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Abstract A Lewis acid catalyzed cationic domino reaction involving se-
quential electrocyclization and polar addition of allenol ethers onto the
resulting oxyallyl species is described. The overall sequence allows a
highly stereoselective synthesis of densely substituted cyclopentanoid
compounds containing α-formylvinyl functionality which is formally
equivalent to products of a Morita–Baylis–Hillman alkylation process.

Key words interrupted Nazarov cyclization, oxyallyl cation, allenol
ethers, carbonyl umpolung, Morita–Baylis–Hillman alkylation

Domino and tandem reactions feature one-pot con-
struction of complex molecular architecture from simple
precursors in which multiple rings, bonds, and stereogenic
centers can be installed in a well-defined manner.2 One par-
adigm for inventing novel domino processes is to divert the
mechanistic course of a reactive intermediate deliberately
into more sophisticated bond-forming pathways under
carefully controlled conditions.3 Along these lines, there
has been considerable interest in exploiting the Nazarov cy-
clization4 as a platform for initiating cationic domino reac-
tion sequences.5 Over the past decade, we have described a
series of ‘interrupted Nazarov’ reactions6 wherein the cyclic
oxyallyl species resulting from the initial electrocyclization
were incorporated into a range of complexity-enhancing
events in the presence of appropriate trapping agents. A
prominent aspect of these studies has been the recruitment
of the Nazarov oxyallyl cation as a formal α-carbonyl um-
polung subject to nucleophilic capture for divergent syn-
thesis of functionalized cyclopentanoid compounds.7,8 In an
effort to probe the scope of the interrupted Nazarov pro-
cess, we aim to identify new trapping modalities for use in
branching cascades9 initiated by the 4π-electrocyclization.

The Morita–Baylis–Hillman (MBH) reaction is an excep-
tionally versatile method for coupling the α-position of a
polarized alkene with a carbon electrophile.10 The zwitteri-
onic enolate intermediate, originating from the first ele-
mentary step of the MBH reaction, is effectively a vinyl an-
ion synthon.11 Inspired by several fascinating applications
of MBH donor in alkylation reactions,12 we sought to secure
a nucleophilic trap that is competent for intercepting the
Nazarov oxyallyl intermediate (Scheme 1). Allenol deriva-
tives have been elegantly utilized as a surrogate for the
MBH donor in different contexts,13 and we envisioned such
reactants as potential π-nucleophiles in an interrupted
Nazarov process. Here we describe the successful trapping
of the Nazarov oxyallyl intermediate with allenol ethers to
afford 2-enoylated cyclopentanone products with high ste-
reoselectivity.

Scheme 1  Proposed route to MBH-type products through intercepting 
the Nazarov intermediate with allenes
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Initial experiments showed that silyl allenol ethers were
very prone to hydrolysis; however, the THP-protected
counterpart 2a, prepared via base-catalyzed isomerization
of the corresponding propargyl ether,14 is more durable so it
was carried forward in subsequent investigations. Treat-
ment of 1a and 2a with the optimized conditions for previ-
ously described homologous Mukaiyama reactions7c yield-
ed the desired α-(propenal-2-yl) cyclopentanone 3a in low
yield along with a fair amount of intractable material (Table
1, entry 1). The structural assignment of 3a was ascertained
by X-ray diffraction analysis (Figure 1). A high level of dia-
stereoselectivity arising from attack of the trapping reagent
from the face opposite to the adjacent phenyl substituent
was observed. Conditions were then varied to improve con-
version into 3a (Table 1). When TMSOTf was employed as
the Lewis acid, domino electrocyclization/formal MBH al-
kylation reaction proceeded smoothly giving 3a in good
yield (entry 2). We also examined the effect of catalytic
amount of metal triflate Lewis acids, including Cu(OTf)2,
Zn(OTf)2, and Sc(OTf)3, and found that higher temperature
and longer reaction time were crucial for the success of
those reactions (entries 3–5). With Cu(OTf)2, a complex
mixture was produced in which 3a could only be isolated in
low yield. While Zn(OTf)2 is a relatively unexplored initiator
in Nazarov chemistry, the reaction of 1a and 2a catalyzed
by zinc(II) triflate gave the desired product in 47% yield. Use
of Sc(OTf)3 as catalyst led to the formation of 3a in a yield
comparable to the example using stoichiometric amounts
of TMSOTf.

Table 1  Optimization of the Interrupted Nazarov Reaction with Tetra-
hydropyranyl (THP) Allenol Ether 2aa

The scope of this process with other 1,4-dien-3-ones
and allenol ethers 2 was then evaluated (Table 2).15 In the
presence of TMSOTf, symmetrical dienones 1b,c reacted
with 2a to give single α-addition products 3b and 3c, re-
spectively (entries 2 and 3). In the examples of unsymmet-
rically substituted dienones 1d and 1e, excellent regioselec-
tivity in the trapping event was observed, giving in each
case 3d and 3e (entries 4 and 5). The regioselectivity of po-
lar addition furnishing 3d can be attributed to the steric
difference between allyl termini of the cyclized cationic in-
termediate. On the other hand, it is surprising to note that
the regiocontrol seen in 3e appears to be dictated by the β-
substituent residing on the opposite face to the incoming
nucleophile. Such high levels of selectivity may originate
from avoidance of torsional strain arising between R1 and
R2 as the reaction progresses toward intermediate B
(Scheme 2). The employment of less substituted dienone 1f
afforded only cyclopentenone 4, and furnished none of the
possible interrupted Nazarov products, highlighting the
critical role of β-substituents in this domino process (entry
6). We hypothesize that replacement of a β-phenyl group
with hydrogen decreases the lifetime of the oxyallyl cation

Entry Reaction conditions Yield of 3a (%)b

1 BF3·OEt2 (1.1 equiv), CH2Cl2, –78 °C, 15 min 24

2 TMSOTf (1.1 equiv), CH2Cl2, –78 °C, 15 min 63

3 Cu(OTf)2 (20 mol%), (CH2Cl)2, r.t., 30 min 15

4 Zn(OTf)2 (20 mol%), (CH2Cl)2, r.t., 30 min 47

5 Sc(OTf)3 (20 mol%), (CH2Cl)2, r.t., 30 min 58
a Dienone 1a (0.4 mmol) and the allenol ether 2a (2 equiv) were stirred 
with Lewis acid at the indicated temperature.
b Isolated yields.
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Figure 1  ORTEP diagram of 3a

Scheme 2  Regioselectivity governed by torsional steering
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intermediate, allowing rapid elimination by deprotonation
in place of nucleophilic capture by the allene nucleophile,
perhaps due to greater kinetic acidity at the remaining ben-
zylic position as a result of decreased steric congestion.

TMSOTf-mediated interrupted Nazarov reaction of 1a
and 1-phenyl siloxy allene 2b was not efficient (entry 7),
possibly owing to the relative instability of 2b in acidic me-
dia. Utilizing 3-phenyl allenyl ether 2c furnished a single
adduct 3g in moderate yield (entry 8) and stereochemical
assignment of 3g was supported by diagnostic 2D TROESY
correlations. Notably, the transformation demonstrated
complete control over the alkene geometry, thus introduc-
ing a 2-(cis-cinnamoyl) segment at the α-carbon of the cy-
clopentanone. In addition, unsymmetrical dienone 1d re-
acted with 2c cleanly to give 3h with excellent regio- and
diastereoselectivity (entry 9). Approach of axially chiral al-
lene 2c to the Nazarov intermediate should in theory favor
a trajectory that alleviates nonbonded interactions (T1 vs.
T2, Scheme 3), However, in either of the proposed transi-
tion states (T1 or T2), the phenyl group is expected to rotate
away from the sterically demanding cyclopentyl moiety as
the bond begins to form between the oxyallyl terminus and
sp carbon of allenol ether, accounting for the high level of Z-
selectivity observed in these examples.

The catalytic interrupted Nazarov reactions of dienones
1a–e and allene 2a were examined with Sc(OTf)3, where
excellent stereoselectivity and moderate yields were ob-
served in comparison to the results with TMSOTf. As noted
by Frontier and co-workers,4g,16 catalytic Nazarov processes

are typically limited to strongly polarized substrates.17 The
success of the present work, utilizing relatively unpolarized
divinyl ketones with catalysis, is founded on the diversion
of the reaction from eliminative termination via nucleop-
hilic trapping.18 We hypothesize that intramolecular trans-
fer of tetrahydropyranyl group of intermediate C to gener-
ate a labile THP-enol ether may take place to permit cata-
lyst release from the product (Scheme 4). We were not able
to observe the putative intermediate D, though it is expect-
ed to undergo rapid hydrolysis upon workup.

Table 2  Scope of Formal Morita–Baylis–Hillman Alkylationsa

Entry 1 R1 R2 R3 R4 2 R5 R6 R7 Method Product Yield (%)b

1 1a Me Ph Ph Me 2a H H THP A/B 3a 63 (58)

2 1b Me 4-MeOC6H4 4-MeOC6H4 Me 2a H H THP A/B 3b 37 (55)

3 1c Me 4-ClC6H4 4-ClC6H4 Me 2a H H THP A/B 3c 58 (47)

4 1d n-Pr Ph Ph Me 2a H H THP A/B 3d 63 (51)

5 1e Me t-Bu Ph Me 2a H H THP A/B 3e 42 (33)

6 1f Me Ph H Me 2a H H THP B 4 67

7 1a Me Ph Ph Me 2b Ph H TBS A 3f 23

8 1a Me Ph Ph Me 2c H Ph THP A 3g 46

9 1d n-Pr Ph Ph Me 2c H Ph THP A 3h 51
a See ref. 15 for representative procedures following methods A and B.
b Isolated yields for method A. Yields in parentheses were obtained when method B was applied.
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Scheme 4  Proposed mechanism for the catalyst turnover (LA = Lewis 
acid)

In summary, we have established a new entry to MBH-
type products via interception of the Nazarov oxyallyl in-
termediate with tetrahydropyranyl allenol ethers. Densely
substituted cyclopentanoid products bearing enal or enone
functionality at the α-carbon could be rapidly constructed
with good stereocontrol over multiple newly formed ste-
reogenic centers and the conjugated alkene moiety. More-
over, the cationic domino interrupted Nazarov sequences
could be implemented with catalytic amounts of Lewis ac-
id. The results of this work further generalize the umpolung
reactivity of the Nazarov oxyallyl intermediate toward elec-
tron-rich carbon nucleophiles.
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