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Isolation from sponge sources: At present, we have synthesized 4.5 mg

of 1 and 60 mg of its direct precursor 36; optimum conditions for the

final deprotection step are being developed. 13.8 mg from 400 kg of

Spongia sp. by Pettit et al.’? + 7.6 mg from 112 kg of Hyrtios altum. by

Kobayashi et al.l?]
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Synthesis of a 10-Membered Carbocycle By
Olefin Metathesis**

Marta Nevalainen and Ari M. P. Koskinen*

Dedicated to Professor Henry Rapoport

The pine sawfly Neodiprion sertifer is a common pest in
pine trees of the northern hemisphere.l'! The population of
larvae can cause extensive defoliation, resulting in serious
economical damage. Therefore, great effort has recently been
directed to monitor and control the population of sawfly
species.’l Tt was shown that the resin secreted by pines
interferes with the development of larvae.’! The main
component of the sesquiterpene fraction of the resin of Pinus
sylvestris is 1,6-germacradien-5-ol (1), first isolated by
Bohlmann et al.”! from Senecio phonolithicus. On the other
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hand, 4a-hydroxygermacra-1(10),5-diene (4a-HDG, 2) is a
predominant foliage sesquiterpene in many pine trees (Pinus
radiata).l®! To date, no synthesis for 1 or 2 has yet been
reported.! Here we describe the synthesis of cyclodecenones
(£)-11 and (+)-12, which are direct precursors for (+)-2
(Scheme 1), by ring-closing olefin metathesis (RCM). To the

0 RCM oy

2
HO Me
H 3 B=Me X-Y=CH=C, Z=Hor
4 R=H X-Y = CH,-CH, Z = OH

Scheme 1. Retrosynthesis of 1,6-germacradien-5-ols 1 and 2.
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1R
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best of our knowledge, this is the first 10-membered carbo-
cycle obtained by using the RCM methodology.®! Only a few
examples of the formation of ten-membered rings by RCM
have been reported, and all dealt with the synthesis of oxa-
or azacycles.

Among the many cyclization reactions, olefin metathesis
has emerged as a very powerful tool for the formation of C=C
bonds.” 1! However, as a result of inherent ring strain, the
formation of 8- to 11-membered rings is particularly diffi-
cult,’! and its success depends on the substitution pattern of
the bis-olefin."' The importance of restricted chain mobility is
clearly illustrated by 6a (Scheme 2), in which the conforma-
tional-control element is the aldol moiety. Conversion of this
functional group into an enone completely inhibits the
cyclization, as described hereafter.

ajorb
) ) O OR 21 syn/anti
5 = 6aR=H
[6b R = Ac] c)
p 6¢c R=TBS
) p X %

O 7
Scheme 2. Synthesis of bis-olefins 6 and 7. a) LDA, THF, —78°C (61%);
b) LDA, THF, —78°C; then Ac,0O (not isolated); ¢c) TBSOTH, 2,6-1utidine,
CH,Cl,, 0°C (96%); d) DBU, THF, 0°C (56% from 5). DBU=18-
diazabicyclo[5.4.0Jundec-7-ene, LDA =lithium diisopropylamide,
TBSOTT{ = tert-butyldimethylsilyl trifluoromethanesulfonate.

Aldehyde 5 was synthesized in 72% overall yield from
isovaleric acid. Condensation of 5 with 5-hexen-1-one deliv-
ered aldol 6a with 3,4-syn/3,4-anti (Felkin) selectivity. In situ
entrapment of 6a with acetic anhydride followed by DBU-
promoted elimination yielded enone 7 (Scheme 2).

The RCM reaction of enone 7 in the presence of the Grubbs
catalyst provided only oligomers, along with unconverted
starting material (Table 1, entry 1). In CH,Cl, solution, enone
7 adopts a linear conformation in which the olefinic termini
are located at a maximum distance from each other. There-
fore, only acyclic diene metathesis polymerization takes place.
We were thus pleased to observe that the aldol 6a (syn/anti
2/1) underwent the RCM reaction to form 10-membered
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Table 1. RCM reactions conducted on bis-olefins 6 and 7.

Entry Bis-  Catalyst Additive t[h] Product Recovered
olefin (mol%) (mol%) (%) bis-olefin [% ]
1 7 10 - 48 - 62
2 6a 15 - 48 8(11) 25
39 6a 15 Me,AICI (100) 96 9 (34) 30
49 6a 10 Me,AICI (100) 96  4(32) -
7(28)
10 (7)
5 6¢ 10 - 48 11 (35) 6
12 (16)
13 (11)
6 6c 10 Ti(OiPr), (10) 48 11 (47) -
12 (21)
13 (8)

[a] All reactions were performed in CH,Cl, at reflux (¢ =0.56 mm). [Ru]-
carbene (Grubbs catalyst) was added with a cannula as a solution in
CH,Cl,. [b] Yields of isolated products. [c] Reaction quenched with 1IN
HCI. [d] The reaction mixture was treated with DBU (100 mol %) before
quenching.

carbocyle 8 (Scheme 3). The E-cis ring was formed exclusively
(the cis configuration of this isomer was assigned by analogy
of its NMR data with that obtained for 13; see below), but
unfortunately in only 11% yield (Table 1, entry 2). Uncon-
verted starting material was recovered in 25 % yield, and the
formation of oligomers was also observed. The reverse
reaction of the free hydroxy group with the catalyst competes
with the desired metathesis. Moreover, the hydroxy group is
not large enough to template the bis-olefin towards ring
closure.

In view of those results, we decided to treat aldol 6a with an
equimolar amount of Me,AlCl and attempt the RCM reaction
on the resulting metal complex (Scheme 3).[¥] We observed
that the RCM reaction proceeded to form the target macro-
cycle. However, the drawback of this approach turned out to
be the quenching of the reaction. Treatment of the reaction
mixture with dilute hydrochloric acid gave retroaldol product
9in 34 % yield as a 9/1 E/Z mixture of diastereomers (Table 1,
entry 3). The remainder consisted of oligomers and uncon-
verted starting material (30% recovery yield). Clearly, the

2 H*
! < DBU

Me™ Cl 32%

34% 1) MeAICI

9 E/Z9N T R=OH N
2) [Ru

R=OH | || °
[Ru]

O OR
21 syn/anti 10

8 419

R=0TBS
l [Ru]

~OTBS

12

O OTBS 519 0 8%

Scheme 3. RCM reactions of aldol 6a and silylated aldol 6¢.
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retroaldol reaction occurred to release the transannular strain
of the newly formed 10-membered ring. When the reaction
mixture was treated under reflux with DBU (100 mol %) for
1 h, cyclic enone 4 (mixture of diastereomers) was obtained as
an inseparable mixture along with acyclic enone 7 (Table 1,
entry 4). The 20-membered enone 10 was isolated as a side
product in 7% yield and as a diastereomeric mixture.

In light of these results, protection of the hydroxy group of
aldol 6a was envisaged as a possible solution. Indeed, O-TBS-
protected bis-olefin 6¢ (syn/anti 2/1) underwent the RCM
reaction smoothly and provided 10-membered rings 11-13 in
62% total yield (Table 1, entry5). Unconverted starting
material was recovered in 6% yield. Careful inspection of
the "H NMR spectrum of the crude reaction mixture revealed
that only three of the four possible diastereomers were
formed and that the E/Z ratio was 8/1. We tentatively
assigned['? the relative C8,C9 configuration of the Z isomer
(13) and of the major E isomer (11) to be trans. Both
compounds showed similar spectral patterns for the charac-
teristic signals. In contrast, the minor E isomer should have
the cis configuration for those stereocenters. It can be
concluded that both syn and anti aldols favor the formation
of the E olefin. However, as the recovered bis-olefin was
enriched in the anti isomer (1/3 syn/anti mixture), the syn aldol
(leading to trans rings) must cyclize faster than the anti aldol.
The anti aldol (leading to the cis ring) decomposes partially by
oligomerization.

Finally, when the RCM reaction of 6 ¢ was conducted in the
presence of 10 mol% of Ti(OiPr),, the total yield of the
cyclization increased to 76% and the E/Z ratio to 11/1
(Table 1, entry 6). Coordination of the Lewis acid to the
carbonyl group of 6¢"* seems to confer further conforma-
tional restriction on the bis-olefin and thus favors the desired
cyclization.

In summary, we have successfully synthesized (£)-9-(tert-
butyldimethylsilyloxy)-8-isopropylcyclodec-4-enone as an
11:1 mixture of E/Z diastereomers in 76 % yield by using
the binary system Grubbs catalyst/Ti(OiPr),. This is the first
example of a 10-membered carbocycle being formed by RCM.

The bulky TBS group acts as a conforma-
tional-control element that facilitates ring
closure.[']
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Experimental Detection of Tetraoxygen**

Fulvio Cacace,* Giulia de Petris, and Anna Troiani

The search for tetraoxygen, which dates back to a study by
Lewis in 1924l is being actively pursued, owing to its
fundamental interest, its potential role as a material of high
energy density,? and, in particular, the current upsurge of
interest in excited states of O, with relevance to atmospheric
chemistry and to terrestrial and Venusian nightglow.P! Nu-
merous calculations at different levels of theory predict the
existence of metastable O, molecules with a D,y cyclic
geometry® or a Dy, “pinwheel” geometry.> ¢! Positive exper-
imental detection of such species has not been reported,
whereas weakly bonded (O,), van der Waals dimers, with
dissociation enthalpies of less than 1 kcalmol~!, have long
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been known and thoroughly characterized.”) Indirect evi-
dence for metastable tetraoxygen was derived from experi-
ments involving electron transfer from Cs to O,*, followed by
the measurement of the kinetic energy spectrum of the O,
fragments. The structure of the kinetic energy distribution was
consistent with the intervention of some O, species that were
not observable under the conditions of the experiment.[®!
Strong evidence for metastable O, was derived from studies
involving the photoionization of O, excited by a DC
discharge.” 1% Interestingly, the results of both experimental
studies were interpreted as suggestive of the existence of a
third metastable O, species in addition to the theoretically
predicted molecules, namely, a relatively long lived complex
between a ground-state O, molecule and an O, molecule in
the excited c!Z; electronic state.['"!

To obtain conclusive proof, we have carried out an experi-
ment aimed at detecting intact O,. Our approach is also
based, like previous studies,®! on the neutralization of O,*
cations in the gas phase, but uses for the identification of the
intact O, molecule neutralization reionization (NR) mass
spectrometry['l on a highly sensitive instrument that allowed
the detection of other elusive atmospheric species, such as
hydrogen trioxidel?l and the [H,O"-O, ]| charge-transfer
complex.[?]

The O,* ions were generated in a chemical ionization (CI)
source by association of O, molecules with O," primary ions,
formed both in the XII, ground state and in electronically
excited states by electron impact.'! The ions were then
accelerated through 4-8keV, magnetically mass resolved,
and probed by collisionally activated dissociation (CAD)
mass spectrometry. Whereas the CAD spectrum of '%0,* from
the ionization of °O, shows '°0," as the charged fragment,
160,'%0,* ions from '°0,/'*0, mixtures give '°O," and '*0,*
without the '°OO* ions™ that would suggest isotopic
scrambling (Figure 1). This shows that the O, ions probed
contain two discrete O, units, each of which retains its original
identity.

In the NR experiments the O,* ions were also accelerated
to 4—8 keV and mass-selected before undergoing two consec-
utive collision events in separate cells aligned along the beam
path. In the first cell a fraction of the ions undergoes electron
transfer from a target gas to yield O, together with neutral and
charged fragments. All O," parent cations that escaped
neutralization and any charged fragments were removed by
a deflecting electrode, so that a beam containing only fast
neutral species entered the second cell, where reionization by
collision with a suitable target gas gives cations that are
energy-selected, and their mass spectra are recorded. Detec-
tion of a “recovery” peak, that is, of a charged species with the
same m/z ratio as the original O, ions demonstrates the
occurrence of the sequence of Equation (1) and hence the
existence of a neutral O, species with a lifetime that exceeds
the flight time from the neutralization to the reionization cell.

04+ +M, —M* 04 —e 04' (1)

Neutralization Reionization

The NR spectra of the '°0,*, °0,*0,", and *O,* ions,
illustrated in Figure 2, show significant recovery peaks at
m/z =064, 68, and 72, respectively, a result that positively
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