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Transition metal catalyzed cyclizations of alkenes and
alkynes are powerful methods for the synthesis of various
carbocyclic and heterocyclic compounds.['l Recently, wel? 3!
and others* > observed that nickel complexes effectively
catalyze the cycloaddition of 7-oxa- and 7-azabenzonorbor-
nadienes with alkynes to give [2+2]@ and [2+2+2]B0]
cycloadducts (Scheme 1). The reactions of alkenes with
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Scheme 1. Ni-catalyzed [2+2] and [242+2] cycloaddition of 7-oxabenzo-
norbornadienes with alkynes.

alkynes depend greatly on the reaction conditions. Here we
report a new cyclization of 7-oxabenzonorbornadienes and
alkyl propiolates with catalysis by nickel complexes to give
benzocoumarin derivatives with remarkably high regio- and
stereoselectivity (Scheme 2). The coumarins are an important
class of naturally occurring compounds, many of which exhibit
useful biological activity.[! Benzo-annulated coumarin deriv-
atives are also known as electron-transporting emitters.’]
However, the traditional methods for synthesizing benzocou-
marin derivatives are limited by poor yields and harsh
reaction conditions.®! The present nickel-catalyzed reaction
provides a very convenient method for the one-pot synthesis
of benzocoumarins under mild conditions. In addition, the
catalytic mechanism for product formation is of interest.
Treatment of 7-oxabenzonorbornadiene (1a) with methyl
butyn-2-oate (2a) in the presence of [NiBr,(dppe)] (dppe =
bis(diphenylphosphanyl)ethane) and zinc metal powder in
acetonitrile at 80°C gave the cyclization product 3a in 87 %
yield. The structure of 3a was confirmed by 'H and '*C NMR
spectroscopy, mass spectrometry, and X-ray structure analy-
sis.'31 To the best of our knowledge, this cyclization is
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Scheme 2. Cychzatlon of 7»oxabenzonorb0rnadlenes 1 with alkyl propio-
lates 2. Spectroscopic data of the new compounds can be found in the
supporting information.

unprecedented. Control experiments showed that in the
absence of either [NiBr,(dppe)] or zinc metal, the desired
product was not obtained.

The phosphine ligand employed is crucial to the success of
the present catalytic reaction. A bidentate phosphine is
required for the reaction to proceed. Among several biden-
tate phosphine ligands examined, dppe gave the best results
and afforded 3a in 95% yield. Other bidentate phosphines
such as 1,1’-bis(diphenylphosphanyl)ferrocene (dppf), meth-
ylenebis(diphenylphosphane) (dppm), and 1,3-propanediyl-
bis(diphenylphosphane) (dppp) are less effective, giving 3a in
53, 47, and 26% yield, respectively. Nickel complexes of
monodentate phosphines that are efficient catalysts for the
[24+2]? and [2+2+2]B*b] cycloaddition of 1a with various
alkynes are essentially inactive in the formation of 3a.

The choice of solvent is also vital to the catalytic reaction.
The best solvent is acetonitrile, in which 3a was obtained in
95 % yield. Dimethylformamide is also effective (44 % yield).
In THF and toluene, only the [2+2+2] cycloadduct was
observed,®! while no cycloaddition product was detected in
dichloromethane.

Under similar conditions, 1a underwent cyclization with a
variety of substituted alkyl propiolates 2 to give the corre-
sponding benzocoumarin derivatives. Thus, the reaction of 1a
with 2b—e gave the corresponding benzocoumarin deriva-
tives 3b—e in good yields (see Scheme 2 and Table 1). Alkyne
2f gave, in addition to 3f (70 % ), the naphthalene derivative
4f (21 %; entry 6). The reaction of propiolate 2g with 1a did
not give any desired cyclization product under standard
conditions, but proceeded smoothly in the presence of one
equivalent of acetic acid to give 3g. The o,f-unsaturated
carbon—carbon double bond of 2g is hydrogenated in 3g.
Unsubstituted propiolate 2h reacts with 1a to give 4hin 57 %
yield instead of the cyclization product. The present Ni
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Table 1. Results of nickel-catalyzed cyclization of 7-oxanorbornadienes 1
with propiolates 2.7

Entry Alkene Alkyne Product (yield [%])"!
1 la 2a 3a (87)
2 1a 2b 3b (75)
3 la 2¢ 3¢ (89)
4 1a 2d 3d (83)
5 1a 2e 3e (60)
6 1a 2t 3£(70) +4f (21)
7t 1a 2g 3g (63)
8 la 2h 4h (57)
9 1b 2a 3i (62)
10 1b 2d 3j (7))
11 1c 2a 3k (80)
12 1c 2¢ 31(72)
13 1d 2a 3m (65)!4
14 1d 2d 3n (56)
15 le 2a 30 (73)

[a] Unless stated otherwise, all reactions were carried out with
[NiBr,(dppe)] (0.05mmol), Zn (2.75mmol), 1 (1.0 mmol), 2 (1.2-
2.0 mmol), and CH;CN (3.0 mL) at 80°C for 12 h under 1 atm N,. [b] Yield
of isolated product. [c] 1.0 mmol of acetic acid was added. [d] Yield
determined by 'H NMR spectroscopy with mesitylene as internal standard.
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catalyst system is inactive for the cyclization of EtO,CC=C-
CO,Et with 1a. The results of these studies are summarized in
Table 1. All benzocoumarin products show a characteristic
peak at around 6=6.4 in the 'H NMR spectrum for the
olefinic a-proton of the lactone ring. The presence of an a.f3-
unsaturated carbonyl group in these benzocoumarins is
evidenced by a signal at 0~ 160 in the 3C NMR spectrum
and a strong absorption at about 1710 cm~! in the IR
spectrum. Naphthalene derivatives 4 f and 4h were also fully
characterized by spectroscopic methods. The alkenyl sub-
stituents on both products have trans stereochemistry accord-
ing to the results of NOE experiments with 4f and the
coupling constant (16 Hz) of the two olefinic protons of 4h.
The present cyclization was successfully extended to sub-
stituted 7-oxabenzonorbornadienes 1b—e and 5 [see Eq. (1)]
The reaction of 1b, which bears a methyl group at a
bridgehead atom, with alkynes 2a and 2d gave regioselec-
tively benzocoumarins 3i and 3j in 62 and 71% yield,
respectively. Similarly, treatment of substituted 7-oxabenzo-
norbornadienes 1¢ and 1d with propiolates gave the corre-
sponding benzocoumarins in moderate to

Q good yields (Table 1, entries 11-14), and

0 | the reaction of 1e with 2a afforded 30 in
R 73 % yield. The cyclization of substituted
OO 7-oxanorbornene 5 with 2e in CH;CN at
50°C also proceeded smoothly in com-

CH, . ) s
pletely regio- and stereoselectivel® fashion
3i R: =CHs to give tetrahydrocoumarin 6 [Eq. (1)].
3 R'=(CH2)iCH3  This product was fully characterized by
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spectroscopic methods. In the '"H NMR spectrum, the four
characteristic methine signals appear at 6 =4.82, 3.21, 2.53,
and 2.13. The *C NMR data, the results of DEPT experi-
ments, and MS data are also consistent with the proposed
structure. It is noteworthy that tetrahydrocoumarins are
intermediates for the synthesis of natural products.['”]

The mechanism for benzocoumarin formation is intriguing
in view of the extensive bond-formation and bond-breaking
processes required. While the detailed pathway is not clear,
key steps are proposed in Scheme 3 for the synthesis of 3a on
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Scheme 3. A plausible catalytic cycle for benzocoumarin formation.

the basis of the above results and the established nickel
chemistry. The reduction of [NiBr,(dppe)] by zinc likely
initiates the catalytic reaction. Coordination of both 1a and
2a to Ni° followed by cyclometalation forms a nickelacyclo-
pentenel'’ 2l intermediate 7. Subsequent 3-oxy elimination to
form 8 and protonation give the intermediate organic product
9 and an Ni" species (path A). The latter is reduced by Zn to
regenerate the Ni° catalyst, while 9 undergoes cis—trans
isomerization, dehydrogenation, and lactonization to give the
final benzocoumarin product. Compound 9 may be consid-
ered as a reductive coupling product of 1a and 2a. Evidence
supporting this intermediate comes from the observation of
products 4f, 4h, and tetrahydrocoumarin 6 [Eq. (1)]. Pre-
sumably, 4f and 4h are obtained from dehydration of the
corresponding reductive coupling products similar in struc-
ture to 9, while 6 results from cis—trans isomerization
followed by cyclization of the reductive coupling product of
5 and 2e. Another pathway (B) involving $-hydride elimi-
nation of 8 to give ketone 10 cannot be ruled out. The
intermediate then undergoes reductive elimination and tau-
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tomerization to afford naphthol 11. Further E/Z isomerization
and subsequent lactonization provide product 3a.

In conclusion, we have demonstrated a novel nickel-
catalyzed cyclization of tricyclic alkenes 1 with propiolates 2
to give benzocoumarins or tetrahydrocoumarins in a one-pot
reaction. More detailed studies on the scope, mechanism, and
utility of this reaction are in progress.

Experimental Section

General procedure for the cyclization of 7-oxabenzonorbornadienes 1 with
alkyl propiolates 2: Freshly distilled CH;CN (3.0mL) and 2 (1.2-
2.0 mmol) were added to 1 (1.00 mmol), [NiBr,(dppe)] (0.05 mmol), and
zinc powder (0.180 g, 2.75 mmol) under nitrogen. The reaction mixture was
heated with stirring at 80°C for 12 h and then cooled and stirred in air for
15 min. The mixture was filtered through Celite and silica gel and washed
with dichloromethane. The filtrate was concentrated, and the residue was
purified on a silica gel column with hexane/ethyl acetate as eluent to afford
the desired cyclization product 3.
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Copper(@® Carbenes: The Synthesis of Active
Intermediates in Copper-Catalyzed
Cyclopropanation**

Bernd F. Straub and Peter Hofmann*

The cyclopropanation of olefins with a-carbonyldiazoal-
kanes mediated by homogeneous copper catalysts has been
known for more than 30 years, and was the first reported
example of enantioselective transition metal catalysis.[']
Despite this long history, copper(l) a-carbonyl carbene com-
plexes of type 1, which are generally assumed to be the active
intermediates, have remained undetected so far.[?! It is crucial
to know their structure in
solution to understand the \
enantiomeric and diastereo-

meric selectivities that can be LJCU':C\
achieved if chiral spectator R
ligands are utilized in cyclo- 1
propanation catalysis.?!
Copper carbene com- L = nitrogen or oxygen donor ligand

. . R = alkyl, aryl, alkoxy, amide
plexes in the literature are R' = aryl, acyl

limited to the linear d'-ML,

type, with Wanzlick — Arduengo carbene ligands substituted
with strong donor groups.! These complexes are inactive in
cyclopropanation chemistry. Generally, nickel-triad and coin-
age-metal carbene complexes of the d'°-ML, type are scarce,!
probably as a result of the antibonding interaction between
the metal d'° subshell and the sp? lone pair of a singlet carbene
fragment.[®!

We have recently introduced an extremely basic, sterically
demanding, and highly symmetric iminophosphanamide li-
gand into organometallic copper chemistry.’l Tt stabilizes
otherwise elusive or labile copper coordination modes by
enhanced metal-to-ligand back donation and by steric shield-
ing of the copper fragment.I”! We used the stable and neutral
copper(l) ethylene complex 2% to isolate the a-carbonyldi-
azoalkane complex 3, which is a stabilized model for
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