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Chapter 1. General Introduction

Allylic compounds play an important role as key
intermediates for various organic transformations. 1In
particular, allyl alcohols serve as key starting compounds for
the synthesis of various biologically important compounds such
as medicines, e.g. vitamins, hormones and so on. Allyl
alcohols occur abundantly in nature and are readily prepared by
various synthetic methods. The following two transformations
are fundamental; (1) substitution of allylic substituents with
nucleophiles (eq 1),1 (2) insertion of carbon monoxide into

allylic positions (eq 2).2 The displacement of allylic

A~X + Nu B AN ANu (1)
: 0
X +co @t M (2)

substrate with nucleophiles is the most fundamental
transformation. Allyl halides and allyl sulfonates are
commonly used as allylic substrates.1 However, selective
preparation of allylic halides (X = Cl, Br) and sulfonates (X =
CH3SO3, E—TolSO3) from allyl alcohols is generally difficult

because elimination of HX or isomerization of the C=C double

bond concurrently takes place.

Utilization of transition metal complexes in organic



synthesis leads to successful entry to the effective and
selective transformation of allylic compounds. The substitution
reactions of allylic compounds by the aid of transition metal
complexes are known to proceed with a variety of substituents

1,3 amines,4 ammonium salts,5 ethers,6

(X) such as Cl,
thioethers,7 N02,8 and CN.9 However, such transformations do
not always proceed stereoselectively. Since allyl acetates are
readily prepared from allyl alcohols with high regio- and
stereoselectivity, stereoselective transformations are attained
with these compounds. Recently, highly reactive allyl

phosphates10 and carbonates11

have been utilized for the
transformation.
Allyl esters undergo oxidative addition to various

12

transition metal complexes to give 7- or o-allylmetal

7 N _
R MLn Nu
A~ - /M\ or ,M\ Nu_ A~ ANu (3)
Ln OR Ln OR

intermediates, which undergo further reactions with various
nucleophiles to give substituted allylic compounds (eq 3).
Among various metal complexes, palladium complexes are
especially useful for such transformations because of their
multiform reactivity.

In the organic chemistry of palladium, the reactivities of

m-allylpalladium intermediate toward various nucleophiles are



classified by the HSAB principle.l’13/14

Soft nucleophiles
such as sodium malonates attack at the allylic carbon from the

opposite side of palladium, resulting in the formation of

(a]
Z - W - W
\/T NUZ l NU] Né (1)
Ny PN @ Y
(b)Ln OAc

allylated compounds (path a).15 On the other hand, hard
nucleophiles such as Grignard reagents attack at palladium, and
subsequent reductive elimination completes the transformation
of allyl acetates (path b) (eq 4).16 The reactivity of
nucleophiles correlates with the stereochemistry of the
substitution. The substitution with soft nucleophiles proceeds
with retention of configuration at the allylic carbon, while
the reaction with hard nucleophiles proceeds with inversion of
the configuration.

The reaction of m-allylpalladium complexes with carbanions
and heteroatom nucleophiles has been extensively investi-
gated.17 However, there is no report on the reaction with
inorganic ion. If the HSAB principle is applicable to the
inorganics, the scope of the palladium chemistry will be widely
opened. Keeping such a view in mind, the author has engaged in
a systematic study on the reactivity of various inorganic
reagents toward the m-allylpalladium.

Among many inorganic ions, sodium azide was chosen as one



of the candidates of inorganic nucleophiles, since the
resulting organic azide can be further transformed into various
nitrogen-containing compounds such as allylamines. As the
result, the author has developed a useful method for the
synthesis of allyl azides from allyl acetates (eq 5).18

sz(dba)3~CHCl3
dppb cat.

Ra o~ 0OAc + NaN3 _ RWN3 (5)

THF—HZO

In the course of the study, the author discovered that the
acetate ligand of w-allylpalladium is replaced by inorganic
salts such as NaBr to give reactive 7-allylpalladium halides.
This finding allowed the author to develope a novel

transformation of allyl acetates into B,Y-unsaturated esters by

sz(dba)3-CHCl3

1 2 PPh_-NaBr cat 1 0
Re~~0Ac + R°OH 3 _RIA N g2 (8
CO, i-Pr,NEt, 50°C

efficient carbonylation (eq 6).19 Carbonylation of organic
compounds, which has attracted considerable attentions in view
of the C1 chemistry, is particularly useful for one-carbon
homologation. Although palladium-catalyzed carbonylation of
allylic halides is known to proceed, there was no report on
the carbonylation of allyl acetates. Realization of the

palladium-catalyzed carbonylation of allyl acetates is thought



to certainly place a milestone in this field.
In this dissertation, two novel reactions with inoganic

salts (NaN, and NaBr) are described with the following

3
viewpoints. The growing importance of primary allylamines as

enzyme inhibitors20

and bioclogically active substances has led
to the development of new synthetic methods of primary
allylamines.21 Palladium-catalyzed amination of allylic
compounds with ammonia cannot be applied to the synthesis of
primary allylamines, because polyallylation results in
contamination of secondary and tertiary allylamines. The
synthesis of primary allylamines has been carried on by the
palladium-catalyzed preparation of N-protected primary
allylamines, such as 4,4'—dimethoxybenzhydrylamine,22

E—toluenesulfonamide,23 24

iminodicarbonate25 and subsequent removal of the protecting

phthalimide, and di-t-butyl

groups. However, the deprotection of these N-protected group
is often quite tedious. As a synthon of primary amino group,
the author employed azide ion in the place of ammonia.

Chapter 2 describes that the palladium(0)-catalyzed reaction of
allyl acetates with sodium azide gives allyl azides with high
chemo- and stereoselectivity. The azide ion acts as a soft
nucleophile to w-allylpalladium complexes. The palladium
catalyzed azidation of allyl esters gives allyl azides with net
retention of configuration (eq 7). The stereochemical course

26

is opposite to that of SN2 type azidation (eq 8). Primary



allylamines thus obtained can be prepared from the correspond-
ing allyl esters stereoselectively by one-pot reactions.
Treatment of allyl azides with triphenylphosphine and

\/\f ﬂi»\/\l/ M (7)

OR Pd cat. N3 2) NHuOH NH,

.
—»

i NaN; AN\ 1) PPhg NN
- H (8)
2) NH,OH NH,

Z tivee

OR 3

subsequently with aqueous ammonium solution gives primary
allylamines highly efficiently.27
Given in Chapter 3 is an application of allyl azides to

synthetic chemistry, the subject of which is OsO4 catalyzed

oxidation of allyl azides to azidodiols. Of remarkable in the

OsO

N3 Me N- O "lN Pd/c "INH

oxidation is the production of 3-aminocyclohexane-1,2-diol with
high stereoselectivity (eq 9). 3-Amino-1,2-diols are
potentially useful precursors for the synthesis of naturally
occuring compounds such as aminosugars,zs’29 nucleosides,30 and
antibiotics.31 In particular, the 3-amino-1,2-diol

functionality in five- and six-membered ring compounds occurs

in many biologically active natural products, and hence



convenient synthetic routes to these compounds are desirable.
The oxidation of cyclic allyl azides provides a novel synthetic
route to these compounds.

B, Y-Unsaturated carbonyl compounds are useful building
blocks for the synthesis of antibiotics such as rifamycin,32

jasplakinolide,33 domoic acid,34 and so on.35

Furthermore,
B, y-unsaturated esters derived from terpenoid allyl alcochols
have been utilized as the precursor of various perfumes.
Carbonylation of allylic compounds appears to be the most
attractive route to B, y-unsaturated carbonyl compounds.
However, palladium-catalyzed carbonylation of synthetically
more important allylic alcohols, ethers, amines, and acetates
is difficult, and severe reaction conditions are required.36
Carbonylation of derivatives of allyl alcohols under mild
conditions is limited to that of allyl carbonates37 and allyl
phosphates.38 Chapter 4 describes that allyl acetates are

carbonylated under mild conditions using Pd(0)-NaBr catalyst in

alcohols to give B,y-unsaturated esters (eq 10). Sodium

1 2 1 2
R ~R" Pd cat. R _~_-R
=z — 7Y (10)
OAc CO, ROH COOR

bromide acts as hard nucleophile toward 7m-allylpalladium formed
in situ and replaces with the acetate ligand. The carbon-
ylation of allyl esters takes place with inversion of

configuration at the allylic carbon. The scope of the



carbonylation as well as the mechanism will be described in

detail.
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The growing importance of primary allylamines as enzyme
inhibitors1 and biologically active substances has led to the
development of new synthetic methods of primary allylamines.z'3

Palladium-catalyzed amination of allylic compounds with
secondary amines has been extensively studied and proved to be
efficient for the synthesis of tertiary amines,4 and various
nitrogen containing biologically active compounds such as
alkaloids have been synthesized.5 However, the palladium-
catalyzed reactions with ammonia or primary amines cannot be
applied to the synthesis of primary or secondary allylamines,
because polyallylation results in contamination of secondary and
tertiary allylamines. Therefore, for the synthesis of primary
allylamines preparation of N-protected primary allylamines, such
as 4,4'-dimethoxybenzhydrylamine,6 E—toluenesulfonamide,7
phthalimide,8 and di-t-butyl iminodicarbonate’ by palladium-
catalyzed reactions and subsequent removal of the protecting
groups has been utilized. For the synthesis of secondary
allylamines, the author has found the palladium(0) -catalyzed
synthesis of N-allylhydroxylamines, which can be readily

converted into secondary allylamines by subsequent reduction of



N-hydroxylamino group.10

The author has also found that the palladium(0)-catalyzed
reaction of allyl esters with azide ion gives the corresponding
allyl azides under mild conditions. The palladium-catalyzed

azidation of allyl esters gives allyl azides with net retention

of configuration (eq 1).11 The stereochemical course is opposite

to that of SNZ type azidation (eq 2).12 Allyl azides thus

\/\‘/ \/\r 1) PPh3\/Y -

Pd cat. N3 2) NH 4OH

—_——

v\‘/ NaN; AN 1) PPhy NN~
H (2)
2) NH,OH NH,

O
p o]
Z tivee

3
obtained are versatile synthetic intermediates such as
1,3—dipoles13 and precursors of various substances such as
nitrenes. Primary allylamines can be prepared from the
corresponding allyl esters sterecselectively by one-pot
reactions. Treatment of allyl azides thus obtained with
triphenylphosphine and subsequently with aqueous ammonium
solution gives primary allylamines highly efficiently.

Described in this chapter is a systematic investigation of
the palladium-catalyzed azidation of allyl esters, stereochemis-
try, mechanism, and their synthetic applications, particularly

synthesis of primary allylamines.



Results and Discussion
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Selective Synthesis of Allyl Azides: Nucleophilic
substitutions of alkyl halide by azide ion is a well established
method for the synthesis of alkyl azides. The low solubility of
inorganic azides in organic solvent is important problem. The
problem have been solved by the use of ammonium azides,15 phase

transfer conditions,16 and ultrasonic irradiation.17 Allyl

azides are similarly obtained from allyl halides.12a Further,
the direct conversion of alcohols to azides is achieved by using

and BF.:0Et 18 19

combination of dangerous HN 4 3 2 or PPh3/azoester.

The azidation of allyl sulfonates and trifluoroacetates12b in an
aprotic polar solvent, such as DMSO, DMF, and HMPA, has been used
for the synthesis of allyl azides. However, these reactions
requires drastic conditions. Therefore, the author has
investigated palladium(0)-catalyzed transformation of allyl
acetates to allyl azides under mild reaction conditions.
Palladium(0)-catalyzed reactions of allyl acetates and allyl
phosphates with azide anion in aqueous THF gave allyl azides
highly efficiently. The azidation of (E)-2-hexen-1-yl
derivatives (lg—i) was examined in detail as a typical example.
(E) -2-Hexen-1-yl phosphate (la) and acetate (le) did not react
with sodium azide in aqueous THF. However, the addition of 2
mol% of Pd(PPh3)4 induced the azidation dramatically to give a
70:30 mixture of 2-hexen-1l-yl azide (2a) and l-hexen-3-yl azide

(2b) (eqg 3), the ratio being at equilibrium because of rapid



1,3—rearrangement.20 The reactivity of the leaving groups of

various esters has been found to be in the order of (EtO)ZPOZ—

Pd(PPhs)u cat.
SNeneAso X

V\A/\/N3 + M (3)

NaN3, THF-H,0 N3
ta-i 2a 2b
(la) ~ EtOCO,~ (1b) ™ CF,CO,- (l¢) * PhCO,- (1d) 2 CH,CO,- (le).

The catalytic activity of various palladium complexes for the
azidation of cis-5-methoxycarbonyl-2-cyclohexen-1-yl acetate (3)

at 50 °C is in the order of Pd(PPh3)4 v Pd2(dba)3'CHC1 -4PPh_ >

3 3
Pd(acac)z—ZPPh3. sz(dba)3'CHCl -4PPh., is more reactive than

3 3
Pd(dba)z—ZPPhB. The reaction requires about 20% of water in
order to solve sodium azide. The solvent effect for the
conversion of 3 and the product yield is in the order of THF >
DME > DMF " acetone > CH3CN "~ EtOH v hexane " toluene.

The representative results for the azidation of various allyl
esters catalyzed by Pd(PPh3)4 in aq THF are summarized in Table
I. The azidations of geranyl (§), linalyl (é), and neryl
acetates (Z) at 40 °C for 30 min gave a same mixture of geranyl
azide (§§) and linalyl azide (§§) (80:20), respectively, although
the conversions of § and Z were 25% and that of § was 94%. The
azidations of § and z at 50 °C for 2 h gave §§—? in 64% and 79%
isolated yields, respectively. (E)- and (Z)-Cinnamyl diethyl

- phosphates (18 and 19) were converted into (E)-cinnamyl azide

(17), irrespective of the stereochemistry of the starting

20 -



Table |. The Palladium Catalyzed Azidation of Allyl Esters.?

entry allyl ester allyl azide yield, Py

(ratio of a:y°)

0
1]
1 SS0P(0EL), SN, 784
1a 2a (70:30)
N3 2b
NN
2 4\'/\/\/ N N3 97
OAc 10a (70:30)
\/\/\r\
N3
10b
3 \/\¢\|N
QOAc N3

/k\/\J%/\
N. Ba 64

; -2
> )\/\/‘\/ (80:20)
= Z  8b
N3
5 w 8a + 8b 91
OAc (80:20)
J
6 /K/\/LI 8a + BP 79
OAc (80:20)
7
e
M\ Q 8a + 8b 83, 85
7 N-NQP (OEt), v ¢
2 (80:20)



(continued Table 1)

¢ O Oy
13
9 o O=,
OAc N3 (50:50)
14 15a
15b
16 17
?
18
9
12 Ph/” \—OP(OEt), 17 73
19
Ph Ph
13 \//\r W 95
OAc N3
20 21
Ph Ph h
14 PhW \é\(P 96
OAc N3
22
15 4YCOOMe Ny~ COOMe 96
OAc

[
[§¥]

23

-~



{continued Table 1)

16 \/\(COOM& \erOOMe 60

OAc N 24

0 AN NSCN 80

OA N
¢ 3 35
Q
18 (EtO)ZPO\/:\/OAc NB/\//\/OAC 92
26 27a (80:20)
4\(\0Ac
N3
27b

~ o~ o~

9The reaction was carried out according to the general procedure described

in the experimental section. bsolated yield by column chromatography (SiOz).
°The ratio of a and v allyl azides was determined by TH NMR analysis. dThe
solvent is diethyl ether. eTMSN3—Bu4NF was used in dry THF.



substrate. The reaction of allyl acetates bearing an electron
withdrawing substituents such as Ph, CN, and COOR gave
exclusively 3-substituted allyl azides which are thermodynamical-
ly stable.

The palladium(0)-catalyzed azidation of allyl phosphates
under the anhydrous conditions is performed by using trimethyl-

204

silyl azide (TMSN3) in the presence of Bu,NF, although the

4
same treatment with allyl acetates was unsuccessful. Generally,
the reactivity of allyl phosphates is much higher than that of
allyl acetates. Typically, the azidation of (2)-4-acetoxy-2-
buten-1-yl diethyl phosphate (3§)4f with 1 equiv of azide ion
gave a mixture of (E)-4-azido-2-buten-1-yl acetate (229) and
2-azido-3~-buten-1-yl acetate (BZP) (80:20) in 92% yield.

Palladium-catalyzed sequencial substitution of 26 gives

(g)—4—substituted—2—buten—l—yl azides (39) selectively (Scheme

Scheme |
- Ha
fl) Nu N N3 Nu\/H/\
(Et0), PO \0Ac ————— "UNST0Ac — NYNN,
2 i Pd cat. Hb
26 28 29

I). Amination or alkylation of 26 at room temperature gives
4-substituted-2-buten-1-yl acetate (28), which undergoes the
azidation without isolation of 28. The representative results for
the sequencial azidation of 26 using various nucleophiles are

summarized in Table II. It is noteworthy that (E)-isomers are



Table Il. The Sequencial Reaction of (Z)-U4-Acetoxy-2-butenyl Diethyl

Phosphate (26).

entry Nu, Nu, product yield,a%
! NC~~NH NaN3 NC\/‘N/WN:; 76
Ph” Ph” 30

2 Q/ NaN, GJ/ 80
H NN

3 O\ NaN : NNy 92
NHOH

OH
32
" PhS0,CHNa NaN, P0G~ S~ 78
3
5 NCCHNa NaN, NCCH X~ 75
[ EtOOC 3
Et0OC 34
6 MeOOCCHNa  NaN, MeOOC?“\v/Qv*\N3 76
Me0OC MeoOC .

-~ -~

9 solated yields by column chromatography.

_‘757



obtained exclusively, irrespective of the stereochemistry of the
starting substrates. (E)-Stereochemistry was confirmed by the
coupling constant of the olefinic protons (JHa—b= v15Hz) . Quite
recently, Waegell reported that palladium-catalyzed reaction of
1,3-diene monoepoxides with azide ion gives 4-azido-2-alkenols
highly efficiently.21
The stereochemical course of the azidation was examined
precisely concerning the azidation of cis-5-methoxycarbonyl-
2-cyclohexen-1-yl esters (eq 4). The reaction of acetate 3 with

sodium azide in the presence of 5 mol$ of Pd(PPh3)4 at 50 °C for

2 h gave a mixture of cis- and trans-methyl 5-azido-3-cyclohexene-

COOMe COOMe COOMe
Pd cat.
OR NaN3 WN
3 OR=0OAc 4a

-~ -~

36 OR=0P(O)(OEt),

carboxylate (ff and fP) (38:62) in 92% yield. The addition of 2
equiv of 1,4-bis(diphenylphosphino)butane (dppb) caused a drastic
change in the ratio of éé:%? {84:16), although the yield became
low (38%). Therefore, the effect of various palladium catalysts
was examined in detail. The typical results are summarized in
Table III. The addition of a bidentate phosphine such as
1,4-bis(diphenylphosphino)butane (dppb), 1,3-bis(diphenyl-

phosphino) propane (dppp), 1,5-bis(diphenylphosphino)pentane, and



Table 111, Palladium

Catalysts for the Azidation of g.a

entry Pd cat. Ligand conv.P yield of ’jb ratio?

? ? Ja:lib
1 Pd(PPh,), none 100 92 38:62
2 b Lici€ 100 98 38:62
3 " 2 dppb 41 38 84:16
4 Pd,(dba);*CHCl; 4 PPh, 74 72 71:29
5 " 2 Ph,PCH,PPh, 2 2 92: 8
6 " 2 Ph,P(CH,),PPh, 13 5 92: 8
7 " 2 dppp 57 b1 95: 5
8 " 1 dppb 22 22 88:12
9 " y 71 56 91: 9
10 " y o 95 92 91: 9
11 n " 80 77 96: 4
12 " g " 99 45 91: 9
13 " 2 Ph,P(CH,) PPh, 100 80 76:24
14 " 2 dppf® 100 86 82:18
15 " 2 TRIPHOST 33 28 9n: 6
16 Pd(acac)2 2 PPh3 78 65 49:51
17 ! 2 dppb 14 9 79:21
18 Pd(PCY3]2 none 14 2 55:45
19 " 2 dppb 11 10 68:32



(continued Table 111)

20 Pd(dba), 2 PPh, 25 17 91: 9
21 " 2 dppb 2 2 91: 9
22 Pd(OAc)2 " 1 1 90:10
23 Pd(CF4CO,), 2 PPhy 1 1 62:38

%A mixture of§ (0.50 mmol), palladium catalysts (5 mol3), ligand, and
NaN3 (0.55 mmol) in THF (2.0 mL) and water (0.5 mL) was stirred at
50 °C for 2 h under Ar. bgLc analysis. CAn equimolar amount was
used. 9Palladium catalyst (2 mol?). €1,1'-Bis(diphenylphosphino) -
ferrocene. fBis(2—dipheny|phosphinoethyl)phenylphosphine.



1,1'-bis(diphenylphosphino) ferrocene (dppf) to sz(dba)3'CHCl3
resulted in high stereoselective azidation. The reactivity of a
diphosphine, PhZP(Cﬂz)nPth is in the order of n =1 << 2 < 3 < 4
< 5 < ferrocenyl. Considering the selectivity of 4a/4b, dppb
seems to be the best ligand. This may be due to the formation of
7-membered w-allylpalladium diphosphine complex. The addition of
4 equiv of dppb gave the best result of the formation of 4a,
although the addition of large excess of dppb decreased the
yield.

Phosphorylation of cis-methyl 5-hydroxyl-3-cyclohexene-
carboxylate with diethyl chloroohosphate afforded cis-diethyl
5-methoxycarbonyl-2-cyclohexen~1-yl phosphate (§§) stereoselec-

tively. Stereochemical assignment of 36 was based on the 1H NMR

(100 MHz) spectrum. The proton resonance at 6§ 2.85 (1 H, ddd, J
= 12.3, 12.3, and 9.4 Hz) was assigned as the C-6 axial hydrogen.
The large geminal coupling, as well as two large vicinal coupling
constants, clearly indicates that the protons at C-1 and C-5 are
pseudoaxial, thus confirming the cis-configuration. The 31P NMR
spectrum of cis-36 appears at 8 -1.25 ppm as a single product,
and no absorption corresponding to trans-phosphate (6§ -1.53 ppm)

was detected. The reaction of phosphate 36 with NaN, in the

3
presence of sz(dba)3'CHCl3—dppb catalyst gave 4a highly

stereoselectively in 99% yield (4a:4b = 97:3). 1In contrast, the
direct SNZ substitution of 7-oxabicyclo([3.2.1]oct-2-en-6-one (37)

with NaN3 at 50 °C gave 38b in 83% yield along with 2% of 38Ba.

~ o~



The azidation of lactone 37 in the presence of Pd(OAc)2-2PPh3

catalyst also gave cis-azidocarboxylic acid 38a in 92% yield (38a:
38b = 95:5). The acid 38b was converted into 4b upon treatment

—~ -~ ~ o~~~

with diazomethane.

COOH COOMe

' *>
'"N3 "”N3
37 38b 4b

~ -~ -~

The stereochemistry of 4a and 4b was established by their

NMR spectra. 1In the case of 4a, the proton resonance at § 1.72

(1 H, déd, J = 12.6, 12.6, and 10.3 Hz) is assigned as the C-6

axial hydrogen (Hd). Large geminal coupling constant, as well as

Ha Ha

NbOOZZ%

Hd Hd
4a 4b
two large vicinal coupling constants (JHad = 12.6, JHbd = 10.3,

and JHcd = 12.6 Hz), clearly indicates that the protons at C-1
(Ha) and C-5 (Hb) are pseudoaxial, indicating cis-configuration.
In the case of 4b, the resonances at § 1.90 (444, J = 13.8, 11.9,

and 4.8 Hz, Hd) and at 8§ 2.13 (ddd, J = 13.8, 3.09, and 3.09 Hz,



Hc) are readily discernible with the expected coupling constants
of Jhae = 4+8, Jyaq = 11.9, Jupe = 3:09, Jupg = 3-09, and J, 4 =
13.8 Hz, suggesting that Ha and Hb are in the pseudoaxial and
equatorial configuration, respectively.

The Pd(PPh3)4—catalyzed azidation of 3 gave a mixture of 4a
and é? (38:62) with low selectivity. In the reaction shown in eq

4, the epimerizations of 3 and 4 at the a-position of methyl

carboxylate may take place under the reaction conditions. 1In

OAc OAc
-dppb
Pd(O) PP (5)
OAc NaN3 N3
cis:trans=96:4 cis:trans=93:7
39 40

order to avoid this, the substrate ég was chosen for the
azidation (eq 5). The sz(dba)3°CHC13—dppb catalyzed azidation
of 39 (cis:trans = 96:4) gave cis-5-acetoxymethyl-2-cyclohexen-
1-yl azide (39) in 90% yield (cis:trans = 93:7). However, the
Pd(PPh3)4—cata1yzed azidation of 3? under the same conditions
gave a mixture of cis- and trans-40 (54:46). The stereo-
selectivity seems to be strongly affected by the intermediate
T-allylpalladium species.

Next, the author examined catalytic transformation of
(R)-(E) - (+) -4-phenyl-3-buten-2-yl acetate (39) by. using

sz(dba)3'CHC13—dppb catalyst. The azidation of (B)—ZO22 (77%

,3‘_



e.e.) gave (R)-(E)-(+)-4-phenyl-3-buten-2-yl azide (21) ([u]D26

+65.5°, c 2.45, CHC13) in 80% yield as a single product with

Scheme 1|
PhVY NaN, Ph~ 2 1) PPhy Ph\¢\‘/
——— ———T———
OAc Pd cat. N; 2) PhCOCI NHR
dppb
(R)-20 (R)-2 (R)-41 R=H

(R)—BZ R=COPh

retention of the configuration {Scheme II). The absolute
configuration of the allyl azide g} was determined to be (R) by
converting it to the known (R)-(E)-(+)-4-phenyl-3-buten-2-ylamine
(él) ([a]D23 +10.3°, c 4.40, benzene).23 The enantiomeric excess
of 3} was determined to be 76.4% e.e. by HPLC analysis of
N-[(R)-(E) - (+) -4-phenyl-3-buten-2-yl]benzamide (52)1 which was
obtained upon treatment of 41 with benzoyl chloride (71%). These
‘results clearly show that the azidation of allylic acetates
proceeds with net retention of configuration. The azide ion for
the palladium catalyzed reaction seems to act as a soft
nucleophile, although it is assigned as a borderline nucleophile
according to the HSAB principle.24
The azidation of optically active (1R,5R)-carvyl diethyl
phosphate (f}) (90% e.e.) (1R,5R:15,5R = 95:5) gave racemic
(1R*,5R*)-azide 45 (1R*,5R*:18*,5R* = 90:10) (eq 6). The loss of

enantiomeric purity is due to the formation of a symmetric



m-allylpalladium intermediate and the facile 1,3-rearrangement of

the product azide.18 The azidation of the corresponding
A Z
sz(dba)3'CHC|3 cat,
dppb
OR NaN_, THF-H,O - N (6)
3’ 2 3
(1R,5R) (1R*,5R*)
43 R=P(O)(0Et)2 45

4y R=COCH3

(1R, 5R) -carvyl acetate (44) also gave the azide 45 with lower
1R*,5R*/1S8*,5R* ratio (75/25).

The kinetic resolution of racemic allyl acetates was
attempted so far in vain by using optically active bidentate
phosphine.- For example, the reaction of racemic allyl acetate 20
with sodium azide (0.5 equiv) in the presence of sz(dba)3'CHCl3

and (R)- (S)-BPPFAZ®

at 40 °C gave (S)-(E)-allyl azide 21 (50%
yield) and (R)-(E)-allyl acetate 20 (31% yield) in 2.0 and 3.4%

e.e., respectively.

33



Mechanism: The Pd(PPh3)4

and 4b without isomerization of the starting 3 under the reaction

-catalyzed azidation of 3 gives 4a

conditions. The reaction can be rationalized by assuming Scheme

III. Oxidative addition of allyl esters to Pd(0) species gives

Scheme 111 N
N; (a) N3
{l\,CBR Pd(0) /I\/ e
+
Pd(0) Py (b) "
N3 (b) PN

3

allyl azides. As mentioned before, the azidations of geranyl and

m-allylpalladium intermediates, which react with N to afford
neryl acetates proceeds slower than that of linalyl acetate,
indicating that the oxidative addition of Pd(0) species to allyl
acetates proceeds in an SN2'—fashion at the Y—position.26
Usually, the oxidative addition of palladium{0) catalyst to allyl
acetates proceeds with inversion of configuration at the allylic
carbon to give m-allylpalladium complexes, which undergo
subsequent reactions with soft nucleophiles with inversion of
configuration [path (a)]. 1In contrast, hard nucleophiles attack
initially at palladium, subsequent migration, and reductive
elimination results in inversion of configuration [path (b)].27
The above stereochemical outcome of the azidation with
sz(dba)3'CHC13—dppb catalyst is retention of configuration.
Therefore, azide ion seems to be a soft nucleophile. As shown in

the reaction of 3, the addition of a bidentate ligand such as



dppb raised the stereoselectivity of the formation of 4a {(38:62 ~

91:9). The loss of stereochemistry is due to the isomerization

CO,Me CO, Me CO_Me
@\ Pd(0) N3
—— e
-<_
OAc ¥ Pd(0) N4
3 Pd+ 4a
- 7/ N\ ~~
P P
46
Pd(o)“Pd(O)
COzMe COzMe
N3
——
Pd(0) Ny
4b
pd* <3
VRN
P
47

between anti and syn w-allylpalladium complexes (46 and 47). The

isomerization of the m-allylpalldium complex bearing monodentate
PPh3 proceeds faster than that bearing bidentate dppb. The
azidation of } with sz(dba)3'CHCl3—dppb catalyst gave 3?
exclusively; however, the higher concentration of the palladium
catalyst decreased the selectivity of fé/ﬁ?- Actually, the ratio
of ié/fé changed as follows 96/4, 84/16, 83/17, 76/24 in the
order of the concentration of the palladium catalyst 1%, 5%, 10%,
20%, respectively. Apparently the isomerization is induced by

the palladium(0) catalyst. This is consistent with the reportead

— 3



result that the optical yields of the asymmetric transformation
of allyl carbonates are dependent on the concentration of Pd(0)
species, and higher concentration results in low asymmetric
transformation.28
It is noteworthy that the stereochemical isomerization of
allyl azides takes place in the presence of palladium catalyst.
Thus, the treatment of azide 4b with Pd(PPh3)4 catalyst under the
similar reaction conditions gave a mixture of azides 4a and 4b
(38:62) (Fig). Furthermore, the addition of excess PPh3
decreased the yield of allyl azides. This is due to the
formation of iminophosphoranes from allyl azides and phos-
phines.29 The palladium(0) catalyzed isomerization of 4b
proceeds relatively fast, when Pd(PPh3)4 is used. Thus, the
treatment of 39 with 5 mol% of Pd(PPh3)4 at 40 °C gave an
equilibriated mixture of ﬂg and é? (35:65) within 1 h. However,
when 2.5 mol% of sz(dba)3~CHCl3—dppb was used, the isomerization
of é? does not occur even in 2 h. Probably, the palladium(0)-
induced isomerization of 7m-allylpalldium species with bidentate

ligands proceeds very slowly.

36
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Figure. Palladium-catalyzed isomerization of 4b at 40 °C.
Azide 4b was mixed with 5 mol% of palladium catalyst in
THF at 40 °C and the reaction was followed by GLC.
osz(dba]3'CHCl3-dppb, oPd(PPh3)u

— 37



Synthesis of Primary Allylamines: Although the synthesis of

R T T e R R R
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primary allylamines is of importance,z’3 there is no general
method for synthesis of these compounds. An attractive method is

the reduction of allyl azides.30

Catalytic hydrogenation of
allyl azides over palladium catalyst has been used;31 however,
the reduction of the carbon-carbon double bonds often lowers the
selectivity. Among various reducing reagents, a combination of
PPh3/NaOH32 seems to be the most efficient for synthesis of
primary allylamines. The intermediate iminophosphoranes can be
used as the key intermediates for various nitrogen compounds,
such as amides,33 imines,34 nitro compounds,35 and secondary

36

amines.

The effect of a phosphine on the reduction of allyl azides

has been examined with a mixture of octenyl azides (10a and 10b,

~ o~ ~ o~

70:30) (eq 7). The mixture was treated with various phosphines

SSSA~~ NH

| 10 PR Z 2
S . A + 48a (7)

aq. NH3 -~

10b NH, 4gb

~ e~ ~ o~

W
VM
N3
(70:30)

at 50 °C for 1 h. The hydrolysis of iminophosphoranes with
agueous ammonia at 50 °C gave a mixture of 2-octen-l-ylamine

(48a) and l-octen-3-ylamine (48b). The representative results of

38 —



Table IV. The Phosphine Effect on the Reduction of Octenyl Azides.?

entry PR3 conv,b % yield of gg,c% ratio,d5§a~:3§t~)

1 P(OMe) , 11 0

2 P(OEt), 49 0

3 P(OBu), 4y 0

4 PEt, 100 98 80:20

5 PBu, - 100 80 75:25

6 PPh, 98 82 80:20

7 PCy, 95 0 (49)¢€ (95: 5)¢€

8 P(o-—ToI)3 5 0

9The reactions are similar to the general procedure described in the
experimental section. bConversions were estimated by the amount of
produced nitrogen gas. Clsolated yields of allylamines which were
obtained by the treatment with ammonium solution. dThe ratios of
48a:48b were determined by TH NMR analysis. €Treatment with 2N

~ e -

NaOH solution at reflux.



the reduction of octenyl azide are shown in Table IV. The
conversion of octenyl azide was determined by measuring the
amount of nitrogen gas evolved. Phosphites are not effective
(entries 1-3) because of low nucleophilicity. The formation of
iminophosphoranes takes place fast upon treatment with
nucleophilic phosphines, although the reactivity decreases with
increase of the bulkiness of phosphines (entries 7 and 8). The
regioselectivity of the reduction of allyl azides is effected by
steric bulkiness of phosphines. The reduction of octenyl azide
with tricyclohexylphosphine proceeds highly regioselectively
(95:5) in comparison with other phosphines (entry 7), although
the hydrolysis of iminophosphoranes requires severe reaction
conditions. Importantly, less hindered primary amines can be

prepared selectively from allyl azides upon treatment with

Scheme 1V
/Lk/\/LQ/\Nj——*—[/L§/\¢L§/\N=HMJ ——*-/Lb/\/Lbf\NHR
s 49 s0 R=H
W 51 R=COPh
N3 gp
(80:20)

triphenylphosphine and a hydroxide solution. Typically, the
treatment of an equilibriated mixture of geranyl (8a) and linalyl
azide (§§) (80:20) with triphenylphosphine gave triphenyl-N-

geranyliminophosphorane (49) selectively, and hence geranylamine



(50) was obtained exclusively. The selective formation of 49 is
rationalized by assuming that less hindered 8a reacts with
triphenylphosphine much faster than the equilibriated isomer 8b
(Scheme IV). The transformation of optically active azide 21 to
amine 41 can be performed with retention of configuration. The

reduction of allyl azides is also performed efficiently by using

E:]\ Zn-HCl E:j\ (8)
N’\zﬁ\/N3 v’\v?\/ 2

OH H
32 52

-~

zinc powder. Thus, the treatment of 4-(N-cyclohexyl-
N-hydroxylamino) -2-buten-1-yl azide (32) with zinc powder in an

aqueous HCl solution gave 4- (N-cyclohexylamino)-2-buten-1l-ylamine

(52) in 72% yield (eq 8).'°



One-pot Synthesis of Primary Allylamines from Allylic
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Esters: Allylic acetates can be converted ihto primary
allylamines without isolation of allyl azides upon treatment with
triphenylphosphine and subsegquently with aqueous ammonia
solution. The representative resuits are listed in Table V.
Primary allylamines are obtained selectively regardress of a
regioisomeric mixture of allyl azides (entries 4 and 6-8).

(1R,5R) -Carvyl acetate (42) can be converted into (1R*,5R*)-
carvylamine (§Z) selectively with retention of configuration.

The stereochemistry of 57 was determined to be (1R*,5R*) by
converting it to the known (1R*,5R*)~-carvyl benzamide (58) (mp
169°).37 Allyl phosphates can be also converted into allylamines
under mild conditions (entry 8). The sequencial amination of
4-acetoxy-2-buten-1-yl phosphate (gg) is highly useful for the
synthesis of substituted primary (E)-allyldiamines, which serve

as the precursor of spermine alkaloids {(entries 9 and 10).

50 61

~ - ~

Geranylamine thus obtained reacts with water to afford

3,7-dimethyl-7-hydroxy-2-octen-1-ylamine (61) under acidic

solution (eq 9).38



Table V. The one-pot Preparation of Primary Allylamines from

Allyl Esters.?

entry ally! ester allylamine yield,b 3

! /l\/\ mc
J\/\OAC X NH

2
23
O O
3%
3 Ph s~~~ OAc Ph ~o~~NH, 59
16 55
OAc NH,
14 56
= P~
S 91
Ac NH2
uy 57
6 J\/\/k/\ /k/\/k/\ 59
NSNNN0Ac SN SNANNH,
§ 50
7 M 50 62
7 OAc

0 d
8 S 1] 85

- 43



(continued Table V)

Q
9 (E0)3PQ =\ PAc G{ "
26 NNHZ

~=~ 59
10 26 NC\/\N/WNHZ 81
Ph)
60

%The reactions are similar to the general procedure described in
the experimental section. blsolated yield. CIsolated as amine
hydrochloride. dr.t., 2 h.



Synthetic Application of Allyl Azides: Allyl azides
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obtained in the aforementioned reaction can be readily converted

into various nitrogen-containing allylic compounds via

iminophosphoranes. Staudinger reactionzg’32 on N-cinnamyl

Scheme V Ph~ _~_A=CHPh

I 63

1) N;/Pd(O] cat.
Ph «_~_-0Ac =  Pha~N=PPhy
2) PPh3

16

62

64

triphenylphosphorane (62) with benzaldehyde in benzene at reflux

gave N-benzylidenecinnamylamine (63) in >99% yield. The reaction

of 62 with acetic acid in benzene at reflux afforded N-cinnamyl-

COOH COOH

Scheme VI
@\ H,/PtO, é\
2 "2
N NH2
38a 3 65
100%
OOH COOH
H,/Pd-C
N “NH
igb 3 66 2
99%

acetamide (64) in 57% yield (Scheme V).33 Interestingly, the



treatment of a mixture of geranyl azide and linalyl azide (80:20)
with PPh3 and then with benzoic acid gave N-geranylbenzamide (51)
selectively in 98% yield.

Y-Amino acids can be prepared by the present method. Thus,
gig—3-aminocyclohexanecarboxylic acid (§§) having anticonvulsant
activity39 and the corresponding trans-isomer 66 have been
prepared by catalytic hydrogenation of the azidocarboxylic acids
38a and 38b respectively in quantitative yields (Scheme VI).

~ o~ o~

Conclusion

e

The palladium-catalyzed azidation provides an efficient
method for the stereoselective transformation of allyl esters to

allyl azides with net-retention of configuration. Higher

stereoselectivity is attained by using a low concentration of
palladium(0) catalyst and a chelating bidentate ligand, dppb.
The non-catalyzed azidation of allyl esters proceeds with

inversion of configuration. The allyl azides obtained can be

readily converted into the corresponding primary allylamines with

high selectivity.

16



Experimental Section

D L T T

General.

NMR spectra were recorded on JEOL PMX-60 SI (60 MHz), JEOL
JNM-FX 100 (lH NMR at 99.60 MHz, 13C NMR at 25.0 MHz, and 31P NMR
at 40.25 MHz), and JEOL JNM-GX 500 (500 MHz) spectrometers.
Chemical shifts (8) were expressed in parts per million relative
to tetramethylsilane (CDC13) or sodium 2,2-dimethyl-2-sila-
pentane-5-sulfonate (DZO)' The chemical shifts of 31P NMR
spectra are quoted relative to external aqueous 85% phosphoric
acid. IR spectra were recorded on a Hitachi 215 spectrometer.
Optical rotations were measured with JASCO DIP-4 polarimeter with
1 dm-long cell at room temp. GLC analyses were carried out on a
Shimadzu GC-9A flame ionization chromatography by using a l-m x
3-mm analytical column packed with 10% SE 30 on 80-120 mesh
Uniport HP and a Shimadzu GC-mini 2 flame ionization chromato-
graphy by using a 25-m x 0.25-mm PEG 20M chemical bonded on a
glass capillary column (Gasukuro Kogyo, Inc. Japan). Mass
spectra were obtained on a Shimadzu GCMS QP-1000 by using
analytical column packed with SE 30 on Uniport HP. Elemental

analyses were performed on a Yanagimoto MT-3 CHN corder.

Caution; Neat azides should be handled carefully behind a
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safety screen in a hood and store in a refrigerator. A solution
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water was degassed with argon prior to use. Trimethylsilyl

40 pa(eeny),, 4! pa(aba),,*? 42

3

azide, Pd, (dba) , *CHC1 ,, Pd(OAc)2,43

4
Pd(OCOCF3)2,
the literature procedures. cis-5-Methoxycarbonyl-2-cyclohexen-
46

Pd(acac)2,44 and Pd[P(C6H11)3]245 were prepared by
l1-yl acetate (3), (R)~(E) - (+) -4-phenyl-3-buten-2-yl acetate
(20)%7, 7-oxabicyclo[3.2.1]oct-2-en-6-one (37),*% and
cis-5-acetoxymethyl-2-cyclohexen-l-yl acetate (32)49 were
prepared by the literature procedures. (1R,5R)-Carveol was
prepared from (g)—(—)—Carvone.50 Other allylic esters were
prepared by the general procedures. Diethyl chlorophosphate was
purchased from Aldrich Chemical Co and was prepared by literature

procedures.51

General Procedure for the Preparation of Allyl Diethyl

T O T . T T e o e e i i

§§9§8§§§§§: Diethyl chlorophosphate (7.25 g, 42.0 mmol) was
added to a solution of an allyl alcohol (40.0 mmol) and pyridine
(3.6 mL) in dichloromethane (40 mL) at 0 °C for 5 min. The
resulting white slurry was stirred for 2 h at room temp. The
reaction mixture was diluted with ether (70 mL) and was washed
successively with a 10% HCl solution (30 mL x 3), a saturated
NaHCO3 (30 mL x 3), and brine (30 mL). The organic layer was
dried over MgSO4. After removal of the solvent in vacuo,
distillation or column chromatography gave allyl diethyl

phosphates as a colorless oil.

(E) -Diethyl 2-Hexen-1l-yl Phosphate (la): The reaction of

P = . T I T I N R R )

2-hexen-1-yl alcohol (10.0 g, 100 mmol) with diethyl chlorophos-



phate was carried out according to the general procedure.
Phosphate la (16.7 g, 71%) was obtained: bp 110-111 °C (2.0
mmHg) ; IR (neat) 2900 (s), 1670 (w), 1460 (m), 1400 (m), 1270
(p=0, s), 1170 (m), 1000 (P-O0-C, s), 840 (w), 800 (m) cm_lf la
NMR (CDCl3, 60 MHz) 6 0.75-1.15 (m, 3 H, CH3), 1.15-1.83 (m, 2
H, CH,), 1.37 (t, J = 6 Hz, 6 H, CH,), 1.87-2.30 (m, 2 H, CH,),
4.06 (g, J = 7 Hz, 2 H, OCHz), 4.18 (g, J = 7 Hz, 2 H, POCHz),

4.40 (4, J = 5 Hz, 1 H, POCH), 4.57 (d, J

5 Hz, 1 H, POCH),
5.30-6.12 (m, 2 H, CH=CH).

Diethyl Geranyl Phosphate (12): The reaction of geraniol
(15.4 g, 100 mmol) with diethyl chlorophosphate was carried out
according to the general procedure. Phosphate 12 (22.9 g, 79%)
was obtained: IR (neat) 2970 (s), 2850 (s), 1670 (w), 1450 (m),
1390 (m), 1260 (P=0, s), 1170 (m), 1000 (P-0-C, s}, 820 (m) cm_l;
"W MR (cCl,, 60 MHz) § 1.30 (t, J = 7 Hz, 6 H, CHy), 1.59 (s, 3
H, CH3), 1.65 (s, 3 H, CH3), 1.70 (s, 3 H, CCH3), 1.98-2.15 (m, 4
H, CHZ)’ 4.08 (g, J = 7 Hz, 2 H, POCHz), 4.16 (g, J = 7 Hz, 2 H,
POCHZ)) 4,37 (d, J = 7 Hz, 1 H, POCH), 4.48 (4, J = 7 Hz, 1 H,
POCH), 4.84-5.16 (m, 1 H, CH=), 5.35 (t, J = 7 Hz, 1 H, CH=).

(E)Cinnanyl Diethyl Phosphate (18): The reaction of
(E) -cinnamyl alcohol (13.4 g, 100 mmol) with diethyl chlorophos-
phate was carried out according to the general procedure.
Phosphate }g (23.2 g, 86%) was obtained: IR (neat) 3000 (m),
1480 (m), 1450 (m), 1400 (m), 1370 (m), 1280 (P=0, s), 1160 (m),

1100 (m), 1020 (P-0-C, s), 800 (m), 750 (m) cm Y; ‘H NMR (coel

— 49



60 MHz) 6 1.33 (t, J = 7 Hz, 6 H, CH3), 4.10 (g, J 7 Hz, 2 H,

POCHZ), 4.18 (q, J = 7 Hz, 2 H, POCH2), 4.48 (4, J 5 Hz, 1 H,
POCH), 4.60 (4, J = 5 Hz, 1 H, POCH), 6.30 (dt, J = 15 and 5 Hz,
1 H, CH=), 6.78 (4, J = 15 Hz, 1 H, ArCH=), 7.18-7.63 (m, 5 H,
ArH).

(Z) -Cinnamyl Diethyl Phosphate (19): The reaction of
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(2) -cinnamyl alcohol (0.403 g, 3.00 mmol) with diethyl
chlorophosphate was carried out according to the general
procedure. Phosphate }? (0.619 g, 76%) was obtained: IR (neat)
2980, 1680, 1490, 1450, 1395, 1370, 1270 (p=0, s), 1165, 1040
(p-0-C, s), 970, 875, 800, 770, 700 cm—l; 1H NMR (CDCl3, 100 MHz)
§ 1.35 (¢, J =17 Hz, 6 H, CH3), 4.10 (q, §d = 7 Hz, 2 H, POCHZ),
4.18 (q, J = 7 Hz, 2 H, POCHZ), 4,83 (4, J = 7 Hz, 1 H, POCH),
4.96 ((d, J = 7 Hz, 1 H, POCH), 5.96 (dt, J = 11 and 7 Hz, 1 H,
CH=), 6.80 (d, J = 11 Hz, 1 H, ArCH=), 7.20-7.74 (m, 5 H, ArH).
{2)z4zhcetoxyz2-buten-l-yl Diethyl Phosphate (26): Diethyl
chlorophosphate (72.3 mL, 0.50 mol) was added to a solution of
(z)-2-buten-1,4-diol (41.2 mL, 0.50 mol) in pyridine (79.1 mL,
2.0 mol) at 0 °C for 1 h. The resulting white slurry was stirred
for 30 min at room temp. Acetic anhydride (56.5 mL, 0.60 mol)
was added to the reaction mixture at 0 °C for 10 min. The
reaction mixture was diluted with ether (1.0 L) and washed
successively with a 10% HCl solution (500 mL x 3), a saturated

NaHCO3 {500 mL x 3), and brine (500 mL). The organic layer was

dried over MgSO4. After removal of the solvent in vacuo,

750 —



distillation gave phosphate 26 (32.1 g, 24%): bp 135 °C (1.0
mmHg) ; IR (neat) 1743 (C=0, s), 1448, 1380, 1250 (P=0, s), 1020

1,1

(P-0-C, s) cm ~; "H NMR (cDCl 100 MHz) § 1.36 (t, J = 7 Hz, 6

3!
H, CH3), 2.06 (s, 3 H, CHBCO), 4.08 (gq, J = 7 Hz, 2 H, POCHZ),
4.16 (g, J = 7 Hz, 2 H, POCHz), 4,49-4.80 (m, 4 H, CHz), 5.72
(dt, J = 11.2 and 5.2 Hz, 1 H, CH=), 5.83 (dt, J = 11.2 and 5.1
Hz, 1 H, CH=). Anal. Calcd for C10H1906P: C, 45.11; H, 7.19.
Found: C, 44.69; H, 7.14.

cis-5-Methoxycarbonyl-2-cyclohexen-1-yl Diethyl Phosphate

e = T e et i I R g e il d

i%gl: Diethyl chlorophosphate (7.25 g, 42.0 mmol) was added to a
solution of cis-methyl 5-hydroxy-3~cyclohexenecarboxylate (6.24
g, 40.0 mmol) and pyridine (79.1 mL, 2.0 mol) in dichloromethane
(40 mL) at 0 °C for 1 h. The resulting white slurry was stirred
for 30 min at room temp. The reaction mixture was diluted with
ether (70 mL) and washed successively with a 10% HCl solution (30
mL x 3), a saturated NaHCO3 (30 mL x 3), and brine (30 mL) and
dried over MgSO4. The solvent was removed in vacuo to give
phosphate §§ as a colorless oil (13.13 g, 100%). IR (neat) 2995
(s), 1735 (C=0, s), 1660 {(m), 1440 (m), 1395 (m), 1375 (m), 1335
{m), 1260 (P=0, s), 1180 (s), 1000 (P-0-C, s), 900 (m), 880 (w),
845 (w), 820 (m), 800 (m), 750 (m), 700 (m) cm_l; 1y NMRr (CDCl 5,
100 MHz) & 1.33 (t, J = 6.8 Hz, 3 H, CH3), 1.35 (¢, J = 6.8 Hz, 3
H, CH3), 2.85 (ddd, d = 12.3, 12.3, and 9.4 Hz, 1 H, Hsa),
2.15-2.88 (m, 4 H), 3.68 (s, 3 H, MeO), 4.06 (g, J = 6.8 Hz, 2 H,

pocnz), 4.13 (g, J = 6.8 Hz, 2 H, POCHZ), 4.75-5.13 (m, 1 H,



31

CHOP), 5.60-5.98 (m, 2 H, CH=CH); P NMR (CDC1 40.25 MHz) §

37
-1.25 (cis-phosphate; 299%).

A mixture of cis- and trans-5-methoxycarbonyl-2-cyclohexen-
1-yl diethyl phosphate was prepared by the similar treatment of a
mixture of cis- and trans-alcohol (cis:trans = 36:64) with
diethyl chlorophosphate. The stereoisomeric ratio of the allyl
phosphates §§ was determined by 31P NMR spectra. 31P NMR (CDC13,
40.25 MHz) showed § -1.53 for trans-phosphate, and § -1.25 for
cis-phophate. The ratio (cis:trans) was 36:64.

(1R, 5B) - (1) ~Carvyl Dicthyl Phosphate (43): The reaction of
(1R,5R)-carveol (7.24 g, 48 mmol) with diethyl chlorophosphate
was carried out according to the general procedure. Phosphate g%
5°> -37.0° (¢ 1.77, CHC1,); IR

(neat) 2980 (s), 2820 (s), 1650 (s), 1485 (w), 1455 (s), 1395

(12.12 g, 95%) was obtained: {al

(m), 1385 (s), 1270 (P=0, s), 1170 (m), 1000 (P-0-C, s), 910 (m),

1

890 (m), 815 (m), 750 (m) cm '; 'H NMR (CDCl., 100 MHz) & 1.32

37
(t, J =7.2 Hz, 3 H, CH3), 1.34 (t, J = 7.2 Hz, 3 H, CH3),
1.67-2.60 (m, 11 H), 4.10 (dg, J = 7.2, and 2.4 Hz, 2 H, POCHZ),
4.18 (dq, J = 7.2, and 2.4 Hz, 2 H, POCHZ), 4.65-4.80 (m, 1 H,
CHOP), 4.80-5.15 (m, 1 H, CH=), 5.50-5.77 (m, 2 H, CH,=); >'P NMR
signal indicated the presence of (1S,5R)-phosphate. 31P NMR
(CDC13, 40.25 MHz) -0.87 (1R,5R-phosphate; 95%), -1.24

(1S, 5R-phosphate; 5%). Anal. Calcd for C14H2504P: C, 58.32; H,
8.74. Found: CC, 58.70; H, 8.75.
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£:¥£~99T2Q22q5i A mixture of tetrakis(triphenylphosphine)-
palladium (0.023 g, 0.02 mmol), sodium azide (90%) (0.087 g, 1.2
mmol), (E)-2-hexen-1-yl compounds (1.00 mmol), THF (3.0 mL), and
water (1.0 mL) was stirred at 40 °C for 30 min under argon. The
conversion of allylic compounds and the yield of hexenyl azides
(gé"é) were determined by GLC analysis (SE 30 10%, 1-m x 3-mm)
using an internal standard (n-tridecane and n-tetradecane). The
conversions of (E)-2-hexenyl compounds are as follows:
(Et0)2P02— (lé, 98%), EtOCOz- (19, 100%), CF3C02- ({g,,loo%),

PhCOz— (14, 97%) , CH3C02— (le, 23%), Pho- (1f, 0%), EtzN— (1g,

0%), Cl- (lg, 100%), and Br- (l%, 100%).

T T T o T e e e e e e e g

§£%¥}~§§§E§E§~§i A mixture of palladium catalyst (0.025 mmol, 5
mols), ligand, sodium azide (0.040 g, 0.55 mmol), cis-5-methoxy-
carbonyl-2-cyclohexen-1-yl acetate (}) (0.099 mg, 0.50 mmol),
water (0.5 mL) and a solvent (2 mL) was stirred at 50 °C for 2 h
under argon. The conversions of allyl acetate 3 and the yields
of allyl azides 4a-b were determined by GLC analysis (glass
capillary chemical bonded column with PEG 20M, 25-m X 0.25-mm)
using an internel standard (n-docosane). The yields and the
conversions (yield/conv., %) by using various solvents are as
follows: THF (92/95), DME (73/91), DMF (41/73), acetone (47/73),
CH3CN {22/24), and EtOH (23/23). The results for the catalytic

activity are listed in Table III.
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Allzlic Esters: A mixture of Pd(PPh (0.5-5 mols), sodium

S SIS S 34 34
azide (22 mmol), and allylic compound (20 mmol) in THF (50 mL)
and water (20 mL) was stirred at 50 °C for 2 h. The reaction
mixture was extracted with ether (50 mL x 3). The combined
extracts were washed successively with a 2N HCl (50 mL),
saturated NaHCO3 (50 mL), and brine (50 mL). The organic layer
was dried over MgSO4. Removal of the solvent under reduced
pressure at room temp gave allyl azides. Column chromatography
on Sio2 gave pure allyl azides. The representative results are
listed in Table I.

Azidation of (E)-2-Hexen-1-yl Diethyl Phosphate (la): The
palladium-catalyzed azidation of la (4.73 g, 20.0 mmol) was
carried out at room temp for 4 h. Diethyl ether was used as a
solvent in place of THF, because the product azide is volatile.
Column chromatography (Si02, pentane) gave a mixture of
(E)-2-hexen-1-yl azide (2a) and l-hexen-3-yl azide (2b) (2.40 g,
78%) . The ratio of 2a/2b was determined to be 70:30 by 1H NMR
analysis: IR (neat) 2960 (s), 2875 (m), 2100 (N3, s), 1460 (m),
1380 (w), 1240 (s), 975 (s), 930 (m), 875 (m) cm 1. For 2a: 'H
NMR (CDCl3, 60 MHz) 6 0.92 (t, J = 6.0 Hz, 3 H, CH3), 1.14-1.80
{m, 2 H, CHZ)' 2.07 (dt, J = 7.0 and 6.5 Hz, 2 H, CHZ), 3.68 (4,

1

J = 5.0 Hz, 2 H, CHyN;), 4.93-6.10 (m, 2 H, CH=CH). For 2b: 'H

NMR (CDC13, 60 MHz) 6 0.92 (t, J = 3 H, CH3), 1.14-1.80 (m, 4 H,

CHZ)’ 3.50-4.00 (m, 1 H, CHN3), 4,93-6.10 (m, 3 H, CH=CH2).

s
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palladium-catalyzed azidations of geranyl acetate (0.981 g, 5.00
mmol), linalyl acetate (0.981 g, 5.00 mmol), neryl acetate (0.981
g, 5.00 mmol), and geranyl diethyl phosphate (1.45 g, 5.00 mmol)
were carried out according to the general procedure. A mixture
of geranyl azide (8a) and linalyl azide (8b) was obtained by
column chromatography (Sioz, hexane) in 64%, 91%, 79%, and 83%

yield respectively. The ratio of 8a/8b was determined to be

1

80:20 by the "H NMR analysis: IR (neat) 2920 (m), 2100 (N3, s),

1742 (m), 1668 (w), 1450 (m), 1380 (m), 1240 (m), 878 (w) Cm-l.

For 8a: 'H NMR (CDCl, 100 MHz) 6 1.35-1.79 (m, 9 H, CHj), 2.07

(m, 4 H, CHZ)’ 3.74 (d, J = 7.6 Hz, 2 H, CH 4.94-5.90 (m, 2

H, CH=). For 8b: 'H NMR (CDCl

2N3),
37 100 MHz) ¢ 1.35-1.79 (m, 9 H,
CH3), 2.07 (m, 4 H, CHZ)’ 4.94-5.90 (m, 4 H, CH= and CH=CH2).

Anal. Calcd for C10H17N3: C, 66.99; H, 9.57; N, 23.44. Found:

C, 67.05; H, 9.50; N, 23.15.

Azidation of 1-Octen-3-yl Acetate (9): [The palladium-

N R

catalyzed azidation of l-octen-3-yl acetate (8.513 g, 50.0 mmol)
was carried out according to the general procedure. A mixture of
(E) -2-octen-1-yl azide (10b) and l-octen-3-yl azide (10b) (7.46

g, 97%) was obtained by column chromatography (SiO hexane) .

2’
The ratio of 10a/10b was determined to be 70:30 by the lH NMR

~ e e A

analysis: IR (neat) 2930 (s), 2860 (s), 2100 (N3, S), 1670 (w),

1470 (m), 1380 (w), 1240 (s}, 970 (s), 930 (m), 880 (m), 725 (w)



em Y. For 10a: ‘H NMR (cDCl,, 60 MHz) 6 0.60-2.40 (m, 11 H),

3.47-3.96 (m, 2 H, CH N ), 5.00-6.10 (m, 2 H, CH=CH). For 10b:
'n nMR (CDC1,, 60 MHz) 6 0.60-2.40 (m, 11H), 3.47-3.96 (m, 1 H,
CHN3), 5.00-6.10 (m, 3 H, CH=CH2). Anal. Calcd for C8H15N3 Cc,
62.71; H, 9.87; N, 27.43. Found: C, 62.75; H, 9.89; N, 27.34.
(E)-5- Non§§~f~¥} éf}§?~£}}1~ The palladium-catalyzed
azidation of (E)-5-nonen-4-yl-acetate (4.607 g, 25 mmol) was
carried out according to the general procedure. (E)-5-Nonen-4-yl
azide (3.932 g, 94%) was obtained by column chromatography (SiOZ,
hexane): IR (neat) 2940 (s), 2860 (m), 2090 (N3, s), 1665 (w),
1460 (m), 1435 (m), 1380 (m), 1235 (m), 1115 (w), 1090 (w), 965
(m), 910 (w), 865 (w), 815 (w), 735 (w), 710 (w), 685 (w) cm_l;
'H NMR (CDCl,, 60 MHz) 6 0.90 (t, J = 6.5 Hz, 6 H, CH,),
1.10-1.70 (m, 8 H, CHZ)’ 2.07 (dt, J = 7.0 and 6.5 Hz, 2 H, CH2),
3.77 (dt, J = 7.0 and 7.0 Hz, 1 H, CH), 5.30 (dd, J = 15 and 7.0
Hz, 1 H, CH=), 5.74 (dt, J = 15 and 6.5 Hz, 1 H, CH=).
2-Cyclohexen-i-yl Azide (13); The palladium-catalyzed
azidation of 2-cyclohexen-1l-yl acetate (0.695 g, 5.00 mmol) was
carried out according to the general procedure. 2-Cyclohexen-1-
yl azide (0.432 g, 70%) was obtained by column chromatography
(Si02, pentane): IR (neat) 3030 (m), 2940 (s), 2860 (m), 2095
(N3, s), 1650 (m), 1450 (m), 1320 (m), 1260 (s), 1235 (s), 1160
(w), 1140 (w), 1095 (m), 1045 (m), 1000 (m), 897 (m), 860 (m),

840 (w), 780 (m), 735 (m), 720 (m), 690 (w) cm +: ‘H NMR (cc1,

60 MHz) &8 1.50-2.40 (m, 6 H), 3.58-4.40 (m, 1 H, CHN3), 5.43-6.15

— 56



(m, 2 H, CH=CH). Anal. Calcd for C6H9N3: C, 58.51; H, 7.37; N,

34.12. Found: C, 58.81; H, 7.42; N, 33.80.

Azidation of 1-Vinylcyclohexyl Acetate (14): The palladium-
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catalyzed azidation of l-vinylcyclohexyl aceate (0.840 g, 5.00
mmol) was carried out according to the general procedure. A

mixture of l-vinylecyclohexyl azide (15a) and 2-cylohexylidenethyl

~ o~~~

azide (15b) (0.589 g, 78%) was obtained by column chromatography

~ o~

(Sioz, pentane). The molar ratio of 15a and 15b (80:20) was

~ o~ o~ ~ e~

determined by NMR analysis. For 15a: !

~

(m, 10 H, CHZ)’ 3.71 (d, J = 8.0 Hz, 2 H, CH2N3), 5.00-6.10 {(m,

H NMR (CDC13) 6§ 1.45-2.45

CH=). For 15b: 1.45-2.45 (m, 10 H, CHZ)' 5.00-6.10 (m, 3 H,

CH=CH2).

(E) -Cinnamyl Azide (17): The palladium-catalyzed azidations

P I T

of (E)~cinnamyl acetate (2.00 mmol), (E)-cinnamyl diethyl
phosphate (2.00 mmol), and (2Z)-cinnamyl diethyl phosphate (2.00
mmol) were carried out according to the general procedure.
Cinnamyl azide was obtained by column chromatography (sioz,
benzene) in 92%, 82%, and 73% yield respectively: IR (neat) 3050
(m}), 2940 (m), 2095 (N3, s), 1600 (m), 1500 (m), 1455 (m), 1355
(m), 970 (m), 892 (m), 740 (m), 690 (m) cm_l; 1H NMR (CDC13, 60
MHz) § 3.85 (4, J = 6.3 Hz, 2 H, CHz), 6.16 (dt, J = 15.6 and 6.3
Hz, 1 H, CH=), 6.60 (d, J = 15.6 Hz, 1 H, CH=), 7.19-7.38 (m, 5
H, ArH). Anal. Calcd for C9H9N3: C, 67.90; H, 5.70; N; 26.40.
Found: C, 68.03; H, 5.71; N, 26.28.

(R)-(E)-(+) -4-Phenyl-3-buten-2-yl Azide (21): The

B T T T I T e T I R e e S



palladium-catalyzed azidation of (R)-(E)-(+)-4-phenyl-3-buten-2-
yl acetate (0.380 g, 2.00 mmol) was carried out according to the
general procedure using sz(dba)B'CHCl3 (10.3 mg, 0.01 mmol) and
dppb (16.5 mg, 0.04 mmol) as a catalyst. Azide 21 (0.279 g, 81%)
was obtained by column chromatography (Si02, benzene) : [a]D26
+65.5° (c 2.45, CHC13); IR (neat) 3025 (m), 2975 (m), 2925 (w),
2100 (N3, s), 1495 (m), 1445 (m), 1375 (m), 1300 (m), 1230 (s),
1140 (m), 1070 (w), 1030 (m), 960 (m), 910 (w), 840 (w), 810 (w),
740 (s), 680 (s) cm '; 'H NMR (CDCly, 60 MHz) 6 1.35 (d, J = 6.5
Hz, 3 H, Me), 4.10 (dq, J = 6.5 and 6.5 Hz, 1 H, CH), 6.07 (dd4, J
= 15.5 and 6.5 Hz, 1 H, CH=), 6.60 (d, J = 15.5 Hz, 1 H, CH=),
7.05-7.55 (m, 5 H, ArH).

(E)-1,3-Diphenylallyl Azide (22): The palladiun-catalyzed
azidation of (E)-1,3-diphenylallyl acetate (7.57 g, 30.0 mmol)
was carried out according to the general procedure. (E)-1,3-Di-
pheylallyl azide (6.78 g, 96%) was obtained by column
chromatography (Si02, benzene): IR (neat) 3030 (m), 2960 (m),
2860 (m), 2100 (N3, s), 1600 (w), 1495 (m), 1455 (m), 1240 (s),

1065 (m), 965 (m), 900 (m), 745 (m), 700 (m) cm_l' lH NMR (CDC1

’ 3 ’
60 MHz) 6 5.13 (d, J = 6.5 Hz, 1 H, CHN3), 6.22 (dd, J = 15.5 and
6.5 Hz, 1 H, CH=), 6.70 (d, J = 15.5 Hz, 1 H, CH=), 7.10-7.60 (m,
5 H, ArH).

(E) -Methyl 4-Azido-2-butenocate (23): The palladium-

catalyzed azidation of methyl 2-acetoxy-3-butenoate (0.316 g,

2.00 mmol) was carried out according to the general procedure.
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Azide 23 (0.270 g, 96%) was obtained by column chromatography
(Sioz, benzene): IR (neat) 2955 (m), 2100 (N3, s), 1730 (C=0,

s), 1660 (s), 1440 (s), 1240 (C-0, s), 1120 {(m), 1035 (m), 990

(m), 840 (m), 750 (m), 720 (m), 695 (m) cm *; lH NMR (cpcl,, 60

MHz) & 3.78 (s, 3 H, CH3O), 4.00 (dt, J = 5.0 and 1.5 Hz, 2 H,
CHZ)’ 6.05 (dt, J = 15 and 1.5 Hz, 1 H, CH=), 6.88 (dt, J = 15

and 5.0 Hz, 1 H, CH=); Anal. Calcd for C5H7N302: C, 42.55; H,

5.00; N, 29.78. Found: C, 42.47; H, 4.92; N, 29.84.

Methyl (E)-4-Azido-2-pentenoate (24): The palladium-

catalyzed azidation of methyl 2-acetoxy-3-pentenoate (3.46 g,
20.0 mmol) was carried out according to the general procedure.
Azide 24 (1.85 g, 60%) was obtained by column chromatography

(Si02, ether:pentane = 1:6): IR (neat) 2955 (m), 2100 (N3, s),

1720 (N3, s), 1665 (m), 1440 (m), 1260 (C-O0, s), 1180 (s), 1120

(m), 1015 (m), 975 (m), 910 (w), 860 (w), 750 (w), 720 (s), 695

1,1

{m) cm ~; "H NMR (CDC1 60 MHz) &6 1.35 (4, J = 7.0 Hz, 3 H,

37
CH3), 3.75 (s, 3 H, CH3O), 4.13 (dq, J = 7.0 and 6.5 Hz, 1 H,
CHN3), 5.93 (dd, J = 15 and 1.3 Hz, 1 H, CH=), 6.78 (dd, J = 15
and 6.5 Hz, 1 H, CH=).

{E)74zhzidor2-pentenonitrile (25): The palladium-catalyzed
azidation of (E)-2-acetoxy-3-pentenonitrile (6.95 g, 50.0 mmol)
was carried out according to the general procedure. Azide 25
(4.88 g, 80%) was obtained by column chromatography (Si02,
benzene): IR (neat) 2100 (N, s) cm '; 'H NMR (CDCl,, 60 MHz)

1.37 (4, J = 7.0 Hz, 3 H, CH3), 4.22 (dq, J = 7.0 and 6.5 Hz, 1



H, CHNB), 5.55 (dd, J = 16 and 1.3 Hz, 1 H, CH=), 6.57 (dd, J =
16 and 5.5 Hz, 1 H, CH=).

Azidation of (Z)-4-Acetoxy-2-buten-1-yl Diethyl Phosphate
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according to the general procedure. A mixture of (E)-4-azido-2-

buten-1-yl acetate (27a) and 2-azido-3-buten-1-yl acetate (27b)

~ o~ ~ o~

(92%) was obtained by column chromatography (SiOz, ethyl

acetate:hexane = 1:5). The ratioc of 27a/27b was determined to be

80:20 by 'H NMR analysis: IR (neat) 2105 (N,, s), 1745 (C=0, s)

em Y. For 27a: lH NMR (cpCl,,

(d, J = 4.7 Hz, 2 H, CH 3), 4.55 (4, J = 4.8 Hz, 2 H, CH20AC),

5.71 (dt, J = 15 and 4.8 Hz, 1 H, CH=), 5.87 (dt, J = 15 and 4.7

Hz, 1 H, CH=). For 27b: YH NMR (CDC1,, 100 MHz) & 2.07 (s, 3 H,

~

100 MHz) § 2.07 (s, 3 H), 3.78

CH3C0), 4.00~4.23 (m, 1 H, CHN3), 5.24~5.66 (m, 3 H, CH=CH2).
Azldation of (E)_Cinnramyl Diethyl Phosphate (18) with
?§§§3:§34§§i To a solution of Pd(PPh3)4 (0.02 mmoL, 0.024 g) in
THF, (E)-cinnamyl diethyl phosphate (}g) (2.00 mmoL, 0.540 g},
trimethylsilyl azide (2.00 mmol, 0.131 g), and a 1M solution of
Bu4NF in THF (2.0 mmol, 2.0 mL) were successively added at room
temp. The reaction mixture was stirred at room temp for 1 h. To
the reaction mixture, Ca(OH)2 was added. The reaction mixture

was diluted with ether (50 mL) and washed with a 10% NaHCO., (20

3
mL) and brine (20 mL). The organic layer was dried over MgSo,
and evaporated under reduced pressure. Short column chromato-

graphy (sioz, benzene) gave (E)-cinnamyl azide (17) (0.270 g,

60 -



85%) .

cis7S7Acetoxymethyl 2-cyclohexen-l-yl Azide (40): The
palladium-catalyzed azidation of cis-5-acetoxymethyl-2-cyclo-
hexen-1-yl acetate (0.436 g, 2.06 mmol) was carried out according
to the general procedure using sz(dba)3'CHCl3 (53 mg, 0.05 mmol)
and dppb (88 mg, 0.206 mmol) as a catalyst. Azide gg (0.359 g,
90%) was obtained by column chromatography (Sioz, benzene:hexane
= 1:1): GLC analysis of ﬁg indicated the presence of
trans-isomer (7%). IR (neat) 3030 (m), 2930 (m), 2095 (N3, s),
1740 (c=0, s), 1650 (w), 1455 (w), 1435 (w), 1365 (m), 1235 (s),

1 1

1035 (s), 900 (m), 740 (m) cm ~; ~H NMR (CDCl 500 MHz) 6 1.36

37
(ddd, J = 12.4, 12.4, and 10.5 Hz, 1 H), 1.79-1.87 (m, 1 H),
2.00-2.17 (m, 3 H), 2.06 (s, 3 H, CH3CO), 3.98 (dd, J = 11.0 and
6.4 Hz, 1 H, CHOAc), 4.02 (dd, J = 11.0 and 6.4 Hz, 1 H, CHOAc),
3.95-4.02 (m, 1 H, CHNB), 5.67 {(dm, J = 5.6 Hz, 1 H, CH=), 5.90
(dddd4, 3 = 7.6, 5.0, 5.0, and 2.5 Hz, 1 H, CH=).

(1R?,5R*) 7p1,87Menthadien-6-yl Azide (Carvyl Azide) (43):
The palladium-catalyzed azidations of carvyl acetate (0.970 g,
5.00 mmol) and carvyl diethyl phosphate (5.00 mmol) were carried
out according to the general procedure using sz(dba)3°CHCl3 (78
mg, 0.075 mmol) and dppb (128 mg, 0.300 mmol) as a catalyst.
Carvyl azide (5?) (0.760g, 86%) was obtained by column
chromatography (Sioz, hexane). GLC analysis of 5? indicates the

25

presence of (1S*,5R*)-isomer. [a]D 0°, (¢ 10.0, CHC13); IR

(neat) 2923 (s), 2100 (N3, s}, 1647 (m), 1450 (m), 1380 (m), 1250



(s), 1160 (w), 1050 (w), 1025 (w), 955 (w), 935 (w), 893 (m), 810

1.1

(m) em ~; "H NMR (CDC1,, 60 MHz) 6§ 1.50-2.50 (m, 11 H), 3.57-3.83

3I
(m, 1 H), 4.65 (s, 2 H), 5.39-5.75 (m, 1 H). Anal. Calcd for

C10H15N3: C, 67.76; H, 8.53; N, 23.71. Found: C, 68.10; H,

8.52; N, 23.38.

cisz37Azidor3-cyclohexenecarboxylic Acid (38a). To a
solution of palladium acetate (0.179 g, 0.800 mmol), triphenyl-
phosphine (0.420 g, 1.60 mmol), and sodium azide (90%) (1.59 g,
'22,0 mmol) in THF (50 mL), 7-oxabicyclo[3.2.1]Joct-2-en-6-one (}Z)
(2.48 g, 20.0 mmol) and water (20 mL) were added with stirring.
After additional stirring at 50 °C for 2 h, most of the organic
solvent was removed, and to the resulting agqueous residue, a 2N
NaOH (20 mL) and benzene (30 mL) were added. The mixture was
washed with benzene (30 mL x 2) and ether (30 mL). The combined

aqueous layers were acidified with a concentrated HCl solution

below 10 °C. The acidic phase was extracted with CH2Cl (30 mL x

2

3). The combined extracts were dried over Nazso4 and evaporated

to give acid 38a as a white solid (3.08 g, 92%). An analytical

~

sample was obtained by recrystallization from ether-pentane. mp

69-75 °C; IR (KBr) 2870 (COOH, s), 2070 (N s), 1690 (C=0, s),

37
1420 (m), 1235 (C-0, s), 900 (m), 735 (w) cm *; 'H NMR (cDCl,,
100 MHz) 6 1.40-3.10 (m, 5 H), 3.75-4.30 (m, 1 H, CHN,),
5.45-6.25 (m, 2 H, CH=CH), 10.95 (s, 1 H, COOH). Anal. Calcd
for C7H9N302: C, 50.29; H, 5.43; N, 25.14. PFound: C, 50.35; H,

5.42; N, 25.07.



trans-S-Azido-3-cyclohexenecarboxylic Acid (38b). As

described above, the reaction of lactone gz (0.248 g, 2.00 mmol)
with sodium azide (90%) (0.159 g, 2.20 mmol) in THF (5 mL) and
water (2 mL) was carried out at 50 °C for 2 days in the absence
of palladium catalyst. Work-up and purification as previously
described afforded §§§ (0.278 g, 83%). An analytical sample was
recrystallized from ether-pentane: mp 50-1 °C; IR (KBr) 2910
(COOH, brs), 2100 (N3, s), 1685 (C=0, s), 1450 (m), 1425 (m),
1300 (m), 1275 (m), 1230 (s), 1110 (w), 1095 (w), 1050 (w), 960

1.1

(m), 930 (m), 895 (m), 810 (w), 750 (m) em ~; ~H NMR (CDCl 100

3¢
MHz) 6 1.85 (ddd, J = 13.6, 12.0, and 4.0 Hz, 1 H, CH), 2.15 (dm,
J = 13.6 Hz, 1 H, CH), 2.28-2.43 (m, 2 H, CH), 2.79 (dddd, J =
12.2, 9.6, 5.7, and 3.2 Hz, 1 H, CHCOO), 3.85-4.14 (m, 1 H,
CHN3), 5.77 (dm, § = 5.0 Hz, 1 H, CH=), 6.02 (dm, J = 5.0 Hz, 1
H, CH=), 11.20 (s, 1 H, COOH).

cis-Methyl 5-Azido-3-cyclohexenecarboxylate (4a): To a
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solution of azidocarboxylic acid 38a (0.318 g, 1.90 mmol) in
ether (10 mL), a solution of diazomethane in ether was added
dropwise at 0 °C until the evolution of nitrogen ceased. The
reaction mixture was quenched with acetic acid and washed with a
saturated NaHCO3 solution. The ethereal phase was dried over
MgSO4 and evaporated. Short column chromatography on silica gel
(ether) gave colorless 4a (0.306 g, 89%). GLC analysis indicated

the presence of trans-isomer (5%): IR (neat) 2945 (m), 2090 (N3,

s), 1740 (C=0, s), 1435 (m), 1380 (w), 1250 (c-0, s}, 1170 (s),

- 63 —



1060 (w), 1005 (w), 970 (w), 895 {w), 835 (w), 760 (w), 735 (w),
700 (w) em '; 'H NMR (cDC1,, 500 MHz) § 1.72 (ddd, J = 12.6,
12.6, and 10.3 Hz, 1 H, CH), 2.27-2.33 (m, 2 H, CH), 2.34-2.41
(m, 1 H, CH), 2.67 (dddd, J = 12.6, 9.28, 6.07, and 2.75 Hz, 1 H,

CHCcoO}, 3.71 (s, 3 H, OCH3), 3.95-4.03 (m, 1 H, CHN3), 5.62-5.69

(m, 1 H, CH=), 5.88-5.93 (m, 1H, CH=); 13

C NMR (CDC13, 25.0 MHz)
6 174.0, 129.2, 125.6, 56.7, 51.6, 37.9, 30.5, 26.9. Anal.
Calcd for C

8H11N302: C, 53.03; H, 6.12; N, 23.19. Found: C,

53.10; H, 6.07; N, 23.26. The palladium-catalyzed azidation of
allyl acetate 3 or allyl phosphate 36 gave 4a stereoselectively.
trans-Methyl 5-Azido-3-cyclohexenecarboxylate (4b): The
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reaction of 38b (0.278 g, 1.66 mmol) with a solution of
diazomethane in ether gave 4b (0.299 g, 100%). GLC analysis
showed the presence of cis-isomer (2%): IR (neat) 2950 (m), 2090

(N;, s), 1730 (C=0, s), 1440 (s), 1380 (m), 1200 (C-O, s), 1095
(w), 1050 (w), 1015 (w), 895 (w), 790 (w), 740 (w) cm L; ' NMR
(CDC1,, 500 MHz) 6 1.90 (ddd, J = 13.75, 11.92, and 4.81 Hz, 1 H,
CH), 2.13 (ddd, J = 13.75, 3.09, and 3.09 Hz, 1 H, CH), 2.24
(dddd, J = 18.33, 10.20, 4.59, and 2.52 Hz, 1 H, CH), 2.40 (ddd,

J =18.33, 5.16, and 5.16 Hz, 1 H, CH), 2.77 (dddd, J

11.92,
10.08, 5.50, and 3.21 Hz, 1 H, CHCOO), 3.71 (s, 3 H, CH3O), 4.02
(s, 1 H, CHN3), 5.80 (ddd, J = 9.85, 2.98, and 1.61 Hz, 1 H,
CH=), 6.04 (ddad, J = 9.85, 4.82, 2.75, and 1.14 Hz, 1 H, CH=);
13C NMR (25.0 MHz, CDClB) § 174.9, 131.2, 123.3, 54.2, 51.7,

34.8, 30.8, 27.3. This compound was also obtained from the



non-catalyzed azidation of allyl phosphate 36.

Attempt of Palladium(0)-Catalyzed Kinetic Resolution of
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To a mixture of (E)-4-phenyl-3-buten-2-yl acetate (gg)
(0.380 g, 2.00 mmol), sodium azide (72 mg, 1.00 mmol),
sz(dba)3'CHCl3 (10.3 mg, 0.01 mmol), and (R)-{(S)-BPPFA (25.0 mg,
0.04 mmol) in THF (5.0 mL) was added water (2.0 mL). After
stirring at 40 °C for 2 h, the reaction mixture was extracted
‘with ether (50 mL) and washed successively with a 2N HCl solution
(20 mL), a saturated NaHCO3 (20 mL), and brine (20 mL). The

organic layer was dried over Na2804. Removal of the solvent, and
column chromatography (Sioz) of the residure gave (S)-(E)-allyl
azide 21 ({a) ?® -1.39°, ¢ 2.52, CHCl,) (R, = 0.85 / benzene),
and (R)- (E)-allyl acetate 20 ([a] 23 +4.55°, ¢ 1.41, ccl,) (R, =
0.45 / benzene). The optical yields of 21 and 39 are 2.0% e.;.

and 3.4% e.e., respectively.
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To a solution of Pd(PPh3)4 {(0.231 g, 0.20 mmol) and 26 (1.33

g, 5.0 mmol) in THF (13 mL), an amine was added dropwise with
stirring at room temp. After additional stirring for 2 h, a
solution of sodium azide (90%) (0.361 g, 5.0 mmol) in water (5
mL) was adaed. The reaction mixtrure was stirred overnight. The

ether extract (30 mL x 3) was dried over Na.SO, and evaporated.

2774

Column chromatography on SiO., (benzene) gave an azide. The

2

representative results are listed in Table II.

3-[N-((E)-4-Azido-2-buten-1-yl)-N-benzylamino]propionitrile
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(30): IR (neat) 3045 (m), 2945 (m), 2840 (m), 2255 (CN, w), 2100

~ o~

37 s), 1735 (w), 1660 (w), 1610 (w), 1502 (m), 1458 (m), 1430
(w), 1376 (m), 1250 (m), 1135 {(m), 1080 (w), 1032 (m), 980 (m),

1 1

880 (m), 740 {(m), 700 (m) em ~; “H NMR (CDCl 100 MHz) & 2.38

37
(t, J = 4.3 Hz, 2 H, CHZ), 2.78 (d, J = 4.3 Hz, 2 H, CH2), 3.16
(d, J = 5.0 Hz, 2 H, CHZ)’ 3.62 (s, 2 H, CH2Ar), 3.73 (d, J = 5.0
Hz, 2 H, CH2N3), 5.71 (dt, 3 = 15.3 and 5.0 Hz, 1 H, CH=), 5.75
(dt, J = 15.3 and 5.0 Hz, 1 H, CH=), 7.27 (br, 5 H, ArH); mass
spectrum, m/e (rel %); 255 (12), 215 (100), 173 (57). Anal.

Calcd for C12H17N5: C, 65.86; H, 6.71; N, 27.43. Found: C,

65.87; H, 6.70; N, 27.45.

(E) -4- (2-Methylpiperidino) -2-butenyl Azide (31): IR (neat)
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2090 (N, s) emY; H NMR (CDC1., 100 MHz) 6§ 1.00 (4, J = 6.0 Hz,

3’
3 H, 1.15-3.50 (m, 11 H), 3.67 (4, J = 4.5 Hz, 2 H), 5.25-6.20
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(m, 2 H); C NMR (CDC13, 25 MHz) § 132.6, 125.9, 55.9, 55.7,
52.6, 52.4, 34.8, 26.1, 24.1, 19.3. Anal. Calcd for CioH1gNs"
C, 61.82; H, 9.34; N, 28.84. Found: C, 62.18; H, 9.41; N,
28.23; mass spectrum, m/e 194 (M+).

1

(E) -4- (N-Cyclohexylhydroxylamino) -2-butenyl Azide (32): H

e i VIV P VR U W =0 R U T I S P U U T R

NMR (CDC13, 60 MHz) & 0.77-2.67 (m, 10 H, CH2), 2.67-2.88 (m, 1
H, CH), 3.45 (d, J = 4.5 Hz, 2 H, CH2), 3.75 (4, J = 5 Hz, 2 H,
CH2), 5.03-6.67 (br, 1 H, NOH), 5.62 (dt, J = 15 and 4.5 Hz, 1 H,
CH=), 5.98 (dt, J = 15 and 5 Hz, 1 H, CH=).

General Procedure for Sequential Alkylation and Azidation of
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To a soclution of Pd(PPh3)4 (0.231 g, 0.20 mmol) and 26

(1.330 g, 5.0 mmol) in THF (10 mL), alkyl sodium (5.0 mmol) in
THF (10 mL) was added slowly with stirring at 0 °C. After
additional stirring for 2 h, a solution of sodium azide (90%)
(0.361 g, 5.0 mmol) in water (5 mlL) was added. The reaction
mixture was stirred overnight. The ether extracts (30 mL x 3)

were dried over Nazso4 and evaporated. The allyl azide was

purified by column chromatography (SiOZ). The results are listed
in Table II.

Methyl (E)-2-Benzenesulfonyl-6-azido-4-hexenoate (33): IR

BT R T e e e e e I T T P VIV U S N U N D S v D

(neat) 2955 (m), 2105 (N3, s), 1745 (C=0, s), 1590 (w), 1450 (m),

1440 (m), 1330 (sO s), 1150 (s), 1095 (m), 980 (m), 760 (m),

2’
720 (m), 685 (m) cm Y; 'H NMR (CDCl,, 100 MHz) § 2.60-3.00 (m, 2
H, CH,), 3.50-4.10 (m, 6 H, CH,, CH, and CH,), 5.40-5.84 (m, 2 H,



CH=CH), 7.47-8.00 (m, 5 H, ArH).

Ethyl (E)-2-Cyano-6-azido-4-hexenoate (34): IR (neat) 2980
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(m), 2940 (m), 2270 (CN, w), 2105 (N3, s), 1745 (C=0, s), 1470

{w), 1450 (m), 1400 (m), 1375 (m), 1335 (m), 1200 (C-0), 1100

(w), 1030 (s), 975 (m), 935 (w), 855 (m) cm_l; 1H NMR (CDC13, 60

MHz) 6 1.30 (t, J = 7.0 Hz, 3 H, CH3), 2.57-2.77 (m, 2 H, CHZ)'
3.43 (s, 1 H, CH), 3.84 (4, J = 3.5 Hz, 2 H, CH2N3), 4.21 (q, J =
7.0 Hz, 2 H, CHZ)' 5.35-6.07 (m, 2 H, CH=CH).

Methyl (E)-2-Methoxycarbonyl-6-azidozd hexenoate (35): IR
(neat) 2945 (m), 2100 (N3, s), 1750 (C=0, s), 1440 (m), 1340 (m),
1240 (C-0, S), 11606 (m), 1030 (m), 980 (m), 880 (m) Cm_l; 1H NMR

(CDC13, 100 MHz) & 2.67 (dd, J = 7.4 and 5.7 Hz, 2 H, CH2), 3.45

(¢, 3 =7.4Hz, 1 H, CH), 3.67 (4, J = 5.4 Hz, 2 H, CHZN 3.72

3),
(s, 6 H, CH3O), 5.58 (dt, J = 15 and 5.4 Hz, 1 H, CH=), 5.72 (dt,
J =15 and 5.7 Hz, 1 H, CH=); ' C NMR (CDCl,, 25 MHz) & 169.0,
131.5, 126.5, 52.5, 52.4, 51.4, 31.5. Anal. Calcd for C9H13N3O4:
Cc, 47.57; H, 5.77; N, 18.49. Found: C, 47.81; H, 5.73; N,

18.88.

Palladium-Catalyzed Isomerization of Allyl Azide 4b: To a
solution of azide 4b (90.60 mg, 0.50 mmol) and docosane (25.0 mg)
as internal standard in dry THF (2.0 ml), palladium catalyst (5.0
mol%) was added at 40 °C. The reaction was followed by GLC.

These results were shown in Figure.



General Procedure for the Preparation of Primary Allyl
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Anines from Allyl hzides. (Effects of Phosphine).

To a solution of a phosphine (2.20 mmol) in THF (5 mL) was
added a mixture of octenyl azide %93 and {QE (0.307 g, 2.00 mmol)
with stirring at 50 °C, and the reaction mixture was stirred at
50 °C for 1 h. The conversion of allyl azides {9? b was
determined by measuring the volume of nitrogen evolution. After
aqueous ammonia (28%, 5 mL) was added, the reaction mixture was
stirred at 50 °C for 1.5 h, and extracted with ether (30 mL x 3).
The ether extracts (30 mL x 3) were extracted with a 2N HC1l (10
mL x 3) solution. The aqueous layer was washed with benzene (10
mL) and made strongly alkaline with NaOH pellets. The aqueous
layer was extracted with CH2C12 (10 mL x 3). The combined

extracts were dried over MgSO4 and evaporated to give a mixture

of (E)-2-octen-l-ylamine (48a) and l-octen-3-ylamine (48b). The

-~~~ ~ o~

results using various phosphines and phosphites are listed in

Table IV.

General Procedure for the Preparation of Primary Allylamines
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To a solution of allyl azide (2.0 mmol) in THF (10 mL),
PPh3 (2.2 mmol) was added at room temperature. After the
solution was stirred at 50 °C for 2 h, a 2N NaOH solution (10 mL)
or a 30% agueous ammonia (5 mL) was added. The reaction mixture
was extracted with ether (30 mL x 3). The organic layer was

extracted with a 2N HCl1l (10 mL x 3) solution. The aqueous layer
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was washed with benzene (10 mL) and made strongly alkaline with

NaOH. The CH2C12 extracts (10 mL x 3) were dried over MgSO4.

Distillation gave pure allylamines.

(R) - (E) - (+) -4-Phenyl-3-buten-2-ylamine (41): The reaction

T  a e

of azide 21 (0.264 g, 1.524 mmol) with triphenylphosphine (0.420

g, 1.60 mmol) was carried out according to the general procedure.

23
D

benzene); IR (neat) 3350 (NH, br), 3270 (NH, br), 3070 (w), 3030

Amine 41 (0.211 g, 94%) was obtained: [a] +10.3° (c 4.4,
(w), 2970 (m), 2925 (w), 2875 (w), 1960 (w), 1880 (w), 1810 (w),
1750 (w), 1650 (m), 1600 (s), 1495 (s), 1455 (s), 1375 (s), 1265
(w), 1210 (w), 1180 (w), 1140 (m), 1085 (w), 1070 (m), 1030 (w),
965 (s), 900 (m), 850 (m), 815 (m), 745 (s), 690 (s) cm_l; 1y NMR
(CDCl3) § 1.20 (4, J = 6.0 Hz, 3 H, CH3), 1.45 (brs, 2 H, NH2),
3.60 (dgq, J = 6.0 and 6.0 Hz, 1 H, CHN), 6.08 (dd, J = 16 and 6.0
Hz, 1 H, CH=), 6.45 (d, § = 16 Hz, 1 H, CH=), 7.0-7.50 (m, 5 H,
ArH).

The Reaction of Octenyl Azides (10) with PEhy: The reaction
of azide {9 (0.307 g, 2.00 mmol) with triphenylphosphine (0.576
g, 2.20 mmol) was carried out according to the general procedure.
A mixture of 2-octen-l-ylamine (48a) and l-octen-3-ylamine (gg@)

~ o~

(82%) was obtained. The ratio ggé/ggg was determined to be 80:20
by 1H NMR analysis: bp 59-62 °C / 4.0 mmHg (Kugelrohr); IR
(neat) 3270 (NHZ’ s), 2925 (s), 2855 (s), 1590 (m), 1470 (s),
1385 (m), 975 (s), 830 (m), 715 (w) cmhl; An analytical sample

was purified by preparative GLC (SE 30 10%, 1m x 3 mm, He). For



48a: TH NMR (cDCl,,

(m, 6 H), 1.75-2.30 (m, 2 H), 3.15-3.40 (m, 2 H), 5.30-5.70 (m, 2
1

60 MHz) 6 0.88 (t, J = 5 Hz, 3 H), 1.05-1.60

H): For 48b:

~ o~

H NMR (CDC13, 60 MHz) 6 0.89 (t, J = 5 Hz, 3 H),
1.10-1.60 (m, 8 H), 3.10-3.50 (m, 1 H), 4.93 (444, J = 9.5, 1.2,
and 1.2 Hz, 1 H), 5.02 (d8d4, J = 16.5, 1.2, and 1.2 Hz, 1 H),
5.80 (ddd, J = 16.5, 9.5, and 6.5 Hz, 1 H). Anal. Calcd for
C8H17N: Cc, 75.52; H, 13.47; N, 11.01. Found: €, 75.15; H,
13.59; N, 11.15.

The Reaction of Octenyl Azide (10) with PCy3: A solution of
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tricyclohexylphosphine in toluene (30.4 %, 1.54 g, 5.50 mmol) was
evaporated under reduced pressure, and THF (12.5 mL) was added.

A mixture of 2-octen-1-yl azide (10a) and l-octen-3-yl azide

-~ -

(10b) (0.766 g, 5.00 mmol) was added, and the mixture was stirred

~

at 60 °C for 1 h. Then, a 2N NaOH solution (15 mL) was added to
the reaction mixture. The mixture was refluxed for 5 h.
Isolation of amine 2? was carried out as described above.
Kugelrohr distillation gave allylamine ég (0.310 g, 49%). Dbp 59

°C / 4 mmHg. The ratio of 48a and 48b was determined to be 95:5

~ o~ -~~~

by "H NMR analysis as discribed above.

Geranylamine (50): The reaction of a mixture of geranyl
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azide and linalyl azide was carried out according to the general

procedure. Amine 50 was obtained in 66% yield: bp 50-60 °C

(0.15 mmHg) (lit.>? 62-65 °C / 1.0 mmHg) (Kugelrohr); IR (neat)

3360 (NH,, s) cm 1; 1 NMR (CDC1y, 100 MHz) 6 1.18 (s, 2 H),

1.30-2.30 (m, 13 H), 3.23 (d, J = 7.0 Hz, 2 H), 4.80-5.48 (m, 2



H). Anal. Calcd for C10H19N: C, 78.36; H, 12.50, N, 9.14.
Found: C, 78.21; H, 12.45; N, 8.98.

General Procedure for One-pot Preparation of Primary
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To a solution of Pd(PPh3)4 {0.116 g, 0.1 mmol) and an
allylic acetate (2.0 mmol) in THF (6 mL), a solution of sodium
azide (90%) (0.144 g, 2.0 mmol) in water (2 mL) was added, and
the mixture was stirred at 50 °C for 2 h. To the reaction
mixture, PPh3 (0.576 g, 2.2 mmol) was added. After additional
stirring at 50 °C for 2 h, a 2N NaOH solution {10 mL) was added,
and the mixture was stirred at 50 °C for 1 h. The reaction
mixture was extracted with ether (30 mL x 3). The ethereal layer
was extracted with a 2N HCl solution (10 mL x 3). The aqueous
layer was washed with benzene (10 mL), made strongly alkaline
with NaOH, and extracted with CH2C12 (10 mL x 3). The combined
extracts were dried over MgSO4 and evaporated to give allylamine.
The results are summarized in Table V.

3:Methyl-2-butenylanine Hydrochloride (53). The reaction of
prenyl acetate was carried out according to the general
procedure. After extraction with CH2C12, the extracts were
bubbled by HCl gas for 1 min. Removal of solvent affords §§

(61%): mp 196-8 °C (lit.>>

201 °C); 'H NMR (D,0, 60 MHz) §
1.90-2.50 (m, 6 H, CHj), 4.03 (d, J = 7.0 Hz, 2 H, CH,N), 5.65
(tgq, J = 7.0 and 1.2 Hz, 1 H, CH=).

2-Cyclohexenylamine Hydrochloride (54). The reaction of
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cyclohexen-1-yl acetate was carried out according to the general
procedure. After extraction with CH2C12, the extracts were
bubbled by HCl gas for 1 min. Removal of solvent affords 54
(70%): mp 156-7 °C; IR (KBr) 28350 (NH2, s), 2600 (m), 2500 (m),

2000 (NH, m), 1660 (w), 1600 (m), 1500 (m), 1445 (m), 1400 (m},

1360 (m), 1160 (m), 1135 (m), 1010 (m), 880 (m), 725 (m) cm +; lH

NMR (CDClB, 60 MHz) 6 1.10-2.70 (m, 6 H, CHZ)' 3.50-4.20 (m, 1 H,

CHN), 5.59-6.30 (m, 2 H, CH=CH), 7.50-9.50 (m, 3 H, NH.'). Anal.

3

Calcd for C6H12NC1: C, 53.93; H, 9.05; N, 10.48. Found: C,

53.81; H, 8.98; N, 10.44.

Cinnamylamine (55). IR (neat) 3280 (NH, br), 3360 (NH, br)

T T I N e e e

cm Y; lH NMR (CDC1,, 60 MHz) & 1.13 (s, 2 H, NH,), 3.40 (4, J = 4

Hz, 2 H, CHZN), 5.90-6.70 (m, 2 H, CH=CH), 7.05-7.60 (m, 5 H,
ArH).

2-Cyclohexylidenethylamine (56). IR (neat) 3370 (NHZ’ brs),
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3270 (NHZ’ brs), 2925 (s), 2855 (s), 1675 (w), 1600 (m), 1450

(s), 1390 (w), 1345 (w), 1240 (w), 1135 (w), 985 (w), 935 (w),

1.1

840 (s) ecm —; “H NMR (CDCl 60 MHz) § 1.22 (s, 2 H, NH,),

3'
1.36-1.80 (m, 6 H, CHZ)' 1.85-2.36 (m, 4 H, CHZ)’ 3.22 (4, J =7
Hz, 2 H, CHZN)’ 5.18 (t, J = 7 Hz, 2 H, CH=).

(1R*,5R*) -p-1,8-Menthadien-6~ylamine (Carvylamine) (57). IR

D~~~ = L o A e e

(neat) 3200 (br, NH) cm t:; lH NMR (cDCl,, 60 MHz) 6 1.48 (s, 2 H,

NHZ)' 1.50-2.50 (m, 11 H), 3.18 (t, J = 3.5 Hz, 1 H, CHN), 4.68
(s, 2 H, CH2=), 5.25-5.58 (m, 1 H, CH=).

(E) -4- (2-Methylpiperidino)-2-butenylamine (59): bp 79-83

B T = T e e e e e T e R T e e



°C (0.4 mmHg) (Kugelrohr); IR (neat) 3270 (NH,, s) em™1; 1H NMR

(CDC1 100 MHz) 6 1.07 (4, J = 7.0 Bz, 3 H, CH3), 1.14-1.85 (m,

3l
9 H), 1.85-2.45 (m, 2 H, NH2), 2.67-3.06 (m, 2 H, CHZ)’ 3.14-3.47
(m, 2 H, CH2), 5.64 (dt, J = 16.0 and 4.7 Hz, 1 H, CH=), 5.65

(dt, J = 16.0 and 4.7 Hz, 1 H, CH=). Anal. Calcd for C10H20N2

c, 71.37; H, 11.98; N, 16.65. Found: C, 71.18; H, 11.94; N,
16.70; mass spectrum, m/e (rel %) 168 (5), 153 (100}, 136 (36).

3- [N- ((E) -4-Amino-2-buten-1-yl) -N-benzyl]aminopropionitrile

B~ N . T T " R i T

(60): IR (neat) 3300 (NH2, s), 3030 (w), 2930 (w), 2825 (m),

~

2250 (CN, w), 1580 (m), 1500 (m), 1458 (s), 1370 (m), 1310 (m),

1120 (m), 1075 (m), 1030 (m), 975 (m), 735 (m), 700 (m) cm 1; ‘H

NMR (CDCl 100 MHz) 6 1.59 (br, 2 H, NHZ)’ 2.39 (t, 3 = 6.0 Hz,

3!
2 H, CH2), 2.68 (t, J = 6.0 Hz, 2 H, CHZ)’ 2.92-3.34 (m, 4 H,
CHZ)’ 3.57 (s, 2 H, CHZAr), 5.35-6.01 (m, 2 H, CH=CH), 7.21 (br,
5 H, ArH).

3,7-Dimethyl-7-hydroxy-2-octen-1l-ylamine (6l1). To a
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solution of Pd4d(PPh (0.231 g, 0.20 mmol), sodium azide (90%)

3)4
(1.81 g, 25.0 mmol), and triphenylphosphine (6.55 g, 25.0 mmol)
in THF (50 mL), geranyl diethyl phosphate (5.80 g, 20.0 mmol) and
water (20 mL) were added. The reaction mixture was stirred at
room temperature for 10 h. Most of solvents were evaporated.

The residue was extracted with benzene (100 mL) and ether (50 mL
X 2). The combined organic layers were extracted with a 2N HC1
(50 mL x 3). The acidic phase was washed with benzene (50 mL)

»

and ether (50 mL). The acidic phase was allowed to stand for 2



days at room temperature. Then, the aqueous phase was made
strongly alkaline with NaOH, and was extracted with CH2C12 (50 mL

x 3). The combined extracts were dried over MgSO and

4’
evaporated to give amino alcohol 61. Crude amino alcohol 61 was
purified by Kugelrohr distillation (2.02 g, 66%). bp 128 °C /
0.26 mmHg; 'H NMR (CDC1,, 60 MHz) & 1.00-2.20 (m, 18 H), 3.23 (4,
J = 6.5 Hz, 2 H, CHZN)' 5.20 (t, J = 6.5 Hz, 1 H, CH=}.
{E)Z47N-Cyclohexylamino-2-buten-l-ylamine (52): A mixture
of azide 3% (0.183 g, 0.870 mmol) and zinc powder (0.285 g, 4.35
mmol) in a 6 N HCl (6 mL) was heated at 80 °C for 2 h with
stirring. The reaction mixture was washed with ether (20 mL x

2) . The aqueous layer was made alkaline with a 6N NaOH solution,

re-extracted with CH2C12, and dried over K2CO3. Evaporation of

1

the filtrate gave diamine 52 (0.105 g, 72%): H NMR (CDC1l 60

3!
MHz) 6 0.83-2.80 (m, 13 H), 3.17-3.47 (m, 4 H), 5.20-6.03 (m, 2

H) .



Preparetion of N-Allylimines. N-Benzylidenecinnamylamine
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To a solution of cinnamyl azide (17) (0.159 g, 1.0 mmol) and

benzaldehyde (0.106 g, 1.0 mmol) in dry benzene (5 mL), PPh3

(0.262 g, 1.0 mmol) was added. The solution was refluxed for 2
h. After removal of the solvent the residue was triturated with
dry hexane (10 mL). The solid precipitated (triphenylphosphine

oxide) was removed by filtration. Concentration gave imine 63

(0.228 g, 100%): 'H NMR (CDCl,, 60 MHz) § 4.42 (d, J = 4.0 Hz, 2

H), 6.10-6.90 (m, 2 H), 7.10-8.15 (m, 10 H), 8.33 (s, 1 H).

Preparation of N-Allylamides. N-[(R)-(E)-(+)-4-Phenyl-3-

e e v v e e ey e e e e e e e A R e e e e e Ru R A R e R R e e e s e e v e e v e v e A e e e e e A R A e A e e

buten-2-yl]lbenzamide (42): To a solution of (R)-(E)-(+)-4-
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phenyl-3-buten-2-ylamine (0.103 g, 0.70 mmol) in CH2C12 (1.5 mL),
triethylamine (0.7 mL) was added. Benzoyl chloride (93 uL, 0.80
mmol) was added to the solution slowly. The resulting slurry was
stirred for 10 h at room temp. The mixture was diluted with
ether (20 mL) and washed successively with a 2N HCl solution (5

mL X 2), a saturated NaHCO3 (5 mL), and brine (5 mL).

Evaporation gave a yellow solid. Column chromatography (SiOZ,

CH2C12-hexane) gave allylamide (0.125 g, 71%). The optical

purity of amide 42 was determined to be 76.4% e.e. by HPLC

analysis using chiral column; [&] 25 + 23.5° (¢ 1.12, CHC13), 1H

D

NMR (CDCl,, 60 MHz) § 1.35 (4, J = 6.5 Hz, 3 H, Me), 4.10 (dq, J

6.5 and 6.5 Hz, 1 H, CH), 5.40-5.80 (br, 1 H, NH), 6.07 (dd4, J

il

15.5 and 6.5 Hz, 1 H, CH=), 6.60 (dd, J = 15.5 Hz, 1 H, CH=),
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7.05-7.55 (m, 5 H, Ar).

N-Geranylbenzamide (51): A mixture of geranyl azide (8a)
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and linalyl azide (8b) (0.224 g, 12.25 mmol), PPh, (0.360 g, 1.38

3
mmol), and benzoic acid (0.168 g, 1.38 mmol) was allowed to react
according to the procedure descrived above. N-Geranylbenzamide
(§1) (0.750 g, 98%), which contained triphenyl phosphine oxide,
was obtained. The yield of ?} (98%) was determined by 1H NMR
analysis. TH NMR (CDCl,, 60 MHz) § 1.40-2.30 (m, 13 H), 4.05
(dd, J = 6.0 and 6.0 Hz, 2 H), 4.70-5.50 (m, 2 H), 6.70 (br, 1
H), 7.00-8.15 (m, 5 H).

(1R*,5R*) -Carvylbenzamide (58)}: To a solution of carvyl
amine (§Z) (53 mg, 0.35 mmol) in CH2C12 (2.0 mL), triethylamine
(0.35 mL) was added. Benzoyl chloride (58 uL) was added to the
solution. The reaction mixture was stirred at room temp for 2 h.
The reaction mixture was diluted with ether (10 mL) and extracted
with a 2 N HCl (5 mL) and a saturated NaHCO3 (5 mL). The
extracts were dried over MgSO4 and evaporated in vacuo.

Benzamide 58 was purified by column chromatography (Si02, ether).
An analytical sample was recrystallized from ether-hexane.
Benzamide 58 (79 mg, 90%) was obtained as a colorless solid: mp

167-9 °c (1it3? 169 °C); IR (neat) 3250 (NHCO), 2920, 1632 (C=0),

1535, 698 cm +; 1H NMR (CDC1,) § 1.50-2.55 (m, 11 H), 4.70 (s, 2
H, CH,=), 4.40-5.03 (m, 1 H, CHN), 5.42-5.82 (m, 2 H, CH=),
5.82-6.70 (br, 1 H, NHCO), 7.13-8.22 (m, 5 H, ArH).

N-Cinnamylacetamide (64): To a solution of cinnamyl azide
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(17) (0.159 g, 1.0 mmol) and acetic acid (0.360 g, 6.0 mmol) in

benzene (5 mL), PPh3 (0.262 g, 1.0 mmol) was added. After the

solution was heated at reflux for 30 h, a saturated NaHCO3

solution (10 mL) was added. The combined benzene extracts (10 mL

x 3) were washed with a saturated NaHCO3 solution (10 mL x 3),

dried over MgSo,, and evaporated. Preparative TLC (SiO CH

7 CHyCly,

R = 0.14) gave N-cinnamylacetamide (64) (0.397g, 57%), which

contained triphenylphosphine oxide. The yield was determined by

1H NMR analysis: lH NMR (CDC1

37 60 MHz) 6 1.98 (s, 3 H), 3.90

(d, J = 6.0 Hz, 1 H), 4.00 (d, J = 6.0 Hz, 1 H), 6.07 (dt, J = 16

and 6.0 Hz, 1 H), 6.47 (4, J = 16 Hz, 1 H), 7.05-8.30 (m, 5 H).
Catalytic Hydrogenation of Azidocarboxylic Acid: A

PePevpupus  SUDUPUPPGE ADapuipiu= SUDSPUPUSDUR-SPI U TIPTRITE  EE MR

mixture of azidocarboxylic acids [§§§ or §§P) (0.334 g, 2.00
mmol) and a catalyst in EtOH (5 mL) and water (2 mL) was stirred
at room temp for 2 days under hydrogen atmosphere. Filtration
through a pad of Celite using EtOH and water, and evaporation

gave an amino acid. Analytically pure sample was obtained by

recrystallization (EtOH—Hzo).

cis-3-Aminocyclohexanecarboxylic Acid (65): Pto, (23 mg)
was used. Quantitative yield (0.286 g, 100%): mp 277.5-8 °C
(1it®? 284 °c); 'H NMR (D,0, 500 MHz) § 1.21-1.49 (m, 4 H), 1.91

(d, J = 15 Hz, 2 H), 2.02 (d, J = 12 Hz), 2.18 (d, J = 12 Hz, 1
H), 2.27 (t, J = 13 Hz), 3.19-3.28 (m, 2 H). Anal. Calcd for
C7H13N02: C, 58.72; H, 9.15; N, 9.78: Found: C, 58.24; H,
9.04; N, 9.57.



trans-3-Aminocyclohexanecarboxylic Acid (66): 5% PA/C (34
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mg) was used. Quantitative yield (0.284 g, 99%): mp 292.5-4 °C

3% 290-1 °c); lu nMr (D,0, 500 MHz) 6§ 1.48-1.59 (m, 2 H),

(lit
1.59-1.67 (m, 2 H), 1.67-1.74 (m, 1 H), 1.75-1.83 (m, 1 H),
1.86-~1.95 (m, 1 H), 2.09-2.17 (m, 1 H), 2.56-2.64 (m, 1 H),
3.48-3.55 (m, 1 H). Anal. Calcd for C7H13N02: C, 58.72;

H,9.15; N, 9.78: Found: C, 58.36; H, 9.00; N, 9.66.
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In Chapter 2, the author described that allyl azides were
readily prepared by the palladium-catalyzed azidation of allyl
esters.l In order to extend the synthetic application of the
azidation, metal-catalyzed oxidation of allyl azides has been
studied. The oxidation of carbon-carbon double bonds with
stoichiometricz’3 and catalytic4 amounts of OsO4 is known to give
1,2-diols. Allylic compounds, such as allyl alcohols,5

5,6 6,7

ethers, amides,8 and silanes9 have been oxidized.

esters,
The oxidation to allyl azides % would give 3-azido-1,2-diols 3,
and hence combining the palladium(0)-catalyzed azidation, two
functional transformations of allylic esters can be performed

(egq. 1). Secondary allyl acetates (1) (R2=alkyl) would give two

diastereomers upon oxidation with 0sO

.
Py
1 2 1 2
RWR Pd cat. R\/\'/R 0s0, cat. R R (n
— ————
OAc ~ an N3y Me,N'O"  OHN
1 3 2 3 3 3

~ -~

Described in this chapter is the results of the OsO4
catalyzed oxidation of allyl azides leading to 3-azido-1,2-diols

3. The stereochemistry of the reaction as well as the synthetic
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application is described.

Results and Discussion.

B T M T e

P N T O o e S VI VI

azides with trimethylamine N-oxide in the presence of a catalytic

The reaction of allyl

amount of OsO4 (5 mol%) in THF at room temperature gave

3-azido-1,2-diols 3 in good yields.

As shown in egs 2 and 3,

primary allyl azides 4 and 7 were smoothly oxidized to give the

corresponding azidodiols 5 and 8 in high yields (91-98%). The
OsOucaL OR
Ph N, ———— Ph N (2)
NN Me3Nt0 3
4 THF OR 5: R=H
b 6: R=Ac
/P|h\/ 0s0, cat Ph
N, ——— HO\/i\/N (3)
4 3 + 3
Me N-0 H
7 THF 8
OH
1 2 0s0, cat. gl 2
Raa~R 8 — ! 2 SR (u)
N3 MesN-0 OH N,
9: R'=R?=Ph 10
11: R'=R?=n-Pr 12
13: R'=CO,Me, R¥=Me 14

configuration of azidodiol 5 was determined to be syn by the 1H

NMR analysis of azidodiacetate 6 derived from 5. The oxidations

of secondary allyl azides 9, 11, and 13 gave diastereoisomeric
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mixtures of 3-azido-1,2-diols (eq 4). The diastereoisomeric
ratios of these products were determined to be 60:40 by their 1H
NMR analyses. The diastereoselectivity of the oxidation of
acyclic allyl azides was not high so far; however, the oxidation

of cyclic allyl azide, 2-cyclohexenyl azide (15) gave a single

OH
OH

0s0O, cat.
y
+ = 3"I,IN (5)
N3 MeBN-O 3
15 16

diastereomer, 1,2-cis-2,3-trans-azidodiol 16 (eq 5). The 1,2-cis
and 2,3-trans configuration of 16 was determined by the coupling
constants of Ju1-2 = 4 Hz and Jy2-3 = 10 Hz. The oxidation

occurs in the face opposite to the azido group.

Synthesis of 3-Amino-1,2-diols: 3-Amino-1,2-diols are

A e Y Y v e e v e e e s S R R A e e e e e AY A e e

potentially useful precursors for the synthesis of naturally

8,10

. . . 11
occuring compounds such as aminosugars, nucleosides, and

antibiotics.12 In particular, many biologically active natural
products contain 3-amino-1,2-diol functionality in five- and
six-membered ring compounds, and hence convenient method for the
synthesis of these compounds are required. In view of highly
selective oxidation of cyclic allyl azides, the author has

examined the transformation of azidodiols to aminodiols. The

catalytic hydrogenation (1.0 atm) of 3-azido-1,2-diols 3 over
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Pd/C catalyst gave the corresponding 3-amino-1,2-diols (17)

quantitatively (eq 6). The other results are summarized in Table

~ o~

I. Cyclic azidodiol 16 derived from 2-cyclohexenyl azide 15 was

H OH
Rl 2 H2 R1 RZ
s PAIC O NH
3 2
3 17

converted into 1,2-cis-2,3-trans-aminodiol (21) (eq 7).13 Thus,

the overall process from allyl ester } to aminodiol }z constructs
the stereoselective transformation. The cis- and trans-stereo-
chemistry of 3-aminocyclohexane-1,2-diol (g}) with respect to
1,2- and 2,3-positions was determined based on the coupling

constants of JH1—2 = 3 Hz and JH2—3 = 10 Hz, respectively.

OH OH
OH H2 OH
”,N Pd/C ."’NH (N
3 2
16 21

Protection of 3-Amino-1,2-diols: Selective protection of
the diol moiety of azidodiols 3 can be accomplished by the usual
acetalization. Thus, the treatment of 16 and 8 with acetone in

the presence of a catalytic amount of p-toluenesulfonic acid gave



Table . Preparation of 3—Amino-1,2—diolsa

Isolated yield(%)

Azidodiol Aminodiol
OH OH
PhY‘\/N3 Phj*/NHz 99
OH 5 OH 18
Ph Ph
HO\/|VN3 HO\/}\/NH2 99
OH OH
8 19
OH OH
H v\l/'v\/ 99
OH N3 OH NH2
12 20
OH OH
OH H
. _ 100
"'N3 ."NHZ
16 21

9The reaction is similar to the general procedure described in

the experimental section.
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azidoacetonides 23 and 25, respectively, the azido group being
not impaired under the reaction conditions (egs 8 and 9). The

azidoacetonides obtained are then transformed into the

OH 0\~ o~
OH  4* é}o LiAIH,, g:'/o @)
—_— —_——
“eNy /ﬁ\ "N, THF “*NH,
16 23 98% 24 90%

Ph Ph Ph

+
H /\{/\ LiAIH, /\}/\
Ho/n\ra\N3 . Ny — 3. G J NH, (9)
OH /ﬁL —Yo THF  ~ ©

8 25  96% 26 91%

~

corresponding amines. Accordingly, primary amines 24 and 26
bearing a masked diol moiety can be synthesized from allyl

acetates by four steps. Selective protection of the aminoalcohol

o)
OH PdClZ(CH3CN)2 O—(l
Ph NH2 Cul cat. Ph H (10)
OH CO—O2 OH
18 27 96%
OH oH PdClz(CHP‘CN)2 OH
Cul cat. 0
. - =0 (11)
“NH Co-0 "N
2 2 H
21 28 938

moiety is realized by appling the Pd(II)-catalyzed carbonylation

14

of aminoalcohols which was developed by Murahashi et al. Thus,
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the treatment of aminodiols 18 and 21 with carbon monoxide (80
kg/cmz) in the presence of PdClz(CH3CN)2 (5 mols), Cul (15 mols)
and molecular oxygen (5 kg/cmz) gave cyclic urethanes 27 and 28,
respectively, via selective cross carbonylation of the
aminoalcohol moiety (eqs 10 and 11). The cyclic urethanes 27 and
28 bearing OH group have potential for further synthetic

transformations.

Asymmetric Oxidation of Allyl Azides: Enantioselective

- N N T T T R R TR SR N

dihydroxylation of alkenes is one of the most efficient method
for the synthesis of various optically active polyoxygenated
natural products such as macrolides and carbohydrates.5a
Promising 7m-face differentiations have been achieved by
osmylations of either olefinic bonds attached to a chiral
auxiliary such as chiral sulfoximines,15 oxazolidines,16 tiglate

8b,18 19 20

esters,17 sulfoxides, acetals, and enoyl sultams, or

prochiral alkenes in the presence of chiral ligands.

It has been }eported that tertiary amines and pyridine form

21

tight complexes with OsO4 and accelerate the oxidation of

2a,22

olefins. Chiral ligands such as dihydrogquinine and

dihydroquinidine acetate,23 1l,4-diamines derived from
(L) -tartaric acid,24 and (R,R)-N,N,N',N'-tetramethyl-1,2-cyclo-
hexanediamine,25 have been employed for the stoichiometric

oxidations with 0504. However, satisfactory results have not

been obtained with the enantioselectivity of the stoichiometric
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in the presence of chiral ligands 30 or 31, which are

diastereomers bearing opposite chiral center at C-9 (eq 12).28
The author examined enantioselective oxidation of cinnamyl

azide ﬁ by using Sharpless method to give optically active

azidodiol 5. Osmium tetroxide catalyzed oxidation of 4 with

NMO in the presence of either alkaloid ligands 30 or 31 at 0-5 °C

OsOu cat.
. . OH
Chiral Ligand
Pha~N3 *Ph\?é\/N3 (13)
NMO, HZO OH s
~ acetone ~

in aqueous acetone gave (+)- or (-)-3-azido-l-phenylpropane-1,2-

29

diol (5) in 87-89% yield (eq 13). HPLC analysis showed that

the enantiomeric excess of 5 is 71% and 70% e.e., respectively.

MMHCOPHh MeO
CL X
HCOPh MeO > “OH
N
33 p—ToI"

20
.
4

33

Considering the strong interaction of osmium tetroxide with

8b,18

amido group30 and sulfoxides, chiral ligands, (R,R)-cyclo-

hexanediamine dibenzamide (32) and sulfoxide 3331 were used for
the oxidation of 4, but racemic 5 was obtained in 96% yield.
The oxidation of 2-cyclohexen-1l-yl azide (15) gave no

sufficient asymmetric induction by the use of chiral ligand 30.

The enantiomeric purity of the product 16 was S 5% e.e. which was



determined Ly HPLC analysis of the dibenzoate obtained upon
treatment of azidodiol 16 with benzoyl chloride.

The kinetic resolution of racemic 4-phenyl-3-buten-2-yl
azide 2{ was attempted so far in vain by using chiral ligand 30
(eq 14). Thus, the reaction of racemic allyl azide %é with
N-methylmorphorine N-oxide (0.6 equiv) in the presence of 0sO

4
and 30 at 0-5 °C gave (S)-(E)-allyl azide 34 (40% yield based on

OH
Ph~ (O] 0sO, cat. PhW Ph
Y, & 4 . (14)
N3 M,e \0_ 39 N3 OH N3
34 (S)-34 33

%i) in 5.1% e.e. along with 3-azido-l-phenylbutane-1,2-diol (35)
(56% yield based on 34).

Conclusion

The osmium catalyzed oxidation of allyl azides provides an
efficient method for the selective synthesis of 3-amino-1,2-
diols. Osmylation of cyclic allyl azides occurs from the
opposite side of the azide group with high stereoselectivity.
The oxidation of cinnamyl azide 4 with OsO4 in the presence of

homochiral alkaloid ligand gave in azidodiol 5 with high

enantioselectivity.
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Experimental Section

" " - A - . R Ay - e

General
NMR spectra were recorded on a JEOL PMX-60 SI (60 MHz), a
JEOL JNM-FX 100, a JEOL JNM-GSX 270 and a JEOL JNM-GX 500
spectrometers. Chemical Shifts (§) were expressed in parts per
million relative to tetramethylsilane (CDC13) or a sodium
2,2-dimethyl-2-silapentane-5-sulfonate (020, QS—DMSO, g3-MeOH).
Optical rotations were measured with JASCO DIP-4 polarimeter
with 1 dm-long cell at room temp. HPLC analyses were performed
on a JASCO TRI ROTAR-VI system with a JASCO UVIDEC-100-VI UV
detector by using a 250-mm. x 4.6-mm. analytical column packed
with Chemcosorb 7 SI and Cellulose tris(3,5-dimethylphenyl-
carbamate) on Silica gel (Nucleosil 4000-10) .27

Materials

B e e

Osmium tetroxide (Wako), 5% palladium on charcoal (K-type)
(Nippon Engelhard), trimethylamine N-oxide (Tokyo Kasei),
N-methylmorpholine N-oxide (Aldrich), hydroqunidine
4-chlorobenzoate (§9) (Aldrich), and hydroquinine 4-chloro-
benzoate (3}) (Aldrich) are commercially available.
Tetrahydrofuran (THF) was distilled from benzophenone ketyl.
Acetone was distilled from CaSO4 and stored over 4A molecular

sieves.

General Procedure for the Osmium Catalyzed Oxidation of Allyl
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Azides: To a solution of allyl azide (10.0 mmol) in dry THF

(50 mL) trimethylamine N-oxide dihydrate (1.67 g, 15,0 mmol)
was added at room temp. A solution of Oso4 in THF (0.386 M,
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0.50 mmol, 1.30 mL) was added to the allyl azide solution by
syringe in one portion at room temp. The reaction mixture was
stirred at room temp for 10 h. The reaction was quenched with
Na25204 (4.0 g), and Florisil (10.0 g) and water (5.0 mL) were
added. The reaction mixture was stirred at room temp for 30
min and dried over MgSo, (10.0 g). The resulting slurry was
filtered through a plug of silica gel (10.0 g) to give
3-azido-1,2-diols. An analytical sample was purified by silica
gel column chromatography using ether as an eluent.

{1R7,2R7) z37Azido 1 phenylpropane-1,2-diol (5): Oxidation
of (E)-cinnamyl azide (3) (1.60 g, 10.0 mmol) was carried out
according to the general procedure. (1R*,2R*)-3-Azido-1-
phenylpropane-1,2-diol (§) (1.44 g, 75%) was obtained as a
yellow oil: IR (neat) 3350 (OH, br), 2920 (w), 2100 (N3, s),
1660 (s), 1500 (m), 1455 (m), 1395 (m), 1280 (s), 1200 (m),
1090 (s), 1045 (s}, 925 (m), 885 (w), 765 (s), 700 (s) cm?lr 1y

NMR (CDC1 60 MHz) & 3.01-3.30 (m, 2 H, CH2N3), 3.30-3.65 (br,

3!
2 H, OH), 3.57-4.00 (m, 1 H, CHO), 4.57 (d, J = 7.5 Hz, 1 H,
CHO), 7.10-7.40 (m, 5 H, ArH).

{1RY,2R7) -3-Phenyl-2, 3 diacetoxypropan 1oyl Azide (8): To
a solution of azidodiol § (1.44 g, 7.46 mmol) in dry ether (12
mL) triethylamine (3.12 mL, 22.4 mmol) and a catalytic amount
of 4-(N,N-dimethylamino)pyridine (91 mg, 0.75 mmol) were added.
Acetic anhydride (2.12 mL, 22.5 mmol) was added to the solution

at room temp. After stirring at room temp for 3 h, the

reaction mixture was diluted with ether (50 mL) and was washed
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successively with a 2N HC1l solution (20 mL x 2), brine (20 mL),

and a saturated NaHCO, (20 mL x 2). The ethereal layer was

3
dried over MgSso, and evaporated in vacuo. Diacetate 6 (1.85 g,
89%) was obtained by silica gel column chromatography as a
yellow oil: IR {(neat) 3040 (s), 2950 (s), 2100 (N3, s), 1830
(s), 1740 (C=0, s), 1605 (w), 1590 (w), 1500 (m), 1440 (s),
1370 (s), 1200 (c-o-C, s), 1010 (s}, 825 (m), 760 (m), 695 (m)
em™'; 'H NMR (100 MHz, CDC1,) § 2.08 (s, 3 H, CH,CO), 2.10 (s,
3 H, CH3CO), 3.09 (dd, J = 13.4 and 5.6 Hz, 1 H, CHN3), 3.38
(dd, J = 13.4 and 3.7 Hz, 1 H, CHNB), 5.35 (ddd, J = 7.6, 5.6,
and 3.7 Hz, 1 H, CHOAc), 5.96 (4, J = 7.6 Hz, 1 H, CHOAc), 7.36
(s, 5 H, ArH).

3-Azido-2-phenylpropane:1,2-diol (8): Oxidation of
2-phenyl-2-propen-1-yl azide (Z) (0.706 g, 4.44 mmol) was
carried out according to the general procedure. 3-Azido-2-
phenylpropane-1,2-diol (§) (0.770 g, 91%) was obtained as a
yellow o0il: IR (neat) 3350 (s, OH), 3060 (w), 3020 (w), 2930
(m), 2870 (w), 2100 (N3, s), 1700 (m), 1605 (w), 1585 (w), 1495
(m), 1450 (m), 1270 (s), 1180 (w), 1050 (s), 905 (m), 875 (w),

1 1

755 (m), 725 (w), 695 (s) cm ~; "H NMR (CDC1l 60 MHz) 6

30
3.25-3.90 (br, 2 H, OH), 3.57 (s, 2 H, CH2), 3.75 (s, 2 H,
CH2), 7.00-7.60 (m, 5 H, ArH).
37hzidetl,3-diphenylpropanecl, 2-diel (10): Oxidation of
(E)-1,3-diphenyl-2-propen-1-yl azide (g) (0.235 g, 1.00 mmol)

was carried out according to the general procedure. A mixture

of (1R*,28*,3R*)- and (1R*,2S*,3S*)-3-azido-1,3-diphenyl-
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propane-1,2-diols (10a and 10b) (0.184 g, 68%) was obtained as

~ o~ ~ o

a yellow oil. The molar ratio was determined to be 6:4 by the

1 1

H NMR analysis: H NMR (CDC13, 100 MHz) 6 2.60-3.20 (br, 2 H,

OH), 3.77 (dd, J = 6.83 and 3.54 Hz, 1 H, CHO), 4.42 (4, J =
6.83 Hz, 1 H, CHN), 4.65 (d, J = 3.54 Hz, 1 H, CHO), 7.00-7.40

(m, 10 H, ArH) for 10a. Isomer 10b could not be assigned.

~ o~ ~ o~

6-Azidononane-4,5-diol (12): Oxidation of (E)-5-nonen-4-

P kL e i

yl azide (11) (1.67 g, 10.0 mmol) was carried out according to
the general procedure. A mixture of (1R*,2s*,3R*)- and (1R*,25*

,3S8*)-6-azidononan-4,5-diols (l2a and 12b) (1.97 g, 98%) was

obtained as a colorless oil. The molar ratio was determined to

1 1

be 6:4 by the "H NMR analysis: H NMR (CDCl,, 500 MHz) §

0.92-1.01 (m, 6 H), 1.35-1.73 (m, 8 H), 2.45-2.75 (br, 1 H,
OH), 2.80-3.05 (br, 1 H, OH), 3.31-3.39 (m, 1 H, CHN,),
3.43-3.48 {m, 1 H, CHO), 3.82 (déd, J = 8.0, 4.6, and 2.3 Hz, 1
H, CHO) for }gg; 6 0.92-1.01 (m, 6 H), 1.35-1.73 (m, 8 H),
2.45-2.75 (br, 1 H, OH), 2.80-3.05 (br, 1 H, OH), 3.31-3.39 (m,
2 H, CHN3 and CHO), 3.67 (ddd, J = 8.3, 4.1, and 4.1 Hz, 1 H,

CHO) for 12b.

~ o~

Methyl 4-Azido72,3-dihydroxypentancate (14): Oxidation of
(E) -methyl 4-azido-2-pentenoate (}3) (1.55 g, 10.0 mmol)
according to the general procedure gave methyl 4-azido-2,3-di-
hydroxypentanoate (}5) (1.50 g, 79%): IR (neat) 3370 (OH, s),
2960 (m), 2100 (N3, s), 1740 (C=0, s), 1450 (m), 1385 (w), 1250
(c-0-C, s), 1130 (s), 1040 (m), 990 (w), 955 (w), 905 (w), 860

(w), 805 (w), 710 (w), 710 (w) cm 1; lu NMR (CDC1,, 60 MHz)



1.35 (t, J = 6.0 Hz, 3 H), 3.00-4.50 (m, 5 H), 3.80 (s, 3 H,
CH;0) .

(lg*,2§*,3§*)—3-Azidocyc19§?§§§§:}ig:gig%~S1§li Oxidation
of 2-cyclohexen-1-yl azide (}g) (2.46 g, 20.0 mmol) was carried
out according to the general procedure. (1R*,2S*,3R*)-3-Azido-
cyclohexane-1,2-diol (E§) {(3.14 g 100%) was obtained as a
colorless crystal (1.48 g, 94%): mp 67-69 °C; IR (KBr) 3270
(OH, brs), 2930 (CH, s), 2095 (N3, s), 1450 (m), 1365 (m), 1355
(m), 1253 (m), 1205 (w), 1115 (w), 1085 (m), 1060 (m), 995 (m),

1.1

870 (w), 835 (w), 815 (w), 710 (w) cm ~; “H NMR (CDCl 500

37
MHz) § 1.34 (m, 1 H), 1.44 (m, 1 H), 1.56 (m, 1 H), 1.70 (m, 1
H), 1.90 (m, 1 H), 2.03 (m, 1 H), 2.41 (s, 1 H), 2.68 (4, J =
3.21 Hz, 1 H), 3.42 (4, J = 9.39 Hz, 1 H, CHN3), 3.63 (ddd, J =
11.2, 9.39, and 4.35 Hz, 1 H, CHO), 4.08 (4, J = 3.43 Hz, 1 H,
CHO). Anal. Calcd for C6H11N302: C, 45.85; H, 7.05; N,
26.74. Found: C, 45.73; H, 6.84; N, 26.95.
Gemeral Procedure for the Reduction of 3-Azido-l,2-dicl: 1Ina
200 mL round-bottomed flask were placed allyl azide (10.0 mmol)
and 5% Pd/C (20 wt%). The atmosphere in the flask was replaced
with hydrogen (baloon). Absolute ethanol (20 mL) was added to
the flask. The suspension was stirred with vigorous stirring
at room temp for 24 h. After the reaction was completed, the
suspension was filtered through a plug of Celite (3.0 g, 55 x
12 mm) using ethanol as an eluent. The ethanolic solution was
evaporated to give a crude aminodiol.

(1R*, 2R*) -3~-Amino-1l-phenylpropane-1,2-diol (18):
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Reduction of azidodiol § (1.93 g, 10.0 mmol) was carried out
according to the general procedure. (1R*,2R*)-3-Amino-1-
phenylpropane-1,2-diol (lg) (1.67 g, 100%) was obtained as a
yvellow oil: IR (neat) 3500-2700 (NHZ and OH, brs), 2850 (s),
1960 (w), 1890 (w), 1820 (w), 1750 (w), 1660 (w), 1595 (m),
1495 (m), 1450 (m), 1200 (m), 1100-900 (s), 760 (s), 695 (s)

1.1

cm —; “H NMR (CDCly, 60 MHz) § 2.55 (4, J = 5.0 Hz, CH,N) ,

2.80-3.30 (br, 4 H, NH2 and OH), 3.40-3.75 (m, 1 H, CHO}, 4.45
(3, J = 6.5 Hz, 1 H, CHO), 7.10-7.50 (m, 5 H, ArH).
37Amino-2-phenylpropane-l,2-diol (13): Reduction of
azidodiol § (0.848 g, 4.39 mmol) was carried out according to
the general procedure. 3-Amino-2-phenylpropane-1,2-diol (%g)
(0.727 g, 99%) was obtained as a yellow o0il: IR (neat)
3500-2700 (NH2 and OH, s), 2850 (s), 1960 (w), 1890 (w), 1820
(w), 1750 (w), 1660 (w), 1595 (m), 1495 (m), 1450 (m), 1200

1.1

(m), 1100-900 (s), 760 (s), 695 (s) cm ~; "H NMR (CDCl 60

37
MHz) 6 2.50-2.70 (m, 2 H, CHZN), 3.30-3.65 (br, 4 H, OH and
NHZ)’ 3.57-4.00 (m, 2 H, CH,0), 7.10-7.40 (m, 5 H, ArH) .
(187,257, 3R*) -3 Aminocyclohexane=1,2-diol (21): Reduction
of azidodiol }5 (0.734 g, 4.67 mmol) was carried out
according to the general procedure. (1R*,2S5*,3R*)-3-Amino-
cyclohexane-1,2-diol (g}) (0.557 g, 91%) was obtained as a
colorless crystal: mp 97-39 °C; IR (neat) 3200 (NH and OH,
brs), 2900 (s), 1550 (m), 1480 (s), 1365 (w), 1330 (m), 1150
(w), 1060 (s), 990 (w), 860 (w), B850 (w), 810 (w) cm ; 'H NMR

(DZO' 500 MHz) § 1.07-1.21 (m, 1 H), 1.40-1.60 (m, 3 H),

104 —



1.70-1.90 (m, 2 H), 2.87 (d4dd, J = 11.0, 9.63, and 4.36 Hz, 1
H, CHN), 3.28 (d4d, J = 9.63 and 2.98 Hz, 1 H, CHO), 3.97-4.04
(m, 1 H, CHO). Treatment of aminodiol g} (0.131 g, 1.00 mmol)
with a 2.06N HCl solution in methanol (1.00 mL, 2.06 mmol) gave
amine hydrochloride 22 (0.110 g, 66%): mp 161-166 °C (lit.'}
191-194 °C).

6-Aninononane-4,5-diol (20): Reduction of azidodiol 12
(1.01 g, 5.00 mmol) was carried out according to the general
procedure. 6-Aminononane-4,5-diol (gg) (0.867 g, 99%) was

obtained as a colorless oil: 1

H NMR (CDCl,, 60 MHz) §
0.65-1.15 (m, 6 H), 1.15-1.90 (m, 8 H), 2.30-3.00 (m, 5 H, CHN,
OH, and NH2), 3.00-3.50 (m, 2 H, CHO).

Treatment of azidodiol }é (0.314 g, 2.00 mmol) in dry acetone
(5 mL) with a catalytic amount of p-toluenesulfonic acid (5 mg)
gave (1R*,2S*,3R*)-2,3-0-isopropylidenecyclohexyl azide (23)
(0.386 g, 98%) as a colorless o0il: IR (neat) 2940 (s), 2100
(N3, s), 1700 (w), 1450 (m), 1380 (m), 1250 (s), 1220 (m), 1190
(w), 1150 (w), 1105 (w), 1060 (s), 1040 (s), 1000 (m), 895 (w),

1.1

865 (m), 840 (w), 815 (w), 775 (w) cm ~; "H NMR (CDCl 500

37
MHz) 6 1.17-1.26 (m, 1 H), 1.37 (s, 3 H, CHB)' 1.53 (s, 3 H,
CH3), 1.50-1.75 (m, 3 H), 1.85-1.92 (m, 1 H), 2.05-2.13 (m, 1
H), 3.45 (ddd, J = 12.03, 8.02, and 4.35 Hz, 1 H, CHN), 3.85
(dd, J = 8.02 and 5.04 Hz, 1 H, CHO), 4.28 (ddd, J = 5.04,
4.35, and 2.75 Hz, 1 H, CHO).

(2R*,35*)-2,3-0-Isopropylidene-2-phenylpropan-1-yl Azide
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(25): Treatment of azidodiol 8 (0.770 g, 4.00 mmol) in dry

acetone (10 mL) with a catalytic amount of p-toluenesulfonic
acid (10 mg) gave 2,3-O-isopropylidene-2-phenylpropan-1l-yl

azide (25) (0.894 g, 96%) as a colorless oil: “H NMR (CDCl

3’
60 MHz) § 1.33 (s, 3 H, CH3), 1.61 (=, 3 H, CH3), 3.40 (44, J =
13.5 and 12.5 Hz, 2 H, CHNB), 4.12 (d, J = 15.5 Hz, 1 H, CHO),
4,27 (4, §J = 15.5 Hz, 1 H, CHO), 7.10-7.50 (m, 5 H, ArH).
(1R*,28%,3R%) -2, 3-0-Isopropylidenecyclohexylamine (24):
Reduction of azidoacetonide 23 (0.353 g, 1.79 mmol) in THF (3.6
mL) with a THF solution of LiAlH4 (0.69M, 2.6 mL, 1.79 mmol)
gave (1R*,2S8*,3R*)-2,3-0O-isopropylidenecyclohexylamine (24)

1

(0.276 g, 90%) as a colorless oil: H NMR (CDC1l 500 MHz) ¢

37
1.00-1.09 (m, 1 H), 1.36 (s, 3 H, CHB)’ 1.49 (s, 3 H, CH3),
1.50-1.75 (m, 3 H), 1.85-1.92 (m, 1 H), 2.05-2.13 (m, 1 H),
2.82 (ddd, J = 12.03, 8.02, and 4.35 Hz, 1 H, CHN), 3.59 (44, J
= 8.02 and 5.04 Hz, 1 H, CHO), 4.24 (ddd, J = 5.04, 4.35, and
2.75 Hz, 1 H, CHO).
2,370:Isopropylidene 2 phenylpropylamine (26): Reduction
of azidoacetonide g? (0.906 g, 3.88 mmol) in THF (7.8 mL) with
a THF solution of LiAlH4 (0.69 M, 5.6 mL, 3.88 mmol) gave
2,3-0-isopropylidene-2-phenylpropylamine (gg) (0.727 g, 91%) as

a colorless oil: 1

H NMR (CDClB, 100 MHz) & 1.32 (s, 3 H, CH3),
1.55 (s, 3 H, CHB)’ 1.50-1.80 (br, 2 H, NHZ)' 2.90 (s, 2 H,
CH2N), 4.07 (&, J = 16 Hz, 1 H, CHO), 4.18 (4, J = 16 Hz, 1 H,
CHO), 7.10-7.50 (m, 5 H, ArH).

Carbonylation of Aminoalcohol 18: 1In a 30-mL stainless

P P . T T T U N T
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steel autoclave, bis(acetonitrile)dichloropalladium(II) (39 mg,
0.25 mmol), cuprous iodide (143 mg, 0.75 mmol), and a solution
of (1R*,2R*)-3-amino-l-phenylpropane-1,2-diol (lg) (0.501 g,
3.00 mmol) in methanol (6.0 mL) were placed. Carbon monoxide
and oxygen gas were introduced into the autoclave to 80 kg/cm2
(COo) and 5 kg/cm2 (02), respectively. The mixture was stirred
at room temperature for 6 h. The resulting dark brown solution

was purified by column chromatography (SiO 1.5 g, MeOH, 50

27
mL) to give 27 (0.556 g, 96%): mp 136-7 °C; 'H NMR (d,-DMSO,
270 MHz) &8 3.29 (44, J = 6.3 and 6.3 Hz, 1 H, CH), 3.32 (dd, J
= 6.3 and 6.3 Hz, 1 H, CH), 4.62-4.77 (m, 2 H, CHO and OH),
5.77 (d, J = 4.64 Hz, 1 H, CHO), 7.20-7.50 (m, 6 H, ArH and
CONH) . Anal. Calcd for C10H11N03: C, 62.16; H, 5.74; N,
7.25. Found: C, 62.18; H, 5.83; N, 7.32.
Carbonylation of Aminoalcohol 21: In a 30-mL stainless
steel autoclave, bis(acetonitrile)dichloropalladium(II) (39 mg,
0.25 mmol), cuprous iodide (143 mg, 0.75 mmol), and a solution
of 3-amino-1,2-cyclohexanediol (g}) (393 mg, 3.0 mmol) in
methanol (6.0 mL) were placed. Carbon monoxide and oxygen gas
were introduced into the autoclave to 80 kg/cm2 (CO) and 5

2

kg/cm (02), respectively. The mixture was stirred at room

temperature for 20 h. The resulting dark brown solution was
purified by column chromatography (Si02, 1.5 g, MeOH, 50 mL) to
give gg: mp 164 °C; IR (KBr) 3370 (OH, s), 2930 (m), 2870 (w),
1735 (C=0, s), 1400 (m), 1345 (m), 1314 (m), 1226 {(m), 958 (m)

em™t; 1H NMR (8,-DMSO, 500 MHz) & 1.26-1.35 (m, 1 H), 1.45-1.58
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(m, 3 H, 1.63-1.71 (m, 1 H), 1.86-1.92 (m, 1 H), 3.71 (dddd, J
= 11.45, 11.45, 3.5, and 0.6 Hz, 1 H, CHN), 3.80 (dd, J = 11.45
and 2.06 Hz, 1 H, CHO), 4.19 (s, 1 H, CHO), 5.05 (s, 1 H, OH),
7.36 (s, 1 H, CONH).

General Procedure for the Asymmetric Oxidation of Allyl
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§E§§§§i To a solution of allyl azide (2.00 mmol) in acetone
(1.0 mL) and water (0.2 mL), N-methylmorpholine N-oxide (0.314
g, 2.60 mmol) and chiral amine ligands (0.10 mmol) were added
at room temp. A solution of OsO4 in toluene (0.474 M, 0.010
mmol, 21 uL) was added to the allyl azide solution by syringe
in one portion at 0 °C. The mixture placed in a refrigerator
at ca. 5 °C with occasional shaking during the 17 h reaction
time. After 17 h, Na232504 (50 mg) was added to the cold
solution and the mixture was stirred for 5 min. The mixture
was diluted with CH,Cl, (2 mL), and treated with MgSo, (200
mg). The resulting slurry was filtered through a plug of
silica gel (2.0 g) to give 3-azido-1,2-diols. An analytical
sample was purified by silica gel column chromatography (5.0 g,
80 x 12 mm) using ether as an eluent.

= I T e i e R P R

1-phenylpropane-1,2-diol (5): Oxidation of cinnamyl azide
(0.318 g, 2.00 mmol) was carried out according to the general
procedure. Hydroquinine 4-chlorobenzoate (g}) (47 mg, 0.1
mmol) was used as a chiral ligand. (+)-3-Azido-l-phenyl-

propane-1,2-diol (5) {0.345 g, 89%) was obtained. The optical

yield of 5 was determined to be 70% e.e. by HPLC analysis:
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(a1,%? +2.44° (¢ 1.11, Etom).

(7)737Azido 1 phenylpropane-1,2-diel (5): Oxidation of
cinnamyl azide (0.318 g, 2.00 mmol) was carried out according
to the general procedure. Hydroquinidine 4-chlorobenzoate (30)
(47 mg, 0.1 mmol) was used aa a chiral ligand. (-)-3-Azido-1-
phenylpropane-1,2-diol (5) (0.336 g, 87%) was obtained. The
optical yield of 5 was determined to be 71% e.e. by HPLC

22

analysis: [a]D -3.44° (c 1.14, EtOH).

Asymmetric Oxidation of 2-Cyclohexen-l-yl Azide (13):
Oxidation of 2-cyclohexen-1-yl azide (}§) (0.246 g, 2.00 mmol)
was carried out according to the general procedure.
Hydroquinidine 4-chlorobenzoate (39) (32 mg, 0.068 mmol) was
used as a chiral ligand. (1R*,2S*,3R*)-3-Azidocyclohexane-
1,2-diol (}§) (0.319 g, 100%) was obtained. The optical yield
of %g was determined to be 5% e.e. by HPLC analysis of azido

dibenzoate.

Attempt of Osmium tetroxide Catalyzed Kinetic Resolution

B T N N T T R T T T e I R diad

of (E)z4-Phenyl-3-buten-2-yl 2zide (34).

To a mixture of (E)-4-phenyl-3-buten-2-yl azide (33)
(0.346 g, 2.00 mmol), N-methylmorpholine N-oxide (0.117 g, 1.00
mmol}, and hydrogquinidine 4-chlorobenzoate (16 mg, 0.034 mmol)
in acetone (1.0 mL) was added water (0.2 mL). A solution of
OsO4 (0.474 M, 0.010 mmol, 21 uL) in toluene was added to the
allyl azide solution in one portion at 0 °C. The mixture

placed in a refrigerator at ca. $ °C with occasional shaking

during the 17 h reaction time. After 17 h, Na282504 (50 mg)

— 109



was added to the cold solution and the mixture was stirred for
5 min. The mixture was diluted with CH2C12 (2 mL), and treated
with MgSO4 (200 mg). The resulting slurry was filtered through
a plug of silica gel (2.0 g). The filtrate was evaporated in
vacuo. Resulting residue was purified by silica gel column
chlomatography (5.0 g, 80 x 12 mm} using ether as an eluent to
give (S)-(E)-(-)-allyl azide 34 (0.137 g, 408%) ([a]D24 -3.62°,
c 2.79, CHClB), and 3-azido-l-phenylbutane-1,2-diol §§ (0.231
g, 56%) ([a),®> +1.71°, c 3.86, CHCl;). The optical yield of
%ﬂ was determined to be 5.1% e.e. by HPLC analysis. For 34:

IR (neat) 3025 (m), 2975 (m), 2925 (w), 2100 (N3, s), 1495 (m),
1445 (m), 1375 (m), 1300 (m), 1230 (s), 1140 (m), 1070 (w),
1030 (m), 960 (m), 910 (w), 840 (w), 810 (w), 740 (s), 680 (s)

cm_l; 1y nMr (cpcl

37 60 MHz) § 1.35 (4, J = 6.5 Hz, 3 H, Me),
4.10 (dgq, J = 6.5 and 6.5 Hz, 1 H, CH), 6.07 (dd, J = 15.5 and
6.5 Hz, 1 H, CH=), 6.60 (d, J = 15.5 Hz, 1 H, CH=), 7.05-7.55

({m, 5 H, ArH).
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Chapter 4. Palladium(0)-Catalyzed Alkoxycarbonylation of Allyl
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Metal-catalyzed carbonylation of allyiic compounds is the
fundamental and useful reaction for organic synthesis, and
extensive studies have been devoted. Carbonylation of allylic
halides can be readily accomplished by using transition metal
catalysts such as nickel,1 cobalt,2 and palladium.3 However,

palladium-catalyzed carbonylations of synthetically more important

allylic alcohols,4 ethers,5 amines,6 and acetates3c’d are
Pd cat. Q
R OH

X: Hal
EtOCO;, (EtO),PO;
OAc,OMe, OPh, NEty, OH

difficult, and require severe reaction conditions. 1In the
palladium(0)-catalyzed reactions of allyl acetates, allylpalla-
dium complexes are formed readily. The study on the
stoichiometric carbonylation of T-allylpalladium complexes
revealed that the treatment of T-allylpalladium acetate with
carbon monoxide results in back reaction to give the starting
allyl acetates3d'7’8 rather than the insertion of CO to the

complex leading to the carbonylation product. In order to solve

this problem, various attempts have been made. Palladium(0)-



catalyzed carbonylation of cinnamyl acetate in the presence of a
stoichiometric amount of NaCo(CO)4 in methanol under CO
atmosphere gives methyl 4—phenyl-3—butenoate.9 Recently,
palladium(0)-catalyzed carbonylation of allyl carbonate10 and
rhodium(0) -catalyzed azacarbonylation of allyl phosphate11 have
been reported by Tsuji and Murahashi. Palladium(0)-catalyzed
carbonylation of cinnamyl acetates in acetic anhydride has been
also reported to give l-naphthol derivatives.12 The author has
found that the carbonylation of allyl acetates proceeds smoothly
when bromide ion is used as a co—catalyst.13 Described in this
chapter is a systematic study on the palladium-catalyzed

alkoxycarbonylation of allyl acetates.
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Results and Discussion

B I T T T

Synthesis of B, y-Unsaturated Esters: 8, Y-Unsaturated

carbonyl compounds are useful building blocks for the synthesis

of natural products.14

A variety of synthetic methods of

8, Y-unsaturated esters have been reported.15 The most commonly
used methods are protonation or alkylation of lithium dienolates
of a,B-unsaturated carbonyl compounds.16 Carbonylation of
allylic compounds appears to be the most attractive route to

B, Y-unsaturated carbonyl compounds. However, palladium-catalyzed
carbonylations of synthetically more important allylic alcohols,
ethers, amines, and acetates are difficult, and require severe
reaction conditions. Carbonylation of derivatives of allyl

alcohols under mild conditions is limited to allyl carbonates10

and allyl phosphates.ll’13 Carbonylation of allyl halides3
also proceed smoothly. The ligand on m-allylpalladium species may
play an important role to promote the carbonylation. Since

acetate ligand seems to be ineffective for the carbonylation, the

effect of replacement of acetate ligand with halides has been

77 N X- %I‘\\
Pd - Pd (2)
-0Ac
" “oAc L7 Mx

examined (eq 2). Various inorganic salts were employed in
aiming at the exchange of the ligand in w-allylpalladium

acetates.17 Ethoxycarbonylation of l-octen-3-yl acetate (1) has
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been examined by using a 1 mol% of sz(dba)B'CHCI 4 mols of

3'

PPh3, and a 10 mol% of halide ion in ethanol at 50 °C for 20 h

{eq 3). The representative results are listed in Table I. 1In

0
R Pd cat.
Y\\ + CO - R\/"‘\)LOEt + RWOAC (3)
OAcC EtOH
1 base 2 3
Ri mCsHy,

the absence of halide ion, the reaction gave a 36% yield of ethyl
3-nonenoate (2) along with 2-octen-1-yl acetate (3) (28%) which

is derived from isomerization of the starting acetate.18

The
addition of 10 mol% of NaBr {(entry 2) promoted the carbonylation
dramatically to give ethyl 3-nonenoate in 80% yield as a mixture
of (E)- and (z)-isomers (2a and 2b) in a ratio of 81:19 (*3C NMR
analysis). Under the conditions, the isomerization of } to
2-octen-1-yl acetate (9) was suppressed down to < 3% yield,
indicating that the carbonylation in the presence of halide ion
proceeds much faster than the isomerization induced by

the intramolecular migration of acetate anion. Other halides
such as n-Bu,NBr and LiI also enhance the carbonylation, but are
not much effective as NaBr. Sodium acetate is not effective in
this carbonylation, although carbonylation of m-allylpalladium

complexes under mild conditions (25 °C, 50 psi) is known to be

enhanced by the presence of sodium carboxylates such as sodium

acetate.19
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. a
Table |. The Effect of Salts for the Carbonylation of 1.

entry salt conv. of _]t,)% yield of gb%
1 none by 36

2 NaBr 96 80

3 Q-BquBr 92 74

y Nal 88 71

5 LiCl 90 68

6 Lil 86 68

7 LiBr 87 64

8 NaCl 82 58

9 NaSCN 55 45

a . . -
The reaction was carried out according to the general
procedure described in the experimental section. bGLC

analysis.
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Since Pd(0) complexes react with HX (X = Cl, Br, AcO) to

give inactive Pd(H) (X) (PPh,) ,*°

base is essential to trap

acetic acid liberated. As summarized in Table II, the addition
of base enhances the conversion dramatically. Basic and
sterically bulky amines (pKa "% 10)21 such as i—PerEt, E—BuNMez,
and 2,2,6,6-tetramethylpiperidine (entries 2-4) gave the best
result. The use of secondary amines such as i-PerH leads to the
formation of tertiary allylamines as by-product. Although the
use of simple tertiary amines such as NEtB, pyridine, and DABCO
results in high conversion of the carbonylation, yields are low
because tertiary amines react with m-allylpalladium intermediates

to give quarternary allylammonium salts.22 For instance,

l-octen-3-yl acetate (1) reacts with triethylamine in the

\\/ﬂ\vz\j/Q> Pd cat. \\/’\v/“\4¢a,’NEt; N

+ NEt, ————»

(4)
OAc 3 NaBr

1 —

4

presence of Pd(PPh3)4 to give triethyl 2-octen-l-ylammonium salt
(4) (eq 4). Another reason for lower yield is ascribed to the
elimination of acetic acid from allyl acetate to give

1,3—dienes.23

The use of less basic amines such as N,N-dimethyl
aniline and imidazole results in low conversion (entries 9 and 10).
When an inorganic base such as NaHCO3 was used, the carbonylation

product was obtained again in low yield.
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. a
Table Il. The Effect of Bases for the Carbonylation of 1.

entry base pKab conv. of 1°% yield of 3?%
1 none 48 21
2 i-Pr,NEt 100 74
3 L—BuNMe2 9.75 95 69
4 >(\,|< 100 61

N

H
5 NEt3 10.72 97 45
6 i_-Pl"zNH 11.20 99 39
7 Q 5.23 87 34
8 NN 8.82 74 3
9 "éj) 6.99 75 4

N

H
10 PhNMe2 5.07 46 8
11 NaHCO 58 29

3

“The reaction was carried out according to the general procedure
described in the experimental section. bReference 21. ‘cLc

analysis.



The catalytic activity of various palladium catalysts (5
mol$%) has been examined for the alkoxycarbonylation of
l-octen-3-yl acetate (}) in the presence of NaBr (50 mols%) at 50
°C. The representative results are summarized in Table III.
Palladium complexes such as sz(dba)3'CHCl3 in the absence of
phosphine have no catalytic activity. As phosphine ligands,
monodentate phosphines such as PPh3 rather than bidentate

phosphines are effective. The molar ratio of PPh3 to P4 is

important for the reaction. The best result was obtained when a
combination of sz(dba)3'CHCl3 and 4PPh3 was used in a PPh3/Pd

ratio of 2:1. The use of a large excess of PPh. decreased the

3
yield of the carbonylation product because of the formation of

8e, 24

quarternary allylphosphonium salts. The catalytic activity

is in the order of sz(dba)3'CHCl3—4PPh3 "~ Pd (PPh ~

34
y >> PACL, (CH,CN) ,-2PPh >

3)2 v PdCl2 ~ Pd (black). Generally, Pd(0) catalysts

Pd(CO)(PPh3)3 > Pd(OAC)z—ZPPh
PdClZ(PPh
are effective, while Pd(II) catalysts such as PdClz(PPh3)2 and
PdCl2 give poor results.

In order to accelerate the carbonylation, about 30 kg/cm2
pressure of CO is required. The yield of the carbonylation
product increases with increasing CO pressure. The pressure
effect (yield/conv. %) for the carbonylation of l-octen-3-yl

acetate (1) is as follows: 1.0 (8/24), 5.0 (36/57), 10

Eco
(53/68), 20 (60/78), and 30 (75/96) kg/cmz. The carbonylation

under the best condition (P = 30 kg/cmz) is still not

—Co



Table IIl. Palladium Catalyst for the Carbonylation of 1.9

entry Pd cat. Ligand conv. of l,b% yield of 2,b ]
1 PdCI2 none 0 0
2 PdClZ(PPh3)2 none 13 2
3 PdCIz(CH3CN)2 2PPh3 41 24
y Pd(OAc)2 2P(0Ph)3 64 49
5 " 2PBu3 0 0
6 " ZPPh3 63 63
7 " 2P(g—ToI)3 33 19
8 " dppe 4 0
9 " dppf 58 42
10 53 uy
Pd(OCOCF:;)2 2PPh3
11 Pd(acac)2 ZPPh3 80 59
12 Pd(PPha)u none 100 72
13 Pd(CO)(PPh3)3 none 93 68
14 Pd(PCy3)2 none 16 N
15 Pd(dba)2 ZPPh3 84 67
. 0 0
16 sz(dba)3 CHCI3 none
17 " 4P(OPh), 79 43
18 " l4PBu3 27 17
19 " 4PPh, 94 85
27 y
20 n 4P(NMe2)3
21 " uP(g—Tol]3 40 28
22 n 2dppe 27 11

9The reaction was carried out according to the general procedure

described in the experimental section. bGLC analysis.
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satisfactory (75% yield), this may be due to the formation of
diisoproylethyl-2-octen-l-ylammonium salt even if considerably
bulky diisopropylethylamine is used (Table II).

The temperature effect for the carbonylation of l-octen-3-yl
acetate (}) has been examined. High yields of B, y-unsaturated
ester 2a-b were obtained at about 50 °C to 80 °C, although the

~

carbonylation of allyl carbonate at temperature higher than 50

°C gave allyl alkyl ether.25 The temperature effect (yield/conv.
%) for the carbonylation of l-octen-3-yl acetate is as follows:

T 30 (46/61), 40 (69/89), 50 (81/92), 60 (81/97), 70 (75/97), and
80 (79/97) °C.

Commonly used solvents such as acetonitrile, DMF, acetone,
dioxane, DME, and THF are ineffective <10% yield. When ethanol
and methanol were used, the carbonylation proceeds effectively.

The representative results for the present alkoxycarbonyl-
ation of various allyl acetates using sz(dba)3'CHCl3—4PPh3 are
summarized in Table IV. High regioselectivity is attained in all
cases, where CO insertion occurs at least substituted terminal
allylic carbon to give linear esters rather than branched esters.
(E)-B,y-Unsaturated esters have been obtained preferencially
irrespective of the stereochemistry of the starting substrates.
To prove the question of double bond integrity of the product,
the carbonylations of l-hexen-3-yl acetate (§), and (E)- and
(2)-2-hexen-1-yl acetates (§ and Z) were examined under the

condition A (30 kg/cm2 CO, 50 °C, 20 h, 4 mols% Pd(0) catalyst, 8



Table IV. The Palladium-Catalyzed Carbonylation of Allyl Acetates”

entry allyl acetate B, y-unasaturated conditionsb yield,c%
ester (ratio of E:Z)d
S ANANNCO0EL
1 86
1 OAc 2a
! ~~ (81:19)
A\ -COOEt
2b
2 \/\(\\ ANNASCOOEL 78
OAc 8a (82:18)
3 ~J=\COOEt
8b
3 AN N0AC 8a + 8b 68
§ (80:20)
4 A~/=\0Ac 8a + 8b 74
7 (80:20)
5 phWOAc Ph~~~COOEt 84
9 (100:0)
; X O
OAc OOEt 80
10 "
; NC\/) A~ AOAC NC\/\)N/\/‘»/COOEt -
Ph Ph (68:32)

12 13

~~
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(continued Table V)

8 Phu O\ OAC P~~~ COOEL 85
s 152 (88:12)
Ph_ 0\~ COOEt
15b

~ o~

9 %JOAC Wcooa 5 22
(90:10)
16 17

-~ ~ o~

10 @—OAC <_=_>—CO0Et B 57
18

~ o~

OAc

(95:5)
19a
/K=)\CO0Et
19b
COOEt
12 \/\M Z B 51
OAc 20a (87:13)
\/\=)::ooa
20b

~ o~

%The reaction was carried out according to the general procedure described

in the experimental section. bReacUon condition A (30 kg/cm2 CO, 50 °C),

B (60 kg/cm® CO, 80 °C). Cisolated yield. YThe ratio of E:Z was determined
by ]3C NMR analysis or GLC analysis.
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mol% PPh3, and 20 mol% NaBr). These acetates (5, §, and Z)

produced a mixture of (E)- and (Z)-ethyl 3-heptenoate (8a and §§)
in the same ratio (80:20), irrespective of the stereochemistry of
the starting substrate. Loss of the stereochemistry of the
carbon-carbon double bond seems to be due to the 0-T-0-isomer-
ization26 of intermediate w-allylpalladium complexes. The
thermodynamically more stable (E)-isomers are thus preferencially
formed, irrespective of the stereochemistry of the starting
substrate. The (E)-stereochemistry of the product was confirmed

by the coupling constant of the olefinic protons (J “v15 Hz).

Ha-b_
The carbonylation of amino acetate 12 gave lower yield of

the product probably because of the formation of ammonium salt as

mentioned above.22 The acetates of secondary allyl alcohols

(entries 10-12) require relatively severe condition B (60 kg/cm2

CO, 80 °C, 20 h, 4 mol% Pd(0), 8 mol% PPh3, 50 mol% NaBr). The
insertion of palladium into secondary acetates seems to be

depressed by steric effects.
The reactivity of linalyl (21), geranyl (22), and neryl

acetate (23) was examined in detail (Table V). The carbonylation

~

of linalyl acetate (21) under condition A gave a 60:40 mixture of

~

(E)- and (2Z)-isomer of ethyl 4,8-~dimethyl-3,7-nonadiencate (24a

-~ -~

and 24b) in >99% yield. The isomeric ratio of 24a and 24b was

~ o~ -~ ~ o~~~

determined by GLC analysis. The carbonylation of geranyl acetate

(22) under the same conditions gave (E)}-24a stereoselectively

(24a:24b = 93:7) in 6% yield. These results indicate that the

o~ e



Table V. The Reactivity of Linaryl, Geranyl, and Neryl Acetates.

acetate product conditions? yield,%b E:Z ratio

/l\/\/‘\/ MCOZEt A 90 (100) 60:40

OAc 24a-b

n s
/k/\/K/\OAc 24a + 24b A (6) 93:7
22 B 74 (74) 93:7
C (78) 85:15

S
)Wl\\L B 68 (78) 14:86
23 OAc 24a + 24b

~~ o (89) 32:68

Aconditions: A: CO(30 kg/cm?), 50°C. B; CO(60 kg/cm?), 80°C
C: CO(60 kg/cmz), 100°C. DPyields in parentheses were determined
by GLC.



oxidative addition of palladium(0) complex to allyl acetates

occurs in an SNZ'-fashion at the Y—position.27 Under severe
condition B, the carbonylation of geranyl acetate (gg) gave a
mixture of (E)-24a and (Z)-24b (93:7) in 74% yield, while the
carbonylation of neryl acetate gave a 78% yield of products in a
reverse ratio of 14:86. Virtually, the geometric integrity of

the double bonds in gg and %% is maintained during the reaction.

By contrast, the carbonylation of the corresponding allyl diethyl
phosphates13 proceeds highly selectively (E:Z = 96:4) in comparison

with the carbonylation of allyl acetate. This observation has

Scheme |.

22 pPdXLn —= 24a
\ = EtOH

21 N =

o \ )//( PdXLn

co
23 26 S S — = 2ib
~ o~ EtOH ~ o~ o~
PdXLn

been recently discovered by the author, the details of which is
an interesting subject of futher study. Under more severe

condition C (60 kg/cm® CO, 100 °C, 20 h, 4 mol$ Pd(0), 8 mols



PPh 50 mol% NaBr), the carbonylations of geranyl acetate (gg)

3!
and neryl acetate (23) afforded a mixture of 24a and 24b in 74%
(35§=23§ = 85:15) and 89% (3§§=2§§ = 32:68) yields, respectively.
Control experiments show that thermal isomerization of (2)-24b to
(E) -isomer (24a) does not occur. Therefore, the product ratio of
the carbonylation seems to reflect the equilibrium ratio of
m-allylpalldium complexes under the reaction condition. The syn-
and anti-isomerization (0-7-0-mechanism) of intermediates

m-allylpalladium 25 and 26 (Scheme 1)22'26

via sterically
hindered tertially o-allylpalladium 27 is difficult, resulting in
higher selectivity. On the other hand, the 0-7-0-isomerization
of the secondary o-allylpalladium derived from (2)-2-hexen-1-yl
acetate (Z) takes place to loose the stereoselectivity.

The stereochemical course of the carbonylation was examined
with cis-5-methoxycarbonyl-2-cyclohexen-1-yl acetate (28) (eq 5).

In the presence of 5 mol% of Pd(PPh3) a mixture of cis- and trans-

4’
dimethyl 2-cyclohexene-1,5-dicarboxylate (29) (28%) and dimethyl
l-cyclohexene-1,5-dicarboxylate (§Q) {40%) was obtained. The
carbonylation is non-selective with 29, and trans- and cis-isomers
were obtained in 56:44 ratio. This is due to the palladium-
induced syn-anti isomerization28 of m-allylpalladium complexes
which occurs by displacement of the palladium of n-allyl complex
with the additional Pd(0) species from the opposite side. There

are two explanations for the formation of a,B-unsaturated ester

(30). One is the thermal isomerization29 of B,Y-unsaturated

130 -



ester 29 to a, B~unsaturated ester 30 under the reaction
conditions. Alternatively, the isomerzation may proceed via a

30
n-allylpalladium complex derived from B, y-unsaturated ester gg.

The author found that the carbonylation of cis-diethyl

COOMe COOMe COOMe COOMe
+ Co Pd Cat. . + + (S)
OR MeOH “CoOMe COOMe COOMe
28; OR=OAc 29a 29b 30

31 OR=OP(O)(OEt)2

5-methoxycarbonyl-2-cyclohexen-1-yl phosphate (31) takes place

with inversion of configuration at the allylic carbon to afford

Ha
MeOOC OOMe

Hc

Hd
29a

trans-dimethyl 2-cyclohexene-1,5-dicarboxylate (29a) stereo-

13 This result indicates that the insertion of

selectively.
carbon monoxide to alkylpalladium complexes proceeds with
retention of configuration, which also agrees with the

observations in related systems.31 The stereochemistry of

trans-diester 29a obtained from phosphate 31 was established by

-~~~
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NMR spectral analysis. The absorptions at 6 1.88 (ddd, J =

13.52, 10.77, and 6.19 Hz, Hd) and at 6 2.82 (dddd, J = 10.77,
8.93, 5.73, and 3.21 Hz, Ha) were readily discernible with the
expected coupling constants of JHcd = 13.52, J = 10.77, JH =

Had bd

6.19, and J,_ = 5.73 Hz, indicating trans-configuration.

ggg@gg}ggi As shown in Scheme III of Chapter 2, the
oxidative addition of Pd(0) to allyl esters gives T7-allylpalla-
dium intermediates, which react with various nucleophiles. The
carbonylation of geranyl and neryl acetate proceeds slower than
that of linalyl acetate, indicating that the oxidative addition
of Pd(0) species to allyl acetate occurs by an SN2‘—fashion at
the Y-posisions. The enhancement of the carbonylation upon
addition of NaBr is ascribed to the ligand exchange of
T-allylpalladium acetate (%g) with bromide ion. The resulting
m-allylpalladium bromide (%%) undergoes facile carbonylation
(path a). Control experiments show that the carbonylation of
allyl bromides proceeds fast. The reaction pathways of
m-allylpalladium bromide (33) with carbon monoxide can be
envisioned as shown in Scheme II. 0-Allylpalladium complex (%g)
is assumed to be formed, and the insertion of CO gives
3-butenoylpalladium complex (%?). The carbonylations of (E)- and
(Z)-2-hexen-1l-yl acetates (§ and Z) proceed by the o-w-0-isomer-
ization of allylpalladium complexes to result in the formation

of 8a and 8b in the same ratio of 85:15, indicating that the
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Scheme 11,

COOR
B:HY + Br + Z#
PdLn WCOOR
B: + ROH
0o (—/\/OAC
/\/U\PdBan
35
)
P?.Erl.i PN Pffrlfi ’/f\‘
Pd Pd\
\ /
¢\| L/ OAc L COOR
L—Pd—-CO 32 - 36
Br
3u BI’ _ N
~~ OAc B:H' + Br
,/l-\\
Pd
/7 N\
L Br

co 33 CO + ROH + B:
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formation of w-allypalladium intermediate rather than
g-allylpalladium. If the carbonylation of (E)- and (2)-2-
hexen-1-yl acetates proceed through ¢-allylpalladium complex,

the geometric integrity of the double bond should be maintained
during the reactions. Subsequent alcoholysis of 3-butenoylpalla-
dium complexes (§§) affords B, y-unsaturated ester. An alternative
pathway which involves (alkoxycarbonyl) (m-allyl)palladium
complexes (§§) cannot be completely eliminated. Direct
base-induced nucleophilic attack of alcohol on coordinated

32,33

Cco would give 36 which undergoes reductive elimination to

give B8, Y-unsaturated ester and Pd(0) species (path b}).
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Synthetic Application: B, y-Unsaturated esters obtained from

~~~~~~~~~~~~~~~~~~~~~~ s . 1
allyl esters are useful synthetic intermediates. 4,34

The double
bond can be converted into various functional groups. For
example, halo-lactonization and 1,3-dipolar cycloaddition with
nitrones are utilized for the synthesis of biologically active
compounds such as B-lactams and alkaloids.14 Homoallyl alcohols
can be prepared readily from allyl alcohols via B8, y-unsaturated
esters. Thus, reduction of ethyl 3-nonenocate (2) with LiAlH4
gave 3-nonenol (%Z) in 95% isolated yield. Oxidation35 of the

double bond of B, y-unsaturated ester 2 with trimethylamine

Scheme |11,

ANNNC00 4 /\/W\CHZOH
2
~ KOH/H.O 37
/ 2 OsOucaL Me3NO e
| OH
ANSNINCOOH /\/\)ﬁ/\cooa
39 OH 3g
OsOucaL Me_NO
3 NaOMe/C_H
6 '6
0
OH 0
/\/\/'\r\COOH _obcc _
40 OH OH 41

N-oxide in the presence of a catalytic amount of 0s0, gave ethyl
3,4-dihydroxynonanoate (38) in quantitative yields. Hydrolysis

of B,Y-unsaturated ester g (2N KOH) gave 3-nonenoic acid (39)
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quantitatively, which upon treatment with Me 3NO and Oso4 gave
3,4-dihydroxynonanoic acid (40) in 98% yield. Lactonizations of
38 and 40 of NaOMe or DCC (dicyclohexylcarbodiimide) gave a
3-hydroxy-4-pentyl-4-butanolide (41) in 76 and 100% isolated

yields, respectively.

Conclusion
The palladium(0)-catalyzed alkoxycarbonylation of allyl
acetates in the presence of bromide ion gave B8,y-unsaturated

esters selectively. The present reaction provides a new

methodology for the synthesis of homoallyl skeleton.
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General

o~~~

NMR spectra were recorded on a JEOL PMX-60 SI (60 MHz), a

JEOL JNM-FX 100 (lH NMR at 99.60 MHz, 13

C NMR at 25.0 MHz) and a
JEOL JNM-GX 500 (1H NMR at 500 MHz) spectrometer. Chemical
shifts (68) were expressed in parts per million relative to
tetramethylsilane. GLC analyses were carried out on a Shimadzu
GC-9A flame ionization chromatography by using a l-m x 3-mm
analytical column packed with 10% SE 30 on 80-120 mesh Uniport HP
and a Shimadzu GC-mini 2 flame ionization chromatography by using
a 25-m x 0.25-mm PEG 20M chemical bonded on a glass capillary
column (Gasukuro Kogyo, Inc. Japan). Mass spectra were obtained
on a Shimadzu GCMS QP-1000 by using analytical column packed with
SE 30 on Uniport HP and a JEOL JMS-DX303 mass spectrometer.

Materials

36 37 38 .
Pd(CO)(PPh3)3, PdClz(CH3CN)2, P(o—Tol)3, l-vinyl

cyclohexan—-l-ol,39

(g)—4—benzyloxy—2—buten—l—ol,40 and

4- [N-benzyl-N-(2-cyanoethyl)amino]-2-buten-1-yl acetate (12)
(E:2 = 88:12)41 were prepared by the literature procedures.
Sodium bromide (Wako) and n-Bu ,NBr (Wako). were commercially
available. Diisopropylethylamine was purchased from Aldrich
Chemical Co. and distilled over CaH, prior to use. (Z)-2-Hexen-
1-ol and (2E,6E)-farnesol were purchased from Aldrich chemical

Co. Other allylic esters were prepared by the general

procedures.



1-vinyleyclohexan-1-yl Acetate (10): To a solution of
l1-vinylcyclohexan-1-0l (5.16 g, 41.0 mmol) and catalytic amount
of 4-~(N,N-dimethylamino)pyridine (0.98 g, 8.0 mmol) in dry
triethylamine (8.5 mL, 61 mmol), acetic anhydride (4.8 mL, 51
mmol) was added at 0 °C for 30 min., The mixture was stirred at
room temp for 72 h. The reaction mixture was diluted with ether
(150 mL) and was washed with a 2N HCl (50 mL x 2). The acidic
aqueous phase was extracted with ether (50 mL). The combined
ethereal layers were washed successively with a 2N HCl solution
{50 mL x 2), brine (50 mL x 2), a saturated NaHCO3 (50 mL x 2),
.and brine (50 mL x 2). The organic phase was dried over MgSO4
and evaporated to give a yellow oil (6.65 g, 96%). The residue
was distilled to give 1l-vinylcyclohexan-1-yl acetate (}9) (3.85
g, 56%) as a colorless oil: bp 63-68 °C (10 mmHg); IR (neat)
3100 (w), 2950 (CH, s), 2870 (CH, s), 2680 (w), 1740 (C=0, s),
1645 (C=C, s), 1455 (s), 1420 (m), 1375 (CH, s), 1270 (s), 1240
(C-0, s), 1170 (w), 1140 (s), 1070 (w), 1020 (s), 960 (s), 930
(s), 910 (s), 900 (m), 850 (w), 820 (w), 740 (w) cm_l; lH NMR
(CDC13, 60 MHz) &6 1.00-2.50 (m, 10 H, (CHZ)S)' 2.00 (s, 3 H,
OCOCH3), 4.80-5.40 (m, 2 H, CH2=), 6.15 (dd, J = 16 and 9.6 Hz, 1
H, =CH). Anal. Calcd for C10H1602: C, 71.39; H, 9.59. Found:
C, 71.09; H, 9.57.

(2)-47Benzyloxy-2-buten-1-yl Rcetate (14): To a solution of

(2)-4-benzyloxy-2-buten-1-ol (Z 299%) (1.00 g, 5.61 mmol) and a

catalytic amount of 4-(N,N-dimethylamino)pyridine (50 mg, 0.04
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mmol) in pyridine (0.91 mL, 11.2 mmol), acetic anhydride (0.64
mL, 6.7 mmol) was added at 0 °C for 1 min. The mixture was
stirred at room temp for 12 h. The reaction mixture was diluted
with ether (15 mL) and was washed with a 2N HCl (10 mL) solution.
The acidic aqueous phase was extracted with ether (5 mL). The
combined ethereal layers were washed successively with a 2N HC1
(10 mL) solution, a saturated NaHCO3 (10 mL), and brine (10 mL).
The organic phase was dried over MgSO4 and evaporated to give 14
as a colorless oil (1.19 g, 96%): IR (neat) 3070 (CH, s), 3040
(CH, s}, 2950 (CH, s), 2860 (CH, s), 2460 (w), 2060 (w), 1970
{w), 1880 (w), 1740 (C=0, s), 1610 (w), 1590 (w), 1500 (s), 1460
(s), 1380 (s), 1340 (m), 1310 (m), 1240 (s), 1100 (s), 1040 (s},
960 (s), 900 (m), 840 (m), 740 (s), 700 (s) em '; 'H NMR (cDCL,,
60 MHz) 6 2.02 (s, 3 H, COCH,), 4.12 (4, J = 5.0 Hz, 2 H, OCH,),

4.47 (s, 2 H, PhCHZ), 4.62 (d, J = 5.0 Hz, 2 H, CHZOCO), 5.63

(d&t, § = 11 and 5.0 Hz, 1 H, CH=), 5.85 (dt, J = 11 and 5.0 Hz, 1
H, CH=), 7.10-7.50 (m, 5 H, ArH).
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(1) Salt Effects: In a 10-mL stainless steel autoclave,

B R i dadad

sz(dba)3'CHCl3 (0.010 g, 0.01 mmol), PPh, (0.010 g, 0.04 mmol),

3
salt (0.10 mmol), and l-octen-3-yl acetate (l) (0.170 g, 1.00
mmol) were placed. After the atmosphere in the autoclave was
replaced with argon, diisopropylethylamine (0.17 mL, 1.00 mmol)
and absolute ethanol (1.0 mL) were added. Carbon monoxide was
introduced up to 30 kg/cmz. The mixture was stirred at 50 °C for
20 h. The yield and conversion were determined by GLC analysis
using octadecane as an internal standard. These results and
conditions are listed in Table I.

(2) Base Effects: In a 10-mL stainless steel autoclave,

P e L e

Pd(PPh3)4 (0.058 g, 0.05 mmol), NaBr (0.051 g, 0.50 mmol), and
l-octen-3-yl acetate (}) were placed. After the atmosphere in
the autoclave was replaced with argon, a base (1.5 mmol) and
absolute ethanol (3.0 mL) were added. Carbon monoxide was
introduced up to 30 kg/cmz. The mixture was stirred at 50 °C for
5 h. The yield and conversion were determined by GLC analysis
using octadecane as an internal standard. These results and
conditions are listed in Table II.

(3) §§E§}¥§E~§ffgg§§i The carbonylation of l-octen-3-yl
acetate was carried out as described above. Instead of
Pd(PPh3)4, the combinations of various pallaium catalysts and

phoshines were examined. The yield and conversion were

determined by GLC analysis using octadecane as an internal
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standard. These results and conditions are listed in Table III.

Reaction of Triethylamine with 1-Octen-3-yl Acetate (1): In

- T T T T O e it e e i e i Al e

a 10-mL stainless steel autoclave, Pd(PPh3)4
mmol) and NaBr (0.052 g, 0.50 mmol) were placed. The atmosphere
of the autoclave was replaced with argon. Absolute ethanol (1.0
mL), triethylamine (0.21 mL, 1.5 mmol), and l-octen-3-yl acetate
({) {0.170 g, 1.00 mmol) were successively added. Carbon
monoxide was introduced up to 30 kg/cmz. The mixture was stirred
at 50 °C for 20 h. After removal of solvents, the reaction
mixture was filtrated through a pad of Celite 545 (0.5 x 5 cm,
CHC13). Triethyl-2-octenylammonium salt (4) was obtained in 23%

yield, which was determined by lH NMR analysis, along with ethyl

1

3-nonenoate (45% GLC yield): H NMR (CDCl 60 MHz) 6 0.50-1.80

3!
(m, 6 H), 0.88 (t, J = 6 Hz, 3 H, CH3), 1.36 (t, J = 7 Hz, 9 H,
CH3), 1.80-2.50 (m, 2 H, CH2), 3.40 (g, J = 7 Hz, 6 H, CHZ)' 4.00

(d, J = 6 Hz, 2 H, CHZN), 5.70-6.50 (m, 2 H, CH=CH).
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Condition A: In a 10-mL stainless steel autoclave,

-~

sz(dba)B'CHCl3 (0.020 g, 0.02 mmol), PPh, (0.021 g, 0.08 mmol),

3
NaBr (0.020 mg, 0.20 mmol), and allyl acetate (1.00 mmol) were
placed. The atmosphere in the autoclave was replaced with argon.
Absolute ethanol (1.0 mL) and diisopropylethylamine (0.17 mL, 1.0
mmol) were added. Carbon monoxide was introduced up to 30
kg/cmz. The mixture was stirred at 50 °C for 20 h. The reaction
mixture was diluted with methylene chloride (20 mL) and washed
with water (20 mL x 3). The organic phase was dried over MgSO4.
After removal of the solvents, the residue was chromatographed on
silica gel to afford B,Y-unsaturated ester.

Condition B: In a 10-mL stainless steel autoclave,

-

sz(dba)z'CHCl (0.020 g, 0.02 mmol), PPh

3 3 (0.021 g, 0.08 mmol),
NaBr (0.052 g, 0.50 mmol), and allyl acetate (1.00 mmol) were
placed. The atmosphere in the autoclave was replaced with argon.
Absolute ethanol (1.0 mL) and diisopropylethylamine (0.17 mL, 1.0
mmol) were added. Carbon monoxide was introduced up to 60
kg/cmz. The mixture was stirred at 80 °C for 20 h. The reaction
mixture was diluted with methylene chloride (20 mL) and washed
with water (20 mL x 3). The organic phase was dried over MgSO4.
After removal of the solvent, the residue was chromatographed on

silica gel to afford B,Y-unsaturated ester.

Condition C: Carbonylation of allyl acetate was carried out

A



Carbonylation of 1-Octen-3-yl Acetate (1): The Carbonyl-

P S N L b e e e e die B e et e died

ation of l-octen-3-yl acetate (1) (170 mg, 1.0 mmol) was carried.
out under the reaction condition A. Ethyl 3-nonenocate (2) (0.129

g, 70%) was obtained as a yellow oil: R. = 0.23 (Sioz, methylene

£
chloride:hexane = 3:7); bp 70-71 °C / 4 mmHg; IR (neat) 2960 (CH,

s), 2940 (CH, s), 2860 (CH, s), 1740 (C=0, s), 1470 (CH, m), 1450
(m), 1410 (w), 1370 (CH, s), 1330 (m), 1300 (m), 1250 (C-0, s),
1160 (s), 1120 (m), 1035 (s), 970 (s), 940 (w), 860 (w), 780 (w),
725 (w) em”'; lm NMR (CDC1,, 60 MHz) 6 0.60-1.10 (m, 3 H, CHj),
1.25 (t, J = 6.4 Hz, 3 H, CHj), 1.10-1.73 (m, 6 H, CH)),
1.73-2.40 (m, 2 H, CH,), 2.90-3.30 (m, 2 H, CH,CO), 4.12 (q, J =
7.0 Hz, 2 H, CHZ)’ 5.16-5.90 (m, 2 H, CH=CH); The stereoisomeric

ratio of E/Z2 was determined to be 81/19 by the 13

130 \Mr (cpDC1

C NMR analysis;
37 25 MHz) ¢ 172.1, 134.7, 121.6, 60.4, 38.2, 32.5,
31.4, 28.9, 22.6 14.2, 14.0 for (E)-2a; 171.9, 133.4, 120.9,
60.4, 33.1, 31.5, 29.0, 27.4, 22.6, 14.2, 14.0 for (Z)-2b. Anal.
Ccalcd for C,,H.,.O,: C, 71.70; H, 10.94. Found: C, 71.62; H,

1172072°
10.90.

Carbonylation of 1-Hexen-3-yl Acetate (5): The carbonyl-
ation of 1-hexen-3-yl acetate (§) (0.284 g, 2.00 mmol) was
carried out under the reaction condition A. A mixture of (E)-
and (2Z)-ethyl 3-heptenoate (§) (0.244 g, 78%) was obtained as a
colorless o0il. The isomeric ratio was determined to be 82:18 by
“the 3¢ NMR analysis: bp 80-85 °C / 9 mmHg (Kugelrohr); IR

{neat) 2980 (CH, s), 2930 (CH, s), 2880 (CH, s), 2850 (m), 1740
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(C=0, s), 1470 (CH, m), 1450 (w), 1420 (w), 1370 (CH, m), 1330
(m), 1300 (m), 1250 (C-0, s), 1170 (s), 1120 (m), 1100 (w), 1040
(s), 970 (s), 930 (w), 860 (w), 780 (w) cm '; ' NMR (CDCl;, 500
MHz) 6 0.89 (t, J = 7.3 Hz, 3 H, CH3)' 1.25 (t, J = 7.1 Hz, 3 H,
OCCH,), 1.39 (dq, J = 7.3 and 7.1 Hz, 2 H, CH,), 2.11 (dt, J =

7.3 and 5.7 Hz, 2 H, CH2), 3.01 (4, g

5.7 Hz, 2 H, CH,CO), 4.13
(@, 3 = 7.1 Hz, 2 H, OCH,), 5.52 (dt, J = 5.7 and 15.5 Hz, 1 H,
CH=), 5.57 (dt, J = 5.7 and 15.5 Hz, 1 H, CH=); '>C NMR (CDCI,,
25 MHz) § 172 (c=0), 134 (c%), 121 (c%), 60 (ethyl cly, 38 (c?),
34 (%), 22 (ethyl c?), 14 (c®, 13 () for (E)-8a; 171 (c=0),
133 (¢3), 121 (Y, 60 (ethyl c*), 33 (c?), 29 (C°), 22 (ethyl
c®, 14 (c%, 13 (c/) for (z)-8b. Anal. Caled for CyH, 0,
C, 69.19; H, 10.32. Found: C, 68.75; H, 10.21.

Carbonzlation of (E)—2—Hexen—1-¥l Acetate (6): The

P 3 e T I T N g

carbonylation of (E)-2-hexen-1-yl acetate (0.284 g, 2.00 mmol)
was carried out as described above. A mixture of (E)- and
(2) -ethyl 3-heptenocate (8) (0.213 g, 68%) was obtained as a

colorless o0il. The isomeric ratio was determined to be 80:20 by

the 13C NMR analysis.

Carbonylation of (2)-2;Hexen:l-yl Acetate (7): The
carbonylation of (E)-2-hexen-1-yl acetate (0.284 g, 2.00 mmol)
was carried out as described above. A mixture of (E)- and
(2)-ethyl 3-heptenoate (8) (0.230 g, 74%) was obtained as a
colorless oil. The isomeric ratio was determined to be B80:20 by

the 13C NMR analysis.
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Ethyl 4-Phenyl-3-butenoate (9): The carbonylation of
cinnamyl acetate (0.176 g, 1.00 mmol) was carried out under the
reaction condition B. Ethyl 4-phenyl-3-butenoate (9) (85%, GLC
yield) was isolated (0.160 g, 84%). An analytical sample was
purified by preparative GLC (SE-30, 10%, 1 m x 2 mm, 200 °C).

The yield of 9 was determined by GLC using dodecane as an
internal standard: gf = 0.2 (Si02, methylene chloride:hexane =
3:7); bp 75-80 °C / OTZ mmHg (Kugelrohr); IR (neat) 3040 (m),
2980 (CH, s), 2900 (w), 1950 (w), 1880 (w), 1735 (C=0, s), 1650
(C=C, w), 1600 (w), 1580 (w), 1500 (m), 1465 (w), 1450 (CH, s),
1410 (m), 1370 (m), 1350 (CH, w), 1295 (m), 1250 (C-O, s), 1150
(br), 1195 (w), 1025 (s), 985 (s), 940 (w), 860 (w), 740 (m), 695
(m) em '; 'H NMR (cDC1;, 60 MHz) § 1.25 (t, J = 7.0 Hz, 3 H,
CH3), 3.16 (4, J = 5.5 Hz, 2 H, CHZ)’ 4,12 (q, § = 7.0 Hz, 2 H,
CH,0), 6.15 (dt, J = 15.5 and 5.5 Hz, 1 H, CH=), 6.45 (d, J =
15.5 Hz, 1 H, CH=), 6.90-7.50 (m, 5 H, ArH); The stereoisomeric

ratio of E/Z was determined to be 100/0 by the 13

13c NMr (cpDCl

C NMR analysis;
37 25 MHz) 6 171.2 (Cc=0), 136,9 (i), 133.2, 128.5,
127.5 (p), 126.3, 121.9, 60.6, 38.3, 14.2. Anal. Calcd for

c,,H

12 1402: C, 75.76; H, 7.42. Found: €, 75.51; H, 7.45.

Ethyl 3-Cyclohexylidenepropanoate (11): The carbonylation
of l-vinylcyclohexen-1-yl acetate (10) (0.840 g, 5.00 mmol) was
carried out under the reaction condition A. Ethyl 3-cyclo-

hexylidenepropanoate (11) (0.730 g, 80%) was obtained as a yellow

oil: gf = 0.35 (Sioz, methylene chloride:hexane = 1:1); bp 90-95



°C / 6 mmHg (Kugelrohr); IR (neat) 2940 (CH, s), 2860 (s), 1740
(C=0, s), 1450 (CH, m), 1410 (w), 1370 (CH, s), 1350 (w), 1330
{m), 1305 (m), 1260 (m), 1240 (C-0, s), 1160 (s), 1130 (m), 1100

(m), 1080 (w), 1030 (s), 990 (w), 940 (w), 890 (w), 840 (w) cm—l;

1y MR (CDC1,, 60 MHz) 6 1.08 (t, J = 7 Hz, 3 H, CH;), 1.40-1.83

(m, 6 H, (CH2)3), 1.83-2.33 (m, 4 H, (CH 3.02 (4, J = 7.5

2)2)!
Hz, CHZCO), 4.13 (g, J = 7 Hz, 2 H, OCH2), 5.25 (¢, 3 = 7.5 Hz, 2
H, CH=); 13C NMR (CDC13, 25 MHz) & 172.2, 143.1, 112.8, 60.4,
37.1, 33.0, 29.0, 28.6, 27.7, 26.9, 14.3. Anal. Calcd for
C11H1802: C, 72.49; H, 9.96. Found: C, 72.28; H, 9.93.

Carbonylation of 4-(N-Benzyl-N-2-cyanoethylamino)-2-buten-
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ethylamino)-2-buten-1-yl acetate (0.272 g, 1.00 mmol) (E:Z =
88:12) was carried out (reaction condition B). Isolation of
ester }2 from the reaction mixture is as follows: The reaction
mixture was evaporated and chromatographed on silica gel (9 g,
2.2 X 6.0 cm, methylene chroride) to give a mixture of (E)- and
(Z) -ethyl 5-(N-benzyl-N-2-cyanoethylamino)-3-pentenoate (}g)
(0.164 g, 57%) as a yellow oil: IR (neat) 2950 (br), 2830 (m),
2260 (CN, m), 1740 (C=0, s), 1600 (m), 1500 (m), 1460 (s}, 1375
(s), 1250 (m), 1160 (s), 1130 (m), 1100 (m), 1080 {(m), 1025 (s),
975 (s), 930 (m), 850 (w), 800 (w), 740 (s), 700 (s) cm *; ‘n NMR
(CDCl,, 100 MHz) 6 1.24 (t, J = 7.0 Hz, 3 H, CHy), 2.40 (t, J =

6.4 Hz, 2 H, CH2CN), 2.78 (t, J = 6.4 Hz, 2 H, CH,CCN), 2.90-3.30

2
{m, 4 H, CH2C=C), 3.60 (s, 2 H, CHZPh), 4.12 (g, J = 7.0 Hz, 2 H,
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OCH2), 4.87 (dt, J = 15.4 Hz and 5.8 Hz, 1 H, CH=), 6.46 (dt, J =

15.4 and 5.8 Hz, 1 H, CH=), 7.00-7.70 (m, 5 H, ArH); The

stereoisomeric ratio of E/Z was determined to be 68/32 by the L3¢

13

NMR analysis; C NMR (CDC1 25 MHz) 6 171.5, 138.5, 130.6,

37
128.6, 128.3, 127.2, 125.8, 118.8, 60.6, 58.2, 55.6, 48.7, 37.8,
16.5, 14.2 for (E)-13; 171.2, 138.4, 129.6, 128.6, 128.6, 128.3,
124.7, 118.8, 60.8, 58.3, 50.5, 49.0, 33.3, 16.6, 14.2 for
(g)—}g; mass spectrum (EI), m/e 286 (12), 246 (100), 199 (31),
173 (18), 146 (6), 120 (17), 99 (4), 91 (100), 81 (8), 65 (13),
55 (8), 41 (5): high resolution mass spectrum for C17H2202N2,
calcd 286.1681, found 286.1704.

Carbonylation of (Z)-4-Benzyloxy-2-buten-1l-yl Acetate (14):
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The carbonylation of (Z)-4-benzyloxy-2-buten-1-yl acetate (0.441
g, 2.00 mmol) was carried out (reaction condition A). A mixture
of (E)- and (zZ)-ethyl 5-benzyloxy-3-pentenoate (1§) (0.399 g,
85%) was obtained. The isomeric ratio was determined to be 88:12
by the 13C NMR analysis: bp 115-120 °C / 0.2 mmHg (Kugelrohr);
IR (neat) 3080 (s), 3030 (m), 2980 (s), 2940 (s), 2900 (s), 2850
(s), 2800 (m), 1740 (C=0, s), 1500 (m), 1480 (w), 1455 (s), 1410
(m), 1390 (m), 1370 (m), 1340 (m}, 1250 (m), 1190 (m), 1170 (s),
1100 (s), 1060 (m), 1020 (s), 970 (s), 940 (m), 855 (m), 805 (w),

1.1

740 (m), 695 (m) cm ~; “H NMR (CDCl 60 MHz) 6 1.23 (t, J = 7

3'
Hz, 3 H, CH3), 2.90-3.20 (m, 2 H, CH2CO), 3.80-4.30 (m, 2 H,
CH20), 4.07 (q, J = 7 Hz, CH20), 4.43 (s, 2 H, ArCHzo), 5.30-6.30

(m, 2 H, CH=CH), 7.00-7.60 (m, 5 H, ArH); 13C NMR (CDCl., 25 MHz)

3!

— 147 -



§ 171.1, 138.3, 130.3, 128.2, 127.6, 127.4, 125.4, 71.9, 70.1,
60.4, 37.6, 14.2 for (g)—}§. Anal. Calcd for C14H1803: C,
71.77; H, 7.74. Found: C, 72.10; H, 7.89.

Carbonylation of Farmesyl Acetate (16): The carbonylation
of a mixture of (2E,6E)-, (2E,6Z)-, (2Z2,6E)-, and (2Z,62)-
farnesyl acetate (3:3:2:2) (0.529 g, 2.00 mmol) was carried out
(reaction condition B). A mixture of (3E,7E)-, (3E,7Z)-,
(32,7E)-, and (3Z2,7Z)-ethyl 4,8,12-trimethyltrideca-3,7,11-
trienoate (}Z) (0.419 g, 75%) was obtained.

The carbonylation of (2E,6E)-farnesyl acetate (}§) {(0.529 g,
2.00 mmol) was carried out (reaction condition B). A mixture of
(2E,6E)-, and (2Z,6E)-ethyl 4,8,12-trimethyltrideca-3,7,11-
trienoate (}Z) (0.406 g, 73%) was obtained. The ratio was
determined to be 90:10 by the GLC analysis (OV-1 chemical bonded
capillary column, 25-m x 0.25-mm, injection temp 200 °C, column
temp 200-A5-300 °C, 1.5 kg/cm2~N2): IR (neat) 2980 (s), 2920
(s), 2850 (s), 1740 (C=0, s), 1670 (C=C, w), 1480 (w), 1460 (w),
1450 (m), 1380 (m), 1320 (m), 1300 (m), 1260 (m), 1160 (s), 1105
(m), 1100 (m), 1035 (s), 980 (w), 940 (m), 920 (w), 840 (m), 800

1

(w), 950 (w) cm *; H NMR (CDCl,, 60 MHz) 6 1.24 (t, J = 7.0 Hz,

3!
3 H, CH3), 1.56-1.83 (m, 12 H, CH3), 1.83-2.30 (m, 8 H, CH2),
3.00 (4, J = 7.0 Hz, 2 H, CHZCO), 4.11 (q, J = 7.0 Hz, 2 H,
OCH,), 4.60-5.70 (m, 3 H, CH=).

Ethyl 2-Cyclohexenecarboxylate (18): The carbonylation of

B T R e T e e A S e )

2-cyclohexen-1-yl acetate (0.420 g, 3.00 mmol) was carried out
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(reaction condition B). The reaction mixture was diluted with
methylene chloride and washed with water (20 mL x 3). After
removal of the solvents, the residue was chromatographed on
silica gel (10 g, gf = 0.3, methylene chloride:hexane = 3:7).
Ethyl 2—cyclohexene;arboxylate (18) (0.265 g, 57%) was isolated
as a yellow oil. An analytical sample was purified by
preparative GLC (SE-30, 10%, 1-m x 2-mm, 150 °C). The GLC yield
was determined by using tridecane as an internal standard: bp
90-95 °C / 17 mmHg (Kugelrohr); IR (neat) 3060 (CH, m), 2980 (CH,
s), 2930 (CH, s), 2860 (CH, s), 2830 (m), 2650 (w), 1890 (w),
1730 (Cc=0, s), 1650 (C=C, m), 1450 (CH, s), 1390 (m), 1365 (CH,
s), 1300 (s), 1200 (Cc-0, s), 1090 (s), 1030 (s), 925 (m), 900
(m), 890 (m), 860 (m), 850 (m), 800 (w), 660 (w), 620 (s), 660
(m) cm™'; 'H NMR (CDCl,, 60 MHz) § 1.26 (t, J = 6.8 Hz, 3 H,
CH3), 1.45-2.43 (m, 6 H, (CH2)3), 2.76-3.30 (m, 1 H, CH), 4.16
(¢, J = 6.8 Hz, 2 H, CH,), 5.53-6.10 (m, 2 H, CH=CH); '°C NMR
(CDCl3, 25 MHz) 6 174.0, 129.3, 124.8, 60.4, 41.3, 25.4, 24.9,
21.0, 14.3. Aanal. Calcd for C.H.,O c, 70.10; H, 9.15.

9°14"2°
Found: C, 69.65; H, 9.09.

(E)7Ethyl 2,5-Dimethyl-3-hexencate (13): The carbonylation
of 5-methyl-2-hexen-4-yl acetate (0.312 g, 2.00 mmol) was carried
out (reaction condition B). Ethyl 2,5-dimethyl-3-hexenocate (%g)
(0.197 g, 59%) was obtained as a yellow oil: Re = 0.40 (Si02,
methylene chloride:hexane = 1:1); IR (neat) 2963 (CH, s), 2880

(s), 1740 (C=0, s), 1470 (CH, m), 1380 (CH, m), 1330 (m), 1250
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(C=0, s), 1170 (s), 1100 (m), 1050 (m), 970 (m), 860 (w), 760 (w)
em™ Y 1H NMR (cDCl,, 60 MHz) 6 0.98 (d, J = 6 Hz, 6 H, CHy), 1.25
(d, J = 7 Hz, 3H, CHy), 1.28 (t, J = 7 Hz, 3 H, CH;), 1.56-1.86

{m, 1H, CH), 2.80-3.40 (m, 1H, CH), 4.21 (q, J = 7 Hz, 2 H, CH2),

13

5.30-5.80 (m, 2 H, CH=CH); C NMR (CDC1 25 MHz) ¢ 175.1,

3’
139.0, 126.0, 60.3, 42.8, 30.9, 22.3, 17.6, 14.3, 14.2.

Carbonylation of 5-Nonen-4-yl Acetate: The carbonylation of

o T T T et A

5-nonen-4-yl acetate (0.368 g, 2.00 mmol) was carried out
(reaction condition B). Ethyl 2-n-propyl-3-heptenoate (20)

{0.202 g, 51%) was obtained as a yellow oil: R

_—f- 2’

methylene chloride:hexane = 1:1); IR (neat) 2960 (CH, s), 2930

= 0.40 (Sio

(s), 2880 (CH, s), 1740 (C=0, s), 1470 (CH, m), 1370 (CH, m),
1240 (C-0, s), 1180 (m), 1100 (m), 1030 (m), 970 (m), 850 (w),
740 (w) cm '; 'H NMR (cDCl,, 100 MHz) § 0.88 (t, J = 8.1 Hz, 3 H,
CH;), 0.91 (t, J = 8.1 Hz, 3 H, CHy), 1.10-1.90 (m, 6 H, CH,),
1.33 (t, J = 7.3 Hz, 3 H, OCCH,), 1.98 (dt, J = 8.6 and 5.8 Hz, 2
H, CH2C=C), 2.94 (dt, J = 5.8 and 5.8 Hz, 1 H, CH), 4.12 (g, J =
7.3 Hz, 3 H, OCHz), 5.30 {(dt, J =16.4 and 8.6 Hz, 1 H, CH=), 5.55

(dd, J = 16.4 and 5.8 Hz, 1 H, CH=); >3

C NMR (CDC13, 25 MHz) §
174.6, 133.0, 128.2, 60.2, 49.2, 34.9, 34.6, 22.4, 20.4, 14.3,

13.8, 13.6.
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Carbonylation of Linalyl acetate (21): The carbonylation of
linalyl acetate (g}) (0.196 g, 1.00 mmol) was carried out
(reaction condition A). The mixture of (E)- and (Z)-ethyl
4,8-dimethyl-3,7-nonadienocate (2é) was isolated (0.188 g, 90%).
The GLC yield was determined to be 100% by using hexadecane as an
internal standard: Bf = 0.37 (sioz, methylene chloride:hexane =
1:9); bp 65-70 °C / 0?2 mmHg (Kugelrohr); IR (neat) 2980 (CH, s),
2930 (CH, s), 2730 (w), 1740 (C=0, s), 1450 (CH, m), 1385 (m),
1255 (C-0, m), 1150 (s), 1105 (w), 1015 (s), 940 (w), 830 (w)

1 1

cm ~; “H NMR (CDCl 60 MHz) & 1.25 (t, J = 6.8 Hz, 3 H,

3’
O—C—CH3), 1.50-1.95 (m, 9 H, CH3), 1.95-2.40 (m, 4 H, (CH2)2),
3.02 (d, § = 6.8 Hz, 2 H, CH,CO), 4.12 (g, J = 6.8 Hz, 2 H,
OCHZ), 4.90-5.56 (m, 2 H, CH=); The stereocisomeric ratio of E/2Z
was determined to be 60/40 by the 13C NMR analysis and by the GLC
analysis (PEG 20M chemical bonded capillary column, 25-m X
0.25-mm, injection temp 200 °C, column temp 130-A5-230 °C, 1.5

kg/cm®-N,). Anal. Ccalcd for C,,H,,0

13822 C, 74.24; H, 10.54.

2:
Found: C, 73.96; H, 10.56.
Carbonylation of Geranyl Acetate (22): As descrived above,
the carbonylation of geranyl acetate (22) (0.196 g, 1.00 mmol)
was carried out (reaction condition A). Ethyl 4,8-dimethyl-3,7-
nonadienoate (23) (6%, GLC yield) was also obtained. The
stereoisomeric ratio was determined to be 93:7 by the GLC

analysis.

The carbonylation of geranyl acetate (22) (0.196 g, 1.00
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mmol) was also carried out (reaction condition B). Ester géé
(74%, GLC yield) was also obtained in 74% isolated yield

stereoselectively. The ratio of 24a:24b was determined to be

o e~

13 13

93:7 by the “°C NMR and GLC analyses: C NMR (25 MHz, CDCl,) §

138.9, 131.4, 124.1, 116.0, 60.4, 39.7, 33.8, 26.6, 25.7, 17.7,
16.3, 14.3 for (E)-24a.

-~ a

The carbonylation of geranyl acetate (0.196 g, 1.00 mmol)
was carried out (reaction condition C). Ester 23§ (74%, GLC

yield) was also obtained. The ratio of 24a:24b was determined to

~ e

be 85:15 by the GLC analysis:

Carbonylation of Neryl Acetate (23): As described above,

- e T e e a e  e e  e  ae  Se  e e  me me a

the carbonylation of neryl acetate (0.196 g, 1.00 mmol) was
carried out (reaction condition B). (Z)-Ethyl 4,8-dimethyl-3,7-

nonadienoate (24b) (78%, GLC yield) was also obtained in 68%

~

isolated yield stereoselectively. The ratio of 24a:24b was

P

determined to be 14:86 by the 13C NMR and GLC analyses; 13C NMR

(CDCl3, 25 MHz) 6 138.8, 131.8, 124.0, 116.8, 60.4, 33.7, 32.2,

26.5, 25.7, 23.4, 17.6, 14.3 for (2)-24b.

~

The carbonylation of neryl acetate (0.196 g, 1.00 mmol) was
carried out (reaction condition C). Ester 24b (89%, GLC yield)

was also obtained. The ratio of 24a:24b was determined to be

e

32:68 by the GLC analysis.

Control Experiment for the Thermal Isomerization of

e e e e e A A S e e e A S v A e e e e v e e e e e e R v e e R w R Re A Ru M e Ru e R e A v e e

B,Y-Unsaturated Ester 24b under the Reaction Conditions B: 1In a
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thermal isomerization of 24b (E:Z = 7:93) was carried out under

~

the condition B. No change of isomer ratio was obserbed after 20

h.
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Acetate (28): The carbonylation of cis-5-methoxycarbonyl-2-

cyclohexen-1-yl acetate (gg) (0.198 g, 1.00 mmol) was carried out
(reaction condition B) using methanol in place of ethanol. A
mixture of trans- and cis-dimethyl 2-cyclohexene-1,5-di-
carboxylate (%2§ and %29) and dimethyl 1l-cyclohexene-1,5-di-
carboxylate (39) (0.135 g, 68%) was obtained by the column
chromatography (SiOz, hexane:methylene chloride = 8:2). The
molar ratio 29a/29b/30 was determined to be 23:18:59 by the GLC

o e me o

analysis. An analytical sample was purified by preparative GLC

(SE-30 10%, 1-m x 3-mm, He); 29a-b; 'H NMR (CDC1,, 60 MHz)
1.50-2.90 (m, 5 H), 3.00-3.50 (m, 1 H, CHCOO), 3.70 (s, 6 H,
OMe), 5.70-5.93 (m, 2 H, CH=CH): 30; lH NMR (cDCl,, 60 MHz)

1.40-3.00 {(m, 7 H), 3.69 (s, 3 H, OCH3), 3.72 (s, 3 H, OCH3),
6.85-7.20 (m, 1 H, CH=).

The carbonylation of cis-diethyl S-methoxycarbonyl-2-cyclo-
hexen-1-yl phosphate (%1) (0.292 g, 1.00 mmbl, cis:trans = 100:0)
was carried out at 50 °C for 5 h under CO atmosphere (60 kg/cmz).
Instead of EtOH, MeOH was used as a solvent. trans-Dimethyl
l-cyclohexene-1,5-dicarboxylate (ggg) (0.121 g, 57 %) was
obtained as a colorless oil. The cis:trans ratio of 29a-b was

-~

determined to be 96.0:4.0 on the basis of GLC analysis (PEG 20M,

— 153 -



25 m x 0.25 mm): IR (neat) 3040 (w), 2900 (m), 1850 (w), 1735
(c=0, s), 1660 (m), 1620 (m), 1435 (m), 1160 (C-0-C, s}, 1100

(m), 105 (m), 1010 (m), 900 (m), 870 (m), 830 (w}, 800 (m), 765

(m), 690 (m) cm ¥; lH NMR (500 MHz, cpcl,) 6 1.88 (dad, J =

H2a 28

13.52, 10.77, and 6.19 Hz, 1 H, ), 2.21-2.35 (m, 3 H, H and

¥y, 2.82 (daad, J = 106.77, 8.93, 5.73, and 3.21 Hz, 1 H, HLP),

H3a

3.21 (m, 1 H, ), 3.69 (s ,3 H, COOMe), 3.70 (s, 3 H, COOMe},

5.75-5.87 (m, 2 H, CH=CH).

Synthetic Application

= T R e e e S

(E) -3-Nonen-1-0l1 (37): To a solution of ethyl 3-nonenoate
(%) {0.184 g, 1.00 mmol) in THF (2.0 mL), a THF solution of
lithium aluminum hydride (0.69 M, 2.5 mL, 1.73 mmol) was added at
0-5 °C for 20 min. The mixture was stirred at room temp for 60
min. The reaction was quenched with water (1.0 mL). The
resulting gel was passed through a pad of Celite using ethyl
acetate (20 mL) as an eluent. The eluate was evaporated to give
3-nonen-1-o0l1 (EZ) (0.162 g, 95%) as a colorless oil: IR (neat)
3300 (OH, br), 2930 (s), 2860 (s), 1750 (w), 1720 (w), 1475 (m),
1470 (m), 1380 (m), 1050 (s), 970 (s), 880 (w), 720 (w) cm '; lH
NMR (CDC13, 100 MHz) 6 0.89 (t, J = 6.2 Hz, 3 H, CH3), 1.05-1.55

(m, 6 H, CHZ)’ 1.80-2.10 (m, 2 H, CH,C=C), 2.24 (dt, J = 6.5 and

2
6.2 Hz, 2 H, CH2CH20), 2.41 (s, 1 H, OH), 3.59 (t, J = 6.5 Hz, 2
H, CHZO), 5.32 (dt, J = 14.9 and 5.8 Hz, 1 H, CH=), 5.55 (dt, J =

14.9 and 5.8 Hz, 1 H, CH=). Anal. Calcd for C9H180: C, 75.99:;
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H, 12.76. Found: C, 75.60; H, 12.62.

(E) -3-Nonenoic Acid (39): 1In a 50~mL round bottomed flask,

PP S I TR e e e e a2

a 2N KOH (10 mL) solution was added carefully to the THF solution
(10 mL) of (E)-ethyl 3-nonenoate (g) (1.87 g, 10.1 mmol) at 0 °C.
The reaction mixture was stirred at room temp for 48 h. After
removal of the solvents, the mixture was diluted with water and
washed successively with toluene (20 mL x 3) and ether (20 mL).
Then, the aqueous layer was made acidic with a 12N HCl1l solution
at 0 °C. The acidic solution was extracted with methylene
chloride (20 mL x 5) and the combined extracts were dried over
MgSO4. After removal of the solvents, (E)-3-nonenoic acid (§g)
(1.54 g, 99%) was obtained as a yellow oil.
3;4-Dihydroxynonancic Acid (40): To a solution of
3-nonenoic acid (1.03 g, 6.3 mmol) in THF (30 mL), trimethylamine
N-oxide (1.04 g, 9.4 mmol) was added. A THF solution of 0s0,
(0.348 M, 1.0 mL, 0.35 mmol) was added to the suspension. The
reaction mixture was stirred for 2 h at room temp. The reaction
was quenched by Na25204 (5.0 g), Florisil (12.5 g), and water
(6.5 mL). The mixture was stirred at room temp for 30 min. The
reaction mixture was dried over MgSo, (6 g). The resulting
slurry was stirred for 1 h. The mixture was filtered through a
pad of SiO2 (12 g) using methanol (200 mL) as an eluent. The
eluate was evaporated to give the crude acid 39 (1.17 g, 100%) as

colorless crystals; IR (KBr) 3233 (CH, s), 3086 (CH, s), 2955

(CH, s), 1678 (C=0, s), 1456 (m), 1423 (w), 1386 (w), 1332 (m),
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1275 (w), 1170 (m), 1134 (m), 1111 (m), 1087 (m}, 1060 (m), 1024
(W), 1003 (w), 935 (w), 914 (w), 866 (m), 673, (m), 602 (m) cm *
Ethyl 3,4 Dihydroxynonancate (38). To a solution of ethyl
3-nonenoate (%) (1.84 g, 10.0 mmol) in THF (50 mL), trimethyl-
amine N-oxide (1.67 g, 15.0 mmol) was added. The solution of
OsO4 (0.386 M, 1.3 mL, 0.5 mmol) was added to the suspension.
The reaction mixture was stirred at room temp for 2 h. The
reaction was quenched by Na,S5,0, {4 g), Florisil (10 g), and
water (5 mL). The mixture was stirred at room temp for 30 min.
The reaction mixture was dried over MgSso, (10 g). The resulting
slurry was stirred for 1 h. The mixture was filtrated through a
pad of Sio2 {20 g) using ether (300 mL) as an eluent. The eluent
was evaporated to give the crude diol §§ (2.13 g, 98%) as a
colorless crystal: IR (neat) 3420 (OH, brs) 2360 (m), 2930 (s),
2875 (m), 1735 (C=0, s), 1475 {(m), 1400 (m), 1380 (m), 1300 (m),
1170 (C-0-C, s), 1060 (m), 1025 (m), 945 (w), 880 (w), 725 (w)
em™; 'H NMR (CDC1,, 60 MHz) § 0.90 (t, J = 5.0 Hz, 3 H, CHj),
1.05-1.80 (m, 8 H, CH2), 1.26 (t, § = 7.0 Hz, 3 H, CH3), 2.53 (4,
J = 6.2 Hz, 2 H, CHZ)' 2.70-3.00 (br, 1 H, OH), 3.10-4.00 (m, 3
H, OH and CHOCHO), 4.15 (q, J = 7.0 Hz, 2 H, CH2).
3-Hydroxy-4-pentyl-4-butanolide (41):

J N e T T T b I W T T g

Method A: In a 10-mL round bottomed flask, 3,4-di-
hydroxynonanoic acid (40) (0.190 g, 1.00 mmol) and dry benzene (2
mL) were placed. To the acid solution, dry benzene solution (1.0

mL) of dicyclohexylcarbodiimide (0.270 g, 1.2 mmol) was added.

156



Then the mixture was stirred at room temp for 48 h, and the
mixture was changed to a white suspension. The white precipitate
was removed by filtration. After removal of benzene,
3-hydroxy-4-pentyl-4-butanolide (fl) (0.180 g, 100%) was obtained
as a yellow oil: IR (neat) 3400 (OH, br), 2980 (CH, s), 2930
(CH, s), 2880 (CH, s), 1770 (C=0, s), 1650 (w), 1470 (m}, 1410
(m), 1380 (m), 1360 (m), 1300 (m), 1200 (s), 1170 (s), 1140 (m),
1120 (w), 1090 {(m), 1020 (m), 980 (w), 950 (m), 900 (w), 850 (w),
810 (w), 790 (w), 730 (w), 660 (w) cm '; ' NMR (CDCl,, 60 MHz) §

0.90 (t, J = 5 Hz, 3 H, CH3), 1.0-2.0 (m, 8 H, (CH 2.5-2.7

2)4),
(m, 2 H, CHZCO), 3.4 (s, 1 H, OH), 4.0-4.6 (m, 2 H, CHO).

¥§E§9§~§i In a 50-mL round bottomed flask equipped with a
reflux condenser, ethyl 3,4-dihydroxynonanoate (§§) (0.440 g,
2.00 mmol) sodium methoxide (0.011] g, 0.2 mmol) and molecular
sieves 4A (0.5 g) were placed. After the atmosphere in the flask
was replaced with nitrogen, dry benzene (10 mL) was added to the
flask. The mixture was refluxed for 2 h. After filtration of
molecular sieves, the filtrate was evaporated to give

3-hydroxy-4-pentyl-4-butanolide (41) (0.260 g, 76%) as a yellow

0il. The spectral data was described above.



References

~ o~~~

1.

-~~~ o~

(a) Chiusoli, G. P.; Merzoni, S. Z. Naturforsch. lgég' 17b,

850. (b) Chiusoli, G. P. Chim. Ind. (Milan) 1252, 41, 503,

{c) Chiusoli, G. P. Gazz. Chim. Ital. 1959, 89, 1332. (a)

PO

Heck, R. F. J. Am. Chem. Soc. 1963, B85, 2013. (e)

~ o~~~

Chiusoli, G. P.; Cassar, L. Angew. Chem., Int. Ed. Engl.

1967, 6, 124. (f) Fod, M.; Cassar, L. Gazz. Chim. Ital.

~ o~

1979, 109, 616. (g) Jod, F.; Alper, H. Organometallics

~

1985, 4, 1775.

~ -~

Heck, R. F.; Breslow, D. S. J. Am. Chem. Soc. 1963, 85,

-~~~

2779.

(a) Dent, W. T.; Long, R.; Whitfield, G. H. J. Chem. Soc.

1964, 1588. (b) Tsuji, J.; Kiji, J.; Morikawa, M.

~ o~

Tetrahedron Lett. 1963, 1811. (c) Tsuji, J.; Kiji, J.:

~ o~~~

Imamura, S.; Morikawa, M. J. Am. Chem. Soc. 1964, 86, 4350.

P

(@) Medema, D.; van Helden, R.; Kohll, C. F. Inorqg. Chim.

Acta 1969, 8, 255. (e) Cowell, A.; Stille, J. K. J. Am.

~ -~

Chem. Soc. 1980, 102, 4193. (f) Sheffy, F. K.; Stille, J.

~ A

K.; J. Am. Chem. Soc. 1983, 105, 7173. (g) Baillargeon, V.

~ o~~~

P.; Stille, J. K. J. Am. Chem. Soc. 1983, 105, 7175. (h)

P e 4

Merrifield, J. H.; Godschalx, J. P.; Stille, J. K.

Organometallics 1984, 3, 1103. (i) Sheffy, F. K.:

~

Godschalx, J. P.; Stille, J. K. J. Am. Chem. Soc. 1984,

~ o~~~

106, 4833. (j) Baillargeon, V. P.; Stille, J. K. J. Am.

— 158 —



8.

Chem. Soc. 1986, 108, 452. (k) Chem. Eng. News 1984, 62,

~ .~

28. (1) Kiji, J.; Okano, T.; Nishiumi, W.; Konishi, H.

Chem. Lett. 1988, 957.

(a) Knifton, J. F. J. Organomet. Chem. 1980, 188, 223. (b)
Ref 3b-d.
(a) Imamura, S.; Tsuji, J. Tetrahedron 1969, 25, 4187. (b)

~ o~~~

Bonnet, M. C.; Nelibecker, D.; Stitou, B.; Tkatchenko, I.
"5th International Symposium on Homogeneous Catalysis
(ISHC-5)" Abstracts, Kobe, 1986, Sept 22-26, G-7, 36. (c)
Mitsudo, T.; Hasegawa, H.; Kadokura, M.; Watanabe, Y. "56th
JCS Meeting, Abstracts, 1XIIA32, Tokyo, 1988.

Murahashi, S.-I.; Imada, Y.; Nishimura, K. J. Chem. Soc.,

Chem. Commun. 1988, 1578.

~ o~

(a) Long, R.; Whitfield, G. H. J. Chem. Soc. 1964, 1852.

N

(b) Brewis, S.; Hughes, P. R. J. Chem. Soc., Chem. Commun.

1965, 157. (c) Tsuji, J.; Imamura, S.; Kiji, J. J. Am.

~ o~

Chem. Soc. 1964, 86, 4491. (d)} Powell, J.; Shaw, B. L. J.

~ o~~~

Chem. Soc. A 1967, 1840. (e) Medema, D.; van Helden, R.

~ o~

Recl. Trav. Chim. Pays-Bas., 1971, 90, 304. (f) Backvall,

o
J. E.; Nordberg, R. E.; Zetterberg, K.; Akermark, B.

Organometallics 1983, 2, 1625. (g) Akermark, B.;

~ o~~~

Soderberg, B. C.; Hall, S. S. Organometallics 1987, 6,

.. o
2608. (h) Soderberg, B. C.; Akermark, B.; Hall, S. S. J.

Org. Chem. 1988, 53, 2925.

~ o a

(a) Takahashi, Y.; Sakai, S.; Ishii, Y. J. Chem. Soc.,

— 139



10.

11.

12.

13.

Chem. Commun. 12§Z' 1092. (b) Takahashi, Y.; Tsukiyama,

K.; Sakai, S.; Ishii, Y. Tetrahedron Lett. 1970, 19313. (c)
Bickvall, J. E.; Nordberg, R. E.; Bjorkman, E. E.; Moberg,

C. J. Chem. Soc., Chem. Commun. 1980, 943. (d) Yamamoto,

T.; Saito, 0.; Yamamoto, A. J. Am. Chem. Soc. 1981, 103,

5600. (e) Yamamoto, T.; Akimoto, M.; Saito, O.; Yamamoto,

A. Organometallics 1986, 5, 15589.

~ o~~~

Hegedus, L. S.; Tamura, R. Organometallics 1982, 1, 1188.

~

(a) Tsuji, J.; Sato, K.; Okumoto, H. Tetrahedron Lett.

1982, 23, 5189. (b) Tsuji, J.; Sato, K.; Okumoto, H. J.

~

Org. Chem. 1984, 49, 1341. (c) Tamaru, Y.; Bando, T.:

—~

Hojo, M.; Yoshida, 2. Tetrahedron Lett. 1987, 28, 3497.

~ -~

Murahashi, S.-I.; Imada, Y. Chem. Lett. 1985, 1477.

o

(a) Koyasu, Y.; Matsuzaka, H.; Hiroe, Y.; Uchida, Y.;

Hidai, M. J. Chem. Soc., Chem. Commun. 1987, 575. (b)

~ -~

Matsuzaka, H.; Hiroe, Y.; Iwasaki, M.; Ishii, ¥Y.; Koyasu,

Y.; Hidai, M. Chem. Lett. 1988, 377. (c) Matsuzaka, H.;

~— o~

Hiroe, Y.; Iwasaki, M.; Ishii, Y.; Koyasu, Y.; Hidai, M. J.

Org. Chem. 1988, 53, 3832. {(d) Iwasaki, M.; Matsuzaka, H.:;

-~~~

Hiroe, Y.; Ishii, Y.; Koyasu, Y.; Hidai, M. Chem. Lett.

1988, 1159. (e) Iwasaki, M.; Li, J.-p.; Kobayashi, Y.;

-~~~

Matsuzaka, H.; Ishii, Y.; Hidai, M. Tetrahedron Lett. 1989,

~ .

30, 95.

Murahashi, S.-I.; Imada, Y.; Taniguchi, Y.; Higashiura, S.

Tetrahedron Lett. 1988, 29, 4945.

~ o~~~




14.

15.

(a) B-Lactam. Biloski, A. J.; Wood, R. D.; Ganem, B. J.

Am. Chem Soc.

L
1o
too

2, 104, 3233; Rajendra, G.; Miller, M. J.

J. QOrg. Chem.

e
1o

§Z, 2, 4471. (b) Antibiotics. Corey, E.

J.; Hase, T. Tetrahedron Lett. 1979, 335; Barrish, J. C.;

Lee, H. L.; Pizzolato, G.; Baggiolini, E. G.; Uskokovic, M.

R. J. Org. Chem. 1988, 53, 4282; Grieco,P. A.; Hon, Y. S.:

~ o~~~

Perez-Medrano, A. J. Am. Chem. Soc. 1988, 110, 1630. (c)
Alkaloids: Tufariello, J. J.; Mullen, G. B.; Tegeler, J.

J. Trybulski, E. J.; Wong, S. C.; Ali, S. A. J. Am. Chem.

Soc. 1979, 101, 2435; Takatsu, N.; Ohmiya, S.; Otomasu, H.

~

Chem. Farm. Bull. 1987, 35, 891; Ohfune, Y.; Tomita, M. J.

Am. Chem. Soc. 1982, 104, 3511.

(a) Corey, H. S., Jr.; McCormick, J. R. D.; Swensen, W. E.

J. Am. Chem. Soc. 1964, 86, 1884. (b) Buchi, G.; Cushman,

o~~~

M.; Widest, H. J. Am. Chem. Soc. 1974, 96, 5563. (c)

Salomon, M.; Pardo, S. N.; Salomon, R. G. J. Am. Chem. Soc.

-~~~ —

1980, 102, 2473. {(d) Chiusoli, G. P.; Pallini, L. J.

Organomet. Chem. 1982, 238, C85. (e) Fujisawa, T.; Sato,

H
~

T.; Takeuchi, M. Chem. Lett. 1982, 71 and 219; Fujisawa,

~ -

T.; Sato, T.; Gotoh, Y.; Kawashima, M.; Kawara, T. Bull.

Chem. Soc. Jpn. 12?3: 55, 3555, (f) Camps, F.; Coll, J.;

Guerrero, A.; Guitart, J.; Riba, M. Chem. Lett. 1982, 715.

(g) Ikuba, T.; Chu, G. N.; Yoneda, F. Tetrahedron Lett.

1984, 25, 3247. (h) Piva, 0.; Henin, F

-~~~

.7 Muzart, J.; Pete,

J. P. Tetrahedron Lett. 12?2' 28, 4825; Mortezaei, R.;

- 161



lé6.

17.

18.

19.

20.

21,

22.

23.

24.

Awandi, D.; Henin, F.; Muzart, J.; Pete, J. P. J. Am. Chem.

~ o~~~

{(a) Kende, A. S.; Toder, B. H. J. Org. Chem. lggg, 47, 163.

(b) Yamaguchi, M. Hamada, M.; Nakashima, H.; Minami, T.

Tetrahedron Lett. 1987, 28, 1785. (c) Ikuba, T.; Taga, T.:

~ -~ e

Shingu, T.; Saito, M.; Nishii, S.; Yamamoto, Y. J. Orgqg.

Chem. 1988, 53, 3947. (d4) Ballester, P.; Costa, A.;

~ -~

Garcia-Raso, A. J. Chem. Soc., Perkin Trans. I lggg, 2797.

Nordberg, R.; Backvall, J. E. J. Organomet. Chem. 1985,

285, C24.

Overman, L. E.; Knoll, F. M. Tetrahedron Lett. lgzg, 321.

(a) Milstein, D. Organometallics 1982, 1, 888. (b)

Milstein, D. Acc. Chem. Res. lggg, 21, 428.

Kudo, K.; Hidai, M.; Murayama, T.; Uchida, Y. J. Chem.

Soc., Chem. Commun. 1979, 1701.

Perrin, D. D. Dissociation Constants of Qrganic Bases in

Aqueous Solution: Supplement 1972, Butterworths, London

(1972).

o
Ackermark, B.; Vitagliano, A. Organometallics }gg?, 4,

1275.
(a) Tsuji, J.; Yamakawa, T.; Kaito M.; Mandai, T.

Tetrahedron Lett. 1978, 2075. (b) Trost, B. M.; Verhoeven,

T. R.; Fortunak, J. M. Tetrahedron Lett. lgzg, 2301.

(a) Moreno-Manas, M.; Trius, A. Bull. Chem. Soc. Jpn. lggg,

56, 2154. (b) Tsukahara, Y.; Kinoshita, H,; Inomata, K.:

162 —



25.

26.

27.

28.

29.

30.

31.

Kotake, H. Bull. Chem. Soc. Jpn. lggg, 57, 3013. (c)

Tamura, R.; Kato, M.; Saegusa, K.; Kakihara, M.; 0da, D. J.

Org. Chem. 1987, 52, 4121.

Guibe, F.; Saint M'Leux, Y. Tetrahedron Lett. lggl, 2,
3591.

(a) Bosnich, B.; Mackenzie, P. B. Pure Appl. Chem. 1982,

54, 189. (b) Faller, J. W.; Thomsen, M. E.; Mattina, M. J.

J. Am. Chem. Soc. 1972, 93, 2642.

o~

Osakada, K.; Chiba, T.; Nakamura, Y.; Yamamoto, A. J. Chem.

Soc., Chem. Commun. }98§, 1589.

Takahashi, T.; Jinbo, Y.; Kitamura, K.; Tsuji, J.

Tetrahedron Lett. 1984, 25, 5921.

-~~~

(a) Rhoads, S. J.; Chattopadhyay, J. K.; Waali, E. E. J.

Org. Chem. 1970, 35, 3352. (b) sakai, M. Nishikawa, S.:

-~ o a o~

Koike, H.; Sakakibara, Y.; Uchino, N. Bull. Chem. Soc. Jpn.

1978, 51, 2970. (c) Alcock, S. G.; Baldwin, J. E.;

~ o~

Bohlmann, R.; Harwood, L. M. J. Org. Chem. lg§§, 50, 3526.

(a) Parshall, G. W.; Wilkinson, G. Inorg. Chem. lggg, 1,

896. (b) Tsuji, J.; Imamura, S. Bull. Chem. Soc. Jpn.

1967, 40, 197.

o~~~

(a) Stille, J. K.; Hines, L. F. J. Am. Chem. Soc. 1970, 92,

1798. (b) Hines, L. F.; Stille, J. K. J. Am. Chem. Soc.

1972, 94, 485. (c) James, D. E.; Stille, J. K. J._ Am.

— o~~~

Chem. Soc. 1976, 98, 1810. (d) Lau, K. S. Y.; Wong, P. K.;

-~~~

Stille, J. K. J. Am. Chem. Soc. 1976, 98, 5832. (e)

163 —



32.

33.

34.

35.

36.

37.

Stille, J. K.; Divakaruni, R. J. Orgqg. Chem. }gzg, 44, 3474.

(f) Larock, R. C.; Leach, D. R. J. Org. Chem. 1984, 49,

2144.

Rivetti, F.; Romano, U. J. Organomet. Chem. 1978, 154, 323.

~ o~~~

Hidai, M.; Kokura, M.; Uchida, Y. J. Organomet. Chem. 122§,

52, 431.
(a) Cyclization: Kasahara, A.; Izumi, T.; Sato, K.;

Maemura, M.; Hayasaka, T. Bull. Chem. Soc. Jpn. 1977, 50,

1899; Kato, T.; Kumazawa, S.; Kitahara, Y. Synthesis 1922,

573; Hoye, T. R.; Kurth, M. J. J. Org. Chem. 1978, 43,
3693: Rouessac, A.; Rouessac, F.; Zamarlik, H. Tetrahedron

Lett. 1981, 22, 2641; Hoye, T. R.; Caruso, A. J.; Kurth, M.

~ e~~~

J. J. Org. Chem. 1981, 46, 3550; Gnonlonfoun, N.; Zamarlik,

~ o~~~

H. Tetrahedron Lett. 1987, 28, 4053. (b) Asymmetric

-~

Hydrogenation: Ohta, T.; Takaya, H.; Kitamura, M.; Nagai,

K.; Noyori, R. J. Org. Chem. 1987, 52, 3174.

~ o~~~

(a) Schroder, M. Chem. Rev. 1980, 80, 187. (b) VanRheenen,

~ .~ o~

V.; Kelly R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 1973.

(c) Glattfield, J. W. E.; Rietz, E. J. Am. Chem, Soc. 1940,

P

62, 974.

Kudo, K.; Hidai, M.; Uchida, Y. J. Organomet. Chem. 1971,

33, 393.
Hegedus, L. S.; Anderson, O. P.; Zetterbeg, K.; Allen, G.;

Hansen, K. S.; Olsen, D. T.; Packard, A. B. Inorq. Chem.

1977, 16, 1887.

-~ o~

164 —



38.

39.

40.

41.

(a) Mann, F. G.; Chaplin, E. J. J. Chem. Soc. 1937, 527.

(b) Ziegler, C. B., Jr.; Heck, R. F. J. Org. Chem. 1978,

3, 2941.

Marcou, M. A.; Normant, H. Bull. Soc. Chim. Fr. 1g§§, 3491.

Danishefsky, S.; Berman, E. M.; Ciufolini, M.; Etheredge,

S. J.; Segmuller, B. E. J. Am. Chem. Soc. l?gé' 107, 3891.

Tanigawa, Y.; Nishimura, K.; Kawasaki, A.; Murahashi,

S.-I.; Tetrahedron Lett. 1982, 23, 5549.

— 165 -



Acknowledgment

The present studies have been carried out under direction
of Professor Shun-Ichi Murahashi in his laboratory at Osaka
University during 1984-1989.

The author wishes to acknowledge the continuing guidance
and encouragement of Professor Shun-Ichi Murahashi gratefully.

The author wishes to thank to Associate Professor Takahiro
Hosokawa, Dr. Takeshi Naota, and Mr. Yasushi Imada for their
helpful suggestions and numerous discussions.

The author also wishes to express appreciation to Mr.
Yoshio Teraw&ki and Mr. Hiroshi Okuda for measurement of NMR
spectra, to Yoshihiko Harada for elemental analyses, and to Mr
Kazuo Fukuda for mass spectra.

The author thanks to Mr. Shinya Higashiura for his active
collaborations, and to many other members of the Murahashi

Laboratory for their helpful discussions.

Yuki Taniguchi

1989

- 166





