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Abstract: The first total synthesis of (+)-frondosin A was accomplished in 19 longest linear and 21 total
steps from commercially available materials. The key features of the synthesis include a Ru-catalyzed
[5+2] cycloaddition, a Claisen rearrangement, and a ring expansion to construct the core of the frondosin
A in a diastereoselective and regioselective fashion. This is the first application of a Ru-catalyzed [5+2]
cycloaddition in the total synthesis of a natural product. Through this synthesis, the absolute configuration
of (+)-frondosin A was established.

Introduction potent compound in its class, frondosin A, for which there are
no reported syntheses, was of particular interest to us as a
synthetic target. The proposed structure of frondosin A rests
upon spectroscopic data that were used to assign the relative
stereochemistry, although the absolute configuration remains
unknown. The reported syntheses for other frondosins started
from the assembly of the C and D rings and constructed the A
and B ring systems at a late stage. For frondosin A, we
envisioned that the Rh-catalyZednd Ru-catalyzeéd[5+2]

Frondosin A () is a member of a family of five norsesquit-
erpenoid (14-carbon) natural products, frondosirsEAwhich
were originally extracted from the marine sponBgsidea
frondosa collected in Pohnpei, Federated States of Micronksia.
Researchers at the National Cancer Institute (NCI) later isolated
(—)-frondosins A and D from the HIV-inhibitory extract of
Euryspongiasp? Interestingly, the frondosins isolated at the
NCI were of opuca! rotgtlon different from and o pposite those cycloaddition would provide an opportunity to quickly access
of the frondosins first isolated, so both enantiomers of these the bicyclo[5.4.0] structure corresponding to the-B. ring

natural products appear o b.e produc_ed by different species Ofsystem of the norsesquiterpene carbon framework present in
sponge, and both are biologically active.

R A ) ) frondosin A. This strategy would allow installation of what we
The frondosins inhibit the binding of interleukin-8 (IL-8), & anticipated to be a sensitive exocyclic olefin and the readily
chemokine which is produced by macrophages, fibroblasts, andgyigizable hydroquinone at a late stage of the synthesis. In

epithelial and endothelial cells, and which has been implicated aggition to confirming the structural assignment, an enantiose-

in a wide range of acute and chronic inflammatory disorders, |ective synthesis would also establish the absolute stereochem-
including psoriasis and rheumatoid arthritis. IL-8 has been istry of frondosin A.

identified as a principal factor directing neutrophil (white blood

cell) recruitment to the inflammatory focus, and as such the Results and Discussion
IL-8 receptor antagonist is a promising target for development
of novel anti-inflammatory agents. Frondosin A was found to
be the most potent of the frondosins, with 1b58IL-843, and
protein kinase C (PKC) activites all in the low micromolar range.
In addition, the frondosins have been shown to exhibit anti- rearrangement. The advanced intermedidtén which the

HIV activity. bicyclo[5.4.0] core structure has been constructed, could derive

To date there have been several reported syntheses ofrom a 1,7-enyne§) utilizing the Ru-catalyzed [52] cycload-
frondosin B and one of frondosin TAs the most biologically  dition. The cyclopropyl functionality in compourgicould be

The first-generation synthetic plan, based on the Ru-catalyzed
[5+2] cycloaddition as the key step, is summarized in Scheme
1. The aromatic functionality in frondosin A could be incor-
porated using a cross-coupling reaction, followed by a Claisen

(1) Patil, A. D.; Freyer, A. J.; Killmer, L.; Offen, P.; Carte, B.; Jurewicz, A.
J.; Johnson, R. KTetrahedron1997, 53, 5047.
(2) Hallock, Y. F.; Cardellina, J. H.; Boyd, M. RNat. Prod. Lett.1998 11,

(4) (a) Wender, P. A.,; Takahashi, H.; Witulski, B. Am. Chem. Sod.995
112 4720. (b) Wender, P. A.; Husfeld, C. O.; Langkopf, E.; Love, J. A.;
Pleuss, N.Tetrahedron1998 54, 7203. (c) Wender, P. A.; Dyckman, A.

153.

(3) (a) Inoue, M.; Carson, M. W.; Frontier, A. J.; Danishefsky, SJ.JAm.
Chem. Soc2001, 123 1878. (b) Inoue, M.; Frontier, A. J.; Danishefsky,
S. J.Angew. Chem., Int. EQ00Q 39, 761. (c) Hughes, C. C.; Trauner, D.
Angew. Chem., Int. EQR002 41, 1569. (d) Hughes, C. C.; Trauner, D.
Tetrahedron2004 60, 9675. (e) Chaplin, J. H.; Flynn, B. LChem.
Commun2001, 1594. (f) Martinez, I.; Alford, P. E.; Ovaska, T. \Drg.
Lett.2005 7, 1133. (g) Li, X.; Kyne, R. E.; Ovaska, T. \Drg. Lett.2006

8, 5153.

10.1021/ja073272b CCC: $37.00 © 2007 American Chemical Society

J.; Husfeld, C. O.; Kadereit, D.; Love, J. A.; Rieck, H.Am. Chem. Soc.
1999 121, 10442. (d) Wender, P. A.; Haustedt, L. O.; Lim, J.; Love, J. A;
Williams, T. J.; Yoon, J.-YJ. Am. Chem. SoQ006 128 6302.

(5) (a) Trost, B. M.; Shen, H. C.; Horne, D. B.; Toste, F. D.; Steinmetz, B. G.;

Koradin, C.Chem—Eur. J.2005 11, 2577. (b) Trost, B. M.; Shen, H. C;
Schulz, T.; Koradin, C.; Schirok, HDrg. Lett.2003 5, 4149. (c) Trost, B.
M.; Shen, H. CAngew. Chem., Int. EQ001, 40, 2313. (d) Trost, B. M.;
Toste, F. D.; Shen, H. Am. Chem. So200Q 122, 2379. (e) Trost, B.
M.; Shen. H.Org. Lett.200Q 2, 2523.
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1: Frondosin A 2: Frondosin B 3: Frondosin C 4: Frondosin D, R=H
5: Frondosin E, R=Me
Figure 1. Frondosins A-E.
Scheme 1. Retrosynthesis of Frondosin A by the Ru-Catalyzed [5+2] Cycloaddition
Ru-catalyzed [5+2]
g/ cycloaddition
7
wans f—
) PhO,S
(0] PhO,S H 0
C/a/sen MeO ,
1: Frondosin A 18" angement 6 Cross-coupling 7
Cyclopropanation PhO,S” ~SO,Ph
- — OEt 10
PhO,S X PhO,S M ¥
PhO,S OEt PhO,S
Allylic alkylation = OEt
8 S OAc
1
Scheme 2. Synthesis of 1,7-Enyne Model System 17
Et = OEt
B0 = _ NaH THF then15 g5 ¢ _ EtZn.CHolp CH2'2 EO.C
CH2CI2 2 X
EtO,C 10 mol% [(C3Hs)PdCl], Et020 EtO,C
2 25 mol% dppe, THF, rt 50% (80% BRSM)
14 s 17
81%
+
[CpRu( CH3CN)3]PF6
= OEt EtO,C
OAc EtO,C
15

installed employing an asymmetric cyclopropanation. Dienyne a Pd-catalyzed allylic alkylation to afford dienyté. Chemose-

9 could be synthesized from compouridsand11 via an allylic
alkylation reaction.

One goal of this route was to examine the feasibility of using
1,7-enynes in Ru-catalyzed{2] cycloadditions. The use of
1,6-enynes in Ru-catalyzed{2] reactions to access bicyclo-
[5.3.0] ring systems was previously described by our gfoup.
Only one example of a 1,7-enyne participating in a-2$
cycloaddition exists, an amino-tethered system, whereir-2]5
reaction occurred using either Ru or Rh catalysts (et 1).

T™MS
——TMS ~\R
[ 15-20 mol% [CPRU(CHsCN)s]PFg 0
N
Te X D‘R Acetone, 50 °C Ts’N )
12a R=H 13a87%

12b R=CH,0TBS 13b 79%

To test whether other 1,7-enynes would participate int&2[5
reaction, a simplified model systerh?) was prepared as shown
in Scheme 2. Alkynd 4% was reacted with allyl acetafiés*c in

(6) Taylor, E. C.; Macor, J. E.; French, L. G. Org. Chem1991, 56, 1807.
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lective cyclopropanation of the more electron rich olefin in
compoundl6 gave the desired model substrate

Unfortunately, when enyne substraféwas subjected to the
standard [3-2] cyclization conditions (10% [CpRu(GEN)3]-

PFs, acetone, room temperature), none of the desired product
18 could be detected. Attempts to facilitate the reaction by
heating and the examination of different solvents (acetone, DMF,
CH,ClI,) led only to no reaction or to decomposition at higher
temperatures.

It was at this point that we decided to revise our synthetic
strategy to utilize a 1,6-enyne substrate in the 25 cycload-
dition. A retrosynthesis based on the new strategy is shown in
Scheme 3. The key intermediai®, which bears a bicyclo-
[5.4.0] ring system, could derive from compou2@ which has
a bicyclo[5.3.0] ring system. A 1,6-enyn&€1) could be
employed to build the bicyclo[5.3.0] ring system via a Ru-
catalyzed [53-2] cycloaddition. The 1,6-enyn&l could be
obtained by metalation of vinyl iodid23 and addition to alkynyl
epoxide22.

The synthesis of alkynyl epoxid@2 was achieved as
described in Scheme 4. From commercially available 2-methyl-
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Scheme 3. Second-Generation Retrosynthesis for Frondosin A

Ring
expans:on

Ru-catalyzed [5+2]
cycloaddition

Cla/sen M
1 Frondosin A rearrangement 19 /tsunobureact/on

——SiMe,Ph w
o0 + :\
OTIPS

2 OTIPS 22 23

Epoxide opening

Scheme 4. Synthesis of Alkynyl Epoxide 22
1) n-BuLi, THF, 0°C;

CISiMe,Ph ; then HCI
0,
|  1)PBr; 35% ’ Ox 78% oH c&
2) Al, 0.5% HgCl, X 2 (COCl),, DMSO
26

HO SiMe,Ph
24 THF, reflux; 25 CH,Cl,, -78 °C;
then (CH,0), NEt;, -78 °Cto rt
62% 91%
. . 2.0 equiv. ICH,CI
=——SiMe,Ph HO ——SiMeyPh 2.0 equiv. MeLi
-
o] THF, -78 °C to rt
22 Cl 27 75%

Scheme 5. Synthesis of Vinyl lodide 23

Os_Mes O _Mes
HO,C
\)Lcone PPhs, DIAD 0 1) DIBAL-H, CH,Cl,, 78 °C o
OH -40 °C, CH,Cly, 81% Z 2) TIPSOTY, 2,6-utidine
2Ll o CO,M CH,Cly, 73% = OTIPS
28 29 30
OH OH (COCl),, DMSO
MelLi ZnEt,, CH,ly, 32, DME CH,Cl,, -78 °C;
= OTIPS OTIPS
Et,0, 0°C, 93% CH,Cl,, -10°C to rt EtsN, -78 °C-rt, 97%
31 Quant., 95%ee 33
I
Me,NOC CONMe,
CHO = s
CrCly, CHI
oTIPs —— 22— oTips = S S
THF, 0°Ctort N B’
80% OTIPS 7
34 ° 23 nBu
Mes = 2,4,6-trimethylphenyl 32: Ligand in the
DIAD = diisopropyl azodicarboxylate cyclopropanation
3-butyn-2-ol @4), bromination with phosphorus tribromide Synthesis of vinyl iodid23 was accomplished by cyclopro-

afforded a propargyl bromide. An aluminum-mediated addition panation of allylic alcohoB1 (Scheme 5). The preparation of
to formaldehyde yielded the desired homopropargyl alc@bol allylic alcohol 31 was adopted from the procedure of Charette
Formation of the (dimethylphenylsilyl)alkyne was performed with a similar substraté The enantioselective cyclopropanation
to reduce the volatility of intermediates in subsequent steps asof alcohol31 was achieved with chiral oxaborolane ligaBi®

well as protection of the alkyne for the subsequent addition Alcohol 33was assigned to be & R-configuration on the basis
reaction to the epoxide. A MoffattSwern oxidation of the of Charette’s model for asymmetric cyclopropanation of allylic
resulting primary alcohol gave the aldehyi which was then alcohols. This assignment was later confirmed by synthesis of
converted to epoxid@2 through the reaction with (chlorom-  acompound with a known optical rotation (Scheme 16). Alcohol
ethyl)lithium”

(8) Charette, A. B.; Cote, B.; Monroc, S.; Prescott)SOrg. Chem1995 60,
6888

(7) Sadhu, K. M.; Matteson, D. S.etrahedron Lett1986 27, 795. 9) Charétte, A. B.; Juteau, H. Am. Chem. S0d.994 116, 2651.
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Scheme 6. Completion of the Bicyclo[5.3.0] Ring

S a)t-BuLi, Et,0, -78 °C

Norps D) (2-ThICUCNLI

c) o
23 ——SiMe,Ph
o 22

51%

20 mol% [CpRu(CH3CN)3]PFg

SiMe,Ph

HO K2CO3, MeOH

80%

35 OTIPS

HO

: 1o

~
21 OTIPS

Scheme 7. Third-Generation Retrosynthesis for Frondosin A

Ring
Expansion
vo—_ o

1: Frondosin A

<
P =N T

pr—

~
Aldehyde addition 4q OTIPS

Scheme 8. Preparation of [5+2] Cycloaddition Precursor 39

n-BuLi, TMEDA, THF, reflux;
Ethylene oxide, -78 °C-rt;
y HO%
“ TMSCI; aqueous HCI, 53% 42

KW\ nBuLi, hexanes, 0 °C;

~ then 40
OTIPS HO

23 43 OTIPS

33 was then oxidized by the MoffattSwern reaction, and the
resulting aldehyd&4 was transformed into vinyl iodid23 by
the Takai condition&?

The coupling of the vinyl iodid&3 and the epoxid@2 was

fr—1 0
/®/0Me HO
MeO Claisen

acetone, rt
43% (95% BRSM) H

20TIPSO

Ru-catalyzed [5+2]

cycloaddition \
7

37 rearrangement 38

T™S

40 23

7

Mms EtaN, -78 °C-rt, 94% 40

90% over 2 steps o

(COCl),, DMSO, CH,Cl,, -78 °C; OHC&
X

T™S

MeOH, rt
SoTIPs

39

alcohol 21, for the Ru-catalyzed [52] cycloaddition. The
cycloaddition produc88 could be converted to compourd
through a sequence of steps involving the Claisen rearrangement.
The position of the carbonyl functionality in compoudwas

achieved by a copper-mediated process (Scheme 6). Theanticipated to facilitate a base-mediated double bond migration

deprotection of the alkyne i85 afforded the cyclization
substrate21. Finally, the standard ruthenium-{2] conditions
were applied to the enyril to successfully yield the cyclized
product20.

into conjugation with the ketone.

Enyne39 was prepared through a sequence of steps shown
in Scheme 8. Aldehydd('! was prepared in two steps from
commercially available 3-methylbutyndl). Vinyl iodide 23

It is at this stage that several problems were realized. The
Ru-catalyzed [53-2] cycloaddition reaction was problematic. In

addition to the high catalyst loadings required to achieve modest 443 d without ification in th b ¢
conversions, one of the alcohol diastereomers is much lessPOUN was used without purication in the subsequen

reactive than the other. More importantly, initial experiments deprotection reaction to afford cy(_:l_opropyl enyae as the
suggested that several difficulties for the ring expansion and Precursor for the key {52] cycloaddition. Compoun@9is an
double bond migration in later stages of the synthesis would approximately 1:1 mixture of_two diatereomers with respect to
present themselves. the newly formed stereogenic center.

To address the problems above, a third strategy was proposed
(Scheme 7) Compared to the p|an in Scheme 3, the major(lo) Takai, K.; Nitta, K.; Utimoto, KJ. Am. Chem. Sod.986 108 7408.

- . . . (11) Marco-Contelles, J.; Ruiz-Caro, J.; Mainetti, E.; Devin, P.; Fensterbank,
change is the use of allylic alcoh8b, instead of homoallylic L.; Malacria, M. Tetrahedron2002 58, 1147.

was then coupled with aldehyd®, employingn-butyllithium
in the lithium—halogen exchange and addition reaction. Com-

11784 J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007
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Scheme 9. Unexpected Diene Formation under the [5+2] Cycloaddition Condition

15 mol% CpRU(CH3CN)3PFg

Acetone, rt, 56%

39 \ _ / 44

. oTIPS
HE) N\

Rul
45

o

Scheme 10. Different Reactivities in the [5+2] Cycloaddition Reactions with 39a and 39b

10 mol% CpRu(CH3CN)3PFg
+
Acetone, rt B
HO H oTIPS
38a

39a

HO oTIPS

39

10 mol% CpRu(CH3CN)3PFg
CH,Cly, 0 °C-rt
88%

CH,Cl,, 0 °C-rt
60%

HO SOTIPS

3%

The stage was now set to attempt the-fg cycloaddition

20 mol% CpRu(CH3CN)sPFg z:(;zj
: Acetone, rt HO H oTIPS
38b

20 mol% CpRu(CH3CN)3PFg

80%

30%

HO H >:0T|Ps
38a
mt +23% 39b
HO H OTIPS
38b

With strictly dried acetone as the solvent and carefully

reaction. Under standard conditions, no desired products werepurified ruthenium catalyst and by stopping the reaction before

observed. Instead, dienyAd was isolated as the major product

completion by filtering off the catalyst through a silica gel pad,

(Scheme 9). The geometry of the double bonds was determineda small amount of the desired add®& was obtained. Some
by an NOE experiment. It is also interesting to note that recovered starting materi&89, with a diastereomeric ratio
compound44 seems to be a single enantiomer since derivatizing different from that of the original starting material, was also

this compound with B)- or (§-o-methoxyphenylacetic acid

isolated. This demonstrated that one diastereoisomer of the

afforded one diastereoisomer in each case. The absolutemixture was consumed faster than the other one in the reaction,

stereochemistry of the stereogenic center in compaidhdas
determined by comparing théH NMR data of the two
diastereomeric estetd.The mechanism for the formation of

a result similar to that seen in the earlier model system (Scheme
6). Encouraged by this observation, the two diastereoisomers
of 39 were separated by flash chromatography and subjected

this diened4 was proposed as a solvolysis process. The cationic to the standard ruthenium-catalyzed-# reaction conditions.
ruthenium catalyst could complex to the hydroxyl group to Very different results were found (Scheme 10). A good yield

activate the vinylcyclopropane functionality in intermedidfe

(80%) of desired produ@8awas obtained with compourgda,

Trace amounts of water present in the solvent may well facilitate and only a minor amount of the side proddetwas observed.

the ring opening to yield diend4 with an inversion of the

However, with the other diastereoisom&0b), the undesired

stereochemistry. The same stereochemical outcome was obsjde producé4 was obtained as the major product (42%). By

served in a similar acid-catalyzed solvolysis of cyclopropapes.

(12) Trost, B. M.; Belletire, J. L.; Godleski, S.; McDougal, P.; Balkovec, J. M.
J. Org. Chem1986 51, 2370.

(13) (a) Honda, M.; Mita, T.; Nishizawa, T.; Sano, T.; Segi, M.; Nakajima, T.
Tetrahedron Lett2006 47, 5751. (b) Honda, M.; Yamamoto, Y.; Tsuchida,
H.; Segi, M.; Nakajima, TTetrahedron Lett2005 46, 6465.

changing the solvent to methylene chloride, which is much easier
to dry completely, we were able to minimize the formation of
the undesired elimination produdd. Consistent results were
obtained with both diastereoisomers, resulting in good yields
of the desired cyclization produc&3a (88%) and38b (60%).

J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007 11785
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Scheme 11. Determination of the Absolute Configuration for 39a and 39b

5 mol% (S)-CBS catalyst
Dess-Martin periodinane 1.5 equiv. catecholborane

: CHyCl,, 0 °C-rt, 80% f CH,Cl,, -78 °C-0 °C, 90%
~, .

5 mol% (R)-CBS catalyst
1.5 equiv. catecholborane
CH,Cly, 78 °C-0 °C, 92% n Ph
dr>10:1 0

HO _\OTIPS (S)-CBS catalyst
(S)-(-)-2-Methyl-CBS-oxazaborolidine
39b

Scheme 12. Proposed Mechanism of the Ru-Catalyzed [5+2] Cycloaddition

From 39a: X=H, Y=OH
From 39b: X=0OH, Y=H

49 50 R=QTIPS
HO H oTIPS
38
The absolute configuration of compoun88a and39b was conformation, as shown in intermediatds or 48, after
determined by asymmetric reduction of keto#@ (obtained complexation with the ruthenium catalyst to afford ruthenacy-
from the Dess-Martin oxidation of compoun@9) with (R)- or clopentaneg9 and50. To react with ruthenium, the cyclopro-

(9-CBS (Corey—Bakshi—Shibata) oxaza_borolic_iine catalysts pane has to adopt a conformation in which the G7—C8—
(Scheme 11j? This procedure afforded either diastereoisomer CH,OTIPS dihedral angle is close t8.0The steric interaction
of 39 Wlth a predictable stereo_chemlcal outcome. It was shown petween the methyl group at the C10 position and the Cp ligand
that diastereome89ahas the higher reactivity toward cycload-  on the ruthenium in intermediaf® disfavors this pathway for
dition in the Ru-catalyzed [62] process. the formation of compoun81 Thus, compoun88was isolated
The relative stereochemistry of compourd@aand38bwas as a single diastereoisomer.
assigned on the basis of the coupling constanttHiNMR This mechanism also explains the different reactivities
studies and COSY experiments. The relative stereochem|stryobserved with diastereome28aand39b. As shown in Scheme
of cohmpoqnot[?]Bal\év as f‘.”the; cloSnflr;Tjed \_?Vr']th NOE exzenmehnts,. 13, the electron-withdrawing hydroxyl group at the pseudoequa-
zfstf]eolgvun-égtaleze)((jpfsnzr]nfnc; a d?j?tilc()):}s astgozf;eton;sgojgtlsn}orial position in intermediatd7b will lower the reactivity of
yzedl Y L pat g the double bond toward ruthenium and destabilize the transition
for the observed diastereoselectivity and regioselectivity, as state. This effect can be explained by the overlap ofd
depicted in Scheme 12. Enyr#9 will react via an extended o . L . "
! I ye=wl v X orbital with the alkener orbital, which is absent in transition

(14) (a) Corey, E. J.; Helal, J. Gngew. Chem., Int. E998 37, 1986. (b) s.t.ate43a The obser\{’atmn is in agreement with the Stork/Houk-
Corey, E. J.; Bakshi, R. K.; Shibata, 5.Am. Chem. S04 987, 109, 5551. Jager “inside alkoxy” modet?

11786 J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007
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Scheme 13. Explanation for Different Reactivities of 39a and 39b in the Cycloaddition
— = +
_/
==--:Ru
H h \,\:/€/ — R K
OH oTIPS HO OTIPS
47a - 38a
— = +
4
==---Ru
a* 5 .7 —
’ v —_—
HO ; H
4 OTIPS HO OTIPS
39b 47b: deactivated 38b
Scheme 14. Preparation of Substrate 37 for the Ring Expansion Reaction
TBAF HOAc DIAD, p-MeOCgH4OH, PPh;
THF 0°C-rt THF, 0°C d H
H oTIPS 38a: 93% 52a: 83% H 0
38b: Quant. 52b: 80%
53
.‘ Dess-Martin Periodinane . OMe
Diethylaniline, reflux; NaHCO;4
Mel, K,CO3, acetone, reflux HO CH,Cl,, 0°C oH
53a: 56% (69% BRSM) OMe 54a: 98% OMe
53b: 64% (70% BRSM) MeO 54b: 96% MeO
54 37

With cycloaddition product88a and 38b in hand, further

diazoalkanes being the main strategies. However, due to the

elaboration was necessary to obtain the bicyclo[5.4.0] core presence of two activated protons at the C10 and C11 positions,
structure of frondosin A. For ease of reaction analysis and decomposition or formation of undesired products was observed

product characterization, compour@Baand38bwere handled
separately, but under similar reaction conditions. In principle,
the diastereomers a8 could be employed in the reaction
sequence without prior separation.

Starting from compoun@8, removal of the triisopropylsilyl
protecting group was achieved employing TBAF buffered with
acetic acid (Scheme 14). Themethoxyphenyl group was
selectively installed on the more reactive allylic, and also
primary, hydroxyl group under Mitsunobu conditions to yield
compoundb3. Claisen rearrangement under thermal conditions
(diethylaniline, 215°C) proceeded, although it resulted in only
a poor yield of the desired product. It was later found that the

in many of our ring expansion attempts. Finally, under carefully
controlled conditions, with (TMS)CHMand catalytic Bg-OEb,
a mixture of compoundS5, 56, and57 was obtained (Scheme
15). After desilylation with TBAF, the desired keto3é was
isolated in 54% vyield, along with its regioisomer ketd&&and
aldehyde59. Double bond migration was also achieved in the
same transformation. Thus, the bicyclo[5.4.0] core structure of
frondosin A was completed, and efforts to finish the synthesis
were undertaken.

Finishing the synthesis of frondosin A entailed the reduction
of the ketone to a methylene and deprotection of the methyl
ethers. Direct reduction of a carbonyl functionality to the

product is sensitive to acid, base, and an oxidative atmosphere corresponding methylene group normally involves a Welff
Thus, a protocol consisting of the Claisen rearrangement andKishner-type reduction. However, in our hands treating ketone

methylation of the resulting phenol in one operation was
employed to afford compoun®4 as a single diastereomer in
good yield. The stereochemistry of compodidvas confirmed

by NMR studies. The conformation of the bicyclic ring system

36 under standard WolffKishner condition¥ or Myers’s

modified condition¥’ resulted in either decomposition or
formation of products lacking the exocyclic double bond. An
alternative strategy involving the reduction of arylsulfonyl

contributes to the desired stereoselectivity observed in the hydrazones with various boron hydrides resulted in complex

reaction. DessMartin oxidation of compound4 proceeded
smoothly to afford keton&7.
To finish the bicyclo[5.4.0] core structure of frondosin A, a

mixtures!® The presence of the activated benzylic proton in
ketone36 may account for the above difficulties.
Another alternative for the deoxygenation of ketones involves

ring expansion was required. There were several strategies thatmaking sulfur derivatives, which can then be reduced to give

were attempted for the ring expansion, cyclopropanation of the

corresponding silyl enol ether of ketori&7 followed by
fragmentation and Lewis acid-catalyzed ring expansion with

(15) (a) Haller, J.; Strassner, T.; Houk, K. Bl. Am. Chem. Sod997, 119,
8031. (b) Houk, K. N.; Moses, S. R.; Wu, Y.-D.; Rondan, N. Ggela
V.; Schohe, R.; Fronczek, F. R. Am. Chem. S0d.984 106, 3880.

(16) (a) Kishner, NZh. Russ. Fiz.-Khim. ., Chast Khim1911, 43, 582. (b)
Wolff, L. Justus Liebigs Ann. Cherh912 394, 86. (c) Huang-MinlonJ.
Am. Chem. S0d.946 68, 2487 (d) Huang-Minlod. Am. Chem. So&949
71, 3301.

(17) Furrow, M. E.; Myers, A. GJ. Am. Chem. So2004 126, 5436.

(18) (a) Caglioti, L.; Magi, M.Tetrahedron1963 19, 1127. (b) Hutchins, R.
O.; Milewski, C. A.; Maryanoff, B. EJ. Am. Chem. S0d.973 95, 3662.
(c) Kabalka, G. W.; Baker, J. DI. Org. Chem1975 40, 1834.
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Scheme 15. Ring Expansion with Ketone 37
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Scheme 16. Completion of the Total Synthesis of Frondosin A
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1: Frondosin A

[]2°p=+37.6° (c=0.20, MeOH)
Lit. [a]?%p=+31.5° (c=0.25, MeOH)

the alkane. Attempts to make a thioket&Of with 1,2-
ethanedithiol, catalyzed by Lewis acids, afforded products
lacking the exocyclic double bond. Evans reported 1,2-bis-
[(trimethylsilyl)thio]lethane and catalytic zinc iodide as mild
conditions for thioketal formatio#? Applying these conditions
with ketone36 resulted in slow conversion to the thioketal along
with an undesired isomerization of the exocyclic olefin. Real-
izing that zinc iodide might initiate certain radical processes
facilitating the isomerization, different Lewis acids were
screened. It was found subsequently that trimethylsilyl triflate

61
OH RUC|3, Na|04
CCl4/CH3CN/H,0; CO,Me
OH 8
TMSCHN, CO,Me
CgHe/MeOH:; R-
62 44% 63

[0]?°p=-46° (c=4.0, CHCl3)
Lit. []?%H=-53° (c=1.15, CHCI3)

Raney Ni, the desired deoxygenated prodiotould be isolated
in over 80% yield.

Initial attempts for the final deprotection with BBresulted
in decomposition. Treating compou6d with sodium ethaneth-
iolate in DMF at reflux only afforded monodeprotection
products. The most effective method for the deprotection proved
to be an oxidatiofrreduction sequence using ceric ammonium
nitrate (CAN) followed by sodium dithionite. Because of the
sensitivity of the system toward oxidation, it was necessary to
perform the reaction only to partial conversion. Thus, an 89%

could catalyze the reaction cleanly to give the desired thioketal yield was obtained when the reaction was stopped at 55%

60 (Scheme 16). Upon treatment of the crude prod@@civith

(19) Evans, D. A; Truesdale, L. K.; Grimm, K. G.; Nesbitt, SJLAm. Chem.
S0c.1977, 99, 5009.
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conversion.

The optical rotation of the synthetid-§-frondosin A matches
the reported value (Scheme I7Because the absolute stereo-



Total Synthesis of (+)-Frondosin A

ARTICLES

chemistry of the final natural product is derived from alcohol
33, its absolute configuration was verified by conversion to an
ester 63) of known absolute configuration (Scheme &} hus,
frondosin A must have arR-stereogenic center at the C8
position. This is in agreement with the original assignment of
(+)-frondosin B by Danishefsk$a Trauner later questioned this
assignmentd Although (+)-frondosin A and 4)-frondosin B

may not necessarily have the same configuration at the C8

position, our results with+)-frondosin A suggest that Dan-
ishefsky’s original assignment is very likely to be the correct
one, which is also in agreement with recent work by MacMillan
based upon his group’s total synthesis of frondosi# B.

Conclusion

In summary, the first enantioselective total synthesistof (
frondosin A was accomplished in 7% overall yield, through 19
longest linear and 21 total steps. A Ru-catalyzed-2b
cycloaddition of an enantioenriched cyclopropyl enyne was
employed as the key step to construct the bicyclo[5.3.0] ring
system with high regio- and diastereoselectivity. This first
application of the Ru-catalyzed 2] cycloaddition in natural
product synthesis highlights the efficiency of this methodology

solution of diiodomethane (7.2 g, 26.9 mmol) in &b (5 mL) over
5 min. The milky white solution was stirred for 10 min, and allylic
alcohol31 (1.75 g, 6.77 mmol) in CbkCl, (5 mL) was added over 5
min. The reaction was stirred for 10 min, then the ice bath was removed,
and the reaction was warmed to room temperature and stirred for 1 h.
The reaction was poured into saturated aqueougQWKILOO mL),
diluted with CHCI, (50 mL), and extracted. The aqueous layer was
extracted with CHCI, (2 x 50 mL), and the combined organic layers
were washed with brine, dried (Mg3Qand concentrated. Purification
by flash chromatography (5% EtOAc in petroleum ether) yielded 1.40
g of (£)-33 (76%) as a clear, colorless ok = 0.38 (20% E{O in
petroleum ether). IR (thin film, crt): 3452, 2944, 2867, 1464, 1108,
1063, 1014H NMR (500 MHz, CDC}): 6 3.90 (d,J = 11.5 Hz,
1H), 3.77 (d,J = 10.0 Hz, 1H), 3.62 (dJ = 11.5 Hz, 1H), 3.54 (dJ
= 9.8 Hz, 1H), 3.11 (br s, 1H), 1.18 (d,= 6.3 Hz, 3H), 1.07 (m,
21H), 0.87 (m, 1H), 0.55 (dd] = 6.6, 4.9 Hz, 1H), 0.18 (t) = 5.2
Hz, 1H) ppm.2*CNMR (125 MHz, CDC}): 6 72.8, 66.2, 27.4, 17.9,
16.6, 15.8, 13.8, 11.7 ppm. HRMS (E): nmVz calcd for GsH310,Si
[M — H]* 271.2093, found 271.2092.
(1R,2R)-2-Methyl-1-(hydroxymethyl)-1-[(triisopropylsilanyl)oxy]-
cyclopropane (33) To a solution of EZn (43 mL, 1.0 M in hexanes,
freshly prepared from neat Zn, 43 mmol) in DME (4.4 mL, 42.3
mmol) and CHCI, (90 mL) at—30 °C was added dropwise a solution
of diiodomethane (6.8 mL, 84.4 mmol) in GEl, (20 mL) over 10

for generating complex fused ring systems. Subsequent Claisemin. The clear solution was stirred for 30 min, then butylboronic acid
rearrangement further elaborated the cycloadduct to give theN,N,N',N'-tetramethyle-tartaric acid diamide esté2 (7.0 g, 25.9 mmol)
frondosin core. This synthesis also serves to determine thein CH:Cl> 20 mL) was added over 10 min. After 15 min, allylic alcohol

absolute configuration of#)-frondosin A and shed light on
the configurational assignment of the frondosin family.

Experimental Section

Selected experimental procedures for the preparatidi2,83, 383
543, 36, and1 (frondosin A) appear below. Full experimental details
for all compounds are given in the Supporting Information.

5-(Trimethylsilyl)-3,3-dimethyl-4-pentyn-1-ol (42). To a solution
of 3-methylbutyne 41; 8.06 g, 118 mmol) in diethyl ether (100 mL)
at —20 °C was added-BuLi (110 mL, 2.19 M solution in hexanes,
237 mmol) followed by tetramethylethylenediamine (TMEDA; 17.7

mL, 118 mmol). The reaction was warmed to room temperature and

heated to a gentle reflux for 10 h until a clear orange solution formed.
The reaction was recooled t678 °C, and a solution of ethylene oxide
(6 mL, condensed from cylinder, 118 mmol) in THF (20 mL) was
cannulated into the solution of the above dianion over 5 min. The
reaction was stirred at78 °C for 2 h, and then trimethylsilyl chloride

(30 mL, 240 mmol) was added dropwise. The reaction was allowed to

warm to room temperature and stirred for 5 h. The solution was
concentrated to about 200 mL under reduced presdureHCI (200
mL) was added, and the mixture was stirred vigorously for 1 h. The

organic layer was separated, and the aqueous layer was extracted wit

diethyl ether (2x 100 mL). The combined organic layers were washed
with saturated aqueous NaHg@@nd NaCl, dried (MgSg), and
concentrated. Purification by flash chromatography (20%OEin
petroleum ether) yielded produd® (11.70 g, 63.6 mmol, 53% yield)
as a colorless liquidtH NMR and IR match the reported ddt&: =
0.17 (20% E£O in petroleum ether). IR (thin film, cm}): 3345, 2967,
2162, 1451, 1409, 1364, 1251, 1062, 1029. NMR (500 MHz,
CDCl): ¢ 3.83 (t,J = 6.2 Hz, 2H), 1.68 (] = 6.2 Hz, 2H), 1.21 (s,
6H), 0.59 (s, 9H) ppm.
(1,24rans)-2-Methyl-1-(hydroxymethyl)-1-[(triisopropylsilanyl)-
oxy]cyclopropane [()-33]. To a solution of EZn (13.5 mL, 1.0 M
in hexanes, 13.5.0 mmol) in GBI, (10 mL) at 0°C was added a

(20) di Lugano, F. R.; Monteiro, J.; Fliche, C.; Braun, J.; Le GofficSnth.
Commun.1992 22, 1155.

(21) A recentasymmetric synthesis by MacMillan et al. also suggests-tat (
frondosin B has aR-chiral center at the C8 position: D. W. C. MacMillan,
Princeton University, personal communication, 2007.

31 (5.5 g, 21.3 mmol) in CECl; (20 mL) was added. The reaction
was allowed to warm to room temperature and stirred for 24 h. The
reaction was quenched Wit N HCI (100 mL) and saturated agueous
NH4CI (100 mL). The organic layer was separated, and the aqueous
layer was extracted with diethyl ether (8 100 mL). The combined
organic layers were washed with water, saturated aqueous NgHCO
and brine, dried (MgS§), and concentrated. Purification by flash
chromatography (silica gel, 4% EtOAc in petroleum ether) yielded
product33 (6.0 g, quantitative yield) as a clear oil. The enantiomeric
excess of the product was determined to be 94.6% ee by conversion
into the trifluoroacetate ester and chiral GC, described beRyw=

0.38 (5:1 petroleum ether/®). [a]3' = —27.# (c = 1.10, CHCl,).

The spectral data matched those of the racemic compoteB3
described above.

(1R,2R)-Trifluoroacetic Acid [2-Methyl-1-[[[(triisopropyl)silanyl]-
oxy]methyl]cyclopropyl]methyl Ester. The enantiomeric excess of the
above product was determined by conversion to the trifluoroacetate
ester of alcohol{)-33: To a solution of {)-33 (27 mg, 0.10 mmol)
in CH,Cl, (0.6 mL) under Ar at CC was added pyridine (16L, 0.2
mmol) followed by trifluoroacetic anhydride (28., 42 mg, 0.2 mmol),
and the solution was stirred for 1 h. The reaction was quenched with

H—|20 (5 mL) and diluted with diethyl ether (5 mL) and the organic

layer separated, washed with saturated aqueous LuS@urated
aqueous NaHC® and saturated aqueous NaCl, dried (Mgs@nd
concentrated. Purification by flash chromatography (5% EtOAc in
petroleum ether) yielded the trifluoroacetate ester-9f83(28.7 mg,

78%) as a clear, colorless, oil. The enantiomeric excess was determined
to be 94.6% ee by chiral GC (Cyclosil B, 12C, 15 mL/min, minor
product (1529 tr = 47.838 min and major productRI2R) tgr = 48.558

min).

(1R,3aE,6R, 7E,8a5)-3,3,6-Trimethyl-7-[[(triisopropylsilanyl)oxy]-
methyl]-1,2,3,5,6,8a-hexahydroazulen-1-ol (38a) 0 a solution of 1,6-
enyne39a(2.95 g, 7.8 mmol) in CkLCl, (150 mL) at 0°C was added
a solution of [CpRu(CHCN)3]PFs (0.34 g, 0.78 mmol) in CkCl, (50
mL). The reaction was stirred f@ h as thesolution warmed to room
temperature, then the solution was filtered through a silica gel pad to
remove the catalyst, and the filtrates were concentrated. Flash chro-
matography (510% EtO in petroleum ether) yielded prodig8a(2.59
g, 6.86 mmol, 88% yield) as a colorless d& = 0.17 (10% ELO in
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petroleum ether). IR (thin film, cm): 3375, 2945, 2867, 1464, 1383,
1368, 1248, 1064*H NMR (500 MHz, CDC}): 6 5.70 (d,J = 1.5

Hz, 1H), 5.50 (dtJ = 7.0, 3.4 Hz, 1H), 4.18 (s, 1H), 4.08 (m, 2H),
3.54 (s, 1H), 2.45 (m, 1H), 2.26 (m, 1H), 2.10 (m, 1H), 1.72J¢;

1.5 Hz, 1H) 1.70 (dJ = 4.0 Hz, 1H), 1.18 (s, 3H), 1.15 (d,= 3.2

Hz, 3H), 1.08 (s, 3H), 1.04 (m, 21H) ppmC NMR (125 MHz,
CDCly): 0149.2,147.7,120.1, 119.3, 75.7, 67.7, 66.0, 49.2, 48.3, 41.3,
31.1,18.2,17.5,15.4,12.1 ppm. HRMS (EI m/z calcd for GsH420,-

Si [M]* 378.2954, found 378.29540[%' = 29.3 (c = 0.820, CH-

Cl,). NOE:

(1R,6R,8S,8aS,E)-8-(2,5-Dimethoxyphenyl)-3,3,6-trimethyl-7-
methylene-1,2,3,5,6,7,8,8a-octahydroazulen-1-ol (544)solution of
53a(0.75 g, 2.28 mmol) in diethylaniline (8 mL) in a sealed tube was
heated in a 220C oil bath. After 16 h, the reaction was cooled, and
the solvent was removed under reduced pressure tC.00he residue
was dissolved in acetone (10 mL), angdQO; (0.69 g, 5.0 mmol) and
CHsl (0.62 mL, 10 mmol) were added. The reaction was heated at
reflux for 3 h and then diluted with diethyl ether (50 mL). The organic
layer was washed with water and brine, dried (Mgs@nd concen-
trated. Flash chromatography (%0% EtOAc in petroleum ether)
yielded product4a (0.44 g, 1.28 mmol, 56% yield, 69% brsm) as a
pale yellow liquid and the starting matertaBa(0.144 g, 0.44 mmol).

Ri = 0.28 (10% EtOAc in petroleum ether)H NMR (500 MHz,
CDCls): 6 6.85 (d,J = 2.9 Hz, 1H), 6.82 (dJ = 8.9 Hz, 1H), 6.73
(dd, J = 3.1, 8.8 Hz, 1H), 5.61 (m, 1H) 4.82 (s, 1H), 4.43 (s, 1H),
4.04 (d,J = 11.5 Hz, 1H), 3.82 (&) = 3.7 Hz, 1H), 3.76 (s, 3H), 3.74
(s, 3H), 2.89 (dJ = 11.5 Hz, 1H) 2.51 (m, 2H), 1.95 (m, 1H), 1.70
1.56 (m, 4H), 1.22 (s, 2H) 1.17 (d,= 5.5 Hz, 3H) 1.05 (s, 3H) ppm.
13C NMR (125 MHz, CDC}): 6 158.2, 153.6, 153.2, 150.9, 132.8,

128.4, 120.0, 116.6, 112.5, 111.2, 109.2, 74.9, 56.6, 55.7, 55.1, 47.1 (dd,J =

42.7, 41.2, 37.1, 33.1, 32.0, 21.8 ppm. IR (neat,; Ym 3564, 2954,
1495, 1464, 1281, 1227, 1049. HRMS (| m/z calcd for GoHz00s

[M] + 342.2195, found 342.22100]%* = —52.0° (c = 0.31, CHCl,).

NOE:

(7R,99)-9-(2,5-Dimethoxyphenyl)-4,4,7-trimethyl-8-methylene-
2,3,4,5,6,7,8,9-octahydrobenzo-cyclohepten-1-one (3B) a solution
of ketone37 (0.33 g, 0.97 mmol) in CkCl, (10 mL) at—25 °C was
added BR-Et,0 (0.15 mL, 1.22 mmol) followed by (TMS)CHNO0.61
mL, 2 M in ether, 1.22 mmol). The reaction was stirred-&5 °C for
8 h and then quenched with saturated aqueous NaH@®mL). The
mixture was extracted with diethyl ether £320 mL), and the combined
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organic layers were washed with brine, dried (Mgs@nd concentrated
to give the crude product as a pale yellow liquid.

The crude product was then dissolved in acetonitrile (10 mL), and
TBAF trihydrate (0.63 g, 2.0 mmol) was added at room temperature.
The reaction was stirred f@ h and then diluted with ethyl acetate (30
mL) and water (30 mL). The mixture was extracted with ethyl acetate
(2 x 30 mL), washed with brine, dried (MgSJ) and concentrated.
Flash chromatography {510% ethyl acetate in petroleum ether) yielded
the desired producs6 (185 mg, 0.52 mmol, 54% vyield) along with
ketone58 (78 mg, 0.22 mmol, 23%) and aldehy86 (48 mg, 0.136
mmol, 14%).R = 0.25 (10% ethyl acetate in petroleum ether). IR
(thin film, cm™%): 2919, 2850, 1672, 1496, 1458, 1415, 1277, 1218,
1105, 1050*H NMR (500 MHz, CDC}): 6 6.82 (d,J = 8.8 Hz, 1H),

6.67 (dd,J = 3.2, 8.8 Hz, 1H), 6.50 (dJ = 3.0 Hz, 1H), 5.24 (tJ =

2.7 Hz, 1H), 4.69 (dJ = 3.0 Hz, 1H), 4.23(m, 1H), 3.82 (s, 3H), 3.68

(s, 3H), 2.83 (m, 1H), 2.32 (m, 3H), 2.19 (m, 1H), 2.01 (s, 1H), 1.91-
(m, 1H), 1.78 (m, 1H), 1.41 (m, 1H), 1.24 (s, 3H), 1.20 (s, 3H), 1.08
(d, J = 6.9 Hz, 3H) ppm.23C NMR (125 MHz, CDC}): 6 197.8,
163.5, 154.7, 153.7, 152.4, 134.5, 132.3, 114.4, 112.9, 111.3, 105.9,
57.2, 55.4, 45.0, 38.1, 37.4, 36.7, 34.9, 27.2, 26.8, 25.8, 19.3 ppm.
HRMS (EI"): mvzcalcd for GsHz¢O3 [M] + 354.2195, found 354.2190.
[0]2* = 21.0° (c = 0.59, CHCl,).

Frondosin A (1). Compound1 (4.4 mg, 0.013 mmol) in 1:1 D/
CHsCN (0.13 mL, degassed by argon sparging for 30 min) 4€0
was added dropwise to a solution of CAN (14 mg, 0.026 mmol) in 1:1
H,O/CH;CN (0.13 mL, also degassed). After 10 min, NaHO@3
mg, 0.52 mmol) was added, followed by 50, (23 mg, 0.13 mmol).
The reaction was stirred vigorously at room temperature for 1 h. The
mixture was filtered through a silica gel pad and concentrated under
an argon atmosphere. Purification by achiral HPLC (2% isopropyl
alcohol in heptane) yielded frondosin A (2.0 mg, 0.0064 mmol, 49%
yield, 89% yield brsm), along with starting materél (2.0 mg, 0.0059
mmol, 45%).2H NMR, IR, and %’ match the reported dataR; =
0.33 (25% ethyl acetate in petroleum ether). IR (thin film; €mn 3384,
2956, 2932, 2871, 1636, 1497, 1452, 1410, 1361, 1279, 1212, 1190,
1147.*H NMR (400 MHz, CDC}): ¢ 6.77 (d,J = 8.5 Hz, 1H), 6.67
2.9, 8.5 Hz, 1H), 6.59 (d] = 3.0 Hz, 1H), 4.85 (s, 1H), 4.52
(s, 1H), 3.95 (s, 1H), 2.49, (m, 2H), 2.04 (m, 1H), 1.87 (m, 3H), £.56
1.51 (m, 4H), 1.29 (m, 1H), 1.10 (s, 3H), 1.09 (s, 3H), 1.06](¢ 7.0
Hz, 3H) ppm. HRMS (MALDI-TOF): m/z calcd for GiH250,, [M +
H]* 313.2089, found [MH+ H]* 313.2081. §]% = 37.6 (c = 0.20,
MeOH), lit.! [o]2’ = 31.5 (c = 0.25, MeOH).
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