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A new protocol for the sequential allylic transfer reaction of a diene with two aldehydes in the construction of cyclic systems containing four
stereogenic centers is achieved in a one-pot operation. Reaction of the diene-alehyde 1 with aldehyde in the presence of the diboronyl reagent
catalyzed by a nickel complex produces products 2 and 3 depending on reaction conditions in high levels of diastereoselectivity. Extension
of this method to the synthesis of six-membered rings is also investigated.

The allylic transfer reactions of allylic metals to carbonyl two aldehydes by a transition metal catalysis to f@wmith
groups provide excellent stereoselective routes to the cor-the generation of four contiguous stereogenic centers as
responding alcohols.Although there have been elegant depicted in Scheme 1.

reports regarding allylboration of carbonyl functionalitfes,
the scope of the reaction is still limited to establishing two
stereogenic centers. In the course of our research program Scheme 1
aimed at finding new synthetic methods in the stereoselective gmR
construction of pyran rings via sequential allylic transfer g~x~R —— Ry

reactions we disclosed our discovery on the transition- . Y B, Bl

metal-catalyzed intramolecular allylation between allene and catalyst L,BBL,

carbonyl functionality to afford cyclic compounds in high J R'CHO then R2CHO I R

levels of stereoselectivityDuring this research program, we BL, R _

became quite interested in designing a sequential allylic /\)\‘/R = / H . OH a2

transfer reaction from a diene and diboronyl reagent with RO BL, ~ R e/;‘ <9 RIS
(1) For general discussions for allyllations, see: (a) Denmark, S. E.; Fu, B O:<:/ R Rz o

J. Chem. Re»2003,103, 2763—2793. (b) Denmark, S. E.; Almstead, N.
G. InModern Carbonyl ChemistnOtera, J., Ed.; Wiley-VCH: Weinheim,
2000; pp 299-401. (c) Chemler, S. R.; Roush, W. R.Modern Carbonyl

Chemistry; Otera, J., Ed.; Wiley-VCH: Weinheim, 2000; pp 4@30. Itw nvi hat th ntial allvlic transfer r ion
(2) For a review, see: Roush, W. R. I8tereoselective Synthesis; twas e Sagedt atthe sequential allylic transfer reactio

Helmchen, G., Hoffmann, R. W., Mulzer, J., Schaumann. E., Eds.. Of 1 with two different carbonyl compounds leading to the
Thi(esr)n(e:) ;S(tuttga;vlt, 1896; 3/0\I( 3,Spp 514%:486'9\ ch it Ed formation of2 could be realized through two reaction routes

a u, C.-M.; Lee, J.-Y.; 50, B.; AONQg, aAngew. em., Int. . . . . .
2002,41, 161-163. (b) Yu, C.-M.. Kim, J.-M.- Shin, M.-S.; Yoon, M-0. @S described in Scheme 1. To provide direct access to product

Chem. Commur2003, 1744—1745. 2, we considered the potent precurs@randB, which would
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be obtained via a reductive-allyl complex formation and  sequential carbonyl addition could be performed through
a diboration from diene promoted by transition metal intra- and intermolecular reactions. Initial attempts of a
catalysis, respectively. reaction of3a with benzaldehyde and diboronyl reagént

Carbonyl addition reactions of 1,3-dienes in the presencein the presence of transition metal complexes mainly
of proper reagents using nickel catabisas been intensively  employed for the diboration of an unsaturated ondicated
studied by Mori® Tamaru’ and Ito® A variety of reagents  that the conversion to the desirddcould not be satisfied
have been utilized with silans, trialkylboranes, diethyl zinc, with platinum, palladium, and rhodium complexes under
Dibal, and disilane. To the best of our knowledge, the various reaction conditions. Even though the control experi-
utilization of a diboronyl reagent @BBL,) to form A in ments with styrene worked well, surprisingly, the starting
Scheme 1 has not been investigated. 3aremained in most cases. Subsequently we considered that

After early studies on the use of a diboronyl reagent to other transition metal complexes might be suitable catalysts
accomplish the addition to alkyne catalyzed by a platinum to promote this chemical transformation. After surveying
complex reported by Miyauramany research groups have numerous conditions with several transition metal complexes,
made important contributions to the extension of this protocol we were delighted to discover that the use of dhmplex
to the diborations of alkend8,alkynest! dienest? and led to the best results in terms of reactivity and stereoselec-
allene$? for various synthetic purposes. Recently, a useful tivity. The key findings are summarized as follows: (1) We
reaction of diboronyl reagent with alkenes using chiral Rh observed a remarkable ligand effect to increase the catalytic
complexes leading to various asymmetric chemical trans- ability; a 1:2 mixture of Ni(codywith P(2-furyl); proved to
formations including carbohydroboration and dihydroxylation be the most effective catalytic system. (2) The use of 5 mol
by oxidation has been reportétHowever, the utilization % of catalyst turned out to be optimal in terms of chemical
of B as an intermediate for the sequential allylation with vyields. (2) The use of other phosphine ligands includingsPPh
two aldehydes has not been reportéd. —

The realization of an efficient method for the sequential o33 (o 3o ¥ 3 Nt Mo N A e 00,125, 2571
allylic transfer achieving multiple stereoselectivity should 2371. (c) Sato, Y.; Sawaki, R.; Mori, MOrganometallic2001, 20, 5516-
be valuable because synthetic application can be foresee ?llésgdl&ag_‘”(e\;-?si{%"’"@k_'; gé;itc?,a;\tn(_);' “’;‘Sri'f"gf'c';‘ré Péghefnhze(%é?g%
for the products® We outline herein our discovery of a 9310-9317. (f) Sato, Y.; Takanashi, T.. Hoshiba, M.; Mori, NL.

general and useful method in the construction of four Organomet. Chen003,688, 36-48.
(7) (@) Kimura, M.; Ezoe, A.; Shibata, K.; Tamaru, ¥. Am. Chem.

contiguous stereogenic centers in a single operation bygg 1998, 120, 4033—4034. (b) Kimura, M.; Fujimatsu, H.. Ezoe, A.;

sequential allylic transfers to two different aldehydes. This Sgibata, K.; Shimizu, M.(; ;Vlatsumoto, S, Tamaru,Aﬁg%W. Chem., Int.

; ; ; ; ; Ed.1999,38, 397—400. (c) Kimura, M.; Matsuo, S.; Shibata, K.; Tamaru,
highly steroselective t_ransformat|on myolvgs the nickel- Angew. Chem. Int. EL999, 38, 3386-3388. (d) Kimura. M.: Ezoe,
catalyzed metalloboration to form a reactive intermedigte  A.; Tanaka, S.; Tamaru, Yangew. Chem., Int. EQ001,40, 3600—3602.

i i i i (e) Shibata, K.; Kimura, M.; Kojima, K.; Tanaka, S.; Tamaru, Y.
intramolecular allylic transf.er regctlon to form the cyclic Organomer. Chen2001 624, 348353, (5 Kimura. M.. Ezoe. A Mori
system, and 2-alkenylboration with an external aldehyde. - Tamaru, Y.J. Am. Chem. So@005,.127, 201—209.
(8) (a) Suginome, M.; Matuda, T.; Yoshimoto, T.; Ito, @rg. Lett.1999
1, 1567-1569. (b) Suginome, M.; Matuda, T.; Ito, ©®rganometallics1998
17, 5233-5235. (c) Tamao, K.; Kobayashi, K.; Ito, §ynlett1992, 539—
Scheme 2 546. ) ) )
HO- . Ph (9) For reviews, see: (a) Ishiyama, T.; Miyaura,]NOrganomet. Chem.
% 2000,611, 392—402. (b) Ishiyama, T.; Miyaura, Khem. Rec2004,3,
L 271-280. (c) Miyaura, N. IMetal-Catalyzed Cross-Coupling Reactions,
L,BBL,, PhCHO TsN i 2nd ed; de Meijere, A., Diederich, F., Eds.; Wiley-VCH: Weinheim, 2004;
Vol. 1, pp 41+-123.
(10) (a) Baker, R. T.; Nguyen, P.; Marder, T. B.; Westcott, SAAgew.
Chem. Int. Ed. Engl1995,34, 1336—1338. (b) Ishiyama, T.; Yamamoto,
M.; Miyaura, N.Chem. Commuri.997 689-690. (c) Iverson, C. N.; Smith,

3a 4
Ho L ph Ho.fl_ph : i ,
H H M. R., lll. Organometallicsl997,16, 2757—2759. (d) Dai, C.; Robins, E.
¥ Z G.; Scott, A. J.; Legg, W.; Yufit, D. S.; Howard, J. A. K.; Marder, T. B.
TsN H TsN H Chem. Commuri998, 1983-1984. (e) Ishiyama, T.; Momota, S.; Miyaura,
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4a 5a
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s
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N. Synlett1999, 1790—-1792.

(11) (a) Iversion, C. N.; Smith, M. R., l10. Am. Chem. S04995,117,
4403-4404. (b) Ishiyama, T.; Matsuda, N.; Murata, M.; Ozawa, F.; Suzuki,
Me Me A.; Miyaura, N.Organometallics1996 15, 713-720. (c) Cui, Q.; Musaev,
Me 0 O—\ Me o 0 Me- 3O O-ZiMe D. G. M.; Morokuma, K.Organometallics1998,17, 1383—1392. (d) Ali,

,\<: B-B :>\ @E B-B, ]@ ji B-B, :t H. A.; Al Quntar, A. E. A;; Goldberg, |.; Srebnik, MOrganometallics
Me" g o—/ Me o © Me7-c oy e 2002,21, 45334539,

6a 6b © 6c e (12) (a) Ishiyama, T.; Yamamoto, M.; Miyaura, 8hem. Commuri996
2073—2074. (b) Lawson, Y. G.; Lesley, M. J. G.; Marder, T. B.; Norman,
N. C.; Rice, C. RChem. Commuril997, 2051—2052.

(13) (a) Ishiyama, T.; Kitano, T.; Miyaura, N.etrahedron Lett1998,

To investigate the sequence outlined in Scheme 2, Weigézggz—gggo- (b) Yang, F.-Y.; Cheng, C.-H1.Am. Chem. So001,
began with3a as a starting material; we planned that the (14) (3) Morgan, J. B.: Miller, S. P.: Morken, J. B. Am. Chem. Soc.
2003,125, 8702—8703. (b) Miller, S. P.; Morgan, J. B.; Nepveux, F. J. V,;
(4) (@) Yu, C.-M,; Youn, J.; Lee, M.-KOrg. Lett.2005,7, ASAP. (b) Morken, J. POrg. Lett.2004,6, 131—133.

Yu, C.-M.; Hong, Y.-T.; Lee, JJ. Org. Chem2004,69, 8506—8509. (c) (15) Diboration of dienes for allylation, see: Morgan, J. B.; Morken, J.

Kang, S.; Hong, Y.-T.; Lee, J.-H.; Kim, W.-Y_; Lee, |.; Yu, C.-NDrg. P. Org. Lett.2003,5, 2573—2575.

Lett. 2003,5, 2813—2816. (16) For an example of the generation of multiple stereogenic centers in
(5) For discussions on the Ni-catalyzed reductive cyclization, see: one operation, see: Halland, N. H.; Aburel, P. S.; Jorgensen, Kngew.

Montgomery, JAngew. Chem., Int. E2004,43, 3890—3908. Chem., Int. Ed2004,43, 1272—1277 and references therein.
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P(otolyl)s, PBw;, and P¢-hexyl); turned out to be unpromis-
ing mainly due to a lack of reactivity: none or only trace

In light of the above results for the stereoselective
sequential allylic transfer reaction depending on reaction

amounts (less than 10%) of products was formed. (3) Reagentconditions, we next turned our attention to the application
6a was generally superior to other diboronyl reagents of this approach with7 to extend to the synthesis of six-

including 6b and 6¢. (4) The reaction performed in THF

membered rings. Unfortunately, the reaction bfwith

resulted in optimum chemical yields in comparison with other benzaldehyde under the same conditions as described in

solvents such as toluene, gEN, and DMF.

method A in Table 1 gave three diastereomers in 67% yield

Under optimal conditions, the reaction was conducted by with an approximately 3:1:1 mixture as judged by 500 MHz

a dropwise addition oBa (1 equiv) in THF followed by
benzaldehyde (1.1 equiv) at 2Q to a resulting solution of
Ni(COD), (0.05 equiv), P(2-furyB (0.1 equiv), andba (1.1
equiv) in THF. After 12 h at 20C, workup and chroma-
tography affordedta as a sole product in 87% yield (entry
1 in Table 1; method A). It is notable that this condition

Table 1. Sequential Allylic Transfer Reaction & with

Aldehydes
X/\/H\/ Ni(0), | P i:tj\/ C:L/t
\/§ (5 mol%
o 6a, RCHO
3a: X=NTs
3b: X = C(CO,Et),
entry 3 RCHO method® 4:5° yield, %¢
1 3a Ph A 4a only 87
2 3a Ph B 5a only 77
3 3a PhCHyCHs A 89:11 76
4 3a PhCH,CHs B 9:91 68
5 3a n-CsH1p A 86:14 72
6 3a n-CsHi B 11:89 77
7 3b Ph A 95:5 85
8 3b Ph B 9:91 78
9 3b  PhCH3CH A 88:12 74
10 3b PhCH,CHq B 13:87 88
11 3b n-CsHi A 90:10 72
12 3b n-CsHip B 12:88 71

aMethod A: reaction performed at 2C. Method B: reaction performed
at 20 °C for 5 h and subsequent intramolecular allylation, and then
intermolecular allylation with aldehyde was carried out-&8 °C. For more
details, see Supporting InformatiohDetermined by*H NMR spectra of
crude products and isolation of each proddétields refer to isolated and
combined yields.

H NMR of the crude reaction mixture. Under method B in
Table 1, the reaction was shown to produce the same
products but different minor products ratio in a 3:1.5:0.5
mixture. Thus, to find optimum conditions a series of
experiments was performed with Eventually, distereose-
lectivities could be improved up to 10:1 as shown in Scheme
3. The sequential allylic transfer reaction was carried out

Scheme 3
olir
i. Ni(COD),, P(2-furyl), -
TsN/\f\/ (5 mol%)
6a, THF, -10°C  TsN
0 ii. RCHO, -78 °C
7
8a: Ph 74% dr=88:8:4
8b: PhCH,CH, 71% dr=91:7:2
8c: nCsHq, 66% dr=89:7:4

with 7 and 6a in the presence of Ni complex at10 °C.
After 8 h at—10 °C, the resulting mixture was cooled to
—78 °C, and then benzaldehyde was added. After an
additional 12 h at-78 °C, the reaction was quenched. Major
product 8a was isolated in pure form by flash column
chromatography, but the mixture of minor diasteromers could
not be separated. The structureBafiwas confirmed by single
X-ray crystallography. The results with several aldehydes
are summarized in Scheme 3. It is worthy of note that the

affords the best yield and stereoselectivity, whereas higherrelative stereochemistry &a is well-matched with that of

temperatures, especially over 4D, resulted in the formation

4a except for the hydroxy group in the ring. However, the

of diastereomeric products. We were surprised to find that temperature effect to influence a reversalmwfacial dias-

the formation of5a was observed by varying the reaction
temperature. After the reaction 8 with 6aand subsequent
intramolecular allylation under the identical conditions, the
reaction mixture was cooled t678 °C, and then benzal-
dehyde was added. Compoubd was obtained as a single
adduct without the formation of any trace 4 (entry 2 in
Table 1, method B). The relative configurations4af and

tereoselectivity has not been observed.

Although the exact mechanistic aspects of this transforma-
tion have not been rigorously elucidated, the following
pathway could be a probable stereochemical route on the
basis of product formation and our observations as illustrated
in Scheme 4. As already discussed in Scheme 1, two possible
intermediates, A and B, could be operative for the intramo-

5awere unambiguously established by X-ray crystallography lecular allylic transfer reactions. However, intermediate B
(see Supporting Information). It is interesting to note that might be unlikely because the diboration with styrene under

the structural difference betweda and5aturned out to be

same conditions followed by oxidation with,&, gave only

a reversal of configurations of the side chain being estab- trace amounts of the corresponding diol. Therefore, this

lished in the (E)-allkenylboration with benzaldehyde.
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Scheme 4
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complex9 as first proposed by Mofi.Following chemical

allylation by the existing moiety to impant-facial selectivity

of the incoming aldehyde depending on reaction temperature
is not clear at this moment. Since allylation would lead to
the productd4a or 5a via stereochemical models2 or 13

(exo to the ring), the major reaction pathway could be
dependent on the stability in the transition state under a
kinetic control such as orientation and steric factors offered
by existing substituents: subtle geometrical preference of
12 at 20°C and13 at —78 °C for a minimum strain with
existing components as depicted in Scheme 4.

In summary, we have developed the nickel-catalyzed
sequential allylic transfer reaction of a diene with two
aldehydes to establish four contiguous stereogenic centers
in one operation. This highly regio- and stereocontrolled
protocol involves the nickel-catalyzed metalloboration of
diene, the intramolecular allylation in the construction cyclic
system, and the intermolecular crotylboration of aldehydes.
In each case, the observed products indicate that the
sterochemical outcomes of this transformation depend on the
reaction conditions. The method is extended to the synthesis
of six-membered rings with up to 10:1 diastereomeric ratio.
The stereochemical relationships of products are unambigu-
ously established by single X-ray crystallography. Further
studies including an asymmetric version incorporating chiral
ligands are currently underway.
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However, the origin of remote stereocontrol of intermolecular 0OL051806C
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