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ABSTRACT: A stereodivergent approach to the spiroketal fragment
of the avermectins is described. The strategy utilizes a sequence of
three aldol reactions directed by the tris(trimethylsilyl)silyl “super
silyl” group. Central to this strategy is that each aldol reaction can be
controlled to allow access to either diastereomer in high stereo-
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selectivity, thereby affording 16 stereoisomers along the same linear
skeleton. The aldol products can be transformed into spiroketals, including an advanced intermediate in the total synthesis of

avermectin Ala.

S ince their discovery in 1978, the avermectins have held a

prominent place in natural products chemistry, as they have
become some of the most widely used polyketide-derived
therapeutics to date."™ Over the past 20 years, avermectin-based
anthelmintics donated by Merck have been used to treat over 80
million cases of onchocerciasis in the developing world.* In
addition, the avermectins have found widespread use in
veterinary medicine and as anti-insecticides in crop protection.’
The 10 structurally related members of the avermectin family,
originating from soil bacterium Streptomyces avermilitis, display
complex structural features, including a 16-membered macro-
lactone, a thermodynamic 6,6-spiroketal, an oxahydrindene ring
system, an E,E-diene, and glycosylation (dioleandrose) at C13.
These structural complexities make the avermectins challenging
synthetic targets, with landmark synthetic studies by Hannessian,
Danishefsky, Ley, and White.®

Recently, our group has been interested in the utilization of the
tris(trimethylsilyl)silyl “super silyl” group in stereoselective aldol
cascade reactions and in the rapid synthesis of polyketide natural
products.” Given the increasing use of non-natural polyketides in
diversity oriented synthesis (DOS),® and the increasing attention
to stereochemical diversity in library design and drug develop-
ment,” we became interested in further developing super silyl
aldol methods to enable DOS strategies toward polyketides. In
this context, we were attracted to the bioactivity and stereo-
chemical complexity of the avermectins. With seven stereogenic
centers, spiroketal subunit 1 represents just 1 of 128 (27) possible
stereoisomeric forms (Scheme 1). We envisioned that a
stereodivergent trialdol approach to the skeleton of subunit 1
would allow access to its non-natural stereoisomers. This strategy
relies on three super silyl-directed aldol reactions, each of which
would be manipulated to select for multiple stereochemical
outcomes based on reaction conditions.

Analysis of 1 reveals that hydrolysis product 2 can be
disconnected at C19—C20 by 1,5-directed aldol reaction of
methyl ketone 4 and aldehyde 3.”™'* The stereochemistry at C17
and C19 would be dictated by the configuration of 3 and
stereochemical outcome of the methyl ketone aldol reaction.
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Scheme 1. Avermectins: Structure and Approach
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b, Sterecdivergent aldol approach to avermectin spiroketal subunit

(?H methyl kelone aldol
AU S
/“E""-»ol OH OH 0 LOH OH
R . )
s % /““T’ “T" TR
OH 1

* = defined stereogenic center
propanal aldol acetone aldol

os

0 . osi 08’0 o oP
f : T 1

/\TJLH S e O
2-methylbutanal (6) 5 4 3

Si = Si{TMS)3 P = protective group

Ketone 4 is traced back to § by an acetone aldol addition, which
also sets the stereocenter at C23. Aldehyde S is traced back to
simple 2-methyl butanal by propanal aldol addition, which sets
the configuration at C25 and C26.

We began our stereodivergent synthesis by utilizing our
recently developed stereoselective propanal-aldol acetone-aldol
reaction sequences to prepare ketones 4a—4d (Scheme 2). With
these stereoisomeric ketones in hand, we evaluated the feasibility
of their use in the synthesis of spiroketals based on the
avermectins by examining the critical 1,5-directed aldol reaction
with achiral model substrate 8 (Scheme 3). In accordance with
our previous studies,” we found that the Li-enolate of 4c
provides 1,5-syn product 9a, while the enolborinate and
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Scheme 2. Synthesis of Diastereomeric Ketones 4a—4d™
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Scheme 3. 1,5-Directed Aldol Reaction of 4c
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Mukaiyama aldol conditions provided the complementary 1,5-
anti aldol adduct 9b with good to excellent levels of
diastereoselectivity. Simple treatment of 9a and 9b with 48%
aq HF in THF affected the desired deprotection and cyclization
to give respective spiroketals 10 and 11 in good yields.""

Upon validation of the key 1,5-directed syn- and anti-aldol
reactions and spiroketal formation with model substrates, we
turned our attention to the aldol reaction of ketones 4a—4d with
(R)- and (S)-p-siloxy butanal 3a (Table 1). From the outset, we
anticipated that matched/mismatched situations may arise due
to the competing 1,3-asymmetric induction of the aldehyde aldol
partner 3a, especially under Mukaiyama aldol conditions.'>"?
However, reaction of ketone 4a with (R)-3a showed excellent
selectivity under both Mukaiyama conditions (entry 1, dr = 96:4,
1,5-anti selective) and Li-mediated conditions (entry 2, dr = 92:8,
1,5-syn selective). When enantiomeric aldehyde (S)-3a was used,
high selectivity was obtained under Mukaiyama conditions
(entry 3, dr = 86:14, 1,5-anti) indicating only a slight mismatched
effect (10% ds, compare entries 1 and 3). Li-mediated aldol with
(S)-3a gave the same result as with (R)-3a, indicating no
matched/mismatched effects under these conditions (entries 2
and 4). We then examined ketone 4b in the analogous aldol
reactions with 3a. Although 4a and 4b are epimers, differing only
in the configuration of stereocenter C23, they differed greatly in
their reactivity with 3a. In the 1,5-anti selective reaction,
enolborinate aldol gave higher selectivity than Mukaiyama
conditions (see Supporting Information (SI)) with minor
(12% ds) matched/mismatched effects. Ketone 4c gave good
selectivity (>87% ds) in all four scenarios (entries 9—12). 4d
(entries 13—16) showed curious reactivity,with the sodium
enolate showing higher 1,5-syn selectivity than the lithium
enolate (see SI). However, very high 1,5-syn selectivity was
obtained with both enantiomers of 3 (entry 13, dr = 94:6; entry
15, dr = 91:9).

The data in Table 1 demonstrate the remarkable 1,5-
asymmetric inductive effects of ketones 4 in double stereo-
differentiating aldol reactions with aldehyde partners 3. In all 16
cases, the 1,5-asymmetric induction of the ketone dictates the
stereochemical outcome of the reaction, and the 1,3-asymmetric

Table 1. 1,5-1,3 Double Stereodifferentiating Methyl Ketone Aldol Reactions

Osi 0si O

! nolization
2.“/'\.)"\ 4-02 /\l/!\ *
/\ﬁ\l 2 o omes

i) (R)-3a or (5)-3a

4a-4d H ~
entry” reactants reagents” % yield (dr)“
1 4a; (R)-3a A 87 (96:4)
2 4a; (R)-3a B 70 (92:8)
3 4a; (S)-3a A 81 (84:16)
4 4a; (S)-3a B 85 (92:8)
S 4b; (R)-3a C 57 (76:24)
6 4b; (R)-3a B 62 (73:27)
7 4b; (S)-3a C 80 (88:12)
8 4b; (S)-3a B 60 (82:18)
9 4c; (R)-3a A 78 (92:8)
10 4c; (R)-3a B 69 (91:9)
11 4c; (S)-3a A 80 (89:11)
12 4¢; (S)-3a B 70 (87:13)
13 4d; (R)-3a D 53 (94:6)
14 4d; (R)-3a E 90 (83:17)
15 4d; (S)-3a D 76 (91:9)
16 4d; (S)-3a E 59 (73:27)

product (C19 configuration)

1,5-directed 1 3-directed
—L
OSi lIZISi' o} lI)H ?T[PS
‘|/23 8~

12a-15d

relative configuration

C19-C17 (1,3)

C19-C23 (1,5)

12a (S) anti anti
12b (R) syn syn
12¢ (S) anti syn
12d (R) syn anti
13a (R) anti syn
13b (S) syn anti
13c (R) anti anti
13d (S) syn syn
14a (R) anti syn
14b (S) syn anti
14c (R) anti anti
14d (S) syn syn
15a (S) anti anti
15b (R) syn syn
15¢ (S) anti syn
15d (R) syn anti

“Experiments conducted on 0.3 mmol scale at —78 °C. bReagent index: A: (i) TMSOTY, Et;N (ii) BF;-OEt,, DCM. B: LiIHMDS, PhMe/DMF
(10:1). C: (c-Hex),BCI/Et;N, Et,O. D: Bu,BOTE, Et,N, Et,O. E: NaHMDS, CH,CL. “Analysis by 'H NMR.
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Table 2. 1,5-1,2 Double Stereodifferentiating Methyl Ketone Aldol Reactions
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i 18X
ii) (R)-16 or (S)-16: X = CH,OTBS £ 1]
(R)-18 or (S}-18: X = OTBS
relative configuration
entry” substrate reagents” % yield (dr)“ product (C19 configuration) C19-C23 (L,5) C19-C18 (1,2)
1 (R)-16 A 86 (85:15) 17a (R) anti syn
2 (R)-16 B 58 (96:4) 17b (S) syn anti
3 (5)-16 A 62 (58:42) 17¢ (R) anti anti
4 (S)-16 B 45 (90:10) 17d (S) syn syn
s (R)-18 A 65(56:44) 19a/19b — -
6 (R)-18 B 76 (87:13) 19b (S) syn syn
7 (5)-18 A 60 (92:8) 19¢ (R) anti anti
8 (8)-18 B 87 (90:10) 19d (S) syn anti

“Experiments conducted on 0.3 mmol scale at —78 °C. “Reagent index: A: (i) TMSOTY, Et;N (ii) BF;-OEt,, DCM. B: LIHMDS, PhMe/DMF

(10:1). “Analysis by 'H NMR.

inductive effects of the aldehyde 3 are subordinated. Importantly,
good to excellent selectivity is obtained for 1,5-anti and syn
products with all four diastereomeric ketones 4a—4d, making
this approach to polyketide construction very general. A curious
observation is that the subtle variation in stereochemistry of 4a—
4d influences which aldol conditions give the highest selectivity
(more data provided in SI). For instance, ketones 4a and 4c are
C23—C24 syn-configured and give the highest 1,5-anti selectivity
under Mukaiyama conditions, while ketones 4b and 4d, which
are C23—C24 anti-configured, give the highest 1,5-anti selectivity
under enol borinate conditions.

Curious to investigate other double stereodifferentiating
situations, we considered aldehydes with an a-stereocenter,
capable of strong 1,2-asymmetric induction (Table 2)."*
Reaction of ketone enolate 4a with Roche aldehyde 16 under
Mukaiyama aldol conditions showed good 1,5-syn selectivity for
the R enantiomer, yet poor selectivity for the S-enantiomer, likely
due to the 1,2-syn (Felkin) asymmetric induction of the aldehyde
under Lewis acidic conditions (entries 1 and 3, dr = 85:15, 58:42,
respectively). However, Li-mediated conditions gave excellent
diastereoselectivity for both (R)- and (S)-enantiomers (entries 2
and 4). Lactate-derived aldehydes (R)-18 and (S)-18 gave high
selectivity for the 1,5-syn products under Li-mediated conditions
(entries 6 and 8) yet showed unexpected results under
Mukaiyama conditions. We anticipated that the (S)-aldehyde
would be matched under Mukaiyama conditions, given the
reinforcing 1,5-anti and 1,2-syn (Felkin) effects. However, the
aldol reaction with (R)-18 was poorly selective (entry S), while
the presumed mismatched substrate (S)-18 gave excellent
selectivity (entry 7, dr = 92:8). The molecular underpinnings
of these surprising results are unknown. Selected products of
Tables 1 and 2 were transformed into the corresponding
spiroketals products 20—27, and their stereochemical config-
urations were determined by 1D and 2D NMR experiments
(Scheme 4).

Finally, with this strategy we targeted spiroketal 31, an
advanced, functionalized intermediate in Danishefsky’s salient
total synthesis of avermectin Ala (Scheme 5).°® For this
synthesis, methylketone 4a was prepared in one step on
preparative scale in reasonable yield (57%, 31.4 mmol; Scheme
2,eq 1). Importantly, isolation of 4a as a pure single diastereomer
required only simple crystallization. Methyl ketone 4a was
converted to the corresponding TMS-enolsilane and underwent
a BF;-promoted Mukaiyama aldol reaction with aldehyde partner
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Scheme 5. Formal Total Synthesis of Avermectin Ala
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3¢, providing 28 with high 1,5-anti stereocontrol. The C19
hydroxyl was protected as its pivalate ester, and the product was
subsequently treated with aqueous HF, which affected both
cleavage of the silyl groups and spiroketalization to give 29.
Installation of the alkene was accomplished by oxidation and
conversion to enol triflate 30. Pd-catalyzed reduction and
selective oxidative cleavage of the terminal olefin yielded 31,
prepared in nine steps from (S)-2-methylbutanal (S)-6, thus
completing the formal total synthesis to Danishefsky’s important
intermediate of avermectin Ala.

In summary, a stereodivergent approach to spiroketals based
on the avermectin framework, including the formal total
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synthesis of avermectin Ala, was developed. The route relies on
stereoselective propanal, acetone, and 1,5-directed methyl
ketone aldol reactions. In each step, the stereodirecting ability
of the super silyl group is manipulated to selectively give multiple
diastereomeric products. This route provides access to 32
stereochemical permutations of keto-tetraol scaffold 2. The route
is concise, requiring just nine linear steps for the synthesis of
intermediate 31 from 6, and 5—8 total steps for spiroketals 20—
27. The compounds prepared in this study will be deposited in
the Chicago Tri-Institutional Center for Chemical Methods
Library Development (CTCMLD) library for high-throughput
screening for biological activities.

B ASSOCIATED CONTENT
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Additional experimental data, characterization of new com-
pounds, stereochemical assignments, and spectra. This material
is available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author

*E-mail: yamamoto@uchicago.edu.
Present Address

"Molecular Catalyst Research Center, Chubu University, 1200
Matsumoto, Kasugai, Aichi, 487-8501 Japan.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the NIH (PS50 GM086 145-01) and
NSF (CHE-1049551). We would like to thank Dr. Antoni
Jurkiewicz (University of Chicago) and Dr. C. Jin Qin
(University of Chicago) for their expertise in NMR and MS,
respectively. Prof. Sergey Kozmin (University of Chicago) is
gratefully acknowledged for helpful discussions.

B REFERENCES

(1) Reviews: (a) Davies, H. G.; Green, R. H. Chem. Soc. Rev. 1991, 20,
211. (b) Davies, H. G.; Green, R. H. Chem. Soc. Rev. 1991, 20, 271.
(c) Davies, H. G.; Green, R. H. Nat. Prod. Rep. 1986, 3, 87. Discovery:
(d) Burg, R. W.; Miller, B. M; Baker, E. E.; Birnbaum, J.; Currie, S. A,;
Hartman, R.; Kong, Y.-L.; Monaghan, R. L.; Olson, G.; Putter, I; Tunac,
J. B; Wallick, H.; Stapley, E. O.; Oiwa, R.; Omura, S. Antimicrob. Agents
Chemother. 1979, 15, 361. (e) Miller, T. W.; Chaiet, L.; Cole, D.J.; Cole,
L.]J.; Flor, J. E,; Goegelman, R. T.; Gullo, V. P.; Joshua, H.; Kempf, A. ] ;
Krellwitz, W. R.; Monaghan, R. L.; Ormond, R. E.; Wilson, K. E.; Albers-
Schonberg, G.; Putter, 1. Antimicrob. Agents Chemother. 1979, 15, 368.

(2) Industrial production of avermectins by fermentation: (a) Zhinan,
X.; Peilin, C. Bioprocess Eng. 1999, 20, 67. (b) Zhinan, X.; Peilin, C.
Bioprocess Eng. 1999, 20, 67.

(3) (a) Newman, D. J; Cragg, G. M. . Nat. Prod. 2012, 75, 311.
(b) Ganesan, A. Curr. Opin. Chem. Biol. 2008, 12, 306.

(4) (a) Cupp; Mackenzie, C.; Unnasch, T. Res. Rep. Trop. Med. 2011,
81. (b) Taylor, H. R.; Greene, B. M. Am. . Trop. Med. Hyg. 1989, 41, 460.

(5) (a) Pitterna, T.; Cassayre, J.; Hiiter, O. F; Jung, P. M. J;
Maienfisch, P.; Kessabi, F. M.; Quaranta, L.; Tobler, H. Bioorg. Med.
Chem. 2009, 17,4085. (b) Jeschke, P.; Nauen, R.; Sparks, T. C.; Loso, M.
R.; Watson, G. B.; Babcock, J. M.; Kramer, V. J.; Zhu, Y.; Nugent, B. M;
Thomas, ]. D.; Crouse, G. D.; Dripps, J. E.; Waldron, C.; Salgado, V. L,;
Schnatterer, S.; Holmes, K. A,; Pitterna, T. In Modern Crop Protection
Compounds; Kramer, W., Schirmer, U.; Jeschke, P.; Witschel, M., Eds.;
Wiley-VCH Verlag GmbH & Co. KGaA: 2012; p 1127.

3867

(6) Avermectin Bla: (a) Hanessian, S.; Ugolini, A.; Hodges, P. J;
Beaulieu, P.; Dube, D.; Andre, C. Pure Appl. Chem. 1987, 59, 299.
(b) Hanessian, S.; Ugolini, A.; Dube, D.; Hodges, P.J.; Andre, C. J. Am.
Chem. Soc. 1986, 108, 2776. (c) Anthony, N. J.; Armstrong, A; Ley, S.
V.; Madin, A. Tetrahedron Lett. 1989, 30, 3209. (d) White, J. D.; Bolton,
G. L. J. Am. Chem. Soc. 1990, 112, 1626. (e) Ley, S. V; Armstrong, A,;
Diez-Martin, D.; Ford, M. J.; Grice, P.; Knight, J. G.; Kolb, H. C.; Madin,
A.; Marby, C. A,; Mukherjee, S.; Shaw, A. N,; Slawin, A. M. Z.; Vile, S,;
White, A. D.; Williams, D. J.; Woods, M. J. Chem. Soc,, Perkin Trans. 1
1991, 667. (f) White, J. D.; Bolton, G. L.; Dantanarayana, A. P.; Fox, C.
M. J; Hiner, R. N,; Jackson, R. W.; Sakuma, K.; Warrier, U. S. ]. Am.
Chem. Soc. 1995, 117, 1908. (g) Danishefsky, S. J.; Armistead, D. M.;
Wincott, F. E.; Selnick, H. G.; Hungate, R. J. Am. Chem. Soc. 1989, 111,
2967. Milbemycin: (h) Steel, P. G.; Mills, O. S.; Parmee, E. R.; Thomas,
E. J. J. Chem. Soc, Perkin Trans. 1 1997, 391. (i) Crimmins, M. T.;
Bankaitis-Davis, D. M.; Hollis, W. G. J. Org. Chem. 1988, 53, 652.
(j) Baker, R;; Head, J. C.; Swain, C.J. J. Chem. Soc,, Perkin Trans. 1 1988,
8S. (k) Blizzard, T. A; Margiatto, G. M.; Mrozik, H.; Shoop, W. L;
Frankshun, R. A.; Fisher, M. H. J. Med. Chem. 1992, 35, 3873.
(n) Henryon, V.; Férézou, J.-P. Synthesis 2009, 2009, 3477.

(7) Tzumiseki, A.; Yamamoto, H. J. Am. Chem. Soc. 2014, 136, 1308.
(b) Brady, P. B.; Albert, B.; Akakura, M.; Yamamoto, H. Chem. Sci. 2013,
4, 3223. (c) Brady, P. B; Yamamoto, H. In Modern Methods in
Stereoselective Aldol Reactions; Mahrwald, R., Ed.; Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, Germany, 2013; p 269. (d) Brady, P.
B.; Yamamoto, H. Angew. Chem., Int. Ed. 2012, 51, 1942. (e) Saadji, J.;
Akakura, M.; Yamamoto, H. J. Am. Chem. Soc. 2011, 133, 14248.
(f) Albert, B. ].; Yamaoka, Y.; Yamamoto, H. Angew. Chem., Int. Ed. 2011,
50,2610. (g) Albert, B. J.; Yamamoto, H. Angew. Chem., Int. Ed. 2010, 49,
2747. (h) Yamaoka, Y.; Yamamoto, H. J. Am. Chem. Soc. 2010, 132,
5354. (i) Boxer, M. B.; Yamamoto, H. J. Am. Chem. Soc. 2007, 129, 2762.
(j) Boxer, M. B.; Yamamoto, H. J. Am. Chem. Soc. 2006, 128, 48.

(8) (a) Milroy, L.-G.; Zinzalla, G.; Prencipe, G.; Michel, P.; Ley, S. V.;
Gunaratnam, M.; Beltran, M.; Neidle, S. Angew. Chem., Int. Ed. 2007, 46,
2493. (b) Zinzalla, G.; Milroy, L.-G; Ley, S. V. Org. Biomol. Chem. 2006,
4,1977. (c) Balamurugan, R.; Dekker, F. J.; Waldmann, H. Mol. Biosyst.
2008, 1, 36. (d) Barun, O.; Kumar, K.; Sommer, S.; Langerak, A.; Mayer,
T. U,; Miiller, O.; Waldmann, H. Eur. J. Org. Chem. 2008, 2005, 4773.
(e) Huang, H.; Mao, C,; Jan, S.-T.; Uckun, F. M. Tetrahedron Lett. 2000,
41, 1699. (f) Mitsuhashi, S.; Shima, H.; Kawamura, T.; Kikuchi, K;
Oikawa, M.; Ichihara, A.; Oikawa, H. Bioorg. Med. Chem. Lett. 1999, 9,
2007.

(9) (a) Connor, C.J. O.; Beckmann, H. S. G.; Spring, D. R. Chem. Soc.
Rev. 2012, 41, 4444. (b) Tan, D. S. Nat. Chem. Biol. 2005, 1, 74. (c) Kim,
Y,; Arai, M. A; Arai, T.; Lamenzo, J. O.; Dean, E. F,; Patterson, N;
Clemons, P. A,; Schreiber, S. L. J. Am. Chem. Soc. 2004, 126, 14740.
(d) Schreiber, S. L. Science 2000, 287, 1964.

(10) (a) Paton, R. S.; Goodman, J. M. J. Org. Chem. 2008, 73, 1253.
(b) Dias, L. C.; de Marchi, A. A; Ferreira, M. A. B.; Aguilar, A. M. J. Org.
Chem. 2008, 73, 6299. (c) Dias, L. C.; Aguilar, A. M. Chem. Soc. Rev.
2008, 37, 451. (d) Stocker, B. L.; Teesdale-Spittle, P.; Hoberg, J. O. Eur.
J. Org. Chem. 2004, 2004, 330. (e) Evans, D. A.; Cbté; Coleman, P. J.;
Connell, B. T. J. Am. Chem. Soc. 2003, 125, 10893. (f) Paterson, L;
Collett, L. A. Tetrahedron Lett. 2001, 42, 1187.

(11) Synthesis of spiroketals: (a) Palmes, J.; Aponick, A. Synthesis
2012, 44, 3699. (b) Ley, S.; Milroy, L.-G.; Myers, R. Science of Synthesis;
Georg Thieme: Stuttgart, 2007; Vol. 29, p 613. (c) F. Kluge, A.
Heterocycles 1986, 24, 1699.

(12) Dias, L. C.; Polo, E. C.; de Lucca, E. C.; Ferreira, M. A. B. In
Modern Methods in Stereoselective Aldol Reactions; Mahrwald, R., Ed,;
Wiley-VCH Verlag GmbH & Co. KGaA, 2013; p 293.

(13) () Evans, D. A; Duffy, J. L; Dart, M. J. Tetrahedron Lett. 1994,
35, 8537. (b) Evans, D. A; Dart, M. J; Duffy, J. L.; Yang, M. G. J. Am.
Chem. Soc. 1996, 118, 4322.

(14) (a) Mahrwald, R. Chem. Rev. 1999, 99, 1095. (b) Mengel, A.;
Reiser, O. Chem. Rev. 1999, 99, 1191.

dx.doi.org/10.1021/0l501327g | Org. Lett. 2014, 16, 3864—3867



