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Reduction of Five-Membered a,f-Unsaturated Lactones and Related Compounds with the Ni** /BH#

System
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The reductions of an «,f-unsaturated lactone (5) and lactam (7) with the Ni*>* /BH, system resulted in the formation
of cis-hydrogenated products (8a and 9a) with high stereoselectivity. The cis products (8a and 9a) were easily isomerized
to the corresponding trans isomers (8b and 9b, respectively) by refluxing with sodium methoxide in anhydrous methanol.
Isotope labeling studies with methyl cinnamate as the substrate indicated that the reduction with this reducing system

poceeds stepwise via a carbon—nickel intermediate.
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Reducing systems consisting of sodium borohydride
(NaBH,) with a transition metal halide such as CoCl,,
NiCl,, or CuCl, have been employed in hydrogenation of
various organic functional groups.!'””’ However, to our
knowledge, no application of this reducing system to the
stereoselective cis hydrogenation of C=C functionalities
has been reported so far.® Quite recently, we have found
that the reaction of the «,$-unsaturated 5-membered lactone
(1) with Ni?*/BH; in MeOH affords only the cis-
hydrogenated compound (2) in good yield® (Chart 1). It
seems likely that the nature of the reducing system is
responsible for such high stereoselectivity.

In order to investigate further the above reducing system,
we carried out some experiments with the five-membered
a,B-unsaturated lactone (5) and lactam (7), as well as an
isotope labeling study with methyl cinnamate.

We wish to report here that the Ni**/BH; reducing
system possesses a high stereoselectivity in the hydrogena-

their structures were confirmed by spectroscopic and
elemental analysis (see Chart 2 and Experimental).

The reduction of the lactone (5) with the Ni2*/BH,
system in MeOH gave a stereoisomeric mixture [cis/trans
(8a/8b)=3/1] separable by high-performance liquid chro-
matography (HPLC). However, the reduction of the lactam
(7) with this system resulted in the formation of the cis
hydrogenated derivative (9a) with no formation of the trans
isomer (9b) (Chart 3). The stereochemistry of these products
was established from the '3C-nuclear magnetic resonance
(13C-NMR) spectroscopic data, compared with the 3C-
resonance behavior of known 1,2-dimethylcyclopen-
tanes.!? Thus, the two methyl signals at higher magnetic
field (2.5—3.8 ppm) were assigned to the isomers having cis
configuration (8a and 9a). Both cis products (8a and 9a)
were isomerized to the corresponding trans isomers (8b and
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TasLe 1. Isotope Labeling Study with Methyl Cinnamate
Number of deuterium atoms per mole of methyl 3-phenylpropionate
Reagent/solvent Metal tg (min) f Position o Position?
MS? 'H-NMR? MS 'H-NMR
Run 1 NaBH,/MeOD Ni,B 90 0.07 0.0 0.8 0.96
Run 2 NaBH,/MeOD NiCl, 20 0.20 0.17 0.26 0.31
Run3 NaBD,/MeOH NiCl, 30 0.84 0.9 0.54 0.47

a) Calculated from the relative abundances of the benzyl fragment ion and the molecular ion. Relative abundances were corrected, using the (M+1)* ion in the

authentic undeuterated sample.
and 3.06—2.87 ppm) relative to that of the methyl group (6 3.663 ppm).

b) The deuterium incorporation was evaluated from the result of integration of the signals due to the « and § methylene units (5 2.71—2.52
¢) No significant H/D exchange was observed at the « position in methyl 3-phenylpropionate.
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9b, respectively) in good yields by refluxing with sodium
methoxide in anhydrous methanol, which also supports the
above assignments. The fact of the formation of the
thermodynamically unstable cis isomer (8a or 9a) apparent-
ly indicates that these reductions take place in a cis fashion.

In order to elucidate the reduction mechanism,?5 ~7-13:14)
isotope labeling studies with methyl cinnamate as the
substrate were carried out. The ratios of incorporation
determined by mass and 'H-NMR spectral techniques are
summarized in the table.

The reaction under heterogeneous conditions with
preformed Ni,B (run 1 in Table 1)*'> resulted in the
exclusive incorporation of a deuterium atom at the «
position. This apparently indicates hydride addition from
uncoordinated BH; ' (pathway 1 in Chart 4) and little
contribution of a heterogeneous catalytic hydrogenation
process. On the other hand, under the usual conditions,
where the formation of a black precipitate (Ni,B) occurred
in situ (run 2 in Table I), no significant specificity was
observed regarding the incorporation of a deuterium atom
at the « position. These results require that homogeneous
species play some significant part in the reduction of methyl
cinnamate with this system. The parallel experiment
employing NaBD, and NiCl, in MeOH under the usual
conditions led to methyl 3-phenylpropionate with about
84—90% deuterium at the f position and only about

47—54% deuterium at the o position (run 3 in Table I).
The results obtained from runs 2 and 3 suggest that the
hydrogen added to the f position arises directly from the
starting sodium borohydride. From the outcome of the
isotope labeling studies shown in the table, we consider
that the overall hydrogenation with this reducing system
proceeds stepwise through the following two stages: (a)
formation of the carbon-nickel intermediate from the
reaction of the olefin I and illustrated five-coordinate Ni
complex II as the active species (I-I1I—-1V), and then
(b) reductive cleavage of the carbon—nickel bond in this
intermediate (IVaV) yielding the product (V—VI). These
stages are illustrated in Chart 4.

In the reduction of 5 or 7 with this reducing system, the
cis stereoselectivities may be explained through the mech-
anism of pathway 2 shown in Chart 4. The nickel boride
(Ni,B) formed in situ would contribute to an initial activa-
tion of a,B-unsaturated carbonyl group in the substrates.'®

Further synthetic applications of this mild reducing
system are being examined and the details will be reported
in separate papers.

Experimental

Infrared (IR) spectra were obtained on a Hitachi 250 spectrometer.'H-
and !3C-NMR spectra were recorded on a JEOL GX-400 spectrometer
with a 5mm probe and tetramethylsilane (TMS) as an internal standard
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at 25 °C in CDCl, equipped with a G MHD 80R (JEOL) computer system.
"H-NMR spectra in isotope labeling studies were obtained with a Hitachi
R-90H spectrometer using TMS as an internal standard. High-resolution
mass spectra (MS) were measured on a JEOL D-300 spectrometer with
electron impact ionization at an ionizing potential of 70eV. High-
performance liquid chromatographic analyses were performed by using a
Waters M-45 or 501 solvent delivery system equipped with a U-6K injector
and R-401 differential refractometer (Waters u-Porasil, 3.9 x 300 mm or
YMC-pack S-043 I-15 sil. 20 x 250 mm).

3,4-Dimethyl-2(5H)-furanone (5)!” was prepared from 2,3-dimethyl-
maleic anhydride according to the method reported previously.'® The
preparation of the lactam (7), according to the route shown in Chart 2,
is described below.

1-Benzyl-3,4-dimethyl-1H-pyrrole-2,5-dione (4) This compound was
prepared from 2,3-dimethylmaleic anhydride and benzylamine by the
method described previously.!® The yield was 90%, mp 44—45°C
(hexane). Anal. Caled for C 3H,3NO,: C, 72.54; H, 6.09; N, 6.51. Found:
C, 72.72; H, 6.10; N, 6.21. IR (KBr): 1774, 1710 (C=0) cm™!. 'H-NMR
(CDCl,) 6: 7.27 (5H, m, aromatic protons), 4.61 (2H, s, -CH,~Ph), and
1.94 (6H, s, 2 x CH3). 13C-NMR (CDCl;) 6: 171.5 [C(2) and C(5)], 137.1
and 136.6 [C(3) and C(4)], 128.3, 127.5 (aromatic carbons), 41.3 (a benzylic
carbon), 8.5 (methyl carbons).

1-Benzyl-1,5-dihydro-3,4-dimethyl-2 H-pyrrol-2-one (7) NaBH, (0.38 g,
0.01 mol) was added portionwise to a stirred solutions of 1-benzyl-3,4-
dimethyl-1H-pyrrole-2,5-dione (4) (2.15g, 0.0l mol) and NiCl, 6H,0
(0.24g, 0.001 mol) in methanol at —10°C. After neutralization of the
reaction mixture with aqueous HCI (5%), the solvent was removed under
reduced pressure. The resulting residue was dissolved in H,O (10ml) and
the solution was extracted with dichloromethane. The extract was dried
over anhydrous magnesium sulfate. Evaporation of the solvent gave an
oily mixture of two stereoisomers of 1-benzyl-3,4-dimethyl-2,5-pyrrolidine-
dione (6) (2.12g, 97.7%). This mixture was used in the next step. For the
transformation to the o,f-unsaturated lactam (7) from the 2,5-
pyrrolidinedione ring system, the procedure reported by Hubert et al.2®
was employed. The oily product was obtained in 89% yield, and was
purified by column chromatography on alumina with diethyl ether and
then ethyl acetate as eluants. The purified oily material (7) was extremely
hygroscopic. MS m/z: 201 (M*). IR (KBr): 1675 (C=0) cm ™. 'H-NMR
(CDCl,) 6: 7.26 (SH, m, aromatic protons), 4.60 (2H, s, = NCH,Ph), 3.61
[2H, s, C(5)-H], 1.90 [3H, s, C(3)-CH,], and 1.83 [3H, s, C(4)-CH,].
3C-NMR (CDCl,) 6: 172.38 (C-2), 128.3,127.7, 127.2 (aromatic carbons),
145.7 (C-4), 137.5 (C-3), 53.5 (C-5), 459 (a benzylic carbon), 12.9
[C(4)-CH;], 8.6 [C(3)-CH;]. Anal. Caled for C,3H,sNO-0.35H,0: C,
75.22; H, 7.62; N, 6.75. Found: C, 75.26; H, 7.51; N, 6.55.

Reduction of the «,p-Unsaturated Lactone (5) NaBH, (0.81g, 21.4
mmol) was added portionwise to a stirred solution of «,f-unsaturated
lactone (5) (0.6g, 5.4mmol) and NiCl,-6H,0 (0.63g, 2.7mmol) in
methanol at 15°C. The black precipitate was filtered off and the filtrate
was acidified with aqueous HCI (10%). The solvent was removed under
reduced pressure and the resulting residue was diluted with H,0. The
mixture was extracted with Et,O and the extract was washed with brine
and dried over anhydrous magnesium sulfate. Evaporation of the solvent
gave an oily mixture of 8a and 8b, in 91% yield. The isomeric ratio of the
products [8a/8b] was 3/1 as determined by HPLC using 60% ether/hexane
as the eluant. The retention times for the two isomers (8a and 8b) were
4.0 and 5.1 min, respectively. Anal. Calcd for CgH,,0,: C, 63.14; H, 8.83.
Found: C, 62.99; H, 9.11. Purification of this mixture by preparative HPLC
afforded an analytical sample of cis-dihydro-3,4-dimethyl-2(3 H)-furanone
(8a). MS m/z: 114 (M ™). IR (KBr): 1775 (C=0) cm . 'H-NMR (CDCl,)
6:4.30 [1H, dd, Je(s)ngem =9-0Hz, Jow)m.c5)-n, = 6-0Hz, C(5)-H,], 3.93
[1H, dd, Joesyngem=9-0Hz, Jewym.coin,=3-0Hz, C(5)-Hg], 2.68 [qd,
1H, Jegy-crs,coy-n=T0Hz, Jewymn,con=8.0Hz, C(3)-H], 2.62 [1H, m,
C(#)-H1, 1.17 [3H, d, Je@)n.cm)-cn, =7-0Hz, C(3)-CH;], 1.02 [3H, dd,
Je@yn,cw-cns =708z, Jesyu, cay-on,=1.0Hz, C(4)-CH;]. '*C-NMR
(CDCl3) 6: 179.686 (C-2), 72.948 (C-5), 38.254 (C-3), 33.837 (C-4), 13.349
[C(4)-CH;], 9.798 [C(3)-CH,].

Isomerization of the cis Lactone (8a) A mixture of the cis lactone (8a)
with 100% isomeric purity (0.14g, 1.25mmol) and sodium methoxide
(0.12 g, 2mmol) in anhydrous methanol was refluxed for 3.5 h. The resulting
solution was concentrated under reduced pressure, diluted with water, and
acidified with HCI (10%). The mixture was extracted with ether, and the
extract was washed with aqueous sodium carbonate, and dried over
anhydrous magnesium sulfate. Evaporation of the solvent afforded the
trans lactone (8b) with 95% isomeric purity [by HPLC using 60%
ether/hexane as the eluant]. Purification of the product by preparative
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HPLC gave a pure sample of trans-4,5-dihydro-3,4-dimethyl-2(3H)-
furanone (8b). MS m/z: 114 (M ™). IR (KBr): 1778 (C=0)cm ™. 'H-NMR
(CDCly) 6: 4.37 [1H, ddd, Jees)ngem=9-0Hz, Jeowymcs)np=7.5Hz,
C(5)-Hg], 3.72 [1H, ddd, Jos)ugem=9.0Hz, Jewyn,cis)n,=10.0Hz,
Je@y-cns,c5-8, =0.5Hz, C(5)-H,], 2.18 [1H, m, C(4)-H], 2.11 [1H, qd,
Jeey-cns.cayn=0.5Hz, Joaymcem=11.0Hz, C3)-H], 1.24 [3H, d,
Je@yn,cey-cn, = 6.0Hz, C(3)-CH,], 1.15 [3H, dd, Jowyn,ce)-cn, = 6.0 Hz,
Je(s)-Ha.cy-cus =0.5Hz, C(4)-CH;]. *C-NMR (CDCl,) é: 179.579 (C-2),
72.432 (C-5), 41.820 (C-3), 38.709 (C-4), 15.550 [C(4)-CH,], 13.061
[C(3)-CH;].

Reduction of the a,f-Unsaturated Lactam (7) NaBH, (0.95 g, 25 mmol)
was added portionwise to a stirred solution of «,f-unsaturated lactam (7)
(I.11 g, 5mmol) and NiCl,-6H,0 (0.6 g, 2.5mmol) in methanol at 15°C.
The black precipitate was filtered off and the filtrate was acidified with
aqueous HCl (10%). The methanol was removed under reduced pressure
and the resulting material was diluted with H,0O. After extraction with
Et,0, the ether extract was washed with brine, and dried over anhydrous
magnesium sulfate. Evaporation of the solvent afforded the oily cis-1-
benzyl-3,4-dimethyl-2-pyrrolidinone (9a) with 100% isomeric purity in
99.2% yield. An analytical sample was obtained by HPLC (AcOEt/
hexane/Et,0=1/4/5 as the solvent). The product was extremely hygro-
scopic. Anal. Caled for C,;H,,NO-0.25H,0: C, 75.14; H, 8.49; N, 6.74.
Found: C, 75.11; H, 8.48; N, 6.61. MS m/z: 203 (M*). IR (KBr): 1682
(C=0) cm™'. 'H-NMR (CDCly) 8: 7.342—7.207 (5H, m, aromatic
protons), 4.485 (1H, d, J=14.5Hz, NCH,Ph), 4.392 (1H, d, J=14.5Hz,
NCH,Ph), 3269 [1H, dd, Jes)nugem=9-5Hz, Jeuyncsyn.=7Hz,
C(5)-Hal, 2766 [1H, dd, Jegsymgem=9-5Hz, Jewymcsyn, =5 Hz,
C(5)-Hg], 2.557 [1H, dq, Jowyncen=7-0Hz, Je@)-cnscan=7.5Hz,
C(3)-H1, 2.419 [1H, dddq, Jegmcwyn=7Hz, Josynuacwn=7-0Hz,
Josytpc@n=50Hz, Jew.cnscwu=7Hz, C@4)-H], 1.113 [3H, d,
Je@yncm-on, =7.5Hz, C(3)-CHyJ, 0.925 [3H, d, Jewn.c@-cu, =7.0Hz,
C(4)-CH,]. *3C-NMR (CDCly) 6: 177.014 (C-2), 136.781, 128.510,
128.252, 128.130, 127.356 (aromatic carbons), 52.065 (C-5), 46.419
(NCH,Ph), 40.485 (C-3), 30.286 (C-4), 14.062 [C(4)-CH;], 10.298
[C(3)-CH;].

Isomerization of the cis Lactam (9a) A mixture of the cis lactam (9a)

with 100% isomeric purity (0.2 g, 1 mmol) and sodium methoxide (0.12 g,
2mmol) in anhydrous methanol was refluxed for 20h. The resulting
solution was concentrated under reduced pressure, diluted with water, and
extracted with ether. The extract was washed with brine, and dried over
anhydrous magnesium sulfate. Evaporation of the solvent afforded the
trans lactam (9b) with 85% isomeric purity (by HPLC using
AcOEt/hexane/Et,0=1/4/5 as the cluant) in 75% yield. The retention
times of the two isomers [9a and 9b] were 9.8 and 12.4 min, respectively.
Separation by HPLC afforded the pure irans-1-benzyl-3,4-dimethyl-2-
pyrrolidinone (9b). MS m/z: 203 (M*). IR (KBr): 1677 (C=0) cm™!.
'H-NMR (CDCl,) §: 7.338-—7.206 (5H, m, aromatic protons), 4.462 (1H,
d, J=14.5Hz, NCH,Ph), 4413 (1H, d, J=14.5Hz, NCH,Ph), 3.242
[1H, dd, Je(s)-ngem = 8-0 Hz, Sy m,c(s)ns =9-5Hz, C(5)-Hg], 2.758 [1H,
dd, Jeesyngem=80Hz, Jouyncsyma=9.0Hz, C(5)-H,], 2.042 [1H,
da, Jowncou=10Hz, Jog conyemu=7Hz, CG3)}-H], 1909 [1H,
dddq, Je@yn.cw-n=10Hz, Jes)m,,cwyn=9.0Hz, Jes)upncm-n=9-5Hz,
Jow@ycnycan=7Hz, C@A)-Hl, 1213 [3H, d, Jee)mce)-cn,=6.83Hz,
C(3)-CH;], 1.077 [3H, d, Jew)n,cay-cn, =6.83 Hz, C(4)-CH;]. '*C-NMR
(CDCl3) 6: 176.893 (C-2), 136.660, 128.555, 128.009, 127.371 (aromatic
carbons), 52.034 (C-5), 46.525 (NCH,Ph), 44.598 (C-3), 35.901 (C-4),
17.325 [C(4)-CH,], 14.381 [C(3)-CH,].
. Isotope Labeling Study with Methyl Cinnamate Run 1: NaBH, (0.38 g,
10 mmol) was added in three portions to a stirred solution of NiCl, (0.32 g,
2.5mmol) and D,0 (0.4 g, 20 mmol) in MeOD (over 99.5%, 25ml). Gas
evolution, followed by the formation of a black precipitate of Ni,B was
observed. After 10min, the supernatant was decanted, and the black
precipitate was washed with MeOD, until no Ni?* could be detected in
the washings. Then NaBH, (0.188 g, 5mmol) was added portionwise to a
mixture of the black precipitate and methyl cinnamate (0.4 g, 2.5 mmol)
in MeOD (25ml) at 10 °C over a period of 90 min. The mixture was filtered
and the filtrate was acidified with aqueous HCl (10%). The solvent was
removed under reduced pressure and the residue was taken up in H,0
(5ml). The mixture was extracted with Et,O and the extract was washed
with brine and dried over anhydrous magnesium sulfate. Evaporation of
the solvent gave 0.37 g (91.4%) of methyl 3-phenylpropionate.

Run 2: NaBH, (0.2g, 5.3mmol) was added portionwise to a stirred
solution of NiCl,-6D,0 (0.6g, 2.5mmol) and methyl cinnamate (0.4 g,
2.5mmol) in MeOD (25 ml) at 10 °C over a period of 20 min. The mixture
was filtered and the filtrate was acidified with aqueous DCI (20%). The
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solvent was removed under reduced pressure and the residue was taken
up in D,O (Sml). The mixture was extracted with Et,O and the extract
was washed with brine and dried over anhydrous magnesium sulfate.
Evaporation of the solvent gave 0.35g (86.4%) of methyl 3-phenyl-
propionate.

Run 3: Reduction of methylcinnamate (0.4 g, 2.5 mmol) was carried out
in the same manner as in run 2, using NaBD, (0.35 g, 9 mmol) and MeOH
(25ml) instead of NaBH, and MeOD (reaction time, 30 min). The results
on the incorporation of deuterium into methyl 3-phenylpropionate are
summarized in the table.
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