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ABSTRACT
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A number of indenes have been prepared in good yields by treating o-bromobenzyl zinc bromide 1 with various terminal and internal alkynes
in the presence of a nickel catalyst. The nickel-catalyzed carboannulation reaction was successfully extended to the synthesis of indane
derivatives by reaction of 1 with acrylates and styrene.

Indene ring frameworks are present in a large number of alkynes with o-halophenyl aldehydes (or ketones) or
biologically active compoundsand their metallocene com-  iodophenyl malonates have been used to synthesize indenes,
plexes are able to catalyze olefin polymerizatidRecently, but the disadvantage of these methods is that only internal
various Pd? Ni-,* and Co-catalyzédcarboannulation of  alkynes could participate in the carboannulation reaction.
(1) (a) Kuraray Co. Ltd. Jpn. Jpn. Kokai Tokkyo Koho JP 56113740, H_ere we report a mild prepara_\tlve met.hOd for indenes by a
1981;Chem. Abstr1982 96, 68724. (b) Kuraray Co. Ltd. Jpn. Jpn. Kokai  Nickel-catalyzed carboannulation reactioroeBrCeHsCH,-

;0kkylo K;?h% _JE 5E0£4t94|§. |1%8h?3henlﬁé ébitzr-lggg ?c?), |1%9935- g{c) ZnBr with either internal or terminal alkynes. Acrylates and
amula, K.; Cichy, Cta Pol. arm. " . shiguro, Y.; . . .
Okamoto, K.; Ojima, F.. Sonoda, YChem. Lett1993 1139. (¢) Senan- styrene also undergo the _ carboannulation reaction with
ayake, C. H.; Roberts, F. E.; DiMichele, L. M.; Ryan, K. M.; Liu, J;  0-BrC¢H4CH,ZnBr to afford indane products.

Fredenburgh, L. E.; Foster, B. S.; Douglas, A. W.; Larsen, R. D.; Verhoeven, ; ; ;

T. R. Reider, P. JTetrahedron Lett.1995 36, 3993. () Gao, H.. |nwamolecular Suzuki, Heck, and Stille reactions play
Katzenellenbogen, J. A.; Garg, R.; Hansch@em. Re. 1999 99, 723. important roles in the synthesis of cyclic natural proddcts.

(9) Dillard, R. D.; Hagishita, S.; Ohtani, M. PCT Int. Appl. 9603120, 1996; ~ On the other hand, the intramolecular Negishi coupling (INC)

Chem. Abstr1996 125, 1426. (h) Kikuchi, T.; Tottori, K.; Uwahodo, Y.; . . . . .
Tanaka, H.; Ichikawa, H.; Ono, Y.: Nakai, S. PCT Int. Appl. 9621449, eaction is scarcely reported in the literatU&inceo-BrCeH.-

1996;Chem. Abstr1996 125 204539. (i) Mederski, W.; Dorsch, D.; Wilm,  CH,ZnBr could be easily prepared from commercially

C.; Osswald, M.; Schmitges, C. -J.; Christadler, M. Ger. Offen. 1971785, : ~ 8 : : :
1998: Chem. Abstr1998 129, 275905, available o-BrC¢H4CH,Br,® we decided to use this zinc

(2) (@) Alt, H. G.; Keppl, A. Chem. Re. 200Q 100, 1205. (b) Leino, R.; reagent to test the INC reaction. Our hypothesis of the INC

Lehmus, P.; Lehtonen, Aur. J. Inorg. Chem2004 3201. (c) Cadierno, i i i ; ;
V.. Diez. J- Gamasa M. P.. Gimeno, J. Lastradord. Ghem. Re reaction for the synthesis of indenes is shown in Scheme 1.

1999 193-195, 147. (d) Zargarian, DCoord. Chem. Re 2002, 233234, The oxidative addition of Ni(0) to the BrC(phenyl) of the
157. 0-BrCsH4,CH,ZnBr would lead to an arylnickel species, and

3) () Quan, L. G.; Gevorgyan, V.; Yamamoto, ¥.Am. Chem. Soc. . : .
1959) (1%8 3545. (b) Quan‘gyL_ .. Gevorgyan, V.. Yamamoto, Y. the following step may go through two different pathways:

Tetrahedron Lett1999 40, 4089. (c) Zhang, D. H.; Yum, E. K.; Liu, Z. J.;

Larock, R. C.Org. Lett.2005 7, 4963. (6) For areview, see: Nicolaou, K. C.; Bulger, P. G.; SarlahABbgew.
(4) Rayabarapu, D. K.; Cheng, C.-l€hem Commun 2002 942. (b) Chem., Int. Ed2005 44, 4442.
Rayabarapu, D. K.; Yang, C. H.; Cheng, C.-H.0rg. Chem.2003 68, (7) Jackson reported an INC reaction in 33% yield seeeR&onziez,
6726. M.; Jackson, R. F. WChem Commun 200Q 2424.
(5) (@) Chang, K.-J.; Rayabarapu, D. K.; Cheng, C@GHjg. Lett.2003 (8) (a) Berk, S. C.; Knochel, P.; Yeh, M. C. .0rg. Chem1988 53,
5, 3963. (b) Chang, K.-J.; Rayabarapu, D. K.; Cheng, Cxtrg. Chem. 5789. (b) Berk, S. C.; Yeh, M. C. P.; Jeong, N.; KnochelDRganometallics
2004 69, 4781. 199Q 9, 3053.
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Table 1. Optimization of Reaction ConditioAs

C[\anr . |‘| Ph
Br Ph

2a 3a

Ni catalyst
— 7 .
solvent

1

(a) arylnickel species undergoes intramolecular transmetal-
atiorP2to form a nickelacyclobutabenzeffed which would
undergo alkyne coordinatidhand subsequent alkyne inser-
tion to afford indene; (b) arylnickel coordination to alkyne
and subsequent inserttbof the alkyne would form a vinylic
nickel intermediate, which would undergo intramolecular
transmetalation and subsequent reductive elimination to give
an indene product. Thus both pathways a and b could be
regarded as interrupted INC reactions.

Since Ni(ll) could be easily reduced to a Ni(0) species by
benzylzinc reagenit, we initiated our efforts by employment
of air stable Ni(PP§.X, (X = ClI, Br, 1).*2 As shown in
Table 1, phenylacetylerzawas used as the model substrate,
and various Ni species and solvents were investigated to
increase the yield (Table 1).

Among various Ni(ll) species and solvents investigated
(Table 1, entries 7, 10-13), Ni(PPh)l, in CH,Cl,*3 was

entry catalyst solvent? 3a yield

[%]

1 Ni(PPhs)sCly THF trace

2 Ni(PPhs)sBrs THF 5

3 Ni(PPhs)sls THF 8

4 Ni(PPhg)zIz CH3CN trace

5 Ni(PPhs)sls DMF trace

6 Ni(PPhs)sls toluene trace

7 Ni(PPhs)als CH.Cl; 82

8 Ni(PPhs)slo/2PPhg CH.Cly 17

9 Pd(PPhs)sCly CHyCly 3

10 Ni(acac)2 CHyCly 4

11 Ni(dppe)ls CHyCly 2

12 NiPyqClg CHyClg 6

13 Ni{ P(p-MeOCgHy)s} 2Cla CH-Cls 10

14 Ni(PPhs), CHyCly 31

15 Ni(PPhs)sls/Zn CHyCly 17

2The reaction was carried out by the addition of 3.5 equiv of Zinc reagent
to a solution of 1.0 equiv of alkyne and 0.1 equiv of Ni catalyst in different
solvents, and yield was calculated based on GC with acetophenone as an
internal standarc? All reactions were conducted at refluxing temperature
of solvents except DMF (at 80C) and toluene (at 80C).

found to be the most reactive (Table 1, entry 7). Ni(BR®h

is more effective than Ni(PRRCI, and Ni(PPh).Cl, prob-
ably because iodide coordination could stabilize either Ni-
(0) or Ni(ll) species as Percec addres$&dAlthough
solvents such as THF, DMF, and gEN are frequently used

in the intermolecular Negishi reaction, each of them is
ineffective toward this INC-type reaction. A bidentate ligand
(dppe) is not favorable for increasing the reactivity of the
Ni catalyst (Table 1, entry 11). The addition of 0.2 equiv of

(9) (a) Bennett, M. A.; Hambley, T. W.; Roberts, N. K.; Robertson, G.
B. Organometallics1985 4, 1992. (b) Neidlein, R.; Rufinska, A.; Schwager,
H.; Wilke, G. Angew. Chem., Int. Ed. Endl98§ 25, 640. (c) Kriger, C.;
Laakmann, K.; Schroth, G.; Schwager, H.; Wilke, Ghem. Ber.1987,

120, 471. (d) Schwager, H.; Benn, R.; Wilke, @ngew. Chem., Int. Ed.
Engl. 1987 26, 67.

(10) (a) Campora, J.; Llebaria, A.; Moreto, J. M.; Poveda, M. L.;
Carmona, EOrganometallics1993 12, 4032. (b) Carmona, E.; Gutierrez-
Puebla, E.; Marh, J. M.; Monge, A.; Paneque, M.; Poveda, M. L.; Ruiz, C.
J. Am. Chem. S0d.989 111, 2883. (c) Carmona, E.; Palma, P.; Paneque,
M.; Poveda, M. L.; Gutierrez-Puebla, E.; Monge, A.Am. Chem. Soc.
1986 108 6424. (d) Campora, J.; Gutierrez-Puebla, E.; Monge, A.; Palma,
P.; Poveda, M. L.; Ruiz, C.; Carmona, Brganometallics1994 13, 1728.

(e) Campora, J.; Carmona, E.; Gutierrez-Puebla, E.; Poveda, M. L.; Ruiz,
C. Organometallics1988 7, 2577.

(11) (&) Wu, J.; Yang, ZJ. Org. Chem2001, 66, 7875. (b) Srogl, J.;
Liu, W.; Marshall, D.; Liebeskind, L. SJ. Am. Chem. Soc999 121,
9449. (c) Wu, J.; Sun, X.; Zhang, Chem. Lett2005 34, 796. (d) Krapcho,

A. P.; Gilmor, T. R.J. Heterocycl. Cheml999 36, 445.

(12) (a) Venanzi, L. MJ. Chem. Socl958 719. (b) Kanai, H.; Sakaki,

S.; Sakatani, TBull. Chem. Soc. JprL987, 60, 1589. (c) Dunstan, P. O.
Thermochim. Act2005 437, 100. (d) Percec, V.; Bae, J.; Zhao, M.; Hill,
D. H. J. Org. Chem1995 60, 176.

(13) (a) Afterl was prepared in THF as in ref 8, the THF was removed
by concentration in vacuo. The remaining gray solid was dissolved in dry
CH.Cl,. See: Yanagisawa, A.; Habaue, S.; YamamotoJHAm. Chem.
So0c.1989 111, 366. (b) On the basis of GC and NMR analysis, 629 of
in entry 7 (Table 1) was converted to 9,10-dihydroanthracene via intermo-
lecular Negishi coupling reaction and 4% dfwas converted to 9,10-
dihydrophenanthrene.

5208

PPh to the reaction disfavored the carboannulation reaction
(Table 1, entry 8).

The employment of Pd(PRJaCl, gave a low yield of3a
(Table 1, entry 9). The Ni(0) species such as Ni(®fimly
gave3ain 31% vyield (Table 1, entry 14). Other Ni(0) species
from the reduction of Ni(PPl, by zinc dust also afforded
3ain low yield (Table 1, entry 15).

Control experiments indicated that no desired product was
observed in the absence of Ni(RRh.

With optimized reaction conditions in hand, we explored
the scope and limitation of this method (Table 2). All
1-arylacetylenes underwent carboannulation reaction With
to give 2-arylindene products in high regioselectivities and
good vyield regardless of the nature and the position of the
substituents (Table 2, entries-6). 1-Naphthyl acetylene
could also react withl to afford indene3g in good
regioselectivities (Table 2, entry 7). As entry 8 demonstrates,
this transformation tolerates internal alkenes. 1-Alkyl acety-
lenes gave the desired 2-alkyl indene products under identical
reaction conditions (Table 2, entries 9, 10). The reaction of
1 with symmetrical alkynes such as diphenylacetylene
afforded the desired product in 76% yield (Table 2, entry
11). The annulation process is regioselective for internal
alkynes containing TMS, yielding the regioisomers with the
more sterically demanding TMS group in the 2 position of
the indene ring (Table 2, entries 13, 14). In the reaction of
2l, two regioisomer8l and3I' were obtained in the ratio of
3/1, and the major isom@&t again has the more bulky phenyl
group in the 2-position of the indene ring (Table 2, entry
12). In the case oRo, product3o has the COOMe in the
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Table 2. Scheme 2

2
ZnBr T i LR L
™ ) e (L (on =) L
o CH,Cly R
1 o |\|
RS

L
Ni
3 yield ©:/k ©:‘fi—t
entry alkyne or alkene product [%]%?® s 1 ]
RL
2a R'=H, R?=Ph 3a 77 o~

R R Ph
1 2a-o alkyne 3a-0 indene 3
2p-t alkene 3p-t indane

-

1
2 2bR!=H, R2= p-MeOCsH, 3b 76 ks L ©\AZ”BF
3  2¢cR'=H, R?= 3,5-diMeOCsH; 3c 73 Br
4 2dR!'=H, R2=p-FCeH, 3d 70 2 O\AZnBr ( by
5 2 R!'=H, R2= 3,4,5-triMeOCgH, 3e 60 Ni(PPhg)al B Ni()(PPhg), CC L
6 2f R1= H, R2 = 3,4-MethylenedioxyCsHs 3f 75 4 g Ni<Br
7  2gR'=H, R?= l-naphthyl 3g 72 5 ZnBry
8  2hR'=H, R?= (E)-styryl 3h 68 @ L
9  2i R'=H, R?= cyclopropyl 3i 56
10 2jR'=H,R2=nBu 3j 66 R
11 2kR!'=Ph,R2=Ph 3k 76 m\R Nt
12 21R!= Me, R2="Ph 313l 73 1o [ 6 L

13  2m R'= Ph, R2=TMS 3m 75

14 2nR!=n-Bu, R2=TMS 3n 65 R l

15 20 R!=n-Bu, R2= COOMe 30 65 Ni(f R

16 2pR!=COOMe, R2=H 3p 82 é? L

17 2qR!=COOEt, R2=H 3q 80 9

18 2r R'=COOnBu, R2=H 3r 78 a . )

19 2sR'=Ph R’=H 3s 80 L = PPh, R- = large (or—COOMe) substituent, R= small
20 2t R! = 3 4-Methylenedioxy 3t 78 substituent.

CeHg, R2 =H
2solated yield Zinc reagent (3.5 mmol, 3.5 equiv) in 3.5 mL @&l of alkynes into arynickel species via pathway b would also

was added to a refluxing GBI, solution (8 mL) of the unsaturated substrate i i _
(1_.0 mmol, 1.0 equiv) and_ Ni(PRRl2 (0.1 mmol, 0.1 equiv). The resultant settle the obser\{ed_reglochem|stry33 0 .
mixture was refluxed until complete by TLC. As Scheme 2 indicated, reductidmf Ni(ll) to Ni(0) by

linitiates the catalysis. After the formation &from 1 and
Ni(0) via pathway a, the coordination of alkyne @ovia
ligand exchange forms a nickehlkyne complex?, in which
the coordination position of the alkyne is presumed to be
cis'® to the Ni—=Csp2 bond. The subsequent regioselective

2-position of the indene ring (Table 2, entry 15). The
regiochemistry of this product suggests that the catalytic
carboannulation reaction is governed by the electronic effect
of substrate.

The present nickel-catalyzed reaction was successfully  (14) (a) Control experiments indicated that methyl acrylate was inert to
implemented for the synthesis of indane derivatives via BnZnBr under nickel catalysis. This result excludes the direct Michael-

- . . type addition of the benzylzinc df to acrylate. (b) Allylic zinc reagents

carboannulatlon reaction of _Wlth acrylates or styrene are relatively unreactive toward alkenic bonds as ref 13 addressed.
derivatives. Treatment ol with methyl acrylate under (15) (a) It is known that the insertion of electron-deficient olefins into

identical reaction conditions proceeded smoothly to afford Ni—anl (or alkyl) bonds generally gives only terminal products with aryl
(or alkyl) at thes position to electron withdrawing group. See: Montgomery,

methyl 2-indane carboxylatp in 82% yield (Table 2, entry  j organometallic Complexes of Nickel. Stience of Synthesisrost, B.

16). Surprisingly, the observed regiochemistry Bp is 2,”2:' (Lgu;%nS, M.,nl_Eds.;fTr}ieme: _S:ut:ﬁa:&h G?rtr)nar&y, ]?'%Qél;(\gﬁl).(ébgp 11
. - _ . e insertion of styrene into the-Naryl bond of NiBr 2
opposite to those observed f8e—j and3o (-BuC=CCO;- gave similar terminal products with nickel attached to the most hindered

Me 20). In the present cas@&p has the COOMe in the 1  terminus of styrene. See: Otsuka, S.; Nakamura, A.; Yoshida, T.; Naruto,
it ; ; i ; R M.; Ataka K.; J. Am. Chem. Sod.973 95, 3180.

position qf the .|ndane ring. Similar regiochemistry was 16) As one of the reviewers suggestesHECHs is a solvent that

observed in entries 17 and 18 (Table 2). The carboannulationoftentimes is used as a GEl, equivalent (polarity-wise) but with a higher

reaction ofl with styrene2sand its derivativet also worked boiling point. The reaction af and2ain CeHsCFs at 40C using Ni(PPB)l2
as a catalyst gavBa in 62% yield, but the same reaction intsCF; at

well, affording 1-aryl indane8s and 3t in 80% and 78% 80°C only afforded3ain 31% yield. Nickelacyclobutabenzene complexes
yields, respectively. in ref 9b—d were usually kept at rt or lower temperature, so the dramatic

: ; ; :  effect of CHCI, on the reaction in Table 1 probably could be explained by
The exact mechanism for_the present catalytic reaction is its mediurn polarity and relatively low boiling point (20), which may
not yet clear, but the reaction of acrylateg-2t through stabilize the proposed intermedidén Scheme 2. Thus pathway a seems
pathway b (Scheme 1) should give 2-substituted indane to be more reasonable than pathway b for the reaction of alkyned.and
415 . . (17) (a) It is known that carbonickelation of unsymmetrical alkynes
productd**>instead of3p-3t. Thus, a plausible mechanism proceeds in a syn fashion, with insertion producing a vinylnickel species

based on pathway'is proposed for this annulation process in which nickel attached to the most hindered terminus of the alkyne (see
: ref 4). (b) Carmona also found that the regiochemistry of unsymmetrical
In SCheme 2, but the pathway b could r!Ot be E).(Clu_ded from alkyne insertion into the Ni-§2bond was determined by the bulkiness of
the reaction of alkynes because the regioselective inséttion the alkyne substituent and also by electronic effects (see ref 10).
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insertiort’ of the alkyne into the NiCsp2bond forms8 with respectively. Combined with the TFA removal of TMS,

nickel and R on the same carbon. Reductive elimination of this carboannulation reaction provides a general method

Ni(0) from 8 gives indene product with the observed for the synthesis of both 1-substituted (suchldsn and

regiochemistry. 11n) (Scheme 3) and 2-substituted indenes (Table 2, en-
In the reaction of1 with acrylates or styrene, the tries 1-10).

coordination position of the alkene Bis presumed to be

cis to the Ni-Csps bond, and subsequent regioselective || NG

insertiort>2190f the alkene into the NiCspsbond forms10 Scheme 3
with nickel and R group on the same carbon. Reductive AL CHGI
elimination of Ni(0) from10 gives the indane product with TMS -
the R substituent in the 1 position of the indane ring. While R R
. . . 3m R =Ph 1MmR=Ph  90%
the reason for the exclusive insert®®mf alkene into the 3n R=n-Bu 11n R=n-Bu 81%

Ni—Cspz bond in 9 remains unknown, Montgomery did
demonstrate the regioselective insertion of electron-deficient ) )
olefins into the Ni-Cspz bond (not Ni-Csy) of a nickelcy- In conclusion, we have demonstrated the Ni()h
clopentene intermediate in his woik. catalyzed carboannulation reaction @bromobenzylzinc
The removal of TMS groups i8m and 3n could be bromide yvith alkyl_wes affords indenes in good regio_selectivity
accomplished by TFA in CbCl, in 90% and 81% yields, under mild co_ndmons. The substrates of the reaction can be
extended to include acrylates and styrene for synthesis of
(18) (a) According to Carmona’s finding, alkyne inserts exclusively into 1-substituted indanes in good yields. Further mechanistic

the Ni—aryl bond of nickelacyclopentabezene as the result of cis coordina- Studies and synthetic applications of the procedure are in

tion to Ni—aryl (see ref 10). (b) Montgomery also demonstrated the cis progress.

coordination of the alkyne to the NiCsp2bond of the nickelacyclopentene

and subsequent insertion of the alkyne into the-Glip2 bond. See: .

Montgomery, J.; Seo, Tetrahedron1998 54, 1131. _ Acknowledgment. This work was supported by NSFC
(19) The insertion of styrene into the Nalkyl bond of NiBr(alkyl)- (20402010). We thank State Key Laboratory of Elemento-

gepr':]:?%zuga(;’festsﬁgqr:2""('3253°?:fct155‘é‘3'.th nickel attached to the most hindered .o i Chemistry of Nankai University for the support.

(20) Carmona investigated a number of insertion reactions of unsaturated

substrates (CO, GO CHO, CS, alkyne) into the Ni-C bonds of Supporting Information Available: Experimental pro-

nickelacyclopentabenzene and found that a certain reagent inserts exclusively. P . .
into either the Ni-alkyl or the Ni-aryl bond, but never into both (see ref cedures and Compound characterization data. This material
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