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ABSTRACT

Scope and limitations of the Pd(II)-catalyzed cycloisomerization of functionalized 1,5-hexadienes have been studied. In situ NMR experiments
indicate a challenging competition between various reaction pathways. A careful balance between substrate structure, nature of the precatalyst,
and reaction conditions was required to gain access to a useful building block for sesquiterpene total synthesis.

Provoked by our efforts toward the total synthesis of the
marine 8,12-guaianolide menverin F,1 we seek access to
highly substitutedmethylene cyclopentane building blocks
1 (Scheme 1).

An intuitive and atom economic retrosynthetic strategy
rests on a cycloisomerization transform to provide func-
tionalized 1,5-hexadiene synthons 2.Unfortunately, and in
stark contrast to themetal-catalyzed cycloisomerization of
1,6-heptadienes, which has been thoroughly investigated,2

only a limited number of examples exists for the cycloiso-
merization of 1,5-hexadienes to functionalized methylene
cyclopentanes.3 As exemplified in Scheme 2, particularly
relevant to our endeavor are the results of Livinghouse,4

Widenhoefer,5 and Lloyd-Jones.6 Notably, the known
Pd(II)-based procedures trigger double bond isomeriza-
tion and, thereby, convert the initially formed methylene
cyclopentanes into methyl cyclopentenes. Nonetheless,
and in light of potential chemoselectivity issueswith highly
functionalized substrates, we elected to pursue the Pd(II)-
catalyzed cycloisomerization, and for that purpose, the
known 1,5-hexadiene 2a7 was used for the initial search of
catalysts and conditions which would support methylene
cyclopentane formation (Table 1).
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On the basis of pratical considerations, we decided to
commence our study by using the readily available, bench-
stable (MeCN)2PdCl2 as precatalyst. However, initial
experiments in CH2Cl2 afforded only recovered starting
diene 2a, even at elevated temperatures (entry 1). Perform-
ing the same experiment in toluene at reflux indeed trig-
gered cycloisomerization, in accordance with the literature
(vide supra), in favor of the undesiredmethyl cyclopentene
3a (entry 2). ConsideringWidenhoefer’s results, we next pre-
pared more electrophilic Pd(II) complexes by counterion

metathesis. Treatment of (MeCN)2PdCl2 with AgSbF6 or

AgOTf indeed led to an active precatalyst which provided

small amounts of the cycloisomerization product, albeit in

favor of the undesired 3a (entries 3 and 4). The first

significant progresswas achievedwhenAgBF4was utilized

for chloride metathesis; in the event, the desired cyclo-

isomerization product was isolated in moderate yield

(40%), but with an encouraging preference (1a:3a =

95:5) for methylene cyclopentane formation (entry 5). A

comparable result (48%,1a:3a=89:11)wasobtainedwith

the commercially available [Pd(MeCN)4](BF4)2
8 (entry 6).

[Pd(allyl)(MeCN)](BF4) was found to be less active then

[Pd(MeCN)4](BF4)2 and, when employed at increased

reaction temperature, fostered the formation of the un-

desired methyl cyclopentene (entries 7 and 8).
Relying on the [Pd(MeCN)4](BF4)2 precatalyst, we next

attempted to adjust the catalytic activity by adding differ-
ent phosphines. Significantly, in the event of adding 2
equiv of (c-hexyl)3P, no cycloisomerization products were
obtained (entry 9). Addition of equimolar amounts of (c-
hexyl)3P, (t-Bu)3P, (c-pentyl)3P, or (i-Pr)3P provided an
active catalyst system (entries 10�13); however, reactivity
and chemoselectivity were markedly dependent on the
nature of the phosphine and generally inferior compared
to experiments performed in the absence of phosphine
additives.We continued our screening by deploying Pd(II)
precatalysts containing bidentate chelating ligands.Accord-
ingly, in situ chloride abstraction from (2,20-bipy)PdCl2

Scheme 2

Table 1. Screening of Catalysts and Conditions for the Cycloisomerization of 2aa

entry catalyst, additives (equiv) temp (�C) time (h) yieldb (%) (1a:3a)c

1 (MeCN)2PdCl2 (0.05) 60 19 no reaction

2 (MeCN)2PdCl2 (0.05) 110 19 50d (0:100)

3 (MeCN)2PdCl2 (0.05), AgSbF6 (0.1) rt 2 10 (5:95)

4 (MeCN)2PdCl2 (0.05), AgOTf (0.1) rt 2 7 (14:86)

5 (MeCN)2PdCl2 (0.05), AgBF4 (0.1) rt 2 40 (95:5)

6 [Pd(MeCN)4](BF4)2 (0.05) rt 2 48 (89:11)

7 [Pd(allyl)(MeCN)2](BF4) (0.05) rt 72 40e (95:5)

8 [Pd(allyl)(MeCN)2](BF4) (0.05) 60f 19 49 (69:31)

9 [Pd(MeCN)4](BF4)2 (0.05), P(c-hexyl)3 (0.1) 60 19 no reaction

10 [Pd(MeCN)4](BF4)2 (0.05), P(c-hexyl)3 (0.05) rt 19 48 (85:15)

11 [Pd(MeCN)4](BF4)2 (0.05), P(t-Bu)3 (0.05) rt 19 complex mixture

12 [Pd(MeCN)4](BF4)2 (0.05), P(c-pentyl)3 (0.05) rt 19 28 (68:32)

13 [Pd(MeCN)4](BF4)2 (0.05), P(i-Pr)3 (0.05) rt 19 48 (72:28)

14 (2,20-bipy)PdCl2 (0.05), AgBF4 (0.1) 60 19 39 (5:95)

15 (dppe)PdCl2 (0.05), AgBF4 (0.1) 60 19 no react

16 Pd(dba)2 (0.05), HBF4 3Et2O (0.05) rt 90 30 (58:42)

aExperiments conductedwith 0.4mmol 2a in CH2Cl2 (c=0.1M). Reactions at elevated temperatures were run in a sealed tube. b Isolated yield after
column chromatography. cDetermined by 1H NMR spectroscopy of the purified product. d Solvent: toluene; yield determined by 1H NMR
spectroscopy. e 2a (20%) recovered. fSolvent: (CH2Cl)2; dppe =1,2-bis(diphenylphosphino)ethane; 2,20-bipy = 2,20-bipyridyl; dba =
dibenzylideneacetone.
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withAgBF4 provided a precatalyst that catalyzed the cyclo-
isomerization at elevated temperature (39%, 1a:3a =
5:95), however, in favor of the formation of the undesired
3a (entry 14). The Pd(II) complex generated from (dppe)-
PdCl2 and AgBF4 was not competent to catalyze the
desired cycloisomerization (entry 15). Finally, and assum-
ing a hydrido palladium(II) species as actual catalyst,2,6

Pd(dba)2 and HBF4 were pooled with the intent of pre-
paring a LnPdH complex (entry 15);9 in the event, cyclo-
isomerization was indeed observed but with an insignif-
icant selectivity in favor for 3a (30%, 1a:3a= 58:42).

We next studied the course of the cycloisomerization of
diastereomerically pure 2a with [Pd(MeCN)4](BF4)2 in
CDCl3 by

1H NMR spectroscopy (Figure 1). The kinetic
profile nicely illustrates the consumption of the starting
diene with concomitant formation of the desired methy-
lene cyclopentane 1a.10 The result emphasizes the impact
of reaction duration on yield and selectivity because
initially formed 1a is slowly but steadily consumed and
converted to the undesiredmethyl cyclopentene 3a and, by
subsequent elimination, to the cyclopentadiene 4a.11

Having identified a manageable and effective catalyst,
we set out to adapt the structure of the hexadiene substrate
to the requirements of our retrosynthesis (Scheme 1).

Therefore, the siloxy-substituted hexadiene 2bwas synthe-
sized and treated with [Pd(MeCN)4](BF4)2 in CH2Cl2
(Scheme 3). Disappointingly, however, even after varying
catalyst loading, temperature profile, reaction time, pro-
tecting group, and relative configuration of the substrates
2b�e, the cycloisomerization process was largely ineffi-
cient in providing synthetically useful yields of the desired
methylene cyclopentanes 1b�e.

In light of this disappointing result, we opted for the
introduction of a silyl group as a synthetic equivalent for
the hydroxyl group (Scheme 4). Accordingly, the allylic
alcohol 512 was converted to the allyloxy actetate 6 by
etherification and esterification; a subsequent aldol con-
densation then delivered the allyl vinyl ether 7.13,14 Upon
treatment with LDA, 7 is converted to the corresponding
ester dienolate which undergoes a moderately diastereose-
lective [2,3]-Wittig rearrangement to afford the 1,5-hexa-
diene 2f in very good yield (89%, syn:anti= 86:14).15 The
mixture of diastereomers of 2fwas used for the subsequent
cycloisomerization reaction which, compared to the cy-
cloisomerization of 2a (vide supra), required elevated
reaction temperatures and an increased reaction time. In
the event, we were delighted to obtain the desired methy-
lene cyclopentane cis-1f in up to 58% yield;16 additionally,
small amounts of trans-1f and 3fweredetectedand isolated
as an inseparable mixture. Disappointingly, subsequent

Figure 1. 1H NMR kinetic profile for the cycloisomerization of
(()-2awith [Pd(MeCN)4](BF4)2 (0.05 equiv). Experiments were
performed using a Shigemi NMR tube in CDCl3 (c=0.1M) at
27 �C.
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attempts to materialize the synthetic equivalency between
thePhMe2Si and the hydroxyl groupbyTamao�Flemming
oxidation17 of 1f under various conditions [Hg(OAc)2,
CH3CO3H;18 BF3 3 2AcOH, H2O2, or mCPBA, KF;17b,c

TBAF, KF, H2O2;
19 KH, t-BuOOH, TBAF20] led mainly

to decomposition.

In an alternative approach, the ester 1f was treated with
LAHtodeliver the diol8, whichwas exposed toTBAF in the
presence of molecular sieves (ms) and, subsequently, sub-
jected to a Tamao oxidation to deliver, perhaps surpris-
ingly,21 the undesired protodesilylation product 9. We sus-
pected a critical role of the hydroxyl groups in 8 for the
formation of 9; thus, the diol was capped by acetalization,
and subsequent oxidation then afforded the desired building
block 10.
Having accomplished the synthesis of the building block

10 by an unprecedented rearrangement/cycloisomerization

sequence, we set out to probe the scope of the cycloisome-
rization chemistry a little further.Accordingly, structurally
modified 1,5-hexadienes (8, 2g�l) were synthesized22 and
subjected to the previously optimized conditions (Figure 2).
Unfortunately, none of the implemented structural varia-
tions resulted in an improved reactivity or selectivity.
Whereas acetylation of the tertiary hydroxyl group (1g) or
the presence of a Weinreb amide (1j) is tolerated, the
presence of a 1,2-diol (8), even if partially (1i) or fully pro-
tected (1k), caused rate deceleration and/or deteriorated
chemoselectivity; the oxirane 2l decomposed under the
reaction conditions.

On the basis of a straightforward retrosynthetic approach
for the marine 8,12-guaianolide menverin F, efforts were
initiated to extend the current scope of the Pd(II)-catalyzed
diene cycloisomerization chemistry; initial results now de-
monstrate that careful choices of substrate structure and
conditions are cornerstones to a moderately successful cy-
cloisomerization of 1,5-hexadienes to provide methylene
cyclopentanes. Additional efforts aimed at a mechanism-
based rational improvement of the catalyst system are desir-
able inorder to further adapt the capabilitiesof the catalyst to
the synthetic challenge imposed by our retrosynthesis.
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Scheme 4

Figure 2. Conditions: 2g�l, [Pd(MeCN)4](BF4)2 (0.05 equiv),
CH2Cl2, 19 h, rt (2g,i,j) or 40 �C (2h,k).
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