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Abstract: A nickel-promoted intramolecular cyclization of 1,3-diene with the tethered carbonyl group was
developed using the catalyst generated by reduction of Ni(awatt) DIBAL-H in the presence of PRhit

was found that the addition of 1,3-CHD to the reaction mixture affected the regiochemistry of olefin on the
side chain of the cyclized product. The reaction course of this cyclization can be accounted for by two possible
mechanisms. In one mechanism, a nickel hydride complex plays a key role and the cyclization proceeds via
sr-allylnickel intermediate. In the other mechanism, a zero-valent nickel complex is the active species and the
cyclization proceeds via nickelacycle intermediates. These mechanistic considerations led to finding two nickel-
(0)-catalyzed cyclizations of 1,3-diene and the tethered aldehyde, in which the five- to seven-membered ring
products were produced in a regio- and stereoselective manner-&llylnickel intermediate or via a
transmetalation process of nickelacycle intermediates Bitg-ALAC.

Introduction A cocyclization of bis-1,3-dienes in the presence of hydrosilane
and a cyclization of 1,3-diene and tethered alkyne with
isocyanide were reported by Tamao and®lhe utility of these
processes prompted us to investigate the cyclization of 1,3-
dienes and other multiple bonds containing a heteroatom, and
we achieved a nickel-promoted or -catalyzed cyclization of 1,3-
dienes and tethered carbonyl groups to give five- to seven-
membered ring compounds in a stereoselective manés.

. : describe herein our full results as well as new findings that have
presence of P(OPh)was reported by Reed in 195&ince then, arisen from our continuing studies on nickel-promoted or

ag‘%%?: dthg:e-tz\t/ael bzeeedn g?ngrﬁéfr?zr;i?n'n\olﬁsi'gs"’_‘g?gzssn'g:ﬂ'-catalyzed stereoselective cyclization of 1,3-dienes and the
P Y 9 ’ tethered carbonyl grous.

multiple bonds, synthetic utilization of these processes has been
restricted due to competition with linear polymerization as well
as the difficulty in controlling regio- and stereoselectiAt@n

the other hand, the intramolecular versions of this process are  cyclization of 1,3-Diene with Tethered Aldehyde Using
useful for regio- and stereoselective ring construction, and a the Catalyst Generated from Ni(acac) and DIBAL-H in the

few excellent reactions have been reported. For example, presence of PPh At first, we investigated the cyclization of
Wender reported a nickel-catalyzedt{4] cycloaddition of bis-  gjene aldehyde$0—12, and these substrates were synthesized
1,3-dienes, in which eight-membered-ring compounds were a5 shown in Scheme 1. The reaction of the dianion, generated

produced stereoselectively by a zero-valent nickel catalyst underfom sorbic acid {) and LDA? with the iodide2 or 3 followed
mild conditions? A [4+2] cycloaddition of 1,3-diene and

tethered alkyne or allene was also reported by the same §roup. (4) For [4+4] cycloadditions, see: (a) Wender, P. A.; Tebbe, M. J.
Synthesid991, 1089. (b) Wender, P. A,; lhle, N. C.; Correia, C. R.D.

Transition metal-catalyzed cycloaddition is a useful and
promising strategy for the stereoselective construction of various
cyclic compounds.The co-oligomerization of 1,3-dienes is one
of the most important processes in cycloaddition, and the
pioneering work of nickel-promoted co-oligomerization of 1,3-
dienes, in which 1,5-cyclooctadiene was produced by the
reaction of two molecules of butadiene with Ni(GOh the

Results and Discussion
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Scheme 1 Scheme 2
1) LDA (2.2 eq) 100 mol % Ni(acac),
THF-HMPA N 200 mol % PPhg
0 1”0 ~0TBDMS TBOMSO P DIBAL-H
M/U\OH 2:n=1;3: n=2 0°C, 15 min OH
2) CHoNy, Et,0 ( COuMe Ni complex 14 é’\r’
! 4: n=1, 56% (2 steps) toluene, 0 °C, 6 hr [
xn 5: n=2, 56% (2 steps) 3% OBn
TBDMSO P 154: 69% (E: Z=8: 1)
LiAH,, Et,0 Br-BzCl
1) LA, Btz oBn _ICARTHF Ad-c l BN, OHaCly
2) NaH, BnBr, DMF o 1 69% (2 steps) OH ? OBz-Br-P
7: n=2, 66% (2 steps)
O~ O
A x
PCC, MS 4A H
HO = J— O = —OH “—0OBn
CHCl, 16: 87% (sole product)  17: 74%
( 08Bn { OBn
8:n=1, 88% 10: n=1, 80% Table 1. Cyclization Using Various Amounts of Ni Complexd
9: n=2, 83% 11: n=2, 79%
12: n=3, 80% (from 13) OH
1) MsCl | 2) KCN ,
) ot E)tOH-HZO ~ ; Ni complex 14 51s GI\%
NC P DIBAL-H toluene
CHLCly —OBn
OBn 15-T
13: 76% (2 steps from 9) yield (%)
by treatment with diazomethane afforded the edter 5 in run_Ni(mol %) temp{C) time (hr) 15-1+15-T 151 15T
good yield, respectively. After reduction of estror 5, the 1 100 0 6 69 69
resulting alcohol was treated with benzyl bromide to giver 2 50 0 6 65 6 59
7, and deprotection of the TBDMS group @or 7 followed by 3 30 0 20 36 36
s 4 10 rt 20 10 10
oxidation of the alcohol produced substrd®@or 11, respec-
tively. On the other hand, substréit2 was obtained fron® via 3E:Z = 8:1." The ratio was not determined.
13in three steps. Scheme 3
To a toluene solution containing a stoichiometric amount of
the nickel complexi4, prepared in situ from Ni(acac)100 ' «
mol %) and 2 equiv of DIBAL-H in the presence of PRRO00 N on
mol %) 81%was added a solution d0in toluene. The resulting ' OBn o~
solution was stirred at 6C for 6 h. Hydrolysis of the reaction 4 _Nicomplex 14 184 Hp PdiC o8
mixture with 10% HCI at 0C afforded an alcohdl5-I in 69% toluene, 0 °C, 2 hr E0AC n
19: 92%

yield. Hydrogenation o15-1 with Pd/C gave the cyclopentanol
16 in 87% yield as a sole product, which indicates that three
stereocenters at C1, C2, and C3 on the cyclopentane ring in
15-1 were produced in a stereoselective manner during the
cyclization. The stereochemistry df5-1 was unequivocally
determined by X-ray structural analysismbromobenzoaté&7
derived from E)-15-1 (Scheme 2). Cyclization 010 using
various amounts of the nickel compl&® was carried out, and
the results are summarized in Table 1. Although the yields in
cyclization using 50 and 30 mol % &# (runs 2 and 3) exceeded
the amounts ofl4, reducing the amount of the catalyst tended
to decrease the yield of the cyclized prodLst It is interesting
that the cyclized produc5-T, having a terminal olefin on the
side chain, was produced in preferencel®-l, having an
internal olefin on the side chain, in cyclization using a catalytic
amount of14 (runs 2-4). This phenomenon will be discussed
in a later section.

a

1
OH
82% (18-1:18-T=1.9:1)
SN F
OBn

18-T

Encouraged by these results, the cyclization of various
substrates was investigated. When substtateas treated with
a stoichiometric amount df4, prepared by the above-mentioned
method, in toluene at €C, cyclohexanol48-1 and18-T (ratio
of 1.9:1) were obtained in 82% yield. Hydrogenation of a
mixture of 18-1 and 18-T with 10% Pd/C gave cyclohexanol
19in 92% yield as a sole product (Scheme 3), which indicates
that the three stereocenters at C1, C2, and C3 on the cyclohexane
ring in 18-1 and 18-T were formed stereoselectively during
cyclization! It is noteworthy that the cyclization is applicable

(11) The stereochemistry of8 (a mixture of 18-1 and 18-T) was
determined by the coupling constants qfahd H, from the NMR spectrum
of I, which was obtained by acetylation ®8 followed by hydrogenation
with Pd(OH) and then PCC oxidation. Reduction lbfafforded the same

(8) A nickel-promoted or -catalyzed intermolecular coupling of 1,3-diene  4conhol| again, which indicates that no epimerization at the C3 position
and a carbonyl compound has been reported by Baker; see: (a) Baker, R.gccurred during conversion ofinto 11 .

Cook, A. H.; Crimmin, M. J.J. Chem. Soc., Chem. Commu®75 727.
(b) Baker, R.; Crimmin, M. JJ. Chem. Soc., Perkin Trans.1B79 1264.
For recent reports on nickel-catalyzed intermolecular coupling of 1,3-diene
and a carbonyl compound, see: (c) Kimura, M.; Ezoe, A.; Shibata, K;
Tamaru, Y.J. Am. Chem. S0d998 120, 4033. (d) Takimoto, M.; Hiraga,
Y.; Sato, Y.; Mori, M.Tetrahedron Lett1998 39, 4543. For a cyclization
of 1,3-diene and a tethered-unsaturated carbonyl group, see: Mont-
gomery, J.; Oblinger, E.; Savchenko, A. ¥.Am. Chem. S0d.997, 119,
4911.

(9) Ballester, P.; Costa, A.; Garcia-Raso, A.; Gomez-Solivellas, A;
Mestres, RTetrahedron Lett1985 26, 3625.

(10) Krysan, D. J.; Mackenzie, P. B. Org. Chem199Q 55, 4229. 1

OAc

OH

PCC, MS 4A 1 (sole product)

CHZCIZ;V
OAc AH.,, MeOH

Haed e/ 65%
N [Ha: §4.75 (ddd, J=7.9, 7.9, 35 Ha)
H Hb: 5225 (dddd, J= 7.7, 7.6, 4.6, 2.4 H2)

b
He | Hc:§9.63(d, J=2.4 Hz)

1) Ac;0, Py (100%)
18-1 +1g-T 12020 Py (100%)
* 2) Hp, PAOH); (71%)
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to the construction of a seven-membered ring. The reaction of Table 2. Cyclizations 0f23 and 28 Using Ni Complex14

12 with a stoichiometric amount of4 proceeded to give a
mixture of cycloheptanol20, having a seven-membered ring,
in 43% vyield. Hydrogenation a20 with 10% Pd/C gavel as
two isomers (ratio of 3.5:1). To confirm that the cyclized product
had a seven-membered-ring framewo2H, was finally con-
verted into cycloheptanon22 as a sole product by PCC
oxidation (Scheme 4). To examine the applicability of this

Scheme 4
OH . OH
Ni complex 14 Hp, Pd/C
22— OBn OBn
toluene, 23 °C, 2 hr EtOAc
20: 43% 21:67%
[e] (2 isomers, 1:3.5)
PCC, MS 4A
. OBn
CH.Cly

22: 98% (single isomer)

reaction to other carbonyl groups or internal dienes, the
cyclizations of23 and 28 were planned, and these substrates
were prepared as shown in Scheme 5. Subs#3tdaving a

Scheme 5
A
1) MeMgBr, THF 5 Me /
2) PCC, MS 4A oBn
23: 83% (2 steps)
CoMe NaH,2, THE ~ TBDMSO OH
COMo 2} LiAH,, THF oBn

3) NaH, BnBr, THF 25: 51% (3
24 : 51% (3 steps) OMe

1) PCC, MS 4A, CH,Cl,

X
2) LDA, THF P

(EtO);P(O)CH;CH=CHCO,Me 26  1BOMSO
3) DIBAL-H, CH,Cl, OBn
4) NaH, Mel, THF 27: 51% (4 steps)
OMe

1) TBAF, THF

2) PCC, MS 4A, CH,Cl \

) . OHL 5 H

OBn

28: 65% (2 steps)

ketone moiety as a carbonyl group, was easily synthesized by

the nucleophilic addition of methylmagnesium bromide to
aldehydelOfollowed by oxidation of the resulting alcohol. For
the synthesis 028, a coupling reaction of dimethyl malonate
(24) with iodide 2 followed by reduction of the ester group and
partial protection of the alcohol afforde2b in good vyield.
Oxidation of alcohoR5 followed by the WadsworthHorner—
Emmons reaction witi26 gave the corresponding dienoate,
which was converted t®7 by reduction with DIBAL-H
followed by methylation. Deprotection followed by oxidation
gave substrat@8, having an internal diene moiety.

The cyclization of keton@3 proceeded smoothly to give a
mixture of cyclopentanol29-1 and29-T (ratio of 1.8:1) in 56%
yield (Table 2). Hydrogenation of a mixture 80-1 and29-T
with Pd/C gave the cyclopentandll as a sole produég On
the other hand, cyclization o028 afforded a mixture of
cyclopentanol80-1 and30-T (ratio of 2.0:1) in 61% yield, and
cyclopentanolB2 was also obtained as a sole product from a

substrate temp time products
(°C) (hr)
x HO_ Me
Me R
° 7 23 7 o5
0Bn K
29: 56%
23 (29-1:28-T=1.8:1)
OMe OH
WOMG
x
0o H 0 2 " OB 30,4
7 OH
OBn P2 OMe
28 ".,,-0Bn 30-T
61% (30-1:30-T=2.0:1)
Scheme 6
Hp, Paic  HOG Me
29-1/29-T G/\/
EtOAc
-, /OBn
31: 85%
OH
Ha, Pd/C
30-1/30-T OMe
EtOAc
oy OBN

32: 71%

mixture of30-1 and30-T by hydrogenation (Scheme &)These
results indicate that three stereocenters at C1, C2, and C3 of
each cyclopentane ring 29 and30 are produced in a stereo-
selective manner in these cyclizations.

Regiocontrolled Effect of 1,3-Dienes as an Additive on
Nickel-Promoted Cyclization. As shown in Table 1, we found
that cyclized product5-T having a terminal olefin on the side
chain was obtained in preferencelis-1 having an internal one
when a catalytic amount of nickel compledd was used.
Although the reason is still not clear, it was speculated that an
excess of the diene part on substra@ecoordinated to nickel
complex14 acting as a ligand and affected the regiochemistry
of the cyclized product. That is, nickel complg&% coordinated
by 1,3-diene might possess a reactivity different from that of

(12) The stereochemistry @@ was determined as follows; PCC oxidation
of 15-1 followed by treatment with MeMgBr afforded a separable mixture
of cycloheptanolslllA and IlIB . The stereochemistry ofllA was
determined from NMR (COSY, NOESY) spectra. Hydrogenatiom &
afforded31, whose spectral data were completely identical with that obtained
from a mixture of29 by hydrogenation.

HO, Me
N iy
1) PCC, MS 4A G/\/
154 OO MSAA H

2) MeMgBr, THF .
-78-0°C OBn

NOE

P/C, Hy

AcOEt, 23 °C

1%

INA: 23%
+

Me_ OH
N Sy
“—0Bn
n8: 27%

(13) The stereochemistry &0 was determined by conversion 80-T
into the aldehyddV, which was obtained from5-T as follows:

1) NaH, Mel, THF
157 ——M o~ OMe

2) cat. OsOy4, NalO4 o
55% (2 steps)
., H
1) NaH, Mel, THF '
2) cat. 0sO4, NalO4 v
29% (2 steps)
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Scheme 7 Table 3. Cyclization of10in the Presence of Various Alkenes
X run 2 alkene © yield ratio ¢
Ni complex 14 10 Ny, LI 15-T+H15-1 (%) 15-T/15-1
coordination 2= cyclization
1 none 69 0/100
ﬁ,,,'“’ _____________________________________________________
LU 2 © 61 95/5
14
[1,3-CHD (1.5 equiv. to Ni))
. " 3 IR 57 80/20
0 °C, 5 min OH OH a3
0 Ni complex 14 é,\% . é,\/
toluene, 0 °C, 2 hr 4 (:/r 80 58/42
61% “—OBn “—0Bn
15-T 1541 34
95:5
5 @ 72 46/54
14 (Scheme 7). On the basis of this assumption, we examined 35
the effect of 1,3-diene on the cyclization @0 using nickel

complex14. To a stirred toluene solution df4, generated in 6 71 2575

situ by treatment of Ni(acag)100 mol %) and PPH(200 mol @

%) with DIBAL-H (200 mol %), was added 150 mol % of 1,3-

cyclohexadiene (1,3-CHD) at, and the solution was stirred ><O“Oi> 70 0812
for a few minutes. A toluene solution of substra@was then o™

added to the resultant mixture, and the solution was stirred at 0
°C for 2 h. It was very surprising to find that hydrolysis of the a All reactions were carried out in toluene at@ P A total of 150
reaction mixture with 10% HCI at 6C preferentially produced mol % alkenes (runs-27) was used¢ The ratio was determined by

~

the cyclopentane derivatives-T, having aterminal olefinon *HNMR.

the side chain, along with a small amountlds-I (ratio of 95: Scheme 10

5) in 61% vyield. As described above, under similar conditions 1,3-CHD (150 mol %)

in the absence of 1,3-CHD, onlys-I was obtained in 69% yield. Py -

This result prompted us to try cyclization of various substrates

under similar conditions in the presence of 1,3-CHD. 1 torl\::lecn%mgl?é hor @\/ @V
The reaction 023 proceeded smoothly at 2&, preferentially

giving 29-T along with29-1 in 70% yield (ratio of 86:14), while N\ 82% 18-T

the ratio of29-T to 29-1 was 36:64 in the above-mentioned in gfh.fg%ﬁ%ce

cyclization in the absence 1,3-CHD (Scheme 8). A remarkable

respect to the C1, C2, or C3 position of the cycloheptane ring

1.8-CHD (150 mol %) in 47% vyield. It is notable that both cyclized products in a
d - mixture of 20-T had only terminal olefins on the side chain,

70% o e Ho. Mo and no cyclized products having an internal olefin on the side

Ni complex 14 N .
23 ohscomplex 14, G/\/ . G/\/ chain were formed (Scheme 11).
N s o e Scheme 11
29.T 291

Scheme 8

OH

in the absence
: 14 (100 mol %) Y
of 1,3-CHD 12 (100 mol %)
1,3-CHD (150 mol %) 0Bn
effect of the addition of 1,3-CHD was also observed in the toluene, 23 °C, 2 hr
cyclization of28, having an internal 1,3-diene moiety, and the 20-T: 47% (2 isomers)

cyclized product30-T was obtained in 73% yield as a sole

product (Scheme 9). In the cyclization b in the presence of To find the best additive to control the regioselectivity of

olefin on the side chain, reactions 0 with nickel complex

Scheme 9 14 in the presence of various alkenes were carried out. The
0 results are summarized in Table 3. A 1,4-diene (run 5) and a
1,3-CHD (150 mol %) - . - ) '
p— monoolefin (run 6) were less effective for the formatiorl6f T
' OH o than 1,3-dienes (runs 2, 3, 4, and 7), and 1,3-CHD (run 2)
28 émom.a é/\/\/o""e showed higher selectivity than a linear 1,3-di@3or s-trans-
’ ' + . . . . .
., OBn -, -OBR 1,3-diene34. These results indicated that a s-cis conformation
61% 30T 304 of 1,3-diene would be necessary for coordination to nickel
in the ab: : lex14 in order to change the reactivity of the catalyst. It
Wi comp -

was very interesting thdt5-T was obtained in 70% yield with
the highest selectivityls-T:15-1 = 98:2) when cyclopentadiene

1,3-CHD, the cyclohexane derivatiie8-T was obtained, in 4214\ 0 (oo as an additive.

preference td.8-1, in 86% vyield in the ratio of 93:7, while the
above-mentioned cyclization in the absence of 1,3-CHD gave 14((5114) Halterman, R. L.; Vollhardt, K. P. Cletrahedron Lett1986 27,
preferentlglly18 l (.ratlo of 31:69) in 82% yield (Scheme 10). (15) In this reaction, unchang&¥ was recovered in 69% yield, which
The reaction ofi2 in the presence of 1,3-CHD produced the  gyggests tha7 would not react with the complek4 under the conditions
cycloheptane derivative®)-T as a mixture of two isomers with  of this cyclization.
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It is possible that the formation of the cyclized product having Scheme 14.Possible Mechanisms for Cyclization Promoted
a terminal olefin was caused by the isomerization of that having by a Ni(0) Complex
an internal olefin during the cyclization. To investigate this — O-Ni./ —
possibility, silyl ether38-1 was treated with nickel catalysd,
generated from Ni(acag)30 mol %), PPk (60 mol %), and | oBn
DIBAL-H (60 mol %), in the presence of 1,3-CHD (45 mol %) / 42 "/\
in toluene at 0°C for 2 h. As a result, unchanged8-1 was O-Ni Ni
recovered in 90%. Furthermore, whes+I (1 equiv) was added 10 _NO© /7 of PR L

OBn

to the reaction solution of the cyclization d® (0.3 equiv) with ., OBn
14 (0.3 equiv) in the presence of 1,3-CHD (0.45 equiv) in oy
toluene at ®°C, unchange®8-I was recovered again in 91% “ \ /
along with the usual cyclized produts-T in 58% yield based

on 10 (Scheme 12). These results suggest that the cyclized

L -, -OBN _
Scheme 12 44

OSiEty ' OSiEts . . .
Ni complex (30 mol %) 14
é/\/ 1.3CHD (45 mol %) P mechanism, however, arose from further consideration of the
OBn

process of generation of zero-valent nickel compd@xfrom
Ni(acac) (Scheme 15). Namely, nickel(ll) hydride complé&

o toluene, 0 °C, 2 hr o

38- 38-T
(38-1: 90% recovered)

OBn

Scheme 15

10 (30 mol %) Ni complex (30 mol %) 14 15-T: 58% (from 10) _
N 1,3-CHD (45 mol %) . DIBAL-H= 2AI-H

38-1{1eq) toluene, 0 °C, 2 hr 38-1: 91% recovered -
Ni(acac), 39 — 40
46
45

product having a terminal olefin was not produced from that ()\)A,_acac
having an internal one via olefin isomerization during the :
cyclization, although the role of 1,3-diene in regioselectivity
of the cyclized product remains unclear.

Possible Mechanism for Cyclization Using the Catalyst ANi=X

H
X~Ni fe) N
Generated from Ni(acac}-PPh; and DIBAL-H. Having 0% 0 N, . e
established the nickel-promoted stereoselective cyclization of OB
47 48

DIBAL-H

45: BuyAl-acac
(Bus-ALAC)

1,3-dienes and the tethered carbonyl groups, we turned our “—QBn
attention to the investigation of the mechanism of this reaction.
In this cyclization, a catalyst generated in situ by reduction of
Ni(acac) with DIBAL-H (2 equiv to Ni(acac)) in the presence

of PPh was used. However, the structure of this catalyst was
not clear, although this catalytic system had been used in variou
reaction$10.16Among them, a modified method for preparation
of zero-valent nickel complex, Ni(cog)from Ni(acac) and
DIBAL-H in the presence of 1,5-cyclooctadiene (1,5-COD), was

reported by Krysan and MackenZ®They assumed that zero- tethered aldehyde g_ivings, which is hydrolyzed with aciglic
valent nickel complext0 was formed by the reduction of Ni- workup to afford cyclized produdtS-1. However, the formation

(acac) with DIBAL-H (2 equiv to Ni(acac)) followed by of cyclized products having a terminal olefin cannot be explained
reductive elimination from bis(hydride)nickel(ll) intermediate Y this mechanism, because the isomerization of an internal

39 (Scheme 13). If the active species in our cyclization is a olefin into a terminal one in the cyclized products did not occur
during the cyclization, as described in the previous section.

would be formed along with diisobutylaluminum acetylacetonate
(Bup-ALAC, 45) by reduction of Ni(acag)with DIBAL-H
Jduring the generation of zero-valent nickel compi@wvia 39,1
Since complexd6 might be reactive to olefins, the reaction of
46 with the 1,3-diene moiety id0 could producer-allylnickel
intermediate47.18 The zz-allylnickel part in47 could react with

Scheme 13 Various experiments were carried out to investigate which of
2 DIBALH the mechanisms, that shown in Scheme 14 or that shown in
Ni(acac)y ————— H-Ni-H Ni(0)Ln Scheme 15, is more reasonable, and the results are described in
39 40

the following sections.

Cyclization Using Zero-Valent Nickel ComplexesAt first,
the reaction mixture afOwith a stoichiometric amount of nickel
complex 14 was hydrolyzed with DCFD,0, since it was
thought that a product containing deuterium on the carbon
framework should be obtained if this cyclization proceeded via
nickel complexegt1-44in Scheme 14. As a result, treatment
of the reaction mixture with DCtD,0 provided no deuterated
product, only givingl5-1 (not containing deuterium) in 69%
yield (E:Z = 8:1). To examine the possibility that complexes

zero-valent nickel complex such 46, the reaction mechanism
could assumed to be that shown in Scheme 14. In the cyclization
of 10, the substrate would oxidatively add to the zero-valent
nickel complex producing nickelacyctl, which might be in
equilibration with sz-allylnickel intermediatest2 and 44 and
another nickelacyclé3. Hydrolysis of nickel complexed?2,

43, and44 by acidic workup would produce the cyclized product
15-1. It is also possible that the cyclized product having a
terminal olefin (i.e.15-T, 18-T, 29-T, and30-T) was produced

from a nickelacycle such akl. The possibility of an alternative (17) Formation of the nickel hydride complé% by the reaction of Ni-
(acac) with 'BuzAl was reported by Wilkée In this paper, it was proposed
(16) (a) Cuvigny, T.; Julia, MJ. Organomet. Cheni986 317, 383. that'Bu-Ni-acac complex was initially formed and succesgivaimination
(b) Hansen, R. T.; Carr, D. B.; Schwartz,JJ.Am. Chem. S0d.978 100, from this complex produced6.
2244. (c) Sato, Y.; Nishimata, T.; Mori, M. Org. Chem1994 59, 6133. (18) Wilke also reported that an olefin insertion into the hydrogen
(d) Sato, Y.; Nishimata, T.; Mori, MHeterocycles1997 44, 443. (e) metal bond of compleX6 proceeded to give the corresponding alkyl-Ni-

Suginome, M.; Matsuda, T.; Ito, YOrganometallics1998 17, 5233. acac complex¢
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41—-44 were decomposed in situ with a trace amount g®OH
contained in the reaction mixture or by a hydrogen abstraction
reaction from the solvent before acidic workup, the cyclization
of 10 was carried out in toluene containing® (10 equiv to
nickel complex14) or in tolueneds, and15-I (not containing
deuterium) was obtained in 65 or 62% yield, respectively. Next,
we tried the cyclization ofl0 using the zero-valent nickel
complex, Ni(cod, or the catalyst generated from N¥PPH),
andn-BuLi.’® In both cyclizations, only a trace amount -1
was obtained along with trace amountsd&and 50, and the
starting materiallO was recovered in both cases (Scheme 16).

Scheme 16

100 mol % Ni(cod),
200 mol % PPhs

toluene, 0 °C, 5 hr

10 15-1: 3% + 10: 25% + 49: trace + 50: trace
100 mol % NiClo(PPhs)s
lzoo mol % BuLi
10 _Ni(0)-PPhy 15+ 5% + 10: 16% + 49; trace + 50; trace
toluene, 0 °C~rt, 3 hr

OH OH

=

e}

H
OBn

49 50
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Scheme 17
OSiEty

N

100 mol % Ni(cod),
200 mol % PPhg

1.5 eq Et;3SiH, toluene

0
1 R

or "—0Bn
2.0 eq Et3SiD, toluene 38-l {(R=H): 59% (sole product)
51 {(R=D): 70% (sole product)

H(D) J

OBn

H(D)-Ni-SiEts |
N

47

yield as the sole product. It indicates that the nickel hydride
complex is more reactive to the 1,3-diene moiety of the substrate
than 1,3-CHD and that the effect of 1,3-CHD on the regiose-
lectivity of the olefin in the cyclized product could not be
reproduced in this reaction system.

Ni(0)-Catalyzed Cyclization Using a Zero-Valent Nickel
Complex in the Presence of Trialkylsilane.As shown in
Scheme 17, the cyclization df0 using Ni(cod) and PPhin
the presence of B$iH produced the cyclized produ88-1 as a
silyl ether. It indicates that reductive elimination 88-1 from
52 accompanying regeneration of the zero-valent nickel complex
occurred in this cyclization and that this cyclization would

These results lead us to study the alternative mechanism depicted?roceed with a catalytic amount of Ni(0) complex (Scheme 18).

in Scheme 15, in which the cyclization would proceed via
m-nickelacycle intermediatd7 generated from the 1,3-diene
moiety in 10 and a nickel(ll) hydride complex such 48§.

Cyclization Using the Nickel(ll) Hydride Complex Gener-
ated from a Zero-Valent Nickel Complex and Trialkylsilane

It was known that trialkylsilane oxidatively adds to a low-
valent transition metal complex to form a metal hydride complex
such at6.2° In addition, it was also reported thatraallylnickel
intermediate was formed by the reaction of 1,3-diene and the
nickel hydride complex generated from a zero-valent nickel
complex and trialkyl- or trialkoxysilan&. To investigate the
mechanism concerned with nickel hydride compléxwe tried
the cyclization ofLO using the nickel hydride complex generated
from Ni(cod), and PPBin the presence of triethylsilane ¢&t
SiH). When a toluene solution df0, Ni(cod) (100 mol %),
PPh (200 mol %), and ESiH (1.5 equiv) was stirred at GC
for 6.5 h, we were pleased to find that the highly regio- and
stereo-controlled cyclized produg8-l was obtained as the sole
product in 59% vyield, in which three stereocenters at the C1,
C2, and C3 positions on the cyclopentane were produced with
the same selectivity as that of the cyclized prodifstl. The
reaction of10 with Ni(cod), (100 mol %) and PRh(200 mol
%) in the presence of triethylsilyl deuteride ¢5iD) instead of
EtzSiH also stereoselectively produced deuterated proBlict
in 70% yield (D content>95%) (Scheme 17). These results
are consistent with the mechanism shown in Scheme 15,
although the formation of nickel hydride complég from Ni-
(acac) and DIBAL-H was not directly proved. Thus, we
ultimately adopted the mechanism shown in Scheme 15 in
preliminary communicationslt was interesting that the reaction
of 10 using a stoichiometric amount of the nickel hydride
complex formed from Ni(cod)and EtSiH in the presence of
1,3-CHD (150 mol %) gave the cyclized prodi88-1 in 66%

(19) Henningsen, M. C.; Jeropoulos, S.; Smith, EJHOrg. Chem1989
54, 3015.

(20) Ojima, I. InThe Chemistry of Organic Silicon Compounésitai,
S., Rappoport, Z., Eds.; John Wiley: Chichester, U.K., 1989; p 1479 and
references therein.

(21) Lappert, M. F.; Nile, T. A.; Takahashi, S. Organomet. Chem.
1974 72, 425. Also, see: ref 6.

Scheme 18
Ni(0)
Et3SiH o
o O,Nu—SnEtg reductive  OSiEty
10 H-Ni-SiEt3 a7 elimination
S~ N0
“OBn Ni(0) “—0Bn

52 38-

On the basis of this assumption, the reactiod@®fvas carried

out with a catalytic amount of Ni(cog)10 mol %) and PPh

(20 mol %) in the presence of £5iH (5 equiv). As the result,

we succeeded in obtainirgB-1 in 70% yield (Table 4, run 1).
Similarly, the cyclization of other substrates using a catalytic
amount of zero-valent nickel complex was investigated, and the
results are summarized in Table 4. The cyclizatio@&thaving

an internal diene moiety, also proceeded stereoselectively to

Table 4. Cyclization of Various Substrates Using a Catalytic
Amount of Ni(cod} and PPhin the Presence of ESiH

substrate Ni(cod);? temp
{mol %) (°C)

time
(hr)

run cyclized product?

1 10 10 23 21 38-1: 70%
Et3Si0
R OMe
2 28 20 30 3.5
., ~OBN
53: 67%
Et3SiO
RN
3 1 20 23 1.5 N
OBn
54: 71%
Et3Si0
Ry
4 12 20 30 12
OBn

55. 66%

a All reactions were carried out in toluene in the presence of;PPh
(2 equiv to Ni(cod)) and EtSiH (5 equiv).? All cyclized products were
obtained as a sole product.
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give the cyclized producdd3in 67% yield as the sole product. Scheme 21
The cyclohexanol derivative4 was obtained fronilin a ste-

reoselective manner. The stereochemistry of these cyclized pro-

ducts53 and 54 was determined by conversion in8®-1 and

OH
18-1, respectively. Surprisingly, cycloheptanol derivatbiewas - _0 =~
also obtained as the sole product in this reaction sydtem. Ni —
. . . . . . i complex 14 e
The probable catalytic cycle of this cyclization is shown in —_— o o6
Scheme 19. Nickel hydride compléx is formed by the oxida- o. .0 P
65-1
Scheme 19 62 and/or
i H
Ethl\Ni e Etgsi\ . H on
NI" ra
o, RN ’ .
OBn OBn -
56 a7 \ oxo

6
insertion _Ni-SiEtz

L 6
OoH
0 7 OH HO. X OH Z OH
i O
EtzSi-Ni-H 57 [ oBn
” 22 0 08

o reductive
oxidative elimination

addition

67 68 65-T
Ni(0)

Et3SiH 38-1

the reaction of 1,3-diene and nickel hydride com@&xwhich
tive addition of E4SiH to the zero-valent nickel complex, and Made it possible for the reductive elimination38-1 from 52
the reaction ofLO with 57 producest-allylnickel intermediate ~ t0 Proceed and for a catalytic cycle of the cyclization to be
47 via 5621 The z-allylnickel moiety in 47 reacts with the ~ €stablished. o _ _
tethered carbonyl group to giVé2, and the cyclized product Reinvestigation of Cyclization Using gZero-VaIent Nickel
381 is afforded by the reductive elimination fro62 accom- ~ Complex: Role of'Bu-ALAC (45). During the course of our
panying the regeneration of the zero-valent nickel complex. It continuing investigations of this (_:ycllzat|on, we have very re-
is known that ar-allylnickel complex can react with a carbonyl ~ cently found that a zero-valent nickel complex could promote
group to give a homoallyl alcohol derivati¢.In general, cyclization in the case of substr&i2>* Namely, nickel complex
z-allylnickel speciesA7 was prepared by the reaction of allyl 14 generated from Ni(acacand DIBAL-H in the presence of
halide 58 with the zero-valent nickel complex in these studies PP, was initially used in the cyclization &2, in which it

(Scheme 20). Since the reductive eliminationédffrom 60 ~ Was expected that produéb or 66 would be obtained via
mr-allylnickel intermediaté3 or 64 according to the above-men-
Scheme 20 tioned mechanism (Scheme 21). However, the cyclized products
o 67, 68, and65-T were obtained in a total 39% yield (ratio of
NIO) R)LH O-Ni-X 1.5:1:1.3) along with other undefined products. The formation
AKX —— /r;.\x /A)\R of 67, 68, and65-T could not be explained by the mechanism
58 59 60 via zr-allylnickel intermediaté3 or 64, and the result was quite
reductive similar to that in the cyclization o0 using the zero-valent
% elimination nickel complex shown in Scheme 16. In addition, the cyclization
/\/‘K of 62 using the nickel hydride complex generated from Ni(gpd)
= R PPh, and EtSiH did not give the corresponding cyclized pro-

61 duct as a silyl ether but gave complex mixtures. These results

suggest that a nickel hydride complex cannot promote the cycli-
zation of62. Thus, the cyclization d62 using zero-valent nickel
complex, Ni(cod), was investigated. As a result, the cyclized
products69 and 70 were obtained in good yields in this cycli-
(22) The stereochemistry &5 was determined by X-ray analysis of ~ zation. It was noteworthy th&9 and70 could be produced by

does not proceed, a stoichiometric amount of zero-valent nickel
complex is needed in this reaction. On the other hand, the
mr-allylnickel intermediate in our cyclization was produced by

p-nitrobenzoate/ derived from55. B-hydride elimination from nickelacyclél, which was gener-
) TBAR T 0Bz-p-NO, ated from62 and a zero-valent nickel complex (Scheme 22).
55 % These results lead us to reconsider the mechanism depicted
4))p-N02-Bzél,t€’y oTBOMS in Scheme 14, in which the cyclization would proceed via
49% (4 steps) v nickelacycle intermediatetl—44 generated from substrat®
(23) (a) Billington, D. C.Chem. Soc. Re 1985 14, 93 and references ~ @nd @ zero-valent nickel complex. As described in Scheme 16,
therein. (b) Hegedus, L. S.; Varaprath, &ganometallics1982 1, 259. other zero-valent nickel complexes did not promote the cy-

() Hegedus, L. S.; Evans, B. R.; Korte, D. E.; Waterman, E. L.; Sjoberg, clization of 10, while the catalysii4 generated from Ni(acag)

K. J. Am. Chem. S0od976 98, 3901. (d) Hegedus, L. S.; Wagner, S. D.; _ - : K
Waterman, E. L.; Siirala-Hansen, K. Org. Chem.1975 40, 593. (e) and DIBAL-H could promote the cyclization. [f4 is a zero

Semmelhack, M. F.; Brichner, S.J.Am. Chem. Sod981, 103 3945. (f) valent nickel complex, we wondered what was the difference
Semmelhack, M. F.; Yamashita, A.; Tomesch, J. C.; HirotsuJ KAm. betweenl4 and other zero-valent catalysts such as Ni(god)
Chem. Soc1978 100 5565. (g) Semmelhack, M. F.; Wu, E. C.B5.Am.

Chem. Soc. J. Am. Chem. Sd@76 98, 3384. (h) Semmelhack, M. F. (24) Sato, Y.; Takanashi, T.; Hoshiba, M.; Mori, Metrahedron Lett.

Org. React.1972 19, 115. 1998 39, 5579.
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Scheme 22

=
Ni(cod), (100 mol %)
PPh3 (200 mol %)

THF, 23 °C, 18 hr

62

N.ﬂo 69 o
= 74/0(6970127)
Hy B-elimination

Oxo

7

a catalyst generated from NigllPPh), andn-BuLi. Thus, we
directed our attention t45, which might be formed during the
conversion of Ni(acag)to a zero-valent nickel complex by
DIBAL-H. Diisobutylaluminum acetylacetonatéB(,-ALAC,

45) was easily prepared from triisobutylaluminum and 2,4-
pentanedione according to the literature (Scheme*23he

Scheme 23
i o 0 toluene
BusAl + ——— /BuyAl-acac
)J\/U\ -30 °C 2
45: 75%
bp. 65-68 °C
(0.25 mmHg)

cyclization of 10 using Ni(cod} (100 mol %) and PPh(200

mol %) in the presence dBu,-ALAC (2.2 equiv) in toluene
was carried out, and we were very pleased to find that the
cyclized productl5-1 was obtained in 82% yield. In addition,

Scheme 24

100 mol % Ni{cod),
200 mol % PPh3

Buy-ALAC (2.2 eq.)
toluene, 0 °C, 2 hr

10 15-1: 82%

100 mol % Ni(cod),
200 mol % PPhs

150 mol % 1,3-CHD
10

Buy,-ALAC (2.2 eq.)
toluene, 0 °C, 2 hr

15: 85%
(15-1:15-T=2:98)

the effect of 1,3-CHD on the regioselectivity of the cyclized
product was also seen in this cyclization. Thus, the cyclization

J. Am. Chem. Soc., Vol. 122, No. 8,18310

of 10 under the same conditions in the presence of 1,3-CHD
gavel5-T exclusively in good yield (Scheme 24). These results
indicated thaiBu,-ALAC plays an important role in producing
the cyclized product from nickelacycle intermediatds-44,
and a possible mechanism is shown in Scheme 25. The
nickelacycle intermediate$1—44 would be generated by the
reaction ofL0 and a zero-valent nickel complékAmong these
nickelacycles, it was thought that the nickelacytlemight be
most reactive tdBu,-ALAC (45) in the next transmetalation
step, since the nickelacycld® and44 were stabilized by the
coordination of thep®-allyl group, and the abundance 48 in
the equilibrium seemed to be less than that of other nickela-
cycles. The transmetalation dfL with aluminum reagent5
would proceed viar2 to give o-allylnickel complex73. The
sr-allylnickel hydride complex76 would be formed from73
via sr-allylnickel intermediate74 or via g-allylnickel hydride
intermediater5. Reductive elimination of 7 from 76 followed
by hydrolysis afforded cyclized produt®. As mentioned above,
it was shown that 1,3-CHD controls the regioselectivity of the
cyclized product. It was thought that the additive 1,3-CHD might
prevent the formation ofr-allylnickel complex74 or 76 by
coordination to thep!-allyl complex 73 or 75. As a result,
spontaneous reductive elimination 67-T from o-allylnickel
hydride 75 would be the major pathway in the cyclization in
the presence of 1,3-CHD, producid®-T predominantly.
Nickel(0)-Catalyzed Cyclization via Transmetalation Us-
ing 'Bux-ALAC. As shown in Scheme 25, it was thought that
a zero-valent nickel species would be regenerated by reductive
elimination of 77-T or 77 from 75 or 76 and that the cyclization
would proceed catalytically with respect to the zero-valent nickel
complex. The cyclization 0f0 using a catalytic amount of Ni-
(cod) (5 mol %) and PPH(10 mol %) in the presence &u,-
ALAC (45) (1.5 equiv) was carried out. As a result, we
succeeded in obtaining the cyclized prod@&tT as the sole
product in 84% vyield (Scheme 26). It was very interesting that
only 15-T having a terminal olefin on the side chain was
obtained in this catalytic cyclization, while the reaction using a
stoichiometric amount of Ni(cog)and PPRin the presence of
45 produced onlyl5-1 having an internal olefin on the side
chain as previously shown in Scheme 24. In addition, the effect
of 1,3-diene was also observed in the cyclization using a
stoichiometric amount of zero-valent nickel complex in the
presence o#i5, in which 15-T was preferentially produced in

Scheme 25.Possible Mechanism for the Cyclization Promoted by a Ni(0) Complex in the Presefi@eAf AC

[ O~Ni.,
/| ’?ik
at:ac\AI _
Ni(o . /OB0 Bup-ALAC (45
10 NO_ / PR y (4s) i
. \ Y
O-Ni Ni
7 o)
/ ., -OBn
72
e, OBI
4 / 08" l transmetalation
\ .
Owni
Nl') acac., Bu
Al "
o Ni
L oy, -OBN 1 /
“ P/ oBn B-elimination
73 H
Mé/w Moy
Al: Al(acac){Bu;
( HE -y /OBN -, -OBn
74
B-elimination reductive
Ni(0) elimination
H
Al i Al
"o reductive o N'J ~0
ehmlnahon Z H.O*
15+l or 15-T —322 . 45T
_-OBn .,OBn

N|(0

77T
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Table 5. Ni(0)-Catalyzed Cyclization of Various Substrates with Scheme 27

i -
Bu,-ALAC 100 mol % Ni(acac)s
run? substrate temp time cyclized product 200 mol % PPhy
cc) () l 200 mol % DIBAL-H
HO Z /
Ni complex 14 HO — HO
10 28 0o 12 GA/\/OM R Oy, | 6{ d_/
-, -OBN
30-T: 75% 78 79-1 79-T
HO
Nz cat. ;
2° " 0 1 SN Ni(cod),-PPhs

OBn
Et3SiH
ot oo /
HO
P 78
3¢ 12 23 7

20T 57% " :
a All reactions were carried out in toluene usiigu,-ALAC (1.5
equiv).? Ni(cod), (10 mol %), PPk(20 mol %).¢ Ni(cod), (5 mol %),
PPR (10 mol %).
the cyclization in the presence of 1,3-CHD. The fact tha{T
was selectively produced in the catalytic reaction can be

791

cat.
Ni(cod)s-PPhs
—- 79T

1,3-diene with the tethered carbonyl group was developed using

Scheme 26 catalystl4 generated by reduction of Ni(acae)ith DIBAL-H
5 mol % Ni(cod), in the presence of PRhand the cyclized produ@®9-l and79-T
10 mol % PPhg were obtained in a stereoselective manner with respect to the
10 Bup-ALAC (1.5 eq.) 15°T: 84% stereochemistry of the substituents on the cycloalkane ring. It
toluene, 0 °C, 1 fr was found that the addition of 1,3-CHD to the reaction mixture

explained by the effect of 1,3-diene on the regiochemistry of under the same conditions affected the regiochemistry of olefin

the product. Namely, the 1,3-diene moiety in the case of an " the side chain, an@9-T having a terminal olefin on the

excess amount of the substrate compared to the Ni(0) complexSide chain was exclusively produced. The reaction course of

would coordinate to the nickel complex and affect the regio- thiS cyclization can be accounted for by two possible mecha-

chemistry of the product, in a manner similar to that shown in nisms. In one mechanism, a nickel hydride complex plays a
Table 1. key role and the cyclization proceeds viamallylnickel

Next, nickel(0)-catalyzed cyclization of other substrates was INtermediate. In the other mechanism, a zero-valent nickel
carried out, and the results are summarized in Table 5. Thecpmplex IS the act|ve_ species and the cthz_atlon Proce?ds via
reaction 0f28 using Ni(cod) (10 mol %), PPh (20 mol %) nickelacycle intermediates. These mechanistic considerations led

andiBu-ALAC (45) (1.5 equiv) afforded the cvclized product  Us to find two nickel(0)-catalyzed cyclizations of 1,3-diene and
30-T a52 the solé psr)ogluct irc:| 75‘)% yield. In the c);clizatignlaf the tethered aldehyde, in which the cyclized prodit having

the cyclized product8-T was obtained as the sole product in " internal olefin or the cyclized produce-T having a terminal
96% yield. In the case of a seven-membered-ring construction, ole1;|n was produced respectively viaallylnickel intermediate
the cyclization ofL.2 using Ni(cod) (5 mol %), PPh (10 mol 8(? orvia a transmetalation process of nlckel_acy_cle intermedi-
%), andBu,-ALAC (45) (1.5 equiv) produced the cycloheptane at€S WithBuz-ALAC (45) such as81. These cyclizations should

derivatives20-T in 57% yield as an inseparable mixture of two be quite interesting and synthetically usefu_l since they are
isomers (ratio of 1:4.2) with respect to the C1, C2, or complementary to each other to afford the cyclized pro@@et

C3-position on the cycloheptane ring. However, both products 7 79-T in @ stereoselective manner using the same catalyst
in 20-T have only a terminal olefin at each side chain, indicating SYStem. Ni(cod}PPh, only depending upon the difference of

that the regiochemistry of olefin on the side chain was additives, E{SiH or 'Buz-ALAC.
completely controlled in this system. Thus, we could extend
the zero-valent nickel-promoted cyclization of 1,3-diene and a
tethered carbonyl group via transmetalation of nickellacycles General Information. All manipulations were performed under an

and'Bu,-ALAC to a catalytic reaction from which a cyclized argon atmosphere unless otherwise mentioned. All solvents and reagents

product having a terminal olefin on the side chain is obtained Were purified when necessary using standard procedures. Column
in a stereoselective manner. chromatography was performed on silica gel 60 (Merck; Z80 mesh),

and flash chromatography was performed on silica gel 60 (Merck;-230
400 mesh) using the indicated solvent. Melting points were determined
with a Yanagimoto meilting point microapparatus and are uncorrected.
The main results described in this article are summarized in NMR spectra were measured on JEOL GX 2% 4t 270 MHz), JEOL

Scheme 27. A nickel-promoted intramolecular cyclization of EX 270 ¢H at 270 MHz,**C at 67.5 MHz), JEOL EX 400" at 400

(25) Kroll, W. R.; Naegele, WJ. Organomet. Chen1.969 19, 439. (27) Very recently, a nickel-catalyzed cyclization of alkyne and tethered

(26) A similar mechanism via transmetalation of oxanickelacycles and aldehyde in the presence of triethylsilane was reported, in which the
organometallic reagents was recently proposed by Montgomery in nickel- mechanism of the cyclization was accounted fordblyond metathesis of
(0)-catalyzed cyclization of alkyne and tethered aldehyde and by Tamaru triethylsilane and the nickeloxygen bond of oxanickelacycle; see: Tang,
in nickel(0)-catalyzed coupling of 1,3-dienes and aldehydes; see: (a) X.-Q.; Montgomery, JJ. Am. Chem. So4999 121, 6098. The mechanism
Oblinger, E.; Montgomery JJ. Am. Chem. Socl997 119 9065. (b) of the cyclization using triethylsilane described in this article could be also
Kimura, M.; Fujimatsu, H.; Ezoe, A.; Shibata, K.; Shimizu, M.; Matsumoto, accounted for by the same mechanism based ow thend methathesis,
S.; Tamaru, YAngew. Chem., Int. Ed. Endl999 38, 397. and its possibility could not be ruled out.

Experimental Section

Conclusions
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MHz, 13C at 400 MHz), JEOL AL 400'H at 400 MHz,'*C at 100
MHz), or Bruker ARX-500 {H at 500 MHz,*3C at 125 MHz) magnetic

J. Am. Chem. Soc., Vol. 122, No. 8,1833

was purified by silica gel column chromatography (hexane/EtOAc 5:1)
to afford 29 (28 mg, 70%,29-T:29-1 = 86:14 based oAH NMR).

resonance spectrometer. Infrared spectra were recorded on a PerkinSpectral data fo29-T: IR (neat) 3459, 3074, 3031, 2956, 2860, 1716,
Elmer FTIR 1605 spectrometer. Mass spectra were measured on JEOL1638, 1494, 1455 cnt; *H NMR (270 MHz, CDC}) 6 1.31 (s, 3 H),
DX-303 and JEOL HX-110 mass spectrometers. Elemental analysis 1.39-1.59 (m, 2 H), 1.66-1.76 (m, 3 H), 1.86-2.24 (m, 1 H), 2.05

were determined with Yanaco CHN CORDER MT-3.

Typical Procedure for Cyclization Using a Stoichiometric Amount
of Nickel Complex 14 Generated from Ni(acac)y PPhs;, and
DIBAL-H (Cyclization of 10 in Scheme 2).To a cooled solution of
Ni(acac) (55 mg, 0.21 mmol) and PRH112 mg, 0.42 mmol) in
degassed toluene (5.0 mL) was added dropwise a solution of DIBAL-H
(1.02 M in toluene, 0.42 mL, 0.42 mmol) at’C, and the mixture was

2.25 (m, 2 H), 2.26:2.42 (m, 1 H), 3.33 (ddJ = 9.1, 7.1 Hz, 1 H),
3.50 (dd,J = 9.1, 4.5 Hz, 1 H), 4.49 (dJ = 12.2 Hz, 1 H), 4.53 (d,
J=12.2 Hz, 1 H), 5.06 (br dJ = 10.0 Hz, 1 H), 5.09 (br d) = 17.2
Hz, 1 H), 5.87 (ddg) = 17.2, 10.0, 7.2 Hz, 1 H), 7.267.42 (m, 5 H);
MS m/z 260 (M"), 242, 169, 152, 91 (bp). Anal. Calcd for/€240x:
C, 74.42; H, 9.29. Found: C, 74.45; H, 9.36.
(1R*,2S*,3R*)-3-(Benzyloxymethyl)-2-[(E)-4-methoxy-2-butenyl]-

stirred for 15 min at room temperature. To the mixture was added a cyclopentan-1-ol (30-T).Following the general procedure, a crude

solution of10 (55 mg, 0.21 mmol) in degassed toluene (5.0 mL) at O
°C, and the mixture was stirred at°C for 6 h. The reaction mixture
was hydrolyzed with 10% HCI aqueous solution, and the mixture was

material, which was obtained from the cyclization2& (55 mg, 0.19
mmol) using nickel complet4 generated from Ni(acacj49 mg, 0.19
mmol), PPh (100 mg, 0.38 mmol), and DIBAL-H (0.37 mL, 0.38

extracted with ether. The organic layer was washed with saturated mmol) in the presence of 1,3-CHD (0.027 mL, 0.29 mmol) &4€0for

NaHCQ; aqueous solution, and brine and dried over®@,. After
removal of the solvent, the residue was purified by silica gel column
chromatography (hexane/EtOAc 5:1) to afford the cyclized protibidt
(36 mg, 69%E:Z = 8:1). Spectral data fo{E)-15-1: IR (neat) 3422,
3063, 3028, 2956, 2932, 1586, 1495, 1453, 1363'cAtd NMR (270
MHz, CDCl) 6 1.42-1.60 (m, 3 H), 1.71 (dJ = 5.5 Hz, 3 H), 1.86-
1.96 (m, 1 H), 1.962.12 (m, 1 H), 2.1#2.32 (m, 2 H), 3.30 (ddJ
=9.2, 6.7 Hz, 1 H), 3.49 (dd] = 9.2, 3.7 Hz, 1 H), 4.164.17 (m,
1H),4.47 (dJ=12.1 Hz, 1 H), 4.53 (dJ = 12.1 Hz, 1 H), 5.48 (dd,
J= 154,55 Hz, 1 H), 557 (dgl = 15.4, 5.5 Hz, 1 H), 7.287.37
(m, 5 H); MSm/z 246 (M%), 229, 169, 155, 91 (bp); HRMB8Vz calcd
for CieH220, 246.1621, found 246.1609. Anal. Calcd fore82:0::
C, 78.01; H, 9.00. Found: C, 77.98; H, 9.06.

General Procedure for Cyclization Using a Stoichiometric
Amount of Nickel Complex 14 in the Presence of 1,3-Cyclohexa-
diene.To a cooled suspension of Ni(aca€100 mol % to substrate)
and PPRk (200 mol % to substrate) in degassed toluene (0.04 M) was
added dropwise a solution of DIBAL-H (1.02 M in toluene, 200 mol
% to substrate) at €C, and the mixture was stirred at room temperature
for 15 min. To the mixture was added 1,3-cyclohexadiene (150 mol %
to substrate) at OC, and the solution was stirred for3 min. Then a

2 h, was purified by silica gel column chromatography (hexane/EtOAc
2:1) to afford30-T (41 mg, 73%) as a single isomer: IR (neat) 3445,
3038, 2921, 2851, 1666, 1596, 1498, 1442°&mH NMR (270 MHz,
CDCls) 6 1.40-1.87 (m, 5 H), 1.93-2.13 (m, 2 H), 2.25 (dd] = 7.3,
7.3 Hz, 2 H), 3.30 (s, 3 H), 3.35 (dd,= 9.1, 6.3 Hz, 1 H), 3.47 (dd,
J=9.1,6.4 Hz, 1 H), 3.86 (d] = 6.0 Hz, 2 H), 4.18-4.26 (m, 1 H),
4.48 (d,J = 12.3 Hz, 1 H), 4.53 (dJ = 12.3 Hz, 1 H), 5.62 (dtJ) =
15.6, 6.0 Hz, 1 H), 5.75 (dt} = 15.6, 6.7 Hz, 1 H), 7.237.38 (m, 5
H); MS mvz 272 (Mt — H;0), 258, 240, 227, 91 (bp); HRMS (EI)
calcd for GgH240, (M — H,0) 272.1777, found 272.1768. Anal. Calcd
for CigH26¢0s: C, 74.45; H, 9.02. Found: C, 74.41; H, 9.05.
(1R*,25*,3R*)-3-(Benzyloxymethyl)-2-(2-propenyl)cyclohexan-1-
ol (18-T). Following the general procedure, a crude material, which
was obtained from the cyclization dflL (50 mg, 0.19 mmol) using
nickel complexi4 generated from Ni(acacf50 mg, 0.19 mmol), PRh
(101 mg, 0.39 mmol), and DIBAL-H (0.38 mL, 0.39 mmol) in the
presence of 1,3-CHD (0.028 mL, 0.29 mmol) af® for 2 h, was
purified by silica gel column chromatography (hexane/EtOAc 5:1) to
afford 18 (43 mg, 86%,18-T:18-1 = 93:7 based o*H NMR). Spectral
data for18-T: IR (neat) 3392, 3056, 2934, 2858, 1641, 1495, 1452
cm%; 'H NMR (270 MHz, CDC}) 6 1.15-1.58 (m, 5 H), 1.63-1.87

solution of substrate in degassed toluene (0.04 M) was added to the(m, 3 H), 1.88-2.01 (m, 1 H), 2.152.29 (m, 1 H), 2.452.59 (m, 1
mixture, and the mixture was stirred. The reaction was monitored by H), 3.37-3.50 (m, 2 H), 3.54 (dd) = 9.2, 3.1 Hz, 1 H), 4.47 (d] =

TLC. The reaction mixture was hydrolyzed with 10% aqueous HCI,

12.1 Hz, 1 H), 4.52 (d) = 12.1 Hz, 1 H), 5.08-5.12 (m, 2 H), 5.88

and the aqueous layer was extracted with ether. The organic layer was(ddt, J = 17.3, 10.2, 7.4 Hz, 1 H), 7.247.43 (m, 5 H); MSm/z 260

washed with saturated aqueous NaHG@®d brine, dried over Na
SO, and concentrated. The residue was purified by silica gel column
chromatography to give the desired cyclized product.
(1R*,2S*,3R*)-3-Benzyloxymethyl-2-(2-propenyl)cyclopentan-1-
ol (15-T). Following the general procedure, a crude material, which
was obtained from the cyclization df0 (49 mg, 0.20 mmol) using
nickel complexi4 generated from Ni(acac}51 mg, 0.20 mmol), PRh
(105 mg, 0.40 mmol), and DIBAL-H (0.41 mL, 0.41 mmol) in the
presence of 1,3-CHD (0.028 mL, 0.30 mmol) af© for 2 h, was
purified by silica gel column chromatography (hexane/EtOAc 5:1) to
afford 15 (30 mg, 61%,15-T:15-1 = 95:5 based ofH NMR). Spectral
data for15-T: IR (neat) 3340, 3070, 3020, 2925, 1640, 1600, 1450,
1360 cn1!; *H NMR (400 MHz, CDC}) 6 1.41 (brs, 1 H), 1.431.54
(m, 1 H), 1.66-1.72 (m, 2 H), 1.7#1.86 (m, 1 H), 1.982.12 (m, 2
H), 2.19-2.32 (m, 2 H), 3.35 (ddJ = 8.8, 6.3 Hz, 1 H), 3.37 (dd]
= 8.8, 4.9 Hz, 1 H), 4.264.25 (m, 1 H), 4.50 (dJ = 12.1 Hz, 1 H),
452 (d,J = 12.1 Hz, 1 H), 5.00 (br.d) = 10.3 Hz, 1 H), 5.10 (ddd,
J=17.1, 2.0, 3.4 Hz, 1 H), 5.72 (dddd,= 17.1, 10.3, 7.8, 6.4 Hz,
1 H), 7.25-7.37 (m, 5 H);*3C NMR (100 MHz, CDC}) 6 26.7 (CH),
33.2 (CH), 33.5(CHy), 42.0 (CH), 47.5 (CH), 73.0 (Ch\ 73.6 (CH),
74.8 (CH), 115.4€CH,), 127.5 (Ar), 128.3 (Ar), 138.1 (CH), 138.7
(Ar); MS m/z 247 (M" + 1), 228, 169, 155, 91 (bp). Anal. Calcd for
Ci16H220,: C, 78.01; H, 9.00. Found: C, 78.10; H, 8.89.
(1R*,25*,3R*)-3-(Benzyloxymethyl)-1-methyl-2-(2-propenyl)cy-
clopentan-1-ol (29-T). Following the general procedure, a crude
material, which was obtained from the cyclization2¥ (40 mg, 0.16
mmol) using nickel complet4 generated from Ni(acac§40 mg, 0.16
mmol), PPh (81 mg, 0.33 mmol), and DIBAL-H (0.32 mL, 0.32 mmol)
in the presence of 1,3-CHD (0.022 mL, 0.24 mmol) at°Z3for 7 h,

(M), 242, 169, 91 (bp). Anal. Calcd for,@4,402: C, 78.42; H, 9.29.
Found: C, 78.23; H, 9.35.
3-(Benzyloxymethyl)-2-(2-propenyl)cycloheptan-1-ol (20-T)-ol-
lowing the general procedure, a crude material, which was obtained
from the cyclization ofl2 (50 mg, 0.18 mmol) using nickel complex
14 generated from Ni(acac}47 mg, 0.18 mmol), PRH96 mg, 0.37
mmol), and DIBAL-H (0.36 mL, 0.37 mmol) in the presence of 1,3-
CHD (0.026 mL, 0.28 mmol) at 23C for 2 h, was purified by silica
gel column chromatography (hexane/EtOAc 7:1) to affa@dT (23
mg, 47% as an inseparable mixture of two isomers (ratio of 5:23 based
on!H NMR): IR (neat) 3440, 3027, 2925, 2862, 1640, 1495 &rtH
NMR (270 MHz, CDC}) 6 1.24-1.99 (m, 11 H), 1.932.53 (m, 2
H), 3.31-3.50 (m, 2 H), 3.75-3.89 (m, 23/28 H), 3.994.08 (m, 5/28
H), 4.45-4.56 (m, 2 H), 5.08-5.12 (m, 2 H), 5.765.94 (m, 1 H),
7.24-7.43 (m, 5 H); MSm/z 274 (M*), 256, 183, 91. Anal. Calcd for
CigH2602: C, 78.79; H, 9.55. Found: C, 78.68; H, 9.60.
General Procedure for Catalytic Cyclization Using Ni(cod} and
PPhs in the Presence of E4SiH (Table 4). Ni(cod), and PPk were
dissolved in degassed toluene, and the mixture was stirred@tfor
30 min. To the mixture were added;BtH (5 equiv) and a solution of
substrate in degassed toluene, and the mixture was stirred at the
temperature shown in Table 4. After usual workup, the residue was
purified by silica gel column chromatography to give the cyclized
product.
(1R*,2S*,3R*)-1-(Benzyloxymethyl)-2-[(E)-1-propenyl]-3-(trieth-
ylsilyloxy)cyclopentane (38-1). Following the general procedure, a
crude material, which was obtained from the cyclizatiod@{49 mg,
0.20 mmol) with Ni(cod) (5.5 mg, 0.02 mmol), PRn(10 mg, 0.04
mmol), and E4SiH (0.16 mL, 1.0 mmol) at 23C for 21 h, was purified
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by silica gel column chromatography (hexane/ether 50:1) to a§6rtl
(50 mg, 70%): IR (neat) 3020, 2950, 1580, 1450, 1238%¢Ad NMR
(270 MHz, CDC}) 6 0.55 (g,J = 7.7 Hz, 6 H), 0.94 () = 7.7 Hz,
9 H), 1.40-1.63 (m, 2 H), 1.65 (dJ = 6.2 Hz, 3 H), 1.69-1.84 (m,
1 H), 1.95-2.09 (m, 2 H), 2.13-2.29 (m,1 H), 3.26 (dd) = 9.2, 7.3
Hz, 1 H), 3.49 (ddJ =9.2, 4.0 Hz, 1 H), 4.084.15 (m 1 H), 4.46 (d,
J=12.4Hz, 1 H),4.53 (d) = 12.4 Hz, 1 H), 5.37 (dg) = 15.5, 6.2
Hz, 1 H), 5.50 (ddJ = 15.4, 8.8 Hz, 1 H), 7.277.33 (m, 5 H); MS
m/z 360 (M"), 331, 269, 87; HRMS calcd for £H3¢0,Si 360.2486,
found 360.2463. Anal. Calcd for xH3¢0.Si: C, 73.28; H, 10.06.
Found: C, 73.27; H, 9.96.
(1R*,2S*,3R*)-1-(Benzyloxymethyl)-2-[(E)-4-methoxy-1-butenyl]-
3-(triethyl-silyloxy)cyclopentane (53).Following the general proce-
dure, a crude material, which was obtained from the cyclizatio28of
(45 mg, 0.16 mmol) with Ni(cod)(8.6 mg, 0.031 mmol), PBH16
mg, 0.062 mmol), and B$iH (0.13 mL, 0.78 mmol) at 36C for 3.5
h, was purified by silica gel column chromatography (hexane/EtOAc
15:1) to afford53 (43 mg, 67%): IR (neat) 3030, 2953, 2563, 2730,
1724, 1604, 1587, 1490, 1450 cim'H NMR (270 MHz, CDC}) ¢
0.56 (9, = 7.8 Hz, 6 H), 0.95 (tJ = 7.8 Hz, 9 H), 1.4%+1.86 (m, 3
H), 1.94-2.12 (m, 1 H), 2.142.32 (m, 2 H), 2.29 (ddJ = 7.0, 7.0
Hz, 2 H), 3.27 (ddJ = 9.1, 7.1 Hz, 1 H), 3.33 (s, 3 H), 3.37 (=
7.0 Hz, 2 H), 3.49 (ddJ = 9.1, 4.9 Hz, 1 H), 4.114.17 (m, 1 H),
4.47 (d,J = 12.2 Hz, 1 H), 4.53 (dJ = 12.2 Hz, 1 H), 5.36 (dt) =
15.6, 6.6 Hz, 1 H), 5.59 (ddl = 15.5, 8.9 Hz, 1 H), 7.227.38 (m, 5
H); MS m/z 404 (M"), 375, 283, 171, 91; HRMS (El) calcd for
Co4H1005Si 404.2748, found 404.2762. Anal. Calcd fopa@sqOsSi:
C, 71.24; H, 9.96. Found: C, 71.31; H, 10.01.
(1R*,2R*,3S")-1-(Benzyloxymethyl)-2-[(E)-1-propenyl]-3-(trieth-
ylsilyloxy)cyclohexane (54)Following the general procedure, a crude
material, which was obtained from the cyclizationldf (56 mg, 0.22
mmol) with Ni(cod} (12 mg, 0.044 mmol), PRI{23 mg, 0.087 mmol),
and EtSiH (0.17 mL, 1.1 mmol) at 23C for 1.5 h, was purified by
silica gel column chromatography (hexane/ether 100:3) to affdrd
(58 mg, 71%): IR (neat) 2937, 2879, 1494, 1455 &mH NMR (270
MHz, CDCL) 6 0.56 (q,J = 7.8 Hz, 6 H), 0.94 (tJ = 7.8 Hz, 9 H),
1.00-1.50 (m, 4 H), 1.64 (ddJ = 6.4, 1.6 Hz, 3 H), 1.691.84 (m,
2 H), 1.84-1.98 (m, 2 H), 3.21 (ddJ = 9.1, 7.6 Hz, 1 H), 3.29 (ddd,
J=10.2,9.5, 4.5 Hz, 1 H), 3.51 (dd,= 9.1, 3.3 Hz, 1 H), 4.41 (d,
J=12.0 Hz, 1 H), 4.49 (dJ = 12.0 Hz, 1 H), 5.07 (ddg] = 15.2,
9.2, 1.6 Hz, 1 H), 5.39 (dg] = 15.2, 6.4 Hz, 1 H), 7.237.42 (m, 5
H); MS m/z 374 (M*), 346, 283, 91. Anal. Calcd for £Hzs0,Si: C,
73.34; H, 10.22. Found: C, 73.55; H, 10.38.
(1R*,2R*,3S%)-1-(Benzyloxymethyl)-2-[(E)-1-propenyl]-3-(trieth-
ylsilyloxy)cycloheptane (55)Following the general procedure, a crude
material, which was obtained from the cyclization1& (50 mg, 0.18
mmol) with Ni(cod) (10 mg, 0.037 mmol), PRI{19 mg, 0.073 mmol),
and EtSiH (0.15 mL, 0.92 mmol) at 30C for 12 h, was purified by
silica gel column chromatography (hexane/ether 100:1) to af&rd
(48 mg, 66%): IR (neat) 3027, 2940, 1657, 1499, 1456%Ar NMR
(270 MHz, CDC}) ¢ 0.55 (q,J = 8.0 Hz, 6 H), 0.94 (tJ = 8.0 Hz,
9 H), 1.26-2.00 (m, 10 H), 1.62 (d) = 5.7 Hz, 3 H). 3.18 (ddJ =
9.1, 8.1 Hz, 1 H), 3.42 (dd] = 9.1, 3.6 Hz, 1 H), 3.70 (ddd = 7.5,
5.5,2.0 Hz, 1 H), 4.41 (d) = 12.0 Hz, 1 H), 4.49 (d) = 12.0 Hz, 1
H), 5.19 (dd,J = 15.1, 8.8 Hz, 1 H), 5.31 (dg} = 15.1, 5.7 Hz, 1 H),
7.24-7.42 (m, 5 H); MSn/z 388 (M), 359, 293, 91. Anal. Calcd for
CosH400,Si: C, 74.17; H, 10.37. Found: C, 74.28; H, 10.45.
Cyclization of 10 Using Ni(cod), PPhs, and 'Bu-ALAC (Scheme
24).Ni(cod), (62 mg, 0.23 mmol) and PR[i118 mg, 0.45 mmol) were
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was stirred at the same temperature for 2 h. The reaction mixture was
hydrolyzed with 10% aqueous HCI, and the aqueous layer was extracted
with ether. After the usual workup, the cyclized prodd&-l1 was
obtained in 82% yield.

Cyclization of 10 Using Ni(cod), PPhs, and '‘Bu-ALAC in the
Presence of 1,3-CHD (Scheme 24)n a similar manner15 was
obtained in 85% yield (48 md,5-T:15-1 = 98:2 based oAH NMR)
from the reaction ofl0 (56 mg, 0.23 mmol) with Ni(cod)(63 mg,

0.23 mmol), PPH (120 mg, 0.45 mmol), antBu-ALAC (0.5 M in
toluene, 1.0 mL, 0.5 mmol) in the presence of 1,3-CHD (0.033 mL,
0.34 mmol) in toluene at 6C for 2 h.

General Procedure for Catalytic Cyclization Using Ni(cod),
PPhs, and 'Bux-ALAC. Ni(cod), and PPhwere dissolved in degassed
toluene (0.04 M), and the mixture was stirred &@for 20 min. To
the mixture was addeBu,-ALAC (1.0 M in toluene, 1.5 equiv to
substrate), and the mixture was stirred at room temperature for 15 min.
To the mixture was added a solution of substrate in degassed toluene
(0.04 M) at 0°C, and the mixture was stirred at the temperature
indicated in Scheme 2 or Table 1. The reaction mixture was hydrolyzed
with saturated NECI aqueous solution, and the aqueous layer was
extracted with ether. After the usual workup, the residue was purified
by silica gel column chromatography to give the cyclized product.

Cyclization of 10 (Scheme 26)Following the general procedure, a
crude material, which was obtained fratf (57 mg, 0.23 mmol), Ni-
(cod) (3.2 mg, 0.012 mmol), PBK6.1 mg, 0.023 mmol), andBu,-
ALAC (0.35 mL, 0.35 mmol), was purified by silica gel column
chromatography (hexane/AcOEt 6:1) to affat8-T (48 mg, 84%),
whose spectral data were completely identical with those noted above.

Cyclization of 28 (Table 5, Run 1). Following the general
procedure, a crude material, which was obtained fa&{61 mg, 0.21
mmol), Ni(cod} (5.8 mg, 0.021 mmol), PB{11 mg, 0.042 mmol),
and '‘Bu-ALAC (0.32 mL, 0.32 mmol), was purified by silica gel
column chromatography (hexane/AcOEt 5:2) to affB@T (46 mg,
75%), whose spectral data were completely identical with those noted
above.

Cyclization of 11 (Table 5, Run 2). Following the general
procedure, a crude material, which was obtained fid{60 mg, 0.23
mmol), Ni(cod) (3.2 mg, 0.012 mmol), PRK6.1 mg, 0.023 mmol),
and '‘Bu-ALAC (0.35 mL, 0.35 mmol), was purified by silica gel
column chromatography (hexane/AcOEt 6:1) to affaRiT (58 mg,
96%), whose spectral data were completely identical with those noted
above.

Cyclization of 12 (Table 5, Run 3). Following the general
procedure, a crude material, which was obtained fi@{62 mg, 0.23
mmol), Ni(cod} (3.1 mg, 0.011 mmol), PRK6.0 mg, 0.023 mmol),
and '‘Bu-ALAC (0.34 mL, 0.34 mmol), was purified by silica gel
column chromatography (hexane/AcOEt 6:1) to affa@T (36 mg,
57%) as an inseparable mixture of two isomers (ratio of 1/4.2), whose
spectral data were completely identical with those noted above.
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