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ertion of vinyl cations leading to
cyclopentenones†

Sarah E. Cleary, Magenta J. Hensinger and Matthias Brewer *

We report a Lewis acid catalyzed reaction sequence involving a 1,2-shift and subsequent C–H insertion that

gives monocyclic and fused bicyclic cyclopentenone products. This reaction sequence, which is initiated by

treating b-hydroxy-a-diazo ketones with a Lewis acid, proceeds through vinyl cation intermediates that

insert at non-activated gamma C–H bonds. This reaction represents an alternative strategy to exploit the

diazo functional group in an intramolecular C–H insertion, and can provide products not accessible by

transition metal catalyzed C–H insertions. This remote C–H activation process provides good yields of

bicyclic cyclopentenone products that contain 7- and 8-membered rings, and monocyclic prostaglandin

analogs.
Introduction

The insertion of a hypovalent atom into an unactivated C–H
bond is an attractive strategy for bond formation as it can lead
to more efficient and more concise synthetic routes.1–5 Impor-
tantly, unlike most bond forming reactions that require the
presence of two reactive functional groups, insertion reactions
take advantage of a typically inert C–H bond and a single
additional functional group. Minimizing the number of func-
tional groups present in a system decreases the need for pro-
tecting groups and oxidation state changes during a synthetic
sequence, which makes a synthetic route greener and more
efficient from a time and cost perspective.6–8 This type of reac-
tivity is exemplied by the intramolecular insertion of metal
carbenes, derived from diazo precursors, into gamma C–H
bonds as reported by Wenkert9,10 and Taber11 (Fig. 1a). Advances
in efficiency and stereoselectivity have since made rhodium
carbene insertions valuable synthetic transformations espe-
cially for the formation of g-lactones and g-lactams.1–3 The
strategic advantages that C–H insertion reactions offer synthetic
chemists make identifying additional methods to effect these
types of ring forming reactions a worthwhile pursuit, particu-
larly if these new methods can provide structures that existing
methods cannot. Herein we report an alternative strategy to
exploit the diazo functional group in a C–H insertion reaction
that can provide products not accessible by the transition metal
catalyzed procedures. Specically, b-hydroxy-a-diazo ketones
react with Lewis acids by a rearrangement and subsequent C–H
mont, Burlington, Vermont 05405, USA.

tion (ESI) available. See DOI:
insertion to give cyclopentenone products in good yield
(Fig. 1b).

Cyclopentenones are versatile synthetic intermediates that
are commonly used to make more-highly functionalized cyclo-
pentanes, which are one of the most common ring systems
found in biologically active organic structures (Fig. 1c).12

Cyclopentenones are oen prepared by the Nazarov cycliza-
tion13–15 or the Pauson–Khand reaction,16–20 but reactivity and
selectivity issues and the need for stoichiometric quantities of
reagents can limit the generality of these reactions.
Results and discussion

Our discovery of the insertion sequence shown in Fig. 1b
stemmed from our work on the Lewis acid mediated ring frag-
mentation of g-silyloxy-b-hydroxy-a-diazo esters (Fig. 2).21–24 In
that reaction, a vinyl cation,25,26 formed from the diazo alcohol
by the process described by Pellicciari27 and Padwa,28 under-
went a Grob-type fragmentation that was facilitated by the g-
silyloxy group. We hypothesized that a b-hydroxy-a-diazo ketone
that lacks a fragmentation-promoting group at the g position
might instead react by a C–H insertion pathway. This hypoth-
esis was based on Schegolev's initial reports29–31 that vinyl
cations, generated by the acylation of alkynes, can participate in
C–H insertion reactions.32,33 We began our studies by preparing
diazo ketones 1 and 3 (Scheme 1) by adding lithiated 1-diazo-
3,3-dimethyl-2-butanone or lithiated 1-diazo-3-methyl-2-
butanone to cyclohexanone. Treating these materials with
SnCl4 at �20 �C gave the hexahydro-1-azulenones 2 and 4 in
83% and 70% yield respectively, thus conrming that b-
hydroxy-a-diazo ketones could serve as C–H insertion precur-
sors. Importantly, cyclopentenone 2, which has a quaternary
carbon adjacent to the carbonyl, could not be made by
a rhodium catalyzed C–H insertion.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 C–H insertions leading to 5-membered carbocycles and examples of biologically active cyclopentanes.

Fig. 2 Lewis acid mediated ring fragmentation of a g-silyloxy-b-hydroxy-a-diazo ester.
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We propose that this transformation occurs by the sequence
shown in Scheme 2.28 Lewis acid mediated elimination of the
tertiary hydroxide would give vinyl diazonium ion 5, which
would lose nitrogen to give vinyl cation 6. Carbonyl groups
typically stabilize cations on adjacent carbons through reso-
nance.34 However, in this system the p-orbitals of the carbonyl
would be orthogonal to the cation's vacant p-orbital, thus pre-
venting resonance stabilization. Instead, the cation would be
destabilized by the inductively withdrawing carbonyl, which
would facilitate a 1,2-shi across the alkene25 to give the ring
expanded cyclic vinyl cation 7. Remote C–H insertion of the
vinyl cation into a non-activated pendent methyl C–H bond
would provide tertiary cation 8, and subsequent loss of a proton
would give the cyclopentenone product (4). In line with this
sequence, vinyl chloride 9 (Scheme 2), which could be formed
Scheme 1 Lewis acid mediated conversion of b-hydroxy-a-diazo
ketones to bicyclic cyclopentenones.

This journal is © The Royal Society of Chemistry 2017
by trapping vinyl cation 6 with chloride, was also isolated from
the reaction mixture.

To optimize hexahydro-1-azulenone formation we evaluated
other Lewis acid promoters. While BF3$Et2O, In(OTf)3, and
Scheme 2 Proposed sequence for bicyclic cyclopentenone and vinyl
chloride formation.
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Scheme 3 Variation at the site of insertion.

Scheme 4 Hydride transfer from a tertiary carbon.
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FeCl3 were all less effective at promoting the reaction,
tris(pentauorophenyl)borane (BCF) gave 2 and 4 in 88% and
82% yield respectively (Table 1, entries 1 and 2). We next
examined how temperature affected the conversion of 3 to 4
with both SnCl4 and BCF as Lewis acids. There was negligible
change in yield when the reaction was run at temperatures
between �35 �C and room temperature, but for both Lewis
acids the yield decreased to 71% when the reaction was run at
40 �C (entry 3). It is noteworthy that reducing the quantity of
BCF to 20 mol% provided the desired product (4) in only
a slightly diminished yield of 67% (entry 4), while running the
reaction with 30 mol% BCF in the presence of 1 equiv. of MgSO4

returned the product in 80% yield (entry 5). We also prepared
two analogs of 1 that have substituents at the 4 position of the
ring (10 and 12; entries 6 and 7). Both of these substrates
reacted productively, albeit in slightly diminished yields as
compared to the unsubstituted analog.

To assess the scope of the reaction with respect to the diazo
ketone portion of the molecule, we prepared diazo ketones 14,
16, and 18 (shown in Schemes 3 and 4) and treated them with
both SnCl4 and BCF. The ethyl ketone derivative (14) gave
cyclopentenone 15 in 62% yield on treatment with SnCl4,
whereas BCF returned the product in 70% yield. The trend that
insertion products 2, 4, and 15 are isolated in decreasing yields
(88%, 82% and 70% respectively) might be a reection of the
changing number of possible sites of insertion for these
different substrates, or could indicate that the Thorpe–Ingold
effect is playing a role in promoting the ring closure. The n-
propyl ketone derivative (16) was prepared to determine if
insertion could occur at a methylene rather than methyl posi-
tion. In this case, the SnCl4 mediated reaction returned the
desired insertion product in only 32% yield, whereas the BCF
mediated reaction gave the desired product in a more useful
55% yield. Further investigation will be required to determine
why insertion at a methylene position is less productive than
insertion at a methyl position. Finally, we prepared isobutyl
ketone derivative 18 (Scheme 4) to see if insertion would occur
Table 1 Initial optimization studies

Entry Compound R R0 R00 Temp
Mol%
BCF Product

%
Yield

1 1 Me H H �15 �C 100 2 88
2 3 H H H �15 �C 100 4 82
3 3 H H H 40 �C 100 4 71
4 3 H H H �15 �C 20 4 67
5 3 H H H �15 �C 30 4 80a

6 10 Me Me Me �15 �C 100 11 78
7 12 Me t-Bu H �15 �C 100 13 66a

a 1 equiv. MgSO4 was included.

6812 | Chem. Sci., 2017, 8, 6810–6814
at a tertiary carbon to give an all carbon quaternary center.
When reacted with BCF, this material returned diene 19 in 77%
yield, whereas treatment this material with SnCl4 returned
diene 19 and chloride trapped products as an inseparable
mixture. To form 19, it appears that hydride transfer occurred
from the tertiary center to the vinyl cation, but ring closure did
not ensue, which may be a ramication of the stability of the
tertiary carbocation formed upon hydride transfer. A similar
hydride transfer – elimination sequence was not apparent for n-
propyl substrate 16, which indicates that the degree of
concertedness of the insertion step likely depends on the nature
of the point of insertion.

With these results in hand, we prepared a series of diazo
ketones by adding lithiated 1-diazo-3-methyl-2-butanone to
various cyclic ketones and have reacted each of these diazo
ketones with SnCl4 and BCF (Table 2). When treated with SnCl4,
the cyclobutanone and cyclopentanone derivatives (20 and 23)
gave their respective insertion products in only trace quantities
and 21% yield respectively (entries 1 and 2). In these smaller
ring systems, rearrangement of the initially formed linear vinyl
cation to the cyclic vinyl cation intermediate would be less
favorable because of increased ring strain in the rearranged
Table 2 Affect of b-hydroxy-a-diazo ketone ring size on reaction
outcome

Entry Compound n Lewis acid Product Yield Product Yield

1 20 1 SnCl4 21 <5% 22 68%
2 23 2 SnCl4 24 21% 25 30%
3 26 4 SnCl4 27 42% 28 24%
4 20 1 (C6F5)3B 21 0%
5 23 2 (C6F5)3B 24 60%
6 26 4 (C6F5)3B 27 66%

This journal is © The Royal Society of Chemistry 2017
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Scheme 5 Preparation of monocyclic cyclopentenone derivative.
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product, and the initially formed linear vinyl cations were
instead captured by chloride to give vinyl chlorides 22 and 25 as
the major products of the reactions. Switching the Lewis acid to
BCF did not result in the productive formation of cyclo-
pentenone 21 (entry 4), but the yield of cyclopentenone 24
increased to 60% (entry 5). The increased yield in this case can
be attributed to the fact that BCF does not contain a moiety that
could readily capture the vinyl cation intermediate, thus
allowing the rearrangement and insertion to occur. The cyclo-
heptyl derivative (26) reacted with SnCl4 to give the desired 5,8-
fused bicycle 27 in 42% yield along with a signicant quantity
(24% yield) of vinyl chloride 28 (entry 3). It is not clear to us why
capture by chloride is an important pathway in this larger ring
system. In the presence of BCF, diazo ketone 26 returned
cyclopentenone 27 in 66% yield (entry 6).

In view of the important role that monocyclic cyclo-
pentenone derivatives play as synthetic intermediates, and the
fact that prostaglandins and their analogs (e.g. Fig. 1c35) are
important biologically active compounds derived from these
scaffolds, we were interested to determine if this reaction could
provide monocyclic cyclopentenone products. To this end, we
prepared diazo ketones 29 and 31 (Scheme 5) from 4-hepta-
none. Treating these substrates with BCF returned the desired
2,3-disubstituted cyclopentenones 30 and 32 respectively, indi-
cating the potential of this methodology to provide new access
to prostaglandin analogs.

Conclusions

In summary, we have shown that b-hydroxy-a-diazo ketones,
which are simple to prepare, can serve as convenient vinyl
cation precursors for C–H insertion reactions that lead to
monocyclic or bicyclic cyclopentenone products. This reaction
sequence appears to be fairly general, and gives good to excel-
lent yields of ring fused 5,6-, 5,7-, and 5,8-bicyclic and 2,3-
disubstituted monocyclic products. While insertion occurred
productively at methyl and methylene positions, a methyne
position acted as a hydride donor without subsequent C–C
bond formation. In this later case, a concerted insertion process
is clearly precluded, but further studies are needed to probe the
mechanism of the insertion step at methyl and methylene
positions. Overall, this reaction sequence represents a new
approach to making common and important cyclopentenone
scaffolds, including systems that cannot be made by transition
metal catalyzed C–H insertion reactions. In addition to studying
this reaction further, we are currently investigating alternative
uses for vinyl cation intermediates formed from b-hydroxy-a-
diazo carbonyl compounds.
This journal is © The Royal Society of Chemistry 2017
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