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Table II. Energies of MM2 (MODEL) Minimized
Conformations of Calix[4]resorcinarenes

conformation E (kcal) conformation E (kcal)
flattened cone (C,,) 86.7 flattened partial cone 89.1
flattened partial cone 87.6 2 (Cy)
1(C,) 1,2 alternate (Cy,) 90.0

1,3 alternate (Dy,) 87.8

Since it was not possible to obtain suitable crystals of
3 and 4 for X-ray analysis, a molecular modeling study was
undertaken in order to compare the 3D-structures with
those suggested by the NMR results. A calix[4]resorcin-
arene with methylene bridges was manually input by the
SKETCH mode of the program SYBIL? and minimized with
the SYBIL MAXIMIN2 routine (TRIPOS force field) on
a Silicon Graphics Personal Iris workstation. A random
conformational search with a 10° stepwise increment of
the eight nonaromatic rotatable C—C bonds was carried out
on this molecule using the SEARCH module within SYBIL
with an energy cutoff of 70 kcal/mol (default value). This
calculation yielded 33 geometries, which converged after
a MAXIMIN2 energy minimization to five conformations,
resembling with some distortion the flattened cone, two
kinds of flattened partial cone, the 1,3 alternate, and the
1,2 alternate conformations. Further minimization of these
structures with the program MoDEL? (MM2 force field) led
to the first above-reported four conformations, with the
symmetries C,,, Cy,, C,, and Dy, respectively. The 1,2-
alternate conformation was built up from the fifth struc-
ture, which showed a very high strain energy, by changing
manually the coordinates of half of the molecules as to
obtain a Cy, symmetry. The input structure was then
minimized with the program MODEL. The energies of the
final five MM2 minimized conformations are reported in
Table II. The four aliphatic chain CH,COOCH; were then
added to each conformation; in the case of the 1,2 alternate
conformation the substituents were drawn in cis-trans—cis
configuration relative to C-2, in accordance with the 'H
NMR data, while in the remaining conformations the R
groups were added in all-cis relative configuration. The
five structures so obtained were minimized until conver-
gence with MODEL and then submitted to a further random
search on the side chains to find the preferred spatial
orientation. The results of the molecular mechanics cal-
culations on the five conformations of the calix[4]resor-
cinarene 2a (n = 4) are summarized in Table III. The
calculations predict the flattened cone conformation to be

(8) SYBIL (Version 5.4); Tripos Associates, Inc.: St. Louis, MO 63144.
(7) Steliou, K. MODEL (Version K.S.2.96); University of Montreal,
Canada.

Table II1. Energies of MM2 (MODEL) Minimized
Conformations of
C-(Carbomethoxymethyl)calix[4]resorcinarenes

conformation E (kcal) conformation  E (kcal)
flattened cone (C,,)  109.4 flattened partial 118.2
1,2 alternate (C,) 111.6 cone 1 (C,)

1,3 alternate (D,y) 116.1 flattened partial  121.3

cone 2 (Csh)

at the lowest energy in agreement with our results and the
literature data.*® The 1,2 alternate conformation with the
cis—trans—cis configuration was also shown to have a low
conformational energy, in agreement with the experimental
results.

An all-cis configuration of the minimized 1,2 alternate
conformation was built up by epimerization of C-14 atom
by EPIMR command within MODEL. Notably, this ste-
reoisomer minimized to a higher steric energy of 116.5
keal/mol. In summary, the molecular modeling study
confirmed the conformations and the configurations as-
signed on the basis of the NMR experiments.

Treatment with BFEt,0 of other cinnamates (1b and
1c), to be presented in a future detailed paper, gave com-
pounds with general structures 2b (n = 4) and 2¢ (n = 4),
respectively, thus affording evidence for the general ver-
satility of the reaction.® The nonphenolic substrate, the
low (room) temperature, and the good yields are the
outstanding features of this approach to calixarenes.
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(8) Hogberg, A. G. 8. J. Org. Chem. 1980, 45, 4498,

(9) On the other hand, 2,6-dimethoxycinnamic acid ethyl ester un-
dergoes initial rearrangement to 2,4-dimethoxycinnamate (1b) and sub-
?equen)t tetramerization to afford calixarenes with general structure 2b

n = 4).
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Summary: The C,—C,; segment (%)-8 of swinholide A/
scytophycin C was prepared in eight steps from (E)-4-
chlorobut-3-en-2-one (10) in 19% overall yield with 87%
diastereoselectivity. The C, stereocenter was controlled
by the novel, vinylogous Mukaiyama aldol reaction, 16 +

18 — 19, mediated by BF;OEt,. The related C,—C;;
segment (+)-9 for misakinolide A was also prepared.

Swinholide A, a novel cytotoxic macrolide isolated from
marine sponges of the genus Theonella swinhoei, was first

0022-3263/92/1957-3261$03.00/0 © 1992 American Chemical Society
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Chart I

swinholide A (1):n =1, R'=R2=Me
swinholide B (2):n =1, R'=H, R%= Me
swinholide C (3):n=1,R'= Me, R2=H
misakinolide A (4):n =0, R'=R%= Me

HO HO OMe OMe

7

reported by Carmely and Kashman in 1985.! Recently,
mass spectroscopic? and X-ray crystallographic?®4 studies
have shown it to be the symmetrical dimer 1 with an un-
usual 44-membered ring. Several other dimeric macrolides
have also been obtained from Theonella, including swin-
holides B (2) and C (3)* and the analogous 40-membered
dilactone, misakinolide A (4)%2 (= bistheonellide A%4),
Scytophycin C (5), a related monomeric 22-membered
macrolide, has been isolated by Moore et al.* from the
blue-green alga Scytonema pseudohofmanni, and this also
exhibits cytotoxicity and antifungal activity. As can be
seen from the respective seco acid structures 6 (n = 0 for
misakinolide A, n = 1 for swinholide A%) and 7 (for scy-
tophycin C), these marine macrolides have identical ste-
reostructures spanning C,—C,, (C,—C,, for misakinolide A)

(1) Carmely, S.; Kashman, Y. Tetrahedron Lett. 1985, 26, 511.

(2) (a) Kobayashi, M.; Tanaka, J.; Katori, T.; Matsuura, M.; Kitagawa,
1. Tetrahedron Lett. 1989, 30, 2963. (b) Kitagawa, 1.; Kobayashi, M.;
Katori, T.; Yamashita, M.; Tanaka, J.; Doi, M.; Ishida, T. J. Am. Chem.
Soc. 1990, 112, 3710. (c) Kobayashi, M.; Tanaka, J.; Katori, T.; Matsuura,
M.; Yamashita, M.; Kitagawa, I. Chem. Pharm. Bull. 1990, 38, 2409. (d)
Doi, M.; Ishida, T.; Kobayashi, M.; Kitagawa, L. J. Org. Chem. 1991, 56,
3629. (e) Kobayashi, M.; Tanaka, J.; Katori. T.; Kitagawa, I. Chem.
Pharm. Bull. 1990, 38, 2960. (f) Todd, J. S.; Alvi, K. A.; Crews, P.
Tetrahedron Lett. 1992, 33, 441,

(3) (a) Sakai, R.; Higa, T.; Kashman, Y. Chem. Lett. 1986, 1499. (b)
Kato, Y.; Fusetani, N.; Matsunaga, S.; Hashimoto, K.; Sakai, R.; Higa,
T.; Kashman, Y. Tetrahedron Lett. 1987, 28, 6225. (c) Tanaka, J.; Higa,
T.; Kobayashi, M.; Kitagawa, I. Chem. Pharm. Bull 1990, 38, 2967. (d)
Kobayashi, J.; Tsukamoto, S.; Tanabe, A.; Sasaki, T.; Ishibashi, M. J.
Chem. Soc., Perkin Trans. 1 1991, 2379.

(4) (a) Ishibashi, M.; Moore, R. E.; Patterson, G. M. L.; Xu, C.; Clardy,
J. J. Org. Chem. 1986, 51, 5300. (b) Moore, R. E.; Patterson, G. M. L;
Mpynderse, J. S.; Barchi, J., Jr; Norton, T. R.; Furusawa, E.; Furusawa,
S. Pure Appl. Chem. 1986, 58, 263.
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and differ mainly in the ring size and the nature of the
side-chain terminus attached to Cy. To date, no synthetic
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Table I. Lewis Acid-Promoted Additions of Silyl Dienol Ether
18 to Aldehyde 16

OBn OBn
| o Lewis acid |} 0
W —— W —_—
)
7 H PLIS 'S
(o]

O‘LA 18 Ry R, o)

19 R, =H, Ry = OH
20 Ry=OH,Rp=H

OBn

16 21

entry Lewis acid solvent temp (°C) 19:20° % yield®

1  CLTi(O'Pr); CHCl, -78 72:28 24 (48)
2  CLTi(OPr), CH,Cl, -40 78:22 40 (72)
3  BF.OEt, Et,0 -78 —-40 83:17 61 (76)
4 BF;0Et, THF -78—+20 5842 50 (62)
5 BFyOEt, CH,Cl, -78 86:14 62

8 BF;0Et, 9:1 CH,Cl,/ -78 90:10 70 (78)

Et,0

%Determined by weighing after chromatographic separation.
5 Number in parentheses is yield based on recovered 16.

work has been described for any of these structurally-
complex, marine macrolides.® Herein we report the
stereocontrolled synthesis of the C,-C,; segment 8 for
swinholide A and scytophycin C and the related C,—C;;3
segment 9 for misakinolide A.

A boron aldol reaction between (E)-4-chlorobut-3-en-2-
one (10)° and 3-(benzyloxy)propanal, mediated by
"Bu,BOTf/Pr,NEt (CH,Cl,, -78 °C),” gave the 8-hydroxy
ketone 11 in 87% yield (Scheme I). Cyclization to the
dihydropyrone, 11 — 12 (60%), was then achieved using
Me,SiOTY (1.05 equiv) and ‘Pr,NEt (0.80 equiv) in CH,Cl,,
under our previously reported conditions.” Reduction of
ketone 12 by NaBH,/CeCl;* (MeOH/EtOH, -78 °C),
followed by acetylation with Ac,0, gave the acid-sensitive
dihydropyran 13 (86% ), in readiness for the stereoselective
introduction of the C, side chain.

Initial investigations of the carbon® Ferrier rearrange-
ment?® of 13 used 1-(tert-butyldimethylsiloxy)-1-meth-
oxyethene, in the presence of various Lewis acids (TiCl,,
BF;-0OEt,, Me;SiOT{, ZnBr,). These reactions all exhibited
low stereoselectivity, e.g., ZnBr, catalysis in CH,Cl, (20 °C,
2.5 h) gave a 2:1 mixture of the trans and cis dihydropyrans
14 and 15 in 72% yield. DIBAL reduction of each of these
esters then gave the corresponding aldehydes 16 and 17.
In contrast, the use of (tert-butyldimethylsiloxy)ethene!!
(1.3 equiv), in conjunction with CL,Ti(OPr), (1.1 equiv)
in PhMe at -42 °C, resulted in the direct formation of the
desired aldehyde 16 in 80% yield—now with essentially
complete trans selectivity (16:17 = 97:3 by capillary GC
analysis; stereochemistry determined by 'H NMR NOE
difference experiments). Similar stereochemical results
have been reported by Danishefsky for carbon Ferrier
rearrangements using allylsilanes on related systems,®<
although the use of silyl enol ethers usually gives much
lower levels of stereocontrol.®

The Lewis acid promoted addition of the silyl dienol

(5) Paterson, I.; Cumming, J. G. Tetrahedron Lett., in press.

(8) Price, C. C.; Pappalardo, J. A. J. Am. Chem. Soc. 1950, 72, 2613.

(7) Paterson, 1.; Osborne, S. Tetrahedron Lett. 1990, 31, 2213.

(8) Gemal, A. L.; Luche, J.-L. J. Am. Chem. Soc. 1981, 103, 5454.

(9) (a) Dawe, R. D.; Fraser-Reid, B. J. Chem. Soc., Chem. Commun.
1981, 1180. (b) Danishefsky, S.; Kerwin, J. F. J. Org. Chem. 1982, 47,
3803. (c) Danishefsky, S. J.; DeNinno, S.; Lartey, P. J. Am. Chem. Soc.
1987, 109, 2082.

(10) (a) Ferrier, R. J. J. Chem. Soc. 1964, 5443. (b) Ferrier, R. J.;
Prasad, N. J. Chem. Soc. C 1969, 570.

(11) Jung, M. E;; Blum, R. B. Tetrahedron Lett. 1977, 3791.
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ether 182 to aldehyde 16 was next investigated (Table I).
Substrate-controlled introduction of the C; stereocenter
in a 1,3-anti sense might be possible by chelation!? of the
aldehyde and the dihydropyran ether oxygens with a
dicoordinating Lewis acid (e.g., TiCl,). However, use of
TiCl, led to decomposition, and the milder Lewis acid
CL,Ti(O'Pr),, while giving some of the desired products 19
and 20 with moderate selectivity, suffered from poor
conversion (entries 1-2)., BF3OEt, circumvented this
problem and—when used in a solvent mixture of 9:1
CH,Cl,/Et,0 at -78 °C for 80 min (entry 6)—promoted
the addition to give a 90:10 ratio of 19 and 20 (assigned
stereochemistry later verified) in 78% yield. This novel,
vinylogous Mukaiyama aldol reaction!* only gave products
of y-attack!® on 18, while the trisubstituted double bond
in the enal products was exclusively the E isomer (NOE).
Moreover, the sense of diastereoselectivity in the reaction
was the same with both the boron and titanium Lewis
acids. Thus, chelation was not required to obtain useful
levels of diastereoface selectivity in the chiral aldehyde 16.
Notably, the monocoordinating Lewis acid, BFOFEt,, gave
highest diastereoselectivity, presumably due to confor-
mationally-controlled attack of the nucleophile on the 1:1
aldehyde-BF; complex 21.16:17

The major aldol adduct 19 was converted (Scheme II)
into the corresponding E E unsaturated ester 22 in 90%
yield by a Horner~Emmons reaction with methyl di-
methylphosphonoacetate ("BuLi, THF, 0 °C). At this
stage, detailed comparisons of the 'H and *C NMR spectra
with that reported®c for the C,~C,; section of the mo-
nomeric seco acid (methyl ester) of swinholide A indicated

(12) Krohn, K.; Tolkiehn, K.; Lehne, V.; Schmalle, H. W,
Gritzmacher, H.-F. Liebigs Ann. Chem. 1985, 1311.

(13) For a review on chelation controlled reactions, see: Reetz, M. T.
Angew. Chem., Int. Ed. Engl. 1984, 23, 556.

(14) Mukaiyama, T.; Banno, K.; Narasaka, N. J. Am. Chem. Soc. 1974,
96, 7503.

(15) For the vy-selective reactions of silyl dienol ethers with other
electrophiles, see inter alia: (a) Mukaiyama, T'; Ishida, A. Chem. Leit.
1975, 319. (b) Ishida, A.; Mukaiyama, T. Bull. Chem. Soc. Jpn. 1977, 50,
1161. (c) Fleming, I.; Goldhill, J.; Paterson, 1. Tetrahedron Lett. 1979,
3209. (d) Fleming, I; Lee, T. V. Tetrahedron Lett. 1981, 22, 705. (e)
Paterson, 1.; Price, L. G. Tetrahedron Lett. 1981, 22, 2833.

(16) Reetz has reported the 1,3-anti-selective aldol addition of silyl
enol ethers to 3-(benzyloxy)butanal using BF; gas. The selectivity ob-
tained, again in the same sense as chelation control, was ascribed to attack
on a 2:1 complex, i.e., (BFg)ysubstrate: Reetz, M. T.; Kesseler, K,; Jung,
A. Tetrahedron Lett. 1984, 25, 729,

(17) The conformational preferences of this aldehyde-Lewis acid
c?mplex are currently under investigation by NMR and molecular mod-
eling.
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an almost exact match.!® The assigned stereochemistry
was subsequently verified by cyclization of the C,; hydroxyl
group on to the Cy,;; alkene in 22 by an intramolecular
oxymercuration using Hg(OCOCF,), in THF, followed by
treatment with aqueous KBr (81%).1° The resulting
cis-fused bicyclic mercurial 23 was sufficiently stable to
isolate and characterize, and 'H NMR NOE difference
experiments in CD;CN showed that the methine protons
H;, Hy, and H;, were all on the same face. In contrast, the
corresponding C; epimeric mercurial, prepared in a similar
fashion from the minor aldol adduct 20, did not show these
enhancements. This proved that the major aldol isomer
had the correct C, stereochemistry for the target macro-
lides. Finally, protection of the hydroxyl group in 22 as
the TBS ether (‘BuMe,SiOTY, 2,6-lutidine, CH,Cl,, -78 °C;
93%) then gave the fully protected C;~C,; segment 8 of
swinholide A and scytophycin C. Additionally, the al-
dehyde 19 was oxidized with sodium chlorite?®® (NaH,PO,,
Me,C=CHMe, ‘BuOH) to the corresponding E unsatu-
rated acid which, after esterification with CH,N, and TBS
protection, gave 9, a fully protected C,—C,; segment of
misakinolide A.

In summary, we have achieved a short and highly
diastereoselective synthesis (8 steps, 87% overall ds) of two

(18) For the major isomer 22, the '3C chemical shifts in CDCl; agreed
within £1.1 ppm, while the 'H NMR chemical shifts and multiplicities
gave a close fit. In contrast, the C, epimer showed significant differences,
particularly in the 1*C NMR spectrum, e.g., the carbon resonances for C,
and C, differed by ca. 5 ppm relative to those in the monomeric seco acid
(methyl ester) of swinholide A.%

(19) Reitz, A. B.; Nortey, S. O.; Maryanoff, B. E.; Liotta, D.; Monahan,
R. J. Org. Chem. 1987, 52, 4191.

(20) Bal, B. S.; Childers, W. E.; Pinnick, H. W, Tetrahedron 1981, 37,
2091.

related racemic intermediates for the cytotoxic macrolides
1-5. Key steps are (i) the construction of the dihydro-
pyrone 12 using our recently developed boron aldol-
cyclization sequence,’ (ii) the highly diastereoselective,
carbon Ferrier rearrangement of 13 to give the aldehyde
16 directly, followed by (iii) a novel, vinylogous Mukaiyama
aldol reaction with the silyl dienol ether 18 selectively
giving the enal 19, with stereocontrol at C, arising from
a nonchelation pathway. Studies towards their asym-
metric synthesis, using chiral boron reagents in step (i),
and further elaboration into swinholide A, misakinolide
A, and scytophycin C are underway.
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Summary: An asymmetric aza-Diels—-Alder reaction of an
imines mediated by an in situ generated chiral boron
complex is described. The method is successful with
several aldimines and affords products of up to 90% ee.

The development of chiral Lewis acid catalysts for
carbon—carbon bond forming reactions is one of the most
challenging and formidable goals in organic synthesis.!
Unfortunately, however, the catalytic asymmetric reaction
with imine, which can open up a wide variety of possi-
bilities for the synthesis of natural products of the alkaloid
family,? has never been developed to a useful level. In this
paper, we wish to describe an asymmetric aza-Diels-Alder
reaction® of an imine (eq 1) mediated by an in situ gen-

(1) Review: (a) Morrison, J. D. Asymmetric Synthesis; Academic
Press: New York, 1984; Vol. 3B. (b) Bosnich, B. Asymmetric Catalysis;
Martinus Nijhoff: Dordrecht, 1986. (c) Narasaka, K. Synthesis 1991, 1.
For recent efforts from our laboratories, see: Furuta, K.; Mouri, M.;
Yamamoto, H. Synlett 1991, 561 and references cited therein.

(2) Review: Boger, D. L.; Weinreb, S. M. Hetero Diels-Alder Meth-
odology in Organic Synthesis; Academic Press, New York, 1987. For
more recent work, see: Comins, D. L.; Goehring, R. R.; Joseph, S. P.;
O'Connor, S. J. Org. Chem. 1990, 55, 2574 and references cited therein.

(3) Reports on diastereoselective Diels-Alder reaction of chiral imines.
(a) Larsen, S. D.; Grieco, P. A. J. Am. Chem. Soc. 1985, 107, 1768. (b)
Midland, M. M.; McLoughlin, J. I. Tetrahedron Lett. 1988, 29, 4653. (c)
Pfrengle, W.; Kunz, H. J. Org. Chem, 1989, 54, 4261. (d) Waldmann, H.;
Braun, M.; Driger, M. Angew. Chem. Int. Ed. Engl. 1990, 29, 1468. (e)
Midland, M. M.; Koops, R. W. J. Org. Chem. 1992, 57, 1158.

erated chiral boron complex of type 1.4 The method is
successful with several aldimines and affords products of

high enantiomeric purity.
o
H . jOTMS . rﬁ/n
N R o] M

OMe
Hen
2 3 R=H 5 R=zH
4 R=Me . 6 R=Me
OO OuL

B(OAr); + (RA)-Binaphthol — B8—OAr | (2)

SO
1

The chiral boron complex was conveniently prepared in
situ simply by mixing a 1:1 molar ratio of optically active
binaphthol and triphenyl borate® in CH,Cl, at ambient

(4) Although 1 is clearly the most probable structure, we cannot ex-
clude other possible structures for the active species. For a similar borane
catalyst in recent literature, see: (a) Kelly, T. R.; Whiting, A.; Chan-
drakumar, N. S. J. Am. Chem. Soc., 1986, 108, 3510. (b) Gross, U.-M.;
Bartels, M.; Kaufmann, D. J. Organomet. Chem. 1988, 344, 277. (c¢)
Kaufmann, D.; Boese, R. Angew. Chem., Int. Ed. Engl. 1990, 29, 545.
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