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1. Introduction

At the turn of the 20th century, Bougoult made a detailed
and systematic study of the conversion of (3,y- and +y,8-un-
saturated carboxylic acids to iodolactones with iodine in
aqueous NaHCO;. He showed that, when the double bond
was further removed from the carboxylic acid functionality,
no reaction took place. He considered that these reactions
involved the addition of nascent hypoiodous acid, followed
by lactonisation of the resulting hydroxy acid.! Intervening
developments in this area as well as in mechanistic studies
enabled van Tamelen and Shamma to propose, in 1954, the
currently accepted view of this process, namely that
halolactonisation arise by the intramolecular carboxylic
acid-mediated opening of the initially-formed halonium ion
intermediate (Fig. 1).?

Since these initial studies were carried out, halolactonisa-
tion has received sustained attention and has become a very
reliable strategy in synthetic design. In early developments,
a major attraction of this reaction was that it belonged to a
small number of pathways for the introduction of stereo-
selectivity in open-chain compounds. A detailed analysis of

X=Cl Brorl

this property led to the important discovery that the
conditions are amenable to either kinetic or thermodynamic
control and, in favourable cases, can lead to products having
opposite stereoselectivity. The scope of the reaction was
augmented further by the extension of the process to esters,
phosphates and amides, the latter compounds providing an
excellent opportunity for the attachment of chiral auxili-
aries, leading to products of high enantiomeric purities.

A development worthy of special note is the related
cyclisation of unsaturated acids by arylselenium halides,
first reported by Campos and Petragnani in 1960.3 The same
authors also studied lactonisation brought about by
tellurium compounds,4 but this work has not received
wide attention. Selenolactonisation results from the intra-
molecular opening of an epi-selenide by an appropriately
placed carboxylic acid (Fig. 2). With the emergence of the
carbon—selenium bond as an extraordinarily versatile unit
for further elaboration,®> selenolactonisation was rapidly
accepted as a very useful synthetic strategy.

Halo- and selenolactonisation reactions are an important
synthetic subset in the broader reaction domain involving

X X
— X
CO,H CO.H
0 (¢}

n=1,2

Figure 1.

maijor (exo) minor (endo)
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heteroatom cyclisations mediated by electrophilic attack on
a proximal m-bond, collectively called ‘cyclofunctionalisa-
tion reactions’. Other important reactions in this category
include cyclofunctionalisation of unsaturated hydroxy
compounds, unsaturated amino compounds, unsaturated
sulphur and phosphorus compounds, and electrophilic
heteroatom-containing unconjugated dienes.

Since the excellent review by Dowle and Davies in 1979,°
no other account has been forthcoming in the literature,
although a number of reports on halo- and selenolactonisa-
tion have appeared.”'°

Halo- and selenolactonisation reactions, now forming a
general class of reactions adaptable to a variety of situations
in organic synthesis, have been explored in detail and a
wealth of knowledge is available on a number of aspects
associated with these reactions. We have formalised this
report by discussing the most prominent and versatile
features of these reactions, with the following major topics:
(1) mechanism and stereochemistry; (ii) methods of halo-
and selenolactonisation; (iii) asymmetric halo- and seleno-
lactonisation; (iv) scope and limitations; (v) synthetic utility
in representative reaction types; (vi) general comparison of
these reactions; and (vii) varieties of reagents used to
mediate the reactions. An exhaustive compilation of halo-
and selenolactonisation reactions, often forming the inter-
mediate steps of multistep organic synthesis, is presented as
a Supplementary Section of this Report. This compilation of
reactions, presented as Tables, was constituted from nearly
450 references, in which the use of these reactions has been
described. While we have undertaken to discuss the salient
features of the reactions in the following text, the
Supplementary Section should serve to explore more
features associated with this general class of reactions.

2. Mechanism and stereochemistry

Halo- and selenolactonisation reactions proceed by a

common mechanistic pathway in which the transition state
generally reflects an intramolecular opening of the 3-mem-
bered ring intermediate, which arises from acceptance of
either the halogen- or selenium-derived electrophiles, by a
heteroatom oxygen. The heteroatom oxygen could be part of
a carboxylic acid, an ester or an amide. Factors that
influence the electrophile acceptance by a proximal double
bond and the requirement for a proper orientation of the
3-membered ring intermediate for the subsequent nucleo-
philic attack dictate the course of the reaction.

2.1. Control of stereo- and regioselectivities in halo- and
selenolactonisation

2.1.1. Stereoselectivity. The factors that govern stereo-
selectivity pertaining to the iodolactonisation of +y,8-un-
saturated acids under kinetic conditions can be assessed on
the basis of the following simplified profile (Fig. 3).!!~13

Halo- and selenolactonisations that transform acyclic to
cyclic precursors can lead to stereoisomers. The practical
utility of these reactions arises mainly from the fact that the
course and selectivity of the process are predictable. As
shown in Figure 3, the diastereotopic mw-faces bifurcate the
ligands at the allylic and homoallylic positions. The kinetic
preference would be for the approach of the electrophile in a
conformation where the steric interactions from the ligands
are minimised. Assuming ‘e’ as the smaller ligand, the
primary control would be to place ‘e’ in the path of the
electrophile, in order to lead to a cis orientation of the ligand
‘d’ and the iodine-carrying terminus in the product. In this
process, ‘d’ and ‘a’ would come closer. When the steric
repulsion between ‘d’ and ‘a’ does not permit such a
process, however, the electrophile approach can reverse,
leading to a trans orientation of the ligand ‘d’ and the
iodine-carrying terminus. Such considerations additionally
apply to the ligands ‘f* and ‘g’. The stereoselectivities are
discussed in detail in Section 2.3.

2.1.2. Regioselectivity. The nature of the electrophile and
the substrate structure dictates the course of regioselectivity
in halolactonisation and these factors are exemplified by
the systematic investigation of Snider and Johnston.'* The
halolactonisations of +y,3-unsaturated acids (1-7), under
kinetic conditions, are such that the y-lactones predominate
over d-lactone formation during iodolactonisation, com-
pared with that observed during bromolactonisation (Table
1). The regioselectivity differences are profound, depending
on the nature of the electrophile. The preference for a
v-lactone in the case of iodolactonisation and a 8-lactone in
the case of bromolactonisation is rationalised on the basis

Figure 3.
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Table 1. Regioselectivities in iodo- and bromolactonisations of +y,d-unsaturated acids

OH O
_ O +
I (8 1@
v-lactone d-lactone
Acid Ratio of vy to & lactones (% yield of y-isomer)

I,/KI, NaHCO3

I,, Et;O/THF, NaHCO;

NBS/THF, AcOH Br,/MeOH, NaHCO;, —78 °C

0
OH 1 >20:1 (85) 24:1 (71)
=
o]
OH 2 >15:1 (91) —
=
o)
OH 3 6.5:1 (88) 1.5:1 (83)
=
0
OH 4 1.1:1 1.2 (86) 1:1 (81)
=
0
OH 5 >9:1 (70) —
=
o)
OH 6 5:1 (70) 5:1 (76)
HO F
0]
OH ) .
_ 7 1:3.4 (74) 1:3.5 (85)
HO

2.7:1 91) 1:1 (46)

2.7:1 (85) 2.7:1 (50)
1:1.2 (78) 1:1.2 (66)
1:2.4 (86) 1:2.5 (93)
>9:1 (76) >9:1 (38)
2.3:1 (9.2) 2:1 (45)

<1:9 (93) <1:9 (89)

that the rate-determining step of the former product is the
attack of the carboxylate on the iodine-double bond
complex, while that in the latter compound is the attack of
bromine on the double bond to give the bromonium ion.

The halolactonisation reaction with a prototypical substrate,
namely pent-4-enoic acid and its a-substituted derivatives
8-10, illustrates the effect of a-substitution on nucleophilic
attack of the proximal carboxylic acid at the halonium ion
intermediate (Table 2).'3

Table 2. Kinetics of iodolactonisation of a-substituted pent-4-enoic acids®

H,C=CHCH,C(R'R?)CO,H

The fact that o,o/-disubstitution reduces the entropic
barrier, thereby enhancing the rate of iodolactonisation,
suggests that such disubstitution allows an enhanced
population of the conformation needed for cyclisation.
At the same time, such groups, by way of eclipsing the
interactions with the neighbouring hydrogen, enhance the
enthalpy of activation. The consequence of the so-called
‘buttressing effect,” in which proximal substitution
enhances the rate of the addition, is clearly seen where
R;=R,=Ph.

I, CHClg, 25 °C R2j_>\
0= CHyl

¢)
Acid R! R? k AH? AS*
8 H H 0.51 33 -59
9 H Ph 0.6 5.8 -51
10 Ph Ph 200 9.0 -28

* Values of k and AH*, AS* are expressed in M~ ' min~" and kcal mol ', respectively.
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2.2. Kinetic and thermodynamic control in halo- and
selenolactonisation

A particularly useful aspect of iodolactonisation is that it
permits reaction conditions which are either kinetically

—_—
MeCN
OH
N\COZEt
14
|2 MeCN
NaHCO3
Figure 5.
a b
H,0 OH OH
.@Eﬁ . ~
19 19

dihydroxy esters 17 and 18 lactones 15 and 16

cyclisation (via 20)

lactones 15 and 16

Figure 6.

H,O or I”

lactones 15 and 16

(ag. NaHCO3;, I,, KI) or thermodynamically (I, MeCN)
controlled.'%1%17 Jodolactonisation under thermodynamic-
ally favoured conditions produces the trans product for both
the -y and d-lactones with a high selectivity. Similar controls
are also possible in selenolactonisation reactions involving
phenylselenyl triflate and N-(phenylselenyl)phthalimide
(NPSP).

Interestingly, whilst stereochemical control is modest in
selenolactonisation leading to +y-lactones, those reactions
leading to &-lactones show better selectivity. Further,
amongst several selenium reagents, PhSeCl brings about a
better selectivity than NPSP.'8

While it is generally true that cis products arise under
kinetic control and tfrans isomers predominate under
equilibrating conditions, an exception is the hydroxy acid
11, from which the cis product (12) predominate under all
conditions. This unusual outcome is rationalised on the
basis of steric constraints in the transition state that restrict
the formation of the trans product 13 (Fig. 4)."°

A precise mechanism of iodolactonisation under kinetic
and thermodynamic conditions was studied by Willis and
co-workers on the <,3-unsaturated o-hydroxy acid 14
(Fig. 5).2°

The following iodolactonisation mechanism was proposed
to account the formation of the above products. A
nucleophilic attack at the carbocation, formed initially,
can occur by four possible pathways (Fig. 6) and the

OH OH
|\/do N I\ \".do
O * 6]
15

16

HO OH
\/\/k + |\)\)\
CO,Et CO,Et
18

c

O
.uﬂ
O

dihydroxy esters 17 and 18

cyclisation (via 20)

lactones 15 and 16
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NPSP H NPSP

= o={ =
21

CO,H SePh
z

Figure 7.

mechanism was investigated using '80 labelling. Under
thermodynamic conditions, which do not involve 17 and 18
as intermediates, more than 75% '80 incorporation at the
carbonyl oxygen was observed for both syn and anti isomers
and pathway ¢, involving orthoester intermediate 20, was
established. Instead of simultaneous addition of H3O along
with I,/MeCN, however, when H80 was used to quench the
reaction of 14 with I,/MeCN, no incorporation of 80 was
noticed and pathway b, involving carbocation intermediate
19, was therefore identified as the mechanistic route. Under
kinetic conditions (I,, MeCN, NaHCO3), formation of the
initial iodo-dihydroxy esters 17 and 18 occurred, via
pathways a and d, and these dihydroxy esters cyclised
slowly to the iodolactones 15 and 16. Here too, workup of
the reaction mixture with H80 afforded good incorporation
of 180 at the carbonyl oxygen, indicating that the pathway
a, via intermediate 20, predominated in course of the
reaction.

It should be further noted that these cyclisations involving
the ester lead to better syn/anti selectivity under thermo-
dynamic conditions in which the intermediate cyclic cation
is in equilibrium with the starting material.?! ~23

Equilibration is also equally observed in selenolactonisa-
tions. For example, in the selenolactonisation of acetylinic
acid 21, E-phenylseleno-vy-lactones are exclusively formed
with NPSP. Interestingly, when the minor Z-isomer is
treated with NPSP, isomerisation to the E-form takes place.
Equilibration through an oxycarbonium ion (22) inter-
mediate would account for such a process (Fig. 7).24

A rather puzzling reaction is the isomerisation of the
iodolactone 24, derived from the hydroxy acid 23, to the
regioisomeric iodolactone 25 at pH 8. This has been
explained on the basis of the common intermediate 26. The
ability of I, to assume a quasi-equatorial disposition may
play a key role in the isomerisation (Fig. 8).23

y 0
oK
H + 2
|2 mu/\Q \\\‘
Q\NCHQCOONa — oo Q
I ‘OH
25

e}
i)

23 24
H pH 5.5 84% 16%
I\L\E&o‘ pH 8.0 24% 76%

0)
26

Figure 8.

2.3. Stereochemical aspects of halo- and
selenolactonisation

Substituents on the unsaturated carboxylic acids have

H SePh
O:LTO/\ {-sePh o:@:<

SePh H
22 E

considerable influence on the stereoselectivity of halo- and
selenolactonisations. Systematic studies on both acyclic and
cyclic unsaturated carboxylic acids allow the following
generalisations of the stereochemical outcome in these
heteroatom cyclisations to be inferred.

(i) In the absence of a substituent in the v,3-unsaturated
acids, an exo-mode of cyclisation, leading to vy-lactones, is
favoured under kinetic conditions, particularly in
iodolactonisations.

(i1) Halo- and selenolactonisations are completely stereo-
specific in that the discrete halonium or selenonium ion
intermediate undergoes attack by the internal nucleophile
exclusively with inversion, in the absence of other directing
influences. A few examples are given below.

(iii) The presence of chiral carbons in unsaturated acids
leads to products with high asymmetric induction. Under
thermodynamic control, this relates to the predominant
formation of either the 1,2-frans or the 1,3-cis or the
1,4-trans product. Kinetic control does not offer such a
high asymmetric induction.'® The following examples
illustrate the asymmetric induction in halolactonisation.

N N
OH NIS ) (o) 26
EJ/\)‘\ = II'O
NaHCO3;, CH,Cl,
Phth-N e Phth-N 7
-Noi,,,. I th-Ny,,
M = MeCN M &

e

THy
95%
CO,H 0
I, KI Q
28
NaHC03, H20
94%
SePh .
N PhSePFg w0
. _CO,H > ., ):0
o . o "
CH,Cl,, -78 °C
77%
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1,2-Asymmetric induction.

I, (3 equiv.)
Hozc/”\w//ﬁi> - o) 6
R MeCN, 0 °C R |
H
2-12h
trans cis
R = Me (84%), trans : cis:: 10 : 1
R =Ph (98%), trans:cis::20:1
) F1C OMe F1C, OMe
FiC o l, (2 equiv.) N /\W;Z:iXQ
30
BnO. Xy > o0 (¢}
\/\)\HkOMe 2q. NaHCO; BnO : (0] BnO ] (6]
OMe CHC|3 86% 14%
73%
Ph Eh Ph
) > . E .
ipp N E~e"No Yo o0 Baaho o .
Method A: I, (3 equiv.), NaHCO3; (3 equiv.) 100% B -
MeCN, 0 °Ctort, 48 h (E=1)
65%
Method B: PhSeCl (1.1 equiv.), pyridine, (1.1 _
Cl (1.1 equiv), pyridine, 96% %
eqUIv.), CHzclz, -78 "C to rt, 24 h (E - SePh)
71%
| Me,,
MOMe 2 _ Iv'& 32
Me ©O MeCN, 25 °C o ©
1-2 days 80%
|| Me
Me | ‘,,
i - 33
AN
CO,H MeCN (@)
(0]
80%

©/CH2002H 1. Et3N, CH,Cl,, 03:0 34
> o}

2. PhSeCl,

While 1,2-asymmetric induction, resulting from an allylic
substituent of an unsaturated acid, usually leads to a
1,2-trans-configured product, the presence of hydroxy and
alkoxy substituents at the allylic position reverses the
configuration to 1,2-cis. Such a reversal of configuration

-78°C

necessarily requires the participation of the internal
nucleophile in stabilising the halonium ion intermediate
(Fig. 4). The cis-selective halolactonisation generally holds
good for other polar substitutents at the C-2, as well as the
C-3 positions.



5280

o R 2

S. Ranganathan et al. / Tetrahedron 60 (2004) 5273-5308

Et,O -THF

aq. NaHCO3, 0 °C

R
(0] o ", 11

cis-lactone

R =0H: 96%; R = OSiR;: 96%; R = OAc: 94%

o OH I Me OH
HO B O -,
Me R Et,O-THF o R
aq. NaHCO,, 0°C
R =H: 87%; R =Me: 96%
R, R, I, Et,0 Ri Ra Ri Re
K _COoH > ;FL\\\Pr ;d‘ &P
0 0 .
o "y oy !
A B C A B
Ry =H; R, = 0OH 680 4 8 % R, ‘\\R1 | Ro ~\\R1 | 14
o7 07 Pr 0~ ~0” Ypr
C D

NHB:
L oC NBS, THF BocHN OH
= CO,H > )\_L 35
/\oj\ 0°C, 20 min. O™ " ~CHBr
/\/'\ I, MeCN %, OMe 36
= H CO.H > O;[OB"’CHZI
OMe

1,3- and 1,4-Asymmetric inductions.While 1,2-asymmetric
induction is the most profound in halolactonisation with
substrates having allylic substituents, the presence of such
substituents at other locations within the unsaturated acids
can also induce asymmetric inductions, namely, 1,3- and
1,4-asymmetric inductions. From the limited number of
examples known for these acids, it becomes clear that a
predictable streocontrol is possible during the cyclisation

process. Early examples of such asymmetric inductions are
revealed from the pioneering reports of Bartlett and co-
workers.'® When pertaining to 8-lactones, 1,3-asymmetric
induction produces the 1,3-disubstituted cis-isomer as the
major product. The observed 1,4-asymmetric inductions
are, however, not profound, reflecting the near absence of
any control by substituents beyond the allylic and homo-
allylic positions.

0] e}
Me Method A or B
HOZC\/\/\ > i i
Me" Me
| |
18
Method A: I, (3 equiv.), MeCN, NaHCO3, 0 °C 1 3
97%
Method B: I, (3 equiv.), MeCN, 0 °C 1 6

97%
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o) o)
Method AorB  Me 0 Me o
HOLC .
|

Me i i
Method A: I, (3 equiv.), MeCN, NaHCO3, 0 °C 1 1.8
78%
Method B: I, (3 equiv.), MeCN, 0 °C 1 1.1
68%
OMe
M602C
o L, CHCl, MO
Me - Me\“
,4h H
Me

OH I, MeCN \/CL
_ |

{

CO,Et
syn
|2, MeCN
HO OH HO OH
> I\/\/'\ I\)\/k
NaHCO4 COEt CO,Et
/HS;QH NBS, THF PHN PHN
= NHP > b
0°C, 5 min. 0" o S
Br Br
P = Cbz, Boc, Pht, Ts 8 1 (80-100%)
P = CHO 8 1 (40%)
12, NaHCO3
7 0 OH aq. MeCN 0" o
|
OTIPS QTIPS
|2, NaHCO3

» Bu
Bu~” 07 OH aq.MeCN,0°C, 4h 4O o
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37

20

38

39

39
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OTIPS oTIPS
I, NaHCO;
» Bu
~ 07 >OH aq.MeCN,0°C, 4 h ! HO o)

Bu

(iv) Among the substrates for cyclisation allowing complete
stereocontrol are those that contain the double bond within a
ring. The resulting fused or bridged lactones highly preserve
a cis stereochemistry at the ring junction, as shown in the
following examples.

T
O
o

O/\COZH I, NaHCO3 -

T

aq. MeCN :
Br
O,
I, KI, H,0 ol
HOZCO -
S (e}
H NaHCO3

Iy, KI é
o~--»® o om(ymo
Lo “,,~CO2H Lo““ ) N0

S NaHCO3
92%
Iy, KI H
s - o 1)
NaHCO3 07: =
H
0P
PO, ki, THF ‘<
Q,,\\\ _ Iﬁ\‘
e NaHCOj "
84%
o\ |
1. TBAF, THF \% O/
> 0] e}
2. I, NaHCO :
MeO,C 2 3
2¥>""~C0,TMSE o | MO~ MeOZC\_/\\<o
: , { ?
Nrcbz CbzHN CbzHN

90%

w
-
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I, KI, THF
. 46
Aq. NaHCO;
87%
Me, LOH
NBS, CHCI
) COzH Sv 3 47
g n tt,2h
R=H,M
RoghMe s2.88%

(v) Useful generalisations relating to the halolactonisation
of +y,d-unsaturated acids have been made using (E)-4-
hexenoic acid (I) as the probe.

With most substrates related to I, iodolactonisation affords
the +-lactones preponderantly over the &-isomers. In
bromolactonisation, however, the preference is narrower
and, in some cases, the d-lactones actually predominate.
This preference can be overcome by increasing the steric
requirement of the m-terminal ligand and 6-methyl substi-
tution of I (27) leads preponderantly to the y-lactones in
both iodo- and bromolactonisation. On the other hand,
substitution at the 3-position (28 and 29), which makes
nucleophilic attack at the 4-position more difficult, narrows
the preference in iodolactonisation and affords more 8-
lactone in bromolactonisation (Table 3). As stated pre-
viously, a 3-hydroxy substituent (30) gives mostly a cis-
oriented product.'*

Table 3. Halolactonization of +y,3-unsaturated acids

(vi) Selenolactonisation of unsaturated cyclic olefins also
lead to cis-fused bicyclic lactones stereoselectively. The
following examples illustrate the selenolactonisation of
unsaturated cycloalkenes.

PhSe, H
. ~ ' 0 O
1. LIOH/THF 2
@\/COZEt .
> 48
2. PhSeCl, Et3N H
CH,Cl,
90%
PhSe H
1. LIOH/THF =

Y

2. PhSeCl, Etz;N
CH,Cl,

92%

(0} o}
OH e}
o i
=
R R R
I (Br) I (Br)
R = H/OH y-lactone S-lactone
Ratio of vy to & lactones (% yield of y-isomer)
/K1, NaHCO3 I,, ether/THF, NaHCO; NBS, THF-AcOH
A -C02H 27 >20:1 (85) 24:1 (71) 27:1 1)
/\)\/002H 28 6.5:1 (88) 1.5:1 (83) 1:1.2 (78)
/\>QCOQH 29 1.1:1 (86) 1:1 (81) 1:2.4 (86)
OH
30 5:1 (70) 5:1 (76) 2.3:1 (92)

/MCOZH
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PhSe

1. LIOH/THF

COEet ——————»
2. PhSeCl, Et;N
CH,Cl,

2.4. 3-—-Lactone equilibration

B.,y-Unsaturated carboxylic acids are exceptions to the
notion that halolactonisation in bicarbonate solution is
kinetically controlled. The initially-formed B-lactones, on
standing, rearrange to the thermodynamically more stable
v-lactones. Thus, 1-cyclohexenylacetic acid (31), in a short
period of time, affords the spiro B-lactone 32, which
rearranges to the y-lactone 34 (Fig. 9). The equilibrium is
likely to involve an iodonium intermediate 33, the formation
of which is facilitated by the strained -lactone system
32.49,50

2.5. cis-Halolactonisation by a double inversion mode

In halo- and selenolactonisations, the heteroatom nucleo-
phile opens the electrophilic 3-membered intermediate from
the opposite side, thus placing the halo- or seleno-
substituent and the heteroatom in a trans orientation. It
has been reported®! that bromolactonisations using DMSO—
TMSBr-Et;N lead, in a few cases, to products having a cis

N
—_— 0 EE—
OH
31 32

orientation (Fig. 10). Analysis of these anomalous reactions
indicates that a conformational change is required in order
to place the carboxy residue in the correct orientation for
opening the bromonium ion intermediate. This enables
incursion by attack of external nucleophiles. The actual
reagent in the TMSBr—DMSO reaction is the in situ formed
Me,SBr, bromonium ion intermediate formation generating
Me,S, which, in these cases, effects the opening of the
former species. Subsequent elimination of Me,S by an
intramolecular attack by the carboxylate would lead to the
observed cis orientation. The cis mode of halolactonisation
is therefore actually an example of double inversion.**->!

2.6. Conformational control in halolactonisation

A noteworthy example of conformational control in
bromolactonisation is that pertaining to the dicarboxylic
acid arising from the cycloaddition of methyl maleic
anhydride and 1,3-butadiene. Here, the carboxylic acid
function at the quaternary carbon site is exclusively
involved in the bromolactonisation and this has been
explained on the basis of the preference of conformation
II over II1.>2

T

8

—_

33

Figure 9.
N - + - N _
TMSBr + /S—O _— \/S—OTMS-BF . /S—Br-TMSO
NS_BreTMSO HO—0 B O ©
re r,
e A H_Br H . Br, (e }_L:f
Mezs' -H —>H \
CO,H n=2 COzH H S €
Figure 10.
HO,C L ] >
190 HO
00 -
H HOOC
35 e
37

Figure 11.
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Me

0’

CH,CO,H 40

Me Me
Me

Figure 12.

The normal principles of conformational analysis may be
used advantageously to predict the outcome of iodolacto-
nisation and this is illustrated with two elegant examples
(Fig. 11). In these instances, molecular (Dreiding) models of

CouM N—o
m aq. NaHCO, m
5 : I, OKI o i |
H 43 88% a4 H
Figure 13.
]2, aq. NaHCO3 |
rt, 2 h, 25% .
— “0
46:47=25:1 _A
Hury, \ o)

l,, MeCN
0°
B
24 h, 75%
Figure 14.
v COzHy.
7 X Iv
BB
03-2-20
v( \/ \Y l,, NaHCO3
BB
Z Y o7 N 79%
48
VS. O
Cs — C,

Figure 15.

#ﬁ% o a&%
OOJ HO N/

Me

M 42

35 show the preference for conformation 36 over 37.
Todolactonisation under kinetic conditions therefore selec-
tively affords 5-membered iodolactone 38 over 6-membered
iodolactone 39.53

The exclusive formation of 41 on iodolactonisation of 40 is
rationalised on the basis of the preferred conformation
relating to the acceptance of the I species. Molecular
models support a preference for the quasiboat arrangement
(42) (Fig. 12).54

2.7. w-Selectivity in halolactonisation

In polyolefinic systems, in which the carboxylic acid
location is amenable to multiple modes of iodolactonisation,
the course of the reaction can be predicted on the basis of the
propensity of the m-system to accept the electrophilic
species. The high selectivity that can be seen in this instance
is illustrated in Figure 13 in the conversion of carboxylic
acid 43 to iodolactone 44.3

The following example illustrates the operation of kinetic
and thermodynamic controls in m-selectivity during iodo-
lactonisation of the acid 45 (Fig. 14).°° Under kinetically-
controlled conditions, the two regioisomers 46 and 47 are
obtained in the ratio 2.5:1 in favour of 46. Under
equilibrating conditions, however, the thermodynamically
more stable product 47 is formed exclusively in 75% yield.
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The iodolactonisation of the heptadienoic acid IV under
kinetic conditions has been studied in detail.>”>8

The system represented by IV is an ideal framework for the
assessment of conformational, steric and electronic factors
that lead to olefin selectivity (y/y'). Indeed, a high
selectivity is observed with several derivatives of IV,
prominent amongst which is the heptadienoate 48. Iodo-
lactonisation of 48 under kinetic conditions afforded
excellent olefin (49-51=147:1) and facial selectivity
(49-50=30:1) (Fig. 15). Conformational control, affording
49-51 and none of 52, is at the root of this preference. Of
the two possible transition states, conformation V, leading
to B-selectivity, is favoured over VI.

The high +y-selectivity observed with the methallyl deriva-
tive 53, leading to 54 and 55 as opposed to ' selectivity
which affords 56 and 57, is predictable on the basis of
electronic control (Fig. 16) under these kinetic iodolacto-
nisation conditions.

These two examples illustrate that, in the absence of a
directing group in the substrate, the lactonisation becomes
subjected to conformational control, while, in the presence
of a directing group, the lactonisation is dominated by
electronic control. In either case, it should be noted that the
diastereoselectivity is more pronounced than the enantio-
selectivity during the cyclisation.

2.8. Control of regioselectivity in halolactonisation of
proximately aligned and rigidly held 1,2-dicarboxylates

A detailed study of the effect of substitution on the

S. Ranganathan et al. / Tetrahedron 60 (2004) 5273-5308

bromolactonisation of dicarboxylic acids arising from the
addition of methylmaleic anhydride and acetoxymaleic
anhydride to cyclopentadiene has emphasised the interplay
of steric and electronic effects on the course of the
bromolactonisation (Fig. 17).>> While the compound 58
undergoes exclusive bromolactonisation involving the
carboxy group at the tertiary carbon site with bromine-
bicarbonate (pH 8.3) to afford bromolactone 59, the carboxy
group at the quaternary carbon site is selectively bromo-
lactonised to 60 with bromine-water (pH 3-4). Interest-
ingly, bromolactonisation of 61 under both conditions gives
products from the exclusive bromolactonisation of the
quaternary carboxyl group to afford bromolactone 62. Had
steric considerations prevailed, the buttressing effects would
have promoted bromolactonisation involving the carboxy
group at the quaternary carbon under all conditions.
Electronic factors, however, make the carboxylate group
at the quaternary site more basic than the tertiary
carboxylate in 58. The situation is, however, reversed in
61. These observations show that the bromolactonisation of
proximately aligned and rigidly held 1,2-dicarboxylates
takes place via the intermediate 63, arising from the addition
of the more basic carboxylate unit to its neighbour.
Significant unfavourable electrostatic interactions could be
avoided by the formation of the intermediate 63, in which
the carboxylic acid unit attached to the carbon bearing Y is
more basic.

2.9. Synthesis of 3-lactones from halolactonisation of
B3,y-olefinic acids

B-Lactones are formed from {,y-olefinic acids by iodolac-
tonisation under kinetic conditions. A study of the effect of

O
O
(i) 1 equiv. n-BuLi 0 " Q
. CO,H 78° ) + Y
S Ry e A o
= >
53 (i) 3 equiv. Iy, 150 54 46 55
-78°C O 0O
0 0
96% | ) K P v
) ”
25 56 1 57
Figure 16.
a. Bry, NaHCO;  Br Me
7 Me pH 8.3 o—{ COH
{EopH 59 ©
 CO2
58 COZH b. Brz, Hzo R Me
H 3-4 o B
= |
p O—
60  HO,C
OAc aorb
A - oA g Y
1 COzH ! X Y =H or OAc
1 O_
61 CO.H 0 O
’ 62 HO,C o O>: X =Hor Me
0 63

Figure 17.
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0]
) O
R1\/\Hk Br, R M/ TR ANO; ] R,
OH ———————> H
64 R, NaHCO3;, 0°C Br 65 AcOH K, 66
31-65%
R4 =H, Et; Ry = H, Me, i-Pr, Bn, n-Bu 32-66%
Figure 18.
the a-substituent in 64 (H, Me, i-Pr, Bn, n-Bu) on the yields In a competitive experiment on the reduction product of
of the B-lactones 65 was inconclusive. Regardless of the 2,3-dimethylbenzoic acid, the product was the bicyclic
nature of the substituent at the a-position, however, the lactone, which is favoured by stabilisation of the electro-
lactones obtained have been converted to the corresponding philic centre as well as by strain factors. Similar results
butenolides 66 via a cation-initiated ring expansion/ leading to <y-lactones 71 and 72 are obtained from the
elimination strategy (Fig. 18).%° Birch reduction product of 2,5-dimethylbenzoic acid 70
(Fig. 20).%!
Bromolactonisation of the Birch reduction products of
various methyl-substituted benzoic acids provides interest- 2.10. Formation of - and 8-lactones from B-hydroxy-
ing results. The reduction product of o-toluic acid affords v,0-unsaturated acids
exclusively a B-lactone at the carbon carrying the methyl
substituent, which is expected on the basis of stabilisation of A detailed study on the selenolactonisation of the B-hydroxy
the carbocation centre. This aspect is highlighted with the acid 73 has led to the stereocontrolled synthesis of 8- and
bromolactonisation of the reduction product of m-toluic v-lactones.®?® The selenolactonisation of 73 (PhSeCl
acid 67, where bicyclic lactones 68 and 69 involving (1 mol. equiv.)/K,CO3/CH,Cl,) initially gave the lactones
highly substituted carbon centre, are formed exclusively 74 and 75 with low selectivity. The major diastereomer
(Fig. 19).5! comes via the transition state VII that displays
the intramolecular hydrogen bonding, in addition to the
stabilising Se---O interaction, which is absent in the
transition state VIII leading to the minor diastereomer
H_fO2H (Fig. 21).
R1 Br2, NaH003
R CH,Cl, o An increase in diastereoselectivity was observed on using 2
2 and 3 M equiv. of PhSeX (X=I, Br, Cl) [ratio of 74-75,
67 57:43; 76:24 and 89:11 for 1, 2 and 3 M equiv. of PhSeCl,
Ri=Me, Ry =H 529, - respectively]. Similar diastereomeric preferences were
Ry =H, Ry, =Me - 71% obtained on using PhSeX in combination with TBAX
Ri=R;=H 59% - (X=ClOy, CI, Br). The influence of X~ in bringing about
R1=Ry=Me - 80% the selectivities can be explained in terms of the probable
Figure 19. transition states IX and X that can arise during selenolacto-
nisation (Fig. 22). The seleniranium transition state X is
more stable and the activation energy for cyclisation is
o higher, whereas IX is less stable, with a lower activation
0 energy for cyclisation. Further, X is sufficiently long lived to
H CO,H H : e -
/@/ Br,, NaHCOs 0 Br._ H undergo intermolecular attack by Cl—, Br~ or ClO; at the
- " positively charged selenium centre, which destroys the
CH,Cl, “Br O intermediate to give the starting material and PhSeX, thus
70 71 72 driving the reaction in favour of 74. It is also evident
trace 93% that it is possible to maintain the Se—O interaction, which
Figure 20. is primarily an n—o* type interaction,®2®¢ during the
OH a. PhSeX, KQCO3, CH2C|2, -78°C
aorb or
| b. PhSeX, TBAX, K,COg, CH,Cl,
07 “OH “Ph 78°C
H— &
o OH O‘{ o”',,/ OH OH
MSGW - M--:'SePh MSePh — /ﬁpﬁeph
Ph © E/ o Ph o]
74 Vi VI 75

Figure 21.
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HO- ~seph
H .\\\Ph
H J(H
Y 8 IX

Figure 22.

cyclisation from IX whereas, in X, this interaction is lost
(XT and XII, respectively).

A selenolactonisation strategy has also been used in the
synthesis of the 4,6-diequatorial d-lactone 79 from
the B-hydroxy ester 76 through the intermediacy of the
1,3-antidiol 78, arising by the attack of water on the
seleniranium on 77 (Fig. 23).

Interestingly, a mixture of 74 and 75 in CH,Cl, when stirred
with silica gel afforded the y-lactone 80 in excellent yield
and diasteroselectivity (80—81=95:5) (Fig. 24). Here, the
acidic conditions from the silica gel caused the protonation
of the &-lactones and the intramolecular Se attack at C6,
causing the ring opening. The intermediate seleniranium
ions XIII and XIV then cyclised to give the thermo-
dynamically more stable +y-lactone 81 with excellent
stereoselectivity.

5

nPh

0" H H

H --SePh

s

X

OH o

0 SePh ,
0~ © “Ph 75

Xl

2.11. Controls that promote halolactonisation to medium
rings

The formation of medium-ring lactones and ether lactones
by iodolactonisation has been examined.®>~% The common
reagents used for iodolactonisation do not work well in
these cases. Satisfactory results can be obtained by using
iodonium di(sym-collidine) hexafluorophosphate.

Iodolactonisation as a function of geminal dimethyl
substitution afforded no great advantage in terms of the
yields of products using the above reagent up to e-capro-
lactones. Beyond this ring size, however, the effects were
rather dramatic. Whereas iodolactonisation of 7-octenoic
acid with the halonium di(sym-collidine) reagent afforded
only 5% yield of the 8-membered lactone, the incorporation
of geminal dimethyl groups at the 4-location (82) afforded
not only 26% yield of the 8-membered lactone 83 (m=1,

\Ph

-SePh
®

(O
HO-
77

OH PhSeCl,
MeCN/H,0
07 >ome Ph t, 80%
76
1. BuzSnH, AIBN
OH

0] OH OH

C6H6v reflux, 95% B
(0] Ph == MeO Ph
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Figure 23.
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Figure 25.

n=2) by exocyclisation, but also 17% yield of the 9-mem-
bered lactone 84 (m=1, n=2) from endocyclisation
(Fig. 25). This strategy has been used in the preparation of
11- and 12-membered lactones in reasonable yields. Apart
from the fact that the incorporation of the geminal dimethyl
group at the 2-position is not recommended, no generali-
sations could be made relating to the placement of these
groups at various locations so that a maximum yield could
be obtained. The strategy here, however, provides a
practical approach towards the synthesis of medium-ring
cyclic lactones. It would be interesting to replace the
geminal methylation groups with other units, such as ketals
and dithioketals, so that the products could be elaborated to
useful synthetic objectives.

Interestingly, the replacement of carbons by ether linkages

o}
0,
+ (n
|
84 m
17%
5%

proximal to the acid function, as in 85, also leads to the
formation of medium-ring cyclic lactones 86 and 87, in
satisfactory yields, using the iodonium di(sym-collidine)
reagent (Fig. 26). The oxygen effect here has been
rationalised on the basis of the opening of the initially
formed iodonium ion with the ether linkage, followed by
lactonisation.

The endolexo preferences in the formation of 7- to 20-
membered ring sizes from 2-alkenyl benzoic acids using
iodonium or bromonium di(sym-collidine) hexafluoro-
phosphate has been studied.®® Steric and electronic factors
are the major control elements that dictate the observed
preference (Table 4). The unique formation of exo lactones
89a,.b and 90a,b from 88a, b is mainly controlled by
electronic factors. The gradual increase in the endo lactone

I=N__ PFs 0 0
o o)
2 0
Ao m>Co,H - Pt ( |
CH,Cl,, 13 h 'O"Jr/e\/ 0
85 86 " 87
m=0,n=3 23% 23%
m=2,n=2 24% 24%

Figure 26.

Table 4. Halolactonisation of acids 88a—k

L =

X*(collidine),PFg"

0 Q
o (0}
+
X X
n n

CHZCIZ
88a-k 89a-k 90a-k
Acid Ring size of exo-endo lactones Todolactones; X=I Bromolactones; X=Br
Overall yield (%) exolendo Overall yield (%) exolendo

88a 7:8 89a:90a (93) 100:0 89a:90a (95) 100:0
88b 8:9 89h:90b (80) 98:2 89b:90b (78) 80:20
88c 9:10 89¢:90c (84) 69:31 89¢:90c (50) 66:34
88d 10:11 89d:90d (52) 60:40 89d:90d (40) 52:48
88e 11:12 89¢:90e (46) 53:47 89e:90e (35) 47:53
88f 12:13 89f:90f (48) 82:18 89f:90f (35) 64:36
88g 13:14 89g:90g (55) 84:16 89g:90g (40) 72:28
88h 14:15 89h:90h (62) 85:15 89h:90h (40) 75:25
88i 15:16 89i:90i (55) 81:19 89i:90i (45) 70:30
88j 16:17 89j:90j (46) 76:24 89j:90j (30) 66:34
88k 19:20 89k:90k (53) 67:33 89Kk:90k (35) 50:50
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ratio (89c—k and 90c—Kk) with chain ring sizes from 8—11
(88c—k) implies that the steric hindrance induced by an
endo approach is lower than that of an exo approach.

For larger ring sizes (from 12-—14), however, the trans-
annular interactions become too small and insignificant
compared to other effects,®” which accounts for the
observed preference in favour of the exo isomer. exo-
Lactone formation appears again to be disfavoured for
larger ring sizes (=14), presumably due to the confor-
mational preferences.

2.12. Diastereomeric preferences in the halolactonisation
of amides

Examples of primary and secondary amide substrates
undergoing halolactonisations are comparatively less than
those of the tertiary amides substrates. The following
examples illustrate iodolactonisation of primary and
secondary amides. It is important to note that, apart from

the oxygen mode of cyclisation, a nitrogen mode of
cyclisation, affording lactams, is also possible with these
amide substrates.

The best-known examples of the lactonisation of amide
substrates originate from the tertiary amides. As discussed
earlier, the tertiary amide as an internal nucleophile to react
at the halonium intermediate usually leads with high
stereoselectivity to predominantly 1,2-trans orientation of
the oxygen nucleophile and the halogen substituent. On the
other hand, an allylic substituent such as a hydroxyl group
affords the 1,2-cis isomer as the predominant lactone.

As illustrated previously, an oxygen centre, proximally
aligned to the mw-bond, undergoing exo iodolactonisation,
provides a very powerful cis-directing influence. That this
property can be used efficiently in the cyclofunctionalisation
involving tertiary amides has been shown by a detailed
study of the iodolactonisation of the threo and erythro
isomers of a-alkyl-B-oxy-4-pentenamide substrates. On the

0 L
— I, THF/H,0 ; o 68
NH2 - O
N TN
Ac 0°C,2h L
M 0o
: 0 I, THF/H,O o 69
/'\)k -~ > . .
Ph N . ~ 1ok
Y 0°C,2h
67% 74% ee
o}
RN Me I, THF/H,0 Me, Me,
| -
Y >
| 0°C,2h O/l:)\\ Ol:)\\
Br ||? Br
CF;
R= \©/ 75% _
70
R A
= 0, -
/ks)\tBu 75%
o}
NR 1. TMSCI, EtzN
b > o) N—H
‘ 2. |5, MeCN 71,72
I I
R= —C=C-H 1 2
= /\/ 1 3
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_~__OTBS
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0
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basis of oxygen control, the iodolactonisation (I,
THF/H,O) of the erythro and threo isomers proceeds
through, respectively, the intermediates XV and XVI, with
exceptionally high selectivity, while generating three
contiguous chiral centres in a predictable manner. This
reaction, when performed in conjunction with a chiral

auxiliary, may provide a practical route to optically active
v-lactones.””?

Iodocyclisation of an N-methoxy tertiary amide, using a
haloazide as the reagent, leads to a-deprotonation of the
ammonium intermediate, which accepts another halonium

Hex CONMe,

,aq. THF

Ny

erythro- (R' = OH)
threo- (R' = OH)
erythro- (R' = PentCO)

threo- (R' = PentCO)

rt

Ry =alkyl; R, =H 7

R3=OH;R4=H

Ry =alkyl; R, =H 1
R3 = OH, R4 =H

Ry =alkyl; R, =H
Rs =ester; R4=H

Ry =alkyl; R, =H 2
R3 = H; R4 = ester

R7T R +
H XVi
threo
0
Rz ?1
O
R3 5 B H
Re
1
(60%)
6
(74%)
>95 5
(86%)
1
(89%)
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species to afford the dihalolactone as shown below.””? 2.13. Chiral auxiliary approaches in halo- and
selenolactonisation
O OSiPh,Me  Et4NI(N3), 0.0 ,Me
Me. I | Enantioselective and diastereoslective halo- and seleno-
N CH-Clo. 1t Me”= \"OSiPh,Me lactonisations have been explored in detail, primarily using
MeO  Me e I H C,-symmetric chiral auxiliaries. Stereoselective halo-

55%

A =
MeA/I\n“"e I*(collidine),ClO,
In,.
O . /Q/

M
N o " e
\ _ 4 e
S0, 4
THF/H,0, AcOH
48h
87%
Si-0 0/
i— ‘Si
- O
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[
| 100% ds>99%
0
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OMe -
H Me 0
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lactonisations have largely been reported with unsaturated
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tertiary amides. With other substrates, strategies were
evolved to achieve high stereoselectivities by controlling
the restricted rotation about the tertiary amide bonds, by
way of incorporating electron-deficient carbonyl or sul-
phone functions’® and increasing the interference by bulky
substituents on the fert-amide chiral auxiliary.”® Chiral
secondary amides are also used for diastereoselective
iodolactonisation.8 These asymmetric halolactonisations
are observed to afford halolactones with high asymmetric
inductions, in favour of a 1,2- and 1,3-frans arrangement of
the existing and newly-created chiral centres. This trans-
relationship is even more pronounced when there is a
polar group a- to the carbonyl function. The following
examples illustrate the developments in stereoselective
halolactonisations.

Electrophilic selenium reagents were also prepared
for asymmetric selenolactonisations. These reagents
include chiral aryl, organometallic and camphor-derived
selenides.®*~88 A chiral arylselenium electrophile, bearing a
heteroatom at the chiral centre, generally assists in
stabilising the selenonium cation intermediate in a preferred
conformation. Upon addition of the alkene, the chirality is
transferred to the newly-formed asymmetric centres. The
high 1,2-asymmetric induction results are as anticipated,
due to the approach of the chiral selenium reagent from
the less-sterically hindered direction to afford a chiral
selenonium cation, followed by an intramolecular anti-
attack of the nucleophile. For the +v,5- and d,e-unsaturated
acids, the exo-mode of cyclisation predominates, so as to
afford the 5- and 6-membered lactones, respectively,
with high facial selectivity. Some developments in asym-
metric selenolactonisations are illustrated in the following
examples.

(0)

S~ COzH - Ov Bt
W . 84
OY Ph SeAr
O de>98% 90%

SEPFe i .
0/<Ph (Ar'SePFg)

-100 to -40 °C
CH,Cl,

Y

Ph CO,H Ph)&
\[(\/ ArSe 0" 0 s

Et de = 88%
©\/‘ “OH 62%
Se0Tf | (ArseOT)
-100 °C, Et,0

ArcSe,
AR COH —————— o =0
Bu 86

EtO  SeOTf (_QEt 10:1
A (exo : endo cyclisation)  84%

'Bu

(Ar.SeOTf)

78 °C, CH,Cl,

0._0O

*

87

de=89% 87%

((R,S)-Fc SePFg)
78 °C to rt, CH,Cl,

x>~ COH —m o o) 88
SecR*
H - o 0
el de = >95% 81%
Y
E © (R'seCl)
-95 °C, CH,Cl,

3. Scope and limitations

As stated in Section 1, halo- and selenolactonisation belong
to the class of cyclofunctionalisation reactions, in which
heteroatoms play a key role. Halo- and selenolactonisation
reactions have a special appeal, not only with respect to the
controls, but also to the carbon—heteroatom bonds present
in the products, which allow further elaborations to be
possible. Additionally, the protocols developed for these
reactions can be transposed in most cases, thereby widening
their scope and application. In terms of their range and
applicability, only a few reactions are therefore as versatile
as the halo- and selenolactonisations.

Limitations arise, however, as a result of competing
reactions with other nucleophiles present within the
substrate. Preferences, with respect to the location, the
nature of the nucleophile and the transition state geometry,
are quite profound in cyclisation reactions involving
substrates having more than one nucleophile. Prominent

o)
CH,CO,H 1>-KI, NaHCO3 1)
r e w3
CH,CO,H or )
o1 PhSeCl, THF, -78°Cc X CH,CO,H
92: X = | = 80%

93: X = SePh =75%
Figure 27.
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Figure 28.

selectivities among various nucleophiles are summarised
below.

3.1. Carboxyl group selectivity in halo and
selenolactonisations

Carboxyl group selectivity depending on the location of the
carboxylic acid is illustrated by cis-3-cyclopentene-1,2-
diacetic acid 91, having two CH,CO,H functionalities. This
substrate provides options for either a 8-lactone that would
proceed through a chair-like transition state, leading to a
bicyclic system, or a vy-lactone arising from halolactonisa-
tion of the proximal acetic acid unit (Fig. 27). In the event,
iodolactonisation under kinetically controlled conditions
leads exclusively to the formation of the y-lactone 92. This
profile, by and large, is general in the sense that the
formation of the y-lactone is much more facile than that of
the 8-lactone.®’

The selenolactonisation of 91 also proceeds in the same
manner, leading to the exclusive formation of the vy-lactone
93. Such chemoselectivity of equivalent carboxyl group side
chains provides a reliable synthetic strategy, since products
from either halo or selenolactonisation can be transformed
to a variety of further products.®®

0
R
~CH,CONMe, I, THF/H,0 in
_— .
“CH,CO,Me i, 12 h |—G
96 81% 97 "CH,CO,Me
Figure 29.
PO(OEt
( O)'j PhSeBr
= _ >
O
THF PhS
98 ©
Figure 30.
Ag.
TFA, I, g I,
» I
C02Me A + COzMe
, - /S»--.,,,.
OEt O \OE.
o, Ag*
02Me EE— ‘O—
\\S\ o

RSN

o o OEt 105

Figure 31.

Carboxyl group selectivity can be predicted on the basis of
the nature of the transition state. An interesting example is
that of the acid 94, where the iodolactonisation leads
exclusively to the vy-lactone 95 by an exo-trig-cyclisation
(Fig. 28).°!

3.2. tert-Amide vs ester preference—cyclopentadiene to
prostanoids

In the iodolactonisation of amides and esters, the required
nucleophilic centre is promoted by either a nitrogen or an
oxygen lone pair. The former is more effective, leading to a
preferential mode to the prostanoid 97, as illustrated below
with amide 96 (Fig. 29).72

3.3. Carboxylic acid vs phosphonate preference—acetate
to 3-methylene y-lactones

Under kinetically-controlled conditions, selective iodo- and
selenolactonisations of a carboxylic acid group can be
achieved in the presence of a phosphoryl residue attached to
the same carbon, as in acid 98. This preference has been
used in an efficient preparation of lactone 99 as a precursor
of 3-methylene-y-lactone 100 (Fig. 30).%3

3.4. Carboxylic acid vs sulphinate preference

The attack of a sulphinate ester instead of carboxylate at a
distal alkene leads to iodosultinisation (Fig. 31).°* This
reaction, conducted with TFA and L,, in the presence of
Ag™, involves the attack of sulphinyl oxygen at the
activated carbon on the opposite side of the molecule
and, after loosing the ethyl group, leads to the sultine
(103) possessing the sulphinyl group with an opposite

PO(OEt),
NaH /Ii
— >

O (cHO), (070

é COzMe % COZME

102 103
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Table 5. Results for the iodolactonisation of XVII
OH OH
3 O H H T
RO,C.2
‘ l5, CH,Cly OR
3 ) )
NaHCO; | |
rt, 1h
XV
Isomer Lactone (%) Ether (%)
3'8,28,38
R=H 87 —
R=Me 79 —
3'R,25,3S
R=Me 9 87
3'R2R3S
R=H 76 5
R=Me 52 48
3'S2R3S
R=Me 66
R=H 66
configuration of the starting sulphinate. The steric barrier of conformations can be correlated to the three contiguous
the sulphoxide with respect to the carboxylic acid indeed chiral centres present in the molecule. The results for
dictates that the endo sulphinate participates in the iodolactonisation (I,, CH,Cl,, NaHCOs, rt, 1 h) of the
iodocyclisation, rather than the potentially competing various isomers are presented in Table 5.%°
endo carboxylic ester. In the iodosulitinisation of 101, the
intermediate species 102 positions the ethoxy group anti to These results have been correlated with calculations of the
the existing bicyclic system, thereby minimising the steric ground state minimum energy conformational orientations,
barrier for the cyclisation. Such an intermediate for 104 which indicate that the selectivity is determined by the
would, however, have a severe steric interaction between proximity of either the carboxy or the hydroxy group to the
the ethoxy group and the endo carboxylic ester moiety, m-bond. This conclusion is reasonable, since the conditions
making the iodosultinisation unfavourable. On the other for iodolactonisation are under kinetic control.
hand, when one of the two groups, that is, sulphinate or
carboxylic ester, is situated at the exo position of the 3.6. O- vs N-Cyclofunctionalisation of unsaturated
bicyclic system, the preferential attack by the functionality amides
at the endo face then predominates, affording either the
iodosultinisation or iodolactonisation product 105. As stated previously, cyclofunctionalisation reactions
involving a terminal amide group play an important role
3.5. Carboxylic acid vs hydroxyl group selectivity in in halolactonisation processes, particularly since the nitro-
cyclofunctionalisation gen function can be effectively used as a chiral auxiliary,
which is subsequently eliminated. The amide function also
3-Hydroxy-2-(2-methylenecyclohexan-1-yl)butyric acid gives the opportunity for cyclofunctionalisation via the
XVII is a typical example of systems in which two different nitrogen, in which case a lactam results.
nucleophiles (OH and CO,H) compete for a single
electrophilic centre such as that involved in iodolactonisa- In these reactions, alkyl and aryl substitution on the amide
tion reactions. Cyclofunctionalisation here could therefore nitrogen, as in amide 106, generally leads to lactonisation.
result in either an ether or a lactone. The minimum energy Interestingly, substitution on the benzene unit with either a
0}
NBS R—N NBS
H -
CCly, 23°C CCly, 23°C
106
0 9 ON  (30%)
R = 3-CF3CgHa (75%) o RNé/ R= W
R = 3-OMeCgH, (63%) N
107 108 NN (73w
Br Br %/KS

Figure 32.

mixture of diastereomers
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109 COMe 110
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Figure 33.

3-trifluoromethyl or a 3-methoxy group leads to lactone
107. When the nitrogen is linked to a heterocyclic aromatic
system, lactams usually result from nitrogen-mediated
cyclofunctionalisation. Indeed, the cyclofunctionalisation
of heterocyclic derivatives of 3-butenoic acid amides 106
with N-bromosuccinimide to functionalised B-lactams 108
is a useful strategy. The cyclofunctionalisation with
N-terminal amides can therefore be controlled by the nature
of the substituent on the amide nitrogen (Fig. 32).7°

An interesting example of the reversal of this preference of
an amide substrate carrying an electron-withdrawing group
is the selenolactonisation of the amide 109 containing a
terminal double bond, which forms exclusively the lactone
110. It is likely that the reversal of preference arises from
the enol form of 109 (Fig. 33).%¢

The reaction pathways that govern O- vs N-cyclofunc-
tionalisation of terminal amides in selenolactonisation are
similar to those in halolactonisation, although the number of
studies is rather limited. In general, N-alkyl amides afford
lactones and N-acyl systems lead to lactams.®’

3.7. Bromolactonisation of aromatic systems

Carboxylic acids are known to preponderantly involve the
aromatic ring during halolactonisation.’® The following
examples illustrate this unusual halolactonisation (Fig. 34).
It is rationalised on the basis that the halolactonisation of

endo-bicyclic acid 111 occurs through a carbocation
formation on the aromatic ring during bromination of
bromonapthalene derivative 112, followed by an internal
attack of the carboxylate at the carbocation to afford
d-lactone 113.

A noteworthy application of bromolactonisation is the
transformation of histidine dihydrochloride (114) to a spiro
compound 115 with bromine water, which occurs within
7 min (Fig. 35).°

Other readily available aromatic compounds can also be
transformed to polycyclic systems by halo- and seleno-
lactonisation strategies.®!-100-101

4. Synthetic utility of halo- and selenolactonisations

Halo- and selenolactonisation reactions are finding increas-
ing application in organic synthesis, as may be seen from the
frequency of publications from the current literature. A
major factor contributing to this trend is that these reactions
are highly adaptable to the developing methods in organic
synthesis, such as chiral induction, regio- and stereo-
selectivity and avenues for further elaborations. A few
representative applications of these cyclisation reactions in
organic synthesis and separations are presented below.

4.1. Iodolactonisation as a practical strategy for the
separation of plant and animal-derived fatty acids

The separation of enriched fatty acids from plant and animal
sources is generally a difficult process and, because of their
biological significance in key metabolic processes, such
separations are, however, necessary. Halolactonisation
provides a useful method for the separation of closely-
related polyenoic acids, taking advantage of two key

OMe OMe MeO
Me Br2 Me Brz
[T Some , [~ “ome Me OMe
o 0 OH o OH oA A g
0 0 o Jo
H/ 111 / 112 113
H  Br Br
Figure 34.
+ o features: first, halolactonisation leading to <y-lactones can
NH3 + be carried out selectively in the presence of competing
HO Bry, Hy0 Br O)S/NHS substrates that can lead only to ©-lactones; secondly,
_ > i \\ d-lactones arising from iodolactonisation can be selectively
HN. B 7 min HN_NH 2 cr reverteq to the parent unsgturated acids in the presence of
11a " 2Cl 115 competing y-lactone-forming substrates.
Figure 35. An illustration of the method is the enrichment of

lp, KoCO3

116 DHA (docosahexaenoic acid)

Figure 36.

EtOH-H,0
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arachidonic acid—a precursor to prostaglandins and several
related systems—from liver fatty acids, from 22.2 to 97.8%.
The success here is centred on the fact that, whilst
arachidonic acid on iodolactonisation can lead to only
d-lactones, the other related fatty acids can give rise to
v-lactones. Since k.-lactone>>ks-lactone, the enrichment
involves iodolactonisation under standard conditions to
remove non-arachidonic acid substrates.'??

Iodolactonisation also provides an easy and practical
approach for the isolation of polyenoic acids from natural
sources. An illustration is the enrichment of DHA 116 in
fatty acids of fish oil, containing 35% of DHA to 62% of
DHA in its iodolactone for 117 (Fig. 36).103

4.2. Tandem Birch reduction—-halolactonisation to form
strained bicyclic systems

Aromatic carboxylic acid 118 can be transformed regio-
selectively to functionalised cyclohexene 120 by a combi-
nation of Birch reduction, leading to 119, and
halolactonisation (Fig. 37).0!

(0]
CO,H CO,H H o
Me Na/NHjs (lig) Me  Br, )
N “Me
| — = —_ >
= NaHCO, “Br
118 119 120
Figure 37.

4.3. A practical 7-syn Me;Si—7-anti OH change in
norbornene, using the halolactonisation strategy

An elegant demonstration of halolactonisation in synthetic
strategy is the highly efficient transformation of the syn-7-
trimethylsilyl norbornene 121 to the corresponding anti
alcohol 122 (Fig. 38).1%4

™S H OH
a. Bry, MeOH, NaHCO3 H E
/ >/
b. AQNO3, MeOH
121 E 122 E
E = CO,Me
Figure 38.
RH
a. NaOH, H202
7 >
o) b. 1-KI
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Figure 39.
O

CI)SnBU3

e} H
| (BU3S”)20 |
| /: ) \O-Yosm%
o) 70% o (0]

125
Figure 40.

4.4. Norbornene to prostanoids via Baeyer - Villiger
oxidation and iodolactonisation

In the early work on the synthesis of prostaglandins, a major
challenge was the creation of four contiguous asymmetric
centres in a S5-membered framework. This was most
effectively carried out by involving a key iodolactonisation
step. Using this strategy, 7-syn substituted norbornene-2-
ones 123—readily available from the addition of 5-sub-
stituted cyclopentadienes to ketene equivalents—afforded
the desired framework 124, in a single operation, involving
Baeyer—Villiger oxidation and iodolactonisation
(Fig. 39).!%

4.5. Synthetic transformations based on
iodolactonisation

A noteworthy reaction of iodolactones (e.g., 125) is their
regioselective transformation to rearranged hydroxy-
lactones 126 on treatment with (Bu3Sn),O. The overall
process is a carboxylic acid-directed regioselective cis
hydroxylation (Fig. 40).!0

Camphanic acid has found use as a chiral auxiliary in
asymmetric synthesis. A closely related framework 128 has
been constructed in a single step by the iodolactonisation
of cis-2-methylcyclopent-3-ene carboxylic acid 127
(Fig. 41).197

LCOH 1K H—Me
. I o
Me  NaHCO, 0
127 89% | 128

Figure 41.

The 2-endo carboxyl unit in the norbornene system 129 can
be used effectively to bring about exclusive endo-epoxida-
tion product 131 via the iodolactonisation intermediate 130.
This strategy is significant in the light of the exclusive
preference for exo acceptance of electrophiles (Fig. 42).108

4.6. Bislactones from primary halolactonisation

Silver salts of appropriately-constructed unsaturated dicarb-
oxylic acids (e.g., 132 and 134) afford bislactones 133 and

o~

R = -CH=CHCH(OH)CsH1
R 124

OH

126
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R
; R 1K, NaHCO; ! R koM, DMF
? o _— v
)
129 COzH 0 © 131 COMH
R = H, CH.CI
Figure 42.
Zz a. AgNOs, ag. NaOH
HOzc(CHz)ZCH=CH(CH2)2C02H
b. I, DMSO, AgOAc
132
56%
E a,b
HOzc(CH2)20H=CH(CHQ)ZCOZH
60%
134 135
Figure 43.

135, respectively, in good yields, in one step. These
examples (Fig. 43) will show that this method has potential
in organic synthesis.!%%110

4.7. Cyclofunctionalisation of ureas and urethanes

An obvious extension of iodolactonisation is to interpose a
heteroatom between a carboxamide unit and the proximate
carbon centre. In the event of the heteroatom being nitrogen,
the substrates are urea derivatives, and, if it is oxygen,
urethanes result. Homoallylic alcohols can be readily
transformed to urethanes via the addition of isocyanates.
Cyclisation of such urethanes carrying an electrophilic
substituent such as the tosyl group have been studied,
leading to noteworthy observations as illustrated below.!!!

In a two-phase system consisting of Et,0O and aqueous
NaHCOs;, treatment of the tosylamide 136 with I, for 20 min
gives largely the cyclic urethane 137 arising from the

reaction at nitrogen. When the reaction time is longer,
however, the amount of cyclic carbonate arising from
nucleophilic attack by oxygen increases steadily, and, after
3 h, only the carbonate 138 is formed (Fig. 44). This simple
method provides an elegant route to distal asymmetric
induction. Interestingly, when the reaction is carried out in
CCly in the presence of aqueous K,COs, the product is the
cyclic urethane (137).

4.8. Halolactonisation-mediated syn dihydroxylation

A halolactonisation strategy has been employed in the syn
dihydroxylation of a double bond cis to a hydroxymethyl
substituent. Since the halolactonisation involves the
addition of an oxygen nucleophile from the syn face and
the introduction of a leaving group (halogen atom) in the
anti face across the double bond, a second nucleophilic
displacement of the halogen by an oxygen nucleophile
essentially leads to syn hydroxylation (Fig. 45).''? This

O
20 min. TstO
—
O 67%
I, aq. NaHCO; v 137
_/=\_/O/U\NHTS FH 4
136 ELO 180 min. oJ\o
—
Figure 44.
XDCH H
rCOzH > Q 1. AgO,CCF3, EtOAC
e} | > OH
CHCl, H Z°0 Y 2. NBS, lauryl peroxide HO
139 140 X CCl, reflux 141 OH
XDCH = halonium dicollidine hexafluorophosphate 3. NH40H, H,O X=1(62%); X=Br (28%)

Figure 45.
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I, AgOTF
40 ° ’ o}
NCOzH MeCN, -40°C _ - ,,&O .\ /\(jo
NHCbz 3.5h, 97% R o
CbzHN CbzHN
142 143 : 144 =15:1 143 144
1) RMgBr/Cul
NH,
2) Hy, Pd/C, EtOAC CO,H
143 - R 145
3) 0.1 Nag. NaOH, pH 9 OH
61-74% R = Et, Cq,Hys, 'PT,
C-CSH11, Phi

Figure 46.

strategy is exemplified with the following example in the
conversion of acid 139 to the syn-dihydroxylated product
141 via the lactone 140.

4.9. Formation of y-hydroxy-f3-amino acids from
iodolactones

Iodolactonisation offers an excellent route towards the
synthesis of syn-B-amino-y-hydroxy amino acids (Fig.
46)."13 The stereoselective iodolactonisation of (S)-3-N-
benzyloxycarbonyl-4-pentenoic acid 142 to lactones 143
and 144, followed by Cul-mediated cross-coupling of the
appropriate Grignard reagents and hydrolysis affords the
substituted B-amino acids 145 in excellent yields.

4.10. Rearrangement of iodolactones to a:-methylene
o-iodomethyl tetrahydrofurans

The products of iodolactonisation (e.g., 146) can be
transformed to functionalised tetrahydrofurans 148 in a
single step, with lithium reagents, in a highly stereoselective
manner (Fig. 47), via the proposed intermediate 147.114

4.11. wv-Bond surrogates in halolactonisation—a facile
route to enol lactones

An interesting application of halo- and selenolactonisation
processes is the ready formation of haloenol lactones 150
and 151 by treatment of phosphoranes derived from adipic

acid B-keto ester 149. This reaction largely yields the
expected E-y-lactones (Fig. 48).!13

4.12. Halolactonisation of 1,3-dienoic acids

cis-Constrained 1,3-dienes containing electrophilic units are
excellent components for cycloadditions. The preparation of
these compounds is not, however, easy. On the other hand,
the open-chain systems are more readily accessible. In this
context, the ready formation of the lactones, such as 153,
precursors for such 1,3-dienes, from 5-substituted pentane-
1(E),3(E)-dienoic acids 152 is noteworthy (Fig. 49).!1°

L I,, NaHCO; n

~TNT

R COH ~ R oo
152: R = Me, Ph 153

Figure 49.

4.13. Nitriles to selenolactones by a reverse mechanistic
path

A variant of the selenolactonisation reaction involves the
use of a nitrile group in place of the carboxyl group. A
variety of 4-pentenonitriles (154) carrying substituents at
the 2-position, on treatment with diphenyl diselenide,
ammonium persulphate and trifluoromethanesulphonic
acid in aqueous dioxane at 70 °C afford the selenolactones
155 in good yields, arising from the corresponding

.
P .

e H ,
XCHLIR | R
! R—C’\ N - . _ N
0™ _ S o’
| X e X OH
146 147 148

XCHLIR = PhSO,CH,Li, Ph,POCH,L

Figure 47.

o o0
HO.
WOEt |
o) PPhs
149

Figure 48.

i, Li CH,CO,Et, CH3CHLICo,'Bu, CH5CHLICN

Br2, Et3N Br
_— —
CH,Cl,, 0°C O COOEt
150
SOCIZ, Et3N Cl
R _
780 O COOE
CH,Cl,, -78 °C 151
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PhSeSePh
/\R1><R2 (NH4)2520s
= CN -
TFA, aq. dioxane
154 70°C
Figure 50.

carboxylic acids. The reaction proceeds in a reverse manner
from that of selenolactonisation, where the initially-formed
PhSeOH adducts react intramolecularly with the nitrile
function (Fig. 50).!17

Whilst a broader picture of the scope of halo- and
selenolactonisation can be assessed, a few aspects that
highlight the use of these reactions in organic synthesis are
presented below.

4.14. Precursors for halo- and selenolactonisation from
1,3-diene metal complexes

The readily accessible metal carbonyl complexes of 1,3-
cyclohexadiene 156 can be transformed to bicyclic
furanones 157 in one operation (Fig. 51).!'® Similarly, the
1,3-butadiene fumarate adduct can be transformed to the
functionalised tricyclic lactone in a single step.!!”

LA
PhSeH,C o

i NaCH(COzMe)z
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Rt a:R'=R%=H: b: R'=R?=Me;

¢: R'=H, R?=Me; d: R'=H, R?=Et;

0 e: R'=H, R%=Ph; e: R'=H, R%=CN

155

4.15. Cyclononatriene to prostanoids by anionic Cope
rearrangement and halolactonisation strategies

A combination of kinetically-driven anionic Cope
rearrangement, oxidation, leading to acid 159, and iodo-
lactonisation comprise key steps in the transformation of
cyclononatriene 158 to prostaglandin intermediates 160
(Fig. 52).120

4.16. Allylic alcohols to iodolactones by tandem ortho-
Claisen rearrangement and halolactonisation

A useful development is the generation of the terminal
unsaturated systems, necessary for halo- and selenolactoni-
sation, from allyl alcohol precursors, involving a clean
transposition of the w-bond by an ortho-Claisen rearrange-
ment (Fig. 53). Thus, tandem ortho-Claisen rearrangement—
halolactonisation has found excellent application in organic

CO,Me

N

P

[Mo(CO),Cpl+
S

156

ii. KOH, MeOH-THF-H,0

I,
0
o

157

Tt

iii. 1,, MeCN, 20 °C

Figure 51.

2 4
( : j 3~ 0}
3 1
158
Figure 52.

1. MeC(OR)3, EtCO,H,
140-145 °C

2. (i) NaOH; (iiy conc.HCI

R = Me, Et

Figure 53.

Bry, NaHCOg3
—
CH,Cly, 0.5 h
-CO,H
83%
CO,Me |

164

|2, NaHCO3
—_—

CH,Cl,, 4 weeks

Figure 54.

CO,H

<= NaHCO;4

Rz 1. NaHCOs3, Hy0

2. |2 or |2, Kl, H20
162 163

a: R, R?=H: b: R'=H, R?=Me; c¢: =R'=R’=Me

165
‘CO,Me

H

AN coMe | — O

68% CO,Me

166
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CH,CO,H

Figure 55.

synthesis.!” This strategy is illustrated by the conversion of
allylic alcohol 161 to acid 162, then to iodolactone 163.

5. Comparison of halo- and selenolactonisation

As stated previously, experimental protocols developed in
either of the two areas of halolactonisation and selenolacto-
nisation can, in most cases, be transposed, which signifi-
cantly widens the scope of the reaction. Whilst the
application of iodolactonisation is extensive, that of
bromolactonisation is limited and chlorolactonisation is
rather rare. The major factor here is the ease with which the
iodine-containing products could be further elaborated.
This, in turn, is in accord with the fact that, whilst a range of
reaction conditions is available for iodolactonisation, those
related to the other halogens are rather limited.

Iodolactonisation is a slower process compared to bromo-
lactonisation and, with unstable starting materials, the latter
process would therefore be advantageous. This aspect is

I
X=1
—
o)
X5, NaHCO3 168
0

H20 Br
X =Br + fe) 1)
Ty — Ol
HO
fe) 169

illustrated below (Fig. 54) with the conversion of acid 164 to
lactone 165 and 166.'%!

Bromonium ion intermediates in a norbornane framework
167 show a propensity for rearrangement, this occurring
through a hydride shift of the intermediate, which facilitates
the ring closure to afford the lactone 169. The iodine-
containing intermediates undergo smooth lactonisation to
afford lactone 168 (Fig. 55).'%?

Sulphur-containing products generally afford bromolactone
S-oxides under bromolactonisation conditions.!?* On the
contrary, the sulphur unit does not undergo any oxidation
during iodolactonisation as illustrated in the conversion of
methylthio derivative 170 to 171 (Fig. 56).!%*

In planning synthetic strategies, there can arise situations
where a choice has to be made between halo- and
selenolactonisation. The following summaries outline the
merits and drawbacks of these two processes.

5.1. Tellurium extension of selenolactonisation

Surprisingly, there appears to be only one study relating to

J t2, Kl _ the lactonisation of unsaturated carboxylic acids with
SMe H.0 - SMe tellurium compounds. Unusual products are formed on
170 COzH 2 171 0 o using either TeCl, or ArTeCl;. With the former compound,
bislactonisation products are isolated in quantitative yields,
Figure 56. in which the tellurium is still bonded to two halogen atoms.
Halolactonisation
Merits Drawbacks
1. Process inexpensive 1. In substrates having centres susceptible
to oxidation (sulphur compounds), this can be
a competitive reaction in bromolactonisation
2. No toxic contamination in products 2. Some protecting groups (e.g. TBDMS) are not
very stable to halolactonisation conditions.
3. Produces (-lactones to medium-size lactones
4, Kinetic and thermodynamic control

can be brought about with confidence,
making the stereochemical outcome reliable

5. The reaction conditions are mild and amenable
to wide variations; the process does not require
any catalysis

6. In the domain of asymmetric synthesis,
this reaction exhibits maximum applications
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Selenolactonisation
Merits Drawbacks
1. The conditions for seleno-lactonisation are milder 1. Selenium reagents are expensive
(=78 °C to rt)
2. The conditions are not oxidative and therefore 2. Selenium toxicity can be a problem if
applicable to a wider range of substrates the product is assessed for therapeutic use,
since even ppm levels of selenium would not be acceptable
3. Nearly all protecting groups are stable to the reaction 3. The control of stereoselectivity in selenolactonisation
is less certain. This is in part because the reactions
are generally carried out in nonpolar media using acid
or base catalysis
4. The selenium centre of the product is amenable
for further elaboration (reduction, elimination,
radical addition to 1r-bonds)
5. The availability of crystalline reagents (NPSP) makes
the operation easy
6. Selenolactonisation offers an excellent strategy for
chiral induction
Nal/ H202
AN OoH - I\/EO\/:O
172 0.8 mol% of XVIIl 173
pH-6 buffer, 1 h
NaOzC—\N . Substrate : HyO, : Nal : I, % yield
—< >— e
Na0,C—/ S0P 1 17 14 94
Xviil 1 1.7 1.2 92
Figure 57.

In the case of ArTeCl;, monomeric y-lactones are produced
in excellent yields with CCl; incorporation. The presence of
this group strongly suggests that the mechanism follows a
radical pathway and the presence of CCl; can be explained
as arising from the chloroform solvent used.*

Recently, organotellurides have been shown to activate
H,O, in the oxidation of halide salts to positive halogen
species required for halolactonisation.!?> The following
example of conversion of acid 172 to lactone 173
demonstrates the efficiency of the telluride XVIII in
halolactonisation (Fig. 57).

©/CH2COZH

174

PhSCI Lo

N

PhS-
175

Et;N, EtOAc

Figure 58.

o)

HHCs\:.:A/U\OH

176
(a) Pd(OAc),, LiBr, LiOAc,

—

5.2. PhSCI variation

PhSCI has found application in few cases to bring about
lactonisation of proximate -bonds (Fig. 58).'2° This
possibility is illustrated in the conversion of acid 174 to
lactone 175 with the aid of PhSCIL.

5.3. Palladium(II)-catalysed halolactonisations

Pd(Il)-catalysed lactonisation of allenes 176 has been
recently developed,'?” which proceeds via a w-allyl
intermediate formed from attack by the first halide
nucleophile, followed by an attack of the carboxylic acid
group on the m-allyl moiety to afford bromolactone 177.
This reaction utilises mild oxidants such as p-benzoquinone
or Cu(Il) salts. The yields and selectivity are comparable to
those obtained using the NBS reagent conditions. With
higher homologues (n>2), however, better yields and selec-
tivity are obtained under Pd-catalysed conditions (Fig. 59).

Br

= O
o}

177

(@)or(b) H11Cs

ZIE = 92/8 (94%)

benzoquinone, AcOH, 40 °C

(b) NBS, CH,Clo/THF :: 4/1

Figure 59.

ZIE = 88/12 (89%)
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Table 6. Reagents used for halo- and selenolactonisation
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Reagents Representative citation(s)
AgOAc/I,/AcOH 128,129
NH4OAc/I,/CHCI; 49
Benzeneselenyl-p-toluenesulphonate 130
Ca(OCl), 131
Cl,/CH,Cl, 132
I,/AcOH-THF-H,0 133
1,/CH,Cl,/CCl,/MeCN/THF 19,38,134,135
ICN/CHCl; 136
78,137,138
A 7N X=ClO,
I'| N X/CH,Cl,/MeOH-H,0
X=PFg
2
63-65
I,/MeCN 16
I,/PDC/CH,Cl, 139
L/'Pro,NH/CH,Cl, 140,141
I,/Triton B/MeOH-H,0-CH,Cl, 136
K,CO5/I,/THF 143,144
KHCO3/1,/K1 17
KHCO3/NIS/CH,Cl, 145
KI3/NaHCO3/MeCN 146
K,CO5/1,/CHCl; 147
n-BuLi/l,/THF 58
Pb(OAc)4/Nal/DME 148
Pb(OAc)4/ZnBr,/DME 148
Na,CO4/I,/CHCl3 149
NZI.HCO3/BI2 51
NaHCOs/Br,/CCl,/CH,Cl, 150,151

NaHCOs/1,-KI

NaHCO4/L,/CH,Cl,
NaHCO3/KI-L/CHCl,
NaHCO3/Iz/THF—Et20
NaHCO4/L, — KI/H,O—THF
NaHCO5/1,/MeCN
NaHCO'g/Iz/MCOH
NaHCO,/KI-L/"PrOH-H,0
Nal/18-crown-6/mCPBA/CH,Cl,/0 °C
NBS/acetone/THF
NBS/AcOH-THF-H,0
NBS/DME-H,0

NB S/K_[’ICO3/BH4NOH/CH2C12 - HzO
NBS/NH4PF¢/MeOH

0O

HN\\<N—Br/ DME/rt
O

NIS/THF/NaHCO;

NPSP/CSA (cat)/CH,Cl,
NPSP/SnCl,4/CH,Cl,

o-Nitrophenylselenium bromide/AcOH/reflux
Pb(OAc)4/ZnBr, .
PDC/CH,Cl,/I,/molecular sieves (4 A)
PhSeCl/CH,Cl,/—78 °C/2 h
PhSeOT{/CH,Cl,/PhMe

PhSCPFﬁ/CHzClz

PhSeCl/Et;N/CH,Cl,
PhSeSePh/CuOT{/CaCO3/BaCO5/CH,Cl,/DME
PhSeSePh/DCN/hv

PhSeSePh/MeOH/NH,Br (electrolytic)
PhSeSePh/m-NBSP/MeCN
PhSeSePh/(NH,),S,04/70 °C/MeOH/MeCN
Phth-N-Br

AgClOy/1,/MeCN

NaOAC/Iz/CHzclz

TeCly/dioxane/reflux

1,49,135,150,152,136
57

162a
97,163
97,162b
3

51

140
163-165
166
29,167
136,152
168

169
170,171
172

117

173

49

49

4
(continued on next page)
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Table 6 (continued)

Reagents Representative citation(s)
TeCl;Ar/CHCl; 4

Ti(O'Pr),/NIS/CH,Cl, 174

T1,CO5/Br,/CH,Cl, 155,175
TIOAc/I,/Et,0/CH,Cl, 49,176
TMSBr/DMSO/'Pr,NH/CH,Cl, 39,51
TMSCI/I/Et;N/MeCN 71

6. Reagents used for halo- and selenolactonisation

It was considered useful to make a compilation of the
reagents used for halo- and selenolactonisations. This is
presented in Table 6, where the reagents are alphabetically
arranged. Representative citations, where the use of a
particular reagent combination can be found, are also
included.

7. Conclusions and future prospects

The use of the halo- and selenolactonisation strategy in the
stereocontrolled synthesis of complex organic molecules
has significantly increased recently, as shown by the
frequent publications relating to this topic.!”” Primarily
among several features of these reactions is that it provides
an easy access to compounds or their precursors, which are
not readily accessible by other means. Since this reaction
introduces oxygen and halogen (or selenium species) across
the double bond in a largely anti orientation, various
opportunities exist to further explore the resulting skeleton.
These includes the generation of carbon—carbon bonds from
the carbon—halogen (or —selenium) bonds via radical
chemistry, substitution of the halogen atom with a second
oxygen nucleophile to effect a net syn-hydroxylation across
a double bond, and methanolysis of the iodolactone to form
epoxy esters by lactone opening and halide displacement,
which form an important fragment in the synthesis of
various natural products. The adaptability of halo- and
selenolactonisation to kinetic and thermodynamic con-
ditions further enhances the scope of this strategy, as it
affords products of different stereo- or regiochemistry.

Finally, halo- and selenolactonisation, elaborated in the
previous pages, do show that the reaction has been found
adaptable to many emerging strategies in organic synthesis,
including the construction of highly functionalised com-
pounds with several asymmetric centres. Cyclofunctionali-
sations on solid or soluble polymeric supports could provide
not only practical methodologies, but also strategies for
combinatorial chemistry. The methodologies developed in
these cyclofunctionalisations await utilisation in other
diverse areas of organic chemistry. Cyclofunctionalisation
generates compact constructs carrying a halogen or
selenium moiety. Such units should find application in a
broad area of technology and in the design of materials with
specified properties. It is reasonable to conclude that the
future of these reactions, discovered a century ago, still
appears to be very bright.
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Abstract—The stability and stoichiometric ratio of binary complexes among five fluorophores and 3-cyclodextrin (3-CD) or heptakis-(6-
amino-6-deoxy)-f-cyclodextrin (am-B-CD) were determined by means of fluorescence measurements in borate buffer at pH=8.0 and 9.0.
Structure of both host and guest affected the characteristics of the binary complexes. Pyrene and anthraquinone formed a 1:2 (fluorophore:
cyclodextrin) complex with both cyclodextrins. Xanthone formed 1:1 complex with 3-CD and 1:2 complex with am-3-CD. A more defined
behaviour was observed for crysene. In fact, both stoichiometric different complexes were detected with both hosts. Only 1:1 complexes were
observed for antracene. The complex stability was affected by the pH of the solution. MM2 calculations were performed in order to gain

information about the forces working on the formation of complexes.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Complexation reactions involving cyclodextrins are highly
important in several fields.! These reactions also serve as
excellent models for understanding general inclusion
phenomena as well as enzyme-substrate interactions.?
Recently, we have addressed our interest to the use of
cyclodextrin complexes for chiral recognition.® This is one
of the main topics that has attracted researchers’ attention
not only for its important applications in separation science
and in medicinal chemistry, but also for its implications in
supramolecular catalysis. Chiral recognition by native and
modified cyclodextris (CDs) has had and still has a great of
importance.

Data collected so far have usually been explained by two
different theories: the ‘lock-and-key mechanism’,* that
considers chiral recognition ability as a result of host and
guest complementarity in size and in shape; the ‘three-
point-rule’® that, considers chiral recognition ability in
terms of non covalent interactions such as electrostatic
interactions, hydrogen bonds, and coordinate bonds.

However, results reported so far suggest that the ability of
native and modified cyclodextrins to discriminate between
enantiomers of a chiral guest is not very high. On this
subject Tabushi et al.,® in their pioneering work on chiral
recognition, reported that 6“-amino-6B-carboxy-64,6B-

Keywords: Cyclodextrins; Binary complexes; Fluorescence.
* Corresponding authors. Tel.: +39091596919; fax: +39091596825;
e-mail address: rnoto @unipa.it

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.04.078

deoxy-B-cyclodextrin has a poor enantioselectivity for
enantiomers of tryptophan.

Similarly Kitae and Kano,” studying the binding properties
of 6-amino-6-deoxy-B-cyclodextrin and heptakis-(6-amino-
6-deoxy)-B-cyclodextrin versus N-acetylated-Trp, -Leu and
-Phe, reported that protonated amino-f3-cyclodextrins bind
preferably with L-enantiomers and attributed low enantio-
selectivity values (1.04—1.54) to small structural differences
between the complexes formed by enantiomers.

Good results have been obtained by Marchelli, Rizzarelli
et al.,® who pointed out the particular affinity of Cu(II)-6-
deoxy-6-histamine--cyclodextrin for D-enantiomer of
some native a-aminoacids. Only recently, Liu et al.,’
studying the binding properties of some organoseleno-
modified-B-cyclodextrins, reported that mono-2-phenyl-
seleno-2-deoxy-fB-cyclodextrin gives a high L-enantio-
selectivity for the inclusion complexation of leucine (up to
8.4).

Recently, we reported data about the effect of some a-amino
acids and their corresponding methyl esters on the stability
of the binary complex formed by pyrene (Py) in the presence
of heptakis-(6-amino-6-deoxy)-B-cyclodextrin (am-[3-
CD).? On that occasion it was pointed out that the binary
complex Py/am-3-CD, having a 1:2 stoichiometric ratio, is a
good chiral selector. In fact L-enantioselectivity determi-
nated at pH=28.0, in borate buffer, ranges from 1.2 up to 7.4.

Owing to the nature of the complex formed, this significant
chiral recognition ability was thought to be due to the
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extension of the empty volume of the CD cavity that could
be differently occupied by enantiomers of the same amino
acid.

Our opinion seems to agree with Buvdri-Barcza et al.,'® who
observed that the chiral selectivity of different derivatives of
B-CD changes with the degree of substitution, that in turn
can influence the cavity size. It is possible, furthermore, that
the stoichiometric ratio (1:1 and/or 1:2, fluorophore:CD) of
the binary complex and that (1:1:1, 1:2:1 or 1:2:2,
fluorophore:CD:ternary agent) of the ternary one may be
relevant in determining the extent of the chiral recognition.

However, we believe that direct substrate-CD interaction is
not comparable with substrate-binary complex interaction.
Indeed, the former leads to the best host—guest fit, whereas
the latter should consist of an acceptable arrangement of
complex.

Therefore, in order to study the importance of size cavity in
the chiral discrimination ability of binary complexes, we
carried out this preliminary study on the structural
characteristics of complexes formed by B-cyclodextrin
and heptakis-(6-amino-6-deoxy)-f-cyclodextrin in the
presence of some suitable different guests (Fig. 1).

R
0

HO
HO o

7
R = OH
NH,

An Xan Aq

Figure 1. Hosts and guests structures.

This investigation was carried out by spectrofluorimetric
titration, in borate buffer, at two pH values (8.0 and 9.0).

Hosts were chosen in order to evaluate the effect that
substitution, on going from 3-CD to am-3-CD, may exert on
complex stability and stoichiometric ratio. These factors
could also be influenced by the pH value, considering that
am-f3-CD, going from pH=8.0 to pH=9.0, passes from its
charged form to its neutral form.'!

Similarly, fluorophore guests were chosen for their different
shapes and sizes, that can influence the size of the empty
cavity, but also for their different polarities.

In order to have a better knowledge of the forces working on
the formation of complexes, their models were elaborated in
the gas phase by computational tools.

2. Results and discussion

In Table 1 the values of stability constant, as a function of
pH value, and stoichiometric ratios are reported. In any case
the stoichiometric ratio was determined by Job’s plot'? and
this result was always confirmed by the Benesi-Hildebrand
double-reciprocal plot.!3

Table 1. Measured binding constants

Guest Host pH  Stoich. ratio B/ 10° K, K>
™M Mh M
An B-CD 8.0 1:1 190
B-CD 9.0 1:1 780
am-B-CD 8.0 11 680
am-f3-CD 9.0 1:1 2500
Cry B-CD 8.0 L:1+1:2 2800 3800
B-CD 9.0 1:1+41:2 2300 1560
am-B-CD 8.0 L:1+1:2 2000 2700
am-3-CD 9.0 12 34
Py B-CD 8.0 1:2 7.5
B-CD 9.0 12 12.0
am-3-CD 8.0 1:2 1.7
am-3-CD 9.0 12 4.8
Aq B-CD 80 12 2.4
B-CD 9.0 12 10.8
am-B3-CD 80 12 1.4
Am-B-CD 9.0 1:2 2.3
Xan B-CD 8.0 11 420
B-CD 9.0 1:1 1100
Am-B-CD 80 12 3.7
Am-B-CD 9.0 1:2 4.5

All stability constants were reproducible within 10%.

As can be seen from the data reported in Table 1, in many
cases the complexation of fluorophore to 3-CD or to am-3-
CD can be described by sequential complexation of

cyclodextrin molecules (Egs. 1 and 2):'4
K;
S+ CD=SCD )
K,
SCD + CD =2 S(CD), (2)

The overall stability constant will be given by Eq. 3:
B> = K\K; = [S(CD), }/[S][CDJ’ 3)

If [CD]>[S] and if the complex having stoichiometric ratio
1:2 is predominant, the change of fluorescence intensity as
function of CD concentration will be given by Eq. 4:

Al = AaB,S,[CDI/(1 + B,[CDJ?) )

where Aw is the difference of emission quantum yields of
free and complexed substrate, S, and CD, are the total
concentration of substrate and cyclodextrin, respectively.

In the presence of 3-CD at pH=8.0 and pH=9.0 or am-f3-
CD at pH=8.0, fluorescence spectra of Cry showed a
particular trend. In fact, at a given wavelength, fluorescent
intensity firstly increases with CD concentration, then
decreases. In these cases, we have supposed that the two
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different complexes (1:1 and 1:2) were present at compar-
able concentrations and we analysed experimental data
using Eq. 5:

AI = (S.K;A(1)[CD], + S.K;K,Aa(2)[CD]3)/
(5)
(1 + K,[CD], + K, K,[CDI5)

where Aa(1) and Aa(2) are, respectively, the difference of
emission quantum yields of free and complexed substrate
from 1:1 and 1:2 complexes. Previously, studying the
complex formation between o-CD and para-nitrosubsti-
tuted anilines via uv—vis spectroscopy, we observed that the
absorbance maximum firstly increases then passes through a
maximum and finally decreases on increasing the host
concentration. This trend was explained by admitting that
two different complexes, having 1:1 and 1:2 stoichiometric
ratios, were formed.'?

All substrates used in this work have shown a good
sensitivity to microenvironmental changes. In fact, in all
cases considered, we have detected significant changes of
fluorescent intensity when the CD concentration increased.
In particular all fluorescent probes, except for the Xan,
showed a higher fluorescent intensity when they were
included in CD cavity.

In the presence of Xan, in both cases, that is, in the presence
of B-CD and am-$-CD, fluorescent intensity decreases
when the cyclodextrin concentration increases. This result
agrees with changes observed in fluorescent intensity by
addition of a solvent less polar than water, such as 1,4-
dioxane, to an aqueous solution of the ketone.!©

The characteristics of the binary complex fluorophore:CD
are obviously affected by different factors. Thus it is really
important to consider the different structures of the hosts
used.

Indeed, it is common knowledge that substitution of
hydroxy groups on the primary rim of the (-CD can
significantly modify its binding properties,'” expecially in
the presence of substituents, such as amino groups that, as in
this case, change their charge when the pH value increases.
Furthermore, it is important to realize that, the change of
electrostatic charge on the am-f3-CD could have significant
consequences on the geometric arrangement of the host.
Then pH variation can be important in determining both
stability and stoichiometric ratio of complex.

On the other hand, the guest structure, with its different
polarity or hydrophobicity could also affect the character-
istics of the system.

2.1. Host structure

Data reported in Table 1 show that, when it is possible to
compare complexes formed by the two different hosts, by
virtue of the same stoichiometric ratio, the native 3-CD
seems to be a better (2—3 times) ligand than am-$3-CD.

This result agrees with Kano’s hypothesis'® that attributes
the lower binding ability of the am-(3-CD, in its partially

charged form, to the occurrence of a distorted structure,
owing to electrostatic repulsion among charged groups.
Furthermore, it should be considered that when amino
groups are protonated, they are able to hamper the cavity
desolvation process that has always been considered to be
one of the essential steps to promote inclusion complex
formation.'®

The binding ability of both hosts is influenced by pH
changes and, independent of the guest considered, they form
less stable complexes at pH=8.0 than at pH=9.0.

Presumably the increasing base concentration could break
the network of hydrogen bonds on the secondary rim
allowing a best fit substrate—cyclodextrin complex.

Furthermore, in general, the increase of complex stability,
with increasing pH value, is higher for 3-CD than for am-3-
CD. This result, appears anomalous, considering the extent
of charge variation on the am-3-CD at increasing pH values,
can be explained by considering characteristics of buffer
used to carry out measurements.

On this topic, it has recently been reported that the stability
of host—guest complexes, formed by charged cyclodextrin,
can be influenced by the charge of the buffer used.?° Under
this light, in our opinion, we may presume that the borate
anion, is able to partially compensate the positive charge on
the am-[3-CD, with an overall decrease of its unfavourable
effect, at pH=8.0.

Also the stoichiometric ratio seems to be influenced by the
binding ability of the am-3-CD. Probably the am-$3-CD,
owing to geometric modifications of the cavity and to strong
solvation, includes the guest less deeply in its cavity. This
could explain why in the presence of both Cry and Xan, on
going from the B-CD to the am-B3-CD, formation of 1:2
complexes, becomes favoured.

2.2. Guest structure

The guests studied have different polarity and hydro-
phobicity. In particular hydrophobicity increases going
from An to Py or Cry, on increasing the number of fused
aromatic rings.

Guests having three fused rings (An, Xan and Aq) differ for
characteristics of their central ring. This is hydrophobic for
An, moderately hydrophilic and symmetric for Aq, more
hydrophilic and unsymmetric for Xan.

Data reported in Table 1 show that these structural
characteristics are able to influence both the stability and
stoichiometric ratio of complexes. On this subject, whereas
An forms, both in the presence of B-CD and am-3-CD,
complexes having a 1:1 stoichiometric ratio, more hydro-
phobic guests (Py and Cry) show a marked trend to form
complexes having a 1:2 stoichiometric ratio.

However, comparison among these guests also shows that
molecular shape is important. Indeed, the non linear
structure of Cry seems to hamper the formation of species
having a 1:2 stoichiometric ratio. This result could explain
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why in the presence of this guest, having four aromatic rings
as Py, both complexes (1:1 and 1:2) are present in
comparable amounts.

Complex stability for guests of similar hydrophobicity
changes with their shape. Indeed, considering 1:2 com-
plexes (Cry/am-B-CD and Py/am-B3-CD at pH=9.0) the
more symmetric molecule forms a more stable complex.

Among guests having three fused rings, complexes having a
1:2 stoichiometric ratio begin to predominate going from
An to Aq.

In the presence of B-CD, Xan forms a 1:1 complex. The
same result was previously found by Bohne et al.?!
Probably, in this case, a favourable dipole—dipole inter-
action is operative. Indeed, the Xan molecule should be
included in a such manner that its C, symmetry axis is not
parallel to the secondary rim of 3-CD. The endocyclic
oxygen atom of the Xan molecule should be located near to
the rim whereas the carbonyl group is directed towards the
bulk of solution. This could justify the preference for the 1:1
complex with B-CD. This arrangement allows hydrogen
bond formation between the secondary hydroxy groups of
B-CD and oxygen atom of the guest. In our opinion, this
additional interaction can explain why the complex formed
by Xan is more stable than that formed by more
hydrophobic An.

Aq forms complexes having a 1:2 stoichiometric ratio, both
in the presence of B-CD and am-3-CD. Recently Dong
et al.,?? studying inclusion of some pharmaceutically related
molecules, reported that Aq, in the presence of 3-CD forms
a 1:1 complex, where only the hydrophobic part of the guest
penetrates in host cavity. This different result could be a
consequence of the different host/guest ratios used in the
two cases.

However, Aq/am-3-CD complexes are less stable than the
Xan/am-B3-CD ones. Probably, in this case, notwithstanding
the same stoichiometric ratio, higher stability could be due
to hydrogen bonds that Xan can form with secondary rim of
am-3-CD.

Table 2. Calculated (MM2) binding energies (kcal/mol)

2.3. Computational models

Further insights were achieved by means of suitable
computational tools. Models of the complexes in the gas
phase were elaborated and subjected to full geometry
optimisation, by means of a MM2/QD?® molecular
mechanics method (see Section 4). Computational data,
reported in Table 2, allowed us to calculate the energy
variations AE, (.1, and AE,(; ., associated to the formation of
the 1:1 and 1:2 complexes respectively. Noticeably, the
am-B-CD was considered only in its neutral form (calcu-
lations in the gas phase on charged species do not allow
reliable enough predictions).?3

Data reported in Table 2 show that complexes having a 1:2
stoichiometric ratio are always favoured. This could be the
result of increasing of hydrophobic interactions.

In the gas phase and in the presence of am-3-CD, Xan, Py
and Aq show a higher tendency to form 1:2 complexes. This
result perfectly agrees with that obtained in buffer solution
at pH=9.0.

However, in order to perform a comparison with our
experimental data in solution, AE,;.,, data are clearly
overestimated. This could be due, in our opinion, to the
mutual interaction between the two host hydroxylated rims.

The latter energy contribution, AE,;, formally related to the
ideal process (Eq. 6):

2CD = (CD), ©)

can be easily calculated.

Nevertheless, we may reasonably presume that in solution,
owing to the solvation of the rims, this contribution, should
be less relevant.

As can be seen by comparing columns 5 and 8 of Table 2,
MM2 calculations foresee only for the Py and Cry with
B-CD a higher stability of 1:2 complexes with respect to 1:1
ones. For all other fluorophores the 1:1 complexes are
calculated to be as stable as, or even, more stable than the

Guest Host Estjgucsla Es!/cplx( 1:1 )b Es!/cplx( 1 :2)C Esl/ZCDCl AEr( 1: 1)c AEr( 1 :.2)f AEr2hg AErh
An B-CD —17.04 38.70 70.96 158.29 —35.35 —58.80 —23.83 —34.97
Am-3-CD 34.03 64.00 144.40 —41.49 —62.59 —40.72 —21.87
Cry B-CD —17.40 30.35 54.49 160.30 —43.31 —66.92 —21.82 —45.1
am-3-CD 25.72 54.00 142.54 —49.44 —64.28 —42.58 —21.7
Py B-CD —21.37 35.44 61.57 160.89 —34.25 —64.23 —21.23 —42.98
am-B-CD 39.92 54.47 159.76 —-31.27 —76.51 —25.36 —51.15
Aq B-CD 8.05 56.34 95.35 163.12 —42.77 —52.05 —19.00 —33.05
am-3-CD 62.75 86.22 153.23 —37.86 —69.09 —31.89 —37.2
Xan B-CD 3.89 55.14 89.60 147.78 —39.81 —56.6 —34.34 —22.26
am-3-CD 56.09 85.69 148.75 —37.00 65.96 —36.67 —29.29

@ Steric energy of guest.
® Steric energy of 1:1 complex.
¢ Steric energy of 1:2 complex.

9 Steric energy of two CD molecule in the (1:2) complex deprived of guest.

¢ Entalphy of reaction: CD+guest>Cplx (1:1).

 Entalphy of reaction: Cplx (1:1)+CD>Cplx (1:2).

¢ Entalphy of reaction: 2CD>(CD),.

h AEr(l:.Z)_AErZhEsler/B-CD:91~06 kcal/mol. Esler/ﬂm_B_CD:92.56 kcal/mol.
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1:2 complexes. The latter results appear in fairly good
agreement with experimental data. However, some dis-
crepancies are still present. This could be due, in our
opinion, partly to the neglect of any entropic contribution,
partly to the fact that, in the absence of any explicit solvent
environment in the calculation, only the ‘naked’ host—guest
interaction is actually taken into account.

3. Conclusions

Data collected in the present work have allowed us to
characterize some binary complexes fluorophore: cyclo-
dextrins. We hope that these complexes, having signifi-
cantly different properties, can show different chiral
recognition abilities. Moreover, we have confidence that
they will allow us to realize which factors determine the
high or low ability of a receptor to act as chiral selector.

4. Experimental
4.1. Materials

The heptakis-(6-amino-6-deoxy)-B-cyclodextrin was syn-
thesized and purified according to the procedure described
in the literature.?* The product was dried for 24 h in a dryer
under vacuum over phosphorous pentoxide at 60 °C and
then was stored in the same apparatus at 40 °C.

Py, Xan, An, Cry and Aq (spectrofluorimetric grade) were
purchased from Fluka and used without further purification.

Borate buffer solutions (0.05 M) were prepared according to
standard procedure, using freshly double-distilled decarbo-
nised water. The actual pH of the solutions was recorded
using a PH M82 Radiometer equipped with a GK2401C
combined electrode.

4.2. Spectrometric measurements

The solutions of B-CD and am-B-CD (1.4X1073 M) were
filtered before use by a Millipore 0.45 mm filter. Guest
aqueous solutions were prepared by injecting a guest
solution (MeOH or 1,4-dioxane) (=10~3 M) into a buffer
solution. Measurement solutions were prepared by adding
increasing volumes of CD to 1 ml of guest solution into a
volumetric flask. In these solutions, the concentration of
guest, reported in Table 3, was constant, while the
concentrations of CD increased from 1.4X107*M to
1.3x1073 M. All measurement solutions were de-aerated,
before use, by Ar for 12 min.

Table 3. Experimental conditions

Guest Couest Aex Adem Solvent Ex. slit Em. slit
M) (nm)  (nm) (nm) (nm)
An 5%1077 261 360-450 MeOH 3 3
Cry 2x1077 276  350-450 MeOH 3 3
Py 2x1077 337 360-450 MeOH 1.5 1.5
Agq/B-CD 2x107° 310 320-600 Diox 5 5
Ag/am-B-CD 2x107°® 310 320-600 Diox 3 5
Xan 4x107°% 348 360-450 MeOH 1.5 3

Steady-state fluorescence spectra were acquired with a
JASCO FP-777W spectrofluorimeter. Excitation, emission
slits, excitation wavelength and emission interval are
reported in Table 3.

Every spectrum was averaged over 50 scans. A suitable
wavelength was chosen after recording a ‘difference
spectrum’ by comparison to a sample without cyclodextrin
and one with the highest CD concentration.

4.3. Calculations

MM2 calculations were performed by means of the CS
Chem 3D Pro™ 5.0 software package from the Cambridge
Soft Corporation. Models of the host and their complexes
were elaborated with the aid of the ‘Quenched Dynamics’
(QD) method outlined by Lipkowitz.?> The behaviour of a
suitable starting model of the complex at 300 K is simulated
by molecular dynamics for a period of 1000 ps, in order to
get a significant picture of the conformational space.
Structures are sampled from the obtained ‘simulation
pool’ and allowed to undergo full geometry optimisation
by means of a simulated annealing procedure. In this way,
only a limited number of energy minima are found. Data
reported in Table 2 refer to the absolute minimum found for
each complex.
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Abstract—Thermal electrocyclisation of the azahexatriene system has been used as a key step for the synthesis of anti-HIV and anti-tumour
compounds, harman, derivatives of harman and 1-aryl-f3-carbolines. A one-pot reaction sequence was used to furnish these compounds in

good yield.
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1. Introduction

The B-carboline ring system is present in many naturally
occurring alkaloids which exhibit! interesting biological
activities. Harman 11 has been reported? to show mutagenic
and co-mutagenic properties and to inhibit topoisomerase
I. Harmine 14 showed? significant anti- tumour activity.
Recently harman, harmine and their derivatives were
shown?® to possess potent anti-HIV activity. Numerous
alkaloids of B-carboline series, with various substituents at
a-position, display important biological properties.*

Amongst the variety of methods available for the synthesis
of B-carboline alkaloids, the most extensively used! are the
Pictet Spengler and Bischler-Napieralski condensations.
However, there are a few routes in which electrocyclisation
reactions have been used® for the synthesis. Recently, we
reported® a preliminary communication, presenting the use
of electrocyclisation reaction, of monoazahexatriene system
as a key step, for the synthesis of harman and substituted
harmans. We describe here, in full, details of the synthesis
of harman, derivatives of harman and 1-aryl-B-carbolines.

2. Results and discussion

The key intermediate for the electrocyclization step was the
azatriene X. The synthesis of X was envisioned as involving
functionalising the indole ring at the 3-position initially and
subsequently at the 2-position as shown in Scheme 1.

Keywords: Harman; Harmine; (3-Carboline; Electrocyclisation; 1-Aryl-$3-

carboline.
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Thus, indole was formylated” using the Vilsmeier Haack
reaction to give 3-formyl indole. N-Protection was carried
out with benzenesulphonyl chloride using the reported>?
procedure. The protected aldehyde 1 was converted® into
3-vinyl indole 7a using methylenetriphenylphosphorane. To
functionalise the indole ring at 2-position, compound 7a
was lithiated using LDA/THF at —78 °C and then treated
with N,N-dimethylacetamide. After work-up and washing
with hexane to remove the unreacted starting materials, the
reaction mixture, without further purification was treated
with hydroxylamine hydrochloride and sodium acetate and
refluxed in o-dichlorobenzene for 8 h to furnish 3-carboline
alkaloid harman 11, in 46% yield starting from 7a. It was
characterized using 'H, '3C NMR spectroscopy and GC-MS
spectral data, which were consistent with the reported® data.
Thus, in this sequence, four steps, oxime formation,
electrocyclisation and aromatization with deprotection
occurred in a one-pot reaction sequence. Efforts to isolate
the intermediate 2-keto compounds were unsuccessful due
to its rapid decomposition. The protected indole-3-aldehyde
1 was converted!® to 3-vinylindole 7b and to 3-(B-
nitrovinyl)indole 7¢ using nitromethane and ammonium
acetate. Treatment of 7b and 7¢ with LDA/THF at —78 °C,
followed by N,N-dimethylacetamide, furnished two oily
liquids. After washing with hexane to remove unreacted
starting materials, the two oily compounds were treated with
hydroxylamine hydrochloride and sodium acetate and
refluxed in o-dichlorobenzene. Both of these reactions
furnished harman 11 in 53 and 45% yields from 7b and 7c,
respectively (Scheme 1). It was observed that the methoxy
and nitro groups were eliminated during the reaction
sequence probably during the aromatization step. A similar
observation has been reported earlier.!! Furthermore, by
using N-methyl and N-methoxymethylindole-3-aldehydes 2
and 3, the same sequence of reactions was followed.
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CHO R
/Qj/ (0)/ (i) / (i) m\vw )
R? N R> N R?
I I

N
|
R! R! R!
1 . 7a. R1=SO,Ph, R2=R*=H (65%)

L Rfsozf’h’fz‘ =H 7b. R'=S0,Ph, R*=H, R%=0CH, (77%) A
2.R'=CH;, R*=H 7e. RI=SO,Ph, R%=H, R*=NO, (63%)
3.R'=CH,0CH,, R>=H 8a. R'=CH,, R>=R=H (65%) N
4. Ri: SOZch, R?= OCH, 8b. R'=CH,, R>=H, R*=OCH, (68%) |
5. RI=Et, R?= OCH, 8c. RI=CH,, R%=H, R3%=NO, (70%) ZN
6.R'= Bu, R%= OCH 3 R? N

. 3 9a. R'=CH,0CH,, R=R3=H (64%) |

9b. R'=CH,0CH,, R?=H, R*=0CH, (68%) r CH

9¢. RI=CH,0CH,, R*=H, R*=NO, (50%)
10a. R'=SO,Ph, R*=0CH,, R*=H (57%)

10b. R'=Et, R2=OCH,, R*=H (80% )
10c. R'=Bu, R%=OCH,, R*=H (85%)

11. R!=R2=H (46 % from 7a, 53% from 7b, 45% from 7¢)

12. R!=CH; R*=H (45% from 8a, 46% from 8b, 45% from 8c)

13. R'=CH,0CH,, R?>=H (37% from 9a, 47% from 9b, 45% from 9c)
14. R'=H, R2=0CH, (56%)

15. RI=Et, R%=0CH, (60%)

16. R'=Bu, R2=0CH, (58%)

Scheme 1. Reagents: (i) (Ph);PCH;l, +-BuOK, THF; (ii) (Ph);PCH,OCH;Cl, +-BuOK, THEF (iii) CH;NO,, AcOH, AcONa; (iv) LDA, THF, N,N-dimethyl
acetamide (for 7a, 7b, 7¢, 9a, 9b, 9¢, 10a, 10b and 10c); (v) n-BuLi, THF, N,N-dimethylacetamide (for 8a, 8b and 8c¢); (vi) NH,OH-HCI, AcONa,

o-dichlorobenzene.

Reactions using 3-vinylindoles 8a, 8b and 8c afforded
N-methylharman 12 in 45-46% overall yields and using 9a,
9b and 9c afforded N-methoxymethyl harman 13 in
37-47% overall yields (Scheme 1). In all these reactions,
the methoxy and the nitro groups were eliminated during the
one-pot reaction sequence. The vinyl compounds and
the [-carbolines were characterized using spectral data.
The NMR data of N-methylharman was consistent with that
reported.’

Recently in an activity evaluation report® of harmine and its
derivatives, it was found that N-butylharmine was the most
potent compound and possessed a good therapeutic index.
N-ethylharmine was also potent and showed moderate
therapeutic index. Introduction of methoxy group at the
seven position methyl group at one position and alkylation
of indole nitrogen of norharman led to the enhanced anti-
HIV activity. N-Butylharmine was shown to be more active
than N-ethylharmine, indicating that the length of the alkyl
chain at this position is important to activity.

In view of the above report, the synthesis of other anti-
tumour and anti-HIV active [-carbolines; harmine 14,
N-ethyl harmine 15 and N-butylharmine 16 was carried out

X @
N (i)
SO,Ph

Ta
A o
. 1}1 _N
H Ar

17. Ar= phenyl ( 76%)
18. Ar=2-furyl ( 76%)
19. Ar= p-methoxyphenyl ( 78%)

using the same one-pot strategy involving electrocyclisation
reaction. Thus starting from 6-methoxy-3-vinylindoles 10a,
10b and 10c (Scheme 1) harmine, N-ethylharmine and
N-butylharmine were synthesized in good yield.

In all these reactions, efforts were made to isolate the
intermediate 2-keto compounds, however, all of them were
shown to be unstable and light sensitive.

The presence of intermediate compounds was confirmed by
analogy with the reaction sequence used in the synthesis of
N-methylnorharman reported in our earlier communi-
cation.®

As 1-substituted-f3-carbolines posses various biological
activities, it was envisaged to use our one-pot strategy for
the synthesis of 1-aryl-B-carbolines by changing the
electrophile, used in the lithiation reaction. Initially, the
use of N,N-dimethylbenzamide or N,N-dimethyl-2-furamide
as an electrophile gave a complex mixture. Then nitrile was
used as an electrophile in the lithiation reaction. There are a
few reports'? of the use of nitrile as an electrophile in
lithiation reaction. Benzonitrile was then used as an electro-
phile expecting a formation of 2-imino or 2-keto-3-vinyl

S X @ N
| — | —_— |
NH 0 NOH
) \ )
H Ar H Ar Ar

Scheme 2. Reagents and conditions: (i) LDA/THF; (ii) ArCN; (iii) H,O; (iv) NH,OH-HCI, CH3;COONa, o-dichlorobenzene.
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indoles as shown in Scheme 2. Attempts'? to isolate these
intermediates gave rapid decomposition. Thus the reaction
mixture was stirred at —10 °C and after work-up, without
purification, was treated with hydroxylamine hydrochloride
and sodium acetate and refluxed in o-dichlorobenzene to
furnish 1-phenyl-B-carboline 17. Similar reaction sequence
was used for the synthesis of 1-(2-furyl)-B-carboline 18 and
1-(p-methoxyphenyl)-3-carboline 19 in which furan-2-carbo-
nitrile and p-methoxybenzonitrile were used as electrophiles
respectively. The formation of the 3-carbolines was explained
as shown in Scheme 2. The imine produced in the lithiation
reaction might be hydrolysed to keto compound. Treatment of
this compound with hydroxylamine hydrochloride and sodium
acetate gave an azatriene system. Further electrocyclisation,
aromatization and deprotection furnished 1-substituted-[3-
carbolines.

By the analogy? to the anti HIV activity of N-substituted
and 1-substituted-f-carbolines, the newly synthesized
N-methoxymethylharman, and 1-phenyl, 1-(2-furyl) and
1-(p-methoxyphenyl)-B-carbolines, are expected to show
anti-HIV activity.

In summary, some biologically important anti-tumour
and anti-HIV active B-carboline alkaloids, harman 11,
N-methylharman 12, N-methoxymethylharman 13, harmine
14, N-ethylharmine 15 and N-butylharmine 16, were
synthesized in a one-pot reaction sequence using electro-
cyclisation reactions in good yields. In addition, use of aryl
nitrile as an electrophile in the lithiation reaction and a
further one-pot sequence of the reactions furnished
1-phenyl-B-carboline 17, 1-(2-furyl)-B-carboline 18 and
1-(p-methoxyphenyl)-B-carboline 19.

3. Experimental
3.1. General

All recorded melting points are uncorrected. IR spectra (v,
cm™ ') were recorded on a Perkin—Elmer 1600 FTIR
spectrophotometer as a thin film or in nujol mull. NMR
spectra were recorded on a Varian Mercury instrument
(300 MHz for 'H and 75 MHz for '3C) with reference to
TMS as an internal standard. Elemental analyses were
carried out in a Hosli C, H-analyzer. As and when required
the reactions were carried out in oven-dried glassware under
dry N». N-Protected indole aldehydes were prepared>® from
indole-3-aldehyde.Vinyl indoles 7a, 7b, 8a, 8b, 9a, 9b, 10a,
10b and 10c were prepared®!© using Wittig reactions and
B-nitrovinyl indoles 7c¢, 8¢ and 9¢ were prepared using
nitromethane and ammonium acetate.

3.2. General procedure for one-pot synthesis of
B-carbolines

A solution of N-protected-3-vinyl indoles 7a, 7b, 7¢, 9a, 9b,
9¢, 10a, 10b and 10c¢ (0.002 mol) in freshly distilled
anhydrous THF (5 mL) was added to freshly prepared LDA
(0.004 mol) solution in THF at —78 °C and n-BuLi (2.3 M,
0.004 mol) in hexane was added to the solution of
vinylindoles 8a, 8b and 8c in THF at —78 °C. The resulting
orange colored solution was stirred for 1 h and freshly

distilled N,N-dimethylacetamide/aryl nitrile (0.002 mol) in
anhydrous THF (10 mL) was added to this solution at
—78 °C. The mixture was further stirred for 1h. The
temperature was allowed to rise up to —10 °C and it was
stirred for another 3 h. After work up with brine, the mixture
was extracted with ethyl acetate. The extract was washed
with water, dried over anhydrous Na,SO, and concentrated
under reduced pressure. The residue was washed with
hexane and without further purification treated with
hydroxylamine hydrochloride (0.04 mol) and NaOAc
(0.04 mol) and refluxed for 8 h in o-dichlorobenzene.
After removal of solvent the residue was chromatographed
on neutral alumina using hexane and ethyl acetate (90/10 to
80/20) to give corresponding [3-carbolines.

3.2.1. Harman (11). Mp 235-236°C (Lit.° Mp 235-
238 °C); (Found: C, 79.24; H, 5.45. C;,H (N, requires C,
79.10; H, 5.53); vmax (nujol) 1663 cm™!; 8y (DMSO-dg)
2.85 (3H, s, ArCHs), 7.21 (1H, td, J=7.5, 1.1 Hz, C¢—H),
7.51 (1H, td, J=7.1, 1.1 Hz, C,—H), 7.58 (1H, d, J/=7.9 Hz,
Cgs—H), 7.81 (1H, d, J=5.2Hz, C4,~H), 8.07 (1H, d,
J=8.0Hz, Cs—H), 8.21 (1H, d, J=5.2 Hz, C3—-H), 11.31
(1H, bs, exchange with D,O, NH); 6c (DMSO-de) 18.71,
110.09, 110.68, 117.28, 119.27, 119.62, 125.24, 125.81,
132.78, 135.44, 138.65, 140.20.

3.2.2. N-Methylharman (12). Mp 104-105 °C (Lit.> Mp
102-104 °C); (Found: C, 79.67, H, 6.25. C{3H,,N, requires
C, 79.56; H, 6.16); Vnax (nujol) 1668 cm™!; 8 (DMSO-dg)
3.11 (3H, s, ArCH3), 4.14 (3H, s, NCH3), 7.1 (1H, t,
J=7.5Hz,Cs—H),7.47 (1H, d, J=8.2 Hz, Cs—H), 7.63 (1H,
t, J=7.1 Hz, C;—H), 7.86 (1H, d, J=4.4 Hz, C4—H), 8.15
(1H, d, J/=7.7 Hz, Cs—H), 8.31 (1H, d, /=4.4 Hz, C3—-H);
¢ (DMSO-dg) 22.93, 32.0, 110.03, 112.89, 119.29, 120.01,
121.35, 127.70, 128.1, 134.94, 136.64, 141.56.

3.2.3. N-Methoxymethyl harman (13). Mp 152-154 °C;
(Found: C, 74.47; H, 6.45. C14H4N,0 requires C, 74.31; H,
6.24); Umax (nujol) 1660 cm™!; 8y (DMSO-dg) 3.06 (3H, s,
ArCH3), 3.32 (3H, s, OCH3), 5.79 (2H, s, NCH,0), 7.26
(1H, t, J=7.4 Hz, C¢—H), 7.9 (1H, d, J=8.7 Hz, Cg—H),
7.60 (1H, m, C;—H), 8.27 (2H, bd, J=5.2 Hz, C4,—~H and
Cs—H), 842 (1H, d, J=5.8 Hz, C3—H); 8c (DMSO-dy)
20.30, 55.20, 82.80, 94.56, 109.10, 111.97, 114.82, 122.62,
127.25, 134.55, 137.73, 141.28, 141.97,160.10.

3.2.4. Harmine (14). Mp 262-263 °C (Lit.'* Mp 262 °C);
(Found: C, 73.40; H, 5.84. C3H,N,0 requires C, 73.57; H,
5.70); Vmax (nujol) 1665 cm™'; 8y (DMSO-dg) 2.59 (3H, s,
ArCHs), 3.73 (3H, s, OCH;), 6.67 (1H, dd, J=2.2, 8.5 Hz,
C¢—H), 6.88 (1H, d, J=2.2Hz, Cg—H), 7.66 (1H, d,
J=52Hz, C4,—H), 790 (1H, d, J=8.8 Hz, Cs—H), 8.01
(1H, d, J=5.2 Hz, C3—H), 11.32 (1H, bs, exchange with
D,0O, NH); 6c (DMSO-ds) 20.32, 55.26, 94.56, 109.10,
111.97, 114.82, 122.62, 127.25, 134.55, 137.73, 141.28,
141.97, 160.09.

3.2.5. N-Ethyl harmine (15). Mp 251-252 °C; (Found: C,
74.87; H, 6.71. C,5sH(,N,O requires C, 74.97; H, 6.71); vyax
(nujol) 1640 cm™!; &y (CDCly) 1.43 (3H, t, J=7.2 Hz,
N-CH,CH>), 3.01 (3H, s, ArCH>), 3.97 (3H, s, OCH5), 4.51
(2H,q, J=6.9 Hz, N-CH,CHj3), 6.85 (2H, bd, J=9.2 Hz,
Ce¢—H and Cg—H), 7.70 (1H, d, J=4.7 Hz, C4—H), 7.94 (1H,
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d, J=8.2 Hz, Cs—H), 8.25 (1H, d, J=5.2 Hz, C3—H); 8¢
(CDCly) 15.36, 23.01, 39.18, 55.44, 92.44, 108.48, 111.82,

Chaudhari for NMR spectra and Mr. Vishal Koske for
GC-MS.

114.87, 122.0, 128.97, 134.63, 137.73, 140.11, 142.22,
160.48.

3.2.6. N-Butyl harmine (16). Mp 221-222 °C; (Found: C,
76.20; H, 7.71. C17H9N,0 requires C, 76.09; H, 7.51); viax

—
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Abstract—Thermolysis of substituted methyl 1-methyleneamino-4,5-dioxo-4,5-dihydro-1H-pyrrole-2-carboxylates 2a,b led to substituted
dimethyl 3,9-dioxo-1,5,7,11-tetrahydro-1H,7H-dipyrazolo[1,2-a;1’,2'-d][1,2,4,5]tetrazine-1,7-dicarboxylates 4a,b and methyl 2,5-dihydro-
5-oxo-1H-pyrazole-3-carboxylates Sa,b as minor products. The structure of compound 4a was determined by X-ray crystallography. The
proposed mechanism of this conversion includes generation of (N-methyleneamino)imidoylketenes 6a,b and its intramolecular
transformation to azomethine imines—5-0x0-2,5-dihydropyrazole-1-methylium-2-ides 7a,b, which undergo dimerization in head-to-tail
manner yielding products 4a,b and partially hydrolyse to compounds 5a,b.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The chemistry of imidoylketenes was being extensively
investigated during the last few decades from preparative,
mechanistic and theoretical points of view.! Furthermore,
these highly reactive molecules are of considerable current
interest because of their wide use as building blocks in
organic chemistry. The thermal cheletropic extrusion of CO
from pyrrol-2,3(1H)-diones is the convenient method for the
generation of these ketenes. The variation of substituents in
the pyrrole ring leads to the generation of new imidoyl-
ketenes and widens their potential for the new types of
transformation. As we and other authors have shown in the
previous works, imidoylketenes can be involved into
various types of intramolecular cyclization, "> dimerization®
and interaction with nucleophiles* and dienophiles.’

We report herein the synthesis and thermolysis of new
pyrrole-2,3(1H)-diones—methyl 3-acyl-1-diphenylmethyl-
eneamino-4,5-dioxo-4,5-dihydro-1H-pyrrole-2-carboxyl-
ates (2a,b) (Scheme 1). We also describe a new and unusual
type of stabilisation of (N-methyleneamino)imidoylketenes®
to produce the novel tetrazine derivatives, namely dimethyl
2,8-diacyl-3,9-dioxo-5,5,11,11-tetraphenyl-1,5,7,1 1-tetra-
hydro-1H,7H-dipyrazolo[1,2-a;1’,2'-d][1,2,4,5]tetrazine-
1,7-dicarboxylates (4a,b), whose structure was defined by
X-ray crystallography (Fig. 1).

Keywords: Pyrrole-2,3(1H)-diones; (N-Methyleneamino)imidoylketenes;
Azomethine imines; Dipyrazolo[1,2-a;1',2'-d][1,2,4,5]tetrazines.
* Corresponding author. Tel./fax: +7-3422-396367;

e-mail address: lisowskaya@mail.ru

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.04.080

2. Results and discussion

Reaction of primary [3-enaminoketones with oxalyl chloride
is the most common method of the pyrrole-2,3(1H)-diones’
synthesis. The corresponding methyl 3-acyl-1-diphenyl-
methyleneamino-4,5-dioxo-4,5-dihydro- 1 H-pyrrole-2-car-
boxylates (2a,b) were obtained from methyl ethers of
4-acyl-2-diphenylmethylenehydrazino-4-oxo-2-butenoic
acids® (1a,b) and oxalyl chloride in 80, 60% yield (Scheme
1). The spectroscopic data of pyrrole-2,3(1H)-diones 2a,b
are in good agreement with the other similar systems.®7-

Unfortunately, the quantitative isolation and further appli-
cation of the deep red coloured pyrrole-2,3(1H)-diones
2a,b appeared to be difficult since they are highly sensi-
tive to moisture and easily hydrolyse to afford light
yellow methyl 3-acyl-1-diphenylmethyleneamino-2,4-di-
hydroxy-2,5-dihydro-5-oxo-1H-pyrrole-2-carboxylates
(3a,b), whose structure was confirmed by X-ray crystal-
lography.'©

We have noticed that the deep red solution of pyrrole-
2,3(1H)-diones 2a,b became deep blue at heating, this
colour gradually disappeared after cooling and some
colourless products were formed. The preparative thermo-
lysis of 2a,b (130—140 °C, p-xylene) resulted in substituted
dipyrazolo[1,2-a;1’,2'-d][1,2,4,5]tetrazines 4a,b as the main
products (80, 67%, respectively) and pyrazoles Sa,b (15,
25%, respectively) as the by-products (Scheme 1). The
structure of 4a was defined by X-ray analysis. The structure
of 5a,b was established by elemental analysis, IR and 'H
NMR spectroscopic data.
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Scheme 1. Synthesis and thermolysis of 1-diphenylmethilenamino-2,3-dihydropyrrole-2,3-dione 2a,b.

Figure 1. Perspective view of the structure of 4a, showing the crystallographic labeling.

Crystals of 4a suitable for X-ray analysis were obtained
from a toluene solution. Figure 1 shows a perspective view
of the structure, which crystallizes in the monoclinic space
group P2,/c. The molecule in the crystal lies in the centre of
the symmetry. The tetrazine has a chair-conformation. The
inflexion along N1---N2a line is 48.5° and the deviation of
the C1 from the plane of four nitrogen atoms is 0.7 A. The
nitrogen atoms have a pyramidal structure. The sums of the
valence angles around N1 and N2 are 347.5 and 348.6°,
respectively. The pyrazole cycle with local double bond is
planar. The C3-C4 distance in the five-membered ring is
1.368(4) A, that corresponds to the C=C double bond
length in the pyrazoles.!! The plane of the methoxycarbonyl
group at the C4 has an orthogonal position with respect to
the pyrazole ring, and the plane of the pivaloyl fragment at

the C3 an angle 14.7°. The torsion angle O2—-C7-C3-C4 is
12.2°. Hydrogen bonds and other shortened intermolecular
contacts were not found. The values of all bonds lengths in
this molecule are in nice agreement with the other known
data.!!

We propose the following mechanism of pyrrole-2,3(1H)-
diones 2a,b conversion into dipyrazolo[1,2-a;1’,2"-d]-
[1,2,4,5]tetrazines 4a,b and pyrazoles 5a,b. The thermal
cheletropic extrusion of CO from 2a,b affords the new
(N-methyleneamino)imidoylketenes 6a,b, which unexpect-
edly intermolecular cyclized into azomethine imines—
4-acyl-3-methoxycarbonyl-5-0x0-2,5-dihydropyrazole-1-
(diphenylmethylium)-2-ides 7a,b. These intermediates
undergo dimerization in head-to-tail manner yielding
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products 4a,b, while azomethine imines 7a,b are partially
hydrolysed under action of water traces in a solvent with
ejection of benzophenone molecule to produce the com-
pounds Sa,b.

On the other hand, the dimerization of azomethine imines
7a,b is a reversible process, in our opinion. The colourless
solutions of dipyrazolo[1,2-a;1’,2'-d][1,2,4,5]tetrazines
4a,b in completely anhydrous inert solvents (such as
p-xylene, toluene) become deep blue at heating (110-—
140 °C) and again colourless after cooling. Moreover, the
analogous process is observed in mass spectrum of 4a,
where intense peak of the azomethine imine 7a (m/z 390) is
present.

An additional proof for the suggested mechanism is the
dimerization of stable pyrazolidin-3-ones—azomethine
imines, giving the centrally symmetric dipyrazolo[1,2-a;
1',2/-d][1,2,4,5]tetrazine-1,7-diones and mirror-symmetric
dipyrazolo[1,2-a;1’,2'-d][1,2,4,5]tetrazine-1,9-diones early
reported by Dorn and co-workers.!?

3. Conclusion

In summary, the results showed that the thermolysis of
methyl 3-acyl-1-diphenylmethyleneamino-4,5-dioxo-4,5-
dihydro-1H-pyrrole-2-carboxylates 2a,b led to unexpected
products 4a,b and 5a,b. We propose the mechanism of this
conversion, including (N-methyleneamino)imidoylketenes
6a,b generation, its further cyclization to azomethine imines
7a,b, which dimerize into final compounds 4a,b. A novel
pathway of imidoylketenes stabilization via their prelimi-
nary cyclization to azomethine imines is an unusual process
and it has never been observed before. Furthermore, the
pyrazoles 5a,b formation by hydrolysis of 7a,b indirectly
confirms the suggested mechanism.

The insertion of methyleneamino moiety to the nitrogen
atom of pyrrole-2,3-diones has allowed us not only to obtain
an attractive heterocyclic system and to expand the
synthetic opportunities of five-membered 2,3-dioxohetero-
cycles, but also to offer a new synthetic way to arduous
unsaturated azomethine imines formation through the
intramolecular cyclization of (N-methyleneamino)imi-
doylketenes. Saturated azomethine imines have been
prepared by catalytic nucleophilic addition of substituted
pyrazolidin-3-ones to various aldehydes and ketones, as
reported by Dorn,'? Stanovnik, ! Sharpless'# and co-workers.

4. Experimental
4.1. General

The 'H and '3C NMR spectra were recorded in DMSO-d
and CDClj; solutions with HMDS as the internal standard on
a Bruker AM-300 (300 MHz) and a Bruker DPX 400
(400 MHz) spectrometers. The IR spectra were recorded in
Nujol mulls on a UR-20 spectrometer. The mass spectrum
was recorded on a MX-1310 spectrometer (70 eV). The
melting points are uncorrected. Reactions were monitored

by TLC on Silufol UV-254 plates. Solvents were dried
according to standard protocols.

X-ray crystallography. The unit cell parameters were
measured on a four-circle automatic detector KM-4
(KUMA DIFRACTION) with x-geometry (graphite mono-
chromatised Cu K|, radiation, w—26 scan mode, 26=80.5°).
The total number of data collected was 4249 [4119 of it
were independent with R(int.) 0.081]. No correction for
absorption was applied (u=0.724 mm~'). The structure
was determined by a direct method by program SIR92'3
with the subsequent series of calculations of electronic
density maps. The hydrogen atoms positions were calcu-
lated from geometrical terms. The final anisotropic
specification LSM was completed by program SHELXL-
97'¢ at R,=0.0519, wR,=0.1346 on 1629 reflections with
I=20(I) and R;=0.1721; wR,=0.1911 on all 4119 reflec-
tions, GOF=1.002.

Crystallographic data (excluding structural factors) for the
structure in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary
publication number CCDC No 229731. 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).

4.1.1. Methyl 1-diphenylmethyleneamino-3-pivaloyl-4,5-
dihydro-4,5-dioxo-1H-pyrrole-2-carboxylate (2a). A solu-
tion of oxalyl chloride (0.25 mL, 28 mmol) in dry chloro-
form (1 mL) was added to a solution of 1a® (1.00 g,
27 mmol) in dry chloroform (3 mL). The reaction mixture
was heated for 1.5 h, solvent (2 mL) was evaporated and
resulting solution was cooled. The solid was filtered off gave
the title compound 2a (0.92 g, 80%) as a deep red crystals,
mp 138-140°C; [Found: C, 68.97; H, 5.21; N, 6.72.
C,4H5,N,05 requires C, 68.89; H, 5.30; N, 6.69%]; Vmax
1760 (O—-C=0, C>=0); 1740 (C3>=0); 1680 (C*-C=0);
oy (400 MHz, CDCl3) 7.10-7.62 (10H, m, 2Ph); 3.86 (3H,
s, OMe); 1.05 (9H, s, Me;3C).

4.1.2. Methyl 1-diphenylmethyleneamino-2,4-di-
hydroxy-3-pivaloyl-2,5-dihydro-5-oxo-1H-pyrrole-2-
carboxylate (3a). The residue solution after synthesis
compound 2a was allowed to contact with air moisture for
24 h. The solid was filtered off and recrystallized from
chloroform—hexane (1:1) to give the title compound 3a
(0.17 g, 14%) as a light yellow crystals, mp 149-150 °C;
[Found: C, 66.15; H, 5.12; N, 6.47. C54H,4N,Og¢ requires C,
66.05; H, 5.22; N, 6.42%]; vmax 3480, 3210 (OH); 1740
(O-C=0, C?>=0); 1680 (C*-C=0); &y (300 MHz,
DMSO-ds) 7.12-7.84 (11H, m, 2Ph+C>-OH); 3.84 (3H,
s, OMe); 1.20 (9H, s, Me;3C).

4.1.3. Methyl 1-diphenylmethyleneamino-3-p-toluoyl-
4,5-dihydro-4,5-dioxo-1H-pyrrole-2-carboxylate  (2b).
This compound was prepared from 1b% (1.00 g, 25 mmol)
and oxalyl chloride (0.22 mL, 26 mmol), according to
above described method for 2a. Yield compound 2b
(0.71 g, 60%) as a deep red crystals, mp 144-146 °C;
[Found: C, 71.83; H, 4.35; N, 6.24. C,,H,(N,Os5 requires C,
71.67; H, 4.46; N, 6.19%]; Vpmax 1740 (O—C=0, C>=0);
1725 (C*=0); 1630 (C*~C=0); oy (400 MHz, CDCls)
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7.00-7.79 (14H, m, 2Ph+CgxH,); 3.80 (3H, s, OMe); 2.29
(3H, s, Me).

4.1.4. Methyl 1-diphenylmethyleneamino-2,4-dihydroxy-
3-p-toluoyl-2,5-dihydro-5-oxo-1H-pyrrole-2-carboxylate
(3b). This compound was prepared according to above
described method for 3a. Purification crude precipitate from
chloroform—hexane (1:1) to give compound 3b (0.31 g,
25%) as a light yellow crystals, mp 164—166 °C; [Found: C,
68.98; H, 4.65; N, 6.00. C,7H,,N,0¢ requires C, 68.93; H,
4.71; N, 5.95%]; vmax 3395, 3150 (OH); 1760 (O-C=0,
C?=0); 1620 (C*~C=0); 8y (300 MHz, DMSO-dq) 7.22—
7.81 (15H, m, 2Ph+C¢H,+C>~OH); 3.87 (3H, s, OMe);
2.42 (3H, s, Me).

4.1.5. Dimethyl 2,8-dipivaloyl-5,5,11,11-tetraphenyl-
1,5,7,11-tetrahydro-3,9-dioxo-1H,7H-dipyrazolo[1,2-a;
1,2'-d][1,2,4,5]tetrazine-1,7-dicarboxylate (4a). A solu-
tion of 2a (1.00 g, 24 mmol) in dry p-xylene (6 mL) was
held at 138—140 °C for 0.5 h and then cooled. The solid was
isolated by filtration and then recrystallized from acetone
to give title compound 4a (0.75 g, 80%) as a colourless
crystals, mp 223-224 °C; [Found: C, 70.93; H, 5.51; N,
7.22. C46H44N4Og requires C, 70.75; H, 5.68; N, 7.17%];
Vmax 1760 (O—C=0); 1730, 1700 (N-C!P=0); 1670
(C2®_C=0); 8y (400 MHz, DMSO-d,) 7.10-7.54 (20H,
m, 4Ph); 3.13 (6H, s, 20Me); 1.07 (18H, s, 2Me;C); ¢
(100.6 MHz, DMSO-dg) 203.7, 163.2, 160.5, 155.3, 130.6,
129.7, 126.6, 120.6, 114.7, 88.1, 56.8, 44.5, 26.7; MS (m/z,
%): 390 (M/2%, 20), 333 (M/2+—MesC, 100).

4.1.6. Methyl 4-pivaloyl-2,5-dihydro-1H-pyrazole-3-carb-
oxylate (5a). The residue solution after synthesis compound
4a was allowed to contact with air moisture for 0.5 h. The
precipitate was filtered off and recrystallized from toluene to
give the title compound 5a (0.08 g, 15%) as a colourless
solid, mp 201-203 °C; [Found: C, 53.14; H, 6.18; N, 12.40.
Ci0H14N,04 requires C, 53.09; H, 6.24; N, 12.38%]; Vmax
3250 (NH); 1760 (O—C=0); 1720 (N-C=0); 1670 (C*-
C=0); oy (400 MHz, DMSO-d¢) 13.52 (1H, br s, NH);
10.15 (1H, br s, NH); 3.81 (3H, s, OMe); 1.20 (9H, s,
Me;C); 6c (100.6 MHz, DMSO-dg) 203.9, 163.5, 158.8,
157.2, 113.9, 51.6, 44.9, 26.6.

4.1.7. Dimethyl 5,5,11,11-tetraphenyl-2,8-ditoluoyl-1,5,7,
11-tetrahydro-3,9-dioxo-1H,7H-dipyrazolo[1,2-a;1',2-d]-
[1,2,4,5]tetrazin-1,7-dicarboxylate (4b). This compound
was prepared from 2b (1.00 g, 22 mmol) according to above
described method for 4a. Purification crude precipitate from
ether to give compound 4b (0.57 g, 67%) as colourless
crystals, mp 207-209 °C. [Found: C, 72.93; H, 4.73; N,
6.84. Cs5oH4oN4Og requires C, 72.80; H, 4.89; N, 6.79%];
Vmax 1760 (0—C=0); 1690 (N-C!'P=0); 1650 (C>®—
C=0); 1600 (C==C); oy (400 MHz, DMSO-d) 7.03-7.74
(28H, m, 4Ph+2C¢H,y; 3.45 (6H, s, 2 OMe); 2.35 (6H, s,
2Me); 6¢ (100.6 MHz, DMSO-dg) 187.8, 160.8, 158.7,
152.3, 141.9, 137.0, 132.1, 129.7, 129.5, 128.4, 1274,
118.6, 113.3, 86.1, 54.1, 21.1.

4.1.8. Methyl 4-p-toluoyl-2,5-dihydro-1H-pyrazole-3-
carboxylate (5b). This compound was prepared according
to above described method for Sa. Purification crude
precipitate from toluene to give compound Sb (0.14 g,

25%) as a colourless solid, mp 210-212 °C; [Found: C,
59.89; H, 4.63; N, 10.80. C{3H,N,04 requires C, 60.00; H,
4.65; N, 10.76%]; vmax 3250 (NH); 1770 (O-C=0); 1670
(N-C=0); 1620 (C*-C=0); &y (300 MHz, DMSO-dq)
13.20 (1H, br s, NAH); 10.35 (1H, br s, NH); 7.60 (2H, d,
J=8.0 Hz, CcH,); 7.26 (2H, d, J=8.0 Hz, CcH,); 3.60 (3H,
s, OMe); 2.40 (3H, s, Me).
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Abstract—The reaction of ethylenediamine (EDA) with ortho and/or para halogenated benzonitriles did not lead to the imidazolines
expected: a competitive aromatic nucleophilic substitution (SyAr) was observed instead. The selective synthesis of these imidazolines was
performed by nucleophilic addition of EDA to thiobenzamide derivatives. The difference in reactivity between the nitrile and thioamide
derivatives was estimated by a frontier orbital approach at the RHF/6-31G** level which predicted a greater reactivity of substituted

thiobenzamides towards the nucleophilic addition of EDA.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Imidazoline derivatives exhibit significant biological and
pharmacological activities, including antihypertensive,!-?
antihyperglycemic,?~8 antidepressive,® antihypercholesterol-
emic'® and anti-inflammatory'! activities. Due to these
practical applications, we have expended considerable effort
in the preparation of new imidazoline derivatives.

X 1

X X
la 2F H
le 4F H
1h 3F A4F
li 3-Cl 4F
1j 2-Cl 6F
1k 2-Cl 6-Cl

X EDA, P,S
N , P2
(/'/:\>7CEN _— .

In a previous paper,'? we synthesized imidazolines by the
nucleophilic addition of ethylenediamine (EDA) to the
corresponding nitriles in the presence of catalytic amounts
of a sulfur reagent: P»Ss,'3 CS,!4 or S.!° The preparation of
3-aromatic halogenated imidazolines was easily accom-
plished by this method'® with yields of up to 80%. However,
the formation of the imidazoline moiety does not take place
with the 2- and/or 4-aromatic halogenated nitriles. The

G ,H
<} ) C=N, Y=N
Y

— NCH,),—NHR

2
Y X R

2a 2- H H

2¢ 4- H H

2h 4- 3F H

2h'* 4 3-F CH;CO

2i 4- 3-C1 H
2j 6- 2-C1 H
2k 6- 2-CI H

2h was converted to 2h' by the action of Ac,O

Scheme 1. Synthesis of 2-aminoethylamino-benzonitriles 2.

* Supplementary data associated with this article can be found in the online version, at doi: 10.1016/j.tet.2004.04.075

Keywords: Aromatic nucleophilic substitution; Nucleophilic addition; Phenylimidazolines; Benzonitriles; Thiobenzamides.
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reaction observed is an aromatic nucleophilic substitution
(SnAr): the nitrile is electron-withdrawing thus favoring the
displacement of the halogen'” by EDA and resulting in a
SNAr.18:19

The aim of the present study was to selectively synthesize
ortho and para halogenated aromatic imidazolines from the
corresponding nitriles by avoiding a SyAr and favoring
nucleophilic addition of EDA.

2. Results and discussion

The addition of EDA in stoichiometric or excess amounts, to
different benzonitriles, mono or disubstituted by fluorine
and/or chlorine atoms (la, 1c¢, 1h-1Kk), with or without
catalytic amounts of P,Ss5 (Scheme 1), at 50 °C or under

Table 1. Physical data of compounds 2

Yield* (%) Mp® (°C) Molecular formula® (MW)

2a 90 97 CoHy1N3 (161)

2¢ 99 80 CoH N3 (161)

2h 99 112 CoH ,oFN; (179)

20 82 144 C,H.FN;O (221)

2 41 109 CoH,oCIN; (195.5)

2j 40 70 CoH;oCIN; (195,5)

2k 38 70 CoHoCIN; (195,5)

% Yield of analytically pure product.
° Mp of analytically pure material.
¢ All products gave satisfactory microanalyses.

L. J. Crane et al. / Tetrahedron 60 (2004) 5325-5330

reflux, gave the 2-aminoethylamino-benzonitriles 2 (Table
1) resulting from the SyAr of the EDA and not the expected
imidazolines. Compound 2h was not amenable to direct
purification and identification because it was hygroscopic
and sensitive to carbonation. In order to establish its
structure, the free-amino group was acylated using acetic
anhydride to give compound 2h’.

Only the displacement of the fluorine by EDA occurs in the
disubstituted compounds 1i and 1j. Therefore, fluorine is the
best leaving group among the halogens in SyAT.

Aromatic nitriles are not a very reactive group because of
resonance that stabilizes the reactant molecule. This
explains why the number of aromatic halogenated imida-
zolines obtained by the addition of EDA to benzonitrile
derivatives still remains limited. However, these com-
pounds may be obtained by addition of EDA to the
corresponding esters in the presence of trimethylalu-
minium'? with moderate yields.

To avoid SyAr of EDA on the aromatic ring, we decided to
activate the cyano group by transforming it into a thioamide
group. It is noteworthy that regardless of the choice of sulfur
reagent used, the reaction occurring was always the same.
All the current catalysts (P,Ss, CS,, S) generated H,S in situ
and led, in the presence of a nitrile, to the formation of a
thioamide intermediate, a principal functional group in
imidazoline preparation.?%2!

The variability of reactivity between the nitrile and the

Table 2. Calculated properties of selected structures 1 and 3 optimized at the RHF/6-31G** theory level

Cl

R=-C=N la 1b 1c 1g

LUMO (eV) 2.19 211 2.46 221

Atomic charges

Cy 0.49 0.45 0.47 0.49 (p)
0.51 (0)

Cen® 0.3 0.272 0.269 0.3

LUMO coefficients

Cu 0.17 0.10 0.38 0.37 (p)
0.14 (0)

Cen? 0.13 0.15 0.15 0.13

/
R= —C 3a 3b 3¢ 3g
NH,

LUMO (eV) 171 1.92 2.05 1.79

Atomic charges

Cy 0.47 0.45 0.46 0.49 (p)
0.49 (0)

Cunio” 0.259 0.213 0.22 0.25

LUMO coefficients

Cy 021 0.09 0.27 0.3 (p)
0.21 (0)

Cinio? 0.34 0.33 0.37 0.35

Torsion? (°) 2 38 34 19

cl

1h 1i 1j 1k
2.11 211 1.83 1.75
0.41 (p) 0.52 (p) 0.51 (F) —0.14
0.39 (m) —0.26 (m) —0.13 (CI) —0.14
0.272 0.27 031 0.29
0.36 (p) 0.38 (p) 0.16 (F) 0.25
0.06 (m) 0.11 (m) 0.32 (Cl) 0.25
0.14 0.14 0.12 0.12
3h 3i 3j 3k
1.80 1.81 271 276
0.40 (p) 0.51 (p) 0.50 (F) —0.15
0.39 (m) —0.26 (m) —0.15 (C1) —0.15
0.218 0.216 0.213 0.19
0.27 (p) 0.28 (p) 0.08 (F) 0.23
0.02 (m) 0.1 (m) 0.29 (Cly 0.22
0.34 0.34 0.27¢ 0.04
35 36 83 89.5

# Mulliken atomic charges or LUMO coefficients of the halogen-bonded carbons.

® Mulliken atomic charges or LUMO coefficients of the nitrile or thioamide carbon atoms.
¢ Pointed perpendicular to the aromatic plane.
9 Torsion angle defined by the aromatic and thioamide planes.
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thioamide functions could actually be estimated from the
empirical Hammet o constants?> which reflect the total
electronic effects of compounds containing substituted
phenyl groups. The average substituent constant oy, is 0.62
for the nitrile group and 0.30 for the thioamide one. The
nitrile function exhibits a stronger electron-withdrawing
effect than the thioamide one. Thus SyAr is facilitated by
the nitrile function as it decreases the electronic density on
the aromatic ring.

However, the Hammet equation is not applicable to ortho
substituents and also some of the compounds studied were
disubstituted. Because our aim was to include the effect of
all substituents on the aromatic ring, we considered the
reactivity of nitriles and thioamides using molecular-orbital
theory. In the present case (nucleophilic attack of EDA) the
frontier orbital treatment was based upon the interaction of
the HOMO of EDA with LUMO of nitriles or thioamides.
As the nucleophile was always the same (EDA), the lower
the energy of the LUMO of aromatic derivatives, the greater
the propensity to give a specific reaction.

2.1. Computational methods

Ab initio calculations were achieved using PC GAMESS
version 6.22% of the GAMESS (US) quantum chemistry
package.?* The geometries of selected compounds
were fully optimized at the RHF/6-31G** level??
utilizing gradient techniques and default thresholds for
convergence.

The energies of the LUMO of compounds 1 (nitriles) and 3
(thioamides) are shown in Table 2. This table also gives the
molecular orbital coefficients (LU;") and the charges of
the carbons bonded to halogens, as well as those of the
carbon of the function nitrile or thioamide.

For thioamides 3, the torsion angles defined by the phenyl
and thioamide planes are also included.

The ab initio calculations show that:

1. The thioamide group adopts an angle of approximately
35° with the aromatic ring or is nearly coplanar in the
case of 3a and 3g; this can be explained by a favorable
interaction between the ortho fluorine and the NH,
group. On the other hand, the thioamide and the aromatic
moieties are perpendiculars in 3j and 3k; this torsion may
be explained by a strong steric hindrance between the
bulky thioamide sulfur atom and the ortho halogens,
which makes it impossible for the molecule to remain
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derivatives remain exceptions, as their orbital energy is
respectively 0.88 and 1 eV greater than that of nitriles 1j
and 1k. This fact reflects a loss of resonance between the
aromatic and thioamide planes. These results suggest that
thioamides 3a—3i have a high potential to be attacked by
EDA even when 3j and 3K, on the contrary, should not
exhibit much reactivity towards nucleophilic addition.

. For the benzonitrile derivatives, with the exception of the

meta positions, the LUMO orbital coefficients of the
halogen-bonded carbons are greater than the coefficient
of the nitrile carbon. This is in agreement with the
experimental data: with the exception of the meta
derivative 1b which gave the expected imidazoline, all
the other nitriles reacted with EDA via a SyAr
mechanism. However, one can observe that for the
disubstituted compound 1j, the highest orbital coefficient
is on the C,—Cl carbon (0.32), and not on the C4—F one
(0.16). This would suggest a stronger reactivity at the
C,-position, which is not actually observed; the SyAr
occurs at the Cg-position. Both the small size of the
fluorine atom compared with chlorine, and the strong
positive charge of the Cq carbon direct the reaction.

On the contrary, for the thioamide series, the orbital
coefficient of the carbon on the thioamide function is
highest than those found on the aromatic carbons. The
compound 3j is still an exception insofar as the C, and
the thioamide carbon coefficients are equivalent (0.29 vs.
0.27). As for 3k, the thioamide coefficient is insig-
nificant. One might expect that the condensation of EDA
on thiobenzamides would yield more easily to the related
imidazolines.

However, an examination of the atomic charges does not
enable us to differentiate a priori the reactivity of
compounds 1 and 3.

2.2. Imidazoline synthesis from thioamides

In

an attempt to validate the theoretical results, we

synthesized a series of thiobenzamides which were mono
(3a-3f) or disubstituted (3g—3k) by fluorine and/or chlorine
atoms (Table 3) by reaction of the related nitriles 1 with
triethylamine (TEA) and an aqueous solution of ammonium
sulfide?®?7 in pyridine. The choice of ammonium sulfide as
an in situ H,S generator was determined by the fact that

Table 3. Preparation of thioamides 3 from nitriles

coplanar. It can be noticed that we observed the same
phenomenon with 3a and 3g compounds: when calcu-
lations were performed with sulfur and o-fluorine atoms
pointed on the same side, in both cases the resulting
conformation exhibited a dihedral angle value of 62° and
was energetically unfavorable compared with the latter
described in Table 2.

. The LUMO energy of thioamides 3a—3i is lower than
that of the nitriles 1. The energy difference between the
two series varies between 0.41 and 0.48 eV when the ring
is ortho or para substituted (a, ¢, g) and between 0.19 and
0.31 eV when meta substituted (b, h, i). The 3j and 3k

X X' Yield® Mp® Molecular formula®
(%) (Mp lit.) (MW)
C)

3a 2F H 65 83 (83)* C,HGFNS (155)
3p 3F H 95 110 (110-111)**  C;HGFNS (155)
3¢ 4F H 85 148 (145-147)*>  C;HGFNS (155)
3d 2Cl H 73 68 (65)%° C,H(CINS (171,5)
3¢ 3Cl H 83 115 (121-122)**  C;HGCINS (171,5)
3f 4Cl H 83 130 (130)* C;HCINS (171,5)
3g 2-F 4F 85 133 C,HsF,NS (173)
3h 3-F 4F 55 105 C,HsF,NS (173)
3i  3-Cl 4F 76 130 C,HsCIFNS (189,5)
3j 2Cl 6F 75 164 (161-162)*°  C,HsCIENS (189,5)
3k 2-C1 6-Cl 73 152 (152)%7 C;HsCILNS (206)

? Yield of analytically pure product.
° Mp of analytically pure material.
¢ All products gave satisfactory microanalyses.
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Table 4. Preparation of imidazolines 4 from thioamides

X X' Yield® Mp® Molecular formula®
(%) (Mp lit.) (MW)
(°C)

4a 2-F H 65 83 (83)'? CoHoFN, (164)
4 3-F H 99 92 (92)* CoHoFN, (164)
4 4F H 72 153 (152—153)*  CoHoFN, (164)
4d 2-CI H 76 69 (69-70)* CyHoCIN; (180,5)
4e 3-C1 H 99 138 (136-137)*°  CoHoCIN, (180,5)
4 4-C1 H 85 188 (186—187)*"  CyHoCIN, (180,5)
4g 2-F 4-F 40 96 CgHngNz ( 1 82)
4h 3-F 4F 45 155 CoHgF>N, (182)
4 3-Cl 4F 60 160 (160)'? CyHCIFN, (198,5)

4j 2Cl 6F - -
4 2-C1 6Cl - -

CoHsCIFN, (198,5)
CoHsCLN, (215)

? Yield of analytically pure product.
° Mp of analytically pure material.
¢ All products gave satisfactory microanalyses.

hydrogen sulfide H,S?873! is a particularly toxic agent.*?
The thiobenzamides were obtained with high yields,
whether the aromatic nitrile was mono or disubstituted.
The imidazolines 4 (Table 4) were synthesized by treating
the thiobenzamides with a slight excess of EDA. The
mixture was stirred under reflux for 3 days (Scheme 2).

X
1

Scheme 2. Synthesis of imidazolines 4.

All the thioamides, with the exception of the 2,6-di-
substituted compounds (3j and 3k), produced the corre-
sponding imidazolines. The lack of nucleophilic addition
with compounds 3j and 3k could be explained by the results
of the theoretical study; particularly the high energy level of
LUMO’s and the perpendicular torsion of the thioamide
group with regard to the aromatic moiety, associated with
the strong steric hindrance of the chlorine atoms would
prevent the addition to proceed.

3. Concluding remarks

The experimental results confirmed our analysis. The
expected imidazolines were obtained with yields higher
than 90%. The two-step protocol used thus favored the
nucleophilic addition compared with nucleophilic substi-
tution and produced high yields of the expected imidazolines.

4. Experimental
4.1. General

Melting points were determined by differential scanning
calorimetry using a Shimadzu DSC-50 calorimeter. Infrared
spectra were recorded on a Perkin—Elmer 983G spectro-
photometer. All the imidazoline compounds gave the same
IR absorption bands at approximately 3000 cm ! (v CH,
CH,, CH3) and 3150 cm ™' (» NH). '"H NMR spectra were
determined in the indicated solvent with a 250 MHz
spectrometer, and peak positions given as s (singlet), d

ICII—NHZ
S X

(NH4).S X?C\>7
X =
3

(doublet), t (triplet), q (quadruplet) or m (multiplet). The
microanalyses were performed in the Microanalytical
Laboratory of the Ecole Nationale Superieure de Chimie
de Toulouse in Toulouse and the results obtained are within
*0.4% of the theoretical values. Reactions were monitored
by thin-layer chromatography (TLC) and product mixtures
were purified by column chromatography using silica gel 60
F-254, 70-200 mesh.

4.1.1. 2-(2-Aminoethylamino)-benzonitrile (2a).2° A stir-
red mixture of 2-fluorobenzonitrile (2.64 g, 0.02 mol),
EDA, in excess or in stoichiometric quantity, freshly
distilled on KOH, and 0.15 g of P,S5 was heated at 120 °C
in an oil bath for 4 h. The reaction mixture was then cooled,
poured into cold water and extracted with CH,Cl,. The
organic phase was dried over anhydrous MgSO,. The
solvent was removed under reduced pressure and the crude
solid was collected and purified by recrystallization from
cyclohexane. '"H NMR (CDCls) &: 1.76 (s, 2H, NH,), 2.85
(m, 2H, CH,NH,), 3.14 (m, 2H, CH,CH,NH,), 5.02 (s, 1H,
NH), 6.60—7.26 (m, 4H, ArH). IR (KBr, cm ™) 2250 (#CN),
2958 (CH,), 3076 (v»CH), 3203 and 3400 (¥NH).
Elemental analysis calculated for CoH;;N3: C, 67.06; H,
6.88; N, 26.07; found: C, 67.22; H, 6.69; N, 26.17.

X' N
= 4
A=/ HN
4

Compounds 2¢, 2h, 2i, 2j and 2k were prepared from the
appropriate nitriles in the same way.

4.1.2. 4-(2-Aminoethylamino)-benzonitrile (2c). '"H NMR
(CDCly) é: 1.31 (s, 2H, NH,), 2.93 (m, 2H, CH,NH,), 3.14
(m, 2H, CH,CH,NH>), 4.76 (s, 1H, NH), 6.53—-7.36 (m, 4H,
ArH) IR (KBr, cm™') 2252 (¥CN), 2943 (¥CH,), 3084
(¥CH), 3205 and 3407 (vNH). Elemental analysis calculated
for CoH;;N5: C, 67.06; H, 6.88; N, 26.07; found: C, 67.15;
H, 6.76; N, 25.89.

4.1.3. 3-Fluoro-4-(2-aminoethylamino)-benzonitrile (2h).
The crude product obtained was acylated to produce
compound 2h’ as described below.

4.1.4. 3-Chloro-4-(2-aminoethylamino)-benzonitrile (2i).
'H NMR (CDCl;) & 1.38 (s, 2H, NH,), 3.28 (t, 2H,
CH,NH,), 3.01 (t, 2H, CH,CH,NH,), 4.95 (s, 1H,
NH), 6.75-7.72 (m, 3H, ArH) IR (KBr, cm™ ')
2250 (¥CN), 2901 (¢CH,), 3079 (»CH), 3205 and 3401
(vNH). Elemental analysis calculated for CoH;oCINj:
C, 55.25; H, 5.15; N, 21.48; found: C, 55.19; H, 5.21; N,
21.32.

4.1.5. 3-Chloro-6-(2-aminoethylamino)-benzonitrile (2j).
'H NMR (CDCl3) &: 2.81 (t, 2H, CH,NH,), 3.10 (s, 2H,
NH,), 3.24 (m, 2H, CH,CH,NH,), 6.45 (t, 1H, NH), 6.85—
7.46 (m, 3H, ArH) IR (KBr, cm™') 2253 (¥CN), 2933
(vCH,), 3074 (»CH), 3203 and 3405 (¢vNH).). Elemental
analysis calculated for CoH;oCIN3: C, 55.25; H, 5.15; N,
21.48; found: C, 55.32; H, 5.24; N, 21.40 for 2j; C, 55.12; H,
5.17; N, 21.52 for 2Kk.
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4.1.6. 3-Fluoro-4-(2-acetamidoethylamino)-benzonitrile
(2h’).  3-Fluoro-4-(2-aminoethylamino)-benzonitrile ~ 2h
(3.22 g, 0.02 mol) in acetic anhydride (25 mL) was heated
under reflux with stirring in an oil bath for 5 h. The reaction
mixture was then cooled, and the anhydride was removed
under reduced pressure. The crude product was washed with
water, collected by filtration and purified on silica gel
column using as eluent AcOEt/CH,Cl, (1:1). 'H NMR
(DMSO-dg) 6: 1.90 (s, 3H, CH3), 3.31-3.48 (m, 4H, 2CH,),
6.73 (s, 1H, PhNH), 6.92-7.67 (m, 3H, ArH), 8.15 (s, 1H,
CONH). IR (KBr, cm™!) 1635 (1CO), 2247 (1CN), 2975
(vCH,CHs), 3081 (»CH), 3251 and 3395 (¢»NH). Elemental
analysis calculated for C;;H,FN;O: C, 59.72; H, 5.47; N,
18.99; found: C, 59.53; H, 5.54; N, 19.06.

4.2. General procedure for thioamides 3

An appropriate aromatic halogenated nitrile 1 (about
0.03 mol) was dissolved in pyridine (20 mL), then triethyl-
amine (0.033 mol, 5 mL) and ammonium sulfide 20 % wt
solution in water (0.033 mol, 10 mL) were added into the
mixture at 50 °C for 3—6 h. After cooling, the mixture was
diluted with cold water (50 mL). The precipitated solid was
filtered off, washed with cold water and crystallized from
cyclohexane or purified by column chromatography with
dichloromethane as eluent.

NMR data of compounds 3a,>? 3b,3* 3¢,3* 3d,?® 3e,3* 3f,3¢
3§39 and 3k are in agreement with literature data.

4.2.1. 2,4-Difluorothiobenzamide (3g). 'H NMR (CDCl5;)
8: 6.86 (m, 1H, Hs), 6.99 (m, 1H, H3), 7.76 and 8.04 (2s
broad, 2H, NH,), 8.46 (m, 1H, He) IR (KBr, cm™!): 3366,
3292 (vNH,), 3167 (»CH), 1630, 1602 (»C=C), 1283
(»C==S). Elemental analysis calculated for C;HsF,NS: C,
48.55; H, 2.91; N, 8.09; S, 18.51; found: C, 48.52; H, 3.09;
N, 7.92; S, 18.23

4.2.2. 3,4-Difluorothiobenzamide (3h). 'H NMR (CDCl;)
8: 7.11 (s broad, 2H, NH,), 7.19 (m, 1H, Hs), 7.62 (m, 1H,
Hg), 7.81 (m, 1H, H,) IR (KBr, cm™!): 3402, 3270 (vNH,),
3155 (vCH), 1627, 1600 (vC=C), 1261 (C=S). Elemental
analysis calculated for C;HsF,NS: C, 48.55; H, 2.91; N,
8.09; S, 18.51; found: C, 48.36; H, 2.85; N, 8.17; S, 18.62.

4.2.3. 3-Chloro-4-fluoro-thiobenzamide (3i). 'H NMR
(CDCl3) 6: 7.19 (m, 1H, H,), 7.64 (s, 2H, NH,), 7.78 (m, 1H,
Hs), 7.99 (dd, 1H, He) IR (KBr, cm™!): 3442, 3206 (vNH,),
3101, 3129 (¢¥CH), 1618 (vC=C), 1262 (vC=S). Elemental
analysis calculated for C;HsCIFNS: C, 44.34; H, 2.66;
N, 7.39; S, 16.91; found: C, 44.41; H, 2.53; N, 7.21; S,
16.88.

4.3. General procedure for imidazolines 4

A stirred mixture of aromatic halogenated thiobenzamides 3
(0.02 mol) and EDA in stoichiometric quantity, freshly
distilled on KOH was heated at 120 °C in an oil bath for
several days. The reaction mixture was then cooled, poured
into cold water and extracted with CH,Cl,. The organic
phase was dried over anhydrous MgSO,. The solvent was
removed under reduced pressure and the crude free base was
collected and purified by recrystallization from cyclohexane

or by column chromatography with ethyl acetate/ethanol
(1:1) as eluent. All imidazoline compounds present the same
IR absorption bands towards 3000 cm ™! (¥CH, CH,) and
3150 cm ™! (vNH).

NMR data of compounds 4a'2, 4b38 4¢3, 4d*°, 4e°, 4f*!
and 4i'? are in agreement with literature data.

4.3.1. 2-(2', 4 -Difluorophenyl)-4,5-dihydro-1H-imidazole
(4g). '"H NMR (CDCl53) &: 3.76 (s, 4H, CH,CH,), 5.03 (s,
1H, NH), 6.89 (m, 2H, Hs, Hg), 8.08 (m, 1H, H3). Elemental
analysis calculated for CoHgF,N,: C, 59.34; H, 4.43; N,
15.38; found: C, 59.28; H, 4.55; N, 15.23.

4.3.2. 2-(3 4 -Difluorophenyl)-4,5-dihydro-1H-imidazole
(4h). 'TH NMR (CDCl5) &: 3.78 (s, 5H, CH,CH, and NH),
7.17 (m, 1H, Hs), 7.49 (m, 1H, Hg), 7.61 (m, 1H, H,).
Elemental analysis calculated for CoHgF>N,: C, 59.34; H,
4.43; N, 15.38; found: C, 59.31; H, 4.38; N, 15.52.

Acknowledgements

This work was carried out with the technical support of
Mr L. Amielet. The authors thank the Laboratoires Servier
for their support and particularly Mr D. H. Caignard and
Mr P. Renard.

References and notes

1. Schorderet, M. In Pharmacologie: Des Concepts Fonda-
mentaux aux Applications Thérapeutiques; Frison-Roche:
Paris, 1992; pp 130-153.

2. (a) Blancafort, P. Drugs of the Future 1978, 3, p 592.
(b) Serradell, M. N.; Castaier, J. Drugs of the Future 1986, 6,
p 470.

3. Wang, X.; Rondu, F.; Lamouri, A.; Dokhan, R.; Marc, S.;
Touboul, E.; Pfeiffer, B.; Manechez, D.; Renard, P.;
Guardiola-Lemaitre, B.; Godfroid, J.-J.; Ktorza, A.; Penicaud,
L. J. Pharmacol. Exp. Ther. 1996, 278, 82—89.

4. Rondu, F.; Le Bihan, G.; Wang, X.; Lamouri, A.; Touboul, E.;
Dive, G.; Bellahsene, T.; Pfeiffer, B.; Renard, P.; Guardiola-
Lemaitre, B.; Manechez, D.; Penicaud, L.; Ktorza, A.;
Godfroid, J. J. J. Med. Chem. 1997, 40, 3793-3803.

5. Pele-Tounian, A.; Wang, X.; Rondu, F.; Lamouri, A.;
Touboul, E.; Marc, S.; Dokhan, R.; Pfeiffer, B.; Manechez,
D.; Renard, P.; Guardiola-Lemaitre, B.; Godfroid, J.-J.;
Penicaud, L.; Ktorza, A. Br. J. Pharmacol. 1998, 124,
1591-1597.

6. Le Bihan, G.; Rondu, F.; Pele-Tounian, A.; Wang, X.; Lidy,
S.; Touboul, E.; Lamouri, A.; Dive, G.; Huet, J.; Pfeiffer, B.;
Renard, P.; Guardiola-Lemaitre, B.; Manechez, D.; Penicaud,
L.; Ktorza, A.; Godfroid, J.-J. J. Med. Chem. 1999, 42(9),
1587-1603.

7. Crane, L.; Anastassiadou, M.; El Hage, S.; Stigliani, J. L.;
Baziard-Mouysset, G.; Payard, M.; Bizot-Espiard, J. G.;
Caignard, D. H.; Renard, P., in preparation.

8. Chan, S. Clin. Sci. 1993, 85, 671-677.

9. Vizi, E. S. Med. Res. Rev. 1986, 6, 431.

10. Li, H. Y.; Drummond, S.; De Lucca, I.; Boswell, G. A.
Tetrahedron 1996, 52, 11153-11162.



5330

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ueno, M.; Imaizumi, K.; Sugita, T.; Takata, I.; Takeshita, M.
Int. J. Immunopharmacol. 1995, 17, 597-603.
Anastassiadou, M.; Danoun, S.; Crane, L.; Baziard-Mouysset,
G.; Payard, M.; Caignard, D.-H.; Rettori, M. C.; Renard, P.
Bioorg. Med. Chem. 2001, 9, 585-592.

Korshin, E. E.; Sabirova, L. I.; Akhadullin, A. G.; Levin, Y. A.
Russian Chem. Bull. 1994, 43, 431—-438.

Corbel, J. C.; Uriac, P.; Huet, J.; Martin, C. A. E.; Advenier, C.
Eur. J. Med. Chem. 1995, 30, 3—13.

. Doyle, T. J.; Haseltine, J. J. Heterocycl. Chem. 1994, 31(6),

1417-1420.

Anastassiadou, M. PhD Thesis, University of Toulouse III,
France, 1999.

(a) March, J. In Advanced Organic Chemistry. Reactions,
Mechanisms and Structure; 3rd ed.: (i) Aromatic nucleophilic
substitution, p 576. (ii) Addition to carbon-hetero multiple
bonds, p 780. Wiley: New York, 1985. (b) Mathieu, J.; Panico,
R. In Mécanismes Réactionnels en Chimie Organique: (i)
Substitution de dérivés aromatiques, p 351. (ii) Additions
nucléophiles, p 401. Herman: Paris, 1972.

Camps, P.; Morral, J.; Munoz-Torrero, D. J. Chem. Res. (s)
1998, 144-145.

Tidwell, R.; Kilgore Jones, S.; Dieter Geratz, J.; Og, K.; Cory,
M.; Hall, J. J. Med. Chem. 1990, 33(4), 1252—-1257.
Levesque, G.; Gressier, J. C.; Proust, M. Synthesis 1981,
963-965.

Pascal, P. In Nouveau Traité de Chimie Minérale: (i)
Pentasulfure de Phosphore, Vol. X; p 862; (ii) Soufre. Vol.
XIII; p 911. Masson and Cie: Paris, 1960.

(a) Hammet, L. P. Physical Organic Chemistry; Mc Graw-
Hill: New York, 1940. (b) Jaffé, H. H. Chem. Rev. 1953, 53,
191-261.

Granovsky, A. A. http://www.classic.chem.msu.su/gran/
gamess/index.html.

Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.;
Nguyen, K. A.; Su, S.; Windus, T. L.; Dupuis, M.;
Montgomery, J. A. J. Comput. Chem. 1993, 14, 1347—1363.
Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.;

26.

217.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

L. J. Crane et al. / Tetrahedron 60 (2004) 5325-5330

Gordon, M. S.; De Frees, D. J.; Pople, J. A. J. Chem. Phys.
1982, 77, 3654-3665.

Milczarska, B.; Foks, H.; Janowiec, M.; Zwolska-Kwiek, Z.
Acta Pol. Pharm. 1992, 49(5-6), 41-45.

Shiau, C. Y.; Chern, J. W.; Tien, J. H.; Liu, K. C. J. Heterocycl.
Chem. 1989, 26(3), 595-596.

Cashman, J. R.; Hanzlik, R. P. J. Org. Chem. 1982, 47(24),
4645-4650.

Cassar, J.; Panossian, S.; Giordano, C. Synthesis 1978,
917-919.

Inaci, Y.; Parlar, H. Chemiker Zeitung 1980, 104(12),
365-367.

Yates, J. (Shell Research Ltd) Patent GB 987253 19650324.
Beauchamp, Jr., R. O.; Bus, J. S.; Popp, J. A.; Boreiko, C. J.;
Andjelkovich, D. A. Crit. Rev. Tox. 1984, 13(1), 25-97.
Bjorklund, M. D.; Coburn, M. D. J. Heterocycl. Chem. 1980,
17, 819-821.

Walczynski, K.; Timmerman, H.; Zuiderveld, O. P.; Zhang,
M. Q.; Glinka, R. Farmaco. 1999, 54, 533-541.

Matsumoto, K.; Koh Ho P.; US Patent 4,322,428; 1982.
Pappalardo, G. C.; Gruttadauria, S. J. Chem. Soc. Perkin
Trans. 2 1974(12), 1441-1443.

Buckingham, J. Dictionary of Organic Compounds, Sth ed;
Chapman and Hall: London, 1982, p 1782.

Klem, R. E.; Skinner, H. F.; Walba, H.; Isensee, R. W.
J. Heterocycl. Chem. 1970, 7, 403—-404.

Salgado-Zamora, H.; Campos, E.; Jimenez, R.; Cervantes, H.
Heterocycles 1998, 47, 1043—1049.

Piskov, V. B.; et al. Chem. Heterocycl. Compd. (Engl. Transl.)
1976, 12, 917. Khim. Geterotsikl. Soedin. 1976, 12, 1112.
Houlihan, W. J.; Boja, J. W.; Parrino, V. A.; Kopajtic, T. A.;
Kuhar, J. Med. Chem. 1996, 39, 4935-4941.

Appendix A

Supporting information

Computed total energies and Cartesian coordinates of
optimized structures of series 1 and 3.


http://www.classic.chem.msu.su/gran/gamess/index.html
http://www.classic.chem.msu.su/gran/gamess/index.html

Available online at www.sciencedirect.com
SCIENCE <dDIHECT®

Tetrahedron 60 (2004) 5331-5339

PR Tetrahedron
ELSEVIER

Stereocontrolled glycosidations using a heterogeneous solid acid,
sulfated zirconia, for the direct syntheses of «- and 3-manno- and
2-deoxyglucopyranosides

Kazunobu Toshima,* Hideyuki Nagai,” Ken-ichi Kasumi, Kanako Kawahara
and Shuichi Matsumura

Department of Applied Chemistry, Faculty of Science and Technology, Keio University, 3-14-1 Hiyoshi, Kohoku-ku,
Yokohama 223-8522, Japan

Received 12 April 2004; revised 27 April 2004; accepted 28 April 2004

Abstract—Novel a- and B-stereocontrolled glycosidations using a heterogeneous solid acid, sulfated zirconia (SO4/ZrO,), as an activator
have been developed. The glycosidations of manno- and 2-deoxyglucopyranosyl a-fluorides with several alcohols using SO4/ZrO, in MeCN
proceeded a-stereoselectively, while those with the same activator in the presence of MS 5A in Et,O occurred with 3-stereoselectivity. Thus,

both the a- and B-manno- and 2-deoxyglucopyranosides were effectively obtained by the present glycosidations.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Glycosubstances including glycoconjugates and oligo-
saccharides continue to be the central focus of research
both in chemistry and biology.! Therefore, the development
of efficient and stereoselective glycosidation methods has
been one of the major concerns in synthetic organic
chemistry due to the structural complexity and the
biological significance of glycosubstances.? Since a- and
[B-mannopyranosides appear in many naturally occurring
bioactive substances such as asparagine-linked glyco-
proteins and certain antibiotics, the stereocontrolled for-
mation of a- and B-mannopyranosides is of considerable
importance.? The stereoselective and direct construction of
[B-mannopyranoside, however, has proved particularly
difficult to achieve, because the axial B-hydroxy group at
the C2 position and the anomeric effect blocks access to the
[B-face. On the other hand, deoxy sugars are also present in
the glycosidic components of the bioactive substances.
Among them, 2-deoxyglycoside is one of the most common
and important, and found in many biologically attractive
natural products, especially in antitumor antibiotics. How-
ever, the direct and stereocontrolled glycosidation of a
2-deoxy sugar, particularly 3-stereoselective glycosidation,
is also difficult due to the lack of stereodirecting anchimeric
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assistance from the C2 position and the low stability of the
glycosidic bond of a 2-deoxyglycoside linkage under acidic
conditions.* To overcome these problems, a number of
indirect methods have been developed and their high
potential demonstrated.>-® However, it is clear that a direct
method is an ideal procedure in terms of efficiency and
practicality.”® In this context, stereocontrolled (not stereo-
selective) glycosidations using a solid acid as an activator
have never been reported.”? We expected that the use of a
solid acid would open a new way in the field of
stereocontrolled glycosidation. In this paper, we report
the novel stereocontrolled glycosidations of manno- and
2-deoxyglucopyranosyl a-fluorides with several alcohols
using a heterogeneous solid acid, sulfated zirconia (SO,4/
7r0,), for the direct and effective syntheses of both the
a- and B-manno- and 2-deoxyglucopyranosides (Fig. 1).°

2. Results and discussion
2.1. Stereocontrolled a- and 3-mannosidations

In 1981, Paulsen reported the pioneering work on the direct
construction of the B-mannopyranoside linkage using
a-mannopyranosyl halide and silver silicate.'” In his
study, the heterogeneous silver silicate was found to activate
the a-mannopyranosyl halide and prompt a (3-face attack of
the alcohol via an SN2 type pathway to exclusively produce
B-mannopyranoside. With this result in mind, we chose
several heterogeneous solid acids, montmorillonite K-10,!!
Nafion-H'?2 and SO./ZrO,,'? all of which show Brgnsted
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Figure 1. Stereocontrolled manno- and 2-deoxyglucosidations using a heterogeneous solid acid, SO4/ZrO,.

acidity and work as protic acids. These solid acids are well
known as environmentally benign catalysts in organic
synthesis because they could be easily recovered from the
reaction mixture by filtration and reused. Neutralization of
the reaction mixture is not required after the reaction was
completed. Consequently, extraction of the product from the
reaction mixture using an organic solvent is not needed in
the work-up process. As a glycosyl donor, we selected a
glycosyl fluoride. Since the proton is a hard acid and
fluoride is a hard base by the HASAB rule, we expected that
these solid acids would be effective activators of glycosyl
fluoride.'* Therefore, we first examined the glycosidations
of the totally benzylated a-mannopyranosyl fluoride 1'> and
cyclohexylmethanol (3) using these solid acids. These
results are summarized in Table 1. It was found that these
glycosidations in MeCN at 25°C for 15h smoothly
proceeded to afford the mannopyranoside 10 in high yields.
These results clearly indicated, for the first time, that
a glycosyl fluoride was effectively activated by a solid
acid. Furthermore, SO4/ZrO, was shown to be superior
to the others with respect to both chemical yield and
a-stereoselectivity. These results showed that the hetero-
geneous solid acid, SO4/ZrO,, was very effective for the

Table 1. Glycosidations of 1 and 3 by several solid acids in MeCN*

solid acid
1 + 3 10
MeCN
25°C,15h
Entry Solid acid Wt% of solid acid ~ Yield /B Ratio®
(%)°

1 Montmorillonite K-10 20 89 76/24

2 Nafion-H 20 92 89/11

3 S04/Zr0O, 20 93 91/9

glycosidation of the mannopyranosyl fluoride 1. Interest-
ingly, the observed a-stereoselectivity was in sharp contrast
to the B-stereoselectivity based on Paulsen’s observation.'°
Our attention next turned to the solvent effect on this novel
glycosidation. Thus, we tested the glycosidations of 1 and 3
using SO4/ZrO, in various solvents such as MeCN, CH,Cl,,
PhMe, THF and Et,0. From the results shown in Table 2,
MeCN was found to be the best solvent to selectively obtain
the a-mannopyranoside 10« (entries 1-5 in Table 2), and
the use of 5 wt% the present activator was sufficient to
perform this reaction at 40°C with quite satisfactory
chemical yield and a-stereoselectivity (entry 6 in Table 2).
Moreover, interestingly, the stereoselectivity of the glyco-
sidation was dramatically changed by the solvent, and a
predominant 3-stereoselectivity was observed when Et,O
was used as the solvent (entry 5 in Table 2). Furthermore, it
was found that the chemical yield and the B-stereoselectivity
were slightly improved as the quantity of SO4/ZrO,
increased (entry 7 in Table 2). Finally, we found that the
use of molecular sieves SA (MS 5A) as an additive in the

Table 2. Glycosidations of 1 and 3 by SO,/ZrO, under several conditions®

S04/ZrOs
1 + 3 10
15h
Entry Solvent Additive Wt% of solid acid Temp. Yield «o/f Ratio®
O (B

1 MeCN  None 20 25 93  91/9
2 CH,Cl, None 20 25 74 69/31
3 PhH None 20 25 7 51/49
4 THF None 20 25 2 52/48
5 Et,O None 20 25 24 34/66
6 MeCN  None 5 40 99  97/3
7 Et,O None 100 25 32 24/76
8 Et,O MS 5A 100 25 99  17/83

* All reactions were carried out by use of 2.0 equiv. of 3 to 1.

® Isolated yields after purification by column chromatography.

¢ a:BRatios were determined by "H NMR (270 MHz) spectroscopy and/or
isolation of pure isomers.

* All reactions were carried out using 2.0 equiv. of 3 to 1.

® Isolated yields after purification by column chromatography.

° a:f Ratios were determined by "H NMR (270 MHz) spectroscopy and/or
isolation of pure isomers.
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glycosidation using Et,O led to not only a high chemical
yield but also to a good stereoselectivity for the 3-manno-
pyranoside 103 (entry 8 in Table 2). In addition, it was
confirmed that MS 5A was shown to be superior to the other
MSs such as MS 3A and MS 4A probably due to the acidic
property of MS 5A and the basic nature of MS 3A and
MS 4A.' Thus, the glycosidation of 1 and 3 using 5 wt%
SO4/ZrO, in MeCN at 40 °C for 15 h exclusively gave the
a-mannopyranoside 10a, while the glycosidation employ-
ing 100 wt% the same activator in the presence of equal
amounts of MS 5A in Et,O at 25 °C for 15 h afforded the
B-mannopyranoside 103 in high yield with good stereo-
selectivity. To enhance the synthetic utility of this novel and
unusual reaction, the glycosidations using other primary and
secondary alcohols 4-9 including sugar derivatives were
next examined. Based on the results summarized in Table 3,
all glycosidations of 1 and 4-9 using 5 wt% SO4/ZrO, in
MeCN at 40 °C for 15 h, as well as that of 3, effectively
proceeded to give the corresponding a-mannopyranosides
11a—16«, respectively, in high yields with high stereo-
selectivities. On the other hand, the stereoselective synth-
eses of the corresponding [-mannopyranosides by the
present glycosidation are outlined in Table 4. It was found
that 200 wt% SO4/ZrO, and 200 wt% MS SA were required

Table 3. a-Stereoselective glycosidations of 1 and several alcohols®

S0O4/ZrO5 (5 Wt%)
1 + 3~9 10~16
MeCN
40°C,15h
Entry Alcohol Product Yield (%)° o/ B Ratio®
1 3 10 99 97/3
2 4 11 97 98/2
3 5 12 96 98/2
4 6 13 96 97/3
5 7 14 88 97/3
6 8 15 75 98/2
7 9 16 84 97/3

@ All reactions were carried out using 2.0 equiv. of the alcohol to 1.

® Isolated yields after purification by column chromatography.

© a:B Ratios were determined by "H NMR (270 MHz) spectroscopy and/or
isolation of pure isomers.

Table 4. B-Stereoselective glycosidations of 1 and several alcohols®

S04/ZrO5 (100 wt%)
MS 5A (100 wt%)
1 + 3~9 10~16
Et,0
25°C,15h

Entry Alcohol Product Yield (%)° o/ B Ratio®
1 3 10 99 17/83
2 4 11 96 20/80
3 5 12 97 19/81
4 6 13 95 16/84
5¢ 7 14 84 27/73
6 8 15 55 56/44
7¢ 9 16 80 21/79

@ All reactions were carried out using 2.0 equiv. of the alcohol to 1.

® Isolated yields after purification by column chromatography.

© a:B Ratios were determined by "H NMR (270 MHz) spectroscopy and/or
isolation of pure isomers.

9 This reaction was carried out by use of SO4/ZrO, (200 wt%) and MS 5A
(200 wt%) to 1.

for the glycosidations of the sugar derivative alcohols 7—-9
(entries 5—7 in Table 4). Although only 3-mannopyranoside
158 was produced in moderate yield with low stereo-
selectivity due to the low reactivity of 8 (entry 6 in Table 4),
other (B-mannopyranosides 113-143 and 163 were
obtained in good to high yields with good stereoselectivities
by the glycosidations of 1 with 4—7 and 9 under conditions
similar to that for 10@3. The anomeric configurations of the
obtained mannopyranosides were determined by compari-
son with authentic samples, which were obtained by the
previous procedures,>” with the aid of '"H NMR analysis.

2.2. Stereocontrolled a- and (3-2-deoxyglucosidations

Based on the results for the stereocontrolled o- and
B-mannosidations, we tried to apply the present glyco-
sidation method to the stereocontrolled synthesis of
2-deoxyglycosides. Thus, the glycosidations of the benzyl-
ated 2-deoxy-a-glucopyranosyl fluoride 2'® and 3 using
SO4/ZrO, with or without MS 5A were examined under
several conditions. These results are summarized in Table 5.
It was found that the glycosidation of 2 and 3 using 5 wt% of
SO4/ZrO, in MeCN at 25 °C for 1 h smoothly proceeded to
afford the corresponding 2-deoxyglucopyranoside 17 in
high yield with high a-stereoselectivity (entry 2 in Table 5).
Both the chemical yield and a-stereoselectivity decreased as
the reaction temperature increased (entry 1 in Table 5).
Moreover, the stereoselectivity of the glycosidation was
dramatically changed by the solvent as observed in the
glycosidation of 1, and the corresponding 2-deoxy-3-
glucopyranoside 173 was predominantly produced when
Et,0O was used as the solvent. Furthermore, it was found that
the 3-stereoselectivity was highly dependent on the reaction
temperature and the amount of MS 5A (entries 3-8 in
Table 5); the use of 500 wt% MS 5A as an additive along
with 100 wt% SO4/ZrO, in Et,O at 0 °C led to the highest
chemical yield and stereoselectivity for the 2-deoxy-f3-
glucopyranoside 173 (entry 7 in Table 5). Thus, the
glycosidation of 2 and 3 using 5 wt% SO4/ZrO, in MeCN
at 25°C for 1h predominantly gave the corresponding
2-deoxy-a-glucopyranoside 17«, while the glycosidation
employing 100 wt% of the same activator in the presence of
five times the amount of MS 5A in Et,O at 0 °C for 1 h
afforded the corresponding 2-deoxy-B-glucopyranoside 173
in high yield with good stereoselectivity. It is noteworthy
that these optimized conditions for selectively obtaining
both the 2-deoxy-a- and 3-glycosides including the reaction
temperature and time, and the ratio of SO4/ZrO, and MS 5A
significantly differed from those for the previously men-
tioned stereocontrolled mannosidations due to the higher
reactivity of the 2-deoxyglycosyl donor 2 compared to that
of the mannosyl donor 1. With these optimized conditions in
hand, the glycosidations using other primary and secondary
alcohols 4—9 were next carried out to examine the scope and
limitation of this glycosidation. Based on the results
summarized in Table 6, the glycosidations of 2 with 4-7
and 9 using 5 wt% SO4/ZrO, in MeCN at 25 °C for 1 h, as
well as that of 3, effectively proceeded to afford the
corresponding 2-deoxy-a-glucopyranosides 18a—21a and
23a, respectively, in high yields with good stereoselectiv-
ities. Unfortunately, when the less reactive alcohol 8 was
employed as the acceptor, a moderate yield of 22«, which
was contaminated with a considerable amount of the
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Table 5. Glycosidations of 2 and 3 by SO,4/ZrO, under several conditions®

SO4/ZrO,
2 + 3 17
1h
Entry Solvent Wt% of SO4/Z0, Wt% of MS 5A Temp. (°C) Yield (%)° o/ B Ratio®
1 MeCN 5 0 45 74 85/15
2 MeCN 5 0 25 98 88/12
3 Et,O 100 100 25 90 50/50
4 Et,O 100 100 0 98 24/76
5 Et,O 100 200 0 97 25/175
6 Et,O 100 300 0 98 21/79
7 Et,O 100 500 0 98 19/81
8 Et,O 100 1000 0 96 18/82

* All reactions were carried out using 2.0 equiv. of 3 to 2.
® Isolated yields after purification by column chromatography.

c

corresponding 2,3-unsaturated glycoside, was obtained
(entry 6 in Table 6). The 2,3-unsaturated glycoside was
probably produced by the Ferrier reaction!” of the glycal 24,
which came from 2 by treatment with SO4/ZrO,, and the
alcohol as shown in Figure 2. On the other hand, the
stereoselective syntheses of the corresponding 2-deoxy-[3-
glucopyranosides 183233 by the present glycosidation are
outlined in Table 7. As observed for the a-stereoselective
glycosidation, in the case of 8 and 9, moderate yields and
stereoselectivities were observed, and considerable amounts
of the corresponding 2,3-unsaturated glycosides were
produced (entries 6 and 7 in Table 7). However, the other
2-deoxy-p-glucopyranosides 183-213 were obtained in
good to high yield with good stereoselectivities by the

Table 6. a-Stereoselective glycosidations of 2 and several alcohols®

SO4/ZI'OQ (5 wi%)
2 + 3~9 17~23
MeCN
25°C,1h
Entry Alcohol Product Yield (%)° o/B Ratio®
1 3 17 98 88/12
2 4 18 92 84/16
3 5 19 97 82/18
4 6 20 92 83/17
5 7 21 82 86/14
6 8 22 53 88/12
7 9 23 80 80/20

@ All reactions were carried out using 2.0 equiv. of the alcohol to 2.

® Isolated yields after purification by column chromatography.

© a:B Ratios were determined by 'H NMR (270 MHz) spectroscopy and/or
isolation of pure isomers.

H H
BnO BnO
BnO ) » BnO 0+)
BnO BnO
2 F
. |
S04/Zr0O, Y
BnO BnO
BnO <«—  BnrO O~
>~ O, BnO =
R >/ HO-R
1/ 24
SO04/Zr0O,

Figure 2. 2,3-Unsaturated glycoside formation in the glycosidation of 2.

a:8 Ratios were determined by "H NMR (270 MHz) spectroscopy and/or isolation of pure isomers.

glycosidations of 2 and 4—7 as well as that of 3. It was also
confirmed that no epimerization of the formed B-glycoside
bond was observed during the reaction. Comparing the two
types of glycosidations, the mannosidation was more
effectively performed rather than the 2-deoxyglucosidation
by the present method because the formation of
2,3-unsaturated glycosides did not occur as a side reaction
during the glycosidation of mannosyl fluoride 1 even when a
low reactive alcohol was used as an acceptor.

Table 7. B-Stereoselective glycosidations of 2 and several alcohols®

SO4/ZrO5 (100 Wt%)
MS 5A (100 wt%)
2 + 39 17~23
Et,O
25°C, 15 h

Entry Alcohol Product Yield (%)° /B Ratio®
1 3 17 98 19/81
2 4 18 96 15/85
3 5 19 99 19/81
4 6 20 97 20/80
5 7 21 81 28/72
6 8 22 50 30/70
7 9 23 56 33/67

# All reactions were carried out using 2.0 equiv. of the alcohol to 2.

® Isolated yields after purification by column chromatography.

° a:f3 Ratios were determined by "H NMR (270 MHz) spectroscopy and/or
isolation of pure isomers.

2.3. Mechanistic considerations

To investigate the mechanism of the present unusual
stereocontrolled glycosidations, we examined the effect of
the leaving group of the glycosyl donor and its stereo-
chemistry. For this purpose, we prepared another glycosyl
donor, mannopyranosyl sulfoxide 25,°° possessing a
B-configuration at the C1 position, and then examined the
glycosidation with 3 under similar conditions employed for
the glycosyl donor 1. As shown in Figure 3, it was found that
when the glycosidation was performed using SO4/ZrO, in
MeCN, the a-mannopyranoside 17 (94%, o/B=90/10)
was selectively obtained, while that with the same activator
in the presence of MS 5A in Et,O predominantly afforded
the B-mannopyranoside 173 (99%, o/B=19/81). These
results showed exactly the same tendency as observed in the
glycosidations using a-mannopyranosyl fluoride 1. From
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Figure 4. Presumed mechanism of the stereocontrolled glycosidation using SO4/ZrO,.

these results, it was clarified that the o- and B-stereoselectiv-
ities of the present glycosidations are completely independent
of both the kind of leaving group at the anomeric position of
the glycosyl donor and its configuration. Therefore, these
glycosidations proceeds via an Sy1 type reaction and involves
the oxonium intermediate A as indicated in Figure 4. When
MeCN is used as a solvent, the alcohol attacks the a-face of the
anomeric center of the oxonium intermediate A due to the
steric interaction of the axial (-hydroxy group at the C2
position and the anomeric effect to generate the a-glycosidic
bond (path a in Fig. 4). It is known, in some cases, that MeCN
is coordinated with the a-face of the anomeric center of the
oxonium intermediate, and then the alcohol attacks the 3-face
of the oxonium intermediate.'® However, in the present case,
MeCN is probably coordinated to Zr on SO4/ZrO; rather than
the oxonium intermediate A on the surface of SO4/ZrO,.
Therefore, the solvent effect of MeCN producing the
[3-stereoselectivity was not observed. On the other hand, when
Et,O was used as the solvent, Et,O could coordinate with both
Zr on SO4/ZrO, and the a-face of the oxonium intermediate A
due to the bidentate coordinating nature of Et,O. Therefore,
SO4/ZrO, coordinates with the «-face of the oxonium
intermediate A through Et,O. Consequently, an alcohol
attacks the less hindered 3-face of the oxonium intermediate
A to form the B-glycosidic bond. In this case, MS 5A would
play an important role to replace H,O, originally coordinated
with Zr on SO4/ZrO,, with Et,0O, and increase the Et,O
coordinated points on the surface of SO4/ZrO,.

3. Conclusion

We have presented a novel and stereocontrolled strategy

for the direct syntheses of both the a- and (3-manno- and
2-deoxyglucopyranosides from manno- and 2-doxygluco-
pyranosyl fluorides and alcohols using a hetero-
geneous solid acid. Furthermore, the results including
the simple protocol and stereoselectivity should be
instructive for further research that employs hetero-
geneous solid acids in glycosidation reactions. More-
over, the protocols should find wide application for the
synthesis of biologically important natural products and
functional materials.

4. Experimental
4.1. General methods

Melting points were determined on a micro hot-stage
Yanako MP-S3 and were uncorrected. Optical rotations
were measured on a JASCO DIP-360 photoelectric
polarimeter in chloroform unless otherwise noted. 'H
NMR spectra were recorded on a JEOL GSX 270
(270 MHz) or a Lambda 300 (300 MHz) in CDClI;
using TMS as internal standard unless otherwise noted.
Silica gel TLC and column chromatography were
performed on Merck TLC 60F-254 (0.25 mm) and
Kanto Chemical Co., Inc Silica Gel 60 N (spherical,
neutral), respectively. Air- and/or moisture-sensitive
reactions were carried out under an atmosphere of
argon with oven-dried glassware. In general, organic
solvents were purified and dried by the appropriate
procedure, and evaporation and concentration were
carried out under reduced pressure below 30 °C, unless
otherwise noted.
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4.2. Glycosidation protocols for the preparations of the
a- and 3-mannopyranosides

a-Mannopyranosides: to a stirred solution of the glycosyl
fluoride 1 (0.5 mmol) and a glycosyl acceptor (1.0 mmol) in
dry MeCN (5.0 ml) was added SO4/ZrO, (5 wt% to the
glycosyl donor 1). After stirring for 15h at 40 °C, the
mixture was filtered and the filtrate was concentrated in
vacuo. Purification of the residue by flash column
chromatography gave mannopyranosides which predomin-
ately contained its a-anomer. 3-Mannopyranosides: to a
stirred solution of 1 (0.5 mmol) and a glycosyl acceptor
(1.0 mmol) in dry Et,O (5.0 ml) were added powdered MS
5A (100 wt% to 1) and SO4/ZrO, (100 wt% to 1). After
stirring for 15h at 25°C, the similar workup and
purification mentioned above gave mannopyranosides,
which included its -anomer as a major product.

4.3. Glycosidation protocols for the preparations of the
2-deoxy-a- and 3-glucopyranosides

2-Deoxy-a-glucopyranosides: to a stirred solution of the
glycosyl fluoride 2 (0.5 mmol) and an alcohol (1.0 mmol) in
dry MeCN (5.0 ml) was added SO4/ZrO, (5 wt% to the
glycosyl donor 2). After stirring for 1 h at 25 °C, the mixture
was filtered and the filtrate was concentrated in vacuo.
Purification of the residue by flash column chromatography
gave the 2-deoxyglucopyranosides which predominantly
contained the a-anomer. 2-Deoxy-[-glucopyranosides: To
a stirred solution of 2 (0.5 mmol) and an alcohol (1.0 mmol)
in dry Et;,0 (5.0ml) were added powdered MS 5A
(500 wt% to 2) and SO4/ZrO, (100 wt% to 2). After stirring
for 1 h at 0°C, a similar workup and purification as that
mentioned above gave the 2-deoxyglucopyranosides which
selectively included the (3-anomer.

4.3.1. Cyclohexylmethyl 2,3,4,6-tetra-O-benzyl-a-D-
mannopyranoside (10a). Colorless syrup. Ry 0.60 (4/1
n-hexane/EtOAc); [a]F +37.8° (¢ 0.94, CHCl5); '"HNMR &
0.80-1.74 (11H, m), 3.15 (1H, dd, J=9.6, 6.0 Hz), 3.45
(1H, dd, J=9.6, 7.2 Hz), 3.68-3.81 (4H, m), 3.86-4.01
(2H, m), 4.48-4.79 (7H, m), 4.82 (1H, d, J=2.0 Hz), 4.87
(1H, d, J=10.4 Hz), 7.14-7.39 (20H, m). Anal. Calcd for
C41H4306: C, 77.33; H, 7.60. Found: C, 77.27; H, 7.62.

4.3.2. Cyclohexylmethyl 2,3,4,6-tetra-O-benzyl-3-n-
mannopyranoside (10). White solid. R; 0.60 (4/1
n-hexane/EtOAc); [a]E —52.9° (¢ 0.69, CHCls); mp 64.5—
66.0°C; 'H NMR 6 0.83-1.87 (11H, m), 3.20 (1H, dd,
J=8.8, 6.4 Hz), 3.44 (1H, ddd, J=7.6, 6.0, 2.0 Hz), 3.51
(1H, dd, /=8.8, 2.8 Hz), 3.71-3.92 (5H, m), 4.35 (1H, br s),
442 (1H,d,J=12.0 Hz),4.50 (1H,d,J=12.0 Hz),4.53 (1H, d,
J=10.8Hz), 4.59 (1H, d, J=12.4Hz), 464 (1H, d, J=
12.4 Hz), 4.87 (1H, d, J=13.2 Hz), 4.91 (1H, d, /=10.8 Hz),
5.00(1H,d,J=13.2 Hz), 7.16—7.49 (20H, m). Anal. Calcd for
C41H4504: C, 77.33; H, 7.60. Found: C, 77.31; H, 7.48.

4.3.3. n-Octyl 2,3,4,6-tetra-O-benzyl-a-D-mannopyrano-
side (11a). Colorless syrup. Ry 0.55 (4/1 n-hexane/EtOAc);
[a]8 +31.9° (¢ 0.82, CHCl3); 'H NMR & 0.90 (1H, ¢,
J=6.4Hz), 1.21-1.34 (10H, m), 1.48-1.57 (2H, m), 3.34
(1H, dt, J=9.6, 6.4 Hz), 3.60-3.79 (5H, m), 3.87-4.02 (2H,
m), 4.50 (1H, d, J/=10.8 Hz), 4.54 (1H, d, /=12.0 Hz), 4.63

(2H, s), 4.66 (1H, d, J=12.0 Hz), 4.70 (1H, d, J=12.4 Hz),
4.76 (1H, d, J=12.4 Hz), 4.84-4.89 (2H, m), 7.14-7.40
(20H, m). Anal. Calcd for C4,H5,06: C, 77.27; H, 8.03.
Found: C, 77.22; H, 7.82

4.3.4. n-Octyl 2,3,4,6-tetra-O-benzyl-f-pD-mannopyrano-
side (11P). White solid. R; 0.55 (4/1 n-hexane/EtOAc);
[a]d —54.8° (¢ 0.44, CHCl5); mp 35.5-37.0 °C; 'HNMR §
0.88 (1H, t, /=6.4 Hz), 1.21-1.43 (10H, m), 1.56-1.70
(2H, m), 3.36-3.52 (3H, m), 3.70-3.90 (4H, m), 3.98 (1H,
dt, J=9.2, 6.4 Hz), 4.36 (1H, br s), 4.42 (1H, d, J=11.2 Hz),
4.50 (1H,d, J=11.2 Hz),4.53 (1H, d, /=10.4 Hz), 4.58 (1H,
d, J=12.4Hz), 4.68 (1H, d, J=12.4Hz), 4.87 (1H, d,
J=12.4Hz), 490 (1H, d, J=104Hz), 499 (IH, d,
J=12.4Hz), 7.15-7.50 (20H, m). Anal. Calcd for
C4H5,04: C, 77.27; H, 8.03. Found: C, 77.20; H, 7.95.

4.3.5. Isopropyl 2,3,4,6-tetra-O-benzyl-a-D-manno-
pyranoside (12a). White solid. Ry 0.49 (100/1 chloroform/
EtOAc); [a]E +39.5° (¢ 0.50, CHCls); mp 65.0-66.0 °C;
'H NMR 6 1.06 (3H, d, /=6.0 Hz), 1.16 (3H, d, J/=6.0 Hz),
3.67-4.04 (7H, m), 4.50 (1H, d, J=10.8 Hz), 4.57 (1H, d,
J=12.0 Hz), 4.64 (2H, s), 4.67 (1H, d, J=12.0 Hz), 4.70
(1H, d, J=12.0 Hz), 4.78 (1H, d, J=10.8 Hz), 4.95 (1H, d,
J=1.6 Hz), 7.13-7.40 (20H, m). Anal. Calcd for C37H4,04:
C, 76.26; H, 7.26. Found: C, 76.14; H, 7.05.

4.3.6. Isopropyl 2,3,4,6-tetra-O-benzyl-3-D-mannopyra-
noside (12). White solid. Ry 0.25 (100/1 chloroform/
EtOAc); [a]® —70.4° (¢ 0.49, CHCl3); mp 82.5-84.0 °C;
'HNMR 6 1.16 (3H, d, J=6.0 Hz), 1.30 (3H, d, /=6.0 Hz),
3.43 (1H, ddd, J=8.4, 6.0, 2.4 Hz), 3.50 (1H, dd, J=9.6,
3.6 Hz), 3.69-3.88 (4H, m), 4.02 (1H, septet, J=6.0 Hz),
443 (1H, d, J=12.4Hz), 4.46 (1H, br s), 4.50 (1H, d,
J=12.4 Hz), 4.53 (1H, d, J=10.8 Hz), 4.57 (1H, d, J=
11.6 Hz),4.63 (1H, d, J=11.6 Hz), 4.90 (1H, d, /=10.8 Hz),
498 (1H, d, J=12.0 Hz), 5.00 (1H, d, J/=12.0 Hz), 7.16—
7.50 (20H, m). Anal. Calcd for C37H4,O6: C, 76.26; H, 7.26.
Found: C, 76.21; H, 7.07.

4.3.7. Cyclohexyl 2,3,4,6-tetra-O-benzyl-a-D-manno-
pyranoside (13a). Colorless syrup. Ry 0.40 (100/1 chloro-
form/EtOAc); [a]E +44.7° (¢ 0.78, CHCl3); 'H NMR &
1.09-1.88 (10H, m), 3.51-3.62 (1H, m), 3.65-4.02 (6H,
m), 4.50 (1H, d, /=10.8 Hz), 4.53 (1H, d, J=12.4 Hz), 4.63
(2H, s), 4.66 (1H, d, J=12.4 Hz), 4.69 (1H, d, J=12.4 Hz),
4.76 (1H,d, J=12.4 Hz), 4.87 (1H, d, J/=10.8 Hz), 4.98 (1H,
d, J=1.6Hz), 7.13-7.39 (20H, m). Anal. Calcd for
C4oH4606: C, 77.14; H, 7.44. Found: C, 77.06; H, 7.31.

4.3.8. Cyclohexyl 2,3,4,6-tetra-O-benzyl-f-pD-manno-
pyranoside (13f3). White solid. R; 0.30 (100/1 chloroform/
EtOAc); [a]E —60.9° (¢ 0.38, CHCls); mp 87.5-89.0 °C;
'"HNMR & 1.73-2.03 (10H, m), 3.40—3.52 (2H, m), 3.67—
3.88 (5H, m), 4.42 (1H, d, J=12.0 Hz), 4.50 (1H, br s), 4.50
(1H, J=12.0 Hz), 4.55 (1H, d, J=10.4 Hz), 4.58 (1H, d,
J=12.0 Hz), 4.64 (1H, d, J=12.0 Hz), 4.90 (1H, d, J=
12.4 Hz),4.90 (1H, d, /=10.4 Hz), 5.01 (1H, d, J=12.4 Hz),
7.17-7.50 (20H, m). Anal. Calcd for C40H4606¢: C, 77.14;
H, 7.44. Found: C, 77.07; H, 7.29.

4.3.9. Methyl 2,3,4-tri-O-benzyl-6-0-(2,3,4,6-tetra-O-
benzyl-a-pD-mannopyranosyl)-a-pD-glucopyranoside
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(14e). Colorless syrup. R; 0.30 (6/1 toluene/EtOAc); [a]
+44.5° (¢ 0.54, CHCl5); '"H NMR 68 3.33 (3H, s), 3.44 (1H,
dd, J=9.0, 3.0 Hz), 3.54-3.73 (5H, m), 3.78 (1H, dd, /=3.0,
1.0 Hz), 3.79-3.87 (2H, m), 3.91 (1H, dd, J=9.0, 8.8 Hz),
3.99 (1H, dd, J=9.0, 8.8 Hz), 4.43 (1H, d, J/=12.0 Hz), 4.48
(1H, d, J=10.8 Hz), 4.55 (1H, d, J=3.2 Hz), 4.60 (1H, d,
J=12.0 Hz), 461 (2H, s), 467 (1H, d, J=12.0 Hz), 4.68
(1H, d, J=12.2 Hz), 473 (IH, d, J=12.2 Hz), 4.78 (1H,
d, J/=12.0Hz), 4.79 (1H, d, J=10.2 Hz), 4.85 (1H, d,
J=10.8 Hz), 487 (1H, d, J=108 Hz), 496 (IH, d,
J=1.0Hz) 4.97 (1H, d, J=10.2 Hz), 7.10-7.39 (35H, m).
Anal. Calcd for CgyHgOq1: C, 75.43; H, 6.74. Found: C,
75.28; H, 6.43.

4.3.10. Methyl 2,3,4-tri-O-benzyl-6-0-(2,3,4,6-tetra-O-
benzyl-B-p-mannopyranosyl)-a-pD-glucopyranoside
(14p). White solid. Ry 0.28 (6/1 toluene/EtOAc); [a]E
—15.8° (¢ 1.04, CHCl3); mp 122-123 °C; '"H NMR § 3.32
(3H, s), 3.34-3.50 (4H, m), 3.50 (1H, dd, J=9.2, 3.0 Hz),
3.66-3.88 (5SH, m), 4.01 (1H, dd, J=9.0, 9.0 Hz), 4.11 (1H,
br s), 4.16 (1H, dd, J=10.0, 1.2 Hz), 447 (1H, d, J=
11.8 Hz), 4.51 (1H,d, J=11.0 Hz), 4.52 (1H, d, J=11.8 Hz),
4.49-4.55 (1H, m), 4.57 (1H, brs), 4.57 (2H, s), 4.66 (1H, d,
J=11.6Hz), 478 (1H, d, J=11.6Hz), 4.81 (1H, d,
J=11.0Hz), 4.82 (1H, d, J=12.0Hz), 4.83 (1H, d, J=
3.2 Hz), 4.88 (1H, d, /=10.8 Hz), 4.93 (1H, d, /=12.0 Hz),
5.01 (1H, d, J/=10.8 Hz), 7.14-7.44 (35H, m). Anal. Calcd
for CeoHegsO11: C, 75.43; H, 6.74. Found: C, 75.09; H, 6.55.

4.3.11. Methyl 2,3,6-tri-O-benzyl-4-0-(2,3,4,6-tetra-O-
benzyl-a-pD-mannopyranosyl)-a-D-glucopyranoside
(15a). Colorless syrup. R¢ 0.41 (2/1 n-hexane/EtOAc); [a]E
+17.7° (¢ 1.31, CHCl); '"H NMR 6§ 3.39 (3H, s), 3.50—3.60
(2H, m), 3.61-3.89 (9H, m), 3.97 (1H, dd, J=9.0, 9.0 Hz),
4.10(1H,d, J=11.8 Hz), 4.21 (1H, d, J=11.8 Hz), 4.42 (1H,
d, J=12.0Hz), 442 (1H, d, J=11.4Hz), 448 (1H, d,
J=10.6 Hz), 4.52—-4.64 (7TH, m), 4.67 (1H, d, J/=12.0 Hz),
4.83 (1H, d, J/=10.8 Hz), 5.08 (1H, d, J=11.2 Hz), 5.29 (1H,
d, J=1.2Hz), 7.11-7.32 (35H, m). Anal. Calcd for
CeoHeOq1: C, 75.43; H, 6.74. Found: C, 75.16; H, 6.78.

4.3.12. Methyl 2,3,6-tri-O-benzyl-4-0-(2,3,4,6-tetra-O-
benzyl-B-p-mannopyranosyl)-a-D-glucopyranoside
(15B). Colorless syrup. Ry 0.32 (2/1 n-hexane/EtOAc); [a]E
—20.7° (¢ 1.19, CHCl;); '"H NMR & 3.24-3.32 (1H, m),
3.28 (1H, dd, J=9.0, 2.6 Hz), 3.37 (3H, s), 3.43-3.59 (4H,
m), 3.64-3.77 (3H, m), 3.87 (1H, dd, /=9.0, 9.0 Hz), 3.91
(1H, dd, J=6.6, 2.0 Hz), 3.88-3.95 (1H, m), 4.36 (1H, d,
J=11.8Hz), 437 (1H, d, J=11.8Hz), 4.40 (1H, d,
J=12.0 Hz), 4.42 (1H, br s), 4.45-4.53 (3H, m), 4.57 (1H,
d, J=3.0Hz), 457 (1H, d, J=12.0Hz), 4.59 (1H, d,
J=11.8Hz), 475 (1H, d, J=11.0Hz), 4.77 (1H, d,
J=11.8 Hz), 4.81-4.88 (1H, m), 4.83 (2H, s), 5.15 (1H,
d, J=11.0Hz), 7.16-7.42 (35H, m). Anal. Calcd for
CeoHeO11: C, 75.43; H, 6.74. Found: C, 75.23; H, 6.47.

4.3.13. 1,6-Anhydro-2-azido-3-O-benzyl-2-deoxy-4-0-
(2,3,4,6-tetra-O-benzyl-a-p-mannopyranosyl)-f-n-
glucopyranose (16a). Colorless syrup. R¢0.65 (4/1 toluene/
EtOAc); [a]F +63.2° (¢ 0.68, CHCl3); '"H NMR §3.08 (1H,
br s), 3.41 (1H, dd, J/=1.2, 1.2 Hz), 3.56-3.63 (2H, m),
3.68-4.01 (7H, m), 4.47-4.74 (10H, m), 4.81 (1H, d,
J=1.6 Hz), 4.87 (1H, d, /=10.8 Hz), 5.48 (1H, s), 7.23—

7.40 (25H, m). Anal. Calcd for C47H49N3Og: C, 70.57; H,
6.17; N, 5.25. Found: C, 70.55; H, 6.23; N, 5.13.

4.3.14. 1,6-Anhydro-2-azido-3-O-benzyl-2-deoxy-4-0-
(2,3,4,6-tetra-O-benzyl-B-p-mannopyranosyl)-f3-p-
glucopyranose (16f3). Colorless syrup. R;0.40 (4/1 toluene/
EtOAc); [a]3 —36.5° (¢ 1.21, CHCl3); '"HNMR §3.25 (1H,
br s), 3.47 (1H, ddd, J=9.6, 6.0, 2.4 Hz), 3.54 (1H, dd,
J=9.6, 2.8 Hz), 3.69-3.78 (3H, m), 3.80 (1H, dd, J=0.8,
0.8 Hz), 3.88 (1H, dd, /=9.6, 9.6 Hz), 3.96 (1H, br s, H-4),
4.03 (1H, d, J=2.8 Hz), 4.08—4.18 (1H, m), 4.43—-4.69 (9H,
m), 4.86-5.04 (3H, m), 5.52 (1H, brs), 7.18-7.44 (25H, m).
Anal. Calcd for C47H4N3Og: C, 70.57; H, 6.17; N, 5.25.
Found: C, 70.48; H, 6.23; N, 5.16.

4.3.15. Cyclohexylmethyl 3,4,6-tri-O-benzyl-2-deoxy-o-
D-arabino-hexopyranoside (17a). Colorless syrup. R; 0.36
(5/2 n-hexane/ether); [a]y +67.0° (¢ 0.88, CHCly); 'H
NMR 6 0.81-1.02 (2H, m), 1.05-1.35 (3H, m), 1.46-1.81
(7H, m), 2.27 (1H, br dd, J=12.4, 4.8 Hz), 3.15 (1H, dd,
J=9.2, 6.0 Hz), 3.41 (1H, dd, J=9.2, 6.8 Hz), 3.56— 3.83
(4H, m), 3.98 (1H, ddd, J=11.2, 8.4, 4.8 Hz), 4.51 (2H, d,
J=11.0Hz), 4.64 (1H, d, J/=11.0Hz), 4.65 (1H, d, J=
11.0 Hz), 4.68 (1H, d, J=11.0 Hz), 4.89 (1H, d, J/=11.0 Hz),
491 (1H, br d, J/=3.2 Hz), 7.14-7.20 (2H, m), 7.22-7.39
(13H, m). Anal. Calcd for C34,H4,O5: C, 76.95; H, 7.98.
Found: C, 76.93; H, 7.97.

4.3.16. Cyclohexylmethyl 3,4,6-tri-O-benzyl-2-deoxy-[3-
D-arabino-hexopyranoside (17(3). White solid. R;0.45 (5/2
n-hexane/ether); [a]® —18.5° (¢ 1.32, CHCl3); mp 72.0—
73.0 °C; 'TH NMR §0.82—1.02 (2H, m), 1.07—1.34 (3H, m),
1.50-1.84 (7H, m), 2.35 (1H, ddd, J=12.4, 4.8, 1.6 Hz),
3.22 (1H, dd, J=9.0, 6.4 Hz), 3.40 (1H, ddd, J=9.2, 4.4,
1.6 Hz), 3.49 (1H, dd, J=9.2, 8.0 Hz), 3.65 (1H, dd, /=11.0,
4.4 Hz), 3.69 (1H, ddd, J/=12.0, 8.0, 4.8 Hz), 3.73 (1H, dd,
J=9.0,6.0 Hz), 3.77 (1H, dd, J=11.0, 1.6 Hz), 4.40 (1H, dd,
J=9.6, 1.6 Hz), 4.55 (1H, d, J=10.8 Hz), 4.57 (1H, d,
J=11.6 Hz), 4.59 (1H, d, J=12.4 Hz), 4.63 (1H, d, J=
12.4 Hz), 4.69 (1H, d, J=11.6 Hz), 4.90 (1H, d, /=10.8 Hz),
7.17-7.23 (2H, m), 7.23-7.38 (13H, m). Anal. Calcd for
C34H4,0s5: C, 76.95; H, 7.98. Found: C, 76.97; H, 7.62.

4.3.17. n-Octyl 3,4,6-tri-O-benzyl-2-deoxy-«a-D-arabino-
hexopyranoside (18a). Colorless syrup. Ry 0.36 (5/2
n-hexane/ether); [a]y +64.6° (¢ 1.40, CHCl5); 'H NMR &
0.84-0.93 (3H, m), 1.20-1.37 (10H, m), 1.44-1.62 (2H,
m), 1.72 (1H, ddd, J=12.8, 11.6, 3.6 Hz), 2.28 (1H, br dd,
J=12.8, 6.4 Hz), 3.34 (1H, dt, J=9.6, 6.8 Hz), 3.55-3.82
(5H, m), 4.00 (1H, ddd, J=11.6, 8.8, 6.4 Hz), 4.43-4.60
(2H, m), 4.63 (1H, d, J=11.6 Hz), 4.65 (1H, d, /=12.0 Hz),
4.69 (1H, d, J=11.6 Hz), 4.89 (1H, d, J=10.4 Hz), 4.94 (1H,
br d, J/=3.6 Hz), 7.14-7.38 (15H, m). Anal. Calcd for
C35H4605: C, 76.89; H, 8.48. Found: C, 76.90; H, 8.16.

4.3.18. n-Octyl 3,4,6-tri-O-benzyl-2-deoxy-p-p-arabino-
hexopyranoside (18f3). Colorless syrup. Ry 0.47 (5/2 n-
hexane/ether); [a]d —16.7° (¢ 0.98, CHCIl;3); '"H NMR §
0.84-0.92 (3H, m), 1.19-1.40 (10H, m), 1.53-1.71 (3H,
m), 2.34 (1H, ddd, /=12.8, 4.8, 1.6 Hz), 3.36-3.53 (3H, m),
3.61-3.79 (3H, m), 3.89 (1H, dt, J=9.2, 7.2 Hz), 4.42 (1H,
dd, J=10.0, 1.6 Hz), 4.53-4.65 (4H, m) 4.68 (1H, d,
J=11.6 Hz), 4.90 (1H, d, J/=10.0 Hz), 7.16-7.37 (15H, m).
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Anal. Calcd for C35Hy605: C, 76.89; H, 8.48. Found: C,
76.92; H, 8.10.

4.3.19. Isopropyl 3,4,6-tri-O-benzyl-2-deoxy-a-D-
arabino-hexopyranoside (19«). Colorless syrup. Ry 0.38
(30/1 chloroform/EtOAc); [a]& +76.6° (¢ 1.88, CHCl,); 'H
NMR 6 1.12 (3H, d, J/=6.0 Hz), 1.16 (3H, d, J=6.0 Hz),
1.74 (1H, ddd, J=12.8, 11.6, 3.6 Hz), 2.24 (1H, br dd,
J=12.8, 5.2 Hz), 3.58-3.69 (2H, m), 3.77-3.86 (2H, m),
3.88 (1H, septet, J=6.0 Hz), 4.01 (1H, ddd, J=11.6, 8.8,
5.2 Hz), 4.48-4.53 (2H, m), 4.63 (1H, d, /=11.6 Hz), 4.66
(1H, d, J=12.4 Hz), 4.68 (1H, d, J=11.6 Hz), 4.89 (1H, d,
J=10.8 Hz), 5.08 (1H, br d, J=3.6 Hz), 7.14-7.38 (15H,
m). Anal. Calcd for C3yH3605: C, 75.60; H, 7.61. Found: C,
75.63; H, 7.41.

4.3.20. Isopropyl 3,4,6-tri-O-benzyl-2-deoxy-f3-D-
arabino-hexopyranoside (19(3). Colorless syrup. Ry 0.27
(30/1 chloroform/EtOAc); [a]E’ —25.9° (¢ 1.58, CHCl,); 'H
NMR 6 1.15 (3H, d, J/=6.0 Hz), 1.26 (3H, d, J=6.0 Hz),
1.65 (1H, ddd, J=12.8, 12.2, 10.0 Hz), 2.30 (1H, ddd,
J=12.8, 5.6, 1.6 Hz), 3.36-3.51 (2H, m), 3.61-3.71 (3H,
m), 4.01 (1H, septet, /=6.0 Hz), 4.49-4.65 (5H, m), 4.68
(1H, d, J=12.0 Hz), 4.89 (1H, d, J=10.8 Hz), 7.14-7.38
(I5H, m). Anal. Calcd for C3;0H3605: C, 75.60; H, 7.61.
Found: C, 75.65; H, 7.42.

4.3.21. Cyclohexyl 3,4,6-tri-O-benzyl-2-deoxy-a-D-
arabino-hexopyranoside (20«). Colorless syrup. Ry 0.46
(30/1 chloroform/EtOAc); [a]& +80.6° (¢ 0.82, CHCls); 'H
NMR 6 1.11-1.91 (11H, m), 2.24 (1H, br dd, J=12.8,
5.2 Hz), 3.49-3.69 (3H, m), 3.72-3.89 (2H, m), 4.02 (1H,
ddd, J=11.6, 8.8, 5.2 Hz), 4.47-4.54 (2H, m), 4.64 (1H,
d, /=10.8 Hz), 4.65 (1H, d, J=12.0 Hz), 4.68 (1H, d,
J=10.8 Hz), 4.89 (1H, d, J=10.8 Hz), 5.12 (1H, br d,
J=4.8 Hz), 7.14-7.39 (15H, m). Anal. Calcd for C33H4(Os:
C, 76.71; H, 7.80. Found: C, 76.75; H, 7.49.

4.3.22. Cyclohexyl 3,4,6-tri-O-benzyl-2-deoxy-f3-D-
arabino-hexopyranoside (20B). White solid. R; 0.35
(30/1 chloroform/EtOAc); [a]&d —26.6° (¢ 1.00, CHCl5);
mp 48.0-50.0°C; '"H NMR § 1.13-2.05 (11H, m), 2.31
(1H, ddd, J=12.4, 5.2, 1.6 Hz), 3.47-3.51 (2H, m), 3.61—
3.80 (4H, m), 4.53-4.65 (5H, m), 4.69 (1H, d, J/=12.0 Hz),
4.90 (1H, d, J/=10.8 Hz), 7.19-7.47 (15H, m). Anal. Calcd
for C33H400s5: C, 76.71; H, 7.80. Found: C, 76.74; H, 7.64.

4.3.23. Methyl 2,3,4-tri-O-benzyl-6-0-(3,4,6-tri-O-benzyl-
2-deoxy-a-D-arabino-hexopyranosyl)-a-p-glucopyrano-
side (21a). White solid. Ry 0.24 (2/1 n-hexane/EtOAc);
[a] +65.4° (¢ 0.60, CHCl3); '"H NMR & 1.69 (1H, ddd,
J=12.4, 12.4, 4.0 Hz), 2.30 (1H, br dd, J/=12.4, 5.2 Hz),
3.34 (3H, s), 3.44-3.69 (7TH, m), 3.70-3.75 (1H, m), 3.78—
3.84 (1H, m), 3.89-4.02 (2H, m), 4.36—-4.70 (8H, m), 4.77 -
5.01 (6H, m), 7.12-7.38 (30H, m). Anal. Calcd for
CssHeoO10: C, 74.98; H, 6.86. Found: C, 74.92; H, 6.66.

4.3.24. Methyl 2,3,4-tri-O-benzyl-6-0-(3,4,6-tri-O-ben-
zyl-2-deoxy-p-D-arabino-hexopyranosyl)-a-D-glucopyr-
anoside (213). White solid. Ry 0.36 (2/1 n-hexane/EtOAc);
[@]® +23.5°(c 1.33, CHCl3); mp 130.5-132 °C; '"HNMR &
1.53-1.68 (1H, m), 2.15 (1H, ddd, J=12.4, 4.8, 1.6 Hz),
3.36 (3H, s), 3.30-3.78 (9H, m), 3.56-3.75 (4H, m), 3.99

(1H, dd, J=9.6, 9.6 Hz), 4.07 (1H, dd, /=10.8, 2.0 Hz), 4.16
(1H, dd, J=10.0, 1.6 Hz), 4.49-4.68 (8H, m), 4.77-4.89
(4H, m), 5.00 (1H, d, J=10.8 Hz), 7.18-7.38 (30H, m).
Anal. Calcd for CssHgpOqo: C, 74.98; H, 6.86. Found: C,
74.97; H, 6.68.

4.3.25. 1,6-Anhydro-2-azido-3-O-benzyl-4-0-(3,4,6-tri-
O-benzyl-2-deoxy-«-D-arabino-hexopyranosyl)-2-deoxy-
B-p-glucopyranose (23a). Colorless syrup. Ry 0.43 (2/1
n-hexane/EtOAc); [a]3 +87.1° (¢ 1.01, CHCl3); '"HNMR §
1.73 (1H, ddd, J=12.8, 11.6, 4.0 Hz), 2.32 (1H, br dd,
J=12.8, 4.8 Hz), 3.12 (1H, br s), 3.49-3.64 (4H, m), 3.70
(2H, d, J=3.6 Hz), 3.94 (1H, ddd, J=10.0, 4.0, 4.0 Hz),
4.00-4.13 (2H, m), 4.44-4.70 (8H, m), 4.90 (1H, d,
J=10.8 Hz), 5.00 (1H, d, J/=4.0 Hz), 5.49 (1H, br s), 7.16—
7.40 (20H, m). Anal. Calcd for C40H43N304: C, 69.25; H,
6.25; N, 6.06. Found: C, 69.14; H, 5.96; N, 6.10.

4.3.26. 1,6-Anhydro-2-azido-3-O-benzyl-4-0-(3,4,6-tri-
O-benzyl-2-deoxy-3-D-arabino-hexopyranosyl)-2-deoxy-
3-D-glucopyranose (23f3). Colorless syrup. Ry 0.30 (2/1
n-hexane/EtOAc); [a]%’ +9.2° (¢ 0.85, CHCl5); 'H NMR §
1.75 (1H, ddd, J=12.0, 12.0, 9.6 Hz), 2.44 (1H, ddd,
J=12.4, 4.8, 1.6 Hz), 3.18 (1H, br s), 3.39-3.55 (2H, m),
3.62-3.77 (4H, m), 3.85 (1H, br s), 3.92 (1H, dd, J=1.2,
1.2 Hz), 4.08-4.16 (1H, m), 4.46—-4.72 (9H, m), 4.92 (1H,
d, J=11.2 Hz), 5.48 (1H, br s), 7.19-7.36 (20H, m). Anal.
Calcd for C4oH43N304: C, 69.25; H, 6.25; N, 6.06. Found:
C, 69.20; H, 5.93; N, 6.01.
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Abstract—Stereoselective synthesis of the C18—-C34 fragment of antascomicin A is described. Construction of the C27-C34 carbocycle
moiety was achieved via catalytic Ferrier carbocylization and Johnson—Claisen rearrangement, which was converted to iodide 2 by use of
asymmetric alkylation and Sharpless epoxidation as key transformations. Coupling of iodide 2 and sulfone 3 furnished the C18—C34

fragment.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

FK506 (tacrolimus)! and rapamycin (sirolimus)? are potent
immunosuppressive agents in human clinical organ trans-
plantation. The biological mode of action of these promising
natural products have been extensively investigated over the
past decade.® For example, FK506 is known to form an
active complex with the cytosolic immunophilin FKBP12,
which subsequently binds to the secondary proteinous target
calcineurin. The latter interaction is responsible for potent
immunosuppressive activity of FK506. On the other hand, it
has recently been discovered that FKBP is present in the
brain at levels 10—40 times higher than in the immune
system, suggesting the possibility of nervous system roles
for immunophilins.>®>* Subsequently, FK506 has been
reported to elicit neurite outgrowth and neuroprotective
effects in neuronal cultures at picomolar concentrations.’
Although the mechanism of neuronal activity of FKBP has
not yet been clarified, it has been shown that the
neurotrophic properties of FKBP ligands are independent
of calcineurin-mediated effects.3®® Thus, FKBP ligands are
now considered as potential lead compounds for the
development of drugs for treatment and cure of neuro-
degenerative disorders such as Alzheimer’s and Parkinson’s
diseases. With regard to clinical use, efforts have been
devoted to the design of neurotrophic FKBP ligands that are
non-immunosuppressive.>-°

Macrolide antibiotics antascomicin A—E were found in a

Keywords: Ferrier carbocyclization; Johnson—Claisen rearrangement;
Asymmetric alkylation; Sulfone anion coupling.
* Corresponding authors. Tel./fax: +81-3-5841-4775;
e-mail addresses: hfuwa@mol.f.u-tokyo.ac.jp;
natsu@mol.f.u-tokyo.ac.jp

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.04.072

fermentation broth of a strain of Micromonospora, which
was isolated from a soil sample collected in China (Fig. 1).”
The molecular architecture of antascomicin A was deter-
mined by extensive NMR studies and X-ray crystal-
lographic analysis. Antascomicin A exhibits potent
binding affinity to FKBP12 (ICsy 2.0 nM) and antagonize
the immunosuppressive effect of FK506 and rapamycin but
interestingly it does not show immunosuppressive activity.
Given its intriguing biological activity, we became inter-
ested in the potential utility of antascomicin A as a lead
compound for the generation of novel class of non-
immunosuppressive neurotrophic molecules. Here, we
describe a stereoselective synthesis of the C18-C343
fragment of antascomicin A that is an important key
intermediate toward the total synthesis.

HO.,,

antascomicin A: Ry =H, R, =H,Rz3=H,n=2
B:Ry=0H,R;=H,R3=H,n=2
C:R1=0H,R;=Me,R3=H,n=2
D:Ry=H,Ry=H,Rz3=H,n=1
E:Ry=H,R;=H,R3=0H,n=2

Figure 1. Structures of antascomicin A—E.
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2. Results and discussions
2.1. Synthetic planning

Our synthetic planning for the synthesis of the C18-C34
fragment 1 is outlined in Scheme 1. We divided 1 into
iodide 2 and sulfone 3 by retro-sulfone anion coupling. The
former segment was traced back to ester 4, which could be
obtained from allylic alcohol 5 by Johnson—Claisen
rearrangement.9 In turn, 5 should be available from
exocyclic enol ether 6 via Ferrier carbocyclization.'”

OTBS 2 3 OMPM

OH
BnO,,, BnO., O OMe
BnO” : \ BnOJi: BnO"
CO,Et OBn
4 5 6

Scheme 1. Synthetic planning toward the C18—C34 fragment 1.
2.2. Synthesis of the C29-C34 carbocycle

Synthesis of the C18—C34 fragment was commenced with
tri-O-acetyl-D-glucal 7 (Scheme 2). Treatment of 7 with
methanol in the presence of a catalytic amount of
triphenylphosphine hydrogen bromide complex (Ph;P-HBr)
gave methyl glucoside 8 in 89% yield (a/B=ca. 9:1).
Deacetylation of 8 followed by selective protection of the
primary alcohol led to trityl ether 9 (81% yield for two
steps). Benzylation of the remaining hydroxyls and
deprotection of the trityl group delivered alcohol 10 in
91% yield (two steps). Iodination of 10 under the standard
conditions delivered 11 in 84% yield. Conversion of 11 to 6
was best achieved by treatment of 11 with sodium hydride in
DMF, affording exocyclic enol ether 6 in high yield.

Table 1. Reduction of 13 under a variety of conditions

Ho H o .oMe H
AT T a A0 TN be o N Oy OMe
AcO" AcO" HO™
OAc OAc OH

7 8 9
H o)
de rONONOMe 4 O\ ~OMe Bnoﬁ\
. =, .
BnO™ BnO" BnO OH
OBn OBn
10:R = OH 6 12
f[—_- 11:R=|

o) OH
i Bnofj i Bno,;@ K BnOD\/
CO,Et
BnO BnO BnO 2
13 5 4

Scheme 2. Reagents and conditions: (a) Ph;P-HBr, MeOH, MeCN, rt, 89%;
(b) NaOMe, MeOH, rt; (c) TrCl, pyridine, CH,Cl,, rt, 81% (two steps);
(d) BnBr, NaH, DMF, 50 °C; (e) p-TsOH-H,0, MeOH/CHCl; (5:1), 1t, 91%
(two steps); (f) I, PPhs, imidazole, benzene, rt, 84%; (g) NaH, DMF, rt,
94%; (h) Hg(OCOCF;),, acetone/H,O (2:1), rt, 95%; (i) MsCl, Et;N,
CH,Cl,, rt, quant.; (j) LiBHy4, CeCl-7H,O, THF/MeOH (1:1), 0 °C, 98% (dr
5.3:1); (k) n-EtCO,H, CH;C(OEt)3, 140 °C, 76%.

Employing other bases such as KO#-Bu (THF, 0 °C) and
DBU (toluene, 100 °C), 6 was obtained in only moderate
yield. Catalytic Ferrier carbocyclization!! was smoothly
carried out by exposure of 6 to HZ(OCOCF;), (10 mol%) in
acetone/H,0, leading to hydroxyketone 12 in 95% yield as a
10:1 mixture of diastereomers. Treatment of 12 with MsCl
in the presence of Et;N gave enone 13. Stereoselective 1,2-
reduction of 13 turned out to be rather problematic than
anticipated. The results of several attempts to optimize the
reaction are summarized in Table 1. Under the standard
Luche reduction conditions,'?> we obtained an inseparable
mixture of 5§ and its epimer in a ratio of 3.7:1 in 88%
combined yield (entry 1). Use of THF as a co-solvent
slightly improved the stereochemical outcome (entry 2). We
found that the use of much reactive LiBH, in MeOH/THF at
0 °C resulted in an improved 5.3:1 diastereomer ratio (entry
3). An attempt to conduct the reaction at low temperature
caused a significant decrease in the stereoselectivity (entry
4). We have also examined several aluminum hydride
reagents such as LiAlH,, LiAIH(O#-Bu); and DIBALH, but
these reductants were found to be uniformly ineffective for
the present case (entries 5—7). With satisfactory reaction
conditions established, we then conducted Johnson—Claisen
rearrangement of 5. Thus, treatment of 5§ with a catalytic
amount of n-propionic acid in CH3;CH(OEt); at 140 °C
cleanly delivered ester 4. For the major isomer, the

Entry Reagents and conditions dr (5/epi-5)* Yield (%)
1 NaBH,, CeCl;-7H,0, MeOH, 0 °C 3.7:1 97

2 NaBH,, CeCl;-7H,0, MeOH/THF (1:1), 0 °C 4.0:1 88

3 LiBH,, CeCl;-7H,0, MeOH/THF (1:1), —78 °C 2.8:1 86

4 LiBH,, CeCl3-7H,0, MeOH/THF (1:1), 0 °C 5.3:1 98

5 LiAIH,, THF 0 °C 1:1 Quant.

6 LiAIH(Oz#-Bu); THF, 0 °C 1:1 84

7 DiBALH, CH,Cl,, —78 °C 1:1.1 96

 Estimated by "H NMR (400 MHz).
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Figure 2. Stereochemical confirmation of 4 based on 'H NMR analysis.
The benzyl groups were replaced with methyl groups for clarity.

stereochemistry at C29 was unambiguously confirmed by
'H NMR analysis (Fig. 2).

2.3. Initial attempt to construct the C26 and C27
stereocenters

Stereoselective incorporation of the C26 hydroxyl and C27
methyl groups is seemingly challenging because they locate
remote from other stereocenters. Our initial strategy toward
the construction of the C26 and C27 stereocenters is
summarized in Scheme 3. Reduction of ester 4 with
DIBALH followed by Wittig reaction gave enoate 14.
After reduction of 14, the resultant allylic alcohol was

- = Bno;@\/\/ =
Bno’[ l _CO,Et 8O . CO,Et

4 15

BnO,,

BnO

Scheme 3. Reagents and conditions: (a) DIBALH, CH,Cl,, —78 °C;
(b) PhsP=CHCO,EL, benzene, 1t, 80% (two steps); (c) DIBALH, CH,Cl,,
—78 °C, 93%; (d) Ti(Oi-Pr),, (+)-DET, ~-BuOOH, 4 A molecular sieves,
CH,Cl,, —20°C, 65%; (e) AlMes, hexane/CH,Cl, (2:1), =78 to 0 °C;
(f) Acy0, EtsN, DMAP, CH,Cl,, 0 °C to rt, 67% (two steps).

Figure 3. Confirmation of the structure of 17. The benzyl group was
replaced with a methyl group for clarity.

subjected to Sharpless asymmetric epoxidation using (+)-
diethyl tartarate as a chiral auxiliary to afford hydroxyl
epoxide 15. The minor C29 epimer was readily separated
during these transformations. To install the C27 methyl
group, hydroxyl epoxide 15 was exposed to trimethyl-
aluminum (AlMes) in hexane/CH,Cl,.'3 Surprisingly,
however, the only isolatable product was strained
bicyclic compound 16, whose structure was confirmed by
'"H NMR analysis and NOE experiments on the correspond-
ing bis(acetate) 17 (Fig. 3). This outcome can be explained
by an intramolecular SN2 attack of the C31 benzyloxy
group to the oxirane activated by AlMes;. Although such
reaction is undesirable in this case, it is interesting that the
strained bicycle 16 was constructed in a relatively simple
manner.

2.4. Elaboration of the C26 and C27 stereocenters via
asymmetric reactions

With the above result in mind, we intended to elaborate the
C26 and C27 stereocenters using asymmetric alkylation and
epoxidation. To this end, ester 4 was reduced with LiAlH,
and the double bond was saturated by diimde reduction
using p-toluenesulfonyl hydrazide (p-TsNHNH,) and
aqueous sodium acetate to afford alcohol 18 (Scheme 4).
At this stage, the undesired C29 epimer was easily separated
by flash chromatography. Tosylation, displacement with
sodium cyanide, and hydrolysis under basic conditions led
to carboxylic acid 19 in 84% overall yield from 18
(Scheme 4). Coupling'* of 19 with (R)-(+)-4-benzyl-2-
oxazolidinone furnished oxazolidinone 20 in 92% yield.
The C27 methyl group was successfully incorporated by
asymmetric alkylation'> of 20 under the standard conditions
(NaHMDS, Mel, THF, —78 °C), affording 21 in 93% yield as
a single isomer by 'H NMR (400 MHz). The chiral auxiliary
was reductively removed with LiAlH, to give alcohol 22.
Oxidation, Wittig reaction of the derived aldehyde, and
subsequent DIBALH reduction gave allylic alcohol 23 (98%
yield for the three steps). Sharpless epoxidation of 23 afforded
hydroxyl epoxide 24 as a single stereoisomer, which was
iodinated and reduced with zinc, giving rise to allylic alcohol
25, thereby establishing the C26 stereocenter. Protection of the
resultant hydroxyl group with #-butyldimethylsilyl trifluoro-
methanesulfonate (TBSOTY) and Et3;N, oxidative cleavage of
the double bond, and subsequent reduction of the derived
aldehyde led to alcohol 26 (83% yield for the four steps).
Finally, iodination of 26 under standard conditions furnished
iodide 2 in 97% yield.

2.5. Synthesis of the C18—C24 sulfone

Synthesis of the C18—C24 sulfone 3 was performed based
on Julia coupling as a key step, which is delineated in
Scheme 5. Iodination of alcohol 27 followed by treatment
with PhSO,Na gave sulfone 28 in 75% yield for the two
steps. Coupling of sulfone anion derived from 28 with
known aldehyde 29'° (89% yield), acylation and the ensuing
exposure to Na(Hg) in buffered methanol afforded olefin 30
(E/Z=ca. 8:1) in 83% yield for the two steps. Deprotection
of the silyl group with TBAF gave alcohol 31. Treatment of
31 with PhSSPh in the presence of n-Bu;P followed by
mCPBA oxidation of the resultant phenyl sulfide afforded
sulfone 3 in 75% yield for the two steps.
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Scheme 5. Reagents and conditions: (a) I,, PPhs, imidazole, THF, rt;
(b) PhSO,Na, DMF, rt, 75% (two steps); (c) 28 (2 equiv.), n-BuLi, THF,
—78°C; 29, —78 °C, 89%; (d) Ac,0, EtzN, DMAP, CH,Cl,, 0 °C to rt;
(e) 5% Na(Hg), Na,HPO,4, MeOH, 0 °C, 83% (two steps), E/Z=ca. 8:1;
(f) TBAF, THF, rt, quant.; (g) PhSSPh, n-Bu;P, DMF, rt; (h) mCPBA,
NaHCO;, CH,Cl,, 0 °C to rt, 75% (two steps).
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Scheme 6. Reagents and conditions: (a) 3, LIHMDS, THF, —78 to 0 °C; 2,
HMPA, rt, 90%; (b) 5% Na(Hg), Na,HPO,, THF/MeOH, 0 °C to rt, 71%.

2.6. Completion of the synthesis

With requisite segments in hand, we then turned our
attention to the crucial coupling stage. Gratifyingly, union
of iodide 2 and sulfone 3 could be efficiently and
conveniently achieved (Scheme 6). Thus, sulfone 3 with
LiHMDS followed by addition of HMPA and iodide 2
delivered coupling product 32 in 90% yield. The resultant
phenylsulfonyl group was removed by treatment with
Na(Hg) in buffered methanol, leading to 1 in 71% yield.

3. Conclusion

We have completed the stereoselective synthesis of the
C18-C34 fragment of antascomicin A. The key features of
the present synthesis are (i) an efficient and stereoselective
construction of the C29-C34 cyclohexyl moiety based on
catalytic Ferrier carbocyclization and Johnson-Claisen
rearrangement and (ii) a convergent assembly of the C25—
C34 and C18-C24 segments via sulfone anion coupling.
Further efforts toward the total synthesis of antascomicin A
are currently underway and will be reported in due course.

4. Experimental
4.1. General methods

All reactions sensitive to air and/or moisture were carried
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out under an atmosphere of argon in oven-dried glassware
with anhydrous solvents. All anhydrous solvents were
purchased from Wako Pure Chemicals Co. Inc. and used
without further drying. Triethylamine were distilled from
calcium hydride under argon atmosphere. Lithium chloride
was dried with heating under high vacuum prior to use. All
other reagents purchased were of the highest commercial
quality and used as received unless otherwise stated.
Analytical thin layer chromatography was carried out
using E. Merck silica gel 60 F,s; plates (0.25 mm
thickness). Column chromatography was performed on
Kanto Chemical silica gel 60N (spherical, neutral). Flash
chromatography was carried out using Fuji Silysia silica gel
BW300 (200—400 mesh). Optical rotations were recorded
on a JASCO DIP-1000 digital polarimeter. Infrared spectra
spectra were recorded on a JASCO FT/IR-420 spectrometer.
'H and '3C NMR spectra were recorded on a JEOL JNM-
LA400 or JNM-LAS500 spectrometer. Chemical shifts are
reported in ppm and tetramethylsilane was used as the
internal standard. Coupling constants (J) are reported in
hertz (Hz). The following abbreviations are used to
designate the multipilicities: s=singlet, d=doublet, t=
triplet, m=multiplet, br=broad. Low- and high-resolution
mass spectra were recorded on a JEOL SX-102A mass
spectrometer under fast atom bombardment (FAB) contions
using m-nitrobenzyl alcohol (NBA) as a matrix.

4.1.1. Trityl ether 9. To a stirred solution of tri-O-acetyl-D-
glucal 7 (10.0 g, 36.7 mmol) in acetonitrile (90 mL) were
added MeOH (2.30 mL, 56.8 mmol) and Ph;P-HBr (2.53 g,
7.37 mmol). After being stirred at room temperature
overnight, the reaction mixture was concentrated under
reduced pressure. Purification of the residue by column
chromatography (silica gel, 25—40% ethyl acetate/hexane)
gave methyl glucoside 8 (10.05 g, 90%) as a 10:1 mixture of
anomers. Data for major anomer: 'H NMR (400 MHz,
CDCl3) 6 5.31 (ddd, J=11.8, 9.8, 5.9 Hz, 1H), 5.02 (dd,
J=10.7, 9.8 Hz, 1H), 4.85 (br s, 1H), 4.32 (dd, J=12.7,
49 Hz, 1H), 4.08 (dd, J=12.7, 1.9 Hz, 1H), 3.95 (ddd,
J=10.7, 4.9, 1.9 Hz, 1H), 3.35 (s, 3H), 2.25 (ddd, J=12.7,
5.9, <1 Hz, 1H), 2.10 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H),
1.82 (ddd, J=12.7, 11.8, 3.9 Hz, 1H).

To a solution of the above methyl glucoside 8 (10.05 g,
33.1 mmol) in MeOH (100 mL) was added NaOMe (1 M in
MeOH, 3.30 mL, 0.330 mmol). After being stirred at room
temperature for 1 h, the reaction was quenched by addition
of Amberlyst® and the mixture was filtered and concen-
trated under reduced pressure to give crude triol, which was
used in the next reaction without further purification.

To a solution of the above triol in CH,Cl,/pyridine (4:1, v/v,
100 mL) were added DMAP (0.40 g, 3.27 mmol) and
triphenylmethyl chloride (11.06 g, 39.7 mmol). After
being stirred at room temperature overnight, the reaction
mixture was diluted with ethyl acetate and washed with
water and brine. The organic layer was dried (Na,SOy),
filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by column chromatography (silica gel,
40—50% ethyl acetate/hexane) gave trityl ether 9 (11.82 g,
85% for the two steps) as a colorless clear oil. 9: [a]’=+79
(c 0.42, CHCl); IR (film) 3411, 2931, 1490, 1446, 1209,
1128, 1050, 986, 955, 900, 764, 747, 705, 679 cm™!; 'H

NMR (400 MHz, CDCl5) & 7.47-7.26 (m, 15H), 4.77 (br s,
1H), 3.92 (m, 1H), 3.61 (m, 1H), 3.44-3.37 (m, 3H), 3.31 (s,
3H), 2.76 (br, 1H), 2.50 (br, 1H), 2.11 (m, 1H), 1.66 (m,
1H); '3C NMR (100 MHz, CDCl3) 8 143.6, 128.6, 128.3,
128.0, 127.2, 98.5, 87.3, 74.9, 69.4, 68.9, 64.9, 54.7, 36.7;
HRMS (FAB) calcd for CogHagOsNa [(M+Na)+] 443.1834,
found 443.1791.

4.1.2. Primary alcohol 10. To a solution of trityl ether 9
(11.82 g, 28.14 mmol) in DMF (100 mL) was added NaH
(60% in oil, 5.30 g, 132.5 mmol). The mixture was heated at
50 °C for 20 min and then treated with BnBr (11.8 mL,
99.2 mmol). After being stirred at 50 °C for 50 min, the
reaction was cooled to 0 °C and quenched with methanol.
The resultant mixture was diluted with ethyl acetate, washed
with water, saturated aqueous ammonium chloride and
brine, dried (Na,SO,), filtered, and concentrated under
reduced pressure to give crude bis(benzyl)ether, which was
used in the next step without further purification.

To a solution of the above bis(benzyl)ether in MeOH/CHCl3
(5:1, 180 mL) was added p-TsOH-H,O (1.61 g, 8.46 mmol).
After being stirred at room temperature overnight, the
reaction was quenched with triethylamine and the mixture
concentrated under reduced pressure. Purification of the
residue by column chromatography (silica gel, 20—40%
ethyl acetate/hexane) gave primary alcohol 10 (9.55 g, 95%
for the two steps) as a colorless clear oil. 10: [a]’=+69 (c
0.43, CHCI,); IR (film) 3446, 2925, 1453, 1365, 1206, 1097,
1049, 738, 698 cm™!'; '"H NMR (400 MHz, CDCl3) & 7.34—
7.26 (m, 10H), 4.95 (d, /=10.7 Hz, 1H), 4.81 (br s, 1H),
4.71-4.62 (m, 3H), 3.99 (ddd, J=11.7, 8.8, 4.9 Hz, 1H),
3.85-3.72 (m, 2H), 3.64 (m, 1H), 3.50 (m, 1H), 3.30 (s, 3H),
2.29 (ddd, J=14.6, 4.9, <1 Hz, 1H), 1.80 (br, 1H), 1.66
(ddd, J=14.6, 11.7, 3.9 Hz, 1H); HRMS (FAB) calcd for
C,Hy605Na [(M+Na)*] 381.1678, found 381.1659.

4.1.3. Todide 11. To a solution of primary alcohol 10
(9.50 g, 26.5 mmol) in THF (150 mL) were added imidazole
(3.61g, 53.0mmol), triphenylphosphine  (12.5 g,
47.7 mmol) and iodine (12.8 g, 50.4 mmol). After being
stirred at room temperature for 30 min, the reaction was
quenched with saturated aqueous Na,SOj. The resultant
mixture was diluted with ethyl acetate, washed with water
and brine, dried (Na,SQO,), filtered, and concentrated under
reduced pressure. Purification of the residue by column
chromatography (silica gel, 10% ethyl acetate/hexane) gave
iodide 11 (11.39g, 92%) as a colorless clear oil. 11:
[a]iy=+49 (c 1.12, CHClL3); IR (film) 2930, 2901, 1452,
1366, 1213, 1131, 1108, 1048, 738, 695 cm™'; 'H NMR
(400 MHz, CDCl3) 6 7.36-7.27 (m, 10H), 5.00 (d,
J=10.7 Hz, 1H), 4.82 (br s, 1H), 4.72 (d, /=10.7 Hz, 1H),
4.63 (d, J=11.7 Hz, 1H), 4.60 (d, J=11.7 Hz, 1H), 4.00
(ddd, J=11.7, 8.8, 4.9 Hz, 1H), 3.53 (m, 1H), 3.46-3.30 (m,
6H), 2.31 (ddd, J=12.7, 49, <1 Hz, 1H), 1.69 (ddd,
J=12.7, 11.7, 3.9Hz, 1H); HRMS (FAB) calcd for
C,H,5104Na [(M+Na)™] 491.0695, found 491.0728.

4.1.4. Exocyclic enol ether 6. To a solution of iodide 11
(4.96 g, 10.6 mmol) in DMF (100 mL) at 0 °C was added
NaH (60% in oil, 2.12 g, 53.0 mmol). After being stirred at
room temperature overnight, the reaction was quenched
with water at 0 °C. The resultant mixture was diluted with
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ethyl acetate, washed with water and brine, dried (Na,SOy,),
filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by column chromatography (silica gel,
10% ethyl acetate/hexane) gave exocylic enol ether 6
(3.41 g, 94%) as a colorless clear oil. 6: [a]¥=+24 (c 2.63,
CHCl3); IR (film) 2931, 2857, 1657, 1452, 1361, 1211,
1111, 1039, 734, 697 cm™~!; 'H NMR (400 MHz, C¢Dg) &
7.32 (d, /=6.8 Hz, 1H), 7.22 (d, /=8.0 Hz, 1H), 7.17-7.05
(m, 8H), 4.95 (apparently s, 1H), 4.86 (apparently s, 1H),
4.68 (d, J/=11.8 Hz, 1H), 4.65-4.60 (m, 3H), 4.51 (d,
J=12.7 Hz, 1H), 4.38 (d, J/=12.7 Hz, 1H), 4.03 (ddd, /=9.7,
7.8, 3.9 Hz, 1H), 3.90 (d, J/=7.8 Hz, 1H), 3.19 (s, 3H), 2.20
(ddd, J=13.6, 4.8, 3.9 Hz, 1H), 1.73 (ddd, J=13.6, 9.7,
3.9 Hz, 1H); '3C NMR (100 MHz, C¢D¢) & 155.7, 139.3,
139.1, 128.6, 128.5, 128.3, 127.9, 127.8, 127.7, 127.6,
100.1,96.7,79.9, 76.4,73.3,72.2, 55.0, 35.6; HRMS (FAB)
caled for C,H,sO4Na [(M+Na)*t] 363.1572, found
363.1530.

4.1.5. Hydroxy ketone 12. To a solution of exocyclic enol
ether 6 (507.7 mg, 1.493 mmol) in acetone/water (2:1, v/v,
15mL) was added Hg(OCOCF;), (64 mg, 0.15 mmol).
After being stirred at room temperature overnight, the
reaction mixture was concentrated under reduced pressure
to remove acetone. The resultant mixture was diluted with
water and extracted with ethyl acetate. The organic layer
was dried (Na,SO,), filtered, and concentrated under
reduced pressure. Purification of the residue by flash
chromatography (silica gel, 50% ethyl acetate/hexane)
gave hydroxy ketone 12 (460.1 mg, 95%) as a 10:1 mixture
of diastereomers. 12: [a]=—22 (c 0.61, CHCl,); IR (film)
3439, 2926, 1727, 1453, 1359, 1207, 1107, 1026, 740,
698 cm™!; '"H NMR (400 MHz, CDCl;, major isomer) &
7.39-7.25 (m, 10H), 4.82 (d, J=11.7 Hz, 1H), 4.74 (d,
J=11.7Hz, 1H), 4.61 (d, J=11.7Hz, 1H), 4.54 (d,
J=11.7Hz, 1H), 4.33 (br, 1H), 4.04 (m, 1H), 3.98 (m,
1H), 2.68-2.53 (m, 2H), 2.32 (m, 1H), 2.02 (m, 1H), 1.74
(m, 1H); 3C NMR (100 MHz, CDCl;, major isomer) &
206.1, 138.2, 137.6, 128.41, 128.39, 128.0, 127.8, 127.7,
85.7,77.3,76.7,72.9, 65.9, 47.7, 36.5; HRMS (FAB) calcd
for CpoH»,04Na [(M+Na)*] 349.1416, found 349.1454.

4.1.6. Enone 13. To a solution of hydroxy ketone 12 (7.87 g,
24.1 mmol) in CH,Cl, (200 mL) at 0 °C were added Et;N
(20.0 mL, 143.5 mmol) and MsCl (5.60 mL, 72.4 mmol).
After being stirred at room temperature for 90 min, the
reaction mixture was diluted with ethyl acetate, washed with
1 M aqueous HCI, saturated aqueous NaHCO; and brine,
dried (Na,SQ,), filtered, and concentrated under reduced
pressure. Purification of the residue by column chromatog-
raphy (silica gel, 20—30% ethyl acetate/hexane) gave
enone 13 (7.42 g, quantitative) as a colorless clear oil. 13:
IR (film) 3032, 2930, 2870, 1688, 1621, 1496, 1453, 1387,
1360, 1115, 1025, 739, 697 cm™!; 'H NMR (400 MHz,
CDCl;) 6 7.44-7.27 (m, 10H), 6.83 (ddd, J=9.7, 5.8,
2.9 Hz, 1H), 6.04 (d, J=9.7 Hz, 1H), 5.02 (d, J=11.7 Hz,
1H), 4.80 (d, J=11.7 Hz, 1H), 4.73 (d, J/=11.7 Hz, 1H), 4.65
(d, J/=11.7 Hz, 1H), 4.05 (d, /=8.8 Hz, 1H), 3.94 (m, 1H),
2.78 (ddd, J/=18.5, 5.8, 4.9 Hz, 1H), 2.51 (ddd, J=18.5, 7.8,
29Hz, 1H); HRMS (FAB) caled for C,yH,,O3Na
[(M+Na)*] 331.1310, found 331.1336.

4.1.7. Allylic alcohol 5. To a solution of enone 13 (2.10 g,

6.82 mmol) in THF/MeOH (1:1, v/v, 70 mL) at 0 °C were
added CeCl3-7H,O (5.08 g, 13.6 mmol) and LiBH4
(594 mg, 27.3 mmol). After being stirred at 0 °C for 1 h,
the reaction was quenched with saturated NH4Cl. The
resultant mixture was diluted with ethyl acetate, washed
with water and brine. The combined aqueous layer was back
extracted with ethyl acetate. The organic layers were
combined, dried (Na,SO,), filtered, and concentrated
under reduced pressure. Purification of the residue by
column chromatography (silica gel, 20% ethyl acetate/
hexane) gave an inseparable 5.3:1 mixture of allylic alcohol
5 and its epimer (2.07 g, 98%) as a colorless clear oil. 5:
[a])=+18 (c 0.55, CHCls); IR (film) 3437, 2919, 2864,
1453, 1383, 1362, 1101, 1041, 737, 696 cm~!; 'H NMR
(400 MHz, CDCl3, major isomer) 6 7.36—7.27 (m, 10H),
5.69-5.65 (m, 2H), 4.92 (d, J=11.8 Hz, 1H), 4.71 (d,
J=11.8 Hz, 1H), 4.67 (d, J=11.7Hz, 1H), 4.63 (d,
J=11.7 Hz, 1H), 4.17 (m, 1H), 3.80 (dd, J=8.0, 6.0 Hz,
1H), 3.65 (m, 1H), 2.52 (m, 1H), 2.40 (d, /=5.9 Hz, 1H),
2.25 (m, 1H); HRMS (FAB) calcd for C,yH»,O3;Na
[(M+Na)*] 333.1467, found 333.1501.

4.1.8. Ester 4. To a solution of allylic alcohol (6.16 g,
19.9 mmol) in CH;C(OEt); (200 mL) was added n-pro-
pionic acid (0.200 mL) and the resultant mixture was heated
at 140°C for 1 day. After cooling, the mixture was
concentrated under reduced pressure. Purification of the
residue by column chromatography (silica gel, 5—8% ethyl
acetate/hexane) gave an inseparable mixture of ester 4 and
its C29 epimer (5.78 g, 76%) as a colorless clear oil. 4:
[a])=—66 (c 0.57, CHCl;); IR (film) 2924, 2871, 1732,
1453, 1371, 1159, 1094, 1028, 736, 697 cm~!; '"H NMR
(400 MHz, CDCl3, major isomer) 6 7.37-7.25 (m, 10H),
5.67 (dt, J/=10.3, 2.3 Hz, 1H), 5.61 (dd, /=10.3, 1.4 Hz,
1H), 4.76-4.66 (m, 4H), 4.18—4.08 (m, 3H), 3.70 (ddd,
J=11.9, 7.3, 3.7 Hz, 1H), 2.75 (m, 1H), 2.36 (dd, J=15.3,
7.1 Hz, 1H), 2.27 (dd, 1H, J=15.3, 7.8 Hz), 2.20 (ddd,
J=12.8,3.7,3.7 Hz, 1H), 1.56 (ddd, J/=12.8, 11.9, 11.9 Hz,
1H), 1.26 (t, J=7.1 Hz, 3H); '*C NMR (100 MHz, CDCls,
major isomer) 6 172.1, 138.8 (X2), 132.1, 128.4 (X2), 128.3,
127.8, 127.73, 127.70, 127.67, 127.5, 127.3, 79.2, 79.0,
72.0,71.8, 60.5, 40.5, 33.3, 33.0, 14.3; HRMS (FAB) calcd
for Co4H,304Na [(M+Na)*] 403.1885, found 403.1882.

4.1.9. Enoate 14. To a solution of ester 4 (1.37g,
3.61 mmol) in CH,Cl, (36 mL) at —78 °C was added
DIBALH (1.01 M solution in hexane, 3.93 mL, 3.97 mL).
After being stirred at —78 °C for 30 min, the reaction was
quenched with saturated aqueous potassium sodium tartrate.
The resultant mixture was diluted with ethyl acetate and
stirred vigorously at room temperature until the layers
became clear. The organic layer was separated and washed
with brine, dried (Na,SQO,), filtered, and concentrated under
reduced pressure. The residue was passed through a pad of
silica gel to give aldehyde (0.97 g) as a colorless clear oil,
which was used in the next step without further purification.

To a solution of the above aldehyde (0.97 g) in benzene
(30 mL) was added PhsP=CHCO,Et (1.51 g, 4.33 mmol).
After being stirred at room temperature overnight, the
reaction mixture was concentrated under reduced pressure.
Purification of the residue by flash chromatography (silica
gel, 10% ethyl acetate/hexane) gave enoate 14 (1.17 g, 80%
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for the two steps) as a colorless clear oil. 14: [a]F=—100 (c

0.46, CHCl,); IR (film) 2861, 1717, 1654, 1452, 1365, 1310,
1267, 1202, 1158, 1094, 736, 698 cm~'; 'H NMR
(400 MHz, CDCls) & 7.37-7.26 (m, 10H), 6.90 (dt,
J=15.6, 7.8 Hz, 1H), 5.85 (d, J=15.6 Hz, 1H), 5.64 (d,
J=9.8 Hz, 1H), 5.60 (d, J=9.8 Hz, 1H), 4.77-4.62 (m, 4H),
4.19 (q, J=6.8 Hz, 2H), 4.11 (m, 1H), 3.67 (ddd, J=11.7,
7.8, 3.9 Hz, 1H), 2.40 (m, 1H), 2.28—2.11 (m, 3H), 1.36—
1.27 (m, 4H); '3C NMR (100 MHz, CDCl;) & 166.3, 146.1,
138.8 (x2), 132.1, 128.40, 128.37, 128.35, 127.8, 127.7,
127.52, 127.47, 123.4, 79.6, 79.3, 72.1, 71.8, 60.3, 38.5,
35.3, 33.6, 14.3; HRMS (FAB) caled for CasHzoO,Na
[(M+Na)*] 429.2042, found 429.2036.

4.1.10. Hydroxy epoxide 15. To a solution of enoate 14
(1.28 g, 3.15 mmol) in CH,Cl, (30 mL) at —78 °C was
added DIBALH (1.01 M solution in hexane, 8.75 mL,
8.84 mmol). After being stirred at —78 °C for 2h, the
reaction was quenched with saturated aqueous potassium
sodium tartrate. The resultant mixture was diluted with ethyl
acetate and stirred vigorously at room temperature until
layers became clear. The organic layer was separated and
washed with brine, dried (Na,SQ,), filtered, and concen-
trated under reduced pressure. Purification of the residue by
flash chromatography (silica gel, 30—40% ethyl acetate/
hexane) gave allylic alcohol (1.07 g, 93%) as a colorless
clear oil: [a]g=—101 (¢ 0.62, CHCls); IR (film) 3435,
2917, 2858, 1452, 1094, 1028, 972, 737, 697 cm™!; 'H
NMR (400 MHz, CDCl3) 6 7.38—7.26 (m, 10H), 5.70-5.61
(m, 4H), 4.77-4.68 (m, 4H), 4.12—4.08 (m, 3H), 3.67 (ddd,
J=11.7,7.8, 3.9 Hz, 1H), 2.32 (m, 1H), 2.16—2.03 (m, 3H),
1.35-1.24 (m, 2H); '3C NMR (100 MHz, CDCls) & 138.9,
138.8, 132.9, 131.4, 129.8, 128.4, 128.3, 127.8, 127.7,
127.5, 127.0, 79.9, 79.6, 72.0, 71.8, 63.6, 38.6, 36.0, 33.6;
HRMS (FAB) calcd for Co4H,305Na [(M+Na)*] 387.1936,
found 387.1966.

To a solution of allylic alcohol (1.00 g, 2.75 mmol) in
CH,Cl, (30 mL) were added 4 A molecular sieves (1.00 g)
and (+)-diethyl tartrate (0.100 mL, 0.584 mmol). The
mixture was cooled to —20 °C and treated with titanium
isopropoxide (0.120 mL, 0.407 mmol). After being stirred
at —20 °C for 30 min, #-butyl hydroperoxide (5 M solution
in decane, 0.830, 4.15 mL) was introduced. After being
stirred at —20 °C overnight, the reaction was quenched with
saturated aqueous Na,SO,. The resultant mixture was
filtered through Celite® and the filtrate was extracted with
ethyl acetate. The organic layers were combined, dried
(Na,SO,), filtered, and concentrated under reduced
pressure. Purification of the residue by flash chromato-
graphy (silica gel, 40—50% ethyl acetate/hexane) gave
hydroxy epoxide 15 (674.8 mg, 65%) as a colorless clear oil.
15: 'H NMR (400 MHz, CDCl3) & 7.38-7.26 (m, 10H),
5.69-5.67 (m, 2H), 4.77-4.67 (m, 2H), 4.12 (dd, J=7.8,
29 Hz, 1H), 391 (ddd, /=12.7, 4.9, 2.0 Hz, 1H), 3.72-3.61
(m, 2H), 3.02 (m, 1H), 2.91 (m, 1H), 2.49 (m, 1H), 2.01 (ddd,
J=12.6, 4.0, 3.9 Hz, 1H), 1.73 (m, 1H), 1.69—1.51 (m, 2H),
1.41 (ddd, J=12.6, 11.7, 10.8 Hz, 1H); '3C NMR (100 MHz,
CDCl;) 6 138.8 (X2),132.2,128.4,127.8,127.7,127.5,127.3,
79.5,79.3,72.1,71.7,61.4,58.4, 53.9, 37.9, 34.3, 33.9.

4.1.11. Bicyclic compound 16. To a solution of hydroxy
epoxide 15 (674.8 mg, 1.78 mmol) in CH,Cl,/hexane (1:2,

v/v, 30 mL) at —78 °C was added AlMe; (1.00 M solution
in hexane, 5.34 mL, 5.34 mmol). The reaction mixture was
allowed to warm to 0°C over 3 h and the reaction was
quenched with saturated aqueous potassium sodium tartrate.
The resultant mixture was diluted with ethyl acetate and
stirred vigorously at room temperature until layers became
clear. The organic layer was separated and the aqueous layer
was extracted with ethyl acetate three times. The organic
layers were combined, dried (Na,SQ,), filtered, and
concentrated under reduced pressure. Purification of the
residue by flash chromatography (silica gel, 60—75% ethyl
acetate/hexane) gave bicyclic compound 16 (491.2 mg,
95%) as a pale yellow oil. 16: [a]Z¥=—127 (¢ 0.79, CHCl,);
IR (film) 3423, 2925, 2877, 1452, 1398, 1059, 738,
698 cm™!; '"H NMR (400 MHz, CDCls) 8 7.36-7.26 (m,
5H), 6.08-6.06 (m, 2H), 4.66 (d, /=11.7 Hz, 1H), 4.58 (d,
J=11.7 Hz, 1H), 4.17 (br s, 1H), 3.80-3.55 (m, 5H), 2.62
(d, J/=4.9 Hz, 1H), 2.55 (br s, 1H), 2.35 (m, 1H), 1.83-1.73
(m, 2H), 1.64 (ddd, /=12.7,11.7, 3.9 Hz, 1H), 1.42 (m, 1H);
13C NMR (100 MHz, CDCls) & 138.3, 133.9, 128.8, 128.4,
128.3, 127.7, 127.6, 73.9, 73.7, 71.5, 70.9, 70.6, 63.4, 29.3,
27.8, 26.7, HRMS (FAB) caled for C;;H,,04Na
[(M+Na)*] 313.1416, found 313.1381.

4.1.12. Bis(acetate) 17. To a solution of bicyclic compound
16 (491.2 mg, 1.69 mmol) in CH,Cl, (15 mL) 0 °C were
added Et;N (1.90 mL, 13.6 mmol), DMAP (62 mg,
0.507 mmol) and Ac,O (1.00 mL, 10.6 mmol). After being
stirred at room temperature for 2 h 15 min, the reaction was
quenched with MeOH at 0 °C. The resultant mixture was
diluted with ethyl acetate, washed with 1 M aqueous HCI,
saturated aqueous NaHCOs5; and brine, dried (Na,SO,),
filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by flash chromatography (silica gel,
20—30% ethyl acetate/hexane) gave bis(acetate) 17
(421.4 mg, 67%) as a colorless clear oil. 17: [a]x=—139
(c 0.61, CHCl3); IR (film) 2927, 2850, 1743, 1451, 1370,
1225, 1059, 738, 699 cm™!; '"H NMR (400 MHz, CDCl5;) &
7.37-7.26 (m, 5H), 6.07-6.05 (m, 2H), 5.00 (ddd, J=7.1,
6.0, 2.5Hz, 1H), 4.68 (d, J=12.1 Hz, 1H), 4.56 (d,
J=12.1 Hz, 1H), 4.41 (dd, J=12.1, 2.5 Hz, 1H), 4.15 (br,
1H), 4.14 (ddd, J=12.1, 7.1 Hz, 1H), 3.78 (ddd, J=11.7, 6.0,
3.2 Hz, 1H), 3.69 (br, 1H), 2.55 (br, 1H), 2.07 (s, 3H), 2.02
(s, 3H), 1.76 (br, 2H), 1.58 (ddd, J=12.6, 12.1, 3.7 Hz, 1H),
1.45 (m, 1H); '3C NMR (100 MHz, CDCl3) § 170.8, 170.3,
138.4, 133.6, 129.0, 128.4, 127.7, 127.64, 127.60, 73.75,
73.70, 71.5, 70.5, 67.7, 62.9, 30.0, 27.5, 26.8, 21.0, 20.8;
HRMS (FAB) calcd for C5HpsO¢Na [(M+Na)™] 397.1627,
found 397.1613.

4.1.13. Alcohol 18. To a solution of ester 4 (5.78 g,
15.2 mmol) in THF (120 mL) at 0 °C was added LiAlH,
(692 mg, 18.2 mmol). After being stirred at 0 °C for 1 h, the
mixture was successively treated with 15% aqueous NaOH
and water, and the precipitate formed was removed by
filtration. The filtrate was concentrated under reduced
pressure. Purification of the residue by column chromato-
graphy (silica gel, 40% ethyl acetate/hexane) gave an
inseparable mixture of alcohol and its C29 epimer (5.13 g,
quantitative) as a colorless clear oil: [a]’=—82 (¢ 0.35,
CHCly); IR (film) 3436, 2924, 2862, 1452, 1072, 736,
697 cm™'; '"H NMR (400 MHz, CDCl;, major isomer) &
7.37-7.26 (m, 10H), 5.64 (br, 2H), 4.77-4.68 (m, 4H), 4.12
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(m, 1H), 3.78-3.65 (m, 3H), 2.43 (m, 1H), 2.17 (ddd,
J=11.9,4.6,3.7 Hz, 1H), 1.72—1.63 (m, 2H), 1.53 (m, 1H),
1.31 (ddd, J=11.9, 119, 10.1Hz, 1H); 3C NMR
(100 MHz, CDCl3, major isomer) 6 138.9 (X2), 133.3,
128.38, 128.36, 128.34, 127.77, 127.75, 127.69, 127.5,
126.6, 79.8, 79.6, 72.0, 71.8, 60.3, 40.3, 33.7, 32.8; HRMS
(FAB) calcd for C,,H,603Na [(M+Na)™] 361.1780, found
361.1738.

A solution of the above alcohol (5.13 g, 15.2 mmol) and
p-toluenesulfonyl hydrazide (28.3 g, 152 mmol) in DME
(80 mL) was heated at 95 °C. To this solution was added
dropwise aqueous NaOAc (19.9 g, 243 mmol) in water
(80 mL) over a period of 4 h, and the resultant mixture was
heated at 95 °C for further 1 h. After cooling, the resultant
mixture was diluted with ethyl acetate, washed with water
and brine, dried (Na,SQ,), filtered, and concentrated under
reduced pressure. Purification of the residue by column
chromatography (silica gel, 35—40% ethyl acetate/hexane)
gave alcohol 18 (4.10 g, 80%) as a colorless clear oil. 18: IR
(film) 3435, 2925, 2863, 1453, 1100, 1070, 1027, 736,
697 cm™!; 'H NMR (400 MHz, CDCl;) 6 7.38—7.25 (m,
10H), 4.77-4.68 (m, 4H), 3.69-3.67 (m, 2H), 3.43-3.36
(m, 2H), 2.13-2.07 (m, 2H), 1.73 (m, 1H), 1.62—1.42 (m,
5H), 1.32 (m, 1H), 1.05 (ddd, J=11.7, 11.4, 11.4 Hz, 1H),
0.94 (m, 1H); '3C NMR (100 MHz, CDCl3) & 139.2 (X2),
128.3 (X2), 127.7 (X2), 127.4 (X2), 82.5, 81.9, 72.4, 72.3,
60.7, 39.2, 37.7, 32.5, 30.6, 30.3; HRMS (FAB) calcd for
Cy,H,305Na [(M+Na)*] 363.1936, found 363.1890.

4.1.14. Carboxylic acid 19. To a solution of alcohol 18
(4.10 g, 12.1 mmol) in CH,Cl, (120 mL) were added Et;N
(6.75 mL, 48.4 mmol), DMAP (0.44 g, 3.60 mmol) and
p-toluenesulfonyl chloride (5.77 g, 30.3 mmol). After being
stirred at room temperature for 4 h, the reaction mixture was
diluted with ethyl acetate, washed with 1 M aqueous HCl,
saturated aqueous NaHCOj; and brine, dried (Na,SOy,),
filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by column chromatography (silica gel,
10—20% ethyl acetate/hexane) gave tosylate (5.46 g, 92%)
as a colorless clear oil: [a]E=—9 (c 0.45, CHCI;); IR (film)
2925, 2864, 1452, 1360, 1175, 1097, 738, 697, 662 cm™;
'H NMR (400 MHz, CDCl3) & 7.78 (d, J=8.4 Hz, 2H),
7.36-7.26 (m, 12H), 4.73-4.62 (m, 4H), 4.05 (¢,
J=6.41 Hz, 2H), 3.35-3.30 (m, 2H), 2.43 (s, 3H), 2.06-
1.97 (m, 2H), 1.59-1.55 (m, 3H), 1.43 (m, 1H), 1.24 (m,
1H), 0.96 (ddd, J=12.1, 12.1, 11.0 Hz, 1H), 0.85 (m, 1H);
13C NMR (100 MHz, CDCl53) & 144.8, 139.1, 139.0, 133.0,
129.9, 128.3, 127.9, 127.6, 127.43, 127.40, 82.2, 81.6, 72.4,
72.3, 68.4,37.2, 35.1, 32.1, 30.1, 30.0, 21.6; HRMS (FAB)
calecd for C,yoH34OsSNa [(M+Na)*t] 517.2025, found
517.2017.

To a solution of the above tosylate (5.28 g, 10.7 mmol) in
DMSO (100 mL) was added NaCN (2.62 g, 53.5 mmol).
After being stirred at 60 °C for 4 h, the reaction mixture was
cooled to room temperature and diluted with ethyl acetate.
The organic layer was washed with water and brine, dried
(Na,S0O,), filtered, and concentrated under reduced
pressure. Purification of the residue by column chromato-
graphy (silica gel, 25% ethyl acetate/hexane) gave nitrile
(3.40 g, 91%) as a colorless clear oil: [a]F=—9 (c 0.51,
CHCl,); IR (film) 2925, 2862, 1452, 1100, 1068, 1028, 737,

698 cm™!; 'TH NMR (400 MHz, CDCls) & 7.37-7.26 (m,
10H), 4.79-4.67 (m, 4H), 3.44-3.36 (m, 2H), 2.35 (t,
J=17.3 Hz, 2H), 2.14-2.07 (m, 2H), 1.74 (m, 1H), 1.60 (q,
J=7.3Hz, 2H), 1.51 (m, 1H), 1.34 (m, 1H), 1.03 (ddd,
J=12.6, 12.1, 11.2Hz, 1H), 0.94 (m, 1H); 3C NMR
(100 MHz, CDCl5) 6 139.04, 138.99, 128.34, 128.32, 127.7,
127.6,127.5,127.4,119.6, 82.2, 81.4,72.6,72.3, 37.0, 34.8,
31.6, 29.9, 29.8, 15.0, HRMS (FAB) calcd for
C,3H,7NO,Na [(M+Na)™*] 372.1939, found 372.1942.

To a solution of the above nitrile (3.40 g, 9.74 mmol) in
EtOH/water (1:1, v/v, 100 mL) was added KOH (5.47 g,
97.5 mmol) and the resultant mixture was heated under
reflux overnight. After cooling to room temperature, the
resultant mixture was acidified with 1 M aqueous HCI and
extracted with CHCI;. The combined organic layer was
dried (Na,SQ,), filtered, and concentrated under reduced
pressure. Purification of the residue by column chromato-
graphy (silica gel, 5% methanol/chloroform) gave car-
boxylic acid 19 (3.58 g, quantitative) as a colorless clear oil.
19: [a]x=—13 (¢ 0.36, CHCl,); IR (film) 3446, 2927, 2863,
1707, 1453, 1100, 1071, 737, 698 cm™!; 'H NMR
(400 MHz, CDCl3) 6 7.37-7.25 (m, 10H), 4.77-4.67 (m,
4H), 3.42-3.35 (m, 2H), 2.38 (t, J/=7.6 Hz, 2H), 2.12-2.08
(m, 2H), 1.73 (m, 1H), 1.59 (q, /=7.6 Hz, 2H), 1.42-1.24
(m, 2H), 1.02 (ddd, J=12.4, 12.4, 11.0 Hz, 1H), 0.92 (m,
1H); 13C NMR (100 MHz, CDCl3) & 179.2, 139.1 (X2),
128.3 (X2), 127.7 (X2), 127.4 (X2), 82.4, 81.7, 72.4, 72.3,
37.3, 35.3, 31.6, 31.0, 30.20, 30.18.

4.1.15. Oxazolidinone 20. To a solution of carboxylic acid
19 (1.30 g, 3.53 mmol) in THF (30 mL) was added Et;N
(0.980 mL, 7.03 mmol) and cooled to —78 °C. The reaction
mixture was treated with pivaloyl chloride (0.520 mL,
4.22 mmol) and gradually warmed to 0 °C over 90 min. The
reaction mixture was then treated with (R)-4-benzyl-2-
oxazolidinone (626 mg, 3.53 mmol) and LiCl (450 mg,
10.6 mmol) and stirred at room temperature overnight. The
resultant mixture was diluted with ethyl acetate, washed
with water and brine, dried (Na,SO,), filtered, and
concentrated under reduced pressure. Purification of the
residue by column chromatography (silica gel, 20—30%
ethyl acetate/hexane) gave oxazolidinone 20 (1.68 g, 92%)
as a colorless clear oil. 20: [«]3/=—43 (c 0.36, CHCl5); IR
(film) 2925, 2861, 1780, 1699, 1452, 1386, 1354, 1211,
1098, 738, 699 cm™!'; '"H NMR (400 MHz, CDCl3) 6 7.38—
7.20 (m, 15H), 4.77-4.66 (m, SH), 4.20-4.16 (m, 2H),
3.42-3.38 (m, 2H), 3.29 (dd, J=13.4, 3.4 Hz, 1H), 3.02-
2.87 (m, 2H), 2.76 (dd, /=13.4, 9.4 Hz, 1H), 2.18-2.09 (m,
2H), 1.77 (m, 1H), 1.66—1.61 (m, 2H), 1.41 (m, 1H), 1.32
(m, 1H), 1.07 (ddd, J=12.5, 12.5, 11.0 Hz, 1H), 0.96 (m,
1H); '3C NMR (100 MHz, CDCl3) & 173.2, 153.5, 139.2
(X2), 135.3, 129.4, 129.0, 128.34, 128.30, 127.68, 127.66,
127.39, 127.36, 82.5, 81.9, 72.34, 72.28, 66.2, 55.2, 37.9,
37.6, 35.4, 33.3, 30.7, 30.4, 30.3; HRMS (FAB) calcd for
C33H37,NOsNa [(M+Na)™] 550.2569, found 550.2576.

4.1.16. Alkylated product 21. To a solution of oxazolidi-
none 20 (4.54 g, 8.82 mmol) in THF (80 mL) at —78 °C was
added NaHMDS (1.0M solution in THF, 12.3mL,
12.3 mmol). The reaction mixture was stirred at —78 °C
for 1 h before methyl iodide (1.21 mL, 19.4 mmol) was
introduced. The resultant mixture was stirred at —78 °C for
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6 h and the reaction was quenched with saturated aqueous
NH,CI at —40 °C. The resultant mixture was diluted with
ethyl acetate, washed with saturated aqueous NH4Cl and
brine, dried (Na,SO,), filtered, and concentrated under
reduced pressure. Purification of the residue by flash
chromatography (silica gel, 20% ethyl acetate/hexane)
gave alkylated product 21 (4.38 g, 94%) as a colorless
clear oil. 21: [a]¥=—51 (c 1.15, CHCl5); IR (film) 2926,
2864, 1780, 1697, 1453, 1386, 1351, 1235, 1210, 1099, 738,
698 cm™!; 'H NMR (400 MHz, CDCl3) § 7.36—7.20 (m,
15H), 4.75-4.66 (m, 5H), 4.22-4.16 (m, 2H), 3.82 (m, 1H),
3.42-3.32 (m, 2H), 3.26 (dd, J=13.3, 2.7 Hz, 1H), 2.77 (dd,
J=13.3, 9.6 Hz, 1H), 2.15-2.06 (m, 2H), 1.83-1.69 (m,
2H), 1.31-1.21 (m, 6H), 1.08—-0.85 (m, 2H); '3C NMR
(100 MHz, CDCl3) 6 177.1, 153.0, 139.2 (X2), 135.2, 129.4,
128.9, 128.32, 128.27, 127.64, 127.59, 127.4, 127.34,
127.32, 82.4, 81.8, 72.3, 72.2, 66.1, 55.3, 39.8, 37.9, 37.7,
35.3, 33.7, 30.7, 30.3, 18.3; HRMS (FAB) calcd for
C34H30NOsNa [(M+Na)™] 564.2726, found 564.2744.

4.1.17. Primary alcohol 22. To a solution of alkylated
product 21 (1.35 g, 2.55 mmol) in THF (30 mL) at 0 °C was
added LiAIH4 (116 mg, 3.06 mmol). After being stirred at
0 °C, the reaction was quenched with saturated aqueous
potassium sodium tartrate. The resultant mixture was
diluted with ethyl acetate and stirred at room temperature
until the layers became clear. The organic layer was washed
with brine, dried (Na,SQ,), filtered, and concentrated under
reduced pressure. Purification of the residue by flash
chromatography (silica gel, 30% ethyl acetate/hexane)
gave primary alcohol 22 (858.4 mg, 91%) as a colorless
clear oil. 22: [a]¥=—4 (c 0.85, CHCly); IR (film) 3437,
2924, 2864, 1452, 1383, 1367, 1101, 1068, 1028, 736,
697 cm~!; 'H NMR (500 MHz, CDCl3) 8§ 7.37-7.26 (m,
10H), 4.77-4.68 (m, 4H), 3.49-3.36 (m, 4H), 2.13-2.07
(m, 2H), 1.75-1.65 (m, 2H), 1.41 (m, 1H), 1.37-1.23 (m,
3H), 1.06 (ddd, J=13.7, 8.2, 5.5 Hz, 1H), 0.99-0.87 (m,
5H); 3C NMR (125 MHz, CDCl3) § 139.3 (X2), 128.3 (X2),
127.7 (X2), 127.4, 82.6, 82.0, 72.32, 72.26, 68.5, 40.1, 37.4,
33.2, 33.0, 31.5, 30.4, 16.9; HRMS (FAB) calcd for
Cy4H3,05Na [(M+Na)*] 391.2249, found 391.2249.

4.1.18. Allylic alcohol 23. To a solution of oxalyl chloride
(0.400 mL, 4.59 mmol) in CH,Cl, (15 mL) at —78 °C was
added DMSO (0.480 mL, 6.76 mmol). After being stirred at
—78 °C for 15min, a solution of primary alcohol 22
(830.4 mg, 2.257 mmol) in CH,Cl, (10 mL+5 mL rinse)
was introduced. After being stirred at —78 °C for further
15 min, the reaction mixture was treated with Et;N
(1.26 mL, 9.04 mmol) and allowed to warm to room
temperature over 30 min. The resultant mixture was diluted
with ethyl acetate, washed with saturated aqueous NH,Cl
and brine, dried (Na,SQO,), filtered, and concentrated under
reduced pressure to give crude aldehyde, which was
immediately used in the next reaction without further
purification.

To a solution of the above aldehyde in CH,Cl, (30 mL) was
added PhsP=CHCO,Et (1.10 g, 3.16 mmol). After being
stirred at room temperature overnight, the resultant mixture
was concentrated under reduced pressure. Purification of the
residue by flash chromatography (silica gel, 10% ethyl
acetate/hexane) gave enoate (1.059 g) as a colorless clear

oil, which was used in the next reaction without further
purification. 'H NMR (400 MHz, CDCl5) 6 7.38—7.26 (m,
10H), 6.81 (dd, J=15.6, 8.4 Hz, 1H), 5.77 (d, J=15.6 Hz,
1H), 4.77-4.68 (m, 4H), 4.19 (q, J=7.3 Hz, 2H), 3.42-3.32
(m, 2H), 2.39 (m, 1H), 2.11-2.00 (m, 2H), 1.71 (m, 1H),
1.38—1.19 (m, 7H), 1.07-0.94 (m, 4H), 0.85 (m, 1H).

To a solution of the above enoate (1.059 g) in CH,Cl,
(20 mL) at —78 °C was added DIBALH (0.95 M solution in
hexane, 7.13 mL, 7.51 mmol). After being stirred at —78 °C
for 1 h, the reaction was quenched with saturated aqueous
potassium sodium tartrate. The resultant mixture was
diluted with ethyl acetate and stirred vigorously at room
temperature until layers became clear. The organic layer
was separated, washed with brine, dried (Na,SO,), filtered,
and concentrated under reduced pressure. Purification of the
residue by flash chromatography (silica gel, 30% ethyl
acetate/hexane) gave allylic alcohol 23 (872.1 mg, 98% for
the three steps) as a colorless clear oil. 23: [a]¥=—38 (c
0.20, CHCIy); IR (film) 3436, 2924, 2864, 1452, 1370, 1098,
1075, 971, 736, 697 cm™!; '"H NMR (400 MHz, CDCls) &
7.38-7.25 (m, 10H), 5.59 (dt, J/=15.3, 5.3 Hz, 1H), 5.52
(dd, J=15.3, 7.3 Hz, 1H), 4.77-4.68 (m, 4H), 4.09 (dd,
J=5.5, 5.3 Hz, 2H), 3.42-3.32 (m, 2H), 2.23 (m, 1H),
2.12-2.02 (m, 2H), 1.73 (m, 1H), 1.40-1.10 (m, 5H), 1.04—
0.92 (m, 4H), 0.84 (m, 1H); '*C NMR (100 MHz, CDCl3) §
139.3, 138.7, 128.3, 127.64, 127.62, 127.33, 127.27, 82.7,
81.9, 72.3, 72.2, 63.8, 43.7, 38.1, 33.7, 33.4, 30.4, 30.3,
20.9; HRMS (FAB) calcd for CocH340sNa [(M+Na)™]
417.2406, found 417.2399.

4.1.19. Hydroxy epoxide 24. To a solution of allylic
alcohol 23 (842.1 mg, 2.137 mmol) in CH,Cl, (20 mL)
were added 4 A molecular sieves (1.00 g) and (—)-diethyl
tartrate (0.550 mL, 3.21 mmol). The reaction mixture was
cooled to —20 °C and treated with titanium isopropoxide
(0.760 mL, 2.57 mmol). After being stirred at —20 °C for
30 min, #-butyl hydroperoxide (5M solution in decane,
1.28 mL, 6.40 mmol) was introduced. After being stirred at
—20 °C for 4 h, the reaction mixture was treated with 0.5 M
tartaric acid and stirred at room temperature for 1 h. The
resultant mixture was diluted with ethyl acetate, washed
with water and brine, dried (Na,SO,), filtered, and
concentrated under reduced pressure. The residue was
taken up in ether (30 mL) and treated with 1 M aqueous
NaOH (20 mL) at 0°C. After being stirred at 0 °C for
30 min, the reaction mixture was diluted with ether, washed
with water and brine, dried (Na,SO,), filtered, and
concentrated under reduced pressure. Purification of the
residue by flash chromatography (silica gel, 40% ethyl
acetate/hexane) gave hydroxy epoxide 24 (870.5 mg, 99%)
as a colorless clear oil. 24: [a]X¥=—6 (c 0.21, CHCLy); IR
(film) 3438, 2924, 2864, 1616, 1453, 1383, 1102, 1070,
1028, 902, 737, 698 cm™!; 'H NMR (500 MHz, CDCl;) &
7.37-7.26 (m, 10H), 4.77-4.68 (m, 4H), 3.91 (ddd, J=12.5,
5.5,2.4 Hz, 1H), 3.62 (ddd, J=12.5, 7.3, 4.3 Hz, 1H), 3.45—
3.34 (m, 2H), 2.92 (m, 1H), 2.73 (dd, J=7.4, 2.2 Hz, 1H),
2.12-2.05 (m, 2H), 1.74 (m, 1H), 1.63—-1.39 (m, 3H), 1.33
(m, 1H), 1.23 (m, 1H), 1.02-0.85 (m, 5H); '3C NMR
(125 MHz, CDCl3) 6 139.3 (X2), 128.3, 127.7, 127.6, 127.3,
82.6, 81.9, 72.3, 72.2, 61.8, 60.7, 56.8, 41.7, 37.7, 33.3,
32.8,31.1, 30.4, 16.5; HRMS (FAB) calcd for C,4H3,04Na
[(M+Na)*] 433.2355, found 433.2400.
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4.1.20. Secondary allylic alcohol 25. To a solution of
hydroxy epoxide 24 (756.1 mg, 1.844 mmol) in THF
(20 mL) were added imidazole (377 mg, 5.538 mmol),
triphenylphosphine (1.45 g, 5.528 mmol) and iodine
(937 mg, 3.689 mmol). After being stirred at room tem-
perature for 90 min, the reaction was quenched with
saturated aqueous Na,SO;. The resultant solution was
diluted with ethyl acetate, washed with saturated aqueous
Na,SO5 and brine, dried (Na,SQ,), filtered, and concen-
trated under reduced pressure to give iodoepoxide,
which was used in the next reaction without further
purification.

To a solution of the above crude iodoepoxide in EtOH/CH,-
Cl, (2:1, v/v, 24 mL) were added zinc dust (1.21 g,
18.5 mmol) and acetic acid (0.210 mL, 3.67 mmol). After
being stirred at room temperature for 2 h, the reaction
mixture was filtered through Celite®, and the filtrate was
concentrated under reduced pressure. The residue was
diluted with ethyl acetate, washed with saturated aqueous
NaHCO; and brine, dried (Na,SQ,), filtered, and concen-
trated under reduced pressure. Purification of the residue by
flash chromatography (silica gel, 15—30% ethyl acetate/
hexane) gave secondary allylic alcohol 25 (706.8 mg, 97%
for the two steps) as a colorless clear oil. 25: [a]=—19 (¢
1.32, CHCl;); IR (film) 3442, 2925, 2868, 1453, 1373, 1100,
1027, 993, 920, 736, 697 cm™'; 'H NMR (500 MHz,
CDCl;) 6 7.38-7.25 (m, 10H), 5.84 (ddd, J=17.1, 10.4,
6.4 Hz, 1H), 522 (dd, J=17.1, ~1Hz, 1H), 5.18 (dd,
J=10.4, ~1Hz, 1H), 4.76-4.67 (m, 4H), 3.93 (m, 1H),
3.42-3.33 (m, 2H), 2.15-2.07 (m, 2H), 1.75-1.63 (m, 2H),
1.50 (m, 1H), 1.47-1.28 (m, 3H), 1.06 (m, 1H), 1.02-0.86
(m, 5H); '3C NMR (125 MHz, CDCl;) & 139.3, 139.0,
128.3,127.6, 127.3, 115.9, 82.6, 82.1, 80.5, 72.3, 72.2, 38.9,
37.0, 35.8, 33.3, 31.9, 30.5, 15.2; HRMS (FAB) calcd for
Cy6H3403Na [(M+Na)*] 417.2406, found 417.2399.

4.1.21. Primary alcohol 26. To a solution of secondary
allylic alcohol 25 (127.9 mg, 0.3246 mmol) in CH,Cl,
(6 mL) at 0 °C were added Et3N (0.180 mL, 1.29 mmol) and
TBSOTTf (0.220 mL, 0.958 mmol). After being stirred at
0°C for 40 min, the reaction was quenched with MeOH.
The resultant mixture was diluted with ethyl acetate, washed
with saturated aqueous NH,4CI and brine, dried (Na,SOy,),
filtered, and concentrated under reduced pressure to give
crude silyl ether, which was used in the next reaction
without further purification.

To a solution of the above crude silyl ether in THF/water
(1:1, v/v, 6 mL) were added NMO (190 mg, 1.622 mmol)
and a small crystal of OsO,. After being stirred at room
temperature for 3.5 h, the reaction mixture was diluted with
ethyl acetate, washed with saturated aqueous Na,SO5 and
brine, dried (Na,SO,), filtered, and concentrated under
reduced pressure to give crude diol, which was used in the
next reaction without further purification.

To a solution of the above crude diol in THF/pH 7 buffer
(1:1, v/v, 6 mL) at 0°C was added NalO, (208 mg,
0.972 mmol). After being stirred at room temperature for
1.5 h, the reaction mixture was diluted with ethyl acetate,
washed with water and brine, dried (Na,SQO,), filtered, and
concentrated under reduced pressure to give crude aldehyde,

which was used in the next reaction without further
purification.

To a solution of the above crude aldehyde in MeOH (6 mL)
at 0 °C was added NaBH, (15 mg, 0.397 mmol). After being
stirred at 0 °C for 30 min, the reaction was quenched with
saturated aqueous NH4Cl. The resultant mixture was diluted
with ethyl acetate, washed with water and brine, dried
(Na,S0O,), filtered, and concentrated under reduced
pressure. Purification of the residue by flash chromato-
graphy (silica gel, 10—20% ethyl acetate/hexane) gave
primary alcohol 26 (138.2 mg, 83% for the four steps) as a
colorless clear oil. 26: [a]’=—9 (c 0.43, CHCl5); IR (film)
3446, 2928, 2856, 1455, 1383, 1362, 1252, 1097, 835, 775,
736, 697 cm™!; '"H NMR (400 MHz, CDCly) 6 7.38-7.24
(m, 10H), 4.78—-4.67 (m, 4H), 3.60-3.49 (m, 3H), 3.42—
3.33 (m, 2H), 2.11-2.07 (m, 2H), 1.80—1.70 (m, 2H), 1.65
(m, 1H), 1.42—1.24 (m, 3H), 1.06-0.83 (m, 15H), 0.08 (s,
3H), 0.07 (s, 3H); '3C NMR (100 MHz, CDCl5) & 139.22,
139.20, 128.3, 127.64, 127.62, 127.34, 127.32, 82.6, 82.0,
76.8, 72.4, 72.2, 63.4, 39.5, 37.0, 33.7, 33.4, 31.9, 304,
259, 18.1, 15.2, —4.4, —4.5; HRMS (FAB) calcd for
C3,H,430,4SiNa [(M+Na)*] 535.3220, found 535.3235.

4.1.22. Todide 2. To a solution of primary alcohol 26
(644.7 mg, 1.259 mmol) in benzene (20 mL) were added
imidazole (257 mg, 3.775 mmol), triphenylphosphine
(826 mg, 3.149 mmol) and iodine (640 mg, 2.520 mmol).
After being stirred at room temperature for 30 min, the
reaction was quenched with saturated aqueous Na,SO3. The
resultant mixture was diluted with ethyl acetate, washed
with saturated aqueous Na,SOj3 and brine, dried (Na,;SOy),
filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by flash chromatography (silica gel, 5%
ethyl acetate/hexane) gave iodide 2 (741.5 mg, 96%) as a
colorless clear oil. 2: [a]®=—1 (c 0.40, CHCl5); IR (film)
2926, 2855, 1453, 1384, 1254, 1101, 1071, 836, 775, 734,
696 cm™!; 'TH NMR (400 MHz, CDCls) & 7.39-7.25 (m,
10H), 4.78—-4.68 (m, 4H), 3.42-3.36 (m, 3H), 3.18-3.26
(m, 2H), 2.15-2.08 (m, 2H), 1.86 (m, 1H), 1.65 (m, 1H),
1.37-1.30 (m, 2H), 1.25 (ddd, J=13.4, 9.7, 3.7 Hz, 1H),
1.06 (m, 1H), 1.00-0.86 (m, 11H), 0.82 (d, /=7.0 Hz, 3H),
0.11 (s, 3H), 0.05 (s, 3H); '3C NMR (100 MHz, CDCl3) &
139.3 (X2), 128.30 (X2), 128.29 (X2), 127.69 (X2), 127.65
(X2), 127.3 (X2), 82.6, 82.0, 76.1, 72.3, 72.2, 38.1, 37.0,
35.4, 33.5, 32.1, 30.5, 25.9, 18.1, 15.7, 11.2, —4.1, —4.6;
HRMS (FAB) caled for C3;H47105SiNa [(M+Na)*t]
645.2237, found 645.2272.

4.1.23. Sulfone 28. To a solution of alcohol 27 (4.17 g,
19.9 mmol) in toluene (100 mL) were added imidazole
(4.06 g, 59.6 mmol), triphenylphosphine (10.4 g, 39.7 mol)
and iodine (10.1 g, 39.8 mmol). After being stirred at room
temperature for 25 min, the reaction was quenched with
saturated aqueous Na,SO;. The resultant mixture was
diluted with ethyl acetate, washed with water and brine,
dried (Na,SQ,), filtered, and concentrated under reduced
pressure. Purification of the residue by column chromato-
graphy (silica gel, 5% ethyl acetate/hexane) gave iodide
(6.00 g, 94%) as a colorless clear oil.

To a solution of the above iodide (6.00 g, 18.8 mmol) in
DMF (100 mL) was added PhSO,Na (15.5 g, 94.4 mmol).
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After being stirred at room temperature for 4 h, the resultant
mixture was diluted with ethyl acetate, washed with water
(X2) and brine, dried (Na,SO,), filtered, and concentrated
under reduced pressure. Purification of the residue by
column chromatography (silica gel, 30% ethyl acetate/hex-
ane) gave sulfone 28 (4.99 g, 80%) as a colorless clear oil.
28: 'H NMR (400 MHz, CDCls) & 7.89 (d, J=7.6 Hz, 2H),
7.67-7.54 (m, 3H), 7.19 (d, J=7.6 Hz, 2H), 6.86 (d,
J=8.8 Hz, 2H), 4.40 (s, 2H), 3.81 (s, 3H), 3.41 (t, /=6.8 Hz,
2H), 3.11 (t, J=8.0 Hz, 2H), 1.86—1.78 (m, 2H), 1.69-1.63
(m, 2H); 3C NMR (100 MHz, CDCl;) & 159.2, 139.1,
133.6, 130.3, 129.2, 128.1, 113.8, 72.6, 68.9, 56.0, 55.3,
28.2, 20.0.

4.1.24. (E)-Olefin 30. To a solution of sulfone 28 (4.55 g,
13.8 mmol) in THF (40 mL) at —78 °C was added n-BuLi
(1.58 M solution in hexane, 7.30 mL, 11.5 mmol). After
being stirred at —78 °C for 30 min, a solution of aldehyde
29 (1.73 g, 8.56 mmol) in THF (40 mL) was introduced.
Stirring was continued for 1 h at —78 °C before the reaction
was quenched with saturated aqueous NH,Cl. The resultant
mixture was diluted with ethyl acetate, washed with water
and brine, dried (Na,SO,), filtered, and concentrated
under reduced pressure. Purification of the residue by
column chromatography (silica gel, 20—40% ethyl acetate/
hexane) gave coupling product (3.93 g, 89%) as a colorless
clear oil.

To a solution of the above coupling product (3.93 g) in
CH,Cl, (80mL) at 0°C were added Et;N (2.00 mL,
14.3 mmol), DMAP (88 mg, 0.720 mmol) and Ac,0
(10.7 mmol). The reaction mixture was allowed to warm
to room temperature over 90 min. The reaction was
quenched with MeOH at 0°C and the resultant mixture
was diluted with ethyl acetate, washed with water and brine,
dried (Na,SQ,), filtered, and concentrated under reduced
pressure. Purification of the residue by column chromato-
graphy (silica gel, 20—30% ethyl acetate/hexane) gave
acetate (4.08 g, 96%) as a colorless clear oil.

To a solution of the above acetate (4.08 g) in MeOH
(70 mL) at 0 °C were added Na,HPO, (19.6 g, 138 mmol)
and Na(Hg) (5%, 31.8 g, 69.0 mmol). After being stirred at
room temperature overnight, the reaction mixture was
filtered through Celite® and the filtrate was concentrated
under reduced pressure. The residue was diluted with ethyl
acetate, washed with saturated aqueous NH,4CI and brine,
dried (Na,SQ,), filtered, and concentrated under reduced
pressure. Purification of the residue by column chromato-
graphy (silica gel, 5—10% ethyl acetate/hexane) gave (E)-
olefin 30 (2.21 g, 83% for the two steps) as a colorless clear
oil. 30: [a]F=—1 (c 0.36, CHCl5); IR (film) 2954, 2929,
2855, 1613, 1513, 1464, 1249, 1101, 1038, 837, 776 cm ™ ;
'"H NMR (400 MHz, CDCl3) § 7.27-7.25 (m, 2H), 6.89—
6.86 (m, 2H), 5.42 (dt, J/=15.6, 6.8 Hz, 1H), 5.32 (dd,
J=15.6, 6.8 Hz, 1H), 4.42 (s, 2H), 3.80 (s, 3H), 3.48-3.42
(m, 3H), 3.34 (dd, /=9.7, 6.8 Hz, 1H), 2.26 (m, 1H), 2.10-
2.03 (m, 2H), 1.70-1.62 (m, 2H), 0.95 (d, /=6.8 Hz, 3H),
0.89 (s, 9H), 0.03 (s, 6H); '*C NMR (100 MHz, CDCls) &
159.1, 133.3, 130.8, 129.3, 129.2, 113.8, 72.5, 69.5, 68.3,
55.3, 39.3, 29.6, 29.3, 26.0, 18.4, 16.8, —5.27, —5.31;
HRMS (FAB) calcd for C,,H3g03SiNa [(M+Na)*t]
401.2488, found 401.2472.

4.1.25. Alcohol 31. To a solution of (E)-olefin 30 (1.94 g,
5.13 mmol) in THF (40 mL) was added TBAF (1.0 M
solution in THF, 15.4 mL, 15.4 mmol). After being stirred at
room temperature for 1 h, the reaction mixture was diluted
with ethyl acetate, washed with saturated aqueous NH4Cl
and brine, dried (Na,SQO,), filtered, and concentrated under
reduced pressure. Purification of the residue by flash
chromatography (silica gel, 20—40% ethyl acetate/hexane)
gave alcohol 31 (1.35 g, quant.) as a colorless clear oil. 31:
IR (film) 3436, 2929, 2860, 1612, 1513, 1460, 1247, 1175,
1097, 1035, 971, 821 cm™'; 'H NMR (400 MHz, CDCl5) &
7.27-7.25 (m, 2H), 6.89-6.87 (m, 2H), 5.53 (dt, J=15.5,
6.7 Hz, 1H), 5.37 (dd, J=15.5, 7.9 Hz, 1H), 4.43 (s, 2H),
3.80 (s, 3H), 3.47 (m, 1H), 3.38 (t, J/=6.3 Hz, 2H), 3.33
(ddd, J=10.3,7.9,4.2 Hz, 1H), 2.29 (m, 1H), 2.13-2.08 (m,
2H), 1.70-1.65 (m, 2H), 1.45 (dd, J=7.9, 4.2 Hz, 1H), 0.97
(d, J=6.7 Hz, 3H); '3C NMR (100 MHz, CDCls) § 159.1,
132.8, 131.6, 130.7, 129.3, 113.8, 72.5, 69.3, 67.3, 55.3,
39.7,29.5, 29.3, 16.6; HRMS (FAB) caled for C1¢H,403Na
[(M+Na)*] 287.1623, found 287.1642.

4.1.26. Sulfone 3. To a solution of alcohol 31 (1.80 g,
6.82 mmol) in DMF (50 mL) were added diphenyl disulfide
(298 g, 13.6 mmol) and n-BusP (3.40 mL, 13.6 mmol).
After being stirred at room temperature overnight, the
reaction mixture was diluted with ethyl acetate, washed with
water and brine, dried (Na,SQO,), filtered, and concentrated
under reduced pressure. Purification of the residue by
column chromatography (silica gel, 5—10% ethyl acetate/
hexane) gave phenyl sulfide (2.23 g, 92%) as a colorless
clear oil: [a]F=+22 (c 0.43, CHCl5); IR (film) 2927, 2853,
1612, 1585, 1513, 1480, 1456, 1439, 1364, 1301, 1247,
1173, 1097, 1037, 969, 820, 739, 690 cm '; 'H NMR
(400 MHz, CDCl3) 6 7.32-7.24 (m, 6H), 7.15 (m, 1H),
6.88—6.86 (m, 2H), 5.43 (dt, J=15.3, 6.0 Hz, 1H), 5.35 (dd,
J=15.3, 7.1 Hz, 1H), 4.42 (s, 2H), 3.79 (s, 3H), 3.44 (t,
J=6.4 Hz, 2H), 2.91 (dd, J=12.4, 6.9 Hz, 1H), 2.80 (dd,
J=12.4, 7.1 Hz, 1H), 2.38 (m, 1H), 2.10-2.05 (m, 2H),
1.69-1.61 (m, 2H), 1.09 (d, J=6.9 Hz, 3H); '3C NMR
(100 MHz, CDCl3) 6 159.1, 138.9, 137.3, 134.4, 130.8,
129.6, 129.5, 129.3, 128.9, 128.8, 125.6, 113.8, 103.1, 72.5,
69.3, 55.3, 40.9, 36.4, 29.4, 29.0, 20.0; HRMS (FAB) calcd
for C5,H,30,SNa [(M+Na)*] 379.1708, found 379.1730.

To a solution of the above phenyl sulfide (1.90 g,
5.34 mmol) in CH,Cl, (50 mL) at 0°C were added
NaHCO;5 (2.24 g, 26.7 mmol) and mCPBA (75% purity,
3.07 g, 13.3 mmol). After being stirred at room temperature
for 45 min, the reaction mixture was cooled to 0 °C and the
reaction was quenched with saturated aqueous Na,S,0s/
saturated aqueous NaHCO5 (1:1, v/v). The resultant mixture
was diluted with ethyl acetate, washed with brine, dried
(Na,S0Qy), filtered, and concentrated under reduced
pressure. Purification of the residue by column chromato-
graphy (silica gel, 20—25% ethyl acetate/hexane) gave
sulfone 3 (1.67 g, 81%) as a colorless clear oil. 3: [a]F=+2
(c 1.15, CHCl); IR (film) 2929, 2854, 1611, 1512, 1446,
1301, 1246, 1146, 1087, 1033, 821, 745, 688 cm™!; 'H
NMR (400 MHz, CDCl3) 6 7.90-7.88 (m, 2H), 7.63-7.53
(m, 3H), 7.26-7.24 (m, 2H), 6.90—-6.86 (m, 2H), 5.38 (dt,
J=15.2,6.7 Hz, 1H), 5.22 (dd, /=15.2, 7.3 Hz, 1H), 4.40 (s,
2H), 3.80 (s, 3H), 3.39 (t, J=6.7 Hz, 2H), 3.10 (dd, /=14.0,
6.1 Hz, 1H), 3.01 (dd, J=14.0, 6.7 Hz, 1H), 2.74 (m, 1H),
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2.00-1.96 (m, 2H), 1.63—1.56 (m, 2H), 1.12 (d, J=7.0 Hz,
3H); '3C NMR (100 MHz, CDCls) & 159.1, 140.1, 133.5,
132.8, 130.7, 130.1, 129.24, 129.18, 128.0, 113.8, 113.7,
72.5,69.2,62.4,55.3,32.0,29.2, 28.9, 20.7; HRMS (FAB)
caled for C,,H,30,SNa [(M+Na)™] 411.1606, found
411.1599.

4.1.27. C18-C34 fragment 1. To a solution of sulfone 3
(216.1 mg, 0.5570 mmol) in THF (2 mL) at —78 °C was
added LiHMDS (1.0M solution in THF, 0.480 mL,
0.480 mmol). After being stirred at —78 °C for 25 min,
the reaction mixture was warmed to 0 °C and treated with
HMPA (0.400 mL) and iodide 2 (141.5 mg, 0.2312 mmol)
in THF (2 mL). After being stirred at room temperature for
2 h, the reaction was quenched with saturated aqueous
NH,CI at 0 °C. The resultant mixture was diluted with ethyl
acetate, washed with water and brine, dried (Na,SO,),
filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by flash chromatography (silica gel,
5—10% ether/hexane) gave coupling product (184.2 mg,
90%) as a colorless clear oil.

To a solution of the above coupling product (184.2 mg,
0.2088 mmol) in MeOH/THF (4:1, v/v, 5 mL) at 0 °C were
added Na,HPO, (593 mg, 4.177 mmol) and Na(Hg) (5%,
1.00 g, 2.17 mmol). After being stirred at room temperature
overnight, the reaction mixture was filtered through Celite®.
The filtrate was diluted with ethyl acetate, washed with
saturated aqueous NH4Cl and brine, dried (Na,SO,),
filtered, and concentrated under reduced pressure. Purifi-
cation of the residue by flash chromatography (silica gel,
10% ether/hexane) gave C18—-C34 fragment 1 (110.5 mg,
71%) as a colorless clear oil. 1: [a]5’=—9 (c 0.36, CHCl5);
IR (film) 2928, 2855, 1613, 1513, 1456, 1383, 1363, 1249,
1099, 1068, 1035, 835, 773, 736, 697 cm™!; '"H NMR
(400 MHz, CDCl3) 6 7.38-7.24 (m, 12H), 6.86 (d,
J=8.8 Hz, 2H), 5.38-5.22 (m, 2H), 4.80-4.65 (m, 4H),
4.42 (s, 2H), 3.79 (s, 3H), 3.46-3.30 (m, 5H), 2.20-1.95
(m, 5H), 1.70-1.57 (m, 4H), 1.40-0.72 (m, 25H), 0.02 (s,
6H); 13C NMR (100 MHz, CDCl3) & 159.1, 139.3, 136.9,
130.8, 129.2, 128.32, 128.28, 127.8, 127.64, 127.62, 127.3,
113.7, 82.7, 82.1, 76.5, 72.5, 72.4, 72.2, 69.5, 55.2, 39.1,
37.1, 36.9, 35.3, 33.5, 33.0, 32.1, 30.5, 30.1, 29.7, 29.1,
26.0, 20.9, 18.1, 15.1, —4.2, —4.4; HRMS (FAB) calcd for
C47H7005SiNa [(M+Na)™] 765.4890, found 765.4857.
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Abstract—This paper describes a two-step synthesis of 1-methyl-1,2,3,3a,4,8b-hexahydropyrrolo[3,2-flpyrindine, a conformationally
constrained nicotine analogue. The target molecule was effectively assembled by an intramolecular azomethine ylide-alkene [342]
cycloaddition. The cyclization precursor, 4-allyl-3-pyridinecarboxaldehyde, was formed efficaciously in a single step from
3-pyridinecarboxaldehyde via sequential in situ protection, ortho lithiation, cuprate formation, allylation, and deprotection. The cuprate
formation plays a vital role in minimizing/eliminating the extent of multiple alkylation.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

(—)-Nicotine (1, Fig. 1), an alkaloid present in tobacco at
0.2-5% levels, targets and activates nicotinic acetylcholine
receptors (nAChRs).! The nAChRs provide ligand-gated
ion channels in the human brain and participate in various
biological processes related to numerous nervous system
disorders.? Due to the therapeutic potential of (—)-nicotine
for central nervous system (CNS) disorders such as
Alzheimer’s, Parkinson’s, and Tourette’s diseases, nicotine
analogues have received much attention from both synthetic
and medicinal chemists.? In particular, conformationally
constrained nicotinoids have become attractive candidates
for new selective nAChRs-targeting ligands.?®3* On one
hand, this is because of the discovery of epibatidine, an
alkaloid with a rigid structure, which displays strong
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Figure 1.
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activity despite of its toxicity.> On the other hand, molecular
modeling studies have demonstrated that the two hetero-
cyclic rings of nicotine are skewed and approximately
perpendicular to one another to secure low energy
conformations.>¢

Our laboratory has been fascinated in the chemistry of
nicotine analogues aimed to develop new selective
nAChRs-targeting ligands. A tricyclic nicotine analogue,
1-methyl-1,2,3,3a,4,8b-hexahydropyrrolo[3,2-f]pyrindine
(2, Fig. 1), was previously designed and synthesized in six
steps from 3-bromopyridine.*® The conformational rigidity
of 2 was achieved as a result of a methylene bridge erected
between C-4 and C-5' of nicotine (1).

2. Results and discussion

Herein we wish to report a new synthesis of 2 with high
efficiency, featuring the construction of the hexahydro-
pyrrolo[3,2-flpyrindine tricyclic framework via intra-
molecular azomethine ylide-alkene [3+2] cycloaddition.*>”
The apparent precursor for the cycloaddition would be
4-allyl-3-pyridinecarboxaldehyde (3, Fig. 2), whose effi-
cient synthesis itself represents one of the challenges for the
current project. In principle, aldehyde 3 might be obtainable
from 4-allyl-3-bromopyridine (4) by sequential treatment
with BuLi and N,N-dimethylformamide (DMF). Alkene 4
was reportedly® synthesized from 3-bromopyridine in only
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40% yield. The unsatisfactory yield for this transformation
resulted mainly from the further alkylatability because of
the enhanced acidity of the benzylic hydrogens. By the same
token, the conversion of 4 to 3 could not be a clean reaction.

Ortho lithiation of aromatic aldehydes with prior in situ
aldehyde protection, first introduced by Comins and
co-workers,” has proved to be a convenient and versatile
technique having considerable potential in organic
synthesis.'® We envisaged that this protocol might be
modified to synthesize enal 3 by a one-pot reaction from
3-pyridinecarboxaldehyde (5, Scheme 1). Indeed, the
desired 4-allyl-3-pyridinecarboxaldehyde 3 was afforded
when aldehyde 5 was protected in situ with LTMDA
[Me,N(CH,),N(Li)Me, prepared by mixing N,N,N'-tri-
methylethylenediamine and n-BuLi], ortho lithiated with
n-BuLi, converted to a high-order cuprate with CuCN,
alkylated with allyl bromide, and finally hydrolyzed. The
yield for this step was 44%, which amounted to an average
yield of 85% for each of the five operations (3A-3D were

a) MegN(CHz)zN(Ll)Me
(1.1 eq), -78 °C, 15 min

b) n-BuLi (2 eq), -78 °C; O-Li \
2 CHO " .42°C,3h 2 NN
\
X c) CuCN (2.1 eq), -78 °C; X
N -40°C, 2 h;-30°C, 1h N
5 d) allyl bromide (2.1 eq), 3A
-78°C; rt
44%
Li  O-—Li ‘ 'Cu" O—-M ‘
— |~ NSNS Z NER AN
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N N
3B 3C
Oo-M |
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\
\N \N
3D 3
H
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DMF, 120 °C, 5 h N,
.~ ‘ H Me
86% X
N
2A 2
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Scheme 1.

the four plausible intermediates). We have not been able to
further optimize this reaction so far. However, the current
protocol should be acceptable considering the fact that such
a useful intermediate as 3 can be assembled in a one-pot
fashion. The absence of CuCN resulted simply in a complex
reaction mixture because 3D (an 4-allylpyridine derivative)
was prone to further allylation due to the presence of the
highly acidic benzylic/allylic hydrogens. Replacement of
CuCN with CuBr led to less satisfactory results.

Having the enal in hand set the stage for intramolecular
azomethine ylide-alkene [3+2] cycloaddition.” Treatment*®
of 3 with sarcosine (120 mol%) in DMF at 120 °C for 5h
effected the desired cycloaddition (see the transition state
2A) to produce in 86% yield the tricycle 2, an annulated
nicotine analogue. The spectroscopic data of the sample
were in accord with those reported previously.*® Currently
pharmacological studies of 2 are under way.

3. Conclusion

In summary, a two-step synthesis of 1-methyl-1,2,3,3a,4,8b-
hexahydropyrrolo[3,2-f]pyrindine (2), a conformationally
constrained nicotine analogue, has been accomplished. The
target molecule was effectively assembled by an intramo-
lecular azomethine ylide-alkene [34-2] cycloaddition. The
cyclization precursor, 4-allyl-3-pyridinecarboxaldehyde (3),
was formed efficaciously in a single step from 3-pyridine-
carboxaldehyde (S) via sequential in situ protection, ortho
lithiation, cuprate formation, allylation, and deprotection.
The cuprate formation plays a vital role in minimizing/
eliminating the extent of multiple alkylation.

4. Experimental
4.1. General

NMR spectra were recorded in CDCl; ('H at 300 MHz and
13C at 75.47 MHz), using TMS as the internal standard
when appropriate. Column chromatography was performed
on silica gel. THF were distilled over sodium benzophenone
ketyl under N, prior to use. DMF was distilled over calcium
hydride under N, prior to use.

4.1.1. 4-Allyl-3-pyridinecarboxaldehyde (3). n-BuLi
(2.08 M, 5.6 mL, 12 mmol) was added to a stirred solution
of N,N,N'-trimethylethylenediamine (1.62 mL, 12.5 mmol)
in THF (40 mL) at —78 °C. After 15 min, 3-pyridinecar-
boxaldehyde (1.0 mL, 10.6 mmol) was added at —78 °C,
and the stirring was continued for 15 min. n-BuLi (2.08 M,
10 mL, 21 mmol) was added at —78 °C and the stirring was
continued at —42°C for 3 h. After cooling to —78 °C,
CuCN (1.99 g, 22.2 mmol) was added as a solid and the
temperature was maintained at —40 °C for 2 h and then at
—30 °C for 1 h. After cooling to —78 °C, a solution of allyl
bromide (1.9 mL, 22 mmol) in THF (10 mL) was added at
—78 °C. The reaction mixture was allowed to warm to rt,
diluted with saturated aqueous Na,SO; and saturated
aqueous NaHCOs, and extracted with EtOAc. The com-
bined organic layers were dried (Na,SO,), filtered, and
concentrated. The residue was purified by column
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chromatography to afford 3 (686 mg, 44%) as a colorless
oil: FT-IR (KBr, cm™1): 2861, 2754, 1702, 1639, 1592,
1556, 1489, 1400, 1222, 1058, 997, 923, 839, 735, 690, 658;
'"H NMR (CDCls, 300 MHz) 8 3.73 (d, 2H, J=5.2 Hz), 4.97
(dd, 1H, J=17.2, 2.8 Hz), 5.06 (dd, 1H, J=10.5, 2.7 Hz),
5.81-5.96 (m, 1H), 7.18 (d, 1H, J=4.8 Hz), 8.58 (d, 1H,
J=4.8 Hz), 8.87 (s, 1H), 10.17 (s, 1H); '*C NMR (CDCls,
75 MHz) 6 35.9, 117.7, 125.2, 129.0, 134.3, 150.5, 153.6,
153.7, 191.2; MS (EI): 147 (M*, 30), 146 (M—1, 100);
HRMS (EI) calcd for CoHgNO, 147.0684, found 147.0687.

4.1.2. 1-Methyl-1,2,3,3a,4,8b-hexahydropyrrolo[3,2-
flpyrindine (2). A mixture of aldehyde 3 (686 mg,
4.66 mmol) and sarcosine (495 mg, 5.56 mmol) in DMF
(40 mL) was heated under N, at 120 °C for 5 h, cooled to rt,
and concentrated in vacuo. The residue was diluted with
saturated aqueous NaHCOj solution and extracted with
isopropanol/CHCl; (1/3). The combined organic layers
were dried over MgSQO,, filtered, and concentrated. The
residue was chromatographed (SiO,, CH,Cl,—MeOH, 40/1)
to give 2 (700 mg, 86%) as a pale yellow oil: 'H NMR
(CDCl3, 300 MHz) 6 1.62—1.74 (m, 1H), 2.15-2.25 (m,
1H), 2.44-2.55 (m, 1H), 2.55 (s, 3H), 2.77-2.86 (m, 1H),
2.99-3.21 (m, 3H), 3.80 (d, J=7.6 Hz, 1H), 7.13 (d,
J=5.2Hz, 1H), 8.42 (d, J=5.2 Hz, 1H), 8.60 (s, 1H); '3C
NMR (CDCls, 75 MHz) 6 32.23, 39.23, 40.50, 41.92, 57.59,
73.45,120.34, 139.25, 145.78, 148.34, 152.95. MS (EI): 174
(M™*). Anal. caled for C; H4N,: C, 75.82; H, 8.10; N,
16.08. Found: C, 75.69; H, 7.84; N, 16.38.
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Abstract—This paper describes an efficient preparation of 2-azulenylboronate (6) starting from 2-iodoazulene by halogen—metal exchange
reaction using n-BuLi and subsequent quenching with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The boronate 6 has been found
to undergo Pd-catalyzed Miyaura-Suzuki cross-coupling reaction with a range of aryl bromides including aromatic poly bromides utilizing
Pd,(dba);—P(z-Bu); as a catalyst and establishes a strategy to produce novel poly(2-azulenyl)benzenes, some of which are found to be
insoluble in common organic solvents, however. The redox behavior of 2-arylazulenes and poly(2-azulenyl)benzenes was examined by

cyclic voltammetry (CV) and compared with those of 6-azulenylbenzene derivatives reported previously.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, there has been vital interest in transition-
metal catalyzed cross-coupling reaction that can be used for
carbon—carbon bond formation.! Several applications of the
palladium-catalyzed reaction in the chemistry of azulene
have appeared in the literature, for example, palladium-
catalyzed vinylation,? arylation,? ethynylation,* and alkyl-
ation® of azulenyl halides or triflate. We have recently
developed the first versatile organometallic reagents of
azulenes, 6-(tri-n-butylstannyl)azulene (la) and its 1,3-
diethoxycarbonyl derivative (1b), which have been sub-
jected to the Pd(0)-catalyzed Stille cross-coupling reaction
with aryl, acyl, and/or azulenyl halides (Chart 1).® The study
made up for the deficiency of the organometallic reagent for
the transition-metal catalyzed reaction of azulene itself.
Especially, application of the reagents is highly advan-
tageous for multiple functionalization by azulenyl groups
because the method does not require the troublesome
preparation of a polymetallic species.” However, extension
of the methodology to the functionalization of azulenes at
the 2-position was so far hampered by the inefficiency of the

Keywords: Azulenylboronate; Palladium-catalyzed reaction; Miyaura-

Suzuki cross-coupling; Redox property; Violene-cyanine hybrid.
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R
Bu3Sn OQ SnBu3
R
1a:R=H 2

1b: R = COOEt
Chart 1.

preparation of 2-(tri-n-butylstannyl)azulene (2) utilizing Pd-
catalyzed direct stannylation of 2-bromoazulene (3a).%®

Boronate reagents also represent an important class of
synthetic intermediates for the transition-metal catalyzed
reaction. Miyaura-Suzuki cross-coupling of organoborane
compounds with a variety of organic electrophiles, cata-
lyzed by palladium, provides an efficient method for
carbon—carbon bond formation.® Synthesis of the boronate
reagents consists of conventional Pd-catalyzed cross-
coupling of aryl bromides, iodides, or triflates with either
alkoxyboron derivatives such as bis(pinacolato)diboron (4)
or pinacolborane (5).>!° The direct boronate formation of
2-iodoazulene (3b) utilizing Pd-catalyst has been revealed
to be a convenient method for preparing 2-azulenylboronate
(6) (Scheme 1).!! However, the yield of the boronate 6
remains so far at most 42%. More recently, Ir-catalyzed
reaction of azulene (7) with bis(pinacolato)diboron (4) has
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improved the yield of the desired 2-azulenylboronate (6) to
70%, in spite of the formation of undesirable 1-azulenyl-
boronate (8) in a certain amount (10%) (Scheme 2).!2

! cyclohexane w
7 O

\B’O

6+

8

4, 1/2[IrCl(cod)],/bpy

R

Scheme 2.

Herein, we report an efficient preparation of 2-azulenyl-
boronate (6) and an efficient catalytic system for the
Miyaura-Suzuki cross-coupling reaction of 6 with aryl
bromides and the successful application to the Pd(0)-
catalyzed cross-coupling reaction of 6 with aromatic poly
bromides to afford poly(2-azulenyl)benzenes. We have
recently proposed that the poly(6-azulenyl)benzene deriva-
tives are considered to be a novel model compound of the
violene-cyanine hybrid recently reported by Hiinig et al.'
Depending on the number and position of the 6-azulenyl
substituents, the benzene derivatives provide a closed-shell
cyanine-type substructure by an overall two-electron
transfer.'* The poly(2-azulenyl)benzenes might also pro-
vide a closed-shell system as a cyanine dye by an overall
two-electron transfer, although the system does not provide
a formal cyclopentadienide substructure in the closed-shell
form. Herein, we also report the redox behavior of several
2-arylazulenes and poly(2-azulenyl)benzenes prepared by
the cross-coupling reaction of 6.

2. Results and discussion
2.1. Efficient synthesis of 2-azulenylboronate (6)

Employment of the reaction of 2-bromoazulene (3a)'> with
diboron 4 did not improve the yield of the desired
2-azulenylboronate (6) under the conditions originally
described by Miyaura et al. (entry 1) (Table 1).° A slightly
larger amount of the Pd-catalyst (5 mol%) in the reaction of
2-iodoazulene (3b)'> with 4 was found to improve some-
what the yield of the desired 2-azulenylboronate (6) (entry
2), whereas a modified catalytic system of PdCl,(dppf) with
Et;N in dioxane in the reaction of 2-haloazulenes (3a and

Table 1. Pd-catalyzed syntheses of 2-azulenylboronate (6)*

0O
4 or H-B

(0]
X 5
Pd-catalyst, ligand

base, solvent

3a: X=Br
3b: X =1
Entry X Boron reagent Catalyst Base  Solvent  Yield
(%)°
6 3
1 Br 4 PdCly(dppf) © KOAc DMSO 40
2 1 4 PdCly(dppf) KOAc DMSO 53
3 Br 5 PdCly(dppf) EtN  Dioxane 5 52
4 1 5 PdCl,(dppf) Et;N  Dioxane 38

? Reactions of 3a and 3b (1 mmol) with bis(pinacolato)diboron (4)
(1.1 mmol) were carried out at 80°C for 5h by using Pd-catalyst
(5 mol%) and KOAc (3 mmol) in DMSO (6 mL). Reactions of 3a and 3b
(1 mmol) with pinacolborane (5) (1.5 mmol) were carried out at 80 °C for
4 h by using Pd-catalyst (5 mol%) and triethylamine (3 mmol) in dioxane
(6 mL).

® All yields are isolated yields.

¢ PdCly(dppf): [1,1’-bis(diphenylphosphino)ferrocene]palladium(II)
dichloride.

3b) with pinacolborane (5) could not alter the situation
(entries 3 and 4).%10

The aryl boronate reagents could be also prepared by
transmetalation between aryllithium or arylmagnesium
reagents and boron compounds which have a good leaving
group such as a halogen or an alkoxy group.!® Synthetic
inaccessibility of the metalated azulene due to the high
reactivity of azulenes with organolithium and magnesium
reagents to give dihydroazulene derivatives!” hampered
application to the transmetalation procedure. However,
recently, generation of 2-azulenyllithium and magnesium
reagents (9a and 9b) has been accomplished by the
transmetalation between 2-iodoazulene (3b) and n-BuLi or
(n-Bu);MgLi.'"® The 2-azulenylmagnesium reagent (9b)
has been revealed to exhibit the envisaged borylation with
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (10)
in 53% yield."”?® We found the borylation was much
more effective by the use of 2-azulenyllithium reagent
(9a) prepared by halogen—metal exchange reaction of
2-iodoazulene (3b) using n-BuLi at low temperature.
Subsequent quenching of the reagent by 10 afforded the

Co-

n-BuLi or n-BuzMgLi

3b
9a: M =Li
9b: M = Mg(n-Bu),Li
O
/
o8 l
‘< 1)
10
6
Scheme 3.
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desired 2-azulenylboronate reagent (6) in 78% yield as a
single product (Scheme 3).

2.2. Miyaura-Suzuki cross-coupling reaction

To demonstrate the transformations utilizing 6, the reaction
with diethyl 2-amino-6-bromoazulene-1,3-dicarboxylate
has been conducted under the Miyaura-Suzuki cross-
coupling reaction conditions.!! However, in our initial
experiments in the cross-coupling reaction with aryl halides,
6 was found to be inefficient under similar conditions to
Miyaura-Suzuki’s (Table 2). Concretely, the reaction of 6
with 11a in the presence of PdCl,(PPh;), catalyst produced
the desired 2-(4-tolyl)azulene (12)?>' in mediocre yield
(39%) together with undesired 2-phenylazulene (13)2!-22
(entryl) (Chart 1). The choice of the catalytic system was
the key to the success of the reaction of 6 with aryl halides.
The use of Pd(PPh3), as a catalyst instead of PdCI,(PPhs),
was also ineffective in this reaction (entry 2). Formation of
the by-product 13 could be rationalized by an aryl—aryl
exchange in the intermediate palladium(II) complex and
subsequent coupling with the 2-azulenylboronate (6).23
Indeed, substitution of the Pd(PPhs), catalyst with
Pd,(dba);—P(z-Bu); in the catalytic protocol resulted in a
significant increase of the desired cross-coupling product 12
in 73% yield (entry 3). The Pd(OAc),—P(#-Bu); catalytic
system was also effective in this reaction (entry 6).
However, the use of P(o-Tol); or PCy; as a ligand did not
afford satisfactory results either with Pd,(dba); or PA(OAc),
as a Pd-catalyst (entries 4, 5, 7 and 8). The addition of KF as
a base in the catalytic protocol decreased significantly the

conversion ratio of the catalytic reaction (entry 9).24 Using
the chloride 11b or iodide 11c instead of the bromide 11a
decreased the yield of the desired cross-coupling product 12
(entries 10 and 11). The formation of 2,2'-biazulene in
significant amounts in the case of the reaction with chloride
11b should be attributed to the homocoupling of 6 under the
reaction conditions.??

2.3. Generality

To examine the generality of the reaction conditions, the
cross-coupling reaction with several aryl bromides (15a—c)
was conducted under the Pd,(dba);—P(#-Bu); reaction
conditions. The results of the cross-coupling reaction of 6
with the aryl bromides are summarized in Table 3. The
electron-deficient aryl bromide, 4-bromonitrobenzene
(15a), was efficiently reacted with 6 to afford the coupled
product 16a in high yield (entry 1). However, the reaction of
6 with 4-bromoacetophenone (15b) afforded the desired
coupled product 16b in moderate yield (entry 2). The
product 16b contains enolizable keto-group. The relatively
low yield of the product 16b should be attributed to the side
reaction arising from undesired aldol condensations. The
yield of 16b was slightly improved by the use of Pd(PPh3),
as a catalyst (42%). In the case of the reaction of 6 with
electron-rich bromide, 4-bromoanisole (15¢), the reaction
also proceeded smoothly to give the cross-coupling product
16¢ in good yield (entry 3). On the whole, 6 reacted with
several aryl bromides including an electron-rich one under
the Pd-catalyzed conditions and the isolated yields of the
cross-coupling product were generally high, except for 16b.

Table 2. Miyaura-Suzuki cross-coupling reaction of 6 with 4-tolyl halides 11a—c*

Pd-catalyst, ligand

O

base, solvent, 80 °C

(I~

11a: X =Br 12

11b: X =ClI

Co~<O

+ + + 7
13 14
Entry X Catalyst Ligand Base Solvent Yield (%) °
12 13 14 7 6

2 Br Pd(PPh3), Cs,CO5 Dioxane 27 19
3 Br Pd,(dba),* P(t-Bu); Cs,CO;3 Dioxane 73
4 Br Pd,(dba); P(o-Tol); Cs,CO5 Dioxane 54 5 5
5 Br Pd,(dba); PCyj; Cs,CO5 Dioxane 25
6 Br Pd(OAc), P(+-Bu); Cs,CO5 Dioxane 72 5
7 Br Pd(OAc), P(o-Tol); Cs,COs3 Dioxane 27 3 32
8 Br Pd(OAc), PCyj; Cs,CO5 Dioxane 42
9 Br Pd,(dba); P(+-Bu)s KF Dioxane 7 T4
10 Cl Pd,(dba); P(-Bu); Cs,CO;5 Dioxane 12 40 4 3
11 1 Pd,(dba); P(+-Bu); Cs,CO5 Dioxane 51 4 22

# Reactions of 6 with 4-halotoluene (2 equiv.) were carried out at 80 °C for 24 h using Pd-catalyst (5 mol%), ligand (Pd:P=1:2-3), and 1.5 equiv. of base in
solvent (6 mL/6 (I mmol)).
" All yields are isolated yields.

¢ Pd-catalyst (10 mol%) and 2.0 equiv. of base in DME:H,0 (50:1) (10 mL/6 (0.4 mmol)) were used.

4 Pd,(dba)s: tris(dibenzylideneacetone)dipalladium(0).
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Table 3. Cross-coupling reaction of 6 with aryl bromides 15a—c*

Pd-catalyst, ligand

e e O T OO
base, solvent, 80 °C

15a: R = NO, 16a: R = NO,

15b: R = COMe 16b: R = COMe

15c: R = OMe 16¢c: R = OMe
Entry R Catalyst Ligand Time (h) Product (yield (%))°
1 NO, Pd,(dba); P(t-Bu); 6 16a (80)
2 COMe Pd,(dba); P(t-Bu); 24 16b (34)
3 OMe Pd,(dba); P(t-Bu); 19 16¢ (72)

# Reaction conditions: aryl bromides (2 equiv.), Cs,COj3 (1.5 equiv.), Pd-catalyst (5 mol%), ligand (Pd:P=1:3-4) in dioxane (3 mL/6 (0.4 mmol)) at 80 °C.

® All yields are isolated yields.

2.4. Polysubstitution

Finally, we demonstrated the intended use of the 2-azulenyl-
boronate (6) in the synthesis of poly(2-azulenyl)benzenes.
The scope of this methodology for multiple substitution was
demonstrated utilizing the reaction of 6 with 1,2-di-, 1,4-di-,
1,3,5-tri-, 1,2,4-tri-, and 1,2,4,5-tetrabromobenzenes
(17-21). The reaction of 6 with 1,2-dibromobenzene (17)
afforded the desired coupling product, 1,2-bis(2-azulenyl)-
benzene (22) in 33% yield (Scheme 4). Likewise, the
reaction of 6 with 1,4-dibromobenzene (18) gave the
expected 1,4-bis(2-azulenyl)benzene (23) in 44% yield,
although the product 23 does not show any solubility in
common organic solvents (Scheme 5). Sublimation could be
used for the purification of the product 23 under reduced
pressure. The insoluble material exhibited an ion peak at m/z
330 upon mass spectrum, which corresponds to the correct
M ion peak of 1,4-di(2-azulenyl)benzene (23).

In the case of the reaction of 6 with 1,3,5-tri- and 1,2,4-
tribromobenzenes (19 and 20), the desired tris-adducts 24
and 25 were obtained in 18 and 36% yields, respectively,
(Schemes 6 and 7). The reaction of 6 with 1,2,4,5-
tetrabromobenzenes (21) afforded an insoluble material
(13%) in a common organic solvent along with 1,2,4-tris-

Br Pd(0) OO
6 + @[ —_
B
o HD

22
Scheme 4.
Pd(0)
6 4+ BrOBr —_—
18
23
Scheme 5.

adduct 25 in 13% yield (Scheme 8). The mass spectrum of
the insoluble material showed the correct M* ion peak at
m/z 582, which indicated the formation of the expected
tetrakis-adduct 26. The elimination of bromide was a side
reaction for the multi-functionalization of benzene with
2-azulenyl substituents.

Scheme 6.

Scheme 7.

Scheme 8.
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The redox potentials (V vs Ag/Ag™) of 2-arylazulenes (12,
13, and 16a—c) and poly(2-azulenyl)benzenes (22, 24, and
25) measured by CV along with those of 6-azulenylbenzene
derivatives (27, 28, and 29)'* are summarized in Table 4
(Chart 2). Insolubility of the products 23 and 26 in common
organic solvents hampered the CV measurement of these
compounds.

Table 4. Redox potentials®

of 2-arylazulenes and poly(2- and 6-

azulenyl)benzenes

Sample ES* (V) ES(V)  EXY(V) EXY (V)  EFY(V) Ref
12 (+1.07)  (+1.34) (—1.85)

13 (+1.07)  (+1.39) (—1.82)

16a (+1.05) (+1.38) —1.33 —1.68

16b (+1.04) (+133) —1.65 (=2.17)

16¢ (+0.76) (+1.02) —1.87

22 (+0.52) (+0.89) —1.82 -2.02

24 (+0.69) (+1.11) (=172  (—1.85° (=2.01)°
25 (+0.42) (+1.10) —1.71 —1.87 —2.11

27° (+0.81) (—2.00) (—2.20) 14
28° (+0.73)  (+1.23) (—=175°  (—1.87)° (—2.00° 14
29¢ (+0.78) (+1.29) —1.74(2e) —2.15 14

? The redox potentials were measured by CV (0.1 M n-BuyNBF; in o-
dichlorobenzene, Pt electrode, scan=100 mV s~ ', and Ff /F.=0.27 V).
In the case of irreversible waves, which are shown in parentheses, E, and
Ei.q were calculated as Ep, (anodic peak potential)—0.03 and E.
(cathodic peak potential)4-0.03 V, respectively.

" The values are peak potentials measured by DPV.

¢ The potentials have been measured in 0.1 M n-BuyNBF, tetrahydrofuran
solution (F{/F.=0.19 V).

Chart 2.
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Figure 1. Cyclic voltammograms of (a) 22, (b) 24, and (c) 25 in
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electrolyte; scan rate, 100 mV s
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As seen from Table 4, 2-phenylazulene (13) showed an
irreversible one-electron transfer at —1.82 V upon CV. As
expected, the electron-donating group on the phenyl group,
that is, 4-methyl (12) and 4-methoxy (16¢), slightly
decreases the electron affinity of the azulene ring. In
contrast to the one-electron transfer of 12, 13, and 16c,
compounds 16a and 16b showed two-stage, one-electron
reductions due to the redox reaction of the electron-
withdrawing substituents such as 4-nitro and 4-acetyl
groups. In addition to the two-stage reductions, compounds
16a and 16b showed improvement of the reversibility of the
CV waves due to the stabilization of the radical anionic
state.

Poly(2-azulenyl)benzenes (22, 24, and 25) revealed multi-
electron redox properties. 1,2-Di(2-azulenyl)benzene
(22) exhibited a well-resolved two-step reduction wave at
E\»,=—1.82 and —2.02 V, upon CV (Fig. 1(a)). The first
reduction potential and even the second one of 22 are almost
comparable with those of 12, 13, and 16c. Therefore, the
two 2-azulenyl substituents on a benzene ring exhibit
multiple electron affinity similarly to the reduction of
6-azulenyl derivative (27). Thus, the redox system of 22
could be considered to be that of violene as illustrated in
Scheme 9. 1,3,5-Tri(2-azulenyl)benzene (24) exhibited a
quasi-reversible three-step reduction wave at around
—1.90 V, upon CV (Fig. 1(b)). The wave was identified as
the superimposition of three independent waves at —1.72,
—1.85, and —2.01V, by differential pulse voltammetry
(DPV) (Fig. 2) similarly to the reduction of 6-azulenyl
derivative (28). Therefore, the three 2-azulenyl substituents
on the benzene ring are concluded to result in an increase of
the multiplicity of electron affinity due to the reduction of
the respective azulene chromophore. The three-step
reduction exhibits the existence of the redox interaction
among the three 2-azulenyl groups. Similarly to the three-
step reduction of 24, 1,2.4-tri(2-azulenyl)benzene (25) also
showed a three-step reduction wave with excellent
reversibility upon CV (Fig. 1(c)), although the reduction
of 25 is expected to show a one-step, two-electron transfer
as observed in the reduction of 6-azulenyl derivative (29).
Consequently, the redox property of tri(2-azulenyl)-
benzenes (24 and 25) does not depend on the position of
the 2-azulenyl substituents on the benzene ring and the
redox system of 25 could be depicted in Scheme 10.

3. Conclusion

We have demonstrated an efficient preparation of

o

e
C\QO

22gep”

2-azulenylboronate reagent (6) which has been found to
undergo Pd-catalyzed coupling with a range of aryl halides,
and herein established a strategy to produce novel poly(2-
azulenyl)benzene derivatives. The reaction of 6 with 1,2-di-,
1,4-di-, 1,3,5-tri-, 1,2,4-tri-, and 1,2,4,5-tetrabromo-
benzenes afforded 1,2-di-, 1,4-di-, 1,3,5-tri-, 1,2,4-tri-, and
1,2,4,5-tetra(2-azulenyl)benzene derivatives (22, 23, 24, 25
and 26). These results provide a straightforward method-
ology for the carbon—carbon bond formation at the
2-position of azulene. Although 2-azulenyl substituents do
not possess the formal cyclopentadienide substructure in the
electrochemically reduced form, the redox behaviors
examined by CV of these compounds clarified the presumed
multiple-electron transfer under the electrochemical
conditions.

4. Experimental
4.1. General

Melting points were determined on a Yanagimoto micro
melting apparatus MP-S3 and are uncorrected. Mass spectra
were obtained with a JEOL HX-110, a Hitachi M-2500, or a
Bruker APEX II instrument, usually at 70 eV. IR and UV
spectra were measured on a Shimadzu FTIR-8100M and a
Hitachi U-3410 spectrophotometer, respectively. 'H NMR
spectra ('3C NMR spectra) were recorded on a JEOL GSX
400 at 400 MHz (100 MHz), a JEOL JNM AS500 at
500 MHz (125 MHz), or a Bruker AM 600 spectrometer
at 600 MHz (150 MHz). Gel permeation chromatography
(GPC) purification was performed on a TSKgel G2000Hs.
Voltammetry measurements were carried out with a BAS
100B/W electrochemical workstation equipped with Pt
working and auxiliary electrodes, and a reference electrode
formed from Ag/AgNO; (0.01 M, 1 M=1 mol dm™?) in a
tetrabutylammonium perchlorate (0.1 M) acetonitrile
solution. Elemental analyses were performed at the
Instrumental Analysis Center of Chemistry, Faculty of
Science, Tohoku University.

4.1.1. 2-(2-Azulenyl)-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane (6). To a solution of n-butyllithium (1.5 mL,
1.6 M solution in hexane, 2.4 mmol) in ether (10 mL) was
added dropwise at —100 °C a solution of 2-iodoazulene (3b)
(256 mg, 1.01 mmol) in ether (20 mL). The mixture was
allowed to react at —80°C for 30 min. A solution of
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (10)
(563 mg, 3.03 mmol) in ether (5 mL) was added dropwise to
the cooled mixture. The mixture was allowed to warm to
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Figure 2. Differential pulse voltammograms of (a) 22, (b) 24, and (c) 25 in
o-dichlorobenzene containing n-BuyNBF, (0.1 M) as a supporting
electrolyte; scan rate, 20 mV s~ I

room temperature to react for 1.5h. The reaction was
quenched with water, and the organic layer was separated,
washed with brine, and dried with MgSO,. The solvent was
evaporated and the residue was purified by column
chromatography on silica gel with CH,Cl, and GPC with
CHCl; to afford 6 (201 mg, 78%). blue prisms; mp 97—
100 °C (sublimation) [lit.!! mp 99—101 °C].

4.1.2. General procedure for the Pd-catalyzed reaction
of 2-azulenylboronate (6). To a degassed solution of 6, aryl
halides, and base in solvent was added Pd-catalyst and
ligand. The resulting mixture was heated at 80 °C under an
Ar atmosphere. The reaction mixture was poured into water
and then extracted with toluene or CH,Cl,. The organic
layer was washed with water, dried with MgSO,, and
concentrated under reduced pressure. The products were
isolated by column chromatography on silica gel and/or gel
permeation chromatography (GPC) with CHCI;.

4.1.3. 2-Tolylazulene (12). The general procedure was
followed by using 2-azulenylboronate (6) (252 mg,
0.992 mmol), 4-bromotoluene (11a) (340 mg, 1.99 mmol),
Cs,CO; (479 mg, 1.47 mmol), Pd,(dba); (45 mg,
0.049 mmol), and P(z-Bu)z (57 mg, 0.28 mmol) in dioxane
(6 mL). Column chromatography on silica gel with 10%
ethyl acetate/hexane and GPC afforded 12 (157 mg, 73%).
blue plates; mp 216—217 °C [lit.>! mp 214 °C]; MS (70 eV)
m/z (relative intensity) 218 (M™, 100%); IR (KBr disk) vax
1406, 806, 723 and 505 cm ™ !; UV —vis (CH5Cl,) Apax, NM
(log &) 246 (4.18), 275 sh (4.37), 288 sh (4.56), 301 (4.79),
312 (4.83), 345 sh (3.68), 361 (3.90), 378 (4.17), 397 (4.23),
435 (2.26), 534 sh (2.47), 573 (2.62), 613 (2.60), and 666 sh
(2.25); '"H NMR (400 MHz, CDCl3) 6=8.24 (d, J=9.9 Hz,
2H, H-4,8), 7.85 (d, J=8.3 Hz, 2H, H-2',6/), 7.64 (s, 2H,
H-1,3), 7.47 (t, J=9.9 Hz, 1H, H-6), 7.26 (d, J=8.3 Hz, 2H,
H-3',5), 7.13 (dd, J=9.9 Hz, 2H, H-5,7), and 2.40 (s, 3H,
4'-Me).

4.1.4. 2-(4-Nitrophenyl)azulene (16a). The general
procedure was followed by using 2-azulenylboronate (6)
(100 mg, 0.393 mmol), 4-bromonitrobenzene (15a)
(161 mg, 0.797 mmol), Cs,CO5; (198 mg, 0.608 mmol),
Pd,(dba); (18 mg, 0.020 mmol), and P(z-Bu); (35 mg,
0.17 mmol) in dioxane (3 mL) at 80 °C for 6 h. Column
chromatography on silica gel with CH,Cl, afforded 16a
(78 mg, 80%). green needles; mp 249-255°C decomp.
(hexane wash) [lit.>! mp 248-249 °C]; MS (70 eV) m/z
(relative intensity) 249 (M*, 100%) and 202 (57); IR (KBr
disk) vpma 1514, 1509, 1347, 1331, 808 and 756 cm™!;
UV-vis (CH,Cly) Apax, nm (log &) 237 (4.27), 265 (4.16),
296 sh (4.50), 312 (4.58), 368 sh (4.26), 381 (4.45), 399
(4.46), 544 sh (2.54), 587 (2.70), 627 (2.70), and 683 sh
(2.39); 'TH NMR (600 MHz, CDCls) §=8.36 (d, J/=9.9 Hz,
2H, H-4,8), 8.32 (d, J=9.0 Hz, 2H, H-3'.5), 8.08 (d,
J=9.0Hz, 2H, H-2',6), 7.71 (s, 2H, H-1,3), 7.61 (t,
J=99 Hz, 1H, H-6), and 7.22 (dd, J/=9.9, 9.9 Hz, 2H,
H-5,7); 3C NMR (150 MHz, CDCl3) §=147.2 (C-1), 146.5
(C-2), 143.0 (C-4), 141.4 (C-3a,8a), 138.2 (C-6), 137.7
(C-4,8), 128.0 (C-2',6), 124.4 (C-5,7), 124.3 (C-3,5"), and
115.0 (C-1,3). Anal. Calcd for Ci¢H{{NO,: C, 77.10; H,
4.45; N, 5.62. Found: C, 76.83; H, 4.65; N, 5.55.

4.1.5. 2-(4-Acetylphenyl)azulene (16b). The general
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procedure was followed by using 2-azulenylboronate (6)
(110 mg, 0.433 mmol), 4-bromoacetophenone (15b)
(150 mg, 0.754 mmol), Cs,CO5; (195 mg, 0.598 mmol),
and Pd(PPh;3), (27 mg, 0.023 mmol) in dioxane (3 mL) at
80 °C for 24 h. Column chromatography on silica gel with
CH,Cl, afforded 16b (45 mg, 42%). blue plates; mp 247—
256 °C decomp. (ethyl acetate); MS (70 eV) m/z (relative
intensity) 246 (M™, 100%); IR (KBr disk) .. 1647
(C=0), 1271, and 808 cm™'; UV —vis (CH,Cl,) Apax, DM
(log &) 242 (4.16), 303 sh (4.80), 314 (4.91), 360 sh (4.14),
376 (4.38), 396 (4.40), 542 sh (2.57), 582 (2.70), 623 (2.68),
and 676 sh (2.39); 'H NMR (600 MHz, CDCl;) 6=8.34 (d,
J=9.9 Hz, 2H, H-4,8), 8.05 (m, 2H, H-3',5'), 8.05 (m, 2H,
H-2',6"), 7.72 (s, 2H, H-1,3), 7.56 (t, J=9.9 Hz, 1H, H-6),
7.20 (dd, J=9.9, 9.9 Hz, 2H, H-5,7), and 2.66 (s, 3H,
4-COMe); '3C NMR (150 MHz, CDCl3) 6=197.7 (s,
4-COMe), 148.0 (C-2), 141.3 (C-3a,8a), 141.0 (C-4"),
137.4 (C-6), 136.9 (C-4,8), 136.3 (C-1'), 129.0 (C-2,6"),
127.6 (C-3',5), 124.1 (C-5,7), 114.9 (C-1,3), and 26.7 (q,
4'-COMe). Anal. Caled for C,sH,4,0: C, 87.78; H, 5.73.
Found: C, 87.38; H, 5.92.

4.1.6. 2-(4-Methoxyphenyl)azulene (16c¢). The general
procedure was followed by using 2-azulenylboronate (6)
(100 mg, 0.393 mmol), 4-bromoanisole (15¢) (164 mg,
0.877 mmol), Cs,CO5; (193 mg, 0.592 mmol), Pd,(dba)s
(18 mg, 0.020 mmol), and P(z-Bu); (20 mg, 0.099 mmol) in
dioxane (3 mL) at 80 °C for 19 h. Column chromatography
on silica gel with CH,Cl, and GPC afforded 16¢ (66 mg,
72%). blue plates; mp 229-234 °C decomp.; MS (70 eV)
m/z (relative intensity) 234 (M, 100%); IR (KBr disk) vax
1605, 1478, 1258, 1183, 1030 and 810 cm™'; UV-vis
(CH,Cly) Amax, nm (log &) 248 sh (4.16), 275 (4.40), 307
(4.74), 317 (4.81), 369 sh (4.01), 388 (4.25), 405 (4.29), 533
sh (2.53), 569 (2.64), 608 (2.60), and 658 sh (2.29); 'H
NMR (500 MHz, CDCl3) 6=8.25 (d, /=9.8 Hz, 2H, H-4,8),
7.92 (d, J=8.9 Hz, 2H, H-2',6/), 7.62 (s, 2H, H-1,3), 7.47 (t,
J=9.8 Hz, 1H, H-6), 7.15 (dd, J=9.8, 9.8 Hz, 2H, H-5,7),
7.01 (d, J=8.9 Hz, 2H, H-3,5"), and 3.88 (s, 3H, 4'-OMe);
13C NMR (125 MHz, CDCl3) 6=160.0 (C-4), 149.8 (C-2),
141.4 (C-3a,8a), 135.7 (C-6), 135.2 (C-4,8), 129.2 (C-1"),
128.9 (C-2',6'), 123.7 (C-5,7), 114.4 (C-3,5"), 113.8 (C-1,3),

(X

25gep?

<. ‘/00
OO - ~T QO

25ep> "

and 55.4 (4-OMe). Anal. Calcd for C,;H,4,0: C, 87.15; H,
6.02. Found: C, 86.85; H, 6.17.

4.1.7. 1,2-Di(2-azulenyl)benzene (22). The general pro-
cedure was followed by using 2-azulenylboronate (6)
(203 mg, 0.799 mmol), 1,2-dibromobenzene (17) (95 mg,
0.40 mmol), Cs,CO3; (394 mg, 1.21 mmol), Pd,(dba);
(42 mg, 0.046 mmol), P(+-Bu); (65 mg, 0.32 mmol), and
dioxane (5mL) at 80°C for 24 h. Chromatographic
purification on silica gel with CH,Cl, and GPC afforded
22 (43 mg, 33%), 2-phenylazulene (13) (11 mg, 7%), and
azulene (7) (4 mg, 4%).

Compound 22. Blue crystals; mp 188—189 °C; MS (70 eV)
m/z (relative intensity) 330 (M, 88%), 329 (53), 327 (69),
326 (MT—4H, 100), 314 (49), and 313 (57); IR (KBr disk)
Vinax 1456, 1401, 826, 762 and 731 cm ™ !; UV —vis (CH,Cl,)
Amax, M (log &) 238 sh (4.44), 281 (4.93), 314 sh (4.60),
322 (4.62),393 (4.14), 544 sh (2.65), 579 (2.88), 621 (2.75),
and 673 sh (2.42); '"H NMR (500 MHz, CDCl5) 6=8.07 (d,
J=9.9 Hz, 4H, H-4',8"), 7.71 (m, 2H, H-3,6), 7.44 (m, 2H,
H-4,5), 7.43 (t, J=9.9 Hz, 2H, H-6'), 7.18 (s, 4H, H-1',3"),
and 7.03 (dd, J=9.9, 9.9 Hz, 4H, H-5.7"); '3*C NMR
(125 MHz, CDCl3) 6=151.3 (C-2/), 140.2 (C-3a,8a), 136.9
(C-1,2), 136.3 (C-6'), 135.9 (C-4'.8"), 131.8 (C-3,6),
127.8 (C-4,5), 123.0 (C-5',7"), and 118.5 (C-1',3"); HRMS
Caled for C,cH;s—e 330.1403, found 330.1401. Anal.
Calcd for CogHg: C, 94.51; H, 5.49. Found: C, 94.23; H,
5.65.

4.1.8. 1,4-Di(2-azulenyl)benzene (23). Following the
general procedure, the reaction of 2-azulenylboronate (6)
(204 mg, 0.803 mmol) of 1,4-dibromobenzene (18) (93 mg,
0.39 mmol) in dioxane (5 mL) at 80 °C for 24 h in the
presence of Cs,CO5; (400 mg, 1.23 mmol), Pd,(dba)s
(40 mg, 0.044 mmol), and P(z-Bu); (47 mg, 0.23 mmol)
afforded an insoluble material in CH,Cl,. Mass spectrum of
the insoluble material showed a peak at m/z 330, which
corresponded to a correct M ion peak of 23 (57 mg, 44%).
After the insoluble material was removed by filtration, the
organic layer was worked up. Column chromatography on
silica gel with CH,Cl, and GPC with CHCl; afforded
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2-phenylazulene (13) (2 mg, 2%) and azulene (7) (2 mg,
2%).

Compound 23. Green crystals; mp >300 °C; MS (70 eV)
m/z (relative intensity) 330 (M™, 100%); IR (KBr disk) vax
1410 and 808 cm ™ '; HRMS Caled for Co¢H;s—e 330.1403,
found 330.1409. Anal. Calcd for Co¢H, g 1/4H>0: C, 93.24;
H, 5.57. Found: C, 93.53; H, 5.63.

4.1.9. 1,3,5-Tri(2-azulenyl)benzene (24). The general
procedure was followed by using 2-azulenylboronate (6)
(301 mg, 1.18 mmol), 1,3,5-tribromobenzene (19) (128 mg,
0.407 mmol), Cs,CO5; (596 mg, 1.83 mmol), Pd,(dba);
(66 mg, 0.072 mmol), P(#-Bu); (49 mg, 0.24 mmol),
dioxane (7mL) at 80°C for 24 h. Chromatographic
purification on silica gel with CH,Cl, and GPC afforded
24 (32 mg, 18%), azulene (7) (46 mg, 30%), and the
recovered 6 (22 mg, 7%).

Compound 24. Greenish blue microneedles; mp >300 °C;
MS (70 eV) m/z (relative intensity) 456 (M™*, 100%); IR
(KBr disk) vmax 1505, 1453, 1399 and 801 cm™!; UV —vis
(CH,Cly) Aga, nm (log &) 245 (4.54), 301 (5.16), 314
(5.16), 381 (4.69), 399 (4.73), 541 sh (2.92), 575 (3.05), 615
(3.03), and 664 sh (2.67); '"H NMR (600 MHz, CDCl;)
6=8.54 (s, 3H, H-2,4,6), 8.39 (d, /=9.8 Hz, 6H, H-4.8"),
7.89 (s, 6H, H-1',3"), 7.57 (t, J=9.8 Hz, 3H, H-6'), and 7.23
(dd, J=9.8, 9.8 Hz, 6H, H-5,7"); '*C NMR (150 MHz,
CDCls) 6=149.8 (C-2/), 141.4 (C-3'a,8'a), 137.8 (C-1,3,5),
136.6 (C-6'), 136.2 (C-4'.8"), 126.9 (C-2,4,6), 123.9
(C-5,7"), and 114.8 (C-1',3); HRMS Calcd for C3H,,—e
456.1873, found 456.1874. Anal. Calcd for C3¢H»4-1/2H,0:
C, 92.87; H, 5.41. Found: C, 92.73; H, 5.40.

4.1.10. 1,2,4-Tri(2-azulenyl)benzene (25). The general
procedure was followed by using 2-azulenylboronate (6)
(254 mg, 1.00 mmol), 1,2,4-tribromobenzene (20) (105 mg,
0.334 mmol), Cs,CO5; (587 mg, 1.80 mmol), Pd,(dba)s
(59 mg, 0.064 mmol), P(+-Bu); (72 mg, 0.36 mmol), and
dioxane (7mL) at 80°C for 24 h. Chromatographic
purification on silica gel with CH,Cl, and GPC afforded
25 (55 mg, 36%) and azulene (7) (3 mg, 2%).

Compound 25. Green crystals; mp 238.5-239 °C decomp.;
MS (70 eV) ml/z (relative intensity) 456 (M*, 100%) and
439 (49); IR (KBr disk) vpa 1455, 1401 and 810 cm™ !
UV -vis (CH,Cl») Apax, nm (log &) 236 (4.58), 274 (4.80),
316 (5.04), 386 sh (4.53), 408 (4.61), 430 sh (4.53), 537 sh
(2.94), 579 (3.05), 618 (3.01), and 670 sh (2.68); 'H NMR
(600 MHz, CDCl;) 6=8.32 (d, J=9.7 Hz, 2H, H-4" 8",
8.30 (d, J=19Hz, 1H, H-3), 8.18 (d, J=9.7 Hz, 2H,
H-4".8", 8.11 (d, J=9.7 Hz, 2H, H-4',8), 8.06 (dd, J=8.1,
1.9 Hz, 1H, H-5), 7.86 (d, J/=8.1 Hz, 1H, H-6), 7.79 (s, 2H,
H-1"3"),7.53 (t, J=9.9 Hz, 1H, H-6"), 7.51 (t, J=9.9 Hz,
1H, H-6"), 7.46 (t, J=9.9 Hz, 1H, H-6'), 7.32 (s, 2H,
H-1"3"),7.22 (s, 2H, H-1',3), 7.18 (dd, J=9.9, 9.7 Hz, 2H,
H-5"7"), 7.11 (dd, J=9.9, 9.7 Hz, 2H, H-5",7"), and 7.07
(dd, J=9.9, 9.7 Hz, 2H, H-5,7"); '3C NMR (150 MHz,
CDCly) 6=151.5 (C-2"), 150.8 (C-2/), 149.3 (C-2"), 141.4
(C-3"a,8"a), 140.3 (C-3'a,8'a or C-3"a,8"a), 140.2
(C-3'a,8'a or C-3"a,8"a), 137.7 (C-2), 136.7 (C-1), 136.5
(2C, C-6/, C-6", and/or C-6"), 136.3 (C-6/, C-6", or C-6"),
136.1 (2C, C-4',8', C-4".8" and/or C-4",8"), 136.0 (C-4,8/,

C-4".8" or C-4" 8"), 135.9 (C-4), 132.5 (C-6), 131.2 (C-3),
126.9 (C-5), 123.8 (C-5",7"), 123.2 (C-5',7" or C-5",7"),
123.1 (C-5',7 or C-5",7"), 118.6 (C-1",3"), 118.4 (C-1',3"),
and 114.6 (C-1",3"); HRMS Calcd for CigHy—e
456.1873, found 456.1874. Anal. Calcd for CszgHoy-
1/2H,0: C, 92.87; H, 5.41. Found: C, 92.78; H, 5.64.

4.1.11. 1,2,4,5-Tetra(2-azulenyl)benzene (26). Following
the general procedure, the reaction of 2-azulenylboronate
(6) (417 mg, 1.64 mmol) with 1,2.4,5-tetrabromobenzene
(21) (147 mg, 0.374 mmol) in dioxane (10 mL) at 80 °C for
24 h in the presence of Cs,COjz (802 mg, 2.46 mmol),
Pd,(dba); (74 mg, 0.081 mmol), and P(+-Bu); (96 mg,
0.47 mmol) afforded an insoluble material in CH,Cl,.
Mass spectrum of the insoluble material showed a peak at
m/z 582, which corresponded to a correct M ion peak of 26
(29 mg, 13%). After the insoluble material was removed by
filtration, the organic layer was worked up. Column
chromatography on silica gel with CH,Cl, and GPC
afforded 1,2,4-tri(2-azulenyl)benzene (25) (23 mg, 13%)
and azulene (7) (9 mg, 4%).

Compound 26. Green microneedles; mp >300 °C; MS
(70 eV) ml/z (relative intensity) 582 (M™, 66%), 565 (45),
490 (41), 489 (55), 466 (49), 465 (100), 454 (M*+—C,Hsg,
69), 453 (47), 439 (41), 328 M+ —=2C,,H7, 51), 291 (M /2,
53), and 265 (78); IR (KBr disk) vy., 1574, 1453, 1399,
1383, 820 and 812 cm™!; HRMS Calcd for CueHzp—e
582.2342, found 582.2358. Anal. Calcd for C4¢H30-2/3H,0:
C, 92.90; H, 5.31. Found: C, 92.75; H, 5.36.
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Abstract—Intramolecular cyclization of 1-amino-3-phenacyl-4-carbohydrazido-1,2,3-triazolium-5-olates has been shown to take place via
selective interaction of the carbonyl group with the terminal amino function of the hydrazido group to form a 1,2,5-triazepine ring. Minor
products, resulting from the interaction of the a-nitrogen atom of the hydrazido group with the carbonyl function, having a N-amino-
pyridazine structure were also detected and isolated. A general method for the synthesis of novel mesoionic 2-amino-7-aryl-4-oxo-2,4,5,8-
tetrahydro[1,2,3]triazolo[5,1-d][1,2,5]triazepin-9-ium-3-olates was developed.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Fused 1,2,5-triazepines with a bridgehead nitrogen atom in
the molecule exhibit interesting biological properties.! At
the same time, there are no examples of mesoionic
compounds among publications concerning the synthesis
of fused triazepines,2 although mesoionic 1,2,3-triazoles
fused to six-membered rings are known to exhibit various
biological effects.®> The latter prompted M. Furber and
colleagues* to elaborate an efficient method to prepare
1,2,3-triazoles of mesoionic structure fused to quinazoline,
quinoxaline and benzotriazine rings. However, this method
did not give access to 1,2,3-triazoles fused to triazepine ring.

In this connection, we would like to report our recent results
of a new synthetic approach towards novel mesoionic
[1,2,3]triazolo[5,1-d][1,2,5]triazepines.

2. Results and discussion

The basic idea of our approach consists in the synthesis
of 3-phenacyl-4-carbohydrazido-1,2,3-triazolium-5-olates
which in subsequent cyclization of carbonyl and hydrazide
groups should form the 1,2,5-triazepine ring. Earlier we
have shown,” that alkylation of l-aryl- and 1-amino-5-

Keywords: Fused mesoionic heterocycles; 1-Amino-1,2,3-triazolium-5-
olate; [1,2,3]Triazolo[5,1-d][1,2,5]triazepine; [1,2,3]Triazolo[1,5-a]-
pyrazine; Diazo group transfer; Alkylation.
* Corresponding author. Fax: +7-3432-745483;

e-mail address: vasiliy.bakulev@toslab.com

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.04.067

hydroxy-1H[1,2,3]triazoles with substituted phenacyl
bromides leads solely to N-3 alkylated products of type 1
(Scheme 1). We proposed that triazolotriazepines 4 could
be obtained in cyclization of mesoionic hydrazides of
3-phenacyl-1,2,3-triazolio-5-olate-4-carboxylic acid 3
(Scheme 1). However, it was found that the ester group at
the position 4 of the triazole ring did not react with
hydrazine hydrate. An attempt to obtain 1,2,3-triazole-4-
carbonyl chloride 2 starting from esters 1 completely failed.
Unfortunately, in both experiments the ethyl 1-substituted
5-hydroxy-1,2,3-triazole-4-carboxylate 1 was recovered
unchanged, demonstrating the low reactivity of the ester
group due to extensive conjugation with the olate function.

Therefore, the preparation of the desired hydrazide of type 3
was performed by a three-step synthesis starting from the
protected hydrazide 5 (Scheme 2). A diazo group transfer
reaction with hydrazide 5 allowed us prepare sodium 1H-
1,2,3-triazole-5-olate 6 in good yield by adapting a literature
protocol.’

When the triazolate 6 was reacted with substituted phenacyl
bromides (Scheme 3), N-3 alkylated products 7 were
generated. After dilution with water, the hydrolysis of one of
the azomethine groups took place to form 1-amino-3-(p-R-
phenacyl)-4-(iso-propylidencarboxamido)-1,2,3-triazolium-
5-olate 8. We managed to isolate intermediate 7e (R=CH30),
in good yield and then transformed this compound to
1-aminotriazolium-5-olate 8e by subsequent hydrolysis.

Heating of compounds 8a-e in a 0.1 N HCI solution leads to
the removal of the second isopropylidene group to result in
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Table 1. '*C NMR (at 100 MHz in DMSO-ds) chemical shifts (ppm) and coupling constants (J (Hz))

8 (J (Hz)) Compound
4a 4b 4c 4d 4e

Cs 153.9d 153.8 br. s 153.9d 153.9d 153.8 s
31=1.2 wp=2.4Hz 3=12 3J=1.3

Csa 1099 t 109.8 quintet 109.9 quintet 109.9 dt 109.9 quintet
3j=2.8 3j=2.7 3J=2.8 3J=3.1,%J=35 3j=3.1

Cy 156.5s 156.5 s 156.4 s 1563 s 156.6 s

C; 152.5 quintet 152.5 quintet 151.3 quintet 151.3 quintet 152.6 quintet
2j=42 2J=45 2j=42 2J=3.6 2J=4.0

Cq 489t 488t 488t 48.7 488t
1J=147.4 1J=1475 1J=1475 17=148 1j=1475

Arom. 126.6, 128.9, 130.7, 133.9  126.5, 129.4, 131.0, 140.7 128.5, 128.9, 132.8, 135.5 128.6, 124.3, 124.3, 133.5 114.3, 126.0, 128.4, 161.4

Subs. — 20.8 qt — — 554q

(CH3) 1J=126.6 1J=1448

the triazolohydrazides 9, which undergo smooth cyclization
in situ to the desired 2-amino-7-aryl-4-oxo-2,4,5,8-tetra-
hydro-[1,2,3]triazolo[5,1-d][1,2,5]triazepinium-3-olates
4a-e in good yields. The 'H and '*C NMR spectral data for
compound 4 corroborate the formation of the triazepine ring
and are in a good accordance with its mesoionic structure®
(Table 1).

Thus, for compounds 4, splitting of signal C3, due to coupling
with protons of the methylene group Cg is observed. The
carbon signals for the methylene group Cg and C; of the
triazepines 4 are shifted upfield in comparison with the signals
of similar atoms of precursors 8. The final structural proof for
the compounds 4 prepared was given by X-ray diffraction data
for crystals of 4d grown from DMF (Fig. 1).”

Figure 1. X-ray structure of 4d.

The shape of molecule 4d is determined by the boat
conformation of the 7-membered ring. The phenyl ring
makes an angle of 46.12(11)° with the 5-membered ring.
The angle between the best planes through the 5- and
7-membered ring is 27.96(10)°. The asymmetric unit
consists of one molecule 4d, one DMF and one water
molecules. These solvent molecules are involved in a
hydrogen bond network with atoms N2, O8, N11, O12 and
N13 (as numbered in Fig. 1).

It should be noted that the reaction described here represents
the first example of the formation of the 1,2,5-triazepine
ring due to intramolecular interaction of carbohydrazide and
phenacyl functionalities.

It is known that both «- and B-nitrogen atoms of thio-
carbohydrazide group can react with the phenacyl moiety
leading to the formation of both seven- and six-membered
heterocyclic compounds.® Careful study of the mother
liquid of the reaction of compound 8 with HCI allowed us
also to detect the presence of by-products, that were isolated
in two cases. On the basis of elemental analyses and 'H and
13C NMR data (Table 2) the structures of the minor products
were assigned as 2,5-diamino-6-aryl-4-oxo-4,5-dihydro-
[1,2,3]triazolo[1,5-a]pyrazinium-3-olates 10c and 10e.

It is known that 1,4-dihydro-5H-[1,3,4]-benzo- and
azolotriazepin-5-ones are capable of rearranging to
isomeric benzopyrimidin-4(3H)-ones.” To determine the
formation mechanism of triazolo[1,5-a]pyrazinium-3-
olates 10, we have treated triazepines 4 with diluted

Table 2. 'H, '*C NMR (at 400 and 100 MHz in DMSO-d) chemical shifts (ppm) and coupling constants (J (Hz))

Atom/group Bc 'H
10c 10e 10c 10e
(3 1544 s 1544 s — —
Ci, 107.3 d, 3J=5.3 107.2 d, 3J=4.3 — —
Cy 151.7 d, 3J=0.8 151.7 br. s, w;,=2.4 — —
Cs 139.1 dt, 2J=6.8 >J=3.4 139.9 dt, 2J=6.3 3J=3.2 — —
C, 104.5 d, 'J=200.4 103.6 d, 'J=200 7.61, s 7.52, s
Arom. 127.7,129.9, 131.6, 134.1 113.2, 123.2, 131.2, 160.1 7.53,d (J=8.7), 7.6, d (J=8.7) 7.01, d (J=8.7), 7.53, d (J=8.7)
CH; — 55.3 q, 'J=144.6 — 3.81, s
NH, — — 5.21, s* 5.23, s*
NH, = — 6.28, s* 6.26, s*

 Disappeared after adding of D;CCOOD.
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HCI. Triazepines 4 were found to be stable even after
prolonged heating at reflux in a solution of 0.1 N HCI, and
this confirms the formation of compounds 10 directly
from hydrazide 9 and rejects the rearrangement mechan-
ism for their formation.

In conclusion, intramolecular cyclization of 1-amino-3-
phenacyl-4-carbohydrazido-1,2,3-triazolium-5-olates has
been shown to take place via selective interaction of the
carbonyl group with the terminal amino function of the
hydrazido group to form a 1,2,5-triazepine ring. Minor
products resulting from the interaction of the a-nitrogen
atom of the hydrazido group with the carbonyl function,
namely the N-amino-pyridazines were also detected. A
general method for the synthesis of novel mesoionic
2-amino-7-aryl-4-o0x0-2,4,5,8-tetrahydro[1,2,3]triazolo
[5,1-d][1,2,5]triazepin-9-ium-3-olates was developed.

3. Experimental
3.1. General

Melting points are uncorrected. The 'H and '3C NMR
spectra were recorded in DMSO-dg solution with Bruker
DRX-400, 400 MHz or Bruker WM-250, 250 MHz for 'H
and 100 MHz for '3C, using TMS as internal standard.
Infrared spectra were recorded in KBr on a UR-20
spectrometer. Mass spectra were recorded using Finnigan
MAT 8200 instrument.

3.1.1. Bis(1-methylethylidene)malonhydrazide (5). A
suspension of 10g (0.76 mol) of malonhydrazide in
100 ml of acetone was refluxed for 2 h. The solid compound
5 was filtered off and washed with 15 ml of ethanol and
dried in vacuum. Yield 15.5 g (98%); mp 163-5 °C. [Found
C, 50.85, H, 7.53, N, 26.15. CoH;6N4O; requires: C, 50.93,
H, 7.60, N, 26.40].

3.1.2. Synthesis of sodium 1-[(1-methylethylidene)
amino]-4-{[2-(1-methylethylidene) hydrazino]carbonyl}-
1H-1,2,3-triazol-5-olate (6). The N'!,N'3-bis(1-methylethyl-
idene)-malonohydrazide § (9.96 g, 0.047 mol) was sus-
pended in a solution of sodium ethoxide (3.196 g,
0.047 mol) in 20 ml of dry ethanol, and tosyl azide
(9.26 g, 0.047 mol) was added in a dropwise manner at
0-5°C. The reaction mixture was stirred for 2 h. After
cooling, the precipitate 6 was filtered off, washed with
chloroform and dried. Yield 11.45g (75%); mp 202-
204 °C; v (ecm™1): 1650, 1610 (CO). [Found: C 40.17, H
5.33, N 32.84. CoH;3NeNaO,. requires: C 41.54, H5.04, N
32.29]; '"H NMR (250 MHz) &: 11.27 (1H, br. s, NH), 2.13
(3H, s, Me), 1.96 (3H, s, Me), 1.94 (3H, s, Me), 1.84 (3H, s,
Me).

3.2. Synthesis of 1-amino-3-(p-R-phenacyl)-4-
{[2-(1-methylethylidene)hydrazino]carbonyl}-[1,2,3]-
triazolium-5-olates (8a-d)

General procedure. A solution of sodium salt 6 (16 mmol)
and an equivalent amount of the corresponding phenacyl
bromide in 10 ml of DMF was heated at 70° for 3 h, cooled
to room temperature and diluted with 15 ml of water. After

1 h, the solid of 8a-d was filtered off, washed with water,
dried and crystallized from chloroform (8b), from toluene
(8c, d) or from ethanol (8a).

3.2.1. 1-Amino-4-{[2-(1-methylethylidene)hydrazino]-
carbonyl}-3-phenacyl-1H-1,2,3-triazol-3-ium-5-olate
(8a). Yield 2.28 g (45%); mp 234-236 °C; MS, m/z: 316
(54%,M™). [Found: C 53.10, H4.97, N 26.55. C4H,sNgOs.
requires: C 53.16, H5.10, N 26.57]; '"H NMR (250 MHz) &:
1.92 (3H, s, CHy), 1.98 (3H, s, CH3), 6.2 (2H, s, COCH,),
6.4 (2H, s, NH,), 7.57 (2H, t, J=7.3 Hz, Ph), 7.67 (1H, t,
J=7.3 Hz, Ph), 8.04 (2H, d, /=7.3 Hz, Ph), 10.89 (1H, s,
NH).

3.2.2. 1-Amino-4-{[2-(1-methylethylidene)hydrazino]-
carbonyl}-3-(4-methylphenacyl)-1H-1,2,3-triazol-3-ium-
5-olate (8b). Yield 2.96 g (56%); mp 225228 °C; MS, m/z:
330 (16%, M™); v (em™'): 3272, 3175 (NH), 3060, 3030,
2990, 2940 (CH), 1660, 1640 (CO), 1600, 1550. [Found: C
54.27, H 5.38, N 25.64. C;5sHgNgOs. requires: C 54.53, H
5.49, N 25.44]; '"H NMR (250 MHz) &: 1.90 (3H, s, CH3),
1.95 (3H, s, CH3), 2.43 (3H, s, CH3Ar), 6.22 (2H, s, CH,),
6.54 (2H, s, NH,), 7.42 (2H, d, /=8.1 Hz, ArH), 7.94 (2H, d,
J=8.1 Hz, ArH), 10.93 (1H, br. s, NH). '3C NMR
(100 MHz) é: 16.5 (qq, CH3, J=127 Hz), 21.2 (q, CH3-p,
J=131Hz), 24.4 (qq, CH3, J=127.5Hz), 58.7 (t, CH,,
J=1449 Hz), 110.1 (quint, C(4), J=1.7 Hz), 128.3 (dd,
Ar, J=161.8 ,6.4 Hz), 129.4 (dm, Ar, J=161.4, 5.8 Hz),
131.5 (t, Ar, J=7.4Hz), 1449 (m, Ar), 153.6 (d, NCO,
J=6.8 Hz), 154.2 (s, C(5)), 154.3 (m, C==N), 189.9 (d, CO,
J=4.2 Hz).

3.2.3. 1-Amino-3-(4-chlorophenacyl)-4-{[2-(1-methyl-
ethylidene)hydrazino]-carbonyl}-1H-1,2,3-triazol-3-
ium-5-olate (8c). Yield 4.32 g (77%); MS, m/z: 350 (36%,
M™). [Found: C 47.90, H 5.08, N 23.88. C4H;5CINOs.
requires: C 47.94, H 4.31, CI 10.11, N 23.96]; 'H NMR
(250 MHz) &: 1.91 (3H, s, CH3), 1.97 (3H, s, CH3), 6.19
(2H, s, CH,), 6.46 (2H, s, NH,), 7.63 (2H, d, J=8.5 Hz,
ArH), 8.05 (2H, d, J/=8.5 Hz, ArH), 10.88 (1H, br. s., NH).
13C NMR (100 MHz) &: 16.5 (q, CH;5, J=127.7, 3.1 Hz),
24.8 (q, CHs, J=127.5, 2.9 Hz), 58.8 (t, CH,, /=144.8 Hz),
109.9 (m, C@4), J=14Hz), 129.1 (dd, Ph, J=169.1,
5.1 Hz), 130.1 (dd, Ph, J=164.5, 6.9 Hz), 132.8 (t, Ph,
J=7.4 Hz), 139.2 (t, Ar, J=10.9, 3.03 Hz), 153.5 (d, NCO,
J=7.1 Hz), 154.2 (s, C(5)), 154.3 (m, C=N, J=6.6, 3.7 Hz),
189.8 (t, CO, J=4.2 Hz).

3.2.4. 1-Amino-3-4-bromophenacyl)-4-{[2-(1-methyl-
ethylidene)hydrazino]-carbonyl}-1H-1,2,3-triazol-3-
ium-5-olate (8d). Yield 4.43 g (79%); MS, m/z: (%, M™).
[Found: C, 42.58, H, 3.84, N, 21.22. C4H;5sBrN¢Os.
requires: C, 42.55, H, 3.83, N, 21.26]; 'H NMR
(250 MHz) &: 1.92 (3H, s, CH3), 1.97 (3H, s, CHy), 6.17
(2H, s, CH,), 6.45 (2H, s, NH,), 7.66 (2H, d, J=8.3 Hz,
ArH), 8.12 (2H, d, J=8.3 Hz, ArH), 10.87 (1H, br. s., NH).
13C NMR (100 MHz) &: 16.5 (q, CH3, J=127.7, 3.1 Hz),
24.8 (q, CH3, J=127.5, 2.9 Hz), 58.8 (t, CH,, J/=144.8 Hz),
109.9 (m, C@4), J=1.4Hz), 129.1 (dd, Ph, J=169.1,
5.1 Hz), 130.1 (dd, Ph, J=164.5, 6.9 Hz), 132.8 (t, Ph,
J=7.4 Hz), 139.2 (t, Ar, J/=10.9, 3.03 Hz), 153.5 (d, NCO,
J=T7.1 Hz), 154.2 (s, C(5)), 154.3 (m, C=N, J=6.6, 3.7 Hz),
189.8 (t, CO, J=4.2 Hz).
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3.3. Synthesis of 7e, 8e

A solution of sodium salt 6 (9.03 g, 35 mmol) and
p-methoxyphenacyl bromide (8.15 g, 35 mmol) in DMF
(5 ml) was heated at 70° for 3 h, cooled to room temperature
and 7e was filtered off from the reaction mixture, washed
with DMF, dried and crystallized from ethanol. The filtrate
was mixed with of water (20 ml). After 1 h, the solid 8e was
filtered off, washed with water, dried and crystallized from
chloroform (Method A). Alternatively, a suspension of 7e
(6.02 g) in 50 ml water was heated at reflux for 0.5 h and
evaporated under reduced pressure (Method B). The crude
8e was purified as for method A.

3.3.1. 3-[(3-Methoxyphenacyl)-1-[(1-methylethylidene)
amino]-4-{[2-(1-methylethylidene)hydrazino]carbonyl}-
1H-1,2,3-triazol-3-ium-5-olate (7e). Yield 6.62 g (49%);
mp 165-168 °C; MS, m/z: 386 (34%, M™*). [Found: C,
56.02, H, 5.56, N, 21.59. C3H,,Ng0, requires: C, 55.96, H,
5.70, N, 21.76]; 'H NMR (250 MHz) &: 1.91 (3H, s, CHj3),
1.98 (3H, s, CHj3), 2.07 (3H, s, CH3), 2.31 (3H, s, CH3), 3.89
(3H, s, OCH3), 6.20 (2H, s, CH,), 7.06 (2H, d, ArH,
J=8.8 Hz), 8.1 (2H, d, ArH, J=8.8 Hz), 10.83 (1H, s, NH).

3.3.2. 1-Amino-3-(4-methoxyphenacyl)-4-{[2-(1-methyl-
idene)hydrazino]-carbonyl}-1H-1,2,3-triazol-3-ium-5-
olate (8e). Yield 4.34 g (36%); mp 200—-205 °C (subl.); MS,
mlz: 346 (32%, M™). [Found: C, 52.16, H, 5.06, N, 24.20.
C,sHsNgO,4 requires: C, 52.02, H, 5.20, N, 24.28]; 'H
NMR (250 MHz) 6: 1.91 (3H, s, CH3), 1.97 (3H, s, CH3),
3.88 (3H, s, OCHj), 6.14 (2H, s, CH,), 6.40 (2H, s, NH),
7.04 (2H, d, ArH, J=8.9 Hz), 7.95 (2H, d, ArH, J=8.9 Hz),
10.90 (1H, s, NH). '3C NMR (100 MHz) &: 16.5 (q, CHs,
J=127.5 Hz), 24.8 (q, CH3, J=127.3 Hz), 55.7 (q, OCHj,
J=145.6 Hz), 58.5 (t, CH,, J=144.8 Hz), 110.2 (s, C(4)),
1142 (dd, C(m), J=162.8, 4.6 Hz), 126.8 (t, C(),
J=7.3 Hz), 130.6 (dd, C(o), J=161.6, 7.1 Hz), 153.5 (d,
NCO, J=6.9 Hz), 154.3 (m, C=N), 154.8 (s, C(5)), 188.7
(g, CO).

3.4. Synthesis of triazolotriazepines 4a-e

General procedure. A suspension of hydrazone 8 (1.0 mmol)
in diluted HCI (100 ml, 0.1 N) was heated at reflux for 15 h,
and then the reaction mixture was concentrated at reduced
pressure to 5 ml. After cooling, product 4 was filtered off and
washed with water up to neutral pH.

3.4.1. 2-Amino-4-oxo-7-phenyl-2,4,5,8-tetrahydro[1,2,3]-
triazolo[5,1-d][1,2,5]triazepin-9-ium-3-olate (4a). Yield
0.24 g (93%); mp 273-276 °C (decomp.); MS, m/z: 258
(57%, MT). [Found: C, 51.13, H, 3.88, N, 32.52.
C1H (NGO, requires: C, 51.16, H, 3.90, N, 32.54]; 'H
NMR (250 MHz) 6: 5.57 (2H, s, CH>), 6.06 (2H, br. s, NH,),
7.45 (3H, m, Ph), 7.86 (2H, m, Ph), 11.01 (1H, s, NH).

3.4.2. 2-Amino-7-(4-methylphenyl)-4-oxo0-2,4,5,8-tetra-
hydro[1,2,3]triazolo[5,1-d][1,2,5]-triazepin-9-ium-3-
olate (4b). Yield 0.30 g (88%); mp 294-296 °C; MS, m/z:
272 (49%, M*); v (cm™'): 3440, 3330, 3225, 3122 (NH),
3070, 3047, 3010, 2917 (CH), 1690, 1641 (CO), 1600.
[Found: C, 52.72, H, 4.53, N, 30.78. C5H;3NsO4 requires:
C, 52.94, H, 4.44, N, 30.87]; '"H NMR (250 MHz) &: 2.35

(3H, s, CH3), 5.59 (2H, s, CH,), 6.16 (2H, s, NH,), 7.30 (2H,
d, J/=8.2 Hz, ArH), 7.77 (2H, d, J/=8.2 Hz, ArH), 11.04 (1H,
s, NH).

3.4.3. 2-Amino-7-(4-chlorophenyl)-4-0x0-2,4,5,8-tetra-
hydro[1,2,3]triazolo[5,1-d][1,2,5]-triazepin-9-ium-3-
olate (4c¢). Yield 0.26 g (90%); mp 268271 °C (decomp.);
MS, m/z: 292 (54%, M™). [Found: C, 45.08, H, 3.08, N,
28.68. CHoCINgO, requires: C, 45.14, H, 3.10, N, 28.71];
'"H NMR (250 MHz) 8: 5.58 (2H, s, CH,), 6.09 (2H, s, NH,),
7.47 (2H, d, J=8.5 Hz, ArH), 7.88 (2H, d, J/=8.5 Hz, ArH),
11.07 (1H, s, NH).

3.4.4. 2-Amino-7-(4-bromophenyl)-4-oxo-2,4,5,8-tetra-
hydro[1,2,3]triazolo[5,1-d][1,2,5]-triazepin-9-ium-3-
olate (4d). Yield 0.27 g (93%); mp 272—-274 °C (decomp.);
MS, miz: 336 (59%, M 1), 338 (58%, M*!). [Found: C,
39.15, H, 2.66, N, 24.90. C;;HgBrNgO, requires: C, 39.19,
H, 2.69, N, 24.93]; 'H NMR (250 MHz) &: 5.57 (2H, s,
CH,), 6.07 (2H, br. s, NH,), 7.61 (2H, d, J/=8.8 Hz, ArH),
7.81 (2H, d, J=8.8 Hz, ArH), 11.07 (1H, s, NH).

3.4.5. 2-Amino-7-(4-methoxyphenyl)-4-oxo0-2,4,5,8-tetra-
hydro[1,2,3]triazolo[5,1-d][1,2,5]-triazepin-9-ium-3-
olate (4e). Yield 0.25 g (87%); mp 283286 °C (decomp.);
MS, m/z: 288 (89%, M™). [Found: C, 49.98, H, 4.12, N,
29.13. C,H,NgO;3 requires: C, 50.00, H, 4.20, N, 29.15];
'H NMR (250 MHz) §: 3.82 (3H, s, OCH3), 5.50 (2H, s,
CH,), 5.98 (2H, br. s, NH,), 6.97 (2H, d, /=9.0 Hz, ArH),
7.80 (2H, d, J=9.0 Hz, ArH), 10.71 (1H, s, NH).

3.5. Isolation of triazolopyrazines 10c,e

The water filtrate from 4¢,e was concentrated under reduced
pressure to yield crude 10c,e, which was than purified by
crystallization from ethanol.

3.5.1. 2,5-Diamino-6-(4-chlorophenyl)-4-0x0-4,5-di-
hydro-2H-[1,2,3]triazolo[1,5-a]pyrazin-8-ium-3-olate
(10c¢). Yield 0.022 g (7%); mp >250 °C (decomp.); MS, m/z:
292 (27%, M™). [Found: C, 45.17, H, 3.14, N, 28.64.
C11HoCINgO, requires: C, 45.14, H, 3.10, N, 28.71].

3.5.2. 2,5-Diamino-6-(4-methoxyphenyl)-4-ox0-4,5-di-
hydro-2H-[1,2,3]triazolo[1,5-a]pyrazin-8-ium-3-olate
(10e). Yield 0.015 g (5%); mp >250 °C (decomp.); MS,
m/z: 288 (30%, M™). [Found: C, 50.11, H, 4.29, N, 29.13.
C,H,NgO5 requires: C, 50.00, H, 4.20, N, 29.15].
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Abstract—Using metallation reactions and Pd-catalyzed coupling, we report here two synthetic routes leading to eight new 4,5-di(hetero)-
arylquinazolines. Non-linear activity has been highlighted for some of these compounds with stacked aromatic rings.

© 2004 Published by Elsevier Ltd.

Stacked or cofacial aromatic or heteroaromatic rings appear
in a number of natural products, the most important being
nucleic acids where the rings are offset to each other.!
Furthermore, several studies dealing with 1,8-diaryl2‘ 10 and
1,8-dihetarylnaphthalenes,'' =13 where the aromatic rings
are m-stacked, have been developed. In such naphthalenes,
the two aromatic rings are held cofacial but are splayed out
from each other and are able to rotate about the bonds
attaching them to the rigid naphthalene frame. Crystal
structures show that the aryl rings in such naphthalenes are
not parallel to each other but are tilted away in order to
increase separation and thereby minimize electrostatic
repulsion.

Among the 1,8-di(hetero)arylnaphthalenes previously
described in the literature, some of them have highlighted
interesting non-linear optic (NLO) activities.'* These results
urged us to synthesize aza-analogues of such structures
which could present potential applications in NLOs.

In the context of our studies on the synthesis of

R =H, tert-Bu

Scheme 1.
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benzodiazines using metallation and cross-coupling reac-
tions, we report here the synthesis of various di(hetero)aryl-
quinazolines I-III (Scheme 1).

In these structures, one aryl substituent is rendered electron-
rich by an electron-donor (D) or an heteroarene while the
other has reduced density as a result of an electron-
withdrawing group (A) or heteroarene, it could also be
noticed that position of aryl or hereroarene at the C, and Cs
positions avoid a direct conjugation between the donor (D)
and acceptor (A). So compounds of this type offer potential
non-covalent interactions between the opposite faces of the
D/A m-electron systems.!> To improve this through-space
effect which is defined as Coulombic (electrostatic)
interactions, we have synthesized compounds with The
(A) -electron system on the pyrimidine moiety which is a
m-deficient ring and the (D) mr-electron system on the
benzene ring.

Using cross-coupling reactions and metallations, we report
here two synthetic routes for compounds of type I-III
(Scheme 1), the first one involves cyclization of substituted
benzene derivatives to obtain 4(3H)-quinazolinone deriva-
tives, whereas the second one uses in a first step metallation
reaction of 4(3H)-quinazolinone to functionalize the
benzene moiety.

In the first synthetic route, the starting material was the
methyl 2-amino-6-methoxybenzoate 1 prepared according
to the procedure previously described in the literature.'6
Reaction of 1 with formamidine acetate at 180 °C led to
5-methoxy-4-(3H)-quinazolinone 2 which has been con-
verted with a mixture of phosphorus pentachloride and
phosphorus oxychloride to 4-chloro-5-methoxy-4-(3H)-
quinazolinone 3. This last compound underwent cross-
coupling reactions under Suzuki or Stille conditions
allowing formation of the first aryl—aryl bond at the C4
position (Scheme 2).
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In a second time, cleavage of the methoxy group has been
achieved with pyridinium hydrochloride under reflux
leading to corresponding hydroxy compounds 7—9 which
were reacted with trifluoromethanesulfonic anhydride to
obtain triflate derivatives 10—12. A subsequent cross-
coupling reaction with various arylboronic acids was used
to obtain the unsymmetrical diarylquinazolines 13-17
(Scheme 3).

In the second synthetic route, the starting material was
2-tert-butyl-4(3H)-quinazolinone 18. In a first step, lithia-
tion and functionalization of the benzene moiety of 18 have
been performed regioselectively at the Cs position, then
further cross-coupling reactions allowed us to access to new
4,5-di(hetero)arylquinazolines (Scheme 4).

In a previous paper,'® we have mentioned the metallation of
substituted 4-(3H)-quinazolones with 1 equiv. of n-BuLi at
—78 °C, followed by reaction of LTMP in excess (4 equiv.).
Under these conditions, lithiation was observed at the Cg
position, péri to the ring nitrogen atom N;. We have
reinvestigated the conditions of metallation with compound
18,2! which presents a tert-butyl group on the C, position.
This group avoids a nucleophilic attack of the metallating
agent at this position'®~2% and prevents deprotonation on the
carbon C, of the lateral chain.??~2* It could be noticed that
with such a product, alkyllithiums could be used as
metallating agent.

Treatment of 18 with n equivalents of LTMP (n=4 to 8) at
0 °C for 1 h and acetaldehyde as electrophile did not allow

OTf  Ar,
OMe Ar, OH  Ar,
X\ Pyridinium hydrochloride Ny (CFsS0,),0/CH,CL, | \)N
—
| ) 210°C/1h30 |N/) NEt;/ A N
N

10 Ar, =p-CF,Ph 71%
11 Ar, = m-NO,Ph 25%
12 Ar,=2-pyridyl 49%

13 Y=H Ar, = p-CF,Ph 72%
14 Y = p-OCH, Ar, = p-CF,Ph 86%

4-6 7 Ar, = p-CF;Ph 79%
8 Ar, = m-NO,Ph 73%
9 Ar,=2-pyridyl 62%
Y-PhB(OH),/Pd(PPh,),
OTf  Ar, Toluene/K,CO,/ A l
| SN SnMe,
N/) -
S /Pd(PPh
10 -12 X (PPhs)s

15 Y = p-OCH; Ar,=m-NO, 79%
16 Y = p-OCH; Ar, = 2-pyridyl 28%

Toluene/K,CO,4/ A

Scheme 3.

SN
| 17 Ar, = p-CF,Ph 67%
J

N
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Table 1. Metallation of compound 18
Entry Metallating agent nequiv. Temperature (°C) Time, ¢ (h) Starting material

(%)
18 19

1 n-BuLi 3 —78 1 64 36
2 n-BuLi 3 0 1 60 40
3 n-BuLi 4 0 1 28 72
4 (n-BuLi/TMEDA) 4 —20 2 22 78
5 (s-BuLi/TMEDA) 4 —78 1 62 38
6 (s-BuLi/TMEDA) 4 —20 1 6 94

any reaction and starting material has been recovered. So,
use of alkyllithiums was performed under various con-
ditions with acetaldehyde as electrophile, leading to
compound 19 (Scheme 5, Table 1).

The results given in Table 1 revealed that the best results
were obtained with 4 equiv. of s-BuLi and TMEDA at
—20°C for 1 h (entry 6), under these conditions, 19 was
obtained in good yield (94%) beside small amounts of
starting material.

Structure of compound 19 was established unambigously by
NMR experiments highlighting a regioselective metallation
at the Cs position. These conditions were used with other
electrophiles (Scheme 6).

Starting from compound 24, cross-coupling reactions were
performed under Suzuki conditions leading to 2-fert-butyl-
5-aryl-4-(3H)-quinazolones 25-27. These 4-oxo deriva-
tives were converted with phosphorus oxychloride to their
4-chloro derivatives 28—29. In a last step compounds 28 and
29 reacted with arylboronic acids to give the expected
compounds 30-31. Compound 28 was also reacted with

-

H
N 1) 4 eq. sec-BuLi/THF/- 20 °C/1 h N

2-tributylstannylpyridine following Stille cross-coupling
conditions and afforded 32 (Scheme 7).

The X-ray structure analysis of 14 (Fig. 1) shows that both
phenyl rings subtend angles of 62 and 68° with the plane of
quinazoline. Similarly high torsion angles are observed in
other diarylnaphthalenes'#!” and lead to face—face arrange-
ment of such m-electron systems. The very close approach
of the two phenyl rings is noteworthy: the value of 297.1 pm
observed for Co—C,5 is slightly smaller than in the other
1,8-diphenylnaphthalenes and markedly smaller than the
van der Waals distance for parallel aromatic systems (about
345 pm).!7°

As it has been previously mentioned in the literature,'*
through-space interaction and lack of D/A conjugation with
possible D—A/D - A stacking, tend to favor the formation of
acentric structures. Thus 14 crystallizes in the non-
centrosymmetric space group P2;, which renders such a
structure candidate to non-linear activity for a frequency-
doubling function.

The NLO measurements of the w3 values of compounds 15

7 2) 4 eq. electrophile/- 78 °C /)\

N, “tBu
18

19 E = MeCH(OH) 94%
20 E = PhCH(OH) 92%
21 E=PhS

Scheme 6.

22 E=Bu,Sn  50%
23E=1 37%
17% 24 E=B(OH), 68%
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Figure 1. Crystal structure of 14. Selected distances (ppm): C4-C6 256.5;
C9-C15 297.1; N2—C1 241.9; C18—C12 435.6. Planar angles (°): C4—
C5-C6: 126.4. Interplanar angles (°) C5-C6/C15-C20: 61.7; C4-C5/C9—-
Cl14: 68.0.

and 17 have been performed by means of the EFISH method
(Table 2). The values g, are the computed ground-state
dipole moments calculated by AMI.

The high B values of these compounds 15, 17, compared
to paranitroanilin (PNA) (17x1073° esu)!#* indicate that

Table 2. pcacq (D): computed ground state dipole moments, experimental
wB values determined by EFISH measurements and evaluated first-order
hyperpolarizability 8 of compounds 15, 17

Compound Heated (D) wBx10™* esu Bx107* esu
15 6.62 224 547
17 3.42 11.6 169

| >N 32 Ar=p-OMePh 32%

4,5-diarylquinazolines may have appreciable non-linear
optical properties. Further and complete measurements
will be performed with the other compounds.

1. Conclusion

We have synthesized eight new 4,5-di(hetero)aryl quinazo-
lines using cross-coupling reactions. The regioselective
functionalization of the Cs position of the 2-tert-butyl-
4(3H)-quinazolinone 18 allowed us to develop a second
synthetic route to access to compounds 29-31. The non-
linear optical properties of two compounds of these series
have been measured and interesting and promising results
have been observed. Synthesis of other new 4,5-di(hetero)-
aryl quinazolines and measurement of their first-order
hyperpolarizability § are in progress.

2. Experimental

Melting points were determined on a Kofler hot-stage. The
'H, 13C and '°F spectra were recorded on a Bruker AC 300
(300 MHz 'H, 75 MHz '3C, 282 MHz '°F) instrument.
Microanalyses were performed on a Carlo Erba CHNOS
1160 apparatus. The IR spectra were obtained as potassium
bromide pellets with a Perkin—Elmer Paragon 500
spectrophotometer.

All reagents were of commercial quality and were
purchased from Acros, Aldrich Chemical Co. or Avocado.
The Pd(0)-catalyst Pd(PPhs), was prepared according to the
literature.?> 4-Trifluoromethyl-, 4-methoxyphenyl-, 4-N,N-
dimethylaminophenyl- and 4-cyanophenylboronic acids
were synthesized by halogen—metal exchange followed by
reaction with trimethylborate or triisopropylborate from the
commercially available 1-bromo-4-trifluoromethylbenzene,
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4-bromoanisole, 4-bromo-N,N-dimethylaniline or 4-bromo-
benzonitrile.

2.1. Procedure A for direct lithiation by lithium
alkylamide (LTMP)

A solution of n-butyllithium (1.6 or 2.5 M in hexane) was
added to cold (=50 °C), stirred and anhydrous tetrahydro-
furan (15 mL) under an atmosphere of dry nitrogen. Then
2,2,6,6-tetramethylpiperidine (TMPH) was added. The
mixture was warmed to 0 °C. After 20 min, the temperature
was lowered to —78 °C and the substrate dissolved in 5 mL
of THF was added. After a time ¢, at temperature 7', iodine
was introduced and stirring was continued for a time ¢, at 7».
Hydrolysis was then carried out using a mixture of ethanol
and water (5/5). At room temperature, the solution was
decolorized with sodium thiosulphate. After concentration,
the residue was extracted with dichloromethane or ethyl
acetate (3X15 mL). The combined organic extracts were
dried over magnesium sulfate and evaporated. The crude
product was purified by column chromatography on silica
gel.

2.2. Procedure B for direct lithiation by sec-butyl-
lithium/tetramethylethylenediamine (sec-butyllithium/
TMEDA

A solution of sec-butyllithium (1.3 M in hexane) was added
to cold stirred and anhydrous tetrahydrofuran (20 mL) under
an atmosphere of dry nitrogen. Then tetramethylethylene-
diamine (TMEDA) was added. The mixture was cooled to
—78 °C and added to a solution of 2-tert-butylquinazolin-
4(3H)-one 18 in THF. After a time #; at temperature 7, the
electrophile was introduced and the mixture was keeped at
T, for a time t,. Hydrolysis was then carried out using a
solution of ethanol and water (5/5) at —78 °C. At room
temperature, water (10 mL) was added to the mixture and
THF was removed under reduced pressure. The aqueous
layer was extracted with dichloromethane or ethyl acetate
(3%20 mL), the combined organic extracts were then dried
over magnesium sulfate and evaporated. The crude product
was purified by column chromatography on silica gel.

2.3. Procedure C for cross-coupling of arylboronic acids
with heteroaryl halide under Suzuki conditions

A mixture of the heteroaryl halide (2 mmol), the arylboronic
acid (1.3 equiv.), Pd(PPh3), (0.05 equiv.), aqueous 2 M
potassium carbonate (2 equiv.) and DME (12 mL) and H,O
(3 mL) or ethanol (1 mL) in degassed toluene (15 mL) was
heated under reflux and under nitrogen for 15-48 h. The
reaction mixture was cooled, diluted with 15 mL of water
and dichloromethane (1/1) and the organic layers separated.
The aqueous layer was extracted with dichloromethane
(3X15 mL), the combined organic extracts were dried over
magnesium sulfate and evaporated. The crude product was
purified by column chromatography on silica gel.

2.4. Procedure D for cross-coupling of heteroaryl halides
with tributylstannylheteroarene under Stille conditions

A solution of tributylstannylheteroarene, arylhalide
(0.8 equiv.) and Pd(PPh;)4 (0.05 equiv.) in degassed toluene

(15 mL) was heated under reflux under nitrogen atmosphere
for a time 7. After cooling, a mixture of water (10 mL) and
dichloromethane (10 mL) was added. The organic phase
was extracted with dichloromethane (3X20 mL). The
combined organic extracts were then dried over magnesium
sulphate and evaporated. The crude product was purified by
column chromatography on silica gel.

2.4.1. 4-Chloro-5-methoxyquinazoline (3). Reaction of
2 (1.5g 85mmol) with phosphorus pentachloride
(1.5 equiv.) in POCl; (30 mL) under reflux for 15 h,
followed by removal of excess of POCI; under reduced
pressure. The residue was dissolved in CH,Cl, (20 mL),
then poured on ice and neutralized by an aqueous Na,CO3
solution. The aqueous phase was extracted with dichloro-
methane (3%X20 mL), the combined organic extracts were
then dried over magnesium sulfate and evaporated. The
crude product purified by column chromatography on silica
gel (eluent: petroleum ether/ethyl acetate 2/8) gave after
purification 1.1 g (66%) of 3 as a white solid, mp 113—
114 °C; "H NMR (CDCl3): & 8.84 (s, 1H, Hy); 7.73 (dd,
J=8.3, 7.9 Hz, 1H, Hy); 7.52 (d, /=8.3 Hz, 1H, Hpy); 7.08
(d, J=7.9 Hz, 1H, Hpy,); 3.94 (s, 3H, OCHj3). Anal. calcd for
CoH;CIN,O (194.62): C, 55.54; N, 14.39; H, 3.63. Found:
C, 55.53; N, 14.40; H, 3.89.

2.4.2. 5-Methoxy-4-(4'-trifluoromethylphenyl)quinazo-
line (4). Cross-coupling reaction of 4-trifluoromethyl-
phenylboronic acid (1.3 equiv.) with 3 (390 mg, 2 mmol)
according to the general procedure C (=40 h) gave after
purification by column chromatography (silica gel, eluent:
petroleum ether/ethyl acetate 5/5) 445 mg (71%) of 4 as a
pale yellow solid, mp 94-95 °C; 'H NMR (CDCls): § 9.32
(s, 1H, H,); 7.88-7.61 (m, 5H, 5H,,); 6.95 (d, J/=7.7 Hz,
2H, 2Hpycp3); 3.64 (s, 3H, OCH3); '°F NMR (CDCls):
—62.8; IR: v 1614, 1573, 1331, 1122, 1067, 831 cm™".
Anal. calcd for C;¢H;F3N,O (304.27): C, 63.16; N, 9.21;
H, 3.63. Found: C, 62.81; N, 9.52; H, 3.99.

2.4.3. 5-Methoxy-4-(3'-nitrophenyl)quinazoline  (5).
Cross-coupling reaction of 3-nitrophenylboronic acid
(1.3 equiv.) with 3 (390 mg, 2 mmol) according to the
general procedure C (=62 h) gave after purification by
column chromatography (silica gel, eluent: petroleum ether/
ethyl acetate 5/5) 348 mg (62%) of 5 as a white solid, mp
172-173 °C; '"H NMR (CDCl3): §9.32 (s, 1H, Hy); 8.40 (s,
1H, Hpunoo); 8.34 (d, /=8.2 Hz, 1H, Hpy); 7.89 (m, 2H,
2Hpy); 7.77-7.64 (m, 2H, 2Hpy); 6.97 (d, J/=7.7 Hz, 1H,
H,); 3.65 (s, 3H, OCHj); IR: » 1571, 1525, 1350,
691 cm~!. Anal. caled for C;sH;;N;O; (281.27): C,
64.05; N, 14.94; H, 3.94. Found: C, 63.74; N, 14.86; H, 4.32.

2.4.4. 5-Methoxy-4-(2'-pyridyl)quinazoline (6). Cross-
coupling reaction of (2-pyridyl)-tributylstannane (1.3 equiv.)
with 3 (390 mg, 2 mmol) according to the general procedure
D (=50 h) gave after purification by column chromatog-
raphy (silica gel, eluent: petroleum ether/ethyl acetate 2/1)
431 mg (91%) of 6 as a pale yellow solid, mp 115-116 °C;
'"H NMR (CDCls): 6 9.24 (s, 1H, H»); 8.61 (dd, J=4.9,
0.75 Hz, 1H, Hg); 7.75 (m, 2H, Hy.y); 7.62 (d, J/=8.3 Hz,
1H, Hg); 7.45 (m, 1H, Hy); 7.29 (m, 1H, Hs); 6.82 (d,
J=79Hz, 1H, Hg); 3.49 (s, 3H, OCH3)); '3C NMR
(CDCly): 6 165.5, 159.4, 156.2, 154.4 (Cy), 152.7, 148.6
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(CH), 136.0 (CH), 134.8 (CH), 123.1 (CH), 122.8 (CH),
120.9 (CH), 115.6, 107.3 (CH), 55.9 (OCH3). Anal. calcd
for C{4,H{;N;O (237.26): C, 70.87; N, 17.71; H, 4.67.
Found: C, 71.32; N, 18.12; H, 4.56.

2.4.5. 5-Hydroxy-4-(4'-trifluoromethylphenyl)quinazo-
line (7). A mixture of 4 (625 mg, 2.1 mmol) and pyridinium
chloride (5 g) was heated to 210 °C for 1 h 30 min. After
cooling, the mixture was poured onto ice and neutralized
with a 10% ammoniac solution. The aqueous layer was
extracted with ethyl acetate (5X20 mL), the combined
organic extracts were dried over magnesium sulfate and
evaporated. The crude product was washed with dichloro-
methane and 7 (488 mg, 79%) was obtained as a brown
solid, mp 230-231 °C; 'H NMR (ds-DMSO): § 10.83 (1H,
OH); 9.22 (s, 1H, Hy); 7.75 (m, 5H, 4Hpy,cg3 and Hy); 7.52
(d, /=8.3 Hz, 1H, H,,); 7.03 (d, /=7.7 Hz, 1H, H,,); IR: v
3052, 1572, 1498, 1329, 1169, 1068, 850, 828 cm™!. Anal.
caled for C;sHoF3N,0 (290.24): C, 62.07; N, 9.65; H, 3.13.
Found: C, 62.10; N, 9.84; H, 3.44.

2.4.6. 5-Hydroxy-4-(3'-nitrophenyl)quinazoline (8). A
mixture of 5 (400 mg, 1.4 mmol) and pyridinium chloride
(5 g) was heated to 210 °C for 1 h 30 min. After cooling, the
mixture was poured onto ice and neutralized with a 10%
ammoniac solution. The aqueous layer was extracted with
ethyl acetate (3X20 mL), the combined organic extracts
were dried over magnesium sulfate and evaporated. The
crude product was washed with dichloromethane and 8
(277 mg, 73%) was obtained as a brown solid, mp >260 °C;
'H NMR (ds-DMSO): 6 9.23 (s, 1H, H,); 8.34 (m, 2H,
2HPhNO2); 8.02 (m, lH, HPhNO2); 7.85 (dd, J=84, 8 HZ, IH,
1Hpuno2); 7.74 (dd, J=8, 7.6 Hz, 1H, H,); 7.54 (d, /=8 Hz,
1H, H,); 7.02 (d, J=7.6 Hz, 1H, H,,); IR: v 3070, 1526,
1502, 1347, 830, 692 cm™!. Anal. calcd for C;4HoN;O5
(267.24): C, 62.92; N, 15.72; H, 3.39. Found: C, 63.16; N,
15.77; H, 3.65.

2.4.7. 5-Hydroxy-4-(2'-pyridyl)quinazoline (9). A mixture
of 6 (200 mg, 0.84 mmol) and pyridinium chloride (5 g) was
heated to 210 °C for 1 h 30 min. After cooling, the mixture
was poured onto with ice and neutralized with a 10%
ammoniac solution. The aqueous layer was extracted with
ethyl acetate (3X50 mL), the combined organic extracts
were dried over magnesium sulfate and evaporated.
Purification by column chromatography (neutral alumina,
eluent: petroleum ether/ethyl acetate (5/5)) afforded 116 mg
(62%) of 77 as an orange solid, mp 120-121 °C; 'H NMR
(CDCl3): 6 15.57 (1H, OH); 9.20 (s, 1H, H); 8.83 (dd, J=
8.3, 0.75 Hz, 1H, Hy); 8.61 (dd, J=4.9, 0.75 Hz, 1H, Hg);
8.03 (m, 1H, Hy); 7.76 (dd, J=8.3, 7.9 Hz, 1H, H;); 7.55-
7.51 (m, 2H, Hs); 7.10 (dd, J=7.9, 1.1 Hz, 1H, He) '*C
NMR (CDCl3): 6 160.3, 155.1, 154.9, 153.0, 152.0 (C,),
144.4 (Cy), 138.9 (Cs), 134.7 (C5), 126.5 (C¢), 125.1 (CH),
118.6 (CH), 115.3 (Cy4,), 114.3 (CH); IR: v 3059, 1564,
1522, 1480, 1418, 1352, 1274, 831, 796 cm™'. HRMS(IC)
calculated for C;3H;oN3O: 224.0824. Found: 224.0829.

2.4.8. 4-(4-Trifluoromethylphenyl)-5-trifluoromethyl-
sulfonyloxyquinazoline (10). A mixture of 7 (460 mg,
1.59 mmol), triethylamine (0.67 mL, 3 equiv.) and trifluro-
methanesulfonic anhydride (0.53 mL, 2 equiv.) dissolved in
12 mL of anhydrous dichloromethane was heated under

reflux for 15 h. After cooling and hydrolysis with 10 mL of
water and neutralization with saturated aqueous sodium
carbonate solution, the mixture was extracted with dichloro-
methane (3X15 mL). The combined organic extracts were
dried over magnesium sulfate and evaporated. Purification
by column chromatography (silica gel, eluent: petroleum
ether/ethyl acetate (5/5)) afforded 476 mg (71%) of 10 as a
brown solid, mp 98-99 °C; 'H NMR (CDCls): 6 9.45 (s,
1H, H,); 8.26 (d, J/=8.4 Hz, 1H, Hg); 8.01 (dd, J=8.4,
7.7 Hz, 1H, H,,); 7.89 (m, 4H, 4HpycE3); 7.62 (d, J=7.7 Hz,
1H, H,,); 'F NMR (CDCls): § —63.2, —73.1; IR: v 1543,
1402, 1332, 1220, 1131, 1064, 838, 822 cm™!. Anal. calcd
for Ci¢HgF¢N,SO3 (422.31): C, 45.51; N, 6.63; H, 1.91; S,
7.59. Found: C, 45.32; N, 6.39; H, 2.03; S, 7.56.

2.4.9. 4-(3'-Nitrophenyl)-5-trifluoromethylsulfonyloxy-
quinazoline (11). A mixture of 8 (270 mg, 1.01 mmol),
triethylamine (0.43 mL, 3 equiv.) and trifluromethanesul-
fonic anhydride (0.34 mL, 2 equiv.) dissolved in 10 mL of
anhydrous dichloromethane was heated under reflux for
15 h. After cooling and hydrolysis with 10 mL of water and
neutralization with saturated aqueous sodium carbonate
solution, the mixture was extracted with dichloromethane
(3X15 mL). The combined organic extracts were dried over
magnesium sulfate and evaporated. Purification by column
chromatography (silica gel, eluent: petroleum ether/ethyl
acetate (5/5)) afforded 110 mg (25%) of 11 as an orange oil;
'"H NMR (CDCls): 6 9.46 (s, 1H, H,); 8.50-8.40 (m, 2H,
2HPhNO2); 8.28 (d, J=8.5 Hz, 1H, 1Har); 8.04 (m, 2H, H7/
phNno2); 7.74 (t, J=8 Hz, 1H, 1Hpyno2); 7.64 (d, J=7.8 Hz,
1H, H,); 'F NMR (CDCl3): 6 —73.0; IR: v 3418, 1623,
1532, 1428, 1350, 1217, 1136 cm~'. Anal. calcd for
C5sHgN3SOs (399.31): C, 45.12; N, 10.52; H, 2.02; S,
8.01. Found: C, 45.38; N, 10.25; H, 2.38; S, 7.97.

2.4.10. 4-(2'-Pyridyl)-5-trifluoromethylsulfonyloxyquin-
azoline (12). A mixture of 9 (120 mg, 0.54 mmol),
triethylamine (0.22 mL, 3 equiv.) and trifluromethanesulfo-
nic anhydride (0.19 mL, 1 equiv.) dissolved in 10 mL of
anhydrous dichloromethane was heated under reflux for
15 h. After cooling and hydrolysis with 10 mL of water and
neutralization with saturated aqueous sodium carbonate
solution, the mixture was extracted with dichloromethane
(3X15 mL). The combined organic extracts were dried over
magnesium sulfate and evaporated. Purification by column
chromatography (neutral alumina, eluent: ethyl acetate)
afforded 95 mg (49%) of 12 as a brown solid, mp 74-75 °C;
'"H NMR (CDCls): & 9.38 (s, 1H, Hy)); 8.66 (dd, J=4.9,
1.1 Hz, 1H, Hg); 8.14 (dd, J=8.7, 1.1 Hz, 1H, H,,); 7.97-
7.86 (m, 3H, Hy 4 7); 7.54 (d, J=7.9 Hz, 1H, H,,); 7.41 (m,
1H, Hy); 'F NMR (CDCls): § —73.2; 3C NMR (CDCl3): §
164.7, 156.9, 154.8 (CH), 153.1, 149.5 (CH), 144.2, 137.5
(CH), 133.6 (CH), 130.3 (CH), 125.1 (2xCH), 121.5
(CH), 117.5, 30.1 (CF3). HRMS(IC) calculated for
C14HgF5N305S: 356.0317. Found: 356.0319.

2.4.11. 5-Phenyl-4-(4'-trifluoromethylphenyl)quinazo-
line (13). Cross-coupling reaction of phenylboronic acid
(1.3 equiv.) with 10 (200 mg, 0.47 mmol) according to the
general procedure C (=38 h) gave after purification by
column chromatography (silica gel, eluent: petroleum ether/
ethyl acetate 5/5) 120 mg (72%) of 13 as a white solid, mp
133-134°C; '"H NMR (CDCl3): & 9.41 (s, 1H, H,); 8.20
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(dd, J=8.4, 1.2 Hz, 1H, Hg); 8.00 (dd, J/==8.4, 7.2 Hz, 1H,
H5); 7.67 (dd, J=7.2, 1.2 Hz, 1H, Hg); 7.28 (m, 4H, Hy/35,
¢); 7.01 (m, 5H, 5Hp); '°F NMR (CDCl3): § —63.4; IR: v
1537, 1324, 1108, 1065, 836, 762, 699 cm™!. Anal. calcd
for C,;H3F3N, (350.34): C, 72.00; N, 8.00; H, 3.74. Found:
C, 72.30; N, 7.73; H, 3.82.

2.4.12. 5-(4"-Methoxyphenyl)-4-(4'-trifluoromethyl-
phenyl)quinazoline (14). Cross-coupling reaction of
4-methoxyphenylboronic acid (1.3 equiv.) with 10
(200 mg, 0.47 mmol) according to the general procedure
C (r=38 h) gave after purification by column chromatog-
raphy (silica gel, eluent: petroleum ether/ethyl acetate 5/5)
155 mg (86%) of 14 as a pale yellow solid, mp 45-46 °C;
'"H NMR (CDCl;): 6 9.40 (s, 1H, H,); 8.18 (dd, /=84,
1.2 Hz, 1H, Hg); 7.99 (dd, /=8.4, 7.2 Hz, 1H, H7); 7.66 (dd,
J=72, 1.2 HZ, ]H, H6)9 7.32 (m, 4H, H2’/3’/5’/6’); 6.90
(d, J=6.7Hz, 2H, 2Hppocn3); 6.54 (d, J=6.7 Hz, 2H,
2Hppocm3); °F NMR (CDCl5): § —63.3; IR: v 1611, 1514,
1324, 1164, 1066, 831 cm ™ !. Anal. caled for CooH;sF5N,O
(380.37): C, 69.47; N, 7.36; H, 3.97. Found: C, 69.35; N,
7.17; H, 3.58.

2.4.13. 5-(4"-Methoxyphenyl)-4-(3'-nitrophenyl)quinazo-
line (15). Cross-coupling reaction of 4-methoxyphenyl-
boronic acid (1.3 equiv.) with 11 (100 mg, 0.25 mmol)
according to the general procedure C (=86 h) gave after
purification by column chromatography (silica gel, eluent:
ethyl acetate) 70 mg (79%) of 15 as a pale yellow solid, mp
136—137 °C; '"H NMR (CDCls): §9.42 (s, 1H, H»); 8.20 (d,
J=7.9 Hz, 1H, H,,); 8.03 (m, 2H, 2H,,); 7.68 (d, /=7.3 Hz,
1H, H,,); 7.36 (t, J=7.9 Hz, 1H, H,,); 6.94 (d, /=8.5 Hz,
ZH, Hzﬂ/éﬂ); 6.53 (d, J=8.5 Hz, 2H, H3”/5//); 3.70 (S, 3H,
OCH3); IR: » 1529, 1511, 1351, 1241, 1028, 806, 692 cm ™!
Anal. calcd for C,1H;sN5;0O5 (357.37): C, 70.59; N, 11.76;
H, 4.20. Found: C, 70.95; N, 11.41; H, 4.55.

2.4.14. 5-(4"-Methoxyphenyl)-4-(2'-pyridyl)quinazoline
(16). Cross-coupling reaction of 4-methoxyphenylboronic
acid (1.3 equiv.) with 12 (125 mg, 0.35 mmol) according to
the general procedure C (=60 h) gave after purification by
column chromatography (silica gel, eluent: petroleum ether/
ethyl acetate 5/5) 31 mg (28%) of 16 as a yellow solid, mp
106—107 °C; 'H NMR (CDCls): 6 9.35 (s, 1H, H,); 8.20 (d,
J=3.8 Hz, 1H, Hg); 8.07 (dd, J=8.7 and 1.1 Hz, 1H, Hg);
7.90 (dd, J=8.7, 7.1 Hz, 1H, Hy); 7.56 (dd, /=7.1, 1.5 Hz,
IH, Hg); 7.42-7.32 (m, 2H, Hjy /y); 6.94-6.91 (m, 3H,
Hz///sﬂ/y); 6.49 (d, J=8.7 HZ, 2H, H3///5//); 3.71 (S, 3H,
OCHs;); IR: v 1606, 1565, 1512, 1465, 1359, 1246, 1031,
799 cm L. Anal. caled for CooH;5sN50 (313.36): C, 76.46;
N, 13.41; H, 4.82. Found: C, 76.22; N, 12.98; H, 4.44.

2.4.15. 5-(2"-Thienyl)-4-(4'-trifluoromethylphenyl)quin-
azoline (17). Cross-coupling reaction of (2-thienyl)-tri-
methylstannane (1.3 equiv.) with 10 (150 mg, 0.36 mmol)
according to the general procedure D (=24 h) gave after
purification by column chromatography (silica gel, eluent:
petroleum ether/ethyl acetate 5/5) 85 mg (67%) of 17 as a
pale yellow solid, mp 137-138 °C; 'H NMR (CDCl5): &
9.41 (s, 1H, H,); 8.19 (dd, J=8.4, 1.2 Hz, 1H, Hg); 7.98 (dd,
J=8.4,72Hz, 1H, Hy); 7.77 (dd, J=7.2, 1.2 Hz, 1H, Hp);
7.43 (m, 4H, H2//3//5//6/); 7.09 (dd, J=5, 1 HZ, lH, HSN); 6.56
(dd, J=5, 3.6 Hz, 1H, Hy); 6.39 (dd, J=3.6, 1 Hz, 1H, H3»);

19F NMR (CDCls): § —63.3; IR: v 1537, 1325, 1108, 1065,
828, 706 cm ™. Anal. calcd for C,oH;;FsN,S (394.48): C,
64.04; N, 7.86; H, 3.11. Found: C, 64.31; N, 7.59; H, 3.46.

2.4.16. 2-tert-Butyl-5-(1-hydroxyethyl)quinazolin-4(3H)-
one (19). Metallation of 18 (50 mg, 0.24 mmol) according
to the procedure B with sec-BuLi 1.3 M (4.2 equiv.,
0.80 mL), TMEDA (4.0 equiv., 0.149 mL), T,=-78 °C,
followed by reaction with acetaldehyde (5 equiv., 0.07 mL),
t1=1 h, gave after purification by column chromatography
(silicagel, eluent: dichloromethane/ethyl acetate (1/1))
49 mg (82%) of 19 as a white solid, mp 189-190 °C; 'H
NMR (CDCl;): 6 10.94 (s, 1H, NH); 7.64 (m, 2H, H; and
Hg), 7.46 (dd, JH6—H7=6-4] Hz and JH6—H8=2~26 HZ, ]H,
Hg); 5.45 (quint, J/=6.78 Hz, 1H, CHOH); 5.07 (d, J=
7.54 Hz, 1H, OH); 1.57 (d, J/=6.78 Hz, 3H, Me); 1.43 (s,
9H, tert-butyl); '*C NMR (CDCl;): 8 165.4 (Cqui), 161.8
(Cqui)» 152.1 (Cqui), 147.3 (Cgu), 1349 (CHgui), 128.3
(CHgqui), 125.4 (CHyyy), 117.9 (Cgu), 69.66 (CHOH), 37.5
(CMe3), 28.6 (3Merr-buty1), 23.8 (Me). Anal. caled for
C14HgN>0O, (246.30): C, 68.27; H, 7.37; N, 11.99. Found:
C, 67.97; H, 7.31; N, 11.61.

2.4.17. 2-tert-Butyl-5-(1-hydroxyphenyl)quinazolin-
4(3H)-one (20). Metallation of 18 (50 mg, 0.24 mmol)
according to the procedure B with sec-BuLi 1.3 M
(4.2 equiv., 0.80 mL), TMEDA (4.0 equiv., 0.149 mL),
T,=—78°C, followed by reaction with benzaldehyde
(5 equiv., 0.126 mL), #,=1h, gave after purification by
column chromatography (silicagel, eluent: dichloro-
methane/ethyl acetate (8/2)) 70 mg (92%) of 20 as a white
solid, mp 163—-164 °C; '"H NMR (CDCl5): & 10.76 (s, 1H,
NH); 7.61 (m, 2H, H; and Hg); 7.24 (m, 5H, Ph); 7.13 (dd,
JH6—H7:7'16 Hz and JHG,ngl.Sl HZ, lH, Hﬁ), 6.39 (d,
J=7.91 Hz, 1H, CHOH); 5.73 (d, J=7.91 Hz, 1H, OH); 1.34
(s, 9H, rert-butyl); '3C NMR (CDCl5): 6 165.2 (Cqui), 161.9
(Cqui)» 152.2 (Cyui), 145.1 (Cyuy), 143.3 (Cpp), 134.7 (CHyyp)s
128.8 (CHgqyi), 128.4 (2CHpy), 128.3 (CHpy), 127.5 (CHgyi),
127.2 (2CHpy), 118.5 (Cgui), 75.1 (CHOH), 37.5 (CMe3),
28.5 (BMeerr-buy)- Anal. caled for Ci9H0N,0, (308.38):
C, 74.00; H, 6.54; N, 9.08. Found: C, 74.13; H, 6.56; N,
8.69.

2.4.18. 2-tert-Butyl-5-phenylsulfanylquinazolin-4(3H)-
one (21). Metallation of 18. (50 mg, 0.24 mmol) according
to the procedure B with sec-BuLi 1.3 M (4.2 equiv.,
0.80 mL), TMEDA (4.0 equiv., 0.149 mL), T;=-78 °C,
followed by reaction with benzaldehyde (5 equiv.,
0.126 mL), #,=1h, gave after purification by column
chromatography (silicagel, eluent: petromeum ether/ethyl
acetate (7/3)) 13 mg (17%) of 21 as a white solid, mp
>250 °C; '"H NMR (CDCls): 6 10.85 (s, 1H, NH); 7.57 (m,
2H, H; and Hg); 7.42 (m, 3H); 7.29 (d, J=4.52 Hz, 2H); 6.51
(dq, J=4.53 Hz, 1H); 1.42 (s, 9H, tert-butyl); '3C NMR
(CDCl3): 8 164.2 (Cy)162.5 (Cgyui), 151.3 (Cyyp), 144.2
(Cqui)» 136.7 (2CHpy), 133.9 (CHgui), 132.5 (Cgui), 130.3
(2CHpy), 129.8 (CHgy), 123.7 (CH),123.3 (CH), 37.7
(CMe3), 28.6 (BMeyerr-buy)- Anal. caled for CigH;gN>OS
(310.42): C, 69.65; H, 5.84; N, 9.02; S, 10.33. Found: C,
69.37; H, 5.93; N, 8.87; S, 10.58.

2.4.19. 2-tert-Butyl-5-(tri-n-butylstannyl)quinazolin-
4(3H)-one (22). Metallation of 18 (50 mg, 0.24 mmol)
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according to the procedure B with sec-BuLi 1.3 M
(4.2 equiv., 0.80 mL), TMEDA (4.0 equiv., 0.149 mL),
T,=—78 °C, followed by reaction with tri-n-butylstannyl
chloride (5 equiv., 0.34 mL), r;=1 h, gave after purification
by column chromatography (silicagel, eluent: petroleum
ether/ethyl acetate (7/3)) 13 mg (17%) of 22 as a vitrous
solid, mp 54-55 °C; 'H NMR (CDCls): 6 8.72 (s, 1H, NH);
7.59 (m, 3H, H6/7/8); 1.48 (m, 6H, CH2), 1.34 (S, 9H, tert-
butyl); 1.13 (2m, 12H, CH,); 0.79 (t, J=7.16—7.54 Hz, 9H,
CH3); ">*C NMR (CDCl3): 6 164.2 (Cqyi), 160.5 (Cqi), 149.5
(Cqui), 145.1 (Cqui), 135.8 (CHgu), 134.0 (CHyy), 127.9
(CHgui), 125.5 (Cqui)» 374 (Croprbuyr)s 29.6 (CHy), 28.7
(B3XCH3/err-butyn)» 27.8 (CHy), 14.1 (CH3), 11.8 (CH,). Anal.
calcd for C,4H4oN,0OSn (491.30): C, 58.67; H, 8.21; N, 5.70.
Found: C, 58.68; H, 8.23; N, 5.27.

2.4.20. 2-tert-Butyl-5-iodoquinazolin-4(3H)-one (23).
Metallation of 18 (50 mg, 0.24 mmol) according to the
procedure B with sec-BuLi 1.3 M (4.2 equiv., 0.80 mL),
TMEDA (4.0 equiv., 0.149 mL), T,=-78 °C, followed by
reaction with iodine in THF (5 equiv., 314 mg), #;=1h,
gave after purification by column chromatography (silica-
gel, eluent: ethyl ether/dichloromethane (1/9)) 30 mg (37%)
of 23 as a white solid, mp 245-246 °C; '"H NMR (CDCls): &
11.40 (s, 1H, NH); 7.99 (dd, Jus_g7=7.53-7.53 Hz and
JHG—H8=0-75_1'13 HZ, lH, HG), 7.63 (dd, JH8—H7=7~91_
829 Hz and Jug_npe=0.75-1.13 Hz, 1H, Hg); 7.24 (t,
J=79Hz, Hy); 144 (s, 9H, tert-butyl); '3C NMR
(CDCly): 6 162.7 (Cgui), 162.6 (Cqui), 151.0 (Cyyi), 140.9
(CHgqui), 135.0 (CHgui), 129.2 (CHgyp), 120.4 (Cgu), 91.3
(Cau)- 38.0 (Crerrbuty): 28.6 (3XCHiyerrpueyr). Anal. caled
for C;,H3N,0I (328.15): C, 43.92; H, 3.99; N, 8.54. Found:
C, 43.98; H, 3.97; N, 8.35.

2.4.21. 2-tert-Butyl-4-0x0-3,4-dihydroquinazolin-5-boro-
nic acid (24). Metalation of 18 (100 mg, 0.5 mmol)
according to the procedure B with sec-BuLi 1.3 M
(4.2 equiv.,, 1.6 mL), TMEDA (4.0 equiv., 0.3 mL),
T1=—20°C, t;=1 h, followed by reaction with tri-isopro-
pylborate (6 equiv., 564 mg), T,=—78 °C to rt, t,=15 h,
gave after purification by washing with DCM 84 mg
(68%)of 24, mp °C; 'H NMR (ds-DMSO): 6 11.88 (s, 1H,
NH), 9.35 (s, 2H, 2xXOH), 7.72 (t, J=7.9 Hz, 1H, H;), 7.54
(dd, J=7.9, 1.1 Hz, 1H, Hy,), 7.42 (dd, J/=7.9, 1.1 Hz, 1H,
Ha,), 1.37 (s, 9H, tert-butyl); IR: v 3346, 3173, 3069, 2973,
2922, 1640, 1583, 1409, 1375 cm™ 1.

2.4.22. 2-tert-Butyl-5-(4'-methoxyphenyl)quinazolin-
4(3H)-one (25). Coupling of heteroarylboronic acid 24
(640 mg, 1.3 equiv.) with 4-iodoanisole (468 mg, 2 mmol)
according to the general procedure C (DME, =60 h) gave
after purification by column chromatography (silica gel,
eluent petroleum ether/ethyl acetate 6/4) 246 mg (40%) of
25 as a white solid, mp >250 °C; 'H NMR (CDCl3): §11.17
(s, 1H, NH); 7.66 (m, 2H, Hgsz); 7.22 (d, J/=8.7 Hz, 2H,
H2//6/); 7.19 (t, lH, H7); 6.89 (d, J=8.7 HZ, ZH, H3//5/); 3.86
(s, 3H, OCH3); 1.18 (s, 9H, tert-butyl); '3C NMR (CDCl5):
0 163.9 (Cy), 162.8 (C,), 158.8 (Cy), 151.0 (Cgy,), 143.5
(Cs), 135.0 (Cy), 133.4 (Cg), 130.1 (Cy, Cg), 129.9 (Cy),
127.6 (Cg), 118.1 (Cy4y), 113.2 (Cy, Cy), 55.5 (OCH3), 37.2
(Crerrbuy)s 28.4 (BXCHs/eprbuy); IR: v 3173, 3090, 3053,
2973, 2951, 2832, 1669, 1616, 1592, 1515, 1465, 1286,
1238, 827 cm~'. MS (IC): 309 (MH)*. Anal. calcd for

C10H20N-0, (308.38): C, 74.00; N, 9.08; H, 6.54. Found: C,
73.88; N, 8.82; H, 6.34.

2.4.23. 2-tert-Butyl-5-(2'-thienyl)quinazolin-4(3H)-one
(26). Coupling of heteroarylboronic acid 24 (640 mg,
1.3 equiv.) with 2-iodothiophene (421 mg, 2 mmol) accord-
ing to the general procedure F (DME, =60 h) gave after
purification by column chromatography (silica gel, eluent
petroleum ether/ethyl acetate 7/3) 341 mg (60%) of 26 as a
beige solid, mp 242-243 °C; 'H NMR (CDCl;): § 11.87 (s,
1H, NH); 7.70 (m, 2H, Hg/g); 7.35 (m, 2H, Hy/7); 7.03 (m,
2H, Hyy); 1.25 (s, 9H, tert-butyl); 3C NMR (CDCly): &
163.7 (Cy), 163.1 (Cy), 150.9 (Cg,), 142.8 (Cs), 135.5 (Cy),
133.0 (Cg), 131.1 (C5), 128.7 (Cy), 126.8 (Cy or Cy), 126.6
(Cs or Cy), 125.2 (Cy), 118.8 (Cyaa), 37.2 (Crerrbury)s 28.3
(3XCHserr-buryn); IR: v 3175, 1660, 1614, 1592, 1570, 1310,
976, 822, 786 cm ™~ !. Anal. caled for C;cH;cN,OS (284.38):
C, 67.58; N, 9.85; H, 5.67. Found: C, 67.23; N, 9.37; H,
5.13.

2.4.24. 2-tert-Butyl-5-(4'-N,N-dimethylaminophenyl)-
quinazolin-4(3H)-one (27). Coupling of heteroarylboronic
acid 24 (640 mg, 1.3 equiv.) with 4-bromo-N,N-dimethyl-
aniline (400 mg, 2 mmol) according to the general pro-
cedure F (DME, r=60h) gave after purification by
recrystalization in diethyl ether 454 mg (71%) of 27 as a
solid, mp >250 °C; 'H NMR (CDCl3): § 11.33 (s, 1H, NH);
7.64 (m, 2H, Hg/g); 7.20 (m, 3H, Hy/¢/7); 6.74 (d, J=8.7 Hz,
2H, Hiys); 3.00 (s, 6H, N(CHj3),); 1.22 (s, 9H, tert-butyl);
13C NMR (CDCl3): 8§ 163.9 (Cy), 162.6 (C,), 151.0 (Cg,),
144.2 (Cs), 133.4 (Cg), 130.6 (C5), 129.9 (Cy), 129.8 (Cy,
Ce), 126.9 (Cg), 118.0 (Cyy,), 111.9 (C5, Cs), 40.9 (2XCH3),
37.2 (Crerrbuy)> 28.5 (3XCHsyers-buryr)- Anal. calcd for
Co0H23N30 (321.43): C, 74.74; N, 13.07; H, 7.21. Found:
C, 74.52; N, 12.60; H, 6.98.

2.4.25. 2-tert-Butyl-4-chloro-5-(4'-methoxyphenyl)quin-
azoline (28). Reaction of 25 (900 mg, 2.9 mmol) with
POCI; (50 mL) under reflux for 6 h, followed by removal of
excess of POCl; under reduced pressure and partitionning of
the residue between CH,Cl, and cold aqueous K,COj
solution, gave after purification by column chromatography
(silica gel, eluent petroleum ether/ethyl acetate 6/4) 682 mg
(72%) of 28 as a yellow solid, mp 98—99 °C; 'H NMR
(CDCl3): 6 8.01 (d, /=8.3 Hz, 1H, Hg); 7.82 (dd, J=8.3,
7.2Hz, 1H, Hy); 7.47 (d, J=7.2Hz, 1H, Hg); 7.24 (d,
J=8.3 Hz, 2H, Hy/¢); 6.96 (d, J=8.3 Hz, 2H, H3/5/); 3.89 (s,
3H, OCH3); 1.50 (s, 9H, tert-butyl); '*C NMR (CDCls): &
171.9 (Cy), 160.7 (Cy), 159.2 (Cy), 152.8 (Cg,), 140.2 (Cs),
133.5 (Cyp), 1327 (Cg), 131.0 (Cy, Cg), 130.5 (Cy),
128.3 (Cy), 120.1 (Cy4y), 113.2 (Cy, Cs), 55.3 (OCHj;),
39.2 (Crerr-buiy)s 29.3 (BXCH3zyerr-buyr); IR: v 1608, 1563,
1510, 1460, 1290, 1240, 1170, 881, 832, 744 cm™'. Anal.
caled for CoH;9CIN,O (326.83): C, 69.83; N, 8.57; H, 5.86.
Found: C, 69.87; N, 8.49; H, 5.98.

2.4.26. 2-tert-Butyl-4-chloro-5-(2'-thienyl)quinazolin-
4(3H)-one (29). Reaction of 26 (284 mg, 1 mmol) with
POCI; (15 mL) under reflux for 6 h, followed by removal of
excess of POCl; under reduced pressure and partitionning of
the residue between CH,Cl, and cold aqueous K,COj;
solution, gave after purification by column chromatography
(silica gel, eluent petroleum ether/ethyl acetate 7/3) 121 mg
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(40%) of 29 as a yellow solid, mp 134—135 °C; 'H NMR
(CDCl3): & 8.05 (d, J/=8.3 Hz, 1H, Hg); 7.83 (dd, J=8.3,
7.2 Hz, 1H, Hy); 7.63 (d, J=7.2 Hz, 1H, Hy); 7.44 (d, J=
5.3 Hz, 1H, Hy); 7.11 (m, 1H, Hy); 7.02 (m, 1H, Hy); 1.49
(s, 9H, 3XCHae/1-buty1); °C NMR (CDCl3): 8 172.3, 160.6,
152.9, 141.2, 132.6 (C;), 132.5 (Cg), 132.4, 129.9 (Cy),
1289 (Cy), 127.1 (Cy), 1264 (Cy), 121.2 (Cy4), 39.5
(Crert-buty)s 29.5 (3XCH3/eprpuryr); IR: v 1563, 1444, 1280,
827,744,712 cm™ . Anal. calcd for C;¢H;5CIN,S (302.83):
C, 63.46; N, 9.25; H, 4.99. Found: C, 63.96; N, 8.93; H,
5.09.

2.4.27. 2-tert-Butyl-4-(4-cyanophenyl)-5-(4"-methoxy-
phenyl)quinazoline (30). Coupling of 4-cyanophenyl-
boronic acid (1.3 equiv.) with 28 (474 mg, 2 mmol)
according to the general procedure C (=60 h) gave after
purification by column chromatography (silica gel, eluent
petroleum ether/ethyl acetate 8/2)) 618 mg (90%) of 30 as a
yellow solid, mp 149—150 °C; '"H NMR (CDCls): 6 8.07 (d,
J=8.3 Hz, 1H, Hyg); 7.89 (dd, J=8.3, 7.2 Hz, 1H, H,); 7.53
(d, J=7.2Hz, 1H, Hg); 7.33 (m, 4H, Hy3/5/¢); 6.92 (d,
J=8.7 Hz, 2H, Hyrg); 6.56 (d, J=8.7 Hz, 2H, H3r/51); 3.73
(s, 3H, OCH3); 1.54 (s, 9H, tert-butyl); '3C NMR (CDCl5):
6 171.8 (Cy), 165.4 (Cy), 159.1 (Cyr), 153.1 (Cg,), 144.9
(Cy), 139.9 (Cs), 132.8 (C5), 131.1 (Cyr, Cgr), 131.0 (Cy,
Cg), 130.7 (Cy, Cs), 130.0 (Cg), 128.4 (Cg), 119.2 (CN),
118.8 (Cy4y), 113.6 (Cy, Cs), 111.5 (Cy), 55.6 (OCH3), 39.5
(Crerr-buty)s 29.7 BXCHsseprbuy); IR: v 3073, 3008, 2966,
2931, 2863, 2230, 1609, 1538, 1513, 1470, 1368, 1296,
1249, 1175, 1035, 827, 812cm~'. Anal. caled for
Cr6Ho3N30 (343.49): C, 79.36; N, 5.89; H, 10.68. Found:
C, 78.99; N, 10.33; H, 6.13.

2.4.28. 2-tert-Butyl-4-(4' -cyanophenyl)-5-(2”-thienyl)quin-
azoline (31). Coupling of 4-cyanophenylboronic acid
(1.3 equiv.) with 29 (mg, 2 mmol) according to the general
procedure C (=60 h) gave after purification by column
chromatography (silica gel, eluent petroleum ether/ethyl
acetate)) 221 mg (30%) of 31 as a yellow solid, mp 120—
121 °C; '"H NMR (CDCls): & 8.09 (d, /=8.3 Hz, 1H, Hy);
7.87 (dd, J=8.3, 7.2 Hz, 1H, Hy); 7.63 (d, /=7.2 Hz, 1H,
He); 7.46 (d, J=8.3 Hz, 2H, 2Hpycn); 7.39 (d, /=8.3 Hz,
2H, 2Hpycen); 7.08 (d, J=5.3 Hz, 1H, Hyr); 6.56 (m, 1H,
Hs); 6.38 (m, 1H, Hy»); 1.54 (s, 9H, tert-butyl); '3C NMR
(CDCly): 6 172.1 (Cy), 165.2 (Cy), 153.1 (Cg,), 145.0 (Cy),
142.0 (Cy»), 132.7 (Cs), 132.4 (C;), 131.2 (2XCHppcen),
131.0 (Cg), 130.0 (2XCHppen), 129.7 (Cyr), 129.4 (Cy),
127.5 (Cyr), 126.4 (Cyr), 119.7 (CN), 119.0 (Cyp), 111.9
(Cy), 39.6 (Crerrbuy)s 29.8 (3XCHzyerr-buryr). HRMS(IC)
calculated for C53H»oN3S: 370.1378. Found: 370.1380.

2.4.29. 2-tert-Butyl-5-(4"-methoxyphenyl)-4-(2'-pyridyl)-
quinazoline (32). Coupling of (2-pyridyl)-tributylstannane
(1.3 equiv.) with 28 (474 mg, 2 mmol) according to the
general procedure D (=48 h) gave after purification by
column chromatography (silica gel, eluent: petroleum ether/
ethyl acetate 8/2) 236 mg (32%) of 32 as a yellow solid, mp
107-108 °C; 'H NMR (CDCls): 6 8.11 (d, J=4.9 Hz, 1H,
Hy); 8.05 (d, J=8.3 Hz, 1H, Hy); 7.86 (dd, J=8.3, 7.5 Hz,
1H, Hy); 7.66 (d, /=7.9 Hz, 1H, Hg); 7.53 (m, 2H, Hg/s);
6.95 (m, 3H, Hz///GU/4/); 6.54 (d, J=83 Hz, 2H, H3”/5”); 3.72
(s, 3H, OCH3); 1.56 (s, 9H, tert-butyl); '*C NMR (CDCls):
8 171.6 (Cy), 165.8 (Cy), 158.4 (Cy» or Cyr), 158.3 (Cyr or

C1),153.1 (Cg,), 148.6 (Cy), 140.4 (Cs), 135.8 (Cy), 134.6
(Cyn), 132.6 (Cy), 130.6 (Cyr, Cgr), 129.9 (Cy), 128.0 (Cy),
124.9 (Cg), 122.5 (Cy), 119.3 (Cy4n), 113.2 (Cy, Cy), 55.4
(OCHa), 39.4 (Crerrbuty1)s 29-8 (3XCHzerrbuty); IR: v 3058,
3014, 2960, 2926, 2864, 2837, 1610, 1550, 1512, 1470,
1368, 1348, 1292, 1245, 1183, 1026, 827, 804, 790,
744cm~!. MS (ED: 369 (M)*. Anal. caled for
C,4H,3N50 (369.47): C, 78.02; N, 11.37; H, 6.27. Found:
C, 77.69; N, 10.97; H, 6.51.
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Abstract—Reactions of aliphatic and aromatic aldehydes with the benzyllithium derived from 2-p-tolylsulfinyl ethylbenzene yield mixtures
of mainly two compounds, anti-3 and syn-4, epimers at hydroxylic carbon, easily separated by chromatography and desulfinylated into
enantiomerically pure 1-alkyl (or aryl)-2-phenyl-1-propanols. The observed stereoselectivity at C(1) and C(2) is analyzed to the light of the

steric and electronic effects of the substituents.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Enantioselective deprotonation/substitution processes of
benzylic positions! have been widely investigated in the
last years. Chiral auxiliaries have allowed the sterocon-
trolled functionalization of remote positions? and the use of
sparteine as a chiral ligand? has provided significant success
in the generation of chiral benzylic carbons. We have
recently reported the highly stereoselective generation of
benzylic stereocenters mediated by a remote sulfinyl group.*
The reactions of benzyl carbanions derived from enantio-
merically pure ortho-p-tolylsulfinyl compounds with dif-
ferent electrophiles, yielded compounds with an almost
complete control at the configuration of the benzylic centers
(Scheme 1).

In the case of reactions with prochiral carbonyl compounds,
we demonstrated that the influence of the sulfinyl group on
the stereoselectivity control at the electrophilic center was
also significant and, apparently, dependent on the relative

&
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size of those substituents joined to the carbonyl group. Thus,
the reactions of compound 1 with 2-butanone in the
presence of LDA yielded almost equimolecular mixtures
of only two compounds, epimers at the hydroxylic carbon,
whereas with benzaldehyde the observed stereoselectivity is
clearly higher (around 70% de). Only one diastereoisomer
was obtained in reactions with enantiomerically pure
(2S,SR)-2-p-tolylsulfinyl cyclohexanone, which could be
the result of a double asymmetric induction process.* A
similar situation was also observed in reactions of 1 with
optically pure N-sulfinyl imines, where the presence of the
chiral sulfoxide at the electrophile allowed the complete
control of the stereoselectivity when the proper matched
pair of the reagents was used.’ All the compounds obtained
in these reactions have the same configuration at the
benzylic carbon, which evidences the high stability that the
sulfinyl group confers to one of the two diastereomeric ortho
benzyl carbanions. The importance of this question in
asymmetric synthesis, which would provide an entry to
many fragments with two joined chiral centers (one of them
benzylic) supporting a variety of heteroatoms, prompted us
to check the validity of the stereochemical model so far
proposed.* With this aim and to know the scope of reactions
of 1 with aldehydes for synthesizing optically pure 1,2-
disubstituted-1-propanols, we have studied and described in
this paper the behavior of a series of aromatic and aliphatic
aldehydes, containing substituents of different electronic
character and size.

2. Results and discussion

The synthesis of the compound 1 was performed starting
from ortho-bromoethylbenzene according to the procedure
previously reported.* The results obtained in reactions with
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Table 1. Reactions of 1 with different aldehydes

g i
H's OH HOFH
Me . Me._H ., Me_ SH .
O‘S\ O‘S\\\ Q3
~ 78 ¢ N ]
Tol 1-LDA,-782C Tol S~ 1ol
2. ji *
1 R R H anti-3 syn-4
Entry Aldehyde (R) Diastereomer ratio anti-3:syn-4 Isolated yield (%)
3 4
1# 2a (Ph) 85:15 65 —
2 2b (p-OMeCgH,) 84:16 68 12
3 2¢ (p-NO,CeH,) -
4 2d (p-CNC¢H,) —°
5 2e (p-CO-MeCeH,) —°
6 2f (2-Naphtyl) 85:15°¢ 62 —
7 2g (1-Naphtyl) 88:12 73 —
8 2h (2,6-DiMeCgH3) 67:33 44 26
9 2i (n-Bu) 37:63 32 55
10 2j (i-Pr) 29:71 21 54
11 2k (-Bu) 24:76 14 44

% Data taken from Ref. 4.
b Complex mixture (see text).
¢ See text.

different aromatic (2a—h) and aliphatic (2i—k) aldehydes
are collected in Table 1.

We first investigated the behavior of the aromatic aldehydes
2a—f differing in the electronic density of the rings, and
2g—h with different sizes. When compound 1 was treated
with LDA in THF at —78 °C and then added compounds
2a-h, we observed that starting material disappears after a
few minutes. Aldehydes containing activated rings (2b, 2g
and 2h) afforded mixtures of only two alcohols anti-3 and
syn-4, whereas the less activated 2f yielded a 78:13:9
mixture of three alcohols (only 3f and 4f have been
indicated in entry 6). We have used the notation anti and syn
to design compounds 3 and 4, respectively (Table 1). A
detailed study of the reaction crude from 2a also revealed
the presence of a third stereoisomer* that it had not been
previously reported.* The 3:4 ratio is almost identical
(85:15) for 2a, 2b and 2f, all of them with a similar size of
the aromatic ring, slightly increases to 88:12 for 2g but
significantly decreases (67:33) for 2h, which is the bulkiest
ring. This behavior will be later commented. The adducts
were easily isolated, purified by chromatography and
therefore completely characterized. Compounds 2c-—e,
presumably the most reactive because they contain
electron-withdrawing groups, yielded complex mixtures
whose complete analysis was not possible in our hands.
Nevertheless, the '"H NMR spectra of their crudes suggest
the presence of more than two alcohols.® Finally, the
reaction of 1 with aliphatic aldehydes 2i—k yielded mixtures
only containing adducts 3 and 4 (entries 9—-11). The
stereoselectivity is lower than that observed from the
aromatic aldehydes and it slightly increases when size of
the R group become larger.

* The 'H NMR signals presumably due to the forth diastereoisomer in less
than 3% ratio can also be detected.

2.1. Configurational assignment

The 'H NMR parameters, which are significant for the
configurational assignment of both diastereomers, are
depicted in Table 2. In general, anti isomers exhibit higher

Table 2. Significant '"H NMR parameters for the configurational assign-
ment of syn and anti epimers

SOTol

H2 e

anti-3
Entry Isomer Jiot Jion" Son® S’
1€ anti-3a 9.7 7.0 3.81 0.75
2¢ syn-4a 4.9 — 3.26 1.10
3 anti-3b 9.7 6.5 3.66 0.75
4 syn-4b 5.6 2.4 3.27 1.10
5 anti-3f 9.7 7.3 4.14 0.76
6 syn-4f 53 2.0 3.50 1.14
7 anti-3g 9.3 6.5 3.75 0.75
8¢ syn-4g 5.6 2.7 2.86 1.27
9 anti-3h 10.1 4.4 3.09 0.79
10 syn-4h 10.1 2.4 2.52 1.61
11 anti-3i 8.9 7.3 2.38 1.01
12¢ syn-4i 5.2 4.4 1.88 1.20
13¢ anti-3j 10.1 7.7 2.83 0.84
14 syn-4j 48 — 1.71 121
15 anti-3k 8.9 7.7 2.65 1.01
16 syn-4k 2.4 6.5 1.59 1.25

* Values of J measured in Hz.

® Values of & expressed in ppm.

¢ Data taken from Ref. 4.

4 Data taken from a mixture 3g+4g.

¢ The values of J were measured by double resonance experiments.
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Me Me
H-S HO$™H
Me_ H SH o,
Qs‘ Q
“Tol
anti-3h 5 syn-4h
Scheme 2.

Ji2, Jion and 6oy but lower &y values than their
corresponding syn epimers.

We first established that both epimers had identical
configuration at C(2). This had been previously demon-
strated for anti-3a and syn-4a.* We have now checked the
same for the epimeric pair anti-3h and syn-4h. Their
independent oxidation with PCC afforded the same ketone §
(Scheme 2), indicating both epimers only differs in the
configuration at hydroxylic carbon C(1). The reaction of
ortho-sulfinyl benzyl carbanions with any aldehyde fol-
lowed of the PCC oxidation of the resulting epimeric
mixture provides a very simple synthetic route to prepare
optically pure benzylic ketones.

The configurational assignment of the other epimeric pairs
was made from the parameters collected in Table 2. As we

R
Me H,
Hi OH
C6H4SOT0|
anti-3

Scheme 3.

Table 3. Desulfinylation of alcohols or their derivatives with Ra-Ni

R
H’;J\OR'

R

HO—H

Ar

anti-3 (R'=H)
anti-8 (R'=SiMej3)
Ar= (S)-2-p-Tolylsulfinylphenyl

syn-4

EtOH

Me_ SH Me_ H Ra-Ni
or # _—
Y \/g
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can see, the main difference between both diastereomers is
the value of their vicinal coupling constants between the
protons of the fragment H-C(1)-C(2)—H (J; »). They are
usually =8.9 Hz for the isomers we have named as anti, but
=5.6 Hz for the syn ones. Taking into account that the steric
interactions must be the main factor controlling the
conformational stability of these compounds around the
C(1)-C(2) bond, the most populated rotamers for both
diastereoisomers must be those avoiding the gauche
interaction between the bulkiest substituents R and
2-p-tolylsulfinylphenyl (except in the case of #-Bu’) as
they have been depicted in Scheme 3. According to this, the
syn isomers must exhibit the lower values of J; , (=5.6 Hz)
because they display the protons in a gauche arrangement,
whereas the anti isomers will be those with higher J;;
values (=8.9 Hz). The unequivocal configurational assign-
ment of compounds 3k and 4k by X-ray diffraction analysis
supports the validity of these criteria.?

The only pair of diastereoisomers than cannot be unequi-
vocally assigned from their vicinal coupling constant values
is that formed by anti-3h and syn-4h. These compounds
have identical value of J;, (10.1 Hz) suggesting that both
exhibit an anti relationship between the protons in their
most populated rotamers. Two different possibilities could
explain this result: (a) the two aryl groups adopt a gauche
arrangement in one of the epimers,® and (b) both isomers
differ in the configuration at their two chiral carbons. To
clarify this point it was necessary to perform their oxidation

R
Me H,
HO Hy
CBH4SOTO|
syn-4
R R
H%H\OR' HO?IH\H
Mew) Meﬁ)
Ph Ph
anti-6 syn-71
anti-9

Entry Starting compound Reaction time (h) Product (yield, %)
1 anti-8a 1 anti-9a (70)* (66)°
2 anti-8f 24 anti-9f (48)" (41)°
3 anti-8g 24 anti-9g (60)* (35)°
4 anti-3i 0.75 anti-6i (89)

5 syn-4i 6 syn-7i (95)

6 anti-3j 1.75 anti-6j (45)

7 syn-4j 3 syn-7j (47)

8 anti-3k 3.5 anti-6k (69)

9 syn-4k 4 syn-7k (75)

 TIsolated yield.
® Overall yield from anti-3a,f.g (protection+desulfinylation).
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(see above), which unequivocally disregarded the second
possibility.

Other significant spectroscopic value clearly different for
both epimers is the J; oy parameter, which is higher for the
anti epimers (Table 2). Values lower than 4 Hz are
indicative of a predominance of rotamers exhibiting a
gauche arrangement between the involved protons. This is
only possible for intramolecularly associated species.'”
Values around 5-7 Hz indicate free rotation around C-O
bonds and suggest the absence of intramolecular hydrogen
bonds.!! As it can be seen from Table 2, anti epimers show
J1.on values of 7x1 Hz, whereas syn epimers have always
smaller values that, in the case of 1,2-diaryl propanols, are
even lower than 3 Hz. These are the expected results on the
basis that intramolecular association of the OH and the
sulfinylic oxygen must be easier for the syn-4 epimers than
anti-3, because it is strongly hindered by the steric (Tol/
CH,)1 3-paraiiel interaction (Scheme 3).

The relationship of doy and 8y, values with the relative
configuration of the epimers, which is evident from the data
collected in Table 2, is more difficult to rationalize.
Anyway, it must be related to the anisotropic effects exerted
by the sulfinyl and aryl groups, which display a different
orientation in each diastereoisomer. The combined use of all
these criteria allows the assignment of compounds syn-4h
and anti-3h (the first one exhibits lower J; oy and dpy but
higher 6y values), which have identical J; , values.

2.2. Desulfinylation reactions

Desulfinylation of compounds 3 and 4 was required to

ToI Li
5-H
'O

\*ute

Tol

S
anti-3 'Y

Figure 1. Stereochemical course of the reaction.

R-CHO

a

Y0

Li

H_\'g-—@H

/ B
route b
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obtain the corresponding 1-aryl (or alkyl)-2-phenyl 1-pro-
panols in optically pure form. In order to illustrate this
process we have studied the reactions of several sulfinyl
alcohols derived from both aromatic and aliphatic aldehydes
with Raney nickel and the results are indicated in Table 3.

The reactions of alcohols derived from aliphatic aldehydes
evolve at room temperature in EtOH for those times
indicated in Table 3 towards the expected enantiomerically
pure propanols 6 and 7. The yields ranged between
moderate and very good although they have not been
optimized. The alcohols derived from aromatic aldehydes
(anti-3a, anti-3g and anti-3f) react with Ra-Ni yielding a
65:35 mixture of epimers at hydroxylic carbon. This
epimerization, which had been previously observed in the
desulfinylation of similar alcohols,'? can be avoided by
protecting the hydroxy groups as silyl derivatives before
their treatment with Raney nickel. Compounds anti-3a,
anti-3f and anti-3g were thus converted into their silyl
derivatives anti-8a, anti-8f and anti-8g, previous to their
desulfinylation. Enantiomerically pure compounds anti-6
can be easily obtained from anti-9 with TBAF.

2.3. Stereochemical discussion

The stereochemical results deduced from Table 1 can be
summarized as follows.

Stereoselectivity at C(2). It is complete from aliphatic
(2i—k) and activated aromatic (2b, 2g, 2h) aldehydes, high
but incomplete for aromatic aldehydes lacking of electron
donating groups (2a and 2f), and low for deactivated aryl
aldehyde 2d (and probably 2e).

R CHO
route c

./S‘O LI;J;

route a

,0=CHR

-

Me

routm
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Stereoselectivity at C(1). The sense of the stereoselectivity
depends on the nature of the aldehyde. anti-3 Epimers are
predominant from Ar—CHO, whereas syn-4 are the major
ones from R—CHO. The small variation of the de’s obtained
from aliphatic (2i—k) and aromatic (2a, 2b, 2f-h)
aldehydes suggests a scarcely significant role of the steric
effects on the stereoselectivity.

These two facts are difficult to explain from the stereo-
chemical model proposed previously.* This one suggested
that the reaction of 1 with LDA yields the chelated species A
(Fig. 1), with tolyl and methyl groups adopting a
pseudoaxial arrangement in order to avoid their interactions
with the ortho protons (allylic strain). In the reactions of
these species with aldehydes, the carbonyl oxygen is
associated with the lithium (B in Fig. 1) as a previous step
to the nucleophilic attack, which makes easier the reaction.
Therefore it takes place intramolecularly with complete
retention of the configuration at the benzylic carbon that
becomes C(2) in the resulting propanol. The formation of
more than two isomers, observed in reactions with
aldehydes 2a, 2f, and 2d (and perhaps 2e too), means the
lost of configurational integrity at such a carbon during the
nucleophilic addition which must therefore take place with
partial racemization.® The lost of stereoselectivity at C(2)
may be explained by assuming that they are less efficient in
the formation of the species B and a variable fraction of their
molecules (very low in 2a and 2f) evolves by association to
the less stable, but more reactive, species A’ (route c, Fig. 1)
without defined configuration. This fact would explain the
partial racemization observed at benzylic carbon.’

Concerning the stereoselectivity at C(1), the initial proposal
established that the intramolecular evolution of B occurred
via four-membered transition states (route a, Fig. 1). The
higher stability of TS-I with respect to TS-II, determined by
their steric interactions, was invoked to justify the 85:15
ratio of anti-3a:syn-4a observed in reaction with benz-
aldehyde. According to this model, steric interactions would
be responsible of the observed de. The fact that similar de
(70%) were obtained from 2a (entry 1), 2b (entry 2), and 2f
(entry 6) accounts for this proposal and suggests that
electronic grounds have scarce relevance in the stereo-
chemical course of the reaction. The slight improvement of
the stereoselectivity observed for 2g (76% de, entry 7) is
also consistent although a higher increase in de should
be expected on the basis of the quite higher size of the
1-naphtyl group with respect to the phenyl one. However,
the decrease of the de obtained from the bulkiest aldehyde
2h (34% de, entry 8) suggests something wrong in the initial
proposal. This failure is even more evident from the results
obtained with aliphatic aldehydes 2i—k. They show a very
low variation in their de despite the large differences in the
size of the aliphatic residues (n-Bu<i-Pr<<¢t-Bu). Moreover,
they also show opposite stereoselectivity to that observed
with aromatic aldehydes. This inversion in the sense of the
stereoselectivity is not compatible with the initial model,

% The aldehydes showing this behavior are those with the lowest basicity at
the carbonyl group, that is, with the lowest ability to be associated with
the lithium.

¥ It could also be explained by assuming the intermolecular attack of the
species A to these aldehydes (without previous association to the metal)
with inversion of the configuration at the benzylic carbon.

which always predicts the predominance of the anti-3
isomers due to steric reasons. Moreover, the small
differences in de observed for the aliphatic aldehydes are
not compatible with any explanation based on steric effects.
These results indicate that the stereochemical course must
account for the fact that aliphatic or aromatic nature of the
aldehydes is more important than their size in the control of
the stereoselectivity.!

According to the expected tetrahedral structure of the
lithium, the species A has two coordinating vacancies,
which could be identified as pseudoequatorial (TS-I and
TS-II) and pseudoaxial (TS-III and TS-IV). As we can see,
from a steric point of view, TS-I and TS-IV are presumably
the most stable ones, respectively yielding anti-3 and syn-4
isomers. From the obtained results it seems that aliphatic
aldehydes prefer evolve through the axial vacancy (mainly
affording the syn isomers), whereas the association of the
aromatic aldehydes takes place mainly to the pseudoequa-
torial vacancy (the anti adducts are the mayor ones). The
reasons determining the preference of the aldehydes for the
pseudoaxial or pseudoequatorial approaches are not clear.™
Taking into account that steric interactions are quite
important in the four-membered rings, they could determine
that TS-I and TS-IV were the only evolution ways through
the routes a and b, respectively. However, they must have
scarce significance in determining the pseudoequatorial or
pseudoaxial approach to the organolithium, which in its term
would be responsible of the stereoselectivity.

3. Conclusion

We have described the synthesis of enantiomerically pure
1-alkyl (or aryl)-2-pheny-1-propanols by reaction of
different aldehydes with the lithium 2-p-tolylsulfinyl benzyl
carbanions and further desulfinylation. Reactions from
aliphatic and aromatic aldehydes containing electron
donating groups are completely stereoselective at C(2),
but exhibit a moderate stereoselectivity at C(1) which is
mainly related to the aliphatic or aromatic character of the
aldehydes.

4. Experimental
4.1. General experimental methods

Solvents and aldehydes were purified according to standard
procedures. Reactions were monitored by TLC on commer-
cially available precoated plates (Merck silica gel 60 F,s4).
Flash chromatography was performed with Merck silica gel

I Toru et al. (see Ref. 13 observed a similar situation in the reaction of
aldehydes with benzyllithium in the presence of bixoxazolines as chiral
ligands. The authors do not give any explanation about this fact.

™ We have investigated the stabilizing -stacking interactions as a

possible cause of the different behavior of aromatic and aliphatic
aldehydes. TS-III is less stable than TS-IV from a steric point of view,
but this situation can be inverted with aromatic aldehydes if we assume
that mr-stacking interactions could stabilize TS-III (R=Ar) with respect
to TS-IV. This assumption could not be strictly supported by the
experimental results because the stereoselectivity is scarcely modified
(de ranged between 60 and 70%) by the substituent of the aromatic ring.
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60 (230—-400 mesh ASTM). Melting points were measured
using a Gallemkamp apparatus in open capillary tubes.
Specific rotations were measured at room temperature on a
Perkin—Elmer 241 MC polarimeter and concentrations are
expressed in g/100 mL. "H and '3C NMR spectra were
recorded in CDCl; on a Bruker AC-300 spectrometer (300
and 75 MHz, respectively) or Bruker WP-200-SY (200 and
50 MHz, respectively). Chemical shifts are reported in ppm
and J values are given in Hz. The attributions are supported
by double resonance experiments. IR spectra were obtained
in film with a Bruker Vector 22 spectrometer (4000—
400 cm ™). Mass spectra were measured by electron impact
(EL, 70 eV) or FAB with a VG AutoSpec spectrometer.
Elemental analyses were obtained with a Perkin—Elmer
2400 CHNS/O series II. Diffractions of X-rays were taken
with a Siemens PARA diffractometer.

4.2. General procedure for the reactions summarized in
Table 1

A solution of n-BuLi 2.3 M in hexane (260 p.L, 0.60 mmol,
1.2 equiv.) was added over i-Pr,NH (126 pL, 0.90 mmol,
1.8 equiv.) in THF (3 mL) at 0 °C. After 45 min stirring, the
mixture was cooled at —78°C and a solution of the
sulfoxide 1 (122 mg, 0.50 mmol, 1.0 equiv.) in THF (2 mL)
was then added. After 1h stirring, the electrophile
(0.75 mmol, 1.5 equiv.) was added at —78 °C. When the
reaction was completed (15 and 30 min for aromatic and
aliphatic aldehydes, respectively) the mixture was hydro-
lyzed at that temperature (saturated NH4Cl), extracted
(CH,Cl,), dried (Na,SO,) and the solvent evaporated. The
residue was purified by flash column chromatography.

4.2.1. (15,25,(5)S)-1-(p-Methoxyphenyl)-2-[2-(p-tolylsul-
finyl)phenyl)]-1-propanol (3b). Eluant for chroma-
tography: hexane/Et,O/EtOAc 1:1:1. Yield: 68%. Mp
134—135 °C (Et,0-hexane). [a]®’=—45.9 (¢ 1, CHCl).
IR: 3373, 2969, 1612, 1512, 1248, 1082, 1030 cm™!. 'H
NMR (300 MHz, CDCls): 6 7.75 (d, 1H, J=7.7 Hz), 7.55
(m, 2H), 7.46 (part of AA'BB’ system, 2H), 7.38 (m, 1H),
7.30 (part of AA'BB’ system, 2H), 7.22 (part of AA'BB’
system, 2H), 6.89 (part of AA'BB’ system, 2H), 4.41 (dd,
1H, J=6.5, 9.7 Hz, —-CH-0OH), 3.81 (s, 3H, —OCHs;), 3.73
(dg, 1H, J=6.9, 9.7 Hz, CH;-CH-), 3.66 (d, 1H, J=
6.5 Hz, —-OH), 2.34 (s, 3H, CH3—Ar), 0.75 (d, 3H, J=
6.9 Hz, CH;—CH-). 3C NMR (75 MHz, CDCls5): § 159.0,
145.7, 142.9, 141.5, 140.6, 135.8, 132.5, 129.7, 128.5,
127.9, 127.0, 124.9, 113.7, 79.5, 55.2, 41.5, 21.2, 18.2.
Anal. caled for Cy3H,405S: C, 72.60; H, 6.36; S, 8.43.
Found: C, 72.66; H, 6.25; S, 8.21.

4.2.2. (1R,25,(S5)S)-1-(p-Methoxyphenyl)-2-[2-(p-tolylsul-
finyl)phenyl)]-1-propanol (4b). Eluant for chroma-
tography: hexane/Et,O/EtOAc 1:1:1. Yield: 12%. Mp
162-163 °C (Et;0—hexane). [a]®’=—84.2 (¢ 0.5, CHCl).
IR: 3383, 2931, 1611, 1512, 1247, 1083, 1031 cm™~!. 'H
NMR (300 MHz, CDCl3): 6 7.65 (dd, 1H, J=1.6, 7.7 Hz),
7.34 (d quint, 2H, J=1.6,7.7 Hz), 7.19 (s, 4H), 7.02 (dd, 1H,
J=1.6, 7.3 Hz), 6.97 and 6.72 (AA'BB’ system, 4H), 4.80
(dd, 1H, J=2.4, 5.6 Hz, —-CH-OH), 3.81 (quint, 1H,
J=6.9 Hz, CH;-CH-), 3.75 (s, 3H, —OCHj;), 3.27 (d, 1H,
J=2.4Hz, —-OH), 2.37 (s, 3H, CH;—Ar), 1.10 (d, 3H,
J=6.9 Hz, CH3-CH-). '3C NMR (75 MHz, CDCl;): §

158.7, 143.7, 142.5, 141.1, 140.8, 133.9, 131.3, 129.6,
128.0, 127.9, 127.2, 125.4, 113.0, 76.7, 55.0, 41.0, 21.2,
17.0. Anal. calcd for C53H,4,05S: C, 72.60; H, 6.36; S, 8.43.
Found: C, 72.03; H, 6.29; S, 8.30. m/z (EI'"): 363 (Mt —OH,
27), 225 (30), 152 (44), 135 (100), 91 (32), 77 (40). HRMS
calcd for C53H»30,S: 363.1419, found 363.1427.

4.2.3. (15,25,(5)S)-1-(2-Naphthyl)-2-[2-(p-tolylsulfinyl)-
phenyl)]-1-propanol (3f). Eluant for chromatography:
hexane/Et,O/CH,Cl, 1:2:1. Yield: 62%. Mp 190-191 °C
(Et,O—hexane). [a]3’=+58.9 (¢ 1, CHCI5). IR: 3433, 2961,
1473, 1085, 1029 cm™~!. 'H NMR (300 MHz, CDCl5): &
7.88-7.73 (m, 5H), 7.64—7.56 (m, 3H), 7.53—-7.37 (m, 5H),
7.19 (part of AA'BB’ system, 2H), 4.61 (dd, 1H, J=7.3,
9.7 Hz, —-CH-OH), 4.14 (d, 1H, J=7.3 Hz, —OH), 3.87 (dq,
1H, J=6.9,9.7 Hz, CH;-CH-), 2.32 (s, 3H, CH3—Ar), 0.76
(d, 3H, J=69Hz, CH;—CH-). '3C NMR (75 MHz,
CDCl): 6 145.7, 142.8, 141.4, 141.1, 140.6, 133.1, 133.0,
132.6, 129.7, 128.7, 128.3, 128.1, 127.9, 127.6, 127.1,
126.0, 125.7, 124.7, 124.5, 80.2, 41.2, 21.2, 18.1. Anal.
calcd for Cr6H»40,S: C, 77.97; H, 6.04; S, 8.01. Found: C,
77.82; H, 5.82; S, 7.92.

4.2.4. (1R,25,(S)S)-1-(2-Naphthyl)-2-[2-(p-tolylsulfinyl)-
phenyl)]-1-propanol (4f). Eluant for chromatography:
hexane/Et,O/CH,Cl, 1:2:1. [a]®¥=—66.8 (¢ 1, CHCl5). 'H
NMR (300 MHz, CDCl3): 6 7.79 (m, 1H), 7.73-7.63 (m,
3H), 7.55 (m, 1H), 7.48-7.42 (m, 2H), 7.38—7.29 (m, 2H),
7.19 (dd, 1H, J=1.6, 8.5 Hz), 7.13-7.05 (m, 5H), 5.00 (dd,
1H, J=2.0, 53 Hz, —-CH-OH), 3.97 (dq, 1H, J=5.3,
6.9 Hz, CH;-CH-), 3.50 (m, 1H, —OH), 2.33 (s, 3H,
CH;—Ar), 1.14 (d, 3H, J=6.9 Hz, CH3—CH-).

4.2.5. (1R,2R,(S)S)-1-(2-Naphthyl)-2-[2-(p-tolylsulfinyl)-
phenyl)]-1-propanol (3'f). Eluant for chromatography:
hexane/Et,O/CH,Cl, 1:2:1. '"H NMR (300 MHz, CDCl5):
67.90-7.81 (m, 4H), 7.73 (d, 1H, J=8.1 Hz), 7.59 (dd, 1H,
J=1.6, 8.5 Hz), 7.54—7.38 (m, 7H), 7.25 (part of AA'BB’
system, 2H), 4.83 (dd, 1H, /=44, 8.9 Hz, -CH-OH), 3.76
(dq, 1H, J=6.9, 8.9 Hz, CH3;-CH-), 2.71 (d, 1H, J=
4.4 Hz, —OH), 2.36 (s, 3H, CH3—Ar), 0.84 (d, 3H, J=
6.9 Hz, CH3;—CH-).

4.2.6. (15,25,(5)S)-1-(1-Naphthyl)-2-[2-(p-tolylsulfinyl)-
phenyl)]-1-propanol (3g). Eluant for chromatography:
hexane/Et,O/CH,Cl, 1:1:1. Yield: 73%. Mp 186—187 °C
(Et,O—hexane). [a]3’=—150.8 (c 1, CHCl5). IR: 3436, 2968,
1595, 1474, 1266, 1085, 1025 cm™~'. '"H NMR (300 MHz,
CDCls): 68.30 (d, 1H, J=8.1 Hz), 7.88-7.67 (m, 5H), 7.61
(dt, 1H, J=1.2, 7.7 Hz), 7.54-7.39 (m, 4H), 7.46 and 7.22
(AA'BB’ system, 4H), 5.37 (dd, 1H, J=6.5, 9.3 Hz, —-CH-
OH), 4.13 (dq, 1H, J=6.9, 9.3 Hz, CH3;-CH-), 3.75 (d, 1H,
J=6.5Hz, —-OH), 2.33 (s, 3H, CH3-Ar), 0.75 (d, 3H,
J=6.9 Hz, CH;—CH-). '3C NMR (75 MHz, CDCl): §
145.5, 143.1, 141.3, 140.5, 139.3, 133.6, 132.4, 131.2,
129.5, 128.7, 128.3, 128.0, 127.9, 127.2, 125.8, 125.3,
124.8, 124.6, 123.5, 76.2, 41.4, 21.1, 18.5. m/z (EI'"): 383
(M+T—O0H, 3), 244 (44), 225 (34), 152 (70), 135 (100), 129
(63), 91 (38), 77 (22). HRMS calcd for C,sH»30S:
383.1470, found 363.1457.

4.2.7. (15,25,(5)S)-1-(2,6-Dimethylphenyl)-2-[2-(p-
tolylsulfinyl)phenyl)]-1-propanol  (3h). Eluant for
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chromatography: hexane/EtOAc 3:1. Yield: 44%. Mp 158—
159 °C (Et,0—hexane). [a]¥=—138.3 (¢ 1, CHCIl3). IR:
3343, 2972, 1474, 1264, 1084, 1008 cm™'. 'H NMR
(300 MHz, CDCl3): 6 7.68 (d, 1H, J=8.5 Hz), 7.64-7.57
(m, 2H), 7.52 and 7.24 (AA’BB’ system, 4H), 7.38 (ddd, 1H,
J=24, 6.1, 85Hz), 7.10-6.98 (m, 3H), 5.31 (dd, 1H,
J=4.4,10.1 Hz, —-CH-0H), 4.29 (dq, 1H, J=6.9, 10.1 Hz,
CH3;-CH-), 3.09 (d, 1H, J=4.4 Hz, —OH), 2.61 (bs, 3H,
CH;—Ph), 2.47 (bs, 3H, CH3—Ph), 2.36 (s, 3H, CH3—Ar),
0.79 (d, 3H, J=6.9 Hz, CH3~CH-). '3C NMR (75 MHz,
CDCl3): 6 146.6, 143.8, 141.8, 140.5, 137.9, 137.0, 136.4,
132.6, 130.7, 129.6, 128.6, 128.3, 127.5, 127.4, 127.3,
124.9, 76.4, 38.8, 21.5, 21.2, 21.1, 18.3. Anal. calcd for
C,4H»605S: C, 76.15; H, 6.92; S, 8.47. Found: C, 76.11; H,
6.96; S, 8.57.

4.2.8. (1R,25,(5)S)-1-(2,6-Dimethylphenyl)-2-[2-(p-tolyl-
sulfinyl)phenyl)]-1-propanol (4h). Eluant for chroma-
tography: hexane/EtOAc 3:1. Yield: 26%. Mp 180-—
181 °C (Et,0—-hexane). [a]=—196.2 (¢ 1, CHCl). IR:
3418, 2974, 1473, 1083, 1009 cm ™~ !. '"H NMR (300 MHz,
CDCl3): 67.57 (dd, 1H, J=1.2,7.7 Hz), 7.41 (dt, 1H, J=1.2,
8.1 Hz, 1H), 7.14 (dt, 1H, J=1.2,7.1 Hz), 7.01 (m, 4H), 6.85
(part of AA'BB’ system, 2H), 6.46 (d, 2H, J=8.1 Hz), 5.32
(dd, 1H, J=2.4, 10.1 Hz, —-CH-OH), 4.61 (dq, 1H, J=6.9,
10.1 Hz, CH;-CH-), 2.52 (d, 1H, J=2.4 Hz, —OH), 2.32
(s, 3H, CH3—Ar), 2.27 (bs, 6H, 2XCH;-Ph), 1.61 (d, 3H,
J=6.9 Hz, CH;—CH-). '3C NMR (75 MHz, CDCl): &
145.0, 140.2, 138.4, 137.0, 131.5, 129.6, 129.3, 128.2,
128.1, 127.9, 1274, 124.9, 75.2, 39.0, 21.2, 20.9, 19.5.
Anal. caled for C,4H,60,S: C, 76.15; H, 6.92; S, 8.47.
Found: C, 76.10; H, 6.91; S, 8.53.

4.2.9. (28,3R,(S)S)-2-[2-(p-Tolylsulfinyl)phenyl]-3-hepta-
nol (3i). Eluant for chromatography: hexane/EtOAc 3:1.
Yield 32%. [a]®=—53.3 (c 0.5, CHCl3). IR: 3406, 2957,
2931, 1595, 1440, 1083, 1024, 1011 cm~!. '"H NMR
(300 MHz, CDCly): 6 7.75 (d, 1H, J=7.7 Hz), 7.52-7.42
(m, 2H), 7.44 and 7.23 (AA'BB’ system, 4H), 7.34 (m, 1H),
3.53 (m, 1H, —-CH-0OH), 3.42 (dq, 1H, J=6.9, 8.9 Hz,
CH;-CH-), 2.38 (d, 1H, J=7.3 Hz, OH), 2.36 (s, 3H,
CH;-Ar), 1.60-1.25 (m, 6H, (-CH,-);), 1.01 (d, 3H,
J=6.9 Hz, CH;—CH-), 0.89 (t, 3H, J=7.3 Hz, CH3;—CH,-).
13C NMR (75 MHz, CDCls): & 1458, 1429, 141.8,
140.8, 132.2, 129.7, 127.9, 127.8, 126.9, 125.1, 76.1, 40.0,
34.6,27.0, 22.7, 21.3, 18.2, 14.0. m/z (FAB™): 331 (MH™,
100), 313 (71), 154 (59), 139 (16), 107 (22), 91 (28), 77
(22). HRMS caled for C,9H,»;0,S: 331.1732, found
331.1739.

4.2.10. (25,35,(5)S)-2-[2-(p-Tolylsulfinyl)phenyl]-3-hep-
tanol (4i). Eluant for chromatography: hexane/EtOAc 3:1.
Yield: 55%. Mp 114—115 °C (Et;0—hexane). [a]F=—52.0
(¢ 0.5, CHCI3). IR: 3396, 2956, 2931, 1440, 1083,
1006 cm™!. '"H NMR (300 MHz, CDCl): ( 7.93 (dd, 1H,
J=2.4, 69Hz), 7.43 and 7.21 (AA'BB’ system, 4H),
7.41-7.32 (m, 3H), 3.30 (m, 1H, —-CH-OH), 3.23 (m,
1H, CH3-CH-), 2.36 (s, 3H, CH3—Ar), 1.88 (d, 1H, J=
4.4 Hz, OH), 1.35-0.88 (m, 6H, (—-CH,-)3), 1.20 (d, 3H,
J=6.9 Hz, CH;—CH-), 0.79 (t, 3H, /=7.3 Hz, CH3—CH,-).
13C NMR (75 MHz, CDCls): & 144.1, 142.0, 141.7, 131.3,
129.9, 128.1, 127.1, 126.5, 126.0, 74.7, 40.0, 34.2, 28.4,
22.4,21.3, 16.4, 13.9. m/z (FAB™): 331 (MH*, 100), 313

(84), 154 (13), 136 (15), 91 (11). HRMS caled for
CaoH,70,S: 331.1732, found 331.1730.

4.2.11. (3R,45,(S)S)-2-Methyl-4-[2-(p-tolylsulfinyl)-
phenyl]-3-pentanol (3j). Eluant for chromatography:
hexane/EtOAc 3:1. Yield: 21%. [a]®=-52.4 (c 0.5,
CHCly). IR: 3396, 2930, 1469, 1129, 1082cm™ ! 'H
NMR (300 MHz, CDCls): 6 7.72 (dd, 1H, J=1.2, 7.7 Hz),
7.53-7.30 (m, 3H), 7.40 and 7.23 (AA'BB’ system, 4H),
3.47 (m, 1H, CH3;-CH-), 3.42 (m, 1H, —-CH-OH), 2.83 (d,
1H, J=7.7 Hz, OH), 2.35 (s, CH3—Ar), 1.88 (d quint, 1H,
J=2.0, 6.9 Hz, —-CH-(CH3),), 0.98 (d, 3H, J=6.9 Hz,
CH3;—-CH-CHy), 0.86 (d, 3H, J/=6.9 Hz, CH;—CH-CH3),
0.84 (d, 3H, J=6.9 Hz, CH;—CH-). '3C NMR (75 MHz,
CDCl;): 6 142.5, 141.8, 140.6, 132.7, 129.6, 128.7, 128.1,
126.7, 124.7, 80.4, 37.5, 29.7, 21.3, 20.5, 17.5, 13.5. m/z
(FAB™): 317 (MH™, 100), 299 (39), 154 (41), 136 (30), 91
(11), 77 (13).

4.2.12. (35,45,(5)S))-2-Methyl-4-[2-(p-tolylsulfinyl)-
phenyl]-3-pentanol (4j). Eluant for chromatography:
hexane/EtOAc 3:1. Yield: 54%. [a]®¥=-75.7 (¢ 0.5,
CHCly). IR: 3415, 2962, 1469, 1083, 1041 cm~!. 'H
NMR (300 MHz, CDCl3): 6 7.75 (dd, 1H, J=1.2, 7.3 Hz),
7.45-7.32 (m, 3H), 7.40 and 7.22 (AA'BB’ system, 4H),
3.53 (dq, 1H, J=4.8, 6.9 Hz, CH3;-CH-), 3.13 (m, 1H,
—CH-0H), 2.34 (s, 3H, CH;—Ar), 1.71 (bs, 1H, OH), 1.57
(sx, 1H, J=6.5 Hz, —-CH—-(CHs),), 1.21 (d, 3H, J=6.9 Hz,
CH;-CH-), 0.83 (d, 3H, J=6.9 Hz, CH;—CH-CHs;), 0.71
(d, 3H, J=6.5 Hz, CH;—CH-CH3;). '*C NMR (75 MHz,
CDCls): 6 145.1, 142.1, 141.6, 141.3, 131.4, 129.9, 128.4,
127.4, 126.7, 126.3, 79.3, 36.9, 31.2, 21.3, 19.6, 17.8, 15.4.
m/z (FAB™): 317 (MH™, 100), 299 (49), 154 (69), 136 (49),
91 (20), 77 (22).

4.2.13. (35,45,(5)S)-2,2-Dimethyl-4-[2-(p-tolylsulfinyl)-
phenyl]-3-pentanol (3k). Eluant for chromatography:
hexane/EtOAc 3:1. Yield: 14%. Mp 127-128°C.
[a]F=—51.2 (¢ 0.5, CHCI3). IR: 3406, 2956, 1471, 1131,
1082, 1007 cm™!. 'HNMR (300 MHz, CDCl5): 7.66 (d, 1H,
J=7.5Hz), 7.51 (m, 2H), 7.43 and 7.25 (AA'BB’ system,
4H), 7.32 (m, 1H), 3.64 (dq, 1H, J=6.9, 8.9, Hz, CH;—CH-),
3.30 (dd, 1H, J=7.7, 89 Hz, —-CH-OH), 2.65 (d, 1H,
J=17.7Hz, OH), 2.38 (s, CH3;—Ar), 1.01 (d, 3H, J=6.5 Hz,
CH;-CH-), 0.97 (s, 9H, (CH3);3). '*C NMR (75 MHz,
CDCly): 6 148.1, 141.8, 141.3, 140.5, 132.4, 129.5, 128.6,
128.5, 126.5, 124.8, 83.2, 37.6, 36.1, 27.0, 21.2, 20.7. m/z
(FAB™): 331 (MH™, 100), 313 (40), 154 (84), 139 (23), 91
(30), 77 (23), 57 (94). HRMS caled for CyoH»;0,S:
331.1732, found 331.1725.

4.2.14. (3R,45,(S)S)-2,2-Dimethyl-4-[2-(p-tolylsulfinyl)-
phenyl]-3-pentanol (4k). Eluant for chromatography:
hexane/EtOAc 3:1. Yield: 44%. Mp 163-164 °C (Et,0—
hexane). [a]3=—95.8 (¢ 1, CHCl5). IR: 3443, 2953, 1487,
1305, 1147, 1089, 1047 cm™'. '"H NMR (300 MHz, CDCl5):
6 7.66 (ddd, 2H, J=1.6, 8.1, 12.5 Hz), 7.42 (m, 1H), 7.39
and 7.22 (AA'BB' system, 4H), 7.32 (dt, 1H, J=1.2, 7.7 Hz),
3.70 (dq, 1H, J=24, 7.3 Hz, CH3;-CH-), 3.35 (dd, 1H,
J=2.4, 6.5 Hz, -CH-OH), 2.35 (s, CH3;—Ar), 1.59 (d, 1H,
J=6.5 Hz, OH), 1.25 (d, 3H, J=7.3 Hz, CH;—CH-), 0.82
(s, 9H, (CHs)3). 3C NMR (75 MHz, CDCls): & 147.8,
141.4, 141.3, 141.1, 131.8, 129.9, 128.4, 127.3, 126.7,
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126.2, 81.3, 36.5, 35.4, 26.6, 21.3, 16.9. Anal. calcd for
CooH»605S: C, 72.69; H, 7.93; S, 9.70. Found: C, 72.55; H,
7.74; S, 9.39. m/z (FAB™1): 331 (MH™, 100), 313 (45), 243
(15), 154 (7), 139 (5), 91 (8), 77 (51), 57 (11).

4.2.15. (25,(5)S)-1-(2,6-Dimethylphenyl)-2-[2-(p-tolylsul-
finyl)phenyl)]-propanone (5). The alcohol 3h or 4h was
dissolved in dry CH,Cl, and PCC (1.5 equiv.) was added.
The mixture was stirred at room temperature during 4 h. The
solvent was partially evaporated and the residue was
chromatographed (hexane/EtOAc 1:1). Yield: 71%. Mp
106—107 °C (Et,0—-hexane). [a]F=—48.2 (¢ 0.75, CHCl3).
IR: 1698, 1466, 1085, 1033 cm~'. 'H NMR (300 MHz,
CDCl3): 67.57-7.51 (m, 2H), 7.47 (dt, 1H, J=1.6, 8.1 Hz),
7.35 (dt, 1H, J=1.6, 8.1 Hz), 7.15 (t, 1H, J=7.7 Hz), 7.03
and 6.92 (AA'BB' system, 4H), 6.84 (d, 2H, J/=8.1 Hz), 5.16
(q, 1H, J=6.9 Hz, CH3—-CH-), 2.32 (s, 3H, CH3—Ar), 2.00
(s, 6H, 2XCH3—-Ph), 1.64 (d, 3H, /=6.9 Hz, CH;—CH-).
13C NMR (75 MHz, CDCls): § 208.2, 144.7, 141.4, 140.9,
140.6, 138.1, 133.4, 131.6, 129.7, 128.9, 128.6, 128.0,
127.3, 124.7, 48.1, 21.3, 19.5, 18.5. Anal. caled for
C,4H240,S: C, 76.56; H, 6.42; S, 8.52. Found: C, 76.73;
H, 6.27; S, 8.06. m/z (EI"): 376 (M™, 5), 243 (10), 225 (24),
133 (100), 105 (36), 91 (10), 77 (13). HRMS calcd for
C,4H240,S: 376.1497, found 376.1491.

4.3. General procedure for desulfynilation of p-tolyl-
sulfoxides with Raney Nickel summarized in Table 3

The sulfoxide was dissolved in a minimal amount of ethanol
and excess of Raney Nickel was added. The reaction
mixture was vigorously stirred at room temperature and was
monitored by TLC. When no starting material remained,
stirring was stopped and the solvent was carefully decanted
and filtered on Celite. The solvent was evaporated and the
product was obtained from the residue in high purity.

4.3.1. (15,25,(5)S)-1-Phenyl-2-[2-(p-tolylsulfinyl)-
phenyl]-1-trimethylsilyloxypropane (8a). This compound
was obtained employing the alcohol 3a, trimethylsilyl
triflate (2.0 equiv.), 2,6-lutidine (2.5 equiv.) and dichloro-
methane as solvent at 0 °C during 20 min. Yield: 94%.
[a]®’=—21.1 (c 1.68, CHCl3). 'H NMR (200 MHz, CDCl5):
67.66 (d, 1H, J=7.6 Hz), 7.58—7.20 (m, 12H), 4.78 (d, 1H,
J=7.0 Hz, -CH-OTMS), 3.85 (m, 1H, CH;-CH-), 2.40
(s, 3H, CH3-Ar), 1.13 (d, 3H, J=7.0 Hz, CH;-CH-),
—0.75 (s, 9H, (CH3)5—Si). 3C NMR: (75 MHz, CDCl5) &
144.5, 143.5, 142.1, 140.7, 131.1, 129.6, 128.1, 127.5,
126.9, 125.9, 125.6, 79.8, 43.1, 21.3, 19.8, —0.1.

4.3.2. (15,25)-1,2-Diphenyl-1-trimethylsilyloxypropane
(9a). Yield: 70%. [a]®’=—82.5 (c 0.71, CHCIl3). '"H NMR
(200 MHz, CDCly): 6 7.35-7.15 (m, 10H), 4.60 (d, 1H,
J=7.0 Hz, -CH-OTMYS), 3.02 (quint, J=7.0 Hz, 1H, CH5—
CH-), 1.12 (d, 3H, J=7.0 Hz, CH;—CH-), —0.20 (s, 9H,
(CH3)3Si). '3C NMR (75 MHz, CDCl3): & 144.3, 143.7,
128.4, 127.6, 126.9, 126.8, 126.0, 82.2, 48.1, 17.5, —0.3.

4.3.3. (1S,25,(5)S)-1-(2-Naphthyl)-2-[2-(p-tolylsulfinyl)-
phenyl)]-1-trimethylsilyloxypropane (8f). This compound
was obtained employing the alcohol 3f, trimethylsilyl
chloride (2.0 equiv.), 2,6-lutidine (2.5 equiv.) and dichloro-
methane as solvent at room temperature during one hour.

Eluant for chromatography: hexane/AcOEt 1:1. Yield: 86%.
[a]®=—237.2 (¢ 1, CHCI3). '"H NMR (200 MHz, CDCl5): &
7.86—-7.27 (m, 13H), 7.13 (part of AA'BB’ system, 2H), 4.98
(d, 1H, J=8.1 Hz, —-CH-OTMS), 3.97 (quint, 1H, J=
7.0 Hz, CH;-CH-), 2.35 (s, 3H, CH;-Ar), 1.19 (d, 3H,
J=6.9 Hz, CH;—CH-), —0.22 (s, 9H, (CH3)3-Si).

4.3.4. (1S,25)-1-(2-Naphthyl)-2-phenyl-1-trimethylsilyl-
oxypropane (9f). Yield: 48%. [a]f’=—71.9 (¢ 0.75,
CHCl3). '"H NMR (300 MHz, CDCls): & 7.84-7.76 (m,
3H), 7.63 (bs, 1H), 7.48-7.45 (m, 2H), 7.40 (dd, J=1.6,
8.5 Hz, 1H) 7.30-7.18 (m, 5H), 4.75 (d, 1H, J=7.7 Hz,
—-CH-OTMS), 3.08 (quint, 1H, J=7.3 Hz, CH;-CH-),
1.11 (d, 3H, J=6.9 Hz, CH;—CH-), —0.19 (s, 9H, (CH3)3—
Si). 13C NMR (75 MHz, CDCls): § 144.3, 141.3, 133.0,
132.9, 128.5, 127.9, 127.7, 127.6, 127.5, 126.1, 125.8,
125.6, 125.5, 125.1, 80.5, 48.1, 17.6, —0.2.

4.3.5. (1S5,25)-1-(2-Naphthyl)-2-phenyl-1-propanol (6f).
This compound was obtained employing 9f, n-Buy,NTF~
(2 equiv.) and THF as solvent, under inert atmosphere, at
room temperature during 4 h. Eluant for chromatography:
hexane/EtOAc 6:1. Yield: 78%. [a]®¥=—41.7 (¢ 0.9,
CHCl,). IR: 3423, 2961, 1451, 1020cm~!. '"H NMR
(200 MHz, CDCl3): 6 7.88—-7.80 (m, 4H), 7.55-7.46 (m,
3H), 7.38-7.28 (m, 5H), 4.83 (d, 1H, /=8.6 Hz —-CH-OH)),
3.13 (dq, 1H, J=6.9, 8.6 Hz, CH;—-CH-), 1.96 (bs, 1H,
OH), 1.10 (d, 3H, J=6.9 Hz, CH;—CH-). m/z (EI'): 262
(M™, 2), 157 (100), 129 (61), 105 (13), 91 (8), 77 (12).
HRMS calcd for C9H;gO: 262.1358, found 262.1354.

4.3.6. (1S,25,(5)S)-1-(1-Naphthyl)-2-[2-(p-tolylsulfinyl)-
phenyl)]-1-trimethylsilyloxypropane (8g). This com-
pound was obtained employing the alcohol 3g, trimethyl-
silyl chloride (2.0 equiv.), 2,6-lutidine (2.5 equiv.) and
dichloromethane as solvent at room temperature during
one hour. Fluant for chromatography: hexane/AcOEt 1:1.
Yield: 59%. [a]f’=—273.6 (¢ 1, CHCl;). 'H NMR
(200 MHz, CDCl3): 6 8.22 (m, 1H), 7.87-7.22 (m, 14H),
5.65 (m, 1H, -CH-OTMS), 4.23 (m, 1H, CH;-CH-), 2.38
(s, 3H, CH5—Ar), 1.15 (m, 3H, CH;—-CH-), —0.23 (s, 9H,
((CH3)3—-S1).

4.3.7. (15,25,(5)S)-1-(1-Naphthyl)-2-phenyl-1-trimethyl-
silyloxypropane (9g). Yield: 60%. [a]f’=—134.8 (¢ 1,
CHCl5). 'H NMR (200 MHz, CDCl5): & 8.32 (m, 1H), 7.88
(dd, 1H, J=1.6, 7.7 Hz), 7.75 (dd, 1H, J=2.8, 6.5 Hz), 7.52
(dquint, 2H, J=1.6, 6.5 Hz), 7.39-7.33 (m, 2H), 7.26-7.16
(m, 5H) 5.36 (m, 1H, —-CH-OTMS), 3.30 (m, 1H, CH;—
CH-), 1.15 (m, 3H, CH;—CH-), —0.19 (s, 9H, ((CH3);—
Si). 3C NMR (50 MHz, CDCl;): & 144.0, 139.6, 133.7,
130.7, 128.8, 128.6, 127.5, 126.0, 125.4, 125.1, 123.8, 77.6,
474,183, —0.4.

4.3.8. (15,25)-1-(1-Naphthyl)-2-phenyl-1-propanol
(6g).'* This compound was obtained employing 9g,
n-BuyN*tF~ (2 equiv.) and THF as solvent, under inert
atmosphere, at room temperature during 4 h. Eluant
for chromatography: hexane/EtOAc 6:1.Yield: 89%.
[a]®=—82.0 (¢ 0.7, CHCIy). IR: 3443, 2964, 1494, 1453,
1026 cm™!. '"H NMR (200 MHz, CDCl3): & 8.34 (dd, 1H,
J=2.1, 7.5 Hz), 7.92-7.79 (m, 2H), 7.60-7.25 (m, 9H),
547 (dd, 1H, J=3.2, 8.1 Hz —CH-OH), 3.40 (quint, 1H,
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J=7.0 Hz, CH;—CH-), 1.97 (d, 1H, J=2.7 Hz, OH), 1.14
(d, 3H, J=7.0 Hz, CH;—CH-). m/z (EI*): 262 (M™, 3), 157
(100), 129 (66), 105 (15), 91 (9), 77 (13). HRMS calcd for
C,oH,50: 262.1358, found 262.1355.

4.3.9. (25,3R)-2-Phenyl-3-heptanol (6i).'5 Yield: 89%.
[a]¥=—5.2 (c 0.5, CHCly). IR: 3423, 2958, 1641, 1453,
1007 cm~'. "H NMR (300 MHz, CDCl5): & 7.34-7.19 (m,
SH), 3.64 (m, 1H, ~CH—OH), 2.73 (quint, 1H, J=7.3 Hz,
CH;—CH-), 1.63-1.25 (m, 7H, (~CH,—); and OH), 1.27
(d, 3H, J=7.3Hz, CH;—CH-), 0.89 (t, 3H, J=7.3 Hz,
CH;—CH,-). 13C NMR (75 MHz, CDCly): 8 143.5, 128.5,
128.2, 126.6, 76.0, 46.1, 34.2, 27.9, 22.8, 18.0, 14.0. m/z
(FAB*): 175 (MH*—H,0, 52), 154 (69), 137 (55), 105
(100), 91 (63), 77 (19).

4.3.10. (25,3S)-2-Phenyl-3-heptanol (7i).'5 Yield: 95%.
[a]¥=-10.1 (¢ 0.5, CHCly). IR: 3386, 2958, 1602,
1454 cm~'. 'H NMR (300 MHz, CDCls): & 7.34-7.21
(m, 5H), 3.68 (m, 1H, —-CH—OH), 2.79 (quint, 1H, J=
6.9 Hz, CH;—CH-), 1.47-1.25 (m, 7H, (~CH,—); and
OH), 1.32 (d, 3H, J=6.9 Hz, CH;—CH-), 0.88 (t, 3H,
J=7.3 Hz, CH;~CH,-). '3C NMR (75 MHz, CDCl,): &
144.7,128.5,127.8, 126.4,76.2, 45.5, 34.4, 28.2, 22.6, 15.3,
14.0. m/z (FAB*): 175 (MH*—H,0, 75), 154 (18), 137
(22), 105 (100), 91 (53), 77 (11).

4.3.11. (3R,4S5)-2-Methyl-4-phenyl-3-pentanol (6j).'°
Yield: 45%. [a]®=—16.9 (¢ 0.5, CHCl3). IR: 3474, 2963,
1494, 1453 cm~!. '"H NMR (300 MHz, CDCl): & 7.36—
7.21 (m, 5H), 3.44 (m, 1H, —-CH-OH), 2.85 (quint, 1H,
J=73Hz, CH;-CH-), 1.80 (d sx, 1H, J=4.4, 6.9 Hz,
—-CH-(CHy),), 1.26 (d, 3H, J=69Hz, CH;-CH-),
1.20 (d, 1H, J=4.4Hz, OH), 1.03 (d, 3H, J=6.9 Hz,
CH;-CH-CHy), 0.95 (d, 3H, J=6.9 Hz, CH;—CH-CHs;,).
13C NMR (75 MHz, CDCly): & 144.1, 128.6, 128.1,
126.6, 80.4, 43.4, 29.9, 20.4, 18.6, 15.3. m/z (EI'*): 178
(M, 4), 160 (10), 145 (27), 135 (10), 106 (100), 91 (88), 77
27), 57 (79). HRMS calcd for C;,H;gO: 178.1358, found
178.1358.

4.3.12. (35,4S)-2-Methyl-4-phenyl-3-pentanol (7j).'¢
Yield: 47%. [a]¥=+11.5 (¢ 0.5, CHCLy). IR: 3426, 2963,
1494, 1453 cm~'. '"H NMR (300 MHz, CDCls): & 7.35—
721 (m, 5H), 3.41 (m, 1H, ~CH-OH), 2.90 (quint, 1H,
J=6.9 Hz, CHs—CH-), 1.60 (m, 1H, —~CH—(CHs),), 1.40
(bs, 1H, OH), 1.31 (d, 3H, J=6.9 Hz, CH;—CH-), 0.94 (d,
3H, J=6.5 Hz, CH;—CH-CH;); 0.91 (d, 3H, J=6.5 Hz,
CH;—CH-CHs,). '3C NMR (75 MHz, CDCly): & 145.1,
128.5, 127.7, 126.2, 81.1, 42.7, 30.1, 19.9, 16.7, 15.6. m/z
(EI'): 178 (M*, 4), 160 (15), 145 (41), 106 (100), 91 (86),
77 (28), 57 (45). HRMS caled for CpoH,50: 178.1358,
found 178.1360.

4.3.13. (35,4S)-2,2-Dimethyl-4-phenyl-3-pentanol (6k).!”
Yield: 69%. [a]®’=+38.0 (c 0.5, CHCls). IR: 3451, 2958,
1642, 1453, 1365cm™~'. 'H NMR (300 MHz, CDCly): &
7.35-7.18 (m, 5H), 3.41 (m, 1H, ~CH—OH), 3.05 (dq, 1H,
J=4.0,7.3 Hz, CH;—CH-), 1.43 (bs, 1H, OH), 1.39 (d, 3H,
J=7.3 Hz, CHs—CH-), 0.86 (s, 9H, (CHs)s). '3C NMR
(75 MHz, CDCl3): 6 144.1, 128.9, 128.3, 126.4, 83.4, 41.7,
35.9, 26.7, 22.4. m/z (EI"): 192 M™, <1), 149 (43), 105
(25), 91 (23), 77 (18), 57 (100).

4.3.14. (3R 4S5)-2,2-Dimethyl-4-phenyl-3-pentanol (7k).!”
Yield: 75%. [a]®¥=+41.5 (c 0.5, CHCl5). IR: 3442, 2957,
1640, 1453, 1364 cm~'. '"H NMR (200 MHz, CDCl;): &
7.35-7.13 (m, 5H), 3.44 (dd, 1H, J=3.8, 54 Hz —-CH-
OH), 3.03 (dq, 1H, J=3.8, 7.0 Hz, CH3;-CH-), 1.49 (d, 1H,
J=5.4 Hz, OH), 1.31 (d, 3H, J=7.0 Hz, CH;-CH-), 0.94
(s, 9H, (CHs)s). 'C NMR (75 MHz, CDCls): & 148.0,
128.4, 127.4, 126.0, 83.0, 41.1, 36.1, 26.8, 16.4. m/z (EI'"):
192 (M+, <1), 149 (8), 135 (12), 106 (100), 91 (62), 77 (22),
57 (91).
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Abstract—New podands based on the p-tert-butylcalix[4]arene unit with substitution at the lower rim incorporating imine units, have been
synthesized in high yield by simple condensation method. These podands have been shown to extract and transport Ag* selectively over
alkali, alkaline earth metal cations, Zn>", Pb>* and Hg>" ions, from neutral aqueous phase to organic phase. In all the ligands the calix unit
has been found to be present in a cone conformation except for the one having pyridine as end group, at the ortho position. It has been isolated
in two conformations; cone and 1,2-alternate. To the best of our knowledge, this may be the first 1,3-lower rim substituted calix[4]arene to
exist in a 1,2-alternate conformation and is among a few known compounds with this conformation in the general class of calix[4]arenes. A
complex of this ligand, which happens to be the highest extractant of Ag™* has been isolated and characterized using mass, 'H and '3C NMR
spectroscopy’s and elemental analysis. The spectroscopic evidence and molecular modelling studies performed on the complex suggest a
participation of the imine and pyridine nitrogens and two of the ether oxygens in coordination to the metal ion. The X-ray crystal structures of
three of the ligands establish the formation of inclusion complexes with polar acetonitrile solvent molecules. The 'H and '>*C NMR spectra of
all the compounds, taken in CDCl;, show the presence of acetonitrile molecules in the cavity of the calix[4]arene, indicating inclusion of the
neutral guest molecules in the solution phase as well. For one of the podands X-ray crystal structure has shown a formation of clatharate

complex of chloroform with the ligand which has rarely been found in the case of calix[4]arenes.

© 2004 Published by Elsevier Ltd.

1. Introduction

Modified calixarene derivatives having additional binding
sites at the lower rim enhance the binding ability of the
parent calixarene.! Synthesis of such polytopic receptors
employs the organizing ability of calix[4]arene platform to
bring together various binding subunits in a single
molecule.> A number of receptors based on calix[4]arenes
having selectivity for the alkali metals,? alkaline earth
metals,* lanthanides® and actinides® have been reported. An
area of increasing interest is the search for ligands, which
are selective towards soft metal ions like mercury, lead,
cadmium and silver. Calix[4]arene based polythia com-
pounds have been seen to show very high Ag™ selectivities
against alkali and alkaline earth metals, lead and most of the
transition metal cations.® In this context N and S atoms as
soft donors are also expected to interact selectively with the
soft Ag ion. An sp? hybridised N included in the host

* CDRI Communication No. 6414.

*% Supplementary data associated with this article can be found in the
online version at doi: 10.1016/j.tet.2004.04.050.

Keywords: Calix[4]arene; Dipodal calix[4]arenas; Metal ion selectivities.
* Corresponding  author.  Tel.: +91-183-2258803x3196; fax:
+911832258820; e-mail address: geeta.hundal @angelfire.com

0040-4020/$ - see front matter © 2004 Published by Elsevier Ltd.
doi:10.1016/j.tet.2004.04.050

system, makes available a planar lone pair which is
directional and can also be present as a part of the aromatic
ring. Recently, Regnouf-de-Vains et al. have reported a new
calix[4]arene based podand incorporating the 2,2’-bipyridyl
moiety, where the preorganised disposal of four sp?
nitrogens of the bipyridyl moiety plays an important role
in extraction of silver ion from neutral aqueous phase to
organic phase.” These results prompted us to synthesize new
calix[4]arene based podands where apart from having other
potential donors, the lower rim modifications use two imine
sp? nitrogens (Scheme 1). Cyclic ligands, containing
Schiff’s bases formed on a calix[4] arene platform, have
been used to some extent for cation recognition® but their
open chained analogues are not very common®'? and have
not been used for extraction of metal ions. As one of the
factors on which cation binding by calix[4]arenes depends is
the function of the substituents attached to the lower rim,!!
the podands have been synthesized with various end groups.
The ligands provide a hard site (ether/hydroxyl O) for the
hard alkali and alkaline earth metal cations and soft site
(imine/amine N) for the soft Ag* ion. Thus they may behave
as acyclic compartmental ligands with two differentiated
sites for heterodinuclear complexes. At the soft site, the
ligands provide an opportunity to compare the complexation
behaviour of four aromatic sp? nitrogens of Regnouf’s
design with two imine nitrogens/two oxygens, two imine/
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Scheme 1.

two sp® nitrogens and two imine/two aromatic nitrogens.
At the same time an effect on the complexation behavior
may be studied by increasing the chain length between two
kinds of nitrogens as in 3b, 3d and 3f, 3h.

2. Results and discussion
2.1. NMR data

The spectroscopic data for 3a-h could be assigned fully. The
conformations of the compounds were mainly derived from
the signals of the bridging methylene protons in 'H NMR as
is usually done. A pair of doublets in '"H NMR with J=12—
13 Hz and peaks at ~531 in '*C NMR for ArCH,Ar protons
and carbons, respectively, in 3a,d-h shows that the
calix[4]arenes exist in a cone conformation in all cases.!?
Imine linkages in these six compounds were determined
from signals at 8.83, 8.82, 8.24, 8.24, 8.56 and 8.22 in 'H
NMR and 159, 168, 161, 161, 161 and 160 in '3C NMR,
respectively.!> The —CH; protons of t-butyl groups
appeared as two sharp singlets. These are well characterized
from their mass spectra and C, H, N analysis as well.
Compound 3b in its 'H NMR, however, showed a broad
singlet for eight bridging methylene protons indicating the

conformation to be 1,3 alternate. However, the peak for the
methylene carbons in '3C NMR did not appear at low field
(~ 06 38) as is required for the conformation to be 1,3-alter-
nate'* and was seen rather at 8 31.6. So the conformation
may be cone or 1,3-alternate. The mass spectra for 3b shows
a base peak at [2M~+1]7 along with the parent ion peak at
M which indicates the possibility of a dimeric structure for
this compound. The solubility behaviour of 3b is also
different than other ortho substituted compounds (3a,c-d)
which readily dissolve in CHCl; whereas, 3b takes about ten
minutes to dissolve to give a clear solution. The fragmen-
tation pattern of the latter is also different from the rest.
However, no X-ray crystal structure is available to support a
dimeric structure.

Compound 3¢ was obtained in two different conformations,
that is, cone and 1,2-alternate, in two separate preparations.
These two conformers were recognized on the basis of 'H
and '3C NMR, mainly from the signals of the bridging
methylene groups. The cone conformer has two doublets at
0 3.27 and 4.33 with J=12 Hz for the bridging methylene
groups and a singlet at 6 4.30 for OCH,CH,O protons in the
'"H NMR. The '3C has two peaks at & 31.5 and 31.8
corresponding to two types of bridging methylene carbons.
The aromatic protons appeared as two singlets at 6 6.95 and
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7.00 for four protons each. In the 1,2-alternate conformer,
the bridging methylene groups gave two doublets at 6 3.28
and 4.35 with J=12 Hz and a singlet at § 4.02 in the 'H
NMR. In the '*C NMR the methylene carbon groups appear
at 6 31.7 and 47.6 (as confirmed by DEPT-135 experiment).
This value of & 47.6 is different from what has been
reported14 for the 1,2-alternate conformation in the case of
p-tert-butyl-O-acetylcalix[4]arene where the methylene
carbons appeared as two signals at 6 30.2 and 38.7. It is
reported there that when the phenol rings beside each
methylene are in the cone conformation, the methylene
signals appear around & 31, whereas they appear around &
38 and 31 in the 1,2-alternate and partial cone conformation
and around & 38 in the 1,3-alternate conformation. The
origin of the ca. 6 ppm difference in the chemical shifts for
the syn and anti orientations of the phenol rings has been
reported to be steric in nature.'* In the present case this
difference has been seen to have increased considerably
because of greater steric effects, owing to the fact that here
the lower rim is 1,3-disubstituted by much longer and rigid
substituents compared to the reported case of p-fert-butyl-
O-acetylcalix[4]arene which is symmetrically substituted at
all four lower oxygens with acetyl group. It is well known
that the replacement of phenolic hydrogens with sufficiently
large groups makes the calix[4]arenes conformationally
inflexible and they exist in one discrete conformation.!3:1°
Although complete conformational interconversion in a
calix[4]arene is stopped the moment an R group larger than
ethyl group is introduced, partial conformational change
remains possible until the fourth R group is added. Thus, in
spite of the fact that the preferred conformation for the
ligands is a cone, the possibility of the conversion cannot be
denied when there are two unsubstituted hydroxyl groups
still present, which can undergo inversion. The formation of
different conformations is interpreted in terms of a
competition between the rate of conformational inter-
conversion and rate of derivatization. The formation of the
1,3-substituted aldehyde (1) from the basic #-butylcalix[4]-
arene may be considered a stepwise reaction. After the
substitution at one of the hydroxyl groups, the stabilizing
cyclic network of intramolecular H-bonding interactions is
disrupted. At this stage, if two of the —OH groups invert and
the second substitution takes place after the inversion, then
there is a possibility of the formation of a 1,2-alternate
conformer as well. It is to be noted that the number of
intramolecular H-bonding interactions is two, both in the
case of a cone and 1,2-alternate conformation and one and
zero in the case of partial cone and 1,3-alternate
conformations for a 1,3-disubstituted calix[4]arene, respec-
tively. Thus there is a fair possibility of formation of
1,2-alternate conformation for 3c¢ if (2) reacts with (1) in this
conformation. Although it is yet not clear how the
1,2-alternate conformer is formed, it has been formed in
good yield and its NMR is unambiguous. To the best of our
knowledge 3¢ becomes the first 1,3-disubstituted calix[4]-
arene in this conformation and among a few compounds
with this conformation, in the general class of calix[4]
arenes. 241517 The remaining signals appear at almost the
same positions in both the conformers. The CH, group
which is flanked by the imine group on one side and
o-pyridine on the other (marked as NCH,) appears as a
singlet at 6 4.64. Two ortho protons in two py groups
appeared as a broad singlet at 6 8.55. The imine protons

appeared at a low field (6 9.03). So as to ascertain the
assignment, a '"H NMR with D,O exchange was taken in the
case of 1,2-alternate conformer which showed that the peak
present at 6 7.83 in the previous 'H NMR was absent in D,O
while the peaks at 6 8.54 and 9.02 remained. Therefore, &
7.83 and 7.87 were marked as ArO in the 1,2-alternate and
cone conformer, respectively. Two singlets at 6 2.30 and
1.61 also shifted on D,O exchange to 1.85 and 1.43,
respectively, hence these are assigned as solvent peaks for
the entrapped acetonitrile molecules in 1,2-alternate con-
former. Similar peaks occurred at 6 1.78 and 1.42 in the
cone conformation. A low field shift of the imine proton
here may be due to the combined effects of the attached py
group and H-bonding interactions of imine protons with the
—OCH; group and pyridine N, simultaneously. Such dual H
bonding interactions would be absent in the para compound
3g and the imine proton appears at § 8.56 in the latter. In the
IR spectra; peaks at 1640—1645 cm™! for all the compounds
correspond to the imine linkage and a broad peak (half band
width ~180 cm™!) around 3350—3400 cm ™! shows the
presence of the OH group.

The stoichiometry of the air sensitive complex of the cone
conformer of 3¢ was confirmed to be 3c¢c:AgNO; by
elemental analysis and mass spectrum which showed a
base peak at 1232 due to [3¢-Ag]™ (Fig. 1). The complex
was sparingly soluble in CDCl;. The 'H NMR of the
complex showed significant differences from that of 3¢
itself. The imine protons split into two signals and shifted to
a much lower field appearing at 6 10.38, 10.49. Similarly
two protons at ortho position to the py also appeared
separately at & 8.58 and 8.72. The conformation of the
calix[4]arene seems to have changed from a cone in the free
ligand to an unsymmetrical conformation, which is more
likely to be a partial cone as is evident from the ArCH,Ar
signals appearing as four doublets. Three of them lie at &
3.23 (J=16Hz), 3.30 (J=12Hz) and 4.00 (J=16 Hz),
whereas the fourth one is masked under the signal for
—OCH,CH,0- protons in the range 6 4.28-4.40. The
splitting of #-butyl group resonances into three also reveals
that Ag™ is perturbing the conformational architecture of
calixarene to make it more unsymmetrical. The CH, group
lying between imine N and py group shifts upfield and splits
into two signals, one of which lies at 6 3.38 and the second
appears at 6 4.43. The inequivalence of these two methylene
groups is also evident from '3C spectra of the complex
which shows two peaks at & 50.9 and 61.2, these are
significantly shifted upfield from being a single peak at &
73.9 in 3c. Similarly the —OCH,CH,O- carbons also

188 — o
| 114 |
|

10ee 1188 128

Figure 1. Showing the [3¢+Ag] " peak in the partial Mass spectrum of the
Ag" complex.
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Table 1. Showing the changes in chemical shift values on complexation of
Ag™ with 3c. (A8) in ppm

—NCH, OCH,CH,0- —-CH=N o0-H-Py

'THNMR 021, -126 —0.02,0.10 135,144 0.02,0.17
BCNMR  —126, -23.0 —6.9, —12.4 10.6, 104 0.1, 6.9

appear shifted to 6 54.2 and 59.9. The participation of the
imine group in coordination to Ag™ is also supported by a
downfield shift of imine carbons to two peaks at 6 170.2 and
171.0 from & 159.6 in 3c. From the downfield shift and
splitting of imine protons, splitting and downfield shift of

Figure 2. Showing energy minimized structure of the Ag* complex of 3c.

Table 2. Showing crystal data and refinement parameters

one of the pyridine protons (ortho to N of py), accompanied
by the splitting and upfield shifting of two NCH, signals,
splitting of —OCH,CH,0O- protons and carbons (Table 1), it
can be inferred that the ligand binds the Ag™ ion through
both the imine nitrogens and two ether oxygens ortho to the
imine group and through one or both of the pyridine
nitrogens giving a 5-6 coordinated Ag* complex. There is
not any significant shift in the ArOH signal, which shows its
non-participation in the bonding. An energy minimized
computer generated structure calculated by using SPAR-
TAN’02, with MMFF94 force field calculations'® for the
equilibrium conformation (Fig. 2) also supports this mode of
binding. The most stable conformation has been found to be
an inward flattened partial cone conformation'® from these
calculations. The NMR spectrum of a 1:1 complex of 3c
with Nat showed absolutely no shifts for imine, NCH, and
py groups, a shift A6 —0.02 and —0.03 for ArCH,Ar and
OCH,CH,0- protons, respectively and a downfield shift
A 1.1 for the —OH protons was seen. This indicates that the
ligand has very small affinity for Na* which prefers to go to
the hard site constituted by the ether and hydroxyl oxygens.

2.2. X-ray crystallographic studies

Table 2 gives the crystal data and refinement parameters for
the three structures. In the solid state 3a crystallizes as a 1:3
complex of calix[4]arene acetonitrile. The final molecular
structure is shown in Figure 3. The calix[4]arene is present
in a symmetrical cone conformation with a two fold axis
passing through the center of the cone. The torsion angles y,
¢ about the bridgehead methylene carbons C7 and Cl14
alternate between + and — (82.1(5), —92.1(5) and 86.7(5),
—76.6(5)°, respectively) confirming a cone conformation of
the calix.'® The bridgehead methylene groups lie in an
approximate plane (dev. from the plane being £0.08 A) and
the phenyl ring ‘A’ (C1-C6) and ring ‘B’ (C8-C13) are
making dihedral angles 114.2(1) and 124.6(1)°, respectively
with this plane. The torsion angles and the dihedral angles

3a 3d 3e
Empirical formula C74HysN5Og C76H101ClgN5Og C70HgoN30g
Formula weight 1182.55 1393.32 1100.44
Temperature 2932) K 2932) K| 2932) K,
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Orthorhombic Triclinic
Space group C2/c Pbcn P—1

Dimensions

Density (calc)

I
F(000)

Crystal size

Range for data collection (6)
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit

Final R indices [I>20(])]

R indices (all data)

Largest diff. peak and hole
Deposition number

a=12.402(6) A, a=90°
b=29.743(9) A, p=104.21(5)°
¢=19.944(6) A, y=90°
V=7132(5) A®

Z=4

1.101 mg/m®

0.071 mm ™!

2552

0.20%0.10%0.10 mm
1.73-24.99°

6495

6195

6195/0/395

1.016

R1=0.0838, wR2=0.2250
R1=0.1930, wR2=0.3058
0.339 and —0.289 ¢ A3
CCDC 200395

a=27.639(5) A, a=90°
b=15.741(5) A, B=90°
¢=18.367(5) A, y=90°
V=7991(4) A*

Z=4

1.158 mg/m®

0.265 mm !

2968

0.15%0.12%0.1 mm
1.47-24.99°

3915

3915

3915/6/233

1.370

R1=0.1664, wR2=0.4098
R1=0.3129, wR2=0.4984
1.190 and —0.517 ¢ A3
CCDC 225240

A=11.732(5) A, a=86.07(5)°
b=12.024(5) A, B=85.24(5)°
C=24.266(5) A, y=72.32(5)°
V=3247(2) A*

zZ=2

1.126 mg/m®

0.073 mg/m®

1188

0.25%0.15%0.15 mm
1.69-22.55°

7992

7487

7487/18/808

1.037

R1=0.0827, wR2=0.2034
R1=0.1728, wR2=0.2793
0.517 and —0.343 e A~
CCDC 225239
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Figure 3. Showing a perspective view of the crystal structure of 3a and its labelling scheme. The hydrogen atoms have been omitted for clarity.

found are comparable to =90° and 123°, respectively, found
in the structure of p-fert-butylcalix[4]arene compound
(LBC).2° The cone conformation is further stabilized by
the two intramolecular H-bonds (Table 1) between the
hydroxyl oxygen O7 and the substituted oxygen Ol
(07---01 2.793(4) A, H7C---01 1.97 A, £LO7-H7C---0l
177°). It indicates that the substitution has brought up only
slight changes in the open cone conformation of the basic
calix unit. This cone conformation helps in the formation of
an intracavity inclusion complex of 3a with one acetonitrile
molecule. This solvent molecule lies at the two fold axis of
rotation and thus is truly in the center of the cavity. The
hydrophobic end of the solvent molecule enters into the
hydrophobic annulus provided by the calix[4]arene unit and
its polar end remains outside the cavity. Inside the cavity the
solvent molecule is held by C—H---m interactions?!
between the methyl hydrogens of the acetonitrile and the
centroids of phenyl rings of the calix (C71---A) and
C71---B) being 3.58 and 3.75 A, respectively). The nitrogen
N6 of this solvent molecule is interacting intramolecularly
with the methyl protons of the r-butyl groups having
C56---N6 3.720(9) A, H56C---N6 2.81 A and ~C56-
H6C- - -N6 158°). The remaining two solvent molecules
are exhibiting multimolecular inclusion behavior whereby
the guest solvent molecule is accommodated in the
continuous channels within the crystal lattice. The two
solvent molecules are being held in the lattice by weak
C—H---N5 interactions. An intramolecular interaction
exists with methylene C30 (C30---N5 3.507(11) A,
H30B---N5 2.7 A, £C30-H30B---N5 138°) and three
intermolecular interactions with phenyl C4 and CI1 and
methyl C55 (C4---N5' 3.591(9) A, H4A-- N5 2.68 A
£C4—HA4A-- N5 166°, Cl1---N5"  3.643(9) A,
HI1A.--N5"2.72 A, £C11-HI1A.- -NS“ 171°, C55- - -N5!
3.882(13) A, H55C---N5' 2.94 A, /C55-H55C---N5!
167°, where i=—x+2, —y, —z+2 and ii=x, —y, z—0.5).

These lattice solvent molecules are also showing inter-
molecular H-bonding interactions from their methyl hydro-
gens to N6 of the solvent molecule inside the cavity with
C69- - -N6Hv 3.378(13) A, H69C- - -N6iii¥ 2.93 A, £ C69—
H69C- - N6V 110° (where iii=x—0.5, y—0.5, z and
iv=—x+0.5+1, y—0.5, —z4+0.541). There are also
C-H: - -7 interactions present between the methyl hydro-
gens of these acetonitrile molecules and the phenyl ring ‘C *
(C31-C36) of the podand C69- - -C being 3.74 AandH---C
being 3.26 A). The ring C is parallel to A and perpendicular
to B while C30-02-C31-C32 is trans and O2-C31-
C32-C37 is cis. This conformation of the substituents at the
lower rim makes the two ends of this dipodal molecule
diverge from each other and provides two independent
pseudo-cavities for the metal ion with low coordination
number. There is no m—1r interaction between two C phenyl
rings as the minimum centroid to centroid distance between
them is 5.48 A.

Compound 3d in the solid state crystallizes as a ternary
complex 3d:acetonitrile:chloroform in the ratio 1:1:2. The
final molecular structure is shown in Figure 4. It is also a
symmetrical molecule with a two fold axis passing through
the cavity of the calix, similar to 3a. Here also the
calix[4]arene is present in a symmetrical cone conformation
as indicated by the torsion angles about the bridgehead
methylene carbons C7 and C14 being —92, 81 and —70,
86°, respectively. The bridgehead methylene groups lie in an
approximate plane (dev. from the plane being =0.13 A) and
the phenyl rings A and B are making dihedral angles 126,
and 111°, respectively with this plane. A strong intra-
molecular H-bonding is found between the hydroxyl
oxygens O1 and ether oxygen 02 with O1---O2
2.736(11) A, HIA---02 192 A, ZO1-HIA---02 172°.
An acetonitrile molecule forms an intracavity inclusion
complex with the calix, thereby lying in its cavity exactly at
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Figure 4. Showing a perspective view of the crystal structure of 3d and its labelling scheme. The hydrogen atoms have been omitted for clarity.

the center as it is present on a symmetry element The solvent
molecule is held in place by two intramolecular C54~—
H54C---N5 interactions with (C54---N5 3.92 (2) A
H54C---N5 2.97 A, /C54—H54C---N5 167°) and eight
intermolecular C—H---N5 interactions with carbons of
phenyl ring C, (C34---N5“i 3.36(3) A, H34A.. N5
286 A, /C34- H34A...N54% 115°, and C33-
H33A.-- N5 330(2) A, H33A.--N5"i 275A, £C33-
H33A---N5“ 118°, where i=x, y+1, z and ii=—x+1,
y+1, —z+1+1/2). The hydrophobic end of acetonitrile
faces the hydrophobic cavity of the calix[4]arene and is
stabilized by C-H---m interactions between the methyl
group and the phenyl rings of the calix. The distances of the
centroids of ring A and B to methyl carbon C60 are 3.81 and
3.49 A, respectively. Thus this solvent molecule is held
strongly inside the cavity forming a true intracavity
inclusion complex like 3a. Formation of a clatharate
complex of 3d with CHCl; is a unique feature of the
compound. Two molecules of CHCl; are held in the voids in
the crystal structure of the compound. These are bonded to
the molecule by an inter-molecular C—H- - -N interaction.
Thus the CHCI3 molecule is donating a H-bond to the imine
nitrogen with C62---N1 3.21 (2) A H62A- N1 2.24 A and
/. C62-H62A---N1 169°. There exists an intermolecular
C32-H32A---Cl1 H-bonding interaction with C32---Cll
3.79 (3) A, H32A---CI1 2.94 A and £C32-H32A.--Cll
153°. Intermolecular H-bonding is also present between
methylene C29 and secondary amine N2 and bridge head
methylene C7 and ether oxygen OS5. There is an intra-
molecular - - - interaction present between two C phenyl
rings with a centroid to centroid distance of 3.75 A. The
latter brings the two ether oxygens, present ortho to the
imine group, close to each other with O---O non-bonding
distance between them as 4.11 A.

In the solid state 3e crystallizes as a 1:1 complex of

calix[4]arene acetonitrile. The final molecular structure is
shown in Figure 5. The calix[4]arene is present in a
symmetrical cone conformation as indicated by the torsion
angles x, ¢ about the bridgehead methylene carbons C7,

k) C52

Figure 5. Showing a perspective view of the crystal structure of 3e and its
labelling scheme. The hydrogen atoms have been omitted for clarity.
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C14, C21 and C28. They alternate between + and — being
—84.1(8), 86.8(8), —78.1(9), 77.4(9), 86.0(8), 91.9(8),
—82.1(9) and 74.4(8)°, respectively. The bridgehead
methylene groups lie in an approximate plane (dev. from
the plane being *0.12 A) and the phenyl rings A, B, E
(C15-C20) and F (C22-C27) are making dihedral angles
114.5(2), 117.1(2), 116.2(1) and 123.0(2)°, respectively
with this plane. The cone conformation is further stabilized
by the two strong intramolecular H-bonds between the
hydroxyl oxygens 02, O4 and the substituted oxygens Ol
and O3. 02 is H-bond donor to Ol with O2---O1 2.817
(7) A, H2A---01 1.99 A, Z02-H2A.--O1 176° and O4 i is
donating to O3 with O4---03 2.747(6) A, H4A---031.93 A
and £ 04-H4A---O3 177°. The cone conformation facili-
tates formation of an intracavity inclusion complex of 3e
with an acetonitrile molecule. This solvent molecule lies in
the center of the cavity of the calix with its hydrophobic end
pointing towards the cavity. Inside the cavity