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Exocyclic enol ethers served as starting materials for the synthesis of [n,5]-spiroketals (n = 5, 6).

A metal-mediated cyclopropanation using ethyl diazoacetate afforded spiroannelated cyclopropane deriva-
tives bearing an ester group. A reduction of the corresponding ester by LiAlH,, followed by subsequent
oxidation using hypervalent iodine reagents, produced [7,5]-spiroketals in moderate to good yields. The key
step within this three-step sequence is the ring enlargement of the three-membered ring with an oxygen donor
and a carbonyl acceptor group into the five-membered enol ether system. Catalytic amounts of the Lewis acid
Yb(OTH); facilitate the ring enlargement and increase the yield of the corresponding spiroketal in many cases.
When Yb(OTf); was used, our experiments revealed an open transition state rather than a concerted
mechanism because the stereochemistry of the spirocenter was not conserved during the ring enlargement. As
a result, the thermodynamically more favored anomeric [7,5]-spiroketal was observed as the major product.
All the structures were established unambiguously by NOESY experiments.

Introduction

The semirigid spiroketal moiety forms a characteristic
architectural feature in a plethora of simple as well as complex
natural products including insect pheromones and marine and
fungal toxins.! A number of different ring arrangements are
observed in Nature; however the most abundant are [6,6]-,
[6,5]-, and [5,5]-spiroketals. The conformational and geo-
metric features of these frameworks have rendered spiroketals
as preferred targets in diversity-oriented synthesis.

(1) For recent reviews of spiroketals, see: (a) Francke, W.; Kitching, W.
Curr. Org. Chem. 2001, 5,233-251. (b) Mead, K. T.; Brewer, B. N. Curr. Org.
Chem. 2003, 7,227-256. (c) Aho, J. E.; Pihko, P. M.; Rissa, T. K. Chem. Rev.
2005, 705, 4406-4440. (d) Brimble, M. A.; Fares, F. A. Tetrahedron 1999, 55,
7661-7706. (e) Brasholz, M.; Sorgel, S.; Azap, C.; Reissig, H.-U. Eur. J. Org.
Chem. 2007, 3801-3814. (f) Rizzacasa, M. A.; Pollex, A. Org. Biomol. Chem.
2009, 7, 1053-1059.

(2) (a) Barun, O.; Sommer, S.; Waldmann, H. Angew. Chem. 2004, 116,
3258-3261. Angew. Chem., Int. Ed. 2004, 43,3195—3199. (b) Tan, D. S. Nat.
Chem. Biol. 2005, 1, 74-84. (c) Zinzalla, G.; Milroy, L.-G.; Ley, S. V. Org.
Biomol. Chem. 2006, 4, 1977-2002.
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The classical route for the preparation of the spiroketal
motif is the Bronsted or Lewis acid mediated dehydrative
spirocyclization® of the corresponding oxo diol 1 (Scheme 1).
This rather flexible method that can afford different ring
sizes is a thermodynamically driven process and commonly
results in a diaxial spiroketal arrangement 3. In such an
arrangement two anomeric effects are in operation leading to
a significant net energy stabilization.* However, in the case of
acid-labile compounds (e.g., enol ethers) or in the case the
less thermodynamically stable isomer is required, this meth-
odology commonly fails.

Accordingly, other spiroketal syntheses have attracted
considerable interest, and numerous elegant methods have

(3) For recent examples: (a) Venkatesh, C.; Reissig, H.-U. Synthesis 2008,
3605-3614. (b) Goubert, M.; Canet, I.; Sinibaldi, M.-E. Eur. J. Org. Chem.
2006, 4805-4812.

(4) (a) Kirby, A. J. The Anomeric Effect and Related Stereoelectronic
Effects at Oxygen; Springer Verlag: New York, 1983. (b) Deslongchamps, P.
Stereoelectronic Effects in Organic Chemistry; Pergamon Press, Oxford, 1983.
(c) Juaristi, E.; Cuevas, G. The Anomeric Effect, CRC Press: Boca Raton, FL,
1995.
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SCHEME 1. Dehydrative Spirocyclization of Oxo Diol 1 as the
Classical Route to Spiroketals 2 (top) and the Most Favored
Conformation 3 of a [6,6]-Spiroketal (bottom)
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been developed.”~” The most popular approaches include
hetero-Diels—Alder reactions (e.g., in the synthesis of 6a/
6b),'™® acetylide anion additions to lactones,” and the use of
organometallic reactions such as metathesis'® or Pd-catalyzed
cross-coupling reactions (e.g., for the preparation of 9).!! Two
examples are illustrated in Scheme 2.

Herein, we report a novel methodology for the construc-
tion of [n,5]-spiroketals of type 10 (n = 5, 6) based on the
unique properties of donor-acceptor-substituted three-mem-
bered rings.'> The general idea of the retrosynthesis is
depicted in Scheme 3. The key step involves the ring enlarge-
ment of a spiroannelated donor-acceptor-substituted cyclo-
propane derivative 11 that is easily accessible via the
cyclopropanation of exocyclic enol ethers of type 13. Ring

(5) For an overview: Ley, S. V.; Milroy, L.-G.; Myers, R. M. Science
of Synthesis; Thieme-Verlag: Stuttgart, 2007; Vol. 29, Product Class 9:
Spiroketals, pp 613—689.

(6) For recent examples, see: (a) Liu, G.; Wurst, J. M.; Tan, D. S. Org.
Lett.2009, 11,3670-3673. (b) Aponick, A.; Li, C.-Y.; Palmes, J. A. Org. Lett.
2009, /1,121-124. (c) Robertson, J.; Naud, S. Org. Lett. 2008, 10, 5445-5448.
(d) Tony, K. A.; Li, X.; Dabideen, D.; Li, J.; Mootoo, D. R. Org. Biomol.
Chem. 2008, 6, 1165-1169. (e) Zhang, Y.; Xue, J.; Xin, Z.; Xie, Z.; Li, Y.
Synlett 2008, 940-944. (f) Bray, C. D. Synlett 2008, 2500-2502. (g) Waller,
D. L.; Stephenson, C. R. J.; Wipf, P. Org. Biomol. Chem. 2007, 5, 58-60.
(h) Dai, L.-Z.; Shi, M. Chem.—Eur. J. 2008, 14,7011-7018. (i) de Greef, M.;
Zard, S. Z. Org. Lett. 2007, 9, 1773-1776. (j) Liu, B.; De Brabander, J. K.
Org. Lett. 2006, 8, 4907-4910. (k) Sherry, B. D.; Maus, L.; Laforteza, B. N.;
Toste, D. F. J. Am. Chem. Soc. 2006, 128, 8132-8133.

(7) (a) Li, X.; Chianese, A. R.; Vogel, T.; Crabtree, R. H. Org. Lett. 2005,
7, 5437-5440. (b) Uehara, H.; Oishi, T.; Inoue, M.; Shoji, M.; Nagumo, Y.;
Kosaka, M.; Le Brazidec, J.-Y.; Hirama, M. Tetrahedron 2002, 58, 6493—
6512. (¢c) Wardrop, D. J.; Zhang, W.; Fritz, J. Org. Lett. 2002, 4, 489-492.
(d) Marké, 1. E. Tetrahedron Lett. 2000, 41, 4383-4387. (¢) Haym, I
Brimble, M. Synlett 2009, 2315-2319. (f) Pavlakos, E.; Georgiou, T.; Tofi,
M.; Montagnon, T.; Vassilikogiannakis, G. Org. Lett. 2009, 11, 4556-4559.
(g) Tony, K. A.; Dabideen, D.; Li, J.; Diaz-Herndandez, M. D.; Jiménez-
Barbero, J.; Mootoo, D. R. J. Org. Chem. 2009, 74, 7774-7780. (h) Wu, X.;
Zhou, J.; Snider, B. B. Angew. Chem. 2009, 121, 1309-1312. Angew. Chem.,
Int. Ed. 2009, 48, 1283—1286. (i) Barluenga, J.; Mendoza, A.; Rodriguez, F.;
Fananas, F. J. Angew. Chem. 2009, 121, 1672-1675. Angew. Chem., Int. Ed.
2009, 48, 1644—1647.

(8) (a) Huang, Y.; Pettus, T. R. R. Synlett 2008, 1353-1356. (b) Cuzzupe,
A.N.;Hutton, C. A.; Lilly, M. J.; Mann, R. K.; Rizzacasa, M. A.; Zammit, S.
C. Org. Lett. 2000, 2, 191-194. (c) Audrain, H.; Thorhauge, J.; Hazell, R. G;
Jorgensen, K. A. J. Org. Chem. 2000, 65, 4487-4497.

(9) (a) Doubsky, J.; Streinz, L.; Saman, D.; Zednik, J.; Koutek, B. Org.
Lett. 2004, 6, 4909-4911. (b) Brimble, M. A.; Park, J. H.; Taylor, C. M.
Tetrahedron 2003, 59, 5861-5868.

(10) van Hooft, P. A. V.; El Qualid, F.; Overkleeft, H. S.; van der Marel,
G. A.; van Boom, J. H.; Leeuwenburgh, M. A. Org. Biomol. Chem. 2004, 2,
1395-1403.

(11) (a) Moilanen, S. B.; Potuzak, J. S.; Tan, D. S. J. Am. Chem. Soc.
2006, 128, 1792-1793. (b) Conway, J. C.; Urch, C. J.; Quayle, P.; Xu, J.
Synlett 2006, 776-780. (c) Conway, J. C.; Quayle, P.; Regan, A. C.; Urch,
C. J. Tetrahedron 2005, 61, 11910-11923.

(12) For reviews, see: (a) Reissig, H.-U. Top. Curr. Chem. 1988, 144, 73—
135. (b) Reissig, H.-U.; Zimmer, R. Chem. Rev. 2003, 103,1151-1196. (¢) Yu,
M.; Pagenkopf, B. L. Tetrahedron 2005, 61,321-347. (d) De Simone, F.; Waser,
J. Synthesis 2009, 3353—3374.
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SCHEME 2. Diels—Alder (a) and Stille Approach (b) for the
Synthesis of Spiroketals 6a/6b and 9, Respectively
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openings and ring enlargements of cyclopropane derivatives
bearing an electron-withdrawing and an electron-donating
substituent have been intensively investigated !>~ '® and have
also been used in a variety of natural product syntheses.'**!”
However, to the best of our knowledge donor-acceptor-
substituted cyclopropanes have only rarely been used for
spiroketal synthesis.'®

Results and Discussion

As precursors for the formation of the spiroannelated
cyclopropyl derivatives we prepared a series of five- and
six-membered exocyclic enol ethers of type 13. Whereas

(13) (a) Pohlhaus, P. D.; Sanders, S. D.; Parsons, A. T.; Li, W.; Johnson,
J.S. J. Am. Chem. Soc. 2008, 130, 8642-8650. (b) Pohlhaus, P. D.; Johnson,
J.S. J. Am. Chem. Soc. 2005, 127, 16014—-16015. (c) Parsons, A. T.; Johnson,
J.S. J. Am. Chem. Soc. 2009, 131, 3122-3123. (d) Yu, M.; Pagenkopf, B. L.
Org. Lett. 2003, 5,5099-5101. (e) Yu, M.; Sessler, J. L.; Pagenkopf, B. L. Org.
Lett. 2004, 6, 1057-1059. (f) Bajtos, B.; Pagenkopf, B. L. Org. Lett. 2009, 11,
2780-2783. (g) De Simone, F.; Andres, J.; Torosantucci, R.; Waser, J. Org.
Lett. 2009, 71, 1023-1026.

(14) (a) Wenkert, E.; Alonso, M. E.; Buckwalter, B. L.; Chou, K. J. J. Am.
Chem. Soc. 1977, 99, 4778-4782. (b) Hofmann, B.; Reissig, H.-U. Synlett
1993, 27-29. (c¢) Hofmann, B.; Reissig, H.-U. Chem. Ber. 1994, 127, 2327—
2335.

(15) (a) Kunz, H.; Lindig, M. Chem. Ber. 1983, 116, 220-229. (b) Adams,
J.; Frenette, R.; Belley, M.; Chibante, F.; Springer, J. P. J. Am. Chem. Soc.
1987, 109, 5432-5437.

(16) Schneider, T. F.; Kaschel, J.; Dittrich, B.; Werz, D. B. Org. Lett.
2009, /1, 2317-2320.

(17) (a) Bohm, C.; Reiser, O. Org. Lett. 2001, 3, 1315-1318. (b) Nosse, B.;
Chhor, R. B.; Jeong, W. B.; Bohm, C.; Reiser, O. Org. Lett. 2003, 5,941-944.
(c) Weisser, R.; Yue, W.; Reiser, O. Org. Lett. 2005, 7, 5353-5356. (d) Chhor,
R. B.; Nosse, B.; Sorgel, S.; Bohm, C.; Seitz, M.; Reiser, O. Chem.—Eur. J.
2003, 9,260-270. (¢) Fuerst, D. E.; Stoltz, B. M.; Wood, J. L. Org. Lett. 2000,
2, 3521-3523. (f) Wenkert, E.; Hudlicky, T.; Showalter, H. D. H. J. Am.
Chem. Soc. 1978, 100, 4893-4894.

(18) Zschiesche, R.; Hafner, T.; Reissig, H.-U. Liebigs Ann. 1988, 12,
1169-1173.
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SCHEME 3. Retrosynthesis of [n,5]-Spiroketals 10 Using
Exocyclic Enol Ethers 13 as Starting Materials
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unsubstituted six-membered exocyclic enol ethers tend to
rearrange to the endocyclic isomers, the five-membered
counterparts are more stable in their exocyclic form. Because
of this fact and a deeper interest in facile carbohydrate
modification in our group,'® mainly exocyclic glycals that
are easily available by several routes were used for our
methodological studies of the proposed sequence.? Either
the corresponding fully protected lactones of type 14 were
reacted with Petasis reagent,”' or we eliminated HI from the
exocyclic iodomethyl group next to the oxygen center in 15
by the action of DBU (Scheme 4).°" A high degree of
substitution renders the six-membered cycles relatively
stable in their exocyclic glycal form.

Exocyclic glycals of type 13 were treated with an excess of
ethyl diazoacetate under rhodium or copper catalysis to
afford the spiro-annelated cyclopropane derivatives of type
12 that were commonly obtained as a mixture of several
(up to four) different stereoisomers (Table 2).>> Figure 1
provides an assignment a—d for the different stereoisomers.
In our cases, the best results for the cyclopropanation
reaction were achieved by using elemental copper powder
in hot toluene; the use of copper(I) catalysts such as Cu(OTY)
generated in situ from Cu(OTf), and phenyl hydrazine or the
use of Rhy(OAc)s at room temperature afforded lower
yields. The resulting cyclopropyl esters 12a—12d were re-
duced with LiAlH4 in THF furnishing the corresponding

(19) Holkenbrink, A.; Vicente, J. B.; Werz, D. B. Synthesis 2009, 2596~
2604.

(20) (a) RajanBabu, T. V.; Reddy, G. S. J. Org. Chem. 1986, 51, 5458
5461. (b) Csuk, R.; Glanzer, B. 1. Tetrahedron 1991, 47, 1655-1664.
(¢) Gueyrard, D.; Haddoub, R.; Salem, A.; Bacar, N. S.; Goekjian,
P. G. Synlett 2005, 520-522. (d) Yang, W. B.; Yang, Y. Y.; Gu, Y. F.; Wang,
S. H.; Chang, C. C.; Lin, C. H. J. Org. Chem. 2002, 67, 3773-3782.
(e) Lichtenthaler, F. W.; Hahn, S.; Flath, F. J. Liebigs Ann. 1995, 2081.
(f) Martin, O. R.; Xie, F. Carbohydr. Res. 1994, 264, 141-146. (g) Lancelin,
J. M.; Pougny, J. R.; Sinay, P. Carbohydr. Res. 1985, 136, 369-374.
(h) Griffin, F. K.; Murphy, P. V.; Paterson, D. E.; Taylor, R. J. K.
Tetrahedron Lett. 1998, 39, 8179-8182. (i) Griffin, F. K.; Paterson, D. E.;
Murphy, P. V.; Taylor, R. J. K. Eur. J. Org. Chem. 2002, 1305-1322.
(j) Murphy, P. V.; McDonnell, C.; Himig, L.; Paterson, D. E.; Taylor,
R.J. K. Tetrahedron: Asymmetry 2003, 14, 79-85. (k) T6th, M.; Somsak, L.
J. Chem. Soc., Perkin Trans. 12001, 942-943. (1) Zhu, X.; Jin, Y.; Wickham,
J. J. Org. Chem. 2007, 72, 2670-2673. (m) McRae, K. J.; Rizzacasa, M. A.
J. Org. Chem. 1997, 62, 1196-1197. (n) Hill, J. M.; Hutchinson, E. J.;
Le Grand, D. M.; Roberts, S. M.; Thorpe, A. J.; Turner, N. J. J. Chem.
Soc., Perkin Trans. 1 1994, 11, 1483-1487. (o) Csuk, R.; Dérr, P.
J. Carbohydr. Chem. 1995, 14, 35-44. (p) Semeria, D.; Philippe, M.;
Delaumeny,J -M.; Sepulchre, A.-M.; Gero, D. Synthesis 1983, 710-713.

v, S. V., Owen D. R.; Wesson, K E. J. Chem. Soc., Perkzn Trans. 1
1997 2805 2806 (r) Pine, S. H Kim, G.; Lee, V. Org. Synth.1990, 69, 72-79.

(21) Petasis, N. A.; Bzowej, E 1.J. Am Chun Soc. 1990, 112, 6392-6394.

(22) Bluechel, C.; Ramana, C. V.; Vasella, A. Helv. Chim. Acta 2003, 86,
2998-3036.
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SCHEME 4. Two Ways To Generate Exocyclic Enol Ethers 13:
(a) Petasis Olefination of Lactones 14, (b) Elimination of HI of
Corresponding Primary Iodides 15
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alcohols 16a—16d in good to quantitative yield (for the
assignment of the respective stereoisomers, see Figure 1).
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FIGURE 1. Assignment of the different stereoisomers of the cyclo-
propyl esters 12a—12d and the corresponding alcohols 16a—16d,
respectively.

The generation of the donor-acceptor-substituted cyclo-
propane in 11 (by oxidation of the hydroxy methyl group of
16) has to be performed in such a way that the oxidizing
agent does not attack the newly generated enol ether system
of 10 that is also prone to oxidation. Previous experiments in
our group concerning the annelation of tetrahydrofuran
units by performing a similar sequence using IBX as an
oxidizing agent revealed an instantaneous ring enlargement
of the three-membered to the five-membered ring; cyclopro-
panes bearing an aldehyde functionality were not ob-
served.'® In contrast to these results, the investigations
with respect to spiroketal formation did not reveal such a
clear-cut preference for the ring enlargement to the five-
membered spiro compound when just IBX was used as an
oxidizing agent. Therefore spirocyclopropyl derivative 19b
was chosen as a model compound to investigate a variety of
different oxidation methods and conditions in order to
optimize the transformation of 19b to spiroketal 20
(Table 1). The Swern reaction afforded only traces of the
desired spiroketal, whereas slightly better results were ob-
tained when hypervalent iodine reagents such as
Dess—Martin periodinane (DMP) or IBX, respectively, were
employed. Hence, our attention focused toward the use of
IBX in combination with different Lewis acids. It turned out
that the choice of the Lewis acid is of utmost importance to
increase the yield of the desired transformation. Whereas
hard Lewis acids such as Ti(Oi-Pr)4 and SnCly lead only to
traces of product (Table 2, entries 5 and 6) and Lewis acids

J. Org. Chem. Vol. 74, No. 22, 2009 8781
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TABLE 1. Different Oxidations Methods/Conditions and Additives
for the Conversion of the Cyclopropane Derivative 19b into the [5,5]-
Spiroketal 20

OMe OMe
o} | O
M Table 1 5
HO 07/0 070
19b 20
Entry Conditions Additives” Yield [%]
1 (COCl);, (1.1 equiv), DMSO (2.2 equiv), S
NEt; (4.0 equiv), —78 °C, CH,Cl,, 30 min
2 DMP (1.2 equiv), CH2CI2, rt, 2 h 22
3 IBX (1.2 equiv), DMSO, rt, 12 h 15
4 IBX (1.2 equiv), DMSO, rt, 8 h 26
5 IBX (1.2 equiv), DMSO, rt, 8 h Ti(Oi-Pr), b
6 IBX (1.2 equiv), DMSO, rt, 8 h SnCly -¢
7 IBX (1.2 equiv), DMSO, rt, 8 h BF;-OEt, 15
8 IBX (1.2 equiv), DMSO, rt, 8 h MgCl, 18
9 IBX (1.2 equiv), DMSO, rt, 8 h ZnCl, 44
10 IBX (1.2 equiv), DMSO, rt, 8 h Yb(OTf); 55
11 IBX (2.0 equiv), DMSO, rt, 8 h Yb(OTo); 53
12 IBX (1.2 equiv), DMSO, 60 °C, 8 h Yb(OTf); 24

0.1 equiv of additive was used. “Traces of the product were observed.
‘Complete decomposition.

such as BF5-OEt, and MgCl, have almost no influence on
the reaction outcome (Table 2, entries 7 and 8), soft Lewis
acids such as ZnCl, and Yb(OTf); increase the yield to 44%
and 55%, respectively (Table 1, entries 9 and 10). A larger
excess of IBX did not result in better yield. Higher reaction
temperatures led to worse results than those when perform-
ing the reaction at room temperature (Table 2, entries 11 and
12). We assume that the action of a Lewis acid is necessary in
order to weaken the bond between the electron-donating and
the electron-withdrawing substituent in the three-membered
ring. However, after the ring enlargement the Lewis acid
must not be allowed to attack the newly generated enol ether
system. Thus, a successful outcome of the reaction results
essentially as a compromise of two effects: an effective
weakening of the push—pull-substituted bond in the three-
membered ring by coordinating the in situ generated alde-
hyde moiety and the ability not to attack the enol ether
system after its generation. Therefore, the kind of Lewis acid
that has been added as a catalyst is crucial.

With a reliable procedure in our hands we examined the
spiroketal formation of other cyclopropanated carbohy-
drate derivatives. As starting materials we used the exocyclic
enol ether systems depicted in Table 2. Our choice comprises
five- and six-membered exocyclic enol ethers as well as
different protecting groups for hydroxyl functionalities such
as isopropylidene, cyclohexylidene, and benzyl ethers. Also
two examples of non-carbohydrate-derived enol ethers were
chosen (entries 8 and 9). For all educts 13 cyclopropanation
led to a mixture of cyclopropyl derivatives 12a—12d that
were reduced by LiAlH4 to the corresponding alcohols
16a—16d. In the case of enol ether 21 we observed a highly
substrate-controlled product formation because one of the
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two faces of the double bond is shielded by bulky substitu-
ents. However, in general we were not interested in control-
ling the facial selectivity.®> For an examination of the
suggested sequence different stereoisomers were welcome.
In some cases the product mixtures, either as ester or as
alcohol, could be easily separated by silica gel column
chromatography; in other cases a separation even by HPLC
proved to be almost impossible.

We had a high degree of optimism that the ring enlarge-
ment reaction to afford the spiroketal would lead, even with
mixtures of cyclopropyl derivatives, to one major product.
We assumed that the push—pull-substituted three-mem-
bered ring generated in situ rearranges into the five-mem-
bered ring via an open-chain intermediate rather than via a
concerted mechanism. The tendency to form such an open
chain should even be greater when coordinating compounds
are used such as Lewis acids. If the latter scenario were true,
one would observe a product distribution of the correspond-
ing spiroketals solely determined by the relative thermo-
dynamic stability of the products.

The ring enlargement reactions gave moderate to good
yields of the corresponding spiroketals. In several cases trace
amounts of the highly unstable donor-acceptor-substituted
cyclopropane derivatives bearing aldehyde moieties could be
found as side products. Entry 9 reveals that conjugation of
the oxygen donor to an aromatic cycle does not destroy its
ability to act as a donor in the push—pull system.

Our investigations of different diastereomers revealed that
the configuration of the spirocenter is not conserved during the
transformation when only IBX or IBX in the presence of
Yb(OTf); was used as oxidizing agent. As previously assumed,
the creation of the thermodynamically more stable spiroketal
is favored. Mechanistically, these results suggest that a con-
certed mechanism does not take place or only takes place to a
minor extent (Scheme 95, left), whereas the main reaction
pathway leads via a zwitterionic intermediate such as the
open-chain compound 54 (Scheme 5, right). In the latter case,
the stereochemistry at the spirocenter is not conserved. All four
cyclopropyl stereoisomers would afford the same product or
the same product ratio of spiroketals, respectively. To our
surprise, a different outcome was observed when Dess—
Martin periodinane was utilized to perform the ring enlarge-
ment. In general, the yields obtained with DMP were rather
poor (see also Table 1); however, in two cases (entries 4 and 6)
better results were obtained. As exemplified by entry 6, the
oxidation of cyclopropyl derivative 39d afforded only the less
thermodynamically stable spiroketal without anomeric effect
in operation. Such an outcome is only plausible if a concerted
rather than a zwitterionic mechanism takes place when DMP is
employed. In contrast to the oxidation by IBX, different ratios
of spiroketals 28a/28b and 32a/32b, respectively, were ob-
tained when Dess—Martin periodinane was used. Whereas
the 5:1 ratio of the corresponding spiroketals achieved by the
action of IBX does not mirror the distribution of the starting
material, the 2:1 ratio (after the oxidation using Dess—Martin
periodinane) is similar to it. Experiments to equilibrate the
different stereoisomeric spiroketals under the reaction condi-
tions or with exposure to Yb(OTf)3 were in vain.

(23) To the best of our knowledge, the highly diastercoselective cyclo-
propanation of exocyclic enol ethers is an unsolved problem. Initial experi-
ments using bisoxazoline ligands did not reveal significant preferences for
distinct stereoisomers.
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(24) A concerted mechanism for the rearrangement of a vinylcyclopro-
pylcarbaldehyde to afford a five-membered enol ether was discussed by DFT
calculations: Sperling, D.; Reissig, H.-U.; Fabian, J. Eur. J. Org. Chem.
1999, 1107-1114.
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TABLE 2. Oxidative Spiroketal Formation

JOC Article

gl O NCHCOAE g L|AIH4 o o™ g %o
H\A Cu powder Yb(OTf)s nl_
" toluene, 80 °C n
13 12a-12d 16a-16d 10a-10b
Entr Enol Ether Cyclopropyl Derivative!® n,5]-Spiroketal Yield [%]"™
y yclopropy P!
OMe o §Ve OMe
7 N c®
o
R .
1 070 o ..,,/O 070 5501
18a-18d (R=CO,Et) 83%
[20n]
7 19a-19d (R = CH 2OH 81% 20
o
5 o 650 03 o™ 650 | 49fe.8l
¢}
21 [200] 22a-22b (R = CO,Et) 95% 2
23a-23b (R = CH,0H) 76%
BnO. BnO
BnO
BnO o) B"O BnO O BnO 0
3 B0 BnO BnO BnO 0, 3]
BnO BnO o /) BnO Y,
2522 26a-26d (R =CO,Et) 97%
27a-27d (R CH,OH) 86% 28a 5:1 28b
Bno  OBN Bno OBN BnO ,OBn BnO ,OBn
‘K % 2 2
BnO. BnO. O, [e, h, m]
4 BnO 72
BnO BnO IS Y, BnO Y
20122 30a-30d (R=CO,Et) 69%
31a-31d (R = CH,0H) 86% 32a 5:1 32b
BnO—_ OBn 0_%" BnO
BnO -0 BnO
5 BnO Bno 2614l
2322 34a-34d (R=CO,Et) 84%
35a-35d (R CH,0H) 95%
BnQ BnQO,
BnO' OBn nO OBn
© 00 fe.d]
6 MeO MeO Y, 87
38a-38d (R=CO,Et) 70%
20, 2
37 (o7l 39a-39d (R CH,OH) 94%
MeO /‘ﬁ/ MeO
/‘ﬁ/o oBn /@,/o 0Bn
MeO (0)
: W % e
MeO MeO 0/
© 42a-42¢ (R = CO,EY)
41 [200] 43a-43c (R CH,0H)
31% (over 2 steps)
o} o. 9 N\
8 (f 3ste-b
45 (20m] 46a-46b (R = CO,Et)
5 472-47b (R = CH,0H) 48
38% (over 2 steps)
9 o oV Oy 69!
49 [201] 50 (R=CO.Et) 57%

51 (R=CH,0H) 51%

“Combined yield for the different stereoisomers; the first value gives the yield of the cyclopropanation reaction; the second the yield of the reduction.
For detailed information on cyclopropanation yields and product distribution, as well as yields of reduction, see Supporting Information. *Yield of
splroketal formation (see also Supporting Information for details). IBX (1.2 equiv), Yb(OTf); (0.1 equiv), DMSO, rt, 8 h. “IBX (1.2 equiv), DMSO, rt,
8 h. Dess Martin periodinane (1.1 equiv), CH>Cl, rt, 12 h.”19b was oxidized. ¥23a and 23b were oxidized as a mixture and sepdrdtely with the same
yield. A mixture of all four diastereomers was oxidized. ‘35a was oxidized.’39a as well as 39d was oxidized with the same yield. “43¢ was oxidized; there
was a poorer yield with 43d. ‘47a and 47b were oxidized separately with the same yield. ”’5:1 ratio (a:b) when IBX was used, 2:1 ratio (a:b) when
Dess—Martin periodinane was used. "Obtained as racemic mixture of both enantiomers.
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SCHEME 5. Potential Mechanism of Spiroketal Formation via
a Concerted Mechanism (left) and an Open-Chain Intermediate
54 (right)

11"

j Yb(OTf), l

Yb(OTf)3

1’ 54

10a 10a 10b

The identity of all diastereomers was unequivocally deter-
mined by extensive 2D-NMR spectroscopic techniques as
well as NOESY investigations. The major NOE correlation
effects for the determination of the configuration at the
spirocenter of spiroketals is exemplarily depicted in Figure 2
for 28a and 28b. In the case of 28b we found a strong NOE
correlation between H-2 and one hydrogen of the methylene
unit in the five-membered ring, whereas such NOE correla-
tion could not be observed in the case of the other diastereo-
mer 28a, but for H-3.

For three of the cyclopropane derivatives, the ester 38d
and the alcohols 43b and 51, we were able to grow single
crystals suitable for X-ray crystallography to elucidate their

(25) The diffractometer was equipped with a molybdenum microsource.
Diffraction data also allowed an invariom refinement using the XDLSM
program, which led to significant improvements in the figures of merit, bond
lengths, and the physical significance of the anisotropic displacement para-
meters (ADPs). For the method of invariom refinement, see: (a) Dittrich, B.;
Koritsanszky, T.; Luger, P. Angew. Chem. 2004, 116, 2773-2776. Angew.
Chem., Int. Ed. 2004, 43, 2718—2721. (b) Dittrich, B.; Hiibschle, C. B.;
Messerschmidt, M.; Kalinowski, R.; Girnt, D.; Luger, P. Acta Crystallogr.
2005, 461, 314-320.
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Strong NOE

No NOE

FIGURE 2. Most important NOE effects for determination of
stereochemistry of 28a (left) and 28b (right).

molecular structures”?° and to confirm the stereochemistry

at the spirocenter also assigned by NOESY investigations.
Two structures are depicted in Figure 3. An elucidation of
the geometrical properties within the cyclopropane moiety
shows an almost perpendicular arrangement (74.4°) of the
ester group to the plane of the three-membered ring. Such a
behavior is suggested by the Walsh model of cyclopropane.?’
Also the bond lengths are in accordance with this model: the
shortest bond (1.488 A compared to 1.523 and 1.508 A) is
found opposite to the electron-withdrawing ester group. The
longest bond (1.523 A) is located between the donor- and the
acceptor-substituted carbon atoms. As anticipated by the
Walsh model, such geometrical features were not observed
for the cyclopropyl alcohols 43 and 51 bearing the hydroxy
methyl instead of the ester moiety.

Finally, we subjected the benzyl-protected [6,5]-spiroke-
tals 28, 32, 36, and 40 to hydrogenolysis using Pearlman’s
catalyst (Table 3). Cleavage of all benzyl groups and the
reduction of the enol ether double bond was achieved,
affording the fully deprotected spiroketals 57a—60 in very
good to quantitative yield.

A proper analysis of the '*C NMR spectra of protected
and deprotected [6,5]-spiroketals revealed an interesting
tendency of the chemical shift of the spiro carbon atom.
All spiroketals that are anomerically favored (in our nomen-
clature in Table 4 assigned as a) showed a lower-frequency
resonance than the corresponding sterecoisomers that are not
stabilized by the anomeric affect (assigned in Table 4 as b).*
In general, we found resonance frequencies of 109—111 ppm
when anomeric effects are operating and resonance frequen-
cies of 111—112 ppm without this effect in operation. We
assume that this slight difference in chemical shift may be
attributed to the n,(O) — ¢*(C—O) interaction that increases
the electron density around the spiro carbon atom, whereas
such an interaction cannot take place in the other anomer. As
a result of the increased electron density the spiro carbon
atoms are more shielded. This observation, which has also
been demonstrated in recent literature,”® may be also useful
for the elucidation of the stereochemistry of unknown
spiroketal structures and may give a further indication of
their geometrical feature besides extensive spectroscopic
investigations such as NOE spectroscopy.

(26) For the XDLSM program see: Koritsdanszky, T.; Richter, T.;
Macchi, P.; Volkov, A.; Gatti, C.; Howard, S.; Mallinson, P. R.; Farrugia,
L.; Su, Z.; Hansen, N. K. XD—A Computer Program Package for Multipole
Refinement and Analysis of Electron Densities from Diffraction Data
(Handbook), Freie Universitit: Berlin, 2003.

(27) (a) Walsh, A. D. Nature (London) 1947, 159, 712-713. (b) Sugden,
T. M. Nature (London) 1947, 160, 367-368. (c) Walsh, A. D. Trans. Faraday
Soc. 1949, 45, 179-190.

(28) (a) Pothier, N.; Goldstein, S.; Deslongchamps, P. Helv. Chim. Acta
1992, 75, 604-620. (b) Zanatta, S. D.; White, J. M.; Rizzacasa, M. A. Org.
Lett. 2004, 6, 1041-1044. (c) de Oliveira, L. G.; Dias, L. C.; Sakauchi, H.;
Kiyota, H. Tetrahedron Lett. 2006, 47, 2413-2418.
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FIGURE 3. ORTEP plots (50% ellipsoid probability) of the mole-
cular structures of 38d (top) and 51 (bottom). Oxygen atoms are
shown in red. In the case of 38d hydrogen atoms are omitted for the
sake of clarity.

Conclusions

In summary, we have developed a concise and original
method for the formation of [r,5]-spiroketals (n = 5, 6). The
key step of the synthetic sequence is the ring enlargement of
donor-acceptor-substituted cyclopropane derivatives into
five-membered enol ether systems. Starting materials are
easily available exocyclic enol ethers that are converted by
a sequence of cyclopropanation using ethyl diazoacetate and
subsequent reduction with LiAIH, into the corresponding
alcohols. The hydroxy functionality was oxidized by hyper-
valent iodine reagents to the cyclopropyl aldehyde that
underwent ring enlargement to the desired compounds. In
most cases best results were achieved by the use of IBX. The
soft Lewis acid Yb(OTf); proved to be a useful additive to
increase the yield of the desired transformation. In general,
stereoisomeric mixtures of cyclopropyl derivatives could be
employed because of a zwitterionic mechanism leading to the
corresponding products via an open-chain intermediate. Sur-
prisingly, the use of Dess—Martin periodinane conserved the
stereochemistry of the spirocenter during the transformation.
This method for spiroketal formation proves to be an elegant
way to access [n,5]-spiroketals with an enol ether double bond in
the five-membered ring that are difficult to obtain by common
methods of spiroketal formation. The versatility of our three-
step approach has been demonstrated by the preparation of
several monosaccharide-derived spiroketals.

Experimental Section

Formation of the Cyclopropyl Ester 18a—18d. Compound
17°°" (1.57 g, 8.43 mmol, 1.0 equiv) was dissolved in anhydrous
toluene (12 mL). Cu powder (0.269 g, 4.22 mmol, 0.5 equiv)

JOC Article

TABLE3. Hydrogenolysis of Protected [6,5]-Spiroketals of Type 55 To
Afford Deprotected Spiroketals of Type 56

(o] (0]
(BnO)N—_ PAOH)/C  (HO)
—_—
W/ Hz o
55

56

Entry Protected [6,5]-Spiroketal  Deprotected [6,5]-Spiroketal  Yield [%)]

BnO HO.
BnO 0 HO Q
) BnO HO. "
BnO HO uant.
0/ o q

28a 57a
BnO HO.
BnO Q HO Q
BnO o HO o]
2 Bro [ ) HO quant.
28b 57b
BnO OBn HO OH
Q Q
BnO HO
3 BnO HO 99
0/ o
32a 58a

BnO OBn
0 0
BnO 0, HO o)
4 Bno [ ) HO 99
32b
BnO—,  OBn HO—  OH
BnO -0 HO -Q
BnO. HO
5 95
o o

B

Y%
36
nQ,
BnO OBn HO OH
0 0 O. 0,
6 MeO Y MeO ol
40

TABLE 4.  Comparison of the Chemical Shift of Spiro Carbon Atom
0(Cqpiro) [ppm] in [6,5]-Spiroketals with and without Anomeric Stabiliza-
tion

0(Cypiro) With Anomeric 0(Cypiro) Without Anomeric
Spiroketal Stabilization (a) Stabilization (b)

28¢ 109.1 1114
32¢ 109.3 112.0
36 109.7 -

40 109.6 111.9
44¢ 110.9 -

57 108.9 111.1
58" 109.3 111.8
59” 109.3 -

60” - 111.9

“Relative to 6(CDCls) = 77.0 ppm; measured in CDCls. “Relative to
0(CD30D) = 49.2 ppm; measured in CD3;0D.

was added and heated to 70 °C. Over a period of 12 h a solu-
tion of ethyl diazoacetate (4.29 g, 35.9 mmol, 4.0 equiv) in
anhydrous toluene (10 mL) was added via syringe pump. After
completed addition, the solution was stirred for 30 min at 70 °C.
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Evaporation of the solvent and purification by column chro-
matography (SiO,, pentane/EtOAc, 5:1) afforded four diaster-
coisomers 18a—18d as colorless oils with an overall yield of 1.90
g (83%). HPLC (hexane/isopropyl alcohol 98:2, 3 mL/min)
afforded pure samples of 18c and 18d.

Analytical Data of Mixture of 18a and 18b. Yield: 54%. Ry
0.30 (hexane/EtOAc, 5:1). "H NMR (300 MHz, CDCl5): 6 1.24
(t,J = 7.1 Hz, 3.6 H), 1.47—1.55 (m, 2.4 H), 1.89 (dd, J = 9.5,
7.3 Hz, 1 H), 2.15(dd, J = 9.4, 6.8 Hz, 0.2 H), 3.28 (s, 0.6 H),
3.31 (s, 3 H), 4.03—4.23 (m, 2.6 H), 4.56 (d, J = 5.9 Hz, | H),
4.62 (d,J = 59 Hz, 0.2 H), 4.70 (d, J/ = 5.9 Hz, 0.2 H), 4.77
(d, J = 5.9 Hz, 1 H), 491 (s, 0.2 H), 4.94 (s, 1 H). *C NMR
(125 MHz, CDCly): 6 13.2, 13.2, 14.2, 144, 20.1, 20.9, 25.5,
25.7, 26.4, 26.5, 26.9, 54.9, 55.0, 60.7, 60.8, 72.2, 73.0, 79.0,
82.0, 84.8, 107.8, 107.9, 112.4, 112.5, 170.8, 171.1. IR (film):
7 (cm ™) = 2986, 2939, 2836, 1722, 1447, 1383. UV (CH;CN):
Amax [nm] (log €) = no absorption in the range of 190—350 nm.
HRMS (ESI): m/z caled for Cj3H»0O¢Na: 295.11521; found
295.11521.

Analytical Data of 18c. Yield: 16%. R 0.18 (hexane/EtOAc,
5:1). [a] = 107.5° (¢ 0.20, CHCl3). "H NMR (600 MHz, CDCls): 0
1.18(dd,J =9.2,59Hz 1 H), 1.24 (t,J = 7.2 Hz,3H), 1.32(s, 3
H), 1.46 (s,3H), 1.66 (dd, J = 7.0, 5.9 Hz, 1 H),2.08 (dd, J = 9.1,
7.0Hz,1H),3.33(s,3H),4.18(q,J = 7.2Hz,2H),4.38 (d,J = 5.8
Hz, 1 H), 4.62(d, J = 5.8 Hz, 1 H), 5.00 (s, | H). 3*C NMR (125
MHz, CDCly): 6 14.3, 19.1, 20.5, 26.1, 26.6, 54.8, 60.8, 71.6, 83.7,
84.7,107.4, 113.1, 169.3. IR (film): ¥ (cm™ ") = 2986, 2836, 1736,
1449, 1384, 1330. UV (CH3CN): A,1,. [nm] (log €) = no absorption
in the range of 190—350 nm. HPLC: r;z (hexane/isopropyl
alcohol 98:2, 3 mL/min) = 12.2 min. HRMS (ESI): m/z calcd
for Cy3H5yO¢Na: 295.1152; found 295.1158.

Analytical Data of 18d. Yield: 13%. Ry 0.18 (hexane/EtOAc,
5:1). [a] = 90.0° (¢ 0.22, CHCl5). "H NMR (600 MHz, CDCl5):
0 1.26 (t, J = 6.9 Hz, 3 H), 1.30 (s, 3 H), 1.37 (dd, J = 8.6,
6.3 Hz, 1 H), 1.47 (s, 3 H), 1.78—1.89 (m, 2 H), 3.20 (s, 3 H),
4.01—4.23 (m, 2 H),4.40 (d, J = 6.0 Hz, 1 H), 4.63 (d, J = 6.0
Hz, 1 H), 4.95 (s, | H). >*C NMR (125 MHz, CDCl;): 6 11.6,
14.4, 25.7, 26.4, 27.2, 55.7, 60.6, 72.9, 84.3, 84.7, 108.8, 112.9,
169.1. IR (film): 7 (cm ™ ") = 2985, 2938, 2838, 1731, 1455, 1402,
1383. UV (CH3CN): A,,ax [nm] (log €) = no absorption in the
range of 190—350 nm. HPLC: i (hexane/isopropyl alcohol
98:2, 3 mL/min) = 13.3 min. HRMS (ESI): m/z caled for
C3H,006Na: 295.1152; found 295.1163.

Formation of the Cyclopropyl Alcohols 19a and 19b. To a
solution of LiAlH,4 (0.045 g, 1.2 mmol, 1.2 equiv) in dry THF
(8 mL) was slowly added a solution of a mixture of 18a and 18b
(0.27 g, 0.99 mmol, 1.0 equiv) in dry THF (5 mL), and the
mixture was stirred at room temperature for 2 h. The reaction
was stopped by addition of MeOH. Evaporation of the solvent
and purification by column chromatography (SiO,, pentane/
EtOAc, 2:1) afforded 19a and 19b as colorless oils with an
overall yield of (0.184 g, 81%).

Analytical Data of 19a. Yield: 66%. R 0.18 (hexane/EtOAc,
2:1). [a] = 19.0° (¢ 0.6, CHCl3). "H NMR (300 MHz, CDCl5):
00.78 (t,J = 7.0Hz, 1 H), 1.22(dd, J = 10.0, 6.9 Hz, | H), 1.32
(s, 3 H), 1.35—1.46 (m, 1 H), 1.49 (s, 3 H), 1.65 (bs, 1 H), 3.21
(t,J = 10.6 Hz, 1 H), 3.32 (s, 3 H), 3.90 (dd, J = 11.3, 5.7 Hz,
1 H),4.57(d,J = 59 Hz, 1 H),4.66 (d, /] = 59 Hz, 1 H), 491
(s, 1 H). >*C NMR (125 MHz, CDCl5): 6 9.9, 25.4, 26.3, 26.4,
55.0, 62.9, 69.2, 79.9, 85.3, 107.4, 112.4. IR (film): # (cm™ ') =
3435, 2935, 1729, 1454, 1373. UV (CH3CN): Ajax [nm] (log &) =
228.5 (3.482). HRMS (ESI): m/z caled for C;;H;3OsNa:
253.1046; found 253.1045.

Analytical Data of 19b. Yield: 15%. R 0.28 (hexane/EtOAc,
2:1). [o] = —37.9° (¢ 0.39, CHCL). '"H NMR (300 MHz,
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CDCl3): 6 0.63 (t, J = 6.5 Hz, 1 H), 0.95 (dd, J = 10.1, 6.0
Hz, 1 H), 1.31 (s, 3 H), 1.52 (s, 3 H), 1.67—1.77 (m, 1 H),
2.99—-3.16 (m,2H), 3.27(s,3H), 3.98 (dt,J = 12.0,5.1 Hz, 1 H),
4.59(d,J = 6.0Hz, 1H),4.70(d,J = 6.0Hz, 1 H),4.91 (s, | H).
13C NMR (125 MHz, CDCl5): 6 16.8,20.5,25.0, 26.3, 54.8, 64.2,
70.1, 83.1, 85.6, 107.8, 112.6. IR (film): # (cm ™) = 3338, 2992,
1374, 1264. UV (CH;3;CN): Apax [nm] (log €) = 194.0 (2.767).
HRMS (ESI): m/z caled for C;HgOsNa: 253.10464; found
253.10459.

Formation of Spiroketal 20. A 10 mL flask was charged with a
solution of 19b (60 mg, 0.26 mmol, 1.0 equiv) in dry DMSO
(3 mL). IBX (88 mg, 0.31 mmol, 1.2 equiv) and Yb(OTf);
(16 mg, 0.03 mmol, 0.1 equiv) were sequentially added, and
the resulting mixture was stirred at room temperature for 8 h.
The reaction was stopped by addition of water (5 mL). Et,O
(10 mL) was added, and the layers were separated. The water
layer was extracted with Et,O (3 x 5 mL), and the combined
organic phases were washed with brine (10 mL), dried over
Na,SO,, filtrated, and concentrated in vacuo. Purification by
column chromatography (SiO,, pentane/Et,0, 6:1) afforded 20
(33 mg, 55%) as a colorless oil: R;: 0.30 (hexane/Et,O, 6:1).
[o] = 4.0° (¢ 1.05, CHCl5). "H NMR (600 MHz, CDCl5): 6 1.29
(s, 3H), 1.40 (s, 3 H), 2.54 (dt, J = 17.5, 2.4 Hz, 1 H), 3.06 (dt,
J=17.5,25Hz, 1 H),3.35(s,3H),4.65(d, J = 5.8 Hz, | H),
4.69(d,J = 58Hz, 1 H),4.96 (dd, J = 5.3,2.8 Hz, 1 H), 4.98
(s, 1 H), 6.27 (dt, J = 2.8, 2.0 Hz, 1 H). 3C NMR (125 MHz,
CDCl3): 6 25.2, 26.4, 35.5, 55.0, 84.1, 84.7, 99.5, 108.9, 112.6,
119.1, 143.3. IR (film): # (cm™") = 2989, 1623, 1374, 1198.
UV (CH3CN): Amay [nm] (log €) = no absorption in the range
of 190 — 350 nm. HRMS (ESI): m/z calcd for C;H;cOsNa:
251.08899; found 251.08904.

Hydrogenation and Deprotection of Spiroketal 28a To Afford
57a. To a solution of 28a (32.0 mg, 0.055 mmol, 1.0 equiv) in a
mixture of MeOH/CH,Cl, (3:1, 3 mL) was added Pd(OH),/C
(Pearlman’s catalyst, 25 mg). The reaction mixture was stirred
under a hydrogen atmosphere of 1 bar for 16 h at room
temperature. Filtration over Celite afforded 57a (12.1 mg,
quant) as a colorless solid: [o] = 58.1° (¢ 1.46, MeOH). 'H
NMR (300 MHz, CD;0D): ¢ 1.79—2.23 (m, 4 H), 3.26—3.38
(m, 2 H), 3.53—-3.67 gm, 3H),3.76 (dd, J = 11.5,2.4 Hz, | H),
3.90—3.97 (m, 2 H). *C NMR (125 MHz, CD;0D): 6 24.8, 34.6,
62.8, 69.4, 71.9, 74.1, 74.3, 76.6, 108.9. IR (film): ¥ (cm™ ") =
3423, 2933, 2509, 1647, 1441, 1195, 1165. UV (CH3CN): Apax
[nm] (log €) = no absorption in the range of 190—350 nm.
HRMS (ESI): m/z caled for CoH;s0O¢Na: 243.08391; found
243.08408.
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