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In work directed toward a total synthesis of the marine alkaloid sarait) Atfe advanced intermediate

54, containing all the key elements and the seven stereogenic centers of sarain A, has been successfully
synthesized from bicyclic lactard, previously prepared via an intramolecular stereospecifict-[3
2]-azomethine ylide dipolar cycloaddition. Intermediate lactaoould be efficiently converted td-Boc
derivativel2. Introduction of a two-carbon fragment into lactdwhich eventually becomes the C&

syn diol of the “eastern” ring was then achieved by C-acylation of the corresponding enolate with
methoxyacetyl chloride followed by a highly stereoselective ketone reduction with ZyBHafford
alcohol16. Intermediatel6 has the incorrect C-¥elative stereochemistry for sarain A, but this problem

was conveniently remedied by inverting the Ce@nter via an intramolecular Ohfune-type cyclization of

the silyl carbamate derived from Boc mesyl@féto produce the key cyclic carbame8. It was then
possible to convert acetaBto allylsilane32 followed by cyclization to the alkaloid tricyclic coig3 via

an allylsilanelN-sulfonyliminium ion cyclization. Formation of the “western” macrocyclic ring has been
successfully addressed using functional group handles ataB@eBN-1 on the tricyclic core via a ring-
closing olefin metathesis (RCM) strategy with the second-generation Grubbs ruthenium catalyst to produce
intermediate macrolacta#v. A chelation-controlled addition of ethynylmagnesium bromide to advanced
aldehydebl afforded a single diastereomeric add&8twhich is tentatively assigned to have the correct
C-7,8 syndiol stereochemistry. This adduct could be rearranged to the conveniently protected amino
carbonateb4 which is set up for construction of the remainder of the eastern ring of sarain A.

Introduction and Background

Marine sponges produce a fascinating series of complex
polycyclic alkaloids which are believed to have a common
biogenesis from simple bispyridine macrocycleghis family
of alkaloids has been the subject of a considerable amount of
innovative synthetic work during the past several years, and 1 sarain A

. . Lo 2sarainB (n=1)
we have reviewed the progress in this figlthcluded among 3sarainC (n=2)

these marine alkaloids are sarain A),(B (2), and C 8),
produced by the spondReniera saraf The structures of these  a combination of spectral analysis and X-ray crystallography.
three alkaloids were elucidated by Cimino and co-workers using || three sarains contain a pentacyclic structural array with a

tightly fused tricyclic core annulated to two large rings, along
(1) Matzanke, N.; Gregg, R. J.; Weinreb, S. ®kg. Prep. Proced. Int. with seven stereogenic centers. Another unique feature of these

1998 30, 1, and references cited therein. See also: Magnier, E.; Langlois, marine metabolites is a zwitterionic tertiary amirsddehyde

Iéggtrrazle.déﬂ?gtggﬁ -Séa?ezg&-'olzlggl?erm ?S!f'&iggagﬁgeg.p[r)%’?sosgljéée' interaction enforced by the rigidity of the core system, which

Am. Chem. Sod 998 120, 8026. puts these functional groups in close proxindity.
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Tetracyclic Intermediate for Synthesis of Sarain A

Our interest in the synthesis of this group of natural products
was spurred by the fact that the sarain alkaloids have an

unprecedented molecular architecture along with modest insec-

ticidal, antibacterial, and antitumor activity We have previ-
ously described a synthetic strategy for construction of the
tricyclic core in which the pivotal steps are an intramolecular
1,3-dipolar azomethine ylide/olefin cycloaddition, followed by
an allylsilaneiN-sulfonyliminium ion cyclizatiorf. We have also
solved the problem of constructing the western 13-membered
macrocyclic ring of these exceptionally challenging molecules
by making use of an olefin ring-closing metathesis stratégy.
Shortly after our inital publication appearéteathcock et al.

described some preliminary results based on an azomethine ylides

cycloaddition similar to that which we had successfully executed
for the synthesis of the tricyclic nucleus found 1r-3.5 In

addition, the Heathcock group has reported some model studies
directed toward elaboration of the 14-membered eastern mac-

rocyclic ring of the sarain® More recently, the Overm&group

has devised a novel approach for the enantioselective synthesis

of the sarain core. Moreover, Chaas published a nice strategy
for construction of the tricyclic core of the sarains via a key
3-oxidopyridinium betaine/cyclopentadiene cycloaddition. In

2005, biogenetically patterned studies leading to the sarain core

were reported by Marazano and co-work&iBespite all the
work in this area, no complete total synthesis of any of these

molecules has yet been accomplished. In this paper, we outline
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TABLE 1. Hydride Reductions of g-Ketolactam 6

the successful application of our synthetic strategy to an

advanced intermediate which contains all of the stereocenters

of sarain A (), as well as four of the five rings of the alkaloid,
and which bears suitable functional handles for attachment of
the final ring?

Results and Discussion

Studies on Introduction of the C-7 Stereogenic Center
Ouir first goal on this project was to investigate modifications
to the original strategy to incorporate the Cegénter, which

(2) (a) Cimino, G.; Mattia, C. A.; Mazzarella, L.; Puliti, R.; Scognamiglio,
G.; Spinella, A.; Trivellone, ETetrahedron1989 45, 3863. (b) Cimino,
G.; Scognamiglio, G.; Spinella, A.; Trivellone, E. Nat. Prod 199Q 53,
1519. (c) Guo, Y.; Madaio, A.; Trivellone, E.; Scognamiglio, G.; Cimino,
G. Tetrahedron1996 52, 8341. (d) Caprioli, V.; Cimino, G.; DeGiulio,
A.; Madaio, A.; Scognamiglio, G.; Trivellone, Ecomp. Biochem. Physiol.
1992 103B 293.

(3) For a similar aldehydeamine interaction in a simpler bridged system,
see: Kirby, A. J.; Komarov, I. V.; Bilenko, V. A.; Davies, J. E.; Rawson,
J. M. Chem. Commur2002 2106.

(4) (a) Sisko, J.; Weinreb, S. M. Org. Chem1991, 56, 3210. (b) Sisko,
J.; Henry, J. R.; Weinreb, S. M. Org. Chem1993 58, 4945. (c) Henry,

J. R. Ph.D. Thesis, The Pennsylvania State University, 1994. (d) Irie, O.;
Samizu, K.; Henry, J. R.; Weinreb, S. M. Org. Chem1999 64, 587.

(5) () Henke, B. R.; Kouklis, A. J.; Heathcock, C. Bl. Org. Chem.
1992 57, 7056. (b) Heathcock, C. H.; Clashy, M.; Griffith, D. A.; Henke,
B. R.; Sharp, M. JSynlett1995 467. (c) Denhart, D. J.; Griffith, D. A,;
Heathcock, C. HAbstracts of Papers216th American Chemical Society
Meeting, Boston, MA, 1998; ORGN 526. (d) Denhart, D. J.; Griffith, D.
A.; Heathcock, C. HJ. Org. Chem.1998 63, 9616. (e) Blazey, C. M,;
Heathcock, C. HJ. Org. Chem2002 67, 298.

(6) (&) Downham, R.; Ng, F. W.; Overman, L. E.Org. Chem1998
63, 8096. (b) Douglas, C. J.; Hiebert, S.; Overman, LCEg. Lett 2005
7, 933.

(7) (&) Sung, M. J.; Lee, H. |,; Cha, J. KQrg. Lett.1999 1, 2017. (b)
Sung, M. J.; Lee, H. I.; Lee, H. B.; Cha, J. K. Org. Chem2003 68,
2205. (c) Lee, H. I.; Sung, M. J.; Lee, H. B.; Cha, J.Heterocycle2004
62, 407.

(8) Hourcade, S.; Ferdenzi, A.; Retailleau, P.; Mons, S.; Marazano, C.
Eur. J. Org. Chem2005 1302.

(9) Taken in part from the Ph.D. Thesis of S. Hong, The Pennsylvania
State University, 2004.

entry reducing agent solvent 7/8 yield (%)
1 NaBH, MeOH 11 65
2 Zn(BHy)2 CH,CIy/Et,0 6.4:1 71
3 KB(Et)sH Et,O 6.0:1 64
4 KB(Et)sH CH.Cl, 45:1 62
5 LiB(Et)sH CH.Cl, 1.1:1 63
6 L-selectride CECI, 0.8:1 69
7 K—selectride CECI, 5.1:1 55

eventually would become part of tisgn1,2-diol functionality
contained in the eastern ring of the sarains. This important issue
had not been addressed in our previous studies. Initial experi-
ments were conducted witN-benzyllactam4, prepared as
previously described via a 1,3-dipolar azomethine ylide/olefin
intramolecular cycloadditioff! This lactam could be deproto-
nated with lithium hexamethyldisilazide, but condensation of
the resulting enolate with aldehydes such as benzyloxyacetal-
dehyde unfortunately was nonstereoselective, leading to a 1:1
mixture of aldol product$ (Scheme 1).

In an alternative approach to setting the 'Gtéreochemistry,
the enolate of lactad was first acylated with methoxyacetyl
chloride to affords-ketolactanmb (yield unoptimized) (Scheme
2). A number of hydride reagents were then screened to
determine whether reduction of the ketone functionality could
be affected diastereoselectively (Table 1). It was found that the
best yield and highest stereoselectivity were produced with zinc
borohydride as reductant. However, the major product in this
case proved to be the undesired 'Giéohol7, with the requisite
sarain A compoun@® being the minor isomer. The stereochem-
istry of these products was secured by chemoselective catalytic
hydrogenolysis of7 and 8 to remove the benzyl group from
the amine functionality, followed by conversion to cyclic
carbamate® and 10, respectively, with carbonyldiimidazole.
Two-dimensional (2D) NOESY NMR analysis of these com-
pounds led to the assignment of their configurations. A possible
rationale for the observed selectivity for formation of epirvier
in the reduction step would involve chelation between the zinc
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SCHEME 3
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Q \ CHCl, Q 7}J,H MeOH
SN 0% N7 NN 95%
R = COsMe
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13 R = CO.Me (59%)
14 R = Boc (69%)

15 R = COoMe (78%)
16 R = Boc (82%)

ion and the two carbonyl groups, followed by hydride attack
from the least congested face of the complex.

In view of these results, it was decided to next investigate a
series of bicyclic lactams analogousdtavhere the amino group
is protected as a carbamate. We hoped that a carbamate grou
in such a system would act as a handle to allow us to easily
invert the C-7 center, producing the correct sarain configuration
(vide infra). ThereforeN-benzyllactamd was hydrogenolyzed
using Pearlman’s catalyst to the corresponding secondary amine
which was then N-acylated with methyl chloroformate, leading
to carbamatéd 1 in good yield (Scheme 3). It was also possible
to efficiently prepare the Boc-protected systérd from N-
benzylamine4 in one operation using the methodology of
Ohfune, where the hydrogenolysis is done in the presence of
Boc,0.19 Deprotonation of lactami1 with LDA, followed by
treatment of the enolate with methoxyacetyl chloride, led to
pB-ketolactam13 in 59% vyield along with 12% of recovered
starting material which could be recycled. Similarly, Boc-
protected bicycld 2 could be C-acylated to affofetketolactam
14 (69% yield + 9% recovered starting material). We were
pleased to find that reduction of keton&3 and 14 with zinc
borohydride gave alcohol$5 and 16, respectively, in good
yields assingle stereoisomerd he stereochemistry at C-ih
15was confirmed to be as shown (i.e., unnatural configuration)
by conversion to cyclic carbama®ewith sodium methoxide in
methanol. At this point, we are unable to provide a convincing
rationale as to why the carbamate-protegfekktolactamsl3
and 14 undergo reduction with significantly higher degrees o
stereoselectivity than the correspondiNgpenzyl systen®.

At this point, we began to explore methodologies for inverting
these reduction products to set the requisiteé Stéteochemistry.
However, all attempts to effect a direct Mitsunobu inversion of
alcohol 15 were unsuccessful. In general, this alcohol was
unreactive under the standard conditiéhpyobably for steric
reasons. Alternatively, carbamate alcohtdsand 16 were first
converted to the corresponding mesyldtéand18, respectively
(Scheme 4). Heating these compounds in pyridine, however,
led to mixtures of the desired inverted cyclic carbaniftalong
with the elimination producl9 in moderate yields. Similarly,

f

(10) Sakaitani, M.; Hori, K.; Ohfune, YTetrahedron Lett1992 29,
2983.

(11) (a) Martin, S. F.; Dodge, J. Aletrahedron Lett1991 32, 3017.
(b) Mitsunobu, O.Synthesis981 1.
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treatment of mesylatek7/18 with tetrabutylammonium iodide
in hot toluene also afforded mixtures d® and 19.

These disappointing results in effecting the intramolecular
cyclizations prompted us to search for alternative conditions.
Conversion ofN-Boc andN-Cbz groups to the corresponding
O-silyl carbamates has been developed by Ohfune ét2al.
Moreover, the Ohfune group has demonstrated that intramo-
lecular cyclization of silyl carbamates is an efficient way to
form cyclic carbamates with inversion of an adjacent stereo-
center bearing a sulfonate leaving grdép.Thus, initial
treatment of the Boc carbamate mesyla8evith TBSOTf and
2,6-lutidine in methylene chloride gave the silyl carbanie
which without purification was treated with TBAF in THF at 0
°C to furnish the desired cyclic carbamat®é with inverted
stereochemistry in good yield for the two steps (Scheme 5).

To set the stage for construction of the sarain tricyclic core,
it was necessary to replace tibenzyl substituent of an
intermediate lactam lik&0 with a tosyl group. Unfortunately,
debenzylation of lactaniO with sodium/ammonia gave the
desired NH product in only low yield{25%). One alternative
sequence which was examined involved debenzylation of lactam
12, followed by N-tosylation of the resulting NH lactam to
produce2l (Scheme 6). However, all attempts at C-acylating
the enolate oR1 to produce keton@2 failed.

After exploration of a number of other sequences to prepare
the requisiteN-tosyllactam28, the route shown in Scheme 7
proved successful. Thus, lactam alcoh6lwas first protected
as its TIPS ether3, which could be debenzylated under

(12) (a) Sakaitani, M.; Kurokawa, N.; Ohfune, Yetrahedron Lett1986
27, 3753. (b) Sakaitani, M.; Ohfune, ¥. Am. Chem. S0499Q 112 1150.
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SCHEME 7
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dissolving metal conditions to affo2#h. Subsequent sulfonation
of the NH lactam led tiN-tosyllactam25. Removal of the silyl
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and subjection of this intermediate to the Fleming silyl cuprate
reagent* led to the allylsilane32 as a mixture of geometric
isomers. We were pleased to find that thetosyllactam
functionality in 32 could be partially reduced with DIBALH,
and the resulting aminal underwent the desired allylsildne/
sulfonyliminium ion cyclization under ferric chloride catalysis
to yield the core fragmer@3 as a 2.1:1 mixture of epimers at
C-3, which is of no consequence to the synthesis (vide infra).

Studies on Annulation of the Western Macrocyclic Ring.
The next goal of this project was to construct the 13-membered
western macrocyclic ring found in sarain A)(using the ring-
closing metathesis strategy which we had developed in simpler
systemdg'd15 |t might also be noted that this early work had
been done prior to the invention of the second generation Grubbs
metathesis catalyst. On the basis of some exploratory ¥ork,
it was decided that it would be prudent to replace the methyl
ether protecting group at this stage with a more easily removable
silyl group. It was found that methyl eth8B could be cleaved
to alcohol34in 58% yield under carefully controlled conditions
(=78 to—40°C for 9 h) with boron tribromide (Scheme 9). In
an interesting observation which was later put to good use (vide
infra), it was found that the rather strained cyclic carbamate
moiety in 34 was easily opened, and under mildly basic
conditions, rearrangement took place to produce cyclic carbonate
amine 36 in high yield. However, it was possible to protect
alcohol 34 as the TBS etheB5 without intervention of this
rearrangement.

In a simple three-step sequence, olédmcould be cleaved

group of25 proved to be problematic, however, because alcohol and converted via oxima? to the C-3 nitrile38 (Scheme 10).

26 is quite prone to retroaldolization under basic conditions. It
was eventually found that silyl eth@5 could be deprotected
to afford the desired alcohd@6 in good yield with TBAF in
THF, provided that the reaction is carefully buffered with acetic
acid13 This alcohol could then be converted to mesylat
which underwent cyclization via the Ohfune protdéab afford

the desired cyclic carbama®8 which has the correct C-7

We were gratified to find in accord with our earlier studies that
the anion39, derived from nitrile38 via deprotonation with
KHMDS, undergoes stereoselective alkylation with the mesylate
of 4-pentenol from the least hindered equatorial direction to
produce olefind0.

Although we would have much preferred to retain the nitrile
functionality throughout the remainder of the total synthesis,

configuration for sarain A. The structure and stereochemistry this group proved incompatible with removal of thetosyl

of 28 were confirmed by X-ray crystallography (see Supporting
Information).

Construction of the Tricyclic Core. With key intermediate
28 now in hand, we next explored application of our previously
developed\-sulfonyliminium ion/allylsilane stratedyfor for-
mation of the remaining ring of the tricyclic core. Ace28
was therefore first hydrolyzed to aldehy2i@ which underwent

moiety via dissolving metal reductidi.Thus, nitrile 40 was
first reduced with DIBALH to aldehyddl1 (Scheme 11). This
intermediate was then further reduced to alcat®)which was
subsequently protected as MOM etld& It was then possible
to cleanly deprotect sulfonamid43 to produce the desired

(14) (a) Fleming, I.; Thomas, A. B. Chem. Soc., Chem. Comm{i885

addition of vinylmagnesium bromide in the presence of cerium 411. (b) Fleming, I.; Newton, T. WJ. Chem. Soc., Perkin Trans.1984

trichloride to afford allylic alcohoBO as a mixture of stereo-

1805.
(15) For recent reviews of olefin metathesis, see: (a) Trnka, T. M,;

isomers (Scheme 8). This mixture was converted to acetatesgypps R. HAcc. Chem. Reg001 34, 18. (b) Grubbs, R. H.; Chang, S.

31

(13) Hayward, C. M.; Yohannes, D.; Danishefsky, SJ.JAm. Chem.
Soc.1993 115 9345.

Tetrahedronl998 54, 4413. (c) Furstner, AAngew. Chem., Int. Ed. Engl.

200Q 39, 3012. (d) Schuster, M.; Blechert, Sngew. Chem., Int. Ed. Engl.

1997, 36, 2037. (e) Connon, S. J.; Blechert,/Sgew. Chem., Int. Ed. Engl.

2003 42, 1900. (f) Walters, M. AProg. Heterocycl. Chen2003 15, 1.
(16) For details, see ref 9.

J. Org. ChemVol. 71, No. 5, 2006 2081



]OCAT’tiCle Hong et al.
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previously employed the first generation Grubbs catdi/his
compound could then be hydrogenated to afford the saturated
macrolactam, which without purification was desilylated with

OMOM

CHzCly 0 He a HF—pyridine complex to produce alcohdl.
/6_8:/° 2)i|—4F/pyT We haye alslo found that it is feasible'to effect an olefin.
MesN_N-pes THF \ metathesis to directly access the western ring via a macrocyclic
N ) % [ H tertiary amine. In this sequence, reductive amination of amine
& boy, 4 OTES o 44 with 6-heptenal using sodium cyanoborohydride was initially

) ) ] ] effected, leading to diene amid8 (Scheme 12). This amine
secondar31 arnmé;l “ht':"ng s.odlumhnzpk?thalenldléahr;d %Ublseé was protonated with TFA, and the ring-closing metathesis was
quent acylation of this amine with &-heptenoy! chloride 1ed 10 o, efected in refluxing methylene chloride with the Grubbs

amide 45. Upon heating a dilute solution of dierd5 in .

methylene chloride in the presence of the second generationcatalys'[ to afford .13.-membgred macrocyc!lc oledd as a
Grubbs ruthenium metathesis catalyst (25 mol %), macrocycle mlxtur.e of geometric isomers in reasonable yield. In the process,
46was formed as a 1:1 mixture ofs- andtrans-alkene isomers ~ the silyl group was conveniently cleaved to produce the
in good overall yield. Interestingly, no dimeric product was Corresponding primary alcohol. Catalytic hydrogenatior&f

observed in this reaction, as had been the case when wethen afforded the saturated macrocyclic antife

— - - ) Formation of the C-7',8 syn-Diol. Having completed the
(17) In the methyl-protected nitrile serigave were able to isolate amino . .

ketoneii in an attempted removal of thi-tosyl group with sodium formation of the western macrocycle, we turned to the introduc-
naphthalenide. This transformation presumably occurs via a one-electrontion of the one remaining sarain stereogenic center dt ®Fsch
reduction of the nitrile to a radical anion followed by cyclizatin. is part of thesyn1,2-diol of the eastern ring. For this purpose,
alcohol47 was first subjected to a Swern oxidation to produce
aldehydes1 (Scheme 13). This compound was then treated with
anhydrous magnesium bromide in THF, followed by ethynyl-
magnesium bromide, to afford a single diastereomeric adduct
in 69% vyield to which we have tentatively assigned the
stereochemistry shown 3. Although we cannot unambigu-
(18) Bank, S.; Thomas, S. B. Am. Chem. Sod 977, 42, 2858. ously assign configuration at this point, on the basis of literature

2082 J. Org. Chem.Vol. 71, No. 5, 2006
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precedent? we believe that addition of the Grignard reagent
from the least encumbered face of magnesium chéRétfords
the desired propargylic alcohbB. It was then possible to make

JOC Article

and concentrated in vacuibhe residue was purified by flash column
chromatography (EtOAc/hexanes, gradient 1:2 to 2:1) to give
methyl carbamatél1 (194 mg, 80% for two steps): IR (film) 2951,

use of the rearrangement which we had previously observed?2831, 1704, 1666, 1451, 1387, 1196, 1125, 1057, 975'ci

(cf. Scheme 9) to convert carbam&®@to cyclic carbonat®4

using potassium carbonate in methanol. This transformation
simultaneously frees the amine for annulation of the eastern

ring and also protects the 1,2-dil.

Conclusion In this report we have described an approach to
the synthesis of the unique marine alkaloid sarairLA It has
been possible to prepare advanced intermed&itehich bears
all seven stereogenic centers of the alkaloid. This compound
which lacks only one of the five rings of the natural product,

has appropriate handles for annulation of the remaining “eastern”
14-membered macrocyclic ring. Key steps in the synthesis of

54include acylation of lactarhi2 to 3-ketolactamil4, followed

by stereoselective, chelation-controlled hydride reduction of the
carbonyl group to afford alcohdl6. Using an Ohfune-type
cyclization, this alcohol could subsequently be converted to
oxazolidinone28 with inversion, thereby setting the correct
sarain C-7stereochemistry. The tricyclic core fragm&atwas
prepared fron?28 utilizing our previously developedl-sulfo-
nyliminium ion/allylsilane cyclization strategy. The “western”

13-membered macrocycle was then constructed using a RCM

reaction. Finally, a stereoselective chelation-controlled addition
of ethynylmagnesium bromide to aldehysikled to adduct3,
which contains the C*#8' diol functionality of the alkaloid. This
oxazolidinone rearranged under mildly basic conditions to cyclic
carbonate amin®4, concurrently protecting the diol and freeing
the nitrogen for completion of the “eastern” ring. We hope to
utilize intermediateb4 or a closely related analogue in a total
synthesis of sarain A.

Experimental Section

General Methods. All nonaqueous reactions were carried out

under a positive pressure of dry argon. Air- and moisture-sensitive
liquid reagents were added via a dry syringe or cannula. Flash

chromatography was performed using silica gel 60 {2800 mesh).
Analytical and preparative thin-layer chromatography were per-
formed on silica gel 60 Pk, THF and ether were dried over and
distilled from sodium/benzophenone ketyl. Methylene chloride,
toluene, and MeOH were distilled from CaH
6-Benzyl-3-(2,2-dimethoxyethyl)-7-oxooctahydropyrrolo[2,3-
c]pyridine-1-carboxylic Acid Methyl Ester (11). N-Benzyllactam
4 (264 mg, 0.646 mmol) was dissolved in @&, (4 mL) and
methanol (4 mL), and 20% palladium hydroxide on carbon (90 mg)
was added to the solution. The reaction mixture was stirred

overnight under 1 atm of hydrogen at room temperature and was

then filtered through a short plug of Celite eluting with §CHp.

The filtrate was concentrated in vacuo to produce the secondary

amine suitable for use in the next step without purification.

To a solution of the above amine in pyridine (20 mL) was slowly
added methyl chloroformate (0.22 mL, 2.85 mmol) at@ and
the reaction mixture was stirred at room temperature for 6 h. The
pyridine was removed in vacuo, and the residue was diluted with
saturated aqueous NaHg@nd extracted with ethyl acetate. The
combined organic extracts were washed with brine, dried (M3SO

(19) For a review, see: Huryn, D. M. Carbanions of Alkalai and Alkaline
Earth Cations: (ii) Selectivity of Carbonyl Addition Reactions.@om-
prehensie Organic Synthesidrost, B. M., Fleming, I., Eds.; Pergamon:
Oxford, 1991; Vol. 1, p 49.

(20) It is possible to effect this same series of transformations in the

NMR (400 MHz, CDC}) 6 7.32-7.22 (5H, m), 4.46 (1H, d) =
8.8 Hz), 4.76 and 4.36 (2H, ABJas = 14.0 Hz), 4.32 (1H, dd]
6.1, 4.9 Hz), 3.80 (1H, ddl = 10.3, 7.4 Hz), 3.73 (3H, s), 3.29
(3H, s), 3.27 (3H, s), 3.253.14 (2H, m), 3.05 (1H, dd] = 11.1,
8.3 Hz), 2.76 (1H, gqJ = 8.5 Hz), 2.29-2.18 (1H, m), 1.751.68
(1H, m), 1.66 and 1.50 (2H, ABJas = 14.0 Hz), 1.45-1.35 (1H,
m); 13C NMR (100 MHz, CDC}) é 169.0, 156.3, 137.0, 128.6,
128.4, 127.6, 103.8, 59.6, 53.4, 53.3, 52.8, 50.9, 50.6, 45.1, 40.1,
37.0, 31.1, 23.3; HRMS (AP@) calcd for GgH29N20s (MH™)
377.2069, found 377.2076.
6-Benzyl-3-(2,2-dimethoxyethyl)-7a-(2-methoxyacetyl)-7-oxooc-
tahydropyrrolo[2,3- c]pyridine-1-carboxylic Acid Methyl Ester
(13). n-BuLi (5.92 mL, 14.81 mmol, 2.5 M solution in hexane)
was added to a solution of diisopropylamine (2.42 mL, 15.01 mmol)
in THF (10 mL) at—78 °C, and the mixture was stirred for 50
min. The mixture was warmed to @, stirred at this temperature
for 15 min, and then recooled te78 °C. To this mixture was added
dropwise a solution of methyl carbamdit® (906 mg, 2.41 mmol)
in THF (15 mL) at—78 °C. Once the addition was complete, the
reaction mixture was slowly warmed to°@ and stirred at this
temperature for 50 min. The resulting solution was recooled#8
°C, and methoxyacetyl chloride (1.37 mL, 15.03 mmol) was added
dropwise. The reaction mixture was then slowly warmed €0
and stirred for a further 2 h. The reaction mixture was diluted with
saturated aqueous NaHg@nd the two-phase mixture formed was
extracted with ethyl acetate. The combined extracts were washed
with brine, dried (MgS@), and concentrated in vacuo. The residue
was purified by flash column chromatography (EtOAc/hexanes,
gradient 1:1 to 2:1) to afford the desired lactaf(691 mg, 59%)
as a yellow oil, along with unreacted starting lactain(103 mg,
12%): IR (film) 2952, 2831, 1728, 1714, 1660, 1483, 1446, 1372,
1198, 1126, 1070, 968 criy *H NMR (400 MHz, CDC}) 0 7.33~
7.22 (5H, m), 4.65 and 4.57 (2H, ABJas = 15.0 Hz), 4.41 (2H,
s), 4.29 (1H, qJ = 5.4 Hz), 3.83 (1H, dd) = 10.7, 7.9 Hz), 3.71
(3H, s), 3.44 (3H, s), 3.31 (6H, s), 3.48.13 (2H, m), 3.02 (1H,
g,J = 11.0 Hz), 2.942.91 (1H, m), 2.3%+2.25 (1H, m), 1.8%
1.74 (1H, m), 1.69 and 1.57 (2H, ABJas = 14.0 Hz), 1.65-1.56
(1H, m);3C NMR (100 MHz, CDC}) 6 202.6, 166.7, 155.4, 136.5,
128.6, 128.4, 127.6, 103.7, 75.7, 75.0, 59.4, 53.6, 52.8, 51.7, 50.9,
45.0,44.5, 35.9, 31.5, 23.1; HRMS (APE) calcd for G3HzaN,07
(MH) 449.2279, found 449.2288.
6-Benzyl-3-(2,2-dimethoxyethyl)-7a-(1-hydroxy-2-methoxy-
ethyl)-7-oxooctahydropyrrolo[2,3-C]pyridine-1-carboxylic Acid
Methyl Ester (15). A solution of LiBH; (270 mg, 11.81 mmol)
and ZnC} (5.90 mL, 5.90 mmol, 1.0 M solution in ether) in ether
(15 mL) was stirred at room temperature overnight. The supernatant
liquid of the above Zn(Bh), solution (5 mL) was added to a
solution of ketonel3 (506 mg, 1.13 mmol) in CECl, (10 mL) at
0 °C. After stirring for 30 min, the reaction mixture was diluted
with saturated aqueous NEI. The two-phase mixture formed was
diluted with water and extracted with ethyl acetate. The combined
extracts were washed with brine, dried (Mg$@nd concentrated
in vacuo. The residue was purified by flash column chromatography
(EtOAc/hexanes, gradient 1:1 to 2:1) to provide the desired alcohol
15 (395 mg, 78%) as a yellow oil: IR (film) 3322, 2952, 1693,
1660, 1449, 1378, 1214, 1193, 1129, 1056, 966 ¢crftH NMR
(400 MHz, CDC}) 6 7.32-7.23 (5H, m), 5.55 (1H, br s), 4.86
and 4.66 (2H, AR, Jag = 14.5 Hz), 4.31 (1H, ¢ = 5.5 Hz), 4.01
(1H, ddd,J = 11.1, 6.8, 3.9 Hz), 3.79 (1H, dd,= 10.9, 7.1 Hz),
3.77 (3H, s), 3.65 and 3.56 (2H, ABJas = 10.2 Hz), 3.40 (3H,
s), 3.31 (3H, s), 3.30 (3H, s), 3.28.21 (1H, m), 3.1%3.05 (1H,
m), 2.90 (1H, ddJ = 11.3, 11.3 Hz), 2.70 (1H, ddd,= 10.1, 8.3,
8.3 Hz), 2.43-2.30 (1H, m), 1.7#1.71 (1H, m), 1.68 and 1.51

“western” ring amine series (cf. Scheme 12) to prepare a cyclic carbonate (2H, ABq, Jag = 14.2 Hz), 1.471.40 (1H, m);3C NMR (100

analogous t®4.°

MHz, CDCk) 6 169.8, 157.0, 136.7, 128.6, 128.4, 127.5, 103.6,
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74.5,73.8,73.5,59.3,53.4,53.2,53.1,52.5,51.3,45.5, 44.9, 34.8,7.24 (5H, m), 4.61 (2H, br s), 4.51 and 4.36 (2H, AB\s = 17.0

30.9, 25.4; HRMS (APCH) calcd for GaHasN,07 (MH™) 451.2435,
found 451.2444.
8-Benzyl-5-(2,2-dimethoxyethyl)-1-methoxymethylhexahydro-
2-oxa-3a,8-diazacyclopentajindene-3,9-dione (9).Alcohol 15
(15.7 mg, 0.035 mmol) in methanol (9 mL) was treated with sodium
methoxide (4.7 mg, 0.083 mmol). After stirring at room temperature

Hz), 4.29 (1H, ddJ = 5.5, 5.5 Hz), 3.77 (1H, dd} = 9.2, 9.2

Hz), 3.48 (3H, s), 3.32 (3H, s), 3.31 (3H, s), 3:2805 (2H, m),
2.97 (1H, t,J = 11.0), 3.00-2.96 (1H, m), 2.242.14 (1H, m),
1.80-1.56 (4H, m), 1.48 (9H, s}3C NMR (100 MHz, CDC}) 6
167.2, 154.0, 136.6, 128.6, 128.3, 127.5, 103.7, 81.2, 75.7, 75.2,
59.4,53.5, 51.6, 50.5, 44.9, 35.8, 31.7, 28.2, 22.9; HRMS (ARCI

for 10 h, the reaction mixture was diluted with saturated aqueous calcd for GeHsgN>O7 (MH*) 419.2757, found 419.2750.

NH4CI. The methanol was removed in vacuo, and the resulting
aqueous mixture was diluted with saturated aqueougQ\idnd
extracted with CHCI,. The combined organic extracts were washed
with brine, dried (MgS@), and concentrated in vacuo. The residue
was purified by flash column chromatography (EtOAc/hexanes,
gradient 1:2 to 1:1) to afford cyclic carbam&€13.9 mg, 95%)

as a yellow oil: IR (film) 2935, 1756, 1655, 1126, 1055 ¢itH
NMR (400 MHz, CDC}) 6 7.36-7.24 (5H, m), 4.72 (1H, dd] =

8.6, 3.7 Hz), 4.65 and 4.58 (2H, ABJxs = 14.6 Hz), 4.32 (1H,
dd,J = 5.5, 5.5 Hz), 3.89 (1H, ddJ = 12.0, 6.8 Hz), 3.61 and
3.46 (2H, AB,, Jas = 10.4 Hz), 3.36 (3H, s), 3.33 (3H, s), 3.32
(3H, s), 3.28-3.20 (1H, m), 3.14 (1H, dddl = 12.7, 3.9, 3.5 Hz),
2.79 (1H, dddJ = 12.9, 8.1, 5.7 Hz), 2.73 (1H, d,= 11.8 Hz),
2.26-2.21 (1H, m), 1.83-1.77 (1H, m), 1.71 and 1.54 (2H, AB
Jag = 14.0 Hz), 1.49-1.40 (1H, m);13C NMR (100 MHz, CDC})

6-Benzyl-3-(2,2-dimethoxyethyl)-7a-(1-hydroxy-2-methoxy-
ethyl)-7-oxooctahydropyrrolo[2,3<]pyridine-1-carboxylic Acid
tert-Butyl Ester (16). A solution of LiBH, (540 mg, 23.62 mmol)
and ZnC} (11.84 mL, 11.84 mmol, 1.0 M solution in ether) in
ether (36 mL) was stirred at room temperature overnight. The
supernatant liquid of the above Zn(Bk solution (25 mL) was
added to a solution of ketor4 (1.43 g, 2.91 mmol) in CkCl,
(17 mL) at 0°C. After stirring for 20 min, the reaction mixture
was diluted with saturated aqueous )X The two-phase mixture
formed was diluted with water and extracted with ethyl acetate.
The combined extracts were washed with brine, dried (MgSO
and concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/hexanes, gradient 1:1 to 2:1) to provide
the desired alcohol6 (1.18 g, 82%) as a yellow oil: IR (film)
3322, 3061, 2926, 1688, 1661, 1454, 1392, 1169, 1129, 1072, 967

0 170.7, 160.4, 136.4, 128.8, 128.1, 127.8, 103.9, 80.3, 72.7, 70.1,cm™%; 'H NMR (300 MHz, CDC}) 6 7.24-7.17 (5H, m), 4.82
59.3, 53.8, 53.5, 51.5, 50.4, 44.9, 41.2, 40.2, 30.8, 24.3; HRMS (1H, d,J = 14.5 Hz), 4.64 and 4.56 (2H, ABJas = 14.5 Hz),

(APCH‘) calcd for Q2H31N206 ('\/lHJr — CHgoH) 387.1913, found
387.1920.
6-Benzyl-3-(2,2-dimethoxyethyl)-7-oxooctahydropyrrolo[2,3-
c]pyridine-1-carboxylic Acid tert-Butyl Ester (12). Palladium
hydroxide (20%) on carbon (875 mg) and BOc(3.54 mL, 15.38
mmol) were added sequentially to a solutionNsbenzylamine4
(3.14 g, 7.69 mmol) in methanol (200 mL). The mixture was stirred

4.29 (1H, dd,J = 5.5, 5.5 Hz), 3.94 (1H, t) = 5.9), 3.71-3.60

(2H, m), 3.35 (3H, s), 3.25 (3H, ), 3.24 (3H, S), 32096 (2H,

m), 2.88 (1H, t,J = 11.4 Hz), 2.70 (1H, g) = 7.9 Hz), 2.49-

2.28 (1H, m), 1.751.72 (3H, m), 1.541.47 (1H, m), 1.44 (9H,

s), 1.42-1.35 (1H, m):33C NMR (75 MHz, CDC) 6 170.7, 157.0,
137.1,129.0, 128.9, 127.8, 104.0, 81.2, 75.2, 74.8, 69.6, 59.7, 53.8,
53.4,53.3,51.3, 45.3, 35.2, 28.8, 25.4, 20.5; HRMS (APQalcd

overnight under 1 atm of hydrogen at room temperature and was for Co6H4:N-O7 (MH™) 493.2914, found 493.2897.

filtered through a short plug of Celite eluting with EtOAc. The

6-Benzyl-3-(2,2-dimethoxyethyl)-7a-(1-methanesulfonyloxy-

filtrate was concentrated in vacuo, and the residue was then purified2-methoxyethyl)-7-oxooctahydropyrrolo[2,3€]pyridine-1-car-

by flash column chromatography (EtOAc/hexanes, 1:4) to provide
tert-butyl carbamatel2 (2.61 g, 81%) as a yellow oil: IR (film)
2933, 1694, 1667, 1480, 1393, 1255, 1125, 1057, 905'ch
NMR (300 MHz, CDC}) 6 7.31—7.23 (5H, m), 4.74 and 4.41 (2H,
ABq, Jag = 14.4 Hz), 4.38 (1H, dJ = 7.1 Hz), 4.34 (1H, dd) =

6.1, 5.1 Hz), 3.73 (1H, dd) = 10.2, 7.5 Hz), 3.32 (3H, s), 3.30
(3H, s), 3.21-3.17 (2H, m), 3.02 (1H, dd] = 11.0, 8.5 Hz), 2.77
(1H, dddd,J = 8.0, 8.0, 8.0, 8.0 Hz), 2.312.31 (1H, m), 1.75
1.54 (3H, m), 1.49 (9H, s), 1.531.39 (1H, m);13C NMR (100
MHz, CDCl) 6 169.7, 155.3, 137.6, 129.0, 128.6, 104.1, 80.3, 60.5,

boxylic Acid tert-Butyl Ester (18). Alcohol 16 (1.23 g, 2.49 mmol),
DMAP (50 mg, 0.41 mmol), and methanesulfonyl chloride (0.39
mL, 4.56 mmol) in pyridine (20 mL) was stirred at room
temperature for 1 h. The reaction mixture was then diluted with
saturated aqueous NaHgQand the two-phase mixture which
formed was extracted with ethyl acetate. The combined extracts
were washed with brine, dried (Mg3QPand concentrated in vacuo.
The residue was purified by flash column chromatography (EtOAc/
hexanes, gradient 1:1 to 2:1) to provide the desired mes{kte
(1.09 g, 81%) as a yellow oil: IR (film) 2926, 1694, 1663, 1600,

53.7, 53.5, 51.3, 50.8, 45.5, 40.5, 37.4, 31.7, 28.8, 23.6; HRMS 1363, 1175, 914, 804 cmy *H NMR (300 MHz, CDC}) ¢ 7.25—

(APCI+) calcd for GaH3sN,Os (MHT) 419.2546, found 419.2547.
6-Benzyl-3-(2,2-dimethoxyethyl)-7a-(2-methoxyacetyl)-7-oxooc-
tahydropyrrolo[2,3- c]pyridine-1-carboxylic Acid tert-Butyl Ester
(14). n-BuLi (16.11 mL, 40.21 mmol, 2.5 M solution in hexane)
was added to a solution of diisopropylamine (6.72 mL, 43.03 mmol)
in THF (30 mL) at—78 °C, and the mixture was stirred for 50
min. The mixture was warmed toC, stirred at this temperature
for 15 min, and then cooled to 78 °C. To this mixture was added
dropwise a solution of lactarhi2 (2.72 g, 6.52 mmol) in THF (20
mL) at —78 °C. Once the addition was complete, the reaction
mixture was slowly warmed to @C and stirred at this temperature
for 40 min. The resulting solution was recooled-t@8 °C, and
methoxyacetyl chloride (3.67 mL, 40.21 mmol) was added drop-
wise. The reaction mixture was then slowly warmed t&0and
stirred for a further 2 h. The reaction mixture was diluted with
saturated aqueous NaHgQand the two-phase mixture which

7.20 (5H, m), 5.45 (1H, dJ = 6.3 Hz), 4.60-4.56 (2H, m), 4.22
(1H,t,3J=5.6 Hz), 3.99-3.82 (3H, m), 3.31 (3H, s), 3.22 (3H, s),
3.21 (3H, s), 3.01 (3H, s), 3.12.88 (3H, m), 2.86-2.68 (1H,
m), 2.56 (1H, tJ = 7.2 Hz), 1.72-1.43 (4H, m), 1.36 (9H, s)}3C
NMR (75 MHz, CDCE) 6 168.8, 153.3, 137.1, 129.0, 128.8, 127.9,
104.5, 82.9, 81.5, 73.6, 69.7, 58.9, 54.2, 54.0, 50.9, 46.7, 45.0, 39.2,
35.3, 33.3, 28.7, 24.3; HRMS (AP€) calcd for G7H43N,0S
(MH™) 571.2689, found 571.2677.
8-Benzyl-5-(2,2-dimethoxyethyl)-1-methoxymethylhexahydro-
2-oxa-3a,8-diazacyclopenta]indene-3,9-dione (10)To a solution
of mesylatel8 (519 mg, 0.91 mmol) and 2,6-lutidine (0.64 mL,
5.46 mmol) in dry CHCI, (15 mL) was added dropwistert-
butyldimethyilsilyl trifluoromethanesulfonate (1.05 mL, 4.55 mmol).
The reaction mixture was stirred at room temperature for 30 min,
and saturated aqueous NE was added. The two-phase mixture
which formed was diluted with kO and extracted with ether. The

formed was extracted with ethyl acetate. The combined extracts combined extracts were washed with brine, dried (MgS@nd

were washed with brine, dried (MggQand concentrated in vacuo.
The residue was purified by flash column chromatography (EtOAc/
hexanes, gradient 1:1 to 2:1) to afford the desired lactdr{?2.23

g, 69%) as a yellow oil, along with unreacted starting lacten
(0.24 g, 9%): IR (film) 2930, 2829, 1732, 1644, 1454, 1404, 1366,
1257, 1124, 966, 736 cry; 'H NMR (400 MHz, CDC}) 6 7.32—
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concentrated in vacuo to give the crude silyl carban2éte

To a solution of the above crude silyl carbama@in THF (25
mL) was added tetrabutylammonium fluoride (1.82 mL, 1.82 mmol,
1.0 M solution in THF) at C. The reaction mixture was stirred
for 30 min at 0°C, and water was added. The two-phase mixture
which formed was extracted with ethyl acetate. The combined
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extracts were washed with brine, dried (Mg3@nd concentrated
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which formed was diluted with water and extracted with ethyl

in vacuo. The residue was purified by flash column chromatography acetate. The combined extracts were washed with brine, dried

(EtOAc/hexanes, gradient 1:1 to 2:1) to afford cyclic carbamate
10 (273 mg, 72%) as a yellow oil: IR (film) 2927, 1760, 1650,
1494, 1452, 1359, 1323, 1199, 1111, 1049 &mH NMR (400
MHz, CDCk) 6 7.52-7.28 (5H, m), 4.73 and 4.50 (2H, ABJas

= 14.3 Hz), 4.31 (1H, ddJ = 5.4, 5.4 Hz), 4.26 (1H, dd] = 8.4,

5.6 Hz), 3.81 (1H, ddJ = 11.9, 6.7 Hz), 3.723.65 (2H, m), 3.32
(6H, s), 3.2-3.36 (2H, m), 3.20 (3H, s), 2.81 (1H, dd,= 11.9,
11.9 Hz), 2.38 (1H, ddd] = 13.4, 7.6, 5.8 Hz), 2.292.35 (1H,

m), 1.79-1.74 (1H, m), 1.62 (2H, dd] = 5.5, 5.4 Hz), 1.471.36
(1H, m);3C NMR (100 MHz, CDC}) ¢ 167.0, 160.6, 136.4, 128.7,

(MgSQOy), and concentrated in vacuo. The residue was purified by
flash column chromatography (EtOAc/hexanes, gradient 1:1 to 2:1)
to afford N-sulfonyllactam25 (2.29 g, 71%) as a colorless oil: IR
(film) 2944, 1694, 1460, 1368, 1171, 1090, 991, 674, 546'cm
H NMR (300 MHz, CDC}) 6 7.93 (2H, dJ = 8.1 Hz), 7.29 (2H,
d,J=7.8 Hz), 4.89-4.83 (1H, m), 4.29 (1H, = 7.8 Hz), 4.14-

4.09 (2H, m), 3.86-3.74 (1H, m), 3.58 (1H, d] = 12.9 Hz), 3.43-

3.38 (1H, m), 3.29 (6H, s), 3.19 (3H, d~= 6.5 Hz), 3.09 (1H, d,

J = 10.8 Hz), 2.89 (1H, br s), 2.662.57 (1H, m), 2.42 (3H, s),
1.93-1.88 (1H, m), 1.73-1.56 (2H, m), 1.46 (9H, d] = 2.8 Hz),

128.6, 127.8, 103.6, 83.8, 71.5, 70.2, 59.2, 53.7, 53.5, 51.3, 50.3,1.46-1.35 (2H, m), 1.26 (1H, dJ = 7.1 Hz), 1.16-0.98 (18H,

47.0, 45.1, 40.0, 30.5, 23.8; HRMS (APE) calcd for G2H31N206
(MH™) 419.2174, found 419.2182.
6-Benzyl-3-(2,2-dimethoxyethyl)-7a-(2-methoxy-1-triisopro-
pylsilanyloxyethyl)-7-oxooctahydropyrrolo[2,3-]pyridine-1-car-
boxylic Acid tert-Butyl Ester (23). To a stirred solution of alcohol
16(4.31 g, 7.75 mmol) in CkCl, (25 mL) were added triethylamine
(2.87 mL, 20.6 mmol) and triisopropylsilyl triflate (4.17 mL, 15.5
mmol) at 0 °C. The resulting solution was stirred at room
temperature for 1 h, and then saturated aqueougNMas carefully

m), 0.75-0.64 (1H, m);:3C NMR (75 MHz, CDC}) ¢ 170.0, 169.7,
153.0, 144.5, 136.6, 129.6, 129.4, 128.4, 126.8, 103.6, 76.3, 72.5,
72.2,60.4,58.3,53.8,53.1,45.3,42.6, 34.8, 32.5, 32.3, 28.0, 25.1,
25.0,21.6,19.0, 18.3, 18.0,17.1, 14.7, 13.4, 13.0; HRMS (ARCI
calcd for GsHeiN,0sSSi (MH") 713.3867, found 713.3833.
3-(2,2-Dimethoxyethyl)-7a-(1-hydroxy-2-methoxyethyl)-7-oxo-
6-(toluene-4-sulfonyl)-octahydropyrrolo[2,3€]pyridine-1-car-
boxylic Acid tert-Butyl Ester (26). To a solution of silyl ethe5
(2.01 g, 2.83 mmol) in THF (20 mL) were added sequentially

added. The two-phase mixture which formed was diluted with water tetrabutylammonium fluoride (8.49 mL, 8.49 mmol, 1.0 M solution
and extracted with ether. The combined extracts were washed within THF) and glacial acetic acid (0.3 mL) at€. The resulting

brine, dried (MgS@), and concentrated in vacuo. The residue was

mixture was warmed to room temperature and stirred until TLC

purified by flash column chromatography (EtOAc/hexanes, gradient analysis indicated the absence of starting materidlQ( h). After

1:1 to 2:1) to afford silyl ethe23 (4.54 g, 91%) as a colorless oil:
IR (film) 2942, 2866, 1705, 1663, 1455, 1365, 1133 ¢mMH NMR
(300 MHz, CDC}) 6 7.28-7.25 (5H, m), 5.18-5.09 (1H, m), 4.57
(2H, br s), 4.31 (1H, tJ = 5.4 Hz), 3.75 (1H, dJ = 7.0 Hz),
3.59-3.48 (1H, m), 3.32 (3H, s), 3.29 (6H, s), 3:23.16 (1H, s),
3.12-2.98 (3H, m), 2.76-2.62 (1H, m), 1.47 (9H, s), 1.771..18
(7H, m), 1.22-0.93 (18H, m), 0.740.72 (1H, m);*3C NMR (75
MHz, CDCk) 6 170.1, 169.8, 153.2, 137.3, 128.7, 127.4, 103.7,

completion of the reaction, saturated aqueoug®liivas carefully
added. The two-phase mixture which formed was diluted with water
(10 mL) and extracted with ether. The combined extracts were
washed with brine, dried (MgSfh and concentrated in vacuo. The
residue was purified by flash column chromatography (EtOAc/
hexanes, gradient 1:1 to 2:1) to afford the desired alcaB¢l.13

g, 71%) as a colorless oil: IR (film) 2901, 2341, 1718, 1675, 1456,
1394, 1368, 1170, 1123, 669 citnH NMR (300 MHz, CDC}) 6

79.9,76.5, 72.8, 70.7, 70.4, 60.3, 58.2, 53.7, 52.9, 50.7, 44.9, 41.8,7.92 (2H, d,J = 8.3 Hz), 7.31 (2H, dJ = 8.1 Hz), 4.31 (1H, t)
35.1,32.2,28.4,24.0,21.0,19.1, 18.4, 18.0, 17.2, 14.9, 14.2, 13.2;= 5.4 Hz), 4.11-4.03 (1H, m), 3.91 (1H, br s), 3.73 (1H, dii=

HRMS (APCH-) calcd for GsHeiN2O;Si (MH™) 649.4248, found
649.4215.
3-(2,2-Dimethoxyethyl)-7a-(2-methoxy-1-triisopropylsilan-
yloxyethyl)-7-oxo-6-(toluene-4-sulfonyl)octahydropyrrolo[2,3-
c]pyridine-1-carboxylic Acid tert-Butyl Ester (24). To a solution
of sodium metal (1.12 g, 48.81 mmol) in ammonia (70 mL)-a@8
°C was added a solution &§-benzyllactan?3 (4.51 g, 6.96 mmol)
in THF (25 mL) andtert-BuOH (1 mL). After 10 min, the cooling

8.0, 2.3 Hz), 3.66-3.56 (2H, m), 3.37 (3H, s), 3.31 (6H, d,=

2.1 Hz), 2.96-2.90 (3H, m), 2.7#2.70 (1H, m), 2.43 (3H, s),

1.70-1.62 (4H, m), 1.47 (9H, s), 1.431.33 (1H, m);13C NMR

(75 MHz, CDC}) 6 171.5, 170.6, 145.1, 136.2, 130.4, 130.0, 129.2,

128.2, 104.0, 74.5, 73.7, 64.7, 60.7, 59.7, 59.5, 54.3, 53.8, 52.7,

455, 35.1, 28.9, 28.1, 25.4, 20.1; HRMS (ARGl calcd for

Ca6H41N20sS (MHT) 557.2532, found 557.2507.
3-(2,2-Dimethoxyethyl)-7a-(1-methanesulfonyloxy-2-methoxy-

bath was removed, and the reaction was quenched with saturatecethyl)-7-oxo-6-(toluene-4-sulfonyl)octahydropyrrolo[2,3e]pyri-

aqueous NECI. The NH; was allowed to evaporate, and the

dine-1-carboxylic Acid tert-Butyl Ester (27). A mixture of alcohol

remaining solution was extracted with ether. The combined extracts 26 (3.23 g, 5.81 mmol), DMAP (100 mg, 0.82 mmol), and

were washed with brine, dried (Mg%Qand concentrated in vacuo.
The residue was purified by flash column chromatography (EtOAc/
hexanes, gradient 3:1 to 5:1) to provide debenzylated la@4am
(2.79 g, 72%) as a yellow oil: IR (film) 2943, 2866, 1682, 1454,
1391, 1365, 1132, 994 criy *H NMR (360 MHz, CDC}) ¢ 6.99
(1H, m), 5.09-5.00 (1H, m), 4.33 (1H, t) = 5.4 Hz), 4.06 (1H,

t, J = 6.6 Hz), 3.76-3.69 (1H, m), 3.56-3.41 (2H, m), 3.30 (6H,

s), 3.29 (3H, s), 3.18 (2H, br s), 3.42.63 (3H, m), 1.86:1.59
(5H, m), 1.43 (9H, s), 1.270.92 (18H, m), 0.740.69 (1H, m);

13C NMR (90 MHz, CDC}) ¢ 172.8, 172.7, 153.5, 103.8, 80.1,

methanesulfonyl chloride (0.91 mL, 11.62 mmol) in pyridine (25
mL) was stirred at room temperature for 1 h. The reaction mixture
was then diluted with saturated aqueous NaHCéhd the two-
phase mixture which formed was extracted with ethyl acetate. The
combined extracts were washed with brine, dried (MgS@nd
concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/hexanes, gradient 1:1 to 2:1) to provide
the desired mesylate7 (3.01 g, 82%) as a yellow oil: IR (film)
2934, 1699, 1597, 1456, 1366, 1175, 965, 907, 689'cthl NMR

(400 MHz, CDC}) 6 7.92 (2H, d,J = 8.2 Hz), 7.32 (2H, dJ =

76.4,76.3,70.5, 70.2, 64.3,58.3, 53.5, 52.9, 43.2, 40.2, 35.1, 32.6,8.1 Hz), 5.45 (1H, br s), 4.31 (1H, 4,= 5.4 Hz), 4.20 (1H, dJ
32.5, 30.7, 28.3, 24.9, 24.8, 19.1, 17.8, 17.1, 14.8, 13.0; HRMS = 13.6 Hz), 3.82 (1H, tJ = 9.7 Hz), 3.79-3.71 (2H, m), 3.49

(ESH-) calcd for GgHssNLO;Si (MH™) 559.3778, found 559.3775.
3-(2,2-Dimethoxyethyl)-7a-(2-methoxy-1-triisopropylsilan-
yloxyethyl)-7-oxo-6-(toluene-4-sulfonyl)octahydropyrrolo[2,3¢]-
pyridine-1-carboxylic Acid tert-Butyl Ester (25). LHMDS (8.96
mL, 8.96 mmol, 1.0 M solution in hexane) was added dropwise to
a solution of the NH lactan24 (2.50 g, 4.48 mmol) in THF (20
mL) at 0°C. After stirring the mixture for 1 hp-toluenesulfonyl

chloride (1.71 g, 8.96 mmol) was added in one portion. The reaction

(1H, d,J = 13.5 Hz), 3.37-3.35 (3H, m), 3.32 (6H, dJ = 1.0

Hz), 3.13-3.10 (1H, m), 3.07 (3H, s), 2.852.80 (1H, m), 2.62

(1H, t,J = 7.4 Hz), 2.44 (3H, s), 1.721.66 (3H, m), 1.47 (10H,

s); 13C NMR (100 MHz, CDC}) 6 168.9, 152.5, 144.9, 130.0, 129.5,

127.7, 103.5, 81.3, 72.2, 70.9, 58.6, 54.0, 53.4, 42.8, 38.4, 35.0,

32.7,27.8,27.7,25.2, 21.7; HRMS (APQ)Icalcd for GHaaN-011S,

(MH) 635.2308, found 635.2278.
5-(2,2-Dimethoxyethyl)-1-methoxymethyl-8-(toluene-4-sulfo-

mixture was stirred at room temperature for 1 h, and then saturatednyl)hexahydro-2-oxa-3a,8-diazacyclopenta]indene-3,9-dione (28).

aqueous NaHC®was carefully added. The two-phase mixture

To a solution of mesylat@&7 (2.56 g, 4.04 mmol) and 2,6-lutidine
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(2.82 mL, 24.22 mmol) in dry CkCl, (40 mL) was added dropwise

Hong et al.

13C NMR (75 MHz, CDC}) ¢ 167.3, 158.5, 144.5, 139.7, 139.6,

tert-butyldimethylsilyl trifluoromethanesulfonate (3.71 mL, 16.15 135.0,129.0, 127.9, 114.9, 114.8,82.5,73.6, 73.4,71.1, 70.9, 68.4,
mmol). The reaction mixture was stirred at room temperature for 58.4,49.5,49.1, 46.1, 44.3, 40.3, 40.0, 33.1, 23.8, 23.7, 20.1; HRMS

2 h, and saturated aqueous MH was added. The two-phase

mixture which formed was diluted with 40 and extracted with

(APCI+) calcd for GoHagN0/S (MH') 465.1696, found 465.1709.
Acetic Acid 1-[1-Methoxymethyl-3,9-dioxo-8-(toluene-4-sul-

ether. The combined extracts were washed with brine, dried fonyl)hexahydro-2-oxa-3a,8-diazacyclopenta]inden-5-yimeth-
(MgSQy), and concentrated in vacuo to give the desired silyl yljallyl Ester (31). Allylic alcohol mixture 30 (912 mg, 1.96 mmol)

carbamate.

was dissolved in CkCl, (40 mL), and the solution was cooled to

To a solution of the above crude silyl carbamatein THF (40 mL) 0 °C. Acetic anhydride (0.33 mL, 3.53 mmol), triethylamine (0.53
was added tetrabutylammonium fluoride (8.08 mL, 8.08 mmol, 1.0 mL, 3.81 mmol), and DMAP (33 mg, 0.30 mmol) were added

M solution in THF) at 0°C. The reaction mixture was stirred for

sequentially. The reaction mixture was stirred at room temperature

30 min at 0°C, and water was added. The mixture was extracted for 4 h, and then saturated aqueous /8Hwas carefully added.
with ethyl acetate. The combined extracts were washed with brine, The mixture was diluted with water and extracted with ;CH.

dried (MgSQ), and concentrated in vacuo. The residue was purified The combined extracts were washed with brine, dried (MgSO

by flash column chromatography (EtOAc/hexanes, 1:1) to afford and concentrated in vacuo. The residue was purified by flash column
cyclic carbamat@8 (1.15 g, 63%) as a white solid. Recrystallization chromatography (EtOAc/hexanes, 2:1) to afford the desired acetates
of the purified product from MeOH gave crystals suitable for X-ray 31 (939 mg, 95%) as a colorless amorphous solid:NMR (300

analysis:'H NMR (300 MHz, CDC}) 6 7.95 (2H, d,J = 8.2 Hz),
7.34 (2H, dJ = 8.2 Hz), 4.344.28 (2H, m), 4.24 (1H, ) = 3.4
Hz), 3.77-3.50 (4H, m), 3.32 (3H, s), 3.323.19 (6H, m), 2.66
(1H,t,J = 11.7 Hz), 2.53-2.48 (1H, m), 2.44 (3H, s), 2.42.32
(1H, m), 2.04-1.97 (1H, m), 1.72-1.26 (1H, m), 1.431.33 (2H,

m); 3C NMR (75 MHz, CDC}) 6 167.8, 159.3, 145.1, 135.6, 129.3,

MHz, CDCk) 6 7.95 (2H, d,J = 8.3 Hz), 7.34 (2H, dJ = 8.2
Hz), 5.79-5.77 (1H, m), 5.3%+5.19 (3H, m), 4.36-4.26 (2H, m),
3.76-3.50 (4H, m), 3.33 (3H, dJ = 4.6 Hz), 2.69 (1H, q) =
11.9 Hz), 2.44 (3H, s), 2.362.17 (1H, m), 2.06 (3H, dJ = 5.2
Hz), 1.79-1.56 (3H, m), 1.42-1.12 (2H, m):3C NMR (75 MHz,
CDCL) ¢ 169.5, 169.4, 167.2, 167.1, 158.8, 144.7, 135.1, 134.7,

128.5, 103.4, 81.0, 73.9, 68.9, 58.9, 53.5, 53.4, 49.8, 46.4, 44.4,134.3, 129.0, 128.0, 117.7, 117.3, 82.6, 73.6, 73.4, 68.4, 58.5, 49.2,

39.6, 30.2, 24.9, 20.8; HRMS (AP€) calcd for GiH»7N,0-;S
(MH* — CH3;0H) 451.1539, found 451.1543.

Hydrolysis of Acetal 28.To a solution of the cyclic carbamate

acetal28 (1.34 g, 2.97 mmol) in THF (50 mL) and @ (50 mL)

49.1,45.9,44.3, 44.2, 39.8, 39.3, 30.8, 30.7, 23.9, 23.7, 21.0, 20.5;

HRMS (APCH-) calcd for G4H3iN,OgS (MHT) 507.1801, found

507.1795.
1-Methoxymethyl-8-(toluene-4-sulfonyl)-5-(4-trimethylsilanyl-

was addedp-toluenesulfonic acid (150 mg, 0.79 mol), and the but-2-enyl)hexahydro-2-oxa-3a,8-diazacyclopentelindene-3,9-
resulting solution was heated at reflux for 14 h. After cooling, the dione (32).Hexamethyldisilazane (1.56 mL, 7.74 mmol) dissolved

reaction mixture was diluted with saturated aqueous NakiTke
two-phase mixture formed was diluted with®land extracted with

in HMPA (4 mL) was cooled to 0C and treated with MeLi (5.19
mL, 7.27 mmol, 1.4 M solution in ether). After being stirred for

CH,Cl,. The combined organic extracts were washed with brine, 15 min, the resulting solution was diluted with THF (10 mL), and

dried (MgSQ), and concentrated in vacubhe residue was purified

CuCN (316 mg, 3.51 mmol) was added in one portion. The reaction

by flash column chromatography (EtOAc/hexanes, 2:1) to produce mixture was stirred for 40 min and cooled #25 °C, and allylic

the desired aldehyd29 (1.18 g, 91%) as a white solid: IR (film)

3050, 2955, 1725, 1700, 1595, 1450, 1370, 1170%cAH NMR

(300 MHz, CDC}) 6 9.75 (1H, s), 7.94 (2H, d] = 8.2 Hz), 7.34
(2H, d,J = 8.1 Hz), 4.38 (1H, ddJ = 15.2, 4.2 Hz), 4.294.25
(1H, m), 3.82 (1H, dJ = 4.5 Hz), 3.65-3.45 (3H, m), 3.29 (3H,
s), 2.77-2.57 (4H, m), 2.44 (3H, s), 1.81 (1H, d,= 13.7 Hz),
1.46-1.31 (2H, m);3C NMR (75 MHz, CDC}) 6 197.5, 166.1,

acetate31 (782 mg, 1.55 mmol) in THF (7 mL) was added. After
being stirred fo 1 h at thesame temperature, the reaction mixture
was quenched with saturated aqueous,GlHand was filtered
through a short plug of Celite eluting with ether. The filtrate was
diluted with HO and extracted with C§€l,. The combined organic
extracts were washed with brine, dried (Mg®@nd concentrated

in vacuo. The residue was purified by flash column chromatography

157.6, 143.7, 134.0, 127.9, 127.1, 81.5, 72.5, 67.4, 57.5, 47.6, 43.9,(EtOAc/hexanes, 1:1) to produce allylsilar&? (603 mg, 75%):

42.9,39.4, 36.0, 22.7, 20.0; HRMS (ESIcalcd for GoH2sN.0;S
(MHT) 437.1382, found 437.1387.

Acetic Acid 1-[1-Methoxymethyl-3,9-dioxo-8-(toluene-4-sul-
fonyl)hexahydro-2-oxa-3a,8-diazacyclopenta]inden-5-ylmeth-

IR (film) 2952, 1767, 1698, 1359, 1172, 853 thh'H NMR (300
MHz, CDCk) 6 7.97 (2H, d,J = 8.3 Hz), 7.35 (2H, dJ = 8.1
Hz), 5.53-5.44 (1H, m), 5.26:5.09 (1H, m), 4.344.25 (2H, m),
3.76-3.53 (4H, m), 3.34 (3H, dJ = 1.4 Hz), 2.67 (1H, ddJ =

yllallyl Ester (30). Cerium chloride heptahydrate (1.70 g, 4.57 11.6, 10.2 Hz), 2.45 (3H, s), 2.28.23 (1H, m), 2.051.96 (4H,

mmol) was dried at 140C for 2 h invacuo. THF (20 mL) was

m), 1.64-1.35 (3H, m), 0.00 (4.5H, s);70.02 (4.5H, s)13C NMR

added at 0°C, and the mixture was stirred overnight at room (75 MHz, CDCk) 6 169.9, 161.4, 147.1, 137.6, 131.4, 131.0, 130.5,
temperature. To this suspension was added a solution of the abovel30.1, 126.3, 124.8, 85.0, 76.4, 76.3, 71.0, 61.0, 51.8, 48.1, 46.9,

aldehyde29 (1.18 g, 2.69 mmol) in THF (10 mL) at @C, and the

46.2, 32.4, 32.1, 31.5, 26.2, 25.9, 24.6, 20.9, 20.%# @2, —0.3;

reaction mixture was stirred for 30 min. To the resulting solution HRMS (APCH-) calcd for GsH3/N20sSSi (MH) 521.2142, found
was added vinylmagnesium bromide (4.03 mL, 4.03 mol, 1.0 M 521.2160.

solution in THF) at 0°C. After being stirred fo2 h at thesame

temperature, the mixture was diluted with saturated aqueou€NH

Cyclization of Allylsilane 32 to Tricycle 33. To a solution of
N-tosyllactam32 (380 mg, 0.73 mmol) in CkCl, (10 mL) at—78

and ethyl acetate. The suspension was filtered through a short plug°C was added DIBALH (2.94 mL, 2.94 mmol, 1.0 M solution in

of Celite eluting with EtOAc. The filtrate was diluted with,8

hexane). After the mixture was stirred for 40 min at the same

and extracted with ethyl acetate. The combined organic extractstemperature, saturated aqueous,SHwas carefully added. The

were washed with brine, dried (MggQand concentrated in vacuo.

reaction mixture was stirred for 1.5 h at room temperature and was

The residue was purified by flash column chromatography (EtOAc/ filtered through a short plug of Celite eluting with EtOAc. The
hexanes, 1:2) to produce a diastereomeric mixture of allylic alcohols filtrate was concentrated in vacuo to give the colorless crude aminal
30(1.12 g, 90%): IR (film) 3463, 2925, 1762, 1698, 1359, 1171, as a mixture of diastereomers suitable for use in the next step

1089, 1042 cm?; 'H NMR (360 MHz, CDC}) 6 7.94 (2H, d,J =

8.3 Hz), 7.34 (2H, dJ = 8.2 Hz), 5.86-5.78 (1H, m), 5.24 (1H,
d,J = 17.1 Hz), 5.14 (1H, ddJ = 3.7, 6.7 Hz), 4.344.25 (2H,
m), 4.09-4.06 (1H, m), 3.86-3.76 (1H, m), 3.68-3.52 (3H, m),
3.32 (1H, d,J = 2.5 Hz), 2.67 (1H, qJ = 11.8 Hz), 2.55-2.43
(2H, m), 2.44 (3H, s), 2.001.95 (2H, m), 1.63-1.35 (5H, m);
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without purification.

The above aminal mixture was dissolved in £H (10 mL)
and cooled to—78 °C. Anhydrous ferric chloride (432 mg, 2.65
mmol) was added in one portion, and the resulting solution was
warmed to room temperature. After 1 h, the reaction mixture was
diluted with 10% NaOH solution (2.5 mL) and stirred for 1 h. The
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mixture was diluted with KO and extracted with CCl,. The
combined organic extracts were washed with brine, dried (M3SO
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To a solution of the above oxim@&7 in CH;CN (10 mL) was
added triphosgene (483 mg, 1.78 mmol). After stirring the mixture

and concentrated in vacuo. The residue was purified by flash columnfor 24 h, the CHCN was removed in vacudhe residue was diluted
chromatography (EtOAc/hexanes, 1:1) to produce the desired with H,O and extracted with C4Cl,. The combined organic extracts

tricyclic product33 (177 mg, 56% for two steps) as a 2.1:1 mixture

were washed with brine, dried (MggfPand concentrated in vacuo

of diastereomers at C-3: IR (film) 2952, 1698, 1359, 1263, 1172 The residue was purified by flash column chromatography (EtOAc/

cm % 1H NMR (300 MHz, CDC}) 6 7.63 (2H, d,J = 8.3 Hz),
7.31-7.19 (2H, m), 5.96-5.80 (0.7H, m), 5.265.07 (0.3H, m),
4.86-4.81 (1H, m), 4.70 (0.3H, ) = 3.7 Hz), 4.60-4.46 (1.4H,
m), 4.05 (0.3H, d,J = 7.0 Hz), 3.92 (1H, s), 3.743.60 (3H, m),
3.55-3.41 (1H, m), 3.33-3.30 (3H, m), 3.08-2.91 (2H, m), 2.64
2.63 (1H, m), 2.52.2.45 (2H, m), 2.37.2.34 (3H, m), 2.222.01
(2H, m), 1.85 (2H, ddJ = 5.3, 9.2 Hz), 1.451.41 (2H, m);13C
NMR (75 MHz, CDCE) 6 159.2, 159.0, 144.4, 143.8, 142.5, 137.9,

hexanes, 2:3) to produce the desired nitB&(347 mg, 68% for
three steps):!H NMR (360 MHz, CDC}) ¢ 7.60-7.57 (2H, m),
7.21-7.11 (2H, m), 4.744.72 (1H, m), 4.27 (1H, t) = 3.4 Hz),
3.79 (2H, m), 3.483.45 (2H, m), 3.2%3.17 (3H, m), 3.13-3.11
(1H, m), 2.45-2.14 (3H, m), 2.46-2.02 (3H, m), 1.821.62 (2H,
m), 0.71 (9H, s), 0.01 (6H, d,= 14.5 Hz); LRMS (APCH#) calcd
for CgeHggNsOssSi (MH+) 532.2, found 532.2.

Conversion of Nitrile 38 to Aldehyde 41.KHMDS (1.62 mL,

721, 718, 680, 677, 615, 607, 600, 514, 510, 425, 398, 394,n"|g7 0.40 mmol) in THF (10 mL) at-78 °C. The mixture was

39.0, 38.8, 36.1, 35.3, 32.8, 31.7, 22.9, 22.6, 21.9; HRMS (ARCI
calcd for GoH9N20sS (MHT) 433.1797, found 433.1781.
Formation of Alcohol 34. To a solution of methyl ethed3 (121
mg, 0.28 mmol) in CHCI, (15 mL) was added BBr(1.68 mL,
1.68 mmol, 1.0 M solution in CkCl,) at —78 °C. The resulting
mixture was warmed te-40 °C and stirred until TLC analysis
indicated the absence of starting materia®(h). After completion
of the reaction, saturated aqueous NaH@@s added. The mixture
was diluted with water and extracted with @El,. The combined
extracts were washed with brine, dried (Mg3@nd concentrated

warmed to 0°C, stirred at this temperature for 30 min, and then
cooled to—78°C. To this mixture was added dropwise the mesylate
of 4-pentenol (185 mg, 1.12 mmol) in THF (6 mL). Once the
addition was complete, the reaction mixture was slowly warmed
to 0°C. After 30 min, 18-crown-6 (30 mg, 0.12 mmol) was added,
and the resulting solution was heated at reflux for 13 h. After
cooling the mixture to room temperature, saturated aqueouSNH
was added. The mixture was diluted with water and extracted with
ethyl acetate. The combined extracts were washed with brine, dried
(MgSQOy), and concentrated in vacuo. The residue was purified by

in vacuo. The residue was purified by flash column chromatography flash column chromatography (EtOAc/hexanes, 1:1) to afford the

(EtOAc/hexanes, 2:1) to afford the desired alcd(68 mg, 58%)
as a white foam: IR (film) 3450, 2930, 1654, 1454, 1257, 736
cm % *H NMR (360 MHz, CDC}) ¢ 7.65 (2H, d,J = 8.3 Hz),
7.27-7.19 (2H, m), 5.9%5.81 (0.6H, m), 5.1#5.16 (0.4H, m),
4.88 (1H, t,J = 8.4 Hz), 4.66-4.53 (2H, m), 4.08-3.70 (4H, m),
3.58-3.48 (0.4H, m), 3.4%3.35 (0.6H, m), 3.053.29 (2H, m),
2.69-2.52 (3H, m), 2.38 (3H, d] = 5.7 Hz), 2.23-2.17 (1H, m),
1.97-1.86 (1H, m), 1.871.82 (1H, m), 1.541.21 (2H, br s)3C
NMR (90 MHz, CDCE) 6 158.2, 143.3, 142.8, 136.8, 134.9, 128.3,

desired alkylated nitrilglO together with some impurities.

To a solution of the above nitrilé0 in CH,Cl, (10 mL) at—78
°C was added DIBALH (0.62 mL, 0.62 mmol M solution in
CH,Cl,). After the mixture was stirred at the same temperature for
40 min, 10% HCI solution (10 mL) and ether (15 mL) were added.
The mixture was stirred fa2 h atroom temperature and extracted
with CH,Cl,. The combined extracts were washed with brine, dried
(MgSQOy), and concentrated. The residue was purified by flash
column chromatography (EtOAc/hexanes, 1:1) to afford the desired

126.6, 114.0, 81.2, 80.8, 66.8, 66.7, 61.5, 61.1, 60.5, 59.6, 50-5’aldehyde41 (110 mg, 46% for two steps): IR (film) 2929, 1764,
50.2, 41.3, 38.7, 38.3, 37.9, 37.7, 34.8, 34.0, 31.7, 30.7, 21.8, 21.5,1721’ 1333, 1157 cm; 'H NMR (300 MHz, CDC}) 6 9.21 (1H,

20.8; HRMS (APCH) calcd for GiH27N20sS (MH') 419.1641,
found 419.1648.

Preparation of Nitrile 38. To a solution of alcohoB4 (464 mg,
1.11 mmol) in CHCI, (30 mL) were addetert-butyldimethylsilyl

s), 7.51 (2H, dJ = 8.0 Hz), 7.14 (2H, dJ = 7.9 Hz), 5.51-5.38
(1H, m), 5.11 (1H, s), 4.754.70 (2H, m), 4.34 (1H, dJ = 12.2
Hz), 4.22 (1H, s), 3.923.83 (1H, m), 3.46-3.33 (1H, m), 3.03-
2.94 (2H, m), 2.882.84 (1H, m), 2.36 (2H, br s), 2.25 (3H, s),

chloride (251 mg, 1.72 mmol) and imidazole (114 mg, 1.72 mmol) 1.94-1.87 (2H, m), 1.65-0.83 (9H, m), 0.71 (9H, s), 0.01 (6H, d,
at room temperature. After stirring the mixture for 2 h, saturated J= 145 Hz);13C NMR (75 MHz, CDC}) 6 198.0, 163.5, 144.4,

aqueous NKCI was added. The two-phase mixture formed was
diluted with water and extracted with GBI,. The combined
extracts were washed with brine, dried (Mg$@nd concentrated

138.2,137.1, 130.2, 128.0, 115.2, 80.3, 67.9, 61.8, 56.8, 55.6, 53.8,
41.1, 40.2, 33.9, 33.8, 31.0, 30.0, 26.2, 22.0, 21.9, ¥&9),—5.1;
HRMS (APCH-) calcd for GiH47/N20sSSi (MH') 603.2924, found

in vacuo. The residue was purified by flash column chromatography 603.2933.

(EtOAc/hexanes, 1:3) to afford silyl eth8b (548 mg, 93%) as a
colorless oil.

A solution of silyl ether35 (512 mg, 0.96 mmol) in CkCl, (15
mL) was cooled to—78 °C and was exposed to ozone gas with
efficient stirring for 5 min. While still at-78 °C, the solution was
flushed with argon. After 10 min, dimethyl sulfide (0.22 mL, 2.84

Reduction of Aldehyde 41 to Alcohol 42.To a solution of
aldehyde41 (431 mg, 0.72 mmol) in methanol (15 mL) was added
NaBH; (54 mg, 1.41 mmol) at OC. After stirring the mixture for
1 h, saturated aqueous NEl was added. The methanol was
removed in vacuo, and the resulting aqueous mixture was diluted
with saturated aqueous NEI and extracted with CkCl,. The

mmol) was added, and the resulting solution was gradually warmed combined organic extracts were washed with brine, dried (MySO
to room temperature. After being stirred overnight, the solution was and concentrated in vacuo to afford the crude alcdi2q05 mg,

diluted with saturated aqueous NaHE£@he two-phase mixture
formed was diluted with D and extracted with C¥Cl,. The

93%) suitable for use in the next step without purification: IR (film)
3477, 2929, 1757, 1328, 1156 cin'H NMR (360 MHz, CDC})

combined organic extracts were washed with brine to produce the § 7,51 (2H, d,J = 8.1 Hz), 7.12 (2H, d) = 7.8 Hz), 5.57-5.43
crude aldehyde suitable for use in the next step without purification. (1H, m), 5.12 (1H, br s), 4.754.69 (2H, m), 4.54-4.46 (2H, m),

To a solution of the above aldehyde in @, (15 mL) were
added pyridine (0.17 mL, 2.07 mmol) and hydroxylamine hydro-
chloride (68 mg, 0.98 mmol) at room temperature. After being

4.27 (1H, s), 3.873.83 (2H, m), 2.97 (1H, dd] = 12.7, 5.0 Hz),
2.82 (1H, d,J = 10.7 Hz), 2.35 (1H, br s), 2.24 (3H, s), 1:92
1.86 (3H, m), 1.62-0.95 (10H, m), 0.78 (9H, s), 0.00 (6H, 3=

stirred overnight at room temperature, the mixture was diluted with 13.7 Hz);13C NMR (75 MHz, CDC}) 6 163.9, 144.0, 139.0, 137.3,

H,O and extracted with C}l,. The combined organic extracts
were washed with brine, dried (Mg@Qand concentrated in vacuo
to give the crude oxim@&7 suitable for use in the next step without
purification.

130.0, 128.2, 114.8, 79.5, 68.9, 65.5, 62.3, 57.2, 55.3, 43.2, 40.3,
40.2, 40.1, 37.3, 34.9, 34.4, 26.2, 22.7, 21.9, 18:9,0, —5.2;
HRMS (APCH-) calcd for GiH49gN,OeSSi (MH™) 605.3081, found
605.3100.
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Preparation of MOM Ether 43. N,N-Diisopropylethylamine m), 1.72-1.01 (8H, m); LRMS (APCt) calcd for GsH4iN2Os
(0.62 mL, 2.91 mmol) and MOMCI (0.12 mL, 1.50 mmol) were (MH™) 449.3, found 449.3.

added to a solution of alcohdP (301 mg, 0.50 mmol) in CkCl, Palladium (10%) on activated carbon (21 mg) was added to a
(7 mL), and the reaction mixture was stirred at room temperature solution of lactam olefi6 (51 mg, 0.11 mmol) in methanol (12

for 15 h. The resulting solution was then diluted with £CH}, mL). The mixture was stirred for 10 h under 1 atm of hydrogen at
washed with saturated aqueous ) dried over MgS@ and room temperature and was filtered through a short plug of Celite

concentrated in vacuo. The residue was purified by flash column eluting with EtOAc. The filtrate was concentrated in vacuo to
chromatography (EtOAc/hexanes, 2:3) to yield the MOM etger produce the crude macrocyclic lactam (48 mg, 94%) as a colorless
as a colorless oil (227 mg, 70%): IR (film) 2930, 1760, 1329, 1155, oil suitable for use in the next step without purification.
1044 cm; IH NMR (300 MHz, CDC}) 6 7.57 (2H, d,J = 8.2 HF-pyridine (50uL) was added dropwise to a stirred solution
Hz), 7.19 (2H, dJ = 8.1 Hz), 5.67%5.53 (1H, m), 4.83-4.76 (2H, of the above silyl ether (47 mg, 0.105 mmol) in THF at®. The
m), 4.50 (2H, s), 4.40 (1H, s), 4.32.29 (2H, m), 4.05-3.96 (1H, reaction mixture was stirred at room temperature for 12 h, and then
m), 3.62-3.50 (2H, m), 3.46-3.32 (2H, m), 3.26 (3H, s), 3.10 saturated aqueous NaHg@as added. The mixture was diluted
2.90 (2H, m), 2.43 (1H, br s), 2.31 (3H, s), 1:96.36 (9H, m), with water and extracted with ether. The combined extracts were
1.32 (2H, d,J = 6.6 Hz), 0.83 (9H, s), 0.02 (6H, d,= 11.8 Hz); washed with brine, dried (MgSfh and concentrated in vacuo. The
13C NMR (75 MHz, CDC}) 0163.1, 143.7, 138.8, 136.9, 129.7, residue was purified by flash column chromatography (EtOAc/
127.7, 114.3, 97.0, 79.4, 71.7, 68.5, 61.7, 55.8, 55.5, 53.8, 42.1,hexanes, 2:1) to afford alcohd¥ (35 mg, 71%) as a colorless oil:
41.7,39.8,38.9, 34.1, 33.8, 25.8, 22.4, 21.5, 21.2, 18.6, 18.4, 17.3,*H NMR (300 MHz, CDC}) 6 4.42 (2H, br s), 4.11 (1H, s), 3.77
12.2,—5.4,—5.5; HRMS (APCH) calcd for GaHsaN,0;SSi (MH") (1H, br s), 3.613.55 (2H, m), 3.46-3.16 (4H, m), 3.15 (3H, s),
649.3337, found 649.3306. 2.90-2.77 (2H, m), 2.42 (1H, br s), 2.32.16 (3H, m), 1.95
Preparation of Amine 44. To a solution of naphthalene (267  1-23 (8H, m), 1.051.00 (11H, m), 0.63 (2H, § = 6.6 Hz); 1°C
mg, 4.03 mmol) in THF (6 mL) was added sodium metal (96 mg, NMR (75 MHz, CDC}) 6 170.0, 162.3, 97.3, 82.3, 80.9, 71.3, 70.8,
4.01 mmol) at room temperature. After stirring for 2 h, part of the 61.8,61.0,59.0,57.2,56.3,55.9,51.2,50.6, 41.7, 40.8, 39.5, 37.7,
mixture (4 mL) was added to a solution of sulfonamit (203 35.4,32.0,29.9, 29.2, 27.2, 26.8, 26.3, 25.9, 25.0, 24.1, 23.7, 22.9,
mg, 0.31 mmol) in THF (8 mL) at-78°C. After 10 min, saturated 22'8;21'9’ 21.7,21.4, 14.4; HRMS (APg) caled for GsHaiN2Os
aqueous NECl was carefully added. The two-phase mixture which (MHT) 465.2964, found 465.2948. _
formed was diluted with water and extracted with ethyl acetate. _ Preparation of Diene 48.A solution of amine44 (71.2 mg,
The combined extracts were washed with brine, dried (Mgso ~ 0-0984 mmol), 6-heptenal (48.4 mg, 0.432 mmol), glacial acetic
and concentrated in vacuo. The residue was purified by flash column cid (30uL), and sodium cyanoborohydride (59.8 mg, 0.936 mmol)
chromatography (EtOAc/hexanes, 1:1) to afford secondary amine i Methanol (4 mL), containgn3 A molecular sieves (10 mg), was
44 (129 mg, 83%) as a white foam: IR (film) 2928, 1756, 1253, stirred at room temperature for 12 h. The reaction mixture was
1044, 836 cm*; 'H NMR (300 MHz, CDC}) 6 5.81-5.67 (1H, then f_||tered through a short plqg of Celite _elutlng Wlth EtOAc.
m), 4.97-4.87 (2H, m), 4.50 (1H, s), 4.44 (1H, br s), 4.07 (2H, d, The filtrate was concentrated in vacuo, diluted with saturated
J= 8.7 Hz), 3.57-3.54 (1H, m), 3.41+3.36 (2H, m), 3.26 (3H, s), agueous NaHC¢ and extracted ywth q&:lz. The combined
3.07-2.98 (3H, m), 2.642.58 (1H, m), 2.45 (1H, br s), 2.04 organic extracts were washed with brine, dried (Mg@nd
1.96 (4H, m), 1.86-1.78 (2H, m), 1.70 (1H, br s), 1.56..02 (5H concentrated in vacuo. The residue was purllfled by flajsh column
m), 0.81 ’(9H‘ s), 0.00 (6H S’)gc NMR (75 MHz E:DC{;) 5163.4. chromatography (EtOAc/hexanes, 2:1) to provide the desired tertiary
139.0, 115.2, 97.2, 81.1, 71.1, 67.8, 62.0, 56.1, 55.9, 41.6, 41.5,8MiNe48 (42.5 mg, 73%) as a colorless oiH NMR (360 MHz,
41.0, 39.0, 35.3, 35.2, 34.8, 26.2, 22.7, 22.4, 19.8,0, —5.1;  CDCl) 0 5.73-5.68 (2H, m), 4.94-4.85 (4H, m), 4.46 (2H, dd]

; = 3.3, 6.4 Hz), 4.35 (1H, t) = 3.0 Hz), 3.91 (1H, tJ = 3.6 Hz),
Té?sMgszgi\PCI-I—) calcd for GgH47N,OsSSi (MHT) 495.3249, found 3.49 (2H, d,J = 2.2 Hz), 3.38.3.34 (2H, m), 3.27 (3H, s), 3.09

. . . . (1H, s), 2.92-2.72 (3H, m), 2.56-2.40 (4H, m), 2.06-1.94 (5H,
Preparation of Amide 45.To a solution of amind4 (178 mg, m), 1.90-1.24 (14H, m), 0.83 (9H, s), 0.00 (6H, d.= 6.5 Hz):

0.36 mmol) in CHCI, (6 mL) was added a solution of 6-heptenoyl prMs (APCH) calcd for GaHsgN,0sSi (MH*) 591.4193, found
chloride (271 mg, 1.82 mmol) in Ci&l, (6 mL), followed by 591.4179.

triethylamine (1.21 mL, 7.21 mmol) and DMAP (4.5 mg, 0.037 Ring-Closing Olefin Metathesis of Diene 48 to Macrocyclic

mmol). The reaction mixture was stirred for 10 h at room aene 49 and Subsequent HydrogenationA solution of diene

temperature, and saturated aqueous NakM&s carefully added. 48 (31.3 mg, 0.0513 mmol) in C4€l, (102 mL) was treated with

The mixture was diluted with water and extracted with ether. The tpp (4 uL, 0.0513 mmol), followed by the Grubb’s second

combined extracts were washed with brine, dried (MgS@nd generation ruthenium catalyst (12.9 mg, 0.0172 mmol), and the

concentrated in vacuo. The residue was purified by flash column resulting solution was heated at reflux for 8 h. After cooling the

chromatography (EtOAc/hexam_as, 1:1) to afford the desired amide mixture to room temperature, GBI, was removed in vacud@he

45 (146 mg, 67%) as a brown oikH NMR (300 MHz, CDC¥) 6 residue was then purified by flash column chromatography (EtOAc/

5.69-5.63 (2H, m), 4.92:4.82 (4H, m), 4.51 (2H, s), 4.16 (I1H,  pexanes, gradient 1:1 to 3:1) to afford macrocyt8(11.8 mg,

s), 3.69-3.58 (SH, m), 3.43-3.41 (2H, m), 3.24 (3H, s), 3.63 51%) as an inseparable mixture of cis and trans isomiét&IMR

2.97 (1H, m), 2.49-2.26 (3H, m), 1.941.73 (9H, m), 1.551.06 (400 MHz, CDC}) 6 5.29-5.23 (2H, m), 4.52 (2H, s), 4.484.43

(9H, m), 0.80 (9H, s);-0.01 (6H, dJ = 12.5 Hz); HRMS (APCY) (1H, m), 3.86-3.76 (4H, m), 3.623.30 (2H, m), 3.29 (3H, s),

calcd for G3Hs7N206Si (MHT) 605.3986, found 605.3967. 3.16 (1H, s), 3.032.90 (3H, M), 2.76-2.46 (4H, m), 2.251.74
Preparation of Alcohol 47.To a solution of diend5 (109 mg, (10H, m), 1.72-1.01 (8H, m); LRMS (APCt) calcd for GsH4iN2Os

0.18 mmol) in CHCI, (450 mL) was added the Grubb’s second (MH™) 449.3, found 449.2.

generation ruthenium catalyst (36 mg, 0.0434 mmol), and the Palladium (10%) on activated carbon (11.7 mg) was added to a

resulting solution was heated at reflux for 11 h. After cooling the solution of olefins49 (63.5 mg, 0.141 mmol) in methanol (5 mL).

mixture to room temperature, GBI, was removed in vacudhe The mixture was stirred for 10 h under 1 atm of hydrogen at room
residue was then purified by flash column chromatography (EtOAc/ temperature and was filtered through a short plug of Celite eluting
hexanes, gradient 1:1 to 2:1) to afford macrocyclic lacte#{55 with EtOAc. The filtrate was concentrated in vacuo to produce
mg, 68%) as a 1:1 mixture of cis and trans isomét$:NMR (400 macrocycle50 (58.5 mg, 92%) as a colorless oil suitable for use

MHz, CDCl) 6 5.29-5.23 (2H, m), 4.52 (2H, s), 4.484.43 (1H, without purification: *H NMR (300 MHz, CDC}) 6 4.69-4.67
m), 3.86-3.76 (4H, m), 3.623.30 (2H, m), 3.29 (3H, s), 3.16  (1H, m), 4.56 (2H, s), 4.524.49 (1H, m), 3.76-3.66 (2H, m),
(1H, s), 3.03-2.90 (3H, m), 2.76-:2.46 (4H, m), 2.251.74 (10H, 3.50-3.33 (2H, m), 3.30 (3H, s), 3.283.26 (1H, m), 3.16-2.66
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(7H, m), 2.55 (1H, s), 2.532.41 (3H, m), 2.16-1.76 (10H, m),
1.44-1.16 (9H, m);33C NMR (75 MHz, CDC}) ¢ 161.3, 97.3,

JOC Article

CDCL) 6 5.30 (1H, s), 4.58 (2H, s), 4.613.92 (1H, m), 3.49
3.45 (3H, m), 3.29 (3H, s), 2.95 (1H, d,= 10.9 Hz), 2.65 (1H,

82.3,71.3, 70.8, 61.8, 61.0, 59.0, 57.2, 55.3, 55.4, 53.2, 51.6, 40.8,br s), 2.55 (2H, br s), 2.452.37 (4H, m), 2.0%1.60 (3H, m),
39.2,36.7, 34.4, 32.1, 27.2, 26.5, 25.9, 25.2, 24.1, 23.7, 22.9, 22.8,1.82-1.70 (4H, m), 1.62-1.04 (11H, m), 0.830.79 (4H, m):13C

21.7, 21.4, 14.2; HRMS (APG‘D calcd for GsHa3N,Os (MH+)
451.3172, found 451.3185.

Oxidation of Alcohol 47 to Aldehyde 51.To a solution of oxalyl
chloride (44 mg, 0.531 mmol) in Gi&l, (3 mL) at —60 °C was
added dropwise DMSO (68L, 0.912 mmol). After being stirred
at the same temperature for 15 min, a solution of alcaTo(87
mg, 0.191 mmol) in CKCl, (2 mL) was added via a cannula. After
15 min, triethylamine (0.24 mL, 1.71 mmol) was added and the
reaction mixture was warmed to room temperature over 10 min.
The reaction mixture was diluted with water and was extracted with
CH.Cl,. The combined extracts were washed with brine, dried
(MgSQy), and concentrated in vacuo. The residue was purified by
flash column chromatography (EtOAc/hexanes, 2:1) to afford
aldehydes1 (20 mg, 81%) as a colorless oil: IR (film) 2930, 1770,
1731, 1634, 1106, 1043 crh *H NMR (360 MHz, CDC}) 6 9.53
(1H, s), 5.14 (1H, s), 4.56 (2H, d,= 10.7 Hz), 3.76 (1H, dJ =
9.7 Hz), 3.68-3.58 (1H, m), 3.483.35 (7H, m), 3.32 (3H, s),
3.14-3.06 (1H, m), 2.42 (1H, br s), 2.62 (1H, br s), 24835
(3H, m), 2.18-2.05 (1H, m), 2.06-1.93 (3H, m), 1.750.76 (12H,

m); LRMS (APCH-) calcd for GsHzgN>Os (MH™) 463.3, found
463.3.

Preparation of Acetylenic Alcohol 53. To a solution of the
aldehydeb1 (41.2 mg, 0.0819 mmol) in C}l, (10 mL) was added
MgBr, (103 mg, 0.411 mmol). After being stirred at room
temperature for 1 h, the reaction mixture was cooled-#8 °C
and ethynylmagnesium bromide (1.12 mL, 0.561 mmol, 0.5 M
solution in THF) was added dropwise. The reaction mixture was

stirred at the same temperature for 4 h, and then saturated aqueous
NH4Cl was added. The mixture was diluted with water and extracted
with ether. The combined extracts were washed with brine, dried

(MgSQy), and concentrated in vacuo. The residue was purified by
flash column chromatography (EtOAc/hexanes, 1:1) to afford
alcohol53(27.7 mg, 69%) as a colorless oiftH NMR (300 MHz,

NMR (90 MHz, CDC}) 6 172.1, 163.3, 98.3, 82.3, 80.9, 71.3, 70.8,
61.8, 61.0, 59.0, 57.2, 56.3, 55.9, 51.2, 42.7, 40.8, 39.5, 37.7, 35.4,
32.0,29.9,28.2,26.9, 26.5, 25.9, 25.1, 24.1, 23.5, 22.2, 21.7; HRMS
(APCI+) calcd for G7H41N2Og (MH ') 489.2964, found 489.2956.
Conversion of Oxazolidinone 53 to Cyclic Carbonate 54.
KoCO; (29.1 mg, 0.0212 mmol) was added to a solution of
oxazolidinone53 (48.3 mg, 0.0987 mmol) in methanol (8 mL),
and the resulting solution was stirred for 1.5 h 400 The methanol
was then removed in vacuo, and the resulting aqueous mixture was
diluted with saturated aqueous NEI and extracted with CHCls.
The combined organic extracts were washed with brine, dried
(MgS0y), and concentrated in vacuo to afford alco84(39.1 mg,
81%) as a yellow oil: IR (film) 3310, 2930, 2858, 1692, 1629,
1425, 1106, 1043 cnt; *H NMR (300 MHz, CDC}) 6 5.32 (1H,
s), 4.57 (2H, s), 3.953.84 (1H, m), 3.643.51 (2H, m), 3.49
3.38 (4H, m), 3.31 (3H, s), 3.20 (1H, d~= 11.1 Hz), 2.652.31
(5H, m), 2.21 (1H, br s), 2.031.60 (6H, m), 1.53-1.04 (10H, m),
0.82-0.79 (4H, m);13C NMR (75 MHz, CDC}) 6 175.1, 154.3,
99.3, 83.3,80.5, 71.5, 70.2, 64.8, 61.1, 59.0, 57.9, 57.3, 55.4, 52.2,
44.7,41.8, 39.6, 37.5, 36.0, 35.5, 33.0, 29.9, 28.6, 27.9, 26.2, 25.9,
24.3, 23.5, 22.1, 20.7; LRMS (AP€) calcd for G7H4iN2Os
(MH) 489.3, found 489.3.

Acknowledgment. We are grateful to the National Institutes
of Health (GM-32299) for financial support of this research.
We thank Dr. Louis Todaro (Hunter College, CUNY) for the
crystal structure determination.

Supporting Information Available: Copies of proton and
carbon NMR spectra of new compounds and X-ray data including
an ORTEP drawing for compour2B. This material is available
free of charge on the Internet at http://pubs.acs.org.

JO052504R

J. Org. ChemVol. 71, No. 5, 2006 2089



