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Abstract—The current review represents a systematic survey of the use of 2- and 3-carenes in the synthesis of chiral non-racemic organic
compounds containing a 2,2-dimethyl-1,3-disubstituted cyclopropane fragment. The synthetic approaches to the cyclopropane derivatives
are classified on the basis of the retention of their parent carane bicyclic skeleton in the final product or cleavage of the six-membered ring

along the synthetic route.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The last two decades have witnessed an increased interest in
stereo- and enantioselective synthesis. This development
reflected a growing need for an efficient synthetic
methodology to produce enantio-enriched biologically
active compounds finding application as pharmaceuticals,
agrochemicals, flavours and fragrances, etc. It is common
knowledge that the configuration of a chiral compound often
has a profound effect on its biological activity. In the
pharmaceutical industry, the current trend aims at develop-
ing single-enantiomer drugs in the areas where racemates
are still in use, which clearly calls for the methodology for
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Figure 1.

the preparation of the required active isomers in the
enantiomerically pure form. One of the ways of achieving
this target relies on the use of the chiral pool of readily
available and renewable natural products. For the prep-
aration of compounds incorporating a 2,2-dimethyl-1,3-
disubstituted cyclopropane structural unit, the derivatives of
(+)-3-carene (1) and (+)-2-carene (2) (Fig. 1) represent an
obvious starting point. The important feature of these
monoterpenes is that they can be obtalned from natural
sources in both enantiomeric forms,!” 3 which together with
their distinct bicyclic structure and high enantiopurity
makes them attractive starting materials for the enantio-
selective synthesis of various natural and biologically active
products.

Earlier exploitation of chirons 1 and 2 i in organic synth651s
was covered in a number of monographs™* and overviews.’
The current review is concentrated on the literature
pubhshed in the last 15 , years and some works not included
in the earlier accounts.’

The review is divided into two parts according to the two
main strategies employed in the utilisation of the carenes 1
and 2 in organic synthesis. In the first part, we will focus on
the synthetic sequences that retain the bicyclic carane
framework, while the second part will cover transformations
leading to a deeper elaboration of the parent structure where
only the native 2,2-dimethylcyclopropane fragment remains
intact. Some protocols for the isomerisation of 3-carene to
2-carene are also discussed.

The skeletal rearrangements of monoterpenes of a carane
series resulting in the opening of the cyclopropane ring to
give derivatives of m- and p-menthane®'* were reviewed
recently elsewhere'*'> and will not be discussed here.

Since both sets of enantiomers of the carenes 1 and 2 can be
equally used in organic synthesis, the current review will
preserve the configuration of synthons employed in the
original papers.

2. Syntheses with retention of the bicyclic carane
skeleton

2.1. Synthetic schemes based on 3-carene

Functionalisation of the double bond in carenes 1 and 2
provides an obvious entry to further synthetic transform-
ations. Epoxides 3a,b (Scheme 1) serve as important
intermediates in many synthetic schemes as they offer a
wide variety of opportunities for subsequent development.
They can be readily prepared from 3-carene by a number of
methods including transition metal-catalysed oxidation with
hydrogen peroxide or molecular oxygen and treatment with

0 S e}
S \@
[01/4 3a 3b

(n-C14H20)MegN*MnO,~
T

71%

o C

Scheme 1.

sulfonic peracids or dimethyldioxirane.'®>° High-yielding
stereoselective protocols for the exclusive formation of
a-oxide 3a, employlng hydrogen peroxide in the presence
of hexafluoroacetone® and polymer-supported methyl-
trioxorhenium as catalyst,> were also reported. Vicinal
cis-dihydroxylation of alkenes carried out with tetradecyl-
trimethylammonium permanganate in a two-phase solvent
system produced diol 4 in good yields.>® Stereo- and
chemoselective trans-dichlorination of 3-carene is readily
achieved in 84% yield by treatment with a 4:1 mixture of
tetradecyltrlmethylammomum permanganate—trlmethyl-
chlorosilane in dichloromethane (1—5, Scheme 1).>* The
dichloro derivative 5 was also obtained by allylic
chlorination of (+)-3-carene 1 carried out with chlorinating
reagents, such as #-butyl hypochlorite or N-chlorosuccini-
mide, in the presence of radical initiators. In this case,
however, it was formed in minor quantities, while the
monochloride 6 was the major product, accompanied by a
variable amount of the allylic isomer 7. Hypochlorite
exhibited a better selectivity towards 6 (up to 78% in the
mixture), althou%h the overall yield in these reactions did
not exceed 35%.

Hydroboration of 3-carene with sodium borohydride
followed by oxidation with hydrogen peroxide furnished
the secondary alcohol 8 in 70% yield>® (Scheme 2). Use of a
stronger oxidant such as PCC led directly to the formation of
ketone 9 (yield 79%).>” Ketone 9a of the opposite
enantiomeric series was prepared from bromohydrin 10, as
shown in Scheme 2, but its formation was accompanied by a
substantial amount of hydroxyketone 11.*® Reversal of
regiochemistry in the oxygenation of the double bond has

1. NaBHj,
Nal, diglyme 1. I-’I\‘gagHAAc
-~ o
2. H,0,, 2.PCC,
NaOH CHyCl,

«h

0]
ZnS, DMSO

Br ——

70°C, 30 h ﬁ
10

Hg(0AC), OMe  \, OMe
Kl, MeOH

- Hgl —

(0]

Scheme 2.
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been achieved by methanolysis of 3-carene in the presence
of Hg(OAc), followed by reductive demercuration to
furnish tertiary ether 12 in 80% overall yield.*

Enantiomerically pure primary and secondary amines,
finding applications as resolving reagents, chiral auxiliaries
and synthetic building blocks, are becoming increasingly
important targets in asymmetric synthesis. A highly efficient
method of stereoselective amination of 3-carene is shown in
Scheme 3.*° The synthesis involved converting the terpene
into the B-chloroditerpenylborane by treatment with
chloroborane-methyl sulfide followed by reaction with
trimethylaluminium to form the B-methylditerpenylborane,
and the latter was converted into the amine by treatment
with hydroxylamine-O-sulphonic acid. Amine 13 was
prepared on a 20 g scale in 88% overall yield.

o
B~
BC|H2'SM€2 '
—_— E

CH,Cl,
99%

Me3AI 98%

NH,0SO3H
" ‘NH2<—
91%

Groups containing sulphur are generally regarded as
valuable functionalities and find practical use in many
applications. Thio-derivatives of a carane series, however,
do not occur in nature and, therefore, have to be produced
synthetically. Several methods for the introduction of a thio-
group into the carene skeleton were reported (Scheme 4). A
mixture of diastereomeric disulphides 14a,b was formed
upon addition of (MeS), to 3-carene catalysed by ZnCl,.*!
Regio- and stereoselective addition of sulphenyl chloride 15
to 3-carene produced compound 16, which was transformed
into thiol 17 in 17% overall yield.*?

SM SMe
SMe SMe
ZnCI2 (cat)
CH,Cl,

13

Scheme 3.

17 16

Scheme 4.

Isomeric carene epoxides 3a,b served as a starting point in
the synthesis of a series of 1,2-oxysulphides 18-21
(Scheme 5). In this way, isomeric pairs of alkylthiocaranol-
carboxylic acids (19a,b), 4-(2-hydroxyethylthio)-caran-3-
ols (20a,b) and caranthiolactones (21a,b) have been
prepared.***

Treatment of a-epoxide 3a with thiourea produced the
corresponding B-epithiocarane 22 with inversion of con-
figuration (Scheme 6). The thio-oxide 22 can be opened
with alkyl- and arylmercaptans to furnish the carane
derivatives 23 containing sulphide and mercapto functions.
Alkylation of caranthiols 23 with alkyl halides under basic
conditions led to the disulphides 24 with two different
groups. Opening of the thio-oxide 22 with mercaptoethanol
yielded compound 25 (32%).>*® These results were
mirrored in the B-epoxide 3b series, where slightly higher
yields were produced. The reactions shown in Scheme 6
allow introduction of a wide range of RS functionality into
the carane moiety, but the overall yields are usually low to
moderate.

In the presence of a catalytic amount of askanite-bentonite
clay, the reaction of a-epoxide 3a with methacrolein
produced a mixture of cis-diol derivatives 26 and 27,
accompanied by aldehyde 28, formed as a result of ring
contraction (Scheme 7). 27 At the same time, skeletal
rearrangements dominated the reaction of the isomeric
B-epoxide 3b and only a minor amount of ketone 29
retaining the original framework was produced.?” The yield
of the ketone 29 can be improved by up to 37% employing
(TiO)SOy in place of askanite-bentonite clay

The thiol-catalysed radical-chain redox rearrangement of
cychc benzylidene acetals derived from 1,2-diols of terpene
origin has been investigated recently.*’ The rearrangement
of the benzylidene acetal 30 derived from carane-3,4-diol 4
was carried out in the presence of triisopropylsilanethiol at
70 °C in hexane employing ~-BuON=NOz-Bu as an
initiator. It produced a 1:1 diastereoisomeric mixture of
benzoate esters 31, accompanied by minor quantities (up to
14%) of the bis-acetal 32 (Scheme 8).

Opening of the epoxide 3a with morpholine in the presence
of a Lewis acid resulted in the formation of aminoalcohol 33
in 66% yield (Scheme 9). Asymmetric addition of lithium
cyclopropylacetylenide 34 to ketimines 35 mediated by
aminoalcohol 33 (3 equiv) produced compounds 36a.b,
representing second-generation analogues of non-nucleo-
side reverse transcriptase inhibitor, Efavirenz, which is
widely prescribed in the treatment of HIV. In the key
addition step, compound 36b was obtained after a single
crystallisation in 85% yield and 99.6% enantiomeric

purity.**4

According to another report, the chiral aminoalcohol 33 was
employed as a catalyst for the asymmetric addition of
diethylzinc to a wide range of aliphatic and aromatic
aldfglydes, leading to enantio-enriched alcohols in 33-98%
ee.

The related unsubstituted aminoalcohol 39 can be prepared
in two steps from carene oxide 3a via the azide 37
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Scheme 5.
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Scheme 8.
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20a R' = CH,CH,OH (51%)

SR!
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8%

19b R' = CH,CO,H  (40%)
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(Scheme 10). Regioselectivity of the epoxide opening with
aqueous NaNj exhibited a strong dependency on the pH of
the reaction medium. In an acidic solution at pH 4.2, the
azide 38 was formed predominantly (ratio 37/38 14:86),
while, under basic conditions at pH 9.6, the regioselectivity
changed in favour of the azide 37 65:35.*° Reduction of the
azide 37 was carried out with NaBH,/CoCl,-6H,0 in water
at 25 °C under heterogeneous catalytic conditions to furnish
amine the 39 in both high yield and purity.*°

Methanolysis of the epoxide 3a in the presence of Lewis or
Bronsted acids proceeded regioselectively with the attack at
the more substituted terminus (3a— 40, Scheme 11).>'!
The resulting alcohol 40 was converted into the acid 41 in
65% yield by treatment of the corresponding sodium
alcoholate with monochloroacetic acid in toluene followed
by [2+2] cycloaddition with imines 42 mediated by
triphosgene to furnish a mixture of diastereomeric
B-lactams 43 and 44.>!

¢ i ;CHO
26 51% ;27 19% 28 20%
o}

o

29 6% 18%

Pr’;SiSH (cat) @‘\\OBZ
31

8%
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MgBr;, (cat)
0,
o 100°C, 16 h
+ E——

HN 66%

L=< F FaC /A

F CF,
X SN 34 X * NH
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N~ ~O 9 N~ O
N 33, THF, 85% H
36a: X=Cl
3 b:X=F
Scheme 9.
a |0 OH N
i B NaNs, H,0 N3 . ~OH
+
3a 37 38
OH
X NH2 NaBH4, H20
CoCl,.6H,0 (cat)
96%
39
Scheme 10.
O Cu(BFy), (1 mol%) = OMe
:  or p-TsOH ~OR
55-65%
3a
40R=H
Na, toluene  (_ 41 R = CH,COH
R1
triphosgene, Et;N ﬁ
-40°C to rt R? N
42
-, OMe - OMe
Lol IR Lol HR
o R? o} R?
43 3:1 44
R'" = Ph, styryl; RZ = p-MeOCgH,
Scheme 11.

In a similar fashion, diol 45 obtained by opening epoxide 3a
with ethylene glycol was oxidised to ketoacid 46, which was
further reacted with imines 47 in the presence of phenyl
dichlorophosphate to give a nearly 1:1 mixture of B-lactams
48 and 49 (Scheme 12).”

Treatment of 3-carene with NBS and ethylene glycol
furnished compound 50, which can be viewed as a bromo-
analogue of alcohol 45 (Scheme 13). When the correspond-
ing acid chloride 51 was reacted with imine 47, however,
the diastereoselectivity of formation of B-lactams remained
low, giving a 3:2 mixture of 53 and 54.% As an extension of
this work, the diastereoselective synthesis of tetracyclic
lactams 55 and 56, was reported.54 In this case, a,B-

wOH
Jones' reagent

_ -

7%

45

Et;N, R* 47
PhOP(O)Cl, (cat)
0°C, 15 h
47-74%

48
R' = Ph, p-MeOCgHy; R? = Bn, p-MeOCgH,

Scheme 12.

unsaturated imines 52 were employed in cycloadditions
with the acid chloride 51, and the lactams 53 and 54 were
chromatographically separated prior to the intramolecular
cyclisation. Notably, compounds 54 reacted faster than their
isomers 53.

In its current state, auto-oxidation of terpenes to produce
oxygenated derivatives can hardly be regarded as a valuable
synthetic tool, due to the low conversion rates and poor
selectivity. From a technological point of view, however, it
represents an attractive methodology and still remains the
subject of extensive studies, as O, is widely seen as a
‘green’ reagent. In the case of 3-carene, transition metal-
catalysed oxidation, as a rule, leads to complex mixtures
containing varying amounts of products 3a,b and 57-60
(Scheme 14), resulting from epoxidation and/or allylic
oxidation.>>>® Some improvement in selectivity towards the
formation of 57 accompanied by minor quantities of 3a,b
and 58 was reported recently.””

Selective transformation of saturated carane 61, obtained
from 3-carene by borane reduction, into ketone 62 can be
achieved by Ru-catalysed oxidation with NalO4.>’ The
ketone 62 was further selectively reduced to alcohol 63
(Scheme 15).

A different approach to caranone 62 involves the hydro-
genation of carenone 57, readily available by auto-oxidation
of 3-carene.”*3*° Ketone 62 represents a key intermediate
in the synthesis of C,-symmetrical chiral bipyridine 70
(Scheme 16). In the first, unsuccessful approach, 62 was
converted into oxime 64 followed by reductive acylation to
form enamide 65, which under Vilsmeier conditions, failed
to produce the desired chloropyridine 66, due to acid-
induced fragmentation of the carene bicyclic framework. In
the revised sequence, pyridone 69 was successfully
constructed via annulation of enone 67 with the Krohnke
salt 68. Subsequent chlorination with POCl; followed by
Ni(0)-mediated dimerisation furnished the target bipyridine
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Ph
R1
N‘r or R’
A~ R?
cocl a7 R N 52 5&@ AQN-#
“Br Eth 0°C to rt Br
) o
60-70%
53 54
Bu3SnH, AIBN
benzene, reflux
; 2 Bu3SnH, AIBN
TtoZh N-R benzene, reflux
H 30 min
", ’I"
H Ph

R!, R2= Ph, p-MeOCgHy, styryl

0, ? o o o
+ + + +
cat (o) (e}
1 3a,b 57 58 59 60

Scheme 13.

Scheme 14.

H3B:SMe;
THF, rt19h
1%

RuCl3 (20 moIA:)
24 h
75%

i- BuzAIH
96%

Fe, Ac,0 DMF N
AcOH, rt ,K POClg ‘

NOH N 0 Z
60% H 7 N" ol

64 65

NH,OHHCI
95%

H2 Pd/C
98%

1. HCO,Et, MeONa

Scheme 15.

70, which showed good promise as a ligand in Cu-catalysed
asymmetric allylic oxidation of cyclic alkenes with
peroxyesters.

An analogous strategy was employed in the preparation of
the chiral phosphinopyridine ligand 73 (Scheme 17).°
Here, Krohnke annulation of enone 67 with 71 gave rise to
pyridine 72 followed by aromatic nucleophilic substitution
of fluoride with potassium diphenylphosphide to give 73.
The ligand 73 was employed in a Pd-catalysed asymmetric
Heck addition of phenyl triflate to 2,3-dihydrofuran.

Carene derivatives functionalised at position 4 serve as
important intermediates in the synthesis of natural products
and compounds finding application in fragrance or
pharmaceutical and agrochemical research. 4-Formylcar-
anone 75 was prepared in 40% overall yield from 3-carene
via hydroboration followed by carbonylation of the
resulting organoborane 74 (Scheme 18).%°

4-Hydroxy-3(10)-carene 76, readily accessible from
3-carene, was employed as a key intermediate in the
synthesis of compounds 78, 79 and 85, tested as odorants,61
and spirolactones 82-84, exhibiting some promising
insecticidal action.®? The synthetic sequence is illustrated
in Scheme 19. Ireland—Claisen rearrangement of allylic
alcohol 76 produced vy,d-unsaturated ester 77, which was

2. CH,0, Na,CO;3 gihcll;' SRAF further transformed into alcohol 78, acid 80 or epoxide 81.
68% 549, Lactonisation of 80 and 81 gave rise to spiro-derivatives 83

Br and 84. Treatment of the latter with DBU furnished 85.

rN =
COEt 68 ‘ o E'\OAE|3 | X Addition of lithium acetylides to dione 58 proceeded
1. ACONH, NS0 —> Ny stereoselectively from the face opposite to the bulky
2. géi/ONHz H 39% dimethylcyclopropane unit, but the regioselectivity of the
) 69 66

Scheme 16.

addition was less impressive, leading to a mixture of
isomers 86 and 87 (Scheme 20).9
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B \ AcONH,, F;f:angk
- -Bu
N~ AcOH ~ 18-crown-6 N
+ 90°C, 3 h » THF, rt, 48 h »
o O - = N . N
60% 74%
F F Ph,P
67 7 72 73
Scheme 17.
BR; 1. CO, THF, \CHO O.
R,BH L|AIH(OMe) A Li
E— —_— >
2.H,0,, pH7 6} 89% 0]
1 74 75 58 87
Scheme 18. R = Ph, n-Bu, CsHq1, CgH13
Scheme 20.
Addition of nitrosyl chloride represents another powerful
strategy for the functionalisation of 3-carene.®* The reaction
proceeded via the formation of dimeric nitrosyl chloride 88,
. . . o} NOH NOH
which rearranged into a-chloroketoxime 91 (Scheme 21). NH,OH
Addition of o-phenylenediamine to dimer 88 furnished
hfexal'lydrophenazine 89 i.n 6.6% yield.%® Less nuclc?opl.lilic 29 76% 94 90
diamines, such as 3,4-diaminofurazane and 4,5-diamino- /
benzofurazane, led to elimination of HCI, resulting in the 1
formation of unsaturated oxime 90. Ketoximes 92, obtained L NO‘ HN
by nucleophilic substitution of the chloride in 91, served as 2 N
ligands in the preparation of a number of chiral transition - —
metal complexes, for example, 93.°°°°® The parent
unsubstituted oxime 94 can be synthesised via caran-4-one 1 / 88 89
69
29. s cl
gl NR'R el
. _NOH {__NOH ren-PECl
3-Caren-10-al 95 and 3(10)-caren-4-one 98, both easily S loH
accessible from 3-carene via carene oxide 3, were chosen as
precursors in the synthesis of tetracyclic compounds 97 and
100, respectively, (Scheme 22).”° The sequence included 91 92 o3
Wittig olefination to furnish cis-dienes 96 and 99 followed ; 5
by Diels—Alder cycloaddition to maleic anhydride. Of these R=Alk, Ar; R®=H, Atk
two reactions, the latter proceeded in good yield, giving Scheme 21.
products 97 and 100 as mixtures of syn and anti isomers,
while the olefination was accompanied by the formation of Aerobic oxidation of 3-carene catalysed by complexes of
a number of by-products arising from enolisation, dimeri- Co(Il) in the presence of sacrificial iso-butyraldehyde,
sation and conjugate addition, which reduced the yield of produced epoxide 3, which reacted in situ with trimethylsilyl
the desired dienes. isothiocyanate 101 to give the tricyclic oxazolidin-2-thione
MeC(OEt);
1. Hy0,, AcOH \OH EtCOzH (cat)
2. Ac0, Py _ 138°C,3h
3. POCl3, Py
1 4.KOH 76
77 R = CO,Et (66%)
78 R = CH,0H (99%) HCIO,
79 R = CH,0Ac (73%) H,O-THF
80 R= CO,H (84%) m,7h
Io-KI, 92%
NaHCO3
O 65% O O
ly ? 7, 7, (0]
e DBU o b, 9\\OAC AcCL Py " 0 o
67% 94%
85 84 83 82

Scheme 19.
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CHO Z 000 COH
Ph3P=CH, ﬁ
CO,H
84%
° 6%
95 96 97
o COH
o o
o
PhsP=CH, ﬁ
36% 8%
98 99 100

Scheme 22.

102 (Scheme 23).”! As a point of interest, this reaction
resulted in a rather rare trans ring junction, which was
established by X-ray crystallography.

Dicyclopropane derivatives 103, 104 and 106 (Scheme 24)
represent other types of tricyclic systems based on the
carane skeleton. Cyclopropanation of 3-carene proceeded
readily by reaction of an orthoformate with the alkene in the
presence of Me;SiCl and zinc amalgam in refluxing ether to
give a mixture of 103 and 104 in 65% overall yield.”> The
process is characterised by a distinct stereochemical
preference for the formation of the more hindered endo
isomer 103.

A related dicyclopropane analogue 106 was synthesised in
two steps via a stereoselective [2+2] addition of
dichloroketene to 3-carene, under ultrasound irradiation,
yielding the adduct 105, followed by a sodium methoxide-
mediated ring contraction to furnish the bifunctional

o(ll) complex

X c
\ S MeCN N
20% \

‘ S
Na:
Si ) HNJ(
é o 0,, i-PrCHO o
c’ Sl cornle "'H

1 101 102
Scheme 23.
CH(OMe);
Zn-Hg E
Me;SiCl oH o4
| Et,0, A
\ 65% 52 \
1 103 104
cl
cl
Cl;cOCl,
Zn, MeONa 0
105
1 MeONa, MeOH
48%
1. DIBAL
2. MeSO,CI, Py
3. HCIO, CO,Me
° % OMe
107 106

Scheme 24.

cyclopro_})ane ester 106 as a mixture of exo and endo
isomers. The mixture was further converted in a high
yield into a-vinyl ketone 107, which can serve as a versatile
intermediate for a variety of synthetic transformations. In
the case of 2-carene, an analogous reaction sequence led to
the opening of the cyclopropane ring.”

In a similar fashion, cycloaddition of chlorosulfonyl
isocyanate to 3-carene proceeded regio- and stereoselec-
tively, according to the Markovnikov rule, furnishing
enantiomerically pure B-lactam 108 (Scheme 25).”° After
having activated the amide with a tert-butoxycarbonyl
group, the resulting N-Boc-protected B-lactam 109 was
easily converted into homochiral f-amino acid derivatives
110, which may serve as chiral building blocks in the
asymmetric synthesis of potential pharmacophores, modi-
fied analogues of natural peptides or employed as chiral
auxiliaries in enantioselective synthesis.

4a-Acetyl-2-carene 111, accessible in one step from
3-carene, was employed in a number of stereoselective
transformations shown in Scheme 26. Reduction of 111 with
sodium borohydride demonstrated a poor selectivity, givi ng
a 2:3 mixture of diastereomeric alcohols 112 and 113.
Crystalline alcohol 113 was subsequently employed in the
preparation of ester 114.”® Reductive amination of ketone
111 with monoethanolamine led to the carene derivative
115, which was further reacted with p-anisaldehyde to
furnish a 1:1 mixture of isomeric 1,3-oxazalidines 116 in
76% overall yield. A sequence of reactions including
isomerisation of 111 into 117 followed by Wittig olefination
(117—118) and cycloaddition with tetracyanoethylene
produced the tricyclic derivative 119. Cyclopropanation of
the unconjugated diene 121, which can be obtained either by
olefination of 111 or via the homoallylic alcohol 120, with
dichlorocarbene resulted in the formation of a mixture of
mono- and di-adducts 122 and 123.7°

Silylation of ketone 111, carried out under conditions of
either thermodynamic or kinetic control, gave rise to
diastereomeric enol ethers 124 or 125, respectively,
(Scheme 27).%° Hydrolysis of silyl enol ether 124 furnished
4B-acetyl-2-carene 126. Ozonolysis of the isomeric 125
followed by a reductive work up furnished 2-caren-4-one
60.%° This o,B-unsaturated ketone was employed in the
preparation of dlethyl oxophosphonates via a regloselectlve
conjugate addition.®’ In a related process shown in
Scheme 28, addition of dibenzylphosphine oxide to ketone
111 gave rise to the tricyclic compound 127 in 88% yield.®

3-Carene-derived acetonides of 1,3-diols such as 128 can
serve as efficient chiral auxiliaries to direct a face-selective
functionalisation of an adjacent unsaturated unit. lodofunc-
tionalisation of 128 (Scheme 29), using bis(pyridine)iodo-
nium(l) tetrafluoroborate (Ipy,BF,) as a promoter, resulted
in the clean formation of 129 as a single diastereoisomer.®?

3-Carene 1 served as a starting point in the synthesis of
deoxy analogues of phorbol 137 (Scheme 30), a well-
established activator of protein kinase C. The synthetic
route proceeded via 130 and the bicyclic ketones 131 and
132, common intermediates in the synthesis of 13-
deoxyphorbols, which were successfully converted into
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80% KO Bu
0,
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OSiMe;
IPy,BF,
Me;SiCl 9 MeOH
o t3N DMF HBF
) 4
“\L o cH,
' 78%
\ Scheme 29.
1. LDA
2. Me3SiCl .
97% 9-deoxyphorbol analogue 136.%* Tt should be mentioned,
however, that the last step was very slow and conversion in
Scheme 27. 7 days reached only 20%, due to the unfavourable alignment
of the reacting groups in the transition state.
O
(\)J\ angH, In another synthetic ap.proach to the phorbol-relaFed
' NaH, -BuOMe tetracyclic framework, vinyl bromide (—)-138a, which
: can be prepared from 3-norcaranone, was utilised as the key
11 88% synthetic intermediate (Scheme 31).85 Addition of the
nucleophile derived from 138a to the racemic chloroketone
Scheme 28. 139 led to chlorohydrins 140 and 141 in a 1:1 ratio.

the vinyl derivative 133 followed by further transform-
ations, leading to compound 134 with a nitro group in the
side chain. In the key step, intramolecular cycloaddition via
a possible intermediacy of 135 furnished the target

Treatment of 141 with excess vinylmagnesium bromide
yielded 142. Anionic oxy-Cope rearrangement of 142
followed by epoxidation produced the o-isomer 143,
along with its B-isomer. Base-promoted cyclisation of 143
under kinetically controlled conditions resulted in the
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Scheme 30.
1. t-BuLi
~ Br CeCI3
S
—" cl
138a 139

1. KH, 18-cr-6 S H
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2. MCPBA ﬁ o
142 — OH
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_78°C

Scheme 31.

formation of the target 144. In the course of this work, one
of the first intramolecularly competitive anionic oxy-Cope
rearrangements was investigated, as illustrated in Scheme 31,
by conversion of 145 into 146.5>-%

A related approach to the tetracyclic phorbol skeleton,
described recently,87 made use of a tandem anionic 5-exo-
dig cyclisation/Claisen rearrangement sequence (Scheme 32).
In this case, enantiomeric vinyl bromide (+)-138b,
prepared in five steps from (+)-3-carene, was analogously
metallated by consecutive treatment with #-BuLi and
anhydrous CeCls, followed by addition to the homochiral
ketone 147 to furnish alkynol 148 in 82% yield. The alkynol
148, on exposure to catalytic MeLi and heat for a period of
1 h, was readily converted into the target tricyclic
compound 150 as a single stereoisomer in 76% yield. As
the reaction progressed, the initial anionic 5-exo-dig
cyclisation gave rise to the allyl vinyl ether 149, which

62%

o}
1. Me,CuLi
~OAc 5 TMSCI, LHMDS
e 3. HCHO, Yb(OTf)3
1 130
NO,

4. n-BugNF
59%

131

132

1. t-BulLi
Br CeCI3
0 OH
W i
138b 147 148
J MelLi
Ph,0, A
(6]

149

Scheme 32.

was perfectly set up for a Claisen rearrangement, ultimately
leading to 150.

2.2. Isomerisation of 2- and 3-carene

2-Carene 2, possessing the same bicyclic skeleton as the
isomeric 3-carene 1, has a higher reactivity than its
3-isomer, because the carbon—carbon double bond is
conjugated with the cyclopropyl unit. A wider application
of 2-carene in target organic synthesis is, however,
hampered by its low availability, as the content of the
2-isomer in the carene oil fraction does not exceed 5-7%.
Isomerisation of the inexpensive, abundant, 3-carene, can be
viewed as an attractive method for producing 2-carene.

Investigation of the gas-phase isomerisation of 3-carene
performed on the surface of basic zeolites revealed that the
best in the series, sodium-loaded NaX zeolite, at 200 °C, can
afford a 78% selectivitg/ with respect to 2-carene at 36%
conversion of 3-carene.™ In related work, promising results
were achieved with a silica-supported nickel catalyst
modified by tin that provided 2-carene with 91% selectivity
at 48% conversion of 3-carene.®” In general, thermodyna-
mically controlled isomerisation of 3-carene by strong bases
at higher temperatures leads to a 40:60 equilibrium mixture
of 2- and 3-carene. The equilibrium is approached from both
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sides. From the point of view of synthetic utility, however,
these methods are not ideal, as separation of the isomers
represents a formidable task.

Isomerisation of 2-carene via a sequence that involved a two
step formation of boranes 151-153 followed by hydrolysis
afforded the rare 3(10)-carene 154 as the major product,
along with minor quantities of the isomeric carenes 1 and 2
(Scheme 33).90

BEt,
1. Me3SiCH,K Et,B BEt,
2. Et,BCI . +
32%/,
151 152 153
N o)
H,O
NaOH
2
+
1(9%) 2 (9%) 154 (82%)
Scheme 33.

Synthesis of racemic 2-carene from linear terpenoids, such
as neral 155 and geranial 156, was based on intramolecular
cyclopropanation employing 1,2-bis-(chlorodimethylsilyl)
ethane and zinc (Scheme 34).”%° Development of the
asymmetric version of this reaction has not, however,
been attempted.

Ssiosi
I Pl x._CHO
N “crel
CHO -~
‘ Zn/Hg 57% |
155 66% *)-2 156

Scheme 34.
2.3. Synthetic schemes based on 2-carene

Functionalisation of 2-carene is usually performed in the
same manner as for the isomeric 3-carene. It is, however,
pertinent to note that, in 2-carene, the double bond is
conjugated with the cyclopropane ring, which makes it more
reactive compared to the 3-isomer, but also facilitates the
opening of the dimethylcyclopropane unit. As a conse-
quence, milder reaction conditions are generally employed
in order to keep the bicyclic skeleton intact.

Synthesis of 2-caranol 157 (Scheme 35) proceeded in high
yield and stereoselectivity via hydroboration of 2-carene
followed by oxidation with alkaline hydrogen peroxide.®'*>

1. BH3NR'R?
or BH3'S(CH,CH,OMe),
2. H,0,, aq. NaOH

HO,,

2 157
R' = i-Pr, i-Bu; R? = Et, CH,CH,OMe, i-Pr, i-Bu, s-Bu

Scheme 35.

When catecholborane was employed in the hydroboration
step, oxidation of the resulting B-alkylcatecholborane was
achieved using molecular oxygen under neutral conditions,
but this protocol led to substantial cleavage of the
cyclopropane ring.”*

Allylic amination of 2-carene with chloramine-T or
selenium diimide (Scheme 36) after removal of the
protecting group furnished a mixture of regioisomeric
amines 158 and 159, which were further converted into a
set of aminoalcohols 160—162, although the yields in the key
steps were rather low.”*°

e
Cl NHy
or Se(NTs),
2 158

1. BHg.THF
2. H,0,, NaOH

-
HO,
HOy,, \;': NH, ’:’ NH, HO,,_,CHaNH,
160

Scheme 36.

A mixture of benzoate esters 164 and 165 was obtained by
the thiol-catalysed radical redox rearrangement of cyclic
benzylidene acetal 163, derived from the corresponding 1,2-
diol (Scheme 37, for an analogous rearrangement in the
3-carene series, see Scheme 8). Due to the radical nature of
the process, it was accompanied by an extensive opening of
the cyclopropane ring, resulting in low yields of the bicyclic
esters 164 and 165.%

Ph

/=0

O". BzO,, BzO,,

M602CCH28H

35%
163 164 165

Scheme 37.

The boron enolates 168 of a number of mono- and
disubstituted acetic acids 166 were prepared using (—)-di-
2-isocaranylchloroborane 167 in THF at —78 °C. The
addition reactions to benzaldehyde to give syn 2-substituted
3-hydroxy-3-phenylpropionic acids 169 proceeded highly
diastereo- and enantioselectively in good yields
(Scheme 38).” The related chiral auxiliaries derived from
3-carene gave rise to a preferential formation of the anti
adducts, but with lower enantioselectivity.

The [4+2] cycloadditions of (+)-2-isocaranyl vinyl ether
170 with (E)-2-aryl-1-cyano-1-nitroalkenes 171°¢ and (E)-
3-diazenylbut-2-enes such as 173°7 carried out in water, to
give 172 and 174, respectively, were reported recently
(Scheme 39). The reactions occurred in a heterogeneous
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Rl O  1.LDA R'  OB(@2-C
Y4 V—( (2-Can), CEOH 1. BuLi, THF S NH,
R OH 2.(2-CarBCI R2 OB(2-Car), NNy 2. BzBr NN R S

W —_—
\

166 167 168 N\ Krs a2% g Phkl\}r\/)
1. PhCHO ') R )

2. HyO/OH~ N Ph N-/
Rl R? 175 176 177
Ph._X_0
Scheme 40.
OH OH
R'! = Me, Et, SMe, Ph, OPh
R? = Me, Et
169 10y, hv
Scheme 38. 75%
2
phase under mild conditions and were fast and highly MCPBA  phj(0Ac),
. . . . 0,
stereoselective, although the diastereoselectivity was low. 85% TEMPO | 83%

Chiral Schiff base 175, which can be prepared in three easy
steps from 2-carene was used in the asymmetric synthesis of
(S)-dolaphenine 177 and other related analogues (Scheme 40),
serving as building blocks in the synthesis of some natural
products of marine origin. The key alkylation step yielding
176 was accomplished with good diastereoselectivity.”®

Lba HO.,
53%

Unsaturated ketone 178 represents a valuable synthon for
the construction of chiral heterocycles. It can be prepared by
a direct photochemical ene reaction of (+)-2-carene 2 with
singlet oxygen (Scheme 41), g1v1ng al: 3 mlxture of the
desired (—)-178 and the endo-isomer 179.% Alternatively,
the exo-methylene ketone 178 can be synthesised from (+)-
2-carene 2 via stereoselective epoxidation with MCPBA,
followed by deprotonation of the resulting epoxide 180 with
LDA to afford the allylic alcohol 181. Oxidation of the

latter, using a catalytic modification of the Dess—Martm Scheme 41.

protocol, afforded (—)-178 in good yield.® Using the

synthetic protocols described earlier for the preparation of the dimethylcyclopropane ring. A good illustration is the
70 and 73 (Schemes 16 and 17), which rely on Krohnke Beckmann rearrangement of ketoxime 94 into lactam
anulation as a key ring-formin ng step, a series of chiral 187, which is further hydrolysed into amino acid 188

pyridine derivatives 182,%° 183,°° 184,%® 185'% and 186°° (Scheme 42).%°

were synthesised. Complexes of these ligands with

transition metals were successfully applied to asymmetric Treatment of dimethylamino oxime 92a with NaBH, in

catalysis and supramolecular chemistry. acetonitrile (Scheme 43) triggered a reductive rearrange-
ment, leading to a mixture of nitriles 189,101 while, in the
case of a-hydroxylamino or a-acetylamino oximes 92b, the

3. Syntheses where only the 2,2-dimethylcyclopropane

fragment is retained

: N<~y 1. NaOH,THF NH NaOH NH3*
3.1. Synthetic schemes based on 3-carene 7 OH e O EGHH,0 ~
2. TsCl, THF coo
The six-membered ring of the carane framework can 04 50°C 187 188
undergo a broad spectrum of skeletal rearrangements,
resulting in non-symmetrical structures, which incorporate Scheme 42.
CO,Et
>ﬁ A _LCO,Et
N N
AN w
NC‘ NO; N X
A 0., HN—
" O 173
H,0 H,0

172 170

Scheme 39.
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R'N R'R?N,

OH
NaBH, Ny NaBH, NH
CN MeCN A, MeCN
42% 35-65%
189 92a R'=R? = Me 190

92b R'=H;R?=OHorAc

Scheme 43.

reaction produced a cyclic amido oxime 190.'°% The
mechanism by which the cyclic compound is formed is not
clear, but the presence of acetonitrile was found to be crucial.

Chrysanthemic acid 191 and its esters 192-196 (Scheme
44),103 isolated from various species of camomiles and
chrysanthemums, signify an important class of compounds
containing a dimethylcyclopropane unit,'**'%% Despite
exhibiting distinct insecticidal properties, the esters 192—
196 did not find any practical applications for a long time,
due to their photo- and oxidative lability. The first synthesis,
in 1973, of a stable pyrethroid, permethrin 198, a
3-phenoxybenzyl ester of permethrinic acid 197, sparked
off a pursuit of new stable analogues of the pyrethroid
family, leading to the discovery, inter alia, of cypermethrin
199, deltamethrin 200 and cigalothrin 201, that proved to be
far superior in action to the previously known pyrethroids or
insecticides of other classes.””’

cl
= ZCl
~COzH CO,H
191 , 197
R R R’
g - L 0
co
~CO2 0
o) R3
192 R" = Me, R? = vinyl 198 R' = R2 CL,R® =H
193 R' = CO,Me, R? = vinyl 199 R'=R2?=ClI, R®=CN
194R'=R?=Me 200R' = R2 Br, R® = (S)CN

195 R' = CO,Me, R? = Me 201 R"'=ClI,R?=CF3, R® = (S)CN
196 R' = Me, R?=H

Scheme 44.

In many cases, the strategy for stereoselective synthesis of
pyrethroid esters rests on the preparation of a chiral
cyclopropyl carboxylic acid as the main structural feature.
In a number of synthetic schemes utilising 3-carene
congeners, compounds 202 and 204 played the role of the
key intermediates.”®'%®'® They can be obtained by
ozonolysis of 3-carene 1'% or ketone 57,"'%!'! respectively,
followed by a reductive work-up (Scheme 45). The
synthetic potential of 204 has been explored in the
preparation of a series of pyrethroid acid derivatives,
including heterocycles 206 and 207.° Aldehyde 205 and
unsaturated lactone 208 were employed in the synthesis of
pyrethrinic acid 203, tricyclic lactone 209 and some

analogues of chrysanthemic acid 210-212.7-%-107-112-114

A synthetic route towards monomethyl ester 217, belonging

o

CO,R

202aR=H
\ 202b R = Me
0
=

PhNHNH,
CO,Me COR - CO,H
86%

206

CHCl3, NaOH

Cl

ZCF, F4 CIT
COMe CO,Me CO,Me

212

o

Scheme 45.

to a family of cis-homocaronic acids, is outlined in
Scheme 46.'1° Enol ester 214, obtained from (+ )-3-carene
1 via ketoaldehyde 213, was ozonised followed by oxidative
work-up to furnish acid 215b, which, after esterification
with diazomethane, gave the ketoester 215a. This was
converted into the silyl enol ether 216 and, after another
ozonolysis, yielded ester 217, an important intermediate in
the synthesis of (—)-cis chrysantemic acid 220, which can
be completed through (+ )-lactone 218 and the correspond-
ing acid 219."'°

(+)-3-Carene 1 was also employed as a synthetic entry
towards derivatives of the enantiomeric cis-homocaronic

0,,-78°C Ac,0
CH,Cl,, Py (e} AcONa O OAc
—— CHO —
95% 70%
1 213 214
1. 03
2. Cr os/sto4
3.CH
OSiMe;,
CO.H LDA
come 05 MesSiCl o
2Me coMe ~—— CO,R
97%
217 216 215a R = Me
l 215b R=H

OH ~
— COH —~ CO,H
219 220

Scheme 46.
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1. 03
2. Et3N,
OR NaHCO3
3. MeOH, NH,4CI

RN

221aR=Ac
221bR=H

L 1.03
N 2. CrOs,
0 H,SO,

111

Scheme 47.

acid 223, where compounds 221 and 111 served as the key
intermediates (Scheme 47). Ozonolysis of 221a,b and
protection of the aldehyde function as the dimethyl acetal
produced the a,B-unsaturated ketone 222, which was
ozonised once again. During the last step, concomitant
oxidation of the dimethyl acetal group into the methyl ester
took place. The product mixture was converted into the cis
dimethyl ester 223 by treatment with diazomethane.''”

In an alternative approach, the diketone 224, obtained by
ozonolysis of (+)-4o-acetyl-2-carene 111, was converted
in high yield into pyrazoles 225a,b or oxazole 225¢. The
heterocycles 225a—c were treated with ozone followed by
esterification, eventually furnishing the target cis diester 223
in good overall yield.'""~'1?

The enantiomeric series of derivatives of cis-ketoacid 215,
shown in Scheme 46, can be accessed via 4-acetyl-2-carene
111 or 4a-hydroxymethyl-2-carene 221b."*° The synthetic
sequence is illustrated in Scheme 48. Ozonolysis of the
methyl ester 227, obtained from 221b following standard
protocols, yielded aldehyde 228, which, after oxidation
accompanied by decarboxylation, furnished acid 226b. The
derivatives 226a,b can also be synthesised in high yield
from B-diketone 224 by treatment with an alcoholic solution
of potassium carbonate.''*'?!

Ketonitrile 229, readily attainable from dimeric nitrosyl
chloride 88, was used as the key intermediate in the
synthesis of (1R)-cis-chrysanthemylamine 231 (Scheme 49).
Addition of MeMgl to 229 and dehydration of the resulting

OH 1. croy o Q
w H,SO, ~COMe C3HZC|2 CO,Me
2. CH,N, by 2 OHC
63% 92%
221b 227 228
KMnQ4 or
CrO3/H,S0O4
o O KoCO4
EtOH
MeO,C, RO,C
93%
226a R = Me
224 226b R = H
Scheme 48.

(MeO),HC

o o N
[ %
MeO,C, __ . MeOC
53%
225a X = NH
224

0 CO,Me
1.0, .
2.CHN; . .CO,Me
56% i

222 223

o

—X

225b X = NEt
225¢ X=0

alcohol led to a mixture of unsaturated compounds, which
were isomerised into 230. The latter was further trans-
formed into amine 231.'%* A similar strategy was employed
in the synthesis of compound 234, an aza-analogue of
the pyrethroid, cyphenothrin 235.'2*'** Treatment of
nitrile 230 with hydroxylamine produced amidoxime 232,
which was subjected to Thiemann rearrangement to furnish
the cyanamide 233. Alkylation of the latter yielded the
target 234.

Ketone 111 proved to be a popular starting point for the
synthesis of a wide variety of novel pyrethroid analogues.
The pyrethroid, deltamethrin 200, a very potent insecticide
finding a broad ap;zt)lication in agriculture, contains
carboxylic acid 238a'* as a major component. Derivatives
in both enantiomeric series of 238a, the methyl esters 238b
and 242, can be accessed from 111 as shown in Scheme 50.
Synthesis of the 1R,3S isomer involved ozonolysis of 111,
followed by olefination to give the dibromovinyl derivative
236, which, after introducing a double bond to give 237, was
ozonised to furnish 238a followed by esterification into
target 238b."2%2% The ester 238b can be readily isomerised
into the thermodynamically more stable trans-isomer 239
by treatment with a strong base.

Synthesis of the ester 242 of the enantiomeric 15,3R series
employed similar chemical transformations applied in the
reverse order, which proceeded via steps forming diketo-
esters 224 and 240 and aldehyde 241.'* In related sequences,
compounds 236 and 224 were converted into the hetero-
cyclic pyrethroids 243 and 244, respectively,'*”'*® while
diketoester 224 also served as a precursor for the acid 245, a
building block in the synthesis of a family of insecticides.'*’

Non-racemic monoprotected dialdehyde 248, which rep-
resents a valuable chiral synthon for further synthetic
elaboration, can be easily prepared from enone 222 by the
sequence of reactions shown in Scheme 51. Ozonolysis of
222 produced 1,2-diketone 246, which was converted into
enol acetate 247 followed by ozonolysis coupled with a
reductive work-up to furnish the desymmetrised aldehyde
2 48.80,117

Investigation of the reactivity of dihalocarbenes towards
diacetetate 249 was reported recently (Scheme 52).'*°
Dicyclopropane derivative 250 was obtained when
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3 steps = 3 steps ~
CN 57% CN 55% NH,
230 231
NH,OH
91%
= F\)h
m-PhOCgH4CH,CI o)
H, TsCl, Py 642 )‘(
83% 80% CN
234X=N
235X=C
Scheme 49.
o O 1. NaH 5 @ 0
2. PhSeBr r
CHZCIzle Br__ 3 1,0, . |
2. CBI’4 PhsP Br Br
81%
74% 236 237
1.0,
2. PhsP 50%
3.CrO;
o Br.
t-BuOK, —
MeO,C CeHs, Br CO,R
CO,Me reflux
224 65% 238aR=H
238b R = Me
CHO Br
MeO, CHZCIZIPy / CBry, PhsP Br>*"~, CoMe
‘ )
COMe 75, 2
92% o
241 242
N-NR _ <
) Ph—Q o Ny
Br. yZ 0 _ HO,C CO,H
— HO,C,
Br
243 244 X = O, NAIk, NAr
Scheme 50.

bromoform was employed as a source of carbene, whereas,
in chloroform, trichloromethylation took place instead,
giving 251. It worth noting that, in both cases, stereo-
selectivity of the addition remained poor.

Fischer indolisation of ketonitrile 229a, available in two

0
1. O3, MeOH o
(MeO),HC 2.MeS  (MeO),HC,
71%
229 246
Ac,0O
EtsN l 60%
o
(MeO),HC 1. 05 OAc
j%,CHO 2.M&S  (MeO),HC \

87%

248 247

Scheme 51.

easy steps from 229, led to 3-indolylcyclopropane 252 as a
single diastereoisomer (Scheme 53). Hydrolysis of the
nitrile group in 252, performed with H,O,/NaOH in
aqueous methanol, produced amide 253 with retention of
configuration, while reduction with LiAlH, led to a mixture

. . . 13
of diastereomeric amines 254.'3'7133

CHBrQ/NaOH
BU4N
41%

CHCIy/NaOH
Bu,N*Br
53%

OAc

\

AcO

Br: Br

OAc OAc

CCly

250 251

Scheme 52.
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1. PANHNH,
. 2. PPA m
A\
CN 75% N
229 229a H 252
H,0,/NaOH LiAIH,
MeOH-H,0 97%
45%
<§ NH, <§% NH,
i /
1280 { \
3 0 3
CLy- \
N N
H 253 H 254

Scheme 53.

Ester 202b and nitrile 229 can both be employed in the
synthesis of pyrazole 258 via the respective intermediates
255 and 256 (Scheme 54)."**'%® Pyrazole 258 served as a
resolving agent for racemic cis-permethric and cis-cyha-
lothric acids through formation of the corresponding
adducts 259 and 260, readily separable by crystallisation."’
Chlorovinyl ketone 257 was also used for a chiral resolution
of racemic primary and secondary amines, including some
alkaloids."*®

NaOMe
255 R = OH
202b R = CO,Me ggsg ngz
229 R=CN NHZNHZ
85%
N.
7 "NH
259 R =CI
260 R = CF, 258

Scheme 54.

The synthesis of chiral bypyridine 264, finding application
in asymmetric catalysis, is outlined in Scheme 55.°%
Controlled aldol-type cyclisation of ketoaldehyde 213
followed by hydrogenation afforded ketone 261. A sequence

o
1. MCPBA

2. LiAlH,
3. Ca(ClO),

1. KOH/H,0
2. Hy/Pd

CHO
49% 54%
213 261 262

1. HC=CCO,Me
NH;

20%

1. TH,O/Et,N

2. Z0/THF
®hoPiNicl, O N

0,
264 46% 263

Scheme 55.

of reactions including Baeyer—Villiger oxidation, reduction
of the resulting acetate into an alcohol and oxidation of the
latter provided ketone 262. Pyridine annulation was
accomplished with methyl propiolate and ammonia yielding
pyridone 263, which, after triflation, was dimerised to give
the target bipyridine 264.%%

Derivatives of 3-carene were employed in the synthesis of
optically active insect pheromones containing a 2,3-
dimethylcyclopropane fragment,'*>'*° as illustrated in
Scheme 56, by preparation of the triene 266 by stepwise
olefination of ketoaldehyde 213, proceeding via the
dimethyl acetal intermediate 265."*'

0
1. MeOH, NH,CI
2. Ph3P=CH, o
CHO \
59% O
213

p TsOH/Py

(-PrO),P(0) Co2l Pr
82%
= CO,i-Pr ’

Scheme 56.

(+)-3-Carene 1 provided the stereochemical template
required for the preparation of tricyclic diketone 273,
which served as an advanced intermediate in the synthetic
route towards a series of diterpenoids isolated from
Euphorbiacea and Thymeleacea (Scheme 57).'** Aldehyde
267, prepared from 3-carene, was converted into alkyne 268
and then coupled with vinyl iodide 269, mediated by Cr(II)-
Ni(Il), to produce 270. This was transformed into vinyl
iodide 271 and subjected to the intramolecular Cr(II)-Ni(II)
coupling, yielding an 11-membered macrocycle 272, which,
after oxidation with IBX, furnished the target product 273.

A formal synthesis of the optically active ingenol 279, an
attractive target, due to its anti-HIV activity, was
accomplished utilising (+)-3-carene 1 as a source of the
chiral dimethylcyclopropane fragment (Scheme 58).'*
Ketoester 274, prepared in five steps from 3-carene 1, was
converted into the protected alcohol 275a, which was then
chlorinated to give 275b. Spirocyclisation to 276 was
achieved with the help of bulky Et;CONa followed by
allylation under standard conditions to yield the ketone 277.
The key step in the synthesis, a ring-closing metathesis
(RCM), was performed using a second-generation Grubbs
catalyst, which, after allylic oxidation with SeO,, furnished
the aldehyde 278, completmg the formal synthesis of the
target ingenol 279.'4

3.2. Synthetic schemes based on 2-carene

The less abundant, 2-carene, has found considerably fewer
applications, compared to its 3-isomer. In one of the rare
examples, (+)-2-carene 2 was employed independently by
two research groups as a source of chirality in the
asymmetric synthesis of sequlterpenes (+)-nortaylorione
283 and (+)-taylorione 284'45:146  (Scheme 59).
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OHC
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o) HO
IBX
\ 82% \
¢}
273
Scheme 57.
1. NaH
2. |
¥
,,,,,, X/\/\H3
MeO,C 3. Lil/DMF
O 274
several steps X
Scheme 58.

Dibromoalkene intermediate 280, prepared in a one-pot
reaction sequence from 2-carene, was converted into alkyne
281, which, on complexation with Co,(CO)g in toluene,
furnished 282 in quantitative yield. Pauson—Khand cyclisa-
tion of the latter followed by hydrolysis of the ketal group
produced (+)-nortaylorione 283. Transformation of 283

Br
3 83h3 Br o)
3. CBr,, PPhy
) 42%

280
1. (CHOH),, | 2. n-BuLi
p-TsOH 85%
QS
e [\ Coy(CO)g —
(CO)Co7 OO d._ 0
100%
282 281
CO, H,C=CH,
40%
1. NaBH,
fe) 2. CeCI3,
o Me SiCH,Li  H2C o
47%
TPAP, 91%
283 284

Scheme 59.

g SN
L A~

269 \

CrCl, (4eq), \
NiCl, (5 mol%) OH 270
48%
1. LiEt;BH 2. HCl aq.
Cp2Zr(H)CI, I, 100%
68%
I
CrCl, (4eq), CHO /=
NiCl, (5 mol%) ‘
43% \
OH
272 OH 574

Et;CONa
s O 7 276

275a X = OTHP

275b X = Cl l 1. LDA

into (+)-taylorione 284 was achieved in three steps using a
modified Peterson olefination.

4. Conclusions

The unique features of 2- and 3-carenes, such as their chiral
2,2-dimethylcyclopropane fragment, reactive double bond
and bicyclic skeleton, coupled with their ready availability
and relatively low cost, make these monoterpenes useful
chiral synthons. A broad spectrum of synthetic applications
of the family of carene derivatives in both the 2- and
3-isomeric series demonstrates their great potential for
asymmetric synthesis. New developments in this field can
confidently be expected in the near future.
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Abstract—PEG-400 [poly(ethylene glycol-400)] was found to improve the Pd(OAc),/DABCO-catalyzed aqueous Suzuki—-Miyaura and
Stille cross-coupling reactions. In the presence of Pd(OAc),, DABCO, and PEG-400, a variety of aryl halides were coupled with arylboronic
acids or organotin compounds efficiently to afford the corresponding cross-coupled products in moderate to excellent yields. The turnover
numbers was up to 900,000 for the Suzuki—Miyaura reaction and up to 9800 for the Stille reaction. The catalyst system was also effective for

Heck and Sonogashira cross-coupling reactions to some extent.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Palladium-catalyzed cross-coupling reactions were one of
the most powerful tools for the formation of C—C bond in
organic synthesis.'™ The recent development of highly
active palladium-ligand complexes has allowed chemists to
extend such protocol to less reactive but inexpensive and
readily available aryl chlorides.” Cross-coupling reactions
are usually carried out in polar organic solvent under inert
and anhydrous conditions due to the instability of most
catalysts and coupling reagents. From an economic and
environmental standpoint, however, it is desirable to avoid
any use of hazardous and expensive organic solvents. To
satisfy these concerns, water or aqueous solution represents
a very attractive medium for organic reactions,® and
considerable effort has been directed to the application of
water or aqueous solutions in cross coupling reactions.””
Very recently, we have demonstrated DABCO as an
efficient ligand for the palladium-catalyzed Suzuki—
Miyaura, Sonogashira and Stille cross-coupling reactions.’
However, water was not an effective solvent for the
Pd(OAc),/DABCO-catalyzed Suzuki-Miyaura reaction.”®
In the earlier work, phase-transfer catalysts such as crown
esters and TBAB could significantly promote the cross-
coupling reaction.” Moreover, our recent results also
showed that the use of PEG as medium would favor the
Suzuki-Miyaura reaction.”® Thus, we expected that
the addition of phase-transfer catalysts might help improve

Keywords: PEG-400; Pd(OAc),/DABCO; Cross-coupling reaction; Aryl

halide; Arylboronic acids; Organotin compounds.

* Corresponding author. Tel.: +86 731 8872530; fax: +86 731 8872531;
e-mail: jhli@hunnu.edu.cn

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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the Pd(OAc),/DABCO-mediated aqueous cross-coupling
reactions.”®® Indeed, we found that Pd(OAc),/DABCO-
catalyzed Suzuki—Miyaura, Stille and Heck reactions
proceeded efficiently in aqueous media when PEG-400
was used as the phase-transfer catalyst, but the same
conditions were ineffective for the Sonogashira cross-
coupling reactions. Here we report the details of those
reactions (Egs. 1-4 in Scheme 1).

2. Results and discussion

2.1. PEG-400 promoted Pd(OAc), and DABCO-cata-
lyzed aqueous Suzuki-Miyaura cross-coupling reaction

The effect of PEG on palladium-catalyzed aqueous Suzuki—
Miyaura cross-coupling reaction of p-bromoanisole (1a)
with phenylboronic acid (2a) was investigated, and the
results are summarized in Table 1. Initially, three phase-
transfer catalysts including PEG-400, 18-crown-6, and
TBAB were tested, and PEG-400 was the most effective
to improve the reaction (entries 1-4). Without the addition
of any phase-transfer catalysts, the treatment of 1a with 2a,
Pd(OAc), (2 mol%), DABCO (4 mol%), and KOH
(3 equiv) for 4 h using water as the medium afforded 87%
yield of the corresponding coupled product 3 (entry 1),
whereas the yield of 3 was increased to 100% when
20 mol% of PEG was added (entry 2). A series of bases,
such as KOH, NaOH, K;PO,, NaOAc, K,COs, and Cs,COs,
were then evaluated, where KOH produced the highest yield
(entries 2 and 5-9). A set of solvents including H,O,
acetone, toluene, DMF, ethanol, and MeCN were also
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Pd(OAc),/DABCO
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TONSs up to 900,000

Pd(OAC),/DABCO

PEG-400 (20 mol%)

X=1,BrCl
QX + R'Sn(Bu)s
R—~—
X=1,Br R' = Ar, Vinyl

KOH (3 equiv), H,O

e ®

TONSs up to 9,800

Pd(OAC),/DABCO

PEG-400 (20 mol%)

O =

K>COj3 (3 equiv), H,O

Pd(OAG),/DABCO

+ Ph_— —_PEG (20 mol%)
"7 KOH (3 equiv), H,0

Scheme 1.

Table 1. Palladium-catalyzed Suzuki—Miyaura cross-coupling reaction of

4-bromoanisole (1a) with phenylboronic acid (2a)*

Pd(OAc),/DABCO

weo—{_)er+ {)-siom, Sqtme

1a 2a
Entry Additive Base Solvent Yield (%)°
1 0 KOH H,O 87
2 PEG-400 KOH H,O 100
3 18-Crown-6  KOH H,O 90
4 TBAB KOH H,O 91
5 PEG-400 NaOH H,O 84
6 PEG-400 K5PO, H,0 48
7 PEG-400 NaOAc H,O 79
8 PEG-400 K,CO;5 H,0 89
9 PEG-400 Cs,CO;3 H,0 91
10 PEG-400 KOH Acetone 65
11 PEG-400 KOH Toluene Trace
12 PEG-400 KOH DMF Trace
13 PEG-400 KOH CH;CH,OH Trace
14 PEG-400 KOH MeCN Trace
15¢ PEG-400 KOH H,O 87
164 PEG-400 KOH H,O 100
17° PEG-400 KOH H,0 79

# Under otherwise indicated, the reaction conditions were as follows: 1a
(0.50 mmol), 2a (0.60 mmol), Pd(OAc), (2 mol%), DABCO (4 mol%),
additive (20 mol%), base (3 equiv), and solvent (5 mL) at 80 °C under N,
for 4 h.

" Isolated yield.

¢ Without DABCO.

4Pd(0OAc), (0.1 mol%) and DABCO (0.2 mol%) for 13 h.

¢ Pd(OAc), (0.01 mol%) and DABCO (0.02 mol%) for 15 h.

examined, and H,O gave the best results as solvent (entries
2 and 10-14). Only 65% yield of 3 was isolated with
acetone, the reported effective solvent (entry 10).”* Finally,
the effect of DABCO was evaluated, and the results
indicated that DABCO has a fundamental influence on the
reaction (entries 2 and 15). In the absence of DABCO, the
yield of 3 was reduced to 87% (entry 15). It is interesting to
note that the reaction can be carried out efficiently under
lower Pd loadings (entries 16 and 17). In the presence of
Pd(OAc), (0.1 mol%), DABCO (0.2 mol%), PEG
(20 mol%), KOH (3 equiv), and H,O (5 mL), coupling of
1a with 2a gave the desired product 3 in 100% yield (entries
16). Further decreasing the Pd loading to 0.01 mol% led to a
moderate yield (79% yield, TONs=7900; entry 17)

RO%Ph (4)

As shown in Table 2, the Pd(OAc),/DABCO/PEG/KOH
system was effective for coupling of various aryl halides
with arylboronic acids 2a—d in aqueous media. High yields
were still obtained for coupling of aryl iodides when Pd
loadings were decreased to 0.0001% (entries 5 and 6). In the
presence of 0.0001 mol% Pd, p-nitroiodobenzene (1b) was
coupled with 2a efficiently to give 90% yield of the
corresponding product 7 (entry 5). For the coupling of
deactivated aryl iodide 1c¢ with 2a, 88% yield of the
corresponding product 3 was also isolated after 4 h in
the presence of 0.001 mol% Pd (entry 6). However, for the
coupling reaction of aryl bromides, the efficiency of
the Pd(OAc),/DABCO/PEG/KOH system was decreased.
The suitable Pd loadings were 2—-0.01 mol% (entries 1-3
and 7-18). For example, the coupling of bromide 1e with
arylboronic acids 2a and 2d, respectively, afforded good
yields of the corresponding products 8 and 9 in the presence
of 0.01 mol% Pd (entries 11 and 12). It is noteworthy that
the use of ethanol as co-solvent is essential to improve the
coupling reactions of aryl halides bearing electron-with-
drawing groups (entries 4, 5, 7-12, and 19-21). In the
absence of ethanol, low yields were observed for coupling
of halides 1b, 1d, 1e, 1i, and 1j, whereas moderate to good
yields were obtained when these reactions were employed in
ethanol-H,O (1/4). It is worth mentioning that the system
was effective for coupling of the activated aryl chlorides. In
the presence of 2 mol% of Pd(OAc),, 4 mol% of DABCO,
and 20 mol% of PEG, moderate yields were obtained for the
reaction of 2a with activated aryl chlorides 1i and 1j,
respectively, in ethanol/water (entries 20 and 21). Attempts
to couple 2a with chlorides 1k and 11, respectively, both
afforded low yields (entries 22 and 23).

Compared with Zhang’s results,® both DABCO and PEG
play crucial roles in the reaction. In the presence of catalytic
amounts of DABCO and PEG, the loadings of Pd(OAc),
might be reduced to 0.1-0.0001 mol% while high yields
were still obtained (Tables 1 and 2). However, 1 mol% of
Pd(OAc), and 175 mol% of PEG were required to improve
the reaction under DABCO-free conditions.® In the presence
of 1 mol% of Pd(OAc),, moderate yields were observed
when a catalytic amount of PEG-2000 was added. For
example, <60% yield was obtained in the presence of
50 mol% of PEG-2000.% Similarly, without DABCO the
yield was decreased under our conditions (entry 15 in
Table 1). Furthermore, only a moderate yield was isolated
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Table 2. Palladium-catalyzed Suzuki-Miyaura coupling reaction in aqueous media®

NaSova R

Pd(OAG),/DABCO

PEG-400 (20 mol%) //\:\>_<j>
/
KOH (3 equiv), H,O R\ \ 7R

33

313
Entry ArX ArB(OH), Pd (mol%) Time (h) Yield (%)°
1 @ @ 0.1 16 83 (4)
MeO Br Me B(OH),
(1a) (2b)
2 @ 0.1 16 76 (5)
MeO Br eO%i :FB(OH)z
(1a) 2¢)
3 @ @ 0.1 16 90 (6)
MeO Br F B(OH),
(1a) (2d)
ged 0.001 24 38 (7)
02N—< >—| <: >*B(OH)2
(1b) (2a)
5 o ( ) | (2a) 0.0001 24 90 (7)
(1b)
6 MeO < > | (2a) 0.001 15 88 (3)
(1¢)
£
7 ON < > Br (2a) 0.01 22 Trace (7)
1d)
8¢ OzN@Br (2a) 0.01 22 29 (7)
1d)
9¢ OZN@Br (2a) 2 14 93 (7)
d)
108 o} (2a) 0.01 36 Trace (8)
O
(1e)
11¢ o} (2a) 0.01 11 93 (8)
e
(1e)
12°¢ e} (2d) 0.01 26 80 (9)
O
(1e)
13 Q (2a) 0.1 13 96 (10)
Br
n
14 @ (2b) 0.1 13 93 (11)
Br
an
15 (2a) 0.1 10 84 (11)

Br

L

(1g)
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Table 2 (continued)

Entry ArX ArB(OH), Pd (mol%) Time (h) Yield (%)°
h

16 Me < > Br (2a) 1 0.5 65 (11)
(1g)

17 Me < > Br (2b) 0.1 10 80 (12)
(1g)

18 Me (2a) 0.1 18 57 (13)

Q&
Me

(1h)

19 ON < > cl (2a) 2 24 Trace (7)
(1)

20°J: (1i) (2a) 2 24 50 (7)

219 o} (2a) 2 24 52 (8)

e
(€4)]
J

22 @CI (2a) 2 22 353)
(k)

23 Me < > . (2a) 2 24 24 (11)

an

% Under otherwise indicated, the reaction conditions were as follows: 1 (0.50 mmol), 2 (0.60 mmol), Pd(OAc),~-DABCO (1/2), PEG-400 (20 mol%), KOH
(3 equiv), and H,O (5 mL) under N, at 80 °C.

" Isolated yield.

¢ Without DABCO.

d Compound 1b (>55%) was recovered.

€ CH3CH20H—20 (1/4, 5 l'IlL)

f Compound 1d (>90%) was recovered.

€ Compound (>90%) 1e was recovered.

f‘ 1 (1.0 mmol), 2 (1.50 mmol), Pd(OAc), (1 mol%), PEG-400 (3.5 g), Na,COs3 (2 equiv), and H,O (3 g) under N, at 50 °C.

' Compound 1i (>95%) was recovered.

J At 120 °C.

Table 3. Palladium-catalyzed Stille coupling reaction in aqueous media®

Pd(OAc),/DABCO
PEG-400 (20 mol%
R = KOH (3 equiv), H,0 R =
1 14
Entry ArX R’Sn(Bu); Time (h) Yield (%)°
1 MeO@Br PhSn(n-Bu); (14a) 16 92 (3)
(1a)
2° (14a) 26 71 3)

MeO Br

¢

(1a)

3¢ Meo@Br (14a) 26 40 (3)

(1a)
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Table 3 (continued)

Entry ArX R’Sn(Bu); Time (h) Yield (%)°
44 o C | (14a) 10 98 (7)
(1b)
54 MeO C | (14a) 12 93 (3)
(10
(14a) 10 100 (7)

[o)}
o
N
z
@

(1d)

=
(@]
N
Z
@

ad

oo
o
N
Z
w

ad)

=]
(@]
N
Z
o

(1d)
10

O
w

(1e)

@
=

1
12
e
af
13 < >
Me Br
(1g)
14 Me
Q&
Me’
(1h)
15

Cl

@)
N
Z

(1i)

16 70 (15
@—Sn(n—Bu)g, 45

O
(14b)
15 86 (16
@—Sn(n—Bu)g, 16
S
(14¢)
/Sn(n-Bu)y, 15 78 (17)
(14d)
(14a) 10 100 (8)
(14a) 16 95 (10)
(14b) 15 87 (18)
(14a) 15 100 (11)
(14a) 10 93 (13)
(14a) 24 11 (7)

# Under otherwise indicated, the reaction conditions were as follows: 1 (0.50 mmol), 14 (0.60 mmol), Pd(OAc), (2 mol%), DABCO (4 mol%), PEG-400

(20 mol%), KOH (3 equiv), and H,O (5 mL) at 80 °C under N»,.
® Isolated yield.
€ Pd(OAc), (0.1 mol%) and DABCO (0.2 mol%).
d Pd(OAc); (0.01 mol%) and DABCO (0.02 mol%).

when PEG-400 was used to replace PEG-2000 under
Zhang’s conditions (65% yield, entry 16 in Table 2).

2.2. PEG-400 promoted Pd(OAc), and DABCO-cata-
lyzed aqueous stille cross-coupling reaction

The Pd(OAc),/DABCO/PEG/KOH system was further
extended to effect the Stille cross-coupling reaction, and
the results are summarized in Table 3. Initially, the

efficiency of the Pd(OAc),/DABCO/PEG/KOH system for
the reaction of the substrate 1a with PhSn(Bu)z (14a) was
evaluated in water. In the presence of 2 mol% of Pd(OAc),,
4 mol% of DABCO and 20 mol% of PEG, the coupling
reaction of bromide la with 14a proceeded smoothly to
afford 92% yield of the corresponding product 3 (entry 1).
The catalyst loadings was decreased to 0.1 mol% for
coupling of the substrate 1a resulting in a moderate yield
of 3 after prolonged stirring (entry 2). However, a low yield
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Table 4. Palladium-catalyzed Heck coupling reaction in aqueous media®

2 mol% Pd(OAc),

7\ DABCO (4 mol%), additive (20 mol%) @K
RS/ X ¥ TR baseBequv), 0 5mL),80C, Ny ri—/ N\ _p
1 19 20-25
Entry ArX Olefine Time (h) Yield (%)°
=
1 MeO@Br - 36 10 (20)
(19a)
(1a)
2 Meo@& (192) 36 55 (20)
(1a)
d
3 MeO@Br (19a) 17 78 (20)
(1a)
4 on C | (192) 4 98 (21)
(1b)
: ozw@. Z "cooc(Me); 4 %22
(19b)
(1b)
6 MeO < > | (192) 4 90 (20)
(1¢)
7 . C . (19a) 15 90 (21)
(1d)
s OZN@Br Z>C00C(Me); 15 94 (22)
(19b)
(1d)
9 o (19b) 15 87 (23)
e
(1e)
10 @ (192) 36 68 (24)
Br
1f
11 (19a) 36 60 (25)

<
o
@

(1g)

# Under otherwise indicated, the reaction conditions were as follows: 1 (0.50 mmol), 19 (0.60 mmol), Pd(OAc), (2 mol%), DABCO (4 mol%), PEG-400

(20 mol%), K,COs3 (3 equiv), and H,O (5 mL) at 80 °C under N,.
® Isolated yield.
© KOH (3 equiv) instead of K,COs.
4 TBAB (20 mol%) instead of PEG.

was isolated when the Pd loading was further reduced to
0.01 mol% (entry 3). Furthermore, the system was effective
for coupling of aryl iodides 1b and 1c¢ providing excellent
yields in the presence of 0.01 mol% Pd (entries 4 and 5).
The results also indicated that other aryl bromides 1d-h
were treated with 14a-d, Pd(OAc), (2 mol%), DABCO
(4 mol%), PEG (20 mol%) and KOH (3 equiv) to afford the
corresponding products in moderate to good yields (entries
6-14). For example, coupling of bromide 1d with 14a—d,

respectively, gave the corresponding coupled products 7 and
15-17 in 100%, 70%, 86%, and 78% yields (entries 6-9).
Unfortunately, coupling of activated aryl chloride 1i with
14a was unsuccessful (entry 15).

2.3. The Pd(OAc¢),/DABCO/PEG/KOH system for
aqueous Heck and Sonogashira cross-coupling reactions

As demonstrated in Table 4, the Pd(OAc),/DABCO/PEG/
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2 mol% Pd(OAG),

DABCO (4 mol%), PEG (20 mol%)

KOH (3 equiv), H,O (5 mL)
80 °C, N,

run R t (h)

Isolated yield (%)

1 NO,(1b) 20
2 OMe (1c) 24

80 (27)
35 (28)

Scheme 2.

KOH system was less effective for the Heck and
Sonogashira cross-coupling reactions. In the presence of
Pd(OAc), (2 mol%), DABCO (4 mol%), PEG (20 mol%),
and KOH (3 equiv), a low yield of the desired product 20
was isolated for the reaction of bromide 1a with styrene 19
(entry 1 in Table 4). It is interesting to note that the yield of
20 was enhanced to 55% when K,CO3 was used as the base
(entry 2). As indicated in the earlier 1rep01rt,5 ? TBAB might
be a better promoter for the Heck reaction. Indeed, in the
presence of Pd(OAc), (2 mol%), DABCO (4 mol%), TBAB
(20 mol%), and K,COj3; (3 equiv), the yield of 20 was
increased to 78% (entry 3). However, our interesting is
extended PEG as the additive to improve the cross-coupling
reactions. Thus, treatment of a number of aryl iodides and
activated aryl bromides with olefins were tested in the
presence of Pd(OAc), (2 mol%), DABCO (4 mol%), PEG
(20 mol%), and K,COj5 (3 equiv), and moderate to excellent
yields of the desired products were obtained (entries 4—11).
For example, the reaction of bromide (1d) with 19a or 19b
gave the corresponding (E)-olefins 21 and 22 in 90% and
94% yields, respectively (entries 7 and 8).

The Sonogashira cross-coupling reaction of 1-iodo-4-
nitrobenzene (1b) with phenylacetylene (26) gave 80%
yield of the corresponding product 27 in the presence of
Pd(OAc), (2 mol%), DABCO (4 mol%), PEG (20 mol%),
and KOH (3 equiv) (run 1 in Scheme 2). However, only
35% yield of the corresponding alkyne 28 was isolated after
24 h when the reaction of p-iodoanisole (1¢) with alkyne 26
was conducted (run 2). Other bases including K,COs,
Cs,COs3, EtzN, and NaOAc were also evaluated but only
resulted in low yield. Rather low yields were obtained for
the Sonogashira cross-coupling products due to the
formation of red oils, by-products which were also observed
in our previous results.”

3. Conclusion

In summary, Pd(OAc),/DABCO-catalyzed cross-coupling
reactions in aqueous media promoted by PEG-400 has been
developed. In the presence of Pd(OAc),, DABCO, and PEG,
coupling of a variety of aryl halides with arylboronic acids
or organotin compounds was carried out efficiently in
aqueous media to afford the corresponding cross-coupled
products in moderate to excellent yields and high TONs.
The TONSs is up to 900,000 for the Suzuki—Miyaura reaction
and up to 9800 for the Stille reaction. Moreover, the present
reaction conditions were also effective for the Heck and
Sonogashira cross-coupling reactions to some extent.

4. Experimental

4.1. Typical experimental procedure for the PEG
promoted Pd(OAc),/DABCO-catalyzed cross-coupling
reactions in aqueous media

A mixture of 1 (0.50 mmol), 2 (14, 19 or 26, 0.60 mmol),
Pd(OAc), (the indicated amount), DABCO (the indicated
amount), PEG-400 (20 mol%), KOH (3 equiv), and H,O
(5 mL) was stirred under N, at 80-120 °C until complete
consumption of starting material as monitored by TLC and
GC analysis. After the mixture was filtered and evaporated,
the residue was purified by flash column chromatography
(hexane or hexane/ethyl acetate) to afford the desired
coupled products 3-13, 15-18, 20-25, 27, and 28, which are
all known compounds.>™>’
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Abstract—Breviones A-E (1-5), allelochemicals isolated from Penicillium brevicompactum Dierckx, are structurally unique diterpenoid
derivatives. The first synthesis of both enantiomers of brevione B (2) was accomplished by employing the double Sn2’-type tandem reaction
as a key step, and the absolute configuration of the naturally occurring 2 was established.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Allelopathy is commonly defined as any direct or indirect
effect by one plant, including microorganisms, on another
through the production of chemical compounds released
into the environment. It includes both inhibitory and
stimulative reciprocal biochemical interactions.'® Such
chemical compounds are called allelochemicals or allelo-
pathic agents. Nowadays, allelochemicals have received a
considerable amount of attention due to the agricultural
potential of these compounds as natural and environ-
mentally-friendly herbicides." In 2000, Macfas and his
co-workers isolated breviones A-E (1-5) from Penicillium
brevicompactum Dierckx as allelochemicals.” These com-
pounds are structurally unique natural products consisting of
diterpene and polyketide subunits. Especially, the spiro-
fused CDE ring portion of breviones A-D (1-4) is
characteristic and unusual. We became interested in the
biological activities and the unique structures of breviones,
and undertook a project to synthesize them. Although we
have already achieved the first synthesis of (4 )-brevione B
(2),? the absolute configurations of the naturally occurring 2
and other breviones have still remained unsolved. Thus, we
initiated the synthesis of optically active brevione B (2) to
determine its absolute stereochemistry. Herein, we report
the first synthesis of both enantiomers of 2 in detail (Fig. 1).

Keywords: Allelochemicals; Diterpenoids; Enzymatic resolution; Tandem
reaction.
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Brevione C (3, R =H)
Brevione D (4, R = OH)

Brevione E (5)

Figure 1. Structures of breviones.

2. Results and discussion

Because a crucial point in the synthesis of breviones should
be the construction of the characteristic spiro-fused CDE
ring framework, we first tried to establish our original
methodology to resolve it. That was the direct coupling of
the vinylepoxide 6 and the a-pyrone 7* by the palladium-
mediated double Sy2/-type tandem reaction as illustrated in
Scheme 1.7 The first synthesis of (4 )-2 was then achieved
by employing the developed tandem reaction as a key
step.”’ Thus, the remaining problem was how to prepare the
optically active form. In other words, there was a need to
carry out optical resolution or asymmetric reaction at an
appropriate stage. Our synthetic plan for 2, which is
identical to that of our racemate synthesis, is shown in
Scheme 1. The target compound 2 might be readily
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OH
= | OH
- OH
0o~ 0O 7
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0O O
E(=9)

Scheme 1. Synthetic plan for 2.

obtainable from A. For the preparation of A, the direct
coupling of B and C by our original methodology should be
possible. The key intermediate C might be prepared from
the methylated Wieland—Miescher ketone E via the tricyclic
ketone D. Therefore, it was quite obvious that the
enantioselective synthesis of 2 should be possible just by
starting from the known optically active E.®

Scheme 2 shows the first and unsuccessful route for the

b e

D (= 11)

intermediate (+)-11. We synthesized the known optically
active diketone (—)-9 according to the reported procedure.®
Chemoselective reduction of (—)-9 with NaBH, gave (—)-
10,” whose enantiomeric purity was estimated to be ca. 96%
ee by HPLC analysis. Robinson annulation of (—)-10 with
ethyl vinyl ketone (EVK) in the presence of NaOMe in
MeOH-toluene gave the adduct (+)-11 (63%).10 However,
surprisingly, the enantiomeric purity of the yielded (+)-11
was seriously decreased, <50% ee based on HPLC

(-)-10 (+)-11
(96% ee) 48% ee
(*)-11
retro-aldol L X Idol T
O | 2o )10
O
. various
protection OR cond|t|ons
(-)-10 — L __*
O
13 (R = Bn or MOM) 4 (R = Bn or MOM)
c OR
9 — 1 ——— +
enzymatic

resolution o

~ (+)-11 (R=H)

(+)-15 (R =Ac) ©
(99.2% ee)

Scheme 2. Synthesis of both enantiomers of 11. Reagents and conditions: (a) NaBH,, EtOH (92%); (b) EVK, NaOMe, MeOH, toluene (63% based on the
consumed SM); (c) Chirazyme L-2, c.-f., C2, lyo. (100 wt%), vinyl acetate, Et,O, room temperature, 40 h [50% for (—)-11, 49% for (+)-15]; (d) K,CO;,
MeOH (94%); (e) Ac,0O, DMAP, pyridine.
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(-)-20

Scheme 3. Synthesis of the key intermediate 24. Reagents and conditions: (a) Li, NH3, THF; Mel (92%); (b) Hy, Pd-C, EtOH (87%); (c) HO(CH,),OH,
p-TsOH, toluene (70%); (d) PDC, MS 4 A, CH,Cl, (88%); (¢) LDA, THF, HMPA; Mel [95% for a mixture of (—)-20/(—)-20']; (f) LDA, THF, HMPA,
PhSeBr; aq H,O,, CH,Cl, (89% based on the consumed SM); (g) MeLi, THF (98%); (h) m-CPBA, NaHCO3;, CH,Cl, (80%); (i) SOCl,, pyridine (72%).

analysis. This phenomenon was rationally explained by the
retro-aldol reaction, which generated 12 as illustrated in
Scheme 2, and the identical racemization was observed and
reported by Honda and his co-workers.'® Thus, we then
prepared the corresponding Bn or MOM ether (13) by
protection of the hydroxyl group, because the protection
was thought to prevent the problematic retro-aldol reaction.
However, unfortunately, Robinson annulation of 13 with
EVK was not successful at all even after an in-depth study
of the reaction conditions.'" Therefore, we dropped the first
route and turned to the second option, enzymatic resolution.
Enzymatic resolution of (£ )-11 was carried out in Et,O in
the presence of vinyl acetate as an acetyl donor. After
screening of over 10 hydrolytic enzymes, Chirazyme L-2
(Roche Diagnostics Co.) was found to be the best.'* The
optimized conditions, Chirazyme L-2, c.-f., C2, lyo.
(100 wt%), vinyl acetate, Et,O at room temperature for
40 h, could resolve (£)-11 almost perfectly to yield the
alcohol (—)-11 (50%) and the enantiomeric acetate (+)-15
(49%). The enantiomeric purities of the resulting (—)-11
and (+)-15 were estimated by HPLC analysis to be 98.8
and 99.2% ee, respectively. The yielded optically active
acetate (+)-15 was then hydrolyzed to give (+)-11.

With both enantiomers of 11 in hand, we continued the
synthesis of both enantiomers of 2. One of the enantiomers
(+)-11 was subjected to reductive methylation to give (+)-
16 (92%).'% Hydrogenation of (+)-16 in the presence of
Pd—C as a catalyst afforded (+)-17 (87%), whose carbonyl
group was protected as ethylenedioxy acetal to furnish (—)-
18 (70%). The hydroxyl group of (—)-18 was then oxidized
to give (—)-19 (88%). Methylation of the ketone (—)-19
was performed by treatment with LDA and Mel to give
methylated products, (—)-20 and its 2-epimer (—)-20', as a

diastereomeric mixture (95% based on the consumed SM).
The ratio of (—)-20:(—)-20" was ca. 7:1 based on '"H NMR
analysis, and it was noted that the ratio ranged from 5:1 to
8:1 depending on conditions. The major diastereomer was
estimated to be (—)-20 (2B-isomer), although we tentatively
reported that the major diastereomer was 20’ (2o.-isomer) in
our racemate synthesis.’ At that time we did not separate
these diastereomers and did not consider the orientation of
2-Me, because both 20 and 20’ could be converted into the
desired enone 21. However, we herein could establish the
relative configurations of (—)-20 and (—)-20" as follows.
The diastereomeric mixture of (—)-20/(—)-20" was treated
with LDA and PhSeBr to furnish the corresponding
selenide, which was immediately oxidized with H,O, to
give (—)-21 (89% based on the consumed SM) and the
recovered (—)-20’ (8%). It was noteworthy that the
recovered starting ketone was pure (—)-20, not a mixture
of (—)-20/(—)-20'. This was due to a base-mediated
epimerization yielding the thermodynamically more stable
(—)-20". A very similar epimerization has already been
reported.'> The relative stereochemistry of (—)-20" was
established by the observation of NOE between 2-H and
10a-Me as shown in Scheme 3.

The enone (—)-21 was treated with MeLi to give (—)-22
(98%). We tentatively assigned the installed 1-Me to be in
o-orientation based on consideration of the steric effect, but
could not confirm it by NOE studies due to poor resolution
of the crucial signals. The allylic alcohol (—)-22 was then
epoxidized with m-CPBA to furnish (—)-23 (80%) as a
single diastereomer. We tried to establish the relative
stereochemistry of (—)-23 at this stage. Firstly, the
a-orientation of 1-Me was established by the observation
of NOE between 1-Me and 4a-H as shown in Scheme 3.
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Table 1. Coupling of 7 and 24

Entry Base Additive Conditions 25+25 (%)* 25:25' 24; 26 (%)*
1 NaH BF;-OEt, THF, 0 °C-room temperature, 12 h Decomp — —

2 NaH Yb(OTf); THEF, 0 °C—room temperature, 12 h NR — —

3 NaH — Toluene, 110 °C, 24 h 21 5:1 28; 29

4 NaH HMPA Toluene, 110 °C, 12 h NR — —

5 NaH — THF, reflux, 12 h NR — —

6 NaH — 1,4-Dioxane, reflux,12 h NR — —

7 t-BuOK — Toluene, 110 °C, 15 h Trace® — —

8 Cs,CO; — Toluene, 110 °C, 15 h <10%° — —

9 — — Toluene, 110 °C, 20 h 44 5:1 21; 15

10 — — 1,4-Dioxane, reflux, 12 h NR — —

11 — — Anisole, 150 °C, 5 h 51 7:1 Trace; 16

 Isolation yield.
® The major product was 26, but it was not isolated.
¢ A large part of the starting material 24 was recovered.

Thus, the remaining was the orientation of the oxirane-ring.
Although the a-orientation of it could not be confirmed by
NOE studies, it was clearly supported by the fact that 3-H
was observed as a broad triplet, /J=1.8 Hz. Because
conformational analyses based on Molecular Mechanics
and also Semi-Empirical calculations (Spartan ‘04 Ver.
1.0.3, Wevefunction, Inc.) suggest that dihedral angles
between 3-H and 4-H, are both ca. 60° in 23, while they
should be ca. 90 and 30° in the corresponding B-epoxide.
The reason for the diastereoselective epoxidation might be
steric hindrance due to the angular methyl group (10a-Me).
The alcohol (—)-23 was then carefully dehydrated by
treatment with SOCI, in pyridine to furnish the desired
vinylepoxide (—)-24 (72%).

The next stage was the crucial step, the coupling of 24 and 7.
Of course, we first attempted our original methodology, the
palladium-mediated tandem reaction. However, as we have
already reported, the desired spiro-fused adducts 25/25'
could not be obtained at all by our palladium-catalyzed
reaction.” The major by-product was the enone 26 probably
derived from p-elimination of the m-allylpalladium
complex. The reason for these failures might be steric
hindrance, because 24 was estimated to be more sterically
hindered than the model substrate 6. Although these
unexpected failures were surprising, we fortunately
happened to find a possibility that the desired adducts
25/25' were obtained by a simple base-mediated Sn2'-type
epoxide-opening and following dehydrative O-alkylation.’
Thus, we then examined reaction conditions without a
palladium catalyst. The representative results are sum-
marized in Table 1. First, addition of a Lewis acid, for

Scheme 4. Synthesis of 25, the key step.

enhancing the electrophilicity of vinylepoxide, was
attempted (entries 1 and 2). Although these trials were
fruitless, we found that the desired coupling proceeded in
refluxing toluene without any Lewis acid to afford a mixture
of 25 and its epimer 25’ in 21% yield (entry 3). The ratio of
25:25' was estimated to be ca. 5:1 based on 'H NMR
analysis. We then tried to improve the isolation yield by
changing the solvent or the base, but there was no
improvement in yield (entries 4-8). However, delightfully,
we were able to find that the desired coupling reaction
proceeded smoothly in refluxing toluene without any base,
furnishing a mixture of 25 and 25’ in 44% yield (25:25' =ca.
5:1) (entry 9). Furthermore, anisole was found to be the
better solvent to give the adducts 25/25" in 51% yield
(25:25'=ca. 7:1) (entry 1.1 Putting aside the detailed
explanations, this reaction proceeded just by heating two
substrates (7 and 24) in an aromatic solvent without any
base and additive. These results were surprising to us, but
the o-pyrone 7 might be construed as an activator of the
epoxide due to its weak acidity in these cases. In any event,
we were able to successfully construct the characteristic
spiro-fused framework of breviones by the double Sn2'-type
tandem reaction (Scheme 4).

The yielded mixture of (+)-25/25" was purified by careful
chromatography and recrystallization to give the pure (+)-
25." Finally, the protecting group of (+)-25 was removed
by treatment with acetic acid to furnish (+ )-brevione B (2),
[a]Z +120 (¢ 0.204 in CHCly), {lit.,> [a]5 +65.9 (¢ 0.24
in CHCly)}. The various spectral data of synthetic (+)-2 are
in good accord with those of the natural product. It was also
noteworthy that the synthesized (+)-2 was crystals, mp

conditions

(see Table 1)
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166-168 °C (from hexane—Et,0), while the reported natural
brevione B was an oil. Similarly, (+)-24, which was
derived from (—)-11, was also converted into (—)-2, [oz],%3
—114 (¢ 0.254 in CHCIl;). Therefore, the absolute
configuration of the naturally occurring brevione B (2)
was determined as shown in Scheme 5.

a b
()24 — (+)-25 —

Similarly:
(-1 o H2a— (-2

E——

Scheme 5. Synthesis of brevione B (2). Reagents and conditions: (a) 7,
anisole, 150 °C, 5h [51% for a mixture of (+)-25/25']; (b) aq AcOH,
40 °C, 36 h (85%).

3. Conclusion

In conclusion, the first synthesis of both enantiomers of
brevione B (2) was accomplished by employing an
enzymatic resolution and the double Syn2'-type tandem
reaction as key steps. The absolute configuration of the
naturally occurring brevione B was determined by our
synthesis. Furthermore, it can be easily deduced that other
breviones must have the same absolute configurations.'®

4. Experimental
4.1. General

Melting points were uncorrected. IR spectra were measured
on a Jasco IR A-102 spectrophotometer or a Shimadzu
IR-408 spectrophotometer. "H NMR spectra were recorded
at 300 MHz on a JEOL JNM-AL300 spectrometer. The
peak for CHCl; in CDCl; (at 6 7.26) was used for the
internal standard. Chemical shifts are reported in ppm and J
values are given in Hz. '?C NMR spectra were recorded at
75 MHz on a JEOL JNM-AL300 spectrometer. The peak for
CDClj; (at 6 77.0) was used for the internal standard. Optical
rotations were taken with a HORIBA SEPA-300 polari-
meter. Mass spectra were measured with an Applied
Biosystems QSTAR XL spectrometer. Analytical HPLC
was carried out with a Shimadzu LC-10A system.

4.1.1. (—)-(4aR,5R)-5-Hydroxy-1,4a-dimethyl-4,4a,5,6,
7,8-hexahydronaphthalen-2(3H)-one (—)-10. According
to the reported procedure,9 (—)-9 (1.04 g, 5.41 mmol) was
converted into (—)-10 (970 mg, 92%): [l —178 (c
0.146, CHCl,), {lit.” [a]5 —164.6 (¢ 2.16, CHCl,); lit.'*
[a]® —170 (¢ 1.2, CHCl5)}. The IR and NMR data were in
good accord with those of the reported.’

4.1.2. Determination of the enantiomeric purity of (—)-
10. The enantiomeric purity of (—)-10 was estimated by
HPLC analysis: [column: Chiralcel® OD-H (4.6X
250 mm); solvent, hexane/2-propanol=30:1; flow rate,
0.5 ml/min; detection at 254 nm]: fg/min 41.1 [ca. 98%,
(—)-10], 43.9 [ca. 2%, (+)-10]. The enantiomeric purity of

(—)-10 was estimated to be ca. 96% ee. It was noted that
these peaks were not perfectly separated.

4.1.3. (+)-(4aS,8R,8aR)-8-Hydroxy-1,4a,8a-trimethyl-
4,4a,6,7,8,8a,9,10-octahydrophenanthren-2(3H)-one
(+)-11 [conversion of (—)-10 into (+)-11]. A mixture of
(—)-10 (846 mg, 4.35 mmol) and NaOMe (1.1 g, 20 mmol)
in MeOH (16 ml) and toluene (4 ml) was stirred for 1 h at
room temperature. After addition of EVK (1.3 ml,
13 mmol), this mixture was heated under reflux for 8 h. It
was then poured into satd aq NH4Cl and extracted with
Et,O. The extract was washed with water and brine, dried
with MgSO,, and concentrated under reduced pressure. The
residue was purified by silica gel chromatography to give
the recovered 10 (308 mg, 36%) and (+)-11 (456 mg, 63%
based on the consumed SM): [az]zD9 +40 (¢ 0.22, CHCly),
{1it."* [«]F +50 (¢ 2.0, CHCl5; 56% ee). The IR and NMR
data were in good accord with those of the reported.'*

4.1.4. Determination of the enantiomeric purity of (+)-
11. In the conventional manner, (+)-11 was converted into
the corresponding benzoate, which was subjected to HPLC
analysis: [column: Chiralcel® OD-H (4.6 X250 mm);
solvent, hexane/2-propanol=30:1; flow rate, 0.5 ml/min;
detection at 254 nm]: tg/min 27.1 [74%, (+)-11 benzoate],
29.0 [26%, (—)-11 benzoate]. The enantiomeric purity of
(+)-11 was estimated to be 48% ee.

4.1.5. Enzymatic resolution of (1)-11. To a solution of
(+)-11 (10.0 g, 38.4 mmol) in Et,O (1 1), vinyl acetate
(18 ml, 0.19 mol) and Chirazyme L-2, c.-f., C2, lyo. (10 g)
were added. This mixture was stirred for 40 h at room
temperature. After filtration, the filtrate was concentrated
under reduced pressure. The residue was purified by silica
gel chromatography to give (—)-11 (4.99 g, 50%) and (+)-
15 (5.74 g, 49%). The recovered immobilized enzyme was
reusable in the matter of course.

Compound (—)-(4aR,85,8a8)-11: mp 100-102 °C; [ald'
—108 (c 0.278, CHCls); HRTOFMS (ESI, positive) m/z
found 261.1831, caled for C;;H,50, [M+H] ™ : 261.1849.

(+)-(4aS,8R,8aR)-8-Acetoxy-1,4a,8a-trimethyl-4,4a,6,7,8,
8a,9,10-octahydrophenanthren-2(3H)-one (+)-15: mp 81—
82°C; [a]F +57 (¢ 0.11, CHCI3); IR (nujol) 1730 (s,
C=0), 1660 (s, C=0), 1600 (m, C=C) cm~'; '"H NMR 6
1.30 (s, 3H, Me), 1.37 (s, 3H, Me), 1.71 (s, 3H, 1-Me), 1.71—
2.05 (m, 6H), 2.04 (s, 3H, Ac), 2.22 (m, 2H), 2.30-2.59 (m,
4H), 4.68 (m, 1H, 8-H), 5.48 (t, J=3.6 Hz, 1H, 5-H); '°C
NMR 6 11.0,21.2,21.7,22.4,23.8,24.3,27.7, 33.63, 33.66,
34.7, 37.7, 40.9, 77.5, 120.1, 128.1, 147.3, 162.5, 170.7,
198.2; HRTOFMS (ESI, positive) m/z found 303.1976,
caled for C;oHy;05 [M+H]™": 303.1954.

4.1.6. Determination of the enantiomeric purities of (—)-
11 and (+)-15. The enantiomeric purity of (+)-15 was
estimated by HPLC analysis: [column: Chiralcel® OD-H
(4.6 X250 mm); solvent, hexane/2-propanol=30:1; flow
rate, 0.5 ml/min; detection at 254 nm]: tg/min 22.0 [0.4%,
(—)-15], 24.3 [99.6%, (+)-15]. The enantiomeric purity of
(+)-15 was estimated to be 99.2% ee.

In the conventional manner, (—)-11 was converted into the
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corresponding acetate (—)-15, which was subjected to
HPLC analysis: tg/min 21.8 [98.9%, (—)-15], 24.3 [1.1%,
(+)-15]. The enantiomeric purity of (—)-15 was estimated
to be 98.8% ee.

4.1.7. (+)-(4aS,8R,8aR)-11 [methanolysis of (+)-15]. To
a solution of (+)-15 (5.56 g, 18.4 mmol) in MeOH (50 ml),
K,CO5 (0.51 g, 3.7 mmol) was added at 0 °C. After stirring
for 6 h at room temperature, the reaction mixture was
diluted with water and extracted with Et,O. The extract was
washed with brine, dried with MgSO, and concentrated
under reduced pressure. The residue was purified by silica
gel chromatography to give (+)-11 (4.50 g, 94%) as a white
crystalline solid: mp 101-102 °C; [a]F +114 (¢ 0.128,
CHCl3); HRTOFMS (ESI, positive) m/z found 261.1869,
caled for Cy7H,50, [M+H] " : 261.1849.

4.1.8. (+)-(4aS,8R,8aR,10aR)-8-Hydroxy-1,1,4a,8a-
tetramethyl-3,4,4a,6,7,8,8a,9,10,10a-decahydro-
phenanthren-2(1H)-one (+)-16. To liquid NH; (50 ml)
was added Li (113 mg, 16.3 mmol) at —78 °C. After
stirring for 30 min, a solution of (+)-11 (847 mg,
3.25 mmol) in THF (10 ml) was added. This mixture was
stirred for 2 h under reflux, and Mel (2.0 ml, 32 mmol) was
added. The reaction mixture was stirred for 1 h under reflux
and then quenched with MeOH. After removal NHj, the
resulting mixture was diluted with dil HCl and extracted
with Et,O. The extract was washed with water and brine,
dried with MgSO4, and concentrated under reduced
pressure. The residue was purified by silica gel chromato-
graphy to give (+)-16 (827 mg, 92%). An analytical sample
was obtained by recrystallization from hexane-EtOAc as
colorless needles: mp 126-128 °C; [a]® +49 (¢ 0.10,
CHCl3); HRTOFMS (ESI, positive) m/z found 277.2161,
caled for CygHyO, [M+H]': 277.2162. The IR and NMR
data were in good accord with those of the reported.'*

4.1.9. (—)-(4aR,8S5,8a5,10aS)-8-Hydroxy-1,1,4a,8a-tetra-
methyl-3,4,4a,6,7,8,82a,9,10,10a-decahydrophenanthren-
2(1H)-one (—)-16. In the same manner as described above,
(—)-11 (2.86 g, 11.0 mmol) was converted into (—)-16
(2.20 g, 72%): mp 123-125 °C; [a]¥ —47 (¢ 0.14, CHCl5);
HRTOFMS (ESI, positive) m/z found 277.2167, calcd for
CsH200, [M+H]": 277.2162.

4.1.10. (+)-(4aR,4bR,8R,8aR,10aR)-8-Hydroxy-1,1,4a,
8a-tetramethyl-3,4,4a,4b,5,6,7,8,8a2,9,10,10a-dodeca-
hydrophenanthren-2(1H)-one (+)-17. To a solution of
(+)-16 (827 mg, 2.99 mmol) in EtOH (15 ml) was added
Pd-C (5%; 80 mg). This mixture was stirred for 24 h at
room temperature under H,. After filtration through Celite,
the filtrate was concentrated under reduced pressure. The
residue was purified by silica gel chromatography to give
(+)-17 (723 mg, 87%). An analytical sample was obtained
by recrystallization from hexane—EtOAc as colorless
needles: mp 124-125 °C; [a]f +26 (¢ 0.11, CHCl3); IR
(nujol) 3350 (s, O-H), 1705 (s, C=0)cm '; '"H NMR ¢
0.90 (s, 3H, Me), 0.93 (s, 3H, Me), 1.03 (s, 3H, Me), 1.07 (s,
3H, Me), 1.05-1.98 (m, 15H), 2.34-2.57 (m, 2H, 3-H), 3.12
(dt, J=11.1, 4.5 Hz, 1H, 8-H); *C NMR 6 12.7, 16.1, 19.1,
20.3, 21.0, 24.4, 26.5, 30.1, 34.0, 36.6, 38.4, 39.1, 39.5,
47.3,55.0,56.1, 80.8,217.8; HRTOFMS (ESI, positive) m/z
found 279.2311, caled for C;sH3;0, [M+H]1: 279.2318.

4.1.11. (—)-(4a8,4bS,85,8a8,10a5)-8-Hydroxy-1,1,4a,8a-
tetramethyl-3,4,4a,4b,5,6,7,8,8a,9,10,10a-dodecahydro-
phenanthren-2(1H)-one (—)-17. In the same manner as
described above, (—)-16 (554 mg, 2.00 mmol) was con-
verted into (—)-17 (478 mg, 86%): mp 122-124 °C; [a]3'
—25 (¢ 0.12, CHCl3); HRTOFMS (ESI, positive) m/z found
279.2317, caled for C,gH3,0, [M+H] " : 279.2318. The IR
and NMR data were identical to those of (+)-17.

4.1.12. (—)-(1R4aR4bR.8aR,10aR)-7,7-Ethylenedioxy-
4b,8,8,10a-tetramethyl-1,2,3,4,4a,4b,5,6,7,8,8a,9,10,10a-
tetradecahydrophenanthren-1-ol (—)-18. A mixture of
(+)-17 (637 mg, 2.29 mmol), ethylene glycol (1.1 ml,
20 mmol) and p-TsOH-H,O (10 mg) in toluene (25 ml)
was stirred for 2 h under reflux with a Dean—Stark water
separator. After cooling, the reaction mixture was quenched
with satd ag NaHCOj; and extracted with Et,O. The extract
was washed with water and brine, dried with MgSQO,, and
concentrated under reduced pressure. The residue was
purified by recrystallization from hexane-EtOAc to give
(—)-18 (513 mg, 70%) as colorless needles: mp 190—
192 °C; [a]fy —44 (¢ 0.10, CHCl5); IR (nujol) 3450 (s,
O-H) cm ™ '; "THNMR 6 0.83 (s, 3H, Me), 0.87 (s, 6H, Me X
2), 0.92 (s, 3H, Me), 1.02-1.63 (m, 15H), 1.70-1.92 (m,
3H), 3.10 (dt, J=11.1, 4.5 Hz, 1H, 1-H), 3.83-3.99 (m, 4H,
O-CH,CH,-0); 3C NMR 6 13.0, 16.2, 18.0, 19.8, 19.9,
22.9,24.5,26.8,30.1,36.8,36.9, 39.1, 39.6,42.1, 53.6, 56.6,
64.79, 64.83, 81.1, 113.2; HRTOFMS (ESI, positive) m/z
found 323.2590, calcd for C,oH3505 [M+H] ™ : 323.2580.

4.1.13. (+)-(15,4aS5,4bS,8aS,10aS5)-7,7-Ethylenedioxy-
4b,8,8,10a-tetramethyl-1,2,3,4,4a,4b,5,6,7,8,8a,9,10,10a-
tetradecahydrophenanthren-1-0l (+)-18. In the same
manner as described above, (—)-17 (697 mg, 2.50 mmol)
was converted into (4 )-18 (509 mg, 63%): mp 190-193 °C;
[a]f 446 (c 0.11, CHCls); HRTOFMS (ESI, positive) m/z
found 323.2576, caled for C,oH3505 [M+H] ™ : 323.2580.
The IR and NMR data were identical to those of (—)-18.

4.1.14. (—)-(4aR,4bR,8aR,10aR)-7,7-Ethylenedioxy-
4b,8,8,10a-tetramethyl-3,4,4a,4b,5,6,7,8,8a,9,10,10a-
dodecahydrophenanthren-1(2H)-one (—)-19. To a
solution of (—)-18 (2.34 g, 7.26 mmol) in CH,Cl, (60 ml)
were added PDC (4.10 g, 10.9 mmol) and MS 4 A (5 g;
powdered). After stirring overnight, the reaction mixture
was filtered through SiO,, and the filtrate was concentrated
under reduced pressure. The residue was purified by
recrystallization from hexane-Et,O to give (—)-19 (88%)
as colorless needles: mp 182-184 °C; [04]2137 —26 (c 0.14,
CHCl5); IR (nujol) 1700 (s, C=0) cm ™ '; "H NMR 6 0.83
(s, 3H, Me), 0.93 (s, 3H, Me), 0.97 (s, 3H, Me), 1.13 (s, 3H,
10a-Me), 1.14-1.28 (m, 3H), 1.32-1.75 (m, 9H), 1.81 (dt,
J=3.9,13.8 Hz, 1H, 6-H), 2.03 (m, 1H, 3-H), 2.13-2.22 (m,
1H, 2-H), 2.53 (dt, J=6.6, 13.8 Hz, 1H, 2-H), 3.83-3.99 (m,
4H, O-CH,CH,-0); '*C NMR 6 16.5, 17.7, 19.76, 19.80,
20.0, 22.8, 26.1, 26.8, 34.4, 36.8, 37.6, 38.0, 42.1, 49.1,
529, 57.3, 64.8, 64.9, 112.9, 215.7, HRTOFMS (ESI,
positive) m/z found 321.2417, calcd for CyyH3303 [M+
H]": 321.2424.

4.1.15. (+)-(4aS,4bS,8aS,10aS)-7,7-Ethylenedioxy-
4b,8,8,10a-tetramethyl-3,4,4a,4b,5,6,7,8,8a,9,10,10a-
dodecahydrophenanthren-1(2H)-one (+)-19. In the same
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manner as described above, (+)-18 (491 mg, 1.52 mmol)
was converted into (4)-19 (444 mg, 91%): mp 182-184 °C;
[a]d +27 (c 0.13, CHCls); HRTOFMS (ESI, positive) m/z
found 321.2419, caled for C,oH3305 [M+H] " : 321.2424.
The IR and NMR data were identical to those of (—)-19.

4.1.16. (—)-(2R4aR,4bR,8aR,10aR)-7,7-Ethylenedioxy-
2,4b,8,8,10a-pentamethyl-3,4,4a,4b,5,6,7,8,8a,9,10,10a-
dodecahydrophenanthren-1(2H)-one (—)-20. n-BuLi
(1.58 M in hexane; 6.9 ml, 11 mmol) was added to a
solution of (i-Pr),NH (1.8 ml, 13 mmol) in anhydrous THF
(20 ml) at 0 °C under Ar. After stirring for 30 min at 0 °C, a
solution of (—)-19 (3.44 g, 10.7 mmol) in anhydrous THF
(30 ml) was added at —78 °C. After stirring for 30 min,
HMPA (5.6 ml, 32 mmol) and Mel (1.0 ml, 16 mmol) were
added successively at —78 °C. After the mixture was stirred
for 30 min with warming to 0 °C, the reaction mixture was
quenched with satd ag NH4Cl and extracted with Et,O. The
extract was washed with water and brine, dried with
MgSO,, and concentrated under reduced pressure. The
residue was purified by silica gel chromatography to give a
mixture of (—)-20 and its (25)-isomer (—)-20" (3.05 g, 95%
based on the consumed SM) and the recovered (—)-19
(0.38 g, 11%). The ratio of (—)-20 and (—)-20" was
estimated to be ca. 7:1 based on 'H NMR analysis. An
analytical sample of (—)-20 was obtained by further
chromatography and recrystallization from hexane as
colorless flaky crystals: mp 188-190 °C; [a]d! —145 (¢
0.207, CHCl5); IR (nujol) 1705 (s, C=0) cm ™~ '; '"HNMR 6
0.83 (s, 3H, Me), 0.93 (s, 3H, Me), 0.96 (s, 3H, Me), 1.03 (d,
J=6.6 Hz, 3H, 2-Me) 1.07 (s, 3H, 10a-Me), 1.23-1.68 (m,
10H), 1.72-1.97 (m, 4H), 2.47 (septet-like, J=5.7 Hz, 1H,
2-H), 3.83-3.99 (m, 4H, O-CH,CH,-0); 3*C NMR 6 15.8,
16.0, 17.0, 18.0, 19.9, 20.3, 22.9, 26.7, 26.9, 36.1, 36.4,
37.4, 39.6, 42.1, 47.5, 51.0, 53.4, 64.8, 64.9, 113.0, 220.6;
HRTOFMS (ESI, positive) m/z found 335.2570, calcd for

4.1.17. (+)-(25,4a5,4bS,8aS,10aS)-7,7-Ethylenedioxy-
2,4b,8,8,10a-pentamethyl-3,4,4a,4b,5,6,7,8,8a,9,10,10a-
dodecahydrophenanthren-1(2H)-one (+)-20. In the same
manner as described above, (+)-19 (561 mg, 1.75 mmol)
was converted into a mixture of (+)-20 and its (2R)-isomer
(4+)-20' (541 mg, 92%). The ratio of (—)-20 and (—)-20’
was estimated to be ca. 8:1 based on "H NMR analysis. An
analytical sample of (+)-20 was obtained by further
chromatography and recrystallization from hexane as
colorless flaky crystals: mp 191-193 °C; [a]p +149 (c
0.102, CHCl3); HRTOFMS (ESI, positive) m/z found
335.2568, caled for C,H3505 [M+H]": 335.2580. The
IR and NMR data were identical to those of (—)-20.

4.1.18. (—)-(4aR,4bR,8aR,10aR)-7,7-Ethylenedioxy-
2,4b,8,8,10a-pentamethyl-4a,4b,5,6,7,8,8a,9,10,10a-deca-
hydrophenanthren-1(4H)-one (—)-21 and (—)-
(2S,4aR ,4bR,8aR,10aR)-7,7-ethylenedioxy-2,4b,8,8,10a-
pentamethyl-3,4,4a,4b,5,6,7,8,8a,9,10,10a-dodecahydro-
phenanthren-1(2H)-one (—)-20'. n-BuLi (1.58 M in
hexane; 6.8 ml, 11 mmol) was added to a solution of
(i-Pr),NH (1.6 ml, 11 mmol) in anhydrous THF (20 ml) at
0 °C under Ar. After stirring for 30 min at 0 °C, a solution of
(—)-20/(—)-20" (2.99 g, 8.94 mmol) in anhydrous THF
(40 ml) was added at —78 °C. After stirring for 30 min with

warming to —30 °C gradually, HMPA (4.7 ml, 27 mmol)
and a solution of PhSeBr (2.43 g, 10.3 mmol) in THF
(10 ml) were added successively at —40°C. After the
mixture was stirred for 30 min with warming to 0 °C, the
reaction mixture was quenched with satd aq NH4CIl and
extracted with EtOAc. The extract was washed with water
and brine, dried with MgSO,, and concentrated under
reduced pressure. The residue was purified by silica gel
chromatography to give the crude product, which was
employed for the next step without purification. To a
solution of the yielded crude product in CH,Cl, (30 ml), dil
aq H,O, (ca. 8%; 12.5 ml) was added dropwise at 0 °C.
After stirring for 15 min at room temperature, the reaction
mixture was poured into satd aqg NaHCOj and extracted with
Et,0. The extract was washed with water and brine, dried
with MgSO,, and concentrated under reduced pressure. The
residue was purified by silica gel chromatography to give
(—)-21 (2.43 g, 89% based on the consumed SM) and the
recovered (—)-20" (0.24 g, 8%). It was noted that the
recovered SM was the pure (—)-20’, not a mixture of (—)-
20 and (—)-20". An analytical sample of (—)-21 was
obtained by recrystallization from EtOAc as colorless
plates: mp 210-213 °C; [«]3 —49 (¢ 0.13, CHCly); IR
(nujol) 1670 (s, C=0) cm ™~ '; "H NMR 6 0.83 (s, 3H, Me),
0.93 (s, 3H, Me), 1.01 (s, 6H, Me X2), 1.19-1.65 (m, 8H)
1.72 (br s, 3H, 2-Me), 1.74-1.98 (m, 2H), 2.20-2.27 (m, 2H,
4-H,), 3.83-3.99 (m, 4H, O-CH,CH,-0), 6.63 (br s, 1H,
3-H); *C NMR 6 16.3, 18.0, 18.4, 20.0, 22.8, 23.4, 26.6,
34.6, 36.1,37.3,42.1, 45.0, 52.8, 53.5, 64.81, 64.83, 112.8,
132.7, 143.2, 205.8; HRTOFMS (ESI, positive) m/z found
333.2419, calcd for C,,H3305 [M+H]": 333.2424.

An analytical sample of (—)-20' was obtained by
recrystallization from hexane as colorless flaky crystals:
mp 176-178 °C; [a]3! —29 (¢ 0.24, CHCI5); IR (nujol) 1705
(s, C=0)cm ™ '; "H NMR 6 0.83 (s, 3H, Me), 0.93 (s, 3H,
Me), 0.95 (d, J=6.3 Hz, 3H, 2-Me) 0.97 (s, 3H, Me), 1.12
(s, 3H, 10a-Me), 1.12-1.86 (m, 13H), 2.07 (m, 1H, 3-H),
2.62 (septet-like, J=6.6 Hz, 1H, 2-H), 3.83-3.99 (m, 4H,
O-CH,CH,-0); >*C NMR 6 14.9, 16.5, 17.8, 19.8, 20.0,
20.4, 22.8, 26.8, 34.5, 35.5, 36.8, 38.0, 40.0, 42.2, 48.8,
52.9, 58.1, 64.84, 64.87, 112.9, 216.4.

4.1.19. (+)-(4a$,4bS,8aS,10aS5)-7,7-Ethylenedioxy-
2,4b,8,8,10a-pentamethyl-4a,4b,5,6,7,8,8a,9,10,10a-deca-
hydrophenanthren-1(4H)-one (+)-21 and (+)-
(2R,4aS,4bS,8aS,10aS)-7,7-ethylenedioxy-2,4b,8,8,10a-
pentamethyl-3,4,4a,4b,5,6,7,8,8a,9,10,10a-dodecahydro-
phenanthren-1(2H)-one (+)-20'. In the same manner as
described above, (+)-20 (534 mg, 1.60 mmol) was con-
verted into (+)-21 (407 mg, 87% based on the consumed
SM) and (+)-20’ (64 mg, 12%). (+)-21: mp 211-213 °C;
[a] +350 (c 0.15, CHCly); HRTOFMS (ESI, positive) m/z
found 333.2436, caled for C,H3305 [M+H] " : 333.2424.
The IR and NMR data were identical to those of (—)-21.

Compound (+)-20": mp 176-178 °C; [a]y +27 (¢ 0.10,
CHCl;). The IR and NMR data were identical to those of
(—)-20'.

4.1.20. (—)-(1R4aR4bR,8aR,10aR)-7,7-Ethylenedioxy-
1,2,4b,8,8,10a-hexamethyl-1,4,4a,4b,5,6,7,8,8a,9,10,10a-
dodecahydrophenanthren-1-0l (—)-22. To a solution of
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(—)-21 (2.17 g, 6.53 mmol) in anhydrous THF (50 ml),
MeLi (0.98 M in Et,O: 10ml, 9.8 mmol) was added
dropwise at 0°C under Ar. After stirring for 20 min at
0 °C, the reaction mixture was quenched with satd aq NH,Cl
and extracted with EtOAc. The extract was washed with
water and brine, dried with MgSQOy, and concentrated under
reduced pressure. The residue was purified by recrystalliza-
tion from hexane to give (—)-22 (2.24 g, 98%) as colorless
prisms: mp 143-145°C; [a]h —36 (c 0.20, CHCl5); IR
(nujol) 3550 (m, O-H) cm ™ '; "H NMR 6 0.87 (s, 3H, Me),
0.95 (s, 6H, Me X 2), 0.98 (s, 3H, Me), 1.13-1.91 (m, 13H),
1.26 (s, 3H, 1-Me), 1.69 (br s, 3H, 2-Me), 3.83-3.99 (m, 4H,
O-CH,CH,-0), 5.28 (br s, 1H, 3-H); 'C NMR 6 15.35,
15.39, 17.9, 18.2, 20.2, 22.93, 22.94, 23.7, 26.7, 33.0, 36.8,
37.0, 40.6, 42.0, 49.4, 53.5, 64.7, 64.8, 78.0, 113.1, 121.2,
138.0; HRTOFMS (ESI, positive) m/z found 331.2620, calcd
for Co,H;350, [M=H] *: 331.2631.

4.1.21. (+)-(15,4a5,4bS,8aS,10a5)-7,7-Ethylenedioxy-
1,2,4b,8,8,10a-hexamethyl-1,4,4a,4b,5,6,7,8,8a,9,10,10a-
dodecahydrophenanthren-1-0l (+)-22. In the same
manner as described above, (+)-21 (340 mg, 1.02 mmol)
was converted into (+)-22 (339 mg, 95%): mp 147-149 °C;
[a]& +37 (c 0.12, CHCl3); HRTOFMS (ESI, positive) m/z
found 331.2627, calcd for C,Hss0, [M-H]": 331.2631.
The IR and NMR data were identical to those of (—)-22.

4.1.22. (—)-(1S,25,35,4aR,4bR,8aR,10aR)-2,3-Epoxy-
7,7-ethylenedioxy-1,2,4b,8,8,10a-hexamethyl-1,2,3,4,4a,
4b,5,6,7,8,8a,9,10,10a-tetradecahydrophenanthren-1-ol
(—)-23. To a mixture of (—)-22 (2.04 g, 5.85 mmol) and
NaHCO;5; (3.0 g, 36 mmol) in CH,Cl, (40 ml), m-CPBA
(77%: 2.0 g, 8.9 mmol) was added portionwise at 0 °C.
After stirring for 4 h at room temperature, the reaction
mixture was quenched with satd ag Na,S,05 and satd aq
NaHCOs5 and extracted with Et,O. The extract was washed
with satd aqg NaHCO3;, water and brine, dried with MgSO,,
and concentrated under reduced pressure. The residue was
purified by silica gel chromatography to give (—)-23
(1.71 g, 80%). An analytical sample was obtained by
recrystallization from (i-Pr),O as colorless granules: mp
156-158 °C; [« —16 (¢ 0.11, CHCI3); IR (nujol) 3500
(m, O-H) cm ™ '; "H NMR 6 0.84 (s, 3H, Me), 0.92 (s, 3H,
Me), 0.94 (s, 3H, Me), 0.96 (s, 3H, Me), 1.09-1.95 (m,
13H), 1.24 (s, 3H, 1-Me), 1.29 (s, 3H, 2-Me), 3.08 (br t, J=
1.8 Hz, 1H, 3-H), 3.83-3.99 (m, 4H, O-CH,CH,-0); *C
NMR 6 15.8, 16.0, 18.0, 19.9, 20.3, 21.9, 22.4, 23.0, 26.7,
33.2, 36.8, 40.2, 42.0, 44.7, 53.5, 61.5, 62.7, 64.7, 64.8,
76.0,112.9; HRTOFMS (ESI, positive) m/z found 365.2697,
caled for CyH3704 [M+H]*: 365.2686.

4.1.23. (+)-(1R,2R 3R 4a5,4bS,8aS,10aS)-2,3-Epoxy-7,7-
ethylenedioxy-1,2,4b,8,8,10a-hexamethyl-1,2,3,4,4a,4b,
5,6,7,8,8a,9,10,10a-tetradecahydrophenanthren-1-ol
(+)-23. In the same manner as described above, (4 )-22
(311 mg, 892 umol) was converted into (+)-23 (259 mg,
80%): mp 157-158 °C; [a]f +17 (¢ 0.10, CHCIly);
HRTOFMS (ESI, positive) m/z found 365.2698, calcd for
C»,H3,04 [M+H]": 365.2686. The IR and NMR data were
identical to those of (—)-23.

4.1.24. (—)-(2R,35,4aR ,4bR 8aR,10aR)-2,3-Epoxy-7,7-
ethylenedioxy-2,4b,8,8,10a-pentamethyl-1-methylene-

1,2,3,4,4a,4b,5,6,7,8,8a,9,10,10a-tetradecahydrophenan-
threne (—)-24. To a solution of (—)-23 (1.40¢g,
3.84 mmol) in pyridine (70 ml), SOCI, (1.4 ml, 19 mmol)
was slowly added dropwise at 0 °C. After stirring for 30 min
at 0 °C, the reaction mixture was diluted with Et,O and then
poured into satd aq NaHCOs3. This mixture was extracted
with Et,O. The extract was washed with water, satd aq
CuSO,, water and brine, dried with MgSQO,, and concen-
trated under reduced pressure. The residue was purified by
silica gel chromatography and recrystallization from
hexane—EtOAc to give (—)-24 (0.96 g, 72%) as colorless
flaky crystals: mp 188—189 °C; [a]& —19 (¢ 0.21, CHCl5);
IR (nujol) 1620 (w, C=C)cm ™ '; '"H NMR 6 0.84 (s, 3H,
Me), 0.93 (s, 3H, Me), 0.95 (s, 3H, Me), 0.97 (s, 3H, Me),
1.17-1.62 (m, 8H) 1.46 (s, 3H, 2-Me), 1.70-1.88 (m, 3H),
2.02-2.11 (m, 1H, 4-H), 3.17 (br t, J=1.8 Hz, 1H, 3-H),
3.82-3.99 (m, 4H, O-CH,CH,-0), 5.11 (s, 1H, C=CH),
5.28 (s, 1H, C=CH); >*C NMR 4 16.0, 18.5, 20.1, 21.8,
21.9, 22.7, 22.9, 26.6, 36.4, 36.8, 37.6, 38.6, 42.0, 45.6,
52.9, 56.1, 61.0, 64.76, 64.82, 110.8, 112.9, 156.9;
HRTOFMS (ESI, positive) m/z found 347.2565, calcd for
C»,H3505 [M+H]': 347.2580.

4.1.25. (+)-(25,3R,4aS,4bS,8aS5,10a5)-2,3-Epoxy-7,7-
ethylenedioxy-2,4b,8,8,10a-pentamethyl-1-methylene-
1,2,3,4,4a,4b,5,6,7,8,8a,9,10,10a-tetradecahydrophenan-
threne (+)-24. In the same manner as described above,
(+)-23 (311 mg, 892 pmol) was converted into (+)-24
(259 mg, 80%): mp 192-194°C; [a]® +21 (¢ 0.11,
CHCls); HRTOFMS (ESI, positive) m/z found 357.2573,
caled for Cp,H3s05 [M+H]: 347.2580. The IR and NMR
data were identical to those of (—)-24.

4.1.26. (+)-(1'S,4a’R,4b’R,8a’R,10a’R)-7'7'-Ethylene-
dioxy-4a’,4b’,5',6’,7,8',8a’,9',10',10a’-decahydro-6,7,2/,
4b’,8',8',10a’-heptamethylspiro{4H-furo[3,2-c]pyran-
2(3H),1'(4 H)-phenanthrene}-4-one (+)-25 and its 1'-
epimer 25’. A mixture of (—)-24 (180 mg, 519 umol) and 7
(124 mg, 885 umol) in distilled anisole (14 ml) was stirred
for 5h at 150 °C under Ar. After cooling, the reaction
mixture was purified by silica gel chromatography to give a
mixture of (+)-25/25' (124 mg, 51%) and also the major
by-product 26 (28 mg, 16%). The ratio of 25:25' was
estimated to be ca. 7:1 based on 'H NMR analysis. The
yielded diastereomeric mixture was further purified by
careful chromatography and recrystallization from hexane—
Et,0 to separate the pure (+)-25 (62 mg, 50% recovery) as
colorless granules and an impure diastereomeric mixture
(56 mg).

Compound (+)-25: mp 201-203 °C; [a]F +41 (¢ 0.14,
MeOH); IR (nujol) 1710 (s, C=0), 1650 (w, C=C) em ™ b
'"H NMR 6 0.83 (s, 3H, Me), 0.90 (s, 3H, Me), 0.94 (s, 3H,
Me), 0.99 (s, 3H, Me), 1.22-1.64 (m, 8H) 1.63 (br s, 3H, 2'-
Me), 1.70-2.08 (m, 4H), 1.97 (s, 3H, 6-Me), 2.22 (s, 3H,
7-Me), 2.87 (d, J=15.9 Hz, 1H, 3-H), 3.04 (d, J=15.9 Hz,
1H, 3-H), 3.84-3.99 (m, 4H, O-CH,CH,-0), 5.63 (brs, 1H,
3’-H); '>C NMR 6 9.9, 15.6, 16.3, 17.2, 17.9, 18.5, 20.2,
22.95, 23.03, 26.8, 28.8, 32.1, 36.4, 36.6, 40.9, 42.0, 47.2,
52.8, 64.7, 64.9, 99.5, 99.9, 103.1, 112.9, 128.0, 131.5,
160.1, 162.1, 171.3; HRTOFMS (ESI, positive) m/z found
469.2939, calcd for CooHy;Os [M+H] ™ : 469.2948.
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Compound 1'-Epimer 25": "H NMR (only clearly observed
peaks) 6 0.93 (s, Me), 1.06 (s, Me), 1.52 (br s, 2'-Me), 1.93
(s, Me), 2.76 (d, J=15.9 Hz, 3-H) 3.34 (d, /=15.9 Hz,
3-H), 5.34 (br s, 3'-H).

(4aR,4bR,8aR,10aR)-7,7-Ethylenedioxy-1,2,4b,8,8,10a-
hexamethyl-4a,4b,5,6,7,8,8a,9,10,10a-decahydrophenanth-
ren-3(4H)-one 26: IR (nujol) 1650 (s, C=0), 1605 (m,
C=C)cm ™ '; "HNMR 6 0.84 (s, 3H, Me), 0.94 (s, 3H, Me),
0.96 (s, 3H, Me), 1.06 (s, 3H, Me), 1.24-2.02 (m, 12H) 1.72
(br s, 3H, Me), 1.82 (br s, 3H, Me), 2.34 (dd, /=174,
13.2 Hz, 1H, 4-H), 3.04 (dd, J=17.4, 4.5 Hz, 1H, 4-H),
3.83-3.99 (m, 4H, O-CH,CH,-0); '>*C NMR ¢ 11.4, 14.8,
15.8, 18.4, 18.5, 19.8, 22.7, 26.6, 34.3, 36.0, 36.7, 37.9,
40.4,42.1,52.8,53.9,64.8,64.9,112.9, 129.2, 164.8, 199.8.

4.1.27. (—)-(1'R,4a’$,4b’S,8a’S,10a’S)-7',7'-Ethylene-
dioxy-4a’,4b’,5',6',7,8',8a’,9',10',10a’-decahydro-6,7,2',
4b’,8',8',10a’-heptamethylspiro{4H-furo[3,2-c]pyran-
2(3H),1'(4' H)-phenanthrene}-4-one (—)-25. In the same
manner as described above, (+)-24 (94 mg, 0.27 mmol)
was converted into a mixture of (—)-25/25" (62 mg, 49%;
ca. 7:1). The yielded diastereomeric mixture was further
purified by careful chromatography and recrystallization
from hexane-Et,O to give the pure (—)-25 (29 mg, 47%
recovery) as colorless granules: mp 202-204 °C; [oz]D1 -39
(c 0.13, MeOH); HRTOFMS (ESI, positive) m/z found
469.2925, calcd for CoH, 05 [M+H] " : 469.2948. The IR
and NMR data were identical to those of (4 )-25.

4.1.28. (+)-(1'S,4a’R,4b’R,8a’R,10a’R)-4a’,5',6,8',8a’,
9',10',10a’-Octahydro-6,7,2’,4b’,8',8',10a’-heptamethyl-
spiro{4H-furo[3,2-c]pyran-2(3H),1'(4’'H)-phenan-
threne}-4,7'(4b’H)-dione (brevione B) (+)-2. A solution
of (+)-25 (48 mg, 0.11 mmol) in AcOH (90%; 4 ml) was
stirred for 36 h at 40 °C. After removal of solvent under
reduced pressure, the residue was purified by silica gel
chromatography and recrystallization from hexane-Et,0 to
give (+)-2 (37 mg, 85%) as colorless rods: mp 166-168 °C;
[a]Z 4120 (¢ 0.204, CHCls); IR (CHCl5) 3000 (s, C-H),
1700 (s, C=0), 1650 (w, C=C), 1570 (m), 1440 (br m),
1390 (m), 1275 (m), 1120 (m), 930 (m) cm ™ '; 'H NMR 6
0.96 (s, 3H, 10a’-Me), 1.07 (s, 3H, 8'-Me), 1.09 (s, 6H, 4b'-
and 8'-Me), 1.35 (m, 2H, 8a’- and 10’-H), 1.44-1.61 (m, 4H,
5'-and 10’-H, 9’-H,), 1.65 (br d, J=1.5 Hz, 3H, 2'-Me),
1.75 (t-like, J=8.4 Hz, 1H, 4a’-H), 1.93 (s, 3H, 6-Me), 1.95
(m, 1H, 5’-H), 2.06 (m, 2H, 4'-H,), 2.22 (s, 3H, 7-Me), 2.41
(ddd, /=15.9, 6.9, 3.9 Hz, 1H, 6'-H), 2.58 (ddd, J=15.9,
11.1,7.2 Hz, 1H, 6'-H), 2.90 (d, J=15.9 Hz, 1H, 3-H), 3.05
(d, J=15.9 Hz, 1H, 3-H), 5.67 (1H, br s, 3’-H); '*C NMR 6
9.7,15.5,16.0, 17.2, 18.4, 19.0, 21.5, 23.2, 26.4, 28.7, 31.8,
34.0, 36.5, 38.9, 40.9, 47.0, 47.4, 55.1, 99.5, 99.6, 102.8,
127.8, 131.8, 160.4, 162.0, 171.1, 217.2; HRTOFMS (ESI,
positive) m/z found 425.2684, calcd for C,;H3,04 [M+
H]™": 425.2686.

4.1.29. (—)-(1'R,4a’S,4b’S,8a’S,10a’S)-4a’,5',6',8',8a’,
9',10',10a’-Octahydro-6,7,2’,4b’,8',8',10a’-heptamethyl-
spiro{4H-furo[3,2-c]pyran-2(3H),1'(4’H)-phenan-
threne}-4,7'(4b’H)-dione (brevione B) (—)-2. In the same
manner as described above, (—)-25 (14 mg, 30 pmol) was
converted into (—)-2 (11 mg, 87%): mp 167-170 °C; [a]]233
—114 (c 0.254, CHCIl3); HRTOFMS (ESI, positive) m/z

found 425.2689, calcd for C,;H3,04 [M+H] " : 425.2686.
The IR and NMR data were identical to those of (4 )-2.

Acknowledgements

We thank Prof. T. Sugai (Keio Univ.) for his helpful
suggestion concerning enzymatic resolution. The authors
are grateful to Roche Diagnostics Co. and Amano Enzyme
Inc. for the gifts of enzymes. We also thank Sumitomo
Chemical Co., Ltd for generous support of this work. This
work was financially supported by Grant-in-Aid for
Scientific Research Area (C) (16580088) from the Japan
Society for the Promotion of Science, and also Grant-in-Aid
for Scientific Research on Priority Areas (17035053) from
the Ministry of Education, Culture, Sports, Science and
Technology.

References and notes

1. (a) Rice, E. L. Allelopathy, 2nd ed.; Academic: New York,
1984; pp 1-7. (b) Vyvyan, J. R. Tetrahedron 2002, 58, 1631—
1646 and references cited therein.

2. (a) Macias, F. A.; Verela, R. M.; Simonet, A. M.; Cutlar, H. G.;
Cutlar, S. J.; Dugan, F. M.; Hill, R. A. J. Org. Chem. 2000, 65,
9039-9046. (b) Macias, F. A.; Verela, R. M.; Simonet, A. M.;
Cutlar, H. G.; Cutlar, S. J.; Ross, S. A.; Dunbar, D. C.; Dugan,
F. M.; Hill, R. A. Tetrahedron Lett. 2000, 41, 2683-2686.

3. Takikawa, H.; Hirooka, M.; Sasaki, M. Tetrahedron Lett.
2003, 44, 5235-5238.

4. (a) Harris, T. M.; Harris, C. M.; Wachter, M. P. Tetrahedron
1968, 24, 6897-6906. (b) Bonsignore, L.; Cabiddu, S.; Loy,
G.; Secci, D. Heterocycles 1989, 29, 913-919. (c) Hagiwara,
H.; Fujimoto, N.; Suzuki, T.; Ando, M. Heterocycles 2000, 53,
549-552.

5. Takikawa, H.; Hirooka, M.; Sasaki, M. Tetrahedron Lett.
2002, 43, 1713-1716.

6. For the palldium-mediated tandem reactions: (a) Tsuji, J.
Palladium Reagents and Catalyst, Innovations in Organic
Synthesis; Wiley: Chichester, 1995; pp 250-422. (b) Trost,
B. M.; Verhoeven, T. R. In Wilkinson, G., Stone, F.G. A.,
Abel, E. W., Eds.; Comprehensive Organometallic Chemistry;
Pergamon: Oxford, 1982; Vol. 8, pp 799-853. (c¢) Tsuji, J.;
Kataoka, H.; Kobayashi, Y. Tetrahedron Lett. 1981, 22,
2575-2578. (d) Trost, B. M.; Molander, G. A. J. Am. Chem.
Soc. 1981, 103, 5969-5972. (e) Mereno-Manas, M.; Prat, M.;
Ribas, J.; Virgili, A. Tetrahedron Lett. 1988, 29, 581-584.

7. Because the key palladium-mediated tandem reaction did not
work in our synthesis of (£ )-2, there was a need to modify the
reaction conditions to carry out the key reaction.’®

8. Hagiwara, H.; Uda, H. J. Org. Chem. 1988, 44, 7081-7088.

9. Dutcher, J. S.; Macmillan, J. G.; Heathcook, C. H. J. Org.
Chem. 1976, 41, 2663-2669.

10. (a) Honda, T.; Murae, T.; Kurata, Y.; Kawai, H.; Takahashi,
T.; Itai, A.; litaka, Y. Chem. Lett. 1981, 299-302. (b) Hirota,
H.; Nakamura, T.; Tsuyuki, T.; Takahashi, T. Bull. Chem. Soc.
Jpn. 1988, 61, 4023-4028. (c) Honda, T., Jr.,; Favaloro, F. G.;
Janosik, T.; Honda, Y.; Suh, N.; Sporn, M. B.; Gribble, G. W.
Org. Biomol. Chem. 2003, 1, 4384-4391.



48

11.

12.

13.

H. Takikawa et al. / Tetrahedron 62 (2006) 39-48

Honda and his co-workers also reported that Robinson
annulation of the OH-protected 10 was unsuccessful.'*

The other tested enzymes were as follows; Lipase AK (Amano),
Lipase PS (Amano), Lipase AH (Amano), Lipase AY (Amano),
PLE-A (Amano), Lipase PL (Meito), Lipase AL (Meito), Lipase
(Shin-Nihon-Kagaku-Kogyo), Lipase(BSL) (Godo Syusei), etc.
Acetylation proceeded much more slowly or did not proceed with
those enzymes under the same conditions.

(a) Piers, E.; Abeysekera, B. F.; Herbert, D. J.; Suckling, I. D.
Can J. Chem. 1985, 63, 3418-3432. (b) Shimokawa, K.; Smith,
A.B., 1ll Tetrahedron Lett. 1993, 34, 7383-7384. (c) Hagiwara,
H.; Nagamoto, H.; Yoshii, F.; Hoshi, T.; Suzuki, T.; Ando, M.
J. Chem. Soc., Perkin Trans. 1 2000, 2645-2648.

14.

The advantage of anisole as solvent was found in the
course of our synthetic studies on decaturin D, a
structurally similar spiro-fused diterpenoid. We would like
to report the details concerning the solvent effect
separately.

. Although purification of 25/25' to the pure 25 was quite easy

by recrystallization from Et,O in our racemate synthesis, it did
not work in this optically active form.

. Prof. K. Shishido (Tokushima Univ.) and his co-workers

have already announced the synthesis and absolute
configuration of brevione C (3). Mitsuhashi, C.; Shindo,
M.; Shishido, K. Abstracts of Papers, 48th TEAC,
Yamaguchi, Japan, Oct 30-Nov 1, 2004; 1PII-4.



ELSEVIER

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

Tetrahedron 62 (2006) 49-53

Tetrahedron

Asymmetric addition of trimethylsilyl cyanide to ketones
catalyzed by Al(salen)/triphenylphosphine oxide

Sung Soo Kim™ and Ju Myung Kwak

Department of Chemistry, Inha University, Incheon 402-751, South Korea

Received 5 September 2005; revised 29 September 2005; accepted 29 September 2005

Available online 24 October 2005

Abstract—Trimethylsilyl cyanide asymmetrically adds to various ketones by catalysis of 1/triphenylphosphine oxide. This is a double
activation where 1 acts as Lewis acid and Ph3;PO Lewis base. Various ketones were subjected to the enantioselective addition so as to give up

to 92% ee and >90% yield.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Asymmetric addition of trimethylsilyl cyanide (TMSCN) to
carbonyl compounds and subsequent hydrolysis produces
chiral cyanohydrins' . Such chiral compounds are useful
intermediates for synthesis of pharmaceutics. The two
functional groups (-OH and —CN) can be easily transformed
into various homochiral ones including a-hydroxy acids*”,
o-hydroxy aldehydes®, a-hydroxy ketones®, B-hydroxy
amines>® and a-amino acid derivatives’.

A number of catalysts for the asymmetric addition of
TMSCN to ketones are known. Belokon and North used a
bimetallic titanium salen complex as a catalyst for the
asymmetric addition of TMSCN to ketones®. Shibasaki has
reported enantioselective catalytic additions of TMSCN to
various ketones utilizing bifunctional ligand and Ti(OiPr),
or the lanthanide complexes’. The concept of dual
activation has been pioneered by Shibasaki’s group. Deng
has first described method of cyanosilylation of ketones
employing chiral Lewis bases which are free of metal
ions'’. Snapper and Hoveyda has described the addition of
TMSCN to ketones catalyzed by peptide chiral ligand and
Al(OiPr);'". Feng and Jiang has employed chiral N-oxide/
titanium(IV) complex for the cyanosilylation of ketones'?.
Feng has utilized a catalytic double-activation method using
chiral salen-Ti(IV) complex and various achiral N-oxides
for the cyanosilylation of ketones'. Recently, Corey has
shown that chiral oxazaborolidium salt is an excellent
catalyst for the cyanosilylation of methyl ketones'*. This

Keywords: Cyanohydrin; Ketone; Trimethylsilyl cyanide; Al(salen);

Asymmetric addition.

* Corresponding author. Tel.: + 82 32 864 4966; fax: +82 32 867 5604.;
e-mail: sungsoo@inha.ac.kr
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method used TMSCN and diphenylmethyl phosphine oxide
as co-reactants to generate Ph,MePOTMS(N=C:) as a
reactive intermediate. The cyanosilylations of aldehydes
employing Al(salen)(1)/Ph;PO and Mn(salen)/Ph;PO,
respectively were developed by us.'> The former catalyst
gives better % ee than the latter. We would like to herein
report the cyanosilylation of ketones employing the same 1/
Ph;PO as the catalysts.

2. Results and discussion

p-Chlorophenyl methyl ketone was chosen as a test
substrate to find out the best conditions for the cyanosilyla-
tions. Amount of triphenylphosphine oxide was varied to
find out the optimal conditions (entries 1-4). No reaction
took place without triphenylphosphine oxide (entry 1).
Entry 4 of 10 mol% Ph;PO is shown to be the proper
quantity for the cyanosilylation reaction. Various solvents
were used for the cyanosilylations and CH,Cl, proved to be
the proper medium for the reactions (entries 4-7). The
substrate concentration of 1 M appears adequate (entries 4,
8 and 9). The reactions were run at four different
temperatures and rt offers the best outcome (entries 4, 10,
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HC\
N=C.| \ Ar
PhsPO~-gj._ ||
N\ o >)< CHs  OSiMe,
AlyO” —
N Ar”” CN

Figure 1. Transition state involved in the enantioselective cyanosilylation
of ketones by double-activation catalysis.

11 and 12). The amount of 1 for the reactions should be
1 mol% that gives highest % yield and % ee(entries 4, 13, 14
and 15) (Table 1). The reactions appears to be catalyzed by
double activation process occurring through the catalysis of
both chiral Lewis acid and achiral Lewis base. Al(salen)
complex functions as a Lewis acid to activate the ketonic
oxygen and Ph;PO acts as a Lewis base for activation of
TMSCN (Fig. 1).

o0-Chlorophenyl methyl ketone appears susceptible to
steric effect compared to p-chloro- and m-chlorophenyl
methyl ketone so as to give the much longer reaction
time (23, 11 and 6h) and lower % ee (62, 77 and
91%) although the % yield are nearly unaffected
(entries 1, 2, 3 and 4). p-Chloro- and m-chloro group
shorten the reaction time from 19 to 11 and 6h
(entries 1, 2 and 3). Electron-withdrawing substituents
(entries 2, 4, 5, 6 and 7) exert favorable influence for
the cyanosilylation in terms of reaction time (11, 6, 7,
5 and 2h) to give excellent % yield and good % ee.
On the other hand, electron-donating substituents
indicate much longer reaction time (~20h) and give
a little sluggish effect on reactions (entries 8 and 9).
The negative influence of longer reaction time is also
shown in entry 10(25 h) and entry 11(40 h). However

cyanosilylation of isobutylphenone (entry 11) produces
excellent ee (92%). p-Methoxy phenyl acetone (entry
12), benzyl acetone (entry13) and 4-phenyl-3-buten-2-one
(entry 14) take relatively short reaction time (3-4h)
(Table 2).

The % ee is quite good and % yield appears excellent that
could be compared with other works.”'* The reaction
temperature is milder (rt) than the previous cyanosilylations
(below —20 °C).”"! Cyanosilylations by others’™'* usually
report quite longer reaction time. On the other hand
p-nitrophenyl methyl ketone underwent cyanosilylation
for only 2 h in our hand. The oxazaborolidium-catalyzed
cyanosilylation of ketones'* takes place at temperature of
25-40 °C that is higher than 0 °C at which similar reactions
of the aldehydes'® occur. Similar increase of reaction
temperature from aldehydes (—40 to —50 °C)"** to ketones
(rt)(present reactions) were also observed for our reactions.
Compared to aldehydes, ketonic structure maintains steric
hindrance so that TMSCN could add to the carbonyl at
elevated temperature. However the steric effects render
reaction time much longer for ketones'* than aldehydes.'®
Such difference of reaction time between aldehydes'>* and
ketones (present work) appears not significant in our
reactions.

3. Conclusion

A highly efficient double activation catalysis by 1/Ph;PO
has been developed for the enantioselective cyanosilylations
of various ketones. The cyanosilylations take place under
comparatively mild conditions in terms of temperature and
reaction time. Several ketones with electron-withdrawing
groups in phenyl ring (entries 2, 3 and 5-7) exhibit quite
short reaction time that may indicate nucleophilic addition
of CN~ group to carboxyl carbon as rate-determining
process. Some other ketones without methyl group (entries
12, 13 and 14) undergo cyanosilylation also for quite short
reaction time.

Table 1. Catalytic asymmetric cyanosilylation of methyl p-chlorophenyl ketone under various condition®

Entry Substrate Solvent Temperature 1 (mol%) Time (h) Yield (%) ee (%) M (mol/l)
1° o CH,Cl, rt 1 40 — — 1
2°¢ CH,Cl, rt 1 20 80 74 1
3 CH,Cl, 1t 1 10 98 75 1

4 CH,Cl, rt 1 11 98 77 1

5 CHCl, rt 1 12 92 68 1

6 THF rt 1 16 97 72 1

7 Toluene It 1 20 67 69 1

8 & CH,Cl, rt 1 21 96 75 0.5
9 CH,Cl, rt 1 7 96 73 2
10 CH,Cl, 0°C 1 34 97 76 1
11 CH,Cl, —10°C 1 72 93 71 1
12 CH,Cl, —40°C 1 200 10 81 1
13 CH,Cl, rt 3 9 97 68 1
14 CH,Cl, rt 5 3 99 72 1
15 CH,Cl, rt 10 3 98 57 1

%10 mol% Ph3PO has been used for all the cyanosilylation, except for otherwise stated.

0 mol% Ph3PO has been used for the cyanosilylation.
© 5 mol% Ph;PO has been used for the cyanosilylation.
420 mol% Ph;PO has been used for the cyanosilylation.



S. S. Kim, J. M. Kwak / Tetrahedron 62 (2006) 49-53 51

Table 2. Catalytic Asymmetric Cyanosilylation of Ketones Catalyzed by 1/POPh;*

o TMSQO, CN
)J\ 1, PhyPO S
+ TMSCN -
CH,Cl,, r.t.
Ph CHs 2 Ph CHs
2a-n 3a-n
Entry Substrate® Time (h) Yield (%) ee (%) Config.
0,
1 >_® 19 93 78 ¢
2 > < > ¢ 11 97 77 s¢
o]
Cl
0,
3 6 98 91 s¢

=}

23 98 62 —

S

95 73 —
[e)
6 >_®*B’ 5 96 73 —
o)
4
N
7 \ 2 95 72 —
(e} o
8 > < > 21 90 66 sd
o)
0,
9 > < > oM 20 87 71 —
10 25 87 68 sd
[e]
[}
1 Q)H/ 40 80 ) —
12 m 3 85 65 —
\0
o)
13 QAJ\ 3 90 75 gd
(o]
14 w 4 75 60 sd

# CH,Cl, is the solvent for the reactions. The reactions were run at rt 1 mol% 1 was used for all the cyanosilylations. 30 mol% of Ph3PO has been used except
for entry 2. 10 mol% Ph;PO was employed for the reaction of entry 2.

® Substrate concentration is 1 M.

¢ Determined by HPLC (see Refs. 9,11)

4 The specific rotations carry minus values while the reported ones indicate positive values with R configuration.”*'"'”
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4. Experimental
4.1. General methods

To a stirred CH,Cl, solution of 1 (1 mol%), POPhs
(30 mol%) was added an aldehyde (2 mmol) and stirred
for 30 min at rt TMSCN (2.4 mmol) was added to the
reaction mixture using syringe pump and the mixture was
reacted at the same temperature for 2-25 h. The solvent was
evaporated. The crude product was futher purified by flash
chromatography (hexane: ethyl acetate=9:1) to give a
cyanohydrin in more than 90% yield. The enantiomeric
excesses of some products were determined after conversion
to acetylester, ethylcarbonate, and #-butyl dimethylsilylether
b}y the known methods. The sample was identified by 'H,
>C-MR, HRMS and ee % was determined by chiral HPLC
column (DAICEL CHIRALCEL OJ-H, DAICEL CHIR-
ALCEL OD-H and DAICEL CHIRALCEL OB-H). All
ketones and Al(salen) were purchased from Sigma-Aldrich.
"H and '>C NMR were taken utilizing Varian Jemini 2000
(200 MHz) or Varian Unity Inova 400 (400 MHz) NMR
spectrometer. Hewlett—Packard 5890A Gas Chromato-
graph/Jeol JMS-DX303 Mass Spectrometer was used for
HRMS data. Analytical high performance liquid chroma-
tography (HPLC) was performed on Gilson 305 series
HPLC using the indicated chiral column. All data was in
accordance with literature values. Absolute configurations
were determined by optical rotation, see: (a) Hamashima,
Y.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122,
7412; (b) Hamashima, Y.; Kanai, M.; Shibasaki, M.
Tetrahedron Lett. 2001, 42, 691; (c) Yabu, K.; Masumoto,
S.; Yamasaki, S.; Hamashima, Y.; kanai, M.; Du, W
Curran, D.P.; Shibasaki, M. J. Am. Chem. Soc. 2001, 123,
9908;. and references cited therein.;(c) Deng, H. -B.; Isler,
M. P.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int.
Ed. 2002, 41, 1009.

4.1.1. 2-Trimethylsilyloxy-2-phenylpropanenitrile (3a).
"H NMR (CDCl5) 6 0.19 (s, 9H), 1.87 (s, 3H), 7.38-7.58
(m,5H, aromatic H) '>*C NMR (CDCl5) 6 1.03, 33.5, 71.6,
121.6, 128.6, 142.0 [a]3' —16.0° (c 1.18, CHCl;_78% ee)
[lit. [a]® +21.9° (¢ 1.18, CHCl;, for R enantiomer with
93% ee)]ga HRMS(M +) calcd for C,H;;NOSi: 219.1079;
found: 219.1082 HPLC (DAICEL CHIRALCEL OB-H,
'‘PrOH/hexane=1/99, flow=0.25 mL/min) 14.9 and
15.4 min.

4.1.2. 2-Trimethylsilyloxy-2-(4'-chlorophenyl)propane-
nitrile (3b). 'H NMR (CDCl;3) 6 0.21 (s, 9H), 1.83 (s,
3H), 7.38 (m, 2H), 7.49 (m,2H) '>*C NMR (CDCl5) 6 1.05,
33.53, 71.06, 121.25, 126.07, 128.83, 134.60, 140.71 [a]D'
—17.3° (¢ 1.78, CHCl;, 77% ee) [lit. [a]® +29.5° (¢ 1.04,
CHCls, for R enantiomer with 92% ee)]”® HRMS (M +)
calcd for C,,H,6CINOSi: 253.0690; found: 253.0687 HPLC
(DAICEL CHIRALCEL OJ-H, ‘PrOH/hexane=1/99,
flow=0.25 mL/min) 19.5 and 20.5 min.

4.1.3. 2-Trimethylsilyloxy-2-(3'-chlorophenyl)propane-
nitrile (3c). '"H NMR (CDCl;) 6 0.22 (s, 9H), 1.86 (s,
3H), 7.34-7.55 (m, 4H aromatic H) '*C NMR (CDCl;) 6
1.0, 33.4, 70.9, 121.0, 122.7, 124.8, 128.8, 129.9, 134.6,
144.0 [a]d —19.3° (¢ 1.28, CHCl5. 91% ee) [lit. [a]E
+7.1° (¢ 0.34, CHCl;, for R enantiomer with 33% ee)]"’

HRMS(M+) caled for C;,H;cCINOSi: 253.0690; found:
253.0692 HPLC (DAICEL CHIRALCEL OB-H, ‘PrOH/
hexane=1/99, flow=0.25 mL/min) 14.6 and 17.4 min.

4.1.4. 2-Trimethylsilyloxy-2-(2'-chlorophenyl)propane-
nitrile (3d). '"H NMR (CDCl3) 6 0.23 (s, 9H), 1.88 (s,
3H), 7.37-7.62 (m, 4H aromatic H) '*C NMR (CDCl;) 6
1.0, 33.4, 70.9, 121.0, 122.7, 124.8, 128.8, 129.9, 134.6,
144.0 [a]h —12.3° (¢ 1.58, CHCl;, 62% ee) HRMS(M +)
calcd for C;,H;,CINOSi: 253.0691; found: 253.0687 HPLC
(DAICEL CHIRALCEL OD-H, 'PrOH/hexane=1/99,
flow=0.25 mL/min) 24.2 and 25.0 min.

4.1.5. 2-Trimethylsilyloxy-2-(4'-fluorophenyl)propane-
nitrile (3e). '"H NMR (CDCl5) 6 0.18 (s, 9H), 1.84 (s, 3H),
7.08 (m, 2H), 7.52 (m, 2H) *C NMR (CDCl;) 6 1.0, 33.5,
71.0, 115.6, 121.4, 126.5, 138.0, 162.2 [a]F —17.3° (¢ 1.4,
CHCl;3, 73% ee) HRMS(M+) caled for C,;,H;¢FNOSi:
237.0985; found: 237.0981 HPLC (DAICEL CHIRALCEL
OB-H, 'PrOH/hexane =1/99, flow =0.25 mL/min) 16.4 and
17.8 min.

4.1.6. 2-Trimethylsilyloxy-2-(4'-bromophenyl)propane-
nitrile (3f). '"H NMR (CDCl5) 6 0.19 (s, 9H), 1.83 (s, 3H),
7.40-7.4 (m, 2H), 7.51-7.55 (m, 2H) '3C NMR (CDCl;) 6
1.0, 33.4, 71.0, 121.1, 122.7, 126.3, 131.7, 1412 [«]¥
—14.6° (¢ 1.69, CHCl;, 73% ee) HRMS(M+) calcd for
Ci,H;6BrNOSi: 297.0185; found: 297.0181 HPLC
(DAICEL CHIRALCEL OB-H, ‘PrOH/hexane=1/99,
flow=0.25 mL/min) 16.4 and 17.8 min.

4.1.7. 2-Trimethylsilyloxy-2-(4'-nitrophenyl)propane-
nitrile (3g). "H NMR (CDCl5) 6 0.26 (s, 9H), 1.89 (s, 3H),
7.75 (d, 2H), 8.30 (d, 2H) '>C NMR (CDCls) ¢ 1.0, 33.5,
71.0,115.6, 121.4, 126.5, 138.0, 162.2 [a]& —15.3° (¢ 1.65,
CHCl;, 72% ee) HRMS(M+) caled for C;,H;¢N,O5Si:
264.0930; found: 264.0933 HPLC (DAICEL CHIRALCEL
OJ-H, 'PrOH/hexane = 1/99, flow =0.25 mL/min) 51.38 and
54.61 min.

4.1.8. 2-Trimethylsilyloxy-2-(4'-methylphenyl)propane-
nitrile (3h). 'H NMR (CDCl;) 6 0.16 (s, 9H), 1.84 (s,
3H), 2.36 (s, 3H), 7.21 (m, 2H), 7.43 (m, 2H) ">C NMR
(CDCly) 6 1.1, 20.8, 33.5, 71.8, 121.9, 124.9, 128.3, 138.4,
139.8 [a]p —16.1° (¢ 1.65, CHCl3 72% ee) [lit.
[a]y +21.3° (¢ 1.28, CHCl, for R enantiomer with 90%
ee)]9a HRMS(M+) caled for C;3H;oNOSi: 233.1236;
found: 233.1240 HPLC (DAICEL CHIRALCEL OJ-H,
'"PrOH/hexane =1/99, flow=0.25 mL/min) 51.38 and
54.61 min.

4.1.9. 2-Trimethylsilyloxy-2-(4'-methoxylphenyl)pro-
panenitrile (3i). 'H NMR (CDCl5) 6 0.19(s, 9H), 1.87(s,
3H), 3.85(s, 3H), 6.93(m, 2H), 7.49(m, 2H) *C NMR
(CDCl3) o6 1.1, 33.41, 55.33, 71.28, 113.89, 121.81,
126.06, 134.04, 159.80 [a]p —17.0° (¢ 1.44, CHCl;,
71% ee) HRMS(M +) calcd for C;3H;oNO,Si: 249.1185;
found: 249.1182 HPLC (DAICEL CHIRALCEL OJ-H,
"PrOH/hexane=1/99, flow=0.25 mL/min) 23.61 and
25.54 min.

4.1.10. 2-(Trimethylsilyloxy)indane-1-carbonitrile (3j).
'"H NMR (CDCl3) 6 0.20 (s, 9H), 2.43-2.47 (m, 1H),
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2.70-2.74 (m, 1H), 2.97-3.02 (m, 1H), 3.10-3.15 (m, 1H),
7.28 (d, 1H), 7.31 (t, 1H), 7.36 (t, 1H), 7.55 (d, 1H)
3C NMR (CDCl5) 6 1.1, 29.4, 42.9, 76.8, 121.3, 124.5,
125.3, 127.8, 129.9, 142.7, 1429 [a]5 —19.4° (¢ 1.4,
CHCl;. 68% ee) [lit. [a]p +24.5° (¢ 2.18 CH,Cl,, for R
enantiomer with 65% ee)]”® HRMS(M+) caled for
C,3H,7NOSi: 231.1079; found: 231.1082 HPLC (DAICEL
CHIRALCEL OD, ‘PrOH/hexane=1/99, flow=0.25 mL/
min) 3.27 and 3.64 min.

4.1.11. 2-Trimethylsilyloxy-2-phenyl-3-methyl-butane-
nitrile (3k). '"H NMR (CDCls) 6 0.12 (s, 9H), ¢ 1.03 (q,
J=17.4Hz 6H), 1.97 (m, 1H), 7.38 (m, 3H), 7.50 (m, 2H)
[y —45.9° (¢ 4.1, CHCl3_92% ee) HRMS(M +) calcd for
C14H,;NOSi: 247.1392; found: 247.1395 HPLC (DAICEL
CHIRALCEL OD, ‘PrOH/hexane=1/99, flow=0.5 mL/
min) 6.36 and 6.84 min.

4.1.12. 2-Trimethylsilyloxy-3-(4-methoxyphenyl)-2-
methyl-propanenitrile (31). '"H NMR (CDCl3) 6 0.1
(s, 9H), ¢ 1.73 (s, 1H), 2.71-2.93 (m, 2H), 3.75 (s, 3H),
6.76-7.23 (m, 4H) [a]p’ —1.2° (¢ 4.1, CHCl;, 65% ee)
HRMS(M+) caled for C 4H,NO,Si: 263.1342;
found: 263.1345 HPLC (DAICEL CHIRALCEL OJ-H,
‘PrOH/hexane=1/99, flow=0.25 mL/min) 24.72 and
27.38 min.

4.1.13. 2-Trimethylsilyloxy-2-methyl-4-phenylbutane-
nitrile (3m). "H NMR (CDCl5) 6 0.27 (s, 9H), 6 1.61 (s, 3H),
2.02 (m, 2H), 2.78(d, 2H) 2.87 (d, 2H), 7.19-7.22 (m, 3H),
7.28-7.3 (m, 2H) '>*C NMR (CDCl5) 6 1.3, 29.4, 30.7, 45.2,
69.4, 121.9, 126.1, 128.3, 128.5, 140.7 [a]® —10.5° (¢ 4.8,
CHCl;. 75% ee) [lit. [a]d' +13.3° (c 1.15, CHCI;, for R
enantiomer with 81% ee)]”® HRMS(M+) caled for
C4H,;NOSi: 247.1392; found: 247.1390 HPLC (DAICEL
CHIRALCEL OJ-H, ‘PrOH/hexane =1/99, flow=0 .5 mL/
min) 13.90 and 17.34 min.

4.1.14. 2-Trimethylsilyloxy-2-methyl-4-phenyl-3-butene-
nitrile (3n). "H NMR (CDCls) 6 0.29 (s, 9H), 6 1.77 (s, 3H),
6.16 (d, 1H), 6.91(d, 1H) 7.31 (m, 1H), 7.39 (m, 2H), 7.44
(m, 2H) '*C NMR (CDCls) 6 1.4, 30.8, 69.9, 120.6, 126.9,
128.6, 128.7, 129.5, 130.9, 135.1 [a]y —17.5° (c 2.4,
CHCl5, 60% ee) [lit. [a]p +21.3° (¢ 1.34, CHCls, for R
enantiomer with 91% ee)]'' HRMS(M+) caled for
C4HoNOSi: 245.1236; found: 245.1233 HPLC (DAICEL
CHIRALCEL OJ-H, ‘PrOH/hexane =1/99, flow=0.5 mL/
min) 11.36 and 14.02 min.
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Abstract—Phosphonic acid analogues of acylcarnitine were prepared in an optically active form expecting CPT I inhibitory activities. The
synthetic methodology was based on catalytic asymmetric dihydroxylation of B,y-unsaturated phosphonates and subsequent regioselective

amination via the cyclic sulfates.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Hyperglycemia of type II diabetes is considered to be
primarily due to excess long-chain fatty acid oxidation,
which is crucial to drive gluconeogenesis at higher rates.'
Carnitine palmitoyltransferase I (CPT I) located on the outer
mitochondrial membrane plays an important role in
B-oxidation of long-chain free fatty acids, which catalyzes
a formation of acylcarnitine from carnitine and long-chain
fatty acids, then a translocase transports the fatty acids
carnitine esters across the inner mitochondrial membrane.>
CPT 1 inhibitors indirectly reduce gluconeogenesis by
inhibiting the B-oxidation and are hence helpful in the
treatment of type II diabetes as hypoglycemic agents.’
Recent studies demonstrated modification of the functional
groups of acylcarnitine was one access to the development
of potent CPT I inhibitors. In these studies, aminoacylcar-
nitine derivatives, in which the B-oxygen atom of
acylcarnitine was replaced with nitrogen, were discovered
as good inhibitors.* The absolute configuration of these
molecules was found to influence their inhibitory activities;
the (R)-isomer inhibited CPT I more strongly than the
corresponding enantiomer.

Since phosphonic acids are known to function as a
bioisosteric group of carboxylic acids,” modification of the
carboxylic moiety of acylcarnitine has been also examined.
To date, three kinds of phosphonic acid analogues of

Keywords: Acylcarnitine; Phosphonic acid; Asymmetric dihydroxylations;
Regioselectivity.
* Corresponding author. Tel./fax: 481 426 76 3239;
e-mail: yokomatu@ps.toyaku.ac.jp
" Present address: Faculty of Pharmaceutical Science, Teikyo-Heisei
University, 2289 Uruido, Ichihara, Chiba 290-0193, Japan.

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.126

acylcarnitine were prepared as racemate and showed modest
activities.** However, the structure—activity relationship of
phosphonic acid analogues for acylcarnitine including
effects of the chirality on activities has never been
investigated probably due to lack of a general method for
asymmetric synthesis of <y-amino-B-acyloxyphosphonic
acid derivatives. Then, we investigated a new method for
asymmetric synthesis of y-amino-B-acyloxyphosphonates
and their transformation to phosphonic acid analogues of
acylcarnitine (Fig. 1). In this paper, we now describe full
details of our study.®

2. Result and discussion

For obtaining the targeted molecules, a protected form of
chiral y-amino-B-hydroxyphosphonates would be required as
synthetic intermediates. Inspection of the literature revealed
that the ke‘}/ reactions used in this synthesis involved optical
resolution,’* enzymatic resolution of y-chloro-B-hydroxypho-
sphonates,”® hydrolytic kinetic resolution of epoxyphospho-
nates with an asymmetric catalyst,”® ring-opening of
epichlorohydrin with silylphosphites,’® and diastereoselec-
tive reduction of y-amino-pB-ketophosphonates.’® Although

+ +
NMe; NMes
o - o
RZ/\‘/\ ~
ﬁ\OH
H‘\H/O o} R‘YO o

¢} O

(R)-Acylcarnitine Phosphonic acid analogues

of (R)-Acylcarnitine

Figure 1.
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catalytic asymmetric aminohydroxylation of ,y-unsatu-
rated phosphonates developed by Sharpless et al. is an
attractive method, the chemical yields were not satisfactory
due to formation of the regioisomer of the desired amino
alcohols and diols as byproducts.”” We examined asym-
metric synthesis of <y-amino-B-acyloxyphosphonic acid
derivatives by our own approach, which involved
osmium-catalyzed asymmetric dihydroxylation (AD)® of
B,y-unsaturated phosphonates, followed by selective amin-
ation of the hydroxy group at the y-position (Scheme 1).

OH
o) : Q
Il _
R X" B (0X), R POX),
HO
.
NMe3
NH _
2 (@] 2/k/\ /O
J\/\II R ; f\
RRT YT POXe T T g 5 g oM
: RO O
OTES \[(
(o]

Scheme 1.
2.1. AD reactions of B,y-unsaturated phosphonates

The requisite starting materials 2a—c were readily prepared
by Arbuzov reactions of the corresponding allyl bromide
derivatives la—c with triethylphosphite (Scheme 2). The
compounds having a dibenzylphosphonyl group, 2d and 2e,
were prepared from 2a and 2b, respectively, through
sequential deesterification, chlorination of the acid moiety,
followed by treatment with benzyl alcohol and pyridine.

P(OEt)s
RTX""pr

o
RN P(OEY,

1a-c 2a: R=H (90%)
2b: R=Me (92%)
2c: R:4-MGOCGH4COQCH2 (760/0)

1) TMSBr then MeOH
2) (COCI),, DMF o
- I}
3) BnOH, pyridine RTN""P(0Bn),
2d: R=H (37%)
2e: R=Me (57%)

Scheme 2.

Table 1. AD reactions of B,y-unsaturated phosphonates 2a—e with AD-mix-o

AD reaction of B,y-unsaturated phosphonate having a
phenyl group at the y-position with AD-mix reagents was
previously reported by us to provide diols in high ee (98%
ee).” According to the reported protocol, AD reactions of
2a—e were performed with AD-mix-a in the presence of
MeSO,NH, and additional K,0sO4-2H,0 (0.8 mol%) in
the +-BuOH-H,O solvent system (1/1) at room tempera-
ture.'” The results are summarized in Table 1.

In the series of AD reactions of ethyl esters 2a—c with AD-
mix-o, very low enantioselectivity (10% ee) was observed
when R' is a proton (entry 1). However, the enantioselec-
tivity was slightly increased to 35% ee when R' is a methyl
group (entry 2). Excellent selectivity (97% ee) was observed
in the case of 2¢ having a 4-methoxybenzoyloxymethylene
group as R' substituent (entry 3). In the series of AD
reactions of benzyl esters 2d,e, the reaction with 2d having a
proton as R' substituent also proceeded in poor ee (10% ee)
as in the case of the corresponding ethyl ester 2a (entry 4)."!
However, 2e having a methyl group as R' substituent
reacted with AD-mix-o0 reagent to give 3e in 61% ee
(entry 5). It is worthy of note that the enantioselectivity for
2e significantly improved in comparison to that for 2b (35%
ee) and crystalline 3e could be obtained in an optically pure
form (>99% ee) through one recrystallization from AcOEt
(38% recovery).

Considering Corey’s working model of the chemical
architecture provided by the ligand of AD-mix-o, in
which the ligand—osmium complex preferred the U-shaped
conformation, the high ee of 3¢ was accounted for by the
4-methoxybenzoyl group participating in 7t-stacking inter-
actions with the methoxyquinoline ring of the catalyst.'* An
improved ee of 3e may be ascribed to the enhanced
hydrophobicity of substrate 2e compared to 2b, which
facilitated substrates to be trapped into the lipophilic cavity
of the ligand—osmium complex.

Similar reaction of 2¢ using AD-mix-f instead of AD-mix-a
proceeded to give ent-3c in good selectivity (98% ee)
(Scheme 3). The reaction of 2e furnished product ent-3e in
68% ee, which could be increased to >99% ee by one
recrystallization from AcOEt (59% recovery).

The absolute stereochemistry of 3a was verified to be R
by comparison of optical rotation with that reported.'*

AD-mix-o.

K20$O4-2H20 OH
M8802NH2

0
I
RN P(0RY),

t+BuOH-H,0 1:1

: 0
R‘/\;_/\IFl(OR?)2

2h, 0°C then 6 h, 25 °C OH
2a-e 3a-e

Entry 3 R! R? Yield (%) ee (%)*
1 a H Et 41 10

2 b Me Et 60 35

3 c 4-MeOC¢H,CO,CH, Et 58 97°

4 d H Bn 71 10

5 e Me Bn 69 61°¢

2 Determined by *'P NMR (121 MHz, CDCl3) analysis of the corresponding bis-MTPA esters unless stated otherwise.
® Determined by HPLC analysis on a chiral phase (DAICEL CHIRALPAK AS column).
¢ Determined by HPLC analysis on a chiral phase (DAICEL CHIRALPAK OD column).
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AD-mix-B
KgOSO4'2H20
/\/\lﬁ’ MeSO,NH; o o
R X P(OR? 1
(OR): £BUOH-H,0 1:1 R P(OR?);
2c,e 2h,0°Cthen5h, 25 °C OH
ent-3c,e
ent-3 R! R2 yield (%) ee (%)
€ 4-MeOCgH,;CO.CH,  Et 70 98
e Me Bn 64 68 (>99)2

a After one recrystallization from AcOEt

Scheme 3.

The absolute configuration of 3b and 3¢ was determined
after conversion to 4-methoxybenzoate derivatives 5b and
5c (Scheme 4). The CD spectrum of Sb showed a positive
Cotton effect at 289 nm and a negative Cotton effect at
282 nm, which were analogous to that of methoxybenzoate
6 prepared from known B,y-dihydroxyphosphonate 4,°
showing positive and negative Cotton effects at longer
(286 nm) and shorter wavelengths (275 nm), respectively.
The CD curve of Sc (a positive Cotton effect at 284 nm and a
negative Cotton effect at 276 nm) was also similar to that of
6. Accordingly, 5b and Sc have the same absolute
stereochemistry with 6, indicating the stereochemistry of
3b and 3¢ was as shown in Scheme 4.

The absolute configuration of 3e was verified after
transformation to the corresponding phosphonic acid 7
through hydrogenolysis of the dibenzyl phosphonate moiety
(Scheme 5). The sign of the optical rotation of 7 was
identical with that of a sample derived from 3b.

2.2. Synthesis of phosphonic acid analogues of
acylcarnitine

With chiral B,y-dihydroxyphosphonates in hand, we next
directed our efforts toward the synthesis of phosphonic acid
analogues of acylcarnitine. In these efforts, we first chose 3a
to tackle its transformation to phosphonic acid analogue 15
of acylcarnitine through the regioselective amination via a
cyclic sulfate (Scheme 6).'> Although the optical purity of
3a is not sufficient, it will be valuable to obtain optically

active 15 since the compound was previously prepared in
racemic form.**

Treatment of 3a with SOCl,, followed by oxidation with
RuCl;—NalO,'® afforded cyclic sulfate 8 in 80% yield.
When 8 was treated with NaN5 in acetone—H,O at 50 °C, the
starting material disappeared within 3h on TLC. Sub-
sequent treatment with 20% H,SO, gave <y-azido-B-
hydroxyphosphonate 9 with complete regioselectivity in
24% yield for two steps. Although an exact reason for the
low chemical yield remained unclear, it might be associated
with partial decomposition of the diethyl phosphonate
moiety into the corresponding aqueous phosphonic acid or
monoethyl ester in the reaction mixture. After transform-
ation to TES ether 10, catalytic hydrogenation was carried
out to give y-amino-B-silyloxyphosphonate 11. Reductive
dimethylation of 11 with formaldehyde and NaBH;CN
provided 12 in 90% yield.'” Deprotection of the silyl group,
followed by treatment with myristoyl chloride in the
presence of pyridine and DMAP afforded 13, which
underwent N-methylation with Mel to give 14. Finally, 14
was deprotected with TMSBr and MeOH to give the desired
15 in 72% yield.

The methodology was next applied to the synthesis of
v-methyl-substituted phosphonic acid analogue 27 of
acylcarnitine from diol 3e. In this synthesis, y-selective
amination of the starting 3e is a critical step because the
corresponding cyclic sulfate 16 is prone to react with an
azide anion at both B- and vy-positions. However, a
molecular modeling of 16 reveals that the B-carbon is
sterically more congested than the y-carbon owing to the
bulky dibenzyl phosphonate moiety in the most stable
conformation and regioselective ring-opening reaction
would be feasible due to the steric reason.'® Then, we
examined several representative conditions for ring-opening
reaction of 16, prepared from optically pure 3e in an
analogous manner to that for preparation of 8, with metal
azides (Table 2).

Upon treatment of 16 with LiN; in DMF at room
temperature, the starting material disappeared within 12 h
on TLC (entry 1). Quenching the reaction with 50% H,SO,

(0]
OH o 4-MeOCgH,COCI, e o
: i pyridine, DMAP - 1
R/\/\P(oEt)g - = MeO R/\_/\P(OEt)Z
OH 0
}—@—on\ne
(0]
3b: R=Me 5b: R=Me
3c: R=4-MeOCgH4CO,CH» 5¢: R=4-MeOCgH4CO,CH,
4: R=Ph 6: R=Ph
Scheme 4.
OH o OH o OH o
: Ho, Pd-C : 1) TMSBr :
|| 2 1] Il
Me” > “P(OBn), Me” > “P(OH), e > P(OEY,
z Z 2) MeOH e
OH OH
3e 3b

Scheme 5.
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OH NP
Vﬁ) ab 0" o c.d
<" “P(OEt
- (OED, \_&9
P(OE),

3a (10% ee) 8
N3 o NH, o
K/\II f K/\ll g
: POEt), ~—  ~ : P(OEt),
OR OTES
9: R=H 1
*(
10: R=TES
NMe,
NMe, o <|3|
L hi " P(OEY, j
: P(OEt, — R G -
OTES g
12 013 R=CHs(CHp)1»
+ - +
NMegl NMeg
o o)
v” K/\\I/07
- P(OEt), kI ; “OH
" r° e
O 14 015

Scheme 6. Reagents and conditions: (a) SOCl,, Et;N, CH,Cl,, 0 °C;
(b) RuCl;-nH,0, NalO4, CCl,—CH3CN-H,O0, 0°C (80%, two steps);
(c) NaN3, acetone-H,0, 50 °C; (d) 20% H,SO,, Et,0, 1t (24%, two steps);
(e) TESCI, imidazole, DMF, rt (80%); (f) H,, 10% Pd—C, MeOH, rt (97%);
(g) 37% HCHO, NaBH3CN, AcOH, CH;CN, rt (90%); (h) TBAF, THF,
0 °C; (i) CH3(CH,),,COCI, pyridine, DMAP, rt (52%, two steps); (j) Mel,
acetone, rt (86%); (k) TMSBr, CH,Cl,, 1t; (1) MeOH, rt (72%, two steps).

gave y-azide 17 and B-azide 18 with a ratio of 5:1. Although
the regioselectivity of the reaction was found to be the
desired sense as expected, the chemical yield was poor
(13%). Similar yield and ratio were observed when NaNj;
was used as an azide anion (entry 2). However, when the
reaction was carried out in acetone—H,O instead of DMF at
25 °C and subsequent treatment with 20% H,SO,, both yield
(41%) and 17/18 ratio (10:1) were improved (entry 3).

Table 2. Ring-opening reactions of 16 with metal azides

Increasing the reaction temperature up to 50 °C shortened
the reaction time from 96 to 3 h (entry 4).

The structure of 17 was deduced after conversion into
vy-amino-B-ketophosphonate 22 (Scheme 7). Staudinger
reaction of TES ether 19 derived from 17 with PPh; and
subsequent hydrolysis afforded y-amino-B-siloxyphospho-
nate 20. Tosylation of 20, followed by desilylation, and
oxidation with PDC gave 22. In the '"H NMR spectrum
(400 MHz, CDCl5) of 22, a signal ascribed to the Me group
at the y-position was observed at 1.18 ppm as a doublet (J=
7.1 Hz) but not as a singlet corresponding to regioisomeric
product 23.

Ng R-HN
O O
)\/\ 1 _be )\/\ l
Me " > P(0Bn), Me - P(0Bn),
OR OTES
17: R=H 20: R=H
a( “(
19: R=TES 21: R=Ts
Ts—HN O
(0]
ef I i
Me P(OBn), Me P(OBn),
NH-Ts
22 23

Scheme 7. Reagents and conditions: (a) TESCI, imidazole, DMF, rt (98%);
(b) PPh;, THF, rt; (c) H,O, rt (97%, two steps); (d) TsCl, Et;N, CH,Cl,, rt
(13%); (e) TBAF, THF, 0 °C; (f) PDC, CH,Cl,, rt (47%, two steps).

Compound 20 was converted into 26 in the same manner to
the case of 14 (Scheme 8). In this synthesis, deprotection of
the benzyl ester moiety of 26 was attempted through
hydrogenolysis in the presence of 10% Pd-C or 20%
Pd(OH),—C. However, the hydrogenolysis did not work to
give 27 in reproducible yield after several trials. Then,
v-methyl-substituted phosphonic acid analogue 27 of
acylcarnitine was obtained through the TMSBr-mediated
debenzylation of 26 in 48% yield (two steps).

OH N
: 1) SOCl,, EtzN o~
||
Me” > “P(OBn),
: 2) RuClznH,0, Naloy 0
OH Mé P(OBN);
3e (>99% ee) 16
N3 OH o
1) nucleophile )\A” 7 i
. M /\ﬁp oB
2) M8, 120t ME T POBN: © (OB
H N3
17 18
Entry Nucleophile Solvent Temperature (°C) Time (h) H,SO4 (%) Yield (%)* 17:18°
1 LiN; DMF 25 12 50 13 5:1
2 NaNj; DMF 50 8 50 15 4:1
3 NaNj; Acetone/H,0 2:1 25 96 20 41 10:1
4 NaNj; Acetone/H,0 2:1 50 3 20 42 10:1

# Combined yield of 17 and 18.
® Determined by *'P NMR (121 MHz, CDCls) analysis of crude products.
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The synthesis of enantiomer ent-27 of 27 was also achieved
starting from optically pure ent-3e through the same
sequence (Scheme 9). Thus, we have obtained both
enantiomers of <y-methyl substituted phosphonic acid
analogues of acylcarnitine.

NH, NMe>
/k/\lol a /k/\? b,c
Me : P(OBn), Me ; P(OBn),
OTES OTES
20 24
+ -
NMe, NMegl
BN a BN o
Me ; P(OBn)2 Me ; P(OBn)2
A "y
O 25 R=CH3(CHy)12 O 26
+
NMej
.o~
Me : P\OH
R.__O
\ﬂ/ 27
(e}

Scheme 8. Reagents and conditions: (a) 37% HCHO, NaBH;CN, AcOH,
CH;CN, rt (85%); (b) TBAF, THF, 0 °C; (c) CH3(CH,);,COClI, pyridine,
DMAP, rt (23%, two steps); (d) Mel, acetone, rt (33%); (e) TMSBr,
CH,Cl,, rt; (f) MeOH, rt (48%, two steps).

OH O\\S//O
i ab 0" Yo cd
Me P(OBn),
OH md  —P(OBn),
ent-3e (>99% ee) ent-16
N3 NH,
- I f.g ; I
Me/\‘/\P(OBn)g — Me P(OBn),
OR OTES
ent17: R=H ent-20
e
<ent—19: R=TES
NMe,
NMe, o H (|)|
: ) i Me/Y\P(OBn)Z K
Me/\ﬁp(osn)2 — 5 4 —_—
OTES g
ent-24 O ent25 R=CH3(CHy)12
+ - +
NMesl NMe.
=00 =00
M P(OB [ M pO
e/Y\ (OBn); m e/Y\ o
H\n/o R__O
O ent-26 O ent-27

Scheme 9. Reagents and conditions: (a) SOCl,, Et;N, CH,Cl,, 0 °C;
(b) RuCl;-nH,0, NalO,, CCl4~CH;CN-H,0, 0°C (76%, two steps);
(c) NaNj, acetone-H,0, 50 °C; (d) 20% H,SO, , Et,0, rt (44%, two steps);
(e) TESCI, imidazole, DMF, rt (97%); (f) PPhs, THF, rt; (g) H,O, rt (94%,
two steps); (h) 37% HCHO, NaBH;CN, AcOH, CH;CN, rt (96%);
(i) TBAF, THF, 0 °C; (j) CH3(CH,);,COClI, pyridine, DMAP, 1t (30%, two
steps); (k) Mel, acetone, rt (30%); (1) TMSBr, CH,Cl,, rt; (m) MeOH, rt
(34%, two steps).

3. Conclusion

In conclusion, we have developed a new method for
preparing chiral y-amino-B-acyloxyphosphonic acid deriva-
tives through AD reactions of B,y-unsaturated phosphonates
and subsequent regioselective amination via cyclic sulfates.
The method was applicable to the synthesis of optically
active phosphonic acid analogues of acylcarnitine. A study
on preparing a variety of derivatives and their CPT I
inhibitory activities is underway.

4. Experimental

4.1. General

All melting points were taken on a Yanagimoto micro-
melting point apparatus and are uncorrected. Optical
rotations were measured with a JASCO DIP-360 or P1030
digiital polarimeter. IR spectra were recorded on a JASCO
FTIR-620. Mass spectra were measured on a Finnigan TSQ-
700. Elemental analysis were recorded on an Elemental
Vavio EL. NMR spectra were obtained on Bruker DPX400
NMR specrometer operating at 400 MHz for 'H, 100 MHz
for 1°C, and 162 MHz for °'P. The chemical shift data for
each signal on 'H NMR are given in units of ¢ relative to
CHCl, (6=17.26) for CDCl, solution. For '*C NMR spectra,
the chemical shifts in CDCIl; are reported relative to the
CDCl; resonance (6="77.0). The chemical shifts of >'P are
recorded relative to external 85% H5PO, (6 =0) with broad-
band 'H decoupling.

4.1.1. Diethyl allylphosphonate (2a). To a stirred
suspension of la (12.3 g, 100 mmol) and KI (16.6 g,
100 mmol) in acetone—~CH3;CN 10:8 (500 mL) was added
triethyl phosphite (17.2 mL, 100 mmol). The mixture was
stirred for 12 h at room temperature and then stirred for 5 h
at 60 °C. After filtration of the mixture, the filtrate was
concentrated to give a residue, which was distilled (73—
75 °C, 5 mmHg) to give 2a (16.0 g, 90%). A colorless oil;
'"H NMR (400 MHz, CDCl;) 6 5.80-5.74 (1H, m), 5.23—
5.16 (2H, m), 4.13-4.04 (4H, m), 2.59 (2H, dd, /=21.9,
7.4 Hz), 1.30 (6H, t, J=7.1 Hz); >*C NMR (100 MHz,
CDCl3) 6 127.4 (d, Jcp=11.2 Hz), 119.7 (d, Jcp= 14.4 Hz),
61.7 (d, Jcp=6.6 Hz), 31.6 (d, Jcp=139.3 Hz), 16.2 (d,
Jep=5.9 Hz); >'P NMR (162 MHz, CDCl5) 6 26.46; IR
(neat) 2983, 1255, 1027 cm™'; ESIMS m/z 179 (MH™");
HRMS (ESI) caled for C;H;sOsP: 179.0873 (MH™).
Found: 179.0840.

4.1.2. Diethyl (2E)-but-2-enylphosphonate (2b). Com-
pound 2b was prepared from 1b (13.8 g, 100 mmol) in an
analogous manner to that for preparation of 2a. Purification
of the residue by distillation (85-88 °C, 7 mmHg) gave 2b
(16.4 g, 92%). A colorless oil; "H NMR (400 MHz, CDCls)
0 5.64-5.58 (1H, m), 5.44-5.38 (1H, m), 4.14-4.05 (4H, m),
2.57-2.49 (2H, m), 1.71-1.64 (3H, m), 1.31 (6H, t, J=
7.0 Hz); °C NMR (100 MHz, CDCl3) 6 130.5 (d, Jep=
14.6 Hz), 119.5 (d, Jcp=11.2 Hz), 61.7 (d, Jcp=6.6 Hz),
30.3 (d, Jcp=139.9 Hz), 17.9 (d, Jcp=2.2 Hz), 16.3 (d,
Jep=6.0 Hz); >'P NMR (162 MHz, CDCl5) 6 24.53; IR
(neat) 2982, 1251, 1027 cm™ !, ESIMS m/z 193 (MH™Y);
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HRMS (ESI) caled for CgH;s0:P: 193.0994 (MH™).
Found: 193.0993.

4.1.3. (2E)-4-(Diethoxyphosphoryl)but-2-enyl 4-meth-
oxybenzoate (2c¢). A mixture of 1c¢ (9.36 g, 32.8 mmol)
and triethyl phosphite (6.75 mL, 39.4 mmol) was stirred for
12h at 160 °C. After being cooled, the mixture was
chromatographed on silica gel (hexane/EtOAc=1:2) to
give 2¢ (102 g, 76%). A pale yellow oil; '"H NMR
(400 MHz, CDCl3) ¢ 7.98 (2H, d, J=8.9 Hz), 6.90 (2H, d,
J=8.9 Hz), 5.94-5.84 (2H, m), 4.78-4.75 (2H, m), 4.19
(4H, q, J=7.1 Hz), 3.85 (3H, s), 2.63 (2H, dd, J=21.8,
5.8 Hz), 1.28 (6H, t, J=7.2Hz); >*C NMR (100 MHz,
CDCl3) 6 1659, 163.4, 131.6, 129.5 (d, Jcp=14.5 Hz),
124.1 (d, Jcp=11.1 Hz), 122.4, 113.5, 64.4, 62.0 (d, Jcp=
6.7 Hz), 55.3, 30.3 (d, Jcp=139.9 Hz), 16.3 (d, Jcp=
5.9 Hz); >'P NMR (162 MHz, CDCls) 6 26.72; IR (neat)
2983, 1715, 1257, 1167 cm™'; ESIMS m/z 343 (MH™");
HRMS (ESI) caled for C,¢H,4O¢P: 343.1311 (MH™).
Found: 343.1289.

4.1.4. Dibenzyl allylphosphonate (2d). To a stirred
solution of 2a (1.60 g, 10 mmol) in CH,Cl, (20 mL) was
added TMSBTr (5.3 mL, 40 mmol) at room temperature. The
mixture was stirred for 9 h at the same temperature and then
concentrated to give a residue. To an ice-cooled, stirred
solution of this residue in CH,Cl, (20 mL) was slowly
added oxalyl chloride (3.0 mL, 35 mmol) and DMF (a few
drops). After being stirred for 6 h at room temperature, the
mixture was concentrated to give a residue. To a stirred
solution of this residue in THF (30 mL) was added benzyl
alcohol (2.3 mL, 22 mmol) and pyridine (1.8 mL, 22 mmol)
at —21 °C. After the mixture was stirred for 30 min at the
same temperature, stirring was continued for 6 h at room
temperature. The mixture was poured into saturated aqueous
KHSO, and extracted with EtOAc. The combined extracts
were washed with brine and dried over MgSO,. Removal of
the solvent gave a residue, which was chromatographed on
silica gel (hexane/EtOAc=10:1-1:1) to give 2d (1.10 g,
37%). A pale yellow oil; "H NMR (400 MHz, CDCl5) ¢
7.39-7.29 (10H, m), 5.83-5.71 (1H, m), 5.19-5.13 (2H, m),
5.06 (2H, dd, J=11.9, 8.8 Hz), 4.99 (2H, dd, J=11.9,
8.2 Hz), 2.65 (1H, ddd, J=7.4, 1.1, 1.1 Hz), 2.60 (1H, ddd,
J=17.4, 1.1, 1.1 Hz); >*C NMR (100 MHz, CDCl5) 6 136.2
(d, Jcp=5.7Hz), 1284, 128.2, 127.8, 126.9 (d, Jcp=
11.5 Hz), 120.1 (d, Jcp=14.5 Hz), 67.3 (d, Jcp=6.6 Hz),
31.9 (d, Jep=139.2 Hz); *'P NMR (162 MHz, CDCl5) 6
28.22: IR (neat) 1255 cm™'; ESIMS m/z 325 (MNa™);
HRMS (ESI) caled for C,7H;s0;NaP: 325.0970 (MNa™).
Found: 325.0976.

4.1.5. Dibenzyl (2E)-but-2-enylphosphonate (2e). Com-
pound 2e (46.1 g, 57%) was prepared from 2b (50.0 g,
260 mmol) in an analogous manner to that for preparation of
2a after purification by column chromatography on silica
gel (hexane/EtOAc=10:1-1:1). A pale yellow oil; "H NMR
(400 MHz, CDCl3) 6 7.37-7.30 (10H, m), 5.58-5.51 (1H,
m), 5.41-5.34 (1H, m), 5.06 (2H, dd, /=11.9, 8.7 Hz), 4.99
(2H, dd, /=11.9, 8.1 Hz), 2.59-2.52 (2H, m), 1.67-1.63
(3H, m); *C NMR (100 MHz, CDCl3) 6 136.3 (d, Jop=
5.9 Hz), 131.0 (d, Jcp=15.0 Hz), 128.4, 128.2, 127.8, 119.0
(d, Jcp=11.5Hz), 67.3 (d, Jcp=6.5 Hz), 30.6 (d, Jcp=
139.7 Hz), 17.9 (d, Jcp=2.4 Hz); *'P NMR (162 MHz,

CDCl3) 6 29.37; IR 2960, 1253 cm™'; ESIMS m/z 317
(MH"); HRMS (ESI) caled for CgH,,OsP: 317.1307
(MH ™). Found: 317.1331.

4.2. General procedure for AD reactions of 2a—e

To a stirred suspension of AD-mix-o (5.60 g) in H,O/t-
BuOH 1:1 (32 mL) was added K,0sO4:-2H,O (12 mg,
0.8 mol%) at room temperature. After the mixture was
stirred until two clear phases were observed, MeSO,NH,
(380 mg, 4.0 mmol) was added at the same temperature.
After the mixture was chilled with an ice-water bath, 2a—e
(4.0 mmol) was added slowly and this mixture was stirred
for 2h at the same temperature and then stirring was
continued for 6 h at room temperature. Sodium sulfite
(12.0 g) was added to quench the reaction and the mixture
was stirred for 1 h at room temperature. The mixture was
extracted with EtOAc and the combined extracts were
washed with brine and dried over MgSO,. Removal of the
solvent gave a residue, which was chromatographed on
silica gel (EtOAc to CHCI3/MeOH=20:1) to give 3a—e.

4.2.1. (2R)-Diethyl 2,3-dihydroxypropylphosphonate
(3a). Compound 3a (330 mg, 41%) was prepared from 2a
(712 mg, 4.0 mmol) with AD-mix-a. A colorless oil; [a]%o
—0.67 (¢ 0.55, EtOH); "H NMR (400 MHz, CDCl5) 6 4.17-
4.06 (5H, m), 3.69 (1H, ddd, /=114, 3.6, 1.3 Hz), 3.53
(1H, dd, J=11.4, 5.6 Hz), 2.09-1.90 (2H, m), 1.34 (3H, t,
J=7.1Hz), 1.33 (3H, t, J=7.1 Hz); °C NMR (100 MHz,
CDCly) 6 67.1 (d, Jcp=4.0 Hz), 66.7 (d, Jcp=16.1 Hz),
62.0 (d, Jcp:9.4 HZ), 61.9 (d, JCP:9'4 HZ), 29.8 (d, JCP:
140.3 Hz), 16.3 (d, Jcp=5.2 Hz); *'P NMR (162 MHz,
CDCl5) 6 30.44; IR (neat) 3346, 1221 cm ™~ '; ESIMS m/z
213 (MH™1); HRMS (ESI) caled for C,HgOsP: 213.0892
(MH™). Found: 213.0883.

4.2.2. (2R,3S)-Diethyl 2,3-dihydroxybutylphosphonate
(3b). Compound 3b (540 mg, 60%) was prepared from 2b
(768 mg, 4.0 mmol) with AD-mix-o.. A colorless oil; [a]&
—3.22 (c 1.1, MeOH); 'H NMR (400 MHz, CDCl5) 6 4.21-
4.07 (4H, m), 3.88-3.85 (1H, m), 3.66 (1H, dt, J=11.3,
5.4 Hz), 2.04-1.93 (2H, m), 1.34 (6H, t, J=7.1 Hz), 1.20
(3H, d, J=6.4 Hz); '>C NMR (100 MHz, CDCl5) 6 70.6 (d,
JCP: 16.7 HZ), 70.4 (d, JCPZS.S HZ), 62.0 (d, JCP:
9.3 Hz), 30.0 (d, Jcp=140.1 Hz), 189, 16.3 (d, Jcp=
5.9 Hz); *'P NMR (162 MHz, CDCl;) 6 30.87; IR (neat)
3356, 1220 cm ™~ '; ESIMS m/z 249 (MNa™); HRMS (ESI)
caled for CgH,oOsNaP: 249.0868 (MNa*). Found:
249.0864.

4.2.3. (25,3R)-4-(Diethoxyphosphoryl)-2,3-dihydroxybu-
tyl 4-methoxybenzoate (3c). Compound 3¢ (840 mg, 58%)
was prepared from 2¢ (1.37 g, 4.0 mmol) with AD-mix-a. A
colorless oil; [a]Z —2.14 (¢ 1.0, MeOH); 'H NMR
(400 MHz, CDCls) 6 7.97 (2H, d, J=8.8 Hz), 6.87 (2H, d,
J=8.8 Hz), 438 (2H, d, J=5.8Hz), 4.09 (4H, q, J=
6.9 Hz), 4.05-4.00 (1H, m), 3.87-3.85 (1H, m), 3.82 (3H, s),
2.22-1.96 (2H, m), 1.29 (6H, t, J=7.0 Hz); '*C NMR
(100 MHz, CDCl3) 6 166.4, 163.5, 131.7, 122.2, 113.6, 72.4
(d, Jcp=14.9 Hz), 66.8 (d, Jcp=4.5 Hz), 65.5, 62.1 (d,
Jep=3.2 Hz), 55.4,30.1 (d, Jcp=140.0 Hz), 16.3 (d, Jcp=
5.9 Hz); >'P NMR (162 MHz, CDCl;) 6 29.36; IR (neat)
3356, 1713, 1258, 1168 cm ™~ '; ESIMS m/z 399 (MNa™);
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HRMS (ESI) caled for C;¢H,50gNaP: 399.1185 (MNa™).
Found: 399.1185.

4.2.4. (2R)-Dibenzyl 2,3-dihydroxypropylphosphonate
(3d). Compound 3d (850 mg, 71%) was prepared from 2d
(1.10 g, 3.6 mmol) with AD-mix-a. White needles; mp 55—
58 °C; [a]® —0.64 (¢ 1.0, MeOH); '"H NMR (400 MHz,
CDCl3) 6 7.39-7.28 (10H, m), 5.06 (2H, ddd, J=11.8, 9.0,
4.4 Hz), 497 (2H, ddd, J=11.8, 8.1, 3.7 Hz), 4.10-4.03
(1H, m), 3.85 (1H, b), 3.63 (1H, dd, J=11.2, 1.7 Hz), 3.48
(1H, dd, J=11.2, 5.7 Hz), 2.95 (1H, b), 2.07 (1H, ddd, J=
15.4, 16.8, 8.8 Hz), 1.97 (1H, ddd, J=15.4, 19.3, 4.0 Hz);
3C NMR (100 MHz, CDCl3) 6 135.9 (d, Jcp=>5.7 Hz),
128.6-127.0 (aromatic), 67.6 (d, Jep=6.9 Hz), 67.5 (d,
Jep=6.9Hz), 67.0 (d, Jcp=4.0Hz), 66.7 (d, Jep=
17.3 Hz), 30.2 (d, Jcp=139.9 Hz);, 3'p NMR (162 MHz,
CDCl3) 6 31.43; IR (KBr) 3374, 1216 cm ™~ '; ESIMS m/z
359 (MNa'); HRMS (ESI) calcd for C;;H,;OsNaP:
359.1024 (MNa™). Found: 359.1035.

4.2.5. (2R,3S)-Dibenzyl 2,3-dihydroxybutylphosphonate
(3e). Compound 3e (2.30 g, 69%) was prepared from 2e
(3.00 g, 9.6 mmol) with AD-mix-o.. One recrystallization
from EtOAc gave an optically Eure 3e (870 mg, 38%).
White needles; mp 93-95 °C; [oz]D2 —7.92 (c 1.0, MeOH)
for a sample of >99% ee; "H NMR (400 MHz, CDCl;) 6
7.39-7.32 (10H, m), 5.12-4.96 (4H, m), 3.70 (1H, dq, J=
14.9,4.2 Hz), 3.59 (1H, dt, J=11.3, 5.6 Hz), 2.04-1.96 (2H,
m), 1.13 (3H, d, J=6.3 Hz); ">*C NMR (100 MHz, CDCl;) 6
136.0 (d, Jcp=5.3 Hz), 1359 (d, Jcp=5.3 Hz), 128.7,
128.6, 128.5, 128.1, 128.0, 70.7 (d, Jcp=17.4 Hz), 70.4 (d,
Jcp:5.6 HZ), 67.6 (d, ]Cp:6.4 HZ), 30.5 (d, Jcp:
139.6 Hz), 18.9; *'P NMR (162 MHz, CDCl;) 6 31.91; IR
(KBr) 3359, 2968, 1214 cm™'; ESIMS m/z 351 (MH™);
HRMS (ESI) caled for C;gH,,OsP: 351.1361 (MH™).
Found: 351.1352.

4.2.6. (2R,35)-4-(Diethoxyphosphoryl)-2,3-dihydroxybu-
tyl 4-methoxybenzoate (ent-3c). Compound ent-3c
(670 mg, 70%) was prepared from 2c¢ (1.37 g, 4.0 mmol)
with AD-mix-B. A colorless oil; [a]f +6.01 (¢ 1.0,
MeOH). The '"H NMR spectrum was identical with that of
ent-3c.

4.2.7. (25,3R)-Dibenzyl 2,3-dihydroxybutylphosphonate
(ent-3e). Compound ent-3e (24.6 g, 64%) was prepared
from 2e (34.8 g, 110 mmol) with AD-mix-p. One recrys-
tallization from EtOAc gave an optically pure ent-3e
(14.6 g, 59%). White needles; [a]h +7.76 (¢ 1.2, MeOH)
for a sample of >99% ee. The '"H NMR spectrum was
identical with that of enz-3e.

4.2.8. (1S,2R)-3-(Diethoxyphosphoryl)-2-[(4-methoxy-
benzoyl)oxy]-1-methylpropyl 4-methoxybenoate (Sb).
To a stirred solution of 4-methoxybenzoyl chloride
(1.40 g, 8.0 mmol) in CH,Cl, (1 mL) was sequentially
added a solution of 3b (720 mg, 3.2 mmol) in CH,Cl,
(5 mL), pyridine (0.65 mL, 8.0 mmol) and DMAP (39 mg,
0.32 mmol). After stirring for 24 h at room temperature, the
mixture was poured into saturated aqueous KHSO, and
extracted with CHCls. The combined extracts were washed
with brine and dried over MgSO,4. Removal of the solvent
gave a residue, which was chromatographed on silica gel

(hexane/EtOAc=1:1) to provide Sb (600 mg, 38%). A
colorless oil; [oz]zD6 —5.01 (¢ 0.9, MeOH); 'H NMR
(400 MHz, CDCl;) ¢ 8.05-7.99 (4H, m), 6.93-6.91 (4H,
m), 5.65-5.61 (1H, m), 5.39 (1H, td, J=3.4, 3.1 Hz), 4.06—
4.03 (4H, m), 3.86 (6H, s), 2.33-2.29 (2H, m), 1.38 (3H, t,
J=6.4Hz), 1.34 (6H, t, J=7.1 Hz); '*C NMR (100 MHz,
CDCl;) 6 165.2, 165.1, 163.5, 163.4, 131.8-113.6
(aromatic), 71.2 (d, Jcp=18.7Hz), 71.0 (d, Jcp=
10.4 Hz), 63.4 (d, Jop=5.5Hz), 55.4, 279 (d, Jep=
142.9 Hz), 16.2, 16.1 (d, Jcp=10.1 Hz); *'P NMR
(162 MHz, CDCls) 6 26.87; IR (neat) 1715, 1258 cm ™ ';
ESIMS m/z 495 (MH " ); HRMS (ESI) calcd for C,4H3,00P:
495.1784 (MH™). Found: 495.1786.

4.2.9. (25,3R)-4-(Diethoxyphosphoryl)-2,3-bis[(4-meth-
oxybenzoyl)oxy]butyl 4-methoxybenzoate (5c). Com-
pound Sc¢ (910 mg, 70%) was prepared from 3¢ (730 mg,
2.0 mmol) in an analogous manner to that for preparation of
5b after purification by column Chromatographg/ on silica
gel (hexane/EtOAc=1:1). A colorless oil; [a]zD —7.25 (c
1.0, MeOH); "H NMR (400 MHz, CDCl5) 6 8.01 (4H, d, J=
8.6 Hz), 7.91 (2H, d, /=8.8 Hz), 6.91-6.89 (4H, m), 6.85
(2H, d, /=8.8 Hz), 5.89-5.81 (1H, m), 5.76 (1H, td, J=4.7,
4.5 Hz), 4.56 (2H, d, J=2.2 Hz), 4.07-4.04 (4H, m), 3.86
(3H, s), 3.85 (3H, s), 3.83 (3H, m), 2.40-2.35 (2H, m), 1.23
(6H, t, J=7.1 Hz); >*C NMR (100 MHz, CDCl;) 6 165.7,
165.1, 164.9, 163.7, 163.6, 163.4, 131.9-113.6 (aromatic),
71.8 (d, Jcp=10.0 Hz), 67.3, 62.5, 62.0, 55.4, 55.3, 28.0 (d,
Jop=143.3 Hz), 16.2; *'P NMR (162 MHz, CDCl;) &
25.84; IR (neat) 1719. 1257 cm™'; ESIMS m/z 645
(MH™'); HRMS (ESI) caled for C;,Hsg0,P: 645.2101
(MH ™). Found: 645.2098.

4.2.10. (1S,2R)-3-(Diethoxyphosphoryl)-2-[(4-methoxy-
benzoyl)oxy]-1-phenylpropyl 4-methoxybenzoate (6).
Compound 6 (553 mg, 50%) was prepared from 4
(576 mg, 2.0 mmol) in an analogous manner to that for
preparation of Sb after purification by column chromatog-
raphg/ on silica gel (hexane/EtOAc=1:1). A colorless oil;
[a]® —9.24 (¢ 0.9, MeOH); 'H NMR (400 MHz, CDCl;) 6
7.92 (2H,d, J=9.1 Hz), 7.28-7.20 (5H, m), 6.80 (4H, d, J=
8.7Hz), 6.13 (1H, d, /J=6.7 Hz), 5.84 (1H, ddt, J=12.9,
6.5, 6.4 Hz), 3.98-3.90 (4H, m), 3.74 (6H, s), 2.15 (1H, d,
J=6.4Hz), 2.10 (1H, d, J=6.5Hz), 1.13 (3H, t, J=
7.1Hz), 1.07 3H, t, J=7.1 Hz); *C NMR (100 MHz,
CDCl3) 0 164.7, 163.3, 163.2, 136.3—113.4 (aromatic), 76.6
(d, Jcp=14.1 Hz), 69.7 (d, Jcp=4.6 Hz), 61.6 (d, Jcp=
6.3 Hz), 55.1, 27.4 (d, Jcp=143.3Hz), 16.0 (d, Jcp=
6.7Hz), 159 (d, Jep=6.7 Hz): *'P NMR (162 MHz,
CDCl3) 6 26.18; IR (neat) 1719, 1258 cm ™~ '; ESIMS m/z
557 (MH™); HRMS (ESI) calcd for CooH3300P: 557.1940
(MH™). Found: 557.1927.

4.2.11. (2R,3S)-2,3-Dihydroxybutylphosphonic acid (7).
To a solution of 3e (350 mg, 1.0 mmol) in MeOH (20 mL)
was added 10% Pd-C (40 mg) and the mixture was stirred
for 12 h at room temperature under hydrogen atmosphere.
The catalyst was removed by filtration through a pad of
Celite, the filtrate was concentrated to give 7 (160 mg,
94%). Amorphous; [a]F —0.23 (¢ 0.7, MeOH); 'H NMR
(400 MHz, CDCl5) 6 3.90-3.81 (1H, m), 3.79-3.27 (1H, m),
2.21-1.86 (2H, m), 1.21 (3H, d, J=6.4Hz); '°C
NMR (100 MHz, CDCl3) 6 71.4 (d, Jcp=4.4 Hz), 71.1
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(d, Jop=14.2 Hz), 31.5 (d, Jcp=137.9 Hz), 18.6; *'P NMR
(162 MHz, CDCl3) 6 28.35; IR (neat) 3336, 997 cm™';
ESIMS m/z 171 (MH™"); HRMS (ESI) calcd for C4H;,0sP:
171.0422 (MH™"). Found: 171.0410.

4.2.12. (2R,3S5)-2,3-Dihydroxybutylphosphonic acid (7).
To a stirred solution of 3b (226 mg, 1.0 mmol) in CH,Cl,
(2 mL) was added TMSBr (0.53 mL, 4.0 mmol) and the
mixture was stirred for 12 h at room temperature.
Concentration of the mixture gave a residue, which was
dissolved in MeOH (0.1 mL). After stirring for 2 h at room
temperature, the solution was concentrated to provide 7
(158 mg, 93%). Amorphous; [a] —1.55 (¢ 0.9, MeOH).
The "H NMR spectrum was identical to that of 7 prepared
from 3e.

4.2.13. (4R)-Diethyl (2,2-dioxido-1,3,2-dioxathiolan-4-
yl)methylphosphonate (8). To a stirred solution of 3a
(990 mg, 5.0 mmol) in CH,Cl, (30 mL) was added Et;N
(2.8 mL, 20 mmol) and a solution of SOCI, (0.50 mL,
15 mmol) in CH,Cl, (3 mL) at 0 °C and the mixture was
stirred for 1 h at the same temperature. The mixture was
poured into H,O and extracted with EtOAc. The combined
extracts were washed with brine and dried over MgSOQ,.
Removal of the solvent gave a residue. To a stirred solution
of this residue in CCl,—~CH5CN-H,0 1:1:1.5 (50 mL) was
added NalO,4 (2.00 g, 10 mmol) and RuCl;-nH,0 (52 mg)
at 0°C and the mixture was stirred for 2 h at the same
temperature. The mixture was poured into H,O and
extracted with EtOAc. The combined extracts were washed
with brine and dried over MgSQO,4. Removal of the solvent
gave a residue, which was chromatographed on silica gel
(EtOAc) to give 8 (1.09 g, 80%). A pale yellow oil; [a]®
—0.72 (¢ 0.8, MeOH); 'H NMR (400 MHz, CDCl5) 6 5.27—
5.18 (1H, m), 4.85 (1H, dd, J=9.2, 6.0 Hz), 4.59 (1H, dd,
J=9.2,7.5 Hz), 4.15-4.07 (4H, m), 2.54 (1H, ddd, /=20.2,
15.0, 4.9 Hz), 2.33 (1H, ddd, J=18.4, 15.0, 9.9 Hz), 1.36
(6H, t, J=7.3 Hz); '*C NMR (100 MHz, CDCls) ¢ 77.6 (d,
Jep=3.5Hz), 73.1 (d, Jcp=4.6 Hz), 63.6 (d, Jcp=5.8 Hz),
29.9 (d, Jop=139.6 Hz), 16.3 (d, Jcp=6.0 Hz); *'P NMR
(162 MHz, CDCl3) ¢ 21.55; IR (neat) 1386, 1212,
1163 cm™'; ESIMS m/z 275 (MH™); HRMS (ESI) calcd
for C;H,,0,PS: 275.0354 (MH ™). Found: 275.0381.

4.2.14. (2R)-Diethyl 3-azido-2-hydroxypropylphospho-
nate (9). To a stirred solution of 8 (9.73 g, 35.5 mmol) in
acetone (532 mL) was added NaNj (6.98 g, 106.5 mmol),
followed by addition of H,O (266 mL). The mixture was
stirred for 3 h at 50 °C and concentrated to give a residue,
which was dissolved in Et,O (1.78 L). To the solution was
added 20% aqueous H,SO, (887 mL) and the mixture was
stirred for 12 h at room temperature. The mixture was
extracted with Et,O and to the combined extracts was added
K,CO; (1.78 g). After stirring for 30 min at room
temperature, this mixture was dried over MgSO,. Removal
of the solvent gave a residue, which was chromatographed
on silica gel (hexane/EtOAc=3:1-1:1) to give 9 (2.02 g,
24%). A colorless oil; [a]5 —0.18 (¢ 1.0, CHCl3); 'H NMR
(400 MHz, CDCl3) 6 4.22-4.07 (5H, m), 3.38 (1H, dd, J=
12.4, 4.4 Hz), 3.34 (1H, dd, J=124, 5.7 Hz), 2.11-1.93
(2H, m), 1.35 (6H, t, J=7.1 Hz); >*C NMR (100 MHz,
CDCl3) 6 65.9 (d, Jcp=4.1 Hz), 62.5 (d, Jcp=6.5 Hz), 62.3
(d, Jcp:6.5 HZ), 30.7 (d, Jcp: 140.6 HZ), 16.3 (d, Jcp:

5.6 Hz); >'P NMR (162 MHz, CDCl;) 6 29.28; IR (neat)
3361, 2104, 1220 cm ™~ '; ESIMS m/z 238 (MH™); HRMS
(ESI) caled for C,H;7N;0,P: 238.0957 (MH™"). Found:
238.0977.

4.2.15. (2R)-Diethyl 3-azido-2-[(triethylsilyl)oxy]propyl-
phosphonate (10). To a stirred solution of 9 (2.09 g,
8.82 mmol) in DMF (30 mL) was added imidazole (1.44 g,
21.2 mmol) at 0 °C and the mixture was stirred for 15 min at
the same temperature. To the solution was added TESCI
(1.8 mL, 10.6 mmol) and the mixture was stirred for 5 h at
room temperature. The mixture was poured into saturated
aqueous NaHCOj; and extracted with EtOAc. The combined
extracts were washed with brine and dried over MgSO,.
Removal of the solvent gave a residue, which was
chromatographed on silica gel (hexane/EtOAc=3:1) to
provide 10 (2.48 g, 80%). A colorless oil; [a]& +1.79 (¢
0.5, MeOH); 'H NMR (400 MHz, CDCl3) 6 4.23-4.17 (1H,
m), 4.14-4.02 (4H, m), 3.49 (1H, dd, /=12.6, 3.1 Hz), 3.29
(1H, dd, J=12.6, 5.4 Hz), 2.19 (1H, ddd, J=16.8, 15.6,
9.3 Hz), 1.98 (1H, ddd, J=20.0, 15.6, 3.9 Hz), 1.33 (6H, t,
J=7.1Hz), 098 (OH, t, /=79 Hz), 0.65 (6H, q, J=
7.9 Hz); *C NMR (100 MHz, CDCl;) 6 67.5, 61.7, (d,
Jep=4.6 Hz), 56.6 (d, Jcp=3.1Hz), 32.0 (d, Jep=
1359 Hz), 16.3 (d, Jep=6.1Hz), 6.7, 4.7, *'P NMR
(162 MHz, CDCl;) 6 26.87; IR (neat) 2157, 1228 cm ™ ';
ESIMS m/z 352 (MH™"); HRMS (ESI) calcd for C;3Hz3;N;-
0,SiP: 352.1821 (MH™). Found: 352.1808.

4.2.16. (2R)-Diethyl 3-amino-2-[(triethylsilyl)oxy]pro-
pylphosphonate (11). A solution of 10 (100 mg,
0.28 mmol) in MeOH (5.7 mL) was stirred over 10% Pd-
C (11 mg) for 12 h at room temperature under hydrogen
atmosphere. The catalyst was removed by filtration through
a pad of Celite, the filtrate was concentrated to give a
residue, which was chromatographed on silica gel (EtOAc)
to provide 11 (93.2 mg, 97%). A colorless oil; '"H NMR
(400 MHz, CDCl3) 6 4.16-4.00 (5H, m), 2.92 (1H, dd, J=
13.3,3.6 Hz), 2.76 (1H, dd, J=13.3, 5.0 Hz), 2.13 (1H, ddd,
J=17.3, 154, 9.1Hz), 1.95 (1H, ddd, J=19.9, 154,
4.2 Hz), 1.32 (6H, t, J=7.1 Hz), 0.96 (9H, t, J=7.9 Hz),
0.62 (6H, q, J=7.9 Hz); '*C NMR (100 MHz, CDCl;) 6
68.8, 61.5 (d, Jcp=4.9 Hz), 47.8 (d, Jcp=3.4 Hz), 31.7 (d,
Jep=135.7 Hz), 16.3 (d, Jcp=06.0 Hz), 6.7, 4.8; *'P NMR
(162 MHz, CDCl3) ¢ 28.10; IR (neat) 3416, 1237 cm™';
ESIMS m/z 326 (MH"); HRMS (ESI) calcd for C3H33-
NO,SiP: 326.1917 (MH ™). Found: 326.1895.

4.2.17. (2R)-Diethyl 3-(dimethylamino)-2-[(triethylsily-
Doxy]propylphosphonate (12). To a stirred solution of 11
(91 mg, 0.28 mmol) in CH3CN (1.4 mL) was added 37%
aqueous formaldehyde (112 mg, 1.4 mmol) and NaBH;CN
(31 mg, 0.45 mmol) and the mixture was stirred for 2 h at
room temperature. To the solution was added acetic acid to
be pH=3.0 and stirring was continued for 45 min. After
pH was adjusted to be 9.0 with 1 M KOH, the mixture was
extracted with EtOAc. The combined extracts were washed
with brine and dried over MgSQO,4. Removal of the solvent
gave a residue, which was chromatographed on silica gel
(hexane/EtOAc=2:1 to CHCIl;/MeOH=20:1) to provide
12 (88 mg, 90%). A colorless oil; '"H NMR (400 MHz,
CDCl;) ¢ 4.164.04 (5H, m), 2.38-2.28 (3H, m), 2.23
(6H, s), 1.89 (1H, ddd, J=18.3, 15.4, 6.1 Hz), 1.32 (6H, t,
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J=7.1Hz), 0.97 (9H, t, J=7.9 Hz), 0.63 (6H, q, J=
7.9 Hz); '*C NMR (100 MHz, CDCl;) 6 66.6, 66.0 (d, Jcp=
9.6 Hz), 61.3 (d, Jcp=23.2 Hz), 61.2 (d, Jcp=3.2 Hz), 46.4,
32.2 (d, Jop=138.5Hz), 16.4 (d, Jop=6.1 Hz), 16.3 (d,
Jop=6.1 Hz), 6.8, 4.9; *'P NMR (162 MHz, CDCls) 6
29.83; IR (neat) 1238 cm™!; ESIMS m/z 354 (MH™);
HRMS (ESI) calcd for C;sH3;NO4SiP: 354.2230 (MH ™).
Found: 354.2238.

4.2.18. (1R)-2-(Diethoxyphosphoryl)-1-[(dimethylami-
no)methyl]ethyl myristate (13). To a stirred solution of
12 (402 mg, 1.14 mmol) in THF (6 mL) was added a 1| M
THEF solution of TBAF (2.3 mL, 2.3 mmol) at 0 °C and the
mixture was stirred for 2 h at the same temperature. The
mixture was concentrated to give a residue, which was
dissolved in CH,Cl, (2.5 mL). To this solution was added a
solution of myristoyl chloride (0.63 mL, 2.3 mmol) in
CH,Cl, (2.5 mL), pyridine (0.16 mL, 2.1 mmol) and
DMAP (14 mg, 0.11 mmol) at 0 °C and the mixture was
stirred for 3.5h at room temperature. The mixture was
poured into H,O and extracted with CHCl;. The combined
extracts were washed with brine and dried over MgSOQ,.
Removal of the solvent gave a residue, which was
chromatographed on silica gel (CHCl;/MeOH =1:0-20:1)
to provide 13 (207 mg, 52%). A colorless oil; [oz]zD6 +5.19
(c 0.2, MeOH); 'H NMR (400 MHz, CDCl5) 6 5.24 (1H,
dddd, /=12.5, 12.5, 6.2, 6.2 Hz), 4.16-4.06 (4H, m), 2.54
(1H, dd, J=12.8, 6.0 Hz), 2.46 (1H, dd, J=12.8, 5.5 Hz),
2.32-2.22 (9H, m), 2.07 (1H, ddd, J=18.2, 15.5, 7.0 Hz),
1.34-1.25 (28H, m), 0.88 (3H, t, J=6.8 Hz); °C NMR
(100 MHz, CDCl5) 6 172.9, 66.9, 62.6 (d, Jcp=9.8 Hz),
61.7 (d, Jcp=7.2 Hz), 61.6 (d, Jcp="7.2 Hz), 46.0, 34.4,
31.9, 29.6, 29.5, 29.3, 29.2, 29.1, 28.3, 24.8, 22.7, 16.4 (d,
Jep=7.1 Hz), 14.0; *'P NMR (162 MHz, CDCl5) ¢ 27.42;
IR (neat) 1738, 1257 cm™ ' ESIMS m/z 450 (MH™);
HRMS (ESI) caled for C,3H4oNOsP: 450.3348 (MH™).
Found: 450.3344.

4.2.19. (2R)-3-(Diethoxyphosphoryl)-N,N,N-trimethyl-2-
(tetradecanoyloxy)propan-1-aminium iodide (14). To a
stirred solution of 13 (200 mg, 0.45 mmol) in acetone
(1.9 mL) was added iodomethane (0.03 mL, 0.37 mmol)
and the mixture was stirred for 10 h at room temperature.
The solution was concentrated to give a residue, which was
chromatographed on silica gel (CHCI;/MeOH=1:0-10:1)
to provide 14 (249 mg, 86%). A colorless oil; '"H NMR
(400 MHz, CDCl3) 6 5.57 (1H, dddd, /J=13.8, 13.8, 7.0,
7.0 Hz), 4.38-4.34 (1H, m), 4.18—4.09 (5H, m), 3.49 (9H, s),
2.43-2.24 (4H, m), 1.34-1.23 (28H, m), 0.86 (3H, t, J=
6.7 Hz); '*C NMR (100 MHz, CDCl;) ¢ 172.6, 68.1 (d,
Jep=9.9 Hz), 62.6 (d, Jcp=6.4 Hz), 62.5 (d, Jcp=6.4 Hz),
54.5, 34.1, 31.7, 29.6, 29.4, 29.2, 29.1, 29.0, 28.9, 28.2,
242, 224, 162 (d, Jep=5.8 Hz), 13.9; *'P NMR
(162 MHz, CDCl3) 6 23.81; IR (neat) 1741, 1241 cm™';
ESIMS m/z 464 (M* —I); HRMS (ESI) calcd for
Co4HsNOsP: 464.3505 (M™" —1I). Found: 464.3471.

4.2.20. (2R)-N,N,N-Trimethyl-3-phosphono-2-(tetrade-
canoyloxy)propan-1-aminium (15). To a stirred solution
of 14 (178 mg, 0.3 mmol) in CH,Cl, (0.6 mL) was added
TMSBr (0.06 mL, 0.48 mmol) and the mixture was stirred
for 20 h at room temperature. Concentration of the mixture
gave a residue, which was dissolved in MeOH (0.06 mL).

After stirring for 12 h at room temperature, the solution was
concentrated to provide 15 (88 mg, 72%). Amorphous; [ac]zD6
+2.25 (¢ 0.5, MeOH); 'H NMR (400 MHz, CDCl5) 6 5.64—
5.55 (1H, m), 3.95 (1H, dd, J=14.4, 8.7 Hz), 3.84 (1H, d,
J=14.4Hz), 3.23 (9H, s), 2.41 (2H, t, J=7.5 Hz), 2.24—
2.17 (2H, m), 1.31-1.28 (22H, m), 0.89 (3H, t, J=6.8 Hz);
13C NMR (100 MHz, CDCl3) 6 174.0, 71.4, 69.7, 65.7, 54.8,
35.1, 33.0, 31.2, 30.7, 30.6, 30.4, 30.2, 26.0, 25.5, 23.7,
14.4; *'P NMR (162 MHz, CDCl;) 6 20.01; IR (neat)
970 cm ™~ '; ESIMS m/z 408 (MH); HRMS (ESI) calcd for
CooH43NOsP: 408.2879 (MH ™). Found: 408.2913.

4.2.21. Dibenzyl [(4R,5S)-5-methyl-2,2-dioxido-1,3,2-
dioxathiolan-4-ylJmethylphosphonate (16). Compound
16 (850 mg, 80%) was prepared from 3e (850 mg,
2.5 mmol) in an analogous manner to that for preparation
of 8 after purification by column chromatography on silica
gel (EtOAc). A pale yellow oil; [a]fy —12.95 (¢ 1.0,
MeOH); "H NMR (400 MHz, CDCl5) 6 7.40-7.33 (10H, m),
5.10-4.95 (4H, m), 4.80 (1H, dt, /=12.9, 6.4 Hz), 4.68 (1H,
qd, J=7.2, 7.1 Hz), 2.42-2.17 (2H, m), 1.47 (3H, d, J=
6.2 Hz); '*C NMR (100 MHz, CDCl5) 6 135.4 (d, Jep=
5.1 Hz), 135.3 (d, Jcp=5.1 Hz), 128.9, 128.8, 128.3, 128.2,
83.8 (d, Jcp=9.4 Hz), 82.6, 68.2 (d, Jcp=3.1 Hz), 68.1 (d,
Jep=3.1Hz), 29.9 (d, Jcp=141.8 Hz), 17.4; *'P NMR
(162 MHz, CDCl3) 6 23.12; IR (neat) 1383, 1260,
1211 cm ™ '; ESIMS m/z 413 (MH™); HRMS (ESI) calcd
for C,3H,,0,PS: 413.0840 (MH ™). Found: 413.0824.

4.2.22. (2R,3R)-Dibenzyl 3-azido-2-hydroxybutylphos-
phonate (17). Compound 17 (473 mg, 42%) was prepared
from 16 (1.20 g, 3.0 mmol) in an analogous manner to that
for preparation of 9 after purification by column chroma-
tography on silica gel (hexane/EtOAc=3:1-1:1). A color-
less oil; [a]y —17.56 (c 1.0, MeOH); 'H NMR (400 MHz,
CDCl3) 6 7.40-7.32 (10H, m), 5.11-5.05 (2H, m), 5.02-4.96
(2H, m), 3.84-3.77 (1H, m), 3.66 (3H, s), 3.48 (1H, dt, J=
12.6, 6.3 Hz), 2.07-1.88 (2H, m), 1.18 (3H, d, J=6.7 Hz);
3C NMR (100 MHz, CDCl;) 6 135.9 (d, Jep=35.7 Hz),
135.8 (d, Jcp=5.7 Hz), 128.7, 128.6, 128.0, 69.5 (d, Jcp=
4.9 Hz), 67.7 (d, Jcp=6.3 Hz), 67.6 (d, Jcp=6.7 Hz), 61.4
(d, Jop=17.3 Hz), 29.5 (d, Jcp= 140.4 Hz), 14.7; *'P NMR
(162 MHz, CDCl3) 6 31.56; IR (neat) 3347, 2098,
1220 cm~'; ESIMS m/z 398 (MNa™); HRMS (ESI) calcd
for C;sH,,N30,NaP: 398.1246 (MNa ™). Found: 398.1241.

4.2.23. (2R,3R)-Dibenzyl 3-azido-2-[(triethylsilyl)oxy]-
butylphosphonate (19). Compound 19 (8.83 g, 98%) was
prepared from 17 (6.90 g, 18.4 mmol) in an analogous
manner to that for preparation of 10 after purification by
column chromatography on silica gel (hexane/EtOAc=
2:1). A colorless oil; [ac]zD7 —1.20 (¢ 1.0, MeOH); '"H NMR
(400 MHz, CDCl3) 6 7.38-7.30 (10H, m), 5.04 (2H, dd, /=
11.5, 9.7 Hz), 4.95 (1H, dd, /=38.5, 3.0 Hz), 4.92 (1H, dd,
J=28.6, 3.1 Hz), 4.12-4.05 (1H, m), 3.63 (1H, qd, J=6.7,
2.7 Hz), 2.07-1.95 (2H, m), 1.13 (3H, d, /=6.7 Hz), 0.98—
0.90 (9H, m), 0.60 (6H, t, J=7.9 Hz); '>*C NMR (100 MHz,
CDCl3) 6 136.2 (d, Jcp=5.5 Hz), 128.6-128.1 (aromatic),
70.2, 67.4 (d, Jcp=5.7 Hz), 67.3 (d, Jcp=5.6 Hz), 60.7 (d,
Jep=5.7Hz), 31.5 (d, Jep=137.3 Hz), 12.5, 6.8, 4.8; *'P
NMR (162 MHz, CDCl3) 6 28.91; IR (neat) 2955, 2105,
1249 cm ™~ '; ESIMS m/z 490 (MH); HRMS (ESI) calcd for
C4H37N30,SiP: 490.2291 (MH ™). Found: 490.2283.
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4.2.24. (2R,3R)-Dibenzyl 3-amino-2-[(triethylsilyl)oxy]-
butylphosphonate (20). To a stirred solution of 19 (9.00 g,
18.4 mmol) in THF (180 mL) was added triphenylpho-
sphine (5.30 g, 20 mmol) and the mixture was stirred for 2 h
at room temperature. To the solution was added H,O
(50 mL) and the mixture was stirred for 12 h at room
temperature. The mixture was extracted with CHCl; and
then the combined extracts were washed with brine and
dried over MgSQO,. Removal of the solvent gave a residue,
which was chromatographed on silica gel (EtOAc to CHCl3/
MeOH=10:1) to provide 20 (7.84 g, 97%). A colorless oil;
[a]ld —1.13 (¢ 1.0, MeOH); "H NMR (400 MHz, CDCl;) ¢
7.37-7.28 (10H, m), 5.03 (2H, dd, /J=11.8, 9.1 Hz), 4.95
(2H, dd, J=11.8, 8.2 Hz), 4.02-3.87 (1H, m), 3.15-3.11
(1H, m), 2.06-1.97 (2H, m), 1.00 (3H, d, J=6.6 Hz), 0.91
(9H, t, J=7.9 Hz), 0.58 (6H, q, J=7.9 Hz); '°C NMR
(100 MHz, CDCl3) 6 136.2 (d, Jcp=5.4 Hz), 128.5-127.7
(aromatic), 71.6, 67.2 (d, Jcp=6.6 Hz), 67.1 (d, Jcp=
6.6 Hz), 51.3 (d, Jcp=7.6 Hz), 30.1 (d, Jcp=138.0 Hz),
17.0, 6.8, 4.9; *'P NMR (162 MHz, CDCl;) 6 30.81; IR
(neat) 3457, 1608, 1240 cm ™~ '; ESIMS m/z 464 (MH™);
HRMS (ESI) calcd for C,4H30NO,SiP: 464.2386 (MH™).
Found: 464.2382.

4.2.25. (2R,3R)-Dibenzyl 3-{[(4-methylphenyl)sulfon-
yllamino}-2-[(triethylsilyl)oxy]butylphosphonate (21).
To a stirred solution of 20 (370 mg, 0.8 mmol) in CH,Cl,
(I mL) was added Et;N (0.14 mL, 0.97 mmol) and a
solution of tosyl chloride (0.18 g, 0.97 mmol) in CH,Cl,
(1 mL) at 0 °C and the mixture was stirred for 12 h at room
temperature. The mixture was poured into saturated aqueous
KHSO, and extracted with Et,O. The combined extracts
were washed with brine and dried over MgSQO,. Removal of
the solvent gave a residue, which was chromatographed on
silica gel (hexane/EtOAc=10:1) to provide 21 (60 mg,
13%). A colorless oil; [a]5 +29.28 (¢ 1.0, MeOH); 'H
NMR (400 MHz, CDCl3) 6 7.72 (2H, d, J=8.3 Hz), 7.38—
7.31 (10H, m), 7.22 (2H, d, J=8.2 Hz), 5.04 (1H, dd, J=
9.4, 5.6 Hz), 5.01 (1H, dd, /J=9.4, 5.6 Hz), 4.95 (1H, dd,
J=8.2,3.5Hz),4.92 (1H, dd, /=8.2, 3.5 Hz), 4.79 (1H, d,
J=8.3 Hz), 4.08-4.06 (1H, m), 3.64-3.62 (1H, m), 2.37
(3H, s), 1.97-1.90 (2H, m), 0.92 (3H, d, /J=6.6 Hz), 0.87
(9H, t, J=7.9 Hz), 0.50 (6H, q, J=7.9 Hz); '*C NMR
(100 MHz, CDCls) ¢ 143.0, 138.3, 136.1 (d, Jcp=5.5 Hz),
129.6-127.0 (aromatic), 70.2 (d, Jcp=1.8 Hz), 67.5 (d,
Jcp:6.5 HZ), 67.4 (d, ]Cp:6.5 HZ), 53.2 (d, Jcp:2.7 HZ),
32.1 (d, Jep=135.3 Hz), 21.4, 14.6, 6.8, 4.7; *'P NMR
(162 MHz, CDCls) ¢ 28.40; IR (neat) 3159, 1323, 1261,
1146 cm™ !, ESIMS m/z 618 (MH™); HRMS (ESI) calcd for
C31H4sNOgSiPS: 618.2475 (MH ™). Found: 618.2507.

4.2.26. (3R)-Dibenzyl 3-{[(4-methylphenyl)sulfonyl]-
amino}-2-oxobutylphosphonate (22). To a stirred solution
of 21 (60 mg, 0.1 mmol) in THF (0.5 mL) was added a 1 M
THEF solution of TBAF (0.22 mL, 0.22 mmol) at 0°C and the
mixture was stirred for 2 h at the same temperature. The
mixture was poured into H,O and extracted with Et,O. The
combined extracts were washed with brine and dried over
MgSO,. Removal of the solvent gave a residue, which was
dissolved in CH,Cl, (1 mL). To the solution was added
PDC (41 mg, 0.11 mmol) and the mixture was stirred for
12 h at room temperature. After filtration of the mixture
through a pad of Celite, the filtrate was concentrated to give

a residue, which was chromatographed on silica gel
(hexane/EtOAc=10:1-3:1) to give 22 (27 mg, 47%). A
colorless oil; [a]zDs +11.52 (¢ 0.1, MeOH); 'H NMR
(400 MHz, CDCls) ¢ 7.71 (2H, d, J=8.2 Hz), 7.38-7.29
(10H, m), 7.24 (2H, d, J=8.2 Hz), 5.92 (1H, d, /=28.2 Hz),
5.08-4.91 (4H, m), 4.02 (1H, dt, J=15.2, 7.4 Hz), 3.45 (1H,
dd, /=23.3, 13.7 Hz), 3.03 (1H, dd, /=22.5, 13.7 Hz), 2.36
(3H, s), 1.18 (3H, d, J=7.1 Hz); >C NMR (100 MHz,
CDCl;3) 6 200.8 (d, Jcp=6.0 Hz), 143.6, 137.4, 135.5,
129.8-127.0 (aromatic), 68.4 (d, Jcp=6.0 Hz), 68.3 (d,
Jep=6.0 Hz), 58.2, 39.2 (d, Jcp=128.0 Hz), 21.5, 18.0; >'P
NMR (162 MHz, CDCls) 6 20.48; IR (neat) 3277, 1724,
1243 cm ™ '; ESIMS m/z 502 (MH*); HRMS (ESI) calcd for
C,5HaoNOGPS: 502.1453 (MH ™). Found: 502.1422.

4.2.27. (2R,3R)-Dibenyl 3-(dimethylamino)-2-[(triethyl-
silyl)oxy]butylphosphonate (24). Compound 24 (830 mg,
85%) was prepared from 20 (920 mg, 2.0 mmol) in an
analogous manner to that for preparation of 12 after
purification by column chromatography on silica gel
(hexane/EtOAc=2:1-CHCl3;/MeOH=20:1). A colorless
oil; [a]lp +5.26 (¢ 0.9, MeOH); 'H NMR (400 MHz,
CDCl3) 6 7.35-7.28 (10H, m), 5.05-4.91 (4H, m), 4.08 (1H,
dq, J=16.3, 5.5 Hz), 2.64 (1H, dt, J=12.2, 6.7 Hz), 2.31-
2.21 (2H, m), 2.17 (6H, s), 0.93 (3H, d, J=2.5 Hz), 0.92
(9H, t, J=7.9 Hz), 0.59 (6H, q, J=7.9 Hz); >°C NMR
(100 MHz, CDCl3) 6 136.5 (d, Jcp=5.9 Hz), 128.5-127.8
(aromatic), 69.7, 66.9 (d, Jcp=6.3 Hz), 63.3 (d, Jop=
6.2 Hz), 41.6, 32.6 (d, Jop=137.2 Hz), 8.5, 6.9, 5.1; *'P
NMR (162 MHz, CDCl3) é 30.88; IR (neat) 2956, 1240,
1120 cm ™ ' ESIMS m/z 492 (MH+); HRMS (ESI) calcd for
Co6H43NO,SiP: 4922699 (MH™). Found: 492.2701.

4.2.28. (1R,2R)-1-{[Bis(benzyloxy)phosphorylJmethyl}-
2-(dimethylamino)propyl myristate (25). Compound 25
(487 mg, 23%) was prepared from 24 (1.76 g, 3.6 mmol) in
an analogous manner to that for preparation of 13 after
purification by column chromatography on silica gel
(CHCI13/MeOH=1:0-30:1). A colorless oil; [04]2])5 —0.97
(c 0.7, MeOH); 'H NMR (400 MHz, CDCls) 6 7.34-7.30
(10H, m), 5.31-5.23 (1H, m), 5.06-4.91 (4H, m), 4.12 (1H,
q, J=7.0Hz), 2.32 (2H, t, J=3.8 Hz), 2.22-2.08 (8H, m),
1.32-1.25 (25H, m), 0.88 (3H, t, J=6.8 Hz); '’C NMR
(100 MHz, CDCl3) ¢ 178.8, 172.9, 136.2, 128.7, 128.6,
128.4, 128.1, 128.0, 68.1, 67.5 (d, Jcp=06.5 Hz), 67.4 (d,
Jep=6.5Hz),61.6 (d, Jcp=10.7 Hz), 60.4, 40.5, 34.4, 34.3,
31.9, 29.6, 29.5, 29.3, 29.2, 28.3, 25.0, 24.6, 22.7, 21.0,
14.1, 8.5; *'P NMR (162 MHz, CDCl;) 6 29.33; IR (neat)
1736, 1249, 1115 cm ™~ '; ESIMS m/z 588 (MH*); HRMS
(ESI) caled for C34HssNOsP: 588.3818 (MH™). Found:
588.3826.

4.2.29. (2R,3R)-4-[Bis(benzyloxy)phosphoryl]-N,N,N-tri-
methyl-3-(tetradecanoyloxy)butan-2-aminium iodide
(26). Compound 26 (70 mg, 33%) was prepared from 25
(170 mg, 0.29 mmol) in an analogous manner to that for
preparation of 14 after purification by column chromato-
graphy on silica gel (CHCl3/MeOH = 1:0-10:1). A colorless
oil; [l —5.65 (¢ 1.0, MeOH); '"H NMR (400 MHz,
CDCl3) 6 7.40-7.31 (10H, m), 5.68 (1H, dt, J=7.5,7.5 Hz),
5.08-4.91 (4H, m), 3.96 (1H, q, J=6.8 Hz), 3.08 (9H, s),
226 (2H, td, J=7.6, 2.1 Hz), 2.14 (2H, dd, /=194,
6.8 Hz), 1.45 (3H, d, J/=6.8 Hz), 1.27-1.23 (22H, m), 0.88
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(3H, t, J=6.8 Hz); >°C NMR (100 MHz, CDCl5) 6 172.5,
135.7, 128.8, 128.7, 128.3, 128.2, 72.0 (d, Jep=11.2 Hz),
68.1 (d, Jep=6.5Hz), 67.9 (d, Jop=6.5 Hz), 64.5, 63.2,
51.6, 34.1, 31.9, 31.0, 30.9, 29.6, 29.4, 29.3, 29.2, 29.0,
24.4,22.6, 15.2, 14.1, 8.5; *'P NMR (162 MHz, CDCl5) 6
24.34; 1R (neat) 1739, 1224 cmfl; ESIMS m/z 602 (MJr —I);
HRMS (ESI) caled for C3sHs;NOsP: 602.3974 (M —1).
Found: 602.4066.

4.2.30. (2R,3R)-N,N,N-Trimethyl-4-phosphono-3-(tetra-
decanoyloxy)butan-2-aminium (27). Compound 27
(38 mg, 48%) was prepared from 26 (139 mg, 0.19 mmol)
in an analogous manner to that for preparation of 15.
Amorphous; [a]y —4.03 (¢ 0.7, MeOH); 'H NMR
(400 MHz, CDCl5) 6 5.81 (1H, dt, J=7.4, 7.4 Hz), 4.01-
3.96 (1H, m), 3.67 (9H, s), 2.41 (2H, t, J=7.5 Hz), 2.22~
2.14 (2H, m), 1.58 (3H, t, J=6.7 Hz), 1.30-1.22 (22H, m),
0.88 (3H, t, J=4.8 Hz); '*C NMR (100 MHz, CDCl5) ¢:
173.8, 73.7 (d, Jcp=7.3 Hz), 53.6, 35.0, 32.9 (d, Jcp=
6.5 Hz), 31.5, 30.7, 30.5, 30.4, 30.1, 25.5, 23.6, 14.4, 8.9;
3P NMR (162 MHz, CDCl5) 6 19.88; IR (neat) 1000 cm ™ ';
ESIMS m/z 422 (MH"); HRMS (ESI) caled for
C»H,4sNOsP: 422.3035 (MH ™). Found: 422.3040.

4.2.31. Dibenzyl [(4S,5R)-5-methyl-2,2-dioxido-1,3,2-
dioxathiolan-4-ylJmethylphosphonate (ent-16). Com-
pound ent-16 (13.0 g, 76%) was prepared from ent-3e
(14.6 g, 41.6 mmol) in an analogous manner to that for
preparation of 8 after purification by column chromato-
graphy on silica gel (hexane/EtOAc=10:1-1:1). A pale
yellow oil; [y +18.90 (¢ 1.1, MeOH). The 'H NMR
spectrum was identical with that of 16.

4.2.32. (25,35)-Dibenzyl 3-azido-2-hydroxybutylphos-
phonate (ent-17). Compound ent-17 (330 mg, 44%) was
prepared from ent-16 (824 mg, 2.0 mmol) in an analogous
manner to that for preparation of 9 after purification by
column chromatography on silica gel (hexane/EtOAc=
3:1-1:1). A colorless oil; [a]3 +14.48 (¢ 1.1, MeOH). The
"H NMR spectrum was identical with that of 17.

4.2.33. (25,3S5)-Dibenzyl 3-azido-2-[(triethylsilyl)oxy]bu-
tylphosphonate (ent-19). Compound ent-19 (6.27 g, 97%)
was prepared from ent-17 (4.96 g, 13.2 mmol) in an
analogous manner to that for preparation of 10 after
purification by column chromatography on silica gel
(hexane/EtOAc=2:1). A colorless oil; [a]3" +3.06 (¢ 0.7,
MeOH). The '"H NMR spectrum was identical with that of
19.

4.2.34. (25,35)-Dibenzyl 3-amino-2-[(triethylsilyl)oxy]-
butylphosphonate (ent-20). Compound ent-20 (5.80 g,
94%) was prepared from ent-19 (6.46 g, 13.2 mmol) in an
analogous manner to that for preparation of 11 after
purification by column chromatography on silica gel
(EtOAc to CHCIy/MeOH=10:1). A colorless oil; [a]d
+2.38 (¢ 1.0, MeOH). The 'H NMR spectrum was identical
with that of 20.

4.2.35. (28,35)-Dibenyl 3-(dimethylamino)-2-[(triethyl-
silyl)oxy]butylphosphonate (ent-24). Compound ent-24
(830 mg, 96%) was prepared from ent-20 (1.50 g,

3.4 mmol) in an analogous manner to that for preparation
of 12 after purification by column chromatography on silica
gel (hexane/EtOAc=2:1-CHCl5/MeOH=20:1). A color-
less oil; [a]dt —10.46 (¢ 1.1, MeOH). The 'H NMR
spectrum was identical with that of 24.

4.2.36. (15,25)-1-{[Bis(benzyloxy)phosphorylJmethyl}-2-
(dimethylamino)propyl myristate (ent-25). Compound
ent-25 (1.50 g, 30%) was prepared from ent-24 (4.12 g,
8.38 mmol) in an analogous manner to that for preparation
of 13 after purification by column chromatography on silica
gel (CHCl3/MeOH=1:0-30:1). A colorless oil; [a]¥
+0.30 (¢ 0.6, MeOH). The '"H NMR spectrum was identical
with that of 25.

4.2.37. (28,3S5)-4-[Bis(benzyloxy)phosphoryl]-N,N,N-tri-
methyl-3-(tetradecanoyloxy)butan-2-aminium iodide
(ent-26). Compound ent-26 (500 mg, 30%) was prepared
from ent-25 (1.50 g, 2.55 mmol) in an analogous manner to
that for preparation of 14 after purification by column
chromatography on silica gel (CHCI;/MeOH=1:0-10:1). A
colorless oil; [a]f +7.58 (¢ 1.0, MeOH). The 'H NMR
spectrum was identical with that of 26.

4.2.38. (25,35)-N,N,N-Trimethyl-4-phosphono-3-(tetra-
decanoyloxy)butan-2-aminium (ent-27). Compound ent-
27 (276 mg, 34%) was prepared from ent-26 (487 mg,
1.15 mmol) in an analo%ous manner to that for preparation
of 15. Amorphous; [a]f +3.34 (¢ 0.5, MeOH). The 'H
NMR spectrum was identical with that of 27.
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Abstract—The convergent synthesis of methyl sulfomycinate and sulfomycinic amide, two acidic methanolysis products of the sulfomycin
thiopeptide antibiotics, is achieved starting from diethoxyacetonitrile. Further confirmation of structure is obtained by heating methyl
sulfomycinate at 110 °C in hydrochloric acid to give (4 )-sulfomycinine hydrochloride, the acid hydrolysate of sulfomycin I.
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1. Introduction HO

natural products comprising 29 different families and at

\\\\ o
) ¥
The thiopeptide antibiotics are a class of biologically active i/ﬁj "HJK[N\ — s]\r
N
S
|

least 76 structurally distinct sulfur-containing cyclic peptide A /

. . . SN -
secondary metabolites isolated from the mycelial cake of — s. N
actinomycetes. Their biological properties have attracted \_S?o Q 1\ _oH aN O
attention from a broad consortia of scientists and include HN N ” ' o $/
features as diverse as the inhibition of bacterial protein <S | N
synthesis, tipA promotion, renin inhibition and anti-malarial \
activity.' Since the first isolation of these natural products in 5 OH

1948, structure elucidation of metabolites such as
micrococcin Py (1) by NMR? and the stunningly complex
thiostrepton (2) by X-ray crystallography (Fig. 1)* has been
supported by synthetic studies. The laboratory preparation
of promothiocin A (3)>° and amythiamicin D (4)” (Fig. 2)
served to verify the constitution and stereochemistry of
these thiopeptide families and recently the §roundbreaking
synthesis of thiostrepton (2) was reported,®” demonstrating
that the synthesis of any members of this antibiotic class is
potentially within reach.

micrococcin Py (1)

The sulfomycins (5) (Scheme 1) are one class of thiopeptide
antibiotics isolated from Streptomyces viridochromogenes
subsp. sulfomycini ATCC 29776 and MCRL-0368 with
strong inhibitory activity against Gram-positive bacteria.'”
Chemical degradation studies,“‘12 in combination with 'H
and "*C NMR spectroscopic and FAB mass spectrometric

Keywords: Sulfomycin; Thiopeptide antibiotics; Chemical degradation;
Thiazoles.
* Corresponding author. Tel.: +44 29 2087 4029; fax: +44 29 2087 4030;

e-mail: bagleymc@cf.ac.uk Figure 1. Micrococcin and thiostrepton thiopeptide antibiotics.

thiostrepton (2)
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Figure 2. Promothiocin and amythiamicin thiopeptide antibiotics.
data,13’14 elucidated their structure which contains an
oxazole—thiazole—pyridine series d domain but differs
between factors in the identity of one alkenyl substituent
(R) located on the cyclic peptide backbone. In these
degradation experiments, the acid hydrolysis of sulfomycin
I in concentrated hydrochloric acid at 110°C gave
berninamycinic acid (6) and sulfomycinine (7) hydro-
chloride, both of which have been identified by X-ray
crystallographic methods and chemical synthesis.'>'®

NH,

Acidic methanolysis of sulfomycin using Amberlyst 15
ion-exchange resin gave dimethyl sulfomycinamate (8),
sulfomycinic amide (9), and methyl sulfomycinate (10), the
latter of which was transformed to 7 in order to provide
corroborating data on structure (Scheme 1). Our synthesis of
dimethyl sulfomycinamate (8),'”'® by Bohlmann-Rahtz
reaction of an oxazolylenamine, further verified the identity
of this acidic methanolysis product to complement the
findings of Kelly,'" but the structures of degradation
products 9 and 10, which were proposed on the basis of
IR, UV, '"H NMR spectroscopic and MS data for 10,'" are
unconfirmed. In order to validate a route toward the
sulfomycins, and as part of our interest in the total
synthesis’*?! and stereochemistry of thiopeptide anti-
biotics,22 we set out to address this shortfall and establish
a convergent synthesis of methyl sulfomycinate (10).

2. Results and discussion

Methyl sulfomycinate (10) is a modified tripeptide
consisting of two fragments: an oxazole-containing
dipeptide 20 related to a known (—)-muscoride A building
block,” and a 2-formylthiazole-4-carboxylate residue 15
that is also a component of the antibiotic althiomycin,**
present as its dimethyl acetal. Our convergent strategy
assembled each heterocyclic component in turn and then
coupled them together with subsequent dehydration to
elaborate the aminopropenyl unit of 10. Starting with
diethoxyacetonitrile (11), treatment with ammonium sulfide
in methanol at room temperature according to our recently
reported procedure gave thioamide 12 in excellent yield.”
Thiazole 13 was prepared by reaction with ethyl bromo-
pyruvate in ethanol under Hantzsch conditions. Trans-
acetalization under acidic conditions with p-toluenesulfonic
acid (TsOH) in methanol gave dimethyl acetal 14, which

HN HCI (aq), 110 °C, 6 h

R T
MeOH

H*, 20 h

S

et

MeO

M902C

dimethyl sulfomycinamate (8)

(o) -
MeO N | N Ozo\ﬁ l\jf\
— N" ¥ »-corn — S
' H /) HN M~
MeO S O

sulfomycinic amide, R = NH, (9), and
methyl sulfomycinate, R = OMe (10)

N

HCI (aq) 0,C™ N7 A

N
5 ",
SN e | + |
e} X “
)\\</N1 N” >co,Me o N" "COH
o)

berninamycinic acid (6)

+

HCI (aq)

/ (£)-sulfomycinine (7).HCI

sulfomycin I, R = CH(OH)Me (5a)
sulfomycin I, R = CH,Me (5b)
sulfomycin Ill, R = CH,OH (5c¢)

Scheme 1. Structure and chemical degradation of the sulfomycins.

HCI (ag), 110 °C, 6 h
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was saponified using lithium hydroxide in methanol-water
either directly or after isolation to give thiazole-4-
carboxylic acid 15 in reasonable overall yield (Scheme 2).

OR'

OEt b /K(N
E—— ! _
Et0” "R RO jCOZR
11 R=CN 13R,R'=
a
L 12 R C(S)NH, %1“{ EtR Me:|e
15R=H, R'= Me

Scheme 2. Synthesis of thiazole 15. Reagents and conditions: (a) (NHy),S,
MeOH, RT, 18 h (100%); (b) ethyl bromopyruvate, EtOH, reflux, 1h
(100%); (c) TsOH, MeOH, reflux, 6 h (66%); (d) LiOH, MeOH-H,0, RT,
18 h (64%); (e) TsOH, MeOH, reflux, 6 h; LiOH, MeOH-H,0, 48 h (54%).

HOI ab TBSOI
—

CbzHN” “CO,Me CbzHN” “CO.H
16

TBSO., TBSO,
H
N Y d
RHNKV%COZW - CszN’g(N\[COZMe
o .

Y

18 R=Cbz,Y=H 17
19 R =Cbz, Y = n-bond
f SZO R =H, Y =n-bond

Scheme 3. Synthesis of oxazole 20. Reagents and conditions:
(a) TBDMSCI, imidazole, DMAP, DMF, RT, 36 h (100%); (b) LiOH,
MeOH-H,O, RT, 18h (96%); (c) HCI-H-Thr-OMe, pyBOP, Et;N,
CH,Cl,, 0 °C-RT, 18 h (83%); (d) Deoxo-Fluor, CH,Cl,, —20°C, 18 h
(65%); (e) CBrCl;, DBU, CH,Cl,, —20°C, 18 h (52%); (d+e) without
isolation of pure 18 (52%); (f) H,, Pd—C, MeOH, RT, 3 h (93%).

The other component, oxazole 20, was prepared according
to a modified method of Pattenden® from an O-silyl ether
derivative of threonine 16 (Scheme 3).°®?” Peptide coupling
using benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (pyBOP) in dichloromethane gave
dipeptide 17 which was cyclized to oxazoline 18 with
[bis(2-methoxyethyl)amino]sulfur trifluoride (Deoxo-

TBSO,,
OMe

eo)\(/N con PN come
S\/)/ 2 O\/z/

15 20

_ Me
0,Ca A~ *
Y\N/\S
HNW

o
(£)-sulfomycinine (7).HCI

-
[from 10]

Fluor)?® and oxidized to the oxazole 19 with CBrCls—
DBU.? Hydrogenolysis of the benzyloxycarbonyl (Cbz)
protecting group over Pd—C in methanol gave amine 20
which was coupled with thiazole-acid 15 using pyBOP to
give tripeptide 21 (Scheme 4). Finally protodesilylation by
treatment with TBAF in THF gave alcohol 22, which was
dehydrated via the corresponding methanesulfonate deriva-
tive to give methyl sulfomycinate (10). The physical and
spectroscopic properties of the synthetic material [mp 122—
123 °C; UV (MeOH)/nm A, 246 (log ¢ 4.40)] were in very
good agreement with literature data on the degradation
product [lit."! mp 124-124.5 °C; lit."! UV (MeOH)/nm Ay
247 (loge 4.38)] conﬁrmlng the outcome of Abe’s
methanolysis studies'' and providing a viable route to this
region of the sulfomycin cyclic peptides.

Further confirmation of structure was obtained by carrying
out both the known ammonolysis and hydrolysis of 10, in
methanolic ammonia at room temperature for the former or
in hydrochloric acid at 110 °C for the latter, to obtain
sulfomycinic amide (9) and sulfomycinine (7) hydro-
chloride, respectively, w1th physical properties that
corroborated known data.'® This convergent synthesis thus
confirms both the structure of methyl sulfomycinate (10)
and the outcome of its chemical degradation, as well as
providing a method for the preparation of this fragment
applicable to the total synthesis of the sulfomycin
thiopeptide antibiotics.

3. Experimental
3.1. General

Commercially available reagents were used without further
purification; solvents were dried by standard procedures.
Light petroleum refers to the fraction with bp 40-60 °C.
Flash chromatography was carried out using Merck
Kieselgel 60 H silica or Matrex silica 60. Analytical thin
layer chromatography was carried out using aluminium-
backed plates coated with Merck Kieselgel 60 GF,s,4 that
were visualised under UV light (at 254 and/or 360 nm).
Melting points (mp) were determined on a Kofler hot stage
apparatus and are uncorrected. Infra-red (IR) spectra were

a MeO
——— COzMe
MeO

21 R=TBS
b[*_>22R=H

(o}

i
MeO N N
—~ T N T )-cor
eO [ ¢}

d [_—> R = OMe, methyl sulfomycinate (10)
R = NH,, sulfomycinic amide (9)

Scheme 4. Synthesis of methyl sulfomycinate (10). Reagents and conditions (a) pyBOP, CH,Cl,, 0 °C-RT, 18 h (88%); (b) TBAF, THF, 0 °C-RT, 5 h (77%);
(c) MeSO,Cl, CH,Cl,, RT, 1 h; EsN, CH,Cl,, RT, 18 h (60%); (d) NH;, MeOH, RT, 2 d (24%); (e) HCI (aq), 110 °C, 2 h (27%).
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recorded in the range 4000-600 cm ™' on a Perkin-Elmer
1600 series FTIR spectrometer using KBr disks for solid
samples and thin films between NaCl plates for liquid
samples and are reported in cm ™~ '. Nuclear magnetic
resonance (NMR) spectra were recorded in CDCI; at
25 °C unless stated otherwise, using either a Bruker DPX
400 or 500 Avance instrument and were reported in ppm; J
values were recorded in Hz and multiplicities were
expressed by the usual conventions (s=singlet, d =doublet,
t=triplet, app=apparent, b=broad, m=multiplet). Low-
resolution mass spectra (MS) were determined using a
Fisons VG Platform II Quadrupole instrument using
atmospheric pressure chemical ionization (APcl) unless
stated otherwise. ES refers to electrospray ionization, CI
refers to chemical ionization (ammonia) and EI refers to
electron ionization. High-resolution mass spectra denote the
mass of the ion (mass of electron is 0.00055 Da) unless
stated otherwise. Specific rotations were measured at the
indicated temperature using an AA-1000 (Optical Activity
Ltd) polarimeter at the sodium D line and are given in deg
em’ g~ 'dm~! with concentration ¢ in 10~ % gem ™ -
Microanalyses were recorded using a Perkin-Elmer 240C
Elemental Analyzer. In vacuo refers to evaporation at
reduced pressure using a rotary evaporator and diaphragm
pump, followed by the removal of trace volatiles using a
vacuum (oil) pump.

3.1.1. 2,2-Diethoxythioacetamide (12). A mixture of
diethoxyacetonitrile (1.12 ml, 8.06 mmol) and ammonium
sulfide (50 wt% in H,O; 1.5ml, 11.0 mmol) in MeOH
(100 ml) was stirred overnight. The mixture was evaporated
in vacuo to give the title compound as a pale yellow solid
(1.5 g, 100%), mp 92-93 °C (lit.*° mp 81-82 °C) (Found:
MH™, 164.0743. C¢H 3NO,S requires MH™, 164.0740)
(Found: C, 44.1; H, 8.0; N, 8.4; S, 19.5. Calcd for
Ce¢H5NO,S: C, 44.2; H, 8.0; N, 8.6; S, 19.6%); IR (KBr)/
em™ ! v 3371, 3256, 2971, 2916, 1604, 1424, 1368, 1246,
1121, 1057, 960, 918, 824, 724; 'H NMR (400 MHz;
CDCl5) 6 7.87 (1H, bs, NH), 7.62 (1H, bs, NH), 5.05 (1H, s,
CH), 3.76 (2H, dq, J=9.5, 7 Hz, 20CHH), 3.67 (2H, dq,
J=9.5, 7Hz, 20CHH), 1.18 (6H, t, J=7 Hz, 2Me); '3C
NMR (125 MHz; CDCl3) 6 202.2 (C), 103.0 (CH), 62.9
(CHy), 15.1 (Me); m/z (EI) 163 (M™, 2%), 118 (15), 103
87).

3.1.2. Ethyl 2-(diethoxymethyl)thiazole-4-carboxylate
(13). Ethyl bromopyruvate (1.71 ml, 13.6 mmol) was
added to a stirred solution of 2,2—diethoxythi0acetamid§:
(12) (1.22 g, 7.47 mmol) in EtOH (16 ml) over 4 A
molecular sieves (14 g) and the mixture was heated at
reflux for 1 h. The solution was allowed to cool, filtered
through Celite®™ and evaporated in vacuo. Purification twice
by column chromatography on SiO,, eluting with Et,0—
light petroleum (4:1) and Et,O-light petroleum (1:1) (R
0.28), gave the title compound as a pale yellow oil (1.94 g,
100%) (Found: MH™, 260.0956. C;;H;;NO4S requires
MH™, 260.0951); IR (film)/cm ™" vyax 3441, 3113, 2983,
2359, 1694, 1556, 1454, 1391, 1368, 1332, 1216, 1101,
1020, 953, 882, 860, 767, 704; "H NMR (400 MHz; CDCl5)
8.10 (1H, s, 5-H), 5.63 (1H, s, CH), 4.32 (2H, q, /=7.1 Hz,
CH,), 3.69 (2H, dq, J=9.5, 7 Hz, 20CHH), 3.60 (2H, dq,
J=9.5, 7Hz, 20CHH), 1.35 (3H, t, J=7.1 Hz, Me), 1.18
(6H, app t, J="7.1 Hz, Me); 13C NMR (100 MHz; CDCl5) 6

170.2 (C), 161.4 (C), 147.1 (C), 128.5 (CH), 98.7 (CH), 62.8
(CH,), 61.5 (CHy), 15.1 (Me), 14.4 (Me); m/z (APcI) 260
(MH™, 37%).

3.1.3. Ethyl 2-(dimethoxymethyl)thiazole-4-carboxylate
(14). p-TsOH monohydrate (30 mg, 20 mol%) was added to
a stirred solution of ethyl 2-(diethoxymethyl)thiazole-4-
carboxylate (13) (200 mg, 0.77 mmol) in dry MeOH (5 ml)
and the mixture heated at reflux for 6 h. After evaporating in
vacuo, the mixture was partition between saturated aqueous
NaHCOj; solution (15 ml) and CH,Cl, (30 ml). The aqueous
layer was further extracted with CH,Cl, (2X30 ml) and the
organic extracts were combined, dried (Na,SO,) and
evaporated in vacuo. Purification by column chromato-
graphy on SiO,, eluting with EtOAc-light petroleum (1:1)
(R; 0.41), gave the title compound as a brown oil (118 mg,
66%) (Found: MH ™", 232.0638. CoH,3NO,S requires MH ™,
232.0637); IR (film)/cm ™" v, 3439, 3106, 2981, 1730,
1454, 1369, 1332, 1248, 1216, 1095, 1021, 950.1, 860, 766;
"H NMR (400 MHz; CDCls) 6 8.14 (1H, s, 5-H), 5.52 (1H,
s, CH), 4.35 (2H, q, J=7.1 Hz, CH,), 3.39 (6H, s, MeO),
1.34 (3H, t, J=7.1 Hz, Me); >*C NMR (100 MHz; CDCl;) 6
168.9 (C), 161.4 (C), 147.3 (C), 128.6 (CH), 100.3 (CH),
61.6 (CH,), 54.0 (Me), 14.4 (Me); m/z (APcI) 232 (MH™*,
73%).

3.1.4. 2-(Dimethoxymethyl)thiazole-4-carboxylic acid
(15). LiOH monohydrate (108 mg, 2.6 mmol) was added
to a stirred solution of ethyl ester 14 (100 mg, 0.43 mmol) in
MeOH-,O (5:1) (4 ml) and the solution was stirred
overnight. After evaporating in vacuo, the mixture was
partitioned between citric acid (1 M; 8 ml) and CH,Cl,
(35 ml). The aqueous layer was further extracted with
CH,Cl, (2 X 20 ml) and the organic extracts were combined,
washed with brine (30 ml), dried (Na,SO,4) and evaporated
in vacuo to give the title compound as a brown solid (56 mg,
64%), mp 112-113 °C (EtOAc) (Found: MH™204.0325.
C;HgNO,S requires MH*204.0325); IR (KBr)/em ™! vpax
3391, 2885, 2698, 2586, 2511, 1726, 1503, 1484, 1459,
1399, 1320, 1205, 1092, 1062, 984, 953, 905, 872, 820, 770,
732, 670; '"H NMR (400 MHz; CDCl3) 6 9.40 (1H, bs, OH),
8.25 (1H, s, 5-H), 5.52 (1H, s, CH), 3.36 (6H, s, Me); '°C
NMR (100 MHz; CDCl5) 6 168.5 (C), 161.3 (C), 147.4 (C),
129.1 (CH), 100.2 (CH), 53.1 (Me); m/z (APcI) 204 (MH ",
100%).

3.1.5. 2-(Dimethoxymethyl)thiazole-4-carboxylic acid
(15) from 13. p-TsOH monohydrate (300 mg, 156 mmol)
was added to a stirred solution of ethyl 2-(diethoxy-
methyl)thiazole-4-carboxylate (13) (2 g, 7.7 mmol) in
MeOH (60 ml) and the mixture heated at reflux for 6.5 h.
After cooling to room temperature, LiOH monohydrate
(1.9 g, 46 mmol) and water (12 ml) were added and the
solution was stirred for 48 h at room temperature. After
evaporating in vacuo, the mixture was partitioned between
citric acid (1 M; 40 ml) and CH,Cl, (80 ml). The aqueous
layer was further extracted with CH,Cl, (2 X 60 ml) and the
organic extracts were combined, dried (Na,SO,) and
evaporated in vacuo to give the title compound as an off-
white solid (0.85 g, 54%), mp 115-116 °C, with identical
spectroscopic properties.
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3.1.6. Z-L-Thr(TBS)-OMe. Imidazole (1.5 g, 22 mmol),
DMAP (0.92 g, 7.5 mmol) and TBDMSCI (2.3 g, 15 mmol)
were added successively to a solution of Z-L-Thr-OMe
(3.0 g, 11 mmol) in DMF (11 ml). The mixture was stirred
at room temperature for 36 h, acidified with hydrochloric
acid (1 M; 15 ml) and extracted with ether (3 X40 ml). The
combined organic extracts were washed with H,O (3X
60 ml), dried (Na,SO,) and evaporated in vacuo to give the
title compound as a pale yellow oil (4.3 g, 100%) (Found:
MH™, 382.2048. C,oH;;NOsSi reguires MH™, 382.2044);
[a]) —6.6 (c2.05, CHCly) {lit>' [«a]3' —7.31 (c3.55,
CHCLy)}; IR (film)/em ™' ., 3449, 2954, 2856, 1730,
1507, 1472, 1436, 1378, 1344, 1315, 1255, 1209, 1174,
1129, 1101, 1071, 1030, 1004, 963, 838, 810, 777; "H NMR
(400 MHz; CDCl3) 6 7.35 (5H, PhH), 5.42 (1H, bd, J=
9.8 Hz, NH), 5.13 (2H, s, CH,0), 4.42 (1H, dq, J=6.3,
1.7 Hz, B-CH), 4.25 (1H, dd, /=9.8, 1.7 Hz, «-CH), 3.67
(3H, s, MeO), 1.17 (3H, d, J=6.3 Hz, Me) 0.8 (9H, s,
CMe;), —0.01 (3H, s, MeSiMe), —0.05 (3H, s, MeSiMe);
13C NMR (100 MHz; CDCl3) 6 171.4 (C), 156.8 (C), 136.3
(O), 128.6 (CH), 128.5 (CH), 122.3 (CH), 69.8 (CH), 67.2
(CH,), 59.9 (CH), 52.3 (Me), 25.6 (Me), 20.8 (Me), 17.8
(C), —4.39 (Me), —5.34 (Me); m/z (APcl) 382 (MH™,
100%).

3.1.7. Z-L-Thr(TBS)-OH 16. LiOH monohydrate (1.05 g,
25.0 mmol) was added to a stirred solution of Z-L-
Thr(TBS)-OMe (1.5 g, 3.93 mmol) in MeOH-H,O (5:1)
(40 ml). After stirring for 18 h, the mixture was partitioned
between hydrochloric acid (1 M; 40 ml) and CH,Cl,
(60 ml). The aqueous layer was further extracted with
CH,Cl, (2 X 60 ml) and the organic extracts were combined,
dried (Na,SO,) and evaporated in vacuo to give the title
compound as a colourless solid (1.38 g, 96%), mp 149-
150 °C (triturated with light petroleum—-EtOAc) (lit.>” mp
154-157 °C) (Found: MH™", 368.1883. C,3H,oNOsSi
requires MH™, 368.1888); [al} +10.3 (¢2.82, CHCl5)
{1it.”” [a]F +10.5 (c1.69, CHCl3)}; IR (KBr)/em ™ v
3440, 3035, 2956, 2856, 1702, 1600, 1514, 1455, 1413,
1344, 1308, 1257, 1102, 1042, 1005, 975, 836, 813, 778,
733, 696; 'H NMR (500 MHz; CDCl;) 6 9.6 (1H, bs,
CO,H), 7.3 (5H, PhH), 5.43 (1H, bd, J=28.6 Hz, NH), 5.04
(2H, s, CH,), 4.40 (1H, qd, J=6.3, 2.4 Hz, B-H), 4.24 (1H,
dd, J=8.6, 2.4 Hz, a-H), 1.11 (3H, d, J=6.3 Hz, Me), 0.75
(9H, s, CMe3), —0.02 (3H, s, MeSiMe), —0.03 (3H, s,
MeSiMe); *C NMR (125 MHz; CDCl5) 6 175.7 (C), 156.7
(C), 136.1 (C), 128.6 (CH), 128.3 (CH), 128.2 (CH), 68.5
(CH), 67.3 (CH,), 59.4 (CH), 25.7 (Me), 20.3 (Me), 17.9
(C), —4.6 (Me) and —5.1 (Me); m/z (CI) 368 (MH ™, 28%),
277 (100).

3.1.8. Z-L-Thr(TBS)-L-Thr-OMe 17. Et;N (0.95 ml,
6.8 mmol) was added dropwise over 30 min to a stirred
solution of acid 16 (1.0 g, 2.7 mmol), HCl.H-L-Thr-OMe
(0.509 g, 3.0 mmol) and pyBOP (1.56 g, 3.0 mmol) in dry
CH,Cl, (13 ml) at 0 °C. The solution was allowed to warm
to room temperature and stirred for a further 18 h. After
concentrating in vacuo, purification by column chromato-
graphy on silica, eluting with light petroleum—-EtOAc (1:1)
(Rf 0.49), gave the title compound as a colourless solid
(1.1g, 83%), mp 133-134°C (light petroleum-EtOAc)
(Found: MH™, 483.2521. C»3H3sN,0,Si requires MH ™",
483.2521); [alif +13.1 (c1.05, CHCl3); IR (KBr)/cm ™!

Vmax 3446, 3357, 2955, 1752, 1723, 1670, 1507, 1253, 1207,
1132, 1102, 1078, 967, 839, 780; 'H NMR (400 MHz;
CDCl3) 6 7.43 (1H, bd, J=8.8 Hz, NH), 7.20 (5H, PhH),
5.74 (1H, bd, J=5.7Hz, NH), 5.01 (1H, d, J=12 Hz,
CHH), 4.92 (1H, d, J=12 Hz, CHH), 4.42 (1H, dd, J=8.8,
1.7 Hz, CHCO,Me), 4.21 (2H, 2B-H), 4.14 (1H, m, o-H),
3.60 (3H, s, Me), 2.05 (1H, bs, OH), 1.05 (3H, d, J=6.4 Hz,
Me), 1.01 (3H, d, J=6.2 Hz, Me), 0.78 (9H, s, CMe3), 0.04
(3H, s, MeSiMe), 0.00 (3H, s, MeSiMe); '*C NMR
(100 MHz; CDCls) 6 171.1 (C), 170.1 (C), 156.2 (C),
136.1 (C), 128.6 (CH), 128.2 (CH), 128.1 (CH), 68.4 (CH),
67.6 (CH), 67.0 (CH,), 59.1 (CH), 57.3 (CH), 52.5 (Me),
25.7 (C), 19.9 (Me), 17.9 (Me), 17.4 (Me), —4.8 (Me),
—5.0 (Me); m/z (APcI) 483 (MH ™", 100%).

3.1.9. (48, 58, 1'S, 2'R)-Methyl N-(benzyloxy)carbonyl-2-
[1-amino-2-(tert-butyldimethylsilyloxy)prop-1-yl]-5-
methyloxazoline-4-carboxylate (18). [Bis(2-methoxy-
ethyl)amino]sulfur trifluoride (Deoxo-Fluor) (0.37 ml,
2.0 mmol) was added dropwise to a stirred solution of
Z-L-Thr(TBS)-L-Thr-OMe 17 (0.95 g, 1.97 mmol) in dry
CH,Cl, (30 ml) at —20 °C. The solution was stirred for 18 h
and then quenched by the addition of saturated aqueous
NaHCO;3; solution (30 ml). After warming to room
temperature, the mixture was extracted with CH,Cl, (3 X
40 ml). The organic extracts were combined, dried
(NaSO,) and evaporated in vacuo. Purification by column
chromatography on SiO,, eluting with light petroleum-—
EtOAc (R;0.39), gave the title compound as a colourless oil
(595 mg, 65%); [l +7.4 (¢1.05, CHCl,); IR (film)/cm "
Vmax 3330, 3034, 2954, 2856, 2358, 1731, 1674, 1504, 1383,
1258, 1212, 1101, 836, 778, 698; '"H NMR (400 MHz;
CDCl) 6 7.33 (5H, PhH), 5.45 (1H, bd, /J=9.5 Hz, NH),
5.11 (1H, d, J=13.7 Hz, CHH), 5.08 (1H, d, /J=13.7 Hz,
CHH),4.90 (1H, dq, J=10.4, 6.3 Hz, 5-H), 4.78 (1H, d, J=
10.4 Hz, 4-H), 4.42 (1H, d, J=9.5 Hz, NHCH), 4.35 (1H, q,
J=6.3 Hz, CH), 3.75 (3H, s, OMe), 1.25 (3H, d, /=6.3 Hz,
5-Me), 1.17 (3H, d, J=6.3 Hz, Me), 0.80 (9H, s, CMe;),
0.00 (3H, s, MeSiMe), —0.06 (3H, s, MeSiMe); '*C NMR
(100 MHz; CDCl3) 6 170.0 (C), 168.8 (C), 156.4 (C), 136.4
(C), 128.6 (CH), 128.5 (CH), 128.1 (CH), 78.1 (CH), 71.3
(CH), 69.3 (CH), 67.0 (CH,), 55.5 (CH), 52.1 (Me), 25.7
(Me), 20.6 (Me), 17.9 (C), 16.3 (Me), —4.4 (Me), —5.0
(Me); m/z (APcI) 483 (100%), 465 (MH™, 50).

3.1.10. (1'S, 2'R)-Methyl N-(benzyloxy)carbonyl-2-[1-
amino-2-(tert-butyldimethylsilyloxy)prop-1-yl]-5-methyl-
oxazole-4-carboxylate (19). BrCCl; (0.88 ml, 8.9 mmol) and
DBU (0.88 ml, 5.9 mmol) were added successively to a stirred
solution of the oxazoline 18 (0.60 g, 1.28 mmol) in dry
CH,Cl, (24 ml) at —20 °C. After stirring for 18 h, the mixture
was poured into saturated aqueous NaHCOj solution (40 ml)
and extracted with ethyl acetate (360 ml). The organic
extracts were combined, dried (Na,SO,4) and evaporated in
vacuo. Purification by column chromatography on SiO,,
eluting with light petroleum—-EtOAc (R, 0.63), gave the title
comgound as a colourless oil (0.31 g, 52%) (Found:
MH "463.2258. C,3H34N>0Si requires MH ", 463.2259);
[a]F —5.7 (¢2.75, CHCL); IR (film)/cm ™" v, 3436, 3352,
2954, 2925, 2857,2361, 1732, 1622, 1587, 1504, 1442, 1352,
1253, 1211, 1100, 965,915, 838, 810, 778,739, 698; "H NMR
(400 MHz; CDCl3) 6 7.35 (5H, PhH), 5.72 (1H, bd, J=9.4 Hz,
NH), 5.15 (2H, s, CH,), 4.93 (1H, dd, /=94, 2.1 Hz, 1’-H),
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442 (1H, qd, J=6.2, 2.1 Hz, 2-H), 3.90 (3H, s, OMe), 2.60
(3H, s, 5-Me), 1.26 (3H, d, J=6.2 Hz, 2/-Me) 0.78 (9H, s,
CMes), 0.03 (3H, s, MeSiMe), —0.17 (3H, s, MeSiMe); 1*C
NMR (100 MHz; CDCls) 6 162.6 (C), 160.9 (C), 156.4 (C),
156.4 (C), 136.2 (C), 128.6 (CH), 128.2, (CH), 127.8 (CH),
127.5 (C), 70.0 (CH), 67.3 (CH,), 55.5 (CH), 52.0 (Me), 25.5
(C), 20.4 (Me), 17.8 (C), 11.9 (Me), —4.7 (Me), —5.5 (Me);
mlz (APcI) 463 (MH™, 100%).

3.1.11. Oxazole 19 from Z-L-Thr(TBS)-L-Thr-OMe 17.
Deoxo-Fluor (0.72 ml, 3.9 mmol) was added dropwise to a
stirred solution of Z-L-Thr(TBS)-L-Thr-OMe 17 (1.87 g,
3.87 mmol) in dry CH,Cl, (60 ml) at —20 °C. The solution
was stirred for 18 h and then quenched by the addition of
saturated aqueous NaHCOj; solution (30 ml). After warming
to room temperature, the mixture was extracted with
CH,Cl, (3X 100 ml). The organic extracts were combined,
dried (Na,SO,) and evaporated in vacuo to give the crude
oxazoline 18 as a brown oil (2.1 g). The residue was
dissolved in dry CH,Cl, (70 ml) and cooled to —20 °C.
BrCCl; (1.7 ml, 17.4 mmol) and DBU (2.6 ml, 17.4 mmol)
were added and the solution was stirred at —20 °C for 18 h.
The mixture was poured into saturated aqueous NaHCO3
solution (70 ml) and extracted with ethyl acetate (3X
60 ml). The organic extracts were combined, dried
(Na,S0O,) and evaporated in vacuo. Purification by column
chromatography on SiO,, eluting with light petroleum-Et,O
(R¢0.15), gave the title compound as a colourless oil (0.94 g,
52%) with identical physical and spectroscopic properties.

3.1.12. (1'S, 2'R)-Methyl 2-[1-amino-2-(tert-butyl-
dimethylsilyloxy)prop-1-yl]-5-methyloxazole-4-car-
boxylate (20). A solution of oxazole 19 (0.94 g, 2.0 mmol)
in MeOH (34 ml) was stirred over Pd-C (10 wt%; 817 mg)
under an atmosghere of H, for 3 h. The mixture was filtered
through Celite™ and evaporated in vacuo to give the title
compound as a colourless solid, mp 75-76 °C (623 mg,
93%) (Found: MH*329.1890, C,sH,sN,O,Si requires
MH™329.1891); [ald) —29.3 (c2.78, CHCl5); IR (film)/
em ! v 3387, 2955, 2857, 1721, 1621, 1441, 1351, 1256,
1205, 1098, 970, 837.0, 776, 666; 'H NMR (500 MHz;
CDCls) 6 9-6 (2H, bs, NH), 4.45 (2H, 1',2/-H), 3.85 (3H, s,
OMe), 2.53 (3H, s, 5-Me) 1.35 (3H, bs, Me) 0.75 (9H, s,
CMe,), 0.05 (3H, s, MeSiMe), —0.1 (3H, s, MeSiMe); '°C
(100 MHz; CDCl3) 6 164.0 (C), 162.8 (C), 156.3 (C), 127.2
(©), 70.7 (CH), 56.5 (CH), 52.0 Me), 25.7 (Me), 20.5 (Me),
17.8 (C), 11.9 (Me), —4.5 (Me), —5.3 (Me); m/z (APcl)
329 (MH™", 100%).

3.1.13. Amide 21. EtzN (0.50 ml, 3.6 mmol) was added
dropwise over 30 min to a stirred solution of acid 15
(325 mg, 1.6 mmol), amine 20 (420 mg, 1.3 mmol) and
pyBOP (830 mg, 1.6 mmol) in dry CH,Cl, (13 ml) at 0 °C.
The solution was allowed to warm to room temperature and
stirred for a further 18 h. After concentrating in vacuo,
purification by column chromatography on silica, eluting
with light petroleum—EtOAc (1:1) (Rf 0.31), gave the title
compound as a colourless oil (580 mg, 88%) (Found:
MH *514.2044, C5,H35sN30,SSi requires MH ™, 514.2038);
[a]® +16 (2.3, CHCly); IR (film)/em ™" v,y 3409, 3116,
2956, 2857, 2400, 1731, 1682, 1621, 1538, 1499, 1471,
1352, 1258, 1186, 1098, 973, 910, 838, 756, 666; 'H NMR
(400 MHz; CDCls) 6 8.3 (1H, s, CH), 8.2 (1H, d, J=8.9 Hz,

NH) 5.72 (1H, s, CH), 5.41 (1H, dd, J=8.9, 2.8 Hz, CH),
4.65 (1H, qd, J=6.1, 2.8 Hz, CHMe), 4.07 (3H, s, OMe),
3.68 (3H, s, OMe) 3.4 (3H, s, OMe), 2.75 (3H, s, Me), 1.41
(3H, d, J=6.1 Hz, CHMe), 1.05 (9H, s, CMe;), 0.22 (3H, s,
MeSiMe), 0.03 (3H, s, MeSiMe); >C NMR (100 MHz;
CDCl3) 6 167.9 (C), 162.7 (C), 161.1 (C), 160.7 (C), 156.4
(C), 149.5 (C), 127.5 (C), 125.0 (CH), 100.3 (CH), 70.0
(CH), 54.1 (Me), 53.8 (Me), 53.4 (CH), 52.0 (Me), 25.5
(Me), 20.7 (Me), 17.8 (C), 12.0 (Me), —4.6 (Me), —5.4
(Me); m/z (CI") 514 (MH™, 95%), 159 (100).

3.1.14. Alcohol 22. A solution of TBAF (1.0 M; 1.8 mmol)
in THF (1.8 ml) was added to a stirred solution of silyl ether
21 (580 mg, 1.1 mmol) in dry THF (21 ml) at 0 °C. After
warming to room temperature, the mixture was stirred for
4.5 h and then partitioned between H,O and EtOAc. The
aqueous layer was further extracted with EtOAc (twice) and
the combined organic extracts were dried (Na,SO,) and
evaporated in vacuo. Purification by column chromato-
graphy on SiO,, eluting with EtOAc (R;0.31), gave the title
compound as a colourless solid (344 mg, 77%), mp 159-
160°C  (25% EtOAc-light petroleum) (Found:
MH *400.1171. C,¢H»;N305S requires MH ", 400.1173);
[a]y —14.7 (c2.3, CHClL3); IR (KBr)/em ™! v, 3458,
3277, 3123, 2956, 2825, 2362, 1715, 1668, 1540, 1497,
1453, 1391, 1376, 1334, 1247, 1217, 1192, 1148, 1098,
1063, 982, 828, 797; 'H NMR (400 MHz; CDCls) 6 8.11
(1H, s, CH), 8.03 (1H, d, J=9.3 Hz, NH) 5.45 (1H, s, CH),
5.24 (1H, dd, J=9.3, 2.9 Hz, CH), 4.51 (1H, qd, J=6.3,
2.9 Hz, CHMe), 3.82 (3H, s, OMe), 3.61 (1H, s, OH), 3.37
(6H, s, OMe), 2.53 (3H, s, Me), 1.22 (3H, d, /J=6.3 Hz,
CHMe); *C NMR (100 MHz; CDCls) é 168.2 (C), 162.4
(©), 161.3 (C), 160.6 (C), 156.9 (C), 149.3 (C), 127.3 (C),
125.5 (CH), 99.9 (CH), 67.7 (CH), 53.7 (Me), 52.0 (Me),
51.9 (CH), 19.2 (Me), 12.1 (Me); m/z (CI") 400 (MH™,
100%).

3.1.15. Methyl sulfomycinate (10). A solution of alcohol
22 (344 mg, 0.86 mmol), EtzN (1.2 ml, 8.6 mmol) and MsCl
(0.53 ml, 6.9 mmol) in dry CH,Cl, (20 ml) was stirred for
1 h at room temperature. The solution was partitioned
between H,O (45 ml) and CH,Cl, (30 ml) and the aqueous
layer was further extracted with CHCI; (2X40 ml). The
combined organic extracts were dried (Na,SO,4) and
evaporated in vacuo. The residue was dissolved in dry
CH,Cl, (20 ml), EtzN (2.0 ml, 14.4 mmol) was added and
the mixture was stirred for 18 h. After evaporating in vacuo,
purification by column chromatography on SiO,, eluting
with EtOAc (R; 0.44), gave the title compound as a
colourless solid (198 mg, 60%), mp 122-123 °C (EtOAc)
(dit."" mp 124-124.5°C) (Found: MH™"382.1066.
C16H19N3O6S requires MH™, 382.1067); IR (KBr)/cm ™!
Vmax 3372, 3116,2924,2845, 2363, 2344, 1719, 1684, 1618,
1527, 1469, 1439, 1351, 1233, 1189, 1101, 1062; UV
(MeOH)/nm Ay 246 (log & 4.40) [lit.'! 247 (log ¢ 4.38)];
"H NMR (400 MHz; CDCl5) 6 8.65 (1H, bs, NH), 8.14 (1H,
s, CH) 6.68 (1H, q, J=7.2 Hz, CH), 5.55 (1H, s, CH), 3.82
(3H, s, OMe), 3.41 (6H, s, OMe), 2.57 (3H, s, Me), 1.84 (3H,
d, J=17.2 Hz, CHMe); '>*C NMR (100 MHz; CDCl5) 6 168.1
(©), 162.7 (C), 159.0 (C), 157.5 (C), 156.5 (C), 149.7 (C),
128.9 (CH), 128.1 (C), 125.7 (CH), 122.1 (C), 99.9 (CH),
53.6 (Me), 52.0 (Me), 14.5 (Me), 12.2 (Me); m/z (CI*) 382
(MH™, 100%).
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3.1.16. Sulfomycinic amide (9). A saturated solution of
methanolic NH; (20 ml) was added to methyl sulfomycinate
(10) (70 mg, 0.18 mmol) at room temperature. The mixture
was stirred at this temperature for 2 days and then
evaporated in vacuo. Purification by column chromato-
graphy on SiO,, eluting with EtOAc, gave the title
compound as a colourless solid (16 mg, 24%), mp 188-
189 °C (EtOAc) (lit.'"" mp 194.5-195°C); (Found:
MH *367.1070. C,sH;gN4OsS requires MH ", 367.1071);
IR (KBr)/em ™' vpay 3474, 3360, 3284, 3153, 3090, 2940,
2842, 1687, 1636, 1604, 1555, 1531, 1497, 1482, 1449,
1419, 1369, 1333, 1305, 1229, 1211, 1195, 1168, 1104,
1082, 1042, 1016, 990, 968, 956, 836, 789, 762, 721, 707,
684; "H NMR (400 MHz; CDCl3) 6 8.71 (1H, bs, NH), 8.13
(1H, s, CH) 6.84 (1H, bs, NHH), 6.61 (1H, q, J=7.2 Hz,
CH), 5.58 (1H, bs, NHH), 5.53 (1H, s, CH), 3.37 (6H, s,
OMe), 2.55 (3H, s, Me), 1.84 (3H, d, /J=7.2 Hz, CHMe);
3C NMR (100 MHz; CDCl3) 6 168.2 (C), 164.0 (C), 159.0
(C), 156.7 (C), 153.9 (C), 149.7 (C), 129.4 (C), 128.7 (CH),
125.7 (CH), 122.2 (C), 99.8 (CH), 53.6 (Me), 14.5 (Me),
11.9 (Me); m/z (APcl) 367 (MH ™, 18%).

3.1.17. (x)-Sulfomycinine (7)-HCI (6-carboxy-5-methyl-
8-0x0-5,6,7,8-tetrahydrothiazolo[3,4-a]pyrazinium
chloride). Methyl sulfomycinate (10) (67 mg, 0.76 mmol)
was stirred in hydrochloric acid (6 M; 9 ml) in a Carius tube
at 110 °C for 2 h. After cooling, the mixture was evaporated
in vacuo, by forming an azeotrope with MeOH. The residue
was triturated with MeOH to give the title compound as a
colourless solid (12 mg, 27%), mp 203-204 °C (dec.)
(EtOAc) (lit."?> mp 205-207 °C) (Found: [M—
C11%213.0325. CgHgN,0;3S.HCI requires [M—CIt,
213.0328); IR (KBr)/em ! v, 3455, 3197, 3096, 3055,
2370, 2288, 1740, 1686, 1575, 1436, 1192, 887, 761; UV
(MeOH)/nm Ay 230 (log & 3.76) [lit.'* 230 (log ¢ 3.85)];
"H NMR (500 MHz; D,0) 6 10.15 (1H, d, J=2.4 Hz, exch
D,0, 3-H), 8.77 (1H, d, J=2.4 Hz, 1-H), 5.51 (1H, dq, /=
1.5,6.9 Hz, 5-H), 4.46 (1H, d, J=1.5 Hz, 6-H), 1.61 (3H, d,
J=6.9 Hz, Me); >*C NMR (125 MHz; D,0) 6 172.3 (C),
159.7 (CH), 156.7 (C), 136.1 (C), 131.5 (CH), 59.8 (CH),
57.5 (CH), 19.6 (Me); m/z (ES) 215 (IM—CI] ", 100%).
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Abstract—A stereoselective 10-step synthesis of the fungal metabolite (+)-decarestrictine L from commercially available ethyl
(R)-3-hydroxybutyrate is described in which tandem oxonium ylide formation and rearrangement is used to construct the tetrahydropyranyl

core of the natural product.
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1. Introduction

The decarestrictines are secondary metabolites that were
isolated from various Penicillium strains and identified as
bioactive compounds by chemical screening.! Several
members of the decarestrictine family of natural products
have been shown to inhibit the biosynthesis of cholesterol
in both a HEP-G2 liver cell assay and in vivo.'®? Of the 15
decarestrictines isolated to date, 13 possess a 10-membered
lactone core,'™" a structural feature that is common to
other fungal metabolites (Fig. 1). Decarestrictines L. and M
differ substantially in structure from the other decarestric-
tines—decarestrictine L contains a tetrahydropyranyl
system whilst decarestrictine M is an ether-bridged bicyclic
lactone (Fig. 1).'°

A1 R'=H,R?=0H
A; R'=0H,R2=H
F RL,R%2=0

Figure 1. Representative members of the decarestrictine family of natural
products.

Decarestrictine L was isolated as a minor component
from a culture broth of Penicillium simplicissimum (strain
FH-A 6090) by Thiericke and co-workers in 1992,'¢
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and the relative configurations of the stereogenic centres
were established using NMR spectroscopy. Although it is
a relatively simple natural product, decarestrictine L has
aroused considerable synthetic interest. The first synthesis
of (+)-decarestrictine L was reported by Kobayashi and co-
workers in 1993 and this established the absolute
configuration of the natural product as (2R,3S,6R).2
Subsequently, four other syntheses of the natural (+)
enantiomer have been reported,}6 and in addition we have
synthesised the compound as its racemate.” The syntheses of
(+)-decarestrictine L published to date all suffer from one
or more shortcomings with regard to following issues: the
number of steps, overall chemical yield, stereoselectivity or
the availability and expense of the starting materials.>® We
now wish to report a short (10-step) stereoselective synthesis
of (+)-decarestrictine L that commences from the relatively
inexpensive and readily available chiral pool material ethyl
(R)-3-hydroxybutyrate.

2. Results and discussion

The synthesis of (+)-decarestrictine L was conceived
following the retrosynthetic analysis outlined in Scheme 1.

(0]
-
Me" ~O
™
2
U
(0]

OH O
< LK
Me OEt Me" "O N2

=
4 3

Scheme 1. Retrosynthetic analysis of (+ )-decarestrictine L (1).
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Functional group interconversion in the propyl side chain
and on the ring led to the dihydro-2H-pyran-3(4H)-one 2 as
the key intermediate. Recognition of the ketone 2 as the
rearrangement product of allylic oxonium ylide then led to
the diazo ketone 3 as an acyclic precursor,” and further
disconnections revealed ethyl (R)-3-hydroxybutyrate (4) as
an ideal chiral pool starting material.

Our synthesis commenced with the allylation of ethyl (R)-
3-hydroxybutyrate (4) using the procedure of Bundle and
co-workers that we have employed previously for the
allylation of related alcohols (Scheme 2).”® Treatment of
the alcohol 4 with allyl 2,2 2-trichloroacetimidate and a sub-
stoichiometric amount of triflic acid afforded the allyl ether
5 in good yield. The ester group of allyl ether 5§ was then
reduced using lithium aluminium hydride to give the
alcohol 6 and this was converted into the bromide 7 by
treatment with carbon tetrabromide and triphenylphosphine.
The bromide was converted into the corresponding Grignard
reagent by reaction with magnesium turnings, and sub-
sequent treatment with solid carbon dioxide delivered the
carboxylic acid 8 in excellent yield. The diazo ketone 3, the
key cyclisation precursor, was then obtained by conversion
of the carboxylic acid 8 into the corresponding acid chloride
and subsequent reaction with an ethereal solution of

diazomethane.
f
OH O o O

a
Me)\‘t/lkOEt 4>Me)\5)J\OEt
lb
o o
Me)\7/\Br T )\A
d
/\/ N2

Scheme 2. Reagents and conditions: (a) CH,CHCH,OC(NH)CCls;,
CF3SOsH, CH,Cl—-CeHy4, 1t (82%); (b) LiAlH4, THF, 0°C (89%);
(c) CBry, PPh;, CH,Cl,, 0°C—r1t (94%); (d) (i) Mg, THF, reflux,
(i) CO4(s), —78°C—r1t (92%); (e) (i) (COCl),, DMF (cat.), CH,Cl,,
(ii) CH,N,, Et,0, 0 °C (72%).

The key ring-forming reaction was effected by treatment of
the diazo ketone 3 with copper(Il) trifluoroacetylacetonate
(2 mol%) in dichloromethane at reflux (Scheme 3).”° Tandem
catalytic carbenoid generation, ylide formation and rearrange-
ment delivered a mixture of the isomeric pyranones 2 and 9
(91:9) in 60% yield with the required diastereoisomer (2)
predominating. The use of copper(Il) trifluoroacetyl-
acetonate as catalyst provided the best combination of
yield and diastereoselection from the cyclisation reaction, a
result that is consistent with our previous work.’

L
o 2 1

Me™ "0 Np Me™ "0"2;R
L~
3 2 R' = CH,CHCH,, R2 = H
9 R' = H, R2 = CH,CHCH,
NO, lb
OH
C
Me"™ Me™ SO
A
10

OH

Me""

Me Me

decarestrictine L (1)

120

Scheme 3. Reagents: (a) Cu(tfacac),, CH,Cl,, reflux (60% 2 and 9, 91:9);
(b) L-Selectride®, THF, —78°C (95%); (c) p-O,NCcH4,CO,H,
DEAD, PPh;, THF, rt (46%); (d) PdCl,, CuCl, O,, DMF agq, 1t (89%);
(e) K,CO3, MeOH aq, rt (96%).

Reduction of the ketone 2 to give the required diastereo-
isomer (13) proved to be problematic (Eq. 1, Table 1). The
reduction reaction was effected using a variety of reducing
agents, but in most cases the undesired diastereoisomer 10
was obtained as the major product (entries 1-3, Table 1).'°
In two cases (entries 4 and 5, Table 1) attempted reduction,
using procedures developed for the stereoselective
reduction of related cyclic ketones,l L12 resulted in
decomposition of the ketone 2 and neither the required
alcohol 13 nor the diastereoisomeric compound 10 was
obtained. At this stage we decided to perform the reaction at
low temperature using L-Selectride® as the reducing agent

Table 1.
catalyst (MLp), OH N
solvent
Me® O (0] Me'

()-2 #-10 X
Entry Reducing agent Solvent Temperature (°C) Ratio (10:13)* Yield (10+13)°
1 NaBH, EtOH 25 80:20 67%
2 MAD, -BuMgCl PhMe —178 95:5 58%
3 L-Selectride THF —178 >99:1 88%
4 Na—NH3 NH3 —40 — —
5 Et;SiH, (Ph3;P);RhCl CeHg 80 — —

* Jsomer ratio determined by 'H NMR analysis.
® Yield of purified product.
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in order to obtain a single diastereoisomeric product (10).
Subsequent protection of the alcohol as the 4-nitrobenzoyl
ester using Mitsunobu conditions delivered the ester 11 as
the sole isolable product with clean inversion of configur-
ation at the h}/droxyl—bearing stereogenic centre, albeit in
modest yield."? The side chain carbonyl group was then
installed by palladium-catalysed Wacker oxidation of the
terminal alkene.'* Finally, treatment of the ketone 12 with
potassium carbonate in methanol removed the 4-nitro-
benzoyl ester group and furnished (+ )-decarestrictine L in
good yield. The spectroscopic and optical rotation data
{[a]®¥+22 (c=0.40, MeOH)} of synthetic (+)-decares-
trictine L closely matched that reported for the natural
product.'

3. Conclusions

In summary, a stereoselective synthesis of the fungal
metabolite (+ )-decarestrictine L from commercially avail-
able ethyl (R)-3-hydroxybutyrate has been completed in 10-
steps and in an overall yield of 9%. The important features
of the synthesis are the use of tandem oxonium ylide
formation and rearrangement from a catalytically generated
copper carbenoid for diastereoselctive construction of the
tetrahydropyranyl core, and conversion of the allyl side
chain into the required methyl ketone using a Wacker
oxidation reaction.

4. Experimental

4.1. General

"H and "C NMR spectra were recorded in deuterochloro-
form at ambient temperature using Bruker AM 400, AV
400 or DRX 500 instruments. Chemical shift values are
quoted in parts per million (ppm) and J values are given in
Hertz. 'H NMR signals are described as singlets (s),
doublets (d), triplets (t), quartets (q), multiplets (m), or
broad (br) or a combination of these. Signals in 13C NMR
spectra are quoted in parts per million (ppm), with residual
chloroform (6=77.1 ppm) as the internal standard. Signals
are given as (C), (CH), (CH,), (CHj3) indicating the
number of protons attached to each carbon atom as
determined using DEPT sequences. IR spectra were
recorded using a Perkin—Elmer 1600 series FT-IR
spectrometer with internal calibration using solution cells
unless otherwise stated. Mass spectra and accurate mass
measurements were recorded using a Fisons VG Autospec,
VG Micromass 70E or Micromass LCT instrument.
Optical rotations were determined using a Jasco DIP-370
digital polarimeter. Reactions were monitored by TLC
performed on Merck Kieselgel 60 F,s4 plates, and TLC
plates were visualized by a combination of UV light and
ethanolic anisaldehyde with heat. Flash column chroma-
tography was performed using Fluka silica gel 60. Solvents
and reagents were distilled using standard methods prior to
use and air sensitive compounds were handled under either
nitrogen or argon. All moisture-sensitive reactions were
performed in flame-dried glassware under nitrogen
or argon.

4.1.1. Ethyl (R)-3-(allyloxy)butanoate (5). Trifluoro-
methanesulfonic acid (300 puL, 3.39 mmol) was added
dropwise to a solution of ethyl (R)-3-hydroxybutyrate
(6.58 g, 50.0 mmol) and allyl 2,2,2-trichloroacetimidate
(20.3 g, 100 mmol) in dry dichloromethane (50 mL) and
hexane (100 mL). The mixture was stirred at room
temperature for 16 h and then quenched by addition of
excess triethylamine. The mixture was filtered through
Celite and the filtrate was evaporated. The resulting liquid
was purified by distillation to give the title compound as a
colourless liquid (7.05 g, 82%): bp 31-33 °C at 0.23 mmHg;
[a]y —9.1 (¢=0.86, CHCL3); vnax (CHCl3) 2972, 2933,
2904, 2872, 1732, 1373, 1646, 994, 943,913,871 cm ™~ '; 'H
NMR (400 MHz, CDCl5) 6 5.88 (ddt, 1H, J=17.2, 10.4,
5.6 Hz, CH=CH,), 5.26 (ddt, 1H, J=17.2, 1.7, 1.6 Hz,
CH=CH, trans), 5.14 (ddt, 1H, /=104, 1.7, 1.3 Hz,
CH=CH, cis), 4.13 (q, 2H, J=7.1 Hz, OCH,CH3), 4.03
(dddd, 1H, J=12.6, 5.6, 1.6, 1.3 Hz, OCH,CH=CH,), 3.95
(dddd, 1H, J=12.6, 5.6, 1.6, 1.3 Hz, OCH,CH=CH,),
3.96-3.87 (m, 1H, OCHCHj3;), 2.58 (dd, 1H, J=15.0,
7.2 Hz, CH,CO,), 2.37 (dd, 1H, J=15.0, 5.9 Hz, CH,CO,),
1.25 (t, 3H, J=7.1 Hz, OCH,CH3), 1.21 (d, 3H, J=6.2 Hz,
OCHCH,); '3C NMR (100.6 MHz, CDCl5) 6 171.5 (C),
135.1 (CH), 116.7 (CH,), 71.8 (CH), 69.8 (CH,), 60.4
(CH,), 42.1 (CH,), 19.9 (CH3), 14.2 (CH3); LRMS (CI) m/z
173 (M™ +H, 100); HRMS (CI) for CoH;705 [M™ +H]
calcd 173.1178, found 173.1175.

4.1.2. (R)-3-(Allyloxy)butan-1-ol (6). A solution of LiAlH,
(27 mL of 1 M solution in THF, 27 mmol) was added to a
solution of ester 5 (4.40 g, 25.6 mmol) in THF (50 mL) at
0 °C. The mixture was stirred at room temperature for 16 h
and excess LiAlH,4 was quenched by careful addition of 2 M
NaOH at 0 °C. The biphasic mixture was stirred vigorously
for 2 h and the aqueous layer extracted with diethyl ether.
The combined organic extracts were dried (MgSO,), filtered
and the solvent was evaporated (caution, volatile product).
The residue was purified by flash column chromatography
on silica gel (n-pentane/diethyl ether, 1:1) to afford the
alcohol 6 as a colourless liquid (2.96 g, 89%): [a]i —59
(c=0.75, CHCl3); vmax (CHCl3) 3497, 2972, 2932, 2868,
1646, 994, 965, 908 cm~'; 'H NMR (400 MHz, CDCls) 6
5.92, (dddd, 1H, J=17.2, 104, 5.8, 5.4 Hz, CH=CH,),
5.28 (dddd, 1H, J=17.2, 1.6, 1.5, 1.4 Hz, CH=CH, trans),
5.18 (dddd, 1H, J=104, 1.6, 1.5, 1.4 Hz, CH=CH, cis),
4.11 (ddt, 1H, J=12.6, 5.4, 1.5 Hz, CH,CH=CH,), 3.93
(ddt, 1H, J=12.6, 5.8, 1.4 Hz, CH,CH=CH,), 3.84-3.70
(m, 3H, CH;CH, CH,OH), 2.56 (br, 1H, OH),
1.81-1.70 (m, 2H, CH,CH,0H), 1.21 (d, 3H, J=6.2 Hz,
CH;CH); '3C NMR (100.6 MHz, CDCly) 6 134.9 (CH),
116.8 (CH,), 74.8 (CH), 69.4 (CH,), 61.0 (CH,), 38.7
(CH,), 19.4 (CH3); LRMS (ES) m/z 153 (M™" +Na, 100);
HRMS (ES) for C;H;40,Na [M ™ +Na] caled 153.0891,
found 153.0881.

4.1.3. (R)-3-(Allyloxy)-1-bromobutane (7). Carbon tetra-
bromide (8.95 g, 27.0 mmol) and triphenylphosphine
(7.08 g, 27.0 mmol) were added sequentially to a solution
of alcohol 6 (2.34 g, 18.0 mmol) in dichloromethane
(60 mL) at 0 °C. The mixture was then stirred at 0 °C for
1 h and at room temperature for a further 2 h. Silica gel
(~10 g) was added and the solvent was evaporated at 0 °C
(caution, volatile product) and the solid residue was dry
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loaded on a silica flash column. Elution (n-pentane/diethyl
ether, 10:1) afforded the desired compound as a colourless
liquid (3.27 g, 94%). The product was used in the next
reaction without further purification: [a]fy —49.6 (c=2.65,
CHCl); vax (CHCl3) 2973, 2932, 2865, 1646, 994, 941,
915, 875cm ™ '; '"H NMR (400 MHz, CDCl3) 6 5.94 (ddt,
1H, J=17.2, 104, 5.6 Hz, CH=CH,), 5.30 (dddd, IH,
J=17.2,1.6, 1.5, 1.4 Hz, CH=CH, trans), 5.19 (dddd, 1H,
J=10.4,1.6, 1.5, 1.4 Hz, CH=CH, cis), 4.13—4.08 (m, 1H,
CH,CH=CH,), 3.98-3.93 (m, 1H, CH,CH=CH,),
3.71-3.66 (m, 1H, CH3;CH), 3.60-3.47 (m, 2H, CH,Br),
2.14-2.05 (m, 1H, CH,CH,Br), 1.99-1.90 (m, 1H,
CH,CH,Br), 1.20 (d, 3H, J=6.1 Hz, CH;CH); '°C NMR
(100.6 MHz, CDCl5) 6 135.2 (CH), 116.7 (CH,), 72.6 (CH),
69.7 (CH,), 40.0 (CH,), 30.4 (CH,), 19.4 (CH3).

4.1.4. (R)-4-(Allyloxy)pentanoic acid (8). A crystal of
iodine was added to a suspension of magnesium turnings
(392 mg, 16.3 mmol) in dry THF under gentle heating
(water bath). The bromide 7 (3.00 g, 15.5 mmol) was then
added dropwise to the suspension causing an exotherm.
After addition was complete, the mixture was heated at
50 °C for 30 min, before being cooled to —78 °C. Solid
carbon dioxide (2 g, 3 equiv) was then added in one portion
to the solution and the mixture was allowed to warm to room
temperature. The resulting white suspension was stirred for
1h and 1 M aqueous HCI was added until the pH of the
aqueous layer was acidic. The aqueous layer was extracted
with ethyl acetate and combined organic extracts were dried
(MgSO0,), filtered and evaporated. The residue was purified
by flash column chromatography on silica gel (petrol 40—60/
ethyl acetate, 1:1) to afford the carboxylic acid 8 as a
colourless liquid (2.25g, 92%): [a]p —31 (c=0.45,
CHCly); vmax (CHCl3) 3174, 2972, 2931, 2864, 1745,
1710, 995, 943, 914 cm ™~ '; 'H NMR (400 MHz, CDCl;) 6
5.92 (dddd, 1H, J=17.2,10.4, 5.7, 5.5 Hz, CH=CH,), 5.27
(ddt, 1H, J=17.2, 1.6, 1.4 Hz, CH=CH, trans), 5.16 (ddt,
1H, /=104, 1.6, 1.4 Hz, CH=CH, cis), 4.06 (ddt, 1H, J=
12.6, 5.5, 1.4 Hz, CH,CH=CH,), 3.92 (ddt, 1H, J=12.6,
5.7, 1.4 Hz, CH,CH=CH,), 3.58-3.48 (m, 1H, CH;CH),
2.51-2.45 (m, 2H, CH,C=0), 1.85-1.79 (m, 2H,
CH,CH,C=0), 1.18 (d, 3H, J=6.2 Hz, CH;CH); "*C
NMR (100.6 MHz, CDCl;) 6 179.7 (C), 135.1 (CH), 116.7
(CH,), 73.8 (CH), 69.5 (CH,), 31.3 (CH,), 30.2 (CH,), 19.4
(CH3); LRMS (ES) m/z 181 (M™ +Na, 100); HRMS (ES)
for CgH,4OsNa [M* +Na] caled 181.0841, found
181.0842.

4.1.5. (R)-5-(Allyloxy)-1-diazohexan-2-one (3). Oxalyl
chloride (0.29 mL, 3.3 mmol) was added to a solution of
the carboxylic acid 8 (0.40 g, 2.5 mmol) in dichloromethane
(5 mL), followed by two drops of dry DMF. The mixture
was stirred at room temperature for 6 h and transferred to an
ethereal solution of diazomethane at 0 °C. The mixture was
stirred at room temperature for 3 h and excess diazomethane
was quenched by careful addition of acetic acid (2 mL). The
ether solution was washed with saturated aqueous NaHCO;
(20 mL) and the aqueous layer was back-extracted with
diethyl ether (20 mL). The combined organic layers and
extracts were dried (MgSQO,), filtered and evaporated to give
a yellow oil. Purification by flash column chromatography
(hexane/diethyl ether, 2:1) afforded the diazo ketone 3 as a
bright yellow liquid (0.33 g, 72%): [a]5 —28 (c=0.43,

CHCly); ¥max (CHCI3) 3117, 2973, 2930, 2863, 2109, 1639,
995, 914cm™'; 'H NMR (400 MHz, CDCl;) 6 5.92
(ddt, 1H, J=17.2, 10.4, 5.6 Hz, CH=CH.,), 5.29-5.23 (br,
1H, CHN,), 5.28 (ddt, 1H, J=17.2, 1.6, 1.5 Hz, CH=CH,
trans), 5.17 (ddt, 1H, J=10.4, 1.6, 1.4 Hz, CH=CH, cis),
4.06 (dddd, 1H, J=12.7, 5.6, 1.5, 1.4 Hz, CH,CH=CH,),
3.90 (dddd, 1H, J=12.7, 5.6, 1.5, 1.4 Hz, CH,CH=CH,),
3.56-3.47 (m, 1H, CH;CH), 2.51-2.38 (m, 2H, CH,C=0),
1.92-1.73 (m, 2H, CH,CH,C=0), 1.18 (d, 3H, J=6.1 Hz,
CH;CH); "*C NMR (100.6 MHz, CDCl3) 6 195.0 (C), 135.2
(CH), 116.5 (CH,), 73.8 (CH), 69.4 (CH,), 54.2 (CH), 36.7
(CH,), 31.6 (CH,), 19.5 (CH;); LRMS (ES) m/z 205
(M* +Na, 100), 183 [(MT+H, 10)]; HRMS (ES) for
CoH,4N,0,Na [M T +Na] caled 205.0953, found 205.0946.

4.1.6. (2R,6R)-2-Allyl-6-methyldihydro-2H-pyran-
3(4H)-one (2) and (2S,6R)-2-allyl-6-methyldihydro-2H-
pyran-3(4H)-one (9). A solution of diazo ketone 3 (0.30 g,
1.6 mmol) in dichloromethane (5 mL) was added dropwise
to a solution of Cu(tfacac), (25 mg, 5 mol%) in dichloro-
methane (10 mL) at reflux. The mixture was stirred under
reflux for 20 min and the solvent was evaporated. Flash
column chromatography (petrol 40—60/diethyl ether, 10:1)
of the residue afforded a mixture of the ketones 2 and 9
(91:9) as a colourless liquid (0.15 g, 60%). Ketone 2. []5
+157 (¢=0.65, CHCl3); vinax (CHCl3) 2976, 2936, 2873,
1722, 1642, 997,915 cm ™~ '; '"H NMR (400 MHz, CDCl5) 6
5.83 (ddt, 1H, J=17.1, 10.2, 6.9 Hz, CH=CH,), 5.15 (dq,
1H, J=17.1, 1.5Hz, CH=CH,) 5.19-5.10 (m, 1H,
CH=CH,), 4.21-4.12 (m, 1H, CH5;CH), 4.10 (dd, 1H, J=
8.3, 5.6 Hz, OCHC=0), 2.59-2.46 (m, 4H, CH,C=0,
CH,CH=CH,), 2.18-2.09 (m, 1H, CH,CH,C=0),
1.88-1.76 (m, 1H, CH,CH,C=0), 1.29 (d, 3H, J=
6.2 Hz, CH;CH); >C NMR (100.6 MHz, CDCl5) é 210.6
(C), 133.6 (CH), 117.6 (CH,), 78.9 (CH), 66.6 (CH), 35.6
(CH,), 34.4 (CH,), 31.1 (CH,), 20.5 (CH3); HRMS (EI) for
CoH 40, [M ] caled 154.0994, found 154.0978. Ketone 9.
[a]ly —67 (c=0.60, CHCl3); vpax (CHCl3) 2977, 2927,
2855, 1722, 1642, 996, 908 cm~ '; 'H NMR (500 MHz,
CDCl3) 6 5.83 (dddd, 1H, J=17.1, 10.2, 6.9, 6.8 Hz,
CH=CH,), 5.13 (dddd, 1H, J=10.2, 1.6, 1.4, 1.3 Hz,
CH=CH,) 5.07 (dddd, 1H, J=17.1, 1.6, 1.4, 1.3 Hz,
CH=CH,), 3.91-3.86 (m, 2H, CH3CH, OCHC=0), 2.59
(dddt, 1H, J=14.6, 6.9, 4.5, 1.3 Hz, CH,CH=CH,), 2.55
(ddd, 1H, J=16.0, 6.3, 3.5 Hz, CH,C=0), 2.45 (dddd, 1H,
J=16.0, 11.3, 7.0, 0.8 Hz, CH,C=0), 2.34 (dddt, 1H,
J=14.6, 8.0, 6.8, 1.4 Hz, CH,CH=CH,), 2.08 (dddd,
1H, J=13.6, 7.0, 3.5, 3.0 Hz, CH,CH,C=0), 1.88 (dddd,
1H, J=13.6, 11.3, 10.5, 6.3, Hz, CH,CH,C=0), 1.30 (d,
3H, J=6.2 Hz, CH;CH); '>C NMR (125.8 MHz, CDCls) 6
208.7 (C), 134.4 (CH), 117.2 (CH,), 82.4 (CH), 72.6 (CH),
37.7 (CH,), 34.1 (CH,), 33.5 (CH,), 21.4 (CH3); HRMS
(EI) for CoH140, [M ] caled 154.0994, found 154.1000.

4.1.7. 2R,3R,6R)-2-Allyl-6-methyltetrahydro-2H-pyran-
3-0l (10). A solution of L-Selectride® (4.7 mL of a 1 M
solution in THF, 4.7 mmol) was added dropwise to a
solution of ketone 2 (0.24 g, 1.6 mmol) in THF (20 mL) at
—78 °C. The mixture was stirred at —78 °C for 3 h and
H,O0, (4mL of a 30% aqueous solution) was added,
followed by 2M NaOH until pH ~10. The biphasic
mixture was stirred vigorously at room temperature for 1 h
and the layers separated. The aqueous layer was extracted
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with diethyl ether (3 X20 mL) and the combined extracts
were dried, filtered and evaporated. The residue was purified
by flash column chromatography (petrol 40-60/diethyl
ether, 1:1) to afford the alcohol 10 as a colourless oil
(0.23 g, 95%): [0 +51 (¢=0.65, CHCI3); #nax (CHCI3)
3611,2975,2938, 1642, 997, 970,910, 864 cm ™ '; "H NMR
(400 MHz, CDCl3) 6 5.85 (ddt, 1H, J=17.1, 10.2, 6.9 Hz,
CH=CH,), 5.15 (dddd, 1H, J=17.1, 1.7, 1.6, 1.5 Hz,
CH=CH, trans), 5.09 (ddd, 1H, J=10.2, 1.6, 1.5, 1.3 Hz,
CH=CH, cis), 4.04-3.94 (m, 1H, CH5CH), 3.83-3.73 (m,
2H, OCHCHOH), 2.45-2.37 (m, 1H, CH,CH=CH,),
2.35-2.26 (m, 1H, CH,CH=CH,), 2.00-1.91 (m, 1H,
CH;CHCH,), 1.90-1.82 (m, 2H, CHHCHOH), 1.79-1.70
(m, 1H, CH,CHOH), 1.34-1.25 (m, 1H, CH3;CHCH,), 1.21
(d, 3H, J=6.6 Hz, CH;CH); '>*C NMR (100.6 MHz, CDCl5)
0 135.0 (CH), 116.8 (CH,), 72.7 (CH), 67.1 (CH), 67.0
(CH), 33.3 (CH,), 27.0 (CH,), 26.5 (CH,), 18.3 (CHjy);
LRMS (EI) m/z 156 (M, 1), 141 (1), 115 (100), 97 (15), 79
(10), 71 (35), 57 (36); HRMS (EI) for CoH;40, [M ] calcd
156.1150, found 156.1149.

4.1.8. (2R,3S,6R)-2-Allyl-6-methyltetrahydro-2H-pyran-
3-yl 4-nitrobenzoate (11). To a solution of the alcohol 10
(60 mg, 0.38 mmol) in dry THF (10 mL) was added
triphenylphosphine (0.20 g, 0.77 mmol), 4-nitrobenzoic acid
(0.13 g, 0.77 mmol), followed by DEAD (120 pl,
0.77 mmol), and the reaction was stirred at room temperature
for 16 h. The solvent was then evaporated, and the residue
was purified by flash column chromatography on silica gel
(hexane/diethyl ether, 10:1) to give the ester 11 (54 mg, 46%)
as a colourless oil: []y +27.4 (¢=1.75, CHCL); Vmnax
(CHCly) 3112, 2947, 2872, 1721, 1642, 1609, 970, 908, 873,
859 cm ™ '; 'H NMR (400 MHz) 6 8.30 (d, 2H, J=9.0 Hz,
Ar-H), 8.24 (d, 2H, J=9.0 Hz, Ar-H), 5.84 (ddt, 1H, J=17.1,
10.2, 6.9Hz, CH,CHC=CH,), 5.16-5.09 (m, 2H,
CH,CH=CH,), 497 (dt, 1H, J=5.0, 3.5 Hz, CHO,CAr),
4.05-3.99 (m, 1H, CHOCH,CH=CH,), 3.95-3.89 (m, 1H,
CH;CHO), 2.58-2.48 (m, 1H, CHOCH,CH=CH,),
2.44-2.36 (m, 1H, CHOCH,CH=CH,), 2.12-2.02 (m, 1H,
CH,CHO,CAr), 2.01-1.92 (m, 1H, CH,CHO,CAr),
1.71-1.63 (m, 2H, CH;CHOCH,), 1.24 (d, 3H, J=6.3 Hz,
CH;CHO); '*C NMR (100.6 MHz) 6 164.1 (C), 150.6 (C),
135.9 (C), 133.9 (CH), 130.8 (CH), 123.5 (CH), 117.4 (CH,),
73.9 (CH), 71.4 (CH), 66.0 (CH), 34.8 (CH,), 28.1
(CHy), 23.8 (CHy), 20.6 (CH3); HRMS (EI) for C,3H;4NOs
[M* —C3Hs] caled 264.0872, found 264.0885.

4.1.9. (2R,3S,6R)-6-Methyl-2-(2-oxopropyl)tetrahydro-
2H-pyran-3-yl 4-nitrobenzoate (12). PdCl, (5.8 mg,
20 mol%) and CuCl (16 mg, 0.16 mmol) were added to a
solution of the ester 11 (50 mg, 0.16 mmol) in DMF
(2.5mL) and water (0.25 mL) under an atmosphere of
oxygen and the reaction was stirred vigorously at room
temperature until consumption of the starting material was
complete (~ 1.5 h). A saturated aqueous solution of sodium
chloride was added and the mixture was then extracted with
dichloromethane (4X20 mL). The combined organic
extracts were washed with brine (25 mL) and the organic
layer was dried (Na,SQOy). The solvent was evaporated and
the residue was purified by flash chromatography on silica
gel (hexane/diethyl ether, 1:1) to give the ketone 12 (47 mg,
89%) as a colourless oil: [a]F + 12 (¢=0.60, CHCl5); Vmnax
(CHCls) 2953, 2872, 1721, 1609, 971, 908, 873 cm ™ '; 'H

NMR (400 MHz) 6 8 31 (d, 2H, J=9.0 Hz, Ar-H), 8.23 (d,
2H, J=9.0 Hz, Ar-H), 4.92-4.87 (m, 1H, CHO,CAr), 4.46
(ddd, 1H, J=8.8, 5.0, 4.9 Hz, CHOCH,C=O0); 4.01-3.92
(m, 1H, CH;CHO), 2.86 (dd, 1H, J=15.5, 8.8 Hz,
CH,C=0), 2.64 (dd, 1H, J=15.5, 4.9 Hz, CH,C=0),
2.21 (s, 3H, CH;C=0), 2.10-1.93 (m, 2H, CH,CHO,CAT),
1.82-1.74 (m, 1H, CH;CHOCH,CH,), 1.70-1.61 (m, 1H,
CH;CHOCH,CH,), 1.28 (d, 3H, J=6.4 Hz, CH,CHO); '*C
NMR (100.6 MHz) 6 205.8 (C), 164.0 (C), 150.7 (C), 135.5
(C), 130.8 (CH), 123.6 (CH), 72.0 (CH), 70.0 (CH), 67.0
(CH), 45.2 (CH»), 30.5 (CH3), 28.1 (CH,), 24.0 (CH,), 19.5
(CH5); HRMS (EI) for C;3H,,NOs [M* —C;3Hs0] caled
264.0872, found 264.0848.

4.1.10. 1-[(2R,3S,6R)-3-Hydroxy-6-methyltetrahydro-
2H-pyran-2-yl]-acetone [(+)-decarestrictine L] (1). To a
solution of the ketone 12 (39 mg, 12 mmol) in a mixture of
methanol (5 mL) and water (0.1 mL) was added K,COj3
(17 mg, 12 mmol), and the reaction was stirred at room
temperature for 45 min. The solvent was evaporated, and
the residual material was purified by flash column
chromatography on silica gel (diethyl ether) to give
decarestrictine L (1) (20 mg, 96%) as a colourless oil:
[a]® +22 (¢=0.40, MeOH) {lit. [a]y +21.8 (c=0.5,
MeOH)}; vna.x (CHCly) 3627, 3477, 2943, 2838, 1712,
1602 cm ™~ '; "H NMR (400 MHz, CDCl5) 6 4.04-3.98 (m,
1H, CHOCHOH), 3.97-3.92 (m, 1H, CH;CHO), 3.43-3.37
(m, 1H, CHOH), 2.75 (dd, 1H, J=15.6, 5.6 Hz, CH,C=0),
2.70 (dd, 1H, J=15.6, 7.4 Hz, CH,C=0), 2.20 (s, 3H,
CH;C=0), 2.17 (br, 1H, OH), 1.92-1.82 (1H, m,
CH,CHOH), 1.77-1.65 (m, 2H, CH,CH,), 1.61-1.52 (m,
1H, CH;CHOCH), 1.22 (d, 3H, J=6.6 Hz, CH;CHO); '3C
NMR (100 MHz, CDCl3) 6 207.8 (C), 72.1 (CH), 69.4 (CH),
67.5 (CH), 46.3 (CH,), 30.5 (CH3), 28.3 (CH,), 27.1 (CH,),
18.4 (CH;); HRMS (EI) for CoH;,0, [MT —H,0] calcd
154.0994, found 154.0995.
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Abstract—The new tin reagents, 2-(n-Bu;Sn)-6-{C(R)OCH,CH,0}-CsH;N, (R=H a, Me b), have been employed in Stille-type cross-
coupling reactions with a range of oligopyridylbromides generating, following a facile deprotection step, a series of formyl- and acetyl-
functionalised oligopyridines. Condensation reactions with 2,6-diisopropylaniline has allowed access to families of novel sterically bulky
multidentate N,N,N,N (tetradentate), N,N,N,N,N (pentadentate), N,N.N,N,N,N (sexidentate) and N,N.N.,N,N,N,N (heptadentate) nitrogen
donor ligands. This work represents a straightforward and rapid synthetic route for the preparation of oligopyridylimines, which are expected
to act as useful components for the self-assembly of polymetallic complexes.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The chemistry of 2,6-oligopyridines, CsH4N(CsH3N),Cs-
H4N (n=1-7), has been widely developed in recent years
due, in the main, to its connection with supramolecular
chemistry, in which the ligand in combination with a
suitable metal ion can self-assemble to form helical or grid-
like superstructures.'™ In the same way, it would be
anticipated that the structurally related 2,6-oligopyridyl-
imines, CsH4;N(CsH;3N),CR=NR’ or R’'N=RC(CsH3N),,-
CR=NR’' (m or n>1; R=H or hydrocarbyl; R'=
hydrocarbyl), in which the pyridyl chain is terminated by
either one or two imino units, could be employed to develop
a similar chemistry. Moreover, the presence of a
functionalisable imino-substituent (R or R’) would offer a
convenient method of modifying both the electronic and
steric properties of the ligand manifold. However, an
absence of suitable synthetic protocols has meant the
chemistry of the higher members (m or n>2) of the
oligopyridylimine family is not nearly as well developed.”™'°
Nevertheless, multistep procedures™ have been carried out
that have allowed access to bis(imino)bipyridine (m=2) and
bis(imino)terpyridine (m=23) compounds and indeed their
capacity to form double helicate structures has been
recognised.&9 In stark contrast, the lower members of the
family, that is, bis(imino)pyridine (m= 1), have been widely
used in coordination chemistry and more recently as supports

Keywords: Stille-type; Cross-coupling; Oligopyridylimines; Nitrogen
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for olefin polymerisation catalysts.'' ™" Notably, in the latter
case an appreciation of the steric properties of the arylimino
N-substituent has been paramount in the development of the
area.

Herein, we introduce a simple general strategy for preparing
a wide variety of new multitopic nitrogen donor oligo-
pyridylimines ligands containing either one or two sterically
demanding aryl-aldimino [-C(H)=NAr] or aryl-ketimino
[-C(Me)=NAr] end-groups. The ligand synthesis proceeds
via the synthesis of formyl- and acetyl-functionalised
oligopyridines (using Stille-type coupling methodologies'*)
which can be readily converted to their aryl-imine
counterparts.

2. Results and discussion

2.1. Synthesis of 2-(n-BuzSn)-6-{C(R)OCH,CH,0}-
CsH3;N (R=H a, Me b)

The tin reagents, 2-(n-BuzSn)-6-{C(R)OCH,CH,0}-
CsH3N (R=H a, Me b), can be prepared in good overall
yield in two steps from 2-bromo-6-formylpyridine and
2-bromo-6-acetylpyridine, respectively (Scheme 1). Firstly,
the protected ketal derivatives 2-Br-6-{ C(R)OCH,CH,0}-
CsH;N (R=H, Me) can be prepared by reaction of
2-bromo-6-formylpyridine and 2-bromo-6-acetylpyridine
with ethane-1,2-diol under azeotropic reflux in benzene.'
Secondly, treatment of 2-Br-6-{ C(R)OCH,CH,0}-CsH;N
(R=H, Me) with n-BuLi at —100°C in diethylether
followed by reaction of the lithiated intermediates with
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X
_ R (i) |
Br N > Br
(0]
R=H R=H
R =Me R=

R i) |

=
—>  n-BusSn N

R =H a (92%)
R = Me b (88%)

Scheme 1. Reagents and conditions: (i) (CH,OH),, cat. p-TsOH, benzene, reflux;'® (i) n-BuLi, CISn(n-Bu)s, Et,0, —100 °C.

tributyltin chloride affords air stable a and b in good yield.
Notably, the reactions can be readily scaled-up allowing
access to up to 30 g of the tin reagents.

2.2. Stille-type reaction of a and b with
oligopyridylbromides

Stille-type cross-coupling reactions of a or b were carried
out with a range of oligopyridylbromides in toluene at
elevated temperature in the presence of catalytic quantities
of Pd(PPh3), (loadings between 6-8 mol%) to yield,
following acid-mediated deprotection, the formyl- and
acetyl-oligopyridines 1-5, respectively (Table 1). All the
new compounds have been characterised by 4, 3C NMR,
IR spectroscopy and ESI mass spectrometry (see Section 4).

The IR spectra for 1-5 showed characteristic absorption
bands for their carbonyl functionalities (ca. 1705 cm_l)
while molecular ion peaks were revealed in their ESI mass
spectra. In the '*C {'"H} NMR spectra, the carbonyl carbon
atoms were seen in the range ¢ 193.8 and 200.4 with the
CH=0 and CMe=0 protons being seen at ca. 0 10.1 (1a,
2a, 3a, 4a) and 6 2.8 (1b, 2b, 3b, 4b) in their '"H NMR
spectra, respectively.

The overall yields obtained for the combination of both the
coupling reaction and the acid deprotection are generally
good (>60%) but start to decrease as the pyridyl chain
length is increased (Table 1). This observation can be, in
part, attributed to the reduction in solubility of the higher
members of the carbonyl-containing oligopyridines in the
organic solvents employed, which is particularly significant
in the case of the diformyl-substituted quartepyridine 4a
where the yield drops to 45%. Moreover, we have not been
able to isolate the diformylquinquepyridine (5a) despite
being able to characterise the protected form. It is
noteworthy that alternative procedures for compounds
1a,'° 1b'7 and 3a’ have been previously reported although
no spectroscopic data was included for 1b; the yields
described here are higher or comparable with the previous
reports.

2.3. Condensation reaction of carbonyl compounds with
2,6-diisopropylaniline

Treatment of 1-5 with 2,6-diisopropylaniline in the
presence of a catalytic amount of acid (glacial acetic or
formic acid) gave the imine compounds 6-10 (see Table 2)
as pale yellow or white solids in moderate to good yield.
The aldimine compounds (6a, 7a, 8a, 9a) were most
conveniently prepared by carrying out the reaction in
ethanol at 50 °C overnight (method A) while the ketimine
compounds (6b, 7b, 8b, 9b, 10b) could be prepared by using

2,6-diisopropylaniline as both reactant and solvent (method
B) at elevated temperatures over short time periods. All the
new compounds have been characterised by '"H NMR, '°C
NMR, IR spectroscopy and ESI mass spectrometry (see
Section 4).

The molecular structures of 6b, 8a and 9a are depicted in
Figures 1-3; selected bond distances and angles are listed in
Table 3. Each structure consists of a chain of 2,6-linked
pyridine rings (three for 6a and 6b; four for 9a) containing
either one (6a) or two (8a and 9a) 2,6-diisopropylphenyl-
substituted imino groups as the chain-ends. In each
compound a mutually transoid conformation of the nitrogen
atoms is observed throughout the imine—pyridine backbone
as has been observed for the structurally related 2,6-
oligopyridines.'® The C-N bond lengths of the imine groups
range from 1.256(2) to 1.275(4) A and are consistent with
double bond character. While the pyridine and imine groups
in 6a are essentially coplanar some twisting is evident
within the backbone of 8a [tors.: N(3)-C(19)-C(18)-N(2)
14.0°], which is even more noticeable in 9a [tors.: N(2)—
C(18)-C(19)-N(3) 28.9°]. For all three structures the 2,6-
diisopropylphenyl rings are inclined essentially
orthogonally to the plane of the adjacent pyridyl-imine
units.

Compounds 6-10 gave molecular ion peaks in their mass
spectra and IR spectroscopy showed characteristic absorp-
tion bands for their imino functionalities (ca. 1635 cm™ ).
In the 'H NMR spectra, the aldimine compounds (6a, 7a,
8a, 9a) gave singlets at ca. 0 8.1 consistent with the presence
of CH=N protons while the CMe=N protons could be seen
at ca. 0 2.2 for the ketimine compounds (6b, 7b, 8b, 9b,
10b).

It is noteworthy that the introduction of the 2,6-diiso-
propylphenyl group to the oligopyridyl chain not only
changes the steric and electronic attributes of the
compounds but significantly also enhances the solubility
of the longer chain members of the series. For example, 9a
is highly soluble in chlorinated solvents while the
corresponding formyl precursor 4a is scarcely soluble.

3. Conclusions

In summary, we have described a straightforward and
efficient synthesis for a broad range of formyl- and acetyl-
oligopyridines via a palladium-mediated Stille-type cross-
coupling approach. Their subsequent condensation
reactions with 2,6-diisopropylaniline have allowed access
to several novel families of sterically encumbered
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Table 1. Synthesis of formyl- and acetyl-functionalised oligopyridines via Stille-type cross-coupling of a or b with oligopyridylbromides

X
| _ R (i) Pd(PPhy)y (6 - 8 mol%),
n-BusSn N toluene, 90 °C, 72 h;
(0] O + R-Br > 1-5
(i) HCI (4 M), 60 °C, 12 h
R=Ha
R=Meb
Entry Tin reagent R-Br Deprotected product Yield (%)*
1 a - - 60°
\ /' \ 7/
Br
2 b — - 62
\ N\, 7/
Br
3 a | \ 70
Br I N | NS
7 =
4 b | ~ 75
Br I N | NS
7 =
5 a | \ 80°
B N Br
6 b 75
7 a 45
8 b 72
9 b 50

 Isolated yields from both steps.

" See Ref. 16 for an alternative procedure.
¢ See Ref. 5 for an alternative procedure.
4 Note 5a proved too insoluble.
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Table 2. Condensation reactions of 1-5 with 2,6-diisopropylaniline
2,6-i-Pr,CgH3NH, (1.1 - 2.2 equiv.), cat. H"

Method A R-C(H)=0 6a, 7a, 8a, 9a
EtOH, 50 °C, 18 h
2,6-i-PryCgH3NHj (solvent), cat. H"
Method B R-C(Me)=0 - > 6b, 7b, 8b, 9b, 10
160 °C, 20 min
Entry Method R-C(R)=0 Oligopyridylimine product Yield
(%)*

10 A 45
11 B 50
12 A 50
13 B 60
14 A 65
15 B 60
16 A 50
17 B 58
18 B 45

 Isolated yields.
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Figure 3. Molecular structures of 9a including a partial atom numbering scheme. All hydrogen atoms apart from H13 have been omitted for clarity.

Table 3. Selected bond distances (A) and angles (°) for 6b, 8a and 9a

6b 8a 9a
N(1)-C(14) 1.275(4) N(1)-C(13) 1.256(2) N(1)-C(13) 1.265(6)
N(1)-C(12) 1.434(4) N(5)-C(29) 1.260(2) C(1)-N(1) 1.437(6)
C(13)-C(14) 1.493(4) C(28)-C(29) 1.470(2) C(18)-C(19) 1.489(7)
C(14)-C(15) 1.495(4) C(18)-C(19) 1.488(2) C(23)-C(23A) 1.514(12)
C(19)-C(20) 1.484(4) C(23)-C(24) 1.487(2) C(13)-C(14) 1.478(7)
C(24)-C(25) 1.484(4) C(13)-C(14) 1.472(2)
C(14)-N(1)-C(12) 121.1(3) C(13)-N(1)-C(12) 119.64(14) C(1)-N(1)-C(13) 120.7(5)
N(1)-C(14)-C(13) 125.0(3) C(29)-N(5)-C(30) 117.84(14) N(1)-C(13)-C(14) 120.7(6)
multidentate oligopyridylimines. The coordination chem- standard Schlenk techniques. Solvents were distilled under
istry of these new ligand types will be explored elsewhere. nitrogen from appropriate drying agents and degassed prior

to use.'” The infrared spectra were recorded on a Perkin-
Elmer Spectrum One FT-IR spectrometer on solid samples.

4. Experimental The electrospray ionisation (ESI) and the fast atom

bombardment (FAB) mass spectra were recorded using a

4.1. General micromass Quattra LC mass spectrometer and a Kratos
Concept spectrometer with chloroform or NBA as the

All reactions, unless otherwise stated, were carried out matrix, respectively. High resolution FAB mass spectra

under an atmosphere of dry, oxygen-free nitrogen, using were recorded on Kratos Concept spectrometer (xenon gas,
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7kV) with NBA as matrix. '"H and '*C NMR spectra were
recorded on a Bruker ARX spectrometer (250 or 300 MHz);
chemical shifts (ppm) are referred to the residual protic
solvent peaks; coupling constants are in Hertz (Hz). Melting
points (mp) were measured on a Gallenkamp melting point
apparatus (model MFB-595) in open capillary tubes and
were uncorrected. Elemental analyses were performed at the
Department of Chemistry, University of North London by
Dr. Boyer.

The reagents, 2,6-diisopropylaniline, tributyltinchloride,
2,6-dibromopyridine and n-BulLi were purchased from
Aldrich Chemical Co. and used without further purification.
The compounds, 6-bromo-2-(1,3-dioxolan-2-yl)pyridine,'
6-br0m0-2—(2-methyl-1,3-dioxolan-Z-yl)(})ylridine,15 tetra-
kis(triphenglphosphine)palladium(O),2 6-bromo-2,2'-
bipyridine,”!  6-bromo-2,2";6',2"-terpyridine,*> 6,6/
dibromo-2,2’-bipyridine* and 6,6”-dibromo-2,2';6’,2"-ter-
pyridine** were prepared according to previously reported
procedures. All other chemicals were obtained com-
mercially and used without further purification.

4.2. Synthesis of tin reagents

4.2.1. 6-Tributylstannyl-2-(1,3-dioxolan-2-yl)pyridine
(a). Under an atmosphere of nitrogen, 6-bromo-2-(1,3-
dioxolan-2-yl)pyridine (16.02 g, 69.65 mmol) was dis-
solved in anhydrous diethyl ether (160 ml) and cooled to
—100 °C. n-BuLi (43.5 ml, 69.65 mmol, 1 equiv, 1.6 M in
hexanes) was added dropwise over 15 min. After stirring the
mixture for 10 min, the solution was warmed to — 78 °C and
stirred for a further 30 min. The solution was re-cooled to
—100 °C before addition of freshly distilled tributyl-
tinchloride (20.4 ml, 76.62 mmol, 1.1 equiv). The solution
was stirred for 1 h at — 100 °C, allowed to warm to room
temperature and left to stir overnight. The resulting mixture
was filtered through Celite and washed with dichloro-
methane. The reaction mixture was concentrated under
reduced pressure to give a brown/black oil. The resulting oil
was distilled (Kugelrohr, 210 °C/0.1 mmHg) to afford
6-tributylstannyl-2-(1,3-dioxolan-2-yl)pyridine (28.0 g,
92%) as a clear brown oil. '"H NMR (300 MHz, CDCls): 6
0.94 (t, *Jy3=7.3 Hz, 9H, CH;), 1.17 (dd, *Jiz ;;=8.2 Hz,
3J4nu=28.5Hz, 6H, CH,), 1.38 (app. sex, 3Juu=7Hz, 6H,
CH,), 1.63 (m, 6H, CH,), 4.1-4.3 (m, 4H, CH,), 5.91 (s, 1H,
CH), 7.3-7.5 (m, 2H, Py-H), 7.57 (app. t, *Jy_y=7.6 Hz,
1H, Py-H). '*C {"H} NMR (75 MHz, CDCl5): 6 10.1 (CH,),
13.7 (CHy), 27.3 (CH,), 28.0 (CH,), 65.6 (CH,), 104.8
(CH), 118.9 (Py), 132.4 (Py), 133.1 (Py), 157.3 (Py), 173.5
(Py). IR (cm ™ "): 2955, 2922, 1575, 1557, 1463, 1411, 1340,
1123, 1093, 960, 944, 794, 665. FABMS: m/z 438 [M+H
("'°Sn)]*. HRMS (FAB): calcd for CooH3NO2'°Sn [M+
H]*438.17670, found 438.17663.

4.2.2. Synthesis of 6-tributylstannyl-2-(2-methyl-1,3-
dioxolan-2-yl)pyridine (b). A similar procedure to that
described for a was followed, using 6-bromo-2-(2-methyl-
1,3-dioxolan-2-yl)pyridine (16.99 g, 69.65 mmol) as the
protected ketal derivative. The resulting oil was distilled
(Kugelrohr, 230 °C/0.1 mmHg) to afford 6-tributylstannyl-
2-(2-methyl-1,3-dioxolan-2-yl)pyridine (27.64 g, 88%) as a
clear brown oil. "H NMR (300 MHz, CDCls): 6 0.79 (t,
3Jun=7.3Hz, 9H, CH3), 1.02 (dd, *Jy y=8.2 Hz,

*Jun=8.5Hz, 6H, CH,), 1.25 (app. sex, *Jy_n=7 Hz,
6H, CH,), 1.49 (m, 6H, CH,), 1.70 (s, 3H, CH3), 3.64.0 (m,
4H, CH,), 7.2-7.3 (m, 2H, Py-H), 7.41 (app. t, *Jy_y=7.6 Hz,
1H, Py-H). '°C {'H} NMR (75 MHz, CDCl5): 6 10.0 (CH3),
13.6 (CH,), 24.4 (CH,), 27.9 (CH,), 28.0 (CH3), 65.0 (CH,),
109.2, 118.9 (Py), 131.4 (Py), 133.6 (Py), 160.4 (Py), 173.5
(Py). IR (cm ™~ "): 2955, 2923, 1569, 1556, 1463, 1411, 1376,
1192, 1099, 1042, 947, 872, 800, 752, 690, 661. FABMS:
mlz 452 [M+H ("'°Sn)]T. HRMS (FAB): calcd for
C,H3sNO,Sn [M+H (''°Sn)] 7452.19235, found
452.19242.

4.3. Stille-type cross-coupling reactions

4.3.1. Formyl-2,2':6',2"-terpyridine (1a). 6-Bromo-2,2'-
bipyridine (0.971 g, 4.13 mmol), a (1.99 g, 4.54 mmol,
1.1 equiv) and tetrakis(triphenylphosphine)palladium(0)
(0.286 g, 0.25 mmol, 0.06 equiv) were loaded in a Schlenk
tube under N, and the contents stirred in dry toluene (30 ml)
for 72h at 90 °C. After removal of the solvent under
reduced pressure, the reaction mixture was stirred overnight
at 60 °C in 4 M HCI (20 ml), cooled to room temperature
and carefully neutralised by addition of 2 M NaHCOs;. The
suspension was extracted with CHCl; (3 X30 ml) and the
organic phase separated, washed with water (3 X30 ml),
brine (1X40ml) and dried over magnesium sulphate.
Following filtration, the solvent was removed under reduced
pressure and the crude product crystallised from ethanol at
—30 °C. The resulting precipitate was collected by filtration
to afford 1a (0.647 g, 60%) as a pale yellow solid. The
melting point and "H NMR spectroscopic data of 1a were
consistent with the data previously reported.'®® '>C {'H}
NMR (62.5 MHz, CDCl;): 6 121.6 (Py), 121.9 (Py), 122.0
(Py), 124.1 (Py), 124.3 (Py), 125.6 (Py), 137.3 (Py), 138.5
(Py), 138.8 (Py), 147.1 (Py), 149.6 (Py), 152.6 (Py), 154.1
(Py), 156.0 (Py), 156.4 (Py), 194.2 (C=0). IR (cm ') 1725
(C=0). ESIMS: m/z 262 [M+H] ™.

4.3.2. 6-Acetyl-2,2':6',2"-terpyridine (1b). A similar
procedure to that described for la was followed, using
6-bromo-2,2'-bipyridine (0.971 g, 4.13 mmol), b (2.06 g,
4.54 mmol, 1.1 equiv) and tetrakis(triphenylphosphine)-
palladium(0) (0.286 g, 0.25 mmol, 0.06 equiv). The product
was crystallised from ethanol at —30 °C and collected by
filtration to afford 1b (0.704 g, 62%) as a pale yellow solid.
Mp: 185-187 °C. '"H NMR (250 MHz, CDCl5): 6 2.79 (s,
3H, CH;C=0), 7.27 (m, 1H, Py-H), 7.78 (m, 1H, Py-H),
7.87 (m, 1H, Py-H), 7.98 (m, 1H, Py-H), 8.38 (dd, *Jy_y=
8.0 Hz, “J;_y=2.8 Hz, 1H, Py-H) 8.41 (m, 1H, Py-H), 8.51
(dd, *Jyn=7.5 Hz, *Jyn=2.6 Hz, 1H, Py-H), 8.56
(d, *Ju_u=7.4 Hz, Py-H), 8.64 (d, *Jy_u H = 7.5 Hz, 1H,
Py-H), 3 8.76 (dd, *Jyn=7.7 Hz, *Jy_u=2.5 Hz, 1H,
Py-H) "“C {'H} NMR (62.5 MHz, CDCl;): & 24.8
(CH3C=0), 120.0 (Py), 120.1 (Py), 120.4 (Py), 120.5
(Py), 122.8 (Py), 122.9 (Py), 135.9 (Py), 136.7 (Py), 137.0
(Py), 148.2 (Py), 151.9 (Py), 153.5 (Py), 154.4 (Py), 154.5
(Py), 155.9 (Py), 199.4 (C=0). IR (cm ") 1700 (C=0),
1564, 1426, 1078, 790, 748, 668. ESIMS: m/z 276
[M+H]". HRMS (FAB): caled for C,;7H;4sN50
[M+H]"276.11369, found 276.11364.

4.3.3. 6-Formyl-2,2":6',2":6",2" -quaterpyridine (2a). A
similar procedure to that described for 1la was followed,
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using 6-bromo-2,2":6',2"-terpyridine (1.28 g, 4.13 mmol), a
(2.00 g, 4.54 mmol, 1.1 equiv) and tetrakis(triphenyl-
phosphine)palladium(0) (0.286 g, 0.25 mmol, 0.06 equiv).
The product was crystallised from ethanol at —30 °C and
collected by filtration to afford 2a (0.977 g, 70%) as a
white solid. Mp: 210-213 °C. '"H NMR (300 MHz, CDCl):
(3 7.2-7.3 (m, 1H, Py-H), 7.82 (ddd, *J;_y=7.9, 7.9 Hz,
JH u=1.7 Hz, 1H, Py-H), 7.9-8.0 (m, 4H, Py-H), 8.43 (dd,
3Jun=79 Hz, 4JH_H—1 2 Hz, 1H, Py-H), 8.5-8.7 (m, 5H,
Py-H), 8.85 (dd, *Jy_y=7.6 Hz, *J;_y=1.7 Hz, 1H, Py-H),
10.18 (s, 1H, HC=0). 13C {'H} NMR (75 MHz, CDCls): 6
121.0 (Py), 121.2 (Py), 121.5 (Py), 121.7 (Py), 123.8 (Py),
125.3 (Py), 136.9 (Py), 137 9 (Py), 138.0 (Py), 149.2 (Py),
193.8 (HC=0).1R (cm ') 1715 (C=0), 1564, 1427 1260,
1076, 799, 774, 683. ESIMS: m/z 339 [M+H]". HRMS
(FAB): calcd for C,;HsN,O [M+H]+339.12471, found
339.12549.

4.3.4. 6-Acetyl-2,2':6',2":6",2" -quaterpyridine (2b). A
similar procedure to that described for 1a was followed,
using 6-bromo-2,2":6',2"-terpyridine (1.50 g, 4.82 mmol), b
(2.410 g, 530 mmol, 1.1 equiv) and tetrakis(triphenyl-
phosphine)palladium(0) (0.334 g, 0.29 mmol, 0.06 equiv).
The product was crystallised from ethanol at —30 °C and
collected by filtration to afford 2b (1.270 g, 75%) as a white
solid. Mp: 215-217 °C. "H NMR (300 MHz, CDCl3): 6 2.81
(s 3H, CH5;C=0), 7.2-7.3 (m, 1H, Py-H), 7.82 (dd,
*Jun=79 Hz, JH u=1.7 Hz, 1H, Py-H), 7.9-8.0 (m, 4H,
Py-H), 8.43 (dd, 3Jun=79Hz, 4JH 1=0.9 Hz, 1H, Py-H),
8.54 (dd, *Jy_y=7.9 Hz, *Jyy_ H—17Hz 1H, Py-H), 8.5-
8.7 (m, 4H, P;/ H) 8.80 (dd, *Jy y=7.6 Hz, *Jy u=1.2,
1H, Py-H). {'"H} NMR (75 MHz, CDCl3): ¢ 25.9
(CH;C=0), 121 1 (Py), 121.5 (Py), 123.9 (Py), 124.4 (Py),
136.9 (Py), 137.8 (Py), 137.9 (Py), 149.2 (Py), 154.5 (Py),
155.5 (Py), 200.4 (CH;C=0). IR (cm~ ') 1697 (C=0),
1562, 1426, 1352, 1267, 1109, 1075, 992, 804, 775, 740.
ESIMS: m/z 353 [M+H]+. HRMS (FAB): caled for
C»H;7N,4O [M+H] " 353.14024, found 353.14016.

4.3.5. 6,6"-Diformyl-2,2":6’,2" -terpyridine (3a). A similar
procedure to that described for 1a was followed, using 2,6-
dibromopyridine (1.10g, 4.65 mmol), a (4.50¢g,
10.23 mmol, 2.2 equiv) and tetrakis(triphenylphosphine)-
palladium(0) (0.429 g, 0.37 mmol, 0.08 equiv). The product
was crystallised from ethanol at —30 °C and collected by
filtration to afford 3a (1.08 g, 80%) as a white solid. The 'H
and "*C NMR spectroscopic data of 3a were consistent with
those previously reported.’

4.3.6. 6,6"-Diacetyl-2,2":6’,2"-terpyridine (3b). A similar
procedure to that described for 1a was followed, using 2,6-
dibromopyridine (1.21 g, 5.12mmol), b (5.11¢g,
11.26 mmol, 2.2 equiv) and tetrakis(triphenylphosphine)-
palladium(0) (0.473 g, 0.41 mmol, 0.08 equiv). The product
was crystallised from ethanol at —30 °C and collected by
filtration to afford 3b (1.22 g, 75%) as a white solid. Mp:
192-194 °C. "H NMR (300 MHz, CDCls): 6 2.85 (s, 6H,
CH), 7.8-8.1 (m, SH, Py-H), 8.51 (d, *Jun=7.9 Hz, 2H,
3yH) 8.75 (dd, *Jy_y=7.9 Hz, *Jy_y= 1.7 Hz, 2H, Py-H).

C {'H} NMR (75 MHz, CDCls): 6 24.7 (CH3), 120.4 (Py),
120.6 (Py), 123.3 (Py), 136.7 (Py), 137.0 (Py), 151.9 (Py),
153.6 (Py), 154.2 (Py), 199.2 (C=0). IR (cm™"): 1697
(C=0), 1577, 1429, 1349, 1268, 1111, 1071, 992,951, 793,

740. ESIMS: m/z 318 [M+H]*'. Anal. Caled for
C19H15N302: C, 7]92, H, 473, N, 13.25. Found C,
72.00; H, 4.82; N, 13.15.

4.3.7. 6,6"-Diformyl-2,2":6',2":6",2"-quaterpyridine
(4a). 2,6’-Dibromo-2,2"-bipyridine (1.42 g, 4.52 mmol), a
(4.38 g, 9.95 mmol, 2.2 equiv) and tetrakis(triphenyl-
phosphine)palladium(0) (0.417 g, 0.36 mmol, 0.08 equiv)
were loaded in a Schlenk tube under N, and the contents
stirred in dry toluene (35 ml) for 72 h at 100 °C. After
removal of the solvent under reduced pressure, the reaction
mixture was stirred overnight at 60 °C in 4 M HCI (20 ml),
cooled to room temperature and carefully neutralised by
addition of 2 M NaHCOj;. The suspension was extracted
with CHCl; (3X30 ml) and the organic phase separated,
washed with water (3 X30 ml), brine (1 X40 ml) and dried
over magnesium sulphate. Following filtration, the solvent
was removed under reduced pressure and the crude product
recrystallised from ethanol at —30°C. The resulting
precipitate was collected by filtration to afford 4a
(0.746 g, 45%) as a white solid. Mp: 202-204 °C. 'H
NMR (300 MHz, CDCI';) 0 7.9-8.1 (m, 6H, Py-H), 8.60
(dd 3Jan=7.9 Hz, *Jy_y=1.7 Hz, 2H, Py-H), 8.67 (dd,
JH_H—7 9 Hz, 4JH u=1.7Hz, 2H, Py-H), 8.85 (dd,
*Jun=7.9 Hz, *Jy_y=1.7 Hz, 2H, Py-H), 10.13 (s, 1H,
HC=0). "*C {'H} NMR (75 MHz, CDCl5): poor quality
spectrum (compound too insoluble). IR (cm™ ) 1721
(C=0), 1565, 1429, 1348, 1259, 1213, 992, 878, 786,
666. EIMS: m/z 367 [M+H] "

4.3.8. 6,6 -Diacetyl-2,2':6',2":6" 2" -quaterpyridine (4b).
A similar procedure to that described for 4a was followed,
using 2,6’-dibromo-2,2"-bipyridine (1.32 g, 4.20 mmol), a
(4.19 g, 9.24 mmol, 2.2 equiv) and tetrakis(triphenyl-
phosphine)palladium(0) (0.388 g, 0.34 mmol, 0.08 equiv).
The product was crystallised from ethanol at —30 °C and
collected by filtration to afford 4b (1.19 g, 72%) as a white
solid. Mp: 242244 °C. "H NMR (300 MHz, CDCls): 6 2.81
(s, 6H CHs), 7.95 (dd, *Jy_y=7.6, 7.6 Hz, 2H, Py- H) 7.99
(dd, *Jy_y=79, 7.9 Hz, 2H, Py-H), 8.04 (dd, *Jy_y=
7.6 Hz, 4JH w=12Hz, 2H, Py-H), 8.55 (dd, *Jypny=
79Hz, “Jyn=12Hz, 2H, Py-H), 8.65 (dd, *Jyn=
7.6 Hz, “Jy_yn=12Hz, 2H, Py-H), 8.80 (dd, yn=
7.9 Hz, *Jyy=12Hz, 2H, Py-H). *C {'H} NMR
(75 MHz, CDCl): 6 25.8 (CH3), 121.2 (Py), 121.5 (Py),
121.6 (Py), 124.4 (Py), 137.8 (Py), 137.9 (Py), 153.0 (Py),
154 6 (Py), 155.4 (Py), 155.5 (Py), 200.3 (C=0). IR (cm ™
1: 1697 (C=0), 1565, 1429, 1355, 1293, 1269, 1112 1066,
992, 952, 792, 740. ESIMS: m/z 395 [M+H]". HRMS
(FAB): calcd for C,4H19N4O5 [M+H]+395.15094, found
395.15080.

4.3.9. Attempted synthesis of 6,6"-diformyl-
2,2':6',2":6",2":6":2"" -quinquepyridine (5a). A similar
procedure to that described for 4a was followed, using 2,6”"-
dibromo-2,2":6',2"-terpyridine (1.64 g, 4.20 mmol), a
(4.07 g, 9.24 mmol, 2.2 equiv) and tetrakis(triphenyl-
phosphine)palladium(0) (0.388 g, 0.34 mmol, 0.08 equiv).
Following the deprotection step and subsequent neutralis-
ation, the resultant suspension was insoluble in the
chlorinated solvents employed for the extraction and could
not be isolated and characterised.
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4.3.10. 6,6"-Diacetyl-2,2':6',2":6",2":6":2""-quinque-
pyridine (5b). A similar procedure to that described for
4a, using 2,6”-dibromo-2,2':6’,2"-terpyridine (1.82 g,
4.65 mmol), a (4.64 g, 10.23 mmol, 2.2 equiv) and tetra-
kis(triphenylphosphine)palladium(0) (0.430 g, 0.37 mmol,
0.08 equiv). The product was crystallised from ethanol at
—30 °C. The resulting precipitate was collected by filtration
to afford 5b (1.030 g, 50%) as a white solid. Mp: >260 °C.
'H NMR (300 MHz, CDCl3): 6 2.81 (s, 6H, CH;C=0),
7.9-8.1 (m, 7H, Py-H), 8.55 (dd, *Jyyu=7.9 Hz, “Jy_y=
1.2 Hz, 2H, Py-H), 8.64 (d, *Jy_11=7.9 Hz, 2H, Py-H), 8.69
(dd, *Jiyqu=7.9 Hz, *J;; y=0.9 Hz, 2H, Py-H), 8.81 (dd,
*Jun=7.9 Hz, *Jy_y=1.2 Hz, 2H, Py-H). °C {'"H} NMR
(75 MHz, CDCl3): poor quality spectrum (compound too
insoluble). IR (cm™Y): 1705 (C=0), 1562, 1465, 1426,
1360, 1269, 1108, 1076, 992, 805, 788, 742. ESIMS: m/z
472 [IM+H] .

4.4. Synthesis of the imino-substituted oligopyridines

Method A. The monoformyl- or diformyl-substituted
oligopyridine was suspended in absolute ethanol and 2,6-
diisopropylaniline (1.1 or 2.2 equiv) introduced along with a
catalytic amount of glacial acetic acid. The mixture was
stirred and heated vigourously at 50 °C for 18 h. The
solution was cooled and the resulting precipitate collected
by filtration and washed with ethanol.

Method B. The monoacetyl- or diacetyl-substituted oligo-
pyridine was suspended in an excess of 2,6-diisopropyl-
aniline (10 equiv) and stirred for 15 min at 160 °C on a
heating mantle. A catalytic amount of formic acid was
added, and the reaction mixture was stirred for an additional
20 min at this temperature. Following removal of the excess
2,6-diisopropylaniline under reduced pressure (130 °C,
0.5 mmHg), the resulting brown residue was stirred in
ethanol at room temperature and the resultant precipitate
filtered and washed with ethanol.

4.4.1. 6-Iminoformyl-2,2':6’,2"-terpyridine (2,6-diiso-
propylanil) (6a). The procedure outlined in method A
was followed, using la (0.630 g, 2.41 mmol) and 2,6-
diisopropylaniline (0.483 g, 2.73 mmol, 1.1 equiv) in
ethanol (15 ml). The residue was crystallised from a
dichloromethane—hexane (1/9) mixture at room temperature
and the resulting precipitate filtered, washed with hexane
and dried under reduced pressure to afford 6a (0.453 g,
45%) as a pale yellow solid. Mp: 223-225°C. 'H NMR
(250 MHz, CDCls): ¢ 1.14 (d, 3Jyu=7Hz, 12H,
CH(Me),), 2.94 (sept, 2H, CH(Me),), 7.0-7.2 (m, 3H, Ar-
H), 7.2-7.3 (m, 1H, Py-H), 7.7-7.8 (m, 1H, Py-H), 7.90 (dd,
3 an=79Hz, *Jyn=7.6Hz, 1H, Py-H), 7.93 (dd,
3Jun=179, 7.6 Hz, 1H, Py-H), 8.26 (d, *Ji_y=7.9 Hz,
1H, Py-H), 8.37 (s, 1H, HC=N), 8.41 (d, *J;;.y=7.9 Hz,
1H, Py-H), 8.49 (d, *Jyy=7.6 Hz, 1H, Py-H), 8.56 (d,
*Jun=8.2 Hz, 1H, Py-H), 8.63 (m, 1H, Py-H), 8.67 (d,
3Juu=79Hz, 1H, Py-H). *C {'H} NMR (75 MHz,
CDCl5): 6 22.4 (CH3), 26.8 (CH), 120.0 (Py), 120.1 (Py),
120.2 (Py), 121.6 (Ar), 122.0 (Ar), 122.8 (Py), 123.4 (Py),
135.9 (Py), 136.2 (Py), 136.5 (Py), 136.9 (Py), 147.5 (Py),
148.1 (Py), 152.8 (Py), 153.8 (Py), 154.4 (Py), 155.1 (Py),
162.4 (C=N). IR (cm~'): 2952, 1629 (C=N), 1577, 1562,
1422, 1263, 1180, 1104, 1076, 990, 856, 775, 758. FABMS:

miz421 [M+H]". HRMS (FAB): calcd for CogHpoN, [M +
H]421.23922, found 421.23936.

4.4.2. 6-Iminoacetyl-2,2:6',2"-terpyridine (2,6-diisopro-
pylanil) (6b). The procedure outlined in method B was
followed, using 1b (0.300 g, 1.09 mmol) in 2,6-diisopro-
pylaniline (3.00 g, 10.90 mmol, 10 equiv). The product was
recrystallised from a dichloromethane—hexane (1/9) mixture
at room temperature and the resulting precipitate was
filtered, washed with hexane and dried under reduced
pressure to afford 6b (0.237 g, 50%) as a pale yellow solid.
Crystals suitable for the X-ray determination were grown by
slow cooling of a hot n-BuOH solution containing 6b. Mp:
242-245°C. 'H NMR (300 MHz, CDCl;): 6 1.10 (d,
3Ju.n=6.7 Hz, 12H, CH(Me),), 2.28 (s, 3H, CH;C=N),
2.81 (sept, 2H, CH(Me),), 7.0-7.2 (m, 3H, Ar-H), 7.2-7.3
(m, 1H, Py-H), 7.7-7.9 (m, 1H, Py-H), 7.91 (dd, *J;;_ s =7.9,
7.9 Hz, 2H, Py-H), 8.35 (d, *Jiy_u=7.9 Hz, 1H, Py-H), 8.42
(d, *Jy_u=7.9 Hz, 1H, Py-H), 8.53 (d, *Jy_u=7.9 Hz, 1H,
Py-H), 8.59 (d, *Jx_u="7.9 Hz, 1H, Py-H), 8.67 (m, 2H, Py-
H). °C {'H} NMR (75 MHz, CDCl5): 6 16.3 (CH;C=N),
21.9 (CHy), 22.2 (CH3), 27.3 (CH), 120.1 (Py), 120.2 (Py),
121.0 (Py), 122.5 (Ar), 122.8 (Ar), 134.8 (Py), 136.3 (Py),
136.8 (Py), 142.0 (Ar), 148.1 (Py), 154.4 (Py), 154.5 (Py),
155.1 (Py), 155.9 (Py), 166.1 (C=N). IR (cm~ ") 2952,
1630 (C=N), 1562, 1422, 1360, 1263, 1075, 990, 777, 744.
ESIMS: m/z 435 [M+H]*. HRMS (FAB): calcd for
CaoH3 N, [M+H]"435.25490, found 435.25487.

4.4.3. 6-Iminoformyl-2,2":6',2":6",2"-quaterpyridine
(2,6-diisopropylanil) (7a). The procedure outlined in
method A was followed, using 2a (0.836 g, 2.48 mmol)
and 2,6-diisopropylaniline (0.483 g, 2.73 mmol, 1.1 equiv)
in ethanol (15 ml). The residue was recrystallised from a
dichloromethane—hexane (1/9) mixture at room temperature
and the resulting precipitate was filtered, washed with
hexane and dried under reduced pressure to afford 7a
(0.616 g, 50%) as a pale yellow solid. Mp: >260 °C. 'H
NMR (300 MHz, CDCl5): 6 1.17 (d, *Jy_y=7 Hz, 12H,
CH(Me),), 2.95 (sept, 2H, CH(Me),), 7.0-7.2 (m, 3H,
Ar-H), 7.2-7.3 (m, 1H, Py-H), 7.81 (dd, *Jy_y=7.9, 7.6 Hz,
1H, Py-H), 7.9-8.0 (m, 3H, Py-H), 8.27 (d, *Jy_y=7.6 Hz,
1H, Py-H), 8.37 (s, 1H, HC=N), 8.43 (d, *J;;.y=7.9 Hz,
1H, Py-H), 8.52 (d, *Ji;_u=7.9 Hz, 1H, Py-H), 8.5-8.7 (m,
4H, Py-H), 8.72 (d, *Jy_u=7.9 Hz, 1H, Py-H). *C {'H}
NMR (75 MHz, CDCl3): ¢ 23.5 (CH3), 28.0 (CH), 121.1
(Py), 121.2 (Py), 122.7 (Py), 123.1 (Py), 123.8 (Ar), 1244
(Ar), 136.9 (Py), 137.3 (Ar), 137.6 (Py), 137.9 (Py), 149.2
(Py), 153.9 (Py), 154.8 (Py), 155.4 (Py), 156.2 (Py), 155.1
(Py), 163.5 (C=N). IR (cm ™~ "): 2959, 1636 (C=N), 1565,
1425, 1263, 1181, 1077, 991, 772. ESIMS: m/z 498 [M +
H]". HRMS (FAB): calcd for Cs3H3Ns [M+
H]*498.26577, found 498.26570.

4.4.4. 6-Iminoacetyl-2,2':6',2":6",2" -quaterpyridine
(2,6-diisopropylanil) (7b). The procedure outlined in
method B was followed, using 2b (1.50 g, 4.44 mmol) and
2,6-diisopropylaniline (7.86 g, 44.40 mmol, 10 equiv). The
residue was crystallised from a dichloromethane—hexane
(1/9) mixture at room temperature and the resulting
precipitate filtered, washed with hexane and dried under
reduced pressure to afford 7b (0.629 g, 60%) as a pale
yellow solid. Mp: >260 °C. "H NMR (300 MHz, CDCl5): 6
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1.10 (d, *Jyy=6.7Hz, 12H, CH(Me),), 2.28 (s, 3H,
CH;C=N), 2.71 (sept, 2H, CH(Me),), 7.0-7.2 (m, 3H,
Ar-H), 7.2-7.3 (m, 1H, Py-H), 7.8-7.9 (m, 1H, Py-H), 7.91
(dd, *Jy_y=17.9, 7.9 Hz, 2H, Py-H), 8.35 (d, *Ji_y=7.9 Hz,
1H, Py-H), 8.42 (d, *Jy_y=7.9 Hz, 1H, Py-H), 8.53 (d,
3Juu=7.9 Hz, 1H, Py-H), 8.59 (d, *J;;_u=7.9 Hz, 1H, Py-
H), 8.67 (m, 2H, Py-H). '*C {'H} NMR (75 MHz, CDCl5):
6 16.3 (s, CH;C=N), 21.9 (CH3), 22.2 (CH3), 27.3 (CH),
120.1 (Py), 120.2 (Py), 121.0 (Py), 122.0 (Py), 122.5 (Ar),
122.8 (Ar), 134.8 (Py), 135.9 (Py), 136.3 (Ar), 136.7 (Py),
136.9 (Py), 148.1 (Py), 154.2 (Py), 154.4 (Py), 154.6 (Py),
166.1 (C=N). IR (cm~'): 2950, 1634 (C=N), 1562, 1425,
1362, 1292, 1269, 1188, 1111, 1080, 991, 807, 759, 684.
ESIMS: m/z 512 [M+H]". HRMS (FAB): calcd for
Cs4H3uNs [M+H]7512.28142, found 512.28155.

4.4.5. 6,6"-Bis-(iminoformyl)-2,2':6’,2"-terpyridine-bis-
(2,6-diisopropylanil) (8a). The procedure outlined in
method A was followed, using 3a (1.031 g, 3.57 mmol)
and 2,6-diisopropylaniline (1.390 g, 7.85 mmol, 2.2 equiv)
in ethanol (25 ml). The residue was recrystallised from a
dichloromethane—hexane (1/9) mixture at room temperature
and the resulting precipitate filtered, washed with hexane
and dried under reduced pressure to afford 8a (1.411 g,
65%) as a pale yellow solid. Crystals suitable for the X-ray
determination were grown by slow evaporation of a
dichloromethane solution containing 8a. Mp: 220-222 °C.
"H NMR (300 MHz, CDCl5): 6 1.14 (d, *Jyy_i;="7 Hz, 24H,
CH(Me),), 2.92 (sept, 4H, CH(Me),), 7.0-7.2 (m, 6H,
Ar-H), 7.91 (app. t, *Jyu=7.6, 7.6 Hz, 1H, Py-H), 7.96
(app. t, *Jyn=7.9, 7.9 Hz, 2H, Py-H), 8.29 (d, *Jynu=
7.6 Hz, 2H, Py-H), 8.36 (s, 2H, HC=N), 8.52 (d, *Jy_y=
7.9 Hz, 2H, Py-H) and 8.71 (d, *Jy_y=7.6 Hz, 2H, Py-H).
13C {'H} NMR (75 MHz, CDCl5): 6 23.5 (CH3), 28.0 (CH),
121.1 (Py), 121.4 (Py), 122.7 (Py), 122.8 (Py), 123.1 (Ar),
124.5 (Ar), 137.3 (Py), 137.6 (Py), 148.6 (Ar), 154.0 (Ar),
155.0 (Py), 156.1 (Py), 163.5 (C=N). IR (cm™"): 2952,
1648 (C=N), 1563, 1434, 1361, 1190, 1115, 795, 786, 760.
ESIMS: m/z 608 [M+H]". HRMS (FAB): calcd for
C4HusNsH™ [M+H]"608.37532, found 608.37532.
Anal. Calcd for (C41Hy5N5-0.5H,0): C, 79.87; H, 7.46;
N, 11.36. Found C, 79.62; H, 7.63; N, 10.81.

4.4.6. 6,6"-Bis-(iminoacetyl)-2,2':6’,2"-terpyridine-bis-
(2,6-diisopropylanil) (8b). The procedure outlined in
method B was followed, using 3b (1.050 g, 3.31 mmol)
and 2,6-diisopropylaniline (5.86 g, 33.10 mmol, 10 equiv).
The residue was recrystallised from a dichloromethane—
hexane (1/9) mixture at room temperature and the resulting
precipitate filtered, washed with hexane and dried under
vacuum to afford 8b (1.263 g, 60%) as a pale yellow solid.
Mp: 252-254°C. "H NMR (300 MHz, CDCl5): 6 1.11 (d,
Jun=6.7 Hz, 24H, CH(Me),), 2.29 (s, 6H, CH;C=N),
2.72 (sept, 4H, CH(Me),), 7.00-7.14 (m, 6H, Ar-H), 7.91
(app. t, *Jyu=7.9, 7.9 Hz, 1H, Py-H), 7.92 (app. t, *Jyn=
7.9, 7.9 Hz, 2H, Py-H), 8.37 (dd, *Ju_y=7.9 Hz, *Jy_y=
0.9 Hz, 2H, Py-H), 8.54 (d, *J;_y="7.9 Hz, 2H, Py-H), 8.71
(dd, *Jyu=7.9 Hz, *J;;.u=0.9 Hz, 2H, Py-H). '*C {'H}
NMR (75 MHz, CDCl3): 6 16.3 (CH3;C=N), 21.9 (CH3),
22.2 (CHy), 27.3 (CH), 120.0 (Py), 120.3 (Py), 121.0 (Py),
122.0 (Ar), 122.6 (Ar), 134.8 (Ar), 136.3 (Py), 136.8 (Py),
145.5 (Py), 136.3 (Py), 136.8 (Py), 145.4 (Ar), 154.0 (Py),
154.2 (Py), 154.6 (Py), 166.1 (C=N). IR (cm"): 2955,

1642 (C=N), 1563, 1430, 1362, 1256, 1184, 1108, 800,
784, 760. ESIMS: m/z 636 [M+H]'. Anal. Calcd for
(C43H49Ns): C, 81.26; H, 7.72; N, 11.02. Found C, 81.16; H,
7.86; N, 10.92.

4.4.7. 6,6"-Bis-(iminoformyl)-2,2':6',2":6",2" -quater-
pyridine-bis-(2,6-diisopropylanil) (9a). The procedure
outlined in method A was followed, using 4a (0.875 g,
2.05 mmol) and 2,6-diisopropylaniline (0.798 g,
4.51 mmol, 2.2 equiv) in ethanol (12 ml). The residue was
recrystallised from a dichloromethane—hexane (1/9) mixture
at room temperature and the resulting precipitate filtered,
washed with hexane and dried under reduced pressure to
afford 9a (0.701 g, 50%) as a white solid. Crystals
suitable for the X-ray determination were grown by slow
evaporation of a dichloromethane solution containing 9a.
Mp: >260°C. '"H NMR (300 MHz, CDCl5): 6 1.14 (d,
3Ju.n=6.7Hz, 24H, CH(CH;),), 2.90 (sept, 4H,
CH(CHs),), 7.0-7.2 (m, 6H, Ar-H), 7.95 (app. t, *Jy_u=
7.9, 7.9 Hz, 4H, Py-H), 8.27 (d, *Jy_u="7.3 Hz, 2H, Py-H),
8.63 (s, 2H, HC=N), 8.52 (d, *Jy_yu=7.3 Hz, 2H, Py-H),
8.64 (dd, *Ji_y=7.9 Hz, *Jy_y=0.9 Hz, 2H, Py-H), 8.72
(d, *Juu=7.9 Hz, 2H, Py-H). '*C {'H} NMR (75 MHz,
CDCl3): 6 23.5 (CH3), 28.0 (CH), 121.1 (Py), 121.2 (Py),
121.4 (Py), 122.7 (Ar), 123.1 (Ar), 134.5 (Ar), 137.3 (Py),
137.6 (Py), 137.9 (Py), 148.6 (Ar), 154.0 (Py), 154.9 (Py),
155.5 (Py), 156.2 (Py), 163.5 (C=N). IR (cm~"): 2960,
1644 (C=N), 1566, 1456, 1427, 1321, 1262, 1108, 1098,
1076, 990, 885, 794, 768, 743, 692. FABMS: m/z 685 [M +
H]". HRMS (FAB): caled for C4eHsoNg [M+
H]*685.40190, found 685.40187.

4.4.8. 6,6"-Bis-(iminoacetyl)-2,2':6',2":6" 2" -quaterpyri-
dine-bis-(2,6-diisopropylanil) (9b). The procedure out-
lined in method B was followed, using 4b (0.854 g,
2.17 mmol) and 2,6-diisopropylaniline (3.84 g, 21.7 mmol,
10 equiv). The residue was recrystallised from a dichloro-
methane—hexane (1/9) mixture at room temperature and the
resulting precipitate was filtered, washed with hexane and
dried under vacuum to afford 9b (0.896 g, 58%) as a white
solid. Mp: >260 °C. "H NMR (300 MHz, CDCl5): 6 1.16
(d, *Jy_y=6.7 Hz, 24H, CH(Me),), 2.30 (s, 6H, CH;C=N),
2.78 (sept, 4H, CH(Me),), 7.0-7.1 (m, 6H, Ar-H), 7.93 (dd,
3JTun=79, 7.9Hz, 2H, Py-H), 7.97 (dd, *Jyu=7.9,
7.9 Hz, 2H, Py-H), 8.36 (d, *Jy_u=7.9 Hz, 2H, Py-H),
8.56 (d, *Ju_u="7.9 Hz, 2H, Py-H), 8.66 (d, *J;;_s=7.9 Hz,
2H, Py-H), 8.72 (d, *Ji_yu=7.9 Hz, 2H, Py-H). '*C {'H}
NMR (75 MHz, CDCl;): 6 17.3 (CH3;C=N), 22.9 (CH3),
23.3 (CHy), 28.3 (CH), 121.1 (Py), 121.2 (Py), 122.0 (Py),
123.0 (Ar), 123.6 (Ar), 135.9 (Ar), 137.4 (Py), 137.8 (Py),
146.6 (Ar), 155.0 (Py), 155.3 (Py), 155.5 (Py), 155.7 (Py),
167.1 (C=N). IR (cm~"): 2959, 1646, 1565, 1458, 1429,
1363, 1261, 1192, 1111, 1080, 1042, 991, 860, 764, 740,
686. ESIMS: m/z 713 [M+H]". Anal. Caled for
(C48Hs5,Ng): C, 80.90; H, 7.30; N, 11.80. Found C, 80.63;
H, 7.40; N, 11.66.

4.4.9. 6,6"-Bis-(iminoformyl)-2,2':6’,2":6",2":6" 2" -
quinquepyridine-bis-(2,6-diisopropylanil) (10b). The
procedure outlined in method B was followed, using Sb
(0.645 g, 1.42 mmol) and 2,6-diisopropylaniline (2.51 g,
14.20 mmol, 10 equiv). The residue was recrystallised from
a dichloromethane—hexane (1/9) mixture at room
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temperature and the resulting precipitate filtered, washed
with hexane and dried under vacuum to afford 10b (0.504 g,
45%) as a white solid. Mp: > 260 °C. "H NMR (300 MHz,
CDCly): 6 1.11 (d, *Jyy=7.1 Hz, 12H, CH(Me),), 2.31 (s,
6H, CH3), 2.74 (sept, 4H, CH(Me),), 7.0-7.2 (m, 6H, Ar-H),
7.94 (dd, *Jy11=7.9, 7.9 Hz, 2H, Py-H), 7.97 (dd, *Ji; =
7.9, 7.9 Hz, 2H, Py-H), 8.02 (dd, *Ji_u=7.9, 7.9 Hz, 1H,
Py-H), 8.38 (d, *Jy_y=7.9 Hz, 2H, Py-H), 8.56 (d, *Jy_y=
7.9 Hz, 2H, Py-H), 8.67 (d, *Jiy_y=7.9 Hz, 2H, Py-H), 8.68
(d, *Jy_y=7.9 Hz, 2H, Py-H), 8.73 (d, *Jy_u=7.9 Hz, 2H,
Py-H). '°C {'"H} NMR (75 MHz, CDCl,): 6 16.3 (CH), 21.9
(CH3), 22.2 (CH3), 27.3 (CH;C=0), 120.0 (Py), 120.2 (Py),
121.0 (Py), 122.0 (Ar), 122.5 (Ar), 134.8 (Py), 136.3 (Py),
136.8 (Py), 145.5 (Ar), 154.0 (Py), 154.3 (s, Py), 154.5 (s,
Py), 154.6 (Py), 167.1 (C=N). IR (cm™"): 2960, 1643
(C=N), 1565, 1425, 1363, 1262, 1241, 1110, 1066, 935,
700, 743, 687. FABMS: m/z 790 [M+H] . HRMS (FAB):
caled for Cs3HsgN, [M+H]1790.45979, found 790.45972.

4.5. Crystallography

Data for 6b, 8a and 9a were collected on a Bruker APEX
2000 CCD diffractometer. Details of data collection,
refinement and crystal data are listed in Table 4. The data
were corrected for Lorentz and polarisation effects and
empirical absorption corrections applied. Structure solution
by Patterson methods and structure refinement on F>
employed SHELXTL version 6.10.% Hydrogen atoms
were included in calculated positions (C-H=0.96 A) riding
on the bonded atom with isotropic displacement parameters
set to 1.5 Uq(C) for methyl H atoms and 1.2 U,y(C) for all
other H atoms. All non H atoms were refined with
anisotropic displacement parameters. In the case of 9a, the
small crystals were weak diffractors; the data was refined
with full matrix and anisotropic parameters resulting in a
poor ratio of observed data:parameter (4.5:1).

CCDC reference numbers 279915-279917 contain the
supplementary crystallographic data for this paper. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html [or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ;
fax: (internet) +44 1223 336 033; e-mail: deposit@ccdc.
cam.ac.uk].
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Table 4. Crystallographic and data processing parameters for 6b, 8a and 9a
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Abstract—A convenient route to new 3-quinolinonyl-pyrazoles and isoxazoles is described through cyclization of 3-[(E)-3-
(dimethylamino)-2-propenoyl]-4-hydroxy-1-methyl-2(1H)-quinolinone. The phototoxicity as well as the cytotoxic activities of the title
compounds are evaluated against leukemia- and adenocarcinoma-derived cell lines in comparison to the normal human keratinocytes.
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1. Introduction

4-Hydroxy-2(1H)-quinolinones and their derivatives
represent a class of heterocyclic compounds that have
been associated with several pharmacological,' medicinal
and industrial applications;> platinum-containing deriva-
tives were found useful for the treatment of a malignant
tumor,”> some N-benzyl derivatives were useful against
HSV-1 and HSV-2 viruses® and 1-benzyl-3-formyl-4-
hydroxy-2(1H)-quinolinone inhibited, in vitro, herpes
simplex 2 virus.”

Recently, 4-hydroxymethyl-1,6,8-trimethylfuro[2,3-h]-
quinolin-2(1H)-one (HOFQ) was prepared in a new
profitable way, which allowed also 4-methoxymethyl-
1,6,8-trimethylfuro[2,3-h]quinolin-2(1H)-one (MOFQ),
and 4-hydroxymethyl-6,8-dimethylfuro[2,3-A]quinolin-
2(1H)-one (HOHFQ) to be synthesized.6 These com-
pounds show strong photoantiproliferative activity, higher
than that one of 8-methoxypsoralen (8-MOP) the most
widely employed drug for photochemotherapy. Moreover,
their activity is devoid of mutagenicity and skin
phototoxicity.” For these features, furoquinolinones and
other analogues appeared to be very promising photo-
chemotherapeutic agents.

Keywords: 4-Hydroxy-2(1H)-quinolinones; Pyrazoles; Isoxazoles; Struc-

tural determination; 5N NMR; Antitumoral compounds.
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HOFQ R'=Me, R?=H 8-MOP

MOFQ R'=Me, R%=Me

HOHFQ R'=H, R%=Me
The great importance of this category of heterocycles
oriented our attention to the synthesis of a series of new
heterocyclic derivatives combining quinolinones and pyra-
zole or isoxazole moieties in one molecular frame as new
possible antitumoral or photochemically reactive compounds.

We wish to report here a new and convenient method for the
preparation of quinolinones bearing a pyrazole or isoxazole
ring at position 3, starting from the corresponding enaminone,
together with the results on their photobiological activity.

OH O OH
1
N~ "0 N~ ~O

] |
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2. Results and discussion

2.1. Chemistry

It is well known that enaminone moieties can be used as
starting materials for the preparation of 5-% or 3-substituted
isoxazoles® and N-1 or/and N-2 substituted pyrazoles®'° but
it must be noted that in many cases, the authors were not
worried about verifying the assigned regiochemistry to the
reaction products.

In fact, the reaction between enaminones and 1,2-bis-
nucleophiles may led to two possible regioisomers because
the cyclization may proceed via two possible mechanisms
that differ in their sequential nucleophilic attack/amine
exchange reaction. Thus, the new enaminone 2, obtained by
condensation of 3-acetylquinolinone 1'' with dimethylfor-
mamide dimethylacetal (DMFDMA) in refluxing xylene,
may afford N-1 or/and N-2 substituted pyrazoles or 3- or
5-isoxazole by reaction with N-substituted-hydrazines or
hydroxylamine, respectively (see Scheme 1).

In particular, the regiochemistry of the reaction with
methyl- and phenylhydrazine depends on the reaction
conditions while only one regioisomer is obtained employ-
ing hydroxylamine as shown in Table 1.

Table 1. Cyclization reaction of enaminone 2 with 1,2-bisnucleophiles

Compounds R! Yield (%) Ratio 3:4 or 5a:5b
EtOH  EtOH/H™ EtOH  EtOH/H™
3a, 4a H 70 75 — —
3b, 4b Me 86 90 45:55% 55:45
3c, 4¢ Ph 70 60 0:100 100:0
5 — 84 80 100:0 100:0

#In AcOH/AcONa 3b:4b=40:60.

To understand the nature of the reaction product(s), we
started investigating the reaction of the enaminone 2 with
1,2-nitrogen bisnucleophiles (hydrazine, phenylhydrazine
and methylhydrazine) in different reaction conditions
(EtOH reflux or EtOH/AcOH reflux). Thus, reaction of
enaminone 2 with phenylhydrazine (Table 1) gives rise,
regioselectively, to different products (see Scheme 2).

PhNHNH,

100% 4c or 3c
Yield 70%

PhNHNH,
100% 3c or 4¢c

EtOH / AcOH
Yield 60%
2

A0
oH N-N M N-N

3 | /5 H OH ~ \\ 3 H
X A XY75 Y4

H H
N" 0 N" 0
| |
A=4c B=3c

Scheme 2.

The regiochemistry of the reaction was easily determined by
NOE experiments on the isolated product. To this end, we
started assigning the pyrazole proton signals in both
compounds to H-4 and H-5 (or H-3) on the basis of their
different chemical shifts. Then, irradiation of the proton
resonating at the highest frequency (6 8.71 ppm) in
compound obtained from route a leads to a significant
enhancement of the ortho protons of the phenyl group,
allowing us to assign the structure A to this product (4c).
Similarly, irradiation of the proton resonating at the highest
frequency (6 7.76 ppm) in compound obtained from route b,
gives rise to a significant enhancement only of the other
pyrazole proton, thus confirming the pyrazol-5-yl nature of
compound B (3¢) (Scheme 2).

Structure of compound 3¢ was confirmed also by NOE
experiments carried out on the O-methyl derivative 6
obtained by reaction of 3¢ with dimethyl sulfate (DMS) (see
Scheme 3).

Thus, irradiation of the O-methyl singlet, that appears at
lower frequencies with respect to the N-Me one (6 3.53 vs
3.60 ppm, g-HSQC), gives a positive effect on the ortho-
and meta protons of the phenyl group, in addition to H-5 of
the quinolinone ring.

R1
l

N

N 1
N R ‘Nn-R
i\ //N and/or \/_ /N

cR"=Ph

R
o R'NHNH
o ; 3a-c aR'=H 4a-c
)J\ . R i or iii bR'=Me
R

ii or i
X
R=
N (0]

R
NH,OH §\ /,N

R \d‘/o
) )

Scheme 1. Reagents and conditions: (i) DMFDMA, xylene, reflux; (ii) EtOH, reflux; (iii) EtOH, AcOH, reflux.
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Ph_
oH NN
N N (Me0),S0,
Acetone
'Tl (0] K,CO3
3c 6

Scheme 3.

So, we demonstrated that route a (Scheme 2) gives rise to
1,3-disubstituted pyrazole 4¢ whereas route b affords the
1,5-disubstituted one 3c.

Continuing our study, we examined the same reaction
between compound 2 and methylhydrazine in both the
reaction conditions (see Scheme 1 and Table 1). The
reaction always gave a mixture of both regioisomers.
The compounds were separated by flash chromatography
and the regiochemistry determined again via analysis by
NMR spectroscopy. Due to the close proximity of the
1-methyl substituent to pyrazole H-5 in compound 4b, an
interaction is observed between these two groups in a
NOESY 1D experiment.

As for the reaction with N,N'-1,2 bisnucleophiles we
examined also the reaction of the enaminone 2 with
hydroxylamine again in both the reaction conditions
(EtOH, EtOH/AcOH). To establish the correct structure,
the isolated product was treated with DMS to give the
corresponding isoxazolium salt 7.'>

Then, we attributed the isoxazole proton resonances to H-4
and H-3 or H-5 on the basis of their diagnostic chemical
shifts. Homonuclear NOE experiments (NOESY 1D)
carried out by irradiation of the highest proton resonance
of isoxazolium salt is then proposed as a simple method to
distinguish between the two regioisomers. According to our
knowledge, this approach has never been used for structural
determination of isoxazoles obtained from enaminones
(Scheme 4).

PN ook N
\
R N %R OH
5a 5b
A
DMS R=
50-60°C NS0
|
@/ /
o-N o-R
D2 OR 5 @
R/KK\H HO N/ R
H H
7a 7b

Scheme 4.

Thus, upon irradiation of the highest hydrogen resonance at
0 9.20 ppm, enhancements of signals at 6 7.55 (H-4) and ¢
4.24 ppm (N —Me) were observed. On this basis, structure
7a is easily assigned to the reaction product (see Fig. 1).

Me

OH o )
\

XX H

N™ "0 H\)

H Me

%

7a

Figure 1.

In a more elegant way, the previous result can be confirmed
working directly on the reaction product through >N NMR
spectroscopy; from the proton-detected 'H-'"N g-HMBC
experiment it appears that the nitrogen atom presents only
one *J N-H of ca. 3 Hz and a diagnostic coupling of 15.7 Hz
that must be attributed to a two bonds J N-H."* These
results agree only with structure Sa.

KR

g 4
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2.2. Biological results

The phototoxicity of title compounds, was investigated first
on a cell line of human tumor HL-60 (human promyelocytic
leukemia). Table 2 shows the extent of cell survival
expressed as Glsy, which is the concentration, expressed
in uM, which induces 50% of inhibition of cell growth, after
irradiation at different UVA doses.

Table 2. Photocytotoxicity of test compounds against HL-60 cell line

Compounds Gls (uM)*

125 Jem ™2 25Jcm™?
3a, 4a >10 >10
3b >10 >10
3c >10 7.8+22
4b >10 73+19
4c 6.210.7 0.9£0.1
5 >10 >10

# Concentration of compound required to inhibit the cell growth by 50%
after 72 h of exposure as determined by MTT assay.

" UVA dose expressed in Jcm™? as measured at 365 nm with a Cole-
Parmer radiometer.

Control experiments with UVA light or compounds alone
were carried out without significant cytotoxic effects (data
not shown). The results, shown in Table 2, indicate that
compound 3a is not active, instead for 3-pyrazolyl
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derivative 4¢ we observe the highest activity. Interestingly,
the isomeric compound 3c is only slightly active and
substitution for a methyl group lead to an inactive derivative
3b. From this preliminary screening the most active
compounds were also evaluated on a human intestinal
adenocarcinoma cell line (LoVo) and one line of immorta-
lized, not tumorigenic, human keratinocytes (NCTC 2544).
From Table 3 it appears that the phototoxicity of the most
active compounds, in particular 4¢, is higher in the tumor
cell lines in comparison to the normal ones (NCTC 2544). In
preliminary experiments devoted to the search for a possible
molecular target, compound 4c was evaluated for its
potential capability to induce single strand breaks in a
plasmid DNA, as a model.

Table 3. Photocytotoxicity of test compounds against NCTC 2544 and
LoVo cell lines®

Compounds Cell lines Glso (uM)®
NCTC 2544 LoVo
125°Jem™ 2 25Jem™ 2 125Jecm 2 25Jcm 2
4c 7.0+1.3 2.540.7 37408 1.8+0.2
3c >20 >20 >20 12.1+£1.9
4b >20 >20 182421  10.1+13

# Human cell lines: NCTC 2544 Human keratinocytes; LoVo intestinal
adenocarcinoma.

® Concentration of compound required to inhibit the cell growth by 50%
after 72 h of exposure as determined by MTT assay.

¢ UVA dose expressed in Jcm™2 as measured at 365 nm with a Cole-
Parmer radiometer.

The obtained results (data not shown) indicate that 4c, after
irradiation in the presence of DNA, is not able to induce any
significant damage to DNA thus suggesting that another
target at cellular level may be involved in its phototoxic
effect. In parallel to the cytotoxic evaluation, flow
cytometry was employed to study cell cycle variations
upon irradiation. The effects of the most active compound
4c¢ were evaluated after 24, 48 and 72 h from irradiation in
the leukemic cell line. The percentage of the cells in the
different phases of the cell cycle is shown in Table 4.

Table 4. Percentage of HL-60 in the different phases of the cell cycle®

Treatment Gl G2 S Apoptotic
cells®

Non irradiated 39.0 9.0 51.7 0.8

cells

UVA irradiated cells without drug (2.57 cm”?)

24 h 36.7 13.0 50.3 8.6

48 h 48.2 10.9 40.9 11.7

72h 35.0 10.5 54.4 9.4

4¢ 2.5 yM+UVA (2.5 cm ™ ?)

24 h 30.8 10.8 58.4 13.2

48 h 44.7 10.3 45.0 27.0

72h 442 12.0 43.8 40.5

4¢ 5.0 yYM+UVA (2.5 cm™?)

24 h 34.6 11.1 54.3 21.0

48 h 49.6 11.7 38.6 26.0

72h 56.0 6.9 37.1 46.0

? The percentage of each phase of the cell cycle (G1, S and G2/M) were
calculated on living cells.

" The percentage of apoptotic cells is referred to cells population
characterized by the appearance of a sub G1 peak.

It can be observed that treatment with 4¢ in combination
with UVA induces a reduction of the S phase at 48 and 72 h
after irradiation especially for the highest dose utilized. This
is accompanied by a concomitant block in G1 phase. This
event is followed at 48 and 72 h after the irradiation by
massive induction of apoptosis, as observed by the
appearance of a sub Gl peak (apoptotic cells) that refers
to cells with DNA content lower than G1.'*! In fact,
apoptosis induces the activation of endogenous nucleases,
which are responsible for nucleic acid degradation.

3. Conclusions

In summary, we have unambiguously determined the
structures of the reaction products of 3-quinolinonylena-
minone 2 with 1,2-bisnucleophiles such as phenylhydrazine,
methylhydrazine and hydroxylamine under different
reaction conditions. Whereas from the reaction with
phenylhydrazine both the regioisomers (3¢ and 4¢) can be
selectively obtained according to the reaction conditions,
reaction with methylhydrazine always gives rise to a
mixture of the regioisomers 3b and 4b; moreover, we
establish that reaction of the enaminone 2 with hydroxyl-
amine affords only the 5-substituted isoxazole 5. On the
basis of the biological evaluation, compound 4c¢ seems to be
very attractive as a potential drug for photochemotherapy.
Hence, experiments aimed at defining the target(s) at
cellular level and the phototoxicity mechanism are in
progress.

4. Experimental
4.1. General

Melting points were taken on a Biichi 510 apparatus and are
uncorrected. 'H and ">C NMR spectra were recorded on a
Varian Mercury?lus 400 spectrometer (operating at
100.58 MHz for 3C) in the Fourier transform mode at
21+0.5 °C in CDCl; or DMSO-dg. Chemical shifts (6) are
reported in ppm relative to TMS as secondary reference
standard; coupling constants in Hz. Mass spectra were
registered with a Carlo Erba QMD 1000 instrument at
70 eV. IR spectra were obtained with a Perkin-Elmer 881
spectrophotometer for dispersion in KBr. Elemental
analyses were obtained by Elemental Analyzer Perkin-
Elmer 240C apparatus. Silica gel plates (Merck F,s4) and
silica gel 60 (Merck 230-400 mesh) were used for analytical
TLC and for flash chromatography, respectively. Solvents
were removed under reduced pressure.

4.1.1. 3-[(E)-3-(Dimethylamino)-2-propenoyl]-4-hydroxy-
1-methyl-2(1H)-quinolinone (2). Dimethylformamide
dimethylacetal (DMFDMA) (1.19 g, 10 mmol) was added
to a solution of 3-acetylquinolinone (2.17 g, 10 mmol) in
xylene (25 ml), and the reaction mixture was refluxed for
4 h. Removal of the solvent under reduced pressure yielded
the crude product (2.31 g, 85%). An analytical sample
(yellowish crystals) was obtained by recrystallization from
benzene; mp 178-179 °C (from benzene); IR (KBr) 3150,
2921, 1655, 1620, 1580cm™'; '"H NMR (400 MHz,
DMSO-dg) 6 8.19 (1H, d, *J=12.0 Hz, H-3/), 8.07 (1H, d,
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3J=17.6 Hz, H-5), 7.67 (1H, dd, *J=8.2, 7.6 Hz, H-7), 7.43
(1H, d, *J=8.2 Hz, H-8), 7.22 (1H, pt, *J=7.6 Hz, H-6),
7.05 (1H, d, >J=12.0 Hz, H-2'), 3.52 (3H, s, N-CH}), 3.28
(3H, s, N-CH3), 3.01 (3H, s, N-CH;3); '*C NMR
(100.58 MHz, DMSO-dg) 6 186.40 (s, C-1'), 177.48 (s, C-
4), 161.65 (s, C-2), 157.52 (d, C-3'), 140.98 (s, C-8a),
134.09 (d, C-7), 128.80 (d, C-5), 125.62 (d, C-6), 121.77 (s,
C-4a), 118.06 (d, C-8), 115.11 (s, C-3), 92.84 (d, C-2),
45.90 (q, N-CH3), 38.14 (q, N-CH3), 29.12 (q, N—-CHj3); EI-
MS mlz (%) 272 (M, 34), 254 (14), 228 (100), 202 (12), 98
(28). Anal. Calcd for C;5H;¢N,O5: C, 66.16; H, 5.92; N,
10.29. Found: C, 66.12; H, 5.85; N, 10.19.

4.2. General procedure for the preparation
of compounds 3, 4 and 5

The 1,2-bisnucleophile (1 mmol) was added in one portion
to a stirred solution of compound 2 (0.272 g, 1 mmol) in
EtOH (6 ml) or acidified EtOH (6 ml containing 0.1 ml of
AcOH) and the reaction mixture refluxed for 3 h. After
cooling and removal of the solvent produced a solid that was
crystallized (compound 3a, 3¢, 4¢ and 5) or subjected to
flash cromatography with ethanol/ethyl acetate=1:20, as
eluant (compounds 3b and 4b).

4.2.1. 4-Hydroxy-1-methyl-3-(1H-pyrazol-5-yl)-2(1H)-
quinolinone (3a). Yellowish crystals; mp > 300 °C (from
methanol); IR (KBr) 3350-3210, 1645, 1610, 1590 cm_l;
"H NMR (400 MHz, DMSO-dg) 6 8.08 (1H, dd, >J=8.0 Hz,
4J=1.2Hz, H-5), 7.96 (1H, d, >J=2.3 Hz, H-3"), 7.67 (1H,
ddd, *J=8.6, 7.0 Hz, “J=1.6 Hz, H-7), 7.55 (1H, dd, °J =
8.6 Hz, *J=1.0 Hz, H-8), 7.34 (1H, d, J=2.3 Hz, H-4'),
7.29 (1H, ddd, *J=8.0, 7.0 Hz, *J=1.0 Hz, H-6), 3.66 (3H,
s, N-CH3); '*C NMR (100.58 MHz, DMSO-dy) 6 160.47 (s,
C-2), 159.12 (s, C-4), 148.23 (s, C-5'), 138.47 (s, C-8a),
131.44 (d, C-7), 129.03 (d, C-3'), 123.49 (d, C-5), 121.61 (d,
C-6), 115.32 (s, C-4a), 114.55 (d, C-8), 105.28 (d, C-4"),
100.39 (s, C-3), 28.97 (q, N-CH3); EI-MS m/z (%) 241
(M™,100), 212 (15), 184 (8), 149 (2), 134 (20). Anal. Calcd
for Ci3H;N30,: C, 64.72; H, 4.60; N, 17.42. Found: C,
64.40; H, 4.58; N, 17.33.

4.2.2. 4-Hydroxy-1-methyl-3-(1-methyl-1H-pyrazol-5-
yD)-2(1H)-quinolinone (3b). Yellowish needles; mp 232—
233 °C (from methanol); IR (KBr) 2946, 1632, 1580,
1326 cm ™ '; 'H NMR (400 MHz, CDCl5) 6 8.17 (1H, dd,
3J=8.0Hz, *J=1.6Hz, H-5), 7.71 (1H, ddd, *J=8.6.
7.2 Hz, *J=1.6 Hz, H-7), 7.56 (1H, d, >J=2.0 Hz, H-3"),
7.46 (1H, dd, *J=8.6 Hz, “*J=1.0 Hz, H-8), 7.35 (1H, ddd,
3J=8.0,7.2 Hz, *J=1.0 Hz, H-6), 6.39 (1H, d, >J=2.0 Hz,
H-4"), 3.80 (3H, s, N-CH3), 3.77 (3H, s, N-CH;); '*C NMR
(100.58 MHz, CDCl;) 6 161.20 (s, C-2), 159.05 (s, C-4),
140.08 (s, C-8a), 139.13 (d, C-3'), 133.62 (s, C-5'), 132.24
(d, C-7), 124.66 (d, C-5), 122.06 (d, C-6), 115.18 (s, C-4a),
114.10 (d, C-8), 107.17 (d, C-4"), 101.07 (s, C-3), 37.47 (q,
N-CH3), 29.58 (q, N-CH3); EI-MS m/z (%) 255 M ™, 100),
228 (32), 200 (58), 134 (38), 77 (59). Anal. Calcd for
C14H3N;30,: C, 65.87; H, 5.13; N, 16.46. Found: C, 66.08;
H, 4.94; N, 16.72.

4.2.3. 4-Hydroxy-1-methyl-3-(1-phenyl-1H-pyrazol-5-
yD-2(1H)-quinolinone (3c). Yellowish needles; mp >
260 °C (from ethanol); IR (KBr) 2890, 1600, 1557,

1381 cm ™ '; "H NMR (400 MHz, DMSO-dg) 6 10.85 (1H,
s, OH), 7.98 (1H, dd, >J=8.0 Hz, * J=1.6 Hz, H-5), 7.76
(1H, d, *J=1.8 Hz, H-3'), 7.66 (1H, ddd, *J=8.6, 7.0 Hz,
4J=1.6 Hz, H-7), 7.50 (1H, d, *J=8.6 Hz, H-8), 7.43-7.21
(6H, m, H-6, H-2", H-3", H-4"), 6.42 (1H, d, J=1.8 Hz,
H-4"),3.51 (3H, s, N—-CH3); '*C NMR (100.58 MHz, DMSO-
dg) 6 161.04 (s, C-2), 159.09 (s, C-4), 140.46 (s, C-1"),
139.74 (d, C-3'), 139.55 (s, C-8a), 134.67 (s, C-5), 131.86
(d, C-7), 128.66 (d, C-3), 126.88 (d, C-4"), 123.82 (d, C-5),
123.11 (d, C-2"), 121.56 (d, C-6), 115.48 (s, C-4a), 114.66
(d, C-8), 110.02 (d, C-4'), 102.17 (s, C-3), 29.14 (q,
N-CH3); EI-MS m/z (%) 317 (M, 96), 300 (100), 107
(50), 77 (92). Anal. Caled for C;oH,sN;O,: C, 71.91; H,
4.76; N, 13.24. Found: C, 72.20; H, 4.72; N, 13.44.

4.2.4. 4-Hydroxy-1-methyl-3-(1-methyl-1H-pyrazol-3-
yD-2(1H)-quinolinone (4b). Yellowish needles; mp 139-
140 °C (from methanol); IR (KBr) 2934, 1634, 1592,
1516 cm ™~ '; 'H NMR (400 MHz, CDCls) 6 8.21 (1H, dd,
3J=8.0Hz, “J=1.6Hz, H-5), 7.59 (1H, ddd, *J=8.6,
7.2 Hz, ‘I=1.6 Hz, H-7), 7.45 (2H, AB system, H-4' and
H-5'), 7.35 (1H, dd, *J=8.6 Hz, *J=1.0 Hz, H-8), 7.27
(1H, ddd, >J=8.0, 7.2 Hz, “*J=1.0 Hz, H-6), 3.98 (3H, s,
N-CH3), 3.76 (3H, s, N-CH3); *C NMR (100.58 MHz,
CDCls) 6 162.22 (s, C-2), 160.36 (s, C-4), 149.50 (d, C-3'),
139.10 (s, C-8a), 131.36 (d, C-7), 130.60 (s, C-5"), 124.68
(d, C-5), 121.90 (d, C-6), 116.78 (s, C-4a), 114.07 (d, C-8),
107.33 (d, C-4"), 101.29 (s, C-3), 39.20 (g, N-CH3), 29.53
(q, N—=CH3); EI-MS m/z (%) 255 M, 100), 226 (17), 212
(19), 134 (29), 77 (19). Anal. Calcd for C,4H,3N;0,: C,
65.87; H, 5.13; N, 16.46. Found: C, 65.73; H, 5.38; N, 16.24.

4.2.5. 4-Hydroxy-1-methyl-3-(1-phenyl-1H-pyrazol-3-
yD-2(1H)-quinolinone (4¢). Yellowish needles; mp 211-
212 °C (from ethanol); IR (KBr) 3418-3220, 1643,
1620 cm™'; '"H NMR (400 MHz, DMSO-ds) 6 8.71 (1H,
d,>J=2.7 Hz, H-5'), 8.12 (1H, dd, *J=8.0 Hz, *J=1.6 Hz,
H-5), 7.90 (2H, m, H-2"), 7.71 (1H, ddd, *J=8.6, 7.0 Hz,
4J=1.6 Hz, H-7), 7.62-7.55 (4H, H-4/,H-3" H-8),7.39 (1H,
m, H-4"), 7.35 (1H, ddd, >J=8.0, 7.0 Hz, *J=1.0 Hz, H-6),
3.69 (3H, s, N-CH;); >C NMR (100.58 MHz, DMSO-dj) 6
160.93 (s, C-2), 158.94 (s, C-4), 150.59 (s, C-3'), 139.24 (s,
C-8a), 138.93 (s, C-1"), 132.47 (d, C-7), 130.37 (d, C-3"),
129.10 (d, C-5'), 127.39 (d, C-4"), 124.13 (d, C-5), 122.37
(d, C-6), 118.91 (d, C-2"), 155.54 (s, C-4a), 115.25 (d, C-8),
109.33 (d, C-4'), 100.38 (s, C-3), 29.59 (q, N-CH3); EI-MS
mlz (%) 317 M, 100), 288 (20), 274 (14), 212 (14), 115
(12), 77 (94). Anal. Calcd for C;oH;sN30,: C, 71.91; H,
4.76; N, 13.24. Found: C, 71.88; H, 4.69; N, 13.18.

4.2.6. 4-Hydroxy-3-(5-isoxazolyl)-1-methyl-2(1H)-quino-
linone (5). Yellowish needles; mp 280-282 °C (from
ethanol); IR (KBr) 3298, 1642, 1618 cm™'; 'H NMR
(400 MHz, DMSO-dg) ¢ 8.65 (1H, d, >J=2.0 Hz, H-3'),
8.15 (1H, dd, *J=8.2 Hz, “J=1.6 Hz, H-5), 7.74 (1H, ddd,
3J=8.0, 7.0 Hz, *J=1.6 Hz, H-7), 7.58 (1H, d, >J=8.0 Hz,
H-8), 7.35 (1H, dd, >J=8.2, 7.0 Hz, H-6), 6.86 (1H, d, >/ =
20Hz, H4), 362 (3H, s, N-CH5); ®C NMR (100.58 MHz,
DMSO-dg) 6 163.74 (s, C-5'), 159.85 (s, C-2), 159.55 (s,
C-4), 150.48 (d, C-3), 139.50 (s, C-8a), 132.56 (d, C-7),
124.20 (d, C-5), 121.82 (d, C-6), 115.54 (s, C-4a), 114.85 (d,
C-8), 104.97 (d, C-4'), 99.82 (s, C-3), 28.97 (q, N-CHa);
EI-MS m/z (%) 242 (M, 37), 215 (40), 158 (95), 101 (26),
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76 (84), 68 (100). Anal. Calcd for C;3H,oN,O;: C, 64.46; H,
4.16; N, 11.56. Found: C, 64.32; H, 4.18; N, 11.47.

4.2.7. 4-Methoxy-1-methyl-3-(1-phenyl-1H-pyrazol-5-
yD)-2(1H)-quinolinone (6). Yellowish needles; mp 175-
176 °C (from ethanol); IR (KBr) 2947, 1640, 1595, 1500,
1355 cm ™ '; "H NMR (400 MHz, DMSO-dg) 6 7.86 (1H, dd,
3J=8.0 Hz, “J=1.6 Hz, H-5), 7.81 (1H, d, >°J=1.8 Hz, H-
3"), 7.69 (1H, ddd, >J=8.4, 7.0 Hz, *J=1.6 Hz, H-7), 7.57
(1H, d, *J=8.4 Hz, H-8), 7.47-7.22 (6H, m, H-6 and ArHs),
6.57 (1H, d, >*J=1.8 Hz, H-4), 3.60 (3H, s, N-CH3), 3.53
(3H, s, OCH3); 3*C NMR (100.58 MHz, CDCls) 6 161.93 (s,
C-2), 161.71 (s, C-4), 140.71 (s, C-1"), 140.55 (d, C-3"),
139.93 (s, C-8a), 135.13 (s, C-5'), 132.67 (d, C-7), 129.55
(d, C-3"), 127.68 (d, C-4"), 124.48 (d, C-5), 123.34 (d,
C-2"), 122.64 (d, C-6), 116.77 (s, C-4a), 115.41 (d, C-8),
111.52 (d, C-4"), 107.77 (s, C-3), 60.00 (g, OCH3), 30.13 (q,
N-CH;); EI-MS m/z (%) 331 (M, 100), 300 (88), 226 (17),
77 (67). Anal. Calcd for C5,oH7N;0,: C, 72.49; H, 5.17; N,
12.68. Found: C, 72.21; H, 5.56; N, 12.54.

4.3. Irradiation procedure

Two HPW 125 Philips lamps, mainly emitting at 365 nm,
were used for irradiation experiments. The spectral
irradiance of the source was 4.0 mW cm ™ as measured,
at the sample level, by a Cole-Parmer Instrument Company
radiometer (Niles, IL), equipped with a 365-CX sensor.

4.4. Cellular phototoxicity

Human promyelocytic leukemia cells (HL-60) were grown
in RPMI-1640 medium (Sigma Co Mo USA), human
keratinocytes (NCTC 2544) were grown in DMEM medium
(Sigma Co Mo USA), intestinal adenocarcinoma cells
(LoVo) were grown in Ham’s F12 medium (Sigma Co Mo
USA) all supplemented with 115 units/ml of penicillin
G (Invitrogen, Milano- Italy), 115 pg/ml streptomycin
(Invitrogen, Milano Italy) and 10% fetal bovine serum
(Invitrogen, Milano- Italy). Individual wells of a 96-well
tissue culture microtiter plate (Falcon BD) were inoculated
with 100 pl of complete medium containing 8 X 10° HL-60
cells or 5X 10° NCTC 2544 and LoVo cells. The plates were
incubated at 37 °C in a humidified 5% incubator for 18 h
prior the experiments. After medium removal, 100 pl of the
drug solution, dissolved in DMSO and diluted with Hank’s
Balanced Salt Solution (HBSS pH=7.2), was added to each
well and incubated at 37 °C for 30 min and then irradiated.
After irradiation, the solution was replaced with the
medium, and the plates were incubated for 72 h. Cell
viability was assayed by the MTT [(3-(4,5-dimethylthiazol-
2-y1)-2,5-diPhenyltetrazolium bromide)] test, as described
previously.'®!7

4.5. Cell cycle analysis

For flow cytometric analysis of DNA content, 5X 10° HL-
60 cells in exponential growth were treated at different
concentrations of the test compounds for 24, 48 and 72 h.
After the incubation period, the cells were centrifuged and
fixed with ice-cold ethanol (70%), treated with lysis buffer
containing RNAseA, and then stained with propidium
iodide. Samples were analyzed on a Becton Coulter Epics

XL-MCL flow cytometer. For cell cycle analysis, DNA
histograms were analyzed using MultiCycle for Windows
(Phoenix Flow Systems, San Diego, CA).
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Abstract—S5-Epithiohydantocidin, N-alkyl and N-glycosylthiohydantoin spironucleosides are prepared from glycosylaminoesters and from
furanoid and pyranoid methyl isothiocyanatoulosonates. The aminoesters and the isothiocyanates are obtained, in a stereocontrolled manner,
from sugar spiroacetals through a high-yielding sequence involving ring opening with trimethyl azide, formation of an ester group, reduction
of the azide, and, in the case of isothiocyanates, reaction with thiophosgene.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The chemistry of spironucleosides, a type of nucleoside in
which the anomeric carbon belongs simultaneously to the
sugar ring and to the nitrogenated heterocyclic moiety,' has
received considerable development in the last decade. This
interest is due to the isolation from culture broths of
Streptomices hygroscopicus of (+)-hydantocidin (1), the
first natural spironucleoside.2 The (+)-hydantocidin shows
low toxicity for mammals and has herbicidal and plant
growth-regulatory activities, which have been related to its
inhibitory activity of adenylsuccinate synthase.® Other
spiro-anulated compounds® also have biological interest
due to their activity as inhibitors of glycogen phosphorilase
and a-amylase.” Syntheses of (+)-hydantocidin have been
reported,® and starting from 1993 many syntheses of
hydantocidin analogues and related carbocyclic derivatives
have been described.'™’

Recently, we reported our preliminary results on the
preparation of pyranoid and furanoid isothiocyanatouloso-
nates, a new type of sugar isothiocyanate which is used for
the stereocontrolled preparation of thiohydantoin spironu-
cleosides.® Some data on related ulosononitriles’ and
furanoid ulosonoisothiocyanates'® have been reported later.

Keywords: Spironucleosides; Thiohydantoins; Thioureas; Isothiocyanates.
* Corresponding author. Tel.: +34 954557150; fax: +34 954624960.;
e-mail: jfuentes@us.es

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.128

In this paper, we report the full data on a synthetic procedure
to prepare furanoid and pyranoid spirothiohydantoins using
methyl isothiocyanatoulosonates (11, 18) and methyl
aminoulosonates (9, 10, and 17) as key intermediates. We
have previously shown’' that ketofuranosyl isothiocyanates
are transient intermediates in the preparation of spironucleo-
sides of 1,3-O,N five member heterocycles.

2. Results and discussion

The starting materials to prepare the pyranoid and furanoid
2-isothiocyanatoulosonic esters 11 and 18 (Scheme 1) were
the B-azido- 1-trimethyl ethers 3 and 13, respectively, which
we have previously reported,”” and were obtained by
reaction of trimethylsilyl azide with the corresponding
spiroacetal'' 2 or 12 in freshly distilled acetonitrile, under
stringently anhydrous conditions. Desilylation of 3 with a
catalytic amount of TBAF (tetrabutyl ammonium fluoride).
3H,O produced 4 in high yield. Swern'? oxidation of 4
afforded the azido aldehyde 5, whose NMR data showed the
signals for 5 and additional signals corresponding to a
hydrate as is described for related aldehydes.'® Further
oxidation (NaClO,) of 5§ followed by treatment with
diazomethane gave the 3-O-benzylazido ester 7. Treatment
of 4 with ruthenium chloride-sodium metaperiodate
produced simultaneous oxidation of the formyl and benzyl
groups with formation of the 3-O-benzoyl ulosonic acid
derivative 6, which was not isolated, and in situ converted
(reaction with CH,N5) into the methyl 3-O-benzoyl azido
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Scheme 1. Preparation of new glycosyl aminoulosonates and glycosyl isothiocyanatoulosonates from sugar spiroacetals. Reagents and conditions: (i) TMSNj3,
TMSOTTf, CH;CN, 0 °C; (ii) TBFA.3H,0, THF, rt; (iii) DMSO, CH,Cl,, —70 °C; (iv) RuCl;-H,0, NalO,, CH3CN, H,0, CCly, rt; (v) NaClO,, (CH;),C=
CH-CH3, NaH,PO,-2H,0, '‘BuOH, H,0, 0 °C; (vi) CH,N,, Et,0, MeOH, 0 °C; (vii) Hy/C-Pd, MeOH, tt; (viii) CSCl,, CHCl3, H,O, CaCOs, 1t

ester 8. Catalytic hydrogenation of 7 and 8 gave the
glycosylaminoester anomeric mixtures 9 and 10, respect-
ively, in good yields. The anomeric ratio for 9 was 1:9 (a:p,
CDCls;, rt, equilibrium), whereas in the case of 10 the ratio
of the two anomers was 2:5 (same conditions), although the
anomeric (C-2) configuration of each anomer for 10 was not
determined. The anomeric mixture 9 was used only in route
A (Scheme 2) for the synthesis of spirothiohydantoins.
Compound 10 was also transformed, by reaction with
thiophosgene in basic medium, into an anomeric mixture
(a:B 16:1) of glycosyl isothiocyanates, from which only the
a anomer 11 was isolated. This compound was used in route
B of spirothiohydantoins (Scheme 2).

In a similar way, the reaction of 13 with TBAF- 3H,0 gave
the known® 1-O-unprotected furanosyl azide 14, which by
oxidation with ruthenium chloride—sodium metaperiodate
(—15), followed by estherification with CH,N,, produced
the methyl ulosonate 16. Catalytic hydrogenation of 16
yielded the anomeric mixture (o.:f3 ratio 6:1) of aminoesters
17 in virtually quantitative yield. Reaction of 17 with
thiophosgene in the presence of CaCO;5 gave, after column
chromatography, the o (65%) and B (20%) isothiocyanato
ulosonates 18a and 18 as isolated products.

Table 1 shows selected spectroscopic data for the structural
assignments of compounds 4-5, 7-11, and 16-18. Thus the
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Scheme 2. Preparation of 5-epithiohydantocidin, N-alkyl and N-glycosylthiohydantoin spironucleosides from glycosylaminoesters (route A) and from methyl

isothiocyanatoulosonates (route B).

IR spectra of the azido derivatives 4-5, 7, 8, and 16 had
absorption for the N5 group at 2116-2128 cm ™~ '. The NMR
spectra of 4 showed no signals for a SiMe; group, and the
OH was evident from the IR absorption at 3497 cm ™' and
from the interchangeable (D,0) double doublet at 2.12 ppm
in the "H NMR spectrum. The hydrated form of 5 appeared
in the "H NMR spectrum in a 1:4 ratio with respect to the free
aldehyde, the chemical shift for the resonance of H-1 of the
hydrate being 5.22 ppm. The carbonyl groups of the B-azido
ulosonic esters 7, 8 and 16, resonated at 165.4—166.7 ppm
(Table 1) as is reported14 for related azido esters. The signal
for the resonance of the anomeric carbonin4, 5,7, and 8 was
close to 91 ppm, as is described for glycopyranosyl azides; '

the same carbon for the furanoid derivative 16 resonated at
100.5 ppm. The B configuration for the major compound in
the anomeric mixture 9 is proposed according to the order of
formation, and the anomeric ratio is given in the equilibrium
(NMR measurements). In the 6:1 anomeric mixture 17 the
major compound was the o anomer. The anomeric
configuration being supported on the order of formation,
and on the differences of chemical shifts of H-3 and C-3 for
the two anomers (H-3 is relatively deshielded in the «
anomer whereas C-3 is relatively shielded in the same
anomer), which is in agreement with reported data for
related compounds.'® The isothiocyanato group of 11, 18a
and 18P was evident from the corresponding IR absorptions

Table 1. Selected spectroscopic data (v cm ™!, 6 ppm, J Hz) for compound 3-5, 7-11, and 16-18*

Compound s nes” 6 C-1 5C-2 6C-3 6 NCS
4 2118 64.9 91.7 76.2 —
5 2122 1925 90.9 74.6 —
7 2126 166.7 91.1 76.7 —
8 2128 165.8 90.3 70.8 —
9° — 171.4 86.1 772 —
10° — 170.9 85.4 722 —
11 2002 165.0 87.7 729 145.1
16 2116 165.4 100.5 86.9 —
17 — 169.9 93.6 81.7 —
180 2018 166.0 95.1 84.4 144.9
188 2016 164.9 97.7 88.8 145.1

4 NMR data are obtained in CDCl;.
> KBr discs.
¢ Data for the major anomer.
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Table 2. Synthesis of thiohydantoin spironucleosides

Entry Starting aminoester or isothiocyanatoulo- Route Product (s) Yield (%)
sonate (anomeric ratio)
1 9 (a:f 1:9) A 65 (20a) 31
(20B)
2 10 (5:2) A 70
3 10 (5:2) A 76 (22a) 9
(22B)
4 10 (5:2) A 81
5 11 (only o anomer) B 72
6 17 (o:p 6:1) A 79
BzO ",
Z /N/\%S
i ZH
o. 0O
Pl 25
7 17 (a:B 6:1 A OB 83
(2 6:1) BzO, © -
J’\/>\/oaz
(0]
BzO ° \ °
Z "/N /&S
6. 0"
P 26
8 18 (o:p 13:4) B (0] 74 (27a) 20
') NH (27B)
B0 N Y,
NS+ 27
< = H
o. O
> 27a
9 18 (a: 13:4) B (0] Me 64 (28a) 21
/
o. )N (288)
BzO g
T
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Table 2 (continued)

Entry Starting aminoester or isothiocyanatoulo- Route Product (s) Yield (%)
sonate (anomeric ratio)
10 18 (a:B 13:4) B o) 60 (29a) 17
o y-N" T, 298)
BzO L
_/N" S + 29
6. o"
> 290
11 18 (a:B 13:4) B O Ph 73 (30e) 21
o >N (308)
BzO .,
_ n=s + 308
sz = H
o. O
> 30a
12 19 (1:5) A AcO 94
Ao, N OAc
o 0 /[j\/OAC
X 1 o N0
O :
Sy
o_ o"
Pal 31
1 19 (1: A OB 4
3 9 (1:5) BzO, : Z 9

;E>\/OBZ
(0]

32

at 2000-2018 cm ', and from the '*C resonances at roughly
145 ppm, characteristic of glycosyl isothiocyanates.'” The
vicinal coupling constants between the protons of the
pyranoid ring of 11 were indicative of °C, conformation,
slightly distorted by the dioxolane ring (the value of J5 ¢ for
example, was 6.9 Hz). The anomeric configuration (the NCS
group is in a position) of this compound was deduced from
its transformation into the spiranic compound 24 and from
the NMR data of 24 (see below). The “Jyy values for the
protons of the furanoid ring of 188 were very close to that for
the B-p-psicofuranosyl azide.®® The anomeric carbon in 180
resonated at higher field (95.1 ppm) than the same carbon in
188 (97.7 ppm), as in related pairs of anomers."**%*'8 This
assignment of the anomeric configurations were confirmed
by the NMR data of 27-30 (see below).

The glycosylamines 9, 10 and 17, together with described"®
methyl 2-aminohept-2-ulofuranosonate 19 were used in the
route A to prepare spirothiohydantoins (Scheme 2). Both
anomers of 19 had been reported as isolated products. In our
first attempt to prepare spirothiohydantoins from 19, pure a
and B anomers were used; but, due to the anomeric
equilibrium under the reaction conditions, in both cases
the same spirothiohydantoin was obtained, consequently,
the anomeric mixture 19 «+ B was used in subsequent
reactions. A related cyclization using phenylisocyanate as
sole heterocumulene has been reported.'®*

Treatment of the anomeric mixture of aminoesters 9 with
phenyl isothiocyanate in DMF at 85 °C for 23 h resulted in

96% yield the resoluble mixture of spirothiohydantoins 20
(Scheme 2, route A and Table 2, entry 1). This reaction was
low-yielding under milder conditions, probably due to the
stabilization by hydrogen bondings between the amino
group and the oxygen atoms on C-1 and C-3 in the starting
aminoester. The reaction involves the formation of an
intermediate thiourea which spontaneously cyclates to the
thiohydantoin.?

The IR spectra of 20t and 20B had the signal for the
carbonyl group (vc—o) at 1765 cm ™!, and the C=S and
C=O0 groups resonated (Table 3) at roughly 184 and
169.5 ppm, respectively, in accord with that described for
related spirohydantoins.”' The /iy values between protons
of the pyranose ring were indicative of the 4C' confor-
mation. The anomeric configuration is based on the value of
the 3JCH between C-4 and H-10 (Fig. 1), which was in the
range'®*! for antiperiplanar nuclei in 20et (6.8 Hz) and in
the range for gauche nuclei in 208 (2.6 Hz). Additionally,
the resonance for H-1 (NH) of 20 was at lower field than
that for 20a, as in spirohydantoins of other pyranoid
sugars.”!

The o« configuration of 21 was deduced from the value
(5.9 Hz) of the coupling constant between H-10 and C-4,
indicative of anti relationship between the corresponding
nuclei.

Similarly, the reaction of 10 with 2,3,4,6-tetra-O-acetyl-p3-
p-glucopyranosyl isothiocyanate®® and with 2,3,5-tri-O-
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benzoyl-B-p-ribofuranosyl isothiocyanate®® gave the N-gly-
cosyl spirothiohydantoins 22a, 22 (entry 3) and 23 (entry
4).

The treatment of the ulofuranosonic aminoester 17 with the
same glycosyl isothiocyanates gave, in high yield, the
furanoid spirothiohydantoins 25 and 26 only as o anomers
(Table 2, entries 6 and 7). Selected structural data, including
representative diaxial 3JH’H values of pyranoids derivatives,
of 22, 23, 25 and 26 are shown in Table 3. The anomeric
configurations were supported on HMBC?** and carbon-
proton coupled experiments in a similar way to that above
commented for 20.

The last spirothiohydantoins prepared through route A were
31 and 32, which were obtained, in almost quantitative
yield, by reaction of the sugar aminoester anomeric
mixture'” 19 (see above) with 2,3,4,6-tetra-O-acetyl-3-p-
glucopyranosyl isothiocyanate®> and with 2,3,5-tri-O-
benzoyl-B-p-ribofuranosyl isothiocyanate®® respectively,
under mild conditions (Table 2, entries 12 and 13). As the
configuration of C-4 and C-3 in 31 and 32 are the contrary to
those for 25-28, and the spectroscopic data for the hydration

Figure 1. Relationship between H-10 and C-4 in C-5 epimers of pyranoid
spirothiohydantoins.

moiety and C-4 of 31-32 practically coincide with those for
the oo anomers 25, 26, 270, 28a, 29a, and 30a, we propose
that in both cases the same spatial relationship exists, that is,
31 and 32 have P anomeric configuration.

Compounds 22-26, 31 and 32 had a glycosyl radical on N-8,
consequently their structures are simultaneously those of N-
and spiro-nucleoside.

The route B (Scheme 2) to prepare thiohydantoin
spironucleosides is the reaction of methyl isothiocyanatou-
losonates with ammonia, alkyl, and aryl amines.

Table 3. Selected NMR data (6 ppm, J Hz) for spironucleosides 20-35 at 500 MHz in CDCl3

0
R
O N

7 6\ 43
2 o /21%
910/ "y S
RO H
Compound® 0 H-1 (NH) o0 H-10 Jo.10 0 C-2 (C=S) 0 C-4 (C=0) 0 C-5 0 C-10
200 7.06 3.70 7.1 183.6 169.4 86.6 77.7
208 9.09 4.10 7.9 184.9 169.5 87.1 77.0
21(a) 8.04-7.18 5.67 7.4 182.8 168.7 85.6 71.2
220 7.65 5.52 7.8 182.1 167.1 84.4 71.1
228 8.24 5.79 6.9 183.5 166.7 84.5 68.4
23(o) 8.13-7.26 5.52 7.8 181.2 168.2 84.8 71.2
24 (o) 7.52 5.65 7.4 183.2 168.9 85.5 71.1
33(a) 8.72 5.75 9.7 182.1 166.7 84.5 71.5
34(00b — 3.95 10.1 185.6 172.0 88.0 70.3
R
O 9 gN
6 1
ey [?j ! S
RO H

Compound” o0 H-6 o H-4 J34 0 C-7 0 C-9 0 C-5 0 C-4
25(a) 7.38 4.88 6.0 181.6 170.5 91.5 80.2
26(o) 8.13-7.34 4.63 6.0 181.2 169.9 92.1 80.6
27 8.09-7.43 4.88 6.1 181.2 171.2 94.7 80.7
278 7.49 4.93 6.4 180.8 168.1 95.8 86.2
28a 7.41 4.83 6.0 183.5 170.9 92.8 80.7
28B 7.43 4.92-4.87 — 183.3 168.0 93.8 86.1
290 7.27 4.82 6.0 183.2 171.0 92.4 80.6
298 7.32 4.92-4.85 — 183.1 168.2 93.6 86.1
300 8.09-7.31 4.99 6.1 182.8 170.4 93.0 80.9
308 7.76 5.00 6.1 182.7 167.5 94.1 86.3
318 7.34 4.84 5.9 181.6 170.5 89.7 80.0
328 7.31 4.89 5.9 181.4 170.6 90.2 80.1
350 — 4.32 4.8 185.0 167.8 95.5 74.6
In MeOH-d,.

# In the second part of the table (furanoid derivatives) the numbering of formulas changes, but homologous nuclei are in the same column as in the first part.

®In D,O.
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Thus, the treatment of the pyranoid isothiocyanate 11 with
4-methoxyaniline, in DMF at 85 °C, produced (Table 2,
entry 5) the spirothiohydantoin 24, whose spectroscopic
data (Table 3) supported the indicated structure. The
coupling constant (5.8 Hz) between C-4 and H-10 con-
firmed'® the o. configuration not only for 24, but also for the
starting isothiocyanate 11.

Reactions of a mixture of the anomers 18a and 18 with
ammonia, methylamine, dodecylamine, and aniline, gave
the corresponding thioureido derivative, which spon-
taneously cyclates, in the reaction medium, and under
mild conditions, to afford the corresponding spironucleo-
sides (27-30) in high yields (Table 2, entries 8—11). In all
cases, mixtures of spiroanomers were obtained, which could
be resolved. Table 3 shows selected spectroscopic data for
these compounds. The most significant differences between
the NMR data for the o and the B anomers are the chemical
shifts of H-2, C-4, and C-5, which resonated at lower field in
the minor  anomers, than in the major o anomers. The
difference in the chemical shift of H-2 has been previously
reported,l(’b and has been used to define the anomeric
configuration of thiohydantocidin.'® The & values for C-2
and C-3 are virtually identical in all the o anomers, and
differ by 2 ppm in the B anomers. The coupling constants
between H-2 and CH,OBz are higher in the o anomers than
in the B anomers. These data further confirmed the anomeric
configurations of 18« and 18P.

With the goal of having O-unprotected spirothiohydantoins,
the deprotections of 22a and 27o have been carried out
(Scheme 3).

The isopropylidene group of 22at was removed with DDQ?
in acetonitrile:water 9:1 at 45 °C, obtaining 33, which was
O-debenzoylated by treatment with sodium methoxide in
methanol. No measurable anomerization'** was observed,
and the O-unprotected N- and spironucleoside 34 was
obtained in 85% yield after preparative HPLC.

In the case of 27a the acetal group was removed (— 35) in
91% yield, by treatment with TFA:H,O 2:3 as reported for
its C-7 oxo analogue.'®® The O-debenzoylation with sodium

AcO

33

AcOr., ! ~OAc
! ? ,OVOAC
)
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methoxide of 35 produced the 5-epithiohydantocidin 36¢,
together with its f anomer 36 (a: anomeric ratio 6:1,
global yield 85%). Related spiroepimerizations have been
reported.”"*® The spectroscopic data of 36o. and 36B
coincide with those previously reported'® for the same
compounds prepared through an iminophosphorane
intermediate.

3. Conclusion

Glycosylaminoesters and 2-deoxy-2-isothiocyanato-hex-2-
ulofura(pyra)nosonates —a new class of glycosyl isothio-
cyanate- are easily and stereoselectively prepared from sugar
spiroacetals. Both types of compound can be transformed
under mild conditions and in high yields, into glycosylspir-
othiohydantoins, including 5-epithiohydantocidin. The tar-
get compounds are spironucleosides, and in the case of
N-glycosyl derivatives are simultaneously N-nucleosides.

4. Experimental
4.1. General methods

Unless otherwise noted, starting materials were obtained for
commercial suppliers and used without purification. All
manipulations of air-sensitive compounds were carried out
in an inert atmosphere under recirculation of nitrogen or
argon. The following reaction solvents were distilled under
nitrogen immediately before use: THF and Et,O from Na/
benzophenone; CH,Cl, from CaH,; toluene from Na; and
MeOH from Mg. Et,0O and petroleum ether for column
chromatography were also distilled under nitrogen from Na/
benzophenone before use. TLC were performed on silica gel
HF,s4, with visualization by UV light or charring with 10%
H,SO, (EtOH) or 1% Ce(SO,),. 4H,0-5% ammonium
molybdate-6% H,SO,. Silica gel 60 (Merck, 70-230 or
230-400 mesh) was used for preparative chromatography.

A Perkin-Elmer model 141 MC polarimeter, tubes of 1 cm,
and solutions in CH,Cl,, unless other stated, at 589 nm,
were used for measurements of specific rotations. IR were

HO
HO/

, ) _oH
L
0 NT O
HO™ s

HO HoH

e

34

0]
NH
A0
HO
N/gs
Z - H
O HO 360 + 368
(15% of epimerization)

H

Scheme 3. Total deprotection of spirohydantoins 22et and 27e. Reagents and conditions: (i) DDQ, CH;CN:H,0 9:1, 45 °C, 36 h, 83%; (i) NaOMe 1M, MeOH,

91% (360.+36B), 85% (34); (iii) TFA:H,0 2:3, rt., 1 h, 91%.
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recorded for KBr discs or films on a Bomen Michelson MB
120 FTIR spectrophotometer.

Mass spectra (EI, CI and FAB) were recorded with a Kratos
MS-80RFA or a Micromass AutoSpecQ instrument with a
resolution of 1000 or 60000 (10% valley resolution). For the
FAB spectra ions were produced by a beam of xenon atoms
(6-7 keV), using 3-nitrobenzyl alcohol or thioglycerol as
matrix and Nal as salt.

A Waters 2690 instrument, with a PDA 996 detector, and
a pBondpack C18 column (7,8 X300 mm) was used for
HPLC.

NMR experiments were recorded on a Bruker AMX 500
(500.13 MHz for 'H and 125.75 MHz for '3C) or on a
Bruker AMX300 (300.5 MHz for 'H and 75.50 MHz for
'3C). Sample concentrations were typically in the range
10-15 mg per 0.5 mL of CDCl;. Chemical shifts are given
in parts per million, and tetramethylsilane was the internal
standard. 2D COSY, HMQC, TOCSY, HMBC and 1D
NOESY experiments were carried out to assist in NMR
signal assignments.

Compounds 2'", 12'" and 19" were prepared according to
the described literature procedures. Compounds 3 and 13
were prepared as we described in a previous work.”"

4.2, 2-Azido-3-0-benzyl-2-deoxy-4,5-0O-isopropylidene-
B-p-fructopyranose (4) and 2-azido-6-0O-benzyl-2-deoxy-
3,4-O-isopropylidene--p-psicofuranose (14)

To a solution of 3 (for 4) or 13 (for 14) (100 mg, 0.25 mmol)
a catalytic amount of TBAF-3H,0 in THF (3 mL) was
added. The mixture was stirred at room temperature for 2 h,
evaporated, and purified by column chromatography (Et,O/
petroleum ether 1:5).

Data for 4. Yield: 0.072 g, 88% (syrup). [a]h — 158 (¢ 1.0).
IR: vmax 3497, 3032, 2986, 2934, 2880, 2118 (N3), 1458,
1375, 1248, 1221, 1115, 1078 and 1022 cm™'. '"H RMN
(500 MHz, CDCI3, 6 ppm, J Hz): 6 7.38-7.26 (m, 5H, Ar),
492 (d, 1H, *Jyy=11.7 Hz, CHHPh), 4.68 (d, 1H,
CHHPh), 4.38 (dd, 1H, J,5=5.89 Hz, J;,=7.2 Hz, H-4),
4.28 (dt, 1H, Js6,=Js 6o = 1.9 Hz, H-5), 4.14 (m, 2H, H-6a,
H-6b), 3.88 (dd, 1H, ]la,]b:11'7 HZ, J]a,OH:6~3 HZ,
H-1a), 3.81 (dd, 1H, J1,on=7.9 Hz, H-1b), 3.65 (d, 1H,
H-3),2.12 (dd, OH), 1.50, 1.39 (each s, each 3H, 2CH3). '*C
NMR (125.7 MHz, CDCls, 6 ppm, J Hz): 6 128.6-127.4
(Ar), 109.1 (CCH3), 91.7 (C-2), 76.5 (C-4), 76.2 (C-3), 73.2
(C-5), 73.0 (CH,Bn), 64.9 (C-1), 61.6 (C-6), 27.8, 26.0
(2CH3). HREIMS m/z caled for C16H2105N3 ([M]+):
335.1481, found: 335.1483.

Data for 14. Yield: 0.088 g (92%). The spectroscopic data
for 14 were coincident with those reported® for the same
compound prepared in a different way.

4.3. 2-Azido-3-0-benzyl-1-dehydro-2-deoxy-4,5-0-iso-
propylidene-B-p-fructopyranose (5)

To a cold solution (—70 °C) of oxalyl chloride (0.1 mL,
1.2 mmol) in CH,Cl, (1 mL), under argon, a solution of

DMSO (0.17 mL, 2.4 mmol) in CH,Cl, (2 mL) was added.
The mixture was stirred for 5 min, and a solution of 4
(100 mg, 0.3 mmol) in CH,Cl, (1.5 mL) was then added
dropwise. After 30 min, EtzN (0.42 mL, 3 mmol) was
added. The mixture was stirred at —70 °C for another
S min, and then raised to room temperature slowly. A
solution of saturated NaHCO; (2 mL) was added and the
mixture was extracted with AcOEt (3X4 mL), dried
(MgSO,), evaporated, and purified by column chromatog-
raphy (Et,O/petroleum ether 1:2). Yield: 0.091 g, 92%
(amorphous solid). IR: v, 2984, 2122 (N3), 1576, 1417,
1117 and 1101 cm ™ '. "TH NMR (500 MHz, CDCI3, 6 ppm, J
Hz): 6 9.28 (s, 1H, H-1), 7.36-7.30 (m, 5H, Ar), 4.77 (s, 2H,
CH2Ph), 4.40 (dd, 1H, J4 5=6.5 Hz, H-4), 4.31 (ddd, 1H, H-
5),4.24 (dd, 1H, J56,=2.5 Hz, J, 6o =13.1 Hz, H-6a), 4.12
(dd, 1H, Js¢=1.1 Hz, H-6b), 3.91 (d, 1H, J5;4=5.7 Hz, H-
3), 1.48, 1.35 (each s, each 3H, 2CH3). '*C NMR
(125.7 MHz, CDCl3, 6 ppm): 6 192.5 (C-1), 137.5-127.7
(Ar), 109.9 (CCHjy), 90.9 (C-2), 74.6 (C-3), 73.9 (C-4,
CH,Ph), 72.4 (C-5), 62.4 (C-6), 27.0, 25.3 (2CHy).
HRFABMS m/z caled. for C;¢H,1N3OgNa ([M+H,0+
Na]™): 374.1328, found: 374.1331.

'"H NMR data for the hydrate of 5. (500 MHz, CDCls, 6
ppm, J Hz) 6 7.35-7.30 (m, 5H, Ar), 5.22 (s, 1H, H-1), 4.93
(d, 1H, *Jyg=11.5 Hz, CHHPh), 4.67 (d, 1H, CHHPh),
4.40 (dd, 1H, J45=5.8 Hz, H-4), 4.30 (m, 1H, H-5), 4.20
(dd, 1H, Jse,=1.5 Hz, Je,6ob=13.4 Hz, H-6a), 4.13 (dd,
1H, J56,=3.0 Hz, H-6b), 3.92 (d, 1H, J34=7.3 Hz, H-3),
1.52, 1.38 (2CH3).

4.4. Methyl (3-O-benzyl-2-deoxy-4,5-O-isopropylidene-
B-p-arabino-hex-2-ulopyranosyl)onate azide (7)

To a solution of 5 (100 mg, 0.3 mmol) and 2-methylbut-2-
ene (0.32 mL, 3 mmol) in 2-methylpropan-2-ol (2 mL) at
0 °C, another solution of NaClO, (81 mg, 0.9 mmol) and
NaH,P0,4.2H,0 (140 mg, 0.9 mmol) in HO (1 mL) was
added. The mixture was stirred at room temperature for 2 h,
evaporated to half, extracted with Et,O (3 X8 mL), washed
with HCI (2%, 20 mL) and then with brine, dried (MgSQ,),
and evaporated to dryness. The residue was dissolved in
Et,0:MeOH (5 mL) and stirred at 0 °C with a solution of
CH,N, in Et;0O (5 mL) for 20 min, then evaporated and
purified by column chromatography (Et,O/petroleum ether
2:1). Yield: 0.089 g, 82% (amorphous solid). [a]3' — 106 (¢
2.0). IR: vpa. 2988, 2953, 2126(N5), 1755, 1381, 1244,
1121 and 1074 cm ™~ '. "H NMR (300 MHz, CDCls, 6 ppm,
J Hz): 6 7.33-7.27 (m, 5H, Ar), 4.84 (d, 1H, 2JH,H=
11.8 Hz, CHHPh), 4.69 (d, 1H, CHHPh), 4.37 (dd, 1H, H-4),
4.30 (ddd, lH, J4!5=6.0 HZ, ‘,5,621:2'5 HZ, J5,6b= 1.8 HZ,
H-5), 4.16 (m, 2H, H-6a, H-6b), 4.01 (d, 1H, J3 4=6.8 Hz,
H-3), 3.75 (s, 3H, OCH3), 1.52, 1.37 (each s, each 3H,
2CH3). '*C NMR (75 MHz, CDCls, 6 ppm): 6 166.7 (C-1),
137.3-127.7 (Ar), 109.4 (CCH3), 91.1 (C-2), 76.7 (C-3),
75.8 (C-4), 73.5 (CH,Ph), 72.6 (C-5), 63.0 (C-6), 53.2
(OCH3y), 27.5, 25.8 (2CH3). HRFABMS m/z calcd for
C,7H,,04N;Na (M +Na] *): 386.1, found 386.1331. Anal.
Calcd for C7H,;O6N3: C, 56.19; H, 5.83; N, 11.56. Found:
C, 56.29; H, 5.88; N, 11.65.



J. Fuentes et al. / Tetrahedron 62 (2006) 97-111 105

4.5. General procedure for the oxidation of 4 and 14 with
RuQy. Preparation of compounds 8 and 16

To a stirred solution of 4 (for 8) or 14 (for 16) (335 mg,
1.0 mmol), CH3;CN (5.4 mL), CCl, (5.4 mL), H,O (8 mL)
and NalO, (1.12 g, 5.2 mmol) RuCl;. H,O (0.12 g,
0.52 mmol) was added. The mixture was stirred vigorously
for 15 min at room temperature, diluted with buffer AcOH/
AcO™ (1 M; pH=4), filtered over Celite, extracted with
CH,Cl, (20mL), dried (MgSO,4), and evaporated to
dryness. The residue was dissolved in Et,O:MeOH 1:1
(15 mL) and stirred at 0 °C with a solution of CH,N, in Et,O
for 20 min, evaporated, and purified by column chromato-
graphy (Et,O/petroleum ether 1:6).

4.5.1. Methyl (3-O-benzoyl-2-deoxy-4,5-0-isopropyl-
idene-B-p-arabino-hex-2-ulopyranosyl)onate azide (8).
Yield: 0.170 g, 45% (syrup). [e]g —95 (¢ 0.9). IR: ¥yax
2988, 2948, 2128(N5), 1755, 1732, 1385, 1223, 1076 and
1101 em ™ '."H NMR (300 MHz, CDCls, é ppm, J Hz): 6
8.06-7.42 (m, 5H, Ar), 5.69 (d, 1H, J54,=7.3 Hz, H-3), 4.44
(dd, 1H, J45=5.6 Hz, H-4), 4.35 (m, 2H, H-5, H-6a), 4.24
(dd, 1H, Js 6, =2.8 Hz, Jg, 6p= 13.5 Hz, H-6b), 3.79 (s, 3H,
OCH;), 1.61, 1.39 (each s, each 3H, 2CH;3). >C NMR
(125.7 MHz, CDCls, 6 ppm): 6 165.8, 164.9 (C-1, C=0),
133.5-127.8 (Ar), 110.2 (CCH3), 90.3 (C-2), 73.5 (C-4),
72.7 (C-5), 70.8 (C-3), 62.9 (C-6), 53.6 (OCH3), 27.3, 26.0
(2CH;). HRCIMS m/z caled for C;7H,00,N; (IM+H]™):
378.1301, found: 378.1304.

4.5.2. Methyl (6-O-benzoyl-2-deoxy-3,4-0-isopropyl-
idene-B-D-ribo-hex-2-ulofuranosgfl)onate azide (16).
Yield: 0.170 g, 45% (syrup). [a]]23 —104 (¢ 0.85). IR:
Vmax 2990, 2116(N3), 1763, 1724, 1453, 1375, 1273, 1107
and 1070 cm~'. "H NMR: (500 MHz, CDCls, 6 ppm, J Hz):
0 8.09-7.43 (m, 5H, Ar), 4.89 (dd, 1H, J45s=1.5 Hz, H-4),
4.82 (dt, 1H, H-5),4.70 (d, 1H, J3 4=5.8 Hz, H-3), 4.55 (dd,
1H, Js56,=6.0 Hz, Js,6,=11.8 Hz, H-6a), 4.48 (dd, 1H,
Js.6p="06.1 Hz, H-6b), 3.89 (s, 3H, OCH3), 1.48, 1.32 (each s,
each 3H, 2CH;). '*C NMR (125.7 MHz, CDCl, 6 ppm): 0
166.0, 165.4 (C-1, C=0), 133.2-128.1 (Ar), 114.3 (CCHj;),
100.5 (C-2), 86.9 (C-3), 85.7 (C-5), 81.9 (C-4), 63.9 (C-6),
53.1 (OCHy), 26.0, 25.1 (2CH3). HRFABMS m/z calcd for
C17H,50;N3Na ([M+Na]™*): 400.1121, found: 400.1124.
Anal. Calcd for C7sHoO;N3: C, 54.11; H, 5.08; N, 11.14.
Found: C, 54.32; H, 5.09; N, 11.14.

4.6. General procedure for the reduction of azides 7, 8
and 16. Preparation of amines 9, 10 and 17

A solution of the corresponding azide 7 (for 9), 8 (for 10) or
16 (for 17) (x mg, 0.3 mmol) in MeOH (10 mL) was stirred
at room temperature in the presence of Pd-C 10% (20 mg)
and hydrogen (balloon pressure) for 1 h. The mixture was
filtered over Celite, evaporated, and purified by column
chromatography.

4.6.1. Methyl (3-O-benzyl-2-deoxy-4,5-O-isopropyl-
idene-a,B-p-arabino-hex-2-ulopyranosyl)onate amine
(9). x=0.109 g. Relationship of diastereoisomers in C-2
ratio (o:B) 1:9. Column chromatography: Et,O/petroleum
ether 1:6. Yield: 0.10 g, 99% (syrup). IR: v, 3395, 3335,
2984, 1743, 1433, 1381, 1249, 1167 and 1068 cm~'. 'H

NMR (500 MHz, CDCls, 6 ppm J Hz): 6 7.33-7.27 (m, 5H,
Ar), 4.85 (d, 1H, 2Jyy=11.7 Hz, CHHPh), 4.65 (d, 1H,
CHHPh), 4.39 (dd, IH, J5,6a=2~9 HZ, J6a,6b=13-1 HZ,
H-6a), 4.30 (t, 1H, H-4), 4.23 (dd, 1H, J,5=6.4 Hz, H-5),
3.98 (d, 1H, J34=7.1 Hz, H-3), 3.97 (d, 1H, H-6b), 3.70
(s, 3H, OCHy), 2.17 (bs, 2H, NH,), 1.54, 1.38 (each s, each
3H, 2CH3). >C NMR (125.7 MHz, CDCls, 6 ppm): 6 171.4
(C-1), 137.8-127.7 (Ar), 108.9 (CCHj3), 86.1 (C-2), 77.2
(C-3),77.0 (C-4), 73.4 (C-5), 72.9 (CH,Ph), 59.8 (C-6), 52.8
(OCH3), 27.9, 26.2 (2CH;). HREABMS m/z caled for
C,7H,30¢NNa ([M+Na] *): 360.1423, found: 360.1423.

4.6.2. Methyl (3-O-benzoyl-2-deoxy-4,5-O-isopropyl-
idene-a,B-p-arabino-hex-2-ulopyranosyl)onate amine
(10). x=0.113 g. Diastereoisomers in C-2 ratio 5:2
(configuration not determinated). Column chromatography:
Et,O/petroleum ether 2:3. Yield: 0.074 g, 70% (syrup).
HRCIMS: m/z caled for ((M+H]"): 352.1396, found:
352.1399. IR: vy 3412, 3309, 2986, 1743, 1734, 1437,
1249, 1119 and 1099 cm .

NMR data for the major anomer. "H NMR (500 MHz,
CDCls, 6 ppm, J Hz): 6 8.03-7.41 (m, 5H, Ar), 5.66 (d, 1H,
J34=17.7Hz, H-3),4.42 (dd, 1H, Js 6,=2.9 Hz, H-6a), 4.39
(dd, 1H, J45=5.5 Hz, H-4), 4.30 (dd, 1H, H-5), 4.13 (d, 1H,
Jea.6o=13.2 Hz, H-6b), 3.74 (s, 3H, OCH3;), 2.11 (bs, 2H,
NH,), 1.65, 1.37 (each s, each 3H, 2CHs;). 13C NMR
(125.7 MHz, CDCl;, (ppm): (170.9 (C-1), 164.7 (COPh),
133.3-128.3 (Ar), 109.6 (CCH3), 85.4 (C-2), 74.3 (C-4),
73.3 (C-5), 72.2 (C-3), 59.9 (C-6), 53.26 (OCH3;), 27.6, 26.2
(2CHy).

NMR data for the minor anomer. 'H NMR (500 MHz,
CDCls, ( ppm, J Hz): ( 8.03-7.40 (m, 5H, Ar), 5.37 (d, 1H,
J34=7.1Hz,H-3),4.84 (t,1H, J, 5=6.1 Hz, H-4), 4.33 (dd,
1H, H-5), 4.20 (dd, 1H, Js56,=2.0 Hz, Jg, 6, =13.7 Hz,
H-6a), 3.88 (dd, 1H, Jse,=3.1 Hz, H-6b), 3.78 (s, 3H,
OCHa,), 2.38 Method, 2H, NH,), 1.62, 1.57 (each s, each 3H,
2CHs;). '*C NMR (125.7 MHz, CDCl, (ppm): (167.6 (C-1),
165.2 (COPh), 133.3-128.3 (Ar), 109.3 (CCH5), 87.6 (C-2),
74.7 (C-4), 73.5 (C-3), 72.8 (C-5), 63.1 (C-6), 52.4 (OCH5),
27.7, 26.0 (2CHs).

4.6.3. Methyl (6-O-benzoyl-2-deoxy-3,4-O-isopropyl-
idene-a,B-p-ribo-hex-2-ulofuranosyl)onate amine (17).
x=0.113 g. Diastereoisomers in C-2 ratio (a:f) 6:1.
Column chromatography: Et,O/petroleum ether 1:2.
Yield: 0.10 g, 95% (syrup). IR: v, 3422, 3343, 2988,
1734, 1720, 1655, 1383, 1273 and 1097 cm™'. HRCIMS
miz caled for C;7H»nO,N{(IM+H]T): 352.1396, found:
352.1398. Anal. Calcd for C,7H,,;0O,N: C, 58.11; H, 6.02; N,
3.99, found C, 57.94; H, 6.06; N, 3.82.

NMR data for the o anomer. '"H NMR (500 MHz, CDCls, 6
ppm, J Hz): 6 8.05-7.46 (m, 5H, Ar), 5.02 (d, 1H, J5,=
6.1 Hz, H-3), 4.85 (dd, 1H, J, s=3.4 Hz, H-4), 4.45 (td, 1H,
Jsa=Jseo=5.7 Hz, H-5), 4.34 (m, 2H, H-6a, H-6b), 3.73
(s, 3H, OCH3), 2.56 (bs, 2H, NH,), 1.59, 1.38 (each s, each
3H, 2CH3). "°C NMR (125.7 MHz, CDCls, 6 ppm): 6 169.9
(C-1), 166.1 (COPh), 133.1-128.3 (Ar), 113.8 (CCH3), 93.6
(C-2), 82.4 (C-4), 81.8 (C-5), 81.7 (C-3), 64.2 (C-6), 52.7
(OCH,), 26.8, 25.2 (2CH3).
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NMR data for the 8 anomer. "H NMR (500 MHz, CDCls, ¢
ppm, J Hz): 0 8.05-7.42 (m, 5H, Ar), 4.89 (dd, 1H, J,5=
1.9 Hz, H-4), 4.71 (td, 1H, Js 6,=J5 6= 0.4 Hz, H-5), 4.61
(d, 1H, J34=06.1 Hz, H-3), 4.56 (ddd, 2H, Js,6,=11.4 Hz,
H-6a, H-6b), 3.83 (s, 3H, OCHj3), 1.48, 1.32 (each s, each
3H, 2CH3;). >C NMR (125.7 MHz, CDCls, 6 ppm): 6 170.9
(C-1), 166.1 (COPh), 133.0-128.0 (Ar), 113.9 (CCH3), 96.2
(C-2), 88.4 (C-3), 84.7 (C-5), 82.7 (C-4), 65.3 (C-6), 52.6
(OCH3y), 26.2, 25.1 (2CHas).

4.7. General procedure for the preparation of the
isothiocyanatoulosonates 11, 18«, and 1883

To a mixture of a solution of the glycosylaminoester 10 (for
11) or 17 (for 18« and 18B) (150 mg, 0.43 mmol) in CH,Cl,
(3 mL), and CaCO5 (300 mg, 3.0 mmol) in H,O (0.75 mL),
was added CSCl, (120 pl, 1.5 mmol). The mixture was
stirred vigorously at room temperature for 3 days, diluted
with CH,Cl, (30 mL), washed with water and then brine,
dried (MgSOy,), and evaporated to dryness. The residue was
purified by column chromatography.

4.7.1. Methyl (2-deoxy-3-O-benzoyl-4,5-O-isopropyl-
idene-o-p-arabino-hex-2-ulopyranosyl)onate isothiocya-
nate (11). The residue was a 16:1 mixture of anomers.
Column chromatography: Et,O/petroleum ether 1:6.Yield:
0.135 g, 80% (syrup). [a]iy +79 (¢ 1.0). IR: vpay 2986,
2002 (NCS), 1740, 1736, 1314, 1261, 1103 and 1070 cm ™.
"H NMR (500 MHz, CDCls, 6 ppm, J Hz): 6 7.98-7.43 (m,
5H, Ar), 5.70 (d, 1H, J34=4.4 Hz, H-3), 4.50 (dd, 1H,
J45=6.1 Hz, H-4), 4.43 (dd, 1H, H-5), 4.15 (d, 1H, J5¢,=
5.4 Hz, H-6a), 4.04 (dd, 1H, Je, 6p=12.6 Hz, J5 6, =6.9 Hz,
H-6b), 377 (s, 3H, OCHs), 1.61, 1.37 (each s, each 3H,
2CH3). *C NMR (125.7 MHz, CDCls, (ppm): (165.0 (C-1),
164 (C=0), 145.1 (NCS), 133.8-127.6 (Ar), 110.7 (CCHj;),
87.7 (C-2), 72.9 (C-4), 71.3 (C-3), 69.3 (C-5), 63.6 (C-6),
53.6 (OCHj;), 27.3, 25.6 (2CH3). HRFABM m/z calcd for
(IM+Na]™"): 416.0780, found: 416.0772. Anal. Calcd for
CsH;9O;NS: C, 54.95; H, 4.87; N, 3.56. Found: C, 54.91;
H, 4.89; N, 3.59.

4.7.2. Methyl (2-deoxy-6-0-benzoyl-3,4-O-isopropyl-
idene-o-p-ribo-hex-2-ulofuranosyl)onate isothiocyanate
(18a). Column chromatography: Et,O/petroleum ether
1:9. Yield: 0.110 g, 65% (syrup). [a]i —62 (c 0.86). IR:
Vmax- 2986, 2018 (NCS), 1757, 1724, 1601, 1271 and
1099 cm~'. '"H NMR (500 MHz, CDCls, 6 ppm, J Hz): 6
8.05-7.45 (m, 5H, Ar), 5.07 (d, 1H, J5 ,=6.8 Hz, H-3), 4.84
(dd, 1H, J45=3.1 Hz, H-4), 4.68 (dd, 1H, H-5), 4.58 (dd,
1H, J5,6a:3-8 Hz, J6a,6b:12'2 Hz, H-6a), 4.49 (dd, 1H,
Jsen=4.2 Hz, H-6b), 3.80 (s, 3H, OCH3), 1.71, 1.40 (each s,
each 3H, 2CH;). '>C NMR (125.7 MHz, CDCls, 6 ppm): 6
166.0 (C-1), 165.9 (C=0), 144.9 (NCS), 133.5-128.1 (Ar),
117.3 (CCH3), 95.1 (C-2), 84.4 (C-3), 82.6 (C-5), 80.9
(C-4), 63.5 (C-6), 53.8 (OCH;), 26.1, 25.3 (2CHy).
HRCIMS m/z caled for C,;sH,,0,NS ([M+H]"):
394.0961, found: 394.0959. Anal. Calcd for C;gH;9O,NS:
C, 54.95; H, 4.87; N, 3.56. Found: C, 55.10; H, 4.76; N,
3.60.

4.7.3. Methyl (2-deoxy-6-O-benzoyl-3,4-O-isopropyl-
idene-B-p-ribo-hex-2-ulofuranosyl)onate isothiocyanate
(18B). Column chromatography: Et,O/Hex 1:9. Yield:

0.034 g, 20%. [a]f —115 (c 0.5). '"H NMR (500 MHz,
CDCls, 6 ppm, J Hz): 6 8.09-7.45 (m, 5H, Ar), 4.98 (d, 1H,
J3.4=5.8 Hz, H-3), 4.94 (dd, 1H, J45=1.3 Hz, H-4), 4.81
(td, 1H, H-5), 4.55 (dd, 1H, Js 6,=6.1 Hz, H-6a), 4.50 (dd,
1H, Js6,=>5.6 Hz, Jou6o=12.0 Hz, H-6b), 3.92 (s, 3H,
OCH,), 1.47, 1.33 (each s, each 3H, 2CH;3). °C NMR
(125.7 MHz, CDCls, 6 ppm): 6 165.9 (C=0), 164.9 (C-1),
145.1 (NCS), 133.2-128.4 (Ar), 114.6 (CCH3), 97.7 (C-2),
88.8 (C-3), 85.8 (C-5), 81.8 (C-4), 63.5 (C-6), 53.4 (OCH3),
25.8, 25.0 (2CH;). HRCIMS m/z caled for C;gH,00,NS
(IM+H]™"): 394.0961, found: 394.0971.

4.8. General procedures for the reactions of the glyco-
sylaminoesters 9, 10, 17, and 19 (o + B) with alkyl or aryl
isothiocyanates (Route A). Preparation of the hydanto-
cidin-related spironucleosides 20a, 208, 21, 22a, 223, 23,
25, 26, 31, and 327

Method I (used for the preparation of compounds 20a and
20B). A solution of 9 (100 mg, 0.3 mmol) in DMF was
stirred with phenylisothiocyanate (53 pL, 0.45 mmol) at
85 °C for 23 h. The solvent was evaporated and the residue
was purified by column chromathography.

Method II (used for the preparation of compounds 21, 22e,
228, 23, 25, 26, 31, and 32). A solution of the aminoester 10
(for 21, 22e, 22 and 23), 17 (for 25 and 26), or 19(a.+ B)
(for 31 and 32) (0.3 mmol) in THF (2 mL) was stirred at
40 °C with phenylisothiocyanate (for 21), 2,3,4,6-tetra-O-
acetyl-B-p-glucopyranosylisothiocyanate (for 22a, 223, 25,
and 31) or 2,3,5-tri-O-benzoyl-B-p-ribofuranosylisothiocya-
nate (for 23, 26, and 32) (0.33 mmol). After ¢ days, the
solvent was evaporated and the residue was purified by
column chromatography.

4.8.1. (5R,8R,9R,10S5)-10-Benzyloxy-8,9-dimethylmethyl-
enedioxy-4-0x0-3-phenyl-2-thioxo-6-oxa-1,3-diazaspiro-
[4.5]decane (20a). Method I. Column chromatography:
Et,O/petroleum ether 1:4. Yield: 0.086 g, 65% (amorphous
solid). [a]5 —84 (¢ 0.5). IR: vax 2986, 2916, 1765, 1726,
1402, 1159 and 1030 cm ™. "H NMR (500 MHz, CDCl;, «
ppm, J Hz): ( 7.47-7.22 (m, 10H, Ar), 7.06 (bs, 1H, NH),
491 (d, 1H, *Jyy=11.8 Hz, CHHPh), 4.73 (d, 1H,
CHHPh), 4.72 (t, 1H, H-9), 4.59 (dd, 1H, J;,5=3.2 Hz,
J7a70=13.5 Hz, H-7a), 4.39 (ddd, 1H, J39=5.6 Hz, H-8),
4.16 (dd, 1H, J7,8=2.2 Hz, H-7b), 3.70 (d, 1H, Jo 0=
7.1 Hz, H-10), 1.54, 1.41 (each s, each 3H, 2CH3). >*C NMR
(125.7 MHz, CDCls, (ppm): (183.6 (C-2), 169.4 (C-4),
136.9-128.2 (Ar), 109.7 (CCHs), 86.6 (C-5), 77.7 (C-10),
76.8 (C-9), 73.3 (CH,Ph), 72.9 (C-8), 63.0 (C-7), 27.9, 25.9
(2CH3) HRFABMS m/z calcd for C23H2405NQSN3 ([M+
Na]™): 463.1304, found: 463.1293.

4.8.2. (55,8R,9R,105)-10-Benzyloxy-8,9-dimethylmethyl-
enedioxy-4-oxo-3-phenyl-2-thioxo-6-oxa-1,3-diazaspiro-
[4.5]decane (20B). Method 1. Column chromatography:
Et,O/petroleum ether 1:4. Yield: 0.041 g, 31% (amorphous

¥ For nomenclature of the spironucleosides we have followed the IUPAC
rules for spiro compounds (see rule B-10.1 in [UPAC Nomenclature of
organic Chemistry, Edition of 1979, Pergamon Press). Alternatively, the
second part of the rule 2-Carb-35.3 of Nomenclature of Carbohydrates,
recomendations 1996 (Carbohydr. Res. 1997, 297,1) would be used.
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solid). [a]2 — 110 (¢ 1.1). IR: v,ay 2986, 1768, 1591, 1406,
1107 and 1022 cm ™. "H NMR (500 MHz, CDCls, 6 ppm, J
Hz): 6 9.09 (bs, 1H, NH), 7.47-7.15 (m, 10H, Ar), 4.93 (d,
1H, CHHPh), 4.60 (d, 1H, 2Ji = 10.0 Hz, CHHPh), 4.43
(dd, lH, ]9,10:7.9 HZ, J8,9:5-5 HZ, H-g), 4.30 (dd, ]H,
Jras=1.6 Hz, H-7a), 428 (m, 1H, H-8), 4.13 (dd, 1H,
J7a,7b 10.9 HZ J7b8_3 2 HZ H- 7b) 4.10 (d 1H .19 10—
7.9 Hz, H-10), 1.54, 1.38 (each s, each 3H, 2CH3) 3C NMR
(125.7 MHz, CDCl;, (ppm): (184.9 (C-2), 169.5 (C-4),
137.1-127.6 (Ar), 109.9 (CCHs), 87.1 (C-5), 77.0 (C-10),
76.0 (C-9), 73.5 (CH,Ph), 72.5 (C-8), 63.2 (C-7), 27.8,25.9
(2CH3). HRFABMS m/z caled for Cp3H,40sN,SNa ([M +
Na]™"): 463.1304, found 463.1292.

4.8.3. (5R,8R,9R,105)-10-Benzoyloxy-8,9-dimethyl-
methylenedioxy-4-o0xo-3-phenyl-2-thioxo-6-oxa-1,3-di-
azaspiro[4.5]decane (21). Method II. t=3 days. Column
chromatography: Et,O/Hex 1:5. Yield: 0.095g, 70%
(amorphous solid). [a]y —77 (¢ 1.1). IR: vpa 3291,
2986, 1755, 1732, 1593, 1491, 1252 and 1103 cm™ '
"H NMR (500 MHz, CDCls, 6 ppm, J Hz): 6 8.04-7.18
(m, 11H, Ar, NH), 5.67 (d, 1H, Jy10=7.4 Hz, H-10), 4.88
(dd, 1H, Jg9=5.9 Hz, H-9), 4.65 (dd, 1H, J;,§=2.9 Hz,
H-7a), 4.50 (m, 1H, H-8), 4.34 (d, 1H, J;,7vb=13.6 Hz,
H-7b), 1.67, 142 (each s, each 3H, 2CH;). '*C NMR
(125.7 MHz, CDCl3, 6 ppm): 6 182.8 (C-2), 168.7 (C-4),
165.5 (C=0), 133.8-128.1 (Ar), 110.3 (CCH3), 85.6 (C-5),
73.7 (C-9), 72.9 (C-8), 71.2 (C-10), 63.4 (C-7), 27.6, 25.9
(2CH3). HRCIMS m/z caled for C»3H2,06N,S (IM+H]):
455.1277, found: 455.1264.

4.8.4. (5R,8R,9R,105)-10-Benzoyloxy-8,9-dimethyl-
methylenedioxy-4-oxo-3-(2',3',4',6’-tetra-O-acetyl-B-p-
glucopyranosyl)-2-thioxo-6-oxa-1,3-diazaspiro[4.5]-
decane (22a). Method II. t=4 days. Column chromato-
graphy: EtzO/petroleum ether 1:1. Yield: 0.161 g, 76%
(amorphous solid). [a] —46 (¢ 0.9). IR: v« 2986, 2942,
1957, 1953, 1499, 1375, 1223 and 1099 cm™ . 'H NMR
(500 MHz, CDCl3, 6 ppm, J Hz): 6 7.97-7.37 (m, 5H, Ar),
7.65 (bs, 1H, NH), 5.97 (t, 1H, Jo 3y =9.4 Hz, H-2), 5.77 (d,
1H, Jy/»=9.6 Hz, H-1'), 5.52 (d, 1H, Jo ,0=7.8 Hz, H-10),
5.33 (t, 1H, J3 4=9.3 Hz, H-3"), 5.24 (1, 1H, J4 5 =9.6 Hz,
H-4), 4.88 (dd, 1H, Jg9=5.5Hz, H-9), 4.56 (dd, 1H,
J7a.8=2.9Hz, H-7a), 442 (m, 1H, H-8), 4.31 (d, 1H,
J7a75=13.7 Hz, H-7b), 4.20 (m, 2H, H-6'a, H-6'b), 3.76 (dt,
1H, Js ¢a=Js ¢v=23.3 Hz, H-5'), 2.04, 2.03, 2.02, 1.97,
1.61, 1.38 (each s, each 3H, 6CHs). '*C NMR (125.7 MHz,
CDCl3, 6 ppm): 6 182.1 (C-2), 170.5, 169.9, 169.4, 169.3,
165.6 (5C=0), 167.1 (C-4), 133.7-128.4 (Ar), 110.1
(CCHs3), 84.4 (C-5), 81.0 (C-1"), 74.4 (C-5), 74.1 (C-9),
73.2 (C8, C3'), 71.1 (C-10), 68.0 (C-4"), 67.1 (C-2), 63.0
(C-7), 61.7 (C-6"), 27.8, 26.0, 20.5, 20.4, 20.3 (6CHjs).
HRCIMS m/z caled for C3;H3;0,5N,S (IM+H]™"):
709.1915, found: 709.1916. Anal. Calcd for
C3]H36015st: C, 5254, H, 512, N, 3.95. Found: C,
52.62; H, 5.23; N, 4.00.

4.8.5. (5S5,8R,9R,105)-10-Benzoyloxy-8,9-dimethyl-
methylenedioxy-4-oxo-3-(2',3',4',6’-tetra-O-acetyl-B-p-
glucopyranosyl)-2-thioxo-6-oxa-1,3-diazaspiro[4.5]-
decane (22B). Method II. t=4 days. Column chromato-
graphy: EtZO/petroleum ether 1:1. Yield: 0.019g, 9%
(amorphous solid). [a]F —83 (¢ 0.6). IR: v, 2986,

2942, 1957, 1953, 1499, 1375, 1223 and 1099 cm ™~ '. 'H
NMR (500 MHz, CDCls, 6 ppm, J Hz): 6 8.24 (bs, 1H, NH),
8.05-7.40 (m, 5H, Ar), 5.94 (t, 1H, H-2'), 5.80 (d, 1H,
Jy3=9.3 Hz,H-1'),5.79 (d, 1H, Jo 10=6.9 Hz, H-10), 5.23
(t, 1H, J, 3=9.3 Hz, H-3'), 5.16 (t, 1H, Jy4=9.8 Hz,
H-4'), 4.39 (m, 2H, H-8, H-9), 4.33 (dd, 1H, J,,5=2.1 Hz,
Jra7s=13.8 Hz, H-7a), 4.21 (d, 1H, Jg,¢v=12.3 Hz,
H-6'a), 4.16 (dd, 1H, Js' ¢, =3.0 Hz, H-6'b), 4.07 (dd, 1H,
Jovs=3.2 Hz, H-7b), 3.77 (m, 1H, H-5"), 2.08, 2.01, 1.95,
1.67, 1.38 and 1.27 (each s, each 3H, 6CH;). >°C NMR
(125.7 MHz, CDCls, 6 ppm): 6 183.5 (C-2), 170.8, 170.1,
169.2, 168.9, 166.7, 164.0 (6C=0), 133.4-128.4 (Ar),
111.1 (CCHj), 84.5 (C-5), 81.2 (C-1'), 74.4%, 74.2% (C-9,
C5'), 73.4 (C-3'), 71.9 (C-8), 68.4 (C-10), 67.7 (C-4"), 67.4
(C-2"), 62.9 (C-7), 61.5 (C-6'), 27.2, 25.9, 20.7, 20.5 (2C),
19.2 (6CH3). HRCIMS m/z caled for C3;Hs,0,5N»S (M +
H]"): 709.1915, found: 709.1910.

4.8.6. (5R,8R,9R,105)-10-Benzoyloxy-8,9-dimethyl-
methylenedioxy-4-o0xo0-2-thioxo-3-(2’,3',5'-tri-O-benzoyl-
B-p-ribofuranosyl)-6-oxa-1,3-diazaspiro[4.5]decane
(23). Method 1. t=35 days. Column chromatography: Et,O/
petroleum ether 1:3. Yield: 0.20 g, 81% (amorphous solid).
[a]y —31 (c 0.9). TR: vpax 2991, 1730, 1599, 1489, 1379,
1265, 1105cm™'. '"H NMR (500 MHz, CDCl;, 6 ppm,
J Hz): ¢ 8.13-7.26 (m, 21H, Ar, NH), 6.41 (d, 1H, Jy/ =
2.4 Hz, H-1"), 6.26 (dd, 1H, Jy 3=6.3 Hz, H-2'), 6.22 (t,
1H, J3 4 =6.6 Hz, H-3'), 5.52 (d, 1H, Jo ;0=7.8 Hz, H-10),
4.88 (dd, 1H, Jy 5,=3.0 Hz, J5/, 5, =11.8 Hz, H-5a), 4.64
(dd, 1H, H-4"), 4.63 (dd, 1H, J7;,=2.7 Hz, H-7b), 4.61 (dd,
1H, Jy sv,=3.8 Hz, H-5'b), 4.60 (dd, 1H, Jgo=5.8 Hz,
H-9), 438 (m, 1H, H-8), 4.31 (d, 1H, J7a7b—136Hz
H-7a), 1.62, 1.40 (each s, each 3H, 2CHj3). '*C NMR
(75 MHz, CDCl3, 6 ppm): 6 181.2 (C-2), 168.2, 166.1,
165.6, 165.1, 165.0 (5C=0), 133.6-128.0 (Ar), 110.1
(CCH3), 86.2 (C-1"), 84.8 (C-5), 78.9 (C-4"), 73.7 (C-9),
72.9 (C-8), 72.5 (C-2"), 71.2 (C-10), 70.3 (C-3"), 63.2 (C-7),
62.6 (C-5), 27.6, 25.9 (2CH3). Anal. Calcd for
C43H3gN>043S: C, 62.77; H, 4.65; N, 3.40. Found: C,
62.74; H, 4.82; N, 3.21.

4.8.7. (2R,3R4R,5R)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-9-oxo-8-(2/,3',4,6'-tetra-O-acetyl-B-p-
glucopyranosyl)-7-thioxo-1-oxa-6,8-diazaspiro[4.4]-
nonane (25). Method II. t=5 days. Column chromato-
graphy: EtzO/petroleum ether 2:3. Yield: 0.168 g, 79%
(amorphous solid). [a] —36 (c 1.2). IR: vnax 2988, 2936,
1755, 1491, 1273, 1215 and 1097 cm'. 'H NMR
(300 MHz, CDCls, 6 ppm, J Hz): 6 8.09-7.42 (m, 5H,
Ar), 7,38 (bs, 1H, NH), 5.92 (t, 1H, Jo' 3=9.5 Hz, H-2'),
5.82 (d, 1H, Jy;1»'=9.5 Hz, H-1'), 5.30 (t, 1H, H-3"), 5.19
(t, 1H, Jy 4=9.8 Hz, H-4), 4.94 (dd, 1H, J,3=1.6 Hz,
H-3), 4.88 (d, 1H, J34=6.0 Hz, H-4), 4.56 (m, 2H, H-2,
CHHOBz), 4.48 (dd, 1H, *Jyuy=13.3 Hz, J,;;=8.6 Hz,
CHHOBz), 4.19 (m, 2H, H-6'a, H-6'b), 3.83 (ddd, 1H,
Js' ga=2.8 Hz, J5 ¢,=4.4 Hz, H-5), 2.09, 2.04, 2.01, 1.90,
1.60, 1.40 (each s, each 3H, 6CHs). >C NMR (75 MHz,
CDCl3, 6 ppm): 6 181.6 (C-7), 170.5, 170.0, 169.2, 169.1,
168.7, 165.9 (6C=0), 133.1-128.3 (Ar), 114.5 (CCH;),
91.5 (C-5), 82.8 (C-2), 82.6 (C-3), 80.9 (C-1"), 80.2 (C-4),
74.6 (C-5"), 73.2 (C-3), 67.7 (C-4), 66.9 (C-2"), 64.1
(CH,0Bz), 61.5 (C-6"), 26.5, 24.7, 20.6, 20.4 (for 2C), 20.1
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(6CH3). Anal. Caled for C3Hz60,5N,S C, 52.54; H, 5.12;
N, 3.95. Found: C, 52.38; H, 5.44; N, 3.99.

4.8.8. (2R,3R,4R,5R)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-9-oxo-7-thioxo-8-(2',3’,5'-tri-O-benzoyl-
B-p-ribofuranosyl)-1-oxa-6,8-diazaspiro[4.4]nonane
(26). Method II. t=S5 days. Column chromatography: Et,O/
petroleum ether 1:3. Yield: 0.205 g, 83% (amorphous solid).
[a]d —47 (¢ 1.0). IR: vax 2996, 1773, 1724, 1601, 1269
and 1099 cm ™~ '."H NMR (500 MHz, CDCls, ( ppm, J Hz):
8.13-7.34 (m, 21H, Ar, NH), 6.48 (d, 1H, J;'»»=3.0 Hz,
H-1'), 6.28 (dd, 1H, Jy3=6.2Hz, H-2), 6.20 (t, 1H,
.]3/,4/ =6.5 HZ, H-3/), 4.89 (dd, lH, ./4'!5/&:3.6 HZ, JS/a,S/bz
12.2 Hz, H-5'a), 4.75 (dd, 1H, J, 3=2.4 Hz, H-3), 4.65 (ddd,
1H, Jy sv,=4.7 Hz, H-4'), 4.63 (d, 1H, J34=6.0 Hz, H-4),
4.57 (td, 1H, Jo.ca2=6.0 Hz, H-2), 4.53 (dd, 1H, H-5'b),
4.53 (m, 2H, CH,0Bz), 1.58, 1.33 (each s, each 3H, 2CH3).
3C NMR (125.7 MHz, CDCls, (ppm): (181.2 (C-7), 169.9
(C-9), 166.1, 166.0, 165.0 (4C=0), 133.5-128.3 (Ar),
114.6 (CCHj3), 92.1 (C-5), 86.4 (C-1), 83.1 (C-2), 82.2
(C-3), 80.6 (C-4), 79.6 (C-4"), 72.6 (C-2"), 70.6 (C-3"), 64.1
(CH,0Bz), 62.9 (C-5"), 26.6, 24.8 (2CH3). HRCIMS m/z
calcd for C43H300;3N,S (IM+H]"): 823.217, found:
823.2173. Anal. Calcd for C,43H330,5N,S: C, 62.77; H,
4.65; N, 3.40. Found: C, 62.52; H, 4.64; N, 3.94.

4.8.9. (2R,35,45,55,4"R)-2-(2",2"-Dimethyl-1",3"-dioxo-
lan-4"-yl)-3,4-dimethylmethylenedioxy-9-oxo0-8-(2,3/,
4’ ,6'-tetra-0-acetyl-B-p-glucopyranosyl)-7-thioxo-1-oxa-
6,8-dizaspiro[4.4]nonane (31). Method II. t=5 days.
Column chromatography: Et,O/petroleum ether 1:6 [a]3
+31 (c 1.0). Yield: 0.190 g, 94% (amorphous solid). IR:
Vmax. 2985, 2942,1757, 1753, 1491, 1377,1227, 1223, 1098
and 1068 cm ™~ '. "H NMR (500 MHz, CDCls, ( ppm, J Hz):
7.34 (bs, 1H, NH), 5.82 (d, 1H, J;/»=9.2 Hz, H-1"), 5.71
(t, 1H, Jo 3=9.2 Hz, H-2"), 5.34 (t, 1H, J34+=9.4 Hz, H-
3"), 5.16 (t, 1H, Jy 5=9.8 Hz, H-4'), 4.99 (m, 1H, H-3),
4.84 (d, 1H, J34=5.9 Hz, H-4), 433 (m, 2H, H-2, H-4"),
4.22 (m, 2H, H-6'a, H-6'b), 4.05 (m, 2H, H-5"a, H-5"b),
3.82 (dt, 1H, J5 ¢/a=J5 ¢ =3.6 Hz, H-5'), 2.10, 2.04, 2.02,
1.97, 1.54, 1.44, 1.39, 1.36 (each s, each 3H, 8CH;). '°C
NMR (75 MHz, CDCl3, (ppm): (181.6 (C-7),170.5, 170.1,
169.8, 169.5, 169.3 (5C=0), 113.9, 109.5 (2CCH3), 89.7
(C-5), 81.2 (C-1), 80.0 (C-34+C-4), 79.0 (C-2), 74.6 (C-5"),
72.7%, 72.6% (C-3/, C-4"), 68.1 (C-2'), 67.8 (C-4"), 66.6 (C-
5™, 61.6 (C-6"), 26.8, 25.8, 25.0, 24.3, 20.6, 20.5, 20.4
(8CH3) Anal. Calcd for C28H38015N281: C, 4985, H, 568,
N, 4.15, found: C, 49.28; H, 5.63; N, 4.18.

4.8.10. (2R,3S,45,55,4"R)-2-(2",2" -Dimethyl-1",3"-dioxo-
lan-4"-yl)-3,4-dimethylmethylenedioxy-9-0xo-7-thioxo-
8-(2',3',5'-tri-O-benzoyl-B-p-ribofuranosyl)-1-oxa-6,3-
diazaspiro[4.4]nonane (32). Method II. t=4 days. Column
chromatography: Et,O/petroleum ether 1:3. Yield: 0.177 g,
75% (amorphous solid). [a]& + 18 (¢ 1.1). IR: vpay 2988,
2930, 1730, 1719, 1489, 1269, 1099 and 1068 cm '. 'H
NMR (500 MHz, CDCl3, ( ppm, J Hz): ( 8.08-7.31 (m, 15H,
Ar), 7.31 (s, 1H, NH), 6.43 (d, 1H, Jy/»r=4.0 Hz, H-1'),
6.32 (dd, 1H, J» 3=6.3 Hz, H-2"), 6.02 (t, 1H, Jy 4=
6.3 Hz, H-3), 5.02 (dd, 1H, J,3=3.3 Hz, J34,=5.9 Hz,
H-3),4.89 (d, 1H, H-4), 4.76 (dd, 1H, Jy 5,=3.8, Js1y 5=
11.3 Hz, H-5'a), 4.67 (ddd, 1H, H-4"), 4.64 (dd, 1H, Jy 51, =
5.4 Hz, H-5'b), 4.34 (m, 2H, H-2, H-4"), 4.08 (m, 1H,

H-5"a), 3.96 (m, 1H, H-5"b), 1.56, 1.46, 1.40, 1.38 (each s,
each 3H, 4CH;). '*C NMR (125.7 MHz, CDCls, (ppm):
181.4 (C-7), 170.6 (C-9), 166.1, 165.2, 165.1 (3C=0),
133.5-128.3 (Ar), 114.1, 109.5 (2CCH3), 90.2 (C-5), 86.2
(C-1), 80.1 (C-3+C-4), 79.4 (C-2), 79.2 (C-4", 72.7
(C-4"), 71.8 (C-2"), 71.2 (C-3'), 66.9 (C-5"), 63.4 (C-5),
26.8, 25.8, 25.1, 24.2 (4CH3). HRCIMS m/z calcd for
C40H41013N2$ ([M+H]+) 7892329, found: 789.2329.
Anal. Calcd for C4oH4003N,S: C, 60.90; H, 5.11; N, 3.55.
Found: C, 60.84; H, 4.98; N, 3.47.

4.9. General procedures for the reactions of the isothio-
cyanatoulosonates 11, 18a, and 18 with ammonia,
alkyl, aryl, and glycosyl amines (Route B). Preparation
of the hydantocidin-related spironucleosides 24, 27,
278, 29a., 28a, 283, 29a, 293, 300, and 303

Method III (starting from free amines; used for the
preparation of compounds 24, 27a, 278, 29a, 29, 30a,
and 30B). A solution of the isothiocyanatoulosonate 11 (for
24) or a mixture 6.5:2 of 18« and 18 (for 27a, 278, 29a,
298, 30at, and 30B) (90 mg, 0.23 mmol) in THF (3 mL) was
stirred with NHj3 (for 27a and 27B), dodecylamine (for 29a
and 29pB) or aniline (for 30e and 30B) (x mmol) at 7 °C for ¢
min. The solvent was evaporated and the residue was
purified by column chromatography.

Method IV (starting from amines as ammonium salts; used
for the preparation of compounds 28 and 28f). To a
solution of a mixture 6.5:2 of the isothiocyanatoulosonates
18a and 18P (90 mg, 0.23 mmol), a solution of CH3;NH,.
HCI (17 mg, 0.25 mmol) and NaHCO; (21 mg, 0.25 mmol)
in H,O (0.2 mL) was added. The mixtue was stirred for
10 min at room temperature, concentrated to half, diluted
with CH,Cl, (15 mL), washed with brine, dried (MgSQ,),
and evaporated to dryness. The residue was purified by
column chromatography.

49.1. (5R,8R,9R,105)-10-Benzoyloxy-8,9-dimethyl-
methylenedioxy-3-p-methoxyphenyl-4-0xo0-2-thioxo-6-
oxa-1,3-diazaspiro[4.5]decane (24). Method IIl. x=
31 mg, 0.25 mmol. 7=40 °C. t=2h. Column chromato-
graphy: Et,O/petroleum ether 1:4. Yield: 0.08 g, 72%. [o]&
—88 (¢ 1.3). IR: vax 3291, 2984, 1755, 1732, 1599, 1489,
1379, 1252 and 1105 cm ™~ '. '"H NMR (300 MHz, CDCl;, 6
ppm, J Hz): 6 8.04-6.93 (m, 9H, Ar), 7.52 (bs, 1H, NH),
5.65 (d, 1H, Jo10=7.4 Hz, H-10), 4.88 (dd, 1H, Jgo=
5.8 Hz, H-9), 4.65 (dd, 1H, J;,7,=13.6 Hz, J;,5=2.9 Hz,
H-7a), 449 (m, 1H, H-8), 4.33 (dd, 1H, J7,5<1, H-7b),
3.82 (s, 3H, OCHjs), 1.66, 1.42 (each s, each 3H, 2CH;). 1°C
NMR (75 MHz, CDCl;, 6 ppm): 6 183.2 (C-2), 168.9 (C-4),
165.4 (C=0), 160.0-114.3 (Ar), 110.3 (CCH5), 85.5 (C-5),
73.7 (C-9), 72.8 (C-8), 71.1 (C-10), 63.3 (C-7), 55.3
(OCHj3), 27.5, 25.8 (2CH3). HRCIMS m/z calcd for
C24H2407N25 ([M+H]+) 4851383, found: 485.1377.

4.9.2. (2R,3R4R,5R)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-9-0xo0-7-thioxo-1-oxa-6,8-diazaspiro-
[4.4]nonane (27a). Method III. x=>5 min bubbling NH3.
T= room temperature. =15 min. Column chromato-
graphy: Et,O/petroleum ether 1:2. Yield: 0.064 g, 74%
(amorphous solid). [a]F —68 (¢ 1.2). IR vy 3288, 2992,
2944, 1771, 1717, 1507, 1385, 1275 and 1099 cm~'. 'H
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NMR (500 MHz, CDCls, 6 ppm, J Hz): 6 8.76 (bs, 1H, NH),
8.09-7.43 (m, 6H, Ar+NH), 492 (dd, 1H, J,3=2.5 Hz,
H-3), 4.88 (d, 1H, J54=6.1 Hz, H-4), 4.60 (td, 1H, H-2),
4.55 (dd, 1H, J, cypa=>5.6 Hz, CH,a), 4.50 (dd, 1H, *Jy y=
11.7 Hz, J5 cuap=06.5 Hz, CH,b), 1.61, 1.38 (each s, each
3H, 2CH3). "°C NMR (125.7 MHz, CDCls, 6 ppm): 6 181.2
(C-7), 171.2 (C-9), 166.1 (C=0), 133.4-127.6 (Ar), 114.9
(CCH3), 94.7 (C-5), 82.8 (C-2), 82.2 (C-3), 80.7 (C-4), 64.3
(CH,0Bz), 26.6, 24.8 (2CHj3). Anal. Calcd for
Ci7HgN,06S: C, 53.96; H, 4.79; N, 7.40. Found: C,
53.67; H, 5.19; N, 7.01.

4.9.3. (2R,3R,4R,55)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-9-0xo-7-thioxo-1-oxa-6,8-diazaspiro-
[4.4]nonane (27B). Method III. x=5 min bubbling NH3.
T= room temperature. =15 min. Column chromato-
graphy: Et,O/petroleum ether 1:2. Yield: 0.017 g, 20%
(amorphous solid). [oz]zD5 — 160 (¢ 0.6). IR: v, 3229, 2928,
1777, 1717, 1593, 1379, 1265, 1103cm~'. 'H NMR
(500 MHz, CDCl3, (ppm, J Hz): (8.42 (bs, 1H, NH), 8.03—
7.49 (m, 5H, Ar), 7.48 Method, 1H, NH), 4.93 (d, 1H, J5 4=
6.4 Hz, H-4), 4.90 (dd, lH J>3=2.0 Hz, H-3), 4.88 (m, 1H,
H-2), 4.63 (dd, 1H, *Jyu=12.4Hz, J>cupa=4.3 Hz,
CHsa), 4.47 (dd,1H, J,cuap=3.3 Hz, CH,b), 1.62, 1.35
(each s, each 3H, 2CHy). 3¢ NMR (125.7 MHz, CDCls;,
(ppm): (180.8 (C-7), 168.1 (C-9), 166.0 (C=0), 133.8-
128.4 (Ar), 116.5 (CCH3;), 95.8 (C-5), 86.2 (C-4), 83.4 (C-
2), 81.3 (C-3), 64.7 (CH,0Bz), 25.0, 24.9 (2CH3). HREIMS
mfz calcd for C;7H;306¢N,S (IM]7): 378.0886, found:
378.0889.

4.94. (2R,3RA4R,5R)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-8-methyl-9-ox0-7-thioxo-1-0xa-6,8-di-
azaspiro[4.4]nonane (28a). Method 1V. Column
chromatography: EtZO/petroleum ether 1:9. Yield:
0.057 g, 64%. [« 12 —82 (¢ 1.1). IR: vyax. 2988, 2942,
1757, 1717, 1489, 1375, 1275 and 1099 cm~'. 'H NMR
(300 MHz, CDCls, (ppm, J Hz): (8.09-7.43 (m, 5H, Ar),
7.41 (sb, 1H,NH), 4.92 (dd, 1H, J, 35=1.8 Hz, H-3), 4.83 (d,
1H, J34=6.0 Hz, H-4), 4.60-4.48 (m, 3H, H-2, CH,OBz),
3.23 (s, 3H, NCHs), 1.68, 1.37 (each s, each 3H, 2CHy).
13C NMR (125.7 MHz, CDCls, (ppm): (183.5 (C-7), 170.9
(C-9), 166.0 (C=0), 133.1-128.3 (Ar), 114.7 (CCH5), 92.8
(C-5), 82.5 (C-2), 82.2 (C-3), 80.7 (C-4), 64.3 (CH,0OBz),
27.3, 26.5, 24.7 (3CHz). HRCIMS m/z calcd for
C18H2]O6st ([M+H]+) 3931120, found: 393.1114.

4.9.5. (2R,3R,4R,5S5)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-8-methyl-9-oxo-7-thioxo-1-o0xa-6,8-di-
azaspiro[4.4]nonane (28B). Method 1V. Column
chromatography: EtZO/petroleum ether 1:9.Yield: 0.019 g,
21% (amorphous solid). [a] —132 (c 1.1). IR: v« 3308,
2082, 2941, 1763, 1724, 1489, 1275 and 1097 cm_l.lH
NMR (500 MHz, CDCls, ( ppm, J Hz): ( 8.05-7.49 (m, 5H,
Ar), 7.43 (bs, 1H, NH), 4.92-4.87 (m, 3H, H-2, H-3, H-4),
4.63 (dd, 1H, J,y=4.3 Hz, CHHOBz), 4.46 (dd, 1H,
2]HH—124HZ Jon=32Hz, CHHOBz), 323 (s, 3H,
NCH3), 1.64, 1.34 (each s, each 3H, 2CH,). 3¢ NMR
(125.7 MHz, CDCl;, (ppm): (183.3 (C-7), 168.0 (C-9),
165.9 (C=0), 133.7-128.3 (Ar), 116.4 (CCH3), 93.8 (C-5),
86.1 (C-4), 83.1%, 81.3* (C-2, C-3), 64.7 (CH,0Bz), 27.4,
25.1, 24.9 (3CH3). HRCIMS m/z caled for CigH,;O6N,S
(IM+H]™): 393.1120, found: 393.1122.

4.9.6. (2R,3R4R,5R)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-8-dodecyl-9-oxo-7-thioxo-1-oxa-6,8-di-
azaspiro[4.4]nonane (29a). Method III. x=0.047 mg,
10.25 mmol. 7= room temperature. =30 min. Column
chromatography: Et,O/petroleum ether 1:9-1:5 gradient.
Yield: 0.075 g, 60% (syrup). [a]y —64 (¢ 0.9). IR: ¥y
2924, 2853, 1751, 1724, 1474, 1273 and 1101 cm ™~ ". 'H
NMR (300 MHz, CDCls, (ppm, J Hz): (8.09-7.42 (m,
5H, Ar), 7.27 Method, 1H, NH), 4.92 (dd, 1H, J,3=2.0 Hz,
H-3), 4.82 (d, 1H, J34=6.0 Hz, H-4), 4.60—4.48 (m, 3H,
H-2, CH,0Bz), 3.76 (t, 2H, *Jy;=7.5 Hz, NCHz) 1.65-
1.25 (m, 26H, (CH,)0, 2CH3), 0.87 (t, 3H, *Jy 1 =6.3 Hz,
CHs). *C NMR (75 MHz, CDCls, (ppm): (183.2 (C-7),
171.0 (C-9), 165.9 (C=0), 133.1-128.3 (Ar), 114.6
(CCHy), 92.4 (C-5), 82.4 (C-2), 82.3 (C-3), 80.6 (C-4),
64.2 (CH,0OBz), 41.2 (NCH,), 31.7, 29.4 (for 2C), 29.3,
29.23, 29.1, 28.9, 27.4, 26.5 (for 2C), 24.7, 22.5 ((CH») 0,
2CH3;), 13.9 (CH3). Anal. Calcd for Cy90H4,06N,S: C, 63.71;
H, 7.74; N, 5.12, found C, 63.68; H, 7.84; N, 5.14.

4.9.7. (2R,3R,4R,5S)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-8-dodecyl-9-oxo-7-thioxo-1-oxa-6,8-di-
azaspiro[4.4]nonane (29B). Method I1II. x=0.047 mg,
10.25 mmol. T= room temperature. =30 min. Column
chromatography: EtZO/petroleum ether 1:9-1:5 gradient.
Yield: 0.021 g, 17% (syrup). [« ] —102 (¢ 1.0). IR: vax.
3295, 2926, 2855, 1763, 1723, 1599, 1489, 1273 and
1101 em~'. '"H NMR (300 MHz, CDCls, ( ppm, J Hz):
8.07-7.48 (m, 5H, Ar), 7.32 (bs, 1H, NH), 4.92-4.85 (m,
3H, H-2, H-3, H-4), 4.62 (dd, 1H, J, y=3.9 Hz, CHHOBz),
448 (dd, 1H, J,y=3.1 Hz, 2JHH—123HZ CHHOBz),
3.77 (m, 2H, NCH,), 1.63-0.85 (m, 26H, (CH,);o, 2CH3),
0.88 (t, 3H, 3JH,H=6.5 Hz, CH;). '*C NMR (125.7 MHz,
CDCl3, (ppm): (183.1 (C-7), 168.2 (C-9), 165.9 (C=0),
133.7-128.3 (Ar), 116.5 (CCHs3), 93.6 (C-5), 86.1 (C-4),
83.0%, 81.3* (C-2, C-3), 64.7 (CH,OBz), 41.3 (NCH,), 31.8,
29.5 (for 2C), 29.4, 29.37,29.2, 29.1, 27.5, 26.5, 25.1, 24.9,
22.6 ((CHy)19, 2CHj3), 14.0 (t, 3H, CH;3). HRCIMS m/z
Caled for CaoHy3N,O06S (IM+H]T): 547.2842, found:
547.2835.

4.9.8. (2R,3R4R,5R)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-9-oxo-8-phenyl-7-thioxo-1-o0xa-6,8-di-
azaspiro[4.4Jnonane (30a). Method III. x=23 pl,
0.25 mmol. T=40°C. t=3h. Column chromatography:
toluene/AcOEt 100:1 50 1 gradient. Yield: 0.076 g, 73%
(amorphous solid). [a]d —73 (c 1.0). IR: vpax. 2987, 1763,
1719, 1497, 1452, 1230 and 1071 cm~'. 'H NMR
(500 MHz, CDCls, 6 ppm, J Hz): 6 8.09-7.31 (m, 11H,
Ar, NH), 4.99 (d, 1H, J54,=6.1 Hz, H-4), 497 (dd, 1H,
J»3=2.3 Hz, H-3), 4.65 (td, 1H, H-2), 4.58 (dd, 1H Jou=
5.7Hz, CHHOBz), 4.54 (dd, 1H, J,y=6.5 Hz, JHH—
11.8 Hz, CHHOBz), 1.65, 1.42 (each s, each 3H, 2CH3). °C
NMR (125.7 MHz, CDCl;, é ppm): ¢ 182.8 (C-7), 170.4
(C-9), 166.0 (C=0), 133.2-127.9 (Ar), 114.9 (CCH5), 93.0
(C-5), 82.8 (C-2), 82.4 (C-3), 80.9 (C-4), 64.3 (CH,OBz),
26.6, 24.8 (2CHs). Anal. Calcd for C53H,,06N,S: C, 60.78;
H, 4.88; N, 6.16. Found: C, 60.85; H, 5.01; N, 6.11.

4.9.9. (2R,3R,4R,55)-2-Benzoyloxymethyl-3,4-dimethyl-
methylenedioxy-9-oxo-8-phenyl-7-thioxo-1-oxa-6,8-di-
azaspiro[4.4]nonane (30B). Method III. x=23 pl,
0.25 mmol. T7=40°C. t=3h. Column chromatography:
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Toluene: AcOEt 100:1-50:1 gradient. Yield: 0.022 g, 21%
(amorphous solid). [a]3! — 138 (¢ 0.9). IR: vmay 3291, 2936,
1775, 1593, 1489, 1271 and 1103cm™'. '"H NMR
(500 MHz, CDCls, (ppm, J Hz): (8.06-7.30 (m, 10H, Ar),
776 (bs, 1H, NH), 5.00 (d, 1H, J34=6.1 Hz, H-4), 4.93 (m,
2H, H-2, H-3), 4.66 (dd, 1H, J, 3 =3.9 Hz, *J;; y=12.3 Hz,
CHHOBz), 4.51 (dd, 1H, J,;;=2.9 Hz, CHHOBz), 1.61,
1.36 (each s, each 3H, 2CH;). '*C NMR: (125.7 MHz,
CDCls, (ppm): (182.7 (C-7), 167.5 (C-9), 166.0 (C=0),
133.7-128.2 (Ar), 116.7 (CCH3), 94.1 (C-5), 86.3 (C-4),
83.1%, 81.2% (C-2, C-3), 64.6 (CH,OBz), 25.1, 25.0 (2CH3).
HRCIMS m/z caled for C,3H,306N,S (IM+H]™Y):
455.1277, found: 455.1272.

4.10. (5R,8R,9R,10S)-10-Benzoyloxy-8,9-dihydroxy-4-
ox0-3-(2',3' 4',6'-tetra-O-acetyl-B-p-glucopyranosyl)-2-
thioxo-6-oxa-1,3-diazaspiro[4.5]decane (33)

To a solution of 22a (100 mg, 0.14 mmol) in CH;CN: H,O
9:1 3mL), DDQ (7.5 mg, 0.033 mmol) was added. The
mixture was stirred at 45 °C for 36 h. The solution was
concentrated to dryness and the residue was purified by
column chromatography (Et,O). Yield: 0.078 g, 83%
(amorphous solid). [a]5 —29 (¢ 0.1). IR: vpay 2945,
1755, 1732, 1599, 1489, 1377, 1240 and 1103 cm™'. 'H
NMR (500 MHz, CDCl5, 6 ppm, J Hz): 6 8.72 (bs, 1H, NH),
7.89-7.32 (m, 5H, Ar), 5.98 (t, 1H, J» 3=9.3 Hz, H-2'),
5.80 (d, 1H, Jy »=9.5Hz, H-1), 575 (d, 1H, Jo ;0=
9.7 Hz, H-10), 5.31 (t, 1H, J3 4=9.5 Hz, H-3"), 5.26 (t, 1H,
H-4'),4.71 (dd, 1H, Jg9=2.9 Hz, H-9), 4.54 (d, 1H, J7,7p=
12.7 Hz, H-7a), 4.35 (dd, 1H, J5 ¢,=4.2 Hz, H-6'a), 4.24
(m, 1H, H-8), 4.18 (dd, 1H, Js'¢v»=2.3 Hz, Joaeb=
12.5 Hz, H-6'b), 4.14 (d, 1H, H-7b), 3.78 (dt, 1H, Jy 5=
9.6 Hz, H-5), 2.05, 2.04, 2.03, 1.94 (each s, each 3H,
4CHj;), 1.68 (bs, 2H, 20H). '>C NMR (75 MHz, CDCls, ¢
ppm): 6 182.1 (C-2), 170.6, 169.9, 169.4, 169.3, 1674,
166.7 (6C=0), 134.0-127.8 (Ar), 84.5 (C-5), 80.9 (C-1"),
74.3 (C-5"), 73.0 (C-3"), 71.5 (C-10), 68.9%, 68.8* (C-8,
C-9), 67.8 (C-4"), 67.2 (C-2"), 65.8 (C-7), 61.7 (C-6'), 20.5,
20.4 (parta 2C), 20.1 (4CHz). HRCIMS m/z calcd for
CrsH330,5N,S (IM+H]1): 669.1602, found: 669.1594.

4.11. 2R,3R 4R,5R)-2-Benzoyloxymethyl-3,4-dihydroxy-
9-0x0-7-thioxo-1-0xa-6,8-diazaspiro[4.4]nonane (35)

A solution of 27a (55 mg, 0.145 mmol) in TFA:H,O 2:3
(5 mL) was stirred at room temperature for 1 h. The solution
was concentrated to dryness and the residual amount of acid
was eliminated by repeated evaporations with toluene. The
residue was purified by column chromatograghy (EtOAc/
petroleum ether 1:2). Yield: 0.045 g, 91%. [a —14(c 1.0,
MeOH). IR: v, 3237, 2926, 1765, 1717, 1599, 1505,
1379, 1279 and 1103 cm ™~ '. '"H NMR (500 MHz, MeOD, 6
ppm, J Hz): 6 8.11-7.45 (m, 5H, Ar), 4.49 (dd, 1H, 2JH,H=
13.4Hz, J,y=5.0Hz, CHHOBz), 440 (m, 2H, H-2,
CHHOBz), 4.34 (dd, 1H, J,3=3.8 Hz, H-3), 4.32 (d, 1H,
J3.4=4.8 Hz, H-4). >C NMR (125.7 MHz, MeOD, 6 ppm):
0 185.0 (C-7), 174.9, 167.8 (2C=0), 134.4-129.6 (Ar),
95.5 (C-5), 83.7 (C-2), 74.6*%, 73.2* (C-3, C-4), 65.4
(CHQOBZ) HRFABMS m/z caled for C14H]4N206SN8
(IM+Na]™*): 361.0470, found: 361.0478.

4.12. Preparation of 34 and 36(a+ )

To a solution of 33 (for 34) 6 35 [for 36(a.+ B)] (x mg,
0.15 mmol) in MeOH (1 mL), another solution of NaMeO
1 M in MeOH (1 mL) was added. The solution was stirred
for 1 h at room temperature, neutralized with Dowex®,
filtered, and concentrated to dryness. The residue was
purified by HPLC (reversed-phase).

4.12.1. (5R,8R,9R,10S)-4-Ox0-8,9,10-trihydroxy-3-(B-p-
glucopyranosyl)-2-thioxo-6-oxa-1,3-diazaspiro[4.5]-
decane (34). x—100 mg. HPLC: MeOH/H,0 70: 1. Yield
0.037 g, 85%. [ali —32 (c 0.5, MeOH). IR: 7p,ax. 3308,
2893, 1763, 1491, 1379, 1103, 1071cm~'. 'H NMR
500 MHz, D,O, 6 ppm, J Hz) 0 5.66 (d, 1H, Jy =
9.6 Hz, H-1'), 439 (dd, 1H, *Jyu=13.0Hz, J;,5<1,
H-7a), 4.34 (t, 1H, Jy3=9.4Hz, H-2"), 428 (dd, 1H,
Js9=3.3 Hz, H-9), 4.05 (m, 1H, H-8), 3.95 (d, IH, Jy 0=
10.1 Hz, H-10), 3.87 (dd, 1H, J;,5=2.0 Hz, H-7b), 3.83
(dd, 1H, Js ¢,=1.7 Hz, H-6a), 3.69 (dd, 2JHH—125HZ
Js g =4.4 Hz, H-6'b), 3.49 (m, 3H, H-3/, H-4', H-5'). '°C
NMR (125.7 MHz, D,0, ¢ ppm): 6 185.6 (C-7), 172.0 (C-9),
88.0 (C-5), 84.2 (C-1"), 79.8, 77.8, 70.5, 70.3 (C-3/, C-4/,
C-5', C-10), 69.3, 69.2 (C-8, C-2"), 67.7 (C-7), 61.6 (C-6").
HRFABMS calcd for C;3H,N,O;oS: 397.0917, found:
397.0891.

4.12.2. 2R,3R,4R,5R and S)-2-Hydroxymethyl-3,4-dihy-
droxy-9-o0xo0-7-thioxo-1-0xa-6,8-diazaspiro[4.4]nonane
36 a+B). x=50mg. HPLC: AcOEt/MeOH 10:1. Dia-
stereoisomers in C-5 ratio (R:S): 6:1. Yield: 29 mg, 87%.
The spectroscopic data were coincident with those
reported'® in the literature.
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Abstract—Through the use of [PdCI(C;Hs)]o/cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)cyclopentane as catalyst, a range of
vinyl bromides undergoes Sonogashira cross-coupling reaction with a variety of alkynes, leading to the corresponding 1,3-enynes in good
yields. The reaction tolerates several alkynes such as phenylacetylene, dec-1-yne, 2-methylbut-1-en-3-yne a range of alk-1-ynols, 3,3-
diethoxyprop-1-yne and a propargyl amine. Higher reactions rates were observed in the presence of phenylacetylene, dec-1-yne, but-3-yn-1-ol,
pent-4-yn-1-ol, 3,3-diethoxyprop-1-yne or 1,1-dipropyl-2-propynylamine than with propargyl alcohol, 3-methoxy-prop-1-yne or 2-
methylbut-1-en-3-yne. This catalyst can be used at low loading even for reactions of sterically hindered vinyl bromides such as

bromotriphenylethylene or 2-bromo-3-methyl-but-2-ene.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Enynes are fundamental building blocks in organic
synthesis. The palladium-catalysed so-called Sonogashira
reaction is one of the most powerful methods for the
synthesis of such compounds.'™ Cross-coupling palladium-
catalysed reactions between aryl halides and alkynes have
been largely described.”* On the other hand, if the
reactions between terminal acetylene and vinyl halides
have been recognized since the mid-seventies,13_14 their
applications usually need harsh reaction conditions and high
catalyst loadings. The most widely used catalysts for this
reaction are Pd(PPhs), or PdCI,(PPhs),, associated with
copper(I) iodide.'>*® But these catalysts are not very
efficient in terms of the ratio substrate/catalyst and 5-10%
catalyst had to be used."”™> With these catalysts, several
reactions conditions have been tested in order to improve
the yields. For example, 1-trialkylsilyl-1-alkynes can be
coupled directly with vinyl triflates using 1% Pd(PPh;), as
catalyst in the presence of Buy,NF and Agl.® Mori et al.
have reported the coupling of terminal alkynes with vinyl
bromides catalyzed by 1% Pd(PPhs), using BuyNF as
additive.”* Polymethylhydrosiloxane in association with
PdCl,(PPh3), can be used to promote the reaction between
E-B-bromostyrene and 2-methyl-3-butyn-2-ol using 5%

Keywords: Palladium; Catalysis; Sonogashira; Vinyl bromides; Alkynes.
* Corresponding authors. Tel.: +33 491 28 84 16; fax: +33 491 98 38 65
(H.D.); tel.: +33 491 28 88 25 (M.S.);
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catalyst in the presence of CsF at room temperature.”
Some results were reported in ionic liquids using 5%
catalyst.?® This reaction has also been performed in aqueous
media using water soluble sulfonated triphenylphosphine
ligand for the coupling of vinyl iodides.”” A few other
ligands have also been tested for this coupling. An
N-heterocyclic carbene palladium catalyst has shown
efficiency comparable to Pd(PPhs)4.>® With an imidazolium
carbene ligand good results were obtained for the coupling
of 1-bromocyclohex-1-ene using 3% of palladium cata-
lyst.>? Alami et al. obtained high yields of adducts using 5%
of PdCl,(PhCN), catalyst without added ligand at room
temperature for the coupling reaction between vinyl
chloride and alkynes.*® The reaction between vinyl iodides
and terminal alkynes can also be performed in aqueous
media using potassium fluoride, ]palladium submicron
powder, cuprous iodide and PPh;.*" Despite these recent
advances, there still remained a need for a general protocol
using low-catalyst loading for Sonogashira reactions in the
presence of vinyl halides. Moreover, the efficiency of
tetraphosphine ligands for the cross-coupling of vinyl
halides with alkynes has not been reported.

2. Results and discussion

In order to find stable and efficient palladium catalysts, we
have prepared the tetrapodal phosphine ligand, cis,cis,cis-
1,2,3,4—tetrakis(dighenylphosphinomethyl) cyclopentane or
Tedicyp (Fig. 1).”> We have already reported the results
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Ph,P -

obtained in allylic substitution,32 in Heck reaction,33 in
Suzuki cross-coupling®® and in Sonogashira reaction®>*
using Tedicyp as ligand. For example, we obtained a
turnover number (TON) of 2,800,000 for the coupling of
3,5-bis(trifluoromethyl)bromobenzene with phenylacety-
lene.*> We have also recently reported the Sonogashira
coupling of sterically congested aryl bromides,*® of
heteroaryl halides,”” of a range of aryl chlorides with as
little as 0.01% catalyst without addition of co-catalysts,*®
and also the reactivity of several alkynols® or propargyl
amines.*° Here, we wish to report on the efficiency of
Tedicyp ligand for the reaction of vinyl bromides with
terminal alkynes such as phenylacetylene, dec-1-yne,
2-methylbut-1-en-3-yne, a range of alk-1-ynols, 3,3-
diethoxyprop-1-yne and a propargyl amine.

Tedicyp

Figure 1.

For this study, based on our previous results,35410 DMF was
chosen as the solvent and potassium carbonate as the base.
The reactions were performed at 60—100 °C under argon in
the presence of a ratio 1:2 of [Pd(C3;H;5)Cl],/Tedicyp as
catalyst and 5% copper(l) iodide as co-catalyst. At higher
temperatures (120-140 °C), lower yields were obtained due
to partial polymerization of the substrates and products. The
dimerisation of the alkynes was also detected in some cases.
In order to obtain high conversions of the aryl bromides we
have used 2 equiv of alkyne for all the reactions, however,
most of the reactions should proceed with 1.2-1.5 equiv of
alkyne. Some decomposition of the products was observed
for long time reactions, so the reactions were stopped at
20 h.

113

First, we tried to couple phenylacetylene with a range of
vinyl bromides (Scheme 1, Table 1). As expected, the
reaction of B-bromostyrene with phenylacetylene proceeds
nicely. The reaction can be performed with as little as
0.0001% catalyst (TON: 520,000) (Table 1, entry 3). The
same reaction performed with dppe as ligand (Table 1, entry
2), led to the coupling adduct 1 in 12% yield in the presence
of 0.001% catalyst (TON: 12,000). With a mixture of Z and
E 1-bromoprop-1-ene (ratio Z/E: 45/55) a good yield was
also obtained for a ratio S/C of 10,000 (Table 1, entries 4
and 5). A selectivity of 95% in favour of E isomer was
obtained using 0.01% catalyst (Table 1, entry 5). This high
selectivity in E isomer probably comes partially from the
higher reactivity of (E)-1-bromoprop-1-ene*' and also from
partial isomerisation of (Z)-1-bromoprop-1-ene into (E)-1-
bromoprop-1-ene under basic conditions.*?

Then, we studied the reactivity of three a-substituted vinyl
bromides. 2-Bromoprop-1-ene, 2-bromobut-1-ene and
3-bromobut-3-en-1-ol led to the coupling 1,3-enynes 3-5
in good yields using 0.01% catalyst (Table 1, entries 6-9).
The highest TON was obtained with 2-bromobut-1-ene,
with a yield of 48% for a ratio substrate/catalyst of 50,000
(Table 1, entry 8). The synthesis of tetrasubstituted alkenes
was also possible by Sonogashira cross-coupling reactions
with this catalyst. Sterically hindered substrates bromo-
triphenylethylene or 2-bromo-3-methylbut-2-ene reacts
cleanly with phenylacetylene. For the reactions with these
substrates TONs of 3300 and 6000 were obtained,
respectively, (Table 1, entries 10—12).

Having demonstrated that a variety of vinyl bromides can be
efficiently cross-coupled with phenylacetylene, we have
investigated the scope of this reaction using dec-1-yne and
2-methylbut-1-en-3-yne (Scheme 2, Table 2), and also with

R® [Pd(C3H5)Cllo/ R®
2 Tedic 2
R\ L+ H%@ s R\
Br KoCOgs, Cul, DMF, —
R 60-100 °C R

Scheme 1.

1-7

Table 1. Cross-coupling reactions of vinyl bromides with phenylacetylene (Scheme 1)

Entry Vinyl bromide Ratio substrate/catalyst Temperature (°C)  Product number Ratio Z (a)/E (b) Yield (%)*
1 B-Bromostyreneb 100,000 100 la,b 10/90 100°
2 B-Bromostyrene” 100,000 100 lab 10/90 12¢¢
3 B-Bromostyreneb 1000,000 100 1a,b 10/90 52

4 1-Bromoprop-1-ene® 1000 60 2a,b 05/95 100°
5 1-Bromoprop-1-ene® 10,000 60 2a,b 05/95 85

6 2-Bromoprop-1-ene 10,000 60 3 — 75

7 2-Bromobut-1-ene 10,000 80 4 — 100¢
8 2-Bromobut-1-ene 50,000 80 4 — 48

9 3-Bromobut-3-en-1-ol 10,000 80 5 — 85
10 2-Bromo-3-methyl-but-2-ene 10,000 80 6 — 60
11 Bromotriphenylethylene 1000 100 7 — 86
12 Bromotriphenylethylene 10,000 100 7 — 33°

# Conditions: catalyst: [CIPd(C3Hs)]o/Tedicyp=1:2, vinyl bromide (1 equiv), phenylacetylene (2 equiv), K,CO5 (2 equiv), Cul (0.05 equiv), DMF, 20 h,

isolated yields.
b B-Bromostyrene was a mixture of Z and E isomers, ratio Z/E: 10/90.
¢ GC and NMR yield.
4 Reaction performed with dppe (ratio Pd/dppe: 1:2).
¢ 1-Bromoprop-1-ene was a mixture of Z and E isomers, ratio Z/E: 45/55.
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R* R*
/ R®  [PA(C3Hs)Cllx/Tedicyp / R
R——H + Br R'——
R2 K,CO3, DMF, Cul, 60-100°C R2

R1 = (CH2)7CH3, C(=CH2)CH3, CHon, CHzoCHg, CH(OH)(CHg), (CHz)QOH, 8-39

(CH2)30H, C(CH3)=CHCH,0H, CH(OCH2CH3)2, CH2N(CH2CH,CH3),

R? = Me or Et or CH,CH,OH and R®= R*=H

R?=R*=H and R®=Me or Ph

R?=R%=R*=Me orPh
Scheme 2.
Table 2. Cross-coupling reactions of vinyl bromides with dec-1-yne and 2-methylbut-1-en-3-yne (Scheme 2)
Entry Vinyl bromide Alkyne Ratio substrate/ ~ Temperature Product Ratio Z (a)/  Yield (%)*

catalyst °O) number E (b)

1 B-B romostyreneb Dec-1-yne 10,000 100 8a,b 10/90 90
2 Bromotriphenylethylene Dec-1-yne 100 100 9 — 97
3 2-Bromobut-1-ene Dec-1-yne 1000 80 10 — 99
4 2-Bromo-3-methylbut-2-ene Dec-1-yne 100 80 11 — 89
5 2-Bromo-3-methylbut-2-ene Dec-1-yne 1000 80 11 — 31°
6 1-Bromoprop-1-ene? Dec-1-yne 100 60 12a,b 13/87 100¢
7 1-Bromoprop-1-ene’ Dec-1-yne 1000 60 12a,b 05/95 65
8 2-Bromoprop-1-ene Dec-1-yne 100 60 13 — 100°
9 2-Bromoprop-1-ene Dec-1-yne 1000 60 13 — 51
10 B-Bromostyrene 2-Methylbut-1-en-3-yne 100 80 14a,b 10/90 59¢
11 Bromotriphenylethylene 2-Methylbut-1-en-3-yne 50 80 15 — 60°

# Conditions: catalyst: [CIPd(C3Hs)]»/Tedicyp=1:2, vinyl bromide (1 equiv), alkyne (2 equiv), K,COj3 (2 equiv), Cul (0.05 equiv), DMF, 20 h.

b B-Bromostyrene was a mixture of Z and E isomers, ratio Z/E: 10/90.

¢ GC and NMR yield.

4 1-Bromoprop-1-ene was a mixture of Z and E isomers, ratio Z/E: 45/55.
¢ Reaction performed in autoclave.

several functionalized alkynes: propargyl alcohol, 3-meth-
oxyprop-1-yne, but-1-yn-3-ol, but-3-yn-1-ol, pent-4-yn-1-ol,
3,3-diethoxyprop-1-yne and 1,1-dipropyl-2-propynylamine
(Scheme 2, Table 3).

2-Bromobut-1-ene, 1-bromoprop-1-ene and 2-bromoprop-
1-ene were efficiently cross-coupled with dec-1-yne using
0.1% catalyst (Table 2, entries 3, 7, 9). The best result with
dec-1-yne was obtained using B-bromostyrene (TON of
9000) (Table 2, entry 1). Sterically congested substrates,
bromotriphenylethylene (entry 2), and 2-bromo-3-methyl-
but-2-ene (Table 2, entry 4) led to the corresponding enynes
9 and 11 in good yields but 1% catalyst were used. The
reactions performed with the enyne: 2-methylbut-1-en-3-
yne were much slower. This might be due to the
coordination of the olefinic bond to palladium. With
B-bromostyrene and bromotriphenylethylene the reactions
had to be performed using 1-2% catalyst in order to obtain
satisfactory yields of adducts 14 and 15 (Table 2, entries 10
and 11).

Next, we studied the reactivity of functionalized alkynes
(Table 3). Several reactions were performed using a range of
alkyn-1-ol derivatives. With alkynols, relatively low TONs
were observed in comparison to those obtained with
phenylacetylene or dec-1-yne. In the presence of the most
reactive vinyl bromide: B-bromostyrene, the coupling
reaction with propargyl alcohol was successful using 0.1%
catalyst (Table 3, entry 2). With bromotriphenylethylene
1% catalyst had to be used to obtain product 17 in 74% yield
(Table 3, entry 3). A similar reactivity was obtained using
the protected propargyl alcohol: 3-methoxyprop-1-yne

(Table 3, entries 6-8). Using but-1-yn-3-ol and but-3-yn-
1-o0l, the reaction with B-bromostyrene or 2-bromobut-1-
ene, gave the desired products 22-24 and 26 using 0.1-
0.01% catalyst (Table 3, entries 9-13 and 16). Slower
reactions were observed with bromotriphenylethylene,
3-bromobut-3-en-1-0l and 2-bromo-3-methyl-but-2-ene
(Table 3, entries 14, 15, 17 and 18).

We also performed a few reactions with pent-4-yn-1-ol
(Table 3, entries 19-26). Better yields were obtained using
the same amount of catalyst than with but-3-yn-1-ol.
B-Bromostyrene, 1-bromoprop-1-ene and 2-bromoprop-1-
ene reacts in satisfactory yields with a ratio substrate/
catalyst of 10,000 (Table 3, entries 20, 24 and 26). We had
already observed with aryl bromides a similar trend for the
reactivity of alkynols: pent-4-yn-1-ol > but-3-yn-1-o0l >
propargyl alcohol.*® (E)-3-Methylpent-2-en-4-yn-1-ol
reacts cleanly with B-bromostyrene or 2-bromobut-1-ene
to give the corresponding dienyne derivatives 33 and 34
(Table 3, entries 27 and 28). The Tedicyp—palladium system
also provides an efficient catalyst for the coupling of vinyl
bromides with propiolaldehyde diethyl acetal (Table 3,
entries 29-35). With this alkyne, a very high TON of 72,000
was obtained for the coupling with $-bromostyrene. Finally,
we were pleased to observe that 1,1-dipropyl-2-propynyl-
amine with one of the less reactive vinyl bromide: 2-bromo-
3-methylbut-2-ene gave 39 with a high TON of 6300
(Table 3, entries 36-37).

In conclusion, in the presence of the Tedicyp—palladium
catalyst, Sonogashira reactions of several vinyl bromides,
including sterically demanding ones, with a wide variety of
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Table 3. Cross-coupling reactions of vinyl bromides with alkynols, 3,3-diethoxyprop-1-yne and a propargylamine (Scheme 2)

Entry Vinyl bromide Alkyne Ratio substrate/  Temperature Ratio Z (a)/  Product Yield
catalyst (°C) E (b) number (%)*
1 B-Bromostyrene” Propargyl alcohol 100 100 10/90 16a,b 80
2 B-Bromostyrene® Propargyl alcohol 1000 100 10/90 16a,b 40°
3 Bromotriphenylethylene Propargyl alcohol 100 100 — 17 74
4 2-Bromobut-1-ene Propargyl alcohol 100 80 — 18 96
5 2-Bromo-3-methylbut-2-ene Propargyl alcohol 50 80 — 19 98
6 B-Bromostyrene” 3-Methoxyprop-1-yne 100 100 10/90 20a,b 100°
7 B-Bromostyrene® 3-Methoxyprop-1-yne 1000 100 10/90 20a,b 75
8 Bromotriphenylethylene 3-Methoxyprop-1-yne 100 100 — 21 74
9 B-Bromostyrene” But-1-yn-3-ol 1000 100 10/90 22a,b 98
10 2-Bromobut-1-ene But-1-yn-3-ol 100 80 — 23 100°
11 2-Bromobut-1-ene But-1-yn-3-ol 1000 80 — 23 56
12 B-Bromostyrene” But-3-yn-1-o0l 1000 100 10/90 24a,b 97
13 B-Bromostyrene” But-3-yn-1-ol 10,000 100 10/90 24a.b 29¢
14 Bromotriphenylethylene But-3-yn-1-ol 100 100 — 25 78
15 Bromotriphenylethylene But-3-yn-1-o0l 1000 100 — 25 20°¢
16 2-Bromobut-1-ene But-3-yn-1-ol 1000 80 — 26 83
17 3-Bromobut-3-en-1-ol But-3-yn-1-ol 100 80 — 27 96
18 2-Bromo-3-methylbut-2-ene But-3-yn-1-o0l 100 80 — 28 85
19 B-Bromostyrene® Pent-4-yn-1-ol 1000 100 10/90 29a.b 95
20 B—Bromostyrencb Pent-4-yn-1-ol 10,000 100 10/90 29a,b 62°¢
21 Bromotriphenylethylene Pent-4-yn-1-ol 100 100 — 30 98
22 Bromotriphenylethylene Pent-4-yn-1-ol 1000 100 — 30 25¢
23 1-Bromoprop-1-ene* Pent-4-yn-1-ol 1000 60 40/60 31a,b 98
24 1-Bromoprop-1-ene? Pent-4-yn-1-ol 10,000 60 04/96 31a,b 37¢
25 2-Bromoprop-1-ene Pent-4-yn-1-ol 1000 60 — 32 90
26 2-Bromoprop-1-ene Pent-4-yn-1-ol 10,000 60 — 32 28°
27 B-Bromostyrene® (E)-3-Methylpent-2-en-4-yn-1-ol 500 100 10/90 33a,b 88
28 2-Bromobut-1-ene (E)-3-Methylpent-2-en-4-yn-1-ol 100 80 — 34 80
29 B-Bromostyrene® 3,3-Diethoxyprop-1-yne 100,000 100 10/90 35a,b 72
30 Bromotriphenylethylene 3,3-Diethoxyprop-1-yne 100 100 — 36 95
31 Bromotriphenylethylene 3,3-Diethoxyprop-1-yne 1000 100 — 36 22¢
32 2-Bromobut-1-ene 3,3-Diethoxyprop-1-yne 100 80 — 37 100°
33 2-Bromobut-1-ene 3,3-Diethoxyprop-1-yne 1000 80 — 37 70
34 2-Bromoprop-1-ene 3,3-Diethoxyprop-1-yne 100 60 — 38 100°
35 2-Bromoprop-1-ene 3,3-Diethoxyprop-1-yne 1000 60 — 38 68
36 2-Bromo-3-methylbut-2-ene 1,1-Dipropyl-2-propynylamine 1000 80 — 39 100°
37 2-Bromo-3-methylbut-2-ene 1,1-Dipropyl-2-propynylamine 10,000 80 — 39 63

# Conditions: catalyst: [CIPd(C3Hs)],/Tedicyp=1:2, vinyl bromide (1 equiv), alkyne (2 equiv), K,COj3 (2 equiv), Cul (0.05 equiv), DMF, 20 h.

b B-Bromostyrene was a mixture of Z and E isomers, ratio Z/E: 10/90.
¢ GC and NMR yield.
4 1-Bromoprop-1-ene was a mixture of Z and E isomers, ratio Z/E: 45/55.

terminal alkynes can be performed with as little as 0.1-
0.0001% with the most reactive vinyl bromides and several
alkynes. The highest TONs were obtained with phenyl-
acetylene, dec-1-yne, but-3-yn-1-ol, pent-4-yn-1-ol, 3,3-
diethoxyprop-1-yne or 1,1-dipropyl-2-propynylamine. The
reactions performed with propargyl alcohol, 3-methoxy-
prop-1-yne or 2-methylbut-1-en-3-yne required larger
amounts of catalyst. The most reactive vinyl bromide was
B-bromostyrene, but a-substituted vinyl bromides such as
1-bromoprop-1-ene or 2-bromobut-1-ene also gave the
coupling adducts in high TONs. Furthermore, this catalyst
can be used at low loading even for the reactions of
sterically hindered vinyl bromides such as bromotriphenyl-
ethylene or 2-bromo-3-methylbut-2-ene. We believe that
this system compares favourably with other catalysts that
have been reported for this process.

3. Experimental

General remarks. All reactions were run under argon in
Schlenk tubes using vacuum lines. DMF analytical grade
was not distilled before use. Commercial potassium
carbonate (99+), Cul (98%), vinyl bromides and terminal

alkynes were used without purification. The reactions were
followed by GC and NMR for high boiling point substrates
and by GC for low boiling point substrates. 'H and '°C
spectrum were recorded with a Bruker 300 MHz spectro-
meter in CDClI3 solutions. GC/MS were recorded with a
Varian Saturn 2100T spectrometer. Chemical shift are
reported in ppm relative to CDCl; (7.25 for 'H NMR and
77.0 for '>C NMR). Flash chromatographies were
performed on silica gel (230-400 mesh). GC and NMR
yields in the tables are conversions of the vinyl halides into
the product calculated with GC and "H NMR spectrum of
the crude mixtures.

3.1. Preparation of the Pd-Tedicyp catalyst

An oven-dried 40 mL Schlenk tube equipped with a
magnetic stirring bar under argon atmosphere, was charged
with [Pd(C3H5)Cl], (30 mg, 81 mmol) and Tedicyp
(140 mg, 162 mmol). Ten millilitre of anhydrous DMF
were added, then the solution was stirred at room
temperature for 10 min. The appropriate catalyst concen-
tration was obtained by successive dilutions. *'P NMR
(162 MHz, CDCl3) 6 25 (w=80 Hz), 19.4 (w=110 Hz).
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3.2. General procedure

In a typical experiment, the vinyl halide (1 mmol), terminal
alkynes (2 mmol), Cul (0.05 mmol, 0.01 g) and K,CO;
(0.276 g, 2 mmol) were dissolved in DMF (3 mL) under an
argon atmosphere. The prepared Pd-Tedicyp catalyst
complex (see tables) was then transferred to the reaction
flask via cannula. The reaction mixture was stirred at the
appropriate temperature for 20 h. Then, the solution was
diluted with H,O (2 mL), and the product was extracted
three times with CH,Cl,. The combined organic layer was
dried over MgSO, and the solvent was removed in vacuo.
The product was purified by silica gel column
chromatography.

3.2.1. (Z)-1,4-Diphenylbut-1-en-3-yne (1a) and (E)-1,4-
diphenylbut-1-en-3-yne (1b). From f-bromostyrene
(0.128 mL, 1 mmol) and phenylacetylene (0.220 mL,
2 mmol), products 1a/lb (10/90) were obtained in 52%
(0.106 g) yield. Compound 1a. "H NMR (300 MHz, CDCl5)
0 7.47-7.43 (m, 2H), 7.35-7.32 (m, 2H), 7.28-7.20 (m, 6H),
6.62 (d, J=12.0Hz, 1H), 5.87 (d, J=12.0 Hz, 1H).
Compound 1b. 'H NMR (300 MHz, CDCl3) 6 7.47-7.43
(m, 2H), 7.35-7.32 (m, 2H), 7.28-7.20 (m, 6H), 7.03 (d, J=
16.2 Hz, 1H), 6.36 (d, J=16.2 Hz, 1H).

3.2.2. (Z)-1-Phenylpent-3-en-1-yne (2a) and (E)-1-
phenylpent-3-en-1-yne (2b). From 1-bromoprop-1-ene
(0.085 mL, 1 mmol) and phenylacetylene (0.220 mL,
2 mmol), products 2a/2b (05/95) were obtained in 85%
(0.121 g) yield. Compound 2a. "H NMR (300 MHz, CDCl5)
0 7.45-7.40 (m, 2H), 7.36-7.30 (m, 3H), 6.05 (dq, /= 10.6,
6.8 Hz, 1H), 5.71 (dq, J=10.6, 1.7 Hz, 1H), 1.98 (dd, J=
6.8, 1.7 Hz, 3H). Compound 2b. 'H NMR (300 MHz,
CDCl) 6 7.45-7.40 (m, 2H), 7.33-7.28 (m, 3H), 6.25 (dq,
J=15.8, 6.8 Hz, 1H), 5.71 (dq, J=15.8, 1.7 Hz, 1H), 1.84
(dd, J=6.8, 1.7 Hz, 3H).

3.2.3. 3-Methyl-1-phenylbut-3-en-1-yne (3). From 2-bro-
moprop-1-ene (0.088 mL, 1 mmol) and phenylacetylene
(0.220 mL, 2 mmol), product 3 was obtained in 75%
(0.107 g) yield. '"H NMR (300 MHz, CDCl3) 6 7.48-7.46
(m, 2H), 7.33-7.28 (m, 3H), 5.43 (s, 1H), 5.33 (s, 1H), 2.02
(s, 3H).

3.2.4. 2-Ethyl-4-phenylbut-1-en-3-yne (4). From 2-bro-
mobut-1-ene (0.102 mL, 1 mmol) and phenylacetylene
(0.220 mL, 2 mmol), product 4 was obtained in 48%
(0.075 g) yield. '"H NMR (300 MHz, CDCl3) 6 7.45-7.42
(m, 2H), 7.34-7.28 (m, 3H), 5.38 (s, 1H), 5.28 (s, 1H), 2.27
(q, J=7.1 Hz, 2H), 1.15 (t, J="7.1 Hz, 3H).

3.2.5. 3-Methylene-5-phenylpent-4-yn-1-0l (5). From
3-bromobut-3-en-1-ol (0.099 mL, 1 mmol) and phenylace-
tylene (0.220 mL, 2 mmol), product 5§ was obtained in 85%
(0.146 g) yield. Thick oil; '"H NMR (300 MHz, CDCl3) 6
7.47-7.40 (m, 2H), 7.32-7.28 (m, 3H), 5.44 (s, 1H), 5.33 (s,
1H), 3.85 (t, J=6.2 Hz, 2H), 2.44 (t, J=06.2 Hz, 2H).

3.2.6. 2,3-Dimethyl-5-phenylpent-2-en-4-yne (6). From
2-bromo-3-methylbut-2-ene (0.151 mL, 1 mmol) and phe-
nylacetylene (0.220 mL, 2 mmol), product 6 was obtained
in 60% (0.102 g) yield. "H NMR (300 MHz, CDCl3) 6 7.50—

7.40 (m, 2H), 7.34-7.28 (m, 3H), 2.00 (s, 3H), 1.87 (s, 3H),
1.77 (s, 3H).

3.2.7. 1,1,2,4-Tetraphenylbut-1-en-3-yne (7). From bromo-
triphenylethylene (0.335 g, 1 mmol) and phenylacetylene
(0.220 mL, 2 mmol), product 7 was obtained in 86%
(0.307 g) yield. '"H NMR (300 MHz, CDCl3) 6 7.67-7.65
(m, 2H), 7.45-7.40 (m, 6H), 7.31-7.16 (m, 10H), 7.13-7.11
(m, 2H).

3.2.8. (Z)-1-Phenyldodec-1-en-3-yne (8a) and (FE)-1-
phenyldodec-1-en-3-yne (8b). From [-bromostyrene
(0.128 mL, 1 mmol) and dec-1-yne (0.361 mL, 2 mmol),
products 8a/8b (10/90) were obtained in 90% (0.216 g)
yield. Compound 8a. "H NMR (300 MHz, CDCl3) 6 7.50—
7.30 (m, 5H), 6.61 (d, J=12.1 Hz, 1H), 5.88 (d, J=12.1 Hz,
1H), 2.40 (t, J=6.9 Hz, 2H), 1.64-1.55 (m, 2H), 1.46-1.32
(m, 10H), 0.90-0.87 (m, 3H). Compound 8b. '"H NMR
(300 MHz, CDCl3) ¢ 7.50-7.30 (m, 5H), 6.90 (d, J=
16.2 Hz, 1H), 6.18 (d, J=16.2 Hz, 1H), 2.40 (t, J=6.9 Hz,
2H), 1.64-1.55 (m, 2H), 1.46-1.32 (m, 10H), 0.90-0.87 (m,
3H).

3.2.9. 1,1,2-Triphenyldodec-1-en-3-yne (9). From bromo-
triphenylethylene (0.335 g, 1 mmol) and dec-1-yne
(0.361 mL, 2 mmol), product 9 was obtained in 97%
(0.381 g) yield. Thick oil; '"H NMR (300 MHz, CDCl;) 6
7.45-7.42 (m, 2H), 7.26-7.20 (m, 5H), 7.10-7.00 (m, 6H),
6.91 (m, 2H), 2.19 (t, J=6.8 Hz, 2H), 1.38-1.19 (m, 12H),
0.87-0.83 (m, 3H); '>*C NMR (75 MHz, CDCl3) 6 149.0,
142.8, 141.4, 139.6, 130.6, 130.0, 128.4, 127.9, 127.8,
127.7, 127.3, 127.1, 126.8, 121.5, 91.1, 78.9, 32.5, 30.1,
29.4,29.2,29.2,23.1, 18.2, 14.0; MS (70 eV); m/z (%) 392
(M, 100); C3oHs,: caled C 91.78, H 8.22. Found C 91.89,
H 8.31.

3.2.10. 2-Ethyldodec-1-en-3-yne (10). From 2-bromobut-
l-ene (0.102 mL, 1 mmol) and dec-1-yne (0.361 mL,
2 mmol), product 10 was obtained in 99% (0.190 g) yield.
Thick oil; "H NMR (300 MHz, CDCl3) 6 5.19 (s, 1H), 5.13
(s, 1H), 2.30 (t, J=6.8 Hz, 2H), 2.16 (q, /J=7.1 Hz, 2H),
1.55-1.50 (m, 2H), 1.42-1.39 (m, 2H), 1.30 (br s, 8H), 1.08
(t, J=7.1Hz, 3H), 0.88 (t, J=6.8 Hz, 3H); '*C NMR
(75 MHz, CDCl5) ¢ 133.8, 118.3, 90.2, 80.9, 31.8, 30.7,
29.2,29.1, 28.8, 28.8,22.6, 19.7, 14.1, 12.8; MS (70 eV); m/
7 (%) 192 M™", 1), 79 (100); C;4H,4: caled C 87.42, H
12.58. Found C 87.28, H 12.34.

3.2.11. 2,3-Dimethyltridec-2-en-4-yne (11). From
2-bromo-3-methyl-but-2-ene (0.151 mL, 1 mmol) and dec-
1-yne (0.361 mL, 2 mmol), }I)roduct 11 was obtained in 89%
(0.183 g) yield. Thick oil; "H NMR (300 MHz, CDCl3) 6
2.32 (t, J=6.8 Hz, 2H), 1.90 (s, 3H), 1.77 (s, 3H), 1.70 (s,
3H), 1.55-1.50 (m, 2H), 1.42-1.39 (m, 2H), 1.26 (br s, 8H),
0.87 (t, J=6.4 Hz, 3H); '>*C NMR (75 MHz, CDCl;) 6
137.9, 111.9, 91.3, 82.3, 31.8, 29.2, 29.1, 29.1, 28.9, 23.3,
22.6,19.7,19.5,18.9, 14.1; MS (70 eV); m/z (%) 206 M ",
100), 107 (100); C;5Hag: caled C 87.30, H 12.70. Found C
87.20, H 12.67.

3.2.12. (Z)-Tridecen-4-yne (12a) and (E)-tridecen-4-yne
(12b). From 1-bromoprop-1-ene (0.085 mL, 1 mmol) and
dec-1-yne (0.361 mL, 2 mmol), products 12a/12b (05/95)
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were obtained in 65% (0.116 g) yield. Compound 12a. 'H
NMR (300 MHz, CDCl5) 6 5.86 (dq, /=10.4, 6.6 Hz, 1H),
5.35(dq,/=10.4, 1.7 Hz, 1H), 2.25 (t, /=6.7 Hz, 2H), 1.87
(dd, /=6.6, 1.7 Hz, 3H), 1.55-1.50 (m, 2H), 1.42-1.39 (m,
2H), 1.30 (br s, 8H), 0.88 (t, J=6.8 Hz, 3H). Compound
12b. 'H NMR (300 MHz, CDCl3) 6 6.02 (dq, J=15.7,
6.8 Hz, 1H), 5.45 (dq, J=15.7, 1.7 Hz, 1H), 2.25 (t, J=
6.7 Hz, 2H), 1.73 (dd, /=6.8, 1.7 Hz, 3H), 1.55-1.50 (m,
2H), 1.42-1.39 (m, 2H), 1.30 (br s, 8H), 0.88 (t, J=6.8 Hz,
3H).

3.2.13. 2-Methyldodec-1-en-3-yne (13). From 2-bromo-
prop-1-ene (0.088 mL, 1 mmol) and dec-1-yne (0.361 mL,
2 mmol), product 13 was obtained in 51% (0.091 g) yield.
'H NMR (300 MHz, CDCl5) 6 5.18 (s, 1H), 5.11 (s, 1H),
2.28 (t, J=6.8 Hz, 2H), 1.86 (s, 3H), 1.54-1.47 (m, 2H),
1.40-1.27 (m, 10H), 0.88 (t, J=6.6 Hz, 3H).

3.2.14. (Z)-5-Methyl-1-phenyl-1,5-hexadien-3-yne (14a)
and (FE)-5-methyl-1-phenyl-1,5-hexadien-3-yne (14b).
From B-bromostyrene (0.128 mL, 1 mmol) and
2-methylbut-1-en-3-yne (0.190 mL, 2 mmol), products
14a/14b (10/90) were obtained in 59% (0.099 g) yield.
Compound 14a. "H NMR (300 MHz, CDCls) 6 7.43-7.28
(m, 5H), 6.68 (d, J=12.1 Hz, 1H), 5.86 (d, /J=12.1 Hz,
1H), 5.40 (s, 1H), 5.34 (s, 1H), 2.03 (s, 3H). 14b. '"H NMR
(300 MHz, CDCl3) o 7.43-7.28 (m, 5H), 6.99 (d, J=
16.2 Hz, 1H), 6.33 (d, J=16.2 Hz, 1H), 5.40 (s, 1H), 5.31 (s,
1H), 2.00 (s, 3H); '*C NMR (75 MHz, CDCl5) ¢ 141.1,
136.3, 128.7, 128.5, 128.1, 126.2, 121.8, 108.1, 92.9, 87.9,
23.4; Cy3H;,: caled C92.81, H 7.19. Found C 92.68, H 7.30.

3.2.15. 5-Methyl-1,1,2-triphenylhexa-1,5-dien-3-yne
(15). From bromotriphenylethylene (0.335 g, 1 mmol) and
2-methylbut-1-en-3-yne (0.190 mL, 2 mmol), product 15
was obtained in 60% (0.192 g) yield. Thick oil; "H NMR
(300 MHz, CDCl3) 6 7.45-7.42 (m, 2H), 7.26-7.20 (m, 5H),
7.10=7.00 (m, 6H), 6.91 (m, 2H), 5.19 (s, 1H), 5.17 (s, 1H),
1.83 (s, 3H); >C NMR (75 MHz, CDCl3) 6 149.0, 142.8,
141.4, 139.6, 130.6, 131.7, 130.0, 128.4, 128.0, 127.8,
127.7, 127.3, 127.1, 126.8, 121.8, 121.5, 91.2, 90.9, 22.1;
MS (70 eV); mlz (%): 320 (M, 100); CpsHyg: caled C
93.71, H 6.29. Found C 93.54, H 6.38.

3.2.16. (Z)-5-Phenylpent-4-en-2-yn-1-ol (16a) and (E)-5-
phenylpent-4-en-2-yn-1-0l (16b). From B-bromostyrene
(0.128 mL, 1 mmol) and propargyl alcohol (0.116 mL,
2 mmol), products 16a/16b (10/90) were obtained in 80%
(0.126 g) yield. Compound 16a. '"H NMR (300 MHz,
CDCl3) 6 7.37-7.26 (m, 5H), 6.60 (d, J=12.1 Hz, 1H),
5.86 (d, J=12.1 Hz, 1H), 4.44 (s, 2H), 2.25 (s, 1H).
Compound 16b. "H NMR (300 MHz, CDCls) 6 7.37-7.26
(m, 5H), 6.96 (d, J=16.5Hz, 1H), 6.17 (d, J=16.5 Hz,
1H), 4.44 (s, 2H), 2.25 (s, 1H).

3.2.17. 1,1,2-Triphenylpent-1-en-3-yn-5-0l (17). From
bromotriphenylethylene (0.335 g, 1 mmol) and propargyl
alcohol (0.116 mL, 2 mmol), product 17 was obtained in
74% (0.230 g) yield. Thick oil; 'H NMR (300 MHz, CDCl5)
0 7.53-7.50 (m, 2H), 7.34-7.30 (m, SH), 7.16-7.10 (m, 6H),
7.01-6.99 (m, 2H), 4.45 (s, 2H), 2.24 (s, 1H); *C NMR
(75 MHz, CDCl;3) 6 148.6, 142.9, 141.3, 139.6, 130.5,
130.1, 128.4, 128.0, 127.8, 127.7, 127.3, 127.1, 126.8,

121.5, 91.1, 84.7, 51.0; MS (70 eV); m/z (%) 310 M ™",
100); C,3H,50: caled C 89.00, H 5.85. Found C 88.90, H
5.62.

3.2.18. 4-Ethylpent-4-en-2-yn-1-o0l (18). From 2-bromo-
but-1-ene (0.102 mL, 1 mmol) and propargyl alcohol
(0.116 mL, 2 mmol), product 18 was obtained in 96%
(0.106 g) yield. "H NMR (300 MHz, CDCl5) 6 5.28 (s, 1H),
5.21 (s, 1H), 4.36 (s, 2H), 2.14 (q, J=7.5 Hz, 2H), 1.06 (t,
J=1.5 Hz, 3H); >C NMR (75 MHz, CDCl3) 6 132.6, 120.3,
87.0, 85.6,51.3, 30.1, 12.7; C;H,(O: caled C 76.33, H9.15.
Found C 76.52, H 9.27.

3.2.19. 4,5-Dimethylhex-4-en-2-yn-1-0l (19). From
2-bromo-3-methylbut-2-ene (0.151 mL, 1 mmol) and pro-
pargyl alcohol (0.116 mL, 2 mmol), product 19 was
obtained in 98% (0.122 g) yield. Thick oil; '"H NMR
(300 MHz, CDCl3) 4.42 (s, 2H), 1.92 (s, 3H), 1.79 (s, 3H),
1.74 (s, 3H); '>C NMR (75 MHz, CDCl;) 6 140.8, 111.0,
88.3, 87.6, 51.8, 23.5, 19.9, 18.5.

3.2.20. (Z)-1-Methoxy-5-phenylpent-4-en-2-yne (20a)
and (E)-1-methoxy-5-phenylpent-4-en-2-yne (20b).
From B-bromostyrene (0.128 mL, 1 mmol) and 3-methoxy-
prop-1-yne (0.169 mL, 2 mmol), products 20a/20b (10/90)
were obtained in 75% (0.129 g) yield. Compound 20a. 'H
NMR (300 MHz, CDCl3) 6 7.37-7.26 (m, 5H), 6.60 (d, J=
12.1 Hz, 1H), 5.86 (d, J=12.1 Hz, 1H), 4.00 (s, 2H), 3.10 (s,
3H). Compound 20b. "H NMR (300 MHz, CDCls) 6 7.37—-
7.26 (m, 5H), 6.96 (d, J=16.5 Hz, 1H), 6.17 (d, /=16.5 Hz,
1H), 4.00 (s, 2H), 3.10 (s, 3H); '*C NMR (75 MHz, CDCl5)
0 141.1, 136.1, 128.8, 128.3, 126.2, 111.3, 91.1, 84.7, 61.0,
52.8; MS (70 eV); miz (%): 172 M™*", 65), 128 (100);
C1,H,0: caled C 83.69, H 7.02. Found C 83.91, H 7.14.

3.2.21. 5-Methoxy-1,1,2-triphenylpent-1-en-3-yne (21).
From bromotriphenylethylene (0.335 g, 1 mmol) and
3-methoxyprop-1-yne (0.169 mL, 2 mmol), product 21
was obtained in 74% (0.240 g) yield. Thick oil; '"H NMR
(300 MHz, CDCl5) 6 7.53-7.50 (m, 2H), 7.34-7.30 (m, 5SH),
7.16-7.10 (m, 6H), 7.01-6.99 (m, 2H), 4.15 (s, 2H), 3.19 (s,
3H); '3C NMR (75 MHz, CDCl3) 6 149.0, 142.8, 141.4,
139.6, 130.6, 130.0, 128.4, 128.0, 127.8, 127.7, 127.3,
127.1, 126.8, 121.5, 91.1, 85.6, 60.3, 52.8; MS (70 eV); m/z
(%): 324 (M™", 100); Co4Hp00: caled C 88.85, H 6.21.
Found C 88.72, H 6.10.

3.2.22. (Z)-1-Phenylhex-1-en-3-yn-5-o0l (22a) and (E)-1-
phenylhex-1-en-3-yn-5-0l (22b). From f-bromostyrene
(0.128 mL, 1 mmol) and but-1-yn-3-ol (0.157 mL,
2 mmol), products 22a/22b (10/90) were obtained in 98%
(0.168 g) yield. Compound 22a. '"H NMR (300 MHz,
CDCl3) 6 7.38-7.29 (m, 5H), 6.69 (d, J=12.1 Hz, 1H),
5.72 (d, J=12.1 Hz, 1H), 4.70 (q, J=6.4 Hz, 1H), 2.06 (s,
1H), 1.50 (d, J=6.4 Hz, 3H). Compound 22b. '"H NMR
(300 MHz, CDCl3) 6 7.38-7.29 (m, 5H), 6.94 (d, J=
16.1 Hz, 1H), 6.15 (d, J=16.1 Hz, 1H), 4.70 (q, J=6.4 Hz,
1H), 2.06 (s, 1H), 1.50 (d, J=6.4 Hz, 3H); >*C NMR
(75 MHz, CDCl;) 6 141.7, 136.1, 128.7, 128.6, 126.2,
107.4, 93.1, 83.2, 58.9, 24.3; C1,H;,0: calcd C 83.69, H
7.02. Found C 83.87, H 7.18.
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3.2.23. 2-Ethylhex-1-en-3-yn-5-0l (23). From 2-bromobut-
I-ene (0.102 mL, 1 mmol) and but-1-yn-3-ol (0.157 mL,
2 mmol), product 23 was obtained in 56% (0.069 g) yield.
"H NMR (300 MHz, CDCls) 6 5.28 (s, 1H), 5.22 (s, 1H),
4.65 (q, J=6.4 Hz, 1H), 2.14 (q, J=7.5 Hz, 2H), 1.88 (s,
1H), 1.47 (d, J=6.4 Hz, 3H), 1.07 (t, J=7.5 Hz, 3H); °C
NMR (75 MHz, CDCl3) 6 132.6, 120.2, 90.7, 84.4, 58.8,
30.2, 24.4, 12.7; CgH,,0: calcd C 77.38, H 9.74. Found C
77.54, H 9.57.

3.2.24. (Z)-1-Phenylhex-1-en-3-yn-5-o0l (24a) and (E)-1-
phenylhex-1-en-3-yn-5-0l (24b). From f-bromostyrene
(0.128 mL, 1 mmol) and but-3-yn-1-ol (0.151 mL,
2 mmol), products 24a/24b (10/90) were obtained in 97%
(0.167 g) yield. Compound 24a. '"H NMR (300 MHz,
CDCly) 6 7.40-7.24 (m, 5H), 6.62 (d, J=12.0 Hz, 1H),
5.87 (d, J=12.0 Hz, 1H), 3.76 (t, J=6.3 Hz, 2H), 2.64 (t,
J=6.3 Hz, 2H), 2.44 (s, 1H). 24b. '"H NMR (300 MHz,
CDCl3) 6 7.40-7.24 (m, 5H), 6.90 (d, J=16.4 Hz, 1H), 6.14
(d, J=16.4 Hz, 1H), 3.76 (t, J=6.3 Hz, 2H), 2.64 (t, J=
6.3 Hz, 2H), 2.44 (s, 1H).

3.2.25. 1,1,2-Triphenylhex-1-en-3-yn-5-0l (25). From
bromotriphenylethylene (0.335 g, 1 mmol) and but-3-yn-1-
ol (0.151 mL, 2 mmol), product 25 was obtained in 78%
(0.253 g) yield. Thick oil; '"H NMR (300 MHz, CDCls) ¢
7.50-7.37 (m, 2H), 7.35-7.28 (m, 5H), 7.17-7.10 (m, 6H),
6.98 (m, 2H), 3.55 (t, J=5.8 Hz, 2H), 2.50 (t, J=5.8 Hz,
2H), 1.50 (s, 1H); '*C NMR (75 MHz, CDCl;) 6 149.0,
142.8, 141.4, 139.6, 130.6, 130.0, 129.4, 128.0, 127.8,
127.7,127.3,127.1, 126.8, 121.5,93.5, 83.4, 61.8, 21.2; MS
(70 eV); m/z (%): 324 (M™*", 100), 293 (10), 215 (14);
C,4H5(O: caled C 88.85, H 6.21. Found C 88.74, H 6.35.

3.2.26. 2-Ethylhex-1-en-3-yn-5-ol (26). From 2-bromobut-
l-ene (0.102 mL, 1 mmol) and but-3-yn-1-ol (0.151 mL,
2 mmol), product 26 was obtained in 83% (0.103 g) yield.
Thick oil; "H NMR (300 MHz, CDCl5) 6 5.22 (s, 1H), 5.16
(s, 1H), 3.71 (t, J=6.2 Hz, 2H), 2.58 (t, /=6.2 Hz, 2H),
2.12 (g, J=7.1 Hz, 2H), 1.06 (t, J=7.1 Hz, 3H); '*C NMR
(75 MHz, CDCl;) 6 133.1, 119.4, 85.9, 82.9, 61.1, 30.5,
23.7, 12.8; MS (70 eV); m/z (%): 124 (M ™", 69), 79 (100);
CgH,0: calcd C 77.38, H 9.74. Found C 77.50, H 9.70.

3.2.27. 5-Methylenhept-3-yn-1,7-diol (27). From 3-bromo-
but-3-en-1-ol (0.099 mL, 1 mmol) and but-3-yn-1-ol
(0.151 mL, 2 mmol), product 27 was obtained in 96%
(0.134 g) yield. Thick oil; '"H NMR (300 MHz, CDCls) ¢
5.33 (s, 1H), 5.23 (s, 1H), 3.75 (t, J=6.3 Hz, 2H), 3.70 (t,
J=6.2 Hz, 2H), 2.53 (t, J=6.3 Hz, 2H), 2.35 (t, J=6.2 Hz,
2H); '*C NMR (75 MHz, CDCl5) 6 128.6, 123.4, 87.7, 82.5,
61.4, 61.4,40.9, 24.0; MS (70 eV); m/z (%): 140 M ™", 3),
91 (100); CgH,0,: caled C 68.54, H 8.63. Found C 68.61,
H 8.80.

3.2.28. 2,3-Dimethylhept-2-en-4-yn-7-0l (28). From
2-bromo-3-methylbut-2-ene (0.151 mL, 1 mmol) and but-
3-yn-1-ol (0.151 mL, 2 mmol), product 28 was obtained in
85% (0.117 g) yield. Thick oil; "H NMR (300 MHz, CDCls)
0 3.75 (t, J=6.2 Hz, 2H), 2.69 (t, J=6.2 Hz, 2H), 1.89 (s,
3H), 1.76 (s, 3H), 1.70 (s, 3H); '°C NMR (75 MHz, CDCl;)
0139.2, 1114, 86.9, 84.4, 61.4, 23.9, 23.4, 19.7, 18.8; MS

(70 eV); miz (%): 138 (M, 100); CoH,,0: caled C 78.21,
H 10.21. Found C 78.04, H 10.34.

3.2.29. (Z)-1-Phenylhept-1-en-3-yn-7-o0l (29a) and (E)-1-
phenylhept-1-en-3-yn-7-ol (29b). From [-bromostyrene
(0.128 mL, 1 mmol) and pent-4-yn-1-o0l (1.86 mL, 20 mmol),
products 29a/29b (10/90) were obtained in 95% (0.177 g)
yield. Compound 29a. "H NMR (300 MHz, CDCl3) 6 7.36—
7.27 (m, 5H), 6.65 (d, J=11.9 Hz, 1H), 5.87 (d, /J=11.9 Hz,
1H), 3.76 (t, J=6.4 Hz, 2H), 2.26 (t, J=6.3 Hz, 2H), 1.86
(tt, J=6.4, 6.3 Hz, 2H). Compound 29b. 'H NMR
(300 MHz, CDCl3) ¢ 7.36-7.27 (m, 5H), 6.90 (d, J=
16.2 Hz, 1H), 6.14 (d, J=16.2 Hz, 1H), 3.76 (t, J=6.4 Hz,
2H), 2.26 (t, J=6.3 Hz, 2H), 1.86 (tt, J=6.4, 6.3 Hz, 2H).

3.2.30. 1,1,2-Triphenylhept-1-en-3-yn-7-0l (30). From
bromotriphenylethylene (0.335 g, 1 mmol) and pent-4-yn-
1-o0l (1.86 mL, 20 mmol), product 30 was obtained in 98%
(0.331 g) yield. Thick oil; '"H NMR (300 MHz, CDCl;) 6
7.50-7.47 (m, 2H), 7.34-7.26 (m, 5H), 7.13-7.09 (m, 6H),
6.98 (m, 2H), 3.75 (t, J=6.4 Hz, 2H), 2.26 (t, J=6.3 Hz,
2H), 1.86 (tt, J=6.4, 6.3 Hz, 2H); '*C NMR (75 MHz,
CDCly) 6 147.7, 143.0, 141.4, 139.7, 130.9, 130.2, 129.8,
127.8, 127.7, 127.6, 127.4, 127.0, 126.8, 121.8, 93.3, 83.5,
61.4, 30.8, 16.1; MS (70 eV); mlz (%): 338 (M™ ", 100);
C,5H,,0: caled C 88.72, H 6.55. Found C 88.87, H 6.41.

3.2.31. (Z)-Oct-6-en-4-yn-1-0l (31a) and (E)-oct-6-en-4-
yn-1-ol (31b). From I-bromoprop-1-ene (0.085 mL,
1 mmol) and pent-4-yn-1-ol (1.86 mL, 20 mmol), products
31a/31b (40/60) were obtained in 98% (0.122 g) yield.
Compound 31a. '"H NMR (300 MHz, CDCl5) ¢ 5.88 (dq,
J=10.8, 6.8 Hz, 1H), 5.42 (dtq, /=10.8, 1.9, 1.7 Hz, 1H),
3.75 (t, J=6.2 Hz, 2H), 2.46 (td, /=6.9, 1.9 Hz, 2H), 1.75
(m, SH). Compound 31b. 'H NMR (300 MHz, CDCl5) 6
6.05 (dq, /J=15.9, 6.8 Hz, 1H), 5.44 (dtq, /J=15.9, 2.1,
1.7 Hz, 1H), 3.75 (t, J=6.2 Hz, 2H), 2.46 (td, J=6.8,
2.1 Hz, 2H), 1.82 (m, 5H).

3.2.32. 2-Methylhept-1-en-3-yn-7-o0l (32). From 2-bromo-
prop-1-ene (0.088 mL, 1 mmol) and pent-4-yn-1-ol
(1.86 mL, 20 mmol), product 32 was obtained in 90%
(0.112 g) yield. "H NMR (300 MHz, CDCl5) 6 5.20 (s, 1H),
5.14 (s, 1H), 3.76 (t, J=6.3 Hz, 2H), 2.43 (t, J="7.0 Hz,
2H), 1.86 (s, 3H), 1.76 (tt, J=17.0, 6.3 Hz, 2H).

3.2.33. (E,Z)-3-Methyl-7-phenylhepta-2,6-dien-4-yn-1-ol
(33a) and (E,E)-3-methyl-7-phenylhepta-2,6-dien-4-yn-
1-ol (33b). From B-bromostyrene (0.128 mL, 1 mmol) and
(E)-3-methylpent-2-en-4-yn-1-ol (0.192 g, 2 mmol),
product 33a/33b (10/90) were obtained in 88% (0.175 g)
yield. Compound 33a. "H NMR (300 MHz, CDCl5) 6 7.38—
7.24 (m, 5H), 6.63 (d, J=11.8 Hz, 1H), 6.04 (tq, J=06.8,
1.3 Hz, 1H), 5.80 (d, /=11.8 Hz, 1H), 4.24 (d, J=6.8 Hz,
2H), 1.88 (d, J=1.3 Hz, 3H). Compound 33b. '"H NMR
(300 MHz, CDCl3) ¢ 7.38-7.24 (m, 5H), 693 (d, J=
16.0 Hz, 1H), 6.27 (d, J=16.0 Hz, 1H), 6.04 (tq, J=6.8,
1.3 Hz, 1H), 4.24 (d, J=6.8 Hz, 2H), 1.88 (s, 3H); '°C NMR
(75 MHz, CDCl3) ¢ 141.0, 136.2, 135.5, 128.7, 128.5,
126.2, 120.8, 108.0, 93.9, 87.2, 59.0, 17.5; C;4H40: calcd
C 84.81, H 7.12. Found C 84.70, H 7.07.
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3.2.34. (E)-6-Ethyl-3-methylhepta-2,6-dien-4-yn-1-ol
(34). From 2-bromobut-1-ene (0.102 mL, 1 mmol) and
(E)-3-methylpent-2-en-4-yn-1-ol (0.192 g, 2 mmol),
product 34 was obtained in 80% (0.120 g) yield. "H NMR
(300 MHz, CDCl3) 6 5.97 (tq, J=6.8, 1.3 Hz, 1H), 5.26 (s,
1H), 5.20 (s, 1H), 4.20 (d, J=6.8 Hz, 2H), 2.18 (q, /=
7.6 Hz, 2H), 1.84 (d, J=1.3 Hz, 3H), 1.08 (t, /J=7.6 Hz,
3H); >C NMR (75 MHz, CDCl;) 6 135.2, 133.1, 120.8,
119.8, 91.3, 88.1, 59.1, 30.3, 17.5, 12.8; C10H140: calcd C
79.96, H 9.39. Found C 79.87, H 9.50.

3.2.35. (Z)-5,5-Diethoxy-1-phenylpent-1-en-3-yne (35a)
and (E)-5,5-diethoxy-1-phenylpent-1-en-3-yne (35b).
From B-bromostyrene (0.128 mL, 1 mmol) and 3,3-diethoxy-
prop-1-yne (0.287 mL, 2 mmol), products 35a/35b (10/90)
were obtained in 72% (0.166 g) yield. Compound 35a. 'H
NMR (300 MHz, CDCl3) 6 7.40-7.24 (m, 5H), 6.69 (d, J=
12.1 Hz, 1H), 5.80 (d, /=12.1 Hz, 1H), 5.29 (s, 1H), 3.80
(m, 2H), 3.65 (m, 2H), 1.25 (dd, J=7.2, 7.0 Hz, 6H).
Compound 35b. "H NMR (300 MHz, CDCls) 6 7.39-7.29
(m, 5H), 7.01 (d, /=16.2 Hz, 1H), 6.17 (d, J=16.2 Hz,
1H), 5.48 (s, 1H), 3.76 (dq, /=9.5, 7.0 Hz, 2H), 3.61 (dq,
J=9.5, 7.2 Hz, 2H), 1.25 (dd, J=7.2, 7.0 Hz, 6H); *C
NMR (75 MHz, CDCl3) 6 142.7, 135.8, 128.8, 128.6, 126.3,
106.7,91.7, 86.3, 84.4, 60.8, 15.0; C;5H,30,: caled C 78.23,
H 7.88. Found C 78.46, H 7.91.

3.2.36. 5,5-Diethoxy-1,1,2-triphenylpent-1-en-3-yne (36).
From bromotriphenylethylene (0.335 g, 1 mmol) and 3,3-
diethoxyprop-1-yne (0.287 mL, 2 mmol), product 36 was
obtained in 95% (0.363 g) yield. Thick oil; '"H NMR
(300 MHz, CDCl3) 6 7.46-7.44 (m, 2H), 7.33-7.30 (m, 2H),
7.29-7.26 (m, 3H), 7.16-7.08 (m, 6H), 7.03-6.99 (m, 2H),
5.30 (s, 1H), 3.48 (m, 4H), 1.15 (dd, J=7.2, 7.0 Hz, 6H);
3C NMR (75 MHz, CDCl3) 6 150.8, 143.0, 141.5, 139.5,
131.3, 130.6, 130.4, 128.3, 128.2, 128.2, 128.1, 127.8,
127.5,120.9,92.2, 88.3, 87.7, 61.1, 15.5; C27H60,: caled C
84.78, H 6.85. Found C 84.61, H 7.01.

3.2.37. 5,5-Diethoxy-2-ethylpent-1-en-3-yne (37). From
2-bromo-but-1-ene (0.102 mL, 1 mmol) and 3,3-diethoxy-
prop-1-yne (0.287 mL, 2 mmol), product 37 was obtained in
70% (0.127 g) yield. '"H NMR (300 MHz, CDCl5) 6 5.36 (s,
1H), 5.34 (s, 1H), 5.25 (s, 1H), 3.73 (dq, J=9.4, 7.2 Hz,
2H), 3.58 (dq, J=9.4, 7.0 Hz, 2H), 2.16 (q, J=7.5 Hz, 2H),
1.22 (dd, J=7.2, 7.0 Hz, 6H), 1.06 (t, J=7.5 Hz, 3H); '°C
NMR (75 MHz, CDCls) ¢ 132.0, 121.4, 91.6, 85.6, 84.0,
60.7, 29.9, 15.0, 12.6; C;;H;30,: caled C 72.49, H 9.95.
Found C 72.40, H 9.82.

3.2.38. 5,5-Diethoxy-2-methylpent-1-en-3-yne (38). From
2-bromoprop-1-ene (0.088 mL, 1 mmol) and 3,3-diethoxy-
prop-1-yne (0.287 mL, 2 mmol), product 38 was obtained in
68% (0.114 g) yield. "H NMR (300 MHz, CDCl5) 6 5.37 (s,
1H), 5.36 (s, 1H), 5.27 (s, 1H), 3.75 (dq, J=9.6, 7.2 Hz,
2H), 3.58 (dq, J=9.6, 7.0 Hz, 2H), 1.89 (s, 3H), 1.24 (dd,
J=7.2, 7.0 Hz, 6H); °C NMR (75 MHz, CDCl3) 6 125.7,
123.3, 91.8, 86.4, 83.3, 60.8, 23.1, 15.1.

3.2.39. (2,3-Dimethylhex-2-en-4-yn-6-yl)dipropylamine
(39). From 2-bromo-3-methylbut-2-ene (0.151 mL,
1 mmol) and 1,1-dipropyl-2-propynylamine (0.349 mL,
1 mmol) product 39 was obtained in 63% (0.131 g) yield.

Thick oil; 'H NMR (300 MHz, CDCl3) 6 3.55 (s, 2H), 2.43
(t, J=7.6 Hz, 4H), 1.92 (s, 3H), 1.79 (s, 3H), 1.72 (s, 3H),
1.48 (tq, J=17.6, 7.3 Hz, 4H), 0.89 (t, J=7.3 Hz, 6H); '°C
NMR (75 MHz, CDCl3) 6 138.9, 111.6, 86.7, 85.4, 55.8,
42.6,23.5,20.7,19.7, 18.9, 11.9; MS (70 eV); m/z (%): 208
(M™", 18), 178 (100); C4H,sN: caled C 81.09, H 12.15.
Found C 80.90, H 12.28.

Registry No.: 1a, 13343-78-7; 1b, 13343-79-8; 2,21979-82-
8; 3, 10469-89-3; 4, 732284-08-1; 5, 124475-73-6; 6a,
31552-04-2; 6b, 31552-03-1; 7, 1463-04-3; 8a, 845749-45-
3; 8b, 220185-68-2; 12a, 171781-58-1; 12b, 243870-53-3;
13, 71313-54-7; 16a, 374897-65-1; 16b, 103606-73-1; 19,
6822-09-9; 20a, 845749-46-4; 22a, 180787-32-0; 24,
53081-56-4; 29a, 114092-63-6; 29b, 114092-61-4; 31,
258819-00-0; 32, 69719-47-7; 38, 32365-41-6.
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Abstract—New synthetic pathways have been elaborated to 1-methyl-1H-pyridazino[3,4-b]indoles starting from halopyridazin-3(2H)-ones.
Suzuki cross-coupling reaction of chloro, iodo, dichloro, and dibromo substituted pyridazin-3(2H)-ones with 2-pivaloylaminophenylboronic
acid followed by hydrolysis of the amide and subsequent ring closure via condensation gave fused indoles. Some of these compounds showed

biological activity as antitrypanosomal agents.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

As a continuation of our earlier investigations, novel
efficient pathways were developed for substituted
1-methyl-1H-pyridazino[3,4-b]indoles starting from halo-
pyridazin-3(2H)-ones.! The area of these methylated
pyridazino-fused indoles seemed particularly interesting as
we have noticed some structural similarity between
neocryptolepine (A) and the 1-methyl-1H-pyridazino[3,4-
blindole (B) ring system (Fig. 1).

Naturally occurring tetracyclic indolo[3,2-b]quinoline alka-
loid cryptolepine as well as its [2,3-b] fused isomer
neocryptolepine, isolated from a decoction of the root of
Cryptolepis sanguinolenta,”™® showed antitrypanosomal
and antiplasmodial activity and have been used as lead
compounds for new therapeutic agents.” Introduction of
halogen or nitro substituents has resulted in more active
and/or more selective antiplasmodial agents.” Importantly,
the ‘debenzo’ derivative of cryptolepine, that is, 1-methyl-
d-carboline, showed a much better selectivity index
(cytotoxicity/antiplasmodial activity) than cryptolepine

Keywords: Fused pyridazines; Fused indoles; Ring closure; Suzuki

coupling; Antitrypanosomal activity.

* Corresponding author. Tel.: +36 1 3257550; fax: +36 1 3257863;
e-mail: zriedl @chemres.hu

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. The structural similarity of neocryptolepine (A) and 1-methyl-
1H-pyridazino[3.,4-blindole (B) ring systems.

itself.* This finding prompted us to make efforts to
synthetize substituted 1-methyl-1H-pyridazino[3,4-
blindoles and to investigate their antiplasmodial and
antitrypanosomal activity.

2. Discussion

Earlier we found that 2-substituted 4,5-dichloropyridazin-
3(2H)-ones undergo non-selective Suzuki cross-coupling
reaction with arylboronic acids under classical Suzuki
conditions resulting in a mixture of mono- and diaryl-
substituted pyridazin-3(2H)-ones.” Recently, on 4,5-
dichloro-2-methylpyridazin-3(2H)-one (1) a C-5 selectivity
was observed in the coupling reaction with phenylboronic
acid using Pd(PEt3),Cl, as precatalyst and 1 M Na,COj3 as
base in DMF.® Unfortunately, the general applicability of
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these optimized reaction conditions remain unknown.
Alternatively, in order to achieve selective arylation we
earlier introduced the strategy of ‘provisionally masked
functionalities” (PMFs).' For this purpose 1 was converted
into chloro-methoxy substituted pyridazin-3(2H)-ones (2,
3)’ by nucleophilic substitution and into 5-iodo-2-methyl-
pyridazin-3(2H)-one @)°® by halogen exchange followed by
hydrodeiodination (Scheme 1).

e iﬁi(

Scheme 1.

In this paper our efforts towards the synthesis of substituted
1-methyl-1H-pyridazino[3,4-b]Jindoles starting from (sub-
stituted) mono- and dihalopyridazin-3(2H)-ones are sum-
marized. To the best of our knowledge, only very limited
literature data are available for derivatives of the 1H-
pyridazino[3,4-blindole ring system.’

First, we attempted the synthesis of the unsubstituted
1-methyl-1H-pyridazino[3,4-b]indole (9) starting from
4-chloro-2-methylpyridazine-3(2H)-one (6). Compound
6'% was synthesized from 1 via reaction with hydrazine

HO. B/OH

©/NHPiv
0

Pd(PPh3), Me .

DME, 10 % Na2003,
reflux, 12 h
91 % 7

N

N

Scheme 2.

HN.

Piv
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followed by hydrodehydrazination of 4-chloro-5-hydrazino-
2-methyl-pyridazin-3(2H)-one with CuSO,, a procedure
that has successfully been applied for the analogous
demethyl derivative.'®® This compound reacted with
2- plvaloylamlnophenP/lboronic acid under the Gronowitz
reaction conditions,'" that is, in a mixture of dimethoxy-
ethane and 10% aqueous sodium carbonate solution using
tetrakis(triphenylphosphine)palladium as catalyst. The
cross-coupling reaction afforded the pivaloyl protected
compound 7'2 in high yield (91%). Compound 7 was
hydrolyzed to the aminophenyl derivative 8 under reaction
conditions previously reported by us.'* This compound—
due to the proximity of the amino and oxo functions—
underwent smooth condensation reaction in boiling phos-
phoryl chloride yielding the desired 1-methyl-1H-pyrida-
zino[3,4-blindole (9) as red crystals (Scheme 2).13

4,5-Dichloro-2-methylnitropyridazin-3(2H)-one (10) was
synthesized from 1 by a nitration reaction.'* Also on this
substrate we observed that cross-coupling reaction with
phenylboronic acid gave some diphenyl-substituted pyr-
idazin-3(2H)-one (11) indicating the non-selective nature of
the reaction. In order to realize the desired C-4 selective
phenylation we used 4-iodo-2-methyl-6-nitropyridazin-
3(2H)-one (12) which can be simply prepared from 4,5-
dichloro-2-methyl-6-nitropyridazin-3(2H)-one (10) by
reaction with sodium iodide in refluxing DMF.®*

When 12 was subjected to cross-coupling with 2-pivaloy-
laminophenylboronic acid and 5-chloro-2-pivaloylamino-
phenylboronic acid, 2-methyl-4-(2-pivaloylaminophenyl)-
6-nitropyridazin-3(2H)-one (13a) and 2-methyl-4-(5-
chloro-2-pivaloylaminophenyl)-6-nitropyridazin-3(2H)-one
(13b), respectively, were obtained in good yield (Scheme 3).
After hydrolytic removal of the pivaloyl protecting group
the corresponding anilino compounds (14a,b) were
obtained. These compounds were cyclized by the procedure
described above for the synthesis of derivative 9 to yield
1-methyl-3-nitro-1H-pyridazino[3,4-b]indole (15a) and
6-chloro-1-methyl-3-nitro- 1 H-pyridazino[3,4-b]indole (15b).

Interestingly, 2-methyl-2,5-dihydro-1H-pyridazino[4,5-
blindol-1-ones (17a,b) could also be prepared starting

0]
Me.
e N |
H2$O4 (65 %), N s NH,
110-120 °C, 6h
87 % 8
POCI3, reflux, 2h
87 %
N
Me 4
\’T‘ |
N
9
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HO .OH

© 2 equiv.
Pd(PPh3)4
DME, 10 % Na2003
reflux,10 h
71 %

N HN. H2SO4 (65 %),
110-120 °C, 6h

a:71 %, b: 84 %

olo |
Q|I|><

Scheme 3.

from 14a.b using our earlier developed method for the
synthesis of isomeric 3 methyl 3,5-dihydro-4H-pyrida-
zino[4,5-blindol-4-ones:'® (i) first azides 16a,b were
prepared from the corresponding anilines 14a,b (ii) upon
heating of these compounds in xylene the desired ring
closed products (17a,b) were obtained via formation of an
electrophilic nitrene. It is remarkable that the pyrrole ring
formation occurs so smoothly taking into account the
electron deficient nature of C-5 of 16a,b. This is due to the
fact that C-5 is part of an o,B-unsaturated lactam system,
and the inductive effect of the nitro group.

HO. __OH
0.5-0

NHPiv Piv
1

HN
O

iﬂ

Me . Me\

:: N3
a: 36 %, b: 53% 02

HO.__OH
B
NHPiv

Pd(PPh3)4

DME, 10 % NagCOS,
reflux,10 h

64-70 %
NH2 POCI;, reflux, 2h

a: 43 %, b: 44 %

14 15

N

25 %

Me\
Nal/DMF N\
reflux, 8 h

NOQ

1) HNO,
2) NaNj
41-67 %

xerne
reflux, 22 h,

16 17

From a medicinal chemistry point of view, synthesis of
derivatives having halogen substituents on the pyridazine
ring are of interest and further efforts on 4,5-dihalo-2-
methylpyridazin-3(2H)-one substrates seemed desirable.
Therefore, we tried to follow a reaction pathway for the
synthesis of 1H-pyridazino[3,4-b]indole 21 starting from 1
(Scheme 4). However, as could be expected Suzuki
arylation of 1 with 2-pivaloylaminophenylboronic acid
was not selective. After tedious column chromatography
on silicagel some fractions of pure compounds 18, 19 and 20
could be obtained. Structures of regioisomers 18 and 19

Me.
Pd(PPhg)s_ Me. N Py M
DME, 10 % NaQCOg,Y N - | N + N~
reflux, 24 h Cl O
l 3 steps: Suzuki arylation, 18 (9.5 %) . HN
ldeprotectlon condensation ° 19 (17 %) Piv
20 (10 %)
e, o o
N | + Me\N N Me\N
NN o + o
cl N N~y
H
(22 %) 22 23
N J
Y
15 %

Scheme 4.
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HO. ;.OH
NHPiv
0
Me. | Br Pd(PPhg)s Ve
| B ———_ \N
Nx Br DME, 10 % Na,CO3,  p
24 reflux, 12 h
Scheme 5.
0
Me.
25 N
SOy (65 %), Nx g, NH2
110-120 °C, 6h 27
88 %
Scheme 6.

were proven by COSY, HETCOR and long-range HETCOR
measurements.

Because of the purification problems experienced with the
reaction mixture from the Suzuki reaction on 1, the crude
reaction mixture (i.e., the mixture of 18, 19, and 20) was
subjected to two subsequent reaction steps (deprotection
and ring closure) without isolation of the respective
intermediates. Although the final reaction mixture was
fairly complex, separation of 4-chloro-1-methyl-1H-pyr-
idazino[3.4-bJindole (21) by chromatography was greatly
facilitated by its bright orange-red colour. The overall yield
of the three steps was 22%.

Furthermore, two unexpected ring closure products (22 and
23) were also detected and a mixture of these pyridazinoin-
doles was isolated in 15%. The 'H NMR spectrum (H-6 signals
of the pyridazin-3(2H)-one moiety) of this mixture indicated
that the ratio of 22 and 23 was 4:1, respectively. Both
regioisomers could easily be identified since these compounds
(22 and 23) have alreadiy previously been synthesized by us via
an independent route,"” and their NMR-spectra were therefore
available for comparison. Their formation can be rationalized
by intramolecular nucleophilic substitution (addition—elimin-
ation reaction) of the corresponding anilines formed by
deprotection of 18 and 19.

In contrast to the difficulties experienced with the dichloro
compound 1, more favourable results have been obtained

Fl’iv
HN O
Me. Br :
N | HN/PIV
| +  Na
Br
25 (18 %) 26 (38 %)
N
|
Me .

POCIy reflux, 2h  Nx g,
75% 08

with the analoguous 4,5-dibromo-2-methylpyridazin-3(2H)-
one 24.'"° Coupling of 24 with 2-pivaloylaminophenyl-
boronic acid under the same condition as applied with the
synthesis of 7, 13, and 18 yielded a mixture of two
regioisomeric aryl-bromopyridazin-3(2H)-ones (25 and 26)
which, could be easily separated by a simple treatment with
diethyl ether. When diethylether was added precipitation of
only one of the two isomers namely 4-bromo-2-methyl-
5-(2-pivaloyl-aminophenyl)pyridazin-3(2H)-one  (26)
occured. Chromatography on silicagel of the mother liquor
yielded regioisomeric 5-bromo-2-methyl-4-(2-pivaloyl-
aminophenyl)pyridazin-3(2H)-one (25) in pure form
(Scheme 5). Its structure was identified by HETCOR and
long-range HETCOR measurements (a long-range coupling
of both H-6 and H-6'? with the quaternary C-4 was observed).

The further transformation of 25 was carried out in a similar
way as used for the synthesis of 9, 15, and 21. Thus,
hydrolysis of the pivaloyl group of 25 gave the anilino
substituted derivative 27 in good yield (Scheme 6). This
compound smoothly underwent condensation reaction in
boiling phosphoryl chloride yielding 4-bromo-1-methyl-
1 H-pyridazino[3,4-bJindole (28) as bright orange crystals.

Compounds 9, 15a, 21 and 28 were selected for biological
tests. Antiprotozoal activities against Trypanosoma brucei
rhodesiense, Trypanosoma cruzi, Leishmania donovani,
Plasmodium falciparum (chloroquine-resistant), and cyto-
toxicity on human L6 cells, are listed in Table 1. Compound

Table 1. Antitrypanosomal, antileishmanial, antiplasmodial and cytotoxic (L6 cells) activity (ICsq, pg/ml)

Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

Leishmania donovani
(axenic amastigotes)

Plasmodium
falciparum K1

Cytotoxicity (L6 cells)

28 0.83£0.10 82+12
15a 247+£0.11 0.24£0.05
21 0.2010.01 234

9 26.1 >90
Positive control® 0.0023 0.39

15.87£1.05 3.2240.95 4.8040.75
6.1+3.0 4.49+0.10 295+42
0.71% >5 2.4140.50
>30 >5 nt®

0.25 0.065 0.003

* Antileishmanial activity of compounds showing an ICso<1 pg/ml in the assay on axenic amastigotes is confirmed in an assay on infected macrophages.
However, for 21 this determination was not possible due to cytotoxicity on the host cells.

b nt, not tested.

¢ Positive controls used were: Melarsoprol for T. b. rhodesiense, benznidazole for T. cruzi, miltefosine for Leishmania donovani, chloroquine for P. falciparum

and podophyllotoxin for L-6 cells.
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9 shows no significant biological activity in the assays used.
Introduction of a nitro-substituent in position 3, as in 15a,
results in a pronounced increase of the antitrypanosomal
activity, especially against 7. cruzi (ICso<1 pg/ml).
Introduction of a halo-substituent in position 4 on the
other hand, as in 21 or 28, leads to a high antitrypanosomal
activity against 7. b. rhodesiense (IC5q <1 pg/ml). In case
of the chloro-derivative 21 also antileishmanial activity is
observed against L. donovani axenic amastigotes. In an
assay in infected macrophages, however, the antileishma-
nial activity could not be confirmed. From this limited and
preliminary structure—activity relationship study it appears
that this class of compounds deserves further attention as
potential antitrypanosomal agents.

3. Conclusion

The obtained results reveal that the easily accessible
2-methyl-4,5-dichloropyridazin-3(2H)-ones (1, 10) can
serve as suitable precursors for the synthesis of 4-mono-
arylated pyridazin-3(2H)-ones by using Suzuki arylation in
two ways: (i) via the 2-methyl-4-chloropyridazin-3(2H)-one
(6) and (ii) via the 4-iodo-2-methyl-6-nitropyridazin-3(2H)-
one (12). When 2-methyl-4,5-dihalopyridazin-3(2H)-ones
(1, 10, 24) are directly used in Suzuki arylation reactions
under Gronowitz conditions, using a small excess of
arylboronic acid, at least a mixture of two monoarylated
pyridazin-3(2H)-ones is obtained (also often diarylated
pyridazin-3(2H)-one is formed). If an ortho amino group is
present on the phenyl ring in position 4 of the pyridazin-
3(2H)-one cyclization can take place upon heating with
POCl; yielding 1-methyl-1H-pyridazino[3,4-b]indole
derivatives. This reaction pathway represents a new
approach to the parent tricyclic ring system. The anti-
protozoal screening results show that 1-methyl-1H-pyrida-
zino[3,4-blindoles deserve further attention as potential
antitrypanosomal agents.

4. Experimental

Melting points were determined on a Biichi apparatus and
are uncorrected. The IR data were obtained with a Thermo
Nicolet AVATAR 320 FT-IR or a Bruker Vector 22
spectrometer. The NMR spectra were recorded on a Varian
spectrometer (200 or 400 MHz for 'H and 50 or 100 MHz
for >C) and a Bruker Avance-500 instrument (500 MHz
for '"H and 125 MHz for '>C). For mass-spectrometric
analysis, samples were dissolved in CH3OH containing
0.1% formic acid and diluted to a concentration of
approximately 10> mol/L. One micro-litre injection was
directed to the mass spectrometer at a flow rate of 5 pL/min
(CH;0H, 0.1% formic acid), using a CapLC HPLC system
(Waters, Millford). Accurate mass data were acquired on a
quadrupole-time-of-flight mass spectrometer (Q-Tof-II,
Micromass, Manchester, UK) equipped with a standard
electrospray ionisation (ESI) interface. Cone voltage
(approx. 35V) and capillary voltage (approx. 3.3 kV)
were optimized on one compound and used for all others.
For the determination of the accurate mass of the molecular
ion [M+H]™", a solution of polyethylene glycol 300 in
CH;0OH/H,0 with 1 mmol ammonium acetate, was added

just before the mass spectrometer (at a rate of 1 pL/min) to
the mobile phase. The calculated masses of PEG [IM+H]"
and [M+NH4]+ ions were used as lock mass.

Antiprotozoal evaluation and determination of cytotoxicity
was carried out as described before.'” Only compounds
showing ICsy <1 pg/ml were tested in duplicate or
triplicate (mean + SD).

4.1. General procedure for the synthesis of arylpyrida-
zin-3(2H)-ones (7, 13a, 13b, 18, 19, 20, 25, 26)

A mixture of the appropriate halogen substituted 2-methyl-
pyridazin-3(2H)-one (2 mmol, 1: 0.358 g, 6: 0.289 g, 12:
0.562 g, 24: 0.536 g) and tetrakis(triphenylphosphine)palla-
dium(0) (0.10 mmol, 0.116 g) in dimethoxyethane (12 mL)
was stirred for 30 min at room temperature under argon.
Then, 2-pivaloylaminophenylboronic acid (2.4 mmol,
0.532 g) or 5-chloro-2-pivaloylaminophenylboronic acid
(2.4 mmol, 0.612 g) and aqueous sodium carbonate solution
(4 mL, 10%) was added and the mixture was refluxed (oil
bath temp. 97 °C) under an argon atmosphere for 6-24 h.
The reaction mixture was cooled and poured onto ice-water
(20 mL) and extracted with chloroform (320 mL). The
combined organic fractions were dried over anhydrous
MgSO, and evaporated under reduced pressure. The
purification of the crude reaction mixtures is indicated
below.

4.1.1. 2-Methyl-4-(2-pivaloylaminophenyl)pyridazin-
3(2H)-one (7). The evaporated crude product was purified
by column chromatography (eluent: EtOAc—CH,Cl, 1:9).

Yield: 0.525 g, 92%: mp: 142144 °C; IR (KBr) vpay: 3290,
2962, 1666, 1638, 1606, 1590, 1512, 1476, 1448, 1400,
1368, 1296, 1270, 1240, 1170, 876, 754, 610cm™"; oy
(CDCl3, 400 MHz): 9.20 (br s, 1H, NH), 7.92 (d, 1H, J=
42 Hz, H-6),7.78 (d, 1H, J=8.0 Hz, H-3' or H-6'), 7.47 (m,
1H, H-4' or H-5"), 7.31 (d, J=4.2 Hz, H-5), 7.24 (m, 2H,
H-3' or H-6/, H'-4 or H-5"), 3.95 (s, 3H, CH3), 1.22 (s, 9H,
C(CHs)); éc (CDCly, 100 MHz): 177.4, 160.8, 140.8,
137.0, 136.8, 131.9, 130.6, 130.1, 128.5, 126.3, 125.4, 41.3,
39.4, 27.5. MS (ESI): 185, 202; HRMS (ESI) Calcd for
C16H19N302 2851447, found: 285.1459.

4.1.2. 2-Methyl-6-nitro-4-(2-pivaloylaminophenyl)pyri-
dazin-3(2H)-one (13a). Recrystallization from acetonitrile
yielded 0.462 g of product (70%); mp 187-188 °C; IR (KBr)
Vmax: 3568, 3424, 3242, 2966, 2934, 2870, 1682, 1638,
1580, 1534, 1516, 1476, 1442, 1360, 922, 788, 750 cm ™ !;
ou (CDCl3 200 MHz): 8.60 (s, 1H, NH), 8.19 (s, 1H, H-5),
7.75 (m, 1H, H-3' or H-6'), 7.58-7.49 (m, 1H, H-4' or H-5'),
7.32-7.26 (m, 2H, H-4' or H-5', H-3' or H-6'), 4.04 (s, 3H,
CH3), 1.21 (s, 9H, C(CHs)3); 6c (CDCl3; 50 MHz): 171.3
(OCC(CH3)5), 160.4 (C-3), 146.2 (C-6), 142.7 (C-2"), 136.9
(C-4), 131.4 and 130.8 (C-4',6"), 127.5 (C-1"), 127.0, 126.1,
125.9 (C-5, 3')5"), 42.3 (CH3), 39.5 (C(CHs);), 27.5
(C(CH3)3). Anal. Calcd for C;¢H;gN,O, (330.34): C,
58.17; H, 5.49; N, 16.96. Found: C, 58.12; H, 5.48; N,
17.02. MS (ESI): 146, 185, 233, 234, 261; HRMS (ESI)
Calcd for C;¢H;sN4O, [M+H] "331,1406, found 331,1407.
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4.1.3. 4-(5-Chloro-2-pivaloylaminophenyl)-2-methyl-6-
nitropyridazin-3(2H)-one (13b). Recrystallization from
acetonitrile yielded 0.467 g of product (64%); mp 180-
181 °C; IR (KBr) vax: 3568, 3436, 3274, 2964, 2932, 2872,
1682, 1644, 1586, 1500, 1480, 1402, 1362, 928, 788,
754 cm ™" 6y (CDCl5 200 MHz): 8.53 (s, 1H, NH), 8.19 (s,
1H, H-5), 7.71 (d, 1H, J34=8.6 Hz, H-3"), 7.48 (dd,
J3/,4/:8.6 HZ, J4/,6’:2'4 HZ, 1H, H—4/), 7.31 (d, J4',6’:
2.4 Hz, 1H, H-6'), 4.04 (s, 3H, CH3), 1.20 (s, 9H, C(CH3)5);
oc (CDCl; 50 MHz): 177.3 (OCC(CHz);3), 160.1 (C-3),
146.0 (C-6), 141.1 (C-2"), 135.6 (C-4), 131.3 (C-5'), 131.2
and 130.3 (C-4', and —6'), 128.8 (C-1"), 128.2 and 126.2
(C-3', and -5), 42.3 (CH3), 39.5 (C(CH3)3), 27.4 (C(CH3)3).
HRMS (ESI) Calcd for C;6H;sCIN,O, [M+H]*365.1017,
found 365.1024.

4.1.4. 5-Chloro-2-methyl-4-(2-pivaloylaminophenyl)pyr-
idazin-3(2H)-one (18). The crude reaction mixture was
purified by flash column chromatography on silica using a
CH,Cl,—MeOH 100:0.5 mixture as the eluent.

Yield: 0.063 g, 9.8%; mp: 120-124 °C; IR (KBr) vpax:
3487, 3335, 2967, 1670, 1637, 1605, 1515, 1486, 1447,
1370, 1295, 1255, 1210, 1170, 1016, 957, 779, 752, 743,
712,635 cm ™ !; oy (CDCl3, 400 MHz): 8.16 (br s, 1H, NH),
7.91 (s, 1H, H-6), 7.80 (dd, 1H, J=8.7, 1.1 Hz, 1H, H-3' or
H-6'),7.45(ddd, 1H,J=7.8,7.5, 1.7 Hz, H-4' or H-5"), 7.31
(dd, 1H, J=7.8, 1.7 Hz, H-3/ or H-6'), 7.23 (ddd, 1H, J=
8.7, 7.6, 1.2 Hz, H-4' or H-5"), 3.87 (s, 3H, CH3), 1.18 (s,
9H, C-(CHs;)3); dc (CDCls, 100 MHz):176.9, 159.4, 138.0,
137.5, 136.9, 136.8, 130.8, 130.4, 126.1, 125.2, 124.9, 40.9,
394, 27.4. MS (ESI): 322, 320, 304, 284, 228, 200, 57,
HRMS (ESI) Calcd for C;¢H;oCIN;O, [M+H] 7320.1166,
found 320.1158.

4.1.5. 4-Chloro-2-methyl-5-(2-pivaloylaminophenyl)pyr-
idazin-3(2H)-one (19). The crude reaction mixture was
purified by flash column chromatography on silica using a
CH,Cl,—MeOH 100:0.5 mixture as the eluent.

Yield: 0.110 g, 17%; mp: >150 °C (decomposition); IR
(KBr) vipax: 3340, 1682, 1646, 1579, 1520, 1479, 1442,
1284, 1156, 1025, 873, 768, 755, 728, 674cm™'; oy
(CDCls, 400 MHz): 7.80 (dd, 1H, J=8.7, 1.2 Hz, H-3' or
H-6'), 7.69 (s, 1H, H-6), 7.52 (br s, 1H, NH), 7.50 (dd, 1H,
J=17., 7.6 Hz, H-4' or H-5'), 7.32 (ddd, 1H, J=38.7, 7.6,
1.2 Hz, H-4' or H-5"), 7.24 (dd, 1H, J=7.7, 1.3 Hz, H-3' or
H-6'), 3.83 (s, 3H, CH3), 1.18 (s, 9H, C(CH3)3); 6c (CDCls,
100 MHz): 176.9, 157.3, 140.1, 137.1, 134.8, 133.7, 130.6,
128.9, 127.4, 125.9, 125.6, 41.0, 39.4, 27.4. MS (ESI): 322,
320, 304, 302, 246, 238, 236, 200, 85, 58, 57; HRMS (ESI)
Caled for C;¢H;oCIN;O, [M+H]"320.1166, found:
320.1156.

4.1.6. 2-Methyl-4,5-bis(2-pivaloylaminophenyl)pyrida-
zin-3(2H)-one (20). The crude reaction mixture was
purified by flash column chromatography on silica using a
CH,Cl,—MeOH 100:0.5 mixture as the eluent.

Yield: 0.095 g, 10%; mp: >215°C (decomposition); IR
(KBr) vpax: 3325, 2962, 2926, 1675, 1616, 1601, 1576,
1505, 1479, 1444, 1368, 1298, 1262, 1161, 1019, 771,
747 cm ™ '; 6y (CDCls, 400 MHz): 8.44 (br s, 1H, N-H),

7.82 (s, 1H, H-6), 7.65 (br d, J=8.1 Hz, 1H), 7.59 (brd, J=
8.2 Hz, 1H), 7.36 (br's, 1H, N-H), 7.24 (br m, 2H), 7.05 (br
d,J=7.6 Hz, 1H), 6.95 (brt, J=7.1 Hz, 1H), 6.89 (brt, J=
7.6 Hz, 1H), 6.75 (br d, J=7.5 Hz, 1H), 3.94 (s, 3H, CH3),
1.29 (s, 9H, C(CHs)3), 1.21 (s, 9H, C(CHz)3); d¢ (CDCls,
100 MHz): 177.4, 176.7, 160.6, 141.6, 138.2, 137.9, 137.7,
134.9, 131.6, 130.9, 129.8, 128.6, 128.2, 127.0, 126.3,
125.5, 125.3, 124.7, 41.0, 39.6, 39.3, 27.6, 27.5. MS (ESI):
377, 359, 304, 303, 293, 57; HRMS (ESI) Calced for
Ca7H33N,05 [M+H] +461.2553, found: 461.2534.

4.1.7. 5-Bromo-2-methyl-4-(2-pivaloylaminophenyl)pyr-
idazin-3(2H)-one (25). The crude reaction mixture was
suspended with diethyl ether (5 mL), the white precipitated
solid was removed by filtration. This etheral mother liquor
was subjected to column chromatography (silica, eluent:
chloroform-methanol 100:1 mixture) and the product was
recrystallized from an ether—hexane mixture.

Yield: 0.131 g, 18%; mp: 114-116 °C; IR (KBr) vppax: 3338,
3065, 3032, 2966, 1674, 1639, 1604, 1507, 1486, 1463,
1435, 930, 756 cm ™~ '; 6y (CDCls, 400 MHz): 8.06 (br's, 1H,
NH), 8.02 (s, 1H, H-6), 7.79 (dd, J=8.2, 1.1 Hz, 1H, H-3'),
7.45 (ddd, J=17.8, 7.5, 1.5 Hz, 1H, H-4"), 7.30 (dd, J=17.8,
1.5 Hz, 1H, H-6'), 7.24 (ddd, J/=17.8, 7.6, 1.2 Hz, 1H, H-5"),
3.82 (s, 3H, CHj3), 1.18 (s, 9H, C(CH3)3); 6c (CDCls,
100 MHz):176.8 (CO), 159.0 (C-3), 139.6 (C-4), 1394
(C-6), 136.4 (C-2"), 130.6, 130.4 (C-5',6"), 129.2 (C-5),
127.1 (C-1"), 125.9 (C-3'), 124.9 (C-4') 40.8 (CH3), 39.4
(C(CH3)3), 27.4 (C(CHs3)3). Anal. Calcd for C;cH;3BrN5;O,
(364.24): C, 52.76; H, 4.98; N, 11.54. Found: C, 52.65; H,
5.12; N, 11.45.

4.1.8. 4-Bromo-2-methyl-5-(2-pivaloylaminophenyl)pyr-
idazin-3(2H)-one (26). The crude reaction mixture was
suspended with diethyl ether (5 mL) and the white
precipitated product was filtered off and recrystallized
from acetonitrile.

Yield: 0.277 g, 38%; mp: 181-186 °C; IR (KBr): Vpax:
3340, 3048, 2975, 1682, 1643, 1579, 1519, 1441, 1282,
1155, 769, 755, 644, cm™'; oy (CDCls, 200 MHz): 7.78
(dd, J=8.1, 1.2 Hz, 1H, H-3' or H-6'), 7.61 (s, 1H, H-6),
7.50 (dd, J=8.1, 7.3 Hz, 1H, H-4' or H-5'), 7.34 (ddd, J=
8.1,7.5, 1.2 Hz, 1H, H-4' or H-5"), 7.25 (br s, 1H, NH), 7.22
(dd, J=7.5, 1.8 Hz, 1H, H-3' or H-6"), 3.89 (s, 3H, CH3),
1.17 (s, 9H, C(CHs)3); o (CDCls, 50 MHz): 176.7, 157.4,
143.4, 136.8, 134.8, 134.2, 130.5, 128.4, 127.6, 125.9,
125.1, 41.3, 39.4, 27.3. Anal. Calcd for C;cH;gBrN;O,
(364.24): C, 52.76; H, 4.98; N, 11.54. Found: C, 52.88; H,
5.08; N, 11.65.

4.1.9. 2-Methyl-6-nitro-4,5-diphenylpyridazin-3(2H)-
one (11). 4,5-Dichloro-2-methyl-6-nitropyridazin-3(2H)-
one (10, 17.50 mmol, 3.92 g) and tetrakis(triphenylphos-
phine)-palladium(0) (0.88 mmol, 1.01 g) as catalyst were
dissolved in anhydrous toluene (90 mL) and the mixture was
stirred at room temperature under argon for 30 min.
Phenylboronic acid (36.0 mmol, 4.39 g) and a solution of
sodium carbonate (2 M, 35 mL) were then added and the
mixture was refluxed for 10 h. The cold mixture was poured
onto ice-water (200 mL), extracted with chloroform (3 X
120 mL), and dried over anhydrous sodium sulphate.
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Evaporation of the organic layer gave a crude product which
was suspended in diethyl ether. The precipitated yellow
crystals were filtered off and recrystallized from ethanol.

Yield: 3.83 g (12.4 mmol), 71%; mp 190.5-191 °C; IR
(KBr1) vmax: 1662, 1592, 1540, 1445, 1372, 1332, 876, 744,
698 cm ™ '; 6 (CDCl; 200 MHz): 7.24-6.98 m, 10H, Ar-H),
3.86 (s, 3H, CH3); 6c (CDCl; 50 MHz): 159.5 (C-3), 149.2
(C-6), 141.2, 135.5, 131.3, 130.9 (C-4,-5,-1'-1"), 129.9—
127.8 (C-2',3'.4',5'6',2" 3" 4" 5" 6"), 4091 (CH3). Anal.
Calcd for C7H3N303 (307.30): C, 66.44; H, 4.26; N,
13.67. Found: C, 66.60; H, 4.16; N, 13.72. MS (ESI): 170,
247; HRMS (ESI) Calcd for C;7H;3N3;0; [M+
H]"308.1035, found 308.1034.

4.2. General procedure for the preparation of amino-
phenyl substituded pyridazin-3(2H)-ones by hydrolysis
(8, 14a, 14b, 27)

A mixture of the appropriate pivaloylaminophenyl pyrida-
zinone (2 mmol, 7: 0.57 g, 13a: 0.66 g, 13b: 0.73 g, 25:
0.72 g) and sulphuric acid (65%, 10 mL) was heated at 110—
120 °C for 6 h. The reaction mixture was cooled down to c.
and diluted with water (50 mL) and the pH of the mixture
was adjusted to 8 by addition of aqueous (25%) ammonia. It
was extracted with dichloromethane (3 X40 mL), and the
organic layer was dried over Na,SO, and evaporated. The
crude product was suspended with ether (10 mL) and the
yellow or orange crystals were filtered off.

4.2.1. 4-(2-Aminophenyl)-2-methylpyridazin-3(2H)-one
(8). Yield: 0.35 g, 87%; mp: 123-126 °C; IR (KBr) vpa:
3442, 3346, 3086, 3042, 2986, 2946, 2892, 1646, 1610,
1568, 1492, 1452, 1402, 1364, 1342, 1310, 1286, 1240,
1156, 1142, 1120, 1002, 872, 788, 752, 616, 594, 542, 520,
470 cm ™~ '; 6y (CDCls, 400 MHz): 7.83 (d, 1H, J=4.2 Hz,
H-6), 7.27 (d, 1H, J=4.2 Hz, H-5), 7.23-7.10 (m, 2H, H-3’,
H-4"), 6.86-6.74 (m, 2H, H-5', H-6"), 4.73 (br s, 2H, NH,),
3.90 (s, 3H, CH3); 6c (CDCls, 100 MHz): 160.2, 146.6,
141.7, 136.2, 131.1 (2C), 130.6, 121.8, 119.0, 117.8, 41.1.
MS (ESI): 114, 128, 130, 185; HRMS (ESI) Calcd for
C,1H,N;0 [M+H]+202.0980, found: 202.0988.

4.2.2. 4-(2-Aminophenyl)-2-methyl-6-nitropyridazin-
3(2H)-one (14a). Yield: 0.35¢g, 71%; mp 217-218 °C
(acetonitrile); IR (KBr) vp..: 3446, 3366, 1648, 1624,
1598, 1586, 1566, 1524, 1488, 1356, 1114, 758 cm ™ '; 6y
(DMSO-ds, 500 MHz): 8.11 (s, 1H, H-5), 7.13 (t, 1H,
Jy 4 =Jy5=7.0Hz, H-4"), 7.10 (d, 1H, J5 ¢ =8.0 Hz, H-
6'), 6.74 (d, 1H, J3 4=7.0 Hz, H-3"), 6.62 (dd, 1H, J5 ¢ =
8.0 Hz, Jy 5=7.0 Hz, H-5'), 5.16 (s, 2H, NH.), 3.82 (s, 3H,
CHs); 6¢c (DMSO-ds, 125 MHz): 159.2 (C-3), 146.6 (C-2"),
145.8 (C-6), 140.0 (C-4), 130.3 (C-4"), 130.2 (C-6'), 125.0
(C-5), 117.4 (C-1"), 115.7 (C-5"), 115.6 (C-3"), 41.3 (CH3).
MS (ESD): 115, 142, 144, 170, 201, 247; HRMS (ESI) Calcd
for C;H;N,O3 [M+H]™" 247.0831, found 247.0820.

4.2.3. 4-(2-Amino-5-chlorophenyl)-2-methyl-6-nitropyr-
idazin-3(2H)-one (14b). Yield: 0.47 g, 84%; mp 249-
249.5 °C (acetonitrile); IR (KBr) vp..: 3420, 3362, 3068,
1654, 1628, 1582, 1526, 1486, 1360, 1260, 834 cm ™ '; 6y
(DMSO-ds, 500 MHz): 8.17 (s, 1H, H-5), 7.16 (dd, 1H,
J3/34/:8.6 HZ, 14',6/:2'2 HZ, H-4l), 7.12 (d, lH, J4/,6/:

2.2 Hz, H-6'), 6.75 (d, 1H, J3/ 4=8.6 Hz, H-3'), 5.35 (s, 2H,
NH,), 3.81 (s, 3H, N-H3); 6c (DMSO-dg, 125 MHz): 159.0
(C-3), 145.7 (C-6), 145.6 (C-2'), 138.3 (C-4), 129.9 (C-4",
129.3 (C-6"), 125.5 (C-5), 118.7 (C-5"), 118.3 (C-1"), 116.9
(C-3'), 41.3 (CH3). Anal. Calcd for C;HyCIN,O5 (280.67):
C, 47.07; H, 3.23; N, 19.96; Cl, 12.63. Found: C, 46.94; H,
3.08; N, 20.00; Cl, 12.69. MS (ESI): 176, 178, 204; HRMS
(ESI) Calcd for C;HoCIN,O; [M+H]"281.0437, found
281.0433.

4.2.4. 4-(2-Aminophenyl)-5-bromo-2-methylpyridazin-
3(2H)-one (27). Yield: 0.49 g, 88%; mp 173-179 °C
(ethanol); IR (KBr) vpa: 3425, 3344, 1647, 1604, 1491,
1453, 1307, 926, 757 cm ™~ '; 6 (CDCls, 200 MHz): 8.00 (s,
1H, H-6), 7.25 (ddd, 1H, J=7.4, 6.0, 1.6 Hz, H-4), 7.08
(dd, J=8.0, 1.4 Hz 1H, H-3"), 6.85 (ddd, 1H, J=17.6, 7.2,
1.0 Hz, H-5"), 6.82 (d, 1H, J=8.0 Hz H-6'), 3.82 (s, 3H,
CH3), 3.82 (s, 2H, NHy); 0c (CDCl3, 50 MHz): 158.3, 144.7,
138.7, 135.0, 130.5, 130.4, 129.0, 118.7, 117.3, 115.6, 40.6.
Anal. Calcd for C;{H;oBrN3O (280.12): C, 47.16; H, 3.60;
N, 15.00. Found: C, 47.04; H, 3.72; N, 15.11.

4.3. General procedure for ring closure reaction by
phosphoryl chloride (9, 15a, 15b, 28)

A mixture of the appropriate aminophenyl compound
(1 mmol, 8: 0.21 g, 14a: 0.25 g, 14b: 0.28 g, 27: 0.28 g)
and phosphoryl chloride (10 mL) was refluxed at 110 °C for
2 h. The reaction mixture was evaporated, the residue was
mixed with ice-cool water (50 mL) and the pH of the
mixture was adjusted to 8 by addition of aqueous (25%)
ammonia. The mixture was extracted with dichloromethane
(3X20mL) and the extract was dried over Na,SOj.
Evaporation of the solvent gave a crude product which
was suspended with ether (5 mL). The red precipitated
crystals were filtered off to give the ring closed product.

4.3.1. 1-Methyl-1H-pyridazino[3,4-blindole (9). Yield:
0.130g; 71%; mp:172-173 °C; IR (KBr) ., 3446,
1630, 1600, 1540, 1492, 1462, 1436, 1416, 1342, 1322,
1262, 1200, 1128, 1108, 1040, 1010, 998, 872, 862, 776,
762, 738 cm ™~ '; 6y (CDCls, 400 MHz): 8.34 (d, 1H, J=
4.6 Hz, H-3), 8.13-8.09 (m, 2H, H-4 and H-8) 7.84 (d, 1H,
J=8.2 Hz, H-5), 7.68 (ddd, 1H, J=38.2, 7.2, 1.2 Hz, H-6),
7.27 (ddd, 1H, J=8.2, 7.2, 1.2 Hz, H-7), 4.54 (s, 3H, CH3);
oc (CDCls, 100 MHz): 155.9, 153.2, 133.9, 133.2, 1314,
122.4,121.1,119.7, 118.5, 118.4, 42.7. MS (ESI): 114, 128,
130, 140, 142, 169, 184; HRMS (ESI) Calcd for CH;oN3
[M+H] " 184.0875, found 184.0867.

4.3.2. 1-Methyl-3-nitro-1H-pyridazino[3,4-b]indole
(15a). Yield: 0.10 g (0.44 mmol), 43%; mp 209-210 °C;
IR (KBr) vpax: 3430, 2924, 1652, 1622, 1554, 1528, 1508,
1356, 1330, 1296, 764 cm ™ '; 6y (DMSO-ds, 400 MHz):
9.49 (s, 1H, H-4), 8.52 (dd, 1H, J56=6.8 Hz, J5;=1.0 Hz,
H-5), 7.80 (dd, 1H, J;5=7.0 Hz, J¢s=1.0 Hz, H-8), 7.75
(td, 1H, J7,8:J6,7:7'0 HZ, ]5’7:1.0 Hz H-7), 7.38 (ddd,
1H, J67=7.0 Hz, J5=6.8 Hz, Js5=1.0 Hz H-6), 4.55 (s,
3H, CH3); 6c (DMSO-dg, 100 MHz): 157.0 (C-9a), 152.7
(C-3), 145.6 (C-8a), 134.2 (C-4a), 132.4 (C-7), 124.3 (C-5),
122.9 (C-4b), 121.3 (C-6), 119.1 (C-8), 115.3 (C-4), 43.5
(CH3). MS (ESI): 229, 183, 156; HRMS (ESI) Calcd for
C,1HgN,O, [M+H] 7229.0726, found 229.0714.
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4.3.3. 6-Chloro-1-methyl-3-nitro-1H-pyridazino[3,4-
blindole (15b). Yield: 0.115 g, 44%); mp 224-225 °C; IR
(KBr) vax: 3068, 1556, 1502, 1432, 1352, 1332, 1296, 832,
690 cm ™ '; 6y (DMSO-dg, 200 MHz): 9.49 (s, 1H, H-4),
8.59 (d, 1H, Js;=3.0 Hz, H-5), 7.78 (d, 1H, J;5§=7.5 Hz,
H-8), 7.71 (dd, 1H, J;3=7.5 Hz, J5;=3.0 Hz, H-7), 4.51
(s, 3H, CH3); 6c (DMSO-dg, 50 MHz): 155.2, 152.8 (C-3,
9a), 145.5 (C-8a), 133.2 (C-6), 132.0 (C-4), 125.2, 123.7
(C-4a, 4b), 123.5, 120.4, 116.3 (C-5, 7, 8), 43.4 (CH3). MS
(ESI): 263, 217, 190; HRMS (ESI) Calcd for C;;HgCIN4,O,
[M+H]"263.0336, found 263.0328.

4.3.4. 4-Bromo-1-methyl-1H-pyridazino[3,4-b]indole
(28). Yield: 0.196 g, 75%; mp: 130-133 °C; IR (KBr)
Vmax: 3045, 2942, 1627, 1598, 1536, 1495, 1463, 1438,
1405, 1338, 1262, 1117, 1093, 968, 756, 727 cm ™ '; oy
(CDCl3, 200 MHz): 8.38 (dd, 1H, J=7.7, 0.9 Hz, H-8), 8.25
(s, 1H, H-3), 7.84 (dd, 1H, /=8.2, 0.8 Hz, H-5), 7.71 (dd,
1H, J=8.2, 6.9 Hz, H-6), 7.33 (dd, 1H, J=7.7, 6.9 Hz,
H-7), 4.50 (s, 3H, CH3), éc (CDCl3, 50 MHz): 155.5, 153.1,
134.5, 132.0, 131.9, 129.9, 124.4, 121.1 120.7, 118.6, 42.8.
MS (ESI): 218, 203, 155, 154; Anal. Calcd for C;;HgBrNj;
(262.11): C, 50.41; H, 3.08; N, 16.03. Found: C, 50.54; H,
3.12; N, 15.91.

4.3.5. Procedure for the synthesis of 4-chloro-1-methyl-
1H-pyridazino[3,4-blindole (21). Reaction of 1 with
2-pivaloylaminophenylboronic acid was carried out as
described above. Column chromatography of the crude
reaction product was omitted and, instead, the mixture was
lyophilized during 3 h. Subsequently 40% H,SO,4 (5 mL)
was added and this mixture was refluxed (temperature of the
oil bath: 110 °C) overnight (17 h). Then, the reaction was
cooled to rt and 20 mL H,O was added. Concentrated
aqueous ammonium hydroxide was added until pH=3§, and
the mixture was extracted with dichloromethane (3 X
30 mL). The combined organic layers were dried over
anhydrous MgSO, and evaporated under reduced pressure.
After this manipulation, POCl; (3 mL) was added and the
mixture was refluxed (temperature of the oil bath: 117 °C)
for 3h. After cooling down, POCl; was removed by
evaporation under reduced pressure, and ice-water (20 mL)
was added. The mixture was adjusted to pH=8 using
concentrated aqueous ammonium hydroxide and was
extracted with dichloromethane (3 X30 mL). The combined
organic extract was dried over anhydrous MgSO, and
evaporated under reduced pressure. The crude reaction
mixture was purified by flash column chromatography on
silica using a EtOAc-EtOEt 4:1 mixture as the eluent.

Yield: 0.099 g, 22%; mp: 102—104 °C; IR (KBI) vy 2924,
2854, 1626, 1598, 1536, 1493, 1462, 1438, 1399, 1336,
1261, 1238, 1226, 1210, 1197, 1120, 1093, 967, 758, 744,
730, 638 cm ~'; 8y (CDCls, 400 MHz): 8.37 (ddd, 1H, J=
7.9, 1.2, 0.8 Hz, H-8), 8.22 (s, 1H, H-3), 7.83 (ddd, 1H, J=
8.2, 0.9, 0.7 Hz, H-5), 7.70 (ddd, 1H, J=8.2, 7.2, 1.2 Hz,
H-6), 7.32 (ddd, 1H, J=7.9, 7.1, 0.9 Hz, H-7), 4.49 (s, 3H,
CHs), 6c (CDCls, 100 MHz): 156.0, 153.2, 134.4, 132.1,
129.9, 129.5, 124.5, 121.3, 120.7, 118.8, 42.8. MS (ESI):
218, 203, 155, 154; HRMS (ESI) Calcd for C,;HoCIN;
[M+H]218.0485, found: 218.0483.

4.4. General procedure for the azidation of
aminopyridazin-3(2H)-ones 14a,b

The appropriate aminopyridazin-3(2H)-one (5.0 mmol) was
dissolved in 37% hydrochloric acid (100 mL) and was
cooled to 0 °C with stirring. Aqueous sodium nitrite solution
(0.73 g (10.62 mmol) of sodium nitrite in 27 mL of water)
was added dropwise at such a rate that the temperature of the
reaction mixture did not exceed 5°C. The mixture was
stirred at this temperature for 1.5 h.

A solution of sodium azide (0.664 g, 10.62 mmol) and
anhydrous sodium acetate (5.744 g, 70.02 mmol) in water
(24 mL) was then added at 0-5 °C and the mixture was
stirred for an additional 1 h at this temperature. Then the
mixture was neutralized with a saturated solution of sodium
carbonate and extracted with dichloromethane (3 X
100 mL). The organic layer was evaporated under reduced
pressure (without heating) and the residue was suspended
with diethyl ether to yield red-brown crystals which were
filtered off. The product decomposed on air and was
therefore stored under an argon atmosphere in a refrigerator.

4.4.1. 4-(2-Azidophenyl)-2-methyl-6-nitropyridazin-
3(2H)-one (16a). Starting from 14a (0.29 g, 1.18 mmol),
0.13 g of the crude product (0.48 mmol, 41%) was obtained;
Ry (chloroform—ethyl acetate 95:5): 0.67; IR (KBr) vy
3420, 2924, 2140, 2100, 1668, 1586, 1572, 1520, 1490,
1360, 1300, 830, 784, 768 cm ™~ '; 6y (CDCls, 500 MHz):
8.16 (s, 1H, H-5), 7.53 (t, 1H, J3 4 =Jy 5=7.8 Hz, H-4'),
747 (d, 1H, Js¢=7.5Hz, H-6'), 7.31 (d, 1H, Jy 4=
7.8 Hz, H-3"), 7.26 (dd, 1H, Jy5=7.8 Hz, J5. ¢ =7.5 Hz,
H-5"), 3.98 (s, 3H, CH3); 6c (CDCls, 125 MHz): 159.2
(C-3), 145.1 (C-6), 139.0 (C-4), 138.5 (C-2"), 131.5 (C-4"),
130.9 (C-6"), 125.2 (C-5), 124.9 (C-5"), 124.2 (C-1"), 118.9
(C-3), 41.8 (CH3).

4.4.2. 4-(2-Azido-5-chlorophenyl)-2-methyl-6-nitropyri-
dazin-3(2H)-one (16b). Starting from 14b (0.68 g,
2.42 mmol) 0.50 g of the crude product (1.63 mmol, 67%)
was obtained; Ry (chloroform—ethyl acetate 95:5): 0.69; IR
(KBr) vmax: 3420, 2926, 2142, 1674, 1582, 1522, 1484,
1358, 1346, 1314, 826, 784, 760 cm ™ '; 6y (CDCls,
200 MHz): 8.16 (s, 1H, H-5), 7.48 (m, 1H, H-4"), 7.46 (m,
1H, H-6"), 7.25 (m, 1H, H-3), 3.97 (s, 3H, CH3); 6 (CDCls,
50 MHz): 158.8 (C-3), 145.2 (C-6), 137.5 (C-4), 137.1
(C-2), 131.4 (C-4"), 130.8 (C-6"), 130.3 (C-5), 125.6 (C-5),
125.4 (C-1"), 120.1 (C-3'), 41.9 (CHj).

4.5. General procedure for ring closure reaction of 16a,b

A solution of the appropriate azide (1.00 mmol) in dry
xylene (5 mL) was refluxed for 22 h and the solvent was
then removed under reduced pressure. The residue was
purified by column chromatography and recrystallization
from ethanol yielded pale yellow crystals.

4.5.1. 2-Methyl-4-nitro-2,5-dihydro-1H-pyridazino[4,5-
blindol-1-one (17a). Compound 16a (0.09 g, 0.33 mmol)
gave the ring closed title compound 17a (0.03 g, 0.12 mmol,
36%); mp 314-316 °C; R; (chloroform—ethyl acetate 95:5):
0.33; IR (KBr) vyax: 3276, 1654, 1592, 1544, 1436, 1342,
1322, 760 cm ™ '; 6y (DMSO-de, 500 MHz): 12.65 (s, 1H,
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NH), 8.23 (d, 1H, Jso=7.8 Hz, H-9), 7.82 (d, 1H, Jg,=
8.3 Hz, H-6), 7.59 (t, 1H, J;,5=7.7 Hz, H-7), 7.42 (t, 1H,
J7,g=7.7 HZ, J8,9=7.8 HZ, H-S), 3.92 (S, 3H, CH3); 6C
(DMSO-dg, 125 MHz): 158.0 (C-1), 139.0 (C-5a), 136.9
(C-4), 129.1 (C-4a), 127.5 (C-7), 122.6 (C-8), 121.9 (C-9a),
121.2 (C-9), 113.5 (C-6), 112.7 (C-9b), 40.7 (CH3). MS
(ESI): 245, 199, 169, 144; HRMS (ESI) Calcd for
C, HoN,O5 [M+H] " 245.0675, found 245.0675.

4.5.2. 8-Chloro-2-methyl-4-nitro-2,5-dihydro-1H-pyri-
dazino[4,5-blindol-1-one (17b). Compound 16b (0.25 g,
0.81 mmol) gave the ring closed title compound 17b
(0.12 g, 0.43 mmol, 53%); mp 354-354.5 °C; R; (chloro-
form—ethyl acetate 95:5): 0.48; IR (KBr) v, 3258, 1652,
1590, 1550, 1440, 1338, 1232, 800 cm ™ '; oy (DMSO-dq,
500 MHz): 8.15 (d, 1H, J79=2.1 Hz, H-9), 7.81 (d, 1H,
J6,7:8.8 HZ, H-6), 7.61 (dd, ]H, J6,7:8.8 HZ, J7’9:
2.1 Hz, H-7), 391 (s, 3H, CHj); 6c (DMSO-dg,
125 MHz): 157.5 (C-1), 137.4 (C-5a), 136.5 (C-4), 129.7
(C-4a), 127.2 (C-7), 126.8 (C-8), 122.7 (C-9a), 119.8 (C-9),
114.8 (C-6), 111.7 (C-9b), 39.5 (CH3). MS (ESI): 279, 233,
207, 203, 198, 152, 149, 121, 57; HRMS (ESI) Calcd for
CHsCIN,O; [M+H] " 279.0285, found 279.0298.

Acknowledgements

We acknowledge the financial support provided by OTKA T
47317 and T 31910, Hungarian National Office for Research
and Technology, NKFP 1A/005/2004 MediChem2, COST
B16, the Concerted Action of the Special Fund for Research
of the University of Antwerp as well as the QLK2-CT-2002-
90436 project (‘Center of Excellence in Biomolecular
Chemistry’ project funded by the European Union). We
would like to thank Dr. Péter Tétényi for IR spectra, Dr. R.
Dommisse, Kristof Loones and ing. J. Aerts for some of the
NMR spectra, Dr. E. Esmans, Dr. F. Lemiére and W. Van
Dongen for MS measurements and Dr. Reto Brun (Swiss
Tropical Institute) for the biological evaluation of our
compounds.

References and notes

1. For an account dealing with the synthesis of pyridazino fused
ring systems from halopyridazin-3(2H)-ones see: Matyus, P.;
Maes, B. U. W.; Riedl, Z.s; Hajés, Gy; Lemiere, G. L. F,;
Tapolcsanyi, P.; Monsieurs, K.; Eliés, O.; Dommisse, R. A.;
Krajsovszky, G. Synlert 2004, 1123-1139.

2. (a) Grellier, P.; Ramiaramanana, L.; Millerioux, V.; Deharo,
E.; Schrével, J.; Frappier, F.; Trigalo, F.; Bodo, B.; Pousset,
J. L. Phytother. Res. 1996, 10, 317-321. (b) Kirbby, G. C.;
Paine, A.; Warhurst, D. C.; Noamese, B. K.; Phillipson, J. D.
Phytother. Res. 1995, 9, 359-363. (c) Cimanga, K.; De
Bruyne, T.; Pieters, L.; Vlietinck, A.; Turger, C. A. J. Nat.
Prod. 1997, 60, 688-691.

3. (a) Wright, C. W.; Addae-Kyereme, J.; Breen, A. G.; Brown,
J. E.; Cox, M. F.; Croft, S. L.; Gokgek, Y.; Kendrick, H.;
Phillips, R. M.; Pollet, P. L. J. Med. Chem. 2001, 44,
3187-3194. (b) Jonckers, T. H. M.; Van Miert, S.; Cimanga,
K.; Bailly, C.; de Pauw-Gillet, M.-C.; van den Heuvel, H.;

10.

11.

12.

13.
14.

16.

17.

Claeys, M.; Lemiere, F.; Esmans, E. L.; Rozenski, J;
Quirijnen, L.; Maes, L.; Dommisse, R.; Lemiere, G. L. F.;
Vlietinck, A.; Pieters, L. J. Med. Chem. 2002, 45, 3497-3508.

. Arzel, E.; Rocca, P.; Grellier, P.; Labaeid, M.; Frappier, F.;

Guériette, F.; Gaspard, C.; Marsais, F.; Godard, A.; Quéguiner,
G. J. Med. Chem. 2001, 44, 949-960.

. Maes, B. U. W.; R’kyek, O.; Ko$mrlj, J.; Lemiere, G. L. F.;

Esmans, E.; Rozenski, J.; Dommisse, R. A.; Haemers, A.
Tetrahedron 2001, 57, 1323—1330.

. Gong, Y.; He, W. Heterocycles 2004, 62, 851-856.
. (a) Cho, S.-D.; Choi, W.-Y.; Yoon, Y.-]. J. Heterocycl. Chem.

1996, 33, 1579-1582. (b) Lyga, J. W. J. Heterocycl. Chem.
1988, 25, 1757-1760. (c) Barlin, G. B.; Lakshminarayanan, P.
J. Chem. Soc., Perkin Trans. 1 1977, 1038—-1044.

. (a) Matyus, P.; Fuji, K.; Tanaka, K. Heterocycles 1993, 36,

1975-1978. (b) Krajsovszky, G.; Karolyhazy, L.; Riedl, Z.;
Csampai, A.; Dunkel, P.; Lernyei, A.; Dajka-Halasz, B.;
Hajos, G.; Matyus, P. J. Mol. Struct. 2005, 713, 235-243.

. (a) Bergmann, J.; Carlsson, R. J. Heterocycl. Chem. 1977, 14,

1123-1134. (b) Kobayashi, G.; Furukawa, S.; Matsuda, Y.;
Natsuki, R. Yakugaku Zasshi 1969, 89, 58—-63. Chem. Abstr.
1969, 70, 96665q.

(a) Takaya, Masahiro; Yamashita, Takehiko; Yamaguchi,
Azuma; Kohara, Heiji Yakugaku Zasshi 1978, 98, 1530-1535.
Chem. Abstr. 1979, 90, 87377p. (b) Yanai, M.; Kinoshita, T.
Yakugaku Zasshi 1965, 85, 344-352. Chem. Abstr. 1965, 63,
431679c.

(a) Gronowitz, S.; Bobosik, V.; Lawitz, K. Chem. Scr. 1984,
23, 120-122. (b) Martin, A. R.; Yang, Y. Acta Chem. Sand.
1993, 47, 221-230. (c) Joshi, K. C.; Dandia, A.; Sharma, C. S.;
Joshi, R. J. Ind. Chem. Soc. 1994, 71, 459-462. (d) Kubo, A.;
Nakai, T.; Nozoye, T. Heterocycles 1976, 4, 1675-1680. (e)
Corsico Coda, A.; Desimoni, G.; Pappalardo, M.; Righetti,
P. P.; Seneci, P. F.; Obberti, T. R. Tetrahedron 1985, 41,
2545-2555.

Although IUPAC nomenclature is used preferentially, in this
paper compounds 7, 13a, 13b, 18, 19, 20, 25 and 26 are
regarded as 2-pivaloylaminophenyl substituted pyridazin-
3(2H)-ones rather than as 2-substituted N-phenylpivaloyla-
mides. In this way the names and NMR assignments of these
compounds can more easily be compared with those of the
corresponding 2-aminophenyl- and 2-azidophenylpyridazin-
3(2H)-ones.

o

Me\2 JJ3\4 6' 5
DY Pl
Na s

1 ! !
6 piviN? 3

Timéri, G.; So6s, T.; Hajos, Gy Synlett 1997, 1067-1068.
Kweon, D.-H.; Cho, S.-D.; Kim, S.-K.; Chung, J.-W.; Yoon,
Y.-J. J. Heterocycl. Chem. 1996, 33, 1915-1918.

. (a) Krajsovszky, G.; Matyus, P.; Riedl, Z.; Csanyi, D.; Haj0s,

G. Heterocycles 2001, 57, 1105-1111. (b) Tapolcsanyi, P.;
Krajsov