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The tandem cross-metathesis/thermal Sy2” reaction was explored for the facile and efficient synthesis of 4-hydroxy-2,6-cis-tetrahydropyrans.
The mildness of the thermal conditions allowed for the synthesis of 4-hydroxy-2,6-cis-tetrahydropyrans from base-sensitive substrates without
the use of protecting groups. The tandem reaction enabled a protecting-group-free synthesis of (+)-diospongin A.

The development of tandem reactions is a rapidly growing
area of synthetic organic chemistry.® Tandem reactions
complete several chemical transformations in a single step
and offer a powerful approach for rapidly increasing mo-
lecular complexity from simple starting materials. The main
advantages of tandem reactions are reduction in overall steps
by avoiding isolation of often highly reactive intermediates,
minimal use of protecting groups, and the benefits of green
chemistry by saving time and reducing waste.

Recently, we reported the feasibility of the Sy2’ reaction
for the stereoselective synthesis of substituted O-heterocy-
cles? We applied the intramolecular Sy2' reaction in
conjunction with olefin cross-metathesis (CM) reaction
(tandem CM/S\2’ reaction) to the stereoselective synthesis
of the 2,3-trans-2,5-trans-tetrahydrofuran of subglutinol B.

Intrigued by the potential of the tandem CM/S\2’ reaction
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for rapid construction of substituted O-heterocycles, we
decided to extend this methodology to the synthesis of
tetrahydropyrans (THPs). Structurally complex tetrahydro-
pyrans are found in a wide range of biologically interesting
natural products including macrolides and polyether iono-
phores.® Although considerable efforts have been devoted
toward the development of synthetic routes for natural and
unnatural tetrahydropyrans,*® there till exists a great need
for a synthetic approach toward these classes of molecules
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that allows for rapid access to substrates and requires mild
reaction conditions compatible with various functional
groups.

Herein, we report the facile and efficient synthesis of
4-hydroxy-2,6-cis-tetrahydropyrans via a tandem CM/thermal
S\2 reaction under mild reaction conditions and its application
to a protecting-group-free synthesis of (£)-diospongin A.

To test the feasibility of the tandem reaction, we prepared
hydroxy alkene 1° by the addition of CH,=CH(CH,)sMgBr
to PhCHO (84%). Treatment of 1 with CH,=CHCHCI in
the presence of Grubbs' second-generation catalyst (Grubbs
I, (IMesHy)(PCys)(Cl),Ru=CHPh)’ and subsequent in-
tramolecular S\2' reaction®® of the corresponding alylic
chloride 2 under thermal conditions (tandem CM/thermal
S\2’ reaction, Table 1)**** provided a mixture of 4a and 4b

Table 1. Initial Attempts for the Tandem CM/Thermal S\2’

Reaction
conditions .
Ph"“lfo\I\ " Ph“‘HE?\KL o
H Ill H
X
1

2, X=Cl;3,X=Br
Ph H [e) n Ph H (¢} i
2,6-cis-THP (4a)

2,6-trans-THP (4b)

entry conditions yield (%)* dr®

CH,=CHCH,CI, Grubbs II
(10 mol %), CH5Cl,
1 (0.1-0.02 M), reflux, 16 h 66 2:1
CH,=CHCH,CI, Grubbs II
(10 mol %), CH5Cl,
(0.1 M), reflux, 3 h,
then toluene (0.02 M)
2 reflux, 12 h 79 2:1
CH,=CHCH,Br, Grubbs II
(10 mol %), CH,Cl,
(0.1 M), reflux, 2 h, then
toluene (0.02 M),
3 reflux, 10 h 78 2:1

@Combined yield of 4a and 4b. ° Diastereomeric ratio (4a:4b)
determined by integration of the *H NMR of the crude product.

in 66% yield but in poor stereoselectivity (4a:4b = 2:1, entry
1).22 On the basis of the fact that we isolated the intermediate
2 in addition to 4a and 4b, we anticipated that a higher
reaction temperature would promote the Sy2’ cyclization step.
After the completion of the CM reaction of 1 and
CH,=CHCH,CI in CH,CI, as monitored by TLC, addition
of toluene to the reaction mixture increased the yield of the
reaction from 66% to 79% (entry 2). Use of CH,=CHCH,Br
instead of CH,=CHCH,CI had no effect on yield, but dightly
shortened the reaction time (entry 3). We attributed the low
stereosel ectivity to aless well-defined transition state of the
intramolecular Sy2’ reaction.®

To improve the low stereoselectivity of the tandem
reaction, we envisioned the introduction of an axially oriented
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functional group at the C4 position that would increase the
1,3-diaxial interaction with the C6 allyl substituent (Figure
1). The unfavorable 1,3-diaxia interaction of the axially
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Figure 1. Introduction of 1,3-diaxia interactionsto the tandem CM/
thermal Sy2 reaction.

oriented C4 substituent and the C6 alyl substituent in
conformation 5B is larger than that of the hydrogen and the
C4 subdtituent in conformation 5A, thus preferentially
affording 2,6-cis-tetrahydropyran 6a. In addition, the C4
substituent could be transformed to other useful functional
groups. Since 4-hydroxy-2,6-cis-tetrahydropyrans and 2,6-
cis-tetrahydropyran-4-ones are abundant structural motifsin
biologically important natural products,® we hypothesized
that a hydroxy group at the C4 position could satisfy these
requirements.

To test the hypothesis, we prepared hydroxy alkenes (7
and 10)*® and subjected them to the tandem reaction

(5) For recent examples of tetrahydropyran synthesis, see: () Minami,
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5548. (c) Cloninger, M. J.; Overman, L. E. J. Am. Chem. Soc. 1999, 121,
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55, 14097-14110. (e) Wong, M .-K.; Chung, N.-W.; He, L.; Yang, D. J. Am.
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Lett. 2005, 7, 1113-1116. (j) Chan, K.-P.; Loh, T.-P. Org. Lett. 2005, 7,
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2002, 41, 3171-3174. (e) Chatterjee, A. K.; Choi, T. L.; Sanders, D. P;
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conditions (Scheme 1). Treatment of a-hydroxy akene 7
with CH,=CHCH_Br under the tandem reaction conditions

Scheme 1. Synthesis of 4-Hydroxy-2,6-cis-tetrahydropyrans

CH,=CHCH,Br
Grubbs Il
OH (10 mol %)

H i Br
CHCly reflux, 3h ~/J\/\ Ho|
Br * Ho
o
PhH

Y lhen toluene

Ll B reflux, 10h  PH
H 62%
7 aA 88
OH OH
,.~‘m-,,‘¢ ..l](j_\/
en ot NS
9a [9a:9b=2:1] 9b
CH;=CHCHzBr
Grubbs Il
OH  (lomol%) HO bign. Br
CHyCly, reflux, 2 h \/J\/\ H |
X then toluene ot ZL
ey U
Ph" L 0 reflox 3 pt L
H 83% H
10 11A 11B

! !

OH OH

Phi H o Ph H o

H A
12a [12a:12b=5:1] 12b

provided the desired 4-hydroxy-2,6-cis-tetrahydropyran 9a,
but in low stereoselectivity (2:1 dr). However, under the same
reaction conditions, the 5-hydroxy alkene 10 provided 12a
with higher stereoselectivity (5:1 dr). These results demon-
strated that the increased 1,3-diaxial interaction by the axially
oriented C4 hydroxy group in 10 enhanced the stereosel ec-
tivity. 4

To assess the effect of thermal conditions on the intramo-
lecular S\2° reaction, 13 and 14 were treated with a base
such as NaH or KO'Bu. The Sy2’ reaction of 13 under basic

1433-1434. (b) Li, P.; Wang, T.; Emge, T.; Zhao, K. J. Am. Chem. Soc.
1998, 120, 7391-7392. (c) Li, P.; Yang, J.; Zhao, K. J. Org. Chem. 1999,
64, 2259-2263. (d) Lee, J; Hong, J. J. Org. Chem. 2004, 69, 6433-6440.

(10) For recent examples of tandem reactions associated with CM, see:
(@ Chen, J-R,; Li, C.-F.; An, X.-L.; Zhang, J.-J; Zhu, X.-Y; Xiao, W.-J.
Angew. Chem,, Int. Ed. 2008, 47, 2489-2492. (b) Fustero, S.; Jiménez, D.;
Sanchez-Rosello, M.; del Pozo, C. J. Am. Chem. Soc. 2007, 129, 6700—
6701.

(11) It has been reported that ruthenium species can play a role as a
Lewis acid: see ref 10a. But, in our case, isolation of alylic chloride 2
from the reaction mixture and subjection to refluxing toluene also afforded
tetrahydropyran 4a, demonstrating that the intramolecular S\2’ reaction was
athermal process.

(12) The relative stereochemistries of the 2,6-disubstituted tetrahydro-
pyrans were determined by *H NMR coupling constants and 2D-NMR (see
Supporting Information for details).

(13) Hoffmann, R.; Brickner, R. Chem. Ber. 1992, 125, 1471-1484.

(14) Protection of 10 with Bn, Bz, or Piv groups and subjection to the
tandem reaction conditions (CH,=CHCH,Br, 10 mol % of Grubbs II,
CH_Cl,, reflux, 3 h, then toluene, reflux, 10 h) did not further improve the
stereosel ectivity of the tandem reaction (5:1 dr, see Supporting Information
for details).

(15) (a) Hoffmann, R. W. Synthesis 2006, 3531-3541. (b) Young, I. S;;
Baran, P. S. Nat. Chem. 2009, 1, 193-205.

(16) Therelative stereochemistries of 1,3-syn-diols (10 and 17—19) were
determined by 3C NMR chemical shifts of the corresponding acetonides
(see Supporting Information for details).
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conditions (NaH or KO'Bu) completely failed to provide the
corresponding tetrahydropyran, but significant decomposition
was observed (Table 2). When Bn-protected allylic bromide

Table 2. Intramolecular Sy2” Reactions under Basic Conditions

OH
NaH "
. S —_— Decomposition
Ph™ 170 or

H T KO'Bu
H SBr

Bn

condmons QJ
=
H

O

L |'4

16

yield
entry conditions (15/16, %)  dr*
1 NaH, THF, 0—-25 °C, 9 h 30/26 2.6:1
2 NaH, THF/DMF (2/1), 0—25 °C, 3 h 26/73 1.8:1
3 KO'Bu, THF, —78 °C, 20 min 0/62 NA®
4 KO'Bu, THF, 0 °C, 30 min 29/45 1.5:1
5 KO'Bu, THF, 25 °C, 20 min 22/49 1.6:1

2 Diastereomeric ratio (2,6-cis- THP:2,6-trans-THP) of 15 determined
by integration of '"H NMR of crude product. ® Not applicable.

14 was subjected to the basic conditions (NaH or KO'BuU),
the S\2’ reaction provided the elimination products 16 as
well as tetrahydropyrans 15. On the basis of these results,
we concluded that the mildness of the thermal conditions
was critical to the synthesis of 4-hydroxy-2,6-cis-tetrahy-
dropyran 12a from base-sensitive substrate 13 without the
use of protecting groups.™®

To investigate the scope and stereochemical outcome of
the tandem reaction with respect to substituents at the C2
position, we prepared 1,3-syn-diols (17—19)*® and subjected
them to the tandem reaction conditions (Table 3). We were
pleased to find that the tandem reaction of 17—19 in the
presence of CH,=CHCH,Br and Grubbs Il proceeded
smoothly to provide the corresponding 4-hydroxy-2,6-cis-
tetrahydropyrans (20a, 21a, and 22a) with decent stereose-
lectivities (entries 1—4).%"

To the best of our knowledge, the tandem CM/S\2’
reaction has never been reported for the stereoselective
synthesis of tetrahydropyrans. Indeed, few approaches for
the stereoselective synthesis of tetrahydropyrans involve
intramolecular Sy2’ reactions,® " perhaps due to the low
nucleophilicity of oxygen and a less well-defined transition
state.

(17) The tandem reaction of the sterically hindered tertiary acohol 27
afforded tetrahydropyrans (28a and 28b) but in low yield (29%). Due to
the diphenyl group, elimination of the tertiary alcohol was observed.

OH CH,=CHCH,Br
Grubbs 1|
(10 mol %) m /fj\/
A CHZCIZ reflux, 2 h
Ph pha then to[uene reflux Ph Ph H Ph A
27 28a  [2.611] 28b
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Table 3. Substrate Scope of the Tandem CM/Therma Sy2’

Reaction
m condmons m ﬁj\/
O

12a 12b

17 R: C(CH3)ZCH20E3n 20a 20b

18, R = 'Pr 21a 21b

19, R = CH,CH,0Bn 22a 22b
entry substrate yield? dr¢
1 10 83% 5:1
2 17 85% 4:1
3 18 80% 3:1
4 19 95% 4:1

& CH,=CHCH_Br, Grubbs Il (10 mal %), CH,Cl, (0.1 M), reflux, 2 h,
then toluene (0.02 M), reflux, 3—10 h. ® Combined yield of 2,6-cis- and
2,6-trans- THPs. ¢ Diastereomeric ratio (2,6-cis- THP:2,6-trans- THP) deter-
mined by integration of *H NMR of crude product.

To demonstrate the utility of the tandem CM/thermal Sy2
reaction, we embarked on a synthesis of (+)-diospongin A
(23). The diarylheptanoids diospongins A and B (23 and 24,
Figure 2) were isolated from the rhizomes of Dioscorea

ti)H OH
| i o
N0 :
Ph H O H Ph Ph H (8] i Ph

(~)-diospongin A (23) (~)}-diospongin B (24)

Figure 2. Structure of (—)-diospongins A (23) and B (24).

spongiosa®® and have attracted considerable synthetic interest
due to their antiosteoporotic activity (diospongin B).'° We
envisioned that the embedded 4-hydroxy-2,6-cis-tetrahydro-
pyran of 23 could be constructed using the tandem CM/
thermal Sy2’ reaction as the key bond-forming event.

The addition of CH,=CHCH,MgBr to PhCHO, followed
by an oxidative cleavage of alkene 25, and treatment of the
corresponding aldehyde with alyltrimethylsilane and SnCl,2°
afforded a mixture of 1,3-diols (syn:anti = 5:1) which were
readily separated by SiO, chromatography (Scheme 2). The

(18) Yin, J; Kouda, K.; Tezuka, Y.; Le Tran, Q.; Miyahara, T.; Chen,
Y.; Kadota, S. Planta Med. 2004, 70, 54-58.

(19) (a) Chandrasekhar, S.; Shyamsunder, T.; Prakash, S. J.; Prabhakar,
A.; Jagadeesh, B. Tetrahedron Lett. 2006, 47, 47-49. (b) Sawant, K. B.;
Jennings, M. P. J. Org. Chem. 2006, 71, 7911-7914. (c) Bressy, C.; Allais,
F.; Cossy, J. Synlett 2006, 3455-3456. (d) Bates, R. W.; Song, P.
Tetrahedron 2007, 63, 4497-4499. (e) Hiebel, M.-A.; Pelotier, B.; Piva,
O. Tetrahedron 2007, 63, 7874-7878. (f) Kawai, N.; Mahadeo Hande, S;
Uenishi, J. Tetrahedron 2007, 63, 9049-9056. (g) Y adav, J. S.; Padmavani,
B.; Reddy, B. V. S;; Venugopal, C.; Rao, A. B. Synlett 2007, 2045-2048.
(h) Wang, H.; Shuhler, B. J;; Xian, M. Synlett 2008, 2651-2654. (i) Sabitha,
G.; Padmgja, P.; Yadav, J. S. Helv. Chim. Acta 2008, 91, 2235-2239.

(20) (a) Allais, F.; Cossy, J. Org. Lett. 2006, 8, 3655-3657. (b) Allais,
F.; Louvel, M.-C.; Cossy, J. Synlett 2007, 451-452.
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Scheme 2. Synthesis of (+)-Diospongin A (23)

a. 0sOy, NalO,
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PhAo P 25°C,3h
THF, —78°C  py~T~on b. allyltrimethylsilane

2 h, 86% H SnCly, CH,Cly
25 -78°C,1.5h
48% for 2 steps
(syn:anti = 5:1)

CH,=CHCH,Br OH styrene

OH
Grubbs 11 (10 mol %) Grubbs I
ﬁ CHoCly, reflux, 2 h (10 mol %)
ph o X then oo P CH,Cly, reflux
H

H T toluene, reflux 8 h, 68%
H 3h, 83% H
10 12a (cisitrans = 5:1)
OH 0y, PAC, CuCl
m DMF/HZO 7:1) m
. . 56°C, 720
P o H"/\P 33% )LPh

26 (£ only) (£)- dlospongln A(23)

tandem reaction of 1,3-syn-diol 10 in the presence of
CH,=CHCH,Br and Grubbs second-generation catalyst
smoothly proceeded to provide the desired 4-hydroxy-2,6-
cis-tetrahydropyran 12a (5:1 dr, 83%). A second CM reaction
of 12a with styrene gave rise to 26 in 68%. Attempts for
one-pot CM/Sy2'/CM reaction of 10 (CH,=CHCH_Br, 10
mol % of Grubbs |1, CH,Cl,, reflux, 2 h, then toluene, reflux,
3 h; styrene, 10 mol % of Grubbs 11, reflux, 10 h) provided
26, but in low yield (16%). Final regioselective introduction
of the carbonyl group to complete the synthesis of (+4)-
diospongin A (23) was accomplished by a Wacker reaction
as described previously.™" The efficiency of tandem CM/
thermal Sy2' reaction alowed for a synthesis of (+)-
diospongin A (23) without the use of protecting groups.

In summary, we explored the tandem CM/thermal S\2’
reactions for the efficient synthesis of 4-hydroxy-2,6-cis-
tetrahydropyrans, a ubiquitous structural element found in
structurally complex natural products with interesting bio-
logical activities. The reaction required no base for the S\2
cyclization step (thermal conditions) and proceeded with
modest stereoselectivity (3—5:1 dr). The tandem CM/thermal
S\2’ reaction enabled a concise synthesis of (+)-diospongin
A (23) with no use of protecting groups. Studies toward the
improvement of stereoselectivity of the tandem reaction and
its application to the synthesis of natural products are
currently in progress.
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