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Abstract: Herein, we report a novel strategy based on a
conformationally controlled RCM by a removable silyl
group, which allows the facile synthesis of various bicy-
clo[n.3.1]alkenes, especially a set of highly strained bicy-
clo[5.3.1]alkenes. Further derivatizations of the silyl group
and the resultant double bond of bicyclo[5.3.1]Jundecene
2f enabled a concise synthesis of A-B-C ring skeleton of
taxol. Density functional theory (DFT) calculations suggest
that the introduction of a bulky silyl group at C-5 position
of the 1,3-dialkenylcyclohexanol substrates dramatically
lowers the energy bias gap between diaxial conformers
(to RCM) and diequatorial conformers (to cross metathe-
sis), thereby favoring the expected RCM reaction to give
the challenging bridged molecules. D

Bridged carbocycles, commonly found in terpene natural prod-
ucts, are arguably the most topologically complex structures.
As a very important subclass, bicyclo[n.3.1] ring system is the
privileged core skeleton of many biologically active natural
products and drugs, such as aphidicolin,™ acutifolin A CP-
263,114,% vinigrol,™ pleuromutilin® and taxol® (Scheme 1A).
Among them, due to unfavorable entropy and transannular in-
teractions of eight-membered ring, the construction of bicy-
clo[5.3.1] ring systems (also known as 6-8 bridged bicycles) is
one of the most challenging topics in the syntheses of the re-
lated natural products (i.e., taxol and vinigrol). Although a few
strategies have been developed,” construction of the bicy-
clo[5.3.1] ring system in a sequence of [6]—[8], that is, the
direct formation of a bridged eight-membered ring in a tem-
plate of six-membered ring remains a challenging problem.®
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A) Examples of natural products containing bicyclo[n.3.1] skeleton
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Scheme 1. Selected natural products containing bicyclo[n.3.1] skeleton and
the construction of bicyclo[5.3.1] ring systems through RCM reactions.

RCM is one of the most efficient and straightforward meth-
ods for the ring closure and has played crucial roles in the syn-
theses of a huge number of polycyclic natural products.” In
1998, Grubbs and co-workers'"” reported the construction of a
series of bridged bicycloalkenes by RCM. Unfortunately, in the
cases involving eight-membered ring formation, no desired bi-
cyclo[5.x.1]alkenes were obtained and only oligomeric prod-
ucts were observed (Scheme 1B). Additionally, the ring con-
tracted RCM reactions to form seven-membered rings through
a double bond migration-RCM cascade often occurred in the
reported efforts to make an eight-membered ring via diene
metathesis."! To the best of our knowledge, despite the exten-
sive use of RCM in organic synthesis, there are few applications
to the synthesis of bicyclo[5.3.1]alkenes."? To address these
limitations, we envisaged that a bulky yet removable silyl
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group™ might effect a conformational bias"* which would
enable the synthesis of the challenging bicyclo[5.3.1]alkenes
and other bicyclo[n.3.1]alkenes by metathesis from 1,3-dialke-
nylcyclohexanes.

We envisioned that with the introduction of a large silyl
group at C-5 position of the substituted cyclohexane, the ther-
modynamically more stable diaxial conformer (B) that is re-
quired for the RCM reaction,"® would dominate (or the
energy difference between diequatorial conformer A and di-
axial conformer B could be dramatically reduced) and thus the
RCM reaction would become favored (Scheme 1C). By contrast,
without this conformational control element, to avoid 1,3-di-
axial interactions, the two terminal enes would occupy the
equatorial positions in a stable chair conformer like A, making
the enes far away from each other. Consequently, the substrate
is prone to cross-metathesis (CM) to give oligomers or poly-
mers. This could be an explanation for Grubbs’ results shown
in Scheme 1B. Furthermore, the silyl group can be easily re-
moved or converted to a useful hydroxyl group to provide a
desilylated bridged system. Here we present our successful im-
plementation of such a conformation control strategy by a
bulky silyl group to effect the RCM reaction for the syntheses
of a diverse array of bicyclo[n.3.1]alkenes. A concise synthesis
of A-B-C ring skeleton of taxol with current method as the key
transformation was also reported.

To reduce these ideas to practice, our studies commenced
with diene 1a (Table 1). A highly stereoselective synthesis of
Ta and other substrates from 5-trimethylsilylcyclohex-2-
enone™ was developed (for details, see the Supporting Infor-
mation). Initial metathesis reactions were carried out with the
four commonly used Ru-based metathesis catalysts (Table 1,
A-D).

Table 1. Optimization of the reaction conditions.”

catalyst HO,“ HO,,
solvent, additive 9 : ?
B —
reflux 5 ° = °
TMS' T™MS'

™S
2a 2k
Entry Catalyst Solvent t [h] Additive Yield [%]®
[mol %] (2a/2k)
1 A (10) CH,Cl, 12 - 22:16
2 B (10) CH,Cl, 12 - 20:13
3 C(10) CH,Cl, 12 - 17:trace
4 D (10) CH,Cl, 4 - 45:26
5 D (10) CH,Cl, 4 Ti(OiPr), 619
6 D (10) toulene 4 Ti(OiPr), 0:15
7 D (5) CH,Cl, 4 Ti(OiPr), 60"
8 D (5) CH,Cl, 4 BQ'Y 53:29
Catalysts: " /N/:\"LM - I|3Cy3 y /N/:\N~M
el gt ol
e a1 e é@ ceR= C
PCys PCys \( o]

A B Cc \< D

[a] Reactions were performed with 0.375 mmol of 1a, 5-10 mol % of cata-
lyst, and 0 or 1.0 equiv of Ti(OiPr), in specified solvent (0.005 m). [b] NMR
yield with anthracene as an internal standard. [c] Isolated yield of 2a.
[d] 1.0 equivalent of 1,4-benzoquinone (BQ) as additive.
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Interestingly, complete conversion of the starting materials
was observed in almost all cases, whereas the distribution of
products varied. We found that the exposure of diene 1a to
10 mol% of Hoveyda-Grubbs Il catalyst (D) in refluxing CH,Cl,
afforded the desired bicyclo[5.3.1Jundecene 2a and bicy-
clo[4.3.1]decene 2k in a good combined NMR yield (45 and
26% respectively, Table 1, entry 4). The formation of 2k could
be attributed to the double bond isomerization catalyzed by
ruthenium hydrides prior to RCM." Gratifyingly, in the pres-
ence of 1.0 equivalent of Ti(OiPr),"® under otherwise identical
conditions with entry 4, 2a was obtained in 61% yield and
only a trace amount of 2k was observed (Table 1, entry 5). We
attributed this success to a synergistic conformational effect of
the internal bulky silyl group and the external additive
Ti(QiPr),. The catalyst loading could be lowered to 5 mol%
without an adverse effect on either the yield or the selectivity
(Table 1, entry 7). Moreover, despite the addition of 1,4-benzo-
quinone (BQ)"” which has often been used to suppress the
isomerization of the terminal alkene in RCM, a significant
amount of 2k was still formed (Table 1, entry 8). The structures
of 2k and 2a were confirmed by single crystal X-ray diffrac-
tion.

With the optimized conditions in hand, we next applied our
conformationally controlled RCM strategy to the syntheses of a
series of bicyclo[n.3.1]alkenes (Table 2). By adjusting the
lengths of 1,3-alkenyl chains in substrates, it is expected that
not only different [n.3.1] bicycles but also the same kind of bi-
cycles bearing a double bond at different positions of the
newly forged bridge can be synthesized, which would allow di-
verse postmetathesis transformations. Although formation of
the bicyclo[5.3.1]Jundecenes in a [6]—[8] sequence is challeng-
ing, four 6-8 bridged bicycles (2a-2d) were successfully syn-
thesized in moderate to good yields by our strategy. However,
an attempt to construct 2e, which bears an anti-Bredt double
bond,"® failed and only homo-dimers were identified (see Sup-
porting Information). When we used a more easily removable
dimethylphenylsilyl (DMPS) group to promote the RCM reac-
tion, it was equally efficient (1 f—2f, 61% yield). It is notewor-
thy that highly strained 6-9 bridged bicycle 2g could also be
prepared by this method, albeit in a low yield.

With these success, four TMS ether substrates (0TMS-1a to
oTMS-1d) were also prepared and subjected to the RCM con-
ditions (Table 2). We were wondering if oTMS group in the sub-
strate could have a similar positive impact on RCM reaction as
the Ti(OiPr), did. By treatment with standard conditions in the
absence of Ti(OiPr),, the reaction of 0TMS-1 a failed to produce
any oTMS-2a and only homo-dimers were obtained in 50%
yield (Supporting Information), presumably for reasons of high
steric hindrance. However, to our delight, the other three TMS
ethers (0TMS-1b to oTMS-1d) were smoothly converted to
corresponding bicyclo[5.3.1Jundecenes in yields of 62-82%. By
contrast, in the aforementioned Grubbs’ studies,"” a similar
silyl ether substrate devoid of a TMS group at C-5 position of
cyclohexane backbone failed to produce any RCM product but
oligomers (the RCM reaction also failed under our present opti-
mized conditions) (Scheme 1B). By comparing the above re-
sults, we found that, although the introduction of an oTMS
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Table 2. Construction of bicyclo[n.3.1] ring systems.”

catalyst D (5 mol%)
Ti(OiPr)4 (1.0 equiv)

CH,Cl, (0.005 M), reflux

RySi™ RaSi™
2
HO.,, HO., ., HO,, 5
b: B 0 :
™S CTMS ™S"
2a, 60% 2b, 49% 2¢, 66%
SeO,
HO.,, H,
oD E?ﬁﬁfﬁ ORS: 9
™S ® R R VS ST St
b
2d, 53% 2e, 0% x-ray structure
of 3-oxo 2c¢ (2¢")
HO., ’ T™MSO.,
[P 00 BNECD
PhMe,Si" X
(DMPS) ™S
2f, 61% 29, 24%[° oTMS-2a, 0%!®!

TMSO,,,

0}
D

TMSO TMSO,, .
™S ‘ ™S ™S
0TMS-2b, 76%[°] oTMS-2¢, 82%! 0TMS-2d, 62%[°!

HO HO.. HO.,
104 o0
T™MS" ™S ™S

O

@

2h, 69% 2i, 99% 2j, 79%
HO., HO,, s HO.,
‘B— Y
™S T MY ™S i
2k, 94% 21, 77% 2m, 74%

[a] Reaction conditions: 1 (1.0 equiv), catalyst D (5 mol%), and Ti(OiPr),
(1.0 equiv) in refluxing CH,Cl, (0.005m) for 2-4 h. [b] Ti(OiPr), was not
used. [c] Reaction performed with 10 mol % of catalyst D for 12 h.

group markedly promoted the RCM reaction in most cases, it
is the C-5 TMS group that played the pivotal role in this con-
formationally controlled RCM reaction.

With the successful syntheses of a set of 6-8 bridged bicy-
cles, this strategy was smoothly extended to the syntheses of
other bridged bicycles, providing bicyclo[3.2.1]octene (2h), bi-
cyclo[3.3.1]nonenes (2i and 2j) and bicyclo[4.3.1]decenes (2k,
2] and 2m) in good to high yields (Table 2).

To gain preliminary insights into the conformational effects
of C-5 TMS group and oTMS group in RCM reactions and to
support our initial proposal, we used DFT calculations" at the
SMD(DCM)/MO06-2X/6-311 4 G(d,p)//B3LYP/6-31G(d) level® to
carry out a conformational analysis on a series of diene sub-
strates (Scheme 2). First, to elucidate the crucial role of the
conformers of substrates in the reaction, 1a was chosen as an
example. In general, RCM and CM are two major competing
pathways in the reaction (Scheme 2A). The RCM pathway re-
quires the diaxial conformer 1a-diax, while the diequatorial
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(B) DFT computed energy differences between the diaxial and diequatorial conformers.[*!
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Scheme 2. Conformational analysis. [a] The depicted reaction initiation sites
of the metathesis reactions are arbitrary). [b] Gibbs free energetic differences
between the thermodynamically lowest diaxial and diequatorial conformers
were calculated at SMD(DCM)/M06-2X/6-311 + G(d,p)//B3LYP/6-31G(d) level
of theory.

conformer 1a-dieq which is usually more stable, can only lead
to oligomers or polymers through CM pathway. The repulsive
interactions in the two conformers are maintained in the fol-
lowing steps in both RCM and CM pathways, consequently the
energy gap between the diaxial and diequatorial conformers
would influence the final selectivity between the two path-
ways, which means the higher the energy of diaxial conformer
is as compared to diequatorial conformer, the more inhibited
the RCM pathways is.

As shown in the first column of Scheme 2B, the diaxial con-
formers are less favored than diequatorial conformers by 4 kcal
mol~'. When the TMS group was introduced in the substrates,
the energy gap between diaxial conformers and diequatorial
conformers was reduced to about 1kcalmol™ (column il
Scheme 2B). These calculations suggest that, the RCM reaction
should be more favored for substrates in column Il than those
in column I. We reasoned that the 1,3-repulsion between two
alkenyl chains can be offset by the strong repulsive interac-
tions induced by the axial bulky TMS group, thereby lowering
the energy gap between the diaxial and diequatorial conform-
ers of 1a-1d. When the hydroxyl groups were further protect-
ed by TMS, the energy gap was reduced further. Even in some
cases, the relative stability of the two conformers is reversed
and the diaxial conformers (columnlll, Scheme 2B) become
more stable than the diequatorial conformers. This suggests
that the substrates favor RCM further. That can explain why
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these substrates usually gave higher yields of RCM products.
Based on a generally accepted role of the additive Ti(OiPr), in
RCM reactions as a temporary protecting group”® (for the hy-
droxyl group in current cases), a similar conformational effect
with that of the oTMS group could be realized. Therefore, the
C-5 TMS group together with Ti(OiPr), or the oTMS group ren-
ders the reactive diaxial conformer as the preferred conformer,
thus experimentally enhanced the RCM reaction.

In order to demonstrate the value of our strategy for the
synthesis of bridged bicycles, the A-B-C ring skeleton of taxol
(6-8-6 tricycle) was synthesized (Scheme 3). Specifically, bicy-

0
a. +BuOK, DMSO
HO., TBAF, H,0,, 96% HO.., c.Se0, KHpO, 0%
- e —_
Me| b. TBSOTY, EtN, 91% . d. IBX, 57% i
Ph-sp TBSO' TBSO'
Me 2f 3 4
e oo
o BN HO.,, ! HO.,,
© Cul, 79% g. NaOH, MeOH, THF
—_— —
f. Oy EtaN, 87% — 81%, 6a: 6b = 1:2 TBSO™

HO.,,
Ph O
BzHN” Y 0 TBSO™
OH 6b R=H
7 R=p-BrBz
tax h. p-BrBzCl

81%

Scheme 3. Synthesis of A-B-C ring skeleton of taxol.

clo[5.3.1] undecene 2f was converted to compound 3 in a
high yield via Fleming-Tamao oxidation®" followed by TBS
protection. Allylic oxidation and further oxidation furnished
enone 4 in 57 % overall yield. Ozonolytic cleavage of the termi-
nal olefin that was derived from enone 4 through conjugate
addition yielded keto-aldehyde 5. Treatment of 5 with NaOH in
MeOH smoothly delivered 6-8-6 tricycles as a pair of diastereo-
mers (81%, 6a/6b=1:2). The relative stereochemistry of 6a
and 6b were, respectively confirmed by NMR spectroscopic
studies and single crystal X-ray diffraction of a derivative 7.
Overall, starting from bicyclo[5.3.1lundecene 2f, through a
series of subsequent transformations to derivatize the silyl
group and the double bond, a concise construction of the A-B-
C ring skeleton of taxol bearing six stereocenters has been
achieved.

In summary, we have developed a conformationally con-
trolled RCM approach by using a removable bulky silyl group
for the synthesis of a diverse array of bicyclo[n.3.1]alkenes, es-
pecially highly strained bicyclo[5.3.1]alkenes. DFT calculations
suggest that the introduction of a bulky silyl group at C-5 posi-
tion of the 1,3-dialkenylcyclohexanol substrates dramatically
promotes the population of diaxial conformers (the reactive
conformer for RCM), as compared to the diequatorial conform-
ers (the reactive conformer for cross metathesis), thus favoring
the RCM. Furthermore, the subsequent functionalization over
the silyl group and newly formed olefin enables a concise syn-
thesis of the functionalized A-B-C ring skeleton of taxol. It is
worth noting, based on Corey’s protocol™ or Jgrgensen’s
method™ for the preparation of optically pure 5-trialkylsilylcy-
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clohex-2-enones, enantioselective syntheses of bicyclo[n.3.1]al-
kenes through the current strategy could be expected. Efforts
to apply this strategy to the synthesis of bridged polycyclic
natural products are currently underway.
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