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1. Introduction

a-Nitro ketones are an emerging class of molecules in
organic synthesis, due to the presence on two adjacent
positions of the carbonyl group and the carbon—nitro group
moiety, that offers a new reactivity pattern, peculiar to
a-nitro ketones. However, o-nitro cycloalkanones and
acyclic a-nitro ketones have unlike reactivities and are
utilized differently. The ring cleavage, promoted by
external' or internal nucleophiles (zip reactions),” rep-
resents the main behaviour of cyclic a-nitro ketones, and
these retro-Claisen condensations have already been
exhaustively reviewed,"? while this report is mainly
devoted to provide a comprehensive coverage of the
synthesis, reactivity and possible transformations of acyclic
o-nitro ketones,” as well as their utilization in several
interesting synthetic applications. Some common reactiv-
ities of both cyclic and acyclic a-nitro ketones will be also
reported.

2. Synthesis of acyclic o-nitro ketones

Acyclic a-nitro ketones can be mainly obtained by the
following sources: (i) formation of a new carbon—carbon
bond by reaction of the nitro—carbanion, derived by basic
treatment of the corresponding nitroalkane, with aldehydes
(nitroaldol reaction) or with carboxylic acid derivatives; (ii)
from ketones (or their enol derivatives); (iii) from
orthoformate derivatives and (iv) from alkenes.

2.1. From the nitroaldol (Henry) reaction

The synthesis of the title compounds was firstly carried out
in two steps: (i) basic nitroaldol reaction of a nitroalkane 1
with an aldehyde 2, and (ii) treatment of the obtained
nitroalkanol 3 with chromium trioxide* or sodium dichro-

mate*™> (Scheme 1) in strong acid.
NO
NO, o 1 NO, R' 2 )
+ base R _Ox _ R R
R R1 )J\ 2
H R
OH o
1 2 3 4

| Ox = CrO; or Na,Cr,05 (under strong acidic conditions)

Scheme 1.

However, these severe conditions frequently produced low
yields, and acid-labile functionalities present in the
molecule did not survive. These drawbacks were later
solved by the application of a milder oxidative procedure,
using pyridinium chlorochromate (PCC)® (3 to 4), that
proceeded (61-87% yield) smoothly, even in the presence
of acid-labile groups (Table 1).

A further improved oxidative method was then developed
by the application of the phase-transfer technique,’ that was
carried out by the addition of potassium dichromate or
potassium chromate and 30% sulphuric acid to a solution of
the nitroalkanols 3 and tetra-n-butylammonium hydrogen
sulfate, in dichloromethane and at — 10 °C (Scheme 2).

Table 1. Representative examples of the synthesis of a-nitro ketones by
oxidation with PCC

Entry R R, R, Yield of 4
from 3 (%)
1 H Me c-CgHy 83
2 H Et i-Pr 87
3 H Et Ph(CH>), 86
4 H MeO,C(CH,), Me 65
5 H THPOCH, i-Pr 61
6 H Me ><CH2—— Me 78
(0) O
NO, o, rRINO2
+ JJ\ ase n R
RTOR' {7 OR2
OH
1 2 3

K,Cr,07, 30%H,S0,
(68-95%) | (n-Bu),N"HSO,", CH,Cl,

1) Al,O4 -10°C,2h
2) K,Cr,O7 or
Cro; R NO,
2
R
R
o
4

Scheme 2.

Under these conditions, many functionalities (esters,
acetals, ketals, ethers and carbon—carbon double bonds)
are retained and good yields (68-95%) of the o-nitro
ketones are obtained (Table 2).

Table 2. Representative examples of the synthesis of a-nitro ketones by
oxidation with potassium dichromate

Entry R R! R? Yield of 4 Yield
from 142 of 4
(%) from 3
(%)
1 Me Me CH,=CH(CH,), 77
2 H Me CH,=CH(CH,), 72 84
3 H Me Ph(CH,), 80 93
4 H Me><CH2— Ph(CH,), 71
0" 0
/
5 H H ><CH2-— n-CeH,3 72 82
o” o
\/
6 H Me><CH2— n-CeHi3 95
0" o
/

Furthermore, the solvent-free nitroaldol reaction on
alumina, followed by in situ oxidation of the formed
nitroalkanols, proceeded in a one-pot synthesis of a-nitro
ketones (Scheme 2, 1+2 to 4).7’8

2.2. From carboxylic acid derivatives

The synthesis of a-nitro ketones by C-acylation of
nitroalkanes has been carried out, in the past, with limited
success and, in fact, the pioneering applications of this
process, using either acyl halides, anhydrides, or activated
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esters have proved to be of little synthetic value for the
preparation of a-nitro ketones.” Seebach then published'®
the synthesis of the title compounds by the reaction of a
doubly metalated complex [R-C=NO,]*"2Li", generated
at 90 °C, with acid chlorides or esters. Next, the preparation
of o-nitro ketones via a direct acylation or sodium of
potassium methanenitronate with the appropriate N-acyli-
midazole was reported11 (Scheme 3).

R)J\N/%N + (CH,NOy) M*

\:/ NO2

M =Na, K
R= Ph, 0-C1C6H4, m-ClC6H4, p-C1C6H4, m-N02C6H4
3,5-(Me0),C¢Hs, 3,4-Me,CgHs, Ph(CH,),, Me

R

Scheme 3.

A more complete procedure'” was based on the acylation of
a dimethylsulfoxide solution of the lithium salt of the
nitroalkane (previously prepared and stored in dry form)
with acylimidazoles (Scheme 4).

1) DMSO
j\ NO, Li* 2;Ho* T
: R
RTONTIN 4 R1)J\R2 =2
23-92%

NO,

R = Me, Ph, MeO, EtO, p-BrC4H,, p-NO,CcHy;
R' = Me, CH,CH(OCH,),; R* = H, Me

Scheme 4.

Then, other authors'® developed a method by, which it is
possible to overcome the tedious and time consuming use of
the dry form of the lithium nitronate; in fact, the potassium
salt, prepared in situ (Scheme 5) by treatment of the
nitroalkane with potassium #-butoxide in dimethylsulfoxide,
is reactive enough to allow the formation of a-nitro ketones,
in good yields, by reaction with acylimidazoles (Table 3).

)OJ\ N02 t-BuOK O 1
RN - ) DMSO, rt RJ\(R
\—/ R 60-87%
NO,
Scheme 5.

Table 3. Representative examples of the synthesis of a-nitro ketones from
acylimidazoles

Entry R R! Yield of a-nitro ketones (%)
1 n-CeHj3 Me 71
2 Me Bn 87
3 p-CICcHy Me 68
4 n-CeHj3 MeCO(CH,), 62
5 n—C6H|3 MCOZ(CHz)z 68

An interesting procedure for the preparation of dichloronitro
ketones was reported by Demir et al.'* starting from acyl
chlorides. Thus, trichloronitromethane 5 adds to acyl
chlorides 6 in the presence of tin(II) chloride yield to the

1) SnCl,, Et,0, 0 °C o
2) H;0"
Cl,CNO, + RCOCI > ON R
62-85% o’
5 6 7

R = Me, CH,Cl, Et, i-Pr, 2-thiophenil, Ph, 2,4-dichlorophenyl,
4-n-pentyloxyphenyl, 2-furyl.

Scheme 6.

dichloronitro ketones 7, via a substitution reaction
(Scheme 6).

Finally, reduction and/or dechlorination of 7 gives the
amino alcohols 8 and nitro ketones 9, respectively, in good
yields (Scheme 7).

LiAlH,, Et,0
reflux, 8 h oH
HoN
(0] R
8
O5N
2 R |
Cl Cl NaOMe, MeOH Q
7 reflux, 3 h , O2N \)J\R
R =2-furyl 9
Scheme 7.

2.3. From ketones or alkyl orthoformates

a-Nitro ketones can be prepared from a series of carbonyl
derivatives and, in this context, originally, arylnitro ketones
have been obtained from ketones with a poor-yielding
method'® (15-45%). Later, Rene and Royer'® proposed a
new method to obtain nitroacetaldehyde dialkylacetals 11,
by the reaction of alkyl orthoformates 10 with an excess of
nitroalkanes, in the presence of zinc chloride (Scheme 8).

NO,
_0
R/OYO\R '\SZ ZnCl, R R
+ —_— >
0 R' or Zn dust _0O
R 10 R 1

| R =Me, Et, n-Pr; R' = H, Me |

Scheme 8.

A very efficient procedure was then discovered using
tetranitromethane (TNM) as a mild nitrating agent'’ of
cyclic and acyclic silyl enol ethers 12 (Scheme 9).'® In fact,
highly coloured (red) solutions of various enol silyl ethers

OTMS (0]
1 C(NO,) 1
R )\/R 2)4 R R
) pentane NO,
R?  or CH,CL R?
12 (20-93%)

R = Aryl, n-Pr, Bu; R! =H; R* = H, Me, Et, n-Bu, Bn
orR'-R’= cycloalkyl

Scheme 9.
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and TNM were readily bleached to afford good yields of the
title compounds in the dark at room temperature or below.

2.4. From alkenes

Treatment of substituted B-nitrostyrenes 13 with rerz-butyl
hydroperoxide and butyllithium gives the o-nitro aceto(;)he-
nones 14 in satisfactory to good yields (Scheme 10);'"° the
oxidation works well with a variety of nitrostyrenes.

t-BuOOH/toluene 0
BuLi/hexane
Ar/\/Noz THF, -78 10 -20°C, 1.5 h- AF)H/R
R 30-81% NO,
13 14

Ar = Ph, p-MeOC¢H,, p-MeC¢Hy, p-CIC¢H,, p-NO,CgHy,
3,4-(OCH20)C6H3, 0-N02C6H4, 0-M9C6H4, p-MezNC(,H4
3,4-(MeO),C4¢H;; R =H, Me

Scheme 10.

R
< Me;SiNO; ! \:ﬁoz
~— Cr0, R
R1
s 16 OCrO(0SiMe;)
Q R_ .NO,
R1 R -
NO, R'” ~OCro,(0SiMe;)
17

R' = n-Bu, n-CyoHy;, n-Cy Hyy
R =H, Me, Ph
R-R' = (CH,)3, (CHy)y, (CHy)s, (CHy),g

Scheme 11.

The combination of trimethylsilyl nitrate (prepared in situ
from silver nitrate and chlorotrimethylsilane®”) and chro-
mium trioxide readily converts the olefins 15 into the
corresponding, cyclic and acyclic, a-nitro ketones
(Scheme 11),”" in good yields. The authors presumed that

(0]
1
base R O R
0 NO,
R1
R —
H NO,
Sio, OH
neat, rt )\(R1
—— R
ref. 26
NO,

Scheme 12.

a species such as O,N-O-CrO,—(OSiMes;) is generated
in situ and acts as a source of TNO, and ~OCrO,—
(OSiMes) and eventually reacts with the olefins to yield the
a-nitro ketones. The intermediate 16 is attacked by the
species "OCrO,—(0OSiMe;) to give another intermediate 17,
followed by cleavage of the O—Cr bond, with concomitant
oxidation, to yield the a-nitro ketones.

3. Reactivity of acyclic a-nitro ketones

a-Nitro ketones have been demonstrated to be very useful
intermediates in organic synthesis and, in recent years, their
utility in the preparation of a variety of important units has
been explored. The peculiar chemical behaviour of these
molecules is due to the presence, in two vicinal positions, of
highly versatile functionalities such as the carbonyl group
and the nitro group. Moreover, the o-nitro ketones contain-
ing an a-hydrogen atom are very acidic molecules**>* with
pK. values close to carboxylic acids. In aqueous solution,
they are characterized by a relatively high enol content and
by the possible presence of the a-ketonitronic aci form at
equilibrium. The kinetics of the reversible enantiomeric
interconversion of the a-nitro ketones have been studied by
dynamic high-resolution gas chromatography (DHRGC),”
and the obtained results show the dramatic effect of an
a-nitro substituent on the rate of enolization of simple
ketones. The fairly acidic proton « to the nitro group can be
easily removed under mild conditions, thus permitting the
C—C bond formation and, in this context, the Michael
addition of a-nitro ketones to o,B-unsaturated carbonyl
derivatives is of great interest. This reaction is usually
performed under basic conditions,” but the easy enolization
of the a-hydrogenated o-nitro ketones (both cyclic and
acyclic) offers the opportunity to perform the conjugate
addition also under solid acidic catalysis (SiO,, Scheme
12),%® giving good yields of the formed 2-nitro-1,5-
dicarbonyl derivatives (Table 4).

3.1. Denitration of o-nitro ketones

The upsurge in the utilization of the o-nitro ketones is
strongly connected with the discovery of new methods,
which lead to the displacement of the nitro group by a
hydrogen. The first report recognised that tin hydrides are
excellent reagents for the denitrohydrogenation reaction of
nitro derivatives.”” This procedure selectively replaces the
nitro group with a hydrogen on secondary and tertiary
a-nitro ketones, while it fails with the primary ones. The

R2

=

O

o
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Table 4. Representative examples of the Michael addition of o-nitro
ketones to conjugated enones

Entry R R! R? Yield of 2-nitro-1,5
dicarbonyls (%)
1 Ph H Me 87
2 c-CgHyy n-Bu Me 86
3 Me(CH,),CH(Me) Me Me 88
4 Ph(CH,), Et Et 76
5 Ph H n-Pr 86
o 0
AIBN 1
R'" | R
Bu;SntH ———»
RJ\( T TPhH, reflux, 12 h RJ\(
Scheme 13.

Table 5. Representative examples of denitration of a-nitro ketones with
Bu;SnH/AIBN

Entry R R' Yield of denitrated
ketones (%)
1 p-CNC6H4 Me 77
2 n-CeH,3 MeCO(CH,), 84
3 n-CgH3 MeO,C(CH,), 80
4 Me MCOZC(CH2)4 90
EtSQH
O.AlCI
- 3
0 EtS  SEtO
AlCl;, CH,Cl, Q) ll\l®
R +OESH ———— o Y
NO,
-EtS-SEt
EtS SEt SEt

EtSH /K
-
R R

R = Ph, p-MeCgHy, f-naphtyl, Bn, Me(CH,);

Scheme 14.
NNHTs NNHTs
R' TsNHNH R' 1 R’
R p ]sv[ OHg R ¥ LiAH, | o 2
NO, ¢ No, THF.0°C H
several
procedures
(ref. 29)
(0]
R
R R2
H

Scheme 15.

reaction proceeds (Scheme 13) via free-radical chain
processes, in refluxing benzene and in the presence of a
catalytic amount of azobisisobutyronitrile (AIBN), and Ono
and co-workers have reported'® a series of useful
applications (Table 5).

Replacement of the nitro group by hydrogen in primary
a-nitro ketones has been realized on treatment with
ethanethiol in the presence of aluminium chlororide.”® A
possible mechanism involves an ionic process according to
Scheme 14.

Later, we developed an easy and efficient procedure for the
hydrodenitration of o-nitro ketones by treatment of their
tosylhydrazones with lithium aluminium hydride, in dry
THEF, at 0 °C.%** This method (Scheme 15) gave high yields
of the denitrated products and proved to be very efficient for
secondary and tertiary nitro derivatives.

The obtained tosylhydrazones are, in general, crystalline
derivatives, so that it is possible to purify the products by
simple crystallization. On the other hand, tosylhydrazones
may be easily cleaved®”® to afford good yields of the
corresponding denitrated ketones (Table 6).

The nitro group can also be replaced by hydrogen on
treatment with a soft reducing agent such as sodium
dithionite. Therefore, the denitration of various o-nitro
ketones was carried out with the Na,S,04—Et3SiH system in
hexamethylphosphoramide (HMPA)-H,O (Scheme 16).30

(o]

, 0
)J\’<R1 Na,S,04 (5 eq.), Et3SiH (5 eq.) R
R R? HMPA-H,0 (10:1), rt R R?

NO, H

R = Ph, p-CIC4H,, m-CIC4H,; R' = H, Me; R* = MeCO(CH,),,
CNCH,(Me)CH, MeO,C(CH,),, MeCH(Br)(CH,),, Me

Scheme 16.

Thus, the easy availability of a-nitro ketones from a variety
of precursors, combined with the possibility to replace the
nitro group by a hydrogen, make these compounds the key
building blocks for the synthesis of several important
targets.l‘m]_39 In fact, the sequence,31 Michael addition of
a-nitro ketones to methyl vinyl ketone or acrylaldehyde, and
denitration with Bu;SnH, affords the 1,5-dicarbonyl
compounds 18, an important class of compounds, especially
as intermediates for the preparation of cyclohexenones, in
good yields (Scheme 17).

The reaction of a-nitro ketones with 37%-formaldehyde, in
the presence of a catalytic amount of Ph;P, is an elegant

Table 6. Representative examples of denitration of a-nitro ketones with LiAlH,, via their tosylhydrazones

Entry R R! R? Yield of a-nitro ketone Yield of denitrated
tosylhydrazones (%) tosylhydrazones (%)

1 n-Pr Me H 89 81

2 i-Pr Et H 85 86

3 C-C6H1 1 Me H 81 87

4 Ph(CH,), Me Me 65 94
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(0] ) O O
1 R* Ph;P, THF
R R /\n/ e RWRZ
+ 1t, 77-94%

NO, ¢] R' NO,
Bu;SnH
71-90% | AIBN, PhH
80°C
R =Ph, n-C;H;s, n-Pr, n-C4Hy;
R' =H, Me, Et; R> = H, Me @) o
RWRZ
R' H
18

Scheme 17.

procedure for the regioselective synthesis of a-methylene
carbonyl compounds.** As shown in Scheme 18, a mixture
of a-nitro ketone, 37%-CH,0 and Ph;P/i-PrOH gives the
hydroxymethylated compounds, which were acetylated with
acetic anhydride in pyridine, yielding the compounds 19.
Subsequent treatment of 19 with Bu3SnH/AIBN resulted in
clean denitration to give 20, which were converted into
a-methylene ketones 21 on treatment with 1,8-diazobicy-
clo[5.4.0Jundec-7-ene (DBU), in benzene, and in good
yields (Table 7).

o) 1) 37%-CH,0, Ph;P/i-PrOH, rt, 24 h 0
o J\(R1 2) Ac,O/Pyr J\ﬁR1
R
CHzoAC
019,
NO, 73-91% NO,
19
Bu;SnH, AIBN
_R40,
74-84 A’l PhH, 80°C,2 h
0 . DBU, CgHg Q .
R R 1 3n R R
- CH,OAc
82-90% H
21 20
Scheme 18.

Table 7. Representative examples of the synthesis of a-methylene ketones
21

Entry R R! Yield of 21
from 20 (%)

1 n-Pr Et 90

2 i-Pr Et 82

3 n-CsHy, Me 85

4 n—C6H|3 Me 85

In Scheme 19, (Z)-jasmone 28a and dihydrojasmone 28b
have been prepared™ starting from the nitro ketal 22. The
nitroaldol reaction of 22 with the appropriate aldehydes 23
is the chain-lengthening reaction, followed by the in situ
oxidation and denitration, via the p-toluenesulfonylhydra-
zones 25 and 26 of the corresponding a-nitro ketones 24.
Removal of the protecting groups yielded the 1,4-diketones
27, which were cyclized to 28 with alkali.

The synthesis of (Z)-5-undecen-2-one 34, the principal
volatile component of the pedal gland exudates of the
bontebox Damaliscus dorcas dorcas, has been carried out™
via denitration of the a-nitro ketone 31. This procedure

1) Al,Oy \
o, o NO: o DKLCRO, Q. o NO2
> N R
H R
22 23 24 (0]
JTSNHNHZ
[ LiAlH, [\ NO,
R - R
NNHTs NNHTs
26 25
Me,CO
H+
R
e
)J\/\H/R —»reﬂux R a HZC\:/\
o b | (CHysMe
27 28a,b
Scheme 19.

(Scheme 20) starts from (Z)-1-nitro-3-nonene 29 as the (Z)-
3-nonen-1-yl-anion synthon. The nitroaldol reaction of 29
with acetaldehyde 30 (catalysed by Amberlyst A21),
followed by in situ potassium dichromate oxidation, under
phase-transfer catalysis, afforded the nitro ketone 31.
Reaction of 31 with TsNHNH, gave the corresponding
hydrazone 32 in high yield (95%). Treatment of compound
32 with LiAlHy, in THF at 0 °C, produced the denitrated
hydrazone 33. Subsequent deprotection of 33, performed in
acetone/water with a catalytic amount of boron trifluoride
etherate, furnished (Z)-5-undecen-2-one 34, having ache-
mical purity of 98% by GLC, in 54% overall yield from 29.

Methyl 8-nitrooctanoate 35 is a useful starting material®® for
the synthesis of 9-oxo-(E)-2-decenoic acid 41, an important
sex attractant of the queen bee, also implicated as a
pheromone of termites (Scheme 21). Thus, the reaction of
35 with acetaldehyde 30, in the presence of Amberlyst A21,
gave the nitroalkanol 36. Subsequent oxidation with
pyridinium chlorochromate in dichloromethane furnished
the a-nitro ketone 37, which, by reaction with Bu3SnH and a
catalytic amount of AIBN in refluxing benzene, was
denitrated to 38 (46% overall yield). The keto ester 38
then be converted into the a,B-unsaturated methyl ester 40,
via sulfenylation/dehydrosulfenylation reactions giving 39.

(Z)-Heneicos-6-en-11-one 47, a (Z)-d,e-alkenone isolated in
1975, is the sex pheromone of the Douglas Fir Tussock moth
(Orgyia pseudotsugata). Douglas Fir Tussock moth is a
severe defoliator of fir forest and, consequently, there has
been considerable interest in the s%/nthesis of this
pheromone. In Scheme 22 is reported’’ its convenient
preparation, via denitration of the nitro ketone 44. Thus,
nitroaldol reaction of the nitroalkene 42 with undecanal 43
on Amberlyst A21, and in the absence of solvent, followed
by oxidation of the resulting nitroalcohol with potassium
dichromate under a phase-transfer catalyst, yielded 44
(70%), and then conversion of 44 into the corresponding
tosylhydrazone 45 was performed in 90% yield. Finally,
denitration of 45 with LiAIH, in THF at O °C to 46, followed
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NO, 0 1) Amberlyst A21 NO,
m J\ 2) KyCry0y /\/\/;/H(
— + H B
79%
29 30 31 0
950, TSNHNH,
MeOH
LiAlH,/ THF NO,
pr— 0°C —
13 NNHTs N% 3 NNHTs
. | Me,corBFy O
80% | cH,0

/\/\/M(

8977

34 0
Scheme 20.
M K/\/\/\H/OCH3 Amb. A21 MOCHS
H _—
86%
30 35 0 OH 36 O
PCC
71%] CH,Cl,
Bu;SnH NO,
\n/\/\/\/\n/OCHg, AIBN, PhH \H/k/\/\/\H/OCHS
-
0,
0] 38 O 1% o) 37 lo)
1) (CH,OH),, H'| 3) (MeS),, HMPA, 0 °C
2) LICA, -78 0°C| 4) (COzH),
80%
SCH, 1) NalO,
MOCHS 2)110°C \n/\/\/\/\n/oc*-b
86%
© 39 © o l 40 O
\n/\/\/\/\n/OH
% 41 O
Scheme 21.

by regeneration of carbonyl group, carried out in acetone—
water with the catalyst, Amberlyst A1l5, gave the
pheromone 47 in 60% overall yield and with high isomeric
purity (>99% by '*C NMR).

The asymmetric synthesis of spiroketals can also be
obtained from the denitration of o-nitro ketone and, in
fact,39 as depicted in Scheme 23, the TBDMS-protected
nitro alcohol (S)-49, obtained from 48, was acetylated by
acetylimidazole under the catalysis of DBU in THF, giving
(8)-50 in 62% yield. The next step was to eliminate the nitro
group from 50. Thus, the reaction of (S)-50 with BuzSnH/
AIBN gave the TBDMS-protected (S)-6-hydroxy-2-hepta-
none 51 in 92% yield. The w-hydroxybutylation of the
methyl group of the compound 51 was accomplished by
generating the enolate with LDA and reaction with
4-chloro-1-(tetrahydropyranyloxy)butane, in the presence

of Nal. Deprotection of the obtained 52 with 6 M HCl in
methanol produced (via 53) (2S,6R)-(—)-2-methyl-1,7-
dioxaspiro[5.6]dodecane 54, a pheromone for Andrena
haemorrhoa, in 46% yield (the optical purity of the product
has been measured to be 97%).

3.2. Conversion of a-nitro ketones into o-phenylthio
ketones

The nitro group on a-nitro ketones, due to its activation by
the carbonyl, can be replaced by a phenylthio group in the
reaction with benzenethiol or its potassium salt.*® This
reaction (Scheme 24) proceeds by an electron—transfer
mechanism and is applicable to the general synthesis of
a-phenylthio ketones 55, from primary and secondary nitro
derivatives. In a typical procedure, a mixture of nitro
ketone, benzenethiol and AIBN, in hexamethylphosphoric
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o}
SN N
NO,
) 43
1) Amberlyst A21
78%] 2) K,Cr,05
0
4 _ 9
“ NO,
90%lTsNHNH2, MeOH
NNHTs
A 9
NO
45 2

90 | LIAIH/ THF
0°C

NNHTs

4 9
Me,CO/H,0

o=~

47

46 Amberlyst A15
95%l mberlys

Scheme 22.

triamide (HMPT), afforded the thio-substituted product in
satisfactory yields at 90 °C for 1 h.

3.3. Tandem denitration—deoxygenation of a-nitro
ketones

The importance of a-nitro ketones in organic synthesis has
been increased by the discovery of efficient procedures to
effect the substitution of the nitro group with hydrogen.

OTHP

OH QTBDMS
z TBDMSCI z
M - M
100%
48 NO, ’ 49 NO,
OTBDMS O
52
HC/MeOH

tll[e)
T
(@]

53
Scheme 23.

OH

o) HMPT, AIBN 0
1 90 °C 1
R)k(R + PhSH ——> R)k(R
(eq) 47-69%
NO, SPh
55

R =i-Pr, Me, Ph; R' = H, Me

Scheme 24.

However, an increased utilization of these compounds
resulted in the discovery of new procedures for the removal
of both the nitro and the carbonyl groups. In this context, the
first tandem denitration—deoxygenation process was rea-
lized on the basis of the indirect method to effect the
denitrohydrogenation of o-nitro ketones”® and on the
Caglioti reaction*! for the carbonyl to methylene conver-
sion, via tosylhydrazones. Thus, the conversion of o-nitro
ketones into the corresponding tosylhydrazones, followed
by reduction*? of the latter with lithium aluminium hydride
in tetrahydrofuran (THF) at 60 °C (Scheme 25), provides the
corresponding alkanes 56 in good to high yields (Table 8).

o NNHTs
J\’g TsNHNH, R'  LiAlH, R’
R R’ McOH, 65-98% R R’ THF, 60°C. R/\(
NO, NOz  61-71% R®

56
Scheme 25.

Table 8. Representative examples of the preparation of alkanes from
a-nitro ketones

Entry R R’ R? Yield of
alkanes (%)

1 Ph(CH,), n-CgHy7 H 61

2 n—Cl 1H23 I’l—CsHl 1 H 68

3 Ph(CH,), Me Me 67

4 Ph(CH,), Me H 70

The preparation of (Z)-9-tricosene 61, a sex pheromone
component of the mature female housefly (Musca domes-
tica), has been reported*? as an application of the above
procedure (Scheme 26).

DDBU
2) MeCO-N"™N OTBDMS O
_ = ~
62%
50 NO,
Bu;SnH
0,
92A)lAIBN
1) LDA
2) CI(CH,),0THP, OTBDMS O
Nal Z
-
43%
51
46% o
ee 97% O\\\\“'
54
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57 1)ALO, 8
85%] 2) K,Cr,0,

O

59 NO,

TsNHNH
0 2
92% l MeOH

NNHTs

60 NO,

o, | LIAIH,
66 A’lTHF, 60 °C

/\W/\E/)()/\/\/\
61
Scheme 26.

Thus, nitroaldol reaction of oleic aldehyde 57 with
1-nitropentane 58 on basic alumina in the absence of any
solvent, followed by in situ oxidation of the resulting nitro
alcohol with potassium dichromate in the presence of tetra-
n-butylammonium hydrogen sulfate, as a phase-transfer
catalyst, afforded the nitro ketone 59 in 85% yield. The
conversion of the compound 59 into the corresponding (p-
tolylsulfonyl)hydrazone 60 was performed in 92% yield,
after recrystallization. Reduction of the compound 60 with
lithium aluminium hydride at 60 °C produced the target
pheromone component 61 in 66% yield.

A novel procedure for the simultaneous denitration—
deoxygenation of 2-nitro ketones reported by TsNHNH,—
NaBH,.** The idea started with the observation that the
reduction of 2-nitrocyclohexanone tosylhydrazone 62
(Scheme 27) with NaBH,, at room temperature, gave the
N-cyclohexyl-N'-tosylhydrazine 63, instead of the
expected® cyclohexanone tosylhydrazone 64, whereas, if
the temperature was raised to 80 °C, cyclohexane 65 was
obtained in 60% yield.

These results prompted the authors to develop a new,
chemoselective, one-pot procedure for the simultaneous
denitration—deoxygenation of 2-nitro ketones, firstly by
their conversion into the corresponding tosylhydrazones
(Scheme 28) in methanol at room temperature, followed by
the addition of NaBH, and refluxing at 80 °C. Thus, the
desired alkanes were readily obtained in satisfactory to good
yields. Under these conditions, other functionalities such as
esters and nitro-aromatic groups, were preserved.

A very useful application of the latter procedure is the two-
steps synthesis of 2-methylheptadecane 68,** the sex
attractant pheromone of at least nine species of the Artidae
family, and a flavour component in several mango varieties,
and in black soya beans, in blue-green algae, etc. The

H H NHNHTs

ﬁﬁH H
65 \ / 63
NaBH,, NaBH,,

MeOH, 80 °C  NNHTs MeOH, rt
NO,

| NaBH,,
/E\ MeOH, 1t

NNHTs

64

Scheme 27.

(0] 1) TsNHNH,, MeOH, rt H H

)J\(R1 2) NaBH,, MeOH, 80 °C )S/w
R R
47-71%

NO, H

R =Ph(CHy),, n-CgH7, n-Cy1Hy;, ¢-CgHyy, p-NO,C4Hy
R' = Me, Et, n-Pr, MeO,C(CH,),, n-Bu, n-CsHj,

Scheme 28.

preparation (Scheme 29) has been achieved starting from
1-nitro-3-methylbutane 66. Nitroaldol reaction of tridecanal
67 with 66 on basic alumina, followed by in situ oxidation of
the obtained nitroalkanol, gave the nitro ketone 68 in 71%
yield. The tandem denitration—deoxygenation of 68 to 69
was performed by converting 68 into the corresponding
tosylhydrazone and subsequent in situ reduction with
NaBH,; at 80 °C. 2-Methylheptadecane 69 was readily
produced in 41% overall yield.

3.4. a-Nitro ketones as precursors of deuterated
molecules

Based on the above reported procedures'*?® for the
denitrohydrogenation of a-nitro ketones, two new methods
for the highly regiospecific C-a deuteration of alkyl ketones
have been developed. a-Deuterated ketones are usually
obtained from the enol derivatives of the corresponding
ketones, but with poor regiospecificity. Firstly, Ono et al.
published® the regioselective a-mono- or a,a-di-deutera-
tion of some carbonyl compounds from a-nitro ketones by
H-D exchange of the a-hydrogen. As shown in Scheme 30,
a-nitro ketones are treated with D,O—AcONa in diethyl
ether to result in a clean H-D exchange giving 70.
Treatment of 70 with Bu;SnX (X=H, D) produced 71 or
72, respectively, in good yields.

The conversion of the o-nitro ketones into 71 can also be
performed by an indirect procedure®® through conversion
into their tosylhydrazones (Scheme 31) and treatment of the
latter with lithium aluminium deuteride in tetrahydrofuran
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Scheme 31.

at 0—10 °C to give the a-deuterio tosylhydrazone 73 in good
yield; regeneration of the carbonyl group, from 73 to 71, can
be performed, without loss of deuterium, with N-bromo-
succinimide (Table 9). Although this procedure is indirect, it
compares favourably with the known methods in terms of
simplicity performance, toxicity, and efficiency.

Table 9. Representative examples of a-deuterated ketones prepared

Entry R R' Yield of 73 Yield of 71
(%) (%)

1 Ph Me 88 82

2 C'CﬁH] 1 Me 90 88

3 Ph(CH,), Me 81 85

In addition to the above procedures to afford o-deuterated
ketones, a-nitro ketones are also prone to give, via their
tosylhydrazones, di- or tri-deuterated alkanes. In fact, when
(Scheme 32) the o-nitro ketone tosylhydrazone 74 was

NO, 68

1) TsNHNH,,
MeOH, 1t
2) NaBHy, reflux, 9 h

58%

H D
H;0"
——
NNHTs -y D
LiAID, | ’
THF, 60 °C D D
NO; CF,COOD,
74 D,0
D
75-d;

Scheme 32.

reduced*” with lithium aluminium deuteride at 60 °C for
10 h, quenching with 2 N aqueous HCl gave the compound
75d, (= 98% isotopically pure di-deuterated alkane) in 55%
yield, while treating the reaction mixture with trifluoro-
acetic acid-d/D,O (1/9) produced the compound 75d;
(=98% isotopically pure tri-deuterated alkane) in 52%
yield.

3.5. a-Nitro ketones as precursors of
(E)-o,B-unsaturated-y-dicarbonyl compounds

(E)-Enediones are valuable intermediates for the synthesis
of important molecules such as prostaglandins, rethrolones,
perfumes, pheromones, macrocycles, and other natural
products.*’ Thus, it is evident that the preparation of
conjugated enediones is a very important goal, and a-nitro
ketones have been demonstrated to be very convenient
building blocks for their synthesis. In fact, the nitroaldol
reaction (Scheme 33) between an aldehyde and the y-nitro

O Amberlyst A21 OH
)J\ 4 (\|/ neat
R™ 'H 65-86% R
NO, OH NO, OH
76 77

K,Cr,0,, TBAHS
30% H,S04, CH,Cl,

% silica gel (230-400 meshy M
R)J\/\[( EtOAc/cyclohexane (3:7) R)W
o 45-70% NO, O
79 78
Scheme 33.



R. Ballini et al. / Tetrahedron 61 (2005) 8971-8993 8981

alcohol 76, in the presence of Amberlyst A21 and in the
absence of any solvent, gave the nitro diols 77 in good
yields. Potassium dichromate oxidation of 77 under phase-
transfer conditions afforded the crude o-nitro ketones 78.
Vigorous stirring (20 h) of 78 in a mixture of cyclohexane/
EtOAc (7:3) and silica gel (0.040-0.063 mm) and sub-
sequent flash chromatography effected the elimination of
nitrous acid and afforded o,B-unsaturated-y-dicarbonyl
derivatives 79 exclusively as the (E)-isomers in 45-70%
yields from 77 (Table 10).*

Table 10. Representative examples of the synthesis of enediones 79

Entry R Yield of 77  Yield of 79
(%) (%)

1 n-CjoHy; 86 58

2 C-C6H| 1 78 58

3 Ph(CH,), 80 70

4 z Me(CH,);CH=CH(CH,); 70 58

As an application of this strategy, a convenient synthesis
(Scheme 34) of (E)-non-3-ene-2,5-dione 83, the main
component isolated from the volatile compounds derived
from the cephalic secrenon of workers of Trigona tataira,
has been reported.*® The preparation started with the
nitroaldol reaction of pentanal 80 with rac-76, the resulting
B-nitro alcohol rac-81 was then oxidized to the o-nitro
ketone 82, which afforded the target enedione 83 via
elimination of nitrous acid assisted by Etz;N (69.7% overall
yield).

3.6. a-Nitro ketones as precursors of
(E)-o.,B-unsaturated enones

The discovery that the replacement of the nitro group by
hydrogen in nitro ketones can be performed through their
tosyl hydrazones (Scheme 35)*® has been the driving force
for the development of a new application of a-nitro ketones
as precursors of o,B-unsaturated enones.

0 NNHTs
TsNHNH, )
R Rl — R R
_ORO,
NO, 80-98% 84 NO,
DBU, CH,Cl,
rt
'I's
N
Il
N
R/I\/\R1
85

NNHTs

'Il's
NO
H
N
= | -——
R)J\/\R 60-79% JM ]
R R

86

Scheme 35.

conditions (DBU), tautomerize to the more stable enone
tosylhydrazones 86.

The azo-diazo conversion of 85 to 86 can be related to the
electron-withdrawing power of the tosyl group, which,
through the conjugated double-bond system, strongly
polarizes the allylic hydrogen of alkene.

Satisfactory to high yields of isolated products were
observed both in the conversion of the a-nitro ketones
into 84, as well as in the formation of 86 (Table 11).

Table 11. Representative examples of the synthesis of a,B-unsaturated
compounds 86

Entry R R! Yield of
As reported in Scheme 35, treatment of a-nitro ketone 86 (%)
tosylhydrazones, easily obtained from the corresponding 1 Ph(CH,), H 60
ketones, with DBU (1.5 mol), in dichloromethane at room 2 7z MeCH,CH=CH(CH,), H 70
temperature gives, after a short time (15 min), the o,f- 3 Ph(CHy), Me><CHz— 74
unsaturated ketone tosylhydrazones 86.*° The formation of 0" o
86 takes place by a 1,4-elimination of nitrous acid from 84, -/
affording the 1-tosylazoalkenes 85, which, under basic
OH
/\/\n/ (Y Amberlyst A21 \/\/H/\’/
NO, OH 85% g1 NO2 OH
l K,Cr,04
Q silica gel, Et3N, Q
\/\)K/\H/ THEF, rt \/\)H/\[(
82% from 81
83 o 82 NO, O

Scheme 34.



8982 R. Ballini et al. / Tetrahedron 61 (2005) 8971-8993

Tosylhydrazones are, in general, crystalline and it is
possible to obtain the pure compounds easily by recrys-
tallization. Moreover, the tosylhydrazones 86 may be
readily cleaved to give the corresponding enones by a
multitude of procedures,29 so that the method represents a
new o,B-unsaturated ketone synthesis, from o-nitro ketones.

Since it is possible to prepare nitro ketones with the nitro
group in either the o~ (89) or o-position (95) from the
appropriate starting material, the above procedure offers a
regioselective approach for the synthesis of a,B-unsaturated
carbonyl compounds (Scheme 36). In fact, a solvent-free
nitroaldol reaction (87 with 88 or 93 with 94) on basic
alumina and in situ oxidation, under phase-transfer
conditions, with potassium dichromate affords, in one-pot
and in 85 and 86% yields, 89 and 95, respectively.
Following the procedure reported in Scheme 35, 89 and
95 were the transformed into the corresponding tosylhy-
drazones 90 and 96 in good yields (95 and 94%), then
converted into 91 and 97 (72 and 76% yields), which, after
regeneration of the ketones with acetone/water/boron
trifluoride etherate, give (E)-4-nonen-3-one 92 and
1-nonen-3-one 98 in 84 and 86% yields [overall yields 9%
(92) and 53% (98) in four steps].

By this method, even if the formation of both Z- and
E-isomers is plausible, exclusively the latter is obtained.

3.7. Stereoselective synthesis of B-nitro alcohols from
a-nitro ketones

B-Nitro alcohols are an important class of compounds
frequently used as key intermediates in the construction of
numerous natural products and other useful biologically
active compounds. O For these reasons, the stereoselective
synthesis of B-nitro alcohols represents an attractive area of
research. Although the nitroaldol (Henry) reaction has a
remarkable ability to yield the latter compounds, the levels
of the stereoselectivity are usually low, because the basicity
needed for the Henry reaction produces the epimerisation of
the formed nitroalkanols. In this context, an alternative way
for an asymmetric synthesis of B-nitro alcohols is the
stereoselective reduction of the corresponding o-nitro
ketones.

Thus, the first TiCly-mediated diastereoselective reduction
of o-nitro ketones to anti-B-nitro alcohols 99 has been
recently developed (Scheme 37).%°

These studies have revealed that the reduction of a-nitro
ketones at low temperature (— 78 °C) with borane-dimethyl
sulfide (BH; SMe,) in the presence of TiCl, provides good
to excellent anti selectivity (Table 12).

NO,

/\/\) I
FOHEN o L
1) ALO, 1) ALO;
85%] 2) K,Cry05 86% 2) K,Cr,0,
/\/\)’\fg/\ /\/\/\H)N\o2
89 o) 95 O
95%lTsNHNH2 94%1TSNHNH2
N02 NOZ
90 NNHTs 96 NNHTs
72%l DBU 76%i DBU
Z A
91 NNHTs 97 NNHTs
BF;.Et,0 BF;.Et,0

0,
84% | Me,CO/M,0 86%| Me,CO/H,0

M(\ /\/\/\n/\
92 O 98 ©O

Scheme 36.

The sense of the stereocontrol may be predicted by invoking
the cyclic Cram chelate model®" for hydride delivery to the
carbonyl moiety. This is clearly due to the chelation by the
titanium atom, which creates a bridge between the oxygen
atoms of the C=0 and NO, groups. In the resulting six-
membered cyclic intermediate, the most populated confor-
mation A, respect to B, is preferentially attacked by the
incoming hydride ion at the less-hindered side opposite R’
(Scheme 38). It is obvious that every increase in bulkiness
of R', shifting the conformational equilibrium towards the A
conformation, increases the anti/syn ratio.

Later, Crich et al. reported® the asymmetric synthesis of
highly substituted B-nitro alcohols from o,o-disubstituted-
a-nitro ketones, by their reduction under (S)-oxazaboroli-
dine catalysis 100, in the presence of borane-dimethyl
sulfide, resulting in the enantio-enriched nitro alcohols
(Scheme 39).

Inspection of the obtained results reveals that high
enantioselectivities are obtained, provided that the smaller
substituent on the ketone is a primary alkyl group, that is,
when the size difference between the two substituents is
maximized (Table 13).

NO, 1) TiCl,, CH,Cl,,-78 °C NO, NO,
2) BH;- SMe,, CH,Cl,, -78 °C R R
R R ) BH; €, LUy, - R\‘/\R1 . R\_/\R1
o] 89-99% OH OH
anti-99 syn-99

Scheme 37.

| anti/syn = 99/1 to 54/46
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Table 12. Representative examples of the stereoselective synthesis of -
nitroalkanols 99

Entry R R' Yield of 99 anti/syn
(%)
1 Ph n-CsHy, 95 >99/1
2 0-NO,CgHy Me 96 91/9
3 n-CgH,5 i-Bu 90 75125
4 Ph Me 93 91/9
5 i-Pr n-Pr 89 56/44
NO,
R
YKF*
0]
lTlCh o
o-f —_— > ani99
ClyTig- s ¥ _H anti-
o 0%\
) R
A R
O H
C|4Ti‘ _O&®R1 Sy}’l-99
(@) R
B o
Scheme 38.
Ph
NO, H = pPh
R\H/}\ 1 C'/<
R + 6]
R’ N’
0 R
H
100 (cat)
BH;-SMe,
Ph N
Ph
0 NO,
/ 51-929
,I\,_B/H %, R>/}\R1
H,B. Ox R HO"= R’
H- \§<N102
R" R ee =49-94%
Scheme 39.

2-Nitro acetophenone derivatives 101 can be effectively
reduced®® with a mixture of HCOOH/NEt; containing a
chiral Ru(Il) catalyst, RuClI[(S,S)-N-(p-toluenesulfonyl)-
1,2-diphenylethylenediamine](n®-p-cymene) 102, giving
the corresponding optically active alcohols 103
(Scheme 40). The Ru catalyst 102 effects asymmetric
transfer hydrogenation with HCOOH as a hydrogen source
with excellent R enantioselectivity (ee 95-96%). Then, the

Table 13. Representative examples of the preparation of enantio-enriched
B-nitroalkanols by reduction of a-nitro ketones with (S)-oxazaborolidine
100

Entry R R! Yield of ee (%)
B-nitroalkanols (%)

1 Me Me 71 93

2 c-CeHyy Me 92 60

3 / \ Me 81 74
O

4 / \ Me 51 49
S

5 Ph(CH,), ¢-CsHy 76 94

(S,S)-Ru cat (102)

(0] OH
HCOOH/NEt;
30-40 °C
NO, 67-95%
R
101
(S,S)-Ru cat (102):
//,///
Scheme 40.

obtained nitroalkanols 103 can be converted into optically
active amino alcohols with excellent ees.

3.8. Synthesis of «-amino ketones from o-nitro ketones

Chemoselective conversion (Scheme 41) of a-nitro ketones
into o-amino ketone hydrochlorides 104,54, which are
known to be valuable precursors into the asymmetric
synthesis of B-amino alcohols and into the synthesis of
symmetric and asymmetric pyrazines,”* can be accom-
plished with 5% Pt sulfide on carbon as catalyst, in good
yields (Table 14).

Deactivation of the sulfur-containing catalyst (5% Pt—S—C)
is essential in order to suppress the formation of further

o 5% Pt-S-C, H, (3 mol equiv) 0
R! EtOH-HCl aq., 50 °C R
R R
61-98%
NO, NH,- HCI
104
Scheme 41.

Table 14. Representative examples of the synthesis of a-amino ketones 104

Entry R R Yield of 104
(%)

1 p-CICeH, H 85

2 Ph H 98

3 2-Naphthyl H 85

4 Me Me 85
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Cloc COCI

>

105
N=\

90% |\/NH/THF

\

/

Im-OC CO-Im

¢

106

o MeNO,, NaH
5% j THEF, reflux

0,NH,C-0C CO-CH,NO,

.

107

920 | 3% P-S-C. H, (6 mol equiv)/1 Atm
°| EtOH-HCl aq., 50 °C

HCI- H,NH,C-0C CO-CH,NH,+ HCl

.

108
Scheme 42.

1
R R, R?’CH=CHCH,0CO,FEt

NO, 109

juxtaposition on two adjacent positions offers many
opportunities for alkylation. In fact, depending on the
reaction conditions, the alkylation of the title compounds
can be performed on the o~ or o’-position, or on the carbon
bearing the carbonyl group.

In Scheme 12, an example of a-alkylation of a-nitro ketones
by their addition to electron-poor alkenes”® has been already
described.

However, a-allylation of a-nitro ketones can be easily
performed’ by palladium(0) catalysis, by stirring a mixture
of the title compounds, allylic carbonates 109, and
Pd(PPh3); (5 mol%) in tetrahydrofuran (Scheme 43),
resulting in the allylated products 110, in good yields
(Table 15).

Since the allylated a-nitro ketones 110 can be further
denitrated to 111, with Bu3SnH,13 the procedure shown in
Scheme 43 constitutes a new method for the regioselective
a-allylation of ketones.

During studies on the reactions of conjugated azoalkenes
112 with B-nitro carbonyl derivatives,’® a-nitro ketones
have been demonstrated to be useful nucleophiles for the
synthesis of a,B-unsaturated hydrazones 114 (Scheme 44).

Pd(PPhs), (5 mol %) o

THF, 1t . )KKRC]
70-81% H,CH=CHR?

N
110 YO

AIBN (0.2 equiv) Q 1
1o+ BusSH PhH, 80 °C, 2 h, R)J\,/\RC
s u H,CH=CHR?

80-87%

Scheme 43.

111

Table 15. Representative examples of the synthesis of allylated derivatives 110 and 111

Entry R R' R? Yield of 110 (%) Yield of 111 (%)
1 n-Bu Et Ph 70 85
2 n-Pr n-Pr Ph 72 83
3 n-Pr n-Pr H 81 80
4 I’l-C6H13 Me Ph 75 80

reduced derivatives such as B-nitro alcohols or nitroalkanes
(due to further reduction of the B-nitro alcohol).

Taking advantage of this chemoselective methodology, the
synthesis of terephthaloylbis(methylamine) dihydrochloride
108, a compound, which is a useful building block for the
preparation of aromatic oligomers, has been achieved
starting from terephthaloyl chloride 105, as depicted in
Scheme 42. Terephthaloyldiimidazole 106, prepared by
Staab’s method,”® was transformed into terephthaloylbis(ni-
tromethane) 107 (75% yield), which, by subsequent
hydrogenation with 5% Pt-S—C, gave 108 in 92% yield.

3.9. Alkylation of o-nitro ketones

Given the well-known chemical differences between the
carbonyl group and the carbon-nitro moiety, their

0
Ng J\/R1 + o2 R®
R™ N R

112 THF NO,
MeONa

i 3

H R NO H R

| 2 B |

JRP e A EL T PN
R™ °N A 56-96%

s RH O 114 R' O

R = CONH,, CONHPh, CO,Me, CO,Bu’; R' = CO,Me, CO,Et,
R’=Ph;R’=H

Scheme 44.



R. Ballini et al. / Tetrahedron 61 (2005) 8971-8993 8985

O
1
R/N\\NJ\/R + NO,

112 lMeOH 115 O

116

R = CONH,, CONHPh, CO,Me, CO,Bu’
R' = CO,Me, CO,Et

Scheme 45.

The formation of 114 proceeds in one pot, following two
different steps (Michael addition of the nitro ketone to 112
and base-catalysed elimination of nitrous acid from 113)
favoured by the simultaneous behaviour of the nitro group
as a strong electron-withdrawing group and a good leaving

group.

In the reaction of 112 with 2-nitro-1,3-indanedione 115, in
methanol, the formation of three fused rings 116 (Scheme
45), containing at the same time powerful functional groups
(nitro, hydroxy, carbonyl and aminocarbonyl) suitable for
further interesting transformations, has been achieved.

o/-Aryl a-nitro ketones 117 have been alkylated in the
a-position by oxidative free-radical additions to alkenes,
mediated by electrochemically regenerable manganese(III)
acetate,’ affording the isoxazoline N-oxides 122.

Scheme 46 shows the most likely reaction mechanism for
the formation of 122; the complex 118 is formed during the

X method A or B
X
63-85%

Mnlll
/N
o} o] Icl)
X 111 X N
O)H — O)\V@\OO
NO, -H'
7 = 2 7 =
17 118 R
Z=H, OMe, CI, NO, E
X=CH,N R
R R'
\|=/
Mn” l\l/ln”
Pl Y
g ﬁ) /N
1l
X N
S D00 —— SN0
120 R 119
O H R
X R
| T H
_— N—O
0®
Q
122

Scheme 46.

first step, and then the unsaturated acceptor compound is
complexed to the Mn™ to form an Mn"™-117-alkene
complex 119. The secondary alkyl radical 120 is formed
directly from the complex 119, while the formation of the
isoxazoline N-oxides 122 from the radical adduct 120 can be
explained by assuming that the formation of a nitroxyl
radical 121 takes place.

a-Nitro ketones can be additionally alkylated at the o'
position, with an alkyl halide 123, through a doubly
deprotonated form (Scheme 47), giving the R*-alkylated
o-nitro ketones 124 (Table 16).®

Double deprotonation was initially carried out at —70 °C
using LDA/HMPA (5:1) as the solvent, and the alkylation
process was realized at 0 °C (method A). However, this

0]

RT)J\(R1
NO, R?
124

| R%-X = BnBr, n-Bul, Me(CH,)gl, MeCH=CHCH,Br, Mel, 0-BrC¢H,CH,Br

method A: 1) LDA (15 mmol), THF/heptane, -35 °C, HMPA (4 mmol), 15 min. 2) a-nitro ketone (5 mmol),

R-X (10 mmol), -70 to 0 °C, 60 min. 3) AcOH.

method B: 1) LDA (15 mmol), THF, -35 °C, TMEDA (15 mmol), 15 min. 2) HMPA (4 mmol), a-nitro ketone
(5 mmol), 70 °C,, 30 min. 3) R%-X (10 mmol), -50 °C, 3-5 h. 4) AcOH, -50°C.

Scheme 47.
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Table 16. Representative examples of the o'-alkylation of a-nitro ketones

Entry R R! R%X Yield of 124 (%) Method
1 Et H PhCH,Br 66 A
Me Et 7 MesCH=CHCH,Br 67 A
80 B
3 Me Et Mel 85 B
4 Et Me Me(CH,);1 68 A

procedure did not give fully satisfying yields and, in order to
enhance the nucleophilicity of the dianion, an LDA solution
of one equivalent of TMEDA, a well-known lithium-
chelating agent, was added. This procedure (method B)
involves carrying out the alkylation step at —50 °C with a
considerable increase in the yield of the process (75-85%).

The method works well with both acyclic and cyclic a-nitro
ketones, and the latter are isolated as a mixture of
diastereomers in, which the cis form strongly predominates.

A representative application of this approach would be the
synthesis of (+)-muscone 129, carried out from
a-nitrocyclopentadecanone 125 (Scheme 48).>° The prep-
aration starts with the key step concerning the Co.'-
alkylation of 125 (with methyl iodide), to give the o'-
methyl nitro ketone 126, then, following a reported
procedure® for the conversion of cyclic a-nitro ketones
into the corresponding conjugate nitro alkenes, 126 is
converted into the nitro olefin 128 (via the nitro alcohol 127)
that is prone to furnish the 3-methylpentadecanone [()-
muscone] 129 (70% yield, 40% overall yield based on 125)
by reaction with sodium hypophosphite and Raney-Ni.

Previously, the utility of the title compounds as precursors
of B-nitroalkanols has been demonstrated (Schemes 37-40),
and, moreover, o-nitro ketones can additionally be
employed as electrophilic species for their transformation
into tertiary f-nitro alcohols. This conversion can be

NO, LDA, TMEDA, NO,
DMPU, THF,
o heptane, Mel o
—_—
o 75% Me ;
125 126
o, | NaBH,,
72% EtOH
NO,
HO: i
Me 7
127
Ac,0, Al,04
78% | DMAP, CH,Cl,
reflux
0 NaH,PO, x H,0 NO,
Ra-Ni
pH = 5-6, 50 °C
-
Me 7 70% Me 7
129 128

Scheme 48.

efficiently obtained from the reaction of cyclic and acyclic
a-nitro ketones with 2 equiv of an organomagnesium or
organolithium reagent.®' Unexpectedly, Grignard reagents
do not deprotonate the o acidic proton of the nitro ketone,
but, instead, strongly coordinate with the carbonyl and the
nitro oxygen. A second equivalent of reagent is thus
necessary to carry out the addition. Grignard reagents are
unable to attack monoanion a (Fig. 1), while organolithium
compounds are stronger nucleophiles than organomagne-
sium reagents and can attack the deprotonated substrates.

o O 0]

R\)J\(NOZ RQ%C'T')\C@

H a

Figure 1.

The diastereoselectivity of the reactions depends on the
reagent used. Grignard reagents produce almost exclusively
trans nitroalkanols 131 with the a-nitrocyclohexaanone
130, whereas organolithium derivatives show little or no
selectivity (Scheme 49).

NO,

130

2RMgX, THF
3010 0°C

R, Cl

RMgX
60-85%

HQ R
> NO,

131

R = Me, Et, n-Bu, Ph, CH,=CH, Me,CHCH,, PhC=C,
Bn, CH,=C=CH, (CH,0),(CH,),

Scheme 49.
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R’Li, THF ,
9 . HMPA-TMEDA H% R .
RJ\/ -30to 0 °C R/'\‘/
NO, 78-92% NO,
132

S
R =Et; R' = Me; R = Me, n-Bu, Ph, (\)3\,
S

Scheme 50.

Conversely (Scheme 50), lithium reagents show excellent
stereoselectivity with open-chain substrates and afford the
anti diasteromers 132.

A possible explanation of these stereochemical outcomes is
the participation of the conformation for the nitronate anion.
In that conformation, the negatively charged oxygens are
forced to assume the anti position because of the electronic
repulsion (Scheme 51).

NO,Li
a \ R2 /R
—
LiO L1 N—
\ A
NO
R R Ho &
= "
a p— R
H R! NO, syn
OH
NO, 5
R? R HO, R .
b = R
H R’ NO, anti
OH

Scheme 51.
3.10. Conversion of a-nitro ketones into amides

The reaction of linear a-nitro ketones with primary amines
allows the formation of amides 133 through the cleavage of
the carbon—carbon bond between the carbonyl group and the
carbon-nitro moiety, promoted by the nucleophilic effect of
the amine (Scheme 52).°* The reaction is performed at room
temperature, without any catalyst and/or solvent, and gives
good yields of the amides 133 (Table 17).

Scheme 52.

This cleavage of a C(1)-C(2) bond by the action of
nucleophiles is a very useful transformation for cyclic
ol-nitro ketones,l while it is much less common for the
acyclic ketones. Thus, the substitution shown in Scheme 52
is a surprising result, but is of great importance, because the
title compounds can be easily prepared from ketones'>'® A
or alkenes'®?! B, and the methodology can therefore be
regarded as a formal way to convert alkenes or ketones into
amides (Scheme 53).

Scheme 53.

The method has been tested with a very large series of both
nitro ketones and primary amines showing, in general, good
efficiency. However, the reaction times (usually 4—15 h) and
the yields (31-100%) seem to be dependent upon the bulk of
the alkyl group (R?). Moreover, when the amine is aromatic
(R2=Ar), the efficacy of the reaction, due to the reduced
nucleophilicity of the amine, decreases.

3.11. a-Nitro ketones as electrophiles and as nucleophiles

Neonicotinoids, represented by imidacloprid, are the only
major new class of insecticides introduced in the past three
decades. The nitroguanidine/nitromethylene moiety is an
important structural requirement of these neonicotinoid
insecticides. Three nitromethylene analogues of imidaclo-
prid have been synthesized in order to probe the Drosophila
neonicotinoid—nicotinic acetylcholine receptor interaction.
Specifically, 3-(6-chloropyridin-3-yl)methyl-2-nitromethyl-
ene-tetrahydrothiophene 140 and -tetrahydrofuran 148
have been synthesized through novel approaches using
a-nitro ketones as electrophiles and as nucleophiles,
respectively.®?

The synthesis of 140 starts with the double protection of
4-mercaptobutyric acid 134 (Scheme 54) to give 135. Then,
the 6-chloropyridin-3-ylmethylene moiety is introduced by

Table 17. Representative examples of the conversion of o-nitro ketones into amides

Entry R R' R? Reaction time (h) Yield of 133 (%)
1 Ph(CH,), Et i-Pr 15 quant.

2 Ph Me Bn 5 quant.

3 Ph H Bn 6 quant.

4 Ph Et Ph 168 75

5 n-Bu i-Pr n-Bu 15 quant.
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cl
SH STHP i = | STHP
— O  — Ng o]
OH OPh

OPh

134 135 136 l i

Cl

A | SH e | STHP
C 2N o
N (0] _THP NS
138 l NO, 137 NO,

Cl = |
N N S -Hzo N NS ////
HO
NO,

139 (2)-140 NO,

(i) (a) dihydropyran, pyridinium p-toluensulfonate, CH,Cl,, rt, overnight,
(b) DCC, DMAP, PhOH, CH,Cl,, 1t, overnight, overall 53%; (ii) LDA,
CIMP, HMPA, THF, -78 °C to 1t, overnight, 62%; (iii) MeNO,, KOBU/,
DMSO, <20 °C, overnight, 79%; (iv) 37% HCI, rt, 30 min, 86%.

Scheme 54.

deprotonation of 135 with LDA, followed by reaction with
2-chloro-5-iodomethylpyridine (CIMP). The resulting phe-
nyl ester 136 is converted into the o-nitro ketone 137 in
excellent yield by reaction with the anion generated by
treatment of nitromethane with potassium fers-butoxide.
The next step is devoted to removing the THP protecting
group from 137 to provide a free thiol for intramolecular
attack (138) at the carbonyl site to form the hemimercaptal
139. Thus, the a-nitro ketone 137 is treated with
concentrated HCI (37%), leading to the target compound
(2)-140.

The tetrahydrofuran derivative 148 is prepared starting
(Scheme 55) from 4-methylsulfanylbutyric acid 141 that is
converted into the phenyl ester 142. The latter, by reaction
with CIMP, gives, through the compounds 143-146, 147
that is further transformed into the a-nitro ketone 144 by
reaction with nitromethane. Compound 144 is treated with
iodomethane and potassium fert-butoxide successively to
finish the cyclization in one pot. The major product is the
desired (Z)-148, with lesser amounts of (E)-148. The final
one-pot cyclization includes three consecutive reactions:
methylation at the sulfur atom, generation of the enol anion
of the a-nitro ketone 147, and intramolecular attack of the
enol anion at C5.

Thus, in Scheme 54, the o-nitro ketone 137 serves as an
electrophile, while the a-nitro ketone 144 (Scheme 55)
serves as a nucleophile.

3.12. a-Nitro ketones as precursors of furoxans

Furoxans were found to play an important pharmacological
role, as they are able to increase the cytosolic level of cGMP
in human platelets, to activate the rat liver soluble guanylate
cyclase and to release NO when treated with thiol

Q Qoq

141 143
iii
cl @
= S = e
| N Mel | S
N O ~ O
145 NO, 144 NO,
l KOBu
iv
Cl = |
N
146
18-crown- 6
(E)-148  O,N (2)-148

(i) DCC, PhOH, DMAP, CH,Cl,, rt, overnight, 91%; (ii) LDA, CIMP,
HMPA, THF, -78 °C to rt, overnight, 75%; (iii) MeNO,, KOBu',
DMSO, <20 °C, overnight, 87%; (iv) Mel, MeOH, rt, overnight; then
KOBU/, 18-crown-6, DMF, rt, 2 h, 27% for (Z)-148 and 21% for (E)-148.

Scheme 55.

compounds under physiological conditions resulting in a
potent vasodilatant effect. Recently, we have demonstrated
that these molecules can be conveniently obtained from
a-nitro ketones and, although one example has been
previously reported® treating benzoylnitromethane with
TeCl,/Et;N at —78 °C, our procedure® represents the first
general method for the synthesis of furoxans 150 from
a-nitro ketoximes 149 (easily obtainable from the corre-
sponding a-nitro ketones®®) using acidic alumina as catalyst
(Scheme 56).

The reaction is carried out by adding a solution of 149, in
acetonitrile, to a suspension of acidic alumina (Brockmann
I) in acetonitrile at 60 °C. The reaction takes from 1 to 5 h
and, after simple work up, affords furoxan derivatives in

o)
R1
R
NO,
NH,OH'HCI
EtOH, Amberlyst A 21
O acidic ALOS o 89
| R'  MeCN,60°C N\” ;r\é
_—
R 1-5 h, 75-93% H 1
NO, R R
149 150

Scheme 56.
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Table 18. Representative examples of the conversion of a-nitro ketones to
furoxans

Entry R R; Yield of 150
(%)
1 Et Me 91
Ph(CH,), Et 83
3 i-Pr n-Pr 85

good yield (Table 18) from both cyclic and acyclic a-nitro
ketoximes.

3.13. a-Nitro-a-diazocarbonyl derivatives from o-nitro
ketones

The importance of o-diazocarbonyl reagents has been
recognized for a number of year and, in fact, these reagents
are ideal precursors for several transition metal-catalyzed
processes including cyclopropanation and X-H insertion
reactions (X=C, O, N, S, P, etc.). In this context, o-nitro-o-
diazocarbonyl derivatives are particularly useful and,
recently,®” in addition to the conventional methodologies
for their preparation, an improved procedure for their
synthesis from a-nitro ketones has been reported.

As shown in Scheme 57, a hexane solution of trifluoro-
methanesulfonyl (triflyl) azide reacts smoothly with primary
nitro ketones 151 (R=alkyl or aryl) or nitroacetates (R=
Alk—O-), in acetonitrile, upon addition of pyridine to
generate the o-nitro-a-diazocarbonyl derivatives 152 in
satisfactory to good yields (61-90%). The yields obtained
from o-nitro ketones are generally lower than those
obtained from a-nitro acetates.

CF3SO,N; (1.1 equiv)

0 Pyr (2 equiv) (0]
)J\/ NO, MeCN, hexane NO,
R 20°C,3-15h R
151 61-90% 152 2

Scheme 57.

3.14. Acylthioamides from o-nitro ketones

Primary o-nitro ketones react with 2,4-bis(4-methoxyphe-
nyl)-1,3-dithiadiphosphetane 2,4-disulfide, Lawesson’s
reagent (LR; Fig. 2), allowing access to the acylthioamides
153.%%

Thus, aryl and alkyl ketones react in hot toluene, to provide
the acylthioamides 153, following the sequence shown in
Scheme 58. Subsequent treatment with alcohols (R'OH)
converted 153 into the acylthiourethanes 154.

Lawesson's reagent (LR)

Figure 2.

(0]
T ro,
lLR S Ar S Ar
\P/ \P/
o s o} o/?‘§

154 153

R = Ph, Ph(CH,);; R' = Me, Et, Ar = MeOC4H,

Scheme 58.
4. Other reactions

The catalytic addition of trimethylsilyl cyanide (TMSCN) to
a large variety of hetero-substituted ketones, including
a-nitro ketones, promoted by anhydrous InBr;, produces the

cyanation of the carbonyl group in good yields
(Scheme 59).%

TMSCN TMS

[o) (@)
NO, InBr;, CH,Cl, NG, NO,
Ph Ph
77%

Scheme 59.

B,y-Unsaturated ketones, containing an electron-withdraw-
ing group in the a-position, react with diphenyl diselenide
and ammomiun persulfate, in acetonitrile, to afford the
substituted furans in moderate to good yields
(Scheme 60).7°

d-Aminolevulinic acid (5-ALA), involved in heme biosyn-
thesis, has been synthesized using an a-nitro ketone as the

z PhSeSePh, MeCN z
| OO n
RYg R 45-91% R No” R!

Z =NO,, SO,Ph, CO,R?

Scheme 60.
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O
Cl\)J\/\H/OEt
ﬂ o
(0]
OEt
\—/

1) MeNO,/+-BuOK
60%| DMSO
o]

2) AcOH

OZN OEt

156 0

o, | Hy/10%Pd/C
94 A’l 1 N HCI

o
HC|-NH2\)J\/\H/0H
157 o

chloro-1-propyne,”® or with aromatic aldehydes and

cyanothioacetamide.”

5. Conclusions

We have demonstrated that acyclic o-nitro ketones are a
highly versatile class of a-hetero-substituted ketones, easily
obtained from alkenes, ketones or by the nitroaldol (Henry)
reaction or from activated carboxylic acids. The title
compounds offer the possibility to be employed in many
important transformations and, for this reason, several
targets can be obtained by their use as the key building
blocks. Thus, because a-nitro ketones provide a wide range
of synthetic opportunities, we believe that this report will be
of great utility for chemists working in the field of organic
synthesis.
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p— N02 ﬂ» O%N/ Z—Cl> O:/NOZ
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159 160
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H

Scheme 61.
158
Z =PhCO, p-MeOcH,CO, p-NO,C4H4CO,
PhP=0O(OH), RNH(C=0), RNHC=S
Scheme 62.

immediate precursor.”' The synthesis (Scheme 61) starts
from the imidazolyl derivative 155 that is converted into the
corresponding o-nitro ketone 156 by a procedure described
earlier.'”> The latter undergoes facile reduction and
concomitant hydrolysis under aqueous acidic catalytic
hydrogenation conditions to give the desired 5-ALA-HCI
157 in 94% yield.

6-Aminocaproic acid blocks the action of plasminogen
activators and, in order to prepare some analogs of this
acid, some o-nitro ketone derivatives 161 have
recently’? been synthesized (Scheme 62) from the
nitroenamine 158 that, by basic treatment, converts
into the N-substituted-1-nitro-2-heptanones 158, through
the intermediates 159 and 160.

Other possible reactivities of the title compounds have been
tested by reacting o-nitro ketones with 1-trimethylsilyl-3-
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Abstract—A new alternative system for the chemoselective oxidation of secondary hydroxyl group to ketone with IBX/n-BuyNBr in
CH,Cl,—H,0 has been developed. Under the reaction conditions, the secondary hydroxyl group was highly chemoselectively oxidized to the
corresponding ketone, in moderate to good yields at rt, in the presence of primary hydroxyl group within the same molecule.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The oxidation of alcohols to carbonyl compounds is a
fundamental reaction in organic chemistry and several
methods covering a wide variety of reagents have been
developed for this important synthetic transformation.’
Desired experimental conditions include high yields, mild
conditions, high chemoselectivity, readily available non-
toxic reagent, and compatibility with functional groups
present in the substrates. In the synthesis of naturally
occurring compounds, one usually faces the manipulation of
compounds containing several types of hydroxyl functional
groups, and it is necessary to selectively oxidize a single
hydroxyl group (primary or secondary alcohol) within the
same molecules. Thus, selective transformation of hydroxyl
group has been a challenging target for synthetic chemists
since it offers an alternative to synthesis via selective
protection and deprotection. Many oxidizing reagents are
known to promote selective oxidation of secondary alcohols
in the presence of primary alcohols, including halogen-
based oxidants, for example, N—bromoacetamide,2 N-chloro/
bromosuccinimide,3 Clz/pyridine,4 Br2/HMPAfNaHCO3,5
(Bu3Sn),0/Br,,° NOCI/CH5CO,H,” NaBrO5/NaHSO5,® and
Ce(SO,),/NaBrO;.” The other important oxidizing agents
are peroxides/metal system,'® dimethyldioxiranes,'
DMSO-based reagents,'> and Oppenauer oxidation
variations."® Despite these readily available procedures,
development of a better selective oxidation system is still
desirable.

Keywords: Selective oxidation; IBX oxidation.
* Corresponding author. Tel.: +66 2 201 5155; fax: +66 2 354 7151;
e-mail: scckk@mahidol.ac.th

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.051

As part of our ongoing efforts in the development of newer
applications of hypervalent iodine (V) compounds, we wish
to report a new application of 2-iodoxybenzoic acid (IBX)
with catalytic amount of tetrabutylammonium bromide
(n-BuyNBr) for selective oxidation of secondary hydroxyl
group. Chemoselective oxidation of sulfides to sulfoxides in
the presence of an alcohol functional group using IBX/
tetraethylammonium bromide (Et;NBr) has been documen-
ted in the literature.'"* To our knowledge, there is no
previous study that was directed toward selective oxidation
of secondary hydroxyl group in the presence of primary
hydroxyl within the same molecule using IBX as an
oxidizing reagent.

2. Results and discussion

To begin with, a monofunctional alcohol, benzyl alcohol,
was chosen as a substrate for investigating reaction
conditions. Thus, it was subjected to the oxidation by IBX
in the presence of a collection of phase transfer catalysts,
that is n-BuyNBr, Et,;NCI, Et;,NBr, Et,NI, BnMe;NBr, and
BnEt;NCI (Table 1). It should be noted that the type of
halide anion of the catalyst has considerable effect on the
oxidation reaction (Table 1, entries 2—4). The tetraethyl-
ammonium bromide (Et4;NBr) catalyzed the reaction more
effectively than the corresponding iodide and chloride,
respectively. The n-BuyNBr gave the best conversion of
89% (Table 1, entry 1). Tetrabutylammonium bromide was
therefore, chosen as a catalyst of choice for further
investigating optimum reaction conditions (Table 2).

From the results as shown in Table 2, for the oxidation using
IBX alone in dichloromethane, moderate conversion of
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Table 1. Phase transfer catalyst optimization

gOH

H
1.5 equiv IBX @O

0.5 equiv phase transfer catalyst
1:1 viv CH,Clo: HyO, rt, 4 h

Entry Phase transfer catalyst Conversion (%)*
1 n-BuyNBr 89
2 Et,NClI 22
3 Et,NBr 62
4 Et,NI 37
5 BnMe;NBr 18
6 BnEt;NCI 30

 Conversion (%) was calculated from '"H NMR (300 MHz) integration.

Table 2. Optimization of reaction conditions

mechanisms previously reported for the phase transfer
catalyzed IBX oxidation of sulfides to sulfoxides.'*

Comparative studies of our method (Method A) with those
reported in the literature for IBX oxidation of alcohols
(Methods B'® and le’) were conducted. The selectivity and
efficiency of our method are clearly demonstrated as shown
in Table 4. A control experiment was also carried out with
the 2,2,4-trimethyl-1,3-pentanediol substrate using the
conditions described in Table 4 (Method A) without the
n-BuyNBr. The oxidation gave all the possible products, that
is the corresponding hydroxyketone (31%), hydroxyalde-
hyde (4%), dicarbonyl (2%), and recovered starting material
(37%). The results seem to suggest that the origin of

H
S @O
n-BugNBr, rt
Entry H,0:CH,Cl, (v/v) IBX (equiv) n-BuyNBr (equiv) Time (h) Conversion (%)*
1 0:100 1.5 — 4 45
2 1:1 1.5 — 7 31
3 0:100 1.5 0.5 2 88
4 1:3 1.5 0.5 4 92
5 1:1 1.5 0.5 4 89
6 1:1 1.5 0.1 4 70
7 1:1 1.5 1.0 4 60

2 Conversion (%) was calculated from '"H NMR (300 MHz) integration.

benzyl alcohol to benzaldehyde was obtained (Table 2,
entry 1). A similar result was obtained when water was used
as a co-solvent, even with prolonged reaction time (Table 2,
entry 2). Reaction in the presence of 0.5 equiv of n-BuyNBr
proceeded with shorter reaction time and provided better
conversion (Table 2, entries 3-5). The v/v ratio of
CH,Cl,:H,O employed can be as low as 1:1. When either
a lesser or stoichiometric amount of n-Buy;NBr was
employed, lower conversions were obtained (Table 2,
entries 6—7). Therefore, the 1:1 v/v of H,O:CH,Cl, solvent
system will be used in the standard conditions.

According to Tables 1 and 2, even though the oxidation
reaction of monofunctional alcohols proceeded efficiently
with as few as 1.5 equiv of IBX, an increased reaction rate
was observed with excess oxidant. For the oxidation of
diols, it was found that the use of 3 equiv of IBX afforded
the best results; very small amounts of dicarbonyls or
lactones were obtained. Based on this observation, 3 equiv
of IBX were selected to examine the chemoselective
oxidation of a variety of diols. The results are summarized
in Table 3.

The observed transformations were chemoselective when
both the primary and the secondary hydroxyl functional
groups were present within the same molecules (Table 3).
The ketones with the primary alcohol untouched were
obtained in moderate to good yields. The dicarbonyl
compounds as well as some lactones in cases leading to
five- or six-membered ring lactones were also formed as
minor products. The exact mechanism of selective oxidation
is still unclear, but we propose that it should follow those

chemoselectivity of IBX oxidation of diols under a bi-phasic
solvent system in our study stems from the choice of
solvent. The role of the bromide anion was believed to
follow the previously suggested mechanism for Et;NBr
catalyzed IBX oxidation of sulfides to sulfoxides by causing
a polarization of the =0 bond and leading to a reaction rate
acceleration.'*

3. Conclusion

In conclusion, a selective and efficient new alternative
method has been developed for the oxidation of secondary
hydroxyl groups to ketones, in moderate to good yields, in
the presence of primary hydroxyl groups within the same
molecule. The reaction conditions do not involve moisture
sensitive and environmentally unfriendly agents. We
anticipate that this protocol will, to some extent, be of
broad interest and use to the chemistry community.

4. Experimental
4.1. General

Melting points (uncorrected) were determined on an
Electrothermal 9100 Apparatus. Reagents were obtained
from commercial sources and used as received. Column
chromatography was performed using silica gel 60 (70-230
mesh). Analytical TLC was performed with silica gel 60
PF,s4 aluminium sheet with 0.2 mm layer of silica gel. 'H
NMR spectra were recorded at 300 MHz in CDClj; solution
with tetramethylsilane as an internal standard. '*C NMR
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Table 3. Selective oxidation of secondary hydroxyls using IBX/n-BuyNBr in 1:1 v/v of H,O:CH,Cl,

8997

O
OH 3 equiv IBX, 0.5 equiv n-BuyNBr
R OH
R h OH CH,Cly: HyO, 1t, 4 h n
Entry Substrate Product (% yield)*
OH 0} O H
. n-C5H11)\/\/\OH n-CsH, )j\/\/\OH n-csHﬂ)'\/\/% 0
o
la 81% (74%)° 2a 10% n-CsHy
3a 3%
OH (0] O o}
O
n-C5H13)\/\/OH n-C6H13)I\/\/OH ”'C6H13)J\/\f o
2 1b 88% (70%)" if
2b 2% n-CegHu3
3b 5%
OH O H
; Ko ~ocon Ko
1c 72% (70%)° 2¢ 3%
OH
4 n-C3H7)\COH n-C3H7)‘\COH
1d 62% (56%)°
OH
le 67% (58%)°
OH o O
6 OH é@ N H
n—C4H9 C H C4H9
1f 84% (71% 2f 8%
OH OH OH OH O
1g 80% (72%) 2g 7%
OH 0}
OH 0
8
H
1h 46% (38%)° 2h 8%
* GC yields.
" Yields (%) given in parentheses are isolated yields after purification by column chromatography.
Table 4. Comparison of the oxidation of diols by IBX under other conditions
Substrate Method® Product (% yield)b
o] o H
,+C5Hﬂ/u\/”\«”\0H ,rcsHﬂ/l\/”\/)*o 0
n-CsHyj
)O\H/\/\ A 8d1 10 3
B 83 16
n-C5H11 OH C d 76 23
O O H
OH A° 72 3

B d 77
WOH C d 86

# Method A: 3 equiv IBX, 0.5 equiv n-BuyNBr, CH,Cl,:H,O (1:1), rt, 4 h; Method B: 3 equiv IBX, DMSO, rt, 4 h; Method C: 3 equiv IBX, EtOAc, 80 °C, 4 h.

" GC yields.

¢ Starting material was recovered (6%).
4 Not detected by GC.

¢ Starting material was recovered (21%).
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spectra were recorded at 75 MHz with residual non-
deuterated solvent peak as an internal standard. IR spectra
were recorded on a GX FT-IR system (Perkin Elmer)
spectrometer. Elemental analyses were determined on a
Perkin Elmer Elemental Analyzer 2400 CHN. High
resolution mass spectra were obtained on a Micromass
model VQ-TOF2 mass spectrometer.

4.2. General procedure for the oxidation

To a stirred suspension of IBX (3.0 equiv) in H,O:CH,Cl,
(v/iv=1:1, 0.25 M based on starting alcohol) was added
n-BuyNBr (0.5 equiv) followed by the addition of alcohol
(1.0 equiv) in one portion. The mixture was stirred at rt for
4h. The residual solids were filtered off and washed
thoroughly with diethyl ether. The combined filtrate was
washed successively with 8% sodium thiosulfate (15 mL),
water (2 X 15 mL) and brine (1 X 15 mL). The organic layer
was dried over anhydrous sodium sulfate, filtered, and
evaporated (aspirator). The crude product was subsequently
examined by gas chromatography for determining product
conversion. Purification of the crude product by column
chromatography (SiO,) provided the isolated yield of the
ketone.

4.2.1. Preparation of 1-hydroxy-5-decanone (1la).
According to the general procedure, oxidation of 1,5-
decanediol (174 mg, 1 mmol) gave 1-hydroxy-5-decanone,
after column chromatography on silica gel (18 X 1.5 cm, 8:2
n-hexane/ethyl acetate as eluent), 127 mg (isolated yield;
74%) as colorless liquid: analytical TLC on silica gel, 7:3
n-hexane/ethyl acetate, R;=0.17. IR (neat, cm_l) 3423,
O-H; 1712, C=0. 300 MHz '"H NMR (CDCls, ppm) 8 3.57
(2H, br s) 2.55-2.10 (4H, m) 1.70-1.10 (11H, m) 0.82 (3H,
t, J=6.9 Hz). '*C NMR (75 MHz, CDCl;, ppm) 6 211.6,
62.1,42.7,42.1,32.0,31.3,23.5,22.4, 19.6, 13.8. Molecular
ion (M+H) calcd for C]()H2102: 1731542, found (ESI—
TOF) m/e=173.1536, error=3 ppm.

4.2.2. Preparation of 1-hydroxy-4-decanone (1b).
According to the general procedure, oxidation of 1,4-
decanediol (174 mg, 1 mmol) gave 1-hydroxy-4-decanone,
after column chromatography on silica gel (18X 1.5 cm, 8:2
n-hexane/ethyl acetate as eluent), 120 mg (isolated yield;
70%) as colorless liquid:'” analytical TLC on silica gel, 7:3
n-hexane/ethyl acetate, R;=0.16. IR (neat, cmfl) 3422,
0-H; 1707, C=0. 300 MHz "H NMR (CDCls, ppm) 6 3.64
(2H, t, J=6.1 Hz) 2.55-2.30 (4H, m) 2.00-1.66 (2H, m)
1.65-1.44 (2H, m) 1.40-1.17 (7H, m) 0.88 (3H, t, J=
6.6 Hz). '*C NMR (75 MHz, CDCls, ppm) 6 212.1, 62.1,
42.9, 394, 31.5, 28.8, 26.4, 23.8, 22.4, 14.0.

4.2.3. Preparation of 1-hydroxy-2,2,4-trimethyl-3-penta-
none (1c). According to the general procedure, oxidation of
2,2,4-trimethyl-1,3-pentanediol (146 mg, 1 mmol) gave
1-hydroxy-2,2,4-trimethyl-3-pentanone, after column
chromatography on silica gel (18X 1.5 cm, 8:2 n-hexane/
diethyl ether as eluent), 101 mg (isolated yield; 70%) as
colorless liquid:'** analytical TLC on silica gel, 8:2
n-hexane/diethyl ether, R;=0.12. IR (neat, cm ") 3479,
0-H; 1699, C=0. 300 MHz '"H NMR (CDCls, ppm) 6 3.56
(2H, s) 3.18-3.02 (1H, m) 2.85 (1H, br d, /=7.4 Hz) 1.18

(6H, s) 1.06 (6H, d, J=6.8 Hz). >°C NMR (75 MHz, CDCl;,
ppm) 6 221.5, 69.3, 49.6, 34.5, 21.0, 19.8.

4.2.4. Preparation of 3-hydroxymethyl-4-heptanone
(1d). According to the general procedure, oxidation of
2-ethyl-1,3-hexanediol (185 mg, 1.27 mmol) gave
3-hydroxymethyl-4-heptanone, after column chromato-
graphy on silica gel (18X 1.5cm, 7:3 n-hexane/diethyl
ether as eluent), 103 mg (isolated yield; 56%) as colorless
liquid: ' analytical TLC on silica gel, 7:3 n-hexane/diethyl
ether, R;=0.05. IR (neat, cm ™ ') 3422, O-H; 1705, C=O0.
300 MHz 'H NMR (CDCl;, ppm) 6 3.80 (1H, dd, ABX, J=
11.0, 7.4 Hz) 3.70 (1H, dd, ABX, J=11.0, 4.1 Hz) 2.70-
2.57 (1H, m) 2.48 (2H, t, J=7.3 Hz) 2.14 (1H, br s) 1.75-
1.39 (4H, m) 0.93 (3H, t, J=7.5Hz) 092 (3H, t, J=
7.4 Hz). '*C NMR (75 MHz, CDCls, ppm) 6 215.1, 62.4,
54.9, 448, 21.2, 16.8, 13.7, 11.8.

4.2.5. Preparation of 3-hydroxy-1-phenyl-1-propanone
(1e). According to the general procedure, oxidation of
3-hydroxy-1-phenyl-1-propanol (152 mg, 1 mmol) gave
3-hydroxy-1-phenyl-1-propanone, after column chromato-
graphy on silica gel (18X 1.5 cm, 8.5:1.5 n-hexane/ethyl
acetate as eluent), 86.9 mg (isolated yield; 58%) as a
colorless liquid:'® analytical TLC on silica gel, 7:3
n-hexane/ethyl acetate, Ry=0.29. IR (neat, cm ) 3412,
0-H; 1681, C=0. 300 MHz '"H NMR (CDCl;, ppm) 6 7.97
(2H, d, J=7.3Hz) 7.59 (1H, t, J=7.4Hz) 7.48 2H, t, J=
7.5 Hz) 4.05 2H, t, J=5.4 Hz) 3.24 (2H, t, J=5.4 Hz) 2.85
(1H, br s). ">C NMR (75 MHz, CDCls, ppm) 6 200.4, 136.6,
133.4, 128.6, 128.0, 58.0, 40.3.

4.2.6. Preparation of 2-butyl-2-hydroxymethylcyclo-
pentanone (1f). According to the general procedure,
oxidation of 2-butyl-2-hydroxymethylcyclopentanol
(221 mg, 1.28 mmol) gave 2-butyl-2-hydroxymethylcyclo-
pentanone, after column chromatography on silica gel (18 X
1.5 cm, 8:2 n-hexane/ethyl acetate as eluent), 156 mg
(isolated yield; 71%) as a pale yellow liquid: analytical
TLC on silica gel, 7:3 n-hexane/ethyl acetate, Ry=0.32. IR
(neat, cm ™~ ') 3448, O-H; 1731, C=0. 300 MHz 'H NMR
(CDCl3, ppm) 6 3.62 (1H, d, J=11.0 Hz) 3.47 (1H, d, J=
11.0 Hz) 2.36 (1H, br s) 2.31-2.17 (2H, m) 2.01-1.80 (4H,
m) 1.55-1.01 (6H, m) 0.88 (3H, t, J=7.0 Hz). >°C NMR
(75 MHz, CDCl3, ppm) 6 224.7, 65.7, 53.4, 38.8, 32.2, 30.5,
26.2,23.2, 19.1, 13.8. Anal. Calcd for C;yH;30,: C, 70.55;
H, 10.66. Found: C, 70.29; H, 10.45.

4.2.7. Preparation of 2-hydroxymethylcyclohexanone
(1g). According to the general procedure, oxidation of
2-hydroxymethylcyclohexanol (130 mg, 1 mmol) gave
2-hydroxymethylcyclohexanone, after column chromato-
graphy on silica gel (18 X 1.5 cm, 8:2 n-hexane/ethyl acetate
as eluent), 91.8 mg (isolated yield; 72%) as a colorless
liquid:'® analytical TLC on silica gel, 6:4 n-hexane/ethyl
acetate, R;=0.25. IR (neat, cm "~ 1) 3421, 0-H; 1702, C=0.
300 MHz '"H NMR (CDCls, ppm) 6 3.81-3.68 (1H, m)
3.68-3.54 (1H, m) 2.79 (1H, br s) 2.61-1.36 (9H, m). "°C
NMR (75 MHz, CDCl;, ppm) 6 214.6, 62.5, 52.1, 42.1,
30.0, 27.4, 24.6.

4.2.8. Preparation of 2-hydroxy-1-phenylethanone (1h).
According to the general procedure, oxidation of 1-phenyl-
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1,2-ethanediol (138 mg, 1 mmol) gave 2-hydroxy-1-phenyl-
ethanone, after column chromatography on silica gel (18X
1.5cm, 8:2 n-hexane/ethyl acetate as eluent), 52.4 mg
(isolated yield; 38%) as a white solid:*° mp 84.6-85.2 °C
(Aldrich chemicals 86-89 °C); analytical TLC on silica gel,
7:3 n-hexane/ethyl acetate, R;=0.31. IR (neat, cm 1) 3428,
O-H; 1682, C=0. 300 MHz "H NMR (CDCl3, ppm) 6 7.93
(2H, d, J=7.6 Hz) 7.63 (1H, t, J=7.4 Hz) 7.51 2H, t, J=
7.7 Hz) 4.89 (2H, s) 2.98 (1H, br s). °C NMR (75 MHz,
CDCl3, ppm) 6 198.4, 134.3, 133.4, 128.9, 127.7, 65.4.

4.3. Characterization data for dicarbonyl compounds 2

4.3.1. 5-Oxodecanal (2a). Colorless liquid:*' analytical
TLC on silica gel, 6:4 n-hexane/ethyl acetate, Rg=0.52. IR
(neat, cm~ ') 1709, C=0. 300 MHz 'H NMR (CDCls,
ppm) 6 9.75 (1H, s) 2.55-2.43 (4H, m) 2.39 (2H, t, J=
7.4Hz) 1.97-1.80 (2H, m) 1.65-1.47 (2H, m) 1.40-1.16
(4H, m) 0.89 (3H, t, J=6.8 Hz). '*C NMR (75 MHz,
CDCl3, ppm) 6 210.3, 201.8, 42.8, 42.6, 41.1, 31.2, 23.3,
22.2,15.8, 13.7.

4.3.2. 4-Oxodecanal (2b). Colorless liquid:** analytical
TLC on silica gel, 6:4 n-hexane/ethyl acetate, R;=0.47. IR
(neat, cm~ ') 1712, C=0. 300 MHz 'H NMR (CDCls,
ppm) 6 9.80 (1H, s) 2.80-2.67 (4H, m) 2.47 (2H, t, J=
7.5 Hz) 1.65-1.50 (2H, m) 1.40-1.18 (6H, m) 0.88 (3H, t,
J=6.4Hz). >C NMR (75 MHz, CDCl;, ppm) & 208.8,
200.4, 42.6, 37.3, 34.5, 31.4, 28.7, 23.7, 22.3, 13.9.

4.3.3. 2,2,4-Trimethyl-3-oxopentanal (2c). Colorless
liquid:* analytical TLC on silica gel, 8:2 n-hexane/diethyl
ether, R;=0.45. IR (neat, cm_l) 1736, 1702, C=0;
300 MHz 'H NMR (CDCls, ppm) 6 9.64 (1H, s) 3.03—
2.97 (1H, m) 1.35 (6H, s) 1.06 (6H, d, J=6.7 Hz). °C NMR
(75 MHz, CDCl;, ppm) ¢ 213.5, 200.9, 60.7, 36.5, 19.2,
19.0.

4.3.4. 1-Butyl-2-oxocyclopentanecarbaldehyde (2f).
Colorless liquid: analytical TLC on silica gel, 7:3
n-hexane/diethyl ether, R;=0.55. IR (neat, cmfl) 1745,
1713, C=0; 300 MHz '"H NMR (CDCls, ppm) 6 9.41 (1H,
s) 2.66-1.07 (12H, m) 0.90 (3H, t, J=7.2 Hz). ’C NMR
(75 MHz, CDCl;, ppm) 6 215.3, 199.0, 67.5, 38.6, 32.7,
27.7,26.6,22.9,19.2, 13.7. Molecular ion (M + H) calcd for
CioH1705: 169.1229; found (ESI-TOF) m/e=169.1223,
error =3 ppm.

4.3.5. 2-Hydroxy-1-cyclohexenecarbaldehyde (2g).
Orange liquid;** analytical TLC on silica gel, 8:2
n-hexane/ethyl acetate, R;=0.48. IR (neat, cmfl) 3421,
O-H; 1715, C=0; 1603, C=C. 300 MHz 'H NMR
(CDCl3, ppm) 0 14.40 (1H, br s) 8.64 (1H, s) 2.47-2.25
(4H, m) 1.80-1.59 (4H, m). '*C NMR (75 MHz, CDCls,
ppm) 6 187.5, 184.9, 108.8, 31.2, 23.1, 22.5, 21.2.
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Abstract—Reversed-phase HPLC analysis of the methanol extract of the seeds of Centaurea schischkinii afforded a novel indole alkaloid,
named schischkiniin (1), together with four lignans, arctiin (2), matairesinoside (3), matairesinol (4), and arctigenin (5), and three flavonoids,
astragalin (6), afzelin (7) and apigenin (8). While the structure of schiskiniin (1) was established unequivocally by UV, HRFABMS and a
series of 1D and 2D NMR analyses, all known compounds were readily identified by comparison of their spectroscopic data with literature
data. The free radical scavenging properties of these compounds were assessed using the DPPH assay, and their general toxicity and
cytotoxicity were evaluated, respectively, by brine shrimp lethality and MTT cytotoxicity assays with CaCo-2 colon cancer cell lines.
Arctigenin (5) exhibited promising in vitro anticancer activity (ICso=7 nM) while with schischkiniin (1) the activity was of moderate level

(IC50=76 uM).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Centaurea schischkinii Tzvelev (family: Asteraceae alt.
Compositae), an erect perennial, is an endemic species
distributed in the East Anatolian regions of Turkey.' To our
knowledge, no report on the isolation of any plant secondary
metabolites from C. schischkinii or any pharmacological
properties of this plant is available to date. However, many
species of the genus Centaurea have long been used in
traditional medicine to cure various ailments, for example,
diabetes, diarrhoea, rheumatism, malaria, hypertension etc.,
and a variety of secondary metabolites have been reported
from different species of this genus.? As part of our on-going
phytochemical investigation on the species of the genus
Centaurea,3_16 we now report on the isolation, structure
elucidation and bioactivity of a series of compounds,
including a novel indole alkaloid, named schischkiniin (1),
four lignans, arctiin (2), matairesinoside (3), matairesinol

Keywords: Centaurea schischkinii; Asteraceae; Afzelin; Apigenin; Arcti-

genin; Arctiin; Astragalin; Matairesinol; Matairesinoside; Schischkiniin;

DPPH assay; Cytotoxiciy; MTT assay; Colon cancer.
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(4), and arctigenin (5), and three flavonoids, astragalin
(6), afzelin (7) and apigenin (8) from the seeds of
C. schichskinii.

2. Results and discussion

Reversed-phase preparative HPLC analysis of the methanol
extract of the seeds of C. schischkinii led to the isolation of a
novel indole alkaloid, named schischkiniin (1), four lignans,
arctiin (2), matairesinoside (3), matairesinol (4), and
arctigenin (5), and three flavonoids, astragalin (6), afzelin
(7), and apigenin (8). The spectroscopic data of the known
lignans (2-5) and flavonoids (6-8) were in good agreement
with literature data.'’>® The structure of schischkiniin €))
was established unequivocally by UV, HRFABMS and a
series of 1D and 2D NMR analyses.

Compound 1 was obtained as a gum and the molecular
formula was determined as C,gH,4NgO, from its HRMS
spectrum where the [M+Na] " ion was observed at m/z
475.1857 (CpeHp4NgO,Na requires m/z 475.1858). The
compound showed positive colour reaction with Dragen-
dorff’s reagent. The UV absorption maxima at 220 and
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Table 1. 'H (coupling constant J in Hz in parentheses) and '*C NMR data, and "H-">C long-range (*J and J) correlation observed in HMBC spectra of 1

Position Oy in ppm Oc in ppm HMBC correlation
1 1 2 °
2 7.15s 123.9 C-3 C-3a, C-7a, C-8
3 — 108.4 — —
3a — 127.3 — —
4 7.65d (8.2) 118.1 C-3a C-3,C-6,C-7a
5 7.01dd (8.2, 8.2) 118.9 — C-3a, C-7
6 7.08dd (8.2, 8.2) 121.5 C-7 C-4, C-Ta
7 7.32d (8.2) 111.2 — C-3a, C-5
Ta — 137.2 — —
8 3.47dd (4.4, 15.2), 3.10dd (9.2, 15.2) 273 C-3,C-9 C-2, C-3a, C-10
9 3.82¢ 55.5 C-8 C-12,C-3
10 — 174.0 — —
12 3.86" 55.4 C-13,C-12/ C-10, C-13'
13 3.84* 55.5 C-12, C-13/ C-9, C-12

 Overlapped peaks, assigned with the help of "H-">C HSQC correlation.

280 nm indicated that this compound might be an indole
alkaloid.? In the '"H NMR spectrum of 1 (Table 1), a singlet
at 6 7.15 and the signals at 0 7.65, 7.08, 7.32 and 7.01, were
typical of a 3-substituted indole skeleton, and could be
assigned to H-2, H-4, H-5, H-6 and H-7.% In the '*C NMR
spectrum (Table 1) all signals required for a 3-substituted
indole skeleton were also present. In addition to the signals
attributable to the 3-substituted indole skeleton, the 'H and
13C NMR spectra also showed signals for a methylene (dy
3.47 and 3.10, 6c 27.3), three methines (o 3.80-3.86, 6¢
55.5, 55.4 and 55.5) and an amide carbonyl (6¢c 174.0). All
these signals formed the part structure la. Taking the
molecular formula and molecular mass into account, it was
clear that the "H and '>C NMR signals actually displayed
signals for just one of the two identical parts of the
molecule. Therefore, the molecule must be composed of two
of these part structures la. When combining two 1la
structures, only structure 1 could satisfy the molecular
formula and molecular mass of this molecule. Further
evidence to support the structure of 1 was obtained from a
series of 'H-'°C long-range couplings observed in its
HMBC spectrum (Table 1). In the HMBC spectrum, H-12
showed 2J correlation to C-13 and C-12, and *J to C-10 and
C-13’. Similarly, H-13 displayed %/ correlation to C-12 and
C-13/, and *J to C-9 and C-12’. Owing to overlapped 'H
NMR signals for H-9, H-12 and H-13, '"H-"H NOESY was
not successful to establish the relative stereochemistry at
C-9 (and C-9'), C-12 (and C-12') and C-13 (and C-13").
Although it is difficult to completely determine the relative
stereochemistry of this unique molecule, the use of

N N
— Reduction — Dimerisation
-H,0
N N
o:Q:o o:( )
N N
9 10

biogenetic speculation in tandem with molecular mechanics
may give an insight into the stereochemistry of
schischkiniin (1). Simple diketopiperazines such as the
Trp-Gly diketopiperazine (9) are common natural products
(Fig. 1). On this occasion we are assuming that the naturally
occurring L-Trp has been incorporated into 9. The next steps
would involve the reduction and dehydration of the Gly
residue, resulting in the formation of 10, followed or
preceded by the dimerisation at the Trp indole N to give the
dimer 11. This dimer would then undergo a photochemi-
cally allowed 2+2 cycloaddition to give 4 possible
products. Schischkiniin (1) is a symmetrical structure as is
evident from the degeneracy of the resonances in the NMR
spectra. For this reason two possible asymmetric structures
can be ruled out leaving only possibilities 1b and 1ec.
Molecular mechanics calculations®*** to determine the
global energy minima of these possible structures suggest
that 1c has the lowest total energy function 986.93 kcal/mol
(Fig. 2). Although it is possible that a natural product is
enzymetically biosynthesised in a high-energy confor-
mation, in this case a photochemically driven cycloaddition
reaction will result in the lowest energy product. We
therefore, speculate that the relative stereochemistry of
schischkiniin is as shown in 1c. If we assume that the origin
of the Trp residue is L-Trp then we may also predict the
absolute stereochemistry as shown. Thus, this novel indole
alkaloid was identified as schischkiniin (1), which is a
tryptophan-derived alkaloid. In addition to the indole
skeleton, compound 1 also possesses a distinct macrocyclic
polyamine (n= 14) structure.

E —— = 1b+1c
[ 242 Cycloaddition

11

Figure 1. Proposed biogenetic pathway for the formation of schischkiniin (1) from a simple diketopiperazine 9. The reduction/dehydration and dimerisation

steps may be reversed.
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The DPPH assay® is an easy and straightforward method
for determining the free radical scavenging property of a
compound. DPPH is a molecule containing a stable free
radical. In the presence of an antioxidant, which can donate
an electron to DPPH, the purple colour, which is typical of
the free DPPH radical, decays, and the change in absorbance
at 517 nm is monitored spectrophotometrically. All
compounds (1-8) showed low to moderate levels of
free radical scavenging activity (ICso=16.0X10" =
2.02X 107 mg/mL) (Table 2). Among four structurally
related lignans 2-5, matairesinol (4) showed the most
prominent antioxidant property, which could be attributed to
the presence of the highest number of phenolic hydroxyl
groups (four —OH) in the molecule. Despite not having any
phenolic hydroxyl group in the molecule, compound 1
still showed significant antioxidant activity (IC5o=3.8 X
10~ 3 mg/mL) (Table 1).

The brine shrimp lethality assay, which has been proven to
be an effective and rapid assay method to screen compounds

Figure 2. Global energy minima for structures 1b and 1c (heavy atoms and
polar hydrogens only shown). The global minimum for 1b was found 15
times (E,,=1022.68 kcal/mol) and the global minimum for 1¢ was found
37 times (E,=986.93 kcal/mol).

for potential general toxicity and cytotoxic activity?’ was
used to determine the general toxicity of compounds 1-8.
The LDsq of these compounds were in between 1.4 X 107!
and 2.0X 10?3 mg/mL (Table 2). Arctigenin (5) was found
to be the most toxic of all test compounds towards brine
shrimp (LDso=2.0X10"> mg/mL) and displayed toxicity
comparable to that of the positive control podophyllotoxin
(LD5y=2.79X10"* mg/mL), a well known cytotoxic
lignan. The novel alkaloid (1) also showed significant
general toxicity in this assay (LDsy=7.2X 10~ > mg/mL).

The in vitro cytotoxicities (ICso M) of all the compounds
isolated and characterised in this work were determined by
the MTT assay against colon cell lines, CaCo-2 (Table 1).*
The novel indole alkaloid schischkiniin (1) exhibited
moderate in vitro anticancer activity with an ICsy of
76 uM. The flavanoids astragalin (6), afzelin (7) and
apigenin (8) showed low cytotoxicities with ICso values
302, 316 and 133.1 uM, respectively. Similarly all isolated
lignans demonstrated low levels of activity, for example,
arctiin (2, ICs5o=220 uM), matairesinoside (3, ICs5o=
288 uM), matairesinol (4, ICso= 124 pM), with the excep-
tion of arctigenin (5), which gave an ICs, value 7 uM, and
therefore, can be considered to be an active compound
against colon cancer cells in vitro. In the lignans and
flavanoids described above, the presence of a sugar moiety
in the molecule tends to reduce significantly the anticancer
activity of these compounds. It can be assumed that the
presence of a sugar group could prevent the effective
transport of these compounds through the cell membrane,
hence their reduced biological activities.

The degree of general toxicity displayed by the test
compounds in the brine shrimp lethality assay corresponded
well with the cytotoxic potentials of these compounds
observed in the MTT assay using colon cancer cell line.
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Table 2. Antioxidant (DPPH assay) and cytotoxic (MTT assay) activities, and brine shrimp toxicity (brine shrimp lethality assay) of compounds 1-8

Compounds Antioxidant activity ICso (mg/mL) Cytotoxicity ICsy (M) Brine shrimp toxicity LDs
(mg/mL)

1 3.8X1073 76 72%1073
2 16.0X 1072 220 9.8%X1072
3 2.19%1073 288 1.65X1072
4 2.02x1073 124 55%1073
5 1.88X 1072 7 20X1073
6 8.0X1072 315 1.4x107!
7 11.6X1072 427 8x 10!
8 1.44%x10 2 133 93%1073
Quercetin 2.88%107° — —
Podophyllotoxin — 6x1072 2791073

3. Experimental

3.1. General procedures

UV spectra were obtained in MeOH using a Hewlett-
Packard 8453 UV-vis spectrometer. MS analyses were
performed on a Quattro II triple quadrupole instrument.
NMR spectra were recorded in CD3;0D on a Varian Unity
INOVA 400 MHz NMR spectrometer 400 (400 MHz for 'H
and 100 MHz for '*C) using the residual solvent peaks as
internal standard. HPLC separation was performed using a
Dionex prep-HPLC system coupled with Gynkotek
GINAS5OQ autosampler and Dionex UVD340S Photo-Diode-
Array detector. A Luna C,g preparative (10 pM, 250 mm X
21.2mm) and/or a Luna C;g semi-preparative HPLC
column (5 puM, 250 mmX 10 mm) were used. Sep-Pak
Vac 35 cc (10 g) C;g cartridge (Waters) was used for pre-
HPLC fractions. HMBC spectra were optimised for a long
range Jy_c of 9 Hz and the NOESY experiment was carried
out with a mixing time of 0.8 s.

3.2. Plant material

The seeds of C. schischkinii were collected from East
Anatolia, Turkey (B7 Erzincan, 30.5 km from Erzincan to
Gumushane, 2024 m, 39°53/29"” N 39°21'6"” E), during
September—October 2002. The voucher specimens,
10 VII.2002 and PHS800001, have been maintained,
respectively, in the herbarium of the Plant Ecology
Laboratory, Science Faculty, Anadolu University, Turkey,
and of the Plant and Soil Science Department, University of
Aberdeen, Scotland (ABD).

3.3. Extraction and isolation of compounds

Ground seeds of C. schischkinii (80 g) were Soxhlet-
extracted, successively, with n-hexane, dichloromethane
and methanol (MeOH) (1 L each). The MeOH extract was
fractionated by solid phase extraction method using a
Sep-Pak C;g (10 g) cartridge eluting with a step gradient:
40, 60, 80 and 100% MeOH in water (200 mL each).
Preparative-HPLC (eluted with a linear gradient-water:
MeOH =65:25-30:70 over 50 min followed by 70% MeOH
for 10 min, 15 mL/min, monitored by photo-diode-array
detector) of the Sep-Pak fraction, which was eluted with
40% MeOH, afforded 1, (7.5 mg; tg =8.1 min), lignans 2
(59.2 mg; tg =24.4 min), 3 (518.6 mg; tr =28.5 min) and 4
(29.9 mg, tg=33.4 min) and flavonoids 6 (11.7 mg, tr=

32.2 min) and 7 (11.5 mg, tg =36.1 min). Compound 1 was
further purified by semiprep HPLC (eluted with a linear
gradient- water:acetronitrile (ACN)=10:90-60:40 over
50 min followed by 40% ACN for 10 min, 2 mL/min,
monitored by photo-diode-array detector). Similar HPLC
purification of the 60% Sep-Pak fraction resulted in the
isolation of 6 (13.7 mg) and 8 (27.3 mg).

3.3.1. Schischkiniin (1). Gum; 7.5 mg; UV (MeOH) 2.«
220, 280 nm; HRFABMS: C,sH>4NgO>Na [M+Na]™
requires m/z 475.1858 (found 475.1857); 'H and '°C
NMR (Table 1).

3.4. Free radical scavenging activity: DPPH assay

2,2-Diphenyl-1-picrylhydrazyl (DPPH), molecular formula
C,sH,N50¢, was obtained from Fluka Chemie AG, Bucks.
Quercetin was obtained from Avocado Research Chemicals
Ltd, Shore road, Heysham, Lancs. The method used by
Takao et al.?® was adopted with appropriate modifi-
cations.'®!' DPPH (4 mg) was dissolved in MeOH
(50 mL) to obtain a concentration of 80 ng/mL.

3.4.1. Qualitative assay. Test compounds (1-8) were
applied on a TLC plate and sprayed with DPPH solution
using an atomiser. It was allowed to develop for 30 min. The
colour change (purple on white) was noted.

3.4.2. Quantitative assay. Test compounds (1-8) were
dissolved in MeOH to obtain a concentration of 0.5 mg/mL
each. Dilutions were made to obtain concentrations of 5X
1072, 5X107%, 5X107% 5X1077, 5X107° 5x1077,
5%X107%, 5X107°, 5X 10~ ' mg/mL. Diluted solutions
(1 mL each) were mixed with DPPH (1 mL) and allowed to
stand for 30 min for any reaction to occur. The UV
absorbance was recorded at 517 nm. The experiment was
performed in triplicate and the average absorption was noted
for each concentration. The same procedure was followed
for the positive control, quercetin, a well known natural
antioxidant.

3.5. Brine shrimp lethality assay

Shrimp eggs were purchased from The Pet Shop,
Kittybrewster Shopping Complex, Aberdeen, UK. The
bioassay was conducted following the procedure described
by Meyer et al.”” The eggs were hatched in a conical flask
containing 300 mL artificial seawater. The flasks were well
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aerated with the aid of an air pump, and kept in a water bath
at 29-30 °C. A bright light source was left on and the nauplii
hatched within 48 h. The compounds 1-8 were dissolved in
20% aq DMSO to obtain a concentration of 1 mg/mL. These
were serially diluted two-times, and seven different
concentrations were obtained. A solution of each concen-
tration (1 mL) was transferred into clean sterile universal
vials with pipette, and aerated sea-water (9 mL) was added.
About 10 nauplii were transferred into each vial with
pipette. A check count was performed and the number alive
after 24 h was noted. LD5os were determined using the
Probit analysis method.?

3.6. MTT cytotoxicity assay

CaCo-2 cells were maintained in Earle’s minimum essential
medium (Sigma), supplemented with 10% (v/v) foetal calf
serum (Labtech Int.), 2 mM L-glutamine (Sigma), 1% (v/v)
non-essential amino acids (Sigma), 100 IU/mL penicillin
and 100 pg/mL streptomycine (Sigma). Exponentially
growing cells were plated at 2X10* cells cm™? into
96-well plates and incubated for 72 h before the addition
of drugs. Stock solution of compounds were initially in
DMSO or H,O and further diluted with fresh complete
medium.

The growth-inhibitory effects of the compounds (1-8) were
measured using standard tetrazolium MTT assay.”® After
72 h of incubation at 37 °C, the medium was removed, and
100 pL of MTT reagent (1 mg/mL) in serum free medium
was added to each well. The plates were incubated at 37 °C
for 4 h. At the end of the incubation period, the medium was
removed and pure DMSO (200 pL) was added to each well.
The metabolised MTT product dissolved in DMSO was
quantified by reading the absorbance at 560 nm on a micro
plate reader (Dynex Technologies, USA). The ICsq values
were calculated from the equation of the logarithmic line
determined by fitting the best line (Microsoft Excel) to the
curve formed from the data. The ICsq value was obtained
from the equation y=50 (50% value).

3.7. Modelling conditions

Minimisations (2000 steps) were carried out using Macro-
Model version 6.5%* using the Merck Molecular Force Field.
The generalised Born solvent accessible area continuum
solvent model® was used to simulate H,O solvent, due to
the unavailability of parameters for MeOH. The minimis-
ations were followed by 1000 steps of Monte Carlo
conformational searching to give the global energy minima
shown in the figures. The global energy minima were found
15 times for 1b (1022.68 kcal/mol) and 37 times for 1c
(986.93 kcal/mol).
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Abstract—Chemoselective synthesis of thioaurones or 3-hydroxy benzo[b]thiophen-2-aryl ketones, 1-hydroxy naphtho[2,1-b]thiophen-2-
aryl ketones and chalcones from N,N-diethyl-ortho-methyl sulfanyl aryl amides were described. (Benzo[b]thiophen-2-yl) alkylates and
(naphtho[2,1-b]thiophen-2-yl) alkylates undergo a novel anionic ortho-Fries rearrangement leading to (3-hydroxy benzo[b]thiophen-2-yl)
and (1-hydroxy naphtho[2,1-b]thiophen-2-yl) alkyl ketones. The hydroxy ketones were used as intermediates in the synthesis of wide range

of benzothienopyranones and thiafluorenones.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

We have earlier demonstrated®® the usefulness of directed
metalation’ in providing regiocontrolled access to con-
tiguously substituted thiophene and benzene, which are key
intermediates in the synthesis of condensed heterocycles
incorporating a fused thiophene ring. In continuation of this
work, we have reported1 in a recent communication, two
novel high-yielding syntheses of 3-hydroxybenzo[b]thio-
phenes carrying acyl function in the 2-position termed as
hydroxy ketones 1. Either thioaurones (also known as hemi-
thioindigo) 2 or hydroxy ketones 1la—e and 1h-r, including
several chalcones can be chemoselectively synthesized via
the same one-pot reaction involving a common thioindoxyl
3?3 intermediate, while 3-hydroxybenzo[b]thiophene 1f-g
and 1s-t carrying an alkyl carbonyl substituent in the

* Part 7: see Ref. 1.

Keywords: Directed metalation; Chemoselectivity; Thioaurones; Chalcone;

Anionic ortho-Fries rearrangement; Benzothienopyranone.
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2805; e-mail: ocad@mahendra.iacs.res.in

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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2-position were obtained through a novel intramolecular
anionic rearrangement.

The interesting and unprecedented switch of chemo-
selectivity observed during the formation of hydroxy
ketones la—e and 1h-r and the novel anionic ortho-Fries
rearrangement observed during the formation of hydroxy
alkyl ketones 1f-g and 1s-t lead to products that are
intermediates' in the synthesis of benzothieno[3,2-b]-
pyranones. The latter are important synthetic targets
because of the interesting biological activities shown by
members of this class of comlpounds.g_lO Thioaurones have
a wide range of applications.'' They are employed in dyes,
cosmetics, aqueous jet-printing ink and as photochromic
materials.'? It was therefore, necessary to examine the scope
of these reactions by examining a wider range of substrates.

2. Results and discussion

A consequence of the development of expedient synthesis of
thioindoxyls 3*® from readily available N,N-diethyl aryl
carboxamides 4a-d>*’ was the easy accessibility of
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Scheme 1. Reagents and conditions: (i) SOCly/benzene/reflux; (ii) N,N-diethyl amine/benzene/rt; (iii) s-BuLi/TMEDA/THF/(SCH;),/—78 °C to rt; (iv) LDA
(1.5 equiv)/THF/—78 °C to rt; (v) LDA (2.5 equiv)/THF/RlCHO (1.1 equiv)/—10 to 0 °C; (vi) LDA (1.5 equiv)/THF/RlCHO (1.1 equiv)/—10 to 0 °C.

thioaurones 2 in a one-pot reaction in high yields. In
comparison to the one-pot synthesis of thioaurones reported
by Cabbidu,"® the one-pot synthesis developed in our
laboratory (Scheme la and b) allows a wider variation of
substituents in the final products. The starting amide 4a—d
were converted into its ortho-methyl sulfanyl derivative
Sa—d via standard protocol of directed ortho-lithiation and
quenching with dimethyldisulfide. The resulting methyl-
sulfanyl derivatives 5a—d>>"” were treated with LDA at 0 °C
and after stirring for 1 h at that temperature, a solution of the
aryl aldehyde or cinnamaldehyde (1.2 equiv) in tetra-
hydrofuran was added while the temperature of the reaction
mixture was maintained at 0 °C. Acidic work up after
stirring for further 2 h at that temperature afforded a red
crystalline material, and the crude reaction product was
purified by column chromatography over silica gel to afford
the thioaurones 2 in good to excellent yields (Table 1). In
common with the observation of Catbbidu,13 we found that
attempted one-pot synthesis of thioaurones using alkyl
aldehydes were accompanied by the formation of intractable
materials, presumably resulting out of polymeric self-
condensation of the aldehydes.

The crude thioaurones were occasionally accompanied by
trace amounts of another compound, which could be
separated by careful column chromatography over silica
gel. Existence of intramolecular hydrogen bonding between
hydroxyl and carbonyl functions present in these com-
pounds, was evident from the peaks at 3440-3425 cm ™'
and at 1590 cm ™" in their IR spectra. Additional corrobora-
tion for the presence of hydrogen bonding was provided by
the '"H NMR spectra, which displayed signals due to
hydrogen bonded OH as a slightly broad one proton singlet
at around 13.5 ppm. From analytical and spectroscopic data

these compounds were assigned as the (3-hydroxybenzo[b]
thiophen-2-yl) (la—e and 1h-o) and (1-hydroxy
naphtho[2,1-b]thiophen-2-yl) (1p-r) aryl ketone structures
(Scheme 2a and b).

Exclusive formation of the hydroxy aryl ketones was
assured when the aryl aldehyde was used in excess followed
by stirring the reaction mixture at room temperature for
several hours. The plausible reaction mechanism (Scheme 3)
requires the formation of thioindoxyl 3 as the common
intermediate for both the thioaurones and the hydroxy
ketones. The ionic intermediate 6 is formed by sequential
deprotonation at the 2-position of 3 and subsequent attack

Table 1. Thioaurones or hemi-thioindigo

Entry Compound R R! Yield
(%)
R 0o
o,
S R!
2a H p-C1C6H4 79
2b H CH=CHPh 75
2¢ OMe Ph 76
2d OMe CH=CHPh 80
2e SMe Ph 78
2f SMe p-CIC¢Hy 80
2¢g SMe 2-thienyl 92
2h SMe CH=CHPh 78

2i Ph 82
2j p-CICeH, 93
2k 2-thienyl 88
21 CH=CHPh 79
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Scheme 2. Reagents and conditions: (i) LDA (1.5 equiv)/THF/—78 °C to rt; (ii) LDA (2.5 equiv)/THF/R'CHO (2.2 equiv)/— 10 °C to rt; (iii) LDA (1.5 equiv)/

THE/R'CHO (2.2 equiv)/— 10 °C to rt.
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Scheme 3. Reagents and conditions: (i) LDA (2.5 equiv)/THF/RICHO
(1.1 equiv)/— 10 to 0 °C; (ii) aq HCI; (iii) R'CHO (1.1 equiv)/—10 °Ctort.

by the incipient carbanion on the carbonyl carbon of the aryl
aldehyde. Acidic work up, after keeping the reaction
mixture at 0 °C for 1h, results in dehydration affording
the thioaurones 2. When the reaction mixture was stirred at
room temperature in the presence of excess aryl aldehyde
for 5-6 h, it has sufficient time to undergo Cannizzaro type
hydride transfer resulting in the formation of the 1,3-
dicarbonyl compound 7, which subsequently enolises to the
hydroxy ketone la—e and 1h-r (Table 2). The transfer of
hydride to the aldehyde during the formation of the hydroxy
ketone is clearly evident from the exclusive formation of the
latter when excess aldehyde is used. It was however,
difficult to isolate the alcohol that should form con-
comitantly with the hydride transfer. The proposed mode
of hydride transfer was inferred from GC analysis of the
crude reaction product obtained for the synthesis of the
compound 1la (R=H) from o-methylsulfanyl benzamide
and benzaldehyde. GC analysis of the crude reaction
product contained a peak with the same retention time as
that of benzyl alcohol whose gas chromatogram was run
separately. Benzyl alcohol was then added to the crude
reaction product and the GC of the mixture was run
separately. The GC trace did not show any additional peaks
and an increase of the height of the peaks, which was earlier
surmised as that of benzyl alcohol, was observed.
Occurrence of the Cannizzaro-type hydride transfer was
thus, confirmed and an interesting switch of chemo-
selectivity is thus, observed between elimination product 2
and the 1,3-dicarbonyl compound 7 depending upon the
reaction conditions.

An aromatic compound carrying hydroxyl and acyl
substituents on two contiguous carbons can act as key
intermediates for annulating a pyranone ring on to the
existing core (vide infra). While hydroxy ketones 1la—e and
1h-r can now be easily obtained from Sa-d, it was not
possible to synthesize alkyl hydroxy ketones 1f—g and 1s—t
in the same way because of the polymerisation of the
starting aldehydes under the reaction condition as stated
above. We could however, synthesize the latter via a novel
anionic ortho-Fries rearrangement. Anionic ortho-Fries
1rearrangement14 under directed metalation condition, as
originally reported by Snieckus'* consists of directed
lithiation at the ortho-position of an O-carbamate sub-
stituent followed by intramolecular rearrangement in the
absence electrophile quench. We report here, similar
rearrangement undergone by an ortho-deprotonated alkyl
carboxylate species 8a—d (Scheme 4a and b). Alkyl
carboxylates have no directing power in directed metalation

Table 2. Hydroxy ketones

Entry Compound R R! Yield
(%)
R o-H
(0]
0
S R!
1a H Ph 93
1b H p-CIC¢Hy 89
1c H 2-thienyl 93
1d H p-OMeCgH, 91
le H CH=CHPh 95
1f H Me 67
1g H Et 73
1h OMe Ph 91
1i OMe p-CICgH,y 93
1j OMe 2-thienyl 90
1k OMe CH=CHPh 89
11 SMe Ph 91
1m SMe p-CIC¢Hy 93
In SMe 2-thienyl 90
1o SMe CH=CHPh 88
s¥g
(0]
L
S R!
1p Ph 90
1q p-CIC¢Hy 93
1r CH=CHPh 85
1s Me 55
1t Et 63
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Scheme 4. Reagents and conditions: (i) NaH/THF/R'COCI/rt; (ii) LDA/
THF/—80 °C to rt.

reactions since nucleophilic substitution reaction occurs in
the presence of alkyl lithium. However, for our purpose, we
could take advantage of the acidic nature of the proton in the
a-position to the ring sulfur atom in benzo[b]thiophene,
allowing smooth deprotonation at that position, with LDA.
Treatment of thioindoxyl 3a*> and 3d® with acetyl and
propionyl chloride in THF in the presence of oil-free sodium
hydride afforded 8a, 8b,' 8¢ and 8d in excellent yields.
When the compounds 8a—d were treated with LDA in THF
at — 80 °C, deprotonation indeed took place in the position
a to the ring sulfur atom, as expected. Usual acidic work up
after keeping the reaction mixture at room temperature for
6 h afforded the rearranged products 1f—g and 1s—t in very
good yields (Table 2). A trace amount of 3a and 3d were
also formed, which were separated by column chromato-
graphy over silica gel.

Several of the hydroxy ketones obtained by the above two
routes served as key intermediates in the annulation of a
y-pyranone ring onto the benzo[b]thiophene or naphtho
[2,1-b]thiophene core. Bubbling dry HCI gas into a dry
ethanolic solution of 1e, 1K, 10 and 1r afforded dihydropyr-
anones 9a,' 9b, 9¢ and dihydrothiafluorenone 9d, respect-
ively, (Scheme 5a and b) in excellent yields.

The usefulness of the chemoselective synthesis of chalcones
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le, 1k and 1r is amply demonstrated in the expedient
synthesis of pyranones 10a-b and fluorenone 10c¢
(Scheme 5a and b), respectively. Previously, Mustafa syn-
thesized this class of compounds from 1f'7 by first
converting them into chalcones through reaction with aryl
aldehydes followed by treatment with seleniumdioxide.'>"'®
We could obtain the chalcones in one step from 5 and
cinnamaldehyde, which were then converted into pyranone
derivatives 10a—c by usual treatment with seleniumdioxide
in dry isoamyl alcohol.

Treatment of 1f and 1g with oil-free sodium hydride
(2.5 equiv) in dry THF was followed by addition of ethyl
formate and stirring for 10 h at room temperature. Addition
of water and acidification with 2 N HCI after most of the
solvent was evaporated, afforded the crude cyclised product
11a-b, which were purified by column chromatography
over silica gel. We found that 2-hydroxy-3-methyl-2,3-
dihydro benzo[4,5]thieno[3,2-b]pyran-4-one (11b) remains
as 1:1 mixture of diasteromers. The hydroxy compounds
11a and 11b were dehydrated with p-toluenesulfonic acid in
benzene to afford 12a and 12b, respectively, in 90 and 95%
yields (Scheme 6).

The hydroxy ketone 1f was also used as an intermediate in
the synthesis of ethyl benzo[4,5]thieno[3,2-b]pyran-4-one-
2-carb0xylate8 (13) and benzo[4,5]thieno[3,2-b]pyran-4-
one-3-carboxaldehyde (14) in very good yields. Compound
13 was obtained in 85% yield when 1f was treated with oil
free sodium hydride in THF followed by diethyl oxalate
while treatment of 1f with dimethyl formamide and
phosphorus oxychloride afforded 14 in 68% yield
(Scheme 6).

3. Conclusion

The one-pot reaction of N,N-diethyl-ortho-methylsulfanyl
aryl amides with aryl aldehydes in the presence of LDA
associated with an interesting switch of chemoselectivity is
yet another example of usefulness of directed metalation as
a methodology in synthetic aromatic and heteroaromatic
chemistry. While one of the alternative products, thio-
aurones have a multitude of applications, the other

Scheme 5. Reagents and conditions: (i) Dry ethanol/dry HCI (g); (ii) SeO,/dry isoamyl alcohol/reflux.
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Scheme 6. Reagents and conditions: (i) NaH/THF/HCO,Et; (ii) PTSA/benzene/reflux; (iii) NaH/THF/(CO,Et),; (iv) DMF/POCI;.

alternative products 3-hydroxy-2-ketoaryl benzo[b]thio-
phenes and 1-hydroxy-2-ketoaryl naphtho[2,1-b]thiophenes
are important synthetic intermediates. A novel anionic
ortho-Fries rearrangement described in this paper, has led to
3-hydroxy-2-ketoalkyl benzo[b]thiophenes, which are used
as intermediates in the synthesis of benzothienopyranones
having different types of substitution in y-pyranone ring.

4. Experimental

4.1. General

Melting points (uncorrected) were recorded in open
capillaries on a hot stage apparatus. '"H NMR (300 MHz)
and '*C NMR (75 MHz) spectra were recorded in
deuteriochloroform on a Bruker DPX-300 spectrometer.
Chemical shifts (0) are expressed in ppm using tetra-
methylsilane as internal standard. IR spectra were recorded
on FTIR-8300 and SHIMADZU spectrometers, for solids in
KBr discs and for liquids by placing a thin layer of the
sample between two KBr discs. Commercially available
solvents were purified by distillation. Diethyl ether and
tetrahydrofuran were kept overnight over potassium
hydroxide and subsequently purified further by the
benzophenone ketyl method. Dinethyl sulfate was washed
with water and kept over anhydrous potassium carbonate
before use. Both n- and s-butyl lithium were prepared by
slow addition of the appropriate halide to the freshly
prepared dispersion of lithium in n-hexane (for n-butyl
lithium) or cyclohexane (for s-butyl lithium) under
sonication. Petroleum ether has boiling point 60-80 °C.
Silica gel (60-120 mesh) was used for column
chromatography.

4.1.1. General synthesis of thioaurones taking 2-(4-
chlorobenzylidene)benzo[b]thiophen-3-one (2a) as
representative. To a well stirred solution of LDA
(5 mmol) in THF (15 mL), 5a (0.45 g, 2.4 mmol) in THF
(5 mL) was added by syringe while the temperature of the
reaction mixture was kept between — 10 and 0 °C. After
stirring for 1 h, 4-chlorobenzaldehyde (0.34 g, 2.4 mmol) in
THF (5 mL) was added to the reaction mixture at the same
temperature. After stirring for 2 h at 0 °C, water (25 mL)
was added to the reaction mixture and the pH was
maintained between 4 and 5 by addition of 2 N HCI. After
extraction with chloroform the organic layer was washed
with water and dried (Na,SQO,). The crude red solid residue

left after evaporation of the solvent was purified by column
chromatography [eluent: ethyl acetate—petroleum ether
(1/15)], yellow solid, yield 0.43 g, 79%, mp 162-165 °C
(ethyl acetate—petroleum ether). IR (KBr) v, 1678,
1580 cm ™ '; '"H NMR (300 MHz, CDCl3) 6y: 7.95 (1H, d,
J=7.7Hz),7.89 (1H, s), 7.64-7.56 (3H, m), 7.51-7.43 (3H,
m), 7.33 (1H, d, J=7.7Hz); "*C (75 MHz, CDCl;) é¢:
188.8, 146.1, 136.5, 135.8, 133.3, 133.1, 132.4, 1324,
131.1, 130.6, 129.2, 129.2, 127.5, 126.1, 124.3. Anal. Calcd
for C,sHoClOS: C, 66.05; 3.33%. Found C, 66.28; 3.41%.

4.1.2. 2-(3-Phenylallylidene)benzo[b]thiophen-3-one
(2b). Prepared from 5a (0.45 g, 2 mmol) in THF (5 mL),
LDA (5 mmol) in THF (15mL) and cinnamaldehyde
(0.32 g, 24 mmol) in THF (5 mL). Purified by column
chromatography [eluent: ethyl acetate—petroleum ether
(1/13)], red solid, yield 0.39 g, 75%, mp 138-140°C
(ethyl acetate—petroleum ether). IR (KBr) v, 1662,
1579, 1559 cm™'; '"H NMR (300 MHz, CDCl;) 0y 7.69
(1H,d,J=11 Hz), 7.58 (1H, d, J=7.9 Hz), 7.55-7.25 (8H,
m), 7.13-6.99 (2H, m); ">C (75 MHz, CDCl;) éc: 188.3,
145.6, 143.9, 136.3, 135.4, 133.3, 132.0, 130.0, 129.3,
129.3,128.2,127.9,127.9, 127.1, 125.7, 124.6, 124.3. Anal.
Calcd for C7H,0S: C, 77.24; 4.58%. Found C, 77.11;
4.49%.

4.1.3. 2-Benzylidene-4-methoxybenzo[b]thiophen-3-one
(2c¢). Prepared in the same way from Sb (0.25 g, 1 mmol)
in THF (5§ mL). LDA (2.2 mmol) in THF (10 mL) and
benzaldehyde (0.13 g, 1 mmol) in THF (3 mL). Purified by
column chromatography [eluent: ethyl acetate—petroleum
ether (1/15), yellow solid, yield 0.25 g, 76%, mp 160—
161 °C (ethyl acetate—petroleum ether). IR (KBr) vp.:
1680, 1576 cm™'; '"H NMR (300 MHz, CDCls) 6y 7.88
(1H, s), 7.71-7.68 (2H, m), 7.53-7.38 (4H, m), 7.07 (1H, d,
J=7.7Hz), 6.76 (1H, d, J=82Hz) 4.01 (3H, s); °C
(75 MHz, CDCl3) 6c: 187.1, 161.2, 148.7, 136.9, 134.8,
132.6, 131.2, 131.2, 130.6, 130.1, 129.3, 129.3, 118.9,
116.3, 108.3, 56.3. MS: (m/z) 267 M+ —1), 268 M ™), 269
(M™ 4+1). Anal. Caled for Ci6H120,S: C, 71.62; 4.51%.
Found C, 71.75; 4.62%.

4.1.4. 4-Methoxy-2-(3-phenylallylidene) benzo[b]thio-
phen-3-one (2d). Prepared in the same way from 5b
(0.25 g, 1 mmol) in THF (5 mL), LDA (2.2 mmol) in THF
(10 mL) and cinnamaldehyde (0.13 g, 1 mmol). Purified by
column chromatography [eluent: ethyl acetate—petroleum
ether (1/13)] to afford thioaurone 2d as reddish crystalline
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material, yield 0.25 g, 80%, mp 180-182 °C (ethyl acetate—
Petroleum ether). IR (KBr) v 1664, 1585, 1572 cm™ 1
H NMR (300 MHz, CDCl5) 6y: 7.60-7.43 (4H, m), 7.40-
7.29 (3H, m), 7.09-6.90 (3H, m), 6.71 (1H, d, /=38.2 Hz),
3.97 (3H, s, OCH5); '*C (75 MHz, CDCl5) 6c: 186.4, 160.9,
147.7, 142.9, 136.6, 136.5, 133.3, 132.0, 129.7, 129.2,
129.1, 128.0, 127.8, 124.6, 116.4, 107.9, 96.4, 56.2. Anal.
Calcd for CgH;40,S: C, 73.44; 4.79%. Found C, 73.53;
4.85%.

4.1.5. 2-Benzylidene-4-methylsulfanyl benzo[b]thiophen-
3-one (2e). Prepared in the same way from Sc (0.27 g,
1 mmol), in THF (5 mL), LDA (2.5 mmol) in THF (10 mL)
and benzaldehyde (0.13 g, 1.2 mmol) in THF (3 mL).
Purified by column chromatography [eluent: ethyl acetate—
petroleum ether (1/9)], red solid, yield 0.22 g, 78%, mp
173-175 °C (ethyl acetate—petroleum ether). IR (KBr) v,x:
1673, 1577 cm™'; '"H NMR (300 MHz, CDCl;) 0y 7.87
(1H, s), 7.68-7.65 (2H, m), 7.48-7.38 (4H, m), 7.19 (1H, d,
J=7.6 Hz), 7.03 (1H, d, J=7.6 Hz), 2.49 (3H, s, SCH3);
13C (75 MHz, CDCl,) 6c: 187.3, 160.7, 147.1, 145.4, 134.4,
132.8, 131.7, 131.7, 131.1, 128.2, 128.2, 125.6, 124.3,
119.9, 118.7, 13.9. Anal. Calcd for C;¢H;,0S,: C, 67.57,
4.25%. Found C, 67.56; 4.36%.

4.1.6. 2-(4-Chlorobenzylidene)-4-methylsulfanyl benzo-
[b]thiophen-3-one (2f). Prepared from Sc¢ (0.27 g, 1 mmol)
in THF (5 mL), LDA (2.5 mmol) in THF (10 mL) and
4-chlorobenzaldehyde (0.17 g, 1.2 mmol) in THF (3 mL).
Purification by column chromatography [eluent: ethyl
acetate—petroleum ether (1/15)] gave yellow solid, yield
0.25¢g, 80%, mp 213-215°C (ethyl acetate—Petroleum
ether). IR (KBr) vp.: 1655, 1581 cm™ Y 'H NMR
(300 MHz, CDCl3) oy: 7.81 (1H, s), 7.62-7.59 (2H, m),
7.49-7.42 (3H, m), 7.21 (1H,d, J=7.7 Hz), 7.06 (1H, d, J=
7.7 Hz), 2.54 (3H, s, SCH3); *C (75 MHz, CDCl;) dc:
188.7, 160.1, 147.1, 1454, 134.4, 132.8, 131.8, 131.8,
131.1, 129.2, 129.2, 125.6, 124.5, 119.9, 118.7, 13.8. Anal.
Calcd for CgH;CIOS,: C, 60.27; 3.48%. Found C, 60.39;
3.53%.

4.1.7. 4-Methylsulfanyl-2-(thiophen-2-yl)methylene
benzo[b]thiophen-3-one (2g). Prepared from 5c¢ (0.27 g,
1 mmol) in THF (5 mL), LDA (2.5 mmol) in THF (10 m)
and thiophen-2-carboxaldehyde (6.13 g, 1 mmol) in THF
(3 mL). Purification by column chromatography [eluent:
ethyl acetate—petroleum ether (1/14)] gave yellow solid,
yield 0.26 g, 92%, mp 166—168 °C (ethyl acetate—petroleum
ether). IR (KBr) vy 1666, 1581, 1554 cm™'; '"H NMR
(300 MHz, CDCl3) 6y: 8.05 (1H, s), 7.63 (1H, d, J=
4.9 Hz), 7.48-7.42 (2H, m), 7.24-7.16 (2H, m), 7.04 (1H, d,
J=7.9Hz), 2.5 (3H, s, SCH;); *C (75 MHz, CDCl;) d¢:
188.1, 159.7, 145.5, 139.6, 134.6, 133.5, 132.7, 131.6,
130.7, 128.9, 125.6, 120.3, 119.3 14.2. Anal. Calcd for
C14H,008S3: C, 57.90; 3.47%. Found C, 57.78; 3.52%.

4.1.8. 4-Methylsulfanyl-2-(3-phenylallylidene)benzo[b]
thiophen-3-one (2h). Prepared from Sc (0.54 g, 2 mmol),
LDA (5 mmol) in THF (15 mL) and cinnamaldehyde (0.3 g,
2.5 mmol) in THF (5 mL). Purification by column chroma-
tography [eluent: ethyl acetate—petroleum ether (1/12)] gave
red solid, yield 0.48 g, 78%, mp 210-212 °C (ethyl acetate—
petroleum ether). IR (KBr) vp,.x: 1655, 1574, 1554 em™

'"H NMR (300 MHz, CDCl;) 6y 7.62-7.52 (3H, m), 7.47—-
7.35 (4H, m), 7.19-6.97 (4H, m), 2.50 (3H, s, SCH>); B¢
(75 MHz, CDCls) oc: 187.9, 160.0, 146.9, 145.3, 143.3,
136.4, 132.8, 132.5, 129.8, 129.2, 129.2, 128.2, 127.8,
127.8, 124.6, 120.0, 119.2, 14.2. Anal. Calcd for
C,3H,408S,: C, 60.27; 3.48%. Found C, 60.39; 3.53%.

4.1.9. 2-Benzylidene naphtho[2,1-b]thiophen-1-one (2i).
Prepared in the same way from Sd (0.27 g, 1 mmol) in THF
(5mL), LDA (2.5 mmol) in THF (10 mL) and benzal-
dehyde (0.13 g, 1.2 mmol) in THF (3 mL). Purified by
column chromatography [eluent: ethyl acetate—petroleum
ether (1/14)], yellow solid, yield 0.24 g, 82%, mp 186—
188 °C (ethyl acetate—petroleum ether). IR (KBr) v
1678, 1558 cm™'; 'H NMR (300 MHz, CDCl;) dy: 9.37
(1H, d, J=8.5 Hz), 8.02-7.98 (2H, m), 7.86 (1H, d, J=
8.1 Hz), 7.75-7.67 (3H, m), 7.55-7.40 (5H, m); *C
(75 MHz, CDCl5) 6c: 189.3, 150.5, 144.7, 136.6, 134.7,
134.4, 132.1, 131.7, 131.1, 131.1, 130.5, 130.0, 129.4,
129.4, 129.0, 128.8, 126.7, 123.5, 121.9. Anal. Calcd for
CoH,0S: C, 79.14; 4.19%. Found C, 79.26; 4.11%.

4.1.10. 2-(4-Chlorobenzylidene)naphtho[2,1-b]thiophen-
1-one (2j). Prepared from 5d (0.27 g, 1 mmol) in THF
(5 mL), LDA (2.5 mmol) in THF (10 mL) and 4-chloro-
benzadehyde (0.17 g, 1.2 mmol) in THF (3 mL). Purifi-
cation by column chromatography [eluent: ethyl acetate—
petroleum ether (1/14)] gave yellow solid, yield 0.3 g, 93%,
mp 216-218 °C (ethyl acetate—petroleum ether). IR (KBr)
Vmax: 1680, 1569 cm™'; '"H NMR (300 MHz, CDCl3) 6y
9.35 (1H, d, /=8.4 Hz), 8.03 (1H, d, J=28.6 Hz), 7.95 (1H,
s), 7.87 (1H, d, J=8.2 Hz), 7.74-7.65 (3H, m), 7.56-7.44
(4H, m); *C (75 MHz, CDCl3) ¢ 189.2, 150.1, 136.8,
136.5, 133.2, 132.8, 132.4, 132.1, 132.1, 131.7, 131.6,
130.2, 129.7, 129.7, 128.9, 126.8, 123.7, 123.5, 121.9. Anal.
Calcd for C9H;;CIOS: C, 70.69; 3.43%. Found C, 70.82;
3.52%.

4.1.11. 2-Thiophen-2-ylmethylene naphtho[2,1-b]thio-
phen-1-one (2k). Prepared from 5d (0.27 g, 1 mmol) in
THF (5 mL), LDA (2.5 mmol) in THF (10 mL) and
thiophen-2-carboxaldehyde (0.13 g, 1.2 mmol) in THF
(3 mL). Purified by column chromatography [eluent: ethyl
acetate—petroleum ether (1/14)], yield 0.26 g, 88%, mp 180-
182 °C (ethyl acetate—petroleum ether). IR (KBr) vy
1677, 1575 cm™'; 'H NMR (300 MHz, CDCl3) dy: 9.37
(1H, d, J=8.5 Hz), 8.20 (1H, s), 8.02 (1H, d, J=28.6 Hz),
7.87 (1H, d, J=8.1 Hz), 7.73-7.64 (2H, m), 7.57-7.51 (3H,
m), 7.21-7.19 (1H, m); "*C (75 MHz, CDCls) 6c: 189.3,
149.6, 139.6, 136.5, 134.2, 132.7, 132.1, 131.9, 130.0,
128.9, 128.8, 126.8, 126.7, 124.8, 123.5, 123.5, 122.0. Anal.
Calcd for C;7H,0S,: C, 69.36; H, 3.42%. Found C, 69.48;
H, 3.27%.

4.1.12. 2-(3-Phenyallylidene)naphtho[2,1-b]thiophen-1-
one (2l). Prepared from 5d (0.55g, 2 mmol) in THF
(7 mL), LDA (5 mmol) in THF (15 mL) and cinnamalde-
hyde (0.31 g, 2.4 mmol) in THF (5 mL). Purification by
column chromatography [eluent: ethyl acetate—petroleum
ether (1/12)] gave red solid, yield 0.5 g, 79%, mp 243—
245 °C (ethyl acetate—petroleum ether). IR (KBr) v
1666, 1579, 1553 cm ™ '; 'H NMR (300 MHz, CDCls) 6y
9.37 (1H, d, /=8.5 Hz), 8.02 (1H, d, J/=28.6 Hz), 7.87 (1H,
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d, J=8.1 Hz), 7.78-7.67 (2H, m), 7.58-7.50 (4H, m), 7.43—
7.26 (3H, m), 7.18-7.05 (2H, m); '*C (75 MHz, CDCl;) é¢:
189.2, 149.6, 144.4, 136.8, 134.4, 132.4, 132.2, 130.5,
1304, 129.7, 129.7, 129.6, 129.5, 129.2, 128.4, 128.4,
127.0, 125.5, 125.1, 124.0, 122.5. Anal. Calcd for
C, H,408: C,80.22; 4.49%. Found C, 80.35; H, 4.55%.

4.1.13. General synthesis of hydroxy ketones taking
(4-chlorophenyl) (3-hydroxy benzo[b]thiophen-2-yl)
methanone (1b) as representative. To a well-stirred
solution of LDA (2.5 mmol) in THF (15 mL) kept at
—10°C, 5a (0.22 g, 1 mmol) in THF (4 mL) was added by
syringe. The reaction mixture was stirred at that temperature
for 1h followed by addition of p-chlorobenzaldehyde
(0.34 g, 2.4 mmol) in THF (5 mL). The reaction mixture
was then allowed to attain room temperature and stirred at
that temperature for 6 h. Work up consisted of addition of
water (25 mL) to the reaction mixture, maintenance of pH at
4-5 by dropwise addition of HCl (2 N) followed by
extraction with chloroform (3X20 mL). The organic layer
was washed with water (3X25 mL) and dried (Na,SO,).
Removal of solvent and purification by column chromato-
graphy [eluent: ethyl acetate—petroleum ether (1/17)] gave
yellow solid, yield 0.27 g, 89%, mp 136-138 °C (ethyl
acetate—petroleum ether). IR (KBr) v,,,: 3446, 1589 cm™
"H NMR (300 MHz, CDCl;) éy: 13.30 (1H, s, OH), 8.00—
7.84 (3H, m), 7.68 (1H, d, J=28.1 Hz), 7.60-7.29, (4H, m);
13C (75 MHz, CDCl3) é¢: 190.2, 165.5, 140.5, 138.9, 136.3,
130.3, 130.0, 129.7, 129.7, 128.9, 128.9, 127.3, 124.7,
123.9, 122.8. MS: (M") 288.6. Anal. Calcd for
CsHoClO,S: C, 62.39; H, 3.14%. Found C, 62.47; H,
3.23%.

4.1.14. (3-Hydroxybenzo[b]thiophen-2-yl) (thiophen-2-
yl) methanone (1c). Prepared in the same way from Sa
(0.23 g, 1 mmol) in THF (5 mL), LDA (2.5 mmol) in THF
(15 mL) and thiophen-2-carboxaldehyde (0.23 g, 2.4 mmol)
in THF (5§ mL). Purification by column chromatography
[eluent: ethyl acetate—petroleum ether (1/17)] gave yellow
solid, yield 0.23 g, 93%, mp 118 °C (ethyl acetate—
petroleum ether). IR (KBr) v 3442, 1571cm™'; 'H
NMR (300 MHz, CDCl3) oy: 13.36 (1H, s, OH), 8.07 (1H,
d, J/=3.8 Hz), 7.98 (1H, d, J=8.1 Hz), 7.70-7.67 (2H, m),
7.52-7.47 (1H, m), 7.38-7.33 (1H, m), 7.18-7.15, (1H, m);
13C (75 MHz, CDCl5) 6c: 185.6, 164.8, 144.2, 139.5, 134.2,
130.8, 130.5, 128.9, 128.9, 128.8, 128.8, 127.5, 124.7,
123.7, 123.2, 122.3, 111.6. MS: (M) 260, M " +1) 261.
Anal. Calcd for C13HgO,S,: C, 59.98; H, 3.10%. Found C,
59.82; H, 3.23%.

4.1.15. (4-Methoxyphenyl) (3-hydroxy benzo[b]thio-
phen-2-yl) methanone (1d). Prepared in the same way
from Sa (0.223 g, 1 mmol) in THF (5 mL), LDA (2.5 mmol)
in THF (15mL) and p-methoxybenzaldehyde (0.34 g,
2.5 mmol) in THF (5 mL). Purification by column chroma-
tography [eluent: ethyl acetate—petroleum ether (1/16)] gave
yellow solid, yield 0.24 g, 91%, mp 106 °C (ethyl acetate—
petroleum ether). IR (KBr) v, 3446, 1589 em™ 5 'H
NMR (300 MHz, CDCl;) 6y: 13.71 (1H, s, OH), 8.13-8.06
(3H, m), 7.76 (1H, d, J=8.1 Hz), 7.58-7.53, (1H, m), 7.46—
2.41 (1H, m), 7.05-7.01 (2H, m), 3.92 (3H, s, OCH;); *C
(75 MHz, CDCl3) dc: 190.2, 165.2, 163.3, 140.3, 130.8,
130.8, 130.6, 130.3, 129.9, 124.6, 123.8, 122.8, 113.9,

113.9, 109.1, 55.5. Anal. Calcd for C;¢H,,0,S: C, 67.59; H,
4.25%. Found C, 67.43; H, 4.38%.

4.1.16. 1-(3-Hydroxy benzo[b]thiophen-2-yl)-3-phenyl
propenone (le). Prepared in the same way from S5a
(0.45 g, 2 mmol) in THF (5 mL), LDA (5 mmol) in THF
(15mL) and cinamaldehyde (0.53 g, 4 mmol) in THF
(5 mL). Purified by column chromatography [eluent: ethyl
acetate—petroleum ether (1/16)], red solid, yield 0.53 g,
95%, mp 139-141 °C (ethyl acetate—petroleum ether). IR
(KBr) ¥pnax: 3420, 1576 cm ™~ '; "TH NMR (300 MHz, CDCl5)
oy: 13.21 (1H, s, OH), 8.05 (1H, d, J=7.8 Hz), 7.97 (1H, d,
J=153Hz), 7.79 (1H, d, J=8.1 Hz), 7.69-7.66 (2H, m),
7.59-7.27, (5H, m), 7.09 (1H, d, J=15.3 Hz); '°C (75 MHz,
CDCl;) oc: 185.6, 164.8, 144.2, 139.5, 134.2, 130.8, 130.5,
128.9, 128.9, 128.8, 128.8, 127.5, 124.7, 123.7, 123.2,
122.3, 111.6.MS: (M ™) 280, (M™ +1) 281. Anal. Calcd for
C7H,0,S: C, 72.83; H, 4.31%. Found C, 72.95; H, 4.43%.

4.1.17. General synthesis of aryl alkyl ketones taking
1-(3-hydroxy benzo[b]thiophen-2-yl) propan-1-one (1g)
as representative. To a well stirred solution of LDA
(2.5 mmol) in THF (10 mL) kept at — 80 °C a solution of 8b
(0.41 g, 2 mmol) in THF (5 mL) was added by syringe and
after stirring for 30 min at that temperature the reaction
mixture was allowed to reach room temperature. After
stirring for another 6 h, 2 N HCI was added to the reaction
mixture followed by extraction with chloroform (3 X
25 mL). The organic layer was washed with brine and
dried (Na,SQO,). The residue left after removal of solvent
was purified by column chromatography [eluent: ethyl
acetate—petroleum ether (1/20)], amorphous solid, yield
0.30 g, 73%, mp 72 °C. IR (KBr) rmax: 3500, 1626 cm ™ ';
"H NMR (300 MHz, CDCls) 6y: 12.28 (1H, s, OH), 7.99—
7.96 (1H, m), 7.78-7.71 (1H, m), 7.55-7.49 (1H, m), 7.43—
7.37 (1H, m), 2.84 (2H, q, J=7.2 Hz, COCH,CH3), 1.30
(3H, t, J=7.2 Hz, CH,CH,); >C NMR (75 MHz, CDCL;)
oc: 200.0, 161.4, 138.8, 129.7, 124.7, 123.7, 123.2, 120.4,
110.9, 34.1, 8.1. Anal. Calcd for C{1H;¢0,S: C, 64.05; H,
4.89%. Found: C, 64.16; H, 4.97%.

4.1.18. (3-Hydroxy-4-methoxy benzo[b]thiophen-2-yl)
phenyl methanone (1h). Prepared according to the general
synthesis of hydroxy ketone 1b from 5b (0.22 g, 1 mmol) in
THF (5mL), LDA (2.5 mmol) in THF (15mL) and
benzaldehyde (0.25 g, 2.4 mmol) in THF (5 mL). Purifi-
cation by column chromatography [eluent: ethyl acetate—
petroleum ether (1/18)] gave yellow solid, yield 0.26 g,
91%, mp 138 °C (ethyl acetate—petroleum ether). IR (KBr)
Vmax: 3421, 1589 cm ™ '; 'H NMR (300 MHz, CDCl3) 6y
14.27 (1H, s, OH), 8.03-8.00 (2H, m), 7.62-7.44 (4H, m),
7.29 (1H, d, J=8.0 Hz), 6.79 (1H, d, /J=28.0 Hz), 4.04 (3H,
s, OCH3); >C NMR (75 MHz, CDCl3) d¢: 191.1, 167.6,
169.0, 138.6, 132.8, 131.9, 129.0, 129.0, 128.7, 128.7,
124.6, 122.5,120.2, 115.5, 105.5, 56.3. MS (EI): (M ™) 284,
(M +1) 285. Anal. Calcd for C;¢H;005S: C, 67.59; H,
4.25%. Found: C, 67.73; H, 4.33%.

4.1.19. (4-Chlorophenyl) (3-hydroxy-4-methoxybenzo[b]
thiophen-2-yl)methanone (1i). Prepared in the same way
from 5b (0.25 g, 1 mmol) in THF (5 mL), LDA (2.5 mmol)
in THF (15mL) and p-chlorobenzaldehyde (0.28 g,
2mmol) in THF (5mL). Purification by column
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chromatography [eluent: ethyl acetate—petroleum ether
(1/17)] gave yellow solid, yield 0.29 g, 93%, mp 158 °C
(ethyl acetate—petroleum ether). IR (KBr) v 3435,
1570 cm ™~ '; "H NMR (300 MHz, CDCl3) 6y 13.94 (1H,
s, OH), 7.74.7.71 (2H, m), 7.68 7.28.7.26, (3H, m), 7.04
(1H, d, J=8.1 Hz), 6.55 (1H, d, /J=8.1 Hz), 3.80 (3H, s,
OCH,); '*C (75 MHz, CDCl3) dc: 189.5, 167.9, 159.0,
143.5, 139.2, 136.8, 132.1, 130.1, 130.1, 129.3, 129.3,
120.1, 115.5, 108.4, 105.6, 56.3. MS: (M) 318, M ™ +1)
319, (M™ +2) 320. Anal. Caled for C;¢H;,ClO,S: C, 62.39;
H, 3.14%. Found C, 62.47; H, 3.23%.

4.1.20. (3-Hydroxy-4-methoxy benzo[b]thiophen-2-yl)
(thiophen-2-yl)methanone (1j). Prepared in the same way
from 5b (0.25 g, 1 mmol) in THF (5 mL), LDA (2.5 mmol)
in THF (15mL) and thiophen-2-aldehyde (0.23 g,
2.2 mmol) in THF (5 mL). Purification by column chroma-
tography [eluent: ethyl acetate—petroleum ether (1/18)] gave
yellow solid, yield 0.26 g, 90%, mp 174-176 °C (ethyl
acetate—petroleum ether). IR (KBr) ».c: 3469, 1593,
1574 cm™'; '"H NMR (300 MHz, CDCl;) 6y 14.28 (1H,
s, OH), 8.08-8.07(1H, m), 7.73 (1H, dd, J=0.9, 4.9 Hz),
7.49-7.44 (1H, m), 7.31-7.20 (2H, m), 6.78 (1H, d, J=
7.8 Hz), 4.02 (3H, s, OCH;); *C (75 MHz, CDCl;) 6c:
181.8, 168.0, 158.9, 143.2, 1429, 134.2, 132.7, 132.0,
128.8, 120.1, 115.6, 107.3, 105.7, 65.3. MS: (M ™" — 1) 289,
(M™) 290, M™ +1) 291. Anal. Caled for C4H,005S5: C,
57.91; H, 3.47%. Found C, 57.78; H, 3.58%.

4.1.21. 1-(3-Hydroxy-4-methoxybenzo[b]thiophen-2-yl)-
3-phenyl propenone (1k). Prepared from Sb (0.51 g,
2 mmol) in THF (5 mL), LDA (5 mmol)in THF (15 mL)
and cinnamaldehyde (0.54 g, 4.4 mmol) in THF (5§ mL).
Purification by column chromatography [eluent: ethyl
acetate—petroleum ether (1/16)] gave red solid, yield
0.54 g, 89%, mp 164-166°C (ethyl acetate—petroleum
ether). IR (KBr) vpax: 3421, 1633, 1572 cm™'; '"H NMR
(300 MHz, CDCl,) dy: 13.86 (1H, s, OH), 7.94 (1H, d, J=
15.5 Hz), 7.66-7.63 (2H, m), 7.49-7.41 (3H, m), 7.32-7.26
(2H, m), 7.06 (1H, d, J=15.3 Hz), 6.79 (1H, d, /=28.0 Hz),
4.03 (3H, s, OCHs); '*C (75 MHz, CDCl;) d¢: 184.5, 158.9,
144.0, 142.6, 134.9, 131.9, 131.1, 129.7, 129.0, 129.0,
128.9, 128.9, 128.8, 128.7, 120.7, 116.0, 105.6, 56.3. MS:
M™) 310, M +1) 311, (M* +2) 312. Anal. Calcd for
CsH1405S: C, 69.66; H, 4.55%. Found C, 69.80; H, 4.63%.

4.1.22. (3-Hydroxy-4-methylsulfanylbenzo[b]thiophen-
2-yl)phenyl methanone (1l1). Prepared from 5S¢ (0.27 g,
1 mmol) in THF (5§ mL), LDA (2.5 mmol) in THF (15 mL).
Purification by column chromatography [eluent: ethyl
acetate—petroleum ether (1/17)] gave yellow solid, yield
0.27 g, 91%, mp 144 °C (eth?/l acetate—petroleum ether. IR
(KBr) ¥pnax: 3440, 1585 cm ™ '; 'TH NMR (300 MHz, CDCl5)
on: 14.62 (1H, s, OH), 8.03-8.00 (2H, m), 7.59-7.50 (3H,
m), 7.43-7.41 (2H, m), 7.07-7.03 (1H, m), 2.55 (3H, s,
SCH;); '*C NMR (75 MHz, CDCls) 6¢: 189.3, 169.6, 142.8,
140.4, 137.7, 132.5, 130.3, 128.7, 128.7, 128.3, 128.3,
126.3, 119.2, 118.5, 108.7, 14.7. Anal. Calcd for
Ci6H120,S,: C, 63.97; H, 4.03%. Found: C, 63.85; H,
4.11%.

4.1.23. (4-Chlorophenyl) (3-hydroxy-4-methylsulfanyl
benzo[b]thiophen-2-yl) methanone (1m). Prepared from

5S¢ (0.27 g, 1 mmol) in THF (5 mmol), LDA (2.5 mmol) in
THF (15 mL) and 4-chlorobenzaldehyde (0.30 g, 2.5 mmol)
in THF (5§ mL). Purification by column chromatography
[eluent: ethyl acetate—petroleum ether (1/17)] gave yellow
solid, yield 0.32 g, 93%, mp 211 °C (ethyl acetate—
petroleum ether). IR (KBr) vy 3433, 1583 ecm™ ' 'H
NMR (300 MHz, CDCl3) oy: 14.54 (1H, s, OH), 7.99-7.95
(2H, m), 7.55-7.40, (4H, m), 7.09-7.07 (1H, m), 2.57 (3H, s,
SCH3); >C (75 MHz, CDCly) d¢c: 187.9, 169.9, 142.7,
140.6, 138.9, 136.0, 130.5, 129.8, 129.8, 129.2, 129.2,
129.0, 119.3, 118.5, 110.2, 14.7. Anal. Calcd for
C16H11ClO,S,: C, 57.39; H, 3.31%. Found C, 57.48; H,
3.38%.

4.1.24. (3-Hydroxy-4-methylsulfanyl benzo[b]thiophen-
2-yl) (thiophen-2-yl) methanone (I1n). Prepared from Sc
(0.27 g, 1 mmol) in THF (5 mL), DA (2.5 mmol) in THF
(5 mL) and thiophene-2-carboxaldehyde (0.28 g, 2.2 mmol)
in THF (5 mL). Purification by column chromatography
(eluent: ethyl acetate—petroleum ether (1/17)] gave red
solid, yield 0.27 g, 90%, mp 182 °C (ethyl acetate—
petroleum ether). IR (KBr) vy 3423, 1556 cm o S |
NMR (300 MHz, CDCl3) dy: 14.28 (1H, s, OH), 8.09 (1H,
d, J=3.3 Hz), 7.74 (1H, d, J=4.8 Hz), 7.45-7.41 (2H, m),
7.26-7.22 (1H, m), 7.09-7.06 (1H, m), 2.56 (3H, s, SCH3);
13C (75 MHz, CDCl3) d¢: 180.4, 169.2, 142.0, 140.1, 133.7,
132.3, 130.2, 129.8, 128.3, 123.6, 119.2, 118.5, 105.2, 14.6.
Anal. Calcd for C;4H;70,S5: C, 54.87; H, 3.29%. Found C,
54.99; H, 3.37%.

4.1.25. 1-(3-Hydroxy-4-methylsulfanyl benzo[b]thio-
phen-2-yl)-3-phenyl propenone (1o). Prepared from Sc
(0.54 g, 2 mmol) in THF (5 mL), LDA (5 mmol) in THF
(15mL) and cinamaldehyde (0.66 g, 5 mmol) in THF
(5 mL). Purification by column chromatography [eluent:
ethyl acetate—petroleum ether (1/16)] gave red solid, yield
0.54 g, 88%, mp 183 °C (ethyl acetate—petroleum ether). IR
(KBI) Vpax: 3421, 1613, 1578 cm ™ '; 'TH NMR (300 MHz,
CDCl3) dy: 14.51 (1H, s, OH), 7.82 (1H, d, J=15.4 Hz),
7.56-7.52 (2H, m), 7.43-7.32 (5H, m), 6.98-6.96 (1H, m),
6.87 (1H, d, J=15.4 Hz), 2.57 (3H, s, SCHs); *C (75 MHz,
CDCl3) 6c: 181.9, 171.6, 143.8, 142.5, 140.9, 134.8, 131.1,
130.9, 129.3, 129.3, 128.9, 128.9, 127.8, 122.1, 119.6,
119.3, 111.2, 15.0. Anal. Caled for C1gH;40,S,: C, 66.23;
H, 4.32%. Found C, 66.35; H, 4.38%.

4.1.26. (1-Hydroxy naphtho[2,1-b]thiophen-2-yl) phenyl
methanone (1p). Prepared from 5d (0.27 g, 1 mmol) in
THF (5 mL), LDA (2.5 mmol) in THF (15 mL) and
benzaldehyde (0.25 g, 2.5 mmol) in THF (5 mL). Purifi-
cation by column chromatography [eluent: ethyl acetate—
petroleum ether (1/16)] gave yellow solid, yellow 0.27 g,
90%, mp 142 °C (ethyl acetate—petroleum ether). IR (KBr)
Vmax: 3444, 1590 cm ™ '; '"H NMR (300 MHz, CDCl;) 6y
14.14 (1H, s, OH), 9.16 (1H, d, /=38.1 Hz), 8.06-8.03 (2H,
m), 7.91-7.84 (2H, m), 7.69-7.54 (6H, m); *C NMR
(75 MHz, CDCl3) 6c: 191.5, 167.6, 141.6, 138.4, 132.5,
131.4, 131.2, 130.3, 128.7, 128.7, 128.5, 128.4, 128.4,
127.8, 126.1, 124.4, 124.1, 120.6, 110.0. Anal. Calcd for
C19H,0,S: C, 74.98; H, 3.97%. Found: C, 74.86; H, 3.89%.

4.1.27. (4-Chlorophenyl) (1-hydroxy naphtho[2,1-b]thio-
phen-2-yl) methanone (1q). Prepared from 5d (0.27 g,
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1 mmol) in THF (5 mL), LDA (2.5 mmol) in THF (15 mL)
and p-chlorobenzaldehyde (0.35 g, 2.5 mmol) in THF
(5 mL). Purification by column chromatography [eluent:
ethyl acetate—petroleum ether (1/17)] gave yellow solid,
yield 0.31¢g, 93%, mp 213 °C (ethyl acetate—Petroleum
ether). IR (KBr) vy 3433, 1583cm™'; 'H NMR
(300 MHz, CDCl3) oy: 14.07 (1H, s, OH), 9.18 (1H, d,
J=8.4 Hz), 8.02-7.90 (4H, m), 7.74-7.50, (5H, m); '°C
(75 MHz, CDCl3) 6c: 191.5, 167.9, 141.6, 139.6, 138.9,
136.7, 131.7, 131.2, 130.3, 130.3, 129.8, 129.8, 129.0,
128.5, 127.9, 126.3, 124.4, 120.6, 110.3. Anal. Calcd for
CoH;;ClO,S: C, 67.35; H, 3.37%. Found C, 67.48; H,
3.33%.

4.1.28. 1-(1-Hydroxy naphtho[2,1-b]thiophen-2-yl)-3-
phenyl propenone (1r). Prepared from S5d (0.55 g,
2 mmol) in THF (5 mL), LDA (5 mmol) in THF (15 mL)
and cinamaldehyde (0.66 g, 5 mmol) in THF (5 mL).
Purification by column chromatography [eluent: ethyl
acetate—petroleum ether (1/15)] gave red solid, yield
0.56 g, 85%, mp 171 °C (ethyl acetate—petroleum ether).
IR (KBr) vmax: 3425, 1630, 1578 cm™'; 'H NMR
(300 MHz, CDCl;) 6y: 13.80 (1H, s, OH), 9.11 (1H, d,
J=8.3 Hz), 7.94-7.68 (3H, m), 7.66-7.52 (5H, m), 7.42—
7.23 (3H, m), 7.07 (1H, d, J=15.4 Hz); *C (75 MHz,
CDCl3) dc: 185.6, 166.9, 143.9, 140.2, 134.4, 131.3, 131.2,
130.9, 130.2, 129.0, 129.0, 128.7, 128.7, 128.3, 127.8,
126.2, 124.6, 124.4, 122.5, 120.9, 112.3. Anal. Calcd for
C,1H140,S: C, 76.34; H, 4.27%. Found C, 76.49; H, 4.33%.

4.1.29. 1-(1-Hydroxy naphtho[2,1-b]thiophen-2-yl)
ethan-1-one (1s). Prepared according to the general
synthesis of aryl alkyl ketone from 8¢ (0.24 g, 1 mmol) in
THF (5 mL) and LDA (1.5 mmol) in THF (10 mL). Purified
by column chromatography [eluent: ethyl acetate—
petroleum ether (1/20)], amorphous solid, yield 0.13 g,
55%, mp 67 °C. IR (KBr) vpax: 3470, 1630 cm ™~ '; '"H NMR
(300 MHz, CDCl3) 6g: 13.6 (1H, s, OH), 8.97 (1H, d, J=
8.0 Hz), 7.87-7.84 (2H, m), 7.63-7.51 (3H, m), 2.47 (3H, s,
COCHj3); '*C NMR (75 MHz, CDCL3) d¢: 199.3, 164.5,
139.4, 131.7, 131.3, 130.5, 128.9, 127.7, 126.6, 126.4,
124.8, 121.1, 111.3, 18.8. Anal. Calcd for C,4H;00,S: C,
69.40; H, 4.16%. Found: C, 69.23; H, 4.28%.

4.1.30. 1-(1-Hydroxynaphtho[2,1-b]thiophen-2-yl) pro-
pan-1-one (1t). Prepared in the same way from 8d (0.26 g,
1 mmol) in THF (5 mL), LDA (1.5 mmol) in THF (10 mL).
Purified by column chromatography [eluent: ethyl acetate—
petroleum ether (1/20)], solid material, yield 0.16 g, 63%,
mp 88 °C. IR (KBr) vpma: 3483, 1633cm™'; 'H NMR
(300 MHz, CDCl3) 6g: 13.0 (1H, s, OH), 9.10 (1H, d, /=
8.4 Hz), 7.93-7.86 (2H, m), 7.70-7.55 (3H, m), 2.89-2.81
(2H, m, COCH,CHj3), 1.39-1.29 (3H, m, CH,CHs); *C
NMR (75 MHz, CDCL3) 0¢c: 199.9, 164.6, 139.5, 131.5,
131.2, 130.6, 128.7, 127.9, 126.5, 126.4, 124.7, 121.2,
111.6, 34.3, 8.7. Anal. Calcd for C,5H;,0,S: C, 70.29; H,
4.72%. Found: C, 70.45; H, 4.83%.

4.1.31. General synthesis of alkanoic acid aryl ester
taking (benzo[b]thiophen-3-yl) acetate as example (8a).
A solution of 3a (0.60 g, 4 mmol) in THF (10 mL) was
added dropwise to a magnetically stirred suspension of oil
free sodium hydride (0.30 g, 6 mmol) in THF (10 mL).

After stirring the reaction mixture for 1 h, acetyl chloride
(0.5 g, 7 mmol) was added to it and stirring was continued
for 10 h at room temperature followed by removal of solvent
under reduced pressure. The residue left was decomposed
with water and extracted with diethyl ether (15X 3 mL). The
organic layer was washed with water and dried (Na,SOy).
The residue left after removal of solvent was purified by
column chromatography [eluent: ethyl acetate—petroleum
ether (1/20)] to afford clear liquid, yield 0.71 g, 89%. IR
(Neat) e 1764 cm™'; 'TH NMR (300 MHz, CDCl5) 6y
7.83-7.80 (1H, m), 7.74-7.71 (1H, m), 7.44-7.39 (3H, m),
2.40 (3H, s COCHj3); >C NMR (75 MHz, CDCl3) 6c: 168.3,
140.7, 136.9, 132.1, 125.2, 124.3, 122.9, 120.4, 111.9, 21.0.
Anal. Calcd for C;oHgO-S: C, 62.68; H, 4.19%. Found: C,
62.60; H, 4.26%.

4.1.32. (Naphtho[2,1-b]thiophen-1-yl) acetate (8c). Pre-
pared in the same way from 3d (2 g, 10 mmol) in THF
(15 mL), sodium hydride (0.6 g, 15 mmol) in THF (25 mL)
and acetyl chloride (1.2 g, 15 mmol). Purified by column
chromatography [eluent: ethyl acetate—petroleum ether
(1/20)], clear liquid, yield 2.2 g, 93%. IR (Neat) vyax:
1779 cm™'; "H NMR (300 MHz, CDCls) 6y 8.62 (1H, d,
J=8.2 Hz), 7.85-7.80 (1H, m), 7.78-7.59 (2H, m), 7.56—
7.38 (3H, m), 2.37 (3H, s COCH3); '*C NMR (75 MHz,
CDCl;) oc: 168.6, 143.6, 135.9, 132.0, 129.1, 129.0, 126.9,
126.5, 126.4, 125.8, 123.4, 121.3, 112.3, 22.0. Anal. Calcd
for C14H,00,S: C, 69.40; H, 4.26%. Found: C, 69.53; H,
4.33%.

4.1.33. (Naphtho[2,1-b]thiophen-1-yl) propionate (8d).
Prepared in the same way from 3d (2 g, 10 mmol) in THF
(15 mL), sodium hydride (0.6 g, 15 mmol) in THF (25 mL)
and propionylchloride (1.5 g, 15 mmol). Purified by column
chromatography [eluent: ethyl acetate—petroleum ether
(1/20)], clear liquid, yield 2.3 g, 96%. IR (Neat) vj.x:
1764 cm™'; "H NMR (300 MHz, CDCl5) 6;: 8.84 (1H, d,
J=8.2Hz), 798 (1H, d, J=7.6 Hz), 7.80-7.57 (5H, m),
2.89 (2H, s COCH>), 1.47 (3H, s CHs); '*C NMR (75 MHz,
CDCl5) oc: 171.4, 143.0, 135.2, 131.3, 128.4, 128.3, 126.1,
125.7, 125.1, 122.8, 120.6, 111.5, 27.9, 8.4. Anal. Calcd for
C;5H,0,S: C,70.29; H, 4.72%. Found: C, 70.33; H, 4.81%.

4.1.34. General synthesis of dihydropyranones from
chalcones taking 9-methoxy-2-phenyl-2,3-dihydro-
benzo[4,5]thieno[3,2-b]pyran-4-one (9b) as representa-
tive. Dry HCI gas was bubbled through a solution of 1k
(0.31 g, 1 mmol) in ethanol (20 mL) for 4 h. After removal
of most of the ethanol under reduced pressure, the reaction
mixture was diluted with chloroform, the organic layer was
washed with water and dried (Na,SO,). Residue left after
removal of solvent was purified by column chromatography
[eluent: ethyl acetate—petroleum ether (1/4)], white solid,
yield 0.26 g, 87%, mp 182 °C (ethyl acetate—petroleum
ether). IR (KBr) vpax: 1665 cm™'; 'H NMR (300 MHz,
CDCl3) 6y: 7.56-7.54 (2H, m), 7.48-7.37 (4H, m), 7.35-
7.32 (1H, m), 6.77 (1H, d, J=8.1 Hz), 5.82 (1H, d, J=
12.0 Hz, OCHCH,), 3.94 (3H, s, OCH3) 3.10-2.99 (2H, m,
COCH,CH); '>C NMR (75 MHz, CDCl5) éc: 186.5, 167.7,
161.9, 158.1, 143.4, 138.6, 131.0, 129.1, 128.9, 128.9,
126.3, 120.4, 116.3, 114.4, 105.6, 82.7, 56.2, 43.7. Anal.
Calcd for C;gH405S: C, 69.66; H, 4.55%. Found: C, 69.59;
H, 4.48%.



9016 T. K. Pradhan et al. / Tetrahedron 61 (2005) 9007-9017

4.1.35. 9-Methylsulfanyl-2-phenyl-2,3-dihydrobenzo[4,
5]thieno[3,2-b]pyran-4-one (9c¢). Prepared from 1o
(0.16 g, 0.5 mmol) in ethanol (20 mL). Purification by
column chromatography [eluent: ethyl acetate—petroleum
ether (1/4)] gave solid material, yield 0.14 g, 90%, mp 170—
172 °C (ethyl acetate—petroleum ether). IR (KBr) vy
1670 cm ™ '; 'TH NMR (300 MHz, CDCl3) oy 7.56-7.46
(2H, m), 7.42-7.28 (5H, m), 6.98 (1H, d, J=7.5 Hz), 5.77
(1H, dd, J=3.7, 13.0 Hz, OCHCH,), 3.07-2.84 (2H, m,
COCH,CH), 2.45 (3H, s, SCH;); '>*C NMR (75 MHz,
CDCl5) oc: 185.9, 161.6, 142.1, 138.6, 137.8, 129.1, 128.6,
128.6, 128.4, 126.1, 125.7, 119.2, 119.1, 114.7, 82.7, 43.4,
14.5. Anal. Calcd for C;gH;40,S,: C, 66.23; H, 4.32%.
Found: C, 66.13; H, 4.27%.

4.1.36. 10-Phenyl-9,10-dihydro-11-oxa-7-thiabenzo[c]
fluoren-8-one (9d). Prepared from 1r (0.33 g, 1 mmol) in
ethanol (20 mL). Purification by column chromatography
[eluent: ethyl acetate—petroleum ether (1/4)] gave solid
material, yield 0.30 g, 93%, mp 158 °C (ethyl acetate—
petroleum ether). IR (KBr) v, 1668 em™ !y 'H NMR
(300 MHz, CDCl;) dy: 8.81 (1H, d, J=7.6 Hz), 7.87-7.79
(2H, m), 7.70 (1H, d, J=8.8 Hz), 7.56-7.39 (7H, m), 5.58
(1H, dd, J=3, 13.5Hz, OCHCH,), 3.21-2.87 (2H, m,
COCH,CH); >C NMR (75 MHz, CDCl5) é¢: 186.3, 162.1,
141.3, 138.5, 132.3, 130.4, 129.5, 128.9, 128.8, 128.8,
128.4, 127.5, 126.1, 126.1, 1259, 123.8, 121.2, 117.7,
114.3, 83.1, 43.8. Anal. Calcd for C,;H;40,S: C, 76.34; H,
4.27%. Found: C, 76.11; H, 4.38%.

4.1.37. General synthesis of pyranones from chalcones
taking 2-phenylbenzo[4,5]thieno[3,2-b]pyran-4-one
(10a) as representative. Selenium dioxide (0.23 g,
2.2 mmol) and le (0.28 g, 1 mmol) were heated under
reflux in dry isoamyl alcohol (3 mL) for 15 h. The reaction
mixture was filtered when hot. Most of the solvent of filtrate
was removed under reduced pressure and the solid
precipitate, which separated was filtered and washed with
1:1 mixture of ethyl acetate and petroleum ether and
crystallized from ethyl acetate. Yield 0.17 g, 63%, mp
178 °C. IR (KBr) vpa: 1635cm™'; 'TH NMR (300 MHz,
CDCl3) oy: 8.18 (1H, d, J=7.5Hz), 7.96-7.90 (3H, m),
7.62-7.52 (5H, m), 6.95 (1H, s); °C NMR (75 MHz,
CDCl3) 6c: 187.5, 174.9, 163.1, 153.7, 139.2, 131.5, 131.3,
129.2, 129.0, 129.0, 126.2, 126.1, 125.3, 124.8, 123.9,
121.9, 109.0. MS: (M++1) 278.07. Anal. Calcd for
C7H,00,S: C, 73.31; H, 3.62%. Found: C, 73.53; H, 3.39%.

4.1.38. 9-Methoxy-2-phenylbenzo[4,5]thieno[3,2-b]
pyran-4-one (10b). Prepared in the same way from 1k
(0.31 g, 1 mmol) and selenium dioxide (0.23 g, 2.2 mmol).
Red solid, yield 0.18 g, 58%, mp 203 °C (ethyl acetate—
petroleum ether). IR (KBr) v 1628 em™ !y 'H NMR
(300 MHz, CDCl;) dg: 8.00-7.91 (2H, m), 7.55-7.52 (3H,
m), 7.49-7.42 (2H, m), 6.99 (1H, s), 6.88 (1H, d, J=
6.9 Hz), 4.10 (3H, s, OCHs); '>*C NMR (75 MHz, CDCl5)
oc: 189.5, 177.3, 174.6, 156.6, 140.9, 139.3, 131.3, 131.1,
130.0, 128.9, 128.9, 125.8, 125.8, 123.4, 115.7, 107.7,
105.6, 55.8. MS: (M" +1) 309.05. Anal. Calcd for
CsH205S: C, 70.11; H, 3.92%. Found: C, 69.93; H, 4.03%.

4.1.39. 10-Phenyl-11-oxa-7-thiabenzo[c]fluoren-8-one
(10c). Prepared from 1r (0.33 g, 1 mmol) and selenium

dioxide (0.23 g, 2.2 mmol). Red solid, yield 0.18 g, 55%,
mp 225 °C (ethyl acetate—petroleum ether). IR (KBr) vpax:
1632 cm ™ '; "H NMR (300 MHz, CDCl3) 6y 8.96 (1H, d,
J=8.1 Hz), 8.00-7.95 (3H, m), 7.92 (1H, d, /J=8.7 Hz),
7.83(1H, d, J=8.7 Hz), 7.76-7.71 (1H, m), 7.66-7.58 (4H,
m), 6.95 (1H, s); *C NMR (75 MHz, CDCl;) 6¢: 188.3,
174.5, 163.6, 155.4, 139.1, 131.6, 13.4, 131.2, 129.9, 129.2,
129.2, 128.8, 128.5, 127.8, 126.2, 126.2, 126.1, 123.4,
123.2, 121.0, 108.8. MS: (M +1) 329.14. Anal. Calcd for
C,H,0,S: C,76.81; H, 3.68%. Found: C, 76.73; H, 3.59%.

4.1.40. 2-Hydroxy-2,3-dihydro benzo[4,5]thieno[3,2-b]
pyran-4-one (11a). To a well stirred suspension of oil-
free sodiumhydride (0.12 g, 2.5 mmol) in THF (10 mL) a
solution of 1f (0.2 g, 1 mmol) in THF (5 mL) was added
under external cooling. After 15 min ethyl formate (0.1 g,
2 mmol) was added to the reaction mixture, which was
stirred at room temperature for another 10 h. Residue left
after removal of most of the solvent under reduced pressure
was decomposed with water, acidified with dilute HCI,
extracted with chloroform and dried (Na,SO,). Purified by
column chromatography [eluent: ethyl acetate—petroleum
ether (1/5)], white solid, yield 0.18 g, 85%, mp 117 °C
(ethyl acetate—petroleum ether). IR (KBr) v.: 3280,
1727 cm™'; "H NMR (300 MHz, acetone-dg) oy 7.97—
7.87 (2H, m), 7.62-7.57 (1H, m), 7.51-7.46 (1H, m), 6.19-
6.17 (1H, m, OCHOH), 3.12-3.05 (2H, m, COCH,); "*C
NMR (75 MHz, acetone-dg) 0c: 196.3, 155.7, 141.5, 138.4,
131.7, 129.7, 125.8, 123.2, 122.7, 102.7, 44.7. Anal. Calcd
for C;;HgO5S: C, 59.99; H, 3.66%. Found: C, 79.76; H,
3.75%.

4.1.41. 2-Hydroxy-3-methyl-2,3-dihydro benzo[4,5]
thieno[3,2-b]pyran-4-one (11b). Prepared in the same
way from 1g (0.21 g, 1 mmol) in THF (5 mL), sodium
hydride (0.12 g, 2.5 mmol) in THF (10 mL) and ethyl
formate (0.1 g, 2 mmol). Purification by column chroma-
tography [eluent: ethyl acetate—petroleum ether (1/5)],
white solid (obtained as a 1:1 diasteromeric mixture),
yield 0.20 g, 89%, mp 140-150 °C (ethyl acetate—Petroleum
ether). IR (KBr) v 3265, 1632 cm™'; '"H NMR
(300 MHz, acetone-dg) oy: 7.94-7.83 (2H, m), 7.59-7.52
(1H, m), 7.48-7.44 (1H, m), 6.07-6.06 (1/2H, d, OCHOH),
5.76-5.73 (1/2H, d, OCHOH), 3.17-3.13 (1/2H, m, COCH),
2.84-2.77 (1/2H, m, COCH), 1.27-1.22 (3H, m, CHs); 1*C
NMR (75 MHz, acetone-dg) oc: 205.4, 129.3, 129.0, 124.9,
124.8, 123.8, 123.8, 122.7, 122.5, 103.2, 101.2, 47.3, 45.9,
11.0, 8.6. Anal. Calcd for C{,H;005S: C, 61.52; H, 4.30%.
Found: C, 61.65; H, 4.43%.

4.1.42. Benzo[4,5]thieno[3,2-b]pyran-4-one (12a). In a
round bottom flask fitted with Dean-stark water separator
11a (0.22 g, 1 mmol) and catalytic amount of p-toluene
sulphonic acid was heated under reflux in benzene (10 mL)
for 3 h. Residue left after removal of most of the solvent was
followed by extraction with diethyl ether, washed with
water and dried (Na,SO,). Residue left after removal of
solvent was purified by column chromatography [eluent:
ethyl acetate—petroleum ether (1/5)] to afford colorless
solid, yield 0.18 g, 93%, mp 167 °C (ethyl acetate—
petroleum ether). IR (KBr) vpa 1633, 1622cm™ ' 'H
NMR (300 MHz, CDCl3) dy: 8.06-7.78 (4H, m), 7.68-7.35
(2H, m); 'C NMR (75 MHz, CDCls3) d¢: 198.7, 161.3,
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153.3, 140.7, 138.7, 136.4, 132.6, 129.5, 125.2, 122.6,
122.2. Anal. Caled C;;HO,S: C, 65.33; H, 2.99%. Found:
C, 65.45; H, 3.13%.

4.1.43. Benzo[4,5]thieno[3,2-b]pyran-4-one-3-carboxal-
dehyde (14). To an externally cooled and stirred mixture
of 1f (0.4 g, 2 mmol) in DMF (3 mL), phosphoryl chloride
(1 mL) was added. The reaction mixture was allowed to
reach room temperature and after stirring at that temperature
for 13 h, was poured into crushed ice and extracted with
chloroform. The organic phase was washed with water and
dried (NaySOy). Residue left after removal of solvent was
purified by column chromatography [eluent: ethyl acetate—
petroleum ether (1/4)] gave white solid, yield 0.32 g, 68%,
mp 133 °C (ethyl acetate—petroleum ether). IR (KBr) v,.x:
1675, 1648 cm ™ '; "TH NMR (300 MHz, acetone-dg) 0g: 9.73
(1H, s, CHO), 8.23-7.58 (4H, m), 7.13 (1H, s); °C NMR
(75 MHz, acetone-dg) 0c: 200.3, 184.3, 165.5, 143.9, 136.2,
130.5, 128.3, 124.2, 124.1, 122.9, 121.7, 103.7. Anal. Calcd
for C1,HeSO5: C, 62.10; H, 2.63%. Found: C, 62.48; H,
2.33%.
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Abstract—A cationic iridium complex catalyzes a cycloisomerization of nitrogen-bridged 1,6-enynes to give 3-azabicyclo[4.1.0]heptenes in
good to high yield. When an iridium-chiral diphosphine complex is used, the reaction proceeds enantiomerically to give chiral cyclopropanes

fused by a six-membered ring system.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Transition metal-catalyzed cycloisomerization of unsatu-
rated systems provides an atom-economical protocol for the
construction of cyclic compounds.' Especially, 1,n-enynes
have been comprehensively investigated as the most
common unsaturated motif,> and various types of cyclo-
isomerizations have been reported according to the choice
of enynes and transition metal catalysts including Pd,3 Ru,4
Rh,>° Ti,” and Ir complexes.® Since Blum reported PtCl,
catalyzed cycloisomerization of allyl propargyl ethers into
3-oxabicyclo[4.1.0]heptenes,” this type of transformation
has been comprehensively studied from both a synthetic and
mechanistic point of view:'*'" PtCl, was found to be an
efficient catalyst, and various 1,6-enynes bridged by
nitrogen and oxygen were transformed into 3-aza- and
3-oxabicyclo[4.1.0]heptene skeletons, resgectively (Eq. 1).
Au(I) salt is another choice of catalyst,1 and 1,5-enynes
possessing no heteroatom on their tethers were also
submitted to the present cycloisomerization (Eq. 2)."?

Zﬁm Pt(Il) or Au(l) . “\_R! )
\—Q Z=NTs, O
R2

Keywords: Iridium; Enynes; Cycloisomerization; Enantioselective;
Cyclopropanes.
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R2 R?

This manuscript discloses a cationic iridium complex-
catalyzed cycloisomerization of 1,6-enynes bridged by
nitrogen, which gave 3-azabicyclo[4.1.0]heptenyl deriva-
tives. Moreover, we achieved the first example of an
enantioselective version of the present cycloisomerization
by iridium-chiral diphosphine complexes and obtained
optically active cyclopropanes fused by a six-membered
ring system.

Iridium complex-catalyzed cycloisomerizations of 1,6-
enynes, having carbon chains on their tethers, have alread
been reported, where cyclic 1,3-dienes®* or 1,4-dienes
were obtained. The present results show a different pattern
of transformation owing to the choice of enynes and iridium
complexes.

2. Results and discussion

We have already reported iridium complex-catalyzed
carbonylative couplings.14 During our study, we examined
Pauson—Khand-type reaction of enyne 1a for the synthesis
of a cyclopentenone having a quaternary carbon. No
carbonylative product could be detected, however, bicyclic
compound 2a was obtained in good yield (Eq. 3). No
iridium complex-catalyzed cycloisomerization along with
cyclopropane ring formation has been reported; therefore,
we have further investigated the reaction conditions.
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o IrCI(CO)(PPhs), Me
/—=—=Me (20 mol%) =\ _Me
p-TsN ph ——p-TsN p-TsN O
xylene, 120°C, 9 h
CO (1 atm) Ph Ph
1a 2a 68% 0%

3)

We used an in situ-prepared Ir—triphenylphosphine complex
(Table 1). Under an atmosphere of argon, enyne la was
consumed but bicyclic product 2a could not be detected
(entry 1). Under an atmosphere of carbon monoxide,
product 2a was obtained in moderate yield, but enyne la
was not completely consumed within 24 h (entry 2). When
the catalyst was prepared under CO, then the reaction was
done under Ar, the reaction proceeded more smoothly to
give cycloadduct 2a in higher yield. These results imply that
CO is important as a Tt-acceptor ligand of the catalyst.'?

We next examined cationic iridium complexes, which were
prepared from Vaska’s complex and silver salts (Table 2).

Table 1. The effect of atmosphere on the cycloisomerization of 1a
[IrCl(cod)], + 4PPhs
(10 mol%)

xylene, 120 °C

Entry Atmosphere Time (h) Yield (%)
1 Ar 3 —
2 CcO 24 41
3 CO then Ar 12 60

By addition of AgOTf to Vaska’s complex in 1,2-
dimethoxyethane (DME), the reaction proceeded at 60 °C
to give product 2a in very high yield (entry 1). Other
ethereal solvents of higher boiling points (1,4-dioxane and
dibutyl ether) accelerated the reaction but gave lower yields
(entries 2, 3). Halogenated solvents (1,2-dichloroethane and
chlorobenzene) also gave good results, but the yield did not
exceed that of DME (entries 4, 5). As a result of the
screening of the silver salts, the reaction proceeded more
efficiently when SbFg was used as a counter anion of the
catalyst (entries 1, 6, 7).

Various 1,6-enynes were submitted to the reaction using
cationic iridium catalysts, which were in situ prepared from
Vaska’s complex and AgOTf or AgSbF (Table 3). n-Butyl-
substituted enyne 1b was also transformed into the
corresponding cycloadduct 2b in refluxed DME (entry 1).
Various aryl groups could be tolerable as a substituent on
the alkene moiety of enynes (entries 2—4). Enyne 1f,
possessing methyl groups on its alkyne terminus and alkene,
were a good substrate, and bicyclic product 2f was obtained
in almost quantitative yield by the addition of AgSbFg
(entry 5). Oxygen-bridged enyne 1g was also completely
consumed under the same reaction conditions, but cyclo-
propane product 2g could only be obtained in low yield from
a complex mixture (entry 6). Nitrogen-bridged enyne 1h,
possessing a phenyl group on its alkyne terminus, and
carbon-bridged enyne 1i did not react even in refluxed
DME.

Table 2. Effect of solvents and counter anions of cationic iridium complex on the cycloisomerization of 1a
IrCI(CO)(PPhs), (20 mol%)

AgX (24 mol%)

2a
under Ar
Entry X Solvent Temperature (°C) Time (h) Yield (%)
1 OTf DME 60 24 94
2 OTf Dioxane 100 3 74
3 OTf Bu,O 120 1 41
4 OTf DCE 60 24 68
5 OTf PhCl 100 3 89
6 SbFe DME 60 2 84
7 BF, DME 60 24 72
Table 3. Cationic iridium complex-catalyzed cycloisomerization of various enynes
— IrCI(CO)(PPhj), (20 mol%)
Z/? AgX (24 mol%) 7 T\_R!
\—§ DME, 60 °C
R2
Z= NTs for Entries 1-5
1b-1g = O for Entry 6 2b-1g
Entry R! R? 1 AgOTf AgSbFg
Time (h) Yield (%) Time (h) Yield (%)
1* n-Bu Ph 1b 20 55 1 84
2 Me 4-CIPh 1c 24 71 L5 84
3 Me 4-MeOPh 1d 4 66 0.5 76
4 Me 2-Naphthyl le 8 60 0.5 72
5 Me Me 1f 2 80 1 98
6 Me Ph 1g 24 25 0.5 24

# In refluxed DME.
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As in the Pt(Il) salt-catalyzed reaction, the heteroatoms on
the tether of the enynes are crucial in an iridium complex-
catalyzed reaction. A mechanism via the carbene complex,
which is stabilized by donor heteroatoms, could be possible
(Scheme 1).'%¢

We further investigated an enantioselective version of the
present cycloisomerization for the synthesis of chiral

Ir*
H~
C 1,2-hydrogen
> =R’ migration
7 migrTon L 9y R
R2
[2+2]

R

Scheme 1. Proposed mechanism of cycloisomerization of heteroatom-
bridged enynes.
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cyclopropanes. As a result of a preliminary experiment
using an achiral bidentate ligand, 1,2-bis(diphenyl-
phosphino)benzene was found to be best. Unlike the
reaction using triphenylphosphine as a ligand, here a CO
atmosphere throughout the reaction gave a better yield than
an Ar atmosphere after comg)lexation under a CO
atmosphere (Eq. 4 and Table 1).'

[IrCl(cod)], (10 mol%)

PPh,
@ (20 mol%)
PPh,

1a 2a (4)
xylene, 120 °C
75% (CO atmosphere)
60% (CO then Ar atmosphere)
Actually, enantioselective cycloisomerization was

examined by cationic chiral iridium complexes, which
were prepared from [IrCl(cod)],, a chiral diphosphine and a
silver salt (Table 4). The reaction enantiomerically
proceeded by BINAP ligand to give chiral cycloadduct 2a
in moderate ee of 52% (entry 1). 5 A substituent of nitrogen
on the enyne apparently affects the enantioselectivity, and
higher ee was achieved by o-TsN-bridged enyne 1j, and
TolBINAP was a better chiral ligand than BINAP in each
case (entries 1-6). AgBF, gave almost the same results as
AgOTf (entry 7). It took a longer reaction time, however,

Table 4. Optimization of enantioselective cycloisomerization of enynes by a chiral cationic iridium complex
[IrCl(cod)], (10 mol%)
Ligand (20 mol%)

/T=Me  AgX (24 mol% =
ArSON  ph 9X (24 mol%) ASO,N  YMe
1,4-dioxane, reflux =
(CO 1 atm) Ph
1a (Ar= p-tolyl) 2a,j, k
1j (Ar= o-tolyl)
1k (Ar= mesityl)
Entry Ar X Ligand Time (h) Yield (%) ee (%)
1 p-Tolyl OTf BINAP 3 87 52
2 p-Tolyl OTf TolBINAP 2 92 66
3 o-Tolyl OTf BINAP 10 59 64
4 o-Tolyl OTf TolBINAP 2 79 75
5 Mesityl OTt BINAP 3 59 57
6 Mesityl OTf TolBINAP 2 70 64
7 o-Tolyl BF, TolBINAP 6 82 74
8 o-Tolyl SbF¢ TolBINAP 7 34 55
9* o-Tolyl OTf TolBINAP 4 71 73
10° o-Tolyl OTf TolBINAP 9 70 78
# [IrCl(cod)], (5 mol%), TolBINAP (10 mol%), AgOTf (12 mol%).
® [IrCl(cod)], (2 mol%), TolBINAP (4 mol%), AgOTf (5 mol%).
Table 5. Enantioselective cycloisomerization of nitrogen-bridged enynes by the chiral cationic iridium complex
[IrCl(cod)], (10 mol%)
ToIBINAP (20 mol%)
——Me
AgOTf (24 mol% =
oTsN R gOT (24 mol%) oTsN  x-Me
1,4-dioxane, reflux —
(CO 1 atm) R
1 2
Entry R 1 Time (h) Yield (%) ee (%)
1 4-CIPh 11 7 71 74
2 4-MeOPh Im 5 69 44
3 2-Naphthyl In 9 71 35
4* 2-Naphthyl le 3 57 64

# p-TsN-bridged enynes le was used.
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decrease of the amounts of catalyst could be possible
without loss of enantioselectivity (entries 9, 10).

Under the best reaction conditions (Table 4, entry 4), we
examined an enantioselective cycloisomerization of several
enynes (Table 5). Enyne 11, possessing 4-chlorophenyl on
the alkene, gave the same enantioselectivity as the phenyl
group, however, enyne 1m gave moderate ee (entries 1,2).
In the case of the naphthyl group, p-TsN-bridged enyne 1e
gave better ee than o-TsN-bridged enyne 1n (entries 3, 4).

3. Conclusion

In summary, we have developed a cationic iridium
complex-catalyzed cycloisomerization of nitrogen-bridged
1,6-enynes for the synthesis of a 3-azabicyclo[4.1.0]
heptenyl skeleton. Enantioselective transformation was
also realized by a cationic iridium—chiral phosphine
complex. The enynes are limited to nitrogen-bridged ones,
and the enantioselectivity is not sufficiently high, however,
the present results open a new protocol for an iridium
complex-catalyzed cycloisomerization and an enantio-
selective transformation.

4. Experimental
4.1. General

Optical rotation was measured using Jasco DIP-370
polarimeter. IR spectra were recorded with Horiba FT210
spectrophotometer. NMR spectra were measured with
JASCO DIP-1000 or Varian VXR-300S spectrometer
using tetramethylsilane as an internal standard and CDCl3
was used as solvent. Mass spectra were measured with
JEOL JMS-SX102A and elemental analyses with Perkin
Elmer PE2400I1. Dehydrated xylene, 1,2-dimethoxyethane,
and 1,4-dioxane are commercially available and they were
dried over molecular sieves 4 A and degassed by argon or
carbon monoxide bubbling before use. All reactions were
examined using an argon or CO balloon.

4.2. Typical experimental procedure for cyclo-
isomerization of enynes (Table 3)

Under an atmosphere of argon, IrCl(CO)(PPhj3), (15.6 mg,
0.02 mmol) and AgOTf (6.2 mg, 0.024 mmol) or AgSbFq
(8.2 mg, 0.024 mmol) was placed in a flask under an argon
atmosphere. 1,2-Dimethoxyethane (1.5 mL) was added,
then the resulting mixture was stirred at 60 °C for 0.5—
24 h. The solvent was removed under reduced pressure, and
the crude products were purified by thin-layer chromato-
graphy to give cycloadduct 2.

4.2.1. N-(2-Phenylprop-2-en-1-yl)-N-(p-tosyl)but-2-yn-1-
amine (la). White solid. Mp 120 °C; IR (CHCl3) 2932,
2304, 2222, 903, 756 cm” !, '"H NMR 6=1.51 (t, J=
2.4 Hz, 3H), 2.43 (s, 3H), 3.92 (d, J=2.4 Hz, 2H), 4.22 (s,
2H), 5.32 (s, 1H), 5.55 (s, 1H), 7.28-7.36 (m, SH), 7.49—
7.53 (m, 2H), 7.74 (d, J=8.4 Hz, 2H). '3*C NMR 6=3.3,
7.0, 21.6, 36.1, 50.5, 71.3, 81.9, 116.8, 126.3, 128.0, 128.3,
129.1, 135.6, 137.7, 141.4, 143.1. Anal. Calcd for

CaoH» NO,S; C, 70.77; H, 6.24; N, 4.13. Found: C, 70.70;
H, 6.34; N, 4.16.

4.2.2. N-(2-Phenylprop-2-en-1-yl)-N-(p-tosyl)hept-2-yn-
1-amine (1b). Pale yellow oil; IR (neat) 2932, 2322, 901,
756 cm ™~ '; "H NMR 6=0.82-0.86 (m, 3H), 1.18-1.25 (m,
4H), 1.85-1.89 (m, 2H), 2.43 (s, 3H), 3.96 (s, 2H), 4.23 (s,
2H), 5.32 (s, 1H), 5.55 (s, 1H), 7.24-7.37 (m, 5H), 7.51—
7.54 (m, 2H), 7.74 (d, J=7.5 Hz, 2H). '>°C NMR 6=13.6,
18.2, 21.6, 21.9, 30.5, 36.2, 49.9, 72.0, 86.6, 116.8, 126.3,
127.9, 128.0, 128.3, 129.2, 135.7, 137.7, 1414, 143.1;
HRMS for M+1 found m/e 382.1839, calcd for
C23H28NOZS: 382.1841.

4.2.3. N-[2-(4-Chlorophenyl)prop-2-en-1-yl]-N-(p-tosyl)
but-2-yn-1-amine (1c). White solid. Mp 108-109 °C; IR
(CHCI3) 2922, 2302, 2224, 901, 762 cm ™ '; '"H NMR o=
1.50 (t, J=2.4 Hz, 3H), 2.44 (s, 3H), 3.89 (q, J=2.4 Hz,
2H), 4.18 (s, 2H), 5.32 (s, 1H), 5.54 (s, 1H), 7.28-7.31 (m,
4H), 7.43-7.48 (m, 2H), 7.71-7.76 (m, 2H). '>*C NMR 6=
3.3,21.6, 36.1, 50.0, 71.0, 82.0, 117.4, 127.6, 127.9, 128 4,
129.1, 133.8, 135.4, 136.0, 140.3, 143.3. Anal. Calcd for
CaoHo0CINO,S; C, 64.25; H, 5.39; N, 3.75. Found: C,
64.29; H, 5.35; N, 3.66.

4.2.4. N-[2-(4-Methoxyphenyl)prop-2-en-1-yl]-N-(p-
tosyl)but-2-yn-1-amine (1d). White solid. Mp 91-92 °C;
IR (CHCl5) 2922, 903, 758 cm™ ' 'THNMR 6=1.49 t,J=
2.3 Hz, 3H), 2.43 (s, 3H), 3.80 (s, 3H), 3.90 (q, J=2.3 Hz,
2H), 4.18 (s, 2H), 5.21 (s, 1H), 5.47 (s, 1H), 6.85-6.88 (m,
2H), 7.28-7.31 (m, 2H), 7.47-7.50 (m, 2H), 7.73-7.76 (m,
2H). '*C NMR 6=3.3, 21.6, 36.0, 50.1, 55.3, 71.2, 81.8,
113.6, 115.2, 127.5, 128.0, 129.0, 130.0, 135.6, 140.5,
143.1, 159.3. Anal. Calcd for C,;H,3NO5S; C, 68.27; H,
6.27; N, 3.79. Found: C, 67.92; H, 6.24; N, 3.60; HRMS for
M+1 found m/e 370.1489, calcd for C,;H,4NO;S:
370.14717.

4.2.5. N-[2-(2-Naphthyl)prop-2-en-1-yl]-N-(p-tosyl)but-
2-yn-1-amine (1le). White solid. Mp 124-125°C; IR
(CHCI3) 3024, 903, 756 cm™'; "H NMR 6=1.53 (t, J=
2.4 Hz, 3H), 2.43 (s, 3H), 3.95 (q, /=2.4 Hz, 2H), 4.33 (s,
2H), 5.42 (s, 1H), 5.69 (s, 1H), 7.26-7.99 (m, 11H). °C
NMR 6=3.4, 21.6, 36.2, 50.1, 71.4, 819, 99.9, 117.3,
124.3, 125.5, 126.1, 127.4, 127.8, 128.0, 128.4, 129.1,
132.9, 133.2, 134.9, 135.7, 141.3, 143.1; HRMS for M+1
found m/e 390.1530, calcd for C,4H,4NO,S: 390.1528.

4.2.6. N-(2-Methylprop-2-en-1-yl)-N-(p-tosyl)but-2-yn-1-
amine (1f). White solid. Mp 40-41 °C; IR (CHCl;) 2932,
2308, 1342, 1334, 1160, 917 cm™'; '"H NMR 6=1.50 (t,
J=2.4Hz, 3H), 1.76 (s, 3H), 2.42 (s, 3H), 3.69 (s, 2H), 3.97
(q, J=2.4 Hz, 2H), 4.94 (s, 1H), 4.95 (s, 1H), 7.28 (dd, J=
0.6, 8.7 Hz, 2H), 7.72-7.75 (m, 2H). '*C NMR 6=3.3, 19.8,
21.6, 36.1, 52.4, 71.5, 81.5, 115.0, 127.8, 129.0, 136.1,
139.4, 143.0. Anal. Caled for C;sH;oNO,S; C, 64.95; H,
6.90; N, 5.05. Found: C, 65.18; H, 7.09; N, 5.07.

4.2.7. But-2-yn-1-yl 2-phenylprop-2-en-1-yl ether (lg).
Colorless oil; IR (neat) 3022, 2402, 1216, 756 cm” b H
NMR 6=1.87 (t, J=2.4 Hz, 3H), 4.15 (q, J=2.4 Hz, 2H),
4.45 (s, 2H), 5.36 (s, 1H), 5.55 (s, 1H), 7.24-7.49 (m, 5H).
BCNMR 6=3.8,57.6,71.2,75.0, 82.6,114.9, 125.9, 127.7,
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128.2, 138.5, 143.5; HRMS for M+ 1 found m/e 187.1121,
calcd for C3H;50: 187.1123.

4.2.8. 6-Methyl-1-phenyl-3-(p-tosyl)-3-azabicyclo[4.1.0]
hept-4-ene (2a). White solid. Mp 120-121°C; IR
(CHCls) 3026, 1647, 1166, 762 cm™'; '"H NMR 6=0.85
(s, 3H), 0.96 (dd, J=1.2, 4.7 Hz, 1H), 1.20 (d, J=4.7 Hz,
1H), 2.43 (s, 3H), 2.97 (d, J=11.5Hz, 1H), 3.96 (d, J=
11.5 Hz, 1H), 5.35 (d, J=8.1 Hz, 1H), 6.36 (dd, J=1.2,
8.1 Hz, 1H), 7.18-7.31 (m, 7H), 7.63 (d, J=8.1 Hz, 2H).
BCNMR 6=19.2,21.2,22.0,24.5,40.0,48.4, 118.2, 121.1,
127.3,127.4, 128.7, 130.0, 135.1, 139.1, 143.9. Anal. Calcd
for C,oH, NO,S; C, 70.77; H, 6.24; N, 4.13. Found: C,
70.57; H, 6.41; N, 4.01.

4.2.9. 6-Butyl-1-phenyl-3-(p-tosyl)-3-azabicyclo[4.1.0]
hept-4-ene (2b). Pale yellow oil; IR (neat) 2932, 1216,
977, 756 cm ™~ '; 'H NMR 6=0.60-0.67 (m, 1H), 0.75 (t,
J=7.2 Hz, 3H), 0.99-1.37 (m, 7H), 2.43 (s, 3H), 3.02 (d,
J=11.3Hz, 1H), 3.92 (d, J=11.3 Hz, 1H), 545 (d, J=
8.1 Hz, 1H), 6.39 (d, /J=8.1 Hz, 1H), 7.19-7.26 (m, 5H),
7.30 (d, J=8.7 Hz, 2H), 7.63 (d, J=8.4 Hz, 2H). >°C NMR
0=14.1,21.7,22.6,22.8,23.7,29.1, 33.7,40.4, 48.3, 116.0,
121.1, 127.0, 127.1, 128.3, 129.6, 129.7, 134.9, 138.8,
143.6; HRMS for M found m/e 381.1753, calcd for
C23H27N0282 381.1762.

4.2.10. 1-(4-Chlorophenyl)-6-methyl-3-(p-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2¢). White solid. Mp 42-43 °C;
IR (CHCl5) 3030, 2930, 1644, 1164, 752 cm™'; '"H NMR
0=0.77 (s, 3H), 0.86 (dd, J=1.1,4.5 Hz, 1H), 1.14 (d, J=
4.5 Hz, 1H), 2.36 (s, 3H), 2.85 (d, J=11.3 Hz, 1H), 3.85 (d,
J=11.3 Hz, 1H), 5.26 (d, J=7.8 Hz, 1H), 6.29 (dd, J=1.1,
7.8 Hz, 1H), 7.05-7.25 (m, 6H), 7.55 (d, J=8.4 Hz, 2H).
3C NMR 6=19.0,20.9, 21.7,24.2, 39.0, 48.0, 117.6, 121.0,
126.9, 128.6, 129.7, 131.0, 132.9, 134.7, 137.4, 143.7;
HRMS for M found m/e 373.0928, calcd for C,,H,oCINO,S:
373.0903.

4.2.11. 1-(4-Methoxyphenyl)-6-methyl-3-(p-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2d). White solid. Mp 39-40 °C;
IR (CHCls) 3030, 2956, 1164, 756 cm ™~ '; "TH NMR 6=0.85
(s, 3H), 091 (d, J=4.5Hz, 1H), 1.18 (d, J=4.5 Hz, 1H),
2.42 (s,3H),2.92 (d, J=11.7 Hz, 1H), 3.78 (s, 3H), 3.93 (d,
J=11.7Hz, 1H), 5.33 (d, J=8.1 Hz, 1H), 6.34 (d, J=
8.1 Hz, 1H), 6.80-6.83 (m, 2H), 7.10-7.13 (m, 2H), 7.30 (d,
J=7.8 Hz, 2H), 7.63 (d, J=8.1 Hz, 2H). >*C NMR 6=18.9,
20.9,21.6,24.3,39.0, 48.1, 55.3, 113.8, 118.0, 120.6, 126.9,
129.7, 130.7, 130.9, 134.8, 143.5, 158.5; HRMS for M+ 1
found m/e 370.1465, calcd for C,;H,4uNO3S: 370.1477.

4.2.12. 6-Methyl-1-(2-naphthyl)-3-(p-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2e). Colorless oil; IR (neat)
3022, 1216, 756 cm™'; 'H NMR 6=0.89 (s, 3H), 1.11
(dd, J=1.1, 4.7 Hz, 1H), 1.30 (d, J=4.7 Hz, 1H), 2.43 (s,
3H), 3.08 (d, J=11.4 Hz, 1H), 4.00 (d, /J=11.4 Hz, 1H),
5.39 (d, J=8.1Hz, 1H), 6.41 (dd, J=1.1, 8.1 Hz, 1H),
7.29-7.78 (m, 11H). '>*C NMR 6=19.1, 20.9, 21.7, 24.4,
39.8, 48.0, 117.8, 120.8, 125.8, 126.1, 127.0, 127.5, 127.6,
128.0, 128.5, 129.7, 132.4, 133.3, 134.7, 136.4, 143.6;
HRMS for M+1 found m/e 390.1533, calcd for
C24H24NOQSZ 390.1528.

4.2.13. 1,6-Dimethyl-3-(p-tosyl)-3-azabicyclo[4.1.0]hept-
4-ene (2f). Spectral data were accorded with those in
literature. "

4.2.14. 6-Methyl-1-phenyl-3-oxabicyclo[4.1.0]hept-4-ene
(2g). Colorless oil; IR (neat) 3012, 1647, 936,756 cm~'; 'H
NMR 6=0.90 (s, 3H), 1.10 (d, J=4.5 Hz, 1H), 1.48 (d,
J=4.5Hz, 1H), 3.79 (d, J=10.2 Hz, 1H), 4.07 (d, J=
10.2 Hz, 1H), 5.21 (d, J=5.7 Hz, 1H), 6.20 (d, J=5.7 Hz,
1H), 7.22-7.32 (m, 5H). '*C NMR 6=18.0, 20.8, 24.0,
38.2, 68.6, 112.5, 126.8, 128.3, 129.8, 138.5, 141.0; HRMS
for M+1 found m/e 187.1159, calcd for C;3H;50:
187.1123.

4.3. Typical experimental procedure for enantioselective
cycloisomerization of enynes (Table 5)

Under an atmosphere of carbon monoxide, TolBINAP
(13.6 mg, 0.02 mmol) and [Ir(cod)Cl], (6.7 mg, 0.01mmol)
were stirred in 1,4-dioxane (0.5 mL) at room temperature.
After the addition of a 1,4-dioxane solution (1.0 mL) of
enyne 1 (0.10 mmol) and AgOTf (6.2 mg, 0.024 mmol), the
reaction mixture was stirred under reflux for 2—7 h. The
solvent was removed under reduced pressure, and the crude
products were purified by thin-layer chromatography to give
chiral cycloadduct 2. Enantiomeric excess was determined
by HPLC analysis using a chiral column.

4.3.1. N-(2-Phenylprop-2-en-1-yl)-N-(o-tosyl)but-2-yn-1-
amine (1j). White solid. Mp 101-102 °C; IR (CHCl5) 3202,
756 cm” ' '"H NMR 6=1.72 (t, J=2.4 Hz, 3H), 2.37 (s,
3H), 3.94 (q, J=2.4 Hz, 2H), 4.28 (s, 2H), 5.36 (d, J=
0.9 Hz, 1H), 5.47 (d, J=0.9 Hz, 1H), 7.14-7.25 (m, 6H),
7.29-7.34 (m, 1H), 7.45 (dt, Jy=1.2 Hz, J,=7.5 Hz, 1H),
7.98 (dd, J=1.4, 8.0 Hz, 1H). °C NMR 6=3.6, 20.4, 35.4,
50.0, 72.2, 81.5, 117.3, 125.8, 126.1, 127.8, 128.2, 130.1,
132.5, 132.6, 137.0, 138.0, 138.4, 142.0. Anal. Calcd for
C,oH, 1 NOSS; C, 70.77; H, 6.24; N, 4.13. Found: C, 70.74,
H, 6.25; N, 4.07.

4.3.2. N-Mesityl-N-(2-phenylprop-2-en-1-yl)but-2-yn-1-
amine (1k). White solid. Mp 118-119 °C; IR (CHCls)
2922, 2302, 2222, 754,665 cm ™ '; 'THNMR 6=1.82 (t, J=
2.4 Hz, 3H), 2.32 (s, 3H), 2.42 (s, 6H), 3.89 (q, /=2.4 Hz,
2H), 4.19 (s, 2H), 5.38 (s, 1H), 5.43 (s, 1H), 6.88-6.96 (m,
4H), 7.06-7.13 (m, 2H), 7.17-7.23 (m, 1H). ">C NMR 6=
3.7, 21.1, 22.8, 34.7, 49.7, 72.8, 81.1, 117.8, 126.0, 127.6,
128.0, 131.8, 132.1, 138.1, 140.6, 142.2, 142.4. Anal. Calcd
for C5,H,5sNO,S; C, 71.90; H, 6.86; N, 3.81. Found: C,
71.94; H, 6.80; N, 3.74.

4.3.3. N-[2-(4-Chlorophenyl)prop-2-en-1-yl]-N-(o-tosyl)
but-2-yn-1-amine (11). White solid. Mp 67-69 °C; IR
(CHCl5) 2924, 2304, 2226, 1328, 903, 748 cm ~'; "H NMR
0=1.69 (t, /=2.4 Hz, 3H), 2.41 (s, 3H), 3.92 (q, /J=2.4 Hz,
2H), 4.25 (s, 2H), 5.37 (s, 1H), 5.46 (s, 1H), 7.10-7.24 (m,
5H), 7.31 (m, 1H), 7.45 (dt, J4=1.5 Hz, J;=7.5 Hz, 1H),
7.96 (dd, J=1.5, 8.0 Hz, 1H). *C NMR 6=3.9, 20.9, 35.8,
50.3, 72.2, 82.0, 118.3, 126.2, 127.8, 128.6, 130.4, 132.8,
133.0, 134.0, 136.7, 137.2, 138.5, 141.2. Anal. Calcd for
CyoH,oCINO,S; C, 64.25; H, 5.39; N, 3.75. Found: C,
64.12; H, 5.55; N, 3.76.
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4.3.4. N-[2-(4-Methoxyphenyl)prop-2-en-1-yl]-N-(o-
tosyl)but-2-yn-1-amine (Im). Colorless oil; IR (neat)
2922, 2260, 2226, 1325, 909, 758 cm ™~ '; '"H NMR 6=
1.69 (t, J=2.4 Hz, 3H), 2.42 (s, 3H), 3.79 (s, 3H), 3.93 (q,
J=2.4Hz, 2H), 4.25 (s, 2H), 5.26 (d, J=0.9 Hz, 1H), 5.40
(d, J=0.9 Hz, 1H), 6.71-7.17 (m, 4H), 7.22-7.34 (m, 2H),
7.44 (dt, Jg4=1.5Hz, J;=7.5Hz, 1H), 7.97 (dd, J=1.5,
8.0 Hz, 1H). '3C NMR 6=3.5, 20.6, 35.3, 50.1, 55.3, 72.1,
80.5, 81.4, 113.5, 115.8, 125.8, 127.3, 130.1, 130.3, 132.4,
132.6, 138.3, 141.1, 159.2; HRMS for M+1 found m/e
370.1482, calced for C,H,4NO5S: 370.1477.

4.3.5. N-[2-(2-Naphthyl)prop-2-en-1-yl]-N-(o-tosyl)but-
2-yn-1-amine (In). Colorless oil; IR (neat) 2922, 2300,
2226, 1328, 897, 756cm ™ '; '"H NMR 6=1.72 (t, J=
2.4 Hz, 3H), 2.32 (s, 3H), 3.97 (q, J=2.4 Hz, 2H), 4.39 (s,
2H), 5.46 (s, 1H), 5.61 (s, 1H), 7.09-7.79 (m, 10H), 8.00
(dd, J=1.5,8.1 Hz, 1H). >*C NMR 6=3.6, 20.4, 35.4, 50.1,
72.2,81.5, 117.9, 124.2, 125.1, 125.8, 126.0, 127.3, 127.8,
128.2, 130.1, 132.5, 132.6, 132.8, 132.9, 135.3, 136.9,
138.2, 141.8; HRMS for M+ 1 found m/e 390.1539, calcd
for C24H24N0281 390.1528.

4.3.6. 6-Methyl-1-phenyl-3-(p-tosyl)-3-azabicyclo[4.1.0]
hept-4-ene (2a). [a]p' —72.54 (¢ 0.85, CHCl;, 52% ee).
Enantiomeric excess was determined by HPLC analysis
using Daicel Chiralcel AS-H: (eluent: 5% 2-propanol in
hexane, flow rate: 1.0 mL/min, retention time: 19 min for
major isomer and 22 min for minor isomer).

4.3.7. 6-Methyl-1-phenyl-3-(o-tosyl)-3-azabicyclo[4.1.0]
hept-4-ene (2j). White solid. M]p 156-157 °C; IR (CHCl3)
3028, 1649, 1162, 762 cm™'; "TH NMR 6=0.88 (s, 3H),
1.02 (d, J=4.5 Hz, 1H), 1.19 (d, J=4.5 Hz, 1H), 2.60 (s,
3H), 3.18 (d, J=12.2 Hz, 1H), 3.80 (d, J=12.2 Hz, 1H),
5.39 (d, J=7.8 Hz, 1H), 6.46 (d, J=7.8 Hz, 1H), 7.19-7.47
(m, 8H), 7.87 (d, J=8.1 Hz, 1H). ’C NMR 6=19.1, 20.9,
21.0, 24.5, 40.0, 47.8, 117.4, 120.7, 126.2, 127.1, 128.4,
129.6, 129.9, 132.7, 132.9, 136.5, 137.4, 138.7; HRMS for
M+1 found m/e 340.1347, calcd for C,3H»,NO,S:
340.1371. [a]ly —206.16 (¢ 1.42, CHCl;, 75% ee).
Enantiomeric excess was determined by HPLC analysis
using Daicel Chiralcel AS-H: (eluent: 10% 2-propanol in
hexane, flow rate: 1.0 mL/min, retention time: 7 min for
major isomer and 9 min for minor isomer).

4.3.8. 3-Mesityl-6-methyl-1-phenyl-3-azabicyclo[4.1.0]
hept-4-ene (2k). Pale yellow oil; IR (neat) 2928, 1160,
758 cm™'; '"H NMR 6=0.88 (s, 3H), 1.05 (d, J=4.6 Hz,
1H), 1.27 (d, J=4.6 Hz, 1H), 2.30 (s, 3H), 2.57 (s, 6H), 3.19
(d, J=11.7 Hz, 1H), 3.62 (d, J=11.7 Hz, 1H), 5.36 (d, /=
7.8 Hz, 1H), 6.44 (d, J=7.8 Hz, 1H), 6.94 (s, 2H), 7.21-
7.32 (m, 5H). *C NMR 6=19.3, 21.0, 23.1, 24.6, 39.8,
473, 116.5, 120.5, 127.0, 128.1, 128.4, 129.6, 131.9, 132.0,
138.9, 139.9, 142.6; HRMS for M+ 1 found m/e 368.1661,
caled for CpHoNO,S: 368.1684. [a]d —64.73 (¢ 0.23,
CHCl3, 57% ee). Enantiomeric excess was determined by
HPLC analysis using Daicel Chiralcel AS-H: (eluent: 10%
2-propanol in hexane, flow rate: 1.0 mL/min, retention time:
5 min for major isomer and 6 min for minor isomer).

4.3.9. 1-(4-Chlorophenyl)-6-methyl-3-(o-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (21). Colorless oil; IR (neat)

3030, 2930, 1352, 1166, 750 cm ™ '; 'H NMR 6=0.88 (s,
3H), 0.98 (d, J=4.8 Hz, 1H), 1.20 (d, /=4.8 Hz, 1H), 2.60
(s,3H), 3.13 (d, J=11.7 Hz, 1H), 3.78 (d, J=11.7 Hz, 1H),
5.37 (d, J=17.8 Hz, 1H), 6.46 (d, /="7.8 Hz, 1H), 7.13-7.49
(m, 7H), 7.88 (d, J=8.1 Hz, 1H). '*C NMR 6=19.0, 20.7,
20.8, 24.5, 39.2, 47.6, 117.1, 120.9, 126.3, 128.7, 129.9,
131.1, 131.3, 132.8, 133.1, 136.5, 137.3, 137.5; HRMS for
M found m/e 373.0913, caled for C,oH,CINO,S: 373.0903.
[a]®X—103.89 (¢ 0.36, CHCl3, 74% ee). Enantiomeric
excess was determined by HPLC analysis using Daicel
Chiralcel AS-H: (eluent: 10% 2-propanol in hexane, flow
rate: 1.0 mL/min, retention time: 8 min for major isomer
and 14 min for minor isomer).

4.3.10. 1-(4-Methoxyphenyl)-6-methyl-3-(o-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2m). White solid. Mp 41-42 °C;
IR (neat) 2924, 1518, 1164, 756 cm ™ '; "H NMR 6=0.88 (s,
3H), 0.96 (dd, J=1.1, 4.5 Hz, 1H), 1.16 (d, J=4.5 Hz, 1H),
2.60 (s, 3H), 3.12 (d, J=11.7 Hz, 1H), 3.77 (d, J=11.7 Hz,
1H), 3.77 (s, 3H), 5.37 (d, J=8.1 Hz, 1H), 6.43 (dd, J=1.1,
8.1 Hz, 1H), 6.80-7.47 (m, 7H), 7.87 (d, J=8.1 Hz, 1H).
3C NMR 6=19.1, 20.8, 20.9, 24.6, 39.4, 47.8, 55.3, 113.8,
117.5, 120.5, 126.2, 129.9, 130.7, 130.8, 132.7, 132.8,
136.5, 137.4, 158.5; HRMS for M found m/e 369.1406,
caled for C,Hy3NO5S: 369.1399. [a] —85.59 (¢ 0.21,
CHCl3, 44% ee). Enantiomeric excess was determined by
HPLC analysis using Daicel Chiralcel AD: (eluent: 10%
2-propanol in hexane, flow rate: 1.0 mL/min, retention time:
9 min for major isomer and 8 min for minor isomer).

4.3.11. 6-Methyl-1-(2-naphthyl)-3-(o-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2n). White solid. Mp 45-46 °C;
IR (CHCls) 3024, 2930, 1642, 1342, 1164, 754cm™'; 'H
NMR 6=0.91 (s, 3H), 1.16 (dd, J=1.2, 4.8 Hz, 1H), 1.28
(d, J=4.8 Hz, 1H), 2.62 (s, 3H), 3.28 (d, J=12.0 Hz, 1H),
3.84 (d, J=12.0 Hz, 1H), 5.42 (d, J="7.8 Hz, 1H) 6.50 (dd,
J=1.2, 8.1 Hz, 1H), 7.26-7.80 (m, 10H), 7.88 (d, J=
7.8 Hz, 1H). >*C NMR 6=19.3, 20.9, 20.9, 24.7, 40.0, 47.7,
50.7,117.2,120.7, 125.8, 126.1, 126.2, 127.5, 127.6, 128.0,
128.5, 129.9, 132.4, 132.7, 1329, 133.3, 136.3, 137.4;
HRMS for M found m/e 389.1462, calcd for C,4H,3NO,S:
389.1449. [a]p —147.54 (¢ 1.04, CHCl3, 35% ee).
Enantiomeric excess was determined by HPLC analysis
using Daicel Chiralcel AS: (eluent: 10% 2-propanol in
hexane, flow rate: 1.0 mL/min, retention time: 11 min for
major isomer and 14 min for minor isomer).

4.3.12. 6-Methyl-1-(2-naphthyl)-3-(p-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2e). [a]i’—94.65 (¢ 0.53,
CHCl;, 64% ee). Enantiomeric excess was determined by
HPLC analysis using Daicel Chiralcel AD-H: (eluent: 10%
2-propanol in hexane, flow rate: 1.0 mL/min, retention time:
23 min for major isomer and 15 min for minor isomer).
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Abstract—Chelating diiminophosphorane and tripodal iminophosphorane copper and palladium complexes are found to efficiently catalyze
the cyclopropanation of activated monosubstituted olefins with ethyl diazoacetate. Cycloolefins, and linear o-olefins are somewhat less
reactive. The diastereoselectivities of the reactions are moderate and no major differences were seen when comparing the bidentate chelating

ligand to the tripodal ligands.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Organic chemists have always been fascinated by cyclo-
propanes because the smallest cycloalkane is present as a
basic structural element in a great variety of natural and
synthetic components of notable interest.'* Cyclopropanes,
besides their utility as such, can also be used as synthons in
the molecular construction. They are versatile intermediates
and can be converted into a variety of useful products by
cleavage of the strained three-membered ring. This has led
to the development of many methods for cyclopropanation
reactions, including the Simmons—Smith reaction®* and the
now quite popular transition metal-catalyzed reactions of
diazo compounds with olefins (Scheme 1.2

Control of the stereochemistry of this reaction is an
important objective in organic synthesis and to date, the
need for cheap, readily available, and highly diastereo-
selective cyclopropanation catalysts remains, however,
largely unmet and the trans to cis (or syn to anti) selectivities
remain usually modest with most Cu-based catalysts. This
results from the fact that the stereocontrol of the
intermolecular cyclopropanation reaction is most often
controlled by the particular olefin-diazocompound combi-

— M]
R/~ +  N,CHCO,ET
_N2

Scheme 1.

nation, more bulky ester groups favoring the formation of
the trans product. Recent developments have highlighted the
use of nitrogen ligands in homogeneous catalysis, including
enantioselective cyclopropanation catalyzed by transition
metals.®” This resulted in the emergence of copper
complexes containing a large variety of ligands® that
include inter alia Schiff baxses,g’10 oxazolines,“’12 semi-
corrin,"® and tris(pyrazolyl)'*'> ligands for the cyclo-
propanation reaction.

The present article reports the first results of a work aimed at
assessing the potential utility of a series of transition metal
complexes based on chelating diiminophosphorane ligands
and on triiminophosphorane ligands (their tripodal
analogues) as catalysts for the cyclopropanation of olefins
with ethyl diazoacetate (EDA) as the carbene source
(Scheme 1). Iminophosphoranes are predominantly two
electron o-donors with only minor Tt-acceptor properties.
They feature a short P-N bond and act as neutral
monodentate ligands via the lone pair at the nitrogen centre.
Further, iminophosphoranes where the carbon backbone
bridges the two or three nitrogen atoms (such as those
reported in this study) are expected to be sterically
demanding ligands since their bulky phosphino substituents

R _COEt R__H
V< Hooow v<002Et

cis (endo) trans (exo)

Keywords: Cyclopropanation; Alkenes; Diazoester; Iminophosphorane; Tripodal ligand.
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are close to the metal centre. The triiminophosphorane
ligands utilized in this work constitute a new family of
tripodal ligands, the synthesis of which will be reported
elsewhere (Scheme 2).26

N:PR3 ﬁ\\
’/N N
: :NPR3 RsP™

Scheme 2.

The iminophosphorane ligand being quite flexible, the
symmetry induced by the ligand seems to strongly depend
on the coordination sphere of the metal.'"® The diimino-
phosphorane ligands formally form 16 electron complexes
with Cu(I)- and Pd(II) whereas tripodal iminophosphoranes
are expected to form 18 electron complexes provided
ligation to all three nitrogen atoms takes place. Because
these ligands can act in different coordination modes, the
different occupancy of the metal coordination sphere might
thus, bring about different geometry and have an influence
on the catalytic behavior of the metal complexes. Indeed, if
complexes of four-coordinate copper are most often
tetrahedral, they can also be square-planar whereas six-
coordinate copper complexes are octahedrally disposed.
The coordination chemistry of iminophosphoranes and of
imino-aza-P(V) ligands has recently been reviewed.'” To
date, however, there is only one report in the literature on
the use of diiminophosphorane ligands in olefin
cyclopropanation.'®

2. Results and discussion
2.1. Diiminophosphorane complexes of Cu and Pd
The diiminophosphorane ligands 1-4 were prepared as

previously reported by reacting a dibromotriaryl-
phosphorane (ArsPBr,, prepared in situ) with o-phenylene-

Table 1. Styrene cyclopropanation with Ph(N=PR3),—Cu and Pd catalysts

diamine in the presence of triethylamine.'® The correspond-
ing air stable metallic complexes 5-8 were formed by
reacting the four different ligands 1-4 with the appropriate
metallic salt, respectively, CuOTf, Cu(OTf), (OTf=
trifluoromethanesulfonate anion) or PdCl, in dichloro-
methane (Scheme 3).

2~ N=PR; [Cu] Nj—PR3
\ — > CE [Cu]
Z N=PRs CH,Cly, r.t. N-PR,
1 (R = phenyl) 5 (R = phenyl)
2 (R = cyclopentyl) 6 (R = cyclopentyl)
3 (R = cyclohexyl) 7 (R = cyclohexyl)
4 (R = diphenylcyclohexyl) 8 (R = diphenylcyclohexyl)

Scheme 3.

Screening cyclopropanation experiments with the
complexes were performed under typical reaction con-
ditions as already reported,'® using a syringe pump for
diazoester addition (EDA) and with styrene or cyclooctene
as model substrates for activated and non-activated olefins,
respectively. In order to minimize carbene coupling, a large
excess of styrene has been used; the molar ratio
Cu:EDA:styrene being 1:100:1000 and its addition occurs
very slowly by means of a drip. The tests have been realized
at two different temperatures, 60 °C and rt and the reaction
products (cis and trans cyclopropanes, diethyl maleate, and
fumarate) identified by comparison with authentic samples
and quantified by VPC. Table 1 summarizes the results
obtained with styrene.

It follows that, as usual, various parameters that include the
catalyst structure, the substrate and the reaction temperature
affect to some extent the rates and the yields of the reactions,
as well as their diastereoselectivities (cis/trans or exo/endo
ratio).

As a rule, the cyclopropanation reactions take place with

T (°C) Ligand PR5" Metal Cyclopropanationb Dimerisation
Yield (%) cis/trans Yield (%) Maleate/fumarate

60 °C PCp; Cu(Il) 99 0.65 0.5 0.94
Cu(l) 95 0.63 5 1.49

Pd(IT) 93 0.50 7 0.15

Ph,Cy Cu(Il) 95 0.61 5 1.30

Cu(l) 98 0.66 2 1.22

PPh; Cu(Il) 96 0.54 4 0.72

Cu(l) 99 0.45 0.5 0.27

Pd(IT) 98 0.55 2 0.45

PCy; Cu(Il) 98 0.70 2 0.63

Cu(l) 87 0.73 12 0.71

rt’ PCp; Cu(Il) 79 0.92 18 1.01
Pd(1I) 82 0.46 18 0.13

Ph,Cy Cu(II) 90 0.31 7 1.29

PPh; Cu(Il) 89 0.42 9 3.89

Pd(1I) 74 0.62 25 0.67

PCy; Cu(II) 90 0.62 8 1.07

Cu(l) 88 0.85 12 1.72

# Abbreviations: Cp, cyclopentyl; Cy, cyclohexyl.

b Experimental conditions: Cu complex, 0.01 mmol; styrene, 2 mL; ethyl diazoacetate (EDA), 1 mmol diluted by the olefin up to 1 mL; addition time, 3 h.

Yields based on EDA.
€ rt, room temperature.
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high yields (>95%) at 60 °C, whatever the initial oxidation
state of copper. There is a general agreement that EDA
reduces Cu(Il) to Cu(I) species and that in both cases, the
active form of copper is the + 1 oxidation state.®*'* Only a
small amount of carbene dimers (ethyl maleate and ethyl
fumarate) is formed as by-products. On the whole, the
alteration of the phosphine part of the ligand does not much
influence the cyclopropanation yields, although it does
affect the diastereoselectivity of the reaction. This is mostly
noticeable with the copper(I) catalysts for which the ratio
cis/trans varies from 0.45 to 0.73 at 60 °C (i.e., about a 30—
40% fraction of cis isomers), depending on the selected
phosphine. Such values come within the range of results
obtained with the vast majority of Cu-based catalysts
reported up to now.” Even if the stereoselectivity of the
cycloaddition remains modest, there seems to exist a direct
relationship between the steric bulk of the phosphine and the
relative amount of cis cyclopropane synthesized, which
increases following the series PPh; <PPh,Cy=PCp;<
PCy;. No such trend is seen for carbene dimers.

The reactions also take place at rt with the copper and
palladium complexes though the reaction time for diazo-
ester decomposition needs then to be lengthened, and it
takes around 20 h for the reaction to be complete instead of
3 hat 60 °C. The yields remain very good, although slightly
lower than those obtained at higher temperature.

The same copper- and palladium-based catalysts have been
applied to the cyclopropanation of cyclooctene, a non
activated olefin (Scheme 4). The results of the cyclopropa-
nation reactions at two different temperatures are reported in
Table 2.

N,CHCO,Et
[M]

endo exo

Scheme 4.

At 60 °C, good cyclopropanation yields are obtained with

duration of the reaction time needs again to be considerably
increased. The cyclopropanation yields fall from 90% for a
reaction performed at 60 °C to 60% at rt with the less
efficient Cu-based system. The simultaneous increase of
maleate and fumarate formation that is observed is
concomitant with a fall of the cyclopropanation yields.
Moreover, the issue of the cyclopropanation reaction in term
of selectivity is similar to that obtained at higher
temperature.

It appears from these preliminary results that the structural
features of the ligand used in the cyclooctene or styrene
cyclopropanation reactions do not modify the outcome of
the reactions to a large extent, neither in terms of
stereoselectivity nor of yield. On the other hand, replacing
copper for palladium, mostly brings about some modifi-
cation of the ratio of the isomers formed. In this context, the
diiminophosphoranes complexes of palladium even if they
are slightly more selective than the corresponding copper
triflate based complexes, are also slightly less efficient
cyclopropanation catalysts, especially with cyclooctene.

2.2. Triiminophosphorane complexes of Cu and Pd

Recent advances in olefin cyclopropanation catalyzed by
metal complexes have highlighted the interest of tridentate
ligands for obtaining highly active and selective catalysts. It
is the case namely for complexes based on pyridine-
bisoxazoline (pybox) and on homoscorpionate ligands
(pyrazolylborates, Tp, see Scheme 5), some of which are
capable of inducing large enantiomeric excesses in the
conversion of alkenes into cyclopropanes while also
favoring cis-isomer formation.'>?%?! The necessity of
being able to promote reactions of highly enantioselective
and cis-selective cyclopropanation is illustrated inter alia by
the recent synthesis of a powerful inhibitor of the inverse
transcriptase (HIV-1 ).22

H- R

N PR
R';P 3

both metal complexes, though slightly inferior to those )
observed with styrene. With both metals, the exo- With R = methyl, phenyl
cyclopropane is preferentially formed, especially with and R'= cyclopentyl, phenyl
Pd-based catalysts, the copper(Il) complexes forming
relatively more endo-isomer. Here also all metal complexes 10
remain active for EDA decomposition at rt, although the Scheme 5.
Table 2. Cyclooctene cyclopropanation with Ph(N=PR3),—Cu and —Pd catalysts
T (°C) Ligand® Metal Cyclopropanation Dimerisation Time (h)
Yield (%) endolexo Yield (%) Maleate/
fumarate
60 °C Ph(N=PCp;),  Cu(I) 92 0.41 7 1.36 5
Pd(II) 83 0.16 17 0.38 5
Ph(N=PPh;), Cu(II) 89 0.50 10 1.41 4
PA(ID) 89 0.19 11 0.94 48
1t Ph(N=PCp;),  Cu(ll) 73 0.39 27 1.46 22
Pd(1I) 68 0.20 32 0.38 22
Ph(N=PPh;), Cu(II) 60 0.47 39 1.60 22

# Experimental conditions: complex, 0.01 mmol; cyclooctene, 2 mL; ethyl diazoacetate, 1 mmol diluted by the olefin up to 1 mL; addition time, 3 h.

b rt, room temperature.
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Table 3. Styrene cyclopropanation with tripodal ligand-based catalysts

T (°C) Ligand® Metal Cyclopropanationb Dimerisation
Yield (%) cis/trans Yield (%) Maleate/fumarate

60 CH3—C—(CH,NPPh3); Cu(II) 97 0.57 3 1.33
Pd(IT) 81 0.56 19 0.59

CH;-C—(CH,NPCp3)s Cu(II) 88 0.47 12 1.95
Ph—C—(CH,NPPh;3); Cu(II) 97 0.54 3 1.40

Pd(IT) 86 0.52 14 0.73

Ph—C—(CH,NPCp3); Cu(II) 93 0.50 7 1.32

rt€ CH3—C—(CH,NPPh3); Cu(II) 84 0.60 15 1.76
CH;3-C—(CH,NPCp3)s Cu(II) 86 0.12 12 0.90

# Abbreviations: Cp, cyclopentyl; Cy, cyclohexyl.

b Experimental conditions: complex, 0.01 mmol; styrene, 2 mL; ethyl diazoacetate, 1 mmol diluted by the olefin up to 1 mL; addition time, 3 h.

¢ rt, room temperature.

There are some coordinating similarities between the
pyrazolyborate 1 ligands shown in Scheme 5 and the
triiminophosphoranes 2. Each of these ligands looks like a
hand formed by three ‘fingers’ relatively independent from
each other, although one might expect a somewhat greater
flexibility for the triiminophosphoranes. Each ‘fingers’
contains a sp> nitrogen atom that will coordinate to the
transition metal through its lone electron pair. The proposed
tridentate chelation is based on their spectroscopic data as
no suitable crystals of any complexes have been obtained so
far.

Pérez and <:o-workers,]4’15’20’23’24 and Penoni and
co-workers® have demonstrated the potential of copper
complexes bearing homoscorpionate (Tp) ligands in
carbene reactions. Hence, this justifies the interest of
exploring the catalytic activity of the new triimino-
phosphorane ligand system in olefin cyclopropanation.
The triiminophosphorane ligands were prepared as reported
and the corresponding metallic complexes were formed by
reaction of the ligand with the appropriate metallic salt in a
dichloromethane solution.” Screening cyclopropanation
experiments were performed under the same reaction
conditions as reported for the diiminophosphorane
complexes'® and an overview of the activity/selectivity
pattern of Cu- and Pd-complexes ligated to such tripodal
ligands is reported hereafter.

The results for styrene cyclopropanation at two different
temperatures are summarized in Table 3. It comes out that
these triiminophosphorane-based complexes present a good
catalytic activity, the yields vary from 81 and 99% and the
secondary products (ethyl maleate and ethyl fumarate) are
formed in low amounts when the reactions are performed
with copper at 60 °C. The yields obtained with the Pd-based
complexes are somewhat lower and from that on, an
increased formation of carbene dimers can be observed. No
significant influence of the substituent (methyl or phenyl
group) at the sp’ carbon bearing the three functionalized
tethers is seen.

The diastereoselectivity of the reaction at 60 °C is not
exceptional and does not vary much from one ligand to the
other. In the whole, the cis- and trans-cyclopropanes are
formed in an average ratio 35:65 whatever the ligand
utilized. The ligand structure seems thus, to have relatively
little influence on the outcome of the cyclopropanation
reaction even if the stereoselectivity of the reactions can be

significantly different to that observed with the correspond-
ing bis-iminophosphorane complexes. This concurs with
what has already been reported by Pérez and co-workers,"™
20 and according to these authors, the catalyst structure has
little influence on the stereoselectivity of the reaction. This
fact has been rationalized assuming that the high reactivity
of the metal—carbene complex results from a transition state
(A) (Scheme 6) in which the olefin remains always at a
relatively important distance from the metal centre, which
prevents it from being significantly affected by the steric
bulk of the ligand. For that reason, the steric influences are
not decisive in the induction of the diastereoselectivity.

,_
=]
=

Scheme 6.

At 1t, the results are slightly less satisfactory regarding the
yield of the cyclopropanation. On the other hand, in the case
of the CH3—C—(CH,NPCp3); ligand, the copper complex
tends to form predominantly the trans-isomer in a more
significant way than at higher temperature. Furthermore, the
stereoselectivity is opposite to that, which is observed with
the corresponding bis-Cp-iminophosphorane (cis/trans
ratios=0.12 vs 0.92, see Table 1).

In order to study the influence of the substrate and of the
stereo-electronic effects in these cyclopropanation
reactions, differently substituted styrene derivatives and
some aliphatic or aromatic olefins have been tested with the
metal complex [CH;—C—(CH,NPCp3);Cu(OTf),]. The
results are reported in Table 4.

As a whole, the yields of the cyclopropanation reaction of
the styrene derivatives are good to excellent (entries 1-7),
with the exception of 4-¢-butylstyrene and to a lesser extent
of 4-methylstyrene. It should be noted that 4-methoxy as
well as 4-chloro, and 4-trifluoromethylstyrenes give high
yields of cyclopropanation products. Electron-rich and
electron-depleted styrenes are thus, suitable targets for
the carbene (or carbenoid) species formed in situ. The
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Table 4. Cyclopropanation of various olefins with EDA and CH;—C—(CH,NPCp3);Cu(OTf),

Entry Substrate Cyclopropanation® Dimerisation (%)
Yield (%) cis/trans ratio

1 Styrene 88 0.54 12

2 4-Chlorostyrene 93 0.45 7

3 4-Methoxystyrene 98 0.50 2

4 4-t-Butylstyrene 62 0.47 16

5 4-Methylstyrene 78 0.49 21

6 a-Methylstyrene 89 0.80 10

7 4-Trifluoromethylstyrene 91 0.49 9

8 1-Octene 52 0.51 48

9 Cyclooctene 71 0.65 23

10 1-Decene 68 0.61 32

11 Diethyl fumarate 2 — nd®

12 Phenylacetylene 21 — 79

# Experimental conditions: complex, 0.005 mmol; olefin, 1 mL; ethyl diazoacetate, 1 mmol diluted by the olefin up to 1 mL; addition time, 3 h; temperature,

60 °C.
® nd, not determined.

copper-catalyzed reactions of ethyl diazoacetate with linear
alkenes or cycloalkenes are more difficult but proceed in
relatively good yields, although as expected, the activated
alkenes (styrenes) are always more reactive than the non-
activated ones (1-octene, cyclooctene, 1-decene).

Globally, all the diasteroselectivities of the cyclopropanations
obtained with the different olefins remain more or less in the
same range of cis/trans ratio but for o-methylstyrene where it
reaches the value of 0.8. This styrene derivative is known to
give frequently ratio of isomeric cyclopropanes close to 1.

Despite the fact that the steric requirements for di- and
triiminophosphorane complexes are quite different, the
resulting stereoselectivities remain relatively close
(although sometimes significantly different, however), and
are difficult to rationalize. We have then performed
competition experiments with para-substituted styrenes to
obtain some further informations on the electronic effects of
these ligands in the cyclopropanation reaction.

Four different complexes have been employed as the

Scheme 7.

Table 5. Competition experiments® with para-substituted styrenes

precatalyst in the competitive cyclopropanation of an
equimolar mixture of two styrenes, the non-substituted
Ce¢HsCH=CH, and a para-substituted styrene of general
formula XCcH,CH=CH, (Scheme 7). The ratio of the
resulting cyclopropanes 11a,b:12a,b were determined by
gas chromatography. The results are summarized in Table 5.

In all cases, the cyclopropanation reaction favors the
electron rich derivatives, whatever the kind of copper
complex used (bearing a di- or a triiminophosphorane type
ligand), that is, the p-methoxy- and p-terrbutylstyrenes,
whereas the electron-withdrawing groups such as Cl and
CF; clearly disfavor the cycloaddition. This confirms the
electrophilic character of carbenes (carbenoids) formed
during the cyclopropanation reaction and is consistent with
the observation that the carbene addition on electron poor
olefins such as diethyl maleate or diethyl fumarate is only
poorly effective, as depicted in Table 4.

Furthermore, the complexes ligated to cyclopentyl-tri-

iminophosphoranes always appear to be more selective
than their bis-iminophosphorane counterparts, the reverse

A ACOZEt
N

11a (cis) 12a (cis)

11b (trans) 12b (trans)

CO,Et

o

Catalyst Ratio of products [(12a+12b)/(11a+11b)]

p-OMe/H p-1Bu/H p-Cl/H p-CF3/H
Ph-1,2-(N=PPh;),Cu(OTf), 1.66 1.67 0.72 0.32
Ph-1,2-(N=PCp3),Cu(OTf), 1.63 1.54 0.79 0.49
CH;3-C(CH,N=PCp3);Cu(OTf), 2.07 1.86 0.84 0.52
Ph-1,2-(N=PPh;);Cu(OTf), 1.38 1.46 0.83 0.21

# Experimental conditions: complex, 0.005 mmol; olefin, 1 mL of an equimolar mixture; ethyl diazoacetate, 1 mmol diluted by the equimolar mixture of olefins

up to 1 mL; addition time, 3 h; temperature, 60 °C.
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trend being observed with the phenyl-substituted ligands.
On the other hand, the phenyl-bisiminophosphoranes show
the reverse trend and select preferentially the electron-rich
olefins when compared to their triiminophosphorane
analogs. This constitutes a further indication that the
metal complexes of bis- and triiminophosphoranes yield
different active species in situ.

In conclusion, the present investigations have shown that
the Cu- and Pd- di- and triiminophosphoranes are good to
excellent catalysts for olefin cyclopropanation. However,
despite the bulkiness of the iminophosphoranes used in this
study, the stereoselectivities of the cyclopropanation
reactions remains modest.

3. Experimental

3.1. General procedure for the cyclopropanation
experiments

Cyclopropanation reactions were performed in small 10 mL
two necked flasks fitted by a three way stopcock and by a
septum. In this flask, 1X 10> mol of the copper complex
are introduced. The flask is then placed under inert
atmosphere by three consecutives vacuum-argon cycles.
To the catalyst, 2 mL of the dried, distillated, and degassed
olefin are then added. The flask is heated to 60 °C in an oil
bath (excepted for the reactions carried out at rt). [na 1 mL
seringe, 0.125 g of the diazocompound are weighted and
diluted up to 1 mL with the olefin. The diazoester is slowly
added to the alkene solution via a syringe pump, the
duration of the addition is 3 h at 60 °C. The kinetics of ethyl
diazoacetate decomposition is followed by volumetry
through N, evolution. To this end, the reaction flask is
connected via the three way stopcock to a water column
through a metallic canula. At the end of the reaction, the
reaction mixture is analyzed by gas chromatography and the
reaction products identified and quantified by comparison
with authentic samples.
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Abstract—Based on an analysis of previously reported structures and a potential geometry fit with substrates, a new family of chiral
dioxocyclam derivatives have been designed. The synthesis of those ligands was accomplished starting from L-proline and &-p-amino acids
(converted to B-amino acids) with a key step of macrocyclization reaction of amino esters. All ligands were converted into neutral copper(Il)
complexes (amide groups underwent deprotonation of upon treatment of ligands with copper(II) acetate). The complexes exhibit the desired

shape of their active surfaces, as proved by X-ray analysis.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Macrocyclic ligands, with nitrogen atoms as the electron
pair donors, are known to exhibit an exceptionally high
affinity for transition metal cations.' They are the subject of
wide interest owing to their application in processes, such as
ion sequestration,” catalysis® and for biomedical uses.*’
Cyclam derivatives, that belong to the mentioned group of
compounds, not only form stable complexes with various
transition cations,® but their complexes have been shown to
catalyze organic reactions such as alkene epoxidation,®”®
epoxide carboxylation,9 electrochemical annulation,10 and
oxidation of hydrocarbons.'" Despite the fact that in most of
these reactions new stereogenic centres could be formed, the
exploration of asymmetric catalysis has been so far
limited."”

In this context, we were interested in the synthesis of a novel
class of enantiomerically pure cyclam derivatives and its
12-membered and 16-membered analogues (Scheme 1)."
Knowing that efficient asymmetric catalysis involves steric
and electrostatic interaction between ligand, cation and
substrates, and that this interaction depend on ligand
structure, we decided to apply previously described
methodology for the synthesis of a new class of chiral
dioxocyclam derivatives and their complexes with Ni** and

Keywords: Cyclams; Amino acids; Amides; X-ray diffraction; Macrocyclic

ligands; Transition metal complexes.
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Cu”* ions. Additionally, we would like to report herein on
the design and structural study of the new compounds.

Scheme 1.

2. Results and discussion
2.1. Ligand design

In the preceding papers, we have presented an attractive and
efficient synthetic route to optically pure dioxocyclam 1b,"?
which upon deprotonation forms stable neutral complexes
with Ni** and Cu®*. X-ray analysis of Ni-1b'* and Cu-1b
(Fig. 1) shows that both complexes exhibit very similar
tetrahedrally distorted square-planar geometry. Two pyrro-
lidine rings in Ni-1b and Cu-1b complexes are located at
the same side of the macrocyclic ligand plane, which may
result in inaccessibility of the metal cation from this side.
Although the other side of the ligand, which is important for
the possible interaction of the metal centre with a guest
molecule, is approximately flat, it possesses a rectangular
depression, which is parallel to the macrocycle plane and it
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Figure 1. X-ray crystal structure of Cu-1b: (a) ORTEP presentation; (b) space filling view from the top; (c) space filling view from the side.

is surrounded by the hydrogens of the propylene bridges.
The amide oxygens are located in the opposite vertices of
this rectangular area. Both complexes have very similar
structure, and in our opinion, this is a strong argument in
favour of the thesis that the availability of the coordinated
central atom should be similar for all complexes of the
transition metals with a doubly-deprotonated tetradentate
ligand of type 1b. The geometry of such complexes can be
symbolically illustrated as the model solid C1 (Fig. 2).

M- 1b Cc1

Figure 2. A schematic representation of Cu-1b geometry.

The features of the model complex C1 can be summarised
as follows: 1°—the geometry of the binding sites of the
ligand is flat; 2°—the metal cation, which is coordinated
inside the macrocycle gap, can be accessible for the
substrate molecule only from one side, the other side of
the macrocycle is completely inaccessible; 3°—the access to
the metal cation being in the centre of the rectangle is
limited by two groups located in the vertices of the
rectangle. The above characterises the resulting molecule,
with a C, axis as a symmetry element, which is

N Y

R NH HN R NH  HN_ R

R™ SNH HN

N

NH HN

L

perpendicular to the macrocycle plane and goes through
the centre of the macrocycle gap or a cation therein.

The examples of previously prepared chiral catalytically
active tetraazamacrocyclic derivatives are presented in
Figure 3. Their geometry can be represented as the model
C2. Analysis of those structures leads to the conclusion that
their common feature is the presence of the C, axis
positioned in the macrocycle plane.'* Each of these systems
have ternary stereogenic centres as the source of chirality.
Thus, only one group, which modifies the close neighbour-
hood of the macrocycle gap, falls to each side of such a
macrocycle.

Comparison of the models C1 and C2 reveals that
complexes of 1b provide a completely new topology.
Moreover, it can be assumed that ligands of type C2 offer
too much flexibility to the interaction with a possible guest
molecule (the substrate), and therefore, enantiotopic or
enantiofacial discrimination will be less efficient (Fig. 4).

Thus, we found the geometry of type C1 appealing and
decided to extend our studies to more elaborate systems. We
noticed that the depressions on Ni-1b and Cu-1b molecular
surfaces are quite shallow, and thus we decided to prepare
ligands that would have deeper cavities. The only
reasonable site for modification of the model system 1b is
the less-crowded side of the macrocycle, which enables the
access to the central metal cation, and therefore, is
responsible for the chiral recognition of molecules. To
achieve better similarity of the complex to the model solid
C1, we resolved to insert an additional substituent into two
opposite vertices of the above-mentioned rectangular

L2 cz2

Figure 3. A schematic representation of the geometry of known chiral cyclam complexes.
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C1("re"-S) C1
C2("re”-8) C2("si"-8)

Figure 4. A schematic representation of the enantiofacial discrimination of the (E)-disubstituted olefins (S) by the molecules of shape C1 and lack of such

discrimination by the molecules of shape C2.

depression. The change from hydrogens to R groups leads to
the ligands of type 2 (Scheme 2).

2.2. Preparation of ligands

The retrosynthetic analysis indicates that precursors for
modified ligands of type 2 are chiral 1,3-aminoalcohols 3,
which are closely related to p-B-amino acids (4) (Scheme 2).
Therefore, it was necessary to synthesise the D-B-amino
acids indicated by the retrosynthetic analysis, then to
convert them into the intermediates 3 in order to prepare
the ligands 2 using the already developed synthetic
pathway.

Several methods for the preparation of the enantiomerically
pure B-amino acids are known.'**'> Among them, the most
practical one seemed to us the Arndt—FEistert synthesis
(homologation of the easily available a-amino acids). We
employed this method to prepare aminoalcohols 3, and
consequently ligands 2, where R is methyl, benzyl and

(\KZR

2

7

isopropyl, using three amino acids, viz, p-alanine (S5a),
D-phenylalanine (Sb), and p-valine (Sc¢), respectively. In the
first step, the amino groups of the amino acids Sa—c were
protected by treating with the phthalic anhydride to afford
the N-phthaloyl derivatives 6a—c (Scheme 3). The
N-protected acids 6a—c were then converted into the
corresponding acid chlorides, which reacted with an excess
of diazomethane to give the respective diazoketones 7a—c
The key transformation, that is, the Wolff rearrangement
was carried out by treating the methanolic solution of the
diazoketone (7a—c) with a catalytic amount of silver
benzoate, which resulted in formation of the rearranged
methyl esters 8a—c in good yields.

The N-phthaloyl protectlon was cleaved by the method of
Ganem and co-workers.'® The five-membered phthalimide
ring was reductively opened by treatment with lithium
borohydride to form the benzyl hydroxy function, and,
simultaneously, the ester group was transformed to the
hydroxymethyl group. The diols 9a—c, under mild acidic

(L =Y

sz& L=

“

DS ENSSS

Scheme 2. The retrosynthetic analysis.

[
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R _~COH R.__-COH AN —
H a b,c R d CO,Me
- H ; CHN, — > 2
NH, NPht : NPht

NPht

5a R=Me 6a R =Me (90%) 7a R =Me (77%) 8a R = Me (80%)

5b R=Bn 6b R =Bn (88%) 7b R =Bn (90%) 8b R=Bn(77%)

5¢c R=1Pr 6¢c R =1Pr(92%) 7c R=1Pr (84%) 8c R=1Pr(72%) ©

HO
0 (0]
R\/\/OH R\/\/OH
H <L é + o <f— NH -
NHCbz NH, J\/\
R OH

11a R =Me (84%) 9a R=Me
11b R =Bn (84%) 3 10 9b R =Bn
11c R ='Pr (73%) 9¢c R=Pr

lh O\
N CO,Me N CO,Me N

R\/\/OMS i
: —
NHCbz
Phe_ = SNHCbz
NHCbz Rt NHCbz w
12a R = Me (99%)
12b R =Bn (99%) 13a (75%) 13b (64%) 13c (71%)

12c R =Pr (99%)

Scheme 3. Reaction conditions: (a) phthalic anhydride, Et;N, toluene, reflux; (b) SOCl,, cat. DMF; (¢) CH,N,, Et,0, toluene, 0 °C; (d) cat. PhCO,Ag, Et;N,
MeOH, reflux; (e) LiBH4, THF/H,O; (f) AcOH, 80 °C; (g) CbzCl, CH,Cly/aqg NaOH; (h) Ms,0, EtzN, CH,Cl,; (i) L-Proline methyl ester, Et;N, MeCN, reflux.

conditions, underwent lactonization, to give the lactone 10
and the elimination products, which were the desired amino
alcohols of type 3, the amino groups thereof were protected
by treatment with benzyl chloroformate to yield the
N-protected aminoalcohols 11a—c. In each case, the overall
yields for three last steps were high (~85%). The synthesis
of N-Cbz-blocked aminoalcohols 1la-c¢ from the
N-phthaloyl substrates (Scheme 3) only seemingly requires
more effort than the synthesis starting from analogous

R
O
NHCbz
‘CO,H
14a R=Me
14b R=Bn
CO,Me a 95% 14c R=Pr
N 14d R=H .

NH,Cl CO,Me

R™ NHCbz >1
R N

13a R=Me

13b R=_Bn 13aHCI R =Me

13c R=1Pr 13b HCI R =Bn
13c HCI R=Pr

76-93%

N-Cbz-protected amino acids. The attempts to perform such
areaction sequence on the N-Cbz-protected substrates failed
at the stage of formation of diazoketones. The esterification
of alcohols 11a—c with mesyl anhydride gave quantitatively
N-blocked mesylates 12a—c¢, which were then used for
N-alkylation of L-proline methyl ester. This gave the chiral
building blocks 13a—c.

Hydrolysis of 13a—c gives acids 14a—c, that were subjected

R
A
", NHCbz
”FO d
—_—
NH CO,Me cf. Table 1
e
15a 'R=Me, 2R=H 2a 'R=Me, 2R=H
15b 'R=Bn, 2R=H 2b 'R=Bn, 2R=H
15¢ 'R=Pr, 2R=H 2c 'R=Pr, 2R=H
15d 'R =Me, 2R = Me 2d 'R=Me, 2R =Me
15¢ 'R=Bn, 2R=Bn 2e 'R=Bn, 2R=Bn
15f 'R=1Pr, 2R=1Pr 2f 'R=1Pr, 2R=1Pr

Scheme 4. Reaction conditions: (a) ag NaOH/MeOH; (b) H,/Pd-C, HCI/MeOH; (c) ‘BuOCOCI, Et;N, CH,Cl,, —20 °C—0°; (d) H,/Pd-C, MeOH; then

MeOH, base, at rt or at 10 kbar, 50 °C, see Table 1.
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Table 1. Effect of the reaction conditions on the yield of macrocyclisation
of amino esters 15a—f

Entry Product Conditions Yield%
1 2a NaOH, MeOH, rt, 1 day 75

2 2b NaOH, MeOH, rt, 1 day 82

3 2c¢ NaOH, MeOH, rt, 1 day 77

4 2d NaOCHj3;, MeOH, 1t, 30 days 15

5 2d DBU, MeOH, 10 kbar, 50 °C, 3 days 24

6 2d Et;N, MeOH, 10 kbar, 50 °C, 3 days 36

7 2d Et;N, MeOH, 10 kbar, 50 °C, 7 days 40

8 2e Et;N, MeOH, 10 kbar, 50 °C, 7 days 5

9 2f Et;N, MeOH, 10 kbar, 50 °C, 7 days 2

to condensation with amino ester hydrochlorides
13a—c-HCI to give corresponding pseudo-peptides 15d—e
(Scheme 4). In order to prepare monosubstituted com-
pounds 15a—c, the aminoester hydrochlorides 13a—c-HCI
were condensed with acid 14d obtained from 3-amino-
propanol in a similar way.'*"

N-Cbz-protected amino esters 15a—c are immediate pre-
cursors of the monosubstituted ligands 2 (R1 =H; R2=Me,
Bn or 'Pr), while the compounds 15d-f are the precursors of
the disubstituted ligands 2 (R1 =R?>=Me, Bn or 'Pr). The
macrocyclisation of the a,w-diester precursors to com-
pounds of type 2 was attempted in the presence of sodium
hydroxide in methanol, because these conditions proved to
be most universal in the case of preparation of analogous
compounds of type 2. The singly-modified amino esters
15a—c, underwent intramolecular amidation in the presence
of methanolic NaOH, to afford the desired monosubstituted
macrocycles 2a—c (Scheme 4) in very good yields (75-82%,
Table 1).

The disubstituted amino esters 15d—f gave no macrocyclic
products at all under the same conditions. The only products
identified by ESI-MS were the salts of corresponding
carboxylic acids. These results suggested that hydrolysis of
the methyl ester group caused by hydroxyl anions is much
faster than the desired intramolecular aminolysis. Therefore,
the use of sodium methoxide appeared to be a possible way
for overcoming this problem. This idea was tested using the
disubstituted amino ester 15d to give the macrocyclic
diamide 2d in 15% yield.

The more successful attempt to increase the reactivity of the
amine/methyl ester system was the high-pressure reaction in
the presence of a base (triethylamine or DBU). The yield for
macrocyclic diamide 2d improved (24-40%), but the other
two diamides (2e and 2f) formed in low yields (5 and 2%,
respectively), which still allowed for their isolation and
characterisation (Table 1).

The comparison of highly reactive monosubstituted amino
esters 15a—c with their disubstituted analogues 15d-f,
which react very reluctantly, leads to the conclusion that
this is probably due to different character of the reacting
amino groups. Although, in all cases, the ester carbonyl
group is attacked by the primary amino group, this amino
group is linked to a primary carbon atom in the case of
highly reactive substrates (15a—c). In the case of amino
esters 15d—f, however, the primary amino group is linked to
a secondary carbon atom.

2.3. Structural studies

Two compounds of type 2, that is, the dimethyl derivative

Figure 6. X-ray crystal structure of 2b: (a) ORTEP presentation; (b) packing pattern.
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2d and the monobenzyl derivative 2b, gave monocrystals
suitable for the X-ray diffraction analysis. The structures of
these ligands along with their packing modes in the solid
state are shown in Figures 5 and 6. The conformations of the
macrocyclic rings in both structures are very similar. The
proline rings are almost co-planar with the main planes of
the macroring. Carbonyl oxygen atoms are positioned
perpendicularly to the macroring plane and point to the
same side of the macrocycle, slightly outside of the
macrocycle centre. The amide hydrogen atoms are thus
directed to the opposite side. It is worth mentioning that
amide hydrogen atoms are in the close proximity of proline
amine lone pairs (distances Hymige'**Nproline in all cases are
less than 2.4 A) forming intramolecular five-membered
hydrogen bonded rings. Additionally both amide hydrogen
atoms form convergent hydrogen bonds with the carbonyl
oxygen of the neighbouring molecule.

All ligands of type 2 form stable complexes with copper
cations, in an analogous way to the parent ligand 1b. The
complexes of the mono- and dimethyl derivatives Cu-2a
and Cu-2d gave monocrystals suitable for the X-ray
structure determination. Their structures (Figs. 7 and 8)
are similar to that of the parent complex Cu-1b (Fig. 1).
Upon complexation, ligands underwent deprotonation
losing amide hydrogen atoms and formed neutral
complexes. The geometry of the metal centre is square-
planar tetrahedrally distorted. Comparison of all structures
reported thus far shows that the tetrahedral twist, defined as
the rms deviation from the least-square plane passing
through four nitrogen atoms, is slightly larger for all
copper complexes (£0. 35A for Cu-1b, +0.33 A for

Cu-2a, +0.39 A for Cu-2d) than for the Ni-1b complex
(+0.28 A). The presence of one or two methyl groups,
which are perpendicular to the macrocycle plane makes the
crucial depressions on the surface much deeper, which is in
agreement with our ligand design.

Preliminary experiments revealed that copper complexes
with ligands of type 2 can act as catalysts in cyclopropana-
tion of olefins. The reaction between methylstyrene and
ethyldiazoacetete in the presence of Cu-2b led to the
formation of trans-isomer of ethyl 2-methyl-3-phenyl-
cyclopropanecarboxylate with 30% ee, however, no
asymmetric induction was observed for the cis-isomer.

3. Conclusions

Most of the previously reproted chiral cyclams possesses C5
symmetry axis that is parallel to the macrocyclic plane. In
this paper, we have designed and synthesised a new class of
chiral dioxocyclams having a C, symmetry axis that is
perpendicular to the main plane of the macrocycle. The
synthesis was accomplished using L-proline ester and amino
alcohols as the starting materials. Such oxocyclams form
neutral complexes with copper ions undergoing simul-
taneous deprotonation of amide groups. Since such
complexes exhibit one potentially catalytically active
surface that is approximately flat, we have also designed
and synthesised the modified ligands in order to accomplish
higher asymmetry of the complex surfaces. X-ray structure
analyses confirmed the designed topology. Preparation
of this family of compound proved the efficiency and

Figure 8. X-ray crystal structure of Cu-2d: (a) ORTEP presentation; (b) space filling view from the top; (c) space filling view from the side.
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generality of our synthetic pathway that leads to the chiral
analogues of cyclam.

4. Experimental
4.1. General remarks

Crystallographic data (excluding structure factors) for the
structures discussed in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplemen-
tary publication numbers CCDC 273756-273760. Copies of
the data can be obtained, free of charge, on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax:
+44 1223 336033 or e-mail: deposit@ccdc.cam.ac.uk].
Summary of the crystallographic data and details concern-
ing synthesis of N-protected amino alcohols 1la—c are
provided in the Supplementary material. If not stated
otherwise, all reagents were obtained from commercial
sources and used as received. Column chromatography was
carried out using Merck Kieselgel 60 (230—400 mesh), the
thin-layer chromatography was carried out using Merck
Kieselgel F,s4 plates.

4.2. General procedure for Cbz-protected aminoalcohol
mesylation

Cbz-protected aminoalcohol (19.1 mmol) and triethylamine
(1.1 equiv, 3.0 mL) was dissolved in dry dichloromethane
(100 mL) and placed in cooling bath. Methanesulfonyl
anhydride (1.1 equiv, 3.76 g) was added in a few portions
with vigorous stirring to prevent local overheating. Reaction
was completed right after the last portion of anhydride had
been added (TLC). The mixture was transferred into a
separator and washed with 0.5 M HCI aq (50 mL), satd
NaHCO; aq (50 mL), and dried over anhydrous magnesium
sulfate. Solvents were removed under reduced pressure and
the solid residue was crystallized from CH,Cly/hexane
furnishing chromatographically pure mesylate (quant. yield)
as colourless crystals.

4.2.1. (R)-1-Mesyloxy-N-(benzyloxycarbonyl)-3-amino-
butane (12a). Prepared from alcohol 1la. Colourless
crystals; mp 67-70 °C; [a]3 —13.8 (¢ 0.54 in CHCl3); 'H
NMR (500 MHz, CDCls, 30 °C, TMS): 6="7.38-7.29 (m,
5H; arom.), 5.09 (br s, 2H; CH,Ph), 4.64 (br s, 1H; NH),
4.37 (t, 2H, J=6.3 Hz; CH,0), 3.96-3.84 (m, 1H; CHN),
2.97 (s, 3H; SO,CH3), 1.98-1.79 (m, 2H; CH»), 1.22 (d, J=
6.7 Hz: CH;); 'C NMR (125 MHz, CDCls, 30 °C, TMS):
0=155.8,136.4, 128.6, 128.2, 128.1, 67.0, 66.7, 44.3, 37.3,
36.4, 21.2; IR (KBr): »=3338, 2971, 1680, 1539, 1457,
1349, 1259, 1161, 1091, 1034, 991, 965, 824, 758, 698,
527 cm” L MS (ESI HR, MeOH): calcd for [C3H;9NOs-
SNa]+ 324.0876; found 324.0868; elemental analysis (%)
calcd for C;3HoNOsS: C 51.8, H 6.31, N 4.65; found: C
51.6, H 6.56, N 4.52.

4.2.2. (S)-1-Mesyloxy-N-(benzyloxycarbonyl)-3-amino-
4-phenylbutane (12b). Prepared from alcohol 11b. Colour-
less crystals; mp 93-95 °C; [a]3 —8.2 (¢ 1.0 in CHCl3); 'H
NMR (500 MHz, CDCl3, 30 °C, TMS): 6=7.37-7.13 (m,
10H; arom.), 5.06 (dag, 2H, Jag=12.2 Hz, 0,5 =16.8 Hz;
OCH,Ph), 4.68 (d, 1H, J=17.5 Hz; NH), 4.29-4.21 (m, 2H;

CH,0), 4.08-3.99 (m, 1H; CHN), 2.92 (s, 3H; SO,CH5),
2.87-2.78 (m, 2H; CH,Ph), 2.07-1.98 (m, 1H; CHH), 1.84—
1.75 (m, 1H; CHH); 3C NMR (125 MHz, CDCl;, 30 °C,
TMS): 6=155.9, 137.0, 136.4, 129.3, 128.6, 128.5, 128.2,
128.0, 126.8, 67.1, 66.7, 49.3, 41.2, 37.2, 33.7; IR (KBr):
v=23345, 3033, 2957, 1687, 1533, 1453, 1348, 1261, 1161,
1070, 1022, 988, 829, 750, 697, 527 cm~'; MS (ESI HR,
MeOH): caled for [C,oH,3sNOsSNa]™ 400.1189; found
400.1203; elemental analysis (%) calcd for C19H,3NOsS: C
60.48, H 6.10, N 3.71; found: C 60.54, H 6.34, N 3.57.

4.2.3. (S)-1-Mesyloxy-N-(benzyloxycarbonyl)-3-amino-
4-methylpentane (12c¢). Prepared from alcohol 1lec.
Colourless wax; mp 45-46 °C; [oz]zDO —20.6 (¢ 1.0 in
CHCL;); 'H NMR (500 MHz, CDCls, 30 °C, TMS): 6=
7.38-7.29 (m, 5H; arom.), 5.09 (dag, 2H, Jag=12.2 Hz,
oag=22.1 Hz; CH,Ph), 4.61 (br d, 1H, J=9.8 Hz; NH),
4.31-4.20 (m, 2H; CH,0H), 3.70-3.63 (m, 1H; CHN), 2.94
(s, 3H; SO,CHs5), 2.04-1.96 (m, 1H; CH), 1.82-1.66 (m, 2H;
CH.»), 0.93 (d, J=6.8 Hz; CH3), 0.90 (d, /J=6.8 Hz; CH3);
3C NMR (125 MHz, CDCl;, 30°C, TMS): 6=156.4,
136.5, 128.6, 128.2, 128.1, 67.5, 66.8, 53.1, 38.4, 37.1, 32.3,
19.0, 17.6; IR (KBr): »=3356, 3035, 2957, 2876, 1694,
1529, 1468, 1354, 1245, 1169, 1055, 974, 911, 811, 738,
697, 645, 526, 457 cm ™~ '; MS (ESI HR, MeOH): calcd for
[C,5H,3NOsSNa]t 352.1189; found 352.1195; elemental
analysis (%) calcd for C;5sH,3NOsS: C 54.71, H 6.99, N
4.26; found: C 54.48, H 7.25, N 4.09.

4.3. General procedure for L-proline methyl ester
alkylation

A solution of L-proline methyl ester (19.3 mmol, 2.50 g),
freshly prepared from its hydrochloride, mesylate
(19.3 mmol) and triethylamine (1.0 equiv, 2.7 mL) in
acetonitrile (10 mL) was kept at room temperature over-
night and then stirred at 50 °C until all the mesylate was
consumed (TLC). Solvents were evaporated under reduced
pressure and the dry residue was partitioned between ethyl
acetate (0.20L) and water (25 mL). Organic layer was
additionally washed with water (25 mL), brine and dried
over anhydrous sodium sulfate. Chromatographic purifi-
cation of the crude mixture on silica gel in ethyl acetate—
hexane (7/3) afforded pure Cbz-protected aminoester as
colourless oil.

4.3.1. (25,9R)-2,6-Cyclo-6-aza-9-(benzyloxycarbonyl-
amino)decanoic acid methyl ester (13a). Prepared from
mesylate 12a in 75% yield; [a]f —42.8 (¢ 1.0 in CHCI5);
"H NMR (500 MHz, CDCls, 30 °C): 6="7.37-7.26 (m, 5H;
CeHs), 5.87 (br s, 1H; NH), 5.09 (dag, 2H, Jog=12.3 Hz,
oap=22.2 Hz; CH,Ph), 3.90-3.77 (m, 1H; CHCHs;), 3.70
(s, 3H; OCH5;), 3.19-3.11 (m, 2H; CHCO,, NCHH), 2.91-
2.83 (m, 1H; NCHH), 2.46-2.39 (m, 1H; NCHH), 2.29-2.23
(m, 1H; NCHH), 2.15-2.05 (m, 1H; CHH), 1.95-1.69 (m,
4H; 2XCH,), 1.57-1.49 (m, 1H; CHH), 1.17 (d, 3H, J=
6.7 Hz; CH;); >C NMR (125 MHz, CDCls, 30 °C): 6=
174.7, 156.0, 137.1, 128.5, 127.8, 66.2, 66.1, 53.1, 51.8,
51.2, 46.2, 34.1, 29.3, 23.3, 20.3; IR (CHCls): »=3439,
3321, 2955, 2817, 1714, 1512, 1454, 1344 cm ™ '; MS (HR
ESI, MeOH): m/z caled for C;sH,,N,O4 [M+HT]:
335.1965; found: 335.1955.
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4.3.2. (25,9R)-2,6-Cyclo-6-aza-9-(benzyloxycarbonyl-
amino)-10-fenylodecanoic acid methyl ester (13b). Pre-
pared from mesylate 12b in 64% yield; [a]3 —29.1 (c 0.80
in CHCl;); '"H NMR (500 MHz, CDCl;, 30 °C): 6=7.36—
7.15 (m, 10H; 2 X C¢Hs), 6.01 (d, 1H, J=7.8 Hz; NH), 5.08
(dAB’ 2H, JAB =12.7 HZ, 5AB=210 HZ, OCHzPh), 3.98 (bl‘
s, 1H; CHCH,Ph), 3.70 (s, 3H; OCH3), 3.16-3.09 (m, 2H;
CHCO,, NCHH), 2.99-2.88 (m, 2H; CHHPh, NCHH),
2.79-2.72 (dd, 1H, J,=7.8 Hz, J,=13.4 Hz; CHHPh),
2.44-2.39 (m, 1H; NCHH), 2.24-2.18 (m, 1H; NCHH),
2.13-2.05 (m, 1H; CHH), 1.95-1.70 (m, 4H; CH,, 2X
CHH), 1.51-1.43 (m, 1H; CHH); '*C NMR (125 MHz,
CDCl;, 30 °C): 6=174.7, 156.0, 138.4, 137.1, 129.4, 128 4,
128.3, 127.8, 128.7, 126.2, 66.2, 66.1, 53.2,51.8,51.7, 51 4,
40.3, 30.8, 29.4, 23.3; IR (CHCls): »=23445, 3318, 2954,
2814, 1714, 1511, 1454, 1338 cm ™~ '; MS (HR ESI, MeOH):
miz caled for Cp4H30N,04Na [M+Nat]: 433.2098; found:
433.2121.

4.3.3. (25,95)-2,6-Cyclo-6-aza-9-(benzyloxycarbonyl-
amino)-10-metyloundecanoic acid methyl ester (13c).
Prepared from mesylate 12¢ in 71% yield; [a]y —37.1 (¢
0.85 in CHCl3); 'H NMR (500 MHz, CDCls, 30 °C): 6=
7.36-7.28 (m, 5H; C¢Hs), 5.38 (d, 1H, J=9.3 Hz; NH), 5.09
(dAB’ 2H, JAB:123 Hz, 6AB:306 Hz; CH2Ph), 3.70 (S,
3H; OCH3), 3.52-3.44 (m, 1H; NHCH), 3.18-3.11 (m, 2H;
CHCO, NCHH), 2.79 (dt, 1H, J,=8.0 Hz, J,=12.0 Hz;
NCHH), 2.49-2.41 (m, 1H; NCHH), 2.32-2.23 (m, 1H;
NCHH), 2.15-2.04 (m, 1H; CHH), 1.95-1.69 (m, 5H; CH.,
CHH, CHH, CH), 1.58-1.48 (m, 1H; CHH), 0.90 (d, 3H,
J=17.9 Hz; CHs), 0.88 (d, 3H, J=7.1 Hz; CH;); '3C NMR
(125 MHz, CDCl;, 30 °C): 6=174.7, 156.5, 137.0, 128.4,
127.9, 127.8, 66.3, 66.1, 55.7, 53.4, 52.0, 51.8, 31.6, 30.4,
294, 23.3, 19.1, 18.4; IR (CHCls): v=3441, 3331, 2963,
2816, 1719, 1513, 1456 cm ™~ '; MS (HR ESI, MeOH): m/z
caled for C,oH3;N,O4 [M+H"]: 363.2278; found
363.2297; elemental analysis calcd (%): C 66.30, H 8.29,
N 7.73; found: C 66.09, H 8.36, N 7.62.

4.4. General procedure for amide bond formation

A mixture of N-benzyloxycarbonyl aminoester (3.69 mmol)
and water (50 mL) was emulsified by vigorous stirring while
heated in reflux, until saponification was complete (TLC)
and the reaction mixture turned into a clear solution. Water
was evaporated under reduced pressure. Residual traces of
water were removed as water—dichloromethane azeotrope
by dissolving crude product in dichloromethane followed by
evaporation at atmospheric pressure, repeated three times.
Crude N-benzyloxycarbonyl amino acid was used without
further purification. Amino acid (3.69 mmol) and triethyl-
amine (4 equiv, 2.0 mL) were dissolved in dry dichloro-
methane (37 mL). The solution was cooled to —20 °C under
argon and iso-butylchloroformate (1 equiv, 0.49 mL) was
added dropwise. The reaction mixture was stirred for 1 h at
—20 °C, and then at 0 °C for additional 1 h. A solution of
aminoester hydrochloride (3.32 mmol), prepared parallel by
hydrogenolysis of N-benzyloxycarbonyl aminoester
(3.32 mmol) in methanolic solution of hydrogen chloride
(3.5 mmol) over 5% Pd-C; was added in dry CH,Cl,
(20 mL) at 0 °C. The reaction mixture was allowed to warm
up and was kept at room temperature overnight. Solvents
were evaporated under reduced pressure. The residue was

taken up in ethyl acetate (0.17 L), washed with water (2X
50 mL), brine (30 mL) and dried over anhydrous mag-
nesium sulfate. Purification by column chromatography
afforded pure amide as a colourless oil.

4.4.1. (25,9R,125)-2,6-Cyclo-12,16-cyclo-6,10,16-triaza-
19-(benzyloxycarbonylamino)-9-metylo-11-oksononade-
canoic acid methyl ester (15a). Prepared from acid 14d and
amine 13a in yield 93%; [a]R —67.6 (c 0.80 in CHCl,); 'H
NMR (500 MHz, CDCl;, 30°C): 6=7.57 (d, 1H, J=
8.7Hz; NH), 7.37-7.28 (m, 5H; CgxHs), 5.08 (br s, 2H;
CH,Ph), 4.92 (br s, 1H; NH), 4.13-4.03 (m, 1H; CHCHs),
3.68 (s, 3H; OCHs3), 3.32-3.12 (m, 4H), 3.11 (dd, 1H, J,;=
6.0 Hz, J,=8.8 Hz; CHCO), 2.95 (dd, 1H, J,=5.3 Hz, J,=
9.8 Hz; CHCO,), 2.84 (dt, 1H, J,=8.0 Hz, J,=12.1 Hz),
2.67-2.55 (m, 1H), 2.47-2.32 (m, 2H), 2.30-2.21 (m, 2H),
2.20-2.04 (m, 2H), 1.93-1.53 (m, 10H), 1.13 (d, 3H, J=
6.6 Hz; CH3); >C NMR (125 MHz, CDCls, 30 °C): 6=
174.7, 173.9, 156.4, 136.6, 128.5, 128.4, 128.0, 68.1, 66.5,
66.2, 53.9, 53.4, 53.2, 51.8, 51.5, 43.2, 39.2, 34.6, 30.6,
29.3, 29.2, 24.0, 23.1, 20.3; IR (CHCl3): »=3680, 3452,
3326, 2974, 2815, 1720, 1655, 1517, 1455 cm ™~ '; MS (HR
ESI, MeOH): m/z caled for C,qHsN4Os [M+HT]:
489.3071; found 489.3120.

4.4.2. (25,9R,125)-2,6-Cyclo-12,16-cyclo-6,10,16-triaza-
9-benzylo-19-(benzyloxycarbonylamino)-11-oksonona-
decanoic acid methyl ester (15b, 76%). Prepared from
acid 14d and amine 13b in 76% yield; [a]d —58.6 (c 0.84
in CHCls); "H NMR (500 MHz, CDCls, 30 °C): 7.61 (d, 1H,
J=8.8 Hz; CONH), 7.38-7.17 (m, 10H; 2X C¢Hs), 5.11
(dAB’ 2H, JAB =12.1 HZ, 5AB= 18.4 HZ, OCHQPh), 5.03 (br
s, 1H; CO,NH), 4.38-4.30 (m, 1H; CHCH,Ph), 3.72 (s, 3H;
OCH;), 3.24-3.05 (m, 5H; CH,NH, 2 XNCHH, CHCO),
2.95-2.85 (m, 4H; CH,Ph, NCHH, CHCO,), 2.52-2.43 (m,
1H; NCHH), 2.42-2.36 (m, 1H; NCHH), 2.34-2.21 (m, 3H;
3XNCHH), 2.20-2.07 (m, 2H; CHH), 1.96-1.50 (m, 10H;
4 X CH,, 2X CHH); >*C NMR (125 MHz, CDCls, 30 °C):
0=174.7, 174.1, 156.4, 138.4, 136.6, 129.2, 128.5, 128.3,
128.2, 128.0, 126.2, 68.1, 66.6, 66.2, 53.9, 53.5, 53.2, 51.8,
51.7,48.1, 40.2, 39.2, 32.1, 30.6, 29.3, 29.1, 24.0, 23.1; IR
(CHCly): v=3452, 3321, 2954, 2816, 1719, 1656, 1515,
1456 cm ™~ 1; MS (HR ESI, MeOH): m/z calcd for
C3,H4sN,Os [M+H™]: 565.3384; found 565.3412;
elemental analysis calcd (%): C 68.08, H 7.80, N 9.93;
found: C 67.82, H 8.02, N 9.66.

4.4.3. (25,95,125)-2,6-Cyclo-12,16-cyclo-6,10,16-triaza-
19-(benzyloxycarbonylamino)-11-o0kso-9-(2'-propylo)
nonadecanoic acid methyl ester (15c¢). Prepared from acid
14d and amine 13c in 88% yield; [a]y —67.7 (¢ 1.0 in
CHCl5); "H NMR (500 MHz, CDCls, 30 °C): 6=7.37-7.29
(m, 5H; C¢Hs), 5.12-5.05 (m, 3H; NH, CH,Ph), 4.99 (br s,
1H; NH), 3.79-3.72 (m, 1H; NHCH), 3.70 (s, 3H; OCH5),
3.31-3.14 (m, 4H; NHCH,, 2 X NCHH), 3.10 (dd, 1H, J,; =
5.8 Hz, J,=8.8 Hz; CHCO), 3.01 (dd, 1H, J;=5.1 Hz, J,=
9.7 Hz; CHCO), 2.76-2.65 (m, 2H; 2 X NCHH), 2.43-2.33
(m, 2H; 2XNCHH), 2.31-2.23 (m, 2H; 2XNCHH), 2.21-
2.05 (m, 2H; 2XCHH), 1.96-1.65 (m, 10H; 2XCHH, 3 X
CH,, CHH, CH), 1.59-1.50 (m, 1H; CHH), 0.87 (s, 3H;
CHs;), 0.86 (s, 3H; CH;); '*C NMR (125 MHz, CDCl;,
30°C): 6=174.8, 174.1, 156.4, 136.6, 128.5, 128.1, 128.0,
68.4, 66.6, 66.2, 53.9, 53.7, 53.5, 52.3, 52.2, 51.8, 39.3,
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31.7, 31.1, 30.6, 29.6, 29.4, 24.1, 23.2, 19.2, 18.4: IR
(CHCL,): v=23454, 3330, 2963, 2816, 1722, 1657, 1516,
1456 cm™!; MS (HR ESI, MeOH): m/z caled for
CasH,4sN,Os [M+H™] 517.3384; found: 517.3406.

4.4.4. (2S,9R,125,19R)-2,6-Cyclo-12,16-cyclo-6,10,16-
triaza-19-(benzyloxycarbonylamino)-9-metylo-11-okso-
icosanoic acid methyl ester (15d). Prepared from acid 14a
and amine 13a in 87% yield; [a]p —64.9 (¢ 1.0 in CHCI5);
"H NMR (500 MHz, CDCls, 30°C): 6=7.64 (d, 1H, J=
8.1 Hz; NH), 7.37-7.29 (m, 5H; Cg¢Hs), 5.07 (br s, 2H;
CH,Ph), 4.92 (br s, 1H; NH), 4.11-4.04 (m, 1H; CHCH5),
3.76-3.65 (m, 4H; CHCH;, OCH3), 3.21-3.16 (m, 1H),
3.13-3.07 (m, 2H), 2.99-2.92 (m, 1H), 2.89-2.81 (m, 1H),
2.64-2.54 (m, 1H), 2.53-2.46 (m, 1H), 2.38-2.22 (m, 3H),
2.20-2.06 (m, 2H), 1.92-1.54 (m, 10H), 1.16 (d, 3H, J=
6.5 Hz; CH5), 1.12 (d, 3H, J=6.7 Hz; CH;); >*C NMR
(125 MHz, CDCls, 30 °C): 6=174.6, 174.2, 155.8, 136.6,
128.5, 128.0, 67.7, 66.4, 66.3, 54.4, 53.4, 52.9, 51.8, 51.5,
45.7,43.2, 36.2, 34.4, 30.8, 29.4, 24.1, 23.0, 21.5, 20.1; IR
(CHCl3): v=3439, 3323, 2974, 2815, 1718, 1655, 1514,
1455 cm_l; MS (HR ESI, MeOH): m/z calcd for
C»7H43N,Os [M+H'] 503.3228; found: 503.3236;
elemental analysis calcd (%): C 64.54, H 8.37, N 11.16;
found: C 64.24, H 8.48, N 11.17.

4.4.5. (2S,9R,125,19R)-2,6-Cyclo-12,16-cyclo-6,10,16-
triaza-9-benzylo-19-benzyloxycarbonyl-amino)-20-phe-
nylo-11-oksoicosanoic acid methyl ester (15e). Prepared
form acid 14b and amine 13b in 75% yield; [a]® —49.1 (¢
0.85 in CHCl3); 'H NMR (500 MHz, CDCl5, 30 °C): 7.64
(d, 1H, J=9.7 Hz; CONH), 7.35-7.11 (m, 15H; 3 X C¢Hs),
5.04 (dag, 2H, Jag=12.3 Hz, 6,5=30.5 Hz; OCH,Ph),
4.84 (d, 1H, J=8.4Hz; CO,NH), 4.28-4.21 (m, 1H;
CHCH,Ph), 3.88-3.81 (m, 1H; CHCH,Ph), 3.66 (s, 3H;
OCHs), 3.17-3.11 (m, 1H; NCHH), 3.06 (dd, 1H, J,=
6.1 Hz, J,=8.5 Hz; CHCO,), 3.02-2.97 (m, 1H; NCHH),
2.92 (dd, 1H, J;=4.2 Hz, J,=9.7 Hz; CHCO), 2.86-2.70
(m, 5H; 2XCH,Ph, NCHH), 2.57-2.48 (m, 1H; NCHH),
2.47-2.40 (m, 1H; NCHH), 2.37-2.31 (m, 1H; NCHH),
2.34-2.17 (m, 2H; 2XNCHH), 2.14-2.03 (m, 2H; 2X
CHH), 1.91-1.47 (m, 10H; 4 X CH,, 2 X CHH); '*C NMR
(125 MHz, CDCl;, 30 °C): 6=174.7, 174.3, 155.9, 138.5,
137.7, 136.6, 129.4, 129.2, 128.5, 128.4, 128.3, 128.1,
128.0, 126.5, 126.3, 67.6, 66.5, 66.3, 54.3, 53.5, 52.9, 51.8,
51.7, 50.9, 48.5, 41.6, 40.4, 33.2, 31.6, 30.8, 29.4, 24.2,
23.1; IR (CHCly): v=3434, 3322, 2956, 2816, 1736, 1720,
1656, 1512, 1456, 1404, 1347 cm~'; MS (HR ESI, MeOH):
mlz caled for C3oHsiN4Os [M+H"] 655.3854; found:
655.3860.

4.4.6. (25,95,125,195)-2,6-Cyclo-12,16-cyclo-6,10,16-
triaza-19-(benzyloxycarbonylamino)-20-metylo-11-
0ks0-9-(2'-propylo)henicosanoic acid methyl ester (15f).
Prepared from acid 14¢ and amine 13¢ in 93% yield; mp 64—
66 °C; [a]y —69.3 (¢ 0.70 in CHCl3); 'H NMR (500 MHz,
CDCl3, 30 °C): 6=7.41 (d, 1H, J=10.1 Hz; NH), 7.37-7.29
(m, 5H; C¢Hs), 5.08 (br s, 2H; CH,Ph), 4.68 (d, 1H, J=
9.7 Hz; NH), 3.77-3.71 (m, 1H; NHCH), 3.70 (s, 3H;
OCHs;), 3.52-3.46 (m, 1H; NHCH), 3.20-3.15 (m, 1H;
NCHH), 3.15-3.09 (m, 2H; NCHH, CHCO), 3.04 (dd, 1H,
Ji=4.5Hz, J,=10.1 Hz; CHCO), 2.74-2.67 (m, 1H;
NCHH), 2.65 (dt, 1H, J,=5.6 Hz, J,=11.5 Hz; NCHH),

2.52 (dt, 1H, J,=4.4 Hz, J,=11.5 Hz; NCHH), 2.41-2.33
(m, 1H; NCHH), 2.33-2.26 (m, 2H; 2 X NCHH), 2.19-2.05
(m, 2H; 2X CHH), 1.94-1.51 (m, 12H; 2X CHH, 4 X CH,,
2XCH), 0.91-0.85 (m, 12H, 4XCH;); '*C NMR
(125 MHz, CDCl;, 30 °C): 6=174.8, 174.4, 156.3, 136.6,
128.5, 128.1, 128.0, 67.8, 66.6, 66.2, 54.9, 54.4, 53.9, 53.5,
52.4, 52.2, 51.8, 32.2, 32.1, 31.9, 31.2, 30.8, 29.5, 24.3,
23.2,19.2, 18.9, 18.3, 17.6; IR (KBr): v=3276, 2960, 2811,
1741, 1724, 1636, 1523, 1455 cm ™~ '; MS (HR ESIL, MeOH):
mlz caled for Cs;;Hs;N4Os [M+H"] 559.3854; found:
559.3858; elemental analysis calcd (%): C 66.55, H 8.96, N
10.04; found: C 66.56, H 9.05, N 9.98.

4.5. Macrocyclization procedures

N-Cbz-protected aminoesters 15a—f were subjected to
catalytic hydrogenation (H, over Pd-C in methanol) prior
to cyclization reactions. The aminoester (1.90 mmol),
obtained from 15a—f, was dissolved in 0.5 M NaOH solution
in methanol (0.20 L), and allowed to stand at room
temperature for 1 day. The reaction mixture was neutralized
with aq HCI and evaporated to dryness. The solid residue
was dissolved in water (20 mL) and extracted with CHCl3
(4X20 mL). The combined chloroform extracts were dried
(NaySO,4) and the solvent was evaporated. The crude
product was purified by column chromatographic
(CH,Cly/methanol =19:1) followed by a recrystallization.
Details of other macrocyclization procedures were
described in our previous work."*"

4.5.1. (4R,75,175)-1,5,11,15-Tetraaza-4-methyltri-
cyclo[15.3.0.0.7’11]ic0san-6,16-di0n (2a) Recrystallization
from CH,Cl,/hexane yielded 2a as colourless crystals; mp
140-141 °C; [a]® —53.4 (¢ 0.50 in CHCly); 'H NMR
(500 MHz, CDCl3;, 30 °C): 6=2_8.45 (br s, 1H; NH), 8.36 (br
s, 1H; NH), 4.09-4.01 (m, 1H; CHCH3), 3.74-3.67 (m, 1H),
3.31-3.24 (m, 2H), 3.14-3.03 (m, 2H), 3.00 (dd, 1H,
J1=9.8 Hz, J,=5.4 Hz; CHCO), 2.91 (dd, 1H, J,=9.3 Hz,
J>=5.8 Hz; CHCO), 2.86-2.80 (m, 1H), 2.55 (dt, 1H, J,=
12.4 Hz, J,=3.5Hz), (ddd, 1H, J,=12.8 Hz, J,=5.0 Hz,
J3=2.3 Hz), 2.28-2.17 (m, 4H), 1.93-1.71 (m, 9H), 1.58
(ddt, 1H, J,=15.2 Hz, J,=5.0 Hz, J3=1.6 Hz), 1.20 (d,
3H, J=6.6 Hz; CHs); >C NMR (125 MHz, CDCls, 30 °C):
0=174.8, 173.9, 70.5, 70.0, 56.3, 53.6, 53.4, 52.0, 44.9,
404, 31.2, 30.6, 30.5, 25.2, 24.2, 23.8, 19.2; IR (CHCls):
y=3678, 3325, 2822, 1654, 1530, 1471 cm~'; MS (HR
ESI, MeOH): m/z caled for C;;H;)N4O,Na [M+Na™]
345.2261; found: 345.2283.

4.5.2. (4R,75,175)-1,5,11,15-Tetraaza-4-benzylotri-
cyclo[15.3.0.0.”!"icosan-6,16-dion (2b) Recrystallization
from CH,Cl,/ether yielded 2b as colourless crystals; mp
184-188 °C; [a]®) —71.5 (¢ 0.50 in CHCl3); '"H NMR
(500 MHz, CDCls, 30 °C): 6=28.13 (br s, 1H; NH), 8.08 (br
s, 1H; NH), 7.30-7.18 (m, 5H; C¢Hs), 4.01-3.93 (m, 1H;
NHCH), 3.55-3.47 (m, 1H; NHCHH), 3.26-3.16 (m, 4H;
NHCHH, 2 X NCHH, CHHPh), 3.07-2.97 (m, 2H; CHCO,
NCHH), 291 (dd, 1H, J,=6.3 Hz, J,=9.6 Hz; CHCO),
2.82 (dt, 1H, J,=2.5 Hz, J,=12.3 Hz; NCHH), 2.67 (dd,
1H, J,=8.6 Hz, J,=13.3 Hz; CHHPh), 2.46 (dt, 1H, J, =
3.2 Hz, J,=12.5 Hz; NCHH), 2.40-2.34 (m, 1H; NCHH),
2.26-2.15 (m, 4H; 2 X NCHH, 2 X CHCHH), 1.89-1.63 (m,
10H; 2 X CHCHH, 4 X CH,); >*C NMR (125 MHz, CDCl;,
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30°C): 6=174.7, 174.1, 138.8, 129.3, 128.4, 126.3, 70.2,
69.6, 54.9, 53.4, 53.1, 52.2, 51.3, 39.2, 39.0, 30.5, 304,
28.0, 25.3, 24.1, 23.8; IR (CHCls): v=23323, 2821, 1658,
1528, 1443 cm_]; MS (HR ESI, MeOH): m/z calcd for
C,3H35sN,0, [M+HT] 399.2755; found: 399.2764;
elemental analysis calcd (%) C 69.35, H 8.54, N: 14.07,
found: C 69.33, H 8.51, N 13.87.

4.5.3. (4R,75,175)-1,5,11,15-Tetraaza-4-(2'-propylo)tri-
cyclo[15.3.0.0.7’11]ic0san-6,16-dion (2¢) Recrystallization
from CH,Cl,/hexane yielded 2¢ as colourless crystals; mp
185-187 °C; [a]® —76.4 (¢ 0.50 in CHCly); 'H NMR
(500 MHz, CDCl3;, 30 °C): 6=238.13 (br s, 1H; NH), 8.94 (br
s, 1H; NH), 3.59-3.48 (m, 2H; NHCHH, NHCH), 3.31-3.16
(m, 3H; NHCHH, 2XNCHH), 3.03 (dd, 1H, J,=4.6 Hz,
J>=10.2 Hz; CHCO), 2.97-2.84 (m, 3H; 2XNCHH,
CHCO), 2.53-2.42 (m, 2H; 2XNCHH), 2.29-2.15 (m,
4H; 2XNCHH, 2XCHCHH), 2.06-1.98 (m, IH;
(CH3),CH), 1.91-1.69 (m, 10H; 2XCHCHH, 4 XCH,),
0.93 (d, 3H, J=6.8 Hz; CH3), 0.88 (d, 3H, /J=6.7 Hz; CH3);
13C NMR (125 MHz, CDCls, 30 °C): 6=175.3, 173.4, 70.2,
69.3, 55.2, 55.0, 54.0, 53.2, 52.9, 39.5, 30.8, 30.7, 30.3,
27.1,25.3,24.5,23.7, 20.1, 19.2; IR (KBr): »=3364, 3304,
2961, 2813, 2772, 1673, 1648, 1539, 1513, 1435 cm ™ '; MS
(HR ESI, MeOH): m/z caled for C,oH35N40, [M+H™]
351.2755; found: 351.2781; elemental analysis calcd (%): C
65.14, H 9.71, N 16.00; found: C 64.90, H 9.87, N 15.83.

4.54. (4R,7S,14R,175)-1,5,11,15-Tetraaza-4,14-dimethyl-
tricyclo[15.3.0.0.”" Jicosan-6,16-dion (2d) Recrystalliza-
tion from CH,Cl,/ether/hexane yielded 2d as colourless
crystals; mp decomposition at 222 °C; [a]zDO —83.8 (¢ 0.25
in CHCl;); "H NMR (500 MHz, CDCl;, 30 °C): 6=28.72 (br
s, 2H; 2XNH), 4.16-4.08 (m, 2H; 2 X CHCH3), 3.32-3.27
(m,2H),3.11 (dt,2H, J,=12.6 Hz, J,=1.3 Hz),2.96 (dd, 2H,
J1=58Hz, J,=9.6 Hz), 2.41 (ddd, 2H, J,=12.8 Hz, J,=
5.2 Hz, J3=1.9 Hz), 2.29-2.18 (m, 4H), 1.99-1.69 (m, 8H),
1.51-1.45 (m, 2H), 1.22 (d, 6H, J=6.6 Hz; 2X CHs); *C
NMR (125 MHz, CDCls, 30 °C): 6=174.0, 70.5, 53.6, 51.9,
44.9, 31.0, 30.8, 24.0, 19.3; IR (KBr): ¥=3437, 3298, 2962,
2771, 1647, 1545, 1444 cm™'; MS (HR ESI, MeOH): m/z
caled for C,gH33N40, [M+H ] 337.2598; found: 337.2608.

4.5.5. (4R,7S,14R,175)-1,5,11,15-Tetraaza-4,14-dibenzyl-
otricyclo[15.3.0.0.”"Jicosan-6,16-dion (2e) [«]f —35.3
(¢ 1.0 in CHCl;); 'H NMR (500 MHz, CDCls, 30 °C): 6=
8.52 (br's, 2H; 2 X NH), 4.30—4.18 (m, 10H; 2 X C¢Hs), 4.01
(br s, 2H; 2XNHCH), 3.35 (dd, 2H, J,=5.5Hz, J,=
13.2 Hz; 2X CHHPh), 3.21 (t, 2H, J=7.7 Hz; 2 X NCHH),
3.16-3.07 (m, 2H; 2XNCHH), 2.98 (dd, 2H, J,=6.0 Hz,
J>,=9.5Hz, 2XCHCO), 2.68 (dd, 2H, J,=9.7 Hz, J,=
13.2 Hz; 2XCHHPh), 2.37 (dt, 2H, J,=3.3Hz, J,=
12.7 Hz; 2XNCHH), 2.29-221 (m, 2H; 2XCHCHH),
2.21-2.14 (m, 2H; 2XNCHH), 1.90-1.76 (m, 4H; 2X
CHCHH, 2 X CHH), 1.76-1.66 (m, 6H; 2 X CHH, 2 X CH,);
13C NMR (125 MHz, CDCl;, 30°C): 6=174.3, 138.8,
129.3, 128.5, 126.3, 70.3, 53.2, 51.9, 51.4, 39.0, 30.6, 27.1,
23.9; IR (CHCl;): »=13288, 3066, 1674, 1541, 1455 cm ™ ';
MS (HR ESI, MeOH): m/z calcd for C3oH, N4O, [M+H ™ :
489.3224; found: 489.3231.

4.5.6. (45,75,145,175)-1,5,11,15-Tetraaza-4,14-bis-(2'-
propylo)tricyclo[15.3.0.0." Jicosan-6,16-dion (2f) 'H

NMR (500 MHz, CDCl;, 30 °C): 6=8.08 (br s, 2H; 2X
NH), 3.44-3.29 (m, 2H; 2 X CHCO), 3.23-3.18 (m, 2H; 2 X
NCHH), 3.05-2.93 (m, 4H; 2XNHCH, 2 X NCHH), 2.45—
2.36 (m, 2H; 2XNCHH), 2.26-2.16 (m, 4H; 2 X NCHH,
2X CHCHH), 2.10-1.96 (m, 4H; 2 X CHH, 2 X (CH;),CH),
1.90-1.61 (m, 8H; 2X CHCHH, 2XCHH, 2XCH,), 0.96
(d, 6H, J=6.7 Hz; 2XCH3), 0.91 (d, 6H, J=6.7 Hz; 2 X
CHs;); 3C NMR (125 MHz, CDCls, 30 °C): 6=173.9, 69.8,
55.3,53.3, 52.4, 31.0, 30.5, 27.6, 24.1, 20.6, 19.9; MS (HR
ESI, MeOH): m/z caled for C,HsoN4O,Na [M+Na™]:
415.3043; found: 415.3050.

4.6. Preparation of complexes

Equimolar amount of diamide 2a—d or 1b and Ni(OAc), or
Cu(OAc), were dissolved in methanol. The formed bright
green solution is stirred at boiling temperature for about
5 min. During the heating colour of solution is changing
from green to dark red or violet and acetic acid is
evaporating. Solvents were evaporated and prepared
complexes were crystallized from methanol/ether.

4.6.1. Complex Ni-1b. Mp 247 °C; [a]3 —294 (c 0.047 in
MeOH); 'H NMR (500 MHz, CDCl, 30 °C): 6=4.79-4.73
(m, 2H; 2XNCHH), 3.30-3.23 (m, 4H; 2XNCHH, 2X
CHCO), 2.99 (dt, 2H, J,=14.1 Hz, J,=4.0Hz; 2X
NCHH), 2.78-2.70 (m, 2H; 2XNCHH), 2.28-2.21 (m,
2H; 2 XNCHH), 2.19-2.21 (m, 2H; 2 X NCHH), 2.07-1.95
(m, 4H; 2X CHCH,), 1.93-1.82 (m, 4H; 2 X CH,), 1.64—
1.57 (m, 2H; 2 X CHH), 1.49-1.39 (m, 2H; 2 X CHH); "*C
NMR (125 MHz, CDCls, 30 °C): 6=178.6, 74.4, 57.3, 55.7,
40.4,26.5,24.8,21.2; IR (KBr): v=3442, 3382, 2937, 2848,
1573, 1420 cm ™ '; UV/vis (EtOH): Amax(e) =570 (80), 480
(180), 210 (15,200), 240 nm (15,600 L cm ™~ ' mol ™ '); MS
(HR LSIMS): m/z caled for C;H,,N,O,Ni [M+H™]:
364.1409; found: 364.1383.

4.6.2. Complex Cu-1b. Mp 215-217 °C; [a]f +920 (c
0.10 in CHCl3); IR (KBr): v=3452, 2929, 2854, 1576,
1448, 1407 cm~'; UV/vis (EtOH): Amax(€) =493 (530), 269
(8400), 213 (32,000 Lcm ™ 'mol™'); MS (HR ESI,
MeOH): m/z caled for C;gHysN,0,CuNa [M+Na™]:
392.1244; found 392.1236.

4.6.3. Complex Cu-2a. Mp 228-230 °C; [a]f +308 (c
0.10 in CHCl3); IR (KBr): »=3432, 2962, 2887, 1576,
1444, 1405, 1333, 1300 cm ™~ '; UV/vis (EtOH): Apax(e) =
497 (300), 270 (3600), 215 (15,000 L cm™ " mol ™ '); MS
(HR ESI, MeOH): m/z calcd for C;7H,gN,O,NaCu [M -+
Na™]: 406.1400; found 406.1428.

4.6.4. Complex Cu-2b. Mp 90 °C; [«]5 +838 (c 0.14 in
CHCly); IR (CHCl3): »=23667, 3363, 2979, 2858, 1582,
1453, 1404 cm ™ '; UV/vis (EtOH): Apay(e) =493 (300), 268
(3800), 212 (20,000 Lcm™ 'mol™'); MS (HR ESI,
MeOH): m/z caled for C,3H33N4O0,Cu [M+HT]:
460.1894; found: 460.1894.

4.6.5. Complex Cu-2c. Mp 198-200 °C; [a]y +480 (c
0.10 in CHCI3); IR (KBr): »=3482, 3393, 2953, 2860,
1586, 1571, 1450, 1397 cm ™ '; UV/vis (EtOH): A.x(e)=
504 (350), 301 (3800), 270 (4200), 214 nm
(18,500 L cm ™" mol ™ "); MS (HR ESI, MeOH): m/z calcd
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for: C,oH3,N4O,NaCu [M+Na™] 434.1713; found:
434.1735.

4.6.6. Complex Cu-2d. Mp decomposition at 260 °C; [a]p’
+590 (¢ 0.10 in CHCly); IR (KBr): v=3453, 2960, 2926,
2861, 1578, 1439, 1401 cm ™~ '; UV/vis (EtOH): Apax = 500,
272, 215nm; MS (HR ESI, MeOH): m/z calcd for
C,5H31N40,Cu [M+H™]: 398.1738; found: 398.1756.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tet.2005.07.
049. Supplementary data available: synthesis of compounds
6 to 11, and crystallographic details.
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Abstract—The n-(ethynyl)quinolines were satisfactorily prepared by heterocoupling reaction between the appropriate n-chloroquinoline
and 2-methyl-3-butyn-2-ol, catalyzed by palladium, followed by treatment with a catalytic amount of powdered sodium hydroxide in toluene.
The n-(ethynyl)quinolines were transformed in the corresponding conjugate 1,4-bis[n’-(quinolyl)]buta-1,3-diynes by oxidative dimerization,
catalyzed by cuprous chloride, with excellent yields. Moreover, the heterocoupling between n’-haloquinoline and n’-(ethynyl)quinoline (n’,
2" or 3'), catalyzed by palladium, gives 2',2’-bis(quinoline) or 1,2-di(3’-quinolyl)ethyne, respectively. The same coupling reaction with
zerovalent nickel complexes, gives a mixture of 1,2,4- and 1,3,5-tri(n’-quinolyl)benzene.

© 2005 Published by Elsevier Ltd.

1. Introduction

Earlier, some chloroquinolines had been synthesized as
antimalarial precursors,' and more recently it has been
reported that the 4-aminoquinoline nucleus in chloroquine
and related antimalarials having the 7-chloro group act by
complexing ferriprotoporphyrin IX.> However, quinolines
have not been used for the preparation of molecular organic
compounds,” although some quinoline derivatives are good
candidates to form part of new materials with conductive
and optical properties.

The use of molecular organic materials as conductors and in
nonlinear optics is of considerable interest since such
materials have inherent synthetic flexibility, which permits
the design of specific molecular properties.” In this way, the
solid state polymerization of 1,3-diynes to form crystalline
conjugated polydiynes has attracted much attention,’
although many of them are inactive in the solid state, they
do undergo liquid crystal polymerization.®

Here we describe an efficient synthesis of the 2-, 3-, and
4-quinolylacetylene units (11-14), the oxidative dimeri-
zation to 1,4-bis(n-quinolyl)buta-1,3-diyne (4a—c), their
structural thermal analysis and their catalysed coupling
reactions. The acetylene derivatives (11-14) were also
obtained for the synthesis of m-conjugated polyenes and

Keywords: Chloroquinolines; Ethynylquinolines; 1,3-Butadiynes; Homo-

coupling; Heterocoupling.
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furthermore, serve for the synthesis of nanostructures
containing those useful units.” Poly(vinylquinolines) and
their fluorescence properties have been previously
reported.®

2. Results and discussion

Conjugated ethynyl derivatives having a heterocyclic ring
such as pyridine has been reported,” and we are now
interested in the synthesis and structural analysis of
conjugated ethynylquinolines as starting units to prepare
molecular networks.

2.1. n-(Ethynyl)quinolines

The conjugated n-(ethynyl)quinolines (11-14) (n=2, 3, 4)
were satisfactory obtained by cross-coupling reaction
between the appropriate n-chloroquinoline (compounds 1,
2, 6) and 2-methyl-3-butyn-2-ol catalysed by the palladium—
copper system (Sonogashira method).” A modification on
the hydrolysis treatment of the crude reaction products was
employed,'® which consists in the incorporation of a small
amount of potassium cyanide to a saturated ammonium
chloride aqueous solution that permits the pure isolation of
the corresponding 2-methyl-4-(n'-quinolyl)-3-butyn-2-ol in
good to practically quantitative yield. The potassium
cyanide avoids the quinoline—palladium complexes separ-
ation. The cross-coupling reaction with 3-chloroquinoline
fails while 3-bromoquinoline was used with excellent
results.'® However, 2-chloroquinoline was recently used in
carbonylation reactions catalysed by palladium."’
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Finally, the n-ethynylquinolines were obtained by treatment
of the corresponding 2-methyl-4-(n’-quinolyl)-3-butyn-2-ol
with catalytic amounts of powdered sodium hydroxide (10—
15% mol), in toluene at the reflux temperature, in good to
excellent yields (11-13), in short reaction times (half to 4 h),
(Scheme 1). The purification of the n-ethynylquinolines was
carried out by silica gel column chromatography (11, 14) or
by sublimation in a cold-finger surface, giving a micro-
crystalline white solid (12, 13). We have also used the
purification by subhmatlon in the preparation of the
ethynylpyridines.'”

2.2. n-Chloroquinolines

The starting 2-chloro (1) and 4-chloro (2) qulnohnes were
prepared by reaction of anhydrous quinoline-N-oxide,” with
phosphoryl trichloride,'? yielding a mixture of both isomers,
which were isolated by chromatography as yellow solids (47
and 32%, respectively), (Scheme 2).

The 2,8-dichloroquinoline (6) was obtained by reaction of
anhydrous 8-chloroquinoline-N-oxide with phosphoryl

Cr

S
@

9043

trichloride, as the unique product, in moderate yield
(52%), while 4,8-dichloroquinoline was detected only as
traces in the crude product. Hence, the high regiospecificity
of the reaction was due to the serious sterical hindrance of
the chloro atom in position 8, although the reaction can be
interpreted through an oxyphosphorane adduct anion in a
rapid concerted mechanism, Scheme 2.

The starting 8-chloroquinoline (3) was prepared by the
Skraup synthesis between o-chloroaniline and 1,2,3-trihy-
droxypropane catalysed by sulfuric acid, in good yield
(78%)."> The structure of 3 was confirmed by '"H NMR
spectrum, which shows unequivocally the H-2 and H-4
protons at 8.97 and 8.09 ppm with ortho and meta coupling
constants (J=4.3, 1.6 Hz and J=28.6, 1.6 Hz, respectively).

A remarkable fact takes place in the preparation of
8-chloroquinoline-N-oxide under the same conditions used
for the preparation of quinoline-N-oxide. 8-chloro-4-
hydroxyquinoline (4) was obtained in good yield (62%) as
the unique transformation product, which mechanism
probably proceeds by N-protonation followed by water

OH

v

i. 2-methyl-3-butyn-2-ol, PdCl,(PPhs),; Cu,Cl,; Et,NH.

ii. NaOH, at reflux of toluene, 4h.

X=2Cl 1 7 n2 92% 11 n.2 91%
X=3-Br 8 n3 97% 12 nJ3 95%
X=4-Cl 2; 9 n4 86% 13 n4 86%
X=2-CL8-Cl 6 10 n,2 8-Cl1 91% 14 n,2 8-Cl 65%

Scheme 1.
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addition, (Scheme 2). The 4-hydroxyquinoline was treated
with triflic anhydride yielding the triflate derivative (mp
108-110 °C), which confirms the 4-hydroxyquinoline
structure (Scheme 2).

The 8-chloroquinoline-N-oxide was obtained by reaction of
8-chloroquinoline with m-chloroperbenzoic acid in chloro-
form with low yield (32%) but, the untransformed starting
quinoline was completely recovered.

2.3. 1,4-Di(n-quinolyl)-1,3-butadiynes

To increase the m-extended conjugation of the n-
ethynylquinolines carried out was the catalytic oxidative
dimerization to the 1,4-di(n-quinolyl)-1,3-butadiynes.
Recognized earlier was the oxidative coupling dimerization
of the terminal acetylenes in the presence of cupric salts in
pyridine, giving symmetric conjugate 1,3-diynes in good
yields (Eglinton reaction).'"* A modified method using
catalytic amounts of cuprous and ammonium salts in the
presence of an oxidizing agent, also provides good yields
(Glaser reaction) because of the triple bond oxidative
specificity.'*

Recently, been proposed is a mechanism for the reaction,
which takes into account the Cu(I)/O, interaction and the
easy redox interconversion Cu(I)/Cu(III),15 as intermediates
in the homocoupling reaction.

2.4. 1,4-Di(n’-quinolyl)-1,3-butadiyne (15-18)

The oxidative dimerization of n-ethynylquinolines (11-14)
under the Glaser conditions, in the presence of catalytic
amounts of cuprous chloride, pyridine as the base was
carried out at 40 °C, under oxygen atmosphere, giving 1,4-
di(n'-quinolyl)-1,3-butadiyne (15-18), which were isolated
as microcrystalline white powder, in good to excellent yield,
(Scheme 3).

The 1,3-butadiynes 15-17 are photosensitive to the sunlight
and decompose, with the darkness of the samples, near to
the melting point, which were determined by differential
scanner calorimetry (DSC).'®

2.5. 1,4-Di(3'-quinolyl)-1,3-butadiyne (16)

Oxidative dimerization of compound 12 affords 1,4-di(3'-
quinolyl)-1,3-butadiyne (16) (80%). Crystals of 16 were
photosensitive to the sunlight and under exposure turn to
insoluble deep-blue crystals. A crystalline powder sample of
compound 16, after sunlight exposure for 2 days, was
analysed by mass spectrometry, using the MALDI-TOF
technique.

A
——H >
N/ CuyCly, Oy, Py
X
X=H, 11-13
X=Cl, 14

Scheme 3.

Thus, a mixture of topooligomers were detected by
complete volatilization of the sample, in the following
distribution: 1,3-diyne monomer 16, 42.4%; 1,3-diyne dimer
31.4%; 1,3-diyne trimer 22.7%; 1,3-diyne tetramer 3.2%; 1,3-
diyne pentamer 0.3%; and 1,3-diyne hexamer in traces.

2.6. 1,4-Di(4'-quinolyl)-1,3-butadiyne (17)

Oxidative coupling of compound 13 affords 1,4-di(4'-
quinolyl)-1,3-butadiyne (17) in practically quantitative
yield (97%). The diyne 17 shows a clear melting point at
215-216 °C.

2.7. 1,4-Di[2'-(8'-chloroquinolyl)]-1,3-butadiyne (18)

The oxidative dimerization of compound 14 affords 1,4-
di[2’-(8'-chloroquinolyl)]-1,3-butadiyne (18) (30%),
(Scheme 3), but all of the untransformed starting product
was recovered. The presence of the 8'-chloro atoms in the
1,3-butadiyne 18 produce a clear melting point at 212—
214 °C and stability under sunlight exposure.

2.8. Structural analysis of the 1,4-di(n’-quinolyl)-1,3-
butadiynes 15-18

The 1,3-butadiynes 15-18 in the '"H NMR spectrum show
the characteristic pyridine proton signals as doublets. Thus,
H-3, H-4 and H-2, H-4 appears for compound 15 at 7.57 and
8.16 ppm (J/=8.6 Hz); compound 16 at 9.00 and 8.37 ppm
(J=1.9 Hz); compound 17 at 8.81 and 7.61 ppm (J=3.9 Hz);
and compound 18 at 7.46 and 8.30 ppm (J=28.6 Hz),
respectively.

The mass spectrum of the 1,3-butadiynes 15-18 show the
molecular as the base peak at 304 (372 for 18) and the
double charge M2 molecular peak at 152 (186 for 18) that
is the following more significant in the spectrum and was
characteristic of the 1,4-diaryl-1,3-butadiynes."’

2.9. Coupling reaction between n-haloquinolines and
n-ethynylquinolines

The coupling between a n-haloquinoline and a n-
ethynylquinoline catalyzed by palladium can give the 1,2-
di(n’-quinolyl)ethynes, which can be used as starting
compounds for the catalytic cyclotrimerization analysis to
obtain the hexa-(n-quinolyl)benzene derivatives.

2.10. Coupling reaction between 2-chloroquinoline and
2-ethynylquinoline

The coupling between 2-chloroquinoline (1) and 2-ethynyl-
quinoline (11) in presence of dichloro bis(triphenylphosphine)

X
N

“
x

Z\\_ /

X=H, 15-17
X=Cl, 18
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palladium/cuprous iodide catalyst system, in diethylamine
yields the homocoupled of 1 to 2,2’-bis(quinoline) 19 as the
unique product, (Scheme 4).

However, the reaction between 2-chloroquinoline (1) and
2-ethynylquinoline (11), with dichloro bis(triphenylphos-
phine) nickel-zinc catalyst system, affords the cyclotrimer-
ization of the acetylene 11, giving a mixture of 1,3,5- (20)
and 1,2,4-tris(2'-quinolyl)benzene (21) (43%) (64:36 molar
ratio, respectively, by '"H NMR), (Scheme 4).

2.11. Coupling reaction between 3-bromoquinoline and
3-ethynylquinoline (12)

The coupling between 3-bromoquinoline and 3-ethynylqui-
noline (12), catalyzed by the palladium—copper system,
gives the heterocoupled 1,2-di(3’-quinolyl)ethyne (22) in
good yield (70%), (Scheme 5). Compound 22 was a stable
white crystalline solid, which shows fluorescence radiation
emission in dichloromethane with two maxima at 354 and
371 (quantum yield &, 18%, referred to a solution of
2-aminopiridine).

Compound 22 was employed for the cyclotrimerization
with several homogeneous catalyst systems, such as
Cl,Pd(PhsP),~SiMe;Cl, "7 V(acac)s—AlEts,'® CL,Ni(PhsP),—
Zn'® and also with transfer phase agents, but in all the cases
compound 22 was recovered untransformed, (Scheme 5).

However, the same coupling reaction between 3-bromoqui-
noline and acetylene 12 was also carried out with zerovalent
nickel complexeszo_22 but only a mixture of 1,2,4-/1,3,5-
tris(3’-quinolyl)benzene was obtained in good yield (80%).

3. Conclusions

2-Chloro, 4-chloro and 2,8-dichloroquinoline were especi-
fically obtained by treatment of the corresponding dehy-
drated N-oxide with phosphoryl chloride in good yield. The
ethynylquinolines can be efficiently obtained by hetero-
coupling with 2-methyl-3-butyn-2-0l catalyzed by

i. C1,Ni(PhyP),,

Zn, THF
ii. i, ClPd(PPhy),,Cul,
piperidine at reflux

Scheme 4.

palladium, followed of propanone elimination. In this way,
2-ethynyl-8-chloroquinoline was specifically isolated. The n-
(ethynyl)quinolines can be transformed in the corresponding
conjugate 1,4-bis[n’-(quinolyl)]buta-1,3-diynes in the
presence of cuprous chloride catalyst, with excellent yields.

The heterocoupling between 2-chloroquinoline and 2-
(ethynyl)quinoline, catalyzed by palladium, affords 2,2-
bis(quinoline). However, the heterocoupling between
3-bromoquinoline and 3-(ethynyl)quinoline, catalyzed by
palladium, affords to 1,2-di(3’-quinolyl)ethyne.

The coupling reaction between 2-chloroquinoline and
2-ethynylquinoline (or 3-bromoquinoline and 3-ethynylqui-
noline) with zerovalent nickel complexes, gives only a
mixture of 1,2,4- and 1,3,5-tris(2/-quinolyl)benzene (or 1,2,
4- and 1,3,5-tris(3’-quinolyl)benzene).

4. Experimental
4.1. General methods

Melting points were determined using a Buchi or Reichert
stage microscope and are uncorrected, the differential
scanning calorimetric measures (DSC) were recorded
using a Perkin—Elmer apparatus. IR spectra were recorded
using a Bruker Vector 22 spectrophotometer, and the wave
numbers are given in cm”~ '. The "H NMR spectra were
recorded using a Bruker Aspect spectrometer (200 or
300 MHz). Chemical shifts are given in 6 with TMS as
internal reference and constants coupling J are given in Hz.
Mass spectra were recorded using a VG AutoSpec
spectrometer and the MALDI-TOF spectra were recorded
using a Bruker Reflex III spectrometer. UV—vis spectra were
recorded using a Hewlett Packard 8453 spectrometer,
frequency are given in nm and ¢ en L mol ' cm ™. Yields
are given after chromatography column or solvent
extraction.

4.1.1. 2-Chloroquinoline (1) and 4-chloroquinoline (2). A
solution of anhydrous quinoline N-oxide (7.52 g, 0.052 mol)
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ii. CLNi(PPhy),,
Zn, THF

Cul, HNEt,

cat., PdC1,/Me;SiCl;
CI,Ni(PPhs),/Zn, THF;
V(acac);/AlEt;

Scheme 5.

in phosphoryl trichloride (43.8 mL, 0.465 mol) was pre-
pared by slow addition at 0 °C. The mixture was refluxed for
3h and then poured on ice, neutralized with aqueous
ammonium hydroxide and extracted with dichloromethane.
The extracts were dried on sodium sulfate, filtered and
evaporated under reduced pressure. The crude product was
purified by silica gel column chromatography (hexane/
dichloromethane, 1:5), giving 2-chloroquinoline (1) (3.98 g,
47%) as a yellow solid, mp 36-38 °C and 4-chloroquinoline
(2) (2.71 g, 32%) as a yellow solid, mp 33-34 °C.'?

2-Chloroquinoline (1). l/mx(KBr)/cm_l 3055 (ArC-H st),
1616, 1585, 1562, 1496, 1462 and 1420 (C=C and C=N st
conj.), 1135 and 1094 (ArC-H (ip), 815, 778 and 742 (ArC—
H (oop); éy (200 MHz, CDCls) 7.38 (d, 1H, J3_4=8.3 Hz,
H-3), 7.56 (ddd, lH, J5,6=8.1 HZ, J6—7=7'0 HZ, J&gz
1.2 Hz, H-6), 7.72 (ddd, 1H, J;,_g=8.3 Hz, J¢ 7=7.0 Hz,
Js.7=14Hz, H-7), 7.80 (dd, 1H, J5_¢=8.1 Hz, J5_;=
1.4 Hz, H-5), 8.01 (dd, 1H, J;,_g=8.3 Hz, J¢_s=1.2 Hz, H-
8) and 8.08 (d, 1H, J5_4,=8.3 Hz, H-4); 6 (50 MHz, CDCl5)
122.1 (C-3), 126.6 (C-4a), 126.7 (C-6), 127.3 (C-5), 128.3
(C-7), 130.3 (C-8), 138.6 (C-4), 147.6 (C-8a) and 150.3 (C-
2); Amax(CH,oCly)/nm 233, 273, 304 and 318. CoHgNCl
(163.60). Anal. Calcd C 66.07, H 3.70, N 8.56, Cl 21.67;
found: C 65.93, H 3.61, N 8.43.

4-Chloroquinoline (2). 6y (200 MHz, CDCl3) 7.47 (d, 1H,
Jr_3=4.3Hz, H-3), 7.62 (ddd, 1H, J5_ =83 Hz, Js 7=
7.0 Hz, J¢_3=1.7 Hz, H-6), 7.75 (ddd, 1H, J;_3=8.3 Hz,
Je7=7.0Hz, Js_;=13Hz, H-7), 8.12 (dd, 1H, Js_¢=
8.3 Hz, Js.;=1.3 Hz, H-5), 8.20 (dd, 1H, J;_3=8.3 Hz,
Je_gs=1.7 Hz, H-8) and 8.77 (d, 1H, J,_3=4.3 Hz, H-2); ¢
(50 MHz, CDCl5) 121.1 (C-3), 124.0 (C-6), 126.4 (C-4a),
127.5 (C-5), 129.7 (C-7), 130.2 (C-8), 142.5 (C-4), 149.0
(C-8a) and 149.7 (C-2); Apnax(CH,Cl,)/nm 230, 281, 304 and
316. CoHgNCI (163.60). Anal. Calcd C 66.07, H 3.70, N
8.56, Cl1 21.67; found: C 66.23, H 3.49, N 8.64.

4.1.2. 8-Chloroquinoline (3). Following the Skraup
reaction, to a solution of o-chloroaniline hydrochloride
(20 g, 122 mmol), and glycerol (17.8 mL, 244 mmol) in

nitrobenzene (12.6 mL), was added FeSO4-7H,O (2.0 g,
7.2 mmol) and SO4H, (33 mL, 98%). The mixture was
stirred for 5h at 80 °C and after neutralized with NaOH
(12 N) and extracted with dichloromethane. The organic
layer was washed (2X50mL) with hydrochloric acid
(10%). The extracts were dried with sodium sulfate, filtered
and the solvent removed under reduced pressure yielding a
brown oil, which was distilled at reduced pressure yielding
8-chloroquinoline as a colorless oil, 15.51 g (bp 175 °C at
30 mm Hg, 78%,“b). Purification can also be carried out by
silica gel column chromatography (dichloromethane/hexane
4:1 (R¢=0.19).

Voa(film)/em ™' 1593, 1490, 1459, 1380, 1304, 1209,
1062, 980, 823, 784; 6y (200 MHz, CDCl3): 9.07 (1H, dd,
Ji=43Hz, J,=1.61 Hz, H-2), 8.21 (1H, dd, J,=8.6 Hz,
J,=1.61 Hz, H-4), 7.86 (1H, dd, J, =7.53 Hz, J,= 1.08 Hz,
H-7), 7.77 (1H, dd, J,=8.06 Hz, J,=1.08 Hz, H-5), 7.48
(1H, dd, J, =8.06 Hz, J,=7.53 Hz, H-6); 7.43 (1H, dd, J, =
8.6 Hz, J,=4.3 Hz, H-3); m/z 163/5 (M, 100); 136/8 (9);
128 (30); 127 (13); 101 (13); 75 (13); 74 (9); 68 (11); 51 (9);
50 (12); 44 (51). CoHgNCI (163.60). Anal. Caled C 66.07, H
3.70, N 8.56, C1 21.67; found C 65.87, H 3.44, N 8.62.

4.1.3. 4-Hydroxy-8-chloroquinoline (4). To a solution of
8-chloroquinoline (3) (6.42 g, 39.24 mmol) and acetic acid
(99%, 9.42 g, 157 mmol), under argon atmosphere was
added hydrogen peroxide (30%, 12 mL, 118 mmol), and
warmed at 60 °C for 20 h. Then the solvent was evaporated
under reduced pressure, neutralized with concentrated
sodium carbonate and extracted with dichloromethane.
The resulting extract was dried with sodium sulfate, filtered
and the solvent was removed under reduced pressure. The
residue was purified by flash silica gel column cromato-
graphy (dichloromethane/hexane, 10:1) to give 4, 4.37

(62%) as a yellow solid, mp 225 °C (dec); ¥max(KBr)/cm ™

3600-3000 (OH and N-H st), 1689 (C=O0 st), 1616, 1586,
1504, and 1467 (C=C and C=N st conj.), 995 and 964
(ArC-H (ip), 757 and 670 (ArC-H (oop); 6y (200 MHz,
MeOD), 8.57 (d, 1H, J,_3=2.7 Hz, H-2),7.47 (d, 1H, J, 3=
2.7Hz, H-3), 7.37 (t, 1H, J5¢67=28.1 Hz, H-6), 7.55 (dd,
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1H, Jo ,=8.1 Hz, J5 ,=1.2 Hz, H-7), 7.62 (dd, 1H, J5_¢=
8.1 Hz, Js_,=1.2 Hz, H-5); d¢ (50 MHz, MeOD) 118.3 (C-
3), 126.8 (C-5 and C-7), 127.8 (C-6), 132.9 (C-4a), 133.3
(C-8), 138.9 (C-8a), 146.5 (C-2) and 155.6 (C-4); m/z 179
M, 100), 151 (7), 124 (7), 116 (11) and 89 (23).

CoHNCIO (179.60). Anal. Caled C 60.19, H 3.37, N 7.80;
found: C 59.89, H 3.44, N 7.55.

4.1.4. 8-Chloro-4-trifluoromethylsulfonyloxyquinoline
(5). To a solution of 4-hydroxy-8-chloroquinoline (4)
(200 mg, 1.11 mmol) in dry dichloromethane (15 mL),
under argon atmosphere, at 0 °C were added 4-dimethyl-
aminopyridine (28 mg, 0.22 mmol), 2,6-lutidine (0.19 mL,
1.55 mmol) and triflic anhydride (0.23 mL, 1.33 mmol).
The mixture was stirred at 0 °C for 2 h and 1h at room
temperature and then was treated with water. The organic
layer was dried with sodium sulfate, filtered and solvent
removed at reduced pressure, to yield a residual solid, which
was purified by silica gel column chromatography (dichloro-
methane), giving 8-chloro-4-trifluoromethilsulfonyloxyqui-
noline (5) (280 mg, 81%) as a white solid, mp 108-110 °C.

v (KBr): 1616, 1586, 1504 and 1467 (C=C, C=N), 1348
(S=0), 1245, 1140, 995, 964, 750 (C-F); oy (200 MHz,
MeOD), 8.91 (d, 1H, J, 3=2.7 Hz, H-2), 8.10 (d, 1H, J» ;=
2.7 Hz, H-3), 7.88 (dd, 1H, Js =8.1 Hz, Js ;=1.1 Hz,
H-5), 7.77 (dd, 1H, Js ,=8.1 Hz, J5 ,=1.1 Hz, H-7), 7.54
(t, 1H, Js_66.,=8.1 Hz, H-6); dc (50 MHz, MeOD), 144.1
(C-2), 143.1 (CF5), 133.9 (C-8a), 130.8 (C-7), 129.0 (C-4),
128.4 (C-5), 127.3 (C-6), 127.0 (C-3), 121.8 (C-8), 115.4
(C-4a); miz, 311 (M, 47), 178 (10), 150 (100), 123 (32), 88
(10).

C11HgCIF3NO3S (326.69). Anal. Caled C 40.44, H 2.47, N
4.29; found: C 40.59, H 2.44, N 4.13.

4.1.5. 8-Chloroquinoline-N-oxide. To a solution of
8-chloroquinoline (3) (6.37 g, 38.93 mmol) in chloroform
(10 mL), under argon atmosphere at 0 °C, was slowly added
m-chloroperbenzoic acid (11 g, assay 57-90%). The
mixture was stirred at 40 °C during 5 days and then the
solvent was removed under reduced pressure, giving a
brown residual oil, which was purified by silica gel flash
column cromatography (dichloromethane/tetrahydrofuran,
2:1). The 8-chloroquinoline N-oxide (2.22 g, 32%) was
isolated as a white solid, mp 103-105 °C.

vmax(KBr)/cm_lz 1654, 1592, 1558 and 1467 (C=C and
C=N st conj.), 952 (ArC-H (ip), 790 and 743 (ArC-H
(oop); oy (200 MHz, CDCl3) 7.29 (dd, 1H, J;_4,=8.6 Hz,
J2_3 =6.3 HZ, H-3), 7.47 (t, lH, 15—6,6—7:7'8 HZ, H-6), 7.69
(d, 1H, Js_¢=7.8 Hz, H-5), 7.73 (d, 1H, J¢_7="7.8 Hz, H-7),
7.75 (dd, 1H, J34=8.6 Hz, J, 4=1.6 Hz, H-4) and 8.51
(dd, 1H, .12_3:6.3 HZ, ]2_4: 1.6 HZ, H-2)

CoHsONCI (179.60). Anal. Calcd C 60.19, H 3.37, N 7.80;
found: C 59.87, H 3.66, N 7.85.

4.1.6. 2,8-Dichloroquinoline (6). A solution of 8-chloro-
quinoline-N-oxide (365 mg, 2.03 mmol) and phosphoryl
trichloride (1.82 mL, 18.29 mmol) at 0 °C, was heated to
reflux temperature for 3h and then poured onto ice,

neutralized with a saturated aqueous ammonium chloride
solution and extracted with dichloromethane. The extracts
were dried with sodium sulfate, filtered and solvent
removed, giving a brown solid, which was purified by
flash silica gel column cromatography (hexane/dichloro-
methane, 2:1). Then, solvent was removed and 2,8-
dichloroquinoline was isolated (208 mg, 52%) as a white
solid, mp 104-105 °C; 6y (200 MHz, CDCl5) 7.46 (d, 1H,
J3_4=86 HZ, H-3), 7.49 (dd, 1H, J5_6=8.3 HZ, J6_7=
7.5 Hz, H-6), 7.75 (dd, 1H, Js_¢=8.3 Hz, J5s ;=1.5 Hz, H-
5), 7.85 (dd, 1H, J¢_;=7.5 Hz, Js_;=1.5 Hz, H-7) and 8.13
(d, 1H, J54=8.6 Hz, H-4); 6c (50 MHz, CDCl;) 123.4
(C-3), 126.5 (C-6), 126.9 (C-5), 128.1 (C-4a), 130.6 (C-7),
132.6 (C-8), 139.2 (C-4), 144.2 (C-8a) and 151.7 (C-2); m/z
197 (M™, 100), 162 (85), 126 (26), 99 (20) and 75 (15);
Amax(CH2Cly)/nm 239, 289, 307 and 321.

CoHsNCl, (198.05). Anal. Calcd C 54.58, H 2.54, N 7.07;
found: C 54.38, H 2.82, N 7.15.

4.1.7. 2-Methyl-4-(2'-quinolyl)-but-3-yn-2-ol (7). General
method. To a solution of 2-chloroquinoline (1) (3.3 g,
20.17 mmol) and 2-methylbut-3-yn-2-ol (2.19 mL,
22.19 mmol) in freshly distilled diethylamine (10 mL),
under argon atmosphere, were added dichloro bis(triphen-
ylphosphine) palladium (141.6 mg, 0.2 mmol) and cuprous
iodide (7.68 mg, 0.04 mmol). The mixture was stirred for
30 min at 40 °C and after, the excess of diethylamine was
removed under reduced pressure. The residual solid was
washed with an aqueous solution of ammonium chloride
and potassium cyanide and finally extracted with dichloro-
methane. The extract was dried with sodium sulfate, filtered
and the solvent evaporated to afford a yellow solid that was
purified by flash silica gel column chromatography (hexane/
ethylacetate, 2:1). The 2-methyl-4-(2’-quinolyl)-but-3-yn-2-
ol (7) (3.93 g, 92%) was isolated as a yellow solid, mp 103—
104 °C. vpax(film)/em ™" 3340 (O-H st), 2220 (C=C st),
1610, 1587, 1545, 1495, 1455 and 1422 (C=C and C=N st
conj.), 1380 and 1360 (CHj3 6 si), 829 and 753 (ArC-H
(oop); 0y (200 MHz, CDCl3) 1.68 (s, 6H, 2 X CH3), 3.22 (s,
1H, OH), 7.44 (d, 1H, J3 4=8.2 Hz, H-3), 7.52 (ddd, 1H,
Js_¢=7.8 Hz, J¢_7=6.8 Hz, J¢_3=1.0 Hz, H-6), 7.68 (ddd,
1H, J7_8:8.8 HZ, 16_7:6.8 HZ, 15_7: 1.3 HZ, H-7), 7.72
(dd, 1H, Js_¢=7.8 Hz, Js.;=1.3 Hz, H-5), 8.06 (d, 1H,
J34=8.2 Hz, H-4) and 8.11 (dd, 1H, J;,_¢=8.8 Hz, J¢_g=
1.0 Hz, H-8); o¢ (50 MHz, CDCl3) 31.2 (2 X CHj3), 65.4 (C-
OH), 82.5 (ArC=C), 94.6 (ArC=C), 124.2 (C-3), 127.1
(C-6), 127.4 (C-5), 129.2 (C-7), 130.0 (C-8), 136.1 (C-4),
143.2 (C-8a) and 148.0 (C-2).

C,,H,50N (211.26). Anal. Caled C 79.59, H 6.20, N 6.63;
found: C 79.38, H 6.34, N 6.52.

4.1.8. 2-Methyl-4-(3'-quinolyl)-but-3-yn-2-0l  (8).
Following the preparation of 7, a mixture of 3-bromoqui-
noline (5.06 g, 24.3 mmol), 2-methylbut-3-yn-2-ol
(2.25 mL, 26.7 mmol) in freshly distilled diethylamine
(15 mL), under argon atmosphere was added, dichloro
bis(triphenylphosphine) palladium(II) (174 mg, 0.25 mmol)
and cuprous iodide (10.0 mg, 0.05 mmol). The mixture was
stirred at 40 °C for 1 h, giving 2-methyl-4-(3’-quinolyl)-but-
3-yn-2-ol (8) (4.98 g, 97%) as colourless crystals, mp
112-113 °C.°® 6,5 (200 MHz, CDCl3) 1.70 (s, 6H, 2 X CH;),
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3.50 (s, 1H, OH), 7.54 (ddd, 1H, J5sc=8.1 Hz, Js =
7.0 Hz, Jo g=1.1 Hz, H-6), 7.70 (ddd, 1H, J; 3=8.1 Hz,
Jo7=T1.0Hz, Js,=1.6Hz, H-7), 7.75 (dd, 1H, Js¢=
8.1 Hz, Js.,=1.6 Hz, H-5), 8.10 (dd, 1H, J, 3=8.1 Hz,
Jos=1.1 Hz, H-8) and 8.20 (d, 1H, J> ,=2.1 Hz, H-4) and
9.04 (d, 1H, J» 4=2.1 Hz, H-2).

C,4H 30N (211.26). Anal. Caled C 79.59, H 6.20, N 6.63;
found: C 79.38, H 6.34, N 6.52.

4.1.9. 2-Methyl-4-(4'-quinolyl)-but-3-yn-2-ol (9). Following
the preparation of 7, a mixture of 4-chloroquinoline (2)
(2.0 g, 12.22 mmol), 2-methylbut-3-yn-2-ol (1.33 mL,
13.45 mmol) in freshly distilled diethylamine (7 mL), was
added dichloro bis(triphenylphosphine) palladium (86 mg,
0.12 mmol, 0.9%) and cuprous iodide (4.7 mg, 0.02 mmol,
0.15%). The mixture was stirred for 2 days at the reflux
temperature, giving (9) (2.19 g, 86%) as a yellow solid, mp
100-102 °C. dy (200 MHz, CDCl;) 1.71 (s, 6H, 2 X CHj),
3.54 (s, 1H, OH), 7.13 (d, 1H, J, 3=4.7 Hz, H-3), 7.31
(ddd, 1H, Js_¢=8.6 Hz, J¢ ;=7.0 Hz, J¢_s=1.1 Hz, H-6),
7.50 (ddd, lH, J7,8=8.6 HZ, J6—7=7~0 HZ, .]5,7= 1.6 HZ,
H-7), 8.00 (dd, 1H, J5_¢=8.6 Hz, Js_;=1.6 Hz, H-5), 8.06
(dd, 1H, J;_¢=8.6 Hz, J¢_g=1.1 Hz, H-8) and 8.66 (d, 1H,
12,3:4.7 Hz, H-Z) C14H13ON (21126) Anal. Calcd C
79.59, H 6.20, N 6.63; found: C 79.63, H 6.10, N 6.33.

4.1.10. 2-Methyl-4-[-2'-(8'-chloroquinolyl)]-but-3-yn-2-
ol (10). Following the preparation of 7, a mixture of
2,8-dichloroquinoline (6) (367 g, 1.85 mmol), 2-methylbut-
3-yn-2-ol (0.2 mL, 2.02 mmol) in freshly distilled diethyl-
amine (2 mL) were added dichloro bis(triphenylphosphine)
palladium (37 mg, 0.05 mmol) and cuprous iodide (2 mg,
0.01 mmol). The mixture was stirred for 1 h at 40 °C, giving
2-methyl-4-[2’-(8'-quinolyl)]-but-3-yn-2-ol (10) (415 mg,
91%) as a yellow solid, mp 78-80 °C. dg (200 MHz, CDCl3)
1.67 (s, 6H, 2 X CH3), 3.22 (s, 1H, OH), 7.44 (dd, 1H, J5_¢=
8.6 Hz, Jo 7=7.8 Hz, H-6), 7.54 (d, 1H, J5_4=8.6 Hz, H-3),
7.70 (dd, 1H, Js_¢=8.6 Hz, J5 ;=1.6 Hz, H-5), 7.83 (dd,
IH, J¢7=7.8Hz, Js;=1.6 Hz, H-7) and 8.11 (d, 1H,
J34=8.6 Hz, H-4); 6c (50 MHz, CDCl3) 31.2 (2XCHs),
64.9 (C-OH), 83.9 (ArC=C), 96.8 (ArC=C(),125.1 (C-3),
126.6 (C-6), 126.9 (C-5), 128.3 (C-4a), 130.2 (C-7), 1324
(C-8), 136.8 (C-4), 143.9 (C-8a) and 153.3 (C-2); m/z 245
M™, 50), 230 (100), 202 (75), 188 (78) and 162 (28).
C14H;,0ONCl (245.70). Anal. Calcd C 68.44, H4.92, N 5.70;
found: C 68.70, H 4.74, N 5.76.

4.1.11. 2-Ethynylquinoline (11). General method. To a
solution of 2-methyl-4-(2'-quinolyl)-but-3-yn-2-ol (7)
(379 mg, 1.79 mmol) in dry toluene (2 mL), under argon
atmosphere, was introduced powder of sodium hydroxide
(10 mg, 0.25 mmol) and refluxed for 1 h. Then, the reaction
mixture was filtered and the solvent was removed giving a
brown oil, which was purified by flash silica gel column
chromatography (hexane/ethylacetate, 3:1). The 2-ethynyl-
quinoline (11) (168 mg, 61%) was isolated as a yellow solid,
mp 4647 °C. vy (KBr)/em ' 3172 (=C-H st), 2103
(C=C st), 1616, 1593, 1552, 1500, 1457 and 1422 (C=C
and C=N st conj.), 833 and 758 (ArC-H (oop); oy
(200 MHz, CDCl3) 3.25 (s, 1H, C=CH), 7.53 (d, 1H,
J3 4=28.1 Hz,H-3),7.54 (ddd, 1H, J5s ¢=8.1 Hz, Js 7="7.0 Hz,
J(,_g: 1.6 HZ, H-6), 7.72 (ddd, 1H, J7—8: 8.6 HZ, J6—7:70 HZ,

Js-;=1.6 Hz, H-7), 7.77 (dd, 1H, J5_¢=8.1 Hz, Js_;=
1.6 Hz, H-5), 8.10 (dd, 1H, J;_3=8.6 Hz, Js_3=1.6 Hz,
H-8) and 8.12 (d, 1H, J54=38.1 Hz, H-4); 6c (50 MHz,
CDCl,) 77.5 (ArC=C-H), 83.3 (ArC=C-H), 124.0 (C-3),
127.3 (C-4a, C-5 and C-6), 129.2 (C-7), 130.0 (C-8), 136.1
(C-4), 142.3 (C-8a) and 147.9 (C-2); m/z 153 (M ™, 100),
126 (30) and 76 (19); AL.x(CH,Cl,)/nm 240, 285, 316
and 330.

C, H,N (153.18). Anal. Caled C 86.25, H 4.61, N 9.14;
found: C 86.36, H 4.65, N 9.27.

4.1.12. 3-Ethynylquinoline (12). Following the preparation
of 11, 2-methyl-4-(3’-quinolyl)but-3-yn-2-ol (8) (4.5 g,
21.3 mmol) in dry toluene (15 mL) and powder of sodium
hydroxide (0.1 g, 2.5 mmol) at reflux temperature for 4 h,
gave an orange solid, which was purified by sublimation on
a cool-finger surface (40 Torr) at 50 °C. The 3-ethynylqui-
noline (12) was isolated as colourless crystals, 2.84 g, 87%,
mp 78-79 °C.”® v (KBr)/em ™' 3165 (=C-H st), 2095
(C=C st), 1620, 1600, 1560, and 1490 (C=C and C=N st
conj.), 790 and 750 (ArC-H (oop); 6y (200 MHz, CDCl3)
3.28 (s, 1H, C=CH), 7.58 (br dd, 1H, J5s_¢=7.8 Hz, Jg_7=
7.0 Hz, H-6), 7.73 (ddd, 1H, J;,_3=8.6 Hz, J4_;=7.0 Hz,
]5,7: 1.6 HZ, H-7), 7.79 (dd, 1H, ‘1576:7'8 HZ, J5,7:
1.6 Hz, H-5), 8.10 (br d, 1H, J;_3=8.6 Hz, H-8), 8.29 (d,
1H, J,4=2.3 Hz, H-4), and 895 (d, 1H, J,4=2.3 Hz,
H-2); Anax(CH,Cly)/nm 239 (e, 30,054), 282 (¢, 7717), 316
(e, 3579), and 330 (¢, 3659 L mol ! cmfl).

C,,H,N (153.18). Anal. Caled C 86.25, H 4.61, N 9.14;
found: C 86.12, H 4.39, N 8.93.

4.1.13. 4-Ethynylquinoline (13). Following the preparation
of 11, 2-methyl-4-(4’-quinolyl)but-3-yn-2-ol (9) (190 mg,
0.9 mmol) in dry toluene (2 mL), and powder of sodium
hydroxide (4 mg, 0.1 mmol) at reflux temperature for
30 min, gave 4-ethynylquinoline (13) as a white solid, mp
96-97 °C (103 mg, 75%). Vmax(KBr)/cm ™' 3187 (=C-H
st), 2088 (C=C st), 1579, 1560, 1503, 1464 and 1420
(C=C and C=N st conj.), 851, 811 and 803 (ArC-H (oop);
oy (200 MHz, CDCl3) 3.67 (s, 1H, C=CH), 7.53 (d, 1H,
]2_3:4.5 HZ, H-3), 7.60 (ddd, IH, J5_6:8.3 HZ, J6—7:
6.7 Hz, Js_g=1.6 Hz, H-6), 7.74 (ddd, 1H, J;_3=28.6 Hz,
Je7=6.THz, Js 7=1.6 Hz, H-7), 8.11 (dd, 1H, Js¢=
8.3 Hz, Js ;=1.6 Hz, H-5), 8.27 (dd, 1H, J; 3=8.6 Hz,
Je_s=1.6 Hz, H-8) and 8.87 (d, 1H, J,_3=4.5 Hz, H-2);
Amax(CH,Cl)/nm 302, 311 and 325.

C, H,N (153.18). Anal. Caled C 86.25, H 4.61, N 9.14;
found: C 86.41, H 4.39, N 9.15.

4.1.14. 8-Chloro-2-ethynylquinoline (14). Following the
preparation of 11, 2-methyl-4-[2(8-chloroquinolyl)]but-3-
yn-2-ol (10) (414 mg, 1.68 mmol) in dry toluene (10 mL)
and powder of sodium hydroxide (7 mg, 0.17 mmol) at
reflux temperature for 1 h, gave 8-chloro-2-ethynylquino-
line (14) as an orange solid, mp 92-95 °C (202 mg, 65%).

Vmax(KBr)/em ™~ ! 3199 (=C-H st), 2098 (C=C st), 1609,
1593, 1542, 1500, 1491 and 1422 (C=C and C=N st conj.),
834,760 and 670 (ArC-H (oop); dy (200 MHz, CDCl3) 3.29
(s, IH, C=CH), 7.47 (dd, 1H, J5_¢=38.1 Hz, J¢_,=7.0 Hz,
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H-6), 7.60 (d, 1H, J5 4=8.5 Hz, H-3), 7.72 (dd, 1H, J5 c=
8.1 Hz, Js ;=1.2Hz, H-5), 7.85 (dd, 1H, Js,=7.3 Hz,
Js =12 Hz, H-7) and 8.15 (d, 1H, J5 4=8.5 Hz, H-4); d¢
(50 MHz, CDCl3) 78.7 (ArC=C-H), 83.3 (ArC=C-H),
125.1 (C-3), 126.6 (C-6), 127.2 (C-5), 128.6 (C-4a), 130.2
(C-7), 133.4 (C-8), 136.6 (C-4), 143.1 (C-8a) and 144.4
(C-2); m/z 187 (M, 100), 152 (28), 125 (10) and 84 (17);
Amax(CH,Cly)/nm 219, 251, 308 and 334.

C,HgNCI (187.62). Anal. Caled C 70.42, H 3.22, N 7.47;
found: C 70.33, H 3.03, N 7.16.

4.1.15. 1,4-Di(2'-quinolyl)-1,3-butadiyne (15). General
method. A solution of cuprous chloride (10 mg, 0.1 mmol)
and 2-ethynylquinoline (11) (85 mg, 0.55 mmol) in freshly
distilled pyridine (30 mL), under oxygen atmosphere at
40 °C, was stirred for 150 min. Then, the solvent was
removed at reduced atmosphere giving a brown solid, which
was washed with an aqueous ammonium chloride solution
and extracted with dichloromethane. The joining extracts
were dried with anhydrous sodium sulfate, filtered and the
solvent was evaporated affording a brown solid that was
crystalized from acetonitrile/hexane (1:1). The 1,4-di(2’-
quinolyl)-1,3-butadiyne (15) was isolated as a white solid
(76 mg, 89%), mp 210 °C (dec). Vmax(KBr)/em ™~ ! 1616,
1589, 1550, 1496, 1456 and 1422 (C=C and C=N st conj.),
1111 (ArC-H (ip), 823, 785, 768 and 740 (ArC-H (oop); 0y
(200 MHz, CDCl3) 7.57 (d, 2H, J3 4=8.6 Hz, H-3 and
H-3"), 7.60 (m, 2H, H-6 and H-6), 7.74 (m, 2H, H-7 and
H-7"), 7.80 (m, 2H, H-5 and H-5'), 8.07 (m, 2H, H-8 and
H-8') and 8.16 (d, 2H, J3_4=8.6 Hz, H-4 and H-4"); m/z 304
M, 100), 152 (14), 128 (6) and 76 (7); Amax(CH,Cl,)/nm
223 (¢, 84,170), 256 (¢, 146,670), 335 (&, 80,580), 344 (¢,
77,010) and 360 (¢, 94,390 L mol ! cm ™).

CyH 5N, (304.35). Anal. Caled C 86.82, H 3.97, N 9.20;
found: C 86.65, H 3.52, N 9.35.

4.1.16. 1,4-Di(3'-quinolyl)-1,3-butadiyne (16). Following
the preparation of 15, cuprous chloride (20 mg, 0.2 mmol)
and 3-ethynylquinoline (12) (200 mg, 1.3 mmol) in pyridine
(30 mL) at 60 °C, was stirred for 6 h affording 1,4-di(3'-
quinolyl)-1,3-butadiyne (16) as a white solid, 160 mg, 80%,
mp 233.7 °C (DSC). Compound 16 is photosensitive in the
solid state and turns to a dark-blue solid by sunlight
exposure. vmax(KBr)/cm_1 1610, 1598, 1550, 1490, 1461
and 1422 (C=C and C=N st conj.), 860, 790, 760 and 750
(ArC-H (oop); oy (200 MHz, CDCl3): 7.60 (br dd, 2H,
Js_¢=7.6 Hz, H-6 and H-6'), 7.77 (ddd, 2H, J,_3=8.2 Hz,
Jo7=72Hz, Js.;,=1.4Hz, H-7 and H-7'), 7.82 (dd, 2H,
Js_¢=7.6 Hz, Js_;=1.4 Hz, H-5 and H-5'), 8.12 (br d, 2H,
J7_3=8.2 Hz, H-8 and H-8'), 8.37 (d, 2H, J,_4=1.9 Hz, H-4
and H-4') and 9.00 (d, 2H, J,_4,=1.9 Hz, H-2 and H-2"); m/z
304 (M™, 100), 152 (14), 124 (11); Apax(CH,Cl,)/nm 221
(&, 61,260), 254 (¢, 81,940), 316 (e 39,160), 335 (e, 53,300)
and 360 (e, 56,220 L mol h.

C,,H 2N, (304.35). Anal. Caled C 86.82, H 3.97, N 9.20;
found: C 86.60, H 4.05, N 9.11.

4.1.17. 1,4-Di(4’-quinolyl)-1,3-butadiyne (17). Following
the preparation of 15, cuprous chloride (5.4 mg,
0.054 mmol) and 4-ethynylquinoline (13) (82.4 mg,

0.54 mmol) in pyridine (4 mL), at 40 °C was stirred for
30 min, giving 1,4-di(4’-quinolyl)-1,3-butadiyne (17) as a
white solid (79 mg, 97%), mp 215-216 °C; vmax(KBr)/cmfl
1573, 1503, 1460 and 1417 (C=C and C==N st conj.), 1077
and 1021 (ArC-H (ip), 851, 802 and 757 (ArC-H (oop); oy
(200 MHz, CDCl3) 7.61 (d, 2H, J> 3=3.9 Hz, H-3 and
H-3), 7.64 (ddd, 2H, Js_¢=8.1Hz, J¢,=7.0 Hz,
Jo_s=1.6 Hz, H-6 and H-6'), 7.75 (ddd, 2H, J,_3=8.6 Hz,
Jo.7=7.0Hz, Js_;=1.6 Hz, H-7 and H-7'), 8.06 (dd, 2H,
Js_¢=8.1Hz, Js;=1.6 Hz, H-5 and H-5"), 8.27 (dd, 2H,
J;_3=8.6 Hz, Jo_3=1.6 Hz, H-8 and H-8') and 8.81 (d, 2H,
J>.3=3.9 Hz, H-2 and H-2"); m/z 304 (M, 100), 275 (23),
249 (9), 152 (23) and 124 (12); Anax(CH,Cly)/nm 228, 271,
334, 345 and 371.

C»,H5N, (304.35). Anal. Caled C 86.82, H 3.97, N 9.20;
found: C 86.59, H 3.87, N 8.94.

4.1.18. 1,4-Di[2/-(8'-chloroquinolyl)-1,3-butadiyne (18).
Following the preparation of 15, cuprous chloride (5 mg,
0.051 mmol) and 8-chloro-2-ethynylquinoline (14) (70 mg,
0.373 mmol) in pyridine (6 mL), The mixture was stirred at
40 °C for 4 h 30 min, affording 1,4-di[2'-(8'-chloroquino-
lyl)-1,3-butadiyne (18) as a yellow solid, mp 212-214 °C,
(42.06 mg, 30%). vmax(KBr)/cm ~ ' 1598, 1552, 1525, 1498,
1455 and 1426 (C=C and C=N st conj.), 1089 and 1032
(ArC-H (ip), 839, 793 and 758 (ArC-H (oop); oy
(200 MHz, CDCl3); 7.46 (d, 2H, J; 4=8.6 Hz, H-3 and
H-3"), 7.79 (dd, 2H, Js_s=8.1 Hz, Js_,=7.5Hz, H-6
and H-6'), 7.87 (dd, 2H, Js 7=7.5Hz, Js_;=1.6 Hz,
H-7 and H-7"), 8.15 (dd, 2H, Js_¢=8.1 Hz, Js_;=1.6 Hz,
H-5 and H-5), and 8.30 (d, 2H, J;_4,=8.6 Hz, H-4 and
H-4'); m/z 372 (M™, 100), 337 (14), 302 (8), 210 (17), 186
(14), 168 (9), 163 (37), 151 (7), 127 (7) and 75 (5); Amax
(CH,Cl,)/nm 240, 269, 305, 344 and 365.

C,,H;oN>Cl, (373.24). Anal. Calecd C 70.79,H2.70, N 7.51;
found: C 70.87, H 2.94, N 7.33.

4.1.19. Coupling reaction between 2’-chloroquinoline 11
and 2’-quinolylacetylene. (a) Cl,Pd(Ph;P),—Cu,l,. To a
solution of 2-chloroquinoline (1) (278 mg, 1.7 mmol) and
2-ethynylquinoline (11) (200 mg, 1.3 mmol) in freshly
distilled piperidine (15 mL), under argon atmosphere were
successively added dichloro bis(triphenylphosphine) palla-
dium (70 mg, 0.1 mmol) and cuprous iodide (10 mg,
0.05 mmol). The mixture was stirred for 3 days at reflux
temperature, monitoring by TLC. Then, the piperidine was
removed under reduced pressure and the residual solid was
washed with an aqueous solution of ammonium chloride
and potassium cyanide and extracted with dichloromethane.
The joining extracts were dried on sodium sulfate, filtered
and solvent evaporated under reduced pressure, giving a
dark oil, which was purified by silica gel column
cromatography (dichloromethane/acetonitrile, 10:1). The
starting 2-ethynylquinoline (11) was isolated and also an
orange solid (132 mg, 61%) mp 192-194 °C, that was
identified as 2,2’-bis(quinoline) (19), 126 5.0 (200 MHz,
CDCl;3) 7.59 (ddd, 2H, Js ¢=8.1Hz, Js7=7.0Hz, Jss=
1.3 HzH-6 and H6'), 7.77 (ddd, 2H, J;_s=8.6 Hz,Js 7=7.0 Hz,
J5_7= 1.6 HZ, H-7 and H-7/), 7.89 (dd, 2H, J5—6= 8.1 HZ, J5_7 =
1.6 Hz, H-5 and H-5"), 8.25 (dd, 2H, J;_3=8.6 Hz, Jo s=1.3 Hz
H-8 and H-8), 8.34 (d, 2H, J5,=8.6 Hz, H-3 and H-3'), and
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8.86 (d, 2H, J, ;=8.6 Hz, H4 and H4'); m/z (%): 256 M ™,
100), 128 (30) and 101 (13). C;gH N, (256.30). Anal.
Caled C 84.35, H 4.72, N 10.93; found: C 84.08, H 4.55,
N 10.67.

(b) CLLNi(PPhs),—Zn. A suspension of dichloro bis(triphen-
ylphosphine) nickel (0.4 g, 0.61 mmol) and triphenylphos-
phine (0.321 g, 1.22 mmol) and zinc powder (40 mg,
0.61 mmol) in dry THF (7 mL), was stirred at room
temperature for 30 min. Then, a solution of 2-chloroqui-
noline (1) (100 mg, 0.61 mmol) and 2-ethynylquinoline (11)
(118 mg, 0.76 mmol) in dry THF (8 mL), was added. The
mixture was stirred at room temperature, under argon
atmosphere, for 48 h and then filtered and the solvent
removed under reduced pressure, giving a residual solid,
which was washed with an aqueous solution of ammonium
chloride and extracted with dichloromethane. The extract
was dried with sodium sulfate, filtered and solvent
evaporated under reduced pressure, giving a red solid,
which was purified by flash silica gel column cromato-
graphy (hexane/ethyl acetate, 2:1). The starting 2-chloro-
quinoline (2) and a red oil that was identified as the mixture
of 1,3,5- (20) and 1,2,4-tris(2’-quinolyl)benzene (21)
(36:64, respectively) (50 mg, 43%). Isolation of the
cyclotrimers was not possible and both were analyzed
themselves; J/max(KBr)/cnf1 1644, 1618, 1596, 1558, 1503,
1461 and 1425 (C=C and C=N st conj.), 1096 and 1024
(ArC-H (ip), 865, 802 and 700 (ArC-H (oop); oy
(200 MHz, CDCls) 7.06 (d, J=7.5 Hz, H-3), 7.15 (d, J=
8.1 Hz, H-3'), 7.54 (m, H-6 and H-6'), 7.73 (m, H-7, H-7/,
H-5 and H-5'), 8.15 (m, H-4, H-4', H-8, H-8 and H-c), 8.49
(dd, /=8.1 Hz, J=1.6 Hz, H-b), 8.71 (d, /J=1.6 Hz, H-a)
and 8.94 (s, H-a'); by GC/MS separation, 1,3,5-tris(2’-
quinolyl)benzene (20) m/z 459 (M ™", 89%), 458 (100), 329
(6), 229 (25) and 128 (14); 1,2,4-tris(2’-quinolyl)benzene
(21) m/z 459 (M ™", 41), 458 (49), 229 (14) and 128 (100).
C33H;N3 (459.54). Anal. Caled C 86.25, H 4.61, N 9.14;
found: C 86.26, H 4.44, N 8.87.

4.1.20. Coupling reaction between 3-bromoquinoline
and 12: 1,2-di(3'-quinolyl)ethyne (22). To a solution of
3-bromoquinoline (0.62 g, 3 mmol) and 3-ethynylquinoline
(12) (0.35 g, 2.29 mmol) in freshly distilled diethylamine
(10 mL), under argon atmosphere, were introduced dichloro
bis(triphenylphosphine) palladium (50 mg, 0.02 mmol, 3%)
and cuprous iodide (8 mg, 0.04 mmol). The mixture was
stirred for 6 days at reflux temperature and then the excess
of diethylamine was removed at reduced pressure. The
residual solid was washed with an aqueous solution of
ammonium chloride and potassium cyanide and extracted
with dichloromethane. The joining extracts were dried with
sodium sulfate, filtered and the solvent evaporated to give a
dark solid that was purified by flash silica gel column
cromatography (dichloromethane/acetonitrile, 6:1). The
1,2-di(3’-quinolyl)ethyne (22) was isolated as a white
solid, mp 164-169°C (0.45 g, 70%); Vmax(KBr)/cm ™'
1616, 1599, 1564, 1487, 1466 and 1422 (C=C and C=N
st conj.), 907, 787, 749 and 736 (ArC-H (oop); oy
(200 MHz, CDCl3) 7.60 (ddd, 2H, Js ¢=8.1 Hz, Jg 7=
7.0 Hz, Jo_3=1.6 Hz, H-6 and H-6'), 7.76 (ddd, 2H, J;_g=
8.6 Hz, Js_7,=7.0Hz, Js_;=1.6 Hz, H-7 and H-7'), 7.84
(dd, 2H, Js_¢=8.1 Hz, J5_7=1.6 Hz, H-5 and H-5'), 8.13
(dd, 2H, J;_3=8.6, Js_g=1.6 Hz, H-8 and H-8'), 8.39 (d,

2H, J,_4=2.1 Hz, H-4 and H-4') and 9.06 (d, 2H, J, 4=
2.1 Hz, H-2 and H-2); 6 (50 MHz, CDCl3) 89.7 (Ar—C(C-
Ar), 116.7 (C-3 and C-3'), 127.0 (C-4a and C-4a’), 127.3
(C-6 and C-6'), 127.6 (C-5 and C-5"), 129.3 (C-7 and C-7'),
130.3 (C-8 and C-8'), 138.5 (C-4 and C-4'), 146.9 (C-8a and
C-8a’) and 151.8 (C-2 and C-2); m/z 280 (M+, 100), 251
(9), 140 (11), 126 (9) and 100 (6); Apnax(CH,Cly)/nm 227,
251, 267, 320, 334 and 347; UV-vis. Ap.<(CH,Cl,)/nm 347
(46,100). Fluorescence A (CH,Cl,), 354 and 371 (quantum
yield @, 18%, referred to 2-aminopiridine in CH,Cl,).

C,oH 5N, (280.32). Anal. Caled C 85.69, H 4.31, N 9.99;
found: C 85.52, H 4.27, N 9.78.

4.1.21. 3'-Quinolylacetylene (12): cyclotrimerization to
1,3,5-tris(3’-quinolyl)benzene (23) and 1,2,4-tris(3’-qui-
nolyl)benzene (24). CL,Ni(PPhs),—Zn. A solution of
dichloro  bis(triphenylphosphine) nickel (0.22 g,
0.335 mmol), triphenylphosphine (0.161 g, 0.61 mmol)
and zinc powder (20 mg, 0.31 mmol) in dry THF (4 mL),
was stirred for 30 min at room temperature. Then, a solution
of 3-ethynylquinoline (12) (60 mg, 0.38 mmol) in dry THF
(4 mL), was added. The mixture was stirred at room
temperature, under argon atmosphere, for 24 h, and finally,
was filtered and the solvent removed under reduced pressure
yielding a residual solid, which was washed with an aqueous
solution of ammonium chloride and extracted with
dichloromethane. The extract was dried with sodium
sulfate, filtered and the solvent evaporated under reduced
pressure, giving a red oil, which was purified by silica gel
flash cromatography using hexane/ethyl acetate (2:1) as
eluent. The red oil was isolated and identified as a mixture
(40:60) of 1,3,5-tris (23) and 1,2,4-tris(3’-quinolyl)benzene
(24) (69 mg, 80%). The separation of both cyclotrimers was
not possible and both were analyzed themselves; v, (KBr)/
cm™ ' 1644, 1618, 1596, 1558, 1503, 1461 and 1425 (C=C
and C=N st conj.), 1096 and 1024 (ArC-H (ip), 865, 802
and 700 (ArC-H (oop); dy (200 MHz, CDCl;) of the
mixture: l,2,4-tris(3’-quinolyl)benzene; 9.31 (d, J=2.3 Hz,
H-2), 8.67 (d, /=8.0 Hz, H-8), 8.46 (d, J=2.3 Hz, H-4),
7.45-7.85 (m, H-5, H-6, H-7); 1,3,5-tris(3’-quinolyl)ben-
zene; 9.34 (d, J=2.3 Hz, H-2), 8.50 (d, J=2.3 Hz, H-4),
8.67 (d, J=8.0 Hz, H-8), 7.95 s (s, H-2, H-4, H-6); m/z of
the mixture; 459 (M, 100), 431 (8), 230 (24). C33Hy N5
(459.54). Anal. Calcd C 86.25, H 4.61, N 9.14; found: C
86.03, H 4.36, N 8.77. DSC analysis of the mixture 23 and
24 shows two endothermic peaks at 202 and 209 °C in 40:60
molar ratio.
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Abstract—Significant improvements in the synthesis of pyrido-fused heterocycles were observed when performing the reaction under
solvent-free conditions, applying the fert-amino effect as the key ring closure methodology. An unexpected cyclization of ortho-(1'-aza-

cycloalkyl)benzaldehydes has been studied in water and on solid support.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Microwave(MW)-assisted solvent-free reactions have
received much attention due to their enhanced reaction
rates as well as higher yields and purities. These methods
are regarded as environmentally benign and easy-to-per-
form, paving the way to the development of ‘Green
Chemistry’ protocols.' Such kind of transformations can
be conveniently and rapidly carried out in open vials,
without having the problem of boiling solvents and
excessive pressure build-up. In addition to their practical
interest, MW-assisted solvent-free reactions, performed
neat or on a non-absorbing support, are highly suitable to
study the possible occurrence of special non-thermal MW
effects,> ™ as the absorption of the radiation is limited to the
reactive species and not masked by any absorption of the
solvent (essentially important when polar solvents are
concerned). Recently, we reinvestigated the application of
the fert-amino effect for the synthesis of pyridopyridazines
and quinolines using MW irradiation.” Significant rate
enhancements and yields, higher than those obtained under
conventional heating conditions (A), were observed.
However, in most cases, high boiling solvents were used,
hampering the isolation of the final compounds. In this
communication, we wish to report our recent study on the

Keywords: Microwave; tert-Amino effect; Pyrido-fused; Solvent free.
* Corresponding author. Tel.: +32 16 327406; fax: +32 1 2170851;
e-mail: erik.vandereycken@chem kuleuven.ac.be

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.046

solvent-free synthesis of pharmacologically interesting
pyrido-fused ring systems under both MW irradiation and
conventional heating conditions. We also wish to report our
preliminary results on the cyclization of ortho-[1'-aza-
cycloalkyl]benzaldehydes in water in the presence of a base
or in dry media, using Al,O3;—KF as basic solid support.

2. Results and discussion

A strict comparison between reactions under MW
irradiation and conventional heating conditions has been
made, using a dedicated monomode MW reactor Discover
(CEM) and a pre-heated oil bath under the same set of
conditions. The bulk temperature of all reactions mixtures
was measured by infrared detection (for closed vessel
reactions, magnetical stirring, when using solvents) or by a
fiber optic temperature sensor (for open vessel reactions,
mechanical stirring, solvent-free conditions). The tempera-
ture profiles (ramp and hold time) appeared to be nearly
identical under both MW and conventional heating
conditions, avoiding thus any effect of thermal inertia.
Temperature/power profile is given in one typical example

(Fig. 1).

Two series of starting materials 1a—c, and 3a—c, synthesized
according to the procedures described earlier,®® were
heated neat above their melting points under both
conventional heating and MW irradiation conditions’
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Figure 1. Temperature/power profile for the microwave-assisted solvent-
free cyclization of 3a in sealed vessel; temperature control using feedback
from IR thermography (200 °C ceiling temperature, 200 W maximum
power, 2 min ramp time, 18 min hold time).
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Scheme 1. Solid-phase synthesis of pyrido-fused heterocycles.

(Scheme 1). In comparison with the reactions in solution,”®

the solvent-free procedure furnishes a remarkable improve-
ment in yields and purities of the obtained products
(Table 1). Thus, solvent-free cyclization of the ortho-

Table 1. Synthesis of pyrido-fused systems

vinyl-tert-aniline 1a provided the fused product 2a in 99%
yield under both MW and conventional heating conditions,
whereas in solution the isolated yields never exceeded 80%.
Analogous results were obtained for the compound 1b.
Using the solvent-free procedure, the dinitrile derivative 3a
underwent ring closure in 18 min under MW irradiation
(Fig. 1) and in 20 min under conventional heating
conditions to afford the desired product 4a in 75 and 78%
yield, respectively. It should be noted that the best yield for
the corresponding reaction in solution was 35% (DMSO,
150 °C, 44 h). However, when the reaction time was
increased to 20 min, the yield of MW-assisted experiment
dropped to 67% and turned out to be lower than the one
obtained under oil bath conditions (78%) due to partial
decomposition of the compounds. The dimethylbarbituric
acid derivative 3b has been cyclized under both MW-
assisted and conventional solvent-free conditions at 210 °C
within 1 min to afford the expected spirocyclic system 4b in
almost quantitative yield, compared to only 63% under the
best conditions in n-butanol under MW irradiation.’

On the contrary, conventional heating or MW irradiation of
the Meldrum’s acid derivative 3¢ at its melting point
resulted in decomposition of the starting material, which can
probably be explained by an easy decarboxylation of 3¢ at
this elevated temperature. The above-mentioned problem
could be partially avoided by performing the reaction at
175°C on neutral alumina, providing the spirocyclic
product 4¢ in 31% yield under conventional heating
conditions and in 55% yield for the MW-assisted reaction,
next to decomposition. The isolated yields appeared to be
lower than the ones reported for the reactions in solution,
but we could perform the cyclization in a substantially
shorter time (7 min vs 5 h or 30 min) following this safe and

Compound; mp (°C) Solution-phase reactions®

Solvent-free reactions”

Method of Solvent Temp (°C)/ Yield of 2 or 4 Method of Temp (°C)/ Yield of 2 or 4

activation time® (%) activation time (min) (%)

A n-BuOH 117/2h 78 A 150/5 99

1a (122) MW n-BuOH 200/3 min 80 MW 150/5 99
A n-BuOH 117/22 h 67 A 170/17 87

1b (88) MW n-BuOH 220/15 min 73 MW 17017 86
A 180722 94
A n-BuOH 117/35h 84 A 18075 5

1c (133-138 decomp.) MW 180/22 94
MW n-BuOH 220/30 min 96 MW 180/5 5gd

A 200/18 57°

A DMSO 150/44 h 35 A 500/20 78

3a (180) ) MW 200/18 75
MW DMsof 210/42 min 29 MW 200/20 it

A xylene 1382 h 45 A 210/1 97

3b (209) MW n—}];uOH 230/5 min 63 MW 2101 9%
A 216/1 0t

A DMF 100/5 h 79 AR 1757 31

3c (210) , MW 216/1 0t
MW DME 200/30 min 73 MW 17577 ss

a Results reported in the literature. >’

© All reactions were carried out in open vessels on a 0.5 mmol scale, for MW-assisted experiments at a maximum power level of 300 W for 1a—c, 3b—c and at

200 W for 3a.
¢ Hold time for MW-assisted experiments.

4 Ratio 1¢:2¢=1:1.7 determined by GC and 'H NMR.
© Ratio 3a:4a=1:9 determined by GC and 'H NMR.

T Performed with a catalytic amount of aluminum trichloride.
€ Only decomposition of the starting material was observed.
" Performed on neutral alumina.
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environmentally friendly protocol. For all solvent-free
conversions, except for the dinitrile derivative 3a, the
yields as well as the time needed to reach completion
appeared to be more or less the same under both
conventional heating and MW irradiation conditions.
When the morpholine derivative 1c was heated neat at
180 °C for 22 min, the fused compound 2¢ was formed in
94% yield in both MW and oil bath experiments. However,
when the same reactions were checked after 5 min,
practically no conversion of starting material lc was
observed under conventional heating conditions, whereas
MW irradiation seemed to be superior, providing the
cyclized product 2¢ in 58% yield.

In the course of our investigations of the ‘tert-amino effect’
under MW irradiation we reported the formation of benz-1,
3-oxazines'’ by ring closure of benzaldehydes bearing a
N,N-dialkylamino group in the ortho-position.” The prep-
aration of such benz-1,3-oxazines, starting from ortho-acyl-
N,N-dialkylanilines'' or 1-(1-pyrrolidinyl)-benzenes

S :
N N [1:5H Ne Np\?
> e e L% C
R 5 R 6 H'R 8

H R 7

o}

Scheme 2. Proposed mechanism for the cyclization of 5.''*!?

(\x Aldehyde | R n | X
/@i\lj)’n % H 0 | C
(\X T R O q0af 9b MeO | 0 | CH,
/E:[N\/‘J’n K\X 9¢ H T | CH,
R cHo — N\/{J)n od McO | 1 | CH,
9a-f R ,[ :I OH 11af 9e H 1 [0}

9f MeO 1 [}

Scheme 3. Cyclization of benzaldehyde derivatives 9a—f.

Table 2. Cyclization of 2-(pyrrolidin-1-yl)benzaldehyde 9a

substituted with a thiocarbonyl group in the ortho-
position,'? has already been described in the literature.
However, because of the better stabilization of the negative
charge in the resonance form 6 (Scheme 2), in order to allow
the intramolecular [1.5] hydrogen shift, a strongly electron-
withdrawing group adjacent to the carbonyl moiety (R=
CF;) or a thiocarbonyl group (X=S) were reported to be
crucial for this reaction to take place.''™!?

Here, we report our further investigations concerning the
formation of benz-1,3-oxazines under microwave
irradiation. First we examined the activity of aldehyde 9a
toward cyclization (Scheme 3). According to our previously
reported procedure,’ an aqueous suspension of 9a was
irradiated at 200 °C for 60 min in the presence of K,CO;
(1 equiv) to give benzoxazine 10a in 41% yield together
with 28% of recovered starting material (Table 2, entry 1)
(caution: irradiation of the reaction mixture at a ceiling
temperature above 200 °C, resulted in a rapid increase of
pressure). Irradiation of an aqueous suspension of aldehyde
9a at a lower temperature or for a shorter time, resulted in
lower yields of benzoxazine 10a. Moreover, performing the
reaction applying the same set of parameters, but under
conventional heating, did not result in any conversion of
starting material (entry 2). Without the addition of base the
reaction did not proceed neither in polar solvents (n-butanol
or water, entries 4 and 5), nor when aldehyde 9a was heated
neat at a ceiling temperature of 200 °C (entry 6).
Surprisingly, irradiation of a solution of 9a in n-butanol in
the presence of 1 equiv of K,COj5 resulted in formation of
alcohol 11a, together with unreacted starting material (entry
3). This could point to the occurrence of a competitive
Cannizzaro reaction, although we were unable to detect the
corresponding carboxylic acid. Lewis acid catalysis with
AlCl; or TFA seemed to be ineffective (entries 7 and 8).
Surprisingly the benz-1,3-oxazine 10a was obtained in 17%
yield when silica was used as a solid support (entry 9). In
order to gain insight in the reaction mechanism, the
irradiation of a suspension of aldehyde 9a in D,O in the
presence of K,COs (1 equiv) was carried out under the same

Entry Activation mode Conditions® Product (yield, %)
1 MW H,0, K,CO;3 (1 equiv), 90 W, 200 °C, 60 min 10a (41%) 9a (28%)
2 A H,0, K,CO; (1 equiv), 200 °C, 60 min _°

3 MW n-BuOH, K,CO;s (1 equiv), 300 W, 200 °C, 60 min 11a°

4 MW n-BuOH, 300 W, 250 °C, 60 min —°

5 MW H,0, 300 W, 194 °C, 60 min —>°

6 MW Neat, 300 W, 200 °C, 60 min —°

7 MW Toluene, AlCl; (cat), 300 W, 200 °C, 30 min b

8 MW H,0, TFA (1 equiv), 150 W, 200 °C, 30 min —°

9 MW Silica’ 100 W, 200 °C, 60 min 10a (17%)

10 MW D,0, K,CO; (1 eq]uiv), 90 W, 200 °C, 60 min 10a(41%)*

11 MW Al,Os—KF (3:1)", 100 W, 200 °C, 60 min 10a(42%)

12 A AlL,Os-KF (3:1D", 200 °C, 60 min 10a (28%)

13 MW Al,O3', 100 W, 200 °C, 60 min —°

% All reactions were performed on a 1 mmol scale in closed vessels with pressure control all along the reaction.
® No reaction, only starting material was recovered.
¢ Determined by CI-MS, not isolated.

4 This is the maximum temperature that the system could reach.

¢ Complex mixture.

0.3 g of silica gel/mmol of starting material.

£ No D insertion was observed.

" 0.4 g of Al,O0;~KF/mmol of starting material.
' 0.3 g of Al,O3/mmol of starting material.
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conditions as for entry 1 (entry 10). No incorporation of
deuterium in the obtained benz-1,3-oxazine 10a was
observed, supporting the concept of a concerted cyclization
mechanism (Scheme 2).!'?

In order to develop a solvent free protocol, on the way to
‘Green Chemistry’, we decided to investigate the appli-
cation of a basic solid support. Alumina/KF, introduced by
Clark and Ando'? seemed to be interesting for this purpose.
This support differs from other oxide-type solid base
catalysts due to so-called ‘half-naked’ and thus active
fluorine anions, making it especially effective in promoting
various base-catalyzed reactions.'*

To get a proper dispersion of aldehyde 9a on the support, the
compound was dissolved in 0.5 mL of dichloromethane,
which was subsequently evaporated from the alumina/KF
suspension, under reduced pressure. The resulting solid was
heated at 200 °C for 60 min under either MW-assisted or
conventional conditions (entries 11 and 12) to provide benz-
1,3-oxazine 10a in 42 and 28% yield, respectively.

It should be noted that the use of basic alumina without KF
(entry 13) resulted in the formation of a complex mixture
containing only traces of the desired compound. To evaluate
the scope and limitations of this method, a set of ortho-[1'-
azacycloalkyl]benzaldehydes® was submitted to the
optimized reaction conditions. Aqueous suspensions of
aldehydes 9b—f were irradiated at 200 ° C for 60 min in the
presence of K,CO;3; (1 equiv) or aldehydes 9b—f were
dispersed on an Al,O;—KF (3:1) mixture and irradiated at
200 °C for 60 min. Unfortunately only in the case of 9b
acceptable yields were obtained (Table 3). Switching from a
five-membered pyrolidine substituent to a six-membered
piperidine or morpholine moiety seems to have a deleterious
effect on the outcome of this ring closure. Remarkably, an
attempt to cyclize aldehydes 9e.f in aqueous media resulted
in the formation of the alcohols 11e.f, without any trace of
the desired compounds, whereas irradiation of 9e.f on
Al,O3—KEF, afforded the benzoxazines 10e.f.

3. Conclusion

A new operationally simple, safe and environmentally
benign solvent-free procedure is described for the synthesis
of different pyridopyridazines and quinolines, applying the
tert-amino effect under both MW and conventional heating
conditions. The isolated yields of the solvent-free reactions
appeared to be significantly higher than the ones obtained in
the corresponding reactions in solution. We also

Table 3. Cyclization of ortho-(1'-azacycloalkyl)benzaldehydes 9b—f (Scheme 3)*

9055

investigated the cyclization of ortho-(1'-azacycloalkyl)
benzaldehydes to benz-1,3-oxazines in water in the presence
of base or in dry media using Al,03;—KF as a basic solid-
support under both conventional and MW-assisted con-
ditions. The ring size of the tert-amino substituent seems to
play an important role for the outcome of this reaction.

4. Experimental
4.1. General

Melting points were determined using a Reichert-Jung
Thermovar apparatus or an Electrothermal 9200 digital
melting point apparatus, and are uncorrected. 'H NMR
spectra were recorded on a Bruker WM 250 or Bruker
Avance 300 instrument, using CDClj; as solvent. The 'H and
3C chemical shifts are determined in ppm relative to
tetramethylsilane, or using the residual solvent signal as an
internal reference. Mass spectra were recorded by using a
Kratos MS50TC and a Kratos Mach III data system. The ion
source temperature was 150-250 °C as required. For thin-
layer chromatography, analytical TLC plates (Alugram SIL
G/UV;s4 and 70-230 mesh silicagel (E.M. Merck)) were
used. Crude products were analyzed by gas chromatography
(GC 9000 Series Fisions), which was fitted with a non-polar
capillary column and a Turbochrom data system developed
by Perkin Elmer Co. Semiempirical (PM3) calculations
were carried out by using Spartan program package (Spartan
SGI Version 5.1.1., Wavefunction Inc. 1998) on silicon
graphics (INDY R 4400). All chemicals were purchased
from the commercial sources (across) and used without
further purification. Aluminum oxide (basic, particle size
0.05-0.15 mm) was purchased from Fluka. Compounds
la—c, 3a—c and 9a—f were prepared according to the
published procedures.®® Compounds 2a—c and 4a—c have
meltin% goints and spectral data identical with the published
values.””® Compound 1le is available from commercial
sources (CAS N 465514-33-4).

4.2. Microwave irradiation experiments

A monomode CEM-Discover MW reactor (CEM Corpo-
ration PO Box 200 Matthews, NC 28106) was used in the
standard configuration as delivered, including proprietary
software.' All experiments were carried out in MW process
vials (10 mL) with control of the temperature by infrared
detection or fiber optic temperature sensor for open vessel
experiments (as was the case for the reactions performed
under conventional heating conditions). After completion of
the reaction, the vial was cooled to 50 °C via air jet cooling.

Entry Aldehyde R n X Products (yield, %)

In water” On Al,O;—KF°
1 9b MeO 0 CH, 10b (51) 9b (11) 10b (52) 9b (5)
2 9c H 1 CH, 10c (14) 9¢ (30) 10c (9) 9¢ (19)
3 9d MeO 1 CH, 10d (14) 9d (27) 10d (9) 9d (17)
4 9e H 1 o 11e (10) e (69) 10e (6) 9e (17)
5 of MeO 1 o 11f (16) 9f (50) 10f (6) 9f (10)

# All reactions were performed on a 1 mmol scale; according to TLC-analysis, besides decomposition, no other compounds were formed than the one indicated.

°H,0, K,CO54(1 equiv), 90 W, 200 °C, 60 min.
¢ Al,O5/KF (3:1), 0.4 g/mmol of starting material, 100 W, 200 °C, 60 min.
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4.3. Solvent-free cyclization of 3c on aluminum oxide

Neutral alumina (0.8 g) was added to a solution of 3¢
(0.17 g, 0.5 mmol) in dichloromethane (1 mL) and the
solvent was evaporated under reduced pressure. The
resulting yellowish powder was transferred to a vial and
heated in an oil bath at 175 °C for 7 min or irradiated at
175 °C for 7 min (hold time) at 300 W maximum power.
The vial was cooled to room temperature, the crude mixture
was transferred to the top of a column filled with silica gel
and purified using dichloromethane—ethylacetate (1:9) as
eluent to give an analytically pure sample of 4¢ in 55%
yield.

4.4. Typical procedures for MW-assisted cyclizations of
ortho-(1'-azacyclo-alkyl)benzaldehydes

(A). In water. A suspension of aldehyde 9a—f (1 mmol) and
K>COj3 (1 mmol) in water (3 mL) was irradiated in closed
vessels with pressure control at 200 °C for 60 min (hold
time) at 90 W maximum power. The reaction mixture was
extracted with dichloromethane (10 mL X 3). The combined
organic layers were dried over Mg,SO,, filtered and
evaporated. The residue was subjected to column chroma-
tography on silica gel (eluent: dichloromethane-hexanes
1:1) for compounds 10a—c or dichloromethane for
compounds 10d—f, 11e,f to afford benzoxazines 10a—f and
alcohols 11e.f as oils.

(B). On alumina. A solution of aldehyde 9a—f (1 mmol) in
dichloromethane (0.5 mL) was added to a mixture of
Al,O3—KF (0.4 g, 3:1 w/w) and the solvent was evaporated
under reduced pressure. The resulting yellowish powder
was irradiated at 200 °C for 60 min at 100 W power, cooled
to room temperature, applied on the top of a column with
silica gel and purified as indicated under (A).

4.4.1. 1,2,3,3a-Tetrahydro-5H-pyrrolo[1,2-a][3,1]benz-
oxazine (10a). 'H NMR (CDCly): 6 7.16 (t, 1H, J=
7.3 Hz), 6.93 (d, 1H, J=7.3 Hz), 6.75 (t, 1H, J=7.3 Hz),
6.71 (d, 1H, J=8 Hz), 4.96 (d, 1H, J=14.6 Hz), 4.95 (m,
1H), 4.77 (d, 1H, J=14.6 Hz), 3.62 (m, 1H), 3.27 (m, 1H),
2.35 (m, 1H), 2.01 (m, 3H). '3C NMR (CDCls): 143.6,
128.1, 125.1, 122.0, 118.3, 115.6, 89.9, 68.6, 50.1, 32.8,
23.0. DEPT (CDCls): 128.1, 125.1, 118.3, 115.6, 89.9,
—68.6, —50.1, —32.8, —23.0. MS (CI): m/z (%)=176
(100) [MH"]. HR-MS (EI): C;,H;30N calcd 175.09971,
found 175.09869.

4.4.2. 7-Methoxy-1,2,3,3a-tetrahydro-SH-pyrrolo[1,2-a]
[3,1]benzoxazine (10b). '"H NMR (CDCls): 6 6.76 (d, 2H,
J=1.5Hz), 6.52 (s, 1H), 4.90 (d, 1H, J=14.6 Hz), 4.87 (m,
1H), 4.73 (d, 1H, J=14.6 Hz), 3.76 (s, 3H), 3.59 (m, 1H),
3.17 (m, 1H), 2.33 (m, 1H), 1.99 (m, 3H). '*C NMR
(CDCl): 153.4, 133.7, 124.3, 119.1, 114.1, 1104, 90.1,
68.2, 56.1, 51.9, 32.9, 23.2. DEPT (CDCl5): 119.1, 114.1,
110.4, 90.1, —68.2, 56.1, —51.9, —32.9, —23.2. MS (CI):
mlz (%)=206 (100) [MH"]. HR-MS (ED): C;,H;sO,N
calcd 205.11028, found 205.10572.

4.4.3. 2,3,4,4a-Tetrahydro-1H,6H-pyrido[1,2-a][3,1]-
benzoxazine (10c). 'H NMR (CDCls): 6 7.17 (t, 1H, J=
7.3 Hz), 6.93 (d, 2H, J=8 Hz), 6.85 (t, 1H, J=7.3 Hz), 5.02

(d, 1H, J=14.6 Hz), 4.85 (d, 1H, J=14.6 Hz), 4.32 (dd, 1H,
37=8, 3.7 Hz), 3.69 (m, 1H), 2.72 (m, 1H), 2.03 (m, 1H),
1.75 (m, 4H), 1.50 (m, 1H). >C NMR (CDCls): 146.0,
127.8, 125.0, 124.2, 120.1, 115.7, 86.5, 67.9, 47.3, 31.8,
25.6,21.8. DEPT (CDCls): 127.8, 125.0, 120.1, 115.7, 86.5,
—67.9, —47.3, —31.8, —25.6, —21.8. MS (CI): m/z (%)=
190 (100) [MH"]. HR-MS (EI): C;,H,sON calcd
189.11536, found 189.11484.

4.4.4. 8-Methoxy-2,3,4,4a-tetrahydro-1H,6H-pyrido-
[1,2-a][3,1]benzoxazine (10d). 'H NMR (CDCls): 6 6.90
(d, 1H, J=8.8 Hz), 6.76 (dd, 1H, *J=8.8 Hz, “*/=2.9 Hz),
6.50 (d, 1H, J=2.9 Hz), 4.99 (d, 1H, J=14.6 Hz), 4.84 (d,
1H, J=14.6 Hz), 4.31 (q, 1H, J=2.9 Hz), 3.76 (s, 3H), 3.45
(m, 1H), 2.78 (m, 1H), 1.97 (m, 1H), 1.76 (m, 4H), 1.51 (m,
1H). 13C NMR (CDCl5): 154.4, 140.5, 126.5, 119.4, 113.7,
110.0, 86.3, 67.9, 55.9, 48.9, 31.4, 25.7, 20.9. DEPT
(CDCL,): 119.4, 113.7, 110.0, 86.3, —67.9, 55.9, —48.9,
—31.4, —25.7, —20.9. MS (CD: m/z (%)=220 (100)
[MH™]. HR-MS (EI): C,3H,7;0,N calcd 219.12593, found
219.12549.

4.4.5. 1,2,4,4a-Tetrahydro-6H-[1,4]Joxazino[4,3-a][3,1]-
benzoxazine (10e). '"H NMR (CDCls): 6 7.20 (t, 1H, J=
7.3 Hz), 6.89 (m, 3H), 5.05 (d, 1H, J=14.6 Hz), 4.90 (d,
1H, J=14.6 Hz), 4.37 (dd, 1H, *J=7, 3.6 Hz), 3.99 (m,
2H), 3.66 (m, 2H), 3.18 (t, 1H, J=5.1 Hz), 2.96 (m, 1H).
MS (CD): mlz (%)=192 (100) [MH*]. HR-MS (ED):
C1H30; caled 191.09463, found 191.09509.

4.4.6. 8-Methoxy-1,2,4,4a-tetrahydro-6H-[1,4]oxazino-
[4,3-a][3,1]benzoxazine (10f). 'H NMR (CDCls): 6 6.87
(d, 1H, J=8.8 Hz), 6.76 (dd, 1H, *J=8.8 Hz, “*/=2.9 Hz),
6.53 (d, 1H, J=2.9 Hz), 5.02 (d, 1H, J=14.6 Hz), 4.90 (d,
1H, J=14.6 Hz), 429 (q, 1H, J=2.9 Hz), 3.91 (m, 4H),
3.77 (s, 3H), 3.42 (m, 1H), 2.93 (m, 1H). '*C NMR (CDCl;):
155.0, 139.6, 126.5, 119.6, 113.9, 110.1, 82.9, 69.4, 67.7,
67.3, 55.9, 48.1. DEPT (CDCl5): 119.6, 113.9, 110.1, 82.9,
—69.4, —67.7, —67.3,55.9, —48.1. MS (CI): m/z (%)=
222 (100) [MH™].

4.4.7. (2-Morpholinophenyl)methanol (11e). '"H NMR
(CDCls): 6 7.23 (m, 4H), 4.98 (br s, 1H), 4.83 (s, 2H), 3.89
(t, 4H, J=4.4Hz), 3.01 (t, 4H, J=4.4Hz). *C NMR
(CDCl5): 150.9, 136.0, 129.2, 128.9, 125.5, 121.1, 67.9,
64.8, 53.2. DEPT (CDCly): 129.2, 128.9, 125.5, 121.1,
—67.9, —64.8, —53.2. MS (CI): mlz (%)=194 (26)
[MH™], 176 (31) [MH" —H,O0].

4.4.8. (5-Methoxy-2-morpholinophenyl)methanol (11f).
"H NMR (CDCl5): 6 7.17 (d, 1H, J=8.1 Hz), 6.82 (dd, 1H,
3J=8.1 Hz, *J=2.9 Hz), 6.75 (d, 1H, J=2.9 Hz), 4.78 (s,
2H), 3.86 (t, 4H, J=4.4 Hz), 3.80 (s, 3H), 2.94 (t, 4H, J=
44 Hz). >C NMR (CDCly): 157.4, 143.9, 137.6, 122.6,
114.3, 113.6, 67.9, 65.1, 55.8, 53.6. DEPT (CDCls): 122.6,
114.3, 113.6, —67.9, —65.1, 55.8, —53.6. MS (CD): m/z
(%)=224 (62) [MH"], 206 (31) [MH" —H,0], 194 (6)
[MH" —Me,O]. HR-MS (EI): C;,H;;03;N calcd
223.12084, found 223.12110.
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Abstract—An efficient method for the preparation of urea-bridged cyclodextrins using triphosgene in the isocyanation step in an aqueous
two-phase system is reported. Per-O-acetylated glycopyranosylamines and 2-amino-2-deoxy-o and 3-D-glucose were also transformed into
the corresponding isocyanates using either an aqueous two-phase or an anhydrous dichloromethane medium, and converted in situ into ureas.
An alternative method for the preparation of sugar-derived ureas consisting of desulfurization of sugar thioureas with mercury oxide is also

presented.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Urea functionality is a structural feature present in many
biologically active compounds, such as anti-mycobacterial’
and anti-trypanosomal” agents, plant and insect growth
regulators,”® and as antagonists of natural receptors.”®
Several ureido derivatives have also proved to be anti-tumor
agents,”® and to inhibit HIV protease'®'® and glycine
transporter GlyT-2. 16

In the carbohydrate field, pseudooligosaccharides incorpor-
ating a urea bridge have been found in glycocinnamoyl
spermidine antibiotics.” Synthetic N-nitrosoureas derived
from aminosugars have shown to be useful as antitumorals'®
and naturally-occuring streptozotocin,'® a N-nitrosourea
derived from 2-amino-2-deoxy-p-glucose, is widely used to
induce diabetes mellitus in experimental animals.?’ Further-
more, some ureido glycuronate derivatives have shown to
be o-glucosidase inhibitors*' and N-acyl-N'-B-p-gluco-
pyranosyl ureas exhibit strong inhibition against glycogen
phosphorylase,”> and so they could act as antidiabetic
agents.23

Cyclodextrins are cyclic oligosaccharides that possess
practical applications in medicinal®* and supramolecular
chemistry.” For instance, they are able to form complexes,
improvinl%y solubilization and bioavailability of lipophilic
drugs,”®*” and they have also been used in the design of

Keywords: Cyclodextrin; Triphosgene; Sugar isocyanates; Ureas; Mercury

oxide; Two-phase system.

* Corresponding author. Tel.: +34 95 4557151; fax: +34 95 4624960;
e-mail: bolanos@us.es

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.041

artificial enzymes®®~° and for separation of enantiomers.*

Much effort has been devoted to the preparation of
cyclodextrin dimers®' in order to improve the binding
properties of the parent structure.?® For this purpose, many
different linkages have been introduced®” in the preparation
of dimers, among which we can find the urea tether.>?

Sugar ureas have often been obtained by reaction of
glycosylamines or amino sugars with alkyl or aryl
isocyanates®*> in anhydrous solvents. The synthesis of
fully O-protected sugar isocyanates has also been reported
by Jochims® by reaction of O-protected amino sugars and
toxic phosgene in anhydrous toluene.

To avoid handling hazardous phosgene, other methods to
afford sugar ureas have been developed. These methods
involve the use of aryl carbamates derived from amino
sugars,”’ the use of phosphinimines®® or carbodiimides’” as
intermediates, or the oxidation of glycosyl isocyanides with
pyridine N-oxide proposed by Ichikawa et al.*’ By the last
procedure, Prosperi et al. have described the synthesis of
nonsymmetrical urea-linked disaccharides in which two
glycopyranoside units are bound at the 1 —2, 1 —4, and
1 — 6 positions.*!

Recently, we have communicated*” our preliminary results
on the one-pot two-phase preparation of sugar-derived
ureas, including cyclodextrin derivatives. Ureas were
obtained starting from sugar amines and glycopyranosyl-
amines by using triphosgene® in the isocyanation step.
Herein we report the full details of this procedure and our
results of a different approach to access sugar ureas, based
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CI3CO)]\OCCI3
CH,Cl,/ sat. ag. NaHCO3
0°C, 10 min.
(AcO)44 B (AcO)14
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H H 2 (1 equiv.)
CH2C|2
(AcO)e N\n/N (OAc)s sat. aq. NaHCO;
o) 0°C, 15 min.
(AcO)14 (AcO)14
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Scheme 1.

on desulfurization of sugar thioureas through non-isolated
carbodiimides. Fischer’s per-O-acetylated B-p-gluco-
pyranosyl isocyanate 20,** which we use without isolation
in the synthesis of B-p-glucopyranosyl ureas, has been
recently prepared as a crystalline form from the O-protected
B-p-glucopyranosylamine with triphosgene under Schotten-
Baumann conditions.

2. Results and discussion

We have carried out the synthesis of B-cyclodextrin dimer 4
starting from per-O-acetylated 6*-azido-6"-deoxy-B-cyclo-
dextrin 1,*® which was prepared in three steps from
B-cyclodextrin: monotosylation with 1-(p-toluenesulfonyl)-
imidazole,*” acetylation and displacement of the tosyloxy
group with sodium azide (Scheme 1).

Compound 1 was hydrogenated in the presence of palladium
over charcoal to afford monoamino derivative 2, which was
used without further purification for the isocyanation step;
thus, crude 2 was dissolved in a vigorously stirred 1:1
CH,Cl,—saturated aqueous NaHCO; mixture at 0 °C, to
which solid triphosgene was added. After 15 min of stirring
at 0 °C, another equivalent of monoamino 2 was added to
afford B-cyclodextrin dimer 4 in a 49% yield for the three
steps (hydrogenation, isocyanation of the amine and

OAc

o Trioh OAcO
AcO R2 riphosgene
AcO CH,Cly AC%CO
R1 sat. aq. NaHCO3
NH,-HX  0°C, 10 min

5 R'=0OAc, R?=H, X=Br
6 R'=H, R2=0Ac, X=Cl

Scheme 2.

7 R'=0Ac, R%=H
8 R'=H, R?=OAc

coupling with the same amine). The overall yield for the
preparation of 4 is comparable to a recently described
procedure*® involving a polymer-bound triphenyl-
phosphine, carbon dioxide and azide 1.

The same method was applied to the preparation of per-O-
acetylated 6-monodeoxy-6-mono[3-(f3-p-glucopyranos-2-
ylureido]-B-cyclodextrin 15 starting from readily available
hydrochloride 6* (Scheme 2). Treatment of compound 6
with triphosgene under the conditions described above led
to isocyanate 8 which was used in situ for coupling with
amine 2 to give P-cyclodextrin-derived urea 15 in a 46%
yield, calculated from azide 1.

Similarly, 2-ureido-o and B-p-glucopyranoses 9, 10, 12 and
13 and urea-linked symmetrical pseudo-disaccharides 11
and 14 were obtained (Scheme 2) in good yields (63—86%)
starting from 2-amino-2-deoxy-p-glucopyranose hydro-
halides of a- and B-configurations 5°° and 6, and using
alkyl and arylamines or the same hydrohalide for the
coupling reaction with the non-isolated isocyanates 7 and 8
(Table 1, Method A).

Isocyanates 7 and 8 were obtained as syrups in quantitative
yields by extraction with dichloromethane after the
isocyanation step. NMR spectra of crude 7 and 8 showed
no impurities; however, column chromatography of these

R3NH, OAc
R2 CHCly AcO R?
—> AcO
R sat.rt aq1 .ONmail;:COg RO
NCO ! HN NHR3
9-11 R'=0Ac, R>=H

12-15 R'=H, R?=0Ac



9060 0. Lopez et al. / Tetrahedron 61 (2005) 9058-9069

Table 1. Synthesis of ureas 9-15 and 22-27

Entry Amines Products Ureas Method

A* B®

OAc
1 CH3(CH2);NH, AR : R, 9 73¢ 58¢
R, 12 86 —

HN )’L PSRN

OAc

10 63 66

o]
2 AcO R
H3C@N Hy AcO 20

Q
AcO
AcO
3 AcO. AcO o
OAc O@L

AcO o

NH,HBr HN
OAc
AcO o ACO Q
C
. Ac(i\/o%om AcO Ohs
\C
NH,HCI PR

AcO o
(AcO)s NH, AcO
AcO OAc

(AcO)14

Ry

/@/CH3 13 86 —

Ohc 11 82 62
OAc
NH%?@
OAc

OAc 14 78 —

15 46 —

(AcO)14

Ry
AcO
6 CH;(CH,);NH, Aw%n H 2 63 65
AcO T T 25 7 o
(o]

Ry
AcO 5 H
N

.

R1

OAc

OAc o H
0
AcO NH,"HBr AcQ N
8 Ac/o% 2 AcO he

OAc OAc o

OAc

AcO

poo— o Ao UL
9 Aco/% NH'HCI “A
X
0

AcO
NH;, AcO T

23 66 64

N
\©\ 26 58 —
CH.

3

o OAc 27 69 —

# Biphasic CH,Cl,/water reaction conditions.
® Monophasic anhydrous CH,Cl, reaction conditions.
¢ Isolated yields.

isocyanates led to extensive decomposition. Resonances at
125.9 and 126.7 ppm, for compounds 7 and 8 in '>*C NMR
(Table 2), together with strong IR absortions at 2261 and
2253 cm ™, respectively, confirm the presence of a -NCO
moiety. These data are in agreement to those found for
Fischer’s isocyanate 20,** studied spectroscopically by
Ichikawa.*’

Following the same one-pot biphasic procedure we have
also carried out the preparation of per-O-acetylated
glycopyranosyl ureas of p-gluco and p-manno configuration
(Scheme 3). Crystalline hydrobromide 18>' was prepared
from compound 16 after removal of the enamino group by
oxidation with bromine in moist dichloromethane. Com-
pound 18 was treated subsequently with triphosgene and
with several amines in the biphasic medium to afford ureas

22-24, via the non-isolated isocyanate 20, in a 63-99%
yield calculated from 18 (Table 1, Method A).

As hydrohalide 19°*°% could not be obtained as a crystalline
product, the enamino group of compound 17 was removed
by adding aliquots of a saturated solution of Cl, in moist
CH,Cl, at 0 °C over a 2 h period, until disappearance of the
starting material by TLC. After solvent removal, crude
hydrohalide 19 was directly used for the next two steps
(isocyanation and coupling of isocyanate 21 with amines) to
afford mannopyranosyl ureas 25-27 (Scheme 3) in a 58—
71% overall yield for the three steps (Table 1, Method A).
By-products formed in chlorolysis of enamine-derived
17 did not interfere with the following two steps. 'H
and 'C NMR spectra of crude isocyanates 20* and the
hitherto unknown 21 (Table 2), obtained after the
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Table 2. Selected data for isocyanates 7, 8 and 21

'H and '3C NMR data® (8, ppm; J, Hz)

Compound H-1 H-2 H-3 H-4 H-5 H-6a H-6b
7 6.25 3.80 5.39 5.07 4.08 4.29 4.04
8 5.59 3.78 5.14 5.01 3.83 4.29 4.07
21 4.77 5.39 5.05 5.22 3.71 4.23 4.17

Ji2 Ja3 J34 Jas Js 6a Js 6 Joa.6b
7 3.6 10.4 9.7 9.9 3.9 2.3 12.3
8 8.6 10.2 9.4 9.7 4.6 2.1 12.6
21 1.2 3.2 10.0 10.0 5.0 2.5 12.5

C-1 C-2 C-3 C-4 C-5 C-6 NCO
7 89.9 55.6 71.9 67.3 69.8 61.3 125.9
8 924 56.8 73.3 67.5 72.9 61.3 126.7
21 81.7 69.4 70.8 65.2 74.5 62.3 129.6
#In CDCls.

isocyanation step, showed these isocyanates to be the
main products.

For the preparation of ureas 9-11, and 22-24, we also
carried out the two steps (isocyanation and coupling with
amines) in an anhydrous monophasic system. Thus,
hydrohalides 5 and 18 were dissolved in dry dichloro-
methane containing 4 A molecular sieves and diisopropyl-
ethylamine, and to the corresponding solutions at rt was
dropwise added a solution of triphosgene in dry dichloro-
methane to give isocyanates 7 and 20, respectively. These
isocyanates were converted in situ into ureas 9-11 and 22—
24 by addition of the corresponding amines in a 54—66%
yield (Table 1, Method B). However, this procedure proved
to be sensitive to moisture, and the use of molecular sieves
proved to be essential for the yield of the reaction.
Furthermore, the yields obtained by using anhydrous
dichloromethane were in some examples lower than those
obtained by the biphasic procedure (Table 1, Method A),
despite moisture sensitivity associated to triphosgene and
isocyanates.”*>

Finally, we have considered a third procedure for

2
AcO R-’O H
Aco/%/ N CO,Et
AcO E<
R' CO,Et

16 R'=0Ac, R?=H
17 R'=H, R?=0Ac

R2
AcO

Xo AcO o
_— i

obtaining sugar ureas from the corresponding thioureas.
They have been more extensively studied than the ureas
counterparts due to easier preparation of sugar iso-
thiocyanates™® as compared to sugar isocyanates. This
third procedure is based on the desulfurization of sugar
thioureas by treatment with yellow mercury (II) oxide; these
results contrast with the desulfurization of O-unprotected
glucopyanosyl thioureas to afford trans-fused bicyclic
isoureas.

Treatment of thioureas 28-30 in aqueous acetonitrile with
mercury oxide at rt for 1h led to the corresponding
carbodiimides, detected by TLC as a faster-moving
compound; carbodiimides reacted slowly (24 h) at rt with
water to give ureas 10, 23 and 24 in a 67-74% yield
(Table 3). For N,N-diethyl thiourea 31, no carbodiimide was
detected by TLC and a slower transformation (40 h) of
thiourea into urea 32 took place in a 72% yield.

Per-O-acetylated thiourea 29 was prepared starting from
thiourea 33, easily available in a one-pot fashion from [-p-
glucopyranosylamine.”” Conventional acetylation of 33 at rt
led regiospecifically to the new penta acetyl derivative 34 in

R2
® O
R

18 R'=0Ac, R?=H, X=Br
19 R'=H, R?=0Ac, X=Cl

Triphosgene

CH,Cl,
sat. ag. NaHCOg
0°C, 10 min
R3NH,
R2
CH,Cl, A

AcO

R
AcO \n/ \RS
}
R 0

22-24 R'=0Ac, R?=H
25-27 R'=H, R?=0Ac

Scheme 3.

cO o
sat. aq. NaHCO4 ACO/%/ NCO
0°C, 20 min AcO

R1

20 R'=0Ac, R%=H
21 R'=H, R%=0Ac
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[l ﬁ
R’ 3 R
\N/C\N/R yellow HgO \N/C\N/RS
I | 1:1 | |
> :1 water-MeCN 2
H R rt, 24-40 h R
Entry Thiourea R! R? R? Urea Yield (%)
AcO o
e
Cl
H
| 28 ) H 3C—©—§ 10 67
AcO o
2 29 AC o H HsC 23 74
OAc
AcO o AcO o
AcO AcO
3 30 Am H Am 24 68
OAc OAc
AcO o
AcO
4 31 Ami CH;CHo— CH;CHao— 2 7
OAc

a 73% yield (Scheme 4); probably due to steric hindrance no
acetylation took place on the nitrogen attached to the sugar
moiety. The strong deshielding exhibited by the NH proton
in "H NMR of 34 (12.01 ppm) indicated the presence of an
intramolecular hydrogen bonding with the carbonyl group
of the vicinal N-acetyl moiety. Li et al. have recently
reported®® the use of imidazole as a mild base for the
selective anomeric O-deacetylation of carbohydrates; using
the same procedure we have carried out the selective
N-deacetylation of 34 to give tetra-O-acetylated 29 in a 86%
yield (Scheme 4).

Tetra-O-acetyl thioureas 28, 31 and known 30°! were
prepared by coupling reaction of 1,3,4,6-tetra-O-acetyl-2-
deoxy-2-isothiocianato-a-p-glucopyranose™ and 2,3,4,6-

OHO 'Tl 'Tl OAc
HOMNYN 11 Ac0-Py Aco/%
i “CHg

Scheme 4.

rt24h

tetra-O-acetyl-B-p-glucopyranosylisothiocyanate®'  with

the corresponding amines in EtOAc at rt.

In conclusion, we report a practical one-pot two-step
synthesis in an aqueous two-phase system of urea-tethered
cyclodextrin dimer 4 and of 6-monodeoxy-6-mono(V'-
glucopyranos-2-ylureido)-B-cyclodextrin 15 through non-
isolated sugar isocyanates. This procedure was also
successfully applied to the preparation of other symmetrical
and unsymmetrical N,N'-disubstituted sugar ureas including
pseudodisaccharides with a (1 —1) or (2—2) urea linkage.
An anhydrous monophasic system was also used for the
two-step synthesis, although the yields were generally
lower. We also report the desulfurization of O-protected
sugar thioureas with yellow mercury (II) oxide in aqueous

Y@
»

MeOH, 70 °C
24 h

OAc

34
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acetonitrile as an alternative pathway for the preparation of
sugar ureas.

3. Experimental

3.1. General procedures

Melting points were recorded on an Gallenkamp apparatus
and are uncorrected. Optical rotations were measured with a
Perkin-Elmer 241 MC polarimeter, and IR spectra (KBr
disks) were obtained with an FT-IR Bomem MB-120
spectrophotometer. 'H (300 and 500 MHz) and "°C (75.5
and 125.7 MHz) NMR spectra were recorded on Bruker
AMX-300 and AMX-500 spectrometers. The assignments
of '"H and '°C signals were confirmed by homonuclear
COSY and heteronuclear 2D correlated spectra, respect-
ively. Mass spectra (EI, CI and FAB) were recorded on
Kratos MS80-RFA and Micromass AutoSpec-Q mass
spectrometers with a resolution of 1000 or 60,000 (10%
valley definition). For the FAB spectra, ions were produced
by a beam of xenon atoms (67 keV), using thioglycerol as
matrix and Nal as salt. MALDI spectra were recorded with a
TOFSPEC spectrometer. TLC was performed on aluminium
pre-coated sheets (E. Merck Silica Gel 60 F,s4); spots were
visualized by UV light, by charring with 10% H,SO, in
EtOH. Column chromatography was performed using
E. Merck Silica Gel 60 (40-63 um).

3.2. N,N'-Bis[icosa-O-acetyl-6*-deoxy-B-cyclodextrin-
6*-yllurea (4)

A solution of 6*-azido-6"-deoxy-B-cyclodextrin 1 (260 mg,
0.13 mmol) in methanol (10 mL) was hydrogenated at
atmospheric pressure by stirring with 10% Pd(C) catalyst
for 2.5 h at rt. After filtration of the mixture through a Celite
pad, the filtrate was concentrated to dryness to afford the
crude amine 2 and divided into two equal portions. One
portion was dissolved in an 1:1 CH,Cl,—saturated aqueous
NaHCO;3; mixture (12 mL), cooled to 0 °C in an ice bath and
treated with triphosgene (6.5 mg, 0.022 mmol). After
15 min of vigorous stirring the other portion of amine 2
was added and the stirring was maintained at rt for 15 min.
Conventional work-up and column chromatography
(CH,Cl,—40:1 CH,CI,—~MeOH) afforded cyclodextrin
dimer 4 (127 m%, 49%) as a white amorphous powder, mp
172-178 °C; [a]f? +117 (¢ 1.1, CH,Cly); 1it.*® [a]f +121
(c 1.0, CHCI5); IR vp,,ax 3300, 1748, 1541, 1433, 1371, 1233,
1042 cm ™ !; '"H NMR (500 MHz, CDCl3) 6 5.32-5.25 (m,
7H, H-3*"5), 5.17 (d, 1H, J,,=3.5 Hz, H-1*), 5.14-5.11
(m, 1H, NH), 5.10-5.05 (m, 6H, H-1%79), 4.87-4.71 (m, 7H,
H-2"79), 4.58-4.49 (m, 6H, H-6a®%), 4.31-4.23 (m, 6H, H-
6b%9), 4.184.11 (m, 6H, H-527°), 3.98-3.94 (m, 1H, H-
5%), 3.88-3.82 (m, 1H, H-6a™), 3.76-3.64 (m, 7H, H-4*"9),
3.46-3.41 (m, 1H, H-6b™), 2.14-2.03 (20s, 60H, 20Ac);
'3C NMR (125.7 MHz, CDCl3) 6 170.6-170.3, 169.6-169.3
(CH5CO), 158.2 (CO urea), 96.9-96.7 (C-1), 77.8-76.5 (C-
4876) 71.2-69.4 (C-276, C-3476, C-5479), 62.9-62.4 (C-
6°79), 40.4 (C-6), 20.8-20.6 (CH;CO); MALDITOF-MS
m/z 3980 [M + H] * . Anal. Calcd for C165H220N20109 4H20:
C,48.96; H, 5.68; N, 0.96, found: C, 48.72; H, 5.35; N, 0.89.

3.3. General methods for the synthesis of ureas 9-15,
22-27 and 32.

Method A. To a vigorously stirred solution of the
hydrohalides 5, 6 or 18 (0.6 mmol) in an 1:1 mixture of
CH,Cl, and saturated aqueous NaHCO; (12 mL) at 0 °C in
an ice bath was added triphosgene (0.22 mmol); after
10 min of stirring, butylamine, p-toluidine, or the hydro-
halides 5, 6 or 18 (0.66 mmol) were added. For the
preparation of D-glucosamine derived ureas 9-14 the
coupling with the amines was performed at rt for 10 min;
for the preparation of glycopyranosyl ureas 22-24 the
coupling of the isocyanate with the amines was carried out
at 0°C for 20 min. Conventional work-up and column
chromatography afforded ureas 9-14 and 22-24. For the
preparation of 15, this procedure was carried out starting
from hydrochloride 6 (0.13 mmol). Azide 1 (260 mg,
0.13 mmol) was hydrogenated as described in Section 3.2
to give amino cyclodextrin derivative 2, which was added to
the crude isocyanate 8 and the coupling reaction took place
at rt for 15 min.

In the case of ureas 25-27, to a solution of enamine 17
(0.6 mmol) in wet CH,Cl, (10 mL) at 0 °C were added small
portions of a saturated solution of Cl, in CH,Cl, until
disappearance of the starting material by TLC. Then the
mixture was concentrated to dryness and the residue
containing hydrochloride 19 was treated as described
above to give ureas 25-27.

Method B. To a stirred mixture of hydrohalides 5 or 18
(0.6 mmol) and N,N-diisopropylethylamine (DIEA,
1.8 mmol) in CH,Cl, (6 mL) containing 4 A molecular
sieves under Ar at rt was dropwise added a solution of
triphosgene (0.2 mmol) in dry CH,Cl, (3 mL) over 30 min.
After a further 10 min of stirring a solution of butylamine or
p-toluidine (0.6 mmol) in dry CH,Cl, (3 mL) was added in
one portion. In the case of adding the hydrohalides 5 or 18
(0.6 mmol), their solutions in CH,Cl, (3 mL) had an extra
portion of DIEA (1.2 mmol). The reaction mixture was
stirred at rt for 10 min. Conventional work-up and column
chromatography afforded ureas 9-11 and 22-24.

Method C. To a solution of thioureas 28-31 (0.44 mmol) in
1:1 water—acetonitrile (20 mL) was added yellow mercury
(II) oxide (572 mg, 2.64 mmol). The mixture was stirred at
rt in the darkness for 24-40 h and then it was filtered
through a Celite pad. The filtrate was concentrated to
dryness and purified by column chromatography.

3.3.1. N-Butyl-N'-(1,3,4,6-tetra-O-acetyl-2-deoxy-o.-p-
glucopyranos-2-yl)urea (9). Method A. Column chroma-
tography (CH,Cl, —40:1 CH,Cl,-MeOH) gave 9: 196 mg,
73% as a syrup.

Method B. Column chromatography gave 9: 150 mg, 58%.
R¢=0.33 (40:1 CH,Cl,-MeOH); [a]Z +62 (¢ 0.5,
CH,ClL); IR wmax 3322, 2920, 1750, 1642, 1561, 1370,
1221, 1125, 1007 cm™"; '"H NMR (500 MHz, CDCls) 6
6.47 (d, 1H, J,xnu=9.2 Hz, NH'), 6.16 (d, 1H, J, ,=3.5 Hz,
H-1), 5.19-5.17 (m, 2H, H-3, H-4), 4.43 (t, IH, Jxg.cy,=
5.5 Hz, NH), 4.31 (m, 1H, H-2), 4.22 (dd, 1H, J5 s,=4.2 Hz,
Jﬁa,f)b: 12.5 Hz, H-6a), 4.03 (dd, 1H, JS,6b:2'2 Hz, H-6b),
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3.95 (m, 1H, H-5), 3.08 (m, 2H, CH,a), 2.14, 2.06, 2.02,
2.01 (4s, 12H, 4Ac), 1.40 (m, 2H, CH,B), 1.29 (m, 2H,
CH,y), 0.88 (t, 3H, J=7.4Hz, CH;); '*C NMR
(125.7 MHz, CDCls) 6 171.8, 170.7, 169.1, 168.6 (4 CO),
156.7 (CO urea), 91.5 (C-1), 71.2 (C-3), 69.7 (C-5), 67.6
(C-4), 61.7 (C-6), 52.0 (C-2), 40.3 (CH,a), 32.1 (CH,B),
20.9, 20.8, 20.7, 20.5 (4 CH5CO), 19.9 (CH,Y), 13.7 (CH3);
FAB-MS m/z 469 ((M+Na]™, 100%), 915 ([2M+Na] ™,
10%); EI-MS m/z 446 (IM]™", 1%); HREI-MS m/z calcd for
[M] " C19H3N>01¢: 446.1900, found: 446.1897.

3.3.2. N-(p-Methylphenyl)-N’-(1,3,4,6-tetra-O-acetyl-2-
deoxy-a-p-glucopyranos-2-yl)urea (10). Method A.
Column chromatography (CH,Cl, —40:1 CH,Cl,~MeOH)
gave 10 as a white solid: 182 mg, 63%.

Method B. Column chromatography gave 10: 191 mg, 66%.

Method C. The mixture was stirred for 24 h and purified by
column chromatography to give 10: 128 mg, 67%; mp 184—
188 °C; R; 0.30 (40:1 CH,Cl,-MeOH); [a]5 +103 (¢ 1.2,
CH,Cl,); IR vnax 3345, 1753, 1659, 1603, 1533, 1514,
1370, 1223, 1132, 926 cm ™ '; 'H NMR (500 MHz, CDCl,)
6 7.09 (m, 4H, Ar-H), 6.97 (s, 1H, NH), 6.23 (d, 1H, J, ,=
3.4 Hz, H-1), 5.19 (m, 2H, H-3, H-4), 4.41 (t, 1H, J,ny=
8.1 Hz, NH/), 424 (m, 1H, H-2), 424 (dd, 1H, Jse,=
4.0 Hz, Jo, 6= 12.4 Hz, H-6a), 4.05 (dd, 1H, Js56,=2.2 Hz,
H-6b), 3.97 (m, 1H, H-5), 2.29 (s, 3H, CHj3), 2.08, 2.07,
2.03, 2.01 (4s, 12H, 4Ac); '*C NMR (125.7 MHz, CDCls) 6
171.5, 170.8, 169.1, 168.7 (4CO), 155.2 (CO urea), 135.1,
134.3,129.8, 121.7 (Ar), 91.2 (C-1), 70.9 (C-3), 69.7 (C-5),
67.6 (C-4), 61.6 (C-6), 51.7 (C-2), 20.7, 20.7, 20.7, 20.5
(CH;Ar, 4Ac); FAB-MS m/z 503 ((M+Na]™, 100%);
HREI-MS m/z caled for [M]"CypHogN,Oyo: 480.1744,
found: 480.1740.

3.3.3. N,N'-Bis(1,3,4,6-tetra-O-acetyl-2-deoxy-a-p-gluco-
pyranos-2-yl)urea (11). Method A. Column chromato-
graphy (CH,Cl, —40:1 CH,Cl,-MeOH) gave 11 as a white
solid: 177 mg, 82%.

Method B. Column chromatography gave 11: 134 mg, 62%;
mp 193-194°C; Ry 0.12 (40:1 CH,Cl,-MeOH); [al
+115° (¢ 1.0, CH,Cly); IR v, 3366, 2963, 1753, 1562,
1373, 1227, 1040, 926 cm ™ '; '"H NMR (300 MHz, CDCl;)
06.09 (d, 1H, J, ,=3.6 Hz, H-1),5.16 (t, 1H, J53 ,=10.0 Hz,
J45=9.8 Hz, H-4),5.09 (t, 1H, J, 3=10.5 Hz, H-3), 4.66 (d,
1H, J, ng=9.4 Hz, NH), 4.28 (ddd, 1H, H-2), 4.20 (dd, 1H,
15,621:4'1 Hz, ]ﬁa,ﬁb: 12.5 Hz, H—6a), 4.02 (dd, 1H, JS,Gb:
2.1 Hz, H-6b), 3.94 (ddd, 1H, H-5), 2.14, 2.06, 2.00 (4s,
12H, 4Ac); *C NMR (75.5 MHz, CDCl;) 6 172.0, 170.7,
169.0, 168.6 (4CO), 155.5 (CO urea), 91.2 (C-1), 70.9
(C-3), 69.7 (C-5), 67.5 (C-4), 61.6 (C-6), 51.9 (C-2), 20.8,
20.7, 20.6, 20.5 (4Ac); FAB-MS m/z 743 ((IM+Na]™,
100%), HRFAB-MS m/z calcd for [M+H]+C29H4]N2019:
721.2303, found: 721.2296. Anal. Calcd for C,9H40N>O: C,
48.33; H, 5.59; N, 3.89, found: C, 48.13; H, 5.54; N, 3.96.

3.3.4. N-Butyl-N’-(1,3,4,6-tetra-O-acetyl-2-deoxy-p-p-
glucopyranos-2-yl)urea (12). Method A. Column chroma-
tography (CH,Cl,—40:1 CH,Cl,-MeOH) gave 12 as a
syrup: 230 mg, 86%. R; 0.33 (40:1 CH,Cl,-MeOH); [a]5
+33 (c 0.8, CH,Cly); IR v 3356, 2926, 2870, 1769,

1665, 1582, 1370, 1044, 910 cm ™ '; "H NMR (500 MHz,
CDCl3) 6 5.68 (d, 1H, J, ,=8.5 Hz, H-1), 5.14-5.10 (m, 2H,
H-3, H-4), 4.57 (d, 1H, Joxu=9.5 Hz, NH'), 4.55 (t, 1H,
JNH,CH2=5~5 HZ, NH), 4.27 (dd, lH, 15,6a=5'0 HZ, J6a,6b=
12.5 Hz, H-6a), 4.12 (dd, 1H, Js ¢, =2.0 Hz, H-6b), 4.08 (m,
1H, H-2), 3.81 (m, 1H, H-5), 3.12 (m, 2H, CH,a), 2.12,
2.09, 2.05, 2.03 (4s, 12H, 4Ac), 1.43 (m, 2H, CH,p), 1.31
(m, 2H, CHyy), 0.90 (t, 3H, J=7.1 Hz, CHs); '*C NMR
(125.7 MHz, CDCl5) 6 171.3, 170.7, 169.6, 169.3 (4CO),
157.0 (CO urea), 93.3 (C-1), 73.1, 72.9 (C-3, C-5), 67.9
(C-4), 61.8 (C-6), 54.2 (C-2), 40.2 (CH,a), 32.2 (CH,p),
20.9, 20.7, 20.6, (4 CH;CO), 19.9 (CH,Yy), 13.7 (CHs);
FAB-MS m/z 469 (IM+Na]™*, 92%), 915 (2M+Na] ™",
10%); HRCI-MS m/z caled for [M+H] " CioH3;N,O0:
447.1978, found: 447.1981.

3.3.5. N-(p-Methylphenyl)-N’-(1,3,4,6-tetra-O-acetyl-2-
deoxy-B-p-glucopyranos-2-yl)urea (13). Method A.
Column chromatography (CH,Cl,—40:1 CH,Cl,-MeOH)
gave 13: 248 mg, 86% as a white solid; mp 184-186 °C;
[a]f +32 (¢ 1.0, CH,Cly); IR vy, 3304, 2918, 1748, 1636,
1570, 1454, 1377, 1084, 1040, 820cm™'; 'H NMR
(300 MHz, CDCl3) 6 7.14-7.00 (m, 5H, Ar—H, NH), 5.78
(d, 1H, J;,=8.7 Hz, H-1), 5.27 (t, 1H, J,3=9.0 Hz, J5 4=
9.5 Hz, H-3), 5.25 (d, 1H, NH'), 5.10 (t, 1H, J45=9.6 Hz,
H-4), 4.25 (dd, 1H, J56,=4.6 Hz, Jg, 6ob=12.3 Hz, H-6a),
4.10 (dd, 1H, Js 6, = 1.5 Hz, H-6b), 4.05 (m, 1H, H-2), 3.82
(m, 1H, H-5), 2.27 (s, 3H, Me), 2.08, 2.06, 2.02 (4s, 12H,
4Ac); '*C NMR (75.5 MHz, CDCl5) 6 171.2, 170.7, 169.5,
169.4 (4CO), 155.4 (CO urea), 135.4, 133.9, 129.8, 121.4
(Ar), 92.8 (C-1), 72.7 (C-3), 72.6 (C-5), 68.1 (C-4), 61.8 (C-
6), 54.0 (C-2), 20.9, 20.8, 20.6 (CH3Ar, 4Ac); FAB-MS m/z
480 (IM]*, 22%), 503 ([IM+Na]*, 60%), 983 ([2M+
Na]*, 11%); HRFAB-MS m/z calcd for [M] " CoHasN,O 1
480.1744, found: 480.1739. Anal. Calcd for C,,H,>gN>O1:
C, 55.00; H, 5.87; N, 5.83, found: C, 55.09; H, 5.90; N, 5.93.

3.3.6. N,N'-Bis(1,3,4,6-tetra-0-acetyl-2-deoxy-B-p-gluco-
pyranos-2-yl)urea (14). Method A. Column chromato-
graphy (CH,Cl, —40:1 CH,Cl,-MeOH) gave 14 as a white
solid: 169 mg, 78%. Ry 0.18 (40:1 CH,Cl,~MeOH); mp
218-220 °C; [a]F +25 (¢ 1.0, CH,Cly); IR wpax 3331,
2940, 1750, 1659, 1599, 1433, 1371, 1227, 1040, 907 cm ™ ';
'"H NMR (300 MHz, CDCl3) 6 5.73 (d, 1H, J1,=28.7Hz,
H-1), 5.22 (d, 1H, Jo,xnu=8.9 Hz, NH), 5.18 (t, 1H, J,3=
8.7 Hz, J54=9.5 Hz, H-3), 5.10 (t, 1H, J45=9.5 Hz, H-4),
4.26 (dd, 1H, Js 6,=5.0 Hz, Jga 6= 12.4 Hz, H-6a), 4.10 (q,
1H, H-2),4.10 (dd, 1H, Js 6, = 1.5 Hz, H-6b), 3.83 (ddd, 1H,
H-5), 2.08, 2.06. 2.03 (4s, 12H, 4Ac); '>C NMR (75.5 MHz,
CDCl;) 6 171.3, 170.6, 169.7, 169.4 (4C0O), 156.2 (CO
urea), 93.3 (C-1), 72.7 (C-3), 72.6 (C-5), 68.1 (C-4), 61.9
(C-6), 54.2 (C-2), 20.8, 20.7, 20.6 (4Ac); FAB-MS m/z 743
(IM+Na]*, 100%); HRFAB-MS m/z calcd for [M+
H] " CyoH41N,O;9: 721.2303, found: 721.2286. Anal.
Calcd for C29H40N2019: C, 4833, H, 559, N, 389,
found: C, 48.37; H, 5.58; N, 3.93.

3.3.7. Icosa-O-acetyl-6*-deoxy-6*-[3-(1',3',4',6/-tetra-O-
acetyl-B-p-glucopyranos-2'-yl)ureido)]-B-cyclodextrin
(15). Method A. Column chromatography (CH,Cl, —40:1
CH,Cl,-MeOH) gave 15: 140 mg, 46%, as a white solid;
mp 146-152 °C; R; 0.31 (40:1 CH,Cl,—MeOH, 2 elutions);
[a]® +101 (¢ 1.0, CH,CL); IR pmay 3295, 1746, 1520,
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1456, 1366, 1221 cm™'; '"H NMR (500 MHz, CDCls) 6
5.80 (d, 1H, J, ,=8.9 Hz, H-1"), 5.35-5.21 (m, 8H, H-3*"F,
H-3/), 5.14 (d, 1H, J,,=3.5 Hz, H-1), 5.15-5.12 (m, 1H,
NH), 5.10 (t, 1H, J34=10.0 Hz, H-4), 5.09-5.06 (m, 5H,
H-1%7),4.98 (d, 1H, J, ,=3.0 Hz, H-1), 4.94-4.91 (m, 1H,
NH-CH,), 4.89 (dd, 1H, J,,=4.5 Hz, J,3=8.5 Hz, H-2),
4.84 (dd, 1H, J, ,=4.0 Hz, J,3=9.7 Hz, H-2), 4.81 (dd, 1H,
J1,=3.5Hz, J,5=10.0Hz, H-2), 480 (dd, 1H, J,,=
3.5Hz, J,3=9.5Hz, H-2), 477 (dd, 1H, J,,=4.1 Hz,
J,3=9.5Hz, H-2), 475 (dd, 1H, J,,=3.6Hz, J,3=
9.5 Hz, H-2), 4.67 (dd, 1H, J,,=3.5Hz, J,3=10.0 Hz,
H-2), 4.65-4.47 (m, 6H, H-6a"%), 4.33-4.22 (m, 7H,
H-6bC, H-6a’), 4.18-4.07 (m, 8H, H-52"F, H-2/, H-6b"),
4.01-3.97 (m, 1H, H-5%), 3.94-3.89 (m, 1H, H-5), 3.76-
3.59 (m, 8H, H-4*°, H-6a"), 3.47-3.42 (m, 1H, H-6b™),
2.16-1.99 (24s, 72H, 24Ac); '*C NMR (125.7 MHz,
CDCly) 6 171.5, 170.9-170.3, 169.6-169.3 (24CO), 157.7
(CO urea), 97.4, 97.0, 96.9, 96.9, 96.8, 96.5, 96.5 (C-1475),
92.8 (C-1), 78.4 (C-4%), 77.2-76.1 (C-4%79), 72.8 (C-5"),
72.4 (C-3"), 71.5-69.0 (C-2476, C-34C, C-5279), 68.1
(C-4), 63.0, 62.8, 62.8, 62.5, 62.4, 622 (C-6°7°), 61.8
(C-6"), 54.0 (C-2'), 40.9 (C-6™), 20.9-20.6 (24Ac); FAB-
MS m/z 2370 ([M+Na]™, 29%). Anal. Calcd for
Co7H30N,0¢4 2H,0: C, 48.87; H, 5.67; N, 1.18, found:
C, 48.50; H, 5.24; N, 1.31.

3.3.8. N-Butyl-N'-(2,3,4,6-tetra-O-acetyl-B-p-glucopyra-
nosyl)urea (22). Method A. Column chromatography
(hexane— 1:1 hexane-EtOAc) yielded 22 as a syrup:
169 mg, 63%.

Method B. Column chromatography yielded 22: 174 mg,
65%. R; 0.24 (40:1 CH,Cl,-MeOH); [a]¥ 0 (¢ 0.7,
CH,CL); IR vpmax 3329, 2957, 1753, 1657, 1562, 1433,
1368, 1227, 1101, 1036, 907 cm ™~ '; '"H NMR (300 MHz,
CDC13) 05.28 (m, ZH, Jl,NH':9~3 HZ, J2’3:9.5 HZ, J3’4:
9.5 Hz, NH', H-3), 5.14 (t, 1H, J, ,=9.4 Hz, H-1), 5.04 (t,
1H, J,5=9.7 Hz, H-4), 4.87 (t, 1H, H-2), 4.62 (t, 1H,
JNH,CH2:6~5 HZ, NH), 4.30 (dd, lH, J5,6a:4-3 HZ, J6a,6b:
12.5 Hz, H-6a), 4.06 (dd, 1H, Jsg,=1.8 Hz, H-6b), 3.79
(ddd, 1H, H-5), 2.05, 2.03, 2.00, 1.99 (4s, 12H, 4Ac), 3.12
(q, 2H, CH,a), 1.43 (m, 2H, CH,B), 1.29 (m, 2H, CH,Y),
0.89 (t, 3H, J=7.2Hz, CHs); >C NMR (75.5 MHz,
CDCl3) 6 171.2, 170.7, 169.9, 169.6 (4 CO), 156.2 (CO
urea), 80.2 (C-1), 73.1 (C-5), 72.9 (C-3), 70.6 (C-2),
68.3 (C-4), 61.8 (C-6), 40.2 (CH,a), 32.0 (CH,B), 20.7,
20.6 (4 CH;CO), 19.9 (CH,y), 13.7 (CH;); FAB-MS
mlz 447 (IM+H]", 40%), 469 (IM+Nal™, 100%);
HRFAB-MS m/z caled for [M+H]"CoH3;N,O:
447.1979, found: 447.1971.

3.3.9. N-(p-Methylphenyl)-N'-(2,3,4,6-tetra-O-acetyl-B-
p-glucopyranosyl)urea (23). Method A. Column chroma-
tography (hexane — 1:1 hexane—EtOAc) yielded 23 as a
white solid, 190 mg, 66%.

Method B. Column yielded 23, 184 mg, 64%.

Method C. The mixture was stirred for 24 h and purified by
column chromatography (hexane — 1:1 hexane—EtOAc) to
give 23: 143 mg, 74%. R; 0.22 (40:1 CH,Cl,—MeOH); mp
93-96 °C; [a]p — 17 (c 1.0, CH2CLy); IR 7, 3189, 1746,
1645, 1575, 1393, 1092, 1034, 874cm™'; 'H NMR

(300 MHz, CDCls) 6 7.14-7.06 (m, 4H, Ar-H), 6.87 (s,
1H, NH), 5.74 (d, 1H, J, now=9.3 Hz, NH'), 5.29 (t, 1H,
J2,3=9.6 Hz, J3’4=9.5 Hz, H-3), 5.21 (t, 1H, J1!2=9.4 Hz,
H-1), 5.03 (t, 1H, J,5=10.0 Hz, H-4), 4.89 (t, 1H, H-2),
429 (dd, 1H, Jse,=4.5 Hz, Jou6o=12.5 Hz, H-6a), 4.05
(dd, 1H, Js ¢ = 1.9 Hz, H-6b), 3.79 (ddd, 1H, H-5), 2.28 (s,
3H, Me), 2.05, 2.02, 2.01, 1.99 (4s, 12H, 4Ac); °C NMR
(75.5 MHz, CDCl3) ¢ 171.0, 170.7, 169.9, 169.6 (4CO),
154.4 (CO urea), 134.8, 129.8, 121.5 (Ar), 80.0 (C-1), 73.3
(C-5), 72.9 (C-3), 70.4 (C-2), 68.3 (C-4), 61.8 (C-6), 20.8,
20.7, 20.6 (CH;3Ar, 4CH;CO); FAB-MS m/z 481 (IM+
H]™", 80%), 503 ((M+Na] ™, 45%); HRFAB-MS m/z calcd
for [M+H] " CpHyN,O;o: 481.1822, found: 481.1813.
Anal. Calcd for C5,H3N>O,9 H,O: C, 53.01; H, 6.07; N,
5.62, found: C, 53.33; H, 5.78; N, 5.37.

3.3.10. N,N'-Bis(2,3,4,6-tetra-O-acetyl-B-p-glucopyrano-
syDurea (24). Method A. Column chromatography
(CH,Cl,—40:1 CH,Cl,-MeOH) yielded 24 as a white
solid: 214 mg, 99%.

Method B. Column chromatography yielded 24: 117 mg,
54%.

Method C. The mixture was stirred for 24 h and purified by
column chromatography to give 24: 197 mg, 68%. R; 0.19
(40:1 CH,Cl,-MeOH); mp: 152-155 °C. [al¥ —5 (c 1.0,
CH,Cl,); IR v 3362, 1750, 1543, 1435, 1370, 1229,
1036, 909 cm ™~ '; '"H NMR (300 MHz, CDCl3) 4 5.77 (d,
1H, Jl,NH:9'l HZ, NH), 5.28 (t, lH, J1’2:9.4 HZ, J2!3:
9.5 Hz, H-2), 5.02 (m, 2H, J54=9.5 Hz, J, 5=10.0 Hz, H-1,
H-4),4.85 (t, 1H, H-3), 4.29 (dd, 1H, Js 6,=4.5 Hz, Js, 6b =
12.5 Hz, H-6a), 4.07 (dd, 1H, Jse,=2.0 Hz, H-6b), 3.81
(ddd, 1H, H-5), 2.05, 2.04, 2.01, 1.99 (4s, 12H, 4Ac); '*C
NMR (75.5 MHz, CDCls3) 6 171.1, 170.6, 169.9, 169.6
(4CO), 155.3 (CO urea), 80.0 (C-1), 73.2 (C-5), 72.8 (C-2),
70.5 (C-3), 68.2 (C-4), 61.7 (C-6), 20.7, 20.6 (4CH5CO);
CI-MS m/z 721 (IM+H]™, 9%); HRCI-MS m/z calcd for
[M+H] " CaoHyiN>Oyo: 721.2303, found: 721.2290. Anal.
Calcd for C29H40N2019 H20: C, 4716, H, 573, N, 379,
found: C, 47.10; H, 5.74; N, 3.55.

3.3.11. N-Butyl-N'-(2,3,4,6-tetra-O-acetyl-B-p-manno-
pyranosyl)urea (25). Method A. Column chromatography
(CH,Cl,—40:1 CH,Cl,-MeOH) yielded 25 as a syrup:
190 mg, 71%. R 0.22 (1:1 hexane—EtOAc); [a]d —19 (¢
0.8, CH,Cl,); IR v, 3314, 2932, 1748, 1663, 1370, 1225,
1053, 964 cm ™~ '; '"H NMR (300 MHz, CDCl5) 6 5.41 (dd,
1H, ]1,2: 1.2 HZ, Jl,NH/:9'6 HZ, H-l), 5.35 (dd, 1H, J2!3:
3.3 Hz, H-2), 5.26 (d, 1H, NH'), 5.20 (t, 1H, J3,4,=10.0 Hz,
J45=9.8 Hz, H-4), 5.08 (dd, 1H, H-3), 4.60 (t, 1H, JNu,cu,=
6.6 Hz, NH), 4.30 (dd, 1H, Js,=5.0 Hz, Jg, 6, =12.4 Hz,
H-6a), 4.06 (dd, 1H, Js¢,=2.3 Hz, H-6b), 3.75 (ddd, 1H,
H-5), 3.15 (q, 2H, J=6.6 Hz, CH,a), 2.18, 2.06, 2.02, 1.95
(4s, 12H, 4Ac), 1.44 (m, 2H, CH,p), 1.30 (m, 2H, CH,Y),
0.89 (t, 3H, J=7.2 Hz, CH;); ">*C NMR (75.5 MHz, CDCl,)
0 170.7, 170.4, 169.8, 169.7 (4CO), 155.9 (CO urea), 77.9
(C-1), 73.7 (C-5), 71.8 (C-3), 70.5 (C-2), 65.3 (C-4), 62.3
(C-6), 40.2 (CH,a), 30.0 (CH,B), 20.9, 20.8, 20.7, 20.5
(4CH5CO), 19.9 (CH,Y), 13.7 (CH3); CI-MS m/z 447 (IM +
H]T, 100%); HRCI-MS m/z caled for [M+
H]+C|9H3]N2010: 4471979, found: 447.1980.
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3.3.12. N-(p-Methylphenyl)-N'-(2,3,4,6-tetra-O-acetyl-B-
p-mannopyranosyl)urea (26). Method A. Column chroma-
tography (CH,Cl,—40:1 CH,Cl,-MeOH) gave 26 as a
white solid: 167 mg, 58%. R; 0.25 (1:1 hexane—EtOAc); mp
80-88 °C; [a]ly —21 (c 1.0, CH,CL); IR vpmay 3291, 2922,
1767, 1555, 1096, 909 cm ™~ '; 'H NMR (300 MHz, CDCl5)
6 7.07 (m, 4H, Ar-H), 6.89 (s, 1H, NH), 5.92 (d, 1H,
Jinw=9.5 Hz, NH'), 5.45 (dd, 1H, J, ,=0.9 Hz, H-1), 5.39
(d, 1H, J,3=3.1 Hz, H-2),5.17 (t, 1H, J34,=10.0 Hz, J, 5=
9.9 Hz, H-4), 5.08 (dd, 1H, H-3), 4.25 (dd, 1H, Jsc,=
5.0 Hz, Jg, 6o =12.5 Hz, H-6a), 4.01 (dd, 1H, J5¢,=2.0 Hz,
H6b), 3.75 (ddd, 1H, H-5), 2.27 (s, 3H, Me), 2.08, 2.01, 1.95
(4s, 12H, 4Ac); '*C NMR (75.5 MHz, CDCl;) 6 170.7,
170.2, 169.8, 169.7 (4CO), 154.3 (CO urea), 134.7, 129.8,
122.0 (Ar), 77.6 (C-1), 73.8 (C-5), 71.6 (C-3), 70.3 (C-2),
64.3 (C-4), 62.3 (C-6), 20.8, 20.7, 20.6, 20.4 (CH3Ar,
4CH;CO); FAB-MS m/z 481 ((M+H] ™, 28%), 503 (IM+
Na]™, 100%); HRFAB-MS m/z calcd for [M+
H] " CyoHaoN,>0, o 481.1822, found: 481.1814.

3.3.13. N,N'-Bis(2,3,4,6-tetra-O-acetyl-B-p-manopyrano-
syDurea (27). Method A. Column chromatography
(CH,Cl,—40:1 CH,Cl,-MeOH) gave 27 as a white solid:
149 mg, 69%. R;0.12 (1:1 hexane—EtOAc); mp 154-156 °C
(from EtOH); [a]f —24 (¢ 0.3, CH,Cly); IR vpay 3352,
2917, 1746, 1647, 1537, 1370, 1227, 1092, 1051, 874 cm ™ !;
"H NMR (500 MHz, CDCls) 6 5.45 (dd, 1H, J12,=0.9 Hz,
H-1),5.45 (d, 1H, J, nu=9.6 Hz, NH), 5.37 (dd, 1H, J,3=
3.3Hz, H-2), 520 (t, 1H, J534,=10.0 Hz, J,5=10.0 Hz,
H-4), 5.11 (dd, 1H, H-3), 4.29 (dd, 1H, Js6,=5.2 Hz,
Jea.60=12.4 Hz, H-6a), 4.05 (dd, 1H, Js6,=2.0 Hz, H-6b),
3.77 (ddd, 1H, H-5), 2.21, 2.09, 2.04, 1.97 (4s, 12H, 4Ac);
3C NMR (125.7 MHz, CDCl5) 6 170.8, 170.2, 169.8, 169.7
(4CO0O), 153.8 (CO urea), 77.4 (C-1), 73.8 (C-5), 71.6 (C-3),
70.3 (C-2), 65.1 (C-4), 62.2 (C-6), 20.9, 20.8, 20.7, 20.5
(4CH;CO); FAB-MS m/z 721 (IM+H] ™, 36%), 743 (M +
Na]*, 100%); HRFAB-MS m/z caled for [M+
H] " CaoHyiN,Oy9: 721.2304, found: 721.2294. Anal.
Calcd for C29H40N2019 Hzol C, 47]6, H, 573, N, 379,
found: C, 47.26; H, 5.61; N, 3.83.

3.3.14. N,N-Diethyl-N'-(2,3,4,6-tetra-O-acetyl-B-p-gluco-
pyranosyl)urea (32). Method C. The mixture was stirred
for 40h and purified by column chromatography
(CH,Cl,—40:1 CH,Cl,-MeOH) to give 32, as an
amorphous solid: 94 mg, 72%; mp 39-42 °C; [04]12;,0 +19
(c 0.9, CH,Cly); IR wpax 3320, 2936, 1753, 1379, 1225,
1036 cm™'; '"H NMR (300 MHz, CDCl5) 6 5.32 (d, 1H,
Jl,NH=9-3 HZ, NH,), 5.31 (t, lH, J2’3=9.5 HZ, J3’4=
9.4 Hz, H-3), 5.20 (t, 1H, J,,=9.3 Hz, H-1), 5.06 (t, 1H,
J45=9.6 Hz, H-4), 4.93 (t, 1H, H-2), 4.33 (dd, 1H, J56,=
4.0 Hz, J6a,6b: 124 Hz, H-6a), 4.07 (dd, 1H, JS,6b:2'2 Hz,
H-6b), 3.80 (ddd, 1H, H-5), 3.18 (m, 4H, 2CH,), 2.07, 2.03,
2.01, 2.0 (4s, 12H, 4Ac), 1.11 (t, 6H, Jgu=7.2 Hz, 2CH3);
13C NMR (125.7 MHz, CDCl3) ¢ 171.4, 170.7, 169.98,
169.7 (4CO), 1554 (CO urea), 80.8 (C-1), 73.2 (C-5),
73.0 (C-3), 70.8 (C-2), 68.5 (C-4), 61.8 (C-6), 41.3
(2CH,), 20.8, 20.8, 20.7, 20.6 (4CH3;CO); 13.7
(2CH3); CI-MS m/z 447 (IM+H]", 100%); HRCI-MS
mlz caled for [M+H]"C oH;N,Oo: 447.1979, found:
447.1955.

3.4. Method for the preparation of isocyanates 7 and 8

To a vigorously stirred solution of the hydrohalides 5 or 6
(0.6 mmol) in a 1:1 mixture of CH,Cl, and saturated
aqueous NaHCO; (12 mL) at 0 °C was added triphosgene
(0.22 mmol) in a single portion. After 10 min of stirring, the
organic layer was separated, dried (MgSQO,), filtered and
concentrated to dryness to give pure 7 or 8.

3.4.1. 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-isocyanato-o.-n-
glucopyranose (7). Yield: 224 mg, quantitative, as a
syrup. Ry 0.32 (40:1 CH,Cl,-MeOH); [a]y +126 (c 1.3,
CH,CL,); IR v 2963, 2261, 1765, 1371, 1217, 1026,
936 cm ™ '; "TH NMR (500 MHz, CDCl5) Table 2 and 6 2.22,
2.11, 2.07, 2.04 (4s, 12H, 4Ac); >C NMR (125.7 MHz,
CDCl3) Table 2 and 6 170.5, 170.2, 169.4, 168.6 (4CO),
20.8, 20.6, 20.5 (4CH3CO). Anal. Caled for
C]5H19NO]0'1/3H20: C, 4750, H, 523, N, 369, found:
C, 47.55; H, 5.30; N, 3.69.

3.4.2. 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-isocyanato-p-p-
glucopyranose (8). Yield: 224 mg, quantitative, as a
syrup. Ry 0.21 (40:1 CH,CL,-MeOH); [a]F +32 (¢ 1.0,
CH,CL,); IR vpa 2959, 2253, 1765, 1371, 1215, 1090,
872 cm ! '"H NMR (500 MHz, CDCl;) Table 2 and 6 2.18,
2.09, 2.07, 2.02 (4s, 12H, 4Ac); >C NMR (125.7 MHz,
CDCl3) Table 2 and 6 170.5, 169.8, 169.5, 168.6 (4CO),
20.7,20.6, 20.5 (4CH5CO). Anal. Calcd for C;sH;9NO(: C,
48.26; H, 5.13; N, 3.75, found: C, 48.17; H, 5.20; N, 3.79.

3.5. N-(p-Methylphenyl)-N'-(1,3,4,6-tetra-O-acetyl-2-
deoxy-a-p-glucopyranos-2-yl)thiourea (28)

A mixture of hydrobromide 18 (250 mg, 0.58 mmol),
thiophosgene (0.07 mL, 0.88 mmol) and calcium carbonate
(176 mg, 1.76 mmol) in 1:1 water-CH,Cl, (20 mL) was
vigorously stirred at rt for 2 h. Then the mixture was filtered
off and the organic layer containing known 1,3,4,6-tetra-O-
acetyl-2-deoxy-2-isothiocyanato-a-p-glucopyranose®® was
separated and concentrated to dryness. To a solution of
crude isothiocyanate in EtOAc (10 mL) was added p-
toluidine (62 mg, 0.58 mmol). The solution was kept at rt
for 5h and then it was concentrated to dryness and the
residue was purified by column chromatography
(CH,Cl,— 80:1 CH,Cl,-MeOH) to give 28 as a white
solid: 295 mg (93%). Ry 0.5 (40:1 CH,Cl,-MeOH); mp
140-142 °C; [a]f3 +96 (¢ 1.0, CH,Cly); IR wpax 3332,
1750, 1532, 1370, 1223, 930 cm ™ '; '"H NMR (300 MHz,
CDCl3) 0 7.82 (s, 1H, NH), 7.24-6.99 (m, 4H, Ar-H), 6.31
(d, 1H, J;,=6.3Hz, H-1), 5.80 (d, 1H, J,Nnu=8.3 Hz,
NH’), 5.21 (m, 1H, H-4), 5.16 (m, 1H, H-3), 5.13 (m, 1H, H-
2),4.23 (dd, 1H, J5 6,=4.1 Hz, Jg, b= 12.5 Hz, H-6a), 4.03
(dd, 1H, Js e, =2.3 Hz, H-6b), 3.91 (ddd, 1H, J,5=9.5 Hz,
H-5), 2.37 (s, 3H, CHj3), 2.08, 2.07, 2.00 1.94 (4s, 12H,
4Ac); *C NMR (75.5 MHz, CDCls) 6 181.6 (CS), 171.5,
170.8, 169.1, 168.3 (4CO), 138.6, 132.7, 130.9, 126.2 (Ar),
90.5 (C-1), 70.9 (C-3), 69.9 (C-5), 67.5 (C-4), 61.6 (C-6),
56.3 (C-2), 21.2 (CH3Ar), 20.9, 20.8, 20.7, 20.6 (4CH5CO);
CI-MS m/z 497 (M+H]*, 35%); HRCI-MS m/z calcd for
[M+H] " Cy,HyoN,00S: 497.1594, found: 497.1570.



0. Lopez et al. / Tetrahedron 61 (2005) 9058-9069 9067

3.6. N-(p-Methylphenyl)-N'-(2,3,4,6-tetra-0-acetyl-B-p-
glucopyranosyl)thiourea (29)

To a solution of N-acetyl-N-(p-methylphenyl)-N'-(2,3,4,6-
tetra-O-acetyl-B-p-glucopyranosyl)thiourea 34 (22 mg,
0.04 mmol) in MeOH (10 mL) was added imidazole
(2.8 mg, 0.04 mmol). The solution was heated at 40 °C for
24 h and then it was concentrated to dryness and the residue
was purified by column chromatography (CH,Cl,—80:1
CH,Cl1,-MeOH) to give 29 as a syrup: 18 mg (86%). [a]E
—11 (¢ 1.0, CH,Cl,); IR . 3329, 1751, 1535, 1370,
1229, 1040, 733 cm ™ '; "H NMR (300 MHz, CDCl5) 6 8.02
(s, 1H, NH), 7.25-7.03 (m, 4H, Ar-H), 6.52 (d, 1H, J; xnu=
8.7 Hz, NH'), 5.82 (t, 1H, J,;,=9.0 Hz, H-1), 5.33 (t, 1H,
J>3=9.3Hz, J;,=9.6 Hz, H-3), 5.01 (t, 1H, J,5=9.9 Hz,
H-4), 4.88 (t, 1H, H-2), 4.30 (dd, 1H, Js 6,=4.5 Hz, Js, 60 =
12.3 Hz, H-6a), 4.08 (dd, 1H, Js¢,=2.0 Hz, H-6b), 3.84
(ddd, 1H, H-5), 2.37 (s, 3H, Me), 2.06, 2.05, 2.01, 1.98 (4s,
12H, 4Ac); ">C NMR (75.5 MHz, CDCl3) ¢ 182.3 (CS),
170.7,170.6, 169.8, 169.5 (4CO), 138.3, 132.3, 130.7, 125.6
(Ar), 83.2 (C-1), 73.6 (C-5), 72.7 (C-3), 70.5 (C-2), 68.2
(C-4), 61.6 (C-6), 21.1 (CH3Ar), 20.7, 20.6, 20.5, 20.5
(4CH5CO); FAB-MS m/z 497 ((M+H] ", 100%); HRFAB-
MS m/z caled for [M+H] " Cp,HygN,0oS: 497.1594, found:
497.1625. Anal. Calcd for C,,H,gN,00S: C, 53.22; H, 5.68;
N, 5.64; S, 6.46, found: C, 53.35; H, 5.73; N, 5.55; S, 6.07.

3.7. N,N-Diethyl-N'-(2,3,4,6-tetra-O-acetyl-B-p-gluco-
pyranosyl)thiourea (31)

A mixture of 2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyl
hydrobromide 18 (400 mg, 0.94 mmol), thiophosgene
(0.104 mL, 1.36 mmol) and calcium carbonate (280 mg,
2.8 mmol) in 1:1 water—CH,Cl, (20 mL) was vigorously
stirred at rt for 2 h. Then the mixture was filtered off and the
organic layer, containing known 2,3.4,6-tetra-O-acetyl-p3-p-
glucopyranosylisothiocyanate®’ was separated and concen-
trated to dryness. Crude isothiocyanate was dissolved in
EtOAc (5mL) and to the solution was added N,N-
diethylamine (0.100 mL, 0.94 mmol). The solution was
kept at rt for 1 h and then it was concentrated to dryness and
the residue was purified by column chromatography
(CH,Cl,—80:1 CH,Cl,-MeOH) to give 31 as a white
solid: 299 mg (69%); mp. 140-142°C; R; 0.54 (40:1
CH,CL,-MeOH); [a]ly +14 (¢ 1.0, CH,ClL); IR »pax
3378, 1750, 1362, 1225, 1038 cm ™ '; "H NMR (300 MHz,
CDCl3) 6 6.25 (d, 1H, J,nu=8.2 Hz, NH), 5.84 (t, 1H,
.Ilq2=9.6 HZ, H-l), 5.37 (t, lH, .]2’329.6 HZ, .]3!4=9.7 HZ,
H-3), 5.07 (t, 1H, J45=10.1 Hz, H-4), 5.01 (t, 1H, H-2),
4.33 (dd, lH, J5,6a=4‘5 HZ, J6a,6b=12-4 HZ, H-6a), 4.11
(dd, 1H, Js ¢, =2.1 Hz, H-6b), 3.86 (ddd, 1H, H-5), 3.61 (m,
4H, 2CH,), 2.07, 2.05, 2.02, 2.02 (4s, 12H, 4Ac), 1.20 (t,
6H, Jyu=7.2 Hz, 2CH;); '*C NMR (75.5 MHz, CDCl;) 6
181.1 (CS), 172.1, 170.7, 169.8, 169.7 (4CO), 83.8 (C-1),
73.3 (C-5), 72.9 (C-3), 71.2 (C-2), 68.7 (C-4), 61.8 (C-6),
45.6 (2CH,), 20.8, 20.7, 20.7, 20.7 (4CH3CO), 12.4 (2CH3);
CI-MS m/z 463 ((M+H]", 68%); HRCI-MS m/z calcd for
[M+H]+C19H3|N20981 4631750, found: 463.1769.

3.8. N-Acetyl-N-(p-methylphenyl)-N'-(2,3,4,6-tetra-O-
acetyl-B-p-glucopyranosyl)thiourea (34)

To a solution of N-(B-p-glucopyranosyl)-N'-(p-methylphenyl)

thiourea 33** (2.22 g, 6.76 mmol) in pyridine (15 mL) at
0 °C was added acetic anhydride (15 mL). The solution was
kept at rt for 24 h and then it was co-concentrated with
toluene and ethanol to dryness and the residue was
crystallized from ethanol to give 34: 2.66 g, 73%. Mp
140-144 °C; [a]5 +15 (¢ 1.0, CHoCly); IR vy, 3318,
2922, 1753, 1682, 1370, 1225, 1044, 708 cm~'; '"H NMR
(300 MHz, CDCl3) 6 12.01 (d, 1H, J, ngr=28.8 Hz, NH'),
7.26-17.05 (m, 4H, Ar-H), 5.79 (dd, 1H, J, ,=9.3 Hz, H-1),
5.34(t, 1H, J,35=9.3 Hz, J5 4,=9.3 Hz, H-3), 5.21 (t, 1H, H-
2), 5.11 (t, 1H, J45=10.0 Hz, H-4), 4.28 (dd, 1H, Js56,=
4.6 Hz, Jo, 6o=12.4 Hz, H-6a), 4.12 (dd, 1H, Js 6, =2.1 Hz,
H-6b), 3.82 (ddd, 1H, H-5), 2.39 (s, 3H, Me), 2.08, 2.07,
2.02, 1.92 (4s, 15H, 5Ac); °C NMR (75.5 MHz, CDCl;) 6
186.8 (CS), 175.1, 170.8, 170.1, 169.6 (5C0O), 139.6, 139.3,
130.3, 129.2 (Ar), 83.4 (C-1), 73.8 (C-5), 73.2 (C-3), 70.5
(C-2), 68.4 (C-4), 61.7 (C-6), 28.0 (NAc), 21.4 (CH3Ar),
20.9, 20.7, 20.7, 20.7 (4CH5CO); FAB-MS m/z 561 (M +
Na]™, 28%); HRFAB-MS m/z calcd for [M+H] " C,4H;:-
N>O10S: 539.1699, found: 539.1676. Anal. Calcd for
C24H30N201()SZ C, 5352, H, 561, N, 5.20; S, 595, found:
C, 53.76; H, 5.77; N, 4.95; S, 5.43.
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Abstract—Condensation of y-tocopherol with aldehydes provides 2,4-disubstituted 1,3,8-trioxaphenanthrenes in a simple one-pot reaction.
The reaction proceeded under acid catalysis according to a two-step alkylation—acetalisation mechanism in yields between 58 and 81%. The
title compounds are precursors for the thermal generation of ortho-quinone methides, which can be in situ reduced to give antioxidants of the
Sa-substituted o-tocopherol-type. The products were analytically characterized by NMR and HRMS.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Tocopherols, often collectively named as vitamin E, are
located in the cell membrane and lipophilic cell compart-
ments where they fulfill their role as antioxidants counter-
acting the negative effect of free radicals, mostly reactive
oxygen species.’ As natural antioxidants, tocopherols have
been used in countless medications, health-care and
cosmetic products. Due to their high antioxidative efficiency
and full physiological compatibility, o-tocopherol-type
antioxidants are increasingly used as stabilizers in all
types of materials, which get in close contact with food or
living systems, such as food containers, packaging foils, or
kitchen plastic.

In particular esters of a-tocopherol (1) are used in the
food industry as stabilizers in plastic packaging to
prevent diffusion of potentially toxic artificial antiox-
idants into the food. However, there are some major
drawbacks with regard to problems with phase-separ-
ation and demixing of the oily tocopherol stabilizers
during extrusion, pressing, or melt processing. In
addition, their thermostability is rather low and the
action time is thus rather short, as the esters are readily
cleaved releasing the phenol as the actually active
antioxidant. Thus, the tocopherols are sometimes
consumed even before they are needed in such
antioxidatively ‘demanding’ process steps as of melting,
thermal shaping, or extrusion. These difficulties explain

Keywords: Tocopherol; Vitamin E; Antioxidants; ortho-Quinone methide.
* Corresponding author. Tel.: +43 136006 6071; fax: +43 1 36006 6059;
e-mail: thomas.rosenau@boku.ac.at

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.038

why the search for optimized, tocopherol-based anti-
oxidants continues.

In a current project aimed at developing tocopherol-based
stabilizers for thermal processing of plastics, we were
interested in tocopherol derivatives that thermally generate
an ortho-quinone methide (0QM) intermediate, which in a
subsequent reaction would be converted into the corre-
sponding phenol (tocopherol) by reducing additives. 0QM
generation must be based on the o-hydroxy benzyl structure
inherent in o-tocopherol-type antioxidants. Due to the low
stability of o-hydroxy benzyl alcohols, ethers, halides,
ammonium salts and thioethers, which very easily eliminate
the benzylic substituent even upon slight thermal stress, we
had to turn to more stable, cyclic derivatives of o-hydroxy
benzyl alcohol, such as dioxaborins? developed by Lau and
Dufresne or benzo-dioxins developed by Rosenau et al.>* In
addition, the synthesis should offer possibilities for
modifying the chroman skeleton and for linking to
polymeric supports.

In this work, we wish to communicate synthesis and
analytical characterization of tocopherol-derived trioxaphe-
nanthrenes, which are promising in meeting most of the
above requirements.
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2. Results and discussion

2,4-Disubstituated phenanthrene derivatives 4-11 were
formed by condensation of y-tocopherol (2) with various
aldehydes proceeding according to a two-step mechanism.’
In the first step, y-tocopherol (2) undergoes Friedel-Crafts-
type electrophilic substitution at the only available aromatic
ring position by the aldehyde, forming an o-hydroxybenzyl
intermediate 3. In the second step, intermediate 3
immediately binds excess aldehyde in a cyclic acetal
structure (Scheme 1) to give tocopherol-based 1,3,8-
trioxaphenanthrenes. Intermediate 3 was not detected in
any case. Using the tocopherol in excess relative to the
aldehyde produced the phenanthrene products along with
non-reacted 2. Under optimized reaction conditions, the
condensation of 2 with aldehydes was conducted at rt in
glacial acetic acid during 2 h, catalyzed by concd HCI.
Increasing the reaction temperature caused a significant
drop in yield, while a lowering slowed down the reaction
time considerably before freezing the solvent. The use of
other catalysts, such as ethereal HCI or Lewis acids (BF3
etherate, ZnCl,) proved to be rather ineffective in agreement
with earlier studies. Increasing the aldehyde concentration
to more than the stoichiometrically required 2 equiv did not
improve yield. Also prolonged reaction times beyond 2 h
were ineffective in this respect. Condensation of y-toco-
pherol with ketones was unsuccessful at our hands so far, as
was synthesis of 2,4-unsymmetrically substituted products
by using binary aldehyde mixtures, due to problems with
product separation. According to the optimized procedure,
several 1,3,8-trioxaphenanthrene derivatives (4-11) were
synthesized (Scheme 1 and Table 1).

According to the above mechanism, all 1,3,8-trioxaphena-
trenes were obtained as a mixture of two diastereomers,
distinguished by the two substituents in position 2 and 4
having either cis- or trans-arrangements. The cis/trans-ratio
is determined by the steric conditions in the second reaction
step: the trans-configuration is generally favoured in the
case of sterically crowded substituents, whereas rather small
substituents, such as methyl and ethyl, cause no discernible
cis/trans discrimination. In the product mixture the cis/trans
ratio can easily be determined by NMR: only the cis-
isomers exhibit a long-range W-coupling of the H-2 and H-4
protons, the *J coupling constant being 0.4 Hz independent

forR"and R”
see Table 1

4 - 11 (trans-isomer)

4- 11 (cis-isomer)

Scheme 1. Reaction of y-tocopherol 2 or its model 2a (R'=Me) with
2 equiv of aldehydes R"-CHO.

Table 1. Synthesis of trioxaphenathrenes 4-11: isolated yields and cis/trans
ratios

Compound R’ R" cisltrans® Yield (%)
4 Ci6Has Me 1:1 81°

5 C16H33 CD‘; 1:1 77¢

6 Ci6Has Et 1:1 79¢

7 Ci6Hss Prop 1:1.5 73¢

8 CieHs3 i-Prop 1:8.1 73¢

9 Ci6Has Phenyl 1:3.9 58°

10 CH; Phenyl 1:5 60°

11 Ci6Hss Polystyrol n.d. 100¢

resin

* See also Scheme 1.

" Determined from the integrals in the '"H NMR spectra.

¢ Isolated yields (mixture of diastereomers) rel. to y-tocopherol (2).
4 Isolated yield rel. to polymer-bound CHO, determined by FTIR.

of the substituents R”. A further interesting feature is the
appearance of the 5-methylene group, that is the *CH, in
the ‘former’ tocopherol moiety, as broad multiplet at
about 2.30-2.65 ppm, which is different from the appear-
ance as sharp pseudo-triplet in almost all other tocopherol
derivatives.

—[—CHZ—CH—]n—

0 C16H33

C
163 CieHas

PSSP E
o O
12

Using acetaldehyde-d, compound 5 carrying a trideuter-
omethyl group and a deuterium in each of the positions 2
and 4 was obtained. Polymer-bound phenanthrene 11 was
obtained by transacetalization of 4 with p-anchored
benzaldehyde moieties in CHO-modified merrifield resin
containing 2.5-3.0 mmol/g aldehyde groups. The possibility
to use transacetalization as a general method to modify the
substituent in position 2 of the title compounds is currently
being investigated. Condensation of 2 with malonodialde-
hyde, bis-protected as 1,1,3,3-tetramethoxypropane,
afforded compound 12, structurally resembling the recently
described ‘Siamese twin’ tocopherol model compound.’
The optimized synthesis of ‘y-twin’ 12 used TFA as the
solvent without catalyst.

In summary, the synthesized trioxaphenanthrenes seem to
be good candidates with respect to the concept presented in
the introduction. They generate intermediate ortho-quinone
methides at temperatures above 150 °C, but are completely
stable below. The thermal ortho-quinone methide gener-
ation with immediate reduction offered the possibility to
produce the antioxidatively very efficient tocopherol only
when it is most needed-during high thermal stress upon
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processing. In antioxidatively less demanding processing
stages, the phenolic OH group remains protected, thus
leaving the antioxidative action to less costly stabilizers.
Upon further thermal shaping the tocopherol is re-liberated
and again becomes active. In addition, the phenanthrenes
offer several further advantages: the tocopherol can be
modified by substituents decreasing phase separation
problems during melt processing, or binding the tocopherol
moiety to solid supports or polymers by stable covalent
bonds. Finally, the aldehyde bound in the phenanthrenes as
acetal, which is released upon ortho-quinone methide
generation, can be tuned in a way that the aldehyde itself
can act as the reductant towards this intermediate. This is a
subject of further development in our lab. Tests of the
antioxidative effectiveness under melt processing con-
ditions are currently carried out and will be reported
elsewhere.

3. Experimental

All chemicals were commercially available. The merryfield
resin used was obtained from Aldrich, Germany (particle
size 200—400 mesh, 1% DVB cross-linked, 2.5-3.0 mmol/g
(benz)aldehyde groups). Thin-layer chromatography (TLC)
was performed on silica gel 60 plates (5X 10 cm, 0.25 mm)
with fluorescence detection under UV light at 254 nm.
Flash column chromatography was performed on silica gel
G60 (40-63 pm). 'H NMR spectra were recorded at
300.13 MHz, "°C NMR spectra at 75.47 MHz with CDCl3
as the solvents and TMS as the internal standard. Data are
given in ppm. *C peaks were assigned by means of APT,
HMQC and HMBC spectra. Resonances of the isoprenoid
side chain of tocopherols are not influenced by modifi-
cations of the chroman ring, and are therefore not listed,;
‘d.i.” denotes peaks with double intensity.

Atom numbering, given as superscript numbers before the
respective carbon atom, was done according to the [UPAC
recommendation for phenanthrenes as shown in Scheme 1,
and thus does not correspond to the traditional numbering in
tocopherols. All new compounds exhibited satisfactory
HRMS analysis data.

3.1. General procedure for the preparation of
1,3,8-trioxa-phenanthrenes

To a solution of y-tocopherol (2) in glacial acetic acid
(2 mL) and concd H,SO4 (3 drops), 2 equiv of aldehyde
were added through a syringe or a dropping funnel while
stirring at rt. After stirring for 2 h, the reaction mixture was
poured into ice-water. The aqueous phase was extracted
repeatedly with n-hexane. The combined organic phases
were washed sequentially with water, saturated NaHCO3
solution, and saturated NaCl solution, dried over MgSO,,
and the solvent was removed in vacuo. The crude product
was purified by column chromatography (EtOAc/n-hexane,
v/v=1:20) to give the cis/trans-mixture. Separation of cis/
trans-isomers was achieved the same way with an EtOAc/
hexane (v/v=1:50) eluant.

3.1.1. 2,4,7,9,10-Pentamethyl-7-(4,8,12-trimethyltride-
cyD-4,5,6,7-tetrahydro-1,3,8-trioxaphenanthrene (4).

Compound 4 was prepared as a yellow oil (0.19 g, 81%,
cis/trans=1:1) according to the general procedure employ-
ing vy-tocopherol (0.20 g, 0.48 mmol) and acetaldehyde
(0.04 g, 0.96 mmol). '"H NMR: ¢ 1.20 and 1.21 (2Xs, 3H,
"aCH,), 1.48 (dd, 3H, *J=6.3 Hz, cis-*CH;), 1.52 (2Xd,
6H, >J=5.1 Hz, trans-*CHs, trans->CHs), 1.55 (d, 3H, *J =
6.8 Hz, cis-*CH3), 1.61-1.90 (m, 2H, °CH,), 2.09 and 2.11
(2Xs, 2X3H, %*CH,, '°°CH;), 2.35-2.71 (m, 2H, °CH,),
4.95 (m, 2H, cis->CH, trans-*CH), 5.14 (dq, 1H, >J=6.3 Hz,
4J=0.4 Hz, cis-*CH), 5.31 (q, 1H, *J=5.1 Hz, trans->CH).
13C NMR: 6 11.4 and 11.7 (*®CHs, '°°CH;), 19.7 (°CH,),
21.1 (*CH-CH,), 22.8 ("*CH;), 28.0 (*CH-CH3), 32.7
(°CH,), 68.6 (trans-*CH), 70.5 (cis-*CH), 74.7 ('C), 89.5
(trans->*CH), 95.2 (cis->CH), 113.4 and 114.0 (**C), 119.6
and 121.7 (**C), 123.3 and 123.8 (*°C), 124.2 and 124.7
(°C), 142.9 and 145.1 (*®*C), 145.4 and 145.6 (**C). HRMS
caled for C3,Hs,O5+H™: 487.42; found: 487.42.

3.1.2. 2,2',2'.2'.4,4' 4 4-Octadeutero-2,4,7,9,10-penta-
methyl-7-(4,8,12-trimethyltridecyl)-4,5,6,7-tetrahydro-
1,3,8-tri-oxaphenanthrene (5). Compound 5 was prepared
as a yellow oil (0.18 g, 77%) according to the general
procedure employing vy-tocopherol (0.20 g, 0.48 mmol) and
CD;CDO (0.05 g, 0.96 mmol). "H NMR: ¢ 1.20 and 1.21
(2Xs, 3H, "*CH3), 1.61-1.90 (m, 2H, °CH,), 2.09 and 2.11
(2Xs, 2X3H, **CH,, '°°CH;), 2.35-2.71 (m, 2H, °CH.,).
HRMS calcd for C3,Hs603Ds+H ™ : 495.46; found: 495.48.

3.1.3. 2,4-Diethyl-7,9,10-trimethyl-7-(4,8,12-trimethyl-
tri-decyl)-4,5,6,7-tetrahydro-1,3,8-trioxaphenanthrene
(6). Compound 6 was prepared as a yellow oil (0.19 g, 79%,
cis/trans=1:1) according to the general procedure from
y-tocopherol (0.20 g, 0.48 mmol) and propanal (0.06 g,
1.04 mmol). '"H NMR: ¢ 0.85 (m, 3H, CH,CH3), 1.05 (m,
3H, CH,CHs), 1.20 (s, 3H, "*CH3), 1.58-1.91 (m, 6H,
CH,CH;, CH>CH;, °CH,), 2.09 and 2.11 (2Xs, 2X3H,
%aCHs,, 1°°CHs,), 2.34-2.65 (m, 2H, °CH,), 4.60 (t, 1H, >J=
6.1 Hz, cis-*CH), 4.67 (tt, 1H, °J=4.9 Hz, trans->’CH), 5.03
(tt, 2H, >J=7.1 Hz, cis-*CH, trans-*CH). '>C NMR: 6 8.3
and 9.0 (*CH,CH;, “CH,CH;), 10.3; 11.3; 11.4; 11.8
(®*CH;, '°CH;), 19.8 and 20.1 (°CH,), 27.0 and 27.7
(*CH-CH,), 28.2 and 28.4 (*CH-CH,), 31.4 and 31.6
(°CH,), 74.3 and 74.6 (*CH), 74.9 ("*C), 93.1 and 99.4
(*CH), 113.6 and 114.1 (**C), 119.3 and 120.4 (**C), 123.3
and 123.7 (°C), 124.0 and 124.7 (°C), 143.0 and 145.4
(1%2C), 146.2 and 146.3 (3*C). HRMS calcd for Cs4Hs305+
Na™: 537.43; found: 537.45.

3.1.4. 7,9,10-Trimethyl-2,4-dipropyl-7-(4,8,12-trimethyl-
tri-decyl)-4,5,6,7-tetrahydro-1,3,8-trioxaphenanthrene
(7). Compound 7 was prepared as a yellow oil (0.19 g, 73%,
cis/trans=1:1.5) according to the general procedure from 2
(0.20 g, 0.48 mmol) and butanal (0.07 g, 0.96 mmol). '"H
NMR: 6 0.97 (t, 3H, *J=6.9 Hz, CH; in propyl), 1.00 (t, 3H,
3J=6.9 Hz, CH; in propyl), 1.20 (s, 3H, "*CH3), 1.45-1.90
(m, 10H, 6CH2, 2XCH,—CH, in propyl), 2.09 (s, 3H,
%4CH,), 2.11 (s, 3H, '©°CH3), 2.43-2.61 (m, 2H, °CH,),
4.70-4.75 (m, 2 X 1H, trans->CH, cis-*CH), 5.04-5.07 (m,
1H, trans-*CH), 5.11 (t, 1H, *J=5.14 Hz, cis->’CH). "°C
NMR: 6 11.3 and 11.7 (**CHs, '°°CHj;), 14.0 and 14.1 (CH;
in propyl), 17.5 and 18.0 (CH; in propyl), 20.1 and 19.9
(°CH,), 22.6 and 22.7 ("®CH3), 31.1 and 31.6 (°CH,), 37.7
and 37.9 (CH, in propyl), 74.7 and 74.8 (*CH), 92.1 and
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98.5 (*CH), 113.5 and 114.0 (**C), 119.3 and 120.9 (**C),
123.3 and 123.7 (*°C), 124.0 and 124.6 (°C), 145.3 and
145.5 (1%C), 146.1 and 146.2 (3*C). HRMS calcd for
C36Hg,05+Na™: 565.48; found: 565.46.

3.1.5. trans-2,4-Diisopropyl-7,9,10-trimethyl-7-(4,8,12-
tri-methyltridecyl)-4,5,6,7-tetrahydro-1,3,8-trioxaphe-
nanthrene (8). Compound 8 was prepared as a yellow oil
0.19 g, 73%, cis/trans=1:8.1) according to the general
procedure from 2 (0.20 g, 0.48 mmol) and 2-methyl-
E)ropanal (0.07 g, 0.96 mmol). '"H NMR: 6 0.66 (d, 3H,
°J=6.9 Hz, CH(CH;),), 1.04 (d, 3H, °J=6.9 Hz,
CH(CHs;),), 1.07 (d, 3H, *J=6.9 Hz, CH(CH,),), 1.13 (d,
3H, *J=6.9 Hz, CH(CHs)), 1.61-1.85 (m, 2H, °CH,), 1.89-
2.08 (m, 2X 1H, CH(CH3),), 2.08 (s, 3H, *CH3), 2.11 (s,
3H, '°CH;), 2.43-2.61 (m, 2H, °CH,), 443 (d, 1H, *J=
4.9 Hz, “CH), 4.93 (d, 1H, *J=2.5 Hz, ’CH). '*C NMR: ¢
11.2; 11.8 (*“CH;, '°CH3), 14.1; 14.9; 17.0; 17.3 (CH-
(CHs),), 20.7 (°CH,), 22.7 ("*CH3), 31.4 (*CH,), 32.6; 32.7
(2X CH(CHs),), 74.7 ("C), 77.3 (*CH), 101.6 (°CH), 114.2
(**C), 120.7 (**C), 123.6 (°C); 123.9 (°C); 146.8 ("*C);
146.9 (**C). HRMS calcd for CigHgO3+Na™: 565.48;
found: 565.46.

3.1.6. 7,9,10-Trimethyl-2,4-diphenyl-7-(4,8,12-trimethyl-
tri-decyl)-4,5,6,7-tetrahydro-1,3,8-trioxaphenanthrene
(9). Compound 9 was prepared as a yellow oil (0.17 g, 58%,
cis/trans =1:3.9) according to the general procedure using 2
(0.20 g, 0.48 mmol) and benzaldehyde (0.11 g, 0.96 mmol).
"H NMR: 6 1.21 (s, 3H, "CH3), 1.40-1.67 (s, 2H, °CH,),
2.09 and 2.12 (2Xs, 2 X 3H, **CHs, '°CHj), 2.43-2.64 (m,
2H, °CH,), 5.77 (s, 1H, frans-*CH), and 5.95 (s, 1H,
trans->*CH), 5.99 (2s, 1H, cis-*CH), 6.14 (2s, 1H, cis->CH),
7.28-7.38 (m, 4H, “"CH), 7.46-7.49 (m, 4H, ~"CH), 7.59—
7.63 (m, 2H, ~"CH). '3C NMR: 6 12.1 and 12.4 (*CHs,,
19%°CH;), 20.2 and 21.0 (°CHy), 22.2 and 22.7 ("*CH,), 37.3
and 37.4 (°CH,), 74.4 (C), 75.1 (*CH), 92.1 (*}CH), 117.4
and 117.5 (*2C, **C), 121.8; 122.1 (°C, '°C), 124.9; 125.6;
126.3; 127.3; 128.0; 128.2; 128.3; 128.5; 128.8; 129.2;
129.5 (*'CH in phenyl), 140.5 and 141.6 (*"C in phenyl),
145.6 ("C), 146.0 (3*C). HRMS calcd for C36HgrO5+
Na*: 565.48; found: 565.46.

3.1.7. 7,7,9,10-Tetramethyl-2,4-diphenyl-4,5,6,7-tetrahy-
dro-1,3,8-trioxaphenanthrene (10). Compound 10 was
prepared as a white solid (0.23 g, 60%, cis/trans=1:5,
mp=115-117 °C) according to the general procedure using
2a (0.20 g, 0.97 mmol) and benzaldehyde (0.21 g,
1.92 mmol). "H NMR: 6 1.21 (s, 6H, "*CHj), 1.40-1.67 (s,
2H, °CH,), 2.09 and 2.12 (2Xs, 2X3H, **CH,, '°°CHs),
2.43-2.64 (m, 2H, °CHy), 5.77 (s, 1H, trans-*CH), and 5.95
(s, 1H, trans-*CH), 5.99 (s, 1H, cis-*CH), 6.14 (s, 1H,
cis->CH), 7.28-7.38 (m, 4H, ~"CH), 7.46-7.49 (m, 4H,
ATCH), 7.59-7.63 (m, 2H, *’"CH). '>*C NMR: 6 12.1 and 12.4
(°*CHs, '%°CH3), 20.2 and 21.0 (°CH,), 22.2 (d.i.) and 22.7
(d.i.) ("*CHs), 37.3 and 37.4 (°CH,), 74.4 ('C), 75.1 (*CH),
92.1 (°*CH), 117.4 (di.), 117.5; 117.6 (**C, **C), 121.8;
121.9; 122.0; 122.1 (°C, '°C), 124.9; 125.6; 126.3; 127.3;
128.0; 128.2; 128.3; 128.5; 128.8; 129.2; 129.5 (*"CH in
phenyl), 140.5 and 141.6 (*'C in phenyl), 145.6 ('*C),
146.0 (3*C). HRMS calcd for CigHgO3+Na™: 423.19;
found: 423.17.

3.1.8. 2-Polystyryl-4,7,9,10-tetramethyl-7-(4,8,12-tri-
methyl-tridecyl)-4,5,6,7-tetrahydro-1,3,8-trioxaphenan-
threne (11). Merryfield resin (polystyrene, cross-linked
with 1% divinylbenzene), containing 2.5-3.0 mmol g~
benzaldehyde groups, 383 mg corresponding to 0.96—
1.15 mmol CHO was stirred with 2,4,7,9,10-pentamethyl-
1,3,8-trioxaphenanthrene 4 (0.50 g, 1.20 mmol) and 2 drops
of concd H,SO,; in dichloromethane for 14 h. The
trioxaphenanthrene-loaded resin was obtained by filtration
and was thoroughly washed sequentially with ethyl acetate,
n-hexane, and diethyl ether. The resin was finally dried in
vacuo for 24 h.

3.1.9. 6,9,10,16,17,20-Hexamethyl-6,20-di(4,8,12-tri-
methyl tridecyl)-7,12,14,19-tetraoxahexacyclo
[11.11.1.0%'1.0%8.0'52% 01 % |pentacosa-2,8,10,15(24),16,
18(23)-hexaene (12). Compound 12 was prepared as a
green oil (0.14 g, 35%) from 2 (0.20 g, 0.48 mmol) and
1,1,3,3-tetramethoxypropan (0.05 g, 0.96 mmol) in 2 mL of
trifluro acetic acid. After stirring for 2 h, the reaction
mixture was poured into ice-water. Then the aqueous phase
was repeatedly extracted with n-hexane. The combined
organic phases were washed sequentially with water,
saturated NaHCO; solution and saturated NaCl solution,
dried over MgSQ,, and the solvent was removed in vacuo.
The crude product was purified by column chromatography
(EtOAc/n-hexane, v/iv=1:20). '"H NMR: 6 1.27 (2Xs,2X
3H, 2 X CHj3), 1.65-1.93 (m, 2X2H, *CH, in tocopherol),
2.03 (m, 2H, bridge-CH,), 2.06 and 2.15 (4 Xs, 4 X 3H, 4 X
CH,), 2.76-2.93 (m, 2X2H, *CH, in tocopherol), 4.16 (t,
1H, *J=10.0 Hz, Ar-CH-Ar), 6.09 (s, 1H, acetal CH). '>C
NMR: 6 11.8; 12.2 (C*-CHj); 20.8; 21.0 (‘CH, in
tocopherol), 25.0 (Ar-CH-Ar), 28.3 (bridge CH,), 31.8
(*CH, in tocopherol), 74.8 (*C in tocopherol), 91.0 (acetal
CH), 114.8; 116.0; 120.7; 120.8; 123.3; 123.4; 124.4 (d.i.);
143.2; 143.3; 145.7; 145.8 (“'CH). HRMS calcd for
CsoHosO4+Na™: 868.73; found: 891.77.
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Abstract—The second order NLO response of a new family of acridine-based chromophores is greatly enhanced due to the presence of a

tautomeric minor form with high charge-transfer capabilities.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Within the field of photonics and opto-electronics' non-
linear optics stands out due to its important technological
applications. In the past few years, major advances in
organic materials have led to compounds with high and fast
nonlinearities. Push—pull organic chromophores, in which a
conjugated Tr-system contains asymmetrically positioned
electron-donor and electron-acceptor substituents, were the
first and have been the most widely studied of these
molecules.” The charge transfer between the functional
groups imparts a high degree of polarity to push—pull
systems. Nonlinearity in organic chromophores can be
synthetically modulated by varying the composition or
length of conjugated m-systems, and by evaluating the
effects of various electron-donor and -acceptor groups. The
literature contains numerous examples of these systems,
for which high values of hyperpolarizabilities have been
reported.’ Optimized chromophores have generally been
obtained via arduous synthetic pathways,* usually based on
condensation reactions plagued by low regio- and stereo-
selective control.

2. Results and discussion
The aim of the present study was to apply our experience in

Keywords: Synthesis of nonlinear optical chromophores; Tautomeric

equilibria; Surface determination of hyperpolarizabilities.
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the synthesis of heterocyclic systems” to obtain and evaluate
novel push—pull chromophores based on 2-nitroacridine as a
T-conjugated system and on benzothiazol-2-yl-amino as an
electron-donor group. We made this choice both are well-
known systems with well-established synthetic methods,
however, their nonlinear properties are rarely studied. From
structural standpoint, the influence of the benzothiazol-2-yl
amino moiety was expected to present some advantages, for
instance, Marder® and others have shown that for push—pull
systems, less-aromatic heterocycles correlate with high
nonlinearities. In addition, the high thermal stability of these
heterocycles is desirable for practical applications.

Secondary 2-aminobenzothiazoles have commonly been
obtained by the reaction of the corresponding 2-halobenzo-
thiazoles with the primary amines.” However, our syntheses
comprised the reaction of 2-aminobenzothiazole and
6-fluoro-2-nitroacridine via aromatic nucleophilic substi-
tution as described by Rosevear’ because of the easy
preparation of the 6-fluoro-2-nitroacridine, owing the
strongly electron-withdrawing group, nitro group in position
2, useful for our purposes to prepare push—pull systems, and
the previously reported method for the synthesis of
2—aminobenzothiazole—6—substituted,8 a substitution pattern
useful to enable polymer linkage of these molecules in later
works. The major drawback of the Rosevear method for
obtaining the target chromophores was the low nucleo-
philicity of 2-aminobenzothiazoles, which had to be made
more reactive by employing an auxiliary base and a polar
aprotic solvent. The best yields for the products 2, 3, and 4
were obtained when an equimolar ratio of reactants was
used and the reaction was run at approximately 130 °C.
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Scheme 1. (a) Refluxing piperidine, 1 h, (95%); (b) K,CO3, DMA or NMP, 130 °C, 4 h (55-65) %.

2-Nitro-6-(piperid-1-yl)acridine (1) was prepared and
studied as a matter of comparison. Scheme 1 shows
synthetic routes followed to obtain the chromophores.

The second order optical behavior of 2, 3, and 4, exhibited
marked differences as compared to that of 1, for which the
second harmonic generation was clearly inferior. Consider-
ing that in all cases the electron-donor group directly linked
to the 2-nitroacridine moiety is an amine, the variation in
response must be attributed to the presence or absence of
the benzothiazole. As the benzothiazole system is slightly
m-deficient, the 2-aminobenzothiazole group of chromo-
phores 2, 3, and 4 was expected to have a lower electron-
donating character than the piperidine present in 1 and,
consequently, a lower NLO response. Surprisingly, the
experimental results were the opposite. This contradiction
may be explained by the existence of tautomeric forms of
the 2-aminobenzothiazole moiety (Fig. 1).

Tautomeric equilibria in molecules that contain 2-amino-
benzothiazole moiety have typically been described to be

predominantly displaced to the aromatic form (Fig. la).’
However, the minor tautomer, benzothiazolin-2-imine
(Fig. 1b), could contribute to the hyperpolarizability in the
cases of our molecules by increasing the donor strength of
the benzothiazole system, because charge transfer increases
stability by restoring aromaticity in the benzothiazole ring.
This gain in aromaticity could imply an increase in the
polarization of the ground-state, another important factor
for reaching high hyperpolarizabilities.'® Nonetheless, the
spectroscopic data for our chromophores indicate a very fast
tautomeric equilibrium that strongly favors the aromatic
tautomer. Charge-transfer bands in the UV-absorption
spectra of 2, 3, and 4 exhibit a hypsochromic displacement,
whereas those of the spectra of 1 do not. This phenomenon
suggested the presence of major aromatic tautomers, in
which the slightly electron-deficient benzothiazole ring
reduces the charge-transfer strength of the amino group.
This conclusion was refined and completed by comparing
13C NMR spectra of 2, 3, and 4 and their benzothiazole
containing precursors with literature data.’ Unfortunately
the low solubility of our compounds in practically all
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Figure 1. Tautomeric benzothiazol-2-yl-(7-nitroacridin-3-yl)amine (a) and (3H-benzothiazol-2-ylidene)-(7-nitroacridin-3-yl)amine (b) and their respective

mesomeric forms.
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solvents avoid us to perform low temperature and change of
solvent NMR experiments to determine the tautomeric
population. However, in the paper of Faure et al.,”® on
prototropic tautomerism in benzothiazoles, the authors
reported that the displacement to lower values of '*C shifts
for C4'" upon passing from the aromatic to the non-aromatic
tautomer enables the detection and relative quantification of
non-aromatic tautomers of the heterocycles. For example,
for 2-aminobenzothiazole, in which the aromatic tautomer
dominates over the non-aromatic tautomer, C4-6=
118.4 ppm. In 2-cyanamidebenzothiazole, in which the
non-aromatic tautomer is favored but not exclusive, C4-
0=113.9 ppm. Lastly, in 3-methyl-3H-benzothiazol-2-yl-
ideneamine, which exists in its purely non-aromatic form
because tautomerism is blocked by the methyl group in N3,
C4-60=109.3 ppm. Thus, lower 6 values translate to higher
proportions of non-aromatic tautomers. Upon applying this
rule to 2, 3, and 4, a displacement to lower C15-6 values is
observed: C15-6=123.3, 121.8, and 116.6 ppm for 2, 3, and
4, respectively. If we observe now the displacement of C4-6
from 2-aminobenzothiazole to ethyl 2-aminobenzothiazol-
6-carboxylate and 2-amino-6-(2-hydroxyethyl)benzo-
thiazole the values are 118.4, 120.0, and 117.9 ppm,
respectively. Thus, when the 6-substituent is ethyl carb-
oxylate, a downfield shift in C4 is observed with respect to
that of 6-unsubstituted 2-aminobenzothiazole. In contrast,
the 2-hydroxyethyl group as a 6-substituent has little or no
influence on the C4 chemical shift, contrariwise to the
observed in 2, 3, and 4. As the 2-nitroacridine moiety is
the same in all cases, the decrease in ¢ values observed in
moving from 2 to 3, and again from 3 to 4, only can be
explained by the increase in the population of non-aromatic
tautomers.

Furthermore, the experimental values for NLO parameters
conclusively agreed with the existence of a significant
proportion of non-aromatic, imine-type tautomer. This form
should present a much higher second-order NLO response
than that of the more abundant amino-like tautomer.
Spectroscopic data reveal that, under the conditions used,
an equilibrium exists in, which the aromatic form
dominates. However, if the amount of the non-aromatic
tautomer is significant, it must contribute to a higher NLO
response; hence higher proportions of the non-aromatic
tautomer must yield higher NLO responses. Combining this
reasoning with the '*C NMR experimental data led us to the
conclusion that lower C15-6 values correspond with higher
NLO responses.

The nonlinear optical properties of the chromophores were
measured via surface second harmonic generation (SHG).12
The noncentrosymmetry at the interface between a glass
surface and a monolayer of adsorbed molecules, whereby
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the molecules are uniformly distributed and free of
interactions between them, can be used to obtain a
considerable second harmonic output.'* The adsorption of
the monolayers of chromophores 1-4 and the reference
compound 4-dimethylamino-4'-nitrostilbene (DANS) onto
glass surfaces was performed by slow (1 mm s~ ') with-
drawal of a glass plate from a solution of the corresponding
molecule in 1-propanol.'* If we assume that DA
chromophores 1-4 have an average rod-like geometry, the
molecular nonlinear polarizability tensor would be domi-
nated by the nonlinear axial coefficient along the molecular
axis, and then the values for the dominant component of
their corresponding microscopic hyperpolarizabilities can
be determined. '

Briefly, the methodology used consists in measuring the TE
and TM second harmonic intensities generated as a function
of polarizations of the fundamental field.'® The exact
average orientation of each of the chromophores in the
monolayer can be calculated from such measurements. By
comparing these values with the measurements obtained for
DANS under the same conditions, while taking into account
its known hyperpolarizability ((0), the values for the
second-order nonlinear parameters of the new chromo-
phores were obtained. For each case, the fraction of
hyperpolarizability due to the absorption resonance had to
be determined for the each chromophore and for DANS."’
The results are summarized in Table 1.

Chromophores 1, 2, and 3 actually exhibited the rod-like
nonlinear behavior necessary for the method used to
determine static hyperpolarizability. However, a large
deviation from said behavior was observed for 4. The size
and conformational freedom of the 2-hydroxyethyl chain
enables interaction of the hydroxyl groups with the glass
plate surface. The interaction of both hydroxyl and nitro
groups with the glass surface confers an angular shape to the
adsorbed molecules, whereby the amino group rests at the
vertex of the resulting angle that effectively divides each
molecule into two sections. Each half-molecule gives an
independent NLO response, and the superposition of both
vectorial responses leads to non-standard behavior. Hence,
neither an average angle of orientation for the adsorbed
molecules nor a representative hyperpolarizability value
could be obtained in this case. Therefore, only the non-
vanishing nonlinear second-order tensor components d;s,
d4, and ds3 were possible to determine. The values are
given in Table 1. However, the 6-(hydroxyethyl) group in 4
were expected to have a minimal effect on the electronic
structure of the 7 system of the molecule and, consequently,
on its NLO properties, and we can legitimately expect an
optical behavior similar to 2 and 3, as, in fact, is observed in

Table 1. NLO parameters of new acridine-benzothiazolylamine chromophores, including DANS as term of comparison

Molecule Amax dis doy ds3 (L-B)/ DA length, B8(0)
(nm) (X107% esu) (X107% esu) (X107% esu) (L B)pans L(A)® (X107 esu)
1 476 3.92 3.92 6.02 1.18 10.815 43
2 437 3.98 3.98 5.37 1.26 10.795 (12.791) 78
3 430 3.87 3.87 6.40 1.41 10.761 (12.421) 93
4 437 7.83 4.49 474 — 10.765 (12.726) —
DANS 432 3.53 3.53 8.46 1 12.920 55

? Values in brackets are the lengths of non-aromatic tautomers.
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the calculated values of the hyperpolarizability tensor
components (Table 1).

The dipole length of each chromophore was determined
using a semi-empiric (AM1) calculation of the geometry of
the appropriate charge-separated resonance form. The most
widely accepted value for the static hyperpolarizability 6(0)
of DANS is 55X 103 esu."'® The ratio (L- 8)/(L- 8)pans., in
which the hyperpolarizabilities § are wavelength-depen-
dent, can be calculated from the experimental results.
In order to determine the static hyperpolarizability 6(0) of
the new chromophores from this ratio, the absorption
correction factor derived from the two-state model for the
hyperpolarizability must be included.'® These calculations
were far less challenging for the case of 1 than for 2, 3, and
4, all of which contain the benzothiazol-2-yl-amino moiety
and are therefore complicated by the presence of two
possible tautomers. In addition to unique electronic
distributions, each of these tautomeric forms has a
corresponding SH that generates a dipole of particular
length. Both tautomers must be present in the working
mixture, and determining the relative tautomeric popu-
lations, as well as the length of the charge-transfer system
necessary to calculate the value of (5, is not trivial. As
previously explained, the position of the tautomeric
equilibria could not be established, and was most likely
different in solution than in the adsorbed sample, as well as
being related to the length of the push—pull system.
Fortunately, the second-harmonic generation only depends
on the length of dipolar electronic distributions, as shown by
Shen,19 with little or no influence of atoms that do not
contribute to resonance. In other words, the dipole ‘starts’ in
the first atom contributing to the resonance of the
conjugated system and ‘finishes’ in the last, functioning
independently of atoms that do not contribute to the
resonance.

When we combined the aforementioned considerations with
the assumption that the aromatic tautomer (i.e., benzothia-
zol-2-yl-amino) is the predominant form, we established
that for all cases, the dipole length is the distance from the
nitrogen atom that bridges the acridine and benzothiazole to
the oxygen atoms of the nitro group, and is not influenced by
the benzothiazole system. In fact, Moylan®® prepared a
broad group of push—pull chromophores, in which the
dialkylamino electron-donor groups were substituted by
diarylamino groups, obtaining similar SHG values, or in
some cases, slightly lower NLO responses due to the lower
electron-donating character of the diarylamino groups. We
calculated the dipole distances and used them to determine
the NLO parameters of our chromophores.

Chromophores 2, 3, and 4 should behave similarly to 1
because the electronic distributions of the push—pull
systems should themselves be similar. Alternatively,
slightly lower intensities could be observed for 2, 3, and 4
as compared to 1, which would be consistent with the
findings of Moylan for dialkyl-diarylamino derivatives.
Surprisingly the NLO responses of 2, 3, and 4 were all
greater than that of 1 by nearly 20%. This difference
becomes even greater if the relatively higher absorbance at
532 nm for 1 is taken to contribute positively to the final
SHG observed. These SHG enhancements can only be

caused by the existence of minor tautomeric forms capable
of acquiring a stabilized, highly polarized charge-transfer
state. Taking into account that spectral characterization did
not allow quantification of tautomeric forms, the calcu-
lations were performed under the assumption that the dipole
length, as previously defined, is approximately the same in
all cases (see, Table 1). It is should be noted that the
calculated lengths of non-aromatic tautomer dipoles are
approximately 2 A (i.e., ca. 20%) longer than aromatic ones.
Hence, in using the ratio (L-()/(L-B)pans to calculate 3(0)
from the observed SHG, the values obtained for Lchromophore
should be inversely proportional to those for 8(0)chromophore
if all other data are held constant. As the experimental (8
values were clearly higher than expected, it can be deduced
that the § of the longer, minor non-aromatic tautomers are
larger than the aromatic ones by at least one order of
magnitude.

Static hyperpolarizability [3(0)] results are shown in the last
column of the Table 1. In molecule 1, a considerable
decrease in comparison with 8 at 1064 nm is observed, in
which the §(0) was 20% lower than that of the reference
compound DANS. Similar decreases were not observed for
the other chromophores, in which the enhancement due to
the absorption resonance effect is much lower. Chromo-
phores 2 and 3 had B(0) values of ca. 142 and 169%,
respectively, in relation to DANS and, more importantly,
181 and 216%, respectively, in relation to 1. The larger
value observed for 3 is probably due to an additional
favorable effect on the tautomeric equilibrium stemming
from the carboxylate group at the position 6. Similar tensor
components values were obtained for 2, 3, and 4, indicating
that, most likely, the nonlinear polarizabilities of all of them
are similar. It should be noted that in the majority of light
polarization combinations, the nonlinear performance of 4
would be better or equivalent to that of chromophores 1-3,
since the d;5 and d,4 values for 4 are larger than the those
corresponding to 1-3, and only the ds; of chromophore 4
was 25% lower than that of 3, the best chromophore
between 1, 2, and 3.

3. Conclusions

Several new NLO push—pull chromophores have been
synthesized via a facile, two-step procedure and their
second-order optical behavior was evaluated. The SHG
capability of molecules with the benzothiazol-2-yl-amino
electron-donating group is considerably enhanced in
relation to the analogous piperidyl compound. This
phenomena is due to the contribution of a minor non-
aromatic tautomer. These tautomers, previously described
in the literature, have a less aromatic ground state that
enables an aromatic, stabilized and highly polarized charge-
transfer state. The ((0) of such chromophores are
considerably higher than those of similar organic molecules.
The surface method used to determine the hyperpolariza-
bility of test compounds was validated and shown to be
facile as well as rapid for common DA rod-like type
molecules. Chromophore 4, with a 2-hydroxyethyl side
group, exhibited abnormal optical behavior due to its comb-
shaped, non-rod-like geometry in the monolayer due to the
simultaneous interaction of nitro and hydroxyl groups with
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the glass slide used to perform the measurements. However,
4 has hyperpolarizability tensor component values equal to,
or even larger than, those of chromophores 2 and 3.

4. Experimental
4.1. General

Melting points were determined using a Kofler apparatus
equipped with a Reichert Thermovar microscope and are
uncorrected. TLC was carried out on SiO, (Alugram SIL
G/UV,s, Macherey—Nagel 0.25 mm) and visualized with
UV light. Flash chromatography was carried out on SiO,
(Silica Gel 60 A CC, Merck). Organic extracts were dried
over anhydrous MgSO,, and solutions were evaporated
under reduced pressure with a rotatory evaporator. IR
spectra were recorded on a Nicolet 510 FT-IR spectrometer.
NMR spectra were measured with Varian Gemini-200
(200 MHz) and Varian Unity-300 (300 MHz) spectro-
meters, data are given in ¢/ppm and referenced to TMS
for "H NMR and to CDCls (77.0 ppm) for '>°C NMR, and
J values are given in Hz. Mass spectra were measured in
chemical ionization (CI, NH3) mode with a Hewlett-
Packard 5988A spectrometer, or with a Fisons VG-Quattro
spectrometer. The samples were then introduced into a
matrix of 2-nitrobenzyl alcohol for FAB analysis.

4.1.1. Synthesis of 6-fluoro-2-nitroacridine.” 6-Fluoro-2-
nitroacridine was synthesized following the method
described in the reference 7 with slightly modifications.
2-Fluoro-5-nitrobenzaldehyde (1.185 g, 7 mmol), 3-fluoro-
aniline (1.556 g, 14 mmol) and 2 ml of triethylamine were
dissolved in 20 ml DMSO and heated to 100 °C under
nitrogen atmosphere for 4 h, at which point the reaction
mixture was poured into 100 ml of water. The precipitate
was filtered off and thoroughly washed with water. The
solid was then dissolved in 25 ml of ethanol and 5 ml of
dichloromethane, and 5 ml of concentrated hydrochloric
acid were subsequently added to the solution. The reaction
mixture was refluxed for 30 min, and then poured into
150 ml of a 15% solution of ammonium hydroxide, which
precipitated out a pale yellow solid. The solid was filtered
off, washed with water and vacuum pump dried. The low
solubility of the desired product in ethyl acetate was
exploited for the purification. Hence, the solid was solved in
a mixture of dichloromethane and ethyl acetate, and the
solution was vacuum distilled until the pure title product
precipitated. The precipitation was completed by maintain-
ing the solution at 5°C for a few hours. After several
precipitations, 1.215g (72% yield) of the product was
collected; mp 237-238 °C (lit. 237-239 °C). TLC (SiO,,
CH,Cl,) Ry=0.48; 'H NMR (CDCl;, TMSmt) On (ppm)—
9.02 (s, H8 and H9, 2H), 8.53 (dd, H3, J**=10Hz, J* ' =

3Hz, 1H), 831 (d, H4, J*°=10Hz, 1H), 8.11 (dd, HS,
JT=10Hz, /=6 Hz, 1H), 7.87 (dd, H5, J*F=10 Hz,
S = 2 Hz, 1H), 7.48 (ddd, H7, JE3=JF=10Hz, /5=
2 Hz, 1H); '*C NMR (CD;0D, TMS;,,\): 6¢ (ppm)—165.22
(Ce, JC’F=245 Hz), 151.47 (C4a), 149.80 (C2), 144.93
(C10a, J“F=10Hz), 142.33 (C9), 133.15 (C8, J°F=
11 Hz), 130.71 (C4), 127.59 (C1), 124.87 (C9a), 124.81
(C3). 124.41 (C8a), 119.72 (C7, J“F=28 Hz). 111.66 (C5,
JF=21Hz); FTIR (film): »=1620, 1508, 1341, 1168,

822 cm ™ '; MS (CIL, NH3): m/z=243.0 (M—H] ", 100%);
HRMS (FAB +): m/z observed 243.056592, calculated for
C3HgN>O,F 243.056981.

4.1.2. Synthesis of 2-nitro-6-(piperid-1-yl)-acridine (1).
6-Fluoro-2-nitroacridine (242 mg, 1 mmol) was suspended
in 5 ml of piperidine, and the mixture was heated to reflux
for 1 h. The resulting red solution was cooled to room
temperature and poured into 100 ml of water. The crude
product was extracted with dichloromethane (3 X 100 ml),
the organic layer was dried over anhydrous sodium sulfate
and evaporated, and the resulting residue was flashed
through a short pad of silica gel using dichloromethane as
eluent. A major fraction was collected and concentrated by
evaporation to afford 291 mg of an intense-red solid; mp
199200 °C. TLC (SiO,, DCM) R;=0.21; 'H NMR
(CDCls5, TMS;n): 0 (ppm)=8.83 (d, H1, J*°®=3Hz,
1H), 8.60 (s, H9, 1H), 8.38 (dd, H3, F4=10Hz, /=

3 Hz, 1H), 8.06 (d, H4, J*>=10Hz, 1H), 7.80 (d, HS,
77 =9 Hg, 1H), 7.40 (dd, H7, J"8=9Hz, J/°=2Hz,
1H), 7.27 (d, H5, J°""=2Hz, 1H), 3.54 (m, -N(CH,),—,
4H), 1.75 (m, —(CH,);—, 6H); *C NMR (CDCls, TMS;y,):
oc (ppm)=154.00 (C3), 153.51 (C4a), 150.73 (C10a),
143.14 (C7), 138.12 (C8), 129.75 (C5), 129.59 (C1), 126.34
(C9), 123.28 (C6), 122.70 (C8a), 122.66 (C9a), 121.04 (C2),
106.30 (C4), 49.27 (-N(CHj),-), 25.68 (—CH,-), 24.66
(-CH,-); UV vis (CH,Cly) Apax (nm)=476 (¢=19,500),
312 (£=25,100), 270+ (¢ =41,500); MS (CI, NH3): m/z=
308.1 (IM—H]™", 100%); HRMS (FAB+): m/z observed
308.139926, calculated for C;gH gsN50, 308.139902.

413. S nthes1s of ethyl 2-aminobenzothiazole-6-carb-
oxylate.”! Ethyl p-aminobenzoate (5.000 g, 30 mmol) was
dissolved in 40 ml of acetic acid, and to the resulting
solution was suspended sodium thiocyanate (9.720 g,
120 mmol). A solution of 1.50 ml of bromine in 20 ml of
acetic acid was slowly added, and the reaction mixture was
stirred at room temperature overnight. A mixture of 100 ml
of 30% aqueous ammonium hydroxide and 200 ml of water
was then added, and the crude product was extracted by
ethyl acetate (5 X 100 ml). The organic layer was dried over
sodium sulfate and concentrated by evaporation, and the
resulting solid was purified by flash chromatography (silica
gel, 1:4 CH,Cl,/ethyl acetate) to obtain 5.970 g of the
desired 2-aminobenzothiazole-6-carboxylate; mp 242-
243 °C (lit. 243 °C). TLC (SiO,, AcOEt/CH,Cl, 4:1) R;=
0.58; '"H NMR (CDCl;, TMS;,): oy (ppm)=8.15 (s, H7,
1H), 7.86 (d, H5, J°*=8 Hz, 1H), 7.32 (d, H4, =8 H.
1H), 4.38 (q, H8, J*°=17 Hz, 2H), 1.41 (t, H9, J°*=7 Hz,
3H); '*C NMR (CDCls, TMS;n): 6c (ppm)=169.87 (C2),
164.90 (C=0), 156.32 (C3a), 132.01 (C7a), 130.41 (C9),
129.80 (C6), 125.42 (C7), 120.02 (C4), 63.82 (-OCH;,-),
16.82 (—-CH3); FTIR (KBr): 3407, 3332, 1679, 1542, 1458,
1045cm™"; MS (CI, NH3): 223.1 ((M+1]", 100%);
HRMS (FAB +): m/z observed 223.054662, calculated for
C1oH11N-O5S 223.054125.

4.14. Synthes1s of 2-amino-6-(2-hydroxyethyl)-ben-
zothiazole.”*>  4- -Aminophenethyl alcohol (4.770 g,
35 mmol), potassium thiocyanate (13.200 g, 140 mmol)
and bromine (1.70 ml) were reacted according to a literature
procedure to obtain 4.085 g (73% yield) of 2-amino-6-
(2-hydroxyethyl)-benzothiazole; mp 176-178 °C (lit.
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175-177 °C). TLC (SiO,, AcOEt/CH,Cl, 4:1) R;=0.47; 'H
NMR (DMSO-d,TMS;,,): 0y (ppm)=7.45 (s, H7, 1H),
7.33 (s, -NH,, 2H), 7.21 (d, H5, J°*=8 Hz, 1H), 7.02 (d,
H4, J*°=8 Hz, 1H), 4.61 (t, —-OH, J°""? =4 Hz, 1H), 3.56
(m, H9, 2H), 2.70 (t, H8, J5?=7Hz, 3H); '*C NMR
(DMSO-dg TMS;n): 6c (ppm) = 166.34 (C2), 151.59 (C3a),
132.72 (C6), 131.42 (C7a), 126.96 (C5), 121.44 (C7),
117.91 (C4), 63.14 (-CH,CH,OH), 39.45 (—CH,CH,OH);
FTIR (KBr): »=23427, 3268, 3200-2900 (broad band),
1615, 1532, 1451, 1046 cm ™ '; MS (FAB+): m/z=195.0
(IM—H] ™).

4.1.5. Synthesis of 6-(benzothiazol-2-yl-amino)-2-nitro-
acridine (2). 6-Fluoro-2-nitroacridine (121 mg, 0.5 mmol)
was reacted with 2-aminobenzothiazole (78 mg, 0.6 mmol)
and 71 mg of anhydrous potassium carbonate (83 mg,
0.6 mmol, 1.2 equiv) in 10 ml of DMA at 130-140 °C for
4 h. The crude reaction mixture was concentrated under
vacuum, then purified by column chromatography (silica
gel, 20:1 CH,Cl,/MeOH) to afford 92 mg of the title product
(yield: 57%); mp >300 °C. TLC (SiO,, hexane/AcOEt 1:3)
R;=0.47; '"H NMR (CDCl;+TFA 1 drop, TMS;,): 6n
(ppm)=9.74 (s, H9, 1H), 9.31 (d, H1, J'=2 Hz, 1H), 8.97
(dd, H3, =9 Hz, J*"' =2 Hz, 1H), 8.56 (s, H5, 1H), 8.54
(d, H4, J*>=9Hz, 1H), 8.52 (d, H8, J5'=9 Hz, 1H),
8.03 (dd, H7, /" ®*=9 Hz, /=2 Hz, 1H), 7.98 (d, H14,
J'W1S=8 Hz), 7.87 (d, H17, J'""'*=8 Hz, 1H), 7.77 (dd,
Hl6, J'¢'5=8Hz, J'*'"=8Hz, 1H), 7.66 (dd, H15,
JP =8 Hz, J'51=8 Hz, 1H); '*C NMR (CDCl;+ TFA
1 drop, TMS;,): o0c (ppm)=165.27 (C13), 149.96 (C9),
147.15 (C6), 146.33 (C2), 143.42 (Cl18a), 141.49 (C4a),
136.60 (C10a), 132.98 (C8), 131.25 (C3), 130.41 (C17),
128.00 (C16), 126.52 (C1), 125.27 (Cl4a), 124.91 (C7),
124.30 (C8a), 123.35 (C15), 123.17 (C9a), 122.23 (C4),
116.32 (C18), 104.26 (C5); FTIR (KBr): ¥=3365 (broad
band), 1637, 1609, 1543, 1439, 1339, 1331, 1197 cm ™~ '; MS
(MALDI-TOF+): m/z=373.1 (IM]", 100%); HRMS
(FAB+): m/z observed 373.076187, calculated for
Cy0H13N40,S 373.075923; UV vis (MeOH) A, (nm)=
437 (=2.4X10%, 331 (¢=3.7X10%).

4.1.6. Synthesis of 6-(6-ethylcarboxylate-benzothiazol-2-
yl-amino)-2-nitroacridine (3). Following the method
described above, 6-fluoro-2-nitroacridine (242 mg,
1 mmol) was reacted with 2-aminobenzothiazole-6-carb-
oxylate (225 mg, 1.1 mmol) and anhydrous potassium
carbonate (165 mg, 1.2 mmol) in 15 ml of DMA to obtain
288 mg (65% yield) of the title product; mp 293-295 °C.
TLC (SiO,, CH,Cl/MeOH 20:1) R;=0.57; 'H NMR
(CDCl3+TFA 1 drop, TMS;,): 0y (ppm)=9.72 (s, HI,
1H), 9.31 (d, H1, J'>=2Hz, 1H), 9.29 (dd, H3, /"=
10 Hz, J*"'=2 Hz, 1H), 8.99 (d, H18, J'*'7=10 Hz, 1H),
8.69 (s, H15, 1H), 8.55 (d, H4, J*>=10 Hz, 1H), 8.40 (d,
H17, J'7""¥=10Hz, 1H), 8.35 (s, H5, 1H), 8.05 (d, HS,
J¥7=8Hz, 1H), 7.95 (d, H7, /"8 =8 Hz, 1H), 4.54 (q,
CH;CH,0, J=6 Hz, 2H), 1.51 (t, CH;CH,0, J=6 Hz, 3H);
13C NMR (DMSO-ds, TMS;,,): 6¢ (ppm)=164.10 (C=0),
160.70 (C13), 152.91 (C9), 150.73 (C18a), 150.47 (C16),
144.38 (C4a), 144.38 (C2), 139.96 (C6), 135.68 (Cl10a),
135.55 (C9a), 130.72 (C3), 128.03 (C4), 127.97 (C7),
127.85 (C17), 124.46 (Cl), 123.94 (14a), 123.68 (C18),
122.52 (C8), 121.81 (C15), 121.05 (C8a), 111.58 (C5),
62.33 (CH,), 31.27 (CH3); FTIR (KBr): »=3268, 1675,

1532, 1451, 1046 cm ~'; MS (MALDI-TOF +): m/z=445.1
(IM+117, 100%); HRMS (MALDI-TOF + ): m/z observed
445.096738, calculated for CoH;7N404S 445.097050. UV
vis (MeOH): 430 (¢=2.4X10%), 331 (¢=3.8 X 10%).

4.1.7. Synthesis of the 6-[6-(B-hydroxyethyl)-benzo-
thiazol-2-yl-amino]-2-nitroacridine (4). 6-Fluoro-2-
nitroacridine (242 mg, 1 mmol) was reacted with 2-amino-
6-(2-hydroxyethyl)-benzothiazole (217 mg, 1.1 mmol) and
anhydrous potassium carbonate (165 mg, 1.2 mmol), in
15 ml of DMA to obtain 249 mg (60% yield) of the title
product; mIl) 297-298 °C. TLC (SiO,, DCM/MeOH 20:1)
Ry=0.27,. '"H NMR (CDCl3+TFA 1 drop, TMS;,): 0y
(ppm)=9.72 (s, H9, 1H), 9.31 (d, H1, J' =2 Hz, 1H), 8.96
(dd, H3, > *=10Hz, J/S'=2Hz, 1H), 8.54 (d, HI3,
J'¥ 17 =10 Hz, 1H), 8.53 (s, H5, 1H), 8.50 (d, H4, J*>=
10 Hz, 1H), 8.02 (d, H17, J'"~'8=10 Hz, 1H), 7.86 (s, H15,
1H), 7.82 (d, H8, J/*'=8 Hz, 1H), 7.60 (d, H7, /" *=8 Hz,
1H), 4.65 (t, -CH,CH,OH, J=6Hz, 2H), 3.27 (t,
—~CH,CH,OH, J=6 Hz, 2H); '*C NMR (CDCl;+TFA 1
drop, TMS;,)): 6c (ppm)=165.14 (C13), 149.80 (C9),
147.19 (Cl18a), 146.26 (C4a), 143.52 (C2), 141.50 (C6),
137.19 (Cl10a), 136.09 (C16), 132.92 (C4), 131.27 (C3),
131.15 (C7), 126.52 (C17), 125.24 (Cl), 124.92 (C8a),
124.24 (C8), 124.19 (C9a), 123.22 (14a), 122.22 (C18),
116.61 (C15), 103.95 (C5), 67.95 (-CH,CH,OH), 34.23
(-CH,CH,0OH); FTIR (KBr): »=3427, 3268, 3200-2900
(broad band), 1615, 1532, 1451, 1046 cm ™~ '; MS (MALDI-
TOF+): m/iz=416.0 (IM]™", 100%); HRMS (MALDI-
TOF+): m/z observed 417.10064, calculated for
C22H]7N4035 417.10214. UV vis (MCOH) Amax (nm)=
437 (e=2.5X10%, 329 (¢=3.8X10%).
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Abstract—The 4,4'di-tert-butylbiphenyl (DTBB)-catalysed lithiation of dihydrodibenzothiepine (1) at —78 °C for 30 min followed by
reaction with a carbonyl compound ['BuCHO, Ph(CH,),CHO, PhCHO, (n-CsH,,),CO, (CH,)sCO, (CH,),CO, (—)-menthone] at the same
temperature leads, after hydrolysis with 3 M hydrochloric acid, to sulphanyl alcohols 2. If after addition of a carbonyl compound as the first
electrophile [Me,CO, (CH,)sCO, (—)-menthone], the resulting dianion of type II is allowed to react at room temperature for 30 min, a
second lithiation takes place to give an intermediate of type III, which by reaction with a second electrophile [Me,CO, Et,CO, (CH,)sCO,
CICO,Et], yields, after hydrolysis, difunctionalised byphenyls 4. The cyclisation of the sulphanyl alcohol 2¢ under acidic conditions yields
the eight-membered sulphur containing heterocycle 3. The lithiation of dihydrodinaphthoheteroepines 7 and 10 with 2.2 equiv of lithium
naphthalenide in THF at —78 °C followed by reaction with different electrophiles [H,O, D,0, ‘BuCHO, Me,CO, Et,CO, (CH,),CO,
(CH,)sCO] at the same temperature leads, after hydrolysis, to unsymmetrically 2,2’-disubstituted binaphthyls 9 and 12, respectively. When
the lithiation is performed with an excess of lithium in the presence of a catalytic amount of DTBB (10% molar), a double reductive cleavage
takes place to give the dianionic intermediate VII, which by reaction with different electrophiles [H,O, Me,CO, Et,CO, (CH,)4,CO,
(CH,)sCO], followed by hydrolysis with water, yields symmetrically 2,2'-disubstituted binaphthyls 8 and 11. In the case of starting from (R)-
or (S)-dihydrodinaphthoheteroepines 7 and 10, these methodologies allow us to prepare enantiomerically pure compounds 8, 11 and 12.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction chlorinated or brominated derivatives; Scheme 1, Method
A), (b) an oxygen-— or sulphur-lithium exchange (Scheme 1,

Among organometallic intermediates in synthetic organic Method B), or (c) a mercury— or tin—lithium transmetalla-

chemistry, organolithium compounds' have become of
routine use due to their high reactivity even under mild
reaction conditions. When the organolithium compound
bears a functional group, this type of intermediates® are
more interesting from a synthetic point of view because in
their reaction with an electrophile, the functionality is
transferred to this reagent, so polyfunctionalised molecules
can be prepared directly, creating at the same time in
general a new carbon—carbon bond. Some general pro-
cedures to prepare organolithium compounds are also
applicable to the corresponding functionalised systems,
namely (a) a halogen—lithium exchange (mainly from

Keywords: DTBB-catalysed lithiation; Sulphur—lithium exchange; Diben-

zothiepine; Dinaphthothiepine; Electrophilic substitution.
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tion (Scheme 1, Method C) have been successfully used to
generate functionalised organolithium compounds, being
necessary to deprotonate the YH functionality before the

CYH CYH
H é;;;ﬁ Met

al
[Met = HgX, SnRj]

O

[Hal = CI, Br]

o

o

2
N

X [Y =0, NR, S]
[X = OR, SR]
Scheme 1.
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1 2 2h

Scheme 2. Reagents and conditions: (i) Li, DTBB (5 mol %), THF,
—78°C, 1h; (ii) R'R*CO='BuCHO, Ph(CH,),CHO, PhCHO, Me,CO,
(n-CsH,;),CO, (CH,)sCO, (CH,),CO, (—)-menthone, —78 °C; (iii) HCI-
H,0, —78 °C to rt.

lithiation step. On the other hand, the above mentioned
procedures are not very efficient from an atom economy
point of view.? In order to solve this last disadvantage, in the
last few years a new methodology has been introduced for
the generation of functionalised organolithium compounds
consisting in a reductive opening of heterocycles (Scheme 1,
Method C).* Since in many cases, the corresponding
organolithium intermediate is not stable at room tempera-
ture, it is necessary to perform the lithiation at low
temperature using, for that purpose, a high reactive
lithiation agent.” For this reason, in the last few years our
group has intensively worked in the development of an
arene-catalysed lithiation,® which, among other appli-
cations,” can be used to the reductive opening of
heterocycles.8 In this paper we describe the application of
this methodology to the ring opening of benzo- and
naphtho condensed sulphur-containing seven-membered
rings, comparing in the last case the reactivity of the
sulphur- and the oxygen-containing heterocycle.” The
reaction of the resulting organolithium compounds with
electrophiles leads to funtionalised biphenyls and

Table 1. Preparation of compounds 2

binaphthyls which are mainly prepared by metal-catalysed
coupling of aryl halides, triflates or stannanes with
appropriate counter pairs,'” as well as by nucleophilic
opening of dinaphthoazepinium'' and thiepinium'? salts.

2. Results and discussion

The reaction of 5,7-dihydrodibenzo[c,e]thiepine (1) with an
excess of lithium and a catalytic amount of 4,4'-di-tert-
butylbiphenyl (DTBB; 5 mol%) in THF at — 78 °C followed
by  treatment with a  carbonyl compound
[R'R’CO='BuCHO, Ph(CH,),CHO, PhCHO, Me,CO,
(I’l-C5H11)2CO, (CHz)SCO, (CH2)7CO, (—)-menthone] at
the same temperature led, after acid hydrolysis at —78 °C to
room temperature, to the corresponding hydroxy thiols 2
(Scheme 2 and Table 1). For prostereogenic carbonyl
compounds, such as pivalaldehyde, benzaldehyde,
3-phenylpropanal and (—)-menthone, the corresponding
1:1 mixture of diastereomers was obtained (Table 1, entries
1, 2, 3 and 8, respectively, and footnote c). In the case of
using (—)-menthone as the electrophile, the attack of the
nucleophile took place almost exclusively from the less
hindered face of the carbonyl group'” to give compound 2h
(Scheme 2).

Concerning possible intermediates involved in the
reaction shown in Scheme 2, in the lithiation step, a
reductive opening of the heterocycle takes place'* giving
intermediate I, which by reaction with the carbonyl
compound R'R*CO used as electrophile gives the second
intermediate II, precursor of products 2 by final acidic
hydrolysis.

Entry R'R’CO Product®
No. R' R? Yield (%)°

1 ‘BuCHO 2a H ‘Bu 71°¢
2 Ph(CH,),CHO 2b H Ph(CH,), 75¢
3 PhCHO 2¢ H Ph 82°¢
4 Me,CO 2d Me Me 50
5 (H-CsHl ])zco 2e }’l-C5H1 1 n—C5H1 1 76
6 (CH,)sCO 2f (CH,)s 72
7 (CH,),CO 2g (CH,), 47
8 (—)-Menthone 2h — 55

 All products 2 were >95% pure (GLC and/or 300 MHz 'H NMR).

" Isolated yield after column chromatography (silica gel, hexane/ethyl acetate) based on the starting material 1.

¢ Isolated as a ca. 1:1 diastereomeric mixture (NMR).
4 See Scheme 2.
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Scheme 3. Reagents and conditions: (i) H3PO, (85%), PhMe, 110 °C.
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Compound 2 can be easily cyclised under acidic conditions
as is exemplified for the benzaldehyde derivative 2c.
Treatment of this compound with 85% phosphoric acid
under toluene reflux yielded the corresponding eight-
membered ring 3 in 74% isolated yield, whose structure
was determined by X-ray crystallography (Scheme 3).'

Starting material 1 was easily prepared from commercially
available 2,2'-bis(bromomethyl)biphenyl by treatment with
sodium sulphide in DMF at 100 °C in almost quantitative
yield."?

From a synthetic point of view, an interesting variant of the
lithiation of the starting material 1 results when a second
electrophile is introduced in the molecule. It happens when
after the generation of the intermediate II instead of
hydrolysis a second lithiation took place at temperatures
ranging between —78 °C and room temperature. By this
treatment, a second carbon—sulphur bond cleavage took
place, so a new organolithium intermediate III was
generated, which by reaction with a second electrophile
{(E=R’R*CO [Me,CO, Et,CO, (CH,)sCO], CICO,Et} at
—78 °C gave, after hydrolysis, the expected products 4
(Scheme 4 and Table 2). Before the final hydrolysis
intermediates IV (for R?R*CO) or V (for CICO,Et) are
probably involved in the process. Also here, the use of (—)-
menthone as the first electrophile and acetone as the second

L Ol O,
OH /
R' R? OH

1 4 4g
Scheme 4. Reagents and conditions: (i) Li, DTBB (5 mol %), THF,
—78°C, 1h; (ii) R'R*CO=Me,CO, (CH,)sCO, (—)-menthone, —78 °C;

(iii) —78 °C to rt; (iv) E=Me,CO, Et,CO, (CH,)sCO, CICO,Et, —78 °C;
(v) H,0, —78 °C to rt.

Table 2. Preparation of compounds 4

one yielded almost exclusively the diastereomer 4g,
resulting from the attack of the organolithium intermediate
I to the first electrophile [(—)-menthone] at the less
hindered face, as it was above mentioned for compound

2h (Scheme 4, Table 2, entry 7)."?
® ore O
Li .
OLi OEt
OLi OLi OLi
e (e (e

n v Vv

Compounds of type 4, especially those derived from
carbonyl compounds, could be adequate starting materials
for cyclisation processes (see above for compound 3).
However, treatment of compound 4e (derived from
cyclohexanone) with 85% phosphoric acid under toluene
reflux gave the corresponding diolefin 5 in 62% isolated
yield, without detection of any cyclisation products
(Scheme 5). In addition, hydroxyl ester 4f gave also the
dehydration product 6 in 50% yield upon treatment with a
catalytic amount of p-toluenesulphonic acid under toluene
reflux, also without formation of the desired lactone
(Scheme 5).

4e 5
LS DY
OEt ii OEt
RN 0
Af 6

Scheme 5. Reagents and conditions: (i) H3PO, (85%), PhMe, 110 °C; (ii)
TsOH (cat.), PhMe, 110 °C.

Entry R'R’CO Electrophile E Product®
No. R R? X Yield (%)°

1 Me,CO Me,CO 4a Me Me Me,COH 40
2 Me,CO CICO,Et 4b Me Me CO,Et 36
3 (CH,)sCO Me,CO 4c (CH,)s Me,COH 45
4 (CH,)sCO Et,CO 4d (CH,)s Et,COH 46
5 (CH,)sCO (CH,)sCO 4e (CH,)s (CH,)sCOH 38
6 (CH,)sCO CICO,Et af (CH,)s CO,Et 41
7 (—)-Menthone Me,CO 4g — 35

 All products 4 were >95% pure (GLC and/or 300 MHz '"H NMR).

® Isolated yield after column chromatography (silica gel, hexane/ethyl acetate) based on the starting material 1.

¢ Isolated as a ca. 1:1 diastereomeric mixture (NMR); see Scheme 4.
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Scheme 6. Reagents and conditions: (i) Li, DTBB (10 mol %), THF,

—78 °C; (ii) R'R*CO=Me,CO, Et,CO, (CH,),CO, (CH,)sCO, —78°C;
(iii) HCI-H,0, —78 °C to rt.

Table 3. Preparation of compounds 8 and 11
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THF at —78 °C, followed by reaction with the same
electrophile mentioned in Scheme 6 at the same temperature
gave, after hydrolysis under acidic conditions, the corre-
sponding monosubstituted products 9 (Scheme 7 and
Table 4, entries 1-4). In this case, and due to the less
energic reduction conditions, the first lithiation product VI
reacts with the electrophile giving an intermediate of type
IX, which by hydrolysis afforded sulphanyl alcohols 9.

Entry Starting material Electrophile E Product”
No. R' R’ Yield (%)

1 7 Me,CO 8a Me Me 52
2 7 Et,CO 8b Et Et 57
3 7 (CH2)4CO 8¢ (CH2)4 31
4 7 (CH,)sCO 8d (CH,)s 38
5 10 H,0 11 —° 96
6 10 Me,CO 8a Me Me 48

 All products 8 and 11 were >95% pure (GLC and/or 300 MHz 'H NMR).

" Isolated yield after column chromatography (silica gel, hexane/ethyl acetate) based on the starting material 7 or 10.

¢ See Scheme 8.

In the second part of this study, we will consider the
corresponding dinaphtho derivatives as a heterocycle to be
reductively opened, hoping that in this case functionalised
chiral binaphthyls could be accessible using this
methodology.

The reaction of 4,5-dihydro-3H-dinaphtho[2,1-c:1’,2/-¢]
thiepine (7) with an excess of lithium and a catalytic
amount of DTBB, under the same reaction conditions shown
on Scheme 2 (THF, —78 °C), gave, after treatment with a
carbonyl compound as electrophile [R'R*CO=Me,CO,
Et,CO, (CH,)4CO, (CH,)sCO] at the same temperature, and
final hydrolysis, the corresponding compounds 8, resulting
from a double condensation at both benzylic positions
(Scheme 6 and Table 3, entries 1-4). In contrast to the
behaviour observed for the starting material 1, in the case of
compound 7 it seems that here, after the first reductive ring
opening, the first organolithium intermediate VI suffers a
rapid second lithiation (even in the presence of the
electrophile: Barbier type reaction conditions) to give
the dilithium compound VII, which can survive under the
essayed conditions until the addition of the electrophile, so
giving the corresponding dialkoxide VIII, precursor of the
obtained products 8

e Qs QR
OLi
OLi
OO CO NS

Vil

In order to avoid the mentioned second lithiation we used
the less active stoichiometric version of the arene-promoted
lithiation.'® Thus, treatment of the starting material 7 with a
THEF solution of lithium naphthalene (1:2.2 molar ratio) in

R2

Different attempts to perform a second lithiation of
intermediate IX under catalytic conditions failed, so in
contrast to the results shown in Scheme 4 for the starting
material 1 we were not able to introduce two different
electrophiles at both benzylic positions (through an
intermediate of type X). For this reason we decide to
investigate for the first time, the behaviour of the
corresponding oxygen containing dinaphtho derivative 10
in an arene-promoted lithiation with concomitant ring
opening.

Actually, we found a similar behaviour starting from
compound 10 than from its sulphur analogue 7 (see
Schemes 6 and 7). Thus, using the DTBB-catalysed
lithiation (Scheme 6), as for compound 7, and using water

0 O e
OH
99 T w

R2
7 9

Scheme 7. Reagents and conditions: (i) LiC;oHg (2.2 equiv), THF,
—78°C; (ii) R'R*CO=Me,CO, Et,CO, (CH,),CO, (CH,)sCO, —78 °C;
(iii) HCI-H,0, —78 °C to 1t.
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Table 4. Preparation of compounds 9 and 12

F. Foubelo et al. / Tetrahedron 61 (2005) 9082-9096

Entry Starting material Electrophile E Product®
No. R' R? Yield (%)°

1 7 Me,CO 9a Me Me 64
2 7 Et,CO 9b Et Et 56
3 7 (CH,),CO 9c (CHy)4 53
4 7 (CH,)sCO 9d (CHp)s 36
5 10 H,O 12a (X=H) — — 81
6 10 D,O 12b (X=D) — — 68°
7 10 ‘BuCHO 12¢ (X="BuCHOH) — — 48¢
8 10 Me,CO 12d (X =Me,COH) — 38
9 10 Et,CO 12e (X=Et,COH) — — 51
10 10 (CH,)sCO 12f [X=(CH,)sCOH] — — 48

 All products 9 and 12 were >95% pure (GLC and/or 300 MHz '"H NMR).

® Isolated yield after column chromatography (silica %el, hexane/ethyl acetate) based on the starting material 7 or 10.
i

¢ A ca. 70% deuterium incorporation was obtained ("°C NMR).

4 A ca. 1:1 diastereomeric mixture was obtained and separated by column chromatography (silica gel, hexane/ethyl acetate).

or acetone as electrophiles, compounds 11 and 8a were,
respectively, isolated (Scheme 8 and Table 3, entries 5 and
6). In addition, using the stoichiometric version of the
naphthalene-promoted lithiation (Scheme 7), and using
different electrophiles [E=H,0, D,0, ‘BuCHO, Me,CO,
Et,CO, (CH,)sCO] under the same reaction conditions than
for compound 9, the expected compounds 12 were isolated
(Scheme 8 and Table 4, entries 5-10).

Whereas possible intermediates involved in Scheme 8
would be successively XI, VII, X and VIII for compounds
8a, for compound 12 intermediates XI and XII (for
E=R'R?CO) are probably involved in their preparation.

SO
OLi
T

R2
XI Xl

Starting materials 7 and 10 were prepared in ca. 40% overall
yield from commercially available 1-bromo-2-methyl-
naphthalene (13) following the reaction sequence: (i)
homocoupling of its corresponding Grignard reagent in
the presence of a catalytic amount of (PPh3),NiCl, to give
compound 11;" (i1) treatment with N-bromosuccinimide in
the presence of AIBN to give 2,2'-bis(bromomethyl)-1,1’-
binaphthyl (16);18 (iii) reaction of the dibromo derivative
with sodium sulphide in DMF,'? or 5 M NaOH in dioxane in
the presence of 2,6-lutidine,'® to yield compound 7 or 10,
respectively, (Scheme 9).

In the last part of this work, we study the use of chiral

LI o
99k

12

iv,v,iii

10

starting materials 7 and 10 in order to prepare chiral
products of type 8, 9, 11 and 12. Scheme 9 summarizes the
preparation of those heterocycles: commercially available
(R)- or (S)-binaphthol 14 (>99% ee) was treated with triflic
anhydride and pyridine in CH,Cl, at —78 °C to yield the
corresponding bistriflate 15, which was then coupled with
methylmagnesium bromide in the presence of a catalytic
amount of (PPh;3),NiCl, under ether reflux to yield the
corresponding chiral dimethyl derivative 11.%° After double
radical bromination with NBS catalyzed by AIBN in CCl, at
80 °C to give the dibromoderivative 16, it was transformed
into the final compounds 7 and 10 as it was above mentioned
for the corresponding achiral systems. Alternatively,
compound 10 can be prepared from the dibromo compound
16 by first acetate nucleophilic substitution under PTC
reaction conditions to give the diacetate 17, followed by
basic hydrolysis to afford the diol 18 and final cyclisation
through a g-toluenesulphonic acid-promoted azeotropic
dehydration ! (Scheme 9).

Once chiral compound (R)-7 and (S5)-7 or (R)-10 and (S5)-10
were prepared, they were submitted to the same protocol
used for their racemic mixtures as shown in Schemes 6 and
8. Thus, the expected compounds 8, 11 and 12 were isolated
in high optical purity, the same than the starting materials,
so no racemisation occurred during the whole process of the
tandem lithiation-Sg reaction. Optical purities of com-
pounds 7 and 10 were assigned on the basis of the starting
commercially available (R)- and (S)-1,1’-bi-2-naphthols
(Aldrich, 99% ee). In order to confirm the optical purity of
the reaction products, compounds (S)-12a and (S)-12f were
analysed by HPLC with a Daicel Chiralpack AS column,
along with racemic 12a and 12f. In both cases a 98% ee was
obtained (A=254 nm, n-hexane/2-propanol, 1.0 mL/min;
12a ¢,=7.73 and 10.00 min; 12f #,.=25.70 and 29.69 min).

L
99

8a,11 (X = H)

O

Scheme 8. Reagents and conditions: (i) Li, DTBB (10 mol %), THF, —78 °C; (ii) E=H,0, Me,CO, — 78 °C; (iii) H,O, —78 °C to rt; (iv) LiC,oHg (2.2 equiv),
THF, —78 °C; (v) E=H,0, D,0, '‘BuCHO, Me,CO, Et,CO, (CH,)sCO, —78 °C.
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Scheme 9. Reagents and conditions: (i) Mg, Et;O-PhH (1/1), 20 °C, 5 h; (ii) 13, (Ph3P),NiCl, (cat.), 40 °C, 15 h;(iii) (CF3S0,),0, pyridine, CH,Cl,, —78 °C
to rt; (iv) MeMgBr (2.2 equiv), (Ph3P),NiCl, (cat.), Et,0, 0 °C to reflux; (v) NBS (2.5 equiv), AIBN (cat.), CCly, 80 °C; (vi) Na,S - 9H,0, DMF, reflux (for Y =
S) or 5 M NaOH, 2,6-lutidine, 80 °C (for Y =0); (vii) KOAc, TBAB, DMF, 80 °C; (viii) 5 M NaOH, dioxane, 100 °C; (ix) TsOH (cat.), PhH, 80 °C.

In order to select representative examples, we chose the
starting materials (R)-7 or (S)-7 for preparing chiral products 8
and 11 (see Scheme 6; see also Scheme 8 for the structure of
compound 11) and (R)-10 or (5)-10 for achieving compounds
12 (see Scheme 8). The results were consistent and are
summarised in Table 5. For the case of using the starting

Table 5. Preparation of chiral compounds 8, 11 and 12

molecule ($)-10 and pivalaldehyde as electrophile a ca. 1:1
mixture of diastereomers was obtained, both of them being
separated and purified by column chromatography and
analysed (Table 5, entry 9 and footnote c). However, we are
not able to assign the absolute configuration of the newly
created stereocentre at both alcohol moieties.

Entry Starting material Electrophile E Product”
No. [aIB, ¢ (solvent) Yield (%)

1 (R)-7 H,O (R)-11° —22.0, 0.37 (CH,Cl,) 91
2 (8)-7 H,0 ($)-11° +21.2, 0.74 (CH,ClL,) 85
3 (R)-7 Et,CO (R)-8b —82.9, 1.38 (CH,Cl,) 39
4 (8)-7 Et,CO (5)-8b +83.7, 1.40 (CH,Cl,) 42
5 (R)-7 (CH,)sCO (R)-8d —2.1, 1.51 (CH,Cl,) 38
6 (5)-7 (CH,)sCO (5)-8d +2.2, 1.69 (CH,Cly) 40
7 (R)-10 H,O ($)-12a¢ —5.5, 1.00 (CHCl;) 80
8 ($)-10 H,O (R)-12a° +5.8, 1.00 (CHCl3) 78
9 (5)-10 ‘BuCHO (R)-12¢° —43.1, 1.65 (CH,Cl,) 13¢

—113.0, 1.40 (CH,Cl,) 11°
10 (R)-10 Et,CO (8)-12¢° +81.5, 1.00 (CHxCl,) 46
11 (5)-10 Et,CO (R)-12¢° —79.5, 0.76 (CH,Cl,) 28
12 (R)-10 (CH,)sCO (8)-12£° +70.0, 0.80 (CH,Cl,) 49
13 (5)-10 (CH,)sCO R)-12£¢ —76.0, 0.91 (CH,Cl,) 46

* All products 8, 11 and 12 were>95% pure (GLC and/or 300 MHz 'H NMR).

® Isolated yield after column chromatography (silica gel, hexane/ethyl acetate) based on the starting material 7 or 10.

¢ For structure of compound 11, see Scheme 8.
4 For the meaning of X see Table 4.

¢ Both diastereomers were isolated and purified by column chromatography (silica gel, hexane/ethyl acetate). We do not know the absolute configuration of the

newly created stereocentres at both alcohol moieties.
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3. Conclusion

In conclusion, we have described here the use of
dihydrodibenzo- or dihydrodinaphthothiepine as starting
materials for the reductive ring opening using an arene-
promoted lithiation, so either functionalised organolithium
compounds or dilithium intermediates are generated, which
by reaction with electrophiles give polyfuncionalised
biphenyls or binaphthyls. In the second case, the oxygenated
analogue has also been studied in order to compare both
systems. The lithiation can be directed in the case of the
binaphtyl derivatives using either the stoichiometric or the
catalytic version of the arene-promoted lithiation. For
binaphthyl products, the chiral version of the reaction is
also studied, so chiral functionalised biaryl compounds are
prepared without observing any racemisation during the
tandem process lithiation-Sg reaction. Finally, the reductive
opening of the binaphthyl derivatives takes place under
milder reaction conditions than in the case of the
corresponding biphenyl derivative. We think that this is
due to the lower energy of LUMO’s of naphthyl derivatives,
so electron transfer from the reducing reagent to the
substrates takes place easier.°™*

4. Experimental
4.1. General

All reactions were carried out under an atmosphere of argon
in oven-dried glassware. All reagents were commercially
available (Acros, Aldrich) and were used without further
purification. Commercially available anhydrous THF
(99.9%, water content <0.006%, Acros) was used as solvent
in all the lithiation reactions. IR spectra were measured
(film) with a Nicolet Impact 400 D-FT Spectrometer. NMR
spectra were recorded with a Bruker AC-300 or a Bruker
ADVANCE DRX-500 using CDClj; as the solvent. LRMS
and HRMS were measured with Shimadzu GC/HS QP-5000
and Finingan MATO95 S spectrometers, respectively. The
purity of volatile products and the chromatographic
analyses (GLC) were determined with a flame ionisation
detector and a 12m capillary column (0.2 mm diam.,
0.33 um film thickness), using nitrogen (2 mL/min) as
carrier gas, Tinjeclor=275 OC, Tdeteclor=300 OC, Tcolumn=
60 °C (3 min) and 60-270°C (15 °C/min), P=40 kPa.
HPLC analyses were performed on a Shimadzu LC-10
AD equipped with a chiral column (detailed in the main
text), by using mixtures of n-hexane/2-propanol as mobile
phase, at 25 °C. Specific rotations were determined with a
PerkinElmer 341 digital polarimeter.

4.2. Preparation of 5,7-dihydrodibenzo|c,e]thiepine (1),
4,5-dihydro-3H-dinaphtho[2,1-c:1',2'-e]thiepine (7) and
4,5-dihydro-3H-dinaphtho[2,1-c:1',2'-e]oxepine (10)

Isolation of compound 1. A mixture of 2,2'-bis(bromo-
methyl)biphenyl (3.4 g, 10 mmol) and sodium sulphide
nonahydrate (3.6 g, 15 mmol) in DMF (mL) was stirred at
100 °C for 1 h. After that the reaction mixture was allowed
to cool down to room temperature, hydrolysed with water
(20 mL), extracted with ethyl acetate (3 X40 mL) and the
organic layer was dried over anhydrous sodium sulphate and

evaporated (15 Torr). The resulting residue was then
recrystallised (hexane) to yield pure compound 1 (2.0 g,
94% yield). Physical and spectroscopic data follow.

4.2.1. 5,7-Dihydrodibenzo[c,e]thiepine (1). Pale yellow
solid; mp 95-96 °C (hexane) (lit. mp 89-90 °C);** R; 0.63
(hexane/ethyl acetate: 10:1); » (KBr) 3050, 3025 cm ™!
(ArH); 6y 3.27 (2H, d, J=12.2 Hz, 2X CHH), 3.46 (2H, d,
J=12.2 Hz, 2XCHH), 7.26-7.39 (8H, m, ArH); 6c 31.3
(CH,), 127.7, 128.3, 128.4, 128.5, 135.6, 140.5 (ArC); m/z
212 (M7, 100%), 211 (28), 197 (19), 184 (21), 179 (67),
178 (53), 166 (37), 165 (61), 152 (15), 89 (26), 76 (20), 63
(13), 51 (10).

Isolation of compounds 7. General procedure. A mixture of
2,2/-bis(bromomethyl)-1,1’-binaphthyl (16) (2.20 g,
5.0 mmol) [easily prepared from 1-bromo-2-methyl-
bynaphthalene (13)'”'® for racemic 7 or from (R)- or (S)-
binaphthol (14)*° in the case of enantiomerically pure
derivatives 7] and sodium sulphide nonahydrate (3.55 g,
15.0 mmol) in DMF (20 mL) was stirred at 100 °C for 1 h.
After that, the reaction mixture was allowed to cool down to
room temperature, hydrolysed with water (200 mL),
extracted with ethyl acetate (3 X200 mL) and the organic
layer was dried over anhydrous sodium sulphate and
evaporated (15 Torr). The resulting residue was then
recrystallised (acetone) to yield pure compounds 7
[1.28 g, 82% yield in the case of (£)-7]. Physical and
spectroscopic data follow.

4.2.2. (+)-4,5-Dihydro-3H-dinaphtho[2,1-c:1',2/-e]thie-
pine (7). Brown solid; mp 210-212 °C (hexane) (lit. mp
216-218 °C);'? R; 0.83 (hexane/ethyl acetate: 2:1); v (KBr):
3049, 3008 cm ™! (ArH); 6y 3.41 (4H, s, 2XCHy), 7.23—
7.30 (4H, m, ArH), 7.41-7.46 (2H, m, ArH), 7.93 (2H, dd,
J=8.4, 3.6 Hz, ArH); 6c 31.9 (CH,), 125.1, 125.7, 126.1,
126.4, 127.8, 128.9, 131.2, 132.5, 133.2, 133.4 (ArC); m/z
312 (M ™, 100), 297 (15), 279 (79), 278 (27), 277 (37), 276
(43), 266 (49), 265 (50), 264 (24), 263 (39), 148 (21), 139
(26), 138 (82), 133 (32), 131 (85), 126 (17), 125 (25), 119
(20).

4.2.3. (R)-4,5-Dihydro-3H-dinaphtho[2,1-c:1',2'-¢]thie-
pine [(R)-7]. Physical and spectroscopic data were found
to be the same than for 7. [a]y —259.2 (¢ 1.00, CH,Cl,)
{lit. [a]F —276 (¢ 1.02, CHCl5)}."?

4.2.4. (S)-4,5-Dihydro-3H-dinaphtho[2,1-c:1',2'-¢]thie-
pine [(S)-7]. Physical and spectroscopic data were found
to be the same than for 7. [a]d +258.4 (¢ 1.00, CH,Cl,)
{lit. [a]3 +279 (¢ 0.20, CHCl5)}."?

Isolation of compounds 10. Preparation from 2,2'-
bis(bromomethyl)-1,1'-binaphthyl 16. General procedure.
To a 5M aqueous NaOH solution (50 mL) was added a
solution of 2,2'-bis(bromomethyl)-1,1’-binaphthyl (16)
(0.95 g, 2.24 mmol) in dioxane (5 mL). The resulting
mixture was stirred at 80 °C for 15 h. After that the reaction
mixture was allowed to cool down to room temperature,
hydrolysed with 3M HCI (90 mL), extracted with ethyl
acetate (3X40 mL) and the organic layer was dried over
anhydrous sodium sulphate and evaporated (15 Torr). The
resulting residue was then purified by column chromatography
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(silica gel, hexane/ethyl acetane, 20:1) to yield pure
compounds 10 [0.695 g, 78% yield in the case of (£)-10].

Preparation from 2,2'-bis(hydroxymethyl)-1,1'-binaphthyl
(18). General procedure. A mixture of 2,2'-bis(hydroxy-
methyl)-1,1’-binaphthyl (0.95 g, 3.0 mmol) [easily Prepared
from  2,2’-bis(bromomethyl)-1,1’-binaphthyl*']  and
p-toluenesulphonic acid (0.095 g, 0.5 mmol) in benzene
(40 mL) was stirred at 80 °C for 48 h. After that the reaction
mixture was allowed to cool down to room temperature and
washed with a sodium carbonate saturated aqueous solution
(30 mL). Then, the organic layer was dried over anhydrous
sodium sulphate and evaporated (15 Torr). The resulting
residue was then purified by column chromatography (silica
gel, hexane/ethyl acetate: 20:1) to yield pure compounds 10
[0.49 g, 55% yield in the case of (&£)-10]. Physical and
spectroscopic data follow.

4.2.5. (+)-4,5-Dihydro-3H-dinaphtho[2,1-c:1,2’-¢]oxe-
pine (10). White solid; mp 179-181 °C (hexane/dichloro-
methane) (lit. mp 188-188.5 °C);*' R; 0.69 (hexane/ethyl
acetate: 2:1); v (KBr) 3042 cm ! (ArH); 65 4.18 2H, d, J=
11.3 Hz, 2 X CHHO), 4.63 (2H, d, J=11.3 Hz, 2X CHHO),
7.24-7.31 (2H, m, ArH), 7.46-7.54 (4H, m, ArH), 7.61 (2H,
d, J=8.3 Hz, ArH), 7.98 (4H, dd, /J=9.4, 8.6 Hz, ArH); 6.
67.4 (CH,), 125.9, 126.0, 127.3, 127.6, 128.3, 129.1, 131.1,
133.5, 133.6, 135.4 (ArC); m/z 296 (M™, 100), 293 (11),
282 (11), 281 (30), 279 (22), 278 (28), 277 (70), 268 (20),
267 (40), 266 (36), 253 (54), 252 (67), 239 (37), 133 (33),
132 (48), 131 (27), 126 (37), 120 (30), 115 (33).

4.2.6. (R)-4,5-Dihydro-3H-dinaphtho[2,1-c:1’,2-e]oxe-
pine [(R)-10]. Physical and spectroscopic data were found
to be the same than for 10. []& —432.8 (¢ 1.00, CH,CL,).

4.2.7. (S)-4,5-Dihydro-3H-dinaphtho[2,1-c:1’,2'-e]oxe-
pine [(S)-10]. Physical and spectroscopic data were found
to be the same than for 10. [a]3 +428.3 (¢ 1.00, CH,Cl,)
{lit. [«]® +687 (c 1.4, benzene)}.?!

4.3. Reductive lithiation of 5,7-dihydrodibenzo[c,e]-
thiepine (1) and reaction with electrophiles. Preparation
of compounds 2

Isolation of compounds 2. General procedure. To a cooled
(—78°C) blue suspension of lithium powder (105 mg,
15.0 mmol) and a catalytic amount of DTBB (26 mg,
0.1 mmol) in THF (3 mL) was added dropwise a solution of
compound 1 (212 mg, 1.0 mmol) in THF (1 mL) under
argon and the mixture was stirred at the same temperature
for 30 min. Then the corresponding electrophile was added
dropwise (1.1 mmol) and after 5 min it was hydrolysed
carefully with 3 N HCI (5 mL). The resulting mixture was
allowed to reach room temperature, extracted with ethyl
acetate (3X 15 mL) and the organic layer was dried over
anhydrous sodium sulphate and evaporated (15 Torr). The
residue was then purified by column chromatography (silica
gel, hexane/ethyl acetate) to yield pure compounds 2. Yields
are given in Table 1, physical, analytical and spectroscopic
data follow.

4.3.1. 2-(2-Hydroxy-3,3-dimethylbutyl)-2’-sulphanyl-
methylbiphenyl (2a). Diastereomeric mixture: colourless

oil; R; 0.58 (hexane/ethyl acetate: 4:1); » (KBr) 3310-3680
(OH), 3059, 3019 (ArH), 2575 cm ' (SH); 6y 0.67 [9H, s,
(CH3)5C], 0.69 [9H, s, (CH3)5C], 1.40-1.72 [4H, m, 2X
(OH, SH)], 2.25-2.32 (2H, m, ArCH,CHOH), 2.66 (1H, d,
J=13.6 Hz, ArCHHCHOH), 2.87 (1H, d, J=13.6 Hz,
ArCHHCHOH), 3.12-3.17 (2H, m, 2 X CHOH), 3.42-3.63
(4H, m, 2 X CH,SH), 7.10-7.45 (16H, m, 2 X ArH); oc 25.3
[(CH3)5C], 25.35 [(CH;)3C], 26.3 (CH,SH), 34.6
[(CH;3);C], 34.65 [(CH3)3C], 35.5 (ArCH,CHOH), 35.7
(ArCH,CHOH), 79.1 (CHOH), 79.4 (CHOH), 126.0, 126.2,
126.6, 126.7, 127.6, 127.7, 128.0, 128.9, 129.2, 130.1,
130.15, 130.2, 130.35, 130.4, 130.5, 137.8, 138.6, 138.8,
139.9, 140.2 (ArC); m/z 282 (M —H,0, 2%), 215 (10),
214 (68), 191 (20), 181 (90), 180 (100), 179 (79), 178 (38),
166 (29), 165 (55), 87 (17), 69 (18), 57 (48); HRMS: M ™ —
H,0, found 282.1440. C9H,,S requires 282.1442.

4.3.2. 2-(2-Hydroxy-4-phenylbutyl)-2’-sulphanylmethyl-
biphenyl (2b). Diastereomeric mixture: colourless oil; Ry
0.39 (hexane/ethyl acetate: 4:1); v (KBr) 3290-3650 (OH),
3060, 3025 (ArH), 2610 cm ' (SH); 6y 1.44-1.63 [8H, m,
2X(OH, SH), 2XCHCH,CH,], 2.43-2.80 (8H, m, 2X
ArCH,, 2XPhCH;), 3.39-3.65 (6H, m, 2XCHOH, 2X
CH,SH), 7.03-7.47 (26H, m, 2XPh, 2XArH); 6c 26.3,
31.7, 38.2, 38.4, 41.4, 41.5 (CH,), 70.6, 71.1 (CHOH),
125.6, 126.2, 126.3, 126.7, 126.8, 127.7, 127.8, 128.0,
128.2, 128.3, 128.35, 129.0, 129.15, 130.0, 130.1, 130.2,
130.3, 136.4, 136.5, 138.7, 139.8, 140.35, 140.4, 141.7
(ArC); m/z 330 M —H,0, 6%), 214 (40), 182 (25), 181
(33), 180 (68), 179 (37), 178 (34), 166 (18), 165 (44), 105
(27), 91 (100), 77 (15), 44 (22); HRMS: M —H,0, found
330.1139. Cp3H2,S requires 330.1442.

4.3.3. 2-(2-Hydroxy-2-phenylethyl)-2’-sulphanylmethyl-
biphenyl (2¢). Diastereomeric mixture: colourless oil; Ry
0.43 (hexane/ethyl acetate: 4:1); v (KBr) 3300-3645 (OH),
3055, 3022 (ArH), 2590 cm ' (SH); oy 1.52-2.07 [4H, m,
2X(OH, SH)], 2.69-2.74 (3H, m, ArCH,CH, ArCHHCH),
2.97 (1H, dd, J=13.9, 4.6 Hz, ArCHHCH), 3.36-3.57 (4H,
m, 2XCH,SH), 4.63-4.75 (2H, m, CHOH), 6.90-7.45
(26H, m, 2 X Ph, 2 X ArH); 6c 26.3, 26.4, 43.4, 43.6 (CH,),
73.9, 74.4 (CHOH), 125.3, 125.5, 126.3, 126.5, 126.7,
127.2, 127.3, 127.7, 127.75, 128.0, 128.05, 128.2, 128.9,
129.2, 130.1, 130.2, 130.3, 130.6, 136.0, 136.1, 138.7,
138.9, 139.8, 140.3, 140.45, 143.9, 144.0 (ArC); m/z 302
M™' —H,0, 11%), 214 (86), 198 (22), 182 (11), 181 (75),
180 (100), 179 (86), 178 (53), 167 (18), 166 (26), 165 (80),
152 (17), 107 (80), 105 (70), 91 (47), 79 (84), 77 (93), 51
(32); HRMS: M —H,0, found 302.1123. C,,H,S requires
302.1129.

4.3.4. 2-(2-Hydroxy-2-methylpropyl)-2’-sulphanyl-
methylbiphenyl (2d). Colourless oil; Ry 0.33 (hexane/
ethyl acetate: 4:1); » (KBr) 3280-3675 (OH), 3058, 3020
(ArH), 2545 cm ' (SH); 6y 0.98 (3H, s, CH3), 1.04 (3H, s,
CH3), 1.35-1.61 (2H, m, OH, SH), 2.54 (1H, d, /=13.4 Hz,
CHHCOH), 2.75 (1H, d, J=13.4 Hz, CHHCOH), 3.42-3.55
(2H, m, CH,SH), 7.13-7.47 (8H, m, ArH); 6c 26.4, 29.2
(CHy), 29.8, 45.5 (CH,), 71.5 (COH), 126.3, 126.6, 127.3,
127.8, 128.9, 130.4, 130.7, 131.0, 135.8, 138.9, 140.4, 140.8
(ArC); m/z 254 M —H,0, 1%), 215 (11), 214 (64), 181
(65), 180 (83), 179 (67), 178 (35), 167 (11), 166 (28), 165
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(65), 152 (12), 59 (100); HRMS: M* —H,0, found
254.1126. C7H ¢S requires 254.1129.

4.3.5. 2-(2-Hydroxy-2-pentylheptyl)-2’-sulphanylmethyl-
biphenyl (2e). Colourless oil; R; 0.65 (hexane/ethyl acetate:
4:1); v (KBr) 3290-3650 (OH), 3058, 3020 (ArH),
2570 cm ™' (SH); 6y 0.81-0.86 (6H, m, 2X CH3), 1.08—
1.29 (17H, m, OH, 8 XCH,), 1.61 (1H, t, J=7.7 Hz, SH),
2.53 (1H, d, J=13.7Hz, CHHCOH), 2.73 (1H, d, J=
13.7 Hz, CHHCOH), 3.40-3.53 (2H, m, CH,SH), 7.14-7.47
(8H, m, ArH); oc 13.9 (CHy), 22.5, 22.55, 22.9, 23.1, 26 .4,
32.2, 32.3, 38.8, 39.3, 41.7 (CH,), 74.9 (COH), 126.2,
126.7, 127.3, 127.8, 128.9, 130.3, 130.7, 131.2, 135.6,
138.9, 140.5, 141.1 (ArC); m/z 366 M —H,0, 2%), 215
(11), 214 (70), 191 (11), 181 (46), 180 (82), 179 (52), 178
(28), 167 (10), 166 (12), 165 (27), 97 (15), 83 (33), 71 (18),
69 (29), 57 (23), 55 (68), 43 (100); HRMS: M —H,0,
found 366.2377. C,5H34S requires 366.2381.

4.3.6. 2-(1-Hydroxycyclohexylmethyl)-2'-sulphanyl-
methylbiphenyl (2f). Colourless oil; R; 0.48 (hexane/ethyl
acetate: 4:1); v (KBr) 3275-3630 (OH), 3055, 3017 (ArH),
2610 cm ™' (SH); 6y 1.05-1.49 (11H, m, OH, 5XCH,),
1.60 (1H, t, J=7.7Hz, SH), 2.53 (1H, d, J=13.7 Hz,
CHHCOH), 2.73 (1H, d, J=13.7 Hz, CHHCOH), 3.36-3.50
(2H, m, CH,SH), 7.14-7.48 (8H, m, ArH); 6c 21.8, 21.9,
26.5, 26.4, 37.4, 37.8, 45.1 (CH,), 72.0 (COH), 126.3,
126.7, 127.1, 127.2, 1279, 130.4, 130.8, 131.4, 135.3,
138.9, 140.6, 141.05 (ArC); m/z 294 M —H,0, 3%), 260
(10), 215 (13), 214 (59), 182 (14), 181 (69), 180 (100), 179
(74), 178 (48), 167 (16), 166 (20), 165 (57), 99 (87), 83 (33),
81 (79), 79 (15), 57 (12), 55 (43), 43 (38); HRMS: M+ —
H,O, found 294.1441. C,0H,,S requires 294.1442.

4.3.7. 2-(1-Hydroxycyclooctylmethyl)-2'-sulphanyl-
methylbiphenyl (2g). Colourless oil; Ry 0.49 (hexane/
ethyl acetate: 4:1); v (KBr) 3290-3660 (OH), 3059, 3019
(ArH), 2550 cm ™! (SH); 6y 1.22-1.55 (15H, m, OH, 7 X
CH,), 1.62 (1H, t, J=7.8 Hz, SH), 2.56 (1H, d, J=13.6 Hz,
CHHCOH), 2.72 (1H, d, J=13.6 Hz, CHHCOH), 3.42-3.55
(2H, m, CH,SH), 7.14-7.86 (8H, m, ArH); oc 21.9, 22.2,
24.8, 26.4, 27.7, 28.2, 36.0, 36.2, 43.5 (CH,), 75.6 (COH),
126.1, 126.6, 127.2, 127.8, 128.9, 130.3, 130.8, 131.4,
135.6,139.0, 140.5, 141.1 (ArC); m/z 322 M —H,0, 5%),
215 (14), 214 (50), 197 (11), 192 (10), 191 (12), 182 (13),
181 (57), 180 (100), 179 (95), 178 (67), 166 (25), 165 (64),
127 (52), 109 (32), 83 (11), 81 (18), 69 (27), 67 (70), 57
(19), 55 (82), 43 (42); HRMS: M+ —H,0, found 322.1754.
Ca,Hogs requires 322.1755.

4.3.8. (1R,25,5R)-2-[(1-Hydroxy-2-isopropyl-5-methyl-
cyclohexyl)methyl]-2’-sulphanylmethylbiphenyl (2h).
Diastereomeric mixture: colourless oil; Ry 0.71 (hexane/
ethyl acetate: 4:1); » (KBr) 3310-3620 (OH), 3058, 3018
(ArH), 2565 cm ™" (SH); 6y 0.54-0.92 (10H, m, CH, 3 X
CHs), 1.23-1.67 (8H, m, OH, SH, 3 X CH,), 1.94-2.00 (1H,
m, CH), 2.02-2.11 (1H, m, CH), 2.25 (1H, d, /J=13.4 Hz,
CHHCOH), 2.51 (1H, d, J=13.6 Hz, CHHCOH), 3.00 (1H,
d, J=13.4Hz, CHHCOH), 3.21 (1H, d, J=13.6 Hz,
CHHCOH), 3.40-3.52 (2H, m, CH,SH), 7.11-7.47 (8H,
m, ArH); 6c 17.7, 17.8 (CH3), 20.65, 20.7 (CH,), 22.3, 22.4
(CHjy), 23.5, 23.6 (CH3), 25.8 (CH,), 26.4, 26.5, 27.5 (CH),
34.8, 34.9, 424, 46.9, 47.0 (CH,), 49.5, 50.1 (CH), 75.5

(COH), 126.0, 126.2, 126.5, 126.8, 127.15, 127.2, 127.8,
127.9, 128.0, 128.9, 129.0, 130.3, 130.4, 130.8, 130.9,
131.3, 131.6, 135.6, 136.1, 139.2, 140.6, 141.2, 141.25
(ArC); m/z 350 M+ —H,0, 1%), 215 (16), 214 (99), 181
(52), 180 (90), 179 (47), 178 (24), 166 (15), 165 (33), 155
(50), 137 (35), 95 (40), 81 (100), 69 (40), 67 (14), 57 (14),
55 (48), 43 (59); HRMS: M —H,0, found 350.2063.
C,4H30S requires 350.2066.

4.4. Sequential double lithiation of 5,7-dihydrodibenzo-
[c,e]thiepine (1) and reaction with electrophiles

Isolation of compounds 4. General procedure. To a cooled
(=78 °C) blue suspension of lithium powder (105 mg,
15.0 mmol) and a catalytic amount of DTBB (26 mg,
0.1 mmol) in THF (3 mL) was added dropwise a solution of
compound 1 (212 mg, 1.0 mmol) in THF (1 mL) under
argon and the mixture was stirred at the same temperature
for 30 min. Then the corresponding electrophile was added
dropwise (1.1 mmol) and after 5 min at —78 °C the cold
bath was removed and the reaction mixture was allowed to
react at 20 °C for 30 min. Then the reaction mixture was
cooled down to —78°C and a second electrophile
(1.1 mmol) was added dropwise. After 5 min at this
temperature, the reaction mixture was hydrolysed with
water (4 mL), extracted with ethyl acetate (3 X 10 mL) once
at 20 °C, dried over anhydrous Na,SO, and evaporated
(15 Torr). The residue was purified by column chromato-
graphy (silica gel, hexane/ethyl acetate) to yield pure
products 4. Yields are given in Table 2, physical, analytical
and spectroscopic data follow.

4.4.1. 2,2'-Bis-(2-hydroxy-2-methylpropyl)biphenyl (4a).
Colourless oil; Ry 0.13 (hexane/ethyl acetate: 4:1); v (KBr)
3220-3640 (OH), 3059, 3020 cm ' (ArH); 6y 0.96 (3H, s,
CHs), 1.05 (3H, s, CHj3), 2.42 (2H, d, /J=13.4Hz, 2X
CHHCOH), 2.49 (2H, br s, 2XOH), 2.89 (2H, d, J=
13.4 Hz, 2 X CHHCOH), 7.06-7.38 (8H, m, ArH); 6c 31.1,
32.4 (CHjy), 46.1, 46.4 (CH,), 71.8 (COH), 126.4, 126.9,
131.0, 131.5, 135.4, 141.5 (ArC); m/z 262 (M™ —2H,0,
7%), 207 (57), 182 (17), 179 (49), 174 (54), 172 (25), 165
(15), 114 (27), 98 (27), 81 (19), 64 (18), 58 (42), 43 (47), 40
(100); HRMS: M1 —2H,0, found 262.1714. C,yoHa»,
requires 262.1722.

4.4.2. 2-Ethoxycarbonylmethyl-2'-(2-hydroxy-2-methyl-
propyl)biphenyl (4b). Colourless oil; R¢ 0.17 (hexane/ethyl
acetate: 4:1); v (KBr) 3300-3690 (OH), 3059, 3020 (ArH),
1743 cm ™' (C=0); 6y 0.91 (3H, s, CH3), 0.96 (3H, s,
CHs), 1.08 (3H, t, /J=6.7 Hz, CH3CH,), 2.30 (1H, br s, OH),
245 (1H, d, J=13.4 Hz, CHHCOH), 2.67 (2H, d, J=
13.4 Hz, CHHCOH), 3.30 (2H, s, CH,CO,), 3.95 (2H, q,
J=6.7 Hz, CH,0), 7.04-7.38 (8H, m, ArH); ic 14.0, 29.3,
29.8 (CHj3), 38.7, 45.2 (CH,), 60.6 (CH,0), 71.45 (COH),
126.2, 126.7, 127.2, 127.4, 129.9, 130.6, 130.7, 130.9,
132.5, 135.8, 141.1, 141.6 (ArC), 171.6 (C=0); m/z 294
M™' —H,0, 6%), 254 (37), 208 (40), 181 (31), 180 (65),
179 (70), 178 (38), 166 (29), 165 (56), 59 (100), 43 (44);
HRMS: Mt —H,0, found 294.1586. C;,H;,0 requires
294.1620.

4.4.3. 2-(1-Hydroxycyclohexylmethyl)-2'-(2-hydroxy-2-
methylpropyl)biphenyl (4¢). Colourless oil; Ry 0.11
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(hexane/ethyl acetate: 4:1); v (KBr) 3250-3680 (OH), 3055,
3018 cm ™! (ArH); 6y 0.80 (3H, s, CH3), 0.96 (3H, s, CH3),
0.98-1.46 (12H, m, 2XOH, 5XCH,), 2.46-2.62 (4H, m,
2XCH,), 7.10-7.34 (8H, m, ArH); oc 21.7, 21.9 (CHy),
25.5, 29.2, 29.8, 37.2, 37.9, 45.0, 45.5 (CH,), 71.5, 72.0
(COH), 126.2, 126.4, 126.9, 127.0, 127.6, 130.6, 131.0,
131.3, 135.1, 135.7, 142.3, 142.35 (ArC); m/z 302 (M —
2H,0, 7%), 262 (21), 222 (46), 208 (13), 207 (76), 193 (12),
191 (19), 182 (77), 181 (31), 180 (27), 179 (99), 178 (41),
167 (27), 166 (23), 165 (41), 157 (21), 99 (100), 81 (70), 59
(76), 55 (36), 43 (50); HRMS: M* —2H,0, found
302.2039. Cy3H,6 requires 302.2035.

4.4.4. 2-(1-Hydroxycyclohexylmethyl)-2'-(2-hydroxy-2-
ethylbutyl)biphenyl (4d). Colourless oil; R; 0.23 (hexane/
ethyl acetate: 4:1); v (KBr) 3360-3540, 3550-3640 (OH),
3056, 3019 cm ™~ ' (ArH); 6y 0.40 (3H, t, J=7.3 Hz, CHs),
0.65 (3H, t, J=8.0 Hz, CH3), 0.89-1.63 (16H, m, 2 X OH,
7XCHy), 2.47-2.59 (4H, m, 2XCH,), 7.12-7.34 (8H, m,
ArH); 6c 7.4, 7.8 (CH3), 21.7, 21.9, 25.5, 30.3, 31.0, 37.2,
37.9, 40.7 (CH,), 72.0, 75.25 (COH), 126.3, 126.5, 126.9,
130.9, 131.0, 131.15, 131.2, 131.25, 135.2, 1354, 1424,
142.6 (ArC); m/z 330 (M —2H,0, 21%), 262 (29), 259
(19), 250 (18), 247 (15), 221 (22), 219 (15), 205 (19), 203
(14), 193 (16), 192 (20), 191 (82), 182 (40), 181 (37), 180
(27), 179 (99), 178 (48), 166 (19), 165 (48), 99 (58), 87 (66),
81 (65), 69 (19), 67 (16), 57 (37), 55 (63), 45 (68), 43 (56),
41 (100); HRMS: M* —2H,0, found 330.2332. C,sHs,
requires 330.2348.

4.4.5. 2,2'-Bis-(1-Hydroxycyclohexylmethyl)biphenyl
(4e). Colourless oil; Ry 0.26 (hexane/ethyl acetate: 4:1); v
(KBr) 3350-3630 (OH), 3058, 3021 cm ™' (ArH); 6y 0.92—
1.47 (20H, m, 10X CH,), 2.46 (2H, br s, 2 X OH), 2.57 (2H,
d, J=14.2 Hz, 2X ArCHH), 2.63 (2H, d, J=14.2 Hz, 2 X
ArCHH), 7.15-7.41 (8H, m, ArH); 6c 21.7, 21.9, 25.5, 37.8,
38.7, 45.0 (CH), 71.9 (COH), 126.3, 126.8, 131.0, 131.2,
135.1, 142.5 (ArC); m/z 342 M+ —2H,0, 22%), 259 (30),
217 (16), 203 (15), 192 (22), 191 (100), 179 (43), 178 (33),
166 (16), 165 (51), 95 (15), 81 (32), 79 (28), 67 (24), 55
(30), 41 (53); HRMS: M —2H,0, found 342.2341. C,sHs,
requires 342.2348.

4.4.6. 2-Ethoxycarbonylmethyl-2'-(1-hydroxycyclo-
hexylmethyl)biphenyl (4f). Colourless oil; Ry 0.33
(hexane/ethyl acetate: 4:1); v (KBr) 3360-3590 (OH),
3059, 3020 (ArH), 1740cm™ ' (C=0); oy 1.04-1.37
(11H, m, OH, 5XCH,), 1.08 (3H, t, J=6.7 Hz, CH;),
243 (1H, d, J=13.5Hz, CHHCOH), 2.63 (1H, d, J=
13.5 Hz, CHHCOH), 3.30 (2H, s, CH,CO,), 3.95 (2H, q,
J=6.7Hz, CH,CH3), 7.03-7.37 (8H, m, ArH); éc 14.0
(CH3), 21.75, 21.8, 25.5, 37.3, 37.7, 38.7, 44.8 (CH,), 60.5
(CH,0), 71.8 (COH), 126.0, 126.6, 127.0, 127.4, 129.8,
130.5, 130.7, 131.2, 135.3, 141.2, 141.7 (ArC), 171.6
(C=0); m/z 334 M —H,0, 8%), 254 (22), 208 (30), 181
(17), 180 (45), 179 (100), 178 (40), 166 (16), 165 (32), 99
(17), 81 (31), 79 (11), 55 (27), 41 (32); HRMS: M —H,0,
found 334.1928. C,3H60; requires 334.1933.

4.4.7. (1R,2S8,5R)-2-[(1-Hydroxy-2-isopropyl-5-methyl-
cyclohexyl)methyl]-2’-(2-hydroxy-2-methylpropyl)-
biphenyl (4g). Diastereomeric mixture: colourless oil; R
0.42 (hexane/ethyl acetate: 4:1); v (KBr) 3340-3660 (OH),

3056, 3019 cm™~ ' (ArH); 6y 0.40 (3H, d, J=6.7 Hz,
CH;CH), 0.58-0.83 (6H, m, 2XCH;CH), 0.78 (3H, s,
CH3), 0.98 (3H, s, CHj), 1.15-1.66 (8H, m, 2XOH, 3 X
CH,), 1.64-1.81 (1H, m, CH), 2.03-2.15 (1H, m, CH), 2.15
(1H, d, J=13.4 Hz, CHHCOH), 2.37 (1H, d, J=13.5 Hz,
CHHCOR), 2.50 (1H, d, J=13.5 Hz, CHHCH3;), 2.61 (1H,
d, J=13.5Hz, CHHCH;), 2.93 (1H, d, J=13.5 Hz,
CHHCOH), 3.05 (1H, d, J=13.4 Hz, CHHCOH), 7.08-
7.39 (8H, m, ArH); 6c 17.6, 17.9 (CHa), 20.7, 20.75 (CHy),
22.2,22.4 (CH3), 23.5, 23.7 (CH3y), 25.8, 25.9 (CH,), 27.5,
27.55, 29.2 (CH), 29.6, 29.8, 34.8, 35.0, 42.2, 424, 45.5,
45.6, 46.9, 47.0 (CHyp), 49.2, 50.4 (CH), 71.6, 75.2, 75.7
(COH), 126.1, 126.2, 126.3, 126.7, 126.8, 126.9, 127.2,
130.5, 130.7, 130.75, 131.2, 131.25, 131.3, 131.5, 131.7,
135.2, 135.65, 135.8, 136.0, 142.4, 142.6 (ArC); m/z 358
M —2H,0, 2%), 222 (46), 207 (51), 182 (34), 180 (15),
179 (68), 178 (23), 166 (12), 165 (21), 155 (50), 137 (34), 95
(35), 81 (78), 69 (40), 67 (16), 59 (68), 57 (16), 55 (63), 43
(100); HRMS: M —2H,0, found 358.2651. C,;Hs,
requires 358.2661.

4.5. Attempt of cyclisation of sulphanyl alcohol 2¢, diol
4e and hydroxy ester 4f under acidic conditions

Isolation of compounds 3 and 5. General procedure. To a
solution of sulphanyl alcohol 2¢ or diol 4e (0.2 mmol) in
toluene (3 mL) was added 85% phosphoric acid (0.4 mL).
The reaction mixture was heated at 110 °C for 4 h, then the
toluene was removed by distillation and the resulting
residue was hydrolysed with water (4 mL), extracted with
ethyl acetate (3 X 10 mL), dried over anhydrous Na,SO,4 and
evaporated (15 Torr). The residue was purified by column
chromatography (silica gel, hexane/ethyl acetate) to yield
pure products. Yields are given in the text, physical,
analytical and spectroscopic data for these compounds
follow.

4.5.1. 7-Phenyl-7,8-dihydro-5H-dibenzo[c,e]thiocine (3).
Pale yellow solid; mp 143-144 °C (hexane); R; 0.62
(hexane/ethyl acetate: 10:1); v (KBr) 3056, 3028 cm ™!
(ArH); 6y 2.94-3.03 (1H, m, CHHCH), 3.21 (1H, d, J=
13.4 Hz, CHHCH), 3.43 (1H, d, J=14.6 Hz, CHHS), 3.52
(1H, d, J=14.6 Hz, CHHS), 4.15 (1H, d, J=9.1 Hz, CHS),
7.12-7.34 (13H, m, ArH); 6c 33.9 (CH,), 42.9 (CH,S), 51.2
(CHS), 126.4, 126.6, 127.4, 127.6, 128.4, 128.6, 128.9,
129.1, 129.6, 129.8, 139.4, 139.7, 140.1, 140.3, 142.6,
142.65, 143.1 (ArC); m/z 302 M™, 57%), 198 (32), 197
(18), 180 (78), 179 (100), 178 (61), 165 (61), 91 (41);
HRMS: M ™, found 302.1121. C»,H,5S requires 302.1129.

4.5.2. 2,2'-Bis-(1-cyclohexenylmethyl)biphenyl (5). Pale
yellow oil; Ry 0.45 (hexane); v (film) 3055, 3030 cm™!
(ArH); oy 1.41-1.46 (4H, m, 2 XCH,), 1.58-1.62 (2H, m,
CH,), 1.83-1.87 (2H, m, CH,), 2.85 (2H, d, J=14.6 Hz,
2X ArCHH), 2.94 (2H, d, J=14.6 Hz, 2X ArCHH), 5.07
(2H, br s, CH=C), 6.99-7.20 (8H, m, ArH); oc 22.4, 22.9,
25.3, 28.2 (CH,), 41.6 (CHS), 123.2, 125.2, 126.9, 129.1,
129.9, 136.6, 138.1, 141.3 (CH=C, ArC); m/z 342 (M ™,
26%), 259 (33), 217 (13), 203 (14), 192 (18), 191 (100), 179
(59), 178 (34), 166 (16), 165 (51), 95 (12), 81 (44), 79 (22),
67 (29), 55 (37), 53 (19); HRMS: M ™", found 342.2339.
C,6H3o requires 342.2348.
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Preparation of compound 6. A solution of hydroxy ester 4f
(70 mg, 0.2 mmol) in toluene (10 mL) in the presence of a
catalytic amount of p-toluenesulphonic acid (1 mg) was
heated at 110 °C in a Dean-Stark apparatus for 4 h, then the
toluene was removed by distillation and the resulting
residue was hydrolysed with a saturated solution of
CaCO; (5 mL), extracted with ethyl acetate (3X10 mL),
dried over anhydrous Na,SO, and evaporated (15 Torr).
The residue was purified by column chromatography (silica
gel, hexane) to yield pure product 6. Yield is given in the
text, physical, analytical and spectroscopic data for this
compound follow.

4.5.3. Ethyl 2-[2-(1-cyclohexenylmethyl)phenyl]phenyl-
acetate (6). Colourless oil; Ry 0.50 (hexane/ethyl acetate:
10:1); » (film) 3050, 3027 (ArH), 1730 cm ™' (C=0); 6y
1.16 (3H, t, J=7.0 Hz, CHj3), 1.47-1.51 (4H, m, 2 X CH,),
1.61-1.66 (2H, m, CH,), 1.85-1.91 (2H, m, CH,), 2.90 (1H,
d, J=15.0Hz, CHHC=CH), 3.03 (1H, d, J=15.0 Hz,
CHHC=CH), 3.30 (1H, d, /J=15.8 Hz, CHHCO), 3.38 (1H,
d, J=15.8 Hz, CHHCO), 4.04 (2H, q, /J=7.0 Hz, CH,CH3;),
5.06 (1H, br s, CH=C), 7.10-7.35 (8H, m, ArH); oc 14.1
(CH3), 22.3, 22.8, 25.3, 28.1, 38.8, 41.5 (CH,), 60.5
(CH,0), 121.2, 123.2, 126.5, 127.3, 127.35, 129.5, 129.6,
129.9, 130.0, 132.5, 136.4, 138.0, 140.5, 141.3, 142.9
(CH=C, ArC), 171.7 (C=0); mlz 334 M™, 11%), 180
(15), 179 (100), 178 (32), 165 (22), 153 (44), 152 (13);
HRMS: M, found 334.1926. C,3H,40, requires 334.1933.

4.6. Double reductive lithiation of 4,5-dihydro-3H-
dinaphtho[2,1-c:1',2-e]thiepine (7) and 4,5-dihydro-3H-
dinaphtho[2,1-c:1',2'-e]oxepine (10) and reaction with
electrophiles. Preparation of compounds 8 and 11

Isolation of compounds 8 and 11. General procedure. To a
cooled (—78°C) blue suspension of lithium powder
(105 mg, 15.0 mmol) and a catalytic amount of DTBB
(26 mg, 0.1 mmol) in THF (3 mL) was added dropwise a
solution of compound 7 or 10 (0.5 mmol) in THF (1 mL)
under argon and the mixture was stirred at the same
temperature for 1 h. Then the corresponding electrophile
was added dropwise (0.6 mmol, 0.25 mL in the case of H,O)
and after 15 min it was hydrolysed with water (5 mL). The
resulting mixture was extracted with ethyl acetate (32X
15 mL) and the organic layer was dried over anhydrous
sodium sulphate and evaporated (15 Torr). The residue was
then purified by column chromatography (silica gel, hexane/
ethyl acetate) to yield pure compounds 8 and 11. Yields are
given in Tables 3 and 5, specific rotations are given in Table 5,
other physical, analytical and spectroscopic data follow.

4.6.1. 2,2'-Bis-(2-hydroxy-2-methylpropyl)-1,1’-binaph-
thyl (8a). White solid; mp 78-79 °C (dichloromethane/
hexane) (lit. mp 80-81 °C);* R; 0.11 (hexane/ethyl acetate:
2:1); v (KBr): 3510-3390 (OH), 3053 cm ! (ArH); 6y 0.82
(6H, s, 2X CH3), 0.99 (6H, s, 2XCHj3), 1.79 (2H, br s, 2X
OH), 2.56 (2H, d, J=14.0 Hz, 2XCHH), 2.78 2H, d, J=
14.0 Hz, 2XCHH), 7.10-7.21 (4H, m, ArH), 7.37-7.42
(2H, m, ArH), 7.81-7.93 (6H, m, ArH); 6 29.8, 30.7 (CH3),
46.1 (CH,), 71.8 (COH), 125.3, 125.8, 127.5, 127.6, 127.9,
129.1, 132.2, 133.3, 135.4, 135.8 (ArC); m/z 362 (M ™' —
2H,0, 22), 323 (15), 322 (26), 320 (15), 319 (21), 294 (15),
293 (16), 292 (19), 289 (16), 283 (15), 282 (65), 279 (47),

278 (26), 277 (23), 276 (42), 267 (20), 265 (39), 263 (36),
252 (20), 221 (15), 207 (176), 138 (19), 59 (100).

4.6.2. 2,2'-Bis-(2-hydroxy-2-ethylbutyl)-1,1’-binaphthyl
(8b). White solid; mp 121-122 °C (dichloromethane/
hexane) (found: C, 84.22; H, 8.43. C3,H330, requires: C,
84.54; H, 8.42); R; 0.58 (hexane/ethyl acetate: 2:1); v (KBr)
3677-3162 (OH), 3062 cm ™' (ArH); 6y 0.13 (6H, t, J=
7.5 Hz, 2XCH3), 0.63 (6H, t, J=7.5 Hz, 2 XCH3), 0.82—
1.09 (4H, m, 2XCH,CHj3), 1.24-1.45 (4H, m, 2X
CH,CHj3), 2.56 (2H, d, J=14.0 Hz, 2 XCHHAr), 2.72
(2H, d, J=14.0 Hz, 2 X CHHAr), 7.14-7.26 (2H, m, ArH),
7.37-7.42 (2H, m, ArH), 7.79-7.91 (8H, m, ArH); 6¢ 7.3,
7.7 (CH3), 30.7, 31.7 (CH,CHj3), 41.2 (CH,COH), 75.6
(COH), 125.3, 125.7, 127.4, 127.5, 127.9, 129.5, 132.3,
133.4, 135.3, 136.2 (ArC); m/z 436 [M ' —H,0), 0.1], 351
(10), 350 (34), 283 (37), 282 (100), 281 (17), 280 (12), 279
(41), 278 (10), 277 (13), 276 (10), 267 (18), 266 (30), 265
(37), 87 (23); HRMS, Mt —H,0, found 436.2739.
C3,H360 requires 436.2766.

4.6.3.  2,2'-Bis-(1-hydroxycyclopentylmethyl)-1,1'-
binaphthyl (8c). Pale yellow oil; Ry 0.39 (hexane/ethyl
acetate: 2:1); » (film) 3660-3180 (OH), 3060 cm ™! (ArH);
oy 1.28-1.65 (18H, m, 8 XCH,, 2XOH), 2.66 2H, d, J=
14.5 Hz,2X CHHAr), 2.89 (2H, d, J=14.5 Hz, 2 X CHHAr),
7.06 (2H, d, J=8.4 Hz, ArH), 7.16-7.42 (2H, m, ArH), 7.85-
7.94 (8H, m, ArH); 6c 23.0,23.4,40.2,41.2,43.8 (CH,), 82.7
(COH), 125.3, 126.0, 126.9, 127.5 127.9, 128.3 132.2, 133.3,
135.8, 135.9 (ArC); m/z 450 (M, 0.3), 432 (4), 416 (15), 414
(21),350(26),349 (18),348 (52),347 (13),345(13),289 (11),
283 (26),282(100), 281 (56),280(27),279 (65),278 (23),277
(34),276 (26),267 (28),266 (41),265 (56),264 (14),263 (18),
253 (12), 252 (23), 85 (21), 67 (20); HRMS, M, found
450.2595. C32H3402 requires 450.2559.

4.6.4. 2,2'-Bis-(1-hydroxycyclohexylmethyl)-1,1’-
binaphthyl (8d). White solid; mp 142-143 °C (dichloro-
methane/hexane) (found: C, 84.98; H, 8.06. C;4H330,
requires: C, 85.31; H, 8.00); R; 0.47 (hexane/ethyl acetate:
2:1); v (KBr) 3655-3145 (OH), 3058 cm ' (ArH); 055 0.78—
1.68 (20H, m, 10XCH,), 2.57 (2H, d, J=14.0Hz, 2X
CHHAr), 2.74 (2H, d, J=14.0 Hz, 2 X CHHAr), 7.10-7.19
(2H, m, ArH), 7.36-7.41 (2H, m, ArH), 7.81-7.91 (8H, m,
ArH); oc 21.7, 22.0, 37.6, 37.7, 38.7 (CH,), 72.4 (COH),
125.2, 125.7, 127.3, 127.6, 127.9, 129.6, 132.3, 133.4,
135.0, 136.1 (ArC); m/z 460 [M—H,0)™, 0.6], 362 (23),
283 (24), 282 (100), 281 (25), 279 (20), 267 (11), 266 (19),
265 (21), 99 (12), 81 (14); HRMS, M —H,0, found
460.2771. C3,H340 requires 460.2766.

4.6.5. 2,2'-Dimethyl-1,1'-binaphthyl (11).” Colourless
oil; Ry 0.28 (hexane); v (film) 3053, 3003 cm ™' (ArH); 6y
2.03 (6H, s, 2X CH3), 7.04 (2H, d, J=8.4 Hz, ArH), 7.19
(2H, dd, J=8.3,7.0 Hz, ArH), 7.37 (2H, t, J=7.1 Hz, ArH),
7.49 (2H, d, J=8.4 Hz, ArH), 7.85-7.89 (4H, m, ArH); 6¢
20.0 (CHs), 124.9, 124.4, 125.6, 127.4,127.9, 128.7, 132.2,
132.8, 134.2, 135.1 (ArC); m/z 282 (M, 95%), 267 (40),
266 (20), 265 (30), 132 (100), 127 (15), 126 (62), 119 (23).

4.6.6. (R)-2,2'-Bis-(2-hydroxy-2-ethylbutyl)-1,1'-
binaphthyl [(R)-8b]. Physical and spectroscopic data
were found to be the same than for 8b.
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4.6.7. (S)-2,2'-Bis-(2-hydroxy-2-ethylbutyl)-1,1’-bi-
naphthyl [(S)-8b]. Physical and spectroscopic data were
found to be the same than for 8b.

4.6.8. (R)-2,2'-Bis-(1-hydroxycyclohexylmethyl)-1,1’-
binaphthyl [(R)-8d]. Physical and spectroscopic data
were found to be the same than for 8d.

4.6.9. (S)-2,2'-Bis-(1-hydroxycyclohexylmethyl)-1,1'-
binaphthyl [(S)-8d]. Physical and spectroscopic data were
found to be the same than for 8d.

4.6.10. (R)-2,2'-Dimethyl-1,1'-binaphthyl [(R)-11]. Physi-
cal and spectroscopic data were found to be the same than
for 11 {lit. [e]¥ —19.0 (¢ 1.3, ethanol)}.>*

4.6.11. (S)-2,2'-Dimethyl-1,1’-binaphthyl [(S)-11]. Physi-
cal and spectroscopic data were found to be the same than
for 11. {lit. [a]5 +14.5 (¢ 1.0, toluene)}.”

4.7. Reductive lithiation of 4,5-dihydro-3H-dinaphthol2,
1-c:1',2'-e]thiepine (7) and 4,5-dihydro-3H-dinaphtho-
[2,1-c:1',2-e]oxepine (10) and reaction with electro-
philes. Preparation of compounds 9 and 12

Isolation of compounds 9 and 12. General procedure. To a
cooled (—78 °C) solution of compounds 7 or 10 (0.5 mmol)
in THF (2 mL) was added dropwise a 0.7 M THF solution
(1.6 mL, 1.1 mmol) of lithium naphthalenide and the
mixture was stirred at the same temperature for 1 h. Then
the corresponding electrophile was added dropwise
(0.6 mmol, 0.25 mL in the case of H,O and D,O) and
after 15 min it was hydrolysed with 3 M HCl (5 mL) for
compound 9 and with water in the case of 12. The resulting
mixture was extracted with ethyl acetate (3X 15 mL) and
the organic layer was dried over anhydrous sodium sulphate
and evaporated (15 Torr). The residue was then purified by
column chromatography (silica gel, hexane/ethyl acetate) to
yield pure compounds 9 and 12. Yields are given in Tables 4
and 5, specific rotations are given in Table 5, other physical,
analytical and spectroscopic data follow.

4.7.1. 2-(2-Hydroxy-2-methylpropyl)-2’-sulphanyl-
methyl-1,1'-binaphthyl (9a). Yellow oil; R; 0.26 (hexane/
ethyl acetate: 2:1); v (KBr) 3510-3380 (OH), 3055 (ArH),
2560 cm ™' (SH); 6y 0.98 (3H, s, CH3), 1.05 (3H, s, CH3),
1.55 (1H, dd, J=9.1, 7.2 Hz, SH), 2.05 (1H, br s, OH), 2.63
(2H, dd, J=24.2, 14.3 Hz, CH,COH), 3.42-3.53 (2H, m,
CH,SH), 7.03-7.10 (2H, m, ArH), 7.20-7.25 (1H, m, ArH),
7.40-7.47 (3H, m, ArH), 7.53 (1H, d, J=38.5 Hz, ArH), 7.75
(1H, d, J=8.5 Hz, ArH), 7.86-8.00 (4H, m, ArH); oc 27.3
(CH,), 30.0, 30.7 (CH3), 46.3 (CH,), 71.9 (COH), 125.6,
125.8, 126.2, 126.4, 126.6, 126.7, 126.9, 127.1, 127.7,
128.0, 128.1, 128.7, 129.0, 132.4, 132.6, 134.1, 134.8,
135.7, 137.4, 138.2 (ArC); m/z 372 M ™, 2), 354 M ' —
H,0, 8), 315 (13), 282 (24), 281 (71), 280 (38), 279 (89),
278 (28), 277 (34), 276 (39), 267 (22), 266 (47), 265 (63),
264 (22),263 (25),252(17), 139 (9), 138 (22), 132 (11), 126
(8), 59 (100); HRMS, M, found 372.1544. C,5H,,0S
requires 372.1548.

4.7.2. 2-(2-Hydroxy-2-ethylbutyl)-2'-sulphanylmethyl-1,
1’-binaphthyl (9b). Pale yellow oil; R; 0.38 (hexane/ethyl

acetate: 2:1); v (KBr) 3709-3112 (OH), 3058 (ArH),
2546 cm ™! (SH); 6y 0.56 (3H, t, J=7.4 Hz, CH;), 0.73
(3H, t, J=7.4 Hz, CH3), 1.40-1.61 (6H, m, 2 XCH,, OH,
SH), 2.47 (1H, d, /J=14.2 Hz, CHHCOH), 2.65 (1H, d, J=
14.2 Hz, CHHCOH), 3.29 (1H, d, J=12.5 Hz, CHHSH),
3.34(1H, d, J=12.6 Hz, CHHSH), 7.03-7.08 (2H, m, ArH),
7.37-7.47 (3H, m, ArH), 7.62 (1H, d, J=8.6 Hz, ArH),
7.79-8.02 (6H, m, ArH); oc 7.6, 8.1 (CH3), 30.4, 32.0, 41.9,
63.2 (CH,), 76.0 (COH), 125.5, 125.8, 126.1, 126.2, 126.3,
126.4, 126.8, 127.4, 127.5, 127.6, 127.9, 128.1, 128.4,
129.3, 132.3, 132.5, 133.0, 133.6, 134.2, 138.3 (ArC); m/z
382 (M —H,0), 0.1], 298 (31), 282 (27), 281 (18), 280
(58), 279 (100), 278 (19), 277 (24), 276 (16), 267 (13), 266
(21), 265 (39), 263 (14), 252 (19), 87 (11); HRMS, Mt —
H,O0, found 382.1755. C,7Hy6S requires 382.1772.

4.7.3. 2-(1-Hydroxycyclopentylmethyl)-2’-sulphanyl-
methyl-1,1"-binaphthyl (9¢). Pale yellow oil; R; 0.70
(hexane/ethyl acetate: 2:1); v (film) 3540-3360 (OH),
3058 (ArH), 2555 cm ™' (SH); 6y 1.30-1.65 (10H, m, 4 X
CH,, OH, SH), 2.68 (1H, d, /J=14.5 Hz, CHHCOH), 2.78
(1H, d, J=14.5Hz, CHHCOH), 3.39-3.54 (2H, m,
CH,SH), 7.03 (1H, d, /J=8.4 Hz, ArH), 7.09 (1H, d, J=
8.6 Hz, ArH), 7.14-7.24 (2H, m, ArH), 7.28-7.51 (2H, m,
ArH), 7.70-7.76 (2H, m, ArH), 7.81-7.99 (4H, m, ArH); 6c
23.1,23.2,27.3,29.7,31.4, 40.7 (CH,), 82.8 (COH), 125.5,
125.8, 126.2, 126.4, 126.7, 127.1, 127.8, 128.0, 128.1,
132.4, 132.6, 132.9, 133.0, 134.3, 134.7, 136.1, 137.3
(ArC); m/z 398 (M, 0.5), 380 (17), 350 (11), 338 (24), 314
(20), 298 (14), 296 (13), 283 (25), 282 (100), 281 (57), 280
(34), 279 (74), 278 (24), 277 (38), 276 (23), 267 (35), 266
(41), 265 (62), 264 (16), 263 (27), 253 (16), 252 (36), 251
(10), 250 (11), 249 (14), 207 (13), 149 (17), 138 (11), 132
(13), 126 (14), 85 (18), 71 (14); HRMS, M™, found
398.1704. C,7H,60S requires 398.1704.

4.7.4. 2-(1-Hydroxycyclohexylmethyl)-2'-sulphanyl-
methyl-1,1'-binaphthyl (9d). Pale yellow oil; Ry 0.70
(hexane/ethyl acetate: 2:1); v (film) 3600-3340 (OH), 3059
(ArH), 2570 cm ™' (SH); 0y 1.18-1.73 (12H, m, 5XCHa,
OH, SH), 2.70 (1H, d, J=14.0 Hz, CHHCOH), 2.79 (1H, d,
J=14.0 Hz, CHHCOH), 3.41-3.60 (2H, m, CH,SH), 7.00-
7.24 (4H, m, ArH), 7.31-7.55 (2H, m, ArH), 7.74 (2H, m,
ArH), 7.80-8.01 (4H, m, ArH); oc 21.8, 21.9, 25.5, 31.8,
37.9, 38.9, 45.0 (CH,), 82.8 (COH), 124.9, 125.6, 126.0,
126.2, 126.5, 126.9, 127.6, 127.9, 128.0, 132.2, 132.3,
132.7, 132.9, 134.1, 134.5, 136.0, 137.1 (ArC); m/z 394
[(MT —H,0),2],328 (10), 315 (11), 314 (42), 312 (28), 297
(17), 296 (18), 295 (26), 282 (34), 281 (84), 280 (28), 279
(73), 278 (26), 277 (41), 276 (32), 267 (45), 266 (87), 265
(100), 253 (12), 252 (30), 239 (10), 138 (18), 132 (19), 131
(28), 126 (14); HRMS, M™ —H,0, found 394.1760.
CogHo6S requires 394.1755.

4.7.5. 2-Hydroxymethyl-2'-methyl-1,1’-binaphthyl (12a).
Colourless oil; Ry 0.17 (hexane/ethyl acetate: 5:1); v (film)
3570-3400 (OH), 3047 cm ™' (ArH); 6y 1.54 (1H, br s,
OH), 2.05 (3H, s, CH3), 4.31 (1H, d, J=12.9 Hz, CHHOH),
4.39 (1H, d, J=12.9 Hz, CHHOH), 7.03 (1H, d, /=8.4 Hz,
ArH), 7.09 (1H, d, J=8.4 Hz, ArH), 7.18-7.27 (2H, m,
ArH), 7.37-7.52 (3H, m, ArH), 7.82 (1H, d, J=8.4 Hz,
ArH), 7.88-7.95 (3H, m, ArH), 8.01 (1H, d, J=28.6 Hz,
ArH); oc 20.2 (CHj3), 63.4 (CH,), 125.1, 125.4, 125.8,
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125.9, 126.0, 126.4, 126.5, 127.9, 128.1, 128.2, 128.7,
132.2, 132.4, 133.1, 133.2, 133.5, 134.6, 134.7, 136.5
(ArC); m/z 298 (M ™, 35), 281 (14), 280 (51), 279 (100), 278
(22), 277 (50), 276 (30), 268 (25), 267 (19), 266 (15), 265
(51), 264 (18), 263 (36), 254 (19), 253 (21), 252 (35), 240
(15), 239 (31), 128 (15), 127 (40), 126 (44), 119 (15), 115
(26), 86 (15), 77 (27), 51 (29), 50 (22), 44 (46); HRMS: M *,
found 298.1346. C,,H ;30 requires 298.1358.

4.7.6. 2-Deuteromethyl-2’-hydroxymethyl-1,1’-bi-
naphthyl (12b). Colourless oil; Ry 0.17 (hexane/ethyl
acetate: 5:1); v (film) 3570-3400 (OH), 3047 cm” !
(ArH); oy 1.50 (1H, br s, OH), 2.05 (2H, s, CH,D), 4.32
(1H, d, J=12.95 Hz, CHHOH), 4.38 (1H, d, J=12.95 Hz,
CHHOH), 7.03 (1H, d, J=8.4 Hz, ArH), 7.09 (1H, d, J=
8.4 Hz, ArH), 7.18-7.27 (2H, m, ArH), 7.37-7.52 (3H, m,
ArH), 7.82 (1H, d, J=8.4 Hz, ArH), 7.86-7.95 (3H, m,
ArH), 8.01 (1H, d, J=8.4, ArH); oc 20.0 (t, Jop=19.7 Hz,
CH,D), 63.4 (CH,OH), 125.1, 125.4, 125.8, 125.9, 126.0,
126.4, 126.5, 127.9, 128.0, 128.2, 128.7, 132.1, 132.4,
133.0, 133.2, 133.5, 134.6, 134.7, 136.4 (ArC); m/z 299
(M™, 41), 298 (27), 281 (35), 280 (73), 279 (88), 278 (39),
277 (27), 266 (30), 265 (39), 264 (23), 263 (17), 254 (12),
253 (22), 252 (46), 250 (10), 240 (10), 143 (17), 142 (14),
141 (12), 140 (12), 139 (32), 138 (18), 133 (11), 132 (100),
129 (14), 128 (10), 127 (45), 126 (69), 125 (12), 121 (11),
120 (15), 119 (13), 115 (12), 114 (13), 113 (24); HRMS:
M™, found 299.1420. C,sH,7DO requires 299.1419.

4.7.7. 2-(2-Hydroxy-3,3-dimethylbutyl)-2’-hydroxy-
methyl-1,1’-binaphthyl (12¢). First diastereoisomer:
white solid; mp 190-191 °C (hexane/ethyl acetate) (found:
C, 84.11; H, 7.44. C,7H,30, requires: C, 84.34; H, 7.34); R
0.14 (hexane/ethyl acetate: 5:1); v (film) 3649-3139 (OH),
3062 cm ™! (ArH); 6y 0.66 [9H, s, (CH3);], 2.25 (1H, dd,
J=14.3, 11.0 Hz, CHHCHOH), 2.44 (2H, br s, 2X OH),
2.61 (1H, dd, J=14.3, 2.2 Hz, CHHCHOH), 3.64 (1H, dd,
J=11.0, 2.2 Hz, CHOH), 4.26 (2H, d, J=12.2 Hz,
CHHOH), 4.33 (1H, d, /J=12.2 Hz, CHHOH), 7.00-7.04
(2H, dd, J=8.4, 3.1 Hz, ArH), 7.19-7.25 (2H, m, ArH),
7.40-7.46 (2H, m, ArH), 7.62 (1H, d, J=8.6 Hz, ArH), 7.79
(1H, d, /J=8.4 Hz, ArH), 7.89-8.00 (4H, m, ArH); 6c 25.3
(CH3), 30.9 [C(CH3)s3], 34.9, 63.1 (CH,), 80.0 (COH),
125.4, 125.7, 126.0, 126.2, 126.4, 126.5, 126.6, 127.3,
127.9, 128.0, 128.2, 128.3, 132.1, 133.0, 133.5, 134.2,
134.9, 136.5, 137.4 (ArC); m/z 384 (M, 0.5), 366 (4), 350
(0.2), 298 (36), 281 (29), 280 (66), 279 (100), 278 (18), 277
(22), 276 (15), 267 (17), 266 (25), 265 (44), 264 (10), 263
(14), 252 (22); HRMS: M, found 384.2090. C,;H,50,
requires 384.2089. Second diastereoisomer: colourless oil;
R; 0.13 (hexane/ethyl acetate: 5:1); v (film) 3630-3125
(OH), 3060 cm ™' (ArH); ;5 0.53 [9H, s, (CH5)5], 2.28 (1H,
dd, J=14.0, 10.7 Hz, CHHCHOH), 2.44 (2H, br s, 2 X OH),
2.59 (1H, dd, J=14.0, 2.2 Hz, CHHCHOH), 3.15 (1H, dd,
J=10.7, 2.2 Hz, CHOH), 4.32 (1H, d, J=13.1 Hz,
CHHOH), 4.36 (1H, d, J=13.1 Hz, CHHOH), 7.12 (1H,
d, J=8.6 Hz, ArH), 7.18 (1H, d, J=8.4 Hz, ArH), 7.23-
7.31 (2H, m, ArH), 7.41-7.49 (2H, m, ArH), 7.61 (1H, d,
J=8.4 Hz, ArH), 7.81 (1H, d, J=8.6 Hz, ArH), 7.91-7.96
(3H, m, ArH), 8.02 (1H, d, J=8.4 Hz, ArH); 6c 25.1 (CH,),
34.6 [C(CHs)5], 36.5, 63.3 (CH,), 78.9 (COH), 125.4, 125.5,
1259, 126.0, 126.5, 126.6, 128.0, 128.1, 128.2, 128.5,
129.1,132.2,132.4,133.1, 133.2, 133.9, 134.1, 134.5, 137.2

(ArC); m/z 384 (M ™, 0.5), 366 (4), 350 (0.2), 298 (36), 281
(29), 280 (66), 279 (100), 278 (18), 277 (22), 276 (15), 267
(17), 266 (25), 265 (44), 264 (10), 263 (14), 252 (22);
HRMS: M, found 384.2090. C,,H,50, requires 384.2089.

4.7.8. 2-(2-Hydroxy-2-methylpropyl)-2’-hydroxymethyl-
1,1'-binaphthyl (12d). Colourless oil; R 0.18 (hexane/ethyl
acetate: 2:1); v (KBr) 3663-3130 (OH), 3058 cm”! (ArH);
oy 1.06 (3H, s, CH3), 1.17 (3H, s, CH3), 2.05 (2H, brs, 2 X
OH), 2.55 (1H, d, J=14.2 Hz, CHHCOH), 2.65 (1H, d, /=
14.2 Hz, CHHCOH), 4.28 (1H, d, /J=12.9 Hz, CHHOH),
4.32 (1H, d, J=12.9 Hz, CHHOH), 7.02 (1H, d, /J=8.6 Hz,
ArH), 7.09 (1H, d, J=8.6 Hz, ArH), 7.19-7.27 (2H, m,
ArH), 7.40-7.47 (2H, m, ArH), 7.66 (1H, d, /J=28.6 Hz,
ArH), 7.82 (1H, d, J=8.6 Hz, ArH), 7.89-7.94 (3H, m,
ArH), 7.99 (1H, d, /=8.6 Hz, ArH); ¢ 28.8, 31.7 (CH3),
46.7, 63.1 (CH,), 72.0 (COH), 125.5, 125.8, 126.1, 126.3,
126.4, 126.7, 127.5, 127.9, 128.0, 128.1, 128.4, 129.4,
132.2, 132.4, 132.9, 133.5, 134.1, 135.1, 135.2, 138.2
(ArC); m/z356 (M™, 0.5), 338 (1), 320 (0.4), 298 (28), 296
(19), 281 (21), 280 (52), 279 (100), 278 (30), 277 (50), 276
(20), 267 (17), 266 (17), 265 (45), 264 (12), 263 (21), 253
(17), 252 (34); HRMS: M™, found 356.1800. C,sH,40,
requires 356.1776.

4.7.9. 2-(2-Hydroxy-2-ethylbutyl)-2’-hydroxymethyl-1,
1’-binaphthyl (12e). Colourless oil; R; 0.26 (hexane/ethyl
acetate: 2:1); v (KBr) 3681-3103 (OH), 3053 cm™! (ArH);
ou 0.56 (3H, t, J=7.5Hz, CHy), 0.73 (3H, t, J=7.5 Hz,
CH3), 1.20-1.26 (2H, m, CH,CHj3;), 1.39-1.56 (2H, m,
CH,CH3), 1.98 (2H, br s, 2 XX OH), 2.46 (1H, d, J=14.2 Hz,
CHHCOH), 2.65 (1H, d, J=14.2 Hz, CHHCOH), 4.28 (1H,
d, J=12.7Hz, CHHOH), 4.32 (1H, d, J=12.7 Hz,
CHHOH), 7.03-7.08 (2H, m, ArH), 7.20-7.24 (2H, m,
ArH), 7.40-7.47 (2H, m, ArH), 7.62 (1H, d, J=28.6 Hz,
ArH), 7.81-8.00 (5H, m, ArH); éc 7.6, 8.1 (CHjz), 30.4,
32.0, 41.9, 63.2 (CH,), 75.9 (COH), 125.5, 125.8, 126.1,
126.2, 126.3, 126.4, 126.8, 127.5, 127.9, 128.1, 129.3,
132.2, 132.5, 133.0, 133.6, 134.1, 134.7, 135.7, 138.4
(ArC); m/z 366 [M' —H,0), 0.2], 298 (34), 281 (14), 280
(61), 279 (100), 278 (16), 277 (19), 276 (12), 267 (10), 266
(16), 265 (34), 263 (12), 252 (16); HRMS: M ™, found
384.2094. C»7H,50, requires 384.2089.

4.7.10. 2-(1-Hydroxycyclohexylmethyl)-2'-hydroxy-
methyl-1,1-binaphthyl (12f). Colourless oil; R; 0.28
(hexane/ethyl acetate: 2:1); v (KBr) 3672-3148 (OH),
3062 cm ™' (ArH); 6y 0.85-1.57 (10H, m, 5XCH,), 1.90
(2H, br s, 2XOH), 2.46 (1H, d, J=14.2 Hz, CHHCOH),
2.58 (1H, d, J=14.2Hz, CHHCOH), 4.27 (1H, d, J=
12.5 Hz, CHHOH), 4.33 (1H, d, J=12.5 Hz, CHHOH),
7.00-7.09 (2H, m, ArH), 7.19-7.24 (2H, m, ArH), 7.39—
7.46 (2H, m, ArH), 7.62 (1H, d, /=8.6 Hz, ArH), 7.83 (1H,
d, /=28.6 Hz, ArH), 7.88-7.93 (3H, m, ArH), 7.99 (1H, d,
J=28.4 Hz, ArH); 6c 21.8,21.9, 25.5, 36.8, 39.6, 63.2 (CH,),
72.6 (COH), 125.5,125.8,126.1, 126.2, 126.3, 126.4, 126.9,
127.4, 127.9, 128.1, 128.4, 128.5, 132.2, 132.4, 133.0,
133.6, 134.2, 134.5, 135.5, 138.5 (ArC); m/z 396 M ™, 0.1),
378 (0.6), 360 (1), 299 (10), 298 (42), 281 (17), 280 (70),
279 (100), 278 (16), 277 (19), 276 (12), 266 (11), 265 (29),
263 (11), 252 (16); HRMS: M, found 396.2077. C,5H»50,
requires 396.2089.
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4.7.11. (S)-2-Hydroxymethyl-2'-methyl-1,1'-binaphthyl
[(S)-12a]. Physical and spectroscopic data were found to
be the same than for 12a.

4.7.12. (R)-2-Hydroxymethyl-2’-methyl-1,1’-binaphthyl
[(R)-12a]. Physical and spectroscopic data were found to
be the same than for 12a.

4.7.13. (R)-2-(2-Hydroxy-3,3-dimethylbutyl)-2'-
hydroxymethyl-1,1'-binaphthyl [(R)-12c]. Two diastereo-
isomers were isolated in enantiomericaly pure form and
their physical and spectroscopic data were found to be the
same than for those isolated in the racemic 12c.

4.7.14. (S)-2-(2-Hydroxy-2-ethylbutyl)-2’-hydroxy-
methyl-1,1'-binaphthyl [(S)-12¢]. Physical and spectro-
scopic data were found to be the same than for 12e.

4.7.15. (R)-2-(2-Hydroxy-2-ethybutyl)-2'-hydroxy-
methyl-1,1'-binaphthyl [(R)-12e]. Physical and spectro-
scopic data were found to be the same than for 12e.

4.7.16. (S)-2-(1-Hydroxycyclohexylmethyl)-2'-hydroxy-
methyl-1,1'-binaphthyl [(S)-12f]. Physical and spectro-
scopic data were found to be the same than for 12f.

4.7.17. (R)-2-(1-Hydroxycyclohexylmethyl)-2'-hydroxy-
methyl-1,1'-binaphthyl [(R)-12f]. Physical and spectro-
scopic data were found to be the same than for 12f.
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Abstract—A novel procedure to construct o-naphthothiophenequinones has been achieved from readily available o-benzothiophenquinones
and N-dienes via Diels—Alder reaction-aromatization sequence as key steps. The absolute regioselectivity was established via Diels—Alder

reaction of o-benzothiophenquinones with rich electron N-dienes.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The derivatives of synthetic and natural polycyclic quinoid
structure are a large category of very significative
compounds, which possess a broad spectrum of biological
activities.'”’ Among heterocyclic quinones with a variety of
bioactivities, those containing a thiophene ring fused to a
quinone system have received an increasing attention.®

As part of our ongoing research for hetero polycyclic
o-quinones,” more structurally diversified o-quinoid deriva-
tives were called for. In contrast to extensive study of
oxoheterocyclic-fused o-quinones, that of thioheterocyclic-
fused o-quinones was quite scarce.*'” Therefore, synthesis
of novel thiophen-fused o-quinones was proposed, these
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novel derivatives were characterized as 3-aryl and 6-acyl-
amino substituted o-naphthothiophenquinones I (Fig. 1).

However, efficient methods for the synthesis of o-naphtho-
thiophenequinones could be seldom found.'" Furthermore,
the reported synthetic procedure'' was unapplicable for us
to prepare the proposed derivatives I for unavailable starting
materials.

In this paper, we described a novel and regiospecific
procedure to synthesize the target substrates I. The
retrosynthetic analysis (Scheme 1) showed that compounds
I could be achieved facilely from inexpensive and easily
available starting materials II, III, VI, VII via conden-
sation, intramolecularly cyclization, deprotection, IBX

(0] Ry
° (0]
H ‘ S\ R: 0 Ri
N
If — R3/\/\/ T( . I\
Rs Rs 0 S
1 11, IIT v
Ry = Aryl
R, = Ry = Alkyl ﬂ
o] R4
Br HO
/O‘< >*SH + R1)k/ — ‘ N\
S
A% 11 VI A\

Scheme 1. Retrosynthesis route of target compounds I.
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oxidation, and then Diels—Alder reaction-aromatization
sequence.

2. Results and discussion
2.1. Synthesis of benzothiophen-5-ols (5a—d)

Our strategies were started from synthesis of benzothio-
phen-5-ol moieties detailed in Scheme 2. Compounds 3a—d
were prepared in MeOH/H,0 by condensing 4-methoxy-
phenylthiol 1 with an equiv of 2-bromo-1-arylyethanones
2a-d at 5-10°C in the presence of an equiv of KOH.'?
Compounds 3a-d were then cyclized into 3-aryl-5-
methoxybenzothiophenes 4a—d in refluxing toluene by
using PPA.'? Finally, benzothiophene-5-ols 5a-d were
achieved in moderate to good overall yield (see Section 4)
after deprotection of 4a—d by refluxing in a mixture of Ac,O
and 48% HBr (1:1 v/v).

getg

(0]
\
1

3a-d 2a-d
2a:R=Ph
2b: R =4-CIPh
i 2¢: R=4-FPh
2d: R = 2-MePh
R R
o HO 5a (3a, 4a) : R =Ph
- N\ \\ 5b(3b,4b):R=4-CIPh
| > i ‘ 5¢ (3c, 4c): R = 4-FPh
S S 5d(3d, 4d) : R = 2-MePh
4a-d 5a-d

Scheme 2. Conditions: (i) MeOH, equiv KOH, 5-10 °C; (ii) PPA, toluene,
RF, 6 h; (iii) AC,O-HBr (48%) (1:1, v/v), 140 °C, 4 h.

2.2. Synthesis of benzothiophen-4, 5-diones (6a—d)

The next step was to convert benzothiophen-5-ols Sa—d into
benzothiophen-4,5-diones 6a—d. Fremy’s salt is well known
for its application in transforming single phenolic hydroxyl
group into o-quinone group.'* Our first attempt was focused
on the oxidation of benzothiophen-5-ols Sa—d to produce
o-quinones 6a—d. However, most of the reaction failed to
give the desired products in satisfactory yield. After an
in-depth screening of mild oxidants, we found that
o-iodoxybenzoic acid (IBX) could be a good choice in
these reactions, as it was reported that IBX was a good
oxidant for transforming phenols to o-quinones.'> However,
few reports on transformation of hetero biscyclic phenolic
hydroxyl group into o-quinone by IBX could be found. Our
results indicated that IBX worked very well in our system,
the desired product benzothiophen-4,5-diones 6a—d were
obtained regioselectively (Scheme 3) in almost quantitative
yields. The isolation of the diquinone intermediates was
not pursued as most of these o-quinone compounds were
volatile and highly reactive.

o)
©[ll</o (IBX) o R
Yo [0) 6a:R=Ph
sad HO [\, 6b:R=4-ClPh
DM, RT, 6h s’ 84iRZMePn

Scheme 3.

2.3. Synthesis of target o-quinones (7a—f)

After the completion of IBX oxidation, the reaction mixture
was first diluted with water, and then extracted with
benzene. The extraction containing benzothiophen-4,5-
diones was dried with anhydrous sodium sulfate and
N-diene II or III'® was added for cycloaddition. The
reaction was carried out at 45 °C and monitored by TLC
(noticeably, only one new fluorescent substance was found,
which indicated that the single regiomer was produced).
About 16 h later, the reaction mixtures were subsequently
aromatized into the final products by refluxing with DDQ.
After purification by chromatography on silica gel (CHCI5/
MeOH), regiospecific compounds 7a—f were obtained in
78-86% yields (Scheme 4).

o
o R 7a:R=Ph, Ry, R,=Me
" { 7b:R=4-CIPhRy, R, = Me
i N | Y 7¢:iR=4-FPh, Ry, Ry = Me
6a-d + Hor Il ——— §”  7d:R=2-MePh, Ry, R, = Me
5 7e:R= 4-FPh, Ry, R, = Et
R R,  7f :R= 4CIPh, R;, R, = Et
7a-f

Scheme 4. Conditions: (i) benzene, 45 °C, 16 h; (ii) DDQ, benzene, RF,
10 h.

Structures of all final products were assigned according to
'H NMR, "°C NMR, DEPT, HMQC, HMBC, ESI-MS and
element analysis data. The structure of 7a was also proved
unanimously by X-ray crystal structure analysis'’ (Fig. 2).

Figure 2. X-ray crystal structure for 7a (CCDC no. 267293).

It is interesting that the cycloaddition reactions of our
procedure were essentially regiospecific and high reactive,
which was reasoned that an intermolecular hydrogen bond
(HB) would form between the amide group (NH) of the
N-dienes and the oxygen atom of carbonyl groups in
o-quinones. The role of intermolecular hydrogen bonding in
the regio and stereo-chemical outcome of Diels—Alder
reactions has been well recognized.'®

3. Conclusions

In summary, we developed a novel route to prepare
thiophen-fused o-naphthoquinone derivatives via the key
IBX oxidation—cycloaddition—aromatization sequence.
Noticeably, the cycloaddition was regiospecific and highly
efficient. To the best of our knowledge, none relative reports
have surfaced. Furthermore, this work produced a series of
novel thiophene fused o-quinoid derivatives. Studies on the
bioactivities and further synthesis of these compounds are
well under way.
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4. Experimental
4.1. General

All reagents were available commercially. Solvents were
purified using standard techniques. Reactions were moni-
tored by TLC. Separation by vacuum chromatographic
column were performed on Silica gel H. 'H NMR, B¢
NMR, DEPT, HMQC and HMBC spectra were measured on
a Varian UNITY INOVA 500 or 300 MHz spectrometer
using TMS as an internal standard. For the electrospray
(ESI) MS analysis, a Finnigan LCQ Deca XP ion trap mass
spectrometer was equipped with a Microsoft Windows NT
data system and an ESI interface was used. Elementary
analysis was recorded on an Elementar Vario EL elementary
analysis device. N-Dienes II, III are prepared by using the
reported method.'®

4.2. General procedure for 3-arylbenzothiophen-5-ols
(5a-d)

To a freshly prepared solution of 70 mL of MeOH, 30 mL of
water, and 3.3 g of KOH (85% purity; 0.05 mol) at room
temperature was added 4-methoxybenzenethiol 1 (7.0 g,
0.05 mol) in one portion, and the solution was cooled to
between 5 and 10 °C. A saturated solution of 2-bromo-1-
arylyethanones (2a—d) (0.05 mol) in MeOH was added at a
rate that the temperature did not exceed 15 °C. The reaction
was continued for further 1 h at 15 °C, and then was allowed
to stir overnight at room temperature. The reaction was
diluted with water and extracted with ether. The organic
layers were washed with 1 M HC1 solution, water, saturated
aqueous NaHCOsj, and saturated aqueous NaCl. The
organics were dried over anhydrous Na,SQ,, filtered, and
evaporated to give crude products (3a—d) as yellow oils.

A mixture of 2-(4-methoxyphenylthio)-1-arylethanones
(3a—-d), polyphosphoric acid (40 g), and toluene (100 mL)
was refluxed for 6 h. The reaction mixture was cooled to
room temperature, poured into water, and extracted with
ether. The organic extracts were dried over Na,SO,.
Evaporation gave crude compounds (4a—d), which were
used directly for the next reaction without further
purification.

Unpurified 3-aryl-5-methoxybenzo[b]thiophenes (4a—d)
were added to mixed solution (40 mL) of 48% HBr and
acetic anhydride (1:1, v/v). The mixture was refluxed at
140 °C for 4 h. The reaction mixture was cooled to room
temperature, neutralized with saturated sodium bicarbonate
solution and extracted with ether. The organic extracts were
washed with saturated aqueous sodium chloride and dried
over anhydrous Na,SO,. Evaporation and purification by
chromatography on silica gel (eluent: EtOAc/Petroleum-II
1:8) gave 3-arylbenzo[b]thiophene-5-ols (Sa—d) in moder-
ate to good overall yields.

4.2.1. 3-Phenylbenzo[b]thiophene-5-0l (5a). This com-
pound was obtained as a yellow oil in 53% overall yield
(eluent: EtOAc/Petroleum-II 1:8). Anal. Calcd for
C14H,00S: C, 74.31; H, 4.45; S, 14.17; Found: C, 74.27;
H, 4.48; S, 14.14; '"H NMR (300 MHz, CDCl5): 6 7.76
(d, 1H, J=8.7 Hz), 7.55-7.58 (m, 2H), 7.41-7.48 (m, SH),

7.05 (dd, 1H, J=2.4, 8.6 Hz), 6.46 (br s, 1H); >°C NMR
(75 MHz, CDCls): 6 108.0, 114.3, 123.6, 124.8, 127.2,
128.2, 128.4, 133.0, 135.6, 137.1, 138.8, 152.7.

4.2.2. 3-(4-Chlorophenyl)benzo[b]thiophene-5-0l (Sb).
This compound was obtained as a yellow oil in 58% overall
yield (eluent: EtOAc/Petroleum-II 1:8). Anal. Calcd for
C4HoCIOS: C, 64.49; H, 3.48; S, 12.30; Found: C, 64.47,
H, 3.52; S, 12.27; '"H NMR (300 MHz, CDCl5): 6 7.72 (d,
1H, J=8.6 Hz), 7.31-7.41 (m, 6H), 7.00 (dd, 1H, J=2.0,
8.6 Hz); '>*C NMR (75 MHz, CDCl5): 6 107.7, 114.6, 123.6,
125.1, 128.6, 129.5, 132.7, 133.1, 134.1, 135.9, 138.6,
153.4.

4.2.3. 3-(4-Fluorophenyl)benzo[b]thiophene-5-0l (5¢).
This compound was obtained as a yellow oil in 60% overall
yield (eluent: EtOAc/Petroleum-II 1:8). Anal. Caled for
C4HoFOS: C, 68.84; H, 3.71; S, 13.12; Found: C, 68.79; H,
3.74; S, 13.09; "H NMR (300 MHz, CDCl;): 6 7.75 (d, 1H,
J=28.6 Hz), 7.49 (dd, 1H, J=5.5, 8.5 Hz), 7.37 (s, 1H), 7.29
(d, 1H, J=2.3 Hz), 7.14 (t, 2H, J=8.6 Hz), 6.99 (dd, 1H,
J=23, 8.6Hz), 5.65 (br s, 1H); *C NMR (75 MHz,
CDCli): 6 107.7,114.5,115.6 (d, J=21.0 Hz), 123.7, 124.9,
130.0 (d, J=7.3 Hz), 131.8, 132.8, 136.2, 139.0, 153.3,
162.1 (d, J=245.6 Hz).

4.2.4. 3-(2-Methylphenyl)benzo[b]thiophene-5-0l (5d).
This compound was obtained as a yellow oil in 62% overall
yield (eluent: EtOAc/Petroleum-II 1:8). Anal. Calcd for
C,5sH,,08S: C, 74.97; H, 5.03; S, 13.34; Found: C, 74.94; H,
5.28; S, 13.29; "H NMR (300 MHz, CDCl5): 6 7.74 (d, 1H,
J=8.6 Hz), 7.28-7.33 (m, 5H), 6.95 (dd, 1H, J=24,
8.6 Hz), 6.84 (d, 1H, J=2.4 Hz), 2.20 (s, 3H); '*C NMR
(75 MHz, CDCls): 6 20.2, 108.0, 114.3, 123.4, 125.0, 125.6,
127.8, 130.1, 130.3, 132.1, 135.2, 136.7, 136.9, 140.2,
153.2.

4.3. General procedure for substituted naphtho [1,2-b]
thiophene-4,5-diones (7a—f)

Compound Sa—d (1 mmol) and IBX (1.2 mmol) were added
to dry DMF (5 mL) and then stirred at the room temperature
for 6 h. The reaction mixture was diluted with water
(120 mL), extracted with benzene, washed with saturated
aqueous sodium chloride, dried over Na,SO,, and con-
centrated to 50 mL, N-dienes II or III (1 mmol) was added
and then the mixture was stirred at 45 °C for 16 h. The
solution containing cycloaddition products was added DDQ
(0.75 mmol) and refluxed for further 16 h. Evaporation and
purification by chromatography on silica gel (CHCly/
MeOH) gave 7a—f in good yields.

4.3.1. 7,9-Dimethyl-3-phenyl-6-acetamidonaphtho[1,2-b]
thiophene-4,5-dione (7a). This compound was obtained as
ared solid in 86% yield (eluent: MeOH/CHCl; 1:50). Anal.
Calcd for C5,H17NO3S: C, 70.38; H, 4.56; N, 3.73; S, 8.54;
Found: C, 70.35; H, 4.61; N, 3.70; S, 8.49; MS (ESI) m/z:
374 (M—H)"; 'H NMR (300 MHz, CDCls): 6 10.0 (br s,
1H), 7.35-7.43 (m, 6H), 7.18 (s, 1H), 2.65 (s, 3H), 2.25
(s, 3H), 2.24 (s, 3H); '*C NMR (75 MHz, CDCl5): 6 19.4,
24.2,24.33,122.0, 125.0, 127.8, 128.1, 128.7, 129.9, 131.6,
1329, 134.4, 136.8, 139.6, 142.4, 144.4, 151.5, 168.8,
174.9, 185.4.
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4.3.2. 7,9-Dimethyl-3-(4-chlorophenyl)-6-acetamido-
naphtho [1,2-b]thiophene-4,5-dione (7b). This compound
was obtained as a red solid in 83% yield (eluent: MeOH/
CHClI; 1:50). Anal. Calcd for C»,H;cCINOsS: C, 64.47; H,
3.93; N, 3.42; S, 7.82; Found: C, 64.44; H, 3.96; N, 3.39; S,
7.78; MS (ESI) m/z: 408 (M—H)~; 'H NMR (500 MHz,
CDCl5): 6 2.25 (s, 3H), 2.26 (s, 3H), 2.68 (s, 3H), 7.20 (s,
1H), 7.36 (s, 4H), 7.40 (s, 1H), 10.03 (br s, 1H); *C NMR
(125 MHz, CDCl,): 6 19.3, 24.1, 24.3, 122.2, 125.2, 127.9,
128.2, 129.9, 130.3, 130.6, 131.7, 133.0, 133.1, 134.3,
137.2, 140.0, 142.7, 143.3, 152.0, 169.0, 175.1, 185.5.

4.3.3. 7,9-Dimethyl-3-(4-fluorophenyl)-6-acetamido-
naphtho [1,2-b]thiophene-4,5-dione (7¢). This compound
was obtained as a red solid in 85% yield (eluent: MeOH/
CHClIj3 1:50). Anal. Calcd for C,,H;sFNO3S: C, 67.16; H,
4.10; N, 3.56; S, 8.15; Found: C, 67.13; H, 4.14; N, 3.54; S,
8.11; MS (ESI) m/z: 392 (M—H) " ; '"H NMR (300 MHz,
CDCl5): 6 2.24 (s, 3H), 2.25 (s, 3H), 2.67 (s, 3H), 7.06 (t,
2H, J=8.6 Hz), 7.17 (s, 1H), 7.36-7.41 (m, 3H), 10.01 (brs,
1H); '3C NMR (75 MHz, CDCl5): 6 19.4, 24.3, 24.4, 114.9
(d, J=21.6 Hz), 122.0, 125.0, 129.8, 130.4, 130.6 (d, J=
7.9 Hz), 131.5, 133.0, 137.0, 139.7, 142.5, 143.3, 151.8,
162.5 (d, J=247.4 Hz), 168.9, 174.9, 185.4.

4.3.4. 7,9-Dimethyl-3-(2-methylphenyl)-6-acetamido-
naphtho [1,2-b]thiophene-4,5-dione (7d). This compound
was obtained as red solid in 80% yield (eluent: MeOH/
CHCI5 1:20). Anal. Calcd for C53H;9oNO5S: C, 70.93; H,
4.92; N, 3.60; S, 8.23; Found: C, 70.89; H, 4.95; N, 3.57; S,
8.25; MS (ESI) m/z: 388 (M—H)™; 'H NMR (300 MHz,
CDCl3): 6 2.10 (s, 3H), 2.23 (s, 3H), 2.24 (s, 3H), 7.10
(s, 1H), 7.13=7.31 (m, 4H), 7.37 (s, 1H), 9.98 (br s, 1H); '*C
NMR (75 MHz, CDCl;): 6 19.7, 20.3, 24.5, 24.6, 122.7,
125.2, 125.6, 128.4, 129.3, 129.9, 130.3, 133.2, 133.3,
135.1, 136.9, 137.2, 140.1, 142.7, 143.7, 151.1, 169.3,
174.5, 185.2.

4.3.5. 7,9-Diethyl-3-(4-fluorophenyl)-6-acetamido-
naphtho [1,2-b]thiophene-4,5-dione (7e). This compound
was obtained as a red solid in 78% yield (eluent: MeOH/
CHCI5 1:200). Anal. Calcd for C>4H,oFNO3S: C, 68.39; H,
4.78; N, 3.32; S, 7.61; Found: C, 68.36; H, 4.82; N, 3.30; S,
7.58; MS (ESI) m/z: 420 M—H); '"H NMR (500 MHz,
CDCls): 6 1.24 (t, 3H, J=7.5 Hz), 1.42 (t, 3H, J=7.4 Hz),
2.24 (s, 3H), 2.66 (q, 2H, J=7.5Hz), 3.11 (q, 2H, J=
7.4 Hz), 7.07 (t, 2H, J=8.7 Hz), 7.16 (s, 1H), 7.40 (dd, 2H,
J=5.3, 8.7 Hz), 7.48 (s, 1H), 9.81 (br s, 1H); >°C NMR
(125 MHz, CDCl3): ¢ 13.5, 14.3, 24.2, 24.7, 28.8, 114.9
(d, J=21.7 Hz), 122.9, 124.8, 129.3, 130.6, 130.7 (d, J=
8.3 Hz), 131.9, 138.4, 138.8, 139.4, 143.0, 143.2, 150.9,
162.7 (d, J=247.5 Hz), 169.5, 175.7, 186.2.

4.3.6. 7,9-Diethyl-3-(4-chlorophenyl)-6-acetamido-
naphtho [1,2-b]thiophene-4,5-dione (7f). This compound
was obtained as red solid in 80% yield (eluent: MeOH/
CHCI; 1:200). Anal. Calcd for C,4H,oCINO5S: C, 65.82; H,
4.60; N, 3.20; S, 7.32; Found: C, 65.78; H, 4.65; N, 3.21; S,
7.34; MS (ESI) m/z: 436 (M—H)"; 'H NMR (300 MHz,
CDCl3): 6 1.24 (t, 3H, J=7.5 Hz), 1.40 (t, 3H, J=7.4 Hz),
2.23 (s, 3H), 2.64 (q, 2H, J=7.5Hz), 3.08 (q, 2H, J=
7.4 Hz), 7.15 (s, 1H), 7.32 (s, 4H), 7.45 (s, 1H), 9.78 (br s,
1H); '>C NMR (75 MHz, CDCl5): 6 13.6, 14.3, 24.3, 24.7,

28.8, 122.8, 125.0, 128.0, 129.1, 130.1, 131.6, 132.8, 134.0,
138.2, 138.6, 139.3, 142.7, 142.9, 150.9, 169.4, 175.4,
185.8.
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