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1. INTRODUCTION

High pressure technology has already become a routine technique for synthetic chemists. '
This technique (0.1 - 2 GPa) is applied mainly in liquid systems and to those reactions
which show large and negative volumes of activation. It is a valuable tool which can be
employed to stimulate organic reactions that take place too slowly, require too high
temperatures or are hindered by steric or electronic factors. It may also be used in
order to increase selectivity among alternative products since both regio- and stereo-
selectivities change with pressure if there is a difference in activation veolurnes. Generally,
formation of a bond, concentration of charge, and an ionized transition state leading to
a negative volume of activation, whereas bond cleavage, dispersal of charge, neutralization
of the transition state and diffusion control lead to a positive volume of activation.
Thus, the application of high pressure accelerates (a) reactions in which the number of
molecules decreases on product formation (e.g. cycloadditions and condensations), (b)
reactions which take place through dipolar transition states ( e.g. Menschutkin reaction,
aromatic electrophilic and nuclecophilic substitutions), and {c) sterically hindered

reactions.

2, CYCLOADDITIONS TO HETERQOCYCLES

High pressure is of special value in improving or even promoting the cycloaddition
reactions that take place in spite of steric hindrance or unfavourable electronic factors.
Therefore, many successful synthesis of commpounds otherwise unavailable have been
reported.

2.1 HETEROCYCLES AS DIENES
The high-pressure Diels-Alder addition of the 2,5-disubstituted furan (1) to 1-cyanovinyl
acetate (2) gave almost quantitatively the single diastereomeric adduct (3).> This

reaction is one of the key-steps in the synthesis of sesquiterpenes containing a 6,9-
epoxycyclodecalb]furan structural element.

Me cat, hydroquinone Q
CH, 1.75 GPa, rt AcO Me
!\ oBn ' C > 7
0 NC” “oac 13 d. CHCl, CN
98% OBn
1 2 3

Scheme 1
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The high-pressure Diels-Alder cycloaddition of 2,5-dimethylfuran (5) with DMAD (4)
gave the adduct (6) which with the tropone (7) gave the adduct (8).2 Thermolysis of 8
gives the homo-barrelone (9) and the furan (10), the 3.4-atoms of the original furan
being transfered to 7; 6 acted as an acetylene synthon. In contrast, both of the douhle
bonds of 6 reacted with cycloheptatriene at 1.0 GPa and 100 °C to give four products.’

o
E Me
O e 7
i+ P 0.3 GPa, 25 °C ’ E 0.3 cpa 110°C
= 48h. CHCl, £ 10 h, CH,Cl,
e
Me  (E=CO,Me) E
5 6
130 °c
“Pnal
88% g 10
Scheme 2

(£)-Palasonin (12) was synthesised from citraconic anhydride (11) and furan at 0.8

GPa for 138 h, followed by hydrogenation over Pd-C.* Neither high temperatures nor

Grieco reagent conditions (LiClO,/Et,0/H,0) caused combination at atmospheric
pressure,

0 0 o f
0.8 GPa Hy 10%Pd-C
138 h THF

97% M 99% M
) o

11 Scheme 3 12
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Reaction of 13 with the oxygen-bridged "bis(diene)" (14) afforded the corresponding 1:1
adduct which, under high pressure, gave the macrocyclic compound (18). This was a
precursor for the synthesis of [12]collarene (16) and possibly of [12]beltene (17).*

Starting with 14, the bicycyclic molecular belt (18) has also been synthesised under
high pressure.®

Similar macrocycles containing norbornane and benzene or naphthalene spacer-units

were also be prepared by repetitive high pressure Diels-Alder cycloadditions.®

ey

13 1.8 GPa
11 ] 50 °C

+ —_— - e —
toluene | adduct] cpy,cl,

= = 24%
48%
= X

N Q‘O.O .,'D,
P
Q‘Q‘ .000

16: {12]Collarene 17: [12]Beltene
Scheme 4
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Scheme 5

4H, 6 H-thieno[3,4-clpyrrole 5,5-dioxide (19 )* with DMAD (4), via a similar reaction to

that of 1-methyipyrrole at ambient pressure,m gave either 20 or 21 depending on the

reaction conditions. Both loss of sulfur dioxide and pyrrole elimination can occur.

They differ from the mono- and bis-adducts obtained at ordinary pressure.

21

\_/

19

E
E E
N
N
R
E
E 20
E
g E
4 1.2 GPa N\_g
rt, 48 h, CH,Cl, N
(E = CO,Me, R = Bn) S
O,

P

rt, 48 h, CH,Cl,
62%

38%

Scheme 6 21
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The pyrrolesulfolenes {22) gave, under high pressure, the intramolecular Diels-Alder

cycloadducts (23) which lost sulfur dioxide to give the scis-diene (24).7

m ' 1.2 GPa, 28 °C N-Y )
0,5 N—Y —J- n
2 = TN 721, CH,Cl, 028\%5/)?
22
23 \ N-Y

Y=CO,. n=1: 66%, Y=CO, n=2 : 69% N
Yield of 24 {Y=CO, n=1:54%, Y=8O, n=2:54% .
Y=50,, n=1:52%

Scheme 7

)1’1

24

The high pressure Diels-Alder reactions of the 2(1H)-pyridones (26) with N-

phenylmaleimide (26) gave mixtures of the endo and exo cycloadducts (27) and (28).
They are possible intermediates for iboga alkaloid synthesis.®

R?2 O
R3 N R! .
R* "N” 0

' 0

72 h, toluene

25 26 O o
22 NI_R! me A 10
y + R
R*” R* © 3 - N-
0= N-pp ®" R' o TFh
27 28
_ph R?< { atomospheric : 0%
1.0GPa : 76%[27(26), 28(50)]
— { atomospheric : 50%[27(50}]
1.0GPa : 13%I[27(11), 28{2)]
— { atomospheric : 90%[27(90)]
R 1.0GPa 196%[27(78),28(18))
R4=Ph R'= { atomospheric : 0%
1.0GPa : 84%I[27(76), 28(8)]

Scheme 8
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Some 2(1 H)-pyridones (29) reacted, at 0.8 GPa and 90 °C, with cyclooctyne to give the
stable bridged cycloadducts (30).°

R? 0
1
x 0.8 GPa, 90 °C R\N
+ » R3
9 o 10 d, toluene 7

oy 9

Ilzl R2

29 30

R!= CHs, R?=H,R® = H : 77%,
R! = (CHg),CH, R*=H, R3= H : 62%,
R! = CH,, R%= CHj;, R®= H : 16%,

RY=PhCH,, R%=H, R®= H :80%
R! = CH,, R?=H, R®= CH; :70%
R! = CHg, R%=0CH;, R%=H : 24%

Scheme 9

An unusual reaction is that of the 5-alkoxythiazoles (31) which with diethyl

azodicarboxylate at high pressure, gave the triazoles (32} in low to moderate yields. "

S

R* o ] N
ny-COzEt 0.85GPa,50°C R ~¢ 7(U\OR3
\ + R2
8

A

: s Negg.py 70-215h, MeCN N-N
R OR 2 EtO,C  CO,Et
31 32a
(@] H \N,C()zEt
Colg- N 7% b
\g/ ! Me SMe Nx\ \002Et
- /
Et0,C°  “CO,Et Me/ﬁ 57 OMe
32b 32¢

Yield of 32a <

(R =p-MeOCgH,. R%= Ry = Me: 31%

R! = R?=R®= Me: 66%

R!= n-CgH,o R?= R®= Me: 22% {+32b(12%))
R!=R%= Me, R% = H: 0% (+32¢(25%))

L R!= p-MeOCgH;, R2=R3>= Et: 7%

Scheme 10
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2,5-Bis(trifluoromethyl)-1,3,4-thiadiazole (33} underwent high pressure addition to

norbornene to give the product {34).'"* Analogous high pressure Diels-Alder reactions
of tetramethyl-4H-pyrazole, leading to the interesting compounds presenting nonbonding
interactions between two isolated double bonds, have been described.'™

S
5 CF CF.
CF3 3 1.4 GPa 3
X . ﬂb —> 7 ><f/N

N—N rt, CH2C12 N

33 S CF3 CF3
29 9%

CFs g4
Scheme 11

2.2 HETEROCYCLES AS DIENOPHILES
The high-pressure Diels-Alder reactions have been used for the synthesis of some
supramolecules. For example, the "bis(diene)” (35) reacted with the "bis(dienophile)”

(36) and afforded, by repetitive Diels-Alder reactions, the ladder-type oligomers (37)."2

X = aow 0.75 GPa, 55 °C
+ -
= ™ 2 d, CHyCly
35 36

37n=1:41%

X =
. CHCI
> ™ 3

0.75 GPa, 55 °C, 3d
Scheme 12

- 37(n =5): 18%
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Trifluoromethyldioxinone (38) with Danishefsky's diene at 1.1 GPa and room temperature

gave a single adduct, the precursor of the enone (39).'% Similarly, goad diastereoselectivity

was also observed in the high pressure Diels-Alder reactions of some chiral dioxinones
with N-phenyhnaleimide.lab

OMe o MeQ cry0
—— CFj 0 1.1 GPa, rt 0
+ ———— -
= 42 h, THF
Me,SiO o 0 b ©
overall 82%
38 39

Scheme 13

Enantiomerically pure compounds can be obtained by high-pressure cycloadditions.
For example, the high-pressure Diels-Alder reaction of the chiral dioxinene {40) with

cyclopentadiene gave the exo adduct (41) along with a small amount of the endo
adduct (42)."

H 0

o
s COQBH

0

1.1 GPa, rt . 41{exo): 64%

40
+ : +
2 d., CH2C12 H QO
@ But/k“'oH CO,Bn

0

Scheme 14 42{endo): 6%

The asymmetric Diels-Alder reaction of the chiral dienophile (43) with Danishefsky's
diene gave the adduct (44), a key intermediate in the total synthesis of the alkaloid
(+)-erysotrine, and some 45."
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MeO CO,Me OMe
v
et N ) . _— 1.0 GPa, 130 °C
e 1 h, CH,CI
\ MesSio™ = 22
MeQ,C 0
43
MeO

(+)-Erysotrine

Scheme 15

In spite of significant steric hindrance, methyl palustrate (46) reacted, at 1.0 GPa and
80 °C. with N-phenylmaleimide to give the adduct (47).'

0O
1.0 GPa, 80 °C
N-Ph >
48 h, CH,Cl,
O 68%
16 -COZMe
Scheme 16 47

High pressure has been used for kinetic resolution of chiral dienophiles; this technique
did not only lead to very high ees but also provided very pure products in high yields.
For example, the racemic butenoclide (48) with the diene (49) yielded the adduct (50)

and the enantiomerically pure (R)-butenolide (b1}, respectively. Only the enantiomer
with the smaller hydrogen atom in the interior of the bicyclic cave of the molecule and

the larger substituent pointing outside combined with 49." The adduct (50) underwent

thermal retro-Diels-Alder reaction to give the corresponding (S)-butenolide.
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Ph

o - ZnCl,
>—"[O—>=o -

0.65 GPa, rt, 3 d

48 49
FPh
O /[
¥ ﬂ
H 0 O
38% 36%
50 51
Scheme 17

2.3 SYNTHESIS OF HETERCCYCLES

The hetero Diels-Alder reactions of the enamino ketones (52) with the vinyl ethers (53)
gave, with very good yields, the cycloadducts {54) and (85) at ambient pressure.'*
However, these cycloadditions showed a remarkable increase in diastereoselectivity in

favour of the cis adducts (64) when performed at higher pressure and lower temperature.

1‘1

CH2C12
J\J | 85-99% b
' L
0~ “Oor! R! “OR?
54(cis) 55(trans)

Scheme 18

High pressure can increase the enantioselectivity in Diels-Alder reactions catalysed by
chiral Lewis acids. Thus, in the presence of the chiral titanium Lewis acid (67], the
intramolecular hetero-Diels-Alder reaction of benzylidene compound (56) gave the two

enantiomeric bridged cycloadducts (88) and (59). The compound (59) was formed
preferentially and both yield and enantioselectivity were increased under high pressure.'®
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OMe
Ph Ph "
OM ph. ° Q >
€ ¢ TICl,
Me . /
O /<(]
0 O Ph” Ph
H{ NNy Me 57 58
» +
A -78°c.731h, cH,Cl,  OMe
07 N"T0
Me
56

0.1 MPa; 59: 50% (4.5% ee)
0.5 GPa; B9: 899% (20.4% ee)

Scheme 19

The Eu(fod)s-mediated high pressure addition of trans-1-methoxy-1,3-butadiene (60) to
N.O-protected D-allo-threoninals (61} afforded mixtures of the possible diastereoisomers
(62) and (63)."° The cycloadduct (62) can be converted to lincosamine (64).

_ NHCbz HO  NHR
| Ay e

OMe 1) cat. Eu(fod), 0 OR -

60 1.5 GPa, 50 °C ]

. 24 h, Et,0 OMe g2 SMe

. - + 64

I;IHC z 2) fal\t/f %ng (Lincosarnine)

DO O
o OR 70-80%

61 (62 : 63 = 1:2, 1:4)

R = BOM, TBDPS OMe 63

PPTS : pyridinium p-toluenesulphonate
Scheme 20




HETEROCYCLES, Vol. 47, No. 2, 1998

2.4 1,3-DIPOLAR CYCLOADDITIONS

147

The functionalized methacrylate derivative (66) underwent regioselective 1,3-dipolar

addition with benzyl azide (65} to gdive the triazoline (68), whereas a 1:1 mixture of

regioisomeric triazolines (67) and (68) was obtained in refluxing benzene.®

N_ ,CHoPh PhCH2N/N

CH,OMe N* N
PhCHyNs + :< _ \—+CH20Me * ‘—GCH2OMe
CO,Me
CO,Me CO,Me
65 66 67 68
1.2 GPa/18 h/rt: (83%) <5 : >95
0.1 MPa/24 h/80°C :(30%) 50 : 50
Scheme 21

The high pressure dipolar cycloadditions of di-I-menthyl benzylidenemalonate (70) to

(Z)-N. o-diphenylnitrone {69) gave a mixture of four diastereoisomers (71).”

The

selectivity and the yield of one isomer from this reaction were considerably increased

by high pressure.

-

Ph_ 1\/0 MO,C, CO.M
1.0 GPa, 50 °C
|L + >
Ph

69 70 (M = l-menthyl)

toluene

Ph CO,M Ph CO,M Ph COM Ph  COM

CO,M ¢ CO,M COM ¢ CO,M
o_ ). +0, + O, + O
N” “pn N” “pn N” “ph N” “ph
Ph Ph Ph Ph
71

[3S,55]-5-trans  [3R,5R]-5-trans  [3R,5S]-5-cis [3R.5R]-5-cis

1.0 GPa: 52% 76 15 6 3

reflux: <10% 54 26 10 10

{toluene)
Scheme 22
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The dipolar cycloadditions of various nitrones to trimethylsilylacetylene (73) took place

smoothly under high pressure in excellent yields and high regioselectivity to give the
A*-isoxazolines which are intermediates in one synthesis of p-lactam antibiotics.Z For

example, the nitrone (72) with73 gave the 5-silylisoxazoline (74).

o
Bn \
N 4 . ,O SiMe
N SiMe; 0.9GPa,rt CPN ) s
+ - -
PR
o1% PR
72 73 74
Bn. 0
n-Bu,NF, THF )Nj
40%
° Ph
Scheme 23

The above reaction also works with nitriles. For example, the nitrone (69) and benzonitrile

(75) gave the corresponding 2,3-dihydro-1,2,4-oxadiazole (76). 2

Ph\
Ph 0 1 GPa N—Q
):N{ + Ph-CN > PPN
H Ph 100 °C, 4 h Ph N Ph
67 75 62% 76
Scheme 24

The reaction of the phosphole 1-oxide (77) with diazomethane (78) at 1.2 GPa gave
mainly the bis-adduct (80), whereas at ambient pressure the same reaction gave a

mixture of the monoadduct (anti-79) and the same bis-adduct (80) in comparative

ratio.
Z > D1\ 5 J—
pkf

77 78 79 80

0.5x107% GPa, 10 d: 100%(79 : 80 = 60 : 40)
1.2GPa, 12 h: 80%(79 : 80 =1 : 99)

Scheme 25
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2.5 [2 + 2) CYCLOADDITIONS
A simple synthesis of 4-alkoxy-B-lactams (83) consists of the [2 + 2] cycloaddition of

1-alkoxycyclohexenes (81) with phenyl isocyanate (82); the yields were improved by
using zinc chloride as catalyst.”®
OR cat. ZnCl, ()R’ Ph
1.2 GPa, 25 °C N
+ O=C=N-Ph >
16 h, MeCN 0
81 82 70-80% 83

-

Scheme 26

The analogous reaction of di-O-benzyl-D-arabinol (84) with the isocyanate (85) proceeded
with high stereoselectivity to afford the cis-fused bicyclic system (868); a by-product was

a,B-unsaturated amide (87).%

O
BnO /
o coan
BnO
84 1.2 GPa, 50 °c
+
6 h, MeCN
85 86: 90% 87: <10%
Scheme 27

The similar reaction of vinyl ethers with alkyl and aryl isocyanates has been reported.

For example, the cyclic vinyl ether (89) with ethyl isocyanate (88) produced the p-lactam

(90) in high yield.”

0.8GPa | |
EtNCO + ([ ) > H-C—C~H

o~ 100°C,20h \)

88 89 92%
Scheme 28
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N.N-Disubstituted cyanamides (91), carbon disufide (92), and benzylideneaniline (93)
under high pressure are reported to give the thictizines (94), presumably via consecutive

[2+2] reactions. %

0.8 GPa
R,N-CN + CS, » | ReN—C3N
100 °C, 20 h S2C=S
91 92
Ph-CH = N-Ph
RoN—C-N=C=§ 93 RoN—C-N=C-$
S S N-C-H
Ph" Py

94
RN =NMe:94%, N J :56% N_) :52%

Scheme 29

A similar reaction of carbon disulfide (92) with the dialkylcyanamides {91) gave the
1.2,5-thiadiazines (99). »

S
0.5-0.8 GPa NJ\N RyN-CN
R2N'CN+ CSQ —%—2—6—; — )l\ /ll\ —_—
91 10076, R;N7 "S7 "NR,
NR, S
SA\N ] /NQ’ILNR2
QI A
LRZN S” "NR, RoN™ °S™ NRy
- 85

RoN = NMe, : 84%, N_] : 71%.N_ ) :55%

Scheme 30
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The aryl isocyanates (96) underwent dimerization in the presence of pyridine and at

0.8 GPa to give 97 but the sterically hindered 2-chlorophenylisocyanate did not react,™

g A= : 89%CI—_)— : 93%,

pyridine, 0.8 GPa

ArNCO » Ar—N N-Ar
Q,
96 30°C, 1h g Q :80%, Q— 2 0%
a7 c c
Scheme 31

3. RING OPENING REACTIONS OF OXIRANES AND LACTAMS

Reactions which involve ionization are usually accelerated by the use of high pressure
since both bond formation and charge separation occur during the transitions states.
Thus, high pressure can promote, under mild conditions, reluctant bimolecular

substitution reactions.
For example, a number of oxiranes were converted nearly quantitatively into the
corresponding diols under essentially neutral conditions offered by aquous acetone at

1.0GPaM A high chemoselectivity was observed (Table 1).
In a similar way, a variety of oxiranes combined with glycine esters to form N-(p-

hydroxyalkyl)glycine esters in high yields.® Silica gel appeared to catalyse this reaction
(Table 2).

The similar reactions of oxiranes with amines have also been reported and the combined

use of high pressure and Yb(OTY), in dichloromethane has proved more effective. ©
Indole reacted at position 3 attacking the more hindered positions of two asyrmrnetric
oxiranes yielding the corresponding alcohols (Table 3).**** This suggests that reaction
proceeds through the incipient forrnation of the more stable of the two carbonium ions
theoretically formed by protonation and ring cpening of the oxirane. Pyrrole behaved
similarly, but reacted at both 2 and 3 positions. In complete contrast in the presence
of both water and a ytterbium complex, indole (98) reacted at the 3 position with the
least hindered site of an hydroxyoxirane (99) (Scheme 32), a key stage in the synthesis
of diolmycin A2 (100).%*
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Table 1. High Pressure Hydrolysis of Epoxides
OH
i ) 1.0GPa, acetone j’
0] -
40equiv.H,0 "“OH
Epoxide Reaction Conditions Product Yield (%)
o OH
OH 92
60°C, 24 h
OH
O
‘ 67
@Q/ 80°C, 24 h @b OH
o
o OH
0 60°C, 24 h O’ o8

“OH

0 OH
Q\/\ 80°C,48h HO_ A
o~ COgEt ' N\COZEt 89(b4 %ete)

OH

O>_ocopn 80°C.40h Ho_A\_ ocoen 76
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Table 2. Aminolysis of Oxiranes by Glycine Esters

En

t

§ :[)o BnNHCH2CO,Bu' N CO,Bu
"OH
Epoxide Reaction Conditions®  Product

Yield(%)°
Bn ¢
CDO N._.CO,Bu

“"OH

A,65°C,24h 11(88)
B, rt,6d 50(50)
0 OH
PhCOM_-<] PhCOz.\)\/BLCOZBut
A, 65°C,24h 82
B rt,6d 87
QH
0 g
Oy R}r‘\/cozﬁml
Olru >< e
>< 0 P t
OC N~ ~CO,Bu
o) og Bn
Art,24h 89
B, rt, 24 h 91

3A: in acetonitrile at 1.0GPa. B: silica gel catalized reaction.
P Brackets show recovered oxiranes.

153
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Table 3. Ring Opening of Oxiranes with Indoles and Related Heterocycles

Heterocycle Oxirane Reaction Conditions® Product Yield{%)

OH
56

Ph
| o o
@Nj pn 42°C,24h [
H N
H
Ph
| P 42°C,24h OH 44
Ph | ]
N° Me
H N~ "Me
H
|
N OH
Ph
Ph
OH
[
N
H

22.

O
1 ’
y o 42°C, 24 h
H

N OH =~
I 0 : © n
< e L AL LI N 59

N
H
[ /<(]) ™ P'J?
65°C, 3d N/ 61
= (8] . N\
65 °C, N
\N‘NH Ph/Q 3d N o a1
Me Me PH
N
=N W—Ph 50
Me HO

2 Performed at 1.0 GPa.
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1.0GPa, 60°C, 24 h
94%,

0 5 mol% Yb(OT)3
<j|\—j + 5 mol% Hy0
N no" OBn  CH,Cl,
99

a8

OR

H,, Pd{OH),/C

——  » 100 : R=O0H (Diolmycin A2)
N 100%

H (R =0Bn)

Scheme 32

Similarly, a variety of chiral pyrazoles and imidazoles were prepared by the N-alkylation

of the corresponding pyrazoles and irnidazoles with optically active oxiranes, which

were attacked at the least hindered carbon atoms, under high pressure conditions™ (Table

3).

In the presence of excess carbon disulfide and triethyl amine, oxiranes undergo ring

opening; the 2,2-disubstituted oxirane (101) gave mainly the 1,3-oxathiolane-2-thione

{(102), whereas the 1-substututed oxirane (103) produced the 1,3-dithiolane-2-thione

(104).%

The similar reactions with thiranes yielded the corresponding 1,3-dithiolane-2-thiones,
e.g. (108).%

I\I/Ie I\{Ie
Me_p_qHz + Me_p_qﬁz
1\./Ie 0.8 GPa 0. .S S. .S
Me~C-CH, + CS; ————— C C
% 70°C, 20 h g d
101 92 EtgN 102: 82% 29,
Ph-CH-CH,
0.8 GPa d &
Ph-CH-CH, + CS, — ol
o’ 100 °C, 24 h, I
EtgN 939, S
103 92
0.5 GPa
s —m—mm—— /L_S
40°C, 20 h
EtsN 92% 105

Scheme 33
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Like lactones,® the condensation of N-Boc-lactams (106) with the amines (107) gave

the amino-carboxamides (108) in good yields, while under ordinary pressure these

reactions did not take place.”*°
5 L‘} 1.0GPa,1t:85°C Q
w + HNR'R =BocNH
R N 0 12-77 h, MeCN Y~ “NR'R®
Boc 78-97% R
106 n=1, 2) 107 108

(R = H, CO,Me, CO,BuY)
Scheme 34

4. S,Ar REACTIONS OF AMINES

4.1 S Ar REACTIONS OF CYCLIC AMINES WITH AROMATIC HALIDES

High pressure techniques have proved useful in accelerating S,Ar reactions of aromatic
halides, possessing electron-withdrawing groups, with amines, and can give N-substituted
anilines in high yields.*'*? Sterically hindered amines react relatively slowly giving
poor results, while morpholine, piperidine and pyrrolidine were specially reactive.

The tetrachloronitrobenzene (109) with cis-1,2-diaminocyclohexane (110) gave a mixture
of 111, 112, and 113.% Displacement of the very hindered nitro group was the main

reaction, and 113 is probably formed by the cyclization of 112.

NO,
cl Cl

NH, H,N
cl cl NH NO, Ij
109 cl cl N

0.6 GPa, 50 °C ! . N
20 h, THF
NH, cl ca cl cl
111: 79% 112: 7.3%
NH,
110 o
cl N
N
H
cl
113: 13%

Scheme 36
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1ns7

High pressure induced S,Ar reactions of mono-, di-, and tri-chloronitrobenzenes with

N-substituted cyclic amines gave demethylated products (in the cases of N-

methylpiperidine and of N-rnethylmorpholine].45 ring opened products {in the cases of

N-ethylaziridine and of N-ethylazetidine),® or mixtures of both demethylated and ring

opened products formed via hypothetical quaternary arnmonium chloride intermediates.

For example, N-methylpyrrolidine with p-chloronitrobenzene (114) gave a mixture of

the demethylated product (118) and ring opened product (119).%%*

N 0.75 GPa, 80 °C
O,N Cl + Et—N (CH;), -
N’ 48 h, THF

114 115
™~
O,N I}I—(CHz]n—Cl + OgN ITI—(CHZ)H—/N \/(CHZ)H
Et Et Et" =
Ci
116 117

{n = 2: N-ethylaziridine 116:15.0% 117:80.5%
n = 3: N-ethylazetidine 116:0.5% 117:86.5%

Scheme 36
114 0.75 GPa, 80 °C . 118: 37%
+ 48 h, THF + cr (\>
+
N
Me—NC' ON 1\{/\/\/ Me
Me
119: 62%
Scheme 37

The reaction of o-chloronitrobenzene (120) with Me-TBD (121) afforded both the ring

opened and ring expanded products (122}, (123) through initial attack at the unsaturated

nitrogen atorn. *®
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NO,
Cl N’j 0.75 GPa, 80 °C
+ y
SN 20 h, THF-H,0
120 Me

121 H
. [\N’j
[\”\/\Q FI
N) H NO, Me NO,
Me
122 10% 123 89%

Scheme 38

4.2 S Ar REACTIONS OF AMINES WITH HETEROAROMATIC HALIDES

The high pressure technique has proved to be very useful in promoting S,Ar reactions
of heteroaromatic halides with tertiary amines and has provided a new method for the
preparation of heteroaromatic tertiary amines, which are only available with great
difficulty from the corresponding quaternary ammonium iodides. Many examples are
known but the reaction is very sensitive to steric hindrance. The heteroaromatic halides

(124) with triethylamine (125) gave the amines (126).%

0.8 GPa, 100 °C

HeD{ + NEt3 - ArNEt2 + Et4N+X_
124 125 4 d, THF 126
= NO2 N'\
N N N N
Scheme 39

2-Chlorobenzothiazole (127) with tri-n-propylamine, tri-n-butylamine and monocyclic

tertiary armnines (128) gave the corresponding tertiary amines (129) in excellent yields.49
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N 0.8 GPa, 100 °C N
Y)—cl1 + R,NR! - Y»—NR, + RICI
©[s>_ : 4 d, THF s>— 2

127 128 129

1ns9

R'= R= n-Pr:95%, R!=R=n-Bu: 90%
R! = Me, RR=-(CHy),- : 96%, R! = Me, RR = -(CHp)s- : 92%

Scheme 40

When N,N-dimethylalkylamines (131, R#Bz) were employed, the demethylation was
generally favored as illustrated by the reaction of 2-chloro-5-trifluoromethylpyridine
(130) with the tertiary amine (131) which gave mainly 132, whereas NN-
alkylmethylbenzylamines underwent a facile debenzylation to afford mainly the

correspending alkylmethylamino derivatives (133).%° Thus, dialkylbenzylamines serve
as dialkylarmino equivalents.

cF | A 0.8 GPa, 100 °C CFSm CFsm\
= > P Me - Me
NT o 4 d, THF N 1;\7 L N I}J
130 R Me
+ 132 133
MCzNR
131 Scheme 41
Me Elimination
o 93 82 83
Yield (%) 83 74 76 o 73 73[
2 0
R | c-Hexyl CHs(CHy)7 i-Pr Et Benzyl n-Oct n-Hexyl
3 <1 2 <1 13 13 3 7 <] <1
Yield (%) R Elimination
96 20
reaction of lN' cl D reaction of h
CF3;"" N CF;4

Figure 1
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2,6-Dichloropyridine [134) with 2-aminomethylpyridine (136) in the presence of
triethylamine gave the monosubstitution product (137), while the more activated 2,6-

dichloro-3,5-bis(trifluoromethyl)pyridine (135) formed the bisamine (138).%'

3 i I =
R R
= | + 2N 0.8 GPa, 100°C
a” SN e CH,NH, 4d, THF
E
L w2 o3 138 NEts
134:R*'=R“=R“=H CF,4 CFy
185:R'= R®=CF,,R*=H = | =
> -~
Cl1” N” "NH HI?I N II-{
|
CH2 H CHQ CH2
N¥ | =~ "N NZ
™ X ) ™
137: 98% 138: 96%
Scheme 42

The piperazines (139) in a similar way gave the corresponding pharmacologically

interesting tertiary amines (141}, %2

z e}
( \>_N/ H+ Hetx -8 GPa. 100 < \>_N et
=N

4 d, THF
139 140

2
= -
&

Z=N, Het=

141
N N
= &
Z = CH, Het-n 100%, I 90%. E ,:]\:92%, [\ 1 649%
n 06%, | 7] :76%, [ j\ 31%. ()\ 339%

Scheme 43

92
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Similarly, the use of high pressure was essential for the satisfactory conversion of the
cyclopropylamine (142) to compound (144) by the dichloropyrimidine (143).>® This
substance (144) was cyclised under high pressure to the adenine (145} and subsequently

converted to the cyclopropyladenine (146) which exhibited interesting biological activity.

Cl Cl
H,N
XN H,;N an
o INHz | /) BnO > J
Cl N~ . NEty HN N

1.0 GPa, 60 °C, EtCH

BnO 82%
Cl1 NH,
N
a8 an
BnO HO
CH(OEt)3 N N’) N N/)
- —
1.0 GPa, 60 °C —
conce, HCl
(tIace)o BnO HO
93% 145 146
Scheme 44

5. SYNTHESIS AND FUNCTIONALIZATIONS OF MACROCYCLES
The aminolysis of esters is assisted by high pressure.® Dimethyl! butanedioate (147)
with the diamine (148) gave the 14-membered diamide (149) without contamination

with the oligomeric and polymeric by-products which are formed at the high temperatures
necessary to effect reaction at ambient pressure.55

0 HzN/\ o0 /™
OMe 0 1.0 GPa, rt § o
+ -
. oI j 48 hn, Meo;(y OI ]
3 HZN\) A
147 148 149

Scheme 45
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Il
O
ArBr (or Cl), NEtg k\ /%
= Ar—N Y

HN X :
%/0\/}) 0.8 GPa, 100 °C <(\/O\y
m several days m
150 151
diaza-  :X=NH diaza- : Y=NAr
monoaza- : X=0 monoaza- :Y=0

Table 4. Synthetic Yields of N-Functionalized Diaza-crown Ethers {(151;

Scheme 46

Y=NATr)
X m n Ar 151; Y= NAr Vield(%)?
N
NH 1 2 —(’S] 89
N
— D 100
S
N
55 .
o)
N:N
\ —Cl 80
——{N_,>—CF3 83
N
NH 2 2 ~—<’S] 82
N
<o .
S
N
0
0
N:N
—_—C! 81
——(h_)—cxvs 85
® 0.8 GPa, 100°C, 4 d.
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Table 5. Synthetic Yields of N-Functionalized Monoaza-crown Ethers
{151: Y=0)

X m n Ar 151; Y=0 Yield(%)*

N
0 1 1 — 64
N
Ric I
N
—<’0:|© 57

N:N
s 62
_@‘CFS 58
N
o) 1 2 —<’S] 99

N
o
S
N
4@ 99
0
NN
@ 9
—_ )-CF 88
NI 8
N
0 2 2 —<’S] 92
N
o .
S
N
45
0

—U—Cl 89

—{ )-CF 92
NS B

a 0.8GPa, 100°C, 4d.




164 HETEROCYCLES, Vol. 47, No. 2, 1998

High-pressure S Ar reactions of activated heteroaromatic halides provide a useful route
to new types of crown ethers. These compounds are of potential interest in connection
with molecular recognitions, analytical applications and environmental problemns. A
variety of double-armed diaza-crown ethers (151; X=NH) directly connected to aromatic
heterocycles have now been obtained from the corresponding commercially available
unsubstituted crown ethers (150: X=NH) and several heteroaromatic halides (Table
4).® The 2'-thiazoyl crown ethers showed an excellent selectivity for Ag® ion in binding,
extraction, and transport processes.

High-pressure S Ar reactions of 160 (X=0) gave a new series of 12-, 15-, and 18-membered

monoaza-crown ethers (161) (X=0} with various heteroaromaltic substituents {Table 5)
S Again, some crown ethers possessing thiazole, oxazole, pyrazine and pyridazine
rings exhibited excellent Ag" ion selectivity; the mode of binding differed from that of

the double armed crown ethers.

Table 6. Synthesis of Diaza-18-thiocrown Ethers (152)

ﬁs ShS
o — 2% LWL
& EtgN
S_j5~ 0.8GPa, 100°C S >
152
Ar-X Reaction time (d) Yield (%)
N 61
r \ 4
Br’LS
N
CFq
N
72\
Clp 6 71
C 3
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{7 3
CN NF-)—7 ] ('N NJ

H\ /| A\ Ar
Ar-X 153a-f
0/_\0 N o O/-_—\O
0.8GPa/100°C
Q_ S\____/S _) Sus
154a-f

Table 7. High Pressure Synthesis of 153-f and 154a-f

Ar X Yield of 153 (%) Yield of 154 (%)

N=
\ 7/

_«N:O cl 153b 56 154b 73
S
N
— Cl 153c 49 154c 71
0]

N-N

—{_)—01 Cl 153¢ 34 154d 69

Cl 153a 74° 154a 86P

__<\S‘j Br 153e <3 154e 64
N
N
\ / F 153f <3 154f 30

2927% at normal pressure. b 929 at normal pressure.
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Similar diaza-thia-18-crown ethers (152} without oxygen atom in macro ring and the
diazathia 15- and 18-crown ethers (163) (154) with oxygenatoms in macro ring have
also been prepared (Tables 6 and 7).% Liquid membrane transport studies demonstrated
that the latter 18-crown ethers (184b, ¢, and f) having benzothiazole, benzoxazole. and
pyridine rings exhibited Hg* and Ag* ion selectivity.®®

By the same method various bis(single-armed crown ethers) (165) (1586) * and

tris(azacrownethers) (157) % have been prepared as shown in Schemes 47 and 48.
Different spacers have also been used.

A series of armed tetraazacyclotetra-(1569, n=1) and tetrazacyclopentadecanes (159,n=2)

were prepared from the corresponding unsubstituted tetraazamacrocycles {158) by

high pressure one pot S,Ar reactions with five- and six-membered heteroaromatic
halides. *

. NO, (' 0 OX NEt, ~NO,
Ol o o —— [

- oM
AN T a &O 0 reflux/CH,Cl, Cl N O
b 839% 0 o]
Lo
Jd o
(_ _\ (—O O'\
N O ,N— N No2
L J 2NN
O 0O \_ _)
- (‘O N'» s (‘ 3
NEts, 0.8 GPa, 100°C o 0 0
THF g7, &o o—> (-0\_/0)
st 155
/\ 7\ /=
N Nen OZN—<;N\—N N— »NO,
N/ . O/_\N — /—\O3
THF o C )
89% OL/O 156 O\_/O

Scheme 47
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507
o™
Cl (o o) (';0’\(‘) o O
A N ( ) ( )
N7 N . O N N. _N 0
) T Loy oo
Ci N Cl N_.-N
reflux/CH,Cl, 86
Cl
O™ o™
5% 5O
(o 1 o) ¢ )
0 0 o)
LN LN
NEt;, 0.8 GPa, 100 °C N,LN
THF T oy A o
68% 0 NJ N [N 0J
O 0 O O
o/ .o/
Scheme 48 157
Het\m‘Het
NH HN o N N
0.8 GPa, 100 °C
(En H)n M B r— (En E)n
D) 140 | Het’U‘Het
158 159

Y ® N
- - .79, N7 . ggo N . 2go . 509
n=1, Het = (l.?/o. u/\J\‘ 88%., [:,\ 78%. {/ 50w
n=2 Het= 0\61%. 'j\ 65%. (:k 74%. )\ 23%

Scheme 49

Better conversions were obtained with piperadine and homopiperadine which gave the

bis(heteroaryl)piperadines and homopiperadines (160) in good to quantitative yields.62
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f(’\}l\ 0.8 GPa. 100 °C I/Ha

HN NH + HetX + NEti3 = Het—N N-Het
N/ 4 d, THF AN

159 140 160

n =0, Het = @:87%, A N .04%  n=1, Het= @:100%. & N 92%.

Scheme 50

A template synthesis of metal coordinated phthalocyanines has been achieved under

high pressure as exemplified for 161 in Scheme 51. In the presence of hydroquinone,

metal free phthalocyanines were obtained in moderate yields.®

NN
CN 0
.9 GPa, 90°C, | =
@[ 0.9 GPa - | N-Cu-N___
CN 70h, MeOH | l\I.T
51% N‘é’_i_N
Scheme 51 161

6. DEAMINATION OF CARBOCYCLIC NUCLEOSIDES BY ADENOSINE DEAMINASE
(ADA)

Recently it has been shown that deamination reactions of nucleosides effected by ADA
take place via an addition-elimination mechanism.® Therefore. the effect of pressure
on this reaction was examined. The catalytic conversion of 9-[4,5-bis(hydroxy-
methyl)cyclopent-2-en- 1-yl]-9H-adenine (162) (BCA) to 9-[4,5-bis(hydroxymethyljcyclo-
pent-2-en-1-yl]-9H-hypoxanthine (163) (BCH) was accelerated by pressure up to 0.4
GPa but above this pressure the enzyme was deactivated leading to lower conversions.®
(+)-BCA was much less reactive than (-)-BCA and this observation was employed to
effect the optical resolution of (+)-BCA.®

Sirnilar high pressure ADA deaminations of diaminocarbovir,% adenine,®® adenosine.®

and carbocyclic adenine nucleosides® catalysed have been investigated.
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NH, 0
N
<1 ) a@i
HO A HO s
N adenosine N
deaminase
-
22 °C
OH OH
(-)-BCA (-)-BCH
162 Scheme 52 163

7. MISCELLANEOUS EXAMPLES
Under high pressure the reaction of 2-methylfuran (164) with diethyl mesoxalate (165)

was not only strongly accelerated but also a change in product composition was
observed.® An increase in pressure led to a gradual increase in the formation of 167 at

the expense of 166 enabling the reaction course to be controtled.

COqEt
EtO,C 25 °C, 20 h / N, T2 O\ COLEL
Y oo, e AN

CHy— c OH
Me” 07 EtO,C toluene COgE CO2Et
164 165 166 167

atmospheric pressure ; 166 : 167 = 75: 25
1.2GPa ; 166:167 =23:77

Scheme 53

The successful synthesis of some molecular shuttles was also achieved by use of high
pressures. Thus, the (2]rotaxane 4PF .~ (171) was obtained by the Menshutkin reaction
0f 169 and 170 with the dumbbell component (168).%

The 3-aminomethylindoles {174) were prepared from the indoles (172), CH,Cl, and the

secondary amines (173).°
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Ph3C—@—O/-OO/Z\O—@—0/_(\0/);\0"'<:IZHEIZ}O/_(\O/);\OOO/—(\O/L\O—@—CPhs

168

0.9 GPa, rt
4 d, DMF

. 8%

Scheme 54
Rl
N\/
0.8 GPa, 50 °C 2
» R
mR + CHyClyr RIR?NH — 7\
N 2-4 d, MeOH N R
H H
172 173 174
R=H, R =RZ=Et: 68%, R = H, R1-R? = -(CH,),- : 62%,

R = H, RL-R? = -(CHg)s- : 50%. R =H, R-R? = -(CHy)y-S-(CHy),- : 80%
R=H R!= Me, R? =C>— . 98%, R=Me, R = R® = Et : 18%

Scheme 55

The combined use of high pressure with palladium catalyst allowed the enantioselective
synthesis of the phenyl substituted 2,3-dihydrofuran (176a) (89% ee at 1.0 GPa) from
2.3-dihydrofuran (175a).”'* The regioselectivity (176:177), which was strongly dependent

on the amount of the phosphine ligand present, could be achieved only at high pressures.




HETEROCYCLES, Vol. 47, No. 2, 1998 1"

Further studies of this reaction showed that the decisive effect of high pressure was (o
increase the life of the palladium catalyst.”” At 0.8 GPa the reaction was significantly
accelerated without using an excess of the specially designed ligands. Under the same

conditions, 2,3-dihydropyrrole (175b) gave mainly 176b .

Pd(OAc),, PPh, NEt,

X X.a X s
0.8 GPa, 60 °C Ph Ph
- 2 - +
L+ my G bt s
175 THF/MeCN(1:1) 176 177
aX=0,Y=I a: 64-100 % (176:177 = 9:1)
b: X=NCOoEt, Y=1 b:87%  (176:177 = 15:1)
Scheme 56

Subjecting carbonyl sulfide with cyanamides (91) to high pressure gave the 1,3,5-
thiadiazines (178).7

RAN.CN 4 COS 0.8 GPa » | ReN-C3N R2N-C-N=C=0
1 * 130-160°C, 4 h S%=o S
Jiy
) NT N
RyN-CN | J\
RoaN™ “S” °NR,
178

RaN = NMez ; 92%, N:j; 74%, N:) : 94%

Scheme 57

The cyanamides (91) with aryl isocyanates (179} also gave the quinazolines (180),™

0.8 GPa Nﬁ/ NR,
RoN-CN + PhyNC§ —————— = |
100°C, 20 h =N
91 179
NHPh
180

0y LA 0,
RoN=NMey : 86%, N _J:78% N_ ) :62%, N 0:51%

Scheme 58
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The high pressure trimerization of isocyanates (181) and isothiocyanates (183} yielded
1,3,5-triazine-2,4,6(1H,3H,5H}triones (182) and 1,3.5-triazine-2,4,6{(1H,3H,5H)-

trithiones (184), respectively.” Aryl isothiocyanates did not trimerize even at 0.8 GPa.

R R
' Se_N.__S
N
0.8 GPa, EtgN OY O 0.8GPa,DBU Y 7

RNCO o NN N e son kN MR
gy 100°C.20n  RTY 183 : NS
O S
182 184
R=Ph: 100%, naphthyl: 85%, Me: 60% R=Me: 78%, Et: 89%, Bu: 78%

Scheme 59
ACKNOWLEDGEMENTS

This work was supported in part by Grants-in-Aid for Scientific Research from the

Ministry of Education, Science, Sports, and Culture, Japan (Nos. 07304047 and
08221214 to KM).

REFERENCES

1. (a) K. Matsumoto, T. Uchida, and R. M. Acheson, Heterocycles, 1981, 16. 1367;
(b) K. Matsumoto and R. M. Acheson, {ed.} Organic Synthesis at High Pressures,
John Wiley & Sons, New York, 1991, and references cited therein; N. S.
Isaacs, Tetrahedron, 1991, 47, 8463, and references cited therein.
2. D. S. Brown and L. A. Paquette, J. Org. Cherrw, 1992, 57, 4512,
3. H. Takeshita, A. Mori, Y. Kurahashi, and Y. Nagano, Chem. Express, 1993, 8,109.
4. W. G. Dauben, J. L. Lam, and Z. R. Guo, J. Org. Chem., 1996, 61, 4816; cf. K.
Matsumoto, S. Hashimoto, Y. Ikemi, S. Otani, and T. Uchida, Heterocycles, 19886,
24, 1835.
5. (a) P. R. Ashton, G. R. Brown, N. S. Isaacs, D. Giuffrida, F. H. Kohnke, J. P.
Mathias, A. M. Z. Slawin, D. R. Smith, J. F. Stoddart,and D. J. Williams, J. Am.
Chem. Soc., 1992, 114, 6330; (b) P. R. Ashton, U. Girreser, D. Giuffrida, F. H.



HETEROCYCLES, Vol. 47, No. 2, 1998 173

Kohnke, J. P. Mathias, F. M. Raymo, M. Z. Slawin, J. F. Stoddart,and D. J Williarns,
J. Am. Chem Soc., 1993, 115, 5422.

6. J. Benkhoff, R. Boese, F.-G. Klarner, and A. E. Wigger, Tetrahedron Lett., 1994,
35, 73.

7. (a)} K. Ando, M. Kankake, T. Suzuki, and H. Takayama, J. Cherr. Soc., Cherrv
Corrrmwun., 1992, 1100; (b) R. M. Acheson and J. M. Vernon, J. Chemn. Soc., 1962,
1148; (c) T. Suzuki and H. Takayama, J. Chem. Soc., Chem, Comrnun,, 1995, 807:
(d)} The similar Diels-Alder reactions of 4H, 6H-thieno[3,4-cjfuran 5,5-dioxide have
recently reported, T. Suzuki, K. Kuboyama, and H. Takayama, J. Chem. Soc., Perkin
Trans. I', 1997, 251.

8. H. Tormisawa, H. Nakano, and H. Hongo, Heterocycles, 1990, 30, 359.

9. K. Matsumoto, M. Ciobanu, M. Yoshida, and T. Uchida, Heterocycles, 1997,45, 15,

10. X. Shi, T. Ibata, H. Suga, and K. Matsumoto, Bull. Chem. Soc. Jpn., 1992, 65,3315.

11. (a) R. N. Warrener, D. Margetic, E. R. T. Tiekink, and R. A. Russell, Syniett.,
1997,196; (b} S. Hiinig, P. Kraft, F.-G. Klarner, U. Artsschwanger-Perl, K. Peters,
and H.-G. von Schnering, Liebig Ann., 1995, 351; K. Exner, D. Hochstrate, M.
Keller, F.-G. Klamer, and H. Prinzbach, Angew. Cherr.,Int. Ed. Engl., 1996, 35,
2256.

12, 8. Wegener and K. Millen, Chernu Ber., 1991, 124, 2101.

13. (a) T. Iwacka T. Murchashi, N. Katagiri, M. Sato, and C. Kaneko, J. Chem. Soc.,

Perkin Trans. 1, 1992, 1393; (b) R. Hoffmann and J. Mattay, Liebig Anr., 1995,
1455.

14. M, Sato, Y. Abe, and C. Kaneko, J. Cherr. Soc., Perkin Trans. 1, 1990, 1779.

15. Y. Tsuda, S. Hosoi, N, Katagiri, C. Kaneko, and T. Sano, Heterocycles, 1992, 33,
497.

16. H. Kotsuki, M. Katacka, K. Matsuo, S. Suetomo, M. Shiro, and H. Nishizawa, J.
Chem. Soc., Perkin Trans. 1, 1993, 2773.

17. C. Borm, D, Meibom, and E. Winterfeldt, Chem. Comm., 1996, 887 and references
cited. We thank Prof. Winterfeldt for calling attention to this work.

18.(a) M. Buback, J. Biinger, and L. F, Tietze, Chem. Ber., 1992, 125, 2577; L. F.
Tietze, T. Hiibsch, J. Oelze, C. Ott, W. Tost, G. Worner, and M. Buback, ChemL.Ber.,

1992, 125, 2249; See also, L. F. Tietze, T. Hiibsch, C. Ott, G. Kuchta, and M.
Buback, Liebigs Ann., 1995, 1; M. Buback, J. Abeln, T. Hibsch, C. Ott, and L. F.




174

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.
34,

35.

HETERQCYCLES, Vol. 47, No. 2, 1998

Tietze, Liebig Ann., 1995, 9; M. Buback, G. Kuchta, A. Niklaus, M. Henrich, L
Rothert, and L. F. Tietze, Liebig Ann., 1996, 1151; (b) L. F. Tietze, C. Ott, K. Gerke,
and M. Buback, Angew. Chermn.,Int. Ed. Engl,1993, 32,1485; L. F. Tietze, C. Ott,
and U. Frey, Liebig Ann., 1996, 63.

A. Golebiowski and J. Jurczak, Tetrahedron, 1991, 47, 1037.

G. T. Anderson, J. R. Henry, and 8. M. Weinreb, J. Org. Cherm,, 1991, 56, 6946.
N. Katagiri, N. Watanabe, J. Sakaki, T. Kawai, and C. Kaneko, Tetrahedron Lett.,
1990, 31, 4633.

J. W. Kennington, Jr., W. Li, and P. Deshong, High Pressure Research,
1992,11,163.

Y. Yu, H. Fujita, M. Chno, and S. Eguchi, Synthesis, 1995, 498.

F.-G. Klarner, D. Oebels, and W. S. Sheldrick, Chem. Ber., 1993, 126, 473.

M. Chmielewski, Z. Kaluza, P. Salanski, and J. Jurczak, High Pressure Research,
1992, 11, 171.

R. W. M. Aben, E. P. Limburg, and H. W. Scheeren, High Pressure

Research, 1992,11,167.

Y. Taguchi, T. Tsuchiya, A. Oishi, and I. Shibuya, Bull. Chem. Soc. Jprn., 1996,
69, 1667.

T. Tsuchiya, M. Yasumoto, I. Shibuya, Y. Taguchi, K. Yamarmoto, and M. Goto,
Chem. Lett., 1989, 1423.

T. Tsuchiya, M. Yasumoto, I. Shibuya, and M. Goto, J. Chem. Soc., Perkin Trans.I,
1990, 1218.

Y. Taguchi, A. Oishi, T. Tsuchiya, and I. Shibuya, Nippon Kagakukaishi, 1994,
146,

H. Kotsuki, M. Kataoka, and H. Nishizawa, Tetrahedron. Lett., 1993, 34, 4031.
H. Kotsuki, T. Shimanouchi, M. Teraguchi, M. Kataoka, A. Tatsukawa, and H.
Nishizawa, Chem. Lett. 1994, 2159.

M. Meguro, N. Asao, and Y. Yamamoto, J. Chem. Soc., Perkin Trans. 1, 1994, 2597.
(a) H. Kotsuki, M. Nishiuchi, S. Kobayashi, and H. Nishizawa, J. Org. Chem.,

1990, 85, 2969; (b) H. Kotsuki, K. Hayashida, T. Simancuchi, and H. Nishizawa,

J. Org. Chem., 1996, 61, 984; (c) H. Kotsuki, M. Teraguchi, N. Shimomoto, and M.
Ochi, Tetrahedron. Lett., 1996, 37, 3727.

H. Kotsuki, H. Hayakawa, M. Wakao, T. Simanouchi, and M. Ochi, Tetrahedromn:




36.

37.

38.

39.
40.
41.
42,

43.
44,
45,

46,
47.
48,
49.

50.

51.

52.

53.
54.

HETEROCYCLES, Vol. 47, No. 2, 1998 n7s

Asymmetry, 1995, 6, 2665.

Y. Taguchi, K. Yanagiya, 1. Shibuya. and Y. Suhara, Bull. Chern. Soc. Jpn., 1988,
61, 291: Y. Taguchi, M. Yasumoto, I. Shibuya, and Y. Suhara, Bull. Chem. Soc.
Jpn., 1989, 62, 474,

Y. Taguchi, K. Yanagiya, I. Shibuya. and Y. Suhara, Bull. Chem. Soc. Jpn., 1987,
60, 727.

K. Matsumoto, 5. Hashimoto, T. Uchida, T. Okamoto, and S. Otani, Bull. Chern.
Soc. Jpn., 1989, 62, 3138.

H. Kotsuki, M. Iwasaki, and H. Nishizawa, Tetrahedron Lett., 1992, 33, 4945.

H. Kotsuki, M. Iwasaki, and M. Ochi, Heterocycles, 1994, 38, 17.

T. Ibata, Y. Isogami, and J. Toyoda, Bull. Chemrm. Soc. Jprn., 1991, 64, 42.

(2) T. Ibata, X. Zou, and T. Demura, Tetrahedron Lett., 1993, 34, 5613; (b} T.
Ibata, X. Zou, and T. Demura, Bull. Chem. Soc. Jpn., 1924, 67, 196.

T. Ibata and X. Zou, High Pressure Research, 1992, 11, 81,

T. Ibata, X. Zou, and T. Demura, Bull. Chem. Soc. Jpn., 1995, 68, 3227.

(@) T. Ibata, M. Shang, and T. Demura, Cherm. Lett., 1994, 359; (b) T. Ibata, M.
Shang, T. Demura, Bull. Chem. Soc. Jpn., 1995, 68, 2717,

T. Ibata, M. Shang, and T. Demura, Heterocyclic Cormrmur., 1995, 1, 241,

T. Ibata, M. Shang, and T. Demura, Bull. Chem. Soc. Jpn., 1995, 68, 2941.

T. Ibata, private communications.

K. Matsumoto, S. Hashimoto, and S. Otani, J. Chem. Soc., Chern. Comrruen,,
1991, B, 306.

(a) K. Matsumoto, M. Toda, and S. Hashimoto, Chem. Lett., 1991, 1283; (b) K.
Matsumoto, S. Hashimoto, M. Hashimoto, M. Toda, and S. Otani, Synth.
Cormymun., 1992, 22, 787.

K. Matsumoto, S. Hashimoto, T. Uryu, S. Otani, and M. Munakata, Chem. Express,
1992, 7, 473.

K. Matsumoto, S. Hashimoto, M. Toda, M. Hashimoto, and S. Otani, Chem,,
Express, 1991, 6, 775.

N. Katagiri, H. Sato, and C. Kaneko, Chemn. Phanm Bull, 1990, 38, 3184.

{a) K. Matsumoto, Angew. Chem..Int. Ed. Engl, 1986, 25, 565; (b) K. Matsumoto,
S. Hashimoto, T. Okamoto, R. Tanikaga, T. Uryu, and M. Munakata, Cherm




nve

55.

56.

57.

58.

59.
60.
61.

62.

63.

66.

67.

HETERQCYCLES, Vol. 47, No. 2, 1998

Express, 1988, 3, 615; (c) K. Matsumoto, S. Hashimoto, T. Uchida, T. Okamoto,
and S. Otani, Chem. Ber., 1989, 122, 1357.

J. Jurczak, S. Kasprzyk, P. Salanski, and T. Stankiewicz, High Pressure Research,
1992, 11, 139.

(a) K. Matsumoto, H. Minatogawa, M. Munataka, M. Toda, and H. Tsukube,
Tetrahedron Lett., 1990, 31, 3923; (b) H. Tsukube, H. Minatogawa, M. Munataka,
M. Toda. and K. Matsumoto, J. Org. Chemn., 1992, 57, 542; (c} M. Toda, H.
Tsukube, H. Minatogawa, K. Hirotsu, I. Miyahara, T. Higuchi, and K. Matsumoto,
Suprarmolecular Chemistry, 1993, 2, 289.

K. Matsumoto, M. Hashimoto, M. Toda, H. Tsukube, and T. Uchida, Chern.
Express, 1993, 8, 105; K. Matsumoto, M. Hashimoto, M. Toda, and H. Tsukube,
J. Chermu Soc., Perkin Trans, 1, 1995, 2497.

(a) K. Matsumoto, M. Toda, H. Minatogawa, M. Munakata, and S. Hashimoto, High
Pressure Research, 1992, 11, 145; (b) K. Matsumoto, M. Nogami, M. Toda, H.
Katsura, N. Hayashi, and R. Tamura, Heferocycles, 1998, 47, in press.

K. Matsumoto, S. Okuno, H. lida, and J. W. Lown, Heterocycles, 1995, 40, 521.
K. Matsumoto, S. Okuno, and A. Shigeta, unpublished results.

{a) K. Matsumoto, H. Minatogawa, H. lida, H. Tsukube, and M. Munakata. Chem.
Express, 1993, 8, 499; (b) K. Matsumoto, Y. Ikemi, S. Hashimoto, and S. Otani,
Chem. Express, 1993, 8, 801.

{a} K. Matsumoto, H. Minatigawa, M. Toda, and M. Munakata Heterocycles, 1990,
31, 1217; (b) K. Matsumoto, K. Fukayama, H. lida, M. Toda, and J. W. Lown,
Heterocycles, 1995, 41, 237.

S. J. Edmondson, J. 8. Hill, N. S. Isaacs, and P. C. H, Mitchell, J. Chern. Soc.,
Dalton Trans., 1990, 1115.

. D. K. Wilson, F. B. Rudolph, and F. A. Quiocho, Science, 1991, 26, 1278.
65.

N. Katagiri, T. Shiraishi, A. Toyota, H. Sato, C. Kaneko, and T. Aikawa, Chermn.
Pharm. Bull, 1983, 41, 1027.

N. Katagiri, T. Shiraishi, A. Toyota, H. Sato, and C. Kaneko, Nucleic Acids.

Symp. Ser., 1993, 29, 95.

(a) N. Katagiri, Y. Ito, T. Shiraishi, T. Maruyama, Y . Sato, and C. Kaneko,
Nucleosides & Nucleotides, 1996, 156, 631; {b} N. Katagiri. H. Sato, and C. Kaneko,




HETEROCYCLES, Vol. 47, No. 2, 1998 n77

Chem. Pharm. Bull., 1990, 38, 2335.

68. P. R. Ashton, R. A. Bissell, N. Spencer, J. F. Stoddart, and M. S. Tolley, Synlett,
1992, 923.

69. J. Jurczak and S. Belniak, High Pressure Research, 1992, 11, 119.

70. K. Matsumnoto, T. Uchida, S. Hashimoto, Y. Yonezawa, H. lida, A. Kakehi, and S.
Otani, Heterocycles, 1993, 36, 2215.

71. (a) S. Hillers and O. Reiser, Tetrahedrorn Lett., 1993, 34, 5265; (b) S. Hillers, S.
Sartori, and O. Reiser, J. Amm. Chem. Soc., 1996, 116, 2087.

72. M. Yasumoto, T. Tsuchiya, Y. Taguchi, 1. Shibuya, K. Yonemoto, and M.Goto,
Chem. Lett., 1991, 1229.

73. A. Oishi, M. Yasumoto, M. Goto, T. Tsuchiya, and Y. Taguchi, Heterocycles,
1994, 38, 2073.

74. Y. Taguchi, M. Yasumoto, T. Tsuchiya, 1. Shibuya, and K. Yonemoto, Nippon
Kagakiukaishi, 1992, 383.

Received, 3rd July, 1997




