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Ring Systems

Construction of Highly Functionalized
Medium-Sized Rings: Synthesis of Hyperforin
and Perforatumone Model Systems**

K. C. Nicolaou,* Giacomo E. A. Carenzi, and Valer Jeso

Hyperforin"! (1) and perforatumone® (2) are two secondary
metabolites with unique molecular architectures and were

1: hyperforin 2: perforatumone

isolated from Hypericum perforatum (St. John’s wort),"!
famous for its antidepressant properties. Despite their
relatively small size, these structures constitute thorny
synthetic challenges and remain to this day defiant to
chemical synthesis.!! As part of our efforts to develop
synthetic routes to these and other natural and designed
polyprenylated phloroglucinol derivatives, we sought a gen-
eral method of entry into bridged medium-sized rings
reminiscent of this class of compounds. Herein we report a
novel synthetic sequence to such polyfunctional systems from
simple cyclic ketones that involves a series of cascade
reactions and delivers model systems of both hyperforin and
perforatumone in a stereoselective manner.

Scheme 1 depicts the hypothetical strategy devised for
reaching bridged medium (and potentially large)-sized rings
of type III, IV, and V from simple building blocks such as
disubstituted cyclic ketones I and a,pB-unsaturated aldehydes
II. Implementation of this strategy would require annulation
of cyclic ketone I with the o,f-unsaturated aldehyde II to
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Scheme 1. General strategy for the construction of polyfunctional,
bridged medium-sized rings Ill, IV, and V.

afford the bridged bicyclic system III, followed by oxidation
of the latter compound to the a,p-unsaturated enone IV.
Dihydroxylation and subsequent fragmentation of IV was
expected to afford the ring-expanded product V via inter-
mediate VI. Notably, besides the two-carbon expansion
involved in the fragmentation reaction (VI—V), this process
would concurrently form a new bridge, which being a lactone,
can be conveniently disassembled to afford further multi-
functional products. Noteworthy is also the choice of annu-
lation partners I and II in which the fine-tuning of the
reactivity of each compound at its two reactive ends was
deemed crucial to the success of the anticipated
cascade reaction to afford III. Favoring the
proposed fragmentation was the proximity of
the attending hydroxy group to the attached
bridging carbonyl moiety, the closeness of its

strain released upon the event.

Delightfully, implementation of this plan
with cyclohexanone derivative 3 and 2-methyl-
acrolein (4) as starting materials proved suc-
cessful (Scheme 2). Thus, mixing of diketone 3!
with acrolein 4 in CH,Cl,, followed by addition
of TFOH™ at —78°C and slowly allowing the
reaction mixture to reach ambient temperature,
led to the formation of bicyclic hydroxy diketone
5 in 63 % yield, presumably through: 1) initial
activation (enolization) of the carbon atom

Me Me
a) TfOH
Me

trajectory to the Biirgi-Dunitz angle " and the 3

(=2:1) were obtained. Four diastereomers could plausibly be
formed in this reaction, but the stereochemistry of the
observed two was neither determined nor of consequence as
both stereocenters were destroyed in the subsequent steps
(see below). Continuing with the sequence (Scheme 1), the
hydroxy group within the bicyclic product 5 (mixture of two
compounds) was oxidized with DMP (81%) to afford
tricarbonyl compound 6 (single compound), whose regiose-
lective unsaturation (to afford enone 8 (Scheme 2)) pro-
ceeded smoothly through phenylselenide 7 (produced by
sequential exposure to KHMDS and PhSeBr, 71%) by
oxidation to the corresponding selenoxide with mCPBA
(98%). Finally, stereoselective dihydroxylation of enone 8
from the exo face (OsO4,/4-DMAP) led conveniently to the
targeted product 9 (Scheme?2; Table3) in 68% yield,
presumably through fragmentation™ of the dihydroxy tricar-
bonyl compound corresponding to VI (Scheme 1) whose
existence is apparently transient (not detected by TLC).
While the resemblance of structures 5-8 to that of hyperforin
(1) is obvious, the architecture of fragmentation product 9
contains one extra carbon in its medium-sized ring compared
with that of perforatumone (2). Nevertheless, this sequence
proved quite useful in synthesizing several other polyfunc-
tional ring systems, including a bridged seven-membered ring
corresponding to 2 (i.e. compound 25, Table 2, Figure 11).

The success of this process encouraged us to explore its
optimization, generality, and scope. Table 1 lists the results of
a number of experiments carried out to optimize the initial
annulation procedure. Besides TfOH, a number of Lewis
acids such as Bi(OTf),,"! TMSOTT, Sn(OT¥),, Y(OTf),, and
AgOTTf performed well, although it is not clear whether they
act through the generation of TfOH. Optimizations for this
step were also carried out for the five-membered (compound
10, Table?2) and seven-membered rings (compound 11,
Table 2), as shown in Table 1. From these results we conclude

CHO

¢) KHMDS,
PhSeBr

between the two carbonyl groups of the cyclic
diketone 3, followed by 2) intermolecular 1,4-
addition to the o,p-unsaturated aldehyde 4,
3) protonation, and 4) intramolecular aldol reac-
tion.’! This annulation process is remarkable,
not only for its efficiency, but also for its
stereoselectivity: only two diastereomers of §

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 2. Synthesis of polyfunctional ring systems. Reagents and conditions:

a) TfOH (0.3 equiv), CH,Cl,, —78 —25°C, 1.5 h, 63 %; b) DMP (1.5 equiv), py, CH,Cl,,
25°C, 81%; c) KHMDS (1.15 equiv), THF, —41°C, 2 h; then PhSeBr (1.4 equiv),
—41°C, 15 min, 71%; d) mCPBA (2.0 equiv), CH,Cl,, —10—0°C, 30 min, 98 %;

e) 0sO, (1.1 equiv), 4-DMAP (1.1 equiv), tBUOH/H,O (1:1), 25°C, 1 h, 68%.
Tf=trifluoromethanesulfonyl; DMP = Dess—Martin periodinane; py = pyridine;
KHMDS = potassium bis (trimethylsilyl)amide; mCPBA =m-chloroperbenzoic acid,
4-DMAP = 4-dimethylaminopyridine.
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Figure 1. ORTEP drawing of 25 drawn at the 30% probability level.

that the best catalysts for this reaction can be found from the
collection of TFOH, TMSOTH, and the triflate salts of Bi, Sn,
Y, and Ag.

As shown in Table 2, the five- to ten-membered ring
disubstituted ketones (10, 3, 11-14) entered and completed
the sequence to the final lactone-bridged fragmentation
products (25, 9, 26-29, respectively) via the corresponding
intermediate compounds (15, 5, 16-19, and 20, 8, 21-24) in
varying yields. Thus, while the five- to eight-membered ring
ketones performed well and yielded the seven- to ten-
membered ring systems (Table 2, entries 1-4), the larger-
ring ketones behaved erratically both in the initial
(annulation) and in the final (fragmentation) steps to
afford the expected products in low yields (Table 2,
entries 5 and 6). The higher flexibility of the larger-ring
substrates may be responsible for the poor performance of
these ring-forming and -rupturing reactions, a hypothesis
that was supported by the refusal of an open-chain
disubstituted ketone (i.e. 2,4,6-trimethylheptan-3,5-
dione) to enter the initial productive step (i.e. the
annulation step).

As a further demonstration of the generality of the
developed synthesis of polyfunctional medium-sized rings,
we attempted the construction of the fully substituted
seven- and eight-membered bridged ring systems 31a,b-
35a,b (Scheme 3). Each carbon atom of these benzenoid
fused ring systems is uniquely substituted, making them
both synthetically challenging and potentially useful as
biological probes. Thus, the substituted diketones 30a and
30b upon reaction with methyl acrolein (4) under the
influence of TMSOTH, formed the annulated products 31a
(41 %) and 31b (31 %), respectively. The latter compounds
were then oxidized with DMP to the corresponding
triketones 32a (60%) and 32b (61%), which were
subjected to the phenylselenenylation/oxidation proce-
dure to afford enones 34a (74 %) and 34b (56 %) via 33a
and 33b. Finally, exposure of 34 to the OsO,/4-DMAP
conditions led directly to the targeted products 35a (38 %;
Table 3) and 35b (31 %) through the postulated dihydroxy-
lation/fragmentation cascade (yields unoptimized).

The described synthetic technology offers rapid and
convenient build-up of molecular complexity from simple
and readily available starting materials. Its application to the
synthesis of natural and designed molecules containing
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Table 1: Optimization of annulation conditions (I + 11—11I)#!

Entry Substrate  Solvent Equiv  t[h] Product Yield [%]"
1 3 TfOH 0.3 1.5 5 63
2 3 Bi(OTf), 03 6 5 58
3 3 TMSOTf 0.5 1.5 5 65
4 3 Sn(OTf), 03 24 5 68
5 3 YOT), 03 40 5 43
6 3 AgOTf 0.3 40 5 53
7 3 CeCl, 0.3 24 5 0
8 3 Nafion 0.3 24 5 0
9 10 TfOH 0.3 35 15 33

10 10 Bi(OTf), 0.3 24 15 29

11 10 TMSOTf 0.5 3 15 46

12 10 Sn(OTf), 03 24 15 33

13 10 Y(OTf), 0.3 30 15 37

14 10 Nafion 1 24 15 0

15 10 Dowex 1 24 15 0

16 10 Nd(OTf); 0.3 24 15 trace

17 10 Eu(OTf); 0.3 24 15 trace

18 10 TfOH 0.3 24 16 56

9 1M Bi(OTf), 03 18 16 58

20 1 TMSOTf 0.5 3 16 47

21 M Sn(OTf), 03 24 16 51

22 1 AgOTf 0.3 30 16 trace

[a] See Scheme 1 and Table 2. Reactions were carried out in CH,Cl, at
—78—25°C on a 0.5-mmol scale. [b] Yields of chromatographically and
spectroscopically homogeneous materials.

o 0
Me Me M Q
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30a: X=[no atom) 31a: X=[no atom] 32a: X=[no atom]
30b: X=CH, 31b: X=CH, 32b: X=CH,
¢) KHMDS
PhSeBr

34a: X=[no atom]
34b: X=CH,

33a: X=[no atom]
33b: X=CH,

35a: X=[no atom]
35b: X=CH,

Scheme 3. Synthesis of fused benzenoid medium-sized ring systems 35a and 35b.
Reagents and conditions: a) TMSOTYf (0.5 equiv), CH,Cl,, —78 —-25°C, 1.5 h, 41%
(31a), 31% (31b); b) DMP (1.5 equiv), py (10 equiv), CH,Cl,, 25°C, 3 h, 60%
(32a), 61% (32b); c) KHMDS (1.15 equiv), THF, —41°C, 2 h; then PhSeBr

(1.4 equiv), —41°C, 52% (33a), KHMDS (1.15 equiv), THF, —41°C, 2 h; then
PhSeBr (1.4 equiv), —78°C, 50% (33b); d) mCPBA (2.0 equiv), CH,Cl,, —10—0°C,
30 min, 74% (34a), NalO, (10.0 equiv), NaHCO, (5.0 equiv), MeOH/H,O (4:1),
0—25°C, 56% (34b); e) OsO, (1.1 equiv), 4-DMAP (1.1 equiv), tBuOH/H,O (1:1),
25°C, 38% (35a) 31% (35b). TMS = trimethylsilyl.

medium-sized rings (seven- to ten-membered) appears par-
ticularly attractive and should be forthcoming.
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Table 2: Synthesis of highly functionalized medium ring systems by annulation-oxidation-fragmentation cascade

Entry Substrate Annulation Yield [%]®! Oxidation Yield [%6] Fragmentation Yield [%]®
Product Product Product
o O O
M
M
16 e Me 46 37 39
Me
[¢] OH O
Me
10 15 25
o o0 o) Me
Me Me Ho Me o
e Me M Me”
2 A e 68 57 e Me 68
HO
Me O Me
3 5 ]
o O O Me
" ;
Me. Me HO e )
Me Me Me
[f] Me
3 o 58 38 G 53
Me o Me
Me
11 16 21 26
o O o Me
Me Me Me O
HO.
Me Me
Me M
48 0 © 30 35 HO 56
Me O Me
Me
12 17 27
0o 0 o} Me
Me M O -
Me Ho_ %
Me:-
Me Me
5 o7~y Me 4 58 HO 21
Me O
Me
Me
13 18 28
o O (e] Me
Me e Me Q-
HO Me..
Me o~ O
Me
6l o Me 4 60 HO 27
Me ©
Me Me
14 19 24 2

[a] Reactions were carried out on a 0.1-5.0-mmol scale under the conditions specified in Scheme 2. [b] Yields of chromatographically and
spectroscopically homogeneous materials. [c] Overall yield for the three steps from annulation product. [d] TMSOTf was used as a catalyst for the
annulation step. [e] Sn(OTf), was used as a catalyst for the annulation step. [f] Bi(OTf); was used as a catalyst for the annulation step. [g] TFTOH was
used as a catalyst for the annulation step. [h] Yield estimated from the pure ketone obtained after oxidation with DMP (the annulation product was
contaminated by inseparable oligomeric material).

b) N. S. Bystrov, B. K. Chernov, V. N. Dobrynin, M. N. Kolosov,
Tetrahedron Lett. 1975, 2791 -2794.

[2] J. Wu, X.-E. Cheng, L.J. Harrison, S.-H. Goh, K.-Y. Sim,
Tetrahedron Lett. 2004, 45, 9657 —9659.

Keywords: annulation - fragmentation - medium-sized rings -
natural products - synthetic methods

[3] For a review on the chemistry, pharmacology, and clinical
properties of St.John’s wort (Hypericum perforatum L.) see: J.
Barnes, L. A. Anderson, J. D. Phillipson, J. Pharm. Pharmacol.
2001, 53, 583 -600.

[1] a) A.I. Gurevich, V.N. Dobrynin, M.N. Kolosov, S.A.
Popravko, 1. D. Ryabova, B. K. Chennov, N. A. Derbentseva,
B. E. Aizenman, A. D. Garagulya, Antibiotiki 1971, 6, 510-513;
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Table 3: Selected physical properties for compounds 8, 9, and 35a.

8: R;=0.48 (silica gel, hexanes/EtOAc 7:3); IR (film): ¥,,,,=2978, 2931,
1725, 1707, 1666, 1448, 1378, 1278, 1102 cm™'; '"H NMR (300 MHz,
CDCl): 6=6.91 (s, 1H), 2.89 (sept, ) =6.6 Hz, 1H), 2.35 (td, ) =7.2 Hz,
1H), 2.01-1.99 (m, 1H), 1.96 (s, 3H), 1.88-1.83 (m, 1H), 1.68-1.46 (m,
3H),1.21 (s,3H),1.14 (d,J=6.6 Hz, 3H), 1.11 ppm (d, /] =6.6 Hz, 3H);
BC NMR (75 MHz, CDCl;): 6 =212.4, 207.9, 199.7, 140.3, 140.2, 66.4,
62.5,41.7,38.8,32.5,20.1,19.9, 18.4, 16.2, 16.0 ppm; HRMS (FAB) (%):
caled for C;sH,,0;Na [M+Nat]: 271.1305; found: 271.1304

9: R;=0.18 (silica gel, hexanes/EtOAc 7:3); IR (film): ¥, = 3459, 2978,
2931, 1742,1707,1454,1378 cm™"; "H NMR (300 MHz, CDCl;): 6 =4.20
(brs, 1H),3.17-3.13 (m, 1H), 2.70 (sept, j = 6.8 Hz, 1H), 2.39-2.30 (m,
1H), 1.97-1.93 (m, 1H), 1.86-1.80 (m, 2H), 1.55 (s, 3 H), 1.42-1.32 (m,
TH), 1.26 (s, 3H), 1.06 (d, ] = 6.8 Hz, 3H), 1.02 ppm (d, /= 6.8 Hz, 3 H);
BC NMR (75 MHz, CDCl;): =217.2,216.8,175.8,91.9, 76.7, 51.1, 48.7,
39.7,38.7, 23.1, 22.6, 22.4, 20.2, 19.7, 17.6 ppm; HRMS (FAB) (m/z):
caled for C;sHp305 [M+H™]: 283.1540; found: 283.1548

35a: Rr=0.11 (silica gel, hexanes/EtOAc 7:3); IR (film): ¥,,,,= 3434,
2967, 2919, 1758, 1725, 1453, 1372, 1243, 1095, 1057 cm™'; '"H NMR
(300 MHz, CDCL,): 6 =7.47-7.32 (m, 3 H), 7.07-7.00 (m, 1H), 5.06 (d,
J=3.3Hz,1H),4.35 (d,/=3.3 Hz, 1H), 2.72 (sept, /= 6.8 Hz, 1H), 1.89
(s, 3H), 1.40 (s, 3H), 1.19 (d, J=6.8 Hz, TH), 1.05 ppm (d, J=6.8 Hz,
1H); ®*C NMR (75 MHz, CDCl;): 6=211.7, 201.4, 168.9, 136.1, 132.0,
130.9, 130.0, 129.3, 126.3, 80.2, 73.0, 60.4, 58.3, 38.7, 22.7, 19.7, 19.6,
16.0 ppm; HRMS (FAB) (m/z): calcd for CiH,,O5 [M+H]: 317.1383;
found: 317.1390

[4] For synthetic studies toward members of this class of natural
products, see: a) K. C. Nicolaou, J. A. Pfefferkorn, S. Kim, H. X.
Wei, J. Am. Chem. Soc. 1999, 121, 4724-4725;b) K. C. Nicolaou,
J. Pfefferkorn, G.-Q. Cao, S. Kim, J. Kessabi, Org. Lett. 1999, 1,
807-810; c) H. Usuda, M. Kanai, M. Shibasaki, Org. Lett. 2002,
4, 859-862; d) H. Usuda, M. Kanai, M. Shibasaki, Tetrahedron
Lett. 2002, 43, 3621 -3624; ¢) S. J. Spessard, B. M. Stoltz, Org.
Lett. 2002, 4, 1943 -1946; f) G. A. Kraus, T. H. Nguyen, 1. Jeon,
Tetrahedron Lett. 2003, 44, 659-661; g) R. Ciochina, R.B.
Grossman, Org. Lett. 2003, 5, 4619-4621.

[5] a) H.-B. Biirgi, J. D. Dunitz, E. Shefter, Acta Crystallogr. Sect. B.
1974, 30, 1517-1527; b) H.-B. Biirgi, Angew. Chem. 1975, 87,
461-475; Angew. Chem. Int. Ed. Engl. 1975, 14, 460-473.

[6] The starting 1,3-diketones were synthesized from the corre-
sponding 2-methyl cyclic ketones: A. R. Katritzky, A. Pastor, J.
Org. Chem. 2000, 65, 3679 —3682.

[7] For the use of TfOH and related catalysts to induce Michael

additions of p-ketoesters to o,f-unsaturated carbonyl com-

pounds, see: a) H. Kotsuki, K. Arimura, T. Ohishi, R. Maruzasa,

J. Org. Chem. 1999, 64, 3770-3773; for the use of a palladium

triflate catalyst to facilitate Michael addition of 1,3-dicarbonyl

compounds to enones, see: b) Y. Hamashima, D. Hotta, M.

Sodeoka, J. Am. Chem. Soc. 2002, 124, 11240—-11241.

For related annulations, see: a) D. Gravel, M. Labelle, Can. J.

Chem. 1985, 63, 1874-1883; b) T. Kawabata, M. Kato, T.

Mizugaki, K. Ebitani, K. Kaneda, Chem. Eur. J. 2005, 11, 288 —

297.

For related fragmentations, see: a) L. Verotta, E. Lovaglio, O.

Sterner, G. Appendino, E. Bombardelli, Eur. J. Org. Chem. 2004,

1193-1197; b) L. Verotta, E. Lovaglio, O. Sterner, G. Appen-

dino, E. Bombardelli, J. Org. Chem. 2004, 69, 7869 —7874.

[10] CCDC-265275 (25) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[11] H. Gaspard-Iloughmane, C. Le Roux, Eur. J. Org. Chem. 2004,
2517 2532.
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