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Transannular Diels-Alder reactions of 14-membered macrocyclic trienes possessing a methyl substituent on both the 
diene and dienophile moiety have been investigated. Macrocyclic structures l a ,  l b ,  and l c  having cis-trans-trans (CTT), 
trans-cis-trans (TCT), and trans-trans-trans (TTT) geometries could be stereoselectively constructed by coupling ap- 
propriately functionalized dienes 5 and dienophile 4 following an intramolecular displacement of an allylic halide by the 
anion of an appropriately located dimethyl malonate unit. The transannular Diels-Alder reaction performed on l a  led 
to a mixture of four major tricyclic products, including 34 possessing the unexpected trans-anti-cis (TAC) stereochem- 
istry. When heated at 300°C, macrocycle 10 underwent an unique conversion via an ene-retroene, Diels-Alder pro- 
cess, producing the unexpected tricycle 41 (racemic form) containing five contiguous chiral centers. A rationale for the 
above experimental facts is presented. In contrast to the previous results, the transannular Diels-Alder reaction of ma- 
crocycle l c  was straightforward, producing a 95% isolated yield of trans-anti-cis (TAC) tricycle 34. This investigation 
demonstrates a general methodology for the stereocontrolled synthesis of 1,2-dimethyl A.B.C[6.6.6] tricyclic com- 
pounds, which are potential precursors to polycyclic natural products such as steroids and terpenes. 

YAO-CHANG XU, ANDREW L. ROUGHTON, RAYMOND PLANTE, SOLO GOLDSTEIN et PIERRE DESLONGCHAMPS. Can. J.  Chem. 
71 ,  1152 (1993). 

La reaction de Diels-Alder transannulaire macrocycles a 14 chainons contenant un dikne et un diknophile substitues 
par un  radical methyl est dCcrite. Les macrocycles l a ,  l b  et l c  de gComCtrie cis-trans-trans (CTT), trans-cis-trans (TCT), 
et trans-trans-trans (TTT) ont CtC prepares de manikre stCreoselective par le couplage des dienes 5 et du diknophile 4 
suivi par un deplacement intramolCculaire d'un halogenure allylique par l'anion d'une unite malonate. Le macrocycle 
l a  fournit par une reaction de Diels-Alder transannulaire un melange de quatre produits tricycliques dont 34, produit 
inattendu, de stkreochimie trans-anti-cis (TAC). Par chauffage a 300°C le macrocycle l b  subit une transformation unique 
par une suite de reactions kne-retrobne, Diels-Alder conduisant au tricycle inattendu 41 (forme rackmique) qui posskde 
cinq centres chiraux contigus. Une rationalisation de ces iaits experimentaux est proposke. Contrairement aux resultats 
precedents, la reaction Diels-Alder transannulaire effectuee sur le macrocycle l c  donna comme attendu le tricycle trans- 
anti-cis (TAC) 34 avec un rendement de 95% en produit isole. Dks lors cette etude demontre une mtthodologie gCnCrale 
permettant de synthetiser de manikre stCreocontr6lCe des structures tricycliques 1.2-dimethyl A.B.C.[6.6.6], prkcurseurs 
potentiels de produits naturels tels les steroi'des et les terpknes. 

Introduction macrocycles such as 1 with no methyl (2d, e )  or with one 

Recent research in our laboratories has centered on the 
development of general methodologies that can be used to 
prepare polycyclic compounds in a stereocontrolled manner 
(1, 2). Our approach, illustrated in Scheme 1, makes use of 
the transannular Diels-Alder reaction on macrocyclic trienes 
like 1 to give A.B.C.[6.6.6] tricyclic compounds such as 2. 
The [4+2] cycloaddition adducts 2, which possess four newly 
created chiral centers as well as different substituents and 
functional groups on the three fused six-membered rings, are 
potential precursors to polycyclic natural products such as 
steroids and terpenes (3). 

Our earlier studies (4) involving the syntheses of carbon 
macrocycles having various ring size (10-14 carbons) by 
base-assisted intramolecular displacement reaction laid the 
foundation for the development of this new methodology. 
Having successfully constructed the necessary macrocyclic 
triene, the first transannular Diels-Alder reaction of 13- 
membered macrocycles was found to produce B .C.D. [6.6.5] 
tricyclic compounds (2f-j). Further investigations of the 

methyl substituent (2a,  6 )  showed them to be very promis- 
ing for the construction of A.B.C.[6.6.6] tricyclic com- 
pounds. In both cases, racemic tricyclic products could be 
obtained in good yields and excellent stereoselectivities 
of the four contiguous asymmetric centers. In the course of 
our study, a total synthesis of a steroid derivative using 
the transannular Diels-Alder approach was reported by 
Takahashi et al. (5). 

In this article, we would like to report further investi- 
gations (1) of the transannular Diels-Alder reaction in a 
14-membered macrocycle system containing a methyl sub- 
stituent on both the diene and dienophile moiety. As indi- 
cated in Scheme 1, the cycloaddition in macrocycle 1 would 
lead to the formation of 1,7-dimethyl tricyclic product 2. The 
skeleton of such a tricyclic system having two methyl groups, 
on C(1) and C(7), is a common constituent of many natural 
diterpene and triterpene products. This study can therefore 
lead to the development of new strategies for the synthesis 
of some of these polycyclic natural products. 

transannular b i e l s - ~ l d e r  c ycloaddition in -1 4-membered Methods and discussion 
Our general approach towards the tricyclic compounds 

' ~ u t h o r  to whom correspondence may be addressed. bearing two methyl groups at C ( l )  and C(7) positions is 
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XU ET AL.: I 

outlined in Scheme 1. The target product 2 could be ob- 
tained by the transannular [4+2] cycloaddition in 14-mem- 
bered macrocycle 1, which, in turn, could be easily prepared 
from acyclic triene 3 via an intramolecular displacement of 
the allylic halide by base-generated dimethyl malonate anion. 
Triene 3 having different olefin geometries could be de- 
rived from the coupling reaction of appropriately function- 
alized dienes 5 and E-dienophile 4 .  
Synthesis of E-dienophile 4 

The basic strategy for the preparation of this trisubsti- 
tuted olefin is based on the palladium-catalyzed coupling 
reaction of 2-carbomethoxypropyl zinc iodide 10 (6) and 
vinyl iodide 11 (7) as depicted in Scheme 2. 

The preparation of zinc iodide 10 was readily achieved 
starting from commercially available y-butyrolactone 6 .  
Methanolysis (methanol-pyridine) of acyl chloride 7 ,  which 
was obtained from 6 by reaction with thionyl chloride in the 
presence of zinc chloride (8), provided methyl 4-chlorobu- 
tyrate 8. A halide exchange reaction on 8 (potassium iodide 
in acetone) gave the corresponding alkyl iodide 9 ,  which was 
treated with metal zinc at 60°C to give the desired product 
10. 

The preparation of vinyl iodide 11 was realized stereose- 
lectively starting from 4-butynol using Negishi's proce- 
dures (7) followed by silylation (9) of the primary alcohol. 
The coupling reaction of 11 and 10 provided E-dienophile 
12, no Z isomer being observed by nmr spectroscopy. The 
desired malonate 4 was obtained by treatment of 12 with 
lithium diisopropylamide followed by the addition off methyl 
chloroformate ( 10). 

Syntheses of dienes 5 
The syntheses of 2-methyl-substituted 2,4-diene 5a (Z-E), 

5b (E-Z), and 5c (E-E) are outlined in Scheme 3 starting from 
the commercially available Z-2-butene-1,4-diol 13. Swern 

oxidation of the monoprotected diol 14 (1 1) led to the a,P- 
unsaturated aldehyde 15a with the Z-olefin geometry retained 
(12). The selective E olefination of the aldehyde was per- 
formed via a Wittig-Horner-Emmons reaction with ethyl- 
diisopropyl-2-phosphonopropionate and sodium hydride to 
provide the Z-E diene 16a (13), which was subsequently 
converted to the allylic alcohol 17a by diisobutylaluminium 
hydride (DIBAL-H) reduction. The desired allylic chloride 
5a was finally obtained from 17a via Meyers' procedures 
(lithium chloride, methanesulfonyl chloride, and s-collidine 
in dimethylformamide (DMF) (14)). 

Oxidation of mono-protected diol 14 with pyridinium 
chlorochromate at room temperature yielded the thermody- 
namically stable E-unsaturated aldehyde 15b (15), isomer of 
15a. Condensation of 15b with ethyl bis(trifluoroethy1)-2- 
phosphonopropinate following Still's procedure (16) gave 
stereoselectively E-Z diene ester 16b, which was then 
reduced to alcohol 17b by diisobutylaluminium hydride. 
Protection of the allylic alcohol with tert-butyldiphenyl- 
chlorosilane in the presence of triethylamine (17) resulted in 
the formation of silyl ether 18b. Treatment of 18b with pyr- 
idinium p-toluenesulfonate in isopropanol selectively re- 
moved the tetrahydropyranyl ether to produce allylic alcohol 
1 9 b , ~  which was converted to allylic chloride 5b by the use 
of the previously mentioned Meyers' method (14). 

Similarly, treatment of 15b with Wittig reagent derived 
from ethydiisopropyl-2-phosphonopropionate afforded the 
E-E diene ester 16c (13). This stereoselective E-olefination 
reaction from 15b to 16c could also be realized in good yield 
by commercially available triethyl-2-phosphonopropionate 
and sodium hydride. Diisobutylaluminium hydride reduc- 

2 ~ .  Ruest, S. Lamothe, and P. Deslongcharnps. Unpublished 
results. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
A

T
S-

 U
N

D
 L

A
N

D
E

SB
IB

L
IO

 D
U

E
SS

E
L

D
O

R
F 

on
 1

1/
20

/1
3

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



CAN. J.  CHEM. VOL. 71. 1993 

x ' - Y O C H 3  

9 H  
TBDMSO 11 

* 
0 d 

(a) SOCh, ZnC12, 55OC, 22 h, 65%; 

(b) CH30H, Pyriiine, O°Cto r.t., 18 h, 77%; 

(c) Nal, acetone, reflux, 42 h, 78%; 

/-' 
TBDMSO 

(d) Zn-Cu, 9, benzeneIDMF, 25"C, 1 h, 60°C, 3 h; then Pd(PPh3)4, 13, 60°C, 1 h, 65%; 

(el LDA, -78% 0.5 h; then CIC02CH3, 67%. 

tion of 16c followed by protection of the resulting allylic al- 
cohol with tert-butyldiphenylchlorosilane (17) yielded diene 
diether 18c. Selective removal of the tetrahydropyranyl ether 
was realized by the previously mentioned method' to afford 
allylic alcohol 19c, which was then converted to allylic 
chloride 5c having the E-E diene geometry (14). 

Preparations of macroc~~cles 1 
The precursors of macrocycles 1b (trans-cis-trans, TCT) 

and l c  (trans-trans-trans, TTT), namely acyclic trienes 22b 
and 22c, are readily synthesized by coupling the appropri- 
ately functionalized basic building blocks, dienes 5b and 5c, 
with dienophile 4.  Thus, deprotection of E-dienophile 4 with 
tetrabutylammonium fluoride (18) provided alcohol 20, which 
was subsequently transformed into the methanesulfonate ester 
21 with methanesulfonyl chloride and triethylamine (Scheme 
4). The coupling reactions were performed by treatment of 
dienophile 21 with sodium hydride to form the sodium en- 
olate, followed by addition of dienes 56 and 5c to produce 
alkylated products 226 and 22c, respectively, in good yields 
(19). Introduction of the second malonate connector into the 
acyclic trienes was accomplished by displacement of the 
methanesulfonate ester group of trienes 22b and 22c with the 
sodium salt of dimethyl malonate in the presence of potas- 
sium iodide. The cleavage of the silyl ether protecting group 
of trienes 236 and 23c was effected with n-Bu,NF in good 
yields (18). The resulting allylic alcohol 24b was then 
transformed into the corresponding allylic chloride 250 by 
Meyers' procedure (14), while the allylic alcohol 24c was 
converted to the allylic bromide 25c using carbon tetra- 
bromide and triphenylphosphine in dichloromethane (20). A 
slight decomposition was observed when allylic halides 256 
and 25c were submitted to purification by flash chromatog- 
raphy. This problem, however, could be avoided if the crude 

allylic halides were filtered through a short-path silica gel 
column and used for the next reaction immediately without 
purification by chromatography. 

Having built the requisite carbon chain and appropriate 
functional groups at each end, acyclic trienes 250 and 25c 
were ready for the construction of 14-membered rnacrocy- 
cles. The macrocyclizations were performed by slow addi- 
tion of a solution of allvlic chloride 25b or allvlic bromide 
25c in tetrahydrofuran to a stirred suspension of cesium car- 
bonate in a mixture of DMF and THF at about 80°C under 
dilution conditions so as to avoid dimerization (2). Macro- 
cyclic products 10 (TCT) and l c  (TTT) were respectively 
obtained in good yields, as white solids, via an intramole- 
cular displacement of allylic halides by base-generated di- 
methyl malonate anion. Small quantities (510%) of the 
corresponding macrocyclic dimers 26b and 26c were also 
isolated. The structures of macrocycles l b  and l c  were es- 
tablished by spectroscopic characterization including car- 
bon-13 and proton nmr, infrared, and mass spectra. The 
conservation of the double bond geometries in the cycliza- 
tion has been clearly established by comparing the proton nrnr 
data of the cyclic products with those of their acyclic triene 
precursor. ~ " r t h e k o r e ,  the structure of macrocycle 16 was 
confirmed by X-ray analysis (21). 

The isolation of the stable 14-membered macrocycle l c  
having trans-trans-trans (TTT) olefin geometries should be 
noted because previous attempts to isolate such macrocy- 
cles had failed due to the facile transannular Diels-Alder 
reaction under the cyclization conditions (26, 2e). The in- 
troduction of a methyl substituent on the diene as in l c  con- 
siderably lowers its reactivity in the transannular Diels-Alder 
reaction. This is indeed true since the Diels-Alder reaction 
of l c  requires temperatures as high as 250°C (vide infra). 
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XU ET AL.:  1 

I 
15b 

;" \ 

OTHP OTHP 
OTH P 

(a) 3,4-Dihydro-2H-pyran, PTSA, CH2CI2, THF, O°C; 
(b) (COC1)2, DMSO, iPr2NEt, CH2CI2, -60°C; 
(c) PCC, NaOAc, Molecular sieves, CH2CI2, O°C to r.t.; 
(d) (CF3CH20)2PCCH(CH3)C02Et, 18-crown-6-ether, KN(TMS)2, tol., THF, -78°C; 
(e) iPr02PCCH(CH3)C02Et, NaH, THF, -78°C; 
(f) DIBAL, CH2CI2, -78°C; 
(g) LiCI, scollidine, MsCI, DMF, 0°C to r.1.; 
(h) t-BuPhfiiCI, irnidazole, THF, r.t.; 
(i) PPTS, iPrOH, 75°C. 

It should be also noted that in the case of TTT acyclic 
triene 2 5 ,  the allylic bromide was employed for macrocy- 
clization instead of the allylic chloride, which was used ex- 
tensively in our previous studies (2). As presented in Scheme 
5, our original plan to synthesize trans-trans-trans macro- 
cycle l c  was based on the cyclization of allylic chloride triene 
27 (X = Cl). Such an approach was expected to be advan- 
tageous due to the reduced steric interactions (methyl group 
remote from the reaction site) for the cyclization process. 
However, no macrocyclic product l c  could be obtained after 
several attempts employing the usual cyclization condi- 

tions; only decomposition of starting material 27 was ob- 
served under various conditions of temperature and reaction 
time. This failure in transforming acyclic triene 27 to l c  
prompted us to use the corresponding acyclic triene bro- 
mide 27 (X = Br), which is expected to be more reactive than 
the chloride. Macrocyclization of 27 (X = Br) under the same 
conditions provided a 24% yield of macrocycle l c .  At- 
tempts to increase the yield failed, and we found that allylic 
bromide 27 decomposed quickly under the cyclization con- 
ditions. The instability of such a compound could be ration- 
alized by the fact that 27 (X = Br) can easily form a stable 
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5b or 5c - 
22b (EZE) X = OMS, Y = OTBDPS r 22c (EEE) 

- +2l R = Ms L 2 3 b  (EZE) X = CHE2, Y = OTBDPS 
r 23c (EEE) 

a L 2 4 b  (EZE) X = CHE2. Y = OH 
24c (EEE) 

25b (EZE) X=CI 
25c (EEE) X = Br 

(a) nBu4NF, THF, O°C to r.t., 91%; 

(b) MsCI, EbN, CH2CI2, O°C, 94%; 

(C) NaH, THF, DMF, 5; 

(d) NaH, CH2E2. KI, DMF, THF, 80°C; 

(e) LEI, scollidine, MsCI, DMF, O°C to r.t., 84%; 

l b  (TCT) 
1c 0 

(f) CBr4, Ph3P, CH2CI2, 0°C; Cs2C03, DMF, THF, 80°C, 86%; E I 

(g) CS~CQ, THF, DMF, 80°C. 
26b (TCTTCT) 
26c (m) 

allylic carbocation, which is further stabilized by the pres- would be more stable than 27. Indeed, the allylic bromide 
ence of the methyl group. T o  circumvent this problem, our 25c was found to be stable even under flash chromato- 
original plan was modified so that the cyclization would take graphic conditions and it cyclized efficiently to give l c  in 
place on the side of the diene bearing the methyl group as 73% yield along with 5% of the dimer 26c. 
indicated by structure 25c, since we anticipated that 25c The preparation of macrocycle la having the cis-trans- 
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/ - - - a "zEE THPO - \ 
CH3 z 

TBDMSO cH3 

(a) NaH, THF, DMF, 61%; 

(b) nBu4NF, THF, 0°C to r.t., 81%; 

(dl NaH, CH2E2, KI, DMF, THF, 80°C, 72%; 

(e) PPTS, CH30H, 70°C, 97%; 

(f) LiCI, MsCI, scollidine, DMF, 0°C to r.t.; 

(g) Cs2COJ, DMF, THF, 70%. 

-J' 
+ 3 other major products 

t 

E 
H 

l a  (CW 34 (TAC) 

tratzs (CTT) geometry was accomplished following the pro- 
cedures described in Scheme 6. The coupling reaction of 
diene 5a with dienophile 4 was conducted in the presence of 
sodium hydride to provide Z-E-E acyclic triene 28 (19), 
which was then converted to the methanesulfonate ester 30 
by desilylation (tz-Bu,NF (18)) following mesylation of the 
resulting alcohol 29 (MsCl and Et,N). After replacement of 
the mesylate group by dimethylmalonate, the resulting triene 
31 was hydrolyzed to the allylic alcohol 32 ( 1  l ) ,  which was 
subsequently converted to the allylic chloride 33 (14). The 
cyclization step was then conducted in a similar fashion as 
described before to provide macrocycle l a  (CTT) as a crys- 
talline solid. Again, the structure of l a  was established by 
spectroscopic data (nmr, ir, ms). 

Synthesis of tricycles, Tratlsannular Diels-Alder reactiotz 
1 .  From CTT macrocycle l a  
The transannular Diels-Alder reaction of CTT l a  was 

carried out by thermolysis in a sealed quartz tube at 360°C 
for 80 min to yield a mixture of four major products (Scheme 
7). Each compound contributed between 10 and 19% to the 
total crude reaction mixture as determined by vapour phase 
chromatography (vpc). Thin-layer chromatography of the 
crude reaction mixture also revealed the presence of several 
other minor products. The identification and characteriza- 
tion of the major products was attempted, but failed due to 
the difficulty in isolating each compound in a pure state. The 
presence of tricycle 34 having the trans-anti-cis (TAC) 
stereochemistry was, however, demonstrated by comparing 
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p: == - ==Ey-+j - 

E CH3 E 

E E 361 3611 
lai 

4 t. //r 

the products of the reaction mixture with an authentic sam- 
ple of 34 prepared by the Diels-Alder reaction of TTT ma- 
crocycle l c  (vide infra, cf. Scheme 10). 

The formation of this complex mixture of tricyclic prod- 
ucts can be explained in the following way. In principle, a 
macrocyclic triene can yield two different diastereoisomers. 
However, and as previously discussed (2a), there are cases 
where one of the expected diastereoisomers cannot be formed 
because of a conformational restriction imposed by the 
fact that the Diels-Alder reaction must take place via a 
boat transition state. As shown in Scheme 8,  the CTT 
macrocyclic triene l a  is expected to produce only the CAC 
tricycle 35 via the chair-boat-chair conformation 35i. Ex- 
amination of molecular models reveals however that this 
process is, sterically, extremely crowded: the cisoid confor- 
mation lai of the diene that is required for the Diels-Alder 
reaction is severely hindered sterically due to the presence 
of the methyl group on the diene, and also due to steric re- 
pulsion between one of the ester functions and the diene 
moiety (Scheme 8); these effects are best seen in the con- 
formation 35i of the Diels-Alder product 35 from which the 
CAC tricycle should be produced: one methyl group in the 
boat ring B is very severely hindered, and the P-ester func- 
tion in ring C is in a 1,3 diaxial disposition relative to the 
olefin of ring B. These severe steric interactions will raise 
considerably the energy of this process and will allow com- 
peting processes to take place. 

The unexpected formation of the TAC tricycle 34 as well 
as the formation of the other major products may be ex- 
plained in the following way. CTT tricycle l a  in confor- 
mation lai can undergo a 1,5 sigmatropic hydrogen migration 
to give 36 in conformation 36i. This new macrocyclic triene 

can then undergo another 1,5 sigmatropic hydrogen migra- 
tion via conformation 36ii to give TTT macrocyclic triene 
l c ,  which can then give the TAC tricycle 34 (vide infra). The 
other tricyclic products may come from the [4+2] cycload- 
dition of 36 or via other unknown side reactions. For in- 
stance, CTT macrocycle lai could undergo another 1,5 
sigmatropic hydrogen migration to give the isomeric ma- 
crocycle 37, which can also produce tricycles via the trans- 
annular Diels-Alder reaction. It should be pointed out that 
the 1,5 sigmatropic hydrogen migration in a macrocyclic 
triene followed by a [4+2] cycloaddition process has al- 
ready been previously observed in our laboratory (2 f ). 

2 .  From TCT macrocycle I b  
The transannular Diels-Alder reaction of TCT macrocy- 

cle 16 was carried out at 300°C in a fashion similar to that 
described for l a ,  and the interpretation of the results is pre- 
sented in Scheme 9. T o  our surprise, a totally unexpected 
tricyclic product 41 having a methyl-substituted olefin was 
isolated in 66% yield. The presence of the methyl group on 
the double bond in ring B and of the secondary methyl group 
in ring C was shown by proton nmr, the former one being a 
singlet at 1.62 ppm and the latter a doublet at 0.92 ppm. The 
presence of only one rather than two vinyl protons further 
indicated that the tricycle did not have an expected struc- 
ture. The overall structure and relative stereochemistry of 
tricycle 41 was established unambiguously by X-ray analy- 
sis (21). It is interesting to note that this compound exists in 
the solid state in conformation 41ii in which the secondary 
methyl group in ring C is axially oriented. 

We previously predicted (2a) that 14-membered macro- 
cyclic trienes having a trans-cis-trans geometry should give 
only one tricycle having the cis-anti-cis (CAC) stereochem- 
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XU ET AL.: I 1159 

istry. It was therefore expected that the TCT macrocycle l b  
would give the CAC tricycle 35 via conformation lbi .  Ex- 
amination of this process in more detail reveals, however, 
that it must have a relatively high activation energy due to 
severe steric interactions caused by the presence of the methyl 
groups and the ester functions. This can best be seen in con- 
formation 3%: the methyl group at C1 is sterically hindered 
by ring C while the other one at C7 is experiencing a 1,3 
diaxial steric interaction with one of the esters of ring C. 
There is also a 1,3 diaxial steric interaction between the axial 
ester function in ring A and the olefin of ring B. It is there- 
fore not surprising that macrocycle l b  underwent other re- 
actions having a lower activation energy. 

The formation of the CAC tricycle 41 having a methyl- 
substituted olefin can be rationalized by a transannular ene, 
a retroene, and finally a transannular Diels-Alder reaction 
as presented in Scheme 9. Thus, the transannular ene reac- 
tion would transform macrocycle l b  into the cis-bicyclic in- 
termediate 39 having two eight-membered rings. This would 
then be followed by a retroene reaction from 39 to produce 
the macrocyclic triene 40. This overall transformation is the 
equivalent of an oxidation-reduction process whereby the 
diene and dienophile have been interchanged. The new CIT 
macrocycle 40 can now easily undergo a transannular Diels- 
Alder reaction because both methyl groups are no longer 
located on carbon atoms directly involved in bond forma- 

tion and therefore are almost completely devoid of severe 
steric repulsion during this process. Indeed, compound 40 
would react via conformation 40i, which will produce tri- 
cycle 41 in conformation 41i having ring B in a boat form 
and an equatorially oriented secondary methyl group in ring 
C. In 41i, there is only one 1,3 diaxial interaction between 
an ester function in ring C and the olefin of ring B. Confor- 
mation 41i, once produced, would then revert to the more 
stable chair-half-chair-chair conformation 41ii having the 
secondary methyl group axially oriented as shown by X-ray 
crystallography. 

The above interpretation is also in accord with previous 
studies on less substituted TCT macrocyclic trienes. In- 
deed, we found (2e) that when the TCT macrocyclic trienes 
bear no methyl groups on the diene and the dienophile, only 
the theoretically expected CAC tricycle corresponding to 35 
(CH, = H) was obtained. This is of course not surprising as 
all the undesired steric effects that unduly raised the transi- 
tion state energy in 38i have now been removed. On the other 
hand, we also observed (2b, 23) that when there is no sub- 
stituent on the diene and only one methyl group on the dien- 
ophile, an intermediate situation occurs. In these cases two 
processes occur: one equivalent to l b  + 35 (40%) and the 
second equivalent to 1b + 41 (60%). In the dimethyl case, 
the process 1b + 35 does not take place because there is 
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TABLE 1. Chemical shifts of the methyl and olefin protons change 
on heating macrocycle l b  at 300°C 

Entry" Time (h) Distinguishing 'H nmr characteristics 

1 0 5.92-6. l l (2H, m, olefin) 
5.17 ( lH,  dt, olefin) 
5.09 (lH, br t ,  olefin) 
1.62 (3H, s, methyl) 
1.57 (3H, s, methyl) 

2 0.5 5.48 (IH, t ,  olefin) 
4.93 (IH, d, olefin) 
1.77 (3H, s, methyl) 
1.47 (3H, s, methyl) 

3 2 5.19 (IH, s, olefin) 
1.62 (3H, d, methyl) 
0.92 (3H, d, methyl) 

"Entries 1 and 3 correspond to the NMR chemical shifts of l b  and 41. 

additional steric hindrance that further increases its energy 
barrier. 

Our overall interpretation was further confirmed by de- 
tecting the presence of bicyclic intermediate 3 9  at shorter 
reaction time in a proton nmr monitored experiment. The 
intermediate 3 9  could not, however, be obtained pure by 
chromatography. Table 1 lists the chemical shifts for the 
characteristic olefin and methyl protons, which changed with 
time upon heating the macrocycle l b  at 300°C. The proton 
nmr data in entry 2 of Table 1 were obtained by subtracting 
the 'H nmr data of both starting material l b  (entry 1) and 
product 41  (entry 3) from that of the reaction mixture after 
0.5 h at 300°C. This set of 'H  nmr data in entry 2 is in full 
agreement with the proposed bicyclic structure 39.  The fail- 
ure to isolate or even detect the TCT macrocyclic interme- 
diate 40 can be explained by its higher reactivity in leading 
to tricycle 41  at 300°C via the transannular Diels-Alder re- 
action. In fact a macrocyclic TCT system similar to inter- 
mediate 40 was found to undergo a transannular Diels-Alder 
reaction at 250°C (2e). 

The observation of this unique conversion, namely, l b  + 
39 + 40 + 41  is mechanistically very interesting, since it 
is the first example of larger ring transformations through a 
transannular ene-retroene, Diels-Alder process, leading 
stereoselectively to a racemic tricyclic product 41 contain- 
ing five contiguous chiral centers. 

3. Frotn TTT macrocycle l c  
In contrast to the previous results of CTT and TCT ma- 

crocycles, the transannular Diels-Alder reaction of TTT 
macrocycle l c  turned out to be straightforward. As illus- 
trated in Scheme 10, thermolysis of l c  in toluene at 200°C 
for 18 h provided a 95% isolated yield of tricyclic com- 
pound 3 4  having the trans-anti-cis (TAC) stereochemistry, 
which was firmly established by X-ray analysis (22). 

Theoretically, it is expected that the transannular Diels- 
Alder reaction of a 14-membered TIT macrocycle triene will 
produce a mixture of two tricycles having the TAC and CAT 
stereochemistry (2a) .  This was indeed observed in the case 
of a TTT macrocycle having a methyl group on the dieno- 
phile, which gave a 2 :  1 mixture of TAC and CAT tricycles 
(2b). In the present case, the TAC tricycle is formed exclu- 
sively and this result can be easily understood by examining 

the steric effects involved at the transition level of the two 
competing processes. 

Tricycle TAC 3 4  and CAT 42 will be formed in confor- 
mations 34i and 42i, respectively, via the Diels-Alder re- 
action of macrocyclic triene l c  reacting in conformations lc i  
and lcii .  Again, steric effects are best analyzed in the con- 
formation in which the reaction products are formed. In 
stereoisomer 34i, there is a 1,3 diaxial steric interaction be- 
tween the p-ester of ring C and the olefin of ring B. In 
stereoisomer 42i, there are two major steric interactions. The 
first one is essentially identical to that found in 34i (a 1,3 
diaxial interaction between the wester of ring A and the olefin 
of ring B). The second one is the result of a 1,3 diaxial in- 
teraction between the methyl group at C7 and the p-ester in 
ring C ,  expected to be at least 2.5 kcal/mol. On that basis, 
one should anticipate the exclusive formation of TAC tri- 
cycle 34,  in agreement with the experimental result. 

We also used molecular modeling to examine these as- 
sumptions. We recently (23) described a study of a 14- 
membered TTT macrocyclic triene, like l c  but lacking the 
methyl substituent of the diene moiety, using the Sybyl 
~ o f t w a r e . ~  The transition states of the chair-boat-chair (CBC) 
and chair-boat-boat (CBB) leading to the corresponding 
TAC and CAT macrocycles were mimicked and a Boltzman 
distribution based on their steric energies gave a calculated 
TAC:CAT ratio in complete agreement with the experimen- 
tal results. As mentioned above, since the only difference 
between the two cases is a methyl substituent on the diene 
moiety, we reasoned that appropriate modifications might 
produce a fair description of transition structures for the 
present case as well. Thus the previously obtained transi- 
tion state mimics (24) were modified by addition of a methyl 
substituent on the diene (a model of l c ) ,  followed by a sys- 
tematic conformational analysis (10" step) using the Search 
algorithm within Sybyl. The torsion angle between the 
forming bonds and the torsion angle in the butadiene moiety 
were kept at 0" as found by ad initio calculations for the 
transition state of butadiene and ethylene (24). Distances 
betwcen the termini of the dienophile and the diene were left 
at 3 A as in our previous study and the lowest energy con- 
formers obtained in each case were minimized using the 
above-mentioned constraints. The four structures thus ob- 
tained and their respective steric energies are shown in 
Fig. 1 .  The lowest energy structures A (chair-boat-chair) 
and B (chair-boat-boat) would produce TAC tricycle 34 
while the structures C and D, which are quite a bit higher in 
energy, would produce CAT tricycle 42. A Boltzman dis- 
tribution at 473 K of these four transition-state-like struc- 
tures could lead to a product ratio TAC: CAT of 99 : 1, in 
excellent agreement with the experimental result. 

Finally, as mentioned above, the Diels-Alder reaction of 
TIT macrocycle l c  requires a temperature of 250°C whereas 
that of the corresponding TTT macrocycle having no sub- 
stituents on the diene takes place at 580°C (2b, 26). This is 
readily explained by the fact that when the methyl-substi- 
tuted tr-ans-trans diene takes the required cisoid conforma- 
tion to undergo the cycloaddition, there is an additional severe 
steric repulsion between the methyl group and the diene 
moiety (cf. Ici). 

In resume, CTT and TCT macrocycles l a  and I b  failed 

'.Sybyl 5.5 Tripos Associates, 1699 S. Hanley Road, Suite 303, 
St. Louis, MO 63144, U.S.A. 
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1ci 34 ( I  AC) 

E *  
/ 

E - 
H E 

E E 
l c i i  421 42 (CAT) l c i i  421 42 (CAT) 

FIG. 1. Geometries and energie 

to give the predicted CAC tricycle 35 because of severe steric 
hindrance at the transition level of the transannular Diels- 
Alder reaction. Macrocycle l a  gave a mixture of TAC tri- 
cycle 34 plus three unidentified isomers. The formation of 
34 from macrocycle l a  can be explained by the isomeriza- 
tion of l a  into TTT macrocycle Ic via two consecutive 1,5 
sigmatropic hydrogen migrations. The specific formation of 
tricycle 41 from macrocycle 16 took place via the interme- 
diate formation of bicycle 39 via an ene-retroene process. 
Finally, TIT macrocycle Ic gave only TAC tricycle 34; none 

:s of transition state mimics. 

of the other predicted CAT tricycle 42 was observed, a re- 
sult which is explained on the basis of relative steric hin- 
drance at the Diels-Alder transition state level. 

In conclusion, this investigation has demonstrated a general 
methodology for the stereocontrolled synthesis of 1,7-di- 
methyl A.B .C. [6.6.6] tricyclic compounds. The macro- 
cyclic trienes were constructed in good yields using an 
intramolecular displacement of allylic halides by a malo- 
nate anion in the acyclic triene precursors, which were as- 
sembled by coupling the diene and dienophile moieties. The 
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formation of unexpected tricycles from the CTT and TCT 
macrocycles has provided interesting information on com- 
peting transannular processes. The transannular Diels-Alder 
reaction of the T'IT macrocycle stereoselectively produced 
a TAC tricyclic compound in excellent yield. This synthetic 
route could prove useful for the synthesis of suvanine (25) ,  
and kaurane and atisane diterpenes (26) ,  which have the TAC 
stereochemistry with substituents at positions 8 and 10. The 
synthesis of these polycyclic natural products is currently 
under investigation. 

Experimental 

General 
The ir spectra were taken on a Perkin-Elmer 681 spectropho- 

tometer. Proton nmr spectra were recorded on a Bruker WP-80 or 
Bruker WM-250 instrument. The following abbreviations were 
used: s ,  singlet; d, doublet; dd, doublet of doublets; dt, doublet of 
triplets; ddd, doublet of doublets of doublets; ddt, doublet of 
doublets of triplets; t, triplets; q ,  quartet, and m, multiplet. Chem- 
ical shifts are reported in 6 values relative to tetramethylsilane or 
chloroform as internal standard. Carbon nuclear magnetic reso- 
nance spectra were recorded on a Bruker WP-80 or Bruker WM-250 
instrument (chloroform as internal standard). Mass spectra were 
obtained on a Micromass ZAB-2F instrument. Melting points were 
determined on a Biichi M-50 or on a Reichert apparatus and are 
uncorrected. 

Thin-layer chromatography was performed using silica gel 60 
F-250. For flash chromatography, Merck Kieselgel 60 (230-400 
mesh A.S.T.M.) was used. All solvents used in chromatography 
were distilled. Unless otherwise noted, starting materials and 
reactants were obtained commercially and were used as such or 
purified by standard means. All solvents and reactants purified and 
dried were stored under argon. 

Anhydrous reactions were performed under an inert atmosphere 
of argon. Organic solutions were dried over magnesium sulfate, and 
were evaporated on a rotatory evaporator and under reduced pres- 
sure. 

4-Chlorobutyryl chloride 7 
To a stirred mixture containing thionyl chloride (32.8 g, 

19.9 mL, 0.28 mmol) and anhydrous zinc chloride (1.5 g, 
11 mmol) at room temperature was rapidly added y-butyrolactone 
6 (21.6 g, 0.25 rnol). The resulting mixture was then heated at 55OC 
for 22 h. The crude mixture was purified by distillation under re- 
duced pressure to give 7 as a colorless oil (23.0 g, 65%). Boiling 
point: 5 1-59°C (5.0 Torr; 1 Torr = 133.3 Pa) (lit. (8) bp 69-74°C 
(14 Torr). 

Methyl 4-chlorobu~rate  8 
To a solution of pyridine (12.9 g, 13.2 mL, 0.136 mol) in 

methanol (6.53 g, 8.3 mL, 0.200 mol) was added, in dropwise 
fashion at O°C, 4-chlorobutyryl chloride 7 (23.0 g, 0.163 mol). The 
mixture was then stirred at 2S°C for 18 h following addition of 
precooled sulfuric acid (1 1.0 N,  55%, 75 mL). The mixture was 
extracted with diethyl ether (3 X 50 mL). The combined organic 
phases were washed with water and dried over Na2S04. After fil- 
tration, the solvents were removed under reduced pressure and the 
residue was purified by vacuum distillation to provide methyl 
4-chlorobutyrate 8 (17.1 g, 77%) as a colorless oil. Boiling point: 
27-29°C (0.7 Torr) (lit. (8) bp 50-52°C (2-3 Torr); ir (neat): 2950, 
1730, 1440, 1368, 1215 cm-I; 'H nrnr (CDC13) 6: 2.10 (tt, 2H, 
J = 7.2 HZ, 6.3 HZ, -CH2CH2CH2-), 2.51 (t, 2H, J = 7.2 HZ, 
-CH,COOCH3), 3.60 (t, 2H, J = 6.3 HZ, -CH2C1), 3.69 (s, 3H, 
-COOCH3). 

Methyl 4-iodobutyrate 9 
Methyl 4-chlorobutyrate 8 (8.96 g, 65.5 mmol) in 65 mL of 

acetone was then heated to reflux for 42 h in the presence of so- 
dium iodide (1 l .7 g ,  78.6 mmol). The solution was cooled and 

filtered and the solvent was then evaporated. The residue was dis- 
solved in 100 mL of diethyl ether, washed with aqueous sodium 
thiosulfate solution (5%), and then with saturated sodium chloride 
solution. The organic phase was dried over MgS04, filtered, and 
evaporated. The oily residue was purified by distillation under 
reduced pressure to give 9 (11.6 g, 77.5%) as a colorless oil. 
Compound 9 decomposes slowly even at -20°C under argon at- 
mosphere. Boiling point 53-54°C (0.7 Torr), 50-52°C (0.35 Torr); 
ir (neat): 2940, 1735, 1435, 1365, 1200, 1120, 1018 cm-l. 

Methyl (E)-3-methyl-I -tert-bu~ldimethylsilyloxy-3octeoate 12 
To a flask containing the Zn-Cu couple (4.17 g, 63.9 mmol) 

under an argon atmosphere was added a solution of methyl 440- 
dobutyrate 9 (9.51 g, 41.7 mmol) in a mixture of benzene and DMF 
(32 mL/5.6 mL). The resulting mixture was stirred at 25°C for 
1 h and at 60°C for 3 h. A suspension of tetrakis(tripheny1- 
phosphine)palladium(O) (4.06 g, 3.53 mmol) in 28 mL of benzene 
was introduced by cannula and the mixture was stirred at 60°C for 
5 min. Vinyl iodide 11 (9.06 g, 27.8 mmol) in 11 mL of benzene 
was added and the resulting mixture was stirred at 60°C for an- 
other hour. The reaction was stopped by addition of 150 mL ethyl 
acetate followed by filtration to remove the Zn-Cu. The orange 
filtrate was kept in a refrigerator overnight and the volatiles were 
then removed by evaporation. After addition of 50 mL ethyl ace- 
tate, the mixture was filtered again. The red solid was washed with 
100 mL ethyl acetate and the filtrate was concentrated under re- 
duced pressure to give a crude oily residue, which was passed 
through a short-path silica gel using hexane - ethyl acetate (10: 1) 
as eluant. The oil obtained after evaporation was purified by flash 
chromatography with a mixture of hexane and ethyl acetate (20: 1) 
as eluant to give compound 12 (5.38 g, 64.5%); ir (neat): 2950, 
2920, 2860, 1740, 1435, 1252, 1100, 835 cm-I; 'H nmr (CDCl3) 
6: 0.04 (s, 6H, t-Bu-(CH3),Si-), 0.89 (s, 9H, (CH,),CSi(CH,),)), 
1.60 (d, 3H, J = 1 .O Hz, CH3-C=C-), 1.66 (tt, 2H, J = 7.5 HZ, 
7.6 Hz, -CHZCH2CH,COOCH3), 2.01 (dt, 2H, J = 6.2 Hz, 
7.5 HZ, -CH2CH,CH2COOCH3), 2.19 (t, 2H, J = 7.1 HZ, 
-OCH2CH2C=C-), 2.30 (t, 2H, J = 7.6 Hz, -CH2COOCH3), 3.65 
(t, 2H, J = 7.1 HZ, -OCH2CH2-), 3.66 (s, 3H, -COOCH,), 5.14 
(m, l H ,  -C=CH-); I3C nrnr (CDCI,) 6: 16.2, 18.1, 24.8, 25.8, 
27.1, 33.3, 43.0, 51.1, 62.2, 125.1, 133.2, 173.9; ms m/e: 243 
(M' - C4H,). Exact Mass (M - C,H,) calcd.: 243.1416; found: 
243.1416. 

Methyl (E)-3-octenoate 4 
TO a solution of the methyl ester 12 (1.00 g, 3.3 mmol) in 

20 mL of THF was added, at -78°C under an argon atmosphere, 
a solution of lithium diisopropylamide (3.3 mmol) in THF. After 
stirring the mixture at -78OC for 30 min, methyl chloroformate 
(256 pL,  312 mg, 3.3 mmol) was introduced dropwise by sy- 
ringe. The reaction was quenched with 50  mL of saturated am- 
monium chloride solution and extracted with a solvent mixture of 
hexane and ether (1 :2). The organic phasZ was washed with water, 
dried over MgSO,, filtered, and then concentrated under reduced 
pressure. The crude residue was purified by flash chromatography 
with a 20: 1 mixture of hexane and ethyl acetate as eluant to give 
product 4 (792 mg, 67%) as a clear oil; ir (neat): 1740, 1435, 1255, 
1150, 1100, 840 cm-I; 'H nmr (CDCl,) 6: 0.04 (s, 6H, t-Bu- 
CH3),Si-), 0.88 (s, 9H, (CH3),CSi(CH3),), 1.59 (s, 3H, CH3- 
C=C-), 1.92-2.04 (m, 4H, -CH,CH2CH(COOCH3),), 2.19 (t, 2H, 
J = 7.1 Hz, -OCH2CHZC=CH-), 3.38 (t, 1 H, J = 7.2 Hz, 
-CH(COOCH3)2), 3.65 (t, 2H, J = 7.1 HZ, -OCH2CH2-), 3.73 (s, 
6H, -CH(COOCH,),), 5.11 (t, 1 H, J = 6.2 Hz, CH3C=CH-); ms 
m/e: 301 (M+ - C4H9). Exact Mass (M - C4H9) calcd.: 301.1471; 
found: 301.1460. 

2-Butene-I -01 14 
(2)-2-Butene-l,4-diol 13 (49.5 mL, 52.9 g, 0.60 mol) and 3,4- 

dihydro-2H-pyran (54.7 mL, 50.5 g, 0.60 mol) were dissolved in 
200 mL of CH2C12 and 500 mL of THF at O°C. To this solution was 
then added p-toluenesulfonic acid monohydrate (2.65 g, 14 mmol) 
and the resulting mixture was stirred at O°C for 2 h and at 20°C for 
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20 min. Solid sodium bicarbonate (2.35 g, 28 mmol) was added 
and the solution was stirred for 5 min. After filtration, the sol- 
vents were removed and the crude oil obtained was purified by flash 
chromatography with a 9:  1 mixture of CH,CI, and acetone as eluant 
to provide monoprotected alcohol 14 (50.7 g ,  49.1%) as an oil; 
ir (CH,Cl,): 3600, 3620-3300, 2940, 1200, 1120, 1024 cm-I; 
'H nmr (CDCI,) 6: 1.43-1.88 (m, 6H, -(CH,),CH,O-), 2.04 (t, IH, 
J = 2.5 Hz, -CH,OH), 3.49-3.58 and 3.81-3.90 (2m, 2H, 
-CH,CH,O-), 4.10-4.32 (m, 4H, -CH,CH=CH-CH2-), 4.69 (t, 
1 H, J = 3.0 Hz, -0CHO-), 5.66-5.77 and 5.8 1-5.92 (2m, 2H, 
-CH=CH-); I3c nmr (CDC1,) 6: 18.9,25.1,30.2,57.8,6 1.8,62.2, 
97.4, 127.3, 132.2; ms m/e: 155 (M+ - OH). Exact Mass (M+ - 
OH) calcd.: 155.1072; found: 155.1075. 

(Z,E)-Diene ester Ida 
To a stirred solution of oxalyl chloride (5.0 mL, 55 mmol) in 

125 mL of CH,Cl, was added, at between -50 and -6OoC, a so- 
lution of DMSO (8.5 mL, 110 mmol) in 25 mL of CH2C12. After 
stirring the mixture for 2 min, alcohol 14 (8.61 g, 50 mmol) in 
50 mL of CH,Cl, was introduced over a 5 rnin period. The stining 
was continued for an additional 45 min following addition of di- 
isopropylethylamine (43.5 mL, 250 mmol). After 5 min, the re- 
action mixture was allowed to warm to - 10°C. The oxidation was 
stopped by addition of water (125 mL). The aqueous phase was 
extracted with CH,CI, (2 X 180 mL) and the combined organic 
phases were washed with saturated NaCl solution (200 mL), dried 
over MgSO,, filtered, and evaporated. The oil, which contained 
cis-a,p-unsaturated aldehyde 15a, was used for the next reaction 
without further purification. 

To a stirred suspension of NaH (2.47 g, 60% in oil, 62 mmol) 
in 100 mL of THF was rapidly added, at 0°C under an argon at- 
mosphere, a solution of ethyldiisopropyl-2-phosphonopropinate 
(16.5 g, 62 mmol) in 60 mL of THF. Once the evolution of hy- 
drogen gas ended, the solution was cooled to -78°C. Crude al- 
dehyde 15a in 15 mL of THF was introduced and the resulting 
mixture was stirred at -78°C for 30 rnin and at O°C for 15 min. The 
reaction was stopped by addition of saturated ammonium chloride 
(100 mL) and diethyl ether (150 mL). The aqueous phase was ex- 
tracted with diethyl ether. The combined organic phases were 
washed with brine, dried over MgS04, and then filtered. After re- 
moval of volatiles, the oily residue was purified by flash chroma- 
tography using a 7: 2 mixture of hexane and ethyl acetate to provide 
16a (6.63 g, 52% for two steps) as an oil; ir (neat): 2940, 2870, 
1710, 1633, 1600, 1245, 1201, 1025, 905, 870 cm-I; 'H nmr 
(CDC1,) 6: 1.29 (t, 3H, J = 7.5 Hz, CH,CH,O-), 1.49-1.88 (m, 
6H, -(CH,),CH,O-), 1.94 (d, 3H, J = 1 .O Hz, CH,C=CH-), 3.49- 
3.58 and 3.84-3.94 (2m, 2H, -CH2CH20-), 4.22 (q, 2H, J = 
7.5 Hz, CH,CH,O-), 4.31 and 4.49 (2ddd, 2H, J = 14 Hz, 
1 .O HZ, 6.2 HZ, -CH,OTHP), 4.66 (t, 1 H, J = 2.5 HZ, -0CHO-), 
5.93 (dt, 1 H, J = 1 1.2 Hz, 6.2 Hz, -OCH,CH=CH-), 6.43 (ddt, 
lH, J = 1 1.2 Hz, 1 1 .O Hz, 1 .O HZ, -OCH,CH=CHCH-), 6.48 (dq, 
1 H, J = 1 1.0 Hz, 1.0 Hz, -OCH,CH=CH=C-CH,); I3c nmr 
(CDC13)6: 12.1, 14.1, 19.1,25.2,30.4,60.3,61.9,63.0,98.0, 
125.4, 128.7, 131.9, 134.1. 

Allylic alcohol 17a 

General procedure A 
To a stirred solution of ester 16a (6.44 g, 25 mmol) in 450 mL 

of CH,Cl, was added, over a period of 15 min at -78'C under an 
argon atmosphere, a solution of diisobutylaluminum hydride 
(1 M, 55 mL, 55 mmol). After 30 min, 16 g of solid Na,S04. 10 
H,O was added. The reaction mixture was allowed to warm to room 
temperature following addition of 200 mL acetone. The reaction 
mixture was stirred for an additional hour, the solids were re- 
moved by filtration, and the filtrate was evaporated to dryness. 
The crude residue was purified by flash chromatography using a 
7 :3  mixture of hexane and ethyl acetate to provide alcohol 170 
(3.48 g, 66%) as an oil; ir (neat): 3600-3100, 2940, 2860, 1655, 
1200, 1020, 902, 868 cm-'; 'H nmr (CDCI,) 6: 1.49-1.77 (m, 7H, 
-(CH3),CH20- and -CH,OH), 1.79 (s, 3H, CH3C=CH-), 3.49- 

3.58 and 3.86-3.95 (2m, 2H, -OCH,CH,O-), 4.11 (s, 2H, 
-CH20H), 4.21-4.46 (m, 2H, -CH,OTHP), 4.67 (t, lH,  J = 
2.5 Hz, -0CHO-), 5.59-5.69 (m, lH, -CH,CH=CH(CH=C-)), 
6.32-6.47 (m, 2H, -CH,CH=CHCH=C-); I3C nmr (CDCl,) 6: 
13.6, 19.1, 25.2, 30.4, 61.9, 62.6, 67.7, 97.5, 118.6, 126.3, 
126.6, 139.3. 

Allylic chloride 5a 

General procedure B 
To a solution containing alcohol 170 (467 mg, 2.2 mmol) vac- 

uum dried (heat-gun), lithium chloride (374 mg, 8.8 mmol), and 
s-collidine (0.58 mL, 532 mg, 4.4 mmol) in 12 mL of DMF was 
added, dropwise at 0°C under an argon atmosphere, methanesul- 
fonyl chloride (0.34 mL, 504 mg, 4.4 mmol). The resulting mix- 
ture was stirred at 0°C for 1 h and then at 2S°C for an additional 
hour. The reaction mixture was poured into 10 mL of ice water, 
and extracted with a 2: 1 mixture of diethyl ether and hexane (3 X 

25 mL). The combined organic phases were washed successively 
with precooled, saturated Cu(NO,), solution and water. After drying 
over MgSO,, the mixture was filtered through a short-path col- 
umn containing silica gel and Celite on top. After removal of the 
solvents, allylic chloride 5a was obtained (504 mg, 99%) as an oil 
that was used for the next reaction without further purification and 
characterization. 

(E)-a,P-Unsaturated aldehyde I5b 
To a solution of alcohol 14 (10.0 g, 58 mmol) and s o d i u ~  ace- 

tate (14.4 g, 170 mmol) in 250 mL of CH,Cl, over type 4A mo- 
lecular sieves (20 g) was added, portionwise at 0°C under an argon 
atmosphere, pyridinium chlorochromate (18.9 g, 87 mmol). The 
reaction mixture was then stirred at room temperature until disap- 
pearance of starting material, monitored by tlc. A solution of hex- 
ane and diethyl ether (500 mL, 1 : 1) was added, and the resulting 
mixture was filtered until colorless (three filtrations) using a Biichner 
funnel containing Celite, silica gel, and sodium sulfate (after the 
second filtration, the filtrate was treated with activated carbon for 
a few minutes). The solvents were removed by evaporation, and 
the crude residue was purified by flash chromatography using a 1 : 1 
mixture of hexane and diethyl ether to afford aldehyde 156 
(5.44 g, 55%) as a clear oil; ir (CH,Cl,): 2943, 1690, 1120, 
1040 cm-l; 'H nmr (CDC1,) 6: 1.51-1.82 (m, 6H, -(CH,),CH,O), 
3.50-3.56 and 3.77-3.88 (2m, 2H, -CH2CH20-), 4.20-4.57 (m, 
2H, -OCH,CH=CH-), 4.68 (t, lH,  J = 2.5 HZ, -0CHO-), 6.38 
(ddt , 1 H, J = 16.0 Hz, 8.7 Hz, 2.5 Hz, -CH,CH=CHCHO), 6.87 
(dt, lH,  J = 16.0 Hz, 3.0 Hz, -CH,CH=CHCHO), 9.58 (d, 1H, 
J = 8.7 Hz, CH=CHCHO); I3C nmr (CDC1,) 6: 18.9, 25.1, 30.1, 
61.9, 65.3, 98.2, 131.3, 153.2, 193.1; ms m/e: 169 (M+ - H). 
Exact Mass (M - H) calcd.: 169.0865; found: 169.0865. 

(E,Z)-Diene ester 16b 
To a stirred solution of ethyl bis(trifluoroethy1)-2-phosphono- 

propionate (10.0 g ,  29.0 mmol) and 18-crown-6 ether (38.0 g, 
144.0 mmol) in 450 mL of THF was added at -78°C under 
argon a solution of potassium bis(trimethylsily1)amide (0.657 M, 
44 mL, 28.9 mmol) in toluene. The mixture was stirred for 5 rnin 
at -78°C before the trans-aldehyde 156 (4.9 g, 29.0 mmol) dis- 
solved in 50 mL of THF was introduced by cannula over a period 
of 30 min. The cloudy mixture was stirred at -78'C for 1 h and 
then slowly allowed to warm to room temperature. A saturated 
ammonium chloride solution (300 mL) was added and the prod- 
ucts were extracted with ether (3 x 150 mL). The combined or- 
ganic phases were dried, filtered, and concentrated to a yellow oil 
that was purified by flash chromatography using a 9 :  1 mixture of 
hexane and ethyl acetate to furnish ester 186 (6.5 g, 88%) as a 
colorless oil; ir (CHCl,): 3000-2850, 1700, 1640, 1605, 1452, 
1375, 1218, 1167, 11 18, 1022 cm-I; 'H nmr (CDCI,) 6: 7.29 (ddt, 
lH,  J = 15.4 Hz, 1 1.2 Hz, 1.6 Hz, THPOCH,-CH=CH-), 6.42 
(d, IH, J = 11.2 Hz, -CH=CH-CH=C-), 5.95 (dt, lH,  J = 
15.4 HZ, 6.0 Hz, THPO-CH,-CH=CH-), 4.65 (t, lH, J = 
3.4Hz, -0CHO-),4.34and4.08 (2dd,2H, J =  13.6Hz,5.8Hz,  
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THPOCH,CH=), 4.22 (q, 2H, J = 7.1 Hz, 0CH2CH3), 3.92-3.82 
and 3.56-3.47 (2m, 2H, 0CHOCH2), 1.96 (s, 3H, -CH=C(CH,), 
1.88-1.49 (m, 6H, -OCH,(CH,),-), 1.32 (t, 3H, J = 7.1 Hz, 
-CH2CH,); ms m/e: 254 (Mf) ,  153 (Mf - OTHP). 

Allylic alcohol 17b 
The reaction was carried out according to the previously de- 

scribed general procedure A. Thus, the reaction of ethyl ester 16b 
(6.5 g, 25.6 mmol) with diisobutylaluminum hydride (1.0 M,  
56.4 mL, 56.4 mmol) and Na,SO,. 10 H 2 0  (16.2 g, 50.3 mmol) 
furnished alcohol 17b (5.3 g, 98%) as a colorless oil; ir (neat): 3410, 
2940-2865, 1450, 1 125, 1025 cm-I; 'H nmr (CDCI,) 6: 6.55 (dd, 
1 H, J = 15.0 Hz, 11.0 Hz, THPOCH,CH=CH-), 5.96 (d, 1 H, 
J = 11.2 Hz, -CH=C(CH,)-), 5.74 (dt, lH ,  J = 15.0 Hz, 
6.2 Hz, THPOCH,-CH=CH-), 4.65 (t, lH ,  J = 3.5 HZ, -0-CH- 
0- ) ,  4.32-4.24 and 4.06-3.98 (2dd, 2H, J = 13.0 Hz, 6 .9 Hz, 
THPO-CH,CH=), 4.25 (d, 2H, J = 5.8 Hz, =C(CH3)CH20H), 
3.92-3.83 and 3.55-3.47 (2m, 2H, -OCHOCH,-), 1.88 (s, 3H, 
=C(CH,)-), 1.86-1.49 (m, 6H, -OCH,(CH,),-), 1.35 (t, lH ,  J = 
5.9 HZ, -CH20H). 

Diene cliether 18b 

General procedure C 
To a stirred solution of alcohol 17b (1.9 g,  9.0 mmol) and im- 

idazole (1.4 g, 20.5 mmol) in 80 mL of THF was added dropwise 
over 5 min under argon, and at room temperature, tert-butylchlo- 
rodiphenylsilane (2.8 mL, 10.7 mmol). After stirring the cloudy 
white suspension for 1 h, a saturated ammonium chloride solution 
(50 mL) was added. The reaction mixture was extracted with a 2 :  1 
mixture of hexane and ether (3 x 50 mL). The combined organic 
phases were washed with water, dried over MgSO?, filtered, and 
concentrated to a crude residue that was purified by flash chro- 
matography using a 98:2 mixture of hexane and ethyl acetate as 
eluant to afford 18b (4.0 g,  98%) as a colorless oil; ir (CHCI,): 
3075-3010,2940,2860, 1430, 1365, 11 15, 1078, 1025 cm-';  'H 
nmr (CDCI,) 6: 7.72-7.62 and 7.44-7.36 (2m, 10H, Ptz,Si-), 6.26 
(dd, lH,  J = 14.8 Hz, 10.2 Hz, THPOCH,CH=CH-), 5.87 (d, 
IH, J = 1 1.8 Hz, -CH=C(CH,)-), 5.64 (dt, IH, J = 14.7 Hz, 
6 .4 Hz, THPOCH,-CH=), 4.60 (t, lH,  J = 3.6 Hz, -0CHO-), 
4.29 (s, 2H, =C(CH,)CH,OSi-), 4.18 and 3.91 (2dd, 2H, J = 
12.5 Hz, 6.6 Hz, THPOCH,-), 3.88-3.80 and 3.53-3.44 (2m, 2H, 
-0-CH,-), 1.89 (s, 3H, -CH=C(CH,)-), 1.88-1.43 (m, 6H, - 0 -  
CH2(CH2),-), 1.05 (s, 9H, -(CH3),C). 

Diene alcohol 19b 

General procedure D 
To a stirred solution of diene diether 18b (4.0 g, 8.9 mmol) in 

180 mL of isopropanol was added, under argon at room tempera- 
ture, pyridinium p-toluenesulfonate (400 mg). The resulting mix- 
ture was heated at 75°C for 3 h. After adding 100 mL of a saturated 
NaHC0, solution, the mixture was extracted with ether (4 x 
100 mL). The combined organic phases were washed with brine, 
dried over MgSO?, filtered, and concentrated to a crude oil that was 
purified by flash chromatography using a 4 :  1 mixture of hexane 
and ethyl acetate as eluant to afford 19b (2.8 g, 85%) as a color- 
less oil; ir (neat): 3340,3070-3000,2930,2858, 1470, 1430, 1 112, 
1070, 1000 cm-'; 'H nmr (CDCI,) 6: 7.71-7.67 and 7.44-7.35 
(2m, 10H, Ph,Si=), 6.16 (dd, lH,  J = 14.9 Hz, 11.0 Hz, 
-CH=CH-), 5.84 (d, lH,  J = 11.8 Hz, =CH-CH=C(CH,)-), 
5.66 (dt, lH,  J = 15.0 Hz, 5.9 Hz, HOCH,CH=), 4.30 (s, 2H, 
-CH,OSi-), 4.05 (t, 2H, J = 6.0 Hz, HOCH,-CH=), 1.90 (s, 3H, 
=C(CH,)-), 1.13 (t, 1 H, J = 6.0 Hz, HOCH,-), 1.05 (s, 9H, 
-(CH,),C); ms m/e: 366 (Mf) ,  335 (Mf - OCH,), 309 (Mf - 
C4H9). 

Allylic chloride 5b  
The reaction was canied out according to the general procedure 

B described before. Thus, the reaction of alcohol 19b (180 mg, 
0.49 mmol), lithium chloride (63 mg, 1.5 mmol), s-collidine 
(97 pL, 0.74 mmol), and methanesulfonyl chloride (57 pL,  0.74 
mmol) in 2 mL of DMF afforded the allylic chloride 5b (188 mg, 

99%) as an oil, which was used immediately in the coupling re- 
action without further purification and characterization. 

(E,E)-Diene ester 16c 
To a stirred suspension of NaH (1.48 g, 60% in oil, 37 mmol) 

in 60 mL of THF was rapidly added at O°C under argon a solution 
of ethyl diisopropyl-2-phosphonopropionate (9.86 g, 37 mmol) in 
35 mL of THF. Once the evolution of hydrogen gas ended, the so- 
lution was cooled to -78°C. Aldehyde 15b (5.2 g,  30 mmol) in 
10 mL of THF was introduced and the resulting mixture was stirred 
at -78°C for 1.5 h and then at 0°C for 30 min. The reaction was 
stopped by addition of saturated ammonium chloride solution 
(75 mL) and ether (125 mL). The aqueous phase was extracted with 
ether (3 X 100 mL). The combined organic phases were washed 
with brine, dried, filtered, and evaporated to a crude residue that 
was purified by flash chromatography using a 7 :  3 mixture of hex- 
ane and ethyl acetate to furnish ester 16c (6.28 g, 82%) as a col- 
orless oil; ir (CH,Cl,): 2940, 1700, 1644, 16 10, 1230, 1038, 1025, 
922 cm-I; 'H nmr (CDCI,) 6: 1.30 (t, 3H, J = 7.5 Hz, CH,CH20-), 
1.5 1-1.84 (m, 6H, (CH2),CH20-), 1.94 (d, 3H, J = 1.0 Hz, 
CH3C=CH-), 3.48-3.57 and 3.83-3.92 (2m, 2H, -OCH2CH2-), 
4.21 (q, 2H, J = 7.5 Hz, -OCH2CH3), 4.37-4.41 (m, 2H, 
-OCH,CH=CH), 4.66 (t, lH,  J = 2.5 Hz, -0CHO-), 6.13 (dt, 1 H, 
J = 15.3 Hz, 5 .6 Hz, -OCH,CH=CH-), 6.59 (ddt, l H ,  J = 
15.3 Hz, 1.6 Hz, 1 1.5 Hz, -OCH,CH=CHCH=), 7.18 (d, 1 H, 
J = 1 1.5 Hz, =CHCH=CCH,); "C nmr (CDCI,) 6: 12.4, 14.1, 
19.2, 25.2, 30.4, 60.3, 61.9, 66.7, 97.8, 126.7, 127.3, 136.9, 
137.1, 168.1; ms m/e: 254 (M'). Exact Mass (M') calcd.: 
254.1518; found: 254.1513. 

Allylic alcohol 17c 
The reduction was carried out according to the general proce- 

dure A described before. Thus, the reaction of ester 16c (6.08 g, 
24 mmol) with diisobutylaluminum hydride (1 M in dichloro- 
methane, 53 mL, 53 mmol) and Na2S04. 10 H 2 0  (15 g, 46.6 mmol) 
in 450 mL of CH,Cl, afforded alcohol 17c (4.43 g ,  87%) as a col- 
orless oil; ir (CH,CI,): 3620, 1200, 1075, 1035, 1020 cm-I; 'H nmr 
(CDCI,) 6: 1.35 (t, lH, J = 5.0 HZ, -CH,OH), 1.47-1.90 (m, 6H, 
(CH,),CH,O-), 1.79 (s, 3H, CH,-), 3.48-3.57 and 3.84-3.94 (2m, 
2H, -CH2CH20-), 4.01-4.34 (m, 4H, -CH20H and CH,OTHP), 
4.66 (t, lH ,  J = 2.5 Hz, -0CHO-), 5.80 (dt, IH, J = 15.0 Hz, 
5.0 Hz, -CH,CH=CHCH=C), 6.09 (d, lH, J = 1 1.0 Hz, 
-CH,CH=CHCH=C), 6.51 (ddt, lH,  J = 15.0 Hz, 11.0 Hz, 
1 .O Hz, -CH,CH=CHCH=C); '" nmr (CDCI,) 6: 13.8, 19.1, 
25.2, 30.4, 61.9, 67.4, 67.6, 97.5, 123.5, 128.4, 128.7, 137.9; 
ms m/e: 212 (Mf) .  Exact Mass (Mf)  calcd. 212.1412; found: 
212.1410. 

Diene diether 18c 
The reaction was carried out according to the previously de- 

scribed general procedure C.  Thus, the reaction of alcohol 17c 
(1.137 g, 5.36 mmol), imidazole (0.833 g, 12.24 mmol), and tert- 
butylchlorodiphenylsilane (1.64 mL, 1.73 g, 6 .3 1 mmol) in 
32 mL of THF afforded diene diether 18c (2.29 g, 95%) as a col- 
orless oil; ir (neat): 3080-3010, 2945, 2860, 1450, 1360, 1120- 
1000 cm- ' ; 'H nmr (CDCI,) 6: 1.06 (s, 9H, -(CH,),C), 1.47-1.95 
(m, 6H, -(CH,),CH,O-), 1.7 1 (s, 3H, -CH,), 3.48-3.57 and 3.84- 
3.94 (2m, 2H, -CH,CH,O-), 4.00-4.10 and 4.30-4.39 (2m, 
2H, -CH20THP), 4.10 (s, 2H, -CH,OSi-), 4.68 (t, lH ,  J = 
2.8 Hz, -0CHO-),  5.77 (dt, lH ,  J = 15.0 Hz, 6 .4 HZ, 
OCH,CH=CHCH=C), 6.21 (d, lH,  J = 11.2 HZ, -CH= 
CHCH=C), 6.54 (dd, 1 H, J = 15.1 Hz, 1 1.2 Hz, -CH,CH= 
CHCH=C), 7.35-7.48 and 7.65-7.72 (2m, IOH, Ph,Si-). 

Diene alcohol19c 
The reaction was carried out according to the previously 

described general procedure D. Thus, the reaction of diene diether 
18c (734.4 mg, 1.63 mmol) with pyridinium p-toluenesulfonate 
(73.4 mg) in 20 mL of isopropanol provided allylic alcohol 19c 
(484.9 mg, 81%) as a colorless oil; ir (neat): 3340, 3050, 2940, 
2860, 1470, 1430, 1370, 1110, 1070 cm-I; I H  nmr (CDCI,) 6: 
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and 3.75 (2s, 12H, 4 X -OCH3), 4.06 (s, 2H, -CH,OSi-), 5.1 1 (t, 
1 H, J  = 7.0 HZ, -(CH3)C=CHCH,-), 5.43 (dt, 1 H, J  = 15.0 Hz, 
7.0 Hz, -CH=CHCH=CH-), 6.07 (d, lH,  J  = 11.0 Hz, 
-CH=CHCH=C), 6.33 (dd, lH, J  = 15.0 Hz, 11.0 Hz, 
-CH=CHCH=C-), 7.30-7.47 and 7.63-7.70 (2m, ]OH, Ph,Si-). 

Allylic alcohol 24b 
The reaction was performed in a similar fashion as described in 

the general procedure E. Thus, the silyl ether 23b (231 mg, 
0.33 rnmol) was treated with tetrabutylammonium fluoride (1.0 M 
in THF, 0.49 mL, 0.49 mmol) in 3 mL of THF to give the alcohol 
24b (1 10 mg, 72%) as a colorless oil; ir (neat): 3500, 2950, 2860, 
1735, 1438, 1200 cm-I; 'H nmr (CDCI,) 6: 1.38 (t, lH,  J  = 
5.0 HZ, -CHIOH), 1.56 (s, 3H, -CH2CCCH3)=), 1.85 (s, 3H, 
=CHCH=C(CH,)-), 1.87-2.04 (m, 8H, -CH,CH,CH=C(CH,)- 
CH2CH2-), 2.69 (d, 2H, J  = 7.6 HZ, -CH2CR(C02CH3)2), 3.35 (t, 
IH, J  = 7.1 Hz, -CH(CO,CH,),), 3.72 and 3.73 (2s, 12H, 4 x 
-OCH,), 4.22 (d, 2H, J  = 4.8 Hz, HOCH2-), 5.09 (t, lH, J  = 
7.0 HZ, -CH2CH=), 5.42 (dt, lH,  J  = 14.9 HZ, 7.5 Hz, 
-CH=CHCH=C-), 5.89 (d, lH,  J  = 11.4 Hz, -CH= 
CHCH=C-), 6.36 (dd, 1 H, J  = 14.9 Hz, 1 1.1 Hz, CH= 
CHCH=C-); ms tn/e: 468 (M'), 450 (M+ - HzO). 

Allylic alcohol 24c 
The reaction was canied out as described in the general proce- 

dure E. Thus, the silyl ether 23c (273.3 mg, 0.39 mmol) was treated 
with tetrabutylammonium fluoride (1.0 M in THF, 0.7 mL, 
0.70 mmol) in 6 mL of THF to furnish the alcohol 24c (174.0 mg, 
95%) as a colorless oil; ir (neat): 3520, 2950, 2850, 1735, 1435, 
1200 cm-'; 'H nmr (CDCI,) 6: 1.42 (t, IH, J  = 5.8 Hz, -CH,OH), 
1.56 (s, 3H, =CCH3), 1.76 (s, 3H, =CCH,), 1.80-2.08 (m, 8H, 
-CH2CH2CH=C(CH3)CH2CH2-), 2.72 (d, 2H, J  = 7.6 HZ, 
-CH,CH=CHCH=C), 3.35 (t, lH, J  = 7.1 HZ, -CH(C02CH3)), 
3.72 and 3.73 (2s, 12H, 4 x -OCH,), 4.05 (d, 2H, J  = 5.9 Hz, 
-CH20H), 5.09 (t, l H, J  = 7.0 Hz, CH,CH=CCCH,-), 5.48 (dt, 
IH, J  = 14.9 HZ, 7.6Hz,  -CH=CHCH=C-), 6.01 (d, IH, J  = 
10.4Hz, -CH=CHCH=C-),6.32(dd, lH,  J =  14.9Hz, 10.8 Hz, 
-CH=CHCH=C-). 

Allylic chloride 25b 
The reaction was carried out as described in the general pro- 

cedure B. Thus, treatment of allylic alcohol 24b (58.8 mg, 
0.13 mmol) with lithium chloride (21.2 mg, 0.50 mmol), s-colli- 
dine (66.3 pL), and methanesulfonyl chloride (39 pL, 0.50 mmol) 
in DMF provided the allylic chloride 25b (5 1.0 mg, 84%) as a 
colorless oil that was used immediately in the next cyclization step 
without further purification and characterization. 

Allylic bromide 25c 
To a stirred solution of the allylic alcohol 24c (22.0 mg, 47 pmol) 

and CBr, (19.4 mg, 58 pmol) in 0.6 mL of CH,CI, was added, 
dropwise at O°C under argon, a solution of PPh3 (17.3 mg, 66 pmol) 
in 0.4 mL of CH,Cl,. The resulting mixture was allowed to warm 
to room temperature and then stirred for about 2 h until the start- 
ing material 24c was consumed. After the solvent was evapo- 
rated, the crude residue was purified by flash chromatography using 
a 5 :  1 mixture of hexane and ethyl acetate to give allylic bromide 
25c (21.4 mg, 40 pmol, 86%) as an oil that was used immediately 
in the next cyclization step without further purification and char- 
acterization. 

Getleral procedure I 
To a stirred suspension of Cs,C03 (161.0 mg, 0.493 mmol) in 

a mixture of DMF and THF (1 : 1, 20 mL) was slowly added, at 
70°C under argon by automatic syringe pump over a period of 
12 h, a solution of allylic chloride 25b (5 1.3 mg, 0.105 mmol) in 
a mixture of DMF and THF (1 : 1, 15 mL). After the addition was 
completed, the stirring was continued for 9 h longer at 70°C. The 
solid was removed by filtration, and the filtrate was concentrated. 
The crude residue thus obtained was purified by flash chromatog- 
raphy using a 9: 1 mixture of hexane and ethyl acetate to give two 

products, which were further purified by recrystallization from a 
minimum amount of CH2C1, in hexane to afford macrocyclic 
monomer l b  (34.0 mg, 72%) and macrocyclic dimer 26b (10 mg, 
11%). 

Compound Zb: mp 140-143°C; ir (CHCl,): 3020, 2945, 2850, 
1727, 1435, 1225 cm-I; 'H nmr (CDCl,) 6: 1.57 (s, 3H, 
-CH2CH,C(CH3)=), 1.62 (s, 3H, =CHCH=C(CH3)-), 1.80-1.9 1 
and 1.97-2.08 (2m, 8H, -CH2CH2C(CH3)=CHCH2CH2-), 2.67 
(d, 2H, J  = 7.7 Hz, =CH-CH2CR(C02CH3)2), 2.90 (s, 2H, 
=C(CH3)CH2CR(C02CH3),), 3.72 (s, 12H, 4 X -OCH3), 5.07 
(t, 1H, J  = 5.0 Hz, -CH,CH=C(CH,), 5.17 (dt, lH, J  = 
14.1 Hz, 7.2 Hz, -CH,CH=CH-), 5.92-6.11 (m, 2H, 
-CH=CHCH=C(CH3)-); ms m/e: 450 (M'). Exact Mass (M') 
calcd.: 450.2253; found: 450.2246. Compound l b  was further 
characterized by X-ray crystallography. 

Compoutzd 26b: mp 183-185°C; ir (neat): 3020, 2955, 2858, 
1728, 1438, 1220 cm-I; 'H nmr (CDCI,) 6: 1.52 (s, 6H, 
-CH2CH2C(CH3)-), 1.59 (s, 6H, =CHCH=C(CH,)-), 1.76-1.95 
(m, 16H, -CH2CH2C(CH3)CHCH2CH2-), 2.70 (d, 4H, J  = 
7.4 HZ, =CHCH2CR(C02CH3)2), 2.89 (s, 4H, =C(CH,)CHI- 
CR(C02CH3),), 3.71 (s, 24H, 8 x -OCH3), 5.02 (m, 2H, 
-CH2CH=C(CH3)-), 5.34 (dt, 2H, J  = 14.9 Hz, 7.4 HZ, 
-CHzCH=CH-), 5.91 (d, 2H, J  = 10.9 HZ, -CH=CHCH=C-), 
6.31 (dd, 2H, J  = 14.7 Hz, 11.0 Hz, -CH=CHCH=C-); ms m/e: 
900 (M'), 885 (M+ - CH,), 869 (M+ - OCH,). Exact Mass (M+) 
calcd.: 900.4507; found: 900.4502. 

TIT ttlacrocycle Zc 
The macrocyclization was carried out as described in the 

general procedure I. Thus, a solution of allylic bromide 25c 
(21.4 mg, 40 pmol) in 10 mL of DMF-THF (1: 1) was added 
slowly to a Cs2C03 (74.2 mg, 230 pmol) suspension in 14 mL of 
DMF-THF (1 : 1) at 80°C over 5 h. After the mixture was stirred 
for an additional 10 h, it was worked up to provide pure macro- 
cycle l c  (13.1 mg, 29 pmol, 73%) and dimer 26c (1.0 mg, 5%). 

Compound Zc: ir (neat): 2960, 2860, 1738, 1450, 1220 cm-I; 
'H nmr (CDCI,) 6: 1.46 (s, 3H, -CH,C(CH,)=CH-), 1.65 (s, 
3H, =CHCH=C(CH,)-), 1.73-2.07 (m, 8H, -CH,CH,C(CH,)= 
CHCH2CH2-), 2.66 (d, 2H, J  = 7.0 Hz, -CH,CH=CHCH=), 2.80 
(s, 2H, -CH2C(CH3)=CHCH=), 3.73 (s, 12H, 4 x -OCH3), 4.98 
(t, lH,  J  = 7.0 Hz, -CH,CH=C(CH,)-), 5.67 (dt, IH, J  = 
14.9 HZ, 7.0 Hz, -CH=CHCH=C), 5.90 (d, IH, J  = 10.7 HZ, 
-CH=CHCH=C-), 6.1 1 (dd, IH, J  = 14.9 Hz, 10.8 Hz, 
-CH=CHCH=C); ms m/e: 450 (M+). 

Cotnpound 26c: ir (neat): 3020, 2950, 2860, 1735, 1440, 
1200 cm-I; 'H nmr (CDCI,) 6: 1.56 (s, 12H, 4 x =C(CH3)-), 
1.75-2.00 (m, 16H, -CH2CH2C(CH3)=CHCH2CHz-), 2.72 (d, 
4H, J  = 7.5 Hz, -CH2CH=CHCH=C-), 2.76 (s, 4H, =CH- 
CH=C(CH,)CH,-), 3.70 and 3.72 (2s, 24H, 8 x -OCH,), 5.1 1 
(m, 2H, -CH,CH=C(CH,)CH,-), 5.39 (dt, 2H, J  = 15.1 Hz, 
7.5 HZ, -CH=CHCH=C-), 5.87 (d, 2H, J  = 10.6 HZ, -CH= 
CHCH=C-), 6.25 (dd, 2H, J  = 15.1 Hz, 10.8 Hz, -CH= 
CHCH=C-); ms m/e: 900 (Mi), 869 (M' - OCH,). 

Triene diether 28 
The coupling reaction of diene and dienophile was carried out 

as described in the general procedure G. Thus, treatment of di- 
methyl malonate 4 (622.0 mg, 1.7 mmol) with NaH (89.0 mg, 
60%, 2.2 mmol) in 20 mL of THF-DMF (1 : 1) followed by ad- 
dition of allylic chloride 5a (507.4 mg, 2.2 mmol) afforded 
coupling product 28 (578.0 mg, 61%) as a colorless oil; ir (neat): 
2950, 1735, 1255, 1220, 1025, 838 cm-I; 'H nmr (CDCI,) 6: 0.04 
(s, 6H, (CH3),Si-), 0.88 (s, 9H, -(CH3)3C), 1.49-1.83 (m, 6H, 
-OCH,(CH2),-), 1.58 (d, 3H, J  = 1.0 HZ, CH3C=CHCH2CH2-), 
1.67 (s, 3H, CH3C=CHCH=CH-), 1.85-1.90 (m, 4H, -C=CH- 
CH2CH2-), 2.18 (t, 2H, J  = 7.5 Hz, -CH2CH20Si-), 2.79 (s, 
2H, =CHCH=C(CH,)CH,-), 3.47-3.56 and 3.82-3.93 (2m, 
2H, -OCH2(CH2),-), 3.64 (t, 2H, J  = 7.5 Hz, -SiOCH2CH2-), 3.71 
(s, 6H, -C(CO2CH3),), 4.11-4.21 and 4.30-4.39 (2m, 2H, 
-CH,OTHP), 4.64 (t, lH,  J  = 2.5 Hz, -0CHO-), 5.10 (m, 
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lH, -C=CHCH2CH2-), 5.55 (dt, IH, J = 10.0 HZ, 5.0 HZ, 
-CH,CH=CHCH=C-), 6.1 1 (d, lH, -CH=CHCH=C-), 6.30 
(ddt, lH, J = 10.0 HZ, 1 1.0 Hz, 1.0 Hz, -CH=CHCH=C-); ms 
m/e: 495 (M+ - C4H9). 

Allylic alcohol 29 
The desilylation was carried out as described in the general 

procedure E. Thus, treatment of silyl ether 28 (578.0 mg, 
1.05 mmol) with tetrabutylammonium fluoride solution (1 M in 
THF, 1.93 mL, 1.93 mmol) in 10 mL of THF afforded allylic al- 
cohol 29 (385.0 mg, 81%) as an oil; ir (neat): 3650-3200, 2950, 
1735, 1440, 1270, 1220, 1 1 17, 1025 cm-I; 'H nmr (CDCl,) 6: 1.47 
(t, 1 H, J = 5.0 Hz, -CH,OH), 1.49-1.83 (m, 6H, -OCH,(CH,),-), 
1.60 (d, 3H, J = 1 .O HZ, -(CH3)C=CHCH2CH2-), 1.67 (d, 3H, 
J = 1 .O Hz, -(CH,)C=CHCH=), 1.86-1.95 (m, 4H, -(CH3)C= 
CHCH2CH2-), 2.23 (t, 2H, J = 5.0 HZ, -CH2CH20H), 2.79 (s, 2H, 
-CH2C(CH3)=CHCH=CH-), 3.47-3.56 and 3.83-3.93 (2m, 2H, 
-OCH,(CH,),-), 3.66 (dt, 2H, J = 5.0 Hz, 5.0 Hz, -CH,CH20H), 
3.72 (s, 6H, -C(C02CH3)2), 4.1 1-4.21 and 4.30-4.39 (2m, 2H, 
-CH,OTHP), 4.64 (t, 1 H, J = 2.5 Hz, -0CHO-), 5.18 (m, 1 H, 
-C=CHCH2CH2-), 5.55 (dt, lH, J = 10.0 Hz, 5.0 Hz, -CH= 
CHCH=C-), 6.1 1 (d, lH, J = 11 .O Hz, -CH=CHCH=C-), 6.30 
(ddt, lH, J = 10.0 Hz, 1 1.0 Hz, 1.0 Hz, -CH=CHCH=C-); ms 
m/e: 438 (M+). Exact Mass (M+) calcd: 438.2617; found: 
438.2614. 

Methanesulfonate ester 30 
The mesylation reaction was carried out as described in the 

general procedure F. Thus, the alcohol 29 (380.0 mg, 0.87 mmol) 
was treated with methanesulfonyl chloride (84 pL, 122.0 mg, 
1.06 mmol) in the presence of triethylamine (183 pL, 142.0 mg, 
1.32 mmol) to afford sulfonate ester 30 (440.5 mg, 0.85 mmol), 
98%) as an oil that was used immediately for thi next reaction 
without further purification and characterization. 

Tetraester 31 
The introduction of dimethyl malonate unit into triene 30 was 

carried out as described in the general procedure H. Thus, the 
mesylate 30 (440.5 mg, 0.85 mmol) was treated with NaH 
(196.0 mg, 60% in oil, 4.86 mmol) in a mixture of DMF and 
THF (1 : 1, 12 mL), followed by addition of dimethyl malonate 
(0.61 mL, 705.0 mg, 5.4 mmol) and a catalytic amount of KI 
(77.0 mg) to give alkylated product 31 (338.0 mg, 0.61 mmol, 
72%) as an oil; ir (neat): 2950, 1735, 1435, 1080, 1025 cm-I; 
'H nmr (CDC1,) 6: 1.46-1.83 (m, 6H, -OCH,(CH,),-), 1.56 
(d, 3H, J = 1.0 HZ, -(CH3)C=CHCH,CH2-), 1.68 (s, 3H, 
-(CH,)C=CHCH=CH-), 1.85-1.90 (m, 4H, -C=CHCH,CH2-), 
1.962.02 (m, 4H, CH,CH2CH(C0,CH3),), 2.79 (s, 2H, =C(CH,)- 
CH2C(C02CH3),-), 3.28-3.36 (m, 1 H, -CH(C02CH3),), 3.46-3.56 
and 3.82-3.92 (2m, 2H, -OCH,(CH,),-), 3.7 1 and 3.73 (2s, 12H, 
4 x -OCH,), 4.11-4.21 and4.30-4.*(2m, 2H, -CH,OTHP), 4.64 
(t, lH, J = 2.5 Hz, -0CHO-), 5.09 (m, 1 H, -C=CHCH,CH,-), 
5.55 (dt, 1 H, J = 10.0 Hz, 5.0 Hz, -CH=CHCH=C-), 6.1 1 (d, 
lH, J = 11.0 Hz, -CH=CHCH=C-), 6.30 (ddt, lH, J = 
10.0 Hz, 11.0 Hz, 1.0 Hz, -CH=CHCH=C-); ms m/e: 552 (M+). 
Exact Mass (M+) calcd.: 552.2934; found: 552.2922. 

Allylic alcohol 32 
The deprotection of THP-ether was canied out in the same way 

as described in the general procedure D. Thus, treatment of THP- 
ether 31 (330.0 mg, 0.59 mmol) with pyridinium p-toluenesul- 
fonate (17.0 mg, 0.07 mmol) in 6 mL of CH30H afforded alco- 
hol 32 (268.0 mg, 97%) as a viscous oil; ir (neat): 3600-3200, 
2950, 1730, 1435, 1270, 1210. cm-I; 'H nmr (CDCl,) 8: 1.55 
(t, lH, J = 5.0 HZ, -CH20H), 1.56 (d, 3H, J = 1.0 Hz, 
-(CH3)C=CHCH2CH2-), 1.66 (s, 3H, -(CH3)C=CHCH=CH-), 
1.84-1.88 (m, 4H, -C=CHCH2CH2-), 1.96-2.01 (m, 4H, 
-CH2CH2CH(C02CH3)2), 2.78 (s, 2H, =C(CH3)CH2C(C02CH3),-), 
3.28-3.35 (m, lH, -CH(CO,CH,),), 3.71 and 3.73 (2s, 12H, 4 x 
-OCH3), 5.29 (dt, 2H, J = 1.0 Hz, 5.0 Hz, -CH,OH), 5.08 (m, 
lH, -C=CHCH2CH2-), 5.58 (dt, lH, J = 10.0 Hz, 5.0 Hz, 

-CH=CHCH=C-), 6.08 (d, lH, J = 11.0 HZ, -CH= 
CHCH=C-), 6.29 (ddt, lH, J = 10.0 Hz, 11.0 HZ, 1.0 Hz, 
-CH=CHCH=C-); ms m/e: 450 (M+ - H20). Exact Mass (M+ 
- H20) calcd.: 450.2253; found: 450.2253. 

CTT macrocycle l a  
The preparation of allylic chloride 33 was canied out as de- 

scribed in the general procedure B.  Thus, treatment of allylic al- 
cohol 33 (35.0 mg, 75 pmol) with LiCl (12.6 mg, 299 pmol), 
s-collidine (40 pL, 299 pmol), and methanesulfonyl chloride 
(23 pL, 299 pmol) in 0.5 mL of DMF yielded allylic chloride 33 
(35 mg) as a crude oil that was used immediately in the next cy- 
clization step without characterization and further purification. 

The cyclization of allylic chloride 33 was carried out in as de- 
scribed in the general procedure I. Thus, a solution of crude oil 33 
(35 mg) in a mixture of DMF and THF (1 : 1, 5 mL) was added at 
70°C over 5 h slowly to a Cs2C0, (122 mg, 375 pmol) suspension 
in a mixture of DMF and THF (1 : 1, 12 mL). The stirring was 
continued for an additional 8 h after completion of the addition. 
Work-up of the reaction mixture followed by flash chromatogra- 
phy and recrystallization (CH2C1,-hexane) furnished a crystalline 
compound l a  (19 mg, 57% from alcohol 33); mp 173-176°C; 'H 
nmr (CHCl,) 6: 1.53 (s, 3H, -(CH,)C=CHCH=CH-), 1.59 (d, 
3H, J = 1.0 Hz, -(CH3)C=CHCH2CH2), 1.80-2.03 (m, 8H, 
-CH2CH2C(CH3)=CHCH2CH2-), 2.76 (d, 2H, J = 8.0 HZ, 
-CH,CH=CHCH=C-), 2.89 (s, 2H, CH=CHCH=C(CH3)CH,-), 
3.728 and 3.730 (2s, 12H, 4 x -OCH3), 5.05 (m, lH, -CH= 
CHCH=C-), 5.32 (t, 1 H, J = 7.5 Hz, -C=CHCH2CH2-), 5.95 
(d, lH, J = 11.0 Hz, -CH=CHCH=C-), 6.36 (dd, lH, J = 
10.0 Hz, 1 1.0 Hz, -CH=CHCH=C-); ms ~,z/e: 450 (M+). Exact 
Mass (M+) calcd.: 450.2253; found: 450.2246. 

Diels-Alder reaction of l a  
Solid macrocycle l a  (5.0 mg, 1 1  pmol) was heated in a vac- 

uum-sealed quartz tube (20 cm long, 8 mm diameter) at 360°C for 
80 min. After the tube was cooled to room temperature, the resi- 
due in the tube was dissolved in CH,Cl, and then transferred into 
a flask. After the solvent was evaporated, the residue was purified 
by flash chromatography with a 12:7: 1 mixture of CHCI,, hex- 
ane, and Et20 to provide a mixture (3.1 mg, 62%) that displayed 
only one spot on tlc but contained several tricyclic isomers as ob- 
served by gc. Attempts to separate each isomer of the mixture by 
flash chromatography using different solvent systems were unsuc- 
cessful. Proton nmr of the mixture is very complicated, but it does 
contain all the characteristic peaks for tricycle 34 whose spectral 
data are provided below. 

The gc analysis of the reaction mixture before flash chromatog- 
raphy reveals four major products, each contributing between 10 
and 19% yield, along with a number of minor ones (<9%). 

Diels-Alder reaction of l b  
Solid macrocycle l b  (18.8 mg, 41.7 pmol) was placed in the 

bottom of a quartz tube, which was then sealed under vacuum. The 
tube was heated to 300°C for 2 h. The crude residue was trans- 
ferred to a flask with CH,C12 and then purified by flash chroma- 
tography with a 97: 3 mixture of hexane and ethyl acetate to give 
tricycle 41 (1 2.4 mg, 66%) as a crystalline solid; mp 1 19- 122°C; 
ir (neat): 2960, 2850, 1738, 1450, 1240, 1100 cm-'; 'H nmr 
(CDCI,) 6: 0.92 (d, 3H, J = 6.9 Hz, CH,CH-), 1.25-2.60 (m, 15H, 
all other CH2 and CH), 1.62 (s, 3H, CH3C=), 3.63-3.75 (m, 12H, 
4 x -OCH3), 5.19 (s, IH, -CH=CCH3); 'H nmr (C6 D6) 8: 0.82 
(d, 3H, J = 6.9 Hz, CHCH-), 1.05-2.60 (m, 15H, all other CH2 
and CH), 1.62 (s, 3H, CH,C=CH), 3.30-3.35 (m, 12H, 4 x 
-OCH3), 5.20 (s, 1 H, -CH=CCH,). The relative stereochemistry 
for compound 41 was further confirmed by X-ray crystallogra- 
phy. 

Diels-Alder reaction of l c  
A solution of macrocycle l c  (13.0 mg, 28.9 pmol) in 2 mL of 

toluene was heated in a vacuum-sealed quartz tube at 200°C for 
17 h. After the tube was opened, the reaction mixture was trans- 
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ferred into a flask with CH2C12 and then evaporated. The residue 
was purified by flash chromatography using a 5 :  1 mixture of 
hexane and ethyl acetate to give TAC tricyclic compound 34 
(12.5 mg, 27.8 pmol, 96%) as a crystalline solid; mp 146-148°C; 
ir (neat): 2945, 2870, 1738, 1435, 1230 cm-';  'H  nmr (CDCI,) 6: 
0.88 (s, 3H, -CH,), 0.91 (s, 3H, -CH,), 1.10-2.23 (m, 14H, all 
other CH2 and CH), 3.68, 3.70, 3.73 and 3.74 (4s, 12H, 4 x 
-OCH,), 5.19 (d, 1 H,  J = 9.9 Hz, -CH=CHC-), 5.40 (dd, 1 H ,  
J = 9.9 Hz, 1.9 Hz, CHCH=CH-). The structure of the com- 
pound 34 was further confirmed by X-ray crystallography. 
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