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o-Alkynyl-substituted a-diazoacetophenones undergo facile cyclization to indenone derivatives upon treatment
with catalytic quantities of Rh(II) carboxylates. A variety of structural influences were encountered by varying
the nature of the substituent group attached to the alkyne carbon atom. The cyclization reaction involves addition
of a rhodium stabilized carbenoid onto the acetylenic #-bond to generate a vinyl carbenoid. The vinyl carbenoid
was found to undergo both CH and CC migration as well as §-CH insertion into the alkyl backbone. Different
catalysts were shown to result in significant variation in the product ratios for these reactions. Treatment of
o-(5-(allyloxy)-1-pentynyl)-a-diazoacetophenone with rhodium(Il) mandelate afforded 2-(2-propen-1-yl)-2-(1-
0x0-1H-indenyl)-2,3,4,5-tetrahydrofuran in high yield. The formation of this compound involves initial formation
of a vinyl carbenoid which reacts with the neighboring oxygen atom to give an oxonium ylide which subsequently
undergoes a 2,3-sigmatropic rearrangement. When 2-ethynyl-a-diazoacetophenone is used, only products derived
from 6-endo closure are observed. Substituted o-alkynyl a-diazoacetophenones give products derived from 5-exo
cyclization. The mode of ring closure is controlled by both steric and electronic factors.

In recent years catalytic transition-metal-mediated re-
actions have provided organic chemists with exceptionally
fertile ground for designing and developing new stereose-
lective bond constructions for application in organic syn-
thesis./?® In developing the chemistry of organic mole-
cules coordinated onto transition-metal centers, the reac-
tions of a-diazo ketones have played an important role.%%
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With the advent of rhodium(II) acetate as a superior
catalyst to generate transient electrophilic metal carbe-
noids from a-diazo carbonyl compounds,? intramolecular
carbenoid addition® and insertion reactions®-* have as-
sumed strategic importance in C-C bond forming reactions
in organic synthesis. Far less attention has been given to
the catalytic internal cyclopropenation reaction of a-diazo
keto alkynes.?® Recent work by our group® as well as
Hoye’s?” have shown that the rhodium(II)-catalyzed re-
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Rhodium Carbenoid Mediated Cyclizations

action of a-diazo ketones (1) bearing tethered alkyne units
represents a powerful method for the construction of a
variety of polycyclic skeletons. Exposure of 1 to a rho-
dium(II) catalyst results in cyclization of the a-keto car-
benoid 2 to an intermediate (3) in which carbene-like re-
activity has appeared on one of the original alkyne carbon
atoms. A neighboring functional group present on the
backbone traps the cyclized intermediate 3 via known
carbene chemistry to give various products (Scheme I).
The specific types of reaction that the monocyclic inter-
mediate 3 can undergo have been of interest to us. In this
paper we describe the scope of the Rh(II)-induced cycli-
zation of a series of alkynyl substituted a-diazo ketones
with emphasis on the remarkable array of chemistry that
is possible from the cyclized intermediates.

Results and Discussion

Our initial studies focused on the rhodium(II)- catalyzed
reaction of o-alkynyl-substituted «-diazoacetophenone
derivatives which contained a group capable of undergoing
rearrangement. Insertions into adjacent carbon-hydrogen
and carbon—carbon bonds are reactions characteristic of
singlet alkyl- and dialkyl-substituted carbenes.®® Our
intention was to generate vinyl carbenoid 5 from the Rh-
(II)-catalyzed reaction of a-diazo ketone 4 and evaluate
the facility of the 1,2-hydrogen or alkyl shift to the car-
benoid center. The 1,2-shift of hydrogen in a singlet
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carbene to form an alkene formally involves the migration
of hydrogen to a vacant = orbital.® It is generally assumed
that the migrating group carries its electrons into the va-
cant orbital of the singlet carbene. The ease of migration
is related to the ground-state alignment of the vacant =
and ¢-CH orbitals.?®* The ability of groups to migrate
to a divalent carbon in the decomposition of diazo com-
pounds are hydrogen > aryl > alkyl.# We assume that
related arguments can be made for the corresponding
rhodium carbenoid 5. Indeed, treatment of 4 with rho-
dium(II) mandelate gave indenone 6 in 97% yield.

A similar reaction using a-diazo ketone 7 with the same
catalyst at 25 °C afforded 82% of a 5:3 mixture of the E-
and Z-enol ethers 8. No signs of the methoxy migrated
product were evident in the crude reaction mixture.#? The
mixture of stereoisomers was cleanly hydrolyzed to inda-
none 9. This same indanone was obtained upon treatment
of the related alcohol 10 with a rhodium(II) carboxylate
catalyst. The preferential migration of the methyl group
with both diazo ketones is undoubtedly related to the
ability of the methoxy (or hydroxy) group to stabilize the
developing positive charge in the transition state for the
rearrangement.

The success achieved by the Rh(II)-catalyzed transfor-
mation of 10 was also extended to a series of cyclic ace-
tylenic alcohols. Due to their convenience in preparation,
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the (1-hydroxycycloalkyl)ethynyl-substltuted a-diazo-
acetophenones 11 and 12 were chosen for investigation.
Treatment of these compounds with a catalytic amount
of Rh(II) octanoate gave the ring-expanded indanones 13
and 14 as a 1:1 cis/trans mixture in 82 and 86% yield,

respectively.
[+]
g
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The competition between C-H insertion and the 1,2-
hydrogen migration was also investigated. Treatment of
a-diazoacetophenone 15 with Rh(II) mandelate in benzene
at 25 °C afforded a 1:1 mixture of the §-CH insertion
product 16 (1:2 cis/trans) as well as (Z)-alkene 17 derived
from a 1,2-hydrogen migration to the carbenoid center.
The Rh(II) carboxylate mediated C-H insertion reactions
of a-diazo 8-keto esters into freely rotating aliphatic side
chains are known to preferentially lead to five-mem-
bered-ring formation.?? The formation of cyclopentyl-
indenone 16 is perfectly consistent with these earlier ob-
servations. We have also discovered that these a-diazo

15 16 17
Rh,(0Ac), 66/33
Rhy(oct), 80/20
Rhy(pfb), 10/90

keto alkyne insertion reactions are ligand dependent,
thereby suggesting that a metalated species is involved in
the product-determining step. Similar observations have
been made previously.®” By changing the catalyst from
Rhy(man), (man = mandelate) through Rhy(OAc), to
Rh,(pfb), (pfb = perfluorobutyrate), significant manipu-
lation of the product distribution could be achieved. The
data indicate that the more electron-withdrawing per-
fluorobutyrate ligand favors g-hydride elimination, while
1,5-insertion is favored by the more electron-donating
ligands. The intermediate rhodium carbenoid is highly
electron deficient at the carbon center and is further de-
stabilized by an electron-withdrawing ligand. With this
more reactive intermediate, the entropically less de-
manding 8-hydride elimination pathway is favored. Sim-
ilar findings have been reported in a very recent study.*?
Another point worth noting is the preferential formation
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57, 4386.



4942 J. Org. Chem., Vol. 57, No. 18, 1992

Scheme 11
) 0 0
< _ =RhL,
Cim" — (znm.,. = ( _>:
=R N RhLy R
18 R 19
2
¢ \ .
o o}
RAL, ;m-n
/ — Y/
+
N RhL,
0 3 n/_ 21 °

R

of the thermodynamically less stable Z-isomer 17 which
is derived from the 1,2-hydrogen shift. This stereochemical
result can be attributed to constraints by the face of the
rhodium carboxylate on orientation of the alkyl chain for
hydrogen migration in the metal carbene intermediate. 44
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The simplest mechanism accounting for migration of the
rhodium metal to the remote alkyne carbon involves a [2
+ 2]-cycloaddition/ cycloreversion path (i.e., 2 — 18 — 3)
(Scheme II). Other possible variations are certainly
conceivable. For example, it has been reported that the
distribution of products arising from the rhodium(II)-
catalyzed reaction of a-diazo enones of type 20 differ from
those obtained from the acetylenic ketones.3™ This ob-
servation led to the suggestion that the results are con-
sistent with the formation of an intermediate zwitterion
of type 21. A 1,2-hydrogen shift from 21 could easily lead
to olefins related to 17. Another conceivable path for the
conversion of 15 into 17 involves formation of the rhodi-
um-hydride species 23 (via 22) which then undergoes re-
ductive elimination to give 17 and regeneration of the
catalyst (Scheme III). Complicating the problem is the
fact that the mechanism of reaction as well as chemose-
lectivity is markedly influenced by the solvent used.*® In
nonpolar solvents, rhodium migration more than likely
occurs via the metallocyclobutene intermediate 18 so as
to avoid charge buildup. Clearly, many intermediates may
be envisioned along the pathway from 15 to 17, and it is
not an easy task to identify the mechanistic differences.

In earlier papers we had reported on the rhodium-in-
duced a-diazo ketone cyclization onto a neighboring car-
bonyl group followed by dipolar cycloaddition of the re-
sulting carbonyl ylide as a method for the formation of
oxapolycyclic ring systems.4” The ease with which ylide
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formation occurred suggested to us that a similar sequence
might take place by incorporating an allyl oxy group on
the tethered alkyne unit. Recent studies have shown that
the metal-catalyzed reactions of a-diazo compounds with
a broad selection of allylic substrates result in products
derived from 2,3-sigmatropic rearrangement of interme-
diate allylic ylides.#*%! Indeed, we have found that such
a process occurs upon treating 24 with rhodium(II)
mandelate in dichloromethane at 25 °C. The product
formed in 81% yield corresponded to tetrahydrofuran 27
which can best be rationalized as proceeding via oxonium
ylide 26.

o
‘CHN, RR** 1/

0N\

V4

—_—
ARLn
AN

25
!
0 Q I
27 26

A variety of structural influences has been encountered
by varying the nature of the substituent group attached
to the alkyne carbon atom.%27 As part of our work in this
area, we decided to probe the influence of the alkyne
substituents on the mode of cyclization. Initial efforts
focused on the rhodium(ll)-catalyzed reaction of 2-
ethynyl-a-diazoacetophenone (28). Interestingly, the re-
action of 28 with Rh(II) mandelate in methanol or 2-
propanol afforded naphthols 29 and 30 as the only iden-
tifiable products in good yields. When the reaction was
carried out using benzene as the solvent, 4-phenyl-1-
naphthol (31) was obtained in 70% yield.

oH ° on
—~———— —_—
benzene ROH
)
Ph H OR
31
28 29; R=Me
30; R=({CHy),CH

The cyclization reaction of 3-carbomethoxy-2-ethynyl-
a-diazoacetophenone (82) in methanol proceeded in a
similar manner giving rise to a 1:1 mixture of 35 and 36.
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The formation of 36 can be nicely accounted for in terms
of the intermediacy of vinyl carbenoid 33, which cyclizes
onto the oxygen atom of the neighboring carbonyl group
to give the resonance-stabilized dipole 34. Trapping this
species with methanol leads to 36, whereas insertion of
vinyl carbenoid 33 into methanol gives 35.

oL 0 OH
el Q) = 0
—_— —_—
X
Mo H RhL, MeO, OMe
Me0”” YO
33 35

32

36

The fact that a-diazoacetophenones 28 and 32 give
products derived from a six-ring vinyl carbenoid is par-
ticularly noteworthy and bears some discussion. 4-Oxo-
cyclohexa-2,5-dienylidene 38 has recently been generated
in an argon matrix at 10 K by irradiation of the corre-
sponding diazo quinone 37.52 On further photolysis,
carbene 38 rearranges to the highly strained bicyclo-
[3.1.0]hexadien-2-one (39). The 1,3-bridged cyclopropene
39 was found to undergo thermal rearrangement back to
the six-ring carbene 38. There was no indication of any
of the rearranged indenone-substituted carbene 40. This

O = X

38; AH=99.7 keal
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result suggests that the highly strained cyclopropene 39
is thermodynamically less stable than the corresponding
carbene 38 and that carbene 40 is also less stable than 38,
We suspect that this is also the case with the corresponding
rhodium carbenoids. To further probe this point, we have
carried out MO calculations using the semiempirical
MNDO program. Calculations were performed with the
standard version of MNDO as implemented in the MO-
PAC package which includes the PM3 parameters. De-
termination of the calculated heats of formation indicate
that carbene 40 is the highest energy species (R, = R, =
H) in this series of intermediates. The calculations clearly
indicate that thermodynamic factors are not particularly
important in influencing the 5-exo vs 6-endo cyclization
selectivity of the o-alkynyl-substituted a-diazoaceto-
phenone system. Rather, the regioselectivity of cyclization
seems to be highly dependent on the nature of the sub-
stituent attached to the alkyne tether.’®* We suggest that

(52) Bucher, G.; Sander, W. J. Org. Chem. 1992, 57, 13486.
(53) A similar conclualon was reached by Hoye a.nd Dinsmore. 57
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the 5-exo vs 6-endo selectivity is due to steric interactions
between the substituent on the alkyne and the ligand
groups on the catalyst. When a terminal alkyne is used
(i.e,, 41; R = H), only products derived from 6-endo closure
are observed. On the other hand, alkynyl-substituted
a-diazo ketones (i.e., 41; R = alkyl) lead to products de-
rived from 5-exo cyclization. In addition, the ability of the
substituent group to stabilize the cyclic vinylogous car-
benoid 43 also appears to be an important factor.
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We have also carried out a number of experiments de-
signed to probe the transient existence of a strained cy-
clopropene in these systems. It is not at all clear whether
a cyclopropene intermediate (i.e., 19, Scheme II) is involved
in any of the cyclization chemistry. Cyclopropenes are
known to readily undergo rhodium(ll)-catalyzed ring
opening to produce species such as 18 or 8,5 and this
complicates the mechanistic interpretation. The inter-
ception of highly strained and reactive cyclopropenes with
furan by a Diels—Alder reaction is well established.555
Consequently, we decided to carry out the Rh(Il)-catalyzed
reaction of a typical o-alkynyl a-diazoacetophenone in the
presence of furan with the hope of trapping an interme-
diate such as 19.% Exposure of a-diazo ketone 44 to the
rhodium(II) catalyst at 25 °C afforded the (Z)-keto al-
dehyde 45 in 91% yield. A similar reaction occurred using
2-methylfuran as the trapping agent which gave 46 in 94%
yield. No signs of the [4 + 2]-cycloadduct 50 derived from
cyclopropene 49 could be found in the crude reaction
mixture. The formation of 45 is consistent with bimole-
cular cyclopropanation of 47 to give 48 which then un-
dergoes the well-known [4 + 2]-cycloreversion reaction to
produce 45.5%-62

48

We also attempted to trap a cyclopropene intermediate
by incorporating a furan ring on the alkynyl side chain.
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The first compound investigated was a-diazo ketone 51.
Treatment of 51 with Rh(II) mandelate afforded only the
1,2-hydrogen shift product 52 in 65% yield. Since the
possibility exists that the tether present in 51 was too short
to allow for the parallel plane approach of = orbitals, we
also examined the Rh(II)-catalyzed behavior of the ho-
mologous a-diazo ketone 53. Once again, the only com-
pound that was isolated corresponded to vinylindenone 54
(90%). Our failure to trap the putative cyclopropene in-
dicates that either it is never formed or else is rapidly
converted back to the rhodium carbenoid 47.
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52; R=H; m=2
54; R=Me; m=3

51, R=H; n=2
53; R=Ms; n=3

In conclusion, the high efficiency of the intramolecular
rhodium(II)-catalyzed cyclization reaction of o-alkynyl-
substituted a-diazoacetophenones coupled with the sim-
plicity of the procedure promises to provide an efficient
route to a variety of substituted cycloalkenones. We are
continuing to explore the scope and mechanistic details
of these cyclization reactions and will report additional
findings at a later date.

Experimental Section

Melting points are uncorrected. Mass spectra were determined
at an ionizing voltage of 70 eV. Unless otherwise noted, all
reactions were performed in oven-dried glassware under an at-
mosphere of extra dry nitrogen. Solvents were evaporated under
reduced pressure with a rotary evaporator, and the residue was
chromatographed on a silica gel column using an ethyl acetate-
hexane mixture as the eluent unless specified otherwise. Ap-
proximately 5 mg of catalyst was used to decompose 0.001 mmol
of the a-diazo ketone.

Preparation and Rhodium(II)-Catalyzed Rearrangement
of 2-(3-Methyl-1-butynyl)-a-diazoacetophenone (4). To a
solution containing 5.24 g of methyl 2-iodobenzoate and 2.72 g
of 3-methyl-1-butyne in 50 mL of triethylamine was added 60 mg
of dichlorobis(triphenylphosphine)palladium(II) and 60 mg of Cul
under Ar. The reaction mixture was heated at 60 °C for 1 h. After
cooling, the mixture was filtered and concentrated under reduced
pressure. Chromatography of the resulting brown oil on silica
gel gave 3.84 g (95%) of methyl 2-(3-methyl-1-butynyl)benzoate:
IR (neat) 1735, 1660, 1450, 1255, and 760 cm™'; NMR (CDCl;, 90
MHz) 6 1.30 (d, 6 H, J = 6.0 Hz), 2.86 (sept, 1 H, J = 6.0 Hz),
3.93 (s, 3 H), 7.20-7.55 (m, 3 H), and 7.80~7.95 (m, 1 H).

To a stirred solution containing 2.57 g of potassium tri-
methylsilanolate® in 150 mL of ether was added 4.05 g of the
above ester. The reaction mixture was stirred for 5 h at rt under
N,. After the mixture was cooled to 0 °C, 3.78 g of methyl
chloroformate was added, and the reaction mixture was stirred
for an additional 8 h at 25 °C. The solution was filtered, an
ethereal diazomethane solution (75 mmol) was added, and the
mixture was stirred for 16 h. The excess diazomethane and ether
were removed under reduced pressure, and the resulting residue
was chromatographed on silica gel. The major fraction contained
2.79 g (66%) of 2-(3-methyl-1-butynyl)-a-diazoacetophenone (4):
IR (neat) 2250, 2150, 1640, 1360, 1030, and 770 cm™!; NMR (CDCl,,
90 MHz) 6 1.26 (d, 6 H, J = 6.2 Hz), 2.83 (sept, 1 H, J = 6.2 Hz),
6.25 (bs, 1 H), 7.20-7.50 (m, 3 H), and 7.60-7.80 (m, 1 H).

A solution containing 250 mg of 4 in 20 mL of anhydrous
benzene was treated with a catalytic amount of rhodium(II)
mandelate under N,. After the solution was stirred for 24 h at
rt, the solvent was removed under reduced pressure. Chroma-
tography of the resulting brown residue on a silica gel column
afforded 210 mg (97%) of 3-(2-methyl-1-propenyl)-inden-1-one

(63) Laganis, E. D.; Chenard, B. L. Tetrahedron Lett. 1984, 25, 5831.
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(6): mp 78~79 °C; IR (CH,Cl,) 1700, 1630, 1555, 1210, 1090, and
860 ecm™'; NMR (CDCl;, 90 MHz) é 2.00 (s, 3 H), 2.05 (s, 3 H),
5.76 (s, 1 H), 6.16 (bs, 1 H), and 7.20~7.50 (m, 4 H). Anal. Caled
for C;3H,,0: C, 84.75; H, 6.57. Found: C, 84.79; H, 6.50.

Preparation and Rhodium-Catalyzed Behavior of 2-(2-
Methoxy-2-methyl-3-butyn-4-yl)-a-diazoacetophenone (7).
To a solution containing 10.75 g of methyl 2-bromobenzoate and
5.04 g of 2-methyl-3-butyn-2-ol in 150 mL of triethylamine was
added 50 mg of dichlorobis(triphenylphosphine)palladium(II),
50 mg of Cul, and 100 mg of triphenylphosphine under Ar. The
reaction mixture was heated at reflux for 10 h. After cooling, the
mixture was filtered and concentrated under reduced pressure.
The resulting brown oil was distilled under reduced pressure (bp
134 °C (0.5 mm)) to give 10.37 g (95%) of methyl 2-(2-hydroxy-
2-methyl-3-butyn-4-yl)benzoate: IR (neat) 1730, 1610, 1310, 1260,
and 780 cm™}; NMR (CDCl;, 90 MHz) é 1.40 (s, 6 H), 3.85 (s, 1
H), 7.25-7.70 (m, 3 H), and 7.80-7.95 (m, 1 H).

To a solution containing 6.69 g of the above material in 100
mL of toluene was added 1.24 g of NaH (60% dispersion) at 25
°C. After the mixture was stirred for 20 min, 4.2 g of CH,l was
added dropwise, and the reaction mixture was stirred for an
additional 16 h. The mixture was filtered, and the solvent was
removed under reduce pressure. Chromatography of the residue
on silica gel afforded 5.0 g (70%) of methyl 2-(2-methoxy-2-
methyl-3-butyn-4-yl)benzoate: IR (neat) 1745, 1635, 1375, 1270,
1090, and 780 cm™; NMR (CDCl;, 90 MHz) § 1.45 (s, 6 H), 3.45
(s, 3 H), 3.85 (s, 3 H), 7.25~7.60 (m, 4 H), and 7.85-7.95 (m, 1 H).

A 2,66-g sample of the above ester was treated with 1.47 g of
potassium trimethylsilanolane in 75 mL of ether, then with 1.6
mL of methyl chloroformate, and then with 40 mmol of a dia-
zomethane in ether solution to give 2.07 g (75%) of 2-(3-
methyl-1-butynyl)-a-diazoacetophenone (7): IR (neat) 2120, 1635,
1600, 1375, 1040, and 780 cm™!; NMR (CDCl;, 90 MHz) & 1.56 (s,
6 H), 3.46 (s, 3 H), 6.10 (s, 1 H), 7.40 (m, 3 H), and 7.81-7.95 (m,
1 H).

A solution containing 2.08 g of 7 in 30 mL of anhydrous benzene
was treated with a catalytic amount of rhodium(II) mandelate
under N,. After the mixture was stirred for 30 min at rt, the
solvent was removed under reduced pressure, and the residue was
chromatographed on a silica gel column to give 900 mg (49%) of
(E)-3-(2-methoxy-1-methyl-1-propen-1-yl)inden-1-one (8a): IR
(neat) 1705, 1645, 1210, 1085, 1045, and 760 cm™!; NMR (CDCl,,
300 MHz) § 1.91 (s, 3 H), 1.97 (s, 3 H), 3.70 (s, 3 H), 5.59 (s, 1
H), 7.06-7.42 (m, 4 H); ®*C NMR (CDCl;,, 75 MHz) 5 18.1, 20.6,
58.4,112.0, 12.8, 126.2, 126.8, 129.0, 131.3, 133.6, 144.1, 144.5, 146.6,
and 197.5; UV (95% ethanol) 242 (e 23 300) and 324 nm (¢ 4100);
HRMS caled for C, H,,0, 214.0994, found 214.0991.

The minor fraction contained 608 mg (33%) of (Z)-3-(2-
methoxy-1-methyl-1-propen-1-yl)inden-1-one (8b): mp 63-64 °C;
IR (neat) 1705, 1645, 1640, 1395, 1290, and 1045 cm™; NMR
(CDCl,, 300 MHz) 4 1.92 (s, 3 H), 1.97 (s, 3 H), 3.69 (s, 3 H), 5.59
(s, 1 H), and 7.06-7.41 (m, 4 H); 3*C NMR (CDCl,, 75 MHz) §
18.1, 20.7, 29.7, 58.5, 122.1, 122.9, 126.3, 126.8, 129.1, 131.3, 133.6,
144.1, 144.6, 156.7, and 197.5; UV (95% ethanol) 242 (¢ 23 300)
and 324 nm (e 4100); HRMS caled for C, H,,0, 214.0994, found
214.0992,

Preparation and Rhodium(II)-Catalyzed Behavior of
2-(2-Hydroxy-2-methyl-3-butyn-4-yl)-a-diazoacetophenone
(10). To a stirred solution containing 0.7 g of potassium tri-
methylsilanolate in 30 mL of dry ether was added 1.0 g of methyl
2-(2-hydroxy-2-methyl-3-butyn-4-yl)benzoate. The reaction was
stirred for 2 h at rt under N,, 1.16 mL of methyl chloroformate
was added dropwise, and the reaction was stirred for an additional
2 h at 25 °C. The solution was filtered, an ethereal diazomethane
solution (20 mmol) was added, and the mixture was stirred for
2 h. The excess diazomethane and ether were removed under
reduced pressure, and the resulting residue was chromatographed
on silica gel to give 510 mg (562%) of 2-(2-hydroxy-2-methyl-3-
butyn-4-yl)-a-diazoacetophenone (10): IR (neat) 2210, 2110, 1620,
1375, and 1170 cm™; NMR (CDCl;, 90 MHz) 6 1.63 (s, 6 H), 3.72
(s, 1 H), 6.20 (s, 1 H), 7.25~7.50 (m, 2 H), and 7.60-7.80 (m, 2 H).

To a solution containing 300 mg of 10 in 15 mL of anhydrous
dichloromethane was added a catalytic amount of rhodium(II)
mandelate. After the mixture was stirred for 30 min at rt, the
solvent was removed under reduced pressure, and the mixture
was chromatographed on silica gel to give 218 mg (83%) of 3-
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[2-(3-oxobutylidene)]-1H-indanone (9): mp 124-125 °C; IR (KBr)
1715, 1685, 1270, 1240, 780, and 760 cm™*; NMR (CDCl,, 300 MHz)
5 2.39 (s, 3 H), 2.44 (s, 3 H), 3.57 (s, 2 H), 7.51-7.72 (m, 2 H), 7.86
(d, 1 H, J = 7.8 Hz), and 7.95 (d, 1 H, J = 7.8 Hz); *C NMR
(CDCY,, 75 MHz) 6 18,5, 28.7, 44.0, 122.6, 127.0, 130.1, 131.2, 133.2,
138.2, 139.1, 148.0, 202.3, and 202.9. Anal. Caled for C;3H,,05:
C, 77.90; H, 6.03. Found: C, 77.70; H, 6.10.

Preparation and Rhodium(II)-Catalyzed Behavior of
2-[2-(1-Hydroxycyclopentyl)ethynyl]-a-diazoacetophenone
(11). To a solution containing 5.42 g of methyl 2-bromobenzoate
and 2.5 g of 1-ethynylcyclopentanol in 50 mL of triethylamine
was added 50 mg of dichlorobis(triphenylphosphine)palladium(1I),
100 mg of triphenylphosphine, and 50 mg of Cul under Ar. The
reaction mixture was heated at reflux for 16 h. After cooling, the
mixture was filtered and concentrated under reduced pressure.
The resulting brown oil was chromatographed on silica gel to give
4.7 g (87%) of methyl 2-[2-(1-hydroxycyclopentyl)ethynyl]-
benzoate: IR (neat) 2220, 1735, 1300, 1255, and 780 cm™'; NMR
(90 MHz, CDCl,) 6 1.80-2.20 (m, 8 H), 3.16 (s, 1 H), 3.95 (s, 3 H),
7.38-7.63 (m, 3 H), and 7.85-8.15 (m, 1 H).

To a stirred solution containing 1.44 g of potassium tri-
methylsilanolate in 50 mL of ether was added 2.50 g of the above
material. After the mixture was stirred under N, at rt for 4 h,
2.32 mL of methyl chloroformate was added, and the reaction
mixture was stirred for an additional 2 h. After filtration, an
ethereal diazomethane solution (40 mmol) was added, and the
mixture was stirred for 3 h. The excess diazomethane was removed
under reduced pressure, and the residue was chromatographed
on silica gel to give 1.36 g (65%) of 2-[2-(1-hydroxycyclo-
pentyl)ethynyl)-a-diazoacetophenone (11): IR (neat) 2120, 1640,
1375, 1020, and 760 cm™’; NMR (CDCl,, 90 MHz) ¢ 1.80-2.15 (m,
8 H), 3.28 (s, 1 H), 6.21 (s, 1 H), 7.25-7.55 (m, 3 H), and 7.60-7.80
(m, 1 H).

A solution containing 250 mg of 11 in 50 mL of anhydrous
CH,Cl, was treated with a catalytic amount of rhodium(II) oc-
tanoate. After the mixture was stirred for 15 min at 25 °C, the
solvent was removed under reduced pressure, and the residue was
chromatographed on silica gel to give 175 mg (82%) of 3-(2-
oxo-1-cyclohexylidene)-1H-indan-1-one (13) as a 1:1 mixture of
stereoisomers. Fractional crystallization afforded one of the
stereoisomers as a white solid: mp 130-131 °C; IR (KBr) 1710,
1675, 1275, 1250, 1150, and 780 cm™'; NMR (CDCl,, 300 MHz)
61.87-192 (m,4 H), 2,51 t,2H,J=6.3Hz),3.08(t,2H,J =
5.7 Hz), 3.66 (s, 2 H), 7.49-7.54 (m, 1 H), 7.65-7.71 (m, 1 H), and
7.85-7.93 (m, 2 H); 1¥C NMR (CDCl,, 75 MHz) § 22.3, 23.1, 30.4,
41.0,44.4,123.1, 1274, 129.5, 131.9, 133.9, 138.6, 139.5, 148.1, 202.1,
and 202.9. Anal. Calced for CysH,,0,: C, 78.57; H, 6.57. Found:
C, 78.52; H, 6.26.

Preparation and Rhodium(II)-Catalyzed Behavior of
2-[2-(1-Hydroxycyclohexyl)ethynyl]-a-diazoacetophenone
(12). To a solution containing 4.67 g of methyl 2-bromobenzoate
and 3.0 g of 1-ethynylcyclohexanol in 50 mL of triethylamine was
added 50 mg of dichlorobis(triphenylphosphine)palladium(II),
100 mg of triphenylphosphine, and 50 mg of Cul under Ar. The
reaction mixture was heated at reflux for 15 h. After cooling, the
mixture was filtered and concentrated under reduced pressure,
and the resulting brown oil was chromatographed on silica gel
to give 4.76 g (86%) of methyl 2-[2-(1-hydroxycyclohexyl)-
ethynyl)benzoate: IR (neat) 1720, 1294, 1254, and 780 cm™; NMR
(80 MHz, CDCl;) 6 1.19-1.69 (m, 10 H), 3.32 (s, 1 H), 3.85 (8, 3
H), and 7.24-7.63 (m, 4 H). :

To a stirred solution containing 1.24 g of potassium tri-
methylsilanolate in 50 mL of ether was added 2.50 g of the above
material. After the mixture was stirred under N, at rt for 4 h,
1.55 mL of methyl chloroformate was added, and the mixture was
stirred for an additional 2 h at rt. After filtration, an ethereal
diazomethane solution (20 mmol) was added, and the solution
was stirred for 3 h. The excess diazomethane was removed under
reduced pressure, and the residue was chromatographed on silica
gel to give 1.36 g (56%) of 2-[2-(1-hydroxycyclohexyl)ethynyl]-
a-diazoacetophenone (12): IR (neat) 1635, 1365, 965, and 750 cm™;
NMR (CDCly, 300 MHz) 6 1.20-1.69 (m, 10 H), 3.37 (s, 1 H), 6.22
(s, 1 H), and 7.24~7.63 (m, 4 H).

A solution containing 250 mg of 12 in 50 mL of anhydrous
CH,Cl, was treated with a catalytic amount of rhodium(II) oc-
tanoate. After the mixture was stirred for 15 min at rt, the solvent
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was removed under reduced pressure, and the residue was
chromatographed on silica gel to give 237 mg (83%) of a 1:1
cis/trans mixture of 3-(2-oxo-1-cycloheptylidene)-1H-indan-1-one
(14): IR (neat) 1715, 1685, 1600, 1255, 945, and 785 cm™'; NMR
(CDCl,, 300 MHz) 4 1.85-2.05 (m, 12 H), 2.42 (m, 2 H), 2.60 (m,
4 H), 2.88 (m, 2 H), 3.20 (s, 2 H), 3.50 (s, 2 H), 7.3-7.8 (m, 8 H);
13C NMR (CDCl,, 75 MHz) § 23.5, 23.7, 27.0, 27.5, 28.8, 28.9, 29.9,
30.9, 40.1, 42.1, 42.4, 43.0, 122.9, 123.2, 124.0, 125.8, 128.6, 129.1,
129.8, 134.0, 134.2, 134.3, 137.3, 137.5, 137.6, 139.3, 146.6, 147.7,
200.5, 202.5, 206.8, and 210.2; HRMS caled for C,¢H;40; 240.1150,
found 240.1147.

Preparation of 2-(1-Heptynyl)-a-diazoacetophenone (15).
To a deareated solution containing 14.0 g of methyl 2-iodobenzoate
and 5.77 g of 1-heptyne in 300 mL of triethylamine was added
140 mg of dichlorobis(triphenylphosphine)palladium(II) and 140
mg of cuprous iodide under Ar. The reaction mixture was heated
at 50 °C for 1 h. After cooling, the mixture was filtered and
concentrated under reduced pressure. Chromatography of the
resulting brown oil on silica gel gave 11.56 g (94%) of methyl
2-(1-heptynyl)benzoate: IR (neat) 1750, 1305, 1260, 1095, and
720 em™; NMR (CDCl,, 90 MHz) 6 1.05 (t, 3 H, J = 6.0 Hz),
1.20-1.90 (m, 6 H), 2.24 (t, 2 H, J = 6.0 Hz), 3.95 (s, 3 H), 7.20-7.65
(m, 3 H), and 7.85-8.00 (m, 1 H).

A solution containing 2.24 g of the above material, 1.36 g of
potassium hydroxide, 33 mL of water, and 100 mL of methanol
was heated for 3 h. After cooling, the mixture was concentrated
under reduced pressure, the resulting solution was brought to pH
4 with a 10% aqueous solution of HCl, and the mixture was
extracted with 100 mL of ether. The ether layer was dried over
sodium sulfate and was then stirred for 30 min with 4.0 g of
triethylamine. The mixture was cooled to 0 °C, treated with 2.32
mL of methyl chloroformate, slowly brought to rt, and stirred for
12 h. The solution was filtered, an ethereal solution of diazo-
methane (756 mmol) was added to the filtrate, and the mixture
was stirred for 12 h at rt. The solvent was removed under reduced
pressure, and the residue was chromatographed on silica gel. The
major fraction contained 1.17 g (50%) of 2-(1-heptynyl)-a-dia-
zoacetophenone (158): IR (neat) 2260, 2110, 1630, 1360, 880, and
770 em™; 'H NMR (CDCl,, 300 MHz) 4 0.89 (t, 3 H, J = 7.0 Hz),
1.27-1.48 (m,4 H), 160 (q, 1 H,J = 7.0 Hz), 243 (t, 2 H, J =
7.0 Hz), 6.31 (bs, 1 H), and 7.20-7.75 (m, 4 H).

A solution containing 100 mg of 15 in 50 mL of CHCl; was
treated with a catalytic amount of rhodium(II) mandelate under
N,. -After the mixture was stirred for 30 min at rt, the solvent
was removed under reduced pressure, and the resulting bright
yellow residue was chromatographed on a silica gel column. The
major fraction contained 82 mg of an oil (82%) which was iden-
tified as a 1:1 mixture of the C-H insertion product 3-(2-
methyl-1-cyclopentyl)inden-1-one (16) (1:2 parts cis/trans) and
the 1,2-hydrogen shift product, (Z)-3-(1-hexenyl)inden-1-one (17)
on the basis of the spectral properties of the mixture. Repeated
chromatographic separations eventually afforded a sample of the
E isomer of 16: IR (CH,Cly) 1710, 1145, 1090, 1020, and 815 cm™;
NMR (CDCl, 300 MHz) 4 1.04 (d, 3 H, J = 6.5 Hz), 1.35 (m, 1
H), 1.60-1.90 (m, 3 H), 1.93-2.05 (m, 1 H), 2.08-2.23 (m, 2 H),
2.55 (dd, 1 H, J = 17.1, and 8.5 Hz), 5.65 (s, 1 H), and 7.10-7.53
(m, 4 H). Anal. Caled for C,gH,40: C, 84.86; H, 7.60. Found:
C, 84.79; H, 7.53. The spectral data for the Z-isomer of 16 was
obtained by substraction from the cis/trans mixture: Compound
Z-16: NMR (CDCl,, 300 MHz) & 0.75 (d, 3 H, J = 7.1 Hz),
0.80-2.25 (m, 7 H), 3.03 (m, 1 H), 5.66 (s, 1 H), and 7.10~7.53 (m,
4 H).

A pure sample of Z-olefin 17 was obtained by extensive chro-
matographic separations: IR (CHCly) 1700, 1603, 1457, 1193, 1082,
and 879 cm™; NMR (CDCl;, 300 MHz) 4 0.90 (t, 3 H, J = 7.2 Hz),
1.25~1.50 (m, 4 H), 2.38 (dt, 2 H, J = 7.1 and 6.8 Hz), 5.83 (s, 1
H), 6.24 (dt, 1 H, J = 12.0 and 6.8 Hz), 6.32 (d, 1 H, J = 12.0 Hz),
and 7.10-7.53 (m, 4 H). Anal. Caled for C;;H,,0: C, 84.86; H,
7.60. Found: C, 84.62; H, 7.45.

Preparation and Rhodium-Catalyzed Reaction of o-(5-
(Allyloxy)-1-pentynyl)-a-diazoacetophenone (24). To a so-
lution containing 2.0 g (10 mmol) of 4-pentyn-1-ol in 35 mL of
THF was added 0.95 g of NaH (60% dispersion). The mixture
was stirred under N, for 30 min at 0 °C, and then 3.67 g (1.2 equiv)
of allyl bromide was added dropwise. Stirring was continued
overnight at rt, the mixture was filtered, and the solvent was
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removed under reduced pressure. The crude residue was distilled
at 45 °C (0.5 mm) to give 1.85 g (63%) of 5-(allyloxy)-1-pentyne:
IR (neat) 2125, 1450, 1360, 1200, 1010, and 920 em™!; NMR (300
MHz, CDCl,) 6 1.80 (q, 2 H, J = 6.5 Hz), 1.91 (m, 2 H), 2.26 (m,
2H),349(t,2H,J=6.5Hz),3.95(d, 1 H,J = 5.7 Hz), 512 (d,
1H,J =105 Hz), 524 (d, 1 H, J = 15.6 Hz), and 5.85 (ddt, 1
H, J = 15.6, 10.5, and 5.7 Hz).

To a solution containing 1.2 g (4.6 mmol) of methyl 2-iodo-
benzoate in 25 mL of dry triethylamine was added 0.7 g (6.0 mmol)
of 5-(allyloxy)-1-pentye. The solution was stirred at 80 °C under
Ar for 20 min before adding 0.05 g of dichlorobis(triphenyl-
phosphine)palladium(II), 0.05 g of Cul, and 0.1 g of triphenyl-
phosphine. The reaction mixture was heated at reflux for 6 h,
cooled, and filtered, and the solvent was removed under pressure.
The crude residue was chromatographed on silica gel. The major
fraction contained 1.0 g (84%) of methyl o-(5-(allyloxy)-1-pen-
tynyl)benzoate; IR (neat) 3090, 2215, 1725, 1610, 1445, 1370, and
1090 em™'; NMR (CDCl;, 300 MHz) 6 1.87 (q, 2 H, J = 6.9 Hz),
2.54 (t,2H,J = 6.9 Hz), 3.57 (t, 2 H, J = 6.9 Hz), 3.86 (s, 3 H),
391(d,2H,J =54Hz),512(d, 1 H,J=10.7 Hz), 524 (d, 1
H, J = 16.0 Hz), 5.87 (ddt, 1 H, J = 16.0, 10.7, and 5.4 Hz), and
7.23-7.82 (m, 4 H).

A 850-mg sample of the above ester was added in one portion
to a stirred solution containing 500 mg of potassium trimethyl-
silanolate in 30 mL of ether at room temperature under Ny, The
reaction mixture was stirred for 3 h, and then 10 mmol of methyl
chloroformate was added dropwise. The solution was stirred for
an additional 2 h, and the solid that formed was collected by
filtration. To the resulting solution was added 20 mmol of dia-
zomethane, and the mixture was stirred for an additional 2 h at
rt. The solvent was removed under reduced pressure, and the
crude residue was chromatographed on a silica gel column to give
520 mg (60%) of o-(5-(allyloxy)-1-pentynyl)-a-diazoacetophenone
(24): IR (neat) 1630, 1495, 1370, and 1120 ecm™!; NMR (CDCl,,
300 MHz) é 1.87 (q, 2 H, J = 6.6 Hz), 2.55 (t, 2 H, J = 6.9 H2),
357(t,2H,J=66Hz),395(d,2H,J = 54Hz),516(d 1H,
J= 100Hz),528(d 1H,J= 162Hz),590(ddt 1H,J=16.2,
10.0, and 5.4 Hz), 6.28 (s, 1 H), and 7.24-7.67 (m, 4 H).

A solution containing 200 mg of 24 in 15 mL of dry CH,Cl, was
treated with 5 mg of Rh(II) mandelate. The reaction mixture
was stirred at rt for 30 min. The solvent was removed under
reduced pressure, and the residue was chromatographed on silica
gel column. The only fraction that was isolated contained 145
mg (81%) of 2-(2-propen-1-yl)-2-(1-oxo-1H-indenyl)-2,3,4,5-
tetrahydrofuran (27): IR (neat) 1715, 1610, 1460, 1200, and 1060
c¢m™; NMR (CDCl, 300 MHz) 6 1.90-2.20 (m, 4 H), 2.63 (m, 2
H), 3.85 (m, 1 H), 3.95 (m, 1 H), 5.05 (m, 2 H), 5.35 (m, 1 H), 5.75
(s, 1 H), and 7.10-7.40 (m, 4 H); 13C NMR (CDCl;, 75 MHz) §
25.2, 34.0, 42.6, 67.4, 83.9, 117.9, 121.6, 121.7, 128.3, 131.9, 132.3,
132.4, 132.6, 142.5, 168.8, and 196.7; HRMS calcd for C;gH,¢0,
240.1150, found 240.1148.

Preparation and Rhodium(II)-Catalyzed Behavior of
2-Ethynyl-a-diazoacetophenone (28). To a solution containing
2.0 g of methyl 2-(3-methyl-3-hydroxy-1-butynyl)benzoate in 50
mL of toluene was added 80 mg of NaH (60% dispersion). The
stirred suspension was slowly distilled until the boiling point of
the distillate reached 110 °C. The solution was cooled, filtered,
and concentrated under reduced pressure. ‘The resulting oil was
dissolved in CH,Cl, and was washed with a 10% aqueous NaHCO,
solution and water. After being dried over MgSO,, the solution
was concentrated under reduced pressure, and the residue was
chromatographed to give 1.20 g (65%) of methyl 2-ethynyl-
benzoate:®* IR (neat) 1725, 1460, 1235, and 1105 cm™}; NMR
(CDCly, 90 MHz) 8 3.45 (s, 1 H), 3.95 (s, 3 H), 7.40-7.70 (m, 3 H),
and 7.80-7.95 (m, 1 H).

To a stirred solution containing 0.96 g of potassium tri-
methylsilanolate in 50 mL of ether was added 1.22 g of the above
ester. The reaction mixture was stirred for 5 h at rt under N,.
After the mixture was cooled to 0 °C, 1.55 mL of methyl chlo-
roformate was added, and the reaction mixture was stirred for
an additional 3 h at 25 °C. After filtration, an ethereal diazo-
methane solution (30 mmol) was added, and the mixture was
stirred for 16 h at rt. The excess diazomethane was removed under

(64) Haves, S. J.; Hergenrother, P. M. J. Org. Chem. 1985, 50, 1763.
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reduced pressure, and the resulting residue was chromatographed
on silica gel to give 950 mg (75%) of 2-ethynyl-a-diazoaceto-
phenone (28): IR (neat) 2170, 2115, 1635, 1380, 890, and 770 cm™;
NMR I(_SDCI;,\, 90 MHz) 6 3.38 (s, 1 H), 6.28 (s, 1 H), and 7.40-7.85
(m, 4 H).

A solution containing 500 mg of 28 in 35 mL of anhydrous
methanol was treated with a catalytic amount of rhodium(II)
mandelate. After heating at 80 °C for 1 h, the solvent was removed
under reduced pressure. Chromatography of the residue on silica
gel gave 280 mg (55%) of 4-methoxy-1-naphthol (29): mp 128-129
°C; IR (KBr) 3240, 3040, 2980, 1610, 1365, 1320, 1095, 775, and
740 cm™'; NMR (CDCl,, 300 MHz) 6 3.94 (s, 3 H), 4.85 (s, 1 H),
6.61 (d, 1 H, J = 8.1 Hz), 6.71 (d, 1 H, J = 8.1 Hz), 7.50 (m, 2
H), 8.09 (m, 1 H), and 8.19 (m, 1 H); 3C NMR (CDCl,, 75 MHz)
5 55.2, 102.8, 107.8, 120.7, 121.3, 124.6, 125.3, 125.7, 125.8, 144.3,
and 149.2. Anal. Calcd for CuHmOz C,75.84; H, 5.79. Found
C, 75.72; H, 5.85.

A 500-mg sample of 28 was heated in 2-propanol in the presence
of a catalytic amount of rhodium(II) mandelate. The major
product contained 238 mg (40% ) of 4-isopropoxy-1-naphthol (30):
mp 91-92 °C; IR (KBr) 1515, 1435, 1420, and 1215 cm™!; NMR
(CDCl,, 300 MHz) 4 1.39 (d, 6 H, J = 6.0 Hz), 4.59 (sept., 1 H,
J =6.0Hz),4.89 (5,1 H),6.69(d, 1 H,J = 84 Hz),6.72 (d, 1 H,
J = 8.4 Hz), 7.49 (m, 2 H), 8.20 (m, 1 H), and 8.22 (m, 1 H). Anal.
Caled for C,3H,05: C, 77.19; H, 6.98. Found: C, 77.00; H, 6.93.

A solution containing 150 mg of 28 in 15 mL of anhydrous
benzene was treated with a catalytic amount of rhodium(Il)
mandelate. After stirring for 6 h at rt, the solvent was removed
under reduced pressure. Chromatography of the residue on silica
gel afforded 94 mg (50%) of 4-phenyl-1-naphthol (31): mp 136-137
°C; IR (CHCl,) 1590, 1355, 1245, 1050, and 770 cm™'; NMR (CDCI,,
300 MHz) 6 5.31 (s, 1 H), 6.85(d, 1 H, J = 7.8 Hz), 7.23 (d, 1 H,
J=178Hz), 745 (s, 5 H), 7.38-7.52 (m, 2 H),785(d, 1 H,J =
8.1 Hz), and 8.23 (d, 1 H, J = 8.1 Hz). Anal. Calcd for C,¢H,,0:
C, 87.25; H, 5.49. Found: C, 87.09; H, 5.21.

Preparation and Rhodium-Catalyzed Behavior of 3-
Carbomethoxy-2-ethynyl-a-diazoacetophenone (32). A mix-
ture containing 32.0 g of 2-bromo-m-xylene and 40.0 g of KMnO,
in 600 mL of water was brought to reflux. After the mixture was
heated for 24 h, a second portion of 40.0 g of KMnO, in 100 mL
of water was added followed by a third portion 24 h later. The
hot mixture was filtered over Celite, and the solid was washed
twice with hot water. The solution was concentrated and cooled
in an ice bath. Acidification using a 20% aqueous HCI solution
precipitated the diacid which was filtered and dried over P,O;
to give 29.0 g (68%) of 2-bromoisophthalic acid:%* mp 213-214
°C; IR (KBr) 2800, 1700, 1580, 1400, 1300, 1250, 960, and 760 cm™;
NMR (CDCl;, 90 MHz) 5 7.47 (t, 1 H, J = 7.5 Hz) and 7.64 (d,
2H,J="175Hz).

To a solution containing 29.0 g of the above acid in 1.2 L of
methanol was added 120 mL of concentrated aqueous sulfuric
acid solution. The mixture was heated at reflux for 12 h and then
concentrated to half of its original volume, Water and solid K,CO,
were added until the solution was at neutral pH. The aqueous
mixture was extracted with ether, and the organic layer was dried
over MgSO,. Removal of the solvent under reduced pressure and
distillation of the residue (bp 120-122 °C (0.9 mm)) afforded 27.0
g (84%) of methyl 2-bromoisophthalate: IR (KBr) 1730, 1590,
1430, 1260, 1210, 1160, and 1000 em™'; NMR (CDCl;, 90 MHz)
6 3.95 (s, 6 H), 7.45 (m, 1 H), and 7.70 (d, 2 H, J = 7.5 Hz).

To a solution containing 6.9 g of the above diester and 7.5 mL
of ethynyltrimethylsilane in 5 mL of triethylamine was added 130
mg of triphenylphosphine, 130 mg of Cul, and 70 mg of di-
chlorobis(triphenylphosphine)paliadium(II). After being heated
at reflux for 12 h, the mixture was cooled and filtered, and the
solvent was removed under reduced pressure. The residue was
dissolved in 100 mL of methanol which contained 500 mg of
K;CO;. The solution was stirred for 5 h under N,, and the solvent
was removed under reduced pressure to give 2.9 g (53%) of methyl
2-ethynylisophthalate:®¥ IR (CCl,) 3260, 3020, 2960, 2110, 1730,
1260, 1000, and 760 em™!; NMR (CDCl;, 90 MHz) 6 3.66 (s, 1 H),

(65) James, C. W.; Kenner, J.; Stubbings, W. V. J. Chem. Soc. 1920,

(66) Austin, W. B.; Bilow, N.; Kelleghan, W. J.; Lau, K. 8. Y. J. Org.
Chem. 1981, 46, 2280
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400(s,6H),745(t,1H,J =75Hz),and 7.95(d, 2 H,J = 7.5
Hz); MS m/e (M + H) 219.

A solution containing 280 mg of the above diester and 280 mg
of KOH in 5 mL of methanol was stirred at rt for 36 h. The
mixture was concentrated, and 10 mL of water was added. The
solution was extracted with ether, and the aqueous layer was
acidified with a 10% aqueous HCl solution. The aqueous layer
was extracted once more with ether and dried over MgSO,. After
the solution was cooled to 0 °C, 0.20 mL of methyl chloroformate
in 2 mL of ether was added dropwise, and the mixture was stirred
for 16 h at 25 °C. After filtration an ethereal diazomethane
solution (7.2 mmol) was added to the cold solution, and the
mixture was stirred for 8 h at rt. The solution was concentrated
under reduced pressure, and the residue was chromatographed
on silica gel to give 62 mg (21%) of 3-carbomethoxy-2-ethynyl-
a-diazoacetophenone (32): IR (neat) 1735, 1620, 1360, 1150, and
765 cm™; NMR (CDCl,, 300 MHz) 6 3.63 (s, 1 H), 3.88 (s, 3 H),
5.96 (bs,1 H),7.42 (t,1H,J = 7.8 Hz), 7.65 (d, 1 H, J = 7.2 Hz),
and 7.88 (d, 1 H, J = 7.5 Hz).

To a solution containing 80 mg of 32 in 20 mL of methanol was
added a catalytic amount of rhodium(II) acetate under N,. After
the mixture was stirred for 12 h, the solvent was removed under
reduced pressure, and the residue was chromatographed on silica
gel. The first fraction contained 35 mg (43%) of 6-hydroxy-
2,2-dimethoxy-2H-naphtho(1,8-bc]furan (36): IR (neat) 1715, 1475,
1450, 1255, 1130, 870, and 770 cm™!; NMR (CDCl;, 300 MHz) §
3.41 (s, 6 H), 550 (s, 1 H), 6.59 (d, 1 H, J = 7.5 Hz), 6.74 (d, 1
H,J=175Hz2),750(d, 1 H,J =69 Hz), 759 (t,1H,J =178
Hz), and 7.97 (d, 1 H, J = 8.1 Hz). Anal. Calcd for C;3H;,0,:
C, 67.22; H, 5.21. Found: C, 66.94; H, 5.08.

The second fraction contained 30 mg (37%) of 5-carbometh-
oxy-4-methoxy-1-naphthol (35): IR (neat) 1710, 1620, 1475, 1260,
765, and 730 cm™!; NMR (CDCl;, 300 MHz) 4 3.84 (s, 3 H), 3.45
(s,3H),586(s,1H),661(d,1H,J=84Hz),668(d,1H,J
= 8.4 Hz), 7.41 (m, 2 H), and 8.16 (m, 1 H); 3*C NMR (CDCl,,
75 MHz) 6§ 52.1, 56.3, 105.8, 108.5, 121.7, 123.3, 124.6, 124.5, 125.2,
128.6, 145.3, 148.1, and 172.2. Anal. Caled for C;sH;,0, C, 67.22;
H, 5.21. Found: C, 67.03; H, 5.14.

Reaction of (0-(2-Phenylethynyl)benzoyl)diazoethane (44)
with Rhodium(II) Acetate and Furan. A solution containing
100 mg (0.4 mmol) of 44 in 25 mL of furan was treated with a
catalytic of thodium(II) acetate at 25 °C. The reaction mixture
was stirred for 30 min at 25 °C, concentrated under reduced
pressure, and chromatographed on a silica gel column. The major
fraction contained 103 mg (91%) of 5-(2-methyl-1-oxoinden-3-
y1)-5-phenyl-(E,Z)-2,4-pentadienal (45): IR (neat) 1720, 1701, 1600,
and 1450 cm™'; NMR (CDCl;, 300 Mz) 6 1.69 (8, 3 H), 6.20 (d, 1
H,J=11.1Hz),662(d,1H,J=69Hz),6.78(,1H,J =111
Hz), 7.09~7.38 (m, 9 H), and 10.25 (d, 1 H, J = 11.1 Hz); 13C NMR
(CDCl;, 75 MHz) 6 9.0, 120.8, 122.6, 124.8, 127.9, 1284, 129.0, 129.3,
130.6, 133.3, 134.1, 135.7, 141.9, 144.0, 145.2, 154.0, 190.1, and 198.3;
HRMS caled for Cy H,;0, 300.1150, found 300.1149.

The same reaction was carried out using 25 mL of 2-methyl-
furan as the solvent. The major product formed in 94% yield
was identified as 5-(2-methyl-1-oxoinden-3-yl)-6-phenyl-(E,Z)-
3,5-hexadien-2-one (46): IR (neat) 2855, 1715, 1690, and 1169 cm™;
NMR (CDCl,, 300 MHz) 6 1.69 (s, 3 H), 2.27 (s, 3 H), 6.20 (d, 1
H,J=112Hz),661(d,1H,J=69H2),6.78(t,1H,J =11.2
Hz), 7.06-7.40 (m, 8 H), and 7.95 (d, 1 H, J = 11.2 Hz); 3C NMR
(CDCl,, 75 MHz) 6 9.0, 31.6, 121.0, 122.3, 126.8, 127.6, 128.7, 129.9,
130.8, 133.2, 136.3, 137.7, 145.5, 197.3, and 198.7; HRMS calcd
for C4H;50, 314.1306, found 314.1216.

Preparation and Rhodium(II)-Catalyzed Reaction of
0-(5-(2-Furyl)-1-pentynyl)-a-diazoacetophenone (51). Toa
solution containing 5.4 g of furan (80 mmol) in 30 mL of dry THF
was added 85 mmol of n-BuLi dropwise at 10 °C under N,. The
reaction mixture was stirred for 30 min at -10 °C, and then 12.5
g (80 mmol) of 1-bromo-3-chloropropane was added dropwise.
Stirring was continued for an additional 3 h at rt. The reaction
mixture was washed with 100 mL of a saturated aqueous solution
of NH,Cl and extracted with ether. The ether layer was dried
over magnesium sulfate and concentrated under reduced pressure.
The crude residue was distilled at 45 °C (0.5 mm) to give 7.4 g
(59% yield) of 1-chloro-3-furylpropane: IR (neat) 1605, 1515, 1300,
1250, and 1090 cm™}; NMR (CDCl,, 300 MHz) 6 2.09 (q, 2 H, J
= 7.0Hz),2.80(t,2H,J = 7.0 Hz), 3.54 (t, 2 H, J = 7.0 Hz), 6.04

J. Org. Chem., Vol. 57, No. 18, 1992 4947

(d,2H,J =21Hz),6.28 (m,1 H) and 7.30 (d, 1 H, J = 2.1 Hz);
13C NMR (CDCl,, 75 MHz) 6 25.0, 30.8, 43.9, 106.3, 110.0, 141.0,
and 145.2.

A solution containing 4.3 g (65 mmol) of lithium acetylide—
ethylenediamine complex in 50 mL of dry DMSO was warmed
to 48 °C, and then 6.0 g (40 mmol) of 1-chloro-3-furylpropane was
added dropwise at 48 °C over a period of 45 min. Once the
addition was complete, the reaction mixture was stirred at 48 °C
for 3 h, washed with water, and extracted with ether. The ether
layer was washed with a saturated aqueous solution of NaCl, dried
over MgSO,, and concentrated under reduced pressure. The crude
residue was distilled at 52 °C (0.5 mm) to give 2.2 g (45%) of
5-(2-furyl)-1-pentyne: IR (neat) 3300, 2980, 2115, 1600, 1455, and
940 cm™; NMR (CDCl,, 90 MHz) é 1.88 (q, 2 H, J = 7.2 Hz), 2.42
(m, 3 H), 2.80 (t,2 H, J = 7.2 Hz), 6.05 (d, 1 H, J = 1.7 H2), 6.27
(m, 1 H),and 7.29 (d, 1 H, J = 1.7 Hz); *C NMR (CDCl,;, 75 MHz)
8 17.7, 26.7, 26.8, 68.7, 83.6, 105.1, 109.9, 140.8, and 154.9.

To a solution containing 2.5 g of methyl 2-iodobenzoate in 50
of dry triethylamine was added 2.0 g (15 mmol) of 5-(2-furyl)-
1-pentyne. The mixture was stirred at 25 °C under Ar for 20 min,
and then 0.05 g of Cul, 0.01 g of triphenylphosphine, and 0.05
g of dichlorobis(triphenylphosphine)palladium(II) were added.
The reaction mixture was heated at reflux for 6 h, cooled, filtered,
and concentrated under reduced pressure. The crude residue was
chromatographed on a silica gel column to give 1.1 g (40% yield)
of methyl 0-(5-(2-furyl)-1-pentynyl}benzoate; IR (neat) 2970, 2220,
1725, 1595, 1450, and 1090 cm™'; NMR (CDCl;, 300 MHz) 6 1.94
(@,2H,J=72Hz),249 (t,2H,J=72Hz),282(,2H,J =
7.2 Hz), 3.86 (s, 3 H), 6.03 (d, 1 H, J = 2.1 Hz), 6.12 (m, 1 H),
7.28 (d, 1 H, J = 2.1 Hz), and 7.36~7.87 (m, 4 H).

To a solution containing 0.52 g (4 mmol) of potassium tri-
methylsilanolate in 50 mL of anhydrous ether was added 1.0 ¢
(3 mmol) of the above ester. The reaction mixture was stirred
for 2 h at rt under N,. After the mixture was cooled to 0 °C, 0.70
g (8 mmol) of methyl chloroformate was added, and the reaction
mixture was stirred for an additional 2 h at 25 °C. The solution
was filtered, an ethereal solution of diazomethane (25 mmol) was
added, and stirring was continued for 4 h at 25 °C. Th excess
ether and diazomethane were removed under reduced pressure,
and the resulting residue was chromatographed on silica gel to
give 0.62 g (60%) of o-(5-(2-furyl)-1-pentynyl)-a-diazoaceto-
phenone (51): IR (neat) 2240, 2135, 1635, 1460, and 1040 cm™;
NMR (CDC;, 300 MHz) & 1.93 (q, 2 H, J = 7.2 Hz), 2.48 (t, 2
H,J =172 Hz), 2.79 (t, 2 H, J = 7.2 Hz), 6.05 (m, 1 H), 6.28 (s,
1 H), 7.28 (m, 1 H), and 7.35-7.64 (m, 4 H); 1*C NMR (CDCl,,
75 MHz) § 18.7, 26.5, 26.6, 56.6, 79.4, 95.9, 105.0, 109.9, 120.9, 127.5,
130.5, 133.4, 138.9, 140.6, 154.6, and 189.5.

A solution containing 200 mg (0.7 mmol) of 51 in 20 mL of dry
CH,Cl, was treated with a catalytic amount of rhodium(II)
mandelate. The reaction mixture was stirred at rt for 20 min,
the solvent was removed under reduced pressure, and the residue
was chromatographed on silica gel. The major fraction (65%)
was identified as 3-(4-furylbuten-1-yl)indenone (562): IR (neat)
1715, 1595, 1465, and 990 em™!; NMR (CDCl,, 300 MHz) 4 2.73
(m, 2 H), 2.85 (m, 2 H), 5.80 (s, 1 H), 6.05 (d, 1 H, J = 2.1 Hz),
6.20 (m, 1 H), 6.23-6.42 (m, 3 H), 7.25-7.43 (m, 4 H); 1*C NMR
(CDCl;, 75 MHz) 6 27.2, 28.5, 105.2, 108.8, 116.6, 120.5, 121.3, 125.3,
130.1, 131.2, 134.2, 137.8, 140.1, 145.0, 152.2, 154.3, and 198.0;
HRMS caled for C,,H,,0, 250.0994, found 250.0994.

Preparation and Reaction of (0-(6-(2-Furyl)-1-hexynyl)-
benzoyl)diazoethane (53) with Rhodium(II) Octanoate. A
mixture containing 3.0 g (11.5 mmol) of methyl o-iodobenzoate
and 2.0 g of 6-(2-furyl)-1-hexyne was converted into 1.75 g (55%)
of methyl-o-(6-(2-furyl)-1-hexynyl)benzoate under typical Cas-
tro-Stephens arylation conditions: IR (neat) 1732, 1433, 1294,
and 1084 cm™; NMR (CDCl,, 300 MHz) 4 1.69 (m, 2 H), 1.83 (m,
2 H),2.48 (t,2 H, J = 6.9 Hz), 2.66 (t,2 H, J = 6.9 Hz), 3.86 (s,
3H),599(d,1H,J=15Hz),625(m,1H),723(d,1 H,J =
1.5 Hz), and 7.25-7.84 (m, 4 H).

A 1.5-g (5.3-mmol) sample of the above ester was converted
with diazoethane in the normal fashion into 0.65 g of (0-(5-(2-
furyl)-1-hexynyl)benzoyl)diazoethane (53): IR (neat) 2073, 1616,
1340, and 980 cm™; NMR (CDCl;, 300 MHz) § 1.58 (m, 2 H), 1.76
(m, 2 H), 2.02 (bs, 3 H), 2.42 (t, 2 H, J = 7.0 Hz), 2.65 (t, 2 H,
J="70Hz),597(d,1H,J=15Hz2),624 (m, 1 H),7.23(,1
H, J = 1.5 Hz), and 7.25-7.38 (m, 4 H); 13C NMR (CDCl,, 75 MHz)
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584,191,270, 27.3, 27.8, 65.3, 77.7, 93.7, 104.8, 109.9, 120.9, 126.9,
127.7, 128.6, 129.9, 132.3, 131.0, 140.6, and 155.6.

To a solution containing 100 mg (0.7 mmol) of 53 in 35 mL of
methylene chloride was added 5 mg of rhodium(II) octanoate. The
reaction mixture was stirred at rt for 20 min, and then the solvent
was removed under reduced pressure. The residue was chro-
matographed on gilica gel to give 84 mg (90%) of (Z)-2-methyl-
3-(5-(2-furyl)penten-1-yl)inden-1-one (54): IR (neat) 1712, 1600,
1455, and 1310 ecm™!; NMR (CDCl;, 300 MHz) 6 1.77 (m, 2 H),
2.07(q,2H,J="172Hz),265(, 2H,J="172Hz),589(d, 1H,
J = 1.5 Hz), 5695 (m, 1 H), 6.12 (m, 1 H), 6.25 (m, 1 H), 6.95 (d,
1H,J=172Hz),724 (d,1 H, J = 1.5 Hz), 7.14-7.30 (m, 2 H),
and 7.38 (d, 1 H, J = 7.2 Hz); 3C NMR (CDCl,, 75 MHz) 3 8.3,
217.2, 27.3, 33.5, 105.0, 109.9, 119.9, 121.9, 122.6, 127.7, 130.2, 131.7,
132.7, 140.1, 140.8, 144.6, 152.1, 155.4, and 198.8; HRMS calcd
for C;pH,40, 278.1308, found 278.1309.
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An NMR method is used to measure the formation constants for complexation of mercuric chloride and silver
triflate with a series of alkenes. The trends for mercury complexation parallel the argentation constants. These
data are used in a discussion of the mechanism of both the bromination and oxymercuration of alkenes. Arguments
are presented that the two electrophilic addition reactions have different rate-limiting steps. In the bromination
reaction the rate-determining step is the formation of a bromonium ion intermediate while oxymercuration proceeds
by rate-limiting attack by solvent on a mercuronium ion intermediate in agreement with the accepted mechanism.

Introduction
The mechanistic studies to date on the mechanism of
electrophilic addition to alkenes,! such as the bromination?
and oxymercuration reactions,® have provided considerable
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