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Abstract: Functionalised cyclic allyl silanes have been prepared by the
ring closing metathesis of allyldimethylsilyl ethers of homoallylic
alcohols. Treatment of these allyl silanes with aldehydes in the presence
of boron trifluoride etherate gives high yields of 2,3,5-substituted
tetrahydrofurans. Stereoselectivities are excellent for aldehydes with
primary substituents, good for secondary substituents and modest for
tertiary substituents.

Substituted tetrahydrofurans are ubiquitous in nature, occurring in a
wide range of biologically active substances such as C-nucleosides' and
ionophore antibiotics.? There has therefore been much interest in the
development of methods for the stereoselective synthesis of these
subunits. A common strategy is to prepare a substrate containing all
five ring atoms which is then cyclised by nucleophilic, electrophilic,
radical or transition metal mediated processes.3 A more convergent and
flexible approach involves the construction of the ring from two
precursors in a one-step {3+2] annulation.* Herein we disclose a new
[3+2] approach to the synthesis of 2,3,5-trisubstituted tetrahydrofurans
based upon the Lewis acid mediated condensation of aldehydes with
cyclic allylsilanes, prepared by the ring closing metathesis (RCM) of
allyldimethylsilyl protected homoallylic alcohols (Scheme 1).
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Scheme 1

The utility of allylsilanes in synthesis is well documented.” However,
the synthesis of functionalised allylsilanes can still be problematic, often
requiring the use of strongly basic reagents, and hence new methods for
the preparation of these compounds would be of great utility. The
recent explosion of interest in the synthetic applications of transition
metal promoted olefin metathesis® prompted us to question whether we
could prepare cyclic allylsilanes by the ring closing metathesis (RCM)
of allyldimethylsilyl protected homoallylic alcohols. As we began this
work, we were encouraged that allyl silanes might be viable participants
in ring closing metathesis by reports in the literature concerning the
molybdenum alkylidene catalysed ring opening polymerisation of
silacyclopent-S—enes7 and the cross metathesis of allyltrimethylsilane
with various olefins.® Since the completion of our work, Grubbs and
co-workers have published the results of their related studies concerning
the RCM of a range of allyl and vinyl siloxanes bearing pendant
olefins.” The allyldimethylsilyl protected homoallylic alcohols 1a-c
were readily prepared by standard methods,'® and we set about
identifying the optimum conditions for cyclisation. We were delighted
to find that the ring closed siloxane was obtained as the only observable
product after treatment with 1 mol% of Grubbs’ ruthenium benzylidene
catalyst (PCy3),RuCl,(=CHPh) in dichloromethane at room
temperature for one hour (Scheme 2.1
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The cyclic siloxanes could be isolated by chromatography on silica gel
as shown, but it was often most convenient to use the crude products
from these reactions (>98% pure by 'H nmr) for our further studies.

With these functionalised allyl silanes in hand, we wished to examine
their reactivity towards various electrophiles. In our first attempts, we
found that reaction of allyl silane 2a with benzaldehyde in the presence
of a variety of Lewis acids gave, as the sole identifiable product, the
2,3,5-trisubstituted tetrahydrofuran as a mixture of two diastereomers
3a/4a (Table 1).
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Table 1. Tetrahydrofuran formation with allyl silane 2a

Enty R R LewisAcid Temp. Yield dar?
1 CgHy1 Ph BF3OEt -78°C 73% 92:8

2 CgHiy  Ph TiClg -78°C 76%  75:25
3 GCgHiy  Ph Et,AICH -78°C 73%  90:10
4 CgHyy ipp  BFyOEt -78°C 84%  84:16
5  CgHyq ipr BF3OEt rt. 82%  52:48

a) Ratios 3a:4a (entries 1-3) and 3b:4b (entries 4,5) were
determined by 'H nmr spectroscopy

The use of different Lewis acids (entries 1-3) gave comparable yields of
3, but the stereoselectivity of the reaction varied and was found to be
highest when boron trifluoride etherate was employed (entry 1).
Aliphatic aldehydes were also effective partners in the reaction, as
evidenced by the preparation of 3b/4b by reaction of 2a with
isobutyraldehyde (entry 4). The temperature of the reaction was found
to be crucial to the selectivity, since when the latter reaction was carried
out at room temperature the stereoselectivity decreased from 84:16 to
52:48 (entry 5).

We then examined the reactions of allyl silanes 2a-¢ with a range of
aldehydes under the optimum conditions,'? and found that the reaction
was applicable to a broad range of substrates. The results of this survey
are shown in Table 2.
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Table 2. Scope and substituent effects on tetrahydrofuran formation via the [3+2] annulation®

Aldehyde

. "BuCHO
Allyl silane

PhCH,CHO

PrcHO PhCHO BUCHO

\/

97% (>98:2)

87% (>98:2)

/ 83% (>98:2)
Ph 2¢

92% (>98:2)

89% (>98:2)

79% (>98:2)

84% (84:16) 73% (92:8) 87% (63:37)

89% (79:21) 70% (80:20) 86% (67:33)

78% (85:15) 65% (81:19) 74% (77:23)

a) Reactions carried out with one equivalent each of allyl silanes 2a-c, aldehyde and BF3OEt, in DCM at -78°C

Several points concerning the reaction are noteworthy. Firstly, the
yields are good to excellent in all cases, with aliphatic aldehydes giving
slightly higher yields than their aromatic counterparts. Secondly, the
stereochemical outcome of the reaction is dependent upon the degree of
branching of the aldehyde substituent: aldehydes with primary
substituents yield essentially a single diasteroisomer, whereas with
secondary or aromatic substituted aldehydes small amounts (8-21%) of
a second diastereoisomer are formed, and with pivaldehyde this
increases further (23-37%). Thirdly, the nature of the substituent on the
allyl silane appears to have little impact upon reactivity or
stereoselectivity.

The stereochemistry of the adduct of 2b and pentanal was determined to
be all-cis by nOe experiments;'> at this stage we assign this

stereochemistry to all of the major isomers.

The identity of the minor isomer in the mixture of 3¢/d4e (from the
condensation of 2b and isovaleraldehyde) was deduced to be the C3-
epimer by the sequence of reactions shown in Scheme 3. Oxidative
cleavage of the vinyl group was achieved by osmium tetroxide catalysed
dihydroxylation followed by treatment with sodium periodate.
Epimerisation of the resulting aldehyde was achieved by exposure to
catalytic potassium fert-butoxide in tert-butanol/THF.!* Finally, Wittig
methylenation returned the tetrahydrofuran 4c as a single isomer which
was identical by 'H nmr spectroscopy to the minor isomer in the
original mixture. We tentatively assign all of the minor isomers to be
the C3-epimers.

Bria"® i i Bn{j/(

K = N
3c:4c
79:21

Reagents:
i) 0s04, NMO, 'BuOH/acetone/water, then NalO, (83%); ii) 0.1 eq. KO'Bu,
0.1 eq. 'BUCH, THF (100%); iii) PhaP=CHj, THF, -78°C (54%)

Scheme 3

The precise mechanism of the reaction is not known at this time. Our
current favoured mechanism is depicted in Scheme 4, and involves the

face selective addition of the aldehyde to the allylsilane, followed by the

Sn2-like displacement of siloxide (with inversion of configuration) by
the resulting alkoxide. The favoured sense of addition is that shown in
path (a), with the Lewis acid-coordinated aldehyde undergoing anti-
addition to the allyl silane through a syn-clinal arrangement which
places the least bulky group (the formyl hydrogen) over the ring. The
R’ group of the aldehyde is situated adjacent to the allylic methylene
unit, to avoid unfavourable interactions between the Lewis acid and the
endo-hydrogen of the methylene group. However, as R' gains
branching the repulsion between R' and the methylene group increases,
and a second pathway (b) becomes competitive. In this route, the
allylsilane is in a less stable conformation (due to electronic repulsion
between the olefin and an oxygen lone pair) but the endo-hydrogen is
flattened towards the plane of the olefin, thus accomodating the Lewis
acid over the ring, with the bulky R’ substituent situated in free space.
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Scheme 4

An alternative possibility involves the partial acetalisation of the
aldehyde by the silyl ether to yield an oxonium ion (Scheme 5) which is
then trapped in an intramolecular Sakurai reaction to yield the observed
tetrahydrofuran. A similar mechanism has been proposed by Mohr!?
and Oriyama!® for the synthesis of tetrahydrofurans by the condensation
of dialkyl acetals with 5-alkyl-5-hydroxy(silyloxy)-2-pentenylsilanes
under protic acid or silyl triflate catalysis.
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However, several factors concerning our reaction lead us to discount
this mechanism at this stage. Firstly, both Mohr and Oriyama observed
the formation of essentially single stereoisomers of their
tetrahydrofurans, regardless of the nature of the acetal side chain used.
This is in stark contrast to the erosion of selectivity seen in our case as
the steric bulk of the side chain increases. Secondly, their reactions
remained highly stereoselective at ambient temperatures (0 °C to room
temperature), whereas ours exhibit a strong temperature dependence.
Thirdly, the stereoselectivity of our reaction is dependent upon the
identity of the Lewis acid used indicating that, unlike the Mohr/Oriyama
reactions, the acid is still intimately involved in the stereochemistry
determining step of the reaction.

In summary, we have demonstrated the synthesis of a range of
substituted cyclic allyl silanes by ring closing metathesis, and
demonstrated their application in a novel, stereoselective synthesis of
2,3,5-trisubstituted tetrahydrofurans. The reaction appears to be
applicable to a range of substrates. Further work on this reaction,
including studies to elucidate the mechanism and applications to target
systems, is currently being undertaken.
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