Zuschriften

9118

Cycloaddition

DOI: 10.1002/ange.201104286

Nickel-Catalyzed Cycloaddition of o.,f3,y,0-Unsaturated Ketones with

Alkynes**
Hiroaki Horie, Takuya Kurahashi,*

Transition-metal-catalyzed co-oligomerizations, involving a
o— isomerization, of compounds containing unsaturated
carbon—carbon bonds are very important synthetic methods
for the atom-economical construction of structurally diverse
molecular frameworks. The development of efficient catalysts
for novel reactions of various compounds containing unsatu-
rated carbon-carbon bonds is a challenging task.!!

Recently, we have reported the development of nickel-
catalyzed intermolecular co-oligomerizations of alkynes and
alkenes tailored to selectively yield 1,3-dienes or 1,3,5-
trienes.? In the course of our studies, we became intrigued
by the use of different compounds containing unsaturated
carbon—carbon bonds, as reaction partners in place of an
alkene, to prepare diverse polyconjugated compounds. In
view of the potentially unique reactivity of o,p,y,0-unsatu-
rated ketones, which contain a 1,3-diene fragment,*’ we
explored the nickel-catalyzed cycloaddition of a,f,y,0-unsa-
turated ketones and alkynes. As a result of our investigations,
we found that the reaction proceeded in an unexpected
manner to afford bicyclo[3.1.0Jhexenes.[>”!

First, we evaluated the reaction of 1a with 2a in the
presence of [Ni(cod),] (10 mol%) and PPh; (20 mol%) in
toluene at 100°C for 16 hours. This reaction afforded the
bicyclo[3.1.0]lhexene 3aa in 70% yield (Table 1, entry1).
Among the ligands examined, PPh; gave the best yield of the
cycloadduct (Table 1, entries 2-5). In studies to determine the
best molar ratio of Ni’ and PPh, for the reaction, it was found
that the reaction of 1a with 2a provided 3aa in 63 % yield,
along with some unreacted 1a, when the ratio of Ni%PPh; was
1:3 (Table 1, entry 7). By prolonging the reaction time to
48 hours, the yield of 3aa was increased to 76% (Table 1,
entry 8). Detailed examination of various triarylphosphines
revealed that when P(4-MeC4H,); was used as a ligand for the
reaction, the yield of 3aa improved to 82% (Table 1,
entries 9-13). In addition, the highest yield was obtained
when the molar ratio of 1a to 2a was 1:2 (Table 1, compare
entry 9 with entries 14 and 15). The reaction of 1a with 2a in
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the presence of 5 mol % nickel catalyst also afforded 3aa in
69 % yield upon isolation (Table 1, entry 16).

Having determined the optimal reaction conditions, we
next confirmed the stereochemistry of the cycloadduct by

Table 1: Optimization of reaction conditions.””

% . P
Pr  [Ni(cod),] (10 mol %) H r
Ph ligand Q.
| * |‘| toluene, 100 °C >"'Q*Pr
' Ph s
| Pr H Ph
1a Ph 2a 3aa

Entry Ligand [mol %] t [h] Yield [%]"®!
1 PPh, 20 16 70 (57)
2 PCy, 20 16 51
3 PCyPh, 20 16 67
4 P(NMe,), 20 16 43
5 PMePh, 20 16 <1
6 PPh, 12 16 65
7 PPh, 30 16 63
8 PPh, 30 48 76 (64)
9 P(4-MeC4H.); 30 48 82 (71)
10 P(3-MeC¢H.); 30 48 50
1 P(2-MeC¢H.); 30 48 <1
12 P(4-MeOC¢H,), 30 48 30
13 P(4-FCeH,)s 30 438 79 (67)
14 P(4-MeCgH,);3 30 48 669
15 P(4-MeC¢H,); 30 48 78
16 P(4-MeC¢H,), 15 438 69!

[a] Reaction conditions: [Ni(cod),] (10 mol %), ligand, 1a (0.5 mmol),
and 4-octyne (2a; 1.0 mmol, 2 equiv) in 2 mL of toluene at 100°C.

[b] Yield as determined by NMR spectroscopy. Yield of the isolated
products is given in parentheses. [c] 2a (0.75 mmol, 1.5 equiv). [d] 2a
(1.25 mmol, 2.5 equiv). [e] [Ni(cod)] (5 mol %). Yield of the isolated
product. cod =1,5-cyclooctadiene, Cy = cyclohexyl.

performing the reaction of 1b with 2b (Scheme 1). The
reaction provided 3bb in 51 % yield as a single isomer. The
molecular structure of 3bb was confirmed using X-ray crystal
structure analysis that showed that 3bb has cis-exo stereo-
chemistry at the ring fusion (Figure 1).

To demonstrate the synthetic utility of this transforma-
tion, we examined the reaction of 4-octyne 2a with various

i Et  [Ni(cod)y] (5 mol %) H H
Np | P(4 MeCgHy)3 (15mol %) Oy =
+ | ‘ toluene, 100 iC, 48 h NZ’”QB
‘ Et H Np
1b Np 2b 3bb 51% single isomer

Scheme 1. Nickel-catalyzed reaction of 1b with 2b. Np =2-naphthyl.
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Figure 1. ORTEP drawing of cycloadduct 3bb. Hydrogen atoms are
omitted for clarity and thermal ellipsoids are shown at 50% proba-
bility.?

a,p,y,9-unsaturated carbonyl compounds 1 having different
functional groups (Table 2). It was found that diarylsubsti-
tuted a.,f,y,9-unsaturated ketones 1 reacted with 2a in the
presence of a nickel catalyst (5 mol%) to stereoselectively
provide the corresponding substituted bicyclo[3.1.0]hexenes
3. Among the examined aryl substituents at R', an aryl group
with an electron-withdrawing group afforded a higher yield of
cycloadduct 3 (Table 2, entry 1 versus entry 3). In the case of
the reaction of 1e with alkyne 2a, preferential oligomeriza-
tion of 2a was observed (Table 2, entry 3). Meanwhile, among
the examined aryl substituents at R?, an aryl group with an
electron-donating group afforded a higher yield of 3 (Table 2,
entries 7-10 versus entry 6). Competitive coordination of the

Table 2: Stereoselective nickel-catalyzed reaction of a,f,y,0-unsaturated ketones 1 with alkynes 2 to

form bicyclo[3.1.0]hexenes 3.

[Ni(cod),] (5 mol %)
P(4-MeCgH,)5 (15 mol %)

Angewandte

electron-deficient vy,8-unsaturated carbon—carbon moiety of
1h to Ni° may slow the initial formation of the five-membered
nickelacycle 5 (Scheme?2). In addition, we found that
heteroaryl substituents at both R' and R? were tolerated to
yield bicyclo[3.1.0]hexenes 3 (Table 2, entries 4, 5, and 11).
The reaction of 2-thienyl-substituted o,f,y,0-unsaturated
ketone 1m with 2a afforded 3ma in 47 % yield. The yield of
3ma was improved to 66 % by using 10 mol % of the nickel

3 1+2
Ni(O)L,
R2
[¢] 4 4
all 17

Ni R3 Rl N ||
PR . RS

g R O PAr

4

R! i ¥
= 1 \
R3 R 3
ONi R N
H Re R3 o 5
N N
™
R-~o-Ni R
6

Scheme 2. Plausible reaction mechanism.

catalyst (Table 2, entry 11).
Although, diaryl-substituted
a.,p,y,9-unsaturated ketones partici-
pated in the cycloaddition with
alkynes to furnish bicycloadducts

0. R? 3_— 4
E/\/\/ vORT=R toluene, 100 °C, 48 h in good to moderate yields, the
1 2 Hor 3 reaction of the alkyl-substituted
Enty 1 R R2 2 R R* 3 Yield [96] a,B,y,0-unsaturated ketone 1n with
] Te 4NCCH, Ph 2a P or 3ca 0 .2a resulted in the folrmatlon of 3na
2 1d  2MeCH, Ph 2a Pr  Pr  3da 49 in only 23% yield (Table2,
3 le 4-MeOCH, Ph 2a Pr Pr 3ea 28 entry 12).1
4 1f 2furyl Ph 2a Pr Pr 3fa 53 After demonstrating the scope
5 1g  3-pyridyl Ph 2a Pr Pr 3ga 41 of the reaction between a,f,y,0-
6 1h  Ph 4-CF,CH,  2a Pr Pr 3ha 19 unsaturated carbonyl compounds 1
7 Ti Ph 4-MeOGCH, 2a Pr Pr 3ia 74 and alkynes 2 with regards to sub-
8 T Ph 3-MeOGH, 2 Pr Pr 3ja >4 strates 1, we briefly examined the
9 1k Ph 2-MeOC¢H, 2a Pr Pr 3ka 66 L ;
10 11 Ph 4Me,NCH, 2a Pr pr 3la 67 reaction scope with regards to
1 1m Ph 2-thienyl 2a Pr Pr 3ma 660! alkynes 2. Both acyclic and cyclic
12 1n Ph Me 2a Pr Pr 3na 23 alkynes participated in the reaction
13 la Ph Ph 2b Et Et 3ab 64 with 1a to stereoselectively afford
14 1a Ph Ph 2c GHy GHy 3ac 64 bicyclo[3.1.0lhexenes 3 (Table 2,
15 Tla Ph Ph 2d  ~(CH)-  3ad 68 entries 13-15). Moderate regiose-
16 12 ph Ph 2¢ Me iPr 3ae o>\2§ 5304 lectivity of the reaction with an
H

H
0, B
3ae’ >\</? <
Ph 3
H

(3ae/3a¢’, 7:2))  unsymmetrical alkyne 2e was ach-
ieved by using sterically more-hin-
dered ligands PCyPh,, in place of

Ph P(4-MeC¢H,); (Table 2, entry 16).

[a] Yield of the isolated product. [b] [Ni(cod),] (10 mol%) and P(4-MeC¢H
combined yield of the two regioisomers is given. The reaction was carried out using PCyPh, (15 mol %),

in place of P(4-MeC¢H,);. [d] Ratio of the regioisomers.
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Terminal alkynes and aryl-substi-
tuted alkynes failed to participate in
the reaction, a result that is pre-
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sumably due to rapid oligomerization of the alkynes.

While the mechanism of this reaction has not been
completely elucidated, based on our observed results we
propose the following reaction mechanism to account for the
formation of bicyclo[3.1.0]hexenes 3, and the stereochemical
outcome of the reaction (Scheme 2). The reaction is initiated
by the coordination of o,fB,y,0-unsaturated ketone 1, and
alkyne 2 to Ni’. Oxidative cyclization leading to the formation
of nickelacycle 5 is followed by ring expansion to form a
seven-membered oxanickelacycle 6 by 1,3-migration.”! The
subsequent intramolecular insertion of the olefin affords
bicyclo intermediate 7,'” which undergoes 1,3-migration and
reductive elimination to give cycloadduct 3 and regenerate
the starting Ni° catalyst. The cis stereochemistry of the ring
fusion in bicyclo[3.1.0lhexene 3 may be ascribed to an
intramolecular syn carbonickelation of the olefin in inter-
mediate 6. The configuration of substituent R? is also
established by this process. The stereochemistry of the
arylcarbonyl substituent on the cyclopropane ring may have
resulted from the steric repulsion between this substituent
and the cyclopentene ring."!! The regioselectivity of the
reaction can be rationalized by looking at intermediate 4, in
which the direction of alkyne coordination minimizes the
steric repulsion between the bulkier R* substituent and the
ligand on the nickel. Thus, the addition of 1a to 2e using
sterically more-hindered ligands, PCyPh,, affords 3ae with a
regioselectivity ratio of 7:2 (Table 2, entry 16), while the
reaction of 1a with 2e using sterically less-hindered ligands,
P(4-MeC¢H,);, affords 3ae with lower regioselectivity (57 %,
3ae/3ae=2:1).

In conclusion, we have developed an unprecedented
reaction, which forms bicyclo[3.1.0]Jhexene by a nickel
catalyzed intermolecular stereoselective reaction of a,f,y,0-
unsaturated carbonyl compounds with alkynes. Our study is
the first to shed light on the unique reactivity of ao,p,y,0-
unsaturated carbonyl compounds in the transition-metal-
catalyzed cycloaddition of compounds containing unsaturated
carbon-carbon bonds. Further efforts to expand the scope of
the chemistry and applications for the synthesis of complex
molecules are now in progress.

Experimental Section

Representative procedure: The reaction was performed in a 5 mL
sealed vessel equipped with a Teflon-coated magnetic stirrer bar.
o,B,y,0-Unsaturated ketone 1a (0.50 mmol) and alkyne 2a
(1.0 mmol) were added to a solution of bis(1,5-dicyclooctadiene)-
nickel (7 mg, 0.025 mmol) and tri(4-methylphenyl)phosphine (23 mg,
0.075 mmol) in toluene (2 mL) in a dry box. The vessel was taken
outside the dry box and heated at 100°C for 48 h. The resulting
reaction mixture was cooled to ambient temperature, filtered through
a pad of silica gel and concentrated in vacuo. The residue was purified
by flash column chromatography on silica gel (n-hexane/ethyl
acetate =40:1) to give the corresponding bicyclohexene 3aa. Yellow
powder, mp: 37-39°C (AcOEt). "H NMR (500 muz, CDCl,): 6 =7.60
(d, J=7.5Hz, 2H), 745 (t, J=7.5Hz, 1H), 7.36 (t, J=7.5 Hz, 2H),
7.31 (t, J=7.5Hz, 2H), 726 (t, J=7.5Hz, 1H), 7.16 (d, J=7.5 Hz,
2H), 4.43 (d, /=7.0Hz, 1H), 2.72 (dd, J=7.0, 3.0 Hz, 1 H), 2.53 (td,
J=1.0,3.0Hz, 1H), 2.36 (t, /=3.0 Hz, 1H), 2.29-2.11 (m, 3H), 1.75
(m, 1H), 1.56 (m, 2H), 1.35 (m, 1 H), 1.23 (m, 1 H), 0.97 (t, / =7.0 Hz,
3H), 0.82 ppm (t, J=7.0 Hz, 3H); *C NMR (125 muz, CDClL): § =
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199.19, 142.50, 141.44, 137.97, 136.90, 132.34, 128.50, 128.37, 128.29,
127.80, 126.36, 54.81, 39.39, 36.45, 32.52, 30.52, 28.32, 21.61, 21.15,
14.14, 13.96 ppm; IR (KBr): v=2957, 1645, 1449, 1382, 1221,
704 cm™'; MS (EI): m/z (%): 344 ([M]", 83), 315 ([M-Et]", 47), 301
(IM-Pr]*, 35), 239 ([M-PhCOJ", 55), 105 ([PhCOJ*, 100); HRMS
calcd for C,sH,30: 344.2140 [M]; found: 344.2134.

Received: June 21, 2011
Published online: August 19, 2011

Keywords: cycloaddition - homogeneous catalysis -
isomerization - nickel - transition metals

[1] For leading references, see: a) B. M. Trost, A. F. Indolese, J. Am.
Chem. Soc. 1993, 115, 4361 -4362; b) B. M. Trost, A. F. Indolese,
T. J. J. Mueller, B. Treptow, J. Am. Chem. Soc. 1995, 117, 615—
623; for reviews, see: c¢) B. M. Trost, M. U. Frederiksen, M. T.
Rudd, Angew. Chem. 2005, 117, 6788—6825; Angew. Chem. Int.
Ed. 2005, 44, 6630 —6666.

[2] a) H. Horie, T. Kurahashi, S. Matsubara, Chem. Commun. 2010,
46, 7229-7231; b) H. Horie, T. Kurahashi, S. Matsubara, Chem.
Commun. 2011, 47, 2658 —2660.

[3] a) I. Koyama, T. Kurahashi, S. Matsubara, J. Am. Chem. Soc.
2009, 731, 1350-1351; b) S. Sako, T. Kurahashi, S. Matsubara,
Chem. Commun. 2011, 47, 6150-6152.

[4] Due to the ambident electrophilic character of a,f,y,0-unsatu-

rated carbonyl compounds toward nucleophilic addition (e.g.

1,2-, 1,4-, and 1,6-addition), the development of regio- and

stereoselective transformations that control such unique proper-

ties has been a research topic of great interest. For reviews, see:

a) N. Krause, S. Thorand, Inorg. Chim. Acta 1999, 296, 1-11,

b) A. G. Csdky, G. de La Herran, C. Murcia, Chem. Soc. Rev.

2010, 39, 4080-4102; c) N. Krause, A. Gerold, Angew. Chem.

1997, 109, 194 -213; Angew. Chem. Int. Ed. Engl. 1997, 36, 186 —

204.

For intramolecular Diels—Alder-type reactions of a,f3,y,0-unsa-

turated carbonyl compounds with alkynes, see: a) A. Saito, T.

Ono, Y. Hanzawa, J. Org. Chem. 2006, 71, 6437—-6443; b) C.

Dockendorff, S. Sahli, M. Olsen, L. Milhau, M. Lautens, J. Am.

Chem. Soc. 2005, 127, 15028 —15029.

For reviews of the transition-metal-catalyzed intramolecular

cycloisomerization of enynes, allenynes, and allenenes to pro-

vide bicyclo[3.1.0]hexane frameworks, see: a) V. Michelet, P. Y.

Toullec, J.P. Genét, Angew. Chem. 2008, 120, 4338-4386;

Angew. Chem. Int. Ed. 2008, 47, 4268—-4315; b) C. Aubert, L.

Fensterbank, P. Garcia, M. Malacria, A. Simonneau, Chem. Rev.

2011, 711, 1954-1993.

The bicyclo[3.1.0]hexane framework is an important molecular

framework in pharmaceutical drugs and natural products such as

eglumegad (L'Y354740) and drospirenone: a) J. A. Monn, M. J.

Valli, S. M. Massey, R. A. Wright, C. R. Salhoff, B. G. Johnson, T.

Howe, C. A. Alt, G. A. Rhodes, R. J. Robey, K. R. Griffey, J. P.

Tizzano, M. J. Kallman, D. R. Helton, D. D. Schoepp, J. Med.

Chem. 1997, 40, 528-537; b) D. Bittler, H. Hofmeister, H.

Laurent, K. Nickisch, R. Nickolson, K. Petzoldt, R. Wiechert,

Angew. Chem. 1982, 94, 718 -719; Angew. Chem. Int. Ed. Engl.

1982, 21, 696-697.

An a,B,y,0-unsaturated methyl ketone and an o,f,y,0-unsatu-

rated ester did not participate in the nickel-catalyzed reaction

with 2a..

For crystallographic evidence for the formation of oxanickela-

cycles, see: a) K. K. D. Amarasinghe, S. K. Chowdhury, M. J.

Heeg, J. Montgomery, Organometallics 2001, 20, 370-372; for

the structural studies and reactions of a seven-membered

nickelacycle that has a structure similar to that of 6, see: b) S.

Ogoshi, A. Nishimura, M. Ohashi, Org. Lett. 2010, 12, 3450—

[5

—_

[6

[}

[7

—

[8

—_

[9

—

Angew. Chem. 20m, 123, 9118 —9121


http://dx.doi.org/10.1021/ja00063a064
http://dx.doi.org/10.1021/ja00063a064
http://dx.doi.org/10.1021/ja00107a005
http://dx.doi.org/10.1021/ja00107a005
http://dx.doi.org/10.1002/ange.200500136
http://dx.doi.org/10.1002/anie.200500136
http://dx.doi.org/10.1002/anie.200500136
http://dx.doi.org/10.1039/c0cc01754j
http://dx.doi.org/10.1039/c0cc01754j
http://dx.doi.org/10.1039/c0cc04061d
http://dx.doi.org/10.1039/c0cc04061d
http://dx.doi.org/10.1021/ja807952r
http://dx.doi.org/10.1021/ja807952r
http://dx.doi.org/10.1039/c1cc10890e
http://dx.doi.org/10.1016/S0020-1693(99)00403-X
http://dx.doi.org/10.1002/ange.19971090304
http://dx.doi.org/10.1002/ange.19971090304
http://dx.doi.org/10.1002/anie.199701861
http://dx.doi.org/10.1002/anie.199701861
http://dx.doi.org/10.1021/jo060827x
http://dx.doi.org/10.1021/ja055498p
http://dx.doi.org/10.1021/ja055498p
http://dx.doi.org/10.1002/ange.200701589
http://dx.doi.org/10.1002/anie.200701589
http://dx.doi.org/10.1021/cr100376w
http://dx.doi.org/10.1021/cr100376w
http://dx.doi.org/10.1021/jm9606756
http://dx.doi.org/10.1021/jm9606756
http://dx.doi.org/10.1002/anie.198206961
http://dx.doi.org/10.1002/anie.198206961
http://dx.doi.org/10.1021/om0010013
http://dx.doi.org/10.1021/ol101264r
http://www.angewandte.de

(10]

Angew. Chem. 2011, 123, 9118 -9121

3452; c) H. P. Hratchian, S. K. Chowdhury, V. M. Gutierrez-
Garcia, K. K. D. Amarasinghe, M. J. Heeg, H. B. Schlegel, J.
Montgomery, Organometallics 2004, 23, 4636 —4646.

OM/Ph OMPh

Me OMe

For selected examples of the formation of six-membered
oxanickalacyles, see: a) C. Molinaro, T.F. Jamison, J. Am.
Chem. Soc. 2003, 125, 8076-8077; b) K. M. Miller, T. Luanphai-
sarnnont, C. Molinaro, T. F. Jamison, J. Am. Chem. Soc. 2004,

(11]

(12]

Angewandte

126,4130-4131; c¢) T. Mori, T. Nakamura, M. Kimura, Org. Lett.
2011, 13, 2266-2269; d) S. Ogoshi, M. Nagata, H. Kurosawa, J.
Am. Chem. Soc. 2006, 128, 5350-5351; ¢) L. Liu, J. Montgomery,
J. Am. Chem. Soc. 2006, 128, 5348 —5349.

The inverse stereoisomer may result in repulsive steric inter-
actions between the arylcarbonyl substituent and the cyclo-
pentene ring; these interactions would cause difficulty in the 1,3-
migration to form the corresponding stereoisomer of 8.

CCDC 837536 (3bb) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

9121


http://dx.doi.org/10.1021/ol101264r
http://dx.doi.org/10.1021/om049471a
http://dx.doi.org/10.1021/ja0361401
http://dx.doi.org/10.1021/ja0361401
http://dx.doi.org/10.1021/ja0491735
http://dx.doi.org/10.1021/ja0491735
http://dx.doi.org/10.1021/ol2005352
http://dx.doi.org/10.1021/ol2005352
http://dx.doi.org/10.1021/ja060220y
http://dx.doi.org/10.1021/ja060220y
http://dx.doi.org/10.1021/ja0602187
http://www.angewandte.de

