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Stereoselective Ring Expansion of Vinyl Oxiranes: Mechanistic
Insights and Natural Product Total Synthesis**

Matthew Brichacek, Lindsay A. Batory, and Jon T. Njardarson*

The central part of our research program is the development
of broadly applicable atom-efficient synthetic methods to
generate structural complexity. We recently reported a new
copper-catalyzed ring expansion of vinyl oxiranes using
commercially available, structurally simple, and air-stable
copper(IT) catalysts.!! These studies demonstrated the success
of this reaction for a broad range of substrates. Missing from
these early studies were experiments focused on assessing the
stereoselective potential of the ring expansion. The studies
presented herein are aimed at addressing this point to learn if
the oxirane C—O bond, which is broken during the ring
expansion, could be stereoselectively transferred to the olefin
terminus. Moreover, an added benefit to the proposed studies
would be critical mechanistic insights that could shed addi-
tional light on the exact mechanism of this unique catalytic
ring-expansion reaction. If vinyl oxiranes can indeed be
stereoselectively ring expanded using copper catalysts then
the practical benefits of this new reaction would be signifi-
cantly expanded. Also this transformation would rival exist-
ing methods to stereoselectively access 2,5-dihydrofurans in
terms of efficiency and scope.

Our studies have focused on disubstituted vinyl oxirane
substrates (Scheme 1), which depending on their stereochem-
istry and olefin geometry could serve as precursors for
accessing either a 2,5-cis- or a 2,5-trans-substituted 2,5-
dihydrofuran product. In the case of a stereoselective ring
expansion, vinyl oxiranes 3 and 4 would be expected to afford
the cis product 1. whereas 5§ and 6 should afford the trans
product 2. When these substrates are ranked with respect to
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Scheme 1. Stereoselective vinyl oxirane ring expansions.
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steric crowding during formation of the new C—O bond, vinyl
oxiranes 3 and 5 emerge as more suitable precursors for
accessing the 2,5-cis- and 2,5-trans-dihydrofuran products,
respectively.

Therefore we synthesized vinyl oxiranes 7 and 8,°! which
differ only in the oxirane stereochemistry (trans- or cis-
substituted oxiranes). Ring expansion of these two substrates
afforded the symmetrically substituted cis- and trans-dihy-
drofurans 9 and 10 (Table 1). Under the standard reaction
conditions used in our previous paper (Table 1, entries 2 and

Table 1: Stereoselective synthesis of dihydrofurans 9 and 10.
e} [Cu(hfacac),] -
X ~nBu
e toluene, 150 °C "BUVQ\”B“
2,5-cis) 9
(E, trans) 7 (2,5-cis) BU /\/\H/ nBu
o
0 [Cu(hfacac),] - - ;
X 2 hydride shift
”B”NﬂB foluene, 150 °C "BU’Q mBul product (11)
(E, cis) 8 nBu (2,5-trans) 10
Entry  Substr.  Cat. t Chemosel.  Stereosel.  Yield
[mol%] [h]  (9+10)/11  9/10 (%]
1 7 10 15 11 10:1 45
2 7 5 1 31 11:1 69
3 7 1 6 31 >20:1 75 (70)
4 7 5! 8 11:1 15:1 86 (79)
5 8 10 1 1:7 1:10 11
6 8 5 2 2:1 1:12 62
7 8 1 15 1:1 1:8 44
8l 3 5 3 250 1:18 68 (66)

[a] Estimated by NMR analysis (yield of isolated product). [b] Added by
syringe pump (1.25 mol% h™' for 4 h). [c] 0.13 M in benzene. hfacac=
hexafluoroacetylacetonate.

6) we were able to obtain both dihydrofurans in good
diastereomeric purity but with low chemical yield because
of the formation of the by-product 11. Reaction optimization
revealed that the success of the reaction relied most strongly
on the reaction temperature and appropriate catalyst loading.
After thorough optimization we were delighted to learn that
the dihydrofuran products 9 and 10 could be obtained with
high levels of stereoselectivity and good chemical yield
(Table 1, entries 4 and 8). In general, we observe that both a
lower catalyst loading and slow addition of the catalyst
improves the yield (chemoselectivity) of the product. These
results establish for the first time that vinyl oxiranes can be
stereoselectively ring expanded to 2,5-dihydrofurans.™
These results are even more profound when one considers
the stability of reactants and products. DFT calculations
(B3LYP/6-311 + G(d,p)) on 7-11 revealed that the vinyl

Angew. Chem. 2010, 122, 16921695


http://dx.doi.org/10.1002/anie.200906830

oxiranes 7 and 8 are very similar in energy. Closer examina-
tion reveals that oxirane 7 (0.0 kcalmol™') forms the less
stable cis product 9 (—13.7 kcalmol '), whereas oxirane 8
(1.1 kcalmol ™) affords the preferred trans product 10
(—13.9 kcalmol ). Both dihydrofuran products 9 and 10 are
less stable than the by-product 11 (—27.1 kcalmol ') formed
in the reaction. These energy relationships strongly discredit a
mechanism involving a carbocation intermediate.

We have expanded our studies to include the seven
additional examples'® presented in Table 2. Our results are in
agreement with what we learned from the ring expansion of
vinyl oxiranes 7 and 8, wherein high selectivity was achieved

Table 2: Stereoselective ring expansion of vinyl oxiranes. Reaction
conditions: 5 mol % [Cu(hfacac),] in toluene at 150°C.

Starting material Product (rac) Yield [%] cis/trans
o ~\._0OBn
I ogn "[;;l“/ 94/24] >20:1
12 19
0 ~\.__0Bn
AT
\\ OBn _,Z;;B\,/ 8glet! 13:1
13 19
g AL
AT COEL 5 /~CO,Et g4e) 8:1
14 20
9 L~
o L COMe ) o COMe  _ ua 81
15 21
O —
OBn
A ‘
//\¢/<t\ 'AQ;B - 921 16
16 OBn 22
0 —
OBn . OBn
M /Q g 96!l 1:8
17 22
Q —
OBn BnO OBn
=
/f>\/A\/ \‘/<;> ’ 931" 17
BnO 18 23

[a] Yield of diastereomerically pure material upon isolation. [b] Added by
syringe pump (0.6 mol% h™' for 8 h). [c] 2 mol% added by syringe
pump (0.11mol% h™" for 17h). [d]Added by syringe pump
(2.5 mol% h™' for 2 h). [e] 100°C. [f] Yield of both diastereomers upon
isolation. [g] Benzene.

by lowering the catalyst loading. As expected, cis-2,5-dihy-
drofuran products (19-21) were stereoselectively obtained
from (trans,E)-vinyl oxirane precursors (12-15), and trans-
2,5-dihydrofuran products (22-23) were accessed by ring
expanding (cis,E)-vinyl oxirane substrates (16-18). Both the
yields (isolated) and stereoselectivies are excellent for all
substrates. Functional groups such as ethers, esters, enoates,
and aryl groups are well-tolerated. These new stereoselective
results allow strategic design of routes to either cis- or trans-
2,5-dihydrofuran targets by employing the appropriate vinyl
oxirane precursor.

As part of our program to use synthetic chemistry to
efficiently access natural products, the anticancer agent (+ )-
goniothalesdiol”! (Scheme 2) was chosen as a target for
assessing the value of the new stereoselective copper-cata-
lyzed ring-expansion protocol and to showcase it using an
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Scheme 2. Asymmetric total synthesis of (+)-goniothalesdiol.
Reagents and conditions: a) H,O,, 25, 80%; b) CH,=CHMgBr, 47 %;
c) CH;C(OMe);, cat. propionic acid, 83%; d) 1 mol % [Cu(hfacac),],
toluene, 150°C, 70%,; e) cat. OsO,, NMO, acetone, H,0, 99%;

f) SOCl,, Et;N then NalO,, RuCl;-3H,0, CH,CN, H,0, 88%; g) 15%
H,SO,, THF, 65°C, 87 %; h) Amberlyst-15, MeOH, 99%. NMO = N-
methylmorpholine-N-oxide, TMS = trimethylsilyl.

enantiopure oxirane substrate. (4 )-Goniothalesdiol, a
densely decorated tetrahydrofuran-based structure, seemed
like a perfect target for this task. Towards that end,
cinnamaldehyde (24) was converted into chiral epoxy alde-
hyde 26 using Jorgensen’s asymmetric organocatalytic epox-
idation protocol.’! Treatment of 26 with vinyl magnesium
bromide and subsequent Johnson—-Claisen rearrangement™ of
the resulting allylic alcohol efficiently formed vinyl oxirane 27
as a single olefin isomer. The copper-catalyzed rearrangement
of this chiral oxirane afforded cis-2,5-dihydrofuran 28 in 70 %
yield and excellent enantiopurity after separation from the
trans diastereomer. Substrate-controlled epoxidation of the
olefin was expected to give an epoxide that could be opened
in an intramolecular fashion to lactone 30.'"! Surprisingly,
epoxidation proved troublesome affording only the furan.
This situation was solved by constructing a cyclic sulfate
instead of an epoxide. Gao and Sharpless have shown that
these reactive synthons can be obtained from vicinal hydroxy
groups."!l Dihydroxylation of 28 selectively afforded 4-epi-
goniothalesdiol in high yield. Upon treatment of this diol with
thionyl chloride and ruthenium tetroxide, the cyclic sulfate 29
was obtained. This activated diol was efficiently opened in an
intramolecular fashion to lactone 30 by the carboxylate
group.’”” Opening of the lactone with Amberlyst-15 in
methanol afforded goniothalesdiol in only eight steps from
cinnamaldehyde. This short asymmetric synthesis of (4 )-
goniothalesdiol is a testament to the value of our new
stereoselective ring-expansion protocol.

Detailed kinetic studies of vinyl oxirane 7 revealed a
sigmoidal curve for the formation of dihydrofuran product 9,
which is in perfect agreement with our vinyl aziridine trace.!'”
When similar kinetic analyses for cis-vinyl oxirane substrate 8
are performed, the same general observations are made with
the added insight that formation and disappearance of small
amounts of trans-vinyl oxirane 7 can also be observed in the
kinetic trace. This suggests that the active catalyst accom-
modates oxirane isomerization while suppressing the other-
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with the matching oxirane precursor.

W/\/R &N fluorobenzene negatively impacts stereo-

e} 09 selectivity, n-pentane almost completely

7 \R F3C§O\éuu’oi§ca Facio\c/&ro:\}cﬁ erodes it, and benzene and fluorobenzene

°, ; FiC _"O/IH TOo— CF, F.C “"O/V"\O_ . cF, areon par with toluene. The ring expan-

sion can be done at several different

Facio\cu",o§c':a — temperatures with very comparable ste-

FiC =220 0T CF, T reochemical outcogles 4 (Table 3,

I _| « en‘;rles 10—12})1. W(l:;:l; i[hl; data.ls asneglyzeg
F3C~_aw_-CF3 and put together (Table 3, entries 5, 8, an

m /V}/\%O 11), the result was excellent, affording

RO \Cﬂ/(ll) dihydrofuran product 33 in 92% ee

v = O'/ “\/R ___________________________ ‘ (Table 3, entry 13).

v Q/,/ : FsC In summary, we have demonstrated

\ R that this new copper-catalyzed vinyl oxi-
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Scheme 3. Proposed catalytic cycle.

wise detrimental hydride-shift pathway (also observed for 16—
18). Based on our data, the catalytic cycle shown in Scheme 3
is proposed.

The kinetic data seems to suggest that after an induction
period a more active catalyst is formed, which then proceeds
to stereoselectively ring-expand vinyl oxiranes. We envision
that [Cu(hfacac),] (IT) reversibly coordinates to the oxirane I
lone pair of electrons thereby forming substrate—catalyst
complex III, which upon reacting with another [Cu(hfacac),]
(ID), is transformed into chelated substrate-bound cationic
copper(II) complex IV, wherein [Cu(hfacac);]™ serves as the
non-nucleophilic counterion (X~).'¥ This cationic catalyst
acts as the optimal Lewis acid which holds the substrate
together in such a way that the chirality of C—O bond is
transferred without scrambling to the olefin terminus and
thereby form the dihydrofuran-bound copper complex V. This
complex is a weaker chelate than IV, which prompts
coordination to another vinyl oxirane (I) and concomitant
release of the product VI thereby reforming I'V and complet-
ing the first round of the catalytic cycle. Furthermore, we
propose that the competing hydride-shift product (VIII) is
formed from copper complex VII, wherein the C—O oxirane
bond has already been broken. An equilibrium arrow is
placed between catalyst—substrate complexes III and VII
based on the kinetic data obtained for vinyl oxirane 8 as
discussed above."!

Challenging the reaction additionally, we decided to
evaluate if chiral monosubstituted vinyl oxirane substrates
such as 321" could be ring expanded into dihydrofuran 336!
without any stereochemical scrambling.'”! As is evident from
entries 1-5 in Table 3, the [Cu(hfacac),] catalyst loading
impacts the stereoselectivity of the reaction, with 0.5 mol %
being optimal."® We decided to evaluate how changing the
solvent would impact the stereoselectivity. When the standard
toluene (Table 3, entry 4) conditions are compared to that
used in Table 3, entries 6-9, it was determined that hexa-

www.angewandte.de

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Similarly we have demonstrated that
chiral 2-substituted dihydrofuran prod-
ucts of high optical purity can also be
obtained. We propose that the active

Table 3: Stereoselective ring expansion of vinyl oxirane 32. Reaction
conditions: [Cu(hfacac),] at 0.1 m for 15h.

?}\/A/OBn [Cu(hfacac),] f>"‘/OBn
32 © 33

Entry Cat. [mol %] T[°C] Solvent ee [%]1
1 10 150 toluene 61
2 5 150 toluene 63
3 2.5 150 toluene 72
4 1 150 toluene 73
5 0.5 150 toluene 77"
6 1 125 n-pentane 20
7 1 150 benzene 77
8 1 150 fluorobenzene 78
9 1 150 hexafluorobenzene 56
10 1 125 toluene 78
11 1 175 toluene 81
12 1 200 toluene 79
13 0.5 175 fluorobenzene 92l

[a] The ee value for 33 was determined by chiral HPLC analysis. [b] 45 h.
[c9 24 h. [d] 60% yield of isolated product. Bn=benzyl.

catalyst for the ring expansion is an in situ generated cationic
copper(II) catalyst. These results were utilized to accomplish
the shortest asymmetric synthesis of the natural product
goniothalesdiol, highlighting the powerful retrosynthetic
option this new catalytic synthetic method offers.
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