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Abstract: TpMo(CO).(5-alkenyl-5-2,3,4-pyranyl) diene complexes function as excellent chiral scaffolds for
the efficient regio- and enantiocontrolled synthesis of highly functionalized 1-oxadecaline derivatives through
a novel transition metal-mediated Diels—Alder reaction. Very good to excellent yields and excellent levels
of endo selectivity are obtained, and the reaction gives products with complete retention of enantiomeric
purity when carried out with chiral, nonracemic scaffolds. A subtle structural modification on the diene
(replacement of an H by a trans-CHs; group) leads to a complete change of regiochemistry, which is discussed
from a mechanistic point of view. The role of the 53-coordinated TpMo(CO), moiety is also critical to the
further functionalization of the [4 + 2] cycloadducts, as illustrated by the preparation of 20 variously
functionalized 1-oxadecaline derivatives (>98% ee when carried out with high enantiopurity scaffolds).

Introduction

The 1-oxadecalin (or saturated chroman) skeletal framework |
is a key structural unit found in a diverse array of biologically \ i\
interesting natural products? including, inter alia, phomactin HO:
A, a selective antagonist of platelet activating factatiter- H/\/ vl
penoids such as jamesoniellide®Eand koninginin G, a phomactin A jamesoniellide E i koninginin G
metabolite with antifungal activity isolated from a strain of _ - .

. .. . . . . Figure 1. Examples of natural products containing the 1-oxadecalin
Trichoderma auregiride® (Figure 1). Highly functionalized  famework.
enantiopure 1l-oxadecalin derivatives could serve as useful
intermediates for the enantiocontrolled synthesis of these typescan be achieved, the enantioselective version of this strategy
of naturally occurring substances. has yet to be developed. Moreover, the corresponding Biels

Although the 6,6-bicyclic ring-fused system can, in principle, Alder reaction of pyranyl-based dienes with electron-deficient
be directly assembled with high regio- and stereocontrol through &/kenes is limited to highly electrophilic dienophiles, such as
intermolecular Diels-Alder reaction of pyranyl-based dieno- ~Maleimides or maleic anhydride, most likely due to the poor
philes or dienes, convergent approaches to 1-oxadecalines havéeactivity associated with these types of dienes under thermal
met with limited success. The preparation of 1-oxadecalines via ¢onditions. For example, cycloadditions of 5-vinyl-2,3-dihydro-
Diels—Alder reaction of 2,3-dihydro#-pyran-4-ones with ~ 4H-pyran have been described only with highly electrophilic
electron-rich dienes has been reported, mainly by Totah anddienophiles such as tetracyanoethylévghenyltriazolinedione,
co-workers’~11 Although useful levels of diastereoselectivity ©F diethyl azodicarboxylaté. Despite low reactivity, high
diastereoselectivity was observed in the intermolecular Biels
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Figure 2. Examples of pyranyl-based dienes used in Diéliler reactions. R = alkyl, aryl, alkoxy

Figure 3. 13-Pyranyl- and pyridinylmolybdenum complexes as scaffolds

reactivity of dienophiles with these pyranyl dienes remains for enantiocontrolled synthesis.

largely unexplored, most likely due to the low reactivity of the

dienes and their high propensity to decompose in the presencdt was demonstrated that pyranyl- and pyridinylmolybdenum
of Lewis acids. Indeed, the reaction of pyranyl dienes with less scaffolds ( and2, Figure 3), both enantiomeric antipodes of
reactive mono-activated olefins, such as acrylates, has only beerwhich are readily available, participate in Mo-mediated, regio-
achieved in an intramolecular fashion under thermal condi- controlled, sequential functionalization at C-2 and C-6 to afford

tions21.22

2,3,6-trisubstituted pyr&h and piperidiné>28.32 derivatives.

How else might the 1-oxadecaline ring system be constructed Moreover, they can lead to the rapid assembly of heteroatom-
in an enantiocontrolled fashion? We have described an explora-bridged bicyclic ring systems through either{52]23:33-35 or

tion of the synthetic potential of stoichiometric molybdenum

[5 + 3] cycloaddition processes, or via sequential Mu-

z-complexes of unsaturated oxygen and nitrogen heterocycles kaiyama-Michael and subsequent 1,5-Michael-type reactfon.

In this study, chiral nonracemic stoichiometric molybdenum
m-complexes function asnantiomeric scaffoldsr organome-
tallic chironsfor the rapid enantioselective synthesis of highly
functionalized molecules of certain structural comple%iy2
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The organometallic chiron strategy is particularly useful because
the molybdenum enantiomeric scaffolds undergo multiple,
sequential regio- and stereocontrolled transformations that can-
not be achieved using traditional synthetic organic approaches,
in terms of either a unique bond construction or unique regio-
and stereocontrol imparted by the metal and its auxiliary ligands.
Additional attributes that enhance this concept are the use of
an inexpensive metal source, the easy accessibility of both en-
antiomers of the metal complex in high yield and large quantity,
and the air and moisture stability of the metal complexes.

In extending the synthetic toolbox available from these
molybdenum-based enantiomeric scaffolds, it was envisioned
that 5-alkenyl-substituted pyranylmolybdenum complexgs (
Figure 3) could serve as chiral, nonracemic dienes ir-[2]
cycloadditions with electron-deficient alkenes, delivering 1-oxa-
decalines of high enantiopurity. Th€-coordinated TpMo(CQ)
fragment would not only control the facial selectivity of the
reaction by blocking one of the two faces of the diene, but also
increase the reactivity of the diePtallowing its intermolecular
reaction with mono-activated olefins. Additionally, the presence
of a double bond conjugated to theallyl molybdenum moiety,
together with well-established demetalation procedures, offer
varied opportunities for further regio- and stereoselective
functionalization of the [4+ 2] cycloadducts. Herein, we report
that 5-alkenyl-substituteg?3-pyranylmolybdenum complexes

(48) Tao, C. L.; Donaldson, W. Al. Org. Chem1993 58, 2134-2143.
(49) Miesch, L.; Gateau, C.; Morin, F.; Franck-Neumann,Tidtrahedron Lett.
2002 43, 7635-7638.

(50) Paley, R. S.; Liu, J. M,; Lichtenstein, B. R.; Knoedler, V. L.; Sanan, T. T.;
Adams, D. J.; Fermadez, J.; Rablen, P. ROrg. Lett.2003 5, 309-312.
(51) Madhushaw, R. J.; Li, C.-L.; Su, H.-L.; Hu, C.-C.; Lush, S.-F.; Liu, R.-S.

J. Org. Chem2003 68, 1872-1877.
(52) Madhushaw, R. J.; Hu, C.-C.; Liu, R.-Srg. Lett.2002 4, 4151-4153.
(53) Smith, P. L.; Chordia, M. D.; Harman, W. Detrahedror2001, 57, 8203
8225.

are emerging as versatile chiral scaffolds in asymmetric synthesis and (54) Meiere, S. H.; Valahovic, M. T.; Harman, W. D. Am. Chem. So2002

involve metal sources such as chromium, iron, tungsten, osmium, and

124 15099-15103.

rhenium. Among the many transformations described involving these metal (55) Friedman, L. A.; You, F.; Sabat, M.; Harman, W. D.Am. Chem. Soc.

complexes, those based on stereocontrolled cycloaddition processes for the

2003 125 14980-14981.

assembly of stereochemically enriched and structurally elaborated carbo- (56) Ding, F.; Valahovic, M. T.; Keane, J. M.; Anstey, M. R.; Sabat, M.; Trindle,

and heterocyclic systems are particularly attractive. See ref$41
(41) Paley, R. SChem. Re. 2002 102, 1493-1523.
(42) Dehmel, F.; Schmalz, H.-Grg. Lett.2001, 3, 3579-3582.

(43) Kundig, E. P.; Cannas, R.; Laxmisha, M.; Ronggang, L.; Tchertchian, S.

J. Am. Chem. So@003 125 5642-5643.

(44) Pearson, A. J.; Paramahamsan, H.; Dudones,Qrdd Lett.2004 6, 2121~
2124,

(45) Uemura, M.Top. Organomet. Chen2004 7, 129-156.

(46) Watanabe, T.; Tanaka, Y.; Shoda, R.; Sakamoto, R.; Kamikawa, K.;

Uemura, M.J. Org. Chem2004 69, 4152-4158.
(47) Kamikawa, K.; Kinoshita, S.; Matsuzaka, H.; Uemura,®fg. Lett.2006
8, 1097-1100.

C. O.; Harman, W. DJ. Org. Chem2004 69, 22572267.

(57) Frihauf, H.-W.Chem. Re. 1997, 97, 523-596.

(58) Li, C.-L.; Liu, R.-S.Chem. Re. 200Q 100, 3127-3161.

(59) Welker and co-workers have demonstrated that cobalt-substituted dienes
show dramatic enhancement of reactivity and stereoselectivity in the-Diels
Alder reaction with electron-poor dienophiles: (a) Hayes, B. L.; Adams,
T. A,; Pickin, K. A.; Day, C. S.; Welker, M. EOrganometallic200Q 19,
2730-2740. For a recent report on enhancement of the reactivity of
cyclohexadiene in [4- 2] cycloadditions by itg2-coordination to [TpMo-
(NO)(Melm)] (Melm = 1-methylimidazole) as a-base, see: (b) Liu, W.;
You, F.; Mocella, C. J.; Harman, W. 0. Am. Chem. SoQ006 128
1426-1427.

J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007 1817



ARTICLES

Arrayas et al.

Scheme 1. Synthesis of TpMo(CO)g(S—AIkenyI—r/—Z,3,4—pyranyl) Complexes
3
TPM°(C\9)2 o \ )\(R1 TPMo(CO), OH 1 TFAA EN  TPMo(CO) R w2
/T R L \/j //4 DMAP (cat) \ o
o) Lo RS R? CH,Cl, “o R
4 THF, -20°C -78°Ctort TpMo(CO),
R'=R2=R3=H; 5,85% 6, 72% XN \C0CFs
R'=Me, R2=R3=H: Z-8, 37% (max 50%) Z11, 70% ! o 7
R'=R3=H, R? = Me: E-8, 36% (max 50%) E-11, 70%
R'=R?=H, R®=Me: 9, 80% 12, 75%
R'=R®=H;R?=TMS: E-10, 79% E-13, 66%
Scheme 2. Thermal [4 + 2] Cycloadditions of Molybdenum Dienes 6 and 112
cycloadducts
TpMo(CO), TpMo({O)z TpMo({O)z
dienes : ‘ OH |
TpMo(CO), , oy O 0" “COMe
R | Ho CO,Me
i | R1 0 Me
0 (-)-14°,90%, 98% ee (30 h)  (+)-15, 94% (18 h) (£)-16, 85% (72 h)

(-)-6: R = R? = H (shown)

TpMo(CO) TpMo(CO),  H

(6 R - Hentofshoun)  TPHERCEY TPNCLCO) 2 e
iR P ¥
(£)-E-11: R' = H; R? = Me L/ID :/Ij(coza o
1= 2 —
(£)-Z11: R' = Me; R2= H o B07 Nco,Et

Ph O Me
(£)-17, 99% (3 min) ()-18, 85% (24 h) (+»19 90% (72 h) (£)-20, 87% (24 h)

from Z-11 from E-11

aConditions: dienophile (1.5 equiv), GBIy, rt. ®(—)-14 was obtained in 98% ee fromHj-6 (of 98% ee).

function as excellent diene scaffolds for a variety of intriguing
[4 + 2] cycloadditions, allowing direct access to highly
functionalized 1-oxadecalines of high enantiopuffty.

Results and Discussion

Synthesis of 5-Alkenyly-2,3,4-pyranylmolybdenumasa-Com-
plexes.Racemic dienes was readily prepared in good yield
from 5-oxopyranyl complex)-43° in two steps involving the
addition of vinylmagnesium chloride (THF20 °C), followed
by dehydration of the resulting allylic alcoh&lwith TFAA/
EtN (Scheme 1). However, dehydration 6fproved to be

transformed into the corresponding diengd1 and E-11,
respectively, under the optimized dehydration reaction condi-
tions. The stereochemistry of the dienes was unequivocally
established by single-crystal X-ray analysis of the intermediate
allylic alcohol E-8 (see Supporting Information for details).
Similarly, the 5-isopropenyl and F=f(2-trimethylsilyl)vinyl]
molybdenum complexek2 andE-13 (the latter being interesting
for mechanistic as well as synthetic purposes as indicated in
Scheme 10) were readily obtained by dehydration of the
corresponding allylic carbinol@ and10. Importantly, diene$
andl1-13are easily handled, air-stable, yellow solids that can

somewhat more difficult than anticipated, since the typical be stored at room temperature on the bench for months.

reaction conditions successfully used for the preparation of

complexesl where R= alkenyl (TFAA, EgN, CHyCl,, room
temperature, 40 B produced6 in low yield (up to 45%)
together with a significant amount of the trifluoromethyl ketone
7 (32%), which is likely formed via a FriedelCrafts-like
reaction of the electron-rich dieenith TFAA. Other attempts
to eliminate the corresponding mesylate or triflate withNEt
or DBU prevented the formation af but also led to extensive
decomposition. Fortunately, the dehydrationsofiith TFAA/
EtN in the presence of a catalytic amount of DMAP occurred
cleanly and rapidly under mild conditions (@Elz, 1 h, —78
to 0 °C) to give dienes in 72% yield. The separate antipodes
of diene6 were easily prepared in 98% ee starting frofr)-¢4
or (—)-4 (both in 98% e€ using the same synthetic sequence.
As shown in Scheme 1, dienekl—13 were prepared

analogously to the parent vinyl system. The addition of an excess

of a mixture ofE/Z-1-propenylmagnesium bromidéso (+)-4
led to an approximate 1:1 mixture of alcoh@s8 andE-8 that

could be efficiently separated by flash chromatography and

(60) For a preliminary communication, see ref 30.

(61) The Grignard reagent was prepared from a commercially available 70:30

mixture of Z/E-1-bromopropene.

1818 J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007

Thermal [4 + 2] Cycloaddition Reactions of Dienes 6 and
E-11 andZ-11.Thermal [4+ 2] cycloadditions were performed
with molybdenum scaffoldé andE-11andZ-11 using strongly
electron-deficient dienophiles and heterodienophiles (Scheme
2). Simply stirring the diene in dichloromethane or 1,2-
dichloroethane at room temperature with a highly reactive olefin
such asN-methylmaleimide, p-benzoquinone, or dimethyl
acetylenedicarboxylate, heterodienophiles suchNgshenyl-
triazolinedione, and diethyl oxomalonate led to single diaster-
eomeric adduct$4—20in good to excellent yields (#699%).

The bulky TpMo(CO) moiety induces complete facial
diastereoselectivity derived from attack of the dienophile at the
face of the diene away from the molybdenum. The regiochem-
istry and the endo stereochemistry of the cycloadducts were

TpMo(CO),

(£)-19, 90% (72 h)

(%)-20, 87% (24 h)
Figure 4. NOE interactions in diastereomet8 and 20.
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Scheme 3. Uncatalyzed [4 + 2] Cycloaddition of Less Reactive Dienophiles

TpMo(CO),
Meo,C CoMe \/jij
TpMo(CO)2 20 equiv CH,Cly, 60 h, rt oI come
L/I; /\CN TPMO({EP)Z ~ | 35% 21 CO,Me
CH,Cl, 20, 1t L:J/\ TpMo(CO), TpMo(CO),
30 (1:1 exo: endo) 87% 6 ML E LK
CH,Cly, 48 h, 1t oy NcoEt  ofY cokt
90% o,Et CO,Et

endo-22 (55:45) exo-22

Scheme 4. EtAICI Catalyzed [4 + 2] Cycloadditions of 6 with Dimethyl Maleate and Diethyl Fumarate

— TpMo(CO)
TpMo(co TpMo(CO N\ §
L/j@\ BOC A coe | F (\/ﬁ/\ MeO,C  COMe a/t@
CO,Et  1.1equiv ELACI ko 1.1 equiv ELAICI o “CO,Me
o,Et CH,Cly, 1.5h, 0 °C 6 CH,Clp, 1.5h,0°C H Co,Me
endo-22 85:15 endo:exo 92%

76% endo isolated

unequivocally established by NMR, using COSY and NOESY the stereoselectivity of the reaction ®fvith diethyl fumarate
experiments. As one example, the relative configuration of the was increased to 85:15 when promoted byAEEl, which
cycloadductsl9 and 20 (Figure 4) derived from the Diels allowed the isolation of cycloaddueinde22 in 76% yield®3
Alder reaction of 1-propenyl dieneg-11 and E-11 with As depicted in Table 1, a variety of mono-activated dieno-
N-methylmaleimide was determined by 2D NMR experiments philes, including variously substituted,3-unsaturated alde-
(COSY and NOESY). In particular, for cycloaddu®the NOE hydes, ketones, and esters, did participate in th&lEt-
correlations of the methyl group at C-4 with H-3a and H-9a, promoted [4+ 2] cycloaddition protocol (produc®3—32). The
which were absent in compourf), along with observation of  reaction was highly efficient, not only with monosubstituted
NOE cross-peaks of H-4 with H-3a and H-9a2f confirmed electrophilic olefins, but also witle-alkyl, g-alkyl, and a.,f3-
the structures of the cycloadducts (endo approach of the dialkyl-substituted olefins. Particular attention should be given
N-methylmaleimide dienophile to the face of the molybdenum to the reaction witlw-butyl anda,5-dimethyl acrolein (products
complexe<Z-11 andE-11 opposite to the TpMo(C@moiety). (—)-27 and &)-28, respectively), which allows the generation
In contrast to the DielsAlder reactions described above, [4 of products with quaternary stereocenters. Even the generally
+ 2] cycloadditions with less reactive olefins were inefficient unreactive3,s-dimethyl-substituted unsaturated ketone mesityl
or nonselective under noncatalyzed conditions. For example, oxide reacted with=£)-6 to afford only one cycloadduct in very
reaction of dienes with dimethyl maleate afforded only 35%  good yield (product£)-32). Excellent regio- and stereoselec-
yield of the endoadduct21 after 60 h at room temperature, tivities were attained in the reaction with aldehydes, ketones,
while the use of diethyl fumarate as the dienophile produced in and esters as alkene-activating substituents. Complete facial
90% vyield a 55:45 mixture aénddexo22 (Scheme 3). Mono-  diastereoselectivity was also observed in all cases as a result of
activated olefins in stoichiometric quantities proved to be the bulky ToMo(COj group, which blocks one of the two faces
unsuitable dienophiles under the noncatalyzed reaction condi-of the diene system. Excellent endo selectRAtyas observed
tions: starting materials were typically recovered unaltered after for all cases reporte®f.Importantly, cycloaddition products of
48 h% Attempts to force the noncatalyzed cycloadditions at high enantiomeric purity (98% ee) were obtained when starting
higher temperatures were unsuccessful since decomposition ofrom (+)-6 or (—)-6 (each of 98% ee), demonstrating that this

the diene was observed in the reaction ®fwith several procedure takes place without erosion of the enantiopurity of

dienophiles such as acrylonitrile or methyl acrylate in toluene the starting diene.

or dioxane at reflux. Although the Diels-Alder cycloadducts were highly stable
Lewis Acid Promoted [4 + 2] Cycloaddition Reactions of as solids, a clean double bond isomerization was observed in

Dienes 6 and 1+13. With the aim of enhancing the reaction ~ solution in the presence of traces of Lewis or Brgnsted acids.
rate and the stereoselectivity of the cycloaddition reaction, Thus, simple treatment of the endo producty-@4, (—)-25,
especially with mono-activated alkenes, a number of Lewis acids

(63) The regio- and the stereochemistry of all the DigMder cycloadducts

were surveyed as catalysts for the cycloaddition. While ZnCl were unequivocally established by NMRC—1H heteronuclear correlation
. ; ; ; and 'H-COSY experiments were used for proton assignment, while the
EtAICI,, BFsEt,0, and Eu(fod} dld.nOt give acceptable erIdS endo/exo configuration was determined based on the values of the coupling
of [4 + 2] cycloadducts, a full equivalent of #&ICI produced c?nstants of key prot?ns ang1 2D—NOESY exlperimentsf. For instatr;ce, values
: . - : of Jgga= 5.0—5.9 Hz for products with cis relative configuration between
a remarkable enhancement in the reactior efith dimethy! H-8 and H-8a ands ga= 11.1-12.0 Hz for adducts withransH-8/H-8a

maleate or diethyl fumarate (Scheme 4). In the presence of were of great diagnostic value. Similar differences in coupling constants
. . . stand for the cis/trans relative stereochemistry between H-7 and H-8. Also,
EtAICI the cycloadduc®l1 was obtained as a single diastere- the X-ray crystallographic analysis of}-26 and @)-36 confirmed both
omer in 92% yield after only 1.5 h at 0C. In addition, the regiochemistry and the endo approach of the dienophile anti to Mo
(see Supporting Information).
(64) Of all substrates studied to datgf-unsaturated nitriles such as acrylonitrile

(62) A 50:50 mixture of exo/endo cycloadducts could be obtained in good yield and benzylidene malononitrile behaved anomalously and gave endo/exo
when diene6 was treated with 20 equiv of acrylonitrile after 20 days in mixtures. This behavior is not fully understood and will be reported
CH,Cl, at room temperature. separately at a later date.
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Table 1. Et,AlCI-Promoted [4 + 2] Cycloadditions of Mo-Dienes 6 and 122

TpMo(cO), R

B

TpMo(CO), R

: 5 B
(-)-antipode R%Rg, H |:Q2 R®
RZ
6, R'=H S
12, R" = Me 11equivELAICT X
) CH,Cl, )
TpMo(CO), R TpMo(CO), R
(0]
(+)-antipode
entry diene conditions prod R! R? R? R* RS yield (%) ee (%)
1 (-)-6° —78°C, 5 min +)-23 H CHO H H H 95 98
2 (—)-6P —78°C, 10 min )24 H COMe H H H 91 98
3 (—)-6° 0°C,6h )-25 H COMe H H H 90 98
4 (-)-6° 0°C,7h -)-26 H —CO(CHy)s— H H 86 98
5 (+)-6° —78°C, 15 min ©)-27 H CHO H H n-Bu 81 98
6 (+)-6° 0°C,1h #+)-28 H CHO H Me Me 92 98
7 (*)-12 0°C,6h @)-29 Me COMe H H H 86
9 (+)-6 0°C, 45 min &)-30 H CHO H Z-3-hexenyl H 87
10 (*)-6 0°C, 10 min @)-31 H CHO H Ph H 73
11 (*)-6 rt, 24 h @)-32 H COMe Me Me H 88
aGeneral conditions: 1.1 equiv of Z4CI, CH,Cl,. ® 98% ee . endo/exo= 90:10.
Scheme 5. Acid-Catalyzed Double Bond Isomerization of the ToMo(CO), ToMo(CO), ToMo(CO), TPMo(CO),
Diels—Alder Cycloadducts A=t 1 d=tve  J=_in |
( 27N ( N ( 7N 31 '\ e
TpMo(CO), o:>—H$’H 0}_}/” o:>—M>”” (o:/>_|}’"'
. TpMo(CO), 6 12 Z-11 E-11
x, CDClg, UV light \ T -
! - ~ “ ¥
H: Et,AICI (4 mol %) 0" > "R? ¢ L‘Ij
o R! wet toluene OZ\R1 oq o T"ewe
24:R'=Me;R2=H 98%, 33: R' = Me; R2=H Figure 5.

25:R'=0Me; R2=H

99%, 34: R' = OMe; R2=H
26: R'--R? = -CH,CH,CH,-

98%, 35: R'--R? = -CH,CH,CH,-

and (—)-26 with 4 mol % of ERAICI in wet toluene, or upon
exposure of a CDGlsolution of such products to UV lighi,
led to the corresponding isomerized comple&8s34, and35,
respectively, in almost quantitative yields (Scheme 5). Although
the mechanism of this facile isomerization has not been studied,
it is of potential synthetic value since thé-pyranylmolybdenum
complexes can participate in a variety of high-yield{52]
and [5+ 3] cycloaddition reaction&35

Compared to the [4- 2] reactions of vinyl diené, which
maintain a complete or very high endo selectivity and a
regiochemistry typified by placement of the electron-withdraw-
ing substituent of the dienophile adjacent to the pyran %ing,
the subtle structural modification of replacing a terminal H of
the parent diened with a transCHsz group (dieneE-11)
unexpectedly led to a clean reversal of the 2 regiochemistry
in the EpAICI-promoted [4+ 2] cycloadditions® As shown
in Scheme 6, not only did simple activated alkenes such as

36—38, respectively) efficiently participate in this reaction, less
reactive dienophiles such Asalkyl ando,3-dialkyl-substituted
unsaturated aldehydes also led to the corresponding adducts
(39—41) in good yields (6276%).

In contrastcis-dieneZ-11was significantly less reactive than
E-11 and upon treatment with acrolein gave predominantly the
[4 + 2] cycloadduct43 (62% yield) possessing the “normal”
regiochemistry, along with 26% of the correspondingf®]
cycloadductexa44 (Scheme 7; the formation of the [ 2]
product in this case is discussed below). A dramatic competition
experiment highlighted the decreased reactivity-dfl: when
a 1.3:1 mixture oE-11andZ-11was treated with acrolein (1.0
equiv) in the presence of #&ICI (1.1 equiv) in CHCl, at—78
°C for 5 min, adduc86 (44%) was obtained as the only product.
Unreacted?-11 was recovered; no tracesBf11 were detected
in the NMR spectra of the crude reaction mixtures.

Mechanistic Proposal.Any mechanistic working model for

acrolein, methyl vinyl ketone, and methyl acrylate (products the [4 + 2] cycloadditions of these 5-alkenyR-pyranyl

(65) *H NMR monitoring of the double bond isomerization showed quantitative
conversion within 2@ 3 h when a CDGlsolution of the 4+ 2 product
was irradiated with a simple UV lamp (254 nm) typically used for
monitoring thin layer chromatography. In the presence gAY and traces
of moisture, the double bond isomerization takes place under ambient room
light.

(66) A mixture of two other unidentified compounds was obtained in less than
5% vyield in most cases. In the reaction®fl1 with methyl acrylate (12
h, 0 °C), the regioisomer typical of the uncatalyzed reactions (COOMe
adjacent to the pyran ring and endo) could be isolated in 8% yield and
characterized.
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complexes must accommodate the dramatic change in adduct
regiochemistry observed betwe@nll as well as the parent

vinyl and 2-propenyl system6 and 12, and E-11 (compare

Table 1, Schemes 6 and 7). It is doubtful that conformational
issues about the central diene bond of the scaffolds play an
important role, since the uncongested, unsubstituted dierse

well as the sterically more congested dienes 2-propé2gnd

1-propenyl Z11 provide 4+ 2 adducts possessing the same
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Scheme 6. EtAICI-Promoted [4 + 2] Cycloadditions of (+)-E-11: “Reversed” Regiochemistry?

TpMo(CO TpMo(CO TpMo(CO)
TpMo(CO), dionophile PN A PN e Mo
\, SN Me E 7 N
¢ ] 4 i Me
L,j/\/ 1.1 equiv of ELAICI o , R o) B
(] CH,Cly, 0°C H g/ H CHO
E11 36,R=H, 76% 40,R=Me, 77%

37,R=Me, 74% 39, 64% 41, R=Et, 66%
38, R = OMe, 62%"
aGeneral conditions: 1.1 equiv of 4CIl, CH.Cly, 0 °C, 10-45 min. PThe reaction takes 12 h at <€ and 8% of the endo cycloadduct with the
“normal” regiochemistry isolated (compourd@ with COOMe adjacent to the pyran ring can be found in the Experimental Section).

Scheme 7. EtAICI-Promoted Cycloadditions of Z-11 and E-11 Scheme 9. Hypothetical 10z Ene-like Mechanism
(Competition Experiment)
acrolein
TpMo(CO TpMo(CO
TpMo(CO)z ELACI P 0(\ > )2 Me p o(\ ’\)2 “
L/j/\ (1 2 equiv) E/I:r . AR
H H
THF, -78°C o4 o
71 90 min
43, 62% 44,26%
TpMo(CO), acrolein (1.0 equiv) TPMo(CO), Mo  TPMO(CO) E-1 46
e Et,AICI (1.1 equiv) ¥ e s o )
O —en 0.7 fquv) L 3 T N Scheme 10. [4 + 2] Cycloadditions of Mo-Diene E-13
0 THF, -78 °C, 5 min ot ‘CHO o
Z11+ E-11 TpMo(CO), ] NO ) TpMo(CO), )
(1:1.3) 36, 44% Z-11, 40% E\;}/\/SAM% R (1.5 equiv) @ﬁj@“\&Meg
Scheme 8. endo-Selective, Stepwise Mechanism ) Et,AICI (1.1 equiv) O h
— — E-13 CHxCl, COR
TPMOCO: | -78°C, 5 min 47,R=H, 65%
I\/ o H 0°C, 15 min 48, R = Me, 74%
TpMo(CO), L A= R3 ToMo(CO) 0°C,3.5h 49, R = OMe, 55%?
< @°0H LR ° ‘R a i i
O%H 1 R {\ s The corresponding desilylated product)¢25 (Table 1) was also
&, fj - LA - _ R isolated in 14% yield.
LA K—<R4 ! OHY R
R? R3 T%O(Co)z . CoR! : i i
R introduces conformational and nonbonded steric effects that
6 (R =H)or Z-11 (R = Me) L / retard the stepwise [4 2] process allowing the competitive
o O'H formation of the [5+ 2] cycloadduct as shown above in Scheme
r2R
LA | 7.
45 The complete change of regiochemistry observed in the Et

AICl-promoted cycloadditions oE-11 compared to that of
dieness, Z-11, and12 suggests that a different mechanism must
operate in the former casspecific to the presence of a trans-
CHs; substituent A concerted [4+ 2] cycloaddition pathway
seems unlikely for this particular case alone (and not, for
example, with the parent scaffold die@je rather, a 18-electron
ene-like mechanism proceeding through intermediétshown

in Scheme 9 is suggested as a more plausible option.

In support of the 18-electron ene-like mechanism for
reactions ofE-11 with dienophiles, the dien&-13, in which
thetranstrimethylsilyl substituent prevents an ene-type process,
cleanly provided productsA{—49) possessing the “normal”
Lewis acid catalyzed regiochemistry as observed with dienes
6, Z-11, or 12. DieneE-13 also showed high levels of reactivity

regiochemistry, while the sterically less congested 1-propenyl

E-11delivers adducts of “reversed” regiochemistry (Figure 5).
A stepwise, endo-selective (dipole-stabilized) mechanism for

the [4 + 2] cycloaddition of the unsubstituted vinylpyranyl

complex6 and thecis-propenyl dieneZ-11 proceeding through

a Mo-stabilized cation (canonical structudgsshown in Scheme

8) is fully consistent with the observed resfitdndeed, the

rate of product formation is strongly retarded by the presence

of substituents at thg-position of thea,3-unsaturated dieno-

phile (compare conditions for the cycloadditionafo acrolein

with those forE-cinnamaldehyde orE26Z-nonadienal in Table

1), while a-alkyl substituents do not produce any noticeable

difference in reactivity (compare reaction conditions for the

reaction of6 with acrolein ora-butylacrolein, or those required similar to that of diene$ and12 (Scheme 10). Except for the

for the formation of product@8 and31in Table 1). In accord . . A
reaction ofE-13 with methyl acrylate, in which addud was
with the stepwise mechanism depicted in Scheme 8, placement
accompanied by a small amount of the corresponding desilylated

of acis-CHs substituent on the vinylpyranyl complex (i.2:11) 25 (Table 1), only one cycloadduct was obtained in good yield

(67) An alternative mechanism suggested by one reviewer to explain the reversallN the reactions oE-13.

of regiochemistry for the propenyl derivativeslj is a Michael addition Mo-Promoted Functionalization of the Diels-Alder Cy-
to the scaffold diene carbon atom adjacent to the ring oxygen (which creates . 3
an intermediate cationig triene complex) followed by enolate ring closure  cloadducts. The ability of a TpMo(CO)(i°-allyl) complex to

to form the six-membered ring. While more straightforward than the stabilize a pos|t|ve Charge on a carbon atom adjacent to the
mechanistic proposal in the text of this article, the reviewer's mechanism

does not accommodate the reaction path switch observedyviith 6, 12, allyl should increase the susceptibility of the noncoordinated
and thenE-11. Phrased another way, why would the presence tofias 3. i

methyl substituent ife-11 perturb the system to follow a different reaction double b(,),nd of q pentadlgnylmolybdenum fragment toward
path than the simple unsubstituted scaffold diene compfeiows? Both electrophilic attack. The cationic molybdenum complex resulting

6 andE-11are relatively unencumbered about the diene chromophore, both
can easily accomodate the reviewer's suggested mechanism, and yet the from such an eleCtrOph”'C addition would be hlghly activated

two complexes follow completely different reaction paths. for a subsequent regio- and stereospecific nucleophilic func-
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Scheme 11 nately, this protonation/nucleophilic functionalization strategy
TpMo(CO), T MO( coy, E TpMo(CO), E was not effective when the noncoordinated double bond was
\~& e ? : )N positioned at C4aC8a. Thus, transformation &4 into the
: - L/jlo E\/‘O corresponding cationic compleés8 by protonation was much
(o) I o ™ = .
H iwe H ive slower, requiring 1.5 equiv of HBFand more tha 3 h atroom

Table 2. Regio- and Stereocontrolled Nucleophilic
Functionalization of 25 at C-2

TpMo(CO @
P ( & TPMO(CO)z BF,
L _HBFy
ool Q@
-20to 0°C
CO Me
25 - cone
TpMO(CO)z TpMo(CO)z
s S0 00
-78 °C
COzMe Cone
51-57 34
entry nucleophile (RM) product yield (%)?
1p NaBH, 51¢ 96
2 MeMgBr 52 96
3 BnMgBr 53 98
4 HC=CNa 54 63
5 TMS-C=CNa 55 90
6 [MeO,CCH;]Na 56 86
7 [(MeO,C),CH]Na 57 92

aPure product after chromatograptyReaction performed in MeOH at
—40 °C. ¢ Product of 98% ee (determined by HPLC), obtained from)-(
25 of 98% ee.

temperature to reach completion according to IR monitoring.
Subsequent treatment 68 with sodium malonate in THF at
—78°C led to recovere®4 as the main product (67% vyield),
along with a small amount of a compound tentatively identified
as complex59,%° which would be the C8a ring fusion diaste-
reomer of57 (Scheme 12). Cationic diene compleX#y Table
2) and58 (Scheme 12) are simple epimers differing only in the
stereochemistry of the ring fusion hydrogen atom relative to
the TpMo(CO) moiety. The facile deprotonation of cationic
complex58 relative to that of50 is simply a function of the
greater accessibility of the acidic hydrogen in the former system.
Demetalation/Functionalization of Molybdenum-Chrome-
nyl Scaffolds. The synthetic potential of this [4 2] cyclo-
addition was fully realized through a variety of efficient de-
metalation procedures. The-2,3,4-chromenyl)molybdenum [4
+ 2] products were demetalated following two protocols
(Scheme 13). Activation of the TpMo(C@hoiety by replacing
one of the auxiliary CO ligands with a cationic N@gancd?®70-77
using NOPF produced a cationig3-allylmolybdenum complex
that reacts with soft nucleophiles such as hydride, phenylthiolate,
cyanide, and malonate to give the C-2-functionalized 1-oxa-
decalines60—67 in a regio- and stereocontrolled fashion
(Scheme 13). Alternatively, oxidative demetalation using PDC/
SiO,%7 allowed the regioselective functionalization at the same
allyl terminus (C-2) by introduction of a carbonyl group and

tionalization. This reaction sequence, envisioned in Scheme 11provided the corresponding tetrahydrb-2-chromenone68—

using Mo-[4+ 2] cycloadducts bearing a double bond at €4a
C5, would offer varied opportunities for the preparation of
complex 1l-oxadecalines.

While the reaction of [4+ 2] adduct 25 with several
electrophiles such as typical alkylating agents or Michael

72in good yields (66-83%). As expected, complete retention
of enantiomeric purity was observed when any of these two
demetalation protocols were applied to chiral, nonracemic
cycloadducts. The preparation of)-67, (+)-69, and ()-70,
with 98% ee, or {)-72 with 99.8% ee highlights the potential

acceptors was unsuccessful, a clean and rapid protonation off this methodology for enantiocontrolled synthesis of chromene
the alkene was observed in the presence of tetrafluoroboric acidderivatives.

(1.1 equiv) to afford quantitatively the cationic molybdenum
complex50 (Table 2). The course of the reaction, which takes
1 h from—20 to 0°C, was easily monitored by IR spectroscopy
using a React-IR spectrometer by following theo reso-
nance$8 In spite of its relative instability to air and moisture,
complex50 could be isolated as a red-orange solid.

As shown in Table 2, the intermolecular addition of a variety
of organometallic nucleophiles including hydride (entry 1),
primary alkyl Grignard reagents (entries 2 and 3), sodium

The (y-3,4,4a-chromenyl)molybdenum cycloadducts (e.g.,
51-57) were also suitable substrates for several general, well-
established demetalation procedures, which are depicted in
Scheme 14. Complex3 was chosen to illustrate the versatility
of these products toward demetalation/functionalization. Pro-
todemetalatio??3°of 53 with strong acids such as trifluoroacetic
acid provided hexahydrok2chromene73 in 63% yield, the
alkene resulting from protonation at Mo and reductive elimina-
tion to the more substituted terminal carbon of thallyl-

alkynylides (entries 4 and 5), and sodium enolates (entries 6 Molybdenum moiety. lododemetalatfr®"*proceeded in good

and 7) proceeded in high yield in THF at low temperature,
allowing the rapid functionalization of the 1-oxadecaline
skeleton at C-2 with excellent regio- and stereoselectlvr[y
(products51—57). As a limitation of this procedure, secondary
alkyl or aryl Grignard reagents induced a fast adidise reaction

to afford the pyranyl comple84.

A related protonation/nucleophilic functionalization sequence

was explored using the isomerjé-pyranyl complexes that were

obtained after facile isomerization of the noncoordinated double 276)

bond of the [4+ 2] adducts (shown in Scheme 5). Unfortu-

(68) Starting materiabco at 1934 and 1849 cm disappeared; producto at
2007 and 1938 cni appeared.
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yield (84%) in the presence of excess of iodine to give diene
74, most likely through elimination of hydrogen iodide from

(69) Compound9 depicted in Scheme 12 was not fully characterized.
(70) Faller, J. W.; Rosan, A. Ml. Am. Chem. S0d.976 98, 3388-3389.
(71) Faller, J. W.; Rosan, A. Ml. Am. Chem. S0d.977, 99, 4858-4859.
(72) Cosford, N. D. P.; Liebeskind, L. ®rganometallics1994 13, 1498~
1503.
(73) Ward, Y. D.; Villanueva, L. A.; Allred, G. D.; Liebeskind, L. S.
Organometallics1996 15, 4201-4210.
(74) Pearson, A. J.; Douglas, A. Rrganometallics1998 17, 1446-1448.
) Faller, 3. W.; Chao, K.-HJ. Am. Chem. S0d.983 105 3893-3898.
Faller, J. W.; Chao, K.-HOrganometallics1984 3, 927—932.
77) Faller J.W.; Chao K. H.; Murray, H. I-G)rganometalllcSL9843 1231~
240.

(78) Pearson A.J.; Khan, M. N. |; Clardy, J. C.; He, C.dHAm. Chem. Soc.
1985 107 2748—2757
(79) Pearson, A. J.; Khan, M. N. J. Org. Chem1985 50, 5276-5285.
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Scheme 12. Attempts at Protonation/Nucleophilic Functionalization of 35

o TpMo(CO
ToMo(CO), TpMO<CO)2 BFy ( %
¥ HBF, MeO,C._CO,Me
i | P JEEE . MeOZC recovered 34
078 CH,Cly, rt NaH, THF, -78 °C 67%)
s COMe COzMe cozm
COzMe 59 (low yield)

Scheme 13. Demetalation Protocols for #-(2,3,4)-Molybdenum [4
+ 2] Cycloadducts?

=z PDC TpMo(CO}Z NO* =z
™o RV ——— L —_— . CIR?
., %3 SiO, : wR* R RO 3
HR1 2 R o TN, HR1 2 R
H 4~ ,R
RT R?
68-72 60-67
R oHH o RSO R0
N &ome CO;Me
O Me
60, R = H: 73% 64, R = H: 58% 65, R =H: 70%
61, R = SPh: 60% 66, R =CN: 75%
62, R = CN: 68% (+)-67, R = CH(E),: 70%"
63, R = CH(E),: 72% (E = CO,Me)
=
H
oot o oo} o;
H N R OC R OHC n Bu
O Me
68, 83% (+)-69, R! = Me, R? = H: 73%" (-)-72, 72%°
(+)-70, R' = OMe, R? = H: 60%"
71, R' = H, R? = Me: 68%

aConditions: Nucleophilic functionalization [NOBEL.2 equiv), CHCI,,
0 °C, 30 min; then, nucleophile (1=2L.5 equiv)]. Oxidative demetalation
[PDC (3 to 4 equiv)/silica gel, C¥Cly, rt]. P98% ee.cObtained in 99.8%
ee from ()-27 (of 99.8% ee). Enantiomeric excesses were determined by
HPLC.

Scheme 14. Demetalation Protocols for 7-(3,4,4a)-Molybdenum [4
+ 2] Cycloadducts?

TpMo(CO)z
CID = E I ) . [ i )
l\“' O Y 84% 3% O v
Ph Co,Me cone COzMe
74 53 73
PDC/SIO, DIBAL-H
72% 91%
Q TpMo(CO)z
0 [ Q‘
[0 o7y TEN
Ph Co,Me 9
77 80% h

a Conditions: Protodemetalatlon [TFA (excess), LH, rt, 20 m|n].
lododemetalation §l (3 equiv), CHCN, 0 °C, 30 min]. Nucleophilic
functionalization [NOPEF (1.2 equiv), CHClI, 0 °C, 30 min; then, EN,
CH3CN, 0 °C to rt]. Oxidative demetalation [PDC (4 equiv)/silica gel,
CHzclz, I’t].

an intermediate unstable allylic iodide. Reduction of the ester
group of 53 to the corresponding primary alcoh@b was
followed by activation of the TpMo(CQfallyl) moiety with
NOPF;.2870-77 Subsequent intramolecular, s8tinduced nu-
cleophilic addition of the alcohol to the cationic allylmolybde-
num complex and demetalation resulted in the dioxatricyclo
product76 in very good overall yield.

Finally, oxidative demetalation 063 with an excess of
pyridinium dichromate (3.5 equiv) in the presence of silica gel
gave the tetrahydroF2-chromen-5-on@7in 72% yield (Scheme
15). According to the proposed mechanism for this oxidative

Scheme 15. Mechanistic Rationalization for the Formation of
Product 77

TpMo(CO)Z

QO

CO;Me

(0]

= 0

COo,Me

TpMo(CO)g OH

QO OO

COZMe 10 coMe Ph -

Scheme 16. Stereodivergent Synthesis of 1-Oxadecalines with
Opposite Ring-Fused Stereochemistry

H TpMo(CO)2 H
(ji) TFA NOPFq @
o CH,Cl, rt (D NaCNBH; o T
COMe  59% Cone 61% Co,Me
80 51 81

demetalation proceduféthe formation of77 can be rationalized
by an allylic oxidation of dien&’9, which would result from
the dehydration of the tertiary alcoh@®, itself formed by
oxidative demetalation of the tertiary alcohié8. Upon initial
oxidation of 53 with PDC, alcohol78 forms via addition of
water (present in the silica gel) anti to the TpMo(G@joiety
at the more substitutegf-allyl terminus of the cationic radical
allyl molybdenum complex.

As deduced from Schemes 13 and 14, two fundamental
elements of stereocontrol are exploited in the demetalation of
functionalized molybdenum scaffolds: a nucleophilic attack
upon a cationiaz®-allylmolybdenum, which takes place from
the face opposite to the TpMo moiety, and an electrophilic
addition (typically H"), which occurs first at the molybdenum
followed by internal delivery of hydrogen to an allylic terminus
syn to the metal (compare, for example, formation of products
73 and76in Scheme 14). To showcase the synthetic potential
of these stereocontrolled transformations, the sarvadlyl-
molybdenum complexg1, was used in a stereodivergent fashion
to prepare either the cis-ring-fused 1-oxadecali@er its ring-
fused isomer, trans-ring-fusell (Scheme 16). Reductive
demetalation using CO/ND ligand exchange followed by
reaction with NaCNBH afforded the trans-fused 1-oxadecaline
81in 61% yield with complete selectivity. Protodemetalation
of 51 with trifluoroacetic acid led to cis-fused 1-oxadecaline
80 in comparable 59% yield.

Conclusions

We have developed a novel regio- and enantiocontrolled route
to highly functionalized 1-oxadecaline derivatives (i.e., chromenes)
that relies on an efficient and versatile molybdenum-mediated
[4 + 2] cycloaddition of TpMo(COY5-alkenyl#-2,3,4-pyranyl)
complexes. The reaction proceeds in good to excellent yields,
with goodendoselectivity and affords products with complete
retention of enantiomeric purity when carried out with non-
racemic scaffolds (98% ee). The role of thécoordinated
TpMo(CO), moiety was essential not only to promote thet4
2] cycloaddition in a regio- and stereocontrolled fashion, but
also to further functionalize the resulting cycloadducts. Four
different protocols involving nucleophilic demetalation (NO
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nucleophilic addition), protodemetalation (TFA), iododemeta-
lation (I,), and oxidative demetalation (PDC/S)Qvere devel-
oped for the efficient removal of the metdigand moiety from
the n3-chromenyl cycloadducts, leading to a variety of func-
tionalized 1-oxadecaline derivatives in high yield, with high
enantiopurity when starting from nonracemic adducts.

Experimental Section

A few representative examples are listed here. Full experimental
details for all reactions and characterization data for all compounds

can be found in the Supporting Information.
TpMo(CO),
e
(Ol
CO,Me
5

(—)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 S,8S,8aS)-(n-
2,3,4)-8-(methoxycarbonyl)-6,7,8,8a-tetrahydro+a-chromen-2-yl]-
molybdenum, (—)-25. To a solution of a 98% ee sample of ¢)-150
mg, 0.32 mmol) in CKCI, (3.5 mL) were successively added at©
methyl acrylate (46.L, 0.51 mmol) ad a 1 M solution of EtAICI
(370uL, 0.37 mmol). The solution was stirred at’G for 7 h, and it
was passed through a short pad of neutralized silica gelQGHtOAC,
6:1). After evaporation, the resulting solid was triturated with ether
and filtered to afford pure—)-25 (158 mg, 90%) in 98% eé[a]p
—38.9 € 0.41, CHCI,)} as a yellow solid. The racemic cycloadduct
()-25was obtained in the same manner. Tlrehgxanes/CkCl,, 1:3,

R: = 0.19); mp= 208-210°C (dec). IR (cm?Y): 2949 (w), 2482 (w),
1934 (s), 1849 (s), 1741 (m), 1409 (m), 1305 (m), 1220 (m), 1197
(m), 1166 (m), 1123 (m), 1050 (mdH NMR: ¢ 8.53 (d,J = 1.9 Hz,
1H), 7.77 (dJ = 1.9 Hz, 1H), 7.70 (dJ = 1.9 Hz, 1H), 7.57 (dJ) =

2.2 Hz, 1H), 7.51 (dJ = 1.9 Hz, 1H), 7.09 (ddJ = 4.4, 2.2 Hz, 1H),
6.29 (t,J = 2.2 Hz, 1H), 6.20 (tJ) = 2.2 Hz, 1H), 6.18 (tJ = 2.2 Hz,
1H), 5.69 (m, 1H), 4.85 (dd] = 7.0, 1.9 Hz, 1H), 3.70 (s, 3H), 3.59
(dd,J=7.0,4.4 Hz, 1H), 3.29 (m, 1H), 2.98 (§~= 5.1 Hz, 1H), 2.24
(m, 2H), 2.09-2.02 (m, 1H), 1.96-1.81 (m, 1H).*3C NMR: ¢ 226.0,

225.4, 172.4, 147.3, 141.9, 141.7, 136.0, 135.9, 134.4, 132.9, 120.7,
108.2, 106.0, 105.6, 105.3, 71.5, 70.6, 57.1, 51.5, 41.7, 24.0, 22.7. Anal.

Calcd for G,H23BMoNgOs: C, 47.34; H, 4.15; N, 15.06. Found: C,
47.32; H, 4.16; N, 14.99.

TpMo(CO),

W07
| H :
Ph CO,Me
53

(+)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][(2 R,3S,8S,8aS)-
(y-3,4,4a)-2-benzyl-8-methoxycarbonyl-3,5,6,7,8,8a-hexahydrét2
chromen-3-yljmolybdenum, &)-53. Following the general procedure
shown on page S-23 of the Supporting Informatiah)-25 (206 mg,
0.36 mmol) was treated at40 °C with HBF, (54 wt %, 55uL, 0.40
mmol) to afford the diene catiorH)-50, which was dissolved in THF
(5 mL) and treated at 78 °C with a 1 Msolution of benzylmagnesium
chloride in diethyl ether (44@L, 0.44 mmol). After chromatographic
purification (-hexanes/CkCl,, 1:1.5), &)-53 (232 mg, 97%) was
obtained as a yellow solid. TLGithexanes/CkCly, 1:1.5,R = 0.23);
mp = 141-142°C (dec). IR (cm?): 2949 (w), 2872 (w), 2482 (w),
1926 (s), 1837 (s), 1737(m), 1505 (w), 1436 (w), 1409 (m), 1305 (m),
1208 (m), 1123 (m), 1050 (s}H NMR: ¢ 8.53 (d,J = 1.6 Hz, 1H),
7.66 (d,J = 1.6 Hz, 1H), 7.457.06 (m, 6H), 5.92 (t] = 2.2 Hz,
1H), 5.86 (t,J = 2.2 Hz, 1H), 5.76 (tJ = 2.2 Hz, 1H), 4.86 (dJ =
4.4 Hz, 1H), 4.42 (ddJ = 7.3, 1.3 Hz, 1H), 4.32 () = 6.6 Hz, 1H),
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4.22 (d,J = 7.0 Hz, 1H), 3.41 (s, 3H), 3.23 (dd,= 12.7, 7.3 Hz,

1H), 3.11-3.03 (m, 1H), 2.49-2.38 (m, 1H), 2.26:2.17 (m, 1H), 2.0%+

1.93 (m, 1H), 1.741.51 (m, 3H), 1.47 (m, 1H}*C NMR: 6 232.6,
229.9, 173.2, 146.9, 145.5, 139.9, 138.4, 136.6, 135.8, 134.2, 129.9,
128.1, 126.1, 105.7, 105.5, 105.2, 98.2, 80.8, 78.3, 77.6, 64.7, 51.4,
45.8, 31.2, 23.6, 17.0. Anal. Calcd fopdEl3:BMoNgOs: C, 53.56; H,
4.80; N, 12.92. Found: C, 53.79; H, 4.69; N, 13.13.

TpMo(CO),

75

(£)-Dicarbonyl[hydridotris(1-pyrazolyl)borato] {(3S,8R,8aS)-(-
3,4,4a)-8-[(hydroxy)methyl]-3,5,6,7,8,8a-hexahydrot2-chromen-3-
yl}molybdenum, (£)-75.To a solution of £)-55 (120 mg, 0.18 mmol)
in CH.CI, (2 mL), cooled to—78 °C, was addé a 1 M solution of
DIBAL-H in hexanes (453:L, 0.45 mmol). The mixture was allowed
to reach O°C over 1 h, then stirred at T for 1.5 h, and it was passed
through a short pad of silica gel (GEI./EtOAc, 9:1). After concentra-
tion, the residue was purified by flash chromatograpthéxanes/
CH.Cl,, 1:8) to afford ¢&)-75 (105 mg, 91%) as a yellow solid. TLC
(CH.Cly, R = 0.16); mp= 118-120°C (dec). IR (cn'): 3443 (br),
2957 (w), 2930 (w), 2872 (w), 2482 (w), 1926 (s), 1837 (s), 1505 (w),
1409 (m), 1305 (m), 1220 (m), 1123 (m), 1050 (AY.NMR: 6 8.47
(d,J = 1.6 Hz, 1H), 7.73 (dJ = 1.9 Hz, 1H), 7.57 (s, 2H), 7.45 (d,

J = 2.2 Hz, 1H), 7.36-7.24 (m, 6H), 6.23 (tJ = 2.2 Hz, 1H), 6.15

(m, 2H), 4.35 (dd,J = 7.3, 1.0 Hz, 1H), 4.31 (d] = 7.3 Hz, 1H), 4.02

(d,J = 3.8 Hz, 1H), 3.96 (tJ = 7.0 Hz, 1H), 3.67 (ddJ = 11.4, 3.2

Hz, 1H), 3.54-3.49 (m, 1H), 3.08 (dJ = 7.0 Hz, 2H), 2.53 (m, 1H),
2.24-1.87 (m, 4H), 1.79 (ddJ = 12.7, 5.7, 1H), 1.661.49 (m, 2H).

3C NMR: 6 232.0, 230.9, 147.0, 145.3, 140.2, 137.9, 136.5, 135.8,
134.2, 129.5, 128.5, 126.5, 105.7, 105.5, 105.1, 99.9, 81.7, 80.5, 78.4,
65.7, 65.6, 45.9, 40.4, 30.7, 24.5, 16.8.

Q\
NG
W O
| H
Ph
76

(£)-(1S,4R,6S,7R)-4-Benzyl-5,11-dioxatricyclo[5.3.2.6¢dodec-2-
ene, ()-76.To a solution of )-75(230 mg, 0.35 mmol) in degassed
CH.CI, (3.5 mL), cooled to °C, was added NORF®65 mg, 0.37
mmol) as a solid in one portion. The mixture was stirred &€dor 30
min, and the orange solution was concentrated under vacuum. The
resulting orange solid was dissolved in €HN (3.5 mL) and stirred at
0 °C for 45 min, and then BN (54 uL, 0.37 mmol) was added. The
mixture was slowly (over 1 h) allowed to reach room temperature before
CH.CI, (15 mL) and water (10 mL) were added. The organic layer
was dried over MgS©and concentrated, and the residue was purified
by flash chromatography¢hexanes/EtOAc, 20:1) to affore-{-76 (39
mg, 80%) as a colorless oil. TL@+hexanes/EtOAc, 15: R = 0.14).

'H NMR: ¢ 7.32-7.20 (m, 5H), 5.80 (ddJ = 10.2, 1.3 Hz, 1H), 5.75
(dd,J = 10.2, 1.6 Hz, 1H), 4.324.25 (m, 2H), 3.89 (dJ = 7.3 Hz,
1H), 3.54 (s, 1H), 3.03 (ddl = 13.6, 7.0 Hz, 1H), 2.78 (dd, = 13.6,
7.0 Hz, 1H), 2.41 (bs, 1H), 1.83L.69 (m, 3H), 1.581.51 (m, 2H),
1.41-1.33 (m, 1H).2*C NMR: ¢ 137.8, 132.3, 129.6, 128.3, 126.9,
126.4, 83.9, 74.3, 72.0, 41.5, 41.4, 35.2, 29.3, 18.8. HRVEGM *]
calcd for G/H2¢O02: 256.1463. Found: 256.1456.
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