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The transition-metal-catalyzed alkylative ring-opening reac-
tion of bridgehead benzoxabicyclic alkenes is an efficient
route to 2-substituted-1,2-dihydronaphthols, which result
from the cleavage of one C�O bond.[1] To date, such ring-
opening reactions using alkynes have been scarcely inves-
tigated. For instance, the nickel-catalyzed couplings of
oxabenzonorbornadiene 1a with alkynes 2 led to various
ring-opening adducts according to the substitution patterns of
alkynes as well as the nature of catalyst systems (Scheme 1).[2]

In the course of our investigations on ruthenium-catalyzed
cycloadditions,[3] we were interested in the development of
catalytic reactions of oxabenzonorbornadienes with alkynes,
particularly those reactions in which the alkyne may insert
into a C�O bond to form ring-expanded oxabicyclic com-
pounds. Herein, we describe an unprecedented ruthenium-
catalyzed reconstitutive coupling[4] of alkynes with oxabenzo-
norbornadienes; this reaction occurs through the cleavage of
two bridgehead C�O bonds, thus giving rise to benzonorcar-
adienes with remarkable diastereoselectivity.

We previously reported the [2+2] cycloaddition of bicyclic
alkenes with internal alkynes to give cyclobutenes using a
[CpRuCl(PPh3)2]/MeI catalyst system.[5] Under these reaction
conditions,[6] we were pleased to find that an equimolar
mixture of oxabenzonorbornadiene 1a and but-2-yn-1,4-
diacetate 2a in dioxane at 60 8C for 24 hours afforded exo-
benzonorcaradiene 3a as a single diastereomer (Table 1,
entry 1). The 1H NMR spectrum of 3a revealed four con-
nected nonaromatic protons: two ethylenic protons in a cis
relationship (d = 6.66 ppm (d, J = 9.6 Hz) and d = 6.15 ppm
(dd, J = 9.6, 5.2 Hz)) and two aliphatic protons (d = 3.37 ppm
(d, J = 8.7 Hz) and d = 2.99 ppm (dd, J = 8.7, 5.1 Hz)) attrib-
utable to cyclopropanic protons. The presence of a carbonyl
group (d = 203.5 ppm) and cyclopropane carbons with signals
at d = 24.1 (C), 35.7 (CH) and 38.0 ppm (CH) and JC-H values
close to 170 Hz were shown by 13C NMR spectroscopy. The
stereochemistry was clearly established by a NOESY experi-
ment and the structure of 3a was confirmed by single-crystal
X-ray analysis.[7] This unusual coupling reaction was exam-
ined with various alkynes, and Table 1 summarizes the effect
of alkyne substitution on the reaction. Symmetrical alkynes

Scheme 1. Coupling reactions of oxabenzonorbornadiene 1a with
alkynes 2. a) [Cp2ZrClH], then [Ni(PPh3)2Cl2] cat./Zn, THF, 50 8C;
b) [Ni(dppe)Cl2] cat./ZnCl2/Zn, toluene, 90 8C; c) [Ni(dppe)Br2] cat./Zn,
MeCN, 90 8C. dppe = 1,2-bis(diphenylphosphino)ethane, THF = tetra-
hydrofuran.

Table 1: Ruthenium-catalyzed coupling of oxabenzonorbornadiene 1a
with alkynes 2.[a]

Entry Alkyne T [8C] t [h] Adduct Yield [%][b]

1 2a R1, R2 = CH2OAc 60 24 3a 49
2 2b R1, R2 = CH2OMe 60 24 3b 60
3 2c R1, R2 = CH2OMOM 60 24 3c 63
4 2d R1, R2 = CH2OBn 60 48 3d 60
5 2e R1, R2 = CH2OTBDMS 60 62 3e[c] 30 (77)
6 2 f R1, R2 = CH2OCO2Me 60 14 3 f 81
7 2g R1, R2 = CH2OH 60 24 3g 94
8 2h R1 = Me, R2 = CH2OH 90 2.5 3h 30
9 2 i R1 = Bu, R2 = CH2OH 60 48 3 i[d] 57
10 2 j R1 = Bu, R2 = CH2OBn 60 32 3 j 46
11 2k R1, R2 = Et 90 60 3k[e] 18

[a] Reaction conditions: 1a/2/CpRuCl(PPh3)2/MeI (0.5/0.5/0.025/
0.175 mmol), dioxane (4 mL). [b] Yields are of the isolated products.
Yield in parentheses is based on recovered alkyne. [c] 66% of 1-naphthol
was formed. [d] 15% of 1-naphthol was formed. [e] See text. Bn = benzyl,
MOM= methoxymethyl, TBDMS= tert-butyldimethylsilyl.
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such as but-2-yn-1,4-diol (2g) and the corresponding bis-
(ethers) 2b–e or mixed bis(carbonate) 2 f were converted into
the expected benzonorcaradienes 3, as single diastereomers in
fair to good yields (Table 1, entry 2–7). As much as possible
the reactions were carried out at 60 8C to prevent the
competitive isomerization of 1a to 1-naphthol.[8]

Unsymmetrical alkynes such as propargyl alcohols 2 h, 2 i,
or ether 2j react with excellent regio- and stereoselectivity to
provide the desired adducts 3h, 3 i, and 3j, respectively
(Table 1, entries 8–10).[9] Oxygen atoms at the propargylic
position of 2 play a decisive role in influencing the pathway of
the reaction; in the presence of an oxygen substituent the
pathway leading to benzonorcaradienes 3 is favored. For
instance, hex-3-yne (2k) led to norcaradiene 3k in only 18%
yield (Table 1, entry 11) along with the [2+2] cycloadduct 4[10]

(21 %) and an intractable mixture of by-products, and
diphenylethyne (2 l) afforded exclusively the [2+2] cyclo-
adduct 5[10] in 98% yield (Scheme 2). Furthermore, an oxygen
atom at the homopropargylic position of the alkyne turns out
to be detrimental for the reaction. Hence, the coupling
reaction with pen-3-yn-1-ol (2m ; 60 8C, 48 h) gave a complex
mixture of products among which 1-naphthol is the main
component and the expected benzonorcaradiene is detected
in trace amounts.

The effect of the substitution pattern on the aromatic ring
of 1 was then examined (Table 2). The coupling of electron-
rich oxabenzonorbornadienes 1b–d with but-2-yn-1,4-diol
(2g) afforded the expected adducts 6–8 in excellent yields.
The coupling with the electron-poorer bicyclic alkene 1e was
sluggish and required a second addition of catalyst (10 mol%
overall) to provide 9 in 57% yield.

The reactions of oxabenzonorbornadienes 10 and 11, with
methyl substituents at the bridgehead positions, with alkynes
2b and 2 f were also examined (Scheme 3). Interestingly, new
regio- and stereoselective issues were observed. The reaction
of unsymmetrical alkene 10 with bis(ether) 2 b led unexpect-
edly to the stable dihydronaphthofurane 12[11,12] (62 %) and
endo-benzonorcaradiene 13 (25%), which features an
inverted relative configuration of the quaternary centre a to
the carbonyl group compared to that of adducts 3. With the
symmetrically disubstituted alkene 11, the reactions with
alkynes 2b and 2 f required a higher temperature (90 8C) to
form endo-benzonorcaradienes[13] 14 (60 %) and 15 (27%)
respectively. The structure and stereochemistry of 15 was
confirmed by single-crystal X-ray analysis.[14]

In an ancillary study aimed to discriminate between the
neutral and cationic nature of active ruthenium species, the
reactions of 1 a with alkynes 2a and 2 f were conducted in the
presence of [CpRu(MeCN)3]PF6 as the catalyst (Scheme 4).
In these reactions, a diastereoselective vinylcyclopropana-
tion[3c] was observed as the high yielding sole or predominant
pathway. Single-crystal X-ray analysis of compound 16
confirmed both its tetracyclic structure as well as its stereo-
chemistry.[15] These results suggested that a neutral ruthenium
species could be involved in the reconstitutive coupling of
oxabenzonorbornadienes with alkynes leading to benzonor-
caradienes.

Scheme 2. Structure of [2+2] cycloadducts 4 and 5.

Table 2: Ruthenium-catalyzed coupling of oxabenzonorbornadienes
1b–e with but-2-yn-1,4-diol 2g.[a]

Entry Alkyne T [8C] t [h] Adduct Yield [%][b]

1 1b R1 = H, R2 =Me 60 24 6 90
2 1c R1 = Me, R2 =H 90 48 7 84
3 1d R1 = OMe, R2 =H 90 24 8 87
4[c] 1e R1 = H, R2 = Br 90 96 9 57

[a] Reactions conditions: 1/2g/CpRuCl(PPh3)2/MeI (0.5/0.5/0.025/
0.175 mmol), dioxane (4 mL). [b] Yields are of the isolated products.
[c] New addition of [CpRuCl(PPh3)2]/MeI (0.025/0.175 mmol) after 72 h.

Scheme 3. Coupling reactions of oxabenzonorbornadienes 10 and 11,
with substituents at the bridgehead positions.

Scheme 4. Outcome of the coupling reaction according to the catalyst.
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The formation of benzonorcaradienes is quite intriguing
and involves the cleavage of two carbon–oxygen bonds, the
formation of two carbon–carbon bonds, and the transfer of
the bridgehead oxygen atom to a carbon atom of the alkyne
linkage to form a carbonyl group. On the basis of well-
documented ruthenium chemistry,[16] a plausible mechanism is
provided in Scheme 5. The catalytic cycle starts with the
formation of the coordinatively unsaturated CpRuI and
subsequent coordination of 1a and alkyne 2. Oxidative
cyclometalation generates ruthenacyclopentene I, which
upon reductive elimination releases a cyclobutene adduct
(not shown). Alternatively, b-alkoxy elimination can form
ruthenacycle II, which undergoes reductive elimination to
give dihydronaphthofurane III. A possible thermal isomer-
ization of III to IV could also be envisaged. Control experi-
ments showed that such an event did not occur under our
reaction conditions.[17] As an alternative pathway, coordina-
tion of 1 a followed by insertion of ruthenium into a bridge-
head C�O bond and alkyne coordination generates the
oxaruthenacycle V.[18] Migratory insertion of the alkyne[19]

into the Ru�C bond of V delivers a novel ruthenacycle
VI,[20] which upon reductive elimination releases the cyclic
allylvinyl ether VII. An alicyclic Claisen rearrangement[21] of
VII generates norcaradiene IV, which features the opposite
stereochemistry at the quaternary cyclopropanic carbon atom
to 3. Endo-to-exo norcaradiene isomerization should occur
through norcaradiene-cycloheptatriene equilibrium,[22] thus
leading to the thermodynamically more stable exo-norcara-
diene 3 as depicted in Scheme 6. Interestingly, this equilibri-
um is not observed in reactions involving the substituted
oxabenzonorbornadienes 10 and 11 (Scheme 3).

In summary, we have developed an atom-economical
ruthenium-catalyzed coupling of oxabenzonorbornadienes

with alkynes bearing oxygen
atoms at the propargylic posi-
tion leading to stereodefined
benzonorcaradienes.[23] The dia-
stereoselectivity of the coupling
depends on the presence of the
substituents at bridgehead posi-
tions of oxabenzonorborna-
dienes. To the best of our
knowledge, this unusual cou-
pling reaction, related to the
B�chner reaction[24,25] of naph-
thalene, is unprecedented. Fur-
ther investigations are under-
way to elucidate the effect of
the substituents at bridgehead
positions on the diastereoselec-
tivity of the coupling.
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