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shown by GLC analysis and 3C NMR to contain 5a (10%),
unknown compounds (12%), and 3a (78%). The data (GLC and
13C NMR) are identical with those from the products from reaction
of 1 with methanol at room temperature.
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The carbenoid intermediate derived by treating ethyl 2-diazo-4-phthalimidobutyrate with rhodium(II) octanoate
undergoes transannular cyclization onto the adjacent imido carbonyl group. The resulting cyclic carbony! ylide
dipole was trapped with several dipolarophiles. In an attempt to prepare related substrates for cyclization studies,
the reaction of ethyl lithiodiazoacetate with various aldehydes and ketones was studied. Treatment of the
a-diazo-B-hydroxy ester derived from acetone or cyclopentanone with rhodium(II) octanoate gave rise to a 8-keto
ester. The exclusive phenyl shift encountered with acetophenone is in keeping with migration to an electron-deficient
center. The reaction works well with acrolein, leading to high yields of 3-0xo0-4-pentenoate. The 1,2-hydrogen
shift pathway was found to proceed much faster than intramolecular cyclopropanation. Dehydration of the
a-diazo-8-hydroxy esters generates vinyl diazo esters, which readily cyclize to 1H-pyrazoles on thermolysis.

a-Diazo carbonyl compounds have found numerous ap-
plications in organic synthesis, and their use in either
heterocyclic or carbocyclic ring formation is well docu-
mented.’"* Most of the early work has centered on the
cyclopropanation and C-H insertion reactions of the re-
sulting carbenes or metallocarbenoids.}>1® Recently, we
described the formation of oxabicyclo compounds from the
rhodium(II) acetate catalyzed reaction of 1-diazoalkane-
diones.”® The reaction involves the formation of a rho-
dium carbenoid and subsequent transannular cyclization
of the electrophilic carbon onto the adjacent keto group
to generate a cyclic carbonyl ylide followed by 1,3-dipolar
cycloaddition (eq 1).202! The ease with which «-diazo
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*Dedicated with respect and admiration to Professor Ernest
Wenkert, one of the leading pioneers in the area of diazocarbonyl
chemistry, on the occasion of his 65th birthday.

ketones 1 undergo this tandem cyclization—cycloaddition
sequence suggested that a similar transformation should
also occur with the related a-diazo keto ester system 4 (eq
2). We thought that this latter reaction could be of some
synthetic value as it permits for the synthesis of novel
functionalized THF derivatives of type 6. The importance
of tetrahydrofuran ring systems in natural products, in-
terwoven with their rich diversity of molecular architecture,
has continued to challenge the current level of synthetic
methodologies.? 28  Although a variety of methods exist
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for tetrahydrofuran synthesis,? few of these are based on
an annulation strategy.2"® One of our goals is to develop
new methodologies for the construction of O-heterocycles
with primary consideration given to mechanistic pathways
that would allow a secure means of incorporating centers
of stereochemistry. With these interests in mind, we were
intrigued by the untapped potential of the rhodium(II)-
induced tandem cyclization—cycloaddition reaction of a-
diazo esters. Thus, we decided to explore the synthesis
and transition-catalyzed behavior of diazo esters related
to 4. In this paper, we describe the results we obtained
from using ethyl diazoacetate as a reagent for the prepa-
ration of a series of a-diazo esters.

Results and Discussion

For the initial development and subsequent application
of our fundamental strategy, we needed an efficient me-
thod to generate a diazo group adjacent to an ester func-
tionality. The base-catalyzed transfer of a diazo moiety

RCH,C0,C,H;s v RCNCO;ChH;
base
HCO,C,Hs MeSOsNS
REHCOC2Hs base
CHO

to a methylene group adjacent to one or more electron-
withdrawing groups is a well-established and powerful
synthetic tool.3*"*¥ The most commonly used reagents for
diazo transfer have been p-toluenesulfonyl (tosyl) azide®!
or mesyl azide,?” although examples of diazo transfer to
B-dicarbonyl systems by other reagents have been re-
ported.® While the diazo transfer reaction works ex-
tremely well for cases in which the reaction site is activated
by two adjacent carbonyl functions, it generally fails in
cases where the methylene group is activated by a single
carbalkoxy group.®® This difficulty can be overcome by
treating the ester anion with ethyl formate so as to produce
the diactivated species. Reaction of this material with
mesyl azide now occurs, proceeding onto the desired diazo
ester by a subsequent cleavage of the formyl group.
Our own investigations began with diazo phthalimide
derivative 7, which was of interest in our long-range goal
of planned synthesis of alkaloids. This material was
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prepared in the standard way using ethyl formate and
mesyl azide. Treatment of 7 with N-phenylmaleimide in
the presence of rhodium octanoate at 25 °C afforded cy-
cloadduct 9 in 92% yield. A similar reaction of 7 with
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dimethyl acetylenedicarboxylate gave cycloadduct 10
(79% ), which is derived from the six-ring dipole 8. In the
absence of a catalyst, 7 undergoes facile 1,3-dipolar cy-
cloaddition with DMAD across the diazo group to give
3H-pyrazole 11 in high yield.** This material undergoes
hydrolysis and decarboxylation on silica gel chromatog-
raphy, affording a sample of 1H-pyrazole 12 in 59% yield.
Application of the (ethyl formate activation)~(mesyl
azide diazotization)-(base deformylation) sequence to a
series of simple keto esters was unsuccessful. The problem
with these systems is that enolate formation adjacent to

the keto group competes with ester activation, giving rise
to a complex mixture of diazo compounds.

B RCHCOCH;(CH)nCNCO,CoHs

In looking for an alternate route to circumvent this
problem, we were attracted by the possibility of reacting
an organometallic derivative of a diazo compound with an
alkyl halide to give the diazo ester in a single step. Various

M
NGCO,CoHs + RX ——3m— RCNZCO,C,H;

RCH,COCH3(CH2),CH;C0,C Hs

organometallic derivatives of diazo compounds are known,
and ethyl diazoacetate, in particular, is easily metalated.
Ethyl lithiodiazoacetate is stable in solution at low tem-
perature. This reagent has been reported to react with
electrophiles such as alkyl halides, lactones, acid chlorides,
and carbonyl compounds,*# and therefore this seemed
like a sensible method for preparing a variety of a-diazo
esters.

We found that commercially available ethyl diazoacetate
could easily be metalated by addition to a solution of LDA
in tetrahydrofuran at —110 °C. The resulting solution was
treated with various alkyl halides (allyl iodide, methyl
iodide, n-butyl bromide, benzyl bromide, etc.) and then
allowed to warm to —20 °C. The reaction mixture was
quenched by the addition of acetic acid followed by
standard aqueous workup. Although the iodides react with
ethyl lithiodiazoacetate to give the expected diazo ester
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(ca. 35%), the other alkyl halides only afforded poor yields
(5-20%) of the desired product. Aldehydes and ketones,
on the other hand, react readily with ethyl lithiodiazo-
acetate to give diazo alcohols in good to excellent yield (see
Experimental Section). It is well-known that unsaturated
a-diazo carbonyl compounds undergo intramolecular cy-
clopropanation, giving access to novel bicyclic and poly-
cyclic molecules.! The cyclopropane moiety formed by this
intramolecular carbenoid-to-olefin addition has often been
used for further transformations, such as thermal rear-
rangement, acid-catalyzed or nucleophilic ring-opening,
and hydrogenolysis.” A general review of intramolecular
diazo carbonyl reactions appeared in 1979,! and since then,
many further publications on the transition-metal-cata-
lyzed reactions have extended the scope of this metho-
dology.45%  Recent work indicates that a number of
catalyzed reactions of a-diazo carbonyl compounds that
traditionally have been brought about by copper salts can
be improved on substantially by the use of rhodium(II)
carboxylates.?>* Consequently, this led us to study the
rhodium(II) acetate catalyzed reaction of 14 with the hope
that the intramolecular cyclopropanation reaction would
proceed at a faster rate than the competitive 1,2-hydrogen
shift pathway.4® We found, however, that the only ma-
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CHy”" CH,CHCHO + LICN2CO:CaHs CH,) kcu,cn,C(on)CN,co,c,Ms
14
Rh“' Rh'H
CO5CHs
OH -
CH
° cn,) Lcu,cuzcocrlzco,czﬂ5
1
16 5
TsN;
CO,CoHs NEt;
o cH
SULIMA T
CH, CH, CH,CH,COCN,CO,C,Hs
17
18

terial produced corresponded to 8-keto ester 15 derived
by 1,2-hydrogen migration from the rhodium carbenoid
intermediate. Similar results were also encountered with
related copper catalysts.®® It should be pointed out that
diazo ester 17 does indeed undergo ready intramolecular
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cyclopropanation. Thus, treatment of 17 with rhodium(II)
acetate gave bicyclo[3.1.0Jhexan-2-one 18 in 75% yield.

The rhodium(II)-catalyzed decomposition of diazo car-
bonyl compounds is believed to involve a metallocarbenoid
intermediate (e.g., R,C=RhLn) which retains the prop-
erties associated with free carbenes.*’” The carbenoid
carbon is highly electrophilic and in an appropriate acyclic
substrate would be expected to be intercepted intramo-
lecularly by a suitably disposed nucleophilic atom. We
reasoned that cyclization of the carbenoid center on a
neighboring carbonyl group might be faster than the 1,2-
hydrogen shift that was encountered with diazo ester 14.
This led us to try to prepare the closely related keto diazo
ester system 19 so as to study its rhodium-catalyzed be-
havior. Unfortunately, all attempts to synthesize 19 using
ethyl lithiodiazoacetate and 4-oxopentanal failed to give
any characterizable material. Consequently, we were not
able to establish whether cyclization on the more nucleo-
philic carbonyl group is preferred over the 1,2-hydrogen
shift. In contrast to the complex mixture of products that
was produced upon reaction with ethyl lithiodiazoacetate,
reaction of 4-oxopentanal with ethyl diazoacetate and tin
chloride afforded 20 in 85% isolated yield.5®* Diazo
transfer to 20 using tosyl azide in acetonitrile in the
presence of triethylamine proceeded readily to give diazo
ester 21. The rhodium(II)-induced cyclization of 19 pro-
duced carbonyl ylide dipole 22, which was smoothly
trapped with DMAD to give cycloadduct 23 in excellent
yield.
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While our work was in progress, Holmquist and Ros-
kamp reported that aldehydes are efficiently converted
into B-keto esters by reaction with ethyl diazoacetate in
the presence of tin(II) chloride.®> More than likely, the
reaction proceeds via a transient 2-diazo-3-hydroxy ethyl
ester 24 intermediate analogous to that generated by using
ethyl lithiodiazoacetate. Although §-keto esters can be
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prepared by a variety of methods,’ only a few of them
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show high regioselectivity when applied to unsymmetrical
ketones.’™ %2 Recent work in the literature indicates that
a number of catalyzed reactions of a-diazo carbonyl com-
pounds that traditionally have been brought about by
copper or other metal salts can be improved on substan-
tially through the use of rhodium(II) carboxylates.*6!
Consequently, we decided to investigate the rhodium(II)
carboxylate induced rearrangement of a series of 2-diazo-
3-hydroxy 3,3-disubstituted ethyl esters prepared from the
reaction of several ketones with the lithiodiazoacetate.
Although an earlier paper by Kim and co-workers reported
on the rearrangement using various Lewis acids and metal
salts, there was no mention of using a rhodium(Il) car-
boxylate as the catalyst.®

We found that the symmetrical hydroxy diazo esters 25
and 27 smoothly rearrange to the expected 3-keto esters
26 and 28 in quantitative yield. The unsymmetrical alcohol
29 was regiospecifically converted to 5-keto ester 30 when
treated with a catalytic amount of rhodium acetate in
methylene chloride. No detectable quantities of the other
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regioisomer could be found in the crude reaction mixture.
In this case, the reaction involves an exclusive phenyl shift,
which is in keeping with migration to an electron-deficient
center. This simple method for 8-keto ester formation is
further illustrated by the synthesis of ethyl 3-ox0-4-pen-
tenoate (32). Very recently, Zibuck and Streiber have
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4619.

(59) Tchoubar, B. Bull. Soc. Chim. Fr. 1949, 164.

(60) Taguchi, H.; Yamamoto, H.; Nozaki, H. Bull. Chem. Soc. Jpn.
1977, 50, 1588.

(61) Cohen, T.; Kuhn, D.; Falck, J. R. J. Am. Chem. Soc. 1975, 97,
4749.

(62) Ito, Y.; Fujii, S.; Saegusa, T. J. Org. Chem. 1976, 41, 2073.

(63) Nagao, K.; Chiba, M.; Kim, S. W. Synthesis 1983, 197.

J. Org. Chem., Vol. 55, No. 13, 1990 4147

reported on the large-scale preparation of this interesting
reagent.** Even though the synthesis and use of this
compound as an annelating agent is well-known,%"2 the
above workers developed a short, practical synthesis of 32
that could be carried out in 100-mmol lots.®* The proce-
dure involves the base-induced reaction of ethyl acetate
with acrolein followed by Jones oxidation. We have also
been able to prepare keto ester 32 in 87% overall yield (vs
79% via the Zibuck method®). As shown, treatment of
acrolein with ethyl lithiodiazoacetate gave alcohol 31
which, without purification, was quantitatively converted
to 32 upon exposure to rthodium(II) acetate in methylene
chloride at 25 °C.
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31
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While the interaction of ethyl diazoacetate and aldeh-
ydes or ketones accompanied by nitrogen extrusion has
been known for a long time,”® there have not been many
reports dealing with the chemistry of the resulting a-dia-
zo-B-hydroxy carbonyl compounds. One observation by
Wenkert is especially interesting since it suggests that
these diazo hydroxy esters could be used to prepare 1H-
pyrazoles.*? During the course of our studies with ethyl
diazoacetate and various carbonyl compounds, we found
that the initially formed diazo alcohol could be readily
dehydrated with phosphoryl chloride in pyridine to give
vinyl diazo esters in good yield (see Experimental Section).
Vinyldiazomethanes 34 are generally synthesized either by
heating the tosylhydrazone salts of ketones 33 or by irra-
diating the corresponding 3H-pyrazole 36 with filtered light
to avoid photochemical decomposition of the diazo com-
pound.™ Thermolysis of vinyldiazomethanes, on the other
hand, gives 3H-pyrazoles 36 and cyclopropenes 35 as
products.” The ratio of these two substrates is very
dependent on the substituent pattern.”® The 3H-pyrazoles
36 can also be obtained by 1,3-dipolar cycloaddition of
disubstituted diazoalkanes onto electrophilic acetylenes.”
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Their construction by this method, however, suffers from
the same limitations present in the cycloaddition reaction
with any unsymmetrical dipolarophile, namely, the diffi-
culty in obtaining high regiochemical control.

Having prepared a variety of vinyl diazo esters of type
38 by the dehydration of diazo alcohol 87, we investigated
their thermal behavior. Heating the vinyl diazo ester in
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octane at 110 °C gave rise to the 1H-pyrazole system in
excellent yield. No signs of any cyclopropenes could be
detected in the crude reaction mixture. The formation of
the 1H-pyrazole ring proceeds by an initial 6r-electro-
cyclization followed by a subsequent 1,5-hydrogen shift of
the initially formed 3H-pyrazole. It should be noted that
the production of five-membered rings by 6m-electro-
cyclization of 1,5-dipoles is well precedented and represents
an important principle in heterocyclic chemistry.”®™® An
interesting aspect of this sequence is that, by varying the
nature of the carbonyl group employed in the condensation
reaction with ethyl lithiodiazoacetate, it is possible to
prepare different regioisomeric pyrazoles (i.e., 40a vs 40b,
or 40c vs. 40d). When a-methyl phenylacetaldehyde was
used, the initially formed vinyl diazo ester 43 was also
found to cyclize to a 1H-pyrazole (i.e., 45) upon thermo-
lysis. In this case, the transient 3H-pyrazole intermediate
44 undergoes the well-known van Alphen-Huttel rear-
rangement, which involves a 1,5-sigmatropic phenyl
shift, 8081

In contrast to the above results, thermolysis of the di-
phenyl-substituted vinyl diazo ester 46 results in cycliza-
tion to provide substrate 48 in 70% yield as the exclusive
product. The formation of 48 from 46 is an example of
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work from our laboratory® showed that 3H-2-benzazepines
are produced from styryl nitrile ylides, and Sharp and his
co-workers®3 have extensively investigated the formation
of 3H-1,2-benzodiazpines from gB-aryl-a,8-unsaturated
diazoalkanes. Robertson and Sharp have pointed out that
the helical conformation required for antarafacial 8-
electrocyclization with these systems can be easily at-
tained.® In the present case, this is the preferred mode
of reaction. The primary product 47 rearranges to ben-
zodiazepine 48 by a [1,5]-shift of hydrogen.

In conclusion, the reaction of ethyl lithiodiazoacetate
with aldehydes and ketones provides a simple one-step
route to 8-hydroxy-a-diazo esters. The subsequent rho-
dium carbenoid mediated reaction gives 3-keto esters in
excellent yield. Dehydration of the a-diazo-8-hydroxy
ester, on the other hand, generates vinyl diazo esters, which
readily cyclize to 1H-pyrazoles on thermolysis. Extension
of the scope and synthetic potential of these reactions is
being further investigated.

Experimental Section

Melting points were determined on a Thomas-Hoover capillary
melting point apparatus and are uncorrected. Infrared spectra
were run on a Perkin-Elmer Model 283 infrared spectrometer.
Proton NMR spectra were obtained on a Varian EM-390, a Nicolet
360, and a GE QE-300 spectrometer. 13C NMR spectra were
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Reaction of Carbonyl Compounds with Ethyl Lithiodiazoacetate

recorded on an GE QE-300 (75 MHz) spectrometer. Microanalyses
were performed at Atlantic Microlabs, Atlanta, GA. Mass spectra
were determined with a VG MM-7070S mass spectrometer at an
ionizing voltage of 70 eV.

Preparation and Rhodium(II) Octanoate Catalyzed Re-
action of Ethyl 2-Diazo-4-phthalimidobutyrate (7) with
N-Phenylmaleimide. A suspension containing 54 g of potassium
phthalimide and 71 g of ethyl 4-bromobutyrate in 300 mL of dry
dimethyl formamide was heated at reflux and maintained for 24
h. The reaction mixture was cooled to 25 °C, poured into water,
and extracted with ether. The combined organic extracts were
washed with water, dried over sodium sulfate, filtered, and con-
centrated under reduced pressure, to give 84 g of a pale yellow
solid, which was recrystallized from methylene chloride-hexane,
to give 47.3 g (63%) of ethyl 4-phthalimidobutyrate as a white
solid: mp 64-65 °C; IR (CDCl;) 3020, 3000, 1780, 1720, 1620, 1480,
1430, 1400, 1380, 1200, 1120, 1040, 900, and 720 cm™'; NMR
(CDCl,, 90 MHz) 6 1.23 (t, 3 H, J = 7 Hz), 1.85-2.17 (m, 2 H),
2.23-2.56 (m, 2H),3.77(t,2H,J=THz),410(q,2H,J =7
Hz), and 7.63-7.97 (m, 4 H).

To a suspension of sodium hydride (97 mg of a 60% suspension
in oil) in 3 mL of dry benzene at 0 °C was added one drop of
anhydrous ethanol, followed by the dropwise addition of 211 mg
of the above phthalimidobutyrate and 180 mg of ethyl formate.
The reaction mixture was allowed to warm to 25 °C and was
stirred for 12 h, after which 490 mg of mesyl azide was introduced.
Stirring was continued for 4 h, and then the mixture was quenched
with water, washed with a 10% sodium hydroxide solution, dried
over sodium sulfate, filtered, and concentrated under reduced
pressure. Purification of the residue by flash silica gel chroma-
tography using a 30% ethyl acetate-hexane mixture afforded 162
mg (69%) of ethyl 2-diazo-4-phthalimidobutyrate (7) as a yellow
oil: IR (neat) 3000, 2100, 1780, 1720, 1680, 1470, 1400, 1340, 1150,
1090, 1030, 980, 950 and 720 cm™!; NMR (CDCl,, 300 MHz) 6 1.17
(t,3H,J =71Hz),268(,2H,J=65Hz),38(t,2H,J=
6.5 Hz), 4.11 (q, 2 H, J = 7.1 Hz), and 7.30-7.47 (m, 4 H); MS
259, 220, 212, 186, 174, 160, 148, 120, and 104; HRMS calcd for
C“H13N04 (M - Nz) 259.0844, found 259.0842.

A solution containing 113 mg of N-phenylmaleimide and 5 mg
of rhodium(II) octanoate in 0.5 mL of methylene chloride was
treated dropwise with a solution containing 37.5 mg of diazo ester
7 in 0.2 mL of methylene chloride. A deep dark red color and
gas evolution ensued with each drop followed by rapid color
dissipation. Removal of the solvent indicated a 95% yield of the
expected cycloadduct 9 as judged by NMR spectroscopy. An
analytically pure sample was obtained by recrystallization from
methylene chloride-hexane followed by recrystallization from
acetone, to give a white solid: mp 239-240 °C; IR (CHCl,) 3100,
2890, 1795, 1760, 1740, 1720, 1610, 1510, 1480, 1420, 1390, 1300,
1290, 1250, 1200, 1080, 1020, 970, 920, and 700 cm™’; NMR (CDCl,,
300 MHz) é 1.31 (t, 3 H,J = 7.1 Hz), 2.13 (ddd, 1 H, J = 13.7,
12.1 and 6.8 Hz), 2.42 (dd, 1 H, J = 13.7 and 4.8 Hz), 3.38 (ddd,
1H,J =14.5,12.1, and 4.8 Hz), 3.63 (d, 1 H, J = 7.5 Hz), 3.86
(d,1H,J =17.5Hz),4.30 (q,2H,J = 7.1 Hz),4.51 (dd, 1 H, J
= 14.5 and 6.8 Hz), and 7.31-7.86 (m, 9 H); 3C NMR (CDCl,,
75 MHz) 6 13.3, 29.5, 32.4, 50.1, 52.0, 61.9, 84.7, 94.1, 122.9, 124.6,
125.8, 128.7, 128.8, 130.7, 131.1, 132.0, 136.2, 163.6, 166.8, 171.0,
and 172.5. Anal. Caled for CoyHxNyOg: C, 66.60; H, 4.66; N, 6.48.
Found: C, 66.36; H, 4.74; N, 6.41.

Rhodium(II) Octanoate Catalyzed Reaction of Ethyl 2-
Diazo-4-phthalimidobutyrate (7) with Dimethyl Acety-
lenedicarboxylate. To a solution containing 22 mg of dimethyl
acetylenedicarboxylate and 5 mg of rhodium(II) octanoate in 0.2
mL of dry methylene chloride was slowly added a solution con-
taining 37 mg of diazo ester 7 in 0.5 mL of methylene chloride.
A deep red solution ensued, which rapidly faded with each ad-
ditional drop. Removal of the solvent indicated a 79% yield of
the expected cycloadduct 10 by NMR analysis. An analytically
pure sample was obtained by flash silica gel chromatography using
a 30% ethyl acetate~hexane mixture as the eluent, to give ethyl
10,11-dicarbomethoxy-9,11a-epoxy-7,8,9,11a-tetrahydro-5-oxo-
5H-azepino[2,1-alisoindole-9-carboxylate (10) as a colorless oil:
IR (neat) 2800, 1760, 1740, 1720, 1635, 1625, 1470, 1440, 1410,
1260, 1180, 1100, 1000, 960, 770, and 700 cm™'; NMR (CDCl,, 300
MHz) 6 1.28 (t,3 H, J = 7.1 Hz), 2.28 (dd, 1 H, J = 13.6 and 5.6
Hz), 2.41 (ddd, 1 H, J = 13.5, 11.6, and 7.07 Hz), 3.34 (ddd, 1 H,
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J = 13.5, 11.6, and 5.6 Hz), 3.53 (s, 3 H), 3.88 (s, 3 H), 4.28 (q,
2H,J ="17.1Hz), 4.36 (dd, 1 H, J = 13.6 and 7.07 Hz), 7.53-7.63
{m, 3 H), and 7.80-7.83 (m, 1 H); MS 401 (M™), 369, 355, 342,
328, 295, 268, 240 (base), 208, 182, 160, and 120; HRMS caled for
CooHgNO; 401.1110, found 401.1093. Anal. Caled for CyoHgNOg:
C, 59.83; H, 4.77; N, 3.49. Found: C, 59.78; H, 4.74; N, 3.41.

A solution containing 48 mg of diazo ester 7 and 29 mg of
dimethyl acetylenedicarboxylate was stirred in 0.5 mL of deu-
teriochloroform for 12 h in the absence of a rhodium catalyst.
Removal of the solvent left a colorless oil, whose structure was
assigned as 3H-pyrazole 11 on the basis of its spectral properties:
IR (CDCl,) 3040, 2970, 1770, 1750, 1740, 1710, 1580, 1470, 1440,
1400, 1380, 1280, 1060, 1010, 960, and 880 cm™}; NMR (CDCl,,
300 MHz) 6 1.40 (t, 3 H, J = 7.1 Hz), 3.55 (s, 3 H), 3.81 (s, 3 H),
3.55 (m, 2 H), 4.03 (t, 2 H, J = 6.5 Hz), 4.50 (q, 2 H, J = 7.1 Hz),
and 7.63-7.73 (m, 4 H). The structure of the unstable 3H-pyrazole
11 was confirmed by isomerization to pyrazole 12 in 59% yield,
which occurred upon silica gel chromatography: IR (CHCly) 3440,
2980, 1740, 1720, 1400, 1310, 1240, 1120, and 1050 cm™; NMR
(CDCls, 300 MHz) 6 3.32 (t, 2 H, J = 6.8 Hz), 3.83 (s, 3 H), 3.91
(s, 3 H), 4.03 (t, 2 H, J = 6.8 Hz), 7.24-7.71 (m, 2 H), and 7.78
(m, 2 H); MS 357 (M*), 325, 296, 210, 160 (base), 122, 104, and
77; HRMS caled for C,7H;5N304 357.0960, found 357.0963. Anal.
Calcd for C;;H5N;04: C, 57.183; H, 4.23; N, 11.76. Found: C,
57.09; H, 4.20; N, 11.64.

Preparation and Rhodium(II)-Catalyzed Reaction of
Ethyl 2-Diazo-3-0xo0-6-methyl-6-heptenoate (17). To a stirred
solution containing 41 g of methyltrihenylphosphonium bromide
in 300 mL of tetrahydrofuran was added 50 mL of 2.5 M n-bu-
tyllithium at room temperature. To the above solution was added
9.6 g of 4-oxo-1-pentanol, and the reaction mixture was stirred
at room temperature for 4 h. The solvent was removed under
reduced pressure, 200 mL of water was added, and the mixture
was extracted with ether. The ether solution was dried over
anhydrous sodium sulfate and the solvent was removed under
reduced pressure. Vacuum distillation of the residue gave 5.38
g of 2-methyl-1-penten-5-o0l (57%) as a colorless liquid:*® IR (neat)
3370, 3080, 2960, 2890, 1650, 1450, 1380, 1070, 895, and 745 cm™;
NMR (300 MHz, CDCl;) 6 1.70-2.0 (m, 6 H), 2.20 (t, 2 H, J =
7.2 Hz), 3.75 (t, 2 H, J = 6.0 Hz), and 4.82 (s, 2 H).

To a solution containing 10.5 g of pyridinium chlorochromate
in 100 mL of methylene chloride was slowly added 4.0 g of 2-
methyl-1-penten-5-ol. The reaction mixture was stirred for 3 h
at room temperature, and then 100 mL of ether was added. The
mixture was passed through a fritted-disk Biichner funnel con-
taining a short pad of silica gel. The residue obtained upon
removal of the solvent was passed through a silica gel column using
50-mL portions of ether. The solvent was removed under reduced
pressure, and distillation of the residue gave 2.8 g of 4-methyl-
4-pentenal (75%) as a colorless oil: IR (neat) 3090, 2990, 2920,
2840, 2740, 1730, 1660, 1450, 1390, 1080, and 900 cm™; NMR (300
MHz, CDCl;) 6 1.74 (s, 3 H), 2.18 (t, 2 H, J = 7.6 Hz), 2.60 (t,
2 H,J = 7.6 Hz), 4.68 (s, 1 H), 4.76 (s, 1 H), and 9.78 (s, 1 H).

A solution of ethyl lithiodiazoacetate was prepared in the
standard manner and was allowed to react with 4-methyl-4-
pentenal at =78 °C. After being stirred for 2 h, the mixture was
quenched with a saturated ammonium chloride solution. Removal
of the solvent after drying over magnesium sulfate left a crude
oil, whose NMR spectrum showed the presence of at least three
compounds. Extensive silica gel chromatography afforded ethyl
2-diazo-3-hydroxy-6-methyl-6-heptenoate (14) as a clear oil in 30%
yield: NMR (300 MHz, CDCl,) 6 1.31 (t, 3 H, J = 7.0 Hz), 1.62
(s, 3 H), 1.95-2.15 (m, 4 H), 2.85 (d, 1 H, J = 4.5 Hz), 4.24 (q,
2 H, J = 7.0 Hz), and 4.93 (m, 1 H). The above oil was treated
with a catalytic amount of rhodium(II) acetate in methylene
chloride at 25 °C for 1 h. Workup in the standard manner
afforded a 96% yield of a colorless oil, whose structure was as-
signed as ethyl 6-methyl-3-0xo-6-heptenoate (15):%® IR (neat) 3090,
2990, 2940, 1750, 1715, 1650, 1450, 1370, 1320, 1250, 1190, 1030,
and 900 cm™}; NMR (300 MHZ, CDCl,) 6 1.26 (t, 3 H, J = 7.2 Hz),
1.71 (s, 3 H), 2.28 (t, 2 H, J = 7.2 Hz), 2.67 (t, 2 H, J = 7.2 Hz),

(85) Mazzocchi, P. H.; Wilson, P.; Khachik, F.; Klingler, L.; Minam-
ikawa, S. J. Org. Chem. 1983, 48, 2981.

(86) Rao, V. B.; George, C. F.; Wolff, S.; Agosta, W. J. Am. Chem. Soc.
1985, 107, 5732.



4150 J. Org. Chem., Vol. 55, No. 13, 1990

3.43 (s,2H),4.17(q,2 H, J = 7.2 Hz), 4.64 (s, 1 H), and 4.72 (s,
1 H). This same keto ester was also prepared in 98% yield by
treating 4-methyl-4-pentenal with ethyl diazoacetate in the
presence of tin(II) chloride.

A solution containing 0.7 g of keto ester 15, 1.24 g of tri-
ethylamine, and 0.8 g of tosyl azide in 10 mL of acetonitrile was
stirred for 2 h at room temperature. The solvent was removed
under reduced pressure, and the crude residue was triturated with
ether. The resulting solution was washed with a solution con-
taining 0.3 g of potassium hydroxide in 40 mL of water. The
aqueous phase was extracted with ether, and the combined ether
extracts were washed with a brine solution and dried over sodium
sulfate. The solvent was removed under reduced pressure, and
the residue was chromatographed on a flash silica gel column using
a 5:1 hexane-ethyl acetate mixture as the eluent. The major
fraction contained 0.73 g (95%) of a yellow oil, whose structure
was assigned as ethyl 2-diazo-3-0xo-6-methyl-6-heptenoate (17):
IR (neat) 3090, 2990, 2940, 2120, 1720, 1660, 1650, 1450, 1380,
1300, 1210, 1130, 890, and 750 cm™!; NMR (300 MHz, CDCly) &
1.31(t,3H,J = 7.2 Hz), 1.73 (s, 3 H), 2.32 (t, 2 H, J = 7.6 Hz),
2.97(t,2H,J = 7.6 Hz) 4.28 (q, 2 H, J = 7.2 Hz), 4.67 (s, 1 H),
and 4.72 (s, 1 H).

A mixture containing 200 mg of the above diazo ester in 2 mL
of methylene chloride together with a catalytic amount of rho-
dium(Il) acetate was stirred for 1 h at room temperature. The
solvent was removed under reduced pressure, and the crude
residue was chromatographed on a flash silica gel column using
a 3:1 hexane-ether mixture as the eluent. The major fraction
isolated contained 130 mg (75%) of a colorless oil, whose structure
was assigned as ethyl 2-oxo-5-methylbicyclo[3.1.0]hexane-1-
carboxylate (18): IR (neat) 2990, 2940, 2880, 1730, 1450, 1375,
1250, 1190, 1060, 1000, and 870 cm™'; NMR (300 MHz, CDCl,)
61.24(t,3H,J=72Hz),1.30(s,3H),1.35(d, 1 H, J = 5.1 Hz),
1.83(d, 1 H, J = 5.1 Hz), 1.86-2.2 (m, 4 H), and 4.12 (dq, 2 H,
J = 7.2 Hz and 1.5 Hz); 1°C NMR (75 MHz, CDCl,) § 14.1, 17.9,
25.7, 28.3, 34.0, 404, 44.2, 61.0, 167.2, and 207.7; HRMS calcd for
CIOHMOS 1820943, found 182.0941.

Preparation and Rhodium(II)-Catalyzed Behavior of
Ethyl 2-Diazo-3,6-dioxoheptanoate (21). To a stirred solution
containing 11.75 g of pyridinium chlorochromate in 100 mL of
methylene chloride was slowly added 3.71 g of 1-hydroxy-4-pen-
tanone at room temperature, and the solution was stirred at 25
°C for 2 h. The mixture was passed through a fritted-disk Biichner
funnel using a short pad of silica gel. The residue was washed
through the column with 50-mL portions of ether. The solvent
was removed under reduced pressure, and the residue was re-
chromatographed on a flash silica gel column using a 4:1 hex-
ane—ethyl acetate mixture as the eluent, to give 2.83 g (78%) of
4-oxopentanal:¥ NMR (90 MHz, CDCl,) 6 2.21 (s, 3 H), 2.75 (s,
4 H), and 9.85 (s, 1 H).

To a stirred solution containing 505 mg of ethyl diazoacetate
in 8 mL of methylene chloride and 84 mg of tin(II) chloride was
added 500 mg of 4-oxopentanal in 2 mL of methylene chloride.
Nitrogen evolution occurred immediately. The solution was stirred
for 2 h, and then the reaction mixture was transferred to a sep-
aratory funnel and washed with a saturated brine solution. The
organic layers was extracted with ether and dried over anhydrous
sodium sulfate, and the solvent was removed under reduced
pressure. The resulting residue was purified by flash silica gel
column chromatography using a 4:1 hexane—-ethyl acetate mixture
as the eluent. The major fraction contained 700 mg (85% yield)
of a colorless oil, whose structure was assigned as ethyl 3,6-di-
oxoheptanoate (20): IR (neat) 3600, 2990, 2910, 1740, 1710, 1640,
1410, 1370, 1310, 1190, and 1030 cm™!; NMR (300 MHz, CDCl,)
61.22(t,3H,J ="7.2 Hz), 2.13 (s, 3 H), 2.65-2.80 (m, 4 H), 3.44
(s, 2 H), and 4.13 (g, 2 H, J = 7.2 Hz).

A solution containing 1.0 g of the above material, 2.2 g of tosyl
azide, and 3.1 g of triethylamine in 20 mL of acetonitrile was
stirred at room temperature for 4 h according to the general
procedure of Regitz.¢ The solvent was removed under reduced
pressure, and the residue was triturated with ether. The resulting
solution was washed with a 5% aqueous potassium hydroxide
solution followed by a saturated brine solution. The solvent was

(87) Aasen, A. J.; Nishidia, T.; Enzell, C. R.; Devreux, M. Acta Chem.
Scand., Ser. B 1976, B30, 178.
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removed under reduced pressure, and the residue was chroma-
tographed on a flash silica gel column using a 3:1 hexane-ethyl
acetate mixture as the eluent, to give 1.5 g (70% yield) of ethyl
2-diazo-3,6-dioxoheptanoate (21): IR (neat) 2990, 2920, 2120, 1720,
1660, 1450, 1370, 1300, 1130, 1020, and 750 cm™; NMR (300 MHz,
CDCly) 6 1.28 (t,3H,J = 7.2 Hz), 2.16 (s, 3 H), 2.73 (t,2 H, J
=6.0 Hz), 3.03 (t,2H, J = 6.0 Hz), and 4.25 (q, 2 H, J = 7.2 Hz).

A solution containing 204 mg of the above diazo keto ester and
211 mg of dimethyl acetylenedicarboxylate in 2 mL of toluene
was heated to 85 °C. After heating for 5 min, a catalytic amount
of rhodium(II) acetate dimer was added. Nitrogen evolution
occurred immediately. After being heated for an additional 15
min, the reaction mixture was cooled and the solvent was removed
under reduced pressure. The residue was purified by silica gel
chromatography using 3:1 hexane—ethyl acetate mixture as the
eluent, to give 312 mg (91%) of the expected 1:1 cycloadduct 23
as a thick oil: IR (neat) 2990, 2960, 1730, 1640, 1440, 1380, 1310,
1200, 1100, and 790 ¢cm™; NMR (300 MHz, CDCl;) § 1.26 (t, 3
H, J = 7.2 Hz), 1.67 (s, 3 H), 2.21-2.42 (m, 2 H), 2.50 (ddd, 1 H,
J =17.7, 6.0, and 0.9 Hz), 2.84 (dt, 1 H, J = 17.7 and 9.0 Hz),
3.79 (s, 3 H), 3.80 (s, 3 H), and 4.20-4.40 (m, 2 H); ®C NMR
(CDCl,, 75 MHz) 6 13.8, 22.4, 32.8, 34.1, 52.6, 52.7, 62.5, 87.7, 93.2,
138.6, 142.5, 161.4, 163.1, 163.2, and 194.4; HRMS calcd for
C,5H,505 326.1001, found 326.0998.

Preparation and Rhodium(II) Acetate Catalyzed Reaction
of Ethyl 2-Diazo-3-hydroxy-3-methylbutanoate (25). To a
solution containing 5 mL of acetone and 2.0 g of ethyl diazoacetate
in 10 mL of dry tetrahydrofuran at -78 °C was added a lithium
diisopropylamide solution prepared from 10 mL of a 2.5 M n-
butyllithium solution and 3.0 g of diisopropylamine in 5 mL of
tetrahydrofuran at -78 °C. The solution was stirred for 1 h at
-78 °C and was then quenched by the rapid addition of 20 mL
of a 29% aqueous ammonium chloride solution. The reaction
mixture was extracted with ether and washed with a saturated
sodium bicarbonate solution followed by a brine solution. The
solvent was removed under reduced pressure, and the crude
residue was chromatographed on a flash silica gel column using
a 4:1 hexane-ethyl acetate mixture as the eluent. The major
fraction contained 2.26 g (75%) of a yellow oil, whose structure
was assigned as ethyl 2-diazo-3-hydroxy-3-methylbutanoate (25):%
IR (neat) 3480, 2995, 2945, 2105, 1680, 1460, 1375, 1310, 1080,
and 750 cm™; NMR (300 MHz, CDCl,) 6 1.24 (t, 3H, J = 7.2 Hz),
1.47 (s, 6 H), 3.80 (s, 1 H), and 4.19 (q, 2 H, J = 7.2 Hz).

A solution containing 203 mg of the above diazo ester in 2 mL
of methylene chloride together with a catalytic amount of rho-
dium(II) acetate under a nitrogen atmosphere was stirred for 30
min at room temperature. The solvent was removed under re-
duced pressure, and the resulting residue consisted of a colorless
liquid, whose structure was assigned as ethyl 2-methyl-3-oxo-
butanoate (26) on the basis of its spectral properties:® IR (neat)
2990, 2960, 1730, 1715, 1450, 1370, 1260, 1100, and 800 cm™; NMR
(300 MHz, CDCl3) 6 1.20 (t,3H,J =7.2Hz),1.29(d,3H,J =
7.2 Hz), 2.19 (s, 3 H), 3.45 (q, 1 H,J = 7.2 Hz), and 4.15 (q, 2 H,
J = 7.2 Hz).

Preparation and Rhodium(II)-Catalyzed Reaction of
Ethyl 2-Diazo-2-(1-hydroxycyclopentyl)acetate (27). To a
stirred solution containing 3.0 g of cyclopentanone and 2.0 g of
ethyl diazoacetate in 10 mL of tetrahydrofuran was added a
solution of lithium diisopropylamide prepared from 12 mL of a
2.5 M n-butyllithium solution and 3.2 g of diisopropylamine in
5 mL of tetrahydrofuran at -78 °C. The mixture was stirred for
60 min at —78 °C and was then quenched by the rapid addition
of 20 mL of a 29% aqueous ammonium chloride solution. The
reaction mixture was extracted with ether and washed with a
saturated sodium bicarbonate solution followed by a brine solution.
The solvent was removed under reduced pressure, and the crude
residue was chromatographed on a flash silica gel column using
a 5:1 hexane-ethyl acetate mixture as the eluent. The major
fraction contained 2.94 g (85%) of a yellow oil, whose structure
was assigned as ethyl 2-diazo-2-(1-hydroxycyclopentyl)acetate (27):
IR (neat) 3480, 2980, 2890, 2105, 1690, 1440, 1370, 1300, 1110,
and 750 cm™; NMR (300 MHz, CDC);) 6 1.26 (t, 3 H, J = 7.2 Hz),

(88) Callot, H. J.; Schaeffer, E. J. Organomet. Chem. 1978, 145, 91.
(89) Makoto, F.; Tamejiro, H. J. Am. Chem. Soc. 1985, 107, 8294.
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1.65-1.90 (m, 6 H), 1.95-2.10 (m, 2 H), 3.27 (s, 1 H), and 4.22 (q,
2 H,J =172 Hz).

A solution containing 222 mg of the above diazo ester in 2 mL
of methylene chloride together with a catalytic amount of rho-
dium(IT) acetate dimer was stirred under a nitrogen atmosphere
for 15 min. The reaction was complete after 15 min. The solvent
was removed under reduced pressure, and the colorless oil obtained
(100%) was assigned as 2-carbethoxycyclohexanone (28) on the
basis of its spectral properties:® IR (neat) 3500, 2960, 2880, 1720,
1660, 1620, 1450, 1410, 1370, 1310, 1220, 1090, and 840 cm™}; NMR
(300 MHz, CDCl,) 6 1.28 (t, 3 H, J = 7.2 Hz), 1.51-1.72 (m, 4 H),
2.15-2.30 (m, 4 H), 4.18 (q, 2 H, J = 7.2 Hz), and 12.23 (s, 1 H).

Preparation and Rhodium(II) Acetate Catalyzed Reaction
of Ethyl 2-Diazo-3-hydroxy-3-phenylbutanoate (29). To a
solution containing 1.0 g of acetophenone and 1.0 g of ethyl
diazoacetate in 10 mL of tetrahydrofuran was added a lithium
diisopropylamide solution prepared from 5 mL of 2.5 M n-bu-
tyllithium and 1.3 g of diisopropylamine in 5 mL of tetrahydro-
furan at —78 °C. The solution was stirred for 1 h under a nitrogen
atmosphere at —78 °C and was then quenched by the rapid ad-
dition of 20 mL of a 29% aqueous ammonium chloride solution.
The reaction mixture was extracted with ether, and the ether
extracts were washed with a saturated sodium bicarbonate solution
followed by brine. The solvent was removed under reduced
pressure, and the crude residue was chromatographed on a flash
silica gel column using a 10:1 hexane-ethyl acetate mixture as
the eluent, to give 0.97 g of ethyl 2-diazo-3-hydroxy-3-phenyl-
butanoate (29) (67% yield): IR (neat) 3500, 3070, 2994, 2940, 2105,
1690, 1600, 1500, 1450, 1376, 1310, 1080, 770, and 710 cm™; NMR
(300 MHz, CDCly) 6 1.21 (t, 3 H, J = 7.2 Hz), 1.69 (s, 3 H), 4.15
(q, 2 H, J = 7.2 Hz), 4.33 (s, 1 H), and 7.1-7.3 (m, 5 H).

A solution containing 206 mg of the above diazo ester in 2 mL
of methylene chloride together with a catalytic amount of rho-
dium(II) acetate dimer was stirred for 1 h at room temperature.
The solvent was removed under reduced pressure, and the crude
residue was chromatographed on a flash silica gel column using
a 10:1 hexane—ethyl acetate mixture as the eluent. The major
fraction contained 136 mg (75%) of a colorless oil, whose structure
was assigned as ethyl 2-phenyl-3-oxobutanoate (30) on the basis
of its spectral properties:®! IR (neat) 3080, 2995, 2945, 1730, 1640,
1500, 1460, 1400, 1375, 1270, 1150, 1030, 860, 745, and 710 cm™;
NMR (300 MHz, CDCl,) 6 1.26 (t, 3 H, J = 7.2 Hz), 2.17 (s, 3 H),
419 (q, 2 H, J = 7.2 Hz)8 4.68 (s, 1 H), and 7.1-7.4 (m, 5 H).

Preparation and Rhodium(II) Acetate Catalyzed Reaction
of Ethyl 2-Diazo-3-hydroxy-4-pentenoate (31). To a sample
containing 1.1 g of acrolein at =78 °C in 10 mL of tetrahydrofuran
was added 1.0 g of ethyl diazoacetate. After stirring for several
minutes, a lithium diisopropylamide solution (prepared from 5
mL of a 2.5 M n-butyllithium solution and 1.2 g of diiso-
propylamine in 5 mL of tetrahydrofuran) was added dropwise
at —78 °C under a nitrogen atmosphere. The solution was stirred
for 1 h and was then quenched with 20 mL of a 29% aqueous
ammonium chloride solution. The reaction mixture was extracted
with ether, and the ether extracts were washed with a saturated
sodium bicarbonate solution followed by a brine solution. The
solvent was removed under reduced pressure, and the crude
residue was chromatographed on a silica gel column using a 4:1
hexane-ethyl acetate mixture as the eluent. The major fraction
contained 1.30 g (87%) of a yellow oil, whose structure was as-
signed as ethyl 2-diazo-3-hydroxy-4-pentenocate (31): IR (neat)
34860, 2990, 2920, 2105, 1685, 1460, 1380, 1295, 1105, 940, and 750
cm™'; NMR (300 MHz, CDCly,) 6 1.26 (t, 3 H, J = 7.2 Hz), 3.07
(s, 1 H), 4.22 (q, 2 H, J = 7.2 Hz), 5.20-5.35 (m, 2 H), 5.45 (d,
1 H, J = 17.4 Hz), and 5.80-6.0 (m, 1 H).

A solution containing 265 mg of the above diazo ester in 2 mL
of methylene chloride together with a catalytic amount of rho-
dium(II) acetate dimer under a nitrogen atmosphere was stirred
for 30 min at room temperature. The solvent was removed under
reduced pressure, and the colorless oil that was obtained (100%)
was identified as ethyl 3-oxo-4-pentenoate (32):¢ IR (neat) 2990,
2940, 1746, 1662, 1590, 1425, 1240, 1155, and 820 cm™; NMR (300
MHz, CDCl,) § 1.24 (t,3 H, J = 7.2 Hz), 3.60 (s, 2 H) 4.17 (q, 2

(90) Kagan, H. B.; Suen, Y. H. Bull. Soc. Chim. Fr. 1966, 1819.
(91) Wambhoff, H.; Hoffer, G.; Lander, H.; Korte, K. Justus Liebigs
Ann. Chem. 1969, 722, 12.
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H, J = 7.2 Hz), and 5.9-6.5 (m, 3 H).

General Procedure for the Preparation of Ethyl 2-Dia-
z0-3-hydroxy Carboxylates and Their Conversion to Vinyl
Diazo Carboxylates. A solution containing 5.47 g (47 mmol)
of ethyl diazoacetate in 150 mL of anhydrous ether and 50 mL
of dry tetrahydrofuran was cooled to -110 °C, and 33.6 mL (47
mmol) of a 1.4 M n-butyllithium solution at -78 °C was added
to this mixture over a period of 30 min. A solution containing
47 mmol of the freshly distilled aldehyde or ketone in 30 mL of
dry tetrahydrofuran was cooled to -70 °C and was then added
to the above reaction mixture at ~110 °C over a period of 30 min.
The mixture was allowed to warm to -25 °C, and a solution
containing 2.85 g (47 mmol) of glacial acetic acid in 30 mL of dry
tetrahydrofuran, cooled to —20 °C, was added. After warming
of the solution to room temperature, the solvent was removed
under reduced pressure and the residue was extracted with pe-
troleum ether. The solvent was removed under reduced pressure,
to leave behind a red oil. This material was purified by flash silica
gel chromatography using a 20% ethyl acetate—hexane mixture
as the eluent, to give the pure ethyl 2-diazo-3-hydroxy carboxylate.

To a cooled (-5 to -10 °C) solution containing 10 mmol of the
appropriate diazo alcohol in 40 mL of pyridine was added 40 mmol
of phosphoryl chloride with stirring. The resulting mixture was
stirred at 0 °C for 6 h and at room temperature for an additional
12 h. The mixture was then poured into 100 mL of pentane, and
200 mL of ice—water was added. The pentane layer was separated,
and the aqueous layer was extracted with pentane. The combined
organic extracts were washed with water, dried over sodium
sulfate, and evaporated under reduced pressure, to leave behind
an orange oil. The viny! diazc compound was generally pure
enough to be used for the next step although it could be further
purified by flash chromatography using a 2% acetone—hexane
mixture as the eluent if needed.

Preparation of Ethyl 5-Methyl-1 H-pyrazole-3-carboxylate
(40a). Ethyl 2-diazo-3-hydroxypentanoate (37a) was obtained
in 73% yield by using 2.73 g of propionaldehyde: NMR (CCl,,
60 MHz) 6 1.02 (t, 3 H, J = 7.0 Hz), 1.33 (t, 3 H, J = 7.0 Hz),
1.42-1.88 (m, 2 H), 3.79 (br s, 1 H), 4.22 (q, 2 H, J = 7.0 Hz), and
4.68 (m, 1 H); IR (neat) 3610-3205, 3030-2815, 2100, 1705, 1455,
1375, 1300, 1130, 1085, 1015, 950, and 770 cm™.. Ethyl 2-diazo-
3-pentenoate (38a) was prepared (63%) by the dehydration of
3.44 g of the above alcohol: NMR (CCl,, 60 MHz) 6 1.31 (t, 3 H,
J =17.0Hz),1.85(d,3H,J = 55 Hz), 4.21 (q, 2 H, J = 7.0 Hz),
and 4.95-5.95 (m, 2 H); IR (neat) 3050-2830, 2080, 1705, 1460,
1375, 1340, 1260, 1175, 1125, 1020, 975, and 780 cm™..

A solution containing 0.8 g (5.2 mmol) of ethyl 2-diazo-3-
pentenoate (38a) in 16 mL of n-octane was heated at 110 °C for
1 h. The solution was cooled, and the solvent was removed under
reduced pressure. The residue was triturated with hexane, to give
0.7 g of a white crystalline solid (88% ), whose structure is assigned
as ethyl 5-methyl-1H-pyrazole-3-carboxylate (40a): mp 81-82 °C;
NMR (CDCl, 60 MHz) 6 1.32 (t, 3 H, J = 7.5 Hz), 2.38 (s, 3 H),
4.18 (q,2H,J = 7.5 Hz), 6.58 (s, 1 H), and 11.90 (br s, 1 H); IR
(CHCly) 3390-2705, 1720, 1565, 1475, 1360, 1300, 1265, 1125, 1020,
and 990 cm™; UV (95% ethanol) 218 (e 9700) and 235 nm (5500);
MS m/e 154 (M™), 108, 82, 80, 79, 66, and 54. Anal. Calcd for
C;H(N,;O,: C,54.53; H, 6.54; N, 18.17. Found: C, 54.58; H, 6.54;
N, 18.14.

Preparation of Ethyl 4-Methyl-1H-pyrazole-3-carboxylate
(40b). Ethyl 2-diazo-3-hydroxy-3-methylbutyrate (37b) was
prepared in 84% yield by using 2.7 g of acetone: NMR (CCl,,
90 MHz) 6 1.29 (t, 3 H, J = 7.0 Hz), 1.45 (s, 6 H), 3.76 (s, 1 H),
and 4.26 (q, 2 H, J = 7.0 Hz); IR (neat) 3705-3225, 3075-2900,
2150, 1695, 1460, 1380, 1315, 1190, 1075, 950, 860, and 770 cm™,
Ethyl 2-diazo-3-methyl-3-butenocate (38b) was obtained (89%)
by the dehydration of 6.9 g of the above alcohol: NMR (CCl,,
90 MHz) 6 1.28 (t, 3 H, J = 7.5 Hz), 1.91 (d, 3 H, J = 1.0 Hz),
422 (q,2 H,J = 7.5 Hz), 4.86 (q, 1 H, J = 1.0 Hz), 5.30 (s, 1 H);
IR (neat) 3125-2855, 2120, 1715, 1620, 1450, 1380, 1350, 1260, 1080,
870, and 770 cm™.,

A solution containing 5.5 g (35 mmol) of ethyl 2-diazo-3-
methyl-3-butenoate (38b) in 110 mL of n-octane was heated at
110 °C for 1 h, cooled to 25 °C, and concentrated under reduced
pressure. The white solid that precipitated out of solution was
recrystallized from benzene, to give 4.5 g (82%) of ethyl 4-
methyl-1H-pyrazole-3-carboxylate (40b): mp 156-157 °C; NMR
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(CDCl,, 90 MHz) 6 1.37 (t, 3 H, J = 7.0 Hz), 2.27 (s, 3 H), 4.42
(q,2 H,J =7.0Hz), 7.46 (s, 1 H), and 11.10 (br s, 1 H); IR (CHCly)
3470, 3400-2860, 1715, 1565, 1430, 1350, 1305, 1120, and 1065 cm™;
UV (95% ethanol) 221 (e 8100) and 241 nm (5600); MS m/e 154
(M+), 125, 109, and 81. Anal. Calcd for C7H10N202: C, 54.53;
H, 6.54; N, 18.17. Found: C, 54.50; H, 6.56; N, 18.09.

Preparation of Ethyl 5-Phenyl-1 H-pyrazole-3-carboxylate
(40c). Ethyl 2-diazo-3-hydroxy-4-phenylbutyrate (37¢) was
prepared in 68% yield from 5.64 g of phenylacetaldehyde: NMR
(CCl,, 90 MHz) 6 1.19 (t,3H,J =7.5Hz),2.89(d,2H,J = 7.0
Hz),3.51(d, 1 H,J = 4.5 Hz), 4.12 (q, 2 H, J = 7.5 Hz), 4.76 (dt,
1H,J = 7.0 and 4.5 Hz), and 7.19 (m, 5 H); IR (neat) 3705-3225,
3175-2795, 2140, 1695, 1505, 1460, 1390, 1300, 1125, 740, and 685
cmt. Ethyl 2-diazo-4-phenyl-3-butenoate (38¢) was prepared
(58%) by the dehydration of 5.0 g of the above alcohol: NMR
(CCl, 90 MHz) §1.26 (t,3H,J =7.0Hz),4.25(q,2 H,J = 7.0
Hz), 6.23 (AB, 2 H, J = 16.0 Hz), and 7.02-7.36 (m, 5 H); IR (neat)
3145-2900, 2150, 1715, 1635, 1450, 1375, 1315, 1250, 1110, 945,
and 730 cm™.

A solution containing 0.8 g (3.7 mmol) of ethyl 2-diazo-4-
phenyl-3-butenoate (38¢) in 16 mL of n-octane was heated at 110
°C for 1 h and cooled to 25 °C, and the solvent was concentrated
under reduced pressure. The white solid that precipitated from
the solution on cooling was filtered, washed with hexane, and
recrystallized from benzene, to give 0.65 g (82%) of ethyl 5-
phenyl-1H-pyrazole-3-carboxylate (40c): mp 138-139 °C; NMR
(CDClg, 90 MHz) 6 1.31 (t,3H,J =7.0Hz2),437(q,2H,J =
7.0 Hz), 7.25 (s, 1 H), and 7.45-8.05 (m, 5 H); IR (CHCly)
3390-2780, 1720, 1565, 1350, 1335, 1100, 1010, and 910 cm™; UV
(95% ethanol) 225 (e 17 500) and 247 nm (18000). Anal. Caled
for C;3H;sN,0,: C, 66.65; H, 5.59; N, 12.96. Found: C, 66.65;
H, 5.64; N, 12.92.

Preparation of Ethyl 4-Phenyl-1H-pyrazole-3-carboxylate
(40d). Ethyl 2-diazo-3-hydroxy-3-phenylbutyrate (37d) was
prepared in 90% yield by using 5.64 g of acetophenone: NMR
(CCl,, 90 MHz) 4 1.17 (t,3 H, J = 7.0 Hz), 1.6 (s, 3 H), 4.12 (q,
2H,J =17.0Hz),4.17 (brs, 1 H), and 7.2-7.95 (m, 5 H); IR (neat)
3705-3280, 3175-2860, 2120, 1695, 1590, 1450, 1365, 1110, 1050,
910, 760, and 690 cm™. Ethyl 2-diazo-3-phenyl-3-butenoate (38d)
was prepared (60%) by the dehydration of 2.7 g of the above
alcohol: NMR (CCl,, 90 MHz) 6 1.27 (t, 3 H, J = 7.5 Hz), 4.22
(q,2H,J =17.5Hz),5.19 (s, 1 H), 5.78 (s, 1 H), and 7.29 (s, 5 H);
IR (neat) 3125-2860, 2130, 1715, 1640, 1605, 1450, 1370, 1250, 1125,
1055, 875, 745, and 700 cm™.

A solution containing 0.83 g (3.8 mmol) of ethyl 2-diazo-3-
phenyl-3-butenoate (38d) in 17 mL of n-octane was heated at 110
°C for 1 h, cooled to 26 °C, and concentrated under reduced
pressure. The white crystalline solid that precipitated was re-
crystallized from benzene, to give 0.5 g (61%) of ethyl 4-
phenyl-1H-pyrazole-3-carboxylate (40d): mp 164-165 °C; NMR
(CDCly, 90 MHz) 6 1.25 (t,3H,J = 7.0 Hz),4.34 (q, 2 H, J =
7.0 Hz), 7.2-7.65 (m, 5 H), 7.83 (s, 1 H), and 10.60 (br s, 1 H);
IR (CHCly) 3470, 3390-2700, 1725, 1615, 1565, 1460, 1380, 1350,
1300, 1155, 1125, 1000, and 915 cm™’; UV (95% ethanol) 234 (¢
7700) and 257 nm (6100); MS m /e 216 (M*), 170, 114, 89, 77, 63.
Anal. Caled for C,oH;;N,0,: C, 66.65; H, 5.59; N, 12.96. Found:
C, 66.61; H, 5.65; N, 12.88.

Preparation of Ethyl 4,5-Cyclohexa-1H-pyrazole-3-
carboxylate (42). Ethyl 2-diazo-2-(1-hydroxycyclohexyl)acetate
was prepared in 89% yield by using 4.6 g of the cyclohexanone:
NMR (CCl,, 90 MHz) 6 1.20 (t, 3 H, J = 7.0 Hz), 1.2-1.91 (m,
10 H), 3.48 (s, 1 H), and 4.25 (q, 2 H, J = 7.0 Hz); IR (neat)
3705-3205, 3080-2840, 2130, 1695, 1370, 1325, 1170, 1100, 1030,
960, 895, 850, 780, and 740 cm™. Ethyl 2-diazo-2-(1-cyclo-
hexenyl)acetate (41) was prepared (80%) by the dehydration of
8.8 g of the above alcohol: NMR (CCl,, 90 MHz) § 1.25 (t, 3 H,
J = 7.0 Hz), 1.45-1.89 (m, 4 H), 1.99-2.3 (m, 4 H), 4.18 (q, 2 H,
J = 7.0 Hz), and 5.92-6.11 (m, 1 H); IR (neat) 3080-2840, 2130,
1720, 1450, 1385, 1325, 1250, 1150, 1025, 915, 785, and 755 cm™.

A solution containing 4.7 g (24 mmol) of ethyl 2-diazo-2-(1-
cyclohexenyl)acetate (41) in 94 mL of octane was heated at 110
°C for 1 h, cooled to 25 °C, and concentrated under reduced
pressure. The white crystalline solid that precipitated was re-
crystallized from hexane, to give 3.0 g (65%) of ethyl 4,5-cyclo-
hexa-1H-pyrazole-3-carboxylate (42): mp 90-91 °C; NMR (CDCl,,
90 MHz) § 1.31 (t,3 H, J = 7.5 Hz), 1.65-1.9 (m, 4 H), 2.59-2.87
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(m, 4 H), 4.35 (nq, 2 H, J = 7.5 Hz), and 10.8 (br s, 1 H); IR
(CHCl,) 3510, 3450-3080, 3050-2800, 1720, 1570, 1470, 1400,
1280-1160, 1135, and 1000 cm™; UV (95% ethanol) 221 (e 8100)
and 241 nm (5600); MS m/e 154 (M%), 125, 109, 81. Anal. Caled
for C;H;(N,0,: C, 54.53; H, 6.54; N, 18.17. Found: C, 54.50; H,
6.56; N, 18.09.

Preparation of Ethyl 5-Methyl-1-phenyl-1 H-pyrazole-3-
carboxylate (45). Ethyl 2-diazo-3-hydroxy-4-phenylpentanoate
was prepared in 62% yield by using 6.3 g of 2-phenylpropion-
aldehyde: NMR (CCl,, 60 MHz) 6 1.10 (t, 3 H, J = 7.0 Hz), 1.32
(d,3H, J = 7.5 Hz), 2.91 (oct, 1 H,J = 7.5 Hz), 3.82 (d, 1 H, J
= 5.0 Hz), 4.03 (q, 2 H, J = 7.0 Hz), 4.62 (dd, 1 H, J = 7.0 and
5.0 Hz), and 7.28 (br s, 5 H); IR (neat) 36253205, 3030-2810, 2100,
1755, 1680, 1495, 1450, 1370, 1300, 1125, 1010, 920, 765, and 700
cm™l. Ethyl 2-diazo-4-phenyl-3-pentenoate (43) was prepared
(71%) by the dehydration of 4.1 g of the above alcohol: NMR
(CCl,, 90 MHz) 6 1.25 (t, 3 H, J = 7.0 Hz), 2.17 (s, 3 H), 4.18 (q,
2H,J = 7.0 Hz), 5.59 (s, 1 H), and 7.09-7.5 (m, 5 H); IR (neat)
3125-2840, 2090, 1695, 1450, 1370, 1280, 1190, 1125, 1030, 745,
and 700 cm™.

A solution containing 0.46 g (2 mmol) of ethyl 2-diazo-4-
phenyl-3-pentenoate (43) in 9.2 mL of n-octane was heated at 110
°C for 1 h and cooled to 25 °C, and the solvent was removed under
reduced pressure. The residue was purified by flash silica gel
chromatography using a 1% acetone—hexane mixture as the eluent,
to give 0.4 g (87%) of ethyl 5-methyl-1-phenyl-1H-pyrazole-3-
carboxylate (45) as a yellow oil: bp 73 °C (0.03 mm); NMR (CCl,),
90 MHz) 4 1.15 (t, 3 H, J = 7.0 Hz), 2.09 (d, 3 H, J = 1.0 Hz),
402 (q,2H,J =7.0Hz),6.08 (q,1 H, J = 1.0 Hz), and 7.07-7.6
(m, 5 H); IR (neat) 3115~2790, 1735, 1470, 1380, 1300, 1280-1205,
1100, 1030, 890, 770, 730, and 700 cm™; UV (95% ethanol) 222
(€ 12000) and 254 nm (7000); MS m/e 230 (M*), 201, 172, 161,
145,133, 105, 77. Anal. Caled for C;3H,,N,O4: C, 67.81; H, 6.13;
N, 12.17. Found: C, 67.58; H, 6.24; N, 12.14.

Preparation of Ethyl 5-Phenyl-6,7-benzo-3H-1,2-diaze-
pine-3-carboxylate (48). Ethyl 2-diazo-4,4-diphenyl-3-
hydroxybutyrate was prepared in 56% yield by using 9.2 g of
diphenylacetaldehyde: NMR (CCl,, 60 MHz) é 1.12 (t, 3 H, J
= 7.0 Hz), 3.19(d, 1 H, J = 5.0 Hz), 4.01 (¢, 2 H, J = 7.0 Hz),
4.04 (d, 1 H,J = 9.0 Hz), 5.21 (dd, 1 H, J = 9.0 and 5.0 Hz}, and
6.95-7.41 (m, 10 H); IR (neat) 3705-3250, 3175-2900, 2130, 1695,
1600, 1495, 1365, 1295, 1205, 1100, 820, 745, and 680 cm™. Ethyl
2-diazo-4,4-diphenyl-3-butenoate (46) was prepared (64%) by the
dehydration of 3.3 g of the above alcohol: NMR (CCl,, 60 MHz)
6129 (t,3H,J =175Hz),425(q,2 H,J = 7.5 Hz),6.22 (s, 1
H), and 7.1-7.51 (m, 10 H); IR (neat) 3155-2820, 2095, 1710, 1590,
1450, 1370, 1225, 1090, 1005, 760, and 690 cm™.,

A solution containing 0.7 g (2.4 mmol) of ethyl 2-diazo-4,4-
diphenyl-3-butenoate (46) in 14 mL of n-octane was heated at
110 °C for 1 h, cooled to 25 °C, and concentrated under reduced
pressure. The residue was purified by flash silica gel chroma-
tography using a 1% acetone—hexane mixture as the eluent, to
give 0.5 g (70%) of ethyl 5-phenyl-6,7-benzo-3H-1,2-diazepine-
3-carboxylate (48) as a colorless oil: NMR (CCl,, 90 MHz) ¢ 1.28
(t,3H,J =70Hz),4.08(q,2H,J =7.0Hz),431 d,1H,J =
3.0 Hz), and 7.05-7.61 (m, 10 H); IR (neat) 31952855, 1735, 1600,
1495, 1450, 1300, 1235, 1090, 755, and 690 cm™; UV (95% ethanol)
230 (¢ 23000) and 259 nm (6000); MS m/e 292 (M*), 264, 235,
192, 191, 189, 165, 149, 115, 105, 77, and 63. Anal. Caled for
CisHeNoO,: C, 73.96; H, 5.52; N, 9.58. Found: C, 73.78; H, 5.54;
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While most organic sulfides were not oxidized by dimethyl sulfoxide (DMSO), the alkyl 2-chloroethyl sulfides
and bis(2-chloroethyl) sulfide slowly reacted with DMSO to produce the corresponding sulfoxides at 25-70 °C
under nitrogen. The mechanism of the oxidation is proposed to involve nucleophilic substitution by DMSO followed
by neighboring sulfur participation to form a transient sulfonium ion with a four-membered ring structure. The
sulfonium ion intermediate rapidly reacts with the chloride ion to produce 2-chloroethyl sulfoxides. 2-Hydroxyethyl
sulfoxides were also produced, probably due to the presence of a trace amount of water in the DMSO. This reaction
demonstrates, for the first time, the unique reactivity of 2-chloroethyl sulfides in DMSO.

Introduction

The versatile chemical nature of dimethyl sulfoxide
(DMSO) is well appreciated and has been the subject of
many reviews.'® Besides being one of the most prominent
members of the family of polar, aprotic solvents,! DMSO
also functions as a nucleophilic reagent at both the oxygen
and sulfur terminals, and thus behaves as either a “hard”
or a “soft” base. Because of this characteristic, DMSO has
often been used as a mild oxidizing agent in organic syn-
thesis.25¢ The oxidizing capacity of DMSO was shown to
be somewhat dependent on its ability to act as a nucleo-
phile.? There was also a strong indication that most of the
DMSO oxidations involved the same alkoxydimethyl-
sulfonium salt intermediate, 1.2 This intermediate can be
formed via the activating process illustrated in eq 1. For
example, the oxidation of a primary alcohol to an aldehyde
usually follows this mechanism.5¢8 On the other hand, the
oxidation of a primary alkyl halide or tosylate to its cor-
responding aldehyde, known as the Kornblum reaction,®!
usually follows the mechanism descried by eq 2. However,
in either case, a base is required in order to achieve the
formation of the aldehyde or ketone.
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Bis(2-chloroethyl) sulfide (mustard, 2a), is a toxic
chemical agent due to its high reactivity toward proteins
and DNAs to induce systematic biochemical and mor-
phological changes in mammalian tissues.!>!® Its tendency
to form a reactive, three-membered ring sulfonium ion in
polar media also accounts for its susceptibility to a variety
of nucleophiles, including water.!* Interestingly, its sul-
foxide and especially its hydrolysis product, thiodiglycol,
are relatively harmiess,'? and these compounds are often
goals in the chemical detoxification of mustard. It is the
purpose of this study to examine the possible oxidation
of mustard and other 2-chloroethyl sulfides by the nu-
cleophilic oxidizing agent, DMSO, in an inert atmosphere
and in the absence of any other reagents such as base at
relatively mild temperatures.

Results and Discussion

Reaction Products. 3C NMR spectroscopy (see the
Experimental Section) was used to monitor the oxidation
of 2-chloroethyl sulfides in DMSO. The *C NMR chem-
ical shifts of several compounds containing alkyl sulfides
and their sulfoxides have been reported in the litera-
ture.!>18 It was observed that the chemical shifts of the
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