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Abstract: An iridium complex was found to be an efficient catalyst for allylic alkylation of allylic esters with

a stabilized carbon nucleophile. Highly regioselective alkylation at the substituted allylic terminus was achieved.
The catalytic activity and regioselectivity were affected by the ligand used. The reactid)-2falkenyl
acetates or 1-substituted 2-propeny acetates with dialkyl sodiomalonate in the presence of a catalytic amount
of [Ir(COD)CI]./P(OPh)} (P/Ir = 1—2) gave a product alkylated at the substituted allylic terminus in®8%
selectivity. Construction of a quaternary carbon center is possible by this methodology. The reaction of
1,1-dialkyl-2-propenyl acetates gave a product alkylated at the disubstituted allylic terminus exclud®jely. (
2-Alken-1-ol could be successfully used as a substrate. The products alkylated at the substituted allylic terminus
were obtained in 9399% selectivity. A3P NMR study of the reaction of [Ir(COD)Glvith P(OPh} revealed

that a catalytically active species is a monophosphite species.t-Hoeeptor property of P(OPhpromotes

a carbonium ion character at the substituted allylic terminus and directs the nucleophilic attack to this position.
The stereochemistry of the allyl system affected the regioselectivity. In contrast to the reactiBp2ef (
alkenyl acetates, the reaction &f){2-alkenyl acetates gave a product alkylated at the unsubstituted allylic
terminus predominantly. This shows that the regioselectivity of the alkylation of thersaltyl iridium
intermediate is different from that of the antiallyl iridium intermediate. Z)-Selective allylic alkylation of
(2)-2-alkenyl esters is also possible by iridium catalysis.

Introduction as catalysts or reagents for allylic alkylation. The control of
regioselectivity in allylic alkylation is important. The selectivity
depends on many factors, for example, the central metal, ligand,

nucleophile, and substituent on theallyl system. Terminally

Transition metal complexes are indispensable tools for organic
synthesis. Many useful organic transformations have been
achieved. A wide variety of transition metal complexes are

extensively studied as reagents or catalysts for organic synthe

sis! The use of iridium complexes for organic synthesis is

relatively unexplored. Since Crabtree reported that a cationic

iridium complex is a highly active catalyst for hydrogenation
of highly hindered alkenes such as 2,3-dimethyl-2-bitene

iridium complexes have received much attention as efficient

hydrogenation catalysgs.Iridium complex-catalyzed hydrosi-
lylations have also been reporttdOn the other hand, the
development of iridium complex-catalyzed carbaarbon bond

forming reactions lags far behiftd.A limited number of

synthetically useful stereo- and regiocontrolled carboarbon

bond forming reactions are reported.

One of the important carbetrcarbon bond forming reactions
catalyzed by a transition metal complex is allylic alkylation via
a m-allyl complex, which is widely used for constructing
complex organic molecul€s. Palladium® nickel? molybde-
num2Ciron,! tungstent? and rutheniurk® complexes are used
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_monosubstituted palladium complexes generally lead to pref-
erential alkylation at the unsubstituted allylic termitfushile
such molybdenurabfa+km tyngstent2a-cfd and rutheniurk??
complexes tend to lead to preferential alkylation at the substi-
tuted allylic terminus. Gaining complete regiocontrol of alky-
lation at the substituted allylic terminus is a challenging problem.
We wish to report herein iridium complex-catalyzed highly
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Table 1. Effect of Ligand on Allylic Alkylation of 1 with 2a
entry substrate ligand P/Ir conditions yield% ratio 3/4 (E/Z)°

1 la 0 reflux 19 h 66 12/88 (97/3)
2 la P(OPh) 1 roomtemp 3 h 90 96/4 (78/22)
3 la P(OPh) 2 roomtemp 3 h 89 96/4 (81/19)
4 la P(OPh) 3 reflux 24 h 29 76124 (96/4)
5 1b P(OPh) 2 roomtemp 1 h 94 97/3 (77/23)
6 1c P(OPh) 2 roomtemp 4 h 85 89/11 (90/10)
7 la P(O4-MeCsHa)3 2 room temp 8 h 81 95/5 (73/27)
8 la P(O4-FCsHa)3 2 room temp 23 h 55 94/6 (94/6)
9 la P(O2-Naph} 2 room temp 18 h 64 96/4 (92/8)

10 la PPh(OPh) 2 room temp 16 h 52 98/2 (75/25)

11 la P(OEty 2 reflux 3 h 81 59/41 (90/10)

12 la P(O-Pr) 2 reflux 3 h 44 53/47 (91/9)

13 la PPh 2 reflux 16 h 6 2476 (63/37)

14 la P(n-Bu)s 2 reflux 16 h 0

15 la dppe 2 reflux 16 h 18 39/61 (94/6)

a A mixture of 1 (2 mmol),2 (4 mmol), [Ir(COD)CI} (0.04 mmol), ligand,

by GLC.

regioselective allylic alkylation at the substituted allylic terminus
with a stabilized carbon nucleophite.

Results

Allylic Alkylation of ( E)-Allylic Esters and 1-Substituted
2-Propenyl Esters. The reaction of [)-2-hexenyl acetatel@)
with diethyl sodiomalonate2@) in the presence of a catalytic
amount of [Ir(COD)CI} and ligand gave3a, (E)-4a, and ©)-
4a. Product3a arose from alkylation at the substituted allylic
terminus, andda arose from alkylation at the unsubstituted
allylic terminus (eq 1). The phosphorus ligand that was added

n-Pr
7 + NaNu —
(0)4
1 2
(1)
n-Pr. n-Pro =
A +
\I\':\ Nu
3 4
1a X=Ac 2a Nu=CH(CO,Et),
b X=CO,Me 2b  Nu=CH(CO,Me),
1c  X=PO(OEY), 2c  Nu=CHACCO,Et

2d  Nu=CMe(COEt),

had a substantial effect on the selectivity and the yield of the
products. The results are summarized in Table 1. P(Qidn
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Ubukata, M.; Tsuji, |.; Ito, Y.J. Org. Chem1998 63, 4. (c) Chatani, N.;
Yamaguchi, S.; Fukumoto, Y.; Murai, ®rganometallics1995 14, 4418.
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(7) See ref 1e, p 25.
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1996 96, 395. (b) Tsuji, JPalladium Reagents and Catalysf®hn Wiley
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and THF (10 mL) was stirred under arddeolated yield ¢ Determined

the most efficient ligand (entries 2 and 3). The reaction was
completedm 3 h atroom temperature to give an excellent yield
of the products. Produ@a was obtained in 96% selectivity
(entry 3). The alkylation was highly selective at the substituted
allylic terminus. The ratio of P(OPhjo Ir was also important.
When using 1 equiv of P(OPhjo each equivalent of Ir3a

was obtained in 96% selectivity and the reaction proceeded at
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Iridium Complex-Catalyzed Allylic Alkylations

Table 2. Effect of Catalyst Precursor on Allylic Alkylation dfa
with 2a2
ratio 3a/d4a
entry Ir complex conditions yield/% (E/z)¢
19 [Ir(COD)Cl]» roomtemp 3 h 89 96/4 (81/19)
2 [Ir(COD),JBFs THF reflux 9 h 90 95/5 (90/10)
3 Ir(COD)(acac) THFreflux5h 84 78/22 (82/18)
4 IrH(CO)(PPh); THF reflux 28 h 64 60/40 (99/1)
5% Iry(CO)2 THF reflux 9 h 0

a A mixture of 1a (2 mmol), 2a (4 mmol), Ir complex (008 mmol),
P(OPh) (0.16 mmol), and THF (10 mL) was stirred under argon.
blsolated yield.c Determined by GLCY[Ir(COD)CI], (0.04 mmol).
€1ry(CO)2 (0.02 mmol).

Table 3. Allylic Alkylation of lawith 22

ratio 3/4
entry  nucleophile conditions yield% (E/Z)¢
1 2a room temp 3 h 89 96/4 (81/19)
2 2b room temp 3 h 90 97/3 (79/21)
3 2c reflux 7 h 85 93/7 (80/20)
4 2d reflux 1 h 87 29/71 (90/10)

a A mixture of 1a(2 mmol),2 (4 mmol), [Ir(COD)CI} (0.04 mmol),
P(OPh) (0.16 mmol), and THF (10 mL) was stirred under argon.
b|solated yield.° Determined by GLC.

room temperature (entry 2). The reaction using 3 equiv of
P(OPh) to each equivalent of Ir did not go to completion (entry
4). The yield of products and the selectivity 8 were
decreased. The use of P(©OMleCsH,)s, P(O4-FCsHy)s, P(O—
2-naph}, and PPh(OPh)as ligands gave an excellent selectivity
of 3a, but the reactions required a longer reaction time compared
to that needed when using P(OPHEgntries 7~10). With
P(OEt} or P(G-Pr);, the reaction gavBain a much decreased
selectivity (entries 11 and 12). Reactions in which a more
electron-donating phosphorus ligand such as;PPIn-Bu)s,

or dppe was used gave products in poor yields (entries 13
15). Carbonatédb and phosphatéc could be used as substrates
successfully. The reaction of carbondtie gave 3a in 97%
selectivity (entry 5), but the reaction of phosphatalecreased
the selectivity of3a slightly (entry 6). It is well-known that
the palladium complex-catalyzed reaction of allylic carbonates
with dialkyl malonate proceeds under neutral conditithhe
reaction oflb with diethyl malonate under refluxing THF in
the presence of [Ir(COD)GIP(OPh) for 24 h gave no
corresponding products. The starting materials were recovered

The catalytic activity of several iridium complexes combined
with P(OPh} (P(OPhYIr = 2) was examined in the reaction
of 1a with diethyl sodiomalonate2@) (Table 2). [Ir(COD)-
Cl]> gave the best result (entry 1). The reaction using a cationic
iridium complex required heating, but the yield of products and
the selectivity of3awere the same as in the reaction using [Ir-
(COD)CIL, (entry 2). Use of Ir(COD)(acac) decreased the
selectivity of3a (entry 3). IrH(CO)(PP¥); alone was totally
ineffective as a catalyst. IrH(CO)(PR¥P(OPh) showed some
catalytic activity (entry 4). UW(CO)/P(OPh} was totally
ineffective as a catalyst (entry 5).

Reaction ofla with various stabilized carbon nucleophiles
was examined. The results are summarized in Table 3. The
reaction ofla with 2a—c gave product8a—c, resulting from
alkylation at the substituted allylic terminus, in 987%
selectivity (entries £3). Nucleophile2a and 2b were more
reactive thar2c. Reaction oflawith 2aand2b was completed

(16) (a) Tsuji, J.; Minami, lAcc. Chem. Red.987 20, 140. (b) Tsuji,
J. Tetrahedronl986 42, 4361. (c) Tsuji, J.; Shimizu, |.; Minami, |.; Ohashi,
Y.; Sugiura, T.; Takahashi, Kl. Org. Chem1985 50, 1523. (d) Tsuji, J.;
Shimizu, I.; Minami, I.; Ohashi, YTetrahedron Lett1982 23, 4809.
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in 3 h atroom temperature, while the reaction wizhrequired
heating fo 7 h to go tocompletion. Increasing the steric bulk
of carbon nucleophile reversed the regioselectilityThe
reaction with diethyl sodiomethylmalonat2d) gave product
4d, resulting from alkylation at the unsubstituted allylic
terminus, in 71% selectivity (entry 4).

We examined the reaction of a series of acyclic allylic acetates
with diethyl sodiomalonate2@) in the presence of a catalytic
amount of [Ir(COD)CI]./P(OPh} (P/Ir=2) (eq 2). The results

R
Ri~ AU Rs NaCHE,
s OAc 2a
E=CO,Et @)
% . 1/\/t
ETE e E
6 7

are summarized in Table 4. As shown in Table 4, highly
regioselective alkylation at the substituted allylic terminus was
achieved. All reactions proceeded at room temperature to give
products in an excellent yield. The reaction of cinnamyl acetate
(5b) gavebb, resulting from alkylation at the substituted allylic
terminus, in 99% selectivity (entry 2). The regioselectivity of
5b was the same as that d&. The phenyl substituent on the
allylic terminus did not alter the regioselectivity as the alkyl
substituent did. With E)-crotyl acetate %a), (E)-2-nonenyl
acetatec), and €)-2-undecenyl acetat&d), the product from
the alkylation at the substituted allylic terminus was obtained
in 95—97% selectivity (entries 1, 3, and 4). The most unique
feature of iridium complex catalysis was demonstrated for the
reactions of5e—g. The reactions were regiospecific at the
tertiary allylic terminus to give a product bearing a quaternary
carbon center exclusively (entries-9). Iridium complex-
catalyzed allylic alkylation provides an efficient method for the
construction of a quaternary carbon cerfamhich is a feature

of a broad range of natural products. Several transition metal
complex-catalyzed reactions 6§ with 2a or 2b have been
reported. The iridium complex only led to exclusive formation
of a product bearing a quaternary carbon center. A Pd{iPh
catalyzed reactid and a NiC}(dppe)-catalyzed reactiérgave

7gin 38% and 10% selectivity, respectively. A Mo(GO)

catalyzed reactidf’ gave7gb in 85% selectivity.
Regioisomeric acetates dfa, 5b, and 5d were used as
substrates (eq 3). Reactions wiza gave the same product

/\(R

+ NaCHE, ——
OAc
room temperature
8a R=n-Pr 2a 3h
8b R=Ph E=CO,Et
8¢ R=n-Oct
(3)
T
E E E E
3a 4a
6b 7b
6d 7d
R=n-Pr 86% 95 : 5 (E/Z2=78/22)
R=Ph 91% 99 : 1 (E/Z=79/21)

R=n-Oct 95% 95 : 5 (E/Z=78/22)

distributions as those given g, 5b, and5d. The selectivity
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Table 4. Allylic Alkylation of 5?2
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entry substrate nucleophile product conditions yieRl/% ratio 6/7¢
1 5aR;=Me, RR=R3=H 2a 6a 7a roomtemp 2 h 77 9713
2 5bR;=Ph,R=R;=H 2a 6h, 7b roomtemp 3 h 98 991
3 5¢cR;=n-Hex, R=R3=H 2a 6¢G 7¢ roomtemp5h 99 95/5
4 5dR; =n-Oct, R=R;=H 2a 6d, 7d roomtemp5h 95 956
5h 5eR;=H, R.=R3=Me 2a 6g 7e room temp 2 h 80 0/100
6" 5fRi =H, R-=Me, Rs=n-Bu 2a 6f, 7f room temp 16 h 80 0/100
7" 59R; = H, R, = Me, Rs = CH,CH,C = CMe, 2a 69 79 room temp 16 h 85 0/100
8 5eR;=H, R:=R;=Me 2b 6eh 7eb roomtemp 2 h 70 0/100
ghi 59R; = H, R, = Me, Rs = CH,CH,C = CMe, 2b 6gh, 7gb room temp 16 h 80 0/100

2 A mixture of 5 (2 mmol), 2 (4 mmol), [Ir(COD)CI} (0.04 mmol), P(OPh)(0.16 mmol), and THF (10 mL) was stirred under argbtsolated
yield. ¢ Determined by GLCY Ratio fo E/Z was not determinedE/Z = 100/0." E/Z = 66/34.9 E/Z = 69/31." 2 (6 mmol).' [Ir(COD)CI]. (0.08

mmol), P(OPh) (0.32 mmol).

of the alkylation at the substituted allylic terminus was—95
99%. The result strongly suggests the intermediacysohdlyl
iridium complex.

3-Methyl-2-butenyl acetaté§) failed to react wittRaunder
refluxing dioxane for 24 h. The corresponding product was
not obtained at all. 3-Substituted 2-alkenyl acetate was much

less reactive than 2-alkenyl acetate. Changing the leaving group
enhanced the reactivity of the substrate (eq 4). The reactions

w/\/ox

b

9 E” E (9
+ NaCHE
aC 2 6e 7e
2a
E=CO,Et
9a X=Ac dioxane reflux 24 h
no reaction
9b X=COMe  THF reflux 8 h
no reaction
9c X=COCF;  roomtemperature 3 h
70% 5 :95
9d X=PO(OEt), room temperature 4 h
81% 4 : 96

of diethyl 3-methyl-2-butenyl phosphat@éd) and 3-methyl-2-
butenyl trifluoroacetate9c) with 2a proceeded at room tem-
perature. Producte from the alkylation at the disubstituted
allylic terminus was obtained in 96% and 95% selectivity,
respectively. The reactivity of leaving groups was in the order
of (EtOLPO, ~ CRCO, > MeO,CO > AcO. The low
reactivity of 3-methyl-2-butenyl acetate compared to that of
2-alkenyl acetate is attributed to the difficulty in the coordination
of the carbor-carbon double bond to an iridium complex prior
to the oxidative addition. It is well-known that the coordination
of an alkene to the transition metal complexes is quite sensitive
to steric effect$®

Allylic Alkylation of Allylic Alcohols. Allylic esters were

successfully used as substrates. If allylic alcohols can be used

as substrates, the reaction might be far more beneficial.
Bergbreiter reported that Pd(Pfhcatalyzed the reaction of
allylic alcohols witha-ketoesterg! The reaction was nonre-

(17) Use of a steric demanding nucleophile increased the selectivity of
alkylation at the unsubstituted allylic terminus; see ref 14e.

(18) Martine, S. FTetrahedron198Q 36, 419.

(19) Cuvigny, T.; Julia, M.; Roland, Q. Organomet. Cheni985 285
395.

(20) (a) Tolman, C. AJ. Am. Chem. Sod 974 96, 2780. (b) Cramer,
R. J. Am. Chem. S0d 967, 89, 4621.

Table 5. Allylic Alkylation of Allylic Alcohol 10 with 2a

entry substrate yield/% product ratié
1 10aR;=n-Pr,R=H 100 3alda 96/4
2 10bR; =Me, R,=H 74 6al7a 96/#
3 10cR;=Ph,R=H 98 6b/7b 99/1
4 10dR; =n-Hex, R=H 84 6c/7¢c 95/%
5 10eR; =n-Oct, R =H 80 6d/7d 93/7
6 10fR; =H, R, = Me 71 11

a A mixture of 10 (2 mmol),2a (6 mmol), [Ir(COD)CIE (0.04 mmol),
P(OPh) (0.16 mmol), and THF (10 mL) was stirred under reflux for
1 h.®Isolated yield.c Determined by GLCY E/Z = 68/32.¢ Ratio of
E/Z was not determinedE/Z = 100/0.9E/Z = 63/37."E/Z = 71/
29.

gioselective and required extreme reaction conditions. Several
allylic alcohols were smoothly alkylated at the substituted allylic
terminus in high selectivities under mild conditions (eq 5).

R2
R1\/\ R2 R>
o RN )
10 .
T T EE E7E
+ NaCHE,
2a 3a 4a
E = CO,Et 6a-d 7a-d

11

Results are summarized in Table 5. The react®r2-hexen-
1-ol (108 with 2a under refluxing THF fo 1 h gave products

in a quantitative yield (entry 1). The selectivity 8éwas 96%.
(E)-Crotyl alcohol (0b), (E)-cinnamyl alcohol 109, (E)-2-
nonen-1-ol 10d), and E)-2-undecen-1-ol {06 reacted with
2asimilarly to give products from alkylation at the substituted
allylic terminus in high selectivities (entries=5). 1-Alken-
3-ol was less reactive than 2-alken-1-ol. The reaction of
1-hexen-3-ol witlRawas sluggish (eq 6). The yield of products

n-Pr.

A NaCHE2
2a —
OH E-CO,Et
(6)
THF reflux 16 h
n-Pr n-Pra, 2
- T
3a 4a

55% 84 : 16 (E/Z=57/43)

and the selectivity of3a were decreased. The reaction of

(21) Bergbreiter, D. E.; Weatherford, D. Al. Chem. Soc., Chem.
Commun 1989 883.
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Table 6. Allylic Alkylation of ( 2)-Allylic Esters (13) with 2a

J. Am. Chem. Soc., Vol. 120, No. 34, 1338l

entry substrate ligand conditions yield!% product ratié
1d 13aR; =n-Pr, X=Ac P(OPh) room temp 2 h 81 3al(E)-4al(2)-4a 25/5/70
2 13aR; = n-Pr, X=Ac P(O2-t-Bu4—MeCsH3)s reflux 5 h 85 3al(E)-4al(2)-4a 3/7/90
3 13bR; = n-Pr, X= PO(OEt) P(02-t-Bu4—MeCsH3)3 roomtemp5h 81 3al(E)-4al(2)-4a 8/5/87
4 13cR; = Ph, X=Ac P(O2-t-Bu4—MeCsH3)3 reflux 22 h 72 6b/(E)-7b/(2)-7b 55/5/40
5 13d Ry = n-Hex, X= Ac P(02-t-Bu4—MeCsH3)3 reflux 3 h 86 6d/(E)-7d(2)-7c 2/9/89
6 13eR; = n-Oct, X=Ac P(O2-t-Bu4—MeCsH3)3 reflux 3 h 84 6d/(E)-7d/(2)-7d 2/11/87
7 13fR; = PhCHCH,CH,, X =Ac ~ P(O2-t-Bu4—MeGCeHz);  reflux4 h 85 14f/(E)-15f/(2)-15f  4/21/75

a A mixture of 13 (2 mmol),2a (4 mmol), [Ir(COD)CIL (0.04 mmol), P(O2t-Bu4—MeCsH3)3 (0.08 mmol), and THF (10 mL) was stirred under

argon.” Isolated yield.° Determined by GLCY P(OPh) (0.16 mmol).

3-methyl-2-buten-1-ol and linalol witl2a did not give the
corresponding products.

Allylic alcohols were found to be good substrates for our
allylic alkylation. The low reactivity of allylic alcohol toward
oxidative addition is well known. Transesterification of allylic
alcohol to the more reactive estE2 prior to oxidative addition
might be possible. The resulting este2 would oxidatively
add to an iridium center to givezallyl iridium intermediate.
We examined the possibility of formation of estE2 during
the reaction. The reaction d2a (R = n-Pr) with 2a under
refluxing THF for 1 h gave products in 99% yield. The
selectivity of3awas 95%. Estet2a(R = n-Pr) gave the same
results as alcohdlOa We carried out the reaction @Dawith
1 equiv of2a. If transesterification occured, the yields 84

plexes undergo syranti isomerizatio?2 If such isomerization
occurs prior to the alkylation, the reactions Bj-@-alkenyl ester
and @)-2-alkenyl ester should give the same product distribu-
tion. This result showed that the alkylation occurred prior to
syn—anti isomerization and the regioselectivity of the alkylation
to syn m-allyl iridium complex was different from that of
alkylation to the antiz-allyl iridium complex.

Palladium complex-catalyzed allylic alkylation oZ)(2-
alkenyl acetate resulted in a loss of the geometry of the starting
material*@because the anti-allyl palladium complex easily
isomerized to the thermodynamically more stable syallyl
palladium complexX? As mentioned above, the ratio af)¢
4al(E)-4a was 93/7. Syranti isomerization of a terminally
monosubstituted-allyl iridium complex is quite slow compared

and4a should have decreased below 50%. The reaction gaveto that of a terminally monosubstituted-allyl palladium
products in 40% yield. Furthermore, a considerable formation complex. Iridium catalysis provides a possibility @j{selective

of esterl2a (R = n-Pr) was observed in the reaction bha
with 2a under refluxing THF in the absence of catalyst.
According to these results, we concluded that an initial
intermediate was estet2 formed by the transesterification.

allylic alkylation10.12d.24 However, in the reaction ofzj-2-
alkenyl acetate, the regioselectivity of alkylation leading4p (
alkene is not satisfactory. To improve the selectivity BJ-(
and @)-alkene, alkylation must be directed to the unsubstituted

However, allylic alcohols could be practically used as a substrate allylic terminus. A bulky phosphite ligand is expected to

for the reaction.

(0]
R/\/\OJ\
CO,Et
12

Allylic Alkylation of (' Z)-Allylic Esters. The stereochemistry
of the carbor-carbon double bond in the allyl system affected
the regiochemistry of the allylic alkylation. The reaction of
(2)-2-hexenyl acetatel@a) with 2a at room temperature gave
products in 81% vyield (eq 7). The major product wa¥4a

Rine—0X | NaCHE,

13 2a —_ (7)
E = CO,Et
R
ﬁ/\ . % . ,\:/—CHEz

CHE, CHE,

3a (E)-4a (2)-4a

6b-d (E)-7b-d (2)-7b-d

14f (E)-15f (2)-15¢

resulting from alkylation at the unsubstituted allylic terminus.
The selectivity o4dawas 75% (E/Z= 7/93) (Table 6 entry 1).
The regioselectivity was opposite that for the reactionE)f (
2-hexenyl acetatel@) with 2a.

Oxidative addition of E)-2-alkenyl acetate gives a symallyl
iridium complex as an intermediate, while oxidative addition
of (2)-2-alkenyl acetate gives an antiallyl iridium complex
as an intermediate. It is well-known thatallyl metal com-

increase such selectivity. We examined the reactiorzp®f
alkenyl ester witlRa using a bulky phosphite ligand. The results
are summarized in Table 6. The reaction using 1 equiv of tris-
(2-tert-butyl-4-methylphenyl)phosphite to each equivalent of
iridium under refluxing THF fo 3 h gave the product in 85%
yield (entry 2). The selectivity of4)-4awas increased to 90%.
The ratio of phosphite to iridium was critical. The same reaction
using 2 equiv of tris(2ert-butyl-4-methylphenyl)phosphite to
each equivalent of iridium under refluxing THF for 24 h gave
no product. The starting material was recovered. Phosphate
was more reactive than acetate. The reaction of die#)y2{
hexenyl phosphatel18b) was completedn 3 h at room
temperature, but the selectivity oF)(4a was not improved
(entry 3). The phenyl substituent showed a preference for
alkylation at the substituted allylic terminus to decreagg (
selectivity. The reaction ofZ)-cinnamyl acetatel3c using
tris(2tert-butyl-4-methylphenyl)phosphite gavg)¢{7b in 40%
selectivity (entry 4). Compoungb resulting from the alkylation

at the substituted allylic terminus was obtained in 55% selectiv-
ity. The reactions of (Z)-2-nonenyl acetate3¢) and (2)-2-
undecenyl acetatd 8e with 2agave ¢)-7cand ¢)-7d in 89%

and 87% selectivity, respectively (entries 5 and 6). The reaction

(22) (a) Crabtree, R. HThe Organometallic Chemistry of the Transition
Metals John Wiley & Sons: New York, 1994; p 112. (b) Collman, J. P.;
Hegedus, L. S.; Norton, J. R.; Finke, R. Binciples and Applications of
Organotransition Metal Chemistryniversity Science Book: Mill Valley,
1987; p 175.

(23) (a) Sjogren, M.; Hansson, S.; Norrby, P.; Akermark, B.; Cucciolito,
M. E.; Vitagliano, A.Organometallics1992 11, 3954. (b) Akermark, B.;
Hansson, S.; Vitagliano, Al. Am. Chem. Sod99Q 112 4587.

(24) Akermark reported that 2,9-disubstituted-1,10-phenanthroline could
stabilize antiz-allyl palladium complex and its use for Pd-catalyzed allylic
alkylation. The reaction ofZ)-2-hexenyl acetate with diethyl sodiometh-
ylmalonate gaveZ)-product in 72% selectivity; see ref 14a.
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of 13f, where a phenyl group is substituted away from the allylic
terminus, gave4)-15f in 75% selectivity (entry 7).

The reaction of Z)-2-alkenyl esters gave a small amount of
(E)-product. We examined the formation of thi){product
under the reaction conditions. Treatment of a 23:4:73 mixture
of 3a (E)-4a, and @)-4awith 2 equiv of2ain the presence of
a catalytic amount of [Ir(COD)Cj]and P(OPhy) (P/Ir = 2) for
4 h at room temperature gave a 23:17:60 mixturdaf(2)-4a,
and @)-4a. The ratio of g)-4a decreased, while the ratio of
(E)-4aincreased. Isomerization ofZ)-4ato (E)-4a occurred.
According to the result, we concluded that a small amount of
(E)-product was formed by the isomerization of an initially
formed @)-product during the alkylation.

Stereochemical Course of Allylic Alkylation. The stereo-
chemical course of the reaction was examined. We chose (
5-(methoxycarbonyl)-2-cyclohexen-1-yl methyl carbondi®) (

Takeuchi and Kashio

(P/Ir = 3) showed three doublets of doubleds/1.7, 86.1, and
95.9J= 30, 24 Hz). The singlet and two sets of doublets shown
in the reaction at P/le= 2 disappeared. As mentioned above,
the allylic alkylation was highly regioselective at the ratios of
P/lr = 1 and 2 (Table 1 entries-2). It is clear that the
monophosphite species is catalytically active. The presence of
one molecule of P(OPkpn thes-allyl iridium intermediate is
necessary for the high regioselectivity. Since P(QR better
m-acceptol’ it promotes a carbonium ion character at the
substituted allylic terminus and directs the nucleophilic attack
to this positior?82° In agreement with this, when a ligand with
weaker acceptor properties was used such as P{OEB(C-
Pr)s, the reaction was much less selective (Table 1 entries 11
and 12).

The regioselectivity of the reaction oZ)-2-alkenyl acetate
is different from that of E)-2-alkenyl acetate. The difference

as a substrate because it was extensively used to examine thés explained as follows. Nucleophilic attack at the substituted

stereochemical course of palladitffrand molybdenum complex-
catalyzed®® allylic alkylation. Unlike the reactions with the

allylic terminus in the antir-allyl iridium intermediate would
bring the anti substituent close to the iridium moiety. The steric

acyclic systems mentioned above, this reaction was quite interaction gives an unfavorable transition séteOn the other

sluggish and did not go to completion (eq 8). Prodlittvas

CO,Me CO,Me
_— (8)
0OCO,Me CHE,
16 17
THF reflux 33 h
+ NaCHE;
E=CO,Me

obtained in 37% yield. The starting material was recovered in
40% yield. The product of net retention of configuration was

hand, such steric interaction does not occur in the alkylation at
the substituted allylic terminus of the sym-allyl iridium
intermediate. Thus, alkylation at the unsubstituted allylic
terminus is favored in the case df){2-alkenyl acetate.

Conclusion

An iridium complex was found to be a new and efficient
catalyst for allylic alkylation. The structure of the allyl system

obtained exclusively. This suggests the reaction proceeds withgreatly affected the reaction. WittE)-2-alkenyl esters and

a double inversion mechanisi.

Discussion

Regioselectivity of allylic alkylation is controlled by three
factors: (1) the steric interaction between the incoming nucleo-
phile and the allylic terminus, (2) the charge distribution of the
mr-allyl ligand on the metal, and (3) the stability of the resulting
alkene-metal complexes as an initial product. When the
nucleophile ia, results described here indicate factor 1 is not
important. With regard to factor 3, it is clear that alkylation at
the substituted allylic terminus results in the formation of the
more stable terminal alkene complex as an initial prodtict.
P(OPh} plays a crucial role with regard to factor 2. We
examined the reaction of [Ir(COD)Glyith P(OPh} in dg-THF
by 3P NMR. The?®!P NMR spectra of a mixture of [Ir(COD)-
Cl]> and P(OPHhy (P/Ir = 1) showed a singletd(86.9). No
free P(OPhy was detected. This indicated the formation of a
monophosphite species. Increasing the amount of P{#&th)
to the appearance of a new set of signals. ReNMR spectra
of a mixture of [Ir(COD)CI} and P(OPhy (P/Ir = 2) showed a
singlet ¢ 86.9), three sets of doublets of doubleis’(.7, 86.1,
and 95.9J = 30, 24 Hz), and two sets of doublets $6.3 and
101.8,J = 24 Hz) in a ratio of 42:42:16. The reaction of [Ir-
(COD)CI], with 2 equiv of P(OPh)formed three species. The
3P NMR spectra of a mixture of [Ir(COD)Glland P(OPh)

(25) For a mechanism with double inversion of configuration, see: (a)
Hayashi, T.; Yamamoto, A.; Hagihara, J..Org. Chem1986 51, 723. (b)
Fiaud, J. C.; Legros, J. YJ. Org. Chem 1987 52, 1907. A mechanism
with double retention of configuration cannot be ruled out; see ref 10h.

(26) A complex of terminal alkenes is more stable than that of internal
alkenes: see ref 20b.

1-substituted-2-propenyl esters, highly regioselective alkylation
at the substituted allylic terminus was achieved. WithZ-
alkenyl esters, the regioselectivity was opposite that of He (
2-alkenyl esters. (Z)-Selective allylic alkylation at the unsub-
stituted allylic terminus could be achieved. The selectivity
described here complements palladium catalysis. These unique
features will make iridium complexes a useful tool for the
carbon-carbon bond forming reaction.

Experimental Section

Materials. All reagents and solvents were dried and purified before
use by the usual procedures. Allylic esters were prepared by the

(27) P(OPhy is more electron withdrawing than PRIsee Tolman, C.
A. Chem. Re. 1997, 77, 313.

(28) (a) Akermark, B.; Hansson, S.; Krankenberger, B.; Vitagliano, A.;
Zetterberg, KOrganometallicsl984 3, 679. (b) Akermark, B.; Zetterberg,
K.; Hansson, S.; Krankenberger, B.; Vitagliano, A.Organomet. Chem
1987 335 133. (c) Pretot, R.; Pfaltz, AAngew. Chem., Int. Ed. Endl998
37, 323.

(29) The reaction ofLlb with diethyl malonate resulted in the recovery
of the starting material, while the reactionids with diethyl sodiomalonate
gave products in 94% yield (Table 1, entry 5). It is well-known that the
formation of MeO by the dissociation from the metal center is necessary
for the reaction of allylic carbonates under neutral condit#§rghe result
indicates that dissociation of MeGrom the iridium center did not occur.
The leaving group from the allylic ester coordinates on iridium. According
to the result, an intermediate is presumed to besnfhllyl)CI(OAc)-
(P(OPh))]. To avoid a steric repulsion of the substituted allylic terminus,
triphenyl phosphite coordinates trans to the substituted allylic terminus.

(30) (a) Birch, A. J.; Pearson, A. J. Chem. Soc., Perkin Trans1976
954. (b) Similar dependency of the regioselectivity on the stereochemistry
of the allyl system was observed. The,&O)-catalyzed reaction of)-
crotyl acetate with dimethyl sodiomalonate gave the product from the
alkylation at the substituted allylic terminus as a major product, whereas
the same reaction oZf-crotyl acetate gave the product from the alkylation
at the unsubstituted allylic terminus as a major product; see ref 11d.
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reaction of the corresponding alcohols with acetyl chloride, methyl under Ar atmosphere. In a separate flask, diethyl malonate (640 mg,
chloroformate, diethyl chlorophosphate, or trifluoroacetic anhydride. 4.0 mmol) was added to a slurry of hexane-washed sodium hydride

Acetatesla, 5b, and5g were purchased. AlcohoBa—f, 2-methyl-
3-buten-2-ol, 1-hexen-3-ol, andz)¢2-hexen-1-ol were purchased.

(96 mg, 4.0 mmol) in 5.0 mL of THF. The resulting clear solution
was added to the former by a syringe, and the combined mixture was

1-Phenyl-2-propen-1-ol was prepared by the reaction of benzaldehydestirred at room temperature for 3 h. The progress of the reaction was

with vinylmagnesium bromide. 2-Alkyn-1-ols were prepared by the
reaction of 1-alkynyllithium with paraformaldehyde.(2)-3-Phenyl-
2-propen-1-ol, Z)-2-nonen-1-ol, Z)-2-undecen-1-ol, and&}-6-phenyl-

monitored by GLC. Aftelawas consumed, the reaction mixture was
partitioned between ether and water. The organic layer was separated,
and the aqueous layer was extracted with ether. The combined organic

2-hexen-1-ol were prepared by the hydrogenation of the correspondinglayer was concentrated in vacuo. The residue was purified by column

2-alkyn-1-ols. Esterl2a was prepared by the transesterification of
diethyl malonate with sodiumBE)-2-hexenyloxide. Methyl 4)-5-

hydroxy-3-cyclohexenecarboxylate was prepared according to the

published method®® [Ir(COD)CI]2,%?[Ir(COD);]BF4,% and IrH(CO)-

(PPh)3* were prepared according to the published methods. Irf(COD)-

(acac) and W(CO)4 were purchased. P(O-4-Meldy)3% P(O-4-
FCeHa4)3,%® P(O-2-Naphy® P(O-2tert-Bu-4-MeGHa)s,% and PPh(OPhY

chromatographyrthexane/ethyl acetate (98/2)) to gi8aand4aas a
mixture (431 mg, yield 89%).

Allylic Alkylation of Allylic Alcohols. A typical procedure is
described for the reaction dDawith 2a. (E)-2-Hexen-1-o0l10a (200
mg, 2.0 mmol), triphenyl phosphite (49.6 mg, 0.16 mmol), and [Ir-
(COD)Cl; (26.9 mg, 0.04 mmol) were stirred in 5.0 mL of THF under
Ar atmosphere. In a separate flask, diethyl malonate (640 mg, 4.0

were prepared according to the published methods. Lindlar catalyst mmol) was added to a slurry of hexane-washed sodium hydride (96

was purchased from Wako.

General Methods. *H NMR and'3C NMR spectra were measured
on a JEOL-EX-270 spectrometer using /8eas an internal standard.
Samples were dissolved in CDClolutions. 3P NMR spectra were
measured on a JEOL JNM GX-400 spectrometer usiggQd as an

external standard. GC analyses were performed on a Shimadzu GC-separated, and the aqueous layer was extracted with ether.

14A using 3 mmx 2 m glass columns packed with either 5% PEG-
HT on 60/80 mesh Chromosorb w, AW-DMCS or 5% OV-17 on 60/

mg, 4.0 mmol) in 5.0 mL of THF. The resulting clear solution was
added to the former by a syringe, and the combined mixture was stirred
under refluxing THF for 1 h. The progress of the reaction was
monitored by GLC. AfterlOawas consumed, the reaction mixture
was partitioned between ether and water. The organic layer was
The
combined organic layer was concentrated in vacuo. The residue was
purified by column chromatography-fiexane/ethyl acetate (98/2)) to

80 mesh chromosorb w, AW-DMCS, and a Shimadzu GC-17A using give 3aand4a as a mixture (480 mg, yield 99%).

60 m x 0.25 mm SP-2331 and 30 m 0.25 mm DB-17 columns.

Ethyl 3-Ethenyl-2-ethoxycarbonylhexanoate (3a)*H NMR ¢ 0.88

Column chromatography was carried out on 70/230 mesh silica gel (t, J= 6.9 Hz, 3H), 1.25 (tJ = 7.3 Hz, 3H), 1.27 (tJ = 7.3 Hz, 3H),
(Merk; Silica Gel 60). Elemental analyses were performed at the 1.33-1.45 (m, 4H), 2.78 (qdJ = 8.9, 3.3 Hz, 1H), 3.33 (d) = 8.9

Microanalytical Center of Kyoto University. Samples for elemental
analysis were purified by preparative gas chromatography.
Preparation of (2)-2-Alken-1-ol. A typical procedure is described
for preparation ofZ)-3-phenyl-2-propen-1-ol. A mixture of 3-phenyl-
2-propyn-1-ol (3.272 g, 24.4 mmol), Lindlar catalyst (1.316 g), and
3,6-dithia-1,8-octanediol (4.1 mg) was vigorously stirred in toluene (20

Hz, 1H), 4.15 (q,) = 7.3 Hz, 2H), 4.20 (gJ = 7.3 Hz, 2H), 5.06 (dd,
J=10.2, 2.0 Hz, 1H), 5.07 (dd] = 17.5, 2.0 Hz, 1H), 5.65 (dt] =
17.5, 9.9 Hz, 1H)33C NMR 6 13.7, 14.0 (2C), 20.0, 34.3, 43.8, 56.9,
61.0,61.1,117.1,138.1, 168,1, 168.3. Anal. Calcd feHa0O4: C,
64.44; H, 9.15; O, 26.41. Found: C, 64.37; H, 9.16.

Ethyl (E)-2-Ethoxycarbonyl-4-octenoate (E)-4a):3” 'H NMR o6

mL) at room temperature under a hydrogen atmosphere for 24 h. The0.86 (t,J = 7.3 Hz, 3H), 1.26 (tJ = 7.3 Hz, 6H), 1.35 (sextef] =

progress of the reaction was monitored by GLC. After the 3-phenyl-

7.6 Hz, 2H), 1.95 (g = 6.9 Hz, 2H), 2.58 (tJ = 6.9 Hz, 2H), 3.37

2-propyn-1-ol was consumed, the reaction mixture was filtered. After (t, J = 6.9 Hz, 1H), 4.19 (gJ = 7.3 Hz, 4H), 5.36 (dtJ = 15.5, 6.9

toluene was removed in vacuo, distillation of the residue gay€{
phenyl-2-propen-1-ol (3.274 g, yield 95%).

(2)-3-Phenyl-2-propen-1-ol:*H NMR 6 2.82 (br, 1H), 4.37 (ddJ
= 6.6, 2.0 Hz, 2H), 5.81 (dtj = 11.9, 6.3 Hz, 1H), 6.49 (d] = 11.9
Hz, 1H), 7.14-7.33 (m, 5H);33C NMR ¢ 59.3, 127.0, 128.1 (2C),
128.6 (2C), 130.5, 131.2, 136.4.

(2)-2-Nonen-1-ol: *H NMR 6 0.88 (t,J = 6.6 Hz, 3H), 1.22-1.40
(m, 8H), 2.06 (qJ = 6.6 Hz, 2H), 2.32 (br, 1H), 4.17 (d,= 5.6 Hz,
2H), 5.51 (dtJ = 11.2, 6.9 Hz, 1H), 5.58 (dt] = 11.2, 6.3 Hz, 1H);
BC NMR 6 14.0, 22.5, 27.3, 28.8, 29.5, 31.6, 58.3, 128.4, 132.8.

(2)-2-Undecen-1-ol: *H NMR 6 0.88 (t,J = 6.6 Hz, 3H), 1.26-
1.35 (m, 12H), 1.82 (br, 1H), 2.06 (d,= 6.3 Hz, 2H), 4.18 (dJ =
5.9 Hz, 2H), 5.52 (dtJ = 11.2, 6.9 Hz, 1H), 5.59 (dij = 11.2, 5.9
Hz, 1H);3C NMR ¢ 14.0, 22.6, 27.4, 29.18, 29.22, 29.4, 29.6, 31.8,
58.4, 128.3, 133.0.

(2)-6-Phenyl-2-hexen-1-ol*H NMR ¢ 1.69 (quintetJ = 7.3 Hz,
2H), 1.94 (br, 1H), 2.09 (q) = 7.3 Hz, 2H), 2.60 (tJ = 7.3 Hz, 2H),
4.12 (d,J = 5.9 Hz, 2H), 5.52 (dt) = 11.2, 6.9 Hz, 1H), 5.60 (d1]
=11.2,6.3 Hz, 1H), 7.147.33 (m, 5H);**C NMR 6 26.8, 31.1, 35.2,
58.3, 125.7, 128.2 (2C), 128.3 (2C), 128.9, 132.2, 142.0.

Allylic Alkylation of Allylic Esters. A typical procedure is
described for the reaction dfa with 2a. (E)-2-Hexenyl acetatda
(284 mg, 2.0 mmol), triphenyl phosphite (49.6 mg, 0.16 mmol), and
[Ir(COD)CI]; (26.9 mg, 0.04 mmol) were stirred in 5.0 mL of THF

(31) Denis, J.-N.; Greene, A. E.; Serra, A. A.; Luche, MJJOrg. Chem
1986 51, 46.

(32) Crabtree, R. H.; Quirk, J. M.; Felkin, H.; Fillebeen-KhanSynth.
React. Inorg. Met.-Org. Chemi982 12, 407.

(33) Schenck, T. G.; Downs, J. M.; Milne, C. R. C.; Mackenzie, P.;
Boucher, H.; Whealan, J.; Bosnich, Biorg. Chem 1985 24, 2334.
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Hz, 1H), 5.52 (dtJ = 15.5, 6.9 Hz, 1H):3C NMR 6 13.4, 14.0 (2C),
22.3, 31.8, 34.4, 52.3, 61.2 (2C), 125.4, 133.6, 169.0 (2C).

Ethyl (Z)-2-Ethoxycarbonyl-4-octenoate )-4a): *H NMR ¢ 0.90
(t, J=7.3 Hz, 3H), 1.27 (tJ = 7.3 Hz, 6H), 1.37 (sextef,= 7.3 Hz,
2H), 2.04 (q,d = 7.3 Hz, 2H), 2.64 (tJ = 7.3 Hz, 2H), 3.35 (tJ =
7.3 Hz, 1H), 4.19 (q) = 7.3 Hz, 4H), 5.32 (dt) = 10.9, 7.3 Hz, 1H),
5.48 (dt,J = 10.9, 7.3 Hz, 1H)23C NMR ¢ 13.6, 14.0 (2C), 22.5,
26.6, 29.1, 52.0, 61.2 (2C), 124.7, 132.8, 169.0 (2C). Anal. Calcd
for C13H2,04: C, 64.44; H, 9.15; O, 26.41. Found: C, 64.64; H, 9.34.

Methyl 3-Ethenyl-2-methoxycarbonylhexanoate (3b):* 'H NMR
6 0.89 (t, 3H,J = 7.3 Hz), 1.19-1.45 (m, 4H), 2.78 (qd) = 8.9, 3.3
Hz, 1H), 3.39 (dJ = 8.9 Hz, 1H), 3.69 (s, 3H), 3.73 (s, 3H), 5.07 (dd,
J=9.4, 1.7 Hz, 1H), 5.08 (ddd] = 17.8, 2.0, 0.7 Hz, 1H), 5.63 (dt,
J=17.8, 9.7 Hz, 1H)®C NMR ¢ 13.6, 20.0, 34.3, 43.9, 52.0, 56.8
(2C), 117.2, 138.0, 168.4, 168.6.

Methyl (E)-2-Methoxycarbonyl-4-octenoate (€)-4b):3 '"H NMR
0 0.86 (t,J = 7.3 Hz, 3H), 1.35 (sextef, = 7.3 Hz, 2H), 1.95 (q) =
6.9 Hz, 2H), 2.58 (tdJ = 6.9, 1.0 Hz, 2H), 3.42 () = 7.6 Hz, 1H),
3.72 (s, 6H), 5.35 (dt) = 15.2, 6.6 Hz, 1H), 5.52 (dt] = 15.2, 6.6
Hz, 1H); *C NMR ¢ 13.3, 22.3, 31.8, 34.4, 51.9, 52.2 (2C), 125.2,
133.8, 169.3 (2C).

Methyl (Z)-2-Methoxycarbonyl-4-octenoate (£)-4b): 'H NMR
6 0.90 (t,J = 7.3 Hz, 3H), 1.37 (sexted = 7.3 Hz, 2H), 2.04 (qJ =
7.3 Hz, 2H), 2.65 (tJ = 7.6 Hz, 2H), 3.40 (tJ = 7.6 Hz, 1H), 3.73
(s, 6H), 5.30 (dtJ = 10.9, 7.3 Hz, 1H), 5.49 (dt = 10.9, 7.3 Hz,
1H); 13C NMR ¢ 13.6, 22.5, 26.7, 29.1, 51.7, 52.3 (2C), 124.4, 133.0,
169.3 (2C). Anal. Calcd for GH1s04: C, 61.66; H, 8.47; O, 29.87.
Found: C, 61.77; H, 8.68.

Ethyl 3-Ethenyl-2-(1-oxoethyl)hexanoate (3c}2® A mixture of 1:1
diastereometH NMR ¢ 0.86-0.90 (m, 3Hx 2), 1.25 (t,J = 7.3 Hz,

(37) Hiyama, T.; Morizawa, Y.; Yamamoto, H.; Nozaki, Bull. Chem.
Soc. Jpn1981], 54, 2151.
(38) Shaw, G. JJ. Labelled Compd. Radiopharrh981, 18, 1641.
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3H), 1.27 (t,J = 7.3 Hz, 3H), 1.36-1.41 (m, 4Hx 2), 2.17 (s, 3H),
2.23 (s, 3H), 2.81 () = 9.2 Hz, 1Hx 2), 3.42 (d,J = 9.9 Hz, 1H),
3.43 (d,J = 9.2 Hz, 1H), 4.14 (g) = 6.9 Hz, 2H), 4.20 (q) = 6.9
Hz, 2H), 5.06 (d,J = 10.0 Hz, 1Hx 2,), 5.07 (dJ = 17.5 Hz, 1Hx
2,),5.53 (dtJ = 17.5, 10.0 Hz, 1H), 5.61 (df, = 17.5, 10.0 Hz, 1H);
13C NMR 6 13.6 (2C), 13.9 (2C), 19.8, 19.9, 29.2 (2C), 34.4 (2C),

Takeuchi and Kashio

(2C). Anal. Calcd for GeH20Oq:
Found: C, 69.82; H, 7.25.

Ethyl 3-Ethenyl-2-ethoxycarbonylnonanate (6¢):'"H NMR 6 0.87
(t, J= 6.9 Hz, 3H), 1.2+1.45 (m, 16H), 2.76 (qdJ = 8.9, 3.6 Hz,
1H), 3.33 (d,J = 8.9 Hz, 1H), 4.15 (qJ = 6.9 Hz, 2H), 4.20 (qJ =
7.3 Hz, 2H), 5.06 (dJ = 10.2 Hz, 1H), 5.07 (dJ = 17.5 Hz, 1H),

C, 69.55; H, 7.29; O, 23.16.

43.6,43.7,61.0,61.1, 65.0, 65.1, 117.1, 117.3, 138.0 (2C), 168.4, 168.6,5.65 (dt,J = 17.2, 9.6 Hz, 1H)13C NMR 6 13.9, 14.0 (2C), 22.5,

202.3 (2C).

Ethyl (E)-2-(1-Oxoethyl)-4-octenoate )-4c):*3* 'H NMR 6 0.86
(t, 3= 7.3 Hz, 3H), 1.26 (tJ = 7.3 Hz, 3H), 1.35 (sextef,= 7.3 Hz,
2H), 1.95 (g, = 6.9 Hz, 2H), 2.21 (s, 3H), 2.53 (§,= 6.6 Hz, 2H),
3.47 (t,J=6.6 Hz, 1H), 4.19 (qJ = 7.3 Hz, 2H), 5.33 (dt) = 15.5,
6.6 Hz, 1H), 5.51 (dtJ = 15.5, 6.6 Hz, 1H)3C NMR ¢ 13.4, 14.0,
20.0, 22.3, 31.1, 34.4, 59.8, 61.1, 125.4, 133.5, 169.3, 202.5.

Ethyl (Z)-2-(1-Oxoethyl)-4-octenoate @)-4c): *H NMR 6 0.90
(t, J= 7.3 Hz, 3H), 1.27 (t) = 7.3 Hz, 3H), 1.37 (sextef,= 7.3 Hz,
2H), 2.04 (g, = 7.3 Hz, 2H), 2.23 (s, 3H), 2.59 (§,= 7.3 Hz, 2H),
3.45 (t,J = 7.3 Hz, 1H), 4.19 (qJ = 7.3 Hz, 2H), 5.27 (dt) = 10.9,
7.3 Hz, 1H), 5.47 (dt) = 10.9, 7.3 Hz, 1H)3C NMR 6 13.6, 13.9,

26.8, 28.9, 31.6, 32.2,44.0,57.0,61.0,61.1, 117.1, 138.2, 168,1, 168.3.
Anal. Calcd for GeH2504: C, 67.57; H, 9.92; O, 22.50. Found: C,
67.36; H, 10.20.

Ethyl (E)-2-Ethoxycarbonyl-4-undecenoate )-7c):*° 'H NMR
4 0.88 (t,J = 6.9 Hz, 3H), 1.22-1.45 (m, 14H), 1.96 (¢J = 6.6 Hz,
2H), 2.57 (t,J = 6.6 Hz, 2H), 3.36 (t) = 7.6 Hz, 1H), 4.19 (q) =
6.9 Hz, 4H), 5.36 (dtJ = 15.2, 6.6 Hz, 1H), 5.52 (df] = 15.5, 6.6
Hz, 1H);3C NMR 6 14.0 (3C), 22.5, 28.7, 29.2, 31.6, 31.8, 32.4, 52.3,
61.2 (2C), 125.2, 133.9, 169.0 (2C).

Ethyl (Z)-2-Ethoxycarbonyl-4-undecenoate ¢)-7¢):*° 'H NMR
6 0.88 (t,J = 6.9 Hz, 3H), 1.24-1.29 (m, 14H), 2.05 (¢] = 6.6 Hz,
2H), 2.64 (t,J = 7.6 Hz, 2H), 3.34 (t) = 7.6 Hz, 1H), 4.19 (q) =

19.8, 22.5, 25.9, 29.0, 59.5, 61.2, 124.7, 132.7, 169.3, 202.6. Anal. 6.9 Hz, 4H), 5.30 (dtJ = 10.9, 7.6 Hz, 1H), 5.48 (dt] = 10.9, 7.6

Calcd for GoHo00s: C, 67.89; H, 9.50; O, 22.61. Found: C, 67.83;
H, 9.55.

Ethyl 2-Ethoxycarbonyl-3-ethenyl-2-methylhexanoate (3d}*2
Compound3d could not be isolated in pure form. Partid NMR
spectra was obtained from the mixture3af and E)-4d. H NMR ¢
5.05 (dd,J = 16.8, 2.3 Hz, 1H), 5.09 (dd = 10.2, 2.3 Hz, 1H), 5.57
(dt, J = 16.8, 10.2 Hz, 1H).

Ethyl (E)-2-Ethoxycarbonyl-2-methyl-4-octenoate ()-4d):42 H
NMR ¢ 0.87 (t,J = 7.3 Hz, 3H), 1.24 (tJ = 7.3 Hz, 6H), 1.3%+1.40
(m, 5H), 1.96 (gqJ = 6.9 Hz, 2H), 2.55 (dJ = 6.9 Hz, 2H), 4.17 (q,

J = 7.3 Hz, 4H), 5.29 (dt) = 15.2, 6.9 Hz, 1H), 5.50 (dt] = 15.2,
6.9 Hz, 1H);C NMR ¢ 13.5, 14.0 (2C), 19.6, 22.4, 34.6, 38.8, 53.7,
61.0 (2C), 122.8, 135.1, 172.0 (2C).

Ethyl (2)-2-Ethoxycarbonyl-2-methyl-4-octenoate )-4d):'42 H
NMR ¢ 0.90 (t,J = 7.3 Hz, 3H), 1.24 (tJ = 7.3 Hz, 6H), 1.3+1.41
(m, 5H), 2.02 (qJ = 7.6 Hz, 2H), 2.63 (dJ = 7.6 Hz, 2H), 4.18 (q,

J = 7.3 Hz, 4H), 5.26 (dtJ = 10.9, 7.6 Hz, 1H), 5.53 (dt] = 10.9,
7.6 Hz, 1H);13C NMR 6 13.9, 14.0 (2C), 19.5, 22.6, 29.3, 33.1, 53.4,
61.0 (2C), 123.0, 133.6, 172.0 (2C).

Ethyl 2-Ethoxycarbonyl-3-methyl-4-pentenoate (6a):3* 'H NMR
8 1.11 (d,J = 6.6 Hz, 3H), 1.25 () = 7.3 Hz, 3H), 1.27 (t) = 7.3
Hz, 3H), 2.95 (sextet]) = 7.6 Hz, 1H), 3.27 (dJ = 8.9 Hz, 1H), 4.17
(9,3 = 7.3 Hz, 2H), 4.20 (g) = 7.3 Hz, 2H), 5.01 (ddJ = 10.2, 0.7
Hz, 1H), 5.07 (dd,]) = 17.5, 0.7 Hz, 1H), 5.65 (dt] = 17.2, 9.9 Hz,

1H); *C NMR ¢ 14.0 (2C), 17.8, 37.8, 57.6, 61.0, 61.1, 115.2, 139.7,

168.1, 168.2.

Ethyl (E)-2-Ethoxycarbonyl-4-hexenoate ()-7a):1%® 'H NMR ¢
1.26 (t,J = 6.9 Hz, 6H), 1.63 (ddJ = 6.3, 1.0 Hz, 3H), 2.56 (1] =
6.6 Hz, 2H), 3.36 (tJ = 7.6 Hz, 1H), 4.19 (g) = 6.9 Hz, 4H), 5.38
(dtg,J = 15.2, 6.6, 1.3 Hz, 1H), 5.55 (dd,= 15.2, 6.3 Hz, 1H)13C

Hz, 1H);1%C NMR ¢ 14.0 (3C), 22.5, 26.6, 27.1, 28.9, 29.4, 31.7, 52.0,
61.2 (2C), 124.5, 133.1, 169.0 (2C).

Ethyl 3-Ethenyl-2-ethoxycarbonylundecanoate (6d):*H NMR 6
0.87 (t,J = 7.3 Hz, 3H), 1.2+1.45 (m, 20H), 2.76 (qd] = 9.2, 3.3
Hz, 1H), 3.33 (dJ = 8.9 Hz, 1H), 4.15 (q) = 7.3 Hz, 2H), 4.19 (q,

J = 7.3 Hz, 2H), 5.06 (ddJ = 9.6, 2.0 Hz, 1H), 5.07 (dd] = 17.8,

2.0 Hz, 1H), 5.65 (dtJ = 17.8, 9.6 Hz, 1H)2C NMR ¢ 14.0 (3C),
22.6, 26.9, 29.2, 29.3, 29.4, 31.8, 32.2, 44.0, 57.0, 61.0, 61.2, 117.1,
138.2, 168,1, 168.3. Anal. Calcd forgEls0s C, 69.19; H, 10.32;

0O, 20.48. Found: C, 68.96; H, 10.38.

Ethyl (E)-2-Ethoxycarbonyl-4-tridecenoate (E)-7d):*° 'H NMR
6 0.88 (t,J = 6.9 Hz, 3H), 1.141.42 (m, 18H), 1.96 (q) = 6.6 Hz,
2H), 2.57 (t,J = 7.6 Hz, 2H), 3.36 (tJ = 7.6 Hz, 1H), 4.19 (q) =
7.3 Hz, 4H), 5.35 (dt) = 15.2, 6.6 Hz, 1H), 5.53 (dt] = 15.2, 6.6
Hz, 1H);*C NMR 6 14.0 (3C), 22.6, 29.0, 29.2 (2C), 29.4, 31.8 (2C),
32.4,52.2, 61.1 (2C), 125.1, 133.9, 168.9 (2C).

Ethyl (Z)-2-Ethoxycarbonyl-4-tridecenoate (Z)-7d): *H NMR ¢
0.88 (t,J = 6.9 Hz, 3H), 1.24-1.29 (m, 18H), 2.05 (gqJ = 7.3 Hz,
2H), 2.64 (t,J = 7.3 Hz, 2H), 3.35 (tJ = 7.6 Hz, 1H), 4.19 (q) =
7.3 Hz, 4H), 5.30 (dtJ = 10.9, 7.3 Hz, 1H), 5.48 (dt) = 10.9, 7.3
Hz, 1H);*3C NMR 6 14.0 (3C), 22.5, 26.6, 27.1, 29.2 (2C), 29.4, 29.5,
31.8, 52.0, 61.2 (2C), 124.5, 133.1, 169.0 (2C). Anal. Calcd for
CisH3204 C, 69.19; H, 10.32; O, 20.48. Found: C, 69.24; H, 10.55.

Ethyl 2-Ethoxycarbonyl-5-methyl-4-hexenoate (6e}® H NMR
0 1.26 (t,J = 7.3 Hz, 6H), 1.64 (s, 3H), 1.68 (s, 3H), 2.59Jt= 7.6
Hz, 2H), 3.32 (tJ = 7.6 Hz, 1H), 4.19 (q) = 7.3 Hz, 4H), 5.07 (tq,
J= 7.3, 1.7 Hz, 1H);'3C NMR 6 14.0 (2C), 17.6, 25.6, 27.5, 52.1,
61.1 (2C), 119.7, 134.7, 169.1 (2C).

Ethyl 2-Ethoxycarbonyl-3,3-dimethyl-4-pentenoate (7e}® H
NMR 6 1.24 (s, 6H), 1.26 (t) = 7.3 Hz, 6H), 3.32 (s, 1H), 4.17 (q,

NMR ¢ 14.0 (2C), 17.7, 31.8, 52.1, 61.0, 61.1, 126.5, 128.1, 168.9 J = 7.3 Hz, 4H), 5.01 (ddJ = 10.6, 1.0 Hz, 1H), 5.03 (dd} = 17.5,

(2C).

Ethyl 2-Ethoxycarbonyl-3-phenyl-4-pentenoate (6b):3* 'H NMR
6 1.26 (t,J = 7.3 Hz, 3H), 1.27 (tJ = 7.3 Hz, 3H), 3.83 (dJ = 11.2
Hz, 1H), 4.11 (ddJ = 11.2, 8.3 Hz, 1H), 4.20 (g} = 7.3 Hz, 4H),
5.06 (d,J = 9.2 Hz, 1H), 5.11 (dJ) = 15.8 Hz, 1H), 6.00 (dddJ =
15.8, 9.2, 8.3 Hz, 1H), 7.177.31 (m, 5H);’3C NMR ¢ 13.6 (2C),

1.0 Hz, 1H), 6.06 (ddj = 17.5, 10.6 Hz, 1H)}3C NMR 6 14.0 (4C),
25.0, 38.7, 60.8 (2C), 112.0, 144.8, 167.8 (2C).

Methyl 2-Methoxycarbonyl-3,3-dimethyl-4-pentenoate (7eb}® H
NMR 6 1.24 (s, 6H), 3.38 (s, 1H), 3.70 (s, 6H), 5.01 (dé 10.1, 1.0
Hz, 1H), 5.03 (dd,) = 18.3, 1.0 Hz, 1H), 6.04 (dd, = 18.3, 10.1 Hz,
1H); 13C NMR 6 24.9 (2C), 38.8, 51.9 (2C), 60.5, 112.2, 144.6, 168.2

49.5,57.2,61.1 (2C), 116.2, 126.9, 127.9 (2C), 128.4 (2C), 137.8, 139.9, (2C).

167.6 (2C).

Ethyl (E)-2-Ethoxycarbonyl-5-phenyl-4-pentenoate §)-7b):%* H
NMR 6 1.25 (t,J = 7.3 Hz, 3H), 1.27 (tJ = 7.3 Hz, 3H), 2.80 (tdJ
= 7.3, 1.3 Hz, 2H), 3.49 (§ = 7.3 Hz, 1H), 4.20 (qJ = 7.3 Hz, 4H),
6.15 (dt,d = 15.8, 7.3 Hz, 1H), 6.47 (d] = 15.8 Hz, 1H), 7.16:7.34
(m, 5H); *3C NMR 6 14.0 (2C), 32.1, 51.9, 61.3 (2C), 125.5, 126.1
(2C), 127.2, 128.4 (2C), 132.7, 137.0, 168.7 (2C).

Ethyl (Z)-2-Ethoxycarbonyl-5-phenyl-4-pentenoate g)-7b): H
NMR 6 1.22 (t,J = 6.9 Hz, 3H), 1.28 (tJ = 6.9 Hz, 3H), 2.94 (tdJ
=7.3,1.7 Hz, 2H), 3.44 (§ = 7.3 Hz, 1H), 4.17 (@) = 6.9 Hz, 2H),
4.20 (g,J = 6.9 Hz, 2H), 5.60 (dtJ = 11.9, 7.3 Hz, 1H), 6.51 (dJ
=11.9 Hz, 1H), 7.177.37 (m, 5H);:3C NMR ¢ 13.9 (2C), 41.5, 52.0,

Ethyl 3-Ethenyl-2-ethoxycarbonyl-3-methylheptanoate (7f): *H
NMR 6 0.88 (t,J = 6.9 Hz, 3H), 1.171.31 (m, 13H), 1.471.60 (m,
2H), 3.41 (s, 1H), 4.15 (q] = 6.9 Hz, 2H), 4.17 (gJ) = 6.9 Hz, 2H),
4.99 (dd,J = 17.5, 1.0 Hz, 1H), 5.08 (dd} = 10.9, 1.0 Hz, 1H), 5.99
(dd,J = 17.5, 10.9 Hz, 1H)¥*C NMR ¢ 13.9, 14.0 (2C), 19.8, 23.1,
26.0, 38.8, 42.0, 60.0, 60.7, 60.8, 113.3, 143.3, 167.8 (2C). Anal. Calcd
for CisH2604: C, 66.64; H, 9.69; O, 23.67. Found: C, 66.40; H, 9.88.
Ethyl 3-Ethenyl-2-ethoxycarbonyl-3,7-dimethyl-6-octenoate (79):
91H NMR ¢ 1.24 (t,J = 6.9 Hz, 3H), 1.26 (tJ = 6.9 Hz, 3H), 1.27
(39) Nii, H.; Furukawa, K.; Iwakiri, M.Nippon Kagaku ZassHi971

92, 1214,
(40) Vig, O. P.; Sharma, M. L.; Taneja, K. C.; Malik, Nhdian J. Chem

61.3 (2C), 126.8, 127.9, 128.1 (2C), 128.6 (2C), 131.4, 137.9, 168.8 1981, 208, 863.
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(s, 3H), 1.56-1.61 (m, 5H), 1.66 (s, 3H), 1.90 (4,= 7.6 Hz, 2H),
3.41 (s, 1H), 4.15 (g) = 6.9 Hz, 2H), 4.17 (gJ = 6.9 Hz, 2H), 5.01
(dd,J = 17.5, 1.0 Hz, 1H), 5.03 (m, 1H), 5.10 (ddl= 10.9, 1.0 Hz,
1H), 6.00 (dd,J = 17.5, 10.9 Hz, 1H)*3C NMR 6 14.0 (2C), 17.5,

J. Am. Chem. Soc., Vol. 120, No. 34, 13885

tet,J = 7.6 Hz, 2H), 2.11 (g) = 7.3 Hz, 2H), 2.58-2.65 (m, 4H),
3.34 (1,J = 7.6 Hz, 1H), 4.18 (qJ) = 6.9 Hz, 4H), 5.34 (dt) =
10.9, 7.3 Hz, 1H), 5.50 (dt) = 10.9, 7.3 Hz, 1H), 7.137.29 (m,
5H); 13C NMR 6 13.9 (2C), 26.6, 26.7, 31.1, 35.3, 51.9, 61.2, 61.3,

19.7, 22.6, 25.6, 39.0, 42.0, 59.9, 60.8, 60.9, 113.3, 124.1, 131.4, 143.1,125.0, 125.6, 128.2 (2C), 128.3 (2C), 132.4, 142.2, 166.5, 168.9. Anal.

167.8 (2C).

Methyl 3-Ethenyl-2-methoxycarbonyl-3,7-dimethyl-6-octenoate
(7gb):2%" H NMR 6 1.27 (s, 3H), 1.491.59 (m, 5H), 1.66 (s, 3H),
1.90 (q,J = 7.3 Hz, 2H), 3.46 (s, 1H), 3.68 (s, 3H), 3.70 (s, 3H), 5.01
(dd,J = 17.5, 1.0 Hz, 1H), 5.03 (m, 1H), 5.11 (dd= 10.9, 1.0 Hz,
1H), 5.98 (dd,J = 17.5, 10.9 Hz, 1H)}*C NMR ¢ 17.5, 19.6, 22.6,

Calcd for GgH2604: C, 71.67; H, 8.23; O, 20.10. Found: C, 71.78;
H, 8.43.

Dimethyl (Z)-(5-Carbomethoxy-1-cyclohexen-3-yl)malonate (17):
14b 14 NMR ¢ 1.46 (q,J = 12.5 Hz, 1H), 2.09-2.18 (m, 1H), 2.26-
2.33 (m, 2H), 2.63+2.70 (m, 1H), 2.99-3.03 (m, 1H), 3.30 (dJ =
8.9 Hz, 1H), 3.69 (s, 3H), 3.75 (s, 6H), 5.53 (= 9.6 Hz, 1H), 5.78

25.6, 39.0, 42.1, 51.9, 52.0, 59.8, 113.8, 124.0, 131.5, 142.9, 168.1,(ddt, J = 10.2, 5.0, 2.3 Hz, 1H)}C NMR ¢ 27.5, 29.3, 35.9, 39.3,

168.2.

Ethyl 2-Ethoxycarbonyl-4-methyl-4-pentenoate (11f *H NMR
01.26 (t,J= 7.3 Hz, 6H), 1.74 (s, 3H), 2.61 (d,= 7.9 Hz, 2H), 3.57
(t, J= 7.9 Hz, 1H), 4.19 (9J = 7.3 Hz, 4H), 4.73 (s, 1H), 4.78 (s,
1H); 1*C NMR ¢ 13.9 (2C), 22.1, 36.4, 50.4, 61.2 (2C), 112.1, 141.6,
168.9 (2C).

Ethyl 2-Ethenyl-2-ethoxycarbonyl-6-phenylhexanoate (14f):*H
NMR 6 1.22 (t,J= 7.3 Hz, 3H), 1.23 (tJ = 7.3 Hz, 3H), 1.32-1.76
(m, 4H), 2.48-2.68 (m, 2H), 2.80 (qd]) = 9.6, 3.3 Hz, 1H), 3.33 (d,
J=8.9 Hz, 1H), 4.14 (qJ = 7.3 Hz, 2H), 4.17 (q) = 7.3 Hz, 2H),
5.07 (dd,J = 9.6, 2.0 Hz, 1H), 5.08 (d, 1H] = 17.2 Hz, 1H), 5.63
(dt, 1H,J = 17.2, 9.6 Hz, 1H), 7.137.28 (m, 5H);**C NMR ¢ 13.9

51.6, 52.3 (2C), 56.3, 127.2 (2C), 168.4 (2C), 175.3.

Isomerization of (Z)-4a in the Presence of Diethyl Sodiomalonate
(2a) and an Ir Catalyst. A 23:4:73 mixture of3a, (E)-4a, (2)-4a
(485 mg, 2.0 mmol), triphenyl phosphite (49.6 mg, 0.16 mmol), and
[I(COD)CI]2 (26.9 mg, 0.04 mmol) was stirred in 5.0 mL of THF under
Ar atmosphere. In a separate flask, diethyl malonate (640 mg, 4.0
mmol) was added to a slurry of hexane-washed sodium hydride (96
mg, 4.0 mmol) in 5.0 mL of THF. The resulting clear solution was
added to the former by a syringe, and the combined mixture was stirred
for 4 h. The reaction mixture was partitioned between ether and water.
The organic layer was separated, and the aqueous layer was extracted
with ether. The combined organic layer was analyzed by GLC. The

(2C), 28.8, 31.8, 35.5, 43.9, 56.9, 61.2 (2C), 61.3, 117.4, 125.6, 128.1 ratio of 3ato (E)-4ato (2)-4a was 23:17:60.

(2C), 128.2 (2C), 137.9, 142.2, 168.0, 168.2. Anal. Calcd for

CioH2604: C, 71.67; H, 8.23; O, 20.10. Found: C, 71.85; H, 8.18.
Ethyl (E)-2-Ethoxycarbonyl-8-phenyl-4-octenoate )-15f):4* H

NMR ¢ 1.25 (t,J= 6.9 Hz, 3H), 1.27 (tJ = 6.9 Hz, 3H), 1.65 (quintet,

J = 7.6 Hz, 2H), 2.01 (g) = 6.9 Hz, 2H), 2.542.60 (m, 4H), 3.37

(t, 3= 7.6 Hz, 1H), 4.17 (9] = 7.3 Hz, 2H), 4.18 () = 7.3 Hz,

2H), 5.38 (dtJ = 15.2, 6.9 Hz, 1H), 5.55 (df] = 15.2, 6.6 Hz, 1H),

7.14-7.29 (m, 5H)33C NMR ¢ 13.9, 14.0, 30.9 (2C), 31.8, 35.1, 52.2,

61.2 (2C), 125.6, 125.8, 128.2 (2C), 128.3 (2C), 133.3, 142.3, 168.9

(2C).
Ethyl (Z)-2-Ethoxycarbonyl-8-phenyl-4-octenoate g)-15f): H
NMR 6 1.25 (t,J = 6.9 Hz, 3H), 1.27 (tJ = 6.9 Hz, 3H), 1.67 (quin-
(41) Larock, R. C.; Lu, Y.; Bain, A. C.; Russell, C. B. Org. Chem
1991 56, 4589.
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