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A highly efficient method for the synthesis of 1-azabicyglg[O]alkane amino acid derivatives and their
congeners by means of extremely regioselective cyclohydrocarbonylation (CHC) is described. The CHC
reactions are catalyzed by Rh-BIPHEPHOS complex under mild conditions. These CHC reaction processes
involve (i) an extremely linear-selective hydroformylation of the terminal alkene moiety of a
dehydrodipeptide substrate, (ii) intramolecular condensation to form ¢y@iyliminium key intermediate,

and (iii) the second cyclization through intramolecular nucleophilic addition of a heteoatom nucleophile
to the cyclic N-acyliminium moiety to afford the corresponding l-azabicyxkp] system. This
consecutive double cyclization process proceeds with extremely high diastereoselectivity in most cases.
This method has been successfully applied to the syntheses of 1-azabicyclo[4.4.0], -[5.4.0], and -[4.3.0]
systems. The mechanisms of the reactions and the rationale for the observed extremely high
diastereoselectivity are presented. This Rh-catalyzed CHC process would serve as a highly efficient and
versatile method for the syntheses of a variety of conformationally restrained dipeptides, peptidomimetics,
alkaloids, and other biologically active natural or unnatural products.

Introduction be used to restrain the backbone geometry and side-chain
. . . . conformations of the native peptide to investigate the strueture
Azabicycloicy.Olalkane amino acid€ are highly useful activity relationship$:” As these restrained dipeptide scaffolds

synthetic building blocks in the rational design and synthesis . . . .
of peptidomimetics because these dipeptide surrogates serve aR0SsSess spatially defined substituents at boandC terminal

a conformationally fixed scaffold g8-turn (type Il) secondary positions, azabicycla[y.O]alkane_amin(_) ac_ids p_rovide versatil_e
structures of peptidéss which are commonly found in biologi- templates for generating combinatorial libraries for drug dis-

8,9 i
cally active peptides. These unique heterocyclic frameworks canCOVery: Furthermore, it has been shown that theseirn
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SCHEME 1. Representative Routes to Azabicyclaly.Olalkane Amino Acids
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mimics are very useful for the development of efficient enzyme acid residue is necessary in Routes 1 and 2 for construction of
inhibitors and receptor agonists or receptor antagonists. Forthe bridging carborrnitrogen bond. Route 1 only affords the
example, l-azabicyclo[5.4.0]- and 1-azabicyclo[5.3.0]alkane azabicycles in which the heteroatom is located at the C-terminus.
amino acid derivatives have been successfully developed asRoute 2 is a versatile way to azabicyclic compounds. The
potent inhibitors of angiotensin-converting enzyme, neutral heteroatom can be either at tNeterminus or at the C-terminus.
endopeptidase, atrial natriuretic peptide, and enkephalifae.  The critical issue for this route is the introduction of the aldehyde
To obtain a variety of azabicyclely.0lalkane amino acids  group. Route 3 is confined to the azabicygI8[0] system.
for drug design, discovery, and development, it is essential to Consequently, Route 2 appears to be the most flexible and
secure efficient methods for the syntheses of these compoundsversatile synthetic strategy.
Accordingly, various approaches have been investigated. These For Route 2 synthesis, the preparation of dipeptide derivatives
synthetic routes to 1-azabicyciof.0Jalkane amino acids bearing  bearing an aldehyde group in one of the amino acid residues
a heteroatom in addition to the bridgehead nitrogen can beand a free heteroatom nucleophile in the other amino acid
categorized as follows: (1) cyclic amine formation through an residue is essential, but challenging. However, if we can use a
imine intermediate followed by lactam formatiéh?° (2) cyclic masked aldehyde and generate the reactive aldehyde functional-
acyliminium formation followed by a second cyclizatigrs 23 ity in situ, it would solve this challenging problem associated
and (3) electrochemical cyclization by anodic oxidation of the with Route 2. To this end, a terminal olefin would serve as the
prolinyl dipeptides (Scheme 5.6 An aldehyde or acetal group  masked aldehyde since it can be converted to the terminal
at the terminus of the side chain of an amino acid or amino aldehyde through linear selective Rh-catalyzed hydroformylation
under neutral conditions. In fact, we reported that the Rh-
(10) Robl, J. A.; Cimarusti, M. P.; Simpkins, L. M.; Brown, B.; Ryono,  catalyzed cyclohydrocarbonylation (CHE$-32 of N-acylal-
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Chem.1996 39, 494502, lylglycinate proceeded via extremely regioselective hydroformy
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L.; Misra, R. N.; Bednarz, M. S.; Asaad, M. M.; Cheung, H. S.; Abboa- ; iti i
Offei. B. E.. Smith, P. L Mathers. P. D.. Fox. M.. Sehasffer. T. R. ion that accepted the addition of an alcohol (in alcohol solvent)

CO,R*
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SCHEME 2. One-Step Synthesis of 1-Azabicyclg[y.OJalkane Amino Acids through Rh-Catalyzed Cyclohydrocarbonylation
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of our work on the scope of this highly efficient catalytic SCHEME 3. CHC of (SS)-1a and SR)-12
bicyclization process as well as the stereochemical issues of o
the process. Ns
BocHN™ 3 0
Results and Discussion O COOMe
OH /:or i (356S,10S)-5a, 96%
1-Azabicyclok.y.0] systems can be constructed in one step H o
through Rh-catalyzed cyclohydrocarbonylation (CHC) that BocHN \2”"’ o ¢HO
induces a cascade double cyclization process as shown in O COOMe H
Scheme 2. Extremely regioselective hydroformylation of de- (S,9)-1a N

hydrodipeptide derivativé catalyzed by a Rh-BIPHEPHGS BocHN

complex gives linear aldehydeexclusively, which is followed
by the first cyclization to yield the corresponding hemiamidal

O COOMe
(S,S)-2a, 94%

3. After the conversion of hemiamid&lto N-acyliminium ion OH X ; A

4, the second cyclization through addition of an intramolecular H —_— @

nucleophile to4 takes place to furnish azabicyclic prodict BocHN Y BocHN™ K
The substrates of this process, dipeptide derivatiees;j, O COOMe O COOMe

were readily synthesized from the corresponding enantiopure (SR)-1a (35,6R,10R)-5a, 90%

N-protected amino acids (i.e., serine, cysteine, homoserine, .

; . . . . a2 Reagents and conditions: Rh(acac)(e@)mol %), BIPHEPHOS (4
p-aminoalanin€?> homocysteine, threonine, aatlo-threonine) mol %)’g,_,z (2 atm), CO (2 atm), (esc,)(zocﬁ; 0 t(fl)uene; (i) toluen(e’
and enantiopure amino acids or amines (methyl allylglycinate, pTSA (10 mol %); (iii) toluene, DMAP (10 mol %); (iv) THF.
allylglycinol benzyl ether, methyl vinylglycine, vinylglycinol
benzyl ethe?? and 3-aminobutene) under the standard peptide of PTSA as additive was considered to be optimal based on
coupling conditions, i.e., EDC, HOBt, and J&t (only when these results. Thus, the standard reaction conditions for the
hydrochloride was used) in GBl,. cyclohydrocarbonylation ofa—j were set to be the use of Rh-

The CHC reactions ofa—j were carried out with the Rh-  (acac)(CO}BIPHEPHOS catalyst at 66C and 4 atm of H
(acac)(COyBIPHEPHOS catalyst under mild conditions{H  and CO (1:1) in toluene and a catalytic amount (10%) of PTSA.

co — L1, 4 atm, BOOC)'. .TO find the OP“”“'?" reaction. The reaction of §R)-1ain toluene in the presence of PTSA
conditions, solvents and additives were examined in the reactions

gave (F6R,10R)-5a as single product in 90% yield (Scheme
of Boc-(3)-Ser-§-(allyl)Gly-OMe [(S9)-14] (Scheme 3). The 3). Stereochemistry of the newly formed bridgehead position
reaction of §S)-1a proceeded in toluene smoothly to afford

N ) . : C-6 of (SS9-5a as well as §RR)-5a was determined by
t9h6eo /b'ﬁyf(;'cv?/fer?tt'ge r(aaB?ilgS)vfa ?Snt?rfﬁhnglgl prcc’dlfiita't? n ROESY analyses. The results indicate that the chiral center in
o0 yield. en the reaction was run ne cyclization -y, o C-terminus, i.e., the C-10 position, is the stereogenic center
did not occur, but gave aldehyd8§$)-2ain 94% yield, which o . .
. ) S L for the second cyclization that determines the stereochemistry
confirms that the first step in this process is indeed the extremely )
; X X ' . at the bridgehead carbon (C-6).
linear-selective hydroformylation of the olefin moiety &%9- )
1a The cyclization also did not take place in the presence of a N the same manner, the reaction of B&-$er-Q-O-benzyl-
small amount of 4-(dimethylamino)pyridine (DMAP) even when  (ally))glycinol (SS)-1b, bearing a CHOBn group in place of a
toluene was used as the solvent. On the contrary, addition of aCO:Me group at C-10, was carried out to give azabicyclic
catalytic amount op-toluenesulfonic acid (PTSA) accelerated Product GR.9-5bin 82% yield, while the reaction of the other
the cyclization to give (365109-5a in 96% yield. Conse- ~ diastereomer RS-1b gave (R6R,109-5b in 80% yield
quently, the use of toluene as the solvent and a catalytic amount(Scheme 4). Stereochemistry of the products was unambiguously
assigned on the basis of NOESY analysis. In both cases, the
(34) Billig, E.; Abatjoglou, A. G.; Bryant, D. Union Carbide, US 476498,  formation of a small amount of noncyclized acylenamigS)¢
1988. 6b or (R 9-6b, was observed. These side products are formed

(35) Otsuka, M.; Kittaka, A.; limori, T.; Yamashita, H.; Kobayashi, S.; e i ati imini i i
Ohno. M. Chern. Pharm, BuIL985 33, 500. by deprotonatiorrisomerization of the acyliminium intermediate

(36) McKillop, A.; Taylor, R. J. K.; Watson, R. J.; Lewis, I$ynthesis 4 (see Scheme 2) prior to the second cyclization via a
1994 1, 31-33. nucleophilic addition of the hydroxyl moiety
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SCHEME 4. CHC of (S,9)-1b and (R,S)-1b?
o H
6
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aReagents and conditions: (i) Rh(acac)(€@ mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), PTSA (10 mol %), toluene, 85, 20
h.

SCHEME 5.

/q/ 1) -
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CO,Me
(38,75,115)-5¢

CHC of 1

T

z\,'

aReagents and conditions: (i) Rh(acac)(e@ mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), PTSA (10 mol %), toluene, 85, 20
h.

Chiou et al.
SCHEME 6. CHC of 1d?
Boc Boc
| N
NHLS 0} g
- N
BOCHN N 95 % BOCHN 3 o C;E)JOM
e
O  COOMe (35.,65,105)-5d
(S,9)-1d

a Reagents and conditions: (i) Rh(acac)(€® mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), PTSA (10 mol %), toluene, 85, 20
h.

SCHEME 7. CHC of 1&
Tf Tr CHO
S _ S
HOY i, H
CbzHN N 86 % CbzHN N
O COOMe O COOMe
(R.S)-1e (R,S)-2e
H
N SG
1l 6
89% CszN’g(\@
O COOMe

(3R 6S,10S)-5¢

aReagents and conditions: (i) Rh(acac)(€@) mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), MeOH, 65C, 20 h; (ii) TFA (cat.),
CHyCly, rt, 30 min.

of active catalyst species during the reaction (Schemes 7 and
8). Since the thiol group is protected, a spontaneous cyclization
cannot take place, which is likely to lead the reaction to
undesirableN-acylenamine formation (se&in Schemes 4 and

6). To circumvent this problem, we designed to carry out the
reaction in MeOH to trap the resulting aldehyde moiety by
converting it in situ to the corresponding acetal. Moreover, the
Boc protection is not stable under the acidic conditions required
to remove the trityl (Tr) group. Thus, tHé-Boc group should

These results confirm that the C-10 position in the C-terminus be replaced with a carbobenzoxy (Cbz) group. Consequently,
is the stereogenic center. However, the results also have revealewe preparedN-Cbz-S-Tr dipeptidesR.9-1e and §9-1f as
that the stereochemistry induced at the bridgehead (C-6) positionsubstrates for the two-step bicyclization process.

in 1b is opposite to that irla, which indicates that the nature

The reaction o&Tr-N-Cbz-R)-Cys-Q-(allyl)Gly-OMe [(R9-

of the substituent at the C-10 position exerts a critical effect on 1€ was carried out in MeOH under the standard conditions,
the direction of the second cyclization, generating the bridgeheadwhich was supposed to give the dimethylaceté?@However,

carbon in the azabicyclic produbt

to our surprise, the reaction gagein 86% yield (Scheme 7).

This process is readily applicable for the construction of the The subsequent deprotectiecyclization with a catalytic

1-azabicyclo[5.4.0] system. Thus, the reaction of B&ehomo-

Ser-§-(allyl)Gly-OMe [(S9-1¢] under the standard conditions

afforded (F,75119-5c in 87% yield (Scheme 5).

amount of trifluoroacetic acid (TFA) afforded azabicyclic
product (R,6S5109)-5ein 89% isolated yield (Scheme 7). The
(3R,6S,10S) stereochemistry dbe was determined by NOESY

Next, we examined a carbamate group as internal nucleophileanalysis, which is consistent with the case 0§65 105)-5a

to trap theN-acyliminium intermediatd. Thus, the reaction of

unsaturated dipeptideS©-1d, bearing aj-aminoalaniné

from (S9-1a (Scheme 2).
1-Aza-6-thiabicyclo[5.4.0Jundecane amino acid derivative

moiety, proceeded efficiently under the standard conditions to (357S5119-5f was also synthesized froftCbz-STr-(S)-homo-
give (356S109-5d as the single product in 95% yield (Scheme Cys-@©)-(allyl)Gly-OMe [(§9-1f] in the same manner in 84%

6). The ($6S 109 stereochemistry obd was determined by

yield for two steps (Scheme 8). It may be worthy of note that

X-ray crystallographic analysis (see Figure S1, Supporting this azabicyclo[5.4.0] framework is the core part@fmapat-

Information), which is consistent with the case 085 10S)-

rilat,!* an efficacious ACE inhibitor developed by the Bristol-

5a from (S9-1a (Scheme 2). It should be noted that no Myers Squibb company. The stereochemistry & 1S,119-
1-azabicyclo[4.3.0] product was formed in spite of the fact that 5f was determined by NOESY and NOE difference analyses.

either of the Boc-amino groups in thifleaminoalanine residue

could have reacted with the acyliminium intermediéte(R =
Boc, X = BocN).

We also examined the effect of another chiral center at the
side chain of an amino acid residue of unsaturated dipeptide
substrates on the stereochemistry of the second cyclization by

In the case of unsaturated dipeptide substrates bearing antroducing threonine isomers at the N-terminus. The reaction

cysteine moiety, anStrityl derivative was used to avoid

of Boc-(L)-Thr-(9-(allyl)Gly-OMe (SR,9-1g under the standard

undesirable SS bond formation as well as possible deactivation conditions afforded a single azabicyclic produc4R,6S10S)-

1874 J. Org. Chem.Vol. 72, No. 6, 2007
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SCHEME 8. CHC of 1f2
Tr-S TS CHO
HOS (U H
CbzHN N 93%  ChzHN N
O CO,Me O CO,Me
(8,9)-1f (S.S)-2f
s H
@ D
Toow .\ N T
CbzHN"3 1 HSQJ\
CO,Me : 0 CO.H
(3S7S11S)-5¢ Omapatrilat

aReagents and conditions: (i) Rh(acac)(€@ mol %), BIPHEPHOS
(4 mol %), B (2 atm), CO (2 atm), MeOH, 68C, 20 h; (ii) MeSQH
(1%), ChCly, 30°C, 1 h and then BSiH (2 equiv) in TFA.

SCHEME 9. CHC Reaction of 1@
Me OH AN ) Me fe) H
H (i)
BocHN BocHN N
O  COMe O CO,Me
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CO,Me CO,Me
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H
Me,, O
BocHN N
Me.. OH & 0 O CO,Me
H ——— (35,45,65,105)-5g, 69%
BocHN H
O CO,Me Me., O
S.S,S)-1
( 9 BocHN N
O COMe
(35,4S,6R,10S)-59, 17%
Me., O H
BocHN™ Ny
Me,, OH AN (i) O CO,Me
H —— = (3R4S6R,105)-59, 78%
BocHN™™ H
O CO,Me Me:. O
(R,S,S)-1g . N
BocHN'
O COMe

(3R,4S,6S,10S)-5g, 10%

aReagents and conditions: (i) Rh(acac)(e@ mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), PTSA (10 mol %), toluene, 85, 10
h.
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the threonine side chain are very close to the reacting hydroxyl
group in the second cyclization. This also means that the three
chiral centers at the allylglycine residue and thgtfireonine
side chain both happen to be induci8gonfiguration at the
bridgehead carbon in the reaction 88 9-1g. The predominant
effect of the stereogenic centers at the threonine side chain is
also observed in the reactions of Bag-allo-Thr-(S)-(allyl)-
Gly-OMe (§S9-1gand Boc-6L)-Thr-(S-(ally)Gly-OMe (RSS-

1g The reaction of$S9-1g gave a mixture of two azabicyclic
products, ($4S6S109-5g (major, 69% yield) and (34S6R,-
109)-5g (minor, 17% yield), while the reaction oR(S9-1g
afforded two diastereomeric productsR(3S,6R,105)-5g (major,

78% yield) and (8,4S,6S,10S)-5g (minor, 10% yield) (Scheme

9).

In these cases, the three stereogenic centers at the threonie
side chain and the allylglycine residue have a conflicting effect
on the direction of the second cyclization, but the stereogenic
centers at the threonine side chain exert a predominant role.
These results also indicate that the Boc-NH group at the C-3
position has a critical effect on the direction of the second
cyclization (vide infra).

The CHC of unsaturated dipeptides, bearing a vinlyglycine
residue in place of an allylglycine residue, was challenging due
to the inherent instability of the vinylglycine residue, which is
prone to isomerize to the corresponding conjugated ethylene-
glycine residue. In fact, the reaction of Bag-Ser-§)-(vinyl)-
Gly-OMe [(S,9-1h] under the standard conditions afforded a
mixture of azabicyclic products, §6S95)-5h (major, 48%
yield) and (3,6S,9R)-5h (minor, 21% yield), accompanied by
noncyclized dipeptideS)-7h, in 21% yield (Scheme 10). The
reaction of RS-1h also gave a mixture of 6R,99-5h
(major, 42% yield) and (B,6R9R)-5h (minor, 16% yield),
accompanied byR)-7h in 23% yield (Scheme 10). Then it was
found, unexpectedly, these four distereomeric azabicyclic
products5h were comprised of two pairs of enantiomers on
the basis of the facts that a pairsif showed the identical NMR
spectra and the same]p value but with opposite signs. The
structures of one pair of enantiomers,SES9R)-5h and
(3R,6R,99)-5h, were confirmed by X-ray crystallography (see
Figures S2 and S3, Supporting Information). Thus, the other
pair of enantiomers, §6S99-5h and (3R,6R,9R)-5h, were also
unambiguously assigned.

The results clearly show that partial epimerization took place
at the C-9 position of the product during the reaction. Since it
is highly unlikely that the epimerization occurs after the
formation of the azabicyclic skeletobh, the epimerization
should have happened during the hydroformylation step or at
the N-acyliminium intermediate stage. For the formation of
noncyclized dipeptidegh, there are two possible pathways, i.e.,
(a) via hydroformylation of the vinylglycinate residue as a result
of low regioselectivity and (b) via hydroformylation of the
ethylideneglycinate residue generated in situ by double bond

5gin 85% yield (Scheme 9). This result alone appears to imply Migration. Judging from the fact that no branched aldehyde
that the additional chiral center does not have any influence on formation was observed when the electron-withdrawing ester
the second cyclization and the stereogenic center is still the onegroup was replaced with a benzyloxymethyl or a methyl group
at the C-10 position in the same manner as that observed for(substrateli or 1j, vide infra), the possible pathway (b) is most

la(Scheme 2). However, the reaction of Bag-&llo-Thr-(S)-
(allyl)Gly-OMe (RR,S-1g gave (R4R6R105-5g as the

likely to be the case.
As described above, the use of a vinylglycine residue in

exclusive product in 94% yield (Scheme 9). This result clearly unsaturated dipeptide substrates causes complications. Accord-

indicates that the chiral centers at the side chain obtladlo-

ingly, we replaced the vinylglycine residue wi@®-protected

threonine residue serve as the stereogenic centers in the secondnylglycinol residue to circumvent the problem. In fact, the
cyclization. This result makes sense since the chiral centers atreaction of Boc-§)-Ser-R)-(O-benzyl)Glycinol [SR)-1i] under
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SCHEME 10. CHC to of 1h?
OH
0 Q
BocHN BocHN 9 BocHN BocHN CHO
O CO,Me COMe CO,Me CO,Me
(5,5)-1h 38689,‘-‘\’) 5h, 21% 386898 -5h, 45% S -7h, 21%
OH
0| b
BocHN™ BocHN™" BocHN 2 BocHN™" CHO
O CO,Me CO,Me CO,Me
(R.S)-1h (3R6R 93) -5h, 42% (3R,6R,9R)-5h, 16% (R)-7h, 23%

aReagents and conditions: (i) Rh(acac)(e@® mol %), BIPHEPHOS (4 mol %), H(2 atm), CO(2 atm), PTSA (10 mol %), toluene, 85, 20 h.

SCHEME 11. CHC of 1i2
OH
g YJ
N
BocHN Y BocHN
O CH,0Bn TH,0Bn
(SR (3ssng -5i, 87%
o
@
BocHN\“s N
OH O  CH0Bn
. HJ o, (3R.6S,9R)-5i, 41%
BocHN" o H
O CH,0Bn \}@
(RR)i BochN N 4
O  CH0Bn
(3R.6R 9R)-5i, 42%

aReagents and conditions: (i) Rh(acac)(e@ mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), PTSA (10 mol %), toluene, 85, 20
h.

SCHEME 12. CHC of 12

BocHN([( J BocHN,g(\K\>

(3S, 68 95)-5j, 94%

BocHN"3 @
OH
H\) 9, arer 93) 5), 45%
BocHN""
BocHN"' K'(\O

(3R,GS,QS)-51, 34%

S) 11

aReagents and conditions: (i) Rh(acac)(e®) mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), PTSA (10 mol %), toluene, 85, 20

h.
the standard conditions afforded the corresponding azabicyclo-

[4.3.0] product (3,6S,9R)-5i exclusively in 87% isolated yield
(Scheme 11). However,
substrate R R)-1i gave a nearly 1:1 mixture of BB6R,9R)-5i

and (R,6S9R)-5i in 83% combined yield although no formation

of other side products was observed (Scheme 11). The results
indicate that the chiral centers at the N-terminus as well as at
the C-terminus are stereogenic centers in these reactions, and

(SR)-1i is a matching pair whileR,R)-1i is a mismatching pair.
As already observed in the reactions § (Scheme 4), the
directing effect of the PhCHDCH, group inli on the second

cyclization to generate the bridgehead carbon (C-6) is opposite

to that of the C@Vle group inla (Scheme 3).
In the same manner, the reaction$\efS)-3-buten-1-ylamides
of (§- and R)-N-Boc-serine [§9)-1j and R S-1j] were carried

reaction of the other diasteromer

SCHEME 13. CHC of 1k?

T

o}

BocHNm
OH

(i ©
HJ — = (3S5,6S)-5k, 70%
BocHN H
(S)-1k
BocHN"? N

o
(3S,6R)-5k, 6%

Z5

aReagents and conditions: (i) Rh(acac)(€®) mol %), BIPHEPHOS
(4 mol %), H (2 atm), CO (2 atm), PTSA (10 mol %), toluene, 85, 20

out under the standard conditions. The results were very similar

to those forli described above, i.e., the reaction &9j-1]
afforded (F,6S99)-5] exclusively in 94% yield, while that of
(R9-1j gave a mixture of (B,6R99-5] (45% vyield) and
(3R,6S99-5] (34% yield) (Scheme 12). The structure of
(356S5,99)-5] was confirmed by X-ray crystallographic analysis
(see Figure S4, Supporting Information). The directing effect
of the methyl group inlj is the same as that of the PhgH
OCH, group in1li (although theS R designation is different,

N-allylamide of Boc-§-serine §-1k under the standard
conditions, which gave &69)-5k (major, 70% yield) and
(3S6R)-5k (minor, 6% yield) (Scheme 13). This result confirms
the anticipated and substantial directing effect of the stereogenic
center in the Boc-serine residue.

Mechanisms of the Second CyclizationAs described above,
extremely high diastereoselectivity was observed in most of the
syntheses of 1-azabicyctoy.OJalkane amino acids and their

the stereochemical sense of the substituents is the same). Irderivatives by means of the Rh-BIPHEPHOS-catalyzed cyclo-
this case, however, it appears that the stereogenic center of thénydrocarbonylation (CHC). One might guess that the second
N-Boc-serine residue has a stronger directing effect than thecyclization step is thermodynamic control, yielding the ther-

N-but-1-en-3-yl moiety.
To confirm the directing effect of thBl-Boc-serine residue

modynamically most stable products. However, this possibility
is easily eliminated by molecular mechanics calculation of the

on the second cyclization, we carried out the reaction of the energies of a pair of diastereomers in each case (see the
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Mechanism of the Extremely Diastereoselective Cyclization of 4a

1 3-allylic strain

¥

I 1,3-allylic strain > 1,3-diaxial strain = ConformerAl

CHO

CHO

BocHNL,fp BocHNJi'fj/\‘j BocHN j BocHN

CO,Me

S S)-2a (3S, 6S 1OS) 5a

COzMe

—, NHBoc
&\ CO,Me
A J
HO
H NHBoc
(S,S)-4a

Supporting Information). Thus, the extremely diastereoselective

second cyclization step should be a kinetically controlled
process.

COZM
(33,6R,10R) -5a

7

@ H _0

COZMe = N_
i COgMe

H NHB°° H NHBoc

COzMe
(s R)-2a

(S,R)-4a

As mentioned above, the GBBn group at C-6 of the
intermediate $9-4b and §R)-4b should occupy the equatorial
position (Conformer B). Thus, it is anticipated that the intramo-

Deslongchamps has reported that a nucleophilic addition to lecular addition of the hydroxyl group to the iminium bond of

a conformationally rigid didehydropiperidinium ion is controlled

(S9-4b takes place from thee face (bottom face) to afford

by stereoelectronic effects, wherein an axial attack is favored (3S6R,109-5b, while that of §R)-4b proceeds through ths

to avoid the unfavorable boat transition stéteéccordingly,
the conformation oN-acyldidehydropiperidinium ioA should

face (top face) to give @6S10R)-5b (Scheme 15). The
experimental results are consistent with the anticipated outcomes

play a key role in the second cyclization. To determine the (Scheme 4). The proposed mechanism (Scheme 15) is certainly

favorable conformation of intermediadgtwo conflicting strains,
i.e., 1,3-diaxial strain and 1,3-allylic straifishould play critical

applicable to other nucleophiles, i.e., nitrogda)(and sulfur
(4¢€), as well as homologuegd and4f). Thus, the reactions of

roles, i.e., the relative significance of these two strains would (S9-1c (Scheme 5), $9-1d (Scheme 6), R S-1e (Scheme
determine the conformation. In other words, the predominance 7), and §9-1f (Scheme 8) indeed gave the correspondiog

of allylic strain (i.e., allylic strain>1,3-diaxial strain) would
render the substituent at C-6 to the axial position, favoring

f, respectively, in accordance with the proposed mechanism.
For the reactions of Bo@(L)-Thr-(9-(allyl)Gly-OMe and

Conformer A (Scheme 14), whereas the C-6 substituent would Boc-(p/L)-allo-Thr-(S)-(allyl)Gly-OMe diastereomersi), the
take the equatorial position when the 1,3-diaxial strain over- chiral center in the threonine @ilo-threonine residue serves

whelms the 1,3-allylic strain, favoring Conformer B (Scheme
14).

The estimated equatorial preference is 1.2 kcal/mol fog-CO
Me and 1.8 kcal/mol for methyl grouis-#! This indicates the
sp*-hybridized methyl group at the axial position of C-6 would
suffer more from the 1,3-diaxial strain than thé-fybridized
CO:Me. Accordingly, the sphybridized CHOBN group should
occupy the equatorial position of C-6 to avoid critical 1,3-diaxial
strain, while the sphybridized CQMe group should take the
axial position of C-6 because of the predominant 1,3-allylic
strain. Therefore, it is anticipated that the intramolecular
nucleophilic addition of the hydroxyl group to the iminium bond
of (§9-4a (Conformer A) takes place from tha face (i.e.,
the top face), leading to the formation of §8S5109-5a
(Scheme 14). In the same manner, the additionS®){4a
(Conformer A) should occur from thes face (i.e., the bottom
face) to give (& 6R,10R)-5a (Scheme 14). The experimental
results (Scheme 3) are consistent with these anticipations.

(37) Deslongchamps, P. Btereoelectronic Effects in Organic Chemistry
Pergamon: New York, 1983, Chapter 6.

(38) Johnson, FChem. Re. 1968 68, 375-413.

(39) Booth, H.; Everett, J. Rl. Chem. SocChem. Commuril976 8,
278-279.

(40) Booth, H. E.; Jeremy Rl. Chem. Soc¢Perkin Trans. 2198Q 2,
255-259.

(41) Carroll, F. A.Perspecties on Structure and Mechanism in Organic
Chemistry Thomson Publishing Inc.: 1998, p 138.

as an additional stereogenic center in addition to the stereogenic
center in the C-terminus residue (Scheme 9). As described
above, the reactions oSRS-1g and RR,S-1g led to the
exclusive formation of the correspondingSaR,6S,10S)-5g
(85% yield) and (84R,6R,105-1g (94% yield), respectively.

In the case of the3R,9-1g to (3S4R,6S105-5g conversion,

it appears that th& configuration at the chiral centers in the
L-threonine and-allo-threonine forms a matching pair with
the S configuration at the C-terminus residue that fixagsas
Conformer A (Scheme 14). Inspection of the approach of the
hydroxyl group to the iminium carbon ofg (si-face attack)
has revealed that the methyl group at the side cha@x@to

the second cycle being formedeKoMethyl” approach, Figure

1). Thus, the induction of theS&configuration at the bridgehead

is directed by thes configuration at the C-terminus residue in
the same manner as that f@&%-4a (Scheme 14).

However, whenp-allo-threonine,L-allo-threonine, ancd-
threonine are used as N-terminus residues, the situation becomes
more complicated. In the case of tHRR,9-1gto (3R 4R,6R,-
109)-5¢g conversion, R configuration was introduced at the
bridgehead position exclusively (94% isolated yield)! This
means that the chiral center at the C2 position-aflo-threonine
residue emerges as the stereogenic center, which directs
exclusive re-face attack [gro-6R approach) on the iminium
carbon of RR,S-4g. The inspection of the possible transition
state structures has disclosed an additional critical factor that
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SCHEME 15. Mechanism of the Extremely Diastereoselective Cyclization of 4b

¥

1,3-diaxial strain

1 3-allylic strain HSN

I 1,3-diaxial strain > 1,3-allylic strain ——> Conformer B|

OH
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CHZOBn
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CO,Me
A ~ 0]
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o
pro-65-S,5,5)-4g
—(5,5,5,5)-59 (69%) — (5,5,R,S)-5g (17%)}

pro-6R-(S,S,5)-4g

H

Boﬂ-lN \Q

PfO'SS-(R, SJ 3)49
—~(R,S,5,9)59 (10%) — (R,5,A,5)5g (78%)

pro-6R{R,S,S)-49

H
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CH2OBH (o} CHzan
(s R)-2b (S.S,R)-5b
H Ho, NHBoc
CHZOBn si S &
O CH,0Bn
H NHBoc
(S,R)-4b

between theéndeMethyl” group of thep-allo-threonine residue
and the iminium moiety ofRR,S)-4g. The steric conflict can

be avoided when the hydroxyl group undergoesace attack
through the &xoMethyl” approach although it should cause
1,3-allylic strain (Figure 1). A very similar analysis is applicable
to the RSS-4g case, which favors thee-attack pro-6R
approach) of the hydroxyl group of tleethreonine residue to
give (R4S6R109-5g as the predominant product (78%
isolated yield). In the case ofSSS)4g bearing anL-allo-
threonine residue, th&-attack is favored, although minor steric
conflict exists between theehdeMethyl” and the iminium
moiety, to give ($4S6S109-5¢g as the major product (69%
isolated yield). When the same analysis is applied to the most
straightforward case, i.e., an apparent “matching pair” case
(SR, 9-4g, the intramolecular hydrogen bonding indeed fixes
the “exoMethyl” conformation and favors thsi-attack pro-

6S approach) of the hydroxyl group afthreonine residue to
give (354R,65109-5¢g exclusively (Figure 1).

As described above, the reactions of B&R)-Ser-g)-
(viny)Gly-OMe (1h) gave a mixture of two diastereomeric
1-aza-5-oxabicyclo[4.3.0]nonane produdik)(and noncyclized
dipeptide h) (Scheme 10). It is indicated that epimerization
of the vinylglycine residue as well as isomerization of the double
bond to ethyleneglycine residue took place during the hydro-
formylation step. The occurrence of the epimerization and the
double bond isomerization can be accommodated by assuming
the intermediacy ofr-allyl-[Rh]H complex8h in competition
with hydroformylation, as illustrated in Scheme 16 (only the
(S9-1h case is shown: the mechanism is essentially identical
for (R,9-1h).

A key olefin-Rh complex intermediateS§)-1h-Rh, in the
Rh-catalyzed hydroformylation reacts with CO angtbl give
(3565 99-5h as a single diastereomer. As a competitive process
with the hydroformylation, $S)-1h-Rh formsz-allyl-[Rh]H
complex §-8h, which is in equilibrium with olefin-Rh complex
intermediates§S)-1h-Rh, (SR)-1h-Rh, and §-iso-1h-Rh. Each

FIGURE 1. Rationale for the diastereoselective cyclizatiordgf olefin-Rh complex reacts with CO and;Ho give the corre-

determines the conformation of the threonine afo-threonine sponding product, §6S99)-5h, (SSR)-5h, or (§-7h. It should
residues. This critical factor is the intramolecular hydrogen be noted that the absolute configuration of the bridgehead carbon
bonding of the hydroxyl group to the BocNH group in nonpolar (C6) is S, regardless of the configuration of the vinylglycine
aprotic solvent (toluene). Because of this hydrogen bonding, residue. The result clearly indicates that the stereogenic center
thesi-attack becomes impossible due to the severe steric conflictin the 1-aza-5-oxabicyclo[4.3.0] system is the chiral center of
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SCHEME 16. Product Distribution of the CHC of the Vinylglycyl Dipeptide 1h
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the Boc-Q)-serine residue, which makes a sharp contrast with

the cases of the 1-azabicyclo[4.4.0] as well as 1-azabicyclo-

[5.4.0] system formation (Schemes 38, and 13). This is
partly due to the fact that the 1,3-allylic strain is substantially
weakened in the pyrrolidinium ions as compared with the
piperidinium ions. The strong directing effect of the B&-(
serine residue on the second cyclization via dehydropyrroli-
dinium ion intermediateth—j for the formation of the 1-aza-
bicylco[4.3.0] system was further confirmed in the reaction of
simple N-allylamide of Boc-§)-serine, §-1k, which gave
(3569-5k and (3B,6R)-5k in 92:8 ratio (Scheme 13Y.
The observed strong directing effect of theBoc-(S)-serine

Pro-6S-4k Pro-6R-4k
si-face attack re-face attack
favorable unfavorable

FIGURE 2.

lectivity in most cases. The mechanism of the reactions, the
rationale for the extremely high diastereoselectivity, and the key

residue is rationalized by taking into account the intramolecular factors governing the Stereochemistry of the second Cyc|iza[i0n

hydrogen bonding between the NH-Boc moiety and the hydroxyl

are discussed in detail. We believe this catalytic synthetic

group of the serine residue (see Figure 1 and discussions) asmethod is applicable to the syntheses of a variety of restrained

well as the steric conflict associated wisikface andre-face
attacks of the hydroxyl group at the iminium moiety4¥. As
Figure 2 clearly illustrates, tha-face attackgro-6Sapproach)

does not have appreciable steric conflict other than a minor 1,3-

allylic strain, while there-face attack§ro-6Rapproach) suffers

from severe steric conflict between the NH-Boc group and the

hydrogen of the iminium moiety although there is no 1,3-allylic
strain. Thus, the $product, ($69-5k, is formed as the
predominant product.

In conclusion, we have developed a highly efficient method
for the synthesis of 1-azabicycloy.Olalkane amino acid

derivatives and their congeners by means of extremely regio-

selective cyclohydrocarbonylation (CHC) catalyzed by Rh-
BIPHEPHOS complex under mild conditions. The reaction
involves two consecutive cyclization steps, i.e., the first cy-
clization to form the cyclidN-acyliminium key intermediatéd

via CHC and the second cyclization to yield the corresponding
1l-azabicyclok.y.0] system5 with extremely high diastereose-

(42) Baldwin reported the strong directing effect of the B8g<erine
residue on the selective formation of th8 Bridgehead configuration in
his tandem ozonolystiscyclization of Boc-§)-Ser-§R)-(homoallyl)Gly-
OBn substrates, which gave the corresponding-6aza-5-oxobicyclo-
[4.3.0] product in 72-77% yield with high diastereoselectivity $6R =
>7:1) regardless of the absolute configuration of the homoallylglycine
residue (see ref 22). Marshall also reported a similar directing effect of
Boc-(S)-homoserine residue in his electrochemical (i.e., anodic electrolysis)
cyclization of Boc-§-homoSer-ER)-Pro-OMe, which gave @-1-aza-
6-oxabicyclo[5.3.0] product exclusively, regardless of the absolute config-
uration of the proline residue although the chemical yields were only
moderate (4852%) (see ref 26).

dipeptide units, peptidomimetics, alkaloids, and other biologi-
cally active natural or unnatural products.

Experimental Section

General Methods and Materials.See the Supporting Informa-
tion.

General Procedure for the Preparation of Unsaturated
Dipeptide Derivatives 1.Unsaturated dipeptide or amide substrates
1 were prepared according to the standard peptide coupling method
with 1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDC) and 1-hy-
droxybenzotriazol (HOBt). One equivalent of;Etwas used in
the case of hydrochlorides. A typical procedure is described for
the preparation dii-(tert-butoxycarbonyl)-§)-seryl-©-allylglycine
methyl estef? (S9-1a To a mixture ofN-t-Boc--serine (103
mg, 0.50 mmol, 1.0 equiv), methyl allylglycinate hydrochloride (83
mg, 0.50 mmol, 1.0 equiv), EDC (106 mg, 0.55 mmol, 1.1 equiv),
and HOBt (102 mg, 0.75 mmol, 1.5 equiv) in @El, (1.0 mL)
was added BN (70 L, 0.5 mmol, 1.0 equiv) in an ice bath under
nitrogen. After the addition was complete, the ice bath was removed.
The reaction mixture was allowed to warm up to room temperature
and stirred overnight16 h) under nitrogen. The reaction mixture
was partitioned with EtOAc (15 mL) and aqueous NaHQQ®5
N, 25 mL). The resulting aqueous solution was extracted with
EtOAc (2 x 15 mL). The combined organic layers were washed
with saturated NECI (25 mL) and brine (15 mL), dried over
MgSQ,, and then concentrated under reduced pressure to give crude
residue. The residue was purified by flash chromatography on silica
gel, using EtOAai-hexane as eluant to affor&,§)-1a (120 mg,
76% vyield) as a colorless liquid. Characterization data for all
substratesla—k are summarized in the Supporting Information.
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General Procedure of Cyclohydrocarbonylation. A typical 138.2, 155.7, 165.7. HRMS-FABn(2): [M + H]" calcd for
procedure is described for the synthesis d5S,109-1-aza-3- Co1H30N0s-H™, 391.2234; found, 391.2242A(= 2.0 ppm).
tert-butoxycarbonylamino-10-methoxycarbonyl-5-oxa-2-oxobicyclo- (3S,7S,115)-1-Aza-3+ert-butoxycarbonylamino-11-methoxy-

[4.4.0]decane, (86S1059-5a Into a 10 mL round-bottomed  carbonyl-2-oxo-6-oxabicyclo[5.4.0lundecane, §7S,115)-5c. Col-
reaction flask were placed Rh(acac)(GQ).9 mg, 0.0073 mmol, orless oil; 87% yieldH NMR (500 MHz, 25°C, CiDg) 6 0.95
2 mol %) and BIPHEPHOS (11.6 mg, 0.0148 mmol, 4 mol %). (ddddd,J= 13.2, 9.6, 4.8, 4.8, 4.8 Hz, 1H), 1.06 (dddds= 12.5,
The atmosphere of the reaction flask was replaced with nitrogen, 12.5, 4.5, 4.5 Hz, 1H), 1.17 (dddd,= 15.0, 13.0, 7.0, 4.0 Hz,
followed by the addition of degassed toluene (1.0 mL). The resulting 1H), 1.35-1.45 (m, 1H), 1.451.55 (m, 1H), 1.46 (s, 9H), 1.80
solution was allowed to stir until it became homogeneous. The (dd,J = 14.0, 2.0 Hz, 1H), 2.092.17 (m, 2H), 3.27 (s, 3H), 3.50
dipeptide substrates(S)-1a (120 mg, 0.363 mmol) and PTSA (7  (ddd,J = 12.0, 12.0, 1.5 Hz, 1H), 3.77 (ddd,= 12.0, 7.0, 3.5
mg, 0.036 mmol) were placed in a 25 mL reaction flask. The Hz, 1H), 4.36 (br s, 1H), 4.73 (ddd,= 11.5, 6.3, 2.0 Hz, 1H),
catalyst solution was transferred to the reaction flask via syringe, 5.15 (dd,J = 7.5, 2.0 Hz, 1H), 6.20 (d] = 5.5 Hz, 1H);'3C NMR
and the total volume was adjusted to 6.0 mL (0.06 M). The reaction (100 MHz, 25°C, GDg) ¢ 15.9, 25.6, 28.8, 30.9, 33.8, 52.0, 52.8,
flask was placed in a 300 mL stainless steel autoclave, and the53.5, 70.4, 79.4, 82.9, 155.7, 171.9, 175.1. HRMS-FA®&). [M
autoclave was flushed with CO several times. Then the autoclave + H]* calcd for GeHo6N2Og'Ht, 343.1869; found, 343.1869\(
was filled with 2 atm of CO, followed by 2 atm of HThe autoclave = 0.0 ppm).
was heated at 65C with stirring for 20-24 h. Then, the autoclave (3S,6S,109)-1,5-Diaza-3tert-butoxycarbonylamino-5+ert-bu-
was cooled to room temperature and gases were slowly andtoxycarbonyl-10-methoxycarbonyl-2-oxobicyclo[4.4.0]decane,
carefully released. The reaction mixture was then concentrated under(3S,6S,105)-5d. Colorless oil; 95% yield:'H NMR (400 MHz, 25
reduced pressure to give viscous oil. The crude oily product was °C, CDCk) 6 1.41 (s, 9H), 1.49 (s, 9H), 1.6%.02 (m, 6H), 3.03
purified by flash column chromatography on silica gel, using (t, J= 12.0 Hz, 1H), 3.71 (s, 3H), 3.74 (m, 1H), 4.01 (ddd+=
EtOAc/h-hexane as eluant, to give$8S 109-5a (120 mg, 96% 10.8, 4.8, 4.8 Hz, 1H), 4.60 (br s, 1H), 5.30 (br s, 1H), 5.47 (br s,
yield) as a colorless oillH NMR (400 MHz, 25°C, CDCk) 6 1H); 13C NMR (100 MHz, 25°C, CDCk) 6 21.5, 24.5, 28.3, 29.6,
1.38 (s, 9H), 1.47#1.57 (m, 1H), 1.651.79 (m, 2H), 1.842.01 41.7, 50.3, 52.2, 59.8, 68.5, 79.8 (2C), 81.8, 153.2, 155.4, 167.8,
(m, 3H), 3.68 (s, 3H), 3.75 (dd, = 10.2, 7.0 Hz, 1H), 4.16 (dd, 169.5. HRMS-FAB (V2): [M + H]" calcd for GoHaaN3O7-H™,
J=10.2, 6.2 Hz, 1H), 4.394.44 (m, 2H), 4.93 (dd) = 8.4, 4.4 428.2397; found, 428.2398A(= 0.2 ppm).
Hz, 1H), 5.36 (dJ = 6.0 Hz, 1H);3C NMR (100 MHz, 25°C, (3R,6S,109)-1-Aza-3-benzyloxycarbonylamino-10-methoxy-
CDCl) 6 16.5, 24.5, 28.0, 28.2, 49.8, 52.4, 54.0, 67.0, 80.0, 82.7, carbonyl-2-oxo-6-thiabicyclo[4.4.0]decane, [,6S,105)-5e.The
155.4, 168.4, 171.5. HRMS-FABn(2): [M + H]* calcd for reaction of R,9-1e(195 mg, 0.32 mmol) was carried out in MeOH
Ci15H24N206°H™T, 329.17183; found, 329.1713\ (= 0.0 ppm). in place of toluene and in the absence of PTSA, but otherwise under
In the same manner, other reactions were carried out to give thethe same conditions as the standard procedure described above, to

corresponding 1-azabicyclic produ&sThe characterization data ~ 9ive N-benzyloxycarbonyB trityl-(R)-cysteinyl-§-6-oxonorleucine
for 5a—k are shown below: methyl ester [R,9-2¢] (180 mg, 86% yield) as a colorless otk

(3S,6R,10R)-1-Aza-3+ert-butoxycarbonylamino-10-methoxy- NMR (400 MHz, 25°C, CDC) 9 1.52-1.68 (m, 3H), 1.751.86

carbonyl-5-oxa-2-oxobicyclo[4.4.0]decane, £36R,10R)-5a. Col- E(Td %]Hl ié3421—27329 SE fg; ! %‘2? (((1d33:|_|)133;2é55 (%:_'SZ i:g 31—31%
orless oil; 90% yield:'H NMR (400 MHz, 25°C, CDCk) 6 1.31— 4 5’4 (m 1|_'|)’ 5'03 (d,,] _ 132 Hz ,1H) ’5 (')7 (dJ = 13 2’ H'Z
1.41 (m, 1H), 1.39-1.49 (m, 1H), 1.40 (s, 9H), 1.571.67 (m, X y T ' : iy : '

1H), 5.28 (d.J = 6.8 Hz, 1H), 6.58 (dJ = 6.8 Hz, 1H), 7.17
1H), 171177 (m, 1H), 1.921.99 (m, 1H), 2162.23 (m, 1H), 1'% o ng) 5 (tJ=1.2) 5 1H()_fgc IR 00 ). 717
3.69 (s, 3H), 3.984.02 (m, 2H), 4.25 (br s, 1H), 4.90 (dd.=  oc"cpcyy's 17,5, 31.3, 33.7, 42.8, 51.7, 52.3, 53.8, 66.9, 67.1
10.2, 3.4 Hz, 1H), 5.23 (d] = 7.2 Hz, 1H), 5.33 (dJ = 5.2 Hz, : -5, 31.3, 33.7, 42.8, 51.7, 52.3, 53.8, 66.9, 67.1,

1H): 13C NMR (100 MHz, 25°C, CDCH) & 19.0, 26.1, 28.3, 31.4, 126.8, 127.9, 127.9, 128.0, 128.3, 129.4, 136.0, 144.2, 155.7, 169.9,

171.7, 201.4.
50.9,52.2,52.5,68.2,80.1, 85.1, 155.2, 166.5, 171.1. HRMS-FAB g . -
(M2): [M + H]* calcd for GeHoN,Og-H*, 329.1713; found, (R,9-2e(139 mg, 0.216 mmol) was dissolved in dichloromethane

- (1.0 mL). To this solution was added trifluoracetic acid (TFA) (1

829.1713 A = 0.0 ppm). mL) at room temperature. The reaction mixture was poured into

(3S,6R,105)-1-Aza-10-benzyloxymethyl-Zert-butoxycarbony- saturated NaHCE(3 mL) and extracted with EtOAc (& 5 mL).
lamino-5-oxa-2-oxobicyclo[4.4.0]decane, £36R,105)-5b. Color- The combined extracts were washed with brine, dried over MgSO
less oil; 82% yield*H NMR (600 MHz, 25°C, CDCk) 6 1.39~ filtered, and evaporated. The crude product was purified by flash
1.45 (m, 1H), 1.42 (s, 9H), 1.541.60 (m, 1H), 1.66-1.68 (m, chromatography on silica gel with EtOAehexane as eluant to
2H), 1.84 (d,J = 13.8 Hz, 1H), 1.93 (ddd) = 12.6, 1.8, 1.8 Hz  afford (3R 6S105)-5€ (72 mg, 87%) as a colorless oitH NMR
1H), 3.45-3.46 (m, 1H), 3.48:3.51 (m, 1H), 3.55 (1) = 7.8 Hz (400 MHz, 25°C, CDCk) 6 1.50-1.60 (m, 1H), 1.621.82 (m,
1H), 4.14 (quintet) = 6.0 Hz, 1H), 4.374.43 (m, 1H), 450 (M, 1H) 1.70-1.80 (m, 1H), 1.841.90 (M, 1H), 1.942.04 (m, 1H),
2H), 4.80 (dd,J = 10.8, 3.0 Hz, 1H), 4.86 (quartel,= 6.0 Hz, 2.16-2.26 (m, 1H), 2.69 (dd) = 12.0, 10.5 Hz, 1H), 3.55 (dd,
1H), 5.24 (br s, 1H), 7.257.34 (m, 5H);*3C NMR (100 MHz, 25 = 10.5, 6.0 Hz, 1H), 3.70 (s, 3H), 4.69 (ddii= 12.0, 6.0, 6.0
°C, CDCE) 6 18.3, 25.4, 28.5, 32.5, 48.9, 50.5, 67.0, 69.2, 73.2, Hz 1H), 4.88 (ddJ = 7.2, 3.6 Hz, 1H), 5.045.14 (m, 1H), 5.09
80.0, 85.7, 127.8, 127.9, 128.6, 138.4, 156.1, 167.1. HRMS-FAB (s, 2H), 6.13 (dJ = 6.0 Hz, 1H), 7.25-7.35 (m, 5H);13C NMR

(M2): [M + H]* caled for GiHsN20s'H™, 391.2234; found, (100 MHz, 25°C, CDCE) 6 17.2, 24.6, 27.8, 29.0, 51.5, 52.4, 53.1,

391.2244 A = 2.5 ppm). 53.5,66.9, 127.9, 128.0, 128.4, 136.2, 155.5, 170.9, 171.5. HRMS-
(3R,6R,109)-1-Aza-10-benzyloxymethyl-3ert-butoxycarbony- FAB (nm/2): [M + H]* calcd for GgH2:N,OsS-H, 379.1327; found,

lamino-5-oxa-2-oxobicyclo[4.4.0]decane, 86R,10S)-5b. Color- 379.1328 A = 0.2 ppm).

less oil; 80% yieldH NMR (600 MHz, 25°C, CDCk) ¢ 1.42 (s, (3S,7S,119)-1-Aza-3-benzyloxycarbonylamino-11-methoxy-

9H), 1.42-1.49 (m, 1H), 1.541.60 (m, 1H), 1.661.72 (m, 2H), carbonyl-2-oxo-6-thiabicyclo[5.4.0Jundecane, &7S,115)-5f. The

1.80 (d,J = 13.8 Hz, 1H), 1.92 (dd) = 12.6, 3.0 Hz, 1H), 3.48 reaction of §,3-1f was carried out in the same manner as that for

3.51 (m, 1H), 3.55 (1) = 7.8 Hz, 1H), 3.86 (dd) = 12.6, 3.6 Hz, (R,9-1e Thus, the hydroformylation of§,9-1f in MeOH gave
1H), 3.95 (d,J = 12.0 Hz, 1H), 4.18 (br s, 1H), 4.46 (4= 12.0 (S,3-2f (520 mg, 93%) as a colorless oitH NMR (400 MHz, 25
Hz, 1H), 4.48 (d,J = 12.0 Hz, 1H), 4.79 (ddJ) = 10.8, 3.0 Hz, °C, CDCh) 6 1.57 (m, 4H), 1.77 (m, 2H), 2.29 (m, 2H), 2.39 (m,
1H), 4.98 (quartet) = 6.0 Hz, 1H), 5.27 (br s, 1H), 7.257.33 2H), 3.71 (s, 3H), 4.12 (m, 1H), 4.49 (dd= 7.6, 13.2 Hz, 1H),
(m, 5H); 13C NMR (100 MHz, 25°C, CDCEk) ¢ 18.5, 25.5, 28.5, 5.05(d,J=12.4 Hz, 1H), 5.09 (d) = 12.4 Hz, 1H), 5.15 (dJ =
32.1, 48.4,51.2, 67.5, 69.6, 73.2, 80.2, 84.7, 127.8, 127.9, 128.6,8.0 Hz, 1H), 5.59 (dJ = 7.6 Hz, 1H), 7.16-7.40 (m, 20H), 9.68
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(3R,4S,6R,109)-1-Aza-3tert-butoxycarbonylamino-10-meth-

28.2, 31.7, 31.8, 43.2, 52.1, 52.7, 54.3, 67.2, 67.3, 126.9, 128.2, oxycarbonyl-4-methyl-5-oxa-2-0xo-bicyclo[4.4.0]decane R}S,6R -
128.3,128.4,128.8, 129.8, 136.4, 144.9, 156.3, 171.3, 172.3, 201.810S)-5g. Colorless oil; 78% yieldH NMR (500 MHz, 25°C,

Then, 6,9-2f (53 mg, 0.07 mmol) was dissolved in benzene CDCl;) 6 1.15 (d,J = 6.0 Hz, 3H), 1.27#1.33 (m, 1H), 1.32
(0.5 mL) containing 1% (v/v) methanesulfonic acid (MsOH) at room 1.40 (m, 1H), 1.36 (s, 9H), 1.541.60 (m, 1H), 1.661.72 (m,
temperature. To this solution was added trifluoracetic acid (TFA) 1H), 1.88-1.94 (m, 1H), 2.142.18 (m, 1H), 3.64 (s, 3H), 3.96

(0.4 mL) followed by E4SiH (10xL) in an ice bath. The reaction

4.02 (m, 1H), 4.21 (dJ = 10.0 Hz, 1H), 4.87 (dJ = 6.0 Hz, 1H),

immediately gave a precipitate of triphenylmethane. Fitration of 4.97 (d,J = 10.0 Hz, 1H), 5.24 (dJ = 5.0 Hz, 1H);3C NMR
the precipitate and concentration gave a crude product, which was(100 MHz, 25°C, CDC}) 6 15.8, 19.4, 26.3, 28.4, 31.8, 52.1, 52.6,

purified by flash chromatography on silica gel with EtOAbtlexane
as eluant to afford 87S119-5f (27 mg) in 90% yield as a
colorless oil: 'H NMR (400 MHz, 50°C, CDCk) 6 1.14-1.22
(m, 1H), 1.56-1.60 (m, 1H), 1.551.65 (m, 1H), 1.76-1.84 (m,
1H), 2.05-2.25 (m, 1H), 2.052.25 (m, 1H), 2.052.25 (m, 1H),
2.38-2.46 (m, 1H), 2.56-2.58 (m, 1H), 2.6%2.70 (m, 1H), 3.77
(s, 3H), 4.37 (tJ = 5.0 Hz, 1H), 5.02 (dJ = 6.5 Hz, 1H), 5.16-
5.20 (m, 1H), 5.1+5.32 (m, 3H), 7.257.35 (m, 5H);3C NMR
(100 MHz, 25°C, CDCk) 6 19.4, 20.3, 26.5, 32.8, 36.8, 51.4, 52.9,

54.3, 73.6, 80., 85.1, 155.8, 167.2, 171.3. HRMS-FARZ): [M
+ H]* calcd for GeHaeN20gHT, 343.1870; found, 343.1868\(
= 0.6 ppm).
(3R,4S,6S,10S)-1-Aza-3+tert-butoxycarbonylamino-10-meth-
oxycarbonyl-4-methyl-5-oxa-2-0xo-bicyclo[4.4.0]decane #4S,6S,-
109)-5g. Colorless oil; 10% vyield!H NMR (500 MHz, 25°C,
CDCl3) 6 1.18 (d,J = 7.0 Hz, 3H), 1.40 (s, 9H), 1.461.55 (m,
1H), 1.671.77 (m, 2H), 1.83-1.91 (m, 2H), 1.96-1.97 (m, 1H),
3.72 (s, 3H), 4.46 (br s, 1H), 4.714.78 (m, 1H), 4.72 (ddJ =

58.1, 67.9, 69.8, 128.4, 128.7, 128.9, 135.9, 154.7, 168.2, 170.6.11.0, 3.0 Hz, 1H), 5.34 (dd,= 11.0, 4.0 Hz, 1H), 5.45 (br s, 1H);

HRMS-FAB (W2): [M + H]* calcd for GdH4N,OsS H*, 393.1484;
found, 393.14824 = 0.5 ppm).
(3S,4R,6S,109)-1-Aza-34ert-butoxycarbonylamino-10-meth-
oxycarbonyl-4-methyl-5-oxa-2-o0xo-bicyclo[4.4.0]decane $3R,6S,-
109)-5g. Colorless oil; 85% vyield!H NMR (400 MHz, 25°C,
CDCl) 6 1.21 (d,J = 6.0 Hz, 3H), 1.44 (s, 9H), 1.521.58 (m,
1H), 1.66-1.72 (m, 1H), 1.741.81 (m, 1H), 1.952.00 (m, 2H),
1.97-2.03 (m, 1H), 3.72 (s, 3H), 4.27 (dd,= 6.0, 5.0 Hz, 1H),
4.41 (t,J = 7.0 Hz, 1H), 4.45 (ddJ = 8.0, 5.0 Hz, 1H), 4.92 (dd,
J=10.0, 4.5 Hz, 1H), 5.25 (d] = 8.0 Hz, 1H);*C NMR (100
MHz, 25 °C, CDCk) 6 16.5, 17.0, 24.7, 28.3, 28.4, 52.4, 53.4,
53.8,72.6, 80.0, 82.7, 155.6, 168.1, 171.7. HRMS-FA®). [M
+ H]* calcd for GgH26N2Og"H™, 343.1870; found, 343.1868\(
= 0.6 ppm).
(3R,4R,6R,10S)-1-Aza-3+ert-butoxycarbonylamino-10-meth-
oxycarbonyl-4-methyl-5-oxa-2-oxo-bicyclo[4.4.0]decane R¥R 6R,-
109)-5¢g. Colorless oil; 94% vyieldH NMR (500 MHz, 25°C,
CDCl) 6 1.43 (d,J = 7.0 Hz, 3H), 1.43-1.50 (m, 1H), 1.46 (s,
9H), 1.59 (dgJ = 13.0, 3.0 Hz, 1H), 1.66 (dddd,= 14.0, 14.0,
6.0, 4.0 Hz, 1H), 1.821.86 (m, 1H), 1.96-1.94 (m, 1H), 2.23
2.26 (m, 1H), 3.75 (s, 3H), 4.634.08 (m, 1H), 4.12 (quintet] =
6.0 Hz, 1H), 5.08 (ddJ = 10.5, 3.0 Hz, 1H), 5.17 (d] = 7.0 Hz,
1H), 5.43 (dJ = 6.0 Hz, 1H);'3C NMR (100 MHz, 25°C, CDC})

017.1, 19.7, 26.2, 28.4, 31.3, 52.6 (2 C), 55.6, 71.4, 80.1, 80.7,

155.8, 167.0, 171.3. HRMS-FABM(2): [M + H]* calcd for
Ci1eH26N206°H™T, 343.1870; found, 343.1884A(= 4.1 ppm).
(35,4S,6S,105)-1-Aza-3+ert-butoxycarbonylamino-10-meth-
oxycarbonyl-4-methyl-5-oxa-2-oxo-bicyclo[4.4.0]decane, $3IS,6S,-
109)-5g. Colorless oil; 69% vyield:'H NMR (500 MHz, 25°C,
CDCl) 6 1.34 (d,J = 5.5 Hz, 3H), 1.41 (s, 9H), 1.461.53 (m,
1H), 1.671.78 (m, 2H), 1.851.94 (m, 2H), 1.99-2.06 (m, 1H),
3.70 (s, 3H), 3.78 (dg] = 10.0, 6.0 Hz, 1H), 4.31 (1] = 8.5 Hz,
1H), 4.48 (t,J = 6.0 Hz, 1H), 5.12 (dd)J = 7.0, 5.5 Hz, 1H), 5.15
(d,J = 6.5 Hz, 1H);*C NMR (100 MHz, 25°C, CDCk) 6 16.7,
19.2,24.7, 28.3 (C-7 aneBu), 52.48, 53.96, 55.1, 72.5, 79.1, 80.1,
156.2, 170.2, 171.8. HRMS-FABM(2): [M + H]* calcd for
Ci16H26N206°H™T, 343.1870; found, 343.187&\(= 2.3 ppm).
(35,4S,6R,10S)-1-Aza-3+ert-butoxycarbonylamino-10-meth-
oxycarbonyl-4-methyl-5-oxa-2-0xo-bicyclo[4.4.0]decane $31S,6R,-
109)-5g. Colorless oil; 17% vyieldH NMR (500 MHz, 25°C,
CDCl;) 6 1.30-1.36 (m, 1H), 1.33 (dJ = 6.0 Hz, 3H), 1.39-
1.47 (m, 1H), 1.42 (s, 9H), 1.65 (ddddl= 13.5, 13.5, 6.5, 4.0 Hz,
1H), 1.75 (dgJ = 13.0, 3.0 Hz, 1H), 1.94 (dddd,= 13.0, 10.0,
3.5, 1.5 Hz, 1H), 2.19 (dq) = 14.0, 1.5 Hz, 1H), 3.70 (s, 3H),
3.77 (dddd,J = 10.0, 6.0, 6.0, 6.0 Hz, 1H), 4.64.11 (m, 1H),
4.87 (br s, 1H), 4.98 (dd] = 11.0, 3.0 Hz, 1H), 5.18 (d] = 6.0
Hz, 1H); *3C NMR (100 MHz, 25°C, CDCk) 6 19.1, 19.5, 26.3,

13C NMR (100 MHz, 25°C, CDCk) ¢ 12.9, 20.0, 27.5, 28.5, 30.5,
52.5,54.2,56.7,70.5, 80.1, 81.3, 155.8, 169.3, 171.5. HRMS-FAB
(m/2): [M + H]* calcd for GgHaeNoOg-H*, 343.1870; found,
343.1869 A = 0.3 ppm).
(3S,6S,9R)-1-Aza-3+tert-butoxycarbonylamino-9-methoxycar-
bonyl-5-oxa-2-oxobicyclo[4.3.0Jnonane, &6S,9R)-5h. Colorless
needles (froom-heptane); 21% yield; mp 13941 °C; 'H NMR
(500 MHz, 25°C, CDC) 0 1.41 (s, 9H), 1.881.98 (m, 2H), 2.23
2.33 (m, 2H), 3.64 (dd) = 10.0, 7.0 Hz, 1H), 3.70 (s, 3H), 4.36
(t, J = 10.0 Hz, 1H), 4.4%+4.46 (m, 1H), 4.72 (dd) = 8.0, 5.0
Hz, 1H), 5.21 (dd,J = 5.5, 4.5 Hz, 1H), 5.49 (br s, 1H)3C NMR
(100 MHz, 25°C, CDCE) ¢ 26.3, 28.5, 31.7, 49.3, 52.8, 58.2, 68.9,
80.4, 87.6, 155.9, 166.8, 171.6. HRMS-FABVY): [M + NaJ
calcd for G4H2N,Og*Na', 315.1556; found, 315.154%\ (= 3.5
ppm).
(3S,6S,99)-1-Aza-3+ert-butoxycarbonylamino-9-methoxycar-
bonyl-5-oxa-2-oxobicyclo[4.3.0]nonane, §6S,9S)-5h. Colorless
oil; 48% vyield; [0]?)p —22 (c 0.37, CHC}); 'H NMR (500 MHz,
25°C, CDCE) 6 1.39 (s, 9H), 1.932.01 (m, 1H), 2.042.12 (m,
1H), 2.06-2.17 (m, 1H), 2.23-2.28 (m, 1H), 3.70 (s, 3H), 3.81
(dd,J = 9.0, 6.5 Hz, 1H), 4.29 (dd] = 9.0, 8.0 Hz, 1H), 4.32
4.37 (m, 1H), 4.40 (ddJ = 8.0, 1.0 Hz, 1H), 5.17 (dd] = 7.0,
6.0 Hz, 1H), 5.49 (br s, 1H}3C NMR (100 MHz, 25°C, CDCk)

0 26.5, 28.4, 30.9, 49.4, 52.7, 57.9, 69.3, 80.3, 88.0, 156.0, 166.8,

171.3. HRMS-FAB (V2): [M + NaJ* calcd for G4H2,N,Og-Nat,
315.1556; found, 315.155A(= 1.6 ppm).
(3R,6R,95)-1-Aza-3+tert-butoxycarbonylamino-9-methoxycar-
bonyl-5-oxa-2-oxobicyclo[4.3.0]nonane, @6R,9S)-5h. White
needle (fromn-heptane); 42% vyield; mp 141142 °C; 'H NMR
(400 MHz, 25°C, CDCE) 6 1.41 (s, 9H), 1.881.98 (m, 2H), 2.23
2.33 (m, 2H), 3.64 (ddJ = 10.0, 7.0 Hz, 1H), 3.70 (s, 3H), 4.36
(t, J= 10 Hz, 1H), 4.4%+4.46 (m, 1H), 4.72 (dd) = 8.0, 5.0 Hz,
1H), 5.21 (dd,J = 5.5, 4.5 Hz, 1H), 5.49 (br s, 1H}3C NMR
(100 MHz, 25°C, CDCB) 0 26.3, 28.5, 31.7, 49.3, 52.8, 58.2, 68.9,
80.4, 87.6, 155.9, 166.8, 171.6. HRMS-FABV%): [M + Na]*
calcd for G4H2oN,Og*Na', 315.1556; found, 315.154%\ (= 3.5
ppm).
(3R,6R,9R)-1-Aza-3+ert-butoxycarbonylamino-9-methoxycar-
bonyl-5-oxa-2-oxobicyclo[4.3.0]nonane, B 6R,9R)-5h. Colorless
oil; 16% vyield; [0]?p +22 (c 0.27, CHC}); IH NMR (400 MHz,
25°C, CDCh) 6 1.39 (s, 9H), 1.932.01 (m, 1H), 2.042.12 (m,
1H), 2.06-2.17 (m, 1H), 2.23-2.28 (m, 1H), 3.70 (s, 3H), 3.81
(dd,J = 9.0, 6.5 Hz, 1H), 4.29 (dd] = 9.0, 8.0 Hz, 1H), 4.32
4.37 (m, 1H), 4.40 (dd) = 8.0, 1.0 Hz, 1H), 5.17 (dd) = 7.0,
6.0 Hz, 1H), 5.49 (br s, 1H}:3C NMR (100 MHz, 25°C, CDCk)

0 26.5, 28.4, 30.9, 49.4, 52.7, 57.9, 69.3, 80.3, 88.0, 156.0, 166.8,

171.3. HRMS-FAB (WV2): [M + NaJ* calcd for G4H2,N,Og°Nat,

28.5, 31.8, 52.6, 53.1, 56.1, 74.7, 80.1, 85.4, 156.6, 169.1, 171.6.315.1556; found, 315.155A(= 1.6 ppm).

HRMS-FAB (m2): [M + H]* calcd for GeHagN,Og'H™, 343.1870;
found, 343.18834 = 3.8 ppm).

(3S,6S,9R)-1-Aza-9-benzyloxymethyl-3tert-butoxycarbony-
lamino-5-oxa-2-oxobicyclo[4.3.0]nonane, @6S,9R)-5i. Colorless

J. Org. ChemVol. 72, No. 6, 2007 1881



JOC Article

oil; 87% yield;™H NMR (500 MHz, 25°C, CDCk) 6 1.43 (s, 9H),
1.79-1.85 (m, 1H), 1.831.91 (m, 1H), 2.022.10 (m, 1H), 2.2#
2.34 (m, 1H), 3.52 (ddJ = 9.5, 3.0 Hz, 1H), 3.56 (dd] = 9.5,
5.0 Hz, 1H), 3.61 (ddJ = 9.5, 6.0 Hz, 1H), 4.30 () = 8.0 Hz,
1H), 4.314.38 (m, 1H), 4.384.43 (m, 1H), 4.46 (dJ) = 12.0
Hz, 1H), 4.49 (dJ = 12.0 Hz, 1H), 5.06 (ddJ = 6.0, 3.5 Hz,
1H), 5.45 (br s, 1H), 7.247.34 (m, 5H);**C NMR (100 MHz, 25
°C, CDCh) 0 24.6, 28.5, 31.8, 49.5, 57.3, 68.7, 71.0, 73.5, 80.4,
87.9,127.8, 127.9, 128.6, 138.4, 156.1, 166.8. HRMS-FAB)(
[M + NaJ* calcd for GoH2gNOsNat, 399.1896; found, 399.1908
(A = 3.0 ppm).
(3R,6R,9R)-1-Aza-9-benzyloxymethyl-3tert-butoxycarbony-
lamino-5-oxa-2-oxobicyclo[4.3.0]Jnonane, B6R,9R)-5i. Colorless
oil; 42% yield;*H NMR (500 MHz, 25°C, CDCk) 6 1.43 (s, 9H),
1.94 (ddddJ = 12.0, 12.0, 7.0, 7.0 Hz, 1H), 1.9.07 (m, 1H),
2.13 (dd,J = 12.0, 1.5 Hz, 1H), 2.21 (quinted, = 6.0 Hz, 1H),
3.52 (dd,J = 9.5, 3.0 Hz, 1H), 3.56 (dd] = 9.5, 5.0 Hz, 1H),
3.58 (t,J = 8.5 Hz, 1H), 4.36-4.44 (m, 3H), 4.46 (dJ = 12.0
Hz, 1H), 4.49 (dJ = 12.0 Hz, 1H), 5.16 (tJ = 6.5 Hz, 1H), 5.45
(brs, 1H). 7.24-7.36 (m, 5H);13C NMR (100 MHz, 25°C, CDC})
0 25.5, 28.5, 30.6, 49.4, 56.7, 68.4, 68.6, 73.5, 80.3, 87.2, 127.7,
127.8,128.6, 138.4, 156.0, 166.6. HRMS-FABZ): [M + Na]*
calcd for GgHgN2Os-Na', 399.1896; found, 399.190A(= 3.3
ppm).
(3R,6S,9R)-1-Aza-9-benzyloxymethyl-3tert-butoxycarbony-
lamino-5-oxa-2-oxobicyclo[4.3.0]nonane, &6S,9R)-5i. Colorless
oil; 41% vyield;*™H NMR (600 MHz, 25°C, CDCk) 6 1.41 (s, 9H),
1.66-1.73 (m, 1H), 1.841.90 (m, 1H), 1.99-2.04 (m, 1H), 2.17
2.21 (m, 1H), 3.53 (dd) = 9.6, 2.4 Hz, 1H), 3.64 (1) = 10.8 Hz,
1H), 3.74 (dd,J = 9.6, 4.2 Hz, 1H), 4.04 (br s, 1H), 4.27 (br s,
1H), 4.43 (br s, 1H), 4.46 (dl = 12.0 Hz, 1H), 4.49 (d) = 12.6
Hz, 1H), 5.03 (ddJ = 8.4, 6.5 Hz, 1H), 5.11 (d] = 6.0 Hz, 1H),
7.24-7.36 (m, 5H);3C NMR (100 MHz, 25°C, CDC}) 6 22.7,
28.5, 31.4, 49.9, 56.0, 69.2, 70.7, 73.4, 80.2, 90.1, 127.7, 127.8,
128.6, 138.5, 156.1, 166.7. HRMS-FABVg): [M + Na]" calcd
for CyoH2gN,0s+Na', 399.1896; found, 399.190A (= 3.3 ppm).
(3S,6S,99)-1-Aza-34ert-butoxycarbonylamino-9-methyl-5-oxa-
2-oxobicyclo[4.3.0]nonane, (8,6S,99)-5j. Colorless needles (from
n-heptane); 94% yield; mp 121122 °C; *H NMR (500 MHz, 25
°C, CDCh) 0 1.21 (d,J = 6.0 Hz, 3H), 1.40 (s, 9H), 1.44 (m, 1H),
1.80 (ddddJ = 15.0, 7.5, 7.5, 4.5 Hz, 1H), 2.10 (dddd= 14.0,
7.5,7.5, 7.5 Hz, 1H), 2.22 (dddd,= 13.5, 7.0, 7.0, 6.5 Hz, 1H),
3.61 (dd,J =9.0, 6.0 Hz, 1H), 4.23 (sextel,= 6.5 Hz, 1H), 4.30
(m, 2H), 5.05 (ddJ = 5.5, 5.0 Hz, 1H), 5.50 (br s, 1H)*C NMR
(100 MHz, 25°C, CDCB) ¢ 20.7, 28.5, 29.4, 31.2, 49.5, 53.7, 68.9,
80.2, 87.4, 156.1, 166.6. HRMS-FABY2): [M + Na]' calcd for
Ci13H2oN,0O4°Nat, 293.1477; found, 293.149A(= 7.5 ppm).
(3R,6R,95)-1-Aza-31ert-butoxycarbonylamino-9-methyl-5-
oxa-2-oxobicyclo[4.3.0]nonane, ®,6R,9S)-5j. Colorless oil; 45%
yield; *H NMR (600 MHz, 25°C, CDC}) 6 1.31 (d,J = 6.6 Hz,
3H), 1.41 (s, 9H), 1.651.70 (m, 1H), 1.922.01 (m, 2H), 2.19-
2.22 (m, 1H), 3.54 (tJ = 9.0 Hz, 1H), 4.09 (quintet] = 6.6 Hz,
1H), 4.32 (9, = 7.8 Hz, 1H), 4.40 (tJ = 9.0 Hz, 1H), 5.10 (tJ
= 6.3 Hz, 1H), 5.49 (br s, 1H}3C NMR (100 MHz, 25°C, CDC)
0 19.2, 28.5, 29.6, 30.3, 49.3, 53.2, 68.5, 80.3, 87.2, 156.1, 166.2.
HRMS-FAB (m/2: [M + NaJ* calcd for GgzHN,OsNat,
293.1477; found, 293.1494\(= 5.8 ppm).
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(3R,6S,9S)-1-Aza-3+tert-butoxycarbonylamino-9-methyl-5-
oxa-2-oxobicyclo[4.3.0]nonane, 3,6S,95)-5j. Colorless oil; 34%
yield; '"H NMR (600 MHz, 25°C, CDC}) ¢ 1.28 (d,J = 6.4 Hz,
3H), 1.39-1.45 (m, 1H), 1.41 (s, 9H), 1.691..76 (m, 1H), 2.16
2.21 (m, 2H), 3.67 (tJ = 10.8 Hz, 1H), 4.02 (br s, 1H), 4.15 (sextet,
J=7.0 Hz, 1H), 4.45 (br s, 1H), 5.03 (dd,= 8.8, 5.2 Hz, 1H),
5.49 (br s, 1H)*C NMR (100 MHz, 25°C, CDCk) 6 21.7 (2 C),
28.5, 31.4, 50.0, 52.6, 69.3, 80.3, 89.2, 156.2, 165.7. HRMS-FAB
(m/2): [M + NaJ* calcd for G3H2:N,0O4Nat, 293.1477; found,
293.1495 A = 6.0 ppm).

(3S,69)-1-Aza-3+ert-butoxycarbonylamino-5-oxa-2-oxobicyclo-
[4.3.0]nonane, §,9)-5k. White solid; 70% yield; mp 104106°C;
IH NMR (500 MHz, 25°C, CDCh) 6 1.41 (s, 9H), 1.76-1.77 (m,
1H), 1.82-1.88 (m, 1H), 1.89-1.96 (m, 1H), 2.15 (ddd] = 12.0,
6.0, 6.0, 6.0 Hz, 1H), 3.26 (ddd,= 12.0, 7.5, 5.5 Hz, 1H), 3.55
(dd,J = 9.0, 6.0 Hz, 1H), 3.73 (ddd] = 11.5, 7.0, 7.0 Hz, 1H),
4.22-4.34 (m, 2H), 5.01 (tJ = 5.5 Hz, 1H), 5.54 (dJ = 4.5 Hz,
1H); 13C NMR (100 MHz, 25°C, CDCk) 6 21.4, 28.2, 32.4, 44.8,
49.4, 68.5, 79.3, 86.4, 156.0, 166.2. HRMS-FABZ): [M + H]*
calcd for GoHooN,O4-HT, 257.1501; found, 257.149\(= 4.3
ppm).

(3S,6R)-1-Aza-3+ert-butoxycarbonylamino-5-oxa-2-oxobicyclo-
[4.3.0]nonane, §R)-5k. White solid; 6% yield; mp 146142°C;
IH NMR (500 MHz, 25°C, CDCh) 6 1.41 (s, 9H), 1.731.85 (m,
2H), 1.94-2.00 (m, 1H), 2.16-2.23 (m, 1H), 3.4%+3.46 (m, 1H),
3.68 (ddd,J = 12.0, 8.5, 8.5 Hz, 1H), 3.74 (§ = 11.0 Hz, 1H),
3.93-4.01 (m, 1H), 4.38-4.48 (m, 1H), 5.06-5.05 (m, 1H), 5.14
(br s, 1H);13C NMR (100 MHz, 25°C, CDCk) ¢ 19.7, 28.5, 31.8,
43.6, 49.8, 69.3, 80.5, 90.0, 156.1, 166.0. HRMS-FA#z): [M
+ H]* calcd for GoHaoN,O4HT, 257.1501; found, 257.1498\(
= 1.2 ppm).

Single-Crystal X-ray Analyses for (35,6S,10S)-5d (Figure S1),
(3S,6S,9R)-5h (Figure S2), (R,6R,99)-5h (Figure S3), and
(3S,6S,99)-5j (Figure S4). See the Supporting Information.
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