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The promising anticancer activity of taxol and relate
compounds has attracted considerable attention frc
organic and medicinal chemists toward the developme
of efficient synthetic methods for taxoids and more activ
analogues (Figure 1).

Conjugated enynals may serve as versatile substrates
[m,7,n]-tricyclic skeletons via metal-catalyzed reactions
In fact, conjugated enynals with certain alkynophilic
metal cations are known to form metal-pyrylium interFigurel
mediates which undergo cycloaddition with a pendent

unsaturated bontRecently, we reported [3+2] cyclo-

ﬁgﬂ'}“g?} or:‘all?shxs;bznogdng;%otl%rozirltéogéllnégcﬁgn?ggve nynals to form reactive pyrylium intermediates which
y P .could undergo cycloaddition via either [4+2] or [3+2]

and co-workers reported a gold-catalyzed benzannulatl%wute_ Herein we wish to report Pt-catalyzed synthesis of

of o-alkynylbenzaldehydes with alkynes involving a[m,7,n]-tricyc|ic skeletons having an oxygen bridge in the

4+2] cycloaddition of Au-pyrylium intermediates with . ; .
([jien(])pr)]/iles such as aIkylz)(;sy and enol ethers at hisrﬁven-membered ring from conjugated enynals with a
endent double bond (Scheme 2).

temperaturé. In this context, we reported Au-catalyze
cyclization of diynalsl to dihydrobenzd]azulen-4(H)-  In order to exploit this transformation, we first prepared a
ones? via [3+2] cycloaddition and Pt-catalyzed cyclizaSubstratéa by known procedureSAt first, cyclization of
tion to 2,3-dihydrophenanthren-4{)-ones3 via [4+2] €nynal 4a was attempted with AuBr AuCl, and
cycloaddition (Scheme #). AuCI(PPh), but the substratéa was dimerized within an

- . : . e . hour. Thus we changed catalysts from gold compounds to
Continuing our interest in cycloisomerization mvolvmgIess reactive platinum compounds (Table 1)

Huisgen-type [3+2] cycloadditions, we have paid atten-
tion to metal-pyrylium intermediates derived from af\uBr; in 1,2-dichloroethane (DCE) and toluene
aliphatic anchof. Similar to gold, platinum is alkyno- completely converteda within one hour at room tem-
philic and prone to form Pt—carbene complexes. CombiRerature and 0 °C, respectively, but afforded a complex
ing properties associated with platinum cations, we couffimeric compound, the structure of which is still under
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dichotenone A (R = Me)
dichotenone B (R = CH,0OACc)

ostulate their powerful catalytic activities toward

Scheme1l Reagent and conditions: (a) PtC} or PtC}, (3 mol%), DCE, 80 °C, 3 I8 (40-43%); (b) AuBj (3 mol%), DCE, r.t., 8 2 (80%).
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Tablel Metal-Catalyzed Reactions of Enyra

Entry Catalysts (5 mol%) Solvent Temp (°C), time (h) Product (%yield)
1 AuBr, DCE rt,1 dimer (89)
2 AuBrg toluene 0,1 dimer (82)
3 AuCl CH,CI, r.t., 0.5 dimer (71)
4 AuCI(PPh) CH,Cl, rt., 1 dimer (79)
5 PtChL toluene 110, 48 5a (30),6a (12)
6 PtCL(PPh), toluene 100, 12 5a (47),6a (11)
7 PtCL(PPh), DCE 80, 12 5a (44),6a (38)
8 PtCL(PPh), DMF 100, 12 dec.
9 PtCL(PPh), dioxane 100, 12 5a (86)
Table2 Pt-Catalyzed Cyclizations of Enynad¥
| o || 5 mol% PtCly(PPh), .~‘H
X 1,4-dioxane D *
4 5 7 ©

Entry Substrates Temp (°C), time (h) Products Yields (%)

1 4b 100, 2 5b 78

2 4c 100, 24 5c 72

3 4d 100, 4 5d 65

4 4e 100, 4 5e 77

5 4f 120, 15 f 66

6 4g 100, 2 5 80

7 4h 100, 2 5h 86

8 4i 100, 15 5i 64

9 4 100, 1 5 -
10 4K 100, 24 5k -

characterization (entries 1 and 2). AuCl and AuCIlgpPhthe major product along witBa (entries 5 and 6).The
also afforded the same dimeric product (entries 3 and fyesent reaction in DCE was a little better in terms of the
Pt(+2) is isoelectronic with Au(+3). Both P{Chnd combined yield (82%) dba and6a, but DMF as solvent
PtCL(PPh), catalyzed cycloisomerization d& to 5a as did not work (entries 7 and 8). It is noteworthy that the
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product6a could be formed with a trace of water preserdfforded5b, 5c, and5d in 78%, 72% and 65% vyields,

in the reaction solvents. 1,4-Dioxane turned out to be thespectively. As the ring size increased from five to seven,
best among the solvents we tested, whdrBIMR of the the reactions required longer time to complete. The enynal
crude reaction mixture indicated the exclusive formatiofic with a methyl substituent on the olefinic position
of 5a (entry 8). Structure of the produs was fully char- required much longer reaction time but afforded the
acterized by 1D and 2D NMR studiedd NMR, ®C  expected produdic in 72% yield.

NMR, DEPT, COSY, and HMQC spectrasd revealed Thg gypstratde, a homologue oftb, was an important
the proposed structure. The proton connectioBafere g psirate since it afforded a different type of ring skeleton.
further confirmed by 1D TOCSY data. HMBC datarpe reaction proceeded well to give [5,7,6]-carbocgele
showed the overall skeleton by long-range coupling ang 779 yield. Sterically bulky substra#f, however,
NOE studies confirmed its relative stereochemistry basgdjerwent cyclization in a different mode, via [4+2], to
on the proximity among protofisWith this initial afford the [6,6,6]-tricyclic productf in 66% yield after
success, we examined the scope of this reaction tow%*ébrotection of the TBS group. Nitrogen-tethered sub-
various enynals (Table 2, Figure 2). Overall, the preseé‘ltratesAg, 4h, and4i were converted more readily in the
cyclizations turned out to be quite general as long as thg,e way. Six- and five-membered enyrdgsand 4h

structural blocking was not severe. Five- and Sevefave the corresponding [6,7,5]- and [5,7,5]-tricycdgs
membered enynakdb, 4c, and4d under our conditions
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and5h in 80% and 86% yields, respectively. The methyl
substituent on the olefinic position df again did not
affect the present reaction leadingsto Enynals with an
oxygen linker 4j) and an internal olefirg{), unfortunate-

ly, did not proceed to the corresponding products. It is g
noteworthy that the key skeletons of [m,7,n]-tricycles
fused with an oxygen bridge are found in many biologi-
cally active natural products such as barbatusol, pisiterin,
faveline, and xochitlon&; therefore this study would
have a high potential in synthetic organic chemistry.

Mechanistically, the proposed intermedidté is stabi-
lized by a resonance for&R2 (Scheme 3). The intermedi-
ate A2 would undergo [3+2] cycloaddition to platinum-
carbeneB1. Any basic species could deprotonate fi®in
to form B2 followed by protolysis to give the produgt
In the presence of water, howevl, is expected to form
C2, which would be further transformed@awith releas-
ing either Pt(I1)-H or Pt(0)-2H. Formation of7f can be
understood via the intramolecular [4+2] cycloaddition of (8)
A1l followed by the base-promoted fragmentati®it.

In conclusion, conjugated enynalsanchored to cyclo-
alkenes were successfully cyclized to the corresponding
fused tetracyclic compounds which would be valuable
skeletons in many complex natural products. This trans-
formation is highly selective, atom-economical, and an (
environmentally benign technique. Synthetic applications
to natural products and further exploration by using other
transition metal catalysts are currently underway.
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Table 3 (continued)
NOE

C#

3 IH NMR, COSY, TOCSY 5 8C NMR, HMBC

DEPT, HMQC (H — C#)

10

11
12

13
14

2.31(ddJ = 7.6, 13.6 Hz), 41.09 (CH) 8,9, 11,
2.28 (ddJ = 4.4, 13.6 Hz) coo
2.67 (dddJ=4.4,7.2,88Hz) 5259 (CH) 7,10,12

2.13 (ddd] = 3.4, 7.2, 12.4 Hz), 40.82 (CH) 14
1.89 (dddJ = 0.8, 8.8, 12.4 Hz)

4.70 (dJ=7.6 Hz) 81.18 (CH) 11,7,1,5

137.79

(10) General Experimental Procedurefor Cyclization: In a

new 5 mL test tube, enynala— (0.3 mmol), PtCPPh),

(5 mol%), and anhyd 1,4-dioxane (0.5 mL) were charged at
0 °C and the reaction mixture was kept under an argon
atmosphere. The resulting mixture was stirred for 1-24 h in
a preheated oil-bath (100 °C) with periodic monitoring of the
reaction (TLC). Upon completion, the solvent was removed
under vacuum and the crude product was subjected to flash
column chromatography to afford the pure prodGete
and5gH. In the case of substratk the reaction mixture was
cooled to 0 °C and treated with a 1.0 M TBAF solution in
THF (1.0 mmol). Extractive work-up and flash
chromatography gave the desilylatédn 66% yield.

5a: 'H NMR (500 MHz, CDCJ): § =5.72 (s, 1 H), 5.49 (td,
J=1.6,4.0Hz,1H),4.70 (d=7.6 Hz, 1 H), 4.09-4.25 (m,

4 H), 2.67 (ddd) = 4.4, 7.2, 8.8 Hz, 1 H), 2.66 (@i= 14.4

Hz, 1 H), 2.51 (dJ = 14.4 Hz, 1 H), 2.31 (dd,= 7.6, 13.6

Hz, 1H), 2.28 (ddJ=4.4, 13.6 Hz, 1 H), 2.24 (m, 2 H), 2.13
(ddd,J=3.4,7.2,12.4 Hz, 1 H), 2.07 (m, 2 H), 1.89 (ddd,
J=0.8,8.8,12.4 Hz, 1 H), 1.70 (m, 1 H), 1.56 (m, 1 H), 1.25
(t,J=7.2 Hz, 3H), 1.24 (] = 7.2 Hz, 3 H)}3C NMR (125
MHz, CDCl): § = 172.27, 171.15, 137.79, 133.06, 127.12,
121.53, 90.82, 81.18, 62.77, 61.57, 61.35, 52.59, 42.14,
41.09, 40.82, 29.16, 25.31, 22.76, 14.03, 14.00. IR (NaCl):
1739, 1673, 1598 cth HRMS: vz calcd for GH,¢NaQ:
369.1678; found: 369.1683.

6a: *H NMR (400 MHz, CDCJ): § =4.52 (dJ=6.4 Hz, 1

H), 4.13-4.27 (m, 4 H), 3.15 (d~ 14.4 Hz, 1 H), 2.59 (m,

1 H), 2.56 (dJ = 14.4 Hz, 1 H), 2.43 (dd,= 4.8, 13.6 Hz,

1 H), 2.38 (ddJ = 9.6, 13.6 Hz, 1 H), 2.17-2.31 (m, 2 H),
2.14 (dddJ=5.2, 6.8, 12.4 Hz, 1 H), 2.02-2.11 (m, 2 H),
1.99 (ddJ=9.2,12.4 Hz, 1 H), 1.67-1.81 (m, 2 H), 1.40—
1.55(m,2H),1.27 (1=7.2Hz,3H),1.24(]=7.2Hz, 3

H). *3C NMR (100 MHz, CDC)): § = 195.06, 171.37,
171.25, 159.49, 129.00, 96.80, 80.08, 62.42, 61.94, 61.73,
44.92, 39.49, 37.36, 36.93, 26.97, 21.81, 21.72, 21.03,
14.28, 14.22. IR (NaCl): 1739, 1678, 1636 tnhiRMS:

m/z calcd for GgH,gNaQy: 385.1627; found: 385.1625.

5b: IH NMR (400 MHz, CDC)): § =5.73 (dJ=1.2 Hz, 1

H), 5.63 (dJ=2.0 Hz, 1 H), 4.99 (d,= 8.4 Hz, 1 H), 4.10—
4.26 (m, 4 H), 2.70 (d} = 14.0 Hz, 1 H), 2.68 (ddd,= 4.4,
7.2,8.8Hz, 1 H), 2.49 (d,= 14.0 Hz, 1 H), 2.46 (m, 2 H),
2.44 (m, 2 H), 2.33 (dd,= 7.2, 13.4 Hz, 1 H), 2.26 (dd=
9.2,13.4Hz, 1 H),2.16 (ddd= 3.6, 7.2, 12.0 Hz, 1 H), 1.95

(ddd,J=0.8, 8.8, 12.0 Hz, 1 H), 1.25 {t= 7.2 Hz, 3 H),
1.24 (t,J = 7.2 Hz, 3 H)**C NMR (100 MHz, CDC)): 5 =
176.38, 171.20, 145.59, 144.45, 126.36, 120.74, 90.23,
80.15, 62.39, 61.56, 61.33, 52.37, 42.03, 41.08, 40.98,
31.36, 26.39, 14.02, 14.00. IR (NaCl): 1741, 1670, 1593
cntt, HRMS:mvz caled for GgH,,NaQy: 355.1521; found:
355.1517.

5c: 'H NMR (400 MHz, CDC)): 6 =5.62 (dJ=2.0Hz, 1

H), 5.54 (dJ=1.2 Hz, 1 H), 4.84 (dl= 7.2 Hz, 1 H), 4.10—
4.28 (m, 4 H), 2.82 (dd = 10.8, 13.6 Hz, 2 H), 2.45-2.55
(m, 6 H), 1.97 (dJ = 14.0 Hz, 1 H), 1.55 (dd,= 1.4, 12.2
Hz, 1 H), 1.24 (t)=7.2 Hz, 3 H), 1.23 (1 = 7.2 Hz, 3 H),
1.09 (s, 3 H)*C NMR (100 MHz, CDC)): § = 172.54,
171.56, 146.59, 144.99, 126.22, 117.86, 91.62, 74.80, 61.57,
61.35, 59.97, 57.70, 49.49, 49.16, 40.76, 31.31, 26.42,
25.94, 13.98 (% C). IR (NaCl): 1740, 1675, 1595 chn
HRMS: m/z calcd for GgH,egNaO;: 369.1678; found:
369.1674.

5d: 'H NMR (400 MHz, CDC)): 6 =5.80 (s, 1 H), 5.48 (dd,
J=5.2,6.0Hz,1H),4.66 (d=7.2 Hz, 1 H), 4.10-4.26 (m,
4 H), 2.65 (dJ=14.4 Hz, 1 H), 2.64 (ddd,= 3.0, 8.4, 16.4
Hz, 1 H), 2.49 (dJ=14.4 Hz, 1 H), 2.35 (m, 2 H), 2.17-2.31
(m, 4 H), 2.10 (ddd) = 3.2, 7.6, 12.4 Hz, 1 H), 1.85 (ddd,
J=0.8,8.4,12.4Hz, 1 H), 1.61-1.75 (m, 4 H), 1.24 &,
7.2 Hz, 3 H),1.23 (§ =7.2 Hz, 3 H)**C NMR (100 MHz,
CDCl,): 6=172.30,171.16, 139.96, 137.25, 130.01, 125.71,
90.27, 83.11, 62.46, 61.57, 61.35, 52.46, 41.65, 40.68,
40.52, 34.16, 27.62, 26.46, 25.89, 14.02, 14.00. IR (NaCl):
1731, 1448 cmt. HRMS:m/z calcd for G,H,gNaQ;:
383.1834; found: 383.1833.

5e: 'H NMR (400 MHz, CDCJ): 5 = 5.58 (s, 1 H), 5.42 (dd,
J=0.8,2.0Hz, 1 H), 4.85(dd=4.4,5.6 Hz, 1 H), 4.30 (dq,
J=7.2,12.0Hz, 1 H), 4.19 (d§~ 7.2, 14.4 Hz, 1 H), 4.15
(dq,J=7.2,14.4 Hz, 1 H), 4.08 (dd~= 7.2, 12.0 Hz, 1 H),
2.78(ddJ=2.0,15.2 Hz, 1 H), 2.37-2.53 (m, 4 H), 2.31 (dq,
J=1.6,13.6 Hz, 1 H), 2.21 (d~ 15.2 Hz, 1 H), 2.07 (m, 1
H), 1.80 (m, 2 H), 1.65 (m, 2 H), 1.47 (m, 1 H), 1.23 &,
7.2 Hz, 3 H),1.22 (§ =7.2 Hz, 3 H):*C NMR (100 MHz,
CDCl,): 6=172.81,170.86, 145.55, 144.20, 124.17, 122.90,
78.65, 72.91, 61.48, 60.96, 51.88, 43.90, 40.08, 36.03,
31.23, 29.46, 28.08, 26.53, 14.00, 13.95. IR (NaCl): 1737,
1670, 1599 cmt. HRMS:m/z calcd for GoH,gNaQs:
369.1678; found: 369.1680.

7f: TH NMR (400 MHz, CDCJ): § =5.52 (s, 1 H), 5.43 (d,
J=4.4Hz,1H),4.16 (dl=5.6 Hz, 1 H), 3.26 (11 =4.8

Hz, 1 H), 2.75 (dgJ = 2.4, 12.0 Hz, 1 H), 2.05-2.34 (m,
7 H), 1.86 (m, 1 H), 1.68-1.77 (m, 2 H), 1.55-1.64 (m, 1 H),
1.22 (s, 3 H), 0.83 (s, 3 H¥C NMR (100 MHz, CDCJ):

8 =213.13, 134.61, 130.00, 122.96, 121.56, 80.57, 53.80,
44.42, 36.95, 33.12, 32.97, 31.35, 29.48, 26.09, 25.37,
23.01. IR (NaCl): 3465, 1753, 1663 TrHRMS:m/z calcd
for C,gH,,NaG,: 269.1517; found: 269.1520.

5g: *H NMR (400 MHz, CDCJ)): 6 = 7.70 (dJ = 8.0 Hz, 2
H), 7.31 (dJ = 8.0 Hz, 2 H), 5.57 (s, 1 H), 5.51 (dds 0.8,
4.4 Hz, 1 H), 4.65 (d] = 8.8 Hz, 1 H), 3.69 (dd,= 7.6, 8.0
Hz, 1 H), 3.51 (s, 2 H), 3.50 (m, 1 H), 2.70-2.83 (m, 2 H),
2.43(s,3H),2.23(m, 2H),2.08 (m, 2 H), 1.98 (ddd 1.6,
7.2,12.8Hz,1H),1.77 (ddd~1.2, 8.0, 12.8 Hz, 1 H), 1.68
(m, 1 H).13C NMR (100 MHz, CDC)): § = 147.37, 143.21,
142.00, 129.64, 127.62, 123.43, 122.19, 118.67, 89.17,
80.82, 55.14, 54.34, 52.12, 36.89, 28.80, 24.94, 21.55. IR
(NaCl): 1598, 1472 cmh. HRMS:mvz calcd for
C,oH2sNNaSQS: 380.1296; found: 380.1294.

5h: *H NMR (400 MHz, CDC)): 6 =7.72 (dJ=8.4 Hz, 2
H), 7.32 (dJ=8.4 Hz, 2 H), 5.65 (dl = 1.2 Hz, 1 H), 5.59
(dd,J=1.4,3.2Hz,1H),4.97 (d~=6.8 Hz, 1 H), 3.68 (dd,
J=7.6,8.0Hz,1H), 3.50 (ABa\é = 13.2 HzJ=11.2 Hz,
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2H), 2.79 (dddj = 2.4, 8.8, 16.4 Hz, 1 H), 2.75 (db 9.2,
16.4 Hz, 1 H), 2.40-2.47 (m, 4 H), 2.43 (s, 3 H), 1.99 (ddd,
J=2.0,7.6,12.8 Hz, 1 H), 1.82 (ddbk 1.6, 8.0, 12.8 Hz,

1 H).%3C NMR (100 MHz, CDGC)): § = 147.10, 143.82,
143.47, 133.24, 129.64, 127.66, 127.15, 117.64, 94.45,

88.90, 55.32, 54.60, 52.31, 37.42, 31.36, 26.44, 21.57. IR (11)

(NaCl): 1597, 1457 cmh. HRMS:m/z calcd for
C,H,:NNaSQS: 366.1140; found: 366.1144.

5i: 'H NMR (400 MHz, CDC)): § =7.71 (dJ=8.4 Hz, 2
H), 7.30 (dJ=8.4 Hz, 2 H), 5.63 (dl = 2.0 Hz, 1 H), 5.45
(s,1H),4.83(d)=6.8Hz, 1H), 3.53 (ABqAs = 16.0 Hz,
J=12.0 Hz, 2 H), 3.40 (d,= 8.8 Hz, 1 H), 3.06 (d] = 8.8
Hz, 1 H), 2.47 (m, 4 H), 2.42 (s, 3 H), 2.25 (d&, 7.6, 12.4
Hz, 1 H), 1.42 (dd) = 1.2, 12.8 Hz, 1 H), 1.12 (s, 3 HjC
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NMR (100 MHz, CDCJ): 5 = 147.95, 144.43, 143.26,
133.66, 129.55, 127.48, 126.72, 115.02, 89.95, 75.18, 60.72,
57.91, 54.20, 43.90, 31.26, 26.49, 21.52, 21.01. IR (NaCl):
1599, 1455 cmt. HRMS:m/z calcd for GoH,,NNaSQS:
380.1296; found: 380.1298.

For isolations, see: (a) Kelecom, Tetrahedron 1983, 39,
3603. (b) Yatagai, M.; Takahashi, Rhytochemistry 1980,

19, 1149. (c) Endo, Y.; Ohta, T.; Nozoe,T&trahedron

Lett. 1991, 32, 3083. (d) Dominguez, X. A.; Sanchez, H. V.;
Espinosa, G. B.; Villarreal, A. M.; Guerra, N.Rev.

Latinoam. Quim. 1990, 21, 26. (e) For synthesis, see:
Majetich, G.; Hicks, R.; Zhang, Y.; Tian, X.; Feltman, T.L.;
Fang, J.; Ducan, S. Jr.Org. Chem. 1996, 61, 8169.
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