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reaction time (typically 20 h) would ideally be shorter, and
aromatic and conjugated aldehydes tend to require even
longer reaction times (Table 3), the four conditions for an
ideal reagent outlined above have otherwise been met fully. In
this context it is especially noteworthy, and bears repeating,
that reagent 3 is a readily prepared stable solid that may be
briefly handled in air with no apparent decomposition, and
may be stored in a freezer under N, or Ar for long periods of
time (> 1 month). Investigations into the mechanistic basis
for the sluggish reactivity of some aromatic and conjugated
aldehydes and a method to overcome this limitation have
been initiated.

Experimental Section
Preparation of reagent (R,R)-3: To a cooled (0°C) solution of
allyltrichlorosilane  (2.05mL, 14.1 mmol) and 1,8-diazabicy-
clo[5.4.0Jlundec-7-ene (4.24 mL, 284 mmol) in dichloromethane
(50 mL) was added (R,R)-N,N’-bis-(4-bromobenzyl)cyclohexane-
1,2-diamine (5.37 g, 11.9 mmol) in dichloromethane (20 mL) over
50 min. After 2 h, the mixture was warmed to room temperature, and
was stirred for 13 h. The reaction mixture was concentrated. After
diethyl ether (60 mL) was added, the mixture was stirred for 1 h and
filtered through a pad of celite, and the residue was washed with
diethyl ether (2x10mL). The filtrate was concentrated. Benzene
(10mL) was added, and the solution was concentrated. This
procedure was repeated to give the product as an oil (5.37 g, 88%).
Upon standing (under Ar) in a freezer, the oil solidified to a white
solid that may be stored in a freezer (under Ar) and used as needed.
"H NMR (300 MHz, C,Dy): 6 =7.43 (d, J=8.4 Hz, 2H; Ar-H), 7.42
(d,/=8.4Hz,2H; Ar-H), 7.18 (d,/=8.5Hz,2H; Ar-H), 7.17 (d,J =
8.5Hz, 2H; Ar-H), 5.72 (m, 1H; CH=CH,), 5.00-4.92 (m, 2H; CH=
CH,),3.98 (d,J=16.2 Hz, 1 H; one of NCH,Ar),3.95 (d,/=15.1 Hz,
1H; one of NCH,Ar), 3.65 (d,/=15.1 Hz, 1 H; one of NCH,Ar), 3.64
(d, J=16.2Hz, 1H; one of NCH,Ar), 2.63-2.75 (m, 2H; two of
CHN), 1.42-1.79 (m, 6H; four of Cy and SiCH,CH=CH,), 0.83-
1.05 ppm (m, 4H; four of Cy); *C NMR (75 MHz, C,Dy): 0 =141.7,
140.7, 131.7, 131.4, 130.3, 129.5, 128.7, 121.2, 120.9, 116.6, 66.8, 65.8,
48.3,47.5, 31.1, 30.7, 25.1, 25.0 ppm; ¥Si NMR (60 MHz, C;Dg): 6 =
—4.4 ppm.

General procedure for the reaction of (R,R)-3 with aldehydes: To
a cooled (—10°C) solution of (R,R)-3 in CH,Cl, (0.2m) was added the
aldehyde (1.0 equiv). The reaction mixture was transferred to a
freezer (—10°C) and maintained at that temperature for 20 h. To this
cooled solution was added 1N HCI and EtOAc, and the mixture was
vigorously stirred at room temperature for 15 min. The layers were
separated and the aqueous layer was extracted with EtOAc three
times. The combined organic layers were diluted with hexane, dried
(MgS0,), filtered, and concentrated. The homoallylic alcohol prod-
ucts may be purified further by chromatography on silica gel. All
yields listed in Tables 1-3 are for chromatographed, analytically pure
material.
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The oxidative cyclization of 1,5-dienes to produce tetrahy-
drofurans has been known for some time, and is a unique
method for making these heterocycles. The reaction is
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particularly powerful because it involves the stereospecific
suprafacial addition of two oxygen atoms across each of the
two alkenes, coupled with the steroselective formation of a
cis-substituted tetrahydrofuran ring (Scheme 1). Typically,
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Scheme 1. Stereoselective formation of cis-tetrahydrofurans.
[O]=KMnO,, OsO,, RuQ,.

this type of oxidation requires stoichiometric amounts of
powerful oxidants such as KMnO,!l or CrO; derivatives,?
which usually leads to low yields because of over-oxidation.
Recently, conditions have been reported for accomplishing
this reaction using catalytic osmium tetroxide® or ruthenium
tetroxide in conjunction with NalO, reoxidant. However,
while both of these processes are admirable, neither is
particularly general or high yielding. For example, oxidation
of geranyl acetate using Picialli's conditions (cat. OsO,,
NalO,, DMFB) gave 55% yield of a tetrahydrofuran, and a
slightly lower yield with the isomeric neryl substrate (see
entries 3 and 4, Table 1, see below); in our experience, these
two substrates are often the ones that give the highest yields.
In contrast, catalytic ruthenium tetroxide gave the same
products as above from both geranyl and neryl acetates in 61

Table 1: Osmium-catalyzed cyclizations of 1,5-dienes.
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and 31 % yield, respectively, but was not completely stereo-
selective for cis-tetrahydrofurans.

Our own work in this area had concentrated on the use of
osmium tetroxide, which we believe is the oxidant with the
most potential for the oxidative cyclizations of dienes. Initial
results using the combination of OsO,/tetramethylethylenedi-
amine (TMEDA) with a diene had yielded an osmate ester
4, which could be persuaded to cyclize (by adding the RO—
Os=0 unit across a distal alkene) under acidic conditions
(Scheme 2).5!

/
N/
_ e
R A = 0s04 (1 equiv)_ 04095\0
TMEDA, CHCl
3 NHCOCCls 2 R A
(x)-4 NHCOCCly
R\/O\A MeOH, H*
07 NHeocC
HO OH

Scheme 2. Acid-promoted cyclization of osmate esters.

Although the yields of oxidative cyclization were good
using this protocol (typically, 60-80% ), the use of stoichio-
metric transition metals was unattractive and we sought out
catalytic variants. Our early work had clearly shown that it
was the acidic conditions that promoted cyclization of the
osmate ester 4 to form the five-membered ring. Therefore, we
examined the oxidative cyclization of a range of 1,5-dienes
using catalytic OsO, (5%), Me;NO (4 equiv), and either

camphorsulfonic  acid (CSA;
6 equiv) or trifluoroacetic acid
(TFA; excess) to lower the pH.

Re RS Remarkably, the dihydroxylation/
RZM\HG oxidative  cyclization sequence
R R* worked very well and provided
Entry R R? R? R RS RS Product Yield [%] several stereochemically defined
tetrahydrofurans in good yield (Ta-
. b H H H H H 600 ble 1), and as single stereoisomers.
The conditions reported here are
general for a range of 1,5-diene
2 H H Me Me H H 728 substrates and are a broad solution
to the problems of yield and applic-
ability, as outlined above. In fact,
3 Me  Me H Me H CH,OBn OBn gl the lowest yield in Table 1 (60 %) is
a consequence of the volatility of
the diene starting material (see
4 Me Me H Me CH,0Bn H 9501 . .
entry 1). The stereoselective oxida-
tion of both cis and frans isomers
5 H Bu H H H Bu 780! (compare entries 3 with 4 and 5 with
6, Table 1) is also noteworthy.["]
Bu. A M\ Bu In terms of mechanism, we sug-
6 Bu H H H Bu H HO : ?0; OH 81 gest a similar scheme to that descri-
OH bed above in Scheme 2. The initial
[\ reaction is dihydroxylation of the
7 H (CH) H H H H CQ:‘)H 7 diene to yield an osmate ester

(Scheme 3); this may then be cy-

[a] CSA conditions in CH,Cl,. [b] TFA conditions in acetone/water (9:1). Bn=benzyl.
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Scheme 3. Possible mechanism of oxidative cyclization.

OsVILI The exact role of the acid in promoting cyclization is
unknown, but we suggest that it protonates an oxo ligand on
the osmium center, making it a more electron-deficient
partner in the ensuing cycloaddition.

Our next objective was to search for methods of making
these products enantiomerically pure.’l We turned our
attention to the role of stereodirecting groups on the diene
backbone, between the two alkene groups: this is the first
time that this possibility has been explored. The oxidation of
substrate 12 is instructive for two reasons (Scheme 4). First, it

o)
Il
OTBDPS (0, (5%) |L0S-Q  OTBDPS
= Z MegNO (4 equiv) O\/E\/'\/ "
CSA (6 equiv)
12 CHCl OTBDPS OTBDPS
76% 14

Scheme 4. Oxidation of substrate 12. TBDPS = teri-butyldiphenylsilyl.

indicates that bulky silyl protecting groups are compatible
with the oxidative regimen. Second, the lack of stereo-
selectivity with respect to the initial chiral center probably
means that the reaction initiates through dihydroxylation of
the unsubstituted alkene to give a mixture of osmate estersl’]
(presumably, this reaction is nonstereoselective because the
chiral center is too far removed). However, the presence of
two cis-tetrahydrofuran products, 13 and 14, means that the
penchant for forming cis stereochemistry during cyclization
clearly overrides any bias imposed by the substituent at C3.
Hence, two cis isomers are formed in equal amounts, one from
each isomer of the osmate ester.['"]

One consequence of this mechanism is that the readily
available C,-symmetric compound (+)-150"" should be oxi-
dized to give a single stereoisomer, whatever the outcome
from the initial dihydroxylation (Scheme 5). This was indeed
the case, and compound (+)-16 was isolated pure in 84 %
yield from the oxidation reaction.

The utility of this substrate was illustrated when com-
pound (+)-16 was deprotected (H,, Pd/C) to give (+)-
anhydro-p-glucitol,l”l or then monoprotected with BnBr/
Ag,0 toyield (+)-17. When compound 17 was oxidized to the
carboxylic acid, and deprotected by hydrogenolysis, (+)-D-
chitaric acid® was produced in a short sequence (Scheme 5).
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OBn
W OSO4 (5%)
: Me3NO (4 equiv)
OBn CSA (6 equiv)
(+)-15 CHCl
84% (+)-anhydro-D-glucitol
BnO,

BnBr (1 equiv) \\\\OBn HO ;OH

f 1) cat. TEMPO, NaCIO.
116 Ao (15 eauy) /| )NaCIO, MPO: 2
toluene g9 G 2) Hy, Pd/C, MeOH 204
39% HO OBn 76% 0 OH
(+ 35% of other regioisomer) (+)-17 D-chitaric acid

Scheme 5. Synthesis of anhydro-p-glucitol and p-chitaric acid.
TEMPO = 2,2,6,6-tetramethyl-1-piperidinyloxyl.

To conclude, we report here for the first time a general
and high-yielding oxidative cyclization of 1,5-dienes to cis-
tetrahydrofurans. Our method is particularly attractive be-
cause it uses catalytic quantities of transition metal, in
conjunction with an amine oxide as reoxidant and an acid to
promote cyclization. Moreover, the potential of internal
substituents on the diene backbone to act as stereodirecting
groups has been explored and a short synthesis of highly
functionalized enantiopure tetrahydrofuran natural products
has been developed.
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