separated and extractedvas carried out by following the procedure described for

with EtOAc (50 mL). The combined organic layers were
dried (NaSQ,) and concentrated on a rotary evaporator.
The crude compound was purified by silica gel column
chromatography (15% EtOAc in hexanes to 3% MeOH in
EtOAC) to afford 0.492 g of $R/RR)-17d in 69% vyield
(colorless solid) as a mixture diastereomers [ratio:
(SRRR)/69:31]. R:: 0.18 (EtOACc); Analytical RP HPLC:
MeCN:0.1% aq. acetic acid/50:50, 1.0 mL/min at 225 nm,
R:: 20.03 min, 31% [R,R)-17d] and 21.78 min, 69% R R)-
17d); *H NMR (CDCly): & 8.37 (s, 31/100 H), 8.32 (s, 69/
100 H), 7.45-7.36 (m, 5H), 5.28-5.16 (m, 2H), 4.78—-4.69
(m, 1H), 4.23-4.15 (m, 1H), 3.97 (dd, 69/100 B4.4,
3.6 Hz), 3.90-3.81 (m, 1 H31/100 H), 3.66 (s, 69/100, 3
H), 3.61 (s, 3H), 3.60 (s, 31/100, 3H), 2.81-2.69 (m, 1H),
2.32-2.21 (m, 31/100 H), 2.16—-2.06 (m, 69/100 H), 1.08 (d,
31/100, 3H,J=6.86 Hz), 0.97 (d, 69/100, 3H=6.86 Hz),
0.75 (d, 31/100, 3HJ=6.86 Hz), 0.71 (d, 69/100, 3H,
J=6.86 Hz); ESI-MS (V2): 412 (M+H)": HRMS (FAB,
m/2): calcd for GsHaoN;O, 412.2236 (Mr-H)*; observed,
412.2224. 0.501 g ofR)-(—)-4 was recovered in 68% yield
with no loss of optical purity.

(2R,59)/(2S,59)-2-[(3-(Benzyloxy)-5-{[(4-methoxybenzyl)-
oxy]methyl}-2-methyl-4-pyridinyl)methyl]-5-isopropyl-

(SR/RR)-17d to afford 0.018 g of RSYS9-17c in 44%
yield and 88:12 ratioR;: 0.47 (60% EtOAc in hexanes);
Analytical RP HPLC: MeCN:0.1% agq. formic acid/50:50,
2.0 mL/min at 225nm,R: 5.37 min, 96%;H NMR
(CDCly): 6 8.23 (s, 1H), 7.55-7.36 (m, 5H), 5.30-5.14
(m, 2H), 4.93-4.83 (m, 2H), 4.30-4.20 (m, 1H), 3.90-
3.80 (m, 1H), 3.65 and 3.62 (two s, 3H), 3.54 and 3.53
(two s, 3H), 3.50-3.40 (m, 1H), 2.80-2.68 (m, 1H), 2.57
(s, 3H), 2.20-2.10 (m, 1H), 2.08 and 2.07 (two s, 3H), 1.03
and 0.95 (two d, 3H)=6.6 and 6.9 Hz), 0.70 and 0.63 (two
d, 3H,J=6.6, 6.9 Hz); ESI-MSIfV2): 467 (M+H)"; HRMS
(FAB, mV2): calcd for GgHaN;Os 468.2498 (MrH)™;
observed, 468.2494.

(—)-2-(Trimethylsilyl)ethyl-3-(3-(benzyloxy)-5-(hydroxy-
methyl)-4-{[(2S,5R)-5-isopropyl-3,6-dimethoxy-2,5-dihy-
dro-2-pyrazinyllmethyl}-2-pyridinyl)propanoate (17e).
The reaction of3e (2.42 g, 5.56 mmol) usingR)-(—)-4
(3.07 g, 16.69 mmol, 3.0 equiv.) and following the pro-
cedure described forS[R)/R,R)-17d afforded 0.492 g of
(SR%-(—)-l?e in 69% vyield as a syrup and-98% de.
[¢]3’=—35.1 € 0.695, CHC}); 'H NMR (CDCly): & 8.29
(s, 1H), 7.53—7.38 (m, 5H), 4.71 (d, 1B=11.8 Hz), 4.49—
4.45 (m, 1H), 4.20-4.14 (m, 2H), 3.93 (t, 1B&3.6 Hz),
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3.79-3.48 (m, 2H), 3.60 (s, 6H), 3.19 (t, 2B7.4 Hz), 3H), 3.52 (s, 36/100, 3H), 3.48 (s, 64/100, 3H), 3.43 (dd, 64/
2.95-2.71 (m, 3H), 2,17-2.14 (m, 1H), 1.02-0.95 (m, 5H), 100 H,J=13.2, 5.2 Hz), 3.16—3.11 (m, 36/100 H), 2.95-79
0.69 (d, 3H,J=6.8 Hz);*C NMR (CDCL): 6 173.4, 166.7, (m, 1H), 2.28-2.17 (m, 1H), 1.02 (d, 3 B&=6.9 Hz), 0.66—
162.8, 153.9, 151.9, 145.4, 140.6, 136.6, 134.9, 128.4,0.63 (m, 3H); ESI-MS1fV2): 493 (M+H)*; HRMS (FAB,
128.1, 127.8, 75.2, 62.4, 61.9, 60.3, 55.1, 53.3, 52.8, 32.3,m/2): calcd for G;H33N,Os, 493.2445 (M-H)*; observed,
32.0, 31.0, 26.9, 19.1, 17.4, 17:21.5; ESI-MS (W2): 584 493.2453.
(M+H)*; HRMS (FAB, m/2): calcd for GH.gN3OgSi,
584.3156 (M+H)"; observed 584.3182. tert-Butyl-(4S)-4-[(E: Z)-2-(5-(benzyloxy)-4-{(%5)-2-
[bis(tert-butoxycarbonyl)amino]-3-methoxy-3-oxopro-
(+)-5-(Benzyloxy)-4-{[(2S,5R)-5-isopropyl-3,6-dimethoxy- pyl}-3-pyridinyl)ethenyl]-2-oxo0-1,3-oxazolidine-3-
2,5-dihydro-2-pyrazinyllmethyl}nicotinaldehyde (18).MnO, carboxylate (20).0.5N HCI (9.0 mL) was added to a solu-
(85%, 1.6 g, 15.81 mmol, 13.0 equiv.) was added to a tion of olefin (19 1.0 g, 2.03 mmol) in CKCN (45 mL) at
solution of alcohol §R/R,R)-17d, (0.50 g, 1.21 mmol) in room temperature and stirred for 45 min. The mixture was
CHCI; (50 mL) at room temperature and stirred for 20 h. concentrated and the residue was diluted with EtOAc
The mixture was filtered through Celite powder and the (75 mL) and saturated aq. NaHgGolution (75 mL).
filtrate was concentrated on a rotary evaporator. Purification Organic layer was separated and the aqueous layer was
of the crude product by silica gel column chromatography extracted with EtOAc (875 mL). The combined organic
(40% EtOAc in hexane) afforded 0.26 g 0§R)-(+)- layers were dried (N&Q,), and concentrated on rotary
aldehyde 18) in 52% yield (major isomer) and-98% de. evaporator to give 0.885 g of the crude residue which was
R: 0.66 (70% EtOAc in hexanes); Analytical RP dissolved in CHCN (10 mL) under nitrogen. To this
HPLC:MeCN:.05% ag. trifluoroacetic acid/45:55, 1.0 mL/ mixture, EgN (0.93 mL, 6.68 mmol, 3.0 equiv.), (Bog)
min at 225 nm,R;: 5.88 min, 99%; §]&=+2.9 (c, 0.975, (3.06 mL, 13.37 mmol, 6.0 equiv.) and DMAP (0.055 g,
CHCL); *H NMR (CDCly): 6 10.37 (s, 1H), 8.73 (s, 1H),  0.445 mmol, 0.2 equiv.) were added at room temperature.
8.48 (s, 1H), 7.51-7.37 (m, 5H), 5.35-5.26 (m, 2H), 4.22— After stirring the mixture for 6 h, it was concentrated on a
4.16 (m, 1H), 3.88 (t, 1H)=3.5 Hz), 3.83 (dd, 1H)=12.6, rotary evaporator and the crude product was purified by
4.2 Hz), 3.70 (s, 3H), 3.49 (s, 3H), 3.25 (dd, 1H512.6, silica gel column chromatography (75% EtOAc in hexanes)
10.0 Hz), 2.24-2.15 (m, 1H), 0.99 (d, 3H=6.8 Hz), to afford 0.7 g 0f20in 50% vyield for two stepsH:Z2/64:36
0.65 (d, 3H,J=6.8 Hz); **C NMR (CDCkL): & 164.5, ratio). Ry: 0.73 (EtOAc); Analytical RP HPLC: MeCN:0.1%
162.8, 153.0, 143.5, 138.7, 137.7, 135.9, 130.6, 128.6,aq. acetic acid/55:45, 1.0 mL/min, 225 niR; 23.9 min,
128.1, 126.8, 70.8, 60.9, 54.7, 52.6, 52.5, 31.8, 28.5, 19.0,99%; *H NMR (CDCly): 6 8.23 (s, 64/100 H), 8.21 (s, 36/
16.7; ESI-MS (W2): 410 (M+H)*; HRMS (FAB, m/2): 100 H), 8.15 (s, 64/100 H), 8.06 (s, 36/100 H), 7.47-7.32
calcd for GgHogN3O, 410.2080 (MrH)*; observed, (m, 5H), 6.84 (d, 64/100 H}=15.8 Hz), 6.63 (s, 36/100 H,

410.2083. J=11.7 Hz), 6.09 (dd, 64/100 H=15.8, 7.9 Hz), 5.85 (dd,
36/100 H,J=11.6, 9.3 Hz), 5.44-5.40 (m, 36/100 H), 5.29

(49)-4-[(E:2)-2-(5-(Benzyloxy)-4-{[(Z5,5R)-5-isopropyl- (dd, 64/100 H,J=8.4, 5.9 Hz), 5.22-5.19 (m, 2H), 5.00—

3,6-dimethoxy-2,5-dihydro-2-pyrazinylJmethyl}-3-pyri- 4.92 (m, 36/100 H), 4.91-4.82 (m, 64/100 H), 4.51-4.40

dinyl)ethenyl]-1,3-oxazolidin-2-one (19).n-BuLi (1.6 M (m, 1 H), 4.17-4.08 (m, 1H), 3.73 (s, 3H), 3.62-3.49 (m,
solution in hexanes, 1.18 mL, 1.87 mmol, 3.0 equiv.) was 2H), 1.51 (s, 64/100, 9H), 1.46 (s, 36/100, 9H), 1.33 (s,
added dropwise to R)-(—)-5 (0.45g, 0.935mmol, 18H); ESI-MS (W2): 698 (M+H)"; HRMS (FAB, m/2):

1.5 equiv.) suspended in THF (9.0 mL) at78C under calcd for GgHagN3Oy;, 698.3283 (M+-H)™; observed,
nitrogen. The resulting pale yellow solution was stirred 698.3275.

for 15 min. A solution of §R)-(+)-aldehyde {8, 0.255 g,

0.623 mmol) in THF (9.0 mL) was added dropwise via a Methyl-(29)-3-(3-(benzyloxy)-5-{E:Z,35)-3-[(tert-butoxy-
double ended needle to the above ylide solution over carbonyl)amino]-4-hydroxy-1-butenyl}-4-pyridinyl)-2-

5 min. The mixture was then stirred for 4 h and quenched [bis(tert}-butoxycarbonyl)amino]propanoate (21).Cesium
with saturated aq. NkCI solution (10 mL) at—78C. The carbonate (0.083 g, 0.25 mmol, 0.25 equiv.) was added to a
mixture was allowed to warm to room temperature and solution of 20 (0.70 g, 1.00 mmol.) in MeOH (35 mL) at
diluted with H,O (20 mL) and EtOAc (50 mL). Organic room temperature. After stirring the mixture for 2.5 h, it
layer was separated and the aqueous layer was extracteevas concentrated on a rotary evaporator. The residue was
with EtOAc (50 mL). The combined organic extracts were dissolved in CHG (200 mL), washed with water (100 mL),
dried (NaSQ,) and concentrated on a rotary evaporator. dried (NgS0O;) and concentrated on a rotary evaporator.
Purification of the crude product by silica gel column chro- The crude product was purified by silica gel column chro-
matography (5% MeOH in EtOAc) afforded 0.22 g of olefin matography (EtOAc) to give 0.53 g @fL in 78% yield.R::

(19) in 71% yield as a mixture dE:Zisomers (ratio: 64:36).  0.21 (80% EtOAc in hexanes); Analytical RP HPLC:
Ri: 0.29 (3% MeOH in EtOAc)H NMR (CDCL): & 8.33 MeCN:0.05% agq. trifluoroacetic acid/50:50, 1.0 mL/min,
(s, 64/100 H), 8.26 (s, 36/100 H), 8.23 (s, 64/100 H), 7.86 (s, 225 nm, R: 13.93 min, 24% Z-isomer) and 14.75 min,
36/100 H), 7.48-7.34 (m, 5H), 6.92 (d, 64/100 H, 76% E-isomer);*H NMR (CDCly): & 8.27 (s, 64/100 H),
J=15.9 Hz), 6.86 (d, 36/100 HI=11.5 Hz), 6.10 (dd, 64/ 8.16 (br s, 63/100 H and 1 H), 7.46—7.28 (m, 5 H), 6.67 (d,
100 H, J=15.8, 7.4 Hz), 5.87 (dd, 36/100 H]=11.5, 64/100 H,J=15.9 Hz), 6.51 (d, 36/100 HI=11.5 Hz), 6.05
8.9 Hz), 5.66 (br s, 36/100 H), 5.53 (br s, 64/100 H), (dd, 64/100 HJ=15.9, 5.1 Hz), 5.81-5.68 (m, 36/100 H),
5.23-5.14 (m, 2H), 4.66—4.53 (m, 2 H), 4.45-4.37 (m, 5.40-5.10 (m, 4H), 4.42—-4.24 (m, 1H), 3.79-3.62 (m, 5H),
36/100 H), 4.32—4.24 (m, 64/100 H), 4.21-4.14 (m, 1H), 3.59-3.29 (m, 2H), 1.45 (s, 64/100, 9H), 1.41 (s, 36/100,
3.89-3.83 (m, 1H), 3.67 (s, 64/100, 3H), 3.62 (s, 36/100, 9H), 1.34 (s, 36/100, 18H), 1.32 (64/100, 18H); ESI-MS
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(m2): 672 (M+H)"; HRMS (FAB, mV2): calcd for
CasHsoN3040, 672.3491 (M-H)"; observed, 672.3487.

(—)-Methyl-(2S)-2-[bis(tert-butoxycarbonyl)amino]-3-
(3-{(39)-3-[(tert-butoxycarbonyl)amino]-4-hydroxybutyl}-
5-hydroxy-4-pyridinyl)propanoate (22). 2N HCI solution
(0.225 mL, 0.453 mmol, 1.05 equiv.) was added dropwise
to a stirred solution o1 (0.29 g, 0.43 mmol) in MeOH
(20 mL) over 5 min. After the addition was complete, the
mixture was concentrated on rotary evaporator to dryness.
The residue was dissolved in MeOH (20 mL) and hydroge-
nated in presence of 10%Pd/C (50% wet with water,
0.060 g, 10% wt/wt) at 20 psi for 4 h. The reaction was
filtered through Celite and filtrate was concentrated. The
residue was dissolved in CH{K100 mL) and washed
with saturated ag. NaHGQOsolution (50 mL). Organic
layer was dried (N£50Qy), concentrated on a rotary evapora-
tor. The crude product was purified by silica gel column
chromatography (10% MeOH in EtOAc) to afford 0.21 g
of (—)-22 in 83% yield as a white solid. Mp: 103-@;

R: 0.15 (5% MeOH in EtOAc); Analytical RP HPLC:
MeCN:0.05% ag. trifluoroacetic acid/40:60, 1.0 mL/min,
225nm, R: 10.17 min, 93%:; §]3=-63.8 € 0.48,
CHCL); *H NMR (CDCly): & 8.03 (s, 1H), 7.95 (s, 1H),
5.26 (dd, 1H,J=9.4, 4.8 Hz), 4.97 (br d, 1H), 3.77 (s,
3H), 3.74-3.60 (m, 3H), 3.49 (dd, 1H=14.0, 4.8 Hz),
3.36 (dd, 1H,J=14.0, 9.4 Hz), 2.69 (t, 2HJ)=7.9 Hz),
1.90-1.69 (m, 2H),1.44 (s, 9H), 1.36 (s, 18H); ESI-MS:
m'z 584 (M+H)"; HRMS (FAB, mv2): calcd for
CogHagN3010, 584.3183 (M-H)™; observed, 584.3193.

(—)-Methyl-(2S)-2-[(tert-butoxycarbonyl)amino]-3-(3-
{(39)-3-[(tert-butoxycarbonyl)amino]-4-hydroxybutyl}-
5-hydroxy-4-pyridinyl)propanoate (23). TFA (0.08 mL,
1.038 mmol, 3.5 equiv.) was added to a solution 6j-2
(0.173 g, 0.296 mmol) in C¥€I, (12 mL) at room tempera-
ture. After stirring the mixture for 26 h, it was concentrated
on a rotary evaporator and the residue was dissolved in
MeOH (20 mL). The mixture was then stirred for 6 h at
room temperature. It was then concentrated on a rotary
evaporator and crude product was purified on preparative
RP HPLC (MeCN:0.1% agq. trifluoroacetic acid/35:65,
45.0 mL/min at 225 nm). The product was lyophilized to
afford 0.122 g of )-23 as its TFA salt in 69% yield as
white powder. Analytical RP HPLC: MeCN:0.1% ag.
trifluoroacetic acid/35:65, 2.0 mL/min at 225 nnR:

4.0 min, 99%; §]3=-25.2 € 0.42, MeOH);'H NMR
(CDCly): 6 8.66 (s, 1H), 7.96 (s, 1H), 5.66 (br d, 1H,
J=7.3Hz), 5.35 (br d, 1HJ=7.69 Hz), 4.55-4.38 (m,
1H), 3.70 (br s, 6H), 3.38-3.24 (m, 2H), 2.89-2.82 (m,
2H), 1.88-1.79 (m, 2H), 1.44 (s, 9H), 1.39 (s, 9Hic
NMR (CDCly): 6 170.9, 156.6, 156.2, 155.5, 142.2, 141.6,
131.3, 125.9, 80.7, 79.8, 64.1, 52.8, 52.7, 51.9, 32.2, 29.6,
28.3, 28.2, 26.9; ESI-MSn{2): 484 (M+H)"; HRMS
(FAB, m/2): calcd for GsHs/N3Og, 484.2659 (MrH)™;
observed, 484.2681.

tert-Butyl-(4S)-4-[(E: Z2)-2-(5-(benzyloxy)-4-{(5)-2-
[(tert-butoxycarbonyl)amino]-3-methoxy-3-oxopropyl}-
3-pyridinyl)ethenyl]-2-oxo-1,3-o0xazolidine-3-carboxy-
late (24).0.5 N HClI solution (7 mL) was added to a solution
of 19 (0.76 g, 1.54 mmol) in CECN (34 mL) at room
temperature and stirred for 45 min. The mixture was
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concentrated on a rotary evaporator and dried under vacuum
to give a residue (0.90 g) which was dissolved in dry
CH:CN (20mL). To this mixture EN (1.60 mL,
11.54 mmol, 6.0 equiv.), (Bog) (2.65 mL, 11.54 mmol,
6.0 equiv.) and DMAP (0.07 g, 0.576 mmol, 0.3 equiv.)
were added sequentially at room temperature. The mixture
was stirred for 52 h, concentrated and purified by silica gel
column chromatography (EtOAc) to afford 0.42 g &9)-

24 in 46% vyield for two steps. Analytical RP HPLC:
MeCN:0.1% ag. acetic acid/50:50, 2.0 mL/min, 225 nm,
R: 4.77 min, 99%;'H NMR (CDCly): & 8.25 (br s, 1H),
7.51-7.36 (m, 5H), 7.01-6.92 (m, 1H), 6.06 (dd, 1H,
J=15.4 and 8.5 Hz), 5.48 (br d, 1H=9.3 Hz), 5.30-5.19
(m, 2H), 4.98-4.90 (m, 1H), 4.58-5.52 (m, 2H), 4.22 (dd,
1H, J=9.3 and 4.7 Hz), 3.69 (br s, 3H), 3.31 (dd, 1H,
J=12.9 and 4.9 Hz), 2,98 (dd, 1 H=13.2 and 10.7 Hz),
1.55 (s, 9H), 1.28 (s, 9H); ESI-MS3n(2): 598 (M+H)™.

(—)-Methyl-(2S)-2-[(tert-butoxycarbonyl)amino]-3-(3-
{(39)-3-[(tert-butoxycarbonyl)amino]-4-hydroxybutyl}-
5-hydroxy-4-pyridinyl)propanoate (23). Lithium carbon-

ate (0.010g, 0.14 mmol, 0.20 equiv.) was added to a
solution of §9-24 (0.42g, 0.703 mmol) in MeOH
(10 mL) at room temperature. After stirring the mixture
for 17 h, it was concentrated on a rotary evaporator and
dissolved in CHG (200 mL). The solution was washed
with water (100 mL), dried (N&0O,) and concentrated on
arotary evaporator. The crude product was purified by silica
gel column chromatography (EtOAc) to afford 0.295¢g
(74%) which was (0.28 g, 0.49 mmol) was dissolved in
MeOH (20 mL) and 2N HCI solution (0.25 mL, 0.514
mmol, 1.05equiv.) was added with stirring. After the
addition was complete (5 min), the mixture was concen-
trated on rotary evaporator to dryness. The residue was
dissolved in MeOH (20 mL) and hydrogenated over 10%
Pd/C (50% wet with water, 0.056 g) at 20 psi for 3 h. The
mixture was filtered through celite powder and the filtrate
was concentrated. The residue was purified by preparative
RP HPLC (MeCN:0.1% ag. trifluoroacetic acid/28:72,
45 mL/min at 225 nm) and lyophilized to afford 0.155 g
of (§9-(—)-23 in 53% vyield. Analytical RP HPLC:
MeCN:0.05% aq. TFA/30:70, 2.0 mL/min, 225 nnR:
4.84 min, 99% and was identical to the compound prepared
above.

Bis-Mosher ester (25). EzN (0.032 mL, 0.226 mmol,
5.0 equiv.) and R)-(—)-a-methoxy-g-trifluoromethyl
phenylacetyl chloride (0.025 mL, 0.135 mmol, 3.0 equiv.)
were added sequentially to 4@ solution of §9-(—)-24
(0.027 g, 0.045 mmol) in CKCl, (4 mL) under nitrogen.
After stirring the mixture for 5 h, it was quenched with
water (10 mL) and stirred for 10 min. The mixture was
diluted with CHCI, (20 mL) and separated the organic
layer. It was dried (Ng50,) and concentrated on a rotary
evaporator. The crude product was purified by silica gel
column chromatography (40% EtOAc in hexane) to afford
0.034 g of bis-MTP ester2b) in 68% yield and>95% ee.
Analytical RP HPLC: MeCN:0.05% agq. trifluoroacetic acid/
65:35, 2.0 mL/min, 225 nmR;: 5.78 min, 96%;'H NMR
(CDCly): 6 8.27 (s, 1H), 7.65-7.39 (m, 10H), 4.98 (br d,
1H,J=8.2 Hz), 4.46—4.23 (m, 3H), 4.05-3.93 (m, 1H), 3.71
(s, 3H), 3.65 (br s, 1H), 3.56 (s, 3H), 3.53 (s, 3H), 2.88-2.70
(m, 3H), 2.64-2.55 (m, 1H), 1.83-1.71 (m, 2H), 1.45 (s,
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9H), 1.33 (s, 9H);**F NMR (CDCk+a,o,a-trifluoroto-
luene): § —8.01, —8.77; ESI-MS (W2): 916 (M+H)",
1832 (XM +H)".

(+)-Methyl-(2S)-2-[(tert-butoxycarbonyl)amino]-4-(4-
{(29)-2-[(tert-butoxycarbonyl)amino]-3-methoxy-3-0xo-
propyl}-5-hydroxy-3-pyridinyl)butanoate (26). Jones’
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evaporator to dryness. A mixture of TFA (4.75 mL) and
water (0.25 mL) was added to the above residue at room
temperature and stirred for 1 h. The solvent was removed to
dryness and the crude product was purified by preparative
RP HPLC: (MeCN:0.1% ag. trifluoroacetic acid/2:98,
25.0 mL/min at 225 nm). Lyophilization of the product
afforded 0.0237 g of {)-Dpd-TFA (2) salt in 84% yield.

reagent (0.30 mL, 0.422 mmol, 4.0 equiv.) was added to a Analytical RP HPLC: MeCN:0.1% ag. trifluoroacetic acid/

solution of (+)-23(0.063 g, 0.11 mmol) in acetone (10 mL)
at room temperature. After stirring the mixture for 40 min,
the reaction was quenched with 5% aq.,8@; solution

(2 mL). The mixture was diluted with MeOH (20 mL) and

filtered through the Celite powder. The filtrate was concen-

2:98, 1.0 mL/min, 225 nnR;: 4.06 min, 99%; §]3°*=+36.2

(c 0.54, MeOH), Lit% [a]3=+31.6 € 0.25, MeOH);'H
NMR (D,0): 6 8.13 (s, 1H), 8.05 (s, 1H), 4.39-4.28 (m,
2H), 4.06—3.97 (m, 1H), 3.77-3.28 (m, 1H), 3.26-3.17 (m,
1H), 3.28-3.15 (m, 2H), 2.90—2.64 (m, 2H), 2.09-1.71 (m,

trated on a rotary evaporator and the residue diluted with 6H), 1.38—1.16 (m, 2H)}*C NMR (D,0+5 pL MeOH): &

EtOAc (50 mL) and HO (10 mL). The pH was adjusted to

173.2,172.9,172.4,156.0, 141.6, 141.5, 136.4, 129.4, 61.7,

4.8 using phosphate buffer (pH 4.0). The organic layer was 53.7, 53.6, 52.5, 30.7, 30.4, 29.9, 28.1, 26.1, 21.6; ESI-MS
separated and the aqueous layer was extracted with EtOAdV2): 413 (M)"; HRMS (FAB,V2): calcd for GgH,gN4O5,
(20 mL). The combined organic extracts were washed with 413.2036 (M) ; observed, 413.2050.

brine (20 mL), dried (Ng50;) and concentrated on a rotary

evaporator. The residue was dissolved in MeOH-benzene

(10 mL, 1:5 ratio) and a solution of TMSGN, (2.0 M
solution in hexanes, 0.25 mL, 0.5 mmol, 4.5 equiv.) was
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