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In order to evaluate the electron transfer ability of organocopper reagents, the reactions of appropriate Michael
acceptors with methyl- and butylcopper reagents were investigated. The reaction of trimethyl ethylene-1,1,2-tricarbox-
ylate (1a) with methylcopper reagents gave a mixture of the conjugate adduct 2a and reduction product 3a in good to
high yields. The ratio of 2a and 3a varied with the copper species and decreased in the following order: MeCu(CN)-
Li > MeCu > Me,Cu(CN)Li; 3> Me,;CuLi > MesCuLi,. It was confirmed by '3C NMR studies and oxidation experiments
of the intermediate copper species that the reduction product 3a was produced via an electron transfer process and that the
conjugate adduct 2a was afforded through a nucleophilic attack of MeCu'Ln. Consequently, the electron transfer ability
of methylcopper reagents is in the following order: Me;CuLi; > Me,CulLi >»> Me,Cu(CN)Li> > MeCu > MeCu(CN)Li.
By similar experiments using 3-cyclopropyl-2-methoxycarbonyl-3-phenyl-2-propenoate (9) as a Michael acceptor, we
concluded that the electron transfer ability of butylcopper reagents is in the order of BuyCuLi > BuCu(CN)Li ~ Bu,Cu-
(CN)Li; > BuCu, and that its ability of butylcopper reagents is higher than that of the corresponding methylcopper

reagents.

The popularity of organocopper complexes as reagents in
organic synthesis” has brought forth numerous mechanis-
tic investigations of both substitution and conjugate addition

reactions.? Concerning conjugate addition, cuprate-olefin 7t~

complexes have been detected by NMR spectroscopy?>229

and it is proposed that the complexes go on to form Cu-
(1) intermediates (nucleophilic addition process).” In ad-
dition to this plausible and currently more accepted mech-
anism, an electron-transfer process from RCulLn to unsat-
urated substrates has been proposed frequently as a sec-
ond mechanism.*> Both processes may take place compet-
itively. In the second mechanism, there must be a correla-
tion between the electronic requirements of the organocop-
per reagents and the electronic demands of the enones and
enoates. The correlation may also play an important role for
controlling formation of the m-complexes in the first mecha-
nism. The electron-accepting ability of the substrates can be
elucidated from their polarographic one-electron reduction
potentials.*—® Little is known, however, about the electron-
donating ability of the reagents. We attempted to measure
the oxidation potential of copper reagents using physico-
chemical methods, but all trials resulted in failure due to
their instability.” However, we have found that the order of
electron transfer ability for methylcopper reagents can be
estimated by ratios of the conjugate adduct 2a and reduc-
tion product 3a in the reaction of trimethyl ethylene-1,1,
2-tricarboxylate (1a) with methylcopper reagents (Eq. 1).¥
We now wish to report a fully detailed work of the previous
study, together with application of this estimation method to
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Results and Discussion
Methylcopper Reagents. Product Distribution.  Pre-

viously we reported that the reactions of diethyl fumarate,
diethyl maleate, triethoxycarbonylethylene (1b) and tetra-
ethyl ethylene-1,1,2,2-carboxylate with butyl- and methyl-
copper reagents gave a mixture of the corresponding conju-
gate adducts and reduction products, and the ratios of these
two major products depended upon both the reagent type and
reaction conditions.” It occurred to us that, by a proper choice
of the Michael acceptors, we might be able to evaluate the
electron transfer ability of methylcopper reagents from the
product ratios; in the previous reactions, either the conjugate
adduct or reduction product was obtained exclusively accord-
ing to the conditions, and the intermediate ratios which would
enable one to discuss the order of electron transfer ability of
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methylcopper reagents were not obtained. One probable rea-
son why exclusive formation of either the reduction or con-
jugate addition product took place in the previous systems
would be that the electron acceptability of the Michael ac-
ceptors was either too strong or too weak in comparison with
the electron-donating ability of the methylcopper reagents.
For example, the reaction of tetraethyl ethylene-1,1,
2,2-carboxylate with any methylcopper reagents gave tetra-
ethyl ethane-1,1,2,2-tetracarboxylate, a reduction product, in
essentially quantitative yield; the reaction of diethyl ethyl-
ene-1,1-dicarboxylate derivatives with those methylcopper
reagents afforded the corresponding diethyl ethylmalonate
derivatives, a conjugate adduct, in essentially quantitative
yields; and the reaction of triethoxycarbonylethylene (1b)
with dimethylcuprate-BF; reagent gave the conjugate adduct
2b exclusively.”

After several trials, we found that the reaction of tri-
methyl ethylene-1,1,2-tricarboxylate (1a) with methylcopper
reagents was a suitable system to investigate the scale of the
electron-donating ability of the organocopper reagents. The
reaction gave a mixture of the methyl transfer 2a and reduc-
tion product 3a in high yields (Eq. 1). To a diethyl ether solu-
tion of MeCuLn (2 mmol) cooled at —78 °C was added a di-
ethyl ether solution of 1a (1 mmol). The mixture was stirred
for 5 min at —78 °C and allowed to warm to 0 °C. After stir-
ring for 1 h at 0 °C, the reaction was quenched by adding sat-
urated aqueous NH4Cl solution. In addition to the two major
products, small to trace amounts of the reductive coupling
product of 1a [(MeO,C),CH(MeO,C)CH], and the meth-
oxy adduct MeO(MeO,C)CHCH(CO;Me), were produced
in some cases. The 2a:3a ratio-MeCuLn plots are shown
in Fig. 1. The ratio of 2a:3a decreased in the following
order: MeCu(CN)Li-LiBr>MeCu-Lil-LiBr>Me,; Cu(CN)-
Li;-2LiBr > Me,CuLi-Lil-2LiBr > Mes;CuLi,-Lil-3LiBr.
The higher order reagent Me,Cu(CN)Li,'® may be bet-
ter represented as Me,CuLi-LiCN.'"” We are not concerned
about the exact structure, but watch the species as a reagent
system. Methylcopper was prepared from Cul and MeLi,
which contained an equimolar amount of LiBr,'® and there-
fore is represented as MeCu-Lil-LiBr. The ratio was depen-
dent also on solvent; in the reaction of Me;CuLi,-Lil-3LiBr
the ratio of 2a to 3a was 18: 82 in ether (Fig. 1), whereas it
was 27 : 73 in THF and 37 : 63 in toluene. The results for the
reactions of methylcopper-additive reagents as well as the
detailed results of Fig. 1 are summarized in Table 1.

As mentioned above, no reduction product 3a was ob-
tained with MeCu(CN)Li (Entry 1) and in the cases of MeCu
and MeLi/2Cul small amounts of 3a were produced along
with a major product 2a (Entries 2 and 3). The yield of 3a
increased slightly with a higher order cyanocuprate reagent
(Entry 4), and it increased very much with Me,Cul.i and
MesCuLi, (Entries 5 and 6). The yields of the reduction
product 3a increased with increase of the molar ratio of MeLi
to Cul. Very interestingly, the use of BF;-OEt,'® as an ad-
ditive led to an increase of the conjugate adduct 2a (Entry 7
versus 4, Entry 8 versus 5, and Entry 9 versus 6). A similar
trend was observed when TMSCI'*'> was used as an additive
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Fig. 1. MeCuLn dependence of the ratio of 2a: 3a.

Table 1. Reaction of 1a with Various Methylcopper Reagents®

Entry Reagent Product ratio® Isolated yield of
2a: 3a 2a+3a (%)
1 MeCu(CN)Li ca.100: 0 74
2 MeLi/2Cul 99:1 73
3 MeCu 97:3 72
4  Me,Cu(CN)Li, 92: 8 81
5 Me;Culi- 37:63 91
6 Me;CuLix 18: 82 82
7 Me;Cu(CN)Liz-BF;3 ca. 100: 0 88
8 Me,CuLi-BF3 ca. 100: 0 63
9 Mes;CuLi;-BF;3 97:3 75
10 MeCu(CN)Li-TMSC1 ca. 100: 0 90
11 MeCu-TMSCI ca.100: 0 71
12 Me,Cu(CN)Li-TMSCI ca. 100: 0 54
13 Mes;Cu(CN)Li3-TMSCI 95:5 99

a) For simplicity, Lil and LiBr as compositions of the reagents
are omitted. For example, the real composition of MesCuLi, is
Me;CuLi,-Lil-3LiBr. Me,CuLi-BF3; means that one equivalent
BF3-OEt, was added to one equivalent Me, CuLi.  b) Determined
by 'HNMR.

(Entries 11, 12, and 13). Although the precise reason for this
effect of the additives is not clear, exclusive formation of the
conjugate adduct is synthetically useful.?

The above investigation was carried out using MeLi which
contained an equimolar amount of LiBr. Reactions of 1a with
methylcopper reagents, generated from salt-free MeLi and
copper(I) cyanide (or copper(l) iodide), were studied in order
to know the effect of LiBr upon the product distribution of
2a and 3a. The reaction of 1a with MeCu(CN)Li, generated
from MelLi (salt-free) and CuCN, gave a 98 : 2 mixture of 2a
and 3a in 64% yield. The use of MeCu(CN)Li-LiBr afforded
a ca. 100:0 mixture of 2a and 3a in 74% yield (Entry 1,
Table 1). Accordingly, the influence of LiBr upon the ratio
was negligible, although it exerted a significant influence on
the chemical yield; the reagent involving LiBr gave higher
yield than the salt-free reagent. A similar trend was observed
for MeCu, Me,Culi, and Me;CuLi,. The use of MeCu-Lil
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Scheme 1. Nucleophilic addition versus electron transfer process.

gave a ca. 100 : 0 mixture of 2a and 3a in 38% yield, that of
Me,Cu(CN)Li, afforded a ca. 100 : 0 mixture of 2a and 3a
in 58% yield and that of Me3;CuLi,-Lil produced a 22:78
mixture of 2a and 3a in 56% yield (cf. Entries 3, 4, and 6
of Table 1). Consequently, we thought that the influence
of LiBr upon the ratio of 2a and 3a is negligible; MeLi
containing an equimolar amount of LiBr was therefore used
for the experiments mentioned below.

It has been believed for a long time in organocopper
chemistry, without concrete evidence, that a reduction prod-
uct is produced via an electron transfer process,'® and
more recently it is being accepted by significant num-
ber of organocopper chemists that the conjugate addi-
tion of organocopper(I) reagents to Michael acceptors pro-
ceeds through a Cu(ll) intermediate, followed by reduc-
tive coupling.*>!” If the reduction of 1a took place via
a one electron transfer process as the initial step and the
conjugate addition occurred via a nucleophilic addition of
Cu(l) species to the Michael acceptor, the order of meth-
ylcopper reagents (MeCu(CN)Li < MeCu < Me,Cu(CN)-
Li; < Me,CuLi<Me;Culi,), which was obtained from the
ratio of 3a and 2a, would correspond to the order of the
electron transfer ability of the reagents.
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Fig. 2. BCNMR spectra of the reaction of 1a (*3C-enriched)
with MesCuLi, in diethyl ether at 0 °C.

Mechanistic Study Using NMR Spectroscopy. Inorder
to confirm the generally accepted pathways for the reduction
and conjugate addition, the reactions of 1a with MeCuLn
were quenched with D,O-DCI, instead of NH4Cl-H,O. The
reduction product 3a[D;], obtained using any MeCulLn, con-
tained two deuteriums at the a- and f-positions, whereas
one deuterium was incorporated into the a-position of the
conjugate adduct 2a[D1]. The deuterium at the a-position
was exchanged significantly for hydrogen during the work-
up procedure, but the deuterium at the -position was not
exchanged.'®

A possible reaction mechanism, based on this observation
and the generally accepted pathways, is shown in Scheme 1.
Transfer of one electron from MeCuLn would produce the
radical anion 4, and further electron transfer would give the
dianion 5. These intermediates (4 and 5) may react with
MeCu'Ln to afford the Cu(Il) 6 and Cu(l) 7 species, respec-
tively. Itis not clear at present whether 3a[D,] was produced
via 6 or via 7. The ratio of 2a: 3a and the deuterium content
in 3a did not depend on the reaction time, suggesting that 6
(or 7) would be stable at 0 °C. We intended to detect the in-
termediate 6 (or 7) by 3C NMR spectroscopy. The 1°C NMR
spectrum of the stable intermediate, obtained from the addi-
tion of 2 equiv Me;CuLi, to '3C-enriched 1a (EC*H=CE,),

Table 2. Reaction of 9 with Butylcopper Reagents®

Entry Reagent Product ratio®  Isolated yield of
10: 11 10-+11(%)
1 n-BuCu 79: 21 92
2 n-Bu, Cu(CN)Li, 53:47 95
3 n-BuCu(CN)Li 47:53 90
4 n-Bu,CuLi 33: 67 99

a) Butylcopper reagents were prepared from CuCN (or Cul) and
BuLi which contained an equimolar amount of LiBr. b) Deter-
mined by 'THNMR.
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is shown in Fig. 2. The intermediate was stable at 0 °C at
least for 8 h; it gave 3a[D,] upon quenching with D;*0O. A
signal at 6=43.13 was assigned to the -carbon of the inter-
mediate. The f-carbon of 3a appeared at =32.96 and that
'of 2a at $=39.11. If the intermediate adopts a copper enolate
form LnCuO(MeQ)C=C*HC~E,, instead of an a-cuprio es-
ter structure, the 5-carbon (C*) should appear at much lower
field, i.e. d=ca. 150 ppm. The a-carbon of the intermediate
was not observable because of non-'3C-enriched carbon as
well as the presence of a minus charge. The [-carbon of
the precursor of a minor product 2a[D;], MeEC*HC™E,,
was not observable in Fig. 2; the reason for this was not
clear. When a diethyl ether solution of this intermediate was
kept under O, atmosphere, only trace amounts of 3a were
detected and 2a was obtained exclusively; 2a:3a=>99:1,
and the total yield was 85%. This clearly indicates that the
intermediate (6 or 7) was oxidized to an unstable Cu(IIl)
species with O, which instantaneously gave 2a via reduc-
tive elimination. Taken together, the stable intermediate is
either Cu(Il) 6 or Cu(I) 7 species and the Cu(Ill) intermediate
8 is very unstable. It is now clear that the reduction product
3a arises via an electron transfer process, whereas the adduct
2a is produced through the nucleophilic addition.
Butylcopper Reagents. Next, we examined the reaction
of 1a with butylcopper reagents such as BuCu, BuCu(CN)Li,
Bu,CulLi, and Bu,Cu(CN)Li,, but the reduction product 3a
was obtained exclusively and none of the conjugate adduct
was obtained. This observation suggested that the tris(alk-
oxy carbonyl) substituted olefines 1 would be too strong
as an electron acceptor for the butylcopper reagents, and
also suggested that the electron-donating ability of the bu-
tylcopper reagents would be higher than that of the corre-
sponding methylcopper reagents. We searched for another
appropriate Michael acceptor which might make it possible

Ph
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to evaluate the electron-donating ability of the butyl- and
methylcopper reagents. After several attempts, we found
that the bis(methoxy carbonyl) substituted olefin 9 bearing
phenyl and cyclopropyl groups'® was most suitable to this
study. The results of the reactions of 9 with butylcopper
reagents are summarized in Table 2 (Eq. 2). The reaction of
9 with n-BuCu-LiBr-Lil gave a 79 : 21 mixture of the conju-
gate adduct (1,7-adduct) 10 and the reduction product 11 in
92% yield (Entry 1). The reactions of 9 with lower order and
higher order cyanocuprate reagents afforded nearly a 50: 50
mixture of 10 and 11 in high yields (Entries 2 and 3). The re-
action with Gilman cuprate gave a 33 : 67 mixture of 10 and
11in99% yield (Entry 4). Consequently, the electron transfer
ability of the butylcopper reagents is in the following order;
n-Buy, CulLi > n-BuCu(CN)Li ~ n-Bu, Cu(CN)Li, >n-BuCu.
This order is in good agreement with the order observed in
the case of the methylcopper reagents. The reactions of 9
with methylcopper reagents were also investigated (Eq. 3).
The reactions with Me3;CuLi,, Me,CuLi, and Me,Cu(CN)-
Li, gave the 1,7-conjugate adduct 12 in high yields and no
reduction product 11 was obtained. These results clearly
indicate that the electron transfer ability of the butylcopper
reagents is higher than that of the methylcopper reagents.
The one-electron reduction potentials of the Michael accep-
tors 1a and 9 were measured with cyclic voltammetry (vs.
SCE in THF with 0.1 M BuyNBF,). The reduction poten-
tial of 1a was —1.06 V, whereas that of 9 was —1.21 V.
Therefore, only the reduction product 3a was obtained in
the reaction of BuCuLn with 1a, which possessed higher
reduction potential, whereas a mixture of the 1,7-adduct 10
and reduction product 11 was produced in the reaction of
BuCuLn with 9, which possessed lower reduction potential.
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Scheme 2. Nucleophilic addition versus electron transfer process.
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The reactions of 9 with BuyCuLi and Me,;CuLli were
quenched with D,O/DBr in a similar manner to that men-
tioned above. The 1,7-conjugate adduct 10[Dy] contained
one deuterium (>95%) at the a-position, whereas the re-
duction product 11[D,] contained two deuteriums both at
the a- and w-positions (Eq. 4); the content of deuterium at
the w-position was >85% although that at the a-position
was >95%. These observations are in good agreement with
those made in the reaction of 1a with MeCulLn, in which the
1,4-conjugate adduct 2a contained one deuterium at the a-
position and the reduction product 3a two deuteriums at the
- and B-position. The 1,7-conjugate adduct 12[D;] ob-
tained in the reaction of 9 with Me,CuLi also incorporated
one deuterium at the a-position (Eq. 5). Accordingly, it is
most probable that the reaction of 9 with BuCuLn proceeds
though pathways similar to those shown in Scheme 1. Plausi-
‘ble paths of the reaction of 9 are shown in Scheme 2. First, the
copper reagent (RCu'Ln) would attack a cyclopropyl carbon
conjugated with enoate to give Cu(Ill) intermediate 17. The
intermediate would undergo reductive coupling very rapidly
to produce the 1,7-conjugate adduct 10[D;] upon hydrolysis
with D,0O. On the other hand, one electron transfer from the
copper reagent (RCu'Ln) to 9 would give the radical anion
13. Further reaction of 13 with RCu'Ln would produce Cu-
(1) intermediate 15. The reduction product 11[D,] would
be affoerded by quenching the intermediate with D,O. Alter-
natively, one electron could be transferred from the copper
reagent (RCu'Ln) to the radical anion 13, which would give
the dianion 14. The reaction of 14 with RCu'Ln would pro-
duce the Cu(I) intermediate 16, which would give 11[D-]
upon deuterolysis. We also examined the reactions of 1
and 9 with phenylcopper reagents and vinylcopper reagents.
However, a mixture of polymeric products was obtained with
these organocopper reagents. Therefore, 1 and 9 can be uti-
lized as a Michael acceptor in order to determine the electron-
donating ability of alkylcopper reagents.
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Conclusion

The electron transfer ability of methylcopper reagents is
in the following order: Mes;CuLi; > Me,;CuLi > Me,Cu-
(CN)Li; >MeCu>MeCu(CN)Li. The electron transfer abil-
ity of butylcopper reagents is in the following order: n-
Bu,CuLi>n-BuCu(CN)Li ~ n-Bu, Cu(CN)Li; >n-BuCu. A
comparison between BuCuLn and MeCuLn has been made;
butylcopper reagents donate an electron to the Michael ac-
ceptors 1 and 9 more easily than methylcopper reagents. The
order reported here may be useful for considering the mech-
anism of organocopper reactions and for designing organic
synthesis via organocopper reagents.

Experimental

General Methods. Melting points were determined on ei-
ther a Yamato MP-21 capillary melting point apparatus or a MRK.
No. 8026. Analytical thin-layer chromatography (TLC) was per-
formed on E. Merck precoated silica gel 60F,s4 plates. Solvents
for extraction and chromatography were reagent grade. THF and
diethyl ether were distilled from benzophenone ketyl under argon
immediately prior to use. Dichloromethane and carbon tetrachlo-
ride were distilled from calciom hydride under argon immediately
prior to use. Butyllithium and methyllithium were obtained from
the Kanto Chemical Co., Inc., and Aldrich Chemical Company, re-
spectively, as standardized solutions. In vacuo removal of solvent
refers to the use of a rotary operating aspirator and then rotary pump
pressure. Column chromatography was carried out with E. Merck
silica gel 60 (70—230 mesh ASTM). Flush chromatography was
carried out with E. Merck silica gel 60 (230—400 mesh ASTM).
HPLC was performed on a Hitachi L-6000 model using a Gasukuro
Kogyo HPLC Packed Column Intertisil SIL (5 pm 4.6x250 nm).
GC analysis was carried out on a Shimadzu 14A model equipped
with a fused silica-capillary column (Shimadzu CPB1-M25-025).
Infrared spectra were recorded on a Hitachi model 260-10. Peaks
are recorded (in cm’l). NMR spectra were recorded on JEOL
GSX-270 and GSX-400 spectrometers. Data are reported as fol-
lows: chemical shift, multiplicity (s=singlet, d=doublet, t=triplet,
gq=quartet, m=multiplet), coupling constants in (Hz), and assign-
ments. Low-resolution mass spectra were obtained on a Hitachi M-
25008 spectrometer using electron impact (EI) values obtained at
13.5 eV. High-resolution mass spectra were obtained on a JEOL
JMS-HX 110. Combustion analyses were performed by the Analyt-
ical Center of the Graduate School of Science at Tohoku University.

Reactions of Alkylcopper Reagents. To a diethyl ether
solution of MeCuLn (2 mmol) cooled at —78 °C was added a di-
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ethyl ether solution of substrate (1 mmol). The mixture was stirred
for 5 min at —78 °C and allowed to warm to 0 °C. After stirring for
1 h at 0 °C, the reaction was quenched by adding aqueous NH4Cl
solution. The usual workup gave the products, whose isomer ratios
were determined by '"HNMR. Alkylcopper reagents were prepared
as follows. MeLi/2Cul: An ether solution of MeLi (1.0 mmol)
was slowly added to a precooled ether (2 mL) suspension of Cul
(380.9 mg, 2.0 mmol) at 0 °C; stirring was continued for 10 min
at this temperature, and then the mixture was cooled to —78 °C.
MeCu: An ether solution of MeLi (2.0 mmol) was slowly added to
aprecooled ether (2 mL) suspension of Cul (380.9 mg, 2.0 mmol) at
0 °C; stirring was continued for 10 min at this temperature, and then
the mixture was cooled to —78 °C. Me,CuLi: The procedure was
similar to the above, except for the use of 2 equiv MeLi. Me;CuLi,:
MelLi (3 equiv) was used, and the rest of the procedure was the same
as above. MeCu(CN)Li: An ether solution of MeLi (2.0 mmol)
was added slowly to a precooled ether (2 mL) suspension of CuCN
(190.2 mg, 2.0 mmol) at —78 °C. The mixture was allowed to
warm to 0 °C, and a homogeneous solution was obtained. After
10 min, the solution was cooled to —78 °C. Me,Cu(CN)Li,: The
procedure was similar to the above, except for the use of 2 equiv
of MeLi. Me3;Cu(CN)Lis: MeLi (3 equiv) was used, and the rest
of the procedure was the same as above. MeCuLn-BF;: BF3-OEt,
(0.25 mL., 2.0 mmol) was added to each MeCuLn at —78 °C, and
the mixture was stirred for 5 min. MeCuLn-TMSCI: TMSCI (2.0
mmol) was added to each MeCuLn at —78 °C, and the mixture
was stirred for 5 min. BuCuLn: The procedure was similar to that
above, except for the use of BuLi-hexane solution instead of MeLi
and for the use of —50 °C instead of 0 °C.

Trimethyl Ethylene-1,1,2-tricarboxylate (1a).2”  In a 200-
mL flask were placed potassium carbonate (41.5 g, 0.30 mol), di-
methyl malonate (20.0 g, 0.15 mol), methyl chloroacetate (10.8 g,
0.10 mol), and acetone (100 mL), and the mixture was refluxed for
18 h. Precipitates were filtered and the solvent was evaporated.
Addition of 1 M HCI, extraction three times with ether, washing
with saturated NaHCO3 aqueous solution and brine, drying with
anhydrous MgSQ,, concentration under vacuum, and purification
by distillation under reduced pressure (2.0 mmHg, 102—110 °C,
1 mmHg=133.322 Pa) gave trimethyl ethane-1,1,2-tricarboxylate
(8.23 g) in 41% yield. To a CCly solution (300 mL) of trimethyl-
ethane-1,1,2-tricarboxylate (41.6 g, 0.204 mol) was added dropwise
bromine (11.1 mL, 0.166 mol) under the irradiation of a Hg lamp.
The mixture was stirred for 8 h. After removal of bromine and CCly
under reduced pressure, ether (200 mL) was added. Triethylamine
(30 mL, 0.215 mol) was added dropwise at 0 °C, and the mixture
was stirred for 2 h. Washing three times with water, extraction
three times with ether, washing again with brine, drying with an-
hydrous MgSO4, concentration under vacuum, and purification by
recrystallization gave 1a in 49% yield.

13C.Enriched Trimethyl Ethylene-1,1,2-tricarboxylate. >C-
enriched bromoacetic acid (BrC*H,COOH), which was commer-
cially available from Nippon Sanso, was converted to the corre-
sponding methy! ester upon treatment with diazomethane. The rest
of the procedure was the same as above.

3- Cyclopropyl-2- methoxycarbonyl- 3- phenyl- 2- propenoate
(9). Dry THF (100 mL) was placed in a 300-mL flask kept at 0 °C
under Ar, and TiCls (3.8 mL, 34.4 mmol) was added with a syringe
to give a yellow suspension. Dimethyl malonate (17.3 mmol) and
then cyclopropyl phenyl ketone (17.2 mmol) were added. The color
of the solution changed from yellow to brown. Addition of pyridine
(5.6 mL, 69 mmol) gave a deep red-brown solution. The mixture
was stirred for 2 d at room temperature. Addition of saturated
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aqueous NH,4CI solution, extraction three times with ether, wash-
ing the organic layer with saturated aqueous NaCl solution, drying
with anhydrous MgSO4, concentration under vacuum, and purifi-
cation by silica-gel column chromatography gave 9 in 73% yield.
IR (thin film) 3017, 2953, 1736, 1721, 1611, 1593, 1491, 1435,
1323, 1229, 1075, 1013, 766 cm™'. Anal. Calcd for CisHysOs:
C, 69.22; H, 6.20%. Found: C, 69.16; H, 6.32%. 'HNMR (400
MHz, CDCl3) 6=7.35—6.98 (m, 5H), 3.83 (s, 3H), 3.38 (s, 3H),
2.75 (ddd, J=8.3, 5.1, 3.2 Hz, 1H), 0.88 (m, 2 H), 0.50 (m, 2H).
BCNMR (100 MHz, CDCl3) §=165.9, 165.7, 162.5, 134.6, 128.1,
127.9, 127.5, 125.1, 52.2, 51.8, 15.1, 6.9. HRMS (EI) Calcd for
Ci5H1604+: M, 260.1049. Found: m/z 260.1052.

Methyl 2-Methoxycarbonyl-3-phenyl-3-decenate (10). IR
(thin film) 2955, 2930, 2857, 1759, 1738, 1599, 1495, 1435, 1379,
1312, 1194, 1148, 1036, 770 cm™'. Anal. Calcd for C19Hzs04: C,
71.67; H, 8.23%. Found: C, 71.41; H, 8.35%. 'HNMR (400 MHz,
CDCl3) 6=7.42—7.13 (m, 5H), 591 (t, J=7.3 Hz, 1H), 4.75 (s,
1H), 3.67 (s, 6H), 2.17 (dt, J=7.3, 7.3 Hz, 2H), 1.50—1.20 (m, 8H),
0.89 (br t, J=6.8 Hz, 3H). "CNMR (100 MHz, CDCl;) 6=168.9,
141.7, 136.4, 132.5, 128.1, 127.1, 127.0, 54.1, 52.6, 31.7, 29.14,
29.05, 29.05, 22.6, 14.1. HRMS (EI) Calcd for CioHz604+: M,
318.1831. Found: m/z 318.1834.

Methyl 2-Methoxycarbonyl-3-phenyl-3-hexenate (11). IR
(thin film) 3017, 2953, 1736, 1721, 1611, 1593, 1491, 1435, 1323,
1229, 1075, 1013, 766 cm™'. Anal. Calcd for CisHigOs: C,
68.69; H, 6.92%. Found: C, 68.60; H, 6.71%. 'HNMR (400 MHz,
CDCl3) 0=7.40—7.20 (m, 5H), 5.91 (t, J=7.3 Hz, 1H), 4.76 (s,
1H), 3.68 (s, 6H), 2.16 (dt, J=7.3, 7.3 Hz, 2H), 1.49 (tq, /=7.3,7.3
Hz, 2H), 0.96 (t, J=7.3 Hz, 3H). HRMS (EI) Calcd for C;5sH;304+:
M, 262.1205. Found: m/z 262.1202.

Methyl 2-Methoxycarbonyl-3-phenyl-3-heptenate (12). IR
(thin film) 2957, 2874, 1755, 1740, 1599, 1495, 1435, 1312, 1194,
1150, 1034, 901, 772 cm™'. Anal. Calcd for C16HyO4: C, 69.54;
H, 7.30%. Found: C, 69.26; H, 7.59%. 'HNMR (400 MHz,
CDCl3) 6=7.40—7.20 (m, 5H), 5.91 (t, J=7.3 Hz, 1H), 4.76 (s,
1H), 3.68 (s, 6H), 2.16 (dt, J=7.3, 7.3 Hz, 2H), 1.49 (tq, J/=7.3,
7.3 Hz, 2H), 0.96 (t, J=7.3 Hz, 3H). *CNMR (100 MHz, CDCl;)
8=168.9, 141.7, 136.2, 132.6, 128.1, 127.1, 127.0, 54.1, 52.6,
31.1,22.3, 13.9. HRMS (EI) Calcd for Ci16H2004+: M, 276.1362.
Found: m/z 276.1364.
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