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1. Introduction

The 2H-1,4-benzoxazin-3-(4H)-one (1) and 3,4-dihydro-
2H-1,4-benzoxazine (2) scaffolds have been studied inten-
sively as important heterocyclic systems for building
natural'? and designed synthetic compounds. Since the
last review of 1,4-benzoxazines and 1,4-benzoxazinones in
Houben Weyl in 19973 the 2H-1 ,4-benzoxazin-3-(4H)-ones
and 3,4-dihydro-2H-1,4-benzoxazines have been frequently
utilized as suitable skeletons for the design of biologically
active compounds, ranging from herbicides and fungicides
to therapeutically usable drugs.

CrL, €

1 2

Keywords: 1,4-Benzoxazine; 2H-1,4-Benzoxazin-3-(4H)-ones; 3,4-Dihydro-

2H-1,4-benzoxazines.

* Corresponding author. Tel.: +386 1 4769 561; fax: +386 1 425 80 31;
e-mail: danijel kikelj @ffa.uni-1j.si
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A literature survey provided/identified several 1,4-benzox-
azine- and 1,4-benzoxazinone-based compounds (Fig. 1) in
the development phase as potential new drugs. Novel
antibacterial agents 3* and 4° are inhibitors of bacterial
histidine protein kinase, and 2-oxo-1,4-benzoxazine
derivative 5° is potentially useful for treating infections
caused by Mycobacterium sp. 1,4-Benzoxazine-3-one
derivative 6’ is a potential drug for treating heart disease,
myocardial necrosis or arrhythmia and 1,4-benzoxazine
derivative 7° possesses peroxisome proliferator-activated
receptor oo (PPARa) and PPARYy agonist activity and could
be used in treating diabetes, hyperlipidemia and other
diabetic complications. French investigators recently
introduced new 8-arylalkylamino-1,4-benzoxazine neuro-
protectants 8, 9, and 10° and Schering has disclosed 1,4-
benzoxazines 11'° and 12'' as inhibitors of nitric oxide
synthase (NOS) which are potential drugs for treating
neurodegenerative, inflammatory, autoimmune and cardio-
vascular disorders. 1,4-Benzoxazinone 13'? inhibits the
coagulation serine proteases factor Xa, thrombin and factor
VIla, and 1,4-benzoxazinone 14'? is a potential agent for
treating anxiety and depression. 1,4-Benzoxazin-3-one
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derivative 15'* possesses D, receptor antagonistic
activity and is a potential antipsychotic agent. The
2-methyl-3-0x0-3,4-dihydro-2H-1,4-benzoxazine-2-car-
boxylic acid derivative 16 was found to be a potent
immunostimulant.' 2H-1,4-Benzoxazin-3(4H)-ones bear-
ing a carboxylate and a benzamidine side chain are
fibrinogen receptor antagonists'® and compound 17
possesses a dual antithrombotic action, exhibiting both
thrombin inhibitory and fibrinogen receptor antagonistic
activities.'” Some additional biologically active 1,4-benz-
oxazines were briefly described in a broader-context
review.'®

The present review provides a comprehensive coverage of
the syntheses and transformations of 3,4-dihydro-2H-1,4-
benzoxazines and 2H-1,4-benzoxazin-3-(4H)-ones pub-
lished since 1996 in chemical journals and in the patent
literature.
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2. Synthesis of 2H-1,4-benzoxazin-3-(4H)-ones by ring
closure

Several synthetic strategies are available to synthesize
the 2H-1,4-benzoxazin-3-(4H)-one scaffold. In this section,
we report novel types of ring-forming reactions yielding
2H-1,4-benzoxazine-3-(4H)-ones and recent applications
of common synthetic approaches for the construction of
the 2H-1,4-benzoxazin-3-(4H)-one skeleton. Synthesis
of 2H-1,4-benzoxazin-3-(4H)-one derivatives 21 is
achieved by reaction of chloroacetyl chloride (20) with
substituted 2-aminophenols 19 (Scheme 1).'°** Usually,
the synthesis of 21 is performed as a one-pot reaction
which involves heating 19 and 20 in the presence of a base.
Most commonly, the starting compounds are the easily
available substituted 2-nitrophenols 18, which are
reduced to amines 19, for example, by catalytic hydro-
genation using palladium (Pd) on charcoal,”” platinum
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Scheme 1.

disulfide (PtS,) on carbon®* or sodium dithionite
(N2,5,05).”

Due to the reductive conditions in the transformation of 18

to 19, reactive groups must be protected. In the synthesis of
1,4-benzoxazinone 24,2>°° a key intermediate for the
preparation of dopamine D, antagonists acting as potential
atypical antipsychotic agents, the aldehyde group of 22 was

i) Hy/Ra Ni, THF
ii) 20, NaHCO;, THF

(6]
1,3-propanediol, TsOH, iif) HCI, MeOH
H
toluene, reflux OH iv) K,CO;, MeCN H NS0
H o H
\ NO, NO, 0]
0] 1) 24
22 23 overall yield 79 %
Scheme 2.
R’ . i) NaHCO,, CHCI, R’
2 R " 2 4
R OH ii) K,CO,, DMF R o R
+ X R®
3 X R5 3
R NH, o) R N“To
19 25 26
1 2 3 4 5 Yield
R R R R R X (%) Ref.
Br H H Me Me Br 84 20
COOEt H Cl H Me CI 57 27
COOEt H Cl H Ph CI 38 27
H NO, H Me Me Br 57 28
H NO, CI Me Me Br 56 29
Scheme 3.
OH . § NaHCO,, OH,
+ R%Br CHCI,, 40 °C ,
! Br !, { &R
R NH, R A:t=3h R N
MWI: t = 12 min 29 R
27 28
Yield
R? R'" R R (%)
K,CO,, O . 29: 38
DMF, 80°C ) R Cl H H 62°, 92b
> R N0 NO, H H  70%96
MWL 1= 15 min H CN H H 8005
T 30 Cl Me Me 65°90°
MWl =mi rraditati NO, Me Me 68 90°
= microwave irraditation CN Me Me 70° 94°

Scheme 4.

3A:t =3 h. "MWI: t = 15 min.
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protected as an acetal; in a multistep procedure, the nitro
group of acetal 23 was reduced to the corresponding
2-aminophenol which was cyclized with chloroacetyl
chloride (20) and, finally, the acetal group was cleaved
under acidic conditions providing aldehyde 24 (Scheme 2).

Application of a-substituted acyl halides 25 (e.g., 2-chloro-
propionyl chloride, 2-bromo-2-methylpropionyl bromide,
etc) produces 2-aryl- or 2-alkyl-substituted 2H-1,4-benz-
oxazin-3-(4H)-ones 26.°%?"*° The yields of benzoxazi-
nones 26 are lower when a substituent at position 2 is a
phenyl ring (Scheme 3).

Caliendo and co-workers™® have published a new approach
applying microwave irradiation for the parallel synthesis of
2H-1,4-benzoxazin-3-(4H)-ones 30 from 2-aminophenols
27 and acyl bromides 28 in solution via 29. Comparison of
the microwave reaction with the conventional method®"’
shows that the former technique gives better yields and
that the overall reaction times are considerably reduced
(Scheme 4). The generated N-alkyl-2H-1,4-benzoxazin-3-
(4H)-one library compounds are ATP-dependent potassium

J. 1las et al. / Tetrahedron 61 (2005) 7325-7348

channel openers, constituting potential therapeutic agents
for treating hypertension, angina pectoris and asthma.

Generally, the 2H-1,4-benzoxazin-3-(4H)-one scaffold is
synthesized in the first steps of a multistep synthesis and
then derivatized to yield biologically active compounds.
On the contrary, as seen in Schemes 5 and 6, this scaffold
can also be synthesized as the very last step after the
introduction of the required substituents, for example,
O-alkylation of 5-fluoro-2-nitrophenol (31) with ethyl
bromoacetate (32) produces the O-alkyl derivative 33 in
excellent yield. At this step, 33 can be modified at position 5
with various nucleophiles 34 to afford the compounds 35.
The nitro group of 35 is reduced with zinc in acetic acid/
water, yielding an amine intermediate, which undergoes
spontaneous cyclization to the 7-substituted 2H-1,4-benz-
oxazin-3-(4H)-ones 36 possessing therapeutic potential as
inhibitors of angiogenesis®” (Scheme 5).

Another approach for synthesising the 2H-1,4-benzoxazin-
3-(4H)-one ring in the last step, after modification of a
2-aminophenol precursor, is depicted in Scheme 6.

O
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1,3-Benzoxazol-2(3H)-one (37) is used as the protected
2-aminophenol, which is substituted to give 38 and later
deprotected using aqueous sodium hydroxide in methanol,
yielding 5-substituted 2-methylamino phenols 39. Reaction
of 39 with ethyl bromoacetate (32) under strongly alkaline
conditions yields 7-substituted 4-methyl-2H-1,4-benzoxa-
zin-3(4H)-ones 40. Taverne et al. used this approach for the
synthesis of 2H-1,4-benzoxazin-3(4H)-one derivatives con-
taining an arylpiperazine side chain, which displayed high
affinity for 5-HT 5 and D, receptors.33

2-Bromomalonates, for example, diethyl 2-bromomalonate

R1

R
R2 OH MeOCH,O(Br)CHCOOIPr 2 o
CH,Cl,, reflux, 20 h ~
3
R NO, 7% ; NO,

(42) (Scheme 7) and dimethyl 2-bromo-2-methylmalonate
(46) (Scheme 8) are versatile reagents for the synthesis of
2-alkoxycarbonyl-2H-1,4-benzoxazin-3(4H)-ones. In one
example, a substituted 2-nitrophenol 41 is O-alkylated with
diethyl bromomalonate (42) yielding diethyl (5-methoxy-2-
nitrophenoxy)malonate (43) which, after reduction to diethyl
(5-methoxy-2-aminophenoxy)malonate, undergoes spon-
taneous cyclization to ethyl 7-methoxy-3-oxo0-3,4-dihydro-
2H-1,4-benzoxazine-2-carboxylate (44)**3* (Scheme 7).

The enantioselective synthesis of (R)- and (S5)-2-methyl-3-

0x0-3,4-dihydro-2H-1,4-benzoxazine-2-carboxamides 51,3 5,36

NaBH,:Pd/C (10:1);
OCH,0Me 1.0, dioxane, HCI

COQiPr

R 88%
18 52
R1
R2 O._OCH,OMe 1.0MBCl;(32eq), CHCl, o
:\[ -40 5°C,1h ]j I
3
R N° O 90%
OH
54
53
Yield Yield
R RZ R® (%) (%)
52 - 53 53 — 54
H H H 88 82
H OMe H 88 90
H -OCH,0- 84 83
OMe OMe H 99 74
OMe OMe H 87 87

Scheme 9.
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using dimethyl 2-bromo-2-methylmalonate (46) and the
substituted o-nitrophenols 45, is presented in Scheme 8.
(R)-Monomethyl 2-methyl-2-(2-nitrophenoxy)malonates 48
are obtained by pig liver esterase (PLE)-catalyzed
hydrolysis of the corresponding dimethyl malonates 47.%77
(5)-2-Methyl-3-ox0-3,4-dihydro-2H-1,4-benzoxazine-2-
carboxamides (51) are obtained by reduction of the nitro
group of 48 and solvent-dependent enantioselective cycliza-
tion to the methyl carboxylates (S5)-49, which are trans-
formed to the S-carboxamides (S)-51. Another approach is
needed to produce the carboxamides (R)-51. The carboxyl
group of (R)-48 is de-activated, forming the carboxamide
(R)-50 by a mixed anhydride method. After reduction of
the nitro group, spontaneous cyclization produces the
carboxamides (R)-51. The enantiomers of 2-methyl- and
2,4-dimethyl-3-0x0-3,4-dihydro-2H-1,4-benzoxazine-2-
carboxylic acids are also obtained by resolution.*® These
compounds are important chiral peptidomimetic building
blocks.

Cyclic hydroxamic acids are found in several of the major
crop plants, having a role as toxins that aid in defending
the plants against insect attack. An efficient synthesis of
1,4-benzoxazin-3-ones 54 containing a cyclic hydroxamic
acid moiety™” is presented in Scheme 9. 2-Nitrophenols 18
and i-propyl-a-bromo-O-methoxymethylglycolate when
refluxed in dry dichloromethane afford i-propyl-O-
methoxymethyl-a-(o-nitrophenoxy)glycolates 52. Cycliza-

1

R

OEt
B/S(

' \OEt
O

Scheme 10.

K,CO,, DMF

62%
61

—_—

ﬁo
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tion of 52 to cyclic hydroxamates 53 is performed
reductively with a mixture of NaBH,; and 10% Pd/C.
Deprotection of C-2 MOM-protected alcohols 53 is
accomplished with good yields using 1.0 M boron tri-
chloride in dichloromethane (Scheme 9).

Reduction of the nitro group of ethyl 2-(o-nitrophenoxy)-
alkanoates 57, obtained from o-nitrophenol derivatives 55
and ethyl o-bromoalkanoates 56, to the corresponding
hydroxylamines using Zn/NH,4Cl and concomitant cycliza-
tion gives 4-hydroxy-2H-1,4-benzoxazin-3(4H)-ones 58 in
moderate yield*® (Scheme 10). Depending on the applied
reducing agent and reaction conditions, the nitro group of 57
can be reduced to an amino (cf. Scheme 5) or hydroxyl-
amino moiety resulting in the formation of 4-unsubstituted
or 4-hydroxy-2H-1,4-benzoxazin-3(4H)-ones.

A very elegant way to prepare 2-(2-hydroxyethyl)-2H-1,4-
benzoxazin-3-(4H)-ones, which have PPARY agonist
activity and possess therapeutic potential for treating type
2 diabetes, was described by Rybczynski et al.*'~** (Scheme
11). 2-Nitrophenol (59) is O-alkylated with o-bromo-vy-
butyrolactone (60) to provide the lactone 61. Catalytic
hydrogenation of the nitro group and concomitant cycliza-
tion yields the racemic benzoxazinone 62. To produce the
4-substituted analogue 66, 2-methoxyaniline (63) is N-aryl-
ated with 4-bromo-1,2-dichlorobenzene (64), yielding
diphenylamine 65.** The methoxy group of 65 is cleaved

Zn/NH Cl
8-Cl, 6-OMe

Me, Et, Pr

58

1041%

H,, Pd/C,
EtOH

O OH

N° O

H

o} OH
N~ "0

Br OMe |
i) BBr;, xylene, CH,CI,
@OMe K;CO,, DMF ii) 60, NaH, DMF
NH

o 66%

63 64 Cl

Cl
65

Ph,P, DEAD, THF
20 °‘Ctort

+H0<i

(5)-67

47%

59

Scheme 11.

55%

.

cl
66
H,, Pd/C, 0 .~_oH
0 EtOH ©[ j\
NS
NS0
H
(R)-61 (R)-62
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2
Ar TEA/CH,CI, :znt/g:ﬂ’o oL A
Oy + \\ oo oJ A 0% @E j—N(
NS
N02 ;\ N. 75% NO 0% N \O H\Ar1
Ar 2 N H
(0] Cl 0 A
68 69 Ar (S,R)-71
cis-70

TEA/chlorobenzene,
microwave irradiation

80%
o)(o In/NH,CI,
QOH H EtOH, H,0
—_—
R
72 OMe

Scheme 12.

with boron tribromide in xylene/dichloromethane to pro-
duce the corresponding phenol, which is O-alkylated with
a-bromo-y-butyrolactone (60) to give the intermediate,
which spontaneously cyclizes, yielding 66. For the synthesis
of (R)-2-(2-hydroxyethyl)-2H-1,4-benzoxazin-3-(4H)-one
(R)-62, Mitsunobu reaction of 2-nitrophenol (59) and (S)-
2-hydroxy-y-butyrolactone (67) provides the chiral lactone
(R)-61. Reduction of the nitro group by catalytic hydrogen-
ation and concomitant cyclization yields (R)-62.*'~*

A convenient diastereoselective synthesis of 2H-1,4-benz-
oxazin-3-(4H)-ones 71 by an indium-induced ring-forming
reaction® is presented in Scheme 12. Annulation of 2-(2-
nitrophenoxy)acetyl chloride (68) with imines 69 produces
cis B-lactams 70 or trans B-lactams 70 depending on the

i) CsCOg, H,IO, reflux o

/A/—)\(OH ii) BnBr
o}
o 94%

(@]
T

73

o)
BnOWOBn

H A In/NH,CI, o H oA
o j: EtOH, H,0 @[ F
—_—
2
N o, X No, 1
o \Ar1 85% H O H Ar
trans-70 (S,S)-71
Ar’ AP
)( p-anisyl  Ph
o)
H H 0] Bn Ph
H
e
OMe

reaction conditions. Slow addition of 68 to the imine
solution containing triethylamine (TEA) at —78 °C affords
cis-70 as the only product. Reaction of the same adducts
under microwave irradiation gives trans-70. Treatment of
both isomers of 70 with indium/ammonium chloride in
aqueous ethanol under reflux yields 2H-1,4-benzoxazin-3-
(4H)-ones (S,R)-71 and (S,5)-71 in excellent yield.
A modification of this procedure, applying a chiral auxiliary
in an imine reagent, giving cis B-lactams 72, can be used for
the asymmetric synthesis of 2H-1,4-benzoxazin-3-(4H)-
ones such as 73 with R configuration at the benzoxazinone
2-position.

In the search for new bicyclic aromatic amino acids,
(R)-2H-1,4-benzoxazin-3-(4H)-one 79 was prepared

o) o)
BnOWOBn
o\

MeSO,Cl, Et,N

94%
o OH ° e
74 -8,
75 Me o)
76
P
tBu—0O tBu-0 O)H/\/Lo
76t 07 >NH OH k,co, éj\ ]
EO > o NH
Et
> NO, 99% 0 NO,
(0]
(0]
78
H, Pd/C 5 0
AcOH 70¢ 0
.~ NH OH
75% EtO H \O

Scheme 13.
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stereoselectively in a multistep synthetic sequence.*®
(25)-5-Oxotetrahydrofuran-2-carboxylic acid (74) was
hydrolyzed to (2S)-2-hydroxypentanedioic acid, which
was protected as dibenzyl ester 75. The 2-hydroxy group
of 75 was activated by methanesulfonyl chloride, yielding
76, which, after coupling to protected 3’-nitrotyrosine 77,
afforded compound 78. Catalytic hydrogenation reduced
the nitro group and cleaved the benzyl ester moieties of
78, giving an intermediate which cyclized to (R)-2H-1,4-

J. 1las et al. / Tetrahedron 61 (2005) 7325-7348

Intramolecular cyclization of N-substituted 2-(2-amino-
phenoxy)acetamides 80, yielding 4-substituted 2H-1,4-
benzoxazin-3-(4H)-ones 81 can be achieved using 4-chloro-
phenyliodine(IIl) bis(trifluoroacetate) (p-ClPIFA)47 or
phenyliodine(IIl) bis(trifluoroacetate) (PIFA)*® as catalyst
through generation of a nitrenium ion which undergoes
intramolecular electrophilic substitution (Scheme 14).

In 2001, Lee et al. published the first solid-state combina-

benzoxazin-3-(4H)-one 79 (Scheme 13). torial synthesis of 2H-1,4-benzoxazin-3(4H)-ones.*’
2 CIPIFA or PIFA ° R K!’Zl)d Ref.
or
oQkN,R1 il @[ l OMe 79 48
S o
NH, R' )
80 81 —N 72 47
o]
Scheme 14.
;
BrR R?
COOMe
85
OH Et,N, DMF
OH " Host, DIC, DMF ‘_H e
N
NO
‘_NH2+HO NO, Y 2
82 o 84
PS-Rink amide 83
resin
1
R,  0)SnCl,yH,0, NaOAc, DMF o R
0 R ii) anhyd. toluene, 110 °C, 12 h ._H IRZ
H
'—N COOMe H o
NO, 0
o]
87
86
R'" R? R Overall yield
i) R3X, NaH, DMF (%)
||)20%TFA Me Me Bn 53
Ph H n-Bu 49
Et H CH(COOEt)Et 32
Et H Me 36
Ph H Ac 81
Scheme 15.
0 o)
O%O*R1 OJLO‘ —
HO NO o
89 2 BnO NO,
BnO o 90
2
R'= Me, tBu R-0 OAc
Sn(SPh,), PhSH,
TsOH'H,0,
Et N, PhH s BnO
MeOH BnO
80 86% 0
BnO 86%
BnO
93
R-0 OA 91

Scheme 16.

R2 = mono-, di-, trisaccharide
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Deprotection of the Rink amide resin 82 followed by
standard N,N’-diisopropylcarbodiimide/N-hydroxybenzo-
triazole promoted coupling with 4-hydroxy-3-nitrobenzoic
acid (83), affording polymer-bound 2-nitrophenol 84.
Alkylation of 84, with 2-alkyl/aryl-2-bromoalkanoates 85
in the presence of a base yielded compounds 86 in which the
nitro group was reduced to amine by tin(II) chloride
dihydrate in the presence of a sodium acetate. The latter
reagent was required to act as a buffer to prevent premature
cleavage of 86 from the resin. The resulting amine was
cyclized to the benzoxazinones 87 in refluxing toluene.
Alkylation and acylation of the amide nitrogen of 87,
followed by acidic cleavage from the resin, yielded 88
(Scheme 15).

4-Hydroxy-6-(hydroxymethyl)-2H-1,4-benzoxazin-3(4H)-
one (93) is obtained as a side product of the solid-state
synthesis of oligosaccharides 92 usi § [4-(hydroxymethyl)-
2-nitrophenoxyJacetate 89 as linker™ (Scheme 16). Linker
89 is attached to Wang resin and subsequently glycosilated
yielding 90, reduction of the nitro group, followed by the
intermolecular cyclization releases 91, which is hydrolyzed
affording 93.

Several synthetic pathways used to prepare 2-aryl-2H-1,4-
benzoxazin-3(4H)-ones 100 as novel factor Xa inhibitors’'>?
are depicted in Scheme 17. Alkylation of 2-nitrophenol with
methyl a-bromo-a-arylacetates 96 (prepared from 94 or 95)
giving ether 97 as intermediate is the most favorable
approach. The nitro group of 97 is reduced, providing the
corresponding anilines that undergo spontaneous cycliza-
tion affording the 2-aryl-2H-1,4-benzoxazin-3-(4H)-ones
100. In some instances, the reaction of o-aminophenol,
instead of o-nitrophenol, with a-bromo-a-arylacetates 96
affords 100 directly. This pathway is particularly successful
to avoid over-reduction during the transformation of 97 to
100, which results in partial debenzylation. An alternative
approach for a one-pot synthesis of 2-arylbenzoxazinones
100 is treatment of the 1-trichloromethyl carbinols 99 with
2-aminophenol in the presence of sodium hydride in
dimethylsulphoxide. The advantage of this approach is
that a large variety of aldehydes 98 can be easily converted

into the substituted 1-trichloromethyl carbinols 99, although
the moderate yield of the benzoxazinones 100 is the main
drawback.

The stereoselective synthesis of 2-aryl-2H-1,4-benzoxazin-
3(4H)-ones, for example, 104 is presented in Scheme 18.7
a-Ketoester 101 is stereoselectively reduced by R-alpine
borane, yielding (R)-o-hydroxyester 102 in 94% yield and
95% enantiomeric excess. The chiral alcohol 102 is coupled
with 2-nitrophenol under Mitsunobu conditions affording
the ether 103. Reduction of the nitro group of 103 yields an
intermediary amine, which cyclizes to (S)-2-aryl-2H-1,4-
benzoxazin-3(4H)-one 104, a key intermediate in the
synthesis of factor Xa inhibitors.

OBn O OBn OH

R -Alpine 2-nitrophenol,
Borane OMe PPh,, DIAD, -40 °C
94% 83%

Br

101 102

OZN]© Br
OBn H,, Ra Ni
OMe —>
OB
I 64% NS OBn
Br
104
103

DIAD = diisopropylcarbodiimide

Scheme 18.

Spiro 1,4-benzoxazinone 108, an analogue of a naturally
occurring antifeeding compound tonghaosu is prepared
following the pathway™ depicted in Scheme 19. Acid
chloride 105 and N-ethyl-2-aminophenol (106) are coupled
to give the carboxamide 107. The keto group of 107 is
reduced with NaBH,4, and cyclization of the obtained
intermediate is achieved using camphorsulfonic acid
(CSA) as catalyst.

Scheme 17.

COOMe
NBS, VAZO52,

CCI
94

sodium 2-nitrophenolate
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COOMe

o

NaH, DMSO

'

1
R
Q/COOMe
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NO,

97

55% ‘

L,

100

PBr;, Br,,
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2-aminophenol, 1
g _NaH,DMSO R

—_—

R = 3-CN, 3-Br, 4-Cl, 2-ClI, 4-OMe,

3,4-OMe, 3,4,5-OMe

COOH 1 @/CHO
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_MeOH @2
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ccl,, PBr,,
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105 106

i) NaBH,, MeOH,
ii) CSA, CH,Cl,, rt, 5 h

84%

Scheme 19.

3. Synthesis of 3,4-dihydro-2H-1,4-benzoxazines by
ring closure

3,4-Dihydro-2H-1,4-benzoxazines can be synthesized by
reacting 2-methoxyanilines, for example, 109, with
2-bromoethanol (110), yielding [(2,5-dimethoxyphenyl)-
amino]methanol (111), which, after cleavage of both methyl
ether moieties with hydrobromic acid, undergoes cycliza-
tion to 7-hydoxy-3,4-dihydro-2H-1,4-benzoxazine (112).
Compound 112 was presented as an important intermediate
in the synthesis of bicyclic derivatives of oxypropanol-
amine, which were evaluated for inotropic, chronotropic
and coronary-vasodilating activities™ (Scheme 20).

Ethyl 3-(acetylamino)-5-chloro-2-hydroxybenzoate (113)

89%
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0 o]
Il o OH  Et,N, CH,CI,
Cl + R
\ / @[
N-Et
H

OH
o 0
LA
N
Et

107

o d—
X o

N (0]

Et

108

reacts with 1,2-dibromoethane (114) producing 6-chloro-
3,4-dihydro-2H-1,4-benzoxazine-8-carboxylic acid (115),
which is hydrolyzed to the carboxylic acid 116, an
intermediate in the synthesis of serotonin-3 (5-HTj3)
receptor antagonists®>>® (Scheme 21).

Matsuoka et al. have prepared novel methotrexate analogues
incorporating the 3,4-dihydro-2H-1,4-benzoxazine moiety.’
In the course of their synthesis, preparation of the
benzoxazine 123 starts with O-alkylation of 2-nitrophenol
117 with 1-bromo-2-chloroethane (118) followed by
zinc-mediated reduction of 119 and protection of the
obtained amine 120 as the tosylate 121. Subsequent
cyclization proceeds effectively by treating 121 with
sodium hydride to yield 1,4-benzoxazine 122, which can

CaCo,, H,0 i) HBr, A
/[:[OMe A OMe i) NH,OH o
b~ OH — > . /@[ ]
Br
MeO NH % Meo NOH T T8% o N
2 110 H H
109 111 112
Scheme 20.
COOEt COOEt COOH
OH 5 KO, DMF O aq. NaOH, 70 °C 0
+ BI’/\/ r— _— ]
cl NHCOMe 114 86% (| N 92% ¢ N
|
COMe
13 115 116
Scheme 21.
MeOOC OH K,CO, MeOOC OCH,CH,Cl  Zn, AcOH
(o —
NO, 118 NO,
117 119
MeOOC\©:OCHQCH20I TSCl, Py MeOOC\©:OCHZCHZCI NaH
—_— —_—
NH, 40% NHTs 71%
120 121

—_—

MeOOC\©:O] NaOH HOOC\QO]
N 89% '\\‘
Ts Ts

122
Scheme 22.

123
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Me i
O"l Br. CHO 0—{Me Ra b o Me
Me Me  33% /C[ CHO ——— /C[ TMG
R NO, R NO, 36% R N
124 125 126 H

Scheme 23.

be further hydrolyzed to the carboxylic acid 123 (Scheme
22).

Ring closure to 3,4-dihydro-2H-1,4-benzoxazines can also
be effected by a reductive amination reaction.>® Thus,
2-bromo-2-methylpropanal (125) can be used for O-alkyl-
ation of 2-nitrophenols 124 to give the phenolic ethers 126
which are reduced, with concomitant intermolecular
reductive amination, yielding 3,4-dihydro-2H-1,4-benz-
oxazines 127 (Scheme 23).

A novel synthesis of 2-substituted 3,4-dihydro-2H-1,4-
benzoxazines, for example, 2-phenoxymethyl-3,4-dihydro-
2H-1,4-benzoxazine (132; R="Ph), through formation of the
C-0 and C-N bonds, involves ring-opening of glycidol 129
with the N-nucleophile formed from 2-fluoro-N-tosylaniline
(128) under phase-transfer catalysis, and subsequent
intramolecular nucleophilic substitution of fluoride in 130
promoted by a non-nucleophilic strong base. Cleavage of
the N-tosyl protecting group of 131 with sodium/

127
R = CF,, Br, OMe, Et

naphthalene in dimethyl ether (DME) affords the
2-substituted 1,4-benzoxazines 132°%°% (Scheme 24).
Using the (S5)-glycidol (S)-129 leads under the same
conditions to enantiomerically pure 3,4-dihydro-2H-1,4-
benzoxazine (R)-132.%%

1-(3,4-Dihydro-2H-1,4-benzoxazin-3-yl)methanamine 138
is used as intermediate in the synthesis of pyrazino[2,1-c]-
1,4-benzoxazines, ligands for the o -adrenergic receptor.
Epoxide 133 is opened by N-nucleophile 134, giving the
alcohol 135, which is oxidized by the Dess—Martin reagent
to the ketone 136. Reduction of the nitro group of 136 and
concomitant cyclization by reductive amination gives 3,4-
dihydro-2H-1,4-benzoxazine 137, which can be deprotected
by hydrazinolysis to afford the amine 138 (Scheme 25).

Substituted 2-aminophenols are classical starting com-
pounds for the synthesis of 3,4-dihydro-2H-1,4-benzoxa-
zines. The reaction of substituted 2-aminophenols 139 with
ethyl 2,3-dibromopropionate (140) affords, depending on

E K,CO,, BEt;N*C, . 2;8(’(’11'*':'
ST QR ritis U
o) 92%
N-Ts 94% NMOR
128 0 12 fe on
130
o Na naphthalene, DME,
Ly L
N 77% N R =Ph, Bn
Ts
131 132
Scheme 24.
0 o 0
e} \/A y, butanol,
@E + NH o HO  N—\ Dess-Martin,
NO, 39% OJ—/ O CH,Cl,, 60 °C
133 134 © 87%
NO,
135
o)
}JN o HaPdC O]VO NH,NH, H,0 | CEOJV
—_—
: 98%
0 81% N N ° N NH,
H o H
NO 137 138

Scheme 25.
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1 0, 1 0,
R R OR R VECR) YiEd(R) Ratio Ref.
OH Bf OEt H H H H 81 4 2011 62
Me H H H 74 13 6:1 62
MeO H H H 51 9 6:1 62
Me H Me H 68 13 51 62
139 H cl H H 72 n.d.? - 24
Me H H H 68 nd.? - 63
K,CO;, H Me H H 90 nd.? - 63
acetone, A H H Me H 77 nd.? - 63
H H H Me 72 nd.? - 63
R’ R’ H H OMe H 42 nd.? - 63

R? ]/COOEt R? j\
COOEt

4

141 142

Scheme 26.

the substituents on the aromatic ring, ethyl 3,4-dihydro-2H-
1,4-benzoxazine-2-carboxylates 141 as the main, and ethyl
3,4-dihydro-2H-1,4-benzoxazine-3-carboxylates 142 as
the minor, isomers. In the case of the unsubstituted
2-aminophenol, the ratio between the isomers is 20:1,
whereas in the case of 6-substituted 2-aminophenols the
ratio changes to 6:1%% (Scheme 26).

“Not detected.

2-Cyano-3,4-dihydro-2H-1,4-benzoxazines, for example,
145.% can be obtained by a ring-closure reaction following
the pathway presented in Scheme 27. Methyl 3-amino-4-
hydroxybenzoate (143) and 2-chloroacrylonitrile (144)
under reflux in acetonitrile for 18 h in the presence of
K,COj; provided methyl 2-cyano-3,4-dihydro-2H-1,4-benz-
oxazine-6-carboxylate (145) in good yield.

N
K,CO,, MeCN, y
OH C| 2 3 o 74
reflux
"y C)\CN
MeOOC NH, 2 1% MeOOC N
143 144 H
145
Scheme 27.
H > gr
TsCl, Et,N 148
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on MOy CH,CI, oTs P goc C[OTS DMF, 80 °C
—_—
: —_— R'=Bn 62%
NH, 58% 149 NH R'=Me 83%
147 \\ R'=Et 71%
~SCH
OTs Arl, (PPh,)PdCI,,
E:[ ; Cul EtN, OTs KOH 80 °C @[ ]/k
1
NR
CH \
151 X 152
KOH, 80 °C h Ar
R'=Me 91% :3’ P;QC Ve 82
Yield Yield =Ve °
H R Ar %) %) R'=Bn, R2=H 81-86%
o 150 — 151 151 — 152
H Bn Ph 92 93 (o] Ar
Bn 3-CICgH, 9 70 @[ ]/
N1 Bn 4-MeCgH, 89 93 N
R Bn 1-naphthyl 95 87 Ly
153 Bn 2-thienyl 94 84 R
Me Ph 84 70 154
Me 3-CICgH, 95 75
Et 3-CIC¢H. 90 93 Ar = Ph, 3-CIC¢H,, 4-MeC,H,,

Scheme 28.
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2-Arylidene/methylene-3,4-dihydro-2H-1,4-benzoxazines
152 and 153 are prepared by a ring-closure reaction from
2-aminophenols and propargyl bromide (148). The starting
2-aminophenol (146) is O-tosylated with p-toluenesulfonyl
chloride in the presence of triethylamine in dichloromethane
(tosylation in the presence of pyridine leads to N-tosylation)
to give the O-tosyl derivative 147. Propargyl bromide (148)
is coupled to 147 in the presence of potassium carbonate in
dimethylformamide to afford 2-(prop-2-ynylamino)phenyl
p-toluenesulfonate 149, which is N-alkylated to give the
compounds 150. Removal of the O-tosyl group by alkaline
hydrolysis leads to spontaneous cyclization to the
2-methylene-3,4-dihydro-2H-1,4-benzoxazines (153). The
palladium-catalyzed reaction of 150 with aryl iodides,
carried out in the presence of bis(triphenylphosphine)palla-
dium(II) dichloride [PdCI,(PPh;),] as catalyst and cuprous
iodide as co-catalyst, gives the 3-arylpropargylamines 151.
These are readily cyclized in the presence of potassium
hydroxide to unstable 1,4-benzoxazines 152 bearing an
exocyclic double bond at position 2. The synthesis is
completely regio- and stereoselective and no seven-
membered ring compounds or any compounds of E-stereo-
chemistry are isolated. 4-Alkyl(benzyl)-2-alkyl(aryl)idene-
3,4-dihydro-2H-1,4-benzoxazines 152 and 153 are highly
unstable in halogenated solvents and on silica gel.
Hydrogenation with Pd/C as catalyst gives stable 2-aryl-
methyl-3,4-dihydro-2H-1,4-benzoxazines 154.°* The
4-benzyl group is removed during the hydrogenation
procedure (Scheme 28).

3,4-Dihydro-2H-1,4-benzoxazines 156 and 158% are syn-
thesized by intramolecular C—O bond formation using
palladium-catalyzed intramolecular etherification of aryl
halides employing di-tert-butylphosphonobiaryl ligands (L)
and palladium(Il) acetate (Scheme 29). The ligands L
facilitate reductive elimination to release the steric strain of
the palladium(Il) aryloxy intermediate. Primary (155), as

CC
H
N/\/O

Pd(OAC),,

R1
155 156
X Pd(OAc),
@[ KPO toluene @[ ],
N/\/R
Me OH
157 158

C32003 toluene @[ 4
] R
H
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well as secondary (157), alcohol substrates 157 are
efficiently cyclized in the presence of a mild base (e.g.,
caesium carbonate or potassium phosphate), which enables
the use of an ester group-containing aryl bromide. The
presence of an unprotected arylamine does not interfere with
the C—O bond formation and no amination side products are
observed. It is also possible to cyclize enantiomerically pure
alcohols 157 with conservation of enantiomeric purity in the
products 158.

Nickel-mediated intramolecular amination of aryl chlorides
159 yields 3,4-dihydro-2H-1,4-benzoxazines 156 by the in
situ- generated Ni(0) catalyst associated with 2,2'-bipyri-
dine®® (Scheme 30). The same procedure has also been
applied also to the formation of five- and seven-membered
rings.

5 mol% Nig, 15 mol% 2,2-biPy,
10mol% NaOtBu, 95 mol% NaH,

_R'5 mol% styrene, THF o
N H  R=benzyl 46% N

R = 2,3-dimethoxybenzyl 51% !

159 156

Scheme 30.

In the course of synthesis of integrin receptor antagonists,
the key intermediate 162 was prepared in a reaction of
methyl (2E)-4-bromobut-2-enoate (161) with 2-amino-
phenol 160 via an intramolecular Michael addition®’
(Scheme 31).

Another example using intramolecular Michael addition for
the synthesis of 3,4-dihydro-2H-1,4-benzoxazines is pre-
sented in Scheme 32. O-Alkylation of imine 164, using
ethyl 4-bromocrotonate (163), affords the imine 165. In situ
reduction of 165 gives the corresponding amine, which

°C t(h) L

70 24 L, 84
Me 70 48 L, 74

2 . Yield
R X C th) L g ee
CH,OCOnPr Br 50 44 L, 86 98
CH,OH Br 70 44 L, 80 97
COOMe Br 70 48 L, 80 99

(CH2)sCH3 Cl 70 64 L, 71 98

O P,
P(tBu), P(tBu),
Ly Ly X=H
Ly X = NMe,

Scheme 29.
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OH o Na‘I:ﬁOa, MeOH, o OMe
rt |
+ )
/@[ Br\/\/kL OMe—————" /@[ ]/T
NO; NH, 91% NO; N
160 161 H
162
Scheme 31.
O
OH O._ X COOEt
o @[ K,CO,, EtOH ©[ _NaBH/iPOH
Brv\)\ + N — > COOE
OFEt ‘ overall yield 65% t
163
164
Scheme 32.
t-Bu
OH oH 0 _E1OH, AOH
ST B
NH
2 O OH 80% By
146 167
168
Scheme 33.

spontaneously undergoes intramolecular Michael addition
to afford the benzoxazine 166 in good overall yield.®?

The action of 2-aminophenol (146) on 5,6-dihydroxy-
2,2,9,9-tetramethyldeca-4,6-diene-3,8-dione (167) leads
to the formation of a stable cyclic hemiacetal 168°
(Scheme 33).

O-Alkylation of the 2,5-diaminophenol derivative 169 with
1-chloroacetone (170) affords the phenoxyacetate 171. The
phthalimide protecting groups are removed by hydrazino-
lysis and the obtained phenylenediamine intermediate
undergoes cyclization, yielding the cyclic imine 172,
which is reduced to 3-methyl-3,4-dihydro-2H-1,4-benz-
oxazin-7-amine (173), an intermediate in the synthesis of
antibacterial agents® (Scheme 34).

8-Amino-1,4-benzoxazine derivatives 180 were synthesized
as potential neuroprotective agents for treating cerebral
ischaemia leading to neurodegenerative disease.”” A new
two-step one-pot electrochemical procedure for preparing

(0]

N OH
0}
O
N

169

Kl, K,CO4

+ C|WM6

170
(0]

H,N o)
I
N

172

Scheme 34.

180 involves the initial oxidation of diaryl ketone 174 to
1,2-quinone 175 followed by substitution of the methoxy
group with aminoalcohols 176 and, after intramolecular ring
closure, the formation of 8a-hydroxy-3,4-dihydro-2H-1,4-
benzoxazin-8(8aH)-one derivatives 177 in 60-95% yield.
The imines 179 are formed in the reaction of 177 with an
excess of amine 178, and subsequently reduced through
two-electron transfer to the 8-amino derivatives 190.
8-Hydroxy derivatives 181 are prepared by the reduction
of the C-8 carbonyl, using zinc in methanol/acetic acid
followed by elimination of water (Scheme 35).

4. Synthesis of 3,4-dihydro-2H-1,4-benzoxazines by
reduction of 2H-1,4-benzoxazin-3-(4H)-ones

2H-1,4-Benzoxazin-3-(4H)-ones 26 are readily reduced to
3,4-dihydro-2H-1,4-benzoxazines 182 by strong reducm%
agents such as lithium aluminum hydride’' or borane”

(Scheme 36). It should be noted that the use of boron
trifluoride diethyl etherate/sodium borohydride®® enables

0 (0]
ol
O
(e}
N
171
(0]

Me
NH,NH,H,0

—_—
Me N Me
H
173
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MeOH, Ag,0 or
electrochem oxid.

MeOH/AcOH, Zn
or electrochem red.

H R 65-95%
e
180
Yield
R R? R® (%)
177 — 180
H tBu Bn 30
H tBu -(CH2)>-Ph 50
H tBu isopentyl 45
Me Me Bn 15
Me Me isopentyl 50
Me Me CH,CH,OH 60
Me Me CH(CH,0H), 45
-(CHy)s- Bn 35
-(CHy)4- Bu 50
Ph Ph Bn 50
Ph Ph isopentyl 50
H CH,OH CH(CH,0OH), 15
Me CH,OH CH,CH,0OH 50
Me CH,OH CH(CH,0OH), 25
CH,OH CH,OH CH,CH,OH 60
Scheme 35.
R' . R’ .
R? (6] R5 red. RZ 0 Rs
L — I
3
R N0 R N
H H
26 182
R’ R2 R R* R° Reducing Yioeld Ref.
agent (%)
F H H H H LiAH, 65 71
H NO, H Me Me BH; 93 28
COOEt H F H H BFzEt,0,NaBH, 83 56
COOEt H Br H H BF;Et,0,NaBH, 74 56
Scheme 36.

selective reduction of the benzoxazinone lactam moiety in
the presence of the carboxylic ester moiety.

The use of a strong reducing agent, however causes
concomitant reduction of some functional groups present

e

133 184

Scheme 37.

OH R1 RZ R3 R4
II ]V ;
H
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RO-NH,
R® 178
N~ MeOH/AcOH, Zn
| OH)  MeOH or electrochem red.

g

SN
0 OH
179 o
SPE
NT R
H
o
181
Yield Yield
R" R (%) (%)
174 > 177177 — 181
H  tBu 95 85
~(CH,)s- 60 80
H  CH.OH 65 75

in the molecule, which allows one-pot multiple func-
tionalization. Ethyl 3-oxo0-3,4-dihydro-2H-1,4-benzoxa-
zine-2-carboxylates 183 are reduced to (3,4-dihydro-2H-
1,4- benzoxazm 2- yl)methanols 184 with lithium boro-
hydride,?* borane’? or lithium aluminum hydride’?
(Scheme 37).

5. Modification of substituents in 2H-1,4-benzo-
xazin-3-(4H)-ones and 2H-1,4-benzoxazines

5.1. Modification of substituents in the 1,4-oxazine ring
of 1,4-benzoxazin-3-(4H)-ones

Although a substituent at position 4 of 2H-1,4-benzoxazin-
3-(4H)-ones can be introduced in a precursor which is
cyclized to 2H-1,4-benzoxazin-3-(4H)-one, a more fre-
quently used approach is N-alkylation of the 2H-1,4-
benzoxazin-3-(4H)-one scaffold 185. Classically, sodium
hydride,*" potassium fluoride,”* or potassium carbonate’”

Reducing Yield

agent (%) Ref.

H H LiBH4 62 24
H Me H BH; 76 72
H H Pr LiAIH4 78 73
CI H H Me LiAlH, 98 73
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1 4 R! o R
R o_R , R
R N” 0 186 R N
H R®
185 187
R" R R R R® X  Method \ELZ')" Ref.
NO, H Me COOEt Me I KF 96 74
NO, H H H CH,COOEt Br KF 72 74
H H H  CeHs-3-CN  (CHy)sBr Br NaH 56 51
H H H H (CH,),0-C¢H4-4-CHO Br K,CO, 91 75
H Cl H H CH,COOEt Br NaH 40°87° 30
H NO, Me Me CH,COOEt Br NaH 55%92° 30
H NO, H H (CH,),COOEt Br NaH 65%,94° 30
H CN Me Me (CH,),COOEt Br NaH 41386" 30
H Cl H H (CH,);COOEt Br NaH 55%,85° 30
H CN Me Me (CH,);COOEt Br NaH 603,92b 30
2A:t =3 h; "MWI: t = 18 min
Scheme 38.
0. _COOEt BTEAC, K,CO,, 0. _COOEt Vield
MeCN, 60 °C R' x '€
+ R —_— X %
H o} e Me | 72
189 R’ Et Br 45
188 190 Bn Br 57
BTEAC = benzyltriethylammonium chloride
Scheme 39.

are used to activate the amide nitrogen of 185. Microwave
irradiation (MWI)*° of the reaction mixture of 185 and 186
reduces the reaction time and enhances the yield of 187
(Scheme 38).

In the N-alkylation of 3-oxo-3,4-dihydro-2H-1,4-benzox-
azine-2-carboxylates, for example, 188, with alkyl halides
189, phase-transfer conditions are usually employed to
produce 190,7° since the use of strong bases leads also to
alkylation in position 27 (Scheme 39).

In alkylation of alkyl 3-oxo-3,4-dihydro-2H-1,4-benzoxa-
zine-2-carboxylates 191 at position 2,76 however carbanion
oxidation is a competing reaction which can prevail under
oxidative reaction conditions. Thus, 2-hydroxy derivatives

192 can be synthesized from alkyl 3-oxo0-3,4-dihydro-2H-
1,4-benzoxazine-2-carboxylates 191 through carbanion
oxidation’”"’® (Scheme 40).

Introduction of fluorine in position 2 of N-substituted
2H-1,4-benzoxazin-4(3H)-one derivatives 81, to give 193,
can be performed by anodic monofluorination using a
divided cell containing Et,NF-4HF and platinum plate
electrodes’’ (Scheme 41).

2-Bromo-2H-1,4-benzoxazin-3-(4H)-one (194) is trans-
formed to 2-amino-2H-1,4-benzoxazin-3-(4H)-one (195)
by treating with gaseous ammonia. 2-Mercapto-2H-1,4-
benzoxazin-3-(4H)-one (196) is obtained from 194 in a two-
step procedure which involves the formation and alkaline

R R2 Yield
COOEt O NaH, M 00t (%)
@[ :\[ _CHClt 1@[ i/ A Ve 82
H Et 75
H Pr 76
H Bn 90
H CH,COOEt 86
191 192 H (CH,);COOEt 56
H CH,COOBu 71
6-COOEt Me 85
7-COOEt Me 79
Scheme 40.
Et,NF-4HF/DME + Pt electrod _

CEO ]\ divided cell CEO ]/F - Y:;m

0

NSo  2eHT N0 Me 51

R e CH,COOEt 42

Bn 49

81 193

Scheme 41.
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|) thiourea
) NaOH
CL X @ I "o
o @E 1
H 90%
195 196
Scheme 42.

cleavage of the corresponding istothiouronium bromide®”
(Scheme 42).

Homologation of 3-oxo-3,4-dihydro-2H-1,4-benzoxazine-
2-carboxylates, for example, transformation of carboxylic
ester 197 to homologous ester 199, a useful peptidomimetic
template, can be performed by a modified Arnsdt—Eisert
synthesis. The mixed anhydride prepared from compound
197 with ethyl chloroformate reacts with trimethylsilyl
diazomethane affording the diazoacetyl derivative 198.
Ultrasound-promoted Ag " /base catalyzed Wolff rearrange-
ment of diazoketone 198 gives the homologated methyl
ester 1998 (Scheme 43).

i) EtOCOCI, Et;N Meo

on i) TMSCNH, NOz\@:O N,
NS0

Me
197 198
Ag+OOCPh, Et;N, Me
9 N NO, o OMe
MeOH, ultrasound \C[
(0]
N0
Me
199

Scheme 43.

5.2. Modification of substituents in the 1,4-oxazine ring
of 3,4-dihydro-2H-1,4-benzoxazines

N- Alkylatlon of 3,4-dihydro-2H-1,4- benzoxazmes 200 to
form 201 is achieved with dialkylsulfates® or with alkyl
halides in the presence of a base.®” In the case of
3-substituted 3,4-dihydro-2H-1,4-benzoxazines 200 the
yields can be lower® (Scheme 44).

Anhydrides 203 are employed for the selective N-acylation
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(RCO ,0
° {I ]
R= Me, Et, Pr, Ph, CH,CI
HO@[ ] 57-84% "
N
H
202 204

Scheme 45.

of 3,4-dihydro-2H-1,4-benzoxazinols 202 to produce
4-acyl-3,4-dihydro-2H-1,4-benzoxazinols 204°* (Scheme 45).

N-Alkylation of 2,2-dimethyl-3,4-dihydro-2H-1,4-benz-
oxazine-6-carbonitrile (205) by ring opening of cyclopen-

tene oxide (206) in the presence of sodium hydride yields
the trans alcohol 207%® (Scheme 46).

/C[ ]<Me . @ Nal—;o/DMF /C[ ]<Me
Q,OH

207

205

Scheme 46.

Two exceptional examples of the N-arylation of 3,4-
dihydro-2H-1,4-benzoxazines were reported recently. In
the course of synthesizing potassium channel activators,
several pyridine N-oxide derivatives, for example, 210,
were obtained by nucleophilic substitution of 2-bromopyri-
dine N-oxide (209) with the 3,4-dihydro-2H-1,4-benz-
oxazine derivative 208 in the presence of sodium
hydride?®***7? (Scheme 47).

Wes

209
208 ~ )

jAOH
NaH, DME_
2

88%
210
Scheme 47.

Treating 3,4-dihydro-2H-1,4-benzoxazine 211 with 14-
cyclohexanedione in the presence of p-toluenesulfonic acid

QI e QI

186
200 201
R'" R? R® R* R® X Base \Ef,‘/i')d Ref.
H H COOEt H Me I K. CO, 86 82
H H COOEt H Bn Cl K,CO; 76 82
H MeO H COOEt Me | K.CO; 38 63
Me H H COOEt Me | K. CO; 45 63
H COOMe CN H Me | K CO; 45 63
CN H Me Me 2-oxotetrahydro- g\ 1y 8 28

Scheme 44.

furan-3-yl
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TsOH, toluene, reflux

O

1/[ I ]/
R N
H
211

Scheme 48.

in toluene afforded 4-phenyl-3,4-dihydro-2H-1,4-benzoxa-
zine 212 (Scheme 48).

N-Substituted 3,4-dihydro-2H-1,4-benzoxazine-2-carb-
oxylic acids, for example, 213, are alkylated at position 2

1
QO]/COOH @O:T/COOMe
N N
Me Me

i) LDA, R'-1, -50 °C
ii) MeOH, TsOH
R =Me 69%
R=Pr 72%
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o__R*
: LTy
R*® 1,4-cyclohexanedione, R1 N R R2

Yield
(%) Ref.
H COOEt 53 24
NO, CH,COOMe 25 67

212

by treatment with lithium diisopropylamide (LDA) in
tetrahydrofuran at —50 °C under an argon atmosphere,
followed by quenching of the dianion with methyl iodide or
propyl iodide. Refluxing the crude product in methanol for
18 h in the presence of p-toluenesulfonic acid finally
provides the methyl esters 214°> (Scheme 49).

Introduction of the lactam ring into the 4-position of 1,4-
benzoxazine 215 to give cromakalim analogues 217°® is
carried out as shown in Scheme 50. Nitrosation of 215,
followed by reduction of the nitroso intermediate with
formamidinesulfinic acid, gives the 4-amino-3,4-dihydro-

213 214 . . . .
2H-1,4-benzoxazine derivative 216 which, on treatment
Scheme 49. with 4-chlorobutyryl chloride or 5-chlorovaleryl chloride,
. Me
i) NaNO,, AcOH, MeOH , 0
0._Me i) H,NC(=NH)SO,H, ) g'(ﬁHz)"COC" /@ ]('V'e
/©: }Me NaOH(aa) o.M i) t—t%uOK ome Oz N
NO2 N ]<Me - = N 0
H 7%  No N 44% Cr
215 2 ! (CH,),
NH,
216 217
n=3
n=4
Scheme 50.
i) (CCI,0),CO, Et,N,
¢ ~ DMAP, THF 0. NaOCl, NaOH, BnEt;N*CI-, o)
j ii) NHy(aq) _ /@: ] NaOH, iPrOH /@: ]
N02 H 94 % Noz N 58 OA) NOZ N
218 OZ\NHZ NH,
220
219
Scheme 51.

NN NN
N 221 221
Y
o/ P,S,, toluene, oR’ '\/"> AlMe;, toluene, o RCcoor®
reflux 1 @ N~ reflux 1 @ j’
——F— > R H - R
MsOOC N R'= COOMe N 44-91% N
Me R2=Me R? R®
R3= H
145 223 222
61% Yield
R’ R R® R (%)
222 — 223
H Me Me Me 81
H Me Pr Me 44
6-CH,OH Me H Et 62
H H H Et 66
5-Me Bn H Et 85
6-Me Pr H Et 78

Scheme 52.
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followed by ring closure with potassium tert-butoxide, gives
the lactams 217 (Scheme 50).

Treating 6-nitro-3,4-dihydro-2H-1,4-benzoxazine (218)
with triphosgene and subsequently with ammonium
hydroxide yields the carboxamide 219 which, after
Hofmann rearrangement, affords the hydrazine 220%°
(Scheme 51).

Carbonitrile 145 is transformed to imidazoline 223 (R'=
CO,Me; R?’=Me; R* =H) with retention of the 6-meth-
oxycarbonyl group by reaction with ethylenediamine (221)
and phosphorous pentasulfide in refluxing toluene. In
contrast, different 3,4-dihydro-2H-1,4-benzoxazine-2-carb-
oxylates 222 can be transformed to imidazolines 223 using
ethylenediamme and trimethylaluminum as catalyst in
boiling toluene®® (Scheme 52).

N-Substituted 3,4-dihydro-2H-1,4-benzoxazin-2-yl metha-
nols 224 are oxidized under Swern conditions to the
N-substituted 3,4-dihydro-2H-1,4-benzoxazine-2-carbalde-
hydes 225. Interestingly, under the same reaction con-
ditions, N-unsubstituted 3,4-dihydro-2H-1,4-benzoxazin-2-
yl methanols 226 are oxidized to the 4H-1,4-benzoxazine-2-
carbaldehydes 227** (Scheme 53). Oxidation of 3,4-
dihydro-2H-1,4-benzoxazin-3-yl methanols using Swern
and Dess—Martin reagents is not successful and leads only
to degradation products.®?

In a synthesis of high-affinity selective dopamine D,
receptor antagonists 231, 3,4-dihydro-2H-1,4-benzoxa-

(COCl),, DMSO,
0 Et;N, CH,CI,
@: fOH 78 °C
N
"?1
224
(COCl),, DMSO,
o Et;N, CH,CI,
Ly me .
2
R N
H
226
Scheme 53.
);OBF,,

CHCI

@l

(6]
/\ N= NaH Mel
P N N

230

Scheme 54.
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zine-3-one (1) is converted into 3-methoxy-2H-1,4-benz-
oxazine (228), using Meerwein’s salt (trimethyloxonium
tetrafluoroborate). Compound 228 is condensed with amine
229, affording intermediate 230, which is then selectively
methylated with sodium hydride/methyl iodide to give
231% (Scheme 54).

5.3. Modification of substituents in aromatic ring of 2H-
1,4-benzoxazin-3-(4H)-ones and 2H-1,4-benzoxazines

Classical reactions for introducing substituents into aro-
matic rings are applicable to 3,4-dihydro-2H-1,4-benzoxa-
zines and 2H-1,4-benzoxazin-3-(4H)-ones. The influence of
ring heteroatoms, however defines the substitution pattern.
Regioselective bromination of the aromatic ring of 3.4-
dihydro-2H-1,4-benzoxazine 232, with no formation of the
6-bromomethyl derivative, is achieved by refluxing a
mixture of 232 and N-bromosuccinimide (NBS), with
[2,2'-azobis(2-methylpropionitrile)] (AIBN) as catalyst.
3,4-Dihydro-2H-1,4-benzoxazine 233, when submitted to
a Stille reaction with tetramethyltin in the presence of
tetrakis(triphenylphosphine)palladium(0) as catalyst,
affords 6,7-dimethyl-3,4-dihydro-2H-1,4-benzoxazine
234% (Scheme 55).

Generally, bromination of 2H-1,4-benzoxazin-3(4H)-ones
with bromine in tetrachloromethane leads to bromination at
position 2, yielding 2-bromo-2H-1,4-benzoxazin-3(4H)-
ones.®® Bromination of 6-acetyl-4-methyl-2H-1,4-benz-
oxazin-3(4H)-one (235) with bromine in acetic acid,

1
T ¥
COPh 32
Me 85
CH,Ph 75

225 COMe 70
COO-tBu 87

R2 Yield
Q reosy
H 92

Cl 87
Me 74
227

@E X IN H\)

231
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NBS, AIBN,
MeCN

(e} COOEt
Beonc™
M

232 233
Scheme 55.
0 Br,, AcOH 0
—_—
Me L :\L
N (0] Br N (e}
(0] Me (0] Me
235 236
Scheme 56.

however, occurs selectively at the 7-acyl group yielding
product 236 (Scheme 56).

In a reaction of 2H-1,4-benzoxazin-3-(4H)-one (1) with
phenyliodine(IT) bis(trifluoroacetate) (PIFA), a hydroxy
group is introduced into position 6, affording the 6-hydroxy
derivative 237%® (Scheme 57). This procedure is usually
used for para hydroxylation of substituted anilides and
benz-annulated lactams. However, in the case of 2H-1,4-
benzoxazin-3-(4H)-ones, the participation of the ring
oxygen is strong enough for the hydroxyl group to be
incorporated into the meta position relative to the ring
nitrogen atom.

PIFA (1.2 eq),
TFA, reflux
CL =100
—_—
N"So 86% 5 NS0
H H
1 237

Scheme 57.

In the synthesis of compounds showing affinity for
dopamine D,, as well as serotonin 5-HT;, and 5-HT,
receptors, chlorine in position 6 of 238 is removed by
catalytic hydrogenation in alkaline solution, affording the

COOEt
KI T

Me,Sn, Pd(PPh;),,
HMPA

@[ ]/COOEt

234

yielding a 6-chlorosulfonyl intermediate. Addition of
ammonium hydroxide yields 6-(aminosulfonyl)-4-methyl-
3,4-dihydro-2H-1,4-benzoxazine-8-carboxylic acid (240).
The chlorosulfonyl intermediate can be reduced with Zn/
H,SO, and, after reaction with methyl iodide, 4-methyl-6-
(methylthlo) 34- d1hydro 2H-1,4-benzoxazine-8-carboxylic
acid (241) is obtamed5 (Scheme 58).

A nitro group is introduced into 1,4-benzoxazine 242 on
treatment with nitronium tetrafluoroborate with concomi-
tant nitration of the side chain hydroxyl group, yielding a
nitratomethyl-6,7-dinitro-3,4-dihydro-2H-1,4-benzoxazine
derivative 243’ (Scheme 59).

/@ jAOH 10t00°cNOJ@ jﬁoNo
31%

N/ ‘N

NS

Freidel-Crafts acylation is a very convenient method for
the introduction of alkyl or acyl substituents into the
aromatic ring of 1,4-benzoxazin-3(4H)-ones. Thus, treating
2H-1,4-benzoxazin-3-(4H)-one (1) with chloroacetyl
chloride (20) and anhydrous aluminum chloride yields

0 o _ACL
(L L+ l
H fo) 0 88%

NO,BF,

Scheme 59.

3,4-dihydro-2H-1,4-benzoxazine-8-carboxylic acid 239, 1 20
which is sulfonated at position 6 with chlorosulfonic acid, Scheme 60.
i) CISO;H, 100 °C ¢OOH
COOH H,, Pd/C, COOH I) ;H, o
/@o] 1N NaCOH, 70 °C O M) o ]
98% ] 50% -8 N
oI C W N e
e Me 240
238 239
I) CISOzH, 100 °C COOH
ii) Zn, H,S0, o
iii) Mel, NaOH ]
53% MeS N
Me

Scheme 58.

241
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@[ l ©:(< A,

Scheme 61.
e 2
;
RTZ
Bn
247
Scheme 62.

6-chloroacetyl-2H-1,4-benzoxazin-3-(4H)-one (244), an
intermediate in the synthesis of a potential selective
COX-2 inhibitor® (Scheme 60).

2H-1,4-Benzoxazin-3-(4H)-ones 81 are acylated at position
6 when treated with phthalic anhydride (245) and anhydrous
aluminum chloride as a catalyst, yielding the diaryl ketones
246°° (Scheme 61).

Regioselective formylation of ethyl 3,4-dihydro-2H-1,4-
benzoxazine-2-propionate or 2-acetate derivatives 247 is
achieved by treating 247 with phosphorous oxychlorlde
yielding 7-formyl-3,4-dihydro-2H-1,4-benzoxazines 248°'
(Scheme 62).

A 4-(t-butyloxycarbonyl)-piperazine moiety is introduced
into position 8 of 8-bromo-3,4-dihydro-2H-1,4-benzoxazine
249 by aromatic nucleophilic substitution of bromine in 249
with 1-Boc-piperazine (250) using tris(dibenzylideneaceto-
ne)dipalladium(O) (Pd,(dba);) and 2,2'-bis(diphenylpho-
sphino)-1,1 bmaphthyl (BINAP) as catalysts to produce
251 (Scheme 63)

A pyridin-4-yl substituent is introduced into position 6 of 6-
bromo-2H-1,4-benzoxazin-3-(4H)-one (252) by Suzuki

R p Yield
nCOOEt (%)
H 89

R’ Yield

l s
o H
Me

0

ch o 78

Br 0 79

Me 0 95

248 H 1 97
cl 1 85

Br 1 97

coupling with pyridin-4-ylboronic acid (253) using tetra-
kis(triphenylphosphine)palladium(0) as catalyst, affording
8-pyridin-4-yl-2H-1,4-benzoxazin-3(4H)-one (254)!
(Scheme 64).

6-Bromo-2,2,-dimethyl-3,4-dihydro-2H-1,4-benzoxazine
(255) is transformed to carbonitrile derivative 256 by

refluxing 255 with copper(I) cyanide in N,N-dimethyl-
formamide?® (Scheme 65).

0. Me cucN, DMF, 150 °C
/@i j 43% /C[ TMe

255 256

Scheme 65.

In 1,4-benzoxazinones, selective reductions of ester, ketone
and aldehyde substituents can be performed without
concomitant reduction of the lactam moiety. Thus, aldehyde
257 is efficiently reduced to the corresponding benzylic
alcohol 258% and ketone 259 is effectively reduced to the

NaBH
*C[ = g B!
o T76% NS0
H

I?oc
N
Br B Pd,(dba),, BINAP, [N] 257 258
oc Na*Ot-Bu
° M
} owene. 19076 _ N O NaBH, o
32% © l :\L
N 2% /N N0
‘ |
Bn Bn (\ (N;’ OH Me
249 250 251 260
Scheme 63. Scheme 66.
N
© . | ] Na,CO; Pd(PPhy), o
N = —_— "
Br N (@] AN N f0)
H .B. ! B
HO " "OH N~
252 253 254

Scheme 64.
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secondary alcohol 260" with sodium borohydride in
methanol (Scheme 66).

6. Conclusions

This review covers the achievement in the synthesis of 2H-
1,4-benzoxazin-3-(4H)-ones and 3,4-dihydro-2H-1,4-benz-
oxazines in the last 9 years. New palladium-catalyzed
intramolecular etherification and nickel-mediated intra-
molecular amination made possible application of other
starting compounds than classically used 2-aminophenols
allowing different functionalization. There was a substantial
progress made in the stereo controlled synthesis of
2-substituted 1,4-benzoxazines and 1,4-benzoxazinons.
New synthetic techniques, for example, solid state synthesis
and use of microwave irradiation also proved to be useful
in the synthesis of 2H-1,4-benzoxazin-3-(4H)-ones and
3,4-dihydro-2H-1,4-benzoxazines. Main progress was
also made in the application of 1,4-benzoxazines and
1,4-benzoxazinons as central scaffolds for designed bio-
logically active compounds. 1,4-Benzoxazines and 1,4-
benzoxazinones are easily accessible and functionalized
heterocycles whose application in the synthesis of biologi-
cally active compounds will rise with the increasing demand
for peptide mimetics.
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Abstract—Conformational equilibria for a number of methyl substituted 1,3-dioxanes 1, 1,3-oxathianes 2 and 1,3-dithianes 3 were
calculated at the HF and DFT levels of theory. In addition to the chair conformers also the energetically adjacent twist conformers were
considered and the positions of the corresponding conformational equilibria estimated. On the basis of the global energy minima of
conformers, participating in the conformational equilibria, the IJC,Ha,(’e « coupling constants were calculated using the GIAO method and
compared with the experimental values obtained from '*C,'H coupled '°C NMR spectra. The Perlin effect, the influence of the solvent and
the suitability of this NMR parameter for assigning the conformational equilibria present are critically discussed.
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1. Introduction

The C,H coupling constant lJC,H is not very widely applied
in structural chemistry. In textbooks, the dependence of
]]C,H on hybridization of the carbon atom and the inductive
as well as the heavy atom effects of substituents attached to
the carbon atom are mentioned.! In addition, the linear
dependence of lJC,H on increasing heteroatom substitution”
was observed and the dependence of this NMR parameter on
the size of alicyclic and heterocyclic rings was employed
successfully to assign CH fragments of 5/6-membered
acetals® and epoxides.* The conformational dependence of
]JC,H coupling constants was used also to study the structure
of 4,6-dioxo-1,3-dioxanes,” to indicate overall structural
change of heparin derivatives due to O/N sulfuration/
acetylation,® to employ them as a function of ring geometry
to provide another tool in conformational analysis of
furanose ring systems’ and to indicate the stereochemistry
at the anomeric center of 2,3-O-anhydro-furanosides.8

On the other hand, the different values of the 'Jc y coupling
constants of axial and equatorial protons to the same
adjacent carbon atom in cyclohexane and its hetero analogs
(Perlin effect) have been the topic of a large number of
publications and the source of the difference has been

Keywords: ljcyﬁaxyequ Coupling constants; Conformational analysis; NMR;

1,3-Dioxanes; 1,3-Oxathianes; 1,3-Dithianes; Theoretical calculations;

GIAO; Perlin effect.
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strongly and controversely discussed since the seventies of
last century. Perlin and Casu® were the first to discuss this
effect: the value of the coupling to the equatorial proton
proved to be 8-10Hz larger and the difference was
interpreted as the effect of an n— o* stereoelectronic
interaction of the oxygen lone pairs and the axial
antiperiplanar C-H bond."® Since that time, the magnitude
of 1JC,H in pyranosyl rings was employed as a reliable
indicator of the stereochemistry at the anomeric centre’
until Bailey et al.'' in 1,3-dithiane and Juaristi and
Cuevas'®'® in a number of 1,3-dithianes observed the
opposite sequence of lJC,H coupling and concluded that
factors other than n— c* stereoelectronic interaction are
responsible for the Perlin effect. Beside the inductive effects
of substituents and ring heteroatoms'® the balance of a
number of stereoelectronic interactions was assigned to be
responsible for the Perlin/reversed Perlin effect.'?!?
Finally, the corresponding C—H bond length, depending
on various stereoelectronic influences [n— oc_y™*, Gc_g—
Oc-u*, Oc-c™ Ocn®, Oex = Ocn® (X=0.N.$)I'"" was
postulated to be responsible for the size of the lJC,H
coupling constants (consistent with the Fermi contact term
in IJC,H being inversely dependent on the distance between
the coupled nuclei).'*2°

The 1JC,H coupling constant was also found to depend (in
addition to changes in stereochemical interactions and
molecular geometry) on the torsional angle of the methoxy
group in methyl-a- and B-p-xylopyranoside*'** or the
corresponding twist in oligosaccharides and on the solvent
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dielectric constant;**" the dihedral angle dependence was

corroborated by FPT INDO semiempirical quantum
chemical calculations>**? and, later, by ab initio DFT
calculations:*'** calculated and experimentally determined
values being in fair agreement.

The lJC,C coupling constant, on the other hand, proved to be
dependent on the conformation/configuration of epimeric
piperidine N-oxides and of their structural analogs,>* but do
not provide any experimental evidence for hyperconjuga-
tion in the ground state.”’

The NMR parameters, chemical shift 6 and coupling
constant J, can be accurately calculated nowadays; DFT
methods were especially successful in that respect and
especially in case of chemical shifts of light nuclei like 'H,
13C or "N such calculations can attain ‘chemical accuracy’.
For instance, one of us and his co-workers used calculated
vicinal H,H coupling constants, 3JH,H, of conformers for
determining conformational equilibria being still fast on the
NMR time scale.?® Except the 3JH,H in Ref. 26, calculated
coupling constants have not yet been applied to confor-
mational analysis. It is the major objective of this paper to
test the corresponding possibilities of the 'Jcy coupling.
Therefore, a collection of differently methyl substituted 1,3-
dioxanes 1, 1,3-oxathianes, 2 and 1,3-dithianes 3, shown in
Scheme 1, have been selected for this study.

/vooﬁ VO@ VO%/ SN foﬁ

1a 1b 1c (A) 1c (B)
0 JV o}
PR OO% = ><0=>
1d 1e 1f
A P e e
2a 2b 2c 2d
o L
/VSO% stﬁ@ = /s sﬁ
2e 2f (A) 2f (B) 2g

T = S

2h 3a 3b
S
s o ><s
3d 3e

Scheme 1. Anancomeric conformers and conformational equilibria of the
compounds studied.

2=

3c

2. Results and discussion

2.1. Conformational analysis of 1-3

Proton coupled '>C NMR spectra of the saturated six-
membered heterocyclic compounds 1-3 were taken and the
1JC,H coupling constants extracted (Table 1). All of the
conformational equilibria of the compounds studied have
already been investigated earlier. In the cases of the methzll
substituted 1,3-dioxanes la—d,27’29 1,3-oxa-thianes Za—g*o
and 1,3-dithianes 3a—d’'~° chair conformers having the
methyl substituents in the sterically favoured equatorial
position (1a—d, 2a—c, 3a—c) proved to be strongly preferred;
in case of 1lc both chair conformers contribute to the
conformational f:quilibrium.27_29 In the case of trans—4,6-
dimethyl-1,3-oxathiane (2f) the two non-identical chair
conformations 4eq6ax (88%) and 4axbeg (12%) also
interconvert fast on the NMR time scale (at room
temperature where '*C NMR spectra were obtained) as
shown earlier by vicinal H,H coupling constants and
chemical equilib1ration.30’3 2 Finally, in the case of 2,2,4,6-
tetramethyl substituted 1,3-dioxane 1f, 1,3-oxathiane 2h
and 1,3-dithiane 3e, 2,5-twist conformers with isoclinal
methyls at C-2 and pseudoequatorial methyls at C-4,6 have
been shown experimentally to clearly predominate in
comparison with the chair forms with syn-diaxial substi-
tution at C-2 and C-4 or C-6."“*"°

First, the structures shown in Scheme 1 were calculated
employing HF and DFT ab initio quantum mechanical
methods. Usually, the conformational equilibria of the
heterocyclic compounds studied favour greatly one chair
conformation, in other words they are anancomeric;lc’”’3 6
therefore, the inverted chair conformers with majority of
their methyl substituents in axial positions (with the
exception of l¢ and 2f) were not included in the
calculations. In three cases, namely 1f, 2h and 3e,
however, the calculations showed that twist conformers
are more or at least equally stable than the corresponding
chair forms in moderate agreement with the experimental

findings which showed that the former clearly predomi-
nate, 16:27-36

The results of the calculations are given in Table 2. The free
energy differences of the conformers are of manifold
interest: (i) The calculated free energy differences for the
two chair conformers of lc and 2f are close to the
experimental findings. (ii) In case of 1la—e, 2a—c and 3a—d
the twist conformers proved to be over 4 kcal mol ' less
stable than the corresponding chair forms—confirming the
chair stereochemistry of these compounds. (iii) In the case
of trans-4,6-diMe (2f), r-2,t-4,c-6- (2d) and r-2,c-4,t-6-
triMe (2e), and 2,2-cis-4,6-tetraMe (2g) 1,3-oxathianes the
chair-twist energy difference was found to be smaller
(<3 kcal/mol), however, still high enough to make
these compounds to attain >99% of the chair forms in
solution. (iv) Finally, for the 2,2,4,6-tetraMe-substituted
compounds 1f, 2h and 3e, the 2,5-twist conformation
was calculated to be more or at least equally stable than
the chair in agreement with the experimental findings
which, however, show that in fact the former clearly
dominate in these cases.'¢*"30*
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Table 1. Experimental '>C,"H-coupling constants IJC’H/HZ

Compound C-2, H-2equ  C-2, H-2ax C-4, H-4equ C-4, H-4ax C-5, H-5equ  C-5, H-5ax C-6, H-6equ  C-6, H-6ax Methyl

1a — 159.3 146.4 140.8 126.8 129.7 146.4 140.8 126.9

1b 167.5 157.2 — 139.2 125.5 129.3 146.4 140.9 126.2

1c 166.7 159.1 145.0 140.9 — 130.5 145.0 140.9 126.0

1d 167.7 157.5 — 140.5 124.8 129.2 — 140.5 126.3

le — 159.5 — 140.4 125.5 129.0 149.2 — 125.6 (6),
126.2 (4)

1f — — 143.3 126.3 126.3 143.3 126.2 (2),
126.0 (4),
126.0 (6)

2a — 157.5 139.8 139.8 125.4 131.2 147.3 138.3 128.0

2b 156.6 156.6 — 141.9 124.4 129.6 — 140.6 127.3 (4),
127.0 (6)

2c — 157.6 — 139.5 124.5 129.2 — 139.8 128.0 (2),
126.2 (6),
127.5 (4)

2d — 157.9 139.6 — 124.7 129.3 — 139.2 128.2 (2),
126.3 (6),
126.7 (4)

2e — 158.3 — 139.2 124.9 129.2 146.9 — 120.0 (2),
125.6 (6),
127.4 (4)

2f 157.2 157.2 139.9 — 125.2 129.2 — 140.3 126.3 (6),
127.0 (4)

2g — — — 138.5 124.6 129.1 — 139.2 126.1 (6),
127.0 (2a),
127.8 (2e),
127.4 (4)

2h — — 138.5 126.0 127.5 141.4 125.4 (6),
127.0 (2a),
127.0 (4),
127.8 (2e)

3a — 154.3 137.9 137.9 126.4 131.9 137.9 137.9 129.3

3b 145.0 154.1 — 138.7 123.6 131.2 — 138.7 127.7

3c — 154.6 — 138.5 124.2 130.2 — 138.5 127.7 (4),
127.7 (6),
129.7 (2)

3d — 154.6 — 139.4 124.9 130.7 136.7 — 129.6 (2),
127.0 (6),
128.0 (4)

3e — — 138.9 127.4 127.4 138.9 127.3 (4),
127.3 (6),
128.6 (2)

The solvent effect (CDCl;) was not considered in the
energy calculations. Although the calculated energy
differences (Table 2) in favour of the preferred
conformers are large enough to allow the statements
given above as to the position of the conformational
equilibria of 1-3, the solvation energies for both the
chair and twist conformers of compounds 1f, 2h and 3e
were calculated as an example employing the SCIPCM
method;*” the results are collected in Table 3. Even if
the solvation energy of the chair conformer is
somewhat higher (from 0.18-0.46 kcal/mol) dramatical
changes could not be observed and the conclusions
based on the previous calculations in the gas state
remain the same.

Since the calculations support nicely experimentally
verified conformational equilibria of 1-3, we can proceed
and estimate the values of the lJC,H coupling constants in
order to compare them with the experimental ones and
discuss the applicability of this NMR parameter as a tool in
conformational analysis of substituted saturated six-
membered rings.

2.2. Ab initio DFT calculation of the 'J¢ y coupling
constants of 1-3

The 1JC?H coupling constants were calculated paying
]i)articular attention to the various contributions to the
Jc.u spin—spin couplings studied. According to the theory,
spin—spin coupling arises from several electron—nuclear
interactions: the Fermi-contact term (FC), the paramagnetic
(PSO) and the diamagnetic spin—orbit terms (DSO) and,
finally, the spin-dipole term (SD);'” more details and the
calculation of these terms have been reviewed.*®>° Various
correlative methods for the calculation of spin—spin
couplings have been developed; in the case of 1-3 we
applied the ADF computer program.*® As an example,
different contributions on the calculated 1JQH the 2,5-twist
conformer of the 1,3-dithiane 3a are given in Table 4. For
light nuclei like carbon and hydrogen, the Fermi contact
term is often the most important electron—nuclear inter-
action; the paramagnetic and the diamagnetic spin—orbit
terms tend to cancel each other and the spin-dipole term is
often negligible.?® This general behaviour was found also
for the compounds studied (cf. Table 4): the C,H coupling is
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Table 2. Energies of preferred conformers of substituted 1,3-diheterocyclohexanes (cf. Scheme 1) as calculated ab initio at the HF/6-311G** and B3LYP/6-

311G** level of theory (absolute energies cf. Supplementary data)

Compound Hetero atoms in position Methyls on chair conformers Chair-twist, Chair—twist,
HF/6-311G**in  B3LYP/6-
kcal/mol 311G** in kcal/

mol
1 3

la (0] (0] 2e 5.42 5.75

1b (0] (0] 4e 4.87 542

1c (A) 0 0 5e 4.90° 5.41°

1c (B) (6] (0] Sa 4.21 4.79

1d (0] (0] 4e 6e 7.18 7.53

le (0] (0] 2e 4e 6a 5.47 5.52

1f (0] (0] 2a,e 4a 6e —2.60 —2.20

2a (0] S 2e 4.75 4.52

2b (6] S 4e 6e 6.31 6.22

2¢ (0] S 2e 4e 6e 6.63 6.20

2d (0] S 2e 4a 6e 2.84 2.59

2e (6] S 2e 4e 6a 242 2.45

2f (A) 0 S 4a 6e 2.67° 2.81¢

2f (B) (0] S 4e 6a 3.01 2.98

2g (6] S 2a,e de 6e 5.20 4.69

2h (0] S 2a,e 4a 6e —0.53 —0.32

3a S S 2e 4.54 4.24

3b S S 4e 6e 6.76 6.43

3c S S 2e 4e 6e 7.69 7.12

3d S S 2e 4a 6e 8.50 7.69

3e S S 2ae 4a 6e —0.56 —0.32

* AG°(A-B) = —0.69 kcal mol ™'
® AG°(A-B)= —0.62 kcal mol ~ ..
¢ AG°(A-B)= —1.59 kcal mol .
4 AG°(A-B)= —1.35 kcal mol .

Table 3. Energies of 1f, 2h and 3e when considering the solvent effect on
the SCRF/SCIPCM//B3LYP/6-311G** level of theory [dielectric constant

4.8 (chloroform)]

Compound SCIPCM— Solvation energy
difference
chair—twist in
kcal/mol
Chair in kcal/ Twist in kcal/
mol mol
1f —1.95 1.68 1.44
2h —0.14 1.50 1.32
3e 0.14 1.58 1.12

dominated by the Fermi contact contribution (ca. 98%);
both the diamagnetic and paramagnetic orbital contributions
proved to be positive and increased the calculated coupling
constants by about 1.5-2%. The spin dipole term was found
to be negligible. Thus, when calculating of lJC,H coupling
constants for this kind of organic compounds, the Fermi
contact term can describe sufficiently the structural
(configuration, conformation) and electronic influences on
this NMR parameter.

On the other hand, the inverse dependence of the Fermi
contact term in ]JC,H on the distance between the two
coupling nuclei was not adequately realized. Actually, the

Table 4. Calculated C,H-coupling constants of 3a (IJC‘H/HZ) separated into the various contributing electron—nuclear interactions

Partition in C-2, H-2ax C-4, H-4ax

1
Jen

C-4, H-4equ

C-5, H-5ax

C-5, H-5equ C-6, H-6ax C-6, H-6equ Methyl*

Diamagnetic 1.3 1.0
orbital contri-

bution

Paramagnetic 0.5 1.1
orbital contri-
bution
Fermi-con-
tact + spin-
dipolar contri-
bution
Fermi-contact
contribution
Total calcu-
lated spin—
spin coupling
C-H distance’

150.7 132.0

150.4

131.7

152.5 134.1

1.080 1.079

1.1

1.0

141.9

141.6

143.9

1.078

1.0

1.4

1224

122.3

124.8

1.083

1.0 1.0 1.1 0.8

1.4 1.1 1.0 1.6

122.9 131.7 141.8 124.0

122.7 131.4 141.6 123.8

125.2 133.8 143.9 126.4

1.083 1.079 1.078 1.080

* Average of three C,H-coupling constants in the calculated conformation.

® Distances in Angstroms A.
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Table 5. Difference in the C,H-coupling constants 1J.;,H/Hz of C-2 and C-5 in 1d, 2b and 3b (Perlin effect)

Compound C-2 C-5
lJC—Z.Hax IJC—Z,Heq 4 N ]JC—S,Hax lJC—S.Heq 4 N

H Obsd 157.5 167.7 10.2 129.2 124.8 —4.4

/% Caled 151.6 162.7 11.1 129.3 122.8 —6.4
H OC%H 1d

H

H Obsd 156.6 156.6 0.0 129.6 124.4 —52

/% Calcd 153.6 158.3 4.7 129.6 122.8 —6.8
H QH 2b

S
Obsd 154.1 145.0 —9.1 131.2 123.6 —-7.6
—159 133.8 121.0 —12.8

H
H
/% Caled 157.7 143.8
H S@H 3b
s
H

* Perlin effect: 'Jc trequ— 'Jc Hax-

bond length variation as calculated with respect to 'Je
variations is too small to be correlated. However, there is a
qualitative agreement since the smallest values for 'Je
obtained experimentally or calculated theoretically, belong
to the largest C,H bond distances (1.083 A—124-125 Hz).
No further differentiation was possible when the couplings
get larger (1.078-1.080 A—134-153 Hz).

2.3. The Perlin/reversed Perlin effect.””

The Perlin effect 1JC,Hequ> 1JC,Hax has been used for a long
time as a reliable indication of the stereochemistry at the
anomeric centre of carbohydrates. This situation is correctly
reproduced in the present calculations: in 4,6-diMe-1,3-
dioxane 1d the experimental result for C-2 is excellently in

165,0
155,0 4
145,0 1
135,0 4
125,0 4

115,0 T T -

C-2H- C-4H- C-4H-4ax C-5H-

2equ 4equ

C-5H-5ax C-6H- C-6H-6ax 2-Me
bequ

165,0
155,0 4
145,0 4
135,0 4
125,0

115,0 T T :

C-2,H- C-4H- C-4H-4ax C-5H-

2equ 4equ

165,0

C-5H-5ax C-6,H- C-6H-6ax 2-Me
Gequ

155,0
145,0 A
135,0 A
125,0

115,0 T T T

C-2,H- C-4H- C-4H4ax C-5H-

Zequ dequ

C-5H-5ax C-6,H- C-6H-6ax 2-Me
Gequ

Figure 1. Comparison of experimental (<) and theoretically calculated IJC,H/HZ values of chair (@) and twist ([J) conformer in compounds 1a, 2a and 3a.
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Table 6. Experimental and calculated C,H-coupling constants IJC’H/HZ and their correlation coefficients lJC,H(exp.) versus lJC’H(calcd)

la 1b 1c 1d
lJC.H Exp. Chair lJC'H Exp. Chair 'JCvH Exp. Chair Chair Chair 'JC_H Exp. Chair
(80%)*  (20%)°  (80/20)

C-2, 159.3 152.3 C-2, 167.5 163.1 C-2, 166.7 163.5 163.4 163.5 C-2, 167.7 162.7

H-2ax H-2equ H-2equ H-2equ

C-4, 146.4 144.1 C-2, 157.2 151.7 C-2, 159.1 151.7 151.0 151.6 C-2, 157.5 151.6

H-4equ H-2ax H-2ax H-2ax

C-4, 140.8 134.2 C-4, 139.2 133.9 C-4, 145.0 145.2 146.2 1454 C-4, 140.5 134.6

H-4ax H-4ax H-4equ H-4ax

C-5, 126.8 120.2 C-5, 125.5 121.7 C-4, 140.9 135.3 133.2 134.9 C-5, 124.8 122.9

H-5equ H-5equ H-4ax H-5equ

C-5, 129.7 127.7 C-5, 129.3 128.6 C-5, 130.5 126.6 118.7 125.0 C-5, 129.2 129.3

H-5ax H-5ax H-5ax H-5ax

C-6, 146.4 144.1 C-6, 146.4 144.0 C-6, 145.0 145.2 146.2 1454 C-6, 140.5 134.6

H-6equ H-6equ H-6equ H-6ax

C-6, 140.8 134.2 C-6, 140.9 135.2 C-6, 140.9 135.3 133.2 134.9 Methyl 126.3 124.6

H-6ax H-6ax H-6ax “4)

Methyl  126.9 126.0 Methyl 126.2 124.6 Methyl  126.0 123.1 124.1 1233 Methyl 126.3 124.6

(2) @ (5) (6)

0.97344¢ 0.99332 0.97938 0.94779  0.97532 0.99317
le 1f 2a 2b

Jeu Exp. Chair Yen Exp. Chair Twist e Exp. Chair Yen Exp. Chair

C-2, 159.7 153.6 C-4, 143.3 135.1 138.7 C-2, 157.5 155.5 C-2, 156.6 158.3

H-2ax H-4equ H-2ax H-2equ

C-4, 140.4 134.6 C-5, 126.3 126.5 124.6 C-4, 147.3 141.2 C-2, 156.6 153.6

H-4ax H-5equ H-4equ H-2ax

C-5, 125.0 124.8 C-5, 126.3 125.3 124.6 C-4, 138.3 135.0 C-4, 141.9 139.1

H-5equ H-5ax H-4ax H-4ax

C-5, 129.0 126.7 C-6, 143.3 139.4 138.8 C-5, 1254 118.8 C-5, 124.4 122.8

H-5ax H-6ax H-5equ H-5equ

C-6, 149.2 1404 Methyl  126.2 125.8 124.4 C-5, 131.2 130.4 C-5, 129.6 129.5

H-6equ (2eq) H-5ax H-5ax

Methyl 126.2 1255 Methyl  126.2 123.7 124.4 C-6, 139.8 137.1 C-6, 140.6 137.5

2) (2ax) H-6equ H-6ax

Methyl 125.6 124.5 Methyl  126.0 124.5 124.1 C-6, 139.8 138.1 Methyl  127.3 125.3

(6) (6) H-6ax 4)

Methyl 126.2 122.7 Methyl  126.0 122.6 124.1 Methyl  128.0 126.2 Methyl  127.0 123.0

(C)) “ (@) ©)

0.98808 0.96294  0.99989 0.98097 0.99144
2c 2d 2f
Yen Exp. Chair Ycn Exp. Chair Yen Exp. Chair Chair Chair (88/
(88%)" (12%)° 12)

C-2,H-2ax 157.6 155.5 C-2,H-2ax 1579 155.5 C-2, 157.2 154.4 153.6 153.7
H-2equ

C-4, H-4ax 139.5 135.1 C-4, H-4ax 139.6 135.1 2-2, H-2ax 1572 156.6 158.3 158.1

C-5, 124.5 121.4 C-5, 124.7 123.4 C-4, 139.9 135.2 139.1 138.6

H-5equ H-5equ H-4equ

C-5,H-5ax  129.2 131.7 C-5,H-5ax 1293 129.3 C-5, 125.2 123.2 122.8 122.8
H-5equ

C-6, H-6ax  139.8 137.6 C-6, 139.2 134.7 C-5,H-5ax  129.2 129.3 129.5 129.5

H-6equ

Methyl (2)  128.0 125.9 Methyl (2) 128.2 126.2 C-6, H-6ax  140.3 1355 137.5 137.3

Methyl (6) 126.2 1245 Methyl (6) 126.3 124.2 Methyl (4) 127.0 1245 123.0 123.2

Methyl (4) 1275 125.3 Methyl (4) 126.7 124.3 Methyl (6) 126.3 124.1 125.3 125.2

0.98422 0.99165 0.99160 0.99116 0.99203
2e 2g 2h 3a

Uen Exp. Chair Yen Exp. Chair Uen Exp. Chair Twist Yen Exp. Chair

2-2, 158.3 157.3 C-4, 138.5 137.2 C-4, 138.5 136.6 140.6 C-2, 154.3 155.7

H-2ax H-4ax H-4ax H-2ax

C-4, 139.2 1374 C-5, 124.6 121.5 C-5, 126.0 124.1 124.7 C-4, 137.9 138.6

H-4equ H-5equ H-5equ H-4equ

C-5, 124.9 122.9 C-5, 129.1 131.7 C-5, 127.5 128.7 125.6 C-4, 137.9 133.9

H-5equ H-5ax H-5ax H-4ax

C-5, 129.2 129.4 C-6, 139.2 136.2 C-6, 1414 134.1 140.3 C-5, 126.4 119.1

H-5ax H-6ax H-6equ H-5equ

C-6, 146.9 138.7 Methyl  127.8 126.5 Methyl  127.8 126.6 125.9 C-5, 131.9 133.1

H-6ax (2eq) (2eq) H-5ax



E. Kleinpeter et al. / Tetrahedron 61 (2005) 7349-7358 7355
Table 6 (continued)
2e 2g 2h 3a
lchH Exp. Chair lJC‘H Exp. Chair lJC,H Exp. Chair Twist lJC'H Exp. Chair
Methyl 128.0 126.2 Methyl  127.0 125.1 Methyl  127.0 125.1 125.1 C-6, 137.9 133.9
2) (2ax) (2ax) H-6equ
Methyl 125.6 123.0 Methyl  127.4 125.4 Methyl 1254 124.4 124.2 C-6, 137.9 138.5
(6) 4) 6) H-6ax
Methyl 127.4 125.3 Methyl  126.1 124.5 Methyl  127.0 123.9 125.1 Methyl  129.3 127.2
“ (6) “ (@)
0.97889 0.95212 0.93133  0.98907 0.96650
3b 3c 3d
lJQH Exp. Chair 1JC‘H Exp. Chair lJC,H Exp. Chair IJCYH Exp. Chair Twist
C-2, 145.0 143.8 C-2, 154.6 156.1 C-2, 154.6 156.0 C-4, 138.9 137.8 141.9
H-2equ H-2ax H-2ax H-4equ
C-2, 154.1 157.7 C-4, 138.5 137.89 C-4, 139.4 137.8 C-5, 127.4 121.0 126.1
H-2ax H-4ax H-4ax H-5equ
C-4, 138.7 137.8 C-5, 124.2 121.1 C-5, 124.9 122.6 C-5, 127.4 133.9 126.1
H-4ax H-5equ H-5equ H-5ax
C-5, 123.6 121.0 C-5, 130.2 133.9 C-5, 130.7 132.1 C-6, 138.9 137.8 141.9
H-5equ H-5ax H-5ax H-6ax
C-5, 131.2 133.8 C-6, 138.5 137.8 C-6, 136.7 132.1 Methyl  128.6 127.6 126.8
H-5ax H-6ax H-6equ (2eq)
C-6, 138.7 137.8 Methyl  129.7 127.3 Methyl  129.6 127.3 Methyl  128.6 126.3 126.8
H-6ax 2) 2) (2ax)
Methyl 127.7 125.4 Methyl  127.7 125.4 Methyl  128.0 125.4 Methyl  127.3 125.6 125.2
“ (6) “ (6)
Methyl 127.7 125.4 Methyl  127.7 125.4 Methyl  127.0 124.3 Methyl  127.3 125.6 125.2
©) “ © “
0.98848 0.98092 0.98609 0.82363  0.99855

4 Major conformer A (cf. Schemes 1 and 2).
® Minor conformer B (cf. Schemes 1 and 2).
¢ Correlation coefficient.

agreement with the calculations (AIJC,H= 10.2 Hz; 11.1 Hz
calculated)—cf. Table 5. In the corresponding 1,3-
oxathiane 2b the two 1JC,H coupling constants approach
each other and reverse the sequence in the corresponding
1,3-dithiane 3b (1JC,Hequ< 1J(;,Hax)—reversed Perlin effect.
This result is also well reproduced by the present
calculations—hereby, the difference between the two
coupling constants is calculated to be a few Hz larger (4.7
and 6.8 Hz); due to this reason the calculated difference
between the two 1JC,H coupling constants in 2b is still
positive (4=4.7 Hz) while the two couplings were already
experimentally identical. However, the experimental ten-
dency in 1JC,H, when comparing the three compounds in
Table 5, is also well corroborated.

In case of C-5 the sequence ]jC,Hequ< lJC,Hax proved to be
common, again well supported by the present calculations;
also in this case the differences calculated theoretically for
"Jcn are larger than those of the experimental couplings.
This is even enhanced in 3b in comparison with 1d and 2b,
obviously overestimating but correctly corroborating the
experimental 'J¢ y differences between axial and equatorial
positions.

2.4. Conformational equilibria of 1-3 in the light of IJC,H
coupling constants calculated at ab initio DFT level of
theory

Experimental and theoretically calculated 1JC,H coupling
constants are compared in Table 6. The results are of
manifold interest:

(1) The calculated values are mostly somewhat lower than
the experimental couplings in case of 1,3-dioxanes 1 and
1,3-oxathianes 2; in case of 1,3-dithianes 3 the calculated
couplings are more often larger than the experimental ones.
In addition, the agreement between the experimental and
theoretically calculated couplings is somewhat less in
case of 3. When considering the correlation coefficients
1JC,H(exp.) versus 1Jc,H(calcd), the agreement appears to be
excellent (esp. when differences between two related
couplings are considered) to apply the calculated 'Jey
coupling constants to explain the relative, up to the absolute
size of these NMR parameters at least in 6-membered
saturated heterocyclic ring systems.

(ii) Even if the conformational status as to the preference of
the chair conformers (la-e, 2a-g, 3a—-d) is already
completely clear from the large energy differences as
compared to the energetically nearest twist conformer, the
comparison of the lJC,H values as calculated for the twist
conformers proved to be really discriminating: the
agreement with the C,H couplings calculated for the chairs
proved to be much better (cf. Table 6). The diagrams in
Figure 1 for 1a, 2a and 3a illustrate graphically the above
observation: the relative sizes of IJC,Hax,equ of C-6 (in 1a), of
C-4 and C-6 (in 2a) and of C-4 and C-6 in 3a, respectively,
do not fit at all with the values calculated for the twist
conformers. Thus, even if the energy difference between the
chair and the energetically nearest twist conformer is not
very large (cf. 2d—g—vide supra), the calculated 1JC,HHX,equ
prove to be an unequivocal indicator of the preferred chair
conformation.
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Scheme 2. Conformational equilibrium of 2f still fast on the NMR time
scale.

(iii) In case of the trans-4,6-dimethyl-1,3-oxathiane 2f two
chair conformers (cf. Scheme 2) participate in the
conformational equilibrium (fast at ambient temperature
on the NMR time scale); the energy difference calculated
(cf. Table 2) prefers 2f(A) as found previously.”® The
calculated C,H couplings in the two alternative chair
conformers are not much different, but the better correlation
coefficient exp. versus calcd 1Jc,Ha,(,equ couplings (cf.
Table 6) corroborate the experimental findings and hence

Scheme 3. Conformational equilibrium of 1f still fast on the NMR time
scale.

the usefulness of the application of 1JC,H in a conformation-
al sense. The same situation prevails for 1c.

(iv) Finally the twist conformers of 1f, 2h and 3e which have
been proved earlier experimentally.?’°2*3* Based on the
energy calculations (cf. Table 2) the 2,5-twist conformer
should be >99% in 1f (cf. Scheme 3) and also slightly
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Figure 2. Comparison of experimental (<) and theoretically calculated ]]CH/HZ values of both the chair (@) and twist ((J) conformer in compounds 1f, 2h

and 3e.
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favoured in respect of the corresponding chair conformers
of 2h and 3e. These results are corroborated by the 1JC,H
calculations: the correlation coefficient exp. versus calcd
]JC,HaX,equ couplings (cf. Table 6) being by far better when
comparing to those calculated for the twist conformers,
which in fact supports the experimental findings about the
relatively high predominance of all three twist forms.?%3-*
The diagrams in Figure 2 visualize the characteristic
differences between the 1JC,H couplings in the chair and
2,5-twist conformers of 1f, 2h and 3e. The two plots in each
diagram are much closer to each other in case of the twist
conformers; the lJc,Hax,equ couplings for C-5 are most
illustrative for the conformational status. While they are
identical or almost identical for the twist conformers (both
the calculated and experimental values), the two couplings
calculated for the corresponding chair conformers are
clearly different. The encouraging results on the presence
of twist conformers in some of the conformational equilibria
in question shows that the theoretical method employed
fits very well in describing the behaviour of the 'Jey
couplings in the 2,5-twist conformers in the studied
compounds,2-30:33:34

3. Conclusions

GIAOQ calculations, based on global energy minima of the
preferred conformers of a number of methyl substituted 1,3-
dioxanes 1, 1,3-oxathianes 2 and 1,3-dithianes 3, are very
useful when estimating the C,H coupling constants in this
kind of compounds. The agreement between calculated
(dominated by the Fermi contact term) and experimental
values of preferred conformer(s) proved to be in general
very good; solvent effects are of minor significance only.
The presence of the Perlin effect could be proved
theoretically and the preferred conformers in the confor-
mational equilibria identified by applying this NMR
parameter and by comparing calculated values with the
experimental ones even in the case of conformational
equilibria being still fast on the NMR time scale. GIAO
calculations appear to be useful in determining the lJC,H
coupling behaviour of the 2,5-twist conformers of the title
compounds and thus in helping to identify these conformers
in solution so confirming the conclusions based on '*C
NMR chemical shift correlations and thermochemical
observations. Theoretically calculated 1Jc,HaX,equ coupling
constants thus seem to be very useful in conformational
analysis of small organic compounds as it was reported
previously for the 3]H,H26 and 3JC,H coupling analogs.*’

4. Experimental

The samples studied were available from earlier work®*>"
32734 or were prepared conventionally.*** The proton-
coupled '*C NMR spectra were recorded on a JEOL GX-
400 NMR instrument for 0.2 M solutions in CDClj; (used as
a field-frequency lock signal) at ambient temperature at
100.54 MHz. The measured lJC,H values were independent
of concentration of NMR solutions.

Ab-initio calculations were carried out with the GAUSSIAN
98 program™” using the 6-311G** basis set*’ at the Hartree—

Fock and the B3LYP* level of theory. Geometry
optimization of all configurations were performed without
constraints (x, y, z coordinates and absolute energies of the
compounds studied are given in Supplementary data).

The SCRF/SCIPCM (self-consistent reaction field/self-
consistent isodensity polarized continuum model)*” method
were used to consider the solvent effect; the dielectric
constant of chloroform (¢ =4.8) was applied.

The values of the coupling constants were calculated with
the Amsterdam Density Functional (ADF)** program. The
VWN-+BLYP (Vosko—Wilk—Nusiar + Becke—Lee—Yang—
Parr)*’ generalized gradient approximation (GGA) were
used to determine the unperturbed molecular orbitals. All
calculations were performed using a core double zeta,
valence triple zeta, and double polarized basis (TZ2P)
implemented in the ADF program.*® All compounds were
optimized without restrictions; the key word converge
grad=0.0001 was used. All calculations were adopted
without symmetry options.

The spin—spin coupling constants were calculated using
Fermi-contact interactions including the spin-dipolar
(FC-SD), the paramagnetic spin—orbit (PSO), and the
diamagnetic spin—orbit (DSO) contributions. Calculations
of only the Fermi-contact interactions were also
performed.*®

The quantum chemical calculation were processed on SGI
Octane (R 12000) computers and a Linux cluster computer
at Potsdam University.

Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.tet.2005.05.083
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Abstract—The polar Diels—Alder reaction between 4-aza-6-nitrobenzofuroxan (ANBF) and cyclopentadiene has been studied using DFT
procedures at the B3LYP/6-31G* level. Only one highly asynchronous transition state structure associated to the formation of the [4+2]
adduct 13 is found. A further [3,3] sigmatropic shift on the [4+2] cycloadduct 13 allows its conversion into the thermodynamically more
stable [2+4] cycloadduct 14. The analysis of the global and local electrophilicities of the reagents correctly explain the behaviour of ANBF

as a strong electrophile in polar cycloadditions.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrobenzofuroxans are compounds with a high suscepti-
bility to undergo covalent nucleophilic addition or
substitution processes with very weak nucleophiles, leading
to numerous synthetic, biological, and analytical appli-
cations.'™ In 1973, Kresze and Bathelt’ reported that the
treatment of 4,6-dinitrobenzofuroxan 1, DNBF, with 1,3-
butadiene, 2a, and 2,3-dimethylbutadiene, 2b, affords the
adducts 3a and 3b, respectively, (see Scheme 1). Formation
of these compounds was accounted for in terms of normal-
electron-demand (NED) Diels—Alder (DA) type reactions.
The potential field of reactivity of nitrobenzofuroxans
toward DA reactions has been explored by Terrier et al.®’
Thus, the reaction of 1 with 1-trimethylsilyloxybutadiene 4

R
R R
NO, NO,
_N, RN _N,
_ 0 — > O,N 0
ONT Y TNO - 2a R=H SN®
o 2bR=Me be
R
1, DNBF 3a R=H
R 3b R=Me
Scheme 1.
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proceeds with a high endostereoselectivity as well as a high
regioselectivity to give nearly quantitatively the adduct 5§
with no evidence for the subsequent formation of a diadduct
of type 3 (see Scheme 2).6 On the other hand, the reaction of
1 with ethyl vinyl ether 6 (2 equiv) produces a 4:1 mixture
of the two epimeric adducts of 7 (see Scheme 2).7

OSiMe;

NO, = NO,

O,N /N\ ~ \/O\Et /N\
2N, o] (S)
Me;Sio,, A ~\/ 1 0.® ~, /.
3010y, |\{® 4 6 \'}‘ Z l\{
Oe o) H Oe
5 OEt 7

Scheme 2.

Recently, these authors studied the reaction of DNBF, 1,
with an excess of cyclopentadiene 8, Cp, to give the domino
adduct 11 (see Scheme 3).® The reaction of DNBF with 8
leads to the initial formation of the adducts 9 and 10, which
is followed by the stereoselective formation of the highly
functionalized compound 11.* Experiments carried out
under different temperature and concentration conditions
indicated that the adducts 9 and 10 have a similar
thermodynamic stability but the formation of 10 is
kinetically more favored than that of 9. Formation of the
compound 11 implies that the addition of the second
molecule of 8 is kinetically more favored at the remaining
nitroalkene moiety of 9.
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Scheme 3.

More recently, Terrier et al. studied the reactivity of 4-aza-
6-nitrobenzofuroxan 12, ANBF, as an aza analogue of
DNBF.’? The treatment of ANBF with a large excess of 8 in
dichloromethane overnight at room temperature led to the
formation of the cycloadduct 14 (see Scheme 4). Formation
of the cycloadduct 14 takes place with a complete endo
selectivity through the approach of the T-system of 8 over
the nitro substituent of ANBF. When the reaction was
initially carried out at —20 °C, the NMR spectra revealed
the formation of the cycloadduct 13 together with that of 14.
Raising the temperature to 0 °C, the complete conversion of
13 into 14 was observed.” While 13 is the formal [4+2]
cycloadduct of an inverse-electron-demand (IED) DA
reaction of ANBF with 8, 14 is the formal [2-+4]
cycloadduct of a NED DA reaction. The [m+n] notation
indicates only the number of 7 electrons of ANBF, m, and 8,
n, that are involved in the formation of these formal
cycloadducts.

Several experimental reports have appeared describing the
use of simple or substituted alkenes in hetero-DA reactions
with nitroalkenes as the heterodiene contributors.'®'> The
molecular mechanism of the DA reaction of nitroethylene
toward substituted electron-rich ethylenes (propene, methyl
vinyl ether, MVE, and dimethylvinylamine) has been
studied computationally.'® These reactions are highly
asynchronous concerted processes, which can formally be
viewed as induced by a nucleophilic attack of the electron-
releasing substituted ethylene to the conjugated B-position
of nitroethylene acting as the electrophilic center. In the
transition state structure (TS), which exhibits a strong
zwitterionic character, the related C—C bond formation
process proceeds ahead of the second sigma bond process,
that is the O-C bond, involved in the IED-DA cyclo-
addition. The feasibility of the reaction was related to the
polar character of the TS; for instance, while for

4

N 3
57 =N )
o o6 ~ /O
O~ x N
I 7 b@
12, ANBF

Scheme 4.

dimethylvinylamine, the more nucleophilic species of the
series, the cycloaddition presents a very low activation
energy, the reaction with MVE requires the presence of a
Lewis acid coordinated to nitroalkene to make it feasible.'®

The use of the global electrophilicity index,'” w, defined
within the density functional theory (DFT)'®! was
reported®’ to classify the dienes and dienophiles currently
used in DA reactions on a unique scale of electrophilicity. A
good correlation between the difference in electrophilicity
for the diene and dienophile pair, Aw, and the feasibility of
the cycloaddition was found.?® For instance, the nitro-
ethylene/propene, nitroethylene/MVE and nitroethylene/
dimethylvinylamine cycloadditions present a Aw of 2.01,
2.19 and 2.34 eV, respectively. The increase of the Aw
value with the large nucleophilic character of the substituted
ethylene is in agreement with the decrease of the activation
energy. Coordination of a Lewis acid to nitroalkene
increases the Aw for the nitroethylene-BH3;/MVE reaction
to 3.91 eV, allowing the cycloaddition to take place along a
more polar process.”’ In addition, the proposed local
electrophilicity index, wy, has been also found to be a
useful tool that correctly explains the regioselectivity of
polar DA reactions.”

Recently, the reaction of DNBF with an excess of 8 reported
by Terrier et al.® to give the domino adduct 11 has been
theoretically studied (see Scheme 3).%* The electrophilicity
of DNBF is w=5.46¢eV.? This large value justifies its
particigation in a polar cycloaddition as a strong electro-
phile.”’ In addition, the large electrophilicity of the [4+2]
cycloadduct 9, 4.06 eV, accounts for its participation in the
cycloaddition with a second molecule of 8 to give the adduct
11. Interestingly, each of these cycloadditions takes place in
a stepwise process characterized by the initial formation of a
zwitterionic intermediate resulting from the nucleophilic
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attack of 8 to the more electrophilic position of DNBF, that
is thze2 C7 position, or of the cycloadduct 9, that is the C5
one.”

In this paper a theoretical study for the DA reactions
between ANBF and Cp reported by Terrier et al.” has been
carried out (see Scheme 4). The aim of this work is to
understand the mechanism for the formation of the
cycloadducts 13 and 14, and in particular to determine
whether ANBF behaves as a strong electrophile toward Cp
in polar DA reactions. Firstly, the polar nature of this
cycloaddition will be assessed using the reactivity indexes
defined within the DFT theory. An extensive exploration of
the potential energy surface (PES) for this cycloaddition
will be performed in order to understand the mechanism for
the formation of the cycloadducts 13 and 14. Finally, the
different behavior of the ANBF system compared with that
of the DNBF one will be discussed.

2. Computational methods

DFT calculations have been carried out using the B3LYP***
exchange-correlation functionals, together with the standard
6-31G* basis set.”° The optimizations were carried out using
the Berny analytical gradient optimization method.?”*® The
stationary points were characterized by frequency calcu-
lations in order to verify that the TSs have one and only one
imaginary frequency. The intrinsic reaction coordinate
(IRC)*® path was traced in order to check the energy
profiles connecting each TS to the two associated minima of
the proposed mechanism by using the second order
Gonzilez—Schlegel integration method.*>*' The electronic
structures of stationary points were analyzed by the natural
bond orbital (NBO) method.*>* All calculations were
carried out with the Gaussian 98 suite of programs.®*

Solvent effects have been considered by B3LYP/6-31G*
optimization of the gas-phase structures using a self-
consistent reaction field (SCRF)35 based on the golarizable
continuum model (PCM) of the Tomasi’s group.>*® Since
these cycloadditions are carried out in dichloromethane, we
have selected its dielectric constant at 298.0 K, ¢=8.93.

3. The global and local electrophilicity indices

The global electrophilicity index w, which measures the
stabilization in energy when the system acquires an
additional electronic charge AN from the environment, has
been given by the following simple expression:'’

2

u
&Fﬂ (D

in terms of the electronic chemical potential u and the
chemical hardness 7. Both quantities may be approached in
terms of the one electron energies of the frontier molecular
orbital HOMO and LUMO, ey and ¢, as u = (ey+¢p)/2 and
n=e — ey, respectively.'®?

Besides the global electrophilicity index, it is possible to
define its local (or regional) counterpart condensed to

atoms.”” The local electrophilicity index wy condensed to
atom k is easily obtained by projecting the global quantity
onto any atomic center k in the molecule by using the
electrophilic Fukui function (i.e., the Fukui function for
nucleophilic attack, f;", resulting in:**

W =fi © 2)

4. Results and conclusions

4.1. DFT analysis based on the reactivity indices

Recent studies devoted to DA reactions have shown that the
global indices defined in the context of DFT are a powerful
tool to understand the behavior of polar cycloadditions.* !
In Table 1 the static global properties: electronic chemical
potential u, chemical hardness 1, and global electrophilicity
w, of 4-aza-6-nitrobenzofuroxan (12) and cyclopentadiene
(8) are presented.

Table 1. Electronic chemical potential (u, in a.u.), chemical hardness (7, in
a.u.) and global electrophilicity (w, in eV) 4-aza-6-nitrobenzofuroxan (12),
the cycloadducts 13 and 14, and cyclopentadiene (8)

o n w
12 —0.2084 0.1229 4.81
Nitroethylene +BHj; —0.2047 0.1317 4.33
13 —0.1761 0.1408 3.00
14 —0.1777 0.1542 2.79
Nitroethylene —0.1958 0.2001 2.61
8 —0.1107 0.2016 0.83

The electronic chemical potential of Cp (8), u=
—0.1107 a.u., is less than that of ANBF (12), u=
—0.2084 a.u., thereby indicating that the net charge transfer
will take place from Cp towards ANBEF, in clear agreement
with the charge transfer analysis performed at the
corresponding TS (vide infra). The electrophilicity of
ANBEF is 4.81 eV, a value that falls in the range of strong
electrophiles within the o scale.”® This value is lower than
that for DNBF, 5.46eV.>® The presence of a second
electron-withdrawing 4-NO, group in the latter substrate
is responsible for its larger electrophilicity as compared to
ANBEF. It remains, however, that the electrophilicity value
of ANBF is larger than that for nitroethylene, «=2.60 eV,
or for the nitroethylene:BH; complex, w=4.33¢eV (see
Table 1), accounting for the super-electrophile reactivity of
this nitrobenzofuroxan,’ and its capacity to be part of polar
cycloaddition reactions. The Aw for the reaction between
ANBF and Cp, 3.98 eV, is slightly larger than that for the
reaction between the nitroethylene:BH; complex and MVE,
3.91eV. Therefore, in spite of Cp being a weaker
nucleophile than MVE, the large electrophilicity of ANBF
accounts for its facile participation in this DA reaction.

Since this DA reaction has a large polar character, the
analysis of the local electrophilicity,?? wy, allows to explain
the regiochemistry of these cycloadditions. The local
electrophilicity values for ANBF are summarized in
Scheme 5. The C7 carbon of ANBF presents the largest
local electrophilicity value, w;=1.13 eV. Therefore, this
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12, ANBF

Scheme 5. Local electrophilicity values, wy in eV, of 4-aza-6-
nitrobenzofuroxan (12).

center will be the most electrophilic center of ANBF. Note
that the local electrophilicity at the C7 carbon is twice the
value of wy at the N1 nitrogen atom, which corresponds to
the second more electrophile site of the molecule. This
analysis is in complete agreement with the total regio-
selectivity observed experimentally through covalent
hydration of ANBF at the C7 carbon,” and with the
asynchronicity found at the bond formation process (see
later).

4.2. Analysis of the PES of the DA reaction between
ANBF and Cp

An exhaustive exploration of the PES for the DA reactions
between ANBF and Cp allows to find only one TS, TSI,
associated to a highly asynchronous bond formation
process. From this TS, IRC calculations allow to character-
ize the [4+2] cycloadduct 13. The different stationary points
of this DA reaction have been depicted in Scheme 6 together
with the atom numbering, while the energetic results are

[4+2] Cycloadduct

N N

=z ="\
TS3 O.Ny,| P
1M 12 ” Ty N
°

)

[2+4] Cycloadduct

15
[2+4] Cycloadduct

Scheme 6.

Table 2. B3LYP/6-31G* total (E, in a.u.) and relative energies® (AE, in
kcal/mol) of the stationary points of the Diels—Alder reaction between
4-aza-6-nitrobenzofuroxan (12) and cyclopentadiene (8), in vacuo and in
dichloromethane

In vacuo In dichloromethane
E AE E AE

8 —194.101064 —194.102506

12 —711.364363 —711.370418

TS1 —905.445640 124 —905.459717 8.3
13° —905.483954 —11.6 —905.495346 —14.1
TS2 —905.444950 12.8 —905.459804 8.2
14° —905.475763 —6.5 —905.484810 —17.5
TS3 —905.437725 174 —905.453487 12.2
15 —905.475341 —6.2 —905.484225 7.1

 Relative to 8 and 12.
® The MP2/6-31G* total energies of 13 and 14 are —902.9117787 and
—902.9245776 a.u., respectively.
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Figure 1. B3LYP/6-31G* geometries of the transition structures involved
in the Diels—Alder reaction between 4-aza-6-nitrobenzofuroxan (12)
cyclopentadiene (8). The bond lengths directly involved in the reaction
are given in Angstr'(')ms. The values in dichloromethane are given in square
brackets. The unique imaginary frequency is also given.

listed in Table 2. The geometries of the TSs are presented in
Figure 1.

In gas-phase, the B3LYP/6-31G* activation barrier associ-
ated to the nucleophilic attack of Cp to ANBF with
formation of the formal [4+2] cycloadduct 13 is 12.4 kcal/
mol. This barrier is slightly larger than that associated with
the nucleophilic attack of Cp to DBNF, 11.0 kcal/mol,>* in
agreement with the larger electrophilic character of DBNF,
and in consequence, with the large polar character of the
cycloaddition of Cp with DBNF (see later). All attempts to
find a TS connecting the reagents, that is ANBF+Cp, with
the [2+4] cycloadduct 14 have failed. The exploration of
the PES allows to find a TS, TS2, that permits the
conversion of the formal [4+2] cycloadduct 13 into the
formal [2+4] cycloadduct 14. This conversion is associated
to a Claisen rearrangement, a [3,3] sigmatropic shift.** The
energy level of TS2, 12.8 kcal/mol, is close to that
associated to TS1. Formation of the [4+2] cycloadduct 13
is exothermic by —11.6 kcal/mol. At this level of
calculations 13 is lower in energy than 14, while HF/6-31G*
calculations give 14 1.8 kcal/mol more stable than 13.
Further MP2/6-31G* geometrical optimization for the two
cycloadducts gives the cycloadduct 14 8.0 kcal/mol more
stable than 13, in clear agreement with the experimental
outcome.’
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This DA reactlon takes place experimentally with a total
endo selectivity.” To test our computational model the
channel associated to the exo approach of Cp relative to the
NO, substituent of ANBF was also studied (see Scheme 6).
The DFT calculations give TS3 5.0 kcal/mol higher in
energy than TSI, in clear agreement with the absence of
formation of the adduct 15 and therefore with the
experimental outcome (see Table 2).

The geometries of the TSs are given in Figure 1. The length
of the C7-C10 and O9-C11 forming-bonds at the TS
associated to the nucleophilic attack of Cp to ANBF, that is,
TS1 are 1.893 and 2.914 A, respectively. This is in accord
with the highly imbalanced character of this TS. A similar
situation prevails in TS3. Also noteworthy in TS1 is the fact
that the O9-C11 distance is appreciably shorter than that
between the C6 and CI13 atoms (3.219 A) This feature,
which is a consequence of the coulombic attraction between
the ends of the zwitterionic TS1 favors the O9—C11 bond-
formation and therefore the formation of the [4+2]
cycloadduct 13 rather than that of the related NED-DA
adduct 14.'® In addition, these favorable coulombic
interactions are responsible for the large endo selectivity
observed in this polar cycloaddition.'® At the TS associated
to the [3,3] sigmatropic shift, TS2, the lengths of the O9-
C11 breaking and C6-C3 forming-bonds are 2.685 and
2.577 A, respectively.

The extent of bond-formation along a reaction pathway i is
provided by the concept of Wiberg bond order (BO).*?
At TS1 the BO value of the C7-C10 forming bond is 0.57,
while the values of the BOs between the O9 and C11 and the
C6 and C13 atoms are 0.09 and 0.07, respectively. At TS3
the BO value of the C7-C10 forming bond is 0.62, while the
value of the BO between the C6 and C13 atoms is 0.17. On
this basis, the more unfavorable exo-TS3 will be slightly
more advanced than the endo one. It remains that the data
confirm that along the nucleophilic attack of Cp to ANBF
only the C7-C10 bond process has progressed to a large
extent at TS1, in agreement with other arguments (vide
supra). At the TS associated to the [3,3] sigmatropic shift,
TS2, the BO values of the O9-C11 breaking and C6—C13
forming bonds are 0.05 and 0.23, respectively, suggesting
that the O9—C11 breaking-bond is ahead of the C6-C13
forming-bond process in this TS. The BO value of the
C7-C10 bond at this TS is 0.80.

The natural population analysis®>*® (NPA) allows the
evaluation of the charge transfer along this polar cyclo-
addition. The B3LYP/6-31G* atomic charges at the TSs
associated to the nucleophilic attack have been partitioned
between the Cp and the ANBF frameworks. The negative
charge transferred from the donor Cp to the acceptor ANBF
is 0.40 e at TS1 and 0.39 e at TS3, thereby confirming the
zwitterionic nature of these TSs. Along this polar addition
there is a large charge transfer as a consequence of the large
electrophilicity of ANBF (see section 4.1). These values are
slightly smaller than that evaluated at the TS associated to
the endo attack of Cp to DNBF, 0.41 e, in agreement with
the larger electrophilic character of DNBF than that of
ANBF.

The analysis of the atomic motion at the unique imaginary

frequency of TS1 (315.61i cm ™ ') and TS3 (305.09i cm )
indicates that these TSs are mainly associated to the
movement of the C7 and C10 atoms along the C7-C10
bond-formation; the movement of the C6, 09, C11 and C13
atoms being negligible. This analysis reinforces the two-
center interaction at this polar DA reaction that is
anticipated by the analysis of the global and local
electrophilicity indices. At TS2 the analysis of the atomic
motion at the unique imaginary frequency, 152.06i cm™ ',
indicates that the O9—C11 breaking and C6-C13 forming-
bond processes are coupled.

Solvent effects of dichloromethane have been modeled
using the PCM method by means of geometrical optimiz-
ations of the stationary points. Table 2 reports the relative
energies, while their corresponding geometries are given in
Figure 1. Solvent effects stabilize all stationary points
between 5 and 11 kcal/mol. The more stabilized species are
the TS associated to the nucleophilic attack due to its
zwitterionic character. In consequence, the activation
barrier for the cycloaddition decreases 4.1 kcal/mol. In
dichloromethane, TS1 is 3.9 kcal/mol lower in energy than
TS3, in clear agreement with the regioselectivity experi-
mentally observed.’

Inclusion of solvent by the PCM approach produces minor
changes in the geometries of the TSs. All attempts to locate
a zwitterionic intermediate and a second TS associated to a
stepwise mechanism were unsuccessful.** In consequence,
the one-step mechanism also prevails in dichloromethane.
The length of the C7-C10 forming bond at the TSs
associated to the nucleophilic attack of Cp to ANBF
increases by ca. 0.1 A;1.987 A at TS1 and 1.872 A at TS3.

This DFT analysis indicates that while the formal [4+2]
cycloadduct 13 is formed through one-step mechanism
associated to the nucleophilic attack of Cp to ANBF, the
formal [2+4] cycloadduct 14 is formed through a domino
process that comprises formation of the cycloadduct 13 and
a [3,3] sigmatropic shift on 13 to yield the 14. A similar
[3,3] sigmatropic shift for the conversion of a [2-+4]
cycloadduct into a thermodynamlcally more stable [4+2]
one has been recently reported.*” In the present study no
channel connecting the reagents, ANBF and Cp, with the
[2+4] cycloadduct 14 could be found. In addition, it is
noteworthy that along the exo channel the [2+4]
cycloadduct 15 is directly formed through TS3. In
consequence, formation of both the formal [4+2] or [2+4]
cycloadducts will take place through TS associated to the
nucleophilic attack of Cp to ANBF and, in the absence of
steric hindrance, formation of the [4+2] cycloadduct is
controlled by the attracting coulombic interactions between
the more positively and negatively centers at the
corresponding zwitterionic TS.*

4.3. The ANBF versus DNBF behaviour

At this stage, some additional comments can be made
regarding the finding that the most stable [2+4] adduct 14
derives from the initially formed [4+2] cycloadduct 13 via a
[3+3] sigmatropic shift. This is a reactivity pattern, which
strongly contrasts with the situation observed in the DNBF/
Cp system. In this instance, both experimental® and
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theoretical studies” agreed that the interaction proceeds as
shown in Scheme 3 with a competitive initial formation of
the adducts 9 and 10. Subsequent formation of the adduct 11
follows, reflecting the greater susceptibility of the remaining
nitroalkene moiety of the [4+2] adduct 9 than of the [2+4]
adduct 10 to suffer a second addition process. In as much as
the diadduct 11 is the thermodynamically more stable
product of the overall interaction, its formation has the
effect to drive the complete equilibrium system of Scheme 3
toward completion of the second condensation process.

On the basis of Schemes 3 and 6, it appears that the
reactivities of DNBF and ANBF differ by the different
reactivity of the [4+2] cycloadducts 9 and 13, respectively.
This situation can perhaps be understood in terms of the
different electronic effects exerted by the 4-NO, and 4-aza
substituents on these cycloadducts. Acting through its
strong —M effect, the 4-NO, group can contribute
efficiently to the large electrophilicity of the [4+2] adduct
9 of DNBF (structures 9a and 9b in Scheme 7). Such a
situation does not operate in the ANBF system where the
4-aza group acts mainly through a —I effect. This analysis is
in agreement with the larger electrophilicity of the
cycloadduct 9, 4.06 eV,23 relative to that of the cycloadduct
13, 3.00 eV, accounting well for the participation of the
former in a subsequent polar DA reaction towards a second
Cp molecule. On the other hand, the less reactive
cycloadduct 13 undergoes a [3,3] sigmatropic shift leading
to the thermodynamically more stable [2+4] adduct 14.

Scheme 7.

5. Conclusions

The polar DA reaction between 4-aza-6-nitrobenzofuroxan
and cyclopentadiene has been studied using quantum
chemical procedures at the B3ALYP/6-31G* level of theory.
An exhaustive exploration of the PES for this DA reaction
allows to find only one highly asynchronous TS associated
to the nucleophilic attack of the end of the conjugated
Tt-system of Cp (C10) to the electrophilically activated C7
carbon atom of ANBF. At this TS the formation of the
second sigma bond between the oxygen O9 atom of the NO,
group of ANBF and the allylic-type carbon C11 of Cp has
made much less progress than the C7-C10 bond-forming
process. A further [3,3] sigmatropic shift on the [4+2]
cycloadduct allows its conversion into the thermodynami-
cally more stable [2+4] one. This cycloaddition takes place
with a large endo selectivity as a consequence of the
favorable coulombic interactions on the zwitterionic TS. In
this polar DA reaction both the selectivity in the formation
of the [4+2] or [2+4] cycloadducts and the endo/exo
stereoselectivity are a consequence of the favorable

coulombic interactions on the zwitterionic endo TS rather
than of molecular orbital interactions. Solvent effects
decrease the barrier of the reaction as a consequence of a
larger solvation of the zwitterionic TS than of the reactants.
The gas-phase endo selectivity decreases in dichloro-
methane as a consequence of a larger solvation of the exo
TS.

A DFT analysis of the global electrophilicity of ANBF
allows to characterize the strong electrophile character of
this nitrobenzofuroxan, and its participation in polar DA
reactions. Finally, the analysis of the local electrophilicity
indicates that the C7 carbon corresponds to the more
electrophile site of ANBF, in clear agreement with the
regioselectivity observed through covalent hydration.
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Abstract—Chromone derivatives bearing a quaternary ammonium functionality which bind to human hair were synthesised. The radical
scavenging activity, according to the DPPH assay, of the chromone derivatives is considerably lower compared with flavonoids. The
compounds show interesting UV absorption properties that depend on the position of a methoxy substituent. A bathochromic shift of 29 nm
was observed when the methoxy group on the ammonium salts were shifted from position 7 to position 6.
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1. Introduction

Chromones are a group of naturally occurring compounds
that are ubiquitous in nature especially in plants.' They are
oxygen-containing heterocyclic compounds with a ben-
zoannelated y-pyrone ring, with the parent compound being
chromone (4H-chromen-4-one, 4H-1-benzopyran-4-one).”
Molecules containing the chromone structure (for example
chromones and flavonoids) have a wide range of biological
activities including tyrosine and protein kinase C inhibitors,
antifungal, antiallergenic, antiviral, antitublin, antihyper-
tensive and anticancer agents, as well being active at
benzoazepine receptors, lipoxygenase, cyclooxygenase and
modulating P-glycoprotein-mediated multidrug resistance
(MDR).>™ Due to their abundance in plants and their low
mammalian toxicity, chromone derivatives are present in
large amounts in the diet of humans (Fig. 1).°

o

chromone

flavone

basic flavonoid
structure

Figure 1. Basic structure of flavonoids, flavones and chromones.
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Many of these biological actions are attributed to the ability
of flavonoids to transfer electrons, chelate metal (:atalysts,7
activate antioxidant enzymes,® reduce a-tocopherol radi-
cals,” inhibit oxidases'® as well as through their possible
influences on the intracellular redox status, however, the
precise mechanisms remain unclear.'' Recent studies have
speculated that the classical hydrogen-donating antioxidant
activity of flavonoids'? is unlikely to be the sole explanation
for cellular effects.'?

The antioxidant characteristics of flavonoids in combination
with their favourable UV absorption properties are also
exploited by plants to protect them from the suns UV
radiation and scavenge UV-generated reactive oxygen
species (ROS).'* For example, there is evidence that
flavonoids in leaves, deposited in either the epidermal
cells or in the waxy upper leaf surface provide protection
from the potential damage of UVB radiation.'” This use
could also be utilised in the protection of human hair from
UV-radiation. It is well known that exposure to UV-
radiation can damage hair fibres. UVB radiation is the
principal radiation responsible for hair protein loss (causing
dryness, reduced strength, rough surface texture, decreased
luster, stiffness and brittleness), while UVA radiation is
responsible for colour changes regardless of hair type.'®
Hair melanins provide some photochemical protection to
hair proteins, especially at lower wavelengths where both
the hair pigments and proteins absorb radiation.'” These
melanins also immobilise many of the free radicals
generated by UV-radiation, however, in the process they
are often degraded or bleached.'® Here we reported the
synthesis of new chromone derivatives, bearing a cationic
functionality which bind to human hair.
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2. Results and discussion

Quaternary ammonium compounds (cationic surfactants,
cationic polyelectrolytes and cationic quaternary derivatives
of hydrolyzed proteins) have been widely used as hair
conditioning agents.'"® The deposition (substantivity) of
such compounds can effect the hair fibre friction, stiffness,
gloss, anti-static qualities and strength of hair.'” By
synthesising a chromone derivative with quaternary
ammonium functionality it was hoped that this compound
would show not only activity of cosmetic interest but also
hair substantivity.

The synthetic strategy chosen for the preparation of the
2-amido-chromone required the preparation of 2-ethylester-
chromone 2. Condensation of 1 with diethyl oxalate in the
presence of sodium ethanoxide in ethanol and followed by
acidic cyclisation afforded the ester 2.>?° By reacting
different amines with 2, a variety of chromone amides were
synthesised (Scheme 1).

Reacting the ester 2 with either an n-alkyl amine (butylamine,
octylamine, dodecylamine) or 3-dimethylaminopropylamine
gave the amides 3 and 4, respectively. Treatment of the
latter with methyl iodide gave the trimethyl ammonium
salt 5.

Although numerous other methods exist for introducing a
new functionality at the C-2 position of chromone,**?*! the
chosen synthetic route is short, has two possibilities for
introducing diversity (variation of acetophenone and
variation of amine) needed to generate a small library and
utilises cheap reagents which is an important factor for
industrial applications.

In order to increase the radical scavenging activity of 3 and
5, the 7-hydroxy-4-oxo-4H-chromene-2-carboxylic acid
ethyl ester was synthesised. Due to the formation of a
zwitterion in compound 9 this synthetic route was not

O
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98 %
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84 %
O
(0] _H
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Scheme 1. General synthesis of unsubstituted 2-amido chromones.

OEt

expanded for other hydroxy-4-oxo-4H-chromene-2-car-
boxylic acid ethyl esters with other substitution patterns
(Scheme 2).

Alternatively, the methoxy derivatives 12 were synthesized
(Scheme 3). Although in general hydroxyl groups give a
better radical scavenging activity,’” there are some
examples where a hydroxyl group is deleterious and
methoxy group beneficial to such activity.***** Compound
12 was prepared from the commercially available 11. The
methoxy derivatives 14 could now be easily synthesised and
purified without fear of zwitterion formation.

Numerous attempts with various conditions at O-demethyl-
ating 14a—c failed.*> Alternative protecting groups that can
withstand the reaction conditions and are industrially
feasible in order to readily synthesise hydroxyl derivatives
are currently being investigated.

2.1. Hair substantivity

Compounds 2, 3, and 5 served as models for hair binding
assay. Although there are various methods to measure the
substantivity of cationic species to hair,'>*® many are
complicated, require specialized instrumentation and are
time-consuming. As many compounds contained in
cosmetic products including cationic surfactants’’ and
dyes® can penetrate into hair fibres, it is important to
choose an analytical method which can quantitatively
recover the analyte.

Althouzgh a number of methods for hair substantivity were
tested,” only two (MALDI MS*® and hair digestion
followed by HPLC analysis) could confirm the presence
of compound bound to hair. The practicality of HPLC
analysis and the large number of samples made the HPLC
method very feasible. The compound was dissolved in a
70:30 ethanol/water mixture, to which then sterile, washed
hair was added and allowed to stir for 1 h. The hair was then
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Scheme 2. General synthesis of hydroxyl substituted 2-amido chromones.

thoroughly washed with water and air dried. A sample of
this ‘treated’ hair was dissolved in sodium hydroxide
solution at 60°C and then analysed via HPLC. This
method®' which was adapted from an analytical procedure
used for the detection of anabolic steroids in livestock has
the advantage that even small amounts of compounds can be
quantitatively recovered.

Digested blonde human hair was taken as a reference
showing characteristic peaks at 1.54, 1.77, 2.05 and
4.79 min. On digestion of 5 (without coming in contact
with any hair), only a peak at 5.47 min corresponding to the
carboxylic acid, 4-oxo-4H-chromene-2-carboxylic acid

(0]
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Scheme 3. General synthesis of methoxy substituted 2-amido chromones.

(generated due to the strong basic conditions) was observed.
Digested hair, which had previously been stirred with 5 and
then washed thoroughly, showed a peak at 5.47 min in
addition to the characteristic peaks of digested hair. On
spiking this sample with a small amount of the digested
product of 5, the peak at 5.47 min increased in intensity
confirming that § binds to human hair.

In addition to 5, a number of other compounds were tested
for their hair substantivity (Table 1). Tests were carried out
on bleached human hair and on brown human hair. The hair

substantivity effect of all tested compounds was indepen-
dent of hair type.

RO

13a, 13b, 13c

bread

/ \

OEt butyl amine
13a, 86 %
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CH,
_—
15a, 86 %
15b, 93 %
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Table 1. Hair substantivity of chromones

Compound Hair substantivity
2 None

3a None

3b Possible

3c —2

8b Possible

5 Yes

15a Yes

15b Yes

15¢ Yes

# Could not be tested to due solubility problems.

These results show that compounds bearing a quaternary
ammonium salt bind well to hair. The HPLC chromatograph
shows a definite peak which corresponds to the added
compound (see Section 4 for more details concerning
analysis). An ester or butyl amide failed to show any
binding. There is some evidence to show that an octyl amide
functionality may bind to hair, however, due to their poor
solubility in ethanol/water mixtures, definite binding could
not be confirmed (The observed peak was within experi-
mental error). However, the use of long alkyl chains in hair
care products suggests that some interactions must take
place.

2.2. Antioxidant activities

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was used
to screen the radical scavenging potential of the compounds.
The DPPH radical, DPPH" is a relatively stable para-
magnetic free radical, which accepts a hydrogen radical to
become a stable diamagnetic molecule. As chromones lack
the B-ring of flavonoids, which is responsible for much of
their antioxidant power, the radical scavenging ability of
chromones remain modest. However, interesting radical
scavenging properties were found for the amide derivatives.*>

Table 2. Molar extinction coefficients for ethyl ester derivatives

2.3. Cyclic voltammetry

In flavonoids the reduction potential is strongly dependant
on the electron donating properties of the B-ring as this is
generally more electron rich as the A-ring.>* As chromones
do not possess the B-ring, the A-ring should influence the
electronic chemical properties of the chromone. The
electrochemical properties of compounds 15a, 15b, and
15¢ were measured by cyclic voltammetry>* in acetonitrile.
All three samples showed an electrochemical irreversible
behaviour. Relative to the half wave reduction potential of
Fc/Fe™, a shift of +30, +60 and +50 mV were observed
for 15a, 15b, and 15¢, respectively. Although these shifts
are small and close to the experimental error (20 mV) the
general trend of increased reduction potential with increased
electron donating properties of the substitutent is indicated.

2.4. UV absorption of substituted chromones

The UV absorption properties of three different chromone
derivatives (ester, alkyl amide and ammonium salt) with
varying substitution patterns (methoxy substitution at
position 7-, 6- or 5-) were measured. Tables 2—4 summarise
the results.

A bathochromic shift was observed for the chromone
-esters, -alkyl amides and -ammonium salts upon substi-
tution of a methoxy group at either position 5, 6 or 7. As
expected the alkyl chain length has no effect on the UV
absorption. When compared to 5, a red shift of 29 and 15 nm
was observed for 15b and 15c¢, respectively, whilst 15a has
the same A,x (304 nm). Thus, by altering the chromone
substitution pattern, the UV absorption properties can be
tailored to individual needs. For example, 15a would protect
better against UVB radiation and thus hair protein loss,
whilst 15b would protect better against UVA radiation and
hair colour changes.

Compound R1 R2 R3 Wavelength, Ay, (nm), Molar extinction coefficient (¢)*

12a OCH3; H H 212 (4.44) 238 (4.29) 310 (4.01)
12b H OCHj3; H 206 (4.45) 238 (4.22) 253 (4.31) 343 (3.77)
12¢ H H OCH; 238 (4.22) 271 (4.00) 327 (3.64)

# Methanol was used as solvent.

Table 3. Molar extinction coefficients for alkyl amide derivatives

Compound R1 R2 R3 Wavelength, A,,.x (nm), Molar extinction coefficient (¢)*

13a OCH; H H 212 (4.42) 236 (4.35) 255 (4.10)° 304 (4.04)
13b H OCHj3; H 205 (4.43) 230 (4.25) 252 (4.36) 338 (3.75)
13c H H OCH; 238 (4.29) 260 (4.16) 323 (3.71)

# Methanol was used as solvent.
® Present as a shoulder.

Table 4. Molar extinction coefficients for quaternary ammonium derivatives

Compound R1 R2 R3 Wavelength, Ay.x (nm), Molar extinction coefficient (¢)*
5 H H H 204 (4.62) 246 (4.43) 304 (3.83)
15a OCHj; H H 210 (4.47) 242 (4.32) 304 (3.80)
15b H OCH; H 205 (4.42) 248 (4.34) 333 (3.54)
15¢ H H OCH; 242 (4.25) 319 (3.53)

% CH;CN was used as solvent.
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3. Conclusion

Chromone derivatives containing a quaternary ammonium
functionality which bound to human hair were synthesised.
The substitution pattern of the methoxy group was system-
atically changed to probe its effect on the redox potential
and the UV absorption properties. The general radical
scavenger activity of all derivatives is lower if compared to
flavonoids. The UV absorption of the derivatives depends
on the position of the methoxy groups. If the substitutent is
shifted from the 7 to 6 position, a bathochromic shift of the
UV absorption of 29 nm results.

4. Experimental
4.1. General

Purification and drying according to accepted general
procedures.® If not otherwise stated, commercially available
solvent of the highest purity were used. UV—vis spectra were
measured using a Varian Cary BIO 50 UV/VIS/NIR
spectrometer, with a 1 cm quartz cell (Hellma) and Uvasol
solvents (Merck). Reported as: A, in nm (¢). IR spectra were
measured using a Bio-Rad FT-IR-Spectrometer FTS 155.
NMR spectra were measured using a Bruker Avance 300 (‘H:
300.1 MHz, '*C: 75.5 MHz) and Bruker Avance 600 (‘H:
600.1 MHz, °C: 150.1 MHz). The chemical shifts are in -
values (ppm) relative to the internal (or external) standard
TMS. Reported as: Chemical shift (multiplicity, coupling
constant, number of protons, assignment). Reported assign-
ments were determined with the help of COSY, HMQC,
HSQC, and NOESY 2D-Spectra. Mass spectra were measured
using a Varian CH-5 (EI), Finnigan MAT 95 (CI; FAB and
FD) and Finnigan MAT TSQ 7000 (ESI). Melting points are
uncorrected and were determined according to Tottoli using
instrumentation from Biichi. Elemental analyses were
carried out by the microanalytical laboratory of the School
of Chemistry and Pharmacy, University of Regensburg.

4.2. HPLC

HPLC analyses were carried out using a Merck Hitachi
LaChrom (Interface L-7000, UV detector L-7400, Column
Oven L-7350, Autosampler L-7200, Pump L-7100) with a
Chromolith RP-18e 100-4.6 column. Wavelength 220-
400 nm; column temperature 30 °C; injection volume 50 pl;
acetonitrile and water buffered at pH 2.6 served as solvents.

4.3. Cyclic voltammetry

The cyclic voltammetry measurements were conducted in
dry acetonitrile with 0.1 molL™' NBu," BF,  as
electrolyte and under argon. The working electrode was a
graphite electrode, the counter electrode a platinum wire
and the reference electrode Ag/AgCl in LiCl saturated
ethanol. The PGSTAT 20 is from the company Eco Chemie
and is controlled by the program GPES V 3.0.

4.4. Hair substantitivity

The substance to be tested (1 mg) was dissolved in ethanol/
water (70:30, 50 ml) and allowed to stir at room temperature

using a magnetic stirrer. Commercially available,*® washed,
sterile human hair (1.00 g, 0.4-0.7 cm pieces) was added to
the solution and allowed to stir vigorously for 1 h. The hair
was filtered and washed three times with fresh solvent. The
hair sample was dried overnight at 40 °C and 200 mbar,
yielding 1.00 g of treated hair.

The treated hair (0.5 g) was added to a solution of NaOH
(1 M, 4 ml) and allowed to stir at 65 °C for 2 h, forming a
brown suspension. The reaction mixture was neutralised
with HCI1 (2 M, 2 ml) after which methanol (3 ml) and THF
(1 ml) were added and the mixture allowed to stir for a
further hour. A sample (5 mg) of only the substance to be
tested (no hair) was subjected to the same conditions to
control the stability of the substance. The suspension was
centrifuged (4000 rpm, 10 min) and the mother liquor
decanted. The mother liquor was then filtered (0.2 pm
polypropylene filter) to yield a clear light brown solution. A
sample of only hair (no substance) was subjected to the
same conditions and used as a reference. The hair
substantivity test was carried out using both bleached
European and natural light middle brown European hair. No
difference was noted in hair substantivity due to hair type.

4.5. X-ray crystallography

X-ray crystallography data for compounds 2, 13a, 13b and
13c are available under www.dekker.com.

4.6. Synthesis of new compounds

4.6.1. Ethyl-4-oxo-4H-chromene-2-carboxylate (2).%’
Sodium (1.49 g, 65 mmol) was dissolved in absolute ethanol
(100 ml). Diethyloxalate (5.12 g, 35 mmol) and
2-hydroxyacetophenone (2.04 g, 15 mmol) were dissolved
in absolute ethanol (10 ml) and added to the sodium
ethanolate solution. The solution was allowed to reflux for
1 h. Concentrated HCl was added dropwise until the
reaction was acidic and a white precipitate formed. The
white precipitate was filtered and the yellow solution
concentrated to a slurry. The slurry was extracted with
ethyl acetate, dried over Na,SO,4 and evaporated to give a
light yellow solid. The solid was recrystallised from
methanol/diisopropylether (4:1) to yield white needles
(3.20 g, 14.6 mmol, 98%).

Mp 63 °C; IR (KBr): 7 (cm ™ ") =3447, 3067, 2985, 2938,
1734, 1647, 1466, 758; '"H NMR (600 MHz, CDCls): 6
(ppm)=1.43 (t, J=7.1 Hz, 3H, CH3), 4.46 (q, J=7.1 Hz,
2H, CH,), 7.11 (s, 1H, H-3), 7.44 (ddd, J=1.2, 7.1, 8.0 Hz,
1H, H-6), 7.61 (ddd, J=0.4, 1.2, 8.5 Hz, 1H, H-8), 7.74
(ddd, J=1.7,7.1, 8.5 Hz, 1H, H-7), 8.20 (ddd, /=04, 1.7,
8.0 Hz, 1H, H-5); *C NMR (150 MHz, CDCls): 6 (ppm) =
14.1 (+, CH3), 63.0 (—, CH,), 114.8 (+, C-3), 118.8 (+,
C-8), 124.4 (Cqua, C-9), 125.7 (+, C-5), 125.9 (+, C-6),
134.7 (+, C-7), 152.2 (Cguar» C-2), 156.0 (Cquar, C-10),
160.6 (Cquary C=0), 178.4 (Cguar» C-4); MS (ESI-MS,
EtOH/MeOH + 10 mmol/l NH,OAc) m/z (%): 219 (100)
[MH] ™. Elemental analysis: Cj,H;(O4 Calcd: C, 66.05; H,
4.62. Found: C, 66.07; H, 4.72.

4.6.2. 4-Ox0-4H-chromene-2-carboxylic acid butylamide
(3a). Ethyl-4-oxo-4H-chromene-2-carboxylate (655 mg,
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3 mmol) was dissolved in the butylamine (658 mg, 9 mmol)
allowed to stir at 50°C for 10 min. The solvent was
evaporated leaving a yellow solid. Glacial acetic acid (5 ml)
was added and allowed to stir at 70 °C for 10 min. The
mixture was added to ice water and a white precipitate
formed which was filtered, washed with water and dried.
The white solid was recrystallised from ethyl acetate to
yield white needles (630 mg, 2.6 mmol, 86%).

Mp 130 °C; IR (KBr): # (cm ™~ ")=3319, 3079, 2954, 2868,
1685, 1642, 1387, 755; UV/vis (MeOH): A,.x (nm)
(log £)=202 (4.37), 236 (4.29), 305 (3.85); 'H NMR
(300 MHz, DMSO): & (ppm)=0.91 (t, J=7.2 Hz, 3H,
CH,), 1.34 (qd, J=7.2, 14.1 Hz, 2H, CH,), 1.54 (XX, J=
7.2 Hz, 2H, CH,), 3.30 (q, J=7.2 Hz, 2H, CH,), 6.82 (s, 1H,
H-3),7.53 (ddd, J=1.0, 7.1, 8.0 Hz, 1H, H-6), 7.73 (dd, J =
1.0, 8.5 Hz, 1H, H-8), 7.89 (ddd, J=1.7, 7.1, 8.5 Hz, 1H,
H-7), 8.05 (dd, J=1.7, 8.0 Hz, 1H, H-5), 9.10 (t, J=5.6 Hz,
1H, N-H); >*C NMR (75 MHz, DMSO): 6 (ppm)=13.6 (+,
CHs), 19.5 (—, CH,), 30.8 (—, CH,), 38.8 (—, CH,), 110.2
(—, C-3), 118.7 (+, C-8), 123.5 (Cgua» C-9), 124.8 (+,
C-5), 125.9 (+, C 6), 134.9 (+, C-7), 155.0 (Cquar» C-2),
155.7 (Cquars C-10), 158.7 (Cquars C=0), 177.2 (Cquar» C-4);
MS (CI-MS, NH3) m/z (%): 263.1 (100) [M+NH;] ", 246.1
(26) [MH] ™. Elemental analysis: C;,H;sNO5 Calcd: C,
68.56; H, 6.16; N, 5.71. Found: C, 68.58; H, 6.04; N, 5.61.

4.6.3. 4-Oxo0-4H-chromene-2-carboxylic acid octylamide
(3b). Ethyl-4-oxo-4H-chromene-2-carboxylate (655 mg,
3 mmol) and octylamine (1163 mg, 9 mmol) were dissolved
in dichloromethane (5 ml) and allowed to reflux for 10 min.
The solvent was evaporated leaving a light yellow solid.
Glacial acetic acid (5 ml) was added and allowed to stir at
70 °C for 10 min. The mixture was added to ice water and
extracted with ethyl acetate. The organic layer was dried
over Na,SO, and evaporated to give a white solid. The solid
was recrystallised from ethyl acetate to yield white needles
(826 mg, 2.7 mmol, 91%).

Mp 131 °C; IR (KBr): # (cm_1)=3314, 2927, 2849, 1684,
1646, 1529, 1392, 751; UV/vis (MeOH): A, (nm)
(log £)=202 (4.36), 236 (4.29), 305 (3.84); 'H NMR
(300 MHz, CDCl3): 6 (ppm)=0.85-0.91 (m, 3H, CHj),
1.24-1.46 (m, 10H, 5 X CH,), 1.61-1.72 (m, 2H, CH,), 3.49
(tq, J=6.2, 7.2 Hz, 2H, CH,), 6.91 (s, 1H, N-H), 7.16 (s,
1H, H-3), 7.45 (ddd, J=1.0, 7.2, 8.1 Hz, 1H, H-6), 7.52 (dd,
J=0.5,8.5 Hz, 1H, H-8), 7.73 (ddd, J=1.7,7.2, 8.5 Hz, 1H,
H-7), 8.22 (dd, J=1.7, 8.0Hz, 1H, H-5); '*C NMR
(75 MHz, CDCl3): 6 (ppm)=14.1 (+, CHy), 22.6 (—,
CH,), 26.7 (—, CH,), 27.0 (—, CH,), 29.1 (—, CH,), 29.2
(—, CH,), 29.5 (—, CH,), 31.8 (—, CH»), 40.1 (—, CH,),
112.1 (+, C-3), 118.0 (+, C-8), 124.4 (Cyuar, C-9), 126.0
(+, C-5), 126.2 (+, C-6), 134.5 (+, C-7), 154.8 (Cqyuans
C-2), 155.3 (Cquar» C-10), 159.2 (Cquar, C=0), 178.2 (Cquat,
C-4); MS (CI-MS, NH3) m/z (%): 319.1 (100) [M+NH;] ",
302.1 (40) [MH] . Elemental analysis: C;gH,3NO; Calced:
C, 71.73; H, 7.69; N, 4.65. Found: C, 71.62; H, 7.58; N,
4.43.

4.6.4. 4-Oxo0-4H-chromene-2-carboxylic acid dodecyla-
mide (3c). Ethyl-4-ox0-4H-chromene-2-carboxylate
(1.96 g, 9 mmol) and dodecylamine (5.0 g, 27 mmol) were
dissolved in dichloromethane (10 ml) and allowed to reflux

for 10 min. The solvent was evaporated giving a light
yellow solid. Glacial acetic acid (10 ml) was added and
allowed to stir at 70 °C for 10 min. The mixture was added
to ice water and extracted with ethyl acetate. The organic
layer was dried over Na,SO,4 and evaporated to give a
yellow solid. The solid was recrystallised from ethyl acetate
to yield white needles (2.30 g, 6.4 mmol, 71%).

Mp 108 °C; IR (KBr): # (em ™ "=3319, 2959, 2932, 2850,
1982, 1642, 1522, 1387, 753; UV/vis (MeOH): A« (nm)
(log £)=203 (4.37), 236 (4.29), 305 (3.83); 'H NMR
(300 MHz, DMSO): 6 (ppm)=0.83 (t, J=6.7 Hz, 3H,
CHj3), 1.16-1.33 (m, 18H, 9XCH,), 1.48-1.60 (m, 2H,
CH,), 3.28 (m, 2H, CH,), 6.81 (s, 1H, H-3), 7.53 (ddd, J=
1.0, 7.2, 8.0 Hz, 1H, H-6), 7.73 (dd, J=0.6, 8.5 Hz, 1H,
H-8),7.89 (ddd, J=1.7,7.2, 8.5 Hz, 1H, H-7), 8.05 (dd, J=
1.7, 8.0 Hz, 1H, H-5), 9.12 (t, J=5.8 Hz, 1H, N-H); 1*C
NMR (75 MHz, DMSO): 6 (ppm)=13.8 (+, CH3), 22.0 (—,
CH,), 26.3 (—, CH,), 28.6 (—, CH,), 28.7 (—, CH,), 28.8
(—, CH,), 28.9 (—, CH,), 28.9 (—, CH,), 28.9 (—, CH,),
31.2 (—, CH,), 39.2 (—, CH,), 394 (—, CH,), 110.2 (+,
C-3), 118.7 (+, C-8), 123.5 (Cquar» C-9), 124.8 (+, C-5),
125.9 (+, C-6), 134.9 (+, C-7), 155.0 (Cquar, C-2), 155.7
(Cquav C-10), 158.7 (Cgua, C=0), 177.2 (Cquar, C-4); MS
(CI-MS, NH;) m/z (%): 375.2 (100) [M+NH;]*, 358.2
(56) [MH]". Elemental analysis: C,,H3NO5; Caled: C
73.92; H 8.74; N, 3.92. Found: C, 73.75; H, 8.75; N, 3.74.

4.6.5. 4-Ox0-4H-chromene-2-carboxylic acid (3-dimethyl-
amino-propyl)-amide (4). Ethyl-4-oxo-4H-chromene-2-
carboxylate (655 mg, 3 mmol) and 3-dimethylamino-propyl-
amine (920 mg, 9 mmol) were dissolved in dichloromethane
(5ml) and allowed to reflux for 20 min. The solvent was
evaporated, glacial acetic acid (5 ml) was added and the
solution allowed to stir at 70 °C for 10 min. The mixture was
added to ice water and extracted with ethyl acetate. The
organic layer was dried over Na,SO, and evaporated to give
a yellow solid. The solid was recrystallised from ethyl
acetate to yield white needles (691 mg, 2.5 mmol, 84%).

Mp 125 °C; IR (KBr): # (cm ™ )=3289, 2976, 2946, 2805,
1686, 1640, 1534, 1460, 1392, 759; UV/vis (MeOH): Apax
(nm) (log £)=203 (4.37), 236 (4.29), 305 (3.84); '"H NMR
(300 MHz, DMSO): 6 (ppm)=1.69 (p, J=6.9 Hz, 2H, CH,),
2.15 (s, 6H, 2XCH3), 2.28 (t, J=6.9 Hz, 2H, CH,), 3.33
(dd, J=7.2,12.7 Hz, 2H, CH,), 6.82 (s, 1H, H-3), 7.53 (ddd,
J=1.0,7.2,8.0 Hz, 1H, H-6), 7.71 (dd, /J=0.7, 8.5 Hz, 1H,
H-8),7.89 (ddd, J=1.7,7.2, 8.5 Hz, 1H, H-7), 8.05 (dd, J=
1.7, 8.0 Hz, 1H, H-5), 9.25 (t, J=5.5 Hz, 1H, N-H); '*C
NMR (75 MHz, DMSO): 6 (ppm)=26.4 (—, CH,), 38.0 (—,
CH,), 45.1 (+, 2XCHy), 56.9 (—, CH,), 110.2 (4, C-3),
118.6 (+, C-8), 123.5 (Cquar» C-9), 124.9 (+, C-5), 125.9
(+, C-6), 134.9 (+, C-7), 155.0 (Cquar C-2), 155.6 (Cquars
C-10), 158.7 (Cquarr C=0), 177.2 (Cgua, C-4); MS (PI-
EIMS) m/z (%): 58.1 (100) [Me,N=CH,]*, 274.1 (11)
[M]*". Elemental analysis: C;sH;gN,O3 Calcd: C, 65.68;
H, 6.61; N, 10.21. Found: C, 65.63; H, 6.41; N, 10.08.

4.6.6. Trimethyl-{3-[(4-0x0-4H-chromene-2-carbonyl)-
amino]-propyl}-ammonium iodide (5). Iodomethane
(260 mg, 1.83 mmol) was dissolved in chloroform (5 ml)
and added to a solution of 4-0x0-4H-chromene-2-carboxylic
acid (3-dimethylamino-propyl)-amide (500 mg, 1.82 mmol)
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in chloroform (5 ml). The solution was allowed to stir at
room temperature for 30 min and then at reflux for 15 min
upon which a precipitate formed. The yellow precipitate
was filtered and washed with chloroform yielding a light
yellow solid (578 mg, 1.39 mmol, 76%).

Mp 240°C+; IR (KBr): # (cm™ ')=3404, 3022, 2956,
1673, 1643, 1458, 740; UV/vis (CH3CN): Anax (nm)
(log )=204 (4.62), 246 (4.43), 304 (3.83); 'H NMR
(300 MHz, DMSO): 6 (ppm)=1.95-2.06 (m, 2H, CH,),
3.07 (s, 9H, 3 X CH3), 3.34-3.44 (m, 6H, 2 X CH,), 6.86 (s,
1H, H-3), 7.55 (ddd, J=1.0, 7.2, 8.0 Hz, 1H, H-6), 7.75 (d,
J=8.5Hz, 1H, H-8), 7.92 (ddd, J=1.7, 7.2, 8.5 Hz, 1H,
H-7), 8.06 (dd, J=1.7, 8.0 Hz, 1H, H-5), 9.25 (t, J=5.9 Hz,
1H, N-H); >*C NMR (75 MHz, DMSO): 6 (ppm)=22.6 (—,
CH,), 36.3 (—, CH,), 52.1 (+, CH3), 52.2 (+, CH3), 52.2
(+, CH;), 63.2 (—, CHy), 110.5 (+, C-3), 118.6 (+, C-8),
123.5 (Cguars C-9), 124.9 (+, C-5), 126.0 (+, C-6), 135.0
(+, C-7), 155.0 (Cquarr C-2), 155.4 (Cqua» C-10), 159.2
(Cquats C=0), 177.2 (Cquar, C-4); MS (ESI, H,O/AcN) m/z
(%): 289.0 (100) [K]*. Elemental analysis: CigH,N,O5l
Calcd: C, 46.17; H, 5.08; N, 6.73. Found: C, 45.79; H, 4.70;
N, 6.51.

4.6.7. Ethjyl-7-hydr0xy-4-0x0-4H-chr0mene-2-car-
boxylate (7). 8 Sodium (1.84 g, 80 mmol) was dissolved
in absolute ethanol (100 ml). Diethyloxalate (7.31 g,
50 mmol) and 2,4-dihydroxyacetophenone (2.28 g,
15 mmol) were dissolved in absolute ethanol (10 ml) and
added to the sodium ethanolate solution. The solution was
allowed to reflux for 1 h. Concentrated HCl was added
dropwise until the reaction was acidic and a white
precipitate formed. The white precipitate was filtered off
and the yellow/brown filtrate concentrated to a slurry. The
slurry was extracted with ethyl acetate, dried over Na,SO,4
and evaporated to give a light orange solid. The solid was
recrystallised from methanol/diisopropylether (3:1) to yield
white needles (2.78 g, 12 mmol, 79%).

Mp 210-211 °C; IR (KBr): # (ecm~1=3521, 3109, 1742,
1640, 1601, 1570, 1456, 1253, 829; UV/vis (MeOH): A,,ax
(nm) (log &)=211 (4.44), 239 (4.24), 313 (3.96); '"H NMR
(600 MHz, DMSO): 6 (ppm)=1.34 (t, J=7.1 Hz, 3H, CHj),
4.37 (q,J=7.1 Hz, 2H, CH,), 6.82 (s, 1H, H-3), 6.90 (d, J=
2.2 Hz, 1H, H-8), 6.96 (dd, J=2.2, 8.7 Hz, 1H, H-6), 7.89
(d, J=8.7Hz, 1H, H-5), 11.02 (s, 1H, OH); *C NMR
(150 MHz, DMSO): 6 (ppm)=13.8 (+, CH3), 62.5 (—,
CH,), 1024 (+, C-8), 113.6 (4, C-3), 115.8 (+, C-6),
116.6 (Cguar C-9), 126.7 (+, C-5), 151.5 (Cguar C-2), 157.1
(Cquar C-10), 159.9 (Cguar, C=0), 163.5 (Cquar» C-7), 176.1
(Cqua C-4); MS (EI-MS, 70 €V) miz (%): 234.1 (100) [M] t
HRMS (C;,H,00s)" " Calcd: 234.0528. Found: 234.0528 +
0.76 ppm. Elemental analysis: C{,H;¢O5 Calcd: C, 61.54;
H, 4.30. Found: C, 60.97; H, 4.21.

4.6.8. 7-Hydroxy-4-o0x0-4H-chromene-2-carboxylic acid
butylamide (8a). Ethyl-7-hydroxy-4-oxo-4H-chromene-2-
carboxylate (585 mg, 2.5 mmol) and butylamine (512 mg,
7 mmol) were dissolved in dichloromethane (10 ml) and
allowed to reflux for 10 min. The solvent was evaporated
upon which a light yellow solid formed. Glacial acetic acid
(10 ml) was added and allowed to stir at 70 °C for 10 min.
The mixture was added to ice water. The precipitate was

filtered off, washed with water and dried. The solid was
recrystallised from ethyl acetate/diisopropylether (4:1) to
yield a light brown solid (573 mg, 2.2 mmol, 88%).

Mp 240°C+; IR (KBr): # (cm™')=3340, 3195, 3081,
2960, 2875, 1639, 1618, 1394, 829; UV/vis (MeOH): Amax
(nm) (log £)=211 (4.41), 238 (4.31), 307 (3.98); '"H NMR
(300 MHz, DMSO): 6 (ppm)=0.90 (t, J=7.2 Hz, 3H, CH3),
1.32(qd, J=7.2, 14.2 Hz, 2H, CH,), 1.47-1.58 (m, 2H, CH,),
3.28 (dd, J=6.9, 13.2 Hz, 2H, CH,), 6.69 (s, 1H, H-3), 6.94
(dd, J=2.3, 8.7 Hz, 1H, H-6), 6.99 (d, J=2.2 Hz, 1H, H-8),
7.88 (d, J=8.7 Hz, 1H, H-5), 9.06 (t, J=5.8 Hz, N-H), 10.98
(s, IH, OH); ">*C NMR (75 MHz, DMSO): 6 (ppm)=13.6 (+,
CHs), 19.5 (—, CH,), 30.9 (—, CH,), 38.8 (—, CH,), 102.6
(+,C-8), 110.1 (+,C-3), 115.6 (4, C-6), 116.4 (Cquar, C-9),
126.6 (4, C-5), 155.1 (Cquar» C-2), 156.9 (Cquar, C-10), 158.8
(Cquas C=0), 163.1 (Cquar, C-7), 176.3 (Cquars C-4); MS
(CI-MS, NH;) m/z (%): 262.2 (100) [MH]". Elemental
analysis: C4H;5NO, Caled: C, 64.36; H, 5.79; N, 5.36.
Found: C, 64.12; H, 548; N, 5.11.

4.6.9. 7-Hydroxy-4-ox0-4H-chromene-2-carboxylic acid
octylamide (8b). Ethyl-7-hydroxy-4-oxo-4H-chromene-2-
carboxylate (585 mg, 2.5 mmol) and octylamine (905 mg,
7 mmol) were dissolved in dichloromethane (10 ml) and
allowed to reflux for 10 min. The solvent was evaporated
upon which a brown solid formed. Glacial acetic acid
(10 ml) was added and allowed to stir at 70 °C for 10 min.
The mixture was added to ice water yielding a precipitate,
which was filtered off, washed with water and dried. The
solid was recrystallised from ethyl acetate to yield a white
solid (642 mg, 2.0 mmol, 81%).

Mp 215 °C; IR (KBr): # (cm™ ") =3256, 3155, 2947, 2919,
2853, 1634, 1598, 1530, 1388, 1242, 838; UV/vis (MeOH):
Amax (nm) (log €)=210 (4.44), 238 (4.33), 308 (3.99); 'H
NMR (600 MHz, DMSO): 6 (ppm)=0.84 (t, /=6.7 Hz, 3H,
CHj3), 1.20-1.31 (m, 10H, 5XCH,), 1.50-1.56 (m, 2H,
CH,), 3.27 (dd, J=6.7, 13.4 Hz, 2H, CH,), 6.69 (s, 1H, H-3),
6.94 (dd, J=1.9, 8.7 Hz, 1H, H-6), 6.99 (d, /=19 Hz, 1H,
H-8), 7.88 (d, J=8.7 Hz, 1H, H-5), 9.03 (t, J=5.5Hz, 1H,
N-H), 10.96 (s, 1H, OH); '*C NMR (150 MHz, DMSO): 6
(ppm)=13.8 (+, CH3), 22.0 (—, CH,), 26.3 (—, CH,), 28.5
(—,CH,),28.6(—,CH,),28.7(—,CH,),31.1 (—,CH,), 39.1
(—, CH,), 102.6 (4, C-8), 110.1 (4, C-3), 115.6 (+, C-06),
116.4 (Cquar, C-9), 126.6 (+, C-5), 155.1 (Cguars C-2), 156.9
(Cquar C-10), 158.8 (Cguar, C=0), 163.1 (Cguar» C-7), 176.2
(Cquar C-4); MS (ESL, DCM/MeOH + 10 mmol/l NH4Ac)
milz (%): 318.1 (100) [MH] *. Elemental analysis: C1gH3NO,
Calcd: C,68.12; H, 7.30; N, 4.41. Found: C, 67.85; H, 7.30; N,
4.24.

4.6.10. 7-Hydroxy-4-oxo-4H-chromene-2-carboxylic
acid (3-dimethylamino-propyl)-amide (9). Ethyl-7-
hydroxy-4-oxo-4H-chromene-2-carboxylate (1.17 g, 5 mmol)
and 3-dimethylaminopropylamine (1.53 g, 15 mmol) were
dissolved in dichloromethane (10 ml) and allowed to reflux
for 1 h. The solvent was evaporated, glacial acetic acid
(10 ml) was added and allowed to stir at 70 °C for 10 min.
The mixture was added to ice water and extracted with ethyl
acetate. The aqueous layer was neutralised with sodium
hydrogen carbonate and extracted with ethyl acetate. The
aqueous layer was made basic with sodium carbonate and
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extracted with ethyl acetate. The aqueous layer was made
acidic with concentrated HCl and then evaporated to
dryness giving a yellow solid. The yellow solid was added
to methanol and a white solid crystallised out, which was
filtered off. The yellow filtrate was evaporated to dryness
and repeatedly dissolved in methanol until no further white
solid crystallised. The yellow mother liquor was evaporated
to dryness yielding a yellow solid, which was dissolved in
boiling ethanol, filtered and evaporated to dryness yielding a
yellow solid (1.37 g, 4.7 mmol, 94%).

Mp 240°C+; IR (KBr): # (cm™~ ')=3455, 3273, 3064,
2999, 1683, 1650, 1619, 1548, 1468, 1272, 786; UV/vis
(MeOH): Amax (nm) (log £)=210 (3.92), 237 (3.80), 307
(3.46); "H NMR (300 MHz, DMSO): 6 (ppm)=2.00 (t, J=
7.2 Hz, 2H, CH,), 2.72 (s, 6H, 2 X CH3), 2.89 (t, J=7.2 Hz,
2H, CH,), 3.02-3.18 (m, 2H, CH,), 6.72 (s, 1H, H-3), 7.00
(dd, J=2.2, 8.8 Hz, 1H, H-6), 7.16 (d, J=2.2 Hz, 1H, H-5),
7.86 (d, J=8.8 Hz, 1H, H-8), 9.40 (t, J=5.9 Hz, 1H, N-H),
11.36 (s, 1H, OH); '>C NMR (75 MHz, DMSO): 6 (ppm) =
21.8 (—, CH,), 36.0 (—, CH,), 41.8 (+, 2XN-CH3), 53.3
(—, CH,), 102.7 (+, C-8), 110.2 (+, C-3), 115.8 (+, C-6),
116.3 (Cquars C-9), 126.5 (4, C-5), 154.8 (Cguars C-2), 156.9
(Cquats C-10), 159.2 (Cguar, C=0), 163.4 (Cyua C-7), 176.3
(Cquar C-4); MS (ESI, DCM/MeOH + 10 mmol/l NH,Ac)
mlz (%): 291.1 (100) [MH]". HRMS (C;sH;sN,O,)""
Calcd: 290.1266. Found: 290.1266 +0.7 ppm.

4.6.11. {3-[(7-Hydroxy-4-0x0-4H-chromene-2-carbonyl)-
amino]-propyl}-trimethyl-ammonium iodide (10). 7-
Hydroxy-4-oxo-4H-chromene-2-carboxylic acid (3-
dimethylamino-propyl)-amide (436 mg, 1.5 mmol) was
added to acetonitrile (30 ml) containing sodium carbonate
(415 mg, 5 mmol). Iodomethane (227 mg, 1.6 mmol) was
added to the suspension and allowed to stir at room
temperature overnight. The reaction mixture was evapor-
ated to dryness and resuspended in methanol. A white
precipitate was filtered off and the resulting yellow mother
liquor evaporated to dryness yielding a light yellow solid
(439 mg, 1 mmol, 68%).

Mp 240°C+; IR (KBr): # (cm™~ ')=3445, 3266, 3064,
2979, 1681, 1645, 1252, 832; 'H NMR (300 MHz, DMSO):
6 (ppm)=1.90-2.02 (m, 2H, CH,), 3.07 (s, 9H, 3 X CHz),
3.27-3.40 (m, 4H, 2 X CH,), 6.66 (s, 1H, H-3), 6.80 (d, J=
2.2 Hz, 1H, H-8), 6.83 (dd, J=2.2, 8.6 Hz, 1H, H-6), 7.79
(d, J=8.6 Hz, 1H, H-5), 9.15 (t, J=5.9 Hz, 1H, N-H); *C
NMR (75 MHz, DMSO): 6 (ppm)=22.7 (—, CH,), 36.2 (—,
CH,), 52.1 (+, 3XN-CH,3), 63.2 (—, CH,), 102.3 (+, C-8),
1102 (+,C-3), 114.5 (Cquars C-9), 117.2 (+, C-6), 1262 (+,
C-5), 154.3 (Cguars C-2), 1574 (Cyar C-10), 159.4 (Cgar C=
0), 167.1 (Cguas C-7), 175.9 (Cgua C-4); MS (ESI, H,O/AcN)
mlz (%): 305.0 (100) [M]*; HRMS (C,¢H,;N,04) " Calcd:
305.1501. Found: 305.1500 £ 1.23 ppm.

4.6.12. Ethyl-7-methoxy-4-0x0-4H-chromene-2-car-
boxylate (12a).%” Sodium (1.49 g, 65 mmol) was dissolved
in absolute ethanol (100 ml). Diethyloxalate (5.12 g,
35 mmol) and 2-hydroxy-4-methoxyacetophenone (2.49 g,
15 mmol) were dissolved in absolute ethanol (10 ml) and
added to the sodium ethanolate solution. The solution was
allowed to reflux for 1h. Concentrated HCl was added
dropwise until the reaction was acidic and a white

precipitate formed. The white precipitate was filtered and
the yellow solution concentrated to a slurry. The slurry was
extracted with ethyl acetate, dried over Na,SO, and
evaporated to give a light yellow solid. The solid was
recrystallised from methanol/diisopropylether (4:1) to yield
a yellow solid (3.65 g, 14.7 mmol, 98%).

Mp 109 °C; IR (KBr): # (cm*1)=3459, 3110, 2997, 2856,
1742, 1664, 1628, 1442, 1258, 838; UV/vis (MeOH): A ax
(nm) (log &) =212 (4.44), 238 (4.29), 310 (4.01); '"H NMR
(300 MHz, DMSO): 6 (ppm)=1.34 (t, J=7.1 Hz, 3H, CH3),
3.91 (s, 3H, O-CHs;), 4.38 (q, /="7.1 Hz, 2H, CH,), 6.85 (s,
1H, H-3), 7.07 (dd, J=2.4, 8.9 Hz, 1H, H-6), 7.19 (d, J=
2.4 Hz, 1H, H-8), 7.91 (d, J=8.9 Hz, 1H, H-5); '*C NMR
(75 MHz, DMSO): 6 (ppm)=13.8 (4, CH3), 56.2 (+, O-
CH;), 62.5 (—, CH,), 100.8 (4, C-8), 113.8 (+, C-3),
115.6 (+, C-6), 117.5 (Cqua, C-9), 126.7 (+, C-5), 151.5
(Cquat C-2), 157.1 (Cyyar, C-10), 159.9 (Cyuar, C=0), 163.5
(Cquats C-7), 176.1 (Cquar, C-4); MS (EI-MS, 70 eV) mi/z (%):
248.1 (100) [M]* . Elemental analysis: C3H;,05 Calcd: C,
62.9; H, 4.87. Found: C, 62.67; H, 4.67.

4.6.13. 7-Methoxy-4-o0x0-4H-chromene-2-carboxylic
acid butylamide (13a). Ethyl-7-methoxy-4-oxo0-4H-chro-
mene-2-carboxylate (590 mg, 2.4 mmol) and butylamine
(512 mg, 7 mmol) were dissolved in dichloromethane
(10 ml) and allowed to reflux for 10 min. The solvent was
evaporated yielding a light yellow solid. Glacial acetic acid
(10 ml) was added and allowed to stir at 70 °C for 10 min.
The mixture was poured into ice water, the precipitate was
filtered off, washed with water and dried. The solid was
recrystallised from dichloromethane/diisopropylether (1:1)
to yield white needles (562 mg, 2.0 mmol, 86%).

Mp 130 °C; IR (KBr): # (cm ™ "=3349, 2959, 2869, 1655,
1610, 1357, 843; UV/vis (MeOH): A« (nm) (10% &)=212
(4.42), 236 (4.35), 255 (sh 4.10), 304 (4.04); 'H NMR
(300 MHz, CDCly): 6 (ppm)=0.97 (t, J=7.3 Hz, 3H, CH3),
1.43 (qd, J=7.3, 144 Hz, 2H, CH,), 1.64 (td, J=7.3,
14.9 Hz, 2H, CH,), 3.48 (dd, /J=6.9, 13.4 Hz, 2H, CH,),
3.91 (s, 3H, O—CH5), 6.89 (d, /=2.3 Hz, 1H, H-8), 6.99 (dd,
J=1.9, 8.9 Hz, 1H, H-6), 7.09 (s, 1H, H-3), 8.10 (d, J=
8.9 Hz, 1H, H-5); 13C NMR (75 MHz, CDCl,): 6 (ppm) =
13.8 (+, CHj3), 20.1 (—, CH,), 31.5 (—, CH,), 39.8 (—,
CH,), 56.0 (4+, O-CHs), 100.4 (4, C-8), 112.2 (4, C-3),
115.0 (+, C-6), 118.2 (Cquar» C-9), 127.4 (+, C-5), 154.6
(Cquav C 2), 157.0 (Cquar, C-10), 159.3 (Cquar, C=0), 164.7
(Cquar» C-7), 177.5 (Cguar» C 4); MS (CI-MS, NH3) m/z (%):
276.2 (100) [MH] . Elemental analysis: C;5sH;7NO,4 Calcd:
C, 65.44; H, 6.22; N, 5.09. Found: C, 65.43; H, 5.82; N,
491.

4.6.14. 7-Methoxy-4-0x0-4H-chromene-2-carboxylic
acid (3-dimethylamino-propyl)-amide (14a). Ethyl-7-
methoxy-4-oxo-4H-chromene-2-carboxylate (620 mg,
2.5mmol) and 3 dimethylaminopropylamine (766 mg,
7.5 mmol) were dissolved in dichloromethane (10 ml) and
the reaction mixture was refluxed for 1 h. The solvent was
evaporated, glacial acetic acid (10 ml) was added and the
solution allowed to stir at 70 °C for 10 min. The mixture was
added to ice water and extracted with ethyl acetate. The
aqueous layer was neutralised with sodium hydrogen
carbonate and extracted with ethyl acetate. The aqueous
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layer was made basic with sodium carbonate and extracted
with ethyl acetate. The organic layer was dried over Na,SOy4
and evaporated to give a yellow solid (654 mg, 2.1 mmol,
86%).

Mp 127-128 °C; IR (KBr): # (cm ™ ')=3440, 3257, 3032,
2950, 1667, 1630, 1442, 845; '"H NMR (300 MHz, CDCl5):
6 (ppm)=1.79 (td, J=5.9, 11.8 Hz, 2H, CH,), 2.36 (s, 6H,
2XCHjy), 2.51-2.58 (m, 2H, CH»), 3.58 (td, J=5.2, 5.9 Hz,
2H, CH,), 3.91 (s, 3H, O-CH3), 6.80 (d, J=2.3 Hz, 1H,
H-5), 6.99 (dd, J=2.3, 8.9 Hz, H-6), 7.05 (s, 1H, H-3), 8.11
(d, J=89Hz, 1H, H-8), 9.28 (s, 1H, N-H); >°C NMR
(75 MHz, CDCl3): 6 (ppm)=24.8 (—, CH,), 40.6 (—, CH,),
45.6 (4, 2XN-CH3), 55.8 (+, O—CHj3), 59.2 (—, CH,),
100.5 (+,C-8), 111.8 (+, C-3), 114.5 (+, C-6), 118.3 (Cguars
C-9), 127.5 (+, C-5), 155.1 (Cquar, C-2), 157.1 (Cqua» C-10),
159.2 (Cquarr C=0), 164.6 (Cgar, C-7), 177.7 (cqw,c -4); MS
(ESL, H,O/AcN) m/z (%): 305.0 (100) [MH]"; HRMS
(C1eHaoN,04) " Caled: 304.1423. Found: 304.1421 +
0.44 ppm.

4.6.15. {3-[(7-Methoxy-4-0x0-4H-chromene-2-carbonyl)-
amino]-propyl}-trimethyl-ammonium iodide (15a). 7-
Methoxy-4-oxo-4H-chromene-2-carboxylic acid (3-
dimethylamino-propyl)-amide (456 mg, 1.5 mmol) was
dissolved in chloroform (10 ml), iodomethane (284 mg,
2 mmol) added and the reaction mixture was allowed to stir
at room temperature for 1 h. The solution was heated to
reflux for 10 min, the formed precipitate filtered off and
washed with chloroform. The precipitate was dried yielding
a white solid (575 mg, 1.3 mmol, 86%).

Mp 208 °C (decomposition); IR (KBr): # (cm_l)=3490,
3411, 3257, 3012, 2954, 1676, 1633, 1604, 1442, 848; UV/
vis (CH3CN): Amax (nm) (log €)=210 (4.47), 242 (4.32),
304 (3.80); 'H NMR (600 MHz, DMSO): § (ppm)=1.97—
2.03 (m, 2H, CHy), 3.07 (s, 9H, 3 X CH3), 3.35-3.39 (m, 2H,
CH,), 3.36-3.41 (m, 2H, CH,), 3.93 (s, 3H, O-CH3), 6.78
(s, 1H, H-3), 7.13 (dd, J=2.4, 8.9 Hz, H-6), 7.18 (d, J=
2.4 Hz, 1H, H-8), 7.97 (d, J=8.9 Hz, 1H, H-5), 9.19 (s, 1H,
N-H); '*C NMR (150 MHz, DMSO): ¢ (ppm)=22.7 (—,
CH,), 36.3 (—, CH,), 52.2 (+, 3XN-CHj), 56.1 (+, O—
CHs), 63.3 (—, CHy), 100.8 (+, C-8), 110.6 (+, C-3),
115.3 (4, C-6), 117.5 (Cguar, C-9), 126.5 (+, C-5), 155.1
(Cquats C-2), 156.9 (Cquar» C-10), 159.3 (Cyuar C=0), 164.3
(Cquars C-7), 176.4 (Cyuars C-4); MS (ESI, H20/ACN) milz
(%): 319.0 (100) [M]"; HRMS (C;7H»3N,04) " Calcd:
319.1657. Found: 319.1661 £+ 1.16 ppm.

4.6.16. Ethyl-6-methoxy-4-0x0-4H-chromene-2-car-
boxylate (12b). Sodium (1.49 g, 65 mmol) was dissolved
in absolute ethanol (100 ml). Diethyloxalate (5.12 g,
35 mmol) and 2-hydroxy-5-methoxyacetophenone (2.49 g,
15 mmol) were dissolved in absolute ethanol (10 ml) and
added to the sodium ethanolate solution. The solution was
allowed to reflux for 1h. Concentrated HCl was added
dropwise until the reaction was acidic and a white
precipitate formed. The white precipitate was filtered off
and the yellow solution was concentrated to a slurry. The
slurry was extracted with ethyl acetate, dried over Na,SOy4
and evaporated to give a light yellow solid. The solid was
recrystallised from methanol/diisopropylether (3:1) to yield
a yellow solid (3.66 g, 14.8 mmol, 98%).

Mp 98 °C; IR (KBr): # (cm ™~ ')=3455, 3114, 3078, 2984,
2844, 1740, 1657, 1610, 1488, 1288, 839; UV/vis (MecOH):
Amax (nm) (log &) =206 (4.45), 238 (4.22), 253 (4.31), 343
(3.77); "H NMR (600 MHz, CDCl3): 6 (ppm)=1.42 (t, J=
7.1 Hz, 3H, CH3), 3.89 (s, 3H, O-CH3), 4.45 (q, J="7.1 Hz,
2H, CH,), 7.10 (s, 1H, H-3), 7.32 (dd, /=3.2, 9.2 Hz, 1H,
H-7), 7.53 (dd, J=0.4, 3.2 Hz, 1H, H-5), 7.54 (dd, J=0.4,
9.2 Hz, 1H, H-8); '3C NMR (150 MHz, CDCl5): 6 (ppm) =
14.1 (+, CH3), 56.0 (+, O-CHs), 62.9 (—, CH,), 104.6 (+,
C-5), 113.8 (+, C-3), 120.2 (+, C-8), 125.0 (+, C-7),
125.2 (Cquar» C-9), 150.8 (Cquar, C-10), 152.0 (Cyyar» C-2),
157.5 (Cquars C-6), 160.6 (Cquar, C=0), 178.3 (Cguar C 4)
MS (PI-EIMS, 70eV) mlz (%): 248.0 (100) [M]*
Elemental analysis: C;3H;,05 Calcd: C, 62.90; H, 4. 87
Found: C, 62.67; H, 4.66.

4.6.17. 6-Methoxy-4-0x0-4H-chromene-2-carboxylic
acid butylamide (13b). Ethyl-6-methoxy-4-ox0-4H-chro-
mene-2-carboxylate (590 mg, 2.4 mmol) and butylamine
(512 mg, 7 mmol) were dissolved in dichloromethane
(10 ml) and the reaction mixture was refluxed for 10 min.
The solvent was evaporated upon which a light yellow solid
formed. Glacial acetic acid (10 ml) was added and allowed
to stir at 70 °C for 10 min. The mixture was added to ice
water, the precipitate was filtered off, washed with water
and dried. The solid was recrystallised from dichloro-
methane/diisopropylether (1:3) to yield white needles
(572 mg, 2.1 mmol, 87%).

Mp 146 °C; IR (KBr): # (cm ™~ ')=3305, 3091, 2956, 2869,
1639, 1610, 1359, 833; UV/vis (MeOH): A (nm)
(log £)=205 (4.43), 230 (4.25), 252 (4.36), 338 (3.75); 'H
NMR (300 MHz, CDCls): 6 (ppm)=0.98 (t, J=7.3 Hz, 3H,
CH,), 1.43 (qd, J=17.3, 14.3 Hz, 2H, CH,), 1.65 (td, J=17.3,
14.9 Hz, 2H, CH,), 3.49 (dd, J=7.1, 13.3 Hz, 2H, CH.,),
3.90 (s, 3H, O—CH3), 7.15 (s, 1H, H-3), 7.31 (dd, J=3.1,
9.2 Hz, 1H, H-7), 7.45 (d, J=9.2 Hz, 1H, H-8), 7.56 (d, J=
3.0 Hz, 1H, H-5); '>C NMR (75 MHz, CDCl5): 6 (ppm)=
13.8 (+, CH3), 20.1 (—, CH,), 31.5 (—, CH,), 39.8 (—,
CH,), 56.0 (+, O-CH3), 105.1 (+, C-5), 111.2 (+, C-3),
119.4 (4, C-8), 124.6 (+, C-7), 125.1 (Cquarr C-9), 150.0
(Cquats C-10), 154.6 (Cquars C-2), 157.5 (Cyuar, C-6), 159.3
(Cquay C=0), 178.1 (qu, C-4); MS (CI-MS, NH;) m/z
(%) 276.2 (100) [MH]". Elemental analysis: C;sH{7;NO4
Caled: C, 65.44; H, 6.22; N, 5.09. Found: C, 65.33: H, 5.92:
N, 4.80.

4.6.18. 6-Methoxy-4-ox0-4H-chromene-2-carboxylic
acid (3-dimethylamino-propyl)-amide (14b). Ethyl-6-
methoxy-4-oxo-4H-chromene-2-carboxylate (620 mg,
2.5 mmol) and 3-dimethylaminopropylamine (766 mg,
7.5 mmol) were dissolved in dichloromethane (10 ml) and
the reaction mixture was refluxed for 1 h. The solvent was
evaporated, glacial acetic acid (10 ml) was added and the
solution allowed to stir at 70 °C for 10 min. The mixture was
added to ice water and extracted with ethyl acetate. The
aqueous layer was neutralised with sodium hydrogen
carbonate and extracted with ethyl acetate. The aqueous
layer was made basic with sodium carbonate and extracted
with ethyl acetate. The organic layer was dried over Na,SOy4
and evaporated to give a yellow solid (615 mg, 2.1 mmol,
81%).
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Mp 108-109 °C; IR (KBr): # (cm™ ')=3434, 3305, 3041,
2945, 1680, 1641, 1385, 830; 'H NMR (300 MHz, DMSO):
6 (ppm)=1.68 (p, J=6.9 Hz, 2H, CH,), 2.15 (s, 6H, 2X
CH;), 2.28 (t, J=6.9 Hz, 2H, CH,), 3.32 (dd, J=6.9,
13.3 Hz, 2H, CH,), 3.86 (s, 3H, O-CHj3), 6.79 (s, 1H, H-3),
7.40 (d, J=3.1 Hz, 1H, H-5), 7.48 (dd, J=3.1, 9.1 Hz, 1H,
H-7), 7.66 (d, J=9.1 Hz, 1H, H-8), 9.23 (t, J=5.6 Hz, 1H,
N-H); "*C NMR (75 MHz, DMSO): 6 (ppm)=26.4 (—,
CH,), 37.9 (—, CH,), 45.0 (+, 2X CH3), 55.7 (+, O—CH3),
56.8 (—, CHy), 104.5 (+, C-5), 109.3 (+, C-3), 120.2 (+,
C-8), 124.1 (+, C-7), 124.3 (Cquar, C-9), 149.6 (Cgars C-10),
155.4 (Cguais C-2), 156.8 (Cguas C-6), 158.7 (Cguar C=0),
176.9 (Cquais C-4); MS (CI-MS, NH;) m/z (%): 305.2 (100)
[MH] " HRMS (C;6H20N,04) " " Calcd: 304.1423. Found:
304.142510.71 ppm.

4.6.19. {3-[(6-Methoxy-4-0x0-4H-chromene-2-carbonyl)-
amino]-propyl}-trimethyl-ammonium iodide (15b). 6-
Methoxy-4-oxo0-4H-chromene-2-carboxylic acid (3-
dimethylamino-propyl)-amide (456 mg, 1.5 mmol) was
dissolved in chloroform (10 ml), iodomethane (284 mg,
2 mmol) was added and the reaction mixture was allowed to
stir at room temperature for 1 h. The solution was heated to
reflux for 10 min, the formed precipitate filtered off and
washed with chloroform. The precipitate was dried yielding
a white solid (620 mg, 1.4 mmol, 93%).

Mp 240 °C+; IR (KBr): ¥ (cm_1)=3422, 3298, 3031,
3013, 2945, 1680, 1651, 1615, 1485, 828; UV/vis (CH3CN):
Amax (nm) (log €)=205 (4.42), 248 (4.34), 333 (3.54); 'H
NMR (300 MHz, DMSO): 6 (ppm)=1.93-2.06 (m, 2H,
CH,), 3.07 (s, 9H, 3 X CH3), 3.30-3.41 (m, 4H, 2XCH,),
3.87 (s, 3H, O-CH3), 6.83 (s, 1H, H-3), 7.42 (d, J=3.1 Hz,
1H, H-5), 7.51 (dd, /J=3.1, 9.2 Hz, 1H, H-7), 7.70 (d, J=
9.2 Hz, 1H, H-8), 9.24 (t, J=5.9 Hz, 1H, N-H); '*C NMR
(75 MHz, DMSO): 6 (ppm)=22.6 (—, CH,), 36.2 (—,
CH,), 52.1 (+,3XCHj3), 55.7 (+, O-CH3), 63.2 (—, CH,),
104.5 (+, C-5), 109.5 (+, C-3), 120.3 (+, C-8), 124.2 (+,
C-7), 124.3 (Cquar C-9), 149.6 (Cgua C-10), 155.1 (Cguacs
C-2), 156.8 (Cguar» C-6), 159.2 (Cyuar, C=0), 176.9 (Cquats
C-4); MS (ESI, H,O/AcN) m/z (%): 319.0 (100) [M]*.
Elemental analysis: C;7H,3N,04I Calcd: C, 45.75; H, 5.19;
N, 6.28. Found: C, 45.40; H, 5.14; N, 6.51. HRMS
(C17H»3N,0,) " Caled: 319.1658. Found: 319.1660+
0.76 ppm.

4.6.20. Ethyl-5-methoxy-4-0x0-4H-chromene-2-car-
boxylate (12¢).*” Sodium (1.49 g, 65 mmol) was dissolved
in absolute ethanol (100 ml). Diethyloxalate (5.12 g,
35 mmol) and 2-hydroxy-6-methoxyacetophenone (2.49 g,
15 mmol) were dissolved in absolute ethanol (10 ml) and
added to the sodium ethanolate solution. The solution was
allowed to reflux for 1h. Concentrated HCl was added
dropwise until the reaction was acidic and a white
precipitate formed. The white precipitate was filtered off
and the yellow solution concentrated to a slurry. The slurry
was extracted with ethyl acetate, dried over Na,SO, and
evaporated to give a light yellow solid. The solid was
recrystallised from methanol/diisopropylether (2:1) to yield
a yellow solid (2.99 g, 12.1 mmol, 80%).

Mp 124 °C; IR (KBr): # (cm ™~ ')=3433, 3084, 2988, 2844,
1728, 1659, 1507, 1478, 1269, 800; UV/vis (MeOH): Apax

(nm) (log &) =238 (4.22), 271 (4.00), 327 (3.64); '"H NMR
(300 MHz, CDCl5): 6 (ppm) = 1.40 (t, J=7.1 Hz, 3H, CH3),
3.97 (s, 3H, O-CHs), 4.42 (q, J=7.1 Hz, 2H, CH,), 6.83 (d,
J=8.5Hz, 1H, H-6), 6.99 (s, 1H, H-3), 7.14 (dd, J=0.9,
8.5 Hz, 1H, H-8), 7.59 (t, J=8.5 Hz, 1H, H-7); >C NMR
(75 MHz, CDCl5): 6 (ppm)=14.1 (+, CH3), 56.5 (+, O-
CH3), 62.8 (—, CH,), 106.9 (+, C-6), 110.6 (+, C-8),
115.3 (Cquars C-9), 116.5 (4, C-3), 134.7 (+, C-7), 150.3
(Cquats C-2), 158.0 (Cquars C 10), 159.8 (Cyuar, C-5), 160.6
(Cqua, C=0), 178.0 (CW, C-4); MS (PI-EIMS, 70 eV) m/z
(%): 248.0 (100) [M]"". Elemental analysis: C;3H;,05
Caled: C, 62.90; H, 4.87. Found: C, 62.84; H, 4.75.

4.6.21. 5-Methoxy-4-o0x0-4H-chromene-2-carboxylic
acid butylamide (13c). Ethyl-5-methoxy-4-oxo0-4H-chro-
mene-2-carboxylate (590 mg, 2.4 mmol) and butylamine
(512 mg, 7 mmol) were dissolved in dichloromethane
(10 ml) and the reaction mixture was allowed to reflux for
10 min. The solvent was evaporated giving a light yellow
solid. Glacial acetic acid (10 ml) was added, the solution
was allowed to stir at 70 °C for 10 min, added to ice water,
the precipitate filtered off, washed with water and dried.
The solid was recrystallised from dichloromethane/diiso-
propylether (2:1) to yield white needles (607 mg, 2.2 mmol,
93%).

Mp 128 °C; IR (KBr): # (cm ™~ ')=3314, 3090, 2961, 1650,
1605, 1387, 794; UV/vis (MeOH): Apax (nm) (log €) =238
(4.29), 260 (4.16), 323 (3.71); "H NMR (300 MHz, CDCl5):
6 (ppm)=0.96 (t, J=7.3 Hz, 3H, CH3), 1.35-1.47 (m, 2H,
CH,), 1.63 (td, J=17.3, 15.0 Hz, 2H, CH,), 3.47 (dd, J=6.8,
13.6 Hz, 2H, CH,), 3.97 (s, 3H, O-CHj3), 6.84 (d, J=
8.4 Hz, 1H, H-6), 7.03 (s, 1H, H-3), 7.05 (d, J=8.4 Hz, 1H,
H-8), 7.60 (t, J=8.4 Hz, 1H, H-7); '3*C NMR (75 MHz,
CDCl3): 6 (ppm)=13.8 (+, CH3), 20.1 (—, CH»), 31.5 (—,
CH,), 39.7 (—, CH,), 56.6 (4, O-CHs), 107.0 (4, C-6),
109.8 (+, C-8), 113.7 (+, C 3), 115.0 (Cquar» C-9), 134.5
(+, C-7), 152.8 (Cquar, C-2), 157.3 (Cguar, C-10), 159.2
(Cquat» C-5), 160.1 (Cgua, C=0), 177.9 (Cqyar, C-4); MS
(CI-MS, NH;3) m/z (%): 276.1 (100) [MH]". Elemental
analysis: C;sH;7;NO, Calcd: C, 65.44; H, 6.22; N, 5.09.
Found: C, 65.40; H, 6.00; N, 4.96.

4.6.22. 5-Methoxy-4-ox0-4H-chromene-2-carboxylic
acid (3-dimethylamino-propyl)-amide (14c). Ethyl-5-
methoxy-4-oxo-4H-chromene-2-carboxylate (620 mg,
2.5 mmol) and 3-dimethylaminopropylamine (766 mg,
7.5 mmol) were dissolved in dichloromethane (10 ml) and
the reaction mixture was refluxed for 1 h. The solvent was
evaporated, glacial acetic acid (10 ml) was added and the
solution allowed to stir at 70 °C for 10 min. The mixture was
added to ice water and extracted with ethyl acetate. The
aqueous layer was neutralised with sodium hydrogen
carbonate and extracted with ethyl acetate. The aqueous
layer was made basic with sodium carbonate and extracted
with ethyl acetate. The organic layer was dried over Na,SO,
and evaporated to give a yellow solid (627 mg, 2.1 mmol,
83%).

Mp 87-88°C; IR (KBr): # (cm™')=3420, 3312, 3080,
2955, 1650, 1603, 798; '"H NMR (300 MHz, DMSO): 6
(ppm)=1.67 (p, J=6.9 Hz, 2H, CH,), 2.15 (s, 6H, 2 X CH),
2.27 (t, J=6.9 Hz, 2H, CH,), 3.31 (dd, J=6.9, 13.3 Hz, 2H,
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CH,), 3.86 (s, 3H, O-CH3), 6.61 (s, 1H, H-3), 7.02 (d, J=
8.4 Hz, 1H, H-6), 7.20 (dd, J=0.7, 8.4 Hz, 1H, H-8), 7.75 (t,
J=84Hz, 1H, H-7), 9.17 (t, J=5.6 Hz, 1H, N-H); '*C
NMR (75 MHz, DMSO): 6 (ppm)=26.4 (—, CH,), 37.9 (—,
CH,), 45.0 (4, 2XCHjs), 56.0 (+, O-CH3), 56.8 (—, CH,),
107.4 (+, C-6), 109.9 (+, C-8), 111.8 (+, C-3), 114.0
(Cquas C-9), 1349 (+, C-7), 153.3 (Cquarr C-2), 156.9
(Cquars C-10), 158.7 (Cquars C-5), 159.1 (C gty C=0), 176.4
(Cqua» C-4); MS (CI-MS, NH3) m/z (%): 305.2 (100)
[MH] ™. HRMS (C;¢H0N,0,) ™" Caled: 304.1424. Found:
304.1425+ 1.1 ppm.

4.6.23. {3-[(5-Methoxy-4-0x0-4H-chromene-2-carbonyl)-
amino]-propyl}-trimethyl-ammonium iodide (15c). 5-
Methoxy-4-oxo-4H-chromene-2-carboxylic acid (3-
dimethylamino-propyl)-amide (456 mg, 1.5 mmol) was
dissolved in chloroform (10 ml), iodomethane (284 mg,
2 mmol) was added and the reaction mixture was allowed to
stir at room temperature for 1 h. The solution was heated to
reflux for 10 min, the formed precipitate filtered off and
washed with chloroform. The precipitate was dried yielding
a white solid (625 mg, 1.4 mmol, 93%).

Mp 240°C+; IR (KBr): # (cm™~ ')=3433, 3244, 3018,
2940, 1683, 1650, 1602, 1475, 802; UV/vis (CH;CN): Amax
(nm) (log £)=242 (4.25), 319 (3.53); 'H NMR (300 MHz,
DMSO): 6 (ppm)=1.92-2.04 (m, 2H, CH,), 3.06 (s, 9H,
3XCHjs), 3.30-3.41 (m, 4H, 2 X CH,), 3.87 (s, 3H, O—CH3),
6.65 (s, 1H, H-3), 7.04 (d, J=8.4 Hz, 1H, H-6), 7.23 (dd,
J=0.7,8.4 Hz, 1H, H-8), 7.77 (t, J=8.4 Hz, 1H, H-7), 9.17
(t, J=5.9 Hz, 1H, N-H); '3C NMR (75 MHz, DMSO): 6
(ppm)=22.6 (—, CH,), 36.2 (—, CH,), 52.1 (+, 3X CHj),
56.1 (+, O—CHjy), 63.2 (—, CHy), 107.5 (+, C-6), 109.9
(+, C-8), 112.0 (+, C-3), 114.0 (Cgua, C-9), 135.0 (+,
C-7), 153.1 (Cquarr C-2), 156.9 (Cquar, C-10), 159.1 (Cquars
C-5), 159.2 (Cquar C=0), 176.3 (C quars C-4); MS ESI, H,0/
AcN) m/z (%): 319.0 (100) [M]*. HRMS (C,;7H»N,0,) "
Calcd: 319.1658. Found: 319.1660+1.02 ppm.
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Abstract—Asymmetric benzoin condensation was performed using recombinant benzaldehyde lyase (BAL) from Pseudomonas fluorescens
Biovar I. To enable the conversion of hydrophobic substrates, the enzyme was entrapped in polyvinyl alcohol and suspended in hexane.
Compared to the reported application of the biocatalyst in an aqueous phase containing 20% DMSO, the productivity of the resulting gel-
stabilised two-phase system was 3-fold better. The entrapment process had an efficiency of >90%, no enzyme or cofactor was lost during
reaction or storage. The entrapped enzyme was stable in hexane for 1 week at 4 °C and more than 1 month at —20 °C. Without preceding
optimisation the novel benzoins (R)-1,2-di(3-furanyl)-2-hydroxyethanone, (R)-2-hydroxy-1,2-di(3-thienyl) ethanone, (R)-1,2-di(4-
ethoxyphenyl)-2-hydroxyethanone, (R)-1,2-di(3-ethoxyphenyl)-2-hydroxyethanone, (R)-2-hydroxy-1,2-di(3-tolyl)ethanone, and (R)-1,2-
di(benzofuran-2-yl)-2-hydroxyethanone were prepared with yields up to 31.8% and enantiomeric excess >99%.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

a-Hydroxyketones are important building blocks for the
synthesis of several drugs and natural products.'™'? For
this reason, many chemical methods for their synthesis are
described in literature.'32! Benzoins, derivatives of
1,2-diaryl-2-hydroxyethanone of special interest, are
frequently derived by benzoin condensation, a traditional
C—C bond forming reaction in organic chemistry*>* that
uses either non-chiral catalysts®*~>® or chiral thiazolium and
triazolium salts in a biomimetic manner.?*~* Enzymatic-
ally, chiral benzoins can be obtained by reduction of
a-diketones,”>>® or kinetic resolution of racemic
2-peroxo-,>’ 2-hydroxy->*** or 2-acetoxyketones.”*'™*
Also, an enzyme-catalysed benzoin condensation using the
benzaldehyde lyase from Pseudomonas fluorescens Biovar |
(BAL) was recently established.***® This last reaction has
become of profound interest because of the outstanding
stereoselectivity of the biocatalyst, which yields (R)-
benzoins with 99% ee.** Moreover, symmetrical as well
as unsymmetrical benzoin condensations*’ starting from a
broad substrate range can be catalysed with BAL. However,

Keywords: Benzoin condensation; Benzaldehyde lyase; Entrapment; Two-

phase system.
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e-mail: m.ansorge @biotec.rwth-aachen.de

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.05.082

a drawback of the BAL-catalysed synthesis of benzoins so
far is the low solubility of many benzaldehyde substrates in
aqueous media. To a certain extent, this solubility can be
improved by the addition of 20% (v/v) of DMSO,* but the
resulting reaction productivity is usually low.

In this study, BAL-catalysed benzoin condensations were
performed using an alternative reaction system with two
immiscible phases of water and hexane. The enzyme was
entrapped in the aqueous phase, which was solidified by
polyvinyl alcohol*® to ease handling and recovery of BAL.
The organic solvent was simultaneously used as reservoir
for substrates and extracting agent for products. With the
achieved gel-stabilised two-phase system, the synthesis of a
couple of novel (R)-benzoins starting from substrates with
moderate to low solubility in water was performed. For
evaluation the synthesis of 2-furoin was compared to
published data.*’

2. Results and discussion

2.1. Performance of the PVA-stabilised two-phase
system

The benefit of using BAL for the conversion of hydrophobic
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Table 1. BAL-catalysed syntheses of 2-furoin
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BAL in co (mM) ¢, (mM) t (h) Conv. (%) Pd. (mgpogue/UpaL h)
PV A-stabilised two-phase system 48.4 30.1 17.0 15.6 0.3"
Buffer/20% DMSO 30.0 3.6 62.0 88.0 0.1°

# Calculated according to formula 1.
" Calculated according to formula 2.
© Calculated from data published by Demir et al.*

compounds in a gel-stabilised two-phase system was
evaluated by comparing the synthesis of 2-furoin from
2-furaldehyde to data published for the same reaction by
Demir et al.*” It was found that conversion of substrate after
17h was 15.6% (calculated from 2-furaldehyde concen-
tration in the hexane phase according to formula 1), and a
productivity of 0.3 mg 2-furoin per unit of BAL and hour of
reaction was achieved (calculated according to formula 2).
This was three times higher than the productivity that was
calculated from published data®® for synthesis in water/
DMSO (Table 1). Evidently, the gel-stabilised two-phase
system reveals favourable features for continuous synthesis
of benzoins with BAL.

i‘l Cf'[ VPVA

_ exane exane

Conv. =1 — 0 PCO v (D)
Hexane Hexane ¥ Hexane

where C° is the initial concentration of substrate in hexane
or PVA; V, volume of the appropriate phases; P, partition of
substrate between hexane and water. For the chosen
concentration range the partition coefficient was constant
(P2-furaldenyde =0.7), data not shown.

0

Pd. =05 CHexaneVHexaneCOHV~

2

MWBenzoin

where U is the initial concentration of substrate; V, volume;
Conv., conversion of substrate; MW, molecular weight of
reaction product; Akt., amount of employed enzyme; ¢,
reaction time.

Investigation of the immobilisates revealed an immobilis-
ation efficiency of 90.8%, no leaking of enzyme or cofactor
during storage or use in hexane, and a storage stability of
1 week at 4°C or more than 1 month at —20 °C.
Immobilisates that were re-used after having completed a
production cycle showed considerably lower activity than
fresh immobilisates. Their activity, however, could be

significantly improved by repeated washing with hexane.
This finding indicates that residual product from the first
reaction cycle remains in the matrix, which has a negative
effect on the enzyme activity. Consequently, the perform-
ance of recycled immobilisates and even of the entire
process should be improved, if hexane was replaced by
another suitable solvent as extracting agent. Such optimis-
ation is currently in progress.

2.2. Synthesis of novel benzoins

The PVA-stabilised BAL in hexane catalysed the asym-
metric formation of the novel benzoin derivatives (R)-1,2-
di(3-furanyl)-2-hydroxyethanone (2a), (R)-1,2-di(benzo-
furan-2-yl)-2-hydroxyethanone (2b), (R)-2-hydroxy-1,2-
di(3-thienyl)ethanone (2¢), (R)-1,2-di(3-ethoxyphenyl)-2-
hydroxyethanone (2e), (R)-1,2-di(4-ethoxyphenyl)-2-
hydroxyethanone (2f), and (R)-2-hydroxy-1,2-di(3-tolyl)-
ethanone (2h) from the corresponding substituted aryl
aldehydes (Table 2). The productivities of these reactions
were at least comparable to the synthesis of 2-furoin. The
synthesis of 3-furoin from 2a ran with an even 4-fold higher
productivity. Obviously, the continuous supply of the
entrapped enzyme with fresh substrate from the surrounding
organic solvent countervailed the overall low concentrations
in the aqueous PVA-matrix itself. Limitations were found
for substrates with a log Pow higher than 3, like
4-isopropylbenzaldehyde (1i). For this compound only a
very slight conversion within 72 h was observed in TLC
analysis. It should be possible, however, to improve the
conversion of such hydrophobic compounds by optimising
the phase composition of the gel-stabilised two-phase
system. In contrast, the also observed low or absent
conversion of the ortho-substituted substrates
2-tolualdehyde (1g) and 2-ethoxybenzaldehyde (1d) can
be attributed to steric hindrances of the respective

Table 2. Benzoin condensation of hydrophobic aromatic aldehydes with entrapped BAL in n-hexane

(R)-Benzoins Ar log Pow" P° co(mM) ¢, (mM) t(h) Conv.® (%) Pd. (mgproaued Yoroduet (%) ee (%)°
2 Ugar h)

2a 3-Furanyl- 0.34 0.7 42.8 7.3 20 76.9 1.3 (0.4) 16.4 94.7
2b 2-Benzofuranyl-  1.45 6.0 50.0 32.0 31.25 333 0.6 (0.2) 6.6 74.7
2¢ 3-Thienyl— 1.71 2.1 39.2 18.1 49.75 48.3 0.3 (0.1) 6.9 >99
2d 2-EtOCgHy— 1.99 n.d. 50.0 50.0 72 — — — —
2e 3-EtOC¢H4— 1.99 18.5 27.1 18.8 31.25 29.7 0.3 (0.1) 26.0 >99
2f 4-EtOCgH4— 1.99 185  50.7 37.2 50.25 25.6 0.3 (0.1) 17.7 >99
2g 2-MeCcH4— 2.27 n.d. 50.0 >48.0 72 — — — —
2h 3-MeCsHy— 2.27 18.5 50.0 30.5 31.25 38.2 0.6 (0.2) 31.8 >99
2i 4-"PrCeHy— 3.02 n.d. 50.0 >48.0 72 — — — —

n.d., not determined.

# Calculated by Ghose and Crippen’s52 fragmentation methodology.

P Calculated according to formula 3 at a volume ratio of hexane/PVA 4:1.
¢ Calculated according to formula 1.

4 Calculated according to formula 2.

¢ Determined by HPLC analysis as described in Section 3.
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substituents in the active site of the biocatalyst, which is in
accordance to published data.*’

The BAL-catalysed synthesis of 2¢, 2e, 2f and 2h ran
according to the known high selectivity of the biocatalyst
for production of (R)-configurated benzoins.** In contrast, a
minor enantiomeric excess was achieved in the synthesis of
2a and 2b. This decrease in enantiopurity, however, is not
the result of a worse selectivity of BAL towards the
corresponding aldehydes 1a and 1b, but rather to a
spontaneous racemisation of furoins. In fact, it has been
described™ that for compounds with a 3-furancarbonyl
moiety, the racemisation proceeds very quickly because of
the favourable resonance interaction of the carbonyl group
with the oxygen of the 3-furyl ring. Minor enantiopurity has
also been described before in the synthesis of 2-furoin
(Scheme 1).%

PVA-entrapped OH
benzaldehyde lyase A -

ﬁ(\Ar

2 AFWH
0 n-hexane o

1 2

Scheme 1.

The racemisation of 2a during the production process is
demonstrated in Figure 1. While 2a was detected within
1.5 h after initiation of the reaction, the corresponding
(S)-enantiomer was observed for the first time after about
24 h. Subsequently, the total amount of both enantiomers
increased only slightly, while the ratio between (R)- and
(S)-enantiomer changed rapidly. After 94 h, the enantio-
meric excess of 2a had decreased to 72%, after a reaction
time of 200 h an enantiomeric excess of only 42.0% was
determined. Additional to racemisation the oxidation
product of 2a, 1,2-di(furan-3-yl)ethane-1,2-dione (4a,
Scheme 2)**! was detected after about 3 h of reaction.
An analogous side reaction occurred in the synthesis of 2g,
but none of the other benzoins was oxidised during BAL-
mediated carboligation. However, a complete oxidation of
2b occurred at the attempt of concentrating the purified
product, which accounts for the missing analytical data of
this compound.

200 - .
—m— (R)-3-furoin
180 —e—(S)-3-furoin N
1604 —A— di-3-furanyl-ethanedione
140
g 1201 . .
St
< o
2 80+
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) /
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0 24 48 72 926
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Figure 1. Time course of the formation of (R)-3-furoin and side products

from 3-furaldehyde in a batch reaction containing 1 g of BAL-immobilisate
and 4 mL of hexane.

Thiami HCI OH o
Ar H jamine .
A A
2 W rﬁH\AI’ + F%Ar
o NaOH/EtOH 0
1 3 4

Ar = 3-furanyl  3a
Ar = 4-EtOCgH4- 3b

Scheme 2.

It should easily be possible to prevent both racemisation as
well as oxidation of the reaction products by appropriate
adaptation of the production process, for example, by
running a continuous synthesis under argon atmosphere
with direct downstream processing of the products. Thus,
the method described here for synthesis of benzoins with
BAL provides a promising system for the stereoselective
synthesis of benzoins overcoming solubility limitations.
The easy transfer to the synthesis of hydrophobic cross-
benzoins*” and a-hydroxy ketones*~*° can be expected.

3. Experimental
3.1. General methods

Enzymatic syntheses were performed in n-hexane (96%,
HPLC grade, Scharlau). NMR spectra were recorded on a
Bruker 500. Chemical shifts ¢ are reported in ppm relative
to CHCl; ("H: 6 7.27) and CDCl; (3C: 6 77.0). Column
chromatography purifications were conducted on silica gel
60 (40-63 pm). TLC was carried out on aluminium sheets
precoated with silica gel 60F,s4 (Macherey-Nagel, Merck),
the spots were visualised with UV light (A=254 nm).
Optical rotations were measured with a Perkin-Elmer 241
polarimeter. Elementary microanalyses were carried out in
the corresponding ‘Centro de Apoyo a la Investigacion’ of
the Complutense University, Madrid, using a Leco® CHNS
932 equipment.

HPLC analysis was performed with a chiral column
Chiralcel OD (cellulose carbamate, 25 cmX0.46 cm i.d.)
at room temperature using a Thermo/Separation Consta
Metric® 4100 Quaternary Solvent Delivery Systems, a
SpectroMonitor™ 5000 equipped with a Photo Diode Array
Detector and a Knauer Chiral Detector A1000, and a mobile
phase of n-hexane/2-propanol 90:10 at a flow rate of
0.8 mL/min; alternatively the analysis was performed on a
chiral column Chiralpak AD-H (amylose tris(3,5-dimethyl-
phenylcarbamate), 25 cmX4.6 cm i.d.) at 20 °C using a
Beckman Coulter System Gold equipped with an auto-
sampler Triathlon and a Diode Array Detector Module 168,
and a mobile phase of n-hexane/2-propanol 90:10 at a flow
rate of 0.75 mL/min.

3.2. Preparation of immobilised BAL

Expression and purification of BAL were performed using
the recombinant E. coli SG13009,,,4[pBAL-Hise] accord-
ing to Iding et al.*’ One unit of activity is defined as the
amount of enzyme, which catalyses the cleavage of 1 pmol
benzoin per min at 30 °C and pH 8.0 in aqueous solution.
For the immobilisation in polyvinyl alcohol (PVA), a
mixture of 10% (w/v) PVA Mowiol 10-98 (degree of
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polymerisation: 1.400) and 10% (w/v) PEG 1000 was
dissolved in bi-distilled water at 90 °C, cooled down to
room temperature, reacted with 30 mg NaOH/g PVA and
stirred for 30 min. The pH was adjusted to 8.0 with
concentrated HCI, then 0.5 U/mL of BAL, 0.1 mmol/L of
thiamine diphosphate and 2.5 mmol/L of MgSO, were
added. The solution with a final PV A-concentration of 8.9%
(w/v) was dropped into chilled silicon oil (—24 °C) and
converted to a hydrogel by slowly thawing to room
temperature. The obtained PVA-beads were washed with
and stored in hexane.

3.3. Determination of partition coefficients

The partition of substrates between the aqueous PVA phase
(10 mL) and hexane (40 mL) was determined by measuring
the concentration of the respective compound in the solvent
before and after 48 h of equilibration. All beads were free of
enzyme. The partition coefficient (P) was calculated
according to Eq. 3.

o0 joe)
pP = CHexaneVPVA _ CHexane (3)
 (Clexane — Clioxane) Viva  Cia
Hexane Hexane ) ¥ PVA PVA

where C is the initial (0) or equilibrium (%) concentration
of the partitioning compound; V, volume of the appropriate
phases.

3.4. Enzymatic carboligation

Ten grams of immobilisate were added to 40 mL hexane
containing the respective substrate. The two-phase system
was set under argon atmosphere and stirred on a rotary
shaker at 30 °C. Samples drawn from the organic solvent
were qualitatively analysed by TLC using n-hexane/ethyl
acetate 7:3 or petrol ether/AcOEt 4:1 as mobile phase.
Quantitative analysis was performed by HPLC. At the end
of conversion the immobilisates were filtered out, and
products were purified and analysed as described above.

3.5. Chemical synthesis of racemic benzoins

Racemic benzoins of 3-furancarbaldehyde (1b) and
4-ethoxybenzaldehyde (1g), which were used as reference
compounds for analysis of enantiomeric excess, were
synthesised using a variation of the classical chemical
thiamine-catalysed benzoin synthesis methodology,?* as

depicted in Scheme 2.

For synthesising 1,2-di(furan-3-yl)-2-hydroxyethanone
(3a), thiamine hydrochloride (1 g, 3 mmol) was dissolved
in 3 mL of distilled-water. In a further step, 12.5 mL of 95%
EtOH, 2 mL of NaOH 3 M, and 5 mL of 1b (60 mmol) were
added. The reaction was carried out in a Branson Sonifier
450 (Tunner 14, Dutycycle 20, Output control 2) for 48 h,
and followed by TLC (hexane/ethyl acetate 5:1, v/v; 3a,
R:=0.35; 1b, R;=0.20; 4a, R;=0.06). After that time, the
reaction mixture was cooled in an ice bath, and was
extracted by a continuous extraction system with n-hexane.
The extract was dried over Na,SO, and concentrated under
low pressure, giving crystals of 3a and 4a. Residual 3a
dissolved in the water was recovered by adding HCI and

extracting the mixture with CHCl; (3X50 mL). All the
extracts were combined, dried over Na,SO, and concen-
trated under low pressure. The resulting mixture was then
passed through a column of SiO, using n-hexane/AcOEt 5:1
(v/v), as mobile phase to afford 4a (20 mg) and 3a (110 mg,
0.57 mmol) as a white crystalline solid. The analysis ("H
NMR and '*C NMR) of 3a were concordant with those
obtained for 2b.

For synthesising 1,2-bis(4-ethoxyphenyl)-2-hydroxyetha-
none (3b), a mixture of thiamine hydrochloride (1 g,
3 mmol) and H,O (3 mL), EtOH (12.5 mL) and NaOH
3M (2mL) was placed in a 50mL flask.
4-Ethoxybenzaldehyde (1g) 8.34 mL were added and the
reaction was carried out in Branson Sonifier 450 (Tunner 14,
Dutycycle 20, Output control 2). After 2 days, an extra
amount thiamine hydrochloride (1 g) and NaOH 3 M
(2 mL) were added. The reaction was followed by TLC
(n-hexane/AcOEt 7:3, (v/v); 4b, R;=0.525; 1g, R;=0.43;
3b, R;=0.23). After 3 days, the reaction mixture was
extracted with n-hexane (8X25 mL); the extracts were
combined, dried over Na,SO, and concentrated under low
pressure. The resulting oil was dissolved in HCCl3 and
passed through a column of SiO, using the above mentioned
mobile phase to afford 4b, 1g and 3b, as well as some
amount of 4-ethoxybenzoic acid. All the fractions were
concentrated under low pressure, and added to 100 mL of
basic water, and 100 mL of HCCl; were added to the
fractions containing 3b and 4-ethoxybenzoic acid. Finally,
the HCCI; was dried over Na,SO, and concentrated, giving
3b (0.1965, 0.65 mmol) as a white crystalline solid, with
analysis ("H NMR and '>C NMR) concordant with those
carried out for 2g.

3.5.1. (R)-1,2-Di(furan-3-yl)-2-hydroxyethanone (2a).
White solid, ee>97%, [«]5 —110.8 (¢ 0.0066, CHCls);
'"H NMR (500 MHz, CDCl5): 6: 4.09 (1H, d, J=5.18 Hz,
OH), 5.48 (1H, d, J=4.55 Hz, H-2), 6.24 (1H, 2d, J=0.78,
0.73 Hz, H-4"), 6.70 (1H, 2d, J=0.79 Hz, H-4"), 7.32 (1H, t,
J=1.58 Hz, H-5"),7.36 (1H, t, J=1.81 Hz, H-5"), 7.47 (1H,
s, H-2"), 7.91 (1H, dd, J=0.44, 0.87 Hz, H-2'); '*C NMR
(500 MHz, CDCls) 6: 68.59 (C-2), 107.81 (C-4"), 107.89
(C-4"), 122.40 (C-3"), 123.44 (C-3"), 140.05 (C-2"), 143.01
(C-5"), 143.17 (C-5"), 147.59 (C-2"), 192.19 (C-2). Anal.
Calcd for C1oHgOy4: C, 62.50; H, 4.20. Found: C, 62.06; H,
4.26.

3.5.2. (R)-2-Hydroxy 1,2-di(3-thienyl) ethanone ((R)-3,3'-
thenoin) (2¢). Yellowish oil, ee>99%, [a]f —103.96 (¢
0.005, CHCl3); 'H NMR (500 MHz, CDCl;) 6: 4.34 (1H, d,
J=6.03 Hz, OH), 5.84 (1H, d, J=6.01 Hz, H-2), 6.99 (1H,
dd, J=4.99, 1.21 Hz, H-4"), 7.28 (1H, d, J=2.83 Hz,
H-2"),7.29 (1H, dd, J=2.91, 0.69 Hz, H-5"), 7.33 (1H, dd,
J=2.70, 1.09 Hz, H-5), 7.51 (1H, dd, J=5.13, 1.17 Hz,
H-4"), 8.04 (1H, dd, J=2.84, 1.20 Hz, H-2'); '*C NMR
(500 MHz, CDCls) 6: 72.42 (C-2), 124.21 (C-2"), 124.24
(C-4"), 126.57 (C-5"), 127.06 (C-4"), 127.25 (C-5"), 134.21
(C-2"), 192.39 (C-1). Anal. Calcd for C;oHg05S,: C, 53.55;
H, 3.59; S, 28.59. Found: C, 53.52; H, 3.92; S, 27.36.

3.5.3. (R)-1,2-Bis(3-ethoxyphenyl)-2-hydroxyethanone
(2e). Yellowish oil, ee>99%, [a]d —128.2 (¢ 0.028,
CHCly); '"H NMR (500 MHz, CDCl;) ¢: 1.36 (3H, t,
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J=6.03 Hz, CH3), 1.38 (3H, t, J=6.03 Hz, CH3), 3.96 (2H,
m, CH,), 4.07 (2H, m, CH,), 4.59 (1H, d, J=6.11 Hz, OH),
5.86 (1H, d, J=5.82 Hz, H-2), 6.78 (1H, m, H-4"), 6.83
(1H, m, H-2"), 6.90 (1H, m, H-6"), 7.04 (1H, m, H-4), 7.21
(1H, t, J=7.92 Hz, H-5"), 7.26 (1H, t, J=7.96 Hz, H-5'),
743 (1H, m, H-2), 7.46 (1H, m, H-6'); >C NMR
(500 MHz, CDCls) 6: 14.44 (C-CHj;), 14.66 (C—CHs),
63.66 (C—CH,), 66.42 (C—CH,), 73.20 (C-2), 113.70 (C-2"),
113.87 (C-4"), 114.66 (C-2"), 120 (C-4"), 120.93 (C-6),
121.60 (C-6"), 129.62 (C-5"), 130.12 (C-5"), 134.71 (C-1"),
140.41 (C-1'), 159.06 (C-3'), 159.43 (C-3"), 198.71 (C-1).
Anal. Calcd for CigH,004: C, 71.98; H, 6.71. Found: C,
71.91; H, 6.65.

3.54. (R)-1,2-Bis(4-ethoxyphenyl)-2-hydroxyethanone
(2f). White solid, ee>99%, [a]ly —94.61 (¢ 0.010 g,
CH;OH); 'H NMR (500 MHz, CDCl;) 6: 1.36. (3H, t, J=
7 Hz, CH3), 1.39 (3H, t, J=7.01 Hz, CH3), 3.96 2H, ¢, J=
6.99 Hz, CH,), 4.03 (2H, ¢, /=7 Hz, CH,), 4.57 (1H, d, /=
6.02 Hz, OH), 5.83. (1H, d, /=6.01 Hz, H-2), 6.81 (2H, m,
H-3’ and H-5'), 6.83 (2H, m, H-3" and H-5"), 7.21 (1H, m,
H-6"),7.23 (1H, m, H-2"), 7.86 (1H, m, H-6), 7.88 (1H, m,
H-2'); *C NMR (500 MHz, CDCls) ¢: 14.58 (C—CHj),
14.78 (C-CHj3), 63.40 (C-CH,), 63.79 (C-CH,), 75.23
(C-2), 114.28 (C-3' and C-5'), 114.98 (C-3" and C-5"),
128.98 (C-2' and C-6'), 131.56 (C-2" and C-4"), 126.10
(C-1’ and C-1"), 163.41 (C-4'), 197.32 (C-1). Anal. Calcd
for C;gH,004: C, 71.98; H, 6.71. Found: C, 71.79; H, 6.70.

3.5.5. (R)-2-Hydroxy-1,2-di-m-tolylethanone (2h). Yel-
lowish oil, ee >99%, [a]5 — 123.6 (¢ 0.00275, CHCl;); 'H
NMR (500 MHz, CDCl5) 6 (ppm): 2.29 (3H, s, CHs), 2.34
(3H, s, CH3), 4.53 (1H, d, J=5.77 Hz, OH), 5.89 (1H, d, J=
5.46 Hz, H-2), 7.13 (1H, m, H-4"), 7.13 (1H, m, H-2"), 7.06
(1H, m, H-6"), 7.19 (1H, m, H-5"), 7.25 (1H, m, H-4"), 7.32
(1H, m, H-5), 7.68 (1H, m, H-6'), 7.76 (1H, m, H-2');
13C NMR (500 MHz, CDCl;) 6: 21.27 (C—CH3), 21.30
(C—CH,3), 76.15 (C-2), 124.93 (C-6'), 126.43 (C-6"), 128.23
(C-4"), 128.46 (C-5"), 128.93 (C-2'), 129.32 (C-5"), 129.57
(C-4"), 133.50 (C-1"), 134.69 (C-2"), 138.47 (C-1'), 138.67
(C-3"), 138.87 (C-3"), 199.14 (C-1). Anal. Calcd for
Ci6H1602: C, 79.97; H, 6.71. Found: C, 79.86; H, 6.75.

3.5.6. 1,2-Di(furan-3-yl)ethane-1,2-dione (4a). Yellow
solid, '"H NMR (500 MHz, CDCls) 6 (ppm): 8.53 (2H, s,
H-1), 749 (2H, t, J=1.60 Hz, H-5), 6.93 (2H, d, J=
1.51 Hz, H-4); >*C NMR (500 MHz, CDCl;) 6: 109.5 (C4"),
123.35 (C3'), 144.37 (C5"), 152.30 (C2'), 184.49 (C=0).
Anal. Caled for C;gHgO4: C, 63.16; H, 3.18. Found: C,
63.24; H, 3.21.

3.5.7. 1,2-Bis(4-ethoxyphenyl)ethane-1,2-dione (4b).
Yellow solid, '"H NMR (500 MHz, CDCl;) 6 (ppm): 7.95
(4H, d, J=8.88 Hz, H-2', H-6', H-2" and H-6"), 6.97 (4H, d,
J=8.91Hz, H-3' H-5/, H-3" and H-5"), 4.14 (4H, ¢, J=
6.98 Hz, CH,), 1.47 (6H, d, J=6.98 Hz, CH;); '°C NMR
(500 MHz, CDCl3) 6: 14.99 (CH;), 64.38 (CH,), 115.08
(C3’, C5', C3" and C5”), 126.56 (C1’ and C1"), 132. 77
(C2/,C6’,C2" and C6"), 164.68 (C4’ and C4"), 193.94 (C=
0). Anal. Calcd for C;gH;304: C, 72.47; H, 6.08. Found: C,
72.42; H, 6.11.

3.5.8. 1,2-Di(benzofuran-2-yl)ethane-1,2-dione. Yellow

solid, "H NMR (250 MHz, CDCls) ¢ (ppm): 8.04 (2H, d,
H-3' and H-3"), 7.79 (2H, d, J=12.22 Hz, H-4' and H-4"),
7.66 (2H, dd, J=8.5, 0.85 Hz, H-7' and H7"), 7.57 (2H, m,
H-6' and H-6"), 7.37 (2H, m, H-5' and H-5"); '3C NMR
(250 MHz, CDCl;) ¢: 113.08 (C7’' and C7"), 121.52 (C3'
and C3"), 124.67 (C6' and C6"), 124.85 (C5' and C5"),
127.38 (C3a’ and C3a”), 130.43 (C4' and C4"), 149.45 (C2'
and C2"), 157.05 (C7a’ and C7a”), 178.98 (both C=0).
Anal. Calcd for CgH,004: C, 74.48; H, 3.47. Found: C,
74.49; H, 3.50.
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Abstract—The synthesis and properties of 4,9-methanoundecafulvene [5-(4,9-methanocycloundeca-2’,4’,6/,8’,10’-pentaenylidene)
pyrimidine-2,4,6(1,3,5H)-trione] derivatives 8a,b were studied. Their structural characteristics were investigated on the basis of the 'H
and >C NMR and UV-vis spectra. The rotational barrier (AG?) around the exocyclic double bond of 8a was found to be 12.55 kcal mol ~ ! by
the variable temperature "H NMR measurement. The electrochemical properties of 8a,b were also studied by CV measurement. Furthermore,
the transformation of 8a,b to 3-substituted 7,12-methanocycloundeca[4,5]furo[2,3-d]pyrimidine-2,4(1H,3H)-diones 16a,b was
accomplished by oxidative cyclization using DDQ and subsequent ring-opening and ring-closure. The structural details and chemical
properties of 16a,b were clarified. Reaction of 16a with deuteride afforded C13-adduct 19 as the single product, and thus, the methano-bridge
controls the nucleophilic attack to prefer endo-selectivity. The photo-induced oxidation reaction of 16a and a vinylogous compound,
3-methylcyclohepta[4,5]furo[2,3-d]pyrimidine-2,4(3H)-dione 2a, toward some amines under aerobic conditions were carried out to give the
corresponding imines (isolated by converting to the corresponding 2,4-dinitrophenylhydrazones) with the recycling number of 6.1-64.0 (for
16a) and 2.7-17.2 (for 2a), respectively.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction corresponding carbonyl compounds.”® Furthermore, the
synthesis, properties, and reactivity of cationic derivative
Flavins are known to play an important role as co-factors in

a wide variety of biological redox reactions.' The flavin- 0 g
redox systems have been investigated extensively through XN o 20O N1
synthetic model systems and theoretical calculations.” ©_§/N>§ @ / )‘30
Among these, 5-deazaflavins® and 5-deaza-10-oxaflavins® g R BFy 5 2
(2H-chromeno[2,3-d]pyrimidine-2,4(3H)-diones) have also 1a-c: X = NR'

been studied extensively in the hope of gaining mechanistic 2a-c: X = O 3a-c*-BFy’
insight into flavin-catalyzed reactions. On the basis of the a:R=Me a:R'=R?=Me
above observations, we have previously studied convenient b: R=Bu b:R'=H, R?=Me
preparations of 3,10-disubstituted cyclohepta[4,5]- c:R=Ph c:R'=Me, R*=H
pyrrolo[2,3-d]pyrimidine-2,4(3H)-diones la—c¢ and o] o
3-substituted  cyclohepta[4,5]furo[2,3-d]pyrimidine- NC._R RyAnH Ry AnH
2,4(3H)-diones 2a—c¢ (Fig. 1), which are the structural o o oS0
isomers of 5-deazaflavin and 5-deaza-10-oxaflavin, respect- —

ively, and their ability to oxidize some alcohols to the N @
- , 4a-d A B
Keywords: 5—(4,9—Methanf)cyclounde_ca—2’,4’,6’_,8’,10’—pentaeny11dene)— a:R=CN,X=H Sa-c
pyrlmldme—%,4,6(1,3,5H)—t'r19n§; Rotational bamer; 7,12—Methan0cyclo— b: R = CO,Me, X = OMe a:R=Me
undeca(4,5]furo[2,3-d]pyrimidine-2,4(1H,3H)-diones; Photo-induced auto- c: R=COsMe, X = SMe b:-R =Bu
recycling oxidation. d: R = COo,Me, X = NMe, ‘R

* Corresponding author. Tel.: +81 3 5286 3236; fax: +81 3 3208 2735;
e-mail: nitta@waseda.jp Figure 1.

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.05.069
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7a,b 8a,b B

a:R=Me;b: R=Bu
Scheme 1. Reagents and conditions: (i) Ac,0, 120 °C, 1 h.

3a™t-BF, ., and its sulfur and nitrogen analogues®® as well

as their novel photo-induced autorecycling oxidizing
reactions toward some alcohols were investigated.

On the other hand, heptafulvenes have intrigued chemists
for several decades, especially in the context of the concept
of aromaticity.'®~'? The properties and chemical behavior of
substituted heptafulvenes are usually rationalized in terms
of the differing contribution of the zwitterionic canonical
structure. Thus, various heptafulvenes, such as 8.,8-
dicyanoheptafulvene (4a) (Fig. 1) and its derivatives 4b—d
have been synthesized and their properties and X-ray
structure analyses have been studied.'>~'> Furthermore, the
chemistry of the heptafulvenes derived by insertion of more
complicated conjugated Tt-systems has also been studied in
relation to the molecular design of organic dyes, highly
polarized compounds, and electron acceptors or electron
donors.'®!” Tn this context, we have reported the synthesis
and properties of novel heptafulvenes 5a—c.'® The contri-
butions of their zwitterionic canonical structures and
rotational barrier (AG?) around the exocyclic double bond
have been clarified. Thus, the structurally modified
heptafulvenes are interesting from the viewpoint of their
novel properties and molecular functions. Based on this
concept, we have now investigated the synthesis of 4,9-
methanoundecafulvene derivatives 8a,b (Scheme 1), which

are vinylogous compounds of 5a—c. From the variable
temperature NMR and CV measurements, their properties
and structural characteristics were studied. Furthermore, the
transformation of 8a,b to novel methano-bridged com-
pounds 16a,b, which are vinylogous compounds of 2a—c,
was accomplished by the oxidative cyclization and
subsequent ring-opening and ring-closure. The structural
details and chemical properties of 16a,b were investigated,
and the photo-induced oxidizing reaction of 16a and a
vinylogous compound 2a toward some amines were studied
as well. We report herein the results in detail.

2. Results and discussion
2.1. 4,9-Methanoundecafulvenes (8a,b)

Since heptafulvenes Sa—c were synthesized by the reaction
of tropone with corresponding barbituric acids,'® the
method was applied to synthesize novel 4,9-methano-
undecafulvenes 8a,b (Scheme 1). Condensation reactions
of 4,9-methano[11]annulenone 6" with monosubstituted
barbituric acids 7a,b in Ac,O afforded 8a,b as dark reddish
or reddish powder in modest yields (Table 1). Compounds
8a,b were fully characterized on the basis of the '"H NMR,
13C NMR, IR. UV-vis, and mass spectral data as well as
elemental analyses. In the '*C NMR spectra, the C5 carbon
signals of the barbituric acid moiety in 8a,b appear at low
field (6c 108.2 and 108.0), suggesting the low electron
density as compared with those of the C5 of Sa,b (5a: ¢
101.7, 5b: 6c 102.2) (Table 2).'® Thus, contribution of the
zwitterionic canonical structure B of 8a,b (Scheme 1) seems
to be less important as compared with those of 5a,b;
however, the 1,6-methano[11]annulenylium ion 9% (pKg .,
6.2)20 is more stable than the tropylium ion 10" (pKr +,3.9)
(Fig. 2).?' This feature is similar to the cases of dicyano-
substituted heptafulvene and 4,9-methanoundecafulvene;
the CI12 carbon signal of 12,12-dicyano-4,9-methano-
undecafulvene (6, 83.6)>? is shifted to lower field as compared
with the C8 carbon signal of 8,8-dicyanoheptafulvene 4a (.

Table 1. Results for the preparation of 8a,b, cations 13a,b™ -BF; and 14a,b™ -BF;, and 16a,b

Run Compound Condensation Oxidative cyclization Ring-opening and
ring-closure
Product (yield/%) Product (yield/%) Ratio of 137/147 Product (yield/%)
1 7a 8a (23) 13a™-BF, (28), 14a™ -BF; (56) 1:2 16a (61)
7b 8b (30) 13b*-BF; (23), 14b™ -BF; (47) 1:2 16b (44)

Table 2. 'H and "*C NMR spectral data and rotational barriers (AG*) of
methanoundecafulvenes 8a,b and reference compounds 5a,b

Compound NMR data Rotational barrier
"H/6 Beys? T.JK AG*¥/keal/

mol

8a 7.24° 108.2 258 12.55

8b 7.19° 108.0 — —

5a° 9.31, 9.33¢ 101.7 300 14.51

5b° 9.28, 9.39¢ 102.2 308 14.70

4 C5 of the barbituric acid moiety.

"H2' and H11'.

© Ref. 18.

dH2' and H7'.

Figure 2.
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Table 3. UV-vis spectral data of 8a,b and 16a,b in CH;CN

Compound Amax/nm (log &e/dm’ mol ™' em™ 1)
8a 473 (3.99), 339 (4.05), 304 (4.11)
8b 472 (3.67), 339 (3.79), 304 (3.88)
16a 546 (4.04), 506 (3.70), 358 (3.82), 307 (3.67), 253 (3.58)
16b 545 (4.44), 507 (4.12), 358 (4.22), 306 (4.08), 251 (3.94)

conditions of CV measurements, and thus, the peak
potentials are summarized in Table 4. The first reduction
potentials (E1,.q) of 8a,b are similar to those of 5a,b, while
the first oxidation potentials (E1,y) of 8a,b are less positive
than those of 5a,b.'® These features support that compounds
8a,b have the elongated m-conjugation as the vinylogous
compounds of Sa,b.

Table 4. Redox potentials of 8a,b and 16a,b and reference compounds 2a,b and 5a,b

Compound Redox potential® Compound Redox potential®

Elred Elox Elred Elox
8a —1.16 +0.83 16a —0.89 —
8b —1.15 +0.78 16b —0.90 —
5a° —1.15 +1.08 2a° —1.12 —
5b° —1.19 +1.09 2b° —1.12 —

?V versus Ag/AgNO3; cathodic and anodic peak potentials.
b

Ref. 18.
¢ This work.

70.1).%* Furthermore, the proton signals of the H2' and the
H11' of 8a,b appearing at 6 7.19-7.24 are remarkably shifted
to higher field as compared with those of 5a,b (6 9.28—9.39).18
These features are ascribed to the bending structure of the 11-
membered ring of compounds 8a,b, which do not allow the
H2' and the H11' to locate in the deshielding region of the
carbonyl groups in the barbituric acid moiety. In the "H NMR
spectra of 8a,b at room temperature, the signals of H2' and
H11' (Scheme 1) appear as equivalent, while they appear as
two sharp doublets at low-temperature (— 60 °C). Thus, rapid
free rotation around the exocyclic double bond of 8a,b clearly
occurs on the NMR time scale at room temperature. The fact
shows that the enantiomers (R)-8a,b and (S)-8a,b isomerize
each other. Through variable temperature 'H NMR measure-
ment of 8a, the coalescence temperature was determined to be
258 K. In addition, the chemical shift difference between H-2
and H-11' of 8a was 20.0 Hz. Consequently, rotational barrier
(AG*) around the exocyclic double bond for 8a was
determined to be 12.55 kcal mol ! (Table 2). The signals of
H2', H3/, H10', and H11’ overlap for 8b at low temperature,
and thus, their rotational barriers (AG*) could not be
determined. The value (AG*) of 8a is smaller by
1.96 kcal mol ~ ! than that of 5a (14.51 kcal mol ™~ 1).'® The
feature is rationalized on the basis of the structural change of
8a in the transition state of the rotation around the exocyclic
double bond. At the transition state, the 11-membered ring and
the barbituric acid moiety have to be twisted to become
perpendicular to each other, and thus, the 11-membered ring
would have a positive charge as the depicted structure 11 in
Figure 2. Since the 1,6-methano[11]annulenylium ion 97
(PKR +» 6.2)*° is more stable than the tropylium ion 10%
(PKRr+» 3.9),%! the transition state of the rotation of 8a would
be more stabilized than that of 5a. Thus, the rotational barrier
(AG%) of 8a would be smaller than that of 5a.

The UV-vis spectra of 8a,b are similar and the absorption
maxima are summarized in Table 3. The longest wavelength
absorption maxima of 8a,b are longer by ca. 40 nm than that
of 5a (432 nm),'® suggesting the elongated 7t-conjugation of
compounds 8a,b as compared with that of 5a. Furthermore,
the redox property of 8a,b was determined by cyclic
voltammetry (CV) in acetonitrile. The oxidation and
reduction waves of 8a,b were irreversible under the

2.2. 7,12-Methanocycloundeca[4,5]furo[2,3-d]pyrimi-
dine-2,4(1H,3H)-diones (16a,b)

As novel methodology for synthesizing the furan-ring, we
have previously reported the oxidative cyclization of 5a by
using DDQ to give a mixture of 3b™ -BF; and 3¢™ -BF,
(Fig. 1), and thus, the transformation of 8a,b to 16a,b was
investigated. Oxidation reactions of 8a,b with DDQ in
CH,Cl, at room temperature and subsequent anion
exchange reaction by using 42% aq HBF, in Ac,0 afforded
possible racemic mixtures of 13a,b*-BF, and
14ab™ -BF,, respectively (Scheme 2). The yields and
ratios of 13a,b* -BF; and 14a,b™ -BF, are summarized in
Table 1. Upon treatment with an alkaline solution, the
mixtures of 13a,b+-BF4_ and 14ab™ -BF, were hydro-
lyzed to give 15a,b, which were recyclized by using TFA to

5 2 04 H
=S N3
5 =0
8 1 OGNR1
8a,b
| \
o
O H
(R),(S) (R),(S)
13a,b*-BF4 14a,b*.-BF4
ii
OH 14
o H 11 0) 1
= N iii ~ —N
=0 |— — =0
— N =/ Ns
O R 8 O R
(R),(S) (R)(S)
15a,b 6a,b

a: R=Me; b: R=Bu

Scheme 2. Reagents and conditions: (i) (a) DDQ, CH,Cl, tt, 2 h, (b) 42%
aq HBF,, Ac,0, 0 °C, 1 h; (ii) aq K,COs, EtOH, rt, 16 h, (iii) TFA, CH,Cl,,
rt, 1 h.
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afford 16a,b in moderate to good yields, respectively.®
Apparently, the oxidative cyclization of 8a,b at the C2'
position and the C4-carbonyl group gives (R)-
13ab™ -BF, , while the cyclization at the C11’ position
and the C4-carbonyl group affords (S)-13a,b™ -BF; .
Furthermore, the oxidative cyclization of 8a,b at the C2’
position and the Cé6-carbonyl group gives (R)-
14a,b+'BF4_ , while the cyclization at the C11’ position
and the C6-carbonyl group affords (S)-14a,b™ -BF; . Thus,
the oxidative cyclization results in the formation of
racemic compounds (R),(S)-13a,b™ -BF; and (R),(S)-
14a,b+-BF4_ . Accordingly, compounds 16a,b are also
racemic compounds (R),(S)-16a,b. Unfortunately,
attempted optical resolution by means of recrystallization
and chromatography is unsuccessful. Thus, racemic
compounds (R),(S)-13a,b™ -BF; , (R).(S)-14a,b™ -BF; ,
and (R),(S)-16a,b are represented as 13a,b+-BFI,
14ab™ -BF;, and 16a,b.

Compounds 16a,b were fully characterized on the basis of
the 'H and '*C NMR, IR, UV—-vis, and mass spectral data, as
well as elemental analyses. The UV-vis spectra of 16a,b in
CH;CN are similar and the absorption maxima are
summarized also in Table 3. The longest wave length
absorption maxima (A,) of 16a,b show a red-shift by ca.
107 nm as compared with those of 2a (439 nm), suggesting
the elongated 7t-conjugation of 16a,b: the HOMO becomes
higher and the LUMO becomes lower as compared with
those of 2a, respectively. The "H NMR spectra of 16a,b are
noteworthy, since the chemical shifts of bridged-annulene
systems are quite useful in determining such structural
properties as diatropicity and bond alternation.
Unambiguous proton assignment was made by analyzing
'H NMR, H-H COSY, and NOE spectra. Since a similar
feature is observed in a series of 16a,b, the chemical shifts
of the bridge protons and selected coupling constants of the
peripheral protons of 16a are shown in Figure 3 together
with those of the reference compounds 23,6 17+ -BF, ,24
and 18.>° The large geminal coupling constant of the
methylene protons (Jgz=11.3 Hz) supports the absence of
a norcaradiene structure for 16a. The bridge protons of 16a
appear at high-field (6 —0.05 and 6 0.47), and the peripheral

11.3

S
5-0.05 50.47
He HzO
9.4 @)
7.9 N
=~ —N =
7.9 15 O Me %0 07 O Me
16a 2a
1.5 11.0
VS ey
5-0.42 5-1.20 5044 8125
He H Hg Hz
o Me E Ph
8.0 N 67 J_N_O
9.3 =0 103 =
N ' —
8.0 105 O Me 6.4 121
17+BFy 18

Figure 3. Chemical shifts and coupling constants of 16a, 2a, 17" -BF; ,
and 18.

protons appear in the aromatic region (0 7.68 to 8.97),
suggesting a large diatropic ring current.”® The differences
in vicinal coupling constants in 16a are larger than those
found in vinylogous compound 2a and delocalized cationic
species 171 -BF, , while they are smaller than those found
in 18. The fact suggests that the bond alternation of 16a is
larger than those of 2a and 17" -BF; and is smaller than
that of 18.

The reduction potentials of 16a,b were determined by cyclic
voltammentry (CV) in CH3CN. The reduction waves of
16a,b were irreversible under the conditions of the CV
measurements; the peak potentials are summarized in
Table 4, together with those of the vinylogous compound
2a,b. The El.4 of 16a,b are less negative by 0.23 and
0.22 V than that of 2a,b, respectively. This feature is
rationalized by the elongated m-conjugation of 16a,b as
compared with 2a,b. The irreversible nature is probably due
to the formation of a radical species and its dimerization, as
reported to be a typical property of uracil-annulated

5,
heteroazulenes.>®

In order to clarify the reactivity, the reactions of 16a with
some nucleophiles were investigated. The reaction of 2a
with NaBH, proceeded at the C5, C7, and C9 to afford a
mixture of three regio-isomers 20-22 (Scheme 3).° In
contrast, the reaction of 16a with NaBD, in CD;OD in an
NMR tube indicated clean formation of 19, the deuterium of
which locates at endo-position of the C13, and thus, the
methano-bridge controls the nucleophilic attacks to prefer
endo-selectivity. The results show that the methano[11]-
annulene system has a possibility for a novel chiral
auxiliary. Compound 19 is unstable under aerobic con-
ditions and could not be isolated in pure form; however,
satisfactory '"H NMR spectral data are obtained. The
mixture of three regio-isomers 20-22 was oxidized under
aerobic conditions to regenerate 2a quantitatively.® The
CD50OD solution of 19 was stirred at room temperature
under aerobic conditions for 24 h; however, 19 was
decomposed to result in the formation of a trace amount
of 16a in addition to a substantial quantity of unidentified
materials. While we have reported the reactions of 2a and
17+~BF4_ with some amines,>?* reactions of 16a with
diethylamine and benzylamine did not proceed and the
starting 16a was recovered quantitatively.

] B0 D
16 : h Wa
ii O Me
19
9 o NH

ii '
iv

H 5 O Me
20-22

Scheme 3. Reagents and conditions: (i) NaBD,, CD;OD, rt, 1h;
(ii) aerobic, CD;0D, rt, 24 h; (iii) NaBH,, CH3O0H, rt, 1 h; (iv) aerobic,
CH,Cl,, rt, 24 h.
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NH;

R1R2
ot
16aor 2a 16a or2a + 'ﬂh
i R'TR2
‘ 25
O,
HY - .
_ transfer NH .
{ 25 + O, } { R‘KRz + Hoz}
26
H-
T NH» transfer
N""R? R'R2 NH
R1R2 Ri'-ge * HeO2
28 27

Scheme 4. Reagents and conditions: (i) hv, aerobic, CH3CN, rt, 16 h.
2.3. Autorecycling oxidation of amines

We have previously reported that compounds 1la,’
3a”-BF;,”’ and 171 -BF, ** undergo autorecycling
oxidation toward some amines under photo-irradiation. In
this context and in a search for the functions of 16a, we
examined the oxidation of some amines (Scheme 4). We
found that compound 16a has oxidizing ability toward
benzylamine, 1-phenylethylamine, hexylamine and cyclo-
hexylamine to give the corresponding imines under aerobic
and photo-irradiation conditions. Imine R'R*C=NH 25 is
produced at first; however, it reacts with another amine to
result in the formation of R'R?*C=N-CHR'R? 26.
Oxidation reaction of some amines using 2a was also
carried out under similar conditions. The results are
summarized in Table 5. Direct irradiation of the amines in
the absence of 16a and 2a (named ‘blank’) gives the
corresponding imines in low to modest yields. Thus, the
yields are calculated by subtraction of the blank yield from
the yield of the imine in the presence of 16a and 2a. The
recycling numbers are more than one (Table 5, runs 1-8),
and thus, autorecycling oxidation clearly proceeds. In the
photo-induced oxidation of each amine, the yields of the

Table 5. Autorecycling oxidation of some amines by 16a and 2a under
photo-irradiation®

Run Compound  Amine Yield/ Recycling
pmol®© no.d

1 16a PhCH,NH, 320.0 64.0

2 16a PhCH(Me)NH, 227.0 454

3 16a Hexylamine 237.5 47.5

4 16a Cyclohexylamine 30.6 6.1

5 2a PhCH,NH, 86.0 17.2

6 2a PhCH(Me)NH, 79.5 15.9

7 2a Hexylamine 66.0 13.2

8 2a Cyclohexylamine 13.6 2.7

% An CH3CN (16 mL) solution of compound 16a or 2a (5 pmol) and amines
(2.5 mmol, 500 equiv) was irradiated by RPR-100, 350 nm lamps under
aerobic conditions for 16 h.

® Isolated by converting to the corresponding 2,4-dinitrophenylhydrazone.

¢ The yield is calculated by subtraction of the ‘blank’ yield from the total
yield.

4 Recycling number of 16a and 2a.

imines by using 16a are larger than the yields of the imines
by using 2a. Furthermore, the yields of photo-induced
oxidation of normal amines are larger than those of
secondary alkyl amines by using compounds 16a
(Table 5, runs 1-4). A similar feature is observed in the
oxidation by using 2a. Thus, the photo-induced oxidizing
reaction by using 16a and 2a is more effective for the
normal amines. We propose that the present autorecycling
oxidation proceeds via electron-transfer from amine to the
excited compounds 16a and 2a as shown in Scheme 4>’
The electron-transfer from amine to the excited state of 16a
and 2a would occur to produce anion radicals of 16a and 2a
and a cation radical 23. An electron transfer from anion
radical species 16a and 2a to molecular oxygen may give
the superoxide anion radical and 16a and 2a, since tropyl
radical derivatives are known to be oxidized readily by
molecular oxygen.”® Then, a proton-transfer from cation
radical 23 to the superoxide anion radical may occur, and
followed by formation of the products 25 and H,O,.
Compound 25 reacts with excess amine to give imine 26.

3. Conclusion

Novel 4,9-methanoundecafulvene derivatives 8a,b were
synthesized for the first time. Their structural characteristics
were clarified on the basis of the "H and '*C NMR and UV-
vis spectra. Through the variable temperature 'H NMR
measurement, the rotational barrier (AG*) around the
exocyclic double bond of 8a was determined to be
12.55 kcal mol ~', which is smaller by 1.96 kcal mol '
than that of the seven-membered vinylogue Sa due to the
higher stability of 1,6-methano[l1]annulenylium ion 97.
The electrochemical properties of 8a,b were also clarified
by CV measurement. Furthermore, the transformation of
8a,b to 3-substituted 7,12-methanocycloundeca[4,5]-
furo[2,3-d]pyrimidin-2,4(1H,3H)-diones 16a,b was accom-
plished by oxidative cyclization and subsequent ring-
opening and ring-closure. The physical properties of 16a
were studied by measurement of the UV-vis spectra, 'H
NMR, and redox potentials. Reaction of 16a with deuteride
afforded C13-adduct 19 as the single product, and thus, the
methano-bridge controls the nucleophilic attacks to prefer
endo-selectivity. The results show that the methano[11]-
annulene system has a possibility for a novel chiral
auxiliary. The photo-induced autorecycling oxidation of
16a and 2a toward some amines under aerobic conditions
was carried out to give the corresponding imines (isolated
by converting to the corresponding 2,4-dinitrophenyl-
hydrazones) with the recycling number 6.1-64.0 (for 16a)
and 2.7-17.2 (for 2a), respectively.

4. Experimental
4.1. General

IR spectra were recorded on a HORIBA FT-710 spec-
trometer. UV—vis spectra were recorded on a Shimadzu UV-
3101PC spectrometer. Mass spectra and high-resolution
mass spectra were run on JMS-AUTOMASS 150 and JMS-
SX102A spectrometers. Unless otherwise specified, 'H and
3C NMR spectra were recorded on JNM-lambda500 and
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AVANCEG600 spectrometers, and the chemical shifts are
given relative to internal SiMe, standard; J-values are given
in Hz. Mps were recorded on a Yamato MP-21 apparatus
and were uncorrected.

4.2. Preparation of 8a,b

A solution of each barbituric acid 7a (568 mg, 4 mmol) and
7b (736 mg, 4 mmol) and 4,9-methano[11]annulenone 6
(170 mg, 1 mmol) in Ac,0 (2 mL) was heated at 120 °C for
1 h. After the reaction was completed, the reaction mixture
was concentrated in vacuo. The resulting residue was
purified by column chromatography on Al,O; by using
AcOEt as the eluent to give the products 8a (68 mg, 23%)
and 8b (101 mg, 30%).

4.2.1. Compound 8a. Dark reddish powder; mp 271-272 °C
(from AcOEt); "H NMR (500 MHz, CDCl5) 6 —0.27 (1H,
d, J=11.0 Hz, Hg), 1.58 (1H, d, J=11.0 Hz, H,), 3.34 (3H,
s, NMe), 7.08-7.10 (2H, m, H-5', H-8"), 7.19 (2H, d, J=
11.5Hz, H-3,, H-10), 7.24 (2H, d, J=11.5Hz, H-2/,
H-11'), 7.41 (2H, m, H-6', H-7"), 7.86 (1H, s. NH); '°C
NMR (150.9 MHz, CDCl;) ¢ 27.6, 34.1, 108.2, 116.2,
122.5, 123.5, 127.0, 131.6, 132.2, 135.0, 135.1, 147.0,
150.3, 161.1, 162.7, 165.3 (one carbon overlapping); IR
(CHCl3) vpax 1729, 1686, 1652, 1599, 1486, 1406,
1317 cm™'; EIMS (70 eV) m/z (rel. intens) 294 (M™,
1.4), 58 (100). Anal. Calcd for C7H4N,03-H,0: C, 65.38;
H, 5.16; N, 8.97. Found: C, 65.20; H, 4.96; N, 8.82.

4.2.2. Compound 8b. Reddish powder; mp 119-120 °C
(from AcOEt); "H NMR (500 MHz, CDCl5 60 °C) 6 —0.23
(1H, d, J=10.9 Hz, Hg), 0.96 (3H, t, J=7.4 Hz, Bu-4), 1.41
(2H, sext., J=7.4 Hz, Bu-3), 1.64 (2H, quint., J=7.4 Hz,
Bu-2), 1.67 (1H,d, J=11.5Hz, H,), 3.91 2H, t,J=7.4 Hz,
Bu-1), 7.03-7.05 (2H, m, H-5', H-8'), 7.14 (2H, d, J=
11.9 Hz, H-3’, H-10"), 7.19 (2H, d, J=11.9, Hz, H-2/,
H-11'), 7.38 (2H, m, H-6', H-7'), 7.62 (1H, s, NH); '*C
NMR (150.9 MHz, CDCl3) 6 13.8, 20.2, 30.2, 34.1, 41.0,
108.0, 111.4, 116.3, 122.5, 131.6, 132.0, 133.9, 136.5,
136.8, 138.2, 150.0, 161.1, 162.5, 165.2 (one carbon
overlapping); IR (CHCl3) v 2966, 2369, 2326, 1714,
1683, 1651, 1560, 1538, 1489, 1457, 1405cm™'; MS
(MALDI) m/z 336 (M*). Anal. Calcd for CpoHoN,O5-
AcOEt: C, 69.46; H, 6.36; N, 7.36. Found: C, 69.77; H,
6.01; N, 7.36.

4.3. Preparation of mixtures of 13a,b™* -BF; and
14a,b™ -BFy

To a solution of each 8a (59 mg, 0.2 mmol) and 8b (67 mg,
0.2 mmol) in CH,Cl, (2 mL) was added DDQ (70 mg,
0.3 mmol) and the mixture was stirred at rt for 2 h until the
reaction was completed. After evaporation of the CH,Cl,,
the residue was dissolved in Ac,O (5 mL) and 42% HBF,
(1 mL) at 0 °C, and the mixture was stirred for 1 h. To the
mixture was added Et,O (100 mL), and the precipitates
were collected by filtration to give a mixture of 13a™ -BF
and 14a™ -BF,; (64 mg, 84%) and a mixture of 13b™ -BF,
and 14b™ -BF; (59 mg, 70%).

4.3.1. A mixture of compounds 13a™-BF; and
14a™ -BF, . Dark brown powder; (13a™-BF; ) '"H NMR

(400 MHz, CDCl;) 6 —1.31 (1H, d, J=11.2Hz, H,),
—0.47 (1H, d, J=11.2 Hz, Hp), 3.37 (3H, s, NMe), 8.35-
8.44 (2H, m, H-8 and H-11), 8.49 (1H, d, J=7.8 Hz, H-8 or
H-11), 8.60 (1H, d, J=8.1 Hz, H-11 or H-8), 9.18 (1H, d,
J=10.7 Hz, H-6), 9.63 (1H, d, J=10.7 Hz, H-5), 9.66 (1H,
s, H-13), 9.81 (1H, bs, NH). (14a*-BF;) 'H NMR
(400 MHz, CDCl;) 6 —1.26 (1H, d, J=11.2Hz, Hp),
—0.46 (1H, d, J=11.2 Hz, Hp), 3.67 (3H, s, NMe), 8.35-
8.44 (2H, m, H-8 and H-11), 8.49 (1H, d, J=7.8 Hz, H-8 or
H-11), 8.60 (1H, d, J=8.1 Hz, H-11 or H-8), 9.16 (1H, d,
J=10.7 Hz, H-6), 9.52 (1H, d, J=10.7 Hz, H-5), 9.68 (1H,
s, H-13), 9.81 (1H, bs, NH).

4.3.2. A mixture of compounds 13b"-BF; and
14b™ -BF, . Dark brown powder; 13b* -BF;) '"H NMR
(400 MHz, CDCl3) 6 —1.26 (1H, dt, J=11.5, 1.7 Hz, Hy),
—0.42 (1H, d, J=11.5Hz, Hg), 1.12 (3H, t, J=7.3 Hz,
Bu-4), 1.43 (2H, sext., J=7.3 Hz, Bu-3), 1.68 (2H, quint.,
J=17.3 Hz, Bu-2), 4.04 (2H, t, J=7.3 Hz, Bu-1), 8.38-8.47
(2H, m, H-9 and H-10), 8.53 (1H, d, /J=7.8 Hz, H-8 or
H-11), 8.61 (1H, d, /=8.1 Hz, H-11 or H-8), 9.22 (1H, d,
J=10.6 Hz, H-6), 9.69 (1H, s, H-13), 9.69 (1H, d, J=
10.6 Hz, H-5). (14b™ -BF; ) "H NMR (400 MHz, CDCl5) 6
—1.21 (1H, dt, J=11.5, 1.7 Hz, Hy), —0.41 (1H, d, J=
11.5 Hz, Hg), 1.01 (3H, t, J="7.3 Hz, Bu-4), 1.50 (2H, sext.,
J=17.3 Hz, Bu-3), 1.86 (2H, quint., J=7.3 Hz, Bu-2), 4.24
(2H, td, J=17.3, 2.0 Hz, Bu-1), 8.38-8.47 (2H, m, H-9 and
H-10), 8.53 (1H, d, /=7.8 Hz, H-8 or H-11), 8.61 (1H, d,
J=8.1 Hz, H-11 or H-8), 9.19 (1H, d, /J=10.5 Hz, H-6),
9.58 (1H, d, /=10.5 Hz, H-5), 9.69 (1H, s, H-13).

4.4. Preparation of 16a,b

To a solution of each mixture of 13a,b™-BF;, and
14ab™ -BF; (0.05mmol) in EtOH (2mL) was added
2 M aq K,CO; (1 mL), and the mixture was stirred at rt for
16 h. To the mixture was added satd aq NH,4Cl, and the
mixture was extracted with CH,Cl,. The CH,Cl, extract
was dried over Na,SO, and concentrated in vacuo. The
residue was dissolved in CH,Cl, (2 mL) and TFA (0.2 mL),
the mixture was stirred at rt for 1 h until the reaction was
completed. To the solution was added satd aqg NaHCO3, and
the mixture was extracted with CH,Cl,, and the extract was
dried over Na,SO, and concentrated in vacuo. The resulting
residue was purified by column chromatography on SiO, by
using MeOH as the eluent to give the products 16a (8.9 mg,
61%) and 16b (7.3 mg, 44%).

4.4.1. Compound 16a. Reddish powder; mp>280 °C (from
AcOEt); "H NMR (600 MHz, CDCls) 6 —0.05 (1H, d, J=
11.3 Hz, Hg), 0.47 (1H, d, J=11.3 Hz, H,), 3.47 (3H, s,
NMe), 7.68-7.71 (1H, m, H-8), 7.73-7.76 (1H, m, H-11),
7.83-7.87 (2H, m, H-9, H-10), 8.24 (1H, d, /J=11.5 Hz,
H-6), 8.58 (1H, s, H-13), 8.97 (1H, d, J=11.5 Hz, H-5); '*C
NMR (150.9 MHz, CDCl3) 6 27.8, 35.0, 103.7, 13.6, 125.0,
131.7, 132.2, 132.3, 135.0, 135.2, 145.3, 147.0, 152.6,
158.6, 161.4, 174.1 (one carbon overlapping); IR (CHCl3)
Vmax 1696, 1621, 1577, 1313 cm™'; MS (FAB) m/z 293
(M+ +H) HRMS calcd for C17H12N203: 293.0950 (M+
H). Found: 293.0943 (M™" +H).

4.4.2. Compound 16b. Reddish powder; mp>280 °C
(from AcOEt); '"H NMR (600 MHz, CDCl3) 6 —0.02 (1H,
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d,J=11.4 Hz, Hg), 0.55 (1H, dt, J=11.4, 1.8 Hz, H,), 0.97
(3H, t, J=7.3 Hz, Bu-4), 1.43 (2H, sext., J=7.3 Hz, Bu-3),
1.70 (2H, quint., J=7.3 Hz, Bu-2), 4.08 (2H, m, Bu-1),
7.64-7.67 (1H, m, H-8), 7.69-7.72 (1H, m, H-11), 7.81-
7.84 (2H, m, H-9, H-10), 8.19 (1H, d, J=11.4 Hz, H-6),
8.54 (1H, s, H-13), 8.96 (1H, d, J=11.4 Hz, H-5); >*C NMR
(150.9 MHz, CDCl5) ¢ 13.9, 20.4, 30.2, 35.1, 41.0, 77.4,
101.0, 123.5, 124.9, 131.5, 131.7, 132.0, 134.9, 135.0,
145.3, 146.8, 152.7, 158.0, 161.3, 174.1, (one carbon
overlapping); IR (CHCl3) v 2361, 2333, 1712, 1624,
1575, 1546, 1510, 1303 cm ™ '; MS (FAB) m/z 335 M1 +
H). HRMS caled for C,oH;gsN,Os5: 335.1430 (M+H).
Found: 335.1375 (M* +H). Anal Calcd for ChoH,gN»-
05-2AcOEt: C, 65.87; H, 6.71; N, 5.49. Found: C, 65.13; H,
6.57; N, 5.22.

4.5. Cyclic voltammetry of 8a,b and 16a,b

The redox potentials of 8a,b and 16a,b were determined by
means of CV-27 voltammetry controller (BAS Co). A three-
electrode cell was used, consisting of Pt working and
counter electrodes and a reference Ag/AgNOj; electrode.
Nitrogen was bubbled through an acetonitrile solution
(4 mL) of each compound (0.5 mmol dm_3) and Bu,NCIO,
(0.1 mol dm %) to deaerate it. The measurements were
made at a scan rate of 0.1 Vs~ ' and the voltammograms
were recorded on a WX-1000-UM-019 (Graphtec Co) X-Y
recorder. Immediately after the measurements, ferrocene
(0.1 mmol) (E;,=+0.083) was added as the internal
standard, and the observed peak potentials were corrected
with reference to this standard. The compounds exhibited
no reversible redox wave: each of the redox potentials
was measured through independent scan, and they are
summarized in Table 4.

4.6. Reduction of 16a with NaBD, in CD;0D

A solution of 16a (8.7 mg, 0.03 mmol) and NaBD, (1.2 mg,
0.03 mmol) in CD;OD (0.75 mL) in an NMR tube was
shaken at rt for 5 min, and the 'H NMR spectrum of the
solution of 19 was recorded using Me,Si as the internal
standard. The reaction mixture was shaken under aerobic
conditions for 24 h, and partial regeneration 16a and
decomposition were observed.

4.6.1. Compound 19. '"H NMR (600 MHz, CD;0D) 6 1.65
(1H, d, J=11.4 Hz, Hg), 4.01 (1H, s, H), 4.34 (1H, d, J=
11.4 Hz, Hy), 6.01 (1H, d, J=5.0 Hz, Hy), 6.15 (1H, d, /=
4.8 Hz, Hy,), 6.16 (1H, d, J=12.8 Hz, He), 6.52 (1H, dd,
J=10.8, 5.0 Hz, Hy), 6.55 (1H, dd, J=10.8, 4.8 Hz, H,,),
6.77 (1H, d, J=12.8 Hz, Hs).

4.7. Reactions of 16a with diethylamine and benzylamine

Solutions of 16a (3 mg, 0.01 mmol) and diethylamine or
benzylamine (0.02 mmol) in CD3;0D (0.75 mL) in an NMR
tube were heated at 65 °C, and the '"H NMR spectra were
recorded using Me,Si as the internal standard. No reactions
were observed. The resulting mixtures were purified by
column chromatography on SiO, by using MeOH as the
eluent to recover 16a (diethylamine: 3 mg, 100%, benzyl-
amine: 3 mg, 100%).

4.8. General procedure for autorecycling oxidation of
amines in the presence of 16a and 2a

An CH;CN (16 mL) solution of compound 16a (1.47 mg,
5 umol) or 2a (1.14 mg, 5 pmol) and amines (2.5 mmol,
500 equiv) in a Pyrex tube was irradiated by RPR-100,
350 nm lamps under aerobic conditions for 16 h. The
reaction mixture was concentrated in vacuo and diluted with
Et,0 and filtered. The 'H NMR spectra of the filtrates
revealed the formation of the corresponding imines. The
filtrate was treated with a saturated solution of 2,4-
dinitrophenylhydrazine in 6% HCIl to give 2,4-dinitro-
phenylhydrazone of the corresponding carbonyl
compounds. The results are summarized in Table 5.
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Abstract—Aiming at a convergent total synthesis of ciguatoxin CTX1B, its EF-ring segment has been synthesized. During the synthesis, a
novel method for the construction of branched ethers, based on regioselective reduction of y-alkoxy B,y-unsaturated a-silyloxy nitriles with
borontrifluoride etherate and trialkyl silane or tributyltin hydride, has been developed. Combination use of the method and ring-closing olefin
metathesis successfully provided medium-sized cyclic ethers. Efficient site-selective reduction of vinyl epoxides into homoallyl alcohols has

also been developed.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Ciguatoxin CTX1B is a causative toxin of ciguatera fish
poisoning,"? which afflicts more than 20,000 people in
tropical and subtropical areas annually. The toxin is
produced originally by the epiphytic dinoflagellate,
Gambierdiscus toxicus, transferred to herbivorous fish,
and accumulated subsequently in carnivorous fish through
the food chain, thus causing human intoxication.” The
symptoms of ciguatera are represented by diarrhea,
vomiting, joint pain, prostration and unusual temperature
perception disturbance called ‘dry-ice sensation’. Gener-
ally, patients need several months to recover completely
from these symptoms, which has resulted in serious social
problems.

CTX1B was first isolated from the moray eel, Gymnothorax
javanicus, by Scheuer and co-workers in 1967 and
characterized as a polycyclic ether compound in 1980.*
The whole structure of CTX1B, except for the absolute
configuration and the relative configuration at C2, was
elucidated from a purified sample of only 0.35 mg of
CTX1B isolated from 4 t of G. javanicus by Yasumoto and
co-workers in 1989.° They reported that the structure of

Keywords: Ciguatoxin CTX1B; Fused medium-ring ether; Ring-closing

olefin metathesis; Branched ether synthesis; Site-selective reduction.
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CTXI1B consisted of 12 frans-fused cyclic ethers, ranging
from six- to nine-membered, and a five-membered
spirocyclic ether at one end. Moreover, the absolute
configuration of CTX1B was determined in 1997 as
shown in Figure 1 by collaboration of Yasumoto, Hirama
and Harada.®

The potent bioactivity of CTX1B is thought to result from
the activation of voltage-sensitive sodium channels
(VSSCs) in neuron cells by the strong binding of CTX1B
to site 5 on the channel.” While it is known that the binding
site on VSSC was shared by brevetoxins or another class
of structurally related marine toxins,8 the precise location of
the receptor site for these toxins and the binding mode of
CTXI1B to the channel protein has not yet been elucidated.’
However, the studies of ciguatoxin in neurology and
hygiene have been impeded by the extremely limited
availability of CTX1B from natural sources. Therefore, a
synthetic supply of CTX1B on a practical scale is essential
in order to solve the problem.

From the synthetic viewpoint, its unique trans-fused
polycyclic ether structure and strong bioactivity have
attracted the attention of synthetic chemists. The convergent
construction of such large fused polyether structure has been
a significant challenge. Intensive efforts by synthetic
chemists aiming at the concise construction of the polyether
framework as well as completion of the total synthesis of
CTX1B and its congeners are ongoing.'®"? In the course of
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HO'  BH
Figure 1.

our synthetic studies on CTX1B and its congeners,'* we
have established a method based on the coupling reaction of
an acyl anion equivalent with an aldehyde for the
convergent construction of a trans-fused 6/6 or 6/7 cyclic
ether system in the middle part.'*¢"*!5 Therefore, we
designed the synthetic segments of CTX1B corresponding
to the AB-, EF-, I-, and LM-ring parts, and planned to
connect them at the CD-,Mi’k GH-, and JK-ringT’l4i parts at
the later stage of total synthesis. So far, the AB-, 41, and
LM-ring'* segments have been constructed. Here, syn-
thesis of the remaining EF-ring segment based on a novel
branched ether formation using regioselective reduction of
unsaturated cyanohydrins and ring-closing olefin metathesis
(RCM) is described.'*" An efficient transformation reaction
of a vinyl epoxide into a homoallyl alcohol, developed
during the synthesis, is also disclosed.

2. First generation synthesis of the EF-ring segment

First, we planned to synthesize the EF-ring segment 1 from
the F-ring part 5 (Scheme 1). The synthetic route consisted
of the following four processes: (i) construction of the
E-ring in 1 from precursor diene 2 by Grubbs’ RCM;'¢!”
(ii) introduction of a hydroxy group to the B-position of the
branched ether part of 3; (iii) reduction of the 3-alkoxy-2-

H OBn Ring Closing
Olefin Metathesis HO

OBn :

RO RO
1
Hydroxy Group Reduction of
Introduction the Enol Ether Part
o O\Bn Zete.r‘o-Michael
RO | 2 ddition
(o%s OBn
RO H

Scheme 1. Retrosynthetic analysis for the EF-ring segment 1.

Ciguatoxin CTX1B

butenoate part of 4 and (iv) hetero-Michael addition of
2-butynoate ester 6 with the F-ring part 5 according to
Paintner’s procedure.'®

Grubbs’ RCM has now become one of the most reliable
methods among a number of approaches for the construction
of medium-sized cyclic ethers, because it realizes efficient
ring-closure under mild catalytic conditions and tolerates a
wide variety of functional groups in its substrates.'®'®
Accordingly, we applied Grubbs’ RCM to the construction
of the E-ring in the process (i). On the other hand,
preparation of the precursors for RCM involves a serious
difficulty of the stereoselective construction of an acyclic
branched ether part in each substrate. Recently, several
successful methods based on an alkylation or an aldol
reaction of a glycolate ester derivative,' 4™ allyl' 'Y or
hydride''**" addition to an acetal group, an addition reaction
of an a-alkoxy carbon radical to a B-alkoxy 0propenoate
ester,' ™" or ring cleavage of C-glycosides,' " have been
developed to solve the problem. However, the number of
methods is insufficient to meet the requirements for the
synthesis of a variety of complex natural cyclic ethers.
Therefore, a reductive transformation reaction shown in
Scheme 2 was newly designed for the process (iii).'*™*' We
expected that y-alkoxy f,y-unsaturated a-silyloxy nitrile 7
would be activated by an appropriate Lewis acid to generate
oxonium ion 8, which would be selectively reduced at the
y-position into y-alkoxy a,B-unsaturated nitrile 9 by a
proper reducing agent. The nitrile group of 9 would be
available for the synthesis of 2 (process (ii)).

CN Lewis CN CN

o id = RsMH

By 0TMs ac 3 7
I RS R.
Q)R S o l'R
7 8 9
H-MR;
M = Sior Sn

Scheme 2. Lewis-acid-promoted y-position selective reduction of a y-
alkoxy PB,y-unsaturated a-silyloxy nitrile system.

First, y-position selective reduction of simple acyclic
cyanohydrin derivatives 10, 11, and 12 was examined. We
selected Et3SiH as a reducing agent because of its efficient
reducing ability toward the oxonium ion intermediate. After
extensive exploration for effective activators of the
cyanohydrins, BF3-OEt, was found to give the best result.
Selected successful examples are shown in Table 1. Every
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Table 1. BF;-OEt, promoted y-position selective reduction of model
compounds

BF3*OEt; (3.0 eq)
CHzclg'Et3SiH (1 . 1)
CN 0°C, 10 min

R OTMS
Ph/\/\O X

10:R=H R
11:R=Me
=
12: R = CH,OTBS Ph/\/\O)\/"CN
13:R=H
14 R =Me

15: R =CH,OTBS

Entry R Yield (%)

1 H 64% (E:Z=6.2:1.0)
2 Me 62% (only E)

3 CH,0TBS 64% (only E)

reaction was carried out in a 1:1 (v/v) mixture of Et;SiH and
CH,Cl, in the presence BF;-OEt, (3.0 equiv) at 0 °C and
afforded the corresponding y-alkoxy o,B-unsaturated nitrile
(13, 14, or 15) in good yield. On the other hand, simple and
easily available 3-alkoxy-2-propenyl acetate 16 did not
produce the corresponding allyl or vinyl ether (17 or 18)
under the same conditions. It only resulted in decomposition
of the substrate. Thus, the y-alkoxy B,y-unsaturated a-silyl-
oxy nitrile was found to be a good substrate (Scheme 3).

BF3*OEt; (3.0 eq)

TBSO j\ﬂ CHCl-Et3SiH (1: 1)
Ph" "0 N OAc 0°C, 10 min
16
TBSO TBSO
Ph/\/\o]\/ Ph/\/\oj%'\/'e
17 18

Scheme 3. An attempt to reduce 3-alkoxy-2-propenyl acetate 16.

Next, encouraged by the results, we planned to synthesize a
trans-fused 6/8 cyclic ether model, which has a side chain
and a hydroxyl group with proper stereochemistry available

a
OH =
TBSO
20
R
|
|
=0
H oes

22R=0H,H

ol 2r-0
Scheme 4. Preparation of reduction precursor 24. Reagents and conditions:
(a) PMes (1.1 equiv), 20 (1.7 equiv), CH,Cl,, 0°C, —24°C, 1 h, 95%
(only E); (b) DIBAH (4.0 equiv), CH,Cl,, —78°C, 10 min, ~100%;

(c) TPAP (0.1 equiv), NMO (2.0 equiv), MS 4A, CH,Cl,, 24 °C, 50 min,
88%; (d) Me;Al (1.1 equiv), TMSCN (2.5 equiv), benzene, 24 °C, 1 h, 74%.

for further construction of a trans-fused ether ring, from
19'¢ and 20 according to the above strategy. Reduction
precursor 24 was synthesized according to Scheme 4.
Hetero-Michael addition of 19 to butynoate 20 in the
presence of MesP afforded 21 in 95% yield.”> Reduction of
the ester 21 with DIBAH followed by oxidation with TPAP
gave the aldehyde 23 in 88% yield. Treatment of 23 with
TMSCN (2.5 equiv) in the presence of Me3Al in benzene at
ambient temperature gave 24 as a 1:1 mixture of
diastereomers in 74% yield.

The regioselective reduction of 24 under the same
conditions as the case of acyclic models produced a mixture
of 25a,b, and 26 (3.6:6.4:1.0) in 49% yield along with
alcohol 25c¢ in 14% yield (entry 1, Table 2).* Although the
by-production of 25¢ was reduced by lowering reaction
temperature to — 18 °C, the ratio of diene 26 increased
(25a:25b:26=1.9:3.8:1.0, entry 2). In order to suppress the
diene, we examined several organometallic hydrides.
Trialkyl silanes (Et3;SiH, Et,MeSiH, EtMe,SiH, and
Me,PhSiH) gave almost the same result, and changing the
bulkiness of their alkyl substituents did not affect the diene-
formation (entries 2-5). On the other hand, Bu;SnH
provided a good result, where no production of 26 was
observed, and the ratio of 25a to 25b slightly increased
(entry 6). The stereochemistry at the newly formed
stereocenters of 25a and 25b was determined after
transformation of 25b into bicyclic ether 31 (vide infra).
Thus, efficient conditions for the y-selective reduction of
a-silyloxy nitrile 24 were found.

Table 2. BF;-OEt, promoted reduction of 24 with several reducing
reagents

CN BF3OEt, (3.0 eq)
otMs CHClx-RsMH (1 : 1)
| Temp., 10 min
OTBS
24
CN CN
= i
: o §2R1 X OTBS
25 26

25a: R' = CH,0OTBS, R2=H
25b : R' = H, R2 = CH,OTBS
25¢ : R', R2 = H, CH,OH

Entry R;MH Temp. 25a:25b:26 (Yield) 25¢
1 Et;SiH 0°C 3.6:6.4:1.0 (49%) 14%
2% Et;SiH —18°C 1.9:3.8:1.0 (71%)

3 Et,MeSiH —18°C 1.8:3.9:1.0 (65%)

4 EtMe,SiH —18°C 1.4:3.5:1.0 (74%)

5 Me,PhSiH —18°C 2.0:4.2:1.0 (61%)

6 Bu;SnH —18°C 1.0:1.3:0 (64%)

# Reaction period was 17 min.

Synthesis of a 6/8 bicyclic system from 25a and 25b is
shown in Scheme 5. A ca. 1:2 mixture of 25a and 25b was
converted to a mixture of allyl alcohols 28a and 28b (68%)
by repeated reduction with DIBAH. The Katsuki-Sharpless
asymmetric epoxidation®® of the allyl alcohols using
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X X

H H

2 “OH 2 “'OH
O= O=

H R2 R1 H R2 R1

30a:R'=CH,OTBS,R2=H  32a:R'=CHyOH,R2=H
30b:R'=H, R2=CH,0TBS  32b:R'=H, R2 = CH,OH

(—)-DET stereoselectively produced a mixture of epoxides
29a and 29b (~ 100%), which was treated with PPh; and I,
in the presence of imidazole at ambient temperature to give
allyl alcohols 30a and 30b (61%) as a 1:2 mixture.”>~® Ring
closure of dienes 30a and 30b in refluxing CH,Cl, by
Grubbs’ second-generation catalyst®’ gave a mixture of
products, in which only 31 was isolated as a bicyclic product
(44%), and the desired trans-fused 6/8 bicyclic ether was
not detected.”® Stereochemistry of 31 was confirmed by the
presence of NOE between H4 and H11 as well as the small J
value between H9 and H10 (4.6 Hz). From the fact that the
1:2 ratio of the diastereomers was maintained throughout
the transformation process from 25 to 30, and that the yield
of 31 (44%) was apparently higher than the ideal yield
(33%) of the cyclization product from minor diastereomer
30a, it was concluded that 31 was produced from 30b and
originated from 25b.

CN 0
— a b
A A 1 A A
q O ReR q O

25a: R' = CH,0TBS, R2 = H
25b : R' = H, R2 = CH,OTBS

27a: R' = CH,OTBS, R2=H
27b : R' = H, R? = CH,OTBS

JHo-H10 = 8.8Hz

Scheme 6. Synthesis of rrans-fused bicyclic ether 34. Reagents and
conditions: (a) TBAF (2.0 equiv), THF, 24 °C, 20.5h, 99%; (b) 2,2-

24%, 33b: 60%; (c) (HxIMes)(PCy3)Cl,Ru=CHPh (10 mol%), CH,Cl,

JHo-H10=1.8Hz
AN OH OH
le} H P> c o d
—— — dimethoxypropane (10 equiv), CSA (0.5 equiv), CH,Cl,, 24 °C, 7.5 h, 33a:
>0 R >0 YRt
G (@] RZR G (0] RzR

28a: R' = CH,OTBS, R? = H
28b : R' = H, R2 = CH,OTBS

29a: R' = CH,OTBS, R? = H
29b : R' = H, R? = CH,OTBS

X H

(0]
H 1 N
o ~ e 4 gl
e Nol9/"OH
2 “"OH HY 11
A0 A-OTBS
R= R1 HH
NOE 31

30a: R' = CH,OTBS, R2=H

30b: R' = H, R2 = CH,0TBS JHg-H10 = 4.6 Hz

Scheme 5. Synthesis of bicyclic ether 31. Reagents and conditions:
(a) DIBAH (2.5 equiv), CH,Cl,, —78°C, 10 min, 68%; (b) DIBAH
(3.0 equiv), CH,Cl,, —78 °C, 8 min, ~100%; (c) p-(—)-DET (0.8 equiv),
Ti(O'Pr)4 (0.7 equiv), TBHP (5.0 equiv), MS 4A, CH,Cl,, —40°C,
30 min— —25°C, 24h, ~100%; (d) PhsP (5.0 equiv), imidazole
(5.0 equiv), I, (4.0 equiv), THF, 25 °C, 45 min, 61%; (e) (H,IMes)(PCys;)-
ClL,Ru=CHPh (10 mol%), CH,Cl, (5 mM), reflux, 6 h, 44%.

The results from the final RCM step suggested that the vinyl
groups of 30a were apart from each other in the stable
conformation of 30a, and such orientation of the vinyl
groups was inappropriate for the cyclization of 30a.
Therefore, we decided to prepare bicyclic RCM precursor
33a, of which the vinyl groups would be placed in close
proximity to each other, for successful ring closure in the
synthesis of trans-fused-bicyclic ether 34 (Scheme 6).

A ca. 1:2 mixture of 30a and 30b was converted to a mixture
of diols 32a and 32b by removal of the TBS group (99%).
The acetonide protection of the diols under the standard
conditions produced bicyclic RCM precursor 33a (24%) and
33b (60%), which were easily separated by silica gel
column chromatography. The stereochemistry of each

(4 mM), reflux, 4.5 h, 83%; (d) THF-H,O-TFA (10:10:1), 23°C, 11.5h,
71%.

compound was determined by the J value between H9 and
H10. RCM*” of desired 33a with Grubbs® second-
generation catalyst in refluxing CH,Cl, expectedly gave
the desired frans-fused 6/8 cyclic ether 34 in 83% yield.
Since the structure of 34 was difficult to be confirmed, the
acetonide 34 was converted to diol 35. The stereochemistry
of 35 was verified by the presence of NOE between H4 and
HI10 as well as the large J value between H9 and HI10
(8.8 Hz). Thus, a bicyclic precursor was proved to promote
efficient ring closure by RCM.

Then, according to the above results, we examined the
synthesis of the EF-ring segment 50 from the F-ring part
36'Y (Scheme 7). Treatment of 36 with TFA gave primary
alcohol 37 selectively in 68% yield along with 36 in 24%
recovery. Swern oxidation of the primary alcohol and Wittig
reaction followed by removal of benzylidene acetal afforded
the diol 38 in 58% yield for three steps. The benzyl (Bn)
protection of the diol and removal of the TBS group gave
the alcohol 5 in 100% yield. Hetero-Michael addition of the
alcohol to 2-butynoate ester 20 produced 39 in good yield
(90%),'"® which was converted to a-silyloxy nitrile 42
through reduction, oxidation, and addition of TMSCN. The
reduction of 42 with Bu3SnH in CH,Cl, in the presence of
BF;-OEt; (3.0 equiv) at — 18 °C smoothly afforded nitrile
43 as a 1:1 mixture of diastereomers in 55% yield along with
42 in 18% recovery. Conversion of nitrile 43 to allyl alcohol
45 followed by a three-step transformation [(i) Katsuki-
Sharpless asymmetric epoxidation™ using (+)-DET;
(ii) iodation of the hydroxy group? and (iii) reduction of
the resulting epoxy iodide with Zn] gave the corresponding
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TBSO—, , O HO—, = +—0Bn
/ \ )=Ph a ><Ph b, c, d
TBSO F )y=O — TBSO — TBSO
36 37
= 0 ;\—OBn ~—0Bn . =, 0 ;\—OBn
_ % O—O—osn -O— Bn _ 1 o»O—an L
o=(_$ — _/_3 NC —(_g =
MeO OTBS OTBS TMSO OTBS
39 . — 40R=0H,H 42
'L s1R-0
0,p
e O O (o
OTBS R OTBS HO OTBS
43 44R=0 46 47 R=TBS
ML 45 R-0OH, H 9L 4gR-n
"~ _ +—0Bn s
°o 12
OBn
49a NOE
JHo-H3 = 9.5Hz
r Juo-Hz=9.4 Hz
— +
MeO“ \ / ~—0OBn
Me”l o3 “0
0\1\\“
o—OOBn
49b
JH2-H3 =1.8Hz

Scheme 7. Synthesis of the EF-ring segment 50. Reagents and conditions: (a) THF-H,O-TFA (10:10:1), 0 °C, 4 h, 68%, 24% recovery of 36; (b) (COCl),
(3.0 equiv), DMSO (5.0 equiv), CH,Cl,, —78 °C, 15 min then NEt; (10 equiv), —20 °C, 10 min; (c) PhzPCH;Br (5.0 equiv), NaHMDS (4.8 equiv), THF,
—78°C,2.5h— 24 °C, 2.5 h; (d) 1,2-ethanedithiol (20 equiv), NaHCO; (10 equiv), Zn(OTf), (1.0 equiv), CH,Cl,, 0 °C, 2.5 h, 58% for three steps; (¢) NaH
(12 equiv), BnBr (6.0 equiv), TBAI (0.1 equiv), THF, 24 °C, 15 h; (f) TBAF (9.0 equiv), THF, 25 °C, 18 h, 100% for two steps; (g) PMe; (1.5 equiv), 20
(3.0 equiv), CH,Cl,, 0 °C, —24 °C, 1 h, 90% (only E); (h) DIBAH (4.0 equiv), CH,Cl,, —78 °C, 10 min, 99%; (i) TPAP (0.2 equiv), NMO (2.0 equiv), MS
4A, CH,Cl,, 24 °C, 1.5 h, 76%; (j) MesAl (1.1 equiv), TMSCN (5.0 equiv), benzene, 24 °C, 1 h, 79%; (k) BF;-OEt, (3.0 equiv), CH,Cl,-Bu3SnH (1:1),
—18°C, 15 min, 55%, 18% recovery of 42; (1) DIBAH (2.5 equiv), CH,Cl,, —78 °C, 10 min; (m) DIBAH (6.0 equiv), CH,Cl,, —78 °C, 20 min, 72% for two
steps; (n) L-(+)-DET (1.5 equiv), Ti(O'Pr)4 (1.3 equiv), TBHP (10 equiv), MS 4A, CH,Cl,, —40 °C, 30 min— —25 °C, 26 h; (0) Ph3P (5.0 equiv), imidazole
(5.0 equiv), I, (4.0 equiv), THF, 25 °C, 35 min; (p) Zn (7.0 equiv), EtOH-satd. NH,Clagq. (40:1), 25 °C, 2.5 h, 68% for three steps; (q) TBAF (1.5 equiv), THF,
25°C, 11.5 h, 68%; (r) 2,2-dimethoxypropane (4.0 equiv), CSA (0.5 equiv), CH,Cl,, 24 °C, 3 h then acetone (5.0 equiv), 11.5 h, 49a: 50%, 49b: 46%:; (s)
(Cy3P),CLRu=CHPh (25 mol%), CH,Cl, (3 mM), 24 °C, 15 h, 49a:50:51=1:1:0.5; (Cy3P),Cl,Ru=CHPh (30 mol%), CH,Cl, (3 mM), 24 °C, 24 h, 50:
67%, 51: 24%, after two cycles.

allyl alcohol 47 as a 1:1 mixture of diastereomers in 68% trans-fused EF-ring segment 50 of CTX1B in 67% yield

yield. In order to facilitate the closure of the trans-fused along with 51 in 24% yield. The stereochemistry of 50 was
medium ring by RCM and to confirm the stereochemistry of confirmed by the presence of NOE between H2 and H7 as
each diastereomer, acetonides 49a and 49b were synthe- well as the large J value between H2 and H3 (9.4 Hz).
sized from 47 through removal of the TBS group followed

by protection of the resulting diol. Diastereomers 49a and Although the synthesis of 50 was thus achieved, two
49b were easily separated by silica gel column chroma- problems arose at the final RCM stage. One was the low
tography, and the stereochemistry of each compound was reactivity of 49a under the RCM conditions using Grubbs’
determined by the J value between H2 and H3. RCM'®!” of first-generation catalyst. The reaction often stopped before
49a with Grubbs’ first-generation catalyst in CH,Cl, at completion, and had to be repeated in order to consume

ambient temperature successfully produced the desired 49a completely. The other problem was a significant
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by-production of 51. It meant that the desired RCM between
the terminal vinyl groups making the E-ring was a slow
process, and that the metathesis at the olefin part of the
F-ring competed with the RCM. These problems would be
caused by the severe strain of the E-ring part. In order to
solve the problems, we decided to design an alternative
improved synthesis of the EF-ring segment.

3. Second generation synthesis of the EF-ring segment

The revised plan for the synthesis of the EF-ring segment of
CTXI1B is shown in Scheme 8. We intended to cyclize the
F-ring by RCM'®! at the final stage of the synthesis, and to
use the E-ring part as a Michael donor in the initial stage.
Therefore, the EF-ring segment 52 was planned to be
constructed from the bicyclic diene 53 by RCM.'®!” The
diene would be synthesized via site-selective reduction
of vinyl epoxide 54, which would be prepared from
o,B-unsaturated nitrile 55. According to our established
process, the nitrile was designed to be synthesized through
hetero-Michael reaction of the E-ring part 58 with 20,'®
cyanohzdrin synthesis from 57, and regioselective reduction
of 56.'™

Ring Closing
Olefin o Me
Metathesis
Me
o Me BnO -0
— "
N\
BnO
BnO 52
Site-Selective
Reduction Vinyl Epoxidation
BnO
—> o T——
\
BnO
y-Position
TBSO Selective
BnO H HOH HeductionB o OTMS
n = n
oNC—p oN
BnO BnO

Hetero-Michael
OMe Addition

o-Silyloxy nitrile
Formation

: BnO

Scheme 8. Retrosynthetic analysis for the EF-ring segment 52.

In the revised plan, site-selective reduction of vinyl epoxide
54 to the corresponding homoallyl alcohol was a key step.
Tsuji and Shimizu reported efficient site-selective hydro-
genolysis of epoxides adjacent to an alkene group using a
Pd-catalyst and formic acid.?*~° Therefore, we decided to
apply the Pd-catalyzed reduction to our synthesis. Although
many trisubstituted epoxides were successfully reduced
under the conditions,”® there were few applications to
simple vinyl epoxides.”’*° In order to optimize the
reduction conditions, epoxide 66 was first examined as a
model substrate.

Model compound 66 was synthesized from propargyl
alcohol 59, shown in Scheme 9. Protection of 59 as
p-methoxy benzyl (PMB) ether (99%) followed by lithiation
and addition to ethyl chloroformate produced 2-butynoate
ester 61 (79%), which was reduced with DIBAH to give
alcohol 63 (26%) and aldehyde 62 (74%). The aldehyde 62
was reduced again with DIBAH to 63 (100%). Reduction of
63 with LAH in THF provided trans-allyl alcohol 64, which
was subjected to Katsuki-Sharpless asymmetric epoxida-
tion** using (—)-DET to give epoxide 65 (71% yield, 93%
ee). Oxidation of 65 followed by Wittig reaction
synthesized the desired vinyl epoxide 66 (overall yield
78%).

With the model compound 66 in hand, we examined the
site-selective reduction of 66 into homoallyl alcohol 67 in
the presence of a Pd-catalyst. First, according to the Tsuji—
Shimizu procedure,”” we attempted the reduction of 66 with
formic acid in the presence of triethylamine (entry 1).
Although the epoxide 66 was selectively cleaved at the
desired site, over-reduced alcohol 69 was mainly produced

— a — b o]
OH OPMB EtO OPMB
59 60 61
¢c O HO e
= + = _ >
H OPMB OPMB
62 63
¢ ]
~A~_OPMB f Q.
HO Ho/\:/\/OPMB
64 65
0.,
AN~OPMB
66

Scheme 9. Synthesis of model compound 66. Reagents and conditions:
(a) NaH (1.8 equiv), PMBCI (1.5 equiv), TBAI (0.13 equiv), THF, 24 °C,
16 h, 99%; (b) n-BuLi (1.5 equiv), EtOCOCI (1.5 equiv), THF, —78 °C,
1 h—0 °C, 15 min, 79%; (c) DIBAH (2.5 equiv), CH,Cl,, —78 °C, 45 min,
62: 74%, 63: 26%; (d) DIBAH (2.5 equiv), CH,Cl,, —78 °C, 10 min,
100%; (e) LAH (4.0 equiv), THF, —78 °C, 13 min— —20 °C, 26 h, 64%,
24% recovery of 63; (f) p-(—)-DET (0.20 equiv), Ti(OPr)4 (0.15 equiv),
TBHP (2.5 equiv), MS 4A, CH,Cl,, —40 °C, 30 min— —20°C, 2.5d,
71%, 93% ee; (g) SO;-pyridine (10 equiv), DMSO-NEt;—CH,Cl,
(1:1.4:6), 0°C—24°C, 1h; (h) PhzPCH3Br (5.0 equiv), NaHMDS
(4.7 equiv), THF, —78 °C, 2 h—24 °C, 17 h, 78% for two steps.
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Table 3. The site-selective reduction of vinyl epoxide 66

0, Conditions OH OH OH
66 67 68 69
o} OTES
_OPMB
Me/\)J\/OPMB N
70 71
Entry Conditions Product

Pd(PPh3)4 (0.1 equiv), Et3SiH (1.1 equiv), CH,Clp, 24°C, 1 h

AW =

Pd,(dba);-CHCl; (0.1 equiv), n-BusP (0.1 equiv), HCOOH (5.0 equiv), NEt;3 (2.0 equiv), THF, 24 °C, 2.5 h
Pd(PPh3)4 (0.1 equiv), Me,NH-BHj; (1.1 equiv), AcOH (3.0 equiv), CH,Cl,, 23 °C, 1.5 h

Pd(PPh3)4 (0.1 equiv), Bu3SnH (1.1 equiv), CH,Cl,, 24 °C, 20 min

69 (83%), 70 (13%)
67:68=5.6: 1.0 (97%)
71 (75%)
67 (95%)

along with ketone 70. Next, as described by Guibé,*' who
reported an improved version of the Tsuji—Shimizu
procedure,*® vinyl epoxide 66 was treated with a catalytic
amount of Pd(PPhj), and Me,NH-BHj; in the presence of
acetic acid to give an inseparable 5.6:1.0 mixture of the
desired 67 and the isomer 68 (entry 2). On the other hand,
when the site-selective reduction was examined with Et;SiH
instead of Me,NH-BHj in the absence of acetic acid, not
only the desired site selective reduction but also silylation
occurred to afford TES ether 71 in 75% yield (entry 3).
Eventually, the site-selective reduction with 1.1 equiv of
Bu;SnH gave the best result, where the desired homoallyl
alcohol 67 was afforded as the sole product in 95% yield
(entry 4). Thus, we found the effective conditions in the site-
selective reduction of vinyl epoxide (Table 3).

The synthesis of 52 is illustrated in Scheme 10. The Michael
donor 58 was prepared from known oxepan alcohol 72.*>
Swern oxidation of alcohol 72 followed by Wittig reaction
gave enol ether 73 (overall yield 70%). Hydrolysis of 73
with Hg(OAc), and TBAI in THF-H,0* afforded aldehyde
74 (95%), which was subjected to Wittig reaction and the
subsequent removal of the PMB group to provide 58
(overall yield 92%). According to the procedure described
in the synthesis of 50, the alcohol 58 was transformed into
a-silyloxy nitrile 56 in four steps ((i) hetero-Michael
addition of 58 with 20;18 (ii) reduction of ester 57,
(iii) oxidation of the resulting 76 into aldehyde 77;
(iv) addition of TMSCN) (overall yield 57%). The reduction
of 56 with Bu3SnH in CH,Cl, in the presence of BF;-OEt,
(3.0 equiv) at 0°C gave nitrile 55 as an inseparable 1:1
mixture of diastereomers in 63% yield with the complete
consumption of 56. The nitrile 55 was reduced to allyl
alcohol 79 by a DIBAH reduction-hydrolysis—-DIBAH
reduction sequence (overall 76%). The allyl alcohol was
subjected to Katsuki-Sharpless asymmetric epoxidation®*
using (—)-DET to produce epoxide 80 (76%), which was
converted to vinyl epoxide 54 by oxidation with SOz—
pyridine/DMSO’* and the subsequent Wittig reaction
(overall yield 59%). The reduction of vinyl epoxide 54
with Bu3;SnH/Pd(PPhs), under the same conditions
described above gave 81 selectively in 88% yield. Removal
of the TBS group of 81 followed by protection of the
resulting diol afforded acetonides 53a and 53b. The
diastereomers at C13 were facilely separated by silica gel
chromatography at this stage. Stereochemistry of each

compound was determined by the J value between H12 and
H13. RCM'®!7 of 53a with Grubbs’ first-generation catalyst
in CH,Cl, at ambient temperature smoothly produced the
desired 52 as the sole product in 97% yield.

Stereochemical confirmation of 52 by 'H NMR was difficult
because the signals of 52 at ambient temperature were
extremely broadened due to the slow conformational
changes of the F-ring part, as reported for natural
CTXI1B’ and other model compounds.''"#**¥ Although
the spectrum of 52 in pyridine-ds at —30 °C exhibited sharp
signals of a ca. 1:1 mixture of two conformers, stereo-
chemistry of 52 could not be confirmed due to overlapping
signals of both conformers. In order to solve the
conformational problem, acetonide 52 was converted to
diol 83. The diol 83 was flexible enough to give a set of
sharp and clear signals at ambient temperature. Eventually,
the stereochemistry of 52 was proved by the detailed NMR
analysis of 83, which showed the presence of NOE between
H6 and H13 as well as the large J value (8.8 Hz) between
H12 and H13.

Thus, the F-ring was efficiently cyclized at the final stage
whereby the improved synthesis of the EF-ring segment of
CTX1B was accomplished.

4. Conclusion

Aiming at the convergent total synthesis of CTXIB,
construction of its EF-ring segment has been investigated.
During the study, a novel method for the construction of
branched ethers based on regioselective reduction of
yv-alkoxy B,y-unsaturated o-silyloxy nitriles with
BF;-OEt, and R3SiH or Bu3SnH has been developed.
Combined use of the branched ether synthesis and RCM
successfully provided medium-sized cyclic ether 34, and
also contributed to the synthesis of the EF-ring segment 50.
Although a difficulty in the cyclization of the E-ring by
RCM arose in the synthesis of 50, it was solved in a revised
synthetic route to the EF-ring part 52, where the F-ring was
cyclized at the final stage. In the course of the synthesis of
52, efficient site-selective reduction of vinyl epoxides into
homoallyl alcohols mediated by Bu3;SnH and Pd(PPhs3), was
also developed. Thus, a novel route to the EF-ring segment
of CTX1B has been established. Further studies toward the
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Bno,h_\Q?PMB a b BnO\QTLMB c BnO. ~\..OPMB
BnO (O —= BnO o
BnO (@] OH OMe \R
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74R=0
dl. 75 R = CH,
(0] /R CN CN
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Scheme 10. Synthesis of the EF-ring segment 52. Reagents and conditions: (a) (COCl), (3.0 equiv), DMSO (5.0 equiv), CH,Cl,, —78 °C, 15 min then NEt3
(10 equiv), — 18 °C, 10 min; (b) PhsPCH,0OMeCl (5.1 equiv), NaHMDS (4.9 equiv), THF, —78 °C, 1.5 h—24 °C, 17.5 h, 70% for two steps; (c) Hg(OAc),
(3.0 equiv), THF-H,0 (10:1), 24 °C, 1.5 h then TBAI (9.0 equiv), 1 h, 95%; (d) Ph;PCH;Br (3.5 equiv), NaHMDS (3.2 equiv), THF, —78 °C, 2 h—22 °C,
18 h, 100%; (e) DDQ (2.5 equiv), CH,Cl,—pH 7 buffer (4:1), 0 °C, 3 h, 92%; (f) PMe; (1.5 equiv), 20 (3.0 equiv), CH,Cl,, 0 °C, — 24 °C, 30 min, 98% (only
E); (g) DIBAH (3.5 equiv), CH,Cl,, —78 °C, 1 h, 94%; (h) TPAP (0.2 equiv), NMO (2.0 equiv), MS 4A, CH,Cl,, 23 °C, 1.5 h, 84%; (i) Me3Al (1.1 equiv),
TMSCN (2.5 equiv), benzene, 25 °C, 1 h, 74%; (j) BF3- OEt; (3.0 equiv), CH,Cl,-Bu3SnH (1:1), 0 °C, 10 min, 63%; (k) DIBAH (4.0 equiv), CH,Cl,, —78 °C,
1 h; (1) 0.5 M HCI, CH,Cl,, 24 °C, 20 min, 83% for two steps; (m) DIBAH (3.0 equiv), CH,Cl,, —78 °C, 30 min, 91%; (n) p-(—)-DET (2.0 equiv), Ti(O'Pr)4
(1.5 equiv), TBHP (20 equiv), MS 4A, CH,Cl,, —40 °C, 30 min— —25 °C, 2.5 d, 76%:; (0) SO5-pyridine (25 equiv), DMSO-NEt;—CH,Cl, (1:1.4:3),0 °C —
24 °C, 3 h; (p) PhsPCH;3Br (28 equiv), NaHMDS (23 equiv), THF, —78 °C, 2h—24°C, 2.5d, 59% for two steps; (q) Pd(PPh3), (0.1 equiv), BusSnH
(1.1 equiv), CH,Cl,, 24 °C, 25 min, 88%; (r) TBAF (2.0 equiv), THF, 23 °C, 1.5 h, 100%; (s) 2,2-dimethoxypropane (10 equiv), CSA (0.5 equiv), CH,Cl,,
24 °C, 3 h, 53a: 47%, 53b: 50%; (t) (Cy3P),Cl,Ru=CHPh (20 mol%), CH,Cl, (3 mM), 23 °C, 4 h, 97%; (u) THF-H,O-TFA (10:10:1), 23 °C, 3 h, 88%.

total synthesis of CTX1B are currently under way in our syringe-septum and cannula techniques. All commercially
laboratory. available reagents were used without further purification
with the following exceptions. THF was distilled from
sodium-benzophenone ketyl under argon. CH,Cl,, benzene

5. Experimental were distilled from CaH, prior to use. All reactions were

monitored by TLC with precoated SiO, plates (Merck, silica

5.1. General methods gel 60 F,s4). Plates were visualized by ultraviolet light and
by treatment with acidic anisaldehyde or phosphomolybdic

All reactions sensitive to air or moisture were carried out acid stain followed by heating. Flash chromatography was
under an argon atmosphere in dry, freshly distilled solvents performed on YMC Silica Gel 60 (230-400 mesh) as a
under anhydrous conditions, unless otherwise noted. stationary phase. Melting points were measured on

Sensitive liquids and solutions were transferred by YANAGIMOTO micro-melting apparatus without
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calibration. Optical rotations were recorded on a JASCO
P-1020 digital polarimeter. Infrared spectra (IR) were
measured on a JEOL JIR-WINSPEC100 infrared spectro-
meter in noted states and are reported in wave numbers
(cm ™). "H NMR and '*C NMR spectra were recorded on a
JEOL JNM-AL300 ('H at 300 MHz, '°C at 75 MHz), JNM-
o-400 ("H at 400 MHz), and/or JNM-u-600 ('*C at
150 MHz) magnetic resonance spectrometer. 'H NMR
spectra are reported as chemical shifts () in parts-per-
million (ppm) based on tetramethylsilane (0 ppm), C¢HD5
(7.15 ppm), CHD,C(=0)CD3 (2.04 ppm) or CsHD4N
(8.71 ppm). The following abbreviations are used to
describe spin multiplicity: s=singlet, d=doublet, t=
triplet, q=quartet, m=multiplet, br=broad, dd=double
doublets, dt=double triplets, dq=double quartets, and
ddd =double double doublets; other combination is derived
from those listed. Coupling constants (J) are reported in
Hertz (Hz). '*C NMR spectra are reported as chemical shifts
(6) inppm based on '"*CDCl; (77.0 ppm) or '*CeDg
(128.0 ppm). Low and high resolution mass spectra were
measured on a JEOL JMS-600H mass spectrometer under
electron ionization (EI) condition and a JEOL JMS-SX102A
mass spectrometer under field desorption (FD) condition.

5.1.1. 4-(3-Phenylpropoxy)but-2-enenitrile (13). To a
solution of 10 (50.6 mg, 0.175 mmol) in CH,Cl,—Et;SiH
(1:1, v/v, 3.2 ml) was added BF5-OEt, (65 pl, 0.524 mmol)
at 0°C and the mixture was stirred for 10 min. Then,
saturated aqueous NaHCO; (5 ml) was added and the
mixture was extracted with Et,O (3 X5 ml). The combined
organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was purified by column chroma-
tography (silica gel, hexane/EtOAc=10) to give 13
(22.6 mg, 64%) as a inseparable mixture of E and Z-isomers
(E/Z=6.2:1 from '"H NMR). 13: a colorless oil; IR (film),
Vmax 3063, 3026, 2943, 2861, 2795, 2224, 1693, 1602, 1496,
1477, 1454, 1365, 1264, 1180, 1135, 1047, 1029, 952, 913,
748, 701 cm ™~ '; '"H NMR (300 MHz, CDCl5), 6 7.32-7.15
(5H, m), 6.73 (0.86H, dt, J=16.3, 3.7 Hz), 6.57 (0.14H, dt,
J=11.4, 59 Hz), 5.64 (0.86H, dt, J=16.3, 2.4 Hz), 5.45
(0.14H, dt, J=11.4, 1.8 Hz), 4.29 (0.28H, dd, J=5.9,
1.8 Hz), 4.08 (1.72H, dd, /=3.7, 2.4 Hz), 3.48 (2H, t, J=
6.4 Hz), 2.70 (2H, t, J=17.7 Hz), 1.98-1.88 (2H, m); LR-
EIMS, m/z 201 (43.5%, [M] "), 118 (bp); HR-EIMS, calcd
for C;3H,5sNO [M]*: 201.1154, found: 201.1162.

5.1.2. (2E)-4-(3-Phenylpropoxy)pent-2-enenitrile (14).
To a solution of 11 (27.3 mg, 0.0900 mmol) in CH,Cl,—
Et;SiH (1:1, v/v, 1.8 ml) was added BF;-OEt, (33 pl,
0.270 mmol) at 0 °C and the mixture was stirred for 10 min.
Then, saturated aqueous NaHCOj3 (5 ml) was added and the
mixture was extracted with Et,O (3 X5 ml). The combined
organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=20—10) to give 14
(12.1 mg, 62%). 14: a colorless oil; IR (film), v, 3062,
3026, 2978, 2932, 2856, 2224, 1636, 1602, 1584, 1496,
1476, 1454, 1370, 1340, 1246, 1178, 1150, 1102, 963, 748,
700 cm ™~ '; "H NMR (300 MHz, CDCly), 6 7.32-7.16 (5H,
m), 6.64 (1H, dd, /J=16.3, 5.0 Hz), 5.54 (1H, dd, J=16.3,
1.7 Hz), 3.96 (1H, qdd, J=6.6, 5.0, 1.7 Hz), 3.41 2H, t, J=

6.4 Hz), 2.69 (2H, brt, J=7.7 Hz), 1.95-1.86 (2H, m), 1.26
(3H, d, J=6.6 Hz); LR-EIMS, m/z 215 (42.5%, [M] "), 91
(bp); HR-EIMS, calcd for C4H;7NO M]: 215.1310,
found: 215.1336.

5.1.3. (2E)-5-(tert-Butyldimethylsilyloxy)-4-(3-phenyl-
propoxy)pent-2-enenitrile (15). To a solution of 12
(82.2mg, 0.190 mmol) in CH,Cl,—Et;SiH (1:1, v/v,
3.0 ml) was added BF5-OEt, (70 ul, 0.570 mmol) at 0 °C
and the mixture was stirred for 10 min. Then, saturated
aqueous NaHCO; (7 ml) was added and the mixture was
extracted with Et,O (3X5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=20— 10) to give 15 (41.8 mg, 64%). 15: a
colorless oil; IR (film), v,,,,x 3085, 3063, 3027, 2953, 2929,
2858, 2739, 2225, 1629, 1603, 1497, 1471, 1462, 1455,
1406, 1389, 1361, 1343, 1306, 1254, 1222, 1111, 1006, 965,
939, 837, 814, 779, 747, 700, 670cm™'; 'H NMR
(300 MHz, CDCl3), 6 7.31-7.16 (5H, m), 6.72 (1H, dd,
J=16.4,4.7 Hz), 5.61 (1H, dd, J=16.4, 1.7 Hz), 3.91 (1H,
dddd, J=6.2, 59, 4.7, 1.7 Hz), 3.70 (1H, dd, J=10.2,
5.9 Hz), 3.55 (1H, dd, J=10.2, 6.2Hz), 3.49 (2H, t, J=
6.4 Hz), 2.72-2.67 (2H, m), 1.95-1.86 (2H, m), 0.89 (9H, s),
0.06 (6H, s); LR-EIMS, m/z 288 (21.9%, [M—t-Bu] "), 91
(bp); HR-EIMS, calcd for C;sH,oNO,Si [M—¢-Bu]™:
288.1420, found: 288.1417.

5.1.4. Methyl (2E,2'R,3'S)-3-{(2'-allyloxan-3’-yl)oxy}-4-
(tert-butyldimethylsilyloxy)-2-butenoate (21). A solution
of butynoate 20 (1.29 g, 5.65 mmol) in CH,Cl, (10 ml) was
slowly added dropwise to a solution of 19 (479.0 mg,
3.37 mmol) and PMe; (3.7 ml, 1.0 M in THF, 3.71 mmol) in
CH,Cl, (24 ml) at O °C by means of a syringe. The mixture
was warmed to 24 °C and stirred for 1 h. The mixture was
cooled to 0 °C and diluted with Et,O (20 ml) and hexane
(20 ml). Then, saturated aqueous NH4Cl (15 ml) was added
and the mixture was extracted with Et,O (3X 15 ml). The
combined organic layers were washed with brine, dried over
anhydrous MgSQ,, filtered and concentrated in vacuo. The
resultant residue was purified by column chromatography
(silica gel, hexane/EtOAc=20) to give 21 (1.19 g, 95%).
21: a colorless oil; [a]® +58.1 (¢ 0.75, CHCL;); IR (film),
Vmax 3077, 2951, 2856, 1716, 1626, 1472, 1436, 1434, 1389,
1361, 1342, 1310, 1295, 1252, 1189, 1147, 1098, 1051,
1005, 939, 914, 837, 778, 675 cm ™ '; 'H NMR (300 MHz,
CDCly), 6 5.92-5.78 (1H, m), 5.11-5.09 (2H, m), 5.05 (1H,
s), 490 (1H, d, J=13.6 Hz), 4.65 (1H, d, J=13.6 Hz),
3.98-3.92 (1H, m), 3.91-3.83 (1H, m), 3.68 (3H, s), 3.45—
3.33 (2H, m), 2.59-2.50 (1H, m), 2.34-2.30 (1H, m), 2.25—
2.15 (1H, m), 1.75-1.66 (2H, m), 1.52-1.37 (1H, m), 0.90
(9H, s), 0.09 (6H, s); *C NMR (75 MHz, CDCl5), 6 170.4
(©), 167.3 (C), 134.2 (CH), 117.1 (CH,), 91.6 (CH), 79.4
(CH), 74.8 (CH), 67.7 (CH,), 60.0 (CH,), 50.8 (CH3), 36.0
(CH,), 27.8 (CH,), 25.7 (CH3X3), 24.9 (CH,), 18.2 (C),
—5.35 (CH3), —5.38 (CH3); LR-EIMS, m/z 313 (82.4%,
[M—z-Bu] ™), 189 (bp); HR-EIMS, calcd for C,sH,50sSi
[M—z-Bu]*: 313.1471, found: 313.1466.

5.1.5. (2E,2'R,3'S)-3-{(2/-Allyloxan-3'-yl)oxy}-4-(tert-
butyldimethylsilyloxy)-2-butenol (22). To a solution of
21 (115.6 mg, 0.312 mmol) in CH,Cl, (5.0 ml) was added
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DIBAH (1.3 ml, 0.95 M in n-hexane, 1.25 mmol) at —78 °C
and the mixture was stirred for 10 min. Then, saturated
aqueous potassium sodium tartrate (5 ml) was added and the
mixture was stirred at 24 °C for 3 h. The layers were
separated and the aqueous layer was extracted with EtOAc
(3X10 ml). The combined organic layers were washed with
brine, dried over anhydrous MgSQ,, filtered and concen-
trated in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc=5—
3—1) to give 22 (106.6 mg, ~100%). 22: a colorless oil;
[a]® +45.1 (c 0.65, CHCI3); IR (film), vy 3417, 3075,
2930, 2857, 2725, 1661, 1472, 1463, 1436, 1389, 1361,
1340, 1306, 1276, 1252, 1184, 1098, 1004, 913, 837, 814,
777, 674 cm ™ '; '"H NMR (300 MHz, CDCls), 6 5.93-5.79
(1H, m), 5.12-5.04 (2H, m), 4.95 (1H, t, J=7.9 Hz), 4.20-
4.15 (4H, m), 3.94 (1H, dtd, J=11.0, 3.3, 1.8 Hz), 3.74 (1H,
ddd, /=10.3, 9.0, 4.2 Hz), 3.42-3.29 (2H, m), 2.58-2.49
(1H, m), 2.38-2.29 (1H, m), 2.24-2.13 (1H, m), 1.72-1.63
(2H, m), 1.43-1.21 (1H, m), 0.91 (9H, s), 0.10 (6H, s); "°C
NMR (75 MHz, CDCls), 6 155.9 (C), 134.6 (CH), 116.5
(CH,), 100.3 (CH), 79.8 (CH), 73.1 (CH), 67.5 (CH,), 60.6
(CH,), 57.6 (CH,), 36.0 (CH,), 28.0 (CH,), 25.5 (CH3 X 3),
24.8 (CHy), 179 (C), —5.52 (CH3), —5.56 (CH3); LR-
EIMS, m/z 285 (19.1%, [M—t-Bu] "), 227 (bp); HR-EIMS,
caled for C;4H,50,Si [M—¢Bu]t: 285.1522, found:
285.1518.

5.1.6. (2E,2'R,3'S)-3-{(2'-Allyloxan-3'-yl)oxy}-4-(tert-
butyldimethylsilyloxy)-2-butenal (23). To a mixture of
22 (158.2mg, 0.462 mmol) and MS 4 A (158.2 mg,
100 wt%) in CH,Cl, (5.0 ml) was added NMO (108.2 mg,
0.924 mmol) at 24 °C and the mixture was stirred for
10 min. Then, TPAP (16.2 mg, 0.0462 mmol) was added to
the reaction mixture at 24 °C and the mixture was stirred for
50 min. The mixture was filtered through Celite and
concentrated in vacuo. The resultant residue was purified
by column chromatography (silica gel, hexane/EtOAc=
10— 5) to give 23 (139.0 mg, 88%). 23: a colorless oil; (a]®
+49.0 (c 1.01, CHCl3); IR (film), vyax 3075, 2954, 2930,
2857, 2764, 1665, 1615, 1472, 1463, 1438, 1389, 1361,
1323, 1279, 1254, 1209, 1164, 1099, 1041, 1005, 974, 957,
947, 939, 914, 837, 778, 680 cm ™~ '; '"H NMR (300 MHz,
CDCly), 6 9.98 (1H, d, J=7.7 Hz), 5.91-5.77 (1H, m), 5.41
(1H, d, J=7.7 Hz), 5.09-5.04 (2H, m), 4.52 (1H, d, J=
13.2 Hz), 4.46 (1H, d, J=13.2 Hz), 3.98-3.86 (2H, m),
3.45-3.35 (2H, m), 2.52-2.44 (1H, m), 2.32-2.16 (1H, m),
1.73-1.65 (2H, m), 1.52-1.37 (1H, m), 0.91 (9H, s), 0.11
(6H, s); '*C NMR (75 MHz, CDCls), 6 189.9 (CH), 173.7
(©), 133.7 (CH), 117.1 (CH,), 105.7 (CH), 78.9 (CH), 75.1
(CH), 67.4 (CH,), 61.1 (CH,), 35.9 (CH,), 27.6 (CH,), 25.5
(CH3X3), 24.6 (CH,), 17.9 (C), —5.58 (CH3X2); LR-
EIMS, m/z 283 (73.8%, [M—t-Bu] "), 159 (bp); HR-EIMS,
caled for Ci4H,30,Si [M—#Bu]t: 283.1365, found:
283.1362.

5.1.7. (3E,2'R,3'S)-4-{(2'-Allyloxan-3'-yl)oxy}-5-(tert-
butyldimethylsilyloxy)-2-(trimethylsilyloxy)pent-3-ene-
nitrile (24). To a solution of 23 (43.9 mg, 0.129 mmol) and
TMSCN (43 pl, 0.323 mmol) in benzene (1.3 ml) was added
MesAl (0.14 ml, 1.03 M in n-hexane, 0.142 mmol) at 24 °C
and the mixture was stirred for 1 h. Then, saturated aqueous
NaHCOj; (5 ml) was added and the mixture was extracted
with Et;O (3X5 ml). The combined organic layers were

washed with brine, dried over anhydrous MgSQ,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=30—10) to give 24 (42.1 mg, 74%) as an
inseparable 1:1 mixture of diastereomers. The nitrile 24
was unstable and immediately used for the next reaction. 24:
a colorless oil; '"H NMR (300 MHz, CDCl5), 6 5.92-5.78
(1H, m), 5.58 (0.5H, d, J=9.1 Hz), 5.57 (0.5H, d, J=
9.1 Hz), 5.12-5.04 (2H, m), 4.75-4.70 (1H, m), 4.20-4.08
(2H, m), 3.97-3.87 (1H, m), 3.79-3.65 (1H, m), 3.42-3.28
(2H, m), 2.54-2.43 (1H, m), 2.37-2.25 (1H, m), 2.23-2.12
(1H, m), 1.74-1.65 (2H, m), 1.41-1.30 (1H, m), 0.92 (9H,
s), 0.21 (9H, s), 0.11 (6H, s); '*C NMR (75 MHz, CDCl,), 6
156.8 (C), 134.5 (CH), 119.9 (CX0.5), 117.2 (CX0.5),
117.0 (CH,), 98.4 (CH), 79.6 (CH), 74.2 (CH), 67.8 (CH»),
62.2 (CH,), 57.6 (CH), 36.3 (CH,), 28.1 (CH,), 25.8
(CH3X3), 25.0 (CH,), 18.3 (C), —0.10 (CH3X3), —5.38
(CH3), —5.53 (CHj).

5.1.8. (2E,4S,2'R,3'S)-4-{(2'-Allyloxan-3'-yl)oxy}-5-(tert-
butyldimethylsilyloxy)pent-2-enenitrile (25a) and (2E,
4R,2'R,3'S)-4-{(2'-allyloxan-3'-yl)oxy}-5-(tert-butyldi-
methylsilyloxy)pent-2-enenitrile (25b). Silane reduction.
The reduction of 24 with organosilanes in entries 1-4 in
Table 2 followed the procedure described in the synthesis of
model compounds 13, 14 and 15.

Stannane reduction. To a solution of 24 (14.7 mg,
0.0334 mmol) in CH,CL,—BusSnH (1:1, v/v, 0.60 ml) was
added BF;-OEt, (12 pl, 0.100 mmol) at —18 °C and the
mixture was stirred for 10 min. Then, saturated aqueous
NaHCO; (5 ml) was added and the aqueous layer was
extracted with Et;O (3X5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=30— 10) to give 25 (7.5 mg, 64%) as an
inseparable mixture of two diastereomers (25a:25b=
1.0:1.3). 25: a colorless oil; IR (film), v, 3074, 2954,
2930, 2857, 2225, 2211, 1628, 1472, 1463, 1434, 1389,
1361, 1341, 1255, 1222, 1178, 1099, 1005, 965, 913, 837,
779 cm ™ '; 'TH NMR (300 MHz, CDCl), 6 6.78 (0.57H, dd,
J=16.3, 4.6 Hz), 6.69 (0.43H, dd, /J=16.3, 5.4 Hz), 5.95-
5.80 (1H, m), 5.66 (0.57H, dd, J=16.3, 1.8 Hz), 5.63
(0.43H, dd, J=16.3, 1.6 Hz), 5.13-5.07 (2H, m), 4.11-4.02
(1H, m), 3.92-3.87 (1H, m), 3.72-3.63 (1H, m), 3.54-3.47
(1H, m), 3.39-3.08 (3H, m), 2.67-2.61 (0.57H, m), 2.58—
2.50 (0.43H, m), 2.26-2.05 (2H, m), 1.67-1.57 (2H, m),
1.29-1.26 (1H, m), 0.89 (9H, s), 0.06 (6H, s); '°C NMR
(75 MHz, CDCl3) (A 1:2 mixture of 25a and 25b was
measured), 6 153.6 (CHX0.67), 152.8 (CHX0.33), 135.0
(CHX0.67), 134.7 (CHX0.33), 117.1 (CX0.67), 1169
(CH, X 0.33), 116.8 (CX0.33), 116.6 (CH,X0.67), 101.2
(CHX0.33), 100.4 (CHX0.67), 80.2 (CHX0.33), 80.1
(CHX0.67), 77.6 (CHX0.67), 77.4 (CHX0.33), 76.6
(CHX0.33), 76.2 (CHX0.67), 67.6 (CH,X0.67), 67.5
(CH,X0.33), 65.3 (CH,X0.33), 64.6 (CH,X0.67), 36.41
(CH,X0.33), 36.37 (CH,X0.67), 30.2 (CH,X0.67), 29.7
(CH,X0.33), 25.8 (CH3X?2), 25.7 (CHj3), 25.23 (CH, X
0.67), 25.19 (CH,X0.33), 18.14 (CX0.67), 18.09 (CX
0.33), —5.45 (CH5X0.33), —5.53 (CH;3), —5.59 (CH5 X
0.67); LR-EIMS, m/z 294 (23.7%, [M—t-Bu] ™), 125 (bp);
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HR-EIMS, calcd for C,sH,,NO;Si [M—#-Bu]*: 294.1525,
found: 294.1523.

5.1.9. (2E,4S,2'R,3'S)-4-{(2'-Allyloxan-3'-yl)oxy}-5-(tert-
butyldimethylsilyloxy)-2-pentenal (27a) and (2E,4R,2'R,
3'S)-4-{(2'-allyloxan-3'-yl)oxy}-5-(tert-butyldimethyl-
silyloxy)-2-pentenal (27b). To a solution of 25 (25a:25b=
1:2, 24.0 mg, 0.0683 mmol) in CH,Cl, (1.0 ml) was added
DIBAH (0.18 ml, 0.95M in n-hexane, 0.171 mmol) at
—78 °C and the mixture was stirred for 10 min. Then,
saturated aqueous potassium sodium tartrate (3 ml) was
added and the mixture was stirred at 24 °C for 12 h. The
layers were separated and the aqueous layer was extracted
with Et;O (3X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQ,, filtered
and concentrated in vacuo. The resultant residue was puri-
fied by column chromatography (silica gel, hexane/EtOAc =
10— 5) to give 27 (16.5 mg, 68%) as an inseparable mixture
of two diastereomers (27a:27b=1.0:2.0). 27: a yellow oil;
IR (film), v.x 3074, 2953, 2929, 2857, 2723, 1697, 1641,
1472, 1463, 1437, 1389, 1361, 1339, 1279, 1254, 1214,
1186, 1099, 1005, 978, 939, 912, 838, 814, 778, 669 cm ™ !;
"H NMR (300 MHz, CDCls), 6 9.58 (1H, d, J=7.7 Hz),
6.84 (0.67H, dd, J=15.8, 5.1 Hz), 6.73 (0.33H, dd, /= 15.8,
5.9 Hz), 6.38-6.26 (1H, m), 5.97-5.80 (1H, m), 5.15-5.07
(2H, m), 4.28-4.15 (1H, m), 3.92-3.87 (1H, m), 3.78-3.70
(1H, m), 3.62-3.55 (1H, m), 3.36-3.10 (3H, m), 2.72-2.56
(1H, m), 2.27-2.18 (1H, m), 2.12-2.07 (1H, m), 1.68-1.54
(2H, m), 1.44-1.31 (1H, m), 0.89 (9H, s), 0.06 (6H, s); °C
NMR (75 MHz, CDCly), ¢ 193.3 (CH X 0.67), 193.1 (CHX
0.33), 155.7 (CHX0.67), 154.6 (CHX0.33), 135.2 (CHX
0.67), 135.0 (CHX0.33), 133.3 (CHX0.33), 132.5 (CHX
0.67), 116.7 (CH,X0.33), 116.6 (CH,X0.67), 80.30 (CH X
0.33), 80.26 (CHX0.67), 78.1 (CHX0.67), 77.5 (CHX
0.67), 77.2 (CHX0.33), 75.9 (CH X 0.33), 67.6 (CH,), 65.6
(CH, X 0.33), 64.9 (CH, X 0.67), 36.44 (CH,X0.67), 36.40
(CH, X 0.33), 30.4 (CH,X0.67), 29.6 (CH,X0.33), 25.77
(CH;3X2), 25.75 (CH3), 25.29 (CH,X0.67), 25.25 (CH, X
0.33), 18.2 (C), —5.37 (CH3X0.33), —5.46 (CH3), —5.52
(CH3X0.67); LR-EIMS, m/z 354 (14.0%, [M] ™), 125 (bp);
HR-EIMS, calcd for C;5H,50,4Si [M—r-Bu]*: 297.1522,
found: 297.1540.

5.1.10. (2E,4S,2'R,3'S)-4-{(2'-Allyloxan-3'-yl)oxy}-5-
(tert-butyldimethylsilyloxy)-2-pentenol (28a) and
(2E,4R,2'R,3'S)-4-{(2'-allyloxan-3'-yl)oxy}-5-(tert-butyl-
dimethylsilyloxy)-2-pentenol (28b). To a solution of 27
(27a:27b=1:2, 16.5 mg, 0.0465 mmol) in CH,Cl, (1.0 ml)
was added DIBAH (0.15ml, 0.95M in n-hexane,
0.140 mmol) at —78 °C and the mixture was stirred for
8 min. Then, saturated aqueous potassium sodium tartrate
(3 ml) was added and the mixture was stirred at 24 °C for
12 h. The layers were separated and the aqueous layer was
extracted with EtOAc (3X5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=35) to give 28 (16.6 mg, ~100%) as an
inseparable mixture of two diastereomers (28a:28b=
1.0:2.0). 28: a pale yellow oil; IR (film), v,.x 3345, 3076,
2931, 2858, 1642, 1472, 1463, 1443, 1378, 1342, 1321,
1279, 1256, 1213, 1098, 1004, 974, 948, 912, 837, 814, 778,
666 cm ™~ '; "H NMR (300 MHz, CDCl5), ¢ 5.96-5.83 (2H,

m), 5.68 (0.67H, dt, J=7.0, 1.5 Hz), 5.62 (0.33H, dt, J=
6.6, 1.5 Hz), 5.14-5.05 (2H, m), 4.17 (2H, brs), 3.96-3.86
(2H, m), 3.68-3.59 (1H, m), 3.56-3.49 (1H, m), 3.36-3.10
(3H, m), 2.78-2.69 (0.67H, m), 2.66-2.57 (0.33H, m), 2.22
(1H, dt, J=15.0, 7.7 Hz), 2.14-2.07 (1H, m), 1.64-1.57
(2H, m), 1.43-1.25 (1H, m), 0.89 (9H, s), 0.05 (6H, s); °C
NMR (75 MHz, CDCl3), 6 135.54 (CHX0.67), 135.45
(CHX0.33), 133.1 (CHX0.33), 131.9 (CHX0.67), 130.2
(CHX0.67), 129.3 (CHX0.33), 116.4 (CH,), 80.8 (CH X
0.67), 80.5 (CH X 0.33), 80.4 (CH X 0.67), 78.1 (CH X 0.33),
76.7 (CHX0.67), 74.2 (CHX0.33), 67.71 (CH,X0.33),
67.68 (CH,X0.67), 66.4 (CH,X0.33), 66.2 (CH,X0.67),
62.83 (CH,X0.67), 62.81 (CH,X0.33), 36.4 (CH,), 31.0
(CH,X0.67), 29.3 (CH,X0.33), 25.85 (CH;3X2), 25.83
(CH3), 25.5 (CH,X0.67), 25.3 (CH,X0.33), 18.29 (CX
0.67), 18.27 (CX0.33), —5.21 (CH; X 0.33), —5.33 (CHs),
—5.43 (CH;X0.67); LR-EIMS, m/z 299 (2.1%, [M—t-
Bu] ™), 125 (bp); HR-EIMS, calcd for C;sHy,04Si [M—1-
Bu]™: 299.1678, found: 299.1674.

5.1.11. (2R,3S,4R,2'R,3'S)-4-{(2'-Allyloxan-3’-yl)oxy}-5-
(tert-butyldimethylsilyloxy)-2,3-epoxypentanol (29a)
and (2R,3S5,45,2'R,3'S)-4-{(2'-allyloxan-3’-yl)oxy}-5-
(tert-butyldimethylsilyloxy)-2,3-epoxypentanol (29b). To
a mixture of p-(—)-DET (14.4 pl, 0.0840 mmol) and pre-
dried MS 4 A (49.7 mg, 133 wt%) in CH,Cl, (0.5 ml) was
added Ti(O'Pr), (21.6 pl, 0.0735 mmol) at —40 °C and the
mixture was stirred for 30 min. Then, TBHP (0.14 ml,
3.7 M in toluene, 0.525 mmol) was added and the mixture
was stirred at —40 °C for 30 min. To the mixture was added
dropwise a solution of 28 (28a:28b=1:2, 37.5 mg,
0.105 mmol) in CH,Cl, (1.5 ml). The reaction mixture
was stirred at —40°C for 30 min. Then, the reaction
mixture was warmed to — 25 °C and stirred for 24 h. DMS
(38.6 pl, 0.525 mmol) was added at —25 °C and the mixture
was stirred for 2 h until unreacted TBHP was consumed. To
the mixture was added 10% bL-tartaric acid (43.2 pl) and
NaF (18.5 mg) at —25 °C. The suspension was warmed to
26 °C and stirred for 24 h. The mixture was filtered through
Celite and concentrated in vacuo. To the resultant residue
was added Et,0O (3.0 ml) and 30% aqueous NaOH in brine
(1.0 ml) at 0°C and the mixture was stirred for 1 h. The
layers were separated and the aqueous layer was extracted
with Et;O (3X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSO,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=5—3) to give 29 (39.2mg, ~100%) as an
inseparable mixture of two diastereomers (29a:29b=
1.0:2.0). 29: a colorless oil; IR (film), v,.x 3468, 3075,
2930, 2857, 1642, 1472, 1463, 1389, 1368, 1257, 1130,
1097, 1027, 939, 910, 837, 815, 778, 669 cm~'; 'H NMR
(300 MHz, CDCl3), 6 5.96-5.82 (1H, m), 5.15-5.05 (2H,
m), 3.96 (1H, brddd, J=12.8, 5.1, 2.2 Hz), 3.92-3.86 (1H,
m), 3.73-3.61 (2H, m), 3.60 (1H, dd, /J=10.3, 7.3 Hz),
3.36-3.27 (1H, m), 3.24-3.17 (3H, m), 3.12 (1H, dt, /=4 4,
2.2 Hz), 3.03 (1H, dd, /J=6.8, 2.2 Hz), 2.67-2.58 (1H, m),
2.33-2.28 (1H, m), 2.25-2.15 (1H, m), 1.71-1.61 (3H, m),
0.90 (3H, s), 0.89 (6H, s), 0.07 (2H, s), 0.06 (4H, s); "*C
NMR (75 MHz, CDCly), 6 135.33 (CHX0.67), 135.29
(CHX0.33), 116.5 (CH, X 0.33), 116.4 (CH,X0.67), 80.5
(CHX0.33), 80.4 (CHX0.67), 80.2 (CH), 77.3 (CH X 0.67),
76.8 (CHX0.33), 67.7 (CH,X0.67), 67.6 (CH,X0.33),
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64.3 (CH,X0.33), 63.0 (CH,X0.67), 61.4 (CH,Xx0.33),
61.2 (CH,X0.67), 56.9 (CH), 56.3 (CHX 0.67), 54.5 (CH X
0.33), 36.5 (CH,X0.67), 36.3 (CH,X0.33), 30.6 (CH, X
0.67), 29.9 (CH,X0.33), 25.79 (CH3), 25.77 (CH5X?2),
25.5 (CH, X 0.67), 25.3 (CH, X 0.33), 18.2 (CX0.33), 18.1
(CX0.67), —5.41 (CH3X0.33), —5.49 (CH;3X0.33),
—5.59 (CH3X 1.34); LR-EIMS, m/z 315 (12.4%, [M—t-
Bu] ™), 125 (bp); HR-EIMS, calcd for C;sH,;,05Si [M—r-
Bu]*: 315.1628, found: 315.1626.

5.1.12. (35,4R,2'R,3'S)-4-{(2'-Allyloxan-3’-yl)oxy}-5-
(tert-butyldimethylsilyloxy)pent-1-en-3-ol (30a) and
(35,45,2'R,3'S)-4-{(2'-allyloxan-3'-yl)oxy}-5-(tert-butyl-
dimethylsilyloxy)pent-1-en-3-ol (30b). To a solution of 29
(29a:29b=1:2, 23.0 mg, 0.0617 mmol), PPh; (80.9 mg,
0.309 mmol), and imidazole (21.0 mg, 0.309 mmol) in THF
(1.0 ml) was added I, (62.6 mg, 0.247 mmol) at 25 °C and
the mixture was stirred for 45 min. Then, saturated aqueous
Na,S,05 (5 ml) was added and the mixture was extracted
with Et;O (3X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQ,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=30—10—5) to give 30 (13.4 mg, 61%) as an
inseparable mixture of two diastereomers (30a:30b=
1.0:2.0). 30: a colorless oil; IR (film), v 3457, 3075,
2929, 2857, 1642, 1472, 1463, 1434, 1389, 1361, 1340,
1279, 1257, 1186, 1098, 1030, 995,919, 837, 814,777 cm ™ ;
'"H NMR (300 MHz, CDCl;), 6 5.97-5.82 (2H, m), 5.36
(0.67H, dt, J=17.3, 1.5Hz), 5.35 (0.33H, dt, J=17.3,
1.5 Hz), 5.21 (1H, dt, J=10.3, 1.5 Hz), 5.15-5.06 (2H, m),
4.32-4.17 (1H, m), 3.92-3.87 (1H, m), 3.77-3.69 (1H, m),
3.67-3.61 (1H, m), 3.51-3.41 (1H, m), 3.36-3.26 (1H, m),
3.24-3.13 (2H, m), 2.78-2.65 (2H, m), 2.30-2.13 (2H, m),
1.68-1.53 (2H, m), 1.40-1.23 (1H, m), 0.90 (9H, s), 0.06
(6H, s); >C NMR (75 MHz, CDCl5), 6 137.5 (CH X 0.67),
136.9 (CHX0.33), 135.4 (CHX0.33), 135.3 (CHX0.67),
116.5 (CH,X0.33), 116.44 (CH,X0.67), 116.36 (CH, X
0.33), 116.26 (CH,X0.67), 80.34 (CHX0.33), 80.31
(CHX0.67), 79.8 (CHX0.33), 78.7 (CHX0.67), 76.7
(CHX0.33), 76.0 (CHX0.67), 73.7 (CHX0.33), 72.3
(CHX0.67), 67.7 (CH,X0.67), 67.5 (CH,X0.33), 63.8
(CH,Xx0.33), 62.1 (CH,X0.67), 36.6 (CH,), 30.2 (CH, X
0.33), 29.8 (CH,X0.67), 25.8 (CH3X3), 25.32 (CH,X
0.67), 25.28 (CH,Xx0.33), 18.1 (C), —5.47 (CH3X0.33),
—5.57 (CH3X0.33), —5.62 (CH5X0.67), —5.64 (CH3X
0.67); LR-EIMS, m/z 299 (24.8%, [M—t-Bu] ™), 125 (bp);
HR-EIMS, calcd for C;sHy;04Si [M—#-Bu]™: 299.1678,
found: 299.1692.

5.1.13. (1S5,35,4S5,5Z,8R)-3-(tert-Butyldimethylsilyloxy-
methyl)-2,9-dioxabicyclo[6.4.0]dodec-5-en-4-0l (31). To
a solution of 30 (30a:30b=1:2, 13.4 mg, 0.0376 mmol) in
CH,Cl, (6.0 ml) was added a solution of (H,IMes)(PCy;)-
Cl,Ru=CHPh (3.2 mg, 3.76 umol) in CH,Cl, (6.0 ml). The
resultant solution was stirred at 45 °C for 6 h. The mixture
was cooled to 25°C and stirred for 24 h under O,
atmosphere. The reaction mixture was filtered through
Celite-Florisil and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=15—7—3) to give 31 (5.4 mg, 44%). 31:
a yellow oil; [a]f —14.3 (¢ 0.27, CHCl3); IR (film), ¥max
3610, 3428, 3025, 2928, 2856, 1471, 1462, 1439, 1388,

1376, 1361, 1323, 1256, 1217, 1179, 1146, 1089, 1057,
1026, 993, 972, 956, 939, 838, 777, 664 cm ™ '; 'H NMR
(300 MHz, C¢Dg), 6 5.88-5.73 (2H, m), 4.53-4.52 (1H, m),
4.10 (1H, dt, J=7.9, 4.6 Hz), 4.04 (1H, dd, J=10.8,
4.6 Hz), 3.97 (1H, dd, J=10.8, 7.9 Hz), 3.90-3.80 (1H, m),
3.71-3.65 (1H, m), 3.28 (1H, ddd, J=38.8, 5.1, 2.4 Hz),
3.06-2.97 (1H, m), 2.68 (1H, ddd, J=13.7, 8.4, 5.1 Hz),
2.42-2.34 (1H, m), 2.21-2.04 (1H, m), 1.77-1.75 (1H, m),
1.54-1.42 (2H, m), 1.32-1.16 (1H, m), 0.95 (9H, s), 0.04
(3H, s), 0.03 (3H, s); '*C NMR (75 MHz, C¢Dy), 6 135.8
(CH), 127.8 (CH), 84.8 (CH), 80.3 (CH), 71.1 (CH), 69.2
(CH), 68.1 (CH,), 60.7 (CH,), 32.4 (CH,), 32.0 (CH,), 26.6
(CH,), 26.0 (CH5X3), 18.4 (C), —5.43 (CH;3), —5.46
(CHs); LR-EIMS, m/z 271 (36.4%, [M—-Bu] ™), 71 (bp);
HR-EIMS, caled for C;3H,30,Si [M—#Bu]™: 271.1365,
found: 271.1355.

5.1.14. (2R,3S,2'R,3'S)-2-{(2'-Allyloxan-3'-yl)oxy}pent-
4-en-1,3-diol (32a) and (2S5,35,2'R,3'S)-2-{(2’-allyloxan-
3/-yl)oxy}pent-4-en-1,3-diol (32b). To a solution of 30
(30a:30b=1:2, 48.4 mg, 0.136 mmol) in THF (2.0 ml) was
added TBAF (0.27 ml, 1.0 M in THF, 0.272 mmol) at 24 °C
and the mixture was stirred for 20.5 h. Then, the solvent was
removed in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc=3—
1/2—1/5) to give 32 (32.7 mg, 99%) as an inseparable
mixture of two diastereomers (32a:32b=1.0:2.0). 32: a pale
yellow oil; IR (film), v, 3423, 3074, 2938, 2855, 1641,
1479, 1463, 1433, 1375, 1340, 1280, 1213, 1099, 995, 918,
869, 856, 681 cm~'; 'H NMR (300 MHz, CDCls), 6 5.99—
5.84 (2H, m), 5.42-5.36 (1H, m), 5.25 (1H, dt, J=10.6,
1.5Hz), 5.16-5.07 (2H, m), 4.36 (0.33H, dd, J=5.5,
4.0 Hz), 4.22 (0.67H, t, J=5.5Hz), 3.90 (1H, ddd, J=
114, 4.2, 1.8 Hz), 3.79 (1H, dd, J=11.7, 4.4 Hz), 3.71
(0.33H, dd, J=10.6, 5.5 Hz), 3.66 (0.67H, dd, J=11.7,
4.4 Hz), 3.50 (0.33H, dt, J=5.5, 4.0 Hz), 3.43 (0.67H, dt,
J=5.5, 44 Hz), 3.34 (1H, td, J=11.4, 2.9 Hz), 3.28-3.21
(2H, m), 2.69-2.57 (1H, m), 2.46 (1H, brs) 2.34-2.21 (2H,
m), 1.99 (1H, brs), 1.74-1.53 (2H, m), 1.43-1.26 (1H, m);
13C NMR (75 MHz, CDCl5), 6 137.0 (CHX0.67), 136.6
(CH X 0.33), 135.24 (CH X 0.33), 135.19 (CH X 0.67), 117.1
(CH,), 116.7 (CH,X0.67), 116.6 (CH, X 0.33), 80.1 (CH X
0.33), 79.8 (CH X 0.67), 79.2 (CH X 0.33), 78.7 (CH X 0.67),
76.4 (CHX0.33), 75.7 (CHX0.67), 72.9 (CH X 0.33), 72.7
(CHX0.67), 67.6 (CH,Xx0.33), 67.5 (CH,X0.67), 62.0
(CH,Xx0.33), 61.4 (CH,X0.67), 36.7 (CH,X0.33), 36.5
(CH, X 0.67), 30.1 (CH,X0.33), 29.6 (CH,X0.67), 25.3
(CH,X0.33), 25.2 (CH, X 0.67); LR-EIMS, m/z 242 (1.6%,
[M]™), 185 (35.3%, [M—C5Hs0] "), 125 (bp); HR-EIMS,
caled for CoH;;03 [M—C3Hs0]": 185.1178, found:
185.1200.

5.1.15. (2R,35,4'S,5'R)-2-Allyl-3-{(2,2'-dimethyl-4’'-
vinyl-1’,3-dioxan-5'-yl)oxy}oxane (33a) and (2R,35,4'S,
5'S)-2-allyl-3-{(2,2'-dimethyl-4’-vinyl-1',3'-dioxan-5'-
ylhoxy}oxane (33b). To a solution of 32 (32a:32b=1:2,
32.7 mg, 0.135 mmol) and 2,2-dimethoxypropane (83 pl,
0.675 mmol) in CH,Cl, (1.5 ml) was added CSA (15.7 mg,
0.0675 mmol) at 24 °C and the mixture was stirred for 3.5 h.
Then, to the mixture was added 2,2-dimethoxypropane
(83 pl, 0.675 mmol) and stirred at 24 °C for 4 h. Then,
saturated aqueous NaHCO; (3 ml) was added and the
mixture was extracted with Et,O (3 X5 ml). The combined
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organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=10—5) to give 33a
(9.0 mg, 24%) and 33b (22.8 mg, 60%). 33a: a colorless oil;
[a]5 +17.2 (c 0.45, CHCls); IR (film), vy 3074, 2991,
2939, 2852, 2726, 1641, 1462, 1433, 1409, 1372, 1340,
1261, 1225, 1201, 1167, 1097, 1022, 993, 926, 870,
655cm™'; 'TH NMR (300 MHz, C¢Dy), 6 6.21-5.99 (2H,
m), 5.49 (1H, dd, J=17.3, 1.3 Hz), 5.22 (1H, dd, /J=17.3,
1.8 Hz), 5.15 (1H, dd, J=10.6, 1.3 Hz), 5.13-5.09 (1H, m),
4.15 (1H, dd, J=9.2, 59Hz), 3.79 (1H, dd, J=11.4,
5.5 Hz), 3.66-3.64 (1H, m), 3.59 (1H, dd, /J=11.4, 9.2 Hz),
3.20 (1H, td, J=9.2, 5.5 Hz), 3.10 (1H, td, /=8.4, 2.9 Hz),
2.98-2.87 (2H, m), 2.82-2.74 (1H, m), 2.36-2.27 (1H, m),
1.64-1.54 (1H, m), 1.49 (3H, s), 1.35-0.89 (3H, m), 1.28
(3H, s); '*C NMR (75 MHz, CDCls), 6 135.8 (CH), 135.4
(CH), 118.4 (CH,), 116.6 (CH,), 98.5 (C), 80.5 (CH), 77.6
(CH), 74.2 (CH), 73.5 (CH), 67.6 (CH,), 64.0 (CH,), 36.5
(CH,), 31.0 (CH»), 28.7 (CH3), 25.2 (CH,), 19.3 (CH3); LR-
EIMS, m/z 267 (17.1%, [M—CHs]™"), 140 (bp); HR-EIMS,
caled for C6Ha604 [M] 72 282.1831, found: 282.1831. 33b:
a colorless oil; [a]df +106.4 (¢ 1.14, CHCl3); IR (film),
Vmax 3076, 2990, 2937, 2854, 2725, 1641, 1453, 1434, 1380,
1371, 1270, 1240, 1199, 1133, 1096, 1049, 1029, 993, 950,
920, 886, 857, 811 cm™'; '"H NMR (300 MHz, C¢Dy), ¢
6.32-6.18 (1H, m), 6.08 (1H, ddd, J=17.3, 10.3, 6.2 Hz),
5.37-5.32 (1H, m), 5.23 (1H, dt, J=17.3, 1.8 Hz), 5.18-
5.13 (1H, m), 5.08 (1H, ddd, J=10.3, 1.8, 1.1 Hz), 4.11
(1H, ddt, J=6.2, 1.8, 1.1 Hz), 3.74 (1H, dd, J=12.8,
1.8 Hz), 3.73-3.69 (1H, m), 3.45 (1H, dd, J=12.8, 1.8 Hz),
3.25 (1H, ddd, /=8.8, 7.3, 3.3 Hz), 3.05-2.96 (1H, m), 3.03
(1H, td, J=11.6, 2.5Hz), 2.87 (1H, ddd, J=10.3, 8.8,
4.4 Hz), 2.64 (1H, q, J=1.8 Hz), 2.56 (1H, dt, J=14.3,
7.3 Hz), 1.75-1.71 (1H, m), 1.50 (3H, s), 1.37-1.01 (3H, m),
1.26 (3H, s); *C NMR (75 MHz, CDCls), 6 135.9 (CH),
135.5 (CH), 117.0 (CH>»), 116.5 (CH,), 98.6 (C), 80.1 (CH),
74.9 (CH), 73.3 (CH), 70.5 (CH), 67.8 (CH,), 61.7 (CH,),
36.4 (CH,), 29.3 (CH3), 29.1 (CH,), 25.4 (CH,), 19.0
(CH3); LR-EIMS, m/z 282 (1.9%, [M] "), 267 (52.4%, [M —
CH;] ™), 125 (bp); HR-EIMS, calcd for C ¢Hps04 [M]7:
282.1831, found: 282.1824.

5.1.16. (15,3R,85,9Z,12R)-6,6-Dimethyl-2,5,7,13-tetra-
oxatricyclo[10.4.0.03’8]hexadeca-9-ene (34). To a solution
of 33a (3.9 mg, 0.0138 mmol) in CH,Cl, (2.5 ml) was
added a solution of (H;IMes)(PCy;)Cl,Ru=CHPh (1.2 mg,
1.38 umol) in CH,Cl, (1.0 ml). The resultant solution was
stirred at 45 °C for 4.5 h. The mixture was cooled to 24 °C
and stirred for 14 h under O, atmosphere. The reaction
mixture was filtered through Celite-Florisil and concen-
trated in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc=10—
5) to give 34 (2.9 mg, 83%). 34: a colorless oil; [ —79.9
(c 0.15, CHCly); IR (film), vpyax 3032, 2991, 2924, 2851,
2722, 1462, 1439, 1372, 1333, 1305, 1298, 1285, 1265,
1223, 1198, 1163, 1147, 1102, 1088, 1050, 1032, 987, 959,
943, 866, 843, 758, 645 cm ™~ '; "H NMR (300 MHz, C¢Dy),
0 5.95 (1H, dd, J=10.6, 4.8 Hz), 5.87-5.77 (1H, m), 4.54—
4.49 (1H, m), 3.92 (1H, dd, J=11.2, 5.7 Hz), 3.65 (1H, dd,
J=11.2, 10.1 Hz), 3.65-3.60 (1H, m), 3.32-3.22 (2H, m),
3.15 (1H, ddd, J=9.2, 4.8, 2.2 Hz), 2.95 (1H, td, J=11.6,
2.6 Hz),2.72 (1H, ddd, J=13.6, 8.8, 4.8 Hz), 2.33 (1H, ddd,

J=13.6,7.7,2.2 Hz), 1.67-1.64 (1H, m), 1.49 (3H, s), 1.35—
1.11 (3H, m), 1.13 (3H, s); >*C NMR (75 MHz, CDCl5), 6
134.4 (CH), 126.7 (CH), 98.2 (C), 83.1 (CH), 77.2 (CH),
75.2 (CH), 72.2 (CH), 68.3 (CH,), 63.0 (CH,), 31.24 (CH,),
31.17 (CH,), 29.0 (CHj), 26.3 (CH,), 18.8 (CHs); LR-
EIMS, m/z 254 (4.1%, [M]1), 239 (38.5%, [M—CH;]™"),
196 (bp), HR-EIMS, calcd for C13H1904 [M—CH3]+Z
239.1283, found: 239.1269.

5.1.17. (1S,3R,4S,5Z,8R)-3-Hydroxymethyl-2,9-dioxa-
bicyclo[6.4.0]dodec-5-en-4-0l (35). To a solution of 34
(2.9 mg, 0.0114 mmol) in THF-H,O (1:1, v/v, 0.80 ml) was
added TFA (40 ul) at 0 °C. The mixture was warmed to
23 °C and stirred for 11.5 h. After the mixture was diluted
with Et,O (3 ml), saturated aqueous NaHCOj3 (5 ml) was
added. The mixture was extracted with EtOAc (4 X5 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSQ,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=1—1/5) to give 35
(1.7 mg, 71%). 35: a colorless oil; [a]5 —38.5 (¢ 0.085,
CHCl5); IR (film), v,ax 3413, 3023, 2932, 2856, 1678, 1439,
1377, 1334, 1308, 1281, 1264, 1205, 1144, 1117, 1085,
1033, 979, 959, 918, 909, 855, 844, 760, 699, 647 cm ™ '; 'H
NMR (400 MHz, CsDsN), 6 6.23 (1H, dd, J=11.0, 5.9 Hz),
5.90-5.82 (1H, m), 4.85 (1H, ddd, /=8.8, 5.9, 2.0 Hz), 4.45
(1H, dd, J=11.5, 3.4 Hz), 4.24 (1H, dd, J=11.5, 5.9 Hz),
3.80-3.77 (1H, m), 3.77 (1H, ddd, /=8.8, 5.9, 3.4 Hz), 3.60
(1H,td, J=9.3,4.4 Hz), 3.31 (1H, ddd, /=9.3, 4.4, 2.0 Hz),
3.17 (1H, td, J=11.2, 2.9 Hz), 2.91 (1H, ddd, /J=13.7, 9.8,
4.4 Hz), 2.34 (1H, ddd, J=13.7, 6.8, 2.0 Hz), 2.06-2.04
(1H, m), 1.50-1.39 (3H, m); '>°C NMR (75 MHz, CDCly), 6
136.7 (CH), 127.0 (CH), 83.1 (CH), 82.8 (CH), 77.5 (CH),
70.8 (CH), 68.3 (CH,), 64.2 (CH,), 31.0 (CH»), 29.7 (CH,),
26.2 (CH,); LR-EIMS, m/z 214 (20.0%, [M]™), 71 (bp);
HR-EIMS, caled for C;;H;504 [M]": 214.1205, found:
214.1232.

5.1.18. (1R,35,4R,6Z,9S,11R)-4-(tert-Butyldimethylsilyl-
oxy)-3-hydroxymethyl-11-phenyl-2,10,12-trioxabicyclo-
[7.4.0]tridec-6-ene (37). To a solution of 36 (87.0 mg,
0.160 mmol) in THF-H,O (1:1, v/v, 2.0 ml) was added TFA
(100 pl) at 0 °C and the mixture was stirred for 4 h. After the
mixture was diluted with Et,O (5 ml), saturated aqueous
NaHCO; (5 ml) was added and the mixture was extracted
with EtOAc (3 X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSO,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=10—3) to give 37 (46.5 mg, 68%) alonig with
recovered 36 (21.2 mg, 24%). 37: a colorless oil; [a]d —2.2
(c 0.34, CHCl3); IR (film), vma, 3478, 3018, 2955, 2929,
2857, 1471, 1462, 1455, 1390, 1360, 1340, 1294, 1252,
1213, 1139, 1104, 1074, 1041, 1028, 971, 940, 889, 777,
697, 673 cm ™~ '; "H NMR (300 MHz, CDCly), 6 7.37-7.22
(5H, m), 5.73-5.62 (2H, m), 5.31 (1H, s), 4.25 (1H, dd, J=
9.3, 3.4 Hz), 3.74-3.70 (1H, m), 3.59-3.52 (3H, m), 3.49—
3.42 (2H, m), 3.27-3.22 (1H, m), 2.67-2.61 (1H, m), 2.44—
2.40 (3H, m), 0.78 (9H, s), 0.11 (3H, s), 0.08 (3H, s); LR-
EIMS, m/z 363 (53.8%, [M—t-Bu] ™), 75 (bp); HR-EIMS,
caled for C;oH,705Si [M—¢tBu]™: 363.1628, found:
363.1650.
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5.1.19. (2R,3S5,5Z,8R,95)-8-(tert-Butyldimethylsilyloxy)-
2-hydroxymethyl-9-vinyl-2,3,4,7,8,9-hexahydrooxonin-
3-0l (38). To oxalyl chloride (157 pl, 1.80 mmol) in CH,Cl,
(2.0 ml) was added DMSO (0.21 ml, 3.00 mmol) in CH,Cl,
(1.0 ml) dropwise at —78 °C and the mixture was stirred for
10 min. Then, 37 (259.1 mg, 0.599 mmol) in CH,Cl,
(0.9 ml) was added dropwise at —78 °C and the mixture
was stirred for 15 min. Et;N (0.83 ml, 5.99 mmol) was
added dropwise at —78 °C. The mixture was warmed to
—20°C and stirred for 10 min. Then, saturated aqueous
NaHCO; (5 ml) was added and the mixture was extracted
with Et;O (3X8 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQ,, filtered
and concentrated in vacuo. The resultant crude aldehyde
was used immediately in the next reaction without
purification. To a stirred suspension of PhsP"CH;Br~
(1.07 g, 3.00 mmol) in THF (4.0 ml) was added NaHMDS
(2.88 ml, 1.0 M in THF, 2.88 mmol) and the mixture was
stirred at 24 °C. After 1 h, the resulting yellow suspension
was allowed to stand at —78 °C. To the mixture was added
dropwise a solution of the above crude aldehyde in THF
(4.0 ml) at —78 °C and the mixture was stirred for 2.5 h.
Then, the reaction mixture was warmed to 25 °C and stirred
for 2.5 h. After the mixture was diluted with hexane (10 ml)
and Et,O (5 ml), saturated aqueous NH4CI (10 ml) was
added and the mixture was extracted with Et,O (3 X 10 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSQ,, filtered and concentrated in vacuo.
The resultant residue was roughly purified by column
chromatography (silica gel, hexane/EtOAc=20) to give a
crude olefin compound, and it was used in the next reaction
without further purification. To a suspension of the above
olefin compound, 1,2-ehtanedithiol (0.79 ml, 9.40 mmol)
and NaHCOj; (394.8 mg, 4.70 mmol) in CH,Cl, (7.0 ml)
was added Zn(OTf), (170.8 mg, 0.470 mmol) at 0 °C and
the mixture was stirred for 2.5 h. After the mixture was
diluted with Et,O (5 ml), saturated aqueous NaHCO; (5 ml)
and H>O (5 ml) were added and the mixture was extracted
with Et,;O-EtOAc (1:1, v/v, 3X 10 ml). The combined
organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=3—1) to give 38
(113.5 mg, 58% from 37). 38: a colorless oil; [a]zD —46.9
(c 0.21, CHCly); IR (film), vmax 3584, 3382, 3018, 2955,
2928, 2858, 1472, 1462, 1449, 1256, 1098, 1051, 933, 833,
811, 775, 664 cm ™~ '; "H NMR (300 MHz, CDCls), 6 5.91—
5.78 (3H, m), 5.25 (1H, dt, J=17.3, 1.1 Hz), 5.19 (1H, dt,
J=10.3, 1.1 Hz), 4.02-3.94 (1H, m), 3.74-3.69 (3H, m),
3.52 (1H, brtd, J=8.4, 1.1 Hz), 3.23 (1H, dt, J=8.8,
4.4 Hz),2.83-2.73 (2H, m), 2.23-1.99 (4H, m), 0.87 (9H, s),
0.06 (3H, s), 0.01 (3H, s); '*C NMR (75 MHz, CDCl3), 6
139.5 (CH), 128.6 (CH), 127.2 (CH), 117.2 (CH,), 89.0
(CH), 86.7 (CH), 74.5 (CH), 71.6 (CH), 63.8 (CH,), 32.9
(CH,), 32.5 (CH,), 25.7 (CH5 X 3), 17.9 (C), —4.44 (CHy),
—4.59 (CH3); LR-EIMS, m/z 271 (15.3%, [M—t-Bu] "), 73
(bp); HR-EIMS, calcd for C;3H,30,Si [M—t-Bu]™:
271.1365, found: 271.1360.

5.1.20. (2S,3R,5Z,85,9R)-8-Benzyloxy-9-benzyloxy-
methyl-2-vinyl-2,3,4,7,8,9-hexahydrooxonin-3-ol (5). To
a solution of 38 (113.5 mg, 0.345 mmol) in THF (4.0 ml)
was added NaH (165.7 mg, 60 wt% in oil, 4.14 mmol) at

0 °C and the mixture was stirred for 20 min. Then, to the
mixture was added benzyl bromide (0.25 ml, 2.07 mmol)
and TBAI (12.7 mg, 0.0345 mmol) at 0 °C. The reaction
mixture was warmed to 24 °C and stirred for 15 h. After the
mixture was cooled to 0 °C and diluted with Et,O (5 ml),
saturated aqueous NH4Cl (10 ml) was added and the
mixture was extracted with Et,O (3 X5 ml). The combined
organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was roughly purified by column
chromatography (silica gel, hexane/EtOAc=20) to give a
crude product, and it was used in the next reaction without
further purification. To a solution of the above crude product
in THF (3.0 ml) was added TBAF (0.69 ml, 1.0 M in THF,
0.690 mmol) at 25 °C and the mixture was stirred for 4 h.
Since TLC analysis showed the starting material remained,
TBAF (2.41 ml, 1.0 M in THF, 2.41 mmol) was added, and
the stirring was continued for further 14 h. The solvent was
removed in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc =5 — 3)
to give 5 (135.8 mg, 100% from 38) 5: a colorless oil; [a]?
+28.3 (¢ 0.33, CHCly); IR (film), vp.x 3439, 3087, 3063,
3027, 2913, 2864, 1495, 1453, 1364, 1338, 1317, 1274,
1257, 1207, 1097, 1070, 1043, 1027, 928, 773, 736,
697cm™'; '"H NMR (300 MHz, CDCl;), & 7.37-7.20
(10H, m), 5.96-5.77 (3H, m), 5.28-5.22 (1H, m), 5.19-
5.15 (1H, m), 4.59 (1H, d, J=11.4 Hz), 4.54 (1H, d, J=
12.5 Hz), 4.41 (1H, d, J=12.5Hz), 429 (1H, d, J=
11.4 Hz), 3.93 (1H, dt, J=8.4, 3.7 Hz), 3.72 (1H, ddd, J=
8.8, 4.0, 2.9 Hz), 3.53 (1H, dd, /=10.3, 2.9 Hz), 3.49 (1H,
dd, J=10.3,2.9 Hz), 3.44 (1H, brt, /=8.8 Hz), 3.28 (1H, dt,
J=28.4,2.9 Hz),2.95-2.86 (1H, m), 2.74-2.65 (1H, m), 2.35
(1H, brdt, J=13.9, 4.0 Hz), 2.21-2.17 (1H, m); '*C NMR
(75 MHz, CDCl3), 6 139.0 (CH), 138.4 (C), 138.2 (C), 128.7
(CH), 128.3 (CHX?2), 128.2 (CHX2), 128.0 (CHX2),
127.8 (CHX?2), 127.5 (CHX?2), 127.3 (CH), 117.7 (CHy),
88.7 (CH), 84.3 (CH), 78.1 (CH), 73.2 (CH,), 72.7 (CH),
71.6 (CH,), 69.3 (CH,), 31.3 (CH,), 27.4 (CH,); LR-EIMS,
mlz 394 (11.4%, [M]"), 92 (bp); HR-EIMS, calcd for
CysH3004 [M]7: 394.2144, found: 394.2145.

5.1.21. Methyl (2E,2'S,3'R,5'Z,8'S,9'R)-3-{(8'-benzyloxy-
9’-benzyloxymethyl-2'-vinyl-2/,3',4',7'.8' 9’-hexahydro-
oxonin-3'-yl)oxy}-4-(tert-butyldimethylsilyloxy)-2-
butenoate (39). A solution of butynoate 20 (148.0 mg,
0.648 mmol) in CH,Cl, (2.0 ml) was slowly added dropwise
to a solution of 5 (85.4mg, 0.216 mmol) and PMe;
(0.32ml, 1.0 M in THF, 0.324 mmol) in CH,Cl, (3.0 ml)
at 0 °C by means of a syringe. The mixture was warmed to
24 °C and stirred for 1 h. The mixture was cooled to 0 °C
and diluted with hexane (5 ml) and Et,O (5 ml). Then,
saturated aqueous NH4Cl (5 ml) was added and the mixture
was extracted with Et,O (3 X8 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=30— 20— 10) to give 39 (121.5 mg, 90%).
39: a colorless oil; [a]3 +24.8 (¢ 0.91, CHCl5); IR (film),
Vmax 3027, 2949, 2928, 2857, 1716, 1626, 1471, 1453, 1434,
1389, 1360, 1297, 1253, 1206, 1138, 1096, 1048, 837, 776,
735, 697 cm ™ '; 'TH NMR (300 MHz, CDCl3), 6 7.34-7.19
(10H, m), 5.94-5.80 (2H, m), 5.70 (1H, td, J=10.8, 5.5 Hz),
5.32 (1H, dt, J=17.2, 1.4Hz), 5.07 (1H, dt, J=10.5,
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1.4 Hz), 4.99 (1H, s), 4.80 (1H, d, J=13.3 Hz), 4.68 (1H, d,
J=13.3 Hz), 459 (1H, d, J=11.2 Hz), 4.54 (1H, d, J=
122 Hz), 440 (1H, d, J=122Hz), 429 (1H, d, J=
11.2 Hz), 4.23-4.20 (1H, m), 3.98 (1H, dt, J/=8.8, 3.0 Hz),
3.80-3.76 (1H, m), 3.66 (3H, s), 3.59 (1H, dd, J=10.1,
2.4 Hz), 3.53 (1H, dd, J=10.1, 2.4 Hz), 3.28 (1H, brdt, J=
8.8, 2.4 Hz), 2.86-2.76 (1H, m), 2.74-2.65 (1H, m), 2.39—
2.30 (2H, m), 0.89 (9H, s), 0.07 (6H, s); >*C NMR (75 MHz,
CDCl5), 6 170.5 (C), 167.4 (C), 138.3 (C), 138.1 (C), 137.8
(CH), 129.1 (CH), 128.3 (CHX2), 128.2 (CHX2), 128.1
(CHX2), 127.8 (CHX2), 127.6 (CHX2), 126.6 (CH),
116.4 (CH,), 92.6 (CH), 84.9 (CH), 84.7 (CH), 79.6 (CH),
77.5 (CH), 73.3 (CH,), 71.7 (CH,), 68.9 (CH,), 60.1 (CH,),
50.9 (CH3), 27.4 (CH,), 27.0 (CH,), 25.8 (CH;3X3), 18.3
(C), —5.26 (CH3), —5.28 (CH5); LR-EIMS, m/z 565 (2.3%,
[M—#Bul™), 91 (bp); HR-EIMS, calcd for C3,Hy O5Si
[M—#-Bu]™*: 565.2621, found: 565.2660.

5.1.22.(2E,2'S,3'R,5'Z,8'S,9’R)-3-{(8'-Benzyloxy-9’'-ben-
zyloxymethyl-2'-vinyl-2',3/,4',7',8',9'-hexahydrooxonin-
3'-yl)oxy}-4-(tert-butyldimethylsilyloxy)-2-butenol (40).
To a solution of 39 (50.2 mg, 0.0806 mmol) in CH,Cl,
(1.5 ml) was added DIBAH (0.34 ml, 0.94 M in n-hexane,
0.322 mmol) at —78 °C and the mixture was stirred for
10 min. Then, saturated aqueous potassium sodium tartrate
(5 ml) was added and the mixture was stirred at 24 °C for
3 h. The layers were separated and the aqueous layer was
extracted with EtOAc (3 X5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=10—5—3) to give 40 (47.4 mg, 99%). 40:
a colorless oil; [a]F + 14.4 (¢ 0.39, CHCL;); IR (film), ¥;ax
3584, 3416, 3087, 3064, 3027, 2952, 2927, 2857, 1660,
1496, 1471, 1462, 1454, 1389, 1360, 1337, 1319, 1295,
1274, 1253, 1203, 1183, 1145, 1096, 1027, 1004, 960, 929,
836, 815, 776, 735, 697, 673 cm™'; "H NMR (300 MHz,
CDCly), 6 7.33-7.20 (10H, m), 5.94-5.77 (2H, m), 5.69 (1H,
td, J=10.6, 5.4 Hz), 5.28 (1H, dt, J=17.3, 1.7 Hz), 5.05
(1H, ddd, J=10.5, 1.7, 1.1 Hz), 4.88 (1H, t, J=28.1 Hz),
4.59 (1H, d, J=11.2 Hz), 4.54 (1H, d, J=12.3 Hz), 4.40
(1H, d, J=12.3 Hz), 4.29 (1H, d, J=11.2 Hz), 4.19 (1H, d,
J=12.3 Hz), 4.16-4.09 (2H, m), 4.11 (1H, d, /J=12.3 Hz),
4.11-4.08 (1H, m), 3.99-3.94 (1H, m), 3.70-3.65 (1H, m),
3.59 (1H, dd, J=10.1, 2.8 Hz), 3.53 (1H, dd, J=10.1,
2.2 Hz), 3.30-3.26 (1H, m), 2.78-2.66 (1H, m), 2.40-2.31
(2H, m), 0.90 (9H, s), 0.09 (3H, s), 0.08 (3H, s); '>C NMR
(75 MHz, CDCl3), 6 157.4 (C), 138.4 (CH), 138.3 (O),
138.2 (C), 128.5 (CH), 128.3 (CHX?2), 128.2 (CHX2),
128.1 (CHX?2), 127.8 (CHX2), 127.6 (CHX?2), 1274
(CH), 115.9 (CH,), 101.0 (CH), 85.5 (CH), 84.5 (CH),
78.0 (CH), 77.6 (CH), 73.3 (CH,), 71.6 (CH,), 69.0 (CH,),
61.5 (CH,), 58.2 (CH,), 27.4 (CH,), 26.8 (CH,), 25.8
(CH3Xx3), 18.2 (C), —5.30 (CH3), —5.33 (CHj);
LR-EIMS, m/z 537 (3.0%, [M—t-Bu]*), 91 (bp); HR-
EIMS, calcd for C3;Hy;06Si [M —#-Bu] *: 537.2672, found:
537.2698.

5.1.23. (2E,2'S,3'R,5'7,8'S,9'R)-3-{(8'-Benzyloxy-9’'-ben-
zyloxymethyl-2'-vinyl-2',3/,4',7',8',9'-hexahydrooxonin-
3/-yl)oxy}-4-(tert-butyldimethylsilyloxy)-2-butenal (41).
To a mixture of 40 (42.8 mg, 0.0720 mmol) and MS 4 A
(42.8 mg, 100 wt%) in CH,Cl, (1.2 ml) was added NMO

(16.7 mg, 0.144 mmol) at 24 °C and the mixture was stirred
for 10 min. Then, TPAP (5.1 mg, 0.0144 mmol) was added
to the reaction mixture at 24 °C and the mixture was stirred
for 1.5h. The mixture was filtered through Celite and
concentrated in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc=10—
5) to give 41 (32.5 mg, 76%). 41: a colorless oil; [a]®
+33.2 (¢ 0.52, CHCly); IR (film), v, 3087, 3064, 3027,
2953, 2928, 2885, 2857, 2766, 1663, 1615, 1496, 1471,
1462, 1389, 1361, 1321, 1295, 1255, 1207, 1144, 1097,
1037, 1006, 921, 837, 777, 736, 698 cm™'; 'H NMR
(300 MHz, CDCly), 6 9.98 (1H, d, J=7.3 Hz), 7.35-7.20
(10H, m), 5.91-5.79 (2H, m), 5.66 (1H, td, J=10.7, 5.9 Hz),
5.35(1H,d, J=7.3 Hz), 5.28 (1H, dt, J=17.3, 1.3 Hz), 5.08
(1H, dt, J=10.3, 1.3 Hz), 4.60 (1H, d, /J=11.0 Hz), 4.53
(1H, d, J=12.1 Hz), 4.51 (1H, d, J=13.2 Hz), 4.41 (1H, d,
J=12.1Hz), 439 (1H, d, J=13.2 Hz), 429 (1H, d, J=
11.0 Hz), 4.25-4.20 (1H, m), 4.00-3.94 (1H, m), 3.79-3.74
(1H, m), 3.58 (1H, dd, J=9.9, 2.8 Hz), 3.52 (1H, dd, J=9.9,
2.4 Hz), 3.29 (1H, brdt, J=8.8, 2.8 Hz), 2.88-2.79 (1H, m),
2.73-2.63 (1H, m), 2.40-2.26 (2H, m), 0.90 (9H, s), 0.09
(3H, s), 0.08 (3H, s); '*C NMR (75 MHz, CDCl;), 6 190.5
(CH), 174.2 (C), 138.2 (C), 138.1 (C), 137.5 (CH), 129.6
(CH), 128.32 (CHX?2), 128.26 (CHX?2), 128.1 (CHX?2),
127.8 (CHX?2), 127.6 (CHX?2), 126.0 (CH), 117.1 (CH»,),
106.6 (CH), 84.8 (CH), 84.6 (CH), 79.9 (CH), 77.6 (CH),
73.3 (CH,), 71.7 (CH»), 68.9 (CH,), 61.6 (CH,), 27.4 (CH,),
27.0 (CH,), 25.7 (CH5 X 3), 18.2 (C), —5.33 (CH3), —5.36
(CH3); LR-EIMS, m/z 535 (29.5%, [M—t-Bu] ™), 50 (bp);
HR-EIMS, calcd for C3;H3006Si [M—#-Bu]™: 535.2516,
found: 535.2514.

5.1.24. (3E,2'S,3'R,5'Z,8'S,9'R)-4-{(8'-Benzyloxy-9’'-ben-
zyloxymethyl-2'-vinyl-2',3',4',7',8',9'-hexahydrooxonin-
3’-yl)oxy}-5-(tert-butyldimethylsilyloxy)-2-(trimethyl-
silyloxy)pent-3-enenitrile (42). To a solution of 41
(5.2 mg, 8.77 pmol) and TMSCN (5.8 pl, 0.0439 mmol) in
benzene (0.40 ml) was added MesAl (9.6 ul, 1.01 M in
n-hexane, 9.65 pmol) at 24 °C and the mixture was stirred
for 1 h. Then, saturated aqueous NaHCOj5 (5 ml) was added
and the mixture was extracted with Et,O (3X5 ml). The
combined organic layers were washed with brine, dried over
anhydrous MgSQ,, filtered and concentrated in vacuo. The
resultant residue was purified by column chromatography
(silica gel, hexane/EtOAc=20—10) to give 42 (4.8 mg,
79%) as an inseparable 1:1 mixture of diastereomers. The
nitrile 42 was unstable and immediately used for the next
reaction. 42: a colorless oil; 'H NMR (300 MHz, CDCly), 6
7.31-7.20 (10H, m), 5.91-5.78 (2H, m), 5.72-5.62 (1H, m),
5.60 (0.5H, d, /=9.0 Hz), 5.58 (0.5H, d, /=9.0 Hz), 5.29—
5.23 (1H, m), 5.10-5.03 (1H, m), 4.68-4.65 (1H, m), 4.60
(1H, d, J=11.2 Hz), 4.56-4.52 (1H, m), 4.41 (0.5H, d, J=
12.3 Hz), 4.40 (0.5H, d, /J=12.3 Hz), 4.30 (0.5H, d, J=
11.2 Hz), 4.29 (0.5H, d, /J=11.2 Hz), 4.19-4.04 (3H, m),
4.00-3.94 (1H, m), 3.68-3.60 (1H, m), 3.57-3.49 (2H, m),
3.29-3.26 (1H, m), 2.82-2.64 (1H, m), 2.39-2.27 (2H, m),
0.91 (4.5H, s), 0.90 (4.5H, s), 0.20 (4.5H, s), 0.18 (4.5H, s),
0.10 (1.5H, s), 0.09 (1.5H, s), 0.08 (3H, s); '°C NMR
(75 MHz, CDCls3), 6 157.3 (CX0.5), 156.9 (CX0.5), 138.3
(C), 138.18 (CH X0.5), 138.16 (C), 138.0 (CHX0.5), 129.0
(CHX0.5), 128.9 (CHX0.5), 128.33 (CHX2), 128.26
(CHX?2), 128.1 (CHX?2), 127.9 (CHX?2), 127.6 (CHX?2),
126.9 (CHX0.5), 126.8 (CHX0.5), 120.0 (CX0.5), 119.9



A. Takemura et al. / Tetrahedron 61 (2005) 7392-7419 7407

(CX0.5), 116.6 (CH, X 0.5), 116.3 (CH,X0.5), 99.3 (CHX
0.5),99.1 (CHX0.5), 85.4 (CH X 0.5), 85.3 (CH X 0.5), 84.6
(CHX0.5), 84.5 (CHX0.5), 78.7 (CHX0.5), 78.5 (CHX
0.5), 77.6 (CH), 73.3 (CH,), 71.6 (CH,X0.5), 71.3 (CH, X
0.5), 69.0 (CH,), 62.4 (CH,X0.5), 62.2 (CH,X0.5), 57.7
(CHX0.5), 57.6 (CHX0.5), 27.4 (CH,), 26.9 (CH,), 25.8
(CH;X%3), 18.3 (C), 0.02 (CH;X 1.5), —0.05 (CH;X 1.5),
—5.38 (CH;X0.5), —5.40 (CH;X0.5), —5.51 (CH;X
0.5), —5.54 (CH;X0.5).

5.1.25. (2E,2'S,3'R,5'Z,8'S,9'R)-4-{(8'-Benzyloxy-9’-ben-
zyloxymethyl-2'-vinyl-2',3',4',7',8',9'-hexahydrooxonin-
3'-yDoxy}-5-(tert-butyldimethylsilyloxy)pent-2-ene-
nitrile (43). To a solution of 42 (58.8 mg, 0.0850 mmol) in
CH,Cl,—BusSnH (1:1, v/v, 1.0 ml) was added BF5-OEt,
(31 pl, 0.255 mmol) at — 18 °C and the mixture was stirred
for 15 min. Then, saturated aqueous NaHCOj; (5 ml) was
added and the mixture was extracted with EtOAc (3 X5 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSQ,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=50— 10— 5) to give 43
(28.3 mg, 55%) as an inseparable 1:1 mixture of dia-
stereomers at C2°> along with recovered 42 (10.7 mg, 18%).
43: a colorless oil; IR (film), v,,,x 3064, 3027, 2954, 2927,
2858, 2225, 1496, 1471, 1462, 1454, 1388, 1361, 1331,
1294, 1254, 1204, 1098, 1027, 1005, 967, 928, 837, 814,
776, 736, 698, 670 cm ™~ '; '"H NMR (300 MHz, CDCl;), ¢
7.39-7.20 (10H, m), 6.81 (0.5H, dd, J=16.5, 4.4 Hz), 6.62
(0.5H, dd, J=16.5, 4.8 Hz), 5.99-5.70 (3H, m), 5.68 (0.5H,
dd, J=16.5, 1.8 Hz), 5.65 (0.5H, dd, J=16.5, 1.5 Hz),
5.32-5.21 (1H, m), 5.12 (0.5H, dd, /=10.3, 1.8 Hz), 5.08
(0.5H, dd, /=10.3, 1.8 Hz), 4.59 (1H, d, J=11.4 Hz), 4.53
(0.5H, d, J=12.1 Hz), 4.52 (0.5H, d, J=12.5 Hz), 4.40
(0.5H,d, J=12.5 Hz), 4.38 (0.5H, d, J=12.1 Hz), 4.28 (1H,
d,J=11.4 Hz), 4.08-3.93 (2H, m), 3.69-3.46 (5H, m), 3.38
(1H,dd, J=9.9,7.3 Hz), 3.24-3.20 (1H, m), 2.82-2.74 (1H,
m), 2.67 (1H, ddd, /=13.9, 10.6, 3.3 Hz), 2.36-2.29 (1H,
m), 2.21-2.17 (0.5H, m), 2.08-2.02 (0.5H, m), 0.88 (4.5H,
s), 0.87 (4.5H, s), 0.05 (1.5H, s), 0.04 (1.5H, s), 0.03 (3H, s);
3C NMR (75 MHz, CDCl;), ¢ 153.7 (CHX0.5), 152.7
(CHX0.5), 138.9 (CHX0.5), 138.8 (CHX0.5), 138.4 (C),
138.3 (C), 128.8 (CHXO0.5), 128.5 (CHXO0.5), 128.32
(CHX?2), 128.26 (CHX2), 128.1 (CHX?2), 127.8 (CHX?2),
127.6 (CHX?2), 127.4 (CHX0.5), 127.1 (CHXO0.5), 117.4
(CH,X0.5), 117.2 (CX0.5), 117.1 (CX0.5), 116.1 (CH, X
0.5), 101.1 (CHXO0.5), 100.2 (CHXO0.5), 86.4 (CHXO0.5),
85.9 (CHX0.5), 84.6 (CHXO0.5), 84.5 (CHXO0.5), 82.7
(CHX0.5), 81.6 (CHX0.5), 78.4 (CHX0.5), 78.2 (CHX
0.5), 77.7 (CHXO0.5), 77.4 (CHXO0.5), 73.3 (CH,), 71.6
(CH,), 68.8 (CH,), 65.2 (CH, X 0.5), 64.2 (CH, X0.5), 28.9
(CH,), 28.7 (CH,), 25.8 (CH3X3), 18.23 (CX0.5), 18.19
(CX0.5), —5.41 (CH3X0.5), —5.50 (CH3X0.5), —5.52
(CH5X0.5), —5.63 (CH3X0.5); LR-EIMS, m/z 546 (6.0%,
[M—#-Bu] ™), 91 (bp); HR-EIMS, calcd for C3,H4NOsSi
[M—¢-Bu] *: 546.2675, found: 546.2678.

5.1.26. (2E,2'S,3'R,5'Z,8'S,9’R)-4-{(8'-Benzyloxy-9’-ben-
zyloxymethyl-2'-vinyl-2',3',4',7',8' ,9'-hexahydrooxonin-
3'-yl)oxy}-5-(tert-butyldimethylsilyloxy)-2-pentenal (44).
To a solution of 43 (39.4 mg, 0.0652 mmol) in CH,Cl,
(1.0 ml) was added DIBAH (0.17 ml, 0.94 M in n-hexane,
0.163 mmol) at —78 °C and the mixture was stirred for

10 min. Then, saturated aqueous potassium sodium tartrate
(5 ml) was added and the mixture was stirred at 24 °C for
10 h. The layers were separated and the aqueous layer was
extracted with Et;O (3X5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=20—10—5) to give 44 (39.6 mg,
~100%) as an inseparable 1:1 mixture of diastereomers
at C2.%° 44: a colorless oil; IR (film), v, 3064, 3027,
2953, 2927, 2858, 2736, 1694, 1496, 1471, 1462, 1454,
1377, 1361, 1329, 1294, 1254, 1206, 1099, 1069, 1027,
1005, 981, 928, 837, 814, 776, 736, 698 cm ™ '; 'H NMR
(300 MHz, CDCl3), 6 9.58 (0.5H, d, J=8.1 Hz), 9.52 (0.5H,
d, J/=38.1 Hz), 7.31-7.20 (10H, m), 6.88 (0.5H, dd, /=15.8,
4.8 Hz), 6.66 (0.5H, dd, /=15.8, 5.5 Hz), 6.35 (0.5H, ddd,
J=15.8, 8.1, 1.5Hz), 6.29 (0.5H, ddd, /=15.8, 8.1,
1.5 Hz), 6.03-5.69 (3H, m), 5.33-5.28 (1H, m), 5.11-5.06
(1H, m), 458 (1H, d, J=11.4 Hz), 4.53 (0.5H, d, J=
12.1 Hz), 4.52 (0.5H, d, /J=12.1 Hz), 439 (1H, d, J=
12.1 Hz), 4.28 (0.5H, d, /=11.4 Hz), 427 (0.5H, d, J=
11.4 Hz), 4.19-4.18 (1H, m), 3.96 (1H, brdt, J=38.6,
3.1 Hz), 3.76-3.44 (6H, m), 3.24-3.21 (1H, m), 2.82-2.62
(2H, m), 2.36-2.29 (1H, m), 2.25-2.19 (0.5H, m), 2.12-2.10
(0.5H, m), 0.88 (4.5H, s), 0.87 (4.5H, s), 0.06 (1.5H, s), 0.05
(1.5H, s), 0.04 (3H, s); LR-EIMS, m/z 606 (12.9%, [M] ™),
213 (bp); HR-EIMS, calcd for Cs,Hy;06Si [M—1-Bu]™:
549.2672, found: 549.2669.

5.1.27. (2E,2'S,3'R,5'2,8'S,9'R)-4-{(8'-Benzyloxy-9’-ben-
zyloxymethyl-2'-vinyl-2',3/,4',7',8',9'-hexahydrooxonin-
3'-yl)oxy}-5-(tert-butyldimethylsilyloxy)-2-pentenol (45).
To a solution of 44 (39.6 mg, 0.0652 mmol) in CH,Cl,
(1.5 ml) was added DIBAH (0.21 ml, 0.94 M in n-hexane,
0.196 mmol) at —78 °C and the mixture was stirred for
20 min. Then, saturated aqueous potassium sodium tartrate
(5 ml) was added and the mixture was stirred at 24 °C for
2 h. The layers were separated and the aqueous layer was
extracted with EtOAc (3X5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc = 10— 3) to give 45 (28.5 mg, 72% from 43)
as an inseparable 1:1 mixture of diastereomers at C2.>> 45: a
colorless oil; IR (film), v, 3584, 3443, 3087, 3064, 3027,
2952, 2927, 2857, 1496, 1471, 1454, 1388, 1360, 1336,
1294, 1256, 1206, 1098, 1068, 1027, 1005, 928, 836, 815,
775, 736, 697 cm ™~ '; "H NMR (300 MHz, CDCly), 6 7.32—
7.19 (10H, m), 6.09-5.76 (4H, m), 5.74-5.66 (0.5H, m),
5.46 (0.5H, ddt, J=15.4, 7.3, 1.5 Hz), 5.36-5.27 (1H, m),
5.05 (1H, ddd, J=10.5, 5.0, 1.7Hz), 458 (1H, d, J=
11.0 Hz), 4.54 (0.5H, d, J=12.5 Hz), 4.53 (0.5H, d, J=
12.5Hz), 4.38 (1H, d, J=12.5Hz), 427 (1H, d, J=
11.0 Hz), 4.17-4.10 (2H, m), 3.98-3.92 (1H, m), 3.91-3.81
(1H, m), 3.64 (1H, dd, J=13.2, 59 Hz), 3.62-3.50
(4H, m), 3.45 (1H, dd, J=10.3, 59 Hz), 3.24-3.20
(1H, m), 2.78-2.65 (2H, m), 2.34-2.29 (1H, m), 2.25-2.21
(0.5H, m), 2.17-2.12 (0.5H, m), 0.88 (4.5H, s), 0.87
(4.5H, s), 0.05 (1.5H, s), 0.04 (1.5H, s), 0.03 (3H, s); LR-
EIMS, m/z 551 (5.0%, [M—t-Bu] ™), 215 (bp); HR-EIMS,
caled for C3Hy306Si [M—r-Bu]t: 551.2829, found:
551.2819.
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5.1.28. (2S,3R,2'S,3’R,5'Z,8'S,9'R)-4-{(8'-Benzyloxy-9'-
benzyloxymethyl-2'-vinyl-2',3/,4,7',8',9'-hexahydro-
oxonin-3'-yl)oxy}-5-(tert-butyldimethylsilyloxy)-2,3-
epoxypentanol (46). To a mixture of L-(+)-DET (12 ul,
0.0702 mmol) and pre-dried MS 4 A (28.5 mg, 100 wt%) in
CH,Cl, (0.5 ml) was added Ti(O'Pr), (18 ul, 0.0608 mmol)
at —40 °C and the mixture was stirred for 30 min. Then,
TBHP (0.13 ml, 3.7 M in toluene, 0.468 mmol) was added
and the mixture was stirred at —40 °C for 30 min. To the
mixture was added dropwise a solution of 45 (28.5 mg,
0.0468 mmol) in CH,Cl, (1.0 ml). The reaction mixture was
stirred at —40 °C for 30 min. Then, the reaction mixture
was warmed to —25 °C and stirred for 26 h. DMS (34 ul,
0.463 mmol) was added at —25 °C and the mixture was
stirred for 2 h until unreacted TBHP was consumed. To the
mixture was added 10% bpL-tartaric acid (36 pl) and NaF
(15.3 mg) at —25 °C. The suspension was warmed to 24 °C
and stirred for 24 h. The mixture was filtered through Celite
and concentrated in vacuo. To the resultant residue was
added Et,0O (4.0 ml) and 30% aqueous NaOH in brine
(2.0ml) at 0 °C and the mixture was stirred for 1 h. The
layers were separated and the aqueous layer was extracted
with Et;O (3X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQO,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=5—3—1) to give 46 (29.2 mg, ~100%) as an
inseparable 1:1 mixture of diastereomers at C2.* 46: a
colorless oil; IR (film), v, 3454, 3064, 3027, 2927, 2858,
1496, 1471, 1454, 1389, 1361, 1256, 1096, 1027, 930, 901,
837, 776, 737, 698 cm ™ '; 'H NMR (300 MHz, CDCls), 6
7.31-7.19 (10H, m), 6.03-5.89 (1H, m), 5.84-5.74 (2H, m),
5.31-5.26 (1H, m), 5.06 (1H, ddd, /=10.3, 4.8, 1.8 Hz),
4.60—4.51 (3H, m), 4.41-4.25 (3H, m), 3.98-3.90 (2H, m),
3.66-3.43 (6H, m), 3.29-3.20 (1H, m), 3.18-3.05 (2H, m),
2.84-2.64 (2H, m), 2.34-2.20 (2H, m), 0.89 (4.5H, s), 0.87
(4.5H, s), 0.06 (3H, s), 0.03 (3H, s); LR-EIMS, m/z 624
(14.6%, [M] ™), 92 (bp); HR-EIMS, calcd for C36Hs,0,Si
[M]7": 624.3482, found: 624.3487.

5.1.29. (3R,2'S,3'R,5'Z,8'S,9'R)-4-{(8'-Benzyloxy-9’'-ben-
zyloxymethyl-2'-vinyl-2',3/,4',7',8',9'-hexahydrooxonin-
3'-yl)oxy}-5-(tert-butyldimethylsilyloxy)pent-1-en-3-ol
(47). To a solution of 46 (29.2 mg, 0.0468 mmol), PPh;
(59.8 mg, 0.228 mmol), and imidazole (15.5 mg,
0.228 mmol) in THF (1.0 ml) was added I, (46.3 mg,
0.182 mmol) at 25°C and the mixture was stirred for
35 min. Then, saturated aqueous Na,S,03 (8 ml) was added
and the mixture was extracted with Et,O (3 X5 ml). The
combined organic layers were washed with brine, dried over
anhydrous MgSQ,, filtered and concentrated in vacuo. The
resultant residue was roughly purified by column chroma-
tography (silica gel, hexane/EtOAc=10—5—3) to give
the corresponding crude epoxy iodide, and it was used in the
next reaction without further purification. To a solution of
the above crude epoxy iodide in EtOH (0.80 ml) was added
Zn (17.8 mg, 0.272 mmol) and saturated aqueous NH,Cl
(20 pl) at 25 °C and the mixture was stirred for 2.5 h. The
mixture was filtered through Celite-anhydrous MgSO, and
concentrated in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc=20—
10—5) to give 47 (19.3 mg, 68% from 45) as an inseparable
1:1 mixture of diastereomers at C2.>> 47: a colorless oil; IR

(film), vy 3488, 3064, 3027, 2953, 2927, 2857, 1496,
1471, 1462, 1454, 1388, 1361, 1337, 1295, 1256, 1206,
1098, 1027, 1004, 925, 837, 814, 776, 735, 697 cm ™ '; 'H
NMR (300 MHz, CDCl3), 6 7.32-7.19 (10H, m), 6.05-5.85
(2H, m), 5.83-5.71 (2H, m), 5.42-5.05 (4H, m), 4.59 (0.5H,
d, J=11.4 Hz), 4.58 (0.5H, d, J=11.4 Hz), 4.53 (0.5H, d,
J=12.5Hz), 4.52 (0.5H, J=12.5 Hz), 4.40 (0.5H, d, J=
12.5 Hz), 4.38 (0.5H, d, J=12.5 Hz), 4.28 (0.5H, d, J=
11.4 Hz), 4.27 (0.5H, d, J=11.4 Hz), 4.26-4.19 (1H, m),
3.99-3.93 (1H, m), 3.70-3.38 (7H, m), 3.26-3.19 (1H, m),
2.80-2.64 (2H, m), 2.66 (0.5H, d, J=7.0 Hz), 2.61 (0.5H, d,
J=5.5Hz), 2.35-2.17 (2H, m), 0.88 (9H, s), 0.05 (3H, s),
0.04 (3H, s); LR-FDMS, m/z 608 (bp, [M]"); HR-FDMS,
caled for C36Hs,06Si [M] T : 608.3533, found: 608.3512.

5.1.30. (3R,2'S,3'R,5'Z,8'S,9’R)-2-{(8'-Benzyloxy-9’'-ben-
zyloxymethyl-2'-vinyl-2',3',4',7',8',9'-hexahydrooxonin-
3'-yl)oxy}pent-4-en-1,3-diol (48). To a solution of 47
(19.3 mg, 0.0317 mmol) in THF (1.0 ml) was added TBAF
(48 ul, 1.0M in THF, 0.0476 mmol) at 25°C and the
mixture was stirred for 11.5h. Then, the solvent was
removed in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc=3—
1/2—EtOAc) to give 48 (10.7 mg, 68%) as an inseparable
1:1 mixture of diastereomers at C2.% 48: a colorless oil; IR
(film), vnh.x 3357, 3087, 3063, 3028, 2911, 1498, 1453,
1425, 1422, 1402, 1361, 1337, 1294, 1257, 1207, 1146,
1096, 1070, 1027, 994, 930, 774, 735, 697 cm~'; '"H NMR
(300 MHz, CDCl5), 6 7.34-7.20 (10H, m), 6.03-5.87 (1H,
m), 5.86-5.69 (3H, m), 5.44-5.17 (4H, m), 4.59 (1H, d, J=
11.4 Hz), 452 (1H, d, J=12.5Hz), 441 (0.5H, d, J=
12.5 Hz), 4.41 (0.5H, J=12.5 Hz), 4.33-4.23 (1H, m), 4.28
(1H,d,J=11.4 Hz), 3.95 (1H, brdgn, /=8.9, 3.0 Hz), 3.73—
3.63 (2H, m), 3.60-3.46 (5H, m), 3.28-3.25 (1H, m), 2.85—
2.75 (1H, m), 2.73-2.64 (1H, m), 2.54 (0.5H, d, J=3.3 Hz),
2.46 (0.5H, d, J=29 Hz), 2.31-2.22 (2H, m), 1.99-1.90
(1H, m); LR-EIMS, m/z 494 (7.7%, [M]™"), 91 (bp); HR-
EIMS, calcd for C3oH3306 [M]1: 494.2668, found:
494.2666.

5.1.31. (2R,3S,5Z,8R,95.,4'R,5'S)-3-Benzyloxy-2-benzyl-
oxymethyl-8-{(2/,2’-dimethyl-4'-vinyl-1’,3'-dioxan-5'-yl)
oxy}-9-vinyl-2,3,4,7,8,9-hexahydrooxonin (49a) and
(2R,35,5Z,8R,95,4'R,5'R)-3-benzyloxy-2-benzyloxy-
methyl-8-{(2/,2’-dimethyl-4’-vinyl-1',3'-dioxan-5'-yl)-
oxy}-9-vinyl-2,3,4,7,8,9-hexahydrooxonin (49b). To a
solution of 48 (10.7 mg, 0.0216 mmol) and 2,2-dimethoxy-
propane (11 pl, 0.0864 mmol) in CH,Cl, (0.5 ml) was
added CSA (2.5 mg, 0.0108 mmol) at 24 °C and the mixture
was stirred for 3 h. Then, to the mixture was added acetone
(7.9 wl, 0.108 mmol) and stirred at 24 °C for 11.5 h. Then,
saturated aqueous NaHCO; (3 ml) was added and the
mixture was extracted with Et,O (3 X5 ml). The combined
organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=10—5) to give 49a
(5.8 mg, 50%) and 49b (5.3 mg, 46%). 49a: a colorless oil;
[l +39.4 (¢ 0.27, CHCLy); IR (film), vpax 3065, 3026,
2992, 2914, 2865, 1453, 1372, 1262, 1201, 1146, 1099,
1027, 696 cm ™~ '; '"H NMR (300 MHz, C¢Dy), 6 7.29-7.15
(10H, m), 6.14-5.90 (2H, m), 5.89-5.81 (1H, m), 5.79-5.74
(1H, m), 5.52 (1H, dt, J=17.3, 1.7 Hz), 5.42 (1H, ddd, J=
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17.3,2.0, 1.1 Hz), 5.15 (1H, dt, J=10.6, 1.7 Hz), 5.06 (1H,
ddd, J=10.3, 2.6, 1.1 Hz), 4.43 (1H, d, J=11.7 Hz), 4.37
(1H, d, J=11.7 Hz), 427 (1H, d, J=11.7 Hz), 4.22 (1H, d,
J=11.7Hz), 4.19-4.16 (1H, m), 3.99 (1H, dt, J=7.7,
3.1 Hz), 3.89 (1H, dd, J=11.2, 5.5 Hz), 3.68-3.63 (1H, m),
3.65 (1H, dd, J=11.2, 9.5 Hz), 3.58 (2H, d, J=2.9 Hz),
3.43-3.36 (2H, m), 3.23 (1H, td, J=9.5, 5.5 Hz), 2.77-2.71
(1H, m), 2.69-2.63 (1H, m), 2.29-2.22 (1H, m), 1.93-1.85
(1H, m), 1.49 (3H, s), 1.27 (3H, s); LR-FDMS, m/z 534 (bp,
[M]"); HR-FDMS, calcd for C33H406 [M]F: 534.2981,
found: 534.2957. 49b: a colorless oil; [alhy —15.5 (¢ 0.27,
CHCly); IR (film), 7, 3065, 3012, 2921, 2866, 2803, 1453,
1373, 1365, 1335, 1272, 1241, 1198, 1183, 1152, 1120,
1095, 1063, 1044, 1028, 989, 978, 935, 915, 857, 773, 752,
697 cm ™ '; '"H NMR (300 MHz, C¢Ds), 6 7.28-7.15 (10H,
m), 6.48 (1H, ddd, J=17.3, 10.6, 4.4 Hz), 6.12 (1H, ddd,
J=117.3, 10.6, 6.2 Hz), 6.03-5.97 (2H, m), 5.75 (1H, ddd,
J=17.3,22, 1.5Hz), 5.25 (1H, dt, J=17.3, 1.5 Hz), 5.18
(1H, ddd, J=10.6, 2.2, 1.5Hz), 5.09 (1H, dt, J=10.6,
1.5 Hz), 4.44 (1H, d, J=11.7 Hz), 4.37 (1H, d, J=11.7 Hz),
423 (2H, d, J=11.7 Hz), 4.11-4.05 (2H, m), 3.80-3.76
(1H, m), 3.70 (1H, dd, J=12.8, 1.8 Hz), 3.61 (2H, d, J=
2.6 Hz), 3.40 (1H, dd, J=12.8, 1.8 Hz), 3.35 (1H, dt, J=
8.4, 2.6 Hz), 3.26 (1H, dt, J=8.8, 2.9 Hz), 2.86-2.70 (2H,
m), 2.55 (1H, brqn, J=1.8 Hz), 2.36-2.28 (1H, m), 2.07—
2.00 (1H, m), 1.52 (3H, s), 1.24 (3H, s); LR-FDMS, m/z 534
(bp, [M]7), 519 (22.0, [M—Me]*); HR-FDMS, calcd for
C33H4,06 [M]1: 534.2981, found: 534.2964.

5.1.32. (1R,35,8R,9Z,115,13R,145,16Z)-14-Benzyloxy-
13-benzyloxymethyl-6,6-dimethyl-2,5,7,12-tetraoxatri-
cyclo[9.7.0.0 ’8]0ctadeca-9,16-diene (50) and (1S,3R,5Z,
7R,2'S,3'Z,6'S,7' R)-3-(6'-benzyloxy-7'-benzyloxymethyl-
2',5',6',7'-tetrahydrooxepin-2’-yl)-9,9-dimethyl-2,8,10-
trioxabicyclo[5.4.0]Jundec-5-ene (51). To a solution of 49a
(5.8 mg, 0.0108 mmol) in degassed CH,Cl, (3.0 ml) was
added a solution of (Cy3P),Cl,Ru=CHPh (0.9 mg,
1.08 pmol) in degassed CH,Cl, (1.0 ml). The resultant
solution was stirred at 24 °C for 3 h. Then, extra (CysP),.
Cl,Ru=CHPh (1.3 mg, 1.62 umol) in degassed CH,Cl,
(2.0 ml) was added, and the stirring was continued for
further 12 h. After that, the mixture was stirred for 2 h under
O, atmosphere, and the solvent was removed in vacuo. The
resultant residue was purified by column chromatography
(silica gel, benzene/EtOAc=40—10) to give the 1:1:0.5
mixture of 49a, 50 and 51. In order to consume 49a
completely, the process was repeated as follows. To a
solution of the above mixture in degassed CH,Cl, (2.0 ml)
was added a solution of (CysP),Cl,Ru=CHPh (0.60 ml,
1.64mM in degassed CH,Cl,, 0.984 umol). The resultant
solution was stirred at 26 °C for 8 h. Then, extra (Cy3P),-
Cl,Ru=CHPh (0.80 ml, 1.21 mM in degassed CH,Cl,,
0.968 pmol) was added, and the stirring was continued for
further 16 h. After that, the mixture was stirred for 2 h under
O, atmosphere, and the solvent was removed in vacuo. The
resultant residue was purified by column chromatography
(silica gel, benzene/EtOAc=50—40—10) to give 50
(3.7 mg, 67%, after 2 cycles) and 51 (1.3 mg, 24%, after 2
cycles). 50: a colorless oil; [a]g +13.0 (¢ 0.20, CHCl3); IR
(film), vna 3087, 3063, 3027, 2991, 2922, 2855, 1496,
1454, 1372, 1336, 1311, 1292, 1267, 1221, 1200, 1100,
1027, 988, 945, 893, 866, 779, 767, 735, 697, 680 cm ', '"H
NMR (300 MHz, CsDsN), 6 7.46-7.27 (10H, m), 6.29-6.23

(1H, m), 6.01-5.86 (2H, m), 5.77-5.63 (1H, m), 4.69 (1H, d,
J=11.5Hz), 4.53-4.49 (3H, m), 4.42 (1H, d, J=11.5 Hz),
4.10-4.07 (1H, m), 3.96 (1H, dd, J=11.0, 5.5 Hz), 3.84—
3.68 (4H, m), 3.67-3.61 (1H, m), 3.58-3.52 (1H, m), 3.40
(1H, td, J=9.5, 5.5 Hz), 3.00-2.90 (1H, m), 2.76-2.67 (1H,
m), 2.44-2.36 (1H, m), 2.19-2.09 (1H, m), 1.47 (3H, s),
1.44 (3H, s); '"H NMR (300 MHz, (CD5),C=0), ¢ 7.34—
7.24 (10H, m), 6.00 (1H, dt, J=12.4, 2.6 Hz), 5.78-5.67
(2H, m), 5.40 (1H, dt, J=12.4, 2.6 Hz), 4.68 (1H, d, J=
11.6 Hz), 4.49 (2H, s), 4.41 (1H, d, J=11.6 Hz), 4.30 (1H,
brdgn, J=9.4, 2.6 Hz), 3.88-3.83 (1H, m), 3.72 (1H, dd,
J=11.3, 5.7 Hz), 3.70-3.61 (3H, m), 3.58-3.50 (1H, m),
3.55 (1H, dd, J=11.3, 9.4 Hz), 3.29 (1H, ddd, J=8.5, 5.7,
2.6 Hz), 3.18 (1H, td, J=9.4, 5.7 Hz), 2.89-2.78 (1H, m),
2.66-2.58 (1H, m), 2.39-2.32 (1H, m), 2.07-1.98 (1H, m),
1.42 (3H, s), 1.28 (3H, s); '*C NMR (150 MHz, CDCls), 6
138.4 (C), 138.1 (C), 136.5 (CH), 131.2 (CH), 128.44
(CHX?2), 128.42 (CHX2), 128.3 (CHX?2), 128.2 (CHX2),
127.93 (CH), 127.91 (CH), 127.8 (CH), 127.7 (CH), 98.3
(C), 85.8 (CH), 85.5 (CH), 83.3 (CH), 77.7 (CH), 75.0 (CH),
73.4 (CH,), 73.3 (CH), 71.6 (CH,), 69.6 (CH,), 62.9 (CH.,),
31.8 (CH,), 29.8 (CH,), 29.0 (CH3), 18.9 (CH;); LR-FDMS,
mlz 506 (22.4%, [M] 1), 491 (47.9%, [M—Me] ™), 91 (bp);
HR-FDMS, caled for Cs;H3304 [M]T: 506.2669, found:
506.2650. 51: a colorless oil; [a]d' +3.5 (¢ 0.065, CHCI5);
IR (film), ¥max 3063, 3029, 2991, 2922, 2854, 1496, 1495,
1454, 1434, 1371, 1301, 1267, 1199, 1161, 1102, 1028, 737,
697 cm ™ '; "H NMR (300 MHz, C¢Dy), 6 7.25-7.05 (10H,
m), 5.95 (1H, ddd, J=11.4, 2.8, 1.7 Hz), 5.79-5.74 (1H, m),
5.71-5.61 (2H, m), 4.54-4.47 (2H, m), 4.34 (1H, d, J=
11.7Hz), 426 (1H, d, J=11.7Hz), 422 (IH, d, J=
12.1 Hz), 4.12-3.99 (4H, m), 3.96 (1H, dd, J=11.4,
5.5Hz), 3.70 (1H, dd, J=11.4, 9.4 Hz), 3.62-3.51 (3H,
m), 2.76-2.67 (1H, m), 2.52-2.41 (3H, m), 1.48 (3H, s),
1.26 (3H, s); LR-FDMS, m/z 507 (64.2%, [M+H] ™), 506
(bp, [M]"); HR-FDMS, calcd for C3;H3506 [M]™":
506.2669, found: 506.2657.

5.1.33. 1-(4-Methoxybenzyloxy)-2-propyne (60). To a
solution of propargyl alcohol 59 (1.50 ml, 25.8 mmol) in
THF (70 ml) was added NaH (1.86g, 60 wt% in oil,
46.4 mmol) at 0 °C and the mixture was stirred for 15 min.
Then, p-methoxy benzyl chloride (PMBCIl) (5.20 ml,
38.7 mmol) and TBAI (1.24 g, 3.35 mmol) was added at
0 °C. The reaction mixture was warmed to 24 °C and stirred
for 16 h. After the mixture was cooled to 0 °C and diluted
with Et,O (30 ml), saturated aqueous NH4Cl (50 ml) was
added and the mixture was extracted with Et,O (3 <30 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSQ,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/Et,0=15—10—15) to give 60
(4.50 g,99%). 60: a colorless oil; IR (film), v, 3289, 3001,
2937, 2907, 2837, 2754, 2115, 1612, 1586, 1513, 1464,
1441, 1422, 1387, 1352, 1302, 1249, 1174, 1078, 1034, 927,
848, 819, 759, 647 cm ™~ '; 'H NMR (300 MHz, CDCl;), 6
7.30-7.26 (2H, m), 6.90-6.87 (2H, m), 4.54 (2H, s), 4.14
(2H, d, J=2.4 Hz), 3.81 (3H, s), 2.45 (1H, t, J=2.4 Hz),
LR-EIMS, m/z 176 (61.6, [M] "), 121 (bp); HR-EIMS, calcd
for C;1H;,0, [M]*: 176.0837, found: 176.0822.

5.1.34. Ethyl 4-(4-methoxybenzyloxy)-2-butynoate (61).
To a solution of 60 (2.85 g, 16.2 mmol) in THF (40 ml) was
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added n-BuLi (15.4 ml, 1.58 M in n-hexane, 24.3 mmol) at
—78°C and the mixture was stirred for 10 min. Then,
ethylchloroformate (2.30 ml, 24.3 mmol) was added at
—78 °C and the mixture was stirred for 1 h. The reaction
mixture was warmed to 0 °C and stirred for 15 min. After
the mixture was diluted with Et,O (20 ml), H,O (30 ml) was
added and the mixture was extracted with Et,O (3 X 30 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSQ,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/Et,0=20—15—10—5—3) to
give 61 (3.18 g, 79%). 61: a pale yellow oil; IR (film), v,,x
2983, 2939, 2907, 2869, 2838, 2235, 1713, 1613, 1586,
1513, 1465, 1443, 1388, 1366, 1302, 1248, 1174, 1091,
1055, 1034, 820, 751, 626 cm™'; "H NMR (300 MHz,
CDCly), 6 7.29-7.26 (2H, m), 6.90-6.87 (2H, m), 4.54 (2H,
s), 4.25 (2H, q, J=7.2 Hz), 4.25 (2H, s), 3.81 (3H, s), 1.32
(3H, t, J=7.2 Hz); LR-EIMS, m/z 248 (37.4, [M]), 121
(bp); HR-EIMS, caled for C4H;0, [M]*": 248.1048,
found: 248.1051.

5.1.35. 4-(4-Methoxybenzyloxy)-2-butynal (62) and 4-(4-
methoxybenzyloxy)-2-butynol (63). To a solution of 61
(2.96 g, 11.9 mmol) in CH,Cl, (35 ml) was added DIBAH
(25.6 ml, 0.93 M in n-hexane, 23.8 mmol) at —78 °C and
the mixture was stirred for 30 min. Then, extra DIBAH
(6.40 ml, 0.93 M in n-hexane, 5.95 mmol) was added at
—78°C and the mixture was stirred for 45 min. Then,
saturated aqueous potassium sodium tartrate (50 ml) was
added and the mixture was stirred at 23 °C for 14 h. The
layers were separated and the aqueous layer was extracted
with CH,Cl, (3 X 30 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSO,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=3—1—1/2) to give 63 (635.5 mg, 26%) along
with 62 (1.80 g, 74%). 62: a yellow oil; IR (film), v,,,x 3004,
2973, 2838, 2248, 2182, 1728, 1671, 1612, 1586, 1578,
1513, 1465, 1442, 1428, 1388, 1349, 1302, 1250, 1175,
1160, 1112, 1075, 1032, 817 cm™'; "H NMR (300 MHz,
CDCly), 6 9.25 (1H, d, J=0.55 Hz), 7.29-7.26 (2H, m),
6.92-6.88 (2H, m), 4.56 (2H, s), 4.32 (2H, d, J=0.55 Hz),
3.81 (3H, s); LR-EIMS, m/z 204 (75.5%, [M] "), 121 (bp);
HR-EIMS, caled for C;,H;,03 [M]": 204.0786 found:
204.0747. 63: a yellow oil; IR (film), v, 3629, 3394, 3000,
2935, 2859, 1612, 1586, 1513, 1464, 1442, 1422, 1386,
1351, 1302, 1248, 1175, 1122, 1072, 1031, 942, 920, 819,
756, 709, 603 cm ™~ '; "H NMR (300 MHz, CDCls), 6 7.30—
7.26 (2H, m), 6.91-6.87 (2H, m), 4.53 (2H, s), 4.33 (2H, dt,
J=6.2, 1.8 Hz), 4.18 2H, t, J=1.8 Hz), 3.81 (3H, s), 1.62
(1H, t, J=6.2 Hz); LR-EIMS, m/z 206 (21.5%, [M] "), 121
(bp); HR-EIMS, calcd for C;,H ;405 [M]*: 206.0943 found:
206.0904.

5.1.36. 4-(4-Methoxybenzyloxy)-2-butynol (63). To a
solution of 62 (1.80 g, 8.81 mmol) in CH,Cl, (25 ml) was
added DIBAH (23.5 ml, 0.93 M in n-hexane, 21.9 mmol) at
—78°C and the mixture was stirred for 10 min. Then,
saturated aqueous potassium sodium tartrate (50 ml) was
added and the mixture was stirred at 24 °C for 10 h. The
layers were separated and the aqueous layer was extracted
with Et;O (3X20 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQ,, filtered

and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=2—1/2) to give 63 (1.83 g, ~100%).

5.1.37. (2E)-4-(4-Methoxybenzyloxy)-2-butenol (64). To
a mixture of LAH (2.05 g, 43.3 mmol) in THF (25 ml) was
added dropwise a solution of 63 (2.23 g, 10.8 mmol) in THF
(15 ml) at —78 °C and the mixture was stirred for 13 min.
Then, the reaction mixture was warmed to —20°C and
stirred for 26 h. The mixture was warmed to 0°C and
diluted with Et,O (30 ml). Then, H,O (2.1 ml), 4N aqueous
NaOH (2.1 ml) and H,O (6.3 ml) were added in turn. The
resultant suspension was filtered with Celite-anhydrous
MgSO, and concentrated in vacuo. The resultant residue
was purified by column chromatography (silica gel, hexane/
EtOAc=3—2—1/2) to give 64 (1.43 g, 64%) along with
63 (0.54 g, 24%). 64: a colorless oil; IR (film), v.x 3583,
3377, 3003, 2933, 2854, 1612, 1586, 1513, 1463, 1442,
1421, 1404, 1386, 1360, 1302, 1247, 1174, 1093, 1033,
1009, 972, 847, 819, 757 cm™'; '"H NMR (300 MHz,
CDCly), 6 7.28-7.25 (2H, m), 6.89-6.86 (2H, m), 5.96-5.79
(2H, m), 4.46 (2H, s), 4.22-4.16 (2H, m), 4.01 2H, d, J=
5.1 Hz), 3.81 (3H, s); LR-EIMS, m/z 208 (21.2%, [M]™1),
121 (bp); HR-EIMS, calcd for C;,H; 405 [M]*: 208.1099
found: 208.1106.

5.1.38. (2R,3R)-2,3-Epoxy-4-(4-methoxybenzyloxy)-1-
butanol (65). To a mixture of p-(—)-DET (0.22 ml,
1.29 mmol) and pre-dried MS 4 A (1.35 g, 100 wt%) in
CH,Cl, (15 ml) was added Ti(O'Pr), (0.29 ml, 0.97 mmol)
at —40 °C and the mixture was stirred for 30 min. Then,
TBHP (4.6 ml, 3.5 M in toluene, 16.2 mmol) was added and
the mixture was stirred at —40 °C for 30 min. To the
mixture was added dropwise a solution of 64 (1.35g,
6.47 mmol) in CH,Cl, (15 ml). The reaction mixture was
stirred at —40 °C for 30 min, warmed to — 20 °C and stirred
for 2.5 d. Then, DMS (1.2 ml, 16.2 mmol) was added at
—20 °C and the mixture was stirred for 2 h until unreacted
TBHP was consumed. To the mixture was added 10%
pL-tartaric acid (0.58 ml) and NaF (244.4 mg) at —25 °C.
The suspension was warmed to 23 °C and stirred for 24 h.
The mixture was filtered through Celite and concentrated in
vacuo. To the resultant residue was added Et,O (30 ml) and
30% aqueous NaOH in brine (10 ml) at 0 °C and the mixture
was stirred for 1 h. The layers were separated and the
aqueous layer was extracted with Et;O (320 ml). The
combined organic layers were washed with brine, dried over
anhydrous MgSQ,, filtered and concentrated in vacuo. The
resultant residue was purified by column chromatography
(silica gel, hexane/EtOAc=3—2—1—1/2—1/4) to give
65 (1.03 g, 71%, 93% ee). 65: a colorless solid (EtOAc),
mp 62.0-63.0 °C; [a]y +13.9 (¢ 1.01, CHCl3); IR (KBr),
Vmax 3442, 3020, 2967, 2937, 2869, 1613, 1585, 1514,
1480, 1459, 1444, 1424, 1369, 1325, 1303, 1250, 1212,
1177, 1145, 1090, 1061, 1030, 1005, 987, 974, 932, 866,
850, 816, 759, 728, 709, 642, 636cm~'; 'H NMR
(300 MHz, CDCl3), 6 7.29-7.24 (2H, m), 6.91-6.86
(2H, m), 453 (1H, d, J=11.6Hz), 448 (1H, d, J=
11.6 Hz), 3.94 (1H, ddd, /=12.7, 5.3, 2.6 Hz), 3.81 (3H, s),
3.73 (1H, dt, J=11.5, 2.6 Hz), 3.65 (1H, ddd, /=12.7, 7.5,
4.0 Hz), 3.50 (1H, dt, J=11.5, 5.4 Hz), 3.22 (1H, dt, J=5 4,
2.6 Hz), 3.09 (1H, dt, J=4.0, 2.6 Hz), 1.71 (1H, brdd, J=
7.5, 5.3 Hz); LR-EIMS, m/z 224 (20.6%, [M]"), 121 (bp);
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HR-EIMS, caled for C;,H;604 [M]T: 224.1048, found:
224.1044.

5.1.39. (2R,3R)-2,3-Epoxy-1-(4-methoxybenzyloxy)-4-
pentene (66). To a solution of 65 (78.0 mg, 0.348 mmol)
in CH,Cl,-NEt;-DMSO (6:1.4:1, v/v/v, 3.36 ml) was
added SOj;-pyridine (553.9 mg, 3.48 mmol) at 0 °C. The
mixture was warmed to 24 °C and stirred for 1 h. After the
mixture was diluted with Et,O (5 ml), the mixture was
washed with H,O (2X10 ml). The layers were separated
and the aqueous layer was extracted with Et,O (3 X8 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSQ,, filtered and concentrated in vacuo.
The resultant crude aldehyde was used immediately in the
next reaction without purification. To a stirred suspension of
PhsP*CH;Br~ (621.6 mg, 1.74 mmol) in THF (4.0 ml) was
added NaHMDS (1.64 ml, 1.0 M in THF, 1.64 mmol) and
the mixture was stirred at 24 °C. After 1h, the resulting
yellow suspension was allowed to stand at —78 °C. To the
mixture was added dropwise a solution of the above crude
aldehyde in THF (2.0 ml) at —78 °C and the mixture was
stirred for 2 h. Then, the reaction mixture was warmed to
24 °C and stirred for 17 h. After the mixture was diluted
with hexane (10 ml) and Et,O (5 ml), saturated aqueous
NH,CI (10 ml) was added and the mixture was extracted
with Et;O (3X10 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQ,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=20— 10) to give 66 (59.8 mg, 78% from 65). 66: a
colorless oil; [a]d' +10.0 (¢ 0.68, CHCl5); IR (film), ¥max
3086, 3062, 2995, 2934, 2909, 2855, 2836, 1642, 1612,
1586, 1512, 1464, 1442, 1422, 1405, 1387, 1359, 1302,
1247, 1209, 1173, 1099, 1058, 1033, 987, 928, 877,
849, 820, 757, 681 cm™'; '"H NMR (300 MHz, CDCl5),
0 7.27 (2H, d, J=8.8 Hz), 6.88 (2H, d, /J=28.8 Hz), 5.59
(1H, ddd, J=17.3, 9.8, 7.2 Hz), 5.48 (1H, dd, J=17.3,
2.0Hz), 5.29 (1H, dd, J=9.8, 2.0 Hz), 4.53 (1H, d, J=
11.6 Hz), 4.48 (1H, d, J=11.6 Hz), 3.80 (3H, s), 3.72 (1H,
dd, J=11.6, 3.3 Hz), 3.49 (1H, dd, J=11.6, 5.3 Hz), 3.26
(1H, dd, J=7.2, 2.2 Hz), 3.09 (1H, ddd, J=5.3, 3.3,
2.2 Hz); LR-EIMS, m/z 220 (4.2%, [M]™"), 121 (bp); HR-
EIMS, caled for Cy3H;c05; [M]": 220.1099, found:
220.1082.

5.1.40. (25)-1-(4-Methoxybenzyloxy)pent-4-en-2-ol (67).
To a solution of Pd(PPh3)4 (6.5 mg, 5.63 umol) in CH,Cl,
(0.5 ml) was added BusSnH (16.5 pl, 0.0619 mmol) at
24 °C. To the mixture was added dropwise a solution of 66
(12.4 mg, 0.0563 mmol) in CH,Cl, (1.0 ml) at 24 °C and the
mixture was stirred for 20 min. The solvent was removed in
vacuo. The resultant residue was purified by column
chromatography (silica gel, hexane/EtOAc=10—3) to
give 67 (11.9 mg, 95%). 67: a colorless oil; [a] +2.8 (¢
0.76, CHCl3); IR (film), v, 3447, 3074, 3001, 2910, 2859,
1641, 1612, 1586, 1513, 1465, 1442, 1419, 1363, 1302,
1249, 1209, 1173, 1101, 1035, 997, 916, 820cm™'; 'H
NMR (300 MHz, CDCls), 6 7.26 (2H, d, /J=28.7 Hz), 6.88
(2H, d, J=8.7 Hz), 5.82 (1H, ddt, J=17.2, 10.1, 7.1 Hz),
5.15-5.07 (2H, m), 4.49 (2H, s), 3.90-3.82 (1H, m), 3.81
(3H, s), 3.49 (1H, dd, J=9.5, 3.5 Hz), 3.34 (1H, dd, /=9.5,
7.3 Hz), 2.25 (2H, t, J=17.1 Hz); LR-EIMS, m/z 222 (7.0%,

[M] "), 121 (bp); HR-EIMS, calcd for C;3H;505 [M]™:
222.1256, found: 222.1250.

5.1.41. (2S,3R.,4Z,6S,7R,1'E)-3-Benzyloxy-2-benzyloxy-
methyl-6-(4-methoxybenzyloxy)-7-(2'-methoxyvinyl)-
2,3,6,7-tetrahydrooxepin and (2S,3R,4Z,6S,7R,1'Z)-3-
benzyloxy-2-benzyloxymethyl-6-(4-methoxybenzyloxy)-
7-(2'-methoxyvinyl)-2,3,6,7-tetrahydrooxepin (73). To
oxalyl chloride (0.19 ml, 2.18 mmol) in CH,Cl, (6.0 ml)
was added DMSO (0.28 ml, 3.91 mmol) in CH,Cl, (3.0 ml)
dropwise at —78 °C and the mixture was stirred for 10 min.
Then, 72 (383.4 mg, 0.782 mmol) in CH,Cl, (6.0 ml) was
added dropwise at —78 °C and the mixture was stirred for
15 min. E;N (1.10 ml, 7.82 mmol) was added dropwise at
—78 °C. The mixture was warmed to — 18 °C and stirred
for 10 min. Then, saturated aqueous NaHCO; (10 ml) was
added and the mixture was extracted with EtOAc (3 X
10 ml). The combined organic layers were washed with
brine, dried over anhydrous MgSQ,, filtered and concen-
trated in vacuo. The resultant crude aldehyde was used in
the next reaction without purification. To a stirred
suspension of PhysP*CH,OMeCl ™~ (1.37 g, 3.99 mmol) in
THF (8.0 ml) was added NaHMDS (3.8 ml, 1.0 M in THF,
3.83 mmol) and the mixture was stirred at 0 °C. After
30 min, the resulting red solution was allowed to stand at
—78 °C. To the mixture was added dropwise a solution of
the above crude aldehyde in THF (5.0 ml) at —78 °C and
the mixture was stirred for 1.5 h. Then, the reaction mixture
was warmed to 24 °C and stirred for 17.5 h. Et,O (10 ml)
and brine (10 ml) were added and the mixture was extracted
with Et;O (3X10 ml). The combined organic layers were
washed with H,O, dried over anhydrous MgSQO,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=15—10—5—13) to give 73 (282.6 mg, 70% from
72, E/Z=2:1 from '"H NMR). 73: a colorless oil; IR (film),
Vmax 3062, 3029, 2862, 1657, 1612, 1586, 1513, 1496, 1454,
1365, 1301, 1247, 1210, 1172, 1089, 1029, 938, 820, 736,
698 cm ™ '; "H NMR (300 MHz, CDCl5), 6 7.36-7.22 (12H,
m), 6.90-6.79 (2H, m), 6.61 (0.67H, d, /=12.8 Hz), 6.04
(0.33H, dd, J=6.2, 0.7 Hz), 5.87 (2H, s), 4.84 (0.67H, dd,
J=12.8, 7.3 Hz), 4.71-4.47 (4.33H, m), 4.59 (1H, d, J=
11.2 Hz), 4.43 (1H, d, J=11.2 Hz), 4.22-4.17 (1H, m),
4.08-4.03 (1H, m), 3.99-3.91 (1H, m), 3.87 (1H, ddd, J=
8.8,5.1,3.7 Hz), 3.79 (3H, s), 3.68-3.59 (2H, m), 3.58 (1H,
s), 3.53 (2H, s); '*C NMR (75 MHz, CDCl;), ¢ 159.3 (C X
0.67), 159.1 (CX0.33), 150.3 (CHXO0.67), 148.8 (CHX
0.33), 138.6 (CX0.33), 138.4 (CX0.67), 138.2 (CX0.33),
138.0 (CX0.67), 132.0 (CHX0.33), 131.9 (CHX0.67),
131.7 (CHX0.33), 131.6 (CHX0.67), 130.5 (CX0.33),
130.1 (CX0.67), 129.6 (CHX0.66), 129.5 (CHX 1.34),
128.33 (CHX1.34), 128.29 (CHX0.66), 128.27 (CHX
1.34), 128.21 (CHX0.66), 127.82 (CHX0.66), 127.78
(CHX1.34), 127.65 (CHX1.34), 127.55 (CHX0.66),
127.48 (CHX1.34), 127.37 (CHX0.66), 113.8 (CHX
1.34), 113.6 (CHX0.66), 106.2 (CH<0.33), 102.5 (CHX
0.67), 81.7 (CHX0.67), 81.6 (CHXO0.33), 81.4 (CH3X
0.67), 80.3 (CHX0.67), 79.6 (CH X 0.33), 77.1 (CH), 76.7
(CH), 76.5 (CH3Xx0.33), 73.3 (CH,X0.67), 73.2 (CH, X
0.33), 71.3 (CH,), 71.1 (CH,X0.33), 71.0 (CH,X0.67),
70.8 (CH,Xx0.67), 70.5 (CH,X0.33), 55.8 (CH3X0.33),
55.2 (CH3X0.67); LR-EIMS, m/z 516 (6.0%, [M]™"), 395
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(bp); HR-EIMS, caled for Cs,Hz06 [M]': 516.2511,
found: 516.2504.

5.1.42. (2R,35,4Z,6R,7S)-{6-Benzyloxy-7-benzyloxy-
methyl-3-(4-methoxybenzyloxy)-2,3,6,7-tetrahydro-
oxepin-2-yl}ethanal (74). To a solution of 73 (282.6 mg,
0.547 mmol) in THF-H,O (10:1, v/v, 11.0 ml) was added
Hg(OAc), (523.0 mg, 1.64 mmol) at 24 °C and the mixture
was stirred for 1.5 h. Then, TBAI (1.82 g, 4.92 mmol) was
added at 24 °C and the mixture was stirred for 1 h. Then,
saturated aqueous NH4Cl (20 ml) was added and the
mixture was extracted with Et,O (3 X 10 ml). The combined
organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=5—3) to give 74
(262.1 mg, 95%). 74: a colorless oil; [a]f +22.5 (c 1.35,
CHCl5); IR (film), v, 3063, 3030, 2862, 2735, 1725, 1612,
1586, 1513, 1496, 1454, 1372, 1301, 1248, 1174, 1087,
1029, 821, 737, 698 cm ™~ '; '"H NMR (300 MHz, CDCl5), 6
9.73 (1H, t, J=2.0 Hz), 7.36-6.85 (14H, m), 5.92 (1H, d,
J=14.5 Hz), 5.86 (1H, d, /J=14.5 Hz), 4.63-4.34 (6H, m),
421 (1H, d, J=8.8 Hz), 4.11 (1H, td, J=38.8, 4.0 Hz), 3.92
(1H, d, J=8.8 Hz), 3.80 (3H, s), 3.74 (1H, dt, J=8.8,
3.5 Hz), 3.61 (2H, d, J=3.5 Hz), 2.79 (1H, ddd, J=16.5,
4.0,2.0 Hz), 2.54 (1H, ddd, J=16.5, 8.8, 2.0 Hz); '>*C NMR
(75 MHz, CDCls), 6 200.6 (CH), 159.3 (C), 138.0 (C), 137.7
(©), 132.3 (CH), 131.1 (CH), 129.6 (CHX?2), 129.2 (C),
128.2 (CHX?2), 128.1 (CHX2), 127.6 (CHX?2), 127.5
(CHX2), 127.4 (CHX?2), 113.7 (CHX?2), 82.8 (CH), 79.0
(CH), 78.6 (CH), 76.7 (CH), 73.2 (CH,), 71.4 (CH,), 70.7
(CH,), 70.3 (CH,), 55.0 (CHj3), 47.4 (CH,); LR-EIMS, m/z
502 (6.2%, [M] ™), 258 (bp); HR-EIMS, calcd for C3,H3405
[M]™": 502.2355, found: 502.2353.

5.1.43. (2R,35,4Z,6R,7S)-2-Allyl-6-benzyloxy-7-benzyl-
oxymethyl-3-(4-methoxybenzyloxy)-2,3,6,7-tetrahydro-
oxepin (75). To a stirred suspension of Ph;P"CH;Br~
(51.8 mg, 0.145 mmol) in THF (0.5 ml) was added
NaHMDS (0.13 ml, 1.0 M in THF, 0.132 mmol) and the
mixture was stirred at 20 °C. After 1 h, the resulting yellow
suspension was allowed to stand at —78 °C. To the mixture
was added dropwise a solution of 74 (20.8 mg,
0.0414 mmol) in THF (1.5 ml) at —78 °C and the mixture
was stirred for 2 h. Then, the reaction mixture was warmed
to 22 °C and stirred for 18 h. After the mixture was diluted
with hexane (5 ml) and Et,O (3 ml), saturated aqueous
NH4CI (5 ml) was added. The aqueous layer was extracted
with Et;O (3X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQO,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=10) to give 75 (20.6 mg, 100%). 75: a colorless oil;
[l +12.7 (¢ 1.0, CHCL); IR (film), ¥pe 3064, 3029,
2864, 1641, 1612, 1586, 1513, 1496, 1454, 1382, 1300,
1248, 1209, 1173, 1074, 1035, 914, 821, 735,698 cm ~'; 'H
NMR (300 MHz, CDCls), 6 7.34-6.85 (14H, m), 5.93 (1H,
ddt, J=17.1, 10.3, 6.8 Hz), 5.86 (2H, s), 5.07 (1H, d, J=
17.1 Hz), 5.02 (1H, d, J=10.3 Hz), 4.62-4.38 (6H, m), 4.19
(1H, d, J=8.8 Hz), 3.91 (1H, d, /J=28.4 Hz), 3.80 (3H, s),
3.71 (1H, ddd, J=8.8, 4.6, 2.0 Hz), 3.64 (2H, m), 3.60 (1H,
td, /=8.4, 3.1 Hz), 2.54 (1H, ddd, J=14.7, 6.8, 3.1 Hz),
2.21 (1H, dt, J=14.7, 6.8 Hz); '*C NMR (75 MHz, CDCl5),

6 159.2 (C), 138.3 (C), 137.9 (C), 135.2 (CH), 131.6 (CH),
131.5 (CH), 129.9 (C), 129.4 (CHX2), 128.2 (CHX2),
128.1 (CHX2), 127.7 (CHX?2), 127.5 (CHX2), 127.3
(CHX?2), 116.6 (CH,), 113.7 (CHX?2), 83.1 (CH), 82.3
(CH), 79.4 (CH), 76.9 (CH), 73.2 (CH,), 71.2 (CH»), 70.7
(CH,), 70.5 (CH»), 55.1 (CHj3), 37.4 (CH,); LR-EIMS, m/z
500 (5.0%, [M]™), 122 (bp); HR-EIMS, calcd for C3,H3605
[M]™": 500.2562, found: 500.2572.

5.1.44. (2R,35,4Z,6R,7S)-2-Allyl-6-benzyloxy-7-benzyl-
oxymethyl-2,3,6,7-tetrahydrooxepin-3-ol (58). To a solu-
tion of 75 (69.6 mg, 0.139 mmol) in CH,Cl,—pH 7 buffer
(4:1, v/v, 2.0 ml) was added DDQ (47.3 mg, 0.208 mmol) at
0°C and the mixture was stirred for 2 h. Then, to the
mixture was added DDQ (31.6 mg, 0.139 mmol) at 0 °C and
the stirring was continued for further 1 h. After the mixture
was diluted with Et,O (3 ml), saturated aqueous NaHCO3
(10 ml) was added. The mixture was extracted with Et,O
(2X5 ml) and EtOAc (5 ml). The combined organic layers
were washed with brine, dried over anhydrous MgSO,,
filtered and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=5) to give 58 (48.5 mg, 92%). 58: a colorless oil;
[a]p —33.7 (¢ 0.90, CHCl3); IR (film), vmay 3426, 3065,
3029, 2866, 1818, 1769, 1641, 1496, 1454, 1365, 1208,
1097, 913, 736, 697 cm ™~ '; "H NMR (300 MHz, CDCls), 6
7.35-7.24 (10H, m), 5.98 (1H, ddt, J=17.1, 10.1, 7.0 Hz),
5.81 (1H, dt, J=12.8, 2.2 Hz), 5.74 (1H, dt, J=12.8,
2.0 Hz), 5.16-5.09 (1H, m), 5.08-5.04 (1H, m), 4.61 (1H, d,
J=11.4Hz), 4.60 (1H, d, J=12.3 Hz), 4.55 (1H, d, J=
12.3 Hz), 4.46 (1H, d, J=11.4 Hz), 4.18 (1H, ddd, J=8.0,
4.2, 2.0 Hz), 4.15-4.09 (1H, m), 3.74-3.68 (1H, m), 3.62
(2H, d, J=3.3 Hz), 3.49 (1H, td, J=8.5, 3.5 Hz), 2.60-2.51
(1H, m), 2.37-2.26 (1H, m); '>*C NMR (75 MHz, CDCls), 6
138.2 (C), 137.7 (C), 135.1 (CH), 134.1 (CH), 130.0 (CH),
128.3 (CHX?2), 128.2 (CHX2), 127.8 (CHX?2), 127.6
(CH), 127.5 (CHX?2), 127.4 (CH), 116.7 (CH,), 84.2 (CH),
82.7 (CH), 76.8 (CH), 73.3 (CH), 73.2 (CH,), 71.4 (CH,),
70.4 (CH,), 37.7 (CH,); LR-FDMS, m/z 381 (bp, [M+
H] ™), 380 (21.8%, [M]1); HR-FDMS, calcd for C,4H,00,4
[M+H]™": 381.2066, found: 381.2081.

5.1.45. Methyl (2E,2'R,3'S,4'Z,6'R,7'S)-3-{(2-allyl-6'-
benzyloxy-7'-benzyloxymethyl-2’,3,6',7'-tetrahydrooxe-
pin-3’-yl)oxy}-4-(tert-butyldimethylsilyloxy)-2-buteno-
ate (57). A solution of butynoate 20 (462.4 mg, 2.03 mmol)
in CH,Cl, (6.0 ml) was slowly added dropwise to a solution
of 58 (256.8 mg, 0.675 mmol) and PMe; (1.0 ml, 1.0 M in
THF, 1.01 mmol) in CH,CI, (7.0 ml) at 0 °C by means of a
syringe. The mixture was warmed to 24 °C and stirred for
30 min. The mixture was cooled to 0 °C and diluted with
hexane (10 ml) and Et,O (10 ml). Then, saturated aqueous
NH4C1 (10 ml) was added and the mixture was extracted
with Et;O (3X 10 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQOy,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=30—20—10) to give 57 (401.6 mg, 98%). 57: a
colorless oil; [a]d +17.3 (¢ 0.90, CHCl;); IR (film), ¥max
3065, 3030, 2953, 2929, 2885, 2857, 1716, 1629, 1497,
1472, 1462, 1454, 1435, 1389, 1361, 1346, 1313, 1288,
1253, 1207, 1188, 1141, 1051, 1005, 939, 916, 837,
779, 735, 697, 674 cm ™~ '; "H NMR (300 MHz, CDCls), 6
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7.36-7.23 (10H, m), 5.99-5.85 (1H, m), 5.91 (1H, dt, J=
13.0,2.4 Hz), 5.59 (1H, dt, J=13.0, 2.4 Hz), 5.11-5.02 (2H,
m), 4.97 (1H, d, J=13.6 Hz), 4.95 (1H, s), 4.62 (1H, d, J=
11.2Hz), 461 (1H, d, J=13.6Hz), 460 (1H, d, J=
12.5 Hz), 4.56 (1H, d, J=12.5 Hz), 4.54-4.51 (1H, m), 4.46
(1H, d, J=11.2 Hz), 4.28-4.23 (1H, m), 3.75-3.65 (5H, m),
3.67 (3H, s), 2.58-2.50 (1H, m), 2.28-2.19 (1H, m), 0.90
(9H, s), 0.08 (3H, s), 0.07 (3H, s); '*C NMR (75 MHz,
CDCl3), 6 170.0 (C), 167.1 (C), 138.3 (C), 137.6 (C), 134.1
(CH), 133.6 (CH), 128.9 (CH), 128.3 (CHX?2), 128.2
(CHX?2), 127.7 (CHX?2), 127.6 (CH), 127.5 (CHX2),
127.3 (CH), 117.2 (CH,), 92.7 (CH), 83.2 (CH), 82.9 (CH),
77.6 (CH), 76.8 (CH), 73.3 (CH,), 71.6 (CH,), 70.4 (CH,),
60.1 (CH,), 50.9 (CH3), 36.9 (CH,), 25.8 (CH;X3), 18.2
(C), —5.36 (CH;X2); LR-FDMS, m/z 609 (55.5%, [M+
H]"), 608 (34.0%, [M]™"), 551 (bp, [M—Bu]*"); HR-
FDMS, caled for C55H400,Si [M+H]": 609.3247, found:
609.3228.

5.1.46. (2E,2'R,3'S,4'Z,6'R,7'S)-3-{(2'-Allyl-6'-benzyl-
oxy-7'-benzyloxymethyl-2',3',6’,7’-tetrahydrooxepin-3'-
yl)oxy}-4-(tert-butyldimethylsilyloxy)-2-butenol (76). To
a solution of 57 (401.6 mg, 0.660 mmol) in CH,Cl, (7.0 ml)
was added DIBAH (2.50ml, 0.94 M in n-hexane,
2.31 mmol) at —78 °C and the mixture was stirred for 1 h.
Then, saturated aqueous potassium sodium tartrate (10 ml)
was added and the mixture was stirred at 23 °C for 12 h. The
layers were separated and the aqueous layer was extracted
with EtOAc (3 X 10 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQ,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=10—3—1) to give 76 (361.4 mg, 94%). 76: a
colorless oil; [oz]zD5 +11.7 (¢ 0.78, CHCly); IR (film), ¥;ax
3423, 3065, 3030, 2953, 2928, 2857, 1659, 1497, 1471,
1462, 1454, 1389, 1361, 1294, 1274, 1252, 1187, 1094,
1028, 1004, 914, 837, 778, 735, 697 cm™'; '"H NMR
(300 MHz, CDCl3), 6 7.36-7.24 (10H, m), 6.00-5.86 (1H,
m), 5.85 (1H, dt, J=13.2, 2.2 Hz), 5.66 (1H, dt, /=13.2,
2.2 Hz), 5.11-5.00 (2H, m), 4.83 (1H, t, J=7.9 Hz), 4.61
(1H,d, J=11.2 Hz), 4.59 (2H, s), 4.45 (1H, d, J=11.2 Hz),
4.42-4.39 (1H, m), 4.26-4.22 (1H, m), 4.20 (2H, s), 4.17-
4.15 (2H, m), 3.73-3.60 (4H, m), 2.54-2.46 (1H, m), 2.27-
2.17 (1H, m), 1.86-1.84 (1H, m), 0.90 (9H, s), 0.10 (6H, s);
13C NMR (75 MHz, CDCl,), 6 156.4 (C), 138.3 (C), 137.7
(O), 134.7 (CH), 132.3 (CH), 130.3 (CH), 128.2 (CH X?2),
128.1 (CHX?2), 127.7 (CHX?2), 127.5 (CH), 127.4 (CH),
127.2 (CHX?2), 116.7 (CH,), 101.3 (CH), 83.2 (CH), 83.1
(CH), 76.9 (CH), 76.3 (CH), 73.2 (CH,), 71.5 (CH,), 70.4
(CH,), 61.0 (CH,»), 57.8 (CH,), 37.1 (CH,), 25.7 (CH5 X 3),
18.1 (C), —5.38 (CH3), —5.43 (CH3); LR-FDMS, m/z 581
(44.9%, [M+H] ™), 580 (bp, [M]"); HR-FDMS, calcd for
C34H4506Si [M]T: 580.3220, found: 580.3203.

5.1.47. (2E,2'R,3'S,4'Z,6'R,7'S)-3-{(2'-Allyl-6'-benzyl-
oxy-7'-benzyloxymethyl-2',3',6’,7'-tetrahydrooxepin-3'-
yDoxy}-4-(tert-butyldimethylsilyloxy)-2-butenal (77). To
a mixture of 76 (185.2mg, 0.319 mmol) and MS 4 A
(185.2 mg, 100 wt%) in CH,Cl, (4.0 ml) was added NMO
(74.7 mg, 0.638 mmol) at 23 °C and the mixture was stirred
for 10 min. Then, TPAP (22.4 mg, 0.0638 mmol) was added
to the reaction mixture at 23 °C and the mixture was stirred
for 1.5h. The mixture was filtered through Celite and

concentrated in vacuo. The resultant residue was purified by
column chromatography (silica gel, hexane/EtOAc=10—
5) to give 77 (155.3 mg, 84%). 77: a colorless oil; [a]g
+22.2 (¢ 0.90, CHCl3); IR (film), vp.x 3065, 3030, 2954,
2928, 2885, 2857, 2766, 1666, 1615, 1497, 1471, 1462,
1454, 1389, 1361, 1328, 1292, 1255, 1206, 1100, 1043,
1005, 916, 837, 779, 735, 697 cm~'; "H NMR (300 MHz,
CDCl3), 6 9.98 (1H, d, J=7.7 Hz), 7.36-7.24 (10H, m),
5.98-5.84 (1H, m), 5.92 (1H, dt, J=13.2,2.6 Hz), 5.55 (1H,
dt, /=13.2, 2.6 Hz), 5.32 (1H, d, J=7.7 Hz), 5.10-5.02
(2H, m), 4.63—4.43 (7H, m), 4.22 (1H, dqn, /=8.4, 2.2 Hz),
3.78-3.61 (4H, m), 2.51-2.43 (1H, m), 2.29-2.19 (1H, m),
0.90 (9H, s), 0.10 (3H, s), 0.09 (3H, s); '*C NMR (75 MHz,
CDCl3), 6 189.9 (CH), 173.3 (C), 138.2 (C), 137.5 (C),
134.0 (CH), 133.9 (CH), 128.3 (CHX?2), 128.2 (CHX?2),
128.1 (CH), 127.8 (CHX?2), 127.7 (CH), 127.5 (CHX?2),
127.4 (CH), 117.4 (CH,), 106.7 (CH), 83.1 (CH), 82.3 (CH),
78.0 (CH), 76.7 (CH), 73.3 (CH,), 71.7 (CH,), 70.3 (CH,),
61.2 (CH,), 37.0 (CH,), 25.6 (CH53X3), 18.1 (C), —5.43
(CH3), —5.46 (CH3); LR-FDMS, m/z 579 (51.5%, [M+
H]Y), 578 (47.2, [IM]™"), 363 (bp); HR-FDMS, calcd for
C34H4706S1 [M+H]*: 579.3142, found: 579.3120.

5.1.48. (3E,2'R,3'S,4'Z,6'R,7'S)-4-{(2-Allyl-6'-benzyl-
oxy-7'-benzyloxymethyl-2',3/,6,7 -tetrahydrooxepin-3'-
yloxy}-5-(tert-butyldimethylsilyloxy)-2-(trimethylsilyl-
oxy)pent-3-enenitrile (56). To a solution of 77 (155.3 mg,
0.268 mmol) and TMSCN (89 ul, 0.670 mmol) in benzene
(5.5 ml) was added MesAl (0.29 ml, 1.01 M in n-hexane,
0.295 mmol) at 25 °C and the mixture was stirred for 1 h.
Then, saturated aqueous NaHCO3 (5 ml) was added and the
mixture was extracted with Et,O (3 X8 ml). The combined
organic layers were washed with brine, dried over
anhydrous MgSO,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=30—10) to give 56
(134.6 mg, 74%) as an inseparable 1:1 mixture of
diastereomers. The nitrile 56 was unstable and immediately
used for the next reaction. 56: a colorless oil; 'H NMR
(300 MHz, CDCl5), 6 7.36-7.24 (10H, m), 5.99-5.84 (2H,
m), 5.64 (1H, dt, J=12.8, 2.4 Hz), 5.58 (0.5H, d, J=
8.8 Hz), 5.56 (0.5H, d, J=8.8 Hz), 5.11-5.00 (2H, m),
4.67-4.54 (4H, m), 4.46 (1H, d, J=11.4 Hz), 4.41-4.36
(1H, m), 4.25-4.21 (1H, m), 4.18 (2H, m), 3.72-3.60 (4H,
m), 2.48-2.42 (1H, m), 2.28-2.15 (1H, m), 0.92 (4.5H, s),
0.91 (4.5H, s), 0.21 (4.5H, s), 0.20 (4.5H, s), 0.11 (3H, s),
0.10 (3H, s); ">C NMR (75 MHz, CDCl5), 6 156.6 (C X0.5),
156.4 (CX0.5), 138.4 (CX0.5), 138.3 (CX0.5), 137.75
(CX0.5), 137.70 (CX0.5), 134.4 (CHXO0.5), 134.3 (CHX
0.5), 133.2 (CHX0.5), 133.1 (CHX0.5), 129.6 (CH X0.5),
129.5 (CHX0.5), 128.31 (CH), 128.30 (CH), 128.2 (CHX
2), 127.83 (CH), 127.79 (CH), 127.69 (CHX0.5), 127.60
(CHX0.5), 127.5 (CHX?2), 127.4 (CH), 119.8 (CX0.5),
119.6 (CX0.5), 117.2 (CH,X0.5), 117.0 (CH, X 0.5), 99.55
(CHX0.5), 99.52 (CHX0.5), 83.2 (CHX0.5), 83.1 (CHX
0.5), 82.8 (CH), 77.0 (CHX0.5), 76.93 (CHX0.5), 76.92
(CHX0.5), 76.85 (CHXO0.5), 73.34 (CH,X0.5), 73.32
(CH,X0.5), 71.7 (CH,), 70.51 (CH,X0.5), 70.46 (CH, X
0.5), 62.0 (CH,X0.5), 61.9 (CH,X0.5), 57.6 (CHXO0.5),
57.5 (CHX0.5), 37.23 (CH;,X0.5), 37.15 (CH, X 0.5), 25.8
(CH3X1.5),25.7 (CH3X 1.5), 18.2 (C), —0.08 (CH3X 1.5),
—0.10 (CH3X1.5), —5.44 (CH3X0.5), —5.47 (CH5X
0.5), —5.53 (CH3X0.5), —5.61 (CH3X0.5).
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5.1.49. (2E,2'R,3'S,4'Z,6'R,7'S)-4-{(2'-Allyl-6'-benzyl-
oxy-7'-benzyloxymethyl-2',3/,6',7 -tetrahydrooxepin-3'-
yl)oxy}-5-(tert-butyldimethylsilyloxy)pent-2-enenitrile
(55). To a solution of 56 (220.0 mg, 0.324 mmol) in
CH,Cl,-BusSnH (1:1, v/v, 3.4 ml) was added BF;-OEt,
(0.12 ml, 0.972 mmol) at 0 °C and the mixture was stirred
for 10 min. Then, saturated aqueous NaHCO; (5 ml) was
added and the mixture was extracted with Et,O (3 X5 ml).
The combined organic layers were washed with brine, dried
over anhydrous MgSQ,, filtered and concentrated in vacuo.
The resultant residue was purified by column chromato-
graphy (silica gel, hexane/EtOAc=50—20—10—5) to
give 55 (119.8 mg, 63%) as an inseparable 1:1 mixture of
diastereomers at C13.%® 55: a colorless oil; IR (film), ¥max
3065, 3030, 2954, 2928, 2858, 2225, 1641, 1496, 1471,
1462, 1454, 1388, 1361, 1294, 1253, 1207, 1103, 1028,
1005, 967, 939, 914, 837, 778, 735, 697 cm ™ '; '"H NMR
(300 MHz, CDCls), 6 7.36-7.24 (10H, m), 6.75 (0.5H, dd,
J=16.3, 4.6 Hz), 6.66 (0.5H, dd, J=16.3, 5.7 Hz), 6.00—
5.84 (2H, m), 5.75 (0.5H, dt, /=12.8, 2.2 Hz), 5.67-5.59
(1.5H, m), 5.12-5.04 (2H, m), 4.60 (1H, J=11.8 Hz), 4.56
(2H, s), 4.45 (1H, d, J=11.8 Hz), 4.20-4.15 (1H, m), 4.12—
4.04 (1H, m), 3.98-3.89 (1H, m), 3.75-3.47 (6H, m), 2.56—
2.41 (1H, m), 2.27-2.15 (1H, m), 0.89 (4.5H, s), 0.88 (4.5H,
s), 0.05 (3H, s), 0.04 (3H, s); "*C NMR (75 MHz, CDCl,), 6
152.9 (CH X0.5), 152.3 (CHX0.5), 138.3 (C), 137.9 (CX
0.5), 137.8 (CX0.5), 134.9 (CHX0.5), 134.8 (CHX0.5),
132.5 (CHX0.5), 132.2 (CHX0.5), 131.5 (CH X 0.5), 130.8
(CHX0.5),128.4 (CH), 128.3 (CH), 128.2 (CHX2), 127.85
(CH), 127.79 (CH), 127.72 (CHX0.5), 127.69 (CHXO0.5),
127.6 (CHX?2), 127.4 (CH), 117.03 (CX0.5), 116.96 (CX
0.5), 116.8 (CH,X0.5), 116.7 (CH,X0.5), 101.7 (CHX
0.5), 101.0 (CHX0.5), 82.9 (CHXO0.5), 82.5 (CHX0.5),
82.4 (CHX0.5), 82.1 (CHXO0.5), 80.3 (CHXO0.5), 79.5
(CHXO0.5), 78.4 (CHX0.5), 78.2 (CHX0.5), 76.76 (CH X
0.5), 76.66 (CHX0.5), 73.4 (CH,X0.5), 73.3 (CH, X0.5),
71.59 (CH,X0.5), 71.57 (CH,;X0.5), 70.4 (CH,), 64.9
(CH,X0.5), 64.1 (CH;X0.5), 37.5 (CH,X0.5), 374
(CH,X0.5), 25.8 (CH53X3), 18.2 (C), —5.43 (CH3X0.5),
—5.49 (CH3X0.5), —5.52 (CH3X0.5), —5.53 (CH5X
0.5); LR-EIMS, m/z 589 (5.5%, [M] "), 91 (bp); HR-EIMS,
caled for C3;H3gNOsSi [M—-Bu]™: 532.2519, found:
532.2510.

5.1.50. (2E,2'R,3'S,4'Z,6'R,7'S)-4-{(2'-Allyl-6'-benzyl-
oxy-7'-benzyloxymethyl-2',3/,6,7 -tetrahydrooxepin-3'-
yl)oxy}-5-(tert-butyldimethylsilyloxy)-2-pentenal (78).
To a solution of 55 (119.8 mg, 0.203 mmol) in CH,Cl,
(3.5 ml) was added DIBAH (0.86 ml, 0.94 M in n-hexane,
0.812 mmol) at —78 °C and the mixture was stirred for 1 h.
Then, saturated aqueous potassium sodium tartrate (5 ml)
was added and the mixture was stirred at 24 °C for 10 h. The
layers were separated and the aqueous layer was extracted
with Et;O (3X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQOy,, filtered
and concentrated in vacuo. To a mixture of the resultant
imine in CH,Cl, (3.0 ml) was added 0.5 M aqueous HCl
(1.5 ml) at 24 °C and the mixture was stirred for 20 min. The
mixture was extracted with Et,O (3 X5 ml). The combined
organic layers were washed with saturated aqueous
NaHCOj; and brine, dried over anhydrous MgSQ,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/

EtOAc=10—15) to give 78 (100.2 mg, 83% from 55) as an
inseparable 1:1 mixture of diastereomers at C13.% 78: a
colorless oil; IR (film), v,.x 3066, 3030, 2954, 2928, 2857,
1694, 1641, 1497, 1471, 1462, 1454, 1389, 1361, 1294,
1253, 1207, 1110, 1028, 1005, 979, 939, 913, 837, 778, 735,
698 cm™'; "H NMR (300 MHz, CDCls), 6 9.57 (0.5H, d,
J=17.7Hz), 9.55 (0.5H, d, J=7.7 Hz), 7.35-7.24 (10H, m),
6.81 (0.5H, dd, J=15.8, 5.5 Hz), 6.71 (0.5H, dd, J=15.8,
6.2 Hz), 6.31 (0.5H, ddd, J=15.8, 7.7, 1.5 Hz), 6.30 (0.5H,
ddd, /=15.8,7.7, 1.3 Hz), 6.01-5.78 (2.5H, m), 5.68 (0.5H,
dt, J=12.9, 2.4 Hz), 5.13-5.01 (2H, m), 4.60 (1H, d, J=
11.2 Hz), 459 (1H, d, J=12.5Hz), 454 (1H, d, J=
12.5 Hz), 4.45 (1H, d, J=11.2 Hz), 4.26-4.15 (2H, m), 3.98
(0.5H, brdqn, J=8.4, 2.4 Hz), 3.92 (0.5H, brdgn, J=28.4,
2.4 Hz), 3.80-3.52 (6H, m), 2.62-2.48 (1H, m), 2.27-2.15
(1H, m), 0.89 (4.5H, s), 0.88 (4.5H, s), 0.06 (1.5H, s), 0.05
(1.5H, s), 0.04 (3H, s); '*C NMR (75 MHz, CDCl5), 6 193.1
(CHXO0.5), 192.9 (CHXO0.5), 154.8 (CHXO0.5), 153.8
(CHX0.5), 138.4 (C), 137.9 (C), 135.1 (CHXO0.5), 135.0
(CHXO0.5), 133.7 (CHXO0.5), 132.9 (CHXO0.5), 1324
(CHXO0.5), 132.0 (CHXO0.5), 131.7 (CHXO0.5), 131.5
(CHX0.5), 128.3 (CHX?2), 128.2 (CHX?2), 127.80 (CH),
127.78 (CH), 127.6 (CH), 127.58 (CHX?2), 127.4 (CH),
116.8 (CH,X0.5), 116.7 (CH, X 0.5), 83.2 (CHX0.5), 82.9
(CHX0.5), 82.4 (CHXO0.5), 82.3 (CHXO0.5), 80.3 (CHX
0.5),79.2 (CHX0.5), 78.6 (CHX0.5), 78.4 (CHX0.5), 76.8
(CHX0.5), 76.7 (CHX0.5), 73.3 (CH,), 71.53 (CH, X 0.5),
71.46 (CH,X0.5), 70.4 (CH,), 65.2 (CH,X0.5), 64.5
(CH, X0.5), 37.42 (CH,X0.5), 37.37 (CH,X0.5), 25.8
(CH;3X3), 18.2 (C), —5.36 (CH3X0.5), —5.44 (CH3X
0.5), —5.47 (CH3X0.5), —5.49 (CH;X0.5); LR-FDMS,
mlz 592 (bp, [M]"), 535 (43.7, [M—-Bu]*); HR-FDMS,
caled for C;3sHug06Si [M—r-Bu]t: 592.3220, found:
592.3230.

5.1.51. (2E,2'R,3'S,4'Z,6'R,7'S)-4-{(2'-Allyl-6'-benzyl-
oxy-7'-benzyloxymethyl-2',3,6',7'-tetrahydrooxepin-3'-
yDoxy}-5-(tert-butyldimethylsilyloxy)-2-pentenol (79).
To a solution of 78 (100.2 mg, 0.169 mmol) in CH,Cl,
(3.0 ml) was added DIBAH (0.54 ml, 0.94 M in n-hexane,
0.507 mmol) at —78 °C and the mixture was stirred for
30 min. Then, saturated aqueous potassium sodium tartrate
(5 ml) was added and the mixture was stirred at 24 °C for
15 h. The layers were separated and the aqueous layer was
extracted with EtOAc (3X5 ml). The combined organic
layers were washed with brine, dried over anhydrous
MgSQ,, filtered and concentrated in vacuo. The resultant
residue was purified by column chromatography (silica gel,
hexane/EtOAc=5—3) to give 79 (91.2 mg, 91%) as an
inseparable 1:1 mixture of diastereomers at C13.%® 79: a
colorless oil; IR (film), v, 3584, 3451, 3065, 3029, 2953,
2927, 2857, 1496, 1471, 1462, 1454, 1388, 1361, 1295,
1252, 1207, 1099, 1028, 1005, 913, 836, 815, 777, 734,
697 cm ™~ '; "H NMR (300 MHz, C¢Ds), ¢ 7.33-7.01 (10H,
m), 6.30-6.12 (1H, m), 6.03-5.88 (1.5H, m), 5.78 (0.5H, dt,
J=13.0, 2.6 Hz), 5.66-5.47 (2H, m), 5.30-5.09 (2H, m),
4.50-4.35 (3H, m), 4.31 (1H, d, J=11.7 Hz), 4.30-4.23
(1H, m), 4.10-4.05 (1H, m), 4.00-3.94 (1H, m), 3.89-3.83
(2H, m), 3.81-3.63 (5H, m), 3.55 (1H, ddd, /=10.6, 9.0,
4.6 Hz), 2.92-2.74 (1H, m), 2.51-2.34 (1H, m), 1.00 (4.5H,
s),0.98 (4.5H, s), 0.10 (1H, s), 0.08 (2.5H, s), 0.07 (2.5H, s);
13C NMR (75 MHz, CDCl5), 6 138.4 (C), 138.00 (C X0.5),
137.98 (CX0.5), 1355 (CH), 1339 (CHXO0.5), 133.2
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(CHX0.5), 132.8 (CHXO0.5), 132.5 (CHX0.5), 131.5
(CHX0.5), 130.6 (CHXO0.5), 129.47 (CHX0.5), 129.46
(CHX0.5), 128.3 (CHX?2), 128.2 (CHX?2), 127.80 (CH),
127.79 (CH), 127.6 (CHX3), 127.4 (CH), 116.43 (CH, X
0.5), 116.40 (CH,X0.5), 83.8 (CHX0.5), 83.6 (CH X0.5),
82.7 (CHXO0.5), 82.5 (CHX0.5), 81.0 (CHX0.5), 79.7
(CHX0.5), 79.5 (CHX0.5), 77.6 (CHX0.5), 77.0 (CHX
0.5), 76.9 (CHX0.5), 73.3 (CH,), 71.43 (CH,X0.5), 71.35
(CH, X 0.5), 70.5 (CH,), 66.1 (CH, X 0.5), 65.9 (CH, X 0.5),
62.8 (CH,X0.5), 62.7 (CH,X0.5), 37.31 (CH,X0.5),
37.26 (CH,X0.5), 25.86 (CH;X1.5), 25.84 (CH;X1.5),
18.29 (C X0.5), 18.27 (C X 0.5), —5.19 (CH5X0.5), —5.32
(CH5X0.5), —5.36 (CH;X0.5), —5.41 (CH;X0.5); LR-
FDMS, m/z 595 (bp, [M+H] ™), 594 (25.1%, [M]"); HR-
FDMS, calcd for C35sHs5;06Si [M+H]": 595.3455 found:
595.3467.

5.1.52. (2R,3S,2'R,3'S,4'Z,6'R,7'S)-4-{(2'-Allyl-6'-benzyl-
oxy-7'-benzyloxymethyl-2',3',6’,7’-tetrahydrooxepin-3'-
yloxy}-5-(tert-butyldimethylsilyloxy)-2,3-epoxypentanol
(80). To a mixture of p-(—)-DET (12 ul, 0.0696 mmol) and
pre-dried MS 4 A (20.7 mg, 100 wt%) in CH,Cl, (0.3 ml)
was added Ti(O'Pr)4 (15.4 pl, 0.0522 mmol) at —40 °C and
the mixture was stirred for 30 min. Then, TBHP (0.14 ml,
4.9 M in toluene, 0.696 mmol) was added and the mixture
was stirred at —40 °C for 30 min. To the mixture was added
dropwise a solution of 79 (20.7 mg, 0.0348 mmol) in
CH,Cl, (1.2 ml). The reaction mixture was stirred at
—40 °C for 30 min. Then, the reaction mixture was warmed
to —25°C and stirred for 2.5d. Then, DMS (52 pnl,
0.708 mmol) was added at —25 °C and the mixture was
stirred for 2 h until unreacted TBHP was consumed. To the
mixture was added 10% bpL-tartaric acid (31 pl) and NaF
(13.2 mg) at —25 °C. The suspension was warmed to 24 °C
and stirred for 24 h. The mixture was filtered through Celite
and concentrated in vacuo. To the resultant residue was
added Et,O (1.0 ml) and 30% aqueous NaOH in brine
(1.0 ml) at 0°C and the mixture was stirred for 1 h. The
layers were separated and the aqueous layer was extracted
with Et;O (3X5 ml). The combined organic layers were
washed with brine, dried over anhydrous MgSQO,, filtered
and concentrated in vacuo. The resultant residue was
purified by column chromatography (silica gel, hexane/
EtOAc=10—7—5—3) to give 80 (16.2 mg, 76%) as an
inseparable 1:1 mixture of diastereomers at C13.%° 80: a
colorless oil; IR (film), v, 3458, 3065, 3029, 2953, 2927,
2857, 1496, 1471, 1462, 1454, 1388, 1361, 1295, 1253,
1208, 1096, 1028, 1005, 911, 837, 814, 778,735,697 cm ™ ';
"H NMR (300 MHz, CDCls), 6 7.35-7.24 (10H, m), 6.02—
5.78 (3H, m), 5.13-5.01 (2H, m), 4.60 (1H, d, /J=11.4 Hz),
4.59 (1H, d, J=12.5Hz), 4.54 (1H, d, J=12.5 Hz), 4.45
(1H,d, J=11.4 Hz), 4.21-4.15 (1H, m), 4.02-3.91 (2H, m),
3.74-3.42 (8H, m), 3.24-3.15 (1H, m), 3.04 (1H, ddd, J=
10.8, 5.5, 2.2 Hz), 2.60-2.52 (1H, m), 2.27-2.15 (1H, m),
0.90 (4.5H, s), 0.88 (4.5H, s), 0.06 (3H, s), 0.05 (3H, s); °C
NMR (75 MHz, CDCls), 6 138.4 (CX0.5), 138.3 (CX0.5),
138.0 (CX0.5), 137.9 (CX0.5), 135.3 (CHXO0.5), 135.2
(CHXO0.5), 132.5 (CHXO0.5), 132.3 (CHXO0.5), 131.5
(CHXO0.5), 131.1 (CHXO0.5), 128.23 (CHX?2), 128.16
(CHX?2), 127.8 (CHX?2), 127.5 (CHX3), 127.34 (CHX
0.5), 127.32 (CHX0.5), 116.6 (CH,X0.5), 116.5 (CH, X
0.5), 83.4 (CHX0.5), 83.2 (CHX0.5), 82.6 (CHX0.5), 82.5
(CHXO0.5), 80.8 (CHX0.5), 80.5 (CHX0.5), 80.0 (CHX

0.5), 77.9 (CH X 0.5), 76.9 (CH), 73.3 (CH,), 71.4 (CH, X
0.5), 71.3 (CH,X0.5), 70.5 (CH,), 63.9 (CH,X0.5), 62.7
(CH,X0.5),61.3 (CH,X0.5), 61.1 (CH, X 0.5), 56.7 (CH X
0.5), 56.6 (CH X 0.5), 56.4 (CHX0.5), 53.9 (CH X 0.5), 37.3
(CH,X0.5), 37.2 (CH,X0.5), 25.8 (CH;X1.5), 25.7
(CH;X 1.5), 18.2 (CX0.5), 18.1 (CX0.5), —5.43 (CH3X
0.5), —5.54 (CH53X0.5), —5.61 (CH3X0.5), —5.63
(CH5X0.5); LR-FDMS, m/z 611 (bp, [M+H]"), 610
(51.7, (M]"); HR-FDMS, caled for C;3sHs0,Si [M+
H]": 611.3404, found: 611.3384.

5.1.53. (2R,3S,4Z,6R,75,3'S,4'R)-2-Allyl-6-benzyloxy-7-
benzyloxymethyl-3-{