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Table I. Template Polymerization of 2a and 2b

r T composition® IR absorption, cm™
Pl °C h P2 a b c k K% C=0 C=C C=0
2a 120 12 42 O 2 2 16 80 1693

52 10 39 49 8 1710 1687 1659
2a 130 12 42’ 0 | 1 15 87 1693
527 2 48 49 6 1710 1659
2b 130 36 4 0 05 08 18 93 1705
1670
5b 11 29 61 <8 1707 1684 1655

¢P] = prepolymer; P2 = postpolymer. °Estimated by 'H NMR based on
(ay,¢,) = (50,50) (2a) or (aq.c,) = (40,60) (2b). ‘K% =k/(a+ b+ c+k).

The prepolymers 2a and 2b were prepared by selective radical
copolymerization of styrene and the corresponding monomer 3a®
or 3b%® (eq 2). The polymerization of 2a was carried out at

-—-(CHZCH)-aT—(CHZCH}C—O
@ of 7@ R @ of @
+ —
@ o . @ o 2

R
3a:R=H R @/t Mn(Mw/Mn)
3b:R=Me 2a:H 50 50 1.9x10°(1.9)
2b:Me 40 60 1.1x10%(2.0)

120-130 °C in dimethylformamide (DMF) in the presence of
di-zert-butyl peroxide (DTBP) as a radical initiator.® After 12
h, the newborn polymer 4a was collected by centrifugation from
the chilled reaction mixture; 4a was insoluble in DMF at room
temperature (eq 3). The obtained 4a was not cross-linked because

R ~——{CH,G Hiz—{CH,CH}g——{CHCH}z—
1
v, e o Q f )
o]

On 3)

unit K unit A unit B unit C
4a:R=H 5a:R=H
4b:R=Ms 5b:R=Me

it could be dissolved in hot dimethylsulfoxide (DMSO). The IR
spectrum of 4a showed an absorption at 1693 cm™ assigned to
the C=0 group of the continuous ketone unit (Figure 1B), and
the '*C NMR spectrum showed signals at 207.06 and 35.27 ppm
as carbonyl and methylene carbons of unit K, respectively.
Furthermore, the 'H NMR spectrum showed a major signal at
2.62 ppm corresponding to the methylene protons on a carbon
atom adjacent to the ketone group and small signals at 7-8 ppm
as aromatic protons of inseparable template polymer. From the
ratio of the intensity of the signals for the methylene protons to
the intensity of the signals for the aromatic protons, ketone
composition (K%) of 4a on the basis of whole repeating units was
estimated to be 80-87% (Table I).

The template polymer Sa was collected by precipitation in
methanol from DMF solution. The IR spectra of $a showed an
absorption at 1659 cm™ assigned to a C=0 group of released
benzophenone side chain accompanied by a small absorption at
1710 cm™ assigned to a C==0 group of isolated ketone unit, which

(8) (a) Sugiyama, J.; Yokozawa, T.; Endo, T. J. Polym. Sci., Polym.
Chem. Ed., submitted for publication. (b) In the same way as 3a, 3b was
synthesized by acetalization of 4-(2-bromoethyl)benzophenone using 2-
chloromethyl-3-methyloxirane, followed by dehydrohalogenation.

(9) (a) Prepolymer 2a (1300 mg), DTBP (25.8 mg, 2 mol % based on unit
A), and DMF (14.1 mL) was heated at 120 °C in a degassed sealed tube.
After 12 h, the reaction mixture was chilled in a refrigerator, and white
powdery 4a was collected by centrifugation. The 4a was purified by repre-
cipitation from cooling of hot DMSO solution and repeating centrifugation
(111 mg). The supernate was poured into a methanol/triethylamine (200/1)
mixture, and Sa (1141 mg) was collected as a white powder. (b) After
polymerization, the reaction mixture was poured into a methanol/triethyl-
amine mixture, and 5b was collected as a white powder by filtration. After
the filtrate was concentrated by evaporation, the residue was dissolved in
methylene chloride and the solution was poured into hexane. The polyketone
4b was collected by decantation as hexane-insoluble viscous liquid. All of the
collected polymers were dried in vacuo over 12 h.

was incompletely separated unit K (Figure 1C). The composition
of 8a was estimated by '"H NMR and summarized in Table I. The
template polymer Sa was completely recovered (yield >98%), and
unit A in the 2a was decreased from 50 mol % to 2-10 mol %
after polymerization, indicating that unit A was converted to unit
K with releasing unit B. These results mean that radical elim-
ination polymerization actually occurred on the side chain of
prepolymer 2a, thus, 2a changed to template Sa by producing
newborn polymer 4a.

The methyl-substituted prepolymer 2b was also polymerized
by radical initiation at 130 °C.°® The 4b was obtained from the
methanol-soluble and hexane-insoluble part, whereas the template
Sb was obtained from the methanol-insoluble part. The obtained
4b was built in higher ketone composition (93%) than 4a. It should
be noted that the polymerization of 2b proceeds with nearly
complete separation of the newborn polymer 4b and the template
Sb. This phenomenon is probably attributable to retardation of
the undesirable vinyl polymerization, which would lead to con-
nection between the template and the newborn polymer by a
covalent bond, prevented by the steric hindrance of the methyl
group of 2b.

In conclusion, the prepolymers 2 afforded polyketones, and they
themselves were converted to poly(vinylbenzophenone). Both
poly(vinylbenzophenone) as template and polyketones as newborn
polymer were easily separated by fractional precipitation without
any particular chemical treatment after polymerization. This novel
template polymerization via radical isomerization demonstrates
the new concept that polymers bear polymers.
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The medicinal plant Scoparia dulcis L. has long been used in
Paraguay, India, and Taiwan for treating a variety of medical
problems.? In recent investigations of the Paraguayan crude drug
“Typycha kuratl (Scoparicdulcis L., Scrophulariaceae), Hayashi
and co-workers isolated a number of structurally unique tetracyclic
diterpenes, exemplified by the scopadulcic acids B (1) and A (3)
and scopadulciol (2) that are its active ingredients.> Scopadulcic

HO.C ;™ OBz
HO

scopadulcic acid A (3)

scopadulcic acid B (1) R = COH
scopadulciol (2) R = CH,OH

acid B and some semisynthetic derivatives are powerful inhibitors
of H* K*-adenosine triphosphatase and as such are potential
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1990-1991.
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73, 729. Satyanarayana, K. J. Indian Chem. Soc. 1969, 46, 765.

(3) (a) Hayashi, T.; Kishi, M.; Kawasaki, M.; Arisawa, M.; Shimizu, M.;
Suzuki, S.; Yoshizaki, M.; Morita, N.; Tezuka, Y.; Kikuchi, T.; Berganza,
L. H.; Ferro, E.; Basualdo, 1. Tetrahedron Lett. 1987, 28, 3693. (b) Hayashi,
T.; Kishi, M.; Kawasaki, M.; Arisawa, M.; Morita, N. J. Natural Prod. 1988,
51, 360. (c) Hayashi, T.; Asano, S.; Mizutani, M,; Takeguchi, N.; Kojima,
T.; Okamura, K.; Morita, N. J. Natural Prod. 1991, 54, 802. (d) Ahmed,
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candidates for treating peptic ulcers, gastritis, and esophagitis.*
Antiviral activity against herpes simplex virus type 1 and antitumor
activity in several tumor cell lines also have been reported for
several scopadulan diterpenes.>® We report herein the synthesis
of (%)-scopadulcic acid B (1), which constitutes the first total
synthesis of a scopadulan diterpene.”® This synthetic entry,
besides illustrating the power of palladium-catalyzed polyene
cyclizations for forming bridged polycyclics, should enable sys-
tematic studies of the molecular basis for the diverse biological
activity observed in the scopadulan series.

The significant utility of intramolecular Heck reactions for
constructing congested quaternary carbon centers has only recently
been appreciated.’®’ Our plan for accessing the scopadulcic acids
and congeners from a S5-methylenecycloheptene precursor is
outlined schematically in eq 1. This unusual synthesis design
projects construction of the scopadulan ring system and the critical
quaternary centers at C(9) and C(12) of the bicyclooctane sub-
structure in a single step.

m

E

scopadulcic acid B

A divinylcyclopropane rearrangement is the key step in as-
sembling the methylenecycloheptene cyclization substrate 10
(Scheme I).’>"'* The sequence begins with the 4-arylbutanal 6,
an intermediate that is readily assembled on a large scale from
commercially available 2-iodobenzaldehyde. Reaction of 6 with
(Z)-2-ethenyl-2-methylcyclopropylmagnesium bromide (7)'5"’
followed by oxidation gives the cyclopropyl ketone 8. Rear-
rangement of the enoxytrimethylsilane derivative of 8 in refluxing
benzene followed by selective cleavage of the resulting tri-

(4) (a) Asano, S.; Mizutani, M.; Hayashi, T.; Morita, N.; Takeguchi, N.
J. Biol. Chem. 1990, 265, 22167. (b) Hayashi, T.; Okamura, K.; Kakemi,
M.; Asano, S. Mizutani, M.; Takeguchi, N.; Kawasaki, M.; Tezuka, Y;
Kikuchi, T.; Morita, N. Chem. Pharm. Bull. 1990, 38, 2740.

(5) Hayashi, T.; Hayashi, K.; Uchida, K.; Niwayama, S.; Morita, N.
Chem. Pharm. Bull. 1990, 38, 239.

(6) Hayashi, K.; Hayash, T.; Morita, N. Phytother. Res. 1992, 6, 6.

(7) Approaches to the scopadulan ring system have been described.®?

(8) Abelman, M. M.; Overman, L. E. J. Am. Chem. Soc. 1988, /]0, 2328.

(9) (a) Robichaud, A. J.; Meyers, A. L. J. Org. Chem. 1991, 56, 2607. (b)
Tagat, J. R.; McCombie, S. W.; Ganguly, A. K.; Puar, M. S. Abstracts of
Papers, 204th National Meeting of the American Chemical Society, Wash-
ington, DC, August 23-28, 1992; American Chemical Society: Washington,
DC, 1992; ORGN 307,

(10) (a) Grigg, R.; Sridharan, V.; Stevenson, P.; Worakun, T. J. Chem.

Soc., Chem. Commun. 1986, 1697, (b) Abelman, M. M.; Oh, T.; Overman,

L. E. J. Org. Chem. 1987, 52, 4130.

(11) For a recent brief review of our work in the area of palladium-cata-
lyzed polyene cyclizations that discusses our earlier model studies in the
scopadulan area, see: Overman, L. E.; Abelman, M. M,; Kucera, D. J.; Tran,
V. D,; Ricca, D. J. Pure Appl. Chem. 1992, 64, 1813.
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earlier by Piers, Wender, and Marino: (a) Piers, E.; Nagakura, L. Tetrahedron
Lett. 1976, 3247, (b) Marino, J. P.; Browne, L. J. Tetrahedron Lett. 1976,
3245. (c) Wender, P. A,; Filosa, M. P. J. Org. Chem. 1976, 4], 3490. (d)
Wender, P. A,; Eissenstat, M. A; Filosa, M. P. J. Am. Chem. Soc. 1979, 101,
2196.

(13) All intermediates were fully characterized by 'H and 1*C NMR, IR,
and MS analysis. The elemental composition of analytical samples of new
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Chem. 1992, 57, 14A.

(15) Prepared in THF from the corresponding (Z)-bromide by sequential
treatment with ¢-BuLi and MgBr,»OEt,. The lithium reagent reagent cannot
be employed because it reacts with the aryliodide functionality of 6.

(16) The mixture of bromides formed by (#-Bu);SnH monodebromination
of the dibromocarbene adduct of isoprene'’ can be separated on silica gel.
Alternatively, the mixture of stereoisomeric bromides can be employed and
the (£)-cyclopropyl ketone recovered after [3,3]-sigmatropic rearrangement
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(17) Skatelbol, L. J. Org. Chem. 1964, 29, 2951. Seyferth, D.; Yamazaki,
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“Reaction conditions: (a) CH,—=CHCH,MgBr, Et,0, 0 °C, 96%;
(b) TBSC], imid., DMF, 86%; (c) BH;»SMe,, hexane, 23 °C; H,0,~
NaOH 63%; (d) Swern oxidation, 85%; (¢) PCC, 3-A molecular sieves,
NaOAc, 75% from 6; (f) TMSOT(, Et;N, CH,Cl,, 0 °C; (g) PhH,
reflux; PPTS, EtOH-H,0, 23 °C, 99% from 8; (h) Ph;P=CH,, THF,
23 °C, 70-85%; (i) TBAF, THF, 23 °C, 100%; (j) PCC, 3-A molecu-
lar sieves, NaOAc, 77% from 9; (k) DDQ, PhCl, reflux; (1) m-CPBA,
CH,(Cl,, 23 °C, 83%; (m) Te, NaBH,, EtOH, 80 °C, 81%; (n) LiAlH,,
T(l:-IF, 7778 °C, 73%; (o) MeOT{, 2,6-di-tert-butylpyridine, CH,Cl,, 23
°C, 75%.

methylsilyl enol ether provided the A* cycloheptenone 9 in near
quantitative yield. Transformation of this intermediate to the aryl
dienone 10 was easily accomplished by standard Wittig methy-
lenation, desilylation, and oxidation. This overall sequence has
been optimized to afford 10 on multigram scales in 25% overall
yield from 2-iodobenzaldehyde.

The key bis-cyclization of dienyl iodide 10 was accomplished
with a wide variety of palladium(0) catalysts. Preparative scale
cyclizations were carried out in refluxing acetonitrile in the
presence of 10 mol % of a coordinatively-unsaturated catalyst
prepared from Pd(OAc), and PhyP. Cyclizations conducted on
scales as large as 14 g provided the enones 11 and 12 in a com-
bined yield of 80-85%. Although the amount of the rearranged
enone 12 was somewhat reduced in cyclizations conducted in the
presence of silver salts,'® no conditions we examined completely
suppressed this double bond isomerization. Face selection in the
initial insertion step was not high, since the A'>'# enone 11 was
formed as 1.2-1.5:1 mixture of stereoisomers.'’® Although the
three enone isomers could be separated, it was best to oxidize the
crude cyclization product with DDQ in refluxing chlorobenzene.
This treatment formed a single dienone 13 in 53% overall yield
from 10. The required oxidation at C(13) and introduction of
the S-oriented methine hydrogen at C(8) were accomplished as
follows. Oxidation of 13 with 1.1 equiv of m-chloroperoxybenzoic
acid occurred cleanly at the distal double bond and from the face
of the one-carbon bridge to form the 8-13,14 oxide, an intermediate
that could be selectively reduced'® to the hydroxy enone 14.

(18) The major isomer has the 8 configuration of the C(8) methine hy-
drogen that is found in the scopadulcic acids. This assignment was established
by single crystal X-ray analysis of the epoxide prepared from the minor
stereoisomer of 11.
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Scheme II°

R'O

Cm R' = R? = H (75% from 19)
78% ™ 22R'= TBS,R2= Bz

“Reaction conditions: (a) LiAlH,, THF, -78 °C; (b) n-BuLi (4
equiv), TMEDA-pentane, reflux; CO,, 0 °C, 63% of 17 and 10% of
the lactone, (c) Li, NH;-~THF (4:1), reflux; isoprene; Mel; (d) H,,
Rh/ALO;; (e) LiAlH,, THF, 0 °C; (f) MnO,, CH,Cl,, 23 °C, 55%
from 17; (g) Et,AICN, PhMe, 23 °C, 85%; (h) LiAlH,, THF, 75 °C;
(i) NH,NH,-2HC], NH,NH,-H,0, HOCH,CH,0H, 195 °C; KOH,
195 °C, 74% from 19; (j) TBSOTH{, 2,6-lutidine, -70 °C; BzOT{, 2,6-
lutidine, 23 °C; (k) TBAF, THF, 23 °C; RuClyH,0, NalO,, CH,C-
N-CCl,~H,0.

Reduction of this enone from the 8 face was best achieved by
delivery of hydride intramolecularly from the C(13) alcohol.?®
This latter functionality was finally protected as a methyl ether
to provide 15 in 37% overall yield from dienone 13 and set the
stage for the critical functionalization of the aromatic ring.
Reduction of the a-tetralone 18 with LiAlH, at -78 °C provided
the equatorial alcohol 16 in near quantitative yield. Ortho lith-
iation of this intermediate with excess n-BuLi in refluxing pen-
tane~-TMEDAZ?' followed by quenching with CO, afforded the
benzoic acid 17 in 53% yield together with 10% of the corre-
sponding lactone, a byproduct that was readily converted to 17,
and 30% of recovered 16. Birch reduction and methylation??
proceeded to deliver, after selective saturation of the 2,3-double
bond, the lactone 18 in 65% overall yield from 17.
Completion of the synthesis of scopadulcic acid B required
development of the remaining quaternary center at C(10). All
attempts to directly introduce this angular methyl group by
conjugate addition of methyl organometallics to various inter-
mediates having C(6) enone functionality were unsuccessful. This
last obstacle was finally surmounted in an efficient, albeit classical,
fashion. Sequential treatment of 18 with LiAlH,, MnO,, and
Et,AICN? provided ketone 19 in 47% overall yield from 17. The
conversion of this intermediate to alcohol 21 was greatly simplified
when we discovered that reduction of 19 in THF with an excess
of LiA]H, proceeded cleanly and stereoselectively to give penta-
cycle 20 in essentially quantitative yield. Reduction of this re-

Scopadulcic acid B (1)

(19) Osuka, A.; Taka-oka, K.; Suzuki, H. Chem. Lett. 1984, 271.

(20) Solomon, M.; Jamison, W. C. L.; McCormick, M.; Liotta, D.; Cherry,
D. A,; Mills, J. E.; Shah, R. D.; Rodgers, J. D.; Maryanoff, C. A. J. Am.
Chem. Soc. 1988, 110, 3702.

(21) Panetta, C. A,; Dixit, A. S. Synthesis 1981, 59. Seebach, D.; Meyer,
N. Chem. Ber. 1980, /13, 1304.

(22) See, inter alia: Taber, D. F. J. Org. Chem. 1976, 41, 2649. Hook,
J. M.; Mander, L. N.; Woolias, M. Tetrahedron Lett. 1982, 23, 1095.

(23) Nagata, W. Org. React. (N. Y.) 1977, 25, 255.

markably stable cyclic aminal could be accomplished in 74% yield,
under forcing Wolff-Kishner conditions, to afford the tetracyclic
diol 21. Silylation of the primary alcohol of 21 followed by
acylation of the secondary alcohol with benzoyl triflate?* provided
22, which was desilylated, and the resulting alcohol was oxidized
with RuO,? to afford (£)-scopadulcic acid B (1) in 55% overall
yield from 21. Synthetic 1 showed 500-MHz 'H NMR, 125-MHz
13C NMR, and chromatographic properties that were indisti-
guishable from those of an authentic sample of 1.

The synthesis of scopadulcic acid B (1) summarized in Schemes
I and II is capable of providing 10~100-mg amounts of 1 and
congeners for pharmacological investigation. Besides being the
first successful entry to this new class of biologically active ter-
penoids, the efficient conversion of 10 to tetracycles 11 and 12
provides the best illustration to date of the power of intramolecular
Heck cyclizations to solve formidable problems in complex
molecule synthesis.
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We wish to report the discovery and mechanistic studies of the
conversion of cyclic Cg alkenes, including cyclooctene (COE),
1,3-cyclooctadiene (1,3-COD), 1,5-cyclooctadiene (1,5-COD), and
cyclooctatetraene (COT), to benzene on Pt(111) surfaces under
ultra-high-vacuum (UHV) conditions. This work has relevance
not only for understanding important processes that occur on Pt
surfaces during hydrocarbon reforming' but also for modeling
reactions that certain organoplatinum compounds undergo during
chemical vapor deposition (CVD).2 Although the conversion of
cyclic C¢Hg.», hydrocarbons into benzene on a Pt(111) surface
is a well-known process,*™ the corresponding chemistry of cyclic
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