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Nickel-catalyzed three-component coupling of bis-1,3-dienes,
aldehyde, and dimethylzinc was investigated. In the pres-
ence of catalytic amounts of Ni(acac); and PPhs, bis-1,3-
dienes smoothly react with an aldehyde and dimethylzinc
via intramolecular cyclodimerization of bis-1,3-diene moiety.
The reaction proceeds through formation of a cyclic bis-
allylnickel complex, insertion of an aldehyde, and addition
of dimethylzinc to the resulting oxanickellacycle intermedi-
ate. An enantioselective coupling was also achieved by the
use of a chiral monodentate phosphine ligand, H-MOP.

Dimerization of 1,3-dienes catalyzed by nickel com-
plexes is an attractive process because of its ability to
construct complex molecular skeletons.? Another im-
portant category of nickel-catalyzed processes is reductive
coupling of an unsaturated hydrocarbon and a carbonyl
component with the assistance of a main-group organo-
metallic reagent.?* As an integrated application of these
two processes, we reported a nickel-catalyzed regio- and
stereoselective carboxylative cyclization of bis-1,3-dienes
that uses carbon dioxide as a carbonyl component.?® An
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Note

enantioselective variant of this reaction was also very
recently developed.?® During the course of these studies,
we thought that aldehydes should react with a bis-
allylnickel complex in the presence of an organozinc
reagent (eq 1). Herein, we present the results of our
studies aimed at developing a three-component coupling
reaction of bis-1,3-diene, aldehyde, and diorganozinc
reagent.®

HO._R
AN Ni(0) RCHO Z
o~ tan (e

Reaction of bis-1,3-diene 1a with benzaldehyde and
dimethylzinc was first examined. In the presence of Ni-
(acac)y (10 mol %) and PPhs (20 mol %), 1a was treated
with benzaldehyde (2 equiv) and Mey;Zn (4.5 equiv) in
THF. The reaction smoothly proceeded at room temper-
ature to afford alcohol 2a in 73% yield as an inseparable
mixture of two isomers. Since it was thought that they
were stereoisomers with respect to the stereochemistry
of the hydroxyl group (C1), oxidation of this mixture with
PCC was carried out and ketone 3a was obtained in 90%
yield as a sole product (Scheme 1). This result indicated

SCHEME 1
HO.,,_Ph
Ni(acac), (10 mol %) H = _
S~ PPh, (20 mol %) 372
TsN S ——————— TsN_ %],
XX PhCHO (2 equiv) % Me
1a Me,Zn (4.5 equiv) H
THF, rt, 20 hr 22 73%
(two isomers, ca. 1/3)
Oy Ph
H:
PCC, MS 4A NS
—— > TsN
CH,Cl,, 1t, 1 hr A~ Me
H
3a 90%

(sole product)

that the configuration of the other stereogenic centers
(C2, C3', and C4') was controlled. This also showed that
the reaction proceeded in a regioselective manner.

(3) For reviews, see: (a) Tamaru, Y.J. Organomet. Chem. 1999, 576,
215. (b) Houpis, I. N.; Lee, J. Tetrahedron 2000, 56, 817. (c¢) Mont-
gomery, J. Acc. Chem. Res. 2000, 33, 467. (d) Ikeda, S.-i. Acc. Chem.
Res. 2000, 33, 511. (e) Ikeda, S.-i. Angew. Chem., Int. Ed. 2003, 42,
5120. (f) Montgomery, J. Angew. Chem., Int. Ed. 2004, 43, 3890. (g)
Ikeda, S.-i. In Modern Organonickel Chemistry; Tamaru, Y., Ed.; Wiley-
VCH: Weinheim, Germany, 2005; pp 118—131. (h) Kimura, M.;
Tamaru, Y. In Modern Organonickel Chemistry; Tamaru, Y., Ed,;
Wiley-VCH: Weinheim, Germany, 2005; pp 143—160.
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H. P.; Chowdhury, S. K.; Gutierrez-Garcia, V. M.; Amarasinghe, K. K.
D.; Heeg, M. J.; Schlegel, H. B.; Montgomery, J. Organometallics 2004,
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SCHEME 2
CO,H
% 1) (COCl),, CH,Cl,, 1t
R
TsN_ R|s (+)-3a
~_Me 2)Ph,Zn, PdCl,(PPh;),
H THF, rt [o]¥'p +61.5

95% (£ 0.86, CHCI,)

4 (93% ee)

To elucidate the structure of ketone 3a unequivocally,
an independent synthesis of 3a from carboxylic acid 4,
whose structure was determined in our previous work,?
was examined (Scheme 2). After treating 4 with oxalyl
chloride, Negishi coupling of the resulting acyl chloride
with PhyZn was carried out to give a ketone (+)-3a,”
whose spectral data were identical with those of the
compound obtained by oxidation of 2a.

On the basis of similarities of regio- and stereoselec-
tivities of this reaction to those of the carboxylative
cyclization, a possible mechanism is considered as shown
in Scheme 3. The reaction would start with oxidative
cycloaddition of bis-1,3-diene 1 to Ni(0) complex® to
produce bis-allylnickel complex 5, and subsequent inser-
tion of an aldehyde into the nickel—carbon bond would
afford oxanickellacycle 6.° Transmetalation of 6 with Me,-
Zn would provide methylnickel complex 7, which could
easily undergo reductive elimination to afford zinc alkox-
ide 8. Hydrolysis of 8 in an aqueous workup procedure
should provide 2.

The scope of this coupling reaction was next examined
(Table 1). An aliphatic aldehyde, 1-butanal, was able to
efficiently participate in a reaction with bis-1,3-diene 1a
(entry 1). The obtained product 2b was readily converted
into diastereomerically pure ketone 3b after oxidation.
Notably, paraformaldehyde also could be used as an
aldehyde component. The reaction of 1a with paraform-
aldehyde and MeyZn gave 2¢ in 96% yield as a sole
product (entry 2). Bis-1,3-diene 1b also underwent the
coupling reaction with these aldehydes in the same regio-
and stereoselective manners to give the desired products
2d, 2e, and 2f in high yields (entries 3—5).

To extend this coupling method to an enantioselective
one, reactions using chiral phosphines were next exam-

(6) Tamaru and co-workers recently reported a similar multicom-
ponent coupling reaction of 1,3-dien-w-ynes with aldehydes and
organozinc reagents. Kimura, M.; Ezoe, A.; Mori, M.; Tamaru, Y. J.
Am. Chem. Soc. 2005, 127, 201. See also ref 4a.

(7) Negishi, E.; Bagheri, V.; Chattegjee, S.; Luo, F.-T.; Miller, J. A.;
Stoll, A. T. Tetrahedron Lett. 1983, 24, 5184.

(8) (a) Jolly, P. W.; Wilke, G. The Organic Chemistry of Nickel,
Academic: New York, 1975; Vol. II, pp 133—161. (b) Jolly, P. W. In
Comprehensive Organometallic Chemistry; Wilkinson, G., Stone, F. G.
A., Abel, E. W., Eds.; Pergamon: New York, 1970; Vol. 8, pp 671—
679. (c) Wilke, G. Angew. Chem., Int. Ed. Engl. 1988, 27, 185.

(9) The observed regioselectivity in this insertion step is in contrast
to that in Tamaru’s report on nickel-catalyzed three-component
coupling of 1,3-dien-w-ynes (refs 5 and 4a), in which aldehydes
selectively react at the less hindered terminus of the s-allylnickel
intermediate. However, it is well-known that bis-allylnickel complexes
or related palladium complexes preferentially react with an electro-
phile, such as COy or H*, at a more hindered internal allylic carbon.
The current result is accordant with these reports. For selected
examples, see: (a) Sasaki, Y.; Inoue, Y.; Hashimoto, H. J. Chem. Soc.,
Chem. Commun. 1976, 605. (b) Jolly, P. W.; Stobbe, S.; Wilke, G.;
Goddard, R.; Kriiger, C.; Sektowski, J. C.; Tsay, Y.-H. Angew. Chem.,
Int. Ed. Engl. 1978, 17, 124. (c) Jolly, P. W. Angew. Chem., Int. Ed.
Engl. 1985, 24, 283. (d) Benn, R.; Jolly, P. W.; Mynott, R.; Raspel, B.;
Schenker, G.; Schick, K. P.; Schoroth, G. Organometallics, 1985, 4,
1945. (e) Hoberg, H.; Gross, S.; Milchereit, A. Angew. Chem., Int. Ed.
Engl. 1987, 26, 571. (f) Jolly, P. W.; Mynott, R.; Raspel, B.; Schick, K.
P. Organometallics 1986, 5, 473. (g) Takacs, J. M.; Clement, F.; Zhu,
J.; Chandramouli, S. V.; Gong, X. JJ. Am. Chem. Soc. 1997, 119, 5804.
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SCHEME 3
1
R s 0ZnMe
> Me,Zn T

Ni(acac),

OZnMe

\\Ni ‘Me
\_< 6

Me,Zn

ined. The use of MeO-MOP,!° which was the best ligand
in the enantioselective carboxylative cyclization of bis-
1,3-dienes,”® resulted in a low yield of the coupling
product (less than 10% yield of 2a from 1a). However,
when the reaction of 1a with benzaldehyde and MeyZn
was carried out in the presence of 10 mol % of Ni(acac),
and 20 mol % of (S)-H-MOP (see, Table 2),!! 2a was
obtained in 58% yield as an inseparable mixture of two
diasteromers (Table 2, entry 1). Oxidation of obtained 2a
gave ketone 3a in 91% yield as a single isomer, whose
enantiomeric excess (ee) was determined to be 81% by
HPLC analysis with a chiral stationary phase column
(DAICEL CHIRALPAK AD). The absolute configuration
of 3b obtained in this reaction was confirmed by com-
parison of its sign of specific optical rotation'? with that
of the aforementioned compound (+)-3a, which was
prepared from chiral carboxylic acid 4 as shown in
Scheme 2.

This method using H-MOP was further investigated.
When 1a was reacted with 1-butanal and MeyZn by using
this method, 2b was obtained in 51% yield (Table 2, entry
2). The ee of this reaction was determined to be 78% by
conversion of 2b into 3b. This method was attractive in
the case of the reaction with paraformaldehyde because
2¢ was formed as a sole product with 85% ee in 93% yield
(entry 3). Similar results were obtained from the enan-
tioselective reaction of bis-1,3-diene 1b with benzalde-
hyde and paraformaldehyde (entries 4 and 5).

In summary, a nickel-catalyzed regioselective three-
component coupling of bis-1,3-diene, aldehyde, and
dimethylzinc was developed. This reaction proceeds
under mild conditions, and the coupling products can be
obtained in optically active form when H-MOP is used
as a ligand. Further investigation to expand the scope of
this reaction is in progress.

Experimental Section

Typical Procedure for Nickel-Catalyzed Enantioselec-
tive Coupling Reaction with Benzaldehyde: (2R)-2-{ (3R,4S)-
4-[(E)-But-1-enyl]-1-(4-methylbenzenesulfonyl)pyrrolidin-
3-yl}-1-phenylbut-3-en-1-0l (2a). To a solution of Ni(acac)z (5.0
mg, 0.020 mmol) and (S)-H-MOP (17.2 mg, 0.039

(10) (a) Hayashi, T. Acc. Chem. Res. 2000, 33, 354. (b) Uozumi, Y.;
Kawatsura, M.; Hayashi, T. Org. Synth. 2002, 78, 1. (¢) Uozumi, Y.;
Tanahashi, A.; Lee, S.-Y.; Hayashi, T. J. Org. Chem. 1993, 58, 1945.
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TABLE 1. Nickel-Catalyzed Coupling Reaction of Bis-1,3-Diene, Aldehyde, and Dimethylzinc

R~OH RO
Ni(acac), H : H :
X/\/\/ PPh; (2 equiv to Ni) NS PCC NS
_— = B — X
N, Faldehyde  ye 7 (4.5 equiv) X _~_Me  CHCl, 1t A~ Me
THF, rt, time H H
1
2 3
entry bis-diene aldehyde Ni(acac), time products and yields
(equiv) (mol %) (h) 2 3
S OH SO
Ho Ho~
1 1a 1-C4H,CHO (2.0) 20 40 TsNi:‘\rZ e TsN(IZ e
H H
2b (81%) 3b (83%)
_OH
ML
5 =
2 1a (HCHO), (4.0) 10 5 TsN(K/Me
H
2c¢ (96%, sole product)
Ph\P,OH tho
MeO,C Meo,G  F A~ Meoc , DA~
3 ><:/\:/\ PhCHO (2.0) 20 16 KK )<:l[/\i
Meo,C NN meo,c 1 A Me Meo,C 1 AN Me
1b
2d (82%) 3d (73%)
N OH WO
MeO,C B A~ MeO,C A~
4 1b n-CsH,CHO (2.0) 20 45 KK ><:l\‘//\i
& meo,C A Me meo,C A~ Me
2e (84%) 3e (80%)
_OH
H S
MeO,C o AP
5 1b (HCHO), (4.0) 10 48 KIZ
" Meo,C 1 A~ Me

2f (78%, sole product)

TABLE 2. Enantioselective Coupling Reaction Using
H-MOP*«

R._~OH
Ni(acac), (10 mol %) H: P
, (SFH-MOP (20 mol %) "R PCC .
aldehyde S _~_Me
Me,Zn (4.5 equiv) H
THF, rt, time 2
yields (%)
aldehyde time ee
entry bis-diene (equiv) (h) 2 3 (%)
1 la PhCHO (2.0) 18 58 91 81°
2 la n-CsH;CHO (2.0) 25 51 80 78
3 la (HCHO), (4.9) 16 93 85¢
4 1b PhCHO (2.0) 18 75 98 79
5 1b (HCHO),, (4.0) 18 86 85¢

@ Absolute configurations of all products were determined as
illustrated above the body of the table. For details, see the
Supporting Information. ® Enantiomeric excesses of 3. ¢ Enantio-
meric excess of 2.

mmol) in THF (1.0 mL) was added a solution of bisdiene 1a!3
(59.6 mg, 0.20 mmol) in THF (2.7 mL) and benzaldehyde (0.040
mL, 0.39 mmol). The mixture was degassed by consecutive
freeze/pump/thaw cycle (3 cycles). To the resulting solution was

added a solution of dimethylzinc (1.0 M in hexane, 0.74 mL, 0.74
mmol) at 0 °C. After the mixture had been stirred at room
temperature for 18 h, the reaction mixture was hydrolyzed with
a 10% aqueous solution of HCI at 0 °C, and the aqueous layer
was extracted with EtOAc. The combined organic layers were
washed with saturated aqueous NaHCOs and brine, dried over
anhydrous NasSO4, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane/EtOAc 3:1)
to afford 2a (colorless oil, 48.2 mg, 58%) as an inseparable
mixture of two stereoisomers: IR (neat) 3529, 2960, 2932, 2873,
1734, 1637, 1598, 1464, 1343 cm™!; 'TH NMR (data for major
stereoisomer, 270 MHz, CDCls) 6 0.95 (t,J = 7.6 Hz, 3 H), 1.86—
2.53 (m, 6 H), 2.43 (s, 3 H), 2.79—2.86 (m, 1 H), 3.03 (dd, J =
10.0, 8.5 Hz, 1 H), 3.24—3.36 (m, 2 H), 4.62 (d, J = 6.5 Hz, 1 H),
4.87—5.15 (m, 3 H), 5.46 (dt, J = 15.2, 6.4 Hz, 1 H), 5.68 (ddd,
J=17.0,10.0,10.0 Hz, 1 H), 7.13—7.36 (m, 7 H), 7.62—7.71 (m,
2 H); 13C NMR (data for major stereoisomer, 100 MHz, CDCls)
5 143.1, 142.0, 134.8, 134.6, 133.3, 129.3, 128.5, 128.1, 127.6,
127.3, 126.5, 120.0, 74.5, 53.4, 51.7, 44.4, 44.3, 25.6, 21.7, 13.7;

(11) Uozumi, Y.; Suzuki, N.; Ogiwara, A.; Hayashi, T. Tetrahedron
1994, 50, 4293.

(12) The ketone 3a obtained by the procedures shown in Table 2
showed [a]?2p +60.9 (c 1.40, CHCl3). For details, see the Experimental
Section.

(13) (a) Takacs, J. M.; Lawson, E. Organometallics 1994, 13, 4787.
(b) Takacs, J. M.; Clement, F.; Zhu, J.; Chandramouli, S. V.; Gong, X.
J. Am. Chem. Soc. 1997, 119, 5804.
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LR MS (EI, m/z) 425 (M™"), 319, 270. Anal. Caled for CgsHs;-
NOsS: C, 70.55; H, 7.34; N, 3.19. Found: C, 70.42; H, 7.47; N,
3.19.

Oxidation of 2a to (2R)-2-{ (3R,4S)-4-[(E)-But-1-enyl]-1-
(4-methylbenzenesulfonyl)pyrrolidin-3-yl} -1-phenylbut-3-
en-1-one ((+)-3a). To a solution of 2a (48.2 mg, 0.11 mmol) in
CHCl; (1.5 mL) was added a MS 4A (146 mg) and PCC (48.7
mg, 0.22 mmol) at 0 °C. After the mixture had been stirred at
room temperature for 1.5 h, it was diluted with Et.O at 0 °C
and stirred for several minutes. The resulting suspension was
filtered through a short column of Florisil (eluent, Et;0). The
filtrate was concentrated in vacuo and the residue was purified
by silica gel column chromatography (hexane/EtOAc 4:1) to
afford analytically pure product. The enantiomeric excess was
determined to be 81% ee by HPLC analysis (DAICEL Chiralpak
AD, hexane/2-propanol 9:1, 0.5 mL/min, UV detection at 220 nm,
minor: 24.5 min, major: 30.0 min): [0]?2p +60.9 (¢ 1.40, CHCls,
81% ee); IR (neat) 2962, 2931, 2873, 1735, 1681, 1634, 1597,
1580, 1448, 1345 cm~!; 'H NMR (400 MHz, CDCls) 6 7.89 (d, J
=8.2Hz,2H),7.66(d,J =82Hz,2H),7.56(dd,JJ="179,79
Hz, 1H), 7.44 (dd, J = 7.9, 7.9 Hz, 2 H), 7.29 (d, J = 7.9 Hz, 2
H), 5.70 (ddd, J = 17.3, 11.2,9.4 Hz, 1 H), 5.32 (dt, J = 15.3, 6.4
Hz, 1H),5.16 (d,J = 17.3 Hz, 1 H), 5.15 (d, J = 11.2 Hz, 1 H),
5.04 (dd, J = 15.3, 8.2 Hz, 1 H), 4.01 (dd, J = 9.4, 9.4 Hz, 1 H),
3.49 (dd, J =9.9, 7.3 Hz, 1 H), 3.32 (dd, J = 10.2, 7.6 Hz, 1 H),
3.03 (dd, J = 10.2, 5.9 Hz, 1 H), 2.85 (dd, J = 9.9, 7.4 Hz, 1 H),
2.59—2.68 (m, 1 H), 2.43—2.52 (m, 1 H), 2.43 (s, 3 H), 1.89 (qd,
J =17.6,6.4Hz, 2 H), 0.87 (t, J = 7.6 Hz, 3 H); 13C NMR (100
MHz, CDCls) 6 199.0, 143.2, 136.2, 134.7, 134.3, 133.1, 129.4,
128.4, 128.3, 128.2, 127.5, 119.6, 54.8, 53.1, 51.6, 45.7, 44.6, 25.6,
13.6; LR MS (EI, m/z) 423 (M), 268. Anal. Calcd for CgsHgo-
NOsS: C, 70.89; H, 6.90; N, 3.31. Found: C, 70.82; H, 6.96; N,
3.31.

Independent Preparation of (+)-3a from Optically Ac-
tive Carboxylic Acid 4. To a solution of 414 (93% ee, 21.0 mg,
0.053 mmol) in CH3Cl; (2 mL) was added oxalyl chloride (0.023
mL, 0.27 mmol) at 0 °C. The mixture was stirred at room
temperature for 4 h, then the solvent was evaporated in vacuo
to afford crude acid chloride. This material was used in the
following reaction without further purification.

To a suspension of PdCly(PPhg), (1.8 mg, 0.0027 mmol) in
degassed THF (0.5 mL) was added PheZn (0.5 M in xylene, 0.16
mL, 0.074 mmol) and a solution of crude acid chloride in
degassed THF (1.5 mL). After the mixture had been stirred at
room temperature for 2 h, 10% aqueous HCI was added at 0 °C.
The mixture was extracted with EtOAc. The combined organic
layers were washed with saturated aqueous NaHCOj; and brine,
dried over NasSQOy, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane/ethyl
acetate, 6:1) to afford compound (+)-3a (21.6 mg, 95% from 4,

(14) The optically active carboxylic acid 4 was prepared from la
according to the procedure reported in ref 5b. The absolute stereo-
chemistry of 4 already has been determined in the same literature.
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colorless oil). The spectral data of this material were identical
with those of the material obtained by oxidation of 2a. The value
of specific optical rotation also showed good accordance to that
of (+)-3a obtained from 2a: [a]2lp +61.5 (¢ 0.86, CHCls).
Typical Procedure for Nickel-Catalyzed Enantioselec-
tive Coupling Reaction with Paraformaldehyde: (2R)-2-
{(BR,4S)-4-[(E)-But-1-enyl]-1-(4-methylbenzenesulfonyl)-
pyrrolidin-3-yl} but-3-en-1-0l (2¢). To a mixture of Ni(acac),
(4.2 mg, 0.017 mmol), (S)-H-MOP (14.5 mg, 0.033 mmol), and
paraformaldehyde (20.0 mg, 0.66 mmol) in THF (1.0 mL) was
added a solution of bisdiene 1a (50.0 mg, 0.17 mmol) in THF
(1.7 mL). The mixture was degassed by consecutive freeze/pump/
thaw cycle (3 cycles). To the resulting solution was added a
solution of dimethylzinc (1.0 M in hexane, 0.74 mL, 0.74 mmol)
at 0 °C. After the mixture had been stirred at room temperature
for 16 h, the reaction mixture was hydrolyzed with 10% aqueous
solution of HCI at 0 °C, and the aqueous layer was extracted
with EtOAc. The combined organic layers were washed with
saturated aqueous NaHCO3 and brine, dried over anhydrous
Na2S0y4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (hexane/EtOAc 3:2) to
afford (—)-2¢ (54.0 mg, 93%) as a colorless oil. The enantiomeric
excess was determined to be 85% ee by HPLC analysis (DAICEL
Chiralpak AS, hexane/2-propanol 9:1, 0.5 mL/min, UV detection
at 220 nm, major: 36.5 min, minor: 67.2 min): [a]23p —43.7 (c
1.47, CHCls, 85% ee); IR (neat) 3531, 3072, 2962, 2931, 2875,
1639, 1597 ecm1; 'H NMR (400 MHz, CDCl3) 6 7.70 (d, J = 8.2
Hz, 2 H), 7.33 (d, J = 8.2 Hz, 2 H), 5.55 (ddd, J = 17.0, 10.2, 9.4
Hz, 1 H), 5.44 (dt, J = 15.2, 8.0 Hz, 1 H), 5.13 (d, J = 10.2 Hz,
1H), 5.08 (dd, J = 15.2, 8.0 Hz, 1 H), 5.06 (d, J = 17.0 Hz, 1 H),
3.52 (dd, J = 10.8, 5.3 Hz, 1 H), 3.35—3.47 (m, 3 H), 3.03 (dd, J
=9.7,85 Hz, 1 H), 2.87 (dd, J = 9.7, 8.2 Hz, 1 H), 2.43—-2.54
(m, 1 H), 2.44 (s, 3 H), 2.11-2.19 (m, 1 H), 1.86—1.98 (m, 3 H),
1.60 (br, 1 H), 0.90 (t, J = 7.6 Hz, 3 H); 13C NMR (100 MHz,
CDCls) 6 143.2, 136.7, 134.6, 133.1, 129.4, 128.1, 127.3, 118.6,
63.6, 53.3, 51.1, 48.7, 44.76, 44.69, 25.6, 21.7, 13.6; LR MS (EI,
m/z) 349 (M), 319, 194, 155, 91. Anal. Calcd for C19H27NO3S:
C, 65.30; H, 7.79; N, 4.01. Found: C, 65.45; H, 7.62; N, 3.98.
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